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Résumé

Les observations montrent qu’il y a dix milliards d’années, les galaxies formaient bien plus
d’étoiles qu’aujourd’hui. Comme les étoiles se forment à partir de gaz moléculaire froid,
cela signifie que les galaxies disposaient alors d’importants réservoirs de gaz, et c’est ce
qui est observé. Mais les processus de formation d’étoiles pourraient aussi avoir été plus
efficaces : qu’en est-il ? Les étoiles se forment dans des nuages moléculaires géants liés par
leur propre gravité, mais les toutes premières étapes de leur formation demeurent relati-
vement mal connues. Les nuages moléculaires sont eux-mêmes fragmentés en différentes
structures, et certains scénarios suggèrent que les filaments interstellaires qui y sont obser-
vés aient pu constituer la première étape de la formation des coeurs denses dans lesquels
se forment les étoiles. En quelle mesure leur géométrie filamentaire affecte-t-elle les coeurs
pré-stellaires ? Des phenomènes de rétroaction liés à l’évolution des étoiles, comme les
vents stellaires et les explosions de supernovae, participent à la régulation de la formation
d’étoiles et peuvent aussi perturber la distribution de matière noire supposée entourer
les galaxies. Cette thèse aborde l’évolution des galaxies et la formation des étoiles sui-
vant trois perspectives : (i) la caractérisation des processus de formation d’étoiles à des
échelles sous-galactiques au moment de leur pic de formation ; (ii) la formation des coeurs
pré-stellaires dans les structures filamentaires du milieu interstellaire ; et (iii) les effets
rétroactifs de la formation et de l’évolution des étoiles sur la distribution de matière noire
des galaxies.
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Abstract

Observations show that ten billion years ago, galaxies formed their stars at rates up to
twenty times higher than now. As stars are formed from cold molecular gas, a high
star formation rate means a significant gas supply, and galaxies near the peak epoch of
star formation are indeed much more gas-rich than nearby galaxies. Is the decline of
the star formation rate mostly driven by the diminishing cold gas reservoir, or are the
star formation processes also qualitatively different earlier in the history of the Universe?
Ten billion years ago, young galaxies were clumpy and prone to violent gravitational
instabilities, which may have contributed to their high star formation rate. Stars indeed
form within giant, gravitationally-bound molecular clouds. But the earliest phases of star
formation are still poorly understood. Some scenarii suggest the importance of interstellar
filamentary structures as a first step towards core and star formation. How would their
filamentary geometry affect pre-stellar cores? Feedback mechanisms related to stellar
evolution also play an important role in regulating star formation, for example through
powerful stellar winds and supernovae explosions which expel some of the gas and can even
disturb the dark matter distribution in which each galaxy is assumed to be embedded.
This PhD work focuses on three perspectives: (i) star formation near the peak epoch
of star formation as seen from observations at sub-galactic scales; (ii) the formation of
pre-stellar cores within the filamentary structures of the interstellar medium; and (iii)
the effect of feedback processes resulting from star formation and evolution on the dark
matter distribution.
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Research summary

Within the standard ΛCDM cosmological model, galaxies grew out of tiny inhomogeneit-
ies in the primordial Universe. They evolved with time, along with their gas and stellar
contents. Observations show that ten billion years ago, galaxies formed their stars at
rates up to 20 times higher than now. As stars are formed from cold molecular gas, a
high star formation rate means a significant gas supply, and galaxies near peak epoch of
star formation are indeed much more gas-rich than nearby galaxies. Is the decline of the
star formation rate mostly driven by the diminishing cold gas reservoir, or are the star
formation processes also qualitatively different earlier in the history of the Universe? Ten
billion years ago, young galaxies were clumpy and prone to violent gravitational instabilit-
ies, which may have contributed to their high star formation rate. Stars indeed form from
giant, gravitationally-bound molecular clouds. But the earliest phases of star formation
are still poorly understood. Some scenarii suggest the importance of interstellar filament-
ary structures as a first step towards core and star formation. How would their elongated
geometry affect pre-stellar cores? Feedback mechanisms related to stellar evolution also
play an important role in regulating star formation, for example through powerful stellar
winds and supernovae explosions which expel some of the gas and can even disturb the
dark matter distribution in which each galaxy is assumed to be embedded.

This PhD work participates in studies aiming at better understanding galaxy evolution
and the cosmic star formation history. It mainly focuses on three perspectives: (i) star
formation near the peak epoch of star formation as seen from observations at sub-galactic
scales; (ii) the formation of pre-stellar cores from filamentary structures in the interstellar
medium; and (iii) the effect of feedback processes resulting from star formation and evolu-
tion on the dark matter density of galaxies. This work involves astronomical observations
as well as analytical calculations and numerical modeling.

Resolved star formation laws at high redshift. In the Milky Way and nearby
spiral galaxies, stars form out of dense gas clouds which collapse due to their own gravity.
As stars are formed from cold molecular gas, the star formation rate is expected to
depend significantly on the amount of molecular gas available. Observations of nearby
galaxies have shown that the molecular gas and star formation rate densities were indeed
empirically well correlated through a simple power-law relation, the Kennicutt-Schmidt
relation, which characterizes the star formation efficiency. Spatially-resolved mapping of
molecular gas and star formation in nearby disk galaxies has shown that this relation
simplifies to a linear relation on smaller scales, with a constant molecular gas depletion
time. At redshift z > 1 - i.e., more than 8 billion years ago -, recent observations were
able to obtain galaxy-averaged molecular Kennicutt-Schmidt relations in typical massive
galaxies, notably within the PHIBSS survey (Tacconi et al., 2010; Genzel et al., 2010;
Tacconi et al., 2013). The PHIBSS and PHIBSS2 programs (Plateau de Bure High-
z Blue Sequence Surveys, Principal Investigators: Françoise Combes, Santiago García-
Burillo, Roberto Neri & Linda Tacconi, http://www.iram-institute.org/~phibss2)
indeed investigate early galaxy evolution and star formation from the perspective of the
galaxies’ molecular gas reservoir in relation with observational programs at the Institut de
Radioastronomie Millimétrique (IRAM) Plateau de Bure interferometer. Although direct
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resolution of the star-forming regions of distant galaxies is still challenging, we were able
to derive spatially-resolved Kennicutt-Schmidt relations at high redshift (z∼1.2) for the
first time (Freundlich et al., 2013; Genzel et al., 2013). The results of these molecular gas
observations carried within the PHIBSS survey are compatible with a constant depletion
time of 1.9 billion years, and fit well with the corresponding low redshift observations of
nearby galaxies. These results seem to point towards similar star formation processes at
high and low redshifts, but bigger statistical samples would be necessary to obtain more
meaningful mean depletion times for the substructures of distant galaxies. This work
should be continued with an Atacama Large Millimeter/submillimeter Array (ALMA)
project aiming at investigating the star formation processes, the morphologies and the
kinematics of galaxies after the peak epoch of star formation at the scales of the star-
forming regions themselves (P. I.: Jonathan Freundlich).

Stability of self-gravitating filaments in the interstellar medium. Observa-
tions of the interstellar medium reveal complex networks of filaments and suggest that
these filaments are the first step towards core and star formation. The densest fila-
ments could indeed fragment into pre-stellar cores owing to gravitational instability. The
standard Jeans instability describes the collapse of a spherical gas cloud when the inner
pressure is not strong enough to support the self-gravitating gas, but the cylindrical case
relevant to an interstellar filament is less straighforward. As part of a collaboration with
Chanda Jog at the Indian Institute of Science, Bangalore, India, we considered idealized
self-gravitating filaments and derived dispersion relations describing the growth of per-
turbations within them. Assuming small local perturbations leads to a dispersion relation
analogous to the spherical Jeans case: perturbations of size greater than the Jeans length
collapse, and their growth rates display asymmetries only because of rotation (Freundlich
et al., 2014a). But for perturbations of arbitrary size, the dispersion relation retains its
complex terms: all modes are potentially unstable, and elongated perturbations near the
axis of the cylinder grow faster. Prolate substructures and global collapse seem to be
favored, which would be corroborated by most observations of interstellar filaments. As
filamentary structures are also ubiquitous on cosmological scales, forming a cosmic web
that connects galaxies to one another, our calculations could also apply on bigger cosmo-
logical scales. I started simulating idealized interstellar filaments with the adaptive mesh
refinement code RAMSES (Teyssier, 2002) in order to test our results and to better un-
derstand the formation of pre-stellar cores within filamentary structures of the interstellar
medium, but the results are yet only preliminary.

Effects of baryonic density fluctuations on the dark matter distribution.
The current standard cosmological model assumes the existence of a cold dark matter that
would mostly interact gravitationally and would represent 85 % of the total matter content
of the Universe. In this model, galaxies are embedded in spherical dark matter haloes. But
while dark-matter-only simulations predict dark matter haloes with steep, ‘cuspy’ inner
density profiles, observations of dwarf galaxies show that the central dark matter profiles
are shallower, or ‘cored’. Introducing baryonic (i.e., non-dark-matter) physics in the
simulations is essential to resolve this core-cusp discrepancy. Gravitational interactions
between the baryonic and dark matter components can notably occur from the different
feedback processes related to star formation or active galactic nuclei. Collaborating with
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Amr El-Zant at the British University of Cairo, we carried out analytical calculations
and numerical simulations, with the dark-matter-only self-consistent field (SCF) code
developed by Hernquist & Ostriker (1992), in order to test a model in which the different
feedback processes result in stochastic fluctuations in the gas density field and lead to
the formation of cored density profiles (El-Zant et al., in prep.). We assume density
perturbations with a power-law power-spectrum, and derive the expression of the velocity
dispersion and of the associated relaxation time. In the simulations, the effects of such
perturbations are modeled through their influence on the gravitational potential. We
show that these density fluctuations are able to flatten significantly the inner part of the
dark matter halo density profile, leading to cores instead of cusps. The next stage of this
work would consist in using inputs from hydrodynamical simulations that include star
formation and feedback mechanisms in order to constrain better and refine our model.
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CHAPTER 1

Galaxy formation

Clear desert nights, far away from city lights, reveal a milky white glowing band across the
sky: our Galaxy, the Milky Way. All visible stars including our Sun belong to the Milky
Way, which comprises tens of billions of other stars. A galaxy can be simply defined as a
gravitationally bound system that contains many stars. Although various scientists and
philosophers including Democritus, Giordano Bruno and Immanuel Kant had suggested
that the Universe comprised an infinity of worlds analogous to ours, it is only at the
beginning of the 20th century that our Universe was empirically realized to extend far
beyond our Milky Way and to contain hundreds of billions of other galaxies.

Studying galaxies, their formation and their evolution not only informs us about the
history of the Universe and about our own cosmic origins, but also provides tools to trace
the structure of the Universe as a whole and to test our understanding of the world. Such
a study is particular in many ways. Indeed, our Universe is unique by definition and we
are bound to observe it from inside at a specific position in space and time. Almost all
the information we can get about distant astronomical objects comes from the light that
our telescopes collect, and astrophysics is based on the assumption that phenomena are
ruled by the same physical laws here and there - on Earth as well as at the far reaches
of the Universe. Studying galaxies thus requires a multidisciplinary approach and calls
on different fields of physics: amongst others, mechanics and hydrodynamics to study the
movements of stars and gas within galaxies, electromagnetism and quantum physics to
describe the atomic and molecular processes of emission and absorption at stake during
the light travel path, or nuclear physics to understand the fusion reactions taking place
in stellar cores. The time scales describing the evolution of galaxies are much larger than
a human lifetime, and it is thus impossible to follow the actual evolution of an individual
galaxy. Nevertheless, as the speed of light is finite, the further we look in space, the more
distant in the past galaxies are. This enables us to reconstitute the evolution of galaxies’
properties at different epochs of the history of the Universe, albeit in a statistical sense.

This chapter introduces some aspects of galaxy formation and evolution. The first
section provides an historical perspective on observations of nearby and distant galaxies,
from early speculations to the Hubble classification in the beginning of the 20th cen-
tury. The history of nebulae observations and extragalactic speculations presented here
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benefited particularly from “Conceptions of Cosmos. From Myths to the Accelerating
Universe: A History of Cosmology” by Kragh (2007), while the description of the Milky
Way benefited from “Galaxies in the Universe: An Introduction” by Sparke & Gallagher
(2007). The second section comes back to the formation and evolution scenario for galax-
ies within the standard ΛCDM cosmological model: how small perturbations at the early
stages of the Universe lead to highly inhomogeneous structures, the role of dark matter,
and how galaxies get their gas. The last section focuses more specifically on the different
stellar and gas cycles taking place during a galaxy’s lifetime: stars are formed from cold
molecular gas, but star formation in turn results in powerful feedback mechanisms that
disturb subsequent star formation. As gas is continuously supplied to galaxies through
mergers and smooth accretion from the cosmic web, there is a continuous cycle of star
formation, outflows and gas replenishment. Parts of this chapter were inspired by the
reading of “Galaxy Formation and Evolution” by Mo et al. (2010), “The First Galaxies
in the Universe” by Loeb & Furlanetto (2013) and “Galaxies et cosmologie” by Combes
et al. (1991).
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1.1 Island worlds in the cosmos

1.1.1 From nebulae to galaxies – a historical perspective

The scientific recognition that our Milky Way is just one galaxy amongst a vast number of
other galaxies only dates back to the beginning of the 20th century. How hazy cloud-like
nebulae observed in the sky were realized to be galaxies analogous to our Milky Way is
a long history of speculations about the size of the Universe, growing knowledge about
the Milky Way, observations, and theoretical debates. The term nebula, originally used
to designate all diffuse astronomical objects, comes from the Latin word meaning cloud,
while evoking a galaxy already implies an analogy with the Milky Way: the word comes
from the Ancient Greek γαλαξίας, which precisely designates the Milky Way. In the
following historical presentation, we will use the word nebula in its original meaning, thus
not restrictively referring to interstellar clouds of dust and gas as it is usually the case
now.

The first observations of nebulae date back to Antiquity, with Ptolemy mentioning five
nebulous stars in his Almagest around 150 A.D. The Persian astronomer Abd al-Rahman
al-Sufi, also known in the West as Azophi, observed what is now known as Andromeda
Galaxy for the first time in 964 and described it as a small cloud in his Book of fixed stars.
While the German Simon Marius measured the diameter of this nebula in 1612, different
catalogs as those by Johannes Hevelius (1665), Edmund Halley (1715), William Derham
(1733) or Nicolas Louis de La Caille (1755) added to the number of known nebulae, as
indicated in Table 1.1. But the nature of these astronomical objects was still unknown,
and it is the German philosopher Immanuel Kant who seems to have suggested for the
first time in his 1755 Universal Natural History and Theory of Heaven that nebulae were
not individual stellar objects but vast ensembles of stars analogous to the Milky Way,
scattered in an infinite Universe (Kant, 1755).

Kant’s island universe theory

Kant was not the first to imagine an infinite Universe with an infinite number of worlds
analogous to ours. As early as in the fourth century B.C., the Presocratic atomist philo-
sopher Democritus had speculated that our Solar System was just one out of an infinite
number of similar systems (Kragh, 2007). Atomists postulated that material objects were
formed by chance congregations of atoms, infinite in shape and number, and their cosmolo-
gical view thus only extended this postulate beyond our planetary system. The idea of an
infinity of worlds analogous to our Solar System was taken over by Titus Lucretius Carus
in his famous De rerum natura (first century B.C.) and much later by Giordano Bruno
in his book On the Infinite Universe and Worlds (1584), in which he wrote: “There are
innumerable suns, and an infinite number of earths revolve around those suns, just as the
seven we can observe revolve around the Sun which is close to us” (Singer, 1950). Bruno
further stated that the celestial bodies were made of the very same elements as those
found on Earth, and believed that each of the infinite number of earths was inhabited.
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<370 B.C. The Presocratic atomist philosopher Democritus speculates an infinite Universe with an infinite number
of worlds analogous to our Solar System, a conception which is further described in Titus Lucretius Carus’
De rerum natura (first century B.C.)

∼150 A.D. Claudius Ptolemaeus (Ptolemy) records the existence of five nebulous stars in his Almagest
964 The Persian astronomer Abd al-Rahman al-Sufi (Azophi) describes the Andromeda Galaxy as a small

cloud in his Kitab suwar al-kawakib al-thabita (Book of fixed stars)
1584 Giordano Bruno argues in favour of an infinite Universe containing an infinity of worlds in De l’infinito

universo et mondi (On the Infinite Universe and Worlds)
1610 Galileo Galilei relates the stellar structure of the Milky Way observed with his telescope in Sidereus

Nuncius (The Starry Messenger)
1612 Simon Marius measures the diameter of the Andromeda Nebula
1665 Johannes Hevelius reports a dozen nebulae in his Prodromus astronomiae
1715 Edmund Halley describes six nebulae in Of Nebulae or lucid spots among the Fix’d Stars
1732 Pierre-Louis Moreau de Maupertuis discusses the shapes of the nebulous objects in Discours sur la figure

des astres
1733 William Derham lists 16 nebulae in his article Observations of the Appearances among the Fix’d Stars,

Called Nebulous Stars
1734 Emanuel Swedenborg suggests that many stellar systems as our own could exist in the Universe
1750 Thomas Wright of Durham describes the Milky Way as a rotating ensemble of stars for the first time in

An original theory or new hypothesis of the Universe and states that other stellar systems exist in the
Universe

1755 Nicolas Louis de La Caille catalogues 42 nebulae from the Cape of Good Hope
1755 The philosopher Immanuel Kant suggests that Milky Way has a flattened disk-like structure and that the

diffuse nebulae are distant structures analogous to the Milky Way in his Allgemeine Naturgeschichte und
Theorie des Himmels (Universal Natural History and Theory of Heaven)

1761 Johann Heinrich Lambert adopts a picture of the nebulae similar to that proposed by Kant in his Cos-
mologische Briefe (Cosmological Letters), although assuming a finite Universe

1781 Charles Messier compiles a catalog of 103 nebulae
1785 William Herschel confirms from observations that the Milky Way is a disk-shaped ensemble of stars and

thus gives the first observational support for Kant’s island universe theory in The Construction of the
Heavens

1786 William and Caroline Herschel publish their Catalogue of One Thousand New Nebulae and Clusters of
Stars

1845 William Parsons, Earl of Rosse, resolves most nebulae into stars and observes the first spiral nebula (M51,
or the Whirlpool Galaxy)

1852 Stephen Alexander suggests that the Milky Way is a spiral nebula
1864 Observations of gaseous spectral lines in some nebulae by William Huggins seem to disprove the island

universe theory
1899 Julius Scheiner obtains the spectrum of the Andromeda Nebula and finds it surprisingly similar to the

solar spectrum. He interprets it as an argument in favor of the spiral nebula being a stellar cluster
analogous to the Milky Way

1900 Cornelis Easton proposes a theory in which the Milky Way is a spiral nebula with the Solar System at its
centre

1912 Henrietta Swan Leavitt shows that Cepheid stars can be used to determine cosmological distances
1917 Vesto Melvin Slipher discovers that most nebulae are redshifted
1918 Harlow Shapley prones that the Milky Way is an all-comprehending system
1920 The “Great Debate” between Harlow Shapley and Heber Doust Curtis, the latter claiming that spiral

nebulae were extra-galactic island universes
1922 Ernst Julius Öpik does the first relevant estimate of the distance between the Andromeda Galaxy and

the Milky Way and shows that the Andromeda Galaxy is well outside the Milky Way
1926 Edwin Powell Hubble confirms Öpik’s results by identifying Cepheid variable stars in the Andromeda

Galaxy and its companion galaxy, the Triangulum Galaxy (M33)

Table 1.1 – A selective history of discoveries related to extragalactic nebulae and the
existence of worlds analogous to our Milky Way in the vastness of the Universe
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One of the originalities of Kant’s insight is that he related the structure of the Milky
Way with the observed nebulae. Galileo had resolved the stellar structure of the Milky
Way with his telescope in the beginning of the seventeenth century (The starry messenger,
1610) and the Swedish Emanuel Swedenborg had suggested in 1734 that there could be
stellar systems similar to ours in the Universe. At the same time, Pierre-Louis Moreau de
Maupertuis was studying the shapes of observed nebulae, but he did not imagine that they
had so much to do with the Milky Way. In 1750, Thomas Wright of Durham published An
original theory or new hypothesis of the Universe in which he described the Milky Way as
a structured ensemble of stars rotating around a centre and not just as an indiscriminate
scattering of stars. His work was infused with theology and identified the centre of the
structure with the place from which God’s infinite power emanated. Nevertheless, it
decisively inspired Kant’s Universal Natural History and Theory of Heaven. Kant adopted
Wright’s model of a structured ensemble of stars for the Milky Way, but correctly gave it a
flattened disk-like shape. He suggested that nebulae were not individual stellar objects but
huge unresolved congeries of stars of the same type and structure as the Milky Way: island
worlds floating in an immense sea of void space. He further imagined that these islands
were not isolated, but parts of even larger structures in an incredibly huge hierarchical
arrangement within the infinite Universe he assumed. The possibility of island worlds
in the cosmos was however not incompatible with the idea of a finite Universe, and was
notably adopted in such a framework by Johann Heinrich Lambert in 1761.

The first observational evidence

Wiliam Herschel, helped by his sister Caroline, was the first astronomer to support the
island universe theory with observational evidence. In his important 1785 paper, The
Construction of the Heavens, Herschel presented his ambitious observational program
aiming at understanding the structure of the Milky Way. His analysis resulted in a
picture of the Milky Way as a “very extensive, branching, compound Congeries of many
millions of stars” with the Solar System near the centre of the giant structure (Herschel,
1785). That the Solar System was at the centre of the congeries was due to the assumption
that Herschel’s telescope could reach the farthest limits of the Milky Way, an assumption

Figure 1.1 – William Herschel’s 1785 map of the Milky Way (Herschel, 1785).
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he himself had to abandon when he started to use a 40-foot telescope instead of a 20-
foot reflector and began to see more stars. Herschel’s view of our Galaxy was that of a
flattened stellar system aligned with the hazy Milky Way appearing in the night sky, as
shown in Figure 1.1. Herschel had also started observing nebulae a few years earlier, and
he published his Catalogue of One Thousand Nebulae and Clusters of Stars in 1786. He
had been able to resolve many nebulae into stars, and imagined that the others might
just be too distant to be resolved. In The Construction of the Heavens, he concluded that
our Milky Way was only one nebula among many others.

Although he initially thought that all nebulae were clusters of stars, William Herschel
later identified some objects as “nebulous stars” and interpreted them as hot gaseous
clouds that would only later turn into stellar objects. This nebular hypothesis in which the
different types of nebulae constituted different stages of the evolution of stellar compounds
got wide acceptance in the beginning of the 19th century. Such an hypothesis was in
accordance with the popular view of the time, in which nature was in a state of continual
evolution, but as such, also triggered an opposition: for some, it was associated with
“dangerous” views such as Darwinian evolutionism and materialism. William Parsons,
the Earl of Rosse, had built a giant 54-foot mirror telescope (nicknamed the “Leviathan
of Parsonstown”) with which he observed nebulae. As shown in Figure 1.2, he discovered
in 1850 the spiral structure of the M51 nebula catalogued by Charles Messier in 1781, and
the more nebulae he observed, the more he was able to resolve into stars. It was tempting
to conclude that all nebulae were stellar clusters, and although Rosse himself was aware
that such a conclusion was too general to be justified from his observations, the claim got
wide acceptance among astronomers.

Figure 1.2 – The Whirlpool Galaxy M51 as observed by Lord Rosse in 1850 (Rosse, 1850).
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The Great Debate

The onset of spectroscopy in the middle of the 19th century revived the nebular hypothesis.
In 1864, William Huggins indeed observed a bright line in the spectrum of a nebula, which
could only be explained if the astronomical object was made of gas. But on the other hand,
the Andromeda Nebula was shown to have a continuous spectrum surprisingly similar to
the solar spectrum in 1899. Julius Scheiner suggested from this observation that spiral
nebulae were all huge stellar clusters analogous to the Milky Way, which supported the
island universe theory. But the size and structure of our Galaxy still seemed uncertain by
the end of the 19th century. The debate about the nature of the nebulae, namely whether
they were structures similar to the Milky Way or smaller objects within it, was also a
debate about the size of the Universe. Was the Universe limited to our Milky Way, or did
it extend much beyond it?

Regarding the shape of the Milky Way, an American astronomer named Stephen
Alexander had already suggested that our Galaxy was just another spiral nebula in 1852,
but it is only in the beginning of the 20th century that the idea became more popular. In
1900, the Dutch journalist and amateur astronomer Cornelis Easton proposed a theory
in which our Milky Way had a spiral structure with our Solar System at its centre.
Figure 1.3 shows how he envisioned the Milky Way. He later revised the position of
the solar system to place it further away from the centre. But comparing the Milky
Way to spiral nebulae did not mean that Easton supported the island universe theory:
to him, the other spirals were just “small eddies in the convolutions of the great one”
and were thus part of our galactic system. At the same epoch, the German and Dutch
astronomers Hugo von Seelinger and Jacobus Kapteyn both attempted to obtain a more
precise, scientifically-motivated picture of the Milky Way. While Seelinger’s method was

Figure 1.3 – Cornelis Easton’s representation of the Milky Way as a spiral nebula in 1900,
with the Sun at its center (Easton, 1900).
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based on star counts and stellar magnitudes, Kapteyn used the proper motions of the
stars. They both concluded that our Galaxy was a Sun-centered, flattened ellipsoid in
which the density of stars decreased with radius. Kapteyn’s Milky Way covered a distance
of 59,000 light-years across the galactic plane (∼18 kpc1) and 7,800 light-years between
the poles (∼2.4 kpc). As Easton before, Kapteyn later modified the position of the Sun
to put it slightly away from the centre.

But both astronomers were assuming that stellar light was not absorbed in the in-
terstellar medium, which soon turned out to be an important issue: to obtain a reliable
picture of the Milky Way and the spiral nebulae, it was necessary to have a method to
determine distances over long stretches of space. Cepheid stars turned out to provide such
a method. Cepheids are variable stars whose luminosity changes periodically. Henrietta
Swan Leavitt had shown in 1912 that the period associated to such a star was related
to its maximum brightness, thus enabling one to measure the relative distance between
cepheids by comparing their apparent magnitude. Harlow Shapley used this property to
derive an operational method to determine distances on galactic scales: if a cepheid could
be identified in a faraway object, it was possible to calculate the distance to that object.
Using his cepheid distance ladder, Shapley determined the distance to a large number of
globular stellar clusters and derived a model in which they were part of a nearly spherical
system enveloping the plane of the Milky Way. The diameter of this system was more
than 60 kpc (Shapley, 1918). For him, such a system was incompatible with the island
universe theory: if spiral nebulae were outside of it, they would have to be at inconceiv-
ably large distances and would rotate at incredible speeds. Shapley’s larger system in
which the Milky Way was embedded was almost all-comprehending and identified with
most of the material Universe. However, to evaluate the rotation speeds of spiral nebulae,
he relied on erroneous measurements by Adriaan van Maanen.

On the other hand, the discovery of nebular redshifts by Vesto Melvin Slipher in 1917
was considered as a good support for the island universe theory. Slipher was aiming at
measuring rotation in spiral nebulae when he found that the spectral lines of the majority
of them were shifted towards higher or lower wavelengths than expected. Interpreting the
results in terms of Doppler shift, it meant that the spirals were moving at large velocities
relative to the Milky Way, up to about 700 km/s. These high velocities favored the idea
that spiral nebulae were outside of the Milky Way. But as distance measurements to
the spirals were still lacking, it did not allow to reach a decisive conclusion. Incident-
ally, the majority of the spiral nebulae that Slipher observed were redshifted rather than
blueshifted, which would later turn out to be a most important result.

On 26 April 1920, a public debate took place at the National Academy of Science
in Washington between Shapley and his compatriot Heber Curtis, who advocated the
island universe theory. Although the debate did not end the controversy, it later got to be
known as the “Great Debate”. While Curtis focused on spiral nebulae, Shapley emphasized
on globular clusters and the structure of the Milky Way. Both had good observational

1Galactic distances are usually measured in kpc: 1kpc = 103 parsecs, i.e., about 3. 1016 km. One
parsec is the distance at which two astronomical objects separated by one Astronomical Unit (roughly the
distance between the Earth and the Sun) would subtend a parallax angle of one arcsecond. 1Mpc = 106

parsecs.
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arguments to support their theory, including a comparison between the magnitudes of
supernovae within the Andromeda Nebula and elsewhere in the case of Curtis (Curtis,
1917), and none of them was entirely right or wrong: it was later shown that we do live
in an island Universe, but that the size of the Milky Way is closer to Shapley’s model.
The estimation of the distance to the Andromeda Nebula was to be the decisive step to
end the controversy.

The end of the controversy

The first convincing estimate of the distance between the Milky Way and the Andromeda
Nebula was obtained by the Estonian astronomer Ernst Öpik in 1922. At that time,
the luminosity of the Milky Way had been estimated from stellar counts and statistical
estimates of the star distances. Its mass had been derived from the observed velocities of
stars. Öpik calculated the mass-to-light ratio of the Milky Way, and assumed that spiral
nebulae should have comparable mass-to-light ratios if they were ensembles of stars similar
to the Milky Way. The mass of the Andromeda Nebula is related to its rotation velocity,
which can be inferred from Doppler shift measurements, while its intrinsic luminosity
depends on the observed luminosity and of the distance. Assuming a similar mass-to-light
ratio for the Milky Way and the Andromeda Nebula enabled Öpik to obtain a distance
estimate of 450 kpc (Opik, 1922) 2. Öpik’s estimate was below the modern value, which is
around 770 kpc (e.g., Karachentsev et al., 2004), but clearly indicated that the Andromeda
Nebula was well outside the Milky Way and gave credit to the hypothesis that the nebula
was “a stellar universe comparable with our Galaxy” (Opik, 1922).

When Edwin Hubble discovered cepheid variable stars in the Andromeda Nebula and
the Triangulum Nebula M33 in 1925, it confirmed Öpik’s result and settled the contro-
versy. Hubble had been studying novae in spiral nebulae when he observed two objects
that had brightness variations similar to cepheids. Using Shapley’s distance calibration,
he found that the Andromeda Nebula had to be about 300 kpc away from the Milky Way
(Hubble, 1925). The uncertainty on the measure notably came from the zero-point of
Shapley’s calibration, which underestimated the distance to the Magellanic Clouds. But
given Hubble’s evidence, the island universe theory finally got widely accepted. Spiral

2More precisely (cf. Peebles, 1993), the mass M of the nebula can be related to the linear speed v at
radius r by:

GM

r2 = v2

r

with r = θD, D being the distance to the nebula and θ the observed angular radius. This equation is just
Newton’s second law of motion applied to a star rotating at radius r with velocity v around the center of
the nebula. If L is the intrinsic luminosity of the nebula, the observed energy flux on Earth is given by

F = L

4πD2

so that
D = v2θ

4πGF
L

M
.
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nebulae were recognized to be island worlds analogous to our Milky Way, while some of
the original nebulae were identified as gas clouds belonging to our Galaxy. Spiral nebulae
fully became galaxies like our own Milky Way, while the term nebula came to describe
preferentially the interstellar gaseous clumps of our Galaxy. Hubble would show in 1929
that these galaxies are not only outside of our Milky Way, but are generally even drifting
away from us due to the intrinsic expansion of the Universe. The redshifts initially ob-
served by Slipher in 1917 are a consequence of this expansion, and the more a galaxy is
redshifted, the further away it is. Redshift is thus a distance measurement. Since Slipher
and Hubble, deep observations of the sky have revealed huge numbers of galaxies outside
our Milky Way and their diversity is notably shown by the Hubble Ultra Deep Field (Fig.
1.4). One can still marvel at the immensity of the Universe and at the vast number of
island worlds scattered in its vastness. However, these island universes are not independ-
ent. They indeed belong to even larger structures, groups and clusters of galaxies, are
embedded within a cosmic web of overdense regions, and affect each other’s development
through their lives.

Figure 1.4 – Galaxies from the Hubble Ultra Deep Field in a typical patch of the sky.
Credits: NASA, ESA, S. Beckwith (STScI) and the HUDF Team.
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1.1.2 The Milky Way within the Local Group

The Milky Way

The modern picture of the Milky Way is not that far from that suggested by Cornelis
Easton, Hugo von Seelinger or Jacobus Kapteyn at the beginning of the 20th century.
Our Galaxy indeed seems to be a typical large spiral disk galaxy, and as such, not unlike
its neighbor the Andromeda Galaxy. Fig. 1.5 from Sparke & Gallagher (2007) shows how
the Milky Way could schematically be seen edge-on by an external observer. The Sun
lies close to the mid-plane of the disk, at a distance R0 ' 8 kpc from the Galactic center,
and orbits around this center at a velocity of about 220 km.s−1 so that its complete orbit
takes around 250 Myr (e.g., Mo et al., 2010). The Sun lies within the stellar disk of the
Milky Way, which is thin and approximately circular. This prominent feature is what we
can see as a milky white glowing band across the night sky. This disk has a diameter
of about 30 kpc and weighs as much as ∼ 5 1010 M�3 (Licquia & Newman, 2015). It
is itself embedded in a less massive thick disk, whose mass is about ten times less than
the thin disk and whose width is approximately 1 kpc. Stars within the thick disk are
generally older and poorer in heavy elements than stars in the thin disk. Stars are not
homogeneously scattered in the disk, as their density is higher in the spiral arms, and they
can regroup to form gravitationally-bound clusters of stars. In addition to the thin and
thick disks, the Milky Way also contains a ‘bulge’ component, i.e., a more tightly packed
central group of stars, of total mass ∼ 1010 M� (Licquia & Newman, 2015). However,
while classical stellar bulges are characterized by random orbits and a spherical shape,
the apparent bulge of the Milky Way seems to harbor orbiting stars and to consist of a
bar (e.g., Binney et al., 1991; Stanek et al., 1994; Zhao et al., 1995; Shen et al., 2010),
at least partially (Ness et al., 2013; Di Matteo et al., 2015; Saha, 2015). At the very
center of the Milky Way lies a supermassive black hole whose mass is about 2 106 M�
and whose presence is inferred from stellar trajectories in its neighborhood (Genzel et al.,
2000; Schödel et al., 2003; Ghez et al., 2005).

In addition to its stellar component, the Milky Way also contains gas and dust orbit-
ing close to the plane of the disk, mostly a cold neutral and molecular gas component
representing about 5 109 M�. The neutral gas is mostly constituted of atomic hydrogen
and its surface density is roughly constant between 4 and 17 kpc. It drops at smaller
and larger radii, and its distribution is warped in the outer part of the Galaxy as shown
in the picture (Henderson et al., 1982). The molecular gas is located more towards the
center of the galaxy, concentrated in a molecular ring between 4 and 8 kpc, and clumped
in gravitationally bound molecular cloud complexes of masses between 105− 107 M� and
typical densities of about 100 atoms per cm3 (e.g., Combes, 1991; Dame et al., 2001). It
is within these structures that stars are born, and young stars can ionize part of the gas
owing to the ultraviolet (UV) radiation they emit. Stellar winds and supernovae explo-
sions can further heat the gas locally. Overall, the gas mass fraction of the Milky Way
disk with respect to the total gas and stellar components, fgas = Mgas/(Mgas + Mstars), is
about 10%. According to the standard ΛCDM cosmological model, the Milky Way disk

3A solar mass, M�, is about 2.1030 kg.
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Figure 1.5 – A schematic side view of the Milky Way, from Sparke & Gallagher (2007).
Courtesy of Linda Sparke and Jay Gallagher.

is further embedded in an invisible dark matter halo whose mass would be about 1012 M�
and which would extend beyond 100 kpc of the Galactic center (e.g., McMillan, 2011).
This dominant dark matter component is inferred from the rotation curves of stars in the
periphery of the Milky Way, but has not yet been observed directly.

The Milky Way is not limited to a disk of stars, gas and dust embedded in a dark
matter halo. Not all stars belong to the disk. In particular, numerous globular clusters
of stars such as those shown on Fig. 1.5 scatter the Galactic halo (Harris, 1996). Those
tightly gravitationally bound ensembles of stars have spherical shapes and orbit around
the center of the Milky Way. But while open stellar clusters such as the Pleiades lie
close to the plane of the disk, most globular clusters are high above it. They also contain
more stars and are denser and older than their disk counterparts. Old metal-poor globular
clusters are further away than the metal-rich ones, and while the latter have orbits similar
to those of stars in the thick disk, the orbits of distant globular clusters are more eccentric
and almost randomly oriented (e.g., Dauphole et al., 1996; Sparke & Gallagher, 2007).

Satellites of the Milky Way

Further away from the disk of the Milky Way lie smaller galaxies orbiting around it. These
satellite galaxies are about a dozen and are approximately situated on a plane (Lynden-
Bell, 1976; Kroupa et al., 2005; Metz et al., 2007), which suggests that they could stem
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from material tidally stripped from another galaxy during an encounter with the young
Milky Way (Pawlowski et al., 2011; Hammer et al., 2015), that they entered the Milky Way
halo as a group (Li & Helmi, 2008), or that they were channeled through the cosmological
overdense filaments which feed galaxy growth (Lovell et al., 2011). Among them, the
Magellanic Clouds are a few tens of kpc away from our Galaxy and can be visible to the
naked eye. These two gas-rich galaxies are actively forming new stars and host many
stellar clusters, including globular clusters in the case of the Large Magellanic Cloud.
The gravitational potential of the Milky Way also retains smaller, barely visible dwarf
spheroidal companions. They are about hundred times less luminous than the Magellanic
Clouds, and hardly contain any gas to make new stars. Tidal forces from the Milky Way’s
gravitational potential might be tearing them apart. The spheroidal dwarf satellites of
the Milky Way are named after the constellations in which they appear: Sculptor, Fornax,
Sagittarius, Ursa Minor, Ursa Major, Carina, Draco, etc. The smallest ones may not be
more luminous than globular clusters, but they are still galaxies on their own. Fornax for
example hosts its own globular clusters. All these dwarf spheroidals formed their stars
over several Gyr (e.g., Hernandez et al., 2000) unlike globular clusters of the Milky Way,
in which star formation was a punctual event.

The Local Group

As many galaxies, the Milky Way is not isolated. It belongs to a group of galaxies named
the Local Group. Besides the Milky Way, this group comprises two other spiral galaxies:
the Andromeda Galaxy, or M31, and the Triangulum Galaxy, M33. M31 is about 770 kpc
away from the Milky Way (e.g., Ribas et al., 2005) while M33 is slightly further. The
Andromeda Galaxy is bigger and more luminous than the Milky Way, and comprises
at least 300 globular clusters and its own satellite galaxies. It has a large bulge and an
extended atomic, molecular and dusty disk (Barmby et al., 2006). With a stellar mass of a
little more than 1011M� (Geehan et al., 2006; Widrow et al., 2003), the Andromeda Galaxy
is also more massive than the Milky Way. It is on a colliding course with our Galaxy,
approaching at a velocity of about 120 km.s−1: both galaxies are expected to merge in
about 6 billion years from now (van der Marel et al., 2012). The third spiral galaxy of the
Local Group, M33, is much less luminous than the Milky Way or the Andromeda Galaxy,
and hosts a tiny bulge. It is however richer in atomic gas, and its outer disk is warped,
probably due to tidal interactions with M31.

The Local Group is a gravitationally bound ensemble of galaxies. Besides the three
spiral galaxies which make up most of its mass and emit about 90% of the visible light
of the group, it contains a few tens of smaller galaxies (e.g., Sparke & Gallagher, 2007).
Many of these are satellites of the Milky Way or of the Andromeda Galaxy. However,
these dwarf galaxies can be divided into two main types: dwarf spheroidal galaxies such as
most satellites of the Milky Way, and dwarf irregular galaxies. Dwarf spheroidals contain
little gas and have old stellar populations, whereas dwarf irregulars are much more gas-
rich and actively form stars. While most dwarf spheroidals are orbiting around one of
the three main spiral galaxies of the Local Group, many of the dwarf irregulars are not
satellites of larger systems.
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Beyond the Local Group

The Local Group is but one example of a galactic system. Like the Milky Way, about
half of the galaxies in the Universe are found in clusters or groups of a few Mpc in size
and within which the gravitational attraction is strong enough to overcome the global
expansion of the Universe. Outside the Local Group but still in its vicinity, the Virgo
cluster and the Coma cluster, respectively at about 17 and 70 Mpc away, are examples of
much larger clusters of galaxies. They are indeed assumed to have masses of a few 1014 M�
and to be constituted by more than a thousand galaxies. The Local Group and the Virgo
and Coma clusters are themselves part of a giant supercluster of mass ∼ 1017 M� which
has been named the Laniakea Supercluster from the Hawaiian words meaning “sky” and
“wide” (Tully et al., 2014). The vastness of such a cluster and of the Universe beyond
allows a great diversity of galaxy types and properties.

At even larger scales, galaxies and clusters are often gathered in groups or along
filaments, leaving large regions of the Universe empty. Galaxies are not spread uniformly
through space and their distribution resembles a huge cosmic web of galaxies. Fig. 1.6
shows slices of the large scale structure of the Universe as observed from the 2dF Galaxy
Redshift Survey (Peacock et al., 2001). Dense linear features as well as walls and elongated
cosmological filaments are visible, with rich clusters of galaxies at their intersections. The
voids between these structures can be tens of Mpc wide, sparsely populated by ‘field’
galaxies. Such a galaxy distribution is consistent with a universe in which the growth
of structures is triggered by a competition between the gravitational attraction and the
expansion of the Universe: from largely homogeneous initial conditions, overdense regions
collapse while underdense regions become expanding voids.

Figure 1.6 – Slices of the distribution of galaxies from the 2dF Galaxy Redshift Survey
(Peacock et al., 2001). The two slices are 4◦ thick, centered on the Milky Way, and
respectively point north (left) and south (right) of the Galactic plane. Redshift 0.2 corres-
ponds to a comoving distance of about 800 Mpc, or 2.6 billion light years.
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1.1.3 The Hubble classification of galaxies

The Hubble Sequence

Nebulae were cataloged long before some of them were realized to be galaxies outside of
the Milky Way. Hence, the Messier (1781) catalog only contains 39 galaxies out of 109
nebulous objects, while the New General Catalogue (NGC, Dreyer, 1888) and the Index
Catalogue (IC, Dreyer, 1895, 1908) respectively contain 3200 galaxies out of 7840 objects
and 2400 galaxies out of 5836 (Combes et al., 1995). The realization that these objects
were extragalactic island worlds lead to their separation from Galactic nebulae, and mor-
phological classifications from observations have been crucial to sort them out and better
understand their formation and evolution. In his book “The Realm of Nebulae” (1936),
Hubble initiated a classification that would later be added to and modified but which is
still in use today. This classification, shown in Fig. 1.7, distinguishes galaxies through
their morphology, which Hubble thought reflected their time evolution. In this classifica-
tion, Hubble separated three main types of galaxies: elliptical galaxies (E), spiral galaxies
(S), and lenticular galaxies (S0). A fourth category of irregular galaxies included those
which could not fit in any other category. Merger remnants such as the Antennae Galax-
ies, characterized by long tidal tails resulting from the strong gravitational interactions
taking place during the merger, usually belong to this latter category of irregulars. The
terms ‘early type’ and ‘late type’ are sometimes used to refer to the position of galaxies in
the Hubble classification, from ellipticals to spirals. However, as the Hubble classification
actually does not reflect a temporal evolution, we will avoid this denomination here. In
fact, ‘early-type’ galaxies are full of ‘late-type’ stars, and vice-versa.

Figure 1.7 – The Hubble Sequence. Credits: NASA & ESA, adapted by Anaelle Halle.
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Elliptical galaxies

Elliptical galaxies on the left of the Hubble classification are usually smooth and almost
featureless. They are devoid of picturesque spiral arms and obscuring dust lanes. In the
Hubble Sequence, they are sorted according to their ellipticity ε = 1− b/a, where a is the
major axis and b the minor axis, and their names state the closest integer to 10ε from E0 to
E7. An E0 galaxy is spherical, while increasing numbers up to E7 correspond to more and
more elongated ellipsoids. Elliptical galaxies usually have less cold gas than spiral galaxies,
and hence fewer young blue stars. They indeed appear redder than spiral galaxies, which
indicate older stellar populations. Their stellar masses range from ∼ 106 M� for dwarf
ellipticals to ∼ 1012 M� for the most massive. Ellipticals are particularly numerous in big
clusters of galaxies and the largest of them are found in the densest parts of these clusters.
Giant ellipticals can be up to hundred times more luminous than the Milky Way, and their
stars orbit around the galactic center in random directions. In less massive ellipticals, stars
have more rotation and less random motion, and there are often signs of a disk hidden
within the elliptical body. Fig. 1.8 show two different types of ellipticals.

The stellar density distributions of galaxies are often described in terms of a Sérsic
surface brightness profile (Sérsic, 1963; Sersic, 1968; Caon et al., 1993)

I(R) = I0 exp
−bn

(
R
Re

)1/n
 , (1.1)

Figure 1.8 – Left: the giant elliptical galaxy M87, surrounded by a number of globular
clusters. M87 belongs to the Virgo Cluster, its diameter is about 300 kpc, and more than
ten thousands globular clusters orbit around it. Credits: Chris Mihos (Case Western
Reserve University)/ESO. Right: the dwarf elliptical galaxy M110, which is a satellite
of the Andromeda Galaxy containing 10 billion stars whose major axis is about 5 kpc.
Credits: Adam Block/NOAO/AURA/NSF.
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where I0 is the central surface brightness, Re the effective radius and bn can be chosen
so that Re corresponds to the radius encircling half of the total luminosity. To describe
giant elliptical galaxies, de Vaucouleurs (1948) originally used a formula corresponding
to a Sérsic index n = 4, but this value is only a first order approximation for the variety
of elliptical galaxies. ‘Boxy’ giant elliptical galaxies whose shapes result from anisotropic
random motions of stars have notably larger Sérsic indices than faint ‘disky’ elliptical
galaxies whose random movements are isotropic but potentially flattened by rotation, the
index n ranging from 0.5 to 16 (Caon et al., 1993).

Spiral galaxies

Spiral galaxies on the right of the Hubble classification are named for their bright spiral
arms. These arms display clumps of bright young stars surrounded by dusty gas. While
elliptical galaxies are supported against gravitational collapse by the random motions of
stars, rotation plays an important role in spiral galaxies: most of their stars lie in a thin
rotating disk whose characteristic height is much smaller than its radial length and which is
stabilized by the centrifugal force. Atomic and molecular gas are concentrated in the disk,
the molecular gas distribution being more clumped than the atomic gas (e.g., Schinnerer
et al., 2013). About half of all spiral galaxies have a central bar-shaped structure composed
of stars at the edge of which the spiral arms begin. The bar rotates but not necessarily
together with the rest of the disk. In the Hubble classification, barred spirals are denoted
SB and form the lower part of the ‘fork’. Spiral galaxies also often present a stellar central
ellipsoidal component, the ‘bulge’. Bulges can be broadly separated in two types: ‘classical
bulges’ on one side, which are spheroidal in shape and supported by random motions as
elliptical galaxies, and ‘pseudo-bulges’ on the other, which can be ‘boxy’ to disky but
are primarily supported by rotation (Kormendy & Kennicutt, 2004). It is often assumed
that classical bulges are built by mergers (Baugh et al., 1996; Hopkins et al., 2009) while
pseudo-bulges result either from secular evolution of the galaxy under the influence of
the bar (Combes & Sanders, 1981; Athanassoula, 2005) or are due to the migration of
clumps towards the center of the disk (Genzel et al., 2008; Elmegreen et al., 2008; Dekel
& Krumholz, 2013; Bournaud et al., 2014). The sequence from Sa towards Sc is defined
according to the relative size of the bulge as compared to the disk and to the shape of the
spiral arms. Sa and SBa galaxies have large bulge components and tightly wound spiral
arms, while types b and c have progressively smaller bulge-to-disk ratios and more loosely
wound spiral arms. Hubble’s original sequence was extended to Sd and Sm galaxies by de
Vaucouleurs (1959, 1974), where Sm and SBm Magellanic spiral galaxies are analogous to
the Magellanic Clouds. They are more ragged and less well ordered than other spirals and
thus form the transition between spirals and irregular galaxies. As the Milky Way seems
to have a central bar extending 3-4 kpc from the center, it would probably be an SBc
galaxy in the Hubble classification scheme. Fig. 1.9 displays two other spiral galaxies,
while Fig. 1.10 pictures the Large Magellanic Cloud.

Spiral galaxies generally have lower stellar masses than ellipticals, only up to a few
1011 M�. Their density profiles can usually be decomposed into a central spheroidal
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Figure 1.9 – Left: the Andromeda Galaxy, ∼ 67 kpc in diameter and 2.5 million light-
years away from the Milky Way. The nebulous object below it is M110, shown in Fig. 1.8.
Credit: Adam Evans. Right: The Whirlpool Galaxy M51 drawn by Lord Rosse in 1850
(cf. Fig. 1.2). Its diameter is about 25 kpc. Credits: NASA, ESA, S. Beckwith (STScI),
and the Hubble Heritage Team STScI/AURA.

component described by a Sérsic surface brightness profile corresponding to the bulge,
and an exponential disk

I(R) = I0 exp
(
− R

Rd

)
, (1.2)

where I0 is the central density and Rd a characteristic disk radius. This characteristic
radius typically ranges from a few hundreds of parsecs to about 10 kpc (e.g., de Jong,
1996). In an edge-on disk, the luminosity also decreases exponentially from the plane of
the disk and the corresponding vertical luminosity profile can usually be decomposed in
two exponential components corresponding to the thin disk and to the thick disk as in
the case of the Milky Way. While the vertical scale length is a few hundreds of parsecs for
the thin disk, it reaches about 1 kpc for the thick disk (e.g., Sparke & Gallagher, 2007,
p. 72).

Lenticular galaxies

Lenticular galaxies have a flattened rotating disk and a very large central elliptical bulge,
but lack any spiral arms or dust lanes. They constitute an intermediate class of galaxies
between ellipticals and spirals and are named S0 in the Hubble classification. Like ellipt-
icals, they are mostly found in regions of space that are relatively densely populated with
galaxies, such as clusters of galaxies. A lenticular galaxy with a large oval shape but dust
lanes indicating a disk can be seen in Fig. 1.10.
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Figure 1.10 – Left: the lenticular galaxy NGC6861. The fuzzy oval shape is typical of an
elliptical galaxy, while the dark dust lanes indicate a dusty disk. Credits: ESA/Hubble &
NASA, Acknowledgement: J. Barrington. Right: the Large Magellanic Cloud, which is
an irregular galaxy orbiting around the Milky Way. Credit: Skatebiker.

Extensions and other classifications

Albeit necessarily imperfect, the Hubble classification of galaxies has the merit to retain
the main morphological features of the various types of galaxies: their overall ellipsoidal
or flattened shape, the presence of a disk, of spiral arms and of a bulge, and the relative
importance of the latter two. However, dwarf ellipticals and spheroidals as well as extra
large diffuse galaxies, low surface brightness galaxies, or active and interacting galaxies
do not always fit in the original classification used by Hubble (1936) and Sandage (1961).
Other classifications have been proposed, including the extension by de Vaucouleurs (1959,
1974). In addition to the Magellanic galaxies Sm and SBm, this extension introduces
an intermediate category of weakly barred or distorted oval spirals SAB between the
normal and barred spiral sequences, and indicates the presence of internal or external
rings. Among other variations on the Hubble Sequence, van den Bergh (1976) proposed
a new classification in which normal gas-rich spirals and gas-poor S0 lenticular galaxies
formed parallel sequences whose progression is determined by their bulge-to-disk ratio
and in which a third sequence of intermediate ‘anemic’ spiral galaxies was added. More
recently, Kormendy & Bender (2012) added to this latter classification by bridging the
spiral and lenticular sequences with spheroidal and irregular galaxies. The ATLAS3D

team focuses specifically on elliptical and lenticular galaxies and classifies them according
to their kinematics, distinguishing ‘slow rotators’ from ‘fast rotators’ (Cappellari et al.,
2011). Physical properties of galaxies such as their luminosity, color, gas fraction or star
formation rate can also serve as basis for classification.

Although it is no longer thought that galaxies evolve in time specifically from one
end of the Hubble Sequence to the other end, the different morphologies do relate to the
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particular history of each galaxy and its environment. The Hubble Sequence was mostly
designed to describe nearby, low redshift galaxies, which were logically the first to be
studied. However, the Universe is not static and galaxies evolve with time. As stars form
and die, galaxies evolve and change. Distant high redshift galaxies, i.e., earlier in the
history of the Universe, are indeed much more perturbed, less regular and more clumpy
than their low redshift counterparts. Also, while elliptical galaxies appear early in the
history of the Universe, disks only settle later, when star formation is already declining
(Kassin et al., 2012). The second chapter of this thesis, p. 45, is specifically focusing on
such distant galaxies.

1.2 A brief history of galaxy growth

How do galaxies form? The current standard Big Bang model assumes a very homogen-
eous Universe at early times, an assumption which is confirmed by the observations of the
Cosmic Microwave Background. However, today’s galaxy distribution is highly inhomo-
geneous and one can observe structures on all scales below ∼ 10 Mpc - from planets and
stars to galaxies, clusters of galaxies and enormous voids between them. The scenario
leading to these huge inhomogeneities is based on the simple gravitational instability and
on its interplay with the expansion of the Universe. It relies on a specific cosmological
model.

1.2.1 Cosmological context

Cosmological models

Cosmological models aim at describing the structure of the Universe. They usually rely on
Einstein’s general relativity (Einstein, 1916) and the first cosmological model was proposed
by Einstein himself in 1917 (Einstein, 1917). General relativity relates the structure of
space-time with its mass and energy contents: gravitational fields intrinsically affect the
curvature of space-time. Consequently, the matter distribution of the Universe determines
its global geometry. The Einstein equations of general relativity can be written:

Gµν = Eµν + Λgµν , (1.3)

where Gµν is a tensor corresponding to the distribution of matter, Eµν is the Einstein
tensor, related to the curvature of space-time, and the last term is proportional to the
metric gµν and implies a cosmological constant Λ. This tensorial equation fundamentally
relates the content of the Universe (on the left side) to its structure (on the right). A non
zero cosmological constant was initially suggested by Einstein to allow a static Universe,
but was removed when Hubble showed that the Universe was expanding rather than static
(Hubble, 1929). This integration constant arising from the equations of general relativity
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seemed unnecessary. However, it needed to be reintroduced when the acceleration of the
expansion was observed and is now thought to be non-zero.

The main assumption in cosmology is the ‘cosmological principle’: the Universe is
assumed to be homogeneous and isotropic on large scales. There is no preferred place
to observe the laws of nature, which are assumed to be the same everywhere and at all
times. At very large scales, the Universe is smooth: averaged over large enough scales, its
density does not fluctuate much. General relativity additionally assumes that space-time
is simply connected (it could be filled with observers), locally flat (special relativity is
locally valid) and that there is a means to synchronize all clocks in space.

The structure of space-time can be generally described by its metric, which is a quad-
ratic form analog to distance in an Euclidean space. In the framework of general relativ-
ity, assuming a homogeneous and isotropic Universe leads to the Friedmann-Lemaître-
Robertson-Walker metric

ds2 = −c2dt2 + a(t)2
(

dr2

1− kr2 + r2dΩ2
)

(1.4)

where k describes the spatial curvature, dΩ2 = dθ2 + sin2θdφ2 is the solid angle, and a(t)
is the time-dependent scale factor expressing the relative expansion or compression of the
Universe. In an expanding Universe, physical distances will expand proportionally to a(t)
and this scale factor is determined by the Friedmann equations:
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These equations are the basis of the different models for the Universe, as they give the
evolution of the scale factor as a function of time. Even if the Universe is not rigorously
homogeneous and isotropic, the Friedmann-Lemaître-Robertson-Walker model is used as
a first approximation. The Hubble parameterH(t) = ȧ/a is the rate at which the Universe
expands, as Hubble was the first to observe this expansion and to derive an estimate of
H0 = H(0) (Hubble, 1929). Because of its expansion, the Universe was surely denser and
hotter in earlier times. Accordingly, Big Bang models assume that the Universe started
in a very hot and dense phase. The first Friedmann equation can be rewritten in terms
of density parameters as

H2 = H2
0

[
Ωr,0a

−4 + Ωm,0a
−3 + Ωk,0a

−2 + ΩΛ,0
]
, (1.6)

where Ωm,0 = ρm,0/ρc is the current matter density parameter, defined as the ratio of
the matter density ρm,0 to the critical density of an Einstein-de Sitter universe4 ρc =
3H2

0/8πG, Ωr,0 = ρr,0/ρc is the radiation density parameter, Ωk,0 = −kc2/H2
0 is associated

to the spatial curvature, and ΩΛ,0 = Λc2/3H2
0 is linked to the value of the cosmological

constant. The different density parameters add up to 1 by construction. They are some
of the cosmological parameters describing the properties of the Universe and defining its
cosmological model.

4An Einstein-de Sitter universe is a flat universe with no spatial curvature and no cosmological con-
stant.
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The ΛCDM model

Relatively recent observation programs have placed different constraints on the cosmo-
logical parameters, leading to the emergence of ΛCDM cosmology as the preferred cos-
mological model. The parameters of this model are particularly well constrained by
measurements of the Cosmic Microwave Background, which is the closest we can get to
an image of the Universe as it was right after the Big Bang about 14 billion years ago.
Space missions such as NASA’s WMAP (e.g., Komatsu et al., 2011) and ESA’s Planck
(e.g., Planck Collaboration et al., 2014, 2015) enabled precise determinations of these
parameters, whose values are indicated in Table 1.2. The ΛCDM model is a Friedmann-
Lemaître-Robertson-Walker model which assumes the existence of a cosmological constant
Λ and of cold dark matter (CDM). It is a Big Bang model where the expansion is acceler-
ated but space remains Euclidean, with a flat geometry (k=0), and where the Universe is
13.8 billion years old. According to the ΛCDM model, the mass and energy content of the
Universe is composed for about two thirds of ‘dark energy’ characterized by its current
density parameter ΩΛ,0 = 0.6911, one quarter of cold dark matter with Ωcdm,0 = 0.259 and
about 5% or ordinary, ‘baryonic’ matter with Ωb,0 = 0.0486 (Planck Collaboration et al.,
2015). In this cosmological context, the term ‘baryons’ designates all matter formed out
of protons, neutrons and electrons, thus all atoms and molecules composing the visible
structures of the Universe. Neutrinos constitute a warm dark matter but their low masses
reduce their contribution to the total mass and energy content of the Universe to only a
few tenth of percents.

H0 67.74± 0.46 kms−1Mpc−1 Hubble parameter
t0 13.799± 0.021 Gyr Age of the Universe
ΩΛ,0 0.6911± 0.0061 Dark energy density parameter
Ωm,0 0.3089± 0.0062 Total matter density parameter
Ωb,0 0.0486± 0.0003 Baryon density parameter
Ωcdm,0 0.259± 0.002 Cold dark matter density parameter

Table 1.2 – Some of the ΛCDM cosmological parameters as recently measured by Planck
(Planck Collaboration et al., 2015). The errors correspond to 68% confidence limits.

Dark matter

The ΛCDM model assumes the existence of a cold, non baryonic dark matter. The
observed phenomena which lead to this assumption are the radial line-of-sight velocities
of stars and gas in galaxies. Indeed, Newtonian dynamics relates the rotation velocity of
an object around a central mass to the distance between the two objects and to the mass
of the central one. As he was trying to determine the mass of the Coma cluster in 1933,
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the Swiss astronomer Fritz Zwicky was surprised to find that 100 to 500 times more mass
than observed would be needed to explain the high velocities he observed (Zwicky, 1933).
The same phenomenon was later observed by Sinclair Smith in 1936 for the Virgo cluster
(Smith, 1936), but the problem did not trigger much interest at that time. It reappeared
in the seventies when the American astronomer Vera Rubin studied the rotation of spiral
galaxies: stars far from the center of the galaxy seemed to be rotating so fast that the
rotation curve of most spiral galaxies was flat (Rubin & Ford, 1970; Rubin et al., 1982).
According to Newtonian dynamics, the rotation velocity should decrease when moving
away from the center of the galaxy, as most of the visible matter is concentrated around
the center. As the density decreases approximately exponentially from the center, the
velocity of the stars in the spiral arms of the galaxy should also decrease, which is not
observed.

To explain the dynamics of these galaxies, one could imagine the existence of a halo
made of non visible matter, in which the visible matter would be embedded and whose
mass would be more than five times higher. Fig. 1.11 shows the flat rotation curve of
a spiral galaxy, which is fitted by a model combining a spherical dark matter halo with
the exponential disk (van Albada et al., 1985). The dark matter was originally expected
to be constituted of ordinary baryonic matter, like interstellar gas, asteroids, extrasolar
planets or neutron stars. But later studies have shown that it is not possible: the Big
Bang theory precisely predicts the quantity of baryons present at the first epochs of the
Universe, and dark matter has therefore to be explained with a different type of matter.
The first candidates were neutrinos, which are neutral particles weakly interacting with
ordinary matter. But we now know that their mass would have been too small to explain
the masses of galactic haloes and their velocities too big to enable structures to form: the

Figure 1.11 – The rotation curve of the spiral galaxy NGC 3198 can be reproduced by
introducing a spherical dark matter halo in addition to the exponential disk (van Albada
et al., 1985). The error bars correspond to the observed data points, while the solid lines
indicate the model. The line that fits the data corresponds to the combination of an
exponential disk and a spherical halo.



26 1.2 A brief history of galaxy growth

high velocities of these hot dark matter particles would have dispersed the little primordial
inhomogeneities which then led to the formation of galaxies and clusters of galaxies. Most
of the dark matter thus has to be ‘cold’, which implies that its mean velocity at the first
stages of cosmic history was much smaller than the speed of light. Particle physicists
are searching for such a particle, which would weakly interact with ordinary matter and
would be much more slower and massive than the neutrino. Some extensions of the
standard model of particle physics, such as supersymmetry, offer possible candidates in
the form of Weakly Interacting Massive Particles (WIMPs). They would be difficult to
detect directly because they would experience no electromagnetic interactions, and their
indifference to the strong nuclear interaction would prevent them to react with atomic
kernels. Within the supersymmetric theory, the neutralino would be a good candidate for
dark matter: this particle would be the fermionic superpartner of both the photon (boson
which transmits the electromagnetic force) and the Z0 boson (which transmits the weak
nuclear interaction). The neutralino would be more massive than all known particles but
the lightest supersymmetric particle, which would assure its stability. Current searches,
notably carried at the CERN Large Hadron Collider (LHC), have however ruled out large
portions of parameter space corresponding to the simplest such models.

Even if the ΛCDMmodel seems to be the most accurate model to describe our Universe
nowadays, dark matter has not been directly detected so far. The assumption of its
existence is not the only possible answer to the incompatibility between the observed
galactic orbits and Newtonian predictions. Alternatives include forms of dark matter that
are fundamentally different from the usual cold dark matter, such as self-interacting dark
matter (e.g., Spergel & Steinhardt, 2000), and models that change the gravitational law
itself like Mordechai Milgrom’s MOND theory (Milgrom, 1983a,b,c). This latter model
notably explains extremely well the rotation curves of galaxies, without introducing cold
dark matter. However, it lacks an underlying theory which would explain the suggested
empirical modification of Newton’s law. Section 4.1.4 (p. 137) elaborates further on
potential alternatives to the cold dark matter paradigm.

An accelerated expansion

Measurements of the velocities of standard supernovae of type Ia have shown that the
Hubble constant was lower earlier in the history of the Universe so that the expansion of
the Universe is accelerating (e.g., Riess et al., 1998). This can be achieved with a non-
zero positive cosmological constant. The observed expansion implies that the vacuum
contributes through ΩΛ,0 to about 70% of the present mass and energy content of the
Universe. This contribution can be described in terms of ‘dark energy’. The cosmological
constant Λ can be interpreted as a property of space-time itself, as if it had an intrinsic
repulsive action. However, the fundamental cause of this acceleration remains unsure.

The accelerated expansion of the Universe stipulated by the ΛCDM model may incid-
entally have an important consequence for the distant future of cosmology and astrophys-
ics: as the expansion of the Universe accelerates, extragalactic sources of light will slowly
move out of the observable volume of the Universe, and the merger remnant of the Milky
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Way and Andromeda galaxies will be the only galaxy remaining within Earth’s horizon in
another hundred billion years (Loeb, 2011). If such predictions of the ΛCDM model are
correct, future cosmologists - if there are any - might have to rely on ancient textbooks
to understand the Big Bang and distant galaxies: what would be the future of cosmology
in such conditions? Hypervelocity stars escaping from the only remaining visible galaxy
might serve as tracers to test cosmological models, but the lack of direct evidence might
require an act of faith to believe in the existence of other galaxies in the distance.

Missing baryons

Analysis of the Cosmic Microwave Background power spectrum and primordial nucleo-
synthesis in the ΛCDM model yield a mean cosmic baryonic density of 0.0486ρc (Planck
Collaboration et al., 2015). However, inventories of the baryonic budget in galaxies and
galaxy clusters are only able to account for about 10% of this value. Indeed, stars and
stellar remnants represent about 5% of the mean cosmic baryonic density, cool gas less
than 2% and hot gas in clusters and ellipsoids a bit less than 4% (Fukugita et al., 1998;
Fukugita & Peebles, 2004). Gas from cosmic filaments revealed by Lyman-α absorbers
could account for & 20% of the mean cosmic baryonic density (Lehner et al., 2007),
while numerical simulations show that a gaseous warm-hot intergalactic medium (WHIM)
notably produced by shocks during the formation of large-scale structure could account
for about 30-40% of all baryons (Cen & Ostriker, 1999; Davé et al., 2001). However, only
a small fraction of the expected WHIM gas has been detected, representing only about
3-10% of the baryons (Danforth & Shull, 2005). A large fraction of the baryons is still
missing from an observational point of view.

1.2.2 Structure formation in the Universe

Early history of the Universe

The basic process involved in galaxy formation is the gravitational instability: a local
excess of matter will attract the neighboring matter due to its gravitational potential
and will thus grow. Over-dense regions pull matter towards them and become even more
dense, while underdense regions become less and less dense as matter flows away from
them. In the standard cosmological model, density fluctuations were created very early
in the history of the Universe and later condensed to form the structured objects we now
see. Quantum fluctuations at the very first moments were the seeds for the future growth
of structure in the Universe. The current standard cosmological model assumes that the
nascent Universe passed through a phase of exponential expansion, named inflation and
driven by the negative-pressure vacuum energy density or one or more quantum fields,
in which the microscopic quantum fluctuations were magnified to cosmic size. As the
Universe expanded, temperature decreased and formation of structured matter became
possible after the epoch of matter radiation equality. At that time, the Universe was still



28 1.2 A brief history of galaxy growth

Figure 1.12 – The Cosmic Microwave Background as observed by the Planck telescope.
The color scale highlights the tiny 10−5 level inhomogeneities in temperature and density.
Credits: ESA and the Planck Collaboration.

opaque: there was an equilibrium between electromagnetically-interacting matter and
radiation, as free electrons ceaselessly absorbed and re-emitted photons. As the Universe
continued to cool, electrons had no longer enough energy to overcome the attractive force
of atomic nuclei, and became bound to atoms. Light could now stream forth unimpeded.
This process is called recombination, and the ‘first light’ enabled to stream is what we now
see as the Cosmic Microwave Background radiation. As a relic of the earliest moments
of the Universe, the Cosmic Microwave Background (CMB) shows how homogeneous the
Universe was 380,000 years after the Big Bang, with inhomogeneities at the level of about
10−5. Fig. 1.12 displays the CMB as observed by the Planck telescope.

Growth of perturbations through gravitational instability

Formation of structures is essentially driven by the competition between the gravitational
growth of fluctuations and the expansion of the Universe, which tends to dilute each local
overdensity. The first study of the gravitational instability was carried out by the British
physicist James Jeans in 1902: his theory took into account gravity and pressure and
assumed a static medium. Gravity tends to condense matter, whereas pressure diminishes
inhomogeneities: the more the mass of a fluctuation is, the more gravity is important
compared to pressure. Taking the expansion of the Universe into account and assuming a
uniform background, the Friedmann equations in an Einstein-de Sitter universe yield for
non-relativistic matter and for perturbations smaller than the horizon5

δ̈ + 2H(t)δ̇ = 4πGρu(t)δ + a(t)−2c2
s∇2δ (1.7)

5The horizon at a given cosmological time corresponds to the maximum distance at which two re-
gions can be causally connected, i.e., between which light may have traveled within the finite lifetime
of the Universe and given its expansion. The horizon consequently defines the observable Universe: no
information can reach us from beyond it.
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where a(t) is the scale factor of the Universe, ρ(t, ~r) = ρu(t)[1+δ(t, ~x)] with ρu(t) the mean
density of the Universe at time t, δ(t, ~x) the overdensity and ~x = ~r/a(t) the comoving
coordinates (Peacock, 1999). An Einstein-de Sitter universe is indeed a good approxima-
tion of our Universe at early times. This equation assumes that the fluctuations are small
enough to use a linear approximation, and c2

s = ∂P/∂ρ designates the sound speed. The
right side of the equation shows the competition between gravity and pressure, whereas
on the left side, the Hubble flow seems to slow down the perturbation growth as a friction
force, which is an artifact of the comoving coordinates. The first stage of fluctuation
growth can be described by the linear approximation, but this approximation becomes
inaccurate when fluctuations have developed up to δ & 1. The linear phase leads to a non
linear phase whose analytic treatment is more difficult and requires additional assump-
tions such as the Zel’dovich approximation (Zel’dovich, 1970; Shandarin & Zeldovich,
1989), or a statistical approach (Press & Schechter, 1974). Cosmological structures being
formed out of a distribution of matter which is almost homogeneous but most likely non
rigorously spherical, the collapse is faster along the shortest axis and leads structures
shaped as pancakes and filaments (e.g., Lin et al., 1965; Peebles, 1993; Springel et al.,
2005; Boylan-Kolchin et al., 2009).

1.2.3 Major mergers versus smooth accretion

Hierarchical clustering

Instead of using the spatial distribution of the overdensity δ(t, ~x), it is possible to consider
its Fourier transform δ~k(t) and power spectrum

〈
|δ~k|2

〉
. The evolution of the power

spectrum of the fluctuations depends on the properties of matter: if matter had been
mostly constituted of adiabatic baryons or hot dark matter (neutrinos), the spectrum
would have been cut at small scales and galaxies would have formed by fragmentation of
huge structures. But in the ΛCDM model, most of the matter is assumed to be made
of cold dark matter: structure formation is mostly determined by dark matter dynamics,
in which small structures form first and larger structures assemble by successive mergers.
Galaxies are assumed to form within the potential wells of dark matter haloes (White &
Rees, 1978). Indeed, as dark matter does not lose energy by radiation, it can’t condense
as efficiently as baryonic matter and is organized in more diffuse structures. Cosmological
simulations allow to follow the formation of each dark matter halo or of each galaxy
and to reconstruct the history of its progenitors and of the successive mergers in ‘merger
trees’ such as the one shown in Fig. 1.13. Collisions and close interactions between
galaxies lead to tidal forces which distort and strip galaxies: their morphology is not
fixed and notably evolves under the influence of the environment and of the successive
mergers. Mergers are also expected to trigger bursts of star formation, as inferred from
observations of merging galaxies (e.g., Sanders et al., 1988; Elbaz & Cesarsky, 2003)
and from numerical simulations (e.g., Di Matteo et al., 2007, 2008; Martig & Bournaud,
2008). This enhancement of star formation notably results from tidal torques depleting
the angular momentum of the gas in the inner half of the galactic disk, leading this gas
to fall in and to increase the central density of the galaxy (Barnes & Hernquist, 1991).
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Figure 1.13 – Baryonic merger tree of a galaxy and of its satellites from L’Huillier et al.
(2012). The evolution with time goes from bottom to top. Dark blue circles are galaxies
while bright blue squares are satellites. Some of the satellites eventually merge with the
main galaxy on the left.

Accretion from the cosmic web

Present-day galaxies like the Milky Way were constructed over billions of years by the
assembly of a million building blocks constituted by the earliest dwarf galaxies. The
fuel for the formation of stars and of the central black hole is provided by gas accretion
onto the halo, either through major mergers of galaxies or through relatively smooth and
steady accretion. In the case of spherical gaseous accretion onto the halo, an accretion
shock forms near the virial radius of the galaxy6 and the incoming gas is heated up to
high temperatures before being able to cool down and descend into the inner galaxy
(Rees & Ostriker, 1977; Birnboim et al., 2007). However, while such a shock seems to
be the predominant accretion mode for large haloes, cold gas can penetrate deep inside
smaller haloes along cosmological filaments, directly to the central galaxy, and typical
galaxies at redshifts z & 2 contain hot gas in virial equilibrium punctured by cold dense
streams stemming from the cosmic web (Birnboim & Dekel, 2003; Kereš et al., 2005;
Dekel & Birnboim, 2006; Ocvirk et al., 2008; Dekel et al., 2009a; Kereš et al., 2009). Fig.
1.14 from Dekel et al. (2009a) shows a simulated galaxy fed by such cold streams. Two

6The virial radius of a galaxy is defined page 133.
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streams harbor gas clumps whose mass is on the order of one-tenth of the mass of the
central galaxy, but the streams are otherwise rather smooth. The presence of asymmetrical
and warped galaxies that are apparently isolated would also be an argument in favour
of a smooth accretion of gas from the cosmic web (e.g., Combes, 2009). These steady
flows are crucial for star formation as a continuous supply of cold gas, and their angular
momentum contributes to the build-up of a rotating disk within the galaxy.

Figure 1.14 – Three dimensional view and slices of a simulated galaxy fed by cold streams
at z = 2.5 (Dekel et al., 2009a). The colors in the 3D view refer to the inflow rate per solid
angle while the slices display the density ρ, the entropy7 log(T/ρ2/3) and the radial flux
ṁ = r2ρvr, thus highlighting the penetrating low-entropy gas streams. The small arrows
correspond to the velocity field, the dotted circles to the virial radius. The pictured galaxy
has a viral mass of 1012 M� as the Milky Way.

7Defining the entropy as log(K) = log(T/ρ2/3) is common in astrophysics. It corresponds to the
entropy of an ideal monoatomic gas with adiabatic index γ = 5/3, K = PV γ being the adiabatic
constant.
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1.3 Star formation and its regulation

Although gravity determines the large-scale evolution of structures in the Universe, in-
tricate baryonic processes affect morphology and structure on galactic scales. Indeed,
galaxy formation and evolution are driven by a complex interplay between the hierarch-
ical merging of dark matter haloes, gas accretion, and baryonic processes such as cooling
and gravitational fragmentation, the formation of molecular clouds, star formation, stellar
nucleosynthesis and outflows driven by stellar winds, supernovae or Active Galactic Nuc-
lei. Within haloes, ordinary matter can cool, losing energy by radiation, and fall to the
center of the potential well. There, the gas can fragment into small, high-density cores
that may eventually form stars. At the end of their evolution, the most massive stars
explode as supernovae and eject their gas and the heavy elements formed at their core in
the interstellar medium. The accretion onto the central black hole of the galaxy releases
energy in the interstellar medium as well. Both phenomena can produce powerful galactic
winds which heat the disk and inhibit subsequent star formation. Baryonic processes play
an important role in shaping galaxies.

1.3.1 Giant molecular clouds in the interstellar medium

Structures of the interstellar medium

Observations show that, in the Milky Way, star formation occurs in dense molecular
clouds whose typical density is about hundred particles per cubic centimeter and whose
temperatures are usually around 10 K (Blitz, 1993; Williams et al., 2000). Therefore,
the overall star formation rate (SFR) of a galaxy is related to its ability to form such
dense molecular clouds in the interstellar medium (ISM). In the Milky Way, the ISM
constitutes a flattened disk predominantly made of cold gas. Most of this gas is made of
neutral hydrogen, but about 20% of its mass is in molecular form, mainly as molecular
hydrogen (H2). The ISM also comprises a small fraction of dust grains, amounting for
about 1% of the total mass. Observations show that the distribution of molecular gas
in the Milky Way is highly clumpy: most of it is distributed over giant molecular clouds
(GMCs), which have masses between 105−107 M� and sizes of over a few tens of parsecs.
GMCs are themselves structured at smaller scales and composed of numerous spherical or
filamentary substructures (Blitz, 1993; Bally et al., 1987), from molecular ‘clumps’ with
masses between 102 − 104 M� and sizes of about 10 parsecs to 0.1− 10 M� ‘cores’. Star
formation occurs in the denser parts of these substructures. While the protostellar cores
may form single stars, the most massive clumps can form stellar clusters.

Equilibrium of GMCs

GMCs are correlated with young stellar clusters with ages . 107yr but not significantly
with older clusters, which indicates that their lifetimes are around 107 yr (e.g, Leisawitz
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et al., 1989; Fukui et al., 1999). Such a time scale is short compared to the lifetime of a
galaxy. If GMCs were only supported against gravitational collapse by thermal pressure,
they should collapse and form stars on a free-fall time

tff '
1√
Gρ
' 3.6× 106yr

( nH2

100cm−3

)
(1.8)

where ρ is their mean density and nH2 the corresponding number density. Indeed, the
Jeans mass for a self-gravitating, homogeneous, isothermal sphere of gas is

MJ = π5/2

6
c3
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)−1/2
(1.9)

where cs is the sound speed (Mo et al., 2010), and structures of masses above this mass
should collapse on a free-fall time8. GMCs have number densities above 100 cm−3, so
their Jeans mass is orders of magnitude smaller than their mass. As the free fall time on
which the gravitational collapse should happen is significantly smaller than the inferred
lifetimes of GMCs, they should additionally be supported against gravitational collapse
by non-thermal pressure. Turbulence and magnetic fields are consequently expected to
play a significant role in star formation, as they would provide the additional pressure
support. Both phenomena should affect the efficiency of star formation.

Larson’s relation

Despite the fact that GMCs are usually complex structures, they obey to relatively simple
scaling relations over wide orders of magnitudes. In particular, the masses and velocity
dispersions of individual molecular clouds and clumps of masses between 102 − 106 M�
are observed to be tightly correlated with their size R:

M ∝ R2 (1.10)

σ ∝ R1/2 (1.11)
(Larson, 1981; Solomon et al., 1987; Myers & Fuller, 1992; Heyer & Brunt, 2004; Heyer
et al., 2009; Lombardi et al., 2010). Except for protostellar cores, the observed velo-
city dispersions are much larger than what would be expected from thermal broadening,
reaching about 10 kms−1 on the scale of a GMC while a temperature of 10 K would only
yield a thermal line broadening of about 0.2 kms−1. Consequently, GMCs and molecular
clumps have high levels of supersonic turbulence. The empirical relation involving the
velocity dispersion and initially identified by Larson (1981) characterizes this turbulence.
A Kolmogorov subsonic turbulence would yield σ ∝ R1/3 and is therefore insufficient to
explain the slightly higher observed exponent. The relation between mass and size also
suggests a fractal hierarchy of clouds, allowing a turbulent energy cascade from large to
small scales (Falgarone & Puget, 1986; Combes, 1991). This relation further implies that

8In fact, it would be more appropriate to consider the Bonnor-Elbert mass instead of the Jeans mass,
but both masses are of the same order of magnitude for molecular clouds (Mo et al., 2010, p. 420). Cf.
section 3.1.3 for a more detailed description of the Jeans stability criterion.
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the surface density of molecular cloud structures is approximately constant, which is veri-
fied by observations (e.g., Solomon et al., 1987; Blitz et al., 2007). However, it does not
hold when considering different radii within a single molecular cloud (Lombardi et al.,
2010).

1.3.2 Star formation and stellar evolution

From giant molecular clouds to proto-stars

Stars form in the densest regions of GMCs, where gravity pulls gas particles together.
Parts of the clouds fragment and form high density cores which will later turn into stars
(e.g., Iben, 1965; Larson, 1969; Stahler et al., 1980). As the free-fall time is inversely
proportional to the square root of the density, the denser central regions collapse more
rapidly and their density becomes more and more peaked. When the density reaches
a certain threshold, a core arises, in which gas has stopped collapsing. However, gas
continues to accrete onto the proto-stellar core from the outside. A shock develops, which
heats the gas. The gravitational potential energy loss of the infalling gas is radiated
away: the luminosity of pre-stellar cores in their earliest stages is not due to nuclear
reactions but to this conversion of gravitational potential energy. Because the parent
cloud had most likely some rotation, the conservation of angular momentum leads upon
contraction to the formation of a disk around the core. Parts of this disk may later
become planets orbiting around the star. The proto-stellar core continues to grow by

Figure 1.15 – The Orion Nebula, a stellar nursery. Thousands of stars of various sizes
and ages are embedded in a giant cloud of gas and dust. Credits: NASA,ESA, M. Robberto
(Space Telescope Science Institute/ESA) and the HST Orion Treasury Project Team.
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accretion and its radius expands. Inside, temperature and pressure rise, along with the
degree of ionization. When the pre-stellar core is dense enough, deuterium fusion reactions
ignite, followed by hydrogen fusion reactions. However, stars with masses smaller than
∼ 0.08 M� can’t ignite hydrogen and become brown dwarfs. Hydrogen fusion reactions
make typical main sequence stars shine, and young stars are particularly vigorous. They
emit highly energetic ultraviolet light and generate strong winds that blow away their
surroundings. In the Orion Nebula for example, the winds generated by the bright young
stars at the center of the stellar nursery have carved a huge oval cavity visible in Fig.
1.15. These outflows and the associated radiation constitute a proto-stellar feedback loop
as they disperse the gas around the proto-star and hence reduce or even terminate further
accretion.

Stellar nucleosynthesis

The Sun is an incredibly hot sphere of gas, mostly made of hydrogen, and the temperature
in its core can reach millions of degrees. Such a star is powered by nuclear fusion, through
which light elements synthesize heavier ones. Hundreds of millions of tons of hydrogen
atoms fuse together each second to form elements like helium in the core of the Sun.
Fusion reactions are very energetic and generate most of the Sun’s intense energy. But
these reactions slowly drain the available hydrogen reservoir: in another five billion years,
the core of the Sun will run out of fuel. The nuclear reactions will stop in the core and
start around it, where there will still be some hydrogen left. The Sun will become a
red giant star. Its core will again contract and heat up, until the helium atoms start to
fuse to form carbon in an explosive reaction. Eventually, the nuclear reactions in and
around the core of the Sun will stop and the star will become a cold white dwarf. But
fusion reactions can produce elements up to iron in bigger stars. Indeed, the binding
energy per nucleon increases up to iron so that fusion reactions are thermodynamically
advantageous up to this heavy element. Cosmological primordial nucleosynthesis only
produces light elements, so all elements heavier than helium and lithium are believed
to have been synthesized inside stars. Light elements can be converted successively into
heavier and heavier elements inside stars, depending on the stellar mass.

Metal enrichment

When the outer layers of a star are ejected at the end of the star’s life, for example if
it explodes as a supernova, heavy elements are released in the interstellar medium. This
‘metal enrichment’ affects subsequent star formation, as the cooling efficiency of the gas
depends strongly on its ‘metallicity’: metal-enriched gas cools faster (e. g., Mo et al.,
2010). In this context, the term ‘metal’ collectively designates elements heavier than
helium. If metal enrichment is expected to increase the star formation efficiency, stars
also generate strong winds which remove part of the gas from the interstellar medium
and consequently hamper further star formation. Such feedback processes are crucial to
regulate star formation.
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1.3.3 Feedback processes

Early models of galaxy formation in the ΛCDM model predicted that most baryonic
material should cool efficiently and form stars. However, only a small fraction of baryons
are found to be in the form of stars or cold gas (cf. paragraph 1.2.1). Indeed, the stellar
to dark matter ratio within galaxies is only a few percent, well below the cosmological
baryon fraction. This suggests the existence of physical processes that would prevent the
gas from cooling or that would reheat the cold gas.

Stellar feedback mechanisms

Stars release energy and momentum in their surrounding medium in different ways,
namely through radiation, neutrino emission and mass flows. The first generations of
stars therefore affect subsequent star formation in a variety of stellar feedback mechan-
isms.

First of all, stars emit strong radiation fields which travel over vast distances in the
interstellar medium. A typical Sun-like star notably emits about 1051 erg9 in radiation
during its life, which contributes to heating the interstellar medium (ISM). Ultraviolet
ionizing background radiation from young stars can indeed heat the interstellar gas up to
104 K (e.g., Gnedin & Ostriker, 1997) and reduce the cooling efficiency in low density
environments (Efstathiou, 1992). The H2 molecule is also relatively fragile and can be eas-
ily photodissociated by this energetic radiation (e.g., Stecher & Williams, 1967; Haiman
et al., 1997). These effects all hamper star formation in the ISM. But radiation also has
mechanical effects on interstellar particles. Indeed, the heating of the gas by young stars
can lead to its photoevaporation: the surface of a heated gaseous cloud can expand and
disperse in its surrounding medium (Oort & Spitzer, 1955; Bertoldi, 1989; Walch et al.,
2012). Additionally, a gaseous cloud unevenly subject to radiation can benefit from a
‘rocket effect’ due to gas evaporating specifically out of the side facing the stars and being
accelerated towards the opposite direction (Oort & Spitzer, 1955). Radiation also directly
exerts a substantial force on the gas through radiation pressure, which is expected to be
particularly important around stellar clusters (Krumholz & Matzner, 2009). Radiation
pressure is indeed able to accelerate atoms within a star-forming cloud up to velocities of
a few km s−1, namely of the order of magnitude of the escape velocity (Loeb & Furlan-
etto, 2013, p. 192). Consequently, although the velocity induced by radiation pressure is
not high per se, it can eject gas from the star-forming region, slow down accretion, and
contribute to inhibiting further star formation. Murray et al. (2010) notably estimate
that high redshift star forming clumps can be disrupted by radiative pressure as soon as
20% of their mass has turned into stars, expelling the remaining gas back in the disk.

Through their lives, stars also emit neutrinos and generate strong winds, while the
most massive of them ultimately explode as supernovae, directly injecting substantial

9The erg is an energy unit equals to 10−7 J, or 1 g cm2 s−2. The most powerful thermonuclear bomb
ever tested (Tsar Bomba, 1961) released about 2 1024 erg, or 50 megaton TNT.
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amounts of mass, momentum and kinetic energy into the ISM. A supernova explosion
typically accelerates about 10 M� of gaseous material to velocities of about 2000 km s−1,
injecting a few 1050 erg in the ISM (Mo et al., 2010, p. 493). Supernova-driven winds
and shock waves are expected to remove a significant fraction of the gas from galaxies
and hence suppress part of the fuel for further star formation (e.g., Larson, 1974; Dekel
& Silk, 1986; Efstathiou, 2000; Greif et al., 2007). These processes also generate powerful
outflows, and should enrich the gas with heavy elements formed inside stars. Numerical
simulations including different forms of stellar feedback (e.g., Guedes et al., 2011; Agertz
et al., 2013; Ceverino et al., 2014; Hopkins et al., 2014; Agertz & Kravtsov, 2015) indeed
show that these processes are able to reduce star formation and its efficiency and to
produce realistic galaxies. In a simulation code such as the one used by Agertz et al.
(2013), the different stellar feedback mechanisms are implemented by injecting energy,
momentum, mass and metals in the cells surrounding stars. However, the combination
of all the different stellar feedback processes seems to be necessary to obtain realistic
stellar masses inside dark matter haloes (Hopkins et al., 2014). The different feedback
mechanisms also drive supersonic turbulence in the ISM, (Krumholz & Thompson, 2012),
which plays an important role in the evolution of GMCs and the formation of stars within
them.

Star formation feedback is not limited to negative feedback hampering further star
formation. Indeed, stellar winds and supernovae inject heavy elements in the ISM, which
enhance cooling and subsequent star formation. Winds and supernovae blast waves also
locally compress the diffuse gas, increase its density, and can thus facilitate its gravita-
tional collapse. Additionally, the dense shell that accumulates behind the shock can itself
be unstable and fragment (Loeb & Furlanetto, 2013, p. 201). X-ray background radiation
can also constitute a positive feedback source, as by ionizing hydrogen and helium atoms,
this radiation releases free electrons catalyzing H2 formation, which is a crucial molecule
for star formation (Haiman et al., 1997).

AGN feedback

Accretion onto the central black hole of a galaxy generates very energetic feedback pro-
cesses which influence star formation. Paradoxically, black hole environments are indeed
some of the brightest and most energetic objects in the Universe. Bright quasars powered
by supermassive black holes with masses & 109 M� in the early Universe can indeed have
luminosities up to & 1016 L� (e.g., Mortlock et al., 2011). These huge maelstroms attract
matter towards them, and the infalling gas heats up and shines as it spirals towards the
center. Fluid elements rubbing against each other heat up through frictional shear dissip-
ation while their orbital energy is radiated away (Lynden-Bell, 1969; Rees, 1984). More
than 10% of the mass-energy of the infalling material can be converted into radiation,
which is more than what is needed to completely expel the gas out of a galaxy (Silk &
Rees, 1998; Fabian, 2012). These highly energetic processes in a very concentrated region
generate outflowing winds and highly collimated relativistic jets (e.g., Aalto, 2015). Out-
flow velocities can reach tens of thousands of kms−1 (e.g., Pounds & Page, 2006), and
observations of galaxy clusters reveal bubbles of hot gas blown away by the central black
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holes (e.g., Fabian et al., 2003; Salomé et al., 2006; Randall et al., 2015). Radiation, jets
and winds from these active galactic nuclei (AGN) affect star formation in a similar way
as stellar feedback does, and the quenching of the gas supply at the center of the galaxy
can further terminate the AGN. Semi-analytical models and hydrodynamical simulations
reproduce the negative feedback resulting from AGN activity (e.g., Croton et al., 2006;
Bower et al., 2006; Di Matteo et al., 2005; Somerville et al., 2008; Booth & Schaye, 2009),
and observations show that the energy associated with AGN-induced bubbles is sufficient
to significantly reduce or quench cooling flows (e.g., Bîrzan et al., 2004).

As for stellar feedback, AGNs can also positively influence further star formation.
Indeed, AGN jets and winds compress the interstellar gas as supernova blast waves do,
which can enhance star formation locally (e.g., Silk, 2005; Silk & Norman, 2009; Gaibler
et al., 2012; Nayakshin & Zubovas, 2012; Bieri et al., 2015a,b; Salomé et al., 2015). This
effect could notably be relevant to explain the high star formation rates observed at high
redshift. Also, although AGN-driven outflows can affect star formation in the long run
by removing substantial amounts of gas, they might not directly affect the star formation
efficiency given that star-forming clouds could be too dense to be significantly affected
(Gabor & Bournaud, 2014; Roos et al., 2015).

Outflows

Feedback mechanisms give rise to powerful ionized and neutral gas outflows observed both
at low redshift (e.g., Heckman et al., 1990; Veilleux et al., 1994; Lehnert & Heckman,
1996; Rupke et al., 2005a,b; Strickland & Heckman, 2009) and high redshift (e.g., Pettini
et al., 2000; Shapiro et al., 2009; Weiner et al., 2009; Genzel et al., 2011; Förster Schreiber
et al., 2011; Newman et al., 2012a,b; Maiolino et al., 2012; Lehnert et al., 2013; Förster
Schreiber et al., 2014; Geach et al., 2014). The outflowing material can be widespread
within galactic disks and related to star formation as expected from stellar feedback
(e.g., Lehnert & Heckman, 1996; Pettini et al., 2000; Shapiro et al., 2009; Newman
et al., 2012a), or induced by AGNs and concentrated in the central regions (e.g., Förster
Schreiber et al., 2011, 2014). Outflows notably appear in observations as slightly blue-
shifted broad emission line wings. Feedback mechanisms indeed accelerate parts of the gas
to velocities of a few hundreds up to 1000− 2000 km s−1, resulting in a broad component
in the emission lines. This component is usually slightly blue-shifted as the backside of
the galaxy (where the gas should be redshifted from the outflow) is obscured by dust.
Outflows from individual star-forming clumps have been detected up to high redshifts
(Genzel et al., 2011; Newman et al., 2012b) as expected from theoretical models and
simulations (e.g., Dekel et al., 2009b; Bournaud et al., 2014). Fig. 1.16 displays the blue-
shifted broad component observed in the Hα+[NII] emission lines of an individual bright
star-forming clump at high redshift (Genzel et al., 2011), revealing significant ionized
outflows. When sensitivity is insufficient, the broad wing associated to outflows can
potentially be revealed by stacking different clumps, as suggested in the ALMA proposal
briefly presented in section 2.4.4.
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Figure 1.16 – Broad component in the Hα+[NII]emission lines of an individual clump from
a z = 2.2 star-forming galaxy (Genzel et al., 2011). The broad wing (in red) is slightly
blue-shifted towards negative line-of-sight velocities, as expected for outflowing material.

The gaseous material ejected by outflows is not necessarily lost and some of it can
remain bound to the galaxy and be recycled when it falls back towards the disk. The
conservation of the gas mass in a galaxy can be schematically expressed to take stellar
feedback and outflows into account as

Ṁgas = Ṁgas,in − Ṁ? − ηṀ? +RṀ? (1.12)

where Ṁgas is the growth rate of the gas mass, Ṁgas,in the gas accretion rate, Ṁ? the
star formation rate (SFR), η the mass-loading factor of the outflows lost in the inter-
galactic medium, and R corresponds to the recycled gas mass loading-factor (Bouché
et al., 2010; Dekel & Mandelker, 2014). The last two terms are proportional to the SFR
as outflows resulting from stellar feedback depend on the amount of stars that are created.
This ‘bathtub’ model represents a galaxy as a gas reservoir fed by accretion, for example
through smooth streams stemming from the cosmic web, and emptied through star forma-
tion and outflows. Once the characteristic time scale associated to star formation becomes
shorter than the accretion time scale, the galaxy settles in a steady-state in which its gas
content is constant and the SFR set by the inflow rate (Bouché et al., 2010). The galaxy
can be seen as a factory processing stars: the inflowing gas is the raw material, stars are
the processed goods, and there is some waste on the way, corresponding to outflows. The
amount of waste is proportional to the quantity of goods processed, and part of it can
be recycled and reused, corresponding to RṀ?. However, Eq. 1.12 notably does not take
into account the fact that the recycled gas is ‘polluted’ by metals, which should influence
the star formation efficiency. It nevertheless allows to represent in a simple way the gas
and stellar cycles taking place in a galaxy.
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Shaped by feedback

Feedback processes from stars and AGNs are able to unbind and expel large amounts
of gas from galaxies, thus explaining the small fraction of baryons constituted by gas
and stars within galaxies. However, while stellar feedback depends on the star formation
history and the total mass of stars which were formed, the energy injected into the ISM by
AGNs depends on the black hole mass. The fraction of gas that is eventually removed also
depends on the binding energy of the gas, hence of the density distribution (e.g., Shankar
et al., 2006). Consequently, the efficiency of the different feedback mechanisms varies
with galaxy mass. This is particularly visible when comparing the luminosity function
of galaxies with the halo mass function. The luminosity function of galaxies, dn(L) =
Φ(L)dL, is a statistical observable describing the number of galaxies per comoving volume
within luminosity bins [L, L + dL]. It can also be expressed in terms of a galaxy mass
function Φ(m), where m is the stellar mass. On the other hand, the halo mass function
N(M) describes the number of haloes per halo mass M expected from ΛCDM cosmology
(e.g., Mo et al., 2010). If each dark matter halo hosted one galaxy and if the stellar-
to-halo mass ratio was constant, the luminosity function of galaxies should be a rescaled
version of the halo mass function. However, as shown in Fig. 1.17, this is not the case. In
this figure from Moster et al. (2010), symbols indicate the observed galaxy mass function

Figure 1.17 – Comparison between the observed galaxy mass function and the halo mass
function, from Moster et al. (2010). Symbols correspond to the observed galaxy mass
function from the SDSS (Panter et al., 2007) while the dashed line corresponds to the mass
function that would be expected from the theoretical halo mass function with a constant
stellar-to-halo mass ratio m/M = 0.05.
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from the Sloan Digital Sky Survey10 (SDSS), while the dashed line corresponds to the
mass function that is expected from the halo mass function with a constant stellar-to-
halo mass ratio m/M = 0.05. This indicates that the stellar-to-halo mass ratio varies
with halo mass, first increasing from low mass up to a halo mass of about 1012M� (about
5 1010 in stellar mass), and then dropping at higher masses. This is consistent with the
feedback processes regulating star formation: the star formation efficiency at low galaxy
mass is hampered by stellar feedback (e.g., Dekel & Woo, 2003; Benson et al., 2003;
Ceverino et al., 2014; Hopkins et al., 2014), as the first generations of stars can blow away
most of the remaining gas during their lifetime, while massive galaxies host supermassive
black holes suppressing star formation and thus explaining the drop in the galaxy mass
function (e.g., Shankar et al., 2006; Croton et al., 2006; Bower et al., 2006; Somerville
et al., 2008). Star formation and feedback processes from stars and AGNs shape the
galaxy luminosity function and are crucial to explain the observed properties of galaxies.

10The Sloan Digital Sky Survey is a spectroscopic redshift survey started in 2000 which created the
most detailed three dimensional map of the Universe ever made. It includes photometric observations of
about 500 million astronomical objects, and spectra for more than 3 million of them.
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CHAPTER 2

Towards resolved Kennicutt Schmidt relations at high
redshift

Star formation and the associated feedback mechanisms participate in shaping galaxies.
But these processes are not set once and for all: they evolve with time across the history
of the Universe. Indeed, our Milky Way only forms a few stars per year (Licquia &
Newman, 2015), similarly to most nearby spiral galaxies, while observed galaxies ten
billion years ago formed their stars at rates up to 20 times higher (Noeske et al., 2007;
Daddi et al., 2007; Bouché et al., 2010; Lilly et al., 2013). Studying the evolution of the
star formation rate (SFR) in the Universe is particularly important to better understand
the formation and evolution of galaxies, and notably the complex phenomena occurring
in the interstellar medium, the internal dynamics of galaxies, their interaction with their
environment, and the feedback processes from stars and active galactic nuclei (AGN). As
stars are formed from cold molecular gas, a high star formation rate means a significant
gas supply: galaxies near the star formation peak are found to be much more gas-rich than
local galaxies, with molecular gas fractions as high as 30-50% (Tacconi et al., 2010, 2013;
Daddi et al., 2010a) when they only reach 7-10% in local giant spirals (Leroy et al., 2008;
Saintonge et al., 2011a). The disks of such gas-rich galaxies are expected to be highly
turbulent and gravitationally unstable, inducing the presence of giant gaseous clumps in
which a significant part of the stars form (Elmegreen et al., 2008; Dekel et al., 2009b).
Is the evolution of the cosmic star formation rate mostly driven by the available cold gas
reservoir, or are the star formation processes in high redshift clumps qualitatively different
than in their low redshift counterparts?

The Kennicutt-Schmidt (KS) relation between the molecular gas and star formation
rate densities enables to characterize the star formation efficiency at low and high redshift
(Schmidt, 1959; Kennicutt, 1998b). However, resolved measurements at the scale of the
star-forming regions are still challenging at high redshift. Molecular gas observations
carried out at the IRAM Plateau de Bure interferometer within the PHIBSS program
(Tacconi, Combes et al.) permit us to study the star formation efficiency at sub-galactic
scales around redshifts z=1.2 and 1.5 for a limited sample of galaxies, and thus help us
characterize the star formation processes at the corresponding epoch. Our results lay in
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the continuation of the resolved low redshift measurements, but further studies would be
necessary to complement our sample and validate our conclusions.

After an introduction presenting the cosmic star formation history of the Universe and
its characterization through the Kennicutt-Schmidt relation, this chapter mainly follows
the article by Freundlich et al. (2013) “Towards a resolved Kennicutt-Schmidt law at high
redshift”. This article aims at obtaining a Kennicutt-Schmidt relation for ensembles of
clumps within a set of four galaxies at z = 1.2, taking advantage of the different kinematics
of the clumps. Such a relation was also obtained on a pixel basis for another galaxy of
the PHIBSS sample, which is the object of an article by Genzel et al. (2013), “Phibss:
Molecular Gas, Extinction, Star Formation, and Kinematics in the z = 1.5 Star-forming
Galaxy EGS13011166”. Some of its results are added to this chapter (section 2.3.3)
for a more complete overview of the PHIBSS resolved measurements regarding the star
formation efficiency.
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2.1 Star formation processes across cosmic time

2.1.1 The cosmic star formation history

Global time evolution

It could be possible to reconstruct the history of the Milky Way and of its neighboring
galaxies from what can be observed today, as archaeologists do with ancient history.
Astronomical objects indeed bear traces of their past: for example, the Orion Nebula
shown in Fig. 1.15 reveals the star-formation history of this specific region of the Milky
Way, with young stars, ionized gas, and expanding outflow-driven shocks. But as the
speed of light is constant, observing distant galaxies directly uncovers the past history of
the Universe. Indeed, the further we look in space, the further we look back in time. This
does not permit to reconstruct the time evolution of an individual galaxy, but it enables
to follow their global evolution by averaging over the whole population of galaxies. Such
a statistical approach ignores the specific history, morphology and environment of each
galaxy in order to highlight the global trends. By doing so, it also avoids the selection
bias that an individual observation would have. Studying the global evolution of star
formation across cosmic time smooths out the particularities of individual galaxies and
implicitly assumes that the SFR averaged over the whole population only depends on
cosmic time. Different observations since the 1990s enabled to characterize the global
evolution of the SFR, exploring higher and higher redshifts with different techniques and
tracers.

Measuring the star formation rate

As individual stars are not resolved in all but the closest galaxies, the star formation
activity has to be assessed from the overall light emitted by the galaxy or a subregion of
the galaxy. Star formation tracers aim at selectively probing newly or recently formed
stars. However, as short-lived stars are usually the most massive and as different stars do
not contribute equally to the observed light, assessing the SFR requires an assumption
on the specific mass distribution of the newly-formed stars in order to recover the whole
stellar population and the total SFR. This distribution is given by the initial mass function
(IMF), and different IMFs can be inferred from observations, such as the Salpeter (1955),
Scalo (1986), Kroupa (2001, 2002) or Chabrier (2003) IMFs.

Very massive young stars of masses > 10 M� emit strong ionizing photons up to 10
Myr after the star formation burst. The Hα recombination line is the most traditional
indicator of the resulting photoionized gas (Kennicutt, 1992, 1998a; Kennicutt & Evans,
2012). Indeed, an hydrogen atom looses its electron when ionized, and can emit an
Hα photon of rest wavelength 656.28 nm when both particles recombine together and
the electron cascades down from an excited energy level to the ground level of minimal
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energy1. Different calibrations enable to calculate the SFR from the Hα line luminosity,
and such a calibration was notably used by Gallego et al. (1995) to determine the SFR
of a few hundred galaxies at redshift . 0.05. The collisionally excited [OII] line is less
directly related to star formation but can also be empirically calibrated to trace the SFR
(Kennicutt, 1998a). Early measurements using Hα or [OII] lines seemed to point towards
an increase of the star formation activity between redshifts z = 0 and z = 1 (Songaila
et al., 1994; Colless, 1995; Ellis et al., 1996; Cowie et al., 1996).

Young stars emit most of their light in the energetic ultraviolet (UV) domain, so the
UV luminosity is also one of the main SFR tracers (Madau, 1997; Kennicutt, 1998a;
Kennicutt & Evans, 2012; Loeb & Furlanetto, 2013; Madau & Dickinson, 2014). High-
mass (> 5 M�) main-sequence stars emit UV light over timescales of about 100-200
Myr, after which the UV luminosity fades quickly. It thus provides a good measure of
the ‘instantaneous’ SFR on a 100-200 Myr timescale. Determining the SFR from the
UV light is however particularly sensitive to interstellar reddening and extinction (e.g.,
Buat, 1992): interstellar dust and gas absorb and reemit blue light more than they do
with red light, so stars appear redder than they are and their light is attenuated. This
effect is analogous to atmospheric diffusion, which makes sunsets look red because of the
thicker atmospheric layer the Sun’s light has to cross when low in the horizon. Lilly
et al. (1996) showed that the UV luminosity density averaged over a comoving volume
decreased rapidly from z = 1 to z = 0, so that the SFR was about 15 times higher at
z = 1 as compared to now. Similar measurements at even higher resdhifts hinted that
star formation actually experienced a peak around z = 1.5 (Madau et al., 1996; Connolly
et al., 1997).

In addition to emission lines and UV luminosity, other methods to determine the SFR
include evolutionary synthesis models of galaxy colors, especially used in early times,
infrared (IR) continuum light, or combinations of different methods. Emission lines such
as Hα and [OII] are indeed also subject to extinction, which can lead to systematic errors
in the SFR if not assessed properly. Interstellar dust absorbs mainly at UV wavelengths
and re-emits in the IR between 10 − 300 µm. As most UV radiation comes from star
formation, the IR luminosity often results from dust-obscured star formation regions and
can be used to trace dust-embedded star formation (e.g., Bell et al., 2005; Calzetti et al.,
2007). However, AGNs also produce strong UV emission in dusty environments and old
stellar populations can heat the interstellar dust, both potentially contributing to the
total IR luminosity. Some tracers include a combination of UV and IR light in order to
trace unobscured and obscured star formation at the same time (e.g., Wuyts et al., 2011a;
Leroy et al., 2012). Radio emission can also measure the synchrotron radiation emitted
by relativistic electrons produced in supernova remnants and hence trace the production
rate of massive stars (> 8 M�). As such stars are short-lived, their production rate can be
used as a SFR tracer. In the absence of an X-ray emitting AGN, X-rays can also be used
to trace star formation as young stellar populations also emit X-rays (e.g., Kennicutt &
Evans, 2012).

1More precisely, the Hα photon is emitted when the electron transitions from the n = 3 to the n = 2
levels, with n being the principal radial quantum number of the atomic orbitals describing the hydrogen
atom. The Hα line is one of the characteristic Balmer lines of atomic hydrogen.
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A star formation peak

Adding to earlier measurements, more recent observations have enabled to get a fuller
picture of the evolution of the cosmic SFR up to redshift ∼ 8, i.e., up to less than a Gyr
after the Big Bang (e.g., Giavalisco et al., 2004; Daddi et al., 2004; Reddy & Steidel, 2009;
Bouwens et al., 2010, 2011, 2012a,b; Finkelstein et al., 2012; Madau & Dickinson, 2014).
Fig. 2.1 from Madau & Dickinson (2014) compiles different measurements of the cosmic
SFR density per comoving volume. It clearly shows a peak around redshift z ∼ 2 and a
subsequent decrease by about an order of magnitude. This decrease might seem sharp in
redshift, but as redshift does not linearly depend on time, z ∼ 2 already corresponds to a
relatively early epoch in the history of the Universe, namely when it was about 3.5 Gyr.
Observations beyond z > 8 confirm the decreasing trend at high redshift (e.g., Oesch
et al., 2014). Given this cosmic star formation history, half of the stellar mass observed
today was formed before z = 1.3, i.e., at least 9 Gyr ago. About 25% of the stellar mass
was formed before the peak at z > 2, and another 25% after z = 0.7, so half of the stellar
mass was formed during the peak epoch of star formation (Madau & Dickinson, 2014).
Interestingly, the AGN activity has cosmic time evolution similar as that of the cosmic
SFR (Madau & Dickinson, 2014).

Figure 2.1 – The cosmic star formation history up to resdhift z ∼ 8, from Madau &
Dickinson (2014). The data points come from different surveys and include UV and IR
measurements. The IR measurements are in orange and red, while the other data points
correspond to UV observations.
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The main sequence of star formation

The cosmic star formation history shown in Fig. 2.1 averages the SFR over the whole
population of galaxies at each epoch. But the galaxy distribution is far from homogeneous.
More precisely, there is a bimodality between blue star-forming galaxies on one side and
red passive galaxies on the other (e.g., Baldry et al., 2004; Bell et al., 2005; Noeske
et al., 2007; Elbaz et al., 2007; Daddi et al., 2007; Damen et al., 2009; Santini et al., 2009;
Wuyts et al., 2011b). The color of a galaxy indeed relates to its stellar population and
SFR, as young stars are typically bluer than old ones: the blue sequence corresponds to
active star-forming galaxies with high SFR while red sequence galaxies have lower SFR or
even stopped forming stars. This galaxy bimodality is also a bimodality in morphology,
as the blue sequence corresponds to disk galaxies and the red sequence to ellipticals.
Fig. 2.2 highlights this morphological difference by representing the galaxy distribution
in the stellar mass - SFR plane in terms of Sérsic index. MS galaxies have Sérsic indexes
close to 1 while red sequence galaxies have higher indexes. As shown in this figure, the
bimodality holds at least from redshift z = 0 to z ≈ 2.5, i.e., over the past 10 Gyr. The
blue star-forming galaxies lie on a tight relationship between their stellar mass Mstar and
their SFR, the ‘main sequence of star formation’ (MS). About 90% of the cosmic star
formation history since z . 2.5 took place near this MS (Rodighiero et al., 2011; Sargent
et al., 2012). Coherently with the evolution of the global SFR shown in Fig. 2.1, the SFR
on the MS drops by a factor ∼ 20 from z ∼ 2 to present time at any given stellar mass.
Typical star-forming galaxies are expected to follow the MS until their star formation
activity is quenched, and then to rapidly transit down to the red sequence (e.g., Bouché
et al., 2010). This transition is still poorly understood.

Figure 2.2 – The main sequence of star formation shown in terms of Sérsic index in
the stellar mass - SFR plane, from Wuyts et al. (2011b). A Sérsic index nSersic = 1
corresponds to an exponential disk, while the de Vaucouleurs (1948) profile with nSersic = 4
usually describes elliptical galaxies.
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The star formation peak and the subsequent decrease of the cosmic SFR was initially
attributed to a period rich in major mergers of galaxies (e.g., Larson & Tinsley, 1978;
Mihos & Hernquist, 1996; Elbaz & Cesarsky, 2003). However, the absence of classical
bulges in a majority of galaxies today seem to indicate that most galaxies did not ex-
perience major mergers since z = 4 (Weinzirl et al., 2009). Long star formation cycles
inferred from the number of star-forming galaxies observed between z = 1 − 2 (Daddi
et al., 2005; Caputi et al., 2006; Daddi et al., 2007) also argue in favor of a more quiescent
mode of star formation, as merger-induced starbursts would be short-lived and hence less
numerous in the observed samples - unless mergers were very frequent. The tightness of
the main sequence of star formation, with an rms scatter smaller than 0.3 dex, similarly
seems to indicate that the evolution of the SFR is not driven by violent mergers but
rather by a continuous replenishment of the gas reservoir, declining with time. Mergers
would indeed yield a bigger scatter. The cold gas streams stemming from the cosmic web
that feed galaxies (Birnboim & Dekel, 2003; Kereš et al., 2005; Dekel & Birnboim, 2006;
Cattaneo et al., 2006; Ocvirk et al., 2008; Dekel et al., 2009a; Kereš et al., 2009) could
provide such a steady gas supply and fuel the high SFR at the peak epoch of star forma-
tion without disturbing significantly the morphology of star-forming disk galaxies. In the
‘bathtub’ model (Bouché et al., 2010, cf. section 1.3.3, p. 38), the SFR is accordingly
driven by the accretion rate. According to such a scenario, the small scatter in the main
sequence would be associated with minor mergers or clumpy accretion (e.g., Dekel et al.,
2009b). But many parameters other than the gas supply may intervene to account for the
evolution of galaxies since then, from environmental effects, secular evolution and internal
dynamics, feedback mechanisms from stars and AGNs, to the star formation efficiency
itself (SFE = SFR/Mgas, where Mgas is the gaseous mass of the galaxy). This latter
quantity has notably been shown to decrease significantly after z = 1 (Combes et al.,
2011, 2013) and could thus contribute substantially to the evolution of the cosmic SFR.
As stars form from cold molecular gas, the relationship between molecular gas and SFR
densities characterizes the star formation efficiency.

2.1.2 The Kennicutt-Schmidt relation

A power law to describe the star formation efficiency

The SFR is an extensive variable which is a priori expected to grow with galaxy mass,
others things being equal. The interest of an intensive quantity such as the star formation
efficiency is that it enables to characterize the star formation processes irrespective of the
size of the gaseous reservoir which is considered. As the quantity of stars that can form
in a galaxy is determined by the amount of gas available, it is logical to assume that
the SFR volume density ρSFR depends crucially on the gas density ρgas. The relationship
between these two quantities can characterize the efficiency at which a galaxy transforms
its gaseous reservoir into stars. Since Schmidt (1959), it is common to assume a simple
power-law between the two quantities:

ρSFR ∝
(
ρgas

)n
(2.1)
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where n is a characteristic exponent to be derived from observations. By comparing
the distributions of atomic hydrogen and young stars in the Milky Way, Schmidt (1959)
obtained an exponent n ≈ 2.

However, astronomical observations yield surface densities instead of volume densities
as all astronomical objects are projected in the plane of the sky. Hence, it is usually
more common to consider surface densities and to assume a relation analogous to Eq. 2.1
between the SFR and gas mass surface densities ΣSFR and Σgas:

ΣSFR ∝
(
Σgas

)N
. (2.2)

In the case of galaxies with constant thickness along the line of sight, the exponents n
and N are equal. While Schmidt’s measurements dealt with regions of the Milky Way,
Kennicutt (1998b) showed that the SFR and gas surface densities of nearby galaxies were
correlated through a power-law of exponent N = 1.40± 0.15 over various orders of mag-
nitude. His sample included 61 spiral galaxies and 36 starburst galaxies, whose data points
can be seen Fig. 2.3. The scatter in the relation is relatively small, although the logar-
ithmic scales tend to contract distances on the plot. This was not the first measurement
of the kind outside of the Milky Way, but it bore a convincing statistical significance and
was explicitly expressed in terms of SFR and gas mass. The previous measurements sim-
ilarly yielded exponents between 0.9 and 3.5 (Sanduleak, 1969; Hartwick, 1971; Madore
et al., 1974; Tosa & Hamajima, 1975; Hamajima & Tosa, 1975; Newton, 1980; Buat et al.,
1989; Buat, 1992; Deharveng et al., 1994).

Figure 2.3 – The Kennicutt-Schmidt law in nearby star-forming galaxies, from Kennicutt
(1998b). The filled circles correspond to the 61 spiral galaxies of the sample, the empty
circles to their central regions, and the black squares to the 36 starburst galaxies. The line
corresponds to the best linear fit, with slope N = 1.40.
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The molecular KS relation at sub-galactic scales

Different studies refined the Kennicutt-Schmidt (KS) relation between the SFR and gas
surface densities in nearby galaxies since Kennicutt’s article, using different SFR tracers
and notably targeting sub-galactic scales (Wong & Blitz, 2002; Boissier et al., 2003; Heyer
et al., 2004; Misiriotis et al., 2006; Schuster et al., 2007; Crosthwaite & Turner, 2007; Ken-
nicutt et al., 2007; Wyder et al., 2009; Bigiel et al., 2008; Heiderman et al., 2010; Schruba
et al., 2011; Kennicutt & Evans, 2012; Leroy et al., 2013). These studies obtain exponents
in a large range between 1 and 3 owing to different methodologies, in particular different
SFR tracers and spatial resolution. Bigiel et al. (2008) derive a resolved KS relation on a
pixel-by-pixel basis at a scale of about 750 parsecs and separate the atomic and molecular
gas components. Fig. 2.5 shows the KS relations they obtain when considering solely
the atomic gas surface density ΣHI, the molecular gas density ΣH2, and both. The linear
correlation with the SFR surface density ΣSFR is much better for the molecular gas, with
an exponent N = 1.0 ± 0.2, which confirms the crucial role of giant molecular clouds in
the formation of stars. The striking correlation between the SFR and the molecular gas
density can also be seen on the maps of the galaxies studied by Bigiel et al. (2008), as
shown in Fig. 2.4.

Figure 2.4 –Maps of the atomic, molecular and total gas density along with the unobscured,
dust-embdedded and total SFR in one of the galaxies studied by Bigiel et al. (2008), from
Leroy et al. (2008). The atomic gas is traced through the 21-cm line of neutral hydrogen
due to the hyperfine transition of the atom’s ground energy level, while the molecular gas
is traced by the carbon monoxide CO molecule. The SFR measurements combine UV
data tracing unobscured star formation and IR data corresponding to dust-embedded star
formation.
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Figure 2.5 – The resolved atomic and molecular Kennicutt-Schmidt relation from Bigiel
et al. (2008). The color contours correspond to a pixel-by-pixel analysis of 18 nearby
galaxies at a spatial resolution of 750 parsecs carried out by Bigiel et al. (2008) while the
data points shown in the lower right panel correspond to earlier measurements in nearby
galaxies. The upper left panel shows the KS relation in terms of the atomic gas surface
density ΣHI, the upper right in terms of the molecular gas surface density ΣH2, the lower
left is the combination of both, and the lower right adds other measurements to compare
with. The diagonal dotted lines correspond from bottom to top to constant depletion times
respectively equal to 10, 1 and 0.1 Gyr. The fraction of gas depleted to form stars in
0.1 Gyr along these lines would respectively be 1%, 10% and 100%. The best fit to the
molecular data yield a constant depletion time of 2 Gyr.
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A linear relation between the SFR and molecular gas surface densities means a constant
star formation efficiency, which can also be described in terms of depletion time. The
depletion time is the inverse of the star formation efficiency, namely

tdepl = 1
SFE = Mgas

SFR , (2.3)

and corresponds to the time needed for a gas reservoir to turn all its gas into stars. The
measurements by Bigiel et al. (2008) yield a constant depletion time of about 2 Gyr. The
KS relation in terms of the total gas mass has an inflexion around a surface density of
9 M�pc−2, which is the density at which atomic gas seems to saturate and above which the
excess gas is found in the molecular phase. The scatter of about 0.2 dex in the KS relation
allows some variability between a region and another, which could be explained by the
different evolutionary stages of the molecular clouds (e.g., Lada et al., 2010; Lombardi
et al., 2010; Zamora-Avilés et al., 2012; Zamora-Avilés & Vázquez-Semadeni, 2014; Utomo
et al., 2015).

Theoretical arguments to justify the KS relation

Gravitational collapse. Different arguments can justify the observed values for the
KS exponent N , and notably for values between 0.75 and 2 (e.g., Bigiel et al., 2008).
Assuming that stars are formed from the gravitational collapse of a giant molecular cloud
(GMC) can suggest to write that the SFR volume density is proportional to the gas
density divided by the free-fall time tff (e.g., Madore, 1977; Krumholz et al., 2012),

ρSFR ∝
ρgas

tff
. (2.4)

As tff ∝ 1/
√
Gρgas for the gaseous clump, it would yield ρSFR ∝

(
ρgas

)1.5
. Consequently,

if the gas line-of-sight scale height is constant,

ΣSFR ∝
(
Σgas

)1.5
(2.5)

and the KS exponent should be around 1.5, which is relatively close to the initial meas-
urements by Kennicutt (1998b).

Constant GMC surface densities. Instead of assuming constant scale heights, it is
possible to use the fact that GMCs are observed to have constant surface densities (e.g.,
Solomon et al., 1987; Blitz et al., 2007). In this case, the GMC mass Mgas ∝ R2 with R
the size of the cloud, or equivalently, R ∝

(
Mgas

)1/2
. Consequently,

ρgas ∝
Mgas

R3 ∝
(
Mgas

)−1/2
. (2.6)

Still considering that GMCs turn their gas into stars in a free-fall time would hence lead
to

SFR ∝ Mgas

tff
∝ Mgas

√
ρgas ∝

(
Mgas

)0.75
(2.7)
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(Krumholz & McKee, 2005) so that when taking the surface densities, the KS exponent
should be about 0.75.

Uniform GMC population. If we instead consider that all GMCs are similar and
that the SFR only reflects the number of GMCs that are forming stars at the same rate,
we would expect it to be simply proportional to the number of GMCs, i.e., to the total
gas mass. In this case, the exponent would be N ≈ 1.

Star formation as a collisional process. If we assume that star formation results
from a collisional process, for example by considering that it depends on the formation
rate of an H2 molecule out of two hydrogen atoms or on the collision of two small gaseous
clouds to form a bigger one, we would expect

ρSFR ∝
(
ρgas

)2
(2.8)

so the KS exponent would be N ≈ 2 for a system with constant line-of-sight scale height.

The role of previous star formation

The KS relation assumes that the SFR only depends on the mass of gas, through a simple
power-law relation. Such a description necessarily smooths part of the complexity of the
star formation processes at stake. For example, the free-fall time should theoretically not
only depend on the gas mass, but also on the mass of stars that already formed. More
generally, the presence of stars should significantly affect star formation. Indeed, stars
release metals in the interstellar medium, which enhance star formation, but also generate
powerful feedback mechanisms (cf. section 1.3.3, p. 36). In addition to the mass of gas,
the SFR is thus expected to depend on different parameters such as the metallicity or the
stellar mass (e.g., Mannucci et al., 2010), which leads to various ‘extended’ KS relations.
For example, Shi et al. (2011) take into account the stellar surface density Σstars and
model its influence on ΣSFR as another power-law. Assuming that ΣSFR is the product of
two power-laws respectively implying Σgas and Σstars, they obtain the following fit:

ΣSFR ∝
(
Σgas

)1.13±0.05
(Σstars)0.36±0.04 . (2.9)

This modelisation enables to represent the contribution of the newly formed stars, which
here seem to slightly enhance star formation. Shi et al. (2011) show that this relation
holds over a few orders of magnitude in stellar surface density and can reproduce the MS
of star formation when introduced in analytical models.

However, we will not focus here on such refinements of the KS relation and we will
rather concentrate on its evolution with redshift in order to better understand the cosmic
star formation history. Bigiel et al. (2008) showed that the molecular KS relation averaged
at sub-galactic scales was linear at low redshift, yielding a constant depletion time of about
2 Gyr. Are the star formation processes qualitatively different at high redshift? More
efficient? Does the KS relation varies with cosmic time?



Towards resolved Kennicutt Schmidt relations at high redshift 59

2.1.3 Star formation at high redshift

Clumpy gas-rich galaxies

As stars are formed from cold molecular gas, the high SFR observed in high redshift
galaxies require a significant gas content. Observations show that galaxies near the star
formation peak are indeed much more gas rich than their low redshift counterparts, with
gas amounting for about 30-50%, or even more, of all baryons at redshifts z = 1− 2 (e.g.,
Erb et al., 2006; Daddi et al., 2010a; Tacconi et al., 2010, 2013). Tacconi et al. (2013)
notably obtain mean gas fractions fgas = Mgas/

(
Mgas + Mstars

)
of 33% at z = 1.2 and 47%

at z = 2.2, while gas only represents about 8% of all baryons at low redshift (Leroy et al.,
2008; Saintonge et al., 2011a). The gas fraction is additionally shown to decrease with
stellar mass, in accordance with feedback models in which the first generations of stars
inhibit further star formation by removing part of the gas from the galaxy (e.g., Davé
et al., 2011a). The extent of the molecular gas emission in high redshift galaxies is shown
to be comparable with the optical emission from their stars (Tacconi et al., 2013), which
suggests that these galaxies are in a steady equilibrium state in which they regularly form
stars rather than out-of-equilibrium.

Most star-forming galaxies at high redshift are shown to be rotationnally supported
disks (e.g., Förster Schreiber et al., 2006; Genzel et al., 2006; Stark et al., 2008; Förster
Schreiber et al., 2009; Daddi et al., 2010a; Tacconi et al., 2010, 2013). Resolved galaxy
kinematics indeed give access to the rotation curve of such galaxies and to their velocity
dispersion. Fig. 2.6 displays the molecular gas map and the associated velocity and
velocity dispersion maps of a typical massive, main sequence, star-forming galaxy at
z = 1.12 (Tacconi et al., 2010). The molecular gas lies in an extended disk comparable
in size to the stellar disk of the galaxy revealed in the Hubble Space Telescope (HST)
image, while the velocity field clearly shows a gradient along one direction, as expected
from a rotating disk. The rotation curve confirms this rotation and is well fitted by an
exponential disk model. The figure also shows that the disk is relatively turbulent, as most
star-forming galaxies at high redshift (e.g., Genzel et al., 2008; Law et al., 2009; Tacconi
et al., 2010, 2013; Swinbank et al., 2011; Genzel et al., 2011, 2013). The ratio of rotational
motion to velocity dispersion vrot/σ is indeed about 5-7 in such galaxies (Tacconi et al.,
2013), while it reaches 10-20 in their low redshift counterparts (e.g., Dib et al., 2006).
Such a result is coherent with theoretical models and numerical simulations in which
high redshift gas-rich disks fed by cosmological streams are expected to be turbulent and
highly gravitationally unstable, leading to enhanced star formation: the peak epoch of
star formation might be a period of ‘violent disk instabilities’ (Elmegreen et al., 2008;
Dekel et al., 2009b; Bournaud et al., 2009; Agertz et al., 2009; Ceverino et al., 2010;
Dobbs & Pringle, 2013).

Gas-rich disks have high gas surface densities and are thus more likely to be grav-
itationally unstable. They are indeed found to be fragmented into a number of giant
gaseous clumps of diameter up to 2.5 kpc, where most of the star formation occurs (e.g.,
Cowie et al., 1995; van den Bergh et al., 1996; Elmegreen et al., 2004; Conselice et al.,
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Figure 2.6 – Molecular gas map and resolved kinematics for a massive star-forming galaxy
at z=1.12, from Tacconi et al. (2010). The upper left panel superimposes the CO line
luminosity tracing the molecular gas with a composite HST image, while the lower panels
show the velocity and velocity dispersion maps derived from the CO observations. The
velocity dispersion is derived by subtracting an exponential disk best-fit model to the velocity
field. This model is shown on the upper right panel (dashed red line) displaying the rotation
curve of the galaxy. An inclination of 27 ◦ has been assumed, so the intrinsic rotation
curve (solid red line) has a wider span.

2004; Elmegreen & Elmegreen, 2005; Förster Schreiber et al., 2006; Elmegreen et al., 2007;
Kriek et al., 2009; Elmegreen et al., 2009; Förster Schreiber et al., 2009; Swinbank et al.,
2010; Jones et al., 2010; Tacconi et al., 2010; Förster Schreiber et al., 2011; Genzel et al.,
2011; Tacconi et al., 2013; Genzel et al., 2013). These clumps probably consist in loose
ensembles of unresolved giant molecular clouds, and their added contribution to the total
luminosity amount to 10-25% (Förster Schreiber et al., 2011). Fig. 2.7 shows six examples
of such clumpy galaxies at high redshift. The star-forming complexes are found to have
typical scales of about 1 kpc, masses up to 109 M�, and they are responsible for about
half of the star formation (e.g., Elmegreen et al., 2004; Elmegreen & Elmegreen, 2005;
Elmegreen et al., 2009; Tacconi et al., 2010; Förster Schreiber et al., 2011; Genzel et al.,
2011). Bound giant molecular gas complexes observed at low redshift are comparatively
smaller, with masses between 1-6 107 M� and diameters around 500 parsecs (Rand &
Kulkarni, 1990).

If they resist disruption by the feedback mechanisms resulting from star formation, the
clumps are expected to interact, lose energy and angular momentum through dynamical
friction, and migrate towards the center of the galaxy to form a bulge (Immeli et al., 2004;
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Figure 2.7 – HST broad band images at 5000 Å of six clumpy galaxies at z = 2-2.5 from
Förster Schreiber et al. (2011). Compact clumps are identified and numbered on the
images. The angular scale of 1′′ corresponds to about 8.4 kpc.

Genzel et al., 2008; Bournaud et al., 2008; Dekel et al., 2009b; Dekel & Krumholz, 2013;
Bournaud et al., 2014). Observations coherently find that older clumps are at smaller
radii than younger ones (Förster Schreiber et al., 2011), but as bulgeless galaxies and
tiny pseudobulges prevail in the local Universe (e.g., Kormendy et al., 2010), they might
disrupt before reaching the center. Indeed, these clumps are expected to generate steady
molecular gas outflows from the different feedback mechanisms (Dekel et al., 2009b; Genzel
et al., 2011; Bournaud et al., 2014; Förster Schreiber et al., 2014). The fate of these clumps
at the peak epoch of star formation and after is still poorly understood. More detailed
observations of galaxies at intermediate redshifts, such as those proposed in an ongoing
ALMA cycle 3 project (P.I.: Freundlich), would help understand the transition between
thick turbulent disks to thinner disks stabilized by their stars, and help tackle issues like
bulge growth, fragmentation, and the quenching of star formation.

The global KS relation at high redshift

In terms of star-formation efficiency, observations of the CO molecular gas have enabled
to obtain galaxy-averaged KS relations for typical star-forming galaxies belonging to the
massive tail of the MS at high redshift (e.g., Bouché et al., 2007; Daddi et al., 2010b;
Genzel et al., 2010; Tacconi et al., 2013). At low redshift, the KS relation is shown to
be near linear with constant depletion times between 0.5-3 Gyr and a scatter of about
0.3 dex (e.g., Leroy et al., 2008; Bigiel et al., 2008, 2011; Saintonge et al., 2011b). As
shown in Fig. 2.8, the same linear trend is observed for galaxies from the PHIBSS sample
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Figure 2.8 – The near linear KS relation at high redshift and the distribution of depletion
times from the PHIBSS sample (Tacconi et al., 2013). The PHIBSS z=1-3 measurements
are compared to z=0 samples such as the COLDGASS sample (Saintonge et al., 2011a,b).

at z=1-3 (Genzel et al., 2010; Tacconi et al., 2013). The high redshift measurements lie
in continuity of the low redshift ones, and the depletion time only seems to vary slowly
with redshift: star formation on the MS seems to be driven by the same physical processes
across cosmic time. However, the mean depletion time of 0.7 Gyr observed in the PHIBSS
sample at z ∼ 1 is about half that a present time, suggesting that this quantity could
vary with redshift as tdepl ∼ 1.5 × (1 + z)−1 Gyr and that the star formation efficiency
could be proportional to (1 + z) (Tacconi et al., 2013). Genzel et al. (2015) further show
that the depletion time of a galaxy varies according to its position relatively to the MS in
terms of specific SFR (SSFR = SFR/Mstar): galaxies with SSFR above the SSFR of the
MS generally have smaller depletion times while galaxies with lower SSFR than on the
MS have higher depletion times. As the depletion time is much smaller than the Hubble
time (which is approximately the age of the Universe), there is in any case a need for gas
replenishment to sustain star formation over cosmological timescales.

Towards a resolved KS relation at high-z with the PHIBSS program

The results by Tacconi et al. (2010, 2013) and Genzel et al. (2010, 2015) presented in the
previous paragraph were carried out as part of the PHIBSS program. The Plateau de
Bure High-z Blue Sequence Survey (PHIBSS) was an IRAM2 Large Program (Tacconi,
Combes et al.) which studied the molecular gas properties of star-forming galaxies on

2The Institut de radioastronomie millimétrique (IRAM) is a French-German-Spanish collaboration
which operates two radiotelescopes and whose headquarters are situated in Grenoble, France. The two
telescopes are the 30m single-dish telescope on Pico Veleta near Granada, Spain, and the Plateau de Bure
interferometer in the French Alps.
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the MS and aimed at better understanding the winding-down of star formation with a
statistical sample of star-forming galaxies at high redshift. The IRAM Plateau de Bure
interferometer indeed enables to observe the cold molecular gas through the CO rotational
lines. At the time of the PHIBSS program, the interferometer consisted in six antennas,
each of them being 15m wide. Since then, its NOEMA upgrade has increased the number
of antennas, two of them being already at the Plateau de Bure and four more being
planned: the full NOEMA project should in term double the number of antennas of the
Plateau de Bure interferometer. The antennas are mounted on rails and can be as far as
760m from each other to achieve a maximum spatial resolution of about 0.4′′ (Winters &
Neri, 2011). The main goals of the first PHIBSS program were to study the evolution with
redshift of the molecular gas fraction fgas and the star formation efficiency in normal MS
star-forming galaxies, to characterize the dependence of these quantities on stellar mass
and morphology in order to compare with feedback and quenching models, to examine
the inner gas dynamics, and to probe the physical gas properties through multiple CO
transitions. The program focused on the massive tail of the MS at z = 1.2 and 2.2, with
log(Mstar/M�) > 10.4 and log(SFR/M�yr−1) > 1.5, and comprised 52 CO detections and
8 high-resolution imaging observations.

The PHIBSS program uncovered large molecular gas reservoirs at high redshift and
participated in showing that typical star-forming galaxies in the distant Universe are
turbulent rotating disks with a molecular gas distribution of the same size as the stellar
distribution. In addition to the galaxy-averaged KS relation shown in Fig. 2.8, it showed
that the cosmic evolution of the SSFR is mainly due to the diminishing gas fraction. The
gas fraction was also shown to decrease with stellar mass, which is coherent with the
picture in which massive galaxies are more quenched than others and in which part of
their gas is removed due to stellar and AGN feedback mechanisms. Moreover, the vertical
offset from the MS in the stellar mass - SFR plane seems to be mainly controlled by the
molecular gas fraction (Tacconi et al., 2013).

Spatially resolved mapping of molecular gas and star formation in nearby disk galaxies
has shown that the KS relation simplifies to a linear relation with a constant molecular
gas depletion time of about 1-2 Gyr (Bigiel et al., 2008, 2011; Leroy et al., 2008, 2013;
Schruba et al., 2011; Casasola et al., 2015). At high redshift, observations such as those
by Genzel et al. (2010) and Tacconi et al. (2013) were able to obtain galaxy-averaged
molecular KS relations in massive (Mstar > 3 1010 M�) main-sequence galaxies. But
higher resolution observations are still challenging. How does the resolved KS relation,
averaged over sub-galactic scales, vary with cosmic time? We present here a method to
obtain the gas and SFR surface densities of ensembles of clumps within galaxies at z = 1.2
from the PHIBSS sample, and derive a KS relation spatially-resolved at a scale below the
resolution limit of the IRAM Plateau de Bure measurements, namely below 8 kpc. This
method rely on the rotating disk kinematics of star-forming galaxies at high redshift and
is based on identifying the substructures in position-velocity diagrams corresponding to
slices within the galaxies. This work is published in an article titled “Towards a resolved
Kennicutt-Schmidt law at high redshift”, by Freundlich et al. (2013). Our results lie in
the continuation of the resolved low redshift measurements, which seems to confirm the
similar star formation processes at high and low redshifts, but further studies would be
necessary to complement our sample and validate our conclusions.
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2.2 A set of four galaxies from the PHIBSS sample

2.2.1 General characteristics and morphology

We use IRAM Plateau de Bure CO molecular gas observations from the PHIBSS survey
(Genzel et al., 2010; Tacconi et al., 2010, 2013) and Keck DEEP2 optical and IR spectra
(Newman et al., 2013) of four massive galaxies at redshift z ∼ 1.2 in order to investigate
the star formation efficiency within their clumps, or groups of clumps.

These galaxies were drawn from the All-wavelength Extended Groth strip Interna-
tional Survey (AEGIS), which provides deep imaging in all major wave bands from X-
rays to radio, including Hubble Space Telescope (HST) images, and optical spectroscopy
(DEEP2/Keck) over a large area of sky (Noeske et al., 2007; Davis et al., 2007; Cooper
et al., 2011; Newman et al., 2013). They were further selected from the sample analyzed
by Tacconi et al. (2010, 2013), which gathers non-major-merger, luminous, star-forming
galaxies at z∼1.2, with stellar masses & 3 1010 M� and SFR & 40 M� yr−1. These four
galaxies - named EGS13003805, EGS13004291, EGS12007881, and EGS13019128 in the
AEGIS terminology - belong to the massive end of the MS of star formation at z∼1.2.
Table 2.1 summarizes some of the general properties of these galaxies, while Fig. 2.9

Figure 2.9 – Composite HST images of the four galaxies of the sample, combining ACS
I and V bands. The green box shows the DEEP2 slit used for each galaxy, whose size is
indicated in Table 2.1. We assumed that the DEEP2 survey measured the position of the
center of the galaxy more accurately than the HST, and shifted the HST image accordingly.
North is up, east is left.
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Table 2.1 – Global properties and observational details for the four galaxies of the sample.

EGS identifier 13003805 13004291 12007881 13019128
z (1) 1.2318 1.19705 1.16105 1.3494
DA [Mpc] (2) 1753.0 1745.3 1736.4 1772.8
DL [Mpc] (2) 8731.5 8424.7 8108.8 9785.1
Scale [kpc/"] 8.50 8.46 8.42 8.60
DEEP2 slit size 6.863′′ × 1′′ 5.149′′ × 1′′ 5.762′′ × 1′′ 10.343′′ × 1′′

DEEP2 slit orientation (PA) −53.858◦ −27.649◦ 11.142◦ 46.142◦

IRAM CO(3-2) beam 0.8′′ × 0.6′′ 0.6′′ × 0.5′′ 1.1′′ × 0.9′′ 1.6′′ × 1.4′′

SFR[OII] [M�yr−1] (3) 98 182 119 202
SFRUV+24µm [M�yr−1] (4) 200 630 94 87
SFR[OII],B [M�yr−1] (5) 63 231 265 213
Mgas [1011 M�] (6) 2.2 2.8 1.3 1.2
Mstars [1011 M�] (7) 3.4 5.0 5.0 3.8
fgas

(8) 0.39 0.36 0.21 0.24
R1/2 [kpc] (9) 5.7 3.1 5.7 5.2
log10(Σgas/[M�pc−2]) (10) 3.03 3.67 2.80 2.86
log10(ΣSFR/[M�yr−1kpc−2]) (10) −0.193 0.604 −0.095 0.204
log10(Σstars/[M�pc−2]) (10) 3.22 3.92 3.39 3.36
AHα

(11) 1.25 1.28 1.06 1.21
AV

(11) 1.56 1.60 1.30 1.50
A[OII]

(11) 2.28 2.26 2.04 2.19
A[OII]/AHα

(12) 1.82 1.77 1.92 1.81

Notes: (1) the redshift, as determined in the AEGIS catalogues from the [OII] line using DEEP2 spectra;
(2) the angular distance DA and the luminosity distance DL; (3) the SFR from the [OII] line luminosity
in the galaxy-integrated “1D” spectrum, obtained according to Kewley et al. (2004) calibration; (4) the
extinction-corrected SFR obtained from 24 µm and UV continuum by Tacconi et al. (2013); (5) the SFR
extrapolated from the empirical calibration of Moustakas et al. (2006); (6) the gas mass derived from
the IRAM Plateau de Bure observations; (7) the total star mass obtained by SED fittings from CFHT
B, R, and I bands photometric data using kcorrect (Blanton & Roweis, 2007), corrected for a Universe
with H0 = 70 km.s−1.Mpc−1; (8) the gas fraction fgas = Mgas/(Mgas + Mstars); (9) the optical half light
radius R1/2 as indicated in Tacconi et al. (2013); (10) the surface densities associated to the gas mass,
the SFR, and the star mass, calculated within R1/2, for example as Σgas = 0.5 Mgas/πR

2
1/2; (11) Hα,

visible, and [OII] extinctions as derived from the kcorrect SED reconstruction ; and (12) the extinction
ratio AHα/A[OII]. AV , A[OII], AHα/A[OII], SFR24µm+UV and SFR[OII],B are given for information only.
O’Donnell (1994) predicts that AHα/A[OII] is around 1.86 for a diffuse interstellar medium, and the
variations here observed from one galaxy to the other are representative of the quality of the kcorrect
fit. The comparison between SFR[OII], SFR24µm+UV, and SFR[OII],B gives an idea of the uncertainties in
the SFR.
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shows them in the I and V bands of the HST Advanced Camera for Surveys (ACS). To
compute the physical distances, we adopt a cosmology with ΩΛ = 0.73, Ωm = 0.27, and
H0 = 70 km s−1Mpc−1. As expected for such high redshift MS galaxies, the four galaxies
of the sample have clumpy features in the HST images, and they are less well ordered
than low redshift Hubble Sequence galaxies.

2.2.2 Total molecular gas mass

CO as molecular gas tracer

Molecular hydrogen in the form of H2 is the most abundant molecule in the Universe,
playing a key role in all molecular processes and in star formation in particular. However,
this molecule is highly symmetrical, without dipole moment, and is consequently difficult
to observe directly from Earth (e.g., Habart et al., 2005). Indeed, its electronic transitions
are in the UV domain, which is absorbed by the Earth’s atmosphere, while its vibrational
and rotational transitions are faint because of the absence of dipole moment. By contrast,
a rotating dipolar molecule would emit electromagnetic radiations as any other oscillating
electrical dipole. As carbon and oxygen are the most abundant elements after hydrogen
and helium in the Universe, carbon monoxide CO is the second most abundant molecule
after H2, with an abundance between 10−5 and 10−4 relative to H2 (e.g., Tielens, 2013).
This asymmetric molecule with non-zero dipole moment is excited rotationally through
collisions in the interstellar medium, and the resulting radiation can be observed. As
most collisions are due to H2 molecules, it provides a good tracer of molecular hydrogen
in galaxies (e.g., Combes, 1991; Young & Scoville, 1991; Solomon & Barrett, 1991; Dame
et al., 2001). Its rotational energy levels EJ are quantified, with

EJ = J(J + 1)~
2

2I (2.10)

where J is the angular momentum quantum number and I the moment of inertia of the
molecule. The frequency associated to the CO(1-0) transition, i.e., from the J=1 to the
J=0 energy level, is for example 115.27 GHz, while it is 230.54 GHz for CO(2-1) and
345.80 GHz for CO(3-2). However, although CO is the most easily observed molecular
line, the conversion factor between the CO luminosity and the H2 mass is subject to
uncertainties (e.g., Dickman et al., 1986; Solomon et al., 1987; Combes, 1991; Solomon
et al., 1997).

Derivation of the total molecular mass

We use high resolution observations of the CO(3-2) transition shifted into the 2 mm band
for z∼1.2 sources carried at the IRAM Plateau de Bure, including its most extended ‘A’
configuration. The angular resolution obtained is between 0.5′′ and 1.5′′ for all galaxies (cf.
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Table 2.1), corresponding to physical scales between 4 and 13 kpc. The CO luminosity
associated to any region of flux can be expressed as(

L′CO

K km s−1pc2

)
= 3.25× 107

(1 + z)3

(
SCO∆V

Jy km s−1

) (
νobs
GHz

)−2
(

DL

Mpc

)2

(2.11)

where SCO∆V is the velocity integrated flux, νobs the observed frequency, and DL the
luminosity distance (Solomon et al., 1997). To derive H2 masses, we follow the approach
used by Tacconi et al. (2010). This assumes a Milky-Way-like conversion factor of α =
3.2 M� (K km s−1 pc2)−1 between the CO(1-0) luminosity and the H2 mass, a factor
1.36 to account for interstellar helium, and a further correction by a factor 2 for the
CO(3-2)/CO(1-0) luminosity ratio. The total gas masses of the four studied galaxies are
indicated in Table 2.1.

2.2.3 The star formation rate

The Hα recombination line is the most direct and reliable tracer of young massive stars,
and thus of the SFR (e.g., Kennicutt, 1998a). Since this line lies in the middle of a low
atmospheric transmission band for the four galaxies considered here, ground-based Hα
spectroscopy is impossible, and we estimate the SFR from the collisionally excited [OII]
line (rest frame wavelength 3727 Å, shifted around 8200 Å for z∼1.2 sources).

An empirical calibration from the [OII] line

Although the [OII] forbidden line luminosity is not directly associated to the ionizing
luminosity, it is possible to establish it empirically as a quantitative SFR tracer. The
Kennicutt (1998a) [OII] SFR calibration has been broadly used, but does not take red-
dening and metallicity into account. Here we use the calibration proposed by Kewley et al.
(2004), which includes these two effects. The four galaxies studied here are particularly
massive and should thus belong to the observed metallicity plateau at 12+log(O/H) =
9.07 (Mannucci et al., 2010). Assuming this metallicity for all galaxies, the Kewley et al.
(2004) [OII] SFR calibration gives(

SFR
M�yr−1

)
' 3.5 10−8

(
L[OII]

L�

)
(2.12)

where L[OII] is the intrinsic [OII] line luminosity. This calibration is expected to follow
the reliable standard Kennicutt (1998a) Hα SFR calibration with a scatter of 0.03-0.05
dex (Kewley et al., 2004).

To determine L[OII], we use spectra provided by the Keck DEEP2 survey, obtained
with the high spectral resolution DEIMOS spectrograph (Faber et al., 2003) and taken
along slits with a typical size of 5′′× 1′′. The data was reduced using a dedicated pipeline
(Newman et al., 2013; Cooper et al., 2012), and a velocity resolution of about 50 km s−1

(R = λ/∆λ ≈ 5000) enables resolving the [OII] line (Davis et al., 2003). DEEP2 spec-
tra are not flux-calibrated, and we use CFHT I band magnitudes (CFH12K camera) to
calibrate the galaxy-integrated “1D” spectrum (Coil et al., 2004).
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Dust extinction

The value of L[OII] has to be corrected for dust extinction. The Galactic extinction is
taken into account in the CFHT magnitudes, since they already include the dust correc-
tions of Schlegel et al. (1998), but the dust present in the galaxies themselves is an even
greater cause of extinction. Indeed, the observed flux in a given band X is attenuated by
interstellar dust as

FX
obs = FX

0 10−0.4AX (2.13)

where FX
0 is the intrinsic flux of the source and AX the extinction in the considered

band. In a potentially misleading way, the empirical Kennicutt (1998a) [OII] calibration
has to be corrected from extinction at the Hα wavelength because it derives from an Hα
calibration. On the contrary, the SFR calibration from Eq. 2.12 has to be corrected more
straightforwardly from the A[OII] extinction at the [OII] wavelength (Kewley et al., 2004).

The dust distribution is derived from the spectral energy distribution (SED) of the
galaxies, obtained from the B, R, and I band CFHT magnitudes with the kcorrect
software developed by Blanton & Roweis (2007) (version v4_2). This software finds the
best non-negative linear combination of a number of template star formation histories
fitting the CFHT magnitudes. The templates are based on stellar population synthesis
models, which enables the software to provide approximate physical quantities related to
the star formation history. It notably provides SED curves with and without extinction,
from which we can deduce the extinction A[OII] at the [OII] wavelength. Such an SED
can be seen for one of the galaxies of the sample in Fig. 2.10.

Figure 2.10 – SED of EGS 13004291 with and without extinction as reconstituted by
kcorrect (Blanton & Roweis, 2007) from CFHT B, R, and I band magnitudes. The
intrinsic SED without extinction is on top (in green) while the dust attenuated SED is
below (in blue).
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The values for A[OII] are indicated in Table 2.1, along with the visible extinction
AV and the extinction AHα at Hα wavelength, obtained from the SED curves. The
AHα/A[OII] ratio varies up to 10% from galaxy to galaxy but remains comparable to the
value predicted by O’Donnell (1994) for a diffuse interstellar medium: AHα/A[OII] = 1.86.
Since this ratio should remain constant for the different galaxies, the variations give an
idea of the quality of the kcorrect fit. The obtained extinctions are in approximate
agreement with observations (e.g., Förster Schreiber et al., 2011), and the SFR deduced
from the [OII] luminosity with this empirical calibration are given in Table 2.1 as SFR[OII].

Other determinations of the SFR

Moustakas et al. (2006) present an alternative empirical [OII] SFR calibration paramet-
rized in terms of the B-band luminosity. This calibration is intended to remove, on average,
the systematic effects of reddening and metallicity, as well as to reduce the scatter in the
resulting SFR values.

The SFR of the four galaxies studied here were also determined from UV and IR
luminosities by Tacconi et al. (2013). Because UV light directly traces unobscured star
formation and IR 24 µm emission originates in small dust grains mainly heated by UV
photons from young stars, the combination of the two is a sensitive tracer of the global
SFR (Leroy et al., 2008, 2012). Tacconi et al. (2013) derive the global SFR of the four
galaxies studied here from a combination of UV and Spitzer 24 µm luminosities with the
methods of Wuyts et al. (2011b).

The SFR obtained through these two calibrations are given for information in Tables 2.1
and 2.2. The values differ up to 3σ between the three methods, which gives an idea of
the uncertainty of the SFR measurements. Since it yields a lower standard deviation, we
use the Kewley et al. (2004) calibration in our study. However, [OII] measurements may
not reveal some dust-embedded star-forming regions, which probably explains the higher
values of the SFR traced by UV and IR luminosities determined by Tacconi et al. (2013)
for some of the galaxies.

SFR calibration 13003805 13004291 1200 7881 13019128
Kewley et al. (2004) 131 242 164 272
Moustakas et al. (2006) 63 231 265 213
Tacconi et al. (2013) 200 630 94 87

Table 2.2 – SFR values from different calibrations, in M�yr−1.
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2.3 A resolved Kennicutt-Schmidt relation

2.3.1 Beating the resolution limit with the kinematics

The HST images shown in Figure 2.9 reveal kpc-sized clumps within diffuse regions,
but these clumpy features (∼ 0.1′′) are smoothed out at DEEP2 and IRAM resolutions,
whose ranges are respectively 0.6 − 1.0′′ and 0.5 − 1.6′′. Spectroscopy, however, helps
separate different components, thanks to their kinematics. Three galaxies of the sample
have indeed been shown to be rotating disks while the last one, EGS 13004291, is a
late-stage merger whose spectrum reveals substructures (Tacconi et al., 2013). DEEP2
spectra correspond to position-velocity diagrams (PV diagrams) along the galaxy major
axis (Davis et al., 2007), and there is a good qualitative correspondence between the [OII]
ionized gas structures observed in these diagrams and the CO molecular gas structures
seen in the corresponding slices of the IRAM observations. The relative amplitudes in
ionized and molecular gas may vary from one structure to another, but we are precisely
interested in better understanding the interplay between the two components through
the KS relation. Figures 2.11 and 2.12 compare the [OII] position-velocity diagrams with
the corresponding slices in CO(3-2), both with the same 1′′ width. Smoothed 1′′-sized
ensembles of clumps are separated by eye along the velocity axis of the PV diagrams in
this pilot study. The characteristics of these ensembles are given in Table 2.3, and we aim
at describing the star formation efficiency within them. We tried to compensate for the
substructure separation by eye by taking all identifiable structures into account.
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Figure 2.11 – [OII] line and CO luminosities (respectively left and right panels for each
galaxy) in position-velocity planes corresponding to the DEEP2 slit. Smoothed ensembles
of clumps are separated by eye along the vertical axis, as shown with the white horizontal
lines. The [OII] diagram was normalized in order to have fluxes proportional to the SFR,
but all galaxies presented here and in Fig. 2.12 share the same arbitrary color scales. One
arcsecond corresponds approximately to 8.5 kpc (cf. Table 2.1).
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Figure 2.12 – Continuation of Fig. 2.11 for the three other galaxies of the sample.
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Table 2.3 – Some properties of the clumps of EGS 13004291 (A), EGS 13003805 (B),
EGS 12007881 (C), and EGS 13019128 (D) obtained from measurements in the position-
velocity diagrams.

Clump Mgas
(1) SFR(2) log10

(
Σgas

M� pc−2

)
(3) log10

(
ΣSFR

M� yr−1 kpc−2

)
(3) tdepl

(4) FWHM(5)

A-I 11.85 38.23 3.019 −0.473 3.10 0.93
A-II 6.92 34.75 2.785 −0.514 1.99 0.78
A-III 3.18 24.99 2.447 −0.657 1.27 0.63
B-I 2.37 11.37 2.324 −0.995 2.09 0.78
B-II 5.80 27.08 2.713 −0.618 2.14 0.64
B-III 7.75 26.16 2.838 −0.633 2.96 0.74
B-IV 4.96 23.92 2.644 −0.672 2.07 0.79
B-V 6.28 33.83 2.761 −0.522 1.92 0.61
B-VI 3.99 23.45 2.550 −0.681 1.70 1.1
C-I 5.33 25.38 2.680 −0.642 2.10 1.35
C-II 7.26 41.88 2.814 −0.425 1.73 1.36
C-III 1.41 51.05 2.10 −0.339 0.28 1.57
D-I 1.70 4.03 2.165 −1.460 4.22 0.83
D-II 0.58 57.23 1.697 −0.307 0.10 1.14
D-III 7.08 52.78 2.785 −0.342 1.34 1.67
D-IV 5.25 47.51 2.655 −0.388 1.10 1.60
D-V 0.78 32.32 1.828 −0.555 0.24 1.62
D-VI 2.60 5.89 2.351 −1.295 4.42 1.86

Notes: (1) the gas mass obtained as a fraction of the total mass of the galaxy from the CO position-velocity
diagram, in units of 1010 M� ; (2) the SFR obtained similarly from the [OII] position-velocity diagram,
normalized with the total SFR determined according to section 2.2.3, in M� yr−1 ; (3) the derived gas
mass and SFR surface densities averaged over the same area of 1′′ in diameter; (4) the depletion time
tdepl = Mgas/SFR, in Gyr; and (5) the FWHM obtained from the IRAM position-velocity diagram with
a Gaussian fit in the direction of the slice (for information only), in arcseconds. The FWHM roughly
corresponds to the IRAM beam size, so we preferred to use the same 1′′ size for all clumps in the different
calculations. Using the FWHM instead of a constant 1′′ diameter to calculate the surface densities gives
a much larger scatter, but actually does not change the constant depletion time fit and the values of tdepl.
The clumps are numbered from bottom to top according to the horizontal separation lines of Figure 2.11.

2.3.2 Depletion time and KS relation

From the CO and [OII] lines, we estimate the gas mass and the SFR contained in areas
of 1′′ in diameter (corresponding to the width of the slice and approximately to the size
of the ensembles of clumps), and obtain the corresponding averaged surface densities,
Σgas and ΣSFR. As shown in Figure 2.13, the depletion time (tdepl = Mgas/SFR) is equal
to 1.9 ± 0.3 Gyr, to be compared with results for samples of whole galaxies (2.1 Gyr at
z = 0 in Kennicutt (1998a), 0.5-1.5 Gyr from z ∼ 2 to z ∼ 0 in Genzel et al. (2010),
1.05 ± 0.74 Gyr in Saintonge et al. (2011a), ∼0.7 Gyr at z = 1 − 3 in Tacconi et al.
(2013)) and samples of subgalactic regions at low redshift (2.0 ± 0.8 Gyr in Bigiel et al.
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(2008) and 2.35 Gyr in Bigiel et al. (2011)). The resulting KS diagram is displayed in
Fig. 2.14. The data points scatter around the line of constant depletion time equal to 1.9
Gyr (such a line corresponding to a power law ΣSFR ∝ ΣN

gas of exponent N=1). However,
the depletion time is locally very different from one data point to the other, suggesting
that the star formation scaling laws are different from one ensemble of clumps to the next
within a galaxy. The scatter is comparable to the ∼0.3 dex scatter observed for resolved
local galaxies (Bigiel et al., 2008, 2011). The corresponding values obtained with the
SFR from Tacconi et al. (2013) and through the B-band calibration of Moustakas et al.
(2006) are indicated in Table 2.4, and give an idea of the uncertainties due to the SFR
calibration method. Our sample is too incomplete to compute a best fit slope, but the
method developed here could be applied to more high redshift galaxies.
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Figure 2.13 – Distribution of the depletion time for the 16 regions identified in the four
galaxies studied by Freundlich et al. (2013), using the Kewley et al. (2004) [OII] SFR
calibration. The distribution has a mean of tdepl = 1.9 Gyr and a standard deviation of
1.2 Gyr, for a median value of 2.0 Gyr. Since we identified 18 ensembles of clumps, the
standard error of the mean is 0.3 Gyr.

SFR calibration Depletion time [Gyr]
mean median std. dev.

Kewley et al. (2004) 1.9 2.0 1.2
Tacconi et al. (2013) 2.1 0.7 2.9
Moustakas et al. (2006) 1.8 1.6 1.3

Table 2.4 – Mean, median, and standard deviation of the depletion time of the clumps
obtained through three different calibrations of the SFR: Kewley et al. (2004) [OII] cal-
ibration, UV+24µm calibration from Tacconi et al. (2013) and Moustakas et al. (2006)
[OII] B-band calibration.
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Figure 2.14 – Molecular KS diagram for ensembles of clumps of EGS13003805 (green),
EGS13004291 (red), EGS12007881 (blue), and EGS13019128 (purple), using the Kewley
et al. (2004) [OII] SFR calibration. The dotted diagonal lines correspond to constant
gas depletion times of 0.1, 1, and 10 Gyr from top to bottom, and the solid black line
to a constant depletion time equal to the mean depletion time of the clumps, tdepl=1.9
Gyr. The error bars of 0.3 dex yield a reduced χ2 close to 1 and correspond to a factor
2 uncertainty, which is a lower estimate. The gray data points from Genzel et al. (2010)
and Tacconi et al. (2013) are indicated for comparison with whole galaxies.

2.3.3 The case of EGS 13011166

For one z = 1.53 massive star-forming galaxy of the PHIBSS sample, namely EGS
13011166, Genzel et al. (2013) further obtain a pixel-by-pixel molecular KS relation.
They combine high-resolution IRAM Plateau de Bure observations of the CO molecular
gas with Large Binocular Telescope (LBT) Hα spectroscopy and Hubble Space Telescope
(HST) broad-band images to obtain the molecular gas and SFR distributions and kin-
ematics as well as stellar and extinction maps. As shown on the left panel of Fig. 2.15,
EGS 13011166 belongs to the massive end of the MS with log(Mstar) = 11.1, slightly above
the mean MS SFR. The HST image shown in the right panel of this figure reveals a highly
clumpy morphology, with a dozen bright clumps of kpc size. The galaxy is shown to have
a regular velocity field corresponding to a rotating disk, with a ratio between rotation
and velocity dispersion vrot/σ ≈ 6, further indicating a turbulent medium. Broad-band
emission in Hα might indicate the presence of outflows of velocity ∼ 600 km s−1, as would
be expected from stellar feedback mechanisms.

The HST broad-band images and SED fitting enable to derive extinction maps of the
galaxy. Correcting the Hα distribution pixel-by-pixel with these extinction maps yields
a resolved molecular KS relation at a spatial resolution of about 6 kpc, corresponding to
the IRAM Plateau de Bure and LBT resolutions. The relation is plotted in Fig. 2.16
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Figure 2.15 – Position in the stellar mass - SFR plane (left) and composite HST image
(right) of EGS 13011166 (Genzel et al., 2013). The filled circles in the left panel indicate
the other galaxies from the PHIBSS sample (Tacconi et al., 2013) for comparison, EGS
13011166 being indicated in red and the four galaxies studied by Freundlich et al. (2013)
in blue.

Figure 2.16 – Spatially resolved molecular KS relation in EGS 13011166, from Genzel et al.
(2013). The left panel displays the pixel-by-pixel measurements with a resolved ‘screen’
extinction correction (Calzetti et al., 2000) in green and binned medians over groups of
10-30 pixels in black. The right panel compares different extinction correction models. In
particular, the resolved extinction correction plotted on the left panel is indicated in black,
while the red points correspond to a unique extinction correction for the whole galaxy.
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and yields a KS exponent N = 1 − 1.5, which is broadly consistent with low redshift
measurements. However, as displayed on the right panel of the figure, Genzel et al.
(2013) also show that the shape and the slope of the KS relation depend strongly on the
extinction correction that is applied: using resolved extinction maps instead of a single
value for the whole galaxy significantly changes the depletion times that are obtained
from sub-galactic observations.

2.4 Discussion and perspectives

2.4.1 Advantages of the method

Beating the resolution limit

In this pilot study, we have shown how various ensembles of clumps could be separated by
their kinematics in PV diagrams, even though the angular resolution of molecular gas and
SFR data was not able to separate them in integrated intensity. As such, a KS diagram
can be obtained within regions below the resolution size (∼ 1′′).

Direct observations

Previous resolved KS work at high redshift was only obtained using serendipitous ampli-
fication by gravitational lenses. Decarli et al. (2012) carried out one of the first spatially
resolved studies in high redshift galaxies, using [NII], FIR, and CO observations for two
gravitationally lensed z ∼ 3.9 galaxies. They obtain a steep relation of slope N = 1.4±0.2
between the dust continuum and the molecular gas surface brightness. Strong lenses are
rare, and determination of the clumps physical parameters depend on the lensing model.
Our method is probably more appropriate for a systematic study of the star formation at
high redshift, until higher resolution instruments resolve the clumps.

In the absence of high resolution molecular gas data, (Swinbank et al., 2010) notably
report adaptive optics Hα observations of eleven kpc-scale star-forming regions identified
in z = 0.84 − 2.23 galaxies and measure the velocity dispersion of the ionized gas σ and
the star formation surface density ΣSFR. By assuming that σ also corresponds to the
dispersion of the cold clumps and that the clumps are marginally stable with a Toomre
parameter Q ' 1, they claim a correlation between the gas surface density Σgas and ΣSFR.
But the method is highly indirect, relies on many assumptions, and underestimates beam-
smearing effects in the determination of σ.
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2.4.2 Biases and uncertainties

Selection bias

The four galaxies studied here are particularly luminous and were selected from a sample
Tacconi et al. (2010) with stellar masses and star formation rates that are respectively
higher than 3. 1010 M� and 40 M� yr−1. A high luminosity was also needed to visualize
and isolate the clumps in the PV diagrams, so this method is intrinsically biased towards
massive galaxies.

Separating substructures in PV diagrams

In this pilot study involving only four galaxies, we separated substructures by eye on the
PV diagrams. A more systematic method to separate substructures, or just a pixel-by-
pixel analysis would probably be more relevant with bigger samples. We also assumed
that the luminosities associated to the substructures were proportional to the integrated
luminosity in the PV diagrams, which is a significant assumption in itself.

Uncertainties from the SFR and CO calibrations

The main uncertainties for estimating gas and SFR surface densities come from the SFR
calibration and from the values used for α = MH2/L′CO, for the CO(3-2)/CO(1-0) lumin-
osity ratio, and for the extinction A[OII]. These quantities could vary significantly from
one galaxy to another and within each galaxy, thus increasing the scatter and the uncer-
tainty of our measurements. For example, the CO(3-2) transition is less directly related
to the molecular gas mass than the CO(1-0), and variations in the CO luminosity ratios
as high as of a factor ∼2 can be observed within a single galaxy (e.g., Koda et al., 2012).
Significant variations in extinction values from one substructure to another within each
galaxy are also expected, as observed in local galaxies (e.g., Scoville et al., 2001) and
high redshift galaxies. Genzel et al. (2013) notably uses the CO(3-2) and Hα lines, as
well as HST multiband images of a high redshift galaxy belonging to the same sample as
ours to show that the methodology used to correct for extinction has a certain influence
on the shape of the KS relation, especially on its slope. We thus expect that using a
resolved extinction map instead of a single value would significantly change the depletion
time we obtain. Nevertheless, identifying the ensembles of clumps in PV diagrams and
the low spatial resolution of the [OII] and CO measurements prevent us from finding the
corresponding structures in two-dimensional images and deriving extinction maps for our
ensembles of clumps. As seen in section 2.2.3, the values of the SFR are highly dependent
on the calibration and, since the scatter in the observed [OII]/Hα flux ratio is always
higher than 32% (Moustakas et al., 2006), this remains a lower limit of the uncertainty
in the SFR determined from [OII]. We expect our final values for the mass of gas and the
SFR to be determined with uncertainty factors at least as high as 2 or 3.
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2.4.3 Comparison with low redshift observations

The resolved molecular KS relations obtained by Freundlich et al. (2013) and Genzel et al.
(2013) for high redshift galaxies within the PHIBSS sample can be plotted against those
at low redshift, as shown in Fig. 2.17 (Freundlich et al., 2014b). Our results, as well as
most other high redshift observations (e.g., Genzel et al., 2010; Tacconi et al., 2010, 2013;
Decarli et al., 2012; Swinbank et al., 2012), indicate that the star formation scaling law
between SFR and gas surface densities is not significantly different at high redshift than
in the local Universe. Indeed, our limited sample of five galaxies at z = 1.2 and z = 1.5 is
compatible with a constant depletion time of about 1.9 Gyr, which is of the same order of
magnitude as measurements at lower redshift. This adds to the growing evidence that the
star formation processes ten billion years ago were similar to the ones that are observed
in the local Universe.

Figure 2.17 – Spatially resolved molecular KS relation from the PHIBSS sample (Freund-
lich et al., 2013; Genzel et al., 2013) superimposed on the sub-galactic KS diagram ob-
tained at low redshift by Bigiel et al. (2008). The solid blue line corresponds to a constant
depletion time tdepl = 1.9 Gyr, and the grey data points to galaxy-averaged measurements.
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However, there might be some hints that the star formation efficiency could be higher
at high redshift, with smaller depletion times. This is notably suggested by the compar-
ison shown in Fig. 2.8 between the PHIBSS and COLDGASS measurements (Saintonge
et al., 2011a; Tacconi et al., 2013). More recent observations might confirm the trend, not-
ably from high-resolution measurements in gravitationally-lensed galaxies at even higher
redshift than the PHIBSS sample (Swinbank et al., 2010; Danielson et al., 2011; Decarli
et al., 2012; Sharon et al., 2013; Rawle et al., 2014). Fig. 2.18 summarizes some of these
measurements, including direct kpc-scale observations at z ≈ 4 by Hodge et al. (2012,
2015). While MS galaxies in the local Universe and from the PHIBSS sample at z = 1−2
have molecular gas depletion timescales close to a Gyr, resolved higher-redshift measure-
ments seem to yield lower depletion times. But the results from Fig. 2.18 should be
handled carefully, as the observed higher redshift galaxies might be starbursts and not
normal star-forming galaxies. Using dust continuum observations, Scoville et al. (2015)
study galaxy-averaged star formation for a large sample of galaxies at z = 1 − 6 on and
above the MS and obtain a near-linear KS relation with a characteristic depletion time of
about 0.1 Gyr. Comparing this timescale to the corresponding value at low redshift, they
argue in favor of a different mode of star formation in the distant Universe. As already
noticed by Magdis et al. (2012) and Tacconi et al. (2013), they also find that the principal
difference between galaxies on and above the MS at a given stellar mass seems to be their
gas fraction, not their star formation efficiency.

Figure 2.18 – Molecular KS relation for different measurements at low- and high redshift,
from Hodge et al. (2015). Filled data points indicate resolved measurements. The data
shown here include observations at different redshifts, from the local Universe (Kennicutt,
1998a; Bothwell et al., 2009; Leroy et al., 2013) to z = 0.5 − 3 (Bouché et al., 2007;
Daddi et al., 2010a; Tacconi et al., 2010; Freundlich et al., 2013; Sharon et al., 2013) up
to z = 4− 5.5 (Rawle et al., 2014; Hodge et al., 2015). The solid lines indicate constant
molecular gas depletion timescales.
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But observations use different tracers and calibrations for the molecular gas and the
SFR, which sometimes makes comparisons difficult. More statistically robust observations
at high redshift would help constrain the evolution of the star formation efficiency. The
work shown here presents a method to reach sub-galactic scales in high redshift galaxies
owing to their kinematics, and as such, constitutes a pilot study that could be applied to
more galaxies in the distant Universe.

2.4.4 Perspectives

PHIBSS2

Better understanding the build-up and the winding-down of star formation in the Uni-
verse is an important issue that involves observers as well as theorists. The ongoing IRAM
PHIBSS2 Legacy Program (Combes, Garcia-Burillo, Neri, Tacconi, et al.) will more than
triple the number of high redshift normal star-forming galaxies with CO measurements,
extend the redshift range of the available sample, and include galaxies below the main
sequence of star formation. This four-year program is phased to optimize and exploit the
NOEMA capabilities as they come online at the Plateau de Bure: the smaller integration
times and the increased sensitivity will permit a statistical gain and a better sampling
of the stellar mass - SFR plane. The program is more focused on galaxy-averaged meas-
urements, but might also imply high-resolution follow-up observations of some galaxies of
the sample, in which resolved KS measurements taking advantage of the kinematics such
as those presented by Freundlich et al. (2013) should be possible.

ALMA programs

The PHIBSS2 Legacy Program is complemented by ALMA3 programs which will further
contribute to extend the sample owing to an even higher sensitivity (Genzel et al.), probe
higher CO transitions to study the gas excitation and the physical conditions of the gas
in early star-forming systems (Weiss et al.), and possibly obtain high-resolution images
and kinematics of the molecular gas in galaxies at intermediate redshifts (Freundlich
et al.). This latter ALMA cycle 3 proposal, which was rated B and is currently being
observed, precisely aims at investigating the star formation processes and the fate of the
star-forming regions after the peak epoch of star formation, at z = 0.7. It would enable us
to characterize star formation on subgalactic scales, notably through a spatially-resolved
KS relation, to observe the inner morphology of the disk, and to test the virialization of
the star-forming clumps.

3 The Atacama Large Millimeter/submillimeter Array (ALMA) is a radio interferometer located in
the Atacama desert of Chile, which is an international collaboration among Europe, the United States,
Canada, East Asia and the Republic of Chile. For its 2015− 2016 cycle 3, it will comprise of at least 38
12m and 10 7m antennas and reach spatial resolutions of about 0.03′′ in the most extended configurations.
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Star formation in the filamentary
structures of the interstellar medium





CHAPTER 3

An analytical approach to the stability of interstellar
filaments

In the previous chapter, we aimed at characterizing star formation in distant galaxies. As
individual stars and giant molecular clouds are not resolved in all but the closest galaxies,
the star formation activity had to be assessed from quantities averaged over whole galaxies
or large subregions within them. Scaling relations such as the Kennicutt-Schmidt (KS)
relation describe star formation and its efficiency from a global point of view, without
resolving the smaller-scale structures and processes at stake during star formation. High-
resolution observations of molecular gas clouds and star-forming complexes in our Milky
Way enable us to better understand how stars are formed in the interstellar medium
(ISM). Observations notably show that the interstellar medium hosts complex networks
of filamentary structures. The formation of turbulence-driven filaments and their sub-
sequent gravitational fragmentation could represent an important step towards core and
star formation (e.g., André et al., 2010, 2014). Gravitational instabilities could indeed
lead these filaments to clump into a series of bead-like structures which would then turn
into stars. More generally, filamentary structures are very common in astrophysics and
are observed at various scales. The elongated spiral arms of some galaxies can be seen
as filaments, and giant molecular clouds are often aligned along them (e.g., Elmegreen
& Elmegreen, 1983). Close interactions between galaxies can also lead to stretched tidal
tails, which can host beads of star-forming complexes with young stellar populations (e.g.,
Olave-Rojas et al., 2015). On a cosmological scale, simulations notably show that matter
is usually distributed along filaments, forming a cosmic web that connects galaxies to one
another and provides the gas reservoir from which they grow and accrete (e.g., Springel
et al., 2005; Dekel et al., 2009a). The inner core of many of these cosmological filaments
may be predominantly made of gas (e.g., Harford & Hamilton, 2011), and matter can
possibly contract and seed galaxy formation within them.

To investigate the growth of gravitational instabilities within filamentary structures,
we consider idealized self-gravitating filaments and derive the dispersion relation for small
perturbations within them. The standard Jeans instability describes the collapse of a
spherical gas cloud, but the cylindrical case is less straightforward and has not been fully
investigated yet. Assuming local perturbations leads to a dispersion relation analogous to
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the spherical case, but all modes are potentially unstable for perturbations of arbitrary
size. Elongated perturbations near the axis of the filament should grow faster so prolate
substructures and global collapse seem to be favored, which would be corroborated by
most observations.

After a short introduction on filamentary structures in the interstellar medium and
beyond, section 3.2 follows the article by Freundlich et al. (2014a) “Local stability of a
gravitating filament: a dispersion relation”. This article focuses on local perturbations
within an infinite, self-gravitating and rotating cylinder with pressure and density related
by a barotropic equation of state. Further work investigated the more general case of
large-scale perturbations in a non-rotating filament, whose results are presented in section
3.3. We also started some preliminary work to simulate the growth of perturbations
within idealized filaments of the interstellar medium with the RAMSES simulation code
(Teyssier, 2002), which we mention briefly among the perspectives. This work was carried
out in collaboration with Chanda Jog at the Indian Institute of Science, Bangalore, and
benefited from a Raman-Charpak fellowship delivered by the Indo French Centre for the
Promotion of Advanced Research (IFCPAR/CEFIPRA).

Contents
3.1 Filamentary structures in the ISM and beyond . . . . . . . . . . . . . 87

3.1.1 Star formation and interstellar filaments . . . . . . . . . . . . 87

3.1.2 The ubiquity of filamentary structures . . . . . . . . . . . . . 90

3.1.3 Describing the growth of perturbations . . . . . . . . . . . . . 93

3.2 Local perturbations in a rotating filament . . . . . . . . . . . . . . . . 98

3.2.1 Obtention of a dispersion relation . . . . . . . . . . . . . . . . 98

3.2.2 Some properties of the dispersion relation . . . . . . . . . . . 100

3.2.3 Application to a fiducial interstellar filament . . . . . . . . . . 103

3.2.4 An order-of-magnitude estimate for cosmic filaments . . . . . 106

3.3 Large-scale perturbations in a static filament . . . . . . . . . . . . . . 106

3.3.1 Limits of the local dispersion relation . . . . . . . . . . . . . . 106

3.3.2 A dispersion relation with complex terms . . . . . . . . . . . . 107

3.3.3 Application to TMC-1 . . . . . . . . . . . . . . . . . . . . . . 109

3.4 Discussion and perspectives . . . . . . . . . . . . . . . . . . . . . . . . 111

3.4.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

3.4.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

3.4.3 RAMSES simulations . . . . . . . . . . . . . . . . . . . . . . . 113



An analytical approach to the stability of interstellar filaments 85

Related publications and conference proceedings
• Freundlich, J., Jog, C. J., Combes, F., 2014, A&A, 564, 7, Local stability of a gravitating

filament: a dispersion relation

• Freundlich, J., Jog, C. J., Combes, F., Anathpindika, S., 2014, SF2A Proceedings,
325-328, On the stability of self-gravitating filaments

• Freundlich, J., Jog, C. J., Combes, F., 2015, IAU General Assembly, Meeting 29,
2247395, Perturbation growth within self-gravitating interstellar filaments





An analytical approach to the stability of interstellar filaments 87

3.1 Filamentary structures in the ISM and beyond

3.1.1 Star formation and interstellar filaments

The filamentary structure of the ISM

The giant molecular clouds in which stars are formed are not smooth, regular features and
they are themselves highly structured at smaller scales. In particular, they host complex
networks of filamentary structures, which are ubiquitous in the interstellar medium (e.g.,
Schneider & Elmegreen, 1979; Bally et al., 1987; Mizuno et al., 1995; Falgarone et al., 2001;
Hatchell et al., 2005; Goldsmith et al., 2008; André et al., 2010, 2014; Men’shchikov et al.,
2010; Arzoumanian et al., 2011; Jackson et al., 2010; Kirk et al., 2013; Palmeirim et al.,
2013; Konyves et al., 2015). Fig. 3.1 displays Herschel1 images of the Aquila molecular
cloud complex, which is one of the nearest star-forming regions of the Milky Way, and the
right panel highlights networks of filaments in a subregion of the molecular cloud. These
filaments have typical lengths of a few parsecs and widths of about 0.1 parsec. This
characteristic width seems to be universal (Arzoumanian et al., 2011; Palmeirim et al.,
2013; Alves de Oliveira et al., 2014; André et al., 2014), but its origin remains unclear.

Figure 3.1 – Composite Herschel image of the Aquila star-forming complex (left) and detail
of one subregion whose column density NH2 reveals large networks of interstellar filaments
(right). The left image covers an area whose width is about 50 pc. Crédits: ESA/Her-
schel/SPIRE/PACS/“Gould Belt survey” Key Programme/P. André & D. Arzoumanian.

1Herschel is a European Space Agency (ESA) space observatory which carried the largest, most
powerful infrared telescope ever launched in space and was active from 2009 to 2013. The observatory
was named after William Herschel and his sister and collaborator Caroline Herschel, who pioneered the
observation of the heavens (cf. page 7).



88 3.1 Filamentary structures in the ISM and beyond

The complex geometry of the filaments and their characteristic width seem to indicate
that they originate from large-scale interstellar turbulence. Indeed, 0.1 parsec corresponds
approximately to the sonic scale, which is the characteristic scale below which interstellar
turbulence becomes subsonic (Arzoumanian et al., 2011). Intersecting shock waves due
to supersonic turbulent flows could account for the formation of filaments and for their
width (e.g., Padoan et al., 2001; Klessen et al., 2004; Pudritz & Kevlahan, 2013). But
other mechanisms could also play an important role in their formation, such as magnetic
fields and dissipation by ion-neutral friction (Nakamura & Li, 2008; Hennebelle, 2013;
Hennebelle & André, 2013; Ntormousi et al., 2015), or simple gravitational instabilities
in self-gravitating sheets and clouds (e.g., Larson, 1985; Miyama et al., 1987a,b; Nagai
et al., 1998; Burkert & Hartmann, 2004; Gómez & Vázquez-Semadeni, 2014). Filaments
are indeed shown to correlate strongly with interstellar magnetic fields (e.g., McClure-
Griffiths et al., 2006; Goldsmith et al., 2008). A characteristic width of about 0.1 parsec
also arises when considering an isothermal self-gravitating cylinder in pressure equilibrium
with its ambient medium (Fischera & Martin, 2012). More generally, some filaments might
be transient turbulent features while others became gravitationally-bound structures.

Filaments are observed in star-forming clouds such as the Aquila complex, but also in
regions that are not forming stars, such as the Polaris Flare cirrus cloud (André et al.,
2010; Ward-Thompson et al., 2010; Miville-Deschênes et al., 2010). Nevertheless, they
seem to be intimately related to star formation. As shown in Fig. 3.2, a large majority of
pre-stellar cores and proto-stellar cores lie within the filamentary structures. A pre-stellar
core is defined here as a gravitationally-bound, starless dense core, while a proto-stellar
core hosts a proto-star. As much as 75% of the pre-stellar cores of the Aquila complex lie
within filaments (Konyves et al., 2015).

Star formation within filaments

The fact that pre-stellar cores lie within the filaments of the interstellar medium (Mizuno
et al., 1995; Hartmann, 2002; Könyves et al., 2010; André et al., 2010; Men’shchikov
et al., 2010; Konyves et al., 2015) suggests that these filaments play an important role
during star formation. Accordingly, André et al. (2010, 2014) propose a scenario in
which the formation of turbulence-driven filaments in the interstellar medium represents
the first step towards core and star formation. Complex networks of filaments form
within molecular clouds, and the densest of them then fragment into pre-stellar cores
owing to gravitational instability. The fact that filamentary structures are present in non
star-forming regions indeed seems to indicate that they precede star formation (Miville-
Deschênes et al., 2010; Men’shchikov et al., 2010). The scenario is further justified by
the fact that most pre-stellar and proto-stellar cores lie in filaments whose mass per unit
length is larger than the theoretical critical mass per unit length above which filaments
are expected to be gravitationally unstable. Inutsuka & Miyama (1992, 1997) indeed show
through analytical calculations and numerical simulations that in the absence of magnetic
fields, isothermal filaments are gravitationally unstable for masses per unit length above

Mline,crit = 2c2
s

G , (3.1)
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Figure 3.2 – Herschel high-resolution column density maps of a subregion of the Aquila
star-forming complex comparing the filamentary structures (left) and the locations of pre-
stellar and proto-stellar cores (right), from Konyves et al. (2015). The subregion cor-
responds to that displayed on the right panel of Fig. 3.1. The blue contours on the left
outline 0.1 pc-wide filaments while the blue and green triangles on the right correspond
respectively to the locations of pre-stellar and proto-stellar cores. 75% of the pre-stellar
cores lie within the 0.1 pc-wide filaments.

where cs is the sound speed, and fragment into bead-like spherical structures when mar-
ginally critical. This critical mass per unit length only depends on the temperature of the
filament through the sound speed, and is equal to 16 M� pc−1 for a temperature of 10
K. Assuming a constant 0.1 parsec width for the filaments enables to express the column
density map of Fig. 3.2 in terms of mass per unit length along the filaments, Mline. This
is indicated in the color scale on the right. The white areas highlight regions in which
Mline > 0.5 Mline,crit, and they correlate very well with the positions of pre-stellar and
proto-stellar cores. More generally, the filament population seems to be divided between
supercritical, self-gravitating, star-forming filaments with high column densities, and sub-
critical, unbound, quiescent filaments with lower column density (e.g., André et al., 2010;
Konyves et al., 2015).

Moreover, the fragmentation of interstellar filaments into these dense cores seem to
determine the stellar initial mass function (IMF) and thus control the properties of the
newly formed stars. Indeed, the observed pre-stellar core mass function ressembles the
IMF of stars, albeit slightly shifted as would be expected if the star formation efficiency
within an individual star-forming core εcore = Mstar/Mcore, i.e., the mass of the resulting
stellar system divided by the core mass, was around 40% (e.g., André et al., 2010,
2014; Könyves et al., 2010; Konyves et al., 2015). Studying the growth of gravitational
instabilities within the filamentary structures of the ISM is consequently crucial to better
understand the star formation processes and their efficiency.
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3.1.2 The ubiquity of filamentary structures

Spiral arms

The giant molecular clouds in which stars are formed host filamentary structures shaped
by their inner turbulence, but they are themselves potentially embedded in the spiral
structure of the galaxies they belong to. Observations show that giant gaseous clouds and
bright stellar complexes are often regularly-spaced along the spiral arms of galaxies, like
‘beads on a string’ (e.g., Elmegreen & Elmegreen, 1983; Boulanger & Viallefond, 1992;
Engargiola et al., 2003; Gusev & Efremov, 2013; Schinnerer et al., 2013). Simulations such
as that carried out by Renaud et al. (2013) and shown in Fig. 3.3 reproduce this feature.
This hydrodynamical simulation of a Milky Way-like galaxy carried out with the RAMSES
simulation code (Teyssier, 2002) at a high-resolution of 0.05 parsec takes into account star
formation and stellar feedback, and yields regularly-spaced overdense clumps along the
bar and the spiral arms. Their number might be overestimated as compared to the Milky
Way, but processes such as stellar feedback are expected to decrease their mass and size
with time and hence to improve the match with the real Galaxy at later stages. Spiral
arms also often appear bluer and with stronger Hα emission than the rest of the disk,
indicating the presence of short-lived massive young stars and active star formation (e.g.,
van den Bergh, 1964; Schweizer, 1976; Knapen & Beckman, 1996; Sparke & Gallagher,
2007, p. 225). However, spiral arms are not material arms containing a fixed population of
stars and gas. Differential rotation would indeed rapidly disrupt such a structure. Instead,

Figure 3.3 – Gas surface density for a Milky-Way-like simulated galaxy by Renaud et al.
(2013). The bar and the spiral arms host dense clumps distributed as ‘beads on a string’.
The three panels to the right focus on the first stages leading to the formation of such
beads along one of the spiral arms.
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most of them correspond to density waves within the disk (e.g., Lindblad, 1963; Lin &
Shu, 1964, 1966; Combes et al., 1995; Sparke & Gallagher, 2007). When the gas enters
the potential well associated to the density wave, it is shocked and the compression can
trigger gravitational instabilities (e.g., Roberts, 1969; Bonnell et al., 2006). The passage
within the spiral arm lasts a few tens of Myr, depending notably on the radius and the
rotation velocity, which enables gravitationally-bound structures to develop locally. The
formation of giant molecular clouds can stem from gravitational instabilities or cloud-
cloud collisions, both processes being favored inside spiral arms, where the gas density
is higher (e.g., Elmegreen, 2011; Dobbs & Pringle, 2013). Because of their elongated
shape, spiral arms can be seen as overdense cylinders at first approximation, in which the
standard formalism for spherical gravitational collapse does not apply. However, the large
scale dynamics of the galactic disk is expected to affect the gravitational stability of these
filamentary structures, notably through velocity gradients and gravitational torques.

Tidal tails

Interactions and close encounters between galaxies generate elongated tidal tails as part
of the material of a galaxy is stripped towards the other (Toomre & Toomre, 1972). Such
an elongated tidal tail can be seen in the optical and far ultraviolet (FUV, 130-180 nm
in the case of the GALEX FUV band) images of Fig. 3.4, between NGC 6845A and
NCG 5845B. Tidal interactions between galaxies trigger star formation in the disk (cf.
section 1.2.3, p. 29), but tidal tails themselves are often seen to be fragmented into bead-
like clumps (e.g., Combes et al., 1999; Odenkirchen et al., 2002; Espada et al., 2012;
Whitmore et al., 2014). Quillen & Comparetta (2010) and Comparetta & Quillen (2011)
argued that the such condensations observed in the spectacularly-long Palomar 5 tidal
tail of the Milky Way were caused by gravitational instabilities within the filamentary

Figure 3.4 – Star-forming tidal tail between NGC 6845A and NGC 6845B seen in the
optical Gemini r’ (left) and GALEX FUV (right) bands, from Olave-Rojas et al. (2015).
The FUV light traces young stellar populations. The black ellipses correspond to the
optical radius for each galaxy.
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structure. They modeled the tidal tail as a static, homogeneous cylinder and considered
perturbations depending on the axial z coordinate. They concluded that the regularly-
spaced clumps observed in the tidal tail could be due to gravitational instability. However,
they considered a static cylinder and did not take into account its expansion and stretching
due to the opposite gravitational forces on both sides and the effect it has on the velocity
dispersion. By adding such effects, Schneider & Moore (2011) conclude that the Palomar
5 tidal tail should not be directly gravitationally unstable, which is further confirmed by
numerical simulations (Mastrobuono-Battisti et al., 2012). Nevertheless, the compression
occurring during tidal interactions could trigger or enhance star formation, and elongated
tidal tails indeed seem to host star-forming complexes with young stellar populations of
age . 10 Myr (Rodrigues et al., 1999; Chien et al., 2007; de Mello et al., 2008; Smith
et al., 2008; Torres-Flores et al., 2014; Olave-Rojas et al., 2015). In Fig. 3.4, the FUV
image indeed reveals several knots of young stellar complexes along the tidal tail, which
are thought to have formed in situ given their ages (Olave-Rojas et al., 2015). The
cylindrical geometry of such a tidal tail may influence the formation of stellar clusters,
although large-scale velocity fields affect its stability.

Cosmological filaments

Filamentary structures are also ubiquitous on cosmological scales, forming a cosmic web
that connects galaxies to one another (e.g., Bond et al., 1996; Springel et al., 2005; Fu-
magalli et al., 2011) and provides a gas reservoir from which galaxies grow and accrete
(e.g., Kereš et al., 2005; Dekel et al., 2009a). This is particularly visible in the Millenium
cosmological simulation, shown in Fig. 3.5. Sheets (‘pancakes’) and filaments arise natur-
ally as a consequence of asymmetrical gravitational collapse, because ellipsoidal maxima
collapse at different speeds along the three unequal axes (Lin et al., 1965). Cosmological
simulations show that most of the dark matter mass in the Universe is concentrated in
the filaments of the cosmic web (e.g., Aragón-Calvo et al., 2010), which could host a
significant part of the missing baryons: about half of the warm gas may indeed reside
in these filaments as a warm hot intergalactic medium (WHIM, cf. section 1.2.1, p. 27;
Fukugita et al., 1998; Cen & Ostriker, 1999; Viel et al., 2005). However, this gas is difficult
to detect (e.g., Turnshek et al., 2004; Cantalupo et al., 2012; Planck Collaboration et al.,
2013; Beygu et al., 2013; Cantalupo et al., 2014; Finley et al., 2014). The baryon distri-
bution is expected to follow the dark matter distribution on large scales, but to differ on
smaller scales. Simulations by Harford et al. (2008) and Harford & Hamilton (2011) have
shown that intergalactic gas tends to concentrate towards the inner parts of filaments and
sheets, with quasi-spherical dark matter structures at the intersections of the filaments.
The inner core of many of these cosmic filaments is thus expected to be predominantly
composed of gas, justifying models that treat them as self-gravitating isothermal or baro-
tropic cylinders in hydrostatic equilibrium. Simulations show that when the cooling time
is short enough, the inner part of the filament collapses to form dense cold cores that con-
tain a substantial fraction of the gas (Gray & Scannapieco, 2013). Within cosmological
filaments, gravity is however challenged by the expansion of the Universe, implying that
Newtonian physics might not be sufficient to fully describe the condensations occurring
at such large scales.
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Figure 3.5 – The Millenium simulation reveals a cosmic web of dark matter filamentary
structures in the Universe (Springel et al., 2005). Each tiny yellow dot is a galaxy.

3.1.3 Describing the growth of perturbations

Whether regarding the filamentary structures of the interstellar medium, spiral arms,
tidal tails or even the filaments of the cosmic web, the nearly cylindrical geometry of
the elongated overdensities in which gravitational instabilities are expected to develop
should play an important role. The standard Jeans instability describes the collapse of
a spherical gas cloud when the inner pressure is not strong enough to support the self-
gravitating gas. Gravity tends to condense the matter, while pressure tends to reduce
the inhomogeneities. In the spherical case, small perturbations are amplified when their
size is larger than a specific length, the Jeans length (e.g., Binney & Tremaine, 1987).
The cylindrical case is less straightforward and has not been fully investigated yet. But
before considering perturbations within cylindrical structures, let us remind the standard
spherical case initially worked on by Jeans (1902).

The standard Jeans instability

Hydrodynamic equations. For a continuous distribution of matter such as a
gaseous cloud, the density ρ(~r, t), the pressure p(~r, t), the gravitational potential Φ(~r, t)
and the velocity ~v(~r, t) are very generally related by Euler’s equation of motion

∂~v

∂t
+ (~v.~∇)~v = −1

ρ
~∇p− ~∇Φ, (3.2)
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the continuity equation enforcing the conservation of mass

∂ρ

∂t
+ ~∇.(ρ~v) = 0, (3.3)

and Poisson’s equation
∇2Φ = 4πGρ. (3.4)

Additionally, we can assume a barotropic fluid in which pressure is only a function of
density so that

1
ρ
~∇p = ~∇h (3.5)

where h is the specific enthalpy of the gas. In this case, Euler’s equation can be expressed
in terms of h instead of p.

Linear equations. We consider an unperturbed barotropic fluid described by the
quantities ρ0(~r), h0(~r), Φ0(~r) and ~v0(~r) and we would like to describe its behavior when a
small perturbation occurs. This perturbation can be described by first order corrections
to the different physical quantities:

ρ(~r, t) = ρ0(~r) + ρ1(~r, t)
h(~r, t) = h0(~r) + h1(~r, t)
Φ(~r, t) = Φ0(~r) + Φ1(~r, t)
~v(~r, t) = ~v0(~r) + ~v1(~r, t)

(3.6)

where the infinitesimal disturbances are denoted by an index 1 so that ρ1/ρ0 � 1 and
similar relations for the other quantities. Assuming that equations 3.2 to 3.5 are valid for
the unperturbed as well as for the perturbed gas yields the linear equations that govern
the response of the barotropic fluid to the perturbations:

∂ ~v1

∂t
+ (~v0.~∇)~v1 + (~v1.~∇)~v0 = −~∇(h1 + Φ1)

∂ρ1

∂t
+ ~∇.(ρ0 ~v1) + ~∇.(ρ1 ~v0) = 0

∇2Φ1 = 4πGρ1

h1 = c2
0
ρ1

ρ0
,

(3.7)

where the speed of sound in the uniform medium is defined as

c2
0 =

(
dp

dρ

)
ρ0

. (3.8)

Growth of perturbations. In the case of an infinite, homogeneous, unperturbed
system, the hydrodynamic equations can’t be verified simultaneously, as Poisson’s equa-
tion requires ∇2Φ0 = 4πρ0 but ~∇Φ0 = 0 for a uniform gravitational potential and ρ0 , 0.
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The ‘Jeans swindle’ artificially lets us assume that Poisson’s equation properly describes
the relation between the perturbed density and potential, while some unspecified source
cancels the unperturbed term in ∇2Φ0. The linear equations describing small perturb-
ations in the case of an infinite, immobile, unperturbed medium of constant density ρ0,
where ~v0 = ~0, are 

∂ ~v1

∂t
= −~∇(h1 + Φ1)

∂ρ1

∂t
+ ρ0~∇.~v1 = 0

∇2Φ1 = 4πGρ1

h1 = c2
0
ρ1

ρ0
.

(3.9)

As each signal can be Fourier decomposed into normal modes proportional to e−iωt+~k.~r, we
can consider perturbations of the kind without losing any generality. For such a normal
mode, the previous equations lead to the following complex equations:

−iω ~v1 = −i~k(c2
0
ρ1

ρ0
+ Φ1)

− iωρ1 + iρ0~k.~v1 = 0
− k2Φ1 = 4πGρ1.

(3.10)

Combining these equations yields the dispersion relation describing the potential modes,

ω2 = c2
0k

2 − 4πGρ0. (3.11)

For wavenumbers k above kJ =
√

4πGρ0/c2
0, ω2 > 0 and the solutions are oscillatory,

while for wavenumbers below this value, the solutions are exponentially growing or de-
caying. However, the presence of a growing solution in the latter case implies that the
system is gravitationally unstable. Perturbations of size larger than the Jeans length

λJ =

√√√√ πc2
0

Gρ0
, (3.12)

are amplified while smaller perturbations fade away. For a gaseous cloud, it means that a
spherical overdensity of size larger than the Jeans length will be unstable gravitationally
and collapse.

Timescales. The Jeans instability can be interpreted in terms of timescales. Indeed,
a spherical gaseous cloud of initial density ρ0 will collapse when its radius r verifies

r

c0
>

√
π

Gρ0
. (3.13)

The left-hand term corresponds to the time needed for a sound wave to propagate through
the cloud, the sound-crossing time, while the right-hand term is approximately the free-
fall time, i.e., the time for the cloud to collapse under its own gravitational attraction.
The sound-crossing time corresponds to the time needed by the system to re-establish the
pressure equilibrium when a perturbation arises, so when it is bigger than the free-fall
time, the system does not have the time to re-adjust itself against gravitational collapse.



96 3.1 Filamentary structures in the ISM and beyond

Previous work on filamentary structures

In the following work, we aim at obtaining a dispersion relation analogous to Eq. 3.11
for the perturbations arising in a cylindrical filament. The standard Jeans instability
assumes an infinite, uniform, unperturbed medium, which corresponds to spherical sym-
metry, while elongated structures introduce a fundamental anisotropy in the equations.
Early studies mostly considered cylindrical structures from a theoretical point of view.
Chandrasekhar & Fermi (1953) notably studied the dynamics of a homogeneous and in-
compressible, infinite, self-gravitating cylinder with a constant axial magnetic field, while
Simon (1963) and Ostriker (1964a) generalized their calculations to a homogeneous com-
pressible cylinder. Stodólkiewicz (1963) further considered an isothermal cylinder em-
bedded in different types of magnetic fields and derived criteria for the critical length
of the perturbations. Remarkably, Ostriker (1964b) derived an analytical expression for
the density profile and the gravitational potential of a self-gravitating cylinder with an
isothermal equation of state:

ρ0(R) = ρc
1(

1 + 1
8

(
R
Rs

)2
)2 (3.14)

Φ0(R) = 2c2
0 ln

1 + 1
8

(
R

Rs

)2
 (3.15)

where ρc = ρ0(0) is the central density, c0 the constant speed of sound, and Rs =
c0/
√

4πGρc a characteristic scale length. This expression is valid for a non-rotating
isothermal cylinder, and notably differs from the spherical isothermal case through its
behavior at large radii. Indeed, ρ0 ∝ R−2 at large radii for isothermal spheres (e.g., Mo
et al., 2010, p. 242) while this profile yields a steeper exponent, with ρ0 ∝ R−4 at such
radii.

In his seminal 1964 paper, Toomre carried out a perturbation analysis for a rotating
disk and obtained a dispersion relation assuming local perturbations. The calculation
applies to galactic disks, but not to elongated filaments. Mikhailovskii & Fridman (1972,
1973) and Fridman & Poliachenko (1984) later described the instability of a homogen-
eous gravitating cylinder of finite radius and infinite length, using a similar perturbation
analysis. But a homogeneous density profile is very restrictive and does not even fit with
an isothermal self-gravitating cylinder. The calculation should ideally be applicable to
any type of density profile and equation of state. Hansen et al. (1976) examined the case
of an infinite, isothermal, and uniformly rotating cylinder of finite radius, whereas more
complex situations were investigated from a numerical perspective (Bastien & Mitalas,
1979; Bastien, 1983; Arcoragi et al., 1991; Bastien et al., 1991; Nakamura et al., 1993,
1995; Matsumoto et al., 1994; Tomisaka, 1995, 1996).

Nagasawa (1987) numerically obtained a dispersion relation in the case of an isothermal
gas cylinder with an axial magnetic field, and found that such a cylinder was unstable to
axisymmetric perturbations of wavelength higher than a particular one. This behavior is
similar to the spherical Jeans case. Studying the stability of self-similar solutions for an
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infinitively long isothermal filament, Inutsuka & Miyama (1992) found that filaments of
mass per unit length close to the critical value required for equilibrium were unstable to
axisymmetric perturbations (cf. Eq. 3.1). When the mass per unit length greatly exceeds
the critical value, fragmentation does not occur and the entire filament globally collapses
towards its axis. Fischera & Martin (2012) further characterized the gravitational state
of isothermal gas cylinders with a finite radial boundary and a non-zero external pres-
sure in terms of the ratio of their mass per unit length to the maximum possible value
for a cylinder in vacuum. This maximum corresponds to the critical value of Inutsuka
& Miyama (1992) when the effective temperature is equal to the thermal temperature.
The comparison of their results with observations of interstellar filaments indicated good
agreement and suggested a temperature of 10 K.

Interest in the growth of instabilities within filaments has been recently revived, not-
ably motivated by observations and simulations of the interstellar medium and the cosmic
web, with the need for a stability analysis compatible with more realistic densities and
equations of state. In particular, Quillen & Comparetta (2010) and Comparetta & Quil-
len (2011) roughly estimated a dispersion relation inspired by Fridman & Poliachenko
(1984) in order to explain the condensations observed in the Palomar 5 tidal tail of the
Milky Way. They were followed and criticized by Schneider & Moore (2011), who car-
ried out a perturbation analysis and used energetic arguments to find out that such a
tidal stream should finally be stable gravitationally. Motivated by the cosmological fil-
aments uncovered by numerical simulations, Breysse et al. (2014) carried out a detailed
perturbation analysis for barotropic but non-rotating filaments.

Current motivation and hypotheses

We aim at obtaining a dispersion relation for density perturbations arising in filament-
ary structures with a minimal set of assumptions. Recent observations have shown that
interstellar filaments are not isothermal, finding dust temperatures that tend to increase
with radius (Stepnik et al., 2003; Palmeirim et al., 2013), and theoretical calculations
inspired by Ostriker (1964a,b) show that such filaments are more stable than their iso-
thermal counterparts (Recchi et al., 2013). This motivates us not to limit ourselves to
the isothermal case, but to assume a more general barotropic equation of state, which
can result in a temperature varying with radius. Not all density profiles would reproduce
the observed trend for the temperature, but so as to keep the calculation as general as
possible, we do not restrict ourselves to any specific density distribution. The pressure
support could be due to thermal as well as turbulent pressure. In fact, in the interstel-
lar medium the dominant term is the turbulent support (e.g., McKee & Ostriker, 2007;
Hennebelle & Falgarone, 2012).

Our idealized picture consists of an infinite self-gravitating and rotating cylinder with
pressure and density related by a barotropic equation of state. We neglect the role of
magnetic fields for simplicity, although their influence may contribute to the formation and
stabilization of the filaments observed in the interstellar medium (Nakamura & Li, 2008;
Hennebelle, 2013; Hennebelle & André, 2013). We treat matter as an inviscid fluid and



98 3.2 Local perturbations in a rotating filament

use hydrodynamics to obtain the linearized equations that govern the local perturbations.
Cylindrical symmetry involves no dependence on the axial and azimuthal coordinates z
and φ for the unperturbed system, and we only consider axisymmetric perturbations.
We further assume that there is no radial movement in the undisturbed system and that
all particles initially share the same axial velocity. As filamentary geometry provides
a favorable situation for small perturbations to grow before global collapse overwhelms
them (Pon et al., 2011), we assume an unperturbed system at equilibrium and initially
neglect the global collapse of the filamentary cloud.

3.2 Local perturbations in a rotating filament

3.2.1 Obtention of a dispersion relation

The unperturbed system

The unperturbed system is assumed to be infinite and cylindrically symmetric. The
undisturbed density is thus written as ρ0(R), pressure as p0(R), and the resulting grav-
itational field as Φ0(R), in cylindrical coordinates. We assume that there is no radial
velocity in the undisturbed system and that all fluid particles share the same initial axial
velocity. The velocity field can then be written in the reference frame of the cylinder
as ~v0(R, φ) = RΩ0(R) ~eφ, where Ω0(R) is the undisturbed angular velocity and ~eφ the
azimuthal unit vector. This expression guarantees mass conservation, and all calculations
will hereafter be carried in the reference frame of the unperturbed system, without loss of
generality. We further assume the gas to be barotropic, so that its pressure only depends
on the density and the pressure force can be expressed in terms of the enthalpy h0(R),
which is defined by

dh0 = 1
ρ0
dp0. (3.16)

For the unperturbed system, the radial equation of motion and Poisson’s equation can be
written as

−RΩ2
0 = −∂h0

∂R
− ∂Φ0

∂R
(3.17)

∇2Φ0 = 4πGρ0. (3.18)

Linear perturbations

We study the growth of instabilities when the physical quantities deviate from their equi-
librium values. The dynamics of the perturbed system is determined by the following set
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of linearized first-order equations, where the infinitesimal disturbances are denoted by an
index 1: 

∂ ~v1

∂t
+
(
~v0.~∇

)
~v1 +

(
~v1.~∇

)
~v0 = −~∇h1 − ~∇Φ1

∂ρ1

∂t
+ div (ρ1 ~v0) + div (ρ0 ~v1) = 0

∇2Φ1 = 4πGρ1.

(3.19)

These equations correspond respectively to the equation of motion, the continuity equa-
tion, and Poisson’s equation. The linearized equation of state yields for its part (see
Appendix E.1)

h1 = c2
0
ρ1

ρ0
(3.20)

where c0(R) is the speed of sound, defined for the barotropic fluid by

c2
0 =

(
∂p

∂ρ

)
ρ0

=
(
dp

dρ

)
ρ0

. (3.21)

For an isothermal cylinder, c0 would be a constant related to the gas temperature, but
the following calculations apply to any barotropic fluid. Assuming axisymmetric perturb-
ations of the generic form e−iωteikRReikzz (normal modes), we obtain

ωv1R − 2iΩ0v1φ = −i∂h1

∂R
+ kRΦ1

ωv1φ − 2iBv1R = 0
ωv1z = kzc

2
0
ρ1

ρ0
+ kzΦ1

ωρ1 + i
1
R

∂

∂R
(Rρ0v1R)− kzρ0v1z = 0

1
R

∂

∂R

(
R
∂Φ1

∂R

)
− k2

zΦ1 = 4πGρ1

(3.22)

where the equation of motion has been projected on the different cylindrical axes, and
B(R) = −1

2

(
Ω0(R) + ∂

∂R

(
RΩ0(R)

))
is one of Oort constants (e.g., Jog & Solomon, 1984).

Local perturbations

In this section, we assume local perturbations: the typical scale of the perturbations is
small compared to that of the unperturbed quantities, i.e., kRR0 � 1, where R0 is the
typical radius for the unperturbed distribution within which the perturbations occur.
This assumption was made in a seminal article by Toomre (1964), and is analogous to the
Wentzel-Kramers-Brillouin approximation (WKB) used in quantum physics. Perturbed
quantities X1 oscillate rapidly with the radius R whereas unperturbed quantities X0
change much more smoothly along the radial direction, so that∣∣∣∣∣X1

∂X0

∂R

∣∣∣∣∣�
∣∣∣∣∣X0

∂X1

∂R

∣∣∣∣∣ .
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This approximation yields up to the first order

∂h1

∂R
= ∂

∂R

(
c2

0
ρ0
ρ1

)
= c2

0
ρ0

∂ρ1

∂R
+ ρ1

∂

∂R

(
c2

0
ρ0

)
' c2

0
ρ0

∂ρ1

∂R
(3.23)

1
R

∂

∂R
(Rρ0v1R) = ρ0

∂v1R

∂R
+ v1R

1
R

∂

∂R
(Rρ0) ' ρ0

∂v1R

∂R
(3.24)

1
R

∂

∂R

(
R
∂Φ1

∂R

)
= ∂2Φ1

∂R2 + 1
R

∂Φ1

∂R
' ∂2Φ1

∂R2 (3.25)

and the linearized equations become

ωv1R − 2iΩ0v1φ = kR
c2

0
ρ0
ρ1 + kRΦ1

ωv1φ − 2iBv1R = 0

ωv1z = kz
c2

0
ρ0
ρ1 + kzΦ1

ωρ1 − ρ0kRv1R − ρ0kzv1z = 0
− k2

RΦ1 − k2
zΦ1 = 4πGρ1.

(3.26)

Combining these equations, we obtain the local dispersion relation,

ω4 + ω2
(
4πGρ0 − c2

0k
2 − κ2

)
+ κ2k2

z

(
c2

0 −
4πGρ0

k2

)
= 0 (3.27)

where k =
√
kR2 + kz2 corresponds to the total wavenumber and κ is the epicyclic fre-

quency, defined by κ2 = −4Ω0B. Note that this latter quantity, as well as ρ0 and c0, does
depend on the position R at which the perturbations are considered.

When there is no rotation, κ2 = 0 and the asymmetry between the different directions
disappears in this dispersion relation valid for small local perturbations: the local WKB
assumption prevents the perturbations feeling the large-scale geometry of the system.
Eq. 3.27 reduces to the standard dispersion relation for collapsing spherical systems (cf.
section 3.1.3 and Binney & Tremaine, 1987):

ω2 = c2
0k

2 − 4πGρ0. (3.28)

Without rotation, we thus retrieve the Jeans criterion, perturbations larger than λJ =
(πc2

0/Gρ0)1/2 being unstable.

3.2.2 Some properties of the dispersion relation

A condition for stability

Introducing the characteristic angular frequency ω0 =
√

4πGρc, where ρc = ρ0(0) is the
central density of the filament, the dispersion relation obtained in the previous section,
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Eq. 3.27, can be written in terms of the dimensionless variable x = ω/ω0 as a fourth
order polynomial equation:

x4 + αx2 + β = 0 (3.29)

where

α = ρ0

ρc
− c2

0k
2

ω2
0
− κ2

ω2
0

(3.30)

and

β = κ2k2
z

ω2
0

(
c2

0
ω2

0
− 1
k2
ρ0

ρc

)
. (3.31)

This equation can also be considered as a second order polynomial expression in x2, whose
roots are

x2
+ = −α +

√
∆

2 (3.32)

and
x2
− = −α−

√
∆

2 (3.33)

where ∆ = α2 − 4β is the discriminant of the equation. It can be shown (Appendix
E.2.1) that ∆ is always positive, implying that x2 is always real. Moreover, x2

+ is always
positive as well (Appendix E.2.2), so at least two of the four roots of Eq. 3.29 are
real. Consequently, the system is stable to axisymmetric perturbations when x2

− > 0
and unstable when x2

− < 0, as growing modes require a non-zero imaginary part. This
condition reduces to the standard Jeans criterion (Appendix E.2); i.e., all roots are real
and the system is stable when

k2 > 4πGρ0/c
2
0. (3.34)

Introducing the critical wavenumber kcrit =
√

4πGρ0/c0, the filament is expected to
be stable for wavenumbers k > kcrit and unstable below. This stability condition is
symmetrical in kR and kz, does not depend on rotation, and depends on the radius R
at which the perturbation occurs as kcrit is a function of ρ0 and c0. Symmetry arises
because of the local WKB assumption, which prevents the space-limited perturbation
feeling the larger scale behavior of the system. The result is consistent with observations
of structures within an interstellar filament by Kainulainen et al. (2013), which show that
the fragmentation more closely ressembles Jeans fragmentation at small scales than at
higher scales. At small scales, fragmentation is insensitive to the large-scale geometry
and only depends on local properties.

As this equation was established for a barotropic equation of state where c0 could vary
with radius, it can also describe filaments with a non-uniform temperature. Palmeirim
et al. (2013) were notably able to reproduce the increasing temperature profile of a filament
in the Taurus molecular cloud with a polytropic equation of state and a Plummer-like
density profile

ρ0(R) = ρc(
1 +

(
R
R0

)2
)p (3.35)
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with ρc the central density, R0 a characteristic radius and p the exponent of the generalized
Plummer profile. In this case, the temperature is proportional to ργ−1

0 , which increases
with radius for an adiabatic index γ < 1. For such filaments with temperature and sound
speed increasing with radius, the critical wavenumber kcrit falls more rapidly with radius
than in the isothermal case. Consequently, such filaments are expected to be more stable
than their isothermal counterparts, which was also inferred by Recchi et al. (2013) by
comparing the equilibrium structure of isothermal and non-isothermal filaments.

In the isothermal case, Nagasawa (1987) numerically computes the dispersion relation
for axisymmetric perturbations within an infinite non-rotating gas cylinder, and obtains
a critical wavenumber that is 0.561 the critical wavenumber derived from Eq. 3.34 at the
center of a similar filament. The discrepancy is partly due to the simplification involved
in the local assumption, and thus gives an idea of its limitations.

The fastest growing mode

The only solution of the dispersion relation that could be negative and give rise to unstable
modes is x2

−. For a given radius R, the distribution of x2
− in the plane (kR, kz) is a useful

tool to study the properties of the instabilities that could form. As long as k < kcrit,
different unstable modes can grow and coexist. But the fastest growing mode, which
minimizes the value of x2

− for a given kR, will dominate the growth of instabilities and
influence the shape of the resulting structures. At any given radius R, this fastest growing
mode can be described by a polynomial equation in k2 and k2

R (Appendix E.3.1):
(
ρ0

ρc

)2
k2
R

k2 = c2
0
κ2k

2

( c2
0
ω2

0
k2 − ρ0

ρc

)2

+ ρ0

ρc

κ2

ω2
0

 . (3.36)

For a given kR, this equation can be rewritten as a polynomial expression in k/k0, where
k0 = ω0/c0 is a characteristic wavenumber, depending in principle on the position R
through c0:(

k

k0

)8

−2ρ0

ρc

(
k

k0

)6

+ρ0

ρc

(
ρ0

ρc
+κ2

ω2
0

)(
k

k0

)4

−κ
2

ω2
0

(
ρ0

ρc

)2 (
kR
k0

)2

= 0. (3.37)

For an isothermal filament, k0 corresponds to the critical wavenumber taken at the center
of the filament. When the curve associated with Eq. 3.37 in the (kR, kz) plane is above
the line kz = kR, the structure resulting from the perturbation is expected to be oblate,
whereas when kz < kR, the structure is expected to be prolate. This curve meets the line
kz = kR when kR satisfies (Appendix E.3.2):

(
kR
k0

)6

− ρ0

ρc

(
kR
k0

)4

+ 1
4
ρ0

ρc

(
ρ0

ρc
+ κ2

ω2
0

)(
kR
k0

)2

− 1
16

(
ρ0

ρc

)2
κ2

ω2
0

= 0. (3.38)

This polynomial equation can be solved numerically, and should give a threshold value
for kR separating prolate and oblate collapsed structures.
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3.2.3 Application to a fiducial interstellar filament

TMC-1, or ‘The Bull’s Tail’

As an illustrative numerical application, we use a filament from the Taurus molecular
cloud, TMC-1, also known as ‘The Bull’s Tail’ (Nutter et al., 2008) and shown in Fig.
3.6. Recent Herschel observations were able to reveal the structure of interstellar filaments
with unprecedented detail (cf. section 3.1.1 and, among others, André et al., 2010;
Arzoumanian et al., 2011; Malinen et al., 2012; Palmeirim et al., 2013; Kirk et al., 2013),
and the Taurus molecular cloud is one of the closest and most studied star-forming regions
(e.g., Narayanan et al., 2008; Goldsmith et al., 2008). Malinen et al. (2012) fit the density
profile of this filament with a Plummer-like profile of the form

ρ0(R) = ρc(
1 +

(
R
R0

)2
)p , (3.39)

and notably obtain p = 1.1, R0 = 0.043 pc, and ρc = 7.0 × 104 cm−3 from Herschel
dust emission observations. Such values are relatively typical for interstellar filaments,
as shown for a larger sample by Arzoumanian et al. (2011). Noticeably, none of the
filaments studied by Arzoumanian et al. (2011) had the steep p = 2 exponent expected

Figure 3.6 – Herschel infrared column density map of the TMC-1 filament (left) along with
its radial (upper right) and longitudinal (lower right) density profiles, from Malinen et al.
(2012). The ridge of the filament is indicated as a white line on the column density map.
The upper right panel displays the average column density profile (black line) and the fitted
Plummer profile as in Eq. 3.39 (red dashed line). In the lower right panel, the FWHM of
the filament is indicated as black circles (left-hand scale) while the column density along
the ridge is plotted as a solid line (right-hand scale).
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for isothermal filaments (Ostriker, 1964b): their exponents ranged from 0.75 to 1.25, for
a mean characteristic radius R0 = 0.03 pc.

Here we consider an idealized filament whose density profile corresponds to the analyt-
ical Plummer-like profile found by Malinen et al. (2012) for the TMC-1 filament, and nu-
merically solve the dispersion relation (3.27). We use a uniform thermal velocity c0 = 200
m.s−1 for simplicity, which corresponds to a temperature of about 10 K for neutral mo-
lecular hydrogen.

Graphic representation of the dispersion relation

We obtain x2
− as a function of the wavenumbers kR and kz and of the radius R at which the

perturbations are assumed to arise. x2
− is indeed the only solution of the dispersion relation

that could be negative and give rise to unstable modes. Figure 3.7 shows the resulting
distribution of x2

− projected in the planes R = R0, kR = 0.2k0, and kz = 0.2k0, where
k0 = ω0/c0 is the characteristic wavenumber, here equal to about 74 pc−1. As expected
from Eq. 3.34, while the boundary between the stable and unstable regimes is symmetrical
in the plane (kR, kz), rotation and geometry introduce strong asymmetries in the unstable
regime. These asymmetries could affect the shape of the prestellar cores that form within
the filament. Notably, as the dashed line corresponds to the fastest growing instability, in
the unstable regime we expect perturbations with a small kR to be less elongated in the z
direction than perturbations with a larger kR. As shown by the figure and Eq. 3.38, this
curve intersects the line kz = kR around kR,threshold/k0 = 0.31. We thus expect to observe

Figure 3.7 – Projection of the distribution of the frequency x2
− in the planes R = R0,

kR = 0.2k0, and kz = 0.2k0 for an idealized filament inspired by TMC-1, with R0 = 0.043
pc and k0 ≈ 74 pc−1. The color scale is normalized to its maximum for positive values
of x2

− and to its minimum for negative values. The contours are equally spaced. Negative
values of x2

− correspond to an unstable filament, whereas the filament should be stable in
the region where x2

− is positive. The solid black curve separates the stable and unstable
regimes, and corresponds to k = kcrit. This threshold corresponds to a length scale λcrit =
2π/kcrit = 0.13 pc at R = R0. The dashed line corresponds to the minimum value of
x2
−, i.e., to the most unstable mode, and is obtained from Eq. 3.37 for the first panel. It

intersects the line kz = kR at kR,threshold = 0.31k0, which corresponds to λthreshold = 0.28 pc.
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oblate structures of radius greater than λthreshold = 2π/kR,threshold = 0.28 pc, and prolate
structures below. The maps of the TMC-1 filament presented by Malinen et al. (2012)
do reveal clumps along the ridge of the filament: some of them are visible in the Herschel
image presented Fig. 3.6, others show more clumps at different wavelengths. Comparing
their properties with our analytical results could enable to better understand the effect
of the cylindrical geometry, albeit depending on the rotation state of the filament.

Comparison with observations

Comparing this result with observations of proto-stellar regions or molecular clouds is not
straightforward, as most studies are more interested in the statistical distribution of shapes
than in the correlation between shape and size, and as projected quantities are not fully
reliable tracers of three dimensional shapes. Most observations in the Taurus molecular
cloud or in other molecular clouds favor prolate structures within interstellar filaments
and tend to show that cores are elongated along the direction of the filaments (e.g., Myers
et al., 1991; Nozawa et al., 1991; Tatematsu et al., 1993; Onishi et al., 1996; Tachihara
et al., 2000; Curry, 2002; Hartmann, 2002), which is expected in a picture where cores are
formed by gravitational fragmentation of their host filament (e.g., Schneider & Elmegreen,
1979). Jones et al. (2001) and Jones & Basu (2002) also use catalogs of observations for
molecular clouds, cloud cores, Bok globules, and condensations to characterize their shape
and show that neither pure oblate nor pure prolate cores can account for the observed
distribution, and that cores have intrinsically triaxial shapes, but tend to be more prolate
on scales & 1 parsec and closer to oblate between 0.01 and 0.1 parsec. Our result yields
the opposite trend, but the comparison between the two studies may be ambiguous and
using projected axis ratios not be the best method to distinguish between oblate and
prolate structures, as it introduces systematic biases (Curry, 2002).

As our calculations are based on the local WKB assumption kRR0 � 1, the dispersion
relation does not rigorously apply when the wavelength 2π/kR is large compared to the
typical size of the density distribution, and it is thus difficult to assess the relative import-
ance of oblate and prolate cores from this dispersion relation. Moreover, observation of
filaments with clumps of star formation whose size is comparable to the thickness of the
filament could imply that the whole filament collapses along its axis into several clumps,
which would not be a local collapse.

The discrepancies between the predicted and observed shapes could not only be the
consequence of non-local perturbations, but could also be explained if observed structures
have grown in the non-linear regime. A fastest growing mode that is an oblate perturba-
tion in the linear regime could indeed further collapse to a more prolate structure within
the embedding filament in the non-linear regime, as suggested by the numerical calcula-
tion carried out by Inutsuka & Miyama (1997) for isothermal filaments of mass per unit
length close to the critical equilibrium value.

Rotation also logically tends to favor oblate perturbations. Underestimating the velo-
city scale appearing in the pressure term, for example by using a thermal velocity instead
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of taking turbulence into account, consequently produce more oblate structures than it
should. Further studies would be necessary to evaluate the match between observations
and the dispersion relation we obtain, which is beyond the illustrative scope of this nu-
merical application.

3.2.4 An order-of-magnitude estimate for cosmic filaments

Maps of the galaxy distribution in the Universe reveal large coherent structures such as
filaments and walls (e.g., Geller & Huchra, 1989; Gott et al., 2005). Simulations explain
these alignments and predict the existence of a dark matter and gaseous cosmic web that
would connect galaxies one to another (cf. section 3.1.2 and for example Bond et al.,
1996; Springel et al., 2005; Kereš et al., 2005; Dekel et al., 2009a; Fumagalli et al., 2011).
Direct unequivocal evidence of the dark matter and gas filaments is still lacking, and
we have to rely on simulations to describe them. Harford & Hamilton (2011) study a
cosmological simulation at redshift z = 5 and show that the inner core of intergalactic
filaments is predominantly made of gas and that a significant fraction of them can be
described as isothermal gas cylinders. An effective sound speed cs can be computed from
the isothermal profile (Eq. 3.14), and this quantity is shown to correspond to the actual
sound speed determined from the temperature for a significant fraction of the filaments.
The central gas density of these filaments is about 500 times the mean cosmic density
at the simulation redshift, i.e., about 0.1 cm−3. Assuming that the inner part of these
filaments is molecular and atomic, the temperatures of (1− 2) 104 K obtained by Harford
& Hamilton (2011) correspond to a sound speed between 6 − 12 km s−1. The stability
threshold given by Eq. 3.34 applied at the center of such a filament leads to a characteristic
scale λcrit = 2 − 4 kpc for the structures that would form within it, which corresponds
approximately to the size of the filaments. This is consistent with a model in which cosmic
filaments are shaped by gravity and are not merely intersections of sheets. In retrospect,
this justifies modeling them as self-gravitating cylinders. However, we neglected here
the influence of the expansion of the Universe, which should stabilize the cosmological
filaments against gravitational collapse.

3.3 Large-scale perturbations in a static filament

3.3.1 Limits of the local dispersion relation

Assuming perturbations smaller than the typical size of the density distribution, we de-
rived a dispersion relation for axisymmetric perturbations in an infinite, self-gravitating,
and rotating filament (Eq. 3.27). This dispersion relation yields a symmetrical threshold
in the axial and radial wavenumbers between the stable and unstable regions, but the fast-
est growing mode breaks this symmetry and should influence the shape of the resulting
perturbations. However, the local WKB assumption prevents the perturbations feeling
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the large-scale geometry of the system and thus leads to the standard spherical Jeans case
when there is no rotation. The asymmetry of the fastest growing mode comes from the
rotation of the filament. Gravitational collapse should enhance rotation in interstellar and
cosmic filaments due to angular momentum conservation. But although signs of rotation
such as transverse velocity gradients are observed for interstellar filaments, and notably
for TMC-1 (Olano et al., 1988), there generally does not seem to be a global coherent
rotation of such filaments, as assumed in our calculations (e.g., Loren, 1989; Tatematsu
et al., 1993; Falgarone et al., 2001). Additionally, turbulent processes would probably
disturb the rotation that may arise. Hence, our first calculations probably overestimate
the effects of rotation when applied to interstellar filaments, and thus artificially favor
oblate structures. They would however remain relevant in cases of coherently rotating
filaments.

We now aim at obtaining a more general dispersion relation, that would better fit
the observed properties of interstellar filaments. Removing the WKB assumption should
enable to better understand the specific effects of cylindrical geometry, and we will fur-
ther assume non-rotating filaments for simplicity as observations do not seem to indicate
coherent rotation in the case of interstellar filaments.

3.3.2 A dispersion relation with complex terms

Full dispersion relation

Without the local WKB assumption kRR0 � 1, the derivatives present in the hydro-
dynamic equations yield additional terms that were neglected in Eqs. 3.23 to 3.25 and in
the linearized system of equations 3.26. Adding these terms to the linear equations yield

ωv1R − 2iΩ0v1θ = kR
c2

0
ρ0
ρ1−iρ1

∂

∂R

(
c2

0
ρ0

)
+ kRΦ1

ωv1θ − 2iBv1R = 0

ωv1z = kz
c2

0
ρ0
ρ1 + kzΦ1

ωρ1 − ρ0krv1R+iv1R
1
R

∂

∂R
(Rρ0)− kzρ0v1z = 0

−k2
RΦ1+ikR

R
Φ1 − k2

zΦ1 = 4πGρ1.

(3.40)

where the previously neglected terms have been highlighted in blue. Introducing the
characteristic angular frequency ω0 =

√
4πGρc and the dimensionless variable x = ω/ω0

as in section 3.2.2 again enables to express the resulting dispersion relation as a fourth
order polynomial equation (cf. Appendix E.4)

x4 + Ax2 +B = 0 (3.41)
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z
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Without the local WKB assumption, the dispersion relation retains its complex terms
and all modes are potentially unstable. This dispersion relation is valid in the case of an
infinite barotropic gas filament with cylindrical symmetry. We assume no radial velocity
and the same velocity along the direction of the cylinder for all particles in the unperturbed
system. Perturbations are assumed to be small enough to linearize the equations and we
use Fourier decomposition to consider modes proportional to e−iωteikRReikzz.

Non-rotating filaments

As observations do not particularly favor coherently-rotating filaments, we neglect rota-
tion. In this case, the dispersion relation yields

ω2 = −4πGρ0
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from which we can separate the real and imaginary parts of the square of the pulsation
frequency:
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Im(ω2) = 4πGρ0
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3.3.3 Application to TMC-1

Representation of the growth rate in the plane (kR, kz)

We represent the effects of the imaginary terms of the dispersion relation by numerically
evaluating Im(ω/ω0) for an idealized filament inspired by TMC-1 as in section 3.2.3, and
by plotting this quantity in the (kR, kz) plane at different radii R as shown in Fig. 3.8.
The fiducial filament has a Plummer-like density profile with parameters as observed by
Malinen et al. (2012) for TMC-1, i.e., ρc = 7 104 cm−3, R0 = 0.043 pc and an exponent

Figure 3.8 – Imaginary part of the angular frequency resulting from the dispersion relation
3.44 for an idealized filament inspired by TMC-1 in the plane (kR, kz) at different radii.
The plotted quantity is a measure of the growth rate of the perturbations, or alternatively,
of its associated timescale τ . The black solid arc of a circle corresponds to k =

√
k2
R + k2

z

equals kcrit =
√

4πGρ0/c0, the wavenumber separating the stable and unstable domains
according to the local dispersion relation 3.27, while the black dashed line corresponds to
kR = kz. The dotted line follows a set of modes with similar volumes in the plane (kR,
kz), i.e., with kz ∝ 1/k2

R.
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p = 1.1. Again, we further assume a constant thermal sound speed c0 = 200 m s−1, so
the characteristic wavenumber k0 = ω0/c0 ≈ 74 pc−1. Physically, Im(ω/ω0) corresponds
to the growth rate of the unstable modes in units of ω0 ≈ 15 Myr−1, so it can also
be translated into a timescale τ = 1/|Im(ω)|. A perturbation mode of characteristic
scale R0 = 0.043 pc would have a wavenumber 2π/R0 ≈ 2k0 with these settings, so small
perturbations compared to the size of the filament would have characteristic wavenumbers
above this value. As shown in the figure, while the separation between stable and unstable
modes was symmetrical in kR, kz when assuming small local perturbations with the WKB
assumption (cf. section 3.2.2 and Fig. 3.7), the distribution of Im(ω/ω0) here loses its
symmetry without any rotation. In the region within the arc of circle k = kcrit, the
behavior of |Im(ω/ω0)| is less regular than elsewhere, but this region corresponds to very
large perturbations compared to the size of the filament and is thus less relevant physically.

Prolate substructures are favored

The solid black arc of a circle represents the symmetrical threshold of section 3.2.2, where
the total wavenumber k =

√
k2
R + k2

z equals kcrit =
√

4πGρ0/c0. But instead of following
this arc, the nearby lines of equal growth rate draw ellipses whose major axis coincides
with the kz = 0 line, thus favoring more prolate modes with kz < kR than obtained in
the previous section. At a given radial wavenumber kR, the growth rate also generally
increases with decreasing kz, which again favor prolate collapsed substructures. Moreover,
the growth rate generally increases for smaller radii, thus favoring perturbations near the
axis of the filament.

If at a given radius we consider a set of individual modes with equal volumes, i.e.,
with their wavenumbers varying as kz ∝ 1/k2

R, the growth rate associated to the different
modes would increase with decreasing kz and increasing kR. The dotted curves of Fig.
3.8 correspond to modes with a constant volume such that

kzk
2
R =

(
2π
R0

)3

, (3.47)

thus including the mode kR = kz = 2π/R0 whose characteristic length scales all equal
R0. The growth rate of these modes increases along the curve from left to right, so such
an evolution conserving the volume is more likely to produce more and more elongated
structures.

As already mentioned, the fact that elongated substructures are favored is corroborated
by most observations in the Taurus molecular cloud and elsewhere. Indeed, pre-stellar
cores are often found to be stretched along the direction of the filaments in which they
reside (e.g., Myers et al., 1991; Nozawa et al., 1991; Tatematsu et al., 1993; Onishi et al.,
1996; Tachihara et al., 2000; Curry, 2002; Hartmann, 2002). Further work would be needed
to better understand the general dispersion relation found here and its implications for
observations. We are notably planning to carry out numerical simulations of idealized
filaments such as the one inspired by TMC-1 that was considered here.
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3.4 Discussion and perspectives

3.4.1 Summary

To investigate the growth of instabilities within filamentary structures and the proper-
ties of the resulting condensations, we considered idealized self-gravitating filaments and
derived the dispersion relation for small linear perturbations within them. We assumed
no specific density distribution, treated matter as a fluid, and used hydrodynamics to
derive the linearized equations that govern the growth of perturbations. The fluid was
assumed to be barotropic, which includes the narrower isothermal and polytropic cases,
and the system cylindrically symmetric. We used an interstellar filament observed in the
Taurus Molecular Cloud, TMC-1 (Nutter et al., 2008; Malinen et al., 2012), as fiducial
numerical application, and notably represented the properties of the dispersion relation in
the (kR, kz) phase plane. Assuming small local perturbations within a rotating filament
leads to a dispersion relation analogous to the spherical Jeans case: perturbations of size
higher than the Jeans length collapse and asymmetries regarding their growth rates arise
because of rotation. The assumption of local perturbations prevents them from feeling
the large-scale geometry of the system, hence leading to the standard spherical case when
there is no rotation. For perturbations of arbitrary size, the dispersion relation retains its
complex terms so all modes are potentially unstable. However, elongated perturbations
near the axis of the cylinder grow faster. Prolate substructures and global collapse seem
to be favored, which would be corroborated by most observations of interstellar filaments.

3.4.2 Discussion

Our calculations focus on the initial linear phase of the perturbations, implicitly assuming
that this first evolution stage sets part of the properties of the resulting collapsed struc-
tures. We also rely on a number of simplifying assumptions, amongst them neglecting
the magnetic fields and the environment surrounding the filaments as well as assuming
that the filaments are bound and self-gravitating, which is probably not the case for all
filaments of the interstellar medium (e.g., Falgarone et al., 2001).

Unperturbed velocity distribution and dispersion

We assumed the same initial axial velocity for all particles, which enabled us to remove
the velocity dependence in the reference frame of the unperturbed system. Although
there may be an average axial flow towards one edge of the filament, the initial velocity
distribution of the particles is likely to be more complex than assumed here. For example,
the case of a Maxwellian distribution could be studied in more detail, as well as the
case of accelerated particles. Peretto et al. (2013) and Zernickel et al. (2013) indeed
observe coherent velocity gradients along interstellar filaments and interpret them as
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a large-scale longitudinal collapse. Filaments feel the gravitational acceleration from
the structures onto which they are accreted, thus leading to accelerated particles. The
longitudinal expansion of tidal tails has notably been shown to have a strong stabilizing
effect (Schneider & Moore, 2011).

In our numerical applications, we invariantly assumed a constant speed of sound cor-
responding to a thermal sound speed. However, the pressure support is probably at least
partly due to turbulence, notably as thermal support is insufficient to explain the observed
lifetimes of giant molecular clouds (cf. section 1.3.1). Additionally, the turbulent velocity
dispersion might vary with the radius of the filament. Indeed, the velocity dispersion σ is
expected to increase with the size R of the filament, as given by Larson’s relation σ ∝ R0.5

(cf. section 1.3.1 and Larson, 1981; Solomon et al., 1987; Blitz et al., 2007). This would
supply an additional support against gravitational collapse for larger radii. The resulting
stability gain could replace that due to rotation, with similar scale dependence, depending
on the density distribution.

Magnetic fields

We neglected the role of magnetic fields in our calculations, although they are ubiquitous
in the interstellar medium and could affect filament stability. Even a small magnetic
field can generally play a significant role in gas dynamics, and moderate fields can have
a strong impact on the fragmentation of gas clouds and on the formation of pre-stellar
cores (McClure-Griffiths et al., 2006; Hily-Blant & Falgarone, 2007; Nakamura & Li, 2008;
Tilley & Pudritz, 2007; Li et al., 2010; Hennebelle, 2013; André et al., 2014). The magnetic
forces are indeed intrinsically anisotropic, which promotes fragmentation. By studying
numerically the dispersion relation for magnetized and non-magnetized isothermal fila-
ments, Nagasawa (1987) has shown that a uniform axial magnetic field does not change
the critical wavenumber but efficiently stabilizes the filament by reducing the growth rate
of the unstable modes. A generalization of our calculations including magnetic fields in
different configurations would help us understand the formation of pre-stellar cores within
interstellar filaments.

The role of the environment

Our model also implicitly assumes an isolated filament, surrounded by voids, whereas
interstellar and cosmic filaments are typically embedded in intricate networks. Indeed,
interstellar filaments tend to branch out from dense star-forming hubs (Myers, 2009)
or to group in smaller-scale bundles of similar properties and common physical origin
(Hacar et al., 2013). These bundles may result from the fragmentation of the initial
cloud into different sub-regions, that further condense into velocity-coherent filaments.
Gas accretion onto the filaments is also expected to play a major role, as it not only
brings mass but also drives internal turbulence and affects the stability of the filament
(Klessen & Hennebelle, 2010; Heitsch, 2013). Indeed, filaments are not static but highly
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dynamical systems. They often show striations from which material can be added, and
they are themselves feeding hubs in which clustered star formation occur (e.g., André
et al., 2014). There are tendrils, knots and torsions affecting interstellar filaments, and
potentially imposing torques and an angular velocity varying along the filament and its
radius, Ω0(R, z). Some of the filaments could also be out of equilibrium, and possibly
expanding radially. Could collapse nevertheless occur locally in such a filament? The
interaction between filaments and with their environment, including tidal fields as shown
in the spherical Jeans case (Jog, 2013), is likely to influence their fragmentation, and
should be further investigated. At cosmological scales, numerical simulations of structure
formation in the Universe show that cosmological filaments often merge with each other to
form bigger and bigger filaments, thus increasing the density contrast with the surrounding
voids (e.g., Springel et al., 2008; Klypin et al., 2011; Vogelsberger et al., 2014).

Non-axisymmetric perturbations

While the study of the environmental effects on the formation of prestellar cores requires
a more detailed study, some limited generalizations of our calculations could be achieved
more easily. We notably limited ourselves to axisymmetric perturbations, while the case of
non-axisymmetric perturbations could also be of interest. Such perturbations are notably
envisaged numerically for an isothermal cylinder by Nagasawa (1987), which could provide
a useful comparison. We could follow up some of these ideas in the future, as well as
address the influence of magnetic fields on our results, and carry out a more detailed
comparison of the local dispersion relation found here with observations and simulations.

3.4.3 RAMSES simulations

In order to better understand our analytical results and the fragmentation of elongated
filaments into pre-stellar cores in the interstellar medium, we started to carry out nu-
merical simulations of idealized filaments with the adaptive mesh refinement (AMR) code
RAMSES (Teyssier, 2002). This numerical code solves the hydrodynamic equations on an
adaptive Cartesian grid and allows a wide range of options for the simulated physical pro-
cesses. The setup to simulate an idealized filament is almost in place, but the results yet
very preliminary as not all relevant physical processes have been taken into account. The
initial conditions are implemented as specific Fortran files condinit.f90 and units.f90
in the patch directory.

An idealized filament

The initial unperturbed conditions correspond to a non-rotating isolated filament with a
Plummer-like density profile

ρ0(R) = ρc(
1 +

(
R
R0

)2
)p , (3.48)
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where ρc, R0 and p enter in the parameter file of the simulation code. This filament is
assumed to be in hydrostatic equilibrium so its unperturbed pressure p0(R) is defined
from

dp0

dR
= −ρ0

dΦ0

dR
, (3.49)

where Φ0(R) is the gravitational potential. Poisson’s equation yields for such a Plummer-
like density profile a gravitational force

dΦ0

dR
= 2πGρcR2

0
p− 1

1
R

1− 1(
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R
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)p−1

 (3.50)

when p , 1, and

dΦ0

dR
= 2πGρcR2

0
1
R

ln
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R
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)2
 (3.51)

when p = 1 (cf. Appendix E.5). Given these expressions, the resulting pressure p0 is
computed as an integral from its radial derivative (Eq. 3.49). The corresponding energy
density is the sum of the kinetic energy density and of the thermal internal energy density

u = p0

γ − 1 (3.52)

where γ is the adiabatic index and the gas treated as an ideal gas. In the absence of
perturbations and without additional forces, the filament defined here is stable.

We assume periodic boundary conditions in all directions, so the filament is infinite
in the longitudinal z direction but not rigorously isolated: there is virtually an infinite
number of replicates of the same filament in the x and y directions. The computational
domain is chosen to be large enough to neglect the gravitational influence of these virtual
replicates.

Density and velocity perturbations

In order to trigger gravitational instabilities within the filament, we introduce some
stochasticity in the density field, namely by adding a small Gaussian perturbation in
each cell. However, as the AMR cells have different sizes for different AMR levels l, the
associated standard deviation σl should not be a constant because a bigger cell corres-
ponds to an average over a large number of smaller cells and should thus yield a smaller
standard deviation at constant density ρ. The relative standard deviation σl/ρ at a given
level l should not be constant either: as the density varies, σl/ρ should depend on the
number of particlesN present in each cell and accordingly decrease as 1/

√
N when density

increases.

To correctly model perturbations arising from the stochasticity of gas particles, we
consider that a single such particle would result in an uncertainty σ0 on the density,
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which is an extensive quantity. Consequently, at the finest level lmax where the grid cell
size is ∆xlmax , the total density ρ of a cell comprising

N = 1
m
ρ (∆xmax)3 (3.53)

particles of mass m should have a standard deviation

σlmax =
√
N σ0. (3.54)

In particular, a similar cell at the center of the filament would comprise Nc particles and
its density would have a standard deviation

σlmax,c =
√
Nc σ0. (3.55)

Introducing the relative standard deviation at the center src = σlmax,c/ρc yields

σlmax =
√
N

Nc

σlmax,c =
(
ρ

ρc

)1/2

src ρc = (ρρc)1/2 src. (3.56)

Now considering that a cell of size ∆xl at level l encompasses

N ′ =
(

∆xl
∆xlmax

)3

(3.57)

cells of size ∆xlmax , the standard deviation in a cell of density ρ at level l should be

σl = σlmax√
N ′

= src (ρρc)1/2
(

∆xlmax

∆xl

)3/2

. (3.58)

The parameter src controls the relative importance of the density fluctuations at the center
of the filament, and constitutes one of the inputs of the model.

Similarly, we could also introduce a Gaussian random velocity to the different cells,
corresponding to a Maxwell-Boltzmann distribution for the gas particles. The Gaussian
random field would again depend on the density and the cell size. However, as the
velocity is an intensive quantity, the dependence in the density ρ would be different: the
standard deviation would be proportional to 1/√ρ instead of being proportional to √ρ.
More precisely, the velocity standard deviation of a particle of mass m with a Maxwell-
Boltzmann distribution is

∆v0 =
√
kT

m
(3.59)

where T is the gas temperature. Consequently, the velocity standard deviation associated
to a grid cell of size ∆xl and density ρ comprising N = ρ (∆xl)3 /m particles should be

∆vl = 1√
N

∆v0 =
√√√√ kT

ρ (∆xl)3 . (3.60)

But such a velocity standard deviation would be highly negligible given the involved scales
and the fact that the AMR grid precisely adapts itself to the cell density in order to have a
roughly constant mass per cell. Alternatively, it could be possible to introduce a velocity
dispersion following Larson’s relation (cf. section 1.3.1) in order to account for interstellar
turbulence. But for the moment, we only include density fluctuations in our model.



116 3.4 Discussion and perspectives

Refinement strategy

The computational domain is chosen to be a cube of size lbox = 10 pc, which is much larger
than the characteristic scale of the filament R0 = 0.1 pc. The coarsest level of the AMR
grid is lmin = 4, which corresponds to a Cartesian grid with

(
24
)3

elements and with a cell
size of 0.625 pc. The grid resolution is adapted at each time step depending on the density
between the low refinement level lmin = 4 and lmax = 10. At the highest level of refinement,
the cell size is about 0.01 pc so as to resolve the central area of the filament within R0
by at least 20 cells in the radial direction. At each timestep, an AMR cell is divided into
eight smaller new cells if the mass within it exceeds 8 × mass_sph = 0.0008 M�. This
threshold is chosen in order to reach the finest level before ρ & ρc/2. A cell of density
ρc/2 at level lmax − 1 will indeed be refined at level lmax if its mass

ρc
2 (∆xlmax−1)3 > 8× mass_sph, (3.61)

which corresponds to mass_sph ≤ 2.7 10−4 M� given ρc and lmax = 10. We chose a
slightly lower value of mass_sph in order to reach the finest refinement level even before.

Avoiding artificial fragmentation

The standard Jeans instability within a gaseous cloud (Jeans, 1902, 1928) results in per-
turbations of scale larger than the Jeans length to be unstable: for such perturbations,
the inner pressure is too weak to overcome self-gravity and the cloud collapses. Numerical
methods always produce finite errors during the discretization process, and notably at the
spatial resolution scale. These errors can act as perturbations to the exact solution and
can thus lead to growing instabilities if larger than the Jeans length (Truelove et al., 1997).
Interestingly, although such instabilities are triggered by numerical errors, the driver of
their growth is a physical process, the Jeans instability. It would nevertheless lead to an
artificial fragmentation, which is to be avoided - especially when aiming at better under-
standing gravitational instabilities. Truelove et al. (1997) show that always resolving the
Jeans length by at least four cells is enough to prevent this artificial fragmentation. But
since the Jeans length is defined as

λJ =
(
πc2

Gρ

)1/2

(3.62)

where c and ρ are the local sound speed and gas mass density, it decreases progressively
while the cloud collapses and can eventually fall below the resolution scale ∆x. A method
to ensure that λJ ≥ 4 ∆x consists in imposing a polytropic pressure floor (Robertson &
Kravtsov, 2008; Teyssier et al., 2010). Indeed, a minimum pressure

pmin = 16∆x2Gρ2

πγ
(3.63)
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enforces λJ ≥ 4∆x, γ being the adiabatic index 2. This pressure floor proportional to ρ2

corresponds to a polytropic index g_star = 2 and can also be expressed as a temperature
floor

Tmin = 16∆x2Gmρ

πγkB
(3.66)

where m = mH/X is the mean mass per particle, with X = 0.75. Such a temperature
threshold can be introduced within RAMSES through the variables g_star = 2, T2_star
and n_star. When the polytropic index equals 2, the minimum Jeans length is also
conveniently constant.

Preliminary test results

As a first simulation attempt, we consider an idealized interstellar filament whose prop-
erties are of the same order of magnitude as those of TMC-1 or the filaments observed
by Arzoumanian et al. (2011). We assume an isothermal profile with Plummer exponent
p = 2 and add density perturbations with a relative standard deviation at the center
src = 10−2. The parameters defining these initial conditions are summarized in Table
3.1. The RAMSES simulation code includes different models for cooling, heating, metal
enrichment or even star formation. This first attempt was carried out with default values
for the parameters ruling these processes, so a more careful tuning would be necessary
to obtain truly physically meaningful results. Varying these parameters would also help
testing our model and better understanding the formation of pre-stellar cores within the
filaments of the interstellar medium.

Central density ρc 104 cm−3

Characteristic radius R0 0.1 pc
Plummer exponent p 2
Adiabatic index γ 5/3
Central relative standard deviation src 0.01

Table 3.1 – Parameters setting the initial conditions for an idealized interstellar filament.

2The sound speed being defined for an ideal gas as c =
(
γp/ρ

)1/2 =
(
γkT/m

)1/2, where m is the
mean mass per particle and γ the adiabatic index,

λJ ≥ 4∆x ⇐⇒ πc2

Gρ
≥ 16∆x2 ⇐⇒ π

Gρ

(
γp

ρ

)
≥ 16∆x2 ⇐⇒ p ≥ 16∆x2Gρ2

πγ
(3.64)

and alternatively,

λJ ≥ 4∆x ⇐⇒ π

Gρ

(
kT

m

)
≥ 16∆x2 ⇐⇒ T ≥ 16∆x2Gmρ

πγk
. (3.65)
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Fig. 3.9 displays the evolution with time of the fiducial filament. After having been
relatively stable during 5 Myr, it fragments into high-density spherical structures. The
time during which the filament remains stable probably depends on the level of the fluc-
tuations, src, but the subsequent collapse happens within a few dynamical timescales,
which is comparable to what simulations of core formation in the interstellar medium
usually yield (e.g., Kudoh & Basu, 2008; Basu et al., 2009a,b; André et al., 2009; Gong &
Ostriker, 2015). Although the cylindrical symmetry of the system initially favors elong-
ated perturbations, the resulting pre-stellar cores are spherical. The fact that the overall
cylindrical geometry is not fundamentally disturbed might be explained by the low level
of the perturbations that were introduced, or possibly also by the gravitational influence
of the virtual filament replicates. The latter possibility would require to increase the box
size or change the boundary conditions. In any case, a more detailed and quantitative
study would be necessary to better understand the relation between the properties of
the pre-stellar cores and their parent filament. In particular, their size, shape and the
separation between them could result from some of the filament’s properties. The res-
ults would also be compared with the dispersion relation obtained analytically in section

Figure 3.9 – Evolution of the projected density of an idealized interstellar filament defined
as in Table 3.1. The plotted quantity is the volume-density-weighted gas density of the
filament along a direction perpendicular to its axis. The axes of the figure span 10 pc in
length and 0.8 pc in width.
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3.3. Physically-motivated parameters should be introduced to account for the different
baryonic processes, taking advantage of the numerous options offered by the RAMSES
code. Amongst them, those supervising cooling, heating, metal enrichment or even star
formation and magnetic fields. Our simulations are yet only very preliminary, and should
be further investigated.

Galaxy-scale simulations

We are also potentially planning to carry out simulations at larger scales in relation with
the observational study presented in Chapter 2. Indeed, the first PHIBSS program has
uncovered large molecular gas reservoirs in high redshift galaxies, and simulating such
galaxies enables to better understand the cosmic evolution of the star formation rate and
the quenching of star formation. As in the ALMA project briefly presented in section
2.4.4, we would concentrate in particular on the relations characterizing star formation at
sub-galactic scales, and on the fate of the star-forming regions. Such simulations would
also use the RAMSES simulation code and could benefit from the DICE software (Perret
et al., 2014), which generates idealized initial conditions for disk galaxies.





Part Three

The influence of baryonic processes
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CHAPTER 4

From cusps to cores: a stochastic model

Galaxy and star formation in the ΛCDM cosmological model result from a cosmic evolu-
tion primarily driven by dark matter dynamics, as baryons only represent a small fraction
of the mass and are assumed to condense within dark matter haloes. But star forma-
tion and dissipative baryonic processes can in turn affect the dark matter distribution
at galactic scales, notably through the different feedback mechanisms. Stars and active
galactic nuclei (AGN) indeed give rise to powerful outflows and shock waves which can
perturb the gravitational potential of a galaxy and hence the trajectories of the dark mat-
ter particles. Such interactions between the baryonic and dark matter components could
help solve the remaining discrepancies between the ΛCDM model and observations.

Despite its huge success at explaining the large scale structure of the Universe, the
standard ΛCDM model indeed faces severe challenges when confronted with observations
at galactic and galaxy cluster scales. The core-cusp problem is one of these apparent
discrepancies: early simulations based on the ΛCDM paradigm overpredicted the dark
matter density at the center of dark matter haloes. Whereas observations show core-like
behaviours in the inner parts of such systems, simulations yielded much steeper, cuspy
profiles. Different options can be considered for resolving these challenges. Amongst
them, introducing lighter dark matter particles instead of the weakly interacting massive
particles usually assumed; rejecting the dark matter scenario itself and explaining the
discrepancies between theory and observations by modifying the gravitational laws; and
finally, better taking into account the interactions between the baryonic and dark matter
components. The effects of the different feedback processes originating from star formation
and AGNs at the center of dark matter haloes could indeed significantly change the dark
matter distribution and lead to cored density profiles.

In this chapter we study the effects of density fluctuations arising from the different
feedback processes on the dark matter distribution through analytical calculations and
collisionless numerical simulations. While cosmological simulations of galaxies are already
able to reproduce the cored profiles by introducing various feedback mechanisms, we do
not detail these complex phenomena and rather model their possible effect as Gaussian
random processes, particularly with power-law spectra. The aim is to develop and test
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a general theoretical model, and to understand the effects associated with the density
fluctuations as inferred from the simulations and their dependence on the physical input
and numerical implementation. We notably derive the velocity variance resulting from the
perturbations, as well as the characteristic relaxation time of the dark matter particles.
We show that these perturbations can indeed transform the cuspy density profile into a
cored one, and could thus help resolve the core-cusp discrepancy.

This chapter first presents some of the challenges faced by the ΛCDMmodel at galactic
scales, before focusing on the core-cusp discrepancy and on the processes through which
baryons could affect the dark matter distribution and resolve the problem. Sections
4.1 and 4.2 introduce the subject, section 4.3 presents our analytical calculations, while
sections 4.4 and 4.5 discuss our numerical setup and its results. This work was carried
out in collaboration with Amr El-Zant at the British University of Cairo, Egypt, as part
of an Imhotep Franco-Egyptian Partenariat Hubert Curien.
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4.1 The core-cusp discrepancy

4.1.1 Challenges of the ΛCDM model at galactic scales

The current ΛCDM cosmological model is very successful at describing the evolution of
the Universe, from a very homogeneous state as shown by the cosmic microwave back-
ground (CMB), to the present day clustered distribution of matter with galaxies, clusters
of galaxies and voids between them. The same cosmological parameters that fit so well the
CMB power spectrum indeed also predict the mass distribution that is observed today
at all scales (Hlozek et al., 2012). Moreover, numerical simulations within the ΛCDM
paradigm are now able to produce realistic galaxies and clusters of galaxies whose proper-
ties fit well with the observations (e.g., Ocvirk et al., 2008; Primack, 2012; Schaller et al.,
2015; Chan et al., 2015). However, while the ΛCDM model agrees so well with observa-
tions of the large-scale structure of the Universe, it has faced and still faces challenges on
smaller scales. Here is a brief summary of some of these challenges.

“Downsizing”

The ΛCDM model is hierarchical in the sense that small structures form first and pro-
gressively merge and accrete to form bigger structures. If all galaxies were forming stars
at similar rates, we would not expect bigger ones to have specifically older stellar popula-
tions. However, the oldest stellar populations were observed to reside in the most massive
galaxies (e.g., Cowie et al., 1996). As it seemed to indicate that massive galaxies formed
earlier than less massive ones, in contradiction with the hierarchical scenario, it was con-
sidered as one of the first drawbacks of the ΛCDM model. This apparently problematic
inversion of the bottom-up hierarchical scenario became known as “downsizing”.

But star formation is not equally efficient, and is actually more efficient in haloes
whose masses are between 1010 and 1012 M�. Supernova feedback indeed impedes star
formation for halo masses below 1010 M� (Dekel & Silk, 1986) while AGN activity heats
and blows away the gas above 1012 M� (Cattaneo et al., 2009). Additionally, cold accretion
along filaments of the cosmic web onto the center of galaxies is a characteristic feature of
low-mass haloes, but heating dominates above 1012 M�, where the gas ceases to accrete
(Dekel & Birnboim, 2006; Dekel et al., 2009a). Because of the resulting star-forming band
between 1010 and 1012 M�, today’s massive galaxies are embedded in haloes which crossed
the 1010 M� threshold earlier and their progenitors thus started to form stars at earlier
epochs. Downsizing can consequently be explained within the ΛCDM model.

The “angular momentum catastrophe”

Early ΛCDM simulations formed disks that had much less angular momentum and were
thus much smaller than the disks of observed galaxies (Navarro et al., 1995; Steinmetz &
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Figure 4.1 – Comparison of the specific angular momentum of simulated and observed disk
galaxies as a function of their rotation velocity, from Steinmetz & Navarro (1999). At
any rotation velocity, the angular momentum of simulated galaxies is lower by about an
order of magnitude as compared to observations. The solid line shows the typical specific
angular momentum of dark matter haloes for comparison.

Navarro, 1999; Navarro & Steinmetz, 2000). Fig. 4.1 from Steinmetz & Navarro (1999)
illustrates this discrepancy, which was not due to numerical effects. A significant fraction
of the angular momentum of the baryons had been transferred to the dark matter, leading
simulated disks to be an order of magnitude too small.

In addition to gravity, these simulations included gas hydrodynamics, radiative and
Compton cooling, simple recipes for transforming gas into stars, and minimal feedback
models to account for the energy released by supernovae to their surroundings. But
without sufficient feedback, the gas cools excessively, contracts at the center of the haloes
and transfers its angular momentum to the dark matter, notably through dynamical
friction and tidal stripping (Navarro & Benz, 1991; Navarro et al., 1997; Maller & Dekel,
2002). Higher resolution simulations with stronger feedback yield more realistic disks (e.g.,
Guedes et al., 2011), which contributes to solve the “angular momentum catastrophe”.

Bulgeless giant galaxies

In the hierarchical ΛCDM model, galaxies assemble through more or less violent merger
events. Major mergers should perturb galactic disks and transform them into classical
bulges. However, observations show that bulgeless galaxies and tiny pseudo-bulges pre-
vail in the local Universe, and the existence of giant, pure-disk galaxies without bulge
challenges our picture of galaxy formation (Kormendy & Fisher, 2008; Kormendy et al.,
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2010; Kormendy, 2015). Indeed, about two thirds of observed galaxies have little or no
bulge, including the Milky Way and other nearby galaxies, whose apparent bulges are
rotationally-supported: they are part of the disk, and not independent components res-
ulting from mergers (Shen et al., 2010; Kormendy & Barentine, 2010). These observational
constraints impose that most galaxies did not experience major merger events since z = 4
and that most existing bulges were built by a combination of minor mergers and secular
processes (Weinzirl et al., 2009).

Small galaxies are consistently expected to accrete gas through cold streams of the
cosmic web or minor mergers and to experience fewer major mergers (Dekel & Birnboim,
2006; Dekel et al., 2009a). However, the existence of giant bulgeless galaxies is more
difficult to explain within the ΛCDM paradigm, especially as such galaxies are not unusual
at all (Kormendy et al., 2010). Even if major mergers are rarer than initially thought
(Naab, 2013), the secular evolution of observed high redshift clumps should indeed produce
bulges or pseudo-bulges. These clumps are expected to interact, lose angular momentum
through dynamical friction, and to migrate towards the center of the galaxies to form
bulges (Genzel et al., 2008; Elmegreen et al., 2008; Dekel et al., 2009b; Dekel & Krumholz,
2013; Bournaud et al., 2014).

As for other challenges of the ΛCDM model, feedback processes from stars and AGN
are often invoked to resolve the problem. Feedback could indeed contribute to disrupt the
clumps before they reach the central part of the galaxies. But it is probably insufficient
as the galaxy evolution that makes disks instead of bulges does not only depend on the
galaxy mass, but also crucially on the environment. Indeed, while most field galaxies
such as those of the Local Group are pure disks, the proportion of bulges is much higher
in denser environments such as the Virgo cluster (Kormendy et al., 2010). It could also
be tempting to invoke feedback to delay star formation until the final halo is assembled:
mergers would have already happened, and stars would form in an undisturbed disk. But
such a scenario is notably impossible in the case of the Milky Way, as the oldest stars in
its disk are 9-10 Gyr old: much of the galaxy growth happened when the disk was already
in place (Kormendy et al., 2010). The reason why ΛCDM produces too many bulges is
still open.

The ‘too big to fail’ problem

The “too big to fail” problem is one of the most serious remaining issues of the ΛCDM
model. Not only do numerical simulations predict too many subhaloes than are observed
for galaxies like our Milky Way (Moore et al., 1999; Klypin et al., 1999), but the simulated
subhaloes are too big to fail to form stars and to be observable (Boylan-Kolchin et al.,
2012). Fig. 4.2 from the seminal Moore et al. (1999) article compares the abundance
of substructures between the Milky Way, the Virgo cluster and simulations of similar
masses: while the cluster data fits well with the corresponding simulation, the observed
Milky Way satellites are more than an order of magnitude less numerous than expected.

In the hierarchical model of galaxy formation, haloes are formed by successive mergers
of smaller haloes, some of them surviving the formation of the galaxy. Such subhaloes are
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Figure 4.2 – Comparison of the number of substructures in the Milky Way and the Virgo
cluster with numerical simulations of comparable masses from Moore et al. (1999). The
black filled circles correspond to the satellites of the Milky Way while the open circles to
the Virgo cluster. The cumulative number of substructures is plotted as a function of their
circular velocity, which is a proxy for the mass of the substructure.

formed independently and are thus all potential sites of star formation. One of the first
hypothesis to explain the robust discrepancy between the number of subhaloes in dark-
matter-only simulations and the observed satellites of the Milky Way is to assume that
most of the subhaloes do not contain enough baryons to be observed (Moore et al., 1999;
Klypin et al., 1999). Processes such as feedback from supernovae or ultraviolet background
heating due to the reionization of the Universe can indeed account for removing the
baryons from low mass haloes or suppressing the accretion onto them, hence inhibiting
their star formation. Another mechanism to remove gas from low-mass haloes could also
involve the cosmic web, as suggested by Benítez-Llambay et al. (2013): because haloes
are moving with respect to the cosmic web, ram pressure stripping could remove some
of the gas - an effect which would be more signicant in low-mass haloes as their binding
energy is lower.

If the only subhaloes to form stars are the most massive, the number of observable
satellites decreases from thousands to tens, in agreement with observations. But this
implies that Milky Way satellites correspond to the most massive subhaloes expected
from simulations, and there seem to be a mismatch between the two. While the best-
fitting dark matter haloes of Milky Way satellites all have characteristic circular velocities
Vmax between 12 and 24 km s−1, ΛCDM simulations predict at least ten subhaloes with
Vmax > 25 km.s−1: simulated subhaloes have much higher densities than the observed ones
(Springel et al., 2008; Boylan-Kolchin et al., 2011, 2012; Garrison-Kimmel et al., 2014).
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Strong feedback from supernovae could have lowered the core densities to explain these
observations, but seems to be insufficient to resolve this ‘too big to fail’ problem (Garrison-
Kimmel et al., 2013): massive subhaloes are not expected to have had their star formation
drastically suppressed, and should be observable. Moreover, the many substructures
predicted by ΛCDM simulations might impede the formation and the survival of spiral
disks in galaxies such as the Milky Way by inducing strong fluctuations in the gravitational
potential (Moore et al., 1999).

The “too big to fail” problem might hint at the necessity to modify the ΛCDM model,
notably by adding a warm dark matter (WDM) or self-interacting dark matter instead of
the standard cold dark matter. Indeed, the Milky Way does not seem to be an anomalous
galaxy and the ‘too big to fail’ problem is also relevant for other galaxies (e.g., Papastergis
et al., 2015). Lovell et al. (2012) notably carry out a high-resolution simulation of a galaxy
analogous to that studied by Boylan-Kolchin et al. (2012), but within a WDM paradigm.
They show that WDM is able to reduce the number of subhaloes and to reconcile their
dynamics with the data. Although the WDM paradigm has its own flaws, it might be
part of the solution to the ‘too big to fail’ problem. But as for most other ΛCDM issues,
the solution preferred by proponents of the standard cosmological model involves baryonic
physics and feedback mechanisms. The introduction of baryonic physics into simulations,
and notably of processes such as supernova feedback and tidal stripping, actually seems
to reduce significantly the dark matter mass of observable subhaloes and to better match
observations (Zolotov et al., 2012; Brooks et al., 2013; Brooks & Zolotov, 2014). Lowering
the halo mass of the Milky Way below 1012 M� could also help alleviate the ‘too big to
fail’ problem: such a lowering of the mass is allowed by observations, and the absence
of massive subhaloes might thus just indicate that the Milky Way is less massive than
expected (Wang et al., 2012).

The core-cusp discrepancy

That dark-matter-only simulations predict cuspy density profiles for dark matter haloes
while observations show cored central densities for small galaxies dominated by dark
matter was perhaps the first discrepancy to be pointed out within the ΛCDM model
(Flores & Primack, 1994; Moore, 1994). Pure dark matter simulations indeed predict
that the central density of dark matter haloes scales approximately as ρ ∼ r−1, where
r the radius, and that the density more generally follows a cuspy distribution (Navarro
et al., 1996b). On the contrary, observations of the rotation velocity in dwarf galaxies
show that most galaxies do not seem to have cuspy dark matter profiles and fit better with
constant density cores of size between 1 and 10 kpc (de Blok et al., 2008; Oh et al., 2011).
This core-cusp discrepancy will be presented in more detail in the following paragraphs.

Although we mainly focus here on the core-cusp discrepancy, the issue is related to
most other challenges of the ΛCDM model. Indeed, cores are more easily stripped of
their gas by feedback mechanisms or tidal disruption than cusps because of their shal-
lower gravitational potential. Such profiles would thus make galaxies more vulnerable to
feedback processes and more easily quenched. Cored subhalo density profiles could also
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help reduce the number of observable star-forming subhaloes and alleviate the ‘too big
to fail’ problem (e.g., Ogiya & Burkert, 2015). Moreover, the transformation of a dark
matter cusp into a core is very much tied to the issue of angular momentum transfer from
the gas to the dark matter halo. One of the main explanations for the cored dark matter
density profiles indeed involves baryonic physics and its influence on the dark matter, and
simulations show that there is an important transfer of angular momentum between the
two components (e.g., Navarro & Benz, 1991). The precise mechanisms through which
angular momentum and energy are transfered from the gas to the dark matter are yet to
be specified, but they may involve the clumpiness of the baryonic distribution and thus be
related to the fate of the star-forming clumps observed at high redshift and to bulgeless
galaxy formation.

4.1.2 Dark matter dynamics predicts cuspy density profiles

In the ΛCDM model, dark matter represents about 84% of the total matter content of
the Universe (Planck Collaboration et al., 2014, 2015), so the large scale evolution of
the Universe is essentially driven by dark matter dissipationless dynamics. Dark matter
haloes are assumed to form through gravitational instabilities stemming from small density
perturbations in the very young Universe (e.g., Mo et al., 2010; Loeb, 2011), and galaxies
to assemble within the potential wells of these haloes, when the gas cools and starts to
form stars (White & Rees, 1978; Davis et al., 1985). While the clustering process is
mostly governed by the dark matter component, baryons interfere only at later stages.
Hence, dark-matter-only simulations reproduce the large scale structure of the Universe
and should describe the first stages of galaxy formation to a good approximation.

The NFW density profile

To a first approximation, dark matter haloes can be modeled as spherical objects whose
mass distribution is described by a spherically averaged density profile ρ(r). Dark-matter-
only cosmological simulations enable to describe the formation and evolution of dark
matter haloes, and halo density profiles within such simulations are shown to be singular
at their center (e.g., Dubinski & Carlberg, 1991; Warren et al., 1992). Using N-body
simulations of structure formation in the ΛCDM paradigm, Navarro et al. (1996b) notably
showed that the density profiles of dark matter haloes were shallower at small radii and
steeper at large radii than the isothermal profile ρisothermal ∝ r−2, and could be well
described by what is now known as the Navarro, Frenk & White (NFW) profile:

ρ(r) = ρ0

r/Rs
(
1 + r/Rs

)2 , (4.1)

where Rs is the scale radius and ρ0 a characteristic density. Such a profile scales approx-
imately as ρ ∝ r−1 near the center and as ρ ∝ r−3 at larger radii. As the density increases
sharply near the center, the NFW profile is referred as ‘cuspy’.



From cusps to cores: a stochastic model 133

A profile independent of the halo formation history

Navarro et al. (1996b) considered objects whose masses ranged from those of dwarf galax-
ies to those of rich galaxy clusters, and Navarro et al. (1997) further showed that the
NFW profile could describe haloes of all masses, independently of the chosen cosmolo-
gical parameters. The universal behavior holds despite the different formation histories of
the haloes and although such structures are formed by hierarchical clustering and mergers.

The total mass associated with an NFW density profile formally diverges, as the mass
enclosed within a radius r is given by

M(r) = 4πρ0R3
s

ln
(

1 + r

Rs

)
− r/Rs

1 + r/Rs

 . (4.2)

It is therefore necessary to introduce a cutoff radius to define the halo mass, usually taken
as the virial radius Rvir

1. The total halo mass is then defined as its virial mass Mvir, which
can be expressed as a function of Rvir given the cosmological parameters 2. Consequently,
the NFW profile is entirely determined by the total halo mass Mvir and its concentra-
tion parameter C = Rvir/Rs. This parameter depends crucially on the halo formation
history, as haloes which have experienced recent major mergers have low concentration
parameters while those which underwent a long phase of quiescent growth have larger
concentration parameters (Zhao et al., 2003, 2009). Navarro et al. (1997) also showed

1 The virial radius is defined as the radius within which virial equilibrium holds, i.e., within which the
potential energy of the system is equal to twice its kinetic energy in absolute value. The mean overdensity
within Rvir relatively to the mean density of the Universe depends on the matter density of the Universe
Ωm, and can be approximated in the ΛCDM model as

∆vir ≈
(

18π2 + 82(Ωm − 1)− 39(Ωm − 1)2
)
/Ωm (4.3)

(Bryan & Norman, 1998; Mo et al., 2010). But as the virial radius is difficult to measure observationally,
it is often approximated as the radius within which the average density is greater by a certain factor than
the mean density of the Universe or than its critical density ρcrit = 3H2/8πG, where H is the Hubble
parameter. Although the ΛCDM cosmological parameters with Ωm,0 = 0.3089 (Planck Collaboration
et al., 2015) yields ∆vir ≈ 330, a widely used choice is to define the virial radius as the radius within
which the average density is 200 times the critical density of the Universe,

ρmean(Rvir) = 200 ρcrit. (4.4)

Along this work, we use this latter definition of the virial radius, which is still a good approximate
estimate of the radius for virial equilibrium.

2 When the virial radius Rvir is defined as the radius within which the average density equals ρmean =
200ρcrit, the virial mass is simply

Mvir = 4π
3 R3

vir ρmean. (4.5)

It is also possible to define a virial velocity corresponding to the orbital velocity at Mvir,

Vvir =
√
GMvir

Rvir
, (4.6)

which can also be unequivocally expressed as a function of the other virial parameters, given that
Vvir ∝ Rvir ∝ M1/3

vir .
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that the characteristic density ρ0 was closely related to the mean cosmic density at the
time of formation of the galaxy, so that haloes that formed earlier are more concentrated.
This is coherent with the mass dependence of the concentration parameter: more massive
haloes, which assembled later on average, are less concentrated (Macciò et al., 2007). But
despite the different formation histories, the different masses and the different concen-
tration parameters, the density profiles of dark matter haloes always seem to be well fit
by NFW profiles. Although various explanations have been proposed, the origin of this
universality is still not fully understood (Mo et al., 2010).

The Einasto profile

More recent, higher-resolution dark matter simulations (Navarro et al., 2004; Merritt
et al., 2005; Hayashi & White, 2008; Gao et al., 2008; Springel et al., 2008) have showed
that the density profiles bore small deviations from the NFW profile and could be better
fitted by an Einasto (1965) profile

ρ(r) = ρ−2 exp

− 2
α

( r

r−2

)α
− 1


 (4.7)

where r−2 is the radius at which the logarithmic slope of the density profile corresponds to
the isothermal sphere value, dlnρ/dlnr = −2, ρ−2 = ρ(r−2) is the corresponding density,
and α a parameter whose best fit is situated between 0.12 and 0.25 (Hayashi & White,
2008; Gao et al., 2008). Although this profile has three free parameters per se, imposing
α = 0.17 still results in a relatively better fit than the NFW profile. Unlike the NFW
profile, the Einasto profile does not formally diverge when r → 0, but as its logarithmic
slope

dlnρ
dlnr = −2

(
r

r−2

)α
(4.8)

only gets above −0.5 for radii smaller than about 10−3 r−2, it can still be considered cuspy
in most cases. Fig 4.3 compares the NFW and Einasto density profiles as well as their
logarithmic slope, and show that they mainly differ very close to the center of the halo
while the cuspy behavior holds for all radii above ∼ 10−3 r−2. In practice, the observed
innermost radii are above this value.

4.1.3 Cores versus cusps

Cores in dwarf galaxies

Although simulations produced dark matter haloes with cuspy density profiles, observed
rotation curves of dwarf galaxies and low surface brightness galaxies from the 1990s seemed
to show that dark matter haloes had central cores instead of cusps. Moore (1994) notably
obtained rotation curves for a set of dwarf spiral galaxies and showed that they were
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Figure 4.3 – Comparison between the NFW density profile (red solid line) and an Einasto
profile with parameter α = 0.17 (dashed blue line). The left panel displays the density
profile, while the right panel shows the associated logarithmic slope. For the NFW profile,
the radius r−2 where the logarithmic slope equals -2 corresponds to the characteristic radius
Rs = Rvir/C.The flattening of the Einasto profile only becomes significant for r/r−2 .
10−3, so the profile can be considered cuspy in most observational cases.

incompatible with a cuspy density profile. Dwarf galaxies are indeed particularly good
probes of the internal structure of their dark matter haloes as their baryonic content is very
low beyond the central region (e.g., Carignan & Beaulieu, 1989; Jobin & Carignan, 1990),
and as most of their baryonic mass is in the form of neutral hydrogen. Neutral hydrogen
can be observed through its 21-cm emission, which enables to determine unambiguously
the baryonic contribution to the halo mass. Moore (1994) interpreted his result as a severe
drawback for the cold dark matter paradigm, although his approach assumed a specific
relation between the size of a disc galaxy and the size of its dark matter halo. Other
observations of dwarf galaxies and low surface brightness galaxies, as well as measurements
inside galaxy clusters through gravitational lensing, seemed to confirm the fundamental
incompatibility between the simulated cuspy profiles and observations (Flores & Primack,
1994; McGaugh & de Blok, 1998a).

Early observations did not always have the spatial resolution needed to unambiguously
discriminate between cores and cusps (van den Bosch & Swaters, 2001). Using high-
resolution observations from the THINGS survey, Oh et al. (2011) are able to derive more
accurate dark matter density profiles for a set of seven dwarf galaxies, and again find
a discrepancy between the observed rotation curves and the ΛCDM simulations. As in
the previous measurements, they first subtract the disk component to obtain rotation
curves specifically reflecting the dark matter distribution, and then deduce the mass and
density profiles of the halo. Figure 4.4 compares the resulting density profiles with the
NFW profile and with an observationally motivated halo model dominated by a central
core. This latter model corresponds approximately to an isothermal sphere, with a density



136 4.1 The core-cusp discrepancy

profile

ρ(r) = ρC
1

1 + (rRC)2 , (4.9)

and has been shown to describe fairly accurately the rotation curves of galaxies (Begeman
et al., 1991); ρC represents the core density and RC the core radius. Oh et al. (2011) also
consider the inner logarithmic slope of the density profile, defined from the three innermost
data points, and plot it alongside the slopes corresponding to the NFW and pseudo-
isothermal models. The data points have a significant scatter, but the cored density
profile with inner slope α ∼ 0 clearly seems to be favored as compared to the cuspy
NFW profile of slope α = −1. Oh et al. (2011) indeed obtain a mean inner slope α =
−0.29, which is comparable to similar measurements in low brightness galaxies (de Blok
et al., 2001). Fitting the THINGS rotation curves with Einasto profiles similarly leads
to characteristic exponents that are not in agreement with ΛCDM simulations (Chemin
et al., 2011). The THINGS sample was recently complemented by the LITTLE THINGS
sample (Oh et al., 2015), which again shows that the density profiles of dwarf galaxies
deviate significantly from the cuspy dark matter distributions predicted by dark-matter-
only ΛCDM simulations.

Figure 4.4 – Dark matter density profiles for the seven dwarf galaxies from the THINGS
survey (left) and their corresponding inner slope as a function of Rin the innermost point
of the measurements (right), from Oh et al. (2011). The data is compared to NFW
density profiles of inner slope α ∼ −1, and to best-fit pseudo-isothermal halo models with
inner slope α ∼ 0. An Einasto profile would approximately follow the NFW models, as
its deviation from them would only be significant for radii Rin . 10−2kpc given that the
characteristic NFW radii used here range from about 1 to 20 kpc (cf. Fig. 4.3).
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Cores in Milky Way satellites

Dwarf satellite galaxies of the Milky Way could provide another probe of the density
distribution of dark matter haloes. These small spheroidal galaxies have indeed large
mass-to-light ratios and are thus dominated by dark matter (Mateo, 1998). In numerical
simulations, these objects correspond to subhaloes which formed independently and only
later accreted onto the Milky Way halo (e.g., Klypin et al., 1999). Goerdt et al. (2006)
show that the presence of five globular clusters at about 1 kpc of the center of the Fornax
Milky Way satellite is incompatible with a cuspy dark matter subhalo while it is consistent
with a cored density profile. Similarly, Walker & Peñarrubia (2011) determine the mass
profiles of dwarf spheroidals from stellar spectroscopic data and favor cores instead of
cusps. Nevertheless, satellite galaxies are prone to strong tidal forces and deviate from
spherical symmetry, so determining their mass profiles is not easy and it is not always
possible to fully discern cusps from cores (Breddels & Helmi, 2013). Moreover, these
objects highlight by themselves one of the challenges of the ΛCDM model, namely the
‘too big to fail’ problem, and their most basic properties are already a puzzle: given their
mass, they should have formed much more stars, and supernova feedback seems to be
insufficient to explain their low stellar content (Boylan-Kolchin et al., 2012).

Cores in larger galaxies

For larger galaxies, the gravitational potential is more affected by the baryonic component
so it is harder to probe the inner density profile of the dark matter. Nevertheless, about
half of the general galaxy population consists in low brightness galaxies which are still dark
matter dominated (McGaugh et al., 1995; de Blok &McGaugh, 1997), and the dark matter
density distribution is again more consistent with cored density profiles than with cusps
(Kuzio de Naray & Spekkens, 2011). At higher masses, rotation curves of disk galaxies also
tend to favor cored density profiles (McGaugh et al., 2007) and the persistence of galactic
bars over long timescales could indicate that the dark matter distribution is not cuspy.
Numerical simulations indeed show that bars are drastically slowed down by dynamical
friction in high dark matter density haloes so that the central dark matter density must
be lower than expected in barred galaxies such as the Milky Way (Debattista & Sellwood,
1998).

4.1.4 Attempts at solving the problem

Proposed solutions to the core-cusp discrepancy and the related challenges of the ΛCDM
model such as the ‘too big to fail’ problem can be broadly divided into those considering
fundamental changes in the physics of the model and those concerned with the baryonic
processes at stake during galaxy formation and evolution. The first category of solutions
comprises alternatives to the cold, collisionless dark matter such as warm dark matter
(WDM) theories, self-interacting dark matter models, and models that fundamentally
change the gravitational law like Mordechai Milgrom’s MOND theory.
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Warm dark matter

As cusps arise as a consequence of cold gravitational collapse, considering warm dark
matter particles whose initial velocity distribution is higher than that of cold dark matter
may alleviate the problem. Although the cold dark matter scenario has won wider ac-
ceptance in the last decades, dark matter has never been directly detected, so its nature
remains open to different types of particles. Warm dark matter particles lighter than their
cold dark matter counterparts would remain relativistic longer and diffuse out of early
density perturbations of size smaller than the streaming length, thus damping structure
formation at small scales (e.g., Bond et al., 1980). This effect could theoretically facilitate
the obtention of cored dark matter density profiles. However, although numerical simu-
lations within the WDM paradigm produce galaxies in accordance with the number of
satellites orbiting the Milky Way, their dark matter density profiles are still cuspy (Colín
et al., 2000; Bode et al., 2001; Schneider et al., 2012; Lovell et al., 2014). Indeed, Colín
et al. (2000) carry out N-body simulations of Milky Way sized haloes and obtain less
cuspy satellites that are more easily destroyed by dynamical friction and tidal disrup-
tion than in the cold dark matter simulations. The number of satellites is consequently
more consistent with observations, but the host halo still follows a cuspy density profile.
Higher-resolution simulations such as those by Schneider et al. (2012) or Lovell et al.
(2014) yield similar results. Although the central density of WDM haloes depends on
the WDM particle mass and although the obtained density profiles are shallower than
their CDM counterparts, pure WDM cosmology does not seem to provide a fully convin-
cing solution to the core-cusp discrepancy by itself (Strigari et al., 2006; Kuzio de Naray
et al., 2010; Macciò et al., 2012; Shao et al., 2013). Mixed cold plus warm dark matter
models similarly yield mitigated results (Macciò et al., 2013; Anderhalden et al., 2013),
and it seems that taking into account baryonic physics and feedback mechanisms might
be unavoidable in WDM models to understanding the core-cusp discrepancy while simul-
taneously resolving the ‘too big to fail’ problem. Moreover, the power spectrum inferred
from WDM models conflicts with that derived from observations of the Lyα forest. The
numerous Lyα absorption lines and their depth indeed enable to reconstruct the mass
distribution of absorbing structures along the line of sight of distant quasars, and impose
a WDM particle mass higher than requested by the presence of cores (Croft et al., 1999;
Viel et al., 2013; Kennedy et al., 2014).

Self-interacting dark matter

Given the successes of the cold dark matter paradigm on large scales, modifying the
cold dark matter properties might appear as a good approach to solve the problems on
small scales. There are strong observational constraints on the interactions between dark
matter and ordinary matter, but it is also possible to consider a dark matter that is cold,
non-dissipative, but self-interacting. Introducing such a dark matter enables to lower
the central densities of galaxies without hampering the successes of the CDM scenario at
large scales. Spergel & Steinhardt (2000) notably consider a dark matter whose mean free
path is intermediate between ∼ 1 kpc and 1 Mpc so it becomes collisional in the inner
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halo of galaxies and consequently heats up and produces a shallower density profile. The
intermediate mean free path is imposed by the fact that if it were higher than 1 Mpc,
the dark matter particles would not experience any interactions, while if it were below
1 kpc, it would behave as a collisional gas and affects much more dramatically the halo
evolution. With such a mean free path, a dark matter particle is expected to have less
than one collision per Hubble time within the virial radius of the halo. By producing
shallower density profiles, this hypothesis could solve the core-cusp discrepancy as well
as the ‘too big to fail’ problem regarding the number of satellites in Milky Way sized
haloes. Burkert (2000) carried out numerical simulations to describe the evolution of
haloes consisting of weakly self-interacting dark matter particles as suggested by Spergel
& Steinhardt (2000), and noted how the central velocity dispersion increases with time
to lead to a shallower density distribution in excellent agreement with the observations
of dwarf galaxies, as shown in Fig. 4.5. Similarly, Rocha et al. (2013) obtained constant
density cores in simulated haloes with self-interacting dark matter. However, such models
might require a fine-tuning of the dark matter cross section to avoid core collapse after the
expansion phase of the core (Kochanek & White, 2000) and still requires accounting for
the influence of baryons on the halo evolution. More problematically, self-interacting dark
matter implies spherical cluster shapes which seem to be inconsistent with observations
or to constrain too strongly the possible values of the dark matter cross-section (Miralda-
Escudé, 2002; Peter et al., 2013; Zavala et al., 2013).

Figure 4.5 – Dark matter density profile inferred from the rotation curves of dwarf galaxies
(solid line) compared with the halo simulated by Burkert (2000) in the case of a cold weakly
self-interacting dark matter (points with error bars). The dashed line represents the initial
cuspy density profile of the halo.
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Exotic cut-offs in the matter power spectrum

Introducing a minimum scale length below which structure formation is hampered might
resolve the missing satellite problem and the core-cusp discrepancy (e.g., Schneider, 2015).
Thermal WDM models introduce such a cut-off in the power spectrum due to free-
streaming out of small early density perturbations (Bond et al., 1980), but seem to form
galaxies too late (Macciò et al., 2012). Allowing CDM to interact with other constituents
of the Universe or with itself also suppresses small-scale density perturbations (Spergel &
Steinhardt, 2000; Bœhm et al., 2001; Boehm & Schaeffer, 2005). But other solutions to
justify such a cut-off have been suggested. Amongst them, Hu et al. (2000) and Marsh &
Silk (2014) consider models in which dark matter consists of ‘fuzzy’ ultra-light axion-like
particles or mixtures of these particles predicted by string theory and CDM, and obtain
density profiles that include cores without suffering from the late galaxy formation times
of WDM models. Asymmetric dark matter theories, in which the current abundance of
dark matter stems from an asymmetry of particles and anti-particles, could also lead to a
damping of the amplitudes of small-scale perturbations (Petraki & Volkas, 2013). These
models obtain a power spectrum cut-off by modifying the nature of dark matter. Other
exotic dark matter models proposed to solve the core-cusp discrepancy include models of
repulsive dark matter (Goodman, 2000), fermionic dark matter (Destri et al., 2013), or
quantum, wave-like dark matter (Schive et al., 2014). In a different way, alternative infla-
tion models could gradually reduce or introduce a sharp drop in the power spectrum at
small scales and thus provide a different framework to resolve the ‘too big to fail’ problem
and the core-cusp discrepancy (e.g., Kamionkowski & Liddle, 2000).

MOND

Dark matter was initially introduced to explain the rotation curves of galaxies, as visible
matter and Newtonian dynamics could not account for the high velocity plateau observed
at large radii (e.g., Zwicky, 1933; Smith, 1936; Faber & Gallagher, 1979; Rubin et al.,
1980, 1982). Indeed, the observed baryon distribution would have predicted declining
rotation velocities after a certain radius. Adding invisible massive haloes in which galax-
ies would be embedded enabled to explain the observations, and gave rise to the ΛCDM
model. However, instead of adding an additional form of matter, the discrepancy in the
rotation curves can also be resolved by modifying the gravitational law itself. Despite
the successes of the ΛCDM model, such an approach is not yet ruled out, notably given
the elusiveness of dark matter and its recurring non-detection. MOND is an empirically
motivated modification of the gravitational law suggested by Mordechai Milgrom as an
alternative to dark matter (Milgrom, 1983a,b,c; Sanders & McGaugh, 2002; Famaey &
McGaugh, 2012). MOND introduces a characteristic acceleration scale a0 below which
the gravitational attraction approaches gMOND = √gNa0, where gN is the usual Newto-
nian acceleration, and above which it is Newtonian. This parametrization was originally
introduced to account for the flat rotation curves of galaxies and to enforce the empirical
Tully-Fisher relation between their mass and their rotation velocity. It was not designed
to fit in detail the rotation curves. Nevertheless, the agreement with the observations
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Figure 4.6 – Examples of MOND rotation curve fits for dwarf galaxies from the THINGS
survey Gentile et al. (2011). The MOND best-fit model is in red, while the dashed, dotted,
and long-dashed lines respectively represent the Newtonian contributions of the gaseous
disk, the stellar disk, and the bulge.

is striking: there is no cusp problem within MOND. Fig. 4.6 from Gentile et al. (2011)
shows the rotation curves of some dwarf galaxies from the THINGS sample with their
MOND best-fit model, which is a single parameter fit given a0. In the absence of dark
matter, the observed distribution of stars and gas is indeed assumed to trace mass and
to determine the distribution of matter. From this, it is possible to derive the Newtonian
gravitational field gN and the associated effective MOND field gMOND, which depends on
a0, hence the expected orbital velocities. The only free parameters of the fit are a0 and the
mass-to-light ratio M/L, so that only one parameter remains when a0 is fixed. The value
of a0 is a priori unknown and has to be determined from observations. The M/L ratios
derived from the fit are in good agreement with the predictions from stellar population
synthesis models, and the obtained rotation curves agree very well with observations for
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most galaxies, from low-surface-brightness and dwarf galaxies to normal spirals and more
massive high-surface brightness galaxies (Begeman et al., 1991; Sanders, 1996; Sanders
& Verheijen, 1998; McGaugh & de Blok, 1998b; de Blok & McGaugh, 1998; Sanders &
Noordermeer, 2007; Swaters et al., 2010; Gentile et al., 2011; Famaey & McGaugh, 2012).
Despite the fact that MOND was not designed to fit rotation curves (de Blok & McGaugh,
1998), it is able to predict them: MOND at least seems to yield the correct effective force,
and dark matter theories should have to account for this success. The MOND frame-
work is also able to reproduce the properties of isolated or interacting galaxies (Tiret
& Combes, 2007, 2008), explains the formation of warps in apparently isolated galaxies
(Brada & Milgrom, 2000b) and implies that dwarf galaxies are more vulnerable to tidal
disruption, which would alleviate the “too big to fail” problem (Brada & Milgrom, 2000a).
MOND is generally very successful from dwarf galaxies to superclusters, but lacks an un-
derlying relativistic theory so can’t be unambiguously extended to cosmological problems
for the moment (Sanders & McGaugh, 2002). Mass discrepancies in clusters also seem
to require a form of dark matter within the MOND paradigm, proponents of the theory
favoring unseen baryonic matter (e.g., Sanders, 1999) and opponents seeing it as a major
drawback for the theory (e.g., Gerbal et al., 1992; Clowe et al., 2006). Interestingly,
the value of a0 is of the same order of magnitude as cH0, which suggests that MOND
reflects the effects of cosmology on local dynamics, as the Hubble constant H0 describes
the expansion of the Universe.

Baryons

The core-cusp discrepancy arose from dark-matter-only ΛCDM simulations, which pro-
duced cuspy density distributions instead of the observed cores. These dissipationless
simulations did not take baryons into account. But despite constituting only about 16%
of the total mass of the Universe in the ΛCDM model (Planck Collaboration et al.,
2014, 2015), dissipative baryonic physics could play an important role in the dynamics at
galactic scales. Baryons are indeed expected to represent a more significant part of the
mass at the centers of dark matter haloes (e.g., Bell & de Jong, 2001), as they dissipate
energy through cooling, and collapse to smaller scales than the diffuse dark matter. Al-
though the formation and evolution of the large scale structure of the Universe is mostly
determined by the dominant dark matter component in the ΛCDM model, baryons could
in turn impact the dark matter distribution on smaller scales. Hence, better accounting
for baryonic physics could potentially solve the challenges of the ΛCDM model without
changing the paradigm.

Although baryonic physics within the ΛCDM framework is not the only possible solu-
tion to the core-cusp discrepancy and to the other challenges of the dark matter model,
the following work focuses on this latter possibility. Mechanisms that could heat the dark
matter halo would notably help forming cores in simulations. Indeed, an energy supply
at the center of the halo could result in the dark matter particles migrating outwards and
hence reduce the central density of the halo, as required by observations. However, as
dark matter is assumed to interact only gravitationally, it is through their gravitational
potential that baryons should affect it. The next section presents different mechanisms
through which baryons could influence the dark matter distribution.
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4.2 How baryons can affect the dark matter halo

The ΛCDM model is challenged in different ways, and notably through the core-cusp
discrepancy. But because this problem precisely affects scales at which baryonic physics
is expected to play an important role, it might be a consequence of the interaction between
the baryonic and dark matter components. The precise details of these interactions are
still relatively poorly understood, and should thus be investigated before making any
decisive conclusion about the ΛCDM paradigm. Improving sub-grid models to better
describe the complex baryonic processes at stake in numerical simulations is one way to
address the issue, as in Governato et al. (2010). Modern hydrodynamical simulations are
indeed able to reproduce cored density profiles by implementing realistic recipes for the
different feedback processes. But the complexity of such an approach can hide the physical
mechanisms at stake. Here we present different ways to solve the core-cusp discrepancy
and focus on the direct physical mechanisms in which baryons could influence the dark
matter distribution.

4.2.1 Adiabatic contraction

Dark matter particles only interact gravitationally and through weak interactions so ba-
ryons can mostly affect the dark matter distribution through their own gravity and by
modifying the global gravitational potential. The simplest mechanism with which bary-
ons can affect the dark matter is called adiabatic contraction: when baryonic gas cools
and contracts, it accumulates at the center of the dark matter halo, which steepens the
potential well and causes the dark matter to contract as well (Blumenthal et al., 1986).
Even though dark matter exceeds baryonic matter by a factor Ωdark matter/Ωbaryons ∼ 5 on
average (Planck Collaboration et al., 2014, 2015), baryons indeed dominate the gravita-
tional field in the central regions of galaxies. The additional mass at the center of the
halo pulls the dark matter inwards and create cores that are smaller and denser than
they would have been without baryonic dissipation. But contrary to the baryons, dark
matter evolves without dissipation, and its contraction is thus adiabatic. Together with
tidal stripping, reionization and feedback processes from stars and AGN, adiabatic con-
traction is one of the main processes through which baryons can shape the dark matter
distribution of haloes and subhaloes (Zhu et al., 2015).

Fig. 4.7 illustrates the effect of adiabatic contraction in a galaxy formation simulation
by Gnedin et al. (2004). While the original adiabatic contraction model by Blumenthal
et al. (1986) assumed spherical symmetry and homologous contraction, this simulation
takes into account the cosmological context and the series of mergers through which
galaxies are formed. When baryons are allowed to cool and to contract at the center of
the halo, the central dark matter density increases as well. Interestingly, baryons dominate
the total density at r/Rvir . 0.03, Rvir being the virial radius. This is notably due to the
very high gas fraction, which reaches 80% in this z = 4 simulation run. Gustafsson et al.
(2006) similarly show that the central slope of the dark matter density profile of simulated,
Milky Way sized galaxies steepens significantly in the presence of baryons. But they also
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Figure 4.7 – Density profiles of the dark matter and baryonic components in a galaxy
simulation from Gnedin et al. (2004) highlighting adiabatic contraction. When the baryons
are allowed to cool, they contract towards the center of the halo, and so does the dark
matter. The dashed lines enable to compare the simulation results with analytical adiabatic
contraction models.

note that although the adiabatic contraction model developed by Gnedin et al. (2004) is
much more successful at reproducing the density profile than the original spherical model
developed by (Blumenthal et al., 1986), it is not perfect. This might indicate that the
interactions between baryons and dark matter can’t be explained by adiabatic contraction
alone.

4.2.2 Dynamical friction

When a massive object such as a satellite galaxy or a clump of gas moves with respect to
a background of smaller massive particles, it looses part of its energy through dynamical
friction (Chandrasekhar, 1943; White, 1976). Gravity indeed tends to pull the smaller
particles towards the bigger object, but as the latter continues to move relatively to
the background, the concentration of particles increases in its wake. The backwards
gravitational force due to this overdensity of smaller particles slows the massive object
down as a drag or frictional force. In the case of a galaxy, big moving clumps of gas as
those constituting galaxies at high redshift or those resulting from supernova explosions or
AGN activity could thus transfer part of their energy to the dark matter background and
indirectly heat the non-baryonic particles. Contrarily to radiative or thermal dissipation
though, the mechanical energy is conserved so the energy lost by the gas is fully deposited
in the dark matter halo. Dynamical friction also plays an important role in the migration
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of giant clumps to the center of galaxies at high redshift and subsequent formation of a
bulge (Bournaud et al., 2008; Genzel et al., 2008; Dekel et al., 2009b).

As dynamical friction results in heating the dark matter background of a galaxy, it
could help resolve the core-cusp discrepancy. Assuming galaxies in which the gas is clumpy
and the clumps bound enough to survive for a few dynamical times without colliding or
being disrupted, El-Zant et al. (2001) showed through Monte Carlo simulations that
dynamical friction could account for a significant flattening of the dark matter density
profile. The orbital energy of the clumps is sufficient to turn the cuspy initial density
distribution into a core, and so despite the competing effect of adiabatic contraction.
Fig. 4.8 shows the resulting evolution of the density profile for a 1012 M� halo, with and
without dynamical friction. When there is no dynamical friction, adiabatic contraction
leads to an even more peaked density distribution at the center. But when the process is
added to the model, the density decreases significantly at the center of the halo.

El-Zant et al. (2004) further carried out N-body simulations in which particles are
divided into dark matter particles on one side and massive gaseous clumps on the other
to model dynamical friction, and showed that the inner dark matter distribution flattens as
expected from the previous study after a few dynamical times. Cosmological simulations
by Romano-Díaz et al. (2008) in turn show that the presence of baryons progressively
levels the initial cuspy density profile after a phase of adiabatic contraction, and associate
it with the clumpy accretion onto the galaxy and the resulting dynamical friction with
the dark matter background. Using a different, analytical approach, Tonini et al. (2006)
show that an injection of angular momentum to the dark matter suffices to turn a cuspy

Figure 4.8 – Evolution of the density profile of a 1012 M� halo with and without a dynamical
friction model from El-Zant et al. (2001). When there is no dynamical friction (left),
adiabatic contraction condenses the central part of the halo, while the cuspy initial density
profile is turned into a flattened core with dynamical friction (right). The simulation spans
about 2 Gyr up to T=1800, corresponding to about 18 central dynamical times, and the
radius is in units of 2 kpc.
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NFW dark matter density profile into a core, and that dynamical friction can account
for it, as it enables to transfer angular momentum from the baryons to the dark matter.
Goerdt et al. (2010) further carry out N-body simulations in which galaxies are perturbed
by infalling massive objects and find that such perturbations can indeed contribute to
forming a core.

4.2.3 Density fluctuations from feedback processes

Feedback mechanisms and outflows

Young stars and active galactic nuclei (AGN) release energy in their surrounding medium
and generate powerful outflows. The corresponding processes, which include supernova
winds, radiation from young stars and energy release from black hole accretion (cf. section
1.3.3), are crucial to regulate star formation. In dark matter theories, there is indeed a
need for feedback processes that would prevent all the gas to cool down and to form too
many stars (White & Rees, 1978; Blanchard et al., 1992).

Observations of nearby and more distant galaxies reveal that most star-forming galax-
ies generate powerful outflows associated to velocities of a few hundreds of km s−1 (Shapley
et al., 2003; Wilman et al., 2005; Weiner et al., 2009; Rubin et al., 2010; Kornei et al.,
2012; Erb et al., 2012; Geach et al., 2014; Cicone et al., 2014), which are likely driven
by supernova explosions, stellar winds, and radiation pressure from massive stars. On
sub-galactic scales, high-resolution observations have detected AGN-driven outflows from
the central regions of galaxies (e.g., Förster Schreiber et al., 2014; Genzel et al., 2014) as
well as outflows induced by stellar feedback at the scale of individual star-forming clumps
(e.g., Genzel et al., 2011). Such outflows heat or remove part of the gas from the star-
forming regions, prevent further collapse of the gas, and thus decrease the star formation
activity of the galaxies. Nevertheless, most of the material ejected by these outflows is
expected to re-accrete onto the galaxy as metal-enriched gas (Rubin et al., 2012; Davé
et al., 2011b).

But feedback processes do not just affect subsequent star formation. They can also
affect the dark matter scaffolding of the halo. Indeed, by generating powerful and signi-
ficant movements of gas, these processes modify the gravitational potential, which in turn
affect the dark matter distribution. The energy released by AGNs or stars can heat the
dark matter, and thus potentially puff out the dark matter cusp into a core.

Modelling the effects of outflows on the dark matter density profile

Numerical simulations have played an important role in better understanding the potential
causes of the core-cusp discrepancy. As a first attempt to model the influence of supernova
outflows on the dark matter potential, Navarro et al. (1996a) just assumed a brutal
removal of the gaseous disc from the halo, as if supernovae had expelled all of the gas
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from the galaxy. This sudden loss of mass was enough to form a core from the initially
cuspy density profile in their simulations. But this model may not be sufficient to explain
the formation of cores, as later higher-resolution simulations by Gnedin & Zhao (2002)
failed to obtain cores with a similar setup. They observed a steepening of the cusp due
to adiabatic contraction in the presence of the gaseous disk, and the dark matter halo did
expand when the disk was removed, but it remained cuspy and did not settle as a core.
Nevertheless, Read & Gilmore (2005) were able to transform cuspy haloes into cored
ones by combining several violent mass loss phases and slow accretion without taking
into account gas hydrodynamics. The repetition of such events seems to be of crucial
importance to flatten the dark matter distribution.

Starting from cuspy NFW haloes, Mashchenko et al. (2006) assumed that most of
the gas was localized in three large clumps oscillating harmonically near the center of
the galaxies, and observed the flattening of the dark matter density profile to progress-
ively form a core. The effect is expected to be more efficient for dwarf galaxies, as
stellar feedback leads to much more significant large scale gaseous motions (Mac Low
& Ferrara, 1999). To validate this semi-analytical model, Mashchenko et al. (2008) fur-
ther carried out cosmological hydrodynamical simulations modeling star formation and
supernova feedback. They confirmed that the heating of the dark matter and its trans-
formation into a core from such baryonic processes was very efficient. Interestingly, when
cored galaxies merge together, the resulting galaxy preserves a cored dark matter density
profile (Kazantzidis et al., 2006).

Hydrodynamical simulations

Hydrodynamical simulations taking baryonic processes into account are able to reproduce
realistic cored galaxies in a cosmological context. Governato et al. (2010) notably carried
out a simulation of a dwarf galaxy including baryonic processes such as gas cooling, UV
heating, star formation, and supernova heating. They showed that supernova feedback
generates holes in the gas distribution due to bubbles of expanding hot gas. These outflows
remove part of the gas as in Navarro et al. (1996a) or Read & Gilmore (2005) and enable
the dark matter halo to expand to form a core. The expansion of the collisionless dark
matter component is indeed correlated with the strongest outflow events. Governato
et al. (2012) extend this work by focusing on field galaxies in order to avoid the effects
of potential tidal interactions and to concentrate on the consequences of outflows. Their
simulations are tuned to reproduce the expected number of stars and the correct ratio
between stellar mass and halo mass, not to obtain cores. Strikingly, the addition of
baryonic processes is able to reproduce the observed cored density profiles, as shown in
Fig. 4.9. Different types of simulations and implementations of stellar feedback give
similar results (Macciò et al., 2012; Teyssier et al., 2013; Madau et al., 2014; Di Cintio
et al., 2014; Chan et al., 2015) and thus show the crucial role of outflows from supernovae
to transform cusps into cores. However, it seems that cusps can reform themselves after
destruction (Laporte & Peñarrubia, 2015; Oñorbe et al., 2015), implying that the processes
transforming them into cores have to repeat themselves perpetually.
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Figure 4.9 – Evolution of the dark matter density profile of a simulated dwarf galaxy (left)
and comparison between the inner slopes of such profiles with observations (right), from
Governato et al. (2012). In the left panel, while the dark-matter-only simulation retains
its cusp at all redshifts, the simulation with baryonic processes progressively flatten to form
a core. The right panel compares the inner slopes from the simulations with the observed
data from the THINGS and LITTLE THINGS surveys (Oh et al., 2011, 2015) as well
as with the expected cuspy NFW values. While very small haloes of stellar masses below
107 M� do not seem to flatten to form a core, higher mass simulated galaxies have inner
slopes comparable to those observed.

AGN activity can similarly affect the dark matter distribution. Using idealized hy-
drodynamical simulations, Martizzi et al. (2012, 2013) indeed showed that the repeated
cycles of accretion and expulsion in the vicinity of the central black hole of galaxies lead
to the irreversible transformation of the dark matter profile into a core. As in Read &
Gilmore (2005), the repetition of the cycles seems to be an important feature of the phe-
nomenon, as it triggers the gravitational potential fluctuations which modify the dark
matter distribution.

Repeated potential fluctuations

Although hydrodynamical simulations are able to reproduce the observed cored density
profiles of dark matter haloes by adding prescriptions for the various baryonic processes,
they do not describe nor quantify the exact mechanisms through which baryons affect the
dark matter distribution. Pontzen & Governato (2012, 2014) provided an analytical model
to understand such mechanisms, in which repeated, rapid oscillations of the gravitational
potential progressively transfer energy from the gas to the dark matter component.

In this model, supernova explosions create pockets of rapidly expanding gas in the
central region of the halo, leading to strong fluctuations of the local potential. These
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pockets of underdense hot gas can have sizes up to several kpc, and give rise to strong
outflows and large movements of gas. The left panel of Fig. 4.10 shows the evolution of
the baryonic mass enclosed in spherical shells near the center of the halo, which fluctuates
significantly with time. The repetition of the feedback processes progressively transfer
energy from the gaseous component to the dark matter, as shown in the right panel
of Fig. 4.10: dark matter test particles progressively migrate outwards following the
fluctuations of the gravitational potential. Additionally, modeling the process with an
adiabatic model does not lead to the formation of a core. It is thus the cumulative effect
of violent potential fluctuations that leads to the heating of the dark matter halo and of
its transformation into a core.

Pontzen & Governato (2012) developed an analytical model to estimate the energy
gain of the halo from the potential fluctuations and test it on their simulations. As
shown in Fig. 4.11, the model agrees very well with the simulations, which thus show
that the repetitive potential fluctuations stemming from the feedback processes are the
main cause of the flattening of the dark matter density profiles. Fig 4.11 indeed shows
that when supernova feedback give rise to bulk gas motions and outflows, the initially
cuspy dark matter density profile transforms into a core and that its evolution follows
that predicted by the model. Although developed to explain stellar feedback, this model
could be extended to AGN feedback, as the cycles of accretion and expulsion should also
give rise to repetitive oscillations of the gravitational potential.

Figure 4.10 – Left: evolution with time of the baryonic mass enclosed within 1 kpc, 500
pc and 200 pc of the halo center from a simulation with strong supernova feedback by
Pontzen & Governato (2012). The outflows generated by the feedback processes yield rapid
oscillations of the gravitational potential. Right: evolution of the orbits of test particles
given the evolution of the potential. The test particles progressively migrate outwards,
which explains the flattening of the central density cusp. The dashed line corresponds to
a reversible, adiabatic model which is unable to properly describe the heating of the dark
matter halo.
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Figure 4.11 – Left: evolution of the density profile of the simulations from Pontzen &
Governato (2012). In the high-threshold (HT) simulation, stars are only allowed to form
when the density is above 100 cm−3, thus allowing a better coupling with the feedback
mechanisms, while the low-threshold (LT) simulation allows stars to form at densities
exceeding 0.1 cm−3. It is only in the HT simulation that supernova feedback will give rise
to bulk gas motions and outflows (e.g., Ceverino & Klypin, 2009). The adiabatic model
displayed as a dashed line is unable to reproduce the cusp flattening. Right: evolution
of the inner logarithmic slope of the density profile corresponding to the strong feedback
simulation. This latter evolution confirms the transition from a cuspy profile to a cored
one with a slope close to zero.

4.3 Analytical calculations

We aim at characterizing the effects of gravitational potential fluctuations stemming from
large scale movements of gas induced by various feedback mechanisms within dark matter
haloes. Such perturbations are expected to heat the dark matter particles and to make
them diffuse further away from the center to transform the cusp profile into a cored
distribution. Pontzen & Governato (2012) analytically derived the energy gain of a dark
matter particle in response to a fluctuating potential. Their calculations rely on the
assumptions that the potential is spherically symmetric, that the tracer particles are
massless, and that the potential can always be written as a power-law. They validate
their approach by comparing the analytical results with numerical simulations. We would
like to isolate further the physical mechanism through which dark matter gains energy,
assuming a stochastic process. To assess more quantitatively the influence of potential
fluctuations on the dark matter halo, we derive the force correlation function and the
mean force felt by the dark matter particles, the corresponding velocity variance, which
quantify the heating process, and the characteristic relaxation time associated to it.

Unlike Pontzen & Governato (2012) who describe the fluctuations in terms of grav-
itational potential, we consider the effects of density perturbations in a gaseous medium
of average density ρ0. Our approach is more fundamental in that we derive the potential
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fluctuations from the density power spectrum instead of assuming the former. Such an
approach is more directly related to the actual feedback processes that move the gas, and
on their potential scale dependence. The unperturbed gas distribution ρ0 is assumed to
be homogeneous for simplicity. As AGNs and star formation are likely to influence pref-
erentially the central part of the dark matter halo, we also assume that the perturbations
occur within a sphere of radius d inferior to the halo virial radius. The fluctuations are
assumed to cascade into smaller scales as in a turbulent or fractal medium, and to have a
minimum and a maximum scale length. For turbulence-driven fluctuations, the maximum
scale would be the energy driving scale while the minimum scale would be the dissipa-
tion scale. The dark matter is not sensitive to the precise fate of the expelled gas, and
only dependent on the induced fluctuations of the gravitational potential. The detailed
calculations can be found in Appendix F (p. 227).

4.3.1 Force induced by the density fluctuations

Fourier decomposition of the perturbations

The relative density contrast of the perturbations δ, the associated potential Φ and the
corresponding force per unit mass ~F can be Fourier decomposed as

δ(~r) = V

(2π)3

∫
δ~k e

i~k.~r d3~k. (4.10)

Φ(~r) = V

(2π)3

∫
Φ~k e

i~k.~r d3~k, (4.11)

~F (~r) = V

(2π)3

∫
~F~k e

i~k.~r d3~k (4.12)

where V is the volume over which the perturbations exist. The components φ~k and δ~k are
related via the Poisson equation ∇2Φ = 4πGρ0δ as

φ~k = −4πGρ0 k
−2 δ~k, (4.13)

while the definition of the force ~F = −~∇Φ yields

~F~k = 4πi Gρ0 ~k k
−2 δ~k (4.14)

and
|~F~k|

2 = (4πGρ0)2 k−2 |δ~k|
2. (4.15)

This expression of the force per unit mass is valid in the domain where the perturbations
occur, i.e., within radius d. We assume that there are no inflows or outflows from this
region, so that the gravitational potential remains unperturbed beyond d. Radius d is
also much larger than the NFW characteristic radius Rs, than any core radius that may
transpire and than the largest fluctuation scale.



152 4.3 Analytical calculations

Power-law fluctuations

We assume power-law density fluctuations whose power spectrum is defined as
P(k) = V 〈|δ~k|

2〉 = V Ck−n (4.16)
where C is a constant and n the characteristic exponent of the power-law. In such a power
spectrum with n > 0, the amplitude of the perturbations increases with their scale, which
could account for turbulent processes. A Kolmogorov-like density power-spectrum would
notably correspond to n = 5/3.

The physical meaning of the power spectrum can be understood in terms of mass
variance when the density field is smoothed at different scales. More precisely, the density
field δ(~r) can be filtered at a scale R with a spherically symmetric window function WR

in order to get a smoothed field

δR(~r) =
∫
δ(~r′)WR(~r − ~r′)d3~r′ (4.17)

with
∫
WR(~r)d3~r = 1. The window function has a characteristic scale R and can be for

example chosen to be Gaussian, such that

WR(~r) = 1
(2π)3/2R3 exp

− |̃r|22R2

 . (4.18)

The variance associated to the smoothed density distribution is

s2(R) = 〈δ2
R(~r)〉 = 1

2π2

∫ ∞
0
P(k)k3 W̃ 2(kR)dk

k
, (4.19)

where W̃ (kR) is the Fourier transform of the window function (e.g., Martínez & Saar,
2002; Mo et al., 2010, p. 266). In the case of a Gaussian window function as in Eq. 4.18,

W̃ (kR) = exp
(
−(kR)2

2

)
. (4.20)

For a power-law power-spectrum as in Eq. 4.16 and a Gaussian window function, Eq.
4.19 yields

s2(R) = V C

2π2
1

R3−n

∫ ∞
0

x3−n e−x
2/2 dx

x
∝ Rn−3. (4.21)

For a top-hat window function, the proportionality holds for −1 < n < 3 (e.g., Mo et al.,
2010, p. 268). The condition n < 3 is required because otherwise the variance would
grow indefinitely when the scale of the perturbations increases. The quantity s2 actually
corresponds to the variance associated to the mass distribution smoothed at scale R,
which is precisely what is shown in the left panel of Fig. 4.10 from Pontzen & Governato
(2012) if we assume stationary and ergodic random processes as the origin of the density
fluctuations. For an exponent n = 2.4, we thus expect s ∝ R−0.3 so that the standard
deviation in mass increases by a factor 1.3 from R = 200 pc to R = 500 pc and by a
factor 1.6 from R = 200 pc to R = 1 kpc. Such values are not incompatible with the
figure. Numerical simulations with feedback mechanisms providing similar curves, such
as that by Teyssier et al. (2013), or even observations, could thus provide a physically-
motivated value for the exponent n and for the normalization of the power-spectrum. In
our numerical applications, we will more simply assume n = 2.4.
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The force auto-correlation function

In order to characterize the effects of the density fluctuations on the dark matter particles,
we derive the force auto-correlation function 〈F (0)F (~r)〉, which is the inverse Fourier
transform the force power-spectrum (cf. F.1.2):

〈F (0)F (~r)〉 = V

(2π)3

∫
|~F~k|

2 ei
~k.~r d3~k. (4.22)

For isotropic power-law fluctuations of wave numbers between kmin and kmax, Eq. 4.15
and 4.16 yield (cf. Appendix F.2.2)

〈F (0)F (r)〉 = D

r

∫ kmax

kmin

sin kr

kn+1 dk, (4.23)

with D = 8CV (Gρ0)2. The integral can be evaluated in terms of incomplete Gamma
functions3 to obtain

〈F (0)F (r)〉 = D

2 (ir)n−1 [Γ(−n, ikmaxr)− Γ(−n, ikminr)
]

+ C.C. (4.24)

where C.C. refers to the complex conjugate of the first term. We further assume that
kmin � kmax and n > 0, so we can neglect the terms depending on kmax. In the diffusion
limit where kminr � 1, i.e., for points separated by distances much larger than the largest
fluctuation scale 1/kmin, the asymptotic behavior of the force auto-correlation function
is4

〈F (0)F (r)〉 ∼ D

r2
1

kn+1
min

cos(kminr). (4.25)

Eq. 4.24 can also be used to estimate the average force per unit mass felt by the dark
matter particles when n > 1, namely as

〈F (0)2〉 = 8 (Gρ0)2 〈|δkmin
|2〉 d3

n− 1 kmin

1−
(
kmin
kmax

)n−1
 . (4.26)

When kmax � kmin and n > 1, this expression yields

〈F (0)2〉 ≈ 8 (Gρ0)2 〈|δkmin
|2〉 d3

n− 1 kmin. (4.27)

In this regime, the force is proportional to k1/2
min so inversely proportional to the square

root of the largest fluctuation scale.

3 Γ(s, x) =
∫ ∞
x

ts−1e−tdt

4 Γ(s, x) ∼
|x|→+∞

xs−1e−x
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4.3.2 Velocity variance

〈∆v2〉 as a function of the force time-correlation function

We are interested in the effects of the force fluctuations born out of the density perturb-
ations in the gaseous field on the motions of the dark matter particles composing the
surrounding halo. These fluctuations are expected to heat the halo, and their influence
can thus be described by the resulting velocity variance of the dark matter particles.
Integrating the equation of motion of a dark matter particle and averaging over the dif-
ferent particles enable to write the velocity variance after a time T in terms of the force
time-correlation function (cf. F.3.1):

〈∆v2〉 = 2
∫ T

0
(T − t) 〈F (0)F (t)〉 dt. (4.28)

This expression assumes that the force is a random function with stationary statistical
properties, hence corresponding to feedback processes that are random but persistent.

〈∆v2〉 as a function of the spatial force correlation function

Eq. 4.28 expresses the velocity variance as a function of the force time-correlation function,
whereas our previous calculations involved the spatial correlation function. The two
descriptions can be bridged by considering a test dark matter particle moving with respect
to the fluctuating gaseous field. The main contributions to the relative velocity of the
dark matter particle with respect to the fluctuating field will come from large-scale flows
such as the orbital velocity 〈v〉 and from the temporal variations in the field on the
largest fluctuations scales, which will correspond to a characteristic velocity 〈u2〉1/2. The
perturbations on large scales will indeed sweep out the movements induced at smaller
scales. The correspondence between the spatial statistical properties of a random field and
its temporal properties has been extensively studied in the case of turbulent geophysical
and atmospheric flows, notably to understand whether the spatial field properties were
transported frozen in the bulk flow of average velocity 〈v〉 or randomly swept with velocity
〈u2〉1/2 (Taylor, 1938; Kraichnan, 1964; Tennekes, 1975). Various theoretical, numerical
and experimental studies suggest that the statistical properties of the field in the temporal
domain can be translated to the spatial domain through a velocity vr =

√
〈v〉2 + 〈u2〉, such

that the temporal statistical properties at a given point are the spatial properties of the
fluid transported at velocity vr through that point (e.g., L’vov et al., 2001; He & Zhang,
2006; Zhao et al., 2009; He & Tong, 2011; Wilczek & Narita, 2012; Wilczek et al., 2014).
Given vr, we define r = vrt the distance a test dark matter particle travels with respect to
the fluctuating gas field during time t, and similarly R = vrT , the corresponding distance
traveled during the duration T . With these assumptions, Eq. 4.28 can be rewritten as

〈∆v2〉 = 2
v2
r

∫ R

0
(R− r) 〈F (0)F (r)〉 dr. (4.29)
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In our case, both the mean flow 〈v〉 and the large scale random gaseous motions at
velocity 〈u2〉1/2 have timescales comparable to the dynamical time. Indeed, the orbital
motions of the dark matter particles are directly driven by the gravitational field, while
the large scale fluctuations are in energy equilibrium with it, as we assume that there
are no inflows or outflows from or out of the central region within radius d in which the
fluctuations occur. For a characteristic scale length l ≤ d associated with the density
fluctuations, we thus expect to have vr ∼ l/tD(l) where tD(l) is the dynamical time at
radius l. Given that the large scale perturbations are likely to sweep out the smaller scale
ones, the characteristic length scale l would relate to the size of the largest perturbations
2π/kmin or even to the extension radius of the perturbations d.

Explicit expression of 〈∆v2〉

Injecting the expression of the spatial force correlation function (Eq. 4.24) into Eq. 4.29
while assuming kmin � kmax yields (cf. F.3.2)

〈∆v2〉 = DR

v2
r

k−nmin

(
2
n

Si (kminR) + T1(kminR) + T2(kminR)
)

(4.30)

where Si refers to the sine integral function5 and

T1(kminR) =
(

1
n
− 1
n+ 1

)
i(ikminR)nΓ(−n, ikminR) + C.C., (4.31)

T2(kminR) = 2
n+ 1

1
kminR

(
cos (kminR)− 1

)
(4.32)

are transient terms much smaller than the sine integral term as soon as kminR� 1. The
sine integral function itself converges to π/2 when kminR� 1 so that

〈∆v2〉 ∼ πD

nvr

T

knmin
(4.33)

for large enough values of R = vrT . This expression assumes isotropic fluctuations which
span scales between 2π/kmax and 2π/kmin with kmin � kmax, and that during time T
the test dark matter particles move distances much larger than the maximum wavelength
of the perturbations, R � 1/kmin. Such a regime corresponds to the diffusion limit, in
which the dark matter particles are not ballistically displaced by the bulk motion of the
flow but instead undergo random walks initiated by the persistent density fluctuations.
Given vr ∼ l/tD(l), the diffusion condition Rkmin � 1 is attained on a dynamical time
scale provided l � 1/kmin, i.e., for dark matter orbits above the largest fluctuation scale
1/kmin.

5Si(x) =
∫ x

0

sin x
x

dx
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4.3.3 Relaxation time

In stellar dynamics, stars get deflected by their two-body interactions with one another.
When a star travels across a galaxy, its perturbed velocity ∆v grows progressively and
eventually reaches its original unperturbed velocity 〈v〉. The relaxation time trelax is
defined as the time at which ∆v = v, and corresponds to the time required for the star
to lose the memory of its original orbit. Similarly, we can introduce here the relaxation
time of the dark matter particles perturbed by the potential fluctuations. If 〈v〉 is the
mean unperturbed velocity of dark matter particles, the relaxation time would be defined
in the diffusion limit as

trelax = nvr〈v〉2knmin
πD

(4.34)

given Eq. 4.33. Recalling D = 8CV (Gρ0)2 and expressing the normalization of the
power spectrum in terms of the level of fluctuations at the maximum scale, such that
C = knmin〈|δkmin

|2〉, yield

trelax = nvr〈v〉2

8π(Gρ0)2V 〈|δkmin
|2〉
. (4.35)

While 〈v〉 is the mean unperturbed orbital velocity of dark matter particles, vr is their
mean velocity with respect to the fluctuating gas field. Both velocities are determined by
the gravitational field. The orbital velocity at a scale l can be estimated as 〈v〉 ∼ l/tD(l) ∼
l
√
Gρ(l), where tD(l) = 1/

√
Gρ(l) is the dynamical time at radius l. We further assume

that the main contribution due to the fluctuating gaseous field comes from the largest
scale fluctuations so that vr ∼ d

√
Gρ(d). With these approximations and identifying

V ≈ d3, the relaxation time becomes (cf. F.4)

trelax ≈
n

8π〈|δkmin
|2〉
f−2

(
l

d

)2
ρ(d)
ρ(l) tD(d) (4.36)

where f = ρ0/ρ(l) is the total gas fraction initially at radius l. Note that while ρ0
corresponds to the gaseous component, ρ(l) and ρ(d) correspond to the total baryonic plus
dark matter density of the halo, for example defined as a cuspy NFW halo. Assuming
that the unperturbed gas density ρ0 is constant with radius, this expression yields a
constant relaxation time for an isothermal halo whose density ρ(l) ∝ l−2 while it reaches
a maximum at the characteristic radius Rs for an NFW halo.

The expression of the relaxation time obtained here is relatively analogous to that
obtained for two-body relaxation in N-body systems, for example in the case of stars or
dark matter particles deflected by their successive interactions with one another (e.g.,
Binney & Tremaine, 1987; Huang et al., 1993; El-Zant, 2006). Two-body relaxation is
indeed often modeled as a diffusion process due to random encounters between particles,
and the associated relaxation time in the case of a system constituted by N identical stars
or dark matter particles can be expressed as

trelax ∼ 0.1 N

lnΛtD, (4.37)
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where Λ = bmax/bmin is the ratio between the maximum and minimum impact parameters
while tD is the dynamical time (e.g., Binney & Tremaine, 1987, p. 34). In such a system,
the mass variance is expected to be proportional to N so the variance associated to the
relative density contrast 〈δ2〉 ∝ 1/N . Both expressions of the relaxation time thus have
similar dependences in 〈δ2〉 and tD. However, Λ does also depend on N in the case of a
two-body relaxation, notably as the minimal impact parameter bmin decreases when the
number of particles rises.

Estimating grossly the relaxation time at radius d from Eq. 4.36 with f = 10% at
the virial radius and fluctuation levels of order one at the top of the power spectrum, i.e.,
for δkmin

∼ 1, we find that it only takes a few dynamical times tD(d) for the trajectories
of the dark matter particles to be significantly affected by the density fluctuations of
the gas. Alternatively, one needs 〈|δkmin

|2〉 ∼ 100 in order to have a significant effect
over a hundred dynamical times. More precisely, Fig. 4.12 shows the evolution with
radius of the relaxation time calculated from Eq. 4.36 for an NFW halo perturbed by
density fluctuations with a power-law power-spectrum of exponent n = 2.4, δkmin

=√
〈|δkmin

|2〉 = 10 and a perturbed domain of radius d = 5 kpc. The NFW halo has a total
mass Mtot = 2.26 1011 M� within Rvir = 30 kpc, a characteristic radius Rs = 0.9 kpc and
f = 10%. The curve displays a maximum at Rs, but the relaxation time does not exceed
75 times the dynamical time tD(d) at the edge of the domain in which the perturbations
occur. This corresponds to 560 Myr, so we expect to observe an effect of the density
variations on the dark matter halo within about 500 Myr. Moreover, the relaxation time
becomes smaller when the radius decreases below r ∼ 1 kpc, which suggests a stronger
effect at the smallest radii, hinting at a flattening of the density profile. Such a prediction
can be tested against numerical simulations.

Figure 4.12 – Evolution of the relaxation time as calculated from Eq. 4.36 in the case of
an NFW halo submitted to perturbations as in the fiducial case of our simulations (Tables
4.1 and 4.2). The relaxation time is expressed in terms of the dynamical time tD(d) at
d = 5 kpc.
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4.4 Simulating the effects of the pertubations

4.4.1 The SCF code

In order to simulate the effects of power-law density fluctuations on the dark matter
distribution of a galactic halo, we use the self-consistent field (SCF) method developped
by Hernquist & Ostriker (1992). This Fortran algorithm was designed to describe the
evolution of collisionless stellar systems, but instead of directly evaluating the interactions
between the particles, it solves Poisson equation to compute the gravitational potential
at each time step and advances the trajectories of the particles from the potential one by
one. As all particles evolve in the same potential, the method is equivalent to solving N
one-body problems, which saves a lot of computational time. At each time step, orbits
are computed given the potential and used to determine the evolving density distribution.
From this, the potential is recomputed, and the whole process is iterated at the next time
step.

The Poisson equation is solved by expanding the density and the potential in a set of
basis functions deriving from the spherical harmonics Ylm(θ, φ):

ρ(~r) =
nmax∑
n=0

lmax∑
l=0

l∑
m=−l

Anlm ρnl(r) Ylm(θ, φ) (4.38)

Φ(~r) =
nmax∑
n=0

lmax∑
l=0

l∑
m=−l

Bnlm Φnl(r) Ylm(θ, φ), (4.39)

where n is the radial “quantum” number and l and m the corresponding quantities for
the angular variables, namely analogous to the orbital quantum number and to the mag-
netic quantum number respectively. This expansion separates the radial and angular
components, and the individual harmonics satisfy Poisson equation

∇2 [Anlm Φnl(r) Ylm(θ, φ)
]

= 4π Bnlm ρnl(r) Ylm(θ, φ). (4.40)

The choice of basis could have been different, but the one chosen by Hernquist & Ostriker
(1992) enables to retrieve a radial density profile at the smallest order that approximates
the luminosity distribution of spheroidal galaxies. By cutting the expansion at a relatively
low-order couple (nmax, lmax), the potential is smoothed and loses its dependence in the
specific set of test particles that were used to compute it. The effect of this truncation
is analogous to the softening carried out in N-body simulations, which is an unavoidable
step to compute the potential.

The choice of (nmax, lmax) is crucial to capture the radial and angular structure of
the halo without being dominated by the particle noise: if the harmonic expansion does
not use enough terms, there will be a large bias, but if it uses too many, the resulting
density distribution will have huge inhomogeneities depending on the positions of the
test particles. This suggests that there is an optimal expansion cutoff, which depends on
the number of particles (Weinberg, 1996; Meiron et al., 2014), and that increasing the
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couple (nmax, lmax) beyond it might be harmful to the simulation in addition to being
unnecessarily costly in terms of CPU time. Vasiliev (2013) tests the choice of (nmax, lmax)
for simulations analogous to the SCF code with N = 105 and 106 particles and shows that
while increasing nmax generally leads to smaller errors, increasing lmax only improves the
expansion up to lmax = 4 for N = 105 and yields noise-dominated terms beyond lmax = 8.
In our simulations, we test different values of (nmax, lmax) and use the typical (nmax, lmax)
= (10, 4) for our N= 240 000 fiducial simulations, as advocated by Vasiliev (2013).

4.4.2 Initial conditions

We aim at understanding the flattening of the density profiles of dark matter haloes
and their transformation into cored distributions, so we start our simulations with initial
conditions corresponding to standard, cuspy NFW profiles as described by Eq. 4.1. We
restrict ourselves to low-mass galaxies and consider the case of a small galaxy with a total
halo mass of Mtot = 2.26 1011 M� as a fiducial illustration. The core-cusp discrepancy is
indeed more visible in dwarf or low mass galaxies as the dark matter distribution is more
difficult to ascertain in Milky-Way like galaxies (Pontzen & Governato, 2014). The initial
conditions were computed for 240 000 dark matter particles, with a mass cut-off radius
Rvir = 30 kpc and an NFW characteristic radius Rs = 0.9 kpc, so the concentration
parameter C = Rvir/Rs is about 30. The total mass Mtot being defined as the mass
enclosed within Rvir, it can be expressed as

Mtot = 4πρ0R3
s

(
ln (1 + C)− C

1 + C

)
(4.41)

so the central density of the halo yields ln (ρ0) = 0.63 with ρ0 in units of 2.26 109 M�/kpc2.
Fig. 4.13 shows the column density map of the initial dark matter halo, and its NFW
profile with inner slope -1, while Table 4.1 summarizes the halo parameters used for the

Figure 4.13 – Map and density profile of the NFW initial conditions taken for the
SCF simulations. The distances are indicated in kpc while the density is in units of
2.26 109 M�/kpc3.



160 4.4 Simulating the effects of the pertubations

fiducial simulations. The gas mass fraction fgas = Mgas/(Mgas + Mstar) is defined relatively
to the total baryonic mass, and only intervenes in the dynamics of the dark matter system
through the gas density perturbations.

Mass of the dark matter halo Mtot 2.26 1011 M�
NFW cut-off radius Rvir 30 kpc
NFW characteristic radius Rs 0.9 kpc
Gas fraction fgas 0.5

Table 4.1 – Parameters describing the halo initial conditions for the fiducial simulations.

4.4.3 Adding the perturbations

Gaseous density fluctuations

The density perturbations are practically added in the code through their effect on the
force and on the gravitational potential felt by the test dark matter particles. We assume
a galactic halo in which baryons account for 20% of the total mass, which is slightly above
but of the same order of magnitude as the universal baryon fraction Ωb/(Ωb+Ωdm) = 0.16
(Planck Collaboration et al., 2014, 2015). The perturbations on the gravitational potential
are assumed to arise from density fluctuations within a homogeneous gaseous component
of density

ρgas = fgas 0.2 ρmean, (4.42)

where fgas = Mgas/
(
Mgas + Mstars

)
is the gas fraction relatively to all the baryons and

ρmean the mean total density of the halo,

ρmean = Mtot

4πR3
vir/3

. (4.43)

The choice of fgas = 0.5 in the fiducial simulations is motivated by the high-gas fractions
observed at high redshift (e.g., Daddi et al., 2010a; Tacconi et al., 2010; Förster Schreiber
et al., 2011) and yields an overall gas fraction relative to the mean total baryonic and
dark matter mass fmean = ρgas/ρmean = 10%.

A power-law power spectrum

The density fluctuations follow the same assumptions as in the analytical calculations of
section 4.3. Namely, they are assumed to constitute a stochastic process with a power-law
power spectrum

〈|δ~k|
2〉 ∝ k−n. (4.44)

The wave numbers k = |~k| are comprised between two thresholds, kmin and kmax. These
thresholds correspond to the maximum and minimum scales at which the perturbations
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occur, namely λmax = 2π/kmin and λmin = 2π/kmax. In the fiducial simulations, we take
λmin = 10 pc and λmax = 1 kpc, so that λmin � λmax as in the analytical calculations.
These scales encompass typical scales at which feedback processes affect the gas density
distribution (e.g., Governato et al., 2010). We normalize the density perturbation δ~k by
its rms value at kmin, δkmin

=
√
〈|δ ~kmin

|2〉, so that

|δ~k| = δkmin

(
k

kmin

)−n/2
. (4.45)

The force deriving from the power-law fluctuations

As in section 4.3, the contribution of a perturbation δ~k to the stochastic force felt by a
dark matter particle is

~F~k = −i~kΦ~k = 4πiGρgas~kk
−2δ~k. (4.46)

As the force depends on the direction of ~k, we consider a random direction (θk, φk) for
each value of k, with θk ∈ [0, π] and φk ∈ [0, 2π]:

~k = k
(
sin(θk) cos(φk) ~ux + sin(θk) sin(φk) ~uy + cos(θk) ~uz

)
. (4.47)

We also introduce a random phase ψk and a pulsation frequency ω(k) in order to write
the force corresponding to mode k felt by a dark matter particle situated in ~r at time t
as:

~F~k(~r, t) = 4πGρgasδkmin
k
n/2
min

~k k−n/2−2 sin
(
ω(k)t− ~k.~r + ψk

)
. (4.48)

We further assume that only the particles whose radius r = |~r| is below a certain radius d
are affected by the perturbations, so the force ~F~k is only added when computing the tra-
jectories of these particles. By doing so, we only consider density fluctuations happening
in the central region of the galaxy - which is where most of the star formation occurs and
where the AGN is located. The force is rescaled to match the assumed power-spectrum
normalization, such that its rms value averaged over all the dark matter particles is equal
to the theoretical value whose square was calculated in section 4.3:

〈F (0)2〉 =
8
(
Gρgas

)2
δ2
kmin

d3

n− 1 kmin

1−
(
kmin
kmax

)n−1
 , (4.49)

The different parameters needed to describe the perturbations to the NFW dark matter
halo are summarized in Table 4.2, as well as their values in the fiducial simulations. The
same rms value of the force can be attained by different sets of parameters, as it notably
depends on the perturbation level δkmin

and on the extension of the central fluctuating
zone d. For a given value of kmin, the force is indeed proportional to fmeanδkmin

d3/2, where
fmean = ρ0/ρmean is the mean gas fraction relative to the total density of the halo. Fig.
4.14 shows different sets of parameters (fmean, δkmin

, d) leading to the same value of the
mean force as in the fiducial parameters.
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Minimum scale of the perturbations λmin = 2π/kmax 10 pc
Maximum scale of the perturbations λmax = 2π/kmin 1 kpc
Cutoff radius for the perturbations d 5 kpc
Power-law exponent n 2.4
Perturbation overdensity at kmin δkmin

10

Table 4.2 – Parameters describing the perturbations for the fiducial simulations.

Figure 4.14 – Ensemble of parameters leading to the same mean force 〈F (0)2〉1/2 as in the
fiducial case of the simulations. fmean is the mean gas density within the halo, δkmin

the
amplitude associated to the largest scale fluctuations, and d the radius within which the
perturbations occur.

Pulsation frequency associated to the perturbations

We carry out simulations with two different definitions of the pulsation frequency of the
density perturbations. This frequency ω(k) depends on the mode k of the perturbation
and is related to its propagation velocity vg. Physically, each mode k corresponds to a
gaseous structure of size λ = 2π/k perturbing the gravitational potential.

In the first set of simulations, we assume a constant propagation velocity defined from
the dynamical time scale associated to the volume affected by the perturbations. This
dynamical time scale is estimated as

tD,mean(d) = 1√
Gρmean(d)

, (4.50)
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with ρmean(d) the mean total density within the sphere of radius d, as calculated in
Appendix F.1.4. The corresponding velocity is thus

vg = d

tD,mean(d) , (4.51)

which is taken as propagation velocity so that

ω(k) = vgk (4.52)

Given the initial conditions and d = 5 kpc, we have vg = 134 km s−1 for our fiducial
simulations. This value lies in the velocity range observed for molecular outflows in nearby
galaxies. Indeed, Cicone et al. (2014) report average outflow velocities ranging from 50 to
800 km.s−1 in local ULIRGs and quasar-hosts with a median of about 200 km s−1. While
outflow velocities can sometimes reach values close and above 1000 km s−1 (Fischer et al.,
2010; Sturm et al., 2011; Dasyra & Combes, 2012), values of a few hundreds of km s−1

seem to be common (Sakamoto et al., 2009; Combes et al., 2013).

In the second set of simulations, we define ω(k) from Larson’s relation, which relates
the velocity dispersion of a gaseous structure to its size (Larson, 1981; Solomon et al.,
1987, cf. section 1.3.1). We can indeed expect the propagation velocity associated to a
density perturbation mode of size λ to scale as its velocity dispersion σ(λ). This latter
quantity can be derived from Larson’s relation (Solomon et al., 1987),

(
σ

km s−1

)
' 1.0

(
λ

pc

)0.5

. (4.53)

Assuming that the propagation velocity vg = dω/dk equals σ, this empirical relation
yields ω(k) ' 1.6

√
k, with ω in (10 Myr)−1 and k in kpc−1. We actually take

ω(k) = 2
√
k (4.54)

for simplicity, which also corresponds approximately to a characteristic time scale τ =
2π/ω of 10 Myr for a kpc-sized structure. This time scale corresponds to the dynamical
time within the gaseous structures and is comparable to the lifetimes of large star-forming
molecular clouds, which are evaluated at a few tens of Myr (Blitz & Shu, 1980; Larson,
1981; Elmegreen, 1991). It is also of the same order of magnitude as the time needed
for massive molecular outflows to expel the cold gas reservoir from a galaxy, as notably
evaluated for Mrk 231 from IRAM Plateau-de-Bure CO(1-0) observations by Feruglio
et al. (2010) or for a set of different galaxies by Sturm et al. (2011).
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4.4.4 Choice of the time step

Time scales associated to the perturbation modes

We implement perturbation modes whose wave numbers are comprised between kmin and
kmax. This corresponds to perturbations of spatial size between λmin = 2π/kmax and
λmax = 2π/kmin, and in the fiducial simulations we took λmin = 10 pc and λmax = 1 kpc.
To each perturbation mode corresponds a timescale, which depends on the definition of
the pulsation ω(k).

• When ω(k) is defined as ω(k) = vg k (Eq. 4.52) in order to have a constant propaga-
tion velocity vg, the corresponding timescales are T (kmin) = λmax/vg = 7.5 Myr and
T (kmax) = λmin/vg = 0.075 Myr. In the fiducial case, we indeed have vg = 134
km/s and d = 5 kpc.

• When ω(k) is defined from Larson’s relation as in Eq. 4.54, the periods correspond-
ing to the maximum and minimum time scales of the perturbations are respectively
T (kmin) = 2π/ω(kmin) = 12.53 Myr and T (kmax) = 2π/ω(kmax) = 1.25 Myr.

Sampling method

In order to understand the influence of the time step δt on a random force simulation, we
consider a one-dimensional force whose form at each timestep ti = iδt is

F (ti) = Fi cos
(

2π ti
T

)
, (4.55)

where Fi is a random number between [−1, 1] and T is the caracteristic time scale asso-
ciated to it. This force is analogous to the perturbation term added to the force in the
halo simulations. We study the influence of the time step δt on the mean value of the
cumulative force

〈F 〉(t) =
t∑

ti=0
Fi (4.56)

and on the corresponding standard deviation σF . As shown in Fig. 4.15, whereas the mean
value of the force always tends to zero with time, the behavior of the standard deviation
is very different depending on δt and T: when δt < 0.5T the force is well sampled, which
is not the case when δt > 0.5T . This corresponds to the Nyquist-Shannon sampling
theorem, and we thus always have to choose a time step for our simulations smaller than
half the smallest timescale of the force perturbation. As the smallest time scale for the
fiducial simulations is 0.075 Myr, we should a priori select a time step inferior to 0.03
Myr, for example 0.01 Myr.
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Figure 4.15 – Evolution of the cumulative mean value of the force F = Fi cos
(
2π ti

T

)
(upper panel) and of its standard deviation (lower panel) as a function of time, with
T = 1. Whereas σF (tf ) ' 0.4 when δt < 0.5T , σF (tf ) > 0.5 when δt > 0.5T . Fi is a
uniformly distributed random variable between −1 and 1, so the theoretical value of the
standard deviation a time t� T is σF = 0.5 <F 2

i > = 0.5
√

2/3 ≈ 0.41.

Effect of the timescale on the simulations

However, the simulations converge for timesteps bigger than 0.01 Myr, so such a small
timestep is not required. Fig. 4.16 shows the evolution of the final density profile after a
500 Myr evolution for different timesteps in the case of density fluctuations with constant
propagations velocity vg = 134 km.s−1 corresponding to the fiducial case described in
Tables 4.1 and 4.2. The simulations already converges for time steps of about 1 Myr, i.e.,
for time steps which only resolve the highest perturbation scales: because the amplitude
of the density power spectrum decreases from kmin to kmax and because the small scale
perturbations are swept out by the larger ones, the fluctuations are dominated by those
near kmin. The time scales associated to the largest fluctuation scales are indeed close to
10 Myr. As simulations with δt = 0.01 Myr and δt = 0.1 Myr yield similar results, we
carry out most of our simulations with the less time-consuming timestep δt = 0.1 Myr.
This timestep is a compromise between the necessity to sample properly the simulations
and the fact that the smallest fluctuations are swept out by the largest ones.
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Figure 4.16 – Evolution of the dark matter density profile after 500 Myr for different
values of the time step dt, in the case of density fluctuations with constant propagations
velocity vg.

4.5 Simulation results

4.5.1 Cusp flattening due to stochastic fluctuations

Our fiducial simulations start with an NFW halo as specified in section 4.4.2 and perturb-
ations as indicated in Table 4.2. We use a timestep δt = 0.1 Myr and choose maximum
SCF extension numbers (nmax, lmax) = (10, 4), as advocated by Vasiliev (2013) given
the number of dark matter particles of the simulation. We compare the two different
implementations of the pulsation frequency considered section 4.4.3, namely ω(k) = vgk
on one side and ω(k) = 2

√
k on the other. The constant propagation velocity is estim-

ated from the dynamical time at radius d = 5 kpc, and equals vg = 134 km.s−1. We also
carry a simulation with constant propagation velocity with a Kolmogorov power spectrum
with exponent n = 5/3 instead of our fiducial n = 2.4. Fig. 4.17 shows the evolution
of the density profile of a fiducial halo under the influence of a stochastic force born out
of density fluctuations as described earlier, assuming a constant propagation velocity for
the fluctuations. The total timescale of the simulation, 500 Myr, corresponds to about
70 dynamical times at d = 5 kpc, which is the timescale on which one would expect the
imposed fluctuating force to have a significant effect on the trajectories of the dark matter
particles, as discussed in section 4.3.3. The figure shows that the force does have an effect
on such a timescale, which is to erase the central cusp and to transform it into a nearly
constant density core. The flattening is progressive but converges after a few hundreds of
Myr, and the shape of the density profile at larger radii remains largely unaltered. Fig.



From cusps to cores: a stochastic model 167

4.18 compares the evolution of the density profile of the same initial halo for the different
implementations of the pulsation frequency, i.e., either with a constant propagation velo-
city vg or with ω = 2

√
k from Larson’s relation, and for a Kolmogorov power-spectrum.

In this figure, each curve corresponds to an average over ten realizations of the simulation
in order to highlight the global trends and be less dependent on the fluctuations within
each realization. Compared to the previous figure, this decreases the standard deviation
associated to each curve by about a factor three. In all cases, the density perturbations
are sufficient to flatten the density profile and to transform the cusp into a core. The
two implementations of the pulsation frequency imply slightly different time scales for the
fluctuations, but yield very similar results. A Kolmogorov power-spectrum for the density
fluctuations leads to a slightly more enhanced flattening, which is quite understandable
given that the Kolmogorov exponent yields a more gradual decrease of the amplitude of
the perturbations after kmin. It is also coherent with the linear dependence of the relation
time with the power-law exponent n, as expressed in Eq. 4.36.

As may be expected, the normalization of the imposed force plays an important role
in the magnitude of the ensuing effect. This is illustrated in Fig. 4.19, where we show
the effect of varying the values of δkmin

and in which the curves are averaged over ten
realizations for each value of the amplitude of the fluctuations at kmin. Larger levels of
fluctuations logically lead to more flattening, but the stochasticity of the process yields
more and more scatter with increasing δkmin

, as highlighted by the shaded areas on the
figure.
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Figure 4.17 – Fiducial evolution of the dark matter density profile for an NFW halo submit-
ted to a fluctuating gravitational potential stemming from power-law density fluctuations.
This simulation was carried out with a constant propagation velocity vg = 134 km.s−1.
The radius is indicated in kpc while the density is in units of 2.26 109 M�/kpc3.
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Figure 4.18 – Comparison of the dark matter density profile after 500 Myr for different
perturbations setups: (i) with a constant propagation velocity vg = 134 km.s−1 (in red), (ii)
with ω(k) = 2

√
k from Larson’s relation (in blue), and (iii) with a constant propagation

velocity vg but a Kolmogorov power-law exponent n = 5/3 (in green). The initial NFW
density profile is shown as a solid black line, and each other profile corresponds to an
average over ten realizations of the simulation. The units are as in Fig. 4.17.

Figure 4.19 – Evolution of the dark matter density profile after 500 Myr for different
values of δkmin

in the case of density fluctuations with constant propagation velocity. Each
profile has been averaged over ten random realizations of the simulation; the shaded areas
correspond to the span of these ten realizations. The units are as in the previous figures.
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4.5.2 Influence of the minimum and maximum fluctuation scales

The normalization of the fluctuating force by the analytical value of 〈F (0)2〉 (Eq. 4.49)
only weakly depends on the minimum fluctuation scale λmin = 2π/kmax as kmin � kmax
but does depend on the maximum fluctuation scale determined by kmin. Nevertheless,
the actual effect of the perturbations on the trajectories of the dark matter particles as
determined by the velocity dispersion and the relaxation time is not expected to depend
on kmin in the diffusion limit kminR � 1. Indeed, Eqs. 4.33 and 4.35 do not depend on
the minimum and maximum scales of the perturbations. Accordingly, Fig. 4.20 shows
that the flattening of the dark matter density profile does not significantly depend on λmin
and λmax. The scatter between the different curves indeed fall within the scatter expected
from one simulation realization to another, as notably shown by the shaded areas of Fig.
4.19. Variations in the largest fluctuation scale however lead to slightly more scatter than
fluctuations in λmin, as the evolution of the dark matter density profile is mostly lead by
the fluctuations at the largest scales.

The fact that the perturbations on the trajectories of the dark matter particles do
not depend on the minimum and maximum scales of the density fluctuations can be ex-
plained using the following heuristic argument. In a diffusion process, particle trajectories
are affected by small successive kicks, each of them being associated to a velocity change
∆v ∼ F∆t, where ∆t is the characteristic duration of the kick. As we assume a pulsation
frequency ω = vgk, ∆t varies as 1/k. After a given time interval in which a dark matter
particle is subjected to N kicks, the resulting velocity variance is 〈∆v2〉 = N∆v2. How-
ever, since ∆t ∝ 1/k, the number of kicks during this time interval is proportional to k.
Consequently,

〈∆v2〉 ∝ N F 2 ∆t2 ∝ F 2/k (4.57)
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Figure 4.20 – Dark matter density profiles after 500 Myr of perturbations for different
values of the minimum (left) and maximum (right) scales of the perturbations. The sim-
ulations correspond to fiducial simulations with constant propagation velocity vg. The
maximum scale of perturbations is λmax = 1 kpc when varying λmin (left panel), and
λmin = 10 pc when varying λmax (right panel).
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and as 〈F (0)2〉 ∝ kmin (Eq. 4.27), the resulting velocity variance should be independent
of kmin = 2π/λmax even though this wavenumber determines the dominant scale of the
perturbations.

4.5.3 Importance of the harmonic decomposition

At each time step during the simulation, the density and the gravitational potential are
approximated by a series of basis functions deriving from spherical harmonics as presented
in section 4.4.1. This expansion separates the radial component ρnl(r), depending on
the “quantum” numbers n and l, and the angular component Ylm, m being an integer
between −l and +l. The maximum value of the principal quantum number, nmax, thus
characterizes the radial expansion of the fields, while lmax determines its angular extension.
Indeed, nmax = 0 corresponds to fixed radial density and potential profiles,

ρ0l(r) = 1
2π

(2l + 1)(l + 1)
r

rl

(1 + r)2l+3 (4.58)

Φ0l(r) = − rl

(1 + r)2l+1 , (4.59)

while lmax = 0 yields spherically symmetric fields. The basis designed by Hernquist & Os-
triker (1992) for the SCF code was indeed chosen so that the first term with (n, l) = (0, 0)
corresponds to an observationally motivated model describing spheroidal galaxies.

Radial decomposition.

The evolution of the dark matter density profile after 500 Myr with nmax at fixed lmax = 4
is shown in Fig. 4.21. While nmax = 0 freezes the density profile and stops its evolution
from the beginning, increasing values of nmax converge rapidly after nmax = 2. However,
Vasiliev (2013) indicates that nmax = 10 would be the optimal choice for a simulation
with N = 105 particles, so we select this higher value of nmax for our simulations. This
choice is also motivated by our focus on the radial profile of the dark matter halo, which
we would not want to undersample.

Orbital decomposition.

The evolution of the dark matter density profile after 500 Myr with lmax for a given value
nmax = 10 is shown in Fig. 4.22. When lmax = 0, the flattening of the dark matter density
profile is almost imperceptible, but not non-existing. Running the simulation for a longer
time indeed yields a significant flattening, as shown in the next subsection. For lmax = 8,
the discreteness of the simulation is clearly visible, with a sharp drop near the center,
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Figure 4.21 – Evolution of the dark matter density profile after 500 Myr for different values
of the maximum principal radial “quantum” number nmax. The simulation corresponds to
a fiducial run with a constant propagation velocity vg. The maximum orbital “quantum”
number is lmax = 4.
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Figure 4.22 – Evolution of the dark matter density profile after 500 Myr for different
values of the maximum orbital “quantum” number lmax. The simulation corresponds to
a fiducial run with a constant propagation velocity vg. The maximum radial “quantum”
number is nmax = 10.
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but the effect already exists for lmax = 6, with small oscillations towards the center. This
effect is expected to become more and more prevalent with increasing lmax. Our choice of
lmax = 4 for the fiducial simulations is motivated by a balance between sufficient angular
resolution and avoiding the effects of the inherent discreetness of the simulation. This
choice is also advocated through a more detailed study of the influence of the harmonic
decomposition by Vasiliev (2013).

Long-term evolution with lmax = 0

When the simulation with lmax = 0 is allowed to run for more than 500 Myr, the flattening
of the cusp becomes more significant. Indeed, as shown in Fig. 4.23, the dark matter
density profile converges to that obtained in 500 Myr with lmax = 4. Imposing lmax = 0
yields a spherically-symmetric gravitational potential at each time step of the simulation,
which smooths out the effects of the perturbations as they are averaged over the angular
variables θ and φ. Although the norm of the force is assumed to be isotropic in the
analytical calculations and in its implementation in the numerical code, its effect on the
discrete dark matter particles may not be isotropic because of the individual orbits of
the particles and because of the random directions of the force kicks. In this simulation
with lmax = 0, each dark matter particle might be affected by the potential fluctuations
over a relaxation time, but the averaging prevents the energy to be redistributed properly
inside the whole system. Consequently, the collective response of the halo takes much
more time.
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Figure 4.23 – Evolution of the dark matter density profile with (nmax, lmax) = (10, 0) up
to 5 Gyr. The profile converges with that obtained in 500 Myr with (nmax, lmax) = (10,
6), shown as a black dashed line.
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4.6 Conclusion and perspectives

4.6.1 Summary

In this study, we presented a theoretical model in which gravitational potential fluc-
tuations leading to core formation in dark matter haloes arise from stochastic density
variations in the gas distribution. Different stellar and AGN feedback mechanisms could
account for these density variations. Our purpose was to understand the dynamics of core
formation in terms of the statistical properties of the fluctuations in the gaseous density
field.

Assuming stationarity, we derived analytically the velocity dispersion and the relaxa-
tion time characterizing the effects of the density variations on the trajectories of the dark
matter particles. The calculations were made in the diffusion limit, where the particles
undergo random walks initiated by the persistent density fluctuations. The situation is
relatively analogous to a two-body relaxation, in which the random walks arise from a
myriad of two-body encounters. We assumed a power-law power-spectrum of exponent n
for the density fluctuations, as well as maximum and minimum cutoff scales. The relaxa-
tion time does not depend on these, and only weakly on the exponent n. For a given dark
matter configuration, the important parameters determining the relaxation time are the
gas mass fraction and the normalization of the power-spectrum.

The relaxation time gives us a timescale at which the density variations are expected to
affect the trajectories of the dark matter particles, but does not specify the global response
of the system. We thus carried out numerical simulations with the SCF code (Hernquist &
Ostriker, 1992) for a small fiducial galaxy halo submitted to random density fluctuations
as in the analytical calculations. The simulations showed that the stochastic processes we
assumed could indeed lead to the formation of a core in an initially cuspy configuration
within a timescale comparable to the relaxation time derived from the theoretical calcu-
lations. We assumed a gas-rich galaxy with a baryonic gas fraction fgas = 50%, as can be
observed at high redshift, and relatively large density fluctuations. The relative density
contrast at the largest fluctuation scale was indeed assumed to have a standard deviation
δkmin

= 10. The numerical setup included the self-gravity of the dark matter halo and any
potential non-linear coupling between the unperturbed dark matter particle trajectories
and the imposed force. It did not assume the diffusion limit a priori, but confirmed the
independence of the flattening of the dark matter density profile on the maximum and
minimum fluctuation scales, as well as its weak dependence on the exponent n.

Our results thus suggest that the fluctuations leading to core formation in dark matter
haloes may be modeled as stochastic processes determined by a power-law power-spectrum
and their dynamical effects as a diffusion process. If the pure power-law approximation
is indeed valid, the whole process should depend mainly on the normalization of the
power-spectrum and could hence be parametrized from hydrodynamical simulations.
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4.6.2 On the normalization of the power-spectrum

In our analytical calculations and in the numerical simulations, we parametrized the
density fluctuations through their standard deviation at the largest fluctuation scale,
δkmin

=
√
〈|δkmin

|2〉. However, this parametrization does not depend on the volume within
which the perturbations occur, or on their maximum radius d, although these quantities
are crucial to describe the perturbations. Instead, it could be possible to normalize the
power-spectrum P(k) = V 〈|δ~k|2〉 through its dimensionless counterpart

∆2(k) = k3

2π2P(k), (4.60)

which expresses its contribution to the variance in density contrast per unit ln(k). Indeed,
the variance at scale R associated to a smoothed density distribution with a window
function as in section 4.3.1 is

s2(R) =
∫

∆2(k)W̃ 2(kR)dlnk (4.61)

where W̃ (kR) is the Fourier transform of the window function. The variance s2 can be
inferred from hydrodynamical simulations such at that of a dwarf galaxy by Teyssier
et al. (2013). This simulation corresponds to an isolated dwarf galaxy of virial mass
Mtot = 1.4 1010 M�, virial radius Rvir = 50 kpc and baryonic gas fraction fgas = 75% (or
alternatively, gas fraction over the total baryonic and dark matter mass f = 15%). It uses
the RAMSES simulation code (Teyssier, 2002), and includes a strong supernova feedback
model. Consistently with Pontzen & Governato (2012), it yields a flattening of the dark
matter density profile to form a core of radius 800 pc. The time evolution of the gas mass
within spheres of different radii as in the left panel of Fig. 4.10 is computed, which would
give access to the mass variance s2, and hence to the parameters of the power-spectrum
associated to the density fluctuations. More generally, simulations including different
types of feedback could be used to infer the normalization of the power-spectrum and
its exponent n. These quantities probably depend on which feedback mechanisms are
simulated and on their numerical implementation. Such inputs could further validate our
model, and also give a means to compare the different feedback processes in terms of their
effects on the dark matter distribution and of their associated relaxation time.

4.6.3 Miscellaneous

We tested our numerical setup with a power-law exponent n = 2.4 and with a Kolmogorov
exponent n = 5/3. If inputs from hydrodynamical simulations with different forms of
feedback would be the ideal way to further test and quantify our model, we could also more
simply test different values of n. As already mentioned, we expect a weak dependence of
the behavior of the system with n, as it appears linearly in the expression of the relaxation
time.
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In section 4.5.3, we considered the evolution of the dark matter halo with lmax = 0,
i.e., with spherically-symmetric density and potential fields. In this case, although each
dark matter particle is probably affected by the density fluctuations within a relaxation
time, the global response of the halo is delayed. This is related to the processes through
which the local energy stemming from the fluctuations is redistributed within the halo,
and these processes are consequently largely non-isotropic. They could notably involve
collective modes enabled by self-gravity. The observed behavior of the halo when lmax = 0
is comparable to that obtained by Pontzen et al. (2015), whose triaxial halo submitted
to time-dependent potential fluctuations flattens into a core within 1 Gyr while a similar
spherical halo remains cuspy on such a timescale. Asphericity seems to be necessary for
an efficient cusp-core transition, and a more detailed study of the redistribution of energy
within the halo could be interesting.

Our study also suggests that numerical simulations should properly resolve the times-
cale of the feedback processes so as not to overestimate the flattening of the dark matter
halo and core formation. Fig. 4.16 indeed shows that when the timestep is not sufficient,
the flattening is enhanced. In this case, the fluctuations are sampled randomly as white
noise and the dark matter particles feel a flat power-spectrum instead of the proper one
arising from the actual physical processes which are modeled. This leads to a signific-
ant enhancement of core formation, which could be misleading and should be avoided in
numerical simulations.





Conclusion





CHAPTER 5

Conclusion and perspectives

This work addresses the issue of star formation in the Universe from three different per-
spectives and hence approaches various aspects of galaxy formation and evolution, through
different techniques. In the first part, we try to characterize star formation and its effi-
ciency at scales close to the size of the star-forming regions in distant, high redshift galax-
ies. We develop a method to beat the resolution limit and obtain a Kennicutt-Schmidt
relation at sub-galactic scales by taking advantage of the rotating disk kinematics. Ob-
servations may generally hint towards an increased star formation efficiency earlier in the
history of the Universe, but a more meaningful sample of galaxies at high redshift would
be necessary to confirm the trend. In the second part, we try to better understand the
first stages of core and star formation in the interstellar medium through analytical calcu-
lations. We derive a dispersion relation describing the growth of gravitational instabilities
within interstellar filaments, first assuming local perturbations, and then considering fluc-
tuations of arbitrary size but within static filaments. The first dispersion relation indeed
reduces to the standard spherical case when there is no rotation, as the local assumption
prevents the system feeling the larger-scale cylindrical geometry. Without this assump-
tion, the dispersion relation retains its complex terms and all modes are thus potentially
unstable. Prolate condensations seem to be favored, but a numerical approach seems ne-
cessary to complement our analytical calculations. In the third part, we focus on the effects
of the feedback mechanisms stemming from star formation and active galactic nuclei on
the dark matter distribution itself. Indeed, if structure formation in the standard ΛCDM
cosmological model is primarily driven by dark matter dynamics, baryons can in turn
affect the dark matter distribution at galactic scales. We assume that feedback processes
result in stochastic fluctuations in the density field, with a power-law power-spectrum,
and show through analytical calculations and numerical simulations that such a model is
able to reproduce cored dark matter density profiles as inferred from observations.

In the first part, we obtain a Kennicutt-Schmidt relation for ensembles of clumps in a
sample of four galaxies observed as part of the IRAM PHIBSS program. This pilot study
should be complemented by more observations at high redshift, and notably within the
IRAM PHIBSS2 legacy program, which will more than triple the number of molecular gas
observations available at z = 0.5 − 2.5. The PHIBSS2 program will enable us to better
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characterize the star formation efficiency averaged at galactic scales, but also to apply
our kinematic method to a wider subsample of galaxies and thus to obtain a more precise
resolved Kennicutt-Schmidt relation at high redshift. Motivated by the same desire to
understand star formation at sub-galactic scales, we also proposed an ALMA cycle 3
program aiming at obtaining high-resolution molecular gas images of six galaxies after
the peak epoch of star formation. In addition to obtaining resolved Kennicutt-Schmidt
relations, this program would allow us to better understand the fate of the clumpy star-
forming regions, the quenching of star formation, and the formation of bulges. We are
notably planning to try to detect outflows from the star-forming clumps by stacking
different measurements. This study could be further complemented with hydrodynamical
simulations of gas-rich galaxies at high redshift, which would provide a comparison in
which the physical processes are unambiguously constrained.

The second part could be enriched by further analytical developments regarding grav-
itational instabilities in interstellar filaments, such as taking into account more complex
velocity distributions, magnetic fields, or non-axisymmetric perturbations. More com-
plex velocity distributions could notably arise from turbulence or velocity gradients and
torques due to the environment. But we should also better understand the correspondence
between observations and the global dispersion relation we finally obtained. Numerical
simulations such as those we have started could help, notably as they provide an ideal-
ized setup in which all parameters are controlled. A description in terms of small linear
perturbations is also necessarily incomplete, as it only describes the first linear stage of
the perturbations’ growth. Numerical simulations would hence enable to bridge the gap
between the initial linear growth and observed pre-stellar cores.

Finally, the third part would notably benefit from inputs from hydrodynamical simu-
lations of galaxies in order to test our assumption of a stochastic process with power-law
power-spectrum, and to implement more ‘realistic’ statistical properties for the density
fluctuations resulting from the different feedback processes. This would allow us to have
more quantitative results, and to compare different feedback mechanisms and their im-
plementation in numerical simulations directly through their effects on the dark matter
distribution.
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ABSTRACT

Massive galaxies in the distant Universe form stars at much higher rates than today. Although direct resolution of the star forming
regions of these galaxies is still a challenge, recent molecular gas observations at the IRAM Plateau de Bure interferometer enable us
to study the star formation efficiency on subgalactic scales around redshift z = 1.2. We present a method for obtaining the gas and star
formation rate (SFR) surface densities of ensembles of clumps composing galaxies at this redshift, even though the corresponding
scales are not resolved. This method is based on identifying these structures in position-velocity diagrams corresponding to slices
within the galaxies. We use unique IRAM observations of the CO(3–2) rotational line and DEEP2 spectra of four massive star forming
distant galaxies – EGS13003805, EGS13004291, EGS12007881, and EGS13019128 in the AEGIS terminology – to determine the gas
and SFR surface densities of the identifiable ensembles of clumps that constitute them. The integrated CO line luminosity is assumed
to be directly proportional to the total gas mass, and the SFR is deduced from the [OII] line. We identify the ensembles of clumps
with the angular resolution available in both CO and [OII] spectroscopy; i.e., 1–1.5′′ . SFR and gas surface densities are averaged in
areas of this size, which is also the thickness of the DEEP2 slits and of the extracted IRAM slices, and we derive a spatially resolved
Kennicutt-Schmidt (KS) relation on a scale of ∼8 kpc. The data generally indicates an average depletion time of 1.9 Gyr, but with
significant variations from point to point within the galaxies.

Key words. galaxies: evolution – galaxies: high-redshift – galaxies: structure – stars: formation – galaxies: ISM – galaxies: starburst

1. Introduction

Ten billion years ago, between redshifts 1 and 3, observed galax-
ies formed their stars at rates as high as ten times that of the
Milky Way today (Noeske et al. 2007; Daddi et al. 2007). This
implies a more abundant gas supply, either fueled by major
mergers or by a semi-continuous gas accretion (Dekel et al.
2009a,b). Recent observations of normal, massive, star-forming
distant galaxies tend to show that most of these galaxies (!80%)
are not experiencing major mergers or interactions (Tacconi et al.
2013) and that their light profiles are similar to those of their low
redshift counterparts (Wuyts et al. 2011b). Also, the Kennicutt-
Schmidt (KS) relation between total molecular gas and star for-
mation rate (SFR) surface densities is nearly linear at all red-
shifts (Kennicutt 1998a; Wyder et al. 2009; Genzel et al. 2010;
Tacconi et al. 2010), implying that the star formation processes

⋆ MPG-Fellow at MPE.

seem to be largely independent of the cosmic epoch. The average
fraction of molecular gas relative to the total baryonic mass must
therefore have been up to ten times higher at high redshift than in
today’s nearby galaxies, which is indeed corroborated by direct
observations (Tacconi et al. 2013).

Numerical simulations suggest that typical massive star
forming galaxies at high redshift continually accrete gas from
the intergalactic medium along cold and clumpy streams stem-
ming from the cosmic web, while the disk fragments into a
few clumps (Kereš et al. 2005; Bournaud & Elmegreen 2009;
Dekel et al. 2009a; Van de Voort et al. 2011). Galactic disks of
distant galaxies are indeed found to be fragmented in a num-
ber of giant molecular clouds, or clumps, which differs from
local galaxies, in which the molecular gas is scattered in nu-
merous lower mass giant molecular clouds. The high-redshift
star-forming complexes are found to have typical scales of
∼1 kpc and masses up to 109 M⊙, and they contribute 10–25%
of the galaxy luminosity (Förster Schreiber et al. 2011). Most
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ABSTRACT

We report matched resolution imaging spectroscopy of the CO 3–2 line (with the IRAM Plateau de Bure millimeter
interferometer) and of the H®α line (with LUCI at the Large Binocular Telescope) in the massive z = 1.53 main-
sequence galaxy EGS 13011166, as part of the “Plateau de Bure high-z, blue-sequence survey” (PHIBSS: Tacconi
et al.). We combine these data with Hubble Space Telescope V–I–J–H-band maps to derive spatially resolved
distributions of stellar surface density, star formation rate, molecular gas surface density, optical extinction, and gas
kinematics. The spatial distribution and kinematics of the ionized and molecular gas are remarkably similar and
are well modeled by a turbulent, globally Toomre unstable, rotating disk. The stellar surface density distribution is
smoother than the clumpy rest-frame UV/optical light distribution and peaks in an obscured, star-forming massive
bulge near the dynamical center. The molecular gas surface density and the effective optical screen extinction
track each other and are well modeled by a “mixed” extinction model. The inferred slope of the spatially resolved
molecular gas to star formation rate relation, N = dlogSΣstar form/dlogSΣmol gas, depends strongly on the adopted
extinction model, and can vary from 0.8 to 1.7. For the preferred mixed dust–gas model, we find N = 1.14 ± 0.1.

Key words: galaxies: evolution – galaxies: high-redshift – galaxies: ISM – ISM: molecules – stars: formation

Online-only material: color figure

1. INTRODUCTION

In our Milky Way (MW) and nearby external galaxies,
stars form in dense, molecular gas clouds (e.g., McKee &
Ostriker 2007). In massive disk galaxies averaged over scales
of several kiloparsecs or more, the surface densities of cold
gas and star formation are empirically well correlated through
a simple power-law relation, the “Kennicutt–Schmidt” (KS)

¤∗ Based on observations with the Plateau de Bure millimetre interferometer,
operated by the Institute for Radio Astronomy in the Millimetre Range
(IRAM), which is funded by a partnership of INSU/CNRS (France), MPG
(Germany), and IGN (Spain). Based also on data acquired with the Large
Binocular Telescope (LBT). The LBT is an international collaboration among
institutions in Germany, Italy, and the United States. LBT Corporation partners
are LBT Beteiligungsgesellschaft, Germany, representing the Max-Planck
Society, the Astrophysical Institute Potsdam, and Heidelberg University;
Istituto Nazionale di Astrofisica, Italy; The University of Arizona on behalf of
the Arizona University system; The Ohio State University, and The Research
Corporation, on behalf of the University of Notre Dame, University of
Minnesota, and University of Virginia.
17 MPG-Fellow at MPE.

relation (Schmidt 1959; Kennicutt 1998a, K98; Kennicutt &
Evans 2012),

hṠΣstar formi =
≠
»ξSΣN

gas

Æ
, (1)

where N = 1.4 (±0.15) if SΣgas = SΣHI+H2 (Kennicutt 1998a,
1998b, 2007), above a threshold of »∼10 M¯ pc¡−2. Here the
brackets denote averages over the galaxy, beam, or region
considered. A simple physical motivation for Equation (1)
comes from considering the star formation rate per volume
and making the plausible Ansatz for the volumetric gas to star
formation rate relation

•
½ρ¤∗ = "εff

½ρgas

¿τff
/∝ ½ρ

1.5
gas since ¿τff = a½ρ

¡−1/2
gas , (2)

where
•
½ρ¤∗, ½ρgas, and ¿τff are the star formation rate per volume,

the gas density, and the free fall timescale in that volume, and
"εff is the star formation efficiency per free fall timescale ("εff »∼
0.02; K98; Kennicutt & Evans 2012; Krumholz & Tan 2007;
Krumholz et al. 2012). For a constant gas/star formation scale
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ABSTRACT

Filamentary structures are ubiquitous in astrophysics and are observed at various scales. On a cosmological scale, matter is usually
distributed along filaments, and filaments are also typical features of the interstellar medium. Within a cosmic filament, matter can
contract and form galaxies, whereas an interstellar gas filament can clump into a series of bead-like structures that can then turn into
stars. To investigate the growth of such instabilities, we derive a local dispersion relation for an idealized self-gravitating filament and
study some of its properties. Our idealized picture consists of an infinite self-gravitating and rotating cylinder with pressure and density
related by a polytropic equation of state. We assume no specific density distribution, treat matter as a fluid, and use hydrodynamics to
derive the linearized equations that govern the local perturbations. We obtain a dispersion relation for axisymmetric perturbations and
study its properties in the (kR, kz) phase space, where kR and kz are the radial and longitudinal wavenumbers, respectively. While the
boundary between the stable and unstable regimes is symmetrical in kR and kz and analogous to the Jeans criterion, the most unstable
mode displays an asymmetry that could constrain the shape of the structures that form within the filament. Here the results are applied
to a fiducial interstellar filament, but could be extended for other astrophysical systems, such as cosmological filaments and tidal tails.

Key words. gravitation – hydrodynamics – instabilities – large-scale structure of Universe – ISM: structure

1. Introduction

Filamentary structures are ubiquitous on cosmological scales,
forming a cosmic web that connects galaxies to one another
(e.g., Bond et al. 1996; Springel et al. 2005; Fumagalli et al.
2011) and provides a gas reservoir from which galaxies grow
and accrete (e.g., Kereš et al. 2005; Dekel et al. 2009). Sheets and
filaments arise naturally as a consequence of asymmetrical grav-
itational collapse, because ellipsoidal maxima collapse at dif-
ferent speeds along the three unequal axes (Lin et al. 1965). The
baryon distribution is expected to follow the dark matter distribu-
tion on large scales, but to differ on smaller scales. Simulations
by Harford et al. (2008) have shown that intergalactic gas tends
to concentrate towards the centers of filaments and sheets, with
quasi-spherical dark matter structures at the intersections of the
filaments. The inner core of many of these cosmic filaments
is predominantly composed of gas, justifying models that treat
them as self-gravitating, isothermal, or barotropic cylinders in
hydrostatic equilibrium. Simulations show that when the cool-
ing time is short enough, the inner part of the filament collapses
to form dense cold cores that contain a substantial fraction of the
gas (Gray & Scannapieco 2013).

In the interstellar medium, observations show filamen-
tary structures on much smaller scales (André et al. 2010;
Arzoumanian et al. 2011; Jackson et al. 2010; Kirk et al. 2013;
Palmeirim et al. 2013). Motivated by Herschel observations of
star-forming environments, André et al. (2010, 2013) suggest a
scenario in which the formation of turbulence-driven filaments

⋆ Appendices are available in electronic form at
http://www.aanda.org

in the interstellar medium represents the first step towards core
and star formation. The densest filaments would then fragment
into prestellar cores owing to gravitational instability. These fil-
aments have typical widths of about 0.1 parsec, which could
be explained by the combination of accretion-driven turbulence
and dissipation by ion-neutral friction (Arzoumanian et al. 2011;
Hennebelle & André 2013). Simulations also reveal filamentary
features, arising either from turbulence (Padoan et al. 2001) or
from intermediate stages of gravitational collapse (Gomez &
Vazquez-Semadeni 2014).

The standard Jeans instability describes the collapse of a
spherical gas cloud when the inner pressure is not strong enough
to support the self-gravitating gas. Small perturbations are am-
plified when their scales are larger than a specific length, the
Jeans length (e.g., Binney & Tremaine 1987). The cylindrical
case is less straightforward and has not been fully investigated
yet. The derivation of a dispersion relation for the perturbations
arising in a cylindrical filament would enable a better under-
standing of the behavior of such perturbations. This is the moti-
vation of the present paper.

Interest in the dynamics of cylindrically symmetric systems
has revived in recent years, motivated by the filamentary struc-
tures revealed in observations and simulations. But early studies
have taken a purely theoretical point of view. Chandrasekhar &
Fermi (1953) studied the dynamics of a homogeneous and in-
compressible, infinite, self-gravitating cylinder with a constant
axial magnetic field, while Ostriker (1964b) generalized their
calculations to a homogeneous compressible cylinder. Simon
(1963) also carried out a perturbation analysis for such a ho-
mogeneous compressible cylinder, and Stodólkiewicz (1963)
considered an isothermal compressible cylinder embedded in
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ABSTRACT

We combine molecular gas masses inferred from CO emission in 500 star-forming galaxies (SFGs) between z = 0
and 3, from the IRAM-COLDGASS, PHIBSS1/2, and other surveys, with gas masses derived from Herschel
far-IR dust measurements in 512 galaxy stacks over the same stellar mass/redshift range. We constrain the scaling
relations of molecular gas depletion timescale (tdepl) and gas to stellar mass ratio (Mmol gas/M¤∗) of SFGs near
the star formation “main-sequence” with redshift, specific star-formation rate (sSFR), and stellar mass (M¤∗). The
CO- and dust-based scaling relations agree remarkably well. This suggests that the CO !→ H2 mass conversion
factor varies little within ±0.6 dex of the main sequence (sSFR(ms, z,M¤∗)), and less than 0.3 dex throughout
this redshift range. This study builds on and strengthens the results of earlier work. We find that tdepl scales as
(1 + z)¡−0.3 £× (sSFR/sSFR(ms, z,M¤∗))¡−0.5, with little dependence on M¤∗. The resulting steep redshift dependence
of Mmol gas/M¤∗ ¼≈ (1 + z)3 mirrors that of the sSFR and probably reflects the gas supply rate. The decreasing gas
fractions at high M¤∗ are driven by the flattening of the SFR–M¤∗ relation. Throughout the probed redshift range a
combination of an increasing gas fraction and a decreasing depletion timescale causes a larger sSFR at constant
M¤∗. As a result, galaxy integrated samples of the Mmol gas–SFR rate relation exhibit a super-linear slope, which
increases with the range of sSFR. With these new relations it is now possible to determine Mmol gas with an accuracy
of ±0.1 dex in relative terms, and ±0.2 dex including systematic uncertainties.

Key words: galaxies: evolution – galaxies: high-redshift – galaxies: kinematics and dynamics –
infrared: galaxies

1. INTRODUCTION

Stars form from dusty, molecular interstellar gas (McKee &
Ostriker 2007; Kennicutt & Evans 2012). In the Milky Way and
nearby galaxies arguably all star formation occurs in massive
(104–106.5 M¯), dusty and dense (n(H2) »∼ 102–105 cm¡−3), cold
(Tgas »∼ 10–40 K), giant molecular clouds (GMCs) that are near

¤∗ Based on observations with the Plateau de Bure millimetre interferometer,
operated by the Institute for Radio Astronomy in the Millimetre Range
(IRAM), which is funded by a partnership of INSU/CNRS (France), MPG
(Germany), and IGN (Spain).

or in virial equilibrium (Solomon et al. 1987; Bolatto et al. 2008;
McKee & Ostriker 2007, but see Dobbs et al. 2011; Dobbs
& Pringle 2013). The star formation rates (SFRs) on galactic
scales or star-formation surface densities on sub-galactic scales
down to a few kpc are empirically most strongly correlated with
molecular gas (or dust) masses, or surface densities, whereas
there is little or no correlation between star formation and
neutral atomic hydrogen (Kennicutt 1989; Kennicutt et al. 2007;
Bigiel et al. 2008, 2011; Leroy et al. 2008, 2013; Schruba et al.
2011). However, it is not clear whether high molecular content
as such is causally required for the onset of star formation

1
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STAR FORMATION EFFICIENCY AT HIGH Z AND SUBGALACTIC SCALES

J. Freundlich1, F. Combes1 , L. J. Tacconi2, M. C. Cooper3, R. Genzel2,4, 5, R. Neri6 and the
PHIBSS consortium

Abstract. Massive galaxies in the distant Universe form stars at much higher rates than their local
counterparts. Although direct resolution of the star forming regions of these galaxies is still a challenge,
recent molecular gas observations at the IRAM Plateau de Bure interferometer enable us to study the star
formation e�ciency at sub-galactic scales around z = 1.2. We present a method to obtain the gas and star
formation rate (SFR) surface densities of ensembles of clumps within galaxies at this redshift, and derive a
spatially resolved Kennicutt-Schmidt (KS) relation at a scale of about 8.5 kpc. This method is based on the
identification of these structures in position-velocity diagrams corresponding to slices within the galaxies,
even though the corresponding scales are not resolved. The data globally indicates an average depletion
time of 1.9 Gyr, but with significant variations from point to point within the galaxies.

Keywords: galaxies: evolution, galaxies: high redshift, galaxies: ISM, galaxies: starburst

1 Introduction

Our Milky Way only forms a few stars per year, similar to most nearby spiral galaxies. But ten billion years
ago, between redshifts 1 and 3, observed galaxies formed their stars at rates up to ten times higher (Noeske et
al. 2007, Daddi et al. 2007). Stars are formed from cold gas clouds which collapse due to their self gravity.
A high star formation rate (SFR) thus means a significant gas supply, either brought by major mergers or by
continuous processes, for example through filaments of the cosmic web (Kereš et al. 2005, Dekel et al. 2009).
Observations show that high redshift galaxies are indeed more gas-rich than their low redshift counterparts,
their gas fraction being as high as 30-40% (Tacconi et al. 2010, 2013). This could explain on its own the high
SFR, but the star formation processes could also be more e�cient, and we would like to characterize them
at their relevant sub-galactic scales. High redshift galaxies do not resemble our Galaxy or the galaxies in our
neighborhood, as their disk is fragmented to a number of giant molecular clouds, or clumps, where most of the
star formation occurs. These structures have sizes of about 1 kpc, masses up to 109 M�, and contribute 10-25%
of the galaxy luminosity (Förster Schreiber et al. 2011). Are the star formation processes qualitatively di↵erent
in high redshifts clumps than in their low redshift counterparts ?

As stars are formed from cold molecular gas, the SFR density should significantly depend on the gas density.
The relationship between the two quantities describes the star formation e�ciency, and has often been written
as a simple power law (Schmidt 1959, Kennicutt 1998a). We would like to obtain a corresponding Kennicutt-
Schmidt (KS) relation for clumps or ensembles of clumps of high redshift galaxies, and compare it to similar
observations at low redshift (e.g. Bigiel et al. 2011). Genzel et al. (2010) and Tacconi et al. (2010) study the
global properties of galaxies at z=1.2, and we select four galaxies out of their PHIBSS sample (Tacconi et al.
2010). These galaxies are not experiencing major mergers and are typical z=1.2 massive star-forming galaxies,
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ON THE STABILITY OF SELF-GRAVITATING FILAMENTS

J. Freundlich1, C. J. Jog2, F. Combes1 and S. Anathpindika2

Abstract. Filamentary structures are very common in astrophysical environments and are observed at
various scales. On a cosmological scale, matter is usually distributed along filaments, and filaments are also
typical features of the interstellar medium. Within a cosmic filament, matter can possibly contract and form
galaxies, whereas an interstellar gas filament can clump into a series of bead-like structures which can then
turn into stars. To investigate the growth of such instabilities and the properties of the resulting substruc-
tures, we consider idealized self-gravitating filaments and derive the dispersion relation for perturbations
within them. We assume no specific density distribution, treat matter as a fluid, and use hydrodynamics to
derive the linearized equations that govern the growth of perturbations. Assuming small local perturbations
leads to a dispersion relation analogous to the spherical Jeans case: perturbations of size higher than the
Jeans length collapse and asymmetries regarding their growth rates arise only because of rotation. For
perturbations of arbitrary size, the dispersion relation retains its complex terms: all modes are potentially
unstable, but elongated perturbations near the axis of the cylinder grow faster. Prolate substructures and
global collapse are favored, which is corroborated by most observations of interstellar filaments.

Keywords: gravitation, hydrodynamics, instabilities, large-scale structure of the Universe, ISM: structure

1 Introduction

Although filaments have been observed since decades within molecular clouds (e.g., Schneider & Elmegreen
1979), cosmological simulations and high-resolution observations of the interstellar medium only recently showed
the key role played by filamentary structures at various scales in astrophysics. Filamentary structures are indeed
ubiquitous and involved in processes as varied as gas accretion onto galaxies and the formation of stars in the
interstellar medium.

On cosmological scales, matter is usually distributed along filaments, forming a cosmic web that connects
galaxies to one another (e.g., Bond et al. 1996) and provides a gas reservoir from which galaxies grow and accrete
(e.g., Kereš et al. 2005; Dekel et al. 2009). The inner core of many of these filaments may be predominantly
made of gas, as notably shown by simulations by Harford et al. (2008), motivating models which treat them as
self-gravitating, isothermal or barotropic cylinders in hydrostatic equilibrium.

In the interstellar medium, observations show filamentary structures on much smaller scales (e.g., André
et al. 2010; Arzoumanian et al. 2011). Motivated by Herschel observations of star-forming environments, André
et al. (2010) suggest a scenario in which the formation of turbulence-driven filaments in the interstellar medium
represents the first step towards core and star formation. The densest filaments would then fragment into
pre-stellar cores owing to gravitational instability. Simulations reveal filamentary features arising either from
turbulence (e.g., Padoan et al. 2001) or from intermediate stages of gravitational collapse (e.g., Gomez &
Vazquez-Semadeni 2014).

2 Studying the growth of instabilities through linearized equations

The standard Jeans instability describes the collapse of a spherical gas cloud when the inner pressure is not
strong enough to support the self-gravitating gas. The cylindrical case is more complicated and has not been
fully investigated yet. Our goal is to obtain a dispersion relation for small perturbations arising in an idealized
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HIGH-REDSHIFT STAR FORMATION EFFICIENCY AS UNCOVERED BY THE
IRAM PHIBSS PROGRAMS
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Abstract. The evolution of the cosmic star formation rate (SFR) is characterized by a peak around
redshift z=2-3 and a subsequent drop by an order of magnitude. High levels of star formation are sustained
by a continuous supply of fresh gas and high molecular gas fractions. But once galaxies exceed a certain
mass or enter a harsh environment, star formation is quenched, and di↵erent phenomena could explain the
resulting evolution of the cosmic SFR. Is it mostly driven by the available molecular gas, or because star
formation processes are more e�cient at high redshift? Here we present the results and the perspectives of
the PHIBSS programs, which aim at understanding early galaxy evolution and the winding-down of star
formation from the perspective of the galaxies’ molecular gas reservoirs. These programs use statistically
meaningful samples of galaxies belonging to the massive end of the star formation main-sequence at di↵erent
redshifts. The previous IRAM PHIBSS program has already uncovered large molecular gas reservoirs at
redshifts z⇠1-2, with gas fractions 4 to 10 times higher than in the local Universe, and the ongoing IRAM
and ALMA programs extend the sample to a wider range of redshifts and to a more complete sampling of the
stellar mass-SFR plane. The IRAM PHIBSS2 legacy program is designed to make full use of the upcoming
NOEMA capabilities.

Keywords: galaxies: evolution, galaxies: high-redshift, galaxies: structure, stars: formation, galaxies: ISM

1 Introduction

Our Galaxy only forms a few stars per year, as most nearby spiral galaxies. But ten billion years ago, between
redshifts 2 and 3, observed galaxies formed their stars at rates up to 20 times higher (Noeske et al. 2007; Daddi
et al. 2007). What are the causes of the decrease of the star formation activity after this peak?

Stars are formed from cold molecular gas clouds which collapse due to their gravitational pull. A high star
formation rate (SFR) thus means a significant gas content, either brought by major mergers or by continuous
processes such as smoother gas accretion along streams of the cosmic web (Kereš et al. 2005; Dekel et al. 2009a).
Observations show that high-redshift galaxies near the star formation peak are indeed much more gas-rich and
clumpy than their low-redshift counterparts (Daddi et al. 2010; Tacconi et al. 2010; Förster Schreiber et al.
2011), but many other parameters may intervene, from environmental e↵ects, morphological quenching, and
feedback mechanisms from stars and AGN, to the star formation e�ciency itself (SFE=SFR/Mgas). This latter
quantity has notably been shown to decrease significantly after z = 1 (Combes et al. 2011, 2013) and could
thus contribute substantially to the evolution of the cosmic SFR. Is the evolution of the cosmic SFR after
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5 Dept. of Physics, Le Conte Hall, University of California, CA 94721 Berkeley, USA
6 Dept. of Astronomy, Campbell Hall, University of California, CA 94721 Berkeley, USA
7 Institut de Recherche en Astrophysique et Planétologie (IRAP), CNRS, 14 av. Édouard Belin, 31400 Toulouse, France
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F-75005, Paris, France

Abstract. Observations show that the interstellar medium hosts complex networks of filamen-
tary structures. The formation of turbulence-driven filaments and their subsequent gravitational
fragmentation could represent an important step towards core and star formation. Gravitational
instabilities could indeed lead these filaments to clump into a series of bead-like structures which
would then turn into stars. To investigate the growth of such instabilities and the properties of
the resulting substructures, we consider idealized self-gravitating filaments and derive the dis-
persion relation for perturbations within them. We assume no specific density distribution and
use hydrodynamics to derive the linearized equations that govern the perturbations’ growth.
Assuming local perturbations leads to a dispersion relation analogous to the spherical Jeans
case, but all modes are potentially unstable for perturbations of arbitrary size. Elongated per-
turbations near the axis of the filament should grow faster so prolate substructures and global
collapse are favored, which is corroborated by most observations.

Keywords. gravitation, hydrodynamics, instabilities, large-scale structure of the Universe, ISM:
structure

1. Background: the ubiquity of filamentary structures

Filamentary structures are very common in astrophysics and are observed at various
scales. On a cosmological scale, simulations show that matter is usually distributed along
filaments, forming a cosmic web that connects galaxies to one another and provides the
gas reservoir from which they grow and accrete (e.g., Springel et al. 2005, Dekel et al.
2009). The inner core of many of these cosmological filaments may be predominantly
made of gas (Harford & Hamilton 2011). In the interstellar medium, observations show
filamentary structures on much smaller scales. The formation of turbulence-driven fila-
ments in the interstellar medium indeed seems to represent the first step towards core and
star formation (André et al. 2010, Arzoumanian et al. 2011). Within a cosmic filament,
matter can possibly contract and form galaxies, whereas an interstellar gas filament can
clump into a series of bead-like structures which can then turn into stars.

Our goal is to obtain a dispersion relation for perturbations arising in an idealized
filament and to compare its properties with available observations and simulations. The
standard Jeans instability describes the collapse of a spherical gas cloud, but the cylin-
drical case is less straightforward and has not been fully investigated yet.

2. Local perturbations in a rotating filament

We consider an idealized, infinite, self-gravitating cylinder with pressure and density
related by a barotropic equation of state. We neglect the role of magnetic fields for
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Abstract. Observed massive galaxies in the distant Universe form stars at much higher rates
than today. High levels of star formation are sustained by a continuous supply of fresh gas and
high molecular gas fractions. But after a peak around redshift z=2-3, the star formation rate
decreases by an order of magnitude. Is this evolution mostly driven by the available cold gas
reservoir, or are the star formation processes qualitatively different near the star formation peak?
The Kennicutt-Schmidt relation enables to characterize the star formation efficiency at low and
high redshift, but resolved measurements at the scale of the star-forming regions themselves are
still challenging at high redshift. Molecular gas observations carried out at the IRAM Plateau
de Bure interferometer within the PHIBSS program (Tacconi, Combes et al.) permit us to study
the star formation efficiency at sub-galactic scales around z=1.2 and 1.5 for a limited sample
of galaxies, and thus help characterize the star formation processes at this epoch. Our results
lay in the continuation of the resolved low-redshift measurements, but further studies would be
necessary to complement our sample and validate our conclusions.

Keywords. galaxies: evolution, galaxies: high-redshift, galaxies: structure, stars: formation

Ten billion years ago, between z=2-3, observed galaxies formed their stars at rates
up to 20 times higher than now (e.g., Madau & Dickinson 2014). As stars are formed
from cold molecular gas clouds, a high star formation rate (SFR) means a significant
gas content. Galaxies near the star formation peak are indeed much more gas-rich and
clumpy than their low-redshift counterparts (Tacconi et al. 2010, 2013; Daddi et al. 2010).
Is the evolution of the cosmic SFR mostly driven by the declining cold gas reservoir, or
are the star formation processes qualitatively different at high redshifts?

1. Galaxy-averaged star formation from the IRAM PHIBSS program

The IRAM Plateau de Bure High-z Blue Sequence CO(3-2) Survey (PHIBSS) studies
the molecular gas properties of galaxies on the star-forming main sequence (MS) near
the star formation peak. It notably aims at better understanding the winding down of
star formation and the gas quenching processes. The Kennicutt-Schmidt (KS) relation
between the gas and SFR densities enables to characterize the star formation efficiency,
and is shown to be near linear at low redshift. The same trend is observed at z=1-3
for the galaxies of the PHIBSS sample (Genzel et al. 2010; Tacconi et al. 2010, 2013).
Nevertheless, the resulting global mean depletion time (tdepl = Mgas/SFR) of 0.7 Gyr is

1
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TOWARDS A RESOLVED KENNICUTT-SCHMIDT LAW AT HIGH REDSHIFT

JONATHAN FREUNDLICH (jonathan.freundlich@obspm.fr)

F. COMBES, L. J. TACCONI, M. C. COOPER, R. GENZEL, R. NERI, A. BOLATTO, F. BOURNAUD, A. BURKERT, P. COX,
M. DAVIS, N. M. FÖRSTER SCHREIBER, S. GARCIA-BURILLO, J. GRACIA-CARPIO, D. LUTZ, T. NAAB, S. NEWMAN,
A. STERNBERG, B. WEINER

INTRODUCTION

Massive galaxies in the distant Universe form stars at much
higher rates than today. Was star formation qualitatively dif-
ferent at high redshifts ?

The Kennicutt-Schmidt (KS) relation between total molecular
gas and star formation rate (SFR) surface densities describes
the star formation efficiency and is nearly linear at all red-
shifts, implying that the star formation processes seem to be
largely independent of the cosmic epoch.

But most studies only consider averaged quantities for distant
galaxies, as direct observations of the star forming regions of
high redshift galaxies are challenging.

GOAL

We present a method for obtaining the gas and SFR surface
densities of ensembles of clumps composing galaxies around
redshift z=1.2, even though the corresponding scales are not
resolved. This method is based on identifying these structures
in position-velocity diagrams corresponding to slices within
the galaxies.

A SET OF FOUR GALAXIES AT Z=1.2

Composite HST images combining I and V bands.

METHOD

The total mass of gas of a galaxy is assumed to be directly proportional to the
integrated CO(3-2) line luminosity, obtained from high resolution observations
carried at the IRAM Plateau de Bure interferometer.

The SFR is deduced from the [OII] line displayed in spectra provided by the
Keck DEEP2 survey. The global dust extinction is estimated from a SED recon-
struction using CFHT photometric data.

SEPARATING SUBSTRUCTURES

Smoothed 1"-sized ensembles of clumps can be separated along the velocity
axis of the position-velocity diagrams. The [OII] line luminosity is displayed
on the left and the CO luminosity on the right.
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RESULTS

We derive a spatially resolved KS relation on a scale of ∼ 8 kpc. The data
generally indicates an average depletion time of 1.9 Gyr, but with significant
variations from point to point within the galaxies.

Our results, as well as most other observations, indicate that the KS relation
is not significantly different at high redshift than in the local Universe : the
star formation processes ten billion years ago were similar to the ones that are
observed in the local Universe.

The method developed here could be applied to a more significant sample of
high redshift galaxies (notably within the upcoming PHIBSS2 IRAM Legacy
Program).

A RESOLVED KS RELATION
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Genzel et al. 2010

Tacconi et al. 2013
tdepl = 1.9 Gyr

Kennicutt-Schmidt diagram for 1" ensembles of clumps
of EGS13003805 (green), EGS13004291 (red), EGS12007881
(blue), and EGS13019128 (purple). The dotted diagonal lines
correspond to constant gas depletion times of 0.1, 1, and 10
Gyr from top to bottom, and the solid black line to a con-
stant depletion time equal to the mean depletion time of the
clumps, tdepl=1.9 Gyr.
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ABSTRACT

Filamentary structures are very common in astrophysics and are observed at various scales. On a cosmological scale, matter is usually distributed along
filaments, and filaments are also typical features of the interstellar medium. Within a cosmic filament, matter can possibly contract and form galaxies, whereas
an interstellar gas filament can clump into a series of bead-like structures which can then turn into stars. To investigate the growth of such instabilities and
the properties of the resulting substructures, we consider idealized self-gravitating filaments and derive the dispersion relation for perturbations within them.
We assume no specific density distribution, treat matter as a fluid, and use hydrodynamics to derive the linearized equations that govern the perturbations.
Assuming small local perturbations leads to a dispersion relation analogous to the spherical Jeans case: perturbations of size higher than the Jeans length
collapse and asymmetries arise only regarding their growth rates, because of rotation. For perturbations of arbitrary size, the dispersion relation retains its
complex terms: all modes are potentially unstable, but elongated perturbations near the axis of the cylinder grow faster. Prolate substructures and global
collapse are favored, which is corroborated by most observations of interstellar filaments.

BACKGROUND FILAMENTARY STRUCTURES ARE UBIQUITOUS

Filamentary structures are very common in astrophysics and are
observed at various scales.

•On a cosmological scale, matter is usually distributed along
filaments, forming a cosmic web that connects galaxies to one
another. Cosmological simulations confirm the existence of such
features, and this cosmic web should provide the gas reservoir
from which galaxies grow and
accrete. The inner core of
many of these filaments may
be predominantly made of gas
(Harford & Hamilton 2011).

Figure 1. Cold gas streams feed-
ing a typical 1012 M� galaxy at
z=2.5, from a cosmological simu-
lation (Dekel et al. 2009).

• In the interstellar medium, observations show filamen-
tary structures on much smaller scales. The formation of
turbulence-driven filaments in the interstellar medium may
indeed represents the first step towards core and star formation
(André et al. 2010).

Figure 2. Column density map from the Herschel Gould Belt survey
revealing interstellar filaments in the IC5146 molecular cloud (Arzou-
manian et al. 2011).

Within a cosmic filament, matter can possibly contract and form
galaxies, whereas an interstellar gas filament can clump into a
series of bead-like structures which can then turn into stars.

GOAL STUDYING THE GROWTH OF INSTABILITIES IN GAS FILAMENTS

Our goal is to obtain a dispersion relation for perturbations aris-
ing in an idealized filament and to compare its properties with
available observations and simulations. The standard Jeans in-
stability describes the collapse of a spherical gas cloud, but the
cylindrical case is less straightforward and has not been fully in-
vestigated yet.

MODEL AN IDEALIZED AND INFINITE BAROTROPIC CYLINDER

Our idealized picture consists of an infinite self-gravitating
cylinder with pressure and density related by a barotropic equa-
tion of state. We neglect the role of magnetic fields for simplicity,
treat matter as an inviscid fluid and use hydrodynamics to ob-
tain the linearized equations that govern the local perturbations
(e.g., Mikhailovskii & Fridman 1973). We assume that there is no
radial velocity in the undisturbed system and that all fluid par-
ticles share the same initial axial velocity, and further introduce
axisymmetric perturbations of the generic form e−iωteikRReikzz .

LOCAL PERTURBATIONS IN A ROTATING FILAMENT

We first assume local perturbations: the typical scale of the perturbation is small compared to that of the
unperturbed quantities, i.e., kRR0 >> 1, where R0 is the typical radius for the unperturbed distribution.
This assumption is analogous to the Wentzel-Kramers-Brillouin approximation (WKB) used in quantum
physics and leads to the following local dispersion relation (Freundlich et al. 2014):

ω4 + ω2
(
4πGρ0 − c20k2 − κ2

)
+ κ2k2z

(
c20 −

4πGρ0
k2

)
= 0

where k =
√
kR2 + kz2 corresponds to the total wavenumber and κ is the epicyclic frequency, ρ0(R) and

c0(R) being respectively the initial density distribution and the effective sound speed. Rotation induces
asymmetries but the boundary between the stable and unstable regimes is symmetrical in the phase plane
(kR, kz): the system is stable when k2 > kcrit with kcrit = 4πGρ0/c

2
0, and unstable below, which corresponds

to the standard Jeans criterion. When there is no rotation, the dispersion relation further reduces to the
standard dispersion relation for collapsing spherical systems.

Figure 3. As an illustrative example, we model a filament from the Taurus molecular cloud, TMC-1 (also known as
“The Bull’s Tail”), with a Plummer-like density profile (Malinen et al. 2012) and plot the resulting distribution of the
square of the minimal angular frequency in the planes R = R0, kR = 0.2k0, and kz = 0.2k0, where k0 =

√
4πGρc/c0

is a characteristic wavenumber depending on the central density ρc. Negative values of this quantity correspond to
an unstable filament, and the solid black curve separates the stable and unstable regimes (k = kcrit). The dashed line
corresponds to the minimum value of the frequency, i.e., to the most unstable mode.

GLOBAL PERTURBATIONS IN A NON-ROTATING FILAMENT

The local WKB assumption prevents the perturbations feeling the large-scale geometry of the system and
thus leads to the standard spherical Jeans case when there is no rotation. Without this assumption and for
non-rotating cylinders, the dispersion relation retains its complex terms and all modes are thus potentially
unstable:

ω2 = −4πGρ0 k2

k2 − i kR
R
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]
−
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] [
∂c20
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− c20

1

ρ0

∂ρ0
∂R

]
.

This dispersion relation shows that elongated perturbations near the axis of the filament grow faster, thus
favoring elongated substructures. This is corroborated by observations, as most observations in the Taurus
molecular cloud or in other molecular clouds favor prolate structures within interstellar filaments and tend
to show that cores are elongated along the direction of the filaments
(e.g., Curry 2002, Hartmann 2002).

Figure 4. Imaginary part of the angular frequency for an idealized filament
inspired by TMC-1 in the phase plane (kR, kz). Whereas we assumed local
perturbations in Fig. 3, here we consider the dispersion relation obtained
without WKB assumption and without rotation, which is more relevant
to describe interstellar filaments. The plotted quantity is a measure of the
growth rate of the perturbations, thus prolate structures with kz < kR are
likely to be favored.

PERSPECTIVES

Our model assumes an infinite and isolated filament, but we
could generalize our calculations to a cylinder of finite size and
to take into account the effects of the environment and of more
complex velocity distributions.

This work should be complemented by numerical studies of the
formation and subsequent collapse of idealized filaments (e.g.,
Anathpindika et al. 2014, in preparation).

REFERENCES
Anathpindika, S., Freundlich, & J., Jog, C. J., 2014,
in preparation • André, P., Menshchikov, A., Bon-
temps, S., et al., 2010, A&A, 518, L102 • Arzouma-
nian D., André, P., Didelon P., et al., 2011, A&A,
529, L6 • Curry, C. L., 2002, ApJ, 576, 849C • Dekel,
A., Birnboim, Y., Engel, G., et al., 2009, Nature, 457,
451D • Freundlich, J., Jog, C. J., & Combes, F., 2014,
A&A, 564, 7 • Harford A. G. & Hamilton A. J. S.,
2011, MNRAS, 416, 2678 • Hartmann, L., 2002, ApJ,
578, 914H • Malinen, J., Juvela, M., Rawlings, M. G.,
et al., 2012, A&A, 544A, 50 • Mikhailovskii A. B. &
Fridman A. M., 1973, Soviet Physics - JETP, 17, 57

200

SF2A 2014, Paris



THE EFFECT OF POWER LAW FLUCTUATIONS ON DARK MATTER HALOES

AMR EL-ZANT1, JONATHAN FREUNDLICH2 & FRANÇOISE COMBES2,3

1Centre for Theoretical Physics, The British University in Egypt, Cairo, Egypt 2LERMA, Obser-
vatoire de Paris, CNRS, Sorbonne Universités, UPMC Université Paris 6, France 3College de
France, Paris, France

SUMMARY

Despite its huge success at explaining the large scale structure of the Universe, the standard ΛCDM cosmological model, which assumes the existence of a cold
dark matter component, faces severe challenges when confronted to observations at galactic and galaxy cluster scales. Possible solutions to these challenges
include: a) taking into account the interactions between baryonic and dark matter components, including star formation and feedback mechanisms from
stars and active galactic nuclei; b) introducing lighter dark matter particles, warmer than the standard weakly interacting massive particles normally assumed
to constitute the dark matter; and c) rejecting the dark matter scenario and explaining the discrepancies between theory and observations by modifying the
gravitational laws. The core-cusp problem is one of these apparent discrepancies: early simulations based on the ΛCDM paradigm, where most of the mass
of the Universe consists of collisionless cold dark matter particles, seemed to overpredict the dark matter density at the center of dark matter haloes. Whereas
observations show core-like behaviours in the inner parts of such systems, simulations yielded much steeper, cuspy profiles. Here we consider the gravitational
interactions between the baryonic and dark matter components as a possible means to change significantly the dark matter distribution. Energy can be
transferred between these two components in two different ways: through dynamical friction from the kinetic energy of material coming into the dark matter
halo, or from baryonic processes related to the different feedback mechanisms. These two types of interaction are expected to heat the dark matter halo, and
thus to flatten its density profile. Star formation and active galactic nuclei give rise to powerful outflows of gas and stars, which perturb the gravitational
potential of the dark matter halo. We study the effects of such perturbations, assuming density fluctuations with a self-similar power spectrum. We derive the
expressions of the force auto-correlation function and of the velocity dispersion, and notably study their dependance on the scales of the fluctuations. We also
carry out collisionless numerical simulations in order to quantify the conditions of the flattening of the cusp, and our preliminary results indeed show that the
perturbations flatten the dark matter density profile. This seems to indicate that such interactions between the baryonic and dark matter components would
help resolve the core-cusp problem.

BACKGROUND THE ΛCDM MODEL

The current standard ΛCDM cosmological model assumes the ex-
istence of a cold, non baryonic dark matter that only interacts
gravitationnally, and of a non-zero cosmological constant Λ asso-
ciated to dark energy. In the ΛCDM model, dark matter represents
84.5% of the total matter content of the Universe (Planck Collabo-
ration, 2013).

Structure formation in the ΛCDM model. The ΛCDM model is
very successful at describing the evolution of the Universe, from
a very homogeneous state as shown by the Cosmic Microwave
Background, to the present day clustered distribution of matter
with galaxies, clusters of galaxies and voids between them. As
dark matter is much more abundant than baryonic matter, the
large scale evolution of the Universe is essentially driven by dark
matter collisionless dynamics. Dark matter haloes form through
gravitational instabilities from small linear perturbations. Galax-
ies then form within the potential wells of the dark matter haloes,
when the gas cools and starts to form stars (White & Rees 1978).

Figure 1. The large scale structure of the Universe from the Millenium dark matter
cosmological simulation (Springel et al. 2005).

CORES VERSUS CUSPS

Dark matter only simulations within the ΛCDM paradigm pre-
dict dark matter haloes with steep, "cuspy" inner density profiles
(e.g., Moore et al. 1998). Observations of dwarf galaxies, how-
ever, show that the central dark matter profiles are shallower, or
"cored" (e.g., de Blok et al. 2008).

Introducing baryonic physics in the simulations is essential to re-
solve this core-cusp discrepancy. Gravitational interactions be-
tween the baryonic and dark matter components can notably oc-
cur through dynamical friction from the material coming into the
dark matter halo (El-Zant et al. 2001), or from feedback processes
related to star formation or active galactic nuclei (Mashchenko et
al. 2006, Pontzen & Governato 2014). Young stellar populations
and active galactic nuclei indeed release energy in their surround-
ing medium, notably through powerful outflows, which prevent
further collapse, heat the dark matter halo and perturb its gravi-
tational potential and density distribution.

Figure 2. Empirical recipes for baryonic
physics and feedback mechanisms enable to
remove cusps and to reproduce cored den-
sity distributions in simulations (Governato
et al. 2012).

OUR GOAL STUDYING THE EFFECT OF POWER LAW FLUCTUATIONS ON DARK MATTER HALOES

The effects of the different feedback processes originating from star formation or active galactic nuclei at
the center of dark matter haloes should essentially be felt by the dark matter as density fluctuations. These
fluctuations perturb the gravitational potential, and hence the trajectories of the dark matter particles.

Our goal is to characterize the effects of these density fluctuations on the dark matter, and their contribution
to its heating and the flattening of the density profile. We assume density perturbations with a self-similar
power spectrum, and fluctuations that cascade into smaller scales with a minimal scale λmin = 2π/kmax

and a maximal one λmax = 2π/kmin. The perturbations occur in a finite volume within the dark matter
halo, namely within a radius d from the center of the halo. We carry out analytical calculations to derive
the expressions of the force auto-correlation function and of the velocity dispersion, and define a character-
istic relaxation time scale for these processes. We further run collisionless dark matter simulations with
potential fluctuations in order to corroborate our calculations.

ANALYTICAL CALCULATIONS

We consider large scale density fluctuations δ(~r) over the volume V = d3 within a fluid of average density ρ0.
Assuming density perturbations with a self-similar power spectrum 〈|δ~k|2〉 = Ck−n, we estimate the force
auto-correlation function 〈F (0)F (r)〉 and the velocity dispersion 〈∆v2〉when λmax � λmin, which yields:

〈F (0)2〉 ∼ 8 (Gρ0)2 〈|δkmin
|2〉 d3

n− 1
kmin. and 〈∆v2〉 ∼ πD

nvr

T

knmin

.

where T is the duration of the perturbations and D = 8Cd3 (Gρ0)2. This enable us to obtain a characteristic
relaxation time scale, which is the time at which the velocity dispersion resulting from the perturbations
reaches the original velocity of dark matter particles. This time scale can be compared to the dynamical time
in order to characterize the effects of the perturbations on the dark matter.

NUMERICAL SIMULATIONS

We use the "self-consistend field" (SCF) N-body code developed by Hernquist & Ostriker (1992) to study the
effects of potential fluctuations stemming from density perturbations with a self-similar power spectrum on
a collisionless dark matter system. At each time step, the potential is reevaluated from the trajectories of
a number of test particles taking into account the perturbations. We start with a cuspy NFW dark matter
profile (Navarro et al. 1996), and study the evolution of the dark matter distribution with time.

Figure 3. Density contrast at the initial and final time steps as well as the evolution of the density profile with time for one of our preliminary
simulations. The transformation of the cusp into a core is clearly visible, but we still have to refine our methods and decrease the time steps.

CONCLUSION

We derive analytically some of the characteristics of the effects of
power law density fluctuations on dark matter haloes, and we de-
velop numerical simulations to validate our approach. The as-
sumed perturbations could stem from a wide range of baryonic
processes. The preliminary results are promising, as it seems that
such perturbations are able to flatten significantly the inner part
of the halo density profiles, leading to cores instead of cusps.

The next stage of this work will consist in using inputs from
RAMSES hydrodynamical simulations (Teyssier 2002), that in-
clude star formation and feedback mechanisms, in order to con-
strain better and refine our model.
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ABSTRACT

Observed massive galaxies in the distant Universe form stars at much higher rates than today. High levels of star formation are sustained by a continuous
supply of fresh gas and high molecular gas fractions. But after a peak around redshift z=2-3, the star formation rate decreases by an order of magnitude. Is
this evolution mostly driven by the available cold gas reservoir, or are the star formation processes qualitatively different near the star formation peak? The
Kennicutt-Schmidt relation enables to characterize the star formation efficiency at low and high redshift, but resolved measurements at the scale of the star-
forming regions themselves are still challenging at high redshift. Molecular gas observations carried out at the IRAM Plateau de Bure interferometer within
the PHIBSS program (Tacconi, Combes et al.) permit us to study the star formation efficiency at sub-galactic scales around z=1.2 and 1.5 for a limited sample of
galaxies, and thus help characterize the star formation processes at this epoch. Our results lay in the continuation of the resolved low-redshift measurements,
but further studies would be necessary to complement our sample and validate our conclusions.

BACKGROUND

Ten billion years ago, between z=2-3, observed galaxies formed
their stars at rates up to 20 times higher than now. What are the
causes of the winding down of star formation?

Figure 1. The evolution of the star formation rate with
cosmic time (Madau & Dickinson 2014)

Blue star-forming galaxies lie on a tight relationship in the in the
stellar mass M?-SFR plane, the main sequence of star formation
(MS). How do galaxies evolve from blue star-forming disk
galaxies to red and dead spheroids?

Figure 2. The main sequence of star formation in terms
of Sersic index (Wuyts et al. 2011)

As stars are formed from cold molecular gas clouds, a high star
formation rate (SFR) means a significant gas content. Galaxies
near the star formation peak are indeed much more gas-rich and
clumpy than their low-redshift counterparts. Is the evolution of
the cosmic SFR mostly driven by the declining cold gas reser-
voir, or are the star formation processes qualitatively different
at high redshifts?

THE PHIBSS PROGRAM
The IRAM Plateau de Bure High-z Blue Sequence CO(3-2)
Survey (PHIBSS) studies the molecular gas properties of star-
forming galaxies on the star-forming main sequence near the
star formation peak. It notably aims at better understanding
the winding down of star formation and the gas quenching pro-
cesses.

I Observations at the IRAM Plateau de Bure Interferometer
I CO rotational lines to trace the cold molecular gas
I two redshift slices: z = 1.2 and 2.2
I massive tail of the MS:

log(M?/M�)≤ 10.4 & log(SFR/M�yr−1) ≤ 1.5

I 52 CO detections (FWHM ∼2-4′′)
I 8 high-resolution imaging (FWHM ∼0.3-1′′)

We focus here on the results concerning the star formation
efficiency, first from the galaxy-averaged observations, and then
from the resolved observations.

GALAXY-AVERAGED KS RELATION
The Kennicutt-Schmidt (KS) relation between the gas and SFR densities characterizes the star formation
efficiency, and is shown to be near linear at low redshift. The same trend is observed at z=1-3 for the
galaxies of the PHIBSS sample (Genzel et al. 2010; Tacconi et al. 2010, 2013). Nevertheless, the global mean
depletion time (tdepl = Mgas/SFR) of 0.7 Gyr is slightly lower than at present time, which could imply a
faster star formation duty cycle, more efficient star formation, and a need for gas replenishment at the peak
of the star formation activity.

Figure 3. Near-linear KS rela-
tion from the PHIBSS program and
distribution of the depletion times
as compared to the COLDGASS
low-redshift sample (Tacconi et al.
2013).

RESOLVED KS RELATIONS AT SUB-GALACTIC SCALES

The PHIBSS high-resolution observations of the
molecular gas reach an angular resolution of
0.3”-1”, 1” corresponding to about 8 kpc at z =
1.2.

I Resolved kinematics enables to separate
smoothed ensembles of clumps due to
their different velocities, and to obtain a
resolved KS relation averaged at a scale
below 8 kpc for four z = 1 galaxies of the
PHIBSS sample (Freundlich et al. 2013).

I Obtention of a pixel by pixel KS rela-
tion for one typical z=1.53 massive star-
forming galaxy from the PHIBSS sample
(Genzel et al. 2013)

These results are compatible with a linear
relation and a constant depletion time of about
1.9 Gyr, and fit well with the corresponding
low-redshift observations.

This seems to point towards similar star forma-
tion processes at high and low redshifts, but a
bigger statistical sample would be necessary to
obtain more meaningful mean depletion times
for the substructures.

Figure 4. Spatially resolved molecular KS relation for en-
sembles of clumps of four galaxies from the PHIBSS sam-
ple (Freundlich et al. 2013) and for binned groups of pixels
in EGS13011166 (Genzel et al. 2013), superimposed on the
sub-galactic KS diagram obtained at low redshift by Bigiel
et al. (2008). The solid blue line corresponds to a constant
depletion time tdepl = 1.9 Gyr, and the grey data points to
galaxy-averaged measurements.

PERSPECTIVES
The ongoing IRAM PHIBSS2 Legacy Program (Combes,
Garcia-Burillo, Neri, Tacconi, et al.) will more than triple the
number of high-redshift normal star-forming galaxies with CO
measurements, extend their redshift range, and include galaxies
below the MS.

Complementary ALMA programs will further contribute to ex-
tend the sample (Genzel et al.), probe higher CO transitions
(Weiss et al.), and possibly obtain high-resolution images and
kinematics of the molecular gas in galaxies at intermediate red-
shifts (Freundlich et al.).
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APPENDIX D

Popular science articles for The Hindu - In School

I have always been interested in science popularization and teaching, and my stay at the
Indian Institute of Science during the course of my PhD provided me with the opportunity
to start writing for the ‘In School’ edition of The Hindu, targetting young students. The
Hindu is one of the main English-language newspapers in India, and its In School edition
is distributed through schools as part of The Hindu’s ‘Newspaper in Education’ program.
It daily features the important news as well as sports, sciences, and regional news.

My astrophysical series for The Hindu - In School takes up various aspects of my
PhD work, notably with articles about distant galaxies or the formation of stars, but
also extends to other domains of astrophysics and cosmology. It starts with three intro-
duction articles imagined as a journey from our Solar System (A travel guide to Mars,
22 September 2014) to extrasolar planets (Faraway, so close, 29 September 2014) and
distant galaxies (Island worlds in the vastness of the Universe, 6 October 2014). The
series continues with three articles about cosmology and our Universe as a whole, evoking
the Cosmic Microwave Background (The earliest light, 17 November 2014), the expansion
of the Universe (Drifting away from us, 1 December 2014) and dark matter (The dark
side of the Universe). It then focuses on star formation (A nursery for stars) and stellar
evolution (Life and fate of a star, 5 January 2015, The grand finale of a giant star, 2
February 2015), to finish with black holes (An irresistible attraction, 9 March 2015) and
the formation of our Solar System (A glimpse at the formation of our Solar System, 13
April 2015, Meteorites: witnesses of the solar system’s birth, 1 June 2015). The last
two articles were written together with Emmanuel Jacquet, from the Muséum d’Histoire
Naturelle in Paris.
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3SCIENCE & TECH
Word of the day
Haywire (adj): out of control or disorder 
Used in a sentence: The traffic went haywire at the city's market
area. Suggested by:   Prabu Santhosh
  Your turn! Pick a word from today’s The Hindu in School whose
meaning you do not know and send it to us at school@thehindu.co.in
(Subject: Word of the day) 

Imagine a vast barren desert of
red dust and rocks, sand dunes
swept by the winds, incredible
canyons and the tallest moun-
tain of the Solar System. Imag-
ine a world where you could
effortlessly jump 3 meters high,
climb down steep craters, and
set foot on everlasting carbon
dioxide ice, that turns into va-
pour instead of melting. Wel-
come to planet Mars, one of our
nearest neighbours! 

Like Earth, Mars orbits
around the Sun. But Mars is
further away from it, so the Sun
appears smaller in the Martian
sky. It would take around nine
months to reach Mars from
Earth, and communications
with Earth would be delayed
because of the distance, as it is
impossible to send messages at
a speed higher than the speed
of light. It takes 8 minutes for
the light from the Sun to cross
the distance between Sun and
Earth, and it would take up to
20 minutes for a message from
Earth to reach Mars. Can you
imagine a conversation where

you have to wait that long to
hear your interlocutor's an-
swers? 

Rust and volcanic rocks
Mars was named after the

Roman god of war because of
its blood red colour in the sky.
It is due to a thin layer of rust
that formed on the iron-rich
soil of the planet. But if you
walk on Mars your footprints
would remove the rust and re-
veal underlying black volcanic
rocks. Mars is home to the tal-
lest mountain of the Solar Sys-
tem, Olympus Mons, which is a
gently sloped volcano. This gi-
gantic mountain is 21,229 m

high, more than twice as high as
Mount Everest. But the climb
wouldn't be as tiring as in the
Himalayas: the gravity on Mars
is only one third of Earth's, so

you would jump three times
higher than usual! 

It wouldn't be wise to step
out without a proper space suit
though. Mars atmosphere is in-
deed very thin, and almost en-

tirely made of carbon dioxide.
Earth atmosphere was proba-
bly similar very long ago, but
the first living organisms on
Earth consumed the carbon

dioxide to produce
the oxygen we now
breathe. On Mars,
even some clouds
are made of carbon
dioxide! 

Warm clothes
are also advisable,

as the temperatures on Mars
are low and can vary dramat-
ically between day and night.
They can reach a pleasant 20° C
at noon during summer, fall to
-70° C the next night, and be as

low as -150° C in winter. A thin
layer of frost usually forms dur-
ing the night, and there are ev-
erlasting carbon dioxide ice
caps in the polar regions. The
sharp differences of temper-
ature can generate big dust
storms. Dust storms on Mars
can cover the entire planet and
last for months. 

Mars once had rivers, lakes,
and maybe even oceans like the
Earth does. But water did not
remain liquid very long, and is
now trapped as ice mixed with
dust at the poles and inside the
rocks. Today we can only see
traces of the ancient dried-up
water channels, which consti-
tute an amazing sight! Mars
shows an example of a planet
that once looked very much
like Earth before the appari-
tion of life, but then evolved
differently to become a harsh
and hostile environment.
Would you like to visit it if it
were possible? 

(Jonathan Freundlich is a
PhD student at the Paris Ob-
servatory, in France, working
on star formation and galaxy
evolution.) 

● Mars is home to the tallest mountain of the Solar System, Olympus
Mons, and to a 7km deep canyon named Valles Marineris, which is more
than 4, 000 km long.

● Water on Mars and Earth probably comes from asteroids made of ice
travelling from the edge of the Solar System.

● In Hindu astrology, Mars is named Mangala and also associated with war.
It is often identified with Kartikeya. 

● Mangalyaan, launched on 5 November 2013, will observe the surface of
Mars and study its atmosphere.

Jonathan Freundlich

A travel guide to Mars
India’s Mars Orbiter Mission is due to reach its final orbit around Mars on

September 24. Here is a quick look into the red planet

Kasei Valles, a giant
system of canyons, shows
traces of ancient water
channels and meteor
impacts on Mars. 
PHOTO: NASA/JPL/ARIZONA
STATE UNIVERSITY, R. LUK

ASTROPHYSICAL SERIES: PART – 1 

Are you fascinated by
planets and stars and as-
tronomy in general?
Here is a way to partici-
pate in a small way in re-
al science and help in
understanding Mars bet-
ter. 

The National Aero-
nautics and Space Ad-
ministration (NASA),
located in the U.S., is ask-
ing for help in processing
data in the form of pic-
tures of Mars taken by
the Rovers Curiosity and
Spirit that have been sent to wander around the planet by its Mars
mission. This is through “Be a Martian,” a citizen science project in
which anyone can participate.

Find out details about this project by viewing the website 
http://blogs.plos.org/citizensci/2014/09/13/citizen-science-
classrom-mapping-mars-martian-nasa/ and learn how this

works. 
Citizen science projects are those in which any citizen, even

without formal scientific training, can join and work and contribute
to the advancement of science. All it takes is interest and the will to
learn. Be a Martian is one such project which involves identifying
regions on Mars.

All it requires is a computer with a reasonably fast internet
connection, a projector or smart board if you are working as a class
and a colour printer. 

Want to map
Mars? 

Here is a chance to be part of Nasa’s ‘Be a
Martian’ project. Identify regions on Mars just
from your classroom

� Students have the opportunity to try their hands at three
types of Martian mapping which includes aligning photos
to match topographic images, counting craters, and
tagging physical features of the landscape.

.......................................................................................................................................................................

� Teaching materials that are supplied on Citizenship
website, for the project, include a Mars atlas with
descriptions of different parts of the planet’s surface.

.......................................................................................................................................................................

� There are eight different videos, ranging from testing the
Curiosity’s parachute to students designing human
settlements on Mars.

.......................................................................................................................................................................

BOSTON: There’s some truth to the effective-
ness of folk remedies and old wives’ tales
when it comes to serious medical issues,
according to findings by a team from De-
troit Medical Center. 

Sonal Saraiya and her colleagues in Mi-
chigan found that packing strips of cured
pork in the nose of a child who suffers from
uncontrollable, life-threatening nose-
bleeds can stop the haemorrhaging, a dis-
covery that won them a 2014 Ig Nobel
prize, the annual award for sometimes
inane, yet often surprisingly practical, sci-
entific discoveries. 

This year’s winners honoured on Thurs-
day at Harvard University by the Annals of
Improbable Research magazine included a
team of researchers who wondered if own-
ing a cat was bad for your mental health;
Japanese scientists who conducted exper-
iments to find out if banana peels were
really as slippery as cartoons would have
us believe; and Norwegian biologists who
tested whether reindeer on the Arctic ar-
chipelago of Svalbard were frightened by
humans dressed to resemble polar bears.
As has become the custom, real Nobel lau-

reates handed out the prizes and winners
were given a maximum of 60 seconds to
deliver their acceptance speech, 

Sticking pork products up the patient’s
nose was a treatment of last resort when
conventional treatments had failed, Dr.
Saraiya said, and was only used for a very
specific condition known as Glanzmann
thrombasthenia, a rare condition in which

blood does not properly clot. 
“We had to do some out-of-the-box

thinking,” she said. “So that’s where we put
our heads together and thought to the ol-
den days and what they used to do.” 

The four-year-old child’s nostrils were
packed with cured pork twice, and accord-
ing to their study, “the nasal vaults suc-
cessfully stopped nasal haemorrhage
promptly (and) effectively.” The method
worked because “there are some clotting
factors in the pork... and the high level of
salt will pull in a lot of fluid from the nose,”
she said. Still, Dr. Soraiya does not recom-
mend sticking pork up your nose for a
routine nosebleed, as it could cause in-
fection. AP

Ig Nobel winner: Using pork to stop nosebleeds

Kiyoshi Mabuchi of Japan accepts
the Physics Prize for his study
"Frictional Coefficient under Banana
Skin." PHOTO: REUTERS

The Ig Nobel Prizes are Nobel
Prizes given each year for ten
unusual or trivial achievements
in scientific research. The stated
aim of the prizes is to honour
achievements that first make
people laugh, and then make
them think.

Did you know that the plan-
et Neptune was spotted
mathematically even before
it was first observed? That
implies that the one who
observed Neptune knew ex-
actly where to look for it.
That someone was German
astronomer Johann Gott-
fried Galle. Not that no one
before him had spotted the
planet. Only that, he was
the first one to know he was
looking at the planet Nep-
tune when he made his ob-
servations. 

If we are discussing the
discovery of Neptune, then
we will have to start it from
Uranus. We would actually
have to start with Galileo,
who sketched the move-
ment of what he thought
were the changing posi-
tions of a fixed star, in 1613.

But since he never bothered
to publish these findings,
we might skip over 150
years and get to 1781. Ura-
nus was discovered in that
year and it didn’t go unno-
ticed that the planet was be-
ing slightly pulled away
from its expected orbit,
when compared to that pre-
dicted by Newton’s laws of
gravitation. 

The irregularities in the
orbit of Uranus suggested
that there might be grav-
itational interference from
another heavenly body.
Alexis Bouvard, a French
astronomer, published as-
tronomical tables of the or-
bit of Uranus in 1821 and
noted these deviations,
which he attributed to a hy-
pothetical body.

Another Frenchman, Ur-
bain Le Verrier, used these
anomalies to work out a set

of mathematical predic-
tions. British mathemati-
cian John Couch Adams
also reached similar con-
clusions, working inde-
pendently. While Le
Verrier made his predic-
tions public, Adams kept
his work to himself and col-
leagues at the University of
Cambridge. 

By 1846, Le Verrier knew
the mass and orbital path of
the eighth planet, having
completed his calculations.
But as he got nowhere with
members of the French as-
tronomical society, Le Ver-
rier passed on his
information to Galle in the
Berlin Observatory. On
September 23, that year
Galle, assisted by his stu-
dent Heinrich Louis d’Ar-
rest, spotted Neptune
within a degree of where Le
Verrier predicted it would

be, thereby becoming the
first to observe and confirm
the existence of the eighth
planet. He had received Le
Verrier’s data that very day!

While Adams gave full
credit to Le Verrier for the
information that led to
Galle’s discovery, it wasn’t
equally well received by ev-
eryone. Many in England
strongly believed that
Adams had also predicted
the existence of the planet,
leading to a tense interna-
tional dispute over priority.

The Royal Society, how-
ever, gave the Copley medal
in 1846 to Le Verrier for his
achievement, with no men-
tion of Adams. While the
proposal to name the planet
Le Verrier fell flat, Le Ver-
rier followed traditional
nomenclature to name the
world Neptune. 

Neptune’s discovery was

one of those fine moments
when science and math
worked in tandem, further
confirming Newtonian
gravitational theory. Fran-
cois Arago, a French phys-
icist, mathematician and
astronomer, probably had
the best words to sum it all
up. He referred to Le Ver-
rier as the man who “dis-
covered a planet with the
point of his pen”.

Write to the author at ga-
nesh.a.s@thehindu.co.in

Spotting Neptune,
‘with the point of his pen’

This undated Nasa handout diagram shows the orbits of several moons
located close to the planet Neptune. PHOTO: REUTERS

AN EYE FOR AN I

Neptune’s discovery was one of those fine moments when science and math
worked in tandem, further confirming Newtonian gravitational theory 

A.S.Ganesh

The view of the SpaceX Falcon 9 launch to the International Space
Station from Launch Complex 40 at Cape Canaveral Air Force
Station, Florida on Sunday. PHOTO: AP

3-D printer for astronauts A SpaceX cargo ship
rocketed toward the
International Space
Station on Sunday,
carrying the first 3-D
printer for astronauts
in orbit. The space
agency envisions
astronauts one day
cranking out spare
parts as needed. A
$30 million device for
measuring ocean
winds is also flying up
on Dragon, along with
20 mice and 30 fruit
flies for biological
research and metal
samples for a golf club
manufacturer. 
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vouch for the authenticity of any advertisement
or advertiser or for any of the advertiser’s pro-
ducts and/or services. In no event can the
Owner, Publisher, Printer, Editor, Director/s,
Employees of this newspaper/company be held
responsible/liable in any manner whatsoever for
any claims and/or damages for advertisements
in this newspaper.

Published by N. Ram at Kasturi Buildings, 859 & 860, Anna Salai, Chennai-600002 and Printed by T. V. Suresh at 199/1 & 199/2, Industrial Park, IDA, Block D, Chinagantyada Village, Gajuwaka Mandal, Visakhapatnam-530012 on behalf of KASTURI & SONS LTD., Chennai-600002. Editor-in-Chief: N. Ravi (Editor responsible for selection of news under the PRB Act).
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Word of the day
Intricate (adj): Complicated or detailed 
Used in a sentence: Kashmir carpets have intricate patterns.
Suggested by:  Zaki Mazhar Kaify.  
Your turn! Pick a word from today’s The Hindu in School whose
meaning you do not know and send it to us at school@thehindu.co.in
(Subject: Word of the day) 

Disclaimer: Readers are requested to verify &
make appropriate enquiries to satisfy
themselves about the veracity of an adver-
tisement before responding to any published in
this newspaper. Kasturi & Sons Limited, the
Publisher & Owner of this newspaper, does not
vouch for the authenticity of any advertisement
or advertiser or for any of the advertiser’s pro-
ducts and/or services. In no event can the
Owner, Publisher, Printer, Editor, Director/s,
Employees of this newspaper/company be held
responsible/liable in any manner whatsoever for
any claims and/or damages for advertisements
in this newspaper.
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Have you ever tried to count the
stars in the night sky? Have you
ever wondered how many worlds
like our Solar System could exist
in the vastness of the Universe? 

Most shining dots you see in the
night sky are stars like our Sun.
Some are bigger, some are small-
er. But they are all part of our
Galaxy, the Milky Way. A galaxy is
a group of many stars, dust and
gas held together by the gravita-
tional force. The same force that
holds you to the ground and pre-
vent Earth to escape from the vi-
cinity of the Sun. There are more
than hundred billion stars in the
Milky Way! 

Earth and the other planets of
our Solar System, like Mars or Ju-
piter, orbit around the Sun. Simi-
larly, there could also be planets
around other stars. A planet orbit-
ing around a star which is not our
Sun is called an exoplanet, and the
first one was discovered in 1995
from a telescope in the South of
France. We have now detected
over 1800 exoplanets, and we are
yet only looking at nearby stars.
As there are billions and billions
of stars in the Milky Way, there
could also be billions and billions
of exoplanets. 

Detections are indirect
But detecting exoplanets is not

easy. Planets don't emit visible
light on their own, and we are
blinded by the extreme brightness
of the stars around which they or-
bit. Observing an exoplanet is like
spotting a firefly in the direction
of the sun during a bright sunny
day. 

This is why most detections of
exoplanets are indirect. For ex-
ample, when a planet passes in
front of its parent star, the lumi-
nosity of the star slightly decreas-
es, and as the planet continues its
orbit, this is due to happen at reg-
ular intervals. Detecting period-
ical drops of the star luminosity

thus indicates the presence of a
planet, and also enables to calcu-
late its size. Moreover, the parent
star is attracted to the planet in
the same way that the planet is
attracted to the star. So, as the
planet turns around the
star, the star also moves
a little. As the star is
much more massive
than the planet, the
movement is very faint,
but still detectable, and
it even permits to deter-
mine the mass of the planet. 

Gaseous 51 Pegasi B
51 Pegasi B is the first exoplanet

that was ever detected. It is a gase-
ous planet like Jupiter, but it is
much closer to its parent star.

Since it therefore receives more
light from the star, it is very hot
and the temperature reaches
around 1000°C. But like Jupiter,
you wouldn't be able to set foot on
this planet, as it is entirely made

of gas!
Gliese 667 Cc is a rocky exopla-

net that is much more similar to
Earth. It is just slightly smaller
than our planet, and its surface
temperature might be very close
to Earth's. There could even be

liquid water on the surface! But
there are also major differences:
the full round of seasons only last
28 days instead of a year, and
three suns should be visible in the
day sky. This definitively changes
the vista! 

We will surely discover more
exoplanets in the future, and one
of the key questions is whether
life happened in other planets
than Earth. As we expect to find
many more exoplanets, that is
quite possible! Besides, we are yet
only probing a small area of our
Milky Way. What about other gal-
axies? There are many more gal-
axies in the Universe, and thus
even more stars. So many that the
thought makes me dizzy! 

(Jonathan Freundlich is a PhD
student at the Paris Observatory,
in France, working on star forma-
tion and galaxy evolution)

An artist’s impression of a sunset on Gliese 667 Cc. The planet orbits around the brightest
star, but two other suns are visible in the sky. CREDIT: ESO/L. CALCADA

Did you know?
● Ancient Greeks

named our Galaxy
the Milky Way
because it appears
as a milky white
glowing band across
the night sky, and
“galaxy” actually
means “milky” in
ancient Greek.

● Seen from outside,
our Milky Way looks
like a flat disk made
of stars, whose
diameter is about
100,000 light-years:
light itself takes
100,000 years to
travel from one side
to the other!

● As most other stars,
our Sun rotates
around the center of
the Milky Way. The
nearest star to our
Sun is named
Proxima Centauri
and is already 4
light-years away
from us.

● 51 Pegasi B is
named after its host
constellation,
Pegasus, while
Gliese 667 Cc bears
the name of the
German astronomer
Wilhelm Gliese, who
catalogued the
planet's parent stars
in 1957.

● While Earth takes a
full year to complete
its revolution around
the Sun, 51 Pegasi B
circles around its
star in just a few
days

Jonathan Freundlich

ASTROPHYSICAL SERIES: PART- 2

Faraway,
so close

Astronomers have detected water vapour in the atmo-
sphere of a planet that orbits a star far beyond our solar
system.

Observations of the Neptune-sized planet, which lies 120
light years from Earth in the constellation of Cygnus,
revealed that its atmosphere was mostly hydrogen with
around 25 per cent made up from water vapour.

Until now, researchers have been frustrated in their
efforts to study the atmospheres of planets much smaller
than Jupiter because their skies were thick with clouds.
The problem was so persistent that astronomers had begun
to think that all warm, small planets formed with sub-
stantial cloud cover.

But writing in the journal Nature, scientists in the U.S.
describe how they found a Neptune-sized planet with
cloud-free skies, enabling them to make detailed mea-
surements of a small planet’s atmosphere for the first time.

How did they study?
The planet, named HAT-P-11b, is about four times the

diameter of Earth. It orbits so close to its star that surface
temperatures reach more than 600C and a year passes in
five Earth days. Like our own Neptune, the planet lacks a
rocky surface — it’s a ball of gas — and is thought to be
lifeless.

Scientists from the University of Maryland used Hub-
ble’s wide field camera to analyse light from HAT-P-11b’s
host star through the planet’s atmosphere. They found that
light with a wavelength of 1.4 micrometres was absorbed,
matching the absorption spectrum of water molecules.

“Although this planet is not classically habitable, it re-
veals to us that when we find Earth 2.0, we will be able to
use this technique, transmission spectroscopy, to under-
stand its atmosphere and determine the quality of life
available on its shores,” said Jonathan Fraine, a graduate
student and first author on the study.

If cloud cover were widespread on smaller planets be-
yond the solar system, astronomers would need radically
different approaches or far more advanced technology to
probe their atmospheres. “Now we know that not all warm
Neptunes form with high-altitude clouds, we can again
explore the diversity of planet formation and gain greater
context for our own creation,” said Fraine.

Biosignatures
Future studies of alien atmospheres may detect propor-

tions of gases that point to life below. On Earth, methane,
ammonia and nitrous oxide are produced mostly by bacte-
ria, while oxygen comes from plants and other photosyn-
thesising organisms. Because the gases are not made in
large amounts by anything else, they are considered “bio-
signatures”, or signs of life.

“Biosignatures are much harder to find, but with bigger,
exoplanet-specific telescopes and precise instruments, we
should be able to start looking for them too,” said Fraine. —
© Guardian Newspapers Limited, 2014.

Water found in
exoplanet's
atmosphere 

FOR THE FIRST TIME An artist's concept of the
silhouette of the exoplanet planet HAT-P-11b as it
passes its parent star. PHOTO: AFP

Ian Sample

The planet, named HAT-P-11b, is about four
times the diameter of Earth.

Like our own Neptune, the planet lacks a rocky
surface — it’s a ball of gas — and is thought to
be lifeless.

Scientists used Hubble’s wide field camera to
analyse light from HAT-P-11b’s host star through
the planet’s atmosphere. They found that light
with a wavelength of 1.4 micrometres was
absorbed, matching the absorption spectrum of
water molecules.

Last week, we saw how two mathe-
maticians, Urbain Le Verrier and
John Couch Adams, worked out
the position of the planet Neptune
even before it had even been ob-
served. They didn’t bet against
each other as to who would arrive
at it first, but if they had, that
would have been one tough bet to
resolve!

Today, we will be looking at how
a bet shaped the future of a man. In
fact, it eventually went on to mark
the beginning of commercial ra-
dio. And maybe it is for this reason
that Frank Conrad is widely re-
ferred to as the father of radio
broadcasting.

Conrad, born to a railroad me-
chanic in 1874, ended his formal
education when he was in his sev-
enth grade. His desire to work with
tools began to take shape when he
started out as a bench-hand in the
Westinghouse Electric Company
in Pittsburgh at the age of 16. 

Notable contribution
What he lacked through formal

training, Conrad more than made

up with his mechanical abilities,
prompting his promotion to the
Westinghouse testing department.
It was during this period that he
started out inventing, his most no-
table contribution being the circu-
lar type watt-hour metre, which
later became a household item to
measure the consumption of elec-
tricity. 

His interest in radio sparked
from an incident in 1912. In order
to settle a $5 bet (over $100 in
today’s money) regarding the ac-
curacy of his watch, Conrad built a
wireless receiver to hear the time

signals transmitted from the Naval
Observatory broadcast station
NAA in Virginia. He not only won
the bet, but also moved on to big-
ger things. 

Station in garage
After the crude receiving device,

he built his own transmitter, en-
abling him to open an amateur ra-
dio station from his Wilkinsburg
garage. Licensed as 8XK, Conrad
started broadcasting and soon be-
came extremely popular in the
Pittsburgh area where he could be
heard. 

After helping test military radio
apparatus during World War I,
Conrad resumed work with his ra-
dio station after the war. Radio,
which was initially perceived as a
two-way point to point medium,
was soon turned into a medium
wherein a single transmitter could
be used to reach out to a large
audience with receivers. 

He started playing music from
gramophone records in his station,
and he soon started receiving re-
quests for specific music. And
when the Joseph Horne depart-
ment store placed an advertise-

ment on this day in 1920 in the
Pittsburgh Sun for radio receivers
that were ready to use, his audi-
ence only grew larger. 

Harry Davis, Westinghouse Vice
President, saw huge potential in
broadcasting, prompting him to
apply for a commercial license.
The license for the arbitrary call
letters KDKA, which was formerly
8XK, was assigned in mid-October. 

KDKA went live on November 2,
1920 and went on to be a pioneer
broadcasting station. It was the
first station to reach out to the
audience with a regular schedule
and achieved many more firsts as
commercial broadcast model
picked up across the globe. 

Conrad received an honorary
degree of Doctor of Science from
the University of Pittsburgh and
also the Edison Medal in 1930
from the American Institute of
Electrical Engineers among other
awards. As for the radio communi-
cation that he established, it
reigned for decades till the advent
of satellite radio and podcasts. 

Write to the writer at
ganesh.a.s@thehindu.co.in

It all started with a bet

A.S.Ganesh

(Inset)Frank Conrad, father of radio broadcasting. (Right) Inside a commerical radio station. 
PHOTOS: WIKIMEDIA COMMONS, AFP

Tune into the story of
how a bet shaped the
future of a man and
commercial radio
broadcasting

AN EYE FOR AN I

I SEE YOU, YOU DON’T SEE ME Scientists at the
University of Rochester have discovered a way to
hide large objects from sight using inexpensive and
readily available lenses. PHOTO: REUTERS 

� Cloaking is the process by which an object
becomes hidden from view, while everything
else around the cloaked object appears
undisturbed.

.................................................................................................................................

� The Rochester Cloak looks like equipment
used by an optometrist. When an object is
placed behind the layered lenses it seems to
disappear.

.................................................................................................................................

� It provides three-dimensional, continuously
multi-directional cloaking

.................................................................................................................................

� A simple instruction on how to create a
Rochester Cloak at home for under $100 is
available at http://www.rochester.edu/
newscenter/watch-rochester-cloak-uses-
ordinary-lenses-to-hide-objects-across-
continuous-range-of-angles-70592/

.................................................................................................................................

The invisibility cloak

WASHINGTON: Innovative
Stone Age tools may have
been developed by people
in Eurasia and contrary to
widely held views that they
were invented in Africa, a

study published Thursday
found.

Research published in
the journal Science shows
evidence that refined stone
weapons were developed
in Armenia about 325,000
years ago, challenging the
theory held by many ar-
chaeologists that such
technology came from
Africa then spread to Eu-
rasia as the human popula-
tion expanded.

Experts studied thou-
sands of stone artefacts

from the Nor Geghi site in
Armenia.

Research honed in on a
type of technology known
as Levallois, where stone
flakes were used to make
items like pointed hunting
weapons. The technology
was an improvement over
a more primitive type of
stone shaping called
biface.

New insights into Stone Age tools 
They could have been developed in Eurasia and not just in
Africa, says a study. 

Levallois and biface
tools. PHOTO: AFP
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Word of the day
Supplant (verb): To displace and substitute for another
Used in a sentence: Times are changing. Books are being supplanted by e-books 
Suggested by:  Mashidur Rahaman
Your turn! Pick a word from today’s The Hindu in School whose meaning you do not
know and send it to us at school@thehindu.co.in (Subject: Word of the day) 

Disclaimer: Readers are requested to verify &
make appropriate enquiries to satisfy
themselves about the veracity of an adver-
tisement before responding to any published in
this newspaper. Kasturi & Sons Limited, the
Publisher & Owner of this newspaper, does not
vouch for the authenticity of any advertisement
or advertiser or for any of the advertiser’s pro-
ducts and/or services. In no event can the
Owner, Publisher, Printer, Editor, Director/s,
Employees of this newspaper/company be held
responsible/liable in any manner whatsoever for
any claims and/or damages for advertisements
in this newspaper.
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Over 10 years ago, a spacecraft
named Rosetta blasted off on its
way to meet up with an icy dust ball.
The European Space Agency
launched the mission with contri-
butions from selected European
countries, and also from Nasa.
Those who built Rosetta have high
hopes for it. If all goes according to
plan, a lander attached to Rosetta
will gently descend to the surface of
the comet for the first time ever. 

In fact, the Rosetta mission has
already made history. In late Au-
gust, after its decade-long journey,
the spacecraft entered an orbit
around a comet for the first time.
The comet—Comet 67P/Churyu-
mov-Gerasimenko—is barrelling
quickly towards the sun as Rosetta
circles around it. This is both a
blessing and a curse.

It’s a blessing because we will
now have a front-row seat to a pret-
ty awesome show. As this comet
gets closer to the sun it will heat up.
As it heats up, it will develop the
bright coma and stunning tail for
which comets are known. 

It’s a curse because eventually all
that heat will make it impossible for
the lander’s instruments to work. It
could even break Comet 67P apart.
That means there’s a deadline for
putting a lander on its surface. The
scientists must act quickly.

And act quickly is what they have
done! Immediately after arriving at
its target, Rosetta made a detailed
map of its surface. Not only is it a
beautifully detailed look at a myste-

rious space object, but it is also use-
ful. When Rosetta first launched,
scientists had no idea what the sur-
face of Comet 67/P looked like.
Now, using this map, scientists
were able to pick out a number of
potential landing sites to study.

After teams of scientists and en-
gineers discussed and debated all of
those options, they picked one first-
choice landing site and one back-up
site. Everything is on schedule for
the landing attempt to be made in
mid-November.

Both on the surface and in orbit,
Rosetta will help us understand not
only what comets look like up close
when they approach the sun, but it
will also shed light on the formation
of our own solar system. These icy
comets are the leftovers from the
time when our solar system was
just forming. 

Bright future for a 
comet-chasing spacecraft
Alex H. Kasprak

Play and learn
Download the game CometQuest
by NASA’s Space Place and take
control of the Rosetta Mission.
Land a lander and collect data
while you avoid space hazards!
http://tinyurl.com/cometquest. 

Rosetta shot this picture of Comet 67P/Churyumov-
Gerasimen when it arrived in the comet’s orbit. The marked
area is the first choice landing site. CREDIT: ESA/ROSETTA/MPS
FOR OSIRIS TEAM MPS/UPD/LAM/IAA/SSO/INTA/UPM.

A giant plain on the nearside of the
moon is bordered by ancient rift val-
leys that acted as a “magma plumbing
system” for the region’s volcanoes
billions of years ago, scientists say.

Researchers had thought that a
rocky ridge around the 3,200km-
wide plain, named the Ocean of
Storms, was the edge of an enormous
impact basin created when an aste-
roid crashed into the moon.

But maps drawn up from measure-
ments taken by Nasa’s Grail (Gravity
Recovery and Interior Laboratory)
mission orbiters found that the rocky
features were lava-filled valleys that
operated like a plumbing system.

Though volcanoes continue to
erupt on Earth, most of the moon’s
volcanic activity took place three to
four billion years ago. Because the
gravity is so weak on the moon, explo-
sive eruptions blasted debris far fur-
ther than they do on Earth. 

How did they form?
Jeff Andrews-Hanna, a geophysi-

cist at the Colorado School of Mines,
used maps from the Grail mission to
show that the rocky border around
the lunar plain was not circular as
would be expected from an asteroid
impact. Instead, the rocky ridges
were long rift valleys that had filled
with lava and frozen over.

“This was a really surprising obser-
vation,” said Andrews-Hanna, whose
study appears in the journal Nature.
“It has really challenged our under-
standing of the evolution of the
moon. There’s the very fact that we’re
talking about rift valleys on the
moon. Those are well known on
Earth, and on Mars and Venus, but
not on the moon.” Soon after the
moon’s formation, an abundance of
radioactive elements made the Ocean
of Storms warmer than the rest of the
lunar surface. Andrews-Hanna said
that the rifts might have formed as
the plain cooled and contracted. “We
think this whole province was pulling
away from the moon around it and

that would cause the extension to
make the rift valleys,” he said.

The bright ancient highlands and
dark blotches of basaltic lava make up
the man-in-the-moon pattern of the
lunar surface. The lava probably
welled up through cracks in the rift
valleys, which had thinned the crust
of the fledgling moon.

Nasa’s Grail mission used two
identical orbiters to create a detailed
map of the moon’s gravitational field.
The maps revealed hidden features
beneath the surface, including re-
gions called mass concentrations, or
mascons, that generate a stronger-
than-usual gravitational pull.

— © Guardian Newspapers Limited, 2014 

Secrets of the Man on the Moon decoded 
The ancient highlands and blotches of basaltic lava make up the man-in-the-moon pattern of the lunar surface

Ian Sample

WORLD SPACE WEEK
October 4 to 10

All the stars you see in the sky belong
to our Galaxy, the Milky Way. But our
naked eyes can't see everything: if you
point a powerful telescope to any
seemingly empty region of the sky, it
will uncover hundreds and hundreds
of other galaxies! Each of these galax-
ies is a world in itself, containing bil-
lions of stars and planets. Our Milky
Way may be huge, but it is only one
galaxy amongst hundreds of billions! 

The Andromeda Galaxy is one of the
nearest galaxies to the Milky Way. But
it is already two million light-years
away, which means it took two million
years for its light to reach us: we see it
as it was when there were still no
humans on Earth! Because light takes
time to travel from one place to anoth-
er, we see distant galaxies not as they
are right now, but as they were long
ago in the past. The farther we look in
space, the farther we see back in time. 

Some of the faintest galaxies tele-
scopes can see are ten billion light-
years away, and we can thus probe the
Universe as it was ten billion years
ago. Galaxies at that time looked quite
different than now. Whereas our
Milky Way and the Andromeda Gal-
axy have beautifully smooth spiral
shapes, galaxies were less regular and
much lumpier ten billion years ago.
Besides, they were forming much
more stars. 

How do stars form?
Stars originate from cold gas clouds

that are mainly composed of hydro-
gen, as hydrogen is the most abundant
element in the Universe. Gravity pulls
the gas particles together, up to a
point where pressure and temper-
ature are so high that nuclear fusion
reactions start: atoms merge and form
heavier elements, like helium, carbon,

and even iron. These powerful nuclear
reactions generate the incredible
amount of energy that makes stars
shine, and produce most chemical ele-
ments in the Universe, including the
atoms of your own body. We are all
made of stardust!

Galaxies progressively consume
their gas reservoir to form stars. Also,
giant stars often explode at the end of
their lives, which eject some of the
remaining gas out of their galaxy. The
gas content of a galaxy consequently
decreases with time, and this is the
main reason why galaxies formed
much more stars ten billion years ago.
Nevertheless, our Milky Way still
gives birth to a couple of stars each
year! 

The Universe is not static
We often imagine the Universe as

an unchanging ocean in which our
Galaxy would be fixed for all times.
But our Universe is not static. As stars
form and die, galaxies evolve and
change. The life of a galaxy is far from
quiet, and can even be violent! Galax-
ies can indeed collide and merge with
each other. For example, the Andro-
meda Galaxy will merge with our
Milky Way in four billion years. But be
reassured, although it will definitively
change the night sky, it shouldn't dis-
turb Earth and our Solar System that
much!

For the moment, we are only able to

observe other galaxies from the dis-
tance. Each galaxy is unique and they
all have different shapes and colours.
But these worlds may seem too far
away to be ever reachable. Do you
think mankind will be able to explore
them one day? 

Jonathan Freundlich is a PhD stu-
dent at the Paris Observatory, in
France, working on star formation
and galaxy evolution. 

Island worlds
in the vastness of the Universe

The Hubble Ultra Deep Field image uncovers a multitude of galaxies
in a tiny region of the sky. CREDIT: NASA, ESA, H. TEPLITZ AND M.
RAFELSKI (IPAC/CALTECH), A. KOEKEMOER (STSCI), R. WINDHORST (ASU), Z.
LEVAY (STSCI)

Jonathan Freundlich

● Giant stars usually
explode at the end of
their lives. The explosion
is called a supernova,
and can be as luminous
as a whole galaxy. It
generates huge winds
that can expel some of
the gas from the galaxy
in which it happens. 

● Andromeda Galaxy is
about the same size as
our Milky Way, and it is
actually visible with the
naked eye during dark
moonless nights. It
appears as a dim, hazy
dot in the sky.

● Andromeda Galaxy and
our Milky Way are both
part of a group of
galaxies named the Local
Group.

●  The Hubble Ultra Deep
Field image taken by the
Hubble Space Telescope
reveals thousands of
galaxies in an area which
is hundred times smaller
than the apparent
surface of the moon.

ASTROPHYSICAL SERIES: PART - 3

Did you know that the first half of the
20th century was dominated by vacu-
um tubes? Be it radio, television, tele-
phone networks or computers,
vacuum tubes were the basic compo-
nent for all electronics. 

It was only in the 1950s, a few years
after the invention of semiconductor
devices, that the switch from vacuum
tubes to transistors took place. Today,
we will look at one of the first devices
that made the transformation.

The IBM 604 Electronic Calculat-
ing Punch was introduced in 1948. A
lot of planning talent was invested in
this device and with considerable ex-

pectations, the future of IBM hinged
around it. 

A desk-sized machine that took in
punch cards to process problems, the
IBM 604 comprised of over 1250 vacu-
um tubes that enabled it to perform
operations. It was no computer, but as
a calculator it could process over 100
cards per second, performing addi-
tion, subtraction, multiplication and
division using binary coded decimal
arithmetic. That was still a lot of calcu-
lation at a pretty quick pace during
those times.

Vacuum tubes played the role of
controlling electric current in elec-
tronics through a vacuum in a sealed
container. Transistors, that were in-
vented in 1947 by William Shockley,
could perform the same function of
controlling flow of electricity in cir-
cuits, thereby switching on and off ap-
propriately. Therefore, it was only a
matter of time before engineers em-
ployed these to build their logic.

This, however, did not happen im-
mediately. It was only on October 7,
1954, that the first experimental ver-

sion of the IBM 604 using solid-state
devices instead of vacuum tubes were
built.

Paved way for commercial
calculator from IBM

Over 2000 transistors were employ-
ed in this device. As the initial IBM
604 was built such that it could be
manufactured and serviced easily, its
design allowed for an easy tech swap
from tubes to transistors.

The resulting all-transistor calcula-
tor was neither faster, nor smaller
than the vacuum tube based machine.
What it had going for it, however, was
the fact that it consumed only 5 per
cent of the power when compared
with that needed for the older model. 

The success was met with enthusi-
asm and it urged IBM to build the first
commercial calculator based on tran-
sistor technology. The IBM 608 was
the product and it came out to the
market in 1958.

Not affordable
Commercial success though, was

still a step away. With over 3000 tran-
sistors used, and transistors still being
expensive, these calculators were not
quite affordable. 

With time, however, more and more
products took to the new technology,
prompting the prices of transistors to
fall below that of vacuum tubes. And
since then, solid-state devices have re-
placed vacuum tubes, ushering in an
era of low-power, smaller and faster
computing devices. 

Write to the author at
ganesh.a.s@thehindu.co.in

From tubes to transistors
It was only on October 7, 1954, that the first experimental version of the IBM 604, an all-transistor
calculator, was built 

IBM 604 Electronic Calculator at
NEMO (National Science
Museum in Amsterdam). 
PHOTO: WIKIMEDIA COMMONS

AN EYE FOR AN I

A.S.Ganesh
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3SCIENCE & TECH
Word of the day
Intrinsic (Adjective) – relating to the essential nature of a thing 
Used in a sentence: The businessman has an intrinsic drive to
succeed 
Word suggested by: Jyothsna. Your turn! Pick a word from today’s
The Hindu in School whose meaning you do not know and send it to us
at school@thehindu.co.in (Subject: Word of the day) 

Disclaimer: Readers are requested to verify &
make appropriate enquiries to satisfy
themselves about the veracity of an adver-
tisement before responding to any published in
this newspaper. Kasturi & Sons Limited, the
Publisher & Owner of this newspaper, does not
vouch for the authenticity of any advertisement
or advertiser or for any of the advertiser’s pro-
ducts and/or services. In no event can the
Owner, Publisher, Printer, Editor, Director/s,
Employees of this newspaper/company be held
responsible/liable in any manner whatsoever for
any claims and/or damages for advertisements
in this newspaper.

Communication can be a tricky busi-
ness. We do it everyday, yet we never
seem to be perfect at it - we are always
learning. A miscommunication owing to
an assumption in the conversion of units
and a mission, that’s worth millions of
dollars, fails. And yet, we are increasing-
ly glued to our communication devices,
taking them for granted. For we believe
that the mistakes stem out of the human
error and not the device or communi-
cation channels themselves…

Terms like “engaged tone,” “busy sig-
nal” and “dial tone” have crawled into
our vocabulary, sometimes even when
we are speaking in our local languages.
Their usage seems so intrinsic that we
hardly pause to think as to how they
came about. But now that you are doing
that, you might realise that the ‘tone’ and
‘signal’ indicate a relation to frequency. 

Actually, not long ago, and we were
still using rotary phones. Ask your
grandparents and they might be able to
tell you how it was when it took time to
dial each digit, as they had to rotate a
mechanical wheel or the rotary dial. In
fact, it was only on November 18, 1963,
that touch-tone services were intro-
duced, marking in a way the beginning of
the revolution that we are part of now. 

Optional rollouts
The push-button telephone began as

optional rollouts in Carnegie and
Greensburg, United States. They were
10-button sets (* and # keys were added
only in 1968) that slashed the dialling
time drastically, changing everyday
communication. 

The dials were no match for touch-
tone services and they were gradually
replaced. Touch-tone, which was a for-
mer registered trademark of Bell Tele-
phone Co., employed Dual Tone - Multi
Frequency (DTMF) as the basis of the
telephone. DTMF is the global standard
for audible tones that represents the di-
gits on a phone keypad.

Each button represents a
frequency

So when you are making a phone call,
you are pressing the different digits that
comprise the phone number. Each row
and column has a specified frequency.
DTMF is a 4x4 matrix (the 4th column

has kind of become obsolete these days)
with each row representing a low fre-
quency and each column corresponding
to a higher frequency. 

So if you are pressing the digit 1, it
sends a sinusoidal tone for each of the
two frequencies 697 Hz and 1209 Hz.
Pressing 2 would evoke 697 Hz and 1336
Hz and in this way each digit can be
uniquely identified, allowing the tele-
phone company to switch the call ac-
cordingly. National telephone systems
also designate specific frequencies to in-
dicate the status of lines like busy signal
and dial tone.

DTMF is here to stay?
Even as we move into the world of

smartphones, DTMF continues to stay.
As communication shifts from voice to
data-driven services, including messag-
ing and global positioning, keypads have
evolved to facilitate the same. The 4x3
grid with the numbers from 0-9 along
with * and #, however, remains the pri-
mary way in which calls are made.

Just
push a
button…

A.S.Ganesh

Question: If you were to dial
the number ‘7’, which two
frequencies would the resulting
sound be composed of? Send
your answers to
ganesh.a.s@thehindu.co.in with
your name, class, school and
location. [subject: eye]
Last week’s answer: NASA’s
Curiosity is the rover designed
to find out if Mars ever had an
environment to support small
life forms like microbes. 
Vishal .P and N.S Guhan of
class 10, PEM School of
Excellence, Tirupur were among
the first to get it correct.
Congratulations!

EACH DIGIT IS UNIQUE The 4x3 grid with the numbers from 0-9 along with
* and #, however, remains the primary way in which calls are made.

AN EYE FOR AN I

When we look at the universe with
our telescopes today, we can see
stars, galaxies, clusters of galaxies
and huge voids between them. As
matter gathers around galaxies and
leaves big empty regions, the uni-
verse is highly inhomogeneous.
Have you ever wondered what the
universe looked like in its earliest
stages?

A homogeneous universe
What we call the Cosmic Micro-

wave Background is the closest we
can get to an image of the universe
as it was right after the Big Bang,
more than 14 billion years ago. It is a
light which is not associated to any
star or to any other astrophysical
object, but rather bathes the entire
universe in a background glow. It is
the oldest light we can see, emitted
when the universe was only
380,000 years old. At that time, the
universe was much hotter and
much more condensed than it is to-
day. 

In the same way that heated met-
als emit light and change colour
with temperature, the Cosmic Mi-
crowave Background is a measure of
the temperature of the universe. To
each fluctuation of temperature
corresponds a change in the matter
distribution, so the Cosmic Micro-
wave Background also traces the
matter distribution of the Universe
long before Earth and our Milky
Way came into existence. And con-
trary to what we can observe today,
it reveals an incredibly homogene-
ous universe! 

The amount of matter is almost
exactly the same everywhere in the
universe at the epoch of the Cosmic
Microwave Background: between
the blue and red areas on the map,
the difference in matter density is
comparable to the difference a sand
grain would make on your own

weight. But although small, there
are tiny fluctuations and they are
the seeds of all future galaxies! 

The formation of galaxies
Gravitation is an attractive force,

so each excess of matter tends to
attract more matter and to grow.
This is how the tiny density fluctu-
ations seen in the Cosmic Micro-
wave Background lead to matter
structures as large as galaxies and
clusters of galaxies. 

The temperature of the universe
decreases with time, which helps
forming stable structures. Lower
temperatures indeed imply smaller
velocities for the matter particles,
and a particle with a small velocity
is more likely to feel the gravitation-
al attraction of the other particles
and to aggregate with them, as it is
less carried away by its own mo-
mentum. But while gravitation
pulls particles together, the expan-
sion of the universe tends to dilute
and scatter them, as more space be-
comes progressively available to the
same amount of matter. The forma-

tion of structures is a constant fight
between the gravitational force and
the expansion of the universe!

Nevertheless, a huge network of
matter structures slowly starts to
assemble. In the densest regions,
gas cools and starts to form stars.
Galaxies are born. 

The Cosmic Microwave Back-
ground is a snapshot of the universe
as it was shortly after the Big Bang,
before the first galaxies were cre-
ated. 

But it is also much more than this.

The detailed properties of its tem-
perature fluctuations tell us about
the very nature of our universe, and
help us answer fundamental ques-
tions such as: What is the composi-
tion of our universe? How old is it?
Is it going to expand forever? Is it
finite? Is it infinite? 

(Jonathan Freundlich is a PhD
student at the Paris Observatory, in
France, working on star formation
and galaxy evolution. The author
can be reached at jonathan.freun-
dlich@obspm.fr) 

SHORTLY AFTER THE BIG BANG The Cosmic Microwave Background as observed by the Planck
satellite. PHOTO: ESA AND THE PLANCK COLLABORATION

● Planck is a mission of the European Space Agency
(ESA) designed to make the most precise
measurements of the Cosmic Microwave Background.
It was launched in May 2009 and started releasing its
scientific conclusions in 2013.

● Planck's predecessors include NASA missions COBE
(launched in 1989) and WMAP (2001).

● Light emitted before the epoch of the Cosmic
Microwave Background doesn't reach us because the
Universe then was too dense and opaque.

● The glow of the Cosmic Microwave Background is
strongest in the microwave region of the
electromagnetic spectrum, hence its name.

What the universe
was like in its
earliest stages
Jonathan Freundlich

ASTROPHYSICAL SERIES

The earliest light

WASHINGTON: The United
States has announced two
awards worth $425 million
to build two supercomput-
ers three times faster than
China's Tianhe-2, the most
powerful system in the
world, as well as research
extreme scale supercom-
puting technologies. 

The U.S. government will

invest $325 million to build
"Summit" at the Depart-
ment of Energy's ( DOE)
Oak Ridge National Labora-
tory in Tennessee and

"Sierra" at its Lawrence
Livermore Laboratory in
California, Xinhua. 

According to the DOE,
Summit and Sierra will be

five to seven times more
powerful than Oak Ridge's
Titan, today's fastest super-
computer in the U.S. that
operates at 17.59 petaflop/s,

or quadrillions of calcula-
tions per second. 

The supercomputers, to
be installed in 2017, will al-
so be at least three times
than the current world's
fastest, Tianhe-2 at China's
National Super Computer
Center, which delivers
33.86 petaflop/s.  IANS

U.S. to build world's fastest supercomputers 
A petaflop is the ability of a computer to do one quadrillion floating point
operations per second (FLOPS). A petaflop computer requires a massive
number of computers working in parallel on the same problem

WASHINGTON: To understand what happens to
plants when there is no gravity, researchers
are now set to study 1,000 plant seedlings
grown in space. 

Researchers from University of Wisconsin
recently welcomed the delivery of the plant
seedlings from the International Space
Station. 

The plants grown in space will be frozen
and their RNA will be extracted for analysis. 

"(What we want to know is) what happens
when you remove gravity, because that might
give us the mechanism that plants on the
ground use to weigh themselves and respond
to gravitational forces," said Simon Gilroy
from University of Wisconsin. 

In the experiment funded through a grant
by NASA, the researchers are first seeking to
understand the alterations in genetic control
in plants that grow in a microgravity
environment. 

The second component of the team's ex-
periment, dubbed by NASA as geneLAB, is a
programme in which Gilroy's team will pub-
lish raw data consisting of patterns of genes
in the plants that grew in space. 

The time required for the extraction and
analysis of RNA will take roughly three to six
months, when the data set will become avail-
able to the public using a new "open source"
method. IANS

What happens to
plants, when there
is no gravity? 

� Researchers from University of Malaya in Kuala
Lumpur have found a fossil tooth of a dinosaur.

......................................................................................................................................................

� The tooth could be at least 140 million years old
and belongs to a new species within the "bird-
hipped" Ornithischian order, they say.

......................................................................................................................................................

� Ornithischian, or "bird-hipped", is a major group
comprised of herbivous dinosaurs such as
triceratops.

......................................................................................................................................................

� The dinosaur would have been about as big as a
horse, Sone said.

......................................................................................................................................................

� The present find implies the fact that there was an
established vegetated terrestrial ecosystem in
Peninsular Malaysia during the Cretaceous period
(65–145 million years ago) of late Mesozoic time

......................................................................................................................................................

A fossil tooth of a dinosaur displayed at the University
of Malaya in Kuala Lumpur. University's
palaeontologists', Masatoshi Sone and Teng Yu He,
findings reveal that it is identified to be a tooth of an
ornithischian dinosaur known as a herbivorous
dinosaur. PHOTO: AFP 

140-million-year-old tooth

PARIS: Europe's science probe Philae
sent home a treasure trove of data
from a comet heading towards the
Sun before falling silent as its power
ran out, mission control said Satur-
day. Crowning a historic feat, the ro-
bot lab streamed data from its
experiments back to its mother ship
Rosetta in the final hours before its
battery ran down.

This included the outcome of an
eagerly-waited chemistry test of a
sample drilled from the comet's icy
and dusty surface, scientists said.

"Rosetta's lander has completed its
primary science mission," the Eu-
ropean Space Agency (ESA) said.

Lacking power, its instruments
and most systems went into standby
mode after three days of non-stop
work, sending back data that will
keep scientists busy for years.

"The data collected by Philae and
Rosetta is set to make this mission a
game-changer in cometary science,"
said Matt Taylor, Rosetta project
scientist.

Bouncy triple touchdown
Philae had landed in a dark shadow

after a bouncy triple touchdown
Wednesday.

It did not get enough sunlight to
recharge its batteries sufficiently to
extend its mission beyond its initial
60-hour work programme.

Mission engineers do not rule out
making contact with the lander in the
coming months as Comet 67P/Chu-
ryumov-Gerasimenko moves closer

to the Sun. A theory gaining ground
in astrophysics is that the fledgling
Earth was pounded by these bodies of
cosmic ice and carbon-rich dust,
seeding our planet with the basics to
start life. Rosetta and its payload
travelled more than six billion kilo-
metres (3.75 billion miles), racing
around the inner Solar System before
they caught up with the comet in Au-
gust this year.

On Wednesday, Philae bade fare-
well to its mother ship and descended
to a comet travelling at 18 kilometres
(11 miles) per second, 510 million
kilometres (320 million miles) from
Earth.

Philae landed smack in the middle
of its targeted site, but a pair of an-
choring harpoons failed to deploy.

Philae found itself in the shadow of
a cliff, tilted at an angle that left one
of its three legs pointed to the sky.

And lack of sunlight for its solar
panels meant it had to survive on a
battery with a charge of around 60
hours, enough to carry out its sched-
uled scientific work.

Race against time
Stacked against the odds, the sci-

entists resorted to every trick pos-
sible to use power miserly and keep
Rosetta working without causing it to
drift away.

Using the lander's toolkit of 10 in-
struments, they started with passive
observation -- taking pictures, mea-
suring the comet's density, temper-
ature, and internal structure,
"sniffing" molecules of gas from its
surface -- that would not move the
craft. Finally, in the most important
but riskiest experiment of all, they
drilled a core of material out of the
comet surface to analyse its chemical
signature.

All the data had to be stored and
dispatched back to Rosetta as the
power indicators shrank towards the
red zone. AFP

Comet probe sends back science
treasure in final hours 

* Conceived more than 20 years
ago, the Rosetta mission aims at
shedding light on the origins of the
Solar System 4.6 billion years ago,
and maybe even life on Earth.
* The "67P" comet is due to loop
around the Sun next year, flaring
gas from its head and leaving a
spectacular icy trail of ice from
water stripped from its surface.
* Rosetta will escort it until the
comet heads back out towards the
depths of the Solar System in
December 2015. 

The surface of comet 67P/
Churyumov-Gerasimenko during
Philae's descent. PHOTO: AFP
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3SCIENCE & TECH
Word of the day
Thwart (Verb) –prevent (someone) from accomplishing something.
Used in a sentence: Police thwarted the Union's road roko plans
Word suggested by: R.Peter Cintra. Your turn! Pick a word from
today’s The Hindu in School whose meaning you do not know and send
it to us at school@thehindu.co.in (Subject: Word of the day) 

Disclaimer: Readers are requested to verify &
make appropriate enquiries to satisfy
themselves about the veracity of an adver-
tisement before responding to any published in
this newspaper. Kasturi & Sons Limited, the
Publisher & Owner of this newspaper, does not
vouch for the authenticity of any advertisement
or advertiser or for any of the advertiser’s pro-
ducts and/or services. In no event can the
Owner, Publisher, Printer, Editor, Director/s,
Employees of this newspaper/company be held
responsible/liable in any manner whatsoever for
any claims and/or damages for advertisements
in this newspaper.

Published by N. Ram at Kasturi Buildings, 859 & 860, Anna Salai, Chennai-600002 on behalf of KASTURI & SONS LTD., and Printed by S. Padmanabhan at Plot B-6 & B-7, CMDA Industrial Complex, Maraimalai Nagar, Chengleput Taluk, Kancheepuram Dist., Pin: 603209. Editor-in-Chief: N. Ravi (Editor responsible for selection of news under the PRB Act). 

“The Italian navigator has
landed in the New World,”
said Arthur Compton, head
of the Metallurgical Labora-
tory, who was among the
privileged few to witness the
event.

“How were the natives?”
asked James Conant, chair-
man of the National Defence
Research Committee, who
was at Harvard, through a
long-distance telephone.

“Very friendly.”
If you can’t make head or

tail of the above conversa-
tion, don’t worry. The fact is
that Compton and Conant
are talking in code language.
Their code wasn’t prear-
ranged but given their cir-
cumstances and the
information they possessed,
the good news must have
been obvious for both of
them.

When something occurs
for the first time, or occurs
very rarely, then there is an-
ticipation surrounding these
occurrences. We saw it with
Venus and how its transit is a
much observed phenomena.
Today, we’ll look at Italian
physicist Enrico Fermi and
the first controlled, self-sus-
taining nuclear chain reac-
tion that he demonstrated.

It might have been the first
time ever, and we now know
that it was a breakthrough in
nuclear energy technology.
In fact, it was so shrouded in
secrecy, mainly because of
the project that they were in-
volved in, that even if anyone
had eluded the security and
gained admittance, what they
saw would have merely con-
fused them.

Secret project
World War II was on - de-

struction and death on a scale
never seen before. Albert
Einstein wrote to American
President Franklin D. Roose-
velt, highlighting his fears
that the German nuclear re-
searchers could win the war
for the Germans if they de-
veloped an atomic weapon.
The result? A secret project
that included some of the
best minds of the day to find
out the feasibility of nuclear
chain reactions.

Chicago Pile-1
After initial construction

problems, Chicago Pile-1
(CP-1), which would become
the world’s first artificial nu-
clear reactor, was relocated -
to a squash court under the
stands of Stagg Field in the

University of Chicago cam-
pus. 

CP-1’s construction began
in November 1942. 19,000
pieces of uranium metal and
uranium oxide fuel was em-
bedded in 40,000 graphite
blocks to build a lattice struc-
ture of 57 layers. The appara-
tus was encased in a
custom-made square balloon
and a three-man suicide
squad were in place - just in
case things went out of
control.

Those 28 minutes
And on December 2, 1945,

the experiment began. Fol-
lowing a fruitless morning,
when they didn’t meet their
objective, Fermi called for
lunch. After they returned,
the control rod was pulled in
a series of measured adjust-
ments, leading to a self-sus-
taining reaction. The pile
achieved controlled nuclear
reaction at 3:25 pm, and last-
ed for 28 minutes before Fer-
mi shut it down at 3:53 pm.

Compton, who witnessed the
event, called Conant to in-
form the success.

Those 28 minutes ushered
in the Atomic Age. Though
the immediate efforts were
for the war, and also included
developing the weapons that
were used in Hiroshima and
Nagasaki, it also led to the
further development of reac-
tor technology for power
plants and production of ra-
dioactive elements for fur-
thering science and
medicine.

A nuclear reactor…
inside a squash court
A.S.Ganesh

Question: Fermi came up with the first nuclear
reactor as part of the ____ Project (the secret
project that is mentioned in the article). Fill in the
blank. Send in your answer to
ganesh.a.s@thehindu.co.in with your name, class,
school and location. [subject: eye] 
Last week’s answer: The next Venus transit would
occur on December 10-11, 2117. E.Uma
of class 9, Vidya Mandir, Chennai was among the
first to get it correct. Congratulations!

Nuclear fission
Nuclear fission is a reaction
in which a large nucleus
breaks apart into two or
more smaller nuclei,
releasing a great deal of
energy.
Nuclear chain reaction
A nuclear chain
reaction occurs when
one nuclear reaction results
in one or more nuclear
reactions, thus leading to a
dissemination of a number
of these reactions. 

Illustration of Chicago Pile-1, the first nuclear reactor
to achieve a self-sustaining chain reaction. It was
designed by Enrico Fermi (below). PHOTOS: WIKIMEDIA
COMMONS

AN EYE FOR AN I

The milky white glow you can see
across the sky during dark moon-
less nights is our Galaxy, the
Milky Way. It is made of a myriad
of stars held together by the grav-
itational force, our Sun being only
one of them. Although philoso-
phers and scientists had imagined
the possibility of a multitude of
island worlds like our Milky Way
far away from us, it is only in the
beginning of the 20th century
that this possibility became a sci-
entific fact. All at once, the Uni-
verse appeared much wider than
initially thought. 

An expanding Universe
Galaxies outside of the Milky

Way have in common the fact that
the farther they are, the redder
they appear. This is because they
are all drifting away from us. 

Have you ever noticed the shift
in the sound of a motorcycle or in
the siren of a fire-fighter truck as
it passes you? If you pay atten-
tion, you would notice that the
pitch of these sounds is higher
when they come towards you, and
lower when they go away from
you. This is called the Doppler
Effect. In a similar way, galaxies
that come towards us would ap-
pear bluer than if they were
standing still, while galaxies that
are moving away from us would
appear redder. Distant galaxies
appear redder than they should,
so they are moving away from us.
And the farther they are, the fas-
ter they are moving away! 

Space itself is expanding
This phenomenon concerns all

galaxies and they are all moving
away from each other. There is a
global expansion of the Universe.
As strange as it may seem, space
itself is expanding! Imagine the
Universe as a dotted balloon
where each dot represents a gal-
axy: when the balloon is blown up,

the distance between the dots in-
crease in the same way as the dis-
tance between galaxies. Current
models state that such distances
have increased by a factor higher
than thousand since the epoch of
the Cosmic Microwave Back-
ground! However, galaxies them-
selves are held by gravity and are
thus able to retain their shapes. 

Observable galaxies are
slowly disappearing

Recent observations have
shown that the expansion of the
Universe is actually accelerating:
galaxies are moving away from
each other faster and faster!

If the receding velocity of a gal-
axy keeps increasing, there will be
a time when it will reach the speed
of light. After that, light from this
galaxy will never be able to reach
us and the galaxy will totally dis-

appear from our sight. Indeed,
you can imagine the light coming
from this galaxy as a runner on an
expanding track whose finishing
line is our galaxy: if the track ex-
pands faster than the runner can
run, the runner will never reach
the end of the track! Consequent-
ly, in an accelerated expanding
Universe and according to our
current models, we are doomed to

see less and less galaxies. 
In hundred billion years, there

would ultimately be only one sin-
gle visible galaxy: ours. Not exact-
ly the Milky Way, because it
would have merged with Andro-
meda Galaxy, but the galaxy re-
sulting from the merger. If there
are still humans around, they
won't be able to see as much of the
Universe as we can see now. Do
you think they would trust our
observations and theories about
the Universe and galaxies they
wouldn't be able to see? 

(Jonathan Freundlich is a PhD
student at the Paris Observatory,
in France, working on star forma-
tion and galaxy evolution. The au-
thor can be reached at
jonathan.freundlich@obspm.fr)

Drifting away from us
Jonathan Freundlich

The galaxy group HCG 87 with more distant background
galaxies. CREDIT: GMOS-S COMMISSIONING TEAM, GEMINI
OBSERVATORY

Did you know?
* The earliest known
observation of a galaxy
outside of the Milky Way was
made by the Persian
astronomer Abd al-Rahman
al-Sufi in the 10th century
A.D., when he noted the fuzzy
appearance of the Andromeda
Galaxy.
* Hubble's law states that the
receding velocity of a galaxy
is proportional to its distance
from Earth. It is named after
the American astronomer
Edwin Hubble, who published it
in 1929. 
* The velocity associated with
the expansion of the Universe
can be higher than the speed
of light. However, this does
not mean that objects can
move through space faster
than light, since the expansion
of the Universe is an
expansion of space itself. 
* Since farther galaxies are
redder than they should
because of the expansion of
the Universe, their “redshift”
is a measure of their distance
from us. 

ASTROPHYSICAL SERIES

Radio telescopes on Earth
beamed 90,000 messages to Mars
on Friday to commemorate the
launch 50 years ago of the first
robotic probe to visit the planet. 

A U.S. space funding company
called Uwingu organized the ex-
traterrestrial shout-out to mark
the 50th anniversary of NASA's
Mariner 4 mission and to raise
funds for its other projects.

Uwingu's "Beam Me To Mars"
initiative invited interested par-
ticipants to send digital radio-
wave transmissions of their
names, messages and pictures to
Mars for fees ranging from $5 to
$99.

The effort attracted several ce-
lebrities including actor and co-
median Seth Green and actor
George Takei, who portrayed Mr.

Sulu on the television series "Star
Trek." Travelling at the speed of
light, the messages took 15 min-
utes to reach Mars. The entire
transmission was repeated twice.

"Though no one is on Mars yet
to receive the messages, here on
Earth people will hear them loud
and clear," Uwingu wrote on the
project website.

Uwingu, pronounced "oo-wing-
goo" which means "sky" in Swahi-
li, is a privately owned company
that raises money to fund space
research and educational ou-
treach projects.

Since Mariner 4's suc-
cessful flyby of Mars, re-
turning the first pictures
of the planet's surface,
more than 20 other
spacecraft have success-
fully visited, orbited or
landed on the planet's
surface.

NASA currently has
three orbiters and two
rovers working on Mars,
and the European Space
Agency and India each
have one Mars orbiter.
Reuters

Beaming 90,000 hellos to Mars 
Launched on November 28, 1964, Mariner 4
performed the first successful flyby of the
planet Mars, returning the first pictures of the
Martian surface. 

In this NASA artist's
illustration, turbulent winds
of gas swirl around a black
hole. Some of the gas is
spiralling inward toward the
black hole, but another part
is blown away. PHOTO: AFP

● A black hole is a place in space where
gravity pulls so much that even light can
not get out.

● The gravity is so strong because matter
has been squeezed into a tiny space.

● Black holes can happen when a star is
dying. Because no light can get out, people
can't see black holes. They are invisible.

● Space telescopes with special tools can
help find black holes. The special tools can
see how stars that are very close to black
holes act differently than other stars.

● Black holes can be big or small, and
scientists think the smallest black holes are
as small as just one atom.

● These black holes are very tiny but have
the mass of a large mountain, mass is the
amount of matter, or "stuff," in an object.

Throwing
light on 
Black hole

Japan asteroid probe to lift
off Monday after delay
TOKYO: Japan on Monday will
launch a space probe on a six-
year mission to mine a distant
asteroid after the event was
postponed due to bad weather,
officials said.
Hayabusa2 is now scheduled to
blast off aboard Japan's main
H-IIA rocket from Tanegashima
Space Center in southern Japan,
the Japan Aerospace Exploration
Agency said Saturday.
The agency had originally
planned to launch the rocket on
Sunday only weeks after a
European spacecraft's historic
landing on a comet captivated the
world's attention.
But a forecast of thick cloud over
the weekend forced the agency to
delay the launch. 
The 31 billion yen ($260 million)
project is sending a probe
towards the unpoetically-named
1999 JU3 asteroid in deep space.

It will blast a crater in the
asteroid to collect virgin
materials unexposed to millennia
of solar wind and radiation, in the
hope of answering some
fundamental questions about life
and the universe.
Hayabusa2, about the size of a
domestic refrigerator, is expected
to reach the asteroid in mid-2018
and will spend around 18 months
studying the surface. AFP
***

NASA’s Airship Challenge
WASHINGTON: The U.S. space agency
NASA is planning to kickstart a
challenge for developing airships
that can break records in terms of
duration of flight at high
altitudes. 
The idea behind the "20-20-20
Airship Challenge" would be to
achieve unprecedented airship
milestones, NASA said in a
statement. 
Airships are not just powered
balloon-like vehicles that hover
above sporting events. Unlike a
balloon, which travels with air
currents, airships can stay in one
spot. 
The stationary nature of airships

allows them to have better
downlink capabilities, because
there is always a line-of-sight
communication. 
Researchers at NASA's Jet
Propulsion Laboratory in
Pasadena, California, have floated
the idea that airships have
potential for important scientific
and commercial uses. 
"We are seeking to take
astronomy and earth science to
new heights by enabling a long-
duration, suborbital platform for
these kinds of research," said
Jason Rhodes, astrophysicist at
NASA's Jet Propulsion
Laboratory in Pasadena. 
The first tier of the competition
would be to get an airship with a
20-kg payload to stay at an
altitude of 65,000 feet for 20
hours. 
More ambitious ship-builders
can aim for the second tier, with
the same height but carrying a
200-kg payload for 200 hours. 
So far, no powered airship has
been able to sustain this altitude
for more than eight hours. 
Balloons do fly at this height - for
example, weather balloons - but
they are subject to prevailing
winds and may be less reliable. 
The agency has issued a request
for information for this
contemplated "20-20-20 Airship
Challenge". IANS
***
DNA may survive trip to
suborbital space and back 
WASHINGTON: DNA molecules

attached to the outside of a
rocket may be able survive a trip
to suborbital space and back into
the Earth's atmosphere at
extremely high temperatures,
according to a study. 
The experiment, carried out on
the TEXUS-49 rocket mission in
March 2011, "showed that DNA
could be recovered from all
application sites on the exterior
of the rocket," according to the
study. The surviving molecules
were still able to transfer genetic
information to cells and bacteria,
even after exposure to
temperature as high as 1000
degrees Celsius. The authors said
the experiment could be the basis
for "a model for nucleic acids that
could serve as biomarkers in the
search for past or present
extraterrestrial life." 
"DNA plays an important role as
a biomarker for the search of
extraterrestrial signatures of life,
and scientists are working to
characterize and compare the
influence of Earth and space
conditions on DNA," the study
said. AFP

AT A GLANCE
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Word of the day
Stave off (Verb): to prevent something from happening 
Used in a sentence: Yoga can stave off bone-related diseases
Suggested by: G.Amit Your turn! Pick a word from today’s The
Hindu in School meaning of which you do not know and send it to us
at school@thehindu.co.in (Subject: Word of the day) 

Disclaimer: Readers are requested to verify &
make appropriate enquiries to satisfy
themselves about the veracity of an adver-
tisement before responding to any published in
this newspaper. Kasturi & Sons Limited, the
Publisher & Owner of this newspaper, does not
vouch for the authenticity of any advertisement
or advertiser or for any of the advertiser’s pro-
ducts and/or services. In no event can the
Owner, Publisher, Printer, Editor, Director/s,
Employees of this newspaper/company be held
responsible/liable in any manner whatsoever for
any claims and/or damages for advertisements
in this newspaper.

Published by N. Ram at Kasturi Buildings, 859 & 860, Anna Salai, Chennai-600002 on behalf of KASTURI & SONS LTD., and Printed by S. Padmanabhan at Plot B-6 & B-7, CMDA Industrial Complex, Maraimalai Nagar, Chengleput Taluk, Kancheepuram Dist., Pin: 603209. Editor-in-Chief: N. Ravi (Editor responsible for selection of news under the PRB Act), Editor: Malini Parthasarathy

We are all made of the same
building blocks: particles
such as protons, neutrons
and electrons. All the mat-
ter we can see is made of
these particles. But what if
they were only a small por-
tion of all the matter in the
Universe? What if there
were other forms of matter?
As strange as it may seem,
the current model describ-
ing the Universe assumes
the existence of an unseen
type of matter.

Cosmic whirling dances
Gravity is the invisible

bound that makes apples
fall towards the ground and
satellites like the Moon or-
bit around the Earth instead
of flying away. The Moon is
indeed always falling to-
wards us, but its velocity
makes it drift sideways and
circle instead of falling
straight down. It will always
continue to circle and its ve-

locity is set by the mass of
the Earth and by the dis-
tance between the two ce-
lestial bodies. If the Earth
was more massive, the
Moon would spin faster
around us! 

On bigger scales, galaxies
are also held by gravity. Gal-
axies often look like magnif-
icent whirlpools, in which
billions of stars and huge
amounts of gas orbit around
a central black hole. As for
the Moon, the speed at
which these stars rotate
should be set by the mass of
the galaxy and by the dis-
tance from its center. The
more massive a galaxy is,
the faster its stars rotate. 

Some mass is missing!
But stars actually orbit

faster than they should, as if
galaxies were much more
massive than observations
suggest. Could there be
some matter we can't see? Is
our theory of gravitation
wrong? The easiest answer
is to assume that there is
some additional invisible
matter in all galaxies: dark
matter. This assumption is
not necessarily strange, as
our perception of the Uni-
verse is always limited: for
example, our eyes can't see

ultraviolet or infrared light,
although we know it exists.

The current model de-
scribing the Universe used

by most astrophysicists as-
sumes the existence of a
dark matter that is funda-
mentally different from all

other types of matter. It
wouldn't be made of pro-
tons, neutrons and elec-
trons as we are. Indeed, the

amount of
ordinary
matter was
set once and
for all at the
beginning of
our Universe,
and it can't
account
for the
large
amount
of dark matter that is need-
ed to explain the velocities
of stars in galaxies. There
should be more than five

times more
dark matter
than ordinary
matter! 

In search for
dark matter

Uncovering
dark
matter
is one
of the

big challenges of physics to-
day. But as dark matter
shouldn't emit or absorb
any light, nor interact much

with ordinary matter, it
should be totally invisible
and almost impossible to
detect directly. Hundreds of
dark matter particles may
be just crossing your body
right now, without you not-
icing anything! We can just
observe its gravitational in-
fluence on the visible mat-
ter at large scales, or hope to
detect compatible new par-
ticles in colliders such as the
ones at CERN, in Switzer-
land. Much is expected from
particle colliders in the next
few years. 

It might also be possible
to explain the velocities of
stars in galaxies without
dark matter. That would re-
quire to change our models
drastically! Notably, we
would have to change our
conception of gravitation it-
self. Dark matter is still one
of the great mysteries of the
Universe, but the next few
years might be crucial for
our understanding of it.
Stay tuned! 

(Jonathan Freundlich is a
PhD student at the Paris
Observatory, in France,
working on star formation
and galaxy evolution. The
author can be reached at jo-
nathan.freun-
dlich@obspm.fr)

The dark side of the Universe

STILL IN THE DARK The Whirlpool Galaxy is a typical spiral galaxy with stars
and gas rotating around its center. CREDITS: NASA/HUBBLE

Did you know?
● The Swiss astronomer Fritz Zwicky first

used the term “dark matter” in the 1930s
to explain the velocities inside a cluster
of galaxies and the apparent missing
mass, but the idea became much more
popular in the 1970s with U.S. astronomer
Vera Rubin and her observations of the
velocities of stars in galaxies.

● The Israeli physicist Mordehai Milgrom
proposed a serious alternative theory to
dark matter in 1983, which modifies
Newton's law of gravitation.

● Collisions of highly energetic particles can
sometimes produce new types of
particles. The Large Hadron Collider
(LHC) at CERN is the largest and most
powerful particle collider in the world.

ASTROPHYSICAL SERIES

Jonathan Freundlich

Dark matter:
the known
and the
unknown

We are staying with cones
this time around as well.
But from inverted cones
that are used to hold and eat
ice creams, we are moving
on to those that are used in
the festive period of Christ-
mas and New Year: the
Christmas tree. An integral
part of the festivities, hav-
ing a Christmas tree and
decorating it is now done by
many people, irrespective
of the religion they follow. 

The lighting used, as you
might have noticed, is key to
the decorations. Tradition-
ally, wax candles were used
since the 17th century to
decorate the tree. The prob-
lem, however, is obvious.
The danger of dried wood
catching fire was imminent,
which meant that people of-
ten had to huddle around
their trees when the candles
were lit, with emergency
buckets of sand and water
to douse the fire if it came to
that. 

Edison’s lamps
And then, Thomas Edi-

son perfected his incandes-
cent lamps. When he strung
together a number of these
incandescent bulbs and
used it on his Menlo Park
laboratory compound in
1880, he was not only ad-
vertising his work, but also
laying a precursor to the
modern Christmas lights. 

The man who is credited
as the first to use these
lights for a Christmas tree is
Edward H. Johnson. John-
son, who was responsible
for initially hiring Edison,
worked hard with Edison’s
Illumination Company and
eventually became a com-
pany vice president. 

Staying in a section of
New York City that was
among the first to be wired
for electricity, Johnson
used 80 small red, blue and
white electrical lamps
strung together with a sin-
gle power cord to light the

Christmas tree in his home.
A reporter named Croffut,
who happened to visit
Johnson, wrote a glowing
report in the Detroit Post
and Tribune that was filled
with superlatives highlight-
ing exactly what he had
seen. From December 22,
1882, the Christmas tree
was literally seen in a new
light. 

With people still remain-
ing sceptical about the us-
age of electricity indoors,
the idea surely didn’t catch
fire immediately. Even after
American President Grover
Cleveland had employed
multi-coloured electric
lights for the family’s White
House tree, it remained a
fad for the rich, owing to its
high prices, even when
rented. 

Sets shop
The credit for popularis-

ing Christmas lights gener-
ally goes to Albert Sadacca.
Legend has it that as a teen-
ager Sadacca was influenced
by reading an account of a
bad fire caused by a candle-
lit tree bursting into flames.

Hailing from a family that
sold ornamental novelties,
he set up a business to sell
coloured Christmas lights. 

With the public’s trust in
electricity improving, and
mass production of lamps
reducing the rates, Sadac-
ca’s timing was perfect,
which meant that sales im-
proved drastically. By 1925,
Sadacca’s company pro-
posed that a number of
companies selling Christ-
mas lights come together,
forming a consortium
called the NOMA Electric
Corporation. Even though
NOMA no longer exists, it
was the world leader in
Christmas-light industry
for over four decades. 

Christmas lights these

days either employ incan-
descent lamps or LED
lights, which is growing in
popularity. While most of
the initial models came in
series connection, wherein
the failure of one lamp
meant that the entire light-
ing failed, models these
days are available both in
series and parallel connec-
tions. 

Lights on, celebrate! 

NOW A FAD Christmas lights these days either employ incandescent lamps or
LED lights. PHOTO: AFP

A.S.Ganesh

Question: What is the full form of NOMA? Send
your answers to ganesh.a.s@thehindu.co.in with
your name, class, school and location. [Subject:
eye] 
Last week’s answer: Four different claims to
the ice cream cone were mentioned in last
week’s article. Prashanth Bunage from
Karnataka Public School, Bidar was among the
first to get it correct. Congratulations!

AN EYE FOR AN I

Shedding light on Christmas
decoration lights

NEW YORK: When astronauts
at the International Space
Station (ISS) asked people
on Earth to send them a
spanner, it took just a click
of the mouse to "email" the
hardware to them,
literally. 

The ISS commander
Barry Wilmore needed a
wrench. The California-

based company Made In
Space that designed the 3D
printer aboard the ISS de-
cided to create instructions
for them on Earth and
emailed it to them. 

Previously, if an astro-
naut needed a specific tool
it would have to be flown up
on the next mission to the
ISS which could take

months, media reports
said.  This was the first time
hardware was developed
using the 3D printer al-
ready with the ISS astro-
nauts using instructions
sent in the email. 

Earlier, the 3D printer at
the ISS created the first
printed object in space - a
part of the printer itself -

paving the way for future
long-term space
expeditions. 

NASA controllers from
Earth sent the command to
the printer to make the first
printed part: a faceplate of
the casing.  This demon-
strated that the printer can
make replacement parts
for itself.  IANS

When NASA 'emailed' a spanner to ISS 

WASHINGTON: A new study by
researchers from the Uni-
versity of Missouri and the
Virginia Tech suggests that

the bacteria involved in the
decay of ancient organisms
also play a key role in the
preservation of fossil. 

The team studied a fossil-
ised animal from the Ediac-
aran Period called
Conotubus that lived over
540 million years ago. 

Earlier theories on fossil
formation focused on pas-
sive processes, where nor-
mal decay is stopped by
sealing off the sediments
where the animal is buried. 

Decay helps feed the
process

"Our team is instead de-
tailing a scenario where the
actual decay helped 'feed'
the process turning the or-
ganisms into fossils - in this
case, the decay of the orga-
nisms played an active role
in creating fossils," ex-
plained James Schiffbauer,
assistant professor of geo-
logical sciences at the Uni-
versity of Missouri and lead

author.  "Most of the ani-
mals that had once lived on
the earth - with estimates
eclipsing 10 billion species
were never preserved in the
fossil record. But we now
have a spectacular view of a
tinier fraction of soft-bod-
ied animals," pointed out
Shuhai Xiao, professor of
geobiology at Virginia Tech. 

The decay of the orga-
nisms played an active role
in creating fossils, showed
the study. IANS

New clues about fossil formation found 
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Word of the day
Drubbing (noun): Total defeat
Used in a sentence: The captain changed the batting order to avoid a
drubbing
Suggested by: Shreyas.C.Patil. Your turn! Pick a word from today’s
The Hindu in School, the meaning of which you do not know and send
it to us at school@thehindu.co.in (Subject: Word of the day) 

Disclaimer: Readers are requested to verify &
make appropriate enquiries to satisfy
themselves about the veracity of an adver-
tisement before responding to any published in
this newspaper. Kasturi & Sons Limited, the
Publisher & Owner of this newspaper, does not
vouch for the authenticity of any advertisement
or advertiser or for any of the advertiser’s pro-
ducts and/or services. In no event can the
Owner, Publisher, Printer, Editor, Director/s,
Employees of this newspaper/company be held
responsible/liable in any manner whatsoever for
any claims and/or damages for advertisements
in this newspaper.

Published by N. Ram at Kasturi Buildings, 859 & 860, Anna Salai, Chennai-600002 on behalf of KASTURI & SONS LTD., and Printed by S. Padmanabhan at Plot B-6 & B-7, CMDA Industrial Complex, Maraimalai Nagar, Chengleput Taluk, Kancheepuram Dist., Pin: 603209. Editor-in-Chief: N. Ravi (Editor responsible for selection of news under the PRB Act), Editor: Malini Parthasarathy

Having completed 2014 by
chewing the facts about chewing
gums, we will be beginning 2015
with the unknown. Not quite the
wilderness of the entirely un-
known, but something whose
name has become synonymous
with ‘X’, the alphabet we associ-
ate with unknowns.

William Conrad Roentgen
was born on March 27, 1845 in
Germany - the only child of a
cloth merchant. Except for a
love of nature, open country and
forests, Roentgen showed no
special aptitude while he was at
a boarding school. 

He was even mistakenly ex-
pelled from a technical school he
had enrolled himself into, for
having drawn a caricature of one
of the teachers - a caricature that
was in fact produced by some
other student. He went on to
study physics, completed his
PhD and rose the academic lad-
der, from being a lecturer to the
Chair of Physics in the Universi-
ty of Giessen. 

Discovery of a new ray
None of these, however, were

going to define Roentgen. It was
November 8, 1895, when he in-
advertently stumbled upon his
greatest find. Roentgen was con-
ducting experiments with
Crookes tube in his laboratory.
His experiment included evac-
uating a glass bulb and filling it
with a special gas, which on the
passage of a high-voltage cur-
rent produced a fluorescent
glow.

What Roentgen noticed on
that day was that even when the
tube was heavily shielded with a
black cardboard, a green col-
oured fluorescent light could be
seen coming from a screen set-
ting that was about 10 feet from
the tube. Roentgen rightly con-
cluded that he was dealing with a
new kind of ray, which he called
X-ray, as the alphabet is used in
mathematics to indicate the un-
known quantity.

Iconic first image
In order to confirm his discov-

ery, Roentgen made an X-ray
image of his wife Bertha’s hand.
The image clearly showed the
bones of her hand along with the
ring on one of her fingers. It re-
mains an iconic image, which

confirmed the existence of
X-rays.

On this day in 1896, Austrian
newspaper Wiener Presse re-
ported the discovery of a new
kind of radiation. Part of the
electromagnetic spectrum, X-
rays are invisible to the human
eye. And unlike any part of the
visible spectrum, they can pene-
trate solid matter, allowing pic-
tures of the inside of objects
possible.

Even though it was suggested
that the rays be named after
Roentgen, X-rays had got stuck
by then in the people’s minds.
The discovery, however, won
Roentgen the Nobel Prize in
Physics in 1901.

Harmful too
The mystery surrounding the

radiation, and the unknowing-
ness about it, quickly vanished
as people poured hours studying

it. It is now known that X-rays
are in equal measures helpful
and harmful.

Doctors now examine the in-
sides of a patient’s body without
surgery using X-ray machines.
Examining insides of packages
in the airport for safety is also
conducted with the help of
these. X-rays also come in handy
in observatories that explore
outer space by detecting radi-
ations from objects. It is, howev-
er, well known that exposure to a
large amount of these radiations
can damage the health of those
involved. 

Press X for the unknown
A.S.Ganesh

● Part of the electromagnetic spectrum, X-rays are
invisible to the human eye. And unlike any part of
the visible spectrum, they can penetrate solid
matter, allowing pictures of the inside of objects
possible.

Question: William Roentgen won the Nobel Prize in
Physics in 1901. Can you name the first winner of the
Nobel Prize in Physics? Send your answers to
ganesh.a.s@thehindu.co.in with your name, class, school
and location. [subject: eye]

AN EYE FOR AN I

(Above) The X-ray
image by Roentgen
of his wife
Bertha’s hand.
CREDIT: WELLCOME
LIBRARY AND AFP

The Orion Constellation is one
of the easiest constellations to
identify in the winter night sky,
because of three aligned stars
that constitute Orion's belt. It
represents a giant hunter with
broad chest and strong feet
from Ancient Greek mythology,
whom the gods placed amongst
the stars at his death. 

A colourful cloud
Below Orion's belt is an align-

ment of stars that could repre-
sent his sword sheath. This is
where one of the most magnif-
icent astronomical objects lies:
the Orion Nebula. It can be vis-
ible to the naked eye or with
binoculars as a faint red glow,
but one need a powerful tele-
scope such as the Hubble Space
Telescope to uncover its inner
structure and beauty. 

Yet beware that astrophysical
images usually use false colours
and do not necessarily show
what our eyes would see! Such
images are indeed obtained
from combinations of black and
white pictures taken with dif-
ferent filters. For example, ul-
traviolet light is often displayed
in blue, so we can visualize its
distribution in space, which is
something we wouldn't be able
to see directly with our limited
sight. 

Each filter and each colour
tells us something about the
contents of the objects we ob-
serve, in the same way that you
can guess the composition of a
fruit juice from its colour. In the
Orion Nebula, young stars emit
ultraviolet light, while the sur-
rounding gas glows red. The
combination of both colours
can result in purple strokes in
the images, while denser re-
gions occasionally obscure this
background and appear as dark
foreground clouds. Green shad-
es indicate the presence of ox-
ygen atoms. 

Born in turmoil
The Orion Nebula is the near-

est region of massive star for-
mation to Earth: it is only about
1,300 light-years away from us,
which is a very small distance

when compared to the total size
of the Milky Way. Thousands of
stars of various sizes and ages
are visible in the sharpest imag-
es of this nebula. These stars are
embedded in a giant cloud of gas
and dust, from which even more
stars are being born. 

New stars form in the densest
regions, where gravity pulls gas
particles together. There, den-
sity and temperature can be so
high that atoms start to merge
through powerful and incred-
ibly luminous nuclear fusion re-
actions. These reactions are the
ones that make stars shine, and
young stars are particularly vig-
orous. They emit highly ener-
getic ultraviolet light and
generate strong winds that blow
away their surroundings. At the

center of the Orion Nebula lies a
group of four very bright young
stars, named the Trapezium.
Each of these stars is thousands
of times brighter than our Sun
and the winds they generate
carve a huge oval cavity in the
nebula and thus disturb the
growth of hundreds of smaller
stars! 

The Orion Nebula is a very
active and turbulent region,
with flows of gas in different
directions, sometimes colliding,
areas denser than others, and
streams of particles and light
unleashed by the numerous

stars. It hosts all stages of star
formation, from the dense gas
clouds where new stars are
forming to the massive young
stars at its center. 

Try spotting
Would you be able to spot

Orion in the sky during the next
winter months and to see the
faint red glow of the Orion Neb-
ula? 

(Jonathan Freundlich is a
PhD student at the Paris Ob-
servatory, in France, working
on star formation and galaxy
evolution)

The Orion Nebula is the nearest region of massive star formation to Earth:
just 1,300 light-years away

Jonathan Freundlich

● The names of many Western constellations are
inspired by Ancient Greek mythology.

● In Hindu Vedic astronomy, the Orion
Constellation is seen as a deer (Mriga).

● The word nebula comes from Latin, so its plural
is nebulae. It originally means a small cloud,
because this is how it looks like at first sight.

● Our Solar System and the Orion Nebula are
located on the same spiral arm of the Milky
Way, which was appropriately named the Orion
Arm.

The Orion Nebula as seen by the Hubble
Space Telescope. PHOTO: NASA,ESA, M.
ROBBERTO (SPACE TELESCOPE SCIENCE
INSTITUTE/ESA) AND THE HUBBLE SPACE
TELESCOPE ORION TREASURY PROJECT TEAM.
(Left) The Orion Constellation. 
CREDIT: JOHAN MEURIS/STELLARIUM

ASTROPHYSICAL SERIES

A nursery for stars

● The US space agency is
planning to test inflatable
spacecraft technology for
future missions to Red
Planet. 

● NASA scientists are
considering to use a blow-
up heat shield which
resembles stacking ring of
doughnuts that young
children play with.

● The engineers believe a
lightweight, inflatable heat
shield could be deployed to
slow the craft to enter a
Martian atmosphere much
thinner than Earth's.

● The rings would be filled
with nitrogen and covered with a thermal blanket.

● Once deployed for landing, the rings would sit on top of the
spacecraft, resembling a giant mushroom. 

● The test is planned for 2016. 

NEW INFLATABLE TECHNOLOGY Engineers check out the Inflatable Reentry
Vehicle Experiment (IRVE-3) following the complete inflation system at
NASA’s Langley Research Center in Hampton, Virginia. (Below)
Inflatable structure of a Hypersonic Inflatable Aerodynamic Decelerator.
PHOTOS: AP

Inspired by toy design! 

The creature standing rath-
er unsteadily in a zoology
museum in London is
among the rarest in the
world, and frankly she's not
looking her best. 

The quagga in the Grant
Museum, part of University
College London, is one of
only seven remaining quag-
ga skeletons anywhere, a
cousin of the zebra which
became extinct in 1883. The
museum itself is a rare sur-
vivor, the last of what were
once many university zool-
ogy museums in the capital. 

Quaggas looked like ze-
bras: half stripey, half plain
brown. Once plentiful on
the South African plains,
quaggas were hunted both
for their unusual skins and
by stock keepers to reduce
competition for food. Lon-
don Zoo once had one, but it
was only realised that the
animal was extinct when
the quagga in Amsterdam
died on 12 August 1883. The
zoo sent out hunters to

bring back a new one and
found there were none. 

The bones came into the
Grant collection in the late
19th century, and the skele-
ton was mounted - the only
mounted specimen in the
UK - by museum techni-
cians in 1911, but not very
well. The bones were bolted
onto a hand-forged iron
frame, in some places by
driving screws straight
through fragile bones.
Something unpleasantly

treacle-like has oozed out
around the breast bones. 

Even the most eagle-eyed
visitors rarely spot that all
the bones of the neck were
actually mounted upside
down, but many do notice
that she only has three legs:
the museum in the Rocke-
feller Building in University
Street is still a teaching col-
lection, and at some point
the missing leg was loaned
and never returned. 

Where’s the fourth leg

"The files are full of co-
pies of letters from my pred-
ecessors saying: 'Have you
by any chance got our quag-
ga leg and if so can we have it
back?'" museum manager
Jack Ashby said. 

It took a very long time
for the museum to realise
what a treasure it had; there
are many oddities in a col-
lection which only three
years ago discovered it had
half a dodo in a drawer, filed
as a crocodile. 

Fundraising appeal
The museum's scientists

take a dim view of a contro-
versial selective breeding
project in South Africa to
recreate an animal which
looks like a quagga , but have
launched the Bone Idol fun-
draising appeal to restore
their own specimen, along
with 38 other historic skele-
tons in the collection, in-
cluding the spectacular
skull and antlers of another
extinct animal, the giant

Irish deer, which a group of
academics bought straight
off a pub wall in Ireland. 

Her bones will be careful-
ly dismantled, cleaned - the
old technique of rotting off
the meat by steeping skele-
tons in a giant tank in the
university attics is no longer
favoured, much to the relief
of staff - and remounted on
an anatomically correct
support that should pre-
serve her forever. Mean-
while the search for her
fourth leg goes on. — © Guardi-
an Newspapers Limited, 2015

Quagga still on three legs
Skeleton of zebra's extinct cousin at Grant Museum of Zoology, London will undergo facelift 
Maev Kennedy

● Quaggas looked
like zebras: half
stripey, half plain
brown.

● Once plentiful on
the South African
plains, quaggas
were hunted both
for their unusual
skins and by stock
keepers to reduce
competition for
food.

A quagga became extinct in 1883. 
PHOTO: WIKIMEDIA COMMONS

LOS ANGELES: The Dawn
spacecraft has entered an
approach phase in which it
will continue to close in on
Ceres, a dwarf planet never
visited before, NASA has
said. 

On the far side of the
sun, the spacecraft is clos-
ing in on Ceres, using its
advanced ion propulsion
system to match solar or-
bits with the dwarf planet. 

The interplanetary ex-
plorer is currently

640,000 km from Ceres,
approaching the asteroid
at around 725 km per hour. 

Dawn's arrival at Ceres
orbit, which is scheduled
for March 6, 2015, will
mark the first time that a
spacecraft has ever orbited
two solar system targets. 

The spacecraft,
launched in 2007, previ-
ously explored the Vesta
for more than a year, from
2011 to 2012, capturing de-
tailed images and data

about that celestial body. 
"Orbiting both Vesta

and Ceres would be truly
impossible with conven-
tional propulsion. Thanks
to ion propulsion, we're
about to make history as
the first spaceship ever to
orbit two unexplored alien
worlds," Xinhua quoted
Marc Rayman, Dawn's
chief engineer and mission
director, said in a state-
ment. 

Ceres, with an average

diameter of 950 km, is the
largest object in the main
asteroid belt between
Mars and Jupiter. Ceres is
of great interest to astron-
omers and scientists, who
believe that the small
dwarf planet may also be a
large water reservoir in the
inner solar system aside
from the Earth. However,
scientists are unsure how
much of that water is ac-
tually liquid. IANS

Dawns inches
closer to

Ceres
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Word of the day
Hefty (Adjective): large and heavy.
Used in a sentence: Government has proposed hefty tax on automobiles. 
Suggested by: Priyanka Bukka. Your turn! Pick a word from today’s The
Hindu in School, the meaning of which you do not know and send it to us
at school@thehindu.co.in (Subject: Word of the day) 

Disclaimer: Readers are requested to verify &
make appropriate enquiries to satisfy
themselves about the veracity of an adver-
tisement before responding to any published in
this newspaper. Kasturi & Sons Limited, the
Publisher & Owner of this newspaper, does not
vouch for the authenticity of any advertisement
or advertiser or for any of the advertiser’s pro-
ducts and/or services. In no event can the
Owner, Publisher, Printer, Editor, Director/s,
Employees of this newspaper/company be held
responsible/liable in any manner whatsoever for
any claims and/or damages for advertisements
in this newspaper.
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The warm light of the Sun that
basks the Earth has enabled life
to bloom on our planet. Our fate
is inevitably tied to the fate of
our star. 

A gaseous structure
The Sun is an incredibly hot

sphere of gas, mainly made of
hydrogen, and the temperature
in its core can reach millions of
degrees. In this unbearable fur-
nace, hundreds of millions of
tons of hydrogen atoms fuse to-
gether each second to form
heavier elements like helium
through powerful nuclear reac-
tions. These fusion reactions
are very energetic and emit the
intense light that would blind
you if you were to stare at the
Sun for too long. 

Unlike the Earth, a star is
made of gas and has no definite
boundary: a falling object would
never hit any ground! Gravity
pulls the gas particles together,
until the gas is too dense to con-
tract anymore. The closer to the
center, the higher the pressure
and the denser it gets. The nu-
clear fusion reactions, that
make the Sun shine, take place
in its very center, where density
and temperature are the high-
est. 

The evolution of the Sun
Our Sun was born about five

billion years ago from a giant
gaseous cloud mostly made of
hydrogen. The cloud contracted
because of its gravitational pull,
and temperature and pressure
became so high that the nuclear
fusion reactions started. But
these reactions slowly drain the
available hydrogen reservoir. In
another five billion years, the
core of our Sun will run out of
fuel as its hydrogen will have
been consumed to form helium
atoms. The nuclear reactions
will stop. 

There will still be some hy-

drogen around the core though.
So when pressure and temper-
ature increase again, this hy-
drogen will start to fuse, and the
Sun will become even more lu-
minous than before! Such a star
is called a red giant star because
its outer layers expand dramat-

ically. At that stage, the Sun will
be so big it will engulf the
Earth's orbit! 

Eventually, the outer layers
of the Sun will be ejected away
from the dense core and all nu-
clear fusion reactions will stop.
The exposed core will slowly

cool down without the power
supply of the nuclear reactions.
Such a remnant is called a white
dwarf, and there is notably a
faint white dwarf in the middle
of the Ring Nebula. The Ring
Nebula is the glowing remain of
a star like our Sun. The outer
layers of the star were ejected
four thousand years ago, and
their fading red glow is now
slowly moving away from the
white dwarf. The stellar rem-
nant still emits some ultraviolet
light, which bathes the central
area of the nebula. This is how
the future of our Sun may look
like. 

Life on Earth will become im-
possible during the last stages
of our Sun's lifetime. But there
is still a lot of time before that
and humanity will hopefully
have moved away from the vi-
cinity of the Sun by then! 

(Jonathan Freundlich is a
PhD student at the Paris Ob-
servatory, in France, working
on star formation and galaxy
evolution. 

He can be reached at jonath-
an.freundlich@obspm.fr )

Life and fate of a star
Jonathan Freundlich

● Thermonuclear weapons use uncontrolled but powerful hydrogen fusion
reactions like in the stars

● The international ITER project currently being built in the South of France
aims at achieving controlled nuclear fusion for the first time. Its completion
is expected around 2027

● At the end of the red giant phase of the Sun, nuclear fusion reactions
should produce carbon and oxygen atoms from the helium of the core.
Heavier elements only form in more massive stars

● Stars much more massive than the Sun may explode as supernovae at the
end of their lives and result in neutron stars and black holes instead of white
dwarfs

The Ring Nebula as seen by the Hubble Space Telescope.
CREDIT: THE HUBBLE HERITAGE TEAM (AURA/STSCL/NASA)
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Time definitely has a relation-
ship with success. Irrespective
of the field you are talking
about, you have to spend some
time with it to achieve success.
In less than 18 months, Eugene
B. Ely laid the foundation for
naval aviation. Over 12 hours
travelling about 100 km and
Bertha Benz marked the begin-
ning of automobiles. The list is
probably endless…

One place where the success
rate varies inversely (on most
occasions) with the amount of
time spent in the process is an
operation theatre. The longer
the procedure, it only signals
more complications, diminish-
ing our hopes of a successful
surgery. 

So the headline should have
caught your attention. Yes, we
are going to discuss an oper-
ation that took four days in all,
making it the longest in medical
history. And to revisit that, we
would have to make our way to
February 1951.

A resident of Burnips, Michi-
gan, Gertrude Levandowski be-
gan to gain weight following her
husband’s death in the 1940s.
An undiagnosed ovarian cyst
was the reason behind her
weight gain, and she reached a
weight of over 270 kg.

What’s an ovarian cyst?
An ovarian cyst is any collec-

tion of fluid that is surrounded
by a very thin wall within the
ovary. Occurring in women of
all ages, the vast majority of
cysts are either functional or
harmless (benign). If a cyst is
over 5 cm in diameter, however,
it might have to be surgically
removed. 

In Levandowski’s case, the

tumour grew to such propor-
tions that it led to heart prob-
lems. It had to be removed, but
the cardiac issues implied that
removing it directly would cer-
tainly lead to her death. 

It was under these circum-
stances that Dr. M.S.Roberts
suggested a radically different
method. Rather than merely re-
moving the cyst, Roberts pro-
posed that they initially drain
the fluid and then hack it off
once it reduces to a manageable
dimension.

120 drops per minute
Progress, however, was ex-

cruciatingly slow. Extracting
fluid at the rate of 120 drops per
minute, they removed nearly
90 kg from February 4 to 8. The
slow progress was also to en-
sure that there was no rapid
drop in pressure that might

create concerns for her already
fragile heart. 

Once the size of the tumour
posed no real threat, it was re-
moved the conventional way,
accounting for nearly another
45 kg. The 58-year-old Levan-
dowski recovered quickly once
the procedure was done, weigh-
ing about 140 kg now, nearly
half of where she started before
the operation. 

After a marathon 4-day pro-
cedure, the doctors had suc-
cessfully got rid of an ovarian
cyst that weighed over 135 kg,
breaking in the process the re-
cord for the longest operation
in history.

Write to the author at
ganesh.a.s@thehindu.co.in

A surgery… that took four days!
When Gertrude Levandowski came with an ovarian cyst, too big
that it affected her heart, doctors had no option but to take it slow

A.S.Ganesh

AN EYE FOR AN I

Last week’s answer:
Eugen and Richard
were the two sons who
accompanied their
mother Bertha Benz in
her historic drive.
Rajshekar Bunage of
class 9, Karnatak
Public School, Bidar
was among the first to
get it correct.
Congratulations!

PHOTO: FOR REPRESENTATIONAL PURPOSE ONLY

Humans are not the only ones to
count from left to right. Research-
ers in Italy found that mental
number lines, where numbers rise
from the smallest on the left to the
largest on the right, come natural-
ly to newborn chicks too.

In experiments at the Universi-
ty of Padua, three-day old chicks
were trained to find food behind a
panel bearing five bright spots.
Once they had become familiar
with that, they were confronted
with two panels bearing different
numbers of spots.

Footage of the chicks showed
that when faced with panels that
had only two spots, the birds con-
sistently looked behind the left of
the two panels. But when faced
with eight spots on each panel,
they went poking around the
righthand panel.

The researchers repeated the
experiment with a different set of

numbers and found that the
chicks again went right for higher
numbers and left for lower ones.

Rosa Rugani, who led the study,
said the findings suggest that new-
born chicks might share the hu-
man tendency to map numbers in
space, from the lowest on the left,
to the highest on the right.

Writing in the journal Science,
she argues that the ability prob-
ably evolved millions of years ago,
before human ancestors split
from those of modern birds. “Dur-
ing evolution, the direction of
mapping from left to right rather
than vice versa, although in prin-
ciple arbitrary, may have been im-
posed by brain asymmetry, a
common and ancient trait in ver-
tebrates, prompted by a right
hemisphere dominance in attend-
ing visuo-spatial and/or numer-
ical information.” — © Guardian
Newspapers Limited, 2015

Study suggests newborn chicks map numbers
from the lowest on left, to highest on right

Chicks can count

SHARING HUMAN TENDENCY Scientist argues that the ability probably evolved millions of years
ago, before human ancestors split from those of modern birds. PHOTO: THE NEW YORK TIMES

CAPE CANAVERAL, FLORIDA: An
unmanned Delta 2 rocket
lifted off from California on
Saturday carrying a NASA
satellite to measure how
much water is in Earth's
soil, information that will
help weather forecasting
and tracking of global cli-
mate change.

The tiny amount of soil
moisture links the planet's
overall environmental sys-
tems - its water, energy and
carbon cycles - as well as
determines whether par-
ticular regions are afflicted
with drought or flooding.

"It's the metabolism of
the system," NASA's Soil
Moisture Active Passive
(SMAP) observatory lead
scientist Dara Entekhabi
told reporters at a prel-
aunch news conference.

The 127-foot rocket,
built and flown by United
Launch Alliance, blasted
off at 6:22 a.m. PST/1422
GMT from Vandenberg Air
Force Base, located on Cal-
ifornia's central coast, a
live NASA Television
broadcast showed.

The launch had been de-

layed a day by high winds
and a second day to make
minor repairs on the rock-
et's insulation.

Perched on top on the
rocket was NASA's 2,100-
pound (950 kg) SMAP,
which will spend at least
three years measuring the
amount of water in the top
2 inches of Earth's soil.

Overall, soil moisture ac-
counts for less than 1 per-
cent of the planet's total
water reservoir, with 97
percent in the planet's
oceans and nearly all of the
rest locked in ice, said En-
tekhabi, from the Massa-
chusetts Institute of
Technology.

Currently, scientists rely
largely on computer mod-
els to account for soil
moisture.

But from its orbital
perch 426 miles (685 km)
above Earth, SMAP has two
microwave instruments to
collect actual soil moisture
measurements everywhere
on Earth and update the
measurements every two-
to three days. 

Reuters

Satellite to track
climate change

Soil moisture
links the
planet's overall
environmental
systems. 
PHOTO: REUTERS

Anthropologists exploring a cave
in Israel have uncovered a rare
55,000-year-old skull fossil that
they say has a story to tell of a
reverberating transition in hu-
man evolution, at a point when
and where some early humans
were moving out of Africa and ap-
parently interbreeding with
Neanderthals.

The story is of when the Levant
was a corridor for anatomically
modern humans who were ex-
panding out of Africa and then
across Eurasia, replacing all other
forms of early human-related
species. Given the scarcity of hu-
man fossils from that time, schol-
ars say, these ancestors of
present-day non-African popula-
tions had remained largely
enigmatic.

Related to modern humans

From the new fossil find, which
could be closely related to the first
modern humans to colonize
Stone Age Europe, it appears that
these people already had physical
traits a bit different from the Afri-
cans they were leaving behind
and many other human inhabit-
ants along the corridor.

Could this support recent ge-
netic evidence that modern Ho-
mo sapiens and their Neanderthal
cousins interbred, perhaps in the
Middle East and most likely be-
tween 65,000 and 47,000 years
ago? The discovery team urged
caution on the interbreeding is-
sue but noted anatomical features
of the cranium suggesting that
some human-Neanderthal mix-
ture had presumably occurred be-
fore any encounters in Europe
and Asia.

First evidence

The discovery in Manot Cave,
in western Galilee, made in 2008
and subjected to years of rigorous
analysis, was reported Wednes-
day in the journal Nature by an
international team of researchers
led by Israel Hershkovitz of Tel
Aviv University. They said this
was the first fossil evidence from
the critical period when genetic
and archaeological models pre-
dict that African modern humans
successfully migrated out of Afri-
ca and colonized Eurasia.

The researchers also noted that
the shape of the cranium estab-
lished this as a fully modern hu-
man at a time when warmer and
wetter conditions were favoura-
ble for human migration out of
Africa.

In other words, Hershkovitz
said in an interview, the Manot
cranium is the missing connec-
tion between African and Europe-
an populations. — New York Times
News Service 

Prehistoric skull: a key 'piece of the puzzle' in story of humanity

Omry Barzilai of Israel's
Antiquities Authority holds an
ancient skull found inside a cave
near the Israeli northern city of
Nahariya. Details of its anatomy
resemble ancient skulls from
Europe. PHOTO: AP

Holds clue to the missing connection between
African and European populations
John Noble Wilford 
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Word of the day
Indispensable (Adjective): Absolutely necessary
Used in a sentence: Extracurricular activities are indispensable
parts of school education 
Suggested by: Shivshankar Bukka. Your turn! Pick a word from
today’s The Hindu in School, the meaning of which you do not know
and send it to us at school@thehindu.co.in (Subject: Word of the day) 

Disclaimer: Readers are requested to verify &
make appropriate enquiries to satisfy
themselves about the veracity of an adver-
tisement before responding to any published in
this newspaper. Kasturi & Sons Limited, the
Publisher & Owner of this newspaper, does not
vouch for the authenticity of any advertisement
or advertiser or for any of the advertiser’s pro-
ducts and/or services. In no event can the
Owner, Publisher, Printer, Editor, Director/s,
Employees of this newspaper/company be held
responsible/liable in any manner whatsoever for
any claims and/or damages for advertisements
in this newspaper.
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During the summer of the
year 1054, Chinese and Ja-
panese chroniclers record-
ed the apparition of a new
object in the sky. It looked
like a very bright star, so
bright it was even visible
during daytime for a couple
of weeks. Its luminosity
then slowly faded, although
the new object remained
visible to the naked eye dur-
ing the night for about two
years. Some American Indi-
ans carved the event in
stone, while a doctor from
Baghdad saw it as bad omen
and related it to the plague
epidemics that had burst in
Constantinople and Cairo.
In this epoch, people often
tried to interpret astrono-
mical events in the light of
their own history. 

A cosmic explosion
If we follow the indica-

tions left by the Chinese
chroniclers and point our
telescopes where this ob-
ject appeared to them in the
sky, there is an amazing
thing to see: the Crab Nebu-
la. It looks like a huge bomb
blast with an intricate inner
structure, and it is indeed a
blast. This is what remains
of the 1054 supernova. 

A supernova is when a gi-
ant star explodes toward
the end of its life. The ex-
plosion is so luminous it
can be as bright as a whole
galaxy! The violent blast
ejects most of the star's ma-
terial at incredible speed
and diffuses the gas in the
surrounding medium. Al-
though you won't see the
expansion of the nebula in a
single observation session
because of the distance, you
could clearly perceive it
when comparing pictures
separated by a few years. 

The blast of a supernova
disperses the chemical ele-
ments formed in the star all

around it, which makes
them available when new
stars and planets form. Ele-
ments like carbon or iron
can be formed during the
lifetime of the star through
nuclear fusion reactions in
its core, but the formation
of heavier elements re-
quires more extreme condi-
tions like those of a
supernova explosion. For
example, the lead, the gold
and the uranium found on
Earth might all have been
formed during supernovae. 

A lighthouse beyond
comparison

While most of its gas was
pushed away during the

1054 supernova, the core of
the giant star that lead to
the Crab Nebula com-
pressed dramatically. What
remains now is almost en-
tirely composed of neu-

trons, which makes it
incredibly dense. Such a
stellar remnant is called a
neutron star. At the center
of the Crab Nebula, the
neutron star has approxi-

mately the same mass as our
Sun, but just the size of a
middle-sized city! The grav-
itational force at its surface
is billions of times greater
than on Earth and we would
thus be totally crushed if we
were to approach it too
closely. 

Besides, this neutron star
rotates extremely rapidly,
with about thirty revolutions
per second, and its magnetic
field is just colossal. Two
narrow beams of radiation
are emitted from its magnet-
ic poles and rotate with the
stellar remnant, like beams
of a lighthouse sweeping the
vastness of the Universe.
One of these beams hit the
Earth at each revolution, so
the neutron star appears to
pulse thirty times per sec-
ond. Such an object is also
called a pulsar. 

Various supernovae have
been recorded in the course
of human history, either be-
longing to our Milky Way
like the Crab Nebula, or be-
longing to other galaxies. But
no supernova has ever been
observed in our Milky Way
since the invention of the tel-
escope. Astrophysicists are
eagerly waiting for such an
astounding event to happen,
and I hope that we will be
able to witness one during
our lifetime! 

(Jonathan Freundlich is a
PhD student at the Paris Ob-
servatory, in France, work-
ing on star formation and
galaxy evolution. He can be
reached at
jonathan.freundlich@obspm.fr)

The grand finale of a giant star

BLAST FROM THE PAST The Crab Nebula as seen by the Hubble Space
Telescope (false colours). CREDIT: NASA, ESA, J. HESTER AND A. LOLL (ARIZONA
STATE UNIVERSITY)

Jonathan Freundlich

ASTROPHYSICAL SERIES

● No clear records of the 1054 supernova have been found in Indian
and European medieval sources so far, although it must have been
visible from all the northern hemisphere.

● Supernovae were initially referred as stella nova, or new stars in
Latin.

● Typical neutron stars have radiuses of about 10 km.

● The cores of the most massive stars can become black holes
instead of neutron stars when they explode as a supernovae.

Ideas in science and tech-
nology aren’t always em-
braced immediately, even
if they are right. We saw
last week as to how it took
decades for Gregor Men-
del’s theories relating to
heredity to be appreciated.
For Nicolaus Copernicus,
it was even worse. It was
over a century before
some of his ideas were val-
idated. 

Born in Gloucester-
shire, England in 1693,
James Bradley received
his bachelor’s and mas-
ter’s degrees from Balliol
College, Oxford. It was his
uncle, Rev. James Pound, a
clergyman and amateur
astronomer, who instruct-
ed him in observational
astronomy and introduced
him to Edmond Halley.
Halley recommended Bra-
dley to the Royal Society
and as a fellow he soon
started to devote his entire
time to astronomy. 

Famous discoveries
Bradley attempted to

repeat Robert Hooke’s
measurements on the star
Gamma Draconis in 1725.
Using Samuel Molyneux’s
house as an observatory,
Bradley aimed his tele-
scope at the star, attempt-
ing to avoid any error due
to the refraction of light. It
was then that he made one
of the two discoveries that
made him famous.

To his astonishment,
Bradley observed that
Gamma Draconis shifted
south in position by 1” of
arc in three days - too large
an amount to be attributed
to parallax and also in the
wrong direction. Arguing
that the speed of light is a
constant and that the
Earth moves forward in its
orbit, he concluded that

the apparent stellar shift
was caused by the aberra-
tion of light. 

It is believed that Bra-
dley was able to come to
this conclusion following a
sail on the Thames River.
Bradley observed that
even when the direction of
the wind didn’t change,
the wind vane of the mast
shifted position according
to the varying motion of
the boat. By extending the
same reasoning, he was
able to prove a Copernican
theory - it was the first di-
rect evidence for Coperni-
cus’ assertion in the 16th
century that the Earth re-
volves around the Sun. 

Star measurement by
Bradley from 1727-32 re-

vealed to him what we now
know as nutation - slight
and uneven nodding mo-
tion of the Earth’s axis
caused by the changing di-
rection of Moon’s gravita-
tional pull. 

Known for precision
Withholding his an-

nouncement, Bradley con-
tinued making careful
confirmatory observations
for a full cycle of revolu-
tions of the Moon in its
orbit - taking nearly 18.6
years. In a paper read at
the Royal Society on Feb-
ruary 14, 1747, Bradley an-
nounced the discovery of
nutation, an achievement
that won him the Copley
Medal in 1748.

Bradley, who succeeded
Halley as Astronomer
Royal in 1742, is consid-
ered by many as the
brightest astronomer of
the 18th century. Not only
did he make two funda-
mental discoveries in as-
tronomy, he was also
among the first post-New-
tonian observational as-
tronomers who
emphasised strongly on
precision and accuracy.

The author can be reached at
ganesh.a.s@thehindu.co. in

From aberration to nutation

A.S.Ganesh

James Bradley’s discoveries were considered most vital
and fundamental in the study of astronomy 
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Nutation is the slight
and uneven nodding
motion of the Earth’s
axis caused by the
changing direction of
Moon’s gravitational
pull. 

BRIGHT STAR James
Bradley. PHOTO:
WIKIMEDIA COMMONS

Cockroaches may be ugly,
they may be among the
most loathed creatures
on the planet but at least,
scientists say, they have
personality.

Researchers studying
the behaviour of the in-
sects have discovered
that far from simply be-
ing a homogenous mass
they have individual
character traits.

The discovery is un-
likely to change percep-
tions of them from
skittering vermin to de-
sirable beasts but it could
go some way to explain-
ing their evolutionary
success.

Scientists observed the
character traits as they
studied the way the “gre-
garious insect” seeks
shelter when they come
out into the open.

If they had the same
personalities they would
all behave exactly the

same when in the open
but observations have re-
vealed clear differences.

Some, those classified
as shy, keep hidden as
much as possible and
seek the safety of shelter
while the more adventur-
ous are keen to explore
their surroundings.

Researchers said: “We
have categorised the ob-
served personalities. We
call them “shy or cau-

tious” and “bold or
explorers”.

“Shy individuals are
those that spend more
time sheltered and ex-
plore less the arena or the
surroundings. Instead,
bold individuals are those
that spend most part of
the time exploring the
surroundings and spend
less time sheltered.” In a
statement summarising
their findings, published

in the journal Proceed-
ings of the Royal Society
B, the research team said:
“From studying the way
they find shelter, we show
that individuals have con-
sistent behaviour which
can differ between indi-
viduals in a group — cock-
roaches have
personalities.” Different
personalities are thought
to help the survival of the
species because by driv-
ing different behaviour it
increases the chances of
at least some surviving
when disaster strikes.
The personalities of indi-
viduals can also, the team
found, affect the beha-
viour of groups of
cockroaches.

Cockroaches used in
the tests were measured
for the speed with which
they found shelter and
the time they spent ex-
ploring and seeking out
new supplies of food. — ©
Guardian Newspapers Limited,
2015

The bold and the bashful
Different personalities of cockroaches help the survival of the species 
Lewis Smith

EXPLORER OR RECLINER PHOTO: AFP

NATURE TRAILS

WASHINGTON: It may not have been the
most opportune time to be a furry little
critter, what with all those hungry di-
nosaurs and flying reptiles hanging
around. But early mammals still man-
aged to make their mark during the
Jurassic Period.

Scientists on Thursday described
fossils unearthed in China of two
shrew-sized creatures that represent
the oldest-known tree-climbing and
burrowing mammals and show that
early mammals had claimed a variety of
ecological niches.

Agilodocodon scansorius, an omni-
vore that lived about 165 million years
ago, possessed paws with curved claws
for climbing, limb dimensions charac-
teristic of other tree-dwelling mam-
mals and flexible elbow, wrist and ankle
joints good for scrambling up trees with
agility.

Its spade-like front teeth, similar to
some New World monkeys today, al-
lowed it to chew into bark and eat tree
gum or sap.

Docofossor, a mole-like insect-eater
that lived about 160 million years ago,
boasted shovel-like paws for digging,
teeth similar to later burrowing mam-
mals that forage underground and
sprawling limbs ideal for underground

movement.
University of Chicago paleontologist

Zhe-Xi Luo called Docofossor a "dead
ringer" for today's African golden mole.

Traits in Docofossor's fingers are so
similar to that mole that the research-
ers suspect the same genes may be re-
sponsible even though the two
creatures belong to different branches
of the mammalian family tree and are
separated by 160 million years.

The earliest mammals are thought to
have appeared roughly 200 million
years ago, arriving on the scene during
the Mesozoic Era with dinosaurs ruling
the land and flying pterosaurs keeping

an eye out for a quick snack. The earli-
est-known bird did not appear until
about 150 million years ago.

"Simply put, our distant mammalian
relatives explored ecological niches
that were just as varied and interesting
as many modern mammal groups," Luo
said.

Agilodocodon and Docofossor both
belonged to a long-extinct early mam-
malian order called docodonts. Casto-
rocauda, another docodont living at
about the same time in the Jurassic
Period whose fossil was unearthed in
China in 2006, had beaver-like traits
tailored for an aquatic lifestyle. Reuters

Jurassic arboreal, burrowing mammals unearthed

FURRY FORERUNNERS Reconstructions of Agilodocodon scansorius and
Docofossor brachydactylus. PHOTOS: REUTERS

SAN JOSE, UNITED STATES: Swiss
researchers are developing
contact lenses that contain
tiny telescopes to boost vi-
sion and zoom in and out
with the wink of an eye, op-
tic specialists said Friday.

The latest advances in vi-
sion aids were discussed at
the American Association
for the Advancement of Sci-
ence annual meeting in
California.

The new contact contains
an extremely thin, reflective
telescope, which is activa-
ted by winks and embedded
inside a 1.55 millimeter-
thick lens. 

First released in 2013 and
fine-tuned since then, the
prototype was unveiled by

Eric Tremblay from the
Ecole Polytechnique Feder-
ale de Lausanne in
Switzerland.

The lenses come with
smart glasses that respond
to the wearer's winks so that
the user can switch almost
effortlessly from normal to
magnified vision and back.

The wearer winks with
the right eye to activate the
telescope, and with the left
eye to deactivate it.

"We think these lenses
hold a lot of promise for low
vision and age-related mac-
ular degeneration," a vision
disorder that affects older
people, Tremblay said.

"At this point this is still
research, but we are hopeful

it will eventually become a
real option for people with
AMD." The device magnifies
objects 2.8 times, meaning
AMD patients can read
more easily and recognize
faces and objects.

Funded by the Defense
Advanced Research Pro-
jects Agency (DARPA), the
lenses were meant to serve
as a form of bionic vision for
soldiers. 

"Small mirrors within
bounce light around, ex-
panding the perceived size
of objects and magnifying
the view, so it's like looking
through low magnification
binoculars," the researchers
said in a statement. AFP

Zoom with a wink of an eye 

The galaxy cluster SDSS
J1038+4849 is pictured in this
undated handout image taken
with the NASA/ESA Hubble
Space Telescope. As a result of
the phenomenon of
gravitational lensing, it seems
to be smiling. PHOTO: REUTERS

● In the case of this “happy face”, the
two eyes are very bright galaxies and
the misleading smile lines are actually
arcs caused by an effect known as
strong gravitational lensing.

● Galaxy clusters are the most massive
structures in the Universe and exert
such a powerful gravitational pull that
they warp the spacetime around them
and act as cosmic lenses which can
magnify, distort and bend the light
behind them.

● In this special case of gravitational
lensing, a ring — known as an Einstein
Ring — is produced from this bending
of light, a consequence of the exact
and symmetrical alignment of the
source, lens and observer and
resulting in the ring-like structure we
see here.

LOOK WHO’S
SMILING
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If the end of the World War II
signalled that modern conflicts
were going to be dictated by
how well either side controlled
the skies, it was because aerial
bombers had performed a piv-
otal role in the outcome of the
war. The end of World War I,
however, had something else to
offer. Something that wasn’t
necessarily a fallout of the war
that was about to end.

Worst in history
Early in March 1918, the first

reported case of Spanish influ-
enza was recorded. Many be-
lieve that it may have been
circulating for years around the
world before going on to be-
come a pandemic in 1918. It
spread rapidly in 1918 and the
resulting worldwide epidemic
claimed the lives of more people
than the World War I, thereby
making it the worst in history. 

It started out like any other
flu. Initially called the “three
day fever”, high fever and in-
tense chills followed cough and
headache. Soon though, people
realised that the Spanish flu was
turning out to be deadly and the
symptoms were also unique. 

Victim’s cheeks were marked
with deep brown spots and a
bloody fluid severely congested
the lungs. As circulating blood
could not get oxygenated, their

faces then gradually turned
blue, starting at the ears. The
struggle for fresh air led to suf-
focation and in a matter of
hours ultimately resulted in the
victim’s death.

There is no concrete number,
but estimated range falls be-
tween 20 to 100 million deaths
due to this flu - one in almost
every 20 people living during
that age. Almost every country
in the world was affected and
even though the war was not
directly linked, movement of
troops definitely had a hand in
its spread. 

While human beings develop
immunity towards seasonal flu,
there is little or no human im-
munity in the case of pandemic
flu. What made the Spanish flu
even more peculiar was the fact
that it affected and proved
deadly among the young and
healthy and not the weak and
old - over half the flu deaths
were in the 20 to 40 age bracket.
One hypothesis is that in an at-
tempt to get to the virus, their
immune system overreacted,
thereby destroying their lungs. 

Millions perish
After playing itself out over

time, it subsided… only to re-
emerge in a more deadly form.
People reportedly dropped dead
on the streets and the toll kept
mounting. Even though the war
still dominated the news, it was

clear by now that the virus was
creating more havoc. 

The flu was nicknamed Span-
ish flu as cases were reported
freely in neutral Spain, unlike
other countries that were min-
imising the instances through
their wartime censors. The ex-
act geographic origin of the dis-
ease therefore still remains
unknown. 

For more than 80 years after
the flu disappeared, it contin-
ued to be a mystery. It was only
in the previous decade (October
2005) that the entire sequence
of the 1918 flu virus - now
known as H1N1 - was isolated,
decoded and replicated. 

It was discovered that H1N1
arose from an avian strain, that
is, a virus affecting birds. Fur-
ther research suggested that the
virus had developed the ability
to jump to humans, and the
swiftness with which they
spread was attributed to the vi-
rus’s structure. Bonding effec-
tively with human cells and
infecting cells deep within the
lungs made them especially
deadly. 

Scientists continue to study
the influenza to this day, as they
search for solutions to unan-
swered questions. Even as a vi-
rus mutates, studies like these
would enable us to be better
prepared to tackle the situation
- if confronted with a similar
outbreak.

Virus that shook the world
The Great War was about to end… but more deaths were to come
A.S.Ganesh

AN EYE FOR AN I

PHOTO: WIKIMEDIA COMMONS
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They lurk in dark corners,
feed off crumbs, and obey
the commands of humans.
Years in the making, and a
contender for the most re-
volting creation to emerge
from a laboratory, the robo-
roach has arrived.

Built by engineers in Tex-
as, the robotic insect fuses a
live cockroach with a minia-
ture computer that is wired
into the animal’s nervous
system. At the push of a but-
ton, a human operator can
control the beast. Or at least
which way it scuttles.

Hong Liang, who led the
research at Texas A&M Uni-
versity, said the controlla-
ble insect could carry tiny
video cameras, micro-
phones and other sensors.
With those on board, it
could gather information
from places where humans
would rather not be: col-
lapsed buildings, broken
sewers, and the kitchens in

student house shares.

How they do it
The U.S. team made

tiny backpacks
for the cock-
roaches
and stuck
them on
with
paint.
Normal
glue did
not at-
tach to the
insects’
waxy backs.
Each backpack
contained a com-
puter chip that could send
signals down a pair of fine
wires into nerves that con-
trolled legs on either side of
the cockroach. With a re-
chargeable lithium battery
to power the device, the to-
tal weight of the backpack
was less than 3g.

In a series of demonstra-
tions, the scientists showed
how they remotely con-

trolled the direction in
which the cockroach walked
by stimulating nerves on ei-

ther side of its body.
When cock-

roaches walk,
the three

legs on
each side
move in
time
with
each

other.
But the

electrical
pulses dis-

rupt this, mak-
ing the middle leg

fall out of step with the oth-
ers. The result is that a pulse
to the left makes the cock-
roach turn left, and vice
versa.

Far from perfect
The system is far from

perfect. In tests when ro-
botic roaches were held on
little leashes, the insects
could be steered about 70%

of the time. But when the
insects were left to roam
free, the remote control
worked only 60% of the
time. To make them turn
could take a jabs of the but-
ton. 

Ethical issues
Sethu Vijayakumar, di-

rector of the Institute of

Perception, Action and Be-
haviour at the University of
Edinburgh, has reservations
about the work though. “As
much as the technology is
interesting, there are a lot of
ethical issues before we go
down that line, even with
cockroaches,” he said. — ©
Guardian Newspapers Limited,
2015

Ian Sample

The robo-roach has arrived
Texas engineers have attached a
miniature computer to the nervous
system of live cockroaches to gather
video information in places such as
broken sewers 

The scientists showed how they remotely controlled the
direction in which the cockroach walked by stimulating
nerves on either side of its body. When cockroaches
walk, the three legs on each side move in time with
each other. But the electrical pulses disrupt this,
making the middle leg fall out of step with the others.
The result is that a pulse to the left makes the
cockroach turn left, and vice versa.
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Word of the day
Embroil (Verb): bring into a state of confusion or disorder
Used in a sentence: India’s Daughter documentary has been embroiled in
a row
Suggested by Sandeep Dwivedi. Your turn! Pick a word from today’s The
Hindu in School, the meaning of which you do not know and send it to us at
school@thehindu.co.in (Subject: Word of the day) 

Black holes are among the most
fascinating objects in the Uni-
verse. How would a journey to-
wards a black hole look like?

The escape velocity
When you throw a ball up in

the air, it always falls back down
to the ground because of the
Earth's gravitational attraction.
If you throw the ball harder, it
will get higher but will still fall
down afterwards. The ball can't
easily escape the Earth's gravity! 

If you could throw the ball at
an extremely high speed though,
it would escape the Earth's grav-
itational attraction and contin-
ue its journey into outer space.
The velocity required for that is
called the escape velocity, and it
is about 11 kilometers per sec-
ond at the surface of the Earth.
This is the speed space rockets
have to reach in order to liber-
ate themselves from the Earth's
gravitational influence, and it
requires a lot of energy. Have
you ever seen how impressive
rocket launches look? 

If the Earth was more mas-
sive, its gravitational attraction
would be stronger, your ball
wouldn't go as high as usual, and
it would require more energy to
send something into outer
space: the escape velocity would
be higher and hence more diffi-
cult to reach. For extremely
massive objects, the escape ve-
locity could even be impossible
to reach! 

A black hole is an object which
is so massive and so compact
that its escape velocity is greater
than the speed of light: as noth-
ing can move faster than the
speed of light, nothing can get
out of a black hole. Even light.
Any light emitted inside the
black hole is dragged back by its
strong gravitational attraction
and thus never reaches observ-

ers situated outside. A black hole
looks black because there is sim-
ply no light coming out of it. 

A journey into a black hole
A black hole is like a huge

maelstrom that attracts the sur-
rounding matter, so moving to-

wards it would be a bit like
swimming towards a huge wa-
terfall. Gravity would pull you
towards the black hole as the
water flow would towards the
fall. If you are far away, you can
still swim back and get away. But
as you get nearer, the current

gets faster and faster, up to a
point where there is no turning
back anymore: you are doomed
to fall with the flow. For a black
hole, this point of no return is
called the event horizon and this
is where the escape velocity is
equal to the speed of light. But
although crossing the event ho-
rizon of a black hole would mark
a turning point in your life, as
you wouldn't be able to travel
back anymore nor communicate
with the outside world, you
wouldn't necessarily notice any-
thing special on the moment as
you would still seem to fall to-
wards an endless black pit. 

But what is exactly inside a
black hole? There are many
speculations about it, but no
decisive answers yet: as no light
ever comes out, we can't see any-
thing beyond the event horizon.
Are black holes gateways to dif-
ferent places or even different
universes? Is all their mass con-
centrated in a single point in
space? Or are they just extreme
astrophysical objects denser
than neutron stars? All of these
are open questions, as we still
lack a unified model to describe
the inside of black holes. 

Nevertheless, it is possible to
observe how gravity affects stars
and gas around them, and this is
how we know they do exist.
There is notably a supermassive
black hole at the center of our
Milky Way, as in most other gal-
axies. It is named Sagittarius A*
(to be pronounced “Sagittarius
A-star”) and should weigh as
much as four million suns. As in
a whirlpool, stars orbit extreme-
ly fast around it, in an irresist-
ible cosmic dance! 

(Jonathan Freundlich is a
PhD student at the Paris Observ-
atory, in France, working on star
formation and galaxy evolution.
He can be reached at
jonathan.freundlich@obspm.fr)

An irresistible attraction
There is something fascinating about Black holes. Perhaps it is their 
strong gravitational pull and elusiveness 
Jonathan Freundlich

IN THE DARK A computer generated image of a black hole
showing the visual distortions it would cause if you were to
approach it. CREDIT: ALAIN RIAZUELO, IAP/UPMC/CNRS. 

● The contracting core of a very big star can
become a black hole during its explosion as a
supernova, but our Sun will never turn into a
black hole because it is far from massive enough.

● Gravity around a black hole is so strong it would
stretch you and tear you apart as you get closer.

● A black hole disrupts the structure of space-time
itself, which would cause unusual visual
distortions when you approach it.

● Time flows differently near the event horizon of
a black hole: you would age much slower there
than on Earth, and a few minutes spent there
could mean years on Earth if you come back.

ASTROPHYSICAL SERIES

 A NASA spacecraft named
Dawn is making space ex-
ploration history. It is the
first spacecraft to orbit two
different solar system
targets. 

Plenty of spacecraft have
flown by two or more plane-
ts or moons during their
missions. But orbiting
something is a lot harder.
The spacecraft has to put
itself into “reverse” using
its thrusters and lots of fuel
in order to be captured by
the gravity of a planet and
go into orbit. Otherwise, it
would just fly right on by.
And to leave orbit, it would
have to pull itself out of the
gravitational field using
even more fuel, like haul-
ing itself up out of a deep
hole.   

You can’t really put that

much rocket fuel on a
spacecraft. It would be too
heavy and expensive to
launch. But Dawn works
very differently. Dawn uses
electricity to propel itself.
Its ion propulsion technol-
ogy shoots charged atoms,
called ions, out of a small
engine at super high speed.
The electrical energy
comes from solar panels
and the atoms are from a
gas called xenon.  

This technology has al-
lowed Dawn to make its
historic journey to the aste-
roid belt, first orbiting and
studying the asteroid Vesta,
then leaving that orbit,
travelling another 900 mil-
lion miles and going into
orbit around dwarf planet
Ceres. Dawn is also the first
spacecraft to visit a dwarf
planet. The ion engine has
enabled Dawn to spiral into

the “gravity well” of one
body, spiral back out, and
have enough fuel left to go
and do it all over again (al-
though Dawn will not be
leaving Ceres orbit).  

Ion propulsion uses
much less fuel than other
means of space travel hu-
mans have tried. Therefore,
the spacecraft is light
enough to launch, but still
has the power to make big
changes to its course. The
only real drawback is that it
can’t accelerate very fast. In
fact, it would take four
whole days for Dawn to go
from 0 to 60 miles per
hour! 

But once it gets going, it
really gets going! By keep-
ing these ion-powered en-
gines thrusting for a long
time, Dawn can do things
no other craft has done! 

A two-for-one space first
Alex H. Kasprak

These two views of Ceres were seen
by NASA's Dawn spacecraft on February12,
2015, from a distance of about 52,000 miles
as the dwarf planet rotated. CREDIT: NASA/
JPL-CALTECH/UCLA/MPS/DLR/IDA.  

Visit NASA’s Space Place to learn more about ion
thrusters at  http://spaceplace.nasa.gov/ion-
balloons.  
Learn more about the Dawn mission at http://
dawn.jpl.nasa.gov/

PARIS: One of Thomas Edi-
son's little-known ambi-
tions was to build a device
to hear the voices of the
dead, according to a nearly
lost chapter of the inven-
tor's memoirs which is be-
ing republished in France
this week.

The American, who de-
veloped the phonograph
wanted to create a sort of
"spirit phone" that record-
ed the utterances of de-
parted souls.

Edison (1847-1931) de-
tailed his efforts and they
were published posthu-
mously in 1948 as the final
chapter of his "Diary and
Sundry Observations".

The chapter shows how
Edison tried in late 1870 to
find a basis for his "spirit
phone" invention by ampli-
fying the sound from his
phonographs, the precur-
sor of gramophones and re-
cord players.

He even made a pact
with an engineer working

with him, William Walter
Dinwiddie, that the first
who died would "would try
to send a message to the
survivor from beyond,"
Baudouin said.

Edison believed not only
that ghosts existed but also
that they were very
talkative.

He "imagined being able
to record the voice of an-
other being, to be able to
make audible that which
isn't -- the voice of the
dead", Badouin said. AFP

WHAT IF WE COULD TALK TO THE DEAD One of
Thomas Edison's little-known ambitions was to
build a device to hear the voices of the dead,
according to a nearly lost chapter of the inventor's
memoirs which is being republished in France.
PHOTO: AFP

Edison's 'lost' idea: a
spirit phone

The book talks
about how Edison
tried in late 1870
to find a basis for
his "spirit phone"
invention by
amplifying the
sound from his
phonographs, the
precursor of
gramophones and
record players. 

Liberate: free/ release

Doomed: destined

Speculation: assumption

Irresistible: appealing

Haul: dragging

Scuttle:
to cut or open a hole

Memoir: An account of
the personal experiences
of an author

Pandemic: disease
prevalent over the world

Mutate: change in form

GLOSSARY

THE HINDU IN SCHOOL I MONDAY I MARCH 9 I 2015

3

Disclaimer: Readers are requested to verify &
make appropriate enquiries to satisfy
themselves about the veracity of an adver-
tisement before responding to any published in
this newspaper. Kasturi & Sons Limited, the
Publisher & Owner of this newspaper, does not
vouch for the authenticity of any advertisement
or advertiser or for any of the advertiser’s pro-
ducts and/or services. In no event can the
Owner, Publisher, Printer, Editor, Director/s,
Employees of this newspaper/company be held
responsible/liable in any manner whatsoever for
any claims and/or damages for advertisements
in this newspaper.
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3SCIENCE & TECH
Word of the day
Predatory (Adjective): Living by eating other animals/ Exploiting others
Used in a sentence: The real estate union claimed that their pricing
was not predatory
Suggested by: M. Karthik Balaji. Your turn! Pick a word from today’s
The Hindu in School, the meaning of which you do not know and send it
to us at school@thehindu.co.in. (Subject: Word of the day) 

Disclaimer: Readers are requested to verify &
make appropriate enquiries to satisfy
themselves about the veracity of an adver-
tisement before responding to any published in
this newspaper. Kasturi & Sons Limited, the
Publisher & Owner of this newspaper, does not
vouch for the authenticity of any advertisement
or advertiser or for any of the advertiser’s pro-
ducts and/or services. In no event can the
Owner, Publisher, Printer, Editor, Director/s,
Employees of this newspaper/company be held
responsible/liable in any manner whatsoever for
any claims and/or damages for advertisements
in this newspaper.
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When two people discover something si-
multaneously, or within weeks of each oth-
er, working independently, you expect both
to be rewarded. But if only one of them picks
up the Nobel Prize, while the other isn’t
given the entire credit, it definitely lends for
a story. Yes, I’m referring to the discovery of
Vitamin C and the two men behind it that
we looked at last week. 

This time around, we are going to see how
two people worked together to change the
course of their chosen field. Better still, both
of them were jointly awarded the Nobel
Prize in Physics in 1951 “for their pioneer
work on the transmutation of atomic nuclei
by artificially accelerated atomic particles”.
Going over the head? Let's split up and find
out…

John Cockcroft was born in 1897 to a
family of cotton manufacturers. A varied
educational background that included
mathematics at Manchester University,
electrical engineering at the College of
Technology in Manchester and Mathemat-
ical Tripos at St John’s College, Cambridge
meant that he was one of those few theoret-
icians who could put together his mathe-
matical and engineering skills. These stints
of education were interspersed by the
World War I and a period when he served as
an apprentice with an electrical company. 

Ernest Walton was born in 1903 and was
educated in Belfast and Dublin. He excelled
in mathematics and science while with
Trinity College, Dublin and graduated in
1926 with first class honours in mathemat-
ics and experimental science.

Cockcroft and Walton came together
while at the Cavendish laboratory under
Ernest Rutherford. In 1928, George Gamow
showed that particles could tunnel through

potential barriers by
applying the newly
available quantum me-
chanics. Cockcroft un-
derstood the
implications of Ga-
mow’s tunnelling the-
ory - that a much lesser
energy than earlier
thought might be suffi-
cient for a proton to

penetrate the nucleus.
By 1929, they had built the Cockcroft-

Walton generator, which with a system of
capacitors and thermionic rectifiers could
reach voltages up to 600,000 volts. It took
them three more years but on April 14, 1932,
the research duo bombarded a layer of lithi-
um with hydrogen in a discharge tube that
had been accelerated using their generator.

The result? The lithium broke into two
helium nuclei and shot off in opposite direc-
tions - an atom had been split and nuclear
transmutation of one element (lithium) to
another (helium) had been achieved for the
first time under human control. 

Cockcroft and Walton also observed a
loss in the total mass of the nuclei, while
measurements indicated that the total ki-
netic energy of the helium nuclei were grea-
ter than that of the original hydrogen and
lithium nuclei. Even though these initial
computations had experimental error, it
provided evidence of Einstein’s law (E =
mc2) and laid the foundations for further
scientific work to confirm the equation in
detail. 

The duo employed the Cockcroft-Walton
multiplier for most the of their research
that followed, which eventually led to them
bagging the Nobel Prize in Physics in 1951.
The Cockcroft-Walton circuit is not only
still used to supply voltage in large particle
accelerators, but is also employed in every-
day high voltage electronic devices like pho-
tocopiers and x-ray machines.

When the atom was
split…

Read on to find out more about
Cockcroft and Walton's Nobel
Prize-winning experiment

AN EYE FOR AN I

A.S.Ganesh

The history of our Solar System
probably started 4.57 billion years
ago when a fragment of a huge
cloud of gas and dust started to
contract because of its own grav-
ity, somewhere in interstellar
space. While contracting, it be-
came denser and denser, until its
core became a star – our Sun. But
not all the matter went straight to
the Sun... 

A rotating disk
Rotation plays an important

role in the formation of a plane-
tary system like our Solar System.
In all likelihood, our parent cloud
fragment had some rotation, and
this rotation accelerated upon
contraction. Have you ever tried
spinning on a rotating chair? If
you do so (but be careful!), you
could notice that you would spin
faster when you pull your arms in
close to your chest than when you
stretch them out wide. It would
work even better if you held some-
thing heavy in your hands, but in
all cases, the more you would curl
up, the faster you would spin. In
the same way, when our parent
cloud fragment curled up, it start-
ed to spin faster. As a result, the

increased rotation flattened it into
a disk, centered on the Sun. Such a
disk made of gas and dust is known
as a protoplanetary disk, as this is
where planets can form. All plane-
ts and most other celestial bodies

in the Solar System indeed orbit
approximately in the same plane,
which corresponds to the plane of
the former protoplanetary disk. 

From dust grains to planets
Our protoplanetary disk prob-

ably lasted “only” a few million
years before being absorbed or
blown away by the Sun, but most
of the planet formation could be
completed during that time. Our
parent cloud was mostly made of
gaseous hydrogen and helium,
which are the main constituents
of the Universe, but also included
small dust grains. These grains are
made of elements originating
from stars and are ten to hundred
times smaller than the dust parti-
cles you can find in your home. As
these solids collided with each
other, they grew until millimeter
sizes and settled at the midplane
of the disk. There, they could

coagulate further to form aste-
roids (a kilometre to hundreds of
kilometres in size), which in turn
could merge in planet-sized ob-
jects, helped by their own grav-
itational attraction. 

Temperatures varied across the
disk, being higher closer to the
Sun than further out. While water
was gaseous in the inner regions, it
was solid ice beyond a certain ra-
dius called the “snow line”. Be-
yond this radius, the presence of
ice with the stony material en-
hanced the growth of planets:
planets formed below the snow
line never exceeded the mass of
the Earth, whereas outer planets
reached ten times more, at which
stage they even started to retain
the ambient gas. This led to the
formation of giant gas planets,
among which Jupiter is the large-
st. 

Although we still observe a
clean separation between stone-
dominated planets close to the
Sun (Mercury, Venus, Earth,
Mars) and giant planets further
out (Jupiter, Saturn, Uranus, Nep-
tune), some astrophysicists have
hypothesized that the orbits of the
giant planets changed significant-
ly at different epochs in the histo-
ry of the Solar System. 

This would have had dramatic
consequences, notably on the flux
of asteroids near the inner plane-
ts. But nowadays, the planets are
fortunately on rather stable or-
bits! 

Emmanuel Jacquet is assistant
professor at the French National
Museum of Natural History in Pa-
ris, working on meteorites and the
formation of the Solar System. Jo-
nathan Freundlich is a PhD stu-
dent at the Paris Observatory, in
France, working on star formation
and galaxy evolution. The authors
can be reached at
jonathan.freundlich@obspm.fr.

A glimpse at the formation of
our Solar System

IT ALL STARTED HERE Solar system in formation: the HL Tauri
protoplanetary disk as seen by the ALMA telescope. 
PHOTO: ALMA (ESO/NAOJ/NRAO)

ALL ABOUT ALMA

● HL Tauri is 450 light-years from Earth and the star
is less than a million years old, which makes it
pretty young by astronomical standards. The dark
rings on the ALMA image may indicate the positions
of planets under formation.

● ALMA is an array of telescopes located in the
Atacama desert of Chile at 5000 metres altitude
which observes the radio waves emitted by
astrophysical objects such as stars and gas clouds.
Each of its telescopes looks like a big satellite dish.

● The bigger a telescope is, the sharper its images
are. ALMA dishes can be moved over distances up
to 16 kilometres, making it one of the sharpest
telescopes ever built.

The remarkable story of how the Sun, the planets and other celestial
objects that make up the solar system came to be
Emmanuel Jacquet & 
Jonathan Freundlich ASTROPHYSICAL SERIES

WASHINGTON: Palaeontolo-
gists are restoring the good
name of Brontosaurus more
than a century after it was
deemed scientifically inval-
id and the famous dinosaur
was reclassified as another
genus called Apatosaurus.

They unveiled on Tues-
day an exhaustive analysis
of Brontosaurus remains,
first unearthed in the 1870s,
and those of closely related
dinosaurs, determining that
the immense, long-necked
plant-eater was not an Apa-
tosaurus and deserved its
old name back. 

Paleontologist Emanuel
Tschopp of Portugal's Uni-
versidade Nova de Lisboa
cited important anatom-
ical differences including
Apatosaurus possessing a
wider neck than Brontosau-
rus and being even more
massively built. 

"The differences between
Apatosaurus and Bronto-
saurus are numerous
enough to revive Bronto-
saurus as a separate genus
from Apatosaurus,"
Tschopp said.

Brontosaurus, which
lived in North America
around 150 million years
ago in the Jurassic Period,

was about 72 feet (22 me-
ters) long and weighed
about 40 tons.

“Brontosaurus and T. rex
are the two most popular di-
nosaur names ever,” said
Universidade Nova de Lis-
boa paleontologist Octàvio
Mateus.

"Even 112 years after pa-
leontologists considered it
invalid, the name Bronto-
saurus still echoes in the
popular culture. It was in-
deed a very cool dinosaur
name."

"This will be like recover-
ing Pluto as a planet again,"
Mateus added, referring to
astronomers' 2006 decision
to downgrade Pluto from a
full-fledged planet to a
dwarf planet.

How the confusion 
came about

After his team excavated
fossils of two huge long-
necked dinosaurs, prolific
19th century paleontologist
Othniel Charles Marsh
named the first one Apato-
saurus ("deceptive lizard")
in 1877 and the second one

Brontosaurus ("thunder liz-
ard") in 1879.

In 1903, paleontologist
Elmer Riggs declared that
Brontosaurus and Apato-
saurus were too similar for
each to be considered a sep-
arate genus. Because Apato-
saurus was named first,
under the rules of scientific
naming it supplanted
Brontosaurus.

But the name was so pop-
ular it survived its burial,
with "Brontosaurus" and
things like "Bronto Burgers"
appearing in numerous
books, cartoons, movies and
elsewhere.

Brontosaurus belonged
to a group of dinosaurs with
long necks and tails and pil-
lar-like legs called sauro-
pods that included Earth's
largest land animals ever.

This study, published in
the scientific journal PeerJ,
focused on the anatomy and
relationships among a cate-
gory of sauropods called di-
plodocids, which includes
Brontosaurus, Apatosaurus,
Diplodocus and others.
Reuters

Brontosaurus is back!
Deemed scientifically invalid Brontosaurus was reclassified under another genus
Apatosaurus. A century later, scientists have now clarified that the long-necked
plant-eater deserved its old name back

THE MAIN DIFFERENCE
An artist's rendering of
a Brontosaurus as
researchers see it today.
Apatosaurus possess a
wider neck and have a
built more massive than
Brontosaurus. 
PHOTO: REUTERS

● Brontosaurus,
which lived in
North America
around 150
million years ago
in the Jurassic
Period, was
about 72 feet
(22 meters) long
and weighed
about 40 tons.

● Brontosaurus
belonged to a
group of
dinosaurs with
long necks and
tails and pillar-
like legs called
sauropods that
included Earth's
largest land
animals ever.

Alien life could be found by 2025: NASA
Recent discoveries suggest that the solar system and broader Milky
Way galaxy teem with environments that could support life
WASHINGTON: If one is to believe in NASA, humanity is likely to witness the first signs of alien life in the
next 10 years or so.

Addressing a panel discussion last week on the space agency’s search for habitable worlds and
alien life, NASA chief scientist Ellen Stofan said: “I think we are going to have strong indications of
life beyond Earth within a decade, and I think we are going to have definitive evidence within 20 to
30 years.”

“We know where to look. We know how to look. In most cases, we have the technology, and we are
on a path to implementing it. And so I think we’re definitely on the road,” he told the gathering.

The prospectus
Recent discoveries suggest that the solar system and broader Milky Way galaxy teem with

environments that could support life as we know it.
For example, oceans of liquid water slosh beneath the icy shells of the Jupiter moons Europa and

Ganymede, as well as that of the Saturn satellite Enceladus.
“Oceans covered much of Mars in the ancient past, and seasonal dark streaks observed on the Red

Planet’s surface today may be caused by salty flowing water,” Stofan added.
NASA’s Curiosity rover has found carbon-containing organic molecules and “fixed” nitrogen,

basic ingredients necessary for Earth-like life on the Martian surface, Space.com reported.
NASA’s Kepler space telescope suggest that nearly every star in the sky hosts planets — and many

of these worlds may be habitable. IANS

WASHINGTON: NASA has
awarded a grant of US dol-
lar 10 million to a Texas-
based company to develop
a revolutionary engine that
could send humans to Mars
in just 39 days.

The Ad Astra Rocket
company from Webster
will develop the Vasimr en-
gine which uses plasma, an
electrically charged gas, as
a propellant.

"This is like no other
rocket that you may have
seen in the past. It is a plas-
ma rocket. The Vasimr
rocket is not used for
launching things. It is used
for things already there,

which we call 'in space pro-
pulsion,'" said the compa-
ny's CEO, Franklin
Chang-Diaz, who is a for-
mer astronaut and flew on
seven space shuttle
missions.

The Vasimr engine
works by heating plasma to
extreme temperatures us-

ing radio waves. Strong
magnetic fields then funnel
this plasma out of the back
of the engine.

This in turn creates
thrust, helping to propel
the engine at extreme
speeds.

NASA willconsider em-
ploying the propulsion sys-
tem on future excursions to
Mars.

The company is also
thinking about other pro-
jects for its Vasimr engine,
such as asteroid retrieval,
which would bring the
space rocks closer to Earth,
allowing them to be mined.
PTI

Trip to Mars in 39 days?
Revolutionary engine, that could achieve this feat, to use
plasma, an electrically charged gas, as propellant

● Interstellar:
occurring
between stars

● Ambient:
 immediate
surroundings of
something

● Epoch: Period/
era

● Flux: instability

● Anatomy: Body
framework

● Propel: drive or
push something
forward

● Retrieval:
Recovery

● Slosh: Spill

GLOSSARY

A Cockcroft-Walton generator
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Word of the day
Extemporize (Verb): Speaking with little preparation 
Used in a sentence: The librarian extemporised very well. She was
suddenly called to talk at the event. 
Your turn! Pick a word from today’s The Hindu in School, the
meaning of which you do not know and send it to us at
school@thehindu.co.in. (Subject: Word of the day)

Published by N. Ram at Kasturi Buildings, 859 & 860, Anna Salai, Chennai-600002 and Printed by N. Rajashekar at Plot No. 13-D, Bommasandra-Jigani Link Road, KIADB Industrial Area, Bommasandra, Anekal Taluk, Bengaluru-560099 on behalf of KASTURI & SONS LTD., Chennai-600002. Editor: Malini Parthasarathy (Responsible for selection of news under the PRB Act).

Disclaimer: Readers are requested to verify &
make appropriate enquiries to satisfy
themselves about the veracity of an adver-
tisement before responding to any published in
this newspaper. Kasturi & Sons Limited, the
Publisher & Owner of this newspaper, does not
vouch for the authenticity of any advertisement
or advertiser or for any of the advertiser’s pro-
ducts and/or services. In no event can the
Owner, Publisher, Printer, Editor, Director/s,
Employees of this newspaper/company be held
responsible/liable in any manner whatsoever for
any claims and/or damages for advertisements
in this newspaper.

Which of these two scenarios
best fit how you spent your
time during the holidays: Did
you laze around in your
house, ordering the latest
mobile with the best RAM
specifications from an e-
commerce seller, pizzas for
dinner and spent hours play-
ing the most recently re-
leased games? Or did you go
around with your parents
whenever you got the
chance, helping them with
their shopping and daily
chores, and earned yourself
some extra pocket money? If
you belong to the latter cate-
gory, then you might appre-
ciate this article a wee-bit
more…

If you’ve been out shop-
ping, then you surely would
have encountered a shopping
cart. You see it, you use it to
fill in with all the essential
commodities that you want
to buy, and you leave it once
you’ve settled the bill and got
your goods transferred to
your bags. Did you ever stop
to think how these carts
came to be? Let’s find out…

Born in 1898, Sylvan N.
Goldman had steadied him-
self by the 1930s after having
been through the Great De-
pression. He owned the
Humpty Dumpty supermar-
ket chain in Oklahoma City
and was doing reasonably
well. 

Sitting in his store one day,
Goldman noticed that his
customers were carrying
their groceries in hand-held
baskets. It didn’t take him
long to realise that this was
acting as a limiting factor, as
customers stopped purchas-

ing if the basket either
couldn’t fit in anything more,
or had become too heavy to
carry around. 

Staring idly at a wooden
folding chair, Goldman won-
dered how he could make the
shopping experience more

comfortable for his custom-
ers, which in effect would
lead to better results for him.
That was when it struck him
that by replacing the seat
with baskets, and adding
wheels on the legs, he could
give his customers a shop-
ping cart.

Doubters

Working with Fred Young,
a mechanic, Goldman got his
first prototypes made. Metal
frames with two wire bas-
kets, they were designed to
be folded such that the two
baskets nested on each other.

Owing to his stroke of inspi-
ration, Goldman named
them ‘folding basket carri-
ers’. Papers in Oklahoma
City carried advertisements
of these on June 4, 1937. If
you are under the impression
that they were an instant hit,
wait till you hear this. While
men thought using these
might make them look weak,
women considered them not
so fashionable.

Goldman hired models of
different age groups and both
sexes and made them pre-
tend like they were shopping.
Add to it a store greeter who
encouraged the use of these
carts, success was inevitable.
Shops were designed such
that checkout counters and
aisles aided the use of shop-
ping carts and by the 1940s,
their popularity was huge. 

Space saver
In 1946, Orla E. Watson

from Kansas City came up
with a telescoping shopping
cart that enabled the carts to
be fitted into one another,
saving precious shop space at
the front and allowing for
compact storage. Patent wars
ensued between Watson and
Goldman before they eventu-
ally reached upon a settle-
ment. 

As for the carts, the basic
design has more or less re-
mained the same, while ergo-
nomic changes have been
taken into account. Most re-
tail supermarkets offer these
carts in the hope that bigger
carts that are convenient to
move around encourages the
customers to buy more, in-
creasing their sales.

Reach the writer at
ganesh.a.s@thehindu.co.in

Go cart-ing!
When Sylvan N Goldman introduced the carts in his supermarkets to make shopping comfortable for his
customers, they weren’t welcomed with open arms. Goldman had to do more to actually make men and
women start wheeling it. 

A.S.Ganesh

HANDY A shopping trolley is pushed around a supermarket in London, Britain.
PHOTO: REUTERS 

While men thought using these might make
them look weak, women considered them
not so fashionable. Goldman hired models
of different age groups and both sexes and
made them pretend like they were
shopping. 

AN EYE FOR AN I

Just before noon on April
25, 2015, the ground in
Nepal started to move.
For about 30 seconds,
people felt the ground
shaking beneath them. It
doesn’t sound like a very
long time, but it doesn’t
take long for an earth-
quake to cause damage.
The ground shook so
much and so hard that
houses cracked, buildings
flattened, and thousands
of people were hurt or
killed.

After the earthquake,
cities and villages were
ruined. Where there used
to be buildings, there
were only broken pieces.
People were trapped un-
der collapsed houses. To
save people, you have to
dig them out. But first,
you have to know where
they are.

How can you find
someone buried under
rubble? You can’t yell
their name because they
won’t be able to hear you.

If they yell for help, you
can’t hear them either.
What you can do is listen
for their heartbeats. You
might be thinking,
“Heartbeats are very
quiet. You can’t just hear
them!” That’s normally
true. You can’t hear them
with your ears, but you
can find them with a spe-
cial machine. 

Using radar
This new machine is

called FINDER. That
stands for “Finding Indi-
viduals for Disaster and
Emergency Response.” It
uses radar to look for peo-
ple under bricks, mud,

and pieces of buildings. It
was built by scientists and
engineers from NASA and
the United States Depart-
ment of Homeland Secu-
rity. 

FINDER is the size of a
suitcase. It weighs about
as much as a two gallons
of water. When rescue
workers need to find
someone, they turn it on,
and the machine searches
for heartbeats. It can
sense a heartbeat even if
the person is buried un-
der 30 feet of broken
concrete.

When the earthquake
hit Nepal, the people who
built FINDER knew it
would be very helpful.
They brought two of the
machines to Nepal right
away. On April 29, they
found four men trapped
under collapsed build-
ings. FINDER saved their
lives. 

RADAR DETECTIVE FINDER joined a contingent of international rescuers
in northern Nepal. This photo was taken on April 29 in Kathmandu.
CREDIT: DAVID LEWIS, R4 INC.

Katie McKissick
NASA can also use radar to find birds in the
sky. http://spaceplace.nasa.gov/birds

Looking for heartbeats

Have you ever seen shoot-
ing stars streaking across
a clear night sky? These
flashes of light often disap-
pear as fast as they ap-
peared, in the blink of an
eye... But they actually have
nothing to do with stars!
Shooting stars, or meteors,
are small solid grains enter-
ing our atmosphere at high
speeds. They are going so
fast that the air around
them heats up, makes them
shine, and usually burns
them up.

Fragments of asteroids
During its orbit around

the Sun, the Earth is con-
stantly bombarded by par-
ticles of all sizes, and
extraterrestrial stones
that make it to the ground
are called meteorites. Vid-
eos of meteorite falls have
allowed scientists to recon-
struct the trajectories of
these objects and to track
their provenance: meteo-
rites almost invariably
come from a region be-
tween Mars and Jupiter
named the “Main Asteroid
Belt”. Most of them are in-
deed fragments of
asteroids.

Asteroids are like small
planets, although often of

irregular shapes. They are
the left-overs of the forma-
tion of the bigger planets at
the beginning of the Solar
System.

The link between meteo-
rites and asteroids was re-
cently spectacularly
confirmed by a Japanese
probe which returned dust
samples from a 600 meter-
sized asteroid named Ito-
kawa: these samples were
found to be identical with
one of the major groups of
meteorites, thus proving
that the meteorites belong-
ing to this group and Itoka-
wa derived from the
fragmentation of the same
asteroid.

A glimpse of the past
Most meteorites have

undergone little change
since their parent asteroid
assembled. They thus give
us a glimpse at the compo-
sition of the Solar System in
its first million years. In
fact, it is through primitive
meteorites that scientists
were able to determine the
age of the Solar System
with great precision: they
obtained 4.568 billion
years. Our Sun deserves a
cheerful “happy birthday”,
right?

As they represent the
original matter from which
planets were built, prim-

itive meteorites are made
of the same chemical ele-
ments as the Earth (iron,
magnesium, silicon, ox-
ygen, etc.). Yet, they con-
tain distinctive inclusions,
the most conspicuous
among them being millim-
eter-sized round grains
called chondrules. The ori-
gin of chondrules is still a

mystery, although it seems
they were formed as molten
droplets which solidified
before being incorporated
in the asteroid. The tem-
perature must have been
very high to melt the min-
erals they contain, but the

nature of the heating
events that lead to their for-
mation is still
controversial.

Asteroids have not al-
ways been cold inert bod-
ies. Like the Earth, they
were originally heated up

by spontaneous radioac-
tive disintegration of
atoms within them, as oc-
curs in a nuclear power
plant. Some of them were
heated so intensely that
they experienced a large
degree of melting, which
erased the primitive struc-
tures such as the chon-
drules. In these asteroids,

the dense metals separated
from the stony material to
form a metallic core over-
laid by a stony mantle and
crust. Some meteorites are
fragments of these “differ-
entiated” asteroids. 

Meteorites originating
from their cores are fully
metallic, whereas frag-
ments from the mantle are
metal-free and quite simi-
lar to terrestrial igneous
rocks. In fact, the Earth un-
derwent the very same dif-
ferentiation between a
metallic core and a rocky
crust. So, when you hold an
iron meteorite, which is a

piece from a shattered ce-
lestial body, it is almost as
though you were touching
the deepest regions of our
planet! 

Emmanuel Jacquet is as-
sistant professor at the
French National Museum
of Natural History in Paris,
working on meteorites and
the formation of the Solar
System. Jonathan Freun-
dlich is a PhD student at the
Paris Observatory, in
France, working on star
formation and galaxy evo-
lution. The authors can be
reached at 
jonathan.freundlich@obspm.fr.

Meteorites: witnesses of the solar system’s birth 
Emmanuel Jacquet &
Jonathan Freundlich

SHOOTING STAR A spectacular meteor fall painted by Frederic Edwin Church in 1860. COLLECTION OF
JUDITH FILENBAUM HERNSTADT.

ASTROPHYSICAL SERIES 

● To determine the age of the Solar
System, scientists can use radioactive
elements in meteorites. The amount of
such an element decreases with time, so
measuring its abundance yields the age of
the meteorite.

● The name “chondrule” comes from the
Greek “chondros”, which means “small
grain”. A meteorite with chondrules is
called a chondrite.

● Igneous rocks are rocks formed from
solidified magma or lava, such as basalt or
granite.

● An impressive meteor fall such took
place recently in Chelyabinsk, Russia. You
can easily find videos of the event on the
Internet.

Streak: Flash
Extraterrestrial:
Things/creatures from
outer space
Trajectory: Route
Provenance: Origin
Primitive: Ancient 
Inert: Lifeless
Spontaneous: Impulsive
Disintegration: Collapse 
Wee: Small
Ergonomic: Scientific
discipline that deals with
the design that optimises
human well-being and
overall system
performance.

GLOSSARY
WASHINGTON: Famous Holly-
wood actor Jon Cryer has
given his voice to a new NA-
SA film celebrating 50th an-
niversary of the first
spacewalk by a U.S.
astronaut.

On June 3, 1965, NASA
astronaut Ed White became
the first American to walk
in space.

NASA is celebrating the
50th anniversary of the
U.S.’ first extravehicular ac-

tivity (EVA) — better
known as a spacewalk —
through a number of com-
memorative features.

On June 1, NASA will pre-
miere a documentary nar-
rated by actor Jon on the
history and future of hu-
mans working on a tether in
space.

The film titled “Suit Up”
will be aired on NASA Tele-
vision and can be seen on
the US space agency’s web-

site and YouTube account.
The documentary fea-

tures interviews with NASA
Administrator and astro-
naut Charles Bolden, NASA
Deputy Administrator and
spacesuit designer Dava
Newman, as well as other
astronauts, engineers, tech-
nicians, managers and lu-
minaries of spacewalk
history.

They will share their per-
sonal stories that cover the

full EVA experience — from
spacesuit manufacturing to
spacewalk manoeuvring —
all brought to life through
historical and HD footage.
IANS

NASA celebrates 50th anniversary of first U.S. spacewalk

Astronaut Ed White is
pictured during his stroll
through space. PHOTO:
THE HINDU ARCHIVES
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APPENDIX E

Detailed calculations for Chapter 3

E.1 Expressions of the enthalpy

E.1.1 For a polytropic equation of state

We initially assumed a polytropic equation of state p0 = Cργ0 , where C is a positive
constant and γ the adiabatic index. The speed of sound is defined by c2

0 = ∂p0/∂ρ0 =
γCργ−1

0 = γp0/ρ0, so that when γ , 1, the enthalpy can be written as:

h0 = γ

γ − 1Cρ
γ−1
0 = c2

0
γ − 1 . (E.1)

In the case of an isothermal equation of state (γ = 1), the speed of sound is constant and
entirely fixed by temperature. The isothermal equation of state can be written p0 = c2

0 ρ0
and the enthalpy yields:

h0 = c2
0 lnρ0. (E.2)

In both cases, the first order perturbation of the enthalpy can be written as:

h1 = c2
0
ρ1

ρ0
. (E.3)

Indeed, the perturbed fluid remains polytropic, so up to the first order in ρ1/ρ0, when
γ , 1,

h0 + h1 = γC

γ − 1 (ρ0 + ρ1)γ−1 = h0 + γC ργ−2
0 ρ1 = h0 + c2

0
ρ1

ρ0

and when γ = 1,
h0 + h1 = c2

0 ln (ρ0 + ρ1) = h0 + c2
0
ρ1

ρ0
.
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E.1.2 For a barotropic equation of state

The above relation for the first order enthalpy perturbation is actually more general. For
a barotropic fluid in which the pressure is only a function of the density, with p = p(ρ)
and h = h(ρ), the enthalpy is defined by

dh = 1
ρ
dp. (E.4)

The perturbed enthalpy can thus be written up to the first order

h0 + h1 = h(ρ0 + ρ1) = h(ρ0) +
(
dh

dρ

)
ρ0

ρ1 (E.5)

Consequently,

h1 =
(
dh

dρ

)
ρ0

ρ1

=
(
dh

dp

)
p(ρ0)

(
dp

dρ

)
ρ0

ρ1

= 1
ρ0

(
dp

dρ

)
ρ0

ρ1

h1 = 1
ρ0
c2

0 ρ1.

(E.6)

E.2 Discriminant of the dispersion relation

E.2.1 The discriminant is always positive

The dimensionless dispersion relation introduced in section 3.2.2 (Eq. (3.29)) involves
two dimensionless quantities, α and β. Considering that

α = −
(
ω2

0k
2

κ2k2
z

β + κ2

ω2
0

)
(E.7)

the discriminant can be written as a second order polynomial expression in β:

∆ = α2 − 4β = ω4
0k

4

κ4k4
z

β2 + 2k
2
R − k2

z

k2
z

β + κ4

ω4
0
. (E.8)

In turn, the discriminant ∆′ of this latter polynomial expression is always negative:

∆′ =
(
k2
R − k2

z

k2
z

)2

− k4

k4
z

= −4
(
kR
kz

)2

. (E.9)

Consequently, as β is a real quantity, the discriminant ∆ is always positive and

x2
± = −α±

√
∆

2 (E.10)

always real.
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E.2.2 Two roots are real

There are four solutions for x, which can be either real or with a non-zero imaginary part,
depending on the sign of −α±

√
∆. But out of these four solutions, two are always real.

Indeed, −α +
√

∆ is always positive:

• If α 6 0, −α +
√

∆ > 0.

• If α > 0, β has to be negative because of Eq. (E.7), so ∆ = α2 − 4β > α2 and
−α +

√
∆ > 0.

E.2.3 A condition for stability

All roots are real and the system is stable when and only when −α−
√

∆ is also positive,
i.e., when α 6 0 and |α| >

√
∆. These two conditions can be expressed as conditions on

the total wavenumber k:

α 6 0 ⇔ ρ0

ρc
− c2

0k
2

ω2
0
− κ2

ω2
0
6 0

⇔ k2 >
4πGρ0 − κ2

c2
0

(E.11)

|α| >
√

∆ ⇔ α2 > α2 − 4β
⇔ β > 0

⇔ c2
0
ω2

0
− 1
k2
ρ0

ρc
> 0

⇔ k2 >
4πGρ0

c2
0

.

(E.12)

The second condition encompasses the first one, and is analogous to the Jeans criterion.
All roots are thus real and the system is stable for k > kcrit, with k2

crit = 4πGρ0/c
2
0.
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E.3 About the fastest growing mode

E.3.1 A parametric expression for the fastest growing mode

At a given radius R and for a given kR, the quantity x2
− = −(α +

√
∆)/2 introduced in

section 3.2.2 is minimal when
∂x2
−

∂kz
= 0 ⇔ ∂

∂kz

(
α +

√
∆
)

= 0

⇔
(

1 + α√
∆

)
∂α

∂kz
− 2√

∆
∂β

∂kz
= 0

⇔ kz

1 + α√
∆

+ 2κ2

c2
0
√

∆

(
c2

0
ω2

0
− ρ0

ρc

k2
R

k4

) = 0

⇔ kz = 0 or
√

∆ = −α− 2κ
2

c2
0

(
c2

0
ω2

0
− ρ0

ρc

k2
R

k4

)
.

(E.13)

When kz , 0, the latter condition yields

α + 2κ
2

c2
0

(
c2

0
ω2

0
− ρ0

ρc

k2
R

k4

)
6 0

and

∆ = α2 − 4β =
α + 2κ

2

c2
0

(
c2

0
ω2

0
− ρ0

ρc

k2
R

k4

)2

.

(E.14)

Using the expressions of α and β and developing the intermediate expressions, the second
equation leads to the following parametric equation describing the fastest growing mode:(

ρ0

ρc

)2
k2
R

k2 = c2
0
κ2k

2

( c2
0
ω2

0
k2 − ρ0

ρc

)2

+ ρ0

ρc

κ2

ω2
0

 . (E.15)

E.3.2 Intersection with the line kz = kR

In order to characterize the shape of the perturbations, it would be of interest to determine
the intersection of the curve describing the fastest growing mode with the line kz = kR.
At the intersection, k2 = 2k2

R and kR satisfies

1
2

(
ρ0

ρc

)2

= c2
0
κ2 2k2

R

( c2
0
ω2

0
2k2

R −
ρ0

ρc

)2

+ ρ0

ρc

κ2

ω2
0

 . (E.16)

It reduces to the following polynomial expression, which can be solved numerically:(
kR
k0

)6

− ρ0

ρc

(
kR
k0

)4

+ 1
4
ρ0

ρc

(
ρ0

ρc
+ κ2

ω2
0

)(
kR
k0

)2

− 1
16

(
ρ0

ρc

)2
κ2

ω2
0

= 0 (E.17)

where k0 = ω0/c0 is a characteristic wavenumber depending on the position R through c0.
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E.4 Dispersion relation without WKB assumption

E.4.1 Full dispersion relation

Without the local WKB assumption kRR� 1, additional terms have to be considered in
the different equations (in bold blue) :

ωv1R − 2iΩ0v1θ = kR
c2

0
ρ0
ρ1−iρ1

∂

∂R

c2
0

ρ0

+ kRΦ1

ωv1θ − 2iBv1R = 0

ωv1z = kz
c2

0
ρ0
ρ1 + kzΦ1

ωρ1 − ρ0krv1R+iv1R
1
R

∂

∂R
(Rρ0)− kzρ0v1z = 0

−k2
RΦ1+i

kR

R
Φ1 − k2

zΦ1 = 4πGρ1.

(E.18)

Combining these equations as in section 3.2.1, we obtain:

v1R = ω

ω2 − κ2

kRΦ1 +

kR c2
0
ρ0

−i
∂

∂R

(
c2

0
ρ0

) ρ1

 (E.19)

ωρ1 +
(
−ρ0kR+i

1
R

∂

∂R
(Rρ0)

)
ω

ω2 − κ2

kRΦ1 +

kR c2
0
ρ0

−i
∂

∂R

(
c2

0
ρ0

) ρ1


−ρ0k

2
z

ω

(
c2

0
ρ0
ρ1 + Φ1

)
= 0 (E.20)

1− c2
0k

2
R

ω2 − κ2 −
c2

0k
2
z

ω2 +
1

ω2 − κ2

ikR
R

∂

∂R

(
Rc2

0

)
+

1
R

∂

∂R
(Rρ0)

∂

∂R

(
c2

0
ρ0

)
 ρ1

=
(

k2
R

ω2 − κ2 + k2
z

ω2 −i
kR

ω2 − κ2
1
Rρ0

∂

∂R
(Rρ0)

)
ρ0Φ1, (E.21)

which yields when introducing Poisson’s equation and k2 = k2
R + k2

z

1− c2
0k

2
R

ω2 − κ2 −
c2

0k
2
z

ω2 +
1

ω2 − κ2

ikR
R

∂

∂R

(
Rc2

0

)
+

1
R

∂

∂R
(Rρ0)

∂

∂R

(
c2

0
ρ0

)
= − 4πGρ0

k2−ikR
R

(
k2
R

ω2 − κ2 + k2
z

ω2 −i
kR

ω2 − κ2
1
Rρ0

∂

∂R
(Rρ0)

)
(E.22)

ω2
(
ω2 − κ2

)
− ω2c2

0k
2
R −

(
ω2 − κ2

)
c2

0k
2
z+ω2

ikR
R

∂

∂R

(
rc2

0

)
+

1
R

∂

∂R
(Rρ0)

∂

∂R

(
c2

0
ρ0

)
= − 4πGρ0

k2−ikR
R

(
k2
Rω

2 + k2
z

(
ω2 − κ2

)
−ikRω2 1

Rρ0

∂

∂R
(Rρ0)

)
(E.23)
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ω4 + ω2

−κ2 − c2
0k

2
R − c2

0k
2
z+i

kR

R

∂

∂R

(
Rc2

0

)
+

1
R

∂

∂R
(Rρ0)

∂

∂R

(
c2

0
ρ0

)

+ 4πGρ0

k2−ikR
R

(
k2−ikR

1
Rρ0

∂

∂R
(Rρ0)

)+ k2
zκ

2

c2
0 −

4πGρ0

k2−ikR
R

 = 0. (E.24)

Noticing that
1

k2−ikR

R

= 1
k2

1+i
kR

R

k2 − ikR

R

 , (E.25)

we finally obtain the most general expression for the dispersion relation:

ω4 + ω2

4πGρ0

(
1−i

kR

k2
1
Rρ0

∂

∂R
(Rρ0)

)1+i
kR
R

k2 − ikR
R



−c2
0k

2 − κ2+i
kR

R

∂

∂R

(
Rc2

0

)
+

1
R

∂

∂R
(Rρ0)

∂

∂R

(
c2

0
ρ0

)

+k2
zκ

2

c2
0 −

4πGρ0
k2

1+i
kR
R

k2 − ikR
R


 = 0. (E.26)

E.4.2 Dispersion relation without rotation

When there is no rotation, i.e., when κ2 = 0, Eq. E.26 becomes

ω2 = −4πGρ0
k2

k2 − ikR
R

1− ikR
k2

(
1
R

+ 1
ρ0

∂ρ0
∂R

)+ c2
0k

2

−ikR

[
c2

0
R

+ ∂c20
∂R

]
−
[

1
R

+ 1
ρ0

∂ρ0
∂R

] [
∂c20
∂R
− c2

0
1
ρ0

∂ρ0
∂R

]
. (E.27)

E.5 Hydrostatic equilibrium of Plummer-like filaments

E.5.1 The isothermal case

The case of an isothermal self-gravitating cylinder has been considered by Ostriker (1964b).
Its density profile yields

ρ0(R) = ρc
1(

1 +
(
R
R0

)2
)2 (E.28)
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with ρc the central density and R0 = c0
√

8/
√

4πGρc. The expression of the gravitational
potential can be recovered from Poisson’s equation as follow:

∆Φ0 = 4πGρ0 (E.29)

1
R

d

dR

(
R
dΦ0

dR

)
= 4πGρc

1(
1 +

(
R
R0

)2
)2 (E.30)

R
dΦ0

dR
= −2πGρcR2

0

 1
1 +

(
R
R0

)2 + C

 (E.31)

dΦ0

dR
= −2πGρcR2

0

 1
R
−

R
R2

0

1 +
(
R
R0

)2 + C

R

 (E.32)

Φ0 = πGρcR
2
0

ln
1 +

(
R

R0

)2
− 2 (1 + C) ln

(
R

R0

)
+ C ′

 . (E.33)

C and C ′ are real integration constants. In order to guarantee a finite potential at R = 0,
we have to set 1 + C = 0, and we can arbitrarily choose C ′ = 0. The expression of the
potential thus finally yields

Φ0 = πGρcr
2
0 ln

1 +
(
R

R0

)2
 . (E.34)

E.5.2 Plummer-like profile with p , 1

For a more general Plummer-like density profile

ρ0(R) = ρc
1(

1 +
(
R
R0

)2
)p (E.35)

with p , 1, Poisson’s equation yields

1
R

d

dR

(
R
dΦ0

dR

)
= 4πGρc

1(
1 +

(
R
R0

)2
)p (E.36)
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R
dΦ0

dR
= −2πGρcR2

0
1

p− 1

 1(
1 +

(
R
R0

)2
)p−1 + C

 (E.37)

dΦ0

dR
= −2πGρcR2

0
p− 1

 1

R
(

1 +
(
R
R0

)2
)p−1 + C

R

 . (E.38)

As the force shouldn’t diverge in R = 0, the integration constant is C = −1 and the
gravitational force is finally

dΦ0

dR
= 2πGρcR2

0
p− 1

1
R

1− 1(
1 +

(
R
R0

)2
)p−1

 . (E.39)

E.5.3 Plummer-like profile with p = 1

When p = 1, Poisson’s equation similarly yields

1
R

d

dR

(
R
dΦ0

dR

)
= 4πGρc

1
1 +

(
R
R0

)2 (E.40)

R
dΦ0

dR
= 2πGρcR2

0

ln
1 +

(
R

R0

)2
+ C

 (E.41)

dΦ0

dR
= 2πGρcR2

0

 1
R

ln
1 +

(
R

R0

)2
+ C

R

 . (E.42)

A finite force in R = 0 requires C = 0, so that

dΦ0

dR
= 2πGρcR2

0
1
R

ln
1 +

(
R

R0

)2
 . (E.43)



APPENDIX F

Detailed calculations for Chapter 4

F.1 Analytical prerequisites

F.1.1 Radial Fourier transform

The Fourier transform of a radial function F (~r) = F (r), with r = |~r|, is also radial and
can be written F̂ (~k) = F̂ (k) with k = |~k|. More precisely,

F̂ (k) ≡ T F
[
F (r)

]
= 1
V

∫
e−i

~k.~r F (r) d3~r (F.1)

and

F (r) ≡ T F−1 [F (k)
]

= V

(2π)3

∫
ei
~k.~r F̂ (k) d3~k, (F.2)

where the characteristic volume V guarantees that F (r) and F̂ (k) have the same dimen-
sion. Introducing ~uz = ~k/k and ~k.~r = k r cosθ, the three dimensional integral can be
expressed as:

F̂ (k) = 1
V

∫ +∞

r=0

∫ π

θ=0

∫ 2π

φ=0
e−ikrcosθ F (r) r2 sin θ dθ dr dφ

= 2π
V

∫ +∞

r=0
F (r) r2

(∫ π

θ=0
e−ikrcosθ sin θ dθ

)
dr

= 2π
V

∫ +∞

r=0
F (r) r2

(∫ 1

−1
eikrx dx

)
dr with x = −cosθ

= 2π
V

∫ +∞

r=0
F (r) r2

eikrx
ikr

1

−1

dr

= 2π
V

∫ +∞

r=0
F (r) r2

eikr
ikr
− e−ikr

ikr

 dr

= 2π
V

∫ +∞

r=0
F (r) r2

(
2sin kr

kr

)
dr

F̂ (k) = 1
V

∫ +∞

r=0
F (r) 4π r2 sin kr

kr
dr

(F.3)



228 F.1 Analytical prerequisites

F.1.2 Wiener-Khinchin theorem

The power spectrum of a stationary random process is the inverse Fourier transform of
the autocorrelation function of this process. Using the fact that the Dirac delta function
is the inverse Fourier transform of the unity distribution1, this can be demonstrated as
follow:

〈F (0)F (~r)〉 = 1
V

∫
F (~x)? F (~x+ ~r) d3~x

= 1
V

∫  V

(2π)3

∫
F̂ (~k)?e−i~k.~r d3~k

 V

(2π)3

∫
F̂ (~k′)ei~k′.(~x+~r) d3~k′

 d3~x

= V

(2π)6

y
F̂ (~k)? F̂ (~k′) ei(~k′−~k).~x ei

~k′.~r d3~k d3~k′ d3~x

= V

(2π)3

x
F̂ (~k)? F̂ (~k′)

 1
(2π)3

∫
ei(

~k′−~k).~x d3~x

 ei~k′.~r d3~k d3~k′

= V

(2π)3

x
F̂ (~k)? F̂ (~k′) δDirac(~k′ − ~k) ei~k′.~r d3~k d3~k′

= V

(2π)3

∫
|F̂ (~k)|2 ei~k.~r d3~k

〈F (0)F (~r)〉 = T F−1
[
|F (~k)|2

]
.

(F.4)

F.1.3 Incomplete Gamma functions

The upper and lower incomplete Gamma functions are respectively defined as

Γ(s, x) =
∫ ∞
x

ts−1e−tdt (F.5)

and
γ(s, x) =

∫ x

0
ts−1e−tdt. (F.6)

These functions can be expressed as power series, and as such, developed into holomorphic
functions of complex variables with the same properties. Their sum yields

Γ(s, x) + γ(s, x) =
∫ ∞

0
ts−1e−tdt ≡ Γ(s) (F.7)

and the asymptotic behavior of the upper Gamma functions follows
Γ(s, x) ∼

|x|→+∞
xs−1e−x. (F.8)

Integrating by parts enables to express the following integrals in terms of other Gamma
functions: ∫

xb−1 γ(s, x) dx = 1
b

[
xbγ(s, x) + Γ(s+ b, x)

]
, (F.9)∫

xb−1 Γ(s, x) dx = 1
b

[
xbΓ(s, x)− Γ(s+ b, x)

]
. (F.10)

1δDirac(~k) = 1
(2π)3

∫
ei
~k.~x d3~x
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F.1.4 Mean density of a NFW halo

The density profile of a NFW halo (Navarro et al., 1996b) is defined as

ρ(r) = ρ0

r
Rs

(
1 + r

Rs

)2 , (F.11)

where Rs is a characteristic radius and ρ0 the characteristic density. In order to define a
finite halo mass mathematically, it is necessary to introduce a cut-off radius Rcut, which
is usually chosen to be the virial radius Rvir (cf. section 4.1.2, p. 133). The mass within
a sphere of radius R < Rcut for a NFW halo can be expressed from the density profile:

M(R) =
∫ R

0
ρ(r) 4πr2 dr

= 4πρc
∫ R

0

1
r
Rs

(
1 + r

Rs

)2 r
2 dr

= 4πρcR3
s

∫ R/Rs

0

x

(1 + x)2 dx

= 4πρcR3
s

∫ R/Rs

0

[
1

1 + x
− 1

(1 + x)2

]
dx

= 4πρcR3
s

 ln (1 + x) + 1
1 + x

R/Rs

0

= 4πρcR3
s

ln
(

1 + R

Rs

)
+ 1

1 + R
Rs

− 1


M(R) = 4πρcR3
s

ln
(

1 + R

Rs

)
−

R
Rs

1 + R
Rs

 .

(F.12)

Introducing the concentration parameter C = Rvir/Rs, the total mass of the NFW halo
within Rvir is thus

Mtot = 4πρcR3
s

(
ln (1 + C)− C

1 + C

)
, (F.13)

and the associated mean density,

ρmean = Mtot
4π
3 R3

vir
= 3ρc

1
C3

(
ln (1 + C)− C

1 + C

)
. (F.14)

The mean density within a sphere of radius R < Rcut is similarly

ρ(R) = M(R)
4π
3 R

3

= 3ρc
(
Rs

R

)3
ln

(
1 + R

Rs

)
−

R
Rs

1 + R
Rs


= ρmean C

3
(
Rs

R

)3 ln
(
1 + R

Rs

)
−

R
Rs

1+ R
Rs

ln (1 + C)− C
1+C

ρ(R) = ρmean

(
Rvir

R

)3 ln
(
1 + R

Rs

)
−

R
Rs

1+ R
Rs

ln (1 + C)− C
1+C

.

(F.15)
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F.2 Force correlation function

F.2.1 Force deriving from the density perturbations

As indicated in section 4.3, we consider large scale fluctuations over a volume V = d3 in a
gaseous medium of average density ρ0. The relative density contrast of the perturbations
δ, the associated potential Φ and the force per unit mass ~F can be Fourier decomposed
as

δ(~r) = V

(2π)3

∫
δ~k e

i~k.~r d3~k. (F.16)

Φ(~r) = V

(2π)3

∫
Φ~k e

i~k.~r d3~k, (F.17)

~F (~r) = V

(2π)3

∫
~F~k e

i~k.~r d3~k (F.18)

where V is the volume over which the perturbations exist. We assume power-law density
fluctuations whose power spectrum is defined as

P(k) = V 〈|δ~k|
2〉 = V Ck−n (F.19)

where C is a constant and n the characteristic exponent of the power-law. The components
φ~k and δ~k are related via the Poisson equation ∇2Φ = 4πGρ0δ as

φ~k = −4πGρ0 k
−2 δ~k, (F.20)

while the definition of the force ~F = −~∇Φ yields

~F~k = 4πi Gρ0 ~k k
−2 δ~k (F.21)

and
|~F~k|

2 = (4πGρ0)2 k−2 |δ~k|
2. (F.22)

F.2.2 Expressions of the force correlation function

Expression as an integral

The Wiener-Khinchin theorem (Eq. F.4) enables to write the force auto-correlation func-
tion 〈F (0)F (~r)〉 as the inverse Fourier transform of the force power spectrum |~F~k|2:

〈F (0)F (~r)〉 = V

(2π)3

∫
|~F~k|

2 ei
~k.~r d3~k. (F.23)
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Assuming mean isotropic fluctuations, this expression reduces to a radial Fourier trans-
form as in Eq. F.3:

〈F (0)F (r)〉 = V

(2π)3

∫ ∞
0
〈|~F~k|

2〉 4πk2 sin kr

kr
dk. (F.24)

The power-law power spectrum (Eq. F.19) and the expression of |~F~k|2 (Eq. F.22) now
enable to determine the force auto-correlation function as an integral over k:

〈F (0)F (r)〉 = V

(2π)3

∫ ∞
0

(
(4πGρ0)2 k−2 〈|δ~k|

2〉
)

4πk2 sin kr

kr
dk

= 8V (Gρ0)2
∫ ∞

0
Ck−n

sin kr

kr
dk

= 8Cd3 (Gρ0)2

r

∫ ∞
0

sin kr

kn+1 dk

〈F (0)F (r)〉 = D

r

∫ ∞
0

sin kr

kn+1 dk

with D = 8Cd3 (Gρ0)2. Assuming perturbations of scale between λmin = 2π/kmax and
λmax = 2π/kmin, this expression reduces to

〈F (0)F (r)〉 = D

r

∫ kmax

kmin

sin kr

kn+1 dk. (F.25)

Expression in terms of incomplete Gamma functions

The force auto-correlation function can be expressed in terms of incomplete gamma func-
tions extended for complex variables:

〈F (0)F (r)〉 = D

r

1
2i

∫ kmax

kmin

eikr − e−ikr

kn+1 dk

= D

r

1
2i (ir)n

∫ ikmaxr

ikminr

ex − e−x

xn+1 dx

= D

2 (ir)n−1
[∫ ikmaxr

0

ex

xn+1dx−
∫ ikmaxr

0

e−x

xn+1dx

−
∫ ikminr

0

ex

xn+1dx+
∫ ikminr

0

e−x

xn+1dx

]

= D

2 (ir)n−1
[
(−1)n

∫ −ikmaxr

0

e−x

xn+1dx−
∫ ikmaxr

0

e−x

xn+1dx

−(−1)n
∫ −ikminr

0

e−x

xn+1dx+
∫ ikminr

0

e−x

xn+1dx

]
= D

2 (ir)n−1 [(−1)nγ(−n,−ikmaxr)− γ(−n, ikmaxr)
−(−1)nγ(−n,−ikminr) + γ(−n, ikminr)

]
〈F (0)F (r)〉 = D

2 (ir)n−1 [γ(−n, ikminr)− γ(−n, ikmaxr)
]

+D2 (−ir)n−1 [γ(−n,−ikminr)− γ(−n,−ikmaxr)
]
,
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which can be rewritten more simply as

〈F (0)F (r)〉 = D

2 (ir)n−1 [γ(−n, ikminr)− γ(−n, ikmaxr)
]

+ C.C. (F.26)

or

〈F (0)F (r)〉 = D

2 (ir)n−1 [Γ(−n, ikmaxr)− Γ(−n, ikminr)
]

+ C.C. (F.27)

given that Γ(s, x) + γ(s, x) = Γ(s) (Eq. F.7).

Asymptotic behavior

As Γ(s, x) ∼
|x|→+∞

xs−1e−x (Eq. F.8), the asymptotic behavior of the force correlation
function when 〈F (0)F (r)〉 when kmaxr � kminr � 1 and assuming n+ 1 > 0 is

〈F (0)F (r)〉 ∼ D

2 (ir)n−1
[
(ikmaxr)−n−1 e−ikmaxr − (ikminr)−n−1 e−ikminr

]
+ C.C.

∼ − D

2r2

[
k−n−1
max e−ikmaxr − k−n−1

min e−ikminr
]

+ C.C.

∼ D

r2

[
k−n−1
min cos(kminr)− k−n−1

max cos(kmaxr)
]

〈F (0)F (r)〉 ∼ D

r2
1

kn+1
min

cos(kminr).

(F.28)

An estimate of the force

The value of 〈F (0)2〉 can be used as an estimate of the square of the force, and can be
determined from Eq. F.25:

〈F (0)2〉 = D
∫ kmax

kmin

1
kn

lim
r→0

(
sin kr

kr

)
dk

= D
∫ kmax

kmin

1
kn

dk

= D

 k−n+1

−n+ 1

kmax

kmin

〈F (0)2〉 = D

n− 1

[
k−n+1
min − k−n+1

max

]
.

Recalling D = 8CV (Gρ0)2 and expressing C = knminδ
2
kmin

, with δ2
kmin

= 〈|δkmin
|2〉, yield

〈F (0)2〉 =
8 (Gρ0)2 δ2

kmin
d3

n− 1 kmin

1−
(
kmin
kmax

)n−1
 , (F.29)

so that when kmax � kmin and n > 1,

〈F (0)2〉 ≈
8 (Gρ0)2 δ2

kmin
d3

n− 1 kmin. (F.30)
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F.3 Velocity variance

F.3.1 Expression from the equation of motion

Considering the effect of the random perturbation force in the direction i during a time
T , the equation of motion

d2xi
dt2

= Fi (F.31)

leads to
dxi
dt

= v0i +
∫ T

0
Fi(τ)dτ, (F.32)

where v0i is the initial velocity in direction i. The velocity variance is obtained by aver-
aging the latter equation:

〈∆v2
i 〉 = 〈

(
dxi
dt
− v0i

)2

〉

= 〈
(∫ T

0
Fi(τ)dτ

)2

〉

= 〈
∫ T

0

∫ T

0
Fi(τ)Fi(τ ′) dτdτ ′〉

〈∆v2
i 〉 =

∫ T

0

∫ T

0
〈Fi(τ)Fi(τ ′)〉 dτdτ ′

The integrand is symmetrical in τ , τ ′ and the integration domain correspond to a square
of radius t in the plane (τ , τ ′). We can thus replace the integral over the square by twice
the integral over the triangle defined by 0 < τ < t and τ < τ ′ < t:

〈∆v2
i 〉 = 2

∫ T

0
dτ
∫ T

τ
dτ ′ 〈Fi(τ)Fi(τ ′)〉.

Introducing the time difference t = τ ′ − τ we have

〈∆v2
i 〉 = 2

∫ T

0
dτ
∫ T−τ

0
dt 〈Fi(τ)Fi(τ + t)〉.

The integration domain corresponds to the triangle defined by 0 < τ < T and 0 < t <
T − τ in the plane (τ , t), which can also be defined as 0 < t < T and 0 < τ < T − t.
Consequently, the integral can be rewritten as

〈∆v2
i 〉 = 2

∫ T

0
dt
∫ T−t

0
dτ 〈Fi(τ)Fi(τ + t)〉.

The perturbations being stationary, 〈Fi(τ)Fi(τ + t)〉 = 〈Fi(0)Fi(t)〉 and the expression of
the velocity variance simplifies to

〈∆v2
i 〉 = 2

∫ T

0
dt
∫ T−t

0
dτ 〈Fi(0)Fi(t)〉.
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〈∆v2
i 〉 = 2

∫ T

0
(T − t) 〈Fi(0)Fi(t)〉 dt. (F.33)

And the total velocity variance is given by

〈∆v2〉 = 2
∫ T

0
(T − t) 〈F (0)F (t)〉 dt. (F.34)

As indicated in section 4.3.2, the velocity variance can be expressed in terms of the spatial
correlation function instead of the temporal time-correlation function by introducing a
velocity vr corresponding to the movement of the fluctuating gaseous field. Introducing
R = vrT the distance traveled during time T by a test dark matter particles with respect
to the fluctuating gaseous field, Eq. F.34 can be rewritten as

〈∆v2〉 = 2
v2
r

∫ R

0
(R− r) 〈F (0)F (r)〉 dr. (F.35)

F.3.2 Explicit expression of the velocity variance

Preliminary calculations

Eq. F.35 expresses the velocity variance 〈∆v2〉 as a function of the force correlation
function 〈F (0)F (r)〉, which we developed in terms of incomplete Gamma functions in
Eq. F.27. Deriving the full expression of the velocity variance is not trivial, and notably
necessitates some preliminary calculations. Firstly, assuming that Eq. F.7 remains valid
when s→ 0 so that Γ(0, x)− Γ(0,−x) = −γ(0, x) + γ(0,−x) even if Γ(0) is not defined,

Γ(0, ikminR)− Γ(0,−ikminR) = −γ(0, ikminR) + γ(0,−ikminR)

= −
∫ ikminR

0

e−t

t
dt+

∫ −ikminR

0

e−t

t
dt

= −
∫ kminR

0

e−ix

x
dx+

∫ kminR

0

eix

x
dt

= 2i
∫ kminR

0

sin x
x

dx

Γ(0, ikminR)− Γ(0,−ikminR) = 2i Si(kminR)

(F.36)

where Si(x) ≡
∫ x

0

sin x
x

dx is the sine integral function, whose limit when w → +∞ is
equal to π/2. Secondly, we notice that

2Γ(1, 0)− Γ(1, ikminR)− Γ(1,−ikminR) = γ(1, ikminR) + γ(1,−ikminR)
=

∫ ikminR

0
e−t dt+

∫ −ikminR

0
e−t dt

=
∫ kminR

0
e−ix idx+

∫ kminR

0
eix (−i) dx

= −i
∫ kminR

0

(
eix − e−ix

)
dx

= 2
∫ kminR

0
sin x dx

2Γ(1, 0)− Γ(1, ikminR)− Γ(1,−ikminR) = −2
(

cos(kminR)− 1
)
.

(F.37)
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Derivation of the explicit expression

The expression of the force auto-correlation function obtained in terms of incomplete
Gamma functions in section F.2.2 (p. 231) can be developed as

〈F (0)F (r)〉 = D

2 k
−n+1
max

[
(ikmaxr)n−1 Γ(−n, ikmaxr) + (−ikmaxr)n−1 Γ(−n,−ikmaxr)

]
−D2 k

−n+1
min

[
(ikminr)n−1 Γ(−n, ikminr) + (−ikminr)n−1 Γ(−n,−ikminr)

]
.

Injecting this expression in the expression of the velocity variance (Eq. F.35) yields

〈∆v2〉 = D

v2
r

k−n+1
max [Imax + I∗max]−

D

v2
r

k−n+1
min [Imin + I∗min] (F.38)

with
Imax =

∫ R

0
(R− r) (ikmaxr)n−1 Γ(−n, ikmaxr) dr, (F.39)

Imin =
∫ R

0
(R− r) (ikminr)n−1 Γ(−n, ikminr) dr, (F.40)

and I∗max, I∗min their respective complex conjugates. We determine the terms intervening
in this expression of the velocity variance step by step.

First of all, we express the sum Imax + I∗max in terms of two integrals I1 and I2, which
we will calculate separately:

Imax + I∗max =
∫ R

0
(R− r) (ikmaxr)n−1 Γ(−n, ikmaxr) dr

+
∫ R

0
(R− r) (−ikmaxr)n−1 Γ(−n,−ikmaxr) dr

=
∫ ikmaxR

0

(
R− x

ikmax

)
xn−1Γ(−n, x) dx

ikmax

+
∫ −ikmaxR

0

(
R− x

−ikmax

)
xn−1Γ(−n, x) dx

−ikmax
Imax + I∗max = − iR

kmax
I1 + 1

k2
max

I2

(F.41)

with

I1 =
∫ ikmaxR

0
xn−1Γ(−n, x) dx−

∫ −ikmaxR

0
xn−1Γ(−n, x) dx, (F.42)

I2 =
∫ ikmaxR

0
xnΓ(−n, x) dx+

∫ −ikmaxR

0
xnΓ(−n, x) dx. (F.43)
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We can calculate I1 and I2 using Eq. F.10, Eq. F.36 and Eq. F.37, the last two ones
introducing a sine integral function and a cosine function:

I1 =
∫ ikmaxR

−ikmaxR
xn−1Γ(−n, x) dx

= 1
n

xnΓ(−n, x)− Γ(0, x)
ikmaxR

−ikmaxR

= 1
n

[
(ikmaxR)n Γ(−n, ikmaxR)− (−ikmaxR)n Γ(−n,−ikmaxR)

−Γ(0, ikmaxR) + Γ(0,−ikmaxR)
]

= 1
n

[
(ikmaxR)n Γ(−n, ikmaxR)− (−ikmaxR)n Γ(−n,−ikmaxR)− 2i Si(kmaxR)

]

I1 = 1
n

[
(ikmaxR)n Γ(−n, ikmaxR)− (−ikmaxR)n Γ(−n,−ikmaxR)

]
− 2i
n
Si(kmaxR)

(F.44)

and

I2 =
∫ ikmaxR

0
xnΓ(−n, x) dx+

∫ −ikmaxR

0
xnΓ(−n, x) dx.

= 1
n+ 1


xn+1Γ(−n, x)− Γ(1, x)

ikmaxR

0

+
xn+1Γ(−n, x)− Γ(1, x)

−ikmaxR

0


= 1

n+ 1

[
(ikmaxR)n+1 Γ(−n, ikmaxR) + (−ikmaxR)n+1 Γ(−n,−ikmaxR)

−Γ(1, ikmaxR)− Γ(1,−ikmaxR) + 2Γ(1, 0)
]

= 1
n+ 1

[
(ikmaxR)n+1 Γ(−n, ikmaxR) + (−ikmaxR)n+1 Γ(−n,−ikmaxR)

−2
(

cos(kmaxR)− 1
)]

I2 = 1
n+ 1

[
(ikmaxR)n+1 Γ(−n, ikmaxR) + (−ikmaxR)n+1 Γ(−n,−ikmaxR)

]

− 2
n+ 1

[
cos(kmaxR)− 1

]
(F.45)

so that

Imax + I∗max = 1
k2
max

( 1
n+ 1 −

1
n

)(
(ikmaxR)n+1 Γ(−n, ikmaxR) + C.C.

)

−2kmaxR
n

Si(kmaxR)− 2
n+ 1

(
cos(kmaxR)− 1

).
(F.46)

The sum Imin + I∗min yields a similar expression, which enables to reconstitute the full
expression of the velocity variance from Eq. F.38, as specified in section 4.3.2 (p. 155).
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Assymptotic behavior

As mentioned in Eq. F.8, Γ(s, x) ∼
|x|→+∞

xs−1e−x, so when kmaxR >> 1 and kminR >> 1,

Imax + I∗max ∼
1

k2
max

( 1
n+ 1 −

1
n

)(
(ikmaxR)n+1 (ikmaxR)−n−1 e−ikmaxR + C.C.

)

−2kmaxR
n

Si(kmaxR)− 2
n+ 1

(
cos(kmaxR)− 1

)
∼ 1

k2
max

( 1
n+ 1 −

1
n

)(
e−ikmaxR + eikmaxR

)

−2kmaxR
n

Si(kmaxR)− 2
n+ 1

(
cos(kmaxR)− 1

)
∼ − 2R

n kmax
Si(kmaxR)

Imax + I∗max ∼ − πR

n kmax
(F.47)

and similarly,

Imin + I∗min ∼ − πR

n kmin
. (F.48)

Consequently,
〈∆v2〉 ∼ −πRD

nv2
r

1
knmax

+ πRD

nv2
r

1
knmin

, (F.49)

and when kmax � kmin,
〈∆v2〉 ∼ πRD

nv2
r

1
knmin

, (F.50)

or as a function of time T ,
〈∆v2〉 ∼ πD

nvr

T

knmin
. (F.51)

This study of the asymptotic behavior of the velocity variance justifies the introduction
of the transient terms T1 and T2 in section 4.3.2 to write the velocity variance in a more
compact way emphasizing on its asymptotic behavior.

F.4 Relaxation time

We consider the relaxation time as defined in section 4.3.3 (p. 156) according to Eq. 4.35:

trelax = nvr〈v〉2

8π(Gρ0)2V δ2
kmin

.
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Introducing 〈v〉 ∼ l
√
Gρ(l) and vr ∼ d

√
Gρ(d), ρ(d) yields

trelax ∼
n d

√
Gρ(d) l2

(
Gρ(l)

)
8π (Gρ0)2 d3〈|δkmin|2〉

∼ n

8π
1

〈|δkmin|2〉

(
ρ(l)
ρ0

)2 (
l

d

)2 (
ρ(d)
ρ(l)

)
1√
Gρ(d)

trelax ∼ n

8π
1

〈|δkmin|2〉
1
f 2

(
l

d

)2 (
ρ(d)
ρ(l)

)
tD(d)

where f = ρ0/ρ(l) and tD(d) ∼ 1/
√
Gρ(d). While ρ0 corresponds to the gaseous com-

ponent, ρ(l) and ρ(d) correspond to the total density of the halo, for example defined as
in F.1.4 as a cuspy NFW halo.
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Résumé. Les observations montrent qu’il y a dix milliards d’années, les galaxies for-
maient bien plus d’étoiles qu’aujourd’hui. Comme les étoiles se forment à partir de gaz
moléculaire froid, cela signifie que les galaxies disposaient alors d’importants réservoirs de
gaz, et c’est ce qui est observé. Mais les processus de formation d’étoiles pourraient aussi
avoir été plus efficaces : qu’en est-il ? Les étoiles se forment dans des nuages moléculaires
géants liés par leur propre gravité, mais les toutes premières étapes de leur formation de-
meurent relativement mal connues. Les nuages moléculaires sont eux-mêmes fragmentés
en différentes structures, et certains scénarios suggèrent que les filaments interstellaires
qui y sont observés aient pu constituer la première étape de la formation des coeurs denses
dans lesquels se forment les étoiles. En quelle mesure leur géométrie filamentaire affecte-t-
elle les coeurs pré-stellaires ? Des phenomènes de rétroaction liés à l’évolution des étoiles,
comme les vents stellaires et les explosions de supernovae, participent à la régulation de
la formation d’étoiles et peuvent aussi perturber la distribution de matière noire supposée
entourer les galaxies. Cette thèse aborde l’évolution des galaxies et la formation des étoiles
suivant trois perspectives : (i) la caractérisation des processus de formation d’étoiles à des
échelles sous-galactiques au moment de leur pic de formation ; (ii) la formation des coeurs
pré-stellaires dans les structures filamentaires du milieu interstellaire ; et (iii) les effets
rétroactifs de la formation et de l’évolution des étoiles sur la distribution de matière noire
des galaxies.
Mots-clés : Formation des étoiles ; Galaxies à haut-redshift ; Evolution des galaxies ;
Milieu interstellaire ; Halos de matière noire ; Hydrodynamique.

Abstract. Observations show that ten billion years ago, galaxies formed their stars
at rates up to twenty times higher than now. As stars are formed from cold molecular
gas, a high star formation rate means a significant gas supply, and galaxies near the peak
epoch of star formation are indeed much more gas-rich than nearby galaxies. Is the de-
cline of the star formation rate mostly driven by the diminishing cold gas reservoir, or
are the star formation processes also qualitatively different earlier in the history of the
Universe? Ten billion years ago, young galaxies were clumpy and prone to violent gravit-
ational instabilities, which may have contributed to their high star formation rate. Stars
indeed form within giant, gravitationally-bound molecular clouds. But the earliest phases
of star formation are still poorly understood. Some scenarii suggest the importance of
interstellar filamentary structures as a first step towards core and star formation. How
would their filamentary geometry affect pre-stellar cores? Feedback mechanisms related
to stellar evolution also play an important role in regulating star formation, for example
through powerful stellar winds and supernovae explosions which expel some of the gas
and can even disturb the dark matter distribution in which each galaxy is assumed to be
embedded. This PhD work focuses on three perspectives: (i) star formation near the peak
epoch of star formation as seen from observations at sub-galactic scales; (ii) the formation
of pre-stellar cores within the filamentary structures of the interstellar medium; and (iii)
the effect of feedback processes resulting from star formation and evolution on the dark
matter distribution.
Keywords: Star formation; High-redshift galaxies; Galaxy evolution; Interstellar me-
dium; Dark matter haloes; Hydrodynamics.


