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ABSTRACT

Photoheating associated with reionization suppressed star formation in low-mass galaxies.
Reionization was inhomogeneous, however, affecting different regions at different times. To
establish the causal connection between reionization and suppression, we must take this local
variation into account. We analyze the results of CoDa (‘Cosmic Dawn’) I, the first fully
coupled radiation-hydrodynamical simulation of reionization and galaxy formation in the
Local Universe, in a volume large enough to model reionization globally but with enough
resolving power to follow all atomic-cooling galactic halos in that volume. For every halo
identified at a given time, we find the redshift at which the surrounding IGM reionized,
along with its instantaneous star formation rate (‘SFR’) and baryonic gas-to-dark matter ratio
(Mgqs/Myy). The average SFR per halo with M < 10°M was steady in regions not yet
reionized, but declined sharply following local reionization. For M > 10'°M, this SFR
continued through local reionization, increasing with time, instead. For 109M@ < M <
10'"M¢, the SFR generally increased modestly through reionization, followed by a modest
decline. In general, halo SFRs were higher for regions that reionized earlier. A similar pattern
was found for M,/ My, which declined sharply following local reionization for M < 109M@.
Local reionization time correlates with local matter overdensity, which determines the local
rates of structure formation and ionizing photon consumption. The earliest patches to develop
structure and reionize ultimately produced more stars than they needed to finish and maintain
their own reionization, exporting their ‘surplus’ starlight to help reionize regions that developed
structure later.

Key words: cosmology: theory —dark ages, reionization, first stars.

into the surrounding intergalactic medium (IGM) and photoionized
H atoms there, heating the gas to temperatures 7~ 10* K, to start the
When the first galaxies born from the growth of density fluctuations Epoch of Reionization (EOR). Over time, as more galaxies formed
in the early universe formed stars, some of their UV starlight escaped more stars, the H II regions surrounding them grew and overlapped,

led by the expansion of highly supersonic ionization fronts that

raced ahead of the hydrodynamical back-reaction of the IGM to its
*E-mail: tahad @astro.as.utexas.edu (TD); shapiro@astro.as.utexas.edu phot.oheating. Inside these H [Tregions, however, that b?lck—reaction
(PRS) was inescapable. Current evidence suggests that the entire IGM was
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transformed into an H II region in this way by a redshift of z ~ 6,
less than a billion years after the Big Bang. By the end of the EOR,
therefore, the hydrodynamical consequences of reionization were
everywhere. Reionization was ‘patchy’, however — regions with the
most advanced structure formation were reionized first, while those
with the slowest structure formation were ionized last — so its effects
were inhomogeneous and asynchronous, too (see Fig. 1).

The EOR is believed to have had a substantial impact on galaxy
formation. For example, the photoheating of gas in and around
dwarf galaxies is often proposed as a solution to the ‘missing satel-
lites problem’ — the overabundance of dwarf satellites in the Lo-
cal Group (‘LG’) predicted by N-body simulations of the ACDM
model as compared with observations — by the suppression of their
star formation that would result from it (Klypin et al. 1999; Moore
et al. 1999; Bullock, Kravtsov & Weinberg 2000; Somerville 2002;
Benson et al. 2002a,b, 2003; Bullock & Boylan-Kolchin 2017). As
described by Shapiro, Giroux & Babul (1994), the heating of the
IGM introduced pressure forces which opposed the growth of linear
perturbations in the baryonic component by gravitational instability
— sometimes referred to as ‘Jeans-mass filtering’ — thereby reducing
the rate of collapse of baryons out of the IGM into dark matter halos.
In that case, dark-matter-dominated halos would still have formed,
but without their fair share of baryons. For halos that formed before
the surrounding IGM was reionized, pressure forces in the IGM
after its reionization would also have prevented further accretion
of baryons onto the pre-existing galaxy if its mass was below a
value comparable to the intergalactic Jeans mass. So, while such
galaxies may also lose gas from various internal processes, such
as supernovae, radiation pressure, stellar winds, interactions with
larger galaxies, etc. (and photoheating of their interstellar medium
by external radiation during reionization may also contribute to gas
loss), they would not have been able to accrete much of it back.
Both of these effects worked to suppress star formation preferen-
tially in low-mass galaxies, and thus potentially rendered Local
Group dwarfs invisible. The same effect would have suppressed
star formation in such low-mass galaxies everywhere else, as well,
thereby affecting the history of reionization itself, both locally and
globally.

The characteristic value of the mass scale below which halos are
suppressed by this reionization feedback in the CDM universe has
been estimated by various approximations over the years, including
analytical and semi-analytical estimates (e.g. Couchman & Rees
1986; Rees 1986; Efstathiou 1992), linear perturbation theory com-
bined with a thermal and ionization history of the reionizing IGM
(e.g. Shapiro et al. 1994), equilibrium models (e.g. Ikeuchi 1986;
Kepner, Babul & Spergel 1997), 1-D numerical hydrodynamics
with and without radiative transfer (e.g. Umemura & Ikeuchi 1984;
Haiman et al. 1996; Thoul & Weinberg 1996; Kitayama et al. 2000;
Dijkstra et al. 2004; Sobacchi & Mesinger 2013), and optically-thin,
3-D N-body and hydrodynamics simulations (e.g. Cen & Ostriker
1992; Quinn, Katz & Efstathiou 1996; Navarro & Steinmetz 1997,
Gnedin 2000; Hoeft et al. 2006; Okamoto, Gao & Theuns 2008).
Most recent 3-D hydro+N-body simulations of galaxy formation
still approximate the effects of reionization feedback by assuming
a uniform UV background switches on at a predetermined ‘reion-
ization redshift’, without radiative transfer or else with only an
approximation that shields gas above some density (e.g. Kuhlen
et al. 2012; Nelson et al. 2015; Fitts et al. 2017). A range of halo
mass scales (or virial velocities) subject to suppression have been
reported, with a typical value below which either star formation or
the accretion of intergalactic gas are suppressed of order 10°M.

SFR suppression due to local reionization 1741

The back-reaction of this suppression on the history of reion-
ization and its large-scale inhomogeneity was considered by Iliev
et al. (2007). They post-processed an N-body simulation with ra-
diative transfer and non-equilibrium ionization and assumed that
star formation in galactic halos below 10°M¢, was suppressed if
they were located within an ionized patch of the IGM. Iliev et al.
(2007) found that reionization ‘self-regulated’ because of this feed-
back. The suppressible low-mass atomic-cooling halos (LMACHSs)
started reionization, limited by the growing fraction of the volume
inside H Il regions, but high-mass atomic-cooling halos (HMACHs)
dominated its completion. To do this right, however, one must ul-
timately simulate galaxy formation and reionization together, with
fully-coupled hydrodynamics and radiative transfer (RT), and with
enough dynamic range to resolve this mass scale, a computational
challenge that has only recently been met. In what follows, we will
describe one such simulation and apply it to demonstrate the causal
connection between reionization and the suppression of individual
galaxies, and its dependence on halo mass. We will compare this
work with other recent simulations, as well.

We focus here on the mass range of atomic-cooling halos, be-
lieved to be the dominant contributors to reionization. Minihalos
(MHs) — halos with M < 10%M and virial temperatures 7 < 10* K
—also form and are believed to be the sites of the first star formation
in the ACDM universe. However, their contribution to reionization
is sub-dominant. MH star formation is only possible if H, molecules
form and cool their gas well below the virial temperature, but disso-
ciating radiation in the Lyman—Werner (LW) bands below 13.6 eV
can prevent this if the intensity is high enough. The LW background
from the same stars that contribute to reionization rises above this
threshold long before the end of the EOR (Haiman, Rees & Loeb
1997; Ahn et al. 2012). In addition, MHs are also vulnerable to
photoevaporation by intergalactic I-fronts during the EOR, so their
gas content is expelled if they are located inside the H II regions of
the IGM (Shapiro, Iliev & Raga 2004; Iliev, Shapiro & Raga 2005;
Park et al. 2016).

In Section 2, we discuss the requirements for simulating
global, inhomogeneous reionization self-consistently and with good
enough statistics to sample its inhomogeneous feedback fairly. We
then introduce the CoDa' simulation, which meets these require-
ments, and summarize its globally averaged reionization and sup-
pression results. In Section 3, CoDa I results are analysed to show
that the inhomogeneous nature of reionization leads to inhomoge-
neous feedback effects on galactic star formation rates and baryon
gas content. Our results are summarized and discussed in Section 4.

2 CODA (COSMIC DAWN) I: SIMULATING
THE EOR WITH FULLY COUPLED
RADIATION-HYDRODYNAMICS

2.1 What are the minimum simulation requirements for this
study?

In order to determine the impact of reionization on halo properties
like their star formation rate (SFR) and gas-to-dark matter ratio
(Mgys/ My, it is necessary to consider the history of reionization
local to each halo, which is different for halos in different loca-
tions. To simulate this, we must be able to represent a subvolume

"Henceforth, we will refer to the CoDa simulation as ‘CoDa I’ to distinguish
it from other simulations that are to come in the series, including CoDa I-
AMR recently described in Aubert et al. (2018).

MNRAS 480, 1740-1753 (2018)
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Figure 1. A visualization of a slice through the CoDa simulation when half of the IGM was ionized (z = 5.44) showing the cosmic web and the ‘patchiness’ of
reionization. Gas overdensity, §, increases from blue to red. The colour brightness depends on the ionized fraction, x, with the darkest regions corresponding
to completely neutral gas and the brightest regions corresponding to completely ionized gas. These extremes are indicated in the legend to the right.

of the universe large enough to sample the full range of experiences
of individual halos while following the spatial inhomogeneity of
reionization on large scales, with enough resolution to track the
formation of all star-forming halos in that volume, as well as the
mutual feedback of these halos and reionization on each other, with
fully coupled radiation-hydrodynamics from cosmological initial
conditions. To sample reionization inhomogeneity fairly, a comov-
ing volume of order 100 Mpc on a side is required (Iliev et al.
2014). Resolving all atomic-cooling halos (i.e. those with masses
M2z 108M@) with hundreds of N-body particles requires a particle
mass smaller than 106M@, implying as many as ~10'! particles for
such a large volume.

Our goal is to quantify the dependence of the SFRs and halo
gas-to-dark matter ratios of individual galaxies on their local reion-
ization histories. For that, we must be able to subdivide the total
number of halos identified at each redshift in this simulated volume
into bins of cosmic time (or redshift) during which their surround-
ings were reionized, and then subdivide these bins further into bins
of common halo mass, with enough halos in each bin to enable us to
average over the halo-to-halo scatter in their SFRs and gas fractions.
This requirement is yet another reason the simulation must have a
very large volume.

2.2 CoDa I fits the bill

The combination of such a large volume and high resolution in a
fully coupled radiation-hydro simulation of reionization has only
recently become computationally feasible. CoDa (Cosmic Dawn)
1, described in Ocvirk et al. (2016), is the first such simulation to
meet all of these requirements. There is a fundamental mismatch
between the small time steps required to resolve radiative transfer
and non-equilibrium ionization in the presence of highly super-
sonic ionization fronts and the larger time steps which are sufficient

MNRAS 480, 1740-1753 (2018)

to resolve the mass motions associated with pressure and gravity
forces. Forcing the simulation to use the smaller of these two step
sizes for both is computationally prohibitive and wasteful. CoDa
I is based on the hybrid CPU-GPU code, RAMSES-CUDATON, which
overcame this problem by performing hundreds of RT steps on
the GPUs per gravito-hydrodynamics step on the CPUs, on each
of 8192 nodes of the CPU-GPU hybrid, massively-parallel super-
computer Titan at OLCF. It has a resolution of 40963 cells for
hydrodynamics and radiative transfer and the same number of dark
matter particles (each with a mass of 3.49 x 10° M@) in a comov-
ing box 91 cMpc on a side, and is simulated down to a redshift
of 4.23.

The initial conditions (I.C.’s) for CoDa I were a realization of
Gaussian random noise density fluctuations in the ACDM uni-
verse, assuming cosmological parameters from the case “‘WMAP
+ BAO + SN’ in Hinshaw et al. (2009) (i.e. €, = 0.279, Qpary
= 0.046, Q, =0.721, h = 0.7, 03 = 0.817, n, = 0.96). They
were a ‘constrained realization” produced by the CLUES (‘Con-
strained Local UniversE Simulations’) consortium (Gottlober, Hoff-
man & Yepes 2010), derived from observations of galaxies in
our Local Universe, and designed to reproduce its observed fea-
tures when evolved cosmologically over time to the present (e.g.
the Local Group, containing structures resembling the Milky Way
and M31, and the Virgo and Fornax clusters). This allows us to
compare features of CoDa I with Local Group observations di-
rectly, in a volume large enough to model global reionization, too
(see Ocvirk et al. 2016). 2

2Towards this end, these same CLUES I.C.’s were recently used by another
CoDa simulation, CoDa I-AMR, based on the hybrid CPU-GPU, AMR
radiation-hydrodynamics code EMMA, as described by Aubert et al. (2018),
where objects in the Local Universe at z = 0 were matched to their pro-

20z aunf 90 uo 1s8nb Aq £6/950G/0 . 1/Z/08/9I0IME/SEIUL/WOO"dNo"dlWapede//:sdny Wolj papeojumoq



Global SFR - Redshift binned

T
8 }ffy/(\A\\//A\
10 -
=
> -
e redshift
;3 10° — 8.99 |+
= 6.43 |
k)
K — 544 | |
8 R — 5.06
10 -
T — 473
n — 4437
4.23 |
107" B
S N IS T S S (T T SN S T S SO SN S NN SO SR
8 9 10 1 12
log(M / M)

Figure 2. Instantaneous SFR per halo versus instantaneous halo mass in
CoDa I, averaged over the entire simulation volume, for various redshifts.
Notice the sharp suppression at low mass at later redshifts.

2.3 Results from CoDa I on global reionization and the
suppression of star formation

Ocvirk et al. (2016) present a wide range of results from CoDa I,
but here we will focus only on those pertaining to the suppression
of star formation in low-mass galaxies. We note that the EOR ended
somewhat later in the CoDa I simulation than estimated from cur-
rent observations, with globally averaged, volume-weighted ionized
fraction Xion ~ 0.9 at z ~ 4.9 and | — Xj,, =~ 10~* at z >~ 4.6. The
efficiency parameters chosen for our subgrid star-formation algo-
rithm, calibrated by a series of small-box simulations, were, as it
turned out, a bit lower than required to finish reionization by z = 6.
Fortunately, a simple temporal re-scaling, z — 1.3z, serves to align
the data from CoDa I with many independent observational con-
straints, as shown in Ocvirk et al. (2016), so it is useful to use this
re-scaling when relating CoDa I to those observables. However, the
results we present here are not required to be related to observations
made at any specific redshift. Rather, we focus on the relative dif-
ference in redshift of reionization (see Section 3) between different
patches, so we will simply use the original redshift values of the
CoDa I simulation, not the re-scaled ones.

The results for CoDa I, when averaged over the entire volume,
showed that, at early times, the SFR per halo for halos of all masses®
can be approximated by a power law:

SFR ~ M/ (D

At later times, massive halos (M > 3 x 10° M@ ) continue to follow
this relationship, while lower mass halos appear suppressed relative
to it. The strength of this suppression is monotonically related to the
mass of the halo — lower mass halos feel stronger suppression. By z
=4.23, SFRs in halos with masses between 10% and 10° Mg were
suppressed by up to a factor of 10? relative to z = 6.43 (Fig. 2).
The contribution to the global SFR density by these low-mass halos
decreased sharply at late times. A weaker suppression was seen for

genitors during the EOR at z > 6, to study the inhomogeneous reionization
times of present-day galaxies.

3 As described in Ocvirk et al. (2016), halos are identified in the N-body
data by a Friends-of-Friends algorithm. Therefore, the halo mass to which
we refer here is the mass in dark matter.
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Figure 3. Instantaneous SFR density versus redshift, globally-averaged, for
low, intermediate, and high halo-mass bins in the CoDa I simulation.

halos between 10? and 10'® M), and no suppression was seen for
halos with M > 10'° Mg (Fig. 3).

A convergence test of the suppression mass-scale (i.e. the mass
below which halos are suppressed) is described in Ocvirk et al.
(2016). A series of small-box versions of the CoDa I simulation
were run to determine how the suppression mass-scale depends
on resolution. Each of these simulations used 5123 cells, but had
varying box sizes ranging from 4 to 32 2~! Mpc on a side. The 8 /™!
Mpc version had the same resolution as CoDa I. The suppression
mass-scale was found to depend on resolution in general, but the
4 h~! Mpc test run yielded the same suppression mass-scale as the
8 h~! Mpc test run, indicating convergence. In addition, a second
version of the 8 4! Mpc simulation was run, but without radiative
transfer, so that the only sources of feedback were supernovae. This
version displayed far weaker suppression in low-mass halos relative
to the version that included radiative transfer, which suggests that
reionization feedback is the primary driver of suppression in the
CoDa I simulation.

While CoDa I is a first of its kind in being a fully-coupled
radiation-hydro simulation with enough volume and enough res-
olution to model large-scale reionization and galaxy formation si-
multaneously, both locally and globally, other recent simulations
with some, but not all, of these characteristics have also been re-
ported with implications for the issue of reionization suppression,
as well. In comparison with this literature, our results are consistent
with those of Kuhlen et al. (2012), Hasegawa & Semelin (2013),
and Pawlik, Schaye & Dalla Vecchia (2015). Low-mass halo sup-
pression was also seen by the Renaissance simulations of O’Shea
et al. (2015), starting from a simulated volume 10 times smaller
than CoDa I, then re-simulating three special ‘zoom-in’ subregions
— ‘zoom-ins’ with significantly better mass and spatial resolution
than CoDa I’s but in volumes that were thousands of times smaller.
However, they report, not the suppression of the SFR per halo vs
halo mass, but rather the fraction of halos that experienced any star
formation in the last 20 Myr of their simulation vs halo mass. They
found the mass-scale below which this fraction is reduced (in their
zoom-in regions) to be about an order of magnitude lower than our
SFR suppression mass-scale (averaged over our full volume). These
results do not contradict each other, however, since our ~109M®
halos have non-zero SFRs even after they are suppressed. Further-

MNRAS 480, 1740-1753 (2018)
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Figure 4. Ionization histories (volume-weighted ionized fraction Xjo, vs
redshift) for a selection of different cutouts of the CoDa I simulation, along
with the globally-averaged history, for comparison. These cutouts are each
4 h~! Mpc on a side and centered on some objects of interest, such as
the Milky Way (‘MW’) and M31, as identified by evolving the same I.C.’s
forward in time to z = O by a separate high-resolution N-body simulation,
CoDa I-DM2048.

more, their zoom-in simulations were not allowed to react back on
the coarser-grained background simulation or influence it in any
way, so it is difficult to compare these results directly with ours.
Low-mass halo suppression was not apparent in the simulations by
Jaacks, Nagamine & Choi (2012), but their low-mass halo results
consisted of halos with stellar masses in the range 10%¥Mg <
M, < lOgM@. Assuming typical stellar mass fractions of 1072 —
1073, this stellar mass range could very well consist mostly of ha-
los that are massive enough to avoid suppression according to our
results. Finally, Gnedin & Kaurov (2014) found that reionization
feedback had a very modest impact on low-mass galaxies in the
CROC simulation, but a direct comparison with CoDa I is difficult
since they studied the UV luminosity function but do not report the
SFR-halo mass relation. The difference between their results and
ours is discussed further in Ocvirk et al. (2016).

The globally-averaged results presented in this section demon-
strate a correlation between the end of global reionization and SFR
suppression in low-mass halos. Thanks to its large volume and
dynamic range, CoDa I makes it possible to go well beyond these
globally-averaged results, however. Since reionization was inhomo-
geneous, so must the effects of reionization suppression have been.
By studying the inhomogeneity of reionization and its impact on
individual halo properties, we will make a more compelling case for
the causal relationship between reionization feedback and suppres-
sion and its environmental dependence. We do this by monitoring
the direct and immediate effects of reionization feedback in many
small patches, each reionized at a different time and place (with dif-
ferent overdensities, halo mass functions, halo gas fractions, etc.).
In the following sections, we will show that the suppression of
low-mass halos universally follows local reionization, regardless of
when or where it occurs.

3 LOCAL REIONIZATION

The history of reionization was different in different places, as can be
seen in Fig. 4. This plot shows the ionization histories of a selection
of different CoDa I simulation ‘cutouts’ — regions of the simulation

MNRAS 480, 1740-1753 (2018)

that are 4 4~! Mpc on a side and centered on some object of interest,
such as the Milky Way (‘MW’). These cutouts were identified by
evolving the same CLUES constrained initial conditions to z =
0 in a separate N-body simulation — the CoDa I-DM2048 GADGET
simulation, as described in Ocvirk et al. (2016) — and tracing that
region’s Lagrangian mass at z = 0 back to its location during the
EOR. As can be seen, these regions not only reionized at different
times, but the nature of their reionization was different, as well.
Cutouts 43 and 448 (the two right-most curves) represent overdense
regions, with mean overdensities § = p/p — 1 = 0.64 and 0.74,
respectively, at z = 11.4. They started reionizing at an early redshift,
and did so gradually, reaching volume-weighted ionized fraction
Xion = 0.9 at z,, = 6.8 and 7.1, respectively. Cutouts 29 and 82
(the two left-most curves), on the other hand, represent underdense
regions, with mean overdensities of -0.25 and -0.12, respectively,
at z = 11.4. They did not start reionizing until rather late, and did
so abruptly, reaching an ionized fraction of 1 at an almost vertical
slope (at z,, = 4.6 and 4.8, respectively). Further analysis suggests
that these different local reionization histories reflect the relative
importance of the contributions to local reionization from sources
which are either ‘internal’ or ‘external’ to each local subvolume.
Histories like those of cutouts 43 and 448, which begin early, are
gradual, and approach the end of reionization (Xjo, — 1) with a slope
of zero, correspond to regions which were ‘internally’ reionized.
At the other extreme, those like cutout 29, which start late, rise
abruptly from Xj,, ~ 0.1 to Xjon ~ 1 almost instantly, approaching
the end with an infinite slope, correspond to regions which are
‘externally’ reionized. In that case, the rise-time is so short because
the externally-driven I-front swept across the comoving distance of
4h~" Mpc in too little time for the plot to resolve it visually on the z-
axis. The histories for the MW and M31 cutout volumes in the Local
Group are intermediate between these two extremes, consistent with
a significant, perhaps even dominant, contribution from ‘internal’
sources but a non-negligible contribution from ‘external’ sources,
too. They finished reionization a bit earlier (at z,, = 5.2 and 5.1,
respectively, for Xjo, = 0.9) than the globally-averaged history (for
which Xj,, = 0.9 at z,, = 4.9) but are qualitatively similar to the
latter. The mean densities of the MW and M31 cutouts are closer to
the cosmic mean density as well, with overdensities of 0.16 and 0.09,
respectively, at z = 11.4. We discuss the correspondence between
local overdensity and reionization timing further in Section 3.2.2.

As illustrated by these different outcomes, which correlate with
the large-scale patchiness of the EOR, we are required to treat every
point in space as having a unique reionization history. We define
a ‘reionization redshift field”,* z,.(¥), to be the redshift at which a
small volume surrounding position X first reached ionized fraction
Xion = 0.9. Because of the intimate connection between structure
formation and reionization, this field resembles the underlying cos-
mic web of dark matter, galaxies, and the IGM (see Fig. 5): the
highest density peaks in the early universe reionized first, while
voids were the last to reionize, as we will show in the following
sections.

3.1 Methodology

3.1.1 Generating the reionization redshift field

To track the effect of reionization on low-mass halos, we use the
instantaneous locations of halos identified in the CoDa I simulation

4This reionization redshift field was also discussed by Battaglia et al. (2013).
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Figure 5. A two-dimensional slice of the CoDa I volume showing the
reionization redshift field (top) and the density fields at z = 42.7 (middle)
and z = 4.23 (bottom), respectively. The z,, field shows the rarity of early-
reionized regions and the abundance of late-reionized regions (87 per cent of
cells reionized after z = 6.61). The density fields illustrate that these regions
correspond to overdensities and voids, respectively. Each slice is one cell
thick for its 2567 (top) and 2048 (middle, bottom) grids, respectively.
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N-body data, as described in Ocvirk et al. (2016), and assign to each
halo the reionization redshift of its surrounding IGM. A natural way
to do this is to find z,, for the computational cell in which the halo
resides. However, CoDa I is too finely resolved for this approach
to work as is, since halos can be at least several times larger than
individual cells. Hence, for the purpose of calculating the reioniza-
tion redshift field, we smoothed the ionized fraction data from the
underlying grid of 4096* cells to a coarsened resolution of 2563
cells, each 0.357 cMpc on a side. At this resolution, halos typically
make up around 1 per cent of the cell’s volume, so information about
these cells mostly reflects characteristics of the IGM. Therefore, the
reionization redshift of the IGM surrounding a halo is simply the
reionization redshift of the coarse-grained cell in which that halo is
located. Additionally, for cells this large, we can neglect the possi-
bility that halos may migrate across cell boundaries on time-scales
that would affect our results.

3.1.2 Extracting the Instantaneous Star Formation Rate per Halo

To obtain the instantaneous SFR for each halo we must identify
all the star particles which are currently associated with that halo.
The simulation contains star particles that were produced in one
of the original 4096° computational cells whenever the fractional
overdensity of the gas in that cell exceeded 50 and the gas temper-
ature was less than 2 x 10* K. If gas is radiatively cooling from a
higher temperature than this, on its way to becoming gravitationally
unstable and forming stars, it will generally proceed to cool below
2 x 10* K and be counted later as star-forming gas when it does
so. If it is photoionized, however, it will generally not continue to
cool below this temperature unless it can self-shield and recombine.
Until it does so, however, it is not counted as star-forming gas. Star
particles are produced at a rate of
Pgas

P = € ot 2
r

where €, is the star formation efficiency (e, = 0.01), pgs is the gas
density, and 7 is the free fall time of the gaseous component given
by tir = /37 /32G pgas. The mass of the star particle depends on the
gas density of the cell, but is always a multiple of a fixed elementary
value, 3549 M, . This value was chosen to be small enough to allow
effective sampling of low-mass galaxy SFRs, while being large
enough to allow us to neglect stochastic variations in the number
of high-mass stars represented by each star particle. We assumed
that 10 per cent of the mass of each star particle is in the form of
high-mass stars that end their lives as supernovae within 10 Myr.
So 10 Myr after the star particle is created, its mass is adjusted to
90 per cent of its original value. Star particles are assigned to a halo
if they are located within a sphere centered on the halo’s center of
mass, of radius Ry, the radius within which the volume-averaged
dark matter density is 200 times the mean. The instantaneous SFR
for each halo, in units of M (10 Myr)~!, is simply the total mass
of all star particles assigned to the halo that are less than 10 Myr
old. With these two pieces of information, we can monitor how the
SFRs of halos of a given mass change over time in relation to their
local reionization.

It is worth mentioning that we refrain from analyzing halos with
masses less than 108M@. While the Friends-of-Friends (FOF) halo
finder used to identify halos in the N-body data of CoDa I did
identify halos less massive than this, their number density and iden-
tification are not secure. There is a discrepancy at the smaller masses
in the halo mass function between CoDa I and CoDa I-DM2048,
a GADGET N-body simulation from the same initial conditions, con-
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sisting of 20483 dark matter particles, 8 times fewer than CoDa I,
but with a force resolution that is around 20 times better. CoDa
1-DM2048 contains about 5 times as many =~ 10"°Mc, halos per
unit mass per comoving volume as CoDa I. This may be an effect
of CoDa’s force resolution limitations, as the discrepancy is smaller
for higher mass halos (e.g. a factor of 2 at 105M, and only a
10 per cent difference at 108'5M@). Therefore, in order to minimize
any errors that could result from this, we restrict our analysis to
halos with M > 10%My. This halo mass range accounts for almost
all of the star-formation in the simulation, however, so this does
not limit our analysis in any significant way. For further discussion
of the CoDa I and CoDa I-DM2048 halo mass functions, see the
appendix in Ocvirk et al. (2016).

3.2 Results

3.2.1 Local reionization and the suppression of star formation

We analyzed the CoDa I simulation results at 103 redshifts, ranging
from z = 11.43 (at which the globally-averaged Xj,, = 1.8 X 1073)
to z = 4.23, equally-spaced in time intervals of 10 Myrs. At each
of these time-steps, we grouped halos into reionization redshift
bins and calculated their instantaneous SFR. This data is shown for
halos in three mass ranges: 108 ~*M (Fig. 6), 10° = '°M, (Fig. 7),
and 10'°*M (Fig. 8). Each reionization redshift bin is plotted on
a separate curve, and the z,, interval encompassed by that bin is
bounded by two dots on the curve. For example, the top purple
curve in the figures includes halos with reionization redshifts in the
range 9.91 < z,, < 11.43, so the dots on the curve are located at
7 =9.91 and z = 11.43. The reionization redshifts of all the halos
represented by that curve are between these two dots.

The results in Figs 6-8 show that the SFRs in low-mass halos
are reduced by reionization feedback while those in high-mass ha-
los are not. The suppression of low-mass halos (1Mo < M <
10°M¢) in Fig. 6 clearly follows their local reionization: for each
Z,. bin, the SFR per halo is steady (i.e. roughly constant) until z =
Zre,» from which point it drops sharply. This suppression is caused
by reionization feedback. Fig. 8 in Ocvirk et al. (2016) indicates
that it cannot be the result of supernova (SN) feedback alone, since
the comparison there of two simulations, one with both RT and SN
feedback and one with only SN feedback but no RT, shows that
suppression of SFR in low-mass halos is overwhelmingly stronger
when RT is included. Moreover, SN feedback is already operating
inside the low-mass halos in our Fig. 6 prior to their neighbour-
hood’s reionization, when the SFR per halo is roughly constant.
What distinguishes this prior phase from that after reionization,
when the SFR drops sharply, is the onset of radiative feedback.

As expected, high-mass halos (M > 10'°M) in Fig. 8, by con-
trast, go through local reionization without experiencing any sup-
pression at all. Instead, the SFR per halo increases with time in
this high-mass range. Intermediate-mass halos (IOQM@ <M <
10'°M@) in Fig. 7 see a modest increase in their average SFR
through their local reionization time, followed by a delayed, mod-
est decline. In the regions that reionize last, however, the decline,
even for this intermediate-mass range, is sharp, and there is no
appreciable increase in the SFR prior to that decline. Indeed, the
intermediate-mass-halo SFR curves for these late-reionizing regions
resemble the low-mass-halo SFR curves.

In all three mass bins, regions that reionize earlier have higher
SFRs than regions that reionize later, though this is true only prior to
local reionization in the low-mass bin. After their local reionization,
low-mass halos in all z,, bins seem to have roughly the same average
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SFR if compared at the same redshift. There appears to be a universal
curve along which suppressed-halo SFRs lie once they begin their
decline, regardless of the halo’s reionization redshift, despite the
fact that the SFR varies substantially across different z,, bins prior
to suppression. In particular, each pre-reionization SFR level for a
given z, bin meets the universal curve at z & z,, and, thereafter,
follows the universal curve towards lower z.

Since early-reionizing regions are rare (see Fig. 5) and the first
to have their SFR suppressed, one might expect that they contribute
very little to the global production of stars. But, in fact, we find that
the opposite is true. For instance, the first 6.25 per cent of cells to
reionize (those with z,, > 7.19, represented by the top four curves
in Figs 6, 7, and 8) produced 83.1 per cent of the total stellar mass
in the simulation. On the other hand, the last 87 per cent of cells to
reionize (those with z,, < 6.61, represented by the bottom 6 curves in
Fig. 6 and 7) produced just 7.4 per cent of the total stellar mass. The
fraction of the total stellar mass produced in each z,, bin, f,, is shown
in Fig. 9, along with the fraction of the total volume encompassed
by all the cells in that z,, bin, f,. The rare, early-reionizing regions
clearly dominate the total production of stars. This is due to the
fact that these regions are more overdense and produce many more
halos and relatively more high-mass halos (both early on and over
time) than regions that reionize later, as we will show in the next
section.

The rate of production of ionizing photons is proportional to the
SFR, while the total number of ionizing photons produced over
time is proportional to the total stellar mass. It might be tempting
to conclude from the results above, therefore, that early-reionizing
regions are the dominant contributors to the ionizing UV back-
ground responsible for global reionization. However, this neglects
the possibility of local consumption of ionizing photons by their
absorption. To account for this effect, we can count the recombi-
nations in each computational cell that reflect the cancellation of
photoionizations there. We show the fraction of recombinations that
occurred in all the computational cells encompassed by each z,, bin,
free, iIn Fig. 9, for which the Case B recombination rate of hydrogen
was calculated as

R = a(T)n.n, = a(T)(n,), A3)

where a(T) = 2.6 x 10713(T/10* K)~%7s~!'cm? for a gas temper-
ature 7, electron number density n,, and ionized hydrogen number
density n, = Xjonny, (Spitzer 1978).

Consider the fractions f, and fi.. in a given region. Assume that
most of the ionizing photons that were produced during the epoch
of reionization were absorbed by the time reionization ended (or
shortly thereafter). On average, per unit volume, the number of ion-
izing photons required to finish reionization was equal to the number
of H atoms plus the total number of recombinations. In that case,
photons produced in one region may either have been absorbed in
the same region or in another region. In the Appendix, we show that
regions in which f; < fi.. could not have produced enough ionizing
photons to finish and maintain their own local reionization. They
must have ‘imported’ ionizing radiation from external sources in
order to finish and/or maintain their own reionization. Conversely,
as also shown in the Appendix, regions in which f, > fi. must have
produced a ‘surplus’ of ionizing radiation (i.e. more than enough to
complete and maintain their local reionization). They must be net
‘exporters’ of ionizing photons to other regions, therefore. Accord-
ing to Fig. 9, late-reionizing regions are the ones in which f, < fiec,
so they must be net ‘importers’, while early-reionizing regions are
generally net ‘exporters’. These results validate the conclusion that
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Figure 6. Average star formation rates per halo vs redshift for low-mass (108 ~ 9MQ) halos, with different curves representing different bins of reionization
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Figure 9. Fractions of the total stellar mass, f;, the total number of recom-
binations, fiec, and the total volume, f,, associated with the cells in each
reionization redshift (z,,) bin.

early-reionizing regions are the dominant contributors of the UV
photons that reionized the universe.

3.2.2 Local reionization and its dependence on the local halo
mass function and overdensity

We have shown that suppression of the SFR per halo in low-mass
halos always follows the reionization of their local IGM. In the
process, however, we have also learned that there are interesting
differences between regions that reionize earlier or later, even in
their SFRs prior to their local reionization, and even for halos
too massive to experience suppression. Our grouping of cells into
reionization redshift bins allows us to study these differences. One
important difference is their local halo mass function (HMF), the
number of halos per unit halo mass per comoving volume, shown at
an early time and a late time in Fig. 10. At all redshifts, the HMF for
regions that reionized early are higher (corresponding to a greater
density of halos) and have a larger turn-over mass (corresponding to
a higher fraction of massive halos) than regions that reionized later.
Also shown for comparison in Fig. 10 is the globally-averaged
halo mass function. According to Fig. 10, the mass function in
earlier-reionizing regions is higher than the globally-averaged mass
function, while in the later-reionizing regions the mass function is
always below the global one (and with a lower-mass turn-over). Over
time these contrasts between the local and global mass functions
grow larger.

The correlation of local reionization redshift with local HMF in
Fig. 10 reflects the fact that the production rate of stars (and, hence,
of ionizing photons) is higher in regions with a higher HMF, so
reionization ends earlier there. Since a higher local HMF means a
higher structure formation rate, and the latter is higher if the lo-
cal overdensity is higher, we expect local reionization to be earlier
where overdensity is higher. This is indeed the case, as can be seen
in Fig. 11. The correlation between overdensity and reionization
time was noted before by Iliev et al. (2006), based upon large-scale
N-body + RT simulations of reionization. As shown in Fig. 11, the
earliest patches to reionize are the density peaks, while the latest
are in the voids. As shown in Fig. 12, they follow a ‘rich-get-richer,
poor-get-poorer’ scheme: as time goes on, early-reionizing patches
become increasingly overdense, while late-reionizing patches be-
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come increasingly underdense. Structure formation in voids never
catches up to that of the density peaks.

The shape of the HMF explains many features of the SFR plots
in Figs 6-8. For all three mass ranges, the SFR curves are stacked
(prior to suppression in the low-mass range) in order of their z,,
bins, with the earliest z,, bin at the top (i.e. greatest SFR). This
is partially due to the fact that the early z,, bins have more halos
with masses close to the upper bound of each of the mass ranges, as
can be seen in the HMF. Since the SFR (per halo) follows an M3
power law prior to suppression, the relative abundance of more
massive halos in early-reionized regions provides a boost to the
SFR there. Conversely, the latest z,, bins have far fewer massive
halos, which is why they do not show a delayed suppression in the
intermediate-mass range curves in Fig. 7 — the late-z,, curves there
resemble the SFR curves in the low-mass range plot because they
have comparatively few halos that are significantly more massive
than the upper bound of the low-mass range. The scarcity of more
massive halos in these low-z,, bins, especially at early redshifts,
made them too noisy to include in Fig. 8.

3.2.3 Local reionization and the halo gas-to-dark matter ratio

The effect of local reionization on low-mass halos can also be ob-
served via the ratio of mass in gas to mass in dark matter in a halo,
Myqs/ M,y Since the loss of gas due to outflow and suppressed in-
fall is what is thought to cause SFR suppression, Mg,/ M., should
reflect a causal relationship between local reionization and sup-
pression, as well. Since the mass in stars is always much smaller
than that in gas, Mya/ My > Myary/ Moy = foary Lbary/ Cou» Where
Joary 1s the fraction of the cosmic mean baryon-to-dark matter ra-
tio. Since Qpary/ Q2py = 0.197 for CoDa I parameters, this means
Soary = SM a5/ M,y Roughly speaking, if fi,ry, > 1 = constant, at
all times for a given halo, then its baryonic gas content was not
suppressed. However, since we do not here analyze the Lagrangian
mass assembly history of individual halos, we must diagnose the
effects of suppression by tracking the average value of Mg,/ Mpy
of all the halos identified at each time, grouped according to their
reionization redshift, just as we did for the instantaneous SFR per
halo, and plot this quantity versus z, instead.

We calculated M,/ M, for each halo as follows. We constructed
a dark matter density grid by smoothing the N-body particle data
onto the same slightly-coarsened grid of 20483 cells as we created
to smooth the gas density from the original 4096° simulation cells.?
For a given halo i, we identify the n(i) cells within the spherical
volume defined by its halo Rago radius® and sum the gas and dark

SWe note that, if instead of using the dark matter density grid, we had
calculated M, simply by adding together the masses of all the N-body
particles the FOF algorithm identified as belonging to a halo, the resulting
gas-to-dark matter ratios would not have been reliable. This is because the
volumes occupied by these halo particles need not be the same as that of
the gas cells inside the halo’s Rago sphere. In that case, Mg,s/ Mpy typically
exceeds the cosmic mean value (>~ 0.197), which seems unphysical and,
therefore, inaccurate. By using the cell-wise data for both the dark matter and
gas density fields, instead, we ensure that the calculation of My, considers
the halo to occupy the same volume as the calculation of Mys.

60f course, a spherical halo will not encompass an integer number of cubic
cells. In the gas fraction calculation, we chose to include all cells that are
partially encompassed by the Ryoo sphere as well, such that the total volume
of the ‘halo’ is somewhat greater than 47 Rgoo /3.

20z aunf 90 uo 1s8nb Aq £6/950G/0 . 1/Z/08/9I0IME/SEIUL/WOO"dNo"dlWapede//:sdny Wolj papeojumoq



SFR suppression due to local reionization 1749

T T T T T T T T

1076

1078

)

10710

h3
Mg Mpc?

(

10712

d2N
dMdVv

10714~

10—16%

T T T T T T T T T T T T TTTT

Intermediate z,

— 46<2z,<149

4.6<2z¢<5.35
— 5.35<27,<7.19
— 7.19<z,<14.9

10.46

1
Z=

1078

1078

)

1070+

h3
Mo Mpc?

(

1072

d2N
dMdVv

10714

10718

Lol M| !

| | Lol Lo

4.31

Z=

107 108 10°

10" 10" 102 10"

M (Mo)

Figure 10. Local halo mass functions for halos grouped into each of three broad reionization redshift bins, plotted at two redshifts: 10.46 (top) and 4.31
(bottom). The global halo mass function is also plotted (black). Halo mass is binned with a bin size of A[log(M/Mg)] = 0.25.

10" —

6+1

10° B

PR

Figure 11. The relationship between local mass overdensity, é, and local
reionization redshift, z,, at early (z = 11.4) and late (z = 4.31) times.
Overdensity § = p/p — 1 where p is the mass density of the region, and
p is the average mass density of the universe. This demonstrates that the
earliest regions to reionize correspond to density peaks, while the latest
correspond to voids.

-———
15F .
[ 719<ze<14.9 ]
1.0 ]
5 05F ]
L 535<2,<7.19 g
0.0
“05C  46<z.<535 B
[ Il L L L Il L L L Il L L L Il L L |

4 6 8 10

z

Figure 12. Local mass overdensity, §, grouped into three broad reioniza-
tion redshift bins, and plotted against redshift to illustrate the ‘rich-get-
richer’ scheme of cosmological structure formation. Initially overdense,
early-reionizing regions continue to get more overdense, while initially un-
derdense, late-reionizing regions continue to get more underdense.
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Figure 13. Average halo gas-to-dark matter ratio vs redshift for low-mass
(108*9M®) halos, with different curves representing different z,, bins. The
two dots on each curve indicate the range of z,, for each bin, in the same
way as Fig. 6. The cosmic mean value is (Mgas/Mpy) = Qpary/ Rpu = 0.2
(since (M, /Mgys) <K 1).

matter masses, respectively, of those cells:

(Mgas) . Z};i)l Poas(is J) Veenn . Z’;g Peas(is J)
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where pg, (7, /) and ppy(i, j) are the gas and dark matter densities in
the j cell of the /" halo, and V. is the volume of a cell. Then, for

each z,, bin containing N(z,.) halos, we define the instantaneous,
Z,.-binned, average halo gas-to-dark matter ratio as:

“

N(zre
Mg 1 " Mgas) )
1

My N(zp) S\ My,

We plot this Mg,/My, vs redshift for each of the z,. bins in
Figs 13-15, for the same halo mass bins as shown in the SFR plots
in Figs 6-8. The Mg,/M,,, curves in Figs 13-15 follow the same
pattern as do those of the SFRs per halo in Figs 6-8. For halos below
109M@, the gas-to-dark matter ratio is relatively steady prior to the
local reionization redshift but plunges sharply once local reioniza-
tion occurs. The pre-reionization ‘steady’ value actually declines a
bit during the pre-reionization phase for the late-reionizing regions,
but then declines much more abruptly for these regions follow-
ing their local reionization. For the intermediate-mass halos with
109M® <M< 1010M@, there is a similar downward tilt to the pre-
reionization curves for the regions with later-reionization redshifts,
but the ratios actually increase somewhat for the halos in most of the
Z,.-bins, after their reionization, to a peak, followed by a delayed
turn-down. For the high-mass halos with M > 10'°M,, however,
Mo/ My grows continuously following z,.. For halos in every
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mass bin, the gas-to-dark matter ratios prior to local reionization
are higher in regions that reionized earlier.

These results are consistent with the expectations of suppression
in low-mass halos of baryonic infall relative to that of the dark
matter, either by Jeans-mass filtering of the baryonic perturbations
in the IGM, or suppressed accretion from the IGM onto a dark
matter halo, or of feedback-induced outflows from the halos. The
suppressed gas fraction in low-mass halos following their local
reionization is also physically consistent with the SFR suppression
results reported above, including the fact that the gas fractions and
SFRs are both higher for halos in regions that reionized earlier,
except for low-mass halos during their post-reionization phase.

4 SUMMARY AND DISCUSSION

We have analyzed the results of the CoDa I fully-coupled radiation-
hydrodynamical simulation of reionization and galaxy formation to
demonstrate the causal relationship between reionization feedback
and the suppression of star formation in low-mass halos during the



EOR. This required us to find the dependence of the star formation
rates per halo of different halo masses on the timing of reioniza-
tion in their local neighbourhood. For this purpose we created a
reionization redshift field based on the redshift at which the gas
in each computational cell reached an ionized fraction of 0.9. We
smoothed this field to a grid coarse enough to sample the reioniza-
tion redshift of the IGM surrounding each halo, but fine enough to
track the impact of the inhomogeneous and asynchronous nature of
reionization on individual halos. This gave us the local reionization
redshift for each halo with which we could quantify the difference
between halo properties before and after their local reionization.
We show that star formation rates and gas-to-dark matter ratios in
low-mass (10° ~ ?M(y)) galaxies was steady prior to their local reion-
ization, following which they sharply declined. This effect is not
seen in high-mass (10'° "M@ ) galaxies, but a moderate and delayed
suppression is seen in the intermediate-mass range (10°~'"Mg),
except in the last regions to reionize, where the suppression is
sharper.

These results are in accordance with the notion that baryonic ef-
fects during the EOR may explain the ‘missing satellites’ problem
posed by ACDM N-body simulations, by suppressing star forma-
tion in low-mass halos after their neighbourhood was reionized,
thereby reducing their detectability. These results also support the
assumption made in large-scale N-body + RT simulations of in-
homogeneous reionization that halos with M < 10°M were sup-
pressed if located inside an ionized patch of the IGM (Iliev et al.
2007, 2012, 2014; Ahn et al. 2012; Dixon et al. 2016).

Our ability to distinguish the progress and impact of reionization
locally here has enabled us, not only to demonstrate the causal con-
nection between reionization and low-mass halo suppression, but
also to show that the time at which local reionization takes place is
correlated with local matter overdensity and with the correspond-
ing local variations of the halo mass function. In addition, we found
that, with the exception of suppressed low-mass halos, the SFRs
and gas-to-dark matter ratios of halos of any given mass are higher
in regions that reionized earlier. For the low-mass halos, after their
local reionization, when suppression takes place, curves of SFR and
M a5/ My, per halo vs z thereafter decline by following a universal
curve which is independent of z,,.

We also found that relatively rare, highly overdense and, conse-
quently, highly developed regions, which were the first to reionize,
produced the vast majority of stars during the EOR, while not con-
suming more ionizing radiation than regions that reionized later.
These early-reionizing regions must have exported a surplus of ion-
izing radiation, therefore, which helped to reionize and/or maintain
the reionization of the late-reionizing regions. Future observations
of high-redshift galaxies which look for the inhomogeneous dis-
tribution of suppressed and gas-poor low-mass dwarf galaxies and
partially-suppressed dwarf galaxies of intermediate mass predicted
here will be an excellent probe of the EOR.

Since the CoDa I simulation used a constrained realization of the
initial conditions that represents the Local Universe, we can also
apply the results found here to predict relic signatures of suppression
in the present-day galaxies of the Local Universe. For example, the
neighbourhoods of MW and M31 were found in CoDa I to have
reionized at roughly the same redshift, a bit earlier than the global
average reionization redshift, a result which was also found by
CoDa I-AMR as described in Aubert et al. (2018). CoDa I-AMR
used an improved calibration of subgrid star formation efficiency
so as to finish global reionization by z = 6.1, making it easier to
relate simulation redshifts directly to observations. In Aubert et al.
(2018), the reionization redshift field was based on the redshifts
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when each cell first reached X;,, = 0.5 (rather than X,, = 0.9 as
used here). As structure formation changes the comoving positions
of mass over time, the time when a mass element first reaches
a location that is 50 per cent ionized is defined as its reionization
redshift, z,. The average reionization redshift of the mass elements
that constitute MW and M31 at z = 0 were found to be (z,) = 8.2
for both, while (z)giobat = 7.8. The spread of reionization times
within each galaxy was as large as ~400 Myrs (max — min), with a
20 spread of ~100 — 150 Myrs. Our results here suggest that the
suppression of the SFRs in the low-mass progenitors of MW and
M31 were similar to each other, therefore, but were different from
that in regions that reionized much earlier or later.

ACKNOWLEDGEMENTS

This research benefitted from the support of NSF AST-1009799,
NASA NNX11AEQ09G, and SURP/JPL Project Nbr 1492788 and
1515294 to PRS. The RamMsEs—cuDATON simulation, CoDa I, analysed
here was performed on the massivelyparalleled Titan supercom-
puter at Oak Ridge National Laboratory OLCF, under DOE INCITE
2013 award ASTO31. Post-processing was performed on the Eos,
Rhea, and Lens clusters. Auxiliary simulations used the PRACE-3IP
project (FP7 RI-312763) resource Curie-hybrid based in France at
Tres Grand Centre de Calcul. The CoDa I-DM2048 GaDpGET simula-
tion was performed at LRZ Munich. The analysis presented here was
conducted on the Stampede supercomputer at the Texas Advanced
Computing Center of the University of Texas at Austin with NSF
XSEDE grant TG-AST090005. PO acknowledges support from the
French ANR funded project ORAGE (ANR-14-CE33-0016). NG
and DA acknowledge funding from the French ANR for project
ANR-12-JS05-0001 (EMMA). ITI was supported by the Science
and Technology Facilities Council [grant numbers ST/F002858/1
and ST/I000976/1] and the Southeast Physics Network (SEPNet).
SG and YH acknowledge support by DFG grant GO 563/21-1.
YH has been partially supported by the Israel Science Foundation
(1013/12). GY also acknowledges support from MINECO-FEDER
under research grants AYA2012-31101 and AYA2015-63810-P.

REFERENCES

Ahn K., Iliev I. T., Shapiro P. R., Mellema G., Koda J., Mao Y., 2012, ApJ,
756, L16

Aubert D. etal., 2018, ApJ, 856, L22

Battaglia N., Trac H., Cen R., Loeb A., 2013, ApJ, 776, 81

Benson A. J., Lacey C. G., Baugh C. M., Cole S., Frenk C. S., 2002a,
MNRAS, 333, 156

Benson A. J., Frenk C. S., Lacey C. G., Baugh C. M., Cole S., 2002b,
MNRAS, 333, 177

Benson A.J.,Frenk C. S., Baugh C. M., Cole S., Lacey C. G.,2003, MNRAS,
343,679

Bullock J. S., Boylan-Kolchin M., 2017, ARA&A, 55, 343

Bullock J. S., Kravtsov A. V., Weinberg D. H., 2000, ApJ, 539, 517

Cen R., Ostriker J., 1992, AplJ, 393, 22

Couchman H. M. P, Rees M. J., 1986, MNRAS, 221, 53

Dijkstra M., Haiman Z., Rees M. J., Weinberg D. H., 2004, ApJ, 601, 666

Dixon K. L., Iliev I. T., Mellema G., Ahn K., Shapiro P. R., 2016, MNRAS,
456, 3011

Efstathiou G., 1992, MNRAS, 256, 43P

Fitts A. etal., 2017, MNRAS, 471, 3547

Gnedin N. Y., 2000, ApJ, 542, 535

Gnedin N. Y., Kaurov A. A., 2014, ApJ, 793, 30

Gottlober S., Hoffman Y., Yepes G., 2010, in Wagner S., Steinmetz M.,
Bode A., Miiller M. M., ed., Springer, High Performance Computing in
Science and Engineering. 309

MNRAS 480, 1740-1753 (2018)

20z aunf 90 uo 1s8nb Aq £6/950G/0 . 1/Z/08/9I0IME/SEIUL/WOO"dNo"dlWapede//:sdny Wolj papeojumoq


http://dx.doi.org/10.1088/2041-8205/756/1/L16
http://dx.doi.org/10.3847/2041-8213/aab14d
http://dx.doi.org/10.1088/0004-637X/776/2/81
http://dx.doi.org/10.1046/j.1365-8711.2002.05387.x
http://dx.doi.org/10.1046/j.1365-8711.2002.05388.x
http://dx.doi.org/10.1046/j.1365-8711.2003.06709.x
http://dx.doi.org/10.1146/annurev-astro-091916-055313
http://dx.doi.org/10.1086/309279
http://dx.doi.org/10.1086/171482
http://dx.doi.org/10.1093/mnras/221.1.53
http://dx.doi.org/10.1086/380603
http://dx.doi.org/10.1093/mnras/stv2887
http://dx.doi.org/10.1093/mnras/256.1.43P
http://dx.doi.org/10.1093/mnras/stx1757
http://dx.doi.org/10.1086/317042
http://dx.doi.org/10.1088/0004-637X/793/1/30

1752  T. Dawoodbhoy et al.

Haiman Z., Thoul A. A., Loeb A., 1996, ApJ, 464, 523

Haiman Z., Rees M. J., Loeb A., 1997, ApJ, 476, 458

Hasegawa K., Semelin B., 2013, MNRAS, 428, 154

Hinshaw G. et al., 2009, ApJS, 180, 225

Hoeft M., Yepes G., Gottlober S., Springel V., 2006, MNRAS, 371, 401

Tkeuchi S., 1986, Ap&SS, 118, 509

Tliev L. T., Shapiro P. R., Raga A. C., 2005, MNRAS, 361, 405

Iliev I. T., Mellema G., Pen U.-L., Merz H., Shapiro P. R., Alvarez M. A.,
2006, MNRAS, 369, 1625

Iliev I. T., Mellema G., Shapiro P. R., Pen U.-L., 2007, MNRAS, 376, 534

Tliev I. T., Mellema G., Shapiro P. R., Pen U.-L., Mao Y., Koda J., Ahn K.,
2012, MNRAS, 423, 2222

Tliev I. T., Mellema G., Ahn K., Shapiro P. R., Mao Y., Pen U.-L., 2014,
MNRAS, 439, 725

Jaacks J., Nagamine K., Choi J. H., 2012, MNRAS, 427, 403

Kepner J. V., Babul A., Spergel D. N., 1997, ApJ, 487, 61

Kitayama T., Tajiri Y., Umemura M., Susa H., Ikeuchi S., 2000, MNRAS,
315, L1

Klypin A., Kravtsov A. V., Valenzuela O., Prada F., 1999, ApJ, 522, 82

Kuhlen M., Krumholz M. R., Madau P., Smith B. D., Wise J., 2012, ApJ,
749, 36

Moore B., Ghigna S., Governato F., Lake G., Quinn T., Stadel J., Tozzi P.,
1999, AplJ, 524, L19

Navarro J. F,, Steinmetz M., 1997, ApJ, 478, 13

Nelson D., Genel S., Vogelsberger M., Springel V., Sijacki D., Torrey P.,
Hernquist L., 2015, MNRAS, 448, 59

O’Shea B. W., Wise J. H., Xu H., Norman M. L., 2015, ApJ, 807, L12

Ocvirk P. etal., 2016, MNRAS, 463, 1462

Okamoto T., Gao L., Theuns T., 2008, MNRAS, 390, 920

Park H., Shapiro P. R., Choi J.-h., Yoshida N., Hirano S., Ahn K., 2016,
AplJ, 831, 86

Pawlik A. H., Schaye J., Dalla Vecchia C., 2015, MNRAS, 451, 1586

Quinn T., Katz N., Efstathiou G., 1996, MNRAS, 278, L49

Rees M. J., 1986, MNRAS, 218, 25P

Shapiro P. R., Giroux M. L., Babul A., 1994, ApJ, 427, 25

Shapiro P. R., Iliev I. T., Raga A. C., 2004, MNRAS, 348, 753

Sobacchi E., Mesinger A., 2013, MNRAS, 432, L51

Somerville R. S., 2002, ApJ, 572, L.23

Spitzer L., 1978, Physical Processes in the Interstellar Medium, New York
Wiley-Interscience.

Thoul A. A., Weinberg D. H., 1996, ApJ, 465, 608

Umemura M., Ikeuchi S., 1984, Prog. Theor. Phys., 72, 47

APPENDIX: IDENTIFYING THE REGIONS
THAT IMPORTED AND EXPORTED IONIZING
RADIATION DURING THE EOR

It is possible to determine which regions produced more ionizing
photons than they consumed and which regions consumed more than
they produced, in the process of finishing and maintaining their own
local reionization. We do this by counting their relative shares of
the total number of ionizing photons produced (N, ;, where N,, ; o
M, ;, the total mass of stars formed in region i) and recombinations
experienced (N ;) over time to the end of global reionization,
and the total number of H atoms they contained (N, ;), as follows.
We shall assume that all of the ionizing photons produced during
the EOR were absorbed by the time global reionization ended (or
shortly thereafter). In that case, summed over our large simulation
volume (or, equivalently, expressed per unit volume, averaged over
the universe), we can write

Ny‘tot = Nrec,lot + NH,[OU (Al)

where N, o« = >N, ;. Any given region i that produced a deficit
of ionizing photons, according to the inequality

Ny,i < Nrec,i + Nll,is (AZ)
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must have been a net ‘importer’ of ionizing photons in order to
finish and maintain its own reionization. Conversely, a region that
produces a net surplus, according to

Ny,i > Nrec,i + NH.i (A3)

must have been a net ‘exporter’.

Importers and exporters can be identified simply in terms of f, ;
and fiec ;, under reasonable assumptions. If Ny or 3> Ny tor, then
regions in which f, ; < fiec,; Were net importers, which can be
proven as follows. Since N,, ; o< M, ;, f,.i = fo,i- If fi, i < frec,i» then
we can write the following inequalities:

Ny,i Nrec,i Nrec,i + NH,i
< < .

(A4)
N}/,lOl NI'CC.I.OI. Nrec.lol
Combining inequality A4 with equation (A1) yields
Ny_i - Nrec,i + NH,i ) (AS)
Nrec,tol + NH,tot Nrec.tot
If Nicctot > Nitor, this becomes
NH tot
Ny,i < Nrec,i +NH.i +O(7’>, (A6)

rec,tot
so region i was a net importer according to inequality A2. Con-
versely, if Ny ; % Nic.i, then region i was a net exporter if f, ; >

frec, i» which we prove as follows. Since
Ny.i Nrcc.i Nrcc,i

Ny,tot Nrec‘tot Nrec,m[ + NH,tot ’

then using equation (A1) to replace N, , on the left-hand-side of
inequality A7 yields

(A7)

Ny,i > Nrec.i' (As)

Inequality A3 follows if we assume that Ny ; 3 Niec;-

Our assumption that Nyec or > Ny 101 1S €asily justified as follows.
Per unit volume, the integrated number of recombinations through
the end of global reionization at zenq is given by

Nrec ot end _dt

rec) = = —dz, A
(rec) v Rdz b4 (A9)

Zbegin
where R is given by equation (3) and Zpegin is some redshift before
reionization begins, post-recombination. The cell-wise results of
CoDa I can be used to evaluate equation (A9). For zenq = 4.6,
we find that Nec ot/ Nivtor = (rec) /(1) = 5.5 x 107* cm™3/3.3 x
1075 cm™ & 20, 50 Nyec.ior 3> Nuior» as required.’

This is consistent with an estimate of the ratio of the mean recom-
bination time per atom to the Hubble time during the EOR given
by

foo _ H(a)
ti  {a(TDin(a)ci(a)’

where ¢; is the ionized gas density clumping factor (n2)/(n.)>.
For the matter-dominated flat universe at early times, when A is

unimportant, this is given by
Iy <a(T)nH,0Xioncl(a))

assuming photoionized gas has T ~ 10* K. Since ¢; > 1 at late
times during the EOR, when averaging over the entire volume,

(A10)

:cle-_l(

on

1—|—z)-3/2

. (Al1)

This is based upon smoothing the original CoDa I grid of 4096° cells onto
20483 cells. The unsmoothed data would have yielded a higher number of
recombinations, making the inequality even stronger.

20z aunf 90 uo 1s8nb Aq £6/950G/0 . 1/Z/08/9I0IME/SEIUL/WOO"dNo"dlWapede//:sdny Wolj papeojumoq


http://dx.doi.org/10.1086/177343
http://dx.doi.org/10.1086/303647
http://dx.doi.org/10.1093/mnras/sts021
http://dx.doi.org/10.1088/0067-0049/180/2/225
http://dx.doi.org/10.1111/j.1365-2966.2006.10678.x
http://dx.doi.org/10.1007/BF00651178
http://dx.doi.org/10.1111/j.1365-2966.2005.09155.x
http://dx.doi.org/10.1111/j.1365-2966.2006.10502.x
http://dx.doi.org/10.1111/j.1365-2966.2007.11482.x
http://dx.doi.org/10.1111/j.1365-2966.2012.21032.x
http://dx.doi.org/10.1093/mnras/stt2497
http://dx.doi.org/10.1111/j.1365-2966.2012.21989.x
http://dx.doi.org/10.1086/304602
http://dx.doi.org/10.1046/j.1365-8711.2000.03589.x
http://dx.doi.org/10.1086/307643
http://dx.doi.org/10.1088/0004-637X/749/1/36
http://dx.doi.org/10.1086/312287
http://dx.doi.org/10.1086/303763
http://dx.doi.org/10.1093/mnras/stv017
http://dx.doi.org/10.1088/2041-8205/807/1/L12
http://dx.doi.org/10.1093/mnras/stw2036
http://dx.doi.org/10.1111/j.1365-2966.2008.13830.x
http://dx.doi.org/10.3847/0004-637X/831/1/86
http://dx.doi.org/10.1093/mnras/stv976
http://dx.doi.org/10.1093/mnras/278.4.L49
http://dx.doi.org/10.1093/mnras/218.1.25P
http://dx.doi.org/10.1086/174120
http://dx.doi.org/10.1111/j.1365-2966.2004.07364.x
http://dx.doi.org/10.1093/mnrasl/slt035
http://dx.doi.org/10.1086/341444
http://dx.doi.org/10.1086/177446
http://dx.doi.org/10.1143/PTP.72.47

including that inside halos, #../f; < 1 for Xj,, ~ 1. [Note: The
fact that Nrec ot/ Nuor > 1 is not in conflict with estimates of the
average number of ionizing photons per atom required to finish
global reionization of the IGM, which is typically a much smaller
number, of order a few or less. This is because the latter, smaller
number is only counting the number of ionizing photons that escape
from galaxies into the IGM, while Ny 1« accounts for all those
additional ionizing photons produced inside galaxies which do not
escape, as well.]
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We also need to justify the second condition, that Ny ; 3 Niec.i
for the case of exporter regions. Our CoDa I results show that these
are the early-reionizing regions, which are also the most overdense.
As such, if Niecror 3> Nyor Over all, then so must Npec,; > Ny

locally for these regions.
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