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EXECUTIVE SUMMARY

Following the pioneering observations with COBE in the early 1990s, studies of the cosmic
microwave background (CMB) have focused on temperature and polarization anisotropies. CMB
spectral distortions — tiny departures of the CMB energy spectrum from that of a perfect blackbody
— provide a second, independent probe of fundamental physics, with a reach deep into the primor-
dial Universe. The theoretical foundation of spectral distortions has seen major advances in recent
years, which highlight the immense potential of this emerging field. Spectral distortions probe a
fundamental property of the Universe — its thermal history — thereby providing additional insight
into processes within the cosmological standard model' (CSM) as well as new physics beyond.
Spectral distortions are an important tool for understanding inflation and the nature of dark matter.
They shed new light on the physics of recombination and reionization, both prominent stages in
the evolution of our Universe, and furnish critical information on baryonic feedback processes, in
addition to probing primordial correlation functions at scales inaccessible to other tracers. In prin-
ciple the range of signals is vast: many orders of magnitude of discovery space could be explored
by detailed observations of the CMB energy spectrum. Several CSM signals are predicted and
provide clear experimental targets, some of which are already observable with present-day tech-
nology. Confirmation of these signals would extend the reach of the CSM by orders of magnitude
in physical scale as the Universe evolves from the initial stages to its present form. The absence of
these signals would pose a huge theoretical challenge, immediately pointing to new physics.

I. COSMOLOGY BEYOND THERMAL EQUILIBRIUM

Cosmology is now a precise scientific discipline, with detailed theoretical models that fit a
wealth of very accurate measurements. Of the many cosmological data sets, the CMB temperature
and polarization anisotropies provide the most stringent and robust constraints on theoretical mod-
els, allowing us to determine the key parameters of our Universe (e.g., the total density, expansion
rate and baryon content) with unprecedented precision, while simultaneously addressing funda-
mental questions about inflation and early-universe physics. By studying the statistics of the CMB
anisotropies with different experiments over the past decades we have entered the era of precision
cosmology, clearly establishing the highly-successful ACDM concordance model [1-3].

But the quest continues. Despite its many successes, ACDM is known to be incomplete. It
traces the growth of structure in the Universe from primordial density perturbations to the mod-
ern era, but the origin of those perturbations remains poorly understood. In addition, in spite of
relentless efforts, the nature of dark matter (DM) and dark energy remains a mystery. Together,
these enigmatic components comprise 95% of the energy density of the Universe. Particle and
high-energy physics offer candidate solutions of these problems (e.g., inflation and particle dark
matter), but these inevitably require new physics beyond the Standard Model of particle physics.

Precision measurements of the CMB energy spectrum open a new window into the physics of
the early Universe, constraining models in ways not possible using other techniques. Departures of
the CMB energy spectrum from a pure blackbody — commonly referred to as spectral distortions
— encode unique information about the thermal history of the Universe, from when it was a few
months old until today. Since the measurements with COBE/FIRAS in the early *90s, the sky-
averaged CMB spectrum is known to be extremely close to a perfect blackbody at a temperature
Ty = (2.7255+0.0006) K [4, 5], with possible distortions limited to one part in 10°. This impressive
measurement was awarded the 2006 Nobel Prize in Physics and already rules out cosmologies with
extended periods of large energy release.

Spectral distortions are created by processes that drive matter and radiation out of ther-
mal equilibrium after thermalization becomes inefficient at redshift z < 2 x 10°. Exam-



ples are energy-releasing mechanisms that heat the baryonic matter, inject photons or other
electromagnetically-interacting particles. The associated signals are usually characterized as
u- and y-type distortions, formed by energy exchange between electrons and photons through
Compton scattering [6-10]. Compton scattering is inefficient at z < 5 x 104, yielding a y-
type distortion, which probes the thermal history during recombination and reionization (Fig. [T)).

In contrast, a u-type (or chemical

Time 380,000 years 7,000 years 8 years 2 months . . .
, , : potential) distortion forms at z >
Photon energy : Photon energy : Photon energy H Photon energy 4 . .
E ﬁcattefing inte.rmediate H scatt.ering full thermalization SX 10 2 When Compton Scatterlng 18
&) efcrt i effeere /\ very efficient. A pu-distortion can-
S H :
g\ \/ f S not be generated at recent epochs
a : i | Crre oy and thus directly probes events in
y-distortion §y+u+residua| distortion u-distortion temperature shift the pre_recombination era.

Rt The simple classical picture has
been refined in recent years. We
now understand that the transition
between u- and y-type distortions
is gradual and that the signal con-
tains additional time-dependent in-
formation [11-13]]. This extra in-
| time-dependent information —»| L Blackbody era formation is contained in the resid-
> ™ e " reasnn WAl or r-type distortion and can be
used to distinguish energy release
FIG. 1: Evolution of spectral distortions across time. Distortions probe mechanisms [14} [15]. Distortions
the thermal history over long periods deep into the primordial Universe created by photon-injection mech-
that are inaccessible by other means. anisms exhibit rich spectral phe-
nomenology [16], one prominent example being the distortion created by the cosmological recom-
bination process (see Fig.[I). Additional information can be imprinted by non-equilibrium
processes in the pre-recombination hydrogen and helium plasma or by non-thermal parti-
cles in high-energy particle cascades [e.g.,[16,22H25]. Finally, distortion anisotropies are expected
and can be correlated against tracers of both primordial density perturbations and large-scale struc-
ture to further probe cosmic evolution [26-31]].

Spectral distortions thus provide more than just a simple integral constraint for cosmology.
They are a unique and powerful probe of a wide range of interactions between particles and CMB
photons, reaching back all the way from the present to a few months after the Big Bang and
allowing us to access information that cannot be extracted in any other way. Broad overviews of
the CMB spectral distortion science case can be found in [32-38]).

II. PHYSICS BEYOND ACDM AND THE STANDARD MODEL

A central question in modern cosmology is the origin of the observed primordial density per-
turbations. Measurements from CMB anisotropies and large-scale structure find a nearly scale-
invariant power spectrum P(k) =~ k"~! with spectral index ng = 0.965 + 0.004, sampled over
a range of spatial scales k ~ 107 to 0.1 Mpc~' [39]. Their phase coherence is evidence for their
super-Hubble nature, and their near scale-invariance is evidence of a weakly broken shift symmetry
in the underlying theory. However, their precise origin is as of yet unknown. Inflation provides a
widely accepted framework [40-43]], with the simplest models generically predicting a small depar-
ture from scale-invariance (with ng < 1) as the inflaton rolls down its potential [44-47]]. However,
various alternatives to inflation have been proposed [48-57]] and no clear theoretical consensus has
yet emerged. Searches for a B-mode pattern in CMB polarization could yield compelling evidence
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for the simplest inflationary models. CMB polarization measurements so far only provide upper
limits [58, I59]] with no firm target from theory for a guaranteed detection. However, detection of
a tensor to scalar ratio of r ~ 1072 is a distinguishing benchmark for large-field models, which in
certain realizations further manifest the specific relation r =~ (1 — ng)? [e.g., 40, [60].

Spectral distortions provide a unique new probe of primordial density perturbations. Infla-
tion may or may not be a valid description of the early Universe, but density perturbations
are known to exist; regardless of their origin, dissipation of these perturbations through pho-
ton diffusion (Silk damping) in the early Universe will distort the CMB spectrum at observ-
able levels [61H65]. The signal can be accurately calculated using simple linear physics and
depends on the amplitude of primordial perturbations at scales with k ~ 1 — 10*Mpc~!, some
ten e-folds further than what can be probed by CMB anisotropies (Fig. [2). If the near scale-
invariance of the power spectrum observed on large scales persists to these much smaller scales,
then the predicted distortion, u =~ (2.3 + 0.14) X 1078 [37, 64, [66], could be observed us-
ing current technology (§IV). Detecting this signal extends our grasp on primordial density

e T perturbations by over three orders

1072 *_PBH | of magnitude in scale, covering

epochs that cannot be probed di-

) rectly in any other way. A non-

10 iy LISA detection at this level would be a

< ¥ serious challenge for ACDM, im-
& 107° SKA mediately requiring new physics.
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K [Mpc—] paradigm, this provides a handle

on higher-order slow-roll parame-
FIG. 2: Forecast constraints (95 % c.l.) on the primordial power spec- ters (i.e., running of the tilt), ben-
trum for features with a k* profile that cuts off sharply at some'! k, [see efiting from a vastly extended lever
67, for more details]. u-distortions constrain perturbations at scales and arm [71~73]]. Outside of standard
levels inaccessible to other probes. slow-roll inflation, large departures
from scale-invariance are well-motivated and often produce excess small-scale power (e.g., fea-
tures [[74H777]] or inflection points [/8-83]] in the potential, particle production [84H88]], waterfall
transitions [89-93]], axion inflation [94-96], etc. [97]), implying the presence of new physical
scales that can be probed with spectral distortions (Fig.[2). In this respect, spectral distortions could
establish a link to a possible primordial origin of the small-scale structure crisis [98, 99]. They
could also place limits on primordial black holes [100-102], testing their role in super-massive
black-hole formation [103] and as DM candidate [91} [104], the latter seeing renewed interest after
the first LIGO/Virgo merger events [105-107]. Spectral distortions are also created by the dis-
sipation of small scale tensor perturbations [108, [109] and depend on the perturbation-type (i.e.,
adiabatic vs. iso-curvature) [110-113], providing ways to test inflation scenarios in uncharted ter-
ritory. Spectral distortion anisotropies furthermore probe local-type primordial non-Gaussianity
at small scales [29, 30} [114H121]], an exciting direction that complements other probes and could
shed light on multi-field inflation scenarios [122].
Dark matter is another example of how spectral distortions probe new physics. Non-baryonic
matter constitutes ~ 25% of the energy density of the Universe, but its nature remains unknown.



The long-favored WIMP-scenario is under increasing pressure [123-128]], and emphasis is grad-
ually shifting focus towards alternatives, prominent examples being axions, sterile neutrinos, sub-
GeV DM or primordial black holes [100} [129-134]. To solve this puzzle, a multi-tracer approach
that combines different particle physics and cosmological probes is needed. Measurements of the
CMB anisotropies themselves have clearly helped to establish the presence of DM on cosmolog-
ical scales and provided tight constraints on DM annihilation and decay [135-143] and DM-SM-
interactions [144-149]. However, for DM annihilation and decay CMB anisotropies quickly lose
constraining power before recombination (z > 10°), being impeded by cosmic variance. Sim-
ilarly, measurements of light-element abundances [135, [150-152], which are only sensitive to
non-thermal energy release above nuclear dissociation thresholds in the pre-recombination era
[15) [153], saturated their limits due to astrophysical uncertainties. This is where CMB spectral
distortions offer a valuable complementary probe. For decaying particle scenarios, distortions are
sensitive to particles with lifetimes # ~ 10% — 10'? s [11}, [13} [154-158]), providing direct measure-
ment of particle lifetimes via r-type distortions [14, [15]. Similarly, annihilating particles can be
constrained using distortions; u-distortions are sensitive to light particles (m < 100 keV) and com-
plement y-ray searches for heavier particles [14, [159]. The rich spectral information added by
various non-thermal processes [16, [20-22) 24, 25]] will allow us to glean even more information
about the nature of dark matter. Significant theoretical work is required, although it is already
clear that in addition to the aforementioned examples distortions can meaningfully probe scenarios
involving axions [160-162], gravitino decays [155} [163]], strings [164, [165]], DM-SM-interactions
[141) 1166} 167], macros [168] and primordial magnetic fields [[169H172]].

III. PRECISION TESTS OF ACDM AND THE STANDARD MODEL

Spectral distortions also enable new tests of the standard cosmological model. The cosmologi-
cal recombination and reionization eras as well as the cosmic dark ages mark important transitions
in the evolution of our Universe. The largest all-sky distortion signal is indeed caused by the
reionization and structure-formation processes [26, [173-177]. Energy output from the first stars
and shocks heats the baryons and electrons, which then up-scatter CMB photons to create a y-type
distortion. The overall distortion is expected to reach y ~ few X 107 26, (176 178 [179], only one
order of magnitude below the current upper limit placed by COBE/FIRAS. Such a distortion must
exist and provides a measurement of the total thermal energy in (ionized) baryons in the Universe.
A large part of the signal is due to halos with masses M ~ 10'* M, containing gas with an electron
temperature of k7. ~ 2keV. This causes a relativistic temperature correction [180-H184] to the y-
distortion that can directly tell us about feedback mechanisms [[179]. The low-redshift y-distortion
from reionization is furthermore anisotropic [e.g., 26-28]] and thus opens new opportunities for
cross-correlation studies (e.g., with CMB and 21 cm tomography).

The cosmological recombination process causes another small but inevitable distortion of the
CMB. Line emission from hydrogen and helium injects photons into the CMB, which after red-
shifting from z ~ 10° is visible today as complex frequency structure in the microwave bands
(Fig. [1) 17, [185H192]]. The cosmological recombination radiation (CRR) has a simple depen-
dence on cosmological parameters and the dynamics of recombination; since it includes not only
hydrogen but also two helium recombinations, it probes eras well beyond the last-scattering surface
observed by CMB anisotropies [18} 19, [193]. Cosmological recombination is furthermore crucial
for understanding and interpreting the CMB temperature and polarization anisotropies [[194-197].
It is thus critical to test our physical assumptions during this era [1985201]. The CRR provides
one of the most direct methods to achieve this. The CRR also enables a pristine measurement of
the primordial helium abundance, long before the first stars have formed. It would thus break cos-
mological parameter degeneracies, e.g., between the primordial helium abundance and neutrino



number [[19]]. Finally, interactions of CMB photons with atoms can imprint additional frequency-
dependent signals through resonance [202H209] and Rayleigh scattering effects [210, 211]], both of
which provide independent ways for learning about recombination, the dark ages and reionization.

IV. THE PATH FORWARD WITH CMB SPECTRAL DISTORTIONS
The seminal measurements of the CMB blackbody spectrum by COBE/FIRAS in the early *90s
cemented the Hot Big Bang model by ruling out any energy release greater than AU/U ~ 107>
of the energy in CMB photons [4, 5, 212]. Advances since then, in both detector technology
and cryogenics, could improve this sensitivity by four orders of magnitude or more (e.g., with
experimental concepts like PIXIE [213, 214] or PRISM [33]]), opening an enormous discovery
space for both predicted distortion signals and those caused by new physics.

COBE/FIRAS was not background limited; its sensitivity was set instead by phonon noise from
the 1.4 K detector. Modern detectors, operating at ~ 0.1 K, would have detector (dark) noise well
Wavelength below Fhe intri.ns?c limit set b){ pho—
3 cm 3 mm 300 um ton arrival statistics. The sensitivity
‘ SRR : of a background-limited instrument
could be further improved by increas-

......... ing the instrument’s collecting area.
Figure 3| compares several pre-
dicted spectral distortions [e.g., 137]]
and the largest astrophysical fore-
grounds' to the sensitivity of pos-
sible next-generation spectrometers.
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FIG. 3: Spectral distortions are observable using current technology. ARCADE [217,, 218]). However, be-
The signal amplitudes and required foreground cleaning are compara- cquse the distortions peak at frequen-
ble to planned B-mode searches. cies above 200 GHz, broad frequency
coverage outside the atmospheric windows ultimately requires a space mission to detect u ~ 1078
or the CRR [219-224]. Both the anticipated signal levels (in the range 1-100 Jy sr™!) and level of
foreground cleaning are comparable to those encountered for next-generation CMB polarization
measurements [e.g.,[225]]. Therefore, much of the technology and analysis techniques are directly
transferable, although a new synergistic approach (combining multiple data sets) and observing
strategy (e.g., small-patch vs. all-sky) have yet to be developed.

To conclude, CMB spectral distortions probe many processes throughout the history of the
Universe. Precision spectroscopy, possible with existing technology, would provide key tests for
processes expected within the CSM and open an enormous discovery space for new physics. This
offers unique scientific opportunities for furthering our understanding of inflation, recombination,
reionization and particle physics. Many experimental and theoretical challenges have to be over-
come before we can fully exploit this new window to early- and late-universe physics. However,
the potential gains are immense and the field is entering a phase of accelerated growth after decades
of dormancy. With a coordinated approach, the next decade could thus see new precision measure-
ments of one of the fundamental observables of our Universe'.
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Notes

iWhen referring to the cosmological standard model (CSM) we assume the ACDM parameterization, supple-
mented by the Standard Model of particle physics, admitting that the presence of dark matter and dark energy requires
physics beyond the latter.

iiTo avoid the unrealistic GW spectrum generated by a é-function scalar power spectrum, we plot all integrated
constraints using a k* spectrum — see [67] for the reason for this choice. The peak sensitivity for u-distortions is
effectively unchanged were we to instead plot constraints for -function features in the power spectrum with the same
integrated power (see Fig. 9 therein), and also [226].

iii At high frequencies, these are dominated by dust from the galaxy and the cosmic infrared background, while at
low frequencies it is synchrotron and free-free emission.
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