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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 modeli (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 ΛCDM concordance model [1–3].

But the quest continues. Despite its many successes, ΛCDM 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
T0 = (2:7255±0:0006) K [4, 5], with possible distortions limited to one part in 105. 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 × 106. Exam-
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for the simplest inflationary models. CMB polarization measurements so far only provide upper
limits [56, 57] with no firm target from theory for a guaranteed detection. However, detection of
a tensor to scalar ratio of r ' 10−3 is a distinguishing benchmark for large-field models, which in
certain realizations further manifest the specific relation r ' (1 − nS)2 [e.g., 40, 58].

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 [59–63]. The signal can be accurately calculated using simple linear physics and
depends on the amplitude of primordial perturbations at scales with k ' 1 − 104 Mpc−1, 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, � ' (2:3 ± 0:14) × 10−8 [37, 62, 64], could be observed us-
ing current technology (§IV). Detecting this signal extends our grasp on primordial density
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FIG. 2: Forecast constraints (95 % c.l.) on the primordial power spec-
trum for features with a k4 profile that cuts off sharply at someii kp [see
65, for more details]. �-distortions constrain perturbations at scales and

levels inaccessible to other probes.

perturbations by over three orders
of magnitude in scale, covering
epochs that cannot be probed di-
rectly in any other way. A non-
detection at this level would be a
serious challenge for ΛCDM, im-
mediately requiring new physics.

Measurements of �-distortions
are directly sensitive to the power
spectrum amplitude and its scale-
dependence around k ' 103 Mpc−1

[15, 66–68]. Within the slow-roll
paradigm, this provides a handle
on higher-order slow-roll parame-
ters (i.e., running of the tilt), ben-
efiting from a vastly extended lever
arm [69–71]. Outside of standard
slow-roll inflation, large departures

from scale-invariance are well-motivated and often produce excess small-scale power (e.g., fea-
tures [72–75] or inflection points [76–81] in the potential, particle production [82–86], waterfall
transitions [87–91], axion inflation [92–94], etc. [95]), 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 [96, 97].
They could also place limits on primordial black holes [98–100], testing their role in super-massive
black-hole formation [101] and as DM candidate [89, 102], the latter seeing renewed interest after
the first LIGO/Virgo merger events [103–105]. Spectral distortions are also created by the dis-
sipation of small scale tensor perturbations [106, 107] and depend on the perturbation-type (i.e.,
adiabatic vs. iso-curvature) [108–111], 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, 112–119], an exciting direction that complements other probes and could
shed light on multi-field inflation scenarios [120].

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.
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