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Mather et al., 1994, ApJ, 420, 439 
Fixsen et al., 1996, ApJ, 473, 576  
Fixsen et al., 2003, ApJ, 594, 67  

COBE / FIRAS (Far InfraRed Absolute Spectrophotometer)

Nobel Prize in Physics 2006!

 Error bars a small fraction 
of the line thickness!

Theory and Observations

Average spectrum



(Te >> Tγ)

thermal SZ effect

Sunyaev & Zeldovich, 1980, ARAA, 18, 537

Compton y-distortion

• also known from thSZ effect 
• up-scattering of CMB photon 
• important at late times 

(z<50000) 
• scattering `inefficient’

• important at very times (z>50000) 
• scattering `very efficient’

Chemical potential µ-distortion

Sunyaev & Zeldovich, 1970, ApSS, 2, 66

Classical types of primordial CMB distortions

Blackbody  
restored
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     CMB distortions probe the 
thermal history of the 
Universe at z < few x 106

pre- post-recombination epoch
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Measurements of CMB spectrum will open a new 
unexplored window to the early Universe!
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y-distortion 

µ-distortion 
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temperature-shift, zh > few x 106

µ-distortion at zh ~ 3 x 105
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µ+y + residual distortion

         
pre- post-recombination epoch

         

y-distortion era
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CMB spectrum adds another dimension to the problem!
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extra time-slicing at recombination

New hybrid era
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Discovery Space
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                              Decaying particles / Primordial Black Holes / Axions

Primordial Magnetic Fields

WIMP annihilation
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Dramatic improvements in angular resolution and 
sensitivity over the past decades!

~ 7 degree 
beam

~ 0.3 degree 
beam

~ 0.08 degree 
beam

Measurements of the CMB energy spectrum on the other 
hand are still in the same state as some ~20+ years ago!



PIXIE: Primordial Inflation Explorer

• 400 spectral channel in the frequency 
range 30 GHz and 6THz (Δν ~ 15GHz) 

• about 1000 (!!!) times more sensitive 
than COBE/FIRAS  

• B-mode polarization from inflation          
(r ≈ 10-3) 

• improved limits on µ and y  
• was proposed 2011 and 2016 as NASA 

EX mission (i.e. cost ~ 250 M$)

Kogut et al, JCAP, 2011, arXiv:1105.2044

Average spectrum



Courtesy Al Kogut & Dale FixsenKogut et al, BAAS, 2019, 2019, arXiv:190713195

Built on the heritage of FIRAS



NASA 30-yr Roadmap Study 
(published Dec 2013)

How does the Universe work? 

“Measure the spectrum of the 
CMB with precision several orders 
of magnitude higher than COBE 
FIRAS, from a moderate-scale 
mission or an instrument on CMB 
Polarization Surveyor.”

➡ Ongoing NASA  
Decadal Review

Super-PIXIE



APSERa



COSMO at Dome C 
COSmological Monopole Observer 

Elia Battistelli on behalf of Silvia Masi  
for the COSMO collaboration 

Taken from a talk by Elia Battistelli

Pagina 24 

•  Concordia station: 

•  75° 06’ S – 123° 21’ E 

•  3233 m a.s.l. 
•  <T>=-50°    ;    min(T)=-85° 

 
•  High altitude but fully logistical 

supported 

•  16 crew-members during winter. 
Maximum 80 people during summer 

•  Diffusely site tested at all 
wavelengths and continuous 
atmospheric monitoring 

•  Water Vapour Content ~75% of the 
time below 0.4mm PWV       
(Tremblin et al., 448 A65 A&A 2012) 

•  Circular and linear polarizations 
constrained to  

•  CP<0.19%;  
•  LP<0.11% (Battistelli et al., 

423 1293 MNRAS  2012) 

Elia Battistelli for the COSMO collaboration 

  
Concordia station at Dome-C





Most recent activities

Decadal science WP submitted in Feb

PI: Nabila Aghanim
F-class: Spectrometer

BISOU
a Balloon Interferometer for 
Spectral Observations of the 
primordial Universe

PI: Bruno Maffei
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Average CMB spectral distortions
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JC, 2016, MNRAS (ArXiv:1603.02496)



Average CMB spectral distortions
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Signal detectable with very 
high significance using 
present day technology!

⇒ relativistic corrections 
measurable! (Hill et al. 2015) 

Reionization & 
structure formation



Theoretical estimate for the y2 -weighted temperature

Remazeilles, Bolliet, Rotti & JC, MNRAS, 2019

CLASS-SZ computation

Talk by Mathieu Remazeilles



Average CMB spectral distortions
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JC, 2016, MNRAS (ArXiv:1603.02496)



Learning about feedback processes using average rSZ13

FIG. 8: Theoretical predictions and forecasted constraints for the late-time Compton-y and relativistic SZ
spectral distortions due to structure formation and reionization, with y = 2⇥10

�6 and kTe = 1.3 keV as fiducial
values [277]. The light blue ellipse encompasses the approximate range of several current predictions for
these quantities. Each of the labeled squares denotes a specific prediction from the simulations of [278],
where only the sub-grid feedback model is varied. The green rectangle indicates the range of results for
the cosmo-OWLS simulations [279]. The red ellipses show the forecasted constraints on these quantities
for PRISTINE and PIXIE (is hardly visible for PIXIE); more powerful missions in the Voyage 2050 program

would provide even tighter constraints.

state-of-the-art cosmological hydrodynamics simulations [278, 279], including precise predictions
from different feedback implementations. The figure also shows forecasted constraints for PRIS-
TINE and PIXIE, as illustrative spectral distortion missions. It is clear that such measurements will
strongly distinguish between current sub-grid feedback models, yielding significant breakthroughs
in our understanding of galaxy formation. A direct measurement of the average rSZ temperature
would also shed new light on the ’missing baryon problem’ [273] without the need to resolve the
warm-hot-intergalactic medium, a unique opportunity that we should make use of in the future.

The late-time y-distortion has an additional contribution at the level of y ' few ⇥ 10
�8 due to

second-order Doppler terms from the large-scale velocity field [272, 288]. This signal and the
average distortion from the reionized ' 10

4 K gas could be accessed by masking resolved SZ
clusters, or by isolating the latter signal through cross-correlations with galaxy and cluster catalogs.
This procedure also reduces one of the largest primordial distortion foregrounds, the low-redshift
y-distortion itself, and would therefore allow us to tighten the upper limits on early energy release
occurring at z ' 10

3
� 10

4, a unique opportunity for combining CMB spectroscopy and imaging.
Measurements at ⌫ & 500 GHz will furthermore probe the total cosmic ray energy density of the
Universe through the non-thermal relativistic SZ effect [26, 289–291].

2.8. Line Intensity Mapping

The measurement of the integrated Far-IR background [292] was a significant legacy of the
COBE/FIRAS mission. The amplitude of the Far-IR background suggests that half of the starlight
in the Universe is absorbed and reprocessed through thermal dust emission. Similarly to the
other spectral distortions, the extragalactic background light provides a synoptic view of energetic
processes in all galaxies. The COBE/FIRAS measurement of integrated dust emission became
a reference point for two decades of fruitful observations to resolve the sources of this emission
into individual galaxies. The continuum radiation spectrum has no identifiers for the redshift of
its emission, but cross-correlation with a galaxy redshift survey permits some dissection of the
emission into its constituent redshifts [293]. Future spectral surveys will be able to measure not
only the dust continuum but also the integral of diffuse line radiation (namely CO ladder, [CII]

http://arxiv.org/abs/1909.01593

• Models highly uncertain
• Tight constraints from 

spectral distortions
• Census of all the hot 

gas in the Universe 
from y parameter

Accessible through future 
X-ray and SZ observations 

Accessible using CMB spectral distortions
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Minimal Cluster Mass [M⊙/h]

Bolliet et al., in prep



The dissipation of small-scale acoustic modes



Dissipation of small-scale acoustic modes

Planck collaboration: CMB power spectra, likelihoods, and parameters
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Figure 47. CMB-only power spectra measured by Planck (blue),
ACT (orange), and SPT (green). The best-fit PlanckTT+lowP
⇤CDM model is shown by the grey solid line. ACT data at
` > 1000 and SPT data at ` > 2000 are marginalized CMB
bandpowers from multi-frequency spectra presented in Das et al.
(2013) and George et al. (2014) as extracted in this work. Lower
multipole ACT (500 < ` < 1000) and SPT (650 < ` < 3000)
CMB power extracted by Calabrese et al. (2013) from multi-
frequency spectra presented in Das et al. (2013) and Story et al.
(2012) are also shown. Note that the binned values in the range
3000 < ` < 4000 appear higher than the unbinned best-fit line
because of the binning (this is numerically confirmed by the re-
sidual plot in Planck Collaboration XIII 2015, figure 9).

spectra are reported in Fig. 47. We also show ACT and SPT
bandpowers at lower multipoles as extracted by Calabrese et al.
(2013). This figure shows the state of the art of current CMB
observations, with Planck covering the low-to-high-multipole
range and ACT and SPT extending into the damping region. We
consider the CMB to be negligible at ` > 4000 and note that
these ACT and SPT bandpowers have an overall calibration un-
certainty (2 % for ACT and 1.2 % for SPT).

The inclusion of ACT and SPT improves the full-mission
Planck spectrum extraction presented in Sect. 5.5 only margin-
ally. The main contribution of ACT and SPT is to constrain
small components (e.g., the tSZ, kSZ, and tSZ⇥CIB) that are
not well determined by Planck alone. However, those compon-
ents are sub-dominant for Planck and are well described by the
prior based on the 2013 Planck+highL solutions imposed in the
Planck-alone analysis. The CIB amplitude estimate improves by
40 % when including ACT and SPT, but the CIB power is also
reasonably well constrained by Planck alone. The main Planck
contaminants are the Poisson sources, which are treated as in-
dependent and do not benefit from ACT and SPT. As a result,
the errors on the extracted Planck spectrum are only slightly re-
duced, with little additional cosmological information added by
including ACT and SPT for the baseline ⇤CDM model (see also
Planck Collaboration XIII 2015, section 4).

6. Conclusions

The Planck 2015 angular power spectra of the cosmic mi-
crowave background derived in this paper are displayed in

Fig. 48. These spectra in TT (top), T E (middle), and EE (bot-
tom) are all quite consistent with the best-fit base-⇤CDM model
obtained from TT data alone (red lines). The horizontal axis is
logarithmic at ` < 30, where the spectra are shown for individual
multipoles, and linear at ` � 30, where the data are binned. The
error bars correspond to the diagonal elements of the covariance
matrix. The lower panels display the residuals, the data being
presented with di↵erent vertical axes, a larger one at left for the
low-` part and a zoomed-in axis at right for the high-` part.

The 2015 Planck likelihood presented in this work is based
on more temperature data than in the 2013 release, and on
new polarization data. It benefits from several improvements
in the processing of the raw data, and in the modelling of
astrophysical foregrounds and instrumental noise. Apart from
a revision of the overall calibration of the maps, discussed
in Planck Collaboration I (2015), the most significant improve-
ments are in the likelihood procedures:

(i) a joint temperature-polarization pixel-based likelihood at
`  29, with more high-frequency information used for fore-
ground removal, and smaller sky masks (Sects. 2.1 and 2.2);

(ii) an improved Gaussian likelihood at ` � 30 that includes
a di↵erent strategy for estimating power spectra from data-
subset cross-correlations, using half-mission data instead of
detector sets (which allows us to reduce the e↵ect of cor-
related noise between detectors, see Sects. 3.2.1 and 3.4.3),
and better foreground templates, especially for Galactic dust
(Sect. 3.3.1) that allow us to mask a smaller fraction of the
sky (Sect. 3.2.2) and to retain large-angle temperature in-
formation from the 217 GHz map that was neglected in the
2013 release (Sect. 3.2.4).

We performed several consistency checks of the robustness
of our likelihood-making process, by introducing more or less
freedom and nuisance parameters in the modelling of fore-
grounds and instrumental noise, and by including di↵erent as-
sumptions about the relative calibration uncertainties across fre-
quency channels and about the beam window functions.

For temperature, the reconstructed CMB spectrum and er-
ror bars are remarkably insensitive to all these di↵erent as-
sumptions. Our final high-` temperature likelihood, referred to
as “PlanckTT” marginalizes over 15 nuisance parameters (12
modelling the foregrounds, and 3 for calibration uncertainties).
Additional nuisance parameters (in particular, those associated
with beam uncertainties) were found to have a negligible impact,
and can be kept fixed in the baseline likelihood.

For polarization, the situation is di↵erent. Variation of the as-
sumptions leads to scattered results, with larger deviations than
would be expected due to changes in the data subsets used, and
at a level that is significant compared to the statistical error bars.
This suggests that further systematic e↵ects need to be either
modelled or removed. In particular, our attempt to model cal-
ibration errors and temperature-to-polarization leakage suggests
that the T E and EE power spectra are a↵ected by systematics at
a level of roughly 1 µK2. Removal of polarization systematics at
this level of precision requires further work, beyond the scope of
this release. The 2015 high-` polarized likelihoods, referred to
as “PlikTE” and “PlikEE”, or “PlikTT,EE,TE” for the com-
bined version, ignore these corrections. They only include 12
additional nuisance parameters accounting for polarized fore-
grounds. Although these likelihoods are distributed in the Planck
Legacy Archive,15 we stick to the PlanckTT+lowP choice in the
baseline analysis of this paper and the companion papers such

15 http://pla.esac.esa.int/pla/

56



Hu & White, 1997, ApJ

Silk-damping is 
equivalent to 
energy release!

Dissipation of small-scale acoustic modes
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Tb = (T1 +T2)/2

⟹

Distortion due to mixing of blackbodies

JC, Hamann & Patil, 2015

Mixing is mediated by Thomson scattering ⇒ Silk damping



Average CMB spectral distortions

1 3 6 10 30 60 100 300 600 1000 3000
ν  [GHz]

10-1

100

101

102

103

104
Δ

I  
[ J

y 
sr

-1
]

low redshift y-distortion for y = 2 x 10-6

relativistic correction to y signal
Damping signal

negative
 branch

negative branch

PIXIE sensitivity

negative 
branch

Late time
absorption

Computed directly 
with CosmoTherm 
(with description of JC, Khatri 
& Sunyaev, 2012 for heating)

y = 3.63+0.17
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Distortions provide new power spectrum constraints!

• Amplitude of power spectrum rather uncertain at k > 3 Mpc-1 

• improved limits at smaller scales can rule out many inflationary models

Bringmann, Scott & Akrami, 2011, ArXiv:1110.2484 

CMB et al.

rather model dependent

CMB distortions

• CMB spectral distortions would extend our lever arm to k ~ 104 Mpc-1 

• very complementary piece of information about early-universe physics

              

e.g., JC, Khatri & Sunyaev, 2012; JC, Erickcek & Ben-Dayan, 2012; JC & Jeong, 2013

Probe extra 
≃10 e-folds 
of inflation!



• Amplitude of power spectrum rather uncertain at k > 3 Mpc-1 

• improved limits at smaller scales can rule out many inflationary models

Bringmann, Scott & Akrami, 2011, ArXiv:1110.2484 

rather model dependent

e.g., JC, Khatri & Sunyaev, 2012; JC, Erickcek & Ben-Dayan, 2012; JC & Jeong, 2013

FIRAS 
(JC, Erickcek & 
Ben-Dayan, 2012)

y µ

• CMB spectral distortions would extend our lever arm to k ~ 104 Mpc-1 

• very complementary piece of information about early-universe physics

CMB et al.
PIXIE 
(Abitbol, JC, Hill and Johnson, 2017)

Distortions provide new power spectrum constraints!
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FIG. 3: Expected sensitivity to running of the spectral index, nrun, when combining CMB anisotropy mea-
surements with a spectrometer of varying sensitivity to µ. Across the colored band the fiducial value for nrun

is varied. In all cases, a spectrometer leads to improvements of the constraint once �(µ) ' 2 ⇥ 10
�8 can

be reached. The improvement depends on the fiducial value of nrun. For reference, the case nrun = 0 as
expected from generic slow-roll scenarios is shown as solid black line. The shaded regions give plausible

ranges for �(µ) expected for the annotated concepts (Sect. 3.2).

e-folds further than what can be probed by CMB anisotropies (Fig. 2). Given an initial curvature
power spectrum, P(k) = 2⇡2k�3

P(k), the average µ-distortion can be estimated with [e.g., 86, 87]:

hµi ⇡

Z
k2

dk
2⇡2

P(k) Wµ(k), (1)

using an appropriate k-space window function, Wµ(k), which receives most of its contributions from
k ' 10

2
Mpc

�1
� 10

4
Mpc

�1. If the near scale-invariance of the power spectrum observed on large
scales persists to these much smaller scales, then the predicted distortion, µ ' (2.3 ± 0.14) ⇥ 10

�8

[36, 84, 88], could be observed using current technology (Sect. 3). Detecting this signal extends
our grasp on primordial density perturbations by over three orders of magnitude in scale, covering
epochs that cannot be probed directly in any other way. A non-detection at this level would be a
serious challenge for ⇤CDM, immediately requiring new physics.

Measurements of µ-distortions are directly sensitive to the power spectrum amplitude and its
scale-dependence around k ' 10

3
Mpc

�1 [18, 86, 89, 90]. Within the slow-roll paradigm, this
provides a handle on higher-order slow-roll parameters (often parametrized as running of the tilt
or running of the running), benefiting from a vastly extended lever arm [18, 91–93]. Outside of
standard slow-roll inflation, large departures from scale-invariance are well-motivated and often
produce excess small-scale power (e.g., features [94–96] or inflection points [97–102] in the po-
tential, particle production [103–107], waterfall transitions [108–112], axion inflation [113–115],
etc. [87]), implying the presence of new physical scales that can be probed with spectral distor-
tions (Fig. 2). In this respect, a non-detection of the predicted µ-distortions could establish a link
to a possible primordial origin of the small-scale structure crisis [116, 117]. Spectral distortions
are also created by the dissipation of small-scale tensor perturbations [118, 119] and depend on
the perturbation-type (i.e., adiabatic vs. iso-curvature) [120–123], providing additional ways to test
inflation scenarios in uncharted territory.

Constraints on running of the scalar spectral index

http://arxiv.org/abs/1909.01593
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FIG. 7: The cosmological recombination radiation arising from the hydrogen and helium components. The
helium distortion (blue) is the net accumulation of the HeI and HeII emission along with other effects (i.e.
helium absorption and collisions). The spectral series of hydrogen have also been highlighted. The unique
spectral shapes given by the CRR would provide us with a revolutionary new cosmological probe of the

atomic physics in the early Universe.

surements can be used to derive stringent constraints. The shape of the ALPs distortion depends
upon the mass of the axions and the density of electrons in the Milky Way. For the best-fit model
of electron density [245] and magnetic field [246, 247] of the Milky Way, ALPs in the mass range
from a mALP ' few ⇥10

�13 eV to a few ⇥10
�12 eV can be probed by the process of resonant con-

version. The measurement of this large angular scale spectral distortion signal requires both wide
frequency- and sky-coverage, which is possible only with space-based CMB missions. The same
physical effect also arises in galaxy clusters [248] and produces polarized spectral distortions that
can be measured using high-resolution CMB experiments with an imaging telescope [58, 249].

Along with the resonant conversion of CMB photons into ALPs, there will also be a non-
resonant conversion of CMB photons into ALPs, as the CMB photons propagate through the
turbulent magnetic field of our galaxy, IGM and voids [184]. This leads to an unpolarized spectral
distortion of the CMB blackbody. This avenue will provide stringent constraints on the coupling
strength g��a for all the masses of ALPs below ' 10

�11 eV. The first constraint of this kind of
distortion is obtained from the data of Planck satellite [250].

This new probe of ALP physics will be accessible with a CMB spectrometers like PIXIE or
Super-PIXIE. In this way, we can explore a new parameter space of the coupling strength g��a
and ALP masses, which are currently beyond the reach of particle-physics experiments. Spectral
distortions are capable of discovering ALPs even if they are a fraction of DM and hence will open
a completely new complementary window for studying ALPs in nature. The discovery space is
enormous and provides a direct cosmological probe into the string axiverse [229].

2.6. The Cosmological Recombination Radiation

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 redshift-
ing from z ' 10

3 are visible today as complex frequency structure in the microwave bands (Fig. 7)
[20, 251–258]. The cosmological recombination radiation (CRR) has a simple dependence 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 ob-
served by CMB anisotropies [21, 22, 259]. Modern computations now include the bound-bound
and free-bound contributions from hydrogen, neutral helium and hydrogenic helium and thus allow
precise modeling of the total signal and its parameter dependences [22].

Another way to do CMB-based cosmology! 
Direct probe of recombination physics!

Cosmological Recombination Radiation

http://arxiv.org/abs/1909.01593
Courtesy Luke Hart
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Figure 7. Photon injection Green’s function for injection at intermediate redshifts, 5 ⇥ 104 . zi . 3 ⇥ 105. The photon injection Green’s function shows a rich
phenomenology. We have x ' 0.017 (⌫/GHz).
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FIG. 1. Absolute value of the photon distortion �⇢�/⇢� for
DM collisions with protons, for a velocity-independent cross
section �0. The solid curves are labelled by the DM particle
mass. The upper dashed curve indicates the approximate
constraint from FIRAS �⇢�/⇢�  5 ⇥ 10�5 [19]. The lower
dotted curve indicates the approximate forecasted sensitivity
of PIXIE �⇢�/⇢� ⇠ 10�8 [20].

baryon collisions we obtain, using Eqs. (15) and (4),

�
�b
n  Cn

m�

mb

✓
1 +

mb

m�

◆ 3�n
2

✓
amax

aµ

◆n+3
2 m�/mmax

�

.(17)

For DM-proton collisions, the numerical constants Cn are
(1.4 ⇥ 10�30

, 1.1 ⇥ 10�27
, 8.2 ⇥ 10�25

, 5.5 ⇥ 10�22) cm2

for n = (�1, 0, 1, 2) respectively. For DM-electron col-
lisions, the corresponding values are (1.4 ⇥ 10�30

, 2.6 ⇥
10�29

, 4.5 ⇥ 10�28
, 7.0 ⇥ 10�27) cm2. The constraint on

the DM-photon cross section is obtained similarly from
Eqs. (15) and (10):

�
��
p . Dp

m�

MeV

✓
amax

aµ

◆(p+2)m�/mmax
�

, (18)

with Dp = (6.3, 5.6, 3.7, 2.0, 0.4) ⇥ 10�37 cm2 for p =
(�1, 0, 1, 2, 4), respectively.

Equations (16), (17) and (18) are the main results of
this Letter. Given a sensitivity �max, they allow to ob-
tain upper limits on DM-baryon and DM-photon cross
sections with power-law dependence on the baryon-DM
relative velocity or photon energy, up to a maximal DM
mass m

max

� .
We plot in Fig. 2 the current constraints on the energy-

independent cross sections �
�p
0

, �
�e
0

, �
��
0

as a function
of the DM mass given the FIRAS measurements. We
also show the forecasted constraints for the sensitivity of
PIXIE.

Comparison with previous bounds – Most direct
detection experiments only constrain DM-nucleon cross
sections for masses m� & few GeV, required to produce
su�cient nuclear recoil. Ref. [21] derive constraints on
the ratio �n/m� for DM-proton collisions in the limit
m� � mH, using CMB anisotropy and LSS data. Spec-
tral distortions therefore provide a probe of DM-nuclei
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FIG. 2. Current upper bounds from FIRAS (solid) and
forecasted detection thresholds from PIXIE (dotted) on the
energy-independent DM-proton (purple), DM-electron (blue)
and DM-photon (red) cross sections �0, as a function of the
DM mass. Masses m� � 0.18 MeV are unconstrained by FI-
RAS as the distortion can never reach �⇢�/⇢� = 5 ⇥ 10�5,
even for infinititely large cross section. PIXIE will extend
the domain of constrainable masses by four orders of mag-
nitude, up to m� ⇡ 1.3 GeV. For comparison, we also show
the constraints on DM-electron scattering from XENON10
data [6] and the limits on DM-photon scattering from Milky
Way satellite counts [28]. No other probe currently constrains
DM-proton scattering in the range of masses shown.

scattering in a mass range complementary to the one
currently constrained. In particular, our limits on DM-
proton scattering from FIRAS measurements are the only
existing bounds for m� . 0.1 MeV.

Ref. [6] have set the first constraints on the scattering
of sub-GeV DM with electrons, which could lead to ion-
ization events in the target material [29]. For a velocity-
independent cross section, they find �0 . 3 ⇥ 10�38 cm2

for m� = 100 MeV, significantly better than what we
forecast at the same mass for a PIXIE-type experiment,
�0 . 10�26 cm2. The bound of Ref. [6], however, worsens
rapidly for DM masses below a few MeV. Here again, FI-
RAS limits give the only existing bounds on DM-electron
cross sections for m� . 0.1 MeV.

Ref. [28] give a constraint on the DM-photon energy-
independent cross section using counts of Milky Way
satellites, translating to �0 . 3.7⇥10�36(m�/MeV) cm2.
The constraint we set with FIRAS for m� ⌧ 0.1 MeV is
tighter by a factor of ⇠ 5, and PIXIE will allow to ex-
tend it up to m� ⇡ 1 GeV. We also constrain the p = 2
cross section �2 . 2⇥10�37(m�/MeV), tighter by six or-
ders of magnitude than the limit of Ref. [30] using CMB
anisotropies.

Conclusions – We have set forth a new avenue to
probe DM interactions with standard model particles,
using CMB spectral distortions. We have studied the
e↵ect of DM scattering with either protons, electrons or
photons, for a power-law velocity and energy dependence
of the cross section. We have shown that the FIRAS
measurements can already set constraints on the cross

Ali-Haimoud, JC & Kamionkowski, 2015

Distortion constraints on DM interactions  
through adiabatic cooling effect



Some of the foregrounds and their spatial variation

Planck Collaboration: Di↵use component separation: Foreground maps
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Fig. 11. Maximum posterior (top) and posterior rms (bottom) thermal dust intensity maps derived from the joint baseline analysis
of Planck, WMAP, and 408 MHz observations.
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Planck Collaboration: Di↵use component separation: Foreground maps

Asd

0.01 0.1 1 10
mKRJ @ 30 GHz

Fig. 10. Maximum posterior (top) and posterior rms (bottom) spinning dust intensity maps derived from the joint baseline analysis
of Planck, WMAP, and 408 MHz observations. The top panel shows the sum of the two spinning dust components in the base-
line model, evaluated at 30 GHz, whereas the bottom shows the standard deviation of only the primary spinning dust component,
evaluated at 22.8 GHz.
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Planck Collaboration: Di↵use component separation: Foreground maps

A�

0 10 100 1000
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Fig. 9. Maximum posterior (top) and posterior rms (bottom) free-free emission measure maps derived from the joint baseline analysis
of Planck, WMAP, and 408 MHz observations.
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Planck Collaboration: Di↵use component separation: Foreground maps
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KRJ @ 408 MHz

Fig. 8. Maximum posterior (top) and posterior rms (bottom) synchrotron intensity maps derived from the joint baseline analysis of
Planck, WMAP, and 408 MHz observations.
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FIG. 9: Level of the expected CSM spectral distortion signals and cumulative astrophysical foregrounds.
The estimated sensitivities for various mission concepts are illustrated as well as their channel distribution.
The Super-PIXIE high and mid-frequency bands merged around ⌫ ' 600 GHz. Within the ESA Voyage 2050
program the ' 0.01� 0.1 Jy/sr level could be targeted, yielding clear detections of µ ' 2⇥ 10

�8 and the CRR.

3.2. Foreground Challenge for CMB Spectral Distortion

Robust detection of spectral distortion signals in the presence of bright astrophysical fore-
grounds requires observations over multiple decades in frequency, between ' 10 GHz and a
few⇥THz. Our current understanding of the intensity foregrounds comes primarily from Planck,
WMAP and assorted ground-based experiments. At the sensitivities of these observations, the
intensity foregrounds could be modeled with sufficient accuracy using a limited set of parameters.
We use this foreground parametrization to make spectral distortion forecasts [320]. Figure 9 com-
pares several predicted spectral distortions [e.g., 36, for overview] and the largest astrophysical
foregrounds to the sensitivity of possible next-generation spectrometers. At high frequencies, the
foregrounds are dominated by dust emission from the Milky Way and the cosmic infrared back-
ground, while at low frequencies Galactic synchrotron and free-free emission dominate.

Pioneering steps towards y ' 10
�7
� 10

�6 and technology development may be possible from
the ground and balloons, using concepts similar to COSMO, OLIMPO [321, 322], ARCADE [323,
324] and BISOU [325]. However, because the distortions peak at frequencies above 200 GHz,
broad frequency coverage outside the atmospheric windows ultimately requires a space mission
to detect µ ' 10

�8 or the CRR [269, 270, 301, 320, 326, 327]. To prepare for the analysis of CMB
spectral distortions, we will be able to capitalize on existing analysis techniques [e.g., 328] used in
CMB anisotropy studies, although a new synergistic approach (combining multiple data sets) and
observing strategy (e.g., small-patch vs. all-sky) have yet to be fully developed.

Using the known foreground signals, expected CMB spectral distortions, and realistic frequency
coverage and sensitivity estimated from currently existing technologies (see Fig. 9), we produce
forecasts for various spectrometer concepts, summarized in Fig. 10. A detailed description of the
forecasting method can be found in Abitbol et al. [320]. The key points are as follows: a pathfinding
concept like PRISTINE could detect the relativistic SZ distortion at ' 2�, measure the expected
y-distortion at high significance and deliver an upper limit of |µ| < 8 ⇥ 10

�7 (95% c.l.) using readily
available technology with only 2 years of integration time. This would already yield important con-
straints on galactic feedback models (Fig. 8) and also provides us with invaluable information about
distortion foregrounds. Should polarization sensitivity be included, these observations could also
be used to obtain a cosmic-variance-limited measurement of ⌧ and further mitigate foregrounds in
planned B-mode polarization searches [319].

Comparison of distortion signals with foregrounds

http://arxiv.org/abs/1909.01593 Forecasts based on Abitbol, JC & Hill, 1705.01534



Forecasted sensitivities of different spectrometer concepts

• Greatly improved limit on µ ‘easy’, but a detection of ΛCDM value will be hard 
• Measurement of relativistic correction signal very robust even with foregrounds 
• Low-frequency measurements from the ground are required

Abitbol, JC & Hill, 1705.01534
Courtesy Aditya Rotti
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Recovering cosmological observables

Noise RMS : 50 Jy/px

Bias

Talk by Aditya Rotti



Voyage 2050 Roadmaps towards distortion measurements

• Option 1: combination of CMB imager + spectrometer
- Synergistic approach (e.g., channel cross calibrations)

- Ultimate distortion measurement likely beyond
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Voyage 2050 Roadmaps towards distortion measurements

• Option 1: combination of CMB imager + spectrometer
- Synergistic approach (e.g., channel cross calibrations)

- Ultimate distortion measurement likely beyond

• Option 2: M-class CMB spectrometer
- Ultimate distortion mission beyond 2050 timescale
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Voyage 2050 Roadmaps towards distortion measurements

• Option 1: combination of CMB imager + spectrometer
- Synergistic approach (e.g., channel cross calibrations)

- Ultimate distortion measurement likely beyond

• Option 2: M-class CMB spectrometer
- Ultimate distortion mission beyond 2050 timescale

• Option 3: L-class CMB spectrometer + pathfinder
- Pathfinder will be able to see average y and rSZ!
- Risk mitigation by learning about foreground challenge
- Pathfinder could be balloon or small satellite
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What can CMB spectral distortions add?
• Add a new dimension to CMB science 

- probe the thermal history at different stages of the Universe 

• Complementary and independent information! 
- cosmological parameters from the recombination radiation 

- new/additional test of large-scale anomalies 

• Several guaranteed signals are expected 
- y-distortion from low redshifts 

- damping signal & recombination radiation 

• Test various inflation models 
- damping of the small-scale power spectrum  

• Discovery potential 
- decaying particles and other exotic sources of distortions

Unique science opportunities for the next decades!

PIXIE/Super-PIXIE
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FIG. 12: Illustrations of previous missions. The left panel depicts the observing platform envisioned for
PRISTINE, where the two telescopes (each with ' 36 cm primary mirror) of the FTS are visible in gray [319].
The right panel shows a zoomed in version of the FTS (primary mirrors ' 55 cm) alongside the PIXIE

spacecraft [41]. For Super-PIXIE, multiple copies of the PIXIE FTS are combined [57].

extra high frequency coverage and hence significant leverage for foreground removal at large an-
gular scales if flown on until ' 2030. This information could also be used to explore if polarization
sensitivity can help with the cleaning of intensity foregrounds in spectral distortion studies.

In addition to optimizing the L-class spectrometer for foreground removal, one will have to
understand how to best make use of data sets that will be available by then. Ground-based
observations at low-frequencies ⌫ . 5 GHz, e.g., with C-BASS, S-PASS or the SKA, will provide
valuable new information to constrain the fluctuating part of the low-frequency foregrounds. LSST,
Euclid and DESI will have completed their galaxy surveys, allowing to build direct models for
extra-galactic foreground signals that can be utilized. SO, CMB-S4 and Litebird are also expected
to have completed their observations and in combination with the spectrometer will again allow
us to further model and subtract the fluctuating parts of the distortion foregrounds. Combined
with the unprecedented control of systematics, frequency coverage and spectral sensitivity of the
envisioned spectrometer this will provide us with the necessary tools to tackle various challenges.

While the required FTS technology has existed for several decades and is well understood, we
may need to further explore alternatives to cover the low-frequency end (⌫ ' 5 � 50 GHz) of the
spectrum. This band yields the largest gains for measuring µ-distortions [320] and spectrometer-
on-chip or radiometer designs may perform better. In tandem with the pathfinder, an optimized
L-class spectrometer should deliver breakthrough science encompassing all CSM distortions.

3.3.2. M-class mission within Voyage 2050 Program

The second option would be to fly, preferably by 2030-2035 and thus in collaboration with in-
ternational partners, an intermediate (e.g., M-class) mission with a spectrometer design closely
following Super-PIXIE [57]. Depending on budgetary constraints, the number of FTS replicas can
be adjusted, although the main cost driver stems from the cryogenic cooling chain. We expect
small changes to the design to be compensated by further optimization of the instrument, so that
a mission like this should be able to detect the dissipation µ-distortion at ' 3�. Although the
µ-detection significance could still suffer from foreground complexities, accurate measurements
of the low-redshift y-distortion and SZ temperature correction are guaranteed. A vast discovery
space would furthermore be explored, constraining many new physics examples with significantly
improved bounds on µ (see Fig. 11). In addition, there is a guaranteed scientific harvest from the
delivered, absolutely-calibrated all-sky maps at hundreds of frequencies, not only for cosmology
but also for many branches of astrophysics (see Sect. 3.4). Ultimate spectral distortion mea-
surements would then be targeted with an independent future L-class space mission (potentially
capitalizing on ideas to go back to the moon) beyond Voyage 2050.


