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* CMB ≙ Cosmic Microwave Background



Cosmic Microwave Background Anisotropies

Planck all-sky 
temperature map

• CMB has a blackbody spectrum in every direction 

• tiny variations of the CMB temperature ΔT/T ~ 10-5



CMB provides another independent piece of information!

Mather et al., 1994, ApJ, 420, 439 
Fixsen et al., 1996, ApJ, 473, 576  
Fixsen, 2003, ApJ, 594, 67 
Fixsen, 2009, ApJ, 707, 916  

COBE/FIRAS

• CMB monopole is 10000 - 100000 times  
larger than the fluctuations

T0 = (2.726± 0.001)K

Absolute measurement required!
One has to go to space...



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



Why should one expect some spectral distortion?

Full thermodynamic equilibrium (certainly valid at very high redshift) 

• CMB has a blackbody spectrum at every time (not affected by expansion) 
• Photon number density and energy density determined by temperature Tγ

 Tγ  ~ 2.726 (1+z) K 
  Nγ ~ 411 cm-3 (1+z)3 ~ 2×109 Nb   (entropy density dominated by photons) 

 ργ  ~ 5.1×10-7 mec² cm-3 (1+z)4 ~ ρb x (1+z) / 925 ~ 0.26 eV cm-3 (1+z)4

Perturbing full equilibrium by  
• Energy injection  (interaction matter ßà photons) 
• Production of (energetic) photons and/or particles (i.e. change of entropy) 

à CMB spectrum deviates from a pure blackbody 
à thermalization process (partially) erases distortions               

(Compton scattering, double Compton and Bremsstrahlung in the expanding Universe)

Measurements of CMB spectrum place very tight 
limits on the thermal history of our Universe!



(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

Standard types of primordial CMB distortions

Blackbody  
restored



Planck Collaboration, 2013, paper XXIV

Thermal SZ effect is now routinely observed!

~ 1230 objects

ACT

SPT

90 GHz 150 GHz 220 GHz



(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

Standard 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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Example: Energy release by decaying relict particle

Computation carried out with CosmoTherm      
(JC & Sunyaev 2012)

• initial condition: full 
equilibrium  

• total energy release:        
    Δρ/ρ~1.3x10-6 

• most of energy 
released around: 

    zX~2x106 

• positive µ-distortion  

• high frequency 
distortion frozen 
around z≃5x105 

• late (z<103) free-free 
absorption at very low 
frequencies (Te<Tγ) 

redshift

difference between 
electron and photon 
temperature 

today x=2 x 10-2 means ν~1GHz
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Intensity signal for different heating redshifts 

Response function:  
energy injection ⇒ distortion

What does the spectrum look like after energy injection?

JC & Sunyaev, 2012, ArXiv:1109.6552 
JC, 2013, ArXiv:1304.6120
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high-z SZ effect

Intensity signal for different heating redshifts 

Response function:  
energy injection ⇒ distortion

What does the spectrum look like after energy injection?

JC & Sunyaev, 2012, ArXiv:1109.6552 
JC, 2013, ArXiv:1304.6120

Distortion contains much more 
information than previously thought!

hybrid distortion probes 
time-dependence of 
energy-release history
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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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→ Obtained as simple 
fits to Green’s function 

→ approximately models 
the transition era 
neglecting r-distortions



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

Only very small distortions of CMB spectrum are still allowed!

Average spectrum



Physical mechanisms that lead to spectral distortions

„high“ redshifts 

„low“   redshifts
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• Cooling by adiabatically expanding ordinary matter                                                                     

(JC, 2005; JC & Sunyaev 2011; Khatri, Sunyaev & JC, 2011) 

• Heating by decaying or annihilating relic particles                                                       
(Kawasaki et al., 1987; Hu & Silk, 1993; McDonald et al., 2001; JC, 2005; JC & Sunyaev, 2011; JC, 2013; JC & Jeong, 2013) 

• Evaporation of primordial black holes & superconducting strings                                                                            
(Carr et al.  2010; Ostriker & Thompson, 1987; Tashiro et al. 2012; Pani & Loeb, 2013) 

• Dissipation of primordial acoustic modes & magnetic fields                                                                
(Sunyaev & Zeldovich, 1970; Daly 1991; Hu et al. 1994; JC & Sunyaev, 2011; JC et al. 2012 - Jedamzik et al. 2000; Kunze & Komatsu, 2013) 

• Cosmological recombination radiation                                                                     
(Zeldovich et al., 1968; Peebles, 1968; Dubrovich, 1977; Rubino-Martin et al., 2006; JC & Sunyaev, 2006; Sunyaev & JC, 2009) 

•                                                                                   

• Signatures due to first supernovae and their remnants                                        
(Oh, Cooray & Kamionkowski, 2003) 

• Shock waves arising due to large-scale structure formation                                    
(Sunyaev & Zeldovich, 1972; Cen & Ostriker, 1999) 

• SZ-effect from clusters; effects of reionization                                                              
(Refregier et al., 2003; Zhang et al. 2004; Trac et al. 2008) 

• Additional exotic processes                                                                                          
(Lochan et al. 2012; Bull & Kamionkowski, 2013; Brax et al., 2013; Tashiro et al. 2013)
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Standard sources 
of distortions



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 as NASA EX 

mission (i.e. cost ~ 200 M$)

Kogut et al, JCAP, 2011, arXiv:1105.2044

Average spectrum



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.”

PIXIE was proposed to 
NASA in Dec 2016. 

Sadly not selected :( :(



Instruments: 
• L-class ESA mission 
• White paper, May 24th, 2013 
• Imager: 

- polarization sensitive 
- 3.5m telescope [arcmin 
resolution at highest frequencies] 
- 30GHz-6THz [30 broad (Δν/
ν~25%) and 300 narrow (Δν/ν~2.5%) 
bands]  

• Spectrometer: 
- FTS similar to PIXIE 
- 30GHz-6THz (Δν~15 & 0.5 GHz) 

More info at: http://
www.prism-mission.org/

Polarized Radiation Imaging and Spectroscopy Mission 

Spokesperson: Paolo de Bernardis 
e-mail: paolo.debernardis@roma1.infn.it — tel: + 39 064 991 4271 

PRISM 
Probing cosmic structures and radiation  
with the ultimate polarimetric spectro-imaging  
of the microwave and far-infrared sky 

1

Some of the science goals: 
• B-mode polarization from 

inflation (r ≈ 5x10-4) 

• count all SZ clusters >1014 Msun 
• CIB/large scale structure 
• Galactic science 
• CMB spectral distortions

New Probe Mission study in the USA 
ongoing and spectrometer still part 

of the discussion…

http://www.prism-mission.org
http://www.prism-mission.org




Physical mechanisms that lead to spectral distortions

• Cooling by adiabatically expanding ordinary matter                                                                     
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• Dissipation of primordial acoustic modes & magnetic fields                                                                
(Sunyaev & Zeldovich, 1970; Daly 1991; Hu et al. 1994; JC & Sunyaev, 2011; JC et al. 2012 - Jedamzik et al. 2000; Kunze & Komatsu, 2013) 

• Cosmological recombination radiation                                                                     
(Zeldovich et al., 1968; Peebles, 1968; Dubrovich, 1977; Rubino-Martin et al., 2006; JC & Sunyaev, 2006; Sunyaev & JC, 2009) 

•                                                                                   

• Signatures due to first supernovae and their remnants                                        
(Oh, Cooray & Kamionkowski, 2003) 

• Shock waves arising due to large-scale structure formation                                    
(Sunyaev & Zeldovich, 1972; Cen & Ostriker, 1999) 

• SZ-effect from clusters; effects of reionization                                                              
(Refregier et al., 2003; Zhang et al. 2004; Trac et al. 2008) 
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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) 
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Intensity signal for different heating redshifts 

Response function:  
energy injection ⇒ distortion

JC & Sunyaev, 2012, ArXiv:1109.6552 
JC, 2013, ArXiv:1304.6120

high-z SZ effect

What does the spectrum look like after energy injection?
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high-z SZ effect

Intensity signal for different heating redshifts 

Response function:  
energy injection ⇒ distortion

High frequencies 
only reached for 
Comptonization by 
hot electrons

JC & Sunyaev, 2012, ArXiv:1109.6552 
JC, 2013, ArXiv:1304.6120

What does the spectrum look like after energy injection?



Average CMB spectral distortions
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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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Distortion due to mixing of blackbodies

JC, Hamann & Patil, 2015
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Hu, Scott & Silk, 1994

• based on classical 
estimate for heating rate 

• Tightest / cleanest 
constraint at that point! 

• simple power-law 
spectrum assumed 

• µ~10-8 for scale-invariant 
power spectrum 

• nS ≲ 1.6



• Effective heating rate from full 2x2 Boltzmann treatment (JC, Khatri & Sunyaev, 2012)

Effective energy release caused by damping effect

JC, Khatri & Sunyaev, 2012

gauge-independent dipole effect of polarization higher multipoles
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• quadrupole dominant at high z 
• net dipole important only at low 

redshifts 
• polarization ~5% effect 
• contribution from higher 

multipoles rather small

nS = 0.96

Units: Aς H / σT Ne c

Scale factor a=1/(1+z)



Average CMB spectral distortions
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Distortions provide general 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!



Enhanced small-scale power in hybrid inflation
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It is maximal at the critical point of instability. The mild-
waterfall therefore induces a broad peak in the scalar
power spectrum for modes leaving the horizon in phase-1
and just before the critical point. The maximal ampli-
tude for the scalar power spectrum is given by

Pζ(kφc) ≃
ΛM2µ1φc

192π2M6
Pχ2ψ2

0

. (34)

Depending of the model parameters, the curvature per-
turbations can exceed the threshold value for leading to
the formation of PBH.
This calculation was performed assuming that ψc =

ψ0. It is important to remark that for values of ψ0

and Λ given by Eqs. (11) and (10), one gets that N1,
N2 and the amplitude of the scalar power spectrum
depend on a concrete combination of the parameters,
Π ≡ M(φcµ1)1/2/M2

P, plus some dependence in χ2. But
χ2 itself depends only logarithmically on Π. As a result,
χ2 varies by no more than 10% for relevant values of Π2.
The parameters φc, µ1 and M appear to be degenerate
and all the model predictions only depend on the value
given to Π. Nevertheless, Eq. (34) implicitly assumes
that field values are strongly sub-Planckian. In the op-
posite case, when φc ∼ M ∼ MP, we find important
deviations and the numerical results indicate that the wa-
terfall is longer by about two e-folds and that the power
spectrum is enhanced by typically one order of magni-
tude, compared to what is expected for sub-Planckian
fields and for identical values of Π2.
As a comparison between numerical and analytical

methods, we have plotted in Fig. 2 the power spectrum of
curvature perturbations for Π2 = 300 and sub-Planckian
fields, by using the analytical approximation given by
Eq. (31), by using the δN formalism including all terms
(i.e. the contributions from phase-1 and phase-2) in N,φ

and N,ψ, and by integrating numerically the exact dy-
namics of multi-field perturbations. As expected we find
a good qualitative agreement between the different meth-
ods. Nevertheless, one can observe about 20% differences
when using the analytical approximation, which actually
is mostly due to the fact that N2

,ψ has been neglected. In
the rest of the paper, we use the numerical results for a
better accuracy.
In Figure 3 the power spectrum of curvature perturba-

tions has been plotted for different values of the param-
eters. This shows the strong enhancement of power not
only for the modes exiting the Hubble radius in phase-1,
but also for modes becoming super-horizon before field
trajectories have crossed the critical point. One can ob-
serve that if the waterfall lasts for about 35 e-folds then
the modes corresponding to 35 <∼ Nk

<∼ 50 are also af-
fected. As expected one can see also that the combi-
nation of parameters Π drives the modifications of the
power spectrum. We find that it is hard to modify inde-
pendently the width, the height and the position of the
peak in the scalar power spectrum.
Finally, for comparison, the power spectra assuming

ψc = ψ0 and averaging over a distribution of ψc values
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FIG. 2. Power spectrum of curvature perturbations for pa-
rameters M = φc = 0.1MP, µ1 = 3× 105MP. The solid curve
is obtained by integrating numerically the exact multi-field
background and linear perturbation dynamics. The dashed
blue line is obtained by using the δN formalism. The dotted
blue line uses the δN formalism with the approximation of
Eq. (31).

are displayed. They nearly coincide for Π2 <∼ 300 but we
find significant deviations for larger values.

FIG. 3. Power spectrum of curvature perturbations for pa-
rameters values M = 0.1MP, µ1 = 3 × 105MP and φc =
0.125MP (red), φc = 0.1MP (blue) and φc = 0.075MP (green),
φc = 0.1MP (blue) and φc = 0.05MP (cyan). Those pa-
rameters correspond respectively to Π2 = 375/300/225/150.
The power spectrum is degenerate for lower values of M,φ
and larger values of µ1, keeping the combination Π2 con-
stant. For larger values of M, φc the degeneracy is broken:
power spectra in orange and brown are obtained respectively
for M = φc = MP and µ1 = 300MP/225MP. Dashed lines
assume ψc = ψ0 whereas solid lines are obtained after av-
eraging over 200 power spectra obtained from initial con-
ditions on ψc distributed according to a Gaussian of width
ψ0. The power spectra corresponding to these realizations are
plotted in dashed light gray for illustration. The Λ parame-
ter has been fixed so that the spectrum amplitude on CMB
anisotropy scales is in agreement with Planck data. The pa-
rameter µ2 = 10MP so that the scalar spectral index on those
scales is given by ns = 0.96.
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• Hybrid Inflation models cause 

enhanced small scale power

• Motivated to explain seeds of 

supermassive blackholes seen in 
basically all galaxies


• µ and y distortions sensitive to 
enhancement at scales                  
1 Mpc-1 ≲ k ≲ 2x104 Mpc-1 


• Can constrain cases that are 
unconstrained by CMB 
measurements at large scales


• Possible link to BH mergers seen 
by LIGO??


• Figure: case with red line already 
ruled out by FIRAS and today’s (!) 
CMB; distortions sensitive to 
orange and blue case; other cases 
PIXIE-lite is not sensitive to

Figures adapted from Clesse 
& Garcia-Bellido, 2015
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FIG. 5. Total spectrum of CMB distortions for same param-
eters and colors as in Figs. 3 and 4 (brown and green curves
are superimposed, undistinguishable from standard inflation
with ns = 0.961 and no running). The 1σ limits for PIXIE
and PRISM, see Eqs. (60) and (61), are also represented.

thermal equilibrium is broken. The importance of dif-
ferent types is usually encoded in the so-called µ and y
parameters. The present limits from COBE-FIRAS are
µ < 9 × 10−5 and y < 1.5 × 10−5 and the objective of
PIXIE/PRISM is to improve this limit by about three
orders of magnitudes.
In addition to distortion spectra, µ and y values have

been calculated for the parameters in Table IV. The cor-
responding spectra are displayed in Fig. 5. We find that
the distortion signal can be enhanced by several order
of magnitudes compared to the standard case where the
nearly scale-invariant scalar power spectrum can be ex-
tended down to small scales. As expected the effect is
maximal for Π ≃ 300 whereas the spectrum cannot be
distinguished from the standard case when Π <∼ 200.
Nevertheless, for Π2 ∼ 220 the enhancement is about
10%. We therefore conclude that if PBH are identified
to dark matter and if ζc takes reasonable values, corre-
sponding to Π2 ∼ 200, the induced spectral distortions
pass the present constraints but are sufficiently impor-
tant to be detected by a PRISM-like experiment. Our
model therefore has a very specific prediction and could
be tested with future observations.

IX. CONCLUSION

We have proposed a model where dark matter is com-
posed of massive primordial black holes formed in the
early Universe due to the collapse of large curvature fluc-
tuations generated during a mild-waterfall phase of hy-
brid inflation. This regime is transitory between the
usual fast-waterfall assumption and the mild-waterfall
case with more than 50 e-folds of expansion realized af-
ter the crossing of the critical instability point of the
potential. In our scenario, the waterfall lasts between

20 and 40 e-folds. The classical field trajectories and
the power spectrum of curvature perturbations have been
calculated both by using analytical approximations and
by solving numerically the exact background and linear
perturbation dynamics. The quantum diffusion close to
the instability point has been accounted for by consider-
ing and averaging over many possible realizations of the
auxiliary field at the instability point, distributed accord-
ingly to the quantum stochastic treatment of this field,
whereas the inflaton itself remains classical.
Once the potential parameters are chosen to fit with

CMB anisotropy observations, we have shown that a
quantity combining the position of the critical instability
point, the position of the global minima of the potential
and the slope of the potential at the critical point, con-
trols the duration of the waterfall, the peak amplitude
and its position in the power spectrum of curvature per-
turbations. This parameter therefore controls also the
shape of the PBH mass spectrum. An additional pa-
rameter comes from the threshold curvature fluctuation
from which gravitational collapse leads to PBH formation
when it reenters inside the Hubble radius during the ra-
diation phase. For realistic values, we have identified the
potential parameter ranges leading to the right amount of
PBH dark matter at matter-radiation equality. If PBH
masses then grow by merging or accretion, by at least
a factor 103, we find that the model can be in agree-
ment with the current constraints on PBH abundances.
In particular, we have identified a scenario where the
PBH spectrum peak is centered on sub-solar masses, thus
evading CMB distortion constraints, and is then shifted
up to stellar-like masses today, thus evading constraints
from micro-lensing observations. This scenario explains
the excess of BH candidates in the central region of the
Andromeda galaxy.
Our effective hybrid potential can be embedded in a

hybrid model where the slope of the potential in the val-
ley direction is due to logarithmic radiative corrections.
In particular, it was found that the above scenario works
well for D-term inflation with Planck-like values of Fayet-
Iliopoulos term.
Finally we discussed whether PBH in the tail of the

distribution can serve as the seeds of the supermassive
black holes observed at the center of galaxies and in high-
redshift quasars. Seeds having a mass larger than 104M⊙

at redshift z ∼ 15 are produced and can then accrete mat-
ter and merge until they form supermassive black holes
(SMBH). This does not require any specific additional
tuning of parameters and is obtained for free from our
model, whereas the formation of SMBH at high redshifts
is challenging is standard ΛCDM cosmology. PBH with
intermediate masses are also produced and could explain
ultra-luminous X-ray sources.
It is worth mentioning that our scenario leads to spe-

cific predictions that could help to distinguish it from
other dark matter scenarios in the near future. First, sig-
nificant CMB distortions are expected due to the increase
of power in the Silk-damped tail of the scalar power spec-

Corresponding distortions

(Same color coding)

14

PIXIE

PRISM

1 10 100 1000
10!28

10!26

10!24

10!22

10!20

Ν!GHz"

##
I#
!W

m
!
2 S
r!
1 H
z!
1 "

FIG. 5. Total spectrum of CMB distortions for same param-
eters and colors as in Figs. 3 and 4 (brown and green curves
are superimposed, undistinguishable from standard inflation
with ns = 0.961 and no running). The 1σ limits for PIXIE
and PRISM, see Eqs. (60) and (61), are also represented.

thermal equilibrium is broken. The importance of dif-
ferent types is usually encoded in the so-called µ and y
parameters. The present limits from COBE-FIRAS are
µ < 9 × 10−5 and y < 1.5 × 10−5 and the objective of
PIXIE/PRISM is to improve this limit by about three
orders of magnitudes.
In addition to distortion spectra, µ and y values have

been calculated for the parameters in Table IV. The cor-
responding spectra are displayed in Fig. 5. We find that
the distortion signal can be enhanced by several order
of magnitudes compared to the standard case where the
nearly scale-invariant scalar power spectrum can be ex-
tended down to small scales. As expected the effect is
maximal for Π ≃ 300 whereas the spectrum cannot be
distinguished from the standard case when Π <∼ 200.
Nevertheless, for Π2 ∼ 220 the enhancement is about
10%. We therefore conclude that if PBH are identified
to dark matter and if ζc takes reasonable values, corre-
sponding to Π2 ∼ 200, the induced spectral distortions
pass the present constraints but are sufficiently impor-
tant to be detected by a PRISM-like experiment. Our
model therefore has a very specific prediction and could
be tested with future observations.

IX. CONCLUSION

We have proposed a model where dark matter is com-
posed of massive primordial black holes formed in the
early Universe due to the collapse of large curvature fluc-
tuations generated during a mild-waterfall phase of hy-
brid inflation. This regime is transitory between the
usual fast-waterfall assumption and the mild-waterfall
case with more than 50 e-folds of expansion realized af-
ter the crossing of the critical instability point of the
potential. In our scenario, the waterfall lasts between

20 and 40 e-folds. The classical field trajectories and
the power spectrum of curvature perturbations have been
calculated both by using analytical approximations and
by solving numerically the exact background and linear
perturbation dynamics. The quantum diffusion close to
the instability point has been accounted for by consider-
ing and averaging over many possible realizations of the
auxiliary field at the instability point, distributed accord-
ingly to the quantum stochastic treatment of this field,
whereas the inflaton itself remains classical.
Once the potential parameters are chosen to fit with

CMB anisotropy observations, we have shown that a
quantity combining the position of the critical instability
point, the position of the global minima of the potential
and the slope of the potential at the critical point, con-
trols the duration of the waterfall, the peak amplitude
and its position in the power spectrum of curvature per-
turbations. This parameter therefore controls also the
shape of the PBH mass spectrum. An additional pa-
rameter comes from the threshold curvature fluctuation
from which gravitational collapse leads to PBH formation
when it reenters inside the Hubble radius during the ra-
diation phase. For realistic values, we have identified the
potential parameter ranges leading to the right amount of
PBH dark matter at matter-radiation equality. If PBH
masses then grow by merging or accretion, by at least
a factor 103, we find that the model can be in agree-
ment with the current constraints on PBH abundances.
In particular, we have identified a scenario where the
PBH spectrum peak is centered on sub-solar masses, thus
evading CMB distortion constraints, and is then shifted
up to stellar-like masses today, thus evading constraints
from micro-lensing observations. This scenario explains
the excess of BH candidates in the central region of the
Andromeda galaxy.
Our effective hybrid potential can be embedded in a

hybrid model where the slope of the potential in the val-
ley direction is due to logarithmic radiative corrections.
In particular, it was found that the above scenario works
well for D-term inflation with Planck-like values of Fayet-
Iliopoulos term.
Finally we discussed whether PBH in the tail of the

distribution can serve as the seeds of the supermassive
black holes observed at the center of galaxies and in high-
redshift quasars. Seeds having a mass larger than 104M⊙

at redshift z ∼ 15 are produced and can then accrete mat-
ter and merge until they form supermassive black holes
(SMBH). This does not require any specific additional
tuning of parameters and is obtained for free from our
model, whereas the formation of SMBH at high redshifts
is challenging is standard ΛCDM cosmology. PBH with
intermediate masses are also produced and could explain
ultra-luminous X-ray sources.
It is worth mentioning that our scenario leads to spe-

cific predictions that could help to distinguish it from
other dark matter scenarios in the near future. First, sig-
nificant CMB distortions are expected due to the increase
of power in the Silk-damped tail of the scalar power spec-
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Shedding Light on the ‘Small-Scale Crisis’
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FIG. 1. Examples of primordial power spectra suppressed
below subgalactic scales [ Eq. (1) ] considered in this paper.
For the blue curves, α = 1, and from bottom to top we have
ks = {1, 20, 35}Mpc−1. The gray curve corresponds to the
standard spectrum Pst of Eq. (1) (α = 0).

limit α → 0,) then it could serve as a smoking gun for
some primordial suppression thereby possibly explaining
the small-scale crisis.
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FIG. 2. The dependence of µ distortions on α, which controls
a step-type primordial suppression [see Eq. (1)]. From bottom
to top, the suppression wave number is ksMpc = 1, 20, 35. As
α → 0, µ approaches ≃ 2×10−8, the value mostly determined
by the dissipation of the standard almost-scale-invariant fluc-
tuations. In contrast, if ks is relevant to the small-scale crisis
and if α is sufficiently large, µ can be negative, approaching
µBE ≃ −3×10−9 for ks ∼ 1Mpc−1, determined by the energy
extraction from photons to baryons due to their coupling.

III. CONCLUSION

The small-scale crisis of ΛCDM may imply suppressed
matter fluctuations on subgalactic scales. Such a sup-

pression could result from some new physics that op-
erates during inflation or could be the consequence of
new dark-matter physics that operates at later times, af-
ter the relevant distance scales re-enter the horizon dur-
ing radiation domination. Although the primordial and
late-time suppression mechanisms are expected to impact
structure formation in a similar fashion, we show here
that they could be in principle distinguished by measure-
ment of the µ distortion to the CMB frequency spectrum.
This is because µ may be significantly reduced relative
to the canonical value µ ≃ 2× 10−8 if subgalactic power
suppression is primordial. For power suppression suffi-
ciently significant, µ could even become negative as a
consequence of the transfer of energy from photons to
baryons. On the other hand, for a late-time suppression,
the CMB µ distortion would not be affected notably since
it is mostly determined by primordial fluctuations rather
than subhorizon dynamics of DM fluctuations during the
radiation-dominated era. Thus, for a late-time suppres-
sion, µ is not expected to differ significantly from the
standard positive value.
If µ is found to be unexpectedly small or negative by

future high-sensitivity experiments measuring the energy
spectrum of CMB photons, it may serve as a smoking gun
for a primordial suppression. Note also that the negative
contribution to µ can, in principle, be even smaller than
µBE due to direct or indirect thermal coupling of non-
relativistic DM with photons, since in this case more
energy is extracted from photons to DM to maintain
thermal equilibrium [53]. If on the other hand the stan-
dard prediction for µ is verified, then it suggests that the
small-scale crisis has to do with late-time physics. If we
find µ to have the standard value, then another possi-
bility, which we leave for future work, is that a matter-
radiation isocurvature perturbation, correlated with the
adiabatic perturbation, suppressed matter perturbations
on small scales while preserving the primordial curvature
(and thus radiation) perturbation on small scales.
In this paper, we emphasized that µ can be small for

the primordial suppression scenario. However, ultimately
it will be interesting to study the small-scale problems by
N-body simulations for a variety of primordial spectra
consistent with existing constraints from, e.g., Lyman-α
observation, simultaneously calculating µ for each spec-
trum, possibly taking into account baryonic processes.
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• A primordial suppression would result in a very small µ-distortions 

• Spectral distortion measurements might be able to test this question

Nakama, JC & Kamionkowski, ArXiv:1703.10559

• ‘missing satellite’ 
problem 

• ‘too-big-to-fail’ 
• Cusp-vs-core problem

⇒ Are these caused 
by a primordial or   
late-time suppression? 

              

µ-distortion 
extrapolated 
standard power 
spectrum 



Spatially varying heating and dissipation of acoustic 
modes for non-Gaussian perturbations

µ1
µ2

• Uniform heating (e.g., dissipation in Gaussian case or quasi-uniform energy release)                                                                        
 → distortion practically the same in different directions 

• Spatially varying heating rate (e.g., due to ultra-squeezed limit non-Gaussianity or cosmic bubble collisions)                                                                                      
→ distortion varies in different directions

Pajer & Zaldarriaga, 2012; Ganc & Komatsu, 2012; Biagetti et al., 2013; JC et al., 2016



Average CMB spectral distortions
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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

✓
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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 mmax

� .
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



Constrain interactions of DM with neutrinos/photons

Diacoumis & Wong, 2017, 1707.07050

• Dissipation is increased 
• Enhances µ distortion 

• Interesting complementary 
probe

Figure 3: Top: Effective heating rate as a function of the scale factor a for a selection of
DM–neutrino scattering cross sections: from top to bottom, u⌫ = {10�4, 10�5, 10�6, 0}. In
all cases the amplitude of the primordial power spectrum has been set to As = 1 at the pivot
scale k

0

= 0.05Mpc�1, the spectral index to ns = 0.96, and we assume no running nrun = 0.
All other cosmological parameters assume the Planck 2015 vanilla best-fit values. Bottom:
Same as the top panel, but for DM–neutrino scattering cross sections proportional to the
temperature squared: from top to bottom, u0⌫ = {10�14, 10�18, 10�22, 0}.

which is a direct consequence of the fact that removing neutrino anisotropic stress at horizon
crossing can only raise at maximum the photon acoustic oscillation amplitude by about 10%,
as shown in section 4.1. The implications of this enhancement for future experiments will be
discussed in section 6.

– 15 –

Given 4 eV . hE⌫i ' 3.15 ⇥ (4/11)1/3T . 400 keV in the redshift window 10

4 . z . 10

9

and an upper limit of
P

m⌫ . 0.23 eV on the neutrino mass sum [1], we see that these
assumptions are easily justified for dark matter masses in excess of ⇠ 1 GeV.

Lastly, because the new interaction is most effective at early times, it affects the evolu-
tion of perturbations on both superhorizon and subhorizon scales. To ensure that numerical
solutions are free of transients one could either set the initial conditions analytically to the
tracking solutions, or push the initialisation time back to an earlier epoch, giving the tran-
sients time to decay away. While the first approach is standard in ⇤CDM-type cosmologies,
analytical tracking solutions are not readily available in cosmologies with new particle inter-
actions. Therefore, in this work we adopt the second approach, and take care to ascertain
that the tracking solution has been reached numerically well before a wavenumber crosses the
horizon.

4.1 Effects on the photon transfer functions

Figure 1 shows the photon transfer function ⇥

1

at k = 100Mpc

�1 as a function of the scale
factor a computed using CLASS for a selection of DM–neutrino scattering rates, assuming a
time-independent cross section. Following [22] we have defined the dimensionless parameter

u⌫ ⌘ �DM�⌫

�T

✓
100GeV

m
DM

◆
(4.3)

to represent the DM–neutrino scattering rate, where �
T

is the Thomson cross section, and
�
DM�⌫ ' 6.7 ⇥ 10

�27u⌫(mDM

/GeV) cm

2. If instead the cross section is proportional to the
temperature squared, we may write u⌫ = u0⌫a

�2, where u0⌫ is the present-day value.
We discuss below the impact of the DM–neutrino scattering on ⇥

1

in the µ-distortion
and µ/y-transition eras. For a complete discussion of the effects of the interaction on the
photon perturbations, including during matter domination, we refer the reader to [22].

Enhanced oscillation amplitude For a given wavenumber k, if the tight-coupling condi-
tion

µ̇⌫ � k,H (4.4)

is satisfied before horizon crossing, the ` � 2 multipole moments in the neutrino Boltzmann
hierarchy are quickly damped to zero by the scattering term, thereby erasing the neutrino
anisotropic stress �⌫ such that  = � at the wavenumber concerned. Upon horizon crossing
(i.e., k ⇠ H) during radiation domination, the total absence of anisotropic stress enables the
neutrino perturbations �⌫ and ✓⌫ to participate in acoustic oscillations in the same way as the
photon perturbations, leading to, all other things being equal, the maximum possible acoustic
oscillation amplitude in ⇥

0

and ⇥

1

.
This limit is represented in figure 1 by the u⌫ = 10

�2 case (for k = 100Mpc

�1). The
subhorizon evolution of ⇥

1

is numerically well approximated by equation (2.5), where the
WKB amplitude (2.7) in the total absence of neutrino anisotropic stress at horizon crossing
corresponds to setting f⌫ = 0 so that A ' 1. Figure 2 shows the corresponding neutrino
anisotropic stress, which is clearly significantly lower than its standard ⇤CDM (i.e., u⌫ = 0)
counterpart around horizon crossing.

If conversely superhorizon evolution of the neutrino perturbations is characterised by
the opposite of condition (4.4), i.e.,

µ̇⌫ ⌧ k,H, (4.5)

– 10 –

Figure 8: Top: Effective heating rate as a function of the scale factor a for a selection of
DM–photon scattering cross sections: u� = {10�2, 10�3, 10�4, 0}. In all cases the amplitude
of the primordial power spectrum has been set to unity As = 1 at the pivot scale k

0

=

0.05 Mpc

�1, the spectral index to ns = 0.96, and we assume no running n
run

= 0. All other
cosmological parameters assume the Planck 2015 vanilla best-fit values. Bottom: Same as
the top panel, but for DM–photon scattering cross sections proportional to the temperature
squared: u0� = {10�12, 10�13, 10�14, 10�15, 0}.

Figure 9 shows the expected µ-distortion as a function of the DM–photon elastic scat-
tering cross section, assuming the cases of a time-independent �DM�� and �DM�� / T 2.
In contrast to the case of DM–neutrino scattering which always leads to an augmented µ-

– 25 –

where the second integral due to DM–photon coupling is formally identical in structure to
the first because of our assumption that the DM–photon coupling is exactly analogous to the
standard photon–baryon coupling.

As in section 2.1, we assume the baryons and photons to be tightly coupled, which implies
vb ' 3⇥

1

, and the higher-order multipole moments ⇥`�2

become progressively smaller with `.
Then, setting formally all ` > 2 terms to zero, equations (5.3) and (5.4) can be solved to give
the approximate relations ⇥

P

2

+⇥

P

0

' (3/2)⇥
2

and (̇+ µ̇�)⇥2

' (8/15)k⇥
1

, from which we
obtain

d (Q/⇢�)

dz
' 4a

H

Z
k2dk
2⇡2

PR(k) k
2


1

̇+ µ̇�

16

15

⇥

2

1

+

µ̇�

3k2
(3⇥

1

� v
DM

)

2

�
(5.7)

for the heating rate (5.6). Comparing this with the standard simplified rate (2.4), we see
that in the tightly-coupled limit the effects of DM–photon interaction are now condensed into
(a) a modified interaction rate ̇! ̇+ µ̇� in the viscosity term of the integrand, and (b) an
additional contribution dependent on the relative DM–photon velocity (“slippage”) accounting
for heat conduction [52].

To deal with the heat conduction term, we first examine the behaviour of the DM velocity
perturbation v

DM

in two regimes of the DM–photon coupling. In analogy with equation (4.3),
we define a dimensionless parameter

u� =

�
DM��

�
T

✓
100GeV

m
DM

◆
(5.8)

to quantify the DM–photon scattering rate, and u� = u0�a
�2, where where u0� is the present-

day value, in case the cross section scales with T 2,

Strongly-coupled DM This regime is defined by the condition S�1

� µ̇� � k,H, where
S�1

� µ̇� represents the interaction rate per dark matter particle. Analogously to baryon per-
turbations, the dark matter perturbation equations of motion (5.5) are solved in this limit
by [40, 53]

✓
DM

' ✓� �
1

S�1

� µ̇�

h
H✓� + ˙✓

DM

� k2 
i

' ✓� ⌥
i!

S�1

� µ̇�

✓� �
!2

S�2

� µ̇2

�

✓� + · · · ,
(5.9)

where the second approximate equality holds in the k � H limit when the potential  has
decayed away, and we have assumed the solution ✓� ⇠ exp

�
±i

R
d⌘ !

�
, with ! ' kcs.4 Thus,

the DM and photons are very nearly comoving, and upon averaging the slippage term in
equation (5.7) evaluates to

h(3⇥
1

� v
DM

)

2i ' 9

 
kp

3S�1

� µ̇�

!
2

h⇥2

1

i (5.10)

to leading order in k/S�1

� µ̇� .

4
Note that all perturbative quantities (�DM, ✓DM, �� , etc.) have been defined to be real; we use complex

notation here on the understanding that only the real component of an expression is retained.

– 18 –

• Early-time dissipation 
enhanced → larger µ 

• Later, modes already 
gone, so less heating 

• Dissipation scale larger 
early on
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Figure 12. Expected uncertainties of A⇣ (k0 = 45 Mpc�1), nS, and nrun using
measurements of µ, µ1, and µ2. We assumed 5 times the sensitivity of PIXIE
and A⇣ = 5⇥10�8 as reference value (other cases can be estimated by simple
rescaling). For the upper panel we also varied nrun as indicated, while in the
lower panel it was fixed to nrun = 0. The corresponding error in the particle
lifetime is �tX/tX ' 2�zX/zX.

though the absolute distance between line varies relative to the er-
ror bars they seem rather constant. To show this more explicitly,
from µ, µ1, and µ2 we computed we the expected 1�-errors on
A⇣(k0 = 45 Mpc�1), nS, and nrun around the maximum likelihood
value using the Fisher information matrix, Fi j = �µ�2 @piµ @p jµ +P

k �µ
�2
k @piµk@p jµk, with p ⌘ {A⇣ , nS, nrun}. Figure 12 shows the

corresponding forecasts assuming PIXIE-setting but with 5 times
its sensitivity. If only p ⌘ {A⇣ , nS} are estimate for fixed nrun, the
errors of A⇣ and nS are only a few percent. Also trying to constrain
nrun we see that the errors increase significantly, with an absolute
error on �nrun ' 0.07 rather independent of nS. If we change the
sensitivity by a factor f = �Ic/[10�26 W m�2 Hz�1 sr�1, all curved
can be rescaled by this factor to obtain the new estimate. Similarly,
if A⇣(k0 = 45 Mpc�1) di↵ers by f⇣ = A⇣/5 ⇥ 10�8, we have to
rescale the error estimates by f �1

⇣ . Overall, our analysis shows that
CMB spectral distortion measurement provide an unique probe of
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Figure 13. Detectability of µ, µ1, µ2, and µ3. For a given particle lifetime,
we compute the required value of ✏X = fX/zX for which a 1�-detection of
the corresponding variable is possible with PIXIE. The violet shaded area is
excluded by measurements of the primordial 3He/D abundance ratio (65%
c.l., adapted from Fig. 42 of Kawasaki et al. 2005).

the small-scale power spectrum, which can be utilized to directly
constraint inflationary models.

5.2.3 Decaying relic particles

The distortion signals for the three decaying particle scenarios pre-
sented in Table 1 will all be detectable with a PIXIE-like experi-
ment. More generally, Fig. 13 shows the 1�-detection limits for µ,
µ1, µ2, and µ3, as a function of the particle lifetime. CMB spec-
tral distortions are sensitive to decaying particles with ✏X as low as
' 10�2 eV for particle lifetimes 107 sec . tX . 1010 sec. To directly
constrain tX, at least a measurement of µ1 is needed. At PIXIE sen-
sitivity this means that the lifetime of particles with 2 ⇥ 109 sec .
tX . 6⇥1010 sec for ✏X & 0.1 eV and 3⇥108 sec . tX . 1012 sec for
✏X & 1 eV will be directly measurable. Most of this parameter space
is completely unconstrained [see upper limit from measurements of
the primordial 3He/D abundance ratio2 (from Fig. 42 of Kawasaki
et al. 2005) in Fig. 13]. Higher sensitivity will allow cutting deeper
into the parameter space and widen the range over which the parti-
cle lifetime can be directly constrained.

To illustrate this even further we can again look at the µ �
⇢k-parameter space covered by decaying particles. The projections
into the µ � ⇢1 and ⇢1 � ⇢2-plane are shown in Fig. 14 for ✏X =
1 eV and PIXIE settings. Varying ✏X moves the µ�⇢1 trajectory left
or right, as indicated. Furthermore, all error bars of ⇢k have to be
rescales by f = [✏X/1 eV]�1 under this transformation. Measuring
µ and ⇢1 is in principle su�cient for determination of ✏X and the
particle lifetime, tX = [4.9⇥109/(1+zX)]2 sec, with most sensitivity
around zX ' 5 ⇥ 104 � 105 or tX ' 2.4 ⇥ 109 � 9.6 ⇥ 109 sec for
the shown scenario. For short lifetime, the signal is very close to a

2 In the particle physics community the abundance yield, YX = NX/S ,
and deposited particle energy, Evis [GeV], are commonly used. Here NX
is the particle number density at t ⌧ tX and S = 4

3
⇢

kT ' 7 N� '
2.9 ⇥ 103 (1 + z)3 cm�3 denotes the total entropy density. We thus find
✏X ⌘ (Evis YX) 109S/[NH (1 + zX)] ' 1.5 ⇥ 1019(Evis YX)/(1 + zX).

c� 0000 RAS, MNRAS 000, 000–000

Distortions could shed light on decaying (DM) particles!

JC & Jeong, 2013

Direct measurement 
of particle lifetime!

              

Kawasaki et al., 2005

Estimated 1σ detection 
limits for PIXIE
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Another way to do CMB-based cosmology! 
Direct probe of recombination physics!



CosmoSpec: fast and accurate computation of the CRR

JC & Ali-Haimoud, arXiv:1510.03877

• Like in old days of CMB anisotropies! 
• detailed forecasts and feasibility studies 
• non-standard physics (variation of α, 

energy injection etc.)

CosmoSpec will be available here: 

www.Chluba.de/CosmoSpec 
 

http://www.Chluba.de/CosmoSpec
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Why does the ionization  
history matter for Planck?

• Free electron fraction determines the shape of the 
Thomson visibility function / last scattering surface 
(maximum at z~1100 where Ne / NH ~ 16% ) 

• Uncertainties in the computation of Ne(z) will affect the 
theoretical predictions for the CMB power spectra 

• This will bias the inferred values of the cosmological 
parameters 

• Experimental goal of 0.1% - 1% requires 0.1% - 1% 
understanding of Ne(z) at z~1100 

• Errors in Ne(z) in particular compromise our ability to 
measure ns (→ inflation) 

• ,Getting 1016 GeV physics right means we have to 
understand eV physics with high precision’ (quote D. Scott)



Planck Collaboration, 2015, paper XX

Importance of recombination for inflation constraints

• Analysis uses refined recombination model (CosmoRec/HyRec)

Without improved recombination 
modules people would be talking 
about different inflation models!
(e.g., Shaw & JC, 2011)



Average CMB spectral distortions
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Foreground problem for CMB spectral distortions

• Distortion signals quite small even if spectrally different 

• spatially varying foreground signals across the sky 
- Introduces new spectral shapes (superposition of power-laws, etc.) 
- Scale-dependent SED 

- Similar problem for B-mode searches 

• New foreground parametrization required  
- Moment expansion (JC, Hill & Abitbol, 2017) 

• many frequency channels with high sensitivity required 
- PIXIE stands best chance at tackling this problem 

• Synergies with CMB imagers have to be exploited 
- Maps of foregrounds can be used to model contributions to average 

sky-signal 

- absolute calibration (from PIXIE) can be used for calibration of imagers  



Some of the foregrounds and their spatial variation

Planck Collaboration: Di↵use component separation: Foreground maps

Ad
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mKRJ @ 545 GHz

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
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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

As
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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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Foreground problem for CMB spectral distortions

• Distortion signals quite small even if spectrally different 

• spatially varying foreground signals across the sky 
- Introduces new spectral shapes (superposition of power-laws, etc.) 
- Scale-dependent SED 

- Similar problem for B-mode searches 

• New foreground parametrization required  
- Moment expansion (JC, Hill & Abitbol, 2017) 

• many frequency channels with high sensitivity required 
- PIXIE stands best chance at tackling this problem 

• Synergies with CMB imagers have to be exploited 
- Maps of foregrounds can be used to model contributions to average 

sky-signal 

- absolute calibration (from PIXIE) can be used for calibration of imagers  



Comparison of distortion signals with foregrounds

Abitbol, JC & Hill, 1705.01534

Foreground model: 
Sync, free-free, 
thermal dust, 
CIB, CO, AME



Forecasted sensitivities for PIXIE

PIXIE Spectral Distortion Forecasts 7

Table 4. Errors on CMB parameters obtained with MCMC runs. These results assume an extended PIXIE mission and various priors on the synchrotron
spectral index and amplitude, which are labeled by the percentage values in the first row. In the final three columns, the µ parameter is not included in the data
analysis (although it is present in the signal), yielding improved constraints on kTeSZ.

Parameter 1% / �� 10% / 10% 1% / 1% none (no µ) 10% / 10% (no µ) 1% / 1% (no µ)

��T [10�9] 194 (619�) 75 (1600�) 18 (6500�) 17 (7200�) 4.4 (27000�) 3.7 (33000�)
�y[10�9] 32 (55�) 14 (130�) 5.9 (300�) 9.1 (194�) 4.6 (380�) 4.6 (390�)
�kTeSZ [10�2 keV] 23 (5.5�) 12 (10�) 8.6 (14�) 12 (11�) 7.9 (16�) 7.6 (17�)
�µ[10�8] 47 (0.04�) 18 (0.11�) 4.7 (0.43�) – – –

Table 5. Percent errors on foreground parameters obtained with MCMC runs. These results assume an extended PIXIE mission and various priors on the
synchrotron spectral index and amplitude, as labeled in the first column. The average of the two-sided errors is quoted. The recovered parameter posterior
distributions for the final three cases (no µ in the analysis) are shown in Figure A1.

Prior ↵S / AS AS ↵S !S AFF AAME Ad �d Td ACIB �CIB TCIB ACO

1% / – 34.0% 1.0% 106.0% 23.0% 1.7% 0.35% 0.087% 0.0051% 1.2% 0.32% 0.1% 0.33%
10% / 10% 9.6% 9.3% 52.0% 7.3% 0.9% 0.18% 0.051% 0.0046% 0.58% 0.17% 0.053% 0.23%
1% / 1% 0.99% 1.0% 5.5% 1.1% 0.77% 0.13% 0.04% 0.0045% 0.3% 0.11% 0.031% 0.22%

none (no µ) 33.0% 29.0% 93.0% 8.9% 1.3% 0.18% 0.048% 0.0049% 0.6% 0.17% 0.069% 0.33%
10% / 10% (no µ) 7.3% 7.0% 21.0% 2.2% 0.85% 0.14% 0.043% 0.0046% 0.35% 0.12% 0.029% 0.21%
1% / 1% (no µ) 0.95% 0.95% 5.1% 0.47% 0.61% 0.12% 0.038% 0.0042% 0.29% 0.1% 0.028% 0.16%

CO and AME, or use a two-temperature dust model (Kogut &
Fixsen 2016) (however, note the thermal dust plus CIB is in e↵ect
itself a two-temperature dust model).

5 FORECASTING METHODS

We implement two methods to estimate the capability of PIXIE (or
other spectral distortion missions) to constrain the signals described
above. First, we use a Markov Chain Monte Carlo (MCMC) sam-
pler to calculate the parameter posterior distributions. This allows
us to determine the most likely parameter values and the param-
eter uncertainties, even in the case of highly non-Gaussian pos-
teriors. Second, we employ a Fisher matrix calculation to deter-
mine the parameter uncertainties, assuming Gaussian posteriors.
The Fisher method has the benefit of running much more quickly
than the MCMC, which allows us to more easily explore the e↵ects
of modifying the instrumental configuration. In the high-sensitivity
limit (i.e., when Gaussianity is an excellent approximation), the two
methods converge to identical results. The Fisher information ma-
trix is calculated as

Fi j =
X

a,b

@(�I⌫)a

@pi
C�1

ab
@(�I⌫)b

@pj
. (5)

Here the sum is over frequency bins indexed by {a, b}, pi stands for
parameter i, and Cab is the PIXIE noise covariance matrix, which
we assume to be diagonal. The parameter covariance matrix is then
calculated by inverting the Fisher information Fi j.

For the MCMC sampling, we use the emcee package
(Foreman-Mackey et al. 2012), with wrappers developed previ-
ously as part of SZpack (Chluba et al. 2013) and CosmoTherm
(Chluba 2013a). This method allows us to obtain realistic estimates
for the detection thresholds when non-Gaussian contributions to

the posteriors become noticeable. It also immediately reveals pa-
rameter biases introduced by incomplete signal modeling. This is
particularly important for projections based on the PIXIE baseline
sensitivity, especially limits on the µ parameter. We typically use
N ' 200 independent walkers and vary the total number of sam-
ples to reach convergence in each case. Unless stated otherwise,
flat priors over a wide range around the input values are assumed
for each parameter.

6 CMB-ONLY DISTORTION SENSITIVITIES

To estimate the maximal amount of information that PIXIE could
extract given its noise level, we perform several MCMC fore-
casts omitting foreground contamination. The CMB parameters are
�T = (TCMB � T0)/T0, y, kTeSZ, and µ. Considering the cases with
only �T , y, and µ (i.e., neglecting the relativistic SZ temperature
corrections), the baseline mission (12 months spent in distortion
mode) yields a significant detection of the y-parameter, but only a
marginal indication for non-zero µ (see Table 2). This situation im-
proves for an extended mission (86.4 months in distortion mode),
suggesting a ' 4� detection of µ. In both cases, the constraints are
driven by channels with ⌫ . 1 THz.

When adding the relativistic temperature correction to the SZ
signal and modeling the data using �T , y, µ, and the y-weighted
electron temperature kTeSZ = hy kTei / hyi, only a small penalty is
paid for the constraint on µ (the error increases from�µ ' 1.3⇥10�8

to �µ ' 1.4 ⇥ 10�8 for the baseline mission). In both cases, a very
significant measurement of kTeSZ is expected. The central value of
µ is biased high by �µ ' 0.3 ⇥ 10�8, since the relativistic SZ cor-
rection model includes contributions from higher-order moments
that are not captured by only adding kTeSZ. When also adding the
second moment of the y-weighted electron temperature to the anal-
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Figure 3. Comparison of the CMB spectral distortion parameter contours for varying foreground complexity. – Left panel: CMB-only (blue), CMB+Dust+CO
(red) and CMB+Sync+FF+AME (black) parameter cases. Adding Dust+CO has a small e↵ect on µ, while adding Sync+FF+AME has a moderate e↵ect on
kTeSZ. – Right panel: CMB+Dust+CIB+CO (blue), CMB+Sync+FF+Dust+CIB (red) and all foregrounds (black) parameter cases. The degradation of µ due
to the foregrounds is more severe than that for the other parameters.

Table 3. MCMC forecasts with foregrounds. All results are for the extended mission (86.4 months), except for the first column (12 months). The given numbers
represent the average of the two-sided 1� marginalized uncertainty on each parameter. The models for the extended mission are sorted using the errors on y
and kTe. Values in parentheses are the detection significance (i.e., fiducial parameter value divided by 1� error). A 10% prior on the synchrotron amplitude
and spectral index, AS and ↵S, is assumed, which only has a noticeable e↵ect for the 14 and 16 parameter cases. No band average is included, but this is found
to have only a small e↵ect. The results agree very well with the Fisher forecasts.

Sky Model CMB CMB Dust, CO Sync, FF, Sync, FF, Dust, CIB, Sync, FF, Sync, FF, AME
(baseline) AME Dust CO Dust, CIB Dust, CIB, CO

# of parameters 4 4 8 9 11 11 14 16

��T [10�9] 2.3 (52k�) 0.86 (140k�) 2.2 (55k�) 3.9 (31k�) 9.7 (12k�) 5.3 (23k�) 59 (2000�) 75 (1600�)
�y[10�9] 1.2 (1500�) 0.44 (4000�) 0.65 (2700�) 0.88 (2000�) 2.7 (660�) 4.8 (370�) 12 (150�) 14 (130�)
�kTeSZ [10�2 keV] 2.9 (42�) 1.1 (113�) 1.8 (71�) 1.3 (96�) 4.1 (30�) 7.8 (16�) 11 (11�) 12 (10�)
�µ[10�8] 1.4 (1.4�) 0.53 (3.8�) 0.55 (3.6�) 1.7 (1.2�) 2.6 (0.76�) 0.75 (2.7�) 14 (0.15�) 18 (0.11�)

frequency suppression at high frequencies (⌫ & 1 THz) caused by
the presence of CMB photons in the spectral template (Chluba et al.
2017). At these frequencies, the spectrum is very weakly depen-
dent on the electron temperature, and we therefore only allow for
one free parameter, corresponding to the overall amplitude in in-
tensity units. We estimate this amplitude by fitting to the free-free
spectrum from Planck (Planck Collaboration et al. 2016).

Cumulative CO. The cumulative CO emission from distant galax-
ies adds another foreground that will interfere with CMB spec-
tral distortion measurements. We take the spectrum calculated
by Mashian et al. (2016) and produce a template with one free am-
plitude parameter to describe this emission. In principle, one could
allow the amplitude of each individual line to vary (with some rel-
ative constraints), but for simplicity we use one template with a
single parameter.

Spinning Dust Grains. Lastly, we consider anomalous microwave
emission (AME), which is non-negligible in the range of 10-
60 GHz, commonly thought to be sourced by spinning dust grains
with an electric dipole moment (Draine & Lazarian 1998). We
adopt the model used by Planck, which generates a template from
a theoretically calculated SED (Planck Collaboration et al. 2016)
(see also Ali-Haı̈moud (2013) and references therein). We allow
one free parameter for the amplitude of the spinning dust template.

Other Components For the purpose of the forecast we only in-
clude the above foregrounds, which are well-known and (relatively)
well-characterized. We neglect several other potential foreground
signals, such as additional spectral lines (e.g., CII) (Carilli et al.
2016; Serra et al. 2016) or intergalactic dust (Imara & Loeb 2016).
In an e↵ort to capture the dominant e↵ects of the known fore-
grounds, we also do not include more general models for our fore-
ground signals. One could use models instead of templates for the
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• Greatly improved limit on µ expected, 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 required!

Abitbol, JC & Hill, 1705.01534



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

All this largely without any competition from the ground!!!

PIXIE/PRISM-S



Uniqueness of CMB Spectral Distortion Science

Guaranteed distortion 
signals in ΛCDM 

New tests of inflation 
and particle/dark 
matter physics 

Signals from the 
reionization and 
recombination eras 

Huge discovery 
potential 

Complementarity and 
synergy with CMB 
anisotropy studies

Chluba & Sunyaev, MNRAS, 419, 2012 
Chluba et al., MNRAS, 425, 2012 
Silk & Chluba, Science, 2014 
Chluba, MNRAS, 2016
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