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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
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time-dependent information



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 
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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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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 & 2016 as NASA 

EX mission (i.e. cost ~ 200-250 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.”

New mission concepts: 
PRISTINE (France) 
CMB-Bharat (India)

Decadal Survey 
White papers for Jan 2019



APSERa

Details in Rao et al., ArXiv:1501.07191



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



⇒ CMB Spectral Distortion 
Science Book, First Edition
Main initiators: Al Kogut, Subodh Patil, 
Emanuela Dimastrogiovanni & JC



Physical mechanisms that lead to spectral distortions

• 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)

„high“ redshifts 

„low“   redshifts

pr
e-

re
co

m
bi

na
tio

n 
ep

oc
h

po
st

-r
ec

om
bi

na
tio

n

Standard sources 
of distortions



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

Mixing is mediated by Thomson scattering ⇒ Silk damping
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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



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

If we do not see this signal then ΛCDM is in trouble!



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 

• 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 

• complementary piece of information about early-universe physics

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

Distortions provide new power spectrum constraints!



Enhanced small-scale power in hybrid inflation

8

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

!70 !60 !50 !40 !30 !20 !10 0
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10! 8
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1

N k
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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
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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)
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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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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 
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Figure 5. Resulting µ-parameter from heating due to tensor perturba-
tions. The two groups are for {AT , k0} = {2.4 ⇥ 10�10, 0.002 Mpc�1} and
{2.2 ⇥ 10�10, 0.05 Mpc�1}. We used Eq. (18) to compute the heating rate,
but for the red dashed line we only included modes with k  2⇥104 Mpc�1.
The stars show the result obtained with approximation Eq. (19). For the sim-
plest parametrizations of the primordial tensor power spectrum, the shaded
region is ruled out by BBN/CMB constraints (Smith et al. 2006; Boyle &
Buonanno 2008).

accounts for the e�ciency of thermalization at early times. Correc-
tions to the shape of the spectral distortion caused by dissipation of
tensor perturbations in the µ � y transition era (104 . z . 3 ⇥ 105)
can be included using the Green’s function method of the CosmoTh-
erm6 software package (Chluba & Sunyaev 2012; Chluba 2013b),
but for the purpose of this work, Eq. (24) is su�cient.

For k0 = 0.05 Mpc, with the approximation Eq. (19) for the
tensor heating rate, we find µ ⇡ {7.3 ⇥ 10�5, 7.8 ⇥ 10�3, 5.8} AT for
nT = {0, 0.5, 1}, respectively. Thus with AT ' 0.1A⇣ ' 2.2 ⇥ 10�10

we have a distortion µ ⇡ {1.6 ⇥ 10�14, 1.7 ⇥ 10�12, 1.3 ⇥ 10�9}. For
nT . 1, this agrees to within ' 10% � 30% with our more detailed
calculation (see Fig. 5). Generally, our numerical results show that
for nearly scale invariant tensor power spectra, the µ-distortion re-
mains six orders of magnitudes smaller than for the dissipation of
adiabatic modes, which for standard curvature power spectrum with
A⇣ = 2.2 ⇥ 10�9 at pivot scale k0 = 0.05 Mpc and nS = 0.96 gives
µ⇣ ' 1.4⇥10�8 (Chluba et al. 2012b). The adiabatic signal is just at
the detection limit of PIXIE (Kogut et al. 2011), showing that a de-
tection of the tensor contribution is very futuristic. For blue power
spectra, the distortion can become comparable to the signal caused
by adiabatic modes. However, in this case constraints on tensors
from CMB and big bang nucleosynthesis (BBN) become impor-
tant (Smith et al. 2006), limiting nT < 0.36 for r ' 0.1 (Boyle &
Buonanno 2008). Overall, the distortion signal from tensors is thus
expected to be much smaller than for adiabatic modes (see Fig. 5).

5.1 Comparing with Ota et al.

Our conclusions from the previous section are in broad agree-
ment with those of Ota et al. (2014). To compare more directly,
we change the power spectrum parameters to k0 = 0.002 Mpc
and AT = 2.4 ⇥ 10�10 and introduce a hard small-scale cuto↵

6 Available at www.Chluba.de/CosmoTherm
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Figure 6. Di↵erential contribution to the µ-distortion from di↵erent scales.
Transfer e↵ects introduce a cuto↵ at very small scales. The dotted vertical
line indicates the position of the cuto↵ used by Ota et al. (2014), while the
dashed-dotted lines are the data taken from their Fig. 2 (and divided by 2 to
convert to r = 0.1). See Sect. 5.1 text for more detailed explanation.

at kcut = 2 ⇥ 104 Mpc�1. Numerically integrating Eq. (13) with
Eq. (24), we find µ ⇡ {1.8 ⇥ 10�14, 6.0 ⇥ 10�9} for nT = {0, 1}.
This is about 10% � 20% smaller than the values reported in their
paper, µOta ⇡ {2.2⇥10�14, 7⇥10�9} for r = 0.1. A part of this di↵er-
ence can be explained by adding the other terms for ` = 2, Eq. (17),
which then gives µ ⇡ {1.9 ⇥ 10�14, 6.3 ⇥ 10�9}, but in particular for
nT = 0, the di↵erence remains comparable to ' 20%.

To understand the remaining di↵erence a little better, in Fig. 6
we show the digitized points (purple, dash-dotted) for dµ/ d ln k
taken from Fig. 2 of Ota et al. (2014) in comparison with our nu-
merical results. For the solid lines we used Eq. (13) for the heating
rate, while the dotted lines were computed with Eq. (18) for the
photon transfer function. For illustration, we also show the result
for dµ/ d ln k, when neglecting any photon transfer e↵ects (dashed
lines), which emphasizes the importance of free streaming e↵ects.
At the largest scales (k ' 0.3 Mpc�1), our curves for dµ/ d ln k prac-
tically coincide, although we find slightly larger contributions at
k . 0.1 Mpc�1. However, at smaller scales the curves of Ota et al.
(2014) are roughly 1.5 times larger than ours. Ota et al. (2014) used
the numerical output from the CLASS code (Lesgourgues 2011;
Blas et al. 2011; Tram & Lesgourgues 2013) to obtain the trans-
fer functions. The e↵ect of neutrino damping was only included
to CLASS recently (version 2.2; private communication, Lesgour-
gues). We find that after neglecting the damping e↵ect of neutrinos
our curves practically agree. Nevertheless, these corrections do not
change any of the main conclusions.

However, we do find that modes at k & 2 ⇥ 104 Mpc�1, which
were neglected by Ota et al. (2014), contribute significantly to
the heating, in particular for blue tensor power spectra. Includ-
ing all modes relevant at smaller scales, k0 = 0.002 Mpc and
AT = 2.4 ⇥ 10�10 we find µ ⇡ {1.9 ⇥ 10�14, 5.3 ⇥ 10�8}. Due to
the logarithmic dependence of the heating rate on the small-scale
cuto↵ [cf., Eq. (19)], for nT = 0 this did not make much of a di↵er-
ence. However, for nT ' 1, the distortion is underestimated roughly
7 times when neglecting modes at k > 2 ⇥ 104 Mpc�1 (see Fig. 5).
This becomes apparent when looking at the di↵erential contribu-
tion to µ as a function of scale (Fig. 6). For nT = 1, even scales
up to k ' 108 Mpc�1 contribute significantly to the value of µ,

c� 0000 RAS, MNRAS 000, 000–000
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JC, Dai, Grin et al., 2014, ArXiv:1407.3653

• distortion signal very small 
compared to adiabatic modes 

• no severe contamination in 
simplest cases 

• models with ‘large’ distortion 
already constrained by BBN/CMB

8 Chluba et al.

103 104 105 106 5x106

redshift z

10-15

10-14

10-13

10-12

10-11

10-10

10-9

10-8

ef
fe

ct
iv

e 
he

at
in

g 
ra

te
 (1

+z
) d

(Q
/ρ

) /
 d
z

scalar modes, nS = 0.96
tensor modes, sharp cut
tensor modes, transfer corrections

µ - distortiony - distortion µ−y transition

nT = 0

nT = 1

nT = 0.5

Figure 4. Heating rate for tensor modes and di↵erent nT. The tensor ampli-
tude was fixed to AT = 0.1A⇣ ⇡ 2.2⇥ 10�10 at pivot scale k0 = 0.05 Mpc�1.
The blue lines are obtained using kcut ' ⌧0, in Eq. (12), while the red dot-
ted lines include transfer e↵ects using, Eq. (13). For comparison we show
the heating rate for adiabatic modes using a power spectrum without run-
ning. The shaded regions indicate the y-era (z . 104), the µ � y transition
(104 . z . 3 ⇥ 105) and the µ-era (z & 3 ⇥ 105).

4.4 Energy release in the y-distortion era

For modes entering the horizon during the y-era (z . 104), we
have to include modifications related to the transition from radi-
ation to matter domination around z ' 3 ⇥ 103. Even if gener-
ally y-distortion constraints are harder to interpret because a very
large signal is produced at late times by structure formation and
reionization, it is still interesting to ask how large the tensor con-
tribution to the photon heating is. For modes that enter the hori-
zon in the matter-dominated era (k < keq ' 10�2 Mpc�1), the free
streaming damping from neutrinos can be neglected (they become
dynamically subdominant). In this case, the approximate solution
of the tensor transfer function reads (Watanabe & Komatsu 2006)
h0 ' 3 j2(k⌘)/⌘, with ⌘ = 2c/(Ha) / a�1/2 for matter domination.
The partial heating rate from these large-scale modes thus is

d(Q/⇢�)
dt

������
T,late
⇡ 4

45⌧̇
H2

4

Z keq

0

k2dk
2⇡2 PT (k)Th(k⌘)

Th(x) ⇡ 18 j2
2(x), (20)

where we scaled out the leading term / c2/(a⌘)2 ⇡ H2/4(/ a�3)
of the transfer function of h0. For nT = 0, we can evaluate the
k-space integral, Imat =

R keq

0
k2dk
2⇡2 PT (k)Th(k⌘), numerically. If we

instead use the transfer function for the radiation dominated era,
Th(x) ⇡ 2(k⌘)2 j2

1(k⌘), and compare the results, we find that typi-
cally Imat/Irad ' 0.36 � 0.9. For the heating rates shown in Fig. 4,
we assumed that the transfer function of h0 is given by the one for
radiation domination. Since in the radiation dominated era we have
c2/(a⌘)2 ⇡ H2(/ a�4), in Fig. 4 we overestimated the contributions
from modes with k < keq at least by a factor of Irad/(Imat/4) ' 5.
Since our numerical computations already show that the heating
in the y-era remains very small (see Fig. 4 around z ' 103 � 104;
although not shown, at z . 103 we find the heating rate to drop
sharply), we conclude that the late time heating always remains
small and thus can be neglected.

4.5 Alternative derivation for the tensor heating rate

To check the consistency of our derivations, we can obtain the ex-
pression for the e↵ective heating rate caused by tensors in another
way, starting from the gravitational wave energy density, ⇢gw(z).
The gravitational wave contribution to the energy density of the
Universe can be written as5 (e.g., Boyle & Steinhardt 2008; Watan-
abe & Komatsu 2006)

⇢gw(z) ⇡ ⇢tot

Z kcut

0

k2dk
2⇡2

PT (k)
12

Th(k⌘)
2

e���⌘, (21)

where kcut is a small scale cuto↵ that will be discussed below. The
tensor energy transfer function, Th(k⌘), is given by Eq. (12) and
⇢tot ⇡ ⇢�/(1 � R⌫) denotes the total energy density of the Universe.

It is clear that without any energy exchange between gravity
waves, neutrinos and photons one has ⇢gw / a�4 in the radiation
dominated era. The time derivative a�4d(a4⇢gw)/dt thus describes
the real exchange of energy between di↵erent fluid components:

d(a4⇢gw)
a4 dt

⇡ ⇢tot

Z kcut

0

k2dk
2⇡2

PT (k)
12

d
dt

 
Th(k⌘)

2
e���⌘

!
. (22)

The remaining time derivative describes the heating of the neutrino
fluid, / Ṫh, and the heating of the photon fluid, proportional to

d
dt

e���⌘ = �32H2(1 � R⌫)
15⌧̇

e���⌘,

where we used the definition of �� given in Appendix D2. Thus,
the transfer of energy from tensors to the photon field is given by

d(a4⇢gw)
a4 dt

������
�

⇡ ⇢tot

Z kcut

0

k2dk
2⇡2

PT (k)
12

Th(k⌘)
2

d
dt

e���⌘

= �32H2⇢tot(1 � R⌫)
15⌧̇

Z kcut

0

k2dk
2⇡2

PT (k)
12

Th(k⌘)
2

e���⌘

= �4H2

45⌧̇
⇢�

Z kcut

0

k2dk
2⇡2 PT (k)Th(k⌘) e���⌘. (23)

Comparing this with Eq. (12), we can confirm our expression for
the e↵ective heating rate of photons by tensors. For the shear vis-
cosity from photons, transfer e↵ects were neglected, which lead
to a scale-dependent correction of the damping factor, �⇤�(k, ⌘), that
can be deduced from Eq. (13). Also, in principle additional changes
due to modifications of the e↵ective number of relativistic degrees
of freedom can be accounted for, which leads to modulation of the
tensor power relative to the ⇢gw / a�4 scaling, but the basic conclu-
sion does not change.

5 RESULTS FOR µ-DISTORTION FROM TENSORS

Given the heating rate from tensor perturbations, we can estimate
the amplitude of the µ-distortion using (e.g., Hu & Silk 1993)

µ ⇡ 1.4
Z 1

zµ,y

d(Q/⇢�)
dz

������
T

e�(z/zdc)5/2
dz, (24)

with zµ,y ' 5 ⇥ 104 and zdc ' 2 ⇥ 106. Here, J(z) = e�(z/zdc)5/2 gives
a simple approximation of the distortion visibility function, which

5 We obtained this expression from Eq. (23) of Boyle & Steinhardt (2008),
identifying the initial tensor power spectrum as �2

h(k) = k3PT (k)/(2⇡2) and
using k2 |h|2 = |h0 |2 with the transfer function Th to relate the initial power
to later time. We also included the tiny correction to the energy density
caused by dissipation of energy in the photon fluid, Appendix D2, which
energetically is not important for the tensor perturbations but it is the origin
of the heating for photons.
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• heating rate can be computed 
similar to adiabatic modes 

• heating rate much smaller than for 
scalar perturbations 

• roughly constant per dlnz for nT~0.5



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 squeezed limit non-Gaussianity)                                                                                      
→ distortion varies in different directions  
→ probe of scale-dependent non-Gaussianity at k~10 Mpc-1 and ~750 Mpc-1

Pajer & Zaldarriaga, 2012; Ganc & Komatsu, 2012; Biagetti et al., 2013; JC et al., 2016
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Figure 2. Simulation of the correlated maps of CMB temperature
anisotropies (top) and µ-distortion anisotropies (bottom) at infinite resolu-
tion. Here hµi = 2 ⇥ 10�8 and fNL = 4500.

Figure 1 shows both the auto- and cross-angular power spec-
tra of the simulated CMB and µ maps (black lines), plotted against
the theory power spectra (coloured lines) for the model of Ravenni
et al. (2017). CMB temperature anisotropies are a significant fore-
ground to µ-distortion anisotropies, dominating the signal at all an-
gular scales by more than six orders of magnitude for fNL . 103.
Conversely, the µ-T cross-correlation signal is only about three or-
ders of magnitude lower than the CMB TT power spectrum, there-
fore providing a potentially more accessible target for future CMB
experiments (Pajer & Zaldarriaga 2012).

The resulting maps of correlated CMB temperature and µ-
distortion anisotropies are shown in Fig. 2 for hµi = 2⇥10�8, which
is close to the value expected within standard ⇤CDM (Chluba
2016), and fNL = 4.5 ⇥ 103. The top panel shows typical degree-
scale fluctuations of CMB temperature anisotropies over the sky,
while the bottom panel shows that bulk of the µ-distortion fluctua-
tions are present at large angular scales, giving the impression of a
low-resolution version of the temperature map.

2.2 Foregrounds

We use the PSM (Planck Sky Model; Delabrouille et al. 2013)
software to simulate foregrounds and instrumental noise. We in-
clude both Galactic and extragalactic foregrounds in our sky sim-
ulations: thermal dust emission, synchrotron radiation, Galactic
free-free emission, and thermal Sunyaev-Zeldovich (SZ) e↵ect (y-
distortion) from galaxy clusters. We neglect potential e↵ects of
line-of-sight and beam averaging on the SEDs of the di↵erent com-

ponents (Chluba et al. 2017b). We also do not include any intrin-
sic y-T correlations and focus only on the µ-T signal described in
Sect. 2.1. As shown in Ravenni et al. (2017), y-T correlations and
also correlations of distortions with CMB polarization signals can
help us to separate di↵erent contributions, but we leave a more de-
tailed analysis to future work. One risk of ignoring y-T correla-
tions in the analysis of real data would be that residual SZ emission
in the reconstructed µ-distortion map might bias the measurement
of the µ-T correlation signal, once real data is used. However, the
main enemy here is rather residual CMB temperature anisotropies
in the reconstructed µ-distortion map, which, if not canceled, will
add spurious T -T correlations at a larger level than residual primor-
dial y-T correlations to the measured µ-T signal (see Fig. 9).

Galactic thermal dust emission (top left panel in Fig. 3) arise
from small dust grains of various sizes in the interstellar medium
(silicates and carbonaceous grains, molecules of polycyclic aro-
matic hydrocarbon) that are heated by the emission from stars and
re-emit photons at infra-red wavelengths. This is the dominant as-
trophysical foreground at high frequencies (> 100 GHz) in CMB
observations. We use the publicly released Planck GNILC dust all-
sky map at 353 GHz (Planck Collaboration Int. XLVIII 2016) as
a template for the simulation of the Galactic thermal dust emis-
sion. The GNILC dust map does not su↵er from contamination by
cosmic infrared background anisotropies thanks to filtering by the
GNILC algorithm (Remazeilles et al. 2011b). The dust template is
then integrated over the frequency bands of the considered CMB
experiment assuming a modified blackbody emission law

I
dust
⌫ = I

GNILC
353 GHz

✓ ⌫
353

◆�d B⌫ (Td)
B353 (Td)

, (10)

with variable emissivity, �d, and temperature, Td, over the sky,
B⌫(Td) being the Planck’s law for blackbody radiation. The released
Planck GNILC maps of dust temperature and emissivity, with av-
erage values over the sky of h�di = 1.6 and hTdi = 19.4 K, are used
for the spectral scaling of the dust template map.

High-energy cosmic ray electrons spiraling Galactic magnetic
fields are responsible for Galactic synchrotron radiation. Since
those magnetic fields extend outside the Galaxy, synchrotron emis-
sion is present even at high Galactic latitudes in the sky (top right
panel in Fig. 3), and is the main astrophysical foreground at ra-
dio frequencies (< 100 GHz) in CMB observations. As a template
of Galactic synchrotron emission, we use the reprocessed Haslam
et al. (1982) 408 MHz all-sky map of Remazeilles et al. (2015), in
which extragalactic radio sources and other systematic e↵ects have
been subtracted. The 408 MHz map is scaled across the frequency
bands of CMB experiments through a power-law emission law in
Rayleigh-Jeans brightness temperature units

I
synch.
⌫ = I408 MHz

✓ ⌫
408

◆�s
, (11)

with a variable spectral index, �s, over the sky. The synchrotron
spectral index map is taken from Miville-Deschênes et al. (2008),
which has an average value of h�si = �3 over the sky. Similar varia-
tions of the spectral index are expected along the line of sight, lead-
ing to higher order curvature terms (Chluba et al. 2017b), which are
not included here.

Free electrons loose energy through Coulomb interactions
with heavy ions, which results in a Bremsstrahlung emission of
photons in HII regions of the Galactic plane. This emission is
also termed as Galactic free-free emission, which, while fainter
than synchrotron and thermal dust emissions, is still a signifi-
cant foreground in star-forming regions of the Galaxy at low fre-
quencies . 100 GHz for CMB observations (middle left panel in
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Figure 2. Simulation of the correlated maps of CMB temperature
anisotropies (top) and µ-distortion anisotropies (bottom) at infinite resolu-
tion. Here hµi = 2 ⇥ 10�8 and fNL = 4500.

Figure 1 shows both the auto- and cross-angular power spec-
tra of the simulated CMB and µ maps (black lines), plotted against
the theory power spectra (coloured lines) for the model of Ravenni
et al. (2017). CMB temperature anisotropies are a significant fore-
ground to µ-distortion anisotropies, dominating the signal at all an-
gular scales by more than six orders of magnitude for fNL . 103.
Conversely, the µ-T cross-correlation signal is only about three or-
ders of magnitude lower than the CMB TT power spectrum, there-
fore providing a potentially more accessible target for future CMB
experiments (Pajer & Zaldarriaga 2012).

The resulting maps of correlated CMB temperature and µ-
distortion anisotropies are shown in Fig. 2 for hµi = 2⇥10�8, which
is close to the value expected within standard ⇤CDM (Chluba
2016), and fNL = 4.5 ⇥ 103. The top panel shows typical degree-
scale fluctuations of CMB temperature anisotropies over the sky,
while the bottom panel shows that bulk of the µ-distortion fluctua-
tions are present at large angular scales, giving the impression of a
low-resolution version of the temperature map.

2.2 Foregrounds

We use the PSM (Planck Sky Model; Delabrouille et al. 2013)
software to simulate foregrounds and instrumental noise. We in-
clude both Galactic and extragalactic foregrounds in our sky sim-
ulations: thermal dust emission, synchrotron radiation, Galactic
free-free emission, and thermal Sunyaev-Zeldovich (SZ) e↵ect (y-
distortion) from galaxy clusters. We neglect potential e↵ects of
line-of-sight and beam averaging on the SEDs of the di↵erent com-

ponents (Chluba et al. 2017b). We also do not include any intrin-
sic y-T correlations and focus only on the µ-T signal described in
Sect. 2.1. As shown in Ravenni et al. (2017), y-T correlations and
also correlations of distortions with CMB polarization signals can
help us to separate di↵erent contributions, but we leave a more de-
tailed analysis to future work. One risk of ignoring y-T correla-
tions in the analysis of real data would be that residual SZ emission
in the reconstructed µ-distortion map might bias the measurement
of the µ-T correlation signal, once real data is used. However, the
main enemy here is rather residual CMB temperature anisotropies
in the reconstructed µ-distortion map, which, if not canceled, will
add spurious T -T correlations at a larger level than residual primor-
dial y-T correlations to the measured µ-T signal (see Fig. 9).

Galactic thermal dust emission (top left panel in Fig. 3) arise
from small dust grains of various sizes in the interstellar medium
(silicates and carbonaceous grains, molecules of polycyclic aro-
matic hydrocarbon) that are heated by the emission from stars and
re-emit photons at infra-red wavelengths. This is the dominant as-
trophysical foreground at high frequencies (> 100 GHz) in CMB
observations. We use the publicly released Planck GNILC dust all-
sky map at 353 GHz (Planck Collaboration Int. XLVIII 2016) as
a template for the simulation of the Galactic thermal dust emis-
sion. The GNILC dust map does not su↵er from contamination by
cosmic infrared background anisotropies thanks to filtering by the
GNILC algorithm (Remazeilles et al. 2011b). The dust template is
then integrated over the frequency bands of the considered CMB
experiment assuming a modified blackbody emission law
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dust
⌫ = I

GNILC
353 GHz

✓ ⌫
353

◆�d B⌫ (Td)
B353 (Td)

, (10)

with variable emissivity, �d, and temperature, Td, over the sky,
B⌫(Td) being the Planck’s law for blackbody radiation. The released
Planck GNILC maps of dust temperature and emissivity, with av-
erage values over the sky of h�di = 1.6 and hTdi = 19.4 K, are used
for the spectral scaling of the dust template map.

High-energy cosmic ray electrons spiraling Galactic magnetic
fields are responsible for Galactic synchrotron radiation. Since
those magnetic fields extend outside the Galaxy, synchrotron emis-
sion is present even at high Galactic latitudes in the sky (top right
panel in Fig. 3), and is the main astrophysical foreground at ra-
dio frequencies (< 100 GHz) in CMB observations. As a template
of Galactic synchrotron emission, we use the reprocessed Haslam
et al. (1982) 408 MHz all-sky map of Remazeilles et al. (2015), in
which extragalactic radio sources and other systematic e↵ects have
been subtracted. The 408 MHz map is scaled across the frequency
bands of CMB experiments through a power-law emission law in
Rayleigh-Jeans brightness temperature units
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⌫ = I408 MHz
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, (11)

with a variable spectral index, �s, over the sky. The synchrotron
spectral index map is taken from Miville-Deschênes et al. (2008),
which has an average value of h�si = �3 over the sky. Similar varia-
tions of the spectral index are expected along the line of sight, lead-
ing to higher order curvature terms (Chluba et al. 2017b), which are
not included here.

Free electrons loose energy through Coulomb interactions
with heavy ions, which results in a Bremsstrahlung emission of
photons in HII regions of the Galactic plane. This emission is
also termed as Galactic free-free emission, which, while fainter
than synchrotron and thermal dust emissions, is still a signifi-
cant foreground in star-forming regions of the Galaxy at low fre-
quencies . 100 GHz for CMB observations (middle left panel in
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Simulated µ-map for fNL=4500

Remazeilles & JC, 2018, MNRAS (ArXiv:1802.10101)

• Signals could be detectable by future 
CMB anisotropy experiments (e.g., 
Litebird, CORE, PICO, CMB-Bharat)


• Additional information from yT, µE, yE        
(Ravenni et al., 2017)

Extracting µ-anisotropies 3

In the description of Chluba et al. (2017a), the cross-power
spectrum between µ-distortion anisotropies and CMB temperature
anisotropies on angular scales 2 6 ` . 200 is then given by:

C
µ⇥T

` = 12 C
TT,SW
` ⇢(`) fNL hµi, (2)

where the monopole of the µ-distortion is set to hµi = 2 ⇥ 10�8

(Chluba 2016) and fNL is the primordial non-Gaussianity param-
eter. The scale-dependence of the correlation is approximated by:

⇢(`) = 1.08
�
1 � 0.022` � 1.72 ⇥ 10�4`2

+ 2.00 ⇥ 10�6`3 � 4.56 ⇥ 10�9`4
�
. (3)

We adopt the opposite sign convention to that of WMAP (Komatsu
& Spergel 2001): fNL = � f

WMAP
NL . Thus, for positive fNL, µ and T

are correlated at the largest angular scales. In Sect. 3.3.1, we show
that this is not a limitation, as the results directly apply to negative
values of fNL too, making this choice unimportant.

Equation (2) clearly illustrates the dependence of the cross-
correlation on fNL and hµi, showing that the obtained limits from
anisotropy measurements alone only constrain the product fNL hµi
(Chluba et al. 2017a). To break the degeneracy, an absolute mea-
surement using a PIXIE-type experiment is required. Thus, a com-
bination of imager (providing angular resolution) and spectrometer
(providing spectral coverage) might be one viable avenue forward
towards clear detections and constraints.

In the more complete computation of Ravenni et al. (2017),
the µ-T cross-power spectrum at all angular scales is given by:

C
µ⇥T

` = 4⇡
 

12
5

! Z
k

2
dk

2⇡2 T
T

` (k) j` (k rls) P(k)

⇥

Z
q

2
1 dq1

2⇡2 f
µ(q1, q1, k) P(q1), (4)

where T T

` (k) denotes the radiation transfer function for CMB tem-
perature, f

µ(q1, q1, k) is the transfer function for the µ-distortion, j`

is the spherical Bessel function of the first kind, rls is the comov-
ing distance to the last-scattering surface, and P(k) is the primor-
dial power spectrum. The resultant cross power spectrum is illus-
trated in Fig. 1, exhibiting several oscillations towards small angu-
lar scales. However, the added signal-to-noise is limited at ` & 200
even for PICO (see Sect. 3.3), so that the approximation Eq. (2) is
su�cient for our main estimates.

The µ-distortion auto-power spectrum in the Gaussian limit is
negligible in comparison to the noise-level of future CMB imagers
(Pajer & Zaldarriaga 2012; Ganc & Komatsu 2012). For the non-
Gaussian contribution we use (Emami et al. 2015)

C
µ⇥µ
` = 144 C

TT,SW
` f

2
NL hµi

2, (5)

which is in good agreement with the original estimates (Pajer &
Zaldarriaga 2012). For illustration, we adopt di↵erent values of pri-
mordial non-Gaussianity in our simulations:

fNL = 4.5 ⇥ 103 ; 104 ; 105. (6)

The first value is close to the estimated detection limit of a PIXIE-
like experiment without considering foregrounds in more detail
(Chluba et al. 2017a). The last value, putting us into the large
signal-to-noise regime, is mainly chosen to validate the method.

The covariance matrix of CMB temperature anisotropies and
µ-distortions anisotropies is then given by:

C =
 

C
TT

` C
µ⇥T

`

C
µ⇥T

` C
µ⇥µ
`

!
. (7)

By computing the singular-value decomposition (SVD) of the co-
variance matrix, C, we can first generate two independent Gaussian

Figure 1. Angular power spectra of anisotropies from theory (red, blue, and
green lines) and simulations (black lines), for average hµi = 2 ⇥ 10�8 and
fNL = 4500: CMB TT and µµ distortion auto-power spectra (upper panel),
and µ ⇥ T cross-power spectrum (lower panel). The upper panel illustrates
the large dynamic range between CMB temperature anisotropies (red line)
and µ-distortion anisotropies (blue line).

random fields, then reproject them in the appropriate basis in order
to obtain a simulated CMB map and a simulated µ-distortion map
that are correlated according to Eq. (7).

The spectral energy distribution (SED) of CMB temperature
anisotropies is the derivative of the blackbody spectrum with re-
spect to temperature, thus in thermodynamic units corresponding
to a constant spectrum across frequency, ⌫:

aT(⌫) = TCMB. (8)

This expression neglects higher order terms / (�T/T )2, which
introduce a y-type spectral dependence (e.g., Chluba & Sunyaev
2004) that are negligible in our discussion. Conversely, the SED of
µ-distortion anisotropies, aµ, scales across frequencies as:

aµ(⌫) =
TCMB

x

✓
x

2.19
� 1

◆
, x ⌘

h⌫

kTCMB
, (9)

in thermodynamic temperature units. The distinct spectral signa-
tures of CMB temperature and µ-distortion anisotropies should al-
low us to separate the two signals by using multi-frequency obser-
vations from CMB satellite experiments. We use Eqs. (8) and (9)
in our simulations to integrate the CMB and µ-distortion template
maps over the frequency bands of di↵erent CMB experiments.
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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

48004.8x10
6

2x10
6

5x10
5

10
5

5x10
4

2x10
4

10
4

2x10
5

z
X

10
-2

10
-1

10
0

10
1

f X
 /

 z
X

  
[ 

eV
 ]

µ
µ

1
µ

2
µ

3

10
6

10
7

10
8

10
9

10
10

10
11

10
12

t
X

 [ sec ]

10
-8

10
-7

10
-6

10
-5

∆
ρ

γ
/ 

ρ
γ

3
He / D 

 bound

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 
may be possible!

              

Kawasaki et al., 2005

Estimated 1σ detection 
limits for PIXIE
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An absorption profile centred at 78 megahertz in the 
sky-averaged spectrum
Judd D. Bowman1, Alan E. E. Rogers2, Raul A. Monsalve1,3,4, Thomas J. Mozdzen1 & Nivedita Mahesh1

After stars formed in the early Universe, their ultraviolet light is 
expected, eventually, to have penetrated the primordial hydrogen 
gas and altered the excitation state of its 21-centimetre hyperfine 
line. This alteration would cause the gas to absorb photons from 
the cosmic microwave background, producing a spectral distortion 
that should be observable today at radio frequencies of less than  
200 megahertz1. Here we report the detection of a flattened 
absorption profile in the sky-averaged radio spectrum, which is 
centred at a frequency of 78 megahertz and has a best-fitting full-
width at half-maximum of 19 megahertz and an amplitude of 0.5 
kelvin. The profile is largely consistent with expectations for the 
21-centimetre signal induced by early stars; however, the best-fitting 
amplitude of the profile is more than a factor of two greater than 
the largest predictions2. This discrepancy suggests that either the 
primordial gas was much colder than expected or the background 
radiation temperature was hotter than expected. Astrophysical 
phenomena (such as radiation from stars and stellar remnants) are 
unlikely to account for this discrepancy; of the proposed extensions 
to the standard model of cosmology and particle physics, only 
cooling of the gas as a result of interactions between dark matter 
and baryons seems to explain the observed amplitude3. The low-
frequency edge of the observed profile indicates that stars existed 
and had produced a background of Lyman-α photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.

Observations with the Experiment to Detect the Global Epoch of 
Reionization Signature (EDGES) low-band instruments, which began 
in August 2015, were used to detect the absorption profile. Each of the 
two low-band instruments consists of a radio receiver and a zenith- 
pointing, single-polarization dipole antenna. Spectra of the brightness 
temperature of the radio-frequency sky noise, spatially averaged over 
the large beams of the instruments, were recorded between 50 MHz 
and 100 MHz. Raw spectra were calibrated, filtered and integrated over 
 hundreds of hours. Automated measurements of the reflection coeffi-
cients of the antennas were performed in the field. Other measurements  
were performed in the laboratory, including of the noise waves and 
reflection coefficients of the low-noise amplifiers and additional  
calibration constants. Details of the instruments, calibration, verifica-
tion and model fitting are described in Methods.

In Fig. 1 we summarize the detection. It shows the spectrum 
observed by one of the instruments and the results of model fits. 
Galactic synchrotron emission dominates the observed sky noise, 
 yielding a power-law spectral profile that decreases from about 
5,000 K at 50 MHz to about 1,000 K at 100 MHz for the high Galactic 
latitudes shown. Fitting and removing the Galactic emission and  
ionospheric contributions from the spectrum using a five-term,  
physically motivated foreground model (equation (1) in Methods) 
results in a residual with a root-mean-square (r.m.s.) of 0.087 K.  

The absorption profile is found by fitting the integrated spectrum 
with the foreground model and a model for the 21-cm signal  
simultaneously. The best-fitting 21-cm model yields a symmetric 
U-shaped absorption profile that is centred at a frequency of 
78 ±   1 MHz and has a full-width at half- maximum of −

+19 MHz2
4 , an 

amplitude of . − .+ .0 5 K0 2
0 5  and a flattening factor of τ = −

+7 3
5 (where the 

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 

1School of Earth and Space Exploration, Arizona State University, Tempe, Arizona 85287, USA. 2Haystack Observatory, Massachusetts Institute of Technology, Westford, Massachusetts 01886, USA. 
3Center for Astrophysics and Space Astronomy, University of Colorado, Boulder, Colorado 80309, USA. 4Facultad de Ingeniería, Universidad Católica de la Santísima Concepción, Alonso de Ribera 
2850, Concepción, Chile.
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 2 | Low-band antennas. a, The low-1 antenna 
with the 30 m ×  30 m mesh ground plane. The darker inner square is the 
original 10 m ×  10 m mesh. The control hut is 50 m from the antenna.  
b, A close view of the low-2 antenna. The two elevated metal panels form 

the dipole-based antenna and are supported by fibreglass legs. The balun 
consists of the two vertical brass tubes in the middle of the antenna. The 
balun shield is the shoebox-sized metal shroud around the bottom of the 
balun. The receiver is under the white metal platform and is not visible.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

• Stimulated lots of discussion 
• Signal much larger than expected 

in standard scenario 
• Possible connection to DM 

physics / interactions?
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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

FIRAS
PIXIE
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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
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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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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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What can CMB spectral distortions teach us?

• 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 CMB 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

We should really make use of this information!

PIXIE/PRISTINE



What are the opportunities for Europe?



• Pioneering work from the ground 
- Improved constraints on µ and y 

- Possible detection of average late-time y-distortion 

- Discovery potential (e.g., ARCADE excess, EDGES) 

➡  COSMO at Dome-C and APSERa

Steps forward on CMB spectral distortions

• Low-frequency foregrounds                                             

- One of the main problems for distortions (Abitbol, JC, Hill and Johnson, 2017) 
- Capitalize on existing experience (e.g., C-Bass, Quijote) 

- One of the important inputs for B-mode searches

• Advancing the frontier from space 
- Probe of inflation and early-Universe physics 
- Complementary science to B-modes & guaranteed signals 

- Absolutely calibrated multi-frequency maps incredibly valuable         
(e.g., calibration issues, foreground separation) 

➡  PRISTINE, PIXIE-prime, CMB-Bharat



What is PRISTINE?



MG15	-	Rome

Aims,	boundary	conditions	and	collaboration
• Measure	both	CMB	polarisation	and	distortions	
• From	design	of	COBE/FIRAS	and	PIXIE	optimise	and	adapt	the	

science	case	and	instrument	deign	for	a	small	mission	
– y-type	distortions	
– Do	from	space	what	can	only	be	done	from	space	
– Complementarity	with	other	missions	and	ground	based	projects	
– Do	not	have	the	ambition	of	a	definitive	CMB	mission
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MG15	-	Rome

Instrument	Philosophy

�8

Optimised	imaging	polarised FT Spectro. based on	PIXIE	concept	
! Two telescopes of 36 cm each 
! Frequency range 90 to 2000 GHz  

! 2 THz decreases largely the noise contribution from dust and mitigates 
degeneracy with CIB, and correlation with synchrotron 

! 90 GHz improves spatial resolution and constraints size of optical 
elements 

! Spectral resolution of 5 GHz 
! Mitigates contamination from lines and optimises legacy ISM & galaxies 

! Spatial resolution 0.75	deg equivalent Gaussian  
! Array of 7 dual polarised pixels (x 2, one for each output port) 
! Sensitivity similar to PIXIE 
! Internal absolute photometric calibrator 
! Try to reduce risks and have high TRL 

! Slow spinning 

Courtesy: Bruno Maffei

Proposal to be submitted 
to ESA (F-class)

➡ Significant detection of y

➡ Close to detecting  
average rel. thSZ

Forecasts by Max Abitbol:



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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