
Mathieu Remazeilles
Jodrell Bank Centre for Astrophysics

University of Manchester

Irfu/DPhP/CEA seminar
Saclay, 2 March 2020

Teasing new cosmological observables 
out of CMB spectral distortions



The early universe picture
ü BIG BANG (“beginning of time”):

Universe started as very hot and dense. It expands and cools down since then.

ü INFLATION (! ≃ #$%&' ()*):
Universe underwent ultra-rapid accelerated exponential expansion (60 efolds!)

Intrinsic quantum fluctuations of the vacuum are amplified to macroscopic scales,
giving rise to primordial density perturbations and primordial gravitational waves

Primordial density perturbations = initial seeds of cosmic structures formed later by
gravitational instability: stars, galaxies, clusters of galaxies

ü RECOMBINATION (! ≃ &+$, $$$ -)./():
Photons stop being scattered by free electrons through the recombination of hydrogen
and helium atoms (last scattering surface)

⇓
The first light is released in the universe: Cosmic Microwave Background (CMB) radiation

CMB radiation carries unique information on the initial conditions of the universe
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Cosmic Microwave Background (CMB)

!"#$ ≃ 3 K

Discovered by Arno Penzias and Robert Wilson in 1965 
as a persistent isotropic background “noise” in their data

!"#$ ≃ 3 K

Penzias & Wilson
Nobel Prize 1978



Energy spectrum: Blackbody
FIRAS spectrophotometer

of COBE satellite (1992)

!"#$ = &. (&) KPrecise blackbody 
spectrum at ≃0.01%

Nobel Prize 2006

John C. Mather

George F. Smoot

Mather et al, ApJ 1994
Fixsen et al, ApJ 1996



Aside from the average CMB radiation …

... there are small temperature fluctuations
⁄"# #~%&'( around the mean temperature

(as an imprint of primordial density perturbations)



CMB temperature anisotropies

... there are small temperature fluctuations
⁄"# #~%&'( around the mean temperature

(as an imprint of primordial density perturbations)

After subtracting the mean CMB radiation (monopole) 



The Planck satellite scans the entire sky

Credit: ESA



CMB radiation = background signal

7%Graça%Rocha%%%%%’The%Contribu3on%of%Planck%%to%Cosmology‘%
%

Credit: ESA



The Planck CMB all-sky map:
temperature fluctuations around 2.725 K

Imprint of primordial 
density perturbations 
in the early universe

!"
" ≃ −%&'

(' = 4+, !- Oldest picture of our universe
380,000 years after the Big Bang

Initial seeds
of cosmic structures:

stars, galaxies, clusters



Power spectrum of CMB anisotropies



The exact shape of the CMB power spectrum
is driven by cosmological parameters

Hu & Dodelson
ARAA (2002)

!"#" = (& − !() ↗

!+ ↗

!, ↗ !-./ ↗



CMB anisotropies, LSS, and SNe
taught us a lot about our universe

Planck Collaboration: The cosmological legacy of Planck

and joint temperature- and polarization-based convergence maps
plus the simulations, response functions, and masks necessary to
use them for cosmological science. We also release the joint CIB
map, the likelihood, and parameter chains.

3. The ⇤CDM model

Probably the most striking characteristic to emerge from the last
few decades of cosmological research is the almost unreason-
able e↵ectiveness of the minimal 6-parameter ⇤CDM model in
accounting for cosmological observations over many decades
in length scale and across more than 10 Gyr of cosmic time.
Though many of the ingredients of the model remain highly
mysterious from a fundamental physics point of view, ⇤CDM
is one of our most successful phenomenological models. As we
will discuss later, it provides a stunning fit to an ensemble of
cosmological observations on scales ranging from Mpc to the
Hubble scale, and from the present day to the epoch of last scat-
tering.

The ⇤CDM model rests upon a number of assumptions,
many of which can be directly tested with Planck data. With the
model tested and the basic framework established, Planck pro-
vides the strongest constraints on the six parameters that specify
the model (Tables 6 and 7). Indeed of these six parameters all
but one – the optical depth – is now known to sub-percent preci-
sion.15

Table 6. The 6-parameter ⇤CDM model that best fits the com-
bination of data from Planck CMB temperature and polarization
power spectra (including lensing reconstruction), with and with-
out BAO data (see text). A number of convenient derived param-
eters are also given in the lower part of the table. Note that these
best fits can di↵er by small amounts from the central values of
the confidence limits in Table 7.

Parameter Planck alone Planck + BAO

⌦bh
2 . . . . . . . . . . . . . 0.022383 0.022447

⌦ch
2 . . . . . . . . . . . . . 0.12011 0.11923

100✓MC . . . . . . . . . . . 1.040909 1.041010
⌧ . . . . . . . . . . . . . . . . 0.0543 0.0568
ln(1010

As) . . . . . . . . . 3.0448 3.0480
ns . . . . . . . . . . . . . . . 0.96605 0.96824

H0 [km s�1Mpc�1] . . . 67.32 67.70
⌦⇤ . . . . . . . . . . . . . . 0.6842 0.6894
⌦m . . . . . . . . . . . . . . 0.3158 0.3106
⌦mh

2 . . . . . . . . . . . . . 0.1431 0.1424
⌦mh

3 . . . . . . . . . . . . . 0.0964 0.0964
�8 . . . . . . . . . . . . . . . 0.8120 0.8110
�8(⌦m/0.3)0.5 . . . . . . 0.8331 0.8253
zre . . . . . . . . . . . . . . . 7.68 7.90
Age [Gyr] . . . . . . . . . 13.7971 13.7839

15For ns this claim depends upon the conventional choice that ns = 1
represents scale-invariance.

Table 7. Parameter confidence limits from Planck CMB tem-
perature, polarization and lensing power spectra, and with the
inclusion of BAO data. The first set of rows gives 68 % limits for
the base-⇤CDM model, while the second set gives 68 % con-
straints on a number of derived parameters (as obtained from the
constraints on the parameters used to specify the base-⇤CDM
model). The third set below the double line gives 95 % limits for
some 1-parameter extensions to the ⇤CDM model. More details
can be found in Planck Collaboration VI (2018).

Parameter Planck alone Planck + BAO

⌦bh
2 . . . . . . . . . . 0.02237 ± 0.00015 0.02242 ± 0.00014

⌦ch
2 . . . . . . . . . . 0.1200 ± 0.0012 0.11933 ± 0.00091

100✓MC . . . . . . . . 1.04092 ± 0.00031 1.04101 ± 0.00029
⌧ . . . . . . . . . . . . . 0.0544 ± 0.0073 0.0561 ± 0.0071
ln(1010

As) . . . . . . 3.044 ± 0.014 3.047 ± 0.014
ns . . . . . . . . . . . . 0.9649 ± 0.0042 0.9665 ± 0.0038

H0 . . . . . . . . . . . 67.36 ± 0.54 67.66 ± 0.42
⌦⇤ . . . . . . . . . . . 0.6847 ± 0.0073 0.6889 ± 0.0056
⌦m . . . . . . . . . . . 0.3153 ± 0.0073 0.3111 ± 0.0056
⌦mh

2 . . . . . . . . . . 0.1430 ± 0.0011 0.14240 ± 0.00087
⌦mh

3 . . . . . . . . . . 0.09633 ± 0.00030 0.09635 ± 0.00030
�8 . . . . . . . . . . . . 0.8111 ± 0.0060 0.8102 ± 0.0060
�8(⌦m/0.3)0.5 . . . 0.832 ± 0.013 0.825 ± 0.011
zre . . . . . . . . . . . . 7.67 ± 0.73 7.82 ± 0.71
Age[Gyr] . . . . . . 13.797 ± 0.023 13.787 ± 0.020
r⇤[Mpc] . . . . . . . . 144.43 ± 0.26 144.57 ± 0.22
100✓⇤ . . . . . . . . . 1.04110 ± 0.00031 1.04119 ± 0.00029
rdrag[Mpc] . . . . . . 147.09 ± 0.26 147.57 ± 0.22
zeq . . . . . . . . . . . . 3402 ± 26 3387 ± 21

keq[Mpc�1] . . . . . . 0.010384 ± 0.000081 0.010339 ± 0.000063

⌦K . . . . . . . . . . . �0.0096 ± 0.0061 0.0007 ± 0.0019
⌃m⌫ [eV] . . . . . . . < 0.241 < 0.120
Ne↵ . . . . . . . . . . . 2.89+0.36

�0.38 2.99+0.34
�0.33

r0.002 . . . . . . . . . . < 0.101 < 0.106

3.1. Assumptions underlying ⇤CDM

A complete list of the assumptions underlying the⇤CDM model
is not the goal of this section, but below we list several of the
major assumptions.

A1 Physics is the same throughout the observable Universe.
A2 General Relativity (GR) is an adequate description of grav-

ity.
A3 On large scales the Universe is statistically the same ev-

erywhere (initially an assumption, or “principle,” but now
strongly implied by the near isotropy of the CMB).

A4 The Universe was once much hotter and denser and has been
expanding since early times.

A5 There are five basic cosmological constituents:
(a) Dark energy that behaves just like the energy density of

the vacuum.
(b) Dark matter that is pressureless (for the purposes of

forming structure), stable and interacts with normal mat-
ter only gravitationally.

18

dark 
energy
68.5%
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26.5%
baryons

4.9% ?

radiation

matter



Two independent observables for the CMB
ü Power spectrum (spatial information)

ü Energy spectrum (spectral information)

Intensity of CMB anisotropies across angular scales/multipoles

Intensity of mean CMB radiation across frequencies
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Two independent observables for the CMB
ü Power spectrum (spatial information)

ü Energy spectrum (spectral information)

Intensity of CMB anisotropies across angular scales/multipoles

Intensity of mean CMB radiation across frequencies
No further sensitive measurement since the 90s!

COBE/FIRAS

The energy spectrum of the mean CMB radiation may

provide another independent source of information!

The power spectrum of CMB temperature anisotropies

is an amazing source of information on the early universe

Amazing progress in sensitivity over the past decades:

COBE, WMAP, Planck, ACT, SPT, BICEP, + several others



Is the average CMB energy spectrum
a perfect blackbody?

Can we detect tiny departures from a perfect blackbody, 
also known as CMB spectral distortions?



Physical mechanisms leading to spectral distortions

Credit: Jens Chluba

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)



Why CMB spectral distortions?

Incident photon
! = #$

Scattered photon
!% = #$% ≠ !

Scattered electron

Electron
at rest

ü Spectral distortions arise from interactions between matter and radiation

ü Below a redshift of ' ≲ 2×10- , thermalization becomes inefficient, hence
several processes drive matter and radiation out of thermal equilibrium

ü Perturbations to thermal equilibrium cause energy exchanges between matter
and radiation (heating of baryonic matter, injection of photons or other
particles), leading to spectral distortions of the CMB blackbody radiation

ü Classical types of CMB spectral distortions:
.-type distortions and /-type distortions due to Compton scattering
between photons and free electrons causing an energy release

0 + 2 ⟶ 2′ + 0′



Blackbody distortions by Compton scattering
! + # ⟶ !% + #′

'-distortion
(exaggerated)

Planck Blackbody
Bose-Einstein

(-distortion 
(exaggerated)

Important at late and early times
) < + < ,×.)/

Important at very early times
.)/ < + < 0×.)1

Sunyaev & Zeldovich, ApSS (1970)
Sunyaev & Zeldovich, ARAA (1980)

Compton scattering redistribute the energy of photons across frequencies



!-type distortion in the late universe:
Thermal SZ effect

→

galaxy cluster

→

Credit: ESA/Planck Collaboration



Thermal SZ effect is now routinely observed
Planck SZ cluster catalog

Planck SZ Compton !-map
which I produced

Planck 2015 results XXII, A&A (2016)

Planck 2013 results XXIX A&A (2014)



In
iti

al
 co

nd
iti

on
s

CMB anisotropies

CMB lensing
SZ effect

When do spectral distortions happen?



pre- post-recombination epoch
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CMB distortions probe 
The thermal history of
the universe at ! < #$%×'()

When do spectral distortions happen?
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Hybrid distortions

When do spectral distortions happen?



!"#
!$ ≡ &"#

&$ +
&"#
&()

!()
!$ +

&"#
&*

!*
!$ +

&"#
&+)

!+)
!$ = -["]

• Isotropy & Homogeneity:

⟹ &"#
&$ − 23

&"#
&3 = -["]

• Collision term (interaction with matter):

- " = 4!"#
!$ 56

+ 4!"#
!$ 78

+ 4!"#
!$ 956

+ 4!"#
!$ 6

• Full thermal equilibrium: - " ≡ 0 ⟹ blackbody conserved

• Energy release: - " ≠ 0 ⟹ spectral distortions

Boltzmann equation for the photons

Compton scattering
< + = → <? + =′

Bremsstrahlung
< + A → <? + A + =

Double Compton scattering
< + = → <? + =? + =′′

Other sources,
e.g. decaying 

particles

"# (B, +B : photon occupation number
+B = D

E , +
) : four-momentum

* = ℎ3: photon energy



Thermal history of energy release
• At redshifts ! > #×%&' → full thermal equilibrium

ü Compton scattering, Double Compton scattering, and Bremsstrahlung
are “efficient”

ü Compton scattering redistribute the energy of photon across frequencies

ü But Double Compton scattering and Bremsstrahlung create photons, 
thus restoring the blackbody spectrum and Planck’s thermal equilibrium

• At redshifts )×%&* < ! < #×%&' → spectral distortions

ü Double Compton scattering and Bremsstrahlung become “inefficient”, 
thus preventing to create photons to maintain full thermal equilibrium

ü Compton scattering is very “efficient” ⟹ --distortion

• At redshifts . < )×%&* → spectral distortions

ü Compton scattering becomes “inefficient” ⟹ /-distortion



Compton scattering: ! + # → !% + #′
Kompaneets equation
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⟹ Bose-Einstein solution: L-type distortion
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Planck blackbody
Bose-Einstein
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23:



Compton scattering: ! + # → !% + #′

Kompaneets equation
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⟹ H-type distortion (including thermal SZ effect)
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4.1. COMPTON-Y DISTORTION AND THE THERMAL SUNYAEV-ZELDOVICH EFFECT 41
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Figure 4.1: Comparison of a Compton y-distortion, YSZ(x), and µ-distortion, M(x), with the blackbody spectrum and
temperature shift, G(x). For convenience, we plot the spectrum as a function of x = h⌫/kT and normalize the left
y-axis by I0(T ) = (2h/c2)(kT/h)3 ⇡ 270 MJy sr�1(T/2.725K)3. The y-distortion has its crossover frequency around
x ' 3.830 (⌘ 217GHz), while the µ-distortion has its zero around x ' 2.192 (⌘ 124GHz). The upper x-axis and right
y-axis also give the corresponding frequency and spectral intensity for T = 2.725 K.

4.1.2 Thermal Sunyaev-Zeldovich e↵ect

Clusters of galaxies are the largest virialized objects in our Universe, with typical masses M ' (1013�1014)M�
(M� ⇡ 2 ⇥ 1033 g) and up to ' 103 galaxies. Cluster also host a hot plasma with free electrons at temperature
Te ' few ⇥ 107K (⌘ few ⇥ keV) at typical densities Ne ' 10�3 cm�3. We know this already for a while since
clusters show a X-ray glow produced by thermal Bremsstrahlung. The hot electrons can scatter CMB photons
and create a Compton-y distortion. The typical y-parameter of massive clusters is y ' few ⇥ 10�5 � 10�4 with
✓e ' few ⇥ 10�2 and ⌧ ' few ⇥ 10�3. Because for clusters Te � T�, the y-parameter reads

y =

Z ⌧

0

kTe

mec2 d⌧0 ⇡ ✓e ⌧ (4.6)

and thus directly probes the integrated electron pressure, P̄e '
R

NeTe dl, through the cluster medium.
One of the great properties of the thermal SZ e↵ect that is it independent of redshift (ignoring evolutionary

e↵ects) [53, 44, 5]. The reason is that CMB temperature increases / (1 + z) with redshift, so that the ‘light

bulb’ illuminating the hot electrons residing inside the cluster becomes brighter the higher the redshift. The
cosmological redshift dimming of the signals, which for example reduces the X-ray fluxes for high redshift
clusters, is therefore compensated since the CMB itself is brighter, and no matter what the redshift of the
cluster is it will have the same signal relative to the CMB. It is interesting to point out that if we could go back
to z = 1, in terms of the bolometric luminosity all clusters would be brighter by 24 = 16 (as the CMB itself
would), even if we did not change the clusters! The redshift-independence of the SZ signal thus refers to how
clusters at di↵erent redshifts are seen by the observer but the same cluster signal is brighter if the observer is a
higher redshift. The redshift-independence of the SZ signal makes SZ clusters a powerful cosmological probe,

Typical distortions of the CMB spectrum
after energy release by Compton scattering



Constraints from COBE/FIRAS (~ 90s)
(Far InfraRed Absolute Spectrophotometer)

• !"#$ = &. (&) ± +. ++, K
• - ≤ ,. )×,+0)
• 1 ≤ 2×,+0)

Only tiny distortions of the 
CMB spectrum are still 

allowed (very faint signal!)

Mather et al, ApJ (1994)
Fixsen et al, ApJ (1996)
Fixsen et al, ApJ (2003)



Constraints from COBE/FIRAS (~ 90s)
(Far InfraRed Absolute Spectrophotometer)

• !"#$ = &. (&) ± +. ++, K
• - ≤ ,. )×,+0)
• 1 ≤ 2×,+0)

Only tiny distortions of the 
CMB spectrum are still 

allowed (very faint signal!)

No further measurement of the CMB spectrum since the 90s!

Requires to launch a spectrometer into space for a full-sky survey
in order to probe the average spectrum (monopole signal)

Mather et al, ApJ (1994)
Fixsen et al, ApJ (1996)
Fixsen et al, ApJ (2003)



PIXIE: Primordial Inflation Explorer
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Figure 4. PIXIE observatory and mission concept. The instrument is maintained at 2.725 K and is
surrounded by shields to block radiation from the Sun or Earth. It observes from a 660 km polar sun-
synchronous terminator orbit. The rapid spin and interferometer stroke e�ciently separate Stokes I,
Q, and U parameters independently within each pixel to provide a nearly diagonal covariance matrix.

Interleaving observations with and without the calibrator allows straightforward transfer of
the absolute calibration scale to linear polarization, while providing a valuable cross-check of
the polarization solutions obtained in each mode.

The PIXIE design di↵ers radically from kilo-pixel focal plane arrays, but shares a num-
ber of similarities with the Far Infrared Absolute Spectrophotometer (FIRAS) instrument
on NASA’s Cosmic Background Explorer (COBE) mission [15–17]. Both instruments use a
polarizing Michelson interferometer with free-standing wire grid polarizers to measure the
frequency spectrum over several decades. PIXIE unfolds the optics so that each photon
interacts with each grid and mirror once instead of twice, thus requiring four grids to FI-
RAS’ two. The larger PIXIE etendu (4 cm2 sr compared to 1.5 cm2 sr for FIRAS) and
lower bolometer NEP (0.7⇥ 10�16 W Hz�1/2 compared to 2⇥ 10�15 W Hz�1/2 for FIRAS)
provide a factor of 76 in improved sensitivity. FIRAS compared a single sky beam to an
internal blackbody calibrator, and occasionally inserted an external calibrator for absolute
calibration. The PIXIE optical path is fully symmetric, with two sky beams incident on the
FTS. The PIXIE external calibrator can be moved to block either beam or stowed so that
both beams view the sky. Dichroic splitters divided the FIRAS output into a high-frequency
and low-frequency band, using a total of four identical detectors (left high, left low, right
highn and right low). PIXIE divides each ouput by polarization, also utilizing four identical
detectors (left x̂, left ŷ, right x̂, and right ŷ). Each PIXIE detector measures the di↵erence
between orthogonal linear polarizations from opposite sides of the instrument.

The frequency multiplex advantage inherent in the FTS spectrometer also means that
each synthesized frequency bin contains noise defined not by the background intensity evalu-
ated at that frequency, but by the integrated background intensity incident on the detector.
For a ground-based experiment, the resulting noise from atmospheric emission would be un-

– 7 –

Kogut et al, JCAP 2011

Figure 12. Distortions to the CMB blackbody spectrum compared to the PIXIE instrument noise
in each synthesized frequency channel. The curves show 5� detections of Compton (y) and chemical
potential (µ) distortions. PIXIE measurements of the y distortion determine the temperature of the
intergalactic medium at reionization, while the µ distortion probes early energy release from dark
matter annihilation or Silk damping of primordial density perturbations.

to a chemical potential µ < 10�8 (Fig. 12). Constraints on chemical potential distortions
in the CMB spectrum probe the amplitude of matter fluctuations down to physical scales as
small as 1 kpc (1 solar mass).

4.2 Dark Matter

The chemical potential of the CMB spectrum provides a limit to any early energy release.
Neutralinos are an attractive candidate for dark matter; the annihilation of ��̄ pairs in the
early universe leads to an observable distortion in the CMB. The chemical potential can be
estimated as

µ ⇠ 3⇥ 10�4
f

✓
�v

6⇥ 10�26 cm3 s�1

◆ ⇣
m�

1 MeV

⌘�1 �
⌦�h

2
�2

. (4.2)

where f is the fraction of the total mass energy released to charged particles, h�vi is
the velocity-averaged annihilation cross section, ⌦� is the dark matter density, and h =
H0/100 km s�1 Mpc�1 is the Hubble constant [40, 41]. The dark matter annihilation rate
varies as the square of the number density. For a fixed ⌦� the number density is inversely
proportional to the particle mass. The chemical potential distortion is thus primarily sensi-
tive to lower-mass particles. PIXIE will probe neutralino mass range m�

<
⇠ 80 keV to provide

a definitive test for light dark matter models [42].
Neutralino models are only one class of potential dark matter candidates. Many super-

symmetric models predict that the lightest stable supersymmetric particle is the gravitino,

– 20 –

ü 1000 times more sensitive than 
COBE/FIRAS

ü 400 spectral bands between   
30 GHz and 6000 GHz !

ü Expected new limits on ! and ":

! ≲ 5×10()
" ≤ 1×10()

ü Proposed to NASA in 2011 and 
2016, but rejected



Most recent activities

F-class spectrometer satellite 
proposed to ESA

PI: Nabila Aghanim

VOYAGE 2050
LONG-TERM PLANNING OF THE ESA SCIENCE PROGRAMME

PI: Bruno Maffei
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What does the spectrum look like after energy injection?

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

hybrid distortion probes 
time-dependence of 
energy-release history
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Hybrid spectral distortions from particle decay

The intermediate shape of hybrid spectral distortions at redshifts !×#$% > '( > #$)
would allow to constrain the lifetime *( = ,(-# of decaying relic particles!

Chluba & Jeong, MNRAS 2014
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Other distortions: H & He recombination lines
(10$ > & > 10')
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Shifts in the line positions 
due to presence of Helium 
in the Universe

Rubino-Martin et al. 2006, 2008; Sunyaev & JC, 2009

Another way to do CMB-based cosmology! 

Direct probe of recombination physics!

Rubino-Martin et al, MNRAS (2006)
Sunyaev & Chluba, Astron. Nachr. (2009) 



Spectral distortions from the dissipation of 
small-scale acoustic modes
Silk damping: dissipation of small-scale acoustic modes

Caused by photons random-walking out of overdense/hot regions towards underdense/cold 
regions, thus uniformizing the temperature and density of small-scale regions foremost

⇒ Mixing of blackbodies with different temperatures

⇒ "- and #-distortions to the average CMB spectrum

Small-scale modes $ > 3 Mpc*+ are inaccessible to CMB anisotropies and LSS !

But they are imprinted in CMB spectral distortions !



Distortions probe the primordial power spectrum
at very small scales

ü Amplitude of power spectrum rather uncertain at ! > 3 Mpc'(

ü CMB spectral distortions would extend our lever arm up to ! > 10+ Mpc'(

ü Improved limits at smaller scales can rule out many inflation models

Based on Bringmann et al, PRD 2012
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Scrutinizing the CMB energy spectrum through spectral 
distortions is the promise of new advances in cosmology !

CMB blackbody distortions
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Another way to do CMB-based cosmology! 

Direct probe of recombination physics!
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FIG. 9: Level of the expected CSM spectral distortion signals and cumulative astrophysical foregrounds.
The estimated sensitivities for various mission concepts are illustrated as well as their channel distribution.
The Super-PIXIE high and mid-frequency bands merged around ⌫ ' 600 GHz. Within the ESA Voyage 2050
program the ' 0.01� 0.1 Jy/sr level could be targeted, yielding clear detections of µ ' 2⇥ 10

�8 and the CRR.

3.2. Foreground Challenge for CMB Spectral Distortion

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

Pioneering steps towards y ' 10
�7
� 10

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

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

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

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

Spectral distortions versus Foregrounds
Chluba et al, arXiv:1909.01593

Subtracting huge foregrounds to unveil tiny CMB spectral distortions 
is extremely challenging!



Spectral distortion anisotropies
(my recent work)

üAside from average CMB spectral distortions, anisotropic
spectral distortions (a.k.a. spatial-spectral distortions) arise from
anisotropic heating mechanisms

ü!-distortion anisotropies (thermal SZ effect) due to hot gas of
electrons in galaxy clusters that scatter CMB photons

ü"-distortion anisotropies? due to anisotropic heating through
the dissipation of small-scale acoustic modes if primordial
perturbations are non-Gaussian (modes coupling)



!-distortion anisotropies: thermal SZ effect

A&A 594, A22 (2016)
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Fig. 3. A small region of the reconstructed Planck all-sky Compton parameter maps for NILC (left) and MILCA (right) at intermediate Galactic
latitudes in the southern sky centred at (0�,�45�) in Galactic coordinates. The colour scale is in units of y ⇥ 106.
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A22, page 6 of 24

Planck thermal SZ Compton !-map

!-distortion of CMB
anisotropies at the positions 

of galaxy clusters

Planck 2015 results XXII, A&A (2016)



Planck tension on !" between CMB and SZ

CMB

SZ

!" ≃ 0.82 ± 0.02
Planck 2013 results XVI

!" ≃ 0.77 ± 0.02
Planck 2013 results XX

Planck 2015 results XXII

• Incompleteness of ΛCDM model?
Evidence for massive neutrinos?

• Incorrect “mass-bias” between SZ gas and dark matter? 
Hydrodynamical simulations predict: ./01 / .3045607784 = 1 − < = 0.8

• Miscalibrated SZ analysis by neglecting relativistic SZ corrections?
Remazeilles, Bolliet, Rotti, Chluba, MNRAS (2019)



Planck’s 
assumption:
!" ≃ 0 keV

%&' (, * = ,((, ./(*)) 1(*)
Relativistic SZ effect (rSZ)

Relativistic electron temperature corrections change the shape 
of the SZ distortion spectrum 



Planck’s 
assumption:
!" ≃ 0 keV

%&' (, * = ,((, ./(*)) 1(*)
Relativistic SZ effect (rSZ)

./ ↗

ü Relativistic temperature corrections reduce the overall SZ intensity at
fixed Compton-1 parameter

ü Assuming non-relativistic spectrum 3 4, !" = 0 for cosmological SZ
analysis must lead to an underestimation of the Compton-1 parameter



The Planck SZ Compton !-map

Southern Northern

Planck 2015 results XXII, A&A (2016)

"

Non-relativistic assumption #(%, '( = *) for component separation 



Revisiting the Planck SZ Compton !-map

Southern Northern

Remazeilles, Bolliet, Rotti, Chluba, MNRAS (2019)

"
Accounting for rSZ temperature corrections in 
component separation: # $, &' = ) ⟶ # $, &'
&' ↗ ⟹ # $, &' ↘ ⟹ " ↗ ⟹ .ℓ

"" ↗⟹ 01 ↗



!ℓ
## increases with the average temperature $%&

Remazeilles, Bolliet, Rotti, Chluba, MNRAS (2019)

'()
()

≃ 0.019 / 012
3 456

7$%& ≃ 8 keV reduces 
Planck’s tension by 9: !;ℓ<< ∝ >??.@ ⟹

Relativistic temperature corrections
to Planck SZ power spectrum



Mapping the electron temperature with rSZ
Remazeilles & Chluba, arXiv:1907.00916

Recovered electron temperatures !"
of clusters across the full sky: #!" / #

Reconstructed electron temperature
power spectrum !"## ℓ = #, #!" / #(

) *+, -, . ≃ 0 -, 1!" 2# . + 40 -, 1!"
4!"

(!"(.) − 1!")#(.) + 8(!"()

Spectrum 
of #!"

#
component

#!"
component

Spectrum 
of #

• Taylor expansion of the rSZ spectrum around pivot temperature 9:;:

The # and #!" components have distinct spectral signatures !

• Multi-frequency observations should allow us to disentangle the # and #!" fields



Two observables for future cluster cosmology !

Remazeilles, Bolliet, Rotti, Chluba, MNRAS 2019

!"-power spectrum: 
!"## ℓ = &ℓ
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The shapes of power spectra ,ℓ
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have different scaling with cosmological parameters



Aside from average (monopole) !-distortions:

• Physical mechanisms lead to "-type distortion anisotropies:

ü Silk damping of non-Gaussian primordial perturbations – Pajer & Zaldarriaga, PRL (2012)
ü Inflation with non-standard (i.e. not Bunch-Davies) vacuum  – Ganc & Komatsu, PRD (2012)

• Anisotropies of "-type distortions (spectral-spatial anisotropies) 
for non-Gaussian primordial perturbations in the ultra-squeezed limit

#ℓ
"" = 144 #ℓ

((,*+,-./01234 5678 (:8) ! <

• Correlation of CMB temperature and "-type distortion anisotropies 
for non-Gaussian primordial perturbations in the ultra-squeezed limit

#ℓ
"×( = 12 #ℓ

((,*+,-./01234 ?(ℓ) 567(:8) !

Note: scale-dependent non-Gaussianity @AB C = @AB CD
E
EF

GHI
with JAB ≃ 1.6 would allow for 

N
@AB CD ≃ 740 Mpc/T ≃ 4500 (!−distortion anisotropies scale)
@AB CD = 0.05 Mpc/T ≃ 5 (CMB temperature anisotropies scale)

!-distortion anisotropies

C <
=
74
0 M
pc
/T

C
T =

0.05

M
pc /T

CX ≃
C<



foreground polarization @100 GHz

!-distortion anisotropies

`
CMB " anisotropies !-distortion anisotropies?



Auto- and cross-power spectra of 
CMB temperature and !-distortion anisotropies 

Ravenni et al, JCAP (2017)

Remazeilles & Chluba, MNRAS (2018)

! = 2×10'( )*+ , ≃ 740 Mpc'3 = 4500

5ℓ78

5ℓ77

5ℓ88

Bulk of the !-9
correlation signal

lies at large angular scales



foreground polarization @100 GHz

foreground intensity @100GHz

! = 2.3×10)* +,- . ≃ 740 Mpc)5 = 4500

!-type distortion anisotropies



foreground polarization @100 GHz

foreground intensity @100GHz

Same dynamic range (signal-to-foregrounds ratio)
than for primordial B-modes at ! = #$%&

→ A science case for future CMB imagers!

' = 2.3×10%. /01 2 ≃ 740 Mpc%9 = 4500

'-type distortion anisotropies



!-" cross-power spectrum:
Enhanced µ-type distortion signal through correlation 

with CMB temperature anisotropies!

→ Accessible signal for future CMB imagers!

foreground polarization @100 GHz

foreground intensity @100GHz

# = 2.3×10+, -./ 0 ≃ 740 Mpc+7 = 4500

#-type distortion anisotropies



Detecting !-distortions by reconstructing the 
enhanced !-" cross-power spectrum

(without foregrounds)

Remazeilles & Chluba, MNRAS (2018)



Detecting !-distortions by reconstructing the 
enhanced !-" cross-power spectrum

(with foregrounds)

> 2$ detection of %&' ( ≃ 740 Mpc01 forecasted for PICO

Remazeilles & Chluba, MNRAS (2018)



A rich physics causes CMB spectral distortions!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
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Standard sources 
of distortions

Credit: Jens Chluba



ESA Voyage 2050 proposals
Science proposals in response to “ESA Voyage 2050” call 

for long-term space programme (next 3 decades)

ESA Voyage 2050 Science White Paper

A Space Mission to Map the Entire Observable
Universe using the CMB as a Backlight
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Chluba, Abitbol, Aghanim, et al
1909.01593

Basu, Remazeilles, Melin, et al
1909.01592

CMB “backlight” science: 
Probing the cosmic web through interactions

between matter and CMB radiation in late universe

CMB spectral distortion science: 
Probing the thermal history of the universe through 

interactions between matter and CMB radiation 
in early universe



1 10 100 1000
ν [GHz]

-3

-2

-1

0

1

2

3

4

5

G
th

(ν
, z

h, 0
)  

[ 1
0-1

8  W
 m

-2
 s-1

 H
z-1

 sr
-1

 ]

temperature-shift, zh > few x 106

µ-distortion at zh ~ 3 x 105

y-distortion, zh < 104

fu
ll 

th
er

m
al

iz
at

io
n

high-z S
Z 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

hybrid distortion probes 
time-dependence of 
energy-release history
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Features due to presence 
of Helium in the Universe

Changes in the line shape 
due to presence of Helium 
in the Universe

Shifts in the line positions 
due to presence of Helium 
in the Universe

Rubino-Martin et al. 2006, 2008; Sunyaev & JC, 2009

Another way to do CMB-based cosmology! 

Direct probe of recombination physics!

CMB spectral distortions provide a new complementary 
probe of cosmology, inflation, and particle physics


