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Photons trapped 
by Thomson scattering 

with free electrons
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Big 
Bang

Universe cooled enough for 
the first H & He atoms to form: 
electron-proton recombination
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CMB light is released from that moment

Big 
Bang

Photons stop being scattered 
and freely propagate

Cosmic Evolution
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CMB light is released from that moment

Big 
Bang

Opaque 
universe

Transparent 
universe
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First light released in the Universe

CMB radiation carries information about the Universe’s initial conditions



Most perfect blackbody ever measured

Fixsen et al, ApJ (1996)

COBE / FIRAS

Error bars × 400 
(otherwise invisible)

Only tiny spectral 
distortions still allowed

𝑦 < 1.5×10!"
𝜇 < 9×10!"

No further measurement since COBE / FIRAS in the 90s!
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CMB temperature anisotropies from Planck
ESA’s Planck

Temperature anisotropies ⁄𝛿𝑇 𝑇~10!" 
around the mean blackbody at 𝑇 = 2.725 K

Imprint of primordial 
density fluctuations

M. Remazeilles

Planck Collaboration I (2020)



CMB polarization anisotropies from Planck

E-mode dominated, tracing mostly scalar
(density) primordial perturbations
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Planck Collaboration I (2020)

ESA’s Planck



𝛀𝐊 	 ↘ 	𝛀𝐭𝐨𝐭 	 ↗

𝛀𝚲 	 ↗

𝛀𝐛 	 ↗ 𝛀𝐂𝐃𝐌 	 ↗

CMB statistics: A sensitive cosmological probe

The CMB power spectrum
is shaped by the underlying
cosmological parameters
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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.
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Planck Collaboration: The cosmological legacy of Planck

Fig. 9. Planck CMB power spectra. These are foreground-subtracted, frequency-averaged, cross-half-mission angular power spectra
for temperature (top), the temperature-polarization cross-spectrum (middle), the E mode of polarization (bottom left) and the lensing
potential (bottom right). Within ⇤CDM these spectra contain the majority of the cosmological information available from Planck,
and the blue lines show the best-fitting model. The uncertainties of the TT spectrum are dominated by sampling variance, rather than
by noise or foreground residuals, at all scales below about ` = 1800 – a scale at which the CMB information is essentially exhausted
within the framework of the ⇤CDM model. The T E spectrum is about as constraining as the TT one, while the EE spectrum still
has a sizeable contribution from noise. The lensing spectrum represents the highest signal-to-noise ratio detection of CMB lensing
to date, exceeding 40�. The anisotropy power spectra use a standard binning scheme (which changes abruptly at ` = 30), but are
plotted here with a multipole axis that goes smoothly from logarithmic at low ` to linear at high `.
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6-parameter LCDM model perfectly fits the data
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Sub-percent 
precision on many 

parameters! 



Choi et al, JCAP 2020

• 𝑇𝑇 cosmic-variance limited

• Total of 24 acoustic peaks in 𝑇𝑇, 𝐸𝐸, and 𝑇𝐸

• Lensing 𝐵𝐵 signal successfully observed

• Primordial 𝐵𝐵 signal (GWs) not yet detected

• All CMB data consistent with standard LCDM 

Current state of CMB observations

M. Remazeilles

Planck
SPT ACT

BICEP2/Keck
POLARBEAR



• Spatially flat Universe: WK = 0.0007 ± 0.002

• Slightly slower-expanding Universe: H0 = (67.7 ± 0.4) km s-1 Mpc-1

• Slightly more baryonic (4.9%) and dark (26.5%) matter

• Slightly less dark energy: 68.5%

• Only three neutrino species: Neff = 3.0 ± 0.2

• No sign of neutrino mass:  Smn < 0.13 eV (95% CL)

• No sign of primordial gravitational waves: r < 0.11 (95% CL)

dark 
energy
68.5%

dark
matter
26.5%
baryons

4.9% Smn?

M. Remazeilles

Geometry & Content



Consistent picture between CMB and LSS on 
linear matter power spectrum and BAOs

Consistent picture between BBN and CMB on 
primordial element abundance and baryon density

Planck Collaboration VI (2020)

Consistency with other cosmological data…

M. Remazeilles

Matter power spectrum

Planck Collaboration I (2020)

BBN primordial He & D abundance



5s tension between CMB (LCDM) 
and low-redshift direct probes

2s tension between CMB and 
low-redshift LSS probes

But some intriguing tensions

M. Remazeilles

𝐻!

𝜎"

• New physics 
beyond LCDM?

• Systematics?

Credit: W. Freedman (See V. Poulin’s talk)

Heymans et al 
2021
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WK = 0.0007 ± 0.0019 

𝑓!"#$%&# = −0.9 ± 5.1

𝛼'( = 0.0001 ± 0.0004

𝑛) = 0.9649 ± 0.0042

𝑑𝑛)/𝑑 ln 𝑘 = 0.004 ± 0.007

• Spatially flat Universe,

• where scalar (density) 
perturbations are Gaussian

• and adiabatic,

• with nearly scale-invariant 
(red) power spectrum

• following a power-law

Initial Conditions

Planck Collaboration X, A&A (2020)

Evidence towards single-field slow-roll inflation…
 But no reported detection of primordial gravitational waves yet
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Initial Conditions

• CMB data rule out many inflation models 
(convex inflaton potentials now excluded)

• 𝑟 = 𝑃*/𝑃+ < 0.032 (95% CL)                 
BK18+Planck PR4 (Tristram et al 2022)

    
• Starobinsky’s 𝑅, and Higgs inflation 

models with 𝑟 ~ 0.003 still allowed

BICEP2/Keck Collaboration, PRL 2021



Outstanding Questions

• What is missing in LCDM that explains current tensions?

• Did inflation happen in the early Universe and produce a 
background of primordial gravitational waves?

• When did the Universe reionize to form the first stars?

• What are the neutrino masses and their hierarchy?

• Are there extra light relics besides neutrinos?

• What is the relationship between baryonic and dark matter?



q CMB E- and B-mode polarization

q CMB secondary anisotropies

q CMB spectral distortions

Exploring new CMB observables

M. Remazeilles



Credit: J. Borrill

M. Remazeilles

Small-scale deficit 
of lensing B-mode 

if S mn ≠ 0

Primary CMB E-/B-mode anisotropies

Deficit of large-scale 
E-mode if delayed 

reionization

Excess of large-scale 
B-mode depending on 
inflation energy scale 

Additional light relics 
further smooth and 
shift acoustic peaks

t

r

Neff

Smn 



Current state of B-mode observations
BICEP2/Keck Collaboration, PRL 2021

BK18 + Planck PR4

𝑟 < 0.032 (95% CL) 
Tristram et al, 

PRD 2022

M. Remazeilles
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Inflation: Theory and Observations

10 100 1000

Multipole moment ✓

10�6

10�4

10�2

100

102

104

✓
(✓
+

1)
⇠
✓
/(

2c
)[

`
K

2
]

BICEP/Keck
SPTpol

POLARBEAR
ACT

Temperature

E modes
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r=0.001

GW B modes

Lensing B modes

0.1110
Angular scale [�]

Figure 2: Theoretical predictions for the CMB temperature (black), E-mode (red), and tensor
B-mode (blue) power spectra. Primordial B-mode spectra are shown for two representative
values of the tensor-to-scalar ratio: @ = 0.001 and @ = 0.03. The contribution to tensor B modes
from scattering during the recombination epoch peaks around ✓ ⇡ 80 and from reionization
at ✓ < 10. The expected values for the contribution to B modes from gravitationally lensed
E modes are shown in green. Current measurements of the B-mode spectrum from ground-based
experiments are displayed for BICEP/Keck (dark orange) [75], SPTpol (light orange) [76],
POLARBEAR (yellow) [77], and ACT (light yellow) [78]. The BICEP/Keck experiment has
produced the most sensitive measurements of degree-scale B modes, which are relevant for
constraining the recombination peak from PGW B modes. The lensing contribution to the
B-mode spectrum can be partially removed (“delensed”) by measuring the E-mode polarization
and exploiting the non-Gaussian statistics of the lensing signal.

Before we discuss the challenges of this measurement, let us note again that the detection
of the imprint of a PGW background on the CMB would have profound implications. It
would constitute an indirect observation of quantum fluctuations in the spacetime metric and,
therefore, of the quantum nature of gravity. In addition, it would provide evidence for new
physics at the energy scale associated with grand unified theories. Finally, it would also have
important implications for high-energy physics more generally, for example, by constraining
axion physics and moduli, which are the fields that control the shapes and sizes of the internal
manifold in string theory. For a detailed discussion of inflation in string theory and implications
of a PGW detection, we refer to the Snowmass 2021 White Paper [1].

Measurement Challenges
The PGW-sourced B-mode power is orders of magnitude below the now well-measured temper-

14

delensing

Galactic foregrounds70%

20%

5%

• Subtract > 99% foregrounds
(reionization peak)

• Achieve ~ 90% delensing
(recombination peak)

• Reionization peak achievable 
only from full-sky space survey

The B-mode polarization challenge

Adapted from Achúcarro et al (2022)

Evidence for primordial GWs requires detecting both reionization and recombination peaks



• Both reionization and recombination 
peaks of the B-mode spectrum

• 5s detection of both peaks if 𝑟 = 0.01    
Total uncertainty δ𝑟 < 0.001 if 𝑟 = 0 

• 15 frequency bands over 40-402 GHz 
to control foregrounds

• Expected launch in 2032 (JFY)

PTEP 2023, 042F01 E. Allys et al.

Fig. 1. CMB power spectra of the temperature anisotropy (top), E-mode polarization (middle), and B-
mode polarization (bottom). The solid lines show the angular power spectra for the best-!tting !CDM
model in the presence of a scale-invariant tensor (gravitational wave) perturbation with a tensor-to-scalar
ratio parameter of r = 0.004. The thin dashed line shows the contribution to the B-mode spectrum from
scale-invariant tensor perturbation with r = 0.004. A summary of present measurements of CMB power
spectra (colored points) [8–10,12,41–47] and the expected polarization sensitivity of LiteBIRD (black
points) are also shown.

To separate these primordial and foreground components, LiteBIRD will survey the full sky in
15 frequency bands from 34 to 448 GHz, with effective polarization sensitivity of 2 µK-arcmin
and angular resolution of 31 arcmin (at 140 GHz). Rapid polarization modulation, a densely
linked observation strategy, and the stable environment of an orbit around L2 (the second La-
grangian point for the Sun–Earth system) provide unprecedented ability to control systematic
errors, especially on the largest angular scales below " ! 10. Taken together, the control of fore-
grounds and systematic errors gives LiteBIRD the ability to detect both the reionization and
recombination bumps in the B-mode power spectrum, giving much higher con!dence that a
primordial signal has been uncovered. Importantly, if a hint of the recombination peak is seen
by a ground-based or balloon-borne experiment, LiteBIRD will make a de!nitive statement on
the detection of the signal and greatly improve the quantitative constraints on the physics of in-
"ation. The forecast for LiteBIRD’s ability to measure the primordial B-mode power spectrum
is shown in Fig. 1, together with currently available measurements.
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The LiteBIRD space mission

M. Remazeilles
LiteBIRD Collaboration, PTEP 2023

PTEP 2023, 042F01 E. Allys et al.

Fig. 3. LiteBIRD constraints for a !ducial model with r = 0. The lighter and darker green regions show
68% and 95% con!dence-level upper limits achievable with LiteBIRD and Planck. The lighter and darker
orange regions (partly hidden behind the green regions) show 68% and 95% con!dence-level upper limits
achievable with LiteBIRD alone. The blue band shows the !rst class of models mentioned in the text,
monomial models. The gray band shows a concrete representative second class of plateau models with p
= 1, α-attractors [118]. As discussed in the text, the second class of models depends on the characteristic
scale of the potential M. The darker gray lines show α-attractors with M = MP and M = 5MP. In
the absence of a detection, LiteBIRD will exclude the !rst class of models at high signi!cance, and
will exclude models in the second class with a super-Planckian characteristic scale, which includes the
Starobinsky model [14] and models that invoke the Higgs !eld as the in"aton [112,113], shown as the red
line and the purple dot, respectively.

!elds, and the reheating history is calculable. To re"ect this, we represent these models by a
single point in the ns–r plane at N∗ = 57, even though some uncertainty exists here as well.

Among the examples given above, the Goncharov–Linde model [121,122] predicts a sub-
Planckian characteristic scale, and α-attractors [93,118–120] with a sub-Planckian character-
istic scale also exist. So a detection of primordial gravitational waves with LiteBIRD is by no
means guaranteed. We thus also showcase what an upper limit would look like in Fig. 3. Let
us note that in addition to being simpler in the sense that they do not contain a large hierar-
chy of scales, models with M ! MP are also simpler in a different sense. One may ask whether
in"ation will begin for general initial conditions for a given model, and it has recently become
possible to investigate this question in numerical general relativity, assuming that the descrip-
tion in terms of a single scalar !eld is already appropriate at that time [125–128]. The simula-
tions show that models with M ! MP are signi!cantly more robust to inhomogeneities than
those with M < MP [128]. This does not imply that in"ation cannot begin in models with a
sub-Planckian characteristic scale, but it does suggest that additional dynamics (which could
simply be in the form of another !eld) is needed to set up initial conditions that are appropri-
ate for in"ation to begin in such models. So an upper limit from LiteBIRD would disfavor the
simplest models of in"ation that naturally predict the observed value of ns and would also be a
milestone for early Universe cosmology that provides key information about the inner workings
of the earliest moments of the cosmos.
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The LiteBIRD space mission

M. Remazeilles
LiteBIRD Collaboration, PTEP 2023

3.2 Review of Neutrino Cosmology 47

where cij ⌘ cos ✓ij and sij ⌘ sin ✓ij . The phases � (⌘ �CP ) and ↵1, ↵2 are Dirac–type and Majorana–type
CP violating phases, respectively.

Figure 13. Cartoon illustrating the two distinct neutrino mass hierarchies. The colors indicate the fraction
of each distinct flavor contained in each mass eigenstate.

Experiments have measured the three mixing angles of UPMNS and the two mass splittings, �m
2
21 (the

“solar” mass splitting) and �m
2
32 (the “atmospheric” mass splitting), but fundamental aspects of neutrino

mass and mixing are yet to be settled. These include:

• measuring the absolute mass scale,

• determining the mass ordering (see Fig. 13),

• searching for Lepton number violation (i.e., determining whether neutrinos are Majorana particles)
and

• observing CP violation (measuring �CP ).

Exploring these goals is the focus of current and upcoming neutrino experiments. CMB-S4 will measureP
m⌫ with su�cient sensitivity to be relevant to these open issues. Most unambiguously,

P
m⌫ determines

the absolute mass scale of neutrinos. In some circumstances, this may also determine the mass ordering.
These goals are complementary to the program for lab-based neutrino measurements, as we will discuss in
Section 3.4.

3.2.2 Thermal History of the Early Universe

Cosmological measurements of
P

m⌫ rely on our detailed understanding of thermal history of the Universe,
particularly the origin of the cosmic neutrino background. In this section, we will give a sketch of the thermal
history of the standard hot big bang universe when the temperature of the plasma was falling from about
1011 K to about 108 K following Section 3.1 of [276]. For other reviews see [277, 278]. During this era, there
are two events of particular interest: neutrinos decoupled from the rest of the plasma, and a short time later

CMB-S4 Science Book

Smn > 0.06 eV Smn > 0.10 eV 

• CV-limited measurement of E-modes 
and optical depth to reionization 𝜏

• 5s detection of Smn = 0.06 eV

• Resolving neutrino mass hierarchy

(See M. Lattanzi’s talk)

(See M. Gerbino’s talk)



CMB lensing

Secondary CMB anisotropies

M. Remazeilles

Gravitational lensing by LSS

  

y-distortion: inverse Compton scattering of CMB photons 
by hot gas of electrons in galaxy clusters

SZ effect does not depend on redshift!

→ robust detection of distant galaxy clusters

SZ effect scales as n
e 
(density of electrons) where X-ray brightness scales as  (n

e
)2

→ robust probe of the baryon physics in the cluster outskirts

Thermal Sunyaev-Zeldovich effect 

Sunyaev & Zeldovich, 1972

Scattering by hot gas

Smith et al 2018

Sunyaev-Zeldovich 
(SZ) effect 



• kSZ effect is a reliable tracker of the missing 
baryons extending beyond dark matter haloes

• tSZ biased towards measuring hot gas

• kSZ probes the full baryon density, irrespective 
of the gas temperature!

+ neutrino masses, dark energy

Baryon distribution with kinetic SZ effect

M. Remazeilles
CMB-S4

High-resolution CMB surveys (ℓ > 5000) like 
SO and CMB-S4 are essential to overcome 

the kSZ-CMB spectral degeneracy

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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Fig. 4. In-scan and cross-scan contributions in the NILC (top line) and MILCA (bottom line) y-maps in Compton parameter units times 106. From
left to right we present the original y-maps, and their in and cross scan contributions for a small region at intermediate Galactic latitudes in the
southern sky centred at (0�,�45�) in Galactic coordinates.

A22, page 6 of 24

tSZ ~ 𝑛-𝑇-

Planck Collaboration XXII (2016)

WebSky simulation

kSZ ~ 𝑛-𝑣-

Kinetic SZ (kSZ)

Thermal SZ (tSZ)



Correlated tracers of matter distribution

• Cross-correlations with LSS surveys

• Extract galaxy biases out of ratios 
between auto- and cross-spectra

• Get rid of instrumental systematics
M. Remazeilles

×
Planck CMB 
lensing map

Planck 
CIB map

Planck 
SZ map

LSS survey 

(See G. Fabbian’s talk)



Small departures from a perfect blackbody?
M. Remazeilles

Recognized by 
ESA Voyage 2050 

as a potential 
probe for a future 
L-class mission

CMB Spectral Distortions

LCDM predicts
𝑦 ~ few × 10'*
𝜇 ~ 2 × 10'+ 

(See X. Coulon’s talk)



354 J. Chluba

Figure 1. Numerical results for the Green’s function of the cosmological thermalization problem for various heating redshifts, zh ∈ [103, 5 × 106]. Energy
release at very high redshifts causes an increase in the effective temperature of the photon field, while at low redshifts, photons only partially upscatter,
creating a y-distortion. Around zh # 3 × 105, a pure µ-distortion is created. All intermediate stages are roughly (precision #10–30 per cent) represented by a
superposition of these extreme cases; however, the small residuals provide a principle possibility to distinguish different thermal histories at redshifts 104 ! z

! 3 × 105.

For low-heating redshift (zh ! 104), the Green’s function takes
the shape of a Compton y-distortion (Zeldovich & Sunyaev 1969).
At this redshift, the effective y-parameter remains very small, so that
photons only weakly interact with the electrons and the distortion
is described by

4Gth(ν, zh !104, 0)≈YSZ(ν)= 2hν3

c2

x ex

(ex − 1)2
[x coth(x/2)−4] .

At very low frequencies (ν ! 1 GHz) this approximation is
not as accurate, since matter and radiation start decoupling and
Bremsstrahlung emission (or absorption) can alter the spectrum
[see Chluba & Sunyaev (2012) for illustration]. However, the pho-
ton intensity in that part of the radiation field is very small and this
effect will be challenging to observe. The numerical results for the
Green’s function include these aspects.

At zh # 3 × 105, the Green’s function is mainly represented by
a µ-type distortion, obtained using the condition

∫
ν2"nν dν ≡ 0

[see Chluba et al. (2012a); Khatri & Sunyaev (2012b) for more
detail]:

α−1Gth(ν, zh # 3 × 105, 0) ≈ M(ν) = 2hν3

c2

ex

(ex − 1)2
[x/β − 1] .

Here, α ≈ 1.401 (Sunyaev & Zeldovich 1970; Illarionov & Sunyaev
1975a,b) and β = 3ζ (3)/ζ (2) ≈ 2.1923. Neglecting the temperature
shift, the Green’s function for the distortion part is well represented
by M(ν), even for zh " 3 × 105 when additionally multiplying with
the distortion visibility function, J (zh), giving the approximation
Gth(ν, zh " 3 × 105, 0) ≈ 1.401J (zh) M(ν) + 1−J (zh)

4 G(ν).
Finally, Fig. 1 also shows the Green’s function at several inter-

mediate stages, 104 ! zh ! 3 × 105. Signals produced mainly
during this epoch were already discussed in Chluba & Sunyaev
(2012, see figs 15 and 19), indicating that the total distortion is

not simply given by a pure superposition of µ- and y-distortion.
More recently, this was also demonstrated by Khatri & Sunyaev
(2012b). The small (#10–30 per cent) residuals might allow dis-
tinguishing different energy-release scenarios in the future. This is
especially interesting if, for instance, decaying particles with life-
times tX # 2.6 × 108−2.2 × 1011 s are present (Chluba & Sunyaev
2012); however, detailed forecasts are required to address this ques-
tion. One can still obtain a fairly good approximation for the Green’s
function in this intermediate regime by assuming that the spec-
trum is close to a superposition of a pure µ- and y-distortion,
Gth(ν, zh ! 3 × 105, 0) ≈ 1.401Jµ(zh) M(ν) + Jy (zh)

4 YSZ(ν). The
coefficients, Jy(zh) and Jµ(zh), which approximate the transition
between the µ- and y-distortion regime, can be determined using a
least square fit to the Green’s function. We find

Jy(zh) ≈
(

1 +
[

1 + z

6.0 × 104

]2.58
)−1

,

Jµ(zh) ≈ 1 − exp

(
−

[
1 + z

5.8 × 104

]1.88
)

. (5)

This approximation for Gth(ν, zh, 0) works at #10–30 per cent pre-
cision for the standard cosmology, with the residuals containing
additional information about the time dependence of the energy re-
lease at 104 ! zh ! 3 × 105. In summary, this means that a pretty
good approximation for the Green’s function at all redshifts is given
by

G∗
th(ν, zh, 0) = 1.401Jµ(zh)J (zh) M(ν)

+Jy(zh)
4

YSZ(ν) + 1 − J (zh)
4

G(ν). (6)
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What does the spectrum look like after energy injection?
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Another way to do CMB-based cosmology! 

Direct probe of recombination physics!
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• 𝜇-distortion: signature of photon energy release by 
physical processes occurring at redshifts 𝑧 > 10.

• Distortions from H and He recombination lines

• Direct probe of first atoms & recombination physics
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Figure 1. Numerical results for the Green’s function of the cosmological thermalization problem for various heating redshifts, zh ∈ [103, 5 × 106]. Energy
release at very high redshifts causes an increase in the effective temperature of the photon field, while at low redshifts, photons only partially upscatter,
creating a y-distortion. Around zh # 3 × 105, a pure µ-distortion is created. All intermediate stages are roughly (precision #10–30 per cent) represented by a
superposition of these extreme cases; however, the small residuals provide a principle possibility to distinguish different thermal histories at redshifts 104 ! z

! 3 × 105.

For low-heating redshift (zh ! 104), the Green’s function takes
the shape of a Compton y-distortion (Zeldovich & Sunyaev 1969).
At this redshift, the effective y-parameter remains very small, so that
photons only weakly interact with the electrons and the distortion
is described by

4Gth(ν, zh !104, 0)≈YSZ(ν)= 2hν3

c2

x ex

(ex − 1)2
[x coth(x/2)−4] .

At very low frequencies (ν ! 1 GHz) this approximation is
not as accurate, since matter and radiation start decoupling and
Bremsstrahlung emission (or absorption) can alter the spectrum
[see Chluba & Sunyaev (2012) for illustration]. However, the pho-
ton intensity in that part of the radiation field is very small and this
effect will be challenging to observe. The numerical results for the
Green’s function include these aspects.

At zh # 3 × 105, the Green’s function is mainly represented by
a µ-type distortion, obtained using the condition

∫
ν2"nν dν ≡ 0

[see Chluba et al. (2012a); Khatri & Sunyaev (2012b) for more
detail]:

α−1Gth(ν, zh # 3 × 105, 0) ≈ M(ν) = 2hν3

c2

ex

(ex − 1)2
[x/β − 1] .

Here, α ≈ 1.401 (Sunyaev & Zeldovich 1970; Illarionov & Sunyaev
1975a,b) and β = 3ζ (3)/ζ (2) ≈ 2.1923. Neglecting the temperature
shift, the Green’s function for the distortion part is well represented
by M(ν), even for zh " 3 × 105 when additionally multiplying with
the distortion visibility function, J (zh), giving the approximation
Gth(ν, zh " 3 × 105, 0) ≈ 1.401J (zh) M(ν) + 1−J (zh)

4 G(ν).
Finally, Fig. 1 also shows the Green’s function at several inter-

mediate stages, 104 ! zh ! 3 × 105. Signals produced mainly
during this epoch were already discussed in Chluba & Sunyaev
(2012, see figs 15 and 19), indicating that the total distortion is

not simply given by a pure superposition of µ- and y-distortion.
More recently, this was also demonstrated by Khatri & Sunyaev
(2012b). The small (#10–30 per cent) residuals might allow dis-
tinguishing different energy-release scenarios in the future. This is
especially interesting if, for instance, decaying particles with life-
times tX # 2.6 × 108−2.2 × 1011 s are present (Chluba & Sunyaev
2012); however, detailed forecasts are required to address this ques-
tion. One can still obtain a fairly good approximation for the Green’s
function in this intermediate regime by assuming that the spec-
trum is close to a superposition of a pure µ- and y-distortion,
Gth(ν, zh ! 3 × 105, 0) ≈ 1.401Jµ(zh) M(ν) + Jy (zh)

4 YSZ(ν). The
coefficients, Jy(zh) and Jµ(zh), which approximate the transition
between the µ- and y-distortion regime, can be determined using a
least square fit to the Green’s function. We find

Jy(zh) ≈
(

1 +
[

1 + z

6.0 × 104

]2.58
)−1

,

Jµ(zh) ≈ 1 − exp

(
−

[
1 + z

5.8 × 104

]1.88
)

. (5)

This approximation for Gth(ν, zh, 0) works at #10–30 per cent pre-
cision for the standard cosmology, with the residuals containing
additional information about the time dependence of the energy re-
lease at 104 ! zh ! 3 × 105. In summary, this means that a pretty
good approximation for the Green’s function at all redshifts is given
by

G∗
th(ν, zh, 0) = 1.401Jµ(zh)J (zh) M(ν)

+Jy(zh)
4

YSZ(ν) + 1 − J (zh)
4

G(ν). (6)
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𝑦 • 𝜇-distortion: signature of photon energy release by 
physical processes occurring at redshifts 𝑧 > 10.

• Intermediate-shape distortions can inform us on 
the lifetimes of decaying particles

• Distortions from H and He recombination lines

• Direct probe of first atoms & recombination physics
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M. Remazeilles

A peek behind the last-scattering surface

Credit: J. Chluba

𝜇-distortions probe pre-recombination epochs up to 
redshifts z ~ 2,000,000 when Universe was opaque Some physics 

leading to spectral 
distortions:

Damping of primordial 
acoustic modes

Decaying/Annihilating 
relic particles

Primordial black hole 
evaporation

Cosmological 
recombination lines



Probing inflation with spectral distortions

q CMB: k > 0.2 Mpc-1 erased by Silk damping

q LSS: k > 0.2 Mpc-1 enter non-linear regime

q Spectral distortions extend our lever arm 
up to k > 104 Mpc-1 in the linear regime

Primordial power spectrum mostly unknown at scales k > 3 Mpc 
-1

M. Remazeilles

Chluba et al, 2021



CMB obscured by foreground emissions

M. Remazeilles



Weaker CMB signals, higher sensitivities

M. Remazeilles

CMB-S4

q B-modes

q Secondary anisotropies

q Spectral distortions
kSZ

Much more sensitive to imperfect foreground modelling! 



Galactic foregrounds vs CMB B-mode

M. Remazeilles

PComm
d

3 300uKRJ at 353 GHz

PComm
s

10 300µKRJ at 30 GHz

Synchrotron Thermal dust

• For r < 0.01, both dust and synchrotron dominate 
over the primordial CMB B-mode signal across all 
frequencies, all angular scales, and all sky regions

• Huge amplitude discrepancies between the signal 
and the foregrounds 

• Minor foreground uncertainties ⇒ large errors on r !
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M. Remazeilles

q Spectral mismodelling of the foregrounds

q Spectral distortions of the foregrounds

q Spectral degeneracies

q Foregrounds correlated with the signal of interest

New foreground challenges



Spectral mismodelling of the foregrounds

M. Remazeilles

• Foregrounds poorly known at targeted signal sensitivity levels (r ~ 10-3)

• Discrepancies between plausible dust models >> CMB B-mode (r ~ 10-3)

• Unknown foregrounds: AME polarization? Magnetic dust?

Tiny modelling errors on foregrounds = Large error / bias on r !

Remazeilles et al 2016

Impact on r of mismodelling two dust modified blackbodies as a single one 

(see talk by 
López-Caraballo)
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Spectral distortions of foregrounds

𝜈E!𝐵F 𝑇G + 𝜈E"𝐵F 𝑇H ≠ 𝜈 E 𝐵F 𝑇

Figure: Tassis et al 2015

Line-of-sight averaging and beam averaging distort the expected SED of the foregrounds

Chluba et al 2017
Remazeilles et al 2021

Tiny distortions to the foregrounds >> CMB B-mode & CMB spectral distortions
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Spectral degeneracies

Need to think beyond spectral modelling for component separation

CMB

Kinetic SZ

Thermal SZ

𝑟 = 10!# (CMB)

kSZ vs CMB

Galactic dust models

Dust vs CIB Dust models over limited 
frequency ranges

(see talk by D. Adak)



Extragalactic foregrounds to CMB x LSS 

Residual SZ contamination in all Planck CMB maps!

Chen & Remazeilles (2022)
Chen et al (2018) 

M. Remazeilles

SDSS

Planck CMB maps stacked on galaxy clusters

Extragalactic foregrounds (SZ, CIB) ⟶ Spurious correlations in CMB x LSS



Conclusions
• Standard LCDM model fits all available CMB data with sub-percent precision, 

but tensions on H0 and s8 with low-redshift probes still need to be understood

• Evidence towards single-field inflation, but primordial gravitational waves still 
need to be discovered

• Bright future for CMB cosmology with upcoming sensitive CMB experiments 
from space and ground (LiteBIRD, Simons Observatory, CMB-Stage 4)

• Still a lot to learn from CMB polarization, CMB secondary anisotropies, and 
CMB spectral distortions

• Weaker signals and higher sensitivities imply new foreground challenges!


