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A brief thermal history of the universe

2

• z >> 106 Compton scattering and 
brehmsstralung establish thermal equilibrium and 
perfect BB spectrum. 

• After z ~106 energy injection in the plasma will 
not thermalize anymore and leave imprint in the 
CMB spectrum.  

• µ distortions monopole will constraint energy 
releases, particle decays and small scale 
perturbations in the early universe. 

• y distortions will probe reionization and 
structure formation from e.g. SZ power spectra.

2 x 106

5 x 104

z

1100
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Constraints on distortions

3

• Limited improvements after FIRAS 

• ARCADE, TRIS: improved at 
questions on foreground/systematics remain.

• No new experiment: we’re stuck with FIRAS!

ν ≲ 10 GHz

 
 

|⟨μ⟩ | ≲ 90 × 10−6, |⟨y⟩ | ≲ 15 × 10−6

⟨y⟩ = (−1 ± 6 stat. ± 4 syst.) × 10−6

Mather+94, Fixsen+96, +03

TRIS: Gervasi+08Arcade2: Seiffert+11
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FIRAS data are more than a spectrum

4

• 170 frequency channels maps. Can we do a better analysis based on modern techniques 
and what we have learned in the meantime?
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Analyzing the FIRAS data cube: FIRAS approach

5

Iν(n̂) = Bν + Dν
̂β ⋅ n̂ + ∑

i

AFG,i
ν IFG,i(n̂)

For each 
frequency

Original FIRAS

ν ≲ 600 GHz

Fixsen+
(1996)
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Analyzing the FIRAS data cube: FIRAS approach

5

Iν(n̂) = Bν + Dν
̂β ⋅ n̂ + ∑

i

AFG,i
ν IFG,i(n̂)

For each 
frequency

Bν = Bν(T0) + ΔT
∂Bν

∂T
+ μ

∂Bν

∂μ
μ=0

+ G0g(ν)

Least-square fitting

Original FIRAS

ν ≲ 600 GHz

Fixsen+
(1996)
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Analyzing the FIRAS data cube: FIRAS approach

5

• We revisited the original FIRAS analysis trying to 
address several shortcomings

• Template fitting component separation: sensitive 
to systematics, noise and reliability. 
 
 
 
 
 
 
 
 
 
 

• Linearized distortion nearly fully degenerate with 
other parameters (e.g. CMB).

Iν(n̂) = Bν + Dν
̂β ⋅ n̂ + ∑

i

AFG,i
ν IFG,i(n̂)

For each 
frequency

Bν = Bν(T0) + ΔT
∂Bν

∂T
+ μ

∂Bν

∂μ
μ=0

+ G0g(ν)

Least-square fitting

Original FIRAS

ν ≲ 600 GHz

Fixsen+
(1996)

Cosmoglobe 
coll. (2024)
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• Measurements correlated in pixel and frequency space (“unusual" regime)

FIRAS: a fully correlated data set

6

Bianchini & Fabbian (2022)
Ppp′￼≡ δpp′￼/Np + βp

k βp′￼k + 0.042,

ℂFIRAS
νpν′￼p′￼

= Cνν′￼Ppp′￼+ SpνSp′￼ν′￼(JνJν′￼+ GνGνδνν′￼) + ∂TBν∂TBν′￼(U2δpp′￼/Np + T2) .

Calibrator systematicsCalibration errors

Noise correlation Calibrator emissivitySky variation

DestripingFFT
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The foreground challenge

7

• Spectral distortions are weak and foregrounds are ~100x brighter even on clean sky regions. 

• DIRBE noise comparable to FIRAS… 

Sabyr+ (2025) 
Fabbian+(2025 in prep.) 

Bianchini & Fabbian (2022)



Name TalkName TalkGiulio Fabbian CMB France 2025

Analyzing the FIRAS data cube: our approaches

8

Iν(n̂) = Bν(T0, μ(n̂)) + ΔT(n̂)
∂B
∂T

T0

+ IFG(θFG, n̂)

Pixel-by-pixel
MCMC

Bianchini 
& 

Fabbian 
(2022)

Parameters’ maps {⟨μ⟩, ⟨y⟩, . . . }

NEW  
2x better

 |⟨μ⟩ |
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Analyzing the FIRAS data cube: our approaches

8

Iν(n̂) = Bν(T0, μ(n̂)) + ΔT(n̂)
∂B
∂T

T0

+ IFG(θFG, n̂)

Pixel-by-pixel
MCMC

Bianchini 
& 

Fabbian 
(2022)

Parameters’ maps {⟨μ⟩, ⟨y⟩, . . . }

⟨Iν⟩ = Bν(T0) + ⟨ΔT⟩
∂B
∂T

+ ⟨ISD
ν ⟩ + ∑

i

⟨IFG,i⟩

θ = {⟨ΔT⟩, ⟨y⟩, ⟨μ⟩, . . . }

Spatial mean
Monopole modeling

MCMC

Reference forecasting tool Abitbol+ 
(2017)

NEW  
2x better

 |⟨μ⟩ |
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An important update!

9

• 2x improved upper limit on the μ distortion monopole after ~25 years!

Bolliet+(2021)
Liu+(2023)

Bianchini, Fabbian (2022)



Name TalkName TalkGiulio Fabbian CMB France 2025

Robustness of component separation methods

10

• What is the best, most robust way to  measure <y>?

• CIB needs to be handled with great care.

• We built realistic mocks based on state of the art sky  
models.

• Compare approaches capable to exploit foreground  
properties and FIRAS frequency coverage.

Data Mock

A. Sabyr, C. Hill (Columbia), 
F. Bianchini (KIPAC)

A. Sabyr, GF + (2025)
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Mock data results (monopole method)

11

• We weight the mocks as we do with the data and investigate setup variations.

• Baseline , different priors for .{ΔT, ⟨y⟩, Ad, βd, Td}, Td ∈ {0,100K} βd

°20 °10 0 10 20
hyi - hyimock £ 106

P40, ∫600, inv var, const dust
P60, ∫600, inv var, const dust
P40, ∫600, inv cov, const dust
P60, ∫600, inv cov, const dust

P40, ∫600, inv cov C, const dust
P60, ∫600, inv cov C, const dust

P40, ∫600, inv cov C, all fgs
P60, ∫600, inv cov C, all fgs

P40, ∫600, inv var, non-zero y
P60, ∫600, inv var, non-zero y

P40, ∫600, inv var, all fgs
P60, ∫600, inv var, all fgs

P40, ∫800, inv var, const dust
P60, ∫800, inv var, const dust

P40, ∫800, inv var, all fgs
P60, ∫800, inv var, all fgs

P40, ∫800, inv var, const dust, Ød 2 {0, 3}
P60, ∫800, inv var, const dust, Ød 2 {0, 3}

P40, ∫800, inv var, all fgs, Ød 2 {0, 3}
P60, ∫800, inv var, all fgs, Ød 2 {0, 3}

P40, ∫800, inv cov, const dust, Ød 2 {0, 3}
P60, ∫800, inv cov, const dust, Ød 2 {0, 3}

P40, ∫800, inv cov, all fgs, Ød 2 {0, 3}
P60, ∫800, inv cov, all fgs, Ød 2 {0, 3}

frequency monopole mock results

Sabyr+ (2025)
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Mock data results (monopole method)

11

• We weight the mocks as we do with the data and investigate setup variations.

• Baseline , different priors for .{ΔT, ⟨y⟩, Ad, βd, Td}, Td ∈ {0,100K} βd

°20 °10 0 10 20
hyi - hyimock £ 106

P40, ∫600, inv var, const dust
P60, ∫600, inv var, const dust
P40, ∫600, inv cov, const dust
P60, ∫600, inv cov, const dust

P40, ∫600, inv cov C, const dust
P60, ∫600, inv cov C, const dust

P40, ∫600, inv cov C, all fgs
P60, ∫600, inv cov C, all fgs

P40, ∫600, inv var, non-zero y
P60, ∫600, inv var, non-zero y

P40, ∫600, inv var, all fgs
P60, ∫600, inv var, all fgs

P40, ∫800, inv var, const dust
P60, ∫800, inv var, const dust

P40, ∫800, inv var, all fgs
P60, ∫800, inv var, all fgs

P40, ∫800, inv var, const dust, Ød 2 {0, 3}
P60, ∫800, inv var, const dust, Ød 2 {0, 3}

P40, ∫800, inv var, all fgs, Ød 2 {0, 3}
P60, ∫800, inv var, all fgs, Ød 2 {0, 3}

P40, ∫800, inv cov, const dust, Ød 2 {0, 3}
P60, ∫800, inv cov, const dust, Ød 2 {0, 3}

P40, ∫800, inv cov, all fgs, Ød 2 {0, 3}
P60, ∫800, inv cov, all fgs, Ød 2 {0, 3}

frequency monopole mock results

FIRAS pixel-pixel 
covariance is 
problematic

Sabyr+ (2025)
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Mock data results (monopole method)

11

• We weight the mocks as we do with the data and investigate setup variations.

• Baseline , different priors for .{ΔT, ⟨y⟩, Ad, βd, Td}, Td ∈ {0,100K} βd

°20 °10 0 10 20
hyi - hyimock £ 106

P40, ∫600, inv var, const dust
P60, ∫600, inv var, const dust
P40, ∫600, inv cov, const dust
P60, ∫600, inv cov, const dust

P40, ∫600, inv cov C, const dust
P60, ∫600, inv cov C, const dust

P40, ∫600, inv cov C, all fgs
P60, ∫600, inv cov C, all fgs

P40, ∫600, inv var, non-zero y
P60, ∫600, inv var, non-zero y

P40, ∫600, inv var, all fgs
P60, ∫600, inv var, all fgs

P40, ∫800, inv var, const dust
P60, ∫800, inv var, const dust

P40, ∫800, inv var, all fgs
P60, ∫800, inv var, all fgs

P40, ∫800, inv var, const dust, Ød 2 {0, 3}
P60, ∫800, inv var, const dust, Ød 2 {0, 3}

P40, ∫800, inv var, all fgs, Ød 2 {0, 3}
P60, ∫800, inv var, all fgs, Ød 2 {0, 3}

P40, ∫800, inv cov, const dust, Ød 2 {0, 3}
P60, ∫800, inv cov, const dust, Ød 2 {0, 3}

P40, ∫800, inv cov, all fgs, Ød 2 {0, 3}
P60, ∫800, inv cov, all fgs, Ød 2 {0, 3}

frequency monopole mock results

FIRAS pixel-pixel 
covariance is 
problematic

No foreground 
residual with 

matching data model. 

Sabyr+ (2025)
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Mock data results (monopole method)

11

• We weight the mocks as we do with the data and investigate setup variations.

• Baseline , different priors for .{ΔT, ⟨y⟩, Ad, βd, Td}, Td ∈ {0,100K} βd

°20 °10 0 10 20
hyi - hyimock £ 106

P40, ∫600, inv var, const dust
P60, ∫600, inv var, const dust
P40, ∫600, inv cov, const dust
P60, ∫600, inv cov, const dust

P40, ∫600, inv cov C, const dust
P60, ∫600, inv cov C, const dust

P40, ∫600, inv cov C, all fgs
P60, ∫600, inv cov C, all fgs

P40, ∫600, inv var, non-zero y
P60, ∫600, inv var, non-zero y

P40, ∫600, inv var, all fgs
P60, ∫600, inv var, all fgs

P40, ∫800, inv var, const dust
P60, ∫800, inv var, const dust

P40, ∫800, inv var, all fgs
P60, ∫800, inv var, all fgs

P40, ∫800, inv var, const dust, Ød 2 {0, 3}
P60, ∫800, inv var, const dust, Ød 2 {0, 3}

P40, ∫800, inv var, all fgs, Ød 2 {0, 3}
P60, ∫800, inv var, all fgs, Ød 2 {0, 3}

P40, ∫800, inv cov, const dust, Ød 2 {0, 3}
P60, ∫800, inv cov, const dust, Ød 2 {0, 3}

P40, ∫800, inv cov, all fgs, Ød 2 {0, 3}
P60, ∫800, inv cov, all fgs, Ød 2 {0, 3}

frequency monopole mock results

FIRAS pixel-pixel 
covariance is 
problematic

No foreground 
residual with 

matching data model. 

Systematics 
uncertainties are 

very large

Sabyr+ (2025)
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Mock data results (monopole method)

11

• We weight the mocks as we do with the data and investigate setup variations.

• Baseline , different priors for .{ΔT, ⟨y⟩, Ad, βd, Td}, Td ∈ {0,100K} βd

°20 °10 0 10 20
hyi - hyimock £ 106

P40, ∫600, inv var, const dust
P60, ∫600, inv var, const dust
P40, ∫600, inv cov, const dust
P60, ∫600, inv cov, const dust

P40, ∫600, inv cov C, const dust
P60, ∫600, inv cov C, const dust

P40, ∫600, inv cov C, all fgs
P60, ∫600, inv cov C, all fgs

P40, ∫600, inv var, non-zero y
P60, ∫600, inv var, non-zero y

P40, ∫600, inv var, all fgs
P60, ∫600, inv var, all fgs

P40, ∫800, inv var, const dust
P60, ∫800, inv var, const dust

P40, ∫800, inv var, all fgs
P60, ∫800, inv var, all fgs

P40, ∫800, inv var, const dust, Ød 2 {0, 3}
P60, ∫800, inv var, const dust, Ød 2 {0, 3}

P40, ∫800, inv var, all fgs, Ød 2 {0, 3}
P60, ∫800, inv var, all fgs, Ød 2 {0, 3}

P40, ∫800, inv cov, const dust, Ød 2 {0, 3}
P60, ∫800, inv cov, const dust, Ød 2 {0, 3}

P40, ∫800, inv cov, all fgs, Ød 2 {0, 3}
P60, ∫800, inv cov, all fgs, Ød 2 {0, 3}

frequency monopole mock results

FIRAS pixel-pixel 
covariance is 
problematic

No foreground 
residual with 

matching data model. 

Systematics 
uncertainties are 

very large

High-frequency can 
help

Sabyr+ (2025)
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Mock data results (monopole method)

11

• We weight the mocks as we do with the data and investigate setup variations.

• Baseline , different priors for .{ΔT, ⟨y⟩, Ad, βd, Td}, Td ∈ {0,100K} βd

°20 °10 0 10 20
hyi - hyimock £ 106

P40, ∫600, inv var, const dust
P60, ∫600, inv var, const dust
P40, ∫600, inv cov, const dust
P60, ∫600, inv cov, const dust

P40, ∫600, inv cov C, const dust
P60, ∫600, inv cov C, const dust

P40, ∫600, inv cov C, all fgs
P60, ∫600, inv cov C, all fgs

P40, ∫600, inv var, non-zero y
P60, ∫600, inv var, non-zero y

P40, ∫600, inv var, all fgs
P60, ∫600, inv var, all fgs

P40, ∫800, inv var, const dust
P60, ∫800, inv var, const dust

P40, ∫800, inv var, all fgs
P60, ∫800, inv var, all fgs

P40, ∫800, inv var, const dust, Ød 2 {0, 3}
P60, ∫800, inv var, const dust, Ød 2 {0, 3}

P40, ∫800, inv var, all fgs, Ød 2 {0, 3}
P60, ∫800, inv var, all fgs, Ød 2 {0, 3}

P40, ∫800, inv cov, const dust, Ød 2 {0, 3}
P60, ∫800, inv cov, const dust, Ød 2 {0, 3}

P40, ∫800, inv cov, all fgs, Ød 2 {0, 3}
P60, ∫800, inv cov, all fgs, Ød 2 {0, 3}

frequency monopole mock results

FIRAS pixel-pixel 
covariance is 
problematic

No foreground 
residual with 

matching data model. 

Systematics 
uncertainties are 

very large

High-frequency can 
help

Foreground priors 
can be important

Sabyr+ (2025)
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Pixel correlation modeling in pixel method

12

• Real data 
 
 
 
 
 
 
 
 
 

• Mock data

Sabyr+ (2025)
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Pixel correlation modeling in pixel method

12

• Real data 
 
 
 
 
 
 
 
 
 

• Mock data

Sabyr+ (2025)
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Real data results 

13

• In line with expectations from mocks.

• Monopole method:

• Higher frequencies help 
(sometimes).

• Agrees with Fisher 
forecasts expectations 
(Abitbol+2017). 

• Pixel method (apple to apple):

• 3x tighter constraints.

• Different sensitivity to priors and 
frequencies ranges. 0 20

hyi £ 10°6

∫600, P20, Ød 2 N(1.51, 0.1)

∫600, P40, Ød 2 N(1.51, 0.1)

∫600, P60, Ød 2 N(1.51, 0.1)

∫800, P20, Ød 2 N(1.51, 0.1)

∫800, P40, Ød 2 N(1.51, 0.1)

∫800, P60, Ød 2 N(1.51, 0.1)

∫800, P20, Ød 2 {0, 3}

∫800, P40, Ød 2 {0, 3}

∫800, P60, Ød 2 {0, 3}

∫600, P20, Ød 2 {0, 3}

∫600, P40, Ød 2 {0, 3}

∫600, P60, Ød 2 {0, 3}

∫600, P20, Ød 2 N(1.51, 0.1)

Summary of Constraints from Data

Pixel method

Monopole method

Sabyr+ (2025)
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<y> measurements results

14

• Several models foreground models with multiple CIB removal strategies.

• Test for consistency across sky fractions and foreground models for robustness

Fabbian+ (in prep.)

Gratton 
& 

Challinor  
(2019)

3x better 
upper limit

⟨y⟩1 − ⟨y⟩2

σ2
⟨y⟩,1 − σ2

⟨y⟩,2

≲ 2

⟨y⟩ ∼ (1.0 ± 2.1) × 10−6
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Why do we care?

15

• y distortions are dominated by late time gas physics: unique probe of feedback. 
 

• … and also reionization (subdominant) or primordial P(k) k ~ 1-10 h/Mpc.

3

Figure 2. Illustration of the halo mass and redshift contribu-
tions to the y distortion observables. Plotted is the normal-
ized integrand in Eq. (4), using the fitting formulae described
in Sec. IV B.

the CMB spectrum has not yet been detected. Only
an upper limit on the non-relativistic y distortion ex-
ists from the COBE FIRAS experiment, which yielded
|hyi| < 15 ⇥ 10�6 (95 % cl) [27], which is about one order
of magnitude above the expected ⇤CDM signal [15]. We
thus anticipate significant detections with future CMB
spectroscopy [28–31].

A monopole measurement would be complementary to
the existing higher-moment tSZ analyses [e.g., 32–46],
since it features very different systematics and would also
yield the relativistic component at high significance [8].
Furthermore, in contrast to cluster-stacking and power
spectrum [47–49] approaches, the hyi measurement is
more sensitive to lower-mass objects, as illustrated in
Fig. 2.

The hyi and hTei signals constitute unique probes of
baryonic physics in galaxy clusters and groups. Since hyi
probes thermal energy, it is subject to the energy conser-
vation equation

E
th,tot

e| {z }
Total

= E
coll

e|{z}
Collapse

+ E
inj

e|{z}
Injected

� E
cool

e| {z }
Cooling

. (3)

The most uncertain term in the above equation is E
inj

e

which can largely be attributed to feedback processes
from massive stars, supernovae (SNe), and active galactic
nuclei (AGN). These processes inject additional energy
into the interstellar, intergalactic, and intracluster media
(ISM, IGM, and ICM, respectively). Such feedback pro-
cesses are standard ingredients in any theoretical models
of galaxy formation, both semi-analytic [e.g., 50, 51] and
simulation-based models [e.g., 52–57].

The most reliable way to explore how feedback mod-
els influence the y-distortions is by analyzing hydrody-

namical simulations with qualitatively and quantitatively
different subgrid prescriptions. Such an approach is com-
plicated by the fact that, owing to their bias towards rare
high-density peaks, the distortion signals are heavily in-
fluenced by sample variance. Furthermore, the parame-
ter space of subgrid models is vast and poorly explored,
meaning that ideally we would need many large-volume
hydrodynamical simulations, which is currently not feasi-
ble. We will demonstrate later that these problems can be
overcome by utilizing machine learning methods as well
as analytical corrections using the halo model.

Since the y-distortions are predominantly sourced by
galaxy groups and clusters [15], an analytical description
based on the halo model [58–60] is a natural first ap-
proximation. In the halo model formalism, we assume
spherically symmetric halos described only by mass M

and redshift z, yielding

hyihm =
�T

me

Z
dzdM

(1 + z)2

4⇡H(z)

dn

dM

Z
d~r Pe(|~r|;M, z) ,

(4)
where dn/dM is the halo mass function and ~r denotes
position within a given halo, and the expression assumes
a flat universe. The expression for hTeihm is analogous.
Note that the halo model neglects the IGM contribution
discussed in Appendix D.

In the following, it will be useful to think of the ob-
servables xi ⌘ {hyi, hTei} in terms of the approximate
factorization

xi ⇠ f
c

i
(�8,⌦m, ...)f b

i
({Aj})fCV

i
(�) , (5)

where f
c

i
describe the dependence on cosmological pa-

rameters, f
b

i
are functions of a set of feedback parame-

ters Aj , and f
CV

i
depends on the initial conditions and

thus encapsulates sample variance. Such factorizations
are frequently-used and good approximations to observ-
ables that are well-described by the halo model. Nonethe-
less, our results typically only weakly depend on the va-
lidity of this approximation.

It should be noted that we group all our uncertainty on
the simulation sub-grid model in the feedback parame-
ters Aj . These supernova and AGN feedback parameters,
further elaborated on in Sec. IIA, predominantly affect
the ICM contribution to the distortion signals. There
is a non-negligible IGM contribution, however, which in
Appendix D we show is a ⇠ 10 % effect with ⇠ 40 % the-
oretical uncertainty.

The rest of this paper is structured as follows. In
Sec. II we describe the CAMELS simulations as well as
the larger reference boxes. Sec. III provides a short sum-
mary of the assumed experimental setup used for forecast-
ing. In Sec. IV we describe how we interpolate through

Thiele+
(2022)

⟨y⟩ ≡ ⟨y(n̂)⟩n̂ = ∫
d ̂n
4π

σT

me ∫ Pe(n̂, l)dl

⟨Te⟩ ≡ ⟨Te(n̂)⟩n̂ = ⟨y⟩−1 ∫
d ̂n
4π

σT

me ∫ [TePe](n̂, l)dl
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Modeling <y> in hydrodynamical simulations

16

• CAMELS: over 8k hydro simulations varying cosmology, feedback recipes, codes…

• 25 Mpc/h, 2x 2563 particles: need to address volume and cosmic variance effects

Villaescusa 
Navarro+ (2020)

10 Villaescusa-Navarro, Anglés-Alcázar, Genel, et al.

Figure 3. This figure shows 2D projections of the gas temperature, gas metallicity, gas density, stellar mass, gas velocity, neutral hydrogen,
dark matter, electron number density, and gas pressure (from top to bottom) over a region with 25 ⇥ 25 ⇥ 5 (h�1Mpc)3 from the four
di↵erent IllustrisTNG EX simulations at z = 0. The di↵erent columns show results for the simulations with 1) fiducial astrophysics (left), 2)
extreme AGN feedback (center-left), 3) extreme supernova feedback (center-right), and 4) no feedback (right). It can be seen how feedback
a↵ects di↵erent fields in a di↵erent manner.

Fiducial Extreme  
AGN

Extreme  
SN

No  
feedback 

z = 0

3

Figure 2. Illustration of the halo mass and redshift contribu-
tions to the y distortion observables. Plotted is the normal-
ized integrand in Eq. (4), using the fitting formulae described
in Sec. IV B.

the CMB spectrum has not yet been detected. Only
an upper limit on the non-relativistic y distortion ex-
ists from the COBE FIRAS experiment, which yielded
|hyi| < 15 ⇥ 10�6 (95 % cl) [27], which is about one order
of magnitude above the expected ⇤CDM signal [15]. We
thus anticipate significant detections with future CMB
spectroscopy [28–31].

A monopole measurement would be complementary to
the existing higher-moment tSZ analyses [e.g., 32–46],
since it features very different systematics and would also
yield the relativistic component at high significance [8].
Furthermore, in contrast to cluster-stacking and power
spectrum [47–49] approaches, the hyi measurement is
more sensitive to lower-mass objects, as illustrated in
Fig. 2.

The hyi and hTei signals constitute unique probes of
baryonic physics in galaxy clusters and groups. Since hyi
probes thermal energy, it is subject to the energy conser-
vation equation

E
th,tot

e| {z }
Total

= E
coll

e|{z}
Collapse

+ E
inj

e|{z}
Injected

� E
cool

e| {z }
Cooling

. (3)

The most uncertain term in the above equation is E
inj

e

which can largely be attributed to feedback processes
from massive stars, supernovae (SNe), and active galactic
nuclei (AGN). These processes inject additional energy
into the interstellar, intergalactic, and intracluster media
(ISM, IGM, and ICM, respectively). Such feedback pro-
cesses are standard ingredients in any theoretical models
of galaxy formation, both semi-analytic [e.g., 50, 51] and
simulation-based models [e.g., 52–57].

The most reliable way to explore how feedback mod-
els influence the y-distortions is by analyzing hydrody-

namical simulations with qualitatively and quantitatively
different subgrid prescriptions. Such an approach is com-
plicated by the fact that, owing to their bias towards rare
high-density peaks, the distortion signals are heavily in-
fluenced by sample variance. Furthermore, the parame-
ter space of subgrid models is vast and poorly explored,
meaning that ideally we would need many large-volume
hydrodynamical simulations, which is currently not feasi-
ble. We will demonstrate later that these problems can be
overcome by utilizing machine learning methods as well
as analytical corrections using the halo model.

Since the y-distortions are predominantly sourced by
galaxy groups and clusters [15], an analytical description
based on the halo model [58–60] is a natural first ap-
proximation. In the halo model formalism, we assume
spherically symmetric halos described only by mass M

and redshift z, yielding

hyihm =
�T

me

Z
dzdM

(1 + z)2

4⇡H(z)

dn

dM

Z
d~r Pe(|~r|;M, z) ,

(4)
where dn/dM is the halo mass function and ~r denotes
position within a given halo, and the expression assumes
a flat universe. The expression for hTeihm is analogous.
Note that the halo model neglects the IGM contribution
discussed in Appendix D.

In the following, it will be useful to think of the ob-
servables xi ⌘ {hyi, hTei} in terms of the approximate
factorization

xi ⇠ f
c

i
(�8,⌦m, ...)f b

i
({Aj})fCV

i
(�) , (5)

where f
c

i
describe the dependence on cosmological pa-

rameters, f
b

i
are functions of a set of feedback parame-

ters Aj , and f
CV

i
depends on the initial conditions and

thus encapsulates sample variance. Such factorizations
are frequently-used and good approximations to observ-
ables that are well-described by the halo model. Nonethe-
less, our results typically only weakly depend on the va-
lidity of this approximation.

It should be noted that we group all our uncertainty on
the simulation sub-grid model in the feedback parame-
ters Aj . These supernova and AGN feedback parameters,
further elaborated on in Sec. IIA, predominantly affect
the ICM contribution to the distortion signals. There
is a non-negligible IGM contribution, however, which in
Appendix D we show is a ⇠ 10 % effect with ⇠ 40 % the-
oretical uncertainty.

The rest of this paper is structured as follows. In
Sec. II we describe the CAMELS simulations as well as
the larger reference boxes. Sec. III provides a short sum-
mary of the assumed experimental setup used for forecast-
ing. In Sec. IV we describe how we interpolate through

Thiele+(2022)
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Constraining galaxy formation models
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• SIMBA stronger feedback model with directional AGN jets.

• Some models start to be ruled out but arge degeneracies remains.

• Direct constraints are weak but not hopeless: likelihood-free inference…

w/ C. Lovell
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Implications for S8 / galaxy lensing / LSS probes
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w/ C. Lovell

• Galaxy lensing drives the S8 tension: large uncertainties on matter distribution at small scales.

• Weak lensing + kSZ : can reconcile current measurements with (extreme) feedback.

• <y>  constraints on baryon suppression in the ballpark of current analyses, informative 
probe for consistency tests!

G.Aricò et al.: DES Y3 cosmic shear down to small scales

Fig. 6. Degeneracy between S 8 and log Mc, displaying the 1� and 2�
credible levels (red), and using all angular scales. For comparison, we
show as a horizontal band the 1� constraints on S 8 obtained analysing all
angular scales without modelling baryons (blue), and using the Planck
TT+TE+EE+lowE posterior obtained by the DES Collaboration (black,
Planck Collaboration et al. 2018; Secco et al. 2022).

4.4. Constraints on baryons

By including in our analysis all the angular scales available, we
are able to constrain the astrophysical processes which modify
the gravitational evolution of the cosmic density field. In partic-
ular, it has been shown that the suppression in the matter power
spectrum is proportional to the gas fraction expelled from haloes
by baryonic feedback processes (Schneider & Teyssier 2015; van
Daalen et al. 2020). We parametrise this fraction with Mc, the
characteristic halo mass for which half of the gas is depleted.

In Fig. 4 we show our constraints on log Mc when includ-
ing or not the small scales removed in the official DES analysis.
When we apply the DES scale cuts, as expected, log Mc is un-
constrained, even if the data might have a residual sensitivity to
baryonic effects, with higher values of Mc slightly preferred (blue
line). When we analyse all the angular scales, we obtain a tight
constraint log Mc = 14.38

+0.60

�0.56
[log(h

�1
M�)] (red line).

We find an excellent agreement between our estimate of Mc

and that obtained by Chen et al. (2023) (green line) which em-
ployed the same model as ours. However, our constraints are
slightly weaker due to the different assumptions in the two anal-
yses: first, Chen et al. (2023) employ an informative prior on
cosmology, with all cosmological parameters fixed except for �8

and ⌦m, given by the 3x2pt analysis of DES Y3. Second, Chen
et al. (2023) used only the data points with angles smaller than
the DES scale cuts, a TATT intrinsic alignment model, and they
fixed all the baryonic parameters except Mc to the best-fitting val-
ues of the hydrodynamical simulation OWLS-AGN (Schaye et al.
2010). The different priors in cosmology (i.e. the extra informa-
tion on cosmology retrieved by galaxy clustering, galaxy-galaxy
lensing, and shear ratios) have likely the largest impact.

We observe that the posterior of log Mc hits the boundary of
its prior, at log Mc = 15 [log(h

�1
M�)]. This prior has been chosen

to broadly encompass the current measurement of gas fractions in
galaxy clusters measured in X-ray (Vikhlinin et al. 2006; Arnaud

Fig. 7. 1� and 2� credible levels on S 8 and ⌦m using the Planck
TT+TE+EE+lowE posteriors of the DES Collaboration (black, Planck
Collaboration et al. 2018; Secco et al. 2022) and DES Y3 cosmic shear
data, analysing all the angular scales either with our fiducial model (red)
or without modelling baryons (blue), obtained in this work.

et al. 2007; Sun et al. 2009; Giodini et al. 2009; Gonzalez et al.
2013), as well as the prediction of hydrodynamical simulations
McCarthy et al. (2017, 2018). Therefore, we note that we are ex-
plicitly adding to our analysis prior information on the quantity
of gas inside haloes, which cannot be lower than half the cosmic
baryon fraction for haloes with mass M200,c = 10

15
h
�1

M�. Even
if we argue that the prior on Mc is broad enough given X-ray
data, we plan to build the next version of the baryonic emulator
extending the prior Mc to higher values, to better cover the pa-
rameter space allowed by WL-only data.
The remaining 6 free baryonic parameters are unconstrained, and
we show their posteriors in App. D.
Finally, in Fig. 5 we show the estimated suppression in the matter
power spectrum at z = 0. Specifically, we show the 1� cred-
ible interval obtained taking into account the full posterior of
the free cosmological and baryonic parameters in our analysis.
We compare it to the BCM best-fitting models to several state-
of-the-art hydrodynamical simulations, obtained in Aricò et al.
(2021b): EAGLE (Schaye et al. 2015; Crain et al. 2015; McAlpine
et al. 2016), Illustris (Vogelsberger et al. 2014), Illustris TNG
(Pillepich et al. 2018; Springel et al. 2018), OWLS-AGN (Schaye
et al. 2010), and BAHAMAS (McCarthy et al. 2017, 2018). We
infer a suppression of about 10% at k = 2h Mpc

�1, in broad agree-
ment with the BAHAMAS suite and OWLS-AGN, but stronger
than EAGLE and Illustris TNG and milder than Illustris. This
finding is in perfect agreement with Chen et al. (2023), although
since we let free all the baryonic parameters, our model is more
flexible e.g. at large scales (dominated by ⌘, i.e. the distance range
of the AGN feedback) and small scales (modulated by Mz0,cen and
✓inn, which regulate the galaxy-halo mass relation and inner shape
of the gas, respectively).

Article number, page 9 of 23

Fabbian+ (in prep.)

Aricò+ (2023)
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• FIRAS data are still useful after 30 years!

• We can learn from from them with new approaches and prepare for the next challenges!

• Current reanalysis of FIRAS brought us to the verge of detections  of <y> (and improved <µ>!)

• FIRAS+ hydro simulations started constraining feedback parameters! 
 

• Experimental spectral distortions are alive!

• Several planned experiments can  
improve FIRAS results and detect <y>!

• ,   from space.

• Previous forecasting could be pessimistic but systematics 
need dedicated studies.

σ(⟨Te⟩) ∼ 1keV σ(⟨y⟩) ∼ 0.1 × 10−6

2

Figure 1. Comparison between the range of CAMELS simula-
tions with the forecast covariance matrix for the PIXIE exper-
iment (the PIXIE ellipses are centered at the fiducial model
assumed in Ref. [8]: hyifid = 1.77 ⇥ 10�6, hTeifid = 1.24 keV;
they correspond to 68 and 95% CL). From CAMELS, we plot
both the LH and the 1P set. The LH data points are contam-
inated by sample variance in addition to varying subgrid pa-
rameters, while the 1P points have the same initial conditions
and only differ by their subgrid parameters. We have also indi-
cated the values measured from the large boxes (triangles), as
discussed in Sec. II B. All simulation data have been rescaled
to the fiducial CAMELS cosmology but each data point cor-
responds to a different subgrid model. It is worth noting that
the 1P initial conditions appear to be slightly atypical, with
generally larger hTei than expected from the LH set.

tions.2 For comparison, we also show a covariance ma-
trix for a near-future monopole distortion measurement
(c.f. Sec. III). The forecast measurement errors are tiny
compared to the current theoretical uncertainty, which
means that a near-future measurement would provide a
substantial gain in information on astrophysics. This ba-
sic observation forms the underpinning of the calculations
performed in the following: forecast constraints on simu-

2
For IllustrisTNG, the spread is dominated by sample variance (as

can be seen by comparing the LH and 1P points), a point that

we will return to later.

lation subgrid models from a measurement of the y dis-
tortion monopoles, using simulations from the CAMELS
suite.

Conventionally, the y-distortion is separated into a non-
relativistic and a relativistic [9–13] component, each hav-
ing a distinct spectral signature that makes it possible to
disentangle them observationally.3 The non-relativistic
contribution is determined by a line-of-sight integral over
electron pressure,4

hyi ⌘ hy(n̂)in̂ =

Z
dn̂

4⇡

�T

me

Z
Pe(n̂, l) dl , (1)

where �T denotes the Thomson cross section, me is elec-
tron mass, n̂ is the line of sight, and l is physical length
along the line of sight. To leading order, the relativistic
component is proportional to the y-weighted mean elec-
tron temperature [15]

hTei ⌘ hTe(n̂)in̂ = hyi�1

Z
dn̂

4⇡

�T

me

Z
[TePe](n̂, l) dl . (2)

This effective temperature is typically higher than the
mass-weighted (or ⌧ -weighted) temperature [16, 17], and
can be directly obtained from a moment expansion of the
SZ signal (see Appendix A for additional discussion).

In this work we focus on the dominant and theoreti-
cally well-established contributions to the distortion sig-
nals. In particular, we will neglect the ' 10 % contri-
bution of reionization to hyi, which we discuss in Ap-
pendix C, as well as signals due to the Milky Way and
Local Group (which are estimated to be another one and
two orders of magnitude below the reionization signal, re-
spectively). We also neglect other, more exotic sources of
y-distortions, for example from primordial magnetic field
heating [e.g., 18–20] or decaying particles [e.g., 21–26].
Conversely, if one is interested in using the y-distortions
to constrain or detect such processes beyond standard
⇤CDM, astrophysical feedback must be very well under-
stood.

There are further relativistic corrections involving
higher moments of the electron temperature, as well as
the kinetic Sunyaev-Zel’dovich effect sourced by coherent
motion; we will neglect these complications and simply
treat hyi and hTei as observables, as in Ref. [15].

Locally, the tSZ effect is well-established observation-
ally as a CMB temperature change correlating with the
locations of clusters. However, the global distortion to

3
All these signals can be accurately modeled using SZpack [14].

4
We set the speed of light and Boltzmann’s constant to one.

Thiele+ (2022)
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• Several instruments are being built, deployed or in phase A: transformational potential!

• Preliminary forecasts on monopole constraints (pessimistic) give us potential detection 
already fro BISOU!

Maffei+ (2021, BISOU), 
Aghanim+ (2025, FOSSIL),  
Masi+(2021, COSMO), 
Rubiño-Martin+(2020, TMS) 
Sabyr+(2024, SPECTER)

2. Mission configuration

To achieve the ambitious science goals outlined
above while matching the requirements of the ESA
M-mission call, a careful trade-off analysis among the
technology options was performed, with most of the
considered subsystems at TRL≥ 6. Pathfinder ground-
based and balloon-borne projects, e.g., BISOU [4],
COSMO [5] and TMS [6], are planned to increase the
maturity of some sub-systems. FOSSIL’s baseline de-
sign fulfills the science requirements with an instru-
ment mapping the sky through a continuous scanning
strategy, spinning around its axis while performing
spectroscopic measurements at 30-2000 GHz with a
Fourier Transform Spectrometer (FTS). Figure 2.1: Expected CMB spectral distortion signals and

total foreground emissions (grey) compared with noise lev-
els from COBE/FIRAS and FOSSIL. Dashed curves repre-
sent negative values.

2.1 Instrument concept
The FOSSIL concept (Fig.2.2 right) is based on a 2-inputs - 2-outputs absolute FTS. Both sky inputs go indepen-
dently through identical off-axis telescopes with a primary diameter of 60 cm, giving an equivalent Gaussian
beamwidth of ≃ 1.4◦. The optical inputs for the two arms of the FTS are two co-aligned telescopes in adjacent
double-barrel baffles. A rotating wheel, with holes and mirrors directing either of the input beams towards
a calibrator, permits three observing modes. In modes 1 and 2, only one input beam sees the sky, the other
the calibrator, so that the difference between the sky and the reference blackbody is recorded. The FTS input
beams are switched with the mirror, ensuring that these alternate measurements are limiting the telescope’s
optical systematic effects. The Fourier Transforms of the time domain interferograms of the detector outputs
provide a set of modulated spectra, the combination of which will yield spectra of the desired source. The third
mode, used only for optics calibration purpose, allows for both FTS input beams to be directed to the sky.
The two outputs are focused onto multimoded feedhorn-coupled detectors cooled down to sub-K temperature
(typically 100 to 300 mK). To achieve the sensitivity required by the primary science goals, each FTS output
is split into two bands, thus reducing the photon noise, notably for the low-frequency (LF) band. A dichroic at
each FTS output divides the beam onto two focal plane units (FPUs): one low frequency (LF, 30 - 200 GHz) and
one high frequency (HF, 200 - 2000 GHz). While the exact frequency split can be between 100 and 200 GHz,
the baseline is 200 GHz.
In order to limit systematics in the measured spectral distortions, the whole instrument (telescopes, FTS mirrors,
calibrator, FPUs) will be placed within an absorbing Enclosure maintained within 0.1 K of the CMB temper-
ature (2.73 K). The calibrator temperature will be controlled over the temperature range 2.5–2.9 K, while the
four FPUs (two bands for each of the two FTS outputs) will be cooled down to sub-K temperature.

2.1.1 Fourier Transform Spectrometer
The FTS (Fig. 2.2, right) is based on a scanning roof-top mirror which requires less demanding stroke and path
sampling than that based on the Herschel/SPIRE FTS mechanism [7], given the comparably reduced spectral
resolution (15 GHz) and maximum frequency (2 THz) required to achieve the science goals. Having to operate
down to low frequencies, the optical components will be larger, leading to an FTS size of about 1.2 m.

2.1.2 Detectors
Using multimoded feedhorns in order to maximise the sensitivity, implies large pixels, especially for the LF
band. The estimated optical power (Sec. 1.3) and associated Noise Equivalent Power (NEP - Table 2.1) show
that the required sensitivity can easily be reached with detectors at 100 to 300 mK. For the HF FPUs, several
technologies could be used. On the one hand, KIDs technology [8] coupled to an FTS is already used for
ground-based instruments CONCERTO and KISS (Institut Néel - Grenoble & Aix Marseille Univ.) and for the
OLIMPO [9] balloon-borne instrument (Roma) for instance. R&D programmes have increased to TRL5 the
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Why FIRAS is unique
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Planck

• Uses motion of satellite to calibrate 
 
 

• Assumes T0 (from… FIRAS)

FIRAS

• Fourier Transform 
Spectrometer

• Absolutely calibrated 
experiment, gives true 
brightness temperature

T(n̂′￼) =
T(n̂)

γ(1 − β ⋅ n̂′￼)
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• Strong correlation with Planck-based foreground maps

• Dipole (direction and amplitude) and T0 consistent with original results.

Bianchini & Fabbian (2022)
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Spectral distortion and primordial non-Gaussianity
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• In local PNG, the small-scale power 
(probed by µ) is correlated with the long-
wavelength perturbations (probed by T/E)

• µ is quadratic in primordial perturbations  

• µ probes smaller scales than primary CMB 
anisotropies

• Complementary to primary CMB 
bispectra!

⟨μT⟩ ∼ ⟨ζ(ks)ζ(ks)ζ(kL)⟩ ≈ −
12
5

fNLP(kL)P(ks)

Pajer & Zaldarriaga (2012)
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New monopole and fNL constraints
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• New  : major updates after ~30 years!

• New 

• Fixed  from LCDM or model independent 

• Running  nNL < 1.4 to satisfy CMB bispectrum anchor (fNL~5 @ k ~ 0.05 Mpc-1)

• For CMB-S4 we are expecting  (Zegeye, GF+2023)

|⟨μ⟩ | ≲ 47 × 10−6

fNL ≲ 3.57 × 106

⟨μ⟩ ∼ 2 × 10−8 fNL ⋅ ⟨μ⟩ ∼ 0.07

σ( fNL) ∼ 1000

w/ CIB 
monopole 

errors

Liu+(2023)
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Fabbian+ 
(in prep.)
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(KIPAC STANFORD)

Sabyr+ (2025)


