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A brief thermal history of the universe

Distortion signal [MJy/sr]

Distortion signal [MJy/sr]

y-dist

2 x 106

5x104

z >> |06 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.

u 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.
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Constraints on distortions

2 Wavele?gth [mn;_]m _ ® Limited improvements after FIRAS

FIRAS data with 4000 errorbars | <//l> | S 90 X 10_6, | <y> | S 15 X 10_6

2.725 K Blackbody

(y) = (—1 + 6 stat. = 4 syst.) X 107°

e ARCADE,TRIS:improved at v < 10 GHz
questions on foreground/systematics remain.

Intensity [MJy/sr]

® No new experiment: we're stuck with FIRAS!
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FIRAS data are more than a spectrum

| 70 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

ZZZZZZZZZ .86 GHz

Original FIRAS ~ Fxser

(1996)

For each

v < 600 GHz
frequency

I,R) = B,+D,B-h+ ) AFCIFCi(h)

l
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Analyzing the FIRAS data cube: FIRAS approach

ZZZZZZZZZ .86 GHz

Original FIRAS ~ Fxser

(1996)

For each

v < 600 GHz
frequency

I,R) = B,+D,B-h+ ) AFCIFCi(h)

l

Least-square fitting
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Analyzing the FIRAS data cube: FIRAS approach

ZZZZZZZZZ .86 GHz

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

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

Original FIRAS ~ Fxser

(1996)

DIRBE 1.2THz band

For each

v < 600 GHz
frequency

I,R) = B,+D,B-h+ ) AFCIFCi(h)

l

Cosmoglobe

.
o oz Myisr coll. (2024)
Least-square fitting
® Linearized distortion nearly fully degenerate with
0B, 0B,
B, = B/(T,) + AT prs + u 3 + Gog(v) other parameters (e.g. CMB).
u
u=0
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FIRAS: a fully correlated data set

® Measurements correlated in pixel and frequency space (“unusual” regime)

Noise correlation Sky variation Calibrator emissivity
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The foreground challenge

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

® DIRBE noise comparable to FIRAS...

Sky components' monopole SED (fqy =60%)

| ‘i P40 |

A
z =
E
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Sabyr+ (2025) , \

Fabbian+(2025 in prep.) 107 +— e * — 103‘ —
Bianchini & Fabbian (2022
( ) v [GHZz]
— CMB/100 —— CIB — Dust

—— CMB dipole —— FIRAS errors —— AME+free-free+synchrotron
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Analyzing the FIRAS data cube: our approaches

ZZZZZZZZZ .86 GHz

Pixel-by-pixel

n . .. OB
I=> [, (n) = B (T, u(n)) + AT(n)E
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Analyzing the FIRAS data cube: our approaches

|=> 1 (n) =BU(T0aM(H))+AT(n)a—I; + 190", )
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Monopole modeling
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Effective Dark Matter Fraction, &fym
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An important update!

® 2x improved upper limit on the [ distortion

monopole after ~25 years!

[(u)| < 95% C.L. [x107°] PL90 PL80 PL60 PL40 0syst

0.002 A

44, fixed [q <7 <50 <105 <179 48
Ag+ As <252 <200 <162 <102 54
Agq + Ag <174 <120 <96 < 118 47

FIRAS residual <72 <57 [<89]<147 34

S, 0.000 -

—0.002 -

Bianchini, Fabbian (2022)
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Robustness of component separation methods

® What is the best, most robust way to measure <y>!

® (B needs to be handled with great care.

® We built realistic mocks based on state of the art sky A. Sabyr, C. Hill (Columbia),
odels F. Bianchini (KIPAC)

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

FIRAS mock v=476 GHz FIRAS data v=476 GHz

A. Sabyr, GF + (2025)

Giulio Fabbian 10
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Mock data results (monopole method)

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

® Baseline {AT,(y),A, B, 1,}, T, € {0,100K}, different priors for j3 .

P40, vg09, inv_var, const dust

P60, vgo9, inv_var, const dust

P40, vgg9, inv_cov, const dust

P60, vg09, inv_cov, const dust -

P40, vg00, inv_cov_C, const dust

P60, vg00, inv_cov_C, const dust

P40, vg00, inv_cov_C, all fgs

P60, vg00, inv_cov_C, all fgs-

P40, vggp, inv_var, non-zero y -

P60, vgp, inv_var, non-zero y -

P40, vgoo, inv_var, all fgs -

P60, vgo0, inv_var, all fgs -

P40, vggy, inv_var, const dust -

P60, vggg, inv_var, const dust -

P40, vgy, inv_var, all fgs

P60, vggo, inv_var, all fgs-

P40, vgoo, inv_var, const dust, fq € {0,3} 7
P60, vggo, inv_var, const dust, 5q € {0,3}
P40, vgoo, inv_var, all fgs, Bq € {0,3} -
P60, vsgo, inv_var, all fgs, Bq € {0,3} -
P40, vg09, inv_cov, const dust, 5q € {0,3}
P60, vg00, inv_cov, const dust, 5q € {0,3}
P40, vggg, inv_cov, all fgs, Bq € {0,3}
P60, vgoo, inv_cov, all fgs, Bq € {0,3} - |

O Ffmmmmm b e e e e e e e

—20 —10 10 20 Sabyr+ (2025)
<y> - <y>mock x 10°
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Mock data results (monopole method)

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

® Baseline {AT,(y),A, B, 1,}, T, € {0,100K}, different priors for j3 .

P40, vg09, inv_var, const dust
P60, vgo9, inv_var, const dust

FIRAS pixel-pixel
> covariance is

problematic

P40, vgg9, inv_cov, const dust
P60, vg09, inv_cov, const dust

P40, vgop, Inv_cov_C, const dust

P60, vg00, inv_cov_C, const dust

P40, vg00, inv_cov_C, all fgs

P60, vg00, inv_cov_C, all fgs-

P40, vggp, inv_var, non-zero y -

P60, vgp, inv_var, non-zero y -

P40, vgoo, inv_var, all fgs -

P60, vgo0, inv_var, all fgs -

P40, vggy, inv_var, const dust -

P60, vggg, inv_var, const dust -

P40, vgy, inv_var, all fgs

P60, vggo, inv_var, all fgs-

P40, vgoo, inv_var, const dust, fq € {0,3} 7
P60, vggo, inv_var, const dust, 5q € {0,3}
P40, vgoo, inv_var, all fgs, Bq € {0,3} -
P60, vsgo, inv_var, all fgs, Bq € {0,3} -
P40, vg09, inv_cov, const dust, 5q € {0,3}
P60, vg00, inv_cov, const dust, 5q € {0,3}
P40, vggg, inv_cov, all fgs, Bq € {0,3}
P60, vgoo, inv_cov, all fgs, Bq € {0,3} - .

O Ffmmmmm b e e e e e e e

—20 —10 10 20 Sabyr+ (2025)
<y> - <y>mock x 10°
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Mock data results (monopole method)

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

® Baseline {AT,(y),A, B, 1,}, T, € {0,100K}, different priors for j3 .

P40, vg09, inv_var, const dust

FIRAS pixel-pixel
> covariance is
problematic

P60, vgo9, inv_var, const dust

P40, vgg9, inv_cov, const dust

P60, vg09, inv_cov, const dust

P40, vgop, Inv_cov_C, const dust
P60, vg00, inv_cov_C, const dust

No foreground
> residual with
matching data model.

P40, v, inv_cov_C, all fgs|T

P60, vg00, inv_cov_C, all fgs|-

P40, vgog, IDV_var, non-zero y -

P60, vgp, inv_var, non-zero y -

P40, vgoo, inv_var, all fgs -

P60, vgo0, inv_var, all fgs -

P40, vggy, inv_var, const dust -

P60, vggg, inv_var, const dust -

P40, vgy, inv_var, all fgs

P60, vggo, inv_var, all fgs-

P40, vgoo, inv_var, const dust, fq € {0,3} 7
P60, vggo, inv_var, const dust, 5q € {0,3}
P40, vgoo, inv_var, all fgs, Bq € {0,3} -
P60, vsgo, inv_var, all fgs, Bq € {0,3} -
P40, vg09, inv_cov, const dust, 5q € {0,3}
P60, vg00, inv_cov, const dust, 5q € {0,3}
P40, vggg, inv_cov, all fgs, Bq € {0,3}
P60, vgoo, inv_cov, all fgs, Bq € {0,3} - .

—20 —10 10 20 Sabyr+ (2025)
<y> - <y>mock x 10°

O Ffmmmmm b e e e e L L e e
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Mock data results (monopole method)

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

® Baseline {AT,(y),A, B, 1,}, T, € {0,100K}, different priors for j3 .

P40, vg09, inv_var, const dust
P60, vgo9, inv_var, const dust

P40, vgg9, inv_cov, const dust

P60, vg09, inv_cov, const dust

P40, vgop, Inv_cov_C, const dust
P60, vg00, inv_cov_C, const dust

P40, v, inv_cov_C, all fgs|T

P60, vg00, inv_cov_C, all fgs|-

P40, vgog, IDV_var, non-zero y -
P60, vgp, inv_var, non-zero y -

FIRAS pixel-pixel

> covariance is
problematic

No foreground
> residual with

P40, vgoo, inv_var, all fgs
P60, vgo0, inv_var, all fgs

matching data model.

Systematics

P40, vggy, inv_var, const dust -

P60, vggg, inv_var, const dust -

P40, vgy, inv_var, all fgs

P60, vggo, inv_var, all fgs-

P40, vgoo, inv_var, const dust, fq € {0,3} 7
P60, vggo, inv_var, const dust, 5q € {0,3}
P40, vgoo, inv_var, all fgs, Bq € {0,3} -
P60, vsgo, inv_var, all fgs, Bq € {0,3} -
P40, vg09, inv_cov, const dust, 5q € {0,3}
P60, vg00, inv_cov, const dust, 5q € {0,3}
P40, vggg, inv_cov, all fgs, Bq € {0,3}

P60, vgoo, inv_cov, all fgs, Bq € {0,3} -

Giulio Fabbian
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—20
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—10
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20

> uncertainties are

very large

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

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

® Baseline {AT,(y),A, B, 1,}, T, € {0,100K}, different priors for j3 .

P40, vg09, inv_var, const dust

FIRAS pixel-pixel
> covariance is
problematic

P60, vgo9, inv_var, const dust

P40, vgg9, inv_cov, const dust

P60, vg09, inv_cov, const dust

P40, vgop, Inv_cov_C, const dust
P60, vg00, inv_cov_C, const dust

No foreground
> residual with
matching data model.

P40, v, inv_cov_C, all fgs|T

P60, vg00, inv_cov_C, all fgs|-

P40, vgog, IDV_var, non-zero y -

P60, vgp, inv_var, non-zero y -

P40, vgp, inv_var, all fgsH S)’StematiCS
P60, vo0, inv_var, all fgs i uncertainties are

P40, vy, ?nv,var, const dust very |ar.ge
P60, vggg, inv_var, const dust -

P40, vgy, inv_var, all fgsH

» High-frequency can
help

1

1

1

1

|

P60, vgg9, inv_var, all fgsH '
P40, vgoo, inv_var, const dust, fq € {0,3} 7 E
P60, vggo, inv_var, const dust, 5q € {0,3} :
P40, vggo, inv_var, all fgs, Bq € {0,3} i
P60, vsgo, inv_var, all fgs, Bq € {0,3} :
P40, vggo, inv_cov, const dust, fq € {0,3} |
i

1

1

1

1

T

0

P60, vg00, inv_cov, const dust, 5q € {0,3}
P40, vggg, inv_cov, all fgs, Bq € {0,3}
P60, vgoo, inv_cov, all fgs, Bq € {0,3} -

—20 —10 10 20 Sabyr+ (2025)
<y> - <y>mock x 10°
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Mock data results (monopole method)

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

® Baseline {AT,(y),A, B, 1,}, T, € {0,100K}, different priors for j3 .

P40, vg09, inv_var, const dust

FIRAS pixel-pixel
> covariance is
problematic

P60, vgo9, inv_var, const dust

P40, vgg9, inv_cov, const dust

P60, vg09, inv_cov, const dust

P40, vgop, Inv_cov_C, const dust
P60, vg00, inv_cov_C, const dust

No foreground
> residual with
matching data model.

P40, v, inv_cov_C, all fgs|T

P60, vg00, inv_cov_C, all fgs|-

P40, vgog, IDV_var, non-zero y -

P60, vgp, inv_var, non-zero y -

P40, vgp, inv_var, all fgsH S)’StematiCS
P60, vo0, inv_var, all fgs i uncertainties are

P40, vy, ?nv,var, const dust very |ar.ge
P60, vggg, inv_var, const dust -

P40, vgy, inv_var, all fgsH

» High-frequency can
l help

,  Foreground priors
can be important

1

1

1

1

|

P60, vgg9, inv_var, all fgsH '
P40, vgoo, inv_var, const dust, fq € {0,3} 7 E
P60, vggo, inv_var, const dust, 5q € {0,3} :
P40, vgoo, inv_var, all fgs, Bq € {0,3} i
P60, v, inv var, all fgs, Bq € {0,3}H |
P40, vggo, inv_cov, const dust, fq € {0,3} |
i

1

1

1

1

T

0

P60, vg00, inv_cov, const dust, 5q € {0,3}
P40, vggg, inv_cov, all fgs, Bq € {0,3}
P60, vgoo, inv_cov, all fgs, Bq € {0,3} -

—20 —10 10 20 Sabyr+ (2025)
<y> - <y>mock x 10°
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Pixel correlation modeling in pixel method

® Real data

® Mock data

Sabyr+ (2025)

Giulio Fabbian
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Pixel correlation modeling in pixel method

MCMC y pixel-pixel correlation 0.03 ixel-pixel correlation (zoom) 0.03
0 B ; ; S ——————
0.02 0.02
5004
1000 - : LA - 0.01 - 0.01
® Real data L \
o 15001 = L - 0.00 - 0.00
2000 A
- —0.01 - —0.01
25001
-0.02 —-0.02
3000 7 =T T T T T T
0 500 1000 1500 2000 2500 3000 ~0.03 —0.03
p p
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Real data results

Summary of Constraints from Data

® In line with expectations from mocks. v, P20, 81 € N(1.51,0.1) - .

V600, P40, 5d c N(151,01) ]
® Monopole method:

Vgoo, P60, Bq € N<151,01) 1

® Higher frequencies help vso0, P20, Ba € N(1.51,0.1) -

(sometimes).

Voo, P40, B4 € N<151,01) 1

V800, P60, 6(1 c N(151,01) ]
® Agrees with Fisher

forecasts expectations

V800, P207 Bd S {07 3} N

Pixel method (apple to apple):

(Abitbol+2017).

3x tighter constraints.

Different sensitivity to priors and

frequencies ranges.

V800, P407 Bd S {07 3} N

300, P60, Bq € {0,3}

Monopole method

V00, P20, Ba € {0,3}
V00, P40, Bq € {0,3} 7
Veo0, P60, Bq € {0,3}

V600, PQO, ﬁd c N(151,01> ]

Pixel method

Sabyr+ (2025)

[

(y) x 1070

Giulio Fabbian
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<y> measurements results

® Several models foreground models with multiple CIB removal strategies.

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

Consistency mask

Gratton ‘ <y>1 _ <y>2‘
& <2 >
Challinor ~
(2019) 9) 2
\/ ‘ °On1 "<y>,2‘
15.0 - 95% C.L.
12.5 - ® Real data
- 10.0- Mock data
L. 3x better
X o upper limit
= 5.0 1
2.5 + + + —-6
oo L] I I (I (R s ()~ (1.0£2.1)x 10
—2.51
o .\\00\ & @© 3 S & Q0 Q) , ,
Qg?&x v»“é;b §8 gz%) % ngq, 62%) o 8’\ Fabbian+ (in prep.)
X X
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Why do we care?

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

dn o A
0) = 0@ = | oot | P
4 m,
A dn or )
(T,) = (T,(h)); = (y)™' [TePe] (R, )dl
471' m, .
(y) (Te)
1.0
15
©
S 14
Ec> Thiele+
> (2022)
O
13
12
0 1 2 30 1 2 3
redshift z redshift z
® ... and also reionization (subdominant) or primordial P(k) k ~ 1-10 h/Mpc.
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Modeling <y> in hydrodynamical simulations

® CAMELS: over 8k hydro simulations varying cosmology, feedback recipes, codes...
® 25 Mpc/h,2x 2563 particles: need to address volume and cosmic variance effects

i ~ [£(08, Q) LA DY (6) Thiele+(2022)
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AGN SN feedback  Navarro+ (2020)
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Constraining galaxy formation models
® SIMBA stronger feedback model with directional AGN jets.

® Some models start to be ruled out but arge degeneracies remains.
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Direct constraints are weak but not hopeless: likelihood-free inference...

SIMBA
: 0 o Y, 2962°°
i o o olle P : ;'.‘1.4 .&. : ’ I
R 15
i i S e T ‘
1 b} >) g f So0 °
° : s oo °° .;\
ot. ’. :3 ... o Excluded B 1.0
. ‘) —@— This work I
1
10° 10!
1 F (Y :Q
: ® .g.e\,. Y é.‘%.‘ '. I
: °,20 '}{3 '&:’.—T‘I X
i ° b’OQQ.Qf"" “cf{: o..
] - S% *o. o«""”.‘:)'J ’.
o s e .' [ R L 10
o o, ¥huee Excluded :
’ ',i. —@— This work !
1
10° 10!
—6
(y) [107]
w/ C. Lovell

SIMBA

|
100 - [—1 All models
Excluded models
%0 [ Allowed models
60 4
40 A
—
20 A
O T T T T T T T
04 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
AAcN2
100 - [
80 1
60 - |
40 -
20 A
0 T T T T T T T
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
AAsN2

Giulio Fabbian

|7

CMB France 2025



Implications for S8 / galaxy lensing / LSS probes

® 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!

gravity-only
with baryons
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Arico+ (2023)
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SIMBA, z=0
1.1
Fabbian+ (in prep.)
1.0 ——e -
09
0.8
0.7
0.6
—— Allowed by (y)
05F Excluded by (y) -
""" SIMBA fiducial (Davé+2019)
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Conclusions

® 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 <p>!)

® FIRAS+ hydro simulations started constraining feedback parameters!

10
: CAMELS SIMBA LH ) Cosot
. . . . CAMELS IllustrisTNG LH e
® Experimental spectral distortions are alive! CAMELS SIMBA 1P &ivii i
CAMELS IllustrisTNG 1P s 3 2 %2 ”
lustrisTNG300 ;. ) L
® Several planned experiments can SIMBALOO . il i
improve FIRAS results and detect <y>! _
>
21
g
e o((T,) ~ 1keV,o({y)) ~ 0.1 X 107® from space. V PIXIE
1.5 -
® Previous forecasting could be pessimistic but systematics 1.0
need dedicated studies. C | |
Thiele+ (2022) 1.7 1.8
0.1 — ;
1 10
(y)[107°]
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Experimental prospects

already fro BISOU!

102

10°

Spectral Radiance [M)y/sr]
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Maffei+ (2021, BISOU),
Aghanim+ (2025, FOSSIL),
Masi+(2021, COSMO),
Rubifio-Martin+(2020, TMS)
Sabyr+(2024, SPECTER)
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20

Several instruments are being built, deployed or in phase A: transformational potential!

Preliminary forecasts on monopole constraints (pessimistic) give us potential detection
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Why FIRAS is unique

Planck FIRAS
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Component separated maps and consistency tests

® Strong correlation with Planck-based foreground maps

® Dipole (direction and amplitude) and TO consistent with original results.

Foregrounds correlation, FIRAS mask
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Spectral distortion and primordial non-Gaussianity

® In local PNG, the small-scale power
(probed by u) is correlated with the long-
wavelength perturbations (probed by T/E)

® U is quadratic in primordial perturbations

® p probes smaller scales than primary CMB
anisotropies

® Complementary to primary CMB
bispectra!

12
<MT> ~ <C(ks)(§(ks)(§(kL)> N = ?fNLP(kL)P(kS) ¢

Pajer & Zaldarriaga (2012)
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New monopole and fnL constraints

e New |{(u)| <47 % 107°: major updates after ~30 years!

e Newf; <3.57x10°

® Fixed (u) ~2x 107® from LCDM or model independent fy; - (i) ~ 0.07

® Running nnL < |.4 to satisfy CMB bispectrum anchor (fae~5 @ k ~ 0.05 Mpc-!)
® For CMB-54 we are expecting o(fy;) ~ 1000 (Zegeye, GF+2023)
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