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CosmoTherm: a (new) flexible thermalization code

Solve the thermalization problem for a wide range of energy release histories
several scenarios already implemented (decaying particles, damping of acoustic modes)
first explicit solution of time-dependent energy release scenarios

open source code

- will soon be available at wow.Chluba.de/CosmoTherm/

Main reference: JC & Sunyaev, MNRAS, 2012 (arXiv:1109.6552)

v [GHz]
0.02 0.1 1 10 100 10
100 |||| ; ; |||||§ i | T ||||||| T T ||||||| T |||| T T |||||| T T ||||||| T
3 S I ——— z=41x10° - =40x10" -
10! no energy réelease _;I 8x10 " N kit z=24x 10‘6’ ***** =14x 101‘1
g End of HI recombination z,=3x10 3 _ - T z=15x10 = 2'4XX 10
- 5 - L i N\ . 5 . 3
-2 -- z.=5x10 _ / R, ,\A\\.'-‘ ””””” z 2x100 —mmmmmmmo z X
10 E X ; E 6><1()8— RSN e e e s 2230x10° e x
= N e 2, =1x10 [ N 70 B AR N T
3
=\ 2z, =5x 10" 3
1 -8
C _ 4 . 4x10 [
0L 2, =1x10 4 -
C hotter than photons ] § |
10_5 E O 8
g & 2x10 [
] R N ~
10 F = = L
O E & - e T~ T
R - O --------------
107 B
s i
10°E 5 Sl
-2x10 .
107 E I// i ,‘ \ strong low frequency evolution
F g ;oL at low redshifts
10" 4x10™ ¥ _
| { ‘:I il il | Ll [
10" ; " S - ; 2x100 107 107 10" 1 10 20 50
10 10 10 10 10 X

Electron temperature evolution Evolution of distortion



Iime 380,000 years 7,000 years 8 years 2 months

() . . : : : L ; A
5 y-distortion :y+p+residual distortion: : Mission
S R : o ' AT Concept
S Photon injection distortions : u-distortion
S ol dictart: ' AN FIRAS
O Non-thermal distortions
S : [ [
= S7 Clusters Decaying particles / Primordial Black Holes / Dark Photons
E T T T
_§ 5 Relativistic SZ 'h'll :
S o _ _ p-wave annihilation BISOU
.% é Intensity Mapping .
g > | Line scattering Primordial Magnetic Fields / Cosmic Strings / Axions
=" : : :
: Distortions from enhanced small-scale power
4 ; ; FOSSIL
o
>
cu
—
— PIXIE
c
g
Vo)
it Damping of small-scale scalar perturbations in ACDM with y = 2x]0-8 S
. " : uper-
. : : : PIXIE
Cosmological Adiabatic Cooling
Recombination : :
Liree WIMP annihilation Voyage
! ! 2050

: : : : >
10 |03 | 04 3x 105 2 x 10¢ Redshift



Average ANCDM spectral distortions
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New Probe of the Early Universe
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Small-scale power constraints and PBH formation

SMBH IMBH SBH
10°1 v
5 ! BBN | y \
. \\ /: “ cxeesl BEGF ?'(P\ — PBH
\\\ II \?,\

\ 1

1073 | -dist \\ /] p-dist
\ 4 v
: \\ ,,’ ‘o@ \é’)
\
\
10_5 7 \\
\
\
\\

1076 - B

\

\

\\
1077 - X
10_8 . P\X‘E

SM : .
. _5“{----------—-——---------___-___fz_fiia_'é-_'QV_a_r'_a_n_tg _______
o BRI L e

10—10

103 1072 107! 10° 10' 102 10® 10* 105 10® 107 108 10° 10%® 101! 1012 103 1014 10%5
k (Mpc™1)

JC, Khatri & Sunyaev, 2012
JC, Erickcek & Ben-Dayan, 2012
Cyr et al., 2023, ArXiv:2309.02366



Small-scale power constraints and PBH formation
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A CMB spectrometer could shed light on




Dissipation of small-scale acoustic modes




Dissipation of small-scale acoustic modes
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Dissipation of small-scale acoustic modes

— —undamped
pot. env 2,

Silk-damping is
equivalent to
energy release!

— full calculation
---undamped x 27

Ideas go back to Sunyaev & Zeldovich, 1970




Distortion due to mixing of blackbodies

Blackbody spectra Photon mixing Blackbody + y-distortion
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Mixing is mediated by Thomson scattering = Silk damping




Scalar power spectrum amplitude

Exploring the small-scale Universe
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Scalar power spectrum amplitude

Exploring the small-scale Universe
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Scalar power spectrum amplitude

Exploring the small-scale Universe
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Scalar power spectrum amplitude

Exploring the small-scale Universe
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Scalar power spectrum amplitude

Exploring the small-scale Universe
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Exploring the small-scale Universe

Scalar power spectrum amplitude
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Scalar power spectrum amplitude

Exploring the small-scale Universe
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A CMB spectrometer could will be crucial

In exploring these questions!




Scalar Induced Gravitational Waves
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Scalar Induced Gravitational Waves
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Using scalar power spectrum limits one
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Spectral distortion link to GW backgrounds
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Spectral distortion link to GW backgrounds
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Spectral distortion link to GW backgrounds
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Spectral distortion link to GW backgrounds
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Spectral distortion anisotropies




Cosmic Microwave Background Anisotropies

Planck all-sky « CMB has a blackbody spectrum in every direction
emperature map - tiny variations of the CMB temperature AT/T ~ 10-5




Cosmic Microwave Background Anisotropies
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Thermal SZ effect is now routinely observed!

Energetic
electron

.

7 oMB

/ ) Comptonized
1. photon

Hot plasma

Planck

o »
e

&
NI
» DR $ -

g &
$6 5 -

» r‘ %‘._ X
B e s

— N\ g
K B A



Thermal SZ effect is now routinely observed!
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Main thermalization stages
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Final photon Boltzmann hierarchy with
thermalization effects
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Final photon Boltzmann hierarchy with
thermalization effects
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Final photon Boltzmann hierarchy with
thermalization effects
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Now implemented in CosmoTherm but can be done with any

Boltzmann code (e.q., CAMB or CLASS)



CMB power spectra for decaying particles
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- New way to constrain
these scenarios

, - Anisotropic heating is
10- important!

- Degeneracy between
lifetime and abundance
can in principle be
broken by £-dependence
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Kite, Ravenni & JC, 2022, papers lll, ArXiv:2212.02817



CMB power spectra for decaying particles

— I=10"8s! — T=10"25! --- xDe

- New way to constrain
these scenarios

- Anisotropic heating is
important!

- Degeneracy between
lifetime and abundance
can in principle be
broken by £-dependence

Can be constrained
with CMB imagers like

Planck, ACT, SPT,
Litebird, SO & PICQO!
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Kite, Ravenni & JC, 2022, papers Ill, ArXiv:2212.02817



“experiment

=== - Single dish mode is enough

S . . forp-Tconstraints

- Low frequency foreground
monitor

i X T/E: Optimistic
——— U X T/E: Pessimistic
—— T/E bispectrum

Galaxy bispectrum

- Constraints on small scales 102

- SKA+Litebird equivalent to
PICO in terms of y-T

- SKA could even do B-
modes...
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Zegeye et al., ArXiv:2406.04326



- experiment
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- Constraints on small scales

- SKA+Litebird equivalent to
PICO in terms of y-T

- SKA could even do B-
modes...

Detailed study with realistic

foregrounds and systematics
IS required!

- - Single dish mode is enough
for u-T constraints

<

- Low frequency foreground
monitor

i X T/E: Optimistic
——— U X T/E: Pessimistic
—— T/E bispectrum

Galaxy bispectrum
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Worked example: dark photon constraints




Distortions from dark photon conversion
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JC, Cyr & Johnson ArXiv:2409.12115
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Dark photons can convert
into normal photons when

my =~ m},(z)

This leads to removal of
CMB photons which causes
a distortion



Distortions from dark photon conversion
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Revised Constraints on Dark Photons - monopole
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JC, Cyr & Johnson ArXiv:2409.12115 COBE/FIRAS constraints still competitive
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Anisotropies from dark photon conversion!
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Anisotropies from dark photon conversion!

| | SR | |

4.5 =

1071 | ™\ = :
) 4.0 - =

: ___________ o \\,\\ Lno [
--------- W\ 3.5F =
‘IS‘: 1072 1 = ;' : ;
‘ 3.0 -

FE' th ”
:’QN 1073 & | = _ 2> :_ —:
N2_0'_ St L] = ; — ]
- Zcon =5.00 x 10° s : -
10—4 __— Zcon=5-00x 104 ] 1-5 :_ _:

| III | | L1 11 III 1 | | III | | : I: :I I | I L1 1 1 I L1 1 1 I | T | I 111 I 111 | | T | I L1 1 1 I
101 102 103 0 500 1000 1500 2000 2500 3000 3500 40
/4 /4

00

Evangelista, JC & Cyr, ArXiv:2606.09491



0+ 1)CHT12m uk?

40 1

30 A

20 A

10 -

-10 4

-20 1

-30 1

-40

Novel dark photon constraints from Planck

Constraints on uyT from Planck 105 =

Constraints on dark photon models
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New independent constraint using existing data

In some regions comparable to monopole constraint
— combined constraint could be improved
Addition of ACT & SPT data might provide further leverage!

Improvements from modelling still possible!
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Novel dark photon constraints from Planck

Constraints on dark photon models
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New independent constraint using existing data

In some regions comparable to monopole constraint
— combined constraint could be improved

Many new results
can be expected!

Addition of ACT & SPT data might provide further leverage!

Improvements from modelling still possible!

Evangelista, JC & Cyr, ArXiv:2606.09491



Uniqueness of CMB Spectral Distortion Science
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matter physics
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Uniqueness of CMB Spectral Distortion Science
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Uniqueness of CMB Spectral Distortion Science
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Uniqueness of CMB Spectral Distortion Science
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Uniqueness of CMB Spectral Distortion Science
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Uniqueness of CMB Spectral Distortion Science

Planck, ACT, SPT, SO
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