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Outline

Large Scale Structure (LSS).
- E.g. Warm dark matter.

21cm Cosmology and Soft Photon Heating.
- E.g. Anomalous radio backgrounds and decaying/annihilating DM.

Cosmic Microwave Background (CMB) Anisotropies.
- E.g. PBHs.

CMB Spectral Distortions.
- E.g. Dark photons.
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Large scale structure

Goal: Create (and understand) maps of distribution of luminous/dark
matter throughout cosmic time.

Constraints on dark sectors come from combinations of:

e Observations (Galaxy surveys, Ly-a, Weak lensing).

e Large volume simulations (Hydro/N-body). Review: Angulo and Hahn (2021)
° (Semi_)AnalytiCS (EFTOﬂ_SS) Seminal Work: Senatore++ (=2012)

Les Houches Lectures: Baldauf (2020)

Key observable: Baryon Acoustic Oscillations (BAO)
e Spike in the galaxy correlation function at r ~ 150 Mpc (comoving).

e Measuring BAO along line of sight can determine H(z), transverse
gives angular diameter distance.



Large scale structure: DESI| observations

Dark Energy Spectroscopic Instrument (DESI): Uses multiple tracers to
reconstruct the BAO feature.

e Spectra from 6M objects, 0.1 <z <4.2.

o Galaxies 0.1 < z < 1.6, Quasar/Lyman-a forest 0.8 < z < 4.16.
e Roughly 5% (10%) sky coverage in Y1 (Y5).
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*Physical interpretation = excess clustering on small scales

D ES I I\/l y Ste ries7 (Flavour oscillations imply Z my > 0.058)

Green and Meyers (2024)
.
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e Preference for this is insensitive to
other 2-pt lensing anomalies,
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constraints instead driven by
information in the 4-pt statistics.
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Large scale structure: warm dark matter .. pos

Warm dark matter - a thermal sector with

High kinetic energy allows dark matter to free-
stream out of overdensities, suppressing growth
of small-scale structures.

Simulation-based Bayesian inference yields

constraints from Ly-a forest observations of
high redshift quasars from the VLT and Keck.

Karacayl et al. (2024)
Data from DESI promises further improvements.
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Large scale structure: warm dark matter .. pos
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Data from DESI promises further improvements.
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21-cm cosmology

Goal: Map out the distribution of neutral hydrogen by

: . . .. . fo = 1420 MHz
searching for redshifted 21cm line emission from spin- \o = 21 .
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The spin temperature AT, o (1 — T/ Tyy)

The ST counts relative occupation between triplet and singlet states,
determined by three main (redshift dependent) effects:

- Interactions between radiation bath at 21-cm.

- Heating via collisions with particles in-media.

- Resonant Ly-a scattering.

Exotic phenomena modity spin temperature through variations of T

(extra radio backgrounds) and/or T, (e.g. milli-charged dark matter).

Venumadhav et al. (2018), Fialkov and Barkana (2019) Kovetz et al. (2018), ++
Brandenberger, BC, Shi (2019)

Dark sectors must not increase brightness temperature more than current

_ ~EDGES (2018)
imits ATb 2 — 500 mK. SARAS-3 (2022)



Extra radio backgrounds: soft photon heating

Hard photons: Defined by E, 2 10eV, can cause direct excitations and

ionizations of the background, highly constrained by CMB anisotropy

measurements. Acharya, BC, Chluba (2023)
BC et al. (2024)

Soft photons: Lower energies (Eg 1, (2) S E, S 10eV) will mostly free-

stream. Photons with E, S Eg ,,((z) will be absorbed (inverse-Brem), in
some cases heating the gas significantly.

This implies that when T T, one can also have T, T (1T 1)

(Note: Definitions apply for post-recombination injections.)

ATy, & xg (1 = TR/ T )



Anomalous radio backgrounds N
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21cm constraints on dark sectors which produce significant soft photons are

greatly relaxed (e.g. cosmic strings, axion-dark photon-photon systems).
BC et al. (2023) Caputo et al. (2022)



Decaving/annihilating dark matter

Dark matter decays and annihilations can be probed through their
impacts on 21cm power spectrum (typically hard heating). Sunetal (2024), ++

Formation of first stars in such environments also active area of study.
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Cosmic microwave

background (an

ISOtropiles

Goal: Utilize the statistics of CMB temperature and polarization maps to

gain insights on the thermal history of the Universe.

Primary anisotropies:
e Sachs-Wolfe

e Acoustic waves <

e Doppler shifts )
ndary anisotropies:

o [SW effect )

e Gravitational lensing Q
e Sunyaev-Zel dovich effect
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Primordial black holes

Main idea: Density
fluctuations exceeding a

critical threshold can collapse oo |
upon horizon re-entry. 1072 |
g 1074

<1075 |

Usually characterized by a 06 |
deviations away from near- 107

scale invariance on small 1075 ¢
1077

scale power spectrum.

Rather generic prediction of
e.g. ultra slow roll inflation.

Carr and Kuhnel (2021)
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Primordial black holes Carr and Kuhnel (2021)
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Primordial black holes

1 2

Intermediate masses: accretion. "
0.1

Accretion of matter and 0.01
subsequent halo formation 107>
. 1074
possible after z.,. S
107

This comes with inevitable 1077
: : y -~ 1078
luminosity L = eM,,, (€ ~ 0.1) o
10—10 |

This heats surrounding
medium, induces
photoionization, etc.

Carr and Kuhnel (2021)
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Primordial black holes Carr and Kuhnel (2021)

MIM,,
10710 107 1 10° 1010 1013 1020
: 10 e e T —
Background constraint:
1 e d e o e e e e e e e e e A\ oL AL IEs I Ea e & B N\ - - — —
. . _ 0.1 CMB
CMB spectral distortions - will o001
touch on this later. 1073 §
g 1074 .
: : =107 IL ;
Possible to evade with -6
significant non-Gaussianity in 107 -
: : 10-8 [4MB
primordial curvature o
: 1077
fluctuations. B . ¢ D
101° 1020 10%° 1030 1035 104 104 10°9 107>

M [g]
Nb: These constraints assume Gaussian

density perturbations on all scales



A non-exhaustive list of other fun bounds

e Self-interacting dark matter.

e Heavier (m 2 €V) dark matter decays and annihilations.

o Early dark energy, H, vs oy.

e Cosmic strings and other topological defects.

e AN,y bounds on resonant photon->dark photon/axion conversions.

e Sterile neutrinos.

e Primordial gravitational waves (B-mode generation).



CMB
(SDs)




What is a CMB spectral distortion?

Wavelength [mm|
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What is a CMB spectral distortion?
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What is a CMB spectral distortion?

COBE/FIRAS measured nearly y Teerghimny 0.5
perfect blackbody of the CMB. 400
FIRAS data with 4000 errorbars
Aly s ' 1/3 = 2.725 K Blackbody
S0 L=ty 3
I c- ekl — ] =
= 200
COBE/FIRAS PIXIE §
ul S 107 ul S 1078 = 100

ly| <1072 v 2% 1078

Nonthermal injections of energy

and entropy into the plasma can
distort the spectrum!



What is a CMB spectral distortion?

W I th
COBE/FIRAS measured nearly y Teerghimny 0.5
perfect blackbody of the CMB. 400
; FIRAS data with 4000 errorbars
— 2.725 K Blackbod
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Nonthermal injections of energy | =" €2l (1996) ¥ rom]

and entropy into the plasma can SM signals at AL /I, ~ 107°
distort the spectrum! Exotic signals?




Thermalization 101

How does one thermalize a distorted spectrum?
e Energy redistribution
e Photon creation/destruction
Freeze out redshift important! | ~ H ['=nov



Thermalization 101

How does one thermalize a distorted spectrum?
e Energy redistribution
e Photon creation/destruction
Freeze out redshift important! | ~ H ['=nov

Double Compton Bremsstrahlung
(number changing) (number changing)
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Thermalization 101

How does one thermalize a distorted spectrum?
e Energy redistribution
e Photon creation/destruction
Freeze out redshift important! | ~ H ['=nov

Compton Double Compton Bremsstrahlung
(energy changing) (number changing) (number changing)

e~ 5% 107 Zpe = 2 X 10° ZBR25><106

(Te ~ 12eV) (Tpe ~ 470eV) (Tgr =~ 1. 2keV)

- il }\K



Thermalization 101

How does one thermalize a distorted spectrum?
e Energy redistribution
e Photon creation/destruction

Freeze out redshift important! | ~ H ['=nov

p-window: 5 x 10% <z <2 % 10°

y-window: z < 5 % 10%

Compton Double Compton Bremsstrahlung
(energy changing) (number changing) (number changing)

e~ 5% 107 Zpe = 2 X 10° @R25x1m

(Te ~ 12eV) (Tpe ~ 470eV) (Tgr =~ 1. 2keV)
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Silk damping: A standard model signal

Modes enter the horizon,
begin to oscillate, and suffer
diffusion (Silk) damping as
electrons and photons of
different temperatures mix.

Measured amplitude of small
scale modes are greatly
suppressed.

Where does that initial energy
go? Into the plasmal
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Intensity [MJy/sr]
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Mixing of blackbodies

The sum of unequal temperature BBs will not produce a thermal spectrum.
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Mixing of blackbodies
BC et al. (2023b)

The sum of unequal temperature BBs will not produce a thermal spectrum.
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The scalar primordial power spectrum (PPS
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Constraints for o-function

enhancements only!

BC et al. (2023b)
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Dark photon spectral distortions b BC Jommeon (3026

10°

DM model with additional U(1) gauge - 5| £ ]
: : 3 Ol N
boson of mass my, kinetically coupled to " ={
SM photon with interaction strength ¢. ' 2
§10°:
Two-level system: Resonant conversions ™7  post Distortion | Thermalizatior

1 Recombination Epoch Era

103-5
can take place when m, >~ my. /
102-5

10713 10~ 10~° 10~/ 107> 1073 1071

y mq [eV]
P?’H}’d(ycona a)) ~ | — CXP (_ COH) Ycon = }/con(md’ €, Z)

),

Conversion dominated by low frequencies!
[See also Arsenadze et al. (2024)]



Dark photon spectral distortions (Pap <K Pedm)

Pre-recombination, amplitude of distortion can be estimated with Green's

function approach:

Ap 4 AN

4~ 1401 [___ ]
p 3N 1y

Post-recombination, utilize

full residuals from COBE/
FIRAS.

Inclusion of entropy term
Increasing constraining
power by ~ 1.5 and flips
sign of distortion!
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A powerful probe of exotic ph

Decaying/annihilating dark matter

Primordial magnetic fields SM signals Axion-photon couplings

Reionization probe
Phase transition dynamics Silk damping Topological defects

Recombination lines

Primordial GW backgrounds Primordial black holes

Enhancement of small-scale power spectrum

+100s additional models



Experimental prospects

Ground-based:
e TMS - Targeting 10-20 GHz region, ARCADE-2 coverage.
e COSMO - Measuring from Antarctica, target is global SZ signal.

Balloon-based:

e BISOU - Balloon targeting global SZ distortion (y ~ 107°).
Recently entered phase A, measurement late 2020s (!!!)

Space-based:
« COBE/FIRAS - Early 90s mission, measured AL /I, < 107,

e PIXIE - Proposed and rejected multiple times, target Al /I, < 107°.
e ESA Voyage2050 - Stay tuned...
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Conclusions

Cosmology offers a myriad of unique ways to probe nature on the largest
(and smallest!) scales.

Many of the models discussed offer signatures in multiple different probes,
which is great for this new age of multi-messenger astrophysics and
cosmology.

L ots of work to do on observational, numerical, and theoretical fronts it
we are to take advantage of all new data coming from LSS, 21cm,
gravitational waves, and soon the CMB spectrum.



Thank you!
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What distortions do we expect?

e Global SZ distortion

~ 107°

e Relativistic SZ and
reionization heating

y~10"°%—-10""

e Dissipation of small
scale modes (Silk
damping)

| ~ 2 x 1078
e Recombination lines
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The VO}{a ge20 50 Erggra m New Horizons in Cosmology
with Spectral Distortions of the
e Spectral distortions have been Cosmic Microwave Background
recognized by ESA as a high ESA Voyage 2050 Science White Paper
priority target for one of the
three Voyage2050 L-class
MISSIonsS.

e Preparation has started for
eventual call for proposals.
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e Opportunities available for
those interested in foreground
science, synergies, experimental :
design, distortion theory. Tpd

Jens Chluba




Distortion calculations: analytics Chiuba (2012, 2015)

Green's function method allows for simple estimates when non-thermal
source terms can be computed (eg. dQ/dz, dN/dz).

S > 1 dO 4 1 dN 2
U = 1.401J dZ (——d — E_N _d ) e (2><106> Z,u/y ~ 5 X 104

Luly

y~—| dz—— (dN/dz <« 1)

y-€ra. lrﬂ/y 1 dQ
4 p, dz

ZI‘@C

Formalism breaks down for large entropy injection in y-era, and it
dominant non-thermal injection happens near z,,.



NANOGrav analysis
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. - - " Kite et al. (2021)
Direct tensor dissipation e

Tensors sourced at arbitrarily 10-¢ | Tensor Window Function (1)  Zez100

: - Zere = 10°
h|gh redShIftS (Z 108) _ —— Zge=3 %10

—_— — z.,.=8x10%
T er( — 6 X 104

SIC v

o0 2

(How) = [o k== 72 T(k)WT

It generated closer to the
distortion window, generalization

using “Window Primitive” (W};)

102k (Mpc_l)lo“ 106 108
o0 o0 k2 o0
W/;F = J dz W}; (Uew) = J dk—J dz P(k, z)Wg(k, 2)
0 = 0 27= ),



d(Tm/Tcms)

High-z Svynchrotron Injections
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Energy Injection rate

Physical picture: A given k-mode enters the horizon, oscillates, and
dumps energy into the background when crossing the damping scale (kp[z])

Hu and Sugiyama (1995) d(Q /p ) A2 32C2 k4
Chluba, Khatri, Sunyaev (2012) a ~/ /[dk_ é,(k)e_kz/klz)(z)

BC et al. (2023a) dZ Ha 457(2) 27[2
Chluba and Grin (2013)

e A~ (0.9 for adiabatic fluctuations, suppressed for isocurvature.

e 7 = opN,c is rate of Thomson scattering.
® atkﬁz ~ 862/45a2’i— determines damplng scale. Kosowsky and Turner (1995)




