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Motivated by ideas for dark matter production in the early universe.
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Dark Matter Decay

DM

SM S

Axion-Like Particles

JiJi Fan, Kerstin Perez (22 Mar)
Lindley Winslow (23 Mar)

Sterile Neutrinos
Kerstin Perez (22 Mar)

DM is cosmologically stable, but small couplings to the SM
can \ead to decays it DM not protected by symmetry.
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Cosmological probes of high-
energy particles are highly effective:
high densities, long duration ano
pristine systems.
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CosMIC MICROWAVE BACKGROUND SPECTRUM FROM COBE
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@ Constraints on Cosmic Heating
fk Matter Annihilation and Decay

Gregory Ridgway Wenzer Qin Tracy Slatyer

HL, Gregory W. Ridgway and Tracy Slatyer arXiv:1904.09296
HL, Wenzer Qin, Gregory W. Ridgway and Tracy Slatyer arXiv:2008.01084
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Histories without Exotic Energy Injection
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How Much Hat frm

1. Every decay releases m, worth ot energy.

M?

2. n,/t decays per volume per time.

3. nyis the number density of baryons.

n 1
Energy per baryon ~ m, X =4 X — X Age of the universe
T np

~ 2.5 X 106 K( 1025 S ) Tm ~ 10 K at star formation

A L
r T, ~ 107K after reionization

Hongwan Liu . | - A “ait. o ofdark Sectors 24 Mar 2021.



Dark Matter Injection
Matter Temperature

T — S theat(za Xe) ( dE )
1nj

" 3(1 + fige + x,)nyg \ dVdt

Dark matter energy injection heats IGM,
deposition parametrized by efficiency factor.
Nontrivial to calculate.

lonization

o= ey [fion(Z, X,) N (1 = E)fso(z, Xe)] ( dE )
1n]

€

Py, 0.75%Fny, dV dt

HL, Ridgway & Slatyer 1904.09296
github.com/hongwanliu/DarkHistory
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Lyman-a Forest

Doppler
broadening e 78 Walther+ 1709.07354
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Intergalactic medium (IGM) temperature can be
deduced from Lyman a forest measurements.
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Both ionization and thermal histories are becoming well-measured.
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lonization History

Planck Collab. 1807.06209
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: = rewnatiat-prion | Avoid direct modelling of reionization,
—1 at 7 prior . . . .
Hol which is highly uncertain.
0.8F
T o} For each DM decay/annihilation model,
8
04| scan over ionization histories.
0.2F
OO_ Excess assigned to photoionization (i.e.
o 5w -1 @ 2w caused by star formation and reionization).
edshitt, z
set by DM model  collisional ionization, photoionization
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(DarkHistory) recombination...
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Temperature History

hotoheatmg

gg' = xPM(m, T, x,) + 38T, x,) + &)

—13 6eV
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Texpansmn T TCompton T TDM T T atom T I

N \ \ \ T~
Compton DM Recombination Photoheating from

Adiabatic  Heating Heating  Cooling, ... Photoionization
Expansion
Cooling

To Calculate!

Photoionization causes heating, T*.
) Conservative: 7* = 0. ii) Photoheating Model: 7* = x*AT.
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Constraints — p-wave Annihilation
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Photons with energy > 13.6 eV are abundant:

Ionization History
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Ionization History
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Universe expands, cools: protons and electrons recombines,
Universe becomes neutral and transparent.
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Compton scattering between free electrons and CMB photons keep
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Thermal Decoupling

Temperature History
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Redshifting

Simple thermal history
between recombination and
star formation.
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Temperature History

Matter Temperature 75, [K]

..—‘.
T

0.1}

—_— Stail(lard

- OMB

P
10

T |
102
Redshift (1 + 2)

e
103

“air. o ofdark Sectors 24 Mar 2021.




Three-Level Atom

Matter lemperature

Compton heating
Adiabatic cooling
lonization
Photoionization
. 2 —F /T, —
Yo = =€ |nyxag — 41 = x)fpe 2 on] n=1 N¢
Recombination Peebles Astrophys. J 153, 1968

Zel'dovich+ Soviet Physics JETP 28, 1969

Simple model captures most of the physics of
the cosmic |on|zat|on and thermal histories.
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Temperature History

Three-Level Atom
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HL, Gregory W. Ridgway and Tracy Slatyer arXiv:1904.09296
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Deposition Eicieny
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Deposition Efficiency

Temperature History
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Temperature History

Backreaction
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Increased ionization leads to increased heating |~
efficiency: accounting for backreaction important
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Backreaction
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Relonization
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Given a model tor reionization, we can now track

dark matter and reionization self-consistently.
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Reionization + Dark Matter
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HL, Ridgway & Slatyer 1904.09296

DarkHistory is the state-of-the-art

calculation of DM energy injection,

and is especially important during
the epoch of reionization.

DarkHist¥ry

github.com/hongwanliu/DarkHistory

36



10° p— .
- x —ete, my =100 MeV

Matter Temperature T}, [K]

p—
-

Hongwaﬂ.l_—iu

Temperature Probes
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Temperature Probes
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21-cm is potentially very sensitive to DM energy injection.

many other relevant results mcludlng Lopez Honorez, Vincent+ 1603.06795 .
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Temperature History

alom + T*
\ "~ Photoheating
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Case-A recombination
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threshold, J, oc v™%xk

After reionization, simple relation between UV spectrum at
threshold and temperature evolution.
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Future Work

HL, Ridgway & Slatyer 1904.09296

Incomplete Spectral Distortion

1. Computing spectral distortions from DM .
energy injection in full. 7 — o

2. Improved calculation of energy injection: s
many spectral distortion effects neglected 7 I A1
SO _I:a r < 1 0% -

3. Energy injection in haloes: how to particles b e
escape the halo into the IGM? scsns 170504327

Hongwaﬂ‘l_-iu . & b - AT lgoark %ctoir;o,zé_l Mar 2021.



Statistical Test

Specifically, our test statistic only penalizes DM mod-
els that overheat the IGM relative to the data, which
accounts for the fact that any non-trivial photoheating
model would only result in less agreement with the data.,
whereas DM models that underheat the IGM could be
brought into agreement with the data given a specific
photoheating model. We define the following test statis-
tic for the ith IGM temperature bin:

¢
Oa Ti,pred < Tt',dataa
TSi = < (Ti.pred - T:i.data
\

T data

(5)

2
) ) T;',pred 2 Tf,(l&t&?

where T; 4.t 1s the fiducial IGM temperature measure-
ment, T} ,req 18 the predicted IGM temperature given a
DM model and photoheating prescription, and o; gata 18
the 1o upper error bar from the fiducial IGM tempera-
ture data. We then construct a global test statistic for all
of the bins, simply given by TS = ). TS;. Assuming the
data points {T; 4ata } are each independent, Gaussian ran-
dom variables with standard deviation given by o; gata,
the probability density function of TS given some model

{T: prea} is given by

1 <« N
FISH{Tiprea}) = 55 D iy —yi H (TSim) - (6)

rn=I(

N is the total number of temperature bins and f,2(z;n)
is the y?-distribution with argument z and number of
degrees-of-freedom n, where the n = () case is defined to

Hongwan Liu | & b - A %oark Se<:.toir§_,2.4 Mar 2021.
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Muons and Pions
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