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[See review by Furlanetto et al. 2006]
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Can we say something on our Niagara, that
is decaying DM, potentially leaving drops of
water in the 21cm signal ...
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Heating of the IGM
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(iii)

the 1onized fraction

of hydrogen

(here ~electron fraction)
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... in short, it depends on
the evolution of the IGM

[See review by Furlanetto et al. 2006]
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The « mostly neutral » IGM
evolution is described by:
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.. 50, said differently,
oTp depends on:

1011° heat
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the

1 standard
- ®
scenario
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CMB background X-ray photons
~ lyman-a photons

----------------------------------------------------------------
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X-ray photons
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X-ray photons

The X-ray energy Injection rate is
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star formation rate

X-ray luminosity o Ly
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/ There are different population of stars
}-{ from molecular-cooling galaxies (‘PoplIl’-dominated)
@ from atomic-cooling galaxies (‘Popll’-dominated)
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The
21CMFAST

-analytical code to model the 21 cm signal)
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the evolution
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by computing, e.g.,
how strongly X rays heat the IGM

average X-ray heating rate (per baryons) [erg/s]

‘POPIII’ stars

‘POPII’ stars

D 10 15 20 25

Redshift z




With 21cmFAST one can then compare
different X-ray normalisation: Ly

average X-ray heating rate (per baryons) [erg/s]

[GF et al., arXiv:2308.16656]
Smaller Ly (=1040) Larger Ly (=1041)
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With 21cmFAST one can then compare
different X-ray normalisation: Ly
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s [MHz and evaluate
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v [MHz and evaluate
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v [MHz and evaluate

202.9 157.8 129.1 109.2  94.7 33.90 4.7 67.6

R the power spectrum

S

2

B LX:1 ()40.5
e

=

s L1040

6 3 10 12 14 16 13 20

Redshift z

39



v |MHZ]

202.9 157.8 129.1 109.2  94.7

k=0.13 Mpc™!

2

0.1

. 0
E

T: —50
=

—100

83.0

12 14

Redshift z

16

4.7

67.6

I3

20

and evaluate

the power spectrum

|
|

LX:1 ()40.5

LX:1 040

40



v |MHZ]
202.9 157.s  129.1 109.2 947  &83.5 4.7 67.6

k=0.13 Mpc™!

2

10
| -
1
[freepik.com]

0.1 LX:1040.5

O Higher Ly results in:

e earlier heating
_50) LX=1 040

e higher first peak

100 e lower second/third peaks

6 3 10 12 14 16 13 20

Redshift z

iy



adding

2 ) exotic

sources
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Let us assume that
exotic sources Inject energy at a rate

CXO
Cinj
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This energy Is similarly
deposited into the IGM
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The total deposited energy Is the sum
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For homogeneous
injection we use DarkHistyry
CXO

/ “heat heat
X0 L
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[Liu et al. 2019, Sun et al. 2022]
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We have created the

ex021cmFAST

(Semi-analytical code to model the 21 ¢cm signal) ih I o -
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exotic energy injection

[GF et al,, arXiv:2308.16656]
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Our Niagara
IS

decaying DM...
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tangle dark matter
lons from « astrophysics »

'Lopez-Honorez et al., 2016]
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HERA (will try to) measure(s)
the 21 cm power spectrum
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When decaying
DM injects energy
Into the IGM

atarate
per baryon)

— In the form of
photons and electrons
showers —




which mainly
depends on the

decay rate




Deposited heat and injected heat
are related by the deposition fractions

ID\Y! D,

— \Y|
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The deposition fractions depend on

- the DM mass

- the decay product (electrons, quarks, ...)
- the 1onization fraction

[Liu et al. 2019, Sun et al. 2022
[Slatyer et al. 2009, Slatyer 2013, ...]

DM

DM

M (2,%,) = frea(@a X . . DEEM(2)
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Coming back to the heating rates

average X-ray & DM heating rate (per baryons) [erg/s]

Smaller Ly (=1040) Larger Ly (=104)

‘POPIII' stars

‘POPIII’ stars

‘POPII" stars POPII stars

20 0 10

Redshift z




DM heating is roughly constant in time!

average X-ray & DM heating rate (per baryons) [erg/s] (6F et al. arXiv:2308.16656]

Smaller Ly (=10%0) Larger Ly (=104

DM decay (r=1026s-)

DM decay (r=1027s) POPIII' stars

POPIII" stars ‘POPII' stars
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Redshift z




Which leads to a more homogeneous

10NS
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[GF et al., arXiv:2308.16656]
v [MHz]
202.9 157.8 129.1 109.2 947 835 747  67.6

Let's also look at the
impact on the (large scale)
power spectrum
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Redshift z
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[GF et al., arXiv:2308.16656]
v |MHZ]
202.9 157.8 129.1 109.2 947 835 747  67.6

102

H Firstly, we show the

[ 20 measurement error
for the HERA telescope
(Using 21cmSense)

5]

6 3 0 12 14 16 18 20 [Pober et al.]
Redshift z
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[GF et al., arXiv:2308.16656]
v |MHZ]
202.9 157.8 129.1 109.2 94.7 835 747  67.6

102

5
Secondly, we add the
s ! result obtained for a
¥ larger value of Ly (=1041)
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[GF et al., arXiv:2308.16656]

83.9
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67.6

Thirdly, we add the
result obtained for a
larger value of I' (=10275)
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[GF et al., arXiv:2308.16656]
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Intermezzo:
What about other
exotic sources?

Typical teenager
primordial black holes

[NASA’s Goddard Space Flight Center]
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Accreting PBH
Injects energy
Into the IGM

atarate
per baryon)

— In the form of
photons and electrons
showers —




The accretion rate and efficiency
should be computed carefully

See [GF et al. arXiv:2212.07969]

Other than that,
similar treatment
than for DM decay
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Fisher forecasts

¥ Dark matt@r- everywhere,







Forecast HERA sensitivity to

the DM decay rate I
at fixed DM mass and decay product

(and repeat for various DM decay masses)



Choose a fiducial model

without DM decay (I=0)

and fixed
astrophysical parameters




how much change I
without impacting

parameter reconstruction




We use our own

21cmCAST n

|H ” | “”“”"""{??*"!‘_!!j' vym

L

(Automatic Fisher forecast tool for 21cmFAST results) i |

code

[GF et al. arXiv:2308.16656]
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We perform 2 Fisher analyses:
- with ACGs (‘POPII' stars) only: 9 parameters

17



We perform 2 Fisher analyses:
- with ACGs (‘POPII’ stars) only: 9 parameters
- with ACGs+MCGs (‘POPII+POPIII" stars): 12 parameters)
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tor a 100 MeV DM
decaying into e*e-



The DM decay rate

Is degenerate
with the ACGs
X-ray amplitude

[GF et al., arXiv:2308.16656]

B ACGs
B ACGs + DM decay

Y — ete
m, = 100 MeV /¢

0.9
+0.04
+0.04
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—2.0
+0.89

o [GF et al,, arXiv:230816656]
/\ B ACGs + MCGs
f{’% B ACGs+ MCGs + DM decay
o (25) B i . :1: :eigo MeV/c?

e @ /\ 0 The DM decay rate
EF AN L N IS more degenerate
By ] f e & With the MCGs

R N X-ray amplitude
qé”:
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DM heating is roughly constant in time!

average X-ray & DM heating rate (per baryons) [erg/s] (6F et al. arXiv:2308.16656]

Smaller Ly (=10%0) Larger Ly (=104

DM decay (r=1026s-)

DM decay (r=1027s) POPIII' stars

POPIII" stars ‘POPII' stars

200
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Repeating the
analysis for
different masses




We obtain
our main result




Here is the sensitivity on 7 = 1/T" [s]

for different DM masses and decay products
(compared to other probes)

X —ere” [GF et al,, arXiv:230816656] X = 7Y
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Here is the sensitivityon 7 = 1/T" [s]

for different DM masses and decay products
(compared to other probes)

X —e'e [GF et al. arXiv:230816656] X =77
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Here is the sensitivityon 7 = 1/T" [s]

for different DM masses and decay products
(compared to other probes)

X —ete” [GF et al., arXiv:2308.16656] X — VY

==HERA (ACCs)
' B HERA (ACGs + MCGs)

103 10° 107 10? 101!
m, [eV/ 02]

88



Here is the sensitivityon 7 = 1/T" [s]

for different DM masses and decay products
(compared to other probes)

X —ere” [GF et al. arXiv:2308.16656] X — 7Y

== HERA (ACCs)
B IERA (ACGs + MCGs)

10° 107 108 10? 1010 10 1012 10° 10° 107 10? 1011

my [V /e my [V
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HERA should be

the best

(cosmological) probe
for DM decay




HERA should be competitive
<2 GeV for ete-

< few MeV fory




Conclusions

@» The 21 cm power spectrum can be an
excellent probe of dark matter energy
injection (in particular through decay)

PN We have developed exo21cmFAST to
numerically solve for the 21 cm power
spectrum with exotic energy injection

@ HERA should be the best (cosmological)
probe of DM decay

gaetan.facchinetti@ulb.be



Back-up slides




Inputs (DM mass, primaries, process, ...)

(i) Compute the change in xe and T
(ii) Evaluate the deposition fractions

_______________________________________ DarkHistrty

Evaluate Ts, Xeand T

Evaluate the deposition fractions

DarkHist¥ry

9%



Covariance matrix
of experimental noise
(from 21cmSense)

Binned data + model

2
X = {07, (z,-)Agl(kj» 2ty

6 = {astro params, I}

Likelihood

Fisher matrix Z(X10)
02
F,=—-Ey nZX|0) |0
00,00, Covariance matrix estimate
on the parameters




'Lopez-Honorez et al., 2016
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[Liu et al., 2021]

Decay Constraint, y — e"e™
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Solving the ionization history
of the Universe we get:

f(z,x,) = f.(2) =flz,x,(2)]

ox,(x, 2) L
= A.,,(X,z) — recombination rate
with ~*
ol (x,z) 2 |

= € X,Z)+ ...
07 3k 1+ x,(x, 2) heat(X 2
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Accounts for backreaction

utes
1sation

iImpacts on how

the energy 1s
deposited
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With DM energy injection x — e*e”
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[See.review by
Furlanetto-et al: 2006]

Radio telescopes
« see » the

differential
brightness

temperature




[See.review by
Furlanetto-et al: 2006]




The spin « temperature »
gives the amount of HI
In the excited state
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Redshift




