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njection Intro

DM energy injection/deposition in early universe

see previous work e.g. [Adams’98,Chen’03, Hansen’03, Pierpaoli’03, Padmanabhan’03, Slatyer’ 15, Liu’19] for CMB, [Shchekinov’06,
Furlanetto’06, Valdes’07, Chuzhoy’07, Cumberbatch’08, Natarajan’09, Yuan’09, Valdes’12, Evoli’14,LLH’16] for 21cm

@ Consider DM injecting SM particles

o f,7,W,Z, ... injected ~ e, e™,
e neutrinos ~~ suppressed depos. but possible via EW corrections
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njection Intro

DM energy injection/deposition in early universe
see previous work e.g. [Adams’98,Chen’03, Hansen’03, Pierpaoli’03, Padmanabhan’03, Slatyer’ 15, Liu’19] for CMB, [Shchekinov’06,
Furlanetto’06, Valdes’07, Chuzhoy’07, Cumberbatch’08, Natarajan’09, Yuan’09, Valdes’12, Evoli’14,LLH’16] for 21cm

@ Consider DM injecting SM particles

o f,7,W,Z, ... injected ~ e, e™,
e neutrinos ~~ suppressed depos. but possible via EW corrections

@ The rate of energy deposition depends on the DM nature

O\‘{;K‘ o~ heating (S>
N (E:j/'\\\\\\\\\\*"”/”””' \\\\\\\\
ionization 7‘ inverse-Compton

time

decaying DM B o py [Ty X €7 Tx
2
s-wave annihilating DM ( (ov) ~ ovg) d‘f% o< r% X oV
2 2
LR . 2 dE 14 <V>
p-wave annihilating DM ({(ov) ~ (v*)) v X e X Uv—?’
accreting Primordial Black Holes (PBH) d‘f% X npgy X Lgee
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DM energy injection Intro

Decaying DM = Later energy injection

Early energy inj. for s-wave ann. DM

(aka WIMP):
dEwip, pbm OV
dz ny(1 + 2)H mpy
x (142)" 2 9%
7 mpm
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njection Intro

Decaying DM = Later energy injection

Early energy inj. for s-wave ann. DM

(aka WIMP):
2
dEi b - PbM Vo
dz ny(1 4 z)H mpwm
1/2 0Vo
x (14B()(1+2)"*—
mpm
N3 101 s-wave xx - yy, my = 100 MeV
g — No Dark Matter
g 1 <ov>=3x 107 cm¥s
T —<ov>=3x10"% cm¥/s
5 107! —<ov>=3x 102 cm¥/s
8 107
w I*
8 107
w
4L [Liu’16]
10 10! 102 10°
Redshift (1+z)

+ later Boost ~ B(z) of f}, from
structure formation seee.g. [LLH'13, Liv’16, etc]
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njection Intro

Decaying DM = Later energy injection

Early energy inj. for s-wave ann. DM

(aka WIMP):
(beyond WIMP):
dEq, 2
j/b £DM avo
/ X _ dEinj/b PDM 1
dz nb(l +Z)H MpM —l ___ ——
L2 oV dz ny(1 + 2)H Tom
o« (I+B(@)(1+2)""—— 52 1
mMpMm x (142 —
TDM
32 101 s-wave xx - yy, my = 100 MeV
S _ 10 : :
o No Dark Matter °
*g 1 <ov> = 3 x 10727 em¥s >E< Decay x - yy, my =100 MeV
T —<ov>=3x10"% cm¥s S 1071 — No Dark Matter =10%s
5 107" —<ov>=3x10% cms E — 1 =10%s —5=108s
& s
g 102 5 107
8 107 8
s . Liv'16] W q40-3; g
—4 u Q
10 10 102 103 :_i —/’/
Redshift (1+z) -4l | . . [Liu’16]
BT 10° 100"
+ later Boost ~ B(z) of f}, from Redshift (1+2)
structure formation seee.g. [LLH'13, Liv’ 16, etc] focus on oy > 1,
- _ V.

Late energy inj. for decaying DM
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smo bounds

Existing CMB constraints )
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osmo bounds

DM energy injection on CMB anisotropy spectra

le—10 Decaying DM - PUCH reio - m, = 100 eV Decaying DM - PUCH reio - m, = 100 eV
8 — ref. ACDM — ref. ACDM
7 Tom Tom
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@ increased residual ionization after recombination
@ increased the optical depth to reionization Tyejo = f dt x,n,or

@ attenuates correlations at small scales (large ¢) and enhances low-/ polarisation
power.

The low-¢ data are important to discriminate energy injection from other cosmo params such as
ng, Ay affecting the amplitude of the CMB peaks.
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osmo bounds

Stringent CMB constraints on DM s-wave annihilation

see e.g. [Chen’03, Padmanabhan’05, Cirelli’09, Slatyer’09, Galli’11, Giesen’12, LLH’ 13, Galli’ 13, Madhavacheril’ 13, Poulin’15,...

102 —
= e
& 107 L il
= Excluded by CMB
S, — qq
£ 107 4 P«
< Fermi/HESS e~e*f
_E 10-25 AMS/PAMELA positron fraction [ \y+w-
]
b Thermal cross-section — 7
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10-% T T T
10! 10? 10° 10t
m, [GeV]
—28 3
~ = for(ov)/mpy < 3.2107°° cm?/s/GeV at 95% CL (pranck'18
ann Je DM

@ CMB data most sensitive to annihilating DM energy injections at z >~ 600
[Finkbeiner’12].

@ Advantage of CMB compared to other DM annihilation probes: do not suffer
astrophysics uncertainties (such as ppy) and no contributions from halos
for ov independent of v (s-wave annihilation) [LLH 13, Poulin’15, Hongwan’ 16].
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'osmo bounds

CMB constraints on DM decay

see also [LLH’13, Liu’16, Slatyer’16,Capozzi’23,... + M. Cirelli’s talk]

10719
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Current constraints

= Planck'18

— tanh
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107!

10
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1081
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@ CMB data most sensitive to decaying DM energy injections at z =~ 300 [siayer'16].
@ CMB bounds: Ty > few x 10%* s at 95% CL istatyer 16, Usually weaker than
indirect DM searches probing up to 7 ~ 10%7~3%,

@ Stronger sensitivity for MeV-GeV DM decaying to ete~ and <MeV DM
decaying to y+y reaching Tpy > few x 1070 s at 95% CL sce [Capozzi23& Lin'23].
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21cm Cosmology : near future late time probe )
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Cosmic Dawn and 21 cm signal

The Cosmic Dawn = period where first galaxies started to shine up until
reionization (EoR). The most powerful probe is 21 cm spin flip line of HI :

s A

SN @ Transitions between the two ground state
Perdlelecine energy levels of neutral hydrogen HI

Emitted

z“f‘l,,,f" ~~ 21 c¢cm photon (vy = 1420 MHz)

L

Antiparallel spins
[E—————"
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Cosmic Dawn and 21 cm signal

The Cosmic Dawn = period where first galaxies started to shine up until
reionization (EoR). The most powerful probe is 21 cm spin flip line of HI :

s

Proton

2

Electron
Parallel spins

Emitted
photon

L

arallel spins

@ Transitions between the two ground state
energy levels of neutral hydrogen HI
~~ 21 cm photon (1vy = 1420 MHz)

@ 21 cm photon from HI clouds during Cosmic
Dawn & EoR redshifted to v ~ 100 MHz
~ new cosmology probe

Redshifted 21cm signal

using interferometers
such as LOFAR, MWA, PAPER, GMRT Galaxy
CMB 2d gen: HERA,SKA Surveys
1 1.00 <= | +redshift ]io J.-
LB Age Univ, [Gyr] g ¥ T
3.710% AgeUnw (Gl 0.5 13.8
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21 cm in practice

e 21cm signal observed as
CMB spectral distortions

Radiative
Transfer
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2lcm

21 cm in practice

CMB

Tyea = Tems e 21cm signal observed as

CMB spectral distortions

Radiative

Transfer  Ts e The spin temperature

1100 (= excitation T of HI )
charaterises the relative
occupancy of HI gnd state

HI

21cm

Signal

T, e Observed brightness of a patch of HI
compared to CMBat v = 1y/(1 + 2)

1+2 1_TCMB

5T, ~ 2TmK x,(1 + 5)

0

; 10 T,

credit : [Kovetz ]
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The spin temperature

C Tonp t Ty + a0t

TS =
o l1+z.+zo
Emmission/
absorption of CMB
photons
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100 + t t /
. - f | | Collisions with H, e
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g"” | photons (Wouthuysen-
a0 Ts .* 7 | Field effect)
20 \‘ é—;,:/ L — TS — Tk
0 10 15 20 25 30

T(K) and 8T}, obtained using 21cm Fast [Mesinger’10]
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2lcm

The spin temperature

1 1 _
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T(K) and 8T}, obtained using 21cm Fast [Mesinger’10]
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2lcm

l1+z Temp
OoT, ~ 2TmK x;;/(1 + 04 | —— | 1 — ——
b il )\/ 10 Ty

10 15 20 25 30

6Ty, and Ay obtained using 21cm Fast [Mesinger’10]
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1
LOFAR, MWA, HERA, SKA :
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6T and Ay obtained using 21cm Fast [Mesinger’10]
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Constraints on 21cm Power spectrum?

= MWA Beardsley et al 2016 LOFAR Mertens et al 2020 LWA Eastwood et al 2019 === 21CmFAST fiducial
m  MWA Ewall-Wice et al 2016 © LOFAR Gehlotetal2019 @ GMRT Paciga etal 2013 == faint galaxies
®  MWA Barry et al 2019 ® LOFAR Gehlot et al 2020 PAPER Kolopanis et al 2019 =+ bright galaxies
= MWA Trott et al 2020 @ LOFAR Patil et al 2017 4 HERA +2021 ++++ noheating
®  MWA Yoshiura et al 2021
0.05 <k <0.5 Mpe™! 1 I
byl | '
v 10°
E EDGES low
& extreme models?
o
X
10!
101 i
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

redshift
[Shimabukuro’23]
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Constraints on 21cm Power spectrum?

[ MWA Beardsley et al 2016
MWA Ewall-Wice et al 2016 @

LOFAR Mertens et al 2020 LWA Eastwood et al 2019

LOFAR Gehlot et al 2019 @ GMRT Paciga et al 2013

— 21CcmFAST fiducial
—— faint galaxies

[]
m  MWA Barry et al 2019 @ LOFAR Gehlot et al 2020 PAPER Kolopanis et al 2019 =" bright galaxies
MWA Trott et al 2020 @ LOFAR Patil et al 2017 4 HERA +2021 «+ noheating
W MWA Yoshiura et al 2021
?
0.05 <k <0.5 Mpc™! 1
107 l 1 l ‘
¥ 10°
s ] EDGES low
g ‘ extreme models?
& 1037

-
o

107!

9 10 11 12 13 14

redshift

15 16 17 18 19 20 21 22 23

[Shimabukuro’23]

@ We will consider HERA interferometer in South Africa with 331 antenas (14m
dishes) under deployment (=SKA precursor).

@ First data from HERA phase I probed z ~ 8 — 10 with only ~ 70 ant. already
set a lower bound on X-ray heating [nera21&221. Actually the full set of 331

antennas is already build and soon taking data.

rez (FNRS@ULB)
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DM & 21cm

Decaying DM and 21cm power spectrum )
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D

Impact of decaying DM on T} and 67,

fiducial

T K]

plots made using exo21cmFast developped by G. Facchinetti merging 21cmFast and DarkHistory
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Impact of decaying DM on T} and 67,

fiducial fiducial

404

201
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—40

T K]
&Tp, [mK]

-60

—80

—100 4

=120 -+ T T T T T T
6

plots made using exo21cmFast developped by G. Facchinetti merging 21cmFast and DarkHistory
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Impact of decaying DM on T} and 67,

x-ee - my=10 MeV - Tpy = 10?7 & 10?° 5 fiducial

404

204

-204

TIK]

—40

6Tp [MK]

—60

—-80

—100 -

-120

DM energy injection implies
@ new source of heating, earlier than X-rays from stars

plots made using exo2lcmFast developped by G. Facchinetti merging 21cmFast and DarkHistory
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Impact of decaying DM on T} and 67,

x-ee - my=10 MeV - Tpy = 10?7 & 10?° 5

x—ee - my=10 MeV - Tpy =10 & 10%° s

40
201
04
T —20-
< £
. = —40
S
~60
~80 1
—100 1
T T T - T . . =120 -~ T T ™ T T T
6 8 10 12 14 16 18 20 6 8 0 12 4 16 18 20
z z
DM energy injection implies
@ new source of heating, earlier than X-rays from stars
@ suppressed absorption in §7Ty
plots made using exo2lcmFast developped by G. Facchinetti merging 21cmFast and DarkHistory
17/23
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Impact of decaying DM on 67}, and Ay,

fiducial x-ee - my=10 MeV - Toy =10%7 & 10° 5

k=0.18/Mpc
102 4 40 1

201

10! 4 —20 A

—40

6T203, [mK?]
5T [MK]

-60
100 4 —80
—100 4

=120 -~ T T T T T T
6

ng 21cmFast and DarkHistory.

plots made using exo2lcmFast developped by G. Facchinetti m
= i { unds.

k 0.18/Mpc is relatively free from fo
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2lcm

Impact of decaying DM on 67}, and Ay,

fiducial + 2 o error for HERA x—ee - my=10 MeV - Tpy = 10% & 10%° s

k=0.18/Mpc 40
102 4

204

10 4 —204

—40

6TZA3, [mK?]
8T, [MK]

—60
100 4
—-80

—100 -

1071 4 T y T T T y -120
20 6 8 10 12 14 16 18 20

o+
©
=
S)
=
N
o
i
-
o
=
©

@ 2 o error bands from 21cmSense for HERA.

plots made using exo21cmFast developped by G. Facchinetti merging 21cmFast and DarkHistory.
= 0.18/Mpc is relatively free from foregrounds.
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Impact of decaying DM on 67}, and Ay,

Xx—ee - my=10 MeV - Tpy = 10?7 & 10%° s Xx-ee - my=10 MeV - Tpy = 10?7 & 10%° s

k=0.18/Mpc 404

201

-204

—40

6T203, [mK?]
8T, [mK]

100 4 —60 -

—-80

=100 -

T T T T T T =120 -~ T T T T T T
8 6 10 12 14 16 18 20

o
=
o
I~
N
[
I
=
o
=
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N
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©

@ 2 o error bands from 21cmSense for HERA.

@ DM decays give suppressed power around X-ray heating - Lyman-«
coupling time

o Lifetimes as large as 7py; = 10?7 s shall leave a measurable imprint

plots made using exo21cmFast developped by G. Facchinetti merging 21cmFast and DarkHistory.
k = 0.18/Mpc is relatively free from foregrounds.
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DM & 21cm

Degeneracies with astro parameters

For example, X-ray heating from stars parametrized with a normalisation
of soft-band X-ray luminosity per unit SFR: Ly ~ 10* [erg/s/M, yr].

logioLxlerg/s/Mo yrl= 40 (fid), 40.5, 41

logiolLxlerg/s/Ms yrl= 40 (fid), 40.5, 41 logyoLxlerg/s/M, yrl= 40 (fid), 40.5, 41
40 k=0.18/Mpc
102
20
0
T 10t
= z -20 ¥
< £ £
= = 40 &
‘e w
-60 5 10
—80
-100 101
-120 T
6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20
z z z

plots with exo21cmFast developped by G. Facchinetti merging 21cmFast and DarkHistory
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DM & 21cm

Degeneracies with astro parameters

For example, X-ray heating from stars parametrized with a normalisation
of soft-band X-ray luminosity per unit SFR: Ly ~ 10* [erg/s/M, yr].

logoLxlerg/s/Ms yrl= 40 (fid), 40.5, 41

10g10L, Mo yri= 40 (fid), 40.5, 41
o910t xlerolsitto yri= 40 (fid) logioLxlerg/s/Mo yrl= 40 (fid), 40.5, 41
40 k=0.18/Mpc
102
20
0
T 10t
= z -20 ¥
< £ £
= o 40 g
e B
-60 5 10
—80
-100 101
-120
8 10 12 14 16 18 20 6 8 10 12 14 16 18 20

o Increasing Ly also gives rise to a suppression of the PS at large z
@ X-rays from stars drive a 21cm signal saturated earlier
~~ stronger contrast at low z.
It is possible to disentangle Ly effect from 7py,

plots with exo21cmFast developped by G. Facchinetti merging 21cmFast and DarkHistory
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Encouraging forecasts of 21cm bounds on y — ee

x —ete”

my [eV]
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DM & 21cm

Encouraging forecasts of 21cm bounds on y — ee

X —ete”

L e L  LLELEALLL m
1031 | —— 2lcm/HERA

@ (optimistic) Fisher
Matrix forecasts for
HERA 331 antennas
and 7,,; = 1000 h

@ DM Z 102728

109 1010 101t 1012
my [eV]

@ Future redhifted 21cm signal power-spectrum measurements can surpass
current CMB and/or Lyman-« sensitivity by 2-3 orders of magnitude.
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DM & 21cm

Encouraging forecasts of 21cm bounds on y — ee

X —ete”

L e L  LLELEALLL m
1031 | —— 2lcm/HERA

@ (optimistic) Fisher
Matrix forecasts for
HERA 331 antennas
and t,,; = 1000 h

@ DM Z 102728

— Ly-a
--- CMB
"""" Voyager T
—= X/ —rays
108 107 108 109 1010 101t 1012

my [eV]

@ Future redhifted 21cm signal power-spectrum measurements can surpass
current CMB and/or Lyman-« sensitivity by 2-3 orders of magnitude.

@ Can put more stringent bounds than indirect DM searches bounds...
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DM & 21cm

Encouraging forecasts of 21cm bounds on y — ee

X —ete”

T T T TTT—T—TT
1031 —— 2lcm/HERA (no minihalos)

—»— 2lem/HERA (w. minihalos)

@ (optimistic) Fisher
Matrix forecasts for
HERA 331 antennas
and t,,; = 1000 h

@ DM Z 102728

— Ly-a
--- CMB
"""" Voyager I
—= X/ —rays
10° 107 108 10° 1010 101 10"

my [eV]

@ Future redhifted 21cm signal power-spectrum measurements can surpass
current CMB and/or Lyman-« sensitivity by 2-3 orders of magnitude.

@ Can put more stringent bounds than indirect DM searches bounds...

@ ...even when considering an early second population of stars (POPIII)
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DM & 21cm

and forecasts of 21cm bounds on a — vy

a — vy
| T
10-13k X/y-rays
Bl Lo T
[ BN Ly-o
1071k mm CMB
= i ]
> 10—15 3 4
[} F 3
O, . X ]
R0l T 3
= E TR E
10717 I R -
5= ACGs [Facchinetti + 2308.16656] =3
E== ACCs + MCGs [Facchinetti + 2308.16656] ]
107 18F---- ACGs + MCGs [Sun + 2312.11608] 3

S
S

10? 103 - 1
mq [eV/c?]

NB: we have implemented homogeneous energy injection. Inhomogeneous injection

was studied in details bv rsun231. Similar sensitivity prospects"But 67, can differ.
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conclusion

Conclusions

Dark matter energy injection in SM particles affect
ionization and IGM temperature.

CMB is already providing robust constraints for s-wave
DM annihilations while it can only compete wrt to
indirect searches at mpy < few 100 eV.

Low z data such as 21cm power spectrum measurements
might improve on existing Cosmo bounds:

@ We forecast HERA sensitivity with 331 antennas
under deployment in South Africa and taking data.

@ Expected to surpass CMB/ Lyman-« sensitivity
and reach 1py > 107728 s,

@ DM annihilation is the next step, checking the
impact of the B(z).

Cosmological probes of DM Energy Injection
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B Lo T
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B8 ACGs + MCGs [Facchinetti + 2308.16656]
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Thank you for your attention!! )
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DM energy injection implies earlier heating

DM decays heats the IGM before astro sources light-on.

-
Q
ES
]
|

Decay x - yy, my = 100 MeV

_______ — No Dark Matter
————— T =10%s

IGM Temperature Tigm [K]
2

17 -
10 I — 1 =10%s
—1=10%s
BT 102 10°
Redshift (1+z) .
[Liv’16]
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DM energy injection implies earlier heating

DM decays heats the IGM before astro sources light-on.

10%

Decay Constraint, x — e ¢

EE conservative’

==== CMB
- : -

photoheated-1

—— X/v-ray Telescopes photoheated-1T

107

10" 10" 0"

0 1
Dark Matter Mass, m, [eV]

Decay Constraint, x — 7y

W photoheated-T

--- OMB

‘conservative’

‘photoheated-11

10° 10° 10"

10° 10° 107
Dark Matter Mass, m, [eV]

The IGM temperature T} can be probed at low z by using:

@ Lyman-a forest data at 2 < z < 6 with Ty, ~ 10* K (Liu20.caporzi2a)

ez (FNRS@ULB)
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DM energy injection implies earlier heating
DM decays heats the IGM before astro sources light-on.

100

50

10 15 20 2 30

The IGM temperature T} can be probed at low z by using:
e Lyman-o forest data at 2 < z < 6 with Ty ~ 10* K (Liw20 Caporzi23)

@ Redshifted 21cm signal detected by radio telescope arrays that will
measure | Ay (k, Z)‘2 at z C [6,25] with Ty ~ 10 K (rutancto’06, Evoli‘14, Liu'15]
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DM decay and earlier heating

AGCs only

41

Ly =Lyxo x 10"

d [Mpc]
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=
Y
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—150
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DM decay and earlier heating

AGCs & MGCs

12 14 16 18 20 22 24

March 21, 2024 27/23
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Impact of DM— v+ on Ty, 0T, and Ay,

X-ee - my =10 MeV - Toi =102 & 10 s

XYY - my =100 MeV - Toy =107 & 10%° s X=YY - My =100 MeV - Tom = 107’ & 10% s
Kk=018/Mpc

10?

Y o100
z E
= g
e
3

100

107t

8 10 12 14 16 18 20 6 8§ 10 12 14 16 18 20
z

DM energy injection implies
@ new source of heating, earlier than X-rays from stars
@ suppressed absorption in §7T}

@ suppressed power at large z

plots made using exo21cmFast developped by G. Facchinetti merging 21cmFast and DarkHistory
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Fisher matrix analysis

@ Fisher matrix can be used to estimate the minimum uncertainties of parameters
given observations o g S Opue [ Albrechtetal. 20091 (= optimistic estimate of the
errors) ( e.g. using 21cmFish by C. Mason’22, they show that oy, ; are within 40% of
the those obstained with MCMC for ACDM )

@ The Fisher formalism assumes that the likelihood is Gaus- sian within the

parameter range under consideration and Fj; =, dg‘eﬁ_' 85‘02" (04 (k,z))~!
2 00; 00,

where 04 measurement error in A,; at a given k, z bin. Forecasted uncertainty
in the i-th parameter is o (6;) = 1/C; where the covariance matrix C = F~

@ 0% (k,z) is obtained w/ 21cmSense considering HERA thermal noise plus the
cosmic variance plus 20% ‘modelling uncertainty’. The noise assumes 1000
hours of obs. (~ 167 days for 6h/day with max 180 effective days of obs/year)
using 331 antennae.

@ foregrounds are taken into account by putting a cut neglecting ky < 0.1/Mpc

@ boxes have a comoving volume of (250Mpc)? on a grid of z = 6 — 30
(~ v =50 — 250 Mhz). We use BW = Avyp,x = 8 Mhz which sets k| i, at a
given z. Notice that given HERA config, the available ky > k.

Laura Lopez Honorez (FNRS@ULB) Cosmological probes of DM Energy Injection March 21, 2024 29/23



1p

DM vs X rays with POPII stars only

v [MHz]
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1p

DM vs X rays with POPII stars only

v [MHz]|
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DM vs X rays with POPII stars only
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Backup

21cm Fisher results for x — ee m, =

log [ 2x 40.25
o810 {L”] 40.00
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100 MeV

@ Ly normalisation of
soft-band X- ray (< 2
keV which efficiently
heat IGM) luminosity
per unit SFR. E,
minimum in X-ray
energies which can
escape galaxies.

stellar mass (M, ) to
halo mass ratio is
described by a power
law: o, fi,10 = low
mass slope,
normalisation for
galaxies forming pop
1I stars
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21cm Fisher results for x — ee m, = 100 MeV

@ Ly normalisation of
soft-band X- ray (< 2
keV which efficiently
heat IGM) luminosity
per unit SFR. E,
minimum in X-ray
energies which can
escape galaxies.

logyo[fesco]

@ stellar mass (M,,) to
halo mass ratio is
described by a power
law: o, fi 10 = low
mass slope,
normalisation for
galaxies forming pop
1I stars

] 1025
10.00

3075,

By V]

04,

rpo s Y
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DM vs X rays with POPII&III stars only

v [MHz]
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Backup

21cm Fisher for x — ee, m, =
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100 MeV+ POPIII stars

@ L¥™ normalisation of

soft-band X- ray (< 2
keV which efficiently
heat IGM) luminosity
per unit SFR from
minihalos,

@ Ey minimum in X-ray

energies which can
escape galaxies,

@ f.7 =isthe

normalisation of the
stellar mass to halo
mass for galaxies
forming pop III stars
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Rates of energy injection into heat

1028 pmr—r—r———————————— —
g - ‘gzg @ DM heats the IGM
T Cheat well before POPII
T G stars but is less
. efficient at low z
] @ POPIII stars give rise
3 to heating rate “more
] similar” to DM than
Y POPIL
20 25
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Rates of energy injection into heat

x —ete”
109} s T o lem/HERA (1o minihalos) @ DM heats the IGM
—— 2lem/HERA (w. minihalos) well before POPII

e stars but is less
efficient at low z

@ POPIII stars give rise
—Ly-a to heating rate “more
N similar” to DM than
— = X/y—rays POPIL
' 0 100 107 107

my [eV]

Stronger degeneracy with POPIII star heating parameters
~~ less stringent constraints on DM decay width
when POPIII stars are taken into account.
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fionH,eﬁ&fheat,eﬁ fora — Yy

1 1.
Gamy = 1073GeV ™! 1 B gayy = 1073GeV !
08 1071Gev!
- g, = 100GV
02
0 107 o 10°
my[eV] ma[eV)
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Sfionta & fionre for x — ee, v
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fexc&fheat for X — ee, VY
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DM annihilation and earlier heating

see also [ Hansen’04, Pierpaoli’04, Bierman’06, Mapelli’06, Valdes’07, Natarajan’08, Evoli’ 14, etc]

10-23

o4 Possible interpretations for:
= 10 —  AMS-02/Fermi/Pamela
s
-
E0>
&

—26 Thermal relic
'E 10 I

10-27
[Planck15]
! L
1 10 100 1000 10000
my[GeV]

see also [Valdes13, Evoli14, D’Amico18,Liu18]
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DM annihilation and earlier heating

see also [ Hansen’04, Pierpaoli’04, Bierman’06, Mapelli’06, Valdes’07, Natarajan’08, Evoli’ 14, etc]

1023 ff = Planck TT.TE EE+owP
WMAPY.

- CcwL
o Possible interpretations for:
= 10 —  AMS-02/Fermi/Pamela
Im —— Fermi GC
By
E0
’g‘ [LLH, Mena, Moline,Palomares,Vincent 16 ]
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see also [Valdes13, Evoli14, D’Amico18,Liu18]
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DM annihilation and earlier heating

see also [ Hansen’04, Pierpaoli’04, Bierman’06, Mapelli’06, Valdes’07, Natarajan’08, Evoli’ 14, etc]

1023 [ = Planck TTTE EE+iowP
WMAPY
-oow
Possible interpretations for:

= 107 B pvs.0zFermiPamela
il — Fermi GC
E 107
’g\ [LLH, Mena, Moline,Palomares,Vincent 16 ]
E 10-26 Thermal r o e~
10-27 [ No DM ann
: [Planck15] £ mpy =10 GeV
B T TR T R T \E’“’“ oo
my[GeV] . o =9 MeV
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200
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absorption Ew
: & !
e Imposing some A} |
: =1 !
maximal §Tb Bl |
could constrain DM el
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annihilation 5

see also [Valdes13, Evoli14, D’Amico18,Liu18]
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10-2% Planck TT.TE EE +lowP
WMAP9
oL
Possible interpretations for:
AMS-02/Fermi/Pamela

DM annihilation and earlier heating

see also [ Hansen’04, Pierpaoli’04, Bierman’06, Mapelli’06, Valdes’07, Natarajan’08, Evoli’ 14, etc]

Beware!
large astrophysics
uncertainties

[LLH, Mena, Moline,Palomares,Vincent 13 ]
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of DM Energy Injection
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kup

DM annihilation and earlier heating

see also [ Hansen’04, Pierpaoli’04, Bierman’06, Mapelli’06, Valdes’07, Natarajan’08, Evoli’ 14, etc]

forr (ov) [em®s7]

1023 = Planck TT.TE EE+lowP
WMAPY

= CVL
07 Qe
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1072 10-22
102 e 10-23
10727 1024
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£ 107
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3 10-27
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i 10728
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maximal 6Tb
could constrain DM
annihilation

—30

Delayed deposition [D’Amico‘@/’

T2 = =100 mK

{TV)cosmo

10520101 1 100 102 o

DM mass Mpy in GeV

see also [Valdes13, Evoli14,LLH16, Liu18]

Cosmological probes of DM Energy Injection March 21, 2024

38/23



Constraints on 21cm Global signal?

Revised temperature evolution
0.0 X-ray heatmq [Venumadhav 18]

)
\
— \
= 0.6 \ 60-99 Mhz?l'\\ . B
\ / Altering the description
—0.8/ i EDGES i of foregrounds [Hills18]
\ /
\\ Ill
-1.0 \ /
eeoo—-” 51-99 MHz 1
-1 ) ) [credit: Ruderman] -
'%O 12 14 16

18 20 22 24
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Why bothering more?? )
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ALP decays into 2 photons Upy = Stmy,
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ALP decays into 2 photons Upy = Stmy,
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Between 10 and 100 eV relatively poorly constrained with old CMB data
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ALP decays into 2 photons Upy = Stmy,
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Between 10 and 100 eV relatively poorly constrained with old CMB data
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CMB analysis for a — vy

Goals of our analyis:

@ Up to date MCMC analysis using Planck’18 data with fix = f,.(z = 300).
The few x 10 eV energy photons are very good at ionizing the medium!
We modified CLASS to account for for = f(z = 300, mq, g,) from DarkHistory.

@ Check the impact of
reionization history
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CMB analysis for a — vy

Goals of our analyis:

@ Up to date MCMC analysis using Planck’18 data with fix = f,.(z = 300).
The few x 10 eV energy photons are very good at ionizing the medium!

We modified CLASS to account for for = f(z = 300, mq, g,) from DarkHistory.
1.2

@ Check the impact of
reionization history

e parametric x{*"h

e

all shown reio agree with
Planck’18:

Treio = 0.054 £ 0.007
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CMB analysis for a — vy

Goals of our analyis:

@ Up to date MCMC analysis using Planck’18 data with fix = f,.(z = 300).
The few x 10 eV energy photons are very good at ionizing the medium!
We modified CLASS to account for for = f(z = 300, mq, g,) from DarkHistory.
1.

@ Check the impact of
reionization history

e parametric x{*"h
e x, from stars
[Puchwein’18,

Fauchere-Giguere’19]
all shown reio agree with
Planck’18:
Treio = 0.054 4 0.007

Without DM, PUCH reio model gives larger 7yejo = f dt x,npor
~ Stronger CMB bounds for PUCH-like model expected
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CMB analysis for a — vy

Goals of our analyis:

@ Up to date MCMC analysis using Planck’ 18 data with for = f.(z = 300).
The few x 10 eV energy photons are very good at ionizing the medium!
We modified CLASS to account for for = f.(z = 300, my, gu) from DarkHistory.
1.2

@ Check the impact of o e EG Gy = 105GV
reionization history \ oo . gy, — 175GV
08 \
. \
e parametric xt*"h \
e x, from stars o 08
[Puchwein’18, 0.4
Fauchere-Giguere’19] AN
02 S~
0o el T
6 8 10 12 14 16

Without DM, PUCH reio model gives larger Tieio = f dt x,n,or
~» Stronger CMB bounds for PUCH-like model expected
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CMB bounds a —

Current constraints
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CMB bounds a —

Current constraints
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CMB bounds a —

Current constraints
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Cosmological probes of DM Energy Injection
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DM g4 e
@ For xtamh 7. is
marginalized over
Zreio = |9, 13].

@ DM Z 1026S
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CMB bounds a — v

Current constraints

1073
T
%
O
< 107
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= Planck’18
tanh
------ FG
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102
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&
—1 ayy 3
Ty = m,
DM 64 e
@ For xtanh 7 . is
marginalized over
Zreio — [57 13]
@ DM Z 10265
@ CMB bounds are of
the same order as

astro bound from
Leo-T

@ Currently, fixing x.(z) to a reionization history in agreement with Planck does

not significantly change the bounds
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CMB bounds a — v

Current constraints

2
—1 _ 8ayy 3
Toy = m,
10-131 ' DM 641 a

@ For xtamh 7. is
marginalized over
Zreio = |9, 13].

10714

[ GeV 7]

@ DM Z 1026S

. @ CMB bounds are of
L Roon iy 05 o the same order as
102 ' astro bound from
meleV] Leo-T

® Future CMB missions

10—15

@ Currently, fixing x.(z) to a reionization history in agreement with Planck does
not significantly change the bounds

@ Future CMB variance limited Experiments will definitively give more stringent
bounds. In the latter case, the reionization history from stars will matter.
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DM energy injection/deposition in early universe
see previous work e.g. [Adams’98,Chen’03, Hansen’03, Pierpaoli’03, Padmanabhan’05, Slatyer’15, Liu’19] for CMB, [Shchekinov’06,
Furlanetto’06, Valdes’07, Chuzhoy’07, Cumberbatch’08, Natarajan’09, Yuan’09, Valdes’12, Evoli’14,LLH’16] for 21cm
@ DM particles can annihilate/decay into:
o f,7.W,Z, ... injected ~ e, e™,
e neutrinos ~~ suppressed depos. but possible via EW corrections
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DM energy injection/deposition in early universe

see previous work e.g. [Adams’98,Chen’03, Hansen’03, Pierpaoli’03, Padmanabhan’03, Slatyer’ 15, Liu’19] for CMB, [Shchekinov’06,
Furlanetto’06, Valdes’07, Chuzhoy’07, Cumberbatch’08, Natarajan’09, Yuan’09, Valdes’12, Evoli’14,LLH’16] for 21cm

@ DM particles can annihilate/decay into:
o f,7.W,Z, ... injected ~ e, e™,
e neutrinos ~~ suppressed depos. but possible via EW corrections

@ Effectively DM deposit energy in the early Universe

DM

O\YZ}\ <
. {\/ \
ionization 7‘ inverse-Compton

time

[image from A. Vincent]

Rate of energy injection/deposition into ¢ = heat, ionization, excitation

2 1.9
dE.(x, dE(x, ppu{ov)/mpy  annihil
(Ed) =g (BRD) =g
drdv deposited drdV injected PDM / Tpme oM decay

fe(z) = energy deposition efficiency per channel
(can be obtained using DarkHistory [Liu’19, Liw'23])
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This is really the end )
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