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In these seminar-lectures

No DM ann
1

o Extra energy injection k
o Annihilating DM
o Energy injection affect e.g. CMB
o further constraints from imprint at
cosmic dawn?

1ol Suppressed
absorption

Xray heating peak
when IGM in emission
compared to CMB

|

» = %

Cuv =55, T = 1°K

1 HERA350

@ Delay of structure formation
e Non Cold Dark Matter:
free-streeming, collisional damping
o also delay in 21cm features
o can help to disentangle NCDMs?
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Energy injection )
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DM Energy injection

Energy injection: Ionization, excitations and Heating

DM energy injection implies extra heating and ionization rates:
):Ce - Aion - Arec + ADM
Try = Qadia+ Z Qo + Opm
6
Jo = Ja,* +Ja7X +Jo¢,DM

Opm, Apm x d‘f% !inj depend on the DM fundamental properties:

2
ey dE P
s-wave annihilating DM ( (ov) ~ ov) Tdv X ﬁ X oV
accreting Primordial Black Holes (PBH) d‘f% X npgg X Lgce
2 /1,2
h g 2 dE Px V)
p-wave annihilating DM ({(ov) ~ (v*)) @dv X T X UT%O
decaying DM d‘f% X Py X TX_Ie_t/TX

Each of these depositions give rise to
a different IGM ionization and temperature history.
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Early or later energy injection history

Early energy deposition e.g. s-wave annihilating DM
(e.g. complex scalar ann to ff):

2
dE P
67X
aay > (1T, v
1 X
104
10! s-wave xx = yy, my = 100 MeV s-wave xx - vy, my =100 MeV
— No Dark Matter 3
g 10
1 <ov>=3x% 107 cm¥s

— <ov>=3x 1072 cm¥/s
— <ov>=3x 102 cm¥/s

a

— No Dark Matter
<ov> = 3 x 10727 em®/s

a

Free Electron Fraction x,

‘ 101] v =3 107 el
-3 <av> =3 % 107° cm’/s
10 —<ov>=3x 1025 cmd/s
-4 . 1 . |
T 10? 10° o 102 103 [Liv'l6]
Redshift (1+2) Redshift (1+2)

+ later Boost of pi from structure formation scee.g. [LLH'13, Liv' 16, etc]
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Early or later energy injection history

Later energy deposition e.g. p-wave annihilating DM
(e.g. neutralino ann to ff):

2
dE 67,2\ Px.0 9V0
o (142)°(v) 5
dtdVv my v
X 0
1 ‘ 104 — .
X E p-wave xx - yy, my = 100 MeV < p-wave xx - yy, my = 100 MeV
§ 10+ 01 pyrer = 100 km/s 8100 01 et = 100 km/s
© =
g — No Dark Matter o)
w —3x 1024 emd 5
S 102 - (OV)rer =3 10723 cm3/s E
3 - (OV)rer = 3 % 10722 cmg/s g — No Dark Matter
i N\ (OV)rer = 3 x 10722 cm¥/s QE, ; (OVhur = 3 % 102 el
L!I-JI 107 \ F 105 7 — (0V)rer = 3 x 1072 cm¥/s
E ; % — (0V)rer = 3% 10722 cm®/s
104 ! - .
10! 102 10° o 10? 10° [Liw
Redshift (1+2) Redshift (1+2)

very suppressed due to low CDM velo at early times but later Boost of (v?)p

from structure formation seee.g. (piamanii'13, Liv'16.tc]
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DM Energy injection

Here we focus on the illustrative case of
s-wave annihilating DM benchmark
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DM Energy injection

s-wave annihilating DM- Aka vanilla WIMP

5 = [fX] ~ Ry = O'V()(I’li — ni,eq)

@ DM annihilation driven freeze-out
@ x chem. & kin. equilibrium
e 0, x 1/ovg
° O =0.12
~sovg =3 x 10720 cm’/s

0.1 1 10 100 1000
e x =m,/T and xgo ~ 25

Careful: coannihilations, velocity suppressed (ov), potential large contributions from higher order

processes, etc, not taken into account in this simple picture.
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DM Energy injection

Some freeze-out/ WIMP examples

104 4 “WIMP-like”

102 ~ 1/ OV)py—XX'
(o]

100 B
< S/ W W
c

1072

1074 4

10°° T T T T T T T

10¢ 1077 10 10-3 10-! 10' 10°® 10°

m, (GeV)
The SM neutrino
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Some freeze-out/ WIMP examples

X—q—i—q—f

4
m=150GeV, Am=2GeV, Ay=0.1 DM annihil.
107 Super Freeze-In Conversion Mediator FO M FO
WIMP \ FO
10° \
1000 y
S \
10
0.100 Qh?=0.12
. | E— SM
0.001 [Junius, LLH,Mariotti’19]
1071 107" 1077 1077 107° 0.001 0.100

Leptophilic DM: £ C A\, ¢xfzr + h.c.

(DM) Particle Physics at Cosmic Dawn February 20, 2022 8/30



DM Energ

Testing s-wave ann. DM - aka Vanilla WIMP

Colliders
LEP, LHC

An annihilation
cross-section
ovy ~ few x 10726 cm?
is a prime target for DM
searches including for
cosmology-related
experiments.

CMB planck

Annihilation Cross-Sect®
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Indirect
Detect®

Fermi, Hess,
Ice Cube, AMS,
CTA...

WIMP

Lux, ):ienon 1T
Mass

~100 GeV
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From energy injection to deposition )
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injection

Energy deposition from DM annihilations

see previous work [Shchekinov’06, Furlanetto’06, Valdes’07, Chuzhoy’07, Cumberbatch’08, Natarajan’09, Yuan’09, Valdes’12,
Evoli’14,LLH’16],
see also [Adams’98,Chen’03, Hansen’03, Pierpaoli’03, Padmanabhan’05] for CMB

@ What does DM annihilate into?:
] f, 'Y,W, Z, e M e+, e, 7Y using e.g. [ Pythia, Mardon’09, PPPC4DMID]
e neutrinos ~» suppressed but possible via EW corrections
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Energy deposition from DM annihilations

see previous work [Shchekinov’06, Furlanetto’06, Valdes’07, Chuzhoy’07, Cumberbatch’08, Natarajan’09, Yuan’09, Valdes’12,
Evoli’14,LLH’16],

see also [Adams’98,Chen’03, Hansen’03, Pierpaoli’03, Padmanabhan’05] for CMB

@ What does DM annihilate into?:
] f, 'Y,W, Z, e M e+, e, 7Y using e.g. [ Pythia, Mardon’09, PPPC4DMID]
e neutrinos ~» suppressed but possible via EW corrections

@ Dark matter annihilation inject energy within the dark ages

DMZ)%K‘//—'\mi/QS»\‘

DM i
ionization ? inverse-Compton

time

[image from A. Vincent]

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

(Bm) " =00 (B5) ™ =romeri

didV deposited drdv injected mpm

fe(z) = energy deposition efficiency per channel
(obtained using tabulated transfer fns 7¢(z, 7', E) (Slatyer '15, Liv’ 197)
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DM Energy injection

From Injected to Deposited: clustering can matter

Zcﬂ(z) for XX — e+ei [Slatyer’15]
e Energy deposition  as fn of E;,j of 1 member of et e™ pair and zu
efficiency channel =

includes contribs. w

from particles C ) g'°
injected at all z'>z -

_ :
e Boost at late times < -

due to structure £ 102 '
formation 8 04
(%3 ) s fn‘;ﬂ () [1 + B(2)) 0.2

s [P0 [T e e o

Energy (eV)
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DM Energy injection

From Injected to Deposited: clustering can matter

[LLH, Mena, Moline,Palomares,Vincent 13 ]

e Energy deposition 108 T e
efficiency channel = o )1+ Buis(2)), moy = 130 MeV
: y . ?104 == J(2)(1+ Bwis(2)), mpy = 10 GeV
includes contribs. g 02201+ Bis(2) o — 10 GV
from particles 5,
. . c 9
injected at all z'>z §w
[%}
‘q?.)_lul
e Boost at late times S
due to structure © 1 v
. 10~
formation M = 10-My,
dE( ) < ) wi;()‘ 102 10°
Z av) o 142
= —Lngy(z) [1 + B(z
(G0 )y~ o im0 11+ 560

/ &1+ BE) T(2.7. E)

w5

#1e(2)[1 + B(2)]

e astro uncertainties for see e.g. [Shyer12)
21cm signal
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CDM halo mass function

102 - - - -

Press-Schechter
== Sheth-Tormen

Flsy — Watson'13 @ PS: underpredicts at
large M and z and overpredicts
% atlow M and z

dn(M 2)

@ ST: default 21cmPFast: slight
overestimation compared to
simu. at large Z seee.g. Watson’13

@ W13: our default

Mdn/dM Mpc—*

~» PS — W13 — ST: larger number of fixed mass halo at fixed z at early time J

Notice that the assumed dn/dM not only plays a key role for the DM energy injection
efficiency but also on ionization, heating and excitation from astro sources when using
semi-numerical approaches as 21cmFast code, see later discussion.
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DM Energy injection

DM energy injection imprint on
Cosmology Observables
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DM Energy injection

DM annihilation implies higher ionization floor
Extra ionization due to DM annihilation final states:

s-wave xx - yy, my = 100 MeV
— No Dark Matter

1l <ov>=3x 102" cm¥s

; <ov>=3x 10 cm¥/s

-
o
—

Free Electron Fraction x,

1071 — <ov>=3x 1072 cm¥s
1072
1072
-4 . L
10751 10° 10°
Redshift (1+z) [Liu’16]

Early energy injection

~» increased residual ionization right after recombination

~ broadening of the last scattering surface

~~ attenuates correlations at small scales (large ¢) and increases the

polarisation fluctuations in the CMB T and polarisation 2D-power spectra.
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CMB constraints on DM annihilation

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

fert (ov) [em®s™1]

10—23 Planck TT,TE,EE+lowP
WMAP9

-- CVL
1 0_24 Possible interpretations for: . L. . .
AMS-02/FermiPamela @ This energy injections can modify the
Fermi GC . . . .
10— 1 history of recombination and affect
CMB temperature and polarisation
10-2 | N Thermal refc anisotropies
- > 1 mow [GeV] | 0.001 | 0.009 | 013 | 1.1 10
’ . (ov) [em®/s] | 1070 | 107 | 107 | 107*7 | 1072¢
1 10 100 1000 10000
my[GeV]

~~ Donn — eﬂ<0v>/mDM < 4.110728 cm’/s/GeV at 95% CL [pranck’15]
similar to new [Planck’18] results

z Honorez (FNRS
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Possible interpretations for:
— AMS-02/Fermi/Pamela

fert (ov) [em®s™1]

CMB constraints on DM annihilation

see e.g. [Chen’03, Padmanabhan’05, Cirelli’09, Slatyer’09, Galli’11, Giesen’12, LLH’13, Galli’ 13, Madhavacheril’ 13, Poulin’15,...]
T

=== Planck TT,TE,EE+lowP

@ This energy injections can modify the
history of recombination and affect
CMB temperature and polarisation

anisotropies
mpy [GeV] | 0.001 | 0.009 | 013 | 1.1 10
(ov) [em®/s] | 10730 | 107 | 107*® | 107*7 | 1072¢

100
my[GeV]

~ Pann = fe(ov) /mpy < 4.1 1028 cm’/s/GeV at 95% CL planck’15]
similar to new [Planck’18] results

(DM) Particle Physics at Cosmic Dawn

February 20, 2022

@ 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].

16/30




DM Energy injection

DM annihilation implies earlier heating
Extra heat due to DM annihilation final states:

104
s-wave xx = yy, my = 100 MeV

-
o
T

— No Dark Matter

<ov> = 3x 107 cmPfs
—<ov> =3 x 1072 cm¥s
—<ov> =3 x 107 cm¥/s

IGM Temperature Tigy [K]
<)

L T
Redshift (1+2) Lt

Early heating of IGM

~ increased T} when astro sources light-on

~» When Ts ~ Ty and Ty, < Teyp ~ [0Tp| ~ |(1 — Temp/Ts)| is suppressed

~ suppressed absorption in §7} at cosmic dawn
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DM energy injection: 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 energy injection: earlier heating

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

fest (o0) [em®s™1]

[LLH, Mena, Moline,Palomares,Vincent 16 ]

[Planck15]
!

Thermal r
of——— |
g
E
=-100
1000 5
~150
10
< &
E 10
~F B
d e :
(3 &
> J
wk
10-2

10 15 20 2 30

see also [Valdes13, Evoli14, D’Amico18,Liu18]
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DM energy injection: earlier heating

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

Jor {ov) [em®s™"]

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

107 B pvs.0zFermiPamela
—— Fermi GC
10—25
[LLH, Mena, Moline,Palomares,Vincent 16 ]
10-26 Thermal r A = i
10-27 [ No DM ann
[Planck15] £ mpy = :01 %e\(/
: - : i ) = mpy = 1.1 Ge
1 10 100 1000 (S -
my[GeV] . o =9 MeV
— mpy =1MeV
200
e Suppressed L
absorption Ew
: & !
e Imposing some A} |
. s I
maximal §Tb Bl |
could constrain DM el
3 . . 10 15 20 25 30
annihilation 5

see also [Valdes13, Evoli14, D’Amico18,Liu18]
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DM energy injection: earlier heating

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

10723 Planck TT.TE,EE+lowP
LT Beware!
. Possible interpretations for: .
10l e B large astrophysics
'n Fermi GC . S
F o uncertainties
L
’é‘ [LLH, Mena, Moline,Palomares,Vincent 13 ]
e e Thermal e~
S ermal ,
_o7 S No DM ann
10 [Plancki3] ;é o mpy = 10 GeV
. B L L i mpy = 1.1 GeV
1 10 100 1000 | s mpy = 130 MeV
my[GeV] o Mo =9 MeV
—  mou=1MeV
10 T T
1 HERA 127
1 HERA 331
10°E] SKA

== mpy =10 GeV
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DM energy injection: earlier heating

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

1023 = Planck TT.TE EE+lowP

WMAPS

- oL
Possible interpretations for:

= 107> AMS-02/Fermi/Pamela
mw —— Fermi GC
510 1072 v oeee e
= E Delayed deposition [D’Amico‘@/’
< 02 Themairolc 1072 £ To1 = =100 mK
< i F E
10727 10724
i [Planck15] i F 1
- . Y | L s 10—25 L El
1 10 00 1000 10000 g E (0VYeosmo ; E
my[GeV] o = sl ]
£ 107 /
= ]
£ 107
e Suppressed 2 E
. 10-28L 4
absorption E
e Imposing some 1029F
max1ma1 8Tb 10730 E‘r Lo o oo e 3w 3l
could constrain DM 102 10! 1 10 102 10°
annihilation DM mass Mpy in GeV

see also [Valdes13, Evoli14,LLH16, Liu18]

(DM) Particle Physics at Cosmic Dawn February 20, 2022 18/30



DM Energy injection

Astrophysics/DM parameters (a selection) )
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Minimum Halo mass

dn M Z Ryir
B(z) dn(M.2) gy r) drridr
Mo am
min
10°
No DM ann
101k Mipin halo = 1072 M. <
== My pato = 10750, E
3 Mupinnato = 10712M;, =
3 10% T —150
Even for M., = 107> M~ =~ .
o . 3 0 © K 20 ~2005575 20 25 30 |
~» X-ray heating peak & ! E

(partially) in emission for < .|

mpm = 130 MeV 1 !

0L !
100F
!
1
10
1
1

Y . L L L L

10 10 15 20 % 30

z

(DM) Particle Physics at Cosmic Dawn

ez (FNRS@ULB)

February 20, 2022

20/30



DM Ener

gy injection

Astrophysics Uncertainties: Halo mass function

Using semi-numerical tools such as 21cmfast mesinger'101: 673 and Ay

~ depends on halo mass function, Ty;., Lx (Cx), N

. In particular, the ionization,

heating and excitation critically depend on the fraction of mass collapsed in halos

10°

10*

1 03

(mK)*

2
21

°A:

0T,

Laura Lopez Honorez (FNRS@ULB)

ﬁ:oll(> Mvir) =

M dn(M,z)
am

= Watson'13
== Sheth-Tormen
- Press-Schechter

0T, (mK)

10 15 20 25 30

20

(DM) Particle Physics at Cosmic Dawn

25

30

M |

@ W13: our default for CDM
annihilation analysis

@ PS: underpredicts % at

large M and z and overpredicts
d"(M 2 atlow M and z

@ ST: default 21cmPFast: slight
overestimation compared to
simu. at large Z seee.g. Watson’13

~~PS — W13 — ST: astro sources
switch on earlier

February 20, 2022 21/30



DM Energy injection

Astro Uncertainties: Threshold for star formation

M dn(M,z)
Jeol (> Myir) = — = M,
Mvir ’OO
10°
Watson'13
. G == Watson'13 Ty, = 4 Tiro .
Threshpld for efficient star \ 0% "7 atson13 T — 10 g
formation: Tyir > Tyir o = 10" K " R
: —150 Wl
(= Myir o(z = 10) = 3107 M) [Evrard’90, B o
Mo 10 15 20 25 30
Blanchard’92, Tegmark’96, Haiman’99, Ciardi’99] g 10 z
f“ W
3/2 = ro
3 Tyir 10
My ~ 10 PuPT e — M, 10°
210K 1 + 2 ©
1071
1072

10 15 20 25 30
z

~» larger M,;; threshold implies a delay in the X-ray and UV sources. J
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Astro Uncertainties: X-ray efficiency

X-ray emission rate is directly proportional to the number of X-ray photons

per Mg in stars: (x

10°

10

10°

10°

* A3, (mK)

oty

10!

10°

107!

= Watson'13 o

== Watson'13 (y = 0.01 (xo . y U
<50 g

£ Ly

- Watson'13 (x = 100 (x
100

D \\ ,’ 4 . .
B increasing (x
~> earlier X-ray heating

@ less pronounced dip in 67},
o earlier X-ray peak in Py;

10 15 20 25 30

'
'
'
'
'
'
'
'
I
.
[
4
r
-
3
3
¥
i

30

1072

— 56 1 r—1
Cx,0 =100 Mg

pez Honorez (FNRS@ULB)

10

Lx <okev 39.5
HRE ~ 107 Serg s/ (M /yr)
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Astro-uncertainties: Ly, contribution from stars

The direct stellar emission of photons between Ly, and the Lyman limit will
redshift until they enter a Lyman series resonance and subsequently, may

generate Ly, photons.

10°

*  Watson'13 0
gl == Watson'13 N, = 0.1 N, = .
1%L Watson'18 N, = 10,0 £ 7
. = —100F
Increasing N, w0} S il
(driVing Ja’*): % 102k 10 15 20 25 30
@ deeper trough less A gl o
e . — i i
pronounced dip in 67}, R
E 1
. . !
e earlier Ly,, peak in Py ) ]
o
1072 10 15 20 25 30

z
N 0 assumes Pop II stars [Barkana’04],

normalizing their emissivity to ~ 4400 ionizing photons per stellar baryon
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DM Energy injection

Other scenarios with energy injection (a selection) )
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Decaying DM energy injection history

Px0 _ exp[—t/7]
= 1 3
drdV < (1+2) my % T

104,

N
il

Decay x - yy, my =100 MeV Decay x - yy, my = 100 MeV

10! ~— No Dark Matter 1,=10%s
— 1 =10%s —1=108s

N
o
w

________ — No Dark Matter

Free Electron Fraction x,
=)
9

IGM Temperature Tigu [K]
2

-3 1 T, =10%s
10 —_’//_/ 10A 7TX=10245
—1=108s
-4 .| . | L .
Tl 102 103 o 10° 10% [Liw'16]
Redshift (1+2) Redshift (1+z)
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_ T
EDGES Ty at z ~ 17.2 of Toy = —5007209 mK T_,,;(: =17.2) $0.105
21-cm Source, 10g;) Ty[s| 21-cm Source, log; Ty[s]
T T T ] 150F T T ]
\ ete” 7Y
\ -1 100F -

E 350

| =

\

\\

. | —
107 10° 107 107 107 10" 107
Dark Matter Mass m, [eV]

|
107 17 0" 10"
Dark Matter Mass m, [eV]

Minimum decay life time Liu 1803.09739
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-5 X (1 + Z)3nPBH,OLaCC(Z)

103 T T T 3
BT — T E El
E Mesy = 100 Mo o h
E 109 - -
107 {10710~ E 10°F E
r fom = 107 > <z E E
=107 3 & Mepn = 100 Mo, ]
F 10" 07 e
1073k i E ot = (107 — 109] 3
E L Som = 1074 - ]
1074 1l L TRt 1l L PR i 10°! Ll L il
10" 10? 108 10" 10°
z z [Mena’19]

Carrefull: have to take into account extra poisson noise in the computations, Disk
accretion has been assumed here and multiple models for PBH luminosity exists.
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T T T T T T T T T T T T T3
E T T T F Mpgy = 100 My, Hera127  Hera331
r -1
0 10 k =0.15 Mpc
L ] &
g 4o Mps =100 Mo ié
& r 1 = 10!
2 _gol- y I ad
2 r 3 ] 3
r foprt = (10 - 1074 o ‘F?
—120~ fran=[10* - 10— © 10°
1 u' I I 1 I ]
10 15 20 25 30 | | |
o 10*1 1 L Lo 1 I T - I T
10 15 20 25
FIG. 3. ( lobal 21em differential brightness temperature for various values of fppu. assuming Mppy = 100 My, and (V\Nﬂ ent
« PDIT dack matte faction dard scenario with fot = 0 1 denoted by the solid blck lines. We 1 z

tropiysca permsis: (o

= (52 10 AT x 10¢ K, 4000 o Secion IV.1

[Mena’19]
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LI B B L) AU S L)

ACHO/EROS/OGLE

RTTI WARTTT MRTY 1 WA AT IMATITT MR

Ll vl el
10° 10" 10° 10%
Mppy  [Mo]

[Mena’19]
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Conclusion

Take home message - Part II

@ Multiple DM scenarios give rise to energy injection in the IGM at early
time (DM decay, DM annihilation, PBH accretion etc).

@ Heating the IGM prior to first stars giving rise to suppressed absorption
in 0T} and suppressed power in Aj; at early time.

@ 2lcm observations at cosmic dawn might help to test the DM properties
beyond e.g. CMB or indirect DM detection probes
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Conclusion

Thank you for the invitation
and for your attention!!
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Backup )
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Evolution equations in the ionized phase

@ Jonized fraction:

dx.(X,z dt
LDy

o Gas temperature:

dTk(x,2) 2 dt
dz  3kg(1+x,) dz

2 TK dl’lb TK d-xe
Dot 5,

@ Ly« background:
Jo = a,X + Ja,* + Ja,DM
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Evolution equations

@ Jonized fraction:

dx.(x,z dt
L(iz) = zz (Aion — QA ng nbe)

@ Gas temperature:

dTk(x,7) 2 dt 2Tk dnyp Tx dx.

dz  3kp(1+x.) dz 5 8t 3ny, dz  1+x, dz’

@ Ly« background:
Jo = a,X +Ja,* + Ja,DM

~» we make use of 21cmFast to generate the 21cm background signal and
powerspectrum.
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DM contributions

@ Ionized fraction and for the kinetic temperature of the gas

& B

Ai0n|DM = fH +f He EHeI (l)
€

Ty a2 oar

_— = _—— at 2

dZ DM dZ 3kB (1 +Xe) €heat ( )

where Ey per are the ionization energies for hydrogen and helium and
fae = Nue/Np is the helium number fraction.

@ The Lya flux
7 cny EE%[ 1 3
aDM = Hve 3

where v, is the emission frequency of a Ly« photon.
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-
Heating rate and Ly« flux

Comparison with a reproduction of DM energy deposition rate

— iy = 10 GV — oy = 10GeV.
mpy = 10 Ge! 2) = 0223355 (2) Brs(2) -7 o = 10 GeV, giya(2) = 0.22x855K(2) Bps(2)
=27 == mpy=10GeV, = fueat(2) Bwis(2) -= mpy=10GeV, gy, (z) = fiya(z)Byiasl2)

|
»

adiabatic cooling
— astrophysical sources
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o High energy photons (GeV,TeV) or electrons do not deposit directly their
energy in the medium.
@ Their energy is degraded to ~ 3 keV (suyer13 energy before being
possibly absorbed by atomic processes (heat, ionisation, excitation)
@ For high energy e~ the main energy loss is Inverse Compton Scattering
(ICS) on the CMB e — e ~~ effective injected photon spectrum
@ For high energy v we have (per order of increasing E)
e photoionization
e Compton scattering
e pair production off nuclei: YA — Aee
e photon photon scattering
@ Photons produced originally or in the cooling cascade can fall into the
“transparency window” depending on their energy (typically between
106 and 10'2 eV) or redshift (at low redshift universe more transparent)
~ their energy is possibly never degraded to the atomic scale ~~ part of
diffuse v background
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Interactions of photons with IGM
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FIG. 1: A comparison of the photon cooling time to the Hub-
ble time at z = 1000, for different photon energies. The
dominant processes (in order of increasing energy) are ioniza-
tion, Compton scattering, pair production on the H/He gas,
photon-photon scattering, and pair production on the CMB.
All the curves assume a He mass fraction of 1/4, with a density
of 2.57x 1077 amu / em® today. The dotted curve shows pair
production on a neutral IGM, the dashed curve shows pair
production on a fully ionized IGM, and the dashed-dotted
curve represents pair production on the CMB. This figure
updates Fig. 1 in E] which had an error leading to cooling
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-
Example history

Example Temperature History
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PBH energy injection: earlier heating

See also [Ricotti 07, Ali-Haimoud 17, Poulin 17, Ewall-Wice 18, Hektor 18]

e Accreting BH can provide
extra radio bgd [Ewall-wice 18]

e More importantly
accretion comes with extra
energy injection

e Bondi accretion
(spherical) with

[Hektor 18]

logiofesH

Le(z) = Liaa n(2) (’"”@ JEB) e

v ) ) _3 10g10(Mpan/Mo)
() o 8 x 10-76) Meen ) (na(2 Ve (2
e ®< 10M, ) \Tem=3 ) \ T0kmy/s

e imposing some maximal Tk, Hektor et al could constrain
PBH with mass O(10)Mto be less than 1-0.001 of the DM
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This is really the end )
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