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Introduction 21cm

21 cm signal?

& o Transitions between the two ground state
Farall spins energy levels of neutral hydrogen HI
/f/ ~~ 21 cm photon (vy = 1420 MHz)

L

Antiparallel spins

Cosyini 2008 psrsan

Lopez Honorez (FNRS@ULB & VUB) DM in 21cm sky May 21, 2019 21/31



21 cm signal?

s

Proton Electron

o Transitions between the two ground state

Farall spins energy levels of neutral hydrogen HI
Mﬁ/ ~» 21 cm photon (v = 1420 MHz)
@ 21 cm photon from HI clouds during dark
» # ages & EoR redshifted to v ~ 100 MHz

Antiparallel spins

e ~ new cosmology probe

Redshifted 21cm signal

using interferometers
such as LOFAR, MWA, PAPER, GMRT Galaxy
CMB 2d gen: HERA,SKA Surveys
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Introduction 21cm

21 cm in practice

e e 21cm signal observed as
CMB spectral distortions
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Introduction 21cm

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

Ty e Observed brightness of a patch of HI
compared to CMBat v = 1y/(1 + 2)
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Introduction 21cm

The spin temperature
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The spin temperature
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Introduction 21cm
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Introduction 21cm
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Introduction 21cm

Intermezzo: EDGES claim of observation

e First detection of an absorption
trough at 78+/-1 Mhz (z~17) with
amplitude 0.5%0-2 5K at 99% CL

e Stronger absorption than
predicted

Teys!Tg> 15 insteadof 7
e Needs a larger bgd radiation

temperature or a lower gas
temperature as T¢"" ~ T

z~ 17
1
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[credit: Kovetz] see also [Bowman18, Barkanai8]
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DM very brief introduction

Dark Matter?

Dark Matter

Dark Energy

80% of the matter content is made of Dark Matter )

=} F = E == vac
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DM very bri nction

In this talk

1ol Suppressed
absorption

@ Annihilating CDM
o Energy injection affect CMB
o further constraints from 21cm?

Suppressed

| xray heatng peak

| when iGM i emission

| "Comparedto cug
. .‘

101
v 15 »
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DM very brief introduction

In this talk

@ Annihilating CDM

o Energy injection affect CMB
o further constraints from 21cm?

@ Non Cold Dark Matter:
WDM vs IDM
o NCDM delays structure formation
e also delay in 21cm features
e can help to disentangle NCDMs?

DM in 21cm sky

pressed
absorption

! xaayheaing
| when iGM i emission

peak

Suppressed

15

»

Cuv =55, T = 10°K

1 HERA350

CDM

10
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DM Energy injection

DM as a WIMP (or a PBH)
Energy injection

Laura Lopez Honorez (FNRS@ULB & VUB) DM in 21cm sky May 21, 2019 9/31



DM Energy injection

The Standard lore of Dark Matter as a WIMP

@ WIMP relic abundance is driven by
processes: x=m/T

3\ 1 T IIHIHl T IHHIIl T TTTT
DM f e F B
/ g0 :
) 3 E E|
- 107°% F =
DM \f 5 %8:5 . increasing 3
. . 2 107 <ov>
£ 1077 & V3
3 10:2 = Tt =
Freeze-out mechanism: :ﬁ 110(210 g - j*‘ﬁE
S10ME |
~ QR o 1/{ov) | eigmeE T
E 10—14 E 1 IIHIHl 1 IHHIIl 1 I\HH’Ef
9 1 10! 102 103

@ Cosmo observations (Qh2 ~0.12) T me=
& (ov) ~2.2107%6 cm¥/s

~ target value for detection experiments looking for annihilation products
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DM Energy injection

Plumbing equivalent

Freeze-out
DM annihilation driven

Qh* o< 1/{ov),
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Testing WIMPs: the “simple” picture

Annihilation Cross-Sect®

Laura Lopez Honorez (FNRS@ULB & VUB) DM in 21cm sky
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Detect®
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Ice Cube, AMS,
CTA...
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Testing WIMPs: the “simple” picture
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~» WIMPs at the verge of
discovery/exclusion
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DM Energy injection

A word of Caution: beyond simple plumbing

see also T. Lacroix talk with p-wave annihilation

Freeze-out
Partner annihilation driven

2
PARTNER Q07 oc 1/{ov)ess

A

<O”U>eff XX eihf’A;Xn <O"l)>AA

Am =my —m,
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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],
see also [Adams’98,Chen’03, Hansen’03, Pierpaoli’03, Padmanabhan’05] for CMB

@ What does DM annihilate into?:

o LV, W,Z, ... ~~ 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],

see also [Adams’98,Chen’03, Hansen’03, Pierpaoli’03, Padmanabhan’05] for CMB
@ What does DM annihilate into?:

o LV, W,Z, ... ~~ 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

DM i Z
ionization inverse-Compton

time

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

(Mymomh = £(2) <M>smomh =/(2) nDM(Z)Zﬂ

didV deposited dtdV injected Mpm

[image from A. Vincent]

fe(z) = energy deposition efficiency per channel
(obtained using tabulated transfer fns 7°(z, 7, E ) [Slatyer *15], new: sce also ExoClass)
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DM Energy injection

From Injected to Deposited: clustering can matter

3o Jfe(z) for xx — ete™ istyeris)
e Energy deposition  as fn of Ej; of 1 member of e e~ pair and zs,
efficiency channel =

. . 3
includes contribs. L o
from particles )
injected at all z'>z -
v
e Boost at late times = 06
due to structure £ 10°
. ©
formation e 0.4
dE(z) (ov)
dEz) _ 0.2
( drdV )uueued mpm nDM(Z) [l * B(Z>]
dn( M Z) 2 ) Lo ol ool s il 0
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Energy (eV)
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DM Energy injection

From Injected to Deposited: clustering can matter

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

O — J(2) + g(2), mpm = 130 MeV
o Energy deposition w 0y w0y
efficiency channel = 310t == S+ Bya(e)) moss = 130 MoV
. . IS . = [(2)(1 + Bwis(2)), mpy = 10 GeV
includes contribs. g 02201+ Bes(2)),mons = 10 GeV
from particles %
. . c
injected at all z'>z g
[%]
qS)_ml
e Boost at late times =
due to structure e
. 107
formation | Mo = 10720
107
1 T 2 1 \3
dE(z) B (ov) , © 145 0 1111 0
didV [ g _ mow oui i
B(z) fn(M, 2), Yo /dz' (1+B()| (2,7, E)
o | | 1 {
Frk { ;
& . #£E@0+B()]
e astro uncertainties for see e.g. [Sthuyer'12

21cm signal
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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,...]

10—23 Planck TT,TE,EE+lowP
WMAP9
CVL

. 10_24 Possible interpretations for: . .. . .
T AMS-02/FermiPamela @ This energy injections can modify the
& Fermi GC Lt . . .
B 102 history of recombination and affect
O, E . .
= CMB temperature and polarisation
S . .
= 102 | N Thermal relic | anisotropies
<< s
10727 vd 4 mpwm [GeV] | 0.001 | 0.009 | 0.13 1.1 10
‘ . (o) [em®/s] | 10720 | 1072 | 10728 | 10727 | 1072¢
1 10 100 1000 10000
my[GeV]
~ Dann = feff<UV> /mDM < 4.1 10_28 CmS/S/GCV at 95% CL (Planck'15]
similar to new [Planck’18] results

o & = =
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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,...]
T

fert (ov) [em®s™1]

10~23 | = Planck TT.TE,EE+lowP
WMAP9
-- CVL
10724 Possible interpretations for: i
— AMS-02/Fermi/Pamela
Fermi GC
1072 g - E

@ This energy injections can modify the

10—27 -

10720 F /

history of recombination and affect
CMB temperature and polarisation

Thermal elic | anisotropies
] mpwm [GeV] | 0.001 | 0.009 | 0.13 1.1 10
" (o) [em®/s] | 10720 | 1072 | 1072% | 10727 | 1072¢

1 10 100
my[GeV]

1000 10000

~> - Dann :f(ﬁf<UV>/l’l’l[)M < 4.1 10_28 CmS/S/GeV at 95% CL (planck'15]
similar to new [Planck’18] results

@ 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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DM energy injection: earlier heating

1023 f = Planck TTTE EE+owP
WMAPY

-ovL

o Possible interpretations for
= 10 —  AMS-02/FermilPamela 3

w — Formi GG

-
8 10> J
=
L3

26 Thermal relic _|
E 10 3

10-27 o
v [Planck15]
2. " n
1 10 100 1000 10000
my[GeV]

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

== Planck TT,TE EE+lowP
WMAPS
- CVL
— 10~ Z;s:ble-memre‘a\ions for:
it — -02/Fermi/Pamela
——Fermi GC

=
% [LLH, Mena, Moline,Palomares,Vincent 16 ]
E Thermal .
No DM ann
) Planckts] £ mpy = 10 GeV
v A L ! e mpy = 1.1 GeV
1 10 100 1000 [ mpy = 130 MeV
my[GeV] o mpy = 9 MeV
— mpy =1 MeV
—200
e Suppressed L
absorption £
. g s
o Imposing some Aw|
. 3 !
maximal §Tb R} |
could constrain DM el d
. . . 10 15 20 25 30
annihilation 5

Laura Lopez Honorez (FNRS@ULB & V

see also [Valdes13, Evoli14, D’Amico18,Liu18]
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Planck TT.TE,EE+owP
WMAPY

earlier heating

on Beware!
= Possible interpretations for: .
=07 S rmianee large astrophysics
w Fermi GC. . .
- uncertainties
£ 107
= [LLH, Mena, Moline,Palomares,Vincent 13 ]
5
~ -2 Thermal r
£ ' oS
10727 g - No D'\f :';"(‘; v
[Planck13] £ mpy = e
2 L L i mpy = 1.1 GeV
L e Ly 000 o f3 mpy = 130 MeV
my[GeV] i o = 9 MeV
—  mmi=1MeV
10*
1 HERA 127
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10°F ] SKA
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DM energy injection: earlier heating

10-28 Planck TTTE EE+lowP.
WMAPS
- oL

0 e
w‘a Fermi GC
5o 10722 gr—r—rrrmmr—r e
5 E Delayed deposition [D’Amico18]”” 7
< o Tremaiete 1073 [ Ty = ~100 mK i
e F E
10727 107 E
> [Planck15] . F 1
AR . ! 2 0L
1 10 100 1000 10000 E E <(7-v>m\m0 E
my[GeV] o L 3
£ 107
= £ k|
£ 107
e Suppressed - 3
absorption 0=y Smooth
] C Boost 1
—29 L J
. Irnpgsmg some 10 Boost 2 3
maXImal 8Tb 10—30 TR A R T S R TTT SR T TR SRR TR HH:\
could constrain DM 102 10t 1 10 10 10°
annihilation DM mass Mpy in GeV

see also [Valdes13, Evoli14,LLH16, Liu18]
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DM Energy injection

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

log1ofeer

(spherical) with 0 i N
Li(2) = Diaa rin(z) (M f(E), _ag) ekorial N
Merit 1 ) 1 2 3

log1o(Mpgn/Mo)

SN _7zy( MpBH np(2) verr(2) \ 7
(il ®< 10]W®> <lcm_3> (IOkm/s)
e imposing some maximal Tx, Hektor et al could constrain
PBH with mass ©(10)Mto be less than 1-0.001 of the DM
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Astro Uncertainties: Halo mass function

For 6T}, and A,;, we make use of 21cmfast. [Mesinger'10]
~ dependence on halo mass function, 7, Cx, N,. In particular, the ionization,
heating and excitation critically depend on the fraction of mass collapsed in halos

M dn(M,z)
> M) = — ——dM
fC()ll( vu‘) e 0 M )
@ W13: our default for CDM
L A " e — annihilation analysis
== Sheth-Tormen =

WL proseScnechir 3 @ PS: underpredicts d”(M ) at

108 = large M and z and overpredlcts
NQ ‘ 1015 20 25 30 dn(M 2) at low M and 7
s 10° N
S @ ST: default 21cmFast: slight
™ 1 . .
= ! overestimation compared to

Simu. at large Z see e.g. Watson’13

~~ PS — W13 — ST: astro sources
switch on earlier
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DM Energy injection

Astro Uncertainties: Threshold for star formation

M dn(M,z)
Jeol (> Myir) = — am ,
Mvir ’OO
10°
Watson'13
. == W 13 Toir T
Threshold for efficient star 100 o e e 2
) 4 - Watson'13 Ty, = 10 Tuirg E
formation: Tyir > Tyir o = 10" K " e IR
’ ST S
(= 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 M 100
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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NCDM and delay in structure formation

Non-Cold Dark Matter and the delay of structure formationJ
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NCDM and delay in structure formation

NCDM linear regime: suppressed power at small scale

m WDM: free-streeming (collision-less damping): collisionless particles can stream
out of overdense to underdense regions

m IDM: collisional damping (Silk damping): damping length associated to diffusion
processes (depend distance traveled by coll. particles during random walk)

i
}
H
i
i
Vi
Vi
|
i
|

| | | i \
5 10 14 50 100
k[hMpc']  [Schewtschenko’ 14
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NCDM and delay in structure formation

NCDM linear regime: suppressed power at small scale

m WDM: free-streeming (collision-less damping): collisionless particles can stream
out of overdense to underdense regions

m IDM: collisional damping (Silk damping): damping length associated to diffusion
processes (depend distance traveled by coll. particles during random walk)

Tx(k) (Px(k)/Pcom(k))'/?
= (14 (axk)®)/"

with v = 1.2 and define the scales

0.48
@ aypy x (o1pM/mpm) [Bhoem’01]
for IDM with v induced damping

awpm X (I/WLWDM)I'15 [Bode’00]

@ half mode mass : Tx (ki) = 1/2
~ My = Mpyn(oom/mpm) of My, (mwom)

~» IDM & WDM suppress power at small scales 5‘0 : o L

(large k) characterized by ax or equiv My, KhMpc™]  [Schewtschenko’ 14
functions of O'IDM/W[DM OI Mwppm see also [Murgia’17-18]
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NCDM and delay in structure formation

NCDM non linear regime: less low mass haloes

At low redshifts, DM pertubations in the non linear regime
~ use Press-Schechter (PS) formalism (ps74, Bonao11 to match N-body simu.:
dn(M,z)  pmo dlno™!
a2 amm 7

@ We use the first crossing distribution f (o) of
Sheth & Tormen (sT99-+1.

@ 02 = 0*(Py,(k), W(kR)) is the variance of
linear perturb. smoothed over R(«+> M)
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NCDM and delay in structure formation

NCDM non linear regime: less low mass haloes

At low redshifts, DM pertubations in the non linear regime
~ use Press-Schechter (PS) formalism (ps74, Bonao11 to match N-body simu.:

~1
dnM,2) _ pmo dlno” . ——
am M2 dinM IOM [Eq, (53] ——
IDM [Eq. (5.4)] ——
COM e
@ We use the first crossing distribution f (o) of £
Sheth & Tormen (st 99+1. s \
@ 02 = 0*(Py,(k), W(kR)) is the variance of é
linear perturb. smoothed over R(«+> M) =)
@ from CDM to Non-Cold DM
[Schneider’ 12, Bhoem’ 14, Moline’16]
dn(M,z) dn(M, z) 109 sl s
T]‘d, = FIDM(Mhm) X TM 1 * Mzoo'[h" Mg] ' '
DM CDM [Moline’16]

~ suppression of the halo mass function for WDM, IDM

can be described as fn. of My, (mwpm) or My, (oM /mpy) BUT
more low mass haloes in IDM than WDM at fixed Mhm see also [VogelsBerger’ 15]
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NCDM imprint on reio, satellites and 21cm

Number of MW Satellites

we worked with a number of MW satellites galaxies: Ng}l’f =54

(11 class., 17 DES, 17 SDSS, 9 others). Extrapolation to the entire sky:
Nga1 > 85 at 95% CL [Newton'17] and [Bechtol'15, Drlica-Wagner’ 15, Ahn’ 12, Koposov'09]. From (kim'17)
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NCDM imprint on reio, satellites and 21cm

Number of MW Satellites

we worked with a number of MW satellites galaxies: N"}l’f =54

(11 class., 17 DES, 17 SDSS, 9 others). Extrapolation to the entire sky:
Nga1 > 85 at 95% CL [Newton'17] and [Bechtol'15, Drlica-Wagner’ 15, Ahn’ 12, Koposov'09]. From (kim'17)

Mhost dN 10-9
sub
Nga = / flum( ) dM ] Nga > 85 2
min X —
3 2
@ dN/dM is the subhalo mass funtion, 8 5 B
= ——
£ il
DM CDM =
dN i Vsub = Fipm ( M, ) dN sub E 4 —E
am "dM < 3
Q 10—10 5 Eg
. . 2
® flum(M) fraction of subhalo of a given ¢ 6

mass hosts a luminous galaxy. We use 08 1.0 1.2 1.4
[Dooley’16].

6 1.8 20 22 24 26

(O'IDM/mDM) <8x 10710 (O'T/GCV)
mwpm > 2.8 keV

Improves on opy previous limits by a factor ~ 10 Bhoem’ 145
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NCDM imprint on reio, satellites and 21cm

NCDM cosmo. imprint: delay reionization

imprint similar to [ Sitwell’ 14, Bose’ 16, Safarzadeh’18, Lidz’18, Schneider’ 18, Stoychev’19] and
for different approach [Barkana’01, Somerville’03,Yoshida’03, Yue’12, Schultz’ 14, Dayal ’ 14+, Rudakovskyi’ 16, Lovell’17]

@ Jonization level at z ~ Zj:

_ . : o

Xi 2 Cuvfeon With feon = feon (> MIE") = [ min o - dM .
@ Optical depth to reionization:

7 = or [ X;n,dl and Planck: 7 = 0.055 £ 0.009 (Aghanim'16]
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NCDM imprint on reio, satellites and 21cm

NCDM cosmo. imprint: delay reionization

imprint similar to [ Sitwell’ 14, Bose’ 16, Safarzadeh’18, Lidz’18, Schneider’ 18, Stoychev’19] and
for different approach [Barkana’01, Somerville’03,Yoshida’03, Yue’12, Schultz’ 14, Dayal ’ 14+, Rudakovskyi’ 16, Lovell’17]

@ Jonization level at z ~ Zj:

_ . : o

Xi 2 Cuvfeon With feon = feon (> MIE") = [ min o - dM .
@ Optical depth to reionization:

7 = or [ X;n,dl and Planck: 7 = 0.055 £ 0.009 (Aghanim'16]

Gov =55 and T = 10°K obtained with 21emfast

10 ayon = 1071 oy 2y
N — o =5%x10"00;
0.9 E oon = 1078 o722
Within our framework: i H e
0.7 ' )
NCDM can suppress structure 06
formation at small scales T 05
~ reduces X; 0.4
0 0 0 0.3
~ can delay reionization o
for low WDM mwpym or large opm o1
) .
0.0,
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NCDM imprint on reio, satellites and 21cm

Astro degeneracies: (yy, Tf}ﬁ” allow for higher/lower o.,cpm

The ionization efficiency (yy parametrizes the number of ionizing photons per atom
to be ionized. In the 21cmFast code, regions are ionized when (yyfeon > 1.

T = 10°K and o,py = 5 x 107 o528

Cuv =80

L0 — Qv=5

0.9 Cov =30

{11 Gumn-Peterson (errors x100)
0.8 131 Lya emmission

0.7
_06
05
0.4
0.3
0.2
0.1
0.0}
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NCDM imprint on reio, satellites and 21cm

Astro degeneracies: (yy, Tf}ﬁ” allow for higher/lower o.,cpm

The ionization efficiency (yy parametrizes the number of ionizing photons per atom

to be ionized. In the 21cmFast code, regions are ionized when (yyfeon > 1.
Threshold for halos hosting star-forming galaxies:

. . min 3/2
M d min T -3/2
Jeon(> My") = fM{,‘;ﬁ“ om0 dTyil dM and My (z) ~ 10° (2><104 K) (%) Mo

Cuv = 55 and aypy = 5 x 1070 o7

Tmin = 10'K

5 x 10K

0.9 T =10°K

08 111 Gumn-Peterson (errors x100)

4 Lya emmission

Important degeneracies between astro (yy, 73" and IDM effects.

see also [ Sitwell’ 14, LLH’17] for WDM
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NCDM imprint on reio, satellites and 21cm

Constraints from Reionization and Ny,

Final contour profiling over T, in red while vertical lines are the MW
satellites constraints

1071 10710 1070 1078
oypm/mpm [07/GeV]

Satellite nb count put the strongest constraints )
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NCDM imprint on reio, satellites and 21cm

Constraints from Reionization and Ny,

Final contour profiling over T, in red while vertical lines are the MW

satellites constraints
80

70,

107" 10710 107 1078
aypm/mpm [07/GeV]

Satellite nb count put the strongest constraints J
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NCDM imp: on I atellites and 21cm

21cm could help to discriminate between Non-CDM

6.3 % 10710 0y 2

"< 10°K mwpy = 2.15keV

100K 0,0 = 7.9 % 101 gy 2
5% 10°K mwpa = 5.17keV

5% 10'K CDM

N :  TIT Gunn-Peterson (errors x100)

0.7F ° 434 Lya emmission

w
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NCDM imprint on reio, satellites and 21cm

21cm could help to discriminate between Non-CDM

Cov = 55, T = 10°K

1 HERA350
10°
<
E 10!
L 100
<~y
o
107!
0 /\
< —0
E
=—100
<
150 — opu=63x10""0p (42)
--- mypy = 2.15keV
CDM
5 10 15 20 25 30

z
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NCDM imprint on reio, satellites and 21cm

21cm could help to discriminate between Non-CDM

Cov =30, T" = 5 x 10'K

N 10%
<
£ 10
~ 100
=
B
107!
0
P =
< 50
£
5100
<
—150 oo = 7.9 x 107 oy (B2)
mwpy = 5.17keV
CDM
5 10 15 20 25 30

z
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NCDM imprint on reio, satellites and 21cm

Caveats NCDM

@ HMF considered validated at z = 0 only seee.g. (Moline’16] ~> needs simu to larger z.
See however [schneider 18] for z > 0.

@ Whatif ¢ = (yv(z)?
~ even (py(z) such that x; =x(z
good knowledge of (yy using e.g. Pay [sitwel’13]

(Z) WDM )CDM

might be discriminated but needs

@ SN feedback ~ eject cold gas from galaxies, can inihibit ionizing -y production
see e.g. for WDM+SNfb [Bose’16]

@ Lack of minihaloes in WDM could suppress the average number of
recombination/H atom ~» WDM get earlier/similar reionization than CDM
Barkana’01, Somerville’03, Yoshida’03, Yue’12, Schultz’ 14, Dayal ’ 14+, Rudakovskyi’16].

@ st galaxies to form more massive& more gaz rich in NCDM ~~ larger nb. of
ioniz. v compensate the halo suppressed formation see (Lovell’17, Bose’16-17, Dayal’17]

@ etc
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Conclusion

Cuv = 55, T = 10°K
I HERA350
0
50 No DM ann
é ) — mpy =10 GeV
o100 mpy = 1.1 GeV
= — iy = 130 MeV
15| Suppressed —  mpy =9 MeV
absorption oy = 1 MeV
Ofp—
10
& Suppressed P
£ contrast <
o E
G 100 =100}
o 5
PS, — opu =63 x 10" oy (B3
“w} ! Xrayheating peak —150 \. Dy ‘ T (2%)
| when IGM in emission % N/ e mwow = 215KV
1o 2L_i  comparedto CMB con

10 0. 2 % 30, 5 10 15 20 25 30

@ 2lcm cosmology is opening a new window on the early universe

@ DM scenarios such as Annihilating DM (PBH) and NCDM can potentially
leave a distinctive imprint such as modifying the position and the deepness of
the absorption trough/ peaks in the power spectrum.
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Thank you for your attention! )
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Backup )
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1p

WIMP versus FIMP: Simple picture

DM abundance: Freeze-out

log1oY
logioY

Bernal et al. ‘17 oo mDM/T
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WIMP versus FIMP: Simple picture

9 mpm 0.2pb Typical cross-section
Qh” ~0.12 x 100GeV probed by indirect detect®
€ <UU> searches or CMB
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WIMP versus FIMP: Simple picture

DM abundance: Freeze-out verfé reeze-in (through de@‘\

Bernal et al. ‘1% ' foarox YﬁDM/T \ ' foarex ‘ ma /T /
600 GeV'\> MpM
Qh? ~ 0.1 ( ( )
) < ma ) 10 keV

2
B y~10"% o Ta~ T ma
—{ : g 8m
B X

Laura Lopez H z (FNRS@ULB & VUB) DM in 21cm sky May 21, 2019
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WDM constraints on FIMPs

See Heeck et al *1706 and *1709

m WDM: free-streeming (collision-less damping): collisionless particles can stream

out of overdense to underdense regions

10

-

X -

g0 \ 1y
H \
& \
= \ 1
= Warmer 4.65 keV| \ \
04 T\ \
thermal relic | | \
excluded
4
\ \
0 \ \
VA
Y \
107 107 162 10° 10
klh/Mpc]

smooth out inhomogeneities for A < Apg =

10 v
o adt

~ particles relativistic at the time of decoupling can
give substancial \pg

S@ULB & VUB)
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WDM constraints on FIMPs

See Heeck et al *1706 and *1709

Q®  ofom dfom _
@ o 1r—p, =W

r=1, (=0.131
r=2, (x)=0.157
r=5, (x)=0.221
r=8, (x=0.247
Te=0.25/3

logyo [X*F(X)]

May 21, 2019
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A word of Caution: beyond the simple picture

ways to break (ov)o>(0V)oday <> Odirect,coll 17 J

@ Depending on DM properties (odd Z, assumed) and on the portal:
velocity dependent annihilation
e richer DM sector with coannihilations (Griest & seckel *90]
e annihilation near thresholds and resonances (Griest & seckel *90]
e annihilation into light mediators
(Sommerfeld enhancement [Hisano *04, Cirelli 051, Secluded DM (pospelov *07)

e non WIMP, non “standard” Freeze-out or stability other than Z;:
freeze-in , co-annihilation without chemical equilibrium, dark freeze-out,
reannihilation, semi-annihilating DM, asymmetric dark matter, ALP, SIMP, ...

Laura Lopez Honorez (FNRS@ULB & VUB) DM in 21cm sky May 21, 2019 35/31



Why CMB constraints in very Brief

@ The CMB arises from the last scattering surface at the epoch when the universe
became transparent (z ~ 1000).
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Why CMB constraints in very Brief

@ The CMB arises from the last scattering surface at the epoch when the universe
became transparent (z ~ 1000).

@ Dark matter annihilation (or decay) inject energy within the dark ages
z ~ 10 — 1000 can ionize, excite and heat the gaz.

DM .

o S A,

DM {'\/ \
ionization 2 inverse-Compton

X image from A. Vincent
time fimag !

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

temperature and polarisation spectra probed by Planck, SPT, ACT, WMAP....
~» constraints on the DM viable parameter space
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Why CMB constraints in very Brief

@ The CMB arises from the last scattering surface at the epoch when the universe
became transparent (z ~ 1000).

@ Dark matter annihilation (or decay) inject energy within the dark ages
z ~ 10 — 1000 can ionize, excite and heat the gaz.

DM .

o S A,

DM {'\/ \
ionization 7) inverse-Compton

X image from A. Vincent
time fimag !

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

temperature and polarisation spectra probed by Planck, SPT, ACT, WMAP....
~» constraints on the DM viable parameter space

@ Advantage of CMB compared to other DM annihilation probes: Bgd constraints
do not suffer astrophysics uncertainties such as e.g. local ppy
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From injected energy to deposited

see e.g. [Ripamonti’06, Slatyer’09, Valdes’10, Evoli’ 12, Slatyer’12, Galli’13, Weniger’ 13, Slatyer’15, Hongwan’16]

DMx ) = £i(2) (

f=(z) = energy deposition efficiency
per channel = amount of energy
absorbed by the medium at z
including contributions from
particles injected at all 7/ > z

(obtained using tabulated transfer fns
T¢ (Z, ZI7 E) [Slatyer ’]5])

Laura Lopez Honorez (FN

dE.(x

smooth
:2) )
dtdV injected

Zcft(z) for XX — €+€7 [Slatyer’15]
as fn of Ej,; of 1 member of ete” pair and zups

10°

10?

Redshift (1+2)

DM in 21cm sky

L T E O EAP EP R I
10* 10° 10° 107 10° 10° 10'°10'"10"

Energy (eV)
May 21, 2019
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From injected energy to deposited

see e.g. [Ripamonti’06, Slatyer’09, Valdes’10, Evoli’12, Slatyer’12, Galli’13, Weniger’ 13, Slatyer’15, Hongwan’16]

d (x, smooth
w2 =40 (o)

injected
> Selz) for xx — ete™ [Slayers]
as fn of E;,; of 1 member of e e™ pair and z,s
f=(z) = energy deposition efficiency

per channel = amount of energy 1.0
absorbed by the medium at z -
including contributions from '

particles injected at all 7’ > z 06
(obtained using tabulated transfer fns 04
T¢(z,7/, E) stawyer'151) -

0 -l -l ] | ul | ]
10* 10° 10° 107 10® 10° 10"°10'"10™
Energy (eV)
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Recombination history and power spectra modified

XX ->e¥e” my=2 GeV . . . . .
R @ increased residual ionization

100
<0 v>= 1028emd/s =====
<0 v>=10%em3s —=—
<0 vs= 1028cmifg =====
10! <0 v>= 10%ems

Xe

104

1+z
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Recombination history and power spectra modified

XX ->e¥e” my=2 GeV . . . . .
R @ increased residual ionization

10 3 .
e i e affects the optical depth 7 to
<o v>=10%cm¥s —-— ] . . .
<0vom 10Bamlfs === ] recombination with:

101 E <0 v>= 10%ems

T = —07Nn.a

Xe

and the visibility function

8(z) = —texp(—7(2))

102 1 = probability that a ~y last scattered
1+2 at z, very peaked around z ~ 1000

~> broadening of the last scattering surface
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Effect on the CMB power spectra

XX ->e*e” my=2GeV z=10

10000

mp A

CTTI(I+1)/(2M) [uK?3]

ov=10%cms = = =
ov=102cm3s ===~~~

WMAP 9 yrdata ——+
SPT 2012 data |

100
1 10 100 1000

broadening of the last scattering surface :

@ attenuates of correlations at small scales (large 1) (padmanabhan’0s).
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Effect on the CMB power spectra

XX ->e*e” my=2GeV z=10

10000 T T T 1000
100
& &
N PN
= 3
c ; =
o ~ L o
= 1000 ~I_ } 4 = 1
z i 3
- w
':_ S w_ 01
(&) ; (&
[§;
II‘
ov=10Zems — = - % 001
ov=102%cm?s =~~~ \E
WMAP 9 yr data +—— o
SPT 2012 data | L
100 I I ! 0.001
1 10 100 1000

broadening of the last scattering surface :

XX ->e'e” my=2GeV z=10

ov=102%em%s = = =
ov=102%em?s =~~~
WMAP 9 yr data +—+—i

@ attenuates of correlations at small scales (large 1) (padmanabhan’0s).

1000

@ increases the polarisation fluctuations and shift the EE (TE) peaks at large scale

[Padmanabhan’05].

@ULB & VUB)
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In practice how to proceed

@ What does DM annihilate into?:

e neutrinos ~» escape constraints from CMB
o ff, v, WrW—, ... ~ et e, usingesg. [ Pythia, Mardon’09, PPPCADMID]
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In practice how to proceed

@ What does DM annihilate into?:

e neutrinos ~» escape constraints from CMB
o ff, v, WrW—, ... ~ et e, usingesg. [ Pythia, Mardon’09, PPPCADMID]

@ Rate of heating or ionization depends On sce e.g. [ Chen’03, Padmanabhan’05, Galli’ 13]

. Xi(2) dE
f(Z) - H(Z)(l + Z)nH (Z) (dldV) deposit

Xi(z) = fraction of injected energy into i = heat, ionization, excitation
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In practice how to proceed

@ What does DM annihilate into?:

e neutrinos ~» escape constraints from CMB
o ff, v, WrW—, ... ~ et e, usingesg. [ Pythia, Mardon’09, PPPCADMID]

@ Rate of heating or ionization depends On sce e.g. [ Chen’03, Padmanabhan’05, Galli’ 13]

1¢4 dE
Flo) = X ( )
H(Z>(1 + Z)nH (Z) drdV deposit
Xi(z) = fraction of injected energy into i = heat, ionization, excitation

@ From injected energy to deposited
see e.g. [Ripamonti’06, Slatyer’09, Valdes’ 10, Evoli’12, Slatyer’12, Galli’13, Weniger’13]

2 .
dE dE npy{ov) annihil
(dth) =J@) (dtdv>.. /(@) 1/ o
deposit inject Npm /TDME decay

f(z) = energy deposition efficiency: amount of energy absorbed by the medium at z
including contributions from particles injected at all 7’ > z.
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In practice how to proceed

@ What does DM annihilate into?:

e neutrinos ~» escape constraints from CMB
o ff, v, WrW—, ... ~ et e, usingesg. [ Pythia, Mardon’09, PPPCADMID]

@ Rate of heating or ionization depends On sce e.g. [ Chen’03, Padmanabhan’05, Galli’ 13]

F(2) Xi(z) ( dE ) @ (142)"/?  s-wave ann
= i(z
H(Z>(1 + Z)nH (Z) drdV deposit (1 + Z)75/2 decay
Xi(z) = fraction of injected energy into i = heat, ionization, excitation

@ From injected energy to deposited
see e.g. [Ripamonti’06, Slatyer’09, Valdes’ 10, Evoli’12, Slatyer’12, Galli’13, Weniger’13]

2 .
dE dE npy{ov) annihil
(dth) =J@) (dtdv>.. /(@) 1/ o
deposit inject Npm /TDME decay

f(z) = energy deposition efficiency: amount of energy absorbed by the medium at z
including contributions from particles injected at all 7’ > z.
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Minimum Halo mass

B(z) o /M d”% < am / r) dmrtdr

min

No DM ann

Main halo = 1075 M
== My pato = 10750,

Mipin halo = 1072 M,

5T, (MK)

—2
200 10 15 20 25 30

Even for My, = 1073 My 2
~ X-ray heating peak &
(partially) in emission for 3l

=
mpm = 130 MeV = ,’
0L !
1000
!
1
10
1
1
102 ' ' ' : :
10 15 20 % 30
z
DM in 21cm sky May 21, 2019 41/31
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Halo Contributions- Substructures

In practice we have made the substitution:

vir

pz(r) Arr? dr

Rie 2 M dngyy e, 2
— p°(r)4mr®dr + ——dm Psab (Fsub) 47 i drsu
0 My A 0

No DM ann
L A S o dngy /dm = AJM (m/M)~®
M ~ = mpy = 130 MeV No Sub P ] S sub ’
i 10°F o 130 MoV Sub K w| we set A = 0.012 (sanchezConde'13) and
«E;‘ - 1071520 25 %0 o = 2 for largest effects
- . e effect of subhalos more
significant for 130 MeV

10° but X-ray heating peak still fully

10~ in emission.

1072

10 15 20 25 30
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Theoretical uncertainties and experimental forecasts
@ Large astro uncertainties (green region = varying Ny, Cx, dn/dM, M.;,).

@ Assuming complete foreground removal (using 21cmSense)

e promising sensitivity for z < 16 for default model

10* L S T
I HERA 127 ——No DM ann.

HERA 331 mpy = 1 MeV

10°-§ SKA mpy = 9 MeV

- = mpy = 130 MeV §
mpy = 1.1 GeV
- = mpy = 10 GeV

10 15 20 25
z

Laura Lopez Honorez (FNRS@ULB & VUB) DM in 21cm sky May 21, 2019
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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 0
== Watson13 (x = 0.01 (x
- Watson'13 (x = 100 (x

100

3T, (mK)
|

—10f |

10 15 20 25 30

30

1072

Cx,0 = 1056M61 “ Ny ~0.1

opez Honorez (FNRS@ULB & VUB)

DM in 21cm sky

increasing (x
~> earlier X-ray heating

@ less pronounced dip in 67},

o earlier X-ray peak in Py;

May 21, 2019 44731



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 o
wil =" Watson13 N, = 0.1 N, -
... Watson13 N, = 10N, £ T
s 100 -
- 10% > 150
Increasing N,, o o
(d . . J ) ME 102k 10 15 %() 25 30
riving Jo +): E ) :
. = :ﬁl Lo 7
@ deeper trough in 67} S AV
: . i
o carlier Ly, peak in Py !
1071 .l.
L
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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EDGES result of observation

e First detection of an absorption

-100

trough at 78+/-1 Mhz (z~17) with
amplitude 0.5+0-2., ;K at 99% CL. 2%

e Stronger absorption than
predicted

Teys!Tg> 15 insteadof 7
e Needs a larger bgd radiation

temperature or a lower gas
temperature as T¢"" ~ T

Laura Lopez Honorez (FNRS@ULB & VUB)

-300

T [mK]

-400

-500

-600 -
50

60

z~ 17
1

T51" (AcDM)

best

157" (EDGES)

70 80 90
Frequenc?, v (MHz)

[credit: Kovetz] see also [Bowman18, Barkanai8]
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EDGES result of observation

0.2 ,
Revised temperature evolution
X-ray heating [Venumadhav 18]
0 O ......................... —
=)
\
- \
o —0.6 \ 60-99 Mhzf\ . N
\ / Altering the description
-0.8 “‘ EDGES ,I,’ of foregrounds [Hills18]
\\\ y
-1.0 i b3 ,/' ]
S~eo--"" 51-99 MHz 1
_ 1 ) ) ) ) [credit: ﬁuderman]
'210 12 14 16 18 20 22 24
Z

DM in 21cm sky
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Imprint of NCDM

Halo suppression leads to delayed astro processes giving rise to 21cm
features. Can be constrained by:

Cx =5 % 10/ My, f. = 0.01, T = 10° K

10%
@ imposing large enough Lot
Ly-a coulping is-1s1 $
Ta(2=20)21 o’
ST, (1 _ Tcwm) _ ot (1 B TCMB) 107!
Ts 1+ Tyor T 20 —
0 i
3 3 —20
@ imposing early enough 2
absorption [schneider'18] = —60}
5 —sof h
—100} )
5 min —120- |
Z( Tb ) >17.2 —140 L ‘ ‘
10 15 20 25 30

Beware important degeneracies with 7" f, and (x
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Imprint of NCDM

Halo suppression leads to delayed astro processes giving rise to 21cm

features. Can be constrained by:

@ imposing large enough
Ly-a coulping is-1s1
Ta(2=20)21

5T, (1 B Tcwm) __ Ttot (1 B TCMB)
Ts 1+ Tyor T

@ imposing early enough
absorption [Schneider’ 18]

(8T > 17.2

0T, (mK]

Cx =5 x 10 /M, f. = 0.01, T8 = 10K

Beware important degeneracies with 77", £, and (x

20 - T
0 . .
1 | —— 17—
—20 |
—40f 1 1
60— ) |
—80} !
—100} ' '
—120} | |
140 L i .
1 15 20 25 30
z
min
May 21,2019 47/31
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Imprint of NCDM

Halo suppression leads to delayed astro processes giving rise to 21cm

features. Can be constrained by:

- <_X‘ =5x 105“/1\1@,,& =0.01,7m0 = 10°K
@ imposing large enough Lot
Ly-a coulping is-1s1 § |
Ta(2=20)21 1’
ST, (1 _ Tcwm) _ ot (1 B TCMB) 107!
Ts 1+ Tyor T 20 : :
0 : : ]
. . ool ‘ :
@ imposing early enough I ‘ J
absorptlon [Schneider’ 18] :‘? —60} | J
5 80 ) |
—100} | : J
i —120+ | |
Z(6Ty™) > 17.2 140 L L ‘ |
1 15 20 25 3
Beware important degeneracies with 77", £, and (x
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Imprint of NCDM

Halo suppression leads to delayed astro processes giving rise to 21cm

features. Can be constrained by:
Cx = 10%/Mo, f. = 0.01, T = 10°K

@ imposing large enough
Ly-a coulping is-1s1
Ta(2=20)21

5T, (1 B Tcwm) __ Ttot (1 B TCMB)
Ts 1+ Tyor T

@ imposing early enough
absorption [Schneider’ 18]

Ta

0T, [mK]

(8T > 17.2
Beware important degeneracies with 7" f, and (x

LB & VUB) DM in 21cm sky May 21, 2019 471731
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Constraints on NCDM from EDGES

fo=0.01,(x =5 x 1090

B S [

_— = 10° K

o
@ If the EDGES signal is
confirmed for a fixed astro g
setup 21 cm can provide o "
stringent constraints on
NCDM | see also Safarzadeh’ 18, Lidz'18,

Schneider’ 18]

@ To be compared with existing
limits from Ly« forest veche 171 2

mwpu > 4.65keV

(8Tmm)

and Satellite number count:

ompm < 8X IO_IO(mDM/GeV) "

10°1 10710 107 10-%
m
om [or Ry

Can be relaxed for larger f, !
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Constraints on NCDM from EDGES

fo=0.01,¢x =5 x 10M;"

— T K

_— T = 10° K

10!

@ If the EDGES signal is
confirmed for a fixed astro &
setup 21 cm can provide
stringent constraints on
NCDM | see also Safarzadeh’ 18, Lidz'18,

Schneider’ 18]

@ To be compared with existing

limits from Ly forest (veche 171 2

mwpu > 4.65keV

and Satellite number count:

ompm < 8X IO_IO(mDM/GeV) ©°

2 1 6 10 12 14

8
mwpy [keV]

Can be relaxed for larger f, !
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f(z)

High energy photons (GeV,TeV) or electrons do not deposit directly their
energy in the medium.
Their energy is degraded to ~ 3 keV isuyer13) 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
10° 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 ~ background
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Resonant scattering of Lya photons

Cause spin flip transitions

2Py

2 P,

1Fa/2

2P
2oPise

S

1Sy

01/ s P D

Figure 2. Left panel: Hyperfine structure of the hydrogen atom and the
transitions relevant for the Wouthuysen-Field effect [24]. Solid line transitions
allow spin flips, while dashed transitions are allowed but do not contribute to
spin flips. Right panel: Ilustration of how atomic cascades convert Lyn photons
into Lvar vhotons.

[Pritchard’11]
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Impact of DM with s-wave annihilation

DM imprint = earlier and uniform heating of the IGM, see also [vaidges'13, Evoli'14)

—26 —6
— oy = 10 GeV — mpy = 10 GeV
mo = 10 GeV, gue(z) = 0.22y 5% (2) Bps(z) -7 mpy = 10 GeV, grya(z) = 0.22) 33K (2) Bps(z)
—27 — = moy =10 GeV) gueu(2) = fu(2) Bwns(=) e =ty = 10GeY, i, (2) = fiya(2)Buig(z)

adiabatic cooling astrophysical sources
—— astrophysical sources

—15
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Halo mass function
Ionization, heating and excitation critically depend on the fraction of mass collapsed
in halos

M dn(M,>z)
ﬁ:oll(> Mvir) - - de
Myie po dM
102 T T . - .
Press-Schechter
10 == Sheth-Tormen

s, = Watson’13

w100 ]

0 b

o = )

=) Ne. 10° 1, ]

:: ‘,. \‘

= \SURIE ]

NE NS

<

=103 ]
10 ]
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Halo contribution from N-body simulations

— 1 [e'<) dn(M, T, 2 2
G(z) = (oo o) ﬁ S dM 288D (A qr dger? g (r) -

@ For NFW profile: /\
Jo® dranr? pag(r) = g(ca) oL -

Eﬁ
The concentration param. ca is obtained %
B
\QE

from MultiDark/BigBolshoi simulations
[Prada *11] (the fitting function is
extrapolated outside limited simul. range)

dnpalo(M,2) _ pm(2) dln o~ !
° am M2 dinM (Uv Z) )

10° 10° 10" 10° 10° 1(1“°M10” 10 10" 10" 10®

MZUU ( sun)

The parametrization of the differential mass function f (o, z) is based on the results obtained in
[Watson’12] by using the CubeP>M halofinder (CPMSO) and the Amiga Halo Finder (AHF).
We have used this fit outside the range where it was obtained, —0.55 < In o~ ! < 1.35, with

o (M, z) the rms density fluctuation, across all redshifts There could be differences of up to a
few orders of magnitude with respect to other parametrizations.

5 6 7 8
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For 21 cm signal probes: Halo Contributions- Substructures

,(mK)

)
2

0Ty, A

>

Rvir
— / P (r) dnr* dr + / Misub
0 min

47rr dr

10°

10*

10°

10*

10!

10°

107!

- NoDMann

- mpy = 130 MeV Sub 150

102

0

mpy = 10 GeV No Sub _
X 50

mpyn = 10 GeV Sub E

mpy = 130 MeV No Sub ‘ -100

10 15 20 25 30

ann. rate [Moline’16]

10 15 20 25

30

DM in 21cm sky

o dngy /dm = A/M (m/M)~
[1.9, 2] in simu [Diemand’06, Madaw’08, Springel’08]) and
we set A = 0.012 [Sanchez-Conde’13].

e We took o = 2 for largest effects
Concentrat’-o (M)~
with z dependence as o(M
e More concentrated sub ~~ factor of a few in

reduction of 10-30% ann. rate

Tvir
2 2
/ psub(rSUb) 4r T'sub drSllb 3
0

May 21, 2019

“, (o in the range

! as for haloes from [prada’12],
)ox 14z

e we checked that not overcounting tot+ sub ~~
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Previous analysis : comparison

@ With DM annihilations the
109 X-ray heating peak in the 21 cm

*+ NoDMann

I s weev - power could be lower than the
o = 106eV 0. =022 £ [ other two peaks: not for the
10° S case considered in (evoi 14 but
'N%‘ - 15 5 ok for mpy = 130 MeV and
= {ov) = 10~ cm?/s, even for
N: 10! Mpyin = 1073 M.
=}

100 @ Dramatic drop in large-scale

power between the Lya
pumping and X-ray heating
epochs. This feature is only
seen for the most extreme case
we consider.

@ The X-ray heating peak could occur when the IGM is already in emission
against the CMB: we only do reach that conclusion for the most extreme of our
cases, mpy = 130 MeV, (ov) = 1072 cm?®/s and M, =102 M.
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Evolution equations

@ Jonized fraction:

dx.(x,z) dt

dz = d72 (Aion — QA ng nbe)
o Gas temperature:
dTK(X, Z) . 2 g €q + 2TK % _ TK @
dz  3kg(1+x.) dz 5 BT 30, dz  14x dz’

e Lya background:

Jo = a,X +Jo¢7* +JO¢,DM

Laura Lopez Honorez (FNRS@ULB & VUB) DM in 21cm sky May 21, 2019
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Evolution equations

@ Jonized fraction:

d dt
L"Z @ ) on 2

o Gas temperature:

dTk (X, 2 dt 2Tk di Tx d.
k(X,2) _ aiy Zeﬁ | 27K Ty K axe
dz 3kg (1 +x,) dz

B

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

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

@ Jonized fraction and for the kinetic temperature of the gas

DhA H I
Aion|DM = fu +f He EHeI
dT| @ 2 ou
dz |y dz 3kp (1 +x,) "’

where Eyy Her are the ionization energies for hydrogen and helium and
fe = Nue/Np is the helium number fraction.

@ The Lya flux
DM
€M fya 1
A7 hvy H(ZD)ve

where v, is the emission frequency of a Ly« photon.

Joa,pm =
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This is really the end )
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