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Introduction

Dark Matter

Dark Energy

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

[m] [l = = ==
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ACDM problems?

Some Problems of Cold Dark Matter on galactic and sub galactic scales

@ Missing satellite: kyplin'99, Mooreoo) CDM fails to reproduce abundance and
properties of low mass galaxies M < 5 x 109M@ [Zavala’09, Papastergis’ 11, Kyplin'11]

@ Too big to fail: (Boytan'11, Papasiereis’1s) Subaloes hosting dwarf galaxies are too
massive to account for the galactic rotation curves (V. (r) too large)

@ Core-Cusp problem: [ebiocko7, on°11, waier'1tn CDM inner density of Galaxies
have cusp o< ¥~ with o >~ 1 newo6ete]

e Diversity of (inner) rotation curves jomar'1s] Vire(R) is not fixed by V,qx
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ACDM problems?

Some Problems of Cold Dark Matter on galactic and sub galactic scales
@ Missing satellite: kyplin'99, Mooreoo) CDM fails to reproduce abundance and
properties of low mass galaxies M < 5 x 109M@ [Zavala’09, Papastergis’ 11, Kyplin'11]
@ Too big to fail: (Boytan'11, Papasiereis’1s) Subaloes hosting dwarf galaxies are too
massive to account for the galactic rotation curves (V. (r) too large)
@ Core-Cusp problem: [ebiocko7, on°11, waier'1tn CDM inner density of Galaxies
have cusp o< ¥~ with o >~ 1 newo6ete]
e Diversity of (inner) rotation curves jomar'1s] Vire(R) is not fixed by V,qx
Proposed (partial) solutions?
e within ACDM: baryonic physics (SN feedback, etc)
@ Beyond ACDM ~~ suppress structure formation at small scales:
“Non-Cold” DM Scenarios ? Murgia’17]
o Warm Dark matter (WDM)
o DM interacting with light degrees of freedom (IDM)

see [Boehm’00+, Cyr-Racine’ 12+,Bringman’ 12+ Buckley’ 14.etc]

e also SIDM, fuzzy DM, sterile neutrinos, mixed DM, freeze-in DM

see e.g. [Murgia’17,18]

Laura Lopez Honorez (FNRS@ULB & VUB) IDM vs WDM January 30, 2019 4127



Introduction

Non Cold Dark Matter: imprint and constraints/prospects

IN THIS TALK: N
o Satellites, Reionization o -
and NCDM 2"'
o Non Cold DM suppress power :Z . - = o
on small scales o [r/GeN]

~> delay reionization + MSP
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Introduction

Non Cold Dark Matter: imprint and constraints/prospects

IN THIS TALK:
o Satellites, Reionization o
and NCDM »
o Non Cold DM suppress power :Z . - = o
on small scales ol [7r/GeV]

Gy = 55, T = 10°K

I HERA350

~> delay reionization + MSP
@ 2lcm and NCDM
o NCDM also delay in 21cm
features
o Can help to disentangle WDM
from IDM g
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NCDM Characterization

NCDM description )
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NCDM Characterization

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)
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k[hMpc']  [Schewtschenko’ 14
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NCDM Characterization

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 Characterization

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 Characterization

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]
dl’l(M Z) dn(M Z) ‘073105 T 0T I 10 10 10T 10 0% ot 108
TM, = Fiom(Mpm) X T/j Moo 1" 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 and satellites

IDM (and WDM) reionization and satellites constraints J
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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 and satellites

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)

Mhost dN 10-9
sub
Nga = / flum( ) dM ] Nga > 85 2
min X _
) o
@ dN/dM is the subhalo mass funtion, 8 5 B
= —
S i
leDM dNCDM > S
2 — Fipm (M) —22— ) 42
am am = E
s 10710 =
2 5 €
® fium(M) fraction of subhalo of a given ¢ 6
mass hosts a luminous galaxy. We use 08 1.0 1.2 1.4 1.6 1.8 2.0 2.2 24 26
MRy (1012 M)
[Dooley’16].
(O'IDM/mDM) < 8x 10710 (O'T/GCV)
mwpy < 2.8 keV

Improves on opy previous limits by a factor ~ 10 Bhoem’ 145
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NCDM imprint on

NCDM cosmo. imprint: delay reionization

imprint similar to [ Sitwell’ 14, Bose’ 16, Safarzadeh’18, Lidz’18, Schneider’ 18] 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 cosmo. imprint: delay reionization

imprint similar to [ Sitwell’ 14, Bose’ 16, Safarzadeh’18, Lidz’18, Schneider’ 18] 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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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

Cov =55

0.9 Cov =30

{11 Gumn-Peterson (errors x100)
0.8 131 Lya emmission
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NCDM imprint on reio and satellites

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 and satellites

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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Constraints from Reionization and Ny,
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satellites constraints
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Constraints from Reionization and Ny,

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

333 Lya emmission

Satellite nb count put the strongest constraints )
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NCDM imprint on 21cm

IDM (and WDM) imprint on 21cm signal )

Laura Lopez Honorez (FNRS@ULB & VUB) IDM vs WDM January 30, 2019 14727



NCDM imprint on 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) IDM vs WDM January 30, 2019 15727



21 cm signal?

s

o Transitions between the two ground state
parall spins energy levels of neutral hydrogen HI

Emitted

o:/f,/ ~+ 21 c¢m photon (v = 1420 MHz)

@ 21 cm photon from HI clouds during dark
» # ages & EoR redshifted to v ~ 100 MHz
gaekapee ~ 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 1 J.-
|

3.7I10_4 Age Univ. [Gyr] - 0.5 13.8
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NCDM imprint on 21cm

21 cm in practice

e e 21cm signal observed as
CMB spectral distortions

Radiative
Transfer
1100
103 - - credit : [Rude(man] ‘
21cm 102
Signal = 100 .
IE ~ %o -
5 | ahey ARCADE2
% 10-!- /*" \
= .~ EDGES i
g0 7 i
£ 1 6he FIRAS |
10_3: r\ Ill
0 104 i ! | il 3 |
zZ 1021 {0zt 102 {02 {0z EHEOL | (02
credit : [Kovetz ] x = /T,
- CMB
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NCDM imprint on 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)

1+z I_TCMB

oT), = 2TmK xp;(1 + 6)

0

r4 10 TS

credit : [Kovetz ]
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NCDM imprint on 21cm

The spin temperature

— TCZ%/IB + xCTl;l + xl)éTc_1

TS =
s 14+ 2.+ 24
Emmission/
absorption of CMB
photons
Ts = Teus
100 + + + + + /
. . f | e Collisions with H, e
T e Scattering of Ly-a
z® | photons (Wouthuysen-
S Ts ',' i Field effeCt)
20 \-‘;—_;r;_// TS —_ Tk

10 15 20 25 30
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NCDM imprint on 21cm

The spin temperature

1_ Tomp +acly ' +z 1,

-
s 1+ x. 4+ 24

e Emmission/
v\ absorption of CMB
= 50} phOtOIlS

100 1 TS - TCMB

5T, (MK

| - K 1 |e Collisions with H, e

r e Scattering of Ly-a
photons (Wouthuysen-
Ts » ] Field effect)

20 . 4 - TS N Tk

10 15 20 25 30
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l+z Teys
0T, = 2TmK xpyf(1 + ) [ —— | 1 ———
b i ) 10 I

—50

100 - B

5T, (mK)

—150 |

10 15 20

30

6Ty, and Ay obtained using 21cm Fast [Mesinger’10]
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NCDM imprint on 21cm

1+z I_TCMB

ST, ~ 2TmK x,/(1 + &)y | ——
b uil +9) 10 T

1 n 1
LOFAR, MWA, . HERA, SKA !
PAPER . e e
4
0 1 N\ / 1 |
]
L EDGES v
High band > :
r EDGES P
Low band '
150
1] 1
1
\ 10 ).K: 15 j 20 25 \Zill :
L 4
Reionisation 1 . XTay WF Collisional
1 heating coupling de-coupling
1
Emission : Absorption

6Ty, and Ay obtained using 21cm Fast [Mesinger’10]
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NCDM imprint on 21cm

] 1 ]
LOFAR, MWA, Vo HERA, SKA '
PAPER . "
5 N\ / 4 : | N\
1
= —G0f 1 4
X o ]
E > '
=100 1 EDGES 1 1
= X Low band :
150 " 1 1
1 1 ]
1| 1
B U 1
< . | - 1 1
£ 10'F . e 1 J
bt 3 o il 1
L . Ll 1
| \ 1 3
< i S~ —
10} i ) ]
L 1
1= 10 ' l" “[i 5 ;[l'
ol 5 2 25 30n
D N JG
Reionisation X-ray WF Collisional
heating coupling de-coupling

(821 (k, 2)d3, (K, 2)) = (27)?6P (k — K') Par (k, 2)

6Ty, and Ay obtained using 21cm Fast [Mesinger’10]

IDM vs WDM

) 3
A5 (k,z) = ﬁp'zl (K, 2)

January 30, 2019
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NCDM imprint on 21cm

EDGES and compatibility with NCDM )

Laura Lopez Honorez (FNRS@ULB & VUB) IDM vs WDM January 30, 2019 19/27



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

Revised temperature evolution
[Venumadhav 18]

==
o

1
60-99 Mhz 5~~~

g Altering the description
! of foregrounds [Hills18]
/

EDGES /,

,I
\ P
S~<----" 51-99 MHz 1
_ 1 ) ) L [credit: ﬁuderman]
210 12 14 16 18 20 22 24
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NCDM imprint on 21cm

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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NCDM imprint on 21cm

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

—100

15

min

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

IDM vs WDM

20
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NCDM imprint on 21cm

Imprint of NCDM

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

features. Can be constrained by:
Cx =5 x 107/ My, f. = 0.01, T = 103K

10%
@ 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
(6Ty™) > 17.2 ol ‘ ‘ |
Z b . —140 . L .
1 15 20 25 3
: : : min
Beware important degeneracies with 77", £, and (x
LB & VUB) IDM vs WDM January 30, 2019 21/27
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NCDM imprint on 21cm

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
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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

@ 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 17]

mwpu > 4.65keV
and Satellite number count:

ompm < 8x IO_IO(mDM/GeV)

Can be relaxed for larger f, !

Lopez Honorez (FNR!

10!

ol
Il

n
— 100

fo=0.01,¢x =5 x 10M;"

— T K

_— T = 10° K

2 1 6 10 12 14

8
mwpy [keV]
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NCDM imprint on 21cm

Future prospects for 21cm cosmology )

Laura Lopez Honorez (FNRS@ULB & VUB) IDM vs WDM January 30, 2019 23/27



NCDM imprint on 21cm

21cm could help to discriminate between Non-CDM

10-11 10°10 e ot
aypm/mpm [07/GeV]

Laura L "NRS & V! IDM vs WDM January 30, 2019 24/27



i

0.3
0.2
0.1
0.0,

X 101K aypy = 7.9 x 1071 op 223
* 10K mwpy = 5.17keV

x 10'K CDM

TIT Gunn-Peterson (errors x100)

#84 Lya emmission

z (FNRS@ULB & VUB)
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NCDM imprint on 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
< E
150 T opu=063x10""0p (42)
--- mypy = 2.15keV
- CDM
5 10 15 20 25 30

z
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NCDM imprint on 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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Conclusion

Caveats

@ 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

Conclusion: constraints on NCDM scenario

Cuv = 55, T2 = 10°K

1 HERA350

— ek
- 107

375 A% (mK)?

<

: E
20 g =—100)

—150)

107" 10710 107 107 b
Typm/mow [077/GeV]

@ IDM can suppress small scale structure formatlon
~ can affect satellite nb. count, can delay reionization and 21cm signal

@ Updated constraints from satellite number count:
(omm/or) < 8 x 1071 (mpy/GeV). Similar constraints for o, py expected.

@ Reionization: (yy, T give strong degeneracies with oy
~ only a more modest bound on oy can be obtained.

@ 2lcm: degeneracies with Cy, 7" £, .

21cm signal can provide the possibility to discriminate between the different
NCDM models and potentially lead to stringent constraints on NCDM.
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Thank you for your attention )
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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— L |
—80} !
—100} ' '
—120} | |
140 L i .
1 15 20 25 30
z
min
January 30,2019 29/27
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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
min —120 1 1 :
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]

min r
Z((STb ) > 172 10 15 20 2‘5
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:
Cx =5 x10°/Ms, f. = 0.01, T2 = 10K

@ imposing large enough 1o
Ly-a coulping is-1s1 §
Ta(2=20)21 1
ST, (1 _ Tcwm) _ ot (1 B TCMB) 107!
Ts 1+ z40 T 2 i i
0 l l
. . ool ‘
@ imposing early enough < uf ! ‘
absorption [schneider'18] :f *Zg\— 1 |
7 00} 1 \
5Tmin 17.2 —120p | |
Z( b ) > . 140 - L .
10 15 20 25

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:
Cx =5 x 107 /Mg, f. = 0.03, T = 10° K

@ imposing large enough . ot o
Ly-a coulping iz 1s1 K
To(z=20)21 1’
8T, (1 _ TCMB) __ Ttot (1 _ TCMB) 107!
Ts 1+ 2401 T 2
0

@ imposing early enough

Z 40l ‘
absorptlon [Schneider’ 18] :i :28 \_ /

(6T > 17.2 “iak

15 20 25 30

Beware important degeneracies with T:’};'”, f« and Cx
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EDGES

Experiment to detect the global EoR signatures

<
— 5,000 Measured Tb spectrum 3 0
o dominated by foregrounds from| :_
,g 3,000 g tic synchrotron emmission § -02
g g -0.4
£ 1,000 g -06 Best fit 21cm absorption signal
i [
50 60 70 80 90 100 | + 50 ) 70 80 90 100
Frequency, v (MHz) Frequency, v (MHz)
<
= 02 rm.s. =0.087 K r.m.s. = 0.025 K
g
3
IS
5 . .
g— 0.2 Residuals after fitting & Remdt;;!jssa;tz:'gr::ovmg
5 removing fgds
F 50 60 70 80 90 100 50 60 70 80 90 100
Frequency, v (MHz) Frequency, v (MHz)
[Bowman1 8]
13 Laura Lopez Honorez ULB
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Boltzmann equations and effect on CMB

arXiv:1811.11408

.115% + 49,

§ s
3

DM-X scattering rate:

fix ~ 1.0537 x 1075 a

&=

fLX = AopM—XNMDM

— ODM—X
2 Qch2 YbM-—X
mpMm

4 2
) = =20, + 40,
S0+ 46

. 5 (1 s . . i e
by =K'+ k? (3(57 = Uﬁ/) — k(0 =) — 1y (0, — Oom) . B, = k2 + K (3(),, = rr,,) — jiy (6, — fpur)

dpn = —fpu + 36,
boar = k20 — Héom — 85 i (st — 65)

dpy = —fpas + 30,

Opn = k29 — HOpat — Sy (Bons — 0,)

T 20

upyioy = 1072
oty = 107

st =0

7000f
6000f
" 5000)

& 4000

opm—x [ 100 GeV
ux =-——- 3000)
oT mpm

T
< 200
1000

0 ——
0 300 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
¢ ‘
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Reionisation Constraints at fixed 77"

vir

80
70+
60
50}
Z40
30}
20+
10+ -
ST TARTE

Tmin — 5« 10°K O'yDM/mDM [o7/GeV]

vir
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Reionisation Constraints at fixed 77"

vir

80
70t
60+
50¢
Zol
30¢
20¢ :

Tmin — 5« 10°K O'yDM/mDM [o7/GeV]

vir
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Backup

Reionisation Constraints at fixed 77"

vir

oo

1011 o0
Tmin = 5 x 10*K oyom/mpm [07/GeV]
Oy «Fr =y <2Tr E= Dac
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Astro degeneracies: Lower (yy allow for higher oypym

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

Tmin = 10°K and o,py = 5 x 107 op @2

Cuv =80
Lo e — Q=5
0.9 Cov =30

T11 Gunn-Peterson (errors x100)
Q 11l
0.8 114 Lya emmission
0.7
0.6
=

0.5
0.4
0.3
0.2
0.1
0.0
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Astro degeneracies: Lower (yy allow for higher opym

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

Ty = 10°K and opy = 5 x 1077 o783 80
»»»» Cov =380
LOp—e—ef = ez 70
0.9 B Cuv =30
TIT Gumn-Peterson (errors x100) 60
0.8 \ - {11 Lya emmission
0.7
0.6
05
0.4
0.3
0.2
0.1 L
00 ‘ ‘ ‘ X | ‘ ‘ e, 10711 10710 1079
3 4 5 6 7 8 9 10 11 12 13

z oypm/mpwm [o7/GeV]

Important degeneracies between astro (yy and IDM effects.
~ lower (yy has similar effect than higher oypym
see also [ Sitwell’ 14, LLH’17] for WDM
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Astro degeneracies: Larger T allow for higher OIDM

M dn
v1r fM"‘"‘ _0 aM am

Threshold for halos hosting star-forming galaxies: feon (>

min

Mmm( ) 108 ( Ty )3/ (ﬁ)_3/2M®

vir 2x 104K 10

Cuv =55 and a,py = 5 x 10710 o7 5

BT
T =5%10'K

0.8 PR Gmm Peterson (errors x100)
’ % 111 Lya emmission

0.4

0T o
2 oypm/tipm [07/GeV]
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Astro degeneracies: Larger 7™ allow for higher oy

Threshold for halos hosting star-forming galaxies: foon (> M) = J min % :liT’/lI am

. min 3/2 —
1n Tvir 3/2
M (z) ~ 10° <2><104K) (55) Mo

Cuv =55 and a,py = 5 x 10710 o

.... T
1.0 _._.‘\4 ..... . o
0.9 UL — T =10°K
"% TIT Guun-Peterson (errors x100)
0.8 % {11 Lya emmission
0.7
06
05
0.4
0.3
0.2 y
0.1 10 L e 7.—*"’77777‘7{ L
11 -0 iy -8
00— 10 10 10 10
z oypm/iipM [07/GeV]
lower T™i" ~ earlier reionization
~~ shifts 95% CL contours to lower (yy
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________ bukp
Imprint of NCDM

Cx =5 x 109MY, f. = 0.01 Cx =5 x 10%M1, £, =0.03

w— 010 /mprs = 107" o /GeV
. s 1D /M = 10°° o7 /GeV
- — 10 /Moy = 1071 o

w— 1y /mprs = 1078 o7 /GeV

s 1D /mpr = 107" o7 /GeV

w— 1 pr/mpar = 10710 o /GeV

— 10y /Moy = 107 @ /GeV w103 /mps =107 o7 /GeV

—ACDA

10.0 125 150 175 20.0 225 250 275 300
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Benchmark models

ax [Mpe/h] Mym [Mo)] Cuv Thin K] T
1= 6.3x 10" x mpy/GeV 0.061
TvbM (o7 x o/ GeV) 0.0071 6.9 x 108 55 10°
MWDM = 2.15 keV 0.059
1=7.9x10"1 GeV 0.064
DM * (o7 X mpy/GeV) 0.0020 3.5 x 107 30 5% 104
MWDM = 5.17 keV 0.063
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IDM collisional damping imprint on Ny, EoR and 21cm

IN THIS TALK:

@ IDM collisional damping
~~ effect on
Epoch of Reionization (EoR)
and the number of satellites?

o Satellites: Ngy > 85 at 95% CL
across the entire sky mewon'17]

@ EoR: constraints from Ly«
emmission, Gunn Peterson effect,
and Planck optical depth

Laura Lopez Honorez (FNRS@ULB & VUB) IDM vs WDM

109, (1-Qu)

o

@@

i

L4

g

Plonck
Instontaneous
Reionization

Key Observational

Constraints

® Transmission of Lya Forest
® LBG Lya Emission Froction
o Damping Wing Quasars
 Lya Dork Gops

7

6

8

Redshift

10 12

January 30, 2019

[Bouwens’15]
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IDM collisional damping imprint on Ny, EoR and 21cm

IN THIS TALK: ) S S N
E 3 ]
Tat 3 r Reionization 1
e IDM collisional damping N ut ]
~ effect on ?x 2 , Key Observational A
Epoch of Reionization (EoR) L porstraints ]
and the number of satellites? =7 1 8 Tronsmission of Lya Forest
r yo Emission Fraction ]
. [ o Domping Wing Quasars ]
o Satellites: Ngy > 85 at 95% CL T ]
across the entire SKy Newion'17] BT —
. Redshift [Bouwens’15]
@ EoR: constraints from Ly«
emmission, Gunn Peterson effect, .
and Planck optical depth 0%
£
Notice that understanding of EoR is Lot y
expected to improve with (near) future . 7 '
cosmo probe = 21cm signal W ; L
. . Redshift z
~ imprint on 21cm Cosmology? HER A 2020 set-up [DeBoer'16]
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p

other “Non-CDM” models with damping effect

Also for non thermal DM with non-negligible velocity dispersion or DM
interacting dark relativistic degrees of freedom:

1072

CDM

T | ==+ WDM (mypy —3.66 keV)
10-5 + WDM (myypyy =2.67 keV)
13 WDM (g =1.89 keV)
| — ETHOS-1
— ETHOS-2
10° F| = ETHOS-3
10-6 7 b ETHOS-4 (tuned)
500 1000 1500 2000 100 L Tor
1 [GeV] k [h Mpc™!]
Freeze-in [Calibbi’ 18], see also Goudelis talk DM- dark radiation [VogelsBerger’15], see also D. Hooper talk

Towards generalized fit to non-CDM (IDM included)? murgia’17,181
T(k) = (1+ (ak)?)Y — might be usefull enough to derive
Lya forest and MW satellite count constraints
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Number of MW Satellites

Number of discovered MW satellites extrapolated to the entire sky Ny > 85 at 95%

Mhost dN
CL [Newton’17] Nga] = Mmi; a um( )dM

—X
dNCDM o Mpeak M,
T = Ky Mo M“S‘ [Dooley’ 16].

with Ko = 1.88 x 107> M and x = 1.87.

am aMm

witha=—-1,06=0.33,g=1,c=0.6 and

M = M(z=0)and

(M/M@) = (Mpeak/MQ )0'965 [Garrison-Kimmel’ 13].

4N WDM

WO _ (1 g, ) BN

where g, = 2.7, by = 0.99. [Loveir13;.

opez Honorez (FNRS@ULB & VUB) IDM vs WDM

AN (1 4 My (] 4 M )" Ay COM

a,om/oT (GeV/mpy) at 95% CL

10710

mwpwm (keV) at 95% CL

08 10 1.2 1.4 16 1.8 2.0 22 24 2.

M2 (1012 M)

January 30, 2019
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Suppression of power at small scale: linear regime

At early time collisionless particles can stream out of overdense to underdense
regions

@ smooth out inhomogeneities for A < Apg = fot(’ ﬁdt
~ particles relativistic at the time of decoupling can
give substancial \gg

Laura Lopez Honorez (FNRS@ULB & VUB) IDM vs WDM January 30, 2019
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Suppression of power at small scale: linear regime
At early time collisionless particles can stream out of overdense t0 underdense
regions

1

@ smooth out inhomogeneities for A < Apg = fo(’ Y dt

_ oy \
~ particles relativistic at the time of decoupling can ‘J‘?,L \
give substancial \gg 1 \
@ Assuming thermal WDM (vieros ‘I“'\ »

1

Twom(k) = (Pwom(k)/Pcom(k))'/?

= (14 (ak)™) =

with v = 1.12 and the breaking scale @ \

0.1 =

0.1

k (hMpc)
1.11
o = 0.049 (50) 7 (35)"" ()" Mpe/n

[Viel’05]
~» WDM suppress power at small scales (large k)

Laura Lopez Honorez (FNRS@ULB & VUB)

IDM vs WDM
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(S)IDM: non-linear regime

(Mag0/Pm,0) dn/din Magg

3,

109 — sl sonmls s
10° 10° 107 10® 10° 10" 10" 10" 10™ 10" 10"

IDM [Eq. (5.3)]
IDM [Eq. (5.4)]

Simulations —e—

S@ULB &

Mago I Mo]

[Moline’16]

IDM vs WDM

Mdn/dlogM [r* 10" M ,Mpc *]

ratio
cocoocorn &

11 12 13 14 15
log[M/(h™* M)

[VogelsBerger’15]

January 30, 2019
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WDM solution to CDM problems?

@ WDM can potentially provide partial solutions
but strongly challenged by Ly« forest constr.
~ my > 4.65 keV (at 95%CL)

[Yeche 17] see also [Viel’ 13, Baur’ 15, Irsik 17]

all constraints from SDSS Ly-a QSO spectra BUT depends on TGy, description!
HiRes ~» good fit my ~ 2-3 keV [Garzilli’13], max lik. m:/”A ~ 8keV [Baur’'17]

z (FNRS@ULB & VUB) IDM vs WDM
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WDM solution to CDM problems?

proh

@ WDM can potentially provide partial solutions | ‘ S I:j‘j
but strongly challenged by Ly« forest constr. , " o
~ my > 4.65 keV (at 95%CL) i

[Yéche 17] see also [Viel’ 13, Baur’15, Irsik 17]

T 05 10 1

@ Similar effects/constraints for Mixed DM, ST
sterile neutrinos (non) resonantly produced, '
etc

Some Ly-« forest constraints (saur17) :
my > 3.2 keV for F,,4, > 80% (at 95%CL)
m} > 3.5keV (30)

==+ SDSS (10 bins)
— SDSS (12 bins)

all constraints from SDSS Ly-a QSO spectra BUT depends on Ty, description!
HiRes ~~ good fit my ~ 2-3 keV [Garzilli’13], max lik. m:fA ~ 8keV [Baur’'17]

m,, /keV v [Baur’17]
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-~ Bukw|
Final contours WDM

100
80r

60+

luv

40!

20}

10 15 20 25 30 35 40
my [keV]

~~ modest lower bound: my > 1.4 keV at 90% CL J

constraints on Ty could provide extra constraints on my
(=] = = = D QC
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Top hat versus sharp k cutoff scale for YCDM

k2 P(k) [h"" Mpc]

matter powér spectrum

02 (r top-hat)
0 o2 (k top-hat)

window functions
(for M and M+AM)

K2P(K) AWR(K,R(M)YAM W2(k,R(M))

Figure 4. Real-space and k-space top-hat window functions in
Press-Schechter HMF predictions for yCDM. The upper panel
shows the matter power spectrum, while the second panel shows
the Fourier transform of the two window functions (r top-hat
and k top-hat). Each window function is evaluated for two filter
masses, M and M + AM. The difference between the two filter
s is highlighted by the shaded region in each case. The third
panel shows the result of applying this differential filter to the
matter distribution. Finally, the lower panel shows the integrated
result for both window functions. The red and blue points are
the results for the specific filter mass M used in the middle two
panels.

m

~» with r-top hat filter (TH) a large

number of un-suppressed small k scales

contribute to (M)

3 ~~ not good to describe o (M) for
= e suppressed P(k) including WDM
L L 1
102 10t 10" 10° 108 107 108 108
filter mass M [h"'Mg]
[Schewtschenko’ 14]
IDM vs WDM January 30, 2019
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Backup

Characterization of the 21cm signal

The observed brightness of a patch of HI relative to the CMB at v = 14 /(1 + z) is
associated to the differential brightness temperature §7}:

- Temp 1 14z 172 0.15 12 Qg,h!2
OT3(v) j;m (1+dy) (1 - TSJ(\ H—iﬂ‘l(‘)vr/ar) (W) e 0028 mK

Fraction of neutral H Spin temperature= excitation T of 21cm line

Ts characterises the relative occupancy of the 2 HI ground state energy levels:
ny/ng = 3exp|—hvy/(ksTs)] and is driven by
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Backup

Characterization of the 21cm signal

The observed brightness of a patch of HI relative to the CMB at v = 14 /(1 + z) is
associated to the differential brightness temperature §7}:

- Temp 1 14z 172 0.15 12 Qg,h!2
OT3(v) j;m (1+dy) (1 - TSJ(\ H—iﬂ‘l(‘)vr/ar) (W) e 0028 mK

Fraction of neutral H Spin temperature= excitation T of 21cm line

Ts characterises the relative occupancy of the 2 HI ground state energy levels:
ny/ng = 3exp|—hvy/(ksTs)] and is driven by

@ Scattering of CMB photons
if CMB alone ~~ thermalisation Ts = Tcyp ~> IGM unobservable
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Backup

Characterization of the 21cm signal

The observed brightness of a patch of HI relative to the CMB at v = 14 /(1 + z) is
associated to the differential brightness temperature §7}:

- Temp 1 14z 172 0.15 12 Qg,h!2
OT3(v) j;m (1+dy) (1 - TSJ(\ H—iﬂ‘l(‘)v,‘/ar) (W) e 0028 mK

Fraction of neutral H Spin temperature= excitation T of 21cm line

Ts characterises the relative occupancy of the 2 HI ground state energy levels:
ny/ng = 3exp|—hvy/(ksTs)] and is driven by
@ Scattering of CMB photons
if CMB alone ~~ thermalisation Ts = Tcyp ~> IGM unobservable

@ Atomic collisions with H, p or e~ (when IGM is dense, dark ages)

@ Scattering of Lya photons = Wouthuysen-Field (WF) effect
(once early radiation sources light on)
~+ IGM is seen in absorption or emission compared to CMB
i.e. when Tx # T¢yp and some mechanism couples Tk to Ts
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Backup

. Tevms 1 1+ 7015 \ V2 7 b2
0Ty (v) ~ 27 pr (1 + 6) (1 T (m) (T) 02 005 mK

Fraction of neutral H Spin temperature= excitation T of 21cm line

) D m—— —
Q 50
=
S 100
=
150
10 15 20 25 30
z
6Ty, and Ay obtained using 21cm Fast [Mesinger’10]
January 30, 2019

IDM vs WDM
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Backup

. Tevms 1 1+ 7015 \ V2 7 b2
0Ty (v) ~ 27 pr (1 + 6) (1 - T, (W) (T) W 0B mK

Fraction of neutral H Spin temperature= excitation T of 21cm line

' '
LOFAR, MWA, N HERA, SKA :
PAPER e <

( L]
o}
'
S '
<
£ '
=g 100 M
B !
150 L]
L]
L]
15 20 5 30 N
D A G
' .
Reionisation 1 , 1oV WE Collisional
1 heating coupling de-coupling
'
Emission ' Absorption

6Ty, and Ay obtained using 21cm Fast [Mesinger’10]
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Backup

. Tevms 1 1+ 7015 \ V2 7 b2
0Ty (v) ~ 27 pr (1 + 6) (1 - T, (W) (T) W 0B mK

Fraction of neutral H Spin temperature= excitation T of 21cm line
' '
LOFAR, MWA, - HERA, SKA '
PAPER 4{—\ Pr—
ol —¥% N/ (v 1
1
g - i 4
E !
ey 100 |
15 |
1
1
1

S~—L—
1 i
[

: L
10 L 15 20 25 30n

\ VAN J\ / ! J

X-r:f\y WE Collisional

heating coupling de-coupling

Reionisation

(B21(k, 2)05, (K, 2)) = (27)%0° (k = ) Py (k, ) A3i(k,2) = %Pﬂ(k’z)
S91(x, 2) = 6T(x,2) /6T5(2)—1

6Ty, and Ay obtained using 21cm Fast [Mesinger’10]
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HERA reach on xpy;
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Current constraints on EoR ¢ Tb2A2 1
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Figure 9. The current best published 20 upper limits on the
21lcm power spectrum, A®(k), compared to a 21cmFAST-
generated model at k = 0.2hMpc~!. Analysis is still un-
derway on PAPER and MWA observations that approach
their projected full sensitivities; HERA can deliver sub-mK?
sensitivities.

[De Boer’16]
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Current and future reach on ¢ TlfAz 1
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Figure 4. 1o thermal noise errors on AZ(k), the 21 cm

power spectrum, at k=0.2hMpc™' (the dominant error at

that k) with 1080 hours of integration (black) compared with
various heating and reionization models (colored). Sensitiv-

[De Boer’16]
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Resonant scattering of Lya photons

Cause spin flip transitions
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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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This is really the end )
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