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ACDM problems?

Problems of Cold Dark Matter (CDM) on galactic and sub galactic scales

@ Missing sattelite: xyplin'99, Moore9s) CDM fails to reproduce abundance and
properties of low mass galaxies M < 5 x 10°M, zavala 09, Papastergis 11, Kyplin'11]

@ Core-Cusp problem: [pebiock'97, on°11, waier' 11 CDM inner density of Galaxies
have cusp o< r~® with o >~ 1 wFwos el

@ Too big to fail: oytan'11, Papaseersis 151 host of dwarf galaxies are too massive to
account for the galactic rotation curves (V,,(r) too large)
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@ Missing sattelite: xyplin'99, Moore9s) CDM fails to reproduce abundance and
properties of low mass galaxies M < 5 x 10°M, zavala 09, Papastergis 11, Kyplin'11]

@ Core-Cusp problem: [pebiock'97, on°11, waier' 11 CDM inner density of Galaxies
have cusp o< r~® with o >~ 1 wFwos el

@ Too big to fail: oytan'11, Papaseersis 151 host of dwarf galaxies are too massive to
account for the galactic rotation curves (V,,(r) too large)

Solutions?

@ within ACDM: baryonic physics (SN feedback, etc) sce ponten's ikt
@ Beyond ACDM ~~ suppress structure formation at small scales:

o (S)IDM? see [Boehm’00+, Cyr-Racine’ 12+ Bringman’ 12+ Buckley 14.etc] and also Yo, Valli.... talk!

o WDM?
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~~ effect on EoR?

o

Notice that understanding of EoR is
expected to improve with (near) future
cosmo probe = 21cm signal

o
Y

o
by

o

Hydrogen neutral fraction xy;

s

9 10 11 12 13
Redshift z
HERA 2020 set-up [DeBoer’16]
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'WDM Characterization (Vs

WDM description )
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‘WDM Characterization (vs SIDM)

WDM free-streeming: 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
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‘WDM Characterization (vs SIDM)

WDM free-streeming: 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))'/?

— (1+(ak)2u)—5/y ‘.“

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)
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(S)IDM collisional Damping: linear regime

For dark matter interacting with (dark) relativistic degrees of freedom:

see also Zavala, Cyr-Racine, etc talks
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[Schewtschenko’14] [VogelsBerger’15]

Towards generalized fit to non-CDM (SIDM included)? murgia17)

T(k) = (14 (ak)?)Y — might be usefull enough to derive
Ly« forest and MW satelite count constraints
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‘WDM Characterization (vs SIDM)

WDM: non linear regime

At low redshifts, DM pertubations in the non linear regime
~ use Press-Schechter (PS) formalism ps74, Bonao11 to match N-body simu.:
an(M, z Pmo dln o !
W) (o)

aMv M? dlnM
@ f(o) represents the fraction of mass collapsed
into halos.

For WDM we use Sheth & Tormen (s1799+].

@ o2 = o*(Py,(k), W(kR)) is the variance of
linear perturb. smoothed over the radius
R(4> M) using a window fn. W.

Laura Lopez Honorez (FNRS@ULB & VUB) ‘WDM and EoR August 4, 2017

7117



‘WDM Characterization (vs SIDM)

WDM: non linear regime

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) pm,() d ln 0_—1 . fms density fluctuations = = 0
a2 a7
@ f(o) represents the fraction of mass collapsed

into halos.
For WDM we use Sheth & Tormen (s1799+].

@ o2 = o*(Py,(k), W(kR)) is the variance of
linear perturb. smoothed over the radius
R(4> M) using a window fn. W.

10! Halo mass function = = 0

o for WDM, o (M) cst. at low mass accounts for = ui
free-streeming effects [Benson’13, Schneider 13] A

105 10" 10" 107 1% 10 107 100
M[M.

~ suppression of the halo mass function at low o5
masses for WDM J
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‘WDM Characterization (vs

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]
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‘WDM Characterization (vs SIDM)

WDM solution to CDM problems?

SDSS 4 XQ + HR

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

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

@ Similar effects/constraints for Mixed DM,
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)

log [sin? 26]

==+ 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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WDM and

WDM and reionization J
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WDM and EoR

WDM imprint on Reionization

similar to [ Sitwell’14, Bose’16] and for different approach [Yue’12,Barkana’0l, Somerville’03,Yoshida’03, Schultz’14, Dayal '14+,
Rudakovskyi’16]

@ Jonization level at z ~ Zj:

= : i M d

Xi = Cuvfeon With feon = foon (> M) = [} min o i AM
@ Optical depth to reionization:

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

WDM imprint on Reionization

similar to [ Sitwell’14, Bose’16] and for different approach [Yue’12,Barkana’0l, Somerville’03,Yoshida’03, Schultz’14, Dayal '14+,

Rudakovskyi’16]

@ Jonization level at z ~ Zj:

X; & Cuvfeon With foon = foon (> MMM = Sygmn % - dM .

@ Optical depth to reionization:

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

Within our framework:

low my suppress structure formation
at small scales

~~ reduces X;

~» WDM can delay reionization

1.0

0.6

0.4

z (FNRS@ULB & VUB)

0.0

Cuv = 30,T,ir = 10'K obtained with 2lcmFast

4 6 8 10 12
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WDM and EoR

Astro parameters and Reionization

@ Ionization efficiency:
CUV chescN'y/hf*

Regions ionized when

Covfeon > 1

~> lower (yy has similar effect
than lOWer Ny similar to [ Sitwell 14]

z (FNRS@ULB & VUB)

T,ir = 10°K obtained with 2lcmFast

‘WDM and EoR August 4, 2017

12/17



WDM and EoR

Astro parameters and Reionization

@ Ionization efficiency:

CUV X .fescN'y/hf* T, = 10°K obtained with 2lcmFast
Regions ionized when 0

Covfeon > 1 sk -

~ lower (yy has similar effect 061

than lOWer Ny similar to [ Sitwell 14]

x;

0.4F
@ Threshold for halos hosting
star-forming galaxies:

' M dn 0.0
ooyminy — [ M dn
f;:()ll( vir ) Mi‘?i" Pm,0 M

vir

2x10*K

vir 10

min ~ 8 Té?r‘" 3/2 142z —3/2 min s :
M2 (z) ~ 10 (4£) Mg ~~ larger T delays the reionization
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WDM and EoR

Astro parameters and Reionization

@ Ionization efficiency:

Cov OC.feSL‘N'y/hf* T, = 10°K obtained with 2lcmFast
Regions ionized when o B e Gv=5
: ™ — Gwv=30
' - G =80
CUVfcoll > 1 0.8¢
~ lower (yy has similar effect I

than lOWer Ny similar to [ Sitwell 14]

@ Threshold for halos hosting
star-forming galaxies:

' M dn 0.0
ooyminy — [ M dn
f(:oll( vir ) Mi?in Pm,0 M

: min\ 3/2 —3/2 » o
MR (z) ~ 108 (%) (452) / Mg, ~ larger T)" delays the reionization

Important degeneracies between astro {(yy, 75"} and WDM effects

vir

)
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WDM and EoR

Degeneracies

Allowed regions at 90% CL for X; and 7 data:

@ One can compensate larger (yy with smaller my

Ti?;“:lo‘f‘lgWWWWN
L T
80!
) 60!
3 3
40}
[ ]
200

10 15 20 25 30 35 40 10 15 20 25 30 35 40
my [keV] my [keV]

Laura Lopez Honorez (FNRS@ULB & VUB) ‘WDM and EoR August 4, 2017

13717



WDM and EoR

Degeneracies

Allowed regions at 90% CL for X; and 7 data:

@ One can compensate larger (yy with smaller my

@ Larger T;‘i‘ri“ shifts contours to larger (yy

T = 10°K
10O

80¢

60¢

Juv
Luv

40}

00

10 15 20 25 30 35 40 10 15 20 25 30 35 40
my [keV] mylkeVl
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WDM and EoR

Final contours

Euv

10 15 20 25 30 35 40
my [keV]

BUT constraints on Tjgys should provide a lower bound on my

m] =y = = DQC
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WDM and EoR

Caveats

@ HMF considered validated until z = 5 only see
e.g. [Schneider 14] ~» Needs Hydro-simu to larger z

@ What about if ¢ = (yy(2)?
~ even (yy(z) such that x;(z) =x(2)
might be discriminated but needs good
knowledge of (yy using e.g. Py [siwelr13)

WDM CDM

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

@ We assume (yy  1/(1 + n,.) BUT the lack
of minihaloes in WDM could suppress the
average number of recombination/H atom
~ some WDM could even get earlier
reionization than CDM

see e.g. [ Barkana’01, Somerville’03, Yoshida’03, Yue’12, Schultz’ 14, Dayal

’14+, Rudakovskyi’16]

a Lopez Honorez (FNRS@ULB & VUB) ‘WDM and EoR
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WDM and EoR

Caveats

@ HMF considered validated until z = 5 only see
e.g. [Schneider 14] ~» Needs Hydro-simu to larger z

@ What about if ¢ = (yy(2)?
~ even (yy(z) such that x;(z) =x(2)
might be discriminated but needs good
knowledge of (yy using e.g. Py [siwelr13)

WDM CDM

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

@ We assume (yy  1/(1 + n,.) BUT the lack
of minihaloes in WDM could suppress the
average number of recombination/H atom
~ some WDM could even get earlier
reionization than CDM

see e.g. [ Barkana’01, Somerville’03, Yoshida’03, Yue’12, Schultz’ 14, Dayal

’14+, Rudakovskyi’16]
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Conclusion: WDM and EoR?

10 15 20 25 30 35 40
my [keV]

@ Non-cold dark matter can supress small scale structure formation
~ can delay reionization

o Parametrizing reionization as a function of a reduced set of parameters
mainly (yv, T)}", mx, we observed strong degeneracies to agree with the
data~» smaller my <> larger (yy and smaller 7.

Within this framework the entire range of tested my is compatible with
reionization and Planck data if one is allowed to consider {yy up to 100.
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Thank you for your attention )
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Backup )
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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
masses 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.

~» with r-top hat filter (TH) a large

number of un-suppressed small k scales

contribute to (M)

H ~~ not good to describe o (M) for

2 . .

= e suppressed P(k) including WDM

L L 1
102 10t 10" 10° 108 107 108 108
filter mass M [h"'Mg]
[Schewtschenko’ 14]
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WDM imprint on ionized fraction

min __ 4 min __ 5
Tmin — 10°K Tmin — 105K
Gov =5 —e Q=5
1.0 — Q=30
-- Gv=%0
0.8
06 1keV
= 2 keV
0.4l 3 keV
f e\
0.2
0.0 - s -
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Fixed WDM mass and full contours

mX=2 keV

100000
80000 |

X 60000 j =)
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-~ Bukp_
Fixed WDM mass and full contours
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Fixed WDM mass and full contours

@ All together best fit at 1.25 keV, (yy = 96.6

Euv

10 15 20 25 30 35 40
my [keV]

BUT constraints on Tygy, should provide a lower bound on my
[m] [l = =
Laura Lopez Honorez (FNRS@ULB & VUB) ‘WDM and EoR August 4, 2017
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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;ﬂl (1+dy) (17 TSJ(\ H—iﬂ‘l(‘)v,‘/&) (710 ) 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]
August 4, 2017

‘WDM and EoR

S@ULB & VUB)

23/17



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]

@ULB & VUB) ‘WDM and EoR August 4, 2017 23/17



HERA reach on xpy;

oy
=3

o
)

o
o)

Greig & Mesinger (2016)
'Gold Sample' constraints

i HERA + Planck priors
mmmm With 25% modeling error on P, (k)
@  Lyo emission fraction

<
i

%  Quasar near zone H
#  Lya galaxy clustering

Hydrogen neutral fraction x;y
(=}
o

Y Dark Lya forest pixels
I I I

9 10 11 12 13
Redshift z

[De Boer’16]

e
=

=] (= = = El= DA
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Current constraints on EoR ¢ Tb2A2 1

10’ -
S e t  Dillon 2014 -
105 ¥ F o} ¥
- 104’ DI|I|0n 20'15: Yaciga 2013 G
"3 10"k parsons 2014, ¢ YJacobs 2015
= 10% 2
T L FAi2015
101 .. Fiducial 21cmFAST mode]
0 ‘ . ‘ ‘ ‘
e 7 8 9 10 11
z

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 ¢ szAz 1

Observed Frequency (MHz)

200 150 125 100 75
— Fiducial Model PAPER
10° | CDM Annihilation OFAR
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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

2Py
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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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