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Abstract: <span>Fluctuations of the 21 cm brightness temperature before the formation of the first stars hold the promise of becoming a
high-precision cosmological probe in the future. The growth of over densities is very well described by perturbation theory at that epoch and the
signa can in principle be predicted to arbitrary accuracy for given cosmological parameters. Recently, Tseliakhovich and Hirata pointed out a
previously neglected and important physical effect, due to the fact that baryons and cold dark matter (CDM) have supersonic relative velocities after
recombination. This relative velocity suppresses the growth of matter fluctuations on scales k&%/210&™ 10"3 Mpc*a™ 1. In addition, the amplitude of
the small-scale power spectrum is modulated on the large scales over which the relative velocity varies, corresponding to k& ¥40.0058™ 1 Mpcha™ 1.
In this talk, | will describe the effect of the relative velocity on 21 cm brightness temperature fluctuations from redshifts z&%0¥30. | will show that
the 21 cm power spectrum is affected on most scales. On small scales, the signal istypically suppressed several tens of percent, except for extremely
small scales (k&%0%2000 Mpca™”1) for which the fluctuations are boosted by resonant excitation of acoustic waves. On large scales, 21 cm
fluctuations are enhanced due to the non-linear dependence of the brightness temperature on the underlying gas density and temperature. The
enhancement of the 21 cm power spectrum is of a few percent at k&'%/40.1 Mpca™” 1 and up to tens of percent at k&%020.005 Mpca™ 1, for standard
1>CDM cosmology. In principle this effect allows to probe the small-scale matter power spectrum not only through a measurement of small angular
scales but also through its effect on large angular scal es.</span>

Pirsa: 14010097 Page 1/47



irsa: 14010097

New light on 21cm intensity

fluctuations from the dark ages:

effect of baryon-cdm relative velocities

Yacine Ali-Haimoud (lAS)
with Daan Meerburg & Sihan Yuan

arXiv:1312.4948

Perimeter Institute, january 28, 2014

Page 2/47



New frontiers with 21cm cosmology

The time frontier:

CMB: thin shell around z=1100
Large-scale structure:z =< |

dark ages 2lcm: 30= z <200

*Expansion history H(z)
*Thermal history T(z)

*Dark matter annihilation/decay

Tegmark & Zaldarriaga 2009 *Change of fundamental constants
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New frontiers with 21cm cosmology

The scale frontier:

CMB: k = ksik ~ 0.15 Mpc”!
\. LSS:k = kn~ 0.1 Mpc'atz=10
1 2lem:k = kjeans ~ 300 Mpc'!
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*Non-gaussianity
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A very challenging observation

* Earth ionosphere becomes opaque for v = 10 MHz (z = 140)
* Foreground emission steeply raises at low frequencies

Lewis & Challinor 07

10 10 10 10 10'

FIG. 8 (color online).  The 21 ¢m power spectrum at z = 50 for
Apr = {1,0.1,0.01, 0} MHz (bottom to top). Large widths sup-
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A very challenging observation

* Earth ionosphere becomes opaque for v = 10 MHz (z = 140)
* Foreground emission steeply raises at low frequencies
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FIG. 8 (color online).  The 21 ¢m power spectrum at z = 50 for
Ar = {1,0.1,0.01,0} MHz (bottom to top). Large widths sup-
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A very challenging observation

* Earth ionosphere becomes opaque for v = 10 MHz (z = 140)

* Foreground emission steeply raises at low frequencies

* [Lewis & Challinor 07
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FIG. 8 (color online).  The 21 ¢m power spectrum at z = 50 for

Ar

{1,0.1,0.01,0} MHz (bottom to top). Large widths sup-

Atz =50,A= 10 m.
Array size = | km (¢/100)

Measuring anisotropies on
angular scales ¢ = 104-10°

(corresponding to k = [-10

Mpc-') is, in practice, undoable.
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Bottom line of this work

Accounting for the relative velocity of baryons and CDM

(2) enhances the large-scale power spectrum, with an
enhancement depending on small-scale power

10
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2 lcm line: basic facts

F=1 Eio =6 peV = 68 mK

Vio = 1420 MHz

Ao =2l.lcm

Ao = 2.85e > s = (11 Myr)!
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Spin temperature

photon N
emission/ collisions
absorption Ts 2 Tgas

v Ts 2 Temb

— (_)—E“,/’I‘H _ ""’H’{'()l(ng;as) + R()l(T(':ml))
| Inuk10(Leas) + 3R10(Temb)

o
o
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2| cm brightness temperature

Emt Yﬂ(‘ml)

S —— D —

hy < kT 7K1

Lﬂ) = Tout — T(;ml') — T(TS’ — T(:mbﬂ
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2| cm optical depth

Usually : 7 = / NabsO (1) dl

cdy

Huy

dv

Here : dl = cdt = —c—, T = Naps / a(v)

Hy’
H — H + (')||‘(-‘H

(}'(l/) X /\21’11()(;"')(1/) ~ /\24-‘/11()(5(?/ m— V][))

Nabs = 1o — —; =ng(l—e¢ N B T T
t ' S

3E1() Al(] 3
327, H + ()HI?H
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Bottom line

What is measured: T, = 7(1s — Timp)

ni - -
T X LTo(np, 1 oas
T‘,(!] -1 f)||‘t’||) ' ( H» + ga: )
To linear order: ny = nu(l+0p)
. - Ty, . oT, Oy Ty, YT s
STy(z, k) = —2—6, e et L.

COlogH H " 0log Toas Thas

dlog ny

Fluctuations of T, probe the underlying
density power spectrum
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The relative velocity effect
(Tseliakhovich & Hirata 2010)

* Prior to recombination, baryons tightly coupled
to photons = acoustic oscillations.

* Meanwhile, the CDM perturbations grow under
their own gravity.

* After recombination, for k < kjeans, baryons and
CDM perturbations grow together, BUT

Atz = Zrec = 1000, very different “initial
conditions” for baryons and CDM.
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Characteristic velocities at z = 1000

301
: Transfer functions

CDM
baryons
relative |

: s \.'"jl Aﬁl‘im (/‘ )

201

vik)(km/s)
o

X |
< (Mpe ) Extracted from CAMB
(Lewis & Challinor)

lo 1 1
0.001 0.01
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Characteristic velocities at z = 1000

30 ; . :
| Transfer functions CDM
X .'""'I‘A‘Jn‘im (/‘ ) 1
ol v baryons
| relative |
£ 0
of :
1oL . - . -
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¢ - k (Mpc™'
sound MLEJE I,i()i.l pc ) Extracted from CAMB
l_)l e-recomoboination (Lew.'s & Ch(]”lnor)
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Characteristic velocities at z = 1000

30 .
: Trarjsfer functions CDM
X ;""I‘Agn‘ilnu") ‘
A baryons
20} _ 1
' relative |
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Relative velocity power spectrum
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Relative velocity power spectrum

I I

7001 (W )2 ~ 30 km/s
600} '

500
400

300[ ”

|
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k (Mpc™')

A2, (k) in (km/s)?

vbe Nearly uniform on a few Mpc scale: keoh ~ 0.3 Mpc”!
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Without relative velocity
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With relative velocity, if A < vu/H
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® Scale of suppression vs coherence scale:

ald

71
Uhe

® Thanks to large separation of scales, one may still use

Ky o~

be

~ 40 Mpc ' > koo ~ 0.3 Mpe ™!

perturbation theory around a given background
relative velocity (Tseliakhovich & Hirata 2010)

® |arger that the Jeans scale:

H
Kjoans ™~ <200 Mpc :

Cg

® The effect is fundamentally non-linear:
0=0+V - 7+0- V0

with ¢, &~ 6 km/s
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Method of computation

® Fluid equations in the local baryon rest frame

Op — ia " (Vpe - k)de + 0. = 0,
0. —ia Y(vpe - k)b, + 2HO, — k*¢ = 0,
op + 0 = 0,

‘) —)
: ;- C. .o ,. .
Ov + 2HOy — —56 — —Sk™ (dp + I73,,.) = 0,
]\72 _ 3 H2 . .
”—,z(,.'f) o —5 ”:{; (Q;jbz, -+ SZ?O(.) ,
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Method of computation

® Fluid equations in the local baryon rest frame

Op — ia " (Vpe - k)de + 0. = 0,
0. —ia Y(vpe - k)0, + 2HO, — k>¢ = 0,
op + 0 = 0,

2
O, + 2HO, — —,;(,5')

a?
=P = — : /4 ressure term
a? 2 a’ 0 P

P ,f!}’/“,ﬂl\'
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® Gas temperature evolution: (dU + PdV = §Q)

i

2n H &

IT;_],.'[S - ._—Tg;m . ‘_(](‘\
3 IH 3

where ¢ 1s the Compton heating rate per particle:

4ora, T

: 1l

qc = T L ?l'r‘(ﬂ'llll) - T.L’,il-‘*')
(l -+ LHe + .!'f.)‘lnt.

Perturbed:

¢ m sl IS
e 2 N - 1 cmb T 1 gas o 1 emb o
OTgas = 7 0b = VCTe — 0z, — =—0r

T e 3 gas
3 1 gas 1 gas
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® Free-electron fraction evolution

Te R —CABnu:I:f.

/ \ Exact effective case-B

Peebles C-factor recombination coefficient
(Ali-Haimoud & Hirata 2010)

-~ ~

Perturbed: 0y =...0n 4+ ...0p 4+ ...0, +...0p

e gas

® Bottom line: for given k and vy, solve

coupled ODEs for 0,0, 9., 0.,0T,,., 04,
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Results: |- small scales
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Results: |- small scales
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Results: |- small scales
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Results: |- small scales

~ z = H)

-y,

averaged over vpe

........ NO Ve \

10 20 50 100 200 500 1000 2000
k (Mpc™)
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Effect on the large-scale signal

What is measured: Ty = 7(Ts — Tep)

"y

r Ts(H + 0)v)|) Ta(rt, Tgas)

Tb is a fully non-linear function of the 0’s

0T, =T, 6 + Ty 6% + ...
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Effect on the large-scale signal

What is measured: Ty = 7(Ts — Teup)

"y

T O Tﬁ([_[ _{_ ()||(‘||) -[.‘w'(‘“‘”‘- -1}_’,&1-5)

Tb is a fully non-linear function of the 0’s

0T, =T, 6 + Ty 6% + ...

((STb)g = T 0; —I—T‘g(bf)] -+ ...
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Power spectrum of (Ov?)

Ps2 (k) = Fourier(&s2(x))

0.01

10

=
x
= 10"
1010 -° - E
0.001 0.0050.01 0.05 0.1 (.5 |

k (Mpe™")
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e Expansion of 8Ty to second order in fluctuations:

(‘f‘T,‘j’bH =T Ou + Tt o1, — Ty 4,
+ Tun A7) + TrrA(0F,,) + Tar A(dudr,,.)

* Gas temperature fluctuations must also be
expanded to second order:

N | I

dTJ—’;“-?" o ()T;_',;m —I— (>Tj_',c'lr-€
2ny, 3 - -
Iiiil‘* o ? Efwm _— 5?’(7 JT('(I('mI) - lg;m)
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Contributions to quadratic piece of 21cm fluctuations
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Results: |- Large scales

] [T T T T T T T
=== Mmonopole (z=30) _____.....---""'""
- === monopole (z=120) ’,_o’-‘ .
-1~ -~ - T

001} —— 0T} (k)(z=30) e :
—_— T k)(2z=120) e et T

[0~

10°¢

108

0.001

0.005 0.010 0.050 0.100

k [Mpc ']

0.500 1.000

Page 40/47



Pirsa: 14010097

]

;(k) [mK

~
-~

A

Results: |- Large scales
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Results: |- Large scales
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Conclusions

* Relative velocity leads to O(I)

10 [T At
, e enhancement on BAO scale.
Z g
E e DN .
£, e * Brings back small-scale
Jq physics to large angular scales!
l:._.i 0.01
Y // *Future work:
I/ | - Quantify S/N for
00001 Ul isit it it i ] pyeasyrement of Ns, Neutrino

1 10 100 1000 10* 10% 10% 107

| mass, WDM, etc...
2- Non-Gaussianities
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