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New frontiers with 2|1cm cosmology

Tegmark & Zaldarriaga 2009

The time frontier:

CMB: thin shell around z=1100
LSS:z = |

dark ages 21cm: 30= z <200

eExpansion history H(z)
* Thermal history T(z)
*Dark matter annihilation/decay

*Change of fundamental constants



Density fluctuations A today

New frontiers with 2|1cm cosmology

®
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The cosmic dark ages (30 = z = 1000)

o

No stars or other luminous sources have formed yet

Growth of density perturbations can be accurately
described by (linear) perturbation theory.

Physics is still very simple!
For effect at z = 30, see Fialkov et al. (201 1-2013)



2l cm line basics

Eio = 6 peV = 68 mK
Vio = 1420 MHz
Aio=2l.lcm

(3]

Ao = 2.85e!> 57! = (1| Myr)!
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2l cm brightness temperature
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2| cm optical depth

Usually : 7 = /nabsa(u)dl

d d
Here : dl = c¢dt = —c V, T:nabS/J(y)c—V

H — H + 3||’U||
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Average optical depth

0.05
0.04
0.03

0.02

10 1520 30 50 70 100 150200 300

| +z




Spin temperature

photon o t
emission/ collisions
absorption Ts 2 Teas
Ts _’Tcmb v




Average spin temperature
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Brief recap

What is measured: Ty = 7(Ts — Temb)

nHy
T X
T (H —+ (9||f0||) L (nH’ Tgas)
To linear order: ng = ny(l + dp)
S 0Ty, 0T, O v | 0Ty 0T gas

5Tb(z, k) 5b

:EﬂognH Ologe H H

01og Tyas Tgas

Angular fluctuations of T, probe the
underlying density power spectrum



Previous studies
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The relative velocity effect
(Tseliakhovich & Hirata 2010)

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

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

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

At z = Zyec = 1000, very different “initial
conditions” for baryons and CDM.



Characteristic velocities at z = 1000
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Relative velocity power spectrum
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Without relative velocity
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With relative velocity, if A < vu/H

VAN A AYAYAYavae

l Slower growth of structure
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Characteristic scale of suppression:

Ky, ~ ~ 40 Mpc_1 > keon ~ 0.3 Mpc_1

Larger that the Jeans scale:
aH

~ 200 Mpc ! with ¢, ~ 6 km/s
Cs

kJeans ~

The effect is fundamentally non-linear:
0=0+V -7+7-V6

Thanks to large separation of scales, one may still use
perturbation theory around a given background
relative velocity (Tseliakhovich & Hirata 2010)



Method of computation

® Fluid equations in the local baryon rest frame

5(: — ia_l(vbc : k)5c + 6. =0,
0. —ia Y (vpe - k)0, +2HO, — k>¢ = 0,

55 + 6, = 0,
. 2
Op +2HO0, — — ¢ =0,
a
k? 3 H?
30 ="5 agO (€2 pressure term

P = angas



® Gas temperature evolution: (dU + PdV = 6Q)

2 NH 2 .
]éas::'_QCa

jgm'_ 3

3ny
where ¢c is the Compton heating rate per particle:

40‘TCLTT14

. cmb
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® Free-electron fraction evolution

2
:I;e % _CABnH:I;e‘

/ \ Exact effective case-B

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

Perturbed: 0, 0y, + 0+ O+ .. 07

e

® Bottom line: for given k and vy, solve

coupled ODEs for 9y, 0y, 0., 0., 07,,., 0z,

as ’



(1+z)Re(dp), (1+2) |0p|
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(1+z)Re(0p), (14+2)|0p]

Results
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Ap*(k)
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Effect on small-scale 21cm angular
power spectrum

~ z=50,Av =0.1 MHz
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Effect on small-scale 21cm angular
power spectrum
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Effect on the large scale signal

What is measured: Ty, = 7(Ts — Temp)

ny

T X
TS(H+8||U||) TS(nH’TgaS)

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

6T, =Ty & + Ty 67
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(1+2)% k® P(K)/(2 ?)

Large-scale fluctuations of Ob and (Ov?)
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Expansion of 0T} to second order in fluctuations:

0TP" = T 6u + T OTns — Ty 6,
+ TauaA(0f) + TrrA(07,,.) + Tar A(0udr,,, )
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In the adiabatic limit (Yc—0):

2/3
Lgas X Ny

2 1
5T — §(Sb — 552

gas

Expansion of 0T, to second order in fluctuations:

2 Ny 3
Tgas — 570 Le (Tcmb — Tgas)

Tas
. 3TLH



Characteristic 2|l cm fluctuations on large scales at
z = 30 (preliminary)
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Characteristic 2|l cm fluctuations on large scales at
z = 30 (preliminary)
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Conclusions

[1(1+1)C,/2m]/2[mK]
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Thank you, and keep posted! |



