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Overview

What is the Reionization Era?

Time since the
Big Bang (years)

~ 300 thousand

~ 500 million

~ 1 billion

~ 9 billion

~ 13 billion
v

A Schematic Outline of the Cosmic History

<+The Big Bang

The Universe filled
with ionized gas

<-The Universe becomes
neutral and opaque

The Dark Ages start

L Galaxies and Quasars

begin to form
The Reionization starts

The Cosmic Renaissance
The Dark Ages end

<-Reionization complete,
the Universe becomes

s 35 SR S ey transparent again
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Today: Astronomers
figure it all out!

5.G. Djorgovski et al. & Digital Media Center, Caltech

Evolution of 21 cm signal

Detecting the first stars
through 21 cm fluctuations
(Lya)

Inhomogeneous X-ray
heating and gas
temperature fluctuations
(X-ray)

Observational prospects
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Ionization history

e Gunn-Peterson Trough Secker et al 2005
J103027.104052455.0 (z=6.28) 1 SR "

@ | eUniverse ionized below
) e z~6, some neutral HI

| ; LRI ot higher 2
) ST Y eanp YRR *black is black

5500 6000 6500 7000 7500 8000 pove 9000 9500 10*

wavelength (R)

e WMAP3 measurement of t~0.09 (down from t~0.17)
Page et al. 2006

eIntegral constraint on
jonization history

eBetter TE measurements
+ EE observations

o

10 100
Multipole moment (1)
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Thermal history

oLya forest

Zaldarriaga, Hui, & Tegmark 2001
Hui & Haiman 2003

¢IGM retains short term memory
of reionization - suggests z,<10
ePhotoionization heating erases
memory of thermal history before
reionization

CMB temperature

eKnowing T-yz=2.726 K and assuming thermal coupling by
Compton scattering followed by adiabatic expansion
allows informed guess of high z temperature evolution
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Nov 2006 21 Cm baSiCS

eHI hyperfine structure eUse CMB backlight to probe 21cm transition
n TT T TS Tb

1,S ' Y o

1°1/2 I (2]
i l?\=210m I m %

="

nl/nO=3 eXp(_hVZlcm/kTs) Z=13 Z=O

f21cm=1'4 GHz 1:obs=10O MHz

*3D mapping of HI possible - angles + frequency

e21 cm brightness temperature

:1—1 _T 1+ 1/2
Tb = 27£HI(1 -+ (Sb) ( QTS 7) (l—oz) mK

e21 cm spin temperature Coupling mechanisms:

—1 —1 , —1 Radiative transitions (CMB)
T—l _ T’? + :UCETCE + ”BCTK Collisions
g =

14+ x4 + x, Wouthuysen-Field
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w0 \Wouthysen-Field effect

Hyperfine structure of HI

""""""""" 2P
Ty X Jpo
_ 2Py
Effective for J_>10-%lerg/s/cm?/Hz/sr
T T~ Ty 2Py
W-F recoils | LS S~ 20P 112
Field 1959

NeL, Lyman o

11SI/2
1OSl/2

Selection rules:
AF= 0,1 (Not F=0>F=0)
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Experimental efforts
LOFAR: Netherlands MWA: Australia PAST/21CMA: China
Freq: 120-240 MHz Freq: 80-300 MHz Freq: 70-200 MHz
Baselines: 100m- Baselines: 10m-
100km 1.5km
@)
-
: f\. s
PAPER: UCB ?

SKA: S Africa/Australia

Freq: 60 MHz-35 GHz

Baselines: 20m-
3000km

(f,,...=1.4 GHz)
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Foregrounds

e Many foregrounds
= Galactic synchrotron (especially polarized component)

= Radio Frequency Interference (RFI)
e.g. radio, cell phones, digital radio

= Radio recombination lines
= Radio point sources

e Foregrounds dwarf signal:
foregrounds ~1000s K vs 10s mK signal

e Strong frequency dependence Tskyocv'z-6

e Foreground removal exploits smoothness in frequency and
spatial symmetries
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Global history

Ty = Ty(xur, Tk, Jas nH)

dTx B

dt

dﬂ.’:i N UV .
dt ionization + recombination
dz. — X-ray

dt onization T ecombination
Jo = Jo + JI,* + JLX

continuum injected

eSources: Pop. II & Pop. III stars

Furlanetto 2006

Heating

HII regions
IGM

Lyo flux
(UV+Lya)

Starburst galaxies, SNR, mini-quasar (X-ray)

eSource luminosity tracks star formation rate

eMany model uncertainties
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Ionization history
{ R C " ] ¢ "
g~/ . Pop. Il + Starbursts
t~0.07

0.1
* 0.01 ¢

10-3 ¢

iIIIIlllI | Illlll[I 1 IlIIIIII | lIIIIllI

eModels differ by factor ~10 in X-ray/Lya per ionizing photon
eReionization well underway at z<12



TAC
Nov 2006

Thermal history

108

T [K]

mean T, [mK]
|
o
o

—100

—150

1 ]II]IIll 1 L L 11111

IIIIIII

X-ray heatin adiabatic expansion
1

Pop. Il + Starbursts

IIIIIIlIl]IIII

(4]
(9]

11
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21 cm fluctuations

12

Brightness ~ Baryon Neutral Gas W-F Velocity
temperature Density fraction Temperature Coupling gradient

5Tb — /85 T /83351:31 T /BT(sTk + /805505 — 531}

Cosmology Reionization X-ray Lyo Cosmology
sources sources
Twilight
Dark Ages 7
7 s R

Collisionally

coupled regime

Reionization
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Angular separation?

Baryon Neutral Gas W-F Velocity
Density fraction Temperature Coupling gradient

— 6‘5 T 63353_7_{{1 T ﬁT‘ST;g T BCI(SCE — 581}

oIn Iinear theory, peculiar velocities correlate with overdensities

2
drv, (k) = —p70 Bharadwaj & Ali 2004
eAnisotropy of velocity gradient term allows angular separation

Pr(k) = p*P,s+ p°P,2 + Po  Barkana & Loeb 2005

eInitial observations will average over angle to improve S/N

13
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21 cm fluctuations

14

Brightness ~ Baryon Neutral Gas W-F Velocity
temperature Density fraction Temperature Coupling gradient

5Tb — /85 T /83351:31 T /BT(sTk + /805505 — 531}

Cosmology Reionization X-ray Lyo Cosmology
sources sources
Twilight
Dark Ages 7
7 s R

Collisionally

coupled regime

Reionization
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was 21 cm fluctuations: Lyo

Neutral Gas W-F Velocity
fraction Temperature Coupling  gradient

§Tb . 6‘5 T BmgmHI T ﬁ’l”‘fs]“;g T BCI(SCE — 581}

15

Density

e Lya fluctuations unimportant after coupling saturates (x ,>>1)

1
P & 1+ z,

e Three contributions to Lya flux:
1. Stellar photons redshifting into Lya resonance

2. Stellar photons redshifting into higher Lyman resonances
3. X-ray photoelectron excitation of HI

Chen & Miralda-Escude 2004 Chen & Miralda-Escude 2006

Ty X Jpo
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Higher Lyman series

e Two possible contributions from Ly n photons

= Direct pumping: Analogy of the W-F effect
= (Cascade: Excited state decays through cascade to generate Lya

e Direct pumping is suppressed by the possibility of
conversion into lower energy photons
» Ly a scatters ~10° times before redshifting through resonance
= Ly n scatters ~1/P_, .~10 times before converting
= Direct pumping is not significant
e (Cascades end through generation of Ly a or through a two

photon decay
= Use basic atomic physics to calculate fraction recycled into Ly o

= Discuss this process in the next few slides...

Pritchard & Furlanetto 2006 Hirata 2006
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Nov 2006 Lym an [3

17

Asp 2s=0.22x108s"1 Agp 1s=1.64x108s1

Y
A,=8.2s"1

[

I

. eOptically thick to Lyman series

| = Regenerate direct transitions to

| ground state

| eTwo photon decay from 2S state
v eDecoupled from Lyman «

of

recycle,[3=0
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Nov 2006 Lym an 'Y

eCascade via 3S and 3D levels
allows production of Lyman «

'frecycle,y= 0.26
eHigher transitions
3 frecycle,nN 0.3

18
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Lyman alpha flux

eStellar contribution

19

continuum

< >
Jo J I,

& & 5 ) 00
| | | I R ¥ v
| | | R ||||||Wl|
h e ah ~ T ~ " Total
No. Photons: (pop III) 2670 965 451 810 4896
Jreeyete : 1.0 0 0.26 0.35
Lya Contribution: 2670 0 118 268 3056
Shell size @z = 20 (Mpc): 278 90 40 22

e also a contribution from X-rays...
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wae  X-F@ys and Lyo production

0pi<E -3
HII photoionization
N\NANAANANACH - ®
X-ray €
o > - collisional
"\ lonization
@ ~ wJ"JJ excitation
(f,=0.8)
C €xa 1
an

47 hv, Hu,

Chen & Miralda-Escude 2006
Shull & heating
.ﬁ

van Steenberg 1985
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woos Fluctuations from the first stars

eFluctuations in flux from source
clustering, 1/r2 law, optical depth,...
eRelate Lya fluctuations to overdensities

Oz, (k) = W(k)o(k)

dVv

Barkana & \\/(k) is a weighted average
Loeb 2005
Wae — Z Wc}:.;i(Jc}:,i/Jcr)
bias "1 0 T uniform -
10 = E
;x
S E WK =
P WK 1
0.1 e W,(Kk) 2
0.01 MR EE R ETT| MR AN I W R 7| M SO I W R 171 M S U O W U171 N SO W W 11 B S S N TIT!
10-> 001 0.1 1 10 102 10°

k [Mpc]



w0 Determining the first sources

O dominates bias source properties density

105—

— Chuzhoy,
Sources

: e Alvarez,
I / 1 & Shapiro
Ja,* VS Joc,X < LE - _Star +3 2006
(=3 C
0.1 = /

(k) [mK]

T,

b

X—-ray

Star 3
I |II| I LI
— 10 3 ‘~£‘$‘:’;‘; ‘‘‘‘‘‘‘‘ ::M:':';'g'u'ww-.uw-u-.._i .
% P 1  Pritchard &
Spectra = Ve 1 Furlanetto
L 7 —
I;.;, 1 E S e cxsj—Lo_g 2006
o  E ] Dpma
-/ -ray dominatedH
iy z=20 |
R 3
EF IIIIlII | - IIIIIII 1 1 IIIIIII 1| IIIIIII L1 111117
10-3 0.01 0.1 1 10 102

A=[k3P(k)/2x]2 k [Mpc1]



TAC

wms - 21cm fluctuations: T,

23

Neutral Gas W-F Velocity
fraction Temperature Coupling  gradient

§Tb . 6‘5 T 63:5:1:1{; T ﬁ’l”‘fs]“;g T BCI(SCE — 581}

Density

eIn contrast to the other coefficients + can be negative

¢
5’1“ ~ b
T — Ty

Sign of B, constrains IGM temperature

Pritchard & Furlanetto 2006
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waos Temperature fluctuations

I, — 1.
TB:T( I 7)
2z
TSNTK<TY

T,<0 (absorption)
‘ Hotter region = weaker absorption

pr<0

T~ T~V

TbNO
‘ ‘ 21cm signal dominated by

temperature fluctuations

T~ T >T,

T,>0 (emission)

Hotter region = stronger emission
pr>0
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X-ray heating

e X-rays provide dominant heating source in early universe
(shocks possibly important very early on)

e X-ray heating often assumed to be uniform as X-rays have
long mean free path

—2 3
N _1/3 1+ 2 I
Ax ~ 497y (T) (SOUeV) e

e Simplistic, fluctuations may lead to observable 21cm signal
e X-ray flux -> heating rate -> temperature

5T — gT(k,, Zf)(s

dVv

Barkana &
Loeb 2005

25
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waes  (Growth of fluctuations

26

— Qx(2)[Wx (k) — g7) — Qc(2)gr

L

Fractional heating per Hubble time at z

N 1+ 2

dgr  (9r—2/3
dz

Heating fluctuations

m—
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e i Pop. Il + Starbursts
0.1 e g =
Em amis = Er =
I — ——— g (uniform) ;
0.01 1 1 1 1 I 1 1 1 1 I | 1 1 1
10 15 20 29
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Ty fluctuations

eFluctuations in gas temperature can be substantial
esAmplitude of fluctuations contains information about IGM
thermal history

103 g I LI 1 LA 1 1 IIIIIII 1 | IIIIIII 1 1 IIIIIE
. Zz=10 ;
10% 3
= £ T E
g WiE
— 2
g I
=
0.1

4 21 lllllll | lllllll 1 1 Illllll 11 lllllll 11 1 1111

10-3 0.01 0.1 | 10 102
Pop. Il + Starbursts k [Mpc]

27
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Indications of Ty
_ _ 0 dominates
 Constrain heating 10 ¢ e .
transition : -
g = TN E
= - z=14 A
<5 1E E
Br ~ 15 = I Angle averaged
£ T — T wh | power spectrum _
T
o 10°F ;
A, <0 on large : | ;
scales indicates g 10F e e
TK<T n<;=' L AM2<O // i
! e LF | 2part of 3
(but can have P,,<0) &= ¢ u? part o 5
ol AM2>O power spectrum -
P E v v vl v v el e
Pr,(k) = p*Pa+ p?Pej+Po 100 ool 0.1 1 10 102
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X-ray source spectra

eSensitivity to ag through peak amplitude and shape

eAlso through position of trough
oEffect comes from fraction of soft X-rays

102 é I I IIIllII I I IIIIIII 1 I IIIIIII I I IIIIIII 1 | IlIIHE-

z=15 ]

I~ L, T |

g 10 1/ N 2

~ i ]
et /

< 1 / E

E E i,/ i e as=?.5§

,j ag=1.0_

0.1 E_ll L1 11 ill 1 1 II[IIII 1 1 IIIIIII 1 | llIIllI 1 | lIIIE

10-3 0.01 0.1 | 10 102

k [Mpc-]
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X-ray background?

« X-ray background at high z is poorly constrained
Extrapolating low-z X-ray:IR correlation gives: Glover & Brand 2003

SFR
Lx =3.4x10%fx ( _1) ergs™
Mg yr

30

Z
1st Experiments might see T fluctuations if heating late
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Cosmology?

Neutral Gas

Density fraction Temperature

W-F
Coupling

TABLE 2
FRRORS ON COSMOLOGICAL PARAMETER ESTIMATES WHEN DENSITY FLUCTUATIONS DOMINATE THE 21CM SIGNAL
FOR TWO YEAR OBSERVATIONS WITH 21 CM INTERFEROMET

) N COMBINATION WITH CURRENT CMB
OBSERVATIONS (CCMB) AND WITH PLANCK.?

O w  OQm b2 0, T
0.7 -1.0 0.14 0.022 .0 0.0 0.0 1.0
0.09 - 0.14 ).14

0.10 0.13

Velocity
gradient

581}

0.1 0. s ||||prove
0.007 0.011 00 0.03 : 0.012 0.008
0.005 0.011 ).003 ).49

0.017 | 0.016

)-003 ) 0.020 | 0.00 ns and QV
0.002 | 0.04 i

0. Ul 1] 0.009
0.001

Pl: mLk 4

o 46 0.018 0.07 0.0009 0.00013 [0. .018 :_: 0.004 | 0.05 McQuinn et al.
Planck + MWASOK®  0.0045 0.008 0.03 00004 0.0 2 [ 0.001 | 0.02
2006

Suip _odl  0.004) 0 Most
l_J (_)l]lj.L D.072 : 2

31
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Nov 2006 Relonlzatlon
] Neutral Gas W-F Velocity
Density fraction Temperature Coupling  gradient

§Tb — /85 _I_ 6:[353:1{1 _I_ 6T5Tk _I_ /8&505 I 58’1)

Z=12.1 7=9.7 7=8.3 /=7.6

Furlanetto, Sokasian, Hernquist 2003
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21 cm fluctuations: z

51,

r, [MK]

ITylA

-

;H—_‘
)

]

) 4+ (3.0

LHI

Bcz 505 — *-’Sf'_)-a_-'

0

Pop. Il + Starbursts

eExact form very model dependent
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Redshift slices: Lya

102 ; RRLRURLIL) (R SR LR L) [RLRURUI B G [ SR LR L (R """;

T o
=3 — & =
& = [ ]
__ 4 1E E
£ f :
ePure Lya fluctuations o1 L 5 (2=20) sl
o 10° .

X 3 3

i i -

z 9% E

F :

e ' E E

0.1 — AR A (| S T ) M A e 1| BT L] T:

102 0.01 0.1 | 10 102

k [Mpc-!]



Redshift slices: Lyo/T "

z=17-18

S & N 102; BRI SEA I AR (R R ALY R A R AR
E: ol ': L 7 N/
R X
01{_) 1|5 |_<_t: 1 E / —
Pop. Il + Starbursts E \vfy
: . i S
eGrowing T fluctuations ol a7
lead first to dip in R DR R
At, then to double o 108 . /,f ;
peak structure E f :
= 10F E
eDouble peak requires & | i
T and Lya fluctuations =
to have different scale <0 SRR v AT AR AT e e M W
10-3 0.01 0.1 | 10 102

dependence et
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Redshift slices: T
102 E I EEEALAAA] LERRLARUE RHAS L T FRARRE | U Rl J ""”§
e TN
o) \///_;
| 5|I..n| I lﬂf 1 3 =
e E

!Tnm'r_ [mK]

oT fluctuations
dominate over Lya

eClear peak-trough
structure visible

e A, <0on large
scales indicates
TK<TY

0 . 1 E J /

z=15

Z
1 Frrrre

36

El E ’ , ”~ -':.%\ ( / E
— 10 & fj 3 \1 =
f_‘/ = _f/”' \ 3
<;3. / \ E
o L LY ‘l! _
e LE
7 =

0.1 E 1 |-i;ifln| Ll Lol Ll I

10-2 0.01 0.1 1 10 102

k [Mpc-!]



IT,[&,, [mK]

TAC - - . 37
Redshift slices: T/6
102 g T T I L
E 10 — j
Pop. Il + Starbursts Ef: 1 E _;
=
oAfter TK>TY , the oL 5 (z=14) z=13.]
trough disappears B e A I e
= 1072 [
*As heating continues ¢
T fluctuations die out z 10
oX; fluctuations will £
start to become 0.1 y/ AR, Ll
10-3 0.01 0.1 1 10 102

important at lower z

k [Mpc-t]
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Observations

38

poor angular
foregrounds

Need SKA to probe A — _resolution
these brightness = z=13 |
fluctuations % 10 F : o e | T
~ | -
*Observe scales x 1F S E
k=0.025-2 Mpc! =
0.1 g = l E
oEasily distinguish ' . L '
two models - S e TR
X 10 = = =
E = i
= Eal
eProbably won't see = .8 + o 1
< 3 | 3
ugelile]y £ [
0.1 == : =
: SR | ul :
10-3 0.01 0.1 | 10
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Conclusions

e 21 cm fluctuations potentially contain much information
about the first sources
= Bias
= X-ray background
= X-ray source spectrum
= IGM temperature evolution
= Star formation rate

e Challenge may be to separate out information
e Foregrounds pose a challenging problem at high z

o Will be important to include spin temperature fluctuations
in future simulations

e Many model uncertainties - X-ray reionization?

39

For more details see astro-ph/0607234 & astro-ph/0508381



