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1. Basic Intro:
i. First Stars

" 1+z
ii. 21-cm Barkana, 2006
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2. Effect of Relative Velocities
on the First Stars

1. Signature of First Stars
In the 21-cm Signal

 AF, Barkana, Tseliakhovich & Hirata (2012)
* Visbal, Barkana, AF, Tseliakhovich & Hirata, Nature (2012)
 AF, Barkana, Visbal, Tseliakhovich, Hirata, Submitted
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Cosmic History:

Image: Loeb, Scientific American 2006
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First stars heat & ionize the gas

Cold neutral gas — hot ionized gas



Observed:

Image: Loeb, Scientific American 2006

CMB (z ~ 1100) Point sources (z < 10)

Local structure (z < 2)



Unobserved:

Image: Lob, Scientific American 2006

Dark ages  First stars & galaxies  Reionization



This talk: The Epoch of the First Stars

Image: Loeb, Scientific Amerlcan 2006
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The F|rst Stars

From H, in light halos M ~ 10° M,
Tegmark et al 1997

Formed at z < 65
AF, Barkana, Tseliakhovich, Hirata 2012



Hydrogen

Artist impression of the core of the SKA. Created by: Xilostudios

HI can be probed with
redshifted 21-cm line



Van de Hulst

1942 — Van de Hulst predicted 21-cm
line from interstellar HI

1952 — HI in the Milky Way
First detection by Ewen and Purcell

First Detector
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=21cm

= 1420 MHz (Radio)

Spin Temperature

n,/ny= 3exp(-T./To),

T,=0.068 K



* Absorption of CMB: T Ty /AN\N\/
Yeme

+ Collisions with other HI: Tg T C :)

* Absorption and reemission of Lyo: Tg —T .
n=2
l NN
n 1L
n=1 | v
ny
Wouthuysen 1952, Field 1958



Redshifted 21-cm signal of HI from high z:
~ 9 Xy (1+6)(1+2)"2(1-Teye Ts')

Global signal (model dependent)
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First galaxies form
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\ ] \ ; Pritchard & Loeb, 2012




0.67
2.725 K Blackbody

FIRAS data with 400G errorbars
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Astrophysical Foregrounds

« Galactic Synchrotron
Emission

- Extragalactic Radio Sources

Synchrotron
De Oliveira-Costa et al 2008

Terrestrial

e Radio Freguency
Interference

e lonosphere Distortions

~ www.accessoriesrepair.org



GMRT

Epoch of Reionization
LOFAR 11.5> 7> 6.5 (PS)
GMRT z = 9 (PS)




SKA 20 >z (PS)
LEDA 30 > z >15 (global)
DARE 35 > z >11 (global)
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2. Effect of Relative Velocities
on the First Stars
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Tseliakhovich & Hirata, 2010

e Supersonic: g, = 30 km/s = 5c,
Gas, v,

 Decays as (1+2)

« Random: MB distribution W

Gas overshoots
DM halos




Tseliakhovich & Hirata, 2010

e Supersonic: g, = 30 km/s = 5c,
Gas, v,

 Decays as (1+2)

« Random: MB distribution DM

Gas overshoots
DM halos

| Coherence scale
0.001 0.0050.010 0.0500.100 0.5001.000 ~ 3 |\/| pC

k. Mpc™!




Pgas
z =20, M, ~1.5x10°

Enzo M =0.0 M=38

IC: 06, V,.=0 IC: 8, v, = 1.2 km/s

) -

50 kpc/h 50 kpc/h
O’Leary & McQuinn, 2012
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e Scale-dependent bias

e Suppresses halo abundance
Tselikhovich & Hirata 2010; Naoz, Yoshida, Gnedin 2012

e Suppresses amount of gas in halos

« BAO in PS of early structure

Dalal, Pen & Seljak 2010; Tselikhovich, Barkana &Hirata 2011; Naoz, Yoshida,
Gnedin 2012

« Harder to form stars (boosts minimal cooling mass)
AF, Barkana, Tselikhovich & Hirata 2012

(relying on the simulations: Maio, Koopmans & Ciardi 2011; Stacy, Bromm & Loeb 2011,
Greif, White, Klessen & Springel 2011; Naoz, Yoshida & Gnedin 2011; O’Leary & McQuinn
2012)



Tseliakhovich & Hirata(2010)

The variance of fluctuations in spheres with mass M
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Tseliakhovich, Barkana & Hirata (2010)



Dalal, Pen & Seljak (2010)
Vp. acts as pressure — less gas in halos M/ M, < 10/

z=20

Tseliakhovich, Barkana & Hirata (2010)
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Greif, White, Klessen
tacy, Bromm & Loeb (2011) & Springel (2011)

108

M 216 [Msu] Redshift

Stars form later and in more massive halos



Greif, White, Klessen
& Springel (2011)

M_ooi(Vpe) = Vi affects star formation

.~ Cosmic average M,
\ (fit to simulations)

[\/Ihalio[“'/I

sun]

Redshift
Stacy, Bromm & Loeb

AF, Barkana, Tseliakhovich & Hirata (2012) (2011)



Minihalos at z = 20: by 3.1
Star-forming halos & stars at z = 20: by 1.8

0.1
Global average
0.001

10~

1077+ Minihalos

Star-forming

10~°

10~ 1L
10 15 25

Redshift

Tseliakhovich, Barkana & Hirata (2010)
AF, Barkana, Tseliakhovich & Hirata (2012)



(Stacy et al 2011)

The redshift of the first star
Az ~ 5, At ~ 3.6 Myr, ~ 10% effect

64 66 68
Redshift




Contribution of v, . bins to star formation

0.9

1. IIr -
Vbe/Obe

AF, Barkana, Tseliakhovich & Hirata (2012)



1. Supersonic relative velocities — scale dependent bias

Tselikhovich & Hirata 2010; Dalal, Pen & Seljak 2010; Tselikhovich, Barkana &Hirata,
2011; Maio, Koopmans & Ciardi 2011; Stacy, Bromm & Loeb 2011; Greif, White,

Klessen & Springel 2011; Naoz, Yoshida & Gnedin 2011; O’Leary & McQuinn 2012;
AF, Barkana, Tselikhovich & Hirata 2012

Velocity Pattern

V,. suppresses
star formation




1. Supersonic relative velocities — scale dependent bias

2. Local density fluctuations are biased by 6, ¢

Press & Schechter 1974; Bardeen, Bond, Kaiser & Szalay 1986; Kaiser 1984; Bond,
Cole, Efstathiou & Kaiser 1991; Cole & Kaiser 1989; Mo & White 1996

\ h /\/\ l\/\J\ r\\//l 6C



1. Supersonic relative velocities — scale dependent bias

2. Local density fluctuations are biased by 6, ¢

Press & Schechter 1974; Bardeen, Bond, Kaiser & Szalay 1986; Kaiser 1984; Bond,
Cole, Efstathiou & Kaiser 1991; Cole & Kaiser 1989; Mo & White 1996

\ h /\/\ l\/\J\ r\\//l 6C

Star formation starts in regions with high 6,5 and low v,



Visbal, Barkana, AF, Tseliakhovich &
Hirata, 2012, Nature

We need to include

1. Stars (small scales)
2. Fluctuations (large scales)

Hard to do in numerical simulations



ek S, Visbal, Barkana, AF, Tseliakhovich &
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Use hybrid methods

« Zagh et al 2005; Mesinger & Furlanetto 2007; Geil & Wyithe 2008; Alvarez et al
2009; Choudhury, Heahnelt & Regan 2009; Thomas et al 2009; Mesinger,
Furlanetto, Cen 2011 (21CMFAST);

« Visbal, Barkana, AF, Tseliakhovich & Hirata, 2012, Nature; AF, Barkana, Visbal,
Tseliakhovich & Hirata, 2012, submitted



Large scales (> 3 Mpc): linear evolution

Small scales (< 3 Mpc): evolve nonlinearly
Analytical models, small scale simulations

Volume ~ (400 Mpc)3
Initial conditions for 6, g and v,,.
Pixels of 3 Mpc each of fixed 6, g & V.



Realistic samples of the Universe on large scales

Relative Velocity
) | rms

Density, 5, 5




Visbal, Barkana, AF, Tseliakhovich, Hirata, Nature (2012)
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Visbal, Barkana, AF, Tseliakhovich, Hirata, Nature (2012)

[(pazi1jewlou) uonoely seb] 6o



3. Signature of First Stars
In the 21-cm Signal
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1+z
Barkana, 2006
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Lya:
Ts— Tyas (Wouthuysen-Field effect)

Lyman-Werner :
Dissociate H, — Lessen star formation (T, L)
“Negative feedback to star formation”

X-rays (starbursts):
Heat the gas (T s T)



Visbal, Barkana, AF, Tseliakhovich, Hirata, Nature (2012)

Redshift=160 80 15 14 13 12

First galaxies form

' ieionization begins

Dark Ages
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Heatin_g begins Cosmic time —~,

100
Frequency [MHz]

Pritchard & Loeb, 2012

Heating Transition T, = Tcyg (We set z = 20)



Visbal, Barkana, AF, Tseliakhovich, Hirata, Nature (2012)

Hybrid methods

Fluctuations in X-rays (maximal around z ~ 20)

LW “toy models™:
Molecular cooling (no LW feedback)
Atomic cooling (saturated LW feedback)

Ignore: Fluctuations in Lyo (max around z ~ 30)






(AF, Barkana, Visbal, Tseliakhovich, Hirata, Submitted)
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McQuinn et al 2006

Old:

velocities,
no feedback
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Old x 3.7
Old x 5.7

Visbal, Barkana, AF, Tseliakhovich & Hirata, Nature (2012)

Feedback, v, — BAO, stronger clustering



(AF, Barkana, Visbal, Tseliakhovich, Hirata, Submitted)

Hybrid methods + Simulation
Fluctuations in X-rays
Fluctuations in LW, realistic LW

Interplay between LW and v,

— 0.47
Mcool(vbc ) JLW! Z) - [1 +6-96(4 n JLW) ]X I\,Icool,(] (Vbc)
Machacek et al 2001; Wise & Abel 2007; O’'Shea & Norman 2008



(AF, Barkana, Visbal, Tseliakhovich, Hirata, Submitted)

No v, no fbk

v, saturated fbk

LW transition: z,,, # 19 — 23



(AF, Barkana, Visbal, Tseliakhovich, Hirata, Submitted)

No v, no fbk

v, saturated fbk

Heating: 7., = 15-18 Heating is delayed by v, . & LW

~ 17% (saturated feedback)



(AF, Barkana, Visbal, Tseliakhovich, Hirata, Submitted)

Evolution with time 6T, - <6T,>

No v, vV,

B0 120 180 240 300 360 B0 120 180 240 300 360




(AF, Barkana, Visbal, Tseliakhovich, Hirata, Submitted)

Heating Fluctuations at z ~ z, ., +3

V. strong fbk
V. Saturated fbk
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e Velocity is important
v, & LW have strong effect on 21-cm signal
e Good observational prospects for z = 20!

Future Plans

 Fluctuations from Lya
e Explore parameter space

e Shock heating
e More simulations needed

Thank you!
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