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Our Best Guess

Dark Ages:
Zstar < Z < Zcmp

Cosmic Dawn:
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What Heated Up the Gas?

P 1
| Quasars Black hole binaries
Open Questions: Possible Sources:
« Nature of heating sources « X-ray binaries
« Spectral energy distribution « Mini-quasars
(SED)  Thermal emission from
« Efficiency galaxies
« Time dependence « Shocks
« X-ray absorption « Dark matter annihilation

« Effects of metallicity « Etc.



In this talk:
Sources with hard and soft SED
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Open Questions

Dark Ages:

When did the first Zstar < Z < Zcwm
stars form?

In which halos?

Contribution of DM?

Cosmic Dawn:
What heated up the
IGM?

Feedbacks?

..<'Z < Zl

T4
Epoch of P

°
Ionized Hydrogen .

Reionization: Y

How did it happen?
Sources?
Topology?




Bright Future

JWST and WFIRST will probe the .

earliest galaxies R

X-ray Surveyor and Athena will measure the X-ray
emission, count the dimmest

Radio telescopes are se



Faint Signal of Neutral Hydrogen

 The “highly forbidden” spin-flip transition (2.9 x 101> s~1)

happens often enough in the volume of the Universe.
« Photon of 21-cm are produced, they do not get re-absorbed
and can be observed today.
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Parallel spins: higher-energy config



« Dark Ages
Sy * First Starssand Galaxi
B . Reiogiz-at '

21-cm expe



Spin Temperature Is Determined by 3

Processes

Collisions with
other HI:
Xes Ts —>Tgas

e o0,

Equilibrium with CMB: Tg —>Tcys

Absorption and reemission of Lya.:
Xoo Ts =T ~ Tgas (Wouthuysen 1952, Field 1958)

n=2 NANS Q
n=1 Yo

Tg depends on astro and cosmo 1 T 'y +xcT 7 + %777

parameters Ts 1+ xc +xq




Predicted Global 21-cm Signal

Time after 10 million 100 million 250 million 500 million 1 billion

Expected Signal
Brightness T relative to CMB

14 13 12 11

£ Pritchard &
Dark ages, [ e Loeb (2012)
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Inhomogeneous Signal. Fluctuations

Astrophysics Cosmology
<€ >
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3 X-rays Ly-a
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lonization Collisions
z~8 g 50
z=0

Redshift

« (Generic dependence of power spectrum on z for a given k
« Each source of fluctuations contributes at different epoch




Line-of-Sight Anisotropy: 3in 1

Tems| [H(2)/(z + 2)
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Atomic, New spectrum

Gradient along the LOS of the LOS
velocity adds anisotropy to the
otherwise isotropic signal

Sign change

Component separation according to
their angular dependence: u = cos 9
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21-cm Signal is Science-rich but Hard
to Model

Simulate both small scales (stars) and large cosmological scales
(size of the Universe)

Include many parameters: IC, first stars, their radiation,
environment, temperature of the gas etc.

Cosmic volumes

Galaxies

AGN, Stars

*
P .

103 pc ~ kpc



The Role of First X-ray
Sources

Were first X-ray sources hard or soft?

What was their efficiency?
How did it affect the 21-cm signal and the EoR?
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Fragos et al. (2013
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Were First X-ray Sources Soft or Hard?
Soft

Mean free
& pass

Details of SED are crucial!
If hard X-rays

 Mean free pass is longer
« Heat and ionize the gas far from the source

« Fluctuations in gas temperature are washed out at scales
below the mfp

« Delayed heating (energy redshifts away)




Effect on Global Thermal
History

Hard X-rays .7
2 Soft X-rays .-
SN\
D | N
© | N
— | RN
TCMB
Log(1+2)

Historical note:

Gas is thought to be pre-heated before EoR, Tx > Teyp
Madau et al. (1997)

But is it really the case?



Gas Temperature

v [MHZ]
71.4 47.6

Atomic cooling
f, =30

fy=1

f,=0.3

Hard (solid)
Soft (dashed)

Fialkov et al (2014) 7
‘Fialkov, Loeb (2016)
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Gas can be rather cold during EoR!




Effect on Global Thermal
History and 21-cm Signal
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Fialkov, Barkana, Visbal (2014)

Soft SED: Heating and reionization are separated in time
(heating transition at z = 15, x; ~ 3.8 %).

Hard SED: Reionization and heating happen simultaneously
(heating transition at z = 12, x; ~ 14 %).




Hard vs Soft X-rays:
Heating Peak in the PS

« Mean free path of X-ray photons — characteristic scale
« Fluctuations at scales smaller than mfp are washed out

k3P(K)/21r2

Hard X-rays

Redshift



Hard vs Soft X-rays: Heating Peak

Soft X-rays Hard X-rays
Almost uniform heating

k =1Mpct

k =0.5 Mpct

k =0.3 Mpct

k =0.1 Mpct

k =0.05 Mpct

k=0.03 Mpc?
20

1+z

Fialkov & Barkana (2014)




Model-independent Direct
Probe of X-ray SED

Low anisotropy,
Linear regime

Hard SED

sin(kr)

Win(k,2) = [ W,(r.z L dr.
r (k. 2) ! i (r.z) i dr

Fialkov, Barkana, Cohen, (2015)




Effect of X-rays on EoR:

Fialkov & Barkana (2014)

« Partial ionization by X-rays:
At = 14% (soft), At = 2% (XRBS)
« Reionization is smoother
« Fluctuations in the 21-cm are suppressed
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Cosmology from 21-cm!

« Saturated heating
* Fully recover x,,, from the global 21-cm signal
* Measure the CMB optical depth much better
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With Complication from X-rays

8T, o x5 (1 + 8)(1 + 2)1/3{1 -

TC MB
Ts

With X-rays, reconstructed X,
deviates from the real one

! 5T,
HE (14 68)(1 + 2)1/?

rec

X

Fialkov & Loeb (2016)



With Complication from X-rays

8T, o x5 (1 + 8)(1 + 2)1/3{1 -

TCMB} Thermal info & fitting = Xy,
Ts

With X-rays, reconstructed X,
deviates from the real one

! 5T,
HE (14 68)(1 + 2)1/?

rec

X

Fialkov & Loeb (2016)



Limits on X-ray Efficiency, fy

Upper Limit (fy ~ 15 — 450)

Unresolved X-ray background (~ 12%), Lehmer et al. (2012).
Lower Limit (f, ~ 0.001-0.01)
21-cm power, Ali et al. (2015), Pober et al. (2015).
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Limits on fy
Uncertainty In the Global

Atomic, Late EoR

v [MHZ]
47.6

Fialkov et al. (2016)-

(dashed) _. (solid)
-131 mK  ~ - 37 mK
-170 mK =~ - ; - 93 mK
- 203 mK ¢ - 136 mK

CXRB

PAPER (dotted): f, ~ 0.01, -240 mK
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Limits on fy
Uncertainty in the PS

Atomic, Late EoR
v [MHZz]
1429

Pober et al. (2015)
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Fialkov et al. (2016):
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New Frontier:

Cross-correlating the 21-cm signal and the X-ray background,
observed in future by X-ray Surveyor and Athena,

can help to constrain the nature of the first X-ray sources!
Work in progress.







1. The Effect of Radiative Feedback

Formation of first stars Is via H, or HI cooling
- H, cooling in (M, ~ 105 M)
« HI cooling in (M, ~ 107 M)

Lyman Werner photons from stars
 Dissociation of H,
» Negative feedback to star formation Barkana & Loeb (2001)

e.g., Machacek et al. (2001) Bromm (2012)




2. The Effect of Initial Conditions
Relative Velocities between DM & Gas

0.001 0.0050.010 0.0500.100 0.5001.000
k. Mpc™

Tseliakhovich & Hirata, (2010),
« Gas overshoots DM halos Fialkov, review (2014)

« Supersonic: 0, = 30 km/s = 5c,
 Decays as (1+2)
 Random: MB distribution




Velocities: Large Impact on Structure
Formation at High z

Relative velocities affect Enzo M=00 M=38
104-108 M, halos IC: 8, v,.=0 3, Vp. = 1.2 km/s
o -
50 kpc/h 50 kpc/h

0.1 O’Leary & McQuinn (2012)
0.001 |
10° * Suppresses halo abundance
4 « Suppresses amount of gas in
Fialkov, Barkana, halos

oy Tseliakhovich, » Delays star formation
Hirata (2012)

1077

Fialkov, review (2014)




Example: Gas fraction in star-forming halos, z = 40
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Effect of LW Feedback and Velocities

* H, cooling — sensitive to v,
and LW feedback

e HI cooling — mildly sensitive
to V.

21-cm brightness temperature

Molecular cooling Atolr_nic
cooling

R ) e adih € A | l =y ‘ . e 0 o . o R « A 5.
No feedback, No feedback Weak Strong Saturated
No vbc feedback feedback feedbback

Fialkov, Barkana, Visbal, Tseliakhovich, Hirata (2013)



Uncertainty due to Feedback and
Velocities

| . .
‘ Delay star formation and cosmic

milestones by Az ~ 3.5

BAO In power spectrum
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Fialkov, Barkana, Visbal, Tseliakhovich, Hirata (2013)



New Frontier:

Including the velocities in initial condition of
cosmological radiative hydrodynamics simulations

&
&

Work in progress, in collaboration with I. lliev, D. Sulivan et al.



Alternative Probe of EOR: Dispersion
Measure of Fast Radio Transients

Credit: phys.org/news,

DM = dl
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Fialkov & Loeb (2016b)



Alternative Probe of EOR

Total optical depth can be probed through the
DM of high-z fast radio transients
such as FRBs

(now at 0.3<z<1.5) 7(z) = |DM(2)(1 + 2) — f DM(z")dz'|o

1601 2974 4419 5629 6697 7663

-3
DMFRB [pccm 7]

Fialkov & Loeb (2016b)



Alternative Probe of EOR
Signal to Noise with SKA

To probe 7 = 0.055 we need
DM of 6100 pc/cm?3

Type Event Telescope DMgc i) LY

[pec em ™3] [GHz] [erg s=1 Hz=! sr=1]
Min FRB010621  Parkes 748 2y 1.7 >

Median )523 GBT
Max Parkes
Lorimer ) 724 Parkes




Summary

 Bright future in radio
« X-rays are important for EOR and Cosmic Dawn

« With 21-cm we can constrain the nature of heating
sources and the role of mini-halos in star formation

« Transients as a probe of EoR

Hard X-rays Soft X-rays

Fialkov, Barkana, Visbal (2014)



