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Highlights Lecture 1: The origin of the CMB

ame Big Bang Ttmp
Planck Epoch g oy g o
iur::.:-f:iwa VST \\ /
Nucleosynthesis B p e | \ /
- ' \
Decoupling \\ /
/
Loy LasL SCBHPTfn_q ge \\ //
- oS \

Tove o« (14 2)

Tovez = 3000(1+Az) 1K

We can only see
TCI\/IB,O = 3000(1 + 1 100)‘1 K the surface uf. Lhe
cloud where light

_ PRESENT
=2./25 K 13.7 Billion Years was last scattered
after the Big Bang

The cosmic microwave background Radiation’s
“surface of last scatter” is analagous to the
light coming through the clouds to our

eye on a cloudy day.



Highlights Lecture 1: Tb evolution
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Dark Matter Halo Formation
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Stellar Formation in a Halo:
Gas collapse and cooling

Stability of spherical gas cloud: Jeans criterion

b Star-forming cloud

(Gravity vs Pressure)
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If M <M, the gas expands

The gas needs not only to be bound but also
to cool to form stars
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If M < Mool the gas does not cool sufficiently fast (within a Hubble time)

For z <40 Muo> M; = Many halos do not form stars



Stellar Formation in a Halo: Fragmentation

a Cosmological halo b Star-forming cloud
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Projected gas distribution around a primordial protostar.
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Lecture 2

) Cosmic Dawn/The First Stars (POP llI)
i) Galaxy Formation (POP Il stars)
i) Reionization

I\V) Observing the EoF
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First star formation: POP lll stars

e Formation sites: minihaloes / atomic cooling haloes: 10°- 107 Mg

e [MF is highly uncertain, stellar mass range: 0.1 - 1000 Mg
e Cooling:
e 7 >10*K : atomic hydrogen

e 7> 200K : molecular hydrogen

® Direct formation: forbidden
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POP lll stars: spectra and lifetime

M i lifetime
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POP Ill stars

Characteristics:

0.1-1000 solar masses
Massive stars have short life's

Galaxies become stable when atomic
cooling is possible T, = 104K

First metals produced in the cores
of these stars

Impact on the IGM:

1. Production of Lyman-Werner photons (11.2 to 13.6 V)
2. lonisation of its surroundings
3. Heat and contaminate the IGM with metals after they SN explode



1) The Lyman-Werner photons:

UV Electronic
< il Transitions:
H,
L
4o Lyman Band - H,
WernerBand \/\/\) “
53::
] 5 l
H> gets excited and often
r vibrates and breaks into H + H
40— =
Shu, Radiation
1 ! |

Lyman-Werner photons destroy H> = No more SF in small halos

Regions with a high Lyman-Werner background only form stars by
atomic cooling = stable SF at Tvir= 104 K
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2) lonization of the stellar surroundings

Pop III: Salpeter IMF (1-500 M,)

o l 1 s Hydrogen ionising energy

N e -\_“_JA__AL‘LJ; Eion :136 eV

Hell vt mp Not enough stars to ionise
L L the IGM

4 Myr After stars stop producing
lonizing photons the gas
13 recombines




3) Heat and contaminate the IGM with metals
after they SN explode

X-rays heat, ionise and
excite the IGM

Metals produced inthe _, POP Il stars
SN explosion start ejected into the IGM (Formed with metals)

>




UV photons

Almost all energy goes into
lonising the gas

NVAVAN "e/

X-ray photons

Energy goes into ionisations,
heating and excitations
° 1:1:1




The impact of the first stars on the IGM

Mean free path <l E> ~ 1
nron(E)

Bound-free _ 3

Cross section ou(E) = a0 (Eo/E)

ny=2.2x107cm=3(1+z)3
O,=6 x10-18 cm?
E,=13.6eV

Atz=20: ForE=E, {lgy = 0.22 kpc comoving
For E =1 keV {ley = 0.1 Mpc comoving



The impact of the first stars on the IGM
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POP lll stars emit UV radiation which only
lonises its surroundings

When this stars turn into SN x-rays heat
the IGM up to large distances



The formation of the first galaxies and the
reionization of the IGM

IONIZATION L
Loqarthmic scalee

minutes

10,0C0
years

Cosmuc
microwave . » »
fackgrount < S . " .
280,000 years i s o * ¥
f \ . . . "'. .
\ - = 4
; - ol First “ st
, - :};‘_-OU;}: stars ' - -1.':..?).'1.'*
form A
- ‘ Fresent day
A DARK AGES EPOCH OF . 12.8 piflion vears
T | = # REIONIZATI
100,000 S Vhe 1 million 10 mill'Bn 100 million 1 billicn 10 billicn
years WS years years years 3 years® years
| : G oA N x
) “_ - E
il g s o ‘
PR W
e 4 .
. . -.




21 cm line Brightness Temperature
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lonisation of the IGM: What do we want to know?

What were the main sources?
- lonizing photons sources:
- Stars: POP Il + POP i

~ Quasars +QSO'’s
- DM decay + annihilations

What was the topology?
What was the timeline?




The Timeline: Optical depth + Lya forest

Quasars spectra:

Integral CMB constraints Timing the end of the EoR
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Quasars spectra:

The Timeline: Lya forest The end of the EoR
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The Timeline: Optical depth to reionization

ro(z) = / neor(1+2) 7" [c/H(2)] dz
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The Timeline: Optical depth to reionization
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CMB anisotropies
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The Timeline: Optical depth
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More constraints on the EoR timeline

eX: Lyman break galaxies,
LAE
(To be discussed later)

Lets assume EoR from z~16 - 6



The sources of Reionization:
Galaxies vs quasars emissivity

age of the universe (Gyr)
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Reionization by Galaxies or quasars:
Impact on Tb

* Galaxy clustering + stellar properties =2 evolution of

McQuinn+ 2007

Abundant, faint galaxies vs Rare, bright galaxies



Modeling Reionization: Simulations



The evolution of the ionization field:
determining Xi=(NHi/nn)

lonizing Recombination
rate - rate

Vi Ve




lonizing emissivity: lonizing photons
available to ionise the IGM

Mion = AHe X SFRD X Qion X fesc

He Star formation L. \ lonizing photons
: N° of ionizing photons per
correction factor rate density solar mass in SF escape factor

These parameters depend on the stellar population (IMF)
and on the galaxy SED

Note: In observations Nion is calculated by
integrating over the galaxies luminosity function



Star Formation Rate and SFRD
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Galaxy Spectra (POP Il stars): Calculating Qion
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lonizing photons escape fraction

Vexp

L'V photons r
- |

L.ya photons

Low density : HI + dust High density : HI + dust
Duval et al. 2013



lonizing photons escape fraction
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Reionization with galaxies requires
fesc~0.1-0.2

Observations at low redshift usually measure
fesc~0.01 or less

Only a few galaxies were found with a large
fest of the order of 6-13%
(green pees)



The evolution of the ionization field:
determining Xi={nui/nn)

lonizing Recombination
rate - rate




Rate of recombinations
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The evolution of the ionisation field
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The evolution of the Tb
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Simulations of the EoR

Results from 3D RT

x (Mpc/h)

O (arcmin)

1%0 170 160 150 140

Vi [liev et al. 2008

At half 1onization the signal rms 1s about 8mK

1
Y N T —Fonus Wh? [024 1 +2\]2
01y ~ 28mK (1 + 9)z
b n ( + )LHI/ 0.02 {Qm ( 10 )}




Semi-numerical simulations
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Full vs. approximate simulations

e.g. Mesinger+2011
(also Zahn+2007;

~ 1 week on 1536 cores ~few min on 1 core Furlanetto&AM2007;
Santos+2011)

Uses:
e quickly explore the large astrophysical parameter space
e easily create mock data-sets for large FoV cosmological observations (e.g. 21-cm)



From theory to observations

How can we image reionization?



Line Intensity Mapping

Image from
Dore & Bock 2014




The intensity mapping technique

Higher energy Spin
state flip

@ (® fobs — fc N

1420 MHz
}o. = 21 cm

fobs
o Fixing the line (fe)
[ cone
\
For f,: 1420MHz it correspondents t0:16 <z < 20
Ex: f ,.=(70-90)MHz



The Line-IM Technique

Integrated line intensity

 Detects emission from faint sources
» Redshift information

High volumes / low resolution
 Fast

Constraints on:

« Cosmology

- Global astrophysical quantities s .o

CEA-Irfu

High S/N =» Tomography o -
Low S/N =» Statistical detection ~ Santos et al. 2010

ol

(no need to be well above noise) Mg




The reach of future surveys

| LIM is highly competitive with galaxy surveys on large scales and at high redshift!
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Power spectrum of line-intensity fluctuations
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The Power spectra of the 21 cm line
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21cm line IM surveys
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(B = | 3d— +
Hera Paper MWA Lofar
South Africa South Africa + USA USA Europe

Future = SKA in Australia



Measuring Redshifted HI: Challenges

1. Astrophysical Challenges

E?E;‘\g;‘ﬁ"_h — 1. Foregrounds: total intensity
FITRACAATTIC Pl 2. Foregrounds: polarized
(v08K) 7L L B 3. lonosphere
gl 4. Etc.
sasetie | o7 abiE | veese 2. Instrumental challenges
OregrOunie a - amm o AN ELE . 1. Beam S’Fablllty
AERC ] e gatasies 2. Calibration
ol chvears 3. Resolution
4. uv coverage
> freediree amission 5. Etc.
> snes 3. Computational challenges
/7 Synehiotron emission 1. Multi petabyte data set

2. Calibration
@ 120 MHz 3. inversion




Measuring Redshifted HI: Challenges

The Foregrounds are
9 orders of magnitude in mK#2

/0% of the foregrounds are galactic.

Synchrotron (the most dominant)

Diffuse Bremsstrahlung

Individual supernovae remnants
30% Extra-galactic

Radio galaxies

Radio clusters
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The foregrounds are very complex across the sky but very smooth along the
frequency




Extraction of the EoR Signal:

The LOFARcase

@150 MHz, 3arcmin
TEOR 5 mK

Tes ~ 2K
T oo ~ 78 MK

~

~

Parametric fitting
(polynomial fitting)
Jelic et al. 2008

Non-parametric fitting

(Wp smoothing, ICA,..)
Harker et al. 2009
Chapman et al. 2012,2013
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Current (large) 21-cm Power-Spectrum Detection Experiments

-
GMRT

Epoch of Reionization (EoR) experiment b

Specs

- 40 hrs data [12/2007] on PSRB0823+26
- FWHM = 3.1d primary beam

- Resolution 20 arcsec

- Freq = 139.3-156.0 MHz [64x0.25MHz]
- Time resolution = 64 sec

-z=8.1-92
\

Paciga et al. 2013

J/

Specs:

- 3 hrs of data; - August 23 2013

- R.A.(J2000) = Oh Om Os,
Decl.()2000) = -30~ 0" 0"’

- high-band of 30.72 MHz, centered at
182 MHz i.e.6.2<z<75

Dillon et aI.ZOISJ

PAPER

Precision Array for Probing the Epoch of Relonization

Specs:

- 1148 hrs of data
(8/11/2012 to 23/3/2013)

- 100 to 200 MHz, 1024 chan

\_

- visibility integr.: 10.7 seconds Ali et al. 2015

_/

Specs:

- 13 hrs of data; - Feb|1/12 2013

- R.A.(J2000) = Oh Om Os,
Decl.(J2000) = 90> 0" 0"

- high-band of 115-189 MHz

 Low Frequency Array

Patil et al. 2017 y




Current 21-cm Power-Spectrum Detection Experiments

Y4 ™
. ’ 0‘ ' * w:‘ 7=82-65 2=66-70 2=70-75
:5 .: 1 ’ 107
! ‘. ' ,'fi ' ! :: j
i E "
mllné’ 7 M . e W oy TS " ’b RS
e MWA-128T: Upper limits on the power spectrum from z =
GMRT: Measurement of a 20" upper limit of 6.2 to z = 7.5. The lowest limit is A(k) < 192 mK at 95%
A(k) < 248 mK for k = 0.50 h Mpc-' at z = 8.6. confidence at a co-moving scale k = 0.18 Mpc-! at z = 6.8.
Paciga etal. 2013 ) \ Dillon et al. 2015 )
Y4 ™\
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PAPER 64-antenna: A best 20 upper limit of A(k) <22 mK LOFAR: Measurement of a 20 upper limit of
for k =0.15-0.5 h Mpc-! atz = 84. A(k) < 80 mK for k = 0.05 h Mpctatz = 10.1.
Ali et al. 201 5) L Patil et al. 2017 )
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LOFAR: Measurement of a 20 upper limit of
A(k) <80 mK for k =0.05 h Mpc-tatz = 10.1.

The LOFAR upper limit
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The LOFAR upper limit
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LOFAR: Measurement of a 20 upper limit of

k*P(k)/(2n%) [mK?]

100.0 9 g

10.0 F -

1.0F Z2=12, <xu>= 0.84_]

L Zz=11, <xg>= 0./2 ]

z=10, <x,>= 0.52 ]

z=9.5, <x,>= 0.397

z=9.0, <x,>= 0.2 ]

o z=B.5, <xu>= 0.067

0.1 lllll L L Llllll A L Al Ll 111
0.01 0.10 1.00 10.00

k [Mpc™]

A(k) < 80 mK for k =0.05 h Mpc-tatz = 0.1,



The 21cm signal is highly non-Gaussian

Using only the power spectrum wastes a lot of
information!!!

OT (mK) at z=7.02 (117 MHz) with [5°,0.8 MHZ]

9.24

15.42
2
3
o 1.60
=)
o]
2.22
6.04

O (degrees)

Image from an EoR simulation

O (degrees)

OT (mK) at z=7.02 (117 MHz) with [5°,0.8 MHz]

16.22

13.06

0.102

-3.26

0 (degrees)

Gaussian field with identical PS

Mellema+2015



Analysis of IM data besides the 2 point statistics
(power spectrum) can be done using:
Higher order statistics
Redshift space distortions



Mpc

Bispectrum:
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Majumdar, Pritchard, Moncal, Watkinson et al,, arXiv:1708.08458




EoR 21

cm Bispectrum: Componentes

B (Mpc®)
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EoR 21 cm Bispectrum: Dominant component
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e dominated by ionization and density fields at different stages and configurations...
e also a powerful discriminant for astrophysics?

Majumdar, Pritchard, Mondal, Watkinson et al., arXiv:1708.08458



EoR 21 cm Bispectrum: Redshift evolution
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EoR 21 cm: Skewness and Kurtosis

_ N —.
1> (i —7)°
N o3

Skewness(y) =

N —\4
) . 1 ooy —
Kurtosis(y) = ~ Z,._()(94 ) .
! o

Skewness: symmetry in a distribution
Kurtosis: Measure of the combined
size of the two tails
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Ross et al.
arxiv 1808.03287 2018



Statistics of the EoR 21cm signal

300_ — X-rays & QSOs
200_" - HIMXBs %
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Ross et al.

arxiv 1808.03287 2018



Redshift Space effect

. 2
P (ka ,u) = 0T} (Z) [PPHI:PHI (k) +2M2PPHI,PM (k) T /ﬁppl\f-lapl\fl(k)]

T A
|
/

astrophysics Velocities alone which give
clean probe of cosmology

1+2z
S =1 - T

r = real space position
s = apparent redshift position
vii = line-of-sight peculiar velocity of the emitter



How to confirm a statistical detection?
Cross correlations



Cross correlations as a way to avoid
foregrounds

Possible cross correlations with galaxies or
IM of other lines

The idea is:
Two independent observations of the same

volume in space will be to first order free of
foregrounds

# observations are made in # freq. bands
so they have # foregrounds

400 nm

wava mngth (malerx) R
1016 1012 109

gamma rays Xrays |ulwaviolel| |infrared radio




Cross correlation with Lya IM




k' P(k)/2n’[erg s'cm™sr')*

21cm/Lya cross correlation
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Frequency range

- 50 MHz .. | ~130,000
| 350 MHZ ynRnnas sprid Duesween

Locition: Asctralia W S00 atations

Total
ccllecting

Maximum distance
Jetween stations:

65km__“

Tozal raw data output:

157 terabytes

per cecnnd

4.9 zettabytes

=nough to fill up the csuma';zo\
35,000 DVDs . %0

esery second [scures: Gisco)

Compared to LOFAR Netherlands, the currert
best similar instrument in the world

"' 25% 8x 135
-0 0 OXK X

. Py better more the survey
R resclution  Sensfive speed

The Future: SKA




Tomography of 21cm line emission
during the EoR
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