
Cosm
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n	and	Reionization:	

ongoing	activities	tow
ards	the	SKA

A
ndrei	M

esinger



W
hy	Cosm

ic	D
aw

n?z~30?
z~1100

Reionization
D
ark	A

ges
Recombination

Cosm
ic	D

aw
n

z~6???

Potentially	som
e	fundam

ental	questions:	W
hen	did	the	first	generations	of	

galaxies	form
?	W

hat	w
ere	their	properties?	How

	did	they	interact	w
ith	each	

other	and	the	intergalactic	m
edium

?		W
hat	is	the	structure	of	the	intergalactic	

m
edium

?		W
hat	is	the	therm

al	and	ionization	history	of	the	baryons?	



current	state	of	know
ledge: 

W
hen	did	the	U

niverse	reionize?

G
reig	&

	A
M
	(2017)	

see	also	Planck	2016;	
Price+2016;	M

itra+2016
W
e	now

	have	a	reasonable	handle	on	w
hen…



W
hat	and	how

??

w
e	don’t	really	know

…

stellar	populations	vs	A
G
N
,	IM

F	in	first	galaxies,	role	of	SN
e	and	radiative	feedback,	

m
etal	pollution,	efficiency	of	star	form

ation,	IG
M
	structures,	U

V
B	evolution	etc..



W
hat	and	how

?
•
G
alaxy	candidates	have	been	found	out	to	z~10.			A

re	these	the	stellar	
populations	responsible	for	the	Cosm

ic	D
aw

n	and	reionization?	
Estim

ates	suggest	they	are	too	few
,	w

ith	too	few
	ionizing	photos	

escaping

Bouw
ens+	(2015)
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M
A
B =	-	6

H
ubble	lim

it
JW

ST	lim
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hidden	population	of	
abundant	,faint	galaxies??

HERE THERE BE M
ONSTERS!

H
-cooling	threshold

H
2 	cooling



Get	ready	for	the	revolution: 
the	cosm

ic	21	cm
	signal



21	cm
	line	from

	neutral	hydrogen

H
yperfine	transition	in	the	ground	state	of	

neutral	hydrogen	produces	the	21cm
	line.



Cosm
ic	21-cm

	signal

use	the	CM
B	as	a	background.		m

easure	the	difference	in	
intensities	of	the	CM

B	and	the	cosm
ic	H

I,	the	so-called	
brightness	tem

perature	offset	from
	the	CM

B:

Recombination

CM
B	backlight

z	=	0	

z~1100	

H
I

Signal	contains	both	ASTRO
PHYSICAL	and		

CO
SM

O
LO

GICAL	term
s

SKA	(202x	—
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O
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s

A
M
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Cosm
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•
3D

	signal	w
ith	>	10	orders	of	m

agnitude	m
ore	independent	m

odes	than	in	the	CM
B!	

•
data	collection	w

ith	upcom
ing	Square	Kilom

etre	A
rray	(SKA

)	w
ill	surpass	10x	current	global	

internet	traffic!	
•
even	the	narrow

est	fields	w
ill	contain	>billion	of	unseen	galaxies	

•
BIG	DATA	REVO

LU
TIO

N
!

Signal	contains	both	ASTRO
PHYSICAL	and		

CO
SM

O
LO

GICAL	term
s



So	how
	do	w

e	learn	about	the	unseen	first	
galaxies?



Its	all	in	the	patterns!

•
G
alaxy	clustering	+	stellar	properties	à

 
evolution	of	

large-scale	EoR/CD	structures

M
cQ

uinn+	2007

Abundant,	faint	galaxies
Rare,	bright	galaxies

vs

94	M
pc



Patterns	in	the	Epoch	of	H
eating

750	Mpc

‘hard’	SED
	~	H

M
XBs

‘soft’	SED
	~	hot	ISMPacucci+	2014

H
igh-energy	processes	in	the	first	galaxies	are	also	encoded	in	the	cosm

ic	21-cm
	signal

differences	are	easily	detectable	w
ith	HERA	and	the	SKA



H
ow

	to	quantify	w
hat	w

e	w
ill	learn??
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H
ow

	to	quantify	w
hat	w

e	w
ill	learn??

21cm
FAST	(A

M
+2007,	2011)	—

	public,	efficient	sem
i-num

erical	3D
	

sim
ulation	code	generating	density	fields	(w

ith	2LPT),	and	
associated	radiation	fields	(w

ith	a	com
bination	of	excursion-set	and	

lightcone	integration).

density	and	ionization	from
	21cm

FA
ST:	

~	few
	m

in	on	a	laptop

density	and	ionization	from
	coupled	

hydro+RT	(Trac+2009):	
~	m

onth	on	~1000	core	supercom
puter



H
ow

	to	quantify	w
hat	w

e	w
ill	learn??

21CM
M
C	(G

reig	&
	A
M
	2015,	2017)	–	public,	

m
assively-parallelized	M

CM
C	driver	for	21cm

FAST,	
based	on	EM

CEE	sam
pler	(Form

an-M
ackey+	2013)

21cm
FAST	(A

M
+2007,	2011)	—

	public,	efficient	
sem

i-num
erical	3D

	sim
ulation	code;	extensively	

tested	and	currently	used	by	all	21-cm
	efforts	

around	the	globe

+



Physical	cosm
ology

CM
B	m

ap

Planck	2013;	2015



Physical	cosm
ology

CM
B	m

ap

Planck	2013;	2015

pow
er	spectrum



Physical	cosm
ology

CM
B	m

ap

Planck	2013;	2015

pow
er	spectrumconfidence	lim

its	on	
cosm

ological	param
eters	

w
/	CA

M
B	+	cosm

oM
C	



Astrophysical	cosm
ology

G
reig	&

	A
M
	2015;	

2017

21cm
	3D!!!	m

ap

“observation”



Astrophysical	cosm
ology

G
reig	&

	A
M
	2015;	

2017

pow
er	spectrum

??

“observation”



Astrophysical	cosm
ology

G
reig	&

	A
M
	2015;	

2017

sam
ple

21CM
M
C	

sam
pler

“observation”



W
hat	are	astrophysical	param

eters?????



W
hat	are	astrophysical	param

eters?????

In,	principle,	our	sim
ulation	and	inference	tools	

can	accom
m
odate	your	favorite	m

odel…
		“m

odel	inclusive”	philosophy



W
hat	are	astrophysical	param

eters?????

In,	principle,	our	sim
ulation	and	inference	tools	

can	accom
m
odate	your	favorite	m

odel…
		“m

odel	inclusive”	philosophy

let’s	try	this	sim
ple,	yet	flexible	em

pirical	m
odel…



Average	properties	of	galaxies	in	halos	of	m
ass	M

_h:

Park+	2018	
(see	also	Kuhlen+2012;	
D
ayal+	2014;	M

itra+	2015;	
Sun	&

	Furlanetto	2016;	
M
utch+	2016;	Yue+	2016,	…

)

A
n	flexible	approach	based	on	D

M
	halos	+	galaxy	LFs
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Average	properties	of	galaxies	in	halos	of	m
ass	M

_h:

A
n	flexible	approach	based	on	D

M
	halos	+	galaxy	LFs

six	free	param
eters	for		

U
V
	photons



A
n	flexible	approach	based	on	D

M
	halos	+	galaxy	LFs

X-ray	free	param
eters	

characterizing	em
erging	

SED
	from

	galaxies

D
as,	A

M
+	2016



Free	param
eters



Param
eter	constraints:	LF	+	21cm
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1000h	observations	w
ith	SKA	+	current	

galaxy	observations	can	constrain	m
ost	

param
eters	to	<~	10%

	1000h	observations	w
ith	

SKA/HERA	can	cons	

train	EoR	history	to	~	1%

1000h	
observations	
w
ith	SKA/

HERA	can	cons	

train	EoR	
history	to	~	1%

Park,	A
M
+2018



Param
eter	constraints:	LF	+	21cm
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Park,	A
M
+2018



Param
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ith	SKA	can	

constrain	EoR	history	to	~	1%

Park,	A
M
+2018



In	addition	to	the	first	astrophysical	sources,	the	
Cosm

ic	D
aw

n	also	tells	us	about	physical	cosm
ology	



Including	physical	cosm
ology
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u
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errors

by
ad

d
in

g
th

em
in

qu
ad

ratu
re

w
ith

th
e

su
r-

vey
error

b
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d
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ed
in

S
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O

u
r
M

C
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C
ru

n
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p
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300
ch
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n
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yield
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g

over
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6
p
osterior

sam
p
les.

O
n

a
M

acP
ro

D
esk-
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com

p
u
ter,

th
is

entire
calcu

lation
takes

⇠
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h
ou

rs
an

d
u
tilizes

⇠
10

G
B

of
m

em
ory.

T
h
e

fi
n
al

ch
aracterization

of
th

e
p
osterior

d
istrib

u
tion

is
fou

n
d

in
F
igu

re
6,

w
h
ere

w
e

sh
ow

its
m

argin
alized

p
airw

ise
covarian

ces
b
etw

een
all

eleven
m

od
el

p
aram

e-
ters

an
d

its
fu

lly
m

argin
alized

d
istrib

u
tion

s
alon

g
th

e
d
iagon

al.
W

ith
th

e
excep

tion
of

�
8 ,

th
e

cosm
ological

con
straints

are
m

ostly
a

refl
ection

of
th

e
stron

g
P
la
n
ck

p
rior

d
istrib

u
tion

(sh
ow

n
as

b
lu

e
contou

rs).
C

om
p
ared

Kern	+	(2017)

21-cm
	observations	of	reionization	can	im

prove	
constraints	on	sigm

a8	by	a	factor	of	~2



Peak	is	in	em
ission!	

Cannot	be	reproduced	
w
ith	astrophysics!!!

Evoli,	A
M
,	Ferrara	(2014)	

see	also	Valdez+	(2013)	
Lopez-H

onorez+2016	

DM
	heating	is	m

ore	uniform
	than	astrophysical	->	

heating	peak	is	LO
W
EST	of	the	three



SKA’s	revolutionary	role	w
ill	be	in	im

aging	the	
first	billion	years	of	our	U

niverse

http://hom
epage.sns.it/

m
esinger/EO

S.htm
l



Astrophysical	cosm
ology

G
reig	&

	A
M
	2015;	

2017

pow
er	spectrum

??

The	21cm
	signal	is	highly	non-Gaussian.		U

sing	only	the	pow
er	

spectrum
	w
astes	a	lot	of	inform

ation!!!



Exploring	non-G
aussian	statistics

1.“Brute	force”	approach:	Sim
ply	replace	the	pow

er	spectrum
	in	the	likelihood	

calculation	of	21CM
M
C	w

ith	an	alternate	statistic,	e.g.	the	bispectrum
	(W

atkinson,	
A
M
+,	in	prep).		Does	that	statistic	yield	tighter	constraints	on	the	astrophysical	

param
eters?		Repeat	w

ith	other	statistics,	quantifying	w
hich	one	results	in	the	

strongest	constraints.
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er	spectrum
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ith	an	alternate	statistic,	e.g.	the	bispectrum
	(W

atkinson,	
A
M
+,	in	prep).		Does	that	statistic	yield	tighter	constraints	on	the	astrophysical	

param
eters?		Repeat	w

ith	other	statistics,	quantifying	w
hich	one	results	in	the	

strongest	constraints.	

2.M
achine	learning	approach:	train	Convolutional	N

eural	N
etw

orks	(CN
N
)	to	learn	

astrophysics	and	cosm
ology	directly	from

	21-cm
	im

ages	(G
illet	et	al.	2018).



D
eep	learning	w

ith	CN
N
:	param

eter	recovery

G
illet,	A

M
	+,	2018

Input layer

Convolution  
layer 1

Pooling 

layer 1

Successive convolution + pooling

Fully connected 

Layers

Flattening

Output

Astrophysics

ζ
T

v
ir

L
X

E
0
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D
eep

 learn
in

g w
ith
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N

N
: p

aram
eter reco

very

G
illet,	A

M
	+,	2018
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G
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o	W
G
	

board	m
em
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	Italian	institutions
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(an	incom

plete	list)

•
Current	co-chair	of	the	SKA

	EoR/CD
	W

G
	and	tw

o	W
G
	

board	m
em

bers	are	from
	Italian	institutions	

•
EoR/CD

	science	pulls	together	m
any	fields,	w

ell	
represented	in	Italy,	e.g.	galaxy	evolution,	IGM

	physics,	
X-ray	sources	(HM

XBs,	faint	AGN
),	astroparticle	physics	

•
The	m

ain	sim
ulation	and	inference	tools	for	SKA

	(and	
all	21-cm

	interferom
eters	are	21cm

FAST	+	21cm
M
C



21cm
FA

ST 

21cm
FAST is being used by all of the 21cm

 interferom
eters, w

ith researchers in 18 
countries studying a broad range of early U

niverse topics



Conclusions	/	U
pcom

ing…
.

•
Current	probes	tell	us	roughly	w

hen	reionization	occurred.		But	w
e	know

	very	
little	about	the	unseen,	faint	galaxies	thought	to	dom

inate	reionization	and	
heating.	

•
SKA

	w
ill	chart	the	first	billion	years	of	our	U

niverse,	revolutionizing	the	field.	The	
properties	of	sources	and	sinks	are	encoded	in	the	3D

	EoR	structure.	

•
To	quantify	w

hat	w
e	can	learn,	w

e	developed	a	Bayesian	fram
ew

ork	for	
astrophysical	param

eter	estim
ation,	capable	of	on-the-fly	M

CM
C	sam

pling	
(21CM

M
C)	of	3D

	sim
ulations	(21cm

FA
ST).	

•
Forecasts	using	the	pow

er	spectrum
	as	a	sum

m
ary	statistic	suggest	even	an	8	

param
eter	astrophysical	m

odel	can	be	constrained	to	~10%
.		W

e	w
ill	be	able	to	

indirectly	study	the	unseen,	dom
inant	galaxy	population.	

•
SKA

	im
ages	of	EoR/CD

	are	non-G
aussian…

		W
hat	are	optim

al	sum
m
ary	statistics?	

W
e	can	explore	this	using	neutral	netw

orks	

•
The	next	decade	w

ill	see	the	advent	of	precision	astrophysical	cosm
ology!


