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What	do	we	know	now	about	the	IGM	and	
galaxies	during	the	first	billion	years?



• We	have	constraints	from:

1. Lyα	+	Lyβ	forest	dark	fraction

2. Lyα	forest	opacity	distributions

3. QSO	damping	wings

4. Redshift	evolution	of	Lyα	EW

5. Redshift	evolution	of	LAE

6. Clustering	of	LAEs

7. CMB	primary	anisotropies	( )

8. CMB	secondary	anisotropies	(kinetic	SZ)

τe

Observations	of	the	Epoch	of	Reionization
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Understanding	the	timing	of	reionization

Greig,	AM+	2021


We	now	have	a	reasonable	handle	on	when	the	bulk	of	reionization	happened…

Damping wing constraints from two z & 7 QSOs 7

after J1342; Bañados et al. 2018) at z = 7.54. Previously,
using the same Intermediate H II EoR morphology, we re-
covered x̄H I = 0.40+0.21

�0.19 for J1120 and x̄H I = 0.21+0.17
�0.19 for

J1342.
In the right panel of Figure 3 we present a compilation

of the IGM neutral fraction constraints for of all four known
z & 7 QSOs using our covariance matrix approach (with
N V) assuming the Intermediate H II EoR morphology. The
red and blue curves correspond to J0252 and J1007 as per
the right panel of Figure 3, whereas the black dotted and
dashed curves correspond to the new constraints on the IGM
neutral fraction from J1120 and J1342, respectively. Quan-
titatively, following the inclusion of N V we now update our
constraints to the following:

• x̄H I = 0.44+0.23
�0.24 at z = 7.08 for J1120

• x̄H I = 0.31+0.18
�0.19 at z = 7.54 for J1342.

For both, we find a higher IGM neutral fraction owing to
an overall increase in the predicted intrinsic flux following
the inclusion of the N V line. Further, we also note an in-
crease to the 68 per cent confidence intervals, owing to the
increased scatter in the reconstructed profiles going from a
6 dimensional covariance matrix for the two component of
Ly↵ (broad and narrow) to the new, 9 dimensional covari-
ance matrix jointly reconstructing N V. In Appendix B we
provide the updated reconstructed profiles for J1120 (Fig-
ure B1) and J1342 (Figure B2) along with a discussion of the
new profiles following the inclusion of N V into our analysis
pipeline.

3.4 Compilation of reionisation constraints

We now have IGM damping wing constraints on four z & 7
QSOs obtained from two distinctly di↵erent reconstruction
methods and damping wing analyses, as discussed in ear-
lier sections. Here, we average over all of these constraints
to obtain one, unified constraint on the IGM neutral frac-
tion from the IGM damping wing imprint8. To obtain this
constraint, we first sum the two individual neutral fraction
PDFs (corresponding to the two separate pipelines) for each
of the four QSOs before multiplying the corresponding four
PDFs to obtain a single, joint posterior for the IGM neutral
fraction. Following this procedure, we obtain:

• x̄H I = 0.49+0.13
�0.14 at z = 7.29 ± 0.27.

Note, in collapsing these constraints into a single datapoint
we are in e↵ect conservatively averaging over all modelling
di↵erences and systematics. Further, as these four QSOs
span a redshift range of �z ⇠ 0.5, cosmic evolution across
all these QSOs should be fairly modest.

In Figure 4 we place this unified QSO damping wing
constraint (red pentagon) in context with other constraints
on the IGM neutral fraction during reionisation. Here, we
consider constraints and limits obtained from: (i) dark pix-
els (McGreer et al. 2015), (ii) Ly↵ fraction at z = 6.9 (Wold
et al. 2021) and at z = 7 (Mesinger et al. 2015), (iii) the

8 Note here that we specifically focus on damping wing analyses
that consider an inhomogeneous IGM. That is we do not include
the constraints on J1120 or J1342 from Bañados et al. (2018);
Ďurovč́ıková et al. (2020) or Reiman et al. (2020).
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Figure 4. A compilation of existing constraints on the IGM
neutral fraction as a function of redshift. Circles: Dark pixels
at z = 5.9 (McGreer et al. 2015), Squares: the Ly↵ fraction at
z = 6.9 (Wold et al. 2021) and z = 7 (Mesinger et al. 2015),
Stars: LAE clustering at z = 6.6 (Sobacchi & Mesinger 2015),
Diamonds: LBGs at z = 7 (Mason et al. 2018), z = 7.6 (Hoag
et al. 2019) and z = 8 (Mason et al. 2019). The red pentagon
corresponds to the combined constraints of all four z ⇠ 7 QSOs
considered in this work. The blue curve and the dark and light
shaded regions corresponds to the median, 1 and 2� constraints
from observationally constrained 21-cm simulations (Qin et al.
2021).

clustering of Ly↵ emitters (LAEs) at z = 6.6 (Sobacchi &
Mesinger 2015) and (iv) Lyman-break galaxies (LBGs) at
z = 7 (Mason et al. 2018), z = 7.6 (Hoag et al. 2019) and
at z = 8 (Mason et al. 2019). Additionally, we provide con-
straints on the reionisation history obtained from a Monte-
Carlo Markov Chain (MCMC) analysis of the simulated 21-
cm signal constrained by existing observations of the reioni-
sation epoch (Qin et al. 2021). Specifically, these models are
constrained by observed UV galaxy LFs at z = 6 � 10, the
electron scattering optical depth, ⌧e, measured by Planck
(Planck Collaboration et al. 2020), the dark pixel limits on
the IGM neutral fraction (McGreer et al. 2015) and PDFs
of the Ly↵ e↵ective optical depth from the Ly↵ forest at
z = 5 � 6 (Bosman et al. 2018). The median reionisation
history is represented by the blue line, whereas the dark
and light grey shaded regions correspond to the 1 and 2�

confidence intervals.
This unified QSO datapoint implies a mid-point of

reionisation at z ⇠ 7.3, slightly below similar limits and
constraints from LBGs. However, within the appreciable 1�

uncertainties they are consistent. With respect to the obser-
vationally constrained reionisation histories extracted from
simulations of the 21-cm signal by Qin et al. (2021), the
median QSO damping wing constraint is 2 � 3� below the
median reionisation history, however, again owing to the rel-
atively large uncertainties in averaging across all QSOs, it
is still consistent within error. This lower amplitude con-
straint from the combined QSO damping wing is driven by
both z ⇠ 7.5 QSOs, which all individually sit below these
2� reionisation histories.
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What	about	the	
heating	history?

adapted	from	McQuinn	(2016)

Figure 1: Cartoon showing the ionization and thermal history of intergalactic gas. The

red curves are a model of intergalactic gas. Error bars symbolize existing constraints, and

the highlighted regions illustrate the potential purview of the named cosmological probe.

In the temperature panel, the model curve bifurcates at low redshifts to indicate the IGM

temperature becoming multiphase.

We adopt a narrow definition of the IGM as anything outside of the virial radius of

galaxies and clusters (the medium between halos rather than the medium between galaxies).

In terms of density, this means we are considering gas that is within a factor of . 200 of the

mean cosmic density. Thus, we will not cover the literature on damped Ly↵ systems (Wolfe,

Gawiser & Prochaska 2005, which owe primarily to the outskirts of galactic disks), on the

intracluster medium (Rosati, Borgani & Norman 2002; Kravtsov & Borgani 2012), and on

the circumgalactic medium (Stocke et al. 2013; Werk et al. 2014). For many observations,

however, the distinction between intergalactic and galactic/circumgalactic can be di�cult.

In fact there is debate as to whether almost all of the “intergalactic” metal line absorption

at z ⇠ 0 could actually arise from virialized regions (Shull et al. 2010; Prochaska et al. 2011).

We use this pretext to opt out of a detailed summary of the extensive literature on metal

absorption lines in quasar spectra, focusing primarily on pixel optical depth constraints

on metal absorption (which are unquestionably probing intergalactic gas). We also avoid

discussing virialization shocks (or lack there of) and how gas funnels into halos (e.g. Kereš

et al. 2005).

The calculations presented in this review assume the concordance flat ⇤CDM cosmolog-

ical model with ⌦m ⇡ 0.3, ⌦b ⇡ 0.045, �8 ⇡ 0.8, YHe and ns ⇡ 0.96 (Planck Collaboration

et al. 2015), although the precise value of these parameters depends on the study being

summarized. We also assume the standard Fourier convention in which the (2⇡)’s only

appear under the dk’s. We now briefly overview the history of the IGM, and we use this

overview to serve as an outline for ensuing sections.

www.annualreviews.org • intergalactic medium 3
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We	have	only	scratched	the	surface	
of	this	Cosmological	Frontier…

adapted	from	C.	Chiang
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the	“formative	childhood”	of	the	
Universe,	yet	the	majority	of	the	
observable	volume

• When	and	how	did	the	
first	galaxies	form?


• How	did	they	impact	each	
other	and	their	
surroundings?


• What	are	the	dominant	
feedback	mechanisms?


• Can	we	learn	about	Dark	
Matter	properties?


• How	does	the	Hubble	
parameter	evolve?


• What	are	the	properties	
of	the	first	stars	and	black	
holes?
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Galaxies	during	the	first	billion	years
• Telescopes	like	Hubble	and	ALMA	have	enabled	detailed	studies	of	the	
brightest	galaxies

Bouwens+	(2015)



MAB=	-22

MAB=	-18

MAB=	-14

MAB=	-10

MAB=	-	6

Hubble	limit

(no	lensing)

JWST	limit

(no	lensing)

hidden	population	of

abundant	,faint	galaxies??

H-cooling	threshold

H2	cooling

The	first	stars	and	black	holes



Direct	studies	of	IN
DIVIDUAL


galaxies

MAB=	-22

MAB=	-18

MAB=	-14

MAB=	-10

MAB=	-	6

Hubble	limit

(no	lensing)

JWST	limit

(no	lensing) Indirect	studies	of	PO

PU
LATIO

N
	

AVERAG
ES	through	IGM

	im
prints

H-cooling	threshold

H2	cooling



Routes	towards	progress
• JWST	+	ALMA	will	improve	our	understanding	of	ISM	
physics	in	the	brightest	galaxies	at	z<~15


• Probes	of	the	IGM	during	the	Epoch	of	Reionization	
(EoR)	will	continue	nailing	down	the	mean	ionization	
history	of	the	IGM	at	z<10


• The	cosmic	21-cm	signal	will	constrain	the	IGM	
ionization	and	temperature	evolution	throughout	the	
Cosmic	Dawn	(5<z<30)	as	well	as	the	average	UV	and	X-
ray	properties	of	the	the	first	galaxies
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21	cm	line	from	neutral	hydrogen

Hyperfine	transition	in	the	ground	
state	of	neutral	hydrogen	produces	
the	21cm	line.



Widely	used	to	map	the	HI	content	of	our	
galaxy	and	nearby	galaxies

Circinus	Galaxy
ATCA	HI	image	by	B.	Koribalski	(ATNF,	CSIRO),	K.	Jones,	M.	Elmouttie	(University	of	
Queensland)	and	R.	Haynes	(ATNF,	CSIRO).
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Towards the Big Bang

Epoch of Reionization Cosmic Dawn Dark Ages

Cosmic	21-cm	signal
First	StarsFirst	Xray	binariesFirst	galaxies

• 3D	signal	with	>	10	orders	of	magnitude	more	independent	modes	than	in	the	CMB!

• data	collection	with	upcoming	Square	Kilometre	Array	(SKA)	will	surpass	10x	current	global	
internet	traffic!	—>	BIG	DATA	REVOLUTION!


• even	the	narrowest	fields	will	contain	>billion	of	unseen	galaxies

• the	timing	and	the	patterns	of	the	signal	tell	us	about	both	Astrophysics	and	Cosmology



We	forward	model	the	first	billion	years

How	do	we	take	advantage	of	this	

Big	Data	revolution?



21cm	3D!!!	map

“observation”



“observation”

characterize	in	terms	of	a	summary	statistic:

power	spectra	with		1000h	noise	from	HERA	and	moderate	foreground	contamination
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movie	credit:	J.	Park	and	B.	Greig

Sample	parameters	that	
characterize	
astrophysics,	cosmology,	
systematics,	and	
forward	model	the	
observations



SKA	will	be	revolutionary,	but	we	actually	
have	data	(upper	limits)	NOW



Currently	only	upper	limits	on	the	PS
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Fig 2 Upper limits on the 21 cm power spectrum at 95% confidence (2�) from various experiments from 6 < z < 20

spanning a range of wavevectors, k. The redshift range is chosen to focus on recent limits from SKA pathfinders. The
theoretical power spectrum from the faint galaxies EoR simulation of [44] is plotted as solid and dashed black lines.
While 21 cm interferometric experiments have steadily pushed down in sensitivity over the past five years, fiducial
models remain a couple orders of magnitude deeper. Projected 2� sensitivity curves for the SKA assuming foreground
avoidance at k = 0.4Mpc�1 (FG-Avoid) and foreground subtraction at k = 0.1 Mpc�1 (FG-Sub) are also plotted for
a 100 hour and 1000 hour integration4.

ure 3 shows a map of the low-frequency sky, highlighting parts where the SKA pathfinders have

set their most sensitive upper limits on the power spectrum, with representative images of those

foregrounds with each of the experiments.

In the following sections, we review improved limits from the MWA, LOFAR, and HERA, and

discuss some of the developments that enabled these improvements. In addition, we discuss some

of the challenges in theoretical simulation of the 21 cm signal, and the interpretation of these upper

limits for placing constraints on astrophysical models of the EoR and CD.
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Recent	results	from	HERA
An	initial	observing	campaign	in	2017-18,	with	just	39/~350	antennas	
and	18	nights	(2108.02263).

HERA	collaboration	(2021)



Interpreting	recent	results	from	HERA

These	are	consistent	with	thermal	noise,	
and	are	still	~2	orders	of	magnitude	above	
the	expected	signal HERA	collaboration	(2021)



What	kind	of	models	are	the	easiest	to	rule	
out	(i.e.	have	the	largest	power)?



What	kind	of	models	are	the	easiest	to	rule	
out	(i.e.	have	the	largest	power)?

~	0	—	1
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~	0.1	—	1



What	kind	of	models	are	the	easiest	to	rule	
out	(i.e.	have	the	largest	power)?

~	-10(!)	—	1
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COLD	IGM:	TS ≪ Tγ

Models	that	are	ruled	out	must	have:
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What	kind	of	models	are	the	easiest	to	rule	
out	(i.e.	have	the	largest	power)?

COLD	IGM:	TS ≪ Tγ

+
Spatial	fluctuations	in	either:	


• ionization	fraction	(patchy	EoR)

• matter	density

• temperature	(requires	“unrealistically”	soft	SEDs)

see	also	e.g.	Ewall-Wice+2013;	Ghara+2020;	Greig+2020;	

Mondal+2020;	Reis+2020;	Greig+2021

Models	that	are	ruled	out	must	have:



Current	constraints	on	EoR	history
Damping wing constraints from two z & 7 QSOs 7

after J1342; Bañados et al. 2018) at z = 7.54. Previously,
using the same Intermediate H II EoR morphology, we re-
covered x̄H I = 0.40+0.21

�0.19 for J1120 and x̄H I = 0.21+0.17
�0.19 for

J1342.
In the right panel of Figure 3 we present a compilation

of the IGM neutral fraction constraints for of all four known
z & 7 QSOs using our covariance matrix approach (with
N V) assuming the Intermediate H II EoR morphology. The
red and blue curves correspond to J0252 and J1007 as per
the right panel of Figure 3, whereas the black dotted and
dashed curves correspond to the new constraints on the IGM
neutral fraction from J1120 and J1342, respectively. Quan-
titatively, following the inclusion of N V we now update our
constraints to the following:

• x̄H I = 0.44+0.23
�0.24 at z = 7.08 for J1120

• x̄H I = 0.31+0.18
�0.19 at z = 7.54 for J1342.

For both, we find a higher IGM neutral fraction owing to
an overall increase in the predicted intrinsic flux following
the inclusion of the N V line. Further, we also note an in-
crease to the 68 per cent confidence intervals, owing to the
increased scatter in the reconstructed profiles going from a
6 dimensional covariance matrix for the two component of
Ly↵ (broad and narrow) to the new, 9 dimensional covari-
ance matrix jointly reconstructing N V. In Appendix B we
provide the updated reconstructed profiles for J1120 (Fig-
ure B1) and J1342 (Figure B2) along with a discussion of the
new profiles following the inclusion of N V into our analysis
pipeline.

3.4 Compilation of reionisation constraints

We now have IGM damping wing constraints on four z & 7
QSOs obtained from two distinctly di↵erent reconstruction
methods and damping wing analyses, as discussed in ear-
lier sections. Here, we average over all of these constraints
to obtain one, unified constraint on the IGM neutral frac-
tion from the IGM damping wing imprint8. To obtain this
constraint, we first sum the two individual neutral fraction
PDFs (corresponding to the two separate pipelines) for each
of the four QSOs before multiplying the corresponding four
PDFs to obtain a single, joint posterior for the IGM neutral
fraction. Following this procedure, we obtain:

• x̄H I = 0.49+0.13
�0.14 at z = 7.29 ± 0.27.

Note, in collapsing these constraints into a single datapoint
we are in e↵ect conservatively averaging over all modelling
di↵erences and systematics. Further, as these four QSOs
span a redshift range of �z ⇠ 0.5, cosmic evolution across
all these QSOs should be fairly modest.

In Figure 4 we place this unified QSO damping wing
constraint (red pentagon) in context with other constraints
on the IGM neutral fraction during reionisation. Here, we
consider constraints and limits obtained from: (i) dark pix-
els (McGreer et al. 2015), (ii) Ly↵ fraction at z = 6.9 (Wold
et al. 2021) and at z = 7 (Mesinger et al. 2015), (iii) the

8 Note here that we specifically focus on damping wing analyses
that consider an inhomogeneous IGM. That is we do not include
the constraints on J1120 or J1342 from Bañados et al. (2018);
Ďurovč́ıková et al. (2020) or Reiman et al. (2020).
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Figure 4. A compilation of existing constraints on the IGM
neutral fraction as a function of redshift. Circles: Dark pixels
at z = 5.9 (McGreer et al. 2015), Squares: the Ly↵ fraction at
z = 6.9 (Wold et al. 2021) and z = 7 (Mesinger et al. 2015),
Stars: LAE clustering at z = 6.6 (Sobacchi & Mesinger 2015),
Diamonds: LBGs at z = 7 (Mason et al. 2018), z = 7.6 (Hoag
et al. 2019) and z = 8 (Mason et al. 2019). The red pentagon
corresponds to the combined constraints of all four z ⇠ 7 QSOs
considered in this work. The blue curve and the dark and light
shaded regions corresponds to the median, 1 and 2� constraints
from observationally constrained 21-cm simulations (Qin et al.
2021).

clustering of Ly↵ emitters (LAEs) at z = 6.6 (Sobacchi &
Mesinger 2015) and (iv) Lyman-break galaxies (LBGs) at
z = 7 (Mason et al. 2018), z = 7.6 (Hoag et al. 2019) and
at z = 8 (Mason et al. 2019). Additionally, we provide con-
straints on the reionisation history obtained from a Monte-
Carlo Markov Chain (MCMC) analysis of the simulated 21-
cm signal constrained by existing observations of the reioni-
sation epoch (Qin et al. 2021). Specifically, these models are
constrained by observed UV galaxy LFs at z = 6 � 10, the
electron scattering optical depth, ⌧e, measured by Planck
(Planck Collaboration et al. 2020), the dark pixel limits on
the IGM neutral fraction (McGreer et al. 2015) and PDFs
of the Ly↵ e↵ective optical depth from the Ly↵ forest at
z = 5 � 6 (Bosman et al. 2018). The median reionisation
history is represented by the blue line, whereas the dark
and light grey shaded regions correspond to the 1 and 2�

confidence intervals.
This unified QSO datapoint implies a mid-point of

reionisation at z ⇠ 7.3, slightly below similar limits and
constraints from LBGs. However, within the appreciable 1�

uncertainties they are consistent. With respect to the obser-
vationally constrained reionisation histories extracted from
simulations of the 21-cm signal by Qin et al. (2021), the
median QSO damping wing constraint is 2 � 3� below the
median reionisation history, however, again owing to the rel-
atively large uncertainties in averaging across all QSOs, it
is still consistent within error. This lower amplitude con-
straint from the combined QSO damping wing is driven by
both z ⇠ 7.5 QSOs, which all individually sit below these
2� reionisation histories.

MNRAS 000, 000–000 (0000)

HERA	band	2BUT	we	know	the	EoR	is	
underway	at	z~8!	

Greig,	AM+2021
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�0.19 for

J1342.
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z & 7 QSOs using our covariance matrix approach (with
N V) assuming the Intermediate H II EoR morphology. The
red and blue curves correspond to J0252 and J1007 as per
the right panel of Figure 3, whereas the black dotted and
dashed curves correspond to the new constraints on the IGM
neutral fraction from J1120 and J1342, respectively. Quan-
titatively, following the inclusion of N V we now update our
constraints to the following:

• x̄H I = 0.44+0.23
�0.24 at z = 7.08 for J1120

• x̄H I = 0.31+0.18
�0.19 at z = 7.54 for J1342.

For both, we find a higher IGM neutral fraction owing to
an overall increase in the predicted intrinsic flux following
the inclusion of the N V line. Further, we also note an in-
crease to the 68 per cent confidence intervals, owing to the
increased scatter in the reconstructed profiles going from a
6 dimensional covariance matrix for the two component of
Ly↵ (broad and narrow) to the new, 9 dimensional covari-
ance matrix jointly reconstructing N V. In Appendix B we
provide the updated reconstructed profiles for J1120 (Fig-
ure B1) and J1342 (Figure B2) along with a discussion of the
new profiles following the inclusion of N V into our analysis
pipeline.

3.4 Compilation of reionisation constraints

We now have IGM damping wing constraints on four z & 7
QSOs obtained from two distinctly di↵erent reconstruction
methods and damping wing analyses, as discussed in ear-
lier sections. Here, we average over all of these constraints
to obtain one, unified constraint on the IGM neutral frac-
tion from the IGM damping wing imprint8. To obtain this
constraint, we first sum the two individual neutral fraction
PDFs (corresponding to the two separate pipelines) for each
of the four QSOs before multiplying the corresponding four
PDFs to obtain a single, joint posterior for the IGM neutral
fraction. Following this procedure, we obtain:

• x̄H I = 0.49+0.13
�0.14 at z = 7.29 ± 0.27.

Note, in collapsing these constraints into a single datapoint
we are in e↵ect conservatively averaging over all modelling
di↵erences and systematics. Further, as these four QSOs
span a redshift range of �z ⇠ 0.5, cosmic evolution across
all these QSOs should be fairly modest.

In Figure 4 we place this unified QSO damping wing
constraint (red pentagon) in context with other constraints
on the IGM neutral fraction during reionisation. Here, we
consider constraints and limits obtained from: (i) dark pix-
els (McGreer et al. 2015), (ii) Ly↵ fraction at z = 6.9 (Wold
et al. 2021) and at z = 7 (Mesinger et al. 2015), (iii) the

8 Note here that we specifically focus on damping wing analyses
that consider an inhomogeneous IGM. That is we do not include
the constraints on J1120 or J1342 from Bañados et al. (2018);
Ďurovč́ıková et al. (2020) or Reiman et al. (2020).
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Figure 4. A compilation of existing constraints on the IGM
neutral fraction as a function of redshift. Circles: Dark pixels
at z = 5.9 (McGreer et al. 2015), Squares: the Ly↵ fraction at
z = 6.9 (Wold et al. 2021) and z = 7 (Mesinger et al. 2015),
Stars: LAE clustering at z = 6.6 (Sobacchi & Mesinger 2015),
Diamonds: LBGs at z = 7 (Mason et al. 2018), z = 7.6 (Hoag
et al. 2019) and z = 8 (Mason et al. 2019). The red pentagon
corresponds to the combined constraints of all four z ⇠ 7 QSOs
considered in this work. The blue curve and the dark and light
shaded regions corresponds to the median, 1 and 2� constraints
from observationally constrained 21-cm simulations (Qin et al.
2021).

clustering of Ly↵ emitters (LAEs) at z = 6.6 (Sobacchi &
Mesinger 2015) and (iv) Lyman-break galaxies (LBGs) at
z = 7 (Mason et al. 2018), z = 7.6 (Hoag et al. 2019) and
at z = 8 (Mason et al. 2019). Additionally, we provide con-
straints on the reionisation history obtained from a Monte-
Carlo Markov Chain (MCMC) analysis of the simulated 21-
cm signal constrained by existing observations of the reioni-
sation epoch (Qin et al. 2021). Specifically, these models are
constrained by observed UV galaxy LFs at z = 6 � 10, the
electron scattering optical depth, ⌧e, measured by Planck
(Planck Collaboration et al. 2020), the dark pixel limits on
the IGM neutral fraction (McGreer et al. 2015) and PDFs
of the Ly↵ e↵ective optical depth from the Ly↵ forest at
z = 5 � 6 (Bosman et al. 2018). The median reionisation
history is represented by the blue line, whereas the dark
and light grey shaded regions correspond to the 1 and 2�

confidence intervals.
This unified QSO datapoint implies a mid-point of

reionisation at z ⇠ 7.3, slightly below similar limits and
constraints from LBGs. However, within the appreciable 1�

uncertainties they are consistent. With respect to the obser-
vationally constrained reionisation histories extracted from
simulations of the 21-cm signal by Qin et al. (2021), the
median QSO damping wing constraint is 2 � 3� below the
median reionisation history, however, again owing to the rel-
atively large uncertainties in averaging across all QSOs, it
is still consistent within error. This lower amplitude con-
straint from the combined QSO damping wing is driven by
both z ⇠ 7.5 QSOs, which all individually sit below these
2� reionisation histories.
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COLD	IGM:	TS ≪ Tγ

+
Spatial	fluctuations	in	either:	


• ionization	fraction	(patchy	EoR)

• matter	density

• temperature	(requires	“unrealistically”	soft	SEDs)



	Constraints	on	IGM	properties

Cold	IGM	disfavored	by	HERA

led	by	Y.	QinThe	HERA	collaboration	(2021)



Assuming	heating	is	dominated	by	galaxies,	we	
can	constraint	the	X-ray	luminosity	per	unit	SFR

We	inferred	the	X-ray	properties	of	the	first	galaxies,	ruling-out	the	
values	seen	in	local,	metal-enriched	galaxies. led	by	Y.	Qin

Local	galaxiesImproved Constraints from HERA Phase I 37

7.4.1. 21cmMC Constraints on X-Ray Luminosity

In H22b we explored how adding HERA a↵ected the
full posterior parameter covariance. In this work, we fo-
cus on the parameter most constrained by HERA, the
ratio of the integrated soft-band (<2keV) X-ray lumi-
nosity to the star formation rate. Since 21cmFAST as-
sumes that X-ray photons govern the thermal history of
the neutral IGM, this LX<2keV/SFR parameter essen-
tially describes the heating power of EoR galaxies per
unit of star formation. In H22b, we obtained the first ob-
servational evidence for an enhanced X-ray luminosity of
high-redshift (z > 6) galaxies, with a 68% HPD credible
interval of LX<2keV/SFR ⇠ 1039.9–1041.6 erg s�1 M�1

� yr.
This disfavors a relationship between star formation and
soft X-ray luminosity at or below the one seen in local,
metal-enriched galaxies at >68% credibility.
As Figure 28 shows, we find that the full season of

HERA observing constrains the 95% credible interval on
LX<2keV/SFR to the range 1040.4–1041.8 erg s�1 M�1

� yr.
This result assumes as a prior that LX<2keV/SFR <

1042 erg s�1 M�1

� yr, beyond which X-rays reionize the
universe too quickly (Mesinger et al. 2013). More than
99% of the 21cmMC posterior volume excludes the pos-
sibility of the local relation for HMXBs (Mineo et al.
2012) continuing to hold at high redshift. It is consis-
tent, however, with models of extremely low-metallicity
galaxies, where high mass stars have less mass-loss from
line-driven winds than their solar-metallicity counter-
parts (Fragos et al. 2013).

7.4.2. 21cmMC Constraints on the IGM’s Thermal History

Our constraints on the soft X-ray e�ciency are them-
selves a consequence of our ability to use our upper
limits to exclude a range of scenarios with low levels
of IGM heating. In Figure 29 we show our updated
marginalized posteriors on the predicted average IGM
temperatures—both the spin temperature, TS , and the
kinetic temperature, TK—along with results from H22b
for comparison. As demonstrated in H22b, current EoR
constraints from Planck and quasar spectra already dis-
favor a large number of models in the prior volume which
predict either highly ionized IGM at z � 10.4 or com-
pletely neutral one at z  10.4. These constraints also
have a slight impact on the average IGM temperature,
excluding models with high TK or T S at these redshifts.
However, because a decently-sized fraction of parameter
space with an unheated IGM at these redshifts is not
ruled by these probes, and since 21cmMC cannot produce
spin temperatures below the adiabatic limit, our poste-
rior without HERA shows a pileup of probability right
around that limit.

Figure 28. Here we show how our marginalized 21cmMC
posterior PDF of the ratio of soft X-ray luminosity to SFR,
LX<2keV/SFR, tightens with a full season of HERA data.
The shaded regions show the 68% and 95% credible intervals
of the posterior. Probability densities are plotted per loga-
rithmic interval. Our results are consistent with theoretical
expectations for X-rays produced during the cosmic dawn
by a population of low-metallicity high-mass X-ray binaries
(HMXB) (Fragos et al. 2013), likely a more representative
model of the first galaxies (dash-dotted black vertical line).
Compared to H22b (orange dashed line), our result’s 99%
credible interval excludes models where the local relation for
X-ray e�ciency (solid black vertical line; Mineo et al. 2012)
continues to hold at high redshift.

When we incorporate the HERA limits, a significant
range of models with low IGM temperatures can be fur-
ther excluded. We showed in H22b how HERA obser-
vations substantially improve our understanding of the
neutral IGM at z = 7.9. However, there was still a
small fraction of the total posterior with low values of
T S, so H22b could not completely rule out an unheated
IGM the observed redshifts. With the improved limits
presented in this work, we now find that an unheated
IGM is disfavored at greater than 99% credibility at both
z = 10.4 and 7.9. The new HPD 95% credible intervals
on the spin and kinetic temperatures are 4.7K < TS <

171.2K and 3.2K < TK < 313.2K at z = 10.4 and

The	HERA	collaboration

(2022)	-	94	nights	of	data




What	can	we	learn	using	full	upcoming	data?
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1000h	observations	with	SKA	+	current	
galaxy	observations	can	constrain	most	
parameters	to	<~	10%
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train	EoR	history	to	~	1%

1000h	
observations	
with	SKA/
HERA	can	cons
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history	to	~	1%
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isolating	the	minimum	
scale	for	galaxy	formation

Park,	AM+2019
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1000h	observations	with	HERA	will	be	able

constrain	EoR	history	to	~	1%

Park,	AM+2019



In	addition	to	the	unknown	astrophysics	of	the	first	
galaxies,	21-cm	will	be	a	physics	rich	probe	of	

physical	cosmology



Co-vary	cosmological	parameters
16 N. Kern et al.
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Figure 6. The joint posterior distribution of the eleven-parameter model, showing the 68% and 95% credible regions of the

pairwise covariances (o↵-diagonal) and their marginalized distribution across each model parameter (diagonal). Purple-shaded

boxes represent pairwise covariances between cosmological parameters; green-shaded boxes represent cosmological-astrophysical

covariances, and yellow-shaded boxes represent astrophysical covariances. Blue contours on the cosmological covariances indicate

the 95% credible region of the adopted prior distribution consistent with Planck. The underlying true parameters of the

observation are marked as red squares with crosshairs.

accuracy of ⇠ 10% for most of the data. More impor-
tantly, however, Figure 2 shows that the emulator error
is always lower than the inherent observational survey
error, and for the majority of the data is considerably
lower. Nonetheless, we account for these projected emu-
lator errors by adding them in quadrature with the sur-
vey error bars as described in Section 2.3.2. Our MCMC
run setup involves 300 chains each run for ⇠5,000 steps,
yielding over 106 posterior samples. On a MacPro Desk-

top computer, this entire calculation takes ⇠ 12 hours
and utilizes ⇠ 10 GB of memory.

The final characterization of the posterior distribution
is found in Figure 6, where we show its marginalized
pairwise covariances between all eleven model parame-
ters and its fully marginalized distributions along the
diagonal. With the exception of �8, the cosmological
constraints are mostly a reflection of the strong Planck

prior distribution (shown as blue contours). Compared

Kern	+	(2017)

forecasts	from	21-cm	power	spectra	emulator


current	21CMMC	can	forward	model	
cosmological	parameters	(on-the-fly)
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tantly, however, Figure 2 shows that the emulator error
is always lower than the inherent observational survey
error, and for the majority of the data is considerably
lower. Nonetheless, we account for these projected emu-
lator errors by adding them in quadrature with the sur-
vey error bars as described in Section 2.3.2. Our MCMC
run setup involves 300 chains each run for ⇠5,000 steps,
yielding over 106 posterior samples. On a MacPro Desk-
top computer, this entire calculation takes ⇠ 12 hours
and utilizes ⇠ 10 GB of memory.

The final characterization of the posterior distribution
is found in Figure 6, where we show its marginalized
pairwise covariances between all eleven model parame-
ters and its fully marginalized distributions along the
diagonal. With the exception of �8, the cosmological
constraints are mostly a reflection of the strong Planck

prior distribution (shown as blue contours). Compared
to previous EoR forecasts of Pober et al. (2014); Ewall-
Wice et al. (2016b); Greig et al. (2016), the strength
of the EoR parameter degeneracies are weakened due
to the inclusion of cosmological physics that washes out
part of the covariance structure. This importance is
exemplified by the strong degeneracy between the am-
plitude of clustering, �8, and the minimum virial tem-
perature, T

min

vir
. At a particular redshift, an increase in

�8 increases the number of collapsed dark matter halos.
At the same time, an increase in T

min

vir
suppresses the

number of collapsed halos that can form stars, meaning
they balance each other out in terms of their e↵ect on
the number of star forming halos present at any par-
ticular redshift. This degeneracy on the overall timing
of EoR between these parameters is clearly seen in the
animation tied to Figure 3 (see caption).

Compared to the recent work of Greig & Mesinger
(2017a), who performed a full MCMC over EoR and
EoH parameters with 21cmFAST assuming a HERA-331
experiment, our constraints are slightly stronger. This
could be for a couple of reasons, including (i) the fact
that they add an additional 20% modeling error onto
their sampled power spectra and (ii) their choice of uti-
lizing power spectra across 8 redshifts when fitting the
mock observation, compared to our utilization of power
spectra across 37 di↵erent redshifts when fitting to our
mock observation.

The posterior distributions for each parameter
marginalized across all others are shown in Figure 7,
where they are compared against their input prior dis-
tributions. We see that the HERA331 experiment, with
a moderate foreground avoidance scheme, will nominally
place strong constraints on the EoR and EoH parame-
ters of 21cmFAST with respect to our currently limited
prior information. For the cosmological parameters, the
HERA likelihood alone is considerably weaker than the
Planck prior; however, we can see that a HERA likeli-
hood combined with a Planck prior can help strengthen
constraints on certain cosmological parameters. Because
21 cm experiments are particularly sensitive to the loca-
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Figure 7. The posterior distribution of Figure 6 for each

model parameter marginalized across all other parameters,

compared against the adopted prior distributions. We adopt

priors on the cosmological parameters consistent with Planck

constraints, and adopt flat priors across the astrophysical

parameters. We find that HERA will be able to produce

⇠ 10% level constraints on the astrophysical parameters and

will help strengthen constraints on �8.

tion of the redshift peaks of the 21 cm signal,11 parame-
ters like �8, which control the overall clustering and thus
a↵ect the timing of reionization, are more easily con-
strained. Going further, Liu et al. (2016) showed that
one can produce improved CMB cosmological parameter
constraints by using 21 cm data to constrain the prior
range of ⌧ , which is a CMB nuisance parameter that is
strongly degenerate with �8 and thus degrades its con-
straining power. Our 21 cm power spectrum constraint
on �8 shown above does not include this additional im-
provement one can achieve by jointly fitting 21 cm and
CMB data, which is currently being explored.

5. DISCUSSION

Here we discuss performance tests that help to fur-
ther validate the e�cacy of the emulator algorithm. We
address the issue of what happens when the underlying
true parameters lie at the edges or outside of the hard

11 Strong peaks and dips in the z evolution of �2
21 mean that

slight deviations along z produce large deviations in �2
21.

21-cm	observations	of	
reionization	can	
strengthen	constraints	
on	σ8

Co-vary	cosmological	parameters



Dark	matter	
annihilations	heat	the	
IGM	more	uniformly	
than	galaxies!


Peak	is	in	emission!

Cannot	be	reproduced	
with	astrophysics!!!

Evoli,	AM,	Ferrara	(2014)

see	also	Lopez-Honorez+2016


Figure 3. Evolution of the 21 cm power at k = 0.1 Mpc�1 for all of the considered DM and
astrophysical X-ray models (solid line if the corresponding mean signal is in absorption, dashed-
dotted line if in emission). The shaded areas correspond to the sensitivity regions calculated in [?
] for the experiments: MWA-128T (yellow), LOFAR (green). SKA (HERA) single beam 1000h
sensitivity limit is plotted as a dotted red (blue) line. The arrows on the top side of the plot indicate
the transition between DM and astrophysical sources as dominant heating source.

variation in �Tb at the minimum is predicted to be of 110, 190 and 200 mK for Mh,min = 10�3,
10�6 and 10�9

M� respectively.
However, a similar qualitative trend is also present in the extreme astrophysical model

described in Sec. 2.1, in which we allow for an enhanced production of hard X-rays. This
partial degeneracy makes is di�cult to extract a robust signature of DM annihilation heating
from the global signal. In the next Section we show that the di↵erent spatial distribution of
the relevant heating sources allows to discriminate between the two scenarios.

3.3 Power-spectrum

As our main observable, we use the spherically averaged power spectrum:

P21 ⌘
k
3

2⇡2V
�T̄b(z)

2h|�21(k, z)|2ik (3.1)

where �21(x, z) ⌘ �Tb(x, z)/�T̄b � 1. Our default power spectrum bin width is d ln k = 0.5.
In Figure 3, we show the redshift evolution of the k = 0.1 Mpc�1 mode of the 21 cm

power spectra for the same models shown in Figure 2. This scale roughly corresponds to the
narrow window of k-space accessible to the first generation interferometers (e.g. [55, 56]). In
order to predict the detectability of the signal, we also show 1� thermal noise corresponding
to a 1000h, single-beam, observation with some upcoming and current instruments (taken
from [? ]).
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Heating	from	Dark	Matter	annihilations	and/
or	decay?
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21cm can also measure acoustic oscillations!
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Star	formation	is	suppressed	in	regions	with	
large	relative	velocities

6 Schauer et al.

Figure 1. Gas number density slices of the four simulations without LW background at redshift z = 15: v0 lw0 (first column), v1 lw0

(second column), v2 lw0 (third column), v3 lw0 (fourth column). We show the whole box in the top row and a 20 ckpc/h excerpt in the

middle row. In the bottom row, we show a 2 ckpc/h close-up, centred around the highest density gas from the middle row.

our discussion to the 1�rms case, and show simulations with
no LW background (left column), a weak LW background
(middle column), and a larger LW background (right col-
umn).

On large scales and in low density regions, molecular
hydrogen is almost immediately destroyed. In the top row
of Figure 2, the molecular hydrogen abundance in the in-
tergalactic medium drops from a few 10�6 in the run with
no LW background to below 10�9 in both runs with a
non-zero LW background. Molecular hydrogen, however, can
self-shield, so in high-density regions, the abundance stays
higher. This is illustrated by the few pink and yellow regions
in the middle and right top panels.

Zooming into one halo, as indicated by the white lines,
one can identify the halo centres (compare the number den-
sity slice of these simulations in Figure 3) by their increased
molecular hydrogen abundances. In case of a zero LW back-
ground, the abundance is highest and the most extended,
but even for the strong LW background with J21 = 0.1, an
H2 abundance of more than 10�4 is reached. This immedi-
ately demonstrates that the H2 in this halo is able to self-
shield e↵ectively. Nevertheless, the peak H2 abundance in
the runs with a non-zero LW background is clearly smaller

than in the run with no LW background, reducing its ef-
fectiveness as a coolant. The impact of this on the density
distribution inside the halo can been seen in Figure 3 (top
row): the central density is slightly reduced in the runs with
J21 > 0 compared to the case with no LW background (com-
pare the second to the fifth and sixth panels).

Comparing our results here to those from the runs with
high streaming but no LW, we see that the manner in which
these two processes suppress cooling and star formation is
quite di↵erent. Streaming reduces the gas density through-
out the haloes, which has the knock on e↵ect of making it
harder for the gas to form H2 and harder to cool once it
has formed H2. The LW background, on the other hand,
has little e↵ect on the gas density on halo scales and hence
does not a↵ect the ability of the halo to form H2. Instead, it
suppresses cooling by destroying most of the H2 that does
form, leaving less available to cool the gas.

© 2018 RAS, MNRAS 000, 1–14

Schauer+2021increasing vbc
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Measuring the expansion history



Conclusions
• Direct	observations	of	individual	galaxies	with	JWST	and	ground	based	
telescopes	is	allowing	us	to	study	the	brightest	EoR	galaxies


• Recent	observations	of	the	IGM	during	the	first	billion	years	using	Lya	
absorption	and	integral	scattering	to	the	CMB	allowed	us	to	narrow	down	
the	timing	of	reionization	to	Δz	~	1


• The	cosmic	21cm	signal	will	allow	us	to	map	the	IGM	during	the	first	billion	
years,	constraining	the	average	UV	and	Xray	properties	of	the	first	galaxies


• Even	preliminary	data	from	HERA	constrains	the	heating	history	of	the	
Universe,	implying	that	the	first	X-ray	binaries	were	more	X-ray	luminous	
than	local	ones	—>	lower	metalicity	environments


• The	cosmic	21-cm	signal	also	allows	us	to	study	physical	cosmology,	e.g.

• co-vary	cosmological	and	astrophysical	parameters

• exotic	heating	processes,	e.g.	DM	annihilations	and	decay

• standard	ruler	at	z=10-15	from	velocity-induced	feedback	on	galaxies


• Analysis	framework	is	fully	Bayesian	->	you	can	change	the	underlying	model	
and	let	the	Evidence	tell	you	which	model	the	data	prefers


