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The	Cosmological	Frontier…

adapted	from	Cynthia	Chiang	

z ∼
10z ∼

5

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?

Cosmic Dawn

Reionization

???

???
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5

Observe	with	Hubble	/	JWST	and	
count	galaxies

Cosmic Dawn

Reionization

Doing	a	galaxy	census….

We	have	only	scratched	the	surface	
of	this	Cosmological	Frontier…

???

???

adapted	from	Cynthia	Chiang	



• Telescopes	like	Hubble	and	ALMA	have	enabled	detailed	studies	of	the	
brightest	galaxies

Bouwens+	(2015)

Galaxies	during	the	first	billion	years



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

>99.9%	of	the	first	galaxies		
will	not	be	seen	even	with	JWST
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We	already	know	something	about	the	mean	evolution	
during	the	Cosmic	Dawn	and	Epoch	of	Reionization



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.

MNRAS 000, 000–000 (0000)



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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How	do	we	learn	more?



The	21	cm	line:	the	most	powerful	probe	of	
the	IGM	during	the	first	billion	years

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

It	has	a	“Goldilocks”	optical	depth	for	HI!
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We	measure	the	difference	
in	intensities	of	the	CMB	
and	the	cosmic	HI.
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Towards the Big Bang

Epoch of Reionization Cosmic Dawn Dark Ages

Cosmic	21-cm	signal
First	StarsFirst	Xray	binariesFirst	galaxies

Figure	courtesy	of	J.	Park



Towards the Big Bang

Epoch of Reionization Cosmic Dawn Dark Ages

Cosmic	21-cm	signal
First	StarsFirst	Xray	binariesFirst	galaxies

8 J. Park et al.

Figure 3. The 21-cm signal together with the UV LFs corresponding to our fiducial model parameters. The top three panels show
a ⇠ 1 Mpc slice through the 3D light-cone of 21-cm signal, the average brightness temperature o↵set and the PS at k = 0.1 Mpc

�1,
respectively. The left four panels in the middle show corresponding LFs with observations from Bouwens et al. (2016) for z ⇠ 6,
Bouwens et al. (2015a) for z ⇠ 7 � 8 and Oesch et al. (2017) for z ⇠ 10, respectively. The rightmost panel in the middle shows the
stellar mass per halo mass (left axis) and the escape fraction (right axis) as functions of halo mass. Toggles on the bottom represent
the fiducial parameter values. For movies showing how these observables change with changes in the astrophysical parameters, see
http://homepage.sns.it/mesinger/Videos/parameter_variation.mp4

has a reduced minimum, as the heating commences before
all of the IGM has its spin temperature coupled to the gas
kinetic temperature. Similarly, the peak in the power spec-
trum associated with the EoH is reduced, as the cross-terms
from the coupling coe�cient and gas temperature have a
negative contribution to the power amplitude (see the dis-
cussion in Pritchard & Furlanetto 2007 and Mesinger et al.
2016).

5 SAMPLING ASTROPHYSICAL
PARAMETER SPACE WITH 21CMMC

In this section we provide a summary of 21cmmc (Greig
& Mesinger 2015) used to constrain the astrophysical pa-
rameters described in section 2.4. For further details, inter-
ested readers are referred to Greig &Mesinger (2015, 2017b);
Greig & Mesinger (2018).

21cmmc is an MCMC sampler of 3D reionzation sim-
ulations. To explore the astrophysical parameter space of
cosmic dawn and reionization, 21cmmc adopts a massively
parallel MCMC sampler cosmohammer (Akeret et al. 2013)
that uses the emcee python module (Foreman-Mackey
et al. 2013) based on the a�ne invariant ensemble sampler

(Goodman & Weare 2010). At each proposed MCMC step,
21cmmc calculates an independent 3D light-cone realization
of the 21-cm signal, using an optimized version of 21cm-
fast. Then, it calculates a likelihood by comparing PS of
the sampled 21-cm signal against the mock observation (see
Appendix B), defined as

�T̄2

b
�2

21
(k, z) ⌘ k

3

2⇡2V
�T̄2

b
(z)

D
|�21(k, z)|2

E
k

, (22)

where �21(x, z) ⌘ �T̄b(x, z)/�T̄b(z)�1. Note that we limit the k

space range from 0.1 to 1.0, corresponding roughly to limits
on the foreground noise and the shot noise, respectively

As in previous works, we adopt a modeling uncertainty,
accounting for inaccuracies in our semi-numerical models.
We take a constant uncertainty of 20 per cent on the sam-
pled 21-cm PS, motivated by comparisons to RT simulations
(Zahn et al. 2011; Ghara et al. 2015; Hutter 2018). We note
that with further comparisons, these modeling uncertain-
ties can be better characterized and accounted for. More-
over, we include Poisson uncertainties on the sampled 21-cm
PS, roughly consistent with cosmic variance for these scales
(Mondal et al. 2015). These two uncertainties are added in
quadrature with the total noise PS in equation 25.

We account for redshift space distortions along the line

MNRAS 000, 1–17 (2018)

Average

Large-scale	power



The	SKA	will	detect	the	power	spectrum	of	
these	fluctuations	with	very	high	signal	to	noise

Kaur,	Gillet,	AM	(2020)

1D	power	spectrum	from	“fiducial	model”

characteristic	“three-
peak”	structure	of	the	
cosmic	signal



The	SKA	will	detect	the	power	spectrum	of	
these	fluctuations	with	very	high	signal	to	noise

Kaur,	Gillet,	AM	(2020)

1D	power	spectrum	from	“fiducial	model” S/N	from	a	1000h	SKA-low	observation

SKA-low



So	how	do	we	learn	about	the	unseen,	
“typical”	galaxies	and	physical	cosmology,	

from	the	cosmic	21-cm	signal?



• Galaxy	clustering	+	stellar	properties	à evolution	of	
large-scale	EoR/CD	structures

McQuinn+	2007

Abundant,	faint	galaxies Rare,	bright	galaxiesvs

94	Mpc

Timing	of	reionization	and	the	properties	of	
the	(unseen)	galaxies	that	drive	it



Patterns	in	the	Epoch	of	Heating
75
0	
M
pc

‘hard’	SED	~	HMXBs ‘soft’	SED	~	hot	ISM

Pacucci,	AM	+	2014

High-energy	processes	in	the	first	galaxies	are	also	encoded	in	the	cosmic	21-cm	signal

differences	are	easily	detectable	with	HERA	and	the	SKA



More	exotic	sources	of	early	IGM	heating?

• Cosmic	Rays?		(e.g.	Leite+2017;	Jana	and	Nath	2018;	Gessey-
Jones+2023)	

Cosmic Ray Heating and the 21-cm Signal 13
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Figure 4. Slices of tomographic maps of the IGM gas temperatures (top) and the 21-cm signals (bottom) for di�erent cosmic ray (CR) and X-ray heating
mechanisms shown at I = 16 where all four simulations predict approximately the same global signal h)21 i ⇡ �84 mK. From left to right the IGM heating
becomes more di�used as the heating carriers become longer-ranged (locally-confined CRs, free-streaming CRs, soft X-rays and hard X-rays). In addition, the
mean IGM gas temperature decreases from 20.5 K to 16.0 K, 13.4 K, and finally 12.4 K. The change in heating results in a reduced contrast between emitting
and absorbing regions in the 21-cm maps. All four simulations used the same cosmological initial conditions and the same slice of the simulation box is shown
in each case.
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Figure 5. Comparison of the 21-cm power spectrum for the locally-confined cosmic rays, free-streaming cosmic rays, soft and hard X-rays (models are specified
in subsection 4.1.1). Panel (a) shows the redshift evolution of the 21-cm power spectrum at a fixed wavenumber : = 0.1 cMpc�1. Panel (b) shows the power
spectra versus wavenumber : at the redshift when the corresponding global 21-cm signal equals to h)21 i = �84 mK (which occurs at I ⇠ 16 for all the
considered cases). We find that the small-scale (high :) 21-cm signal varies significantly between the models, suggesting that the variation of the 21-cm power
spectrum with : could provide a diagnostic tool for the dominant heating mechanism. Also shown in both panels is the thermal-noise estimate for the SKA with
1000 hrs of observations (grey curve, Koopmans et al. 2015), illustrating the theoretical sensitivity of next-generation 21-cm power spectrum experiments.

20 for the locally-confined model, due to the correlations between star
formation and Ge which increase the average e�ciency with which
cosmic ray energy is deposited into the IGM as heat ( 5heat). The
non-linear relationship between h)21i and )K explains the fact that
uniform heating is the most e�cient at increasing h)21i. When the
WF coupling is e�cient (GU � 1) but before reionization becomes
significant (i.e. GHI ⇡ 1), the 21-cm signal scales as)21 ⇠ 1�)W/)K.

From this concave functional dependence, we see that )21 saturates
at a positive value for )K � )W but can take large negative values for
)K ⌧ )W . Consequently, when a volume average of )21 is taken the
weighting favours low )K. As a result, owing to the concentration of
heating into a small volume (that then saturates in 21-cm emission),
models with clustered IGM heating are less e�cient at raising the
mean )21 signal than the models in which heating is distributed

MNRAS 000, 1–21 (2023)

Gessey-Jones+2023

Different	mean	free	paths	—>	patchiness	of	heating



More	exotic	sources	of	early	IGM	heating?

• Cosmic	Rays?		(e.g.	Leite+2017;	Jana	and	Nath	2018;	Gessey-
Jones+2023)	

• Dark	matter	annihilations?	(e.g.	Evoli+2014;	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 [? ]).

– 9 –

Evoli,	AM+2014

heating	is	more	uniform	—>		
not	degenerate	with	galaxy	heating



More	exotic	sources	of	early	IGM	heating?

• Cosmic	Rays?		(e.g.	Leite+2017;	Jana	and	Nath	2018;	Gessey-
Jones+2023)	

• Dark	matter	annihilations?	(e.g.	Evoli+2014;	Lopez-
Honorez+2016)	

• Dark	matter	decay?	(e.g.	Facchinetti+	2023)
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Figure 6: Left panel: Compilation of constraints on the dark matter lifetime (at 95% level)
for decay into an electron/positron pair. Our forecasts, in blue, are superposed to the bounds
set from Lyman-↵ forests constraints on the IGM temperature [2] (solid black line), CMB
anisotropies (dashed black line) [10], Voyager I observation of cosmic rays [27, 28] (dotted
black line) and X- or �-ray experiments [29? , 30] (dash-dotted black line). The purple
shaded region shows the limit from cosmological probes while the grey region shows where
astrophysical observations do better. Right panel: Same than the left panel for decay into
two photons with the leftmost bound from CMB from [11].

energy injection into the intergalactic medium. In this work, we have carefully studied the
prospects for 21cm Cosmology to probe dark matter decays into electron-positron pairs and
photons. For that purpose, we have developed new version of the public code 21cmFAST,
that interfaced with the public package DarkHistory, accounts for DM energy deposition
into heat, ionization and excitation of the medium and its e↵ect on the 21cm signal. In
particular, DM energy injection is expected to mainly a↵ect the 21cm global signal and its
power spectrum as an exotic source of heating, already e�cient before POPII stars light on.

As is well known, DM decays give rise to a relatively late time energy deposition into
the medium. This makes late time probes, such as Lyman-↵ forest or 21cm Cosmology, very
interesting targets to detect the DM imprint. In this work, we focus on the e↵ect of DM
on the 21cm signal power spectrum and prospects for constraints on the DM lifetime by the
HERA telescope. The latter will probe a large redshift range from Epoch of reionization to
Cosmic dawn with very good precision. This is very important as DM is not the only source
of heating and its imprint has to be disentangled from the one arising from X-rays from stars.
In our work, we argue that their di↵erent imprint in the probed redshift range is the key
to obtain competitive constraints with respect to existing probes, both from Cosmology and
from astro-particle physics experiments.

In order to provide quantitative forecasts, we have performed for the first time a dedi-
cated Fisher Matrix analysis considering the HERA telescope and two di↵erent astrophysics
scenarios including DM decays. For the Fisher matrix forecast we have developed our own
tool, 21cmCAST, that interfaced with 21cmSense, allows to account for expected experimental
errors when considering 331 antennas and to extract the expected marginalized error on a
set of astrophysics parameter of our choice.

Our results, summarized in figure 6, are very promising. When considering the minimal
astrophysics scenario, HERA is expected to improve on existing cosmology constraints (from
CMB and Lyman-↵ probes) by up to 3 orders of magnitude. We also compare these prospects
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A	snapshot	of	the	baryons	at	z=1100	
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But DM decouples earlier
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A preferred distance scale
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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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Standard ruler

first	to	use	all	relevant	feedback,	
computing	signal	on	the	lightcone
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Measuring the expansion history



That	sounds	great,	but	where	are	we	now?



First	generation	21-cm	interferometers

LOFAR

MWA

HERA
PAPER

GMRT



Observing	is	HARD!

figure	courtesy	of	V.	Jelić



Measurements	are	improving,	but	currently	
only	upper	limits	on	the	PS

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

z

10�2

100

102

104

106

108

�
2

[m
K

2 ]

Barry+2019 (MWA)

Li+2019 (MWA)

Trott+2020 (MWA)

Ewall-Wice+2016 (MWA)

Yoshiura+2021 (MWA)

Kolopanis+2019 (PAPER)

Patil+2017 (LOFAR)

Mertens+2020 (LOFAR)

Gehlot+2020 (LOFAR)

Paciga+2013 (GMRT)

HERA+2021 (HERA)

Eastwood+2019 (LWA)

Mesinger+2016 (k = 0.03)

Mesinger+2016 (k = 0.1)

Mesinger+2016 (k = 0.4)

SKA FG-Avoid 1000 hr

SKA FG-Sub 100 hr

SKA FG-Sub 1000 hr

Power Spectrum 95% Confidence Upper Limits [0.03 < k < 0.4 Mpc�1]

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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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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Application	to	HERA	(HERA	collaboration	2022ab).	
For	similar	studies	on	LOFAR	and	MWA	data	see	(Ghara+2020;	Mondal+2020;	Greig+2020,	
Greig+2021)	



HERA

courtesy:	J.	Dillon



Recent	results	from	HERA
An	inipal	observing	campaign	in	2017-18,	with	just	39/~350	antennas	
and	18	nights	(2108.02263).

HERA	collaboration	(2022a)



Interpreting	recent	results	from	HERA

These	are	consistent	with	thermal	noise,	
and	are	spll	~1-2	orders	of	magnitude	
above	the	expected	signal

HERA	collaboration	(2022a;	
led	by	Nick	Kern)



Can	we	learn	something	from	upper	limits	that	
are	still	x10-100	above	the	expected	signal?



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



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

~	0.1	—	1



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

~	-10(!)	—	1



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

COLD	IGM:	TS ≪ Tγ

Models	that	are	ruled	out	must	have:



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)	

Models	that	are	ruled	out	must	have:



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	

Models	that	are	ruled	out	must	have:



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	extremely	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:



Examples
				

COLD	+	EoR COLD	+	density
Density 21cm 21cm 21cm	power

x̄HI ∼ 0.5 x̄HI ∼ 1

HERA	collaboration	(2021)



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



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.
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on these priors were picked to allow a broad range of
physically plausible values while not strongly constrain-
ing the parameters most constrained by other high-
redshift probes. These include UV luminosity functions
(Bouwens et al. 2015; Bouwens et al. 2016; Oesch et al.
2017) and measurements of the IGM opacities during
the EoR such as the Ly-↵ forest (McGreer et al. 2015;
Bosman & Becker 2015; Qin et al. 2021a) and CMB po-
larization and optical depth (Planck Collaboration 2018;
Qin et al. 2020). The Ly-↵ forest and the CMB’s � pro-
vide important clues as to the timing and duration of
reionization, which then constrain the ionizing escape
fraction, given the observed UV luminosity function.
We use 21cmMC (Greig & Mesinger 2015, 2017) and its
MultiNest sampler (Feroz et al. 2009; Qin et al. 2021b)
to perform Bayesian inference in this work. The pos-
terior probability distribution without HERA serves as
the starting point for comparing models against HERA
data.

One key result from these other high-redshift probes
is the strong constraint on the star formation e�ciency
of dark matter halos at high redshift, which is deter-
mined by the UV luminosity functions at z ⇠ 6–8; exist-
ing observations constrain both the peak e�ciency and
show that it declines toward small halo masses (e.g.,
Tacchella et al. 2013; Mason et al. 2015; Mirocha et al.
2017; Park et al. 2019; Sabti et al. 2022). The version
of 21cmFAST used here assumes that this behavior can
be extrapolated to higher redshifts and smaller haloes.
As a result, the range of galaxy formation models that
are allowed by 21cmMC is relatively restricted, and all
display a rapid increase in the stellar mass density be-
tween the two redshifts measured by HERA. The result-
ing constraints must be interpreted with this in mind,
as more complex galaxy evolution histories (which break
the assumed extrapolation by, for example, introducing
a new population of sources, see e.g. Muñoz 2019; Qin
et al. 2020; Muñoz et al. 2022 for implementations in
21cmFAST) are not included in the prior and are left for
future work.

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

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.

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).
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Figure 29. Here we show marginalized 1D PDFs from 21cmMC per logarithmic interval in the kinetic temperature (top row)
and spin temperature (bottom row), averaged over the neutral IGM, at both z = 10.4 (left column) and z = 7.9 (right column).
We compare the prior on these quantities to the posterior from H22b data (orange dashed) and the posterior after a full season
(purple, with 68% and 95% credible intervals shaded). We also show our prior (black dashed) and the posterior after including
non-HERA astrophysical constraints on reionization (gray). The averaging is performed over neutral cells with xHI > 0.95;
for models completely reionized at z = 7.9, we take the average temperature from the last time-step with neutral cells. The
hashed region indicates temperatures below the adiabatic cooling limit. Our observations rule out an unheated IGM at >99%
credibility at both z = 10.4 and z = 7.9, placing new constraints on the population of X-ray emitting compact objects during
the cosmic dawn.

a flat probability at small model �2 (Equation 11). As
Figure 26 shows, power spectra just below our limits are
far less likely than power spectra well below them. This
concentrates posterior probability at lower power spec-
trum values. The e↵ect is especially important when
multiple fields and k modes contribute significantly to
the likelihood, instead of the two measurements from a
single field that dominated the results in H22b.

The second reason is that, as already discussed, our
inference is heavily informed by other high-redshift ob-
servations and the galaxy model assumed by 21cmFAST.
This is particularly relevant in the context of the third
reason, which is the influence of constraints from the two
bands on each other. To better understand the impact
of the model, we show in the top row of Figure 31 the
prior and full posterior probability distributions from

the three inferences, i.e. without HERA and with HERA
after 18 (H22b) and 94 nights (this work). We only show
the distributions at the k values of our deepest limits,
roughly 0.35 hMpc�1. First consider the PDF without
incorporating HERA. It has two clear peaks: the one
at smaller �2 corresponds to models with TS � TCMB

(with abundant X-ray heating) while the other is mostly
“cold reionization” with little heating. In between, there
is a valley in the distribution because one must fine-tune
the heating and ionization to get a signal between these
two extremes, which is comparatively unlikely given our
priors and the other high-redshift constraints.

The H22b results ruled out the extreme end of the
cold reionization peak z = 7.9, but at z = 10.4 much of
that stronger peak was still viable. With our new limits,
an IGM near the adiabatic limit is essentially excluded
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Figure 3. Constraints on the spin temperature of the neutral IGM (left) and the soft-band X-ray luminosity

per star formation rate, LX/SFR (right), using upper limits on the 21-cm PS at z = 10 and z = 8 from HERA,

analysed with the 21cmFAST simulator + 21cmMC sampler inference framework (70). Solid gray curves denote the

prior distribution from complementary observations (UV LFs and EoR history measurements), while including the

first season of observations in (70) results in the purple curves. Even these preliminary observations using only

⇠ 10% of the antennas and 94 nights of observations rule out previously viable models with little IGM heating,

motivating a much more luminous population of of HMXBs at z > 10 than seen in local star-forming galaxies.

[adiabatic, Compton, Ly↵, CMB; e.g. (70; 64)]2. This heating is most likely provided by high-
mass X-ray binaries (HMXBs), in which a massive companion star is accreting onto a compact
object. HMXBs are known to dominate the X-ray luminosities of local, star-forming galaxies [e.g.
(51; 18; 35)]. Assuming HMXBs are responsible for heating the early Universe, the level of IGM
heating required by recent HERA 21cm power spectrum (PS) limits implies that z > 10 HMXBs
are over an order of magnitude brighter than their local counterparts [(70); right panel of Fig. 4]!
It is impressive that with 21-cm PS upper limits still 1-2 orders of magnitude away from the

most likely signals, we are able to indirectly constrain the properties of the unseen first galaxies.
However, our conclusions rely on our models... Are they flexible enough not to over-interpret the
observations? Do we account for all relevant heating processes? In WP1 we extend our galaxy
models to go beyond the state of the art by including stochastic, metallicity-dependent HMXBs as
well as incorporating putative cosmic ray heating in inference for the first time. This will enable a
robust interpretation of existing and upcoming 21-cm PS upper limits. We will also quantify which
k-modes and redshifts are most discriminating among currently viable models: at which (k?, kk, z)
would a reduction in the 21-cm PS upper limits rule out the most prior volume? This will guide
current observational e↵orts, focusing systematics/foreground mitigation in regions that give the
most ”bang for your buck”.

Flexible models of high-mass X-ray binaries: The inferred constraints on z > 10 HMXBs are
in fact consistent with theoretical expectations [e.g. (19)] and extrapolations of empirical relations

2 More exotic heating via DM annihilations and decay [e.g. (17; 40)] is also being implemented by coupling
DarkHistory (38) to 21cmFAST. However, this project is on-going and should be completed before the putative start
of TOSCA and is thus not discussed here.
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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	
(2023)	-	94	nights	of	data	

The	HERA	collaboration	(2023;		
led	by	J.	Dillon)	
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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	
(2023)	-	94	nights	of	data	

The	HERA	collaboration	(2023;		
led	by	J.	Dillon)	

If	heating	is	provided	by	“normal”	galaxies,	they	would	
need	to	be	more	luminous	in	X-rays	than	observed	locally



Is	this	surprising?



The	Lx-SFR	scaling	of	HMXBs	depends	on	
metalicity

Saxoni+	(2022)
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Figure 5. Distribution of stacked LX/SFR measurements versus stellar
metallicity in SFR bins, where different colours represent the measurements
in different redshift bins considered in this study (see Tables 1 and 2). Also
shown for comparison are theoretical predictions from Fragos et al. 2013a
(dot-dashed line), and empirical relations in both the local (dashed black line,
Brorby et al. 2016) and z ∼ 1–2 Universe (solid black line, Fornasini et al.
2020). We find that our measurements are consistent within errors with both
theoretical as well as empirical relations between LX/SFR and metallicity.
Our upper limits at the lowest metallicities support the expectations from
models and the latest empirical fits from Lehmer et al. (2021) (not shown)
that the relation deviates from a simple power-law and flattens out, similar to
Fragos et al. (2013a).

for simplicity, which is written in terms of solar metallicity (Z") as:

log(LX/SFR) = a + b log(Z!/Z") (6)

To obtain reliable fits over several orders of magnitude of Z!, we
also include measurements from lower redshifts, such as Brorby et al.
(2016) at z < 0.2 and measurements from the metallicity bins from
both Fornasini et al. (2020) at z < 1 and Fornasini et al. (2019)
at z ∼ 2. The distribution of LX/SFR and Z! of our z > 3 sample
along with measurements from the literature at lower redshifts is
shown in Fig. 6. We note here that the low redshift literature studies
have utilized gas-phase metallicity measurements (12 + log (O/H))
derived from rest-frame optical emission lines. Therefore, we convert
these gas-phase (O/H) ratios to metal mass fraction Z, using Z =
(O/H)∗(Hfrac/Ofrac), where Hfrac is the mass fraction of Hydrogen and
Ofrac is the mass fraction of Oxygen. Saxena et al. (2020a) found that
setting the mass fraction of H to be 75 per cent, which is consistent
with the composition of the sun, a mass fraction of ≈40 per cent for
O contributing to the observed metallicity gives consistent results
when recovering the solar metallicity values for both (O/H) and Z!.
We note here, however, that the absolute normalizations of the solar
values of both Z! and (O/H) are uncertain, and the conversion we
derive serves as a purely empirical conversion.

We use non-linear least squares to obtain a best-fitting relation
between LX/SFR and Z! (equation (6) for the combined sample con-
taining our z > 3 measurements and the lower redshift measurements
from the literature. We give more weight to our z > 3 measurements
in the fitting, as these represent the crucial low metallicity points.
We find that using an orthogonal distance regression to find the best-
fitting function leads to highly consistent results. The coefficients
of the best-fitting power law are: a = 39.43 ± 0.05 and b =
−0.78 ± 0.15. The best-fitting power law is shown in Fig. 6
(solid green line), along with the dispersion in this best fit (shaded
region).

As seen in Fig. 6, our z > 3 low-metallicity measurements are
crucial to constrain the LX/SFR relation owing to the relatively large
scatter within the low-redshift measurements from the literature. We
find that the best-fitting power law we obtain is consistent with studies
of lower redshift galaxies. For example, Douna et al. (2015) found
a stronger evolution of LX/SFR at lower metallicities for galaxies
in the local Universe, with the metallicity scaling coefficient b =
−1.01 with a dispersion of ∼0.5 dex. Brorby et al. (2016) obtained
b = −0.64 for their sample of star-forming galaxies at z < 0.12,
and Ponnada et al. (2020) reported b ≈ −0.95 for their sample of
compact dwarf galaxies in the local Universe. Fornasini et al. (2020)
reported b ≈ −0.80 obtained by for star-forming galaxies at z < 1,
which is highly consistent with our measurements.

This metallicity dependence of HMXB emission has been pos-
tulated to drive the redshift evolution of LX/SFR (see Basu-Zych
et al. 2013a for example). The stellar (and gas-phase) metallicities
are expected to decrease with increasing redshifts, which would
in turn lead to stronger X-ray luminosities produced by HMXB
populations per SFR. In the following section, we compare our
X-ray observations at z > 3 with semi-analytical models to test
whether the metallicity dependence we derive can reproduce the
redshift evolution of LX/SFR that we see in our z > 3 measurements.

6.2 Is redshift evolution of HMXB emission purely driven by
metallicities?

In this section, we employ stellar metallicities from the Galaxy
Evolution and Assembly (GAEA) semi-analytical model, which
tracks the formation, evolution and chemical enrichment of galaxies
across cosmic time (De Lucia & Blaizot 2007) to test whether a
redshift evolution in metallicities can explain the redshift evolution
of LX/SFR as well. Using VANDELS spectroscopic data, Calabrò
et al. (2021) reported close agreement between the observed slope of
the mass–metallicity relation with predictions from GAEA models,
with a consistent offset of 0.27 dex. This previously observed
close agreement between VANDELS observations and GAEA has
motivated the choice of using GAEA models to compare against
observations in this study.

To build a comparison sample, we have assembled star-forming
galaxies from GAEA that match the stellar mass and SFR distribution
of our VANDELS galaxies. We divide GAEA galaxies in the same
bins of SFR and redshift that were used for observations. In each
SFR and redshift bin, we calculate the expected LX/SFR based on the
best-fitting LX–SFR–Z! relation obtained using equation (6), taking
the 1σ standard deviation of the distribution of Z! values of GAEA
galaxies to calculate the dispersion. In line with the findings of
Calabrò et al. (2021), we apply the 0.27 dex correction to GAEA
stellar metallicities to enable accurate comparison with observations.

In Fig. 7, we show our observed LX/SFR measurements as a
function of redshift in the three SFR bins, along with the range
of expected LX/SFR calculated using the GAEA stellar metallicities
(orange shaded region). We find that there is good agreement between
the observed redshift evolution of LX/SFR for galaxies with SFR >

30 M" yr−1 and that expected from the evolving metallicities of
GAEA model galaxies, suggesting that the global distribution of
galaxy stellar metallicities across redshifts can explain the redshift
evolution of X-ray emission from HMXBs (see also Basu-Zych et al.
2013a; Lehmer et al. 2016; Fornasini et al. 2020). However, for
galaxies with SFR <30 M" yr−1, we find that the LX/SFR expected
purely from the evolution of stellar metallicities is less than what
the observations suggest. The LX/SFR measured in the redshift bin
3.0 ≤ z < 3.5 for galaxies with SFR =10–30 M" yr−1 is consistent

MNRAS 505, 4798–4812 (2021)
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Metallicity	evolves	with	galaxy	mass
Metallicity scaling relations during the EoR 11

Figure 5. The panels show the mass-metallicity relation at I ⇠ 5 � 10, as marked in each panel. In each panel, the filled red and blue circles show the median
metallicity in a given stellar mass bin for the Photoionization and Jeans mass models, respectively; the error bars show the corresponding 1 � f dispersion.
The cyan line shows the fundamental plane of metallicity (FPZ; see Sec. 4.2) as obtained from this work for the Photoionization model. The solid blue (green)
line show the observationally inferred parametrization of the redshift-independent (redshift-dependent) FPZ from Tortora et al. (2021, in prep.) while the solid
orange line shows the best-fit results from Sanders et al. (2020). Finally, green stars show results using the with direct-method constraints of Jones et al. (2020).
All of these observational relations have been recalibrated to a 0.1 � 100 M� Salpeter IMF (Tortora and Sanders, private comm.).

4.1 the underlying distribution shows metallicity values that span over
1.5 dex at the low-mass end. For example, "⇤ ⇠ 107.5 M� galaxies
show 12+log(O/H) values between 6.75-8.4 at I ⇠ 5 as a result of
the cumulative e�ects of both SN and reionization feedback on their
assembly histories. This range narrows to 12+log(O/H) ⇠ 6.5 � 7.9
at I ⇠ 10 given the fewer progenitor generations and the impact of
reionization feedback on fewer galaxies. This metallicity range also
narrows with an increase in stellar mass as their progenitors hold on
to, and propagate, a larger fraction of their gas and metal mass to
successive generations.

We also study the e�ects of maximal reionization feedback on
the MZR in Fig. 5: as seen, the median metallicity values (and their
scatter) at a given stellar mass do not show any sensible di�erence
between the Photoionization and Jeans mass models at any redshift.
This is due to the fact that the impact of the Jeans mass model is the
most pronounced on the lowest mass ("⇤ <⇠ 106.5 M�) galaxies that
are hosted in "

⌘

<⇠ 109.2 M� halos.

As has been noted in previous works (e.g. Mannucci et al. 2010;
Lara-López et al. 2010), the MZR is a two-dimensional projection of
the 3D fundamental metallicity relation (FMR) that links the stellar
mass, instantaneous SFR and the gas-phase metallicity. Further, this
can be reduced to a fundamental plane of metallicity as shown by
multiple works (e.g. Hunt et al. 2012, 2016a; Tortora et al. 2020).

We have performed a multiple linear regression, finding that our data
lie on a 4-dimensional parameter space - composed of the gas-phase
metallicity, SFR, stellar mass and redshift - that can be expressed by
a high-I Fundamental Plane of Metallicity (HFPZ). We compute this
FPZ by taking the central value for the stellar mass value in a bin
and the median SFR in that particular bin. For the Photoionization
model the HFPZ is given by:

12 + log(O/H) = � 0.294 log
✓

SFR

M�yr�1

◆
+ 0.581 log

✓
"⇤
M�

◆

+ 2.272 + 0.061 I,

(32)

while for the Jeans Mass model the relation changes slightly to:

12 + log(O/H) = � 0.342 log
✓

SFR

M�yr�1

◆
+ 0.586 log

✓
"⇤
M�

◆

+ 2.216 + 0.061 I.

(33)

As seen from the above equations, the normalisation of the HFPZ
shows an extremely weak redshift evolution - this is discussed in
more detail in Sec. 4.3 that follows.

MNRAS 000, 1–17 (2021)
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Where	we	are	now
		Upper	limits	on	the	21-cm	power	spectrum	

• understand	systematics!	can	we	parametrize	/	sample	our	
uncertainties?	

• do	we	have	all	of	the	physics	we	need,	especially	regarding	
heating	sources?	

• posteriors	will	be	prior-dominated	UNLESS	we	have	“realistic”	
galaxy	models	that	can	be	constrained	by	other	observations	



Contribution	of	different	data12 D. Breitman et al.

Figure 8. Contribution of various likelihood terms to the total posterior. The corner plot on the left shows the 95% CI of three inferences, all run with 21cmEMU
and UltraNest. The full posterior with all four probes is plotted in purple (exactly the same as the purple in Figure 6). In green, we show the posterior without
the HERA power spectrum upper limits term. In blue, we additionally remove the neutral fraction and Thomson optical depth terms, leaving only the UV
luminosity functions terms. On the top right half of the plot, we show the 95% CI of the same three posteriors but in the space of summary statistics: first the
UV LFs, and then a panel with the 21-cm power spectrum, 21-cm global signal, and EoR history, top to bottom, and finally a panel with the Thomson optical
depth. In grey, we plot the summary statistic 95% CI assuming a flat distribution across all nine astrophysical parameters which is what was used for the prior
for the 21cmFAST inference.

5 CONCLUSION

Here we introduced 21cmEMU: a publicly-available emulator of sev-
eral summary observables from 21cmFAST. We trained the emulator
on 1.3M pseudo-posterior samples from the inference in HERA22.
The input consists of a nine parameter model characterizing the UV
and X-ray outputs of high redshift galaxies. The output consists of:
(i) the 21-cm power spectrum as a function of redshift and wave-

mode; (ii) the IGM mean neutral fraction as a function of redshift;
(iii) the UV luminosity function at four redshifts 6, 7, 8, and 10; (iv)
the Thompson scattering optical depth to the CMB; (v) the mean
spin temperature as a function of redshift; and (vi) the 21-cm global
signal as a function of redshift. The emulator predicts all of these
quantities with under ⇠ 2.4% error at 68% CL, and a computational
cost that is lower by a factor of ⇠10000 compared to 21cmFAST.

We varied the size of the training set, finding only a modest de-

MNRAS 000, 1–19 (2023)
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Where	we	are	now
		Upper	limits	on	the	21-cm	power	spectrum	

• understand	systematics!	can	we	parametrize	/	sample	our	
uncertainties?	

• do	we	have	all	of	the	physics	we	need,	especially	regarding	
heating	sources?	

• posteriors	will	be	prior-dominated	UNLESS	we	have	“realistic”	
galaxy	models	that	can	be	constrained	by	other	observations	

• emulators	are	useful!		error	is	currently	sub-dominant	
(e.g.	Kern+2017;	Schmit	&	Pritchard	2017;	Shimabukuro	&	Semelin	2017;	Jennings+2019;	
Ghara+2020;	Mondal+2022;	Bye+2022a;	Lazare+2023;	Breitman,	AM+2023)	
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Where	we	will	be	soon
Low	S/N	detection	of	the	21-cm	PS	

• understand	systematics!	can	we	parametrize	/	sample	our	
uncertainties?	

• how	can	we	convince	ourselves	and	everyone	else	that	the	
detection	is	REAL		—>	cross-correlation	with	signal	of	known	
cosmic	origin	



The	importance	of	cross-correlations
• It	is	an	important	sanity	check	to	verify	claims	of	
detection/analysis	pipeline

Moriwaki+2019
36 CHIME COLLABORATION

Figure 18. The stacked signal at �⌫ = 0MHz as a function of right ascension offset (��) and declination offset (�✓) for the QSO catalog.
The top row shows, from left to right, the data, best-fit model, and residual. The second row shows, from left to right, the result of stacking
the QSO catalog on a Gaussian noise realization, stacking the QSO catalog on a jackknife of even and odd days, and stacking a random mock
catalog on the data. The third row shows a slice of the data in black and best-fit model in red at �✓ = 0° on the left and �� = 0° on the right.
The bottom row shows, for these same slices, the residuals in black compared to the Gaussian noise realization in dark blue, the jackknife in
light blue, and the random mock catalog in orange. Note that to facilitate the comparison, the slices in the bottom row have been offset by an
amount indicated by the dotted line of the same color.

The	CHIME	collaboration	2022

Gagnon-Hartman,	Davies,	AM	in	prep

21-cm vs O iii emitters 3

Figure 1. Slice maps of the 21-cm signals at z = 10.0, 8.0, 7.5, and 7.0. The black and red points represent the galaxies with
LOIII

> 1041 erg s−1 and 1042 erg s−1 respectively and the gray points are all the galaxies within the slice. The width of the slices is
1.2h−1 cMpc.

Table 1. Redshift, volume averaged neutral fraction, vol-
ume averaged luminosity density, and number of galaxies with
[O iii] luminosity larger than 1041 and 1042 erg s−1 within
(100h−1 cMpc)3 for each snapshot.

redshift xHI lOIII
a Ngal,41 Ngal,42

10.0 0.98 0.197 4851 84
8.0 0.78 1.13 30399 856
7.5 0.46 2.66 72619 2522
7.0 0.23 3.53 92593 3634

a in units of 1040h3 erg s−1 cMpc−3.

discussion of the 21-cm signal obtained from the simulations
we refer the reader to Ma et al. in prep.

2.3 [O iii] line emission

FIR/optical [O iii] lines are excellent targets to study the
high-redshift large-scale structure (Moriwaki et al. 2018).
Emission lines of highly ionized heavy elements including
[O iii] lines originate from H ii regions around young and
massive stars, and thus, they directly trace the ionizing
sources. In addition, they are easier to model compared to
those emitted from both neutral and ionized regions, such as

[C ii] line. Among them, the [O iii] 5007Å line is one of the
easiest to model because the electron density in H ii regions,
which cannot be properly resolved in simulations as large
as those adopted here, does not affect its luminosity. In this
paper, we thus investigate the [O iii] 5007Å line. If we con-
sidered the FIR [O iii] line instead, the detectability would
change depending on the emission strength but the overall
results would still hold as long as the electron densities do
not vary substantially from galaxy to galaxy.

To compute the line luminosity, LOIII
, we use a li-

brary generated with the photoionization code cloudy

(Ferland et al. 2017) as in Moriwaki et al. (2018), which
contains the line luminosity relative to the Hβ luminos-
ity with the case-B approximation, LcaseB

Hβ . The [O iii]
5007Å line luminosity is calculated as

LOIII
= (1− fesc)COIII

(Z,U, n)LcaseB
Hβ , (4)

where COIII
is the line luminosity ratio calculated with

cloudy, Z is the mean gas metallicity of a galaxy, U is the
ionization parameter, and n is the electron density. We cal-
culate the ionization parameter as (e.g. Panuzzo et al. 2003)

U =
3α2/3

B

4c

(3Ṅionn
4π

)1/3
, (5)

where αB is the case-B hydrogen recombination coefficient,
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Where	we	should	be	>2030-2040

High	S/N	map	of	~50%	of	
the	observable	Universe	
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Simulation
Cosmology

Inference	pipeline



Observation

Sdata

<latexit sha1_base64="tzhXTu3bMjSloEDHJft3mOFQff0=">AAACInicbVDLSsNAFJ3UV62vqAsXboKl4KokUtFl0Y3LivYBTSk302k7dCYJMzdCDfkaXeqPuBNXgp/hB5i0WWjrgYHDOfc1xwsF12jbn0ZhZXVtfaO4Wdra3tndM/cPWjqIFGVNGohAdTzQTHCfNZGjYJ1QMZCeYG1vcp357QemNA/8e5yGrCdh5PMhp4Cp1DePXE/GrgQcUxDxXZL04wEgJH2zbFftGaxl4uSkTHI0+ua3OwhoJJmPVIDWXccOsReDQk4FS0pupFkIdAIj1k2pD5LpXjz7QGJVUmVgDQOVPh+tmfq7Iwap9VR6aWV2ql70MvFfz5MLm3F42Yu5H0bIfDpfPIyEhYGVpWMNuGIUxTQlQBVPb7foGBRQTDMsVX6PRj55zGJyFkNZJq2zqlOrnt/WyvWrPLAiOSYn5JQ45ILUyQ1pkCahJCFP5IW8Gs/Gm/FufMxLC0bec0j+wPj6AWmtpZQ=</latexit>

Astrophysics

✓
cosm

o

<latexit sha1_base64="RkwR2yVjgMfgeYOwNAJOBHXBVOk=">AAACJXicdVDLSgMxFM34tr6q7nQTLIKrMiP1tRPduKxgW8GWkklvbWgyGZI7Yh0G/Bpd6o+4E8GVP+EHmD6EKnrgwuGce3NzTxhLYdH3372Jyanpmdm5+dzC4tLySn51rWp1YjhUuJbaXIbMghQRVFCghMvYAFOhhFrYPe37tRswVujoAnsxNBS7jkRbcIZOauY36qFK69gBZFnTEbjFlGurdJY18wW/6A9Ax0mwXzryaTBSCmSEcjP/WW9pniiIkEtm7VXgx9hImUHBJWS5emIhZrzLruHK0YgpsI10cENGt53Som1tXEVIB+r4RMqUtT0Vuk7FsGN/e33xTy9UvzZj+7CRiihOECI+XNxOJEVN+wHRljDAUfYcYdwI93fKO8wwji7G3Pb40yi6d/2YvrOg/5PqbjEoFffOS4Xjk1Fgc2STbJEdEpADckzOSJlUCCf35IE8kWfv0XvxXr23YeuEN5pZJz/gfXwBrdmnVw==</latexit>

✓ a
st
ro

<latexit sha1_base64="XxjCfz/BihL2dbsOXpFiujgErBQ=">AAACJXicdVDJSgNBEO2Je9yi3vTSGARPYUbidhO9eIxgFjAh9HQqSZPumaG7RozDgF+jR/0RbyJ48if8ADuLEIM+KHi8V9XV9fxICoOu++FkZmbn5hcWl7LLK6tr67mNzYoJY82hzEMZ6prPDEgRQBkFSqhFGpjyJVT93sXAr96CNiIMrrEfQUOxTiDagjO0UjO3XfdVUscuIEublsAdJsygDtO0mcu7BXcIOkm8o+KpS72xkidjlJq5r3or5LGCALlkxtx4boSNhGkUXEKarccGIsZ7rAM3lgZMgWkkwxtSumeVFm2H2laAdKhOTiRMGdNXvu1UDLtm2huIf3q+mtqM7ZNGIoIoRgj4aHE7lhRDOgiItoQGjrJvCeNa2L9T3mWacbQxZvcmn0bRux/E9JMF/Z9UDgpesXB4VcyfnY8DWyQ7ZJfsE48ckzNySUqkTDh5II/kmbw4T86r8+a8j1ozznhmi/yC8/kNuySnXw==</latexit>

Simulation
Cosmology

Telescope 
simulator

✓
telesco

p
e

<latexit sha1_base64="E1JalUx8A6uYCwJXfDwc8aa8uzw=">AAACKXicdVDJSgNBEO2Je9yiHgVpDIKnMCNxu4lePEYwC5gQejqVpEn3zNBdI8Zhbn6NHvVHvKlXf8EPsLMIMeiDgsd7VV1dz4+kMOi6705mZnZufmFxKbu8srq2ntvYrJgw1hzKPJShrvnMgBQBlFGghFqkgSlfQtXvXQz86i1oI8LgGvsRNBTrBKItOEMrNXM7dV8ldewCsrRpCdxhgiDB8DCCNG3m8m7BHYJOEu+oeOpSb6zkyRilZu6r3gp5rCBALpkxN54bYSNhGgWXkGbrsYGI8R7rwI2lAVNgGsnwjpTuWaVF26G2FSAdqpMTCVPG9JVvOxXDrpn2BuKfnq+mNmP7pJGIIIoRAj5a3I4lxZAOQqItoYGj7FvCuBb275R3mWYcbZTZvcmnUfTuBzH9ZEH/J5WDglcsHF4V82fn48AWyTbZJfvEI8fkjFySEikTTh7II3kmL86T8+q8OR+j1owzntkiv+B8fgMknKki</latexit>

<latexit sha1_base64="W5exjUAHTOUBAKUBIzLt9X878os=">AAACPnicbVC7SgNBFJ2Nj8T4SrS0cDEErMKuiFoGbSwVjAomhNnZm2TIPJaZu2JctvRrbLX3N/wBO7G1dBJTaPTAwJlzH5x7okRwi0Hw6hXm5hcWi6Wl8vLK6tp6pbpxaXVqGLSYFtpcR9SC4ApayFHAdWKAykjAVTQ8GdevbsFYrtUFjhLoSNpXvMcZRSd1K9vtSGZtHADSvOsI3GHW0wb6RqcqzvNupRY0ggn8vySckhqZ4qxb9YrtWLNUgkImqLU3YZBgJ6MGOROQl9uphYSyIe3DjaOKSrCdbHJJ7tedEvvOgHsK/Yn6cyKj0tqRjFynpDiws7Wx+G8tkvnvf6RFPGMGe0edjKskRVDs20svFT5qf5ycH3MDDMXIEcoMd+f4bEANZejyLdd/bkc+vB9HF84G9Zdc7jXCg0Z4vl9rHk9DLJEtskN2SUgOSZOckjPSIow8kEfyRJ69F+/Ne/c+vlsL3nRmk/yC9/kFDqywgA==</latexit>

✓
fo
reg

ro
u
n
d

Foreground /
Systematics 
residual
simulator

Inference	pipeline



Observation

Sdata

<latexit sha1_base64="tzhXTu3bMjSloEDHJft3mOFQff0=">AAACInicbVDLSsNAFJ3UV62vqAsXboKl4KokUtFl0Y3LivYBTSk302k7dCYJMzdCDfkaXeqPuBNXgp/hB5i0WWjrgYHDOfc1xwsF12jbn0ZhZXVtfaO4Wdra3tndM/cPWjqIFGVNGohAdTzQTHCfNZGjYJ1QMZCeYG1vcp357QemNA/8e5yGrCdh5PMhp4Cp1DePXE/GrgQcUxDxXZL04wEgJH2zbFftGaxl4uSkTHI0+ua3OwhoJJmPVIDWXccOsReDQk4FS0pupFkIdAIj1k2pD5LpXjz7QGJVUmVgDQOVPh+tmfq7Iwap9VR6aWV2ql70MvFfz5MLm3F42Yu5H0bIfDpfPIyEhYGVpWMNuGIUxTQlQBVPb7foGBRQTDMsVX6PRj55zGJyFkNZJq2zqlOrnt/WyvWrPLAiOSYn5JQ45ILUyQ1pkCahJCFP5IW8Gs/Gm/FufMxLC0bec0j+wPj6AWmtpZQ=</latexit>

Astrophysics

✓
cosm

o

<latexit sha1_base64="RkwR2yVjgMfgeYOwNAJOBHXBVOk=">AAACJXicdVDLSgMxFM34tr6q7nQTLIKrMiP1tRPduKxgW8GWkklvbWgyGZI7Yh0G/Bpd6o+4E8GVP+EHmD6EKnrgwuGce3NzTxhLYdH3372Jyanpmdm5+dzC4tLySn51rWp1YjhUuJbaXIbMghQRVFCghMvYAFOhhFrYPe37tRswVujoAnsxNBS7jkRbcIZOauY36qFK69gBZFnTEbjFlGurdJY18wW/6A9Ax0mwXzryaTBSCmSEcjP/WW9pniiIkEtm7VXgx9hImUHBJWS5emIhZrzLruHK0YgpsI10cENGt53Som1tXEVIB+r4RMqUtT0Vuk7FsGN/e33xTy9UvzZj+7CRiihOECI+XNxOJEVN+wHRljDAUfYcYdwI93fKO8wwji7G3Pb40yi6d/2YvrOg/5PqbjEoFffOS4Xjk1Fgc2STbJEdEpADckzOSJlUCCf35IE8kWfv0XvxXr23YeuEN5pZJz/gfXwBrdmnVw==</latexit>

✓ a
st
ro

<latexit sha1_base64="XxjCfz/BihL2dbsOXpFiujgErBQ=">AAACJXicdVDJSgNBEO2Je9yi3vTSGARPYUbidhO9eIxgFjAh9HQqSZPumaG7RozDgF+jR/0RbyJ48if8ADuLEIM+KHi8V9XV9fxICoOu++FkZmbn5hcWl7LLK6tr67mNzYoJY82hzEMZ6prPDEgRQBkFSqhFGpjyJVT93sXAr96CNiIMrrEfQUOxTiDagjO0UjO3XfdVUscuIEublsAdJsygDtO0mcu7BXcIOkm8o+KpS72xkidjlJq5r3or5LGCALlkxtx4boSNhGkUXEKarccGIsZ7rAM3lgZMgWkkwxtSumeVFm2H2laAdKhOTiRMGdNXvu1UDLtm2huIf3q+mtqM7ZNGIoIoRgj4aHE7lhRDOgiItoQGjrJvCeNa2L9T3mWacbQxZvcmn0bRux/E9JMF/Z9UDgpesXB4VcyfnY8DWyQ7ZJfsE48ckzNySUqkTDh5II/kmbw4T86r8+a8j1ozznhmi/yC8/kNuySnXw==</latexit>

Simulation
Cosmology

Telescope 
simulator

✓
telesco

p
e

<latexit sha1_base64="E1JalUx8A6uYCwJXfDwc8aa8uzw=">AAACKXicdVDJSgNBEO2Je9yiHgVpDIKnMCNxu4lePEYwC5gQejqVpEn3zNBdI8Zhbn6NHvVHvKlXf8EPsLMIMeiDgsd7VV1dz4+kMOi6705mZnZufmFxKbu8srq2ntvYrJgw1hzKPJShrvnMgBQBlFGghFqkgSlfQtXvXQz86i1oI8LgGvsRNBTrBKItOEMrNXM7dV8ldewCsrRpCdxhgiDB8DCCNG3m8m7BHYJOEu+oeOpSb6zkyRilZu6r3gp5rCBALpkxN54bYSNhGgWXkGbrsYGI8R7rwI2lAVNgGsnwjpTuWaVF26G2FSAdqpMTCVPG9JVvOxXDrpn2BuKfnq+mNmP7pJGIIIoRAj5a3I4lxZAOQqItoYGj7FvCuBb275R3mWYcbZTZvcmnUfTuBzH9ZEH/J5WDglcsHF4V82fn48AWyTbZJfvEI8fkjFySEikTTh7II3kmL86T8+q8OR+j1owzntkiv+B8fgMknKki</latexit>

<latexit sha1_base64="W5exjUAHTOUBAKUBIzLt9X878os=">AAACPnicbVC7SgNBFJ2Nj8T4SrS0cDEErMKuiFoGbSwVjAomhNnZm2TIPJaZu2JctvRrbLX3N/wBO7G1dBJTaPTAwJlzH5x7okRwi0Hw6hXm5hcWi6Wl8vLK6tp6pbpxaXVqGLSYFtpcR9SC4ApayFHAdWKAykjAVTQ8GdevbsFYrtUFjhLoSNpXvMcZRSd1K9vtSGZtHADSvOsI3GHW0wb6RqcqzvNupRY0ggn8vySckhqZ4qxb9YrtWLNUgkImqLU3YZBgJ6MGOROQl9uphYSyIe3DjaOKSrCdbHJJ7tedEvvOgHsK/Yn6cyKj0tqRjFynpDiws7Wx+G8tkvnvf6RFPGMGe0edjKskRVDs20svFT5qf5ycH3MDDMXIEcoMd+f4bEANZejyLdd/bkc+vB9HF84G9Zdc7jXCg0Z4vl9rHk9DLJEtskN2SUgOSZOckjPSIow8kEfyRJ69F+/Ne/c+vlsL3nRmk/yC9/kFDqywgA==</latexit>

✓
fo
reg

ro
u
n
d

Foreground /
Systematics 
residual
simulator

Smodel

<latexit sha1_base64="lKrSF3i4JQCJFi+VFPsEExkxna8=">AAACI3icbVDLSsNAFJ3UV62vqBvBzWApuCqJVHRZdOOyon1AE8JkMm2HziRhZiLUEL9Gl/oj7sSNC//CD3DSZlFbDwwczrmvOX7MqFSW9WWUVlbX1jfKm5Wt7Z3dPXP/oCOjRGDSxhGLRM9HkjAakraiipFeLAjiPiNdf3yd+90HIiSNwns1iYnL0TCkA4qR0pJnHjk+Tx2O1Agjlt5lmZfyKCAs88yqVbemgMvELkgVFGh55o8TRDjhJFSYISn7thUrN0VCUcxIVnESSWKEx2hI+pqGiBPpptMfZLCmlQAOIqFfqOBUne9IEZdywn1dmd8qF71c/Nfz+cJmNbh0UxrGiSIhni0eJAyqCObxwIAKghWbaIKwoPp2iEdIIKx0iJXa/GhFx495TPZiKMukc1a3G/Xz20a1eVUEVgbH4AScAhtcgCa4AS3QBhg8gWfwCt6MF+Pd+DA+Z6Ulo+g5BH9gfP8CXPimFQ==</latexit>

Inference	pipeline



Astrophysics

Telescope 
simulator

✓
cosm

o

<latexit sha1_base64="RkwR2yVjgMfgeYOwNAJOBHXBVOk=">AAACJXicdVDLSgMxFM34tr6q7nQTLIKrMiP1tRPduKxgW8GWkklvbWgyGZI7Yh0G/Bpd6o+4E8GVP+EHmD6EKnrgwuGce3NzTxhLYdH3372Jyanpmdm5+dzC4tLySn51rWp1YjhUuJbaXIbMghQRVFCghMvYAFOhhFrYPe37tRswVujoAnsxNBS7jkRbcIZOauY36qFK69gBZFnTEbjFlGurdJY18wW/6A9Ax0mwXzryaTBSCmSEcjP/WW9pniiIkEtm7VXgx9hImUHBJWS5emIhZrzLruHK0YgpsI10cENGt53Som1tXEVIB+r4RMqUtT0Vuk7FsGN/e33xTy9UvzZj+7CRiihOECI+XNxOJEVN+wHRljDAUfYcYdwI93fKO8wwji7G3Pb40yi6d/2YvrOg/5PqbjEoFffOS4Xjk1Fgc2STbJEdEpADckzOSJlUCCf35IE8kWfv0XvxXr23YeuEN5pZJz/gfXwBrdmnVw==</latexit>

✓ a
st
ro

<latexit sha1_base64="XxjCfz/BihL2dbsOXpFiujgErBQ=">AAACJXicdVDJSgNBEO2Je9yi3vTSGARPYUbidhO9eIxgFjAh9HQqSZPumaG7RozDgF+jR/0RbyJ48if8ADuLEIM+KHi8V9XV9fxICoOu++FkZmbn5hcWl7LLK6tr67mNzYoJY82hzEMZ6prPDEgRQBkFSqhFGpjyJVT93sXAr96CNiIMrrEfQUOxTiDagjO0UjO3XfdVUscuIEublsAdJsygDtO0mcu7BXcIOkm8o+KpS72xkidjlJq5r3or5LGCALlkxtx4boSNhGkUXEKarccGIsZ7rAM3lgZMgWkkwxtSumeVFm2H2laAdKhOTiRMGdNXvu1UDLtm2huIf3q+mtqM7ZNGIoIoRgj4aHE7lhRDOgiItoQGjrJvCeNa2L9T3mWacbQxZvcmn0bRux/E9JMF/Z9UDgpesXB4VcyfnY8DWyQ7ZJfsE48ckzNySUqkTDh5II/kmbw4T86r8+a8j1ozznhmi/yC8/kNuySnXw==</latexit>

✓
telesco

p
e

<latexit sha1_base64="E1JalUx8A6uYCwJXfDwc8aa8uzw=">AAACKXicdVDJSgNBEO2Je9yiHgVpDIKnMCNxu4lePEYwC5gQejqVpEn3zNBdI8Zhbn6NHvVHvKlXf8EPsLMIMeiDgsd7VV1dz4+kMOi6705mZnZufmFxKbu8srq2ntvYrJgw1hzKPJShrvnMgBQBlFGghFqkgSlfQtXvXQz86i1oI8LgGvsRNBTrBKItOEMrNXM7dV8ldewCsrRpCdxhgiDB8DCCNG3m8m7BHYJOEu+oeOpSb6zkyRilZu6r3gp5rCBALpkxN54bYSNhGgWXkGbrsYGI8R7rwI2lAVNgGsnwjpTuWaVF26G2FSAdqpMTCVPG9JVvOxXDrpn2BuKfnq+mNmP7pJGIIIoRAj5a3I4lxZAOQqItoYGj7FvCuBb275R3mWYcbZTZvcmnUfTuBzH9ZEH/J5WDglcsHF4V82fn48AWyTbZJfvEI8fkjFySEikTTh7II3kmL86T8+q8OR+j1owzntkiv+B8fgMknKki</latexit>

Smodel

<latexit sha1_base64="lKrSF3i4JQCJFi+VFPsEExkxna8=">AAACI3icbVDLSsNAFJ3UV62vqBvBzWApuCqJVHRZdOOyon1AE8JkMm2HziRhZiLUEL9Gl/oj7sSNC//CD3DSZlFbDwwczrmvOX7MqFSW9WWUVlbX1jfKm5Wt7Z3dPXP/oCOjRGDSxhGLRM9HkjAakraiipFeLAjiPiNdf3yd+90HIiSNwns1iYnL0TCkA4qR0pJnHjk+Tx2O1Agjlt5lmZfyKCAs88yqVbemgMvELkgVFGh55o8TRDjhJFSYISn7thUrN0VCUcxIVnESSWKEx2hI+pqGiBPpptMfZLCmlQAOIqFfqOBUne9IEZdywn1dmd8qF71c/Nfz+cJmNbh0UxrGiSIhni0eJAyqCObxwIAKghWbaIKwoPp2iEdIIKx0iJXa/GhFx495TPZiKMukc1a3G/Xz20a1eVUEVgbH4AScAhtcgCa4AS3QBhg8gWfwCt6MF+Pd+DA+Z6Ulo+g5BH9gfP8CXPimFQ==</latexit>

Sdata

<latexit sha1_base64="tzhXTu3bMjSloEDHJft3mOFQff0=">AAACInicbVDLSsNAFJ3UV62vqAsXboKl4KokUtFl0Y3LivYBTSk302k7dCYJMzdCDfkaXeqPuBNXgp/hB5i0WWjrgYHDOfc1xwsF12jbn0ZhZXVtfaO4Wdra3tndM/cPWjqIFGVNGohAdTzQTHCfNZGjYJ1QMZCeYG1vcp357QemNA/8e5yGrCdh5PMhp4Cp1DePXE/GrgQcUxDxXZL04wEgJH2zbFftGaxl4uSkTHI0+ua3OwhoJJmPVIDWXccOsReDQk4FS0pupFkIdAIj1k2pD5LpXjz7QGJVUmVgDQOVPh+tmfq7Iwap9VR6aWV2ql70MvFfz5MLm3F42Yu5H0bIfDpfPIyEhYGVpWMNuGIUxTQlQBVPb7foGBRQTDMsVX6PRj55zGJyFkNZJq2zqlOrnt/WyvWrPLAiOSYn5JQ45ILUyQ1pkCahJCFP5IW8Gs/Gm/FufMxLC0bec0j+wPj6AWmtpZQ=</latexit>

<latexit sha1_base64="W5exjUAHTOUBAKUBIzLt9X878os=">AAACPnicbVC7SgNBFJ2Nj8T4SrS0cDEErMKuiFoGbSwVjAomhNnZm2TIPJaZu2JctvRrbLX3N/wBO7G1dBJTaPTAwJlzH5x7okRwi0Hw6hXm5hcWi6Wl8vLK6tp6pbpxaXVqGLSYFtpcR9SC4ApayFHAdWKAykjAVTQ8GdevbsFYrtUFjhLoSNpXvMcZRSd1K9vtSGZtHADSvOsI3GHW0wb6RqcqzvNupRY0ggn8vySckhqZ4qxb9YrtWLNUgkImqLU3YZBgJ6MGOROQl9uphYSyIe3DjaOKSrCdbHJJ7tedEvvOgHsK/Yn6cyKj0tqRjFynpDiws7Wx+G8tkvnvf6RFPGMGe0edjKskRVDs20svFT5qf5ycH3MDDMXIEcoMd+f4bEANZejyLdd/bkc+vB9HF84G9Zdc7jXCg0Z4vl9rHk9DLJEtskN2SUgOSZOckjPSIow8kEfyRJ69F+/Ne/c+vlsL3nRmk/yC9/kFDqywgA==</latexit>

✓
fo
reg

ro
u
n
d

Foreground /
Systematics 
residual
simulator

ObservationSimulation
Cosmology

Inference	pipeline



Astrophysics

Telescope 
simulator

✓
cosm

o

<latexit sha1_base64="RkwR2yVjgMfgeYOwNAJOBHXBVOk=">AAACJXicdVDLSgMxFM34tr6q7nQTLIKrMiP1tRPduKxgW8GWkklvbWgyGZI7Yh0G/Bpd6o+4E8GVP+EHmD6EKnrgwuGce3NzTxhLYdH3372Jyanpmdm5+dzC4tLySn51rWp1YjhUuJbaXIbMghQRVFCghMvYAFOhhFrYPe37tRswVujoAnsxNBS7jkRbcIZOauY36qFK69gBZFnTEbjFlGurdJY18wW/6A9Ax0mwXzryaTBSCmSEcjP/WW9pniiIkEtm7VXgx9hImUHBJWS5emIhZrzLruHK0YgpsI10cENGt53Som1tXEVIB+r4RMqUtT0Vuk7FsGN/e33xTy9UvzZj+7CRiihOECI+XNxOJEVN+wHRljDAUfYcYdwI93fKO8wwji7G3Pb40yi6d/2YvrOg/5PqbjEoFffOS4Xjk1Fgc2STbJEdEpADckzOSJlUCCf35IE8kWfv0XvxXr23YeuEN5pZJz/gfXwBrdmnVw==</latexit>

✓ a
st
ro

<latexit sha1_base64="XxjCfz/BihL2dbsOXpFiujgErBQ=">AAACJXicdVDJSgNBEO2Je9yi3vTSGARPYUbidhO9eIxgFjAh9HQqSZPumaG7RozDgF+jR/0RbyJ48if8ADuLEIM+KHi8V9XV9fxICoOu++FkZmbn5hcWl7LLK6tr67mNzYoJY82hzEMZ6prPDEgRQBkFSqhFGpjyJVT93sXAr96CNiIMrrEfQUOxTiDagjO0UjO3XfdVUscuIEublsAdJsygDtO0mcu7BXcIOkm8o+KpS72xkidjlJq5r3or5LGCALlkxtx4boSNhGkUXEKarccGIsZ7rAM3lgZMgWkkwxtSumeVFm2H2laAdKhOTiRMGdNXvu1UDLtm2huIf3q+mtqM7ZNGIoIoRgj4aHE7lhRDOgiItoQGjrJvCeNa2L9T3mWacbQxZvcmn0bRux/E9JMF/Z9UDgpesXB4VcyfnY8DWyQ7ZJfsE48ckzNySUqkTDh5II/kmbw4T86r8+a8j1ozznhmi/yC8/kNuySnXw==</latexit>

✓
telesco

p
e
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Planck 2018

(T,	x,	y) P(l)

~106	data	points ~102	data	points

For	Gaussian	random	fields,	the	power	
spectrum	contains	all	information



Optimal	summary	for	non-Gaussian	fields??

figure	curtesy	of	G.	Bernardi

Fourier transform tourFourier transform tourFourier transform tourFourier transform tour

Figures	have	the	same	power	spectra



Where	we	should	be	>2030-2040
High	S/N	map	with	the	SKA	

• optimal	compression	of	non-Gaussian	signal	(e.g.	bispectrum,	
Minkowski	functionals,	wavelets,	data-driven	compression…)	



David Prelogović and Andrei Mesinger: How informative are summaries of the cosmic 21-cm signal?
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Fig. 6. Distribution of the Fisher information (det F) across the prior volume, for all summaries considered in this work. For the IMNN summary,
we use the weights that give the highest median value (corresponding to 90k epochs; see Fig. 5). On the top axis we denote the corresponding
relative improvement in the single parameter variance (Eq. 26), normalized to its median value of the 2DPS summary. The 2DPS has the largest
median value of all of the individual summaries, while the combination of the 2DPS + IMNN dramatically outperforms every individual summary.
See Table 1 for quantitative values.

Among the individual summaries, the 2DPS is a clear win-
ner. In comparison, the 1DPS has roughly a factor of two smaller
Fisher information across the prior volume, which translates to
a ⇠ 15% larger single parameter variance (Eq. 26). This shows
that indeed the anisotropy of the cosmic 21-cm signal helps in
parameter recovery, though not very significantly. The distribu-
tion of the 2DPS Fisher information is also relatively narrow, in-
dicating its constraining power does not vary enormously across
parameter space, compared to most other summaries.

The median Fisher information of the IMNN is comparable
with that of the 1DPS. However, the IMNN results in the widest
distribution of all of the summaries. This means that the com-
pression that the IMNN learned at ✓fid can be much more in-
formative but also much less informative, depending on the pa-
rameter choice. Therefore, if one has a good idea of where the
maximum likelihood value will be (e.g. from complementary ob-
servations; Park et al. 2019; Abdurashidova et al. 2022; HERA
Collaboration et al. 2023; Breitman et al. 2024), it could be ben-
eficial to train the IMNN at that “best guess” value and use the
resulting summary in inference. An optimal strategy could be to
perform inference using the 2DPS in order to obtain the maxi-
mum likelihood, train the IMNN at this ML parameter combi-
nation, then perform inference again using the resulting IMNN
summary.

The wavelet summary results in a median Fisher information
that is a factor of ⇠300 smaller than that of the 2DPS at their me-
dian values (factor of ⇠3 increase in the single parameter vari-
ance (Eq. 26). Intuitively, one would expect more information
content in wavelets compared with the PS, as they e↵ectively
include higher order correlations. However, our WST followed
the definition in Greig et al. (2022, 2023), in which the wavelets
are only computed at one slice for each redshift chunk. Thus,
the physics-rich, line-of-sight modes inside each redshift bin are
lost for this choice of WST. The weaker performance of the WST
compared to the power spectra implies that there is more infor-
mation in the line-of-sight modes than there is in higher-order
correlations of the transverse modes.

We note that recent works also using 2D wavelets achieved
better results than we do here (Greig et al. 2022; Hothi et al.
2023). However, their analysis di↵ers from ours. In particular,
they use more redshift bins and they do not average the coe�-
cients over the sky-plane (rolling the filter as described above).
We confirm that without the additional smoothing that we per-
form in this work, the Gaussian approximation for the likeli-
hood that is intrinsic to the Fisher estimate (c.f. Eq. 4) is notably
worse, for both the wavelets and the RNN. Therefore, the higher
wavelet information found by Greig et al. (2022); Hothi et al.
(2023) could be partially due to a less appropriate application of
the Fisher estimate. Alternatively, the information content could
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Where	we	should	be	>2030-2040
High	S/N	map	with	the	SKA	

• optimal	compression	of	non-Gaussian	signal	(e.g.	bispectrum,	
Minkowski	functionals,	wavelets,	data-driven	compression…)	

Prelogović	&	AM	2024	
(see	also,	e.g.	Watkinson+2017;	Majumdan+2020;	Chen+2019;	Giri&Mellema2021;	Kamran+2023…)

Compare	constraining	
power	of	different	
summaries	across	
prior	volume
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Where	we	should	be	>2030-2040
High	S/N	map	with	the	SKA	

• optimal	compression	of	non-Gaussian	signal	(e.g.	bispectrum,	
Minkowski	functionals,	wavelets,	data-driven	compression…)	

• do	we	actually	know	the	likelihood	analytically?		—>	
Simulation	Based	Inference	(SBI)	



Simulation	Based	Inference	(SBI)

No	need	for	an	analytic	
likelihood!!!		
difficult	to	write	down	for	non-
Gaussian	and	correlated	
observations

Inference	using	SBI:	if	including	all	main	sources	of	stochasticity,	
each	forward	model	is	a	sample	from	the	joint	distribution	of	
model	&	data.		The	likelihood	can	just	be	fit	with	NDEs.

21-cm likelihood 3

Figure 1. Schematic of our simulation pipeline. Starting from
the cosmological signal computed with 21cmFAST, we remove the
mean of the signal, add noise corresponding to a 1000h SKA1-Low
observation, and perform a foreground cut below the horizon limit
(see text for details). Finally, we bin the lightcone and compute
the 1D power spectrum in each bin.

2 SIMULATING 21-CM OBSERVATIONS

Inference, whether using SBI or with an explicit likelihood,
requires an accurate simulator to generate mock observables
from samples of astrophysical/cosmological parameters. Our
simulation pipeline is illustrated in Figure 1. It consists of
the following steps:

• Cosmological signal - we simulate a realization of the 21-
cm lightcone (more precisely a light "cuboid"), corresponding
to a sampled parameter vector, ✓̃, and a sampled random seed
for generating the initial conditions.

• Mean removal - we remove the mean from each red-
shift/frequency slice, to account for the inability of interfer-
ometers to measure the k? = 0 mode.

• + SKA Noise - we add a realization of noise correspond-
ing to a 1000h integration with SKA1-Low.

• + Horizon cut - we remove a foreground-dominated
“wedge” region by zeroing the corresponding Fourier modes.

• 1D Power Spectrum - we cut the lightcone into blocks
of equal conformal length along the redshift axis, computing
the 1D PS for each block. This results in �2

21(k, z) that we
use as our summary statistics throughout this paper.

Below we briefly describe these steps in more detail.
To compute the cosmological signal from the first step, we

use the public, semi-numerical code 21cmFAST v33 (Mesinger
et al. 2011; Murray et al. 2020), with the galaxy parametriza-
tion from Park et al. (2019). The code generates a realization
of the initial density and velocity fields, and evolves them
with second order Lagrangian perturbation theory (2LPT;

3 https://github.com/21cmfast/21cmFAST

Scoccimarro 1998). From the evolved density fields, the con-
ditional halo mass function is used to compute the spatial
fluctuations in the galaxy field (e.g. Barkana & Loeb 2004).
The inhomogeneous reionization field is obtained by compar-
ing the number of ionizing photons to the number of recombi-
nations, in regions of decreasing radii (Furlanetto et al. 2004;
Sobacchi & Mesinger 2014). Soft UV and X-ray photons that
have much longer mean free paths are instead tracked by in-
tegrating the local emissivity back along the lightcone, for
each simulation cell. These radiation fields then impact the
temperature and ionization state of each IGM cell. For more
details, interested readers are encouraged to see (Mesinger &
Furlanetto 2007; Mesinger et al. 2011).

Our simulations correspond to 300 Mpc boxes, with a cell
size of 1.5 Mpc. The choices of astrophysical galaxy parame-
ters are discussed in the following section. We interpolate be-
tween adjacent comoving snapshots, also accounting for sub-
grid redshift space distortions (e.g. Mao et al. 2012; Jensen
et al. 2013; Greig & Mesinger 2018), creating a lightcone of
the cosmic signal extending from redshift 30 to 5 (see the top
panel of Fig. 1).

SKA1-Low uv coverage and thermal noise are calculated
using tools21cm4 (Giri et al. 2020). We assume a tracked scan
of 6h per day, 10s integration time, for a total of 1000h, using
only the core stations (baseline  2km). After subtracting
the mean signal from each slice in the lighcone and adding
the thermal noise corresponding to this uv coverage, we also
remove a foreground-contaminated “wedge” (Morales et al.
2012; Vedantham et al. 2012; Trott et al. 2012; Parsons et al.
2014; Pober et al. 2014; Liu et al. 2014a,b; Murray & Trott
2018; Liu & Shaw 2020). Conservatively, we remove (zero)
all modes below the horizon limit, which can be expressed
as a slope in the line-of-sight (kk) vs. sky-plane (k?) Fourier
modes:

kk  k?
E(z)
1 + z

Z z

0

dz
0

E(z0)
, (3)

where E(z) =
p

⌦m(1 + z)3 + ⌦⇤. For more details on the
telescope noise and foreground avoidance implemented in this
work, we refer reader to Prelogović et al. (2022).5

After the telescope effects are included, we cut the result-
ing 21-cm brightness temperature lightcone, �Tb(x, z), along
redshift axis into chunks of 300Mpc and compute the 1D PS
on each section as:

�T̄
2
b �

2
21(k, z) ⌘

k
3

2⇡2V

D���Tb(k, z)� �T̄b(z)
��2
E

k
, (4)

where z is the central redshift of each chunk. This 1D PS
serves as our summary statistic throughout this work.

2.1 Model parameters

We characterize the unknown UV and X-ray properties of
high-z galaxies using the model from Park et al. (2019). The

4 https://github.com/sambit-giri/tools21cm
5 The only difference with respect to the method described in
Prelogović et al. (2022) is that we do not apply a “rolling” of the
wedge filter, more relevant for 21-cm images. As the 1D PS used
here is computed in (binned) Fourier space, it is sufficient to apply
the wedge filter once per the lightcone chunk on which the PS is
calculated.
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Figure 1. Schematic of our simulation pipeline. Starting from
the cosmological signal computed with 21cmFAST, we remove the
mean of the signal, add noise corresponding to a 1000h SKA1-Low
observation, and perform a foreground cut below the horizon limit
(see text for details). Finally, we bin the lightcone and compute
the 1D power spectrum in each bin.

2 SIMULATING 21-CM OBSERVATIONS

Inference, whether using SBI or with an explicit likelihood,
requires an accurate simulator to generate mock observables
from samples of astrophysical/cosmological parameters. Our
simulation pipeline is illustrated in Figure 1. It consists of
the following steps:

• Cosmological signal - we simulate a realization of the 21-
cm lightcone (more precisely a light "cuboid"), corresponding
to a sampled parameter vector, ✓̃, and a sampled random seed
for generating the initial conditions.

• Mean removal - we remove the mean from each red-
shift/frequency slice, to account for the inability of interfer-
ometers to measure the k? = 0 mode.

• + SKA Noise - we add a realization of noise correspond-
ing to a 1000h integration with SKA1-Low.

• + Horizon cut - we remove a foreground-dominated
“wedge” region by zeroing the corresponding Fourier modes.

• 1D Power Spectrum - we cut the lightcone into blocks
of equal conformal length along the redshift axis, computing
the 1D PS for each block. This results in �2

21(k, z) that we
use as our summary statistics throughout this paper.

Below we briefly describe these steps in more detail.
To compute the cosmological signal from the first step, we

use the public, semi-numerical code 21cmFAST v33 (Mesinger
et al. 2011; Murray et al. 2020), with the galaxy parametriza-
tion from Park et al. (2019). The code generates a realization
of the initial density and velocity fields, and evolves them
with second order Lagrangian perturbation theory (2LPT;

3 https://github.com/21cmfast/21cmFAST

Scoccimarro 1998). From the evolved density fields, the con-
ditional halo mass function is used to compute the spatial
fluctuations in the galaxy field (e.g. Barkana & Loeb 2004).
The inhomogeneous reionization field is obtained by compar-
ing the number of ionizing photons to the number of recombi-
nations, in regions of decreasing radii (Furlanetto et al. 2004;
Sobacchi & Mesinger 2014). Soft UV and X-ray photons that
have much longer mean free paths are instead tracked by in-
tegrating the local emissivity back along the lightcone, for
each simulation cell. These radiation fields then impact the
temperature and ionization state of each IGM cell. For more
details, interested readers are encouraged to see (Mesinger &
Furlanetto 2007; Mesinger et al. 2011).

Our simulations correspond to 300 Mpc boxes, with a cell
size of 1.5 Mpc. The choices of astrophysical galaxy parame-
ters are discussed in the following section. We interpolate be-
tween adjacent comoving snapshots, also accounting for sub-
grid redshift space distortions (e.g. Mao et al. 2012; Jensen
et al. 2013; Greig & Mesinger 2018), creating a lightcone of
the cosmic signal extending from redshift 30 to 5 (see the top
panel of Fig. 1).

SKA1-Low uv coverage and thermal noise are calculated
using tools21cm4 (Giri et al. 2020). We assume a tracked scan
of 6h per day, 10s integration time, for a total of 1000h, using
only the core stations (baseline  2km). After subtracting
the mean signal from each slice in the lighcone and adding
the thermal noise corresponding to this uv coverage, we also
remove a foreground-contaminated “wedge” (Morales et al.
2012; Vedantham et al. 2012; Trott et al. 2012; Parsons et al.
2014; Pober et al. 2014; Liu et al. 2014a,b; Murray & Trott
2018; Liu & Shaw 2020). Conservatively, we remove (zero)
all modes below the horizon limit, which can be expressed
as a slope in the line-of-sight (kk) vs. sky-plane (k?) Fourier
modes:

kk  k?
E(z)
1 + z

Z z

0

dz
0

E(z0)
, (3)

where E(z) =
p

⌦m(1 + z)3 + ⌦⇤. For more details on the
telescope noise and foreground avoidance implemented in this
work, we refer reader to Prelogović et al. (2022).5

After the telescope effects are included, we cut the result-
ing 21-cm brightness temperature lightcone, �Tb(x, z), along
redshift axis into chunks of 300Mpc and compute the 1D PS
on each section as:
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where z is the central redshift of each chunk. This 1D PS
serves as our summary statistic throughout this work.

2.1 Model parameters

We characterize the unknown UV and X-ray properties of
high-z galaxies using the model from Park et al. (2019). The

4 https://github.com/sambit-giri/tools21cm
5 The only difference with respect to the method described in
Prelogović et al. (2022) is that we do not apply a “rolling” of the
wedge filter, more relevant for 21-cm images. As the 1D PS used
here is computed in (binned) Fourier space, it is sufficient to apply
the wedge filter once per the lightcone chunk on which the PS is
calculated.
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Where	we	should	be	>2030-2040
High	S/N	map	with	the	SKA	

• optimal	compression	of	non-Gaussian	signal	(e.g.	bispectrum,	
Minkowski	functionals,	wavelets,	data-driven	compression…)	

• do	we	actually	know	the	likelihood	analytically?		—>	
Simulation	Based	Inference	(SBI)	

• emulating	maps	(do	we	trust	emulators?)	
Conditional Diffusion Model for Astrophysical images 5

Figure 2. Conditional image generation from Simulation, DDPM, and StyleGAN2, at the testing set (T̃vir , Z̃ ) = (0.200, 0.800) .

Figure 3. The reduced scattering coefficients over different scales 9 and angular frequency ; for conditional image generation. These coefficients are calculated
from images with a grid size of (64, 64) and have the wavelet parameters � = 5 and ! = 4. The zeroth-order coefficient (0 is the spatial average of the input
image. The first-order coefficient (1 ( 91 ) is the results averaged over orientation ;1. For each scale 91, the second-order coefficient (2 has the scale 92 > 91 and
is a function of the separation of two orientations (;2 � ;1 )%! = {0, 1, 2, 3}. For simplicity, here we only show the coefficients with (;2 � ;1 )%! = {0, 1}. For
StyleGAN2, the (0 shows a larger variance, and the (1 and (2 show a slightly larger bias in some scales than DDPM.

analysis, we also generate samples around two of these testing sets,
which will be discussed in Section 5.2.

5 RESULTS

For astrophysical applications, image generation should be made
conditional on some information in need, e.g. initial conditions, cos-

mological or astrophysical parameters, so that we can perform the
Bayesian inference of these parameters from observations. Thus, we
focus on the comparison of conditional image generations between
the two generative models.

We train the conditional generative models on several datasets with
increasing sample sizes. After training, we generate 800 images con-
ditional on the five testing sets. Then we compare the distribution of
the scattering coefficients calculated from the generated images with

MNRAS 000, 1–13 (2015)

Zhao+	(2023)



Where	we	should	be	>2030-2040
High	S/N	map	with	the	SKA	

• optimal	compression	of	non-Gaussian	signal	(e.g.	bispectrum,	
Minkowski	functionals,	wavelets,	data-driven	compression…)	

• do	we	actually	know	the	likelihood	analytically?		—>	
Simulation	Based	Inference	(SBI)	

• emulating	maps	(do	we	trust	emulators?)	
• how	well	do	we	trust	our	simulators	(analytic,	semi-numeric,	
moment-based	RT,	ray	tracing,	hydro…)??	

AM+	(2011)



Conclusions
• The	cosmic	21cm	signal	will	allow	us	to	learn	the	average	UV	and	Xray	
properties	of	the	unseen	first	galaxies.	

• 	SKA	will	also	open	a	new	window	on	physical	cosmology,	e.g.	
• exotic	heating	processes,	e.g.	DM	annihilations	and	decay	
• standard	ruler	at	z=10-15	from	velocity-induced	feedback	on	galaxies	

• Upper	limits	on	the	21-cm	power	spectrum	by	SKA	precursor,	HERA,	imply	
some	heating	of	the	IGM	by	z>10.		If	heating	is	provided	by	high	mass	X-ray	
binary	stars,	they	are	likely	more	luminous	then	local	ones,	likely	due	to	
their	low-metallicities.		

• ML	is	currently	used	in	emulation	and	data	cleaning.		With	high	S/N	data,	
ML	will	be	very	useful	in	optimal	compression,	implicit	likelihood	
inference,	map	emulation,	mitigating	simulator	errors,	etc…	


