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

Kaur, Gillet, AM (2020)
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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



But we have a long way to go before we 
have a high S/N map of our Universe

Towards the Big Bang

Epoch of Reionization Cosmic Dawn Dark Ages



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

figure credit S. Murray



A multi-tracer approach will be 

ESSENTIAL for the next decade(s)

i) The only reason we learned something new from current 21cm PS upper 
limits is because we inform our models with synergistic observations. 



Main punchline from 21cm upper limits is 
only possible thanks to other likelihood terms

led by Y. Qin

The HERA collaboration

(2022)
HERA is the first observation to constrain the X-ray 

luminosities of Cosmic Dawn galaxies (e.g., Fragos+13), 
disfavoring the values seen in local, metal-enriched galaxies
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A multi-tracer approach will be 

ESSENTIAL for the next decade(s)

i) The only reason we learned something new from current 21cm PS upper 
limits is because we inform our models with synergistic observations. 

ii) Observations probing the same volume yield complimentary points of view.

Kovetz+2017

2.1 Cosmology 13

2.1.4 The Physics of the Epoch of Reionization

Galaxy surveys by the Hubble Space Telescope have dramatically improved our understanding of the Epoch
of Reionization (EoR) [71], but our knowledge of the detailed connection between the galaxy population
and the evolving state of the intergalactic medium can be revolutionized through line-intensity mapping
signals. This is especially true if one uses measurements of several di↵erent lines originating from this epoch
in tandem, to obtain complementary information about the physical processes that are taking place [10].
To appreciate the potential of line-intensity mapping in providing a unique picture of EoR, consider the
illustration in Fig. 2.1.4. The 21-cm line maps the neutral gas from outside of the ionized bubbles, while CO
and [CII] lines trace the star-forming galaxies that create the ionizing photons, most of which are too faint
to detect. Ly↵ probes the galaxies as well, along with the halos around them. Together, these lines allow
the study of the wide range of spatial scales and physical processes which contribute to reionization. Cross-
correlations between these lines will add additional information about their relationships, and correlations
with fainter lines will probe astrophysical conditions in ever more detail.

Figure 10. This is an illustration of the signals from CO and [CII] from within galaxies, Ly↵ from around
galaxies, and 21-cm from neutral IGM. Fainter lines can be seen in cross-correlation, while the continuum
is measured as the cosmic infrared background. (Background Image Credit: Scientific American - pending
approval) (Courtesy of Patrick Breysse)

The prospects to probe the astrophysics of reionization with intensity mapping experiments have been
considered in more detail for the 21 cm line. For instance, instruments such as the Hydrogen Epoch of
Reionization Array (HERA; [72]) are forecasted to provide ⇠ 10% to 20%-level constraints on parameters
such as the minimum virial temperature of ionizing halos, the ionizing e�ciency of these halos, the UV
and X-ray emissivities of ionizing sources, and the mean free path of ionizing photons in ionized regions
[73–75]. Such forecasts assume that the survey volume is subdivided into several redshift bins (say, bins
of thickness �z = 0.5), and that a series of power spectrum measurements are made, one in every bin.
Note that unlike with low-redshift 21-cm intensity mapping surveys, experiments targeting reionization are
sky-noise dominated (owing to the brighter foreground sky at the lower observation frequencies). Thus
power spectrum measurements generally lose signal to noise in the highest redshift (lowest-frequency) bins
fairly quickly (depending on the particular survey and the foreground removal techniques used). However,

IM Status Report 2017



The importance of cross-correlations

Murmu+ (2021)

Light-cone e�ect on C �� signal statistics 5

Figure 3. Light-cone slices for C �� (top panel) and H � 21-cm signal (bottom panel). The reionization history shown here is for model H1.

cross-power spectrum and 22 corresponds to coeval cube. We show
our light-cone analysis for the C �� and H � 21-cm power spectrum
and the C ��⇥21-cm cross-power spectrum in the next section.

4 RESULTS

Here we discuss the results of the impact of light-cone e�ect on the
auto power-spectrum and cross-power spectrum of the C �� and H � 21-
cm signals from the EoR. Lets consider a given signal ( have spatial
fluctuations as X( (x, I) = ((x, I) � (̄(I). If the fluctuations in the
Fourier-domain is expressed as X̃( (k, I)5, then the power spectrum
of the signal %( (:) will be defined as,

hX̃⇤( (k
0)X̃( (k)i = +X

 
k0�k ,0%( (:) , (7)

where + denotes the volume under consideration, whereas h...i de-
notes the ensemble average. We have dropped the explicit dependence
of %(:) on I in this notation, and it is assumed implicitly hereafter.
We use the dimensionless power spectrum,�2

( (:) = :
3
%( (:)/(2c2)

in our results to show the impact of light-cone e�ect.
The cross-power spectrum between two signals, (1 and (2, can be

analogously defined as

hX̃⇤(1 (k
0)X̃(2 (k)i = +X

 
k0�k ,0%(1⇥(2 (:) (8)

5 This convention assumes a definition of Fourier transform as
X( (x, I) =

Ø
33:
(2c)3 exp (8k · x) X̃( (k , I)

The cross-correlation coe�cient for these two signals is then ex-
pressed as

A(1⇥(2 (:) =
%(1⇥(2 (:)p
%(1 (:)%(2 (:)

(9)

We discuss the impact of light-cone e�ect on �2
C �� (:), �

2
21cm (:)

and �2
C ��⇥21cm (:) for C �� and H � 21-cm signal from the EoR in the

subsequent sections.

4.1 C II power spectrum

We compute the C �� power spectrum for both coeval and light-cone
cubes. The coeval power spectrum is first compared with Silva et al.
(2015) for consistency check. To have a quantitative estimate on how
they compare, we have fitted a power law of the form �2 (:) = �:

=

to both Silva et al. (2015) and our results. We find, for the Silva
et al. (2015) m1 model, that � = 3.86 ⇥ 106 and = = 1.67, whereas
our work results in a � = 1.41 ⇥ 107 and = = 1.74. The relative
di�erence in the spectral index in these two results is around ⇠ 4%.
This di�erence is most likely due to the di�erences in the population
abundance of C �� emitters in these two works. Since the number of
low-mass halos is high, a higher number of low-mass C �� emitters
would contribute more power to the larger :-modes than higher-mass
halos to the lower :-modes. It means that we would expect a steeper
slope (higher =) in our results. The higher population abundance
in our case also contributes to a higher magnitude of the power
spectrum.

We next discuss the impact of the light-cone e�ect on the C �� power
spectrum. Fig. 4 shows the C �� power spectrum (top panel) and the

MNRAS 000, 1–11 (2021)
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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,

c© 0000 RAS, MNRAS 000, 1–7

OIII galaxies - 21cm

Moriwaki+2019



A multi-tracer approach will be 

ESSENTIAL for the next decade(s)

i) The only reason we learned something new from current 21cm PS upper 
limits is because we inform our models with synergistic observations. 

ii) Observations probing the same volume yield complimentary points of view. 

iii) Cross-correlations will be important proof that initial claims of a 21cm 
detection are genuine. Signal might even be easier to detect in the cross, 
since systematics average out to zero.

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



New 21cmFASTv4: 
built for high-dimensional, multi-

tracer, field-level Bayesian 
inference of the first billion years

Davies, Mesinger, & Murray, in prep
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300Mpc

21cmFASTv4
1. Sample cosmology and  

create initial conditions




2) Efficient halo finding

Scales > cell size
DexM excursion-set Lagrangian 

halo finder (AM & Furlanetto 2007;

see also Monaco+2002)

300Mpc
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2) Efficient halo finding

Scales > cell size

DexM excursion-set Lagrangian 

halo finder (AM & Furlanetto 2007)

Scales < cell size
New, coarse-time step merger trees

(Davies, AM, Murray, in prep; 
see also McQuinn+2007; Nasirudin+2020;

Meriot & Semelin 2024)
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2) Efficient halo finding

Scales > cell size

DexM excursion-set Lagrangian 

halo finder (AM & Furlanetto 2007)

Scales < cell size

New, coarse-time step merger trees

(Davies, AM, Murray, in prep)

Details - Halo Sampler

Time



2) Efficient halo finding

5

Fig. 1.— Mass functions generated from our halo filtering pro-
cedure discussed in §2.3 are shown as points. Dotted red curves
denote PS mass functions generated by eq. (10); short–dashed
blue curves denote extended PS conditional mass functions gener-
ated by eq. (10) but also taking into account the absence of density
modes longer than the box size; long–dashed green curves denote
mass functions generated using the Sheth-Tormen correction in eq.
(12). The upper (lower) set of curves and points correspond to
redshifts of z=6.5 (z=10).

itself well before the universe is significantly ionized
(Haiman et al. 1997). Model-dependent empirical evi-
dence supporting the suppression of star formation in
smaller mass halos, M ∼< Mmin, can also be gleaned
from WMAP data (Haiman & Bryan 2006). Further-
more, although early work suggested that an ionizing
background could partially suppress star formation in
halos with virial temperatures of Tvir ∼< 3.6 × 105 K
(M ∼< 2×109M!) (Thoul & Weinberg 1996), more recent
studies (Kitayama & Ikeuchi 2000; Dijkstra et al. 2004)
find that at high redshifts (z ∼> 3), self-shielding and the
increased cooling efficiency could be strong countering
effects for halos with virial temperatures Tvir > 104 K.
We postpone a more detailed analysis of the reionization
footprint left by photo-ionization feedback to a future
work.

2.4. Adjusting Halo Locations

Once the halo field is obtained, we use the displace-
ment field obtained through eq. (9) to adjust the halo
locations at each redshift. This corrects for the enhanced
halo bias in Eulerian space with respect to our filtering,
which is done in Lagrangian space (i.e. using the initial
locations at large z). For computational convenience, we
smooth the 12003 velocity field onto a coarser-grained
2003 grid before adjusting halo locations. The choice of
resolution, where each cell is (100 Mpc)/200 = 0.5 Mpc
on a side, is somewhat arbitrary here, and we have veri-
fied that our halo and 21-cm power spectra are unaffected

Fig. 2.— Halo power spectra at z = 8.7, with L = 20 h−1Mpc
and cosmological parameters taken from McQuinn et al. (2006a).
The solid red curve is the halo power spectrum from an N-body
simulation obtained from McQuinn et al. (2006a) (c.f. the bottom
panel of their Fig. 2). The short-dashed green and the long-dashed
violet curves are obtained from our filtering procedure with and
without the halo location adjustments, respectively.

by this choice. We also note that in linear theory, the
mean velocity dispersion inside a (0.5 Mpc)3 sphere with
mean density at z = 10 is a factor of ∼10 lower than the
r.m.s. bulk velocity of such regions, so smoothing over
smaller scale velocities appears reasonable. Furthermore,
we keep in mind that our “endproducts” in this work are
ionization and 21-cm temperature fluctuation maps, for
which such “low-resolution” is more than adequate (com-
pare, e.g., to N-body simulations of reionization, which
typically have similar cell sizes for the radiative transfer
component).
In Figure 2, we plot the halo power spectrum, de-

fined as ∆hh(k, z) = k3/(2π2V ) 〈|δhh(k, z)|2〉k, where
δhh(x, z) ≡ Mcoll(x, z)/〈Mcoll(z)〉 − 1 is the collapsed
mass field.6 The solid red curve is the halo power spec-
trum from a 20 h−1 Mpc N-body simulation at z = 8.7
obtained from McQuinn et al. (2006a) (c.f. the bottom
panel of their Figure 2). The short-dashed green and the
long-dashed violet curves are obtained from our filtering
procedure (matching the assumed cosmology) with and
without the halo location adjustments, respectively. We
note that ignoring the cumulative motions of halos re-
sults in an underestimate of the power of long-wavelength
modes of the halo field by a factor of ∼ 2 in this case.
The average Eulerian bias of these halos is ∼ 2, about
half of which comes from the correction from Lagrangian
to Eulerian coordinates.
After the halo locations are adjusted according to lin-

ear theory, our halo power spectrum agrees almost per-

6 We use the collapsed mass field, rather than the individual
galaxies, because we calculate the power from the smoothed cells.

AM & Furlanetto 2007 Davies, AM, Murray, in prep

halo power spectra halo mass function
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Galaxies sit in DM halos  —> 


We “know” how DM halos are spatially-distributed —>


Semi-empirical relations tying emissivities to DM halos 
prove a sort of “universal language”

Relate galaxies to DM halos with semi-empirical 
scaling relations: a “universal language”



Davies, AM+ in prep

Relate galaxies to DM halos with semi-empirical 
scaling relations: a “universal language”

SERRA; Pallottini+2022 ASTRID; Ni+2022



Davies, AM+ in prep

Relate galaxies to DM halos with semi-empirical 
scaling relations: a “universal language”
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(Davies, AM+ in prep)
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Galaxy properties
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gal

21cmFAST

Computed with new 
21cmFast v4 

(Davies, AM+ in prep)



 p(Lion  ,Mh | z) from LICORICE (Semelin+)

Relate galaxies to DM halos with semi-empirical 
scaling relations: a “universal language”

21cm field
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4) Using approximate RT, compute 
corresponding IGM evolution

Bianco+, in prep

Soon also the ability to chose your RT algorithm
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Which galaxy surveys are optimal to 

cross-correlate with 21cm?

Moriwaki+2019

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,

c© 0000 RAS, MNRAS 000, 1–7

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 (2025)



Which galaxy surveys are optimal to 

cross-correlate with 21cm?

• Galaxy survey depth

• Galaxy survey footprint

• Line targeted

• Instrument (galaxy and 21cm)

• 21cm foreground contamination

Varied:

Samuel Gagnon-Hartman et al.: Detecting galaxy – 21-cm cross-correlation during reionization

Table 2. 21-cm and galaxy survey parameters considered.

Interferometer Detection Type Line Targeted �z Footprint Range Depth Range (mAB) Figure(s)
SKA-low Narrow-band dropout Ly-↵ 5 · 10�2 10 � 20 sq. deg. 25.5 � 30 8,9,10
SKA-low Grism z > 7.2 Ly-↵ 10�2 0 � 25 sq. deg. 25 � 27 8,9,10
SKA-low Spectroscopy Ly-↵ 10�3 0 � 4 sq. deg. 24 � 27 8,9,10

HERA Narrow-band dropout Ly-↵ 5 · 10�2 10 � 20 sq. deg. 25.5 � 30 11
HERA Grism z > 7.2 Ly-↵ 10�2 0 � 120 sq. deg. 25 � 27 11
HERA Spectroscopy Ly-↵ 10�3 0 � 4 sq. deg. 24 � 27 11

SKA-low Grism H↵/[OIII] 10�2 0 � 350 sq.arcmin. 27 � 30 12

Fig. 7. The distribution of UV continuum magnitudes (MUV) and
Lyman-↵ band AB magnitudes (m↵AB) of galaxies from a 1 Gpc on a
side coeval cube at z = 7.2. The bottom panel includes only 10% of
the galaxies in the volume, for clarity. The horizontal lines indicate
the limiting magnitudes for Roman HLS and the MOONRISE survey
(Maiolino et al. 2020; Wang et al. 2022), while the diagonal line corre-
sponds to the MUV limit required for 95% completeness at a given m

↵
AB.

The top panel shows the distributions of MUV for m
↵
AB = (26, 27, 28) in

our model. We compute the 95% completeness criterion by integrating
over these distributions.

width greater than unity are detectable at the considered magni-
tude cuts. We find that the total S/N of the cross-power spectrum
varies fairly smoothly between magnitude cuts, so we devise an
analytic form for S/N as a function of magnitude cut for each
galaxy selection criterion, described in Appendix C. Moreover,
the S/N varies trivially with the survey angular area, requiring
only a cut in cylindrical Fourier space as well as the noise rescal-
ing introduced in Equation 27. The redshift uncertainty is like-
wise easy to implement via Equation 26.

4.1. Benchmark galaxy surveys

Although our predictions for cross-spectrum S/N can be used to
design new surveys, we use existing/proposed ones as a refer-
ence. These are listed in Table 3. Of these, SILVERRUSH is al-
ready underway and FRESCO, MOONRISE, and HLS are slated
to occur in the coming years. We also consider a prospective
spectroscopic follow-up survey using ELT MOSAIC modeled
after MOONRISE.

The Systematic Identification of LAEs for Visible Explo-
ration and Reionization Research Using Subaru HSC (SILVER-
RUSH) survey is a long-running program for the identification
of tens of thousands of LAEs via narrow-band dropout covering
redshifts 2 � 7 (Ouchi et al. 2018). The survey area of SILVER-
RUSH ranges from 13.8 square degrees at z ⇠ 5.7 to 21.2 square
degrees at z ⇠ 6.6 (Umeda et al. 2024). To split the di↵erence be-
tween these survey footprints while producing the same number
of galaxies, we take our SILVERRUSH benchmark to cover an
equal 16 square degrees across all redshifts and to observe down
to m

↵
AB = 26. The limiting factor when computing the S/N of

the cross power using SILVERRUSH is its narrow-band dropout
strategy, which results in a relatively large redshift uncertainty.
However, many of these LAE are being followed up with spec-
troscopy, which should reduce these errors in the future.

The Nancy Grace Roman Space Telescope will conduct a
High Latitude Survey (HLS) over a huge swathe of sky cover-
ing ⇠ 2000 sq. deg. using its near-IR grism. Of this, 500 sq.
deg. overlaps with the HERA stripe, and for ease of compari-
son between cross-correlation forecasts with SKA-low AA* and
HERA-350 we limit the e↵ective survey footprint of the Roman
HLS to 500 sq. deg.. Using ⇠ 0.6 years of observing time, the
survey is expected to detect tens of thousands of z > 5 galax-
ies via the Lyman break technique. Due to the near-IR band’s
frequency range, Roman can only detect Lyman-↵ emission at
z > 7.2 (Wang et al. 2022). La Plante et al. (2023) forecast the
significance of a cross-power spectrum detection made using a
Lyman-↵ survey from Roman and a 21-cm field measured us-
ing HERA. Here we confirm their findings, and extend them to
an SKA-low AA* measurement of the 21-cm signal. Although
HLS benefits from a large sky area, its imaging spectroscopy is
limited to z > 7.2, which significantly limits the S/N compared to
surveys extending to lower redshifts. The LBG sample from Ro-
man could however be followed-up with slit spectroscopy (with,
e.g. MOSAIC on the ELT), providing galaxy maps throughout
the EoR.

The First Reionization Epoch Spectroscopically Complete
Observations (FRESCO) survey is a Cycle 1 medium program
slated for execution on the James Webb Space Telescope (Oesch
et al. 2023). FRESCO will cover 62 square arcminutes and ob-
serve out to a depth of mAB ⇡ 28.2 using NIRCam/grism.
FRESCO targets H↵ at z < 7 and [OIII] and H� for z 2 (7, 9).
Although its target area is much smaller than the other bench-
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Learn cosmology as well as the history of observed galaxies and their 
environment (e.g. unseen faint neighbors)
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Conclusions

• We need a multi-tracer approach to complement preliminary 21cm 
observations, and provide a sanity check for initial detection claims.


• New 21cmFASTv4 includes a discrete source model based on 
stochastic sampling of conditional mass functions and semi-empirical 
galaxy relations —> universal language for 21cm simulations.  We can 
learn these relations from synergistic, multi-tracer data.


• SKA can obtain high S/N cross-power with wide-field grism galaxy 
surveys OR deep, slit spectroscopy —>  
ROMAN, MOONS (VLT), MOSAIC (ELT)


