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Abstract. We investigate the cross-correlation between the spatial distribution of Lyman
Break Galaxies (LBGs) and the 21cm intensity mapping signal at z ∼ [3 − 5]. At these
redshifts, galactic feedback is supposed to only marginally affect the matter power spectrum,
and the neutral hydrogen distribution is independently constrained by quasar spectra. Using
a high resolution N-body simulation, populated with neutral hydrogen a posteriori, we fore-
cast for the expected LBG-21cm cross-spectrum and its error for a 21cm field observed by the
Square Kilometre Array (SKA1-LOW and SKA1-MID), combined with a spectroscopic LBG
survey with the same volume. The cross power can be detected with a signal-to-noise ratio
(SNR) up to ∼10 times higher (and down to ∼4 times smaller scales) than the 21cm auto-
spectrum for this set-up, with the SNR depending only very weakly on redshift and the LBG
population. We also show that while both the 21cm auto- and LBG-21cm cross-spectra can
be reliably recovered after the cleaning of smooth-spectrum foreground contamination, only
the cross-power is robust to problematic non-smooth foregrounds like polarized synchrotron
emission.
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1 Introduction

Radio telescopes can detect the presence of neutral hydrogen (HI) through spectroscopic
observations of its redshifted 21cm line. This technique is one of the most promising ways of
studying the Epoch of Reionization (EoR), the era in which the first galaxies and stars formed
and ionized the Universe. Neutral hydrogen is also abundant after the end of reionization,
with the majority of the HI (in mass) expected to be localized within dense galactic or
protogalactic environments, and a much smaller amount filling most of the volume and giving
rise to a low density photo-ionized cosmic web.

At intermediate redshifts, the spatial distribution of HI can be used to place tight con-
straints on cosmological parameters [1–7], with experiments taking advantage of the signifi-
cantly larger survey volumes that can be accessed compared with low redshift galaxy surveys.
The key observational quantity is the 21cm power spectrum, which can be measured directly.
On large scales, the shape of the 21cm power spectrum is expected to be the same as that of
the underlying dark matter, up to a bias factor. On small scales, the 21cm power spectrum
provides information about the spatial distribution of neutral hydrogen within dark matter
halos, and can therefore be used to study galaxy formation and evolution.

In order to extract the maximum amount of information from forthcoming observations,
it will be necessary to accurately model the HI spatial distribution. The amplitude of the
21cm power spectrum can change significantly depending on the model used [8], for example,
which has important implications for forthcoming radio surveys designed to detect it. These
include LOFAR1, the Murchison Wide-field Array2, GMRT3, the Ooty Radio Telescope [9],

1http://www.lofar.org/
2http://www.mwatelescope.org/
3http://gmrt.ncra.tifr.res.in/
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CHIME4, ASKAP5, MeerKAT6 and the Square Kilometre Array (SKA)7, which are expected
to detect the 21cm power spectrum before, during and after the EoR.

Unfortunately, the radio signal arising from cosmic neutral hydrogen is several orders of
magnitude weaker than the emission from galactic and extragalactic foregrounds like galactic
synchrotron. These are believed to have smooth frequency spectra, making it possible to
model their contribution to the overall signal and subtract them, although this process will
always leave some residual contamination. Since most of the foreground signal is expected
to be uncorrelated with the cosmological HI, the cross-correlation between the 21cm signal
and the spatial distribution of Lyman Break Galaxies (LBGs) at intermediate/high redshifts
should be only weakly affected by residual foregrounds, suggesting the cross-spectrum as a
robust way of confirming the detection of the 21cm signal. As we shall soon see, the errors on
the cross-spectrum are also significantly lower than those of the 21cm auto-power spectrum,
making it possible to detect the 21cm signal more easily, and over a wider range of scales, than
for the auto-spectrum alone. Indeed, a recent detection of the cosmological 21cm signal at
z ∼ 1 was made by cross-correlating intensity maps and optically selected galaxies [10, 11],
and several works have also explored the possibility of using the cross-power spectrum to
study the EoR [12–16].

The aim of this paper is to investigate the LBG-21cm cross-correlation at redshifts
z ∼ 3− 5, after the end of reionization. In particular, we want to study how the shape and
amplitude of the cross-power spectrum depend on redshift, LBG population and the method
used to model the distribution of HI, and to predict on which scales the cross-spectrum can
be detected by a future 21cm survey on the SKA1-LOW and SKA1-MID radio telescopes.
We also investigate how well the cosmological signal can be recovered once the process of
foreground cleaning has been carried out, both for the 21cm auto-spectrum and the LBG-
21cm cross-spectrum.

In what follows, we model the HI distribution using two different methods that are
capable of reproducing the measured column density function of the Damped Lyman Ab-
sorber systems (DLAs). One method predicts a 21cm power spectrum that is in excellent
agreement with the one obtained by using the pseudo-radiative transfer method of Davé et
al. [17], but fails to reproduce recently-measured values of the DLA bias [18]. The other
method is capable of reproducing both the bias and column density distribution function of
the DLAs (see [8] for details). The spatial distribution of the galaxy population we consider
in this paper, Lyman Break Galaxies (LBGs), is obtained by populating the dark matter ha-
los of an N-body simulation using a simple halo occupation distribution (HOD) model. We
then cross-correlate both fields and investigate the detectability of the signal with a future
single-field interferometric survey on SKA1-LOW and SKA1-MID.

The paper is organized as follows. In Sec. 2 we describe the N-body simulation carried
out and the method used to simulate the spatial distribution of HI. The halo occupation
distribution (HOD) model employed to simulate the abundance and spatial distribution of
the LBGs is explained in Sec. 3, and the LBG-21cm cross-power spectrum, together with
predicted observational errors, is presented in Sec. 4, along with a discussion of the depen-
dence on redshift and galaxy population. We investigate the dependence of our results on
the HI distribution model in Sec. 5, and the impact of foreground subtraction on both the

4http://chime.phas.ubc.ca/
5http://www.atnf.csiro.au/projects/askap/index.html
6http://www.ska.ac.za/meerkat/
7https://www.skatelescope.org/
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21cm auto-spectrum and the LBG-21cm cross-spectrum in Sec. 6. We conclude in Sec. 7.

2 Modeling the 21cm intensity field

While hydrodynamic N-body simulations are better suited for 21cm studies, the large box
sizes needed to simulate a representative sample of LBGs, together with the high resolution
required to resolve the smallest halos that host HI, make it computationally prohibitive to
run them. Instead, we will rely on relatively large box size, high-resolution, pure cold dark
matter (CDM) simulations.

We have run a pure-CDM N-body simulation, using the TreePM code GADGET-III
[19]. The simulation box size is 120 h−1Mpc and the value of the gravitational softening is
set to 1/40 of the mean inter-particle linear spacing; the mass resolution of the simulation is
equal to mp = 1.42× 108 h−1M�, i.e. we have 10243 CDM particles. The input cosmological
parameters take the current Planck best-fit values [20]: Ωm = Ωcdm + Ωb = 0.3175, Ωb =
0.049, ΩΛ = 0.6825, h = 0.6711, ns = 0.9624 and σ8 = 0.834. Initial conditions were set up
at z = 99 by displacing the particle positions from a regular cubic grid using the Zel’dovich
approximation, and the simulation was run until z = 3, with snapshots saved at redshifts 7,
6, 5, 4.5, 4, 3.5 and 3. Dark matter halos were identified using the Friends-of-Friends (FoF)
algorithm [21] with a linking length parameter of b = 0.2.

The distribution of neutral hydrogen (HI) is simulated by assigning HI to the particles
belonging to halos according to Model 3 of Bagla et al. [22]. In this model, the total HI mass
hosted by a dark matter halo only depends on its total mass, and is given by

MHI(M) =

{
f3

M

1+
(

M
Mmax

) Mmin 6M

0 otherwise,
(2.1)

where f3, Mmin and Mmax are free parameters. The values of Mmin and Mmax are obtained,
respectively, by assuming that halos with circular velocities smaller than 30 km/s do not
host HI; and that all those with circular velocities larger than 200 km/s contain essentially
an equal amount of HI. The value of the parameter f3 is set by demanding that ΩHI(z) =
ρHI(z)/ρ0,crit = 10−3, which is the value obtained from the abundance of DLAs and Lyman
limit systems (LLS), almost independently of redshift [23–30]. In Ref. [8] this method
was compared against the pseudo-radiative transfer code presented in [17], finding excellent
agreement between the two in terms of the amplitude and shape of the 21cm power spectrum.
We use this method for modeling the spatial distribution of HI throughout, although some
results using a different method are also presented in Section 5.

After obtaining the distribution of neutral hydrogen in comoving real-space as described
above, we obtain the redshift-space distribution by displacing the particle positions by (1 +
z)~v‖(~r)/H(z) along a given axis, where ~v‖(~r) is the particle physical velocity along the axis.
We then compute the redshift-space brightness temperature fluctuation using [31]

δTb(~s, ν) = δTb(z)

(
ρHI(~s)

ρ̄HI

)[
1− Tγ(z)

Ts(~s)

]
, (2.2)

where ρHI(~s) is the density of neutral hydrogen in the redshift-space position ~s, ρ̄HI is the
mean density of neutral hydrogen, Tγ(z) is the CMB temperature at redshift z, Ts is the spin
temperature characterizing the relative population of HI atoms in different states, and

δTb(z) = 23.88 x̄HI

(
Ωbh

2

0.02

)√
0.15

Ωmh2

(1 + z)

10
mK, (2.3)
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where x̄HI = ρ̄HI/ρ̄H is the average neutral hydrogen fraction. The 21cm power spectrum is
defined as P21cm(k, z) = 〈δTb(~k, ν)δT ∗b (~k, ν)〉, and has units of mK2 (h−1Mpc)3. It is more
convenient to work with the normalized 21cm power spectrum,

P norm
21cm (k, z) =

(
1

δTb(z)

)2 〈
δTb(~k, ν)δT ∗b (~k, ν)

〉
, (2.4)

which has the same units as the LBG power spectrum and the normalized LBG-21cm cross-
spectrum, i.e. (h−1Mpc)3.

3 Modeling the LBG distribution

We populate the dark matter halos of our N-body simulation with LBGs, with the purpose
of reproducing both their observed number density and their real-space two-point correlation
function, as derived from the observational measurements. We focus on the results of Lee
et al. (2006) [32], and in particular on the clustering properties of their U , B435 and V606

dropout LBG catalogues. As far as we are aware, it is the only work so far to have studied
the clustering properties of the faintest (z850 6 27) LBGs at redshifts z = 4 and z = 5.

The dark matter halos are populated using a simple HOD model with three free param-
eters: α, Mmin and M1. Halos with masses smaller than Mmin are assumed to not host LBGs,
while the number of LBGs in those with M>Mmin is taken to follow a Poisson distribution
with a mean given by

〈NLBG〉(M) =

(
M

M1

)α
. (3.1)

The galaxies are then placed on top of the CDM particles belonging to the host dark matter
halos, and assigned the same velocities as the particles (i.e. we assume no velocity bias
between the LBG distribution and the underlying matter).

For a given galaxy population to simulate, the value of the parameter Mmin is fixed, once
the values of α and M1 are known, by demanding that our LBG mock catalogue reproduces
the observed galaxy number density of the chosen population, nLBG. Therefore, our HOD
model only has two free parameters, α and M1, and their values have to be found requiring
that the clustering properties of the selected LBGs reproduce the observations. Once the
values of the HOD parameters are selected, we populate the dark matter halos of the sim-
ulation with LBGs by employing the method described above, and compute the two-point
correlation function (in real-space) using the Landy-Szalay [33] estimator,

ξ(r) =
DD(r)− 2DR(r) +RR(r)

RR(r)
, (3.2)

where DD(r) and RR(r) are the normalized number of galaxies and random point pairs in
the interval [r, r + dr], respectively, and DR(r) is the normalized number of galaxy-random
point pairs. We then quantify the agreement of the clustering properties of the resulting
LBG mock catalogue with the observational measurements by calculating

χ2 =
∑
i

[
ξmock(ri)− ξobservations(ri)

δξmock(ri)

]2

, (3.3)

where the sum is performed for bins with r > 0.25 h−1Mpc to avoid contamination from the
1-halo term, and δξmock is the error on the two-point correlation function. Both observational
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Redshift Magnitudes
r0

γ
nLBG

[h−1Mpc] [(h−1Mpc)−3]

3 R 6 25.5 4.0+0.2
−0.2 1.63+0.11

−0.12 (3.3± 1.0)× 10−3

4 z850 6 27.0 2.8+0.2
−0.2 1.69+0.16

−0.15 (7.3± 1.0)× 10−3

4 z850 6 26.5 3.7+0.3
−0.3 1.70+0.17

−0.13 (4.5± 0.7)× 10−3

5 z850 6 27.0 4.2+0.4
−0.5 1.85+0.20

−0.23 (4.2± 0.8)× 10−3

Table 1. Clustering properties of the LBG populations considered in this paper (taken from [32]).

0.1 1.0 10.0

r [h−1 Mpc]

10-2

10-1

100

101

102

ξ(
r)

z = 4.0

z850 27.0

mock LBG catalogue( r
r0

)−γ : Lee et al. (2006)

Figure 1. Real-space correlation function of LBGs with magnitudes z850 ≤ 27 at z = 4 (B435

dropout) from Lee et al. [32] (black line), with corresponding uncertainty (grey shaded region). Red
points show the correlation function of our mock LBG catalogue, with errors due to sample variance.

errors (Table 1) and cosmic variance [34] contribute to the uncertainty; we select the minimum
of the two for each bin in radius. For ξobservations(r) we use the form

ξobservations(r) =

(
r

r0

)−γ
, (3.4)

with values for r0 and γ taken from Table 3 of [32] for the particular LBG type selected (see
Table 1). The parameter values that minimize χ2 are found by mapping out the M1 − α
plane on an increasingly fine grid until the required accuracy is achieved. For simplicity, we
assume that the correlation function datapoints are uncorrelated.8

Following the above procedure, we constructed LBG mock catalogues by populating
the dark matter halos of our N-body simulation at z = 3 (U-dropout) with LBGs with

8The resulting best-fit HOD parameters would be unlikely to change much if the full covariance matrix
was used; also, we are not interested in the errors on the HOD parameters here.
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magnitudes R ≤ 25.5; at z = 4 (B435 dropout) with magnitudes z850 ≤ 27 and z850 ≤ 26.5;
and at z = 5 (V606 dropout) with magnitudes z850 ≤ 27. As an example, Fig. 1 shows
the real-space correlation function of the z = 4, z850 ≤ 27, mock LBG catalogue, together
with the inferred real-space correlation function from observations [32]. Our mock catalogue
reproduces the inferred clustering properties of those galaxies on scales r > 0.25 h−1Mpc
very well. On smaller scales, the clustering properties of the mock galaxies deviates from the
large-scale trend due to the clustering of several galaxies within the same halo (the 1-halo
term).

4 LBG-21cm cross-correlation signal

We now investigate the cross-correlation of the 21cm and the LBG fields. After applying the
methods described above to generate the redshift-space distribution of both HI and LBGs,
we compute the cross-power spectrum of both fields as

PLBG−21cm(k, z) =
〈
<
(
δ∗LBG(~k, z)δTb(~k, z)

)〉
, (4.1)

where <(x) denotes the real part of x. As with the 21cm auto-spectrum, it is more convenient
to work with the normalized LBG-21cm cross-spectrum

P norm
LBG−21cm(k, z) =

1

δTb(z)

〈
<
(
δ∗LBG(~k, z)δTb(~k, z)

)〉
. (4.2)

The average is performed over all modes, ~k, which fall within the spherical shell [k−4k/2, k+
4k/2]. We use the value of the fundamental mode, kF = 2π/L (with L being the size of the
simulation box), as the width of the interval 4k.

The upper-left panel of Fig. 2 compares the various (dimensionless) auto- and cross-
spectra at z = 4, including the 21cm auto-spectrum, 42

21cm(k) = k3P norm
21cm (k)/2π2 (solid

red line); the LBG power spectrum, 42
LBG(k) = k3PLBG(k)/2π2, for a mock catalogue of

LBGs with magnitudes z850 ≤ 27.0 (solid blue line); and the LBG-21cm cross-spectrum,
42

LBG−21cm(k) = k3P norm
LBG−21cm(k)/2π2 (solid green line). Note that we have subtracted the

shot noise level for the LBG auto-spectrum and that, for simplicity, instrumental effects
have not been added to the simulated 21cm intensity maps. Somewhat surprisingly, at this
particular redshift, and for this particular LBG population, all the power spectra are very
similar in terms of shape and amplitude.

The bottom-left panel of Fig. 2 shows the cross-correlation coefficient, defined as

r(k) =
PLBG−21cm(k)√
P21cm(k)PLBG(k)

. (4.3)

Both fields are strongly correlated, with a value of r close to unity on almost all scales. The
sudden drop in the cross-correlation coefficient for k & 15 hMpc−1 is due to the increase in
power in the LBG power spectrum, which is not fully trustworthy on those scales as they are
very close to the Nyquist frequency (vertical dot-dashed line), and are completely dominated
by the shot-noise level of the LBGs.

The spherically-averaged power spectrum, PA(k), (where A stands for LBG, 21cm, or
LBG-21cm) has error

1

σ2
A(k)

=
2πk2dkVsurvey

(2π)3

∫ π/2

0

sin(θ)dθ

σ2
A(k, θ)

, (4.4)
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where Vsurvey = D24D(λ2/A) is the survey volume, with D representing the comoving
distance to the redshift of observation, and 4D the comoving distance associated with the
bandwidth, B. λ is the wavelength of observation, and A is the collecting area of a single
antenna/station. In the Gaussian limit (see Appendix B for a detailed discussion of the
validity of the Gaussian limit), the errors on the 21cm, LBG, and LBG-21cm power spectra
are given by [12, 13, 35]

σ2
LBG(k, θ) =

[
PLBG(k, θ) + n−1

LBG

]2
(4.5)

σ2
21cm(k, θ) =

[
P21cm(k, θ) +

T 2
sys

2Bt0

D24D
n(k⊥)

(
λ2

Ae

)2
]2

(4.6)

σ2
LBG−21cm(k, θ) =

1

2

[
P 2

LBG−21cm(k, θ) + σLBG(k, θ)σ21cm(k, θ)
]
, (4.7)

where nLBG is the number density of LBGs and t0 is the total observation time. Tsys is the
system temperature of the radio telescope, which can be written as Tsys = Trcvr + Tsky, with
Tsky ≈ 60(300MHz/ν)2.55 K. For SKA1-LOW, Trcvr = 0.1Tsky + Tinst, with Tinst = 40 K,
whereas for SKA1-MID, Trcvr = 28 K. The number density of interferometer baselines sensi-
tive to the transverse mode k⊥ is given by n(k⊥), which depends on the spatial distribution
of the antennae; the baseline density distributions for SKA1-LOW and MID are shown in
Appendix A. Ae represents the effective collective area of a station, with Ae = 140 m2 for
SKA1-MID whereas for SKA1-LOW it can be expressed as,

Ae(ν) = Ae,crit ×


(νcrit/ν)2 ν>νcrit

1 ν 6 νcrit,
(4.8)

where νcrit = 110 MHz and Ae,crit = 925 m2. We consider two total observation times, 100
hours and 1000 hours, a bandwidth of 32 MHz and take a width of the k-interval equal to
dk = k/5. In what follows, we focus on SKA1-LOW as it will probe the full range of redshifts
that we are interested in here, although we also compute the errors for SKA1-MID at z = 3
since its band extends out to there. The specifications of the LOW and MID arrays are
summarized in Table 2.

The errors on the LBG and LBG-21cm power spectra are computed assuming a LBG
survey volume equal to the one of the 21cm field, i.e. VLBG = D24D(λ2/A). This implies a
field of view of 2.7 deg2 (z = 3), 4.2 deg2 (z = 4) and 6.0 deg2 (z = 5) for SKA1-LOW and
6.9 deg2 (z = 3) for SKA1-MID (see Table 2), with a depth of 32 MHz. The LBG number
density, needed to compute the shot-noise contribution to the overall error, is taken from the
last column in Table 1.

For simplicity we have neglected the angular dependence of the power spectra, i.e. we
have assumed that PLBG(k, θ) = PLBG(k), P21cm(k, θ) = P21cm(k) and PLBG−21cm(k, θ) =
PLBG−21cm(k). We explicitly tested this assumption by computing the noise in the power
spectra using the full angular dependence that we obtain from our N-body simulation. Our
results confirm that neglecting the angular dependence of the power spectra is a very precise
approximation. We have also assumed that the LBGs are spectroscopically detected; that is,
with negligible errors on their measured redshifts. Finally, we have also considered that the
survey volume is the same for both the 21cm and LBGs.

In the upper-left panel of Fig. 2, the errors on the measured power spectra are shown for
total observation times of both 100 and 1000 hours with SKA1-LOW. (Clearly, the error on

– 7 –



10-1

100

101

102
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LBG
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21cm
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0.2
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1.0
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k
) 0.10 1.00 10.00
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1.0

10.0

S
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R

LBG-21cm: 100   hours

LBG-21cm: 1000 hours

21cm: 100   hours

21cm: 1000 hours

Figure 2. Left: Dimensionless power spectra of LBGs (solid blue) and 21cm intensity (solid red),
together with the LBG-21cm cross-spectrum (solid green), at z = 4. The errors in each quantity are
displayed for observing times with the SKA1-LOW array of 100 hours (dashed lines) and 1000 hours
(dotted lines). An HOD model was used to populate the dark matter halos of the N-body simulation
with LBGs of magnitude z850 6 27, and HI was assigned to the CDM particles belonging to the halos
using the Bagla et al. (2010) [22] model. The cross-correlation coefficient is shown in the bottom
panel. All the quantities are computed in redshift-space. Right: Signal-to-noise ratio (SNR), defined
as the ratio between the power spectrum and its error, for 100 hours (dashed lines) and 1000 hours
(dotted lines) of observation time. The shaded region shows the places where the SNR is less than 3.
In all panels, the dot-dashed vertical line shows the wavenumber of the Nyquist frequency.

the LBG auto-spectrum does not depend on the total observing time of the radio telescope.)
On small scales, the error on the 21cm auto-spectrum is dominated by the system noise,
which scales with the observing time as 1/t0, whereas for the cross-spectrum goes as 1/

√
t0.

As such, the error on the 21cm auto-spectrum is reduced by a factor of 10 by increasing the
observing time from 100 hours to 1000 hours, but the cross-spectrum error will only improve
by a factor of ∼ 3.

In the right panel of Fig. 2 we show the signal-to-noise ratio (SNR) of the 21cm power
spectrum (red lines) and the LBG-21cm cross-power spectrum (green lines) for both 100
hour (dashed lines) and 1000 hour (dotted lines) observations with SKA1-LOW. The 21cm
auto-spectrum will barely be detected with a SNR higher than 3 for 100 hours of observation,
while for 1000 hours it can be detected down to k ∼ 2 hMpc−1. Conversely, the LBG-21cm
cross-spectrum can be detected up to k ∼ 2 hMpc−1 in only 100 hours of observation, with
values of k as high as k ∼ 6 hMpc−1 being reachable in 1000 hours. On large scales, and for
large observing times, the error budget is dominated by sample variance, and thus the SNR
of both the auto- and cross-spectra depends only on the survey volume.

For both observing times considered here, we find that the SNR for the cross-spectrum
will be higher than the 21cm auto-spectrum for all relevant wavenumbers. The benefits of
targeting the cross-spectrum are therefore twofold: the 21cm signal can be detected with a
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Figure 3. Signal-to-noise ratio (SNR) of the 21cm auto-power spectrum (red lines) and the LBG-
21cm cross-power spectrum (blue lines) for 100 hours (left panel) and 1000 hours (right panel) of
observations. The light colored lines show the results at z = 3 for SKA1-MID while the dark colored
lines display the results at z = 3−5 for SKA1-LOW. The redshift and LBG population considered for
the SNR of the auto- and cross-power spectrum is shown in the legend. The shaded region denotes
where the SNR is less than 3. The dot-dashed vertical lines show the wavenumber of the Nyquist
frequency.

higher SNR, and down to much smaller scales (∼ 10 times smaller for 100 hours and ∼ 3
times for 1000 hours).

We now study the dependence of the LBG-21cm cross-spectrum sensitivity on the LBG
population by creating a mock LBG catalogue at z = 4 containing galaxies with magnitudes
z850 6 26.5 and repeating the above analysis. The SNR for the LBG-21cm signal is shown
in Fig. 3 (dotted blue line) for both 100 hours (left panel) and 1000 hours (right panel)
of observations. The SNR of the LBG-21cm cross-power spectrum for LBG galaxies with
z850 6 27 at z = 4 (dashed blue line) is shown for comparison. The SNR is not changed
much by using brighter LBGs at fixed redshift, the reason being that while the amplitude
of the LBG-21cm cross-spectrum increases for brighter galaxies, as they are more strongly
clustered, the error also increases as the LBG number density decreases for brighter galaxies.

Next, we investigate the dependence of the cross-spectrum sensitivity on redshift by
creating mock LBG catalogues at z = 3 and z = 5, containing galaxies with magnitudes
R ≤ 25.5 and z850 6 27, respectively. Fig. 3 shows the SNR of the 21cm auto-spectrum,
for SKA1-LOW, at z = 3 (solid red line), z = 4 (dashed red line) and z = 5 (dot-dashed
red line). Results for 100 hours of total observing time are displayed in the left panel, and
for 1000 hours in the right. As expected, the SNR of the 21cm power spectrum decreases
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with increasing redshift, as the system temperature increases. The SNR of the LBG-21cm
cross-spectrum is also shown in Fig. 3, for the catalogue at z = 3 (solid blue line) and z = 5
(dot-dashed blue line). On small scales, the cross-spectrum SNR does not vary significantly
with redshift. This can be understood if we take into account the two effects discussed in
the previous paragraph; while the LBG number density decreases at higher redshift, so that
the shot noise affecting the LBG power spectrum increases, the amplitude of the LBG-21cm
cross-spectrum also increases as galaxies of the same magnitude are more strongly clustered
at higher redshift. We note that, on large scales, the SNR of the auto- and cross-power
spectrum increases with redshift because the survey volume grows with redshift (mainly due
to the increase in the field of view).

Finally, we analyze the dependence of the SNR, for both the 21cm auto-spectrum and
LBG-21cm cross-spectrum at z = 3, on the radio telescope used. In Fig. 3 we also show the
errors on the auto- (solid light red lines) and cross-spectrum (solid light blue lines) using the
specifications of SKA1-MID for the LBG catalogue at z = 3. For the 21cm auto-spectrum
we find that the SNR will be slightly lower than that achieved with SKA1-LOW, while the
cross-spectrum SNR on small scales will be very similar for both arrays. Note that the larger
survey volume available with MID will allow both the auto- and cross power spectra to be
measured, on larger scales, with higher precision, however.

5 Dependence on the HI model

We now study the dependence of our results on the choice of model for the spatial distribution
of neutral hydrogen. So far we have assigned HI to dark matter halos using the Bagla et
al. [22] method. In [8], high-resolution hydrodynamic N-body simulations were used to show
that while this method is able to reproduce the DLA column density distribution function,
the predicted value of the DLA bias is in strong tension with recent measurements by the
BOSS collaboration [18]. A different method, dubbed halo-based model 2 in [8], and inspired
by the analytic model of [36], was able to reproduce both the bias and the column density
distribution function of the DLAs, however. In this section we investigate how our results
change when the latter method is used to model the distribution of HI.

We begin by briefly describing the halo-based model 2 (see [8] for further details). In
this method, as with the Bagla method, we assume that all HI resides within dark matter
halos. Now, though, the HI mass within a given dark matter halo, MHI(M), is assumed to
only depend on its mass, and is modeled as

MHI(M) = αfH,c exp

[
−
(
v0
c

vc

)β]
M , (5.1)

where fH,c = 0.76Ωb/Ωm is the cosmic hydrogen mass fraction, vc is the halo circular velocity,
and α, β, and v0

c are the free parameters of the model. Their values are chosen to reproduce
the column density distribution function and bias of the DLAs; at z = 4 their values are: α =
0.34, β = 3, and v0

c = 37 km/s. In [8], the authors phenomenologically tuned the HI density
profile within the dark matter halos to reproduce the DLA column density distribution,
but here – constrained by the fact that the simulations carried out for this work are not
hydrodynamical – we follow the spirit of the Bagla method and distribute all of the HI mass
of a given dark matter halo equally amongst its constituent particles.

Using this method to assign HI to the simulated dark matter halos, we cross-correlated
the 21cm field with the distribution of LBGs with magnitudes z850 ≤ 27, all at z = 4. The
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Figure 4. Same as Fig. 2, but now using the halo-based model 2 for the spatial distribution of
HI (see text for details). The observing time is 100 hours. In the right panel we show the SNR of
the 21cm power spectrum (red lines) and LBG-21cm cross-power spectrum (green lines) for both the
halo-based model 2 (solid lines) and the Bagla model (dashed lines).

results are shown in Fig. 4, with errors again computed for SKA1-LOW. As expected, we find
that the amplitude of the 21cm power spectrum predicted by this method is much higher than
for the Bagla method, by a factor of about 6. This happens because the halo-based method
2 assigns a much higher HI mass to the most massive halos which boost the amplitude of
the 21cm power spectrum. Since the faint LBGs we consider here tend to live in low mass
halos while the halo-based model 2 places the HI mainly in the most massive halos, it is
not surprising that the amplitude of the 21cm power spectrum is higher than the one of the
LBGs. The cross-correlation coefficient does not change, however, and the 21cm and LBG
fields remain very strongly correlated on large scales. The correlation does weaken on small
scales though, as a consequence of the increase in the LBG auto-power for wavenumbers
where the LBG shot noise begins to rise.

The boost in the amplitude of the 21cm auto-spectrum for halo-based model 2 is trans-
lated into a higher SNR on small scales, as the uncertainty is dominated by the system
noise there. Conversely, the error on the large-scale LBG-21cm cross-spectrum is domi-
nated by sample variance, and so the SNR does not change much despite the increased
cross-power amplitude. For the small-scale cross-spectrum, however, the SNR does not
increase as much as for the 21cm auto-spectrum; the error budget is dominated by the
system noise of the 21cm observations but, for strongly correlated fields, the amplitude
of the cross-spectrum only increases with the square root of the 21cm power spectrum,
PLBG−21cm(k) '

√
P21cm(k)PLBG(k). As such, on small scales, the SNR of the 21cm power

spectrum increases linearly with the amplitude of the 21cm power spectrum, while for the
cross-spectrum it only increases as the square root.
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6 Effect of foreground cleaning

A particularly challenging problem for 21cm intensity mapping is the presence of radio fore-
grounds, both galactic and extragalactic, with amplitudes several orders of magnitude larger
than the cosmological HI signal. The properties of the various foreground signals have been
described in detail in the literature [37–40], and several ways of removing them have been
proposed, particularly for the EoR regime [11, 41–43]. Most removal methods rely on the
assumed smoothness of the foreground frequency spectra to disentangle them from the cos-
mological signal and, as long as this holds, the foreground cleaning should be successful in
a wide range of scales. Due to a lack of appropriate large-area multi-frequency observations
of the radio sky, however, there still exist important uncertainties regarding the structure of
these foregrounds, and the effects of foreground cleaning on the recovered power spectrum.
Since these issues could have a significant effect on the recovered auto- and cross-spectra, we
have attempted to quantify the impact of foreground cleaning on our results.

We first generated a realisation of a single foreground source as a function of frequency
and angle in the volume spanned by the simulation box at z = 3. For this, we used a flat-sky
version of the public code from [44] to simulate a foreground source with the amplitude,
angular structure, and spectral index of unpolarized galactic synchrotron (i.e. with the
parameters A, β and α taken from the first row of Table 1 in [44]), and with the frequency
correlation length of point sources (i.e. with ξ taken from the second row of the same table).
While this set of parameters does not correspond to a particular physical foreground source,
it combines the amplitude and spatial structure of galactic synchrotron (by far the largest
foreground) with the degree of frequency decorrelation of point sources (the least correlated).
The results of subtracting this foreground should therefore give a conservative estimate of
the overall effect in a more realistic scenario.

We produced ‘observed’ maps by adding the foreground realisation to the 21cm signal,
and then tried to recover the cosmological signal by applying two of the blind foreground
cleaning methods studied in [45] – polynomial fitting and Principal Component Analysis
(PCA). We refer the reader to this paper for detailed descriptions of the methods. To avoid
edge effects close to the boundaries of the frequency band [45], we applied the cleaning
methods to an extended data cube generated by doubling the size of the simulation box
in the radial (line of sight) direction. This was done by replicating the simulation of the
cosmological signal (both the HI temperature and galaxy positions) in this direction using
the periodic boundary conditions of the N-body simulation, and then directly generating the
foreground realisation in this extended frequency range. In total 512 frequency bins were
used to perform the foreground cleaning. Note that while the cleaning methods were applied
on the extended range, the subsequent analysis of the power spectrum was performed only
in the original simulation volume.

For each method, we determined the optimal number of foreground degrees of freedom
to subtract, Nfg, by finding the value of Nfg that minimises the induced bias on the estimated
power spectrum. Both methods were able to clean the foregrounds to the same level with
an optimal value of Nfg = 3. The left panel in Fig. 5 shows the ratio of the power spectrum
of the foreground-cleaned maps to the true (i.e. foreground-free) power spectrum for both
the 21cm auto-correlation and the cross-correlation with LBGs. The effect of foreground
removal is minimal on small scales, but becomes significant for larger ones; this is because
long-wavelength cosmological modes vary relatively smoothly in frequency-space, and so are
partially subtracted along with the smooth foreground signal.

– 12 –



10-1 100

k [h Mpc−1 ]

0.6

0.7

0.8

0.9

1.0

1.1
P

cl
ea

n
(k

)/
P

tr
u
e(
k
)

21cm-21cm, Pol. fit, Nfg =3

LBG-21cm,   Pol. fit, Nfg =3

10-1 100

k [h Mpc−1 ]

1.0

10.0

100.0

P
cl

ea
n
(k

)/
P

tr
u
e(
k
)

21cm-21cm, Pol. fit, Nfg =20, ξ=0.01

LBG-21cm,   Pol. fit, Nfg =20, ξ=0.01

21cm-21cm, Pol. fit, Nfg =3, ξ=1.0

LBG-21cm,   Pol. fit, Nfg =3, ξ=1.0

Figure 5. Left panel: Ratio of the z = 3 power spectrum of the foreground-cleaned data to the true
power spectrum for the 21cm autocorrelation (red line) and LBG-21cm cross-correlation (blue line).
These results were found for a smooth foreground source with ξ = 1.0 using a polynomial fitting
technique, fitting 3 degrees of freedom for every line of sight. Right panel: The same quantities, but
now with an additional non-smooth foreground with ξ = 0.01. The red and blue solid lines show the
result for the auto- and cross-correlations respectively, while the dashed lines show the results for the
smooth foreground only.

It is interesting to note that, due to the partial subtraction of the 21cm signal on large
radial scales, the estimated cross-spectrum is biased in the same way as the auto-spectrum.
A possible way of avoiding this bias would be to cross-correlate the LBG positions with
the uncleaned intensity maps (or maps cleaned to a sub-optimal level). Since the LBGs
and the foregrounds are uncorrelated, this estimator would be completely unbiased. Due
to the large amplitude of the foregrounds, however, the variance for this estimator would
be completely dominated by the variance of the foregrounds, rendering it useless for making
precision measurements. It is also worth noting that although the bias induced by foreground
cleaning on the recovered power spectra is similar for both the auto- and cross- correlations,
the effect on the cross-power spectrum is slightly larger on all scales. Although a priori this
result might seem contradictory, since any signal loss will be squared in the auto-correlation,
it is actually reasonable: the cleaned maps are a combination of both the cosmological signal
and foregrounds (with hopefully a very small contribution from the latter). Thus, the auto-
correlation receives positive contributions from both components, while the cross-correlation
is unaffected by the residual foregrounds. Hence the bias in the cross-correlation is a more
faithful measure of the amount of signal loss after foreground cleaning.

Nevertheless, compared to the auto-correlation, the cross-correlation of the 21cm signal
with any other cosmological tracer, such as LBGs, should be extremely robust against non-
smooth foregrounds or instrumental effects [11]. An important concern for intensity mapping
experiments, for example, is the leakage of polarized synchrotron foregrounds into the total
intensity data. Faraday rotation renders the frequency structure of polarized synchrotron
emission highly non-trivial, and because of our lack of understanding of the galactic magnetic
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field causing this effect, the uncertainties on the degree of frequency decorrelation of this
foreground are quite large [40]. In order to show the usefulness of cross-correlating the HI
signal with other tracers as a way of circumventing this kind of problem, we generated another
realisation of a foreground source, corresponding to a foreground with an amplitude similar
to that of the HI signal, with a small frequency correlation length of ξ = 0.01. After adding
this to the observed maps, we attempted to subtract it by applying a polynomial fitting
algorithm again. The results are shown in the right panel of Fig. 5; while it is impossible
to recover the correct 21cm auto-spectrum in the presence of this foreground – regardless
of the number of parameters used to fit each line of sight – only a mild level of foreground
subtraction is required in order to recover the cross-correlation to an acceptable level.

It is worth noting that in this analysis we have assumed no correlation between fore-
grounds and cosmological signal. Strictly speaking this is not the case: LBGs show detectable
radio emission [46], and in general extragalactic foregrounds (mainly radio point sources)
probe the same large-scale structure as any cosmological signal. The impact of these cor-
relations was studied by [44] in the context of the 21cm auto-correlation, showing that the
extra effects of a foreground source that is correlated with the cosmological signal are neg-
ligible compared with the foreground residuals already present for an uncorrelated source.
Furthermore, the main contribution to these foregrounds comes from low-redshift galaxies,
and therefore the overlap with the measurements at z & 3 proposed here should be negligible.

The results shown in this section should be understood as giving a qualitative picture
of what the actual effect would be in a realistic scenario. The performance of any fore-
ground subtraction technique depends not only on the precise statistical properties of the
foregrounds, but also on instrumental parameters such as the angular and frequency resolu-
tion, the observed fraction of the sky, the level of instrumental noise, and so on, which we
have not included in our simulation. A quantitative estimation of these effects lies beyond
the scope of this paper, and is left for future work.

7 Discussion and conclusions

Precision cosmological constraints are currently provided by a variety of observables, in-
cluding the cosmic microwave background (CMB), supernova distance measurements, and
the clustering of galaxies (including baryon acoustic oscillations, BAO). A new technique,
21cm intensity mapping (IM), is expected to contribute significant improvements to these
constraints in a number of ways (see for instance [7]).

Intensity mapping will allow us to probe the matter distribution on redshifts not probed
by any other cosmological observable, in particular, will let us to constrain the matter power
spectrum on the post-reionization window 2 . z . 6. Unfortunately, intensity maps are
strongly contaminated by the emission from galactic and extra-galactic foregrounds, which is
several orders of magnitude stronger than the cosmological 21cm signal. A way of mitigating
foreground contamination is to cross-correlate the 21cm intensity maps with galaxy cata-
logues. The foreground signals should mostly be uncorrelated with the cosmological HI and
galaxy distributions, and so their effect on the galaxy-21cm cross-correlation is much reduced.
The cross-spectrum can therefore be used as a robust way to confirm the detection of the
21cm auto-spectrum, and to otherwise study the signal in the presence of smaller systematic
effects. Therefore, the cross-power spectrum is a more suitable quantity to study the IM
signal than the 21cm auto-correlation, since it is less affected by the different contaminants
of the IM signal.
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On the other hand, the LBG-21cm cross-power spectrum can also be used to extract
very important cosmological and astrophysical information such as the 21cm bias: on large
scales, the cross-power spectrum is expected to follow the shape of the underlying matter
distribution, modulo a linear bias factor: PLBG−21cm(k) = b2xPm(k), with Pm(k) being the
matter power spectrum and b2x = bLBGb21cmr, where r is the value of the cross-correlation
coefficient on large scales. Thus, knowing the bias of the LBGs, and assuming that on large
scales both fields will be completely correlated (i.e. r = 1, see for instance Fig. 2), it is
then possible to estimate the bias of the 21cm, and compare it with the value obtained from
21cm auto-correlation measurements. The value of b21cm(z) encodes important astrophysical
information on the way galaxies accrete gas over cosmic time, and how this gas is converted
into stars. Thus, b21cm is a fundamental quantity targeted by theories trying to explain
galaxy formation and evolution.

In this paper we investigated the cross-correlation between 21cm intensity fluctuations
and Lyman Break Galaxies (LBGs) at z ∼ 3 − 5, including the detectability of the cross-
spectrum with the future SKA1-LOW and SKA1-MID instruments, and the effects of fore-
ground cleaning on both the 21cm auto-spectrum and the LBG-21cm cross-spectrum. We also
studied the dependence of the signal-to-noise ratio (SNR) of the LBG-21cm cross-spectrum
on the galaxy population, redshift, experimental set-up and the method used to model the
spatial distribution of neutral hydrogen. The 21cm intensity field was generated by assigning
HI, a posteriori, to the CDM particles belonging to dark matter halos of an N-body simula-
tion, using the Bagla et al. model [22], and the spatial distribution of LBGs was obtained by
populating the dark matter halos with galaxies using a halo occupation distribution model
(HOD).

We find that the LBG-21cm cross-spectrum can be detected with a much higher SNR
(up to 10 times larger) than the 21cm auto-spectrum. For 100 hours of observations with
SKA1-LOW, our results show that, depending on redshift, the 21cm auto-spectrum can only
be detected with a SNR higher than 3 between 0.1 . k (hMpc−1) . 0.2 − 0.4, whereas the
LBG-21cm cross-spectrum will be detected at this level between 0.1 . k (hMpc−1) . 3.
For 1000 hours of observations the 21cm auto-spectrum will only be detected between 0.1 .
k (hMpc−1) . 2, while with the cross-spectrum, SKA1-LOW will go down to k ∼ 5 hMpc−1.

We also compared the SNR on the 21cm auto-spectrum and the LBG-21cm cross-
spectrum that can be achieved at z = 3 with SKA1-LOW and SKA1-MID. On small scales,
SKA1-LOW will detect the auto-spectrum with higher SNR, while the cross-spectrum will be
detected to a similar level by both arrays. On large scales, however, the larger survey volume
achievable by SKA1-MID will yield a higher SNR than SKA1-LOW for both the auto- and
cross-spectra.

In our calculations, we have assumed that the LBG redshifts are spectroscopically-
confirmed. For photometric redshifts, the LBG shot noise errors will increase substantially,
significantly degrading the SNR of the cross-spectrum. We also assumed a LBG survey
volume equal to that of the 21cm survey9, which for SKA1-LOW corresponds to an area
of ∼ 3 − 6 deg2 at redshifts z = 3 − 5 (see table 2). We note that current LBG surveys
cover areas comparable to those: ∼ 9 deg2 with photometric redshifts [48] and ∼ 4 deg2 with
spectroscopic redshifts [49]. Moreover, in the near future, the Hyper Suprime-Cam10 and the

9Notice that the error on the cross-power spectrum scales inversely with volume sampled by the intersection
of both the 21cm and the LBG surveys.

10http://www.naoj.org/Projects/HSC/
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Prime Focus Spectrograph11 on the Subaru telescope will detect LBGs in the redshift range
2 < z < 5 in a very wide area (∼ 30 deg2).

For the redshifts and LBG populations explored in this paper, we find that the SNR of
the LBG-21cm cross-spectrum depends only weakly on redshift and on the limiting magnitude
of the LBGs. This is due to two competing effects. On the one hand, the errors on the
21cm signal due to instrumental noise increase with redshift, as does the LBG shot noise
(for galaxies with the same magnitude). On the other hand, galaxies at higher redshift, or
brighter galaxies at the same redshift, are more strongly clustered, and so the amplitude of
the LBG-21cm cross-spectrum increases. The two effects have similar magnitudes, essentially
canceling any effect on the SNR.

We also investigated the dependence of our results on the model used to simulate the
spatial distribution of neutral hydrogen. The dark matter halos of our N-body simulation at
z = 4 were populated with HI using two different methods: the Bagla method [22] and the
halo-based model 2 method [8]. The amplitude of the 21cm power spectrum is approximately
6 times higher for the halo-based model 2. Using this model, we find that SKA1-LOW will
detect the 21cm auto-spectrum at z = 4 with a SNR above 3 between 0.1 . k (hMpc−1) . 2
with only 100 hours of observations, while the LBG-21cm cross-spectrum can be detected to
significantly smaller scales (k ∼ 5 hMpc−1) with the same observation time. For the redshifts
and galaxy populations studied in this paper, we emphasize that the SNR of the LBG-21cm
cross-spectrum is always higher than the one of the 21cm auto-spectrum, independently of
the model used to simulate the distribution of HI.

Finally, we studied the effects of foreground cleaning on the recovery of the cosmological
signal for both the 21cm auto-spectrum and the LBG-21cm cross-spectrum. For a smooth
foreground source with a frequency correlation coefficient of ξ = 1.0, both spectra can be
recovered with only a very small bias on small scales, and a slightly larger bias on large
scales. The magnitude of the bias is similar for both spectra. In the presence of non-smooth
foregrounds, however, the recovered 21cm auto-spectrum is strongly biased, while the cross-
spectrum remains essentially unaffected.
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Telescope SKA1-MID SKA1-LOW

Redshift z=3 z=3 z=4 z=5

Observing time 100 / 1000 hours

Bandwith (B) 32 MHz

Frequency range 350 – 1050 MHz 50 – 350 MHz

Number of stations 254 911

Station/dish diameter 15 m 35 m

Field of View (deg2) 6.9 2.7 4.2 6.0

System temp. (Tsys) 70 K 82 K 115 K 159 K

Effective area (Ae) 140 m2 89 m2 139 m2 200 m2

Table 2. Specifications for the SKA1-MID and SKA1-LOW arrays.
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Figure 6. Baseline density distribution used for SKA1-LOW (red) and SKA1-MID (blue).

A SKA configuration

Table 2 displays the assumed specifications for the SKA1-LOW and SKA1-MID arrays. Fig.
6 shows the interferometer baseline density distributions, n(U), used to compute the errors
on the 21cm auto-/cross-spectra for the SKA1-LOW and SKA1-MID radio arrays.

B Errors on the cross-power spectrum

Eqs. 4.5, 4.6, and 4.7 are derived assuming that the fields are Gaussian. In this Appendix
we investigate whether those expressions are accurate to estimate the error on the LBG-
21cm cross-power on the small, fully non-linear, scales that will be probed by the cross-

11http://sumire.ipmu.jp/en/2652
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correlation. Here we derive the full non-linear expression for the error on the cross-spectrum
and compare it with its Gaussian limit. We demonstrate that on small scales the cross-power
spectrum error is dominated by the product of the LBGs power spectrum and the system
noise temperature, and that non-linear corrections arising from the cross-power spectrum
sample variance are subdominant on those scales.

The LBG power spectrum is defined as P dLBG(k) = 〈δLBG(~k)δLBG(−~k)〉, where the su-
perscript d is written to reinforce that it is the power spectrum of a discrete tracer. It can be
shown that the relation between the power spectrum of a discrete tracer and the underlying
continuous tracer field is given by P dLBG(k) = P cLBG(k) + n−1

LBG (see for instance [35]), where
nLBG is the number density of the LBG population.

Similarly, the 21cm power spectrum is defined as Pm21cm(k) = 〈δ21cm(~k)δ21cm(−~k)〉, where
the superscript m denotes the measured 21cm power spectrum. The observed 21cm fluctua-
tion receives contributions from two sources: δ21cm(~k) = δc21cm(~k)+4δ21cm(~k), where δc21cm(~k)

is the contribution from the cosmological 21cm signal, and4δ21cm(~k) is the (Gaussian) system
noise. For simplicity we neglect errors arising from foreground subtraction. The measured
21cm power spectrum is therefore given by Pm21cm(k) = P c21cm(k) + 〈4δ21cm(~k)4δ21cm(−~k)〉,
with (see [50–52] for a derivation)〈

4δ21cm(~k)4δ21cm(−~k)
〉

=
T 2

sys

2Bt0

D24D
n(k⊥)

(
λ2

Ae

)2

. (B.1)

The various terms are defined in Sec. 4. The covariance matrix of the cross-spectrum is

CLBG−21cm(~k1,~k2) =
〈
δ21cm(~k1)δLBG(−~k1)δ21cm(~k2)δLBG(−~k2)

〉
−〈

δ21cm(~k1)δLBG(−~k1)
〉〈

δ21cm(~k2)δLBG(−~k2)
〉
. (B.2)

Substituting δ21cm(~k) by δc21cm(~k) +4δ21cm(~k) in the above expression, one obtains

CLBG−21cm(~k1,~k2) =
〈
δc21cm(~k1)δLBG(−~k1)δc21cm(~k2)δLBG(−~k2)

〉
−〈

δc21cm(~k1)δLBG(−~k1)
〉〈

δc21cm(~k2)δLBG(−~k2)
〉

+

P dLBG(~k2)
T 2

sys

2Bt0

D24D
n(k1,⊥)

(
λ2

Ae

)2

δ~k1,−~k2 . (B.3)

The first two terms represent the covariance between the cosmological 21cm signal and the
LBG field, and the last term is the instrumental noise. In the Gaussian limit, and for
~k1 = ~k2 = ~k, the above expression reduces to

CLBG−21cm(k) =
1

Nk

[
P 2

LBG−21cm(k) + P dLBG(k)P c21cm(k) + P dLBG(k)
T 2

sys

2Bt0

D24D
n(k⊥)

(
λ2

Ae

)2
]
,

(B.4)
which is the equivalent to Eqs. 4.4 and 4.7 with Nk being the number of modes. We have
quantified the corrections coming from higher order correlations [35] to the error on the
cross-power spectrum as follows. At z = 4 we have modeled the spatial distribution of HI
using the Bagla et al. model and we used our mock LBG catalogue with galaxies with
magnitudes z850 ≤ 27.0. We then divide the simulation box into 8 sub-boxes and measure
the LBG-21cm cross-power spectrum in each of them. Finally, for every wavenumber, we
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Figure 7. Contribution of different terms to the total error of the dimensionless LBG-21cm cross-
spectrum. The contribution from sample variance is shown with blue lines in the Gaussian limit (solid
line) and computed by dividing the simulation box into 8 sub-boxes and measuring the covariance
matrix of the cross-power spectrum (dashed line). The solid red line is the contribution arising from
the instrumental noise of the array. Calculations are at z = 4, for LBGs with magnitudes z850 ≤ 27.0,
with the HI modeled using the Bagla et al. method and assuming 100 hours of observations.

compute the variance of the cross-power spectrum. The results, are shown in Fig. 7 with
a blue dashed line. In that figure we also show with a solid blue line the covariance of the
cross-power spectrum in the Gaussian limit, i.e. the first two terms in Eq. B.4. We find
that, on large scales, the errors in the cross-power spectrum arising from the sample variance
of the LBG-21cm cross-correlation agree reasonably well between the full covariance matrix
and the purely Gaussian part, while on small scales the errors are substantially higher in the
when computing the full covariance matrix.

Fig. 7 also shows with a solid red line the last term of Eq. B.4 (solid red line), due to
the instrumental noise (we have assumed 100 hours of observations). On small scales, the
contribution of this term is much higher than the one from sample variance, and therefore
we conclude that using the Gaussian limit of the expression for the error on the LBG-21cm
cross-spectrum is a very good approximation. The reason is simple: on large scales the errors
are well-described by Gaussian fields, while on small scales the error budget is dominated by
the system noise, which is assumed to be Gaussian.
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D. Bizyaev, G. Ebelke, H. Finley, J. Ge, E. Malanushenko, V. Malanushenko,
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