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Abstract. The cross power spectrum of the 21 cm signal and Lyman-α emitters (LAEs) is a
probe of the Epoch of Reionization. Astrophysical foregrounds do not correlate with the LAE
distribution, though the foregrounds contribute to the error. To study the impact of foregrounds
on the measurement, we assume realistic observation by the Murchison Widefield Array using a
catalogue of radio galaxies, a LAE survey by the Subaru Hyper Supreme-Cam and the redshift
of LAEs is determined by the Prime Focus Spectrograph. The HI distribution is estimated
from a radiative transfer simulation with models based on results of radiation hydrodynamics
simulation. Using these models, we found that the error of cross power spectrum is dominated
by foreground terms. Furthermore, we estimate the effects of foreground removal, and find 99%
of the foreground removal is required to detect the 21 cm-LAE signal at k ∼ 0.4 h Mpc−1 .
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1. Introduction
After the cosmic recombination, the IGM is rich in neutral hydrogen (HI). During the

epoch of reionization (EoR), the HI gases are ionized by photons emitted from first stars
and galaxies. Although the EoR has been explored, there is no crucial observation for
the nature of the main sources of reionization and global history of the HI fraction. The
redshifted 21 cm signal emitted from HI gas is expected to be an useful tool for revealing
them. However, bright foregrounds, such as the galactic synchrotron emission and radio
loud galaxies, are a few orders of magnitude brighter than the faint 21 cm signal. Thus, the
foregrounds have to be removed precisely. However, perfect modeling of the foregrounds is
impossible because no instrument can detect all point sources. Furthermore, instrumental
and calibration errors make the foreground removal complicated.

To reduce the foreground contamination, the cross correlation with other observables
is useful. In this work, we focus on the cross-correlation between the 21 cm signal and
Lyman-α emitters (LAEs). LAEs are high-z galaxies and candidates of the main ionizing
sources during the EoR. When a LAE makes an ionized bubble around itself, the 21 cm
signal is zero from the region. Therefore, the distribution of LAEs anti-correlates with
the 21 cm signal. On the other hand, LAEs are not strongly correlated with foreground
sources, and the cross power spectrum of foregrounds and LAEs should be zero. In many
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previous works, the cross correlation and detectability are investigated (e.g. Lidz et al.
(2009), Park et al. (2014), Kubota et al. (2017)).

Previous studies of the 21 cm-LAE correlation show that the signal will be observed
by the radio interferometers such as the Murchison Widefield Array (MWA, Tingay
et al. (2013), Bowman et al. (2013)) and the low frequency Square Kilometre Array
(SKA LOW, Mellema et al. (2013)). However, these studies assume the foreground sources
have no effects on feasibility. However, even if the LAE distribution has no correlation
with the foregrounds, the foregrounds produce statistical variance which contributes to
the error of the 21 cm-LAE cross power spectrum. Moreover, the foregrounds can be
strongest error since the power spectrum is much brighter than the 21 cm signal. Thus,
the quantitative estimation of the foreground contamination is instructive for future ob-
servations. To predict the feasibility, we use a numerical simulation of reionization, and
foreground models based on recent observation and realistic instrumental effects.

2. Method
Although the LAE has no correlation with the foregrounds, the foregrounds add vari-

ance to the 21 cm-LAE signal. The error on the signal is estimated as σ2 ∝ P21,LAE +
(P21 +PFG +N21)(PLAE +NLAE), where P21,LAE is the 21 cm-LAE cross power spectrum,
P21 , PFG and PLAE are the auto power spectrum of the 21 cm signal, foregrounds and the
LAE number density. N21 is the thermal noise term of the 21 cm observation and NLAE
is the shot noise of the LAE survey.

To estimate the error of the 21 cm-LAE cross power spectrum, we calculate these
power spectrums from our models. To obtain an uv coverage of visibility which is crucial
to estimate the foreground contribution, we simulate an MWA observation with an ac-
tual tile distribution and a beam model. For the extragalactic point sources, we build a
model based on the GLEAM catalogue (Hurley-Walker et al. (2017)). We also combine a
parametric model of Galactic diffuse emission and the visibility distribution (Jelić et al.
(2008)). The power spectrum of the foreground is estimated from visibilities by following
Thyagarajan et al. (2013). Furthermore, the thermal noise is also estimated from the
visibility distribution of the MWA with 128 tiles, and 1000 hours is assumed as total
observation time.

The 21 cm brightness temperature distribution is calculated using a large scale cosmo-
logical simulation. In the numerical simulation, we solve post processed radiative transfer
(RT) with models based on an RHD simulation. According to the result of RHD simula-
tion, the clumping factor and the escape fraction of galaxies depend on matter density,
ionized fraction and halo mass. The matter density is obtained by using an N-body simu-
lation performed with GreeM (Ishiyama et al. (2009)) which is a massive parallel TreePM
code. In this proceedings, we employ ‘late’ model for estimating the 21 cm signal. This
model has 6.7mK as averaged 21 cm brightness temperature and 0.44 as volume averaged
neutral fraction. For more details of this model, please see Kubota et al. (2017).

To identify LAEs, we use a Lyman-α transmission code (Yajima et al. (2017)). The
parameters of LAEs are chosen so that the luminosity function of LAE is consistent with
observation (Konno et al. (2017)). We also assume the redshift of LAEs is identified by
the PFS spectroscopic observation with tiny redshift error (Δz = 0.0007).

3. Foreground Contamination & Forecast
In the Fig. 1, we compare the 21 cm-LAE signal and error in the 2D plane. The k⊥ is

k-mode in the plane of the sky, and k‖ is derived from the frequency which is the scale
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Figure 1. The signal to noise ratio (SNR) in the 2D power spectrum. In the left panel, we
ignore the foreground error. In the right panel, foregrounds are included in error. The expected
foreground contamination of point sources is shown as the solid line.
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Figure 2. The comparison between the expected signal and the expected error. The thick line
shows 21 cm-LAE signal and the sign is negative at large scales, indicated by the dotted line. The
positive part is solid. The dashed line is the total expected error. The dot-dashed line shows
the error term of thermal noise and shot noise. For the left panel, no foreground removal is
applied. The thin solid and thin dotted lines show error of the point source and diffuse emission
respectively. For the right panel, we subtract 99% of all foregrounds and assume 256 tiles of
MWA and 3 times larger LAE survey area. The thin dotted lines shows the error of foregrounds
and the thin solid line shows the contribution from other terms.

of our line of sight direction. In the left panel, we ignore the foreground contamination
to estimate the intrinsic signal to noise ratio (SNR). The structure of SNR is the same
as the 21 cm-LAE signal, and the signal is detectable on large scales. We note that
the signal is negative at large scales and positive at small scales. The horizontal stripe
seen at k‖ = 0.9h Mpc−1 indicates the sign transition. The right panel shows the SNR
with the error term of foregrounds added. At large scales, the SNR is reduced to 10−4

because the foreground dominates. In the top left conner of 2D plane, so-called ‘EoR
window’, the foreground contribution is small, and the SNR is about 0.01.
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The error including the foregrounds can be reduced by spherically averaging in a 2D
plane. In Fig. 2, we show the 1D power spectrum calculated from the 2D power spectrum.
In the left panel, the contribution from point source and diffuse emission are shown as
thin solid and dotted lines. The detection limit is set by thermal noise and shot noise.
The signal is shown as thick line and it is larger than the detection limit at large scales.
Thus, if the foregrounds do not contribute to error, there is a possibility of measurement.
However, the total error is a few orders of magnitude larger than the expected signal.
Thus, precise foreground removal is required to measure the 21 cm-LAE signal. At small
scales, higher sensitivity is also required for the detection.

In the right panel of Fig. 2, we demonstrate the error after removing foregrounds. We
assume 99% foreground removal and the 21 cm-line observation with 256 MWA tiles.
Thus, we reduce the thermal noise and the foreground power spectrum by factors of 4
and 104 at all scales. In addition, we increase the survey area of the HSC survey by a
factor of 3. As shown in the panel, the 21 cm-LAE signal is consistent with total error at
k = 0.4h Mpc−1 . At large scales, k < 0.4h Mpc−1 , the error is dominated by foreground
contribution. Thus, more precise foreground removal is required to detect the scales. On
the other hand, at small scales, k > 0.4h Mpc−1 , the thermal noise term dominates the
error. Therefore, future interferometers with high sensitivity such as MWA phase 2 and
SKA LOW should be able to detect the positive correlation.
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