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ABSTRACT

We present early results from a project to measure the sky-averaged (global), redshifted 21 cm
signal from the Epoch of Reionization (EoR), using the Murchison Widefield Array (MWA)
telescope. Because interferometers are not sensitive to a spatially invariant global average, they
cannot be used to detect this signal using standard techniques. However, lunar occultation of the
radio sky imprints a spatial structure on the global signal, allowing us to measure the average
brightness temperature of the patch of sky immediately surrounding the Moon. In this paper,
we present one night of Moon observations with the MWA between 72-230 MHz and verify
our techniques to extract the background sky temperature from measurements of the Moon’s
flux density. We improve upon previous work using the lunar occultation technique by using
a more sophisticated model for reflected ‘earthshine’ and by employing image differencing to
remove imaging artefacts. We leave the Moon’s (constant) radio brightness temperature as a
free parameter in our fit to the data and as a result, measure Ty,oon = 180 £ 12 K and a Galactic
synchrotron spectral index of —2.64 & 0.14, at the position of the Moon. Finally, we evaluate
the prospects of the lunar occultation technique for a global EoR detection and map out a way
forward for future work with the MWA.

Key words: techniques: interferometric — Moon —dark ages, reionization, first stars.

1 INTRODUCTION

Many experiments are now underway to detect and characterize
redshifted 21 cm emission from the Epoch of Reionization (EoR)
and the cosmic dark ages. This signal provides the most promising
avenue for exploring these early epochs in the Universe’s history,
however it is difficult to observe for two fundamental reasons. First,
the signal is weak and shrouded by bright astrophysical foregrounds

* E-mail: ben.mckinley @curtin.edu.au

and secondly, systematic instrumental effects contaminate the ob-
servations, requiring experiments to have unprecedented levels of
calibration precision.

Experiments to measure the redshifted 21 cm signal from the
early Universe can be separated into two broad categories; those
attempting to measure spatial fluctuations in the signal as a function
of angular scale and frequency, and those attempting to measure the
total power of the signal as a function of frequency, by averaging
across the whole sky. The former category, with instruments such
as the Murchison Widefield Array (MWA; Bowman et al. 2013;
Tingay et al. 2013; Beardsley 2016), the LOw Frequency ARray
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(LOFAR; van Haarlem et al. 2013; Patil et al. 2017), the Preci-
sion Array to Probe the Epoch of Reionization (PAPER; Parsons
etal. 2014) and the Hydrogen Epoch of Reionization Array (HERA;
Pober et al. 2014; DeBoer et al. 2016), are employing radio interfer-
ometers to measure spatial fluctuations by means of power spectra.
Future instruments, such as the Square Kilometre Array (SKA;
Dewdney et al. 2010), will be able to directly image the fluctuations
(Koopmans et al. 2015).

The latter category of experiments, including the Experiment to
Detect the Global EoR Signature (EDGES; Rogers, Bowman &
Hewitt 2008; Rogers & Bowman 2008; Bowman & Rogers 2010;
Monsalve et al. 2017b; Bowman et al. 2018), the Shaped Antenna
measurement of the background RAdio Spectrum (SARAS; Patra
et al. 2013 and SARAS?2; Singh et al. 2017, 2018), the Large Aper-
ture Experiment to Detect the Dark Age (LEDA; Bernardi et al.
2016), the Dark Ages Radio Explorer (DARE; Burns et al. 2012),
Discovering the Sky at the Longest wavelength (DSL; Boonstraetal.
2016), the Broad-band Instrument for Global HydrOgen ReioNiza-
tion Signal (BIGHORNS; Sokolowski et al. 2015b) and SCI-HI
(Voytek et al. 2014) use (or will use) single-antennas to measure
the all-sky or ‘global’ signal. This approach has the advantage of
an increased signal-to-noise ratio (SNR), but is challenging due to
systematic instrumental effects (Monsalve et al. 2017a; Singh et al.
2017; Sokolowski et al. 2015b).

The first detection of the global, redshifted 21 cm signal has
been claimed by EDGES (Bowman et al. 2018), who detected an
absorption trough at 78 MHz, which is thought to coincide with
the early cooling and then reheating of the gas in the Universe
during Cosmic Dawn. While the frequency of the absorption trough
observed by Bowman et al. (2018) is expected from theoretical
predictions and modelling of the Cosmic Dawn (Pritchard & Loeb
2010; Cohen et al. 2017), the large amplitude and flattened profile
of the absorption trough require new physics to explain (Barkana
2018). Our observing band, with a lower bound of 72 MHz, partially
overlaps with the observed absorption trough, which is 19 MHz
wide. Therefore, the MWA lunar occultation experiment provides
an important means to verify the EDGES result, since it is subject
to very different systematics.

The idea to use the Moon as a thermal reference source in an inter-
ferometric measurement of the global EoR signal was first presented
by Shaver et al. (1999). This approach, which has been investigated
further by McKinley et al. (2013) and Vedantham et al. (2015), com-
bines the advantages of an interferometer, such as immunity from
frequency-dependent receiver-noise bias and the ability to spatially
isolate reflected radio-frequency interference (RFI) signals, with
the increased SNR of a global experiment. Using interferometric
techniques also reduces the effects of frequency-dependent antenna
beam response that can cause artificial spectral structure in global
signal observations (e.g. Vedantham et al. 2014; Bernardi et al.
2015; Mozdzen et al. 2016).

In this paper, we present new results from lunar observations with
the MWA, which demonstrate our ability to measure the average
temperature of a Moon-sized patch of the sky across a frequency
range 72-230 MHz. This is the first paper in a series that will de-
scribe the MWA lunar occultation experiment. We begin by review-
ing the theory behind the lunar occultation technique in Section 2.
In Section 3, we describe our observations with the MWA, followed
by the details of the data reduction and modelling in Section 4,
which includes earthshine mitigation. In Section 5, we present our
results and analysis. In Section 6, we discuss our results in the con-
text of other experiments and the prospects for detecting the global
EoR signal using the lunar occultation technique. We conclude in

Section 7 and outline the path forward for the MWA lunar occulta-
tion experiment.

2 THEORY

Interferometers are not completely insensitive to the global aver-
age temperature of the sky, but the sensitivity drops off rapidly as a
function of baseline length such that only the very shortest baselines
(a few wavelengths) are sensitive to the signal (see Singh et al. 2015
and Vedantham et al. 2015). Presley et al. (2015) suggested that the
sensitivity to the global signal by an interferometer is due to the
spatial imprint of the primary beam shape causing an overlap with
the ‘zero baseline’ in (u, v) space, and that this could be exploited
by using very closely spaced antennas, with sufficiently large aper-
tures. However Singh et al. (2015) have shown that it is in fact not
possible to build such antennas close enough together to get any
overlap with the origin in the (u, v) plane, without shadowing of the
antennas occurring. Rather, interferometers are inherently sensitive
to a global signal because, even for a uniform sky, the coherence
function sampled by an interferometer does extend beyond the ori-
gin, and there are methods that can be used to extend this sensitivity
out to longer baseline lengths (Singh et al. 2015).

One such method to extend the sensitivity of an interferometer to
the global signal out to longer baseline lengths is the lunar occul-
tation technique (see Vedantham et al. 2015 for a full description).
Using this technique, the flux density of the Moon, Sy, (v), as a
function of frequency v, can be measured (so long as the angular
scales corresponding to the Moon’s disc are adequately sampled)
and converted to a brightness temperature, A7(v) in K, by

107252 8,,(v)

ATV = =g

)
where v is the frequency in Hz, c is the speed of light in m s~!,
k is the Boltzmann constant in units of m? kg s72 K, Sn(v) is
the measured flux density of the Moon in Jy and Q is the solid
angle subtended by the Moon, which, during these observations,
was 7.365 x 107° sr. We calculate  in sr by first calculating the
angular area of the Moon in square degrees using the value of the
Moon’s angular radius on 2015 September 26 as seen from the
MRO, computed using PYEPHEM (Rhodes 2011) and then dividing
this by the angular area of one sr expressed in square degrees (see
Guthrie 1947).

Since the ‘zero baseline’, average signal is missing in the inter-
ferometer measurements, the brightness temperature A7(v) in K,
represents the difference between the total lunar brightness tem-
perature, Ty, (v), and the average brightness temperature of the
occulted patch of sky, Ty (V)

AT (V) = Tunar(v) — Tsky(v)
= [Timoon + TreﬂfEanh(V) + TreﬂfGal(v)]

— [Tea(v) + Tems + Teor(V)], 2

where Tioon 1S the intrinsic (thermal) temperature of the Moon,
Tren_garn(v) is the additional lunar brightness temperature due to
reflected emission from the Earth or ‘earthshine’, Tieq_ga(v) is the
additional lunar brightness temperature due to reflected Galactic ra-
dio emission, 7, (v) is the mean temperature of the occulted patch
of sky due to Galactic radio emission, Tcvp = 2.725 K (Mather et al.
1994) is the Cosmic Microwave Background (CMB) and Tg.r(v)
is the EoR signal, the detection of which is the ultimate goal of
this project. For this paper, however, we do not include the EoR

MNRAS 481, 5034-5045 (2018)
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signal in our modelling as it is expected to be at least two orders of
magnitude weaker than the foregrounds (Furlanetto, Oh & Briggs
2006), which are dominated by Galactic synchrotron emission. In-
stead, it is the foreground signal, T, (v), that we attempt to measure
in this work, in order to prove the technique and assess its utility
for EoR detection.

Earthshine is known to contaminate the brightness temperature
of the Moon (see Sullivan et al. 1978; Sullivan & Knowles 1985;
McKinley et al. 2013; Vedantham et al. 2015). Radar studies of
the Moon by Evans (1969) find that the reflective properties of the
Moon at radio wavelengths depend strongly on both the angle of
incidence of the radiation and on wavelength. The reflected signal
from Earth-bound transmitters has two components. First, there is a
quasi-specular component due to radiation with small angles of inci-
dence. This component results in a point-like source in the centre of
the disc, which increases in brightness with increasing wavelength
(since the Moon becomes ‘smoother’ as the wavelength increases).
Secondly, there is a disc component due to diffuse reflection from
the rough surface of the Moon. The second component results from
radiation with larger angles of incidence and increases in brightness
with decreasing wavelength, since the Moon becomes rougher as
wavelength decreases (Beckmann 1965a,b; Klemperer 1965; Evans
1969). Our methods for mitigating against contamination by earth-
shine are described in Section 3.

In equation (2), we assume that T}, 1S a constant over the
frequency range observed in our experiment. At higher frequencies,
the observed brightness temperature of the Moon varies with the
phase of the Moon due to heating of the surface, however this effect
decreases with frequency as the longer wavelengths of radiation
originate from increasing depths below the surface of the Moon
(Krotikov & Troitskii 1964) and at metre wavelengths it is thought
to be negligible (Baldwin 1961). The only published measurements
within our frequency range, at 178 MHz from Baldwin (1961),
report a value of Tioon = 233 £ 8 K. In our analysis, we leave T0n
as a free parameter in our fitting and therefore obtain a new estimate
for the value of Ty, at low-radio frequencies. In Section 6.2, we
investigate the value of Ty,00n in more detail, comparing our data to
previous results.

The Ty (v) that we measure using the lunar occultation technique
is also dependent on the Moon’s position in the sky at the time it is
observed. Since the Moon moves relative to the background sky at
approximately 0.54°h~!, over the course of the ~5h of observations
described in this paper, it traverses about 2.7°. For simplicity, we
assume that the average sky temperature does not vary considerably
over 2.7°.

In order to eventually extract the global EoR signal from mea-
surements of Ty (v), we will need to remove foreground emission
by taking advantage of the spectral smoothness of the foregrounds,
possibly using Bayesian techniques such as those of (Bernardi et al.
2016). It will be necessary to increase our SNR by averaging over
many patches of occulted sky and therefore foreground removal
will need to be conducted separately for each night of observations.
Due to the very low-global signal SNR on the one epoch of ob-
servations described in this paper, we leave foreground removal as
a subject to be covered in paper II, which will include multiple
epochs.

3 OBSERVATIONS

The Moon moves across the sky relative to the background of Galac-
tic and extraGalactic emission at a rate of approximately 13° per
day. In our dedicated observing campaign with the MWA (project ID

MNRAS 481, 5034-5045 (2018)

G0017), we take advantage of this fact by taking observations over
two nights, separated by at least one night, and taking the difference
between the images. As first suggested by Shaver et al. (1999), this
allows us to remove imaging artefacts without the need for cleaning.
For the on-Moon observations, we choose nights when the Moon
transits at a high-elevation angle (>60°) and is well-separated from
the Galactic plane (>50°). This allows optimal conditions for cal-
ibration and imaging. The tracking uses the standard approach for
the MWA, where observations are divided into intervals with con-
stant beamformer settings (232 s, in this case), resulting in a ‘drift
and shift” mode of operation, rather than continuous tracking of
the source. We track the position of the Moon in this way, cycling
through five centre frequencies before re-pointing the telescope if
necessary. For our observing strategy to work well, observations
must be taken in pairs such that there is both an on-Moon and
off-Moon observation that has the same beamformer settings and
the same Local Sidereal Time (LST).

In this paper, we include data from just two nights to demon-
strate the technique and to measure the spectrum of the Galactic
synchrotron emission for this particular MWA pointing. Observa-
tions tracking the Moon were taken on 2015 September 26 and the
corresponding, LST-locked, ‘off-Moon’ observations were taken
on 2015 September 29. Five contiguous bands using the MWA’s
30.72 MHz instantaneous bandwidth were used, covering the range
72-230 MHz, while avoiding approximately 5 MHz around the OR-
BCOMM satellites’ operating frequency of 137 MHz. Data were
taken with time and frequency resolutions of 1 s and 40 kHz, respec-
tively. The total on-Moon integration time per frequency channel is
~70 min.

4 DATA REDUCTION AND MODELLING

The (u, v) data are flagged for RFI and converted to measurement
sets using COTTER (Offringa et al. 2015). Both the on- and off-Moon
measurement sets are phase shifted so that the phase centre of each
LST-locked pair of observations is at the coordinates of the Moon’s
position during the observation. The data are then calibrated using
CALIBRATE, developed by Offringa et al. (2016), and a sky model
generated from multifrequency radio data with the Positional Up-
date and Matching Algorithm (PUMA; Line et al. 2017). Dirty images
in instrumental polarization are produced using WSCLEAN (Offringa
etal. 2014). We use uniform weighting to avoid contamination from
large-scale structure and increase our angular resolution for char-
acterization of quasi-specular earthshine. Although using uniform
weighting does reduce the MWA sensitivity, on the scales associated
with the Moon it does not have a significant effect. Using natural
weighting for the imaging was trialled and found not to have a large
impact on our results, apart from increasing the size of the error
bars in the final spectrum.

We use an image size of 2048 x 2048 pixels, covering a ~17°
field of view and having a bandwidth of 1.28 MHz. The synthesized
beam size ranges from a full-width-half-maximum (FWHM) of
approximately 6 arcmin at the lowest frequency to 2 arcmin at the
highest frequency. To simplify the modelling process which is to
follow, the same pixel size of 0.0085° (0/51) is used across the
full frequency range. The images are primary-beam corrected and
converted to Stokes images using PBCORRECT (Offringa et al. 2016)
and the MWA primary beam model of Sokolowski et al. (2017).
To check for poorly calibrated images, a simple root-mean-square
(rms) threshold check is made on each image. If the measured
rms of a patch of the image close to, but not including, the Moon
is below a specified threshold then the LST-locked on-Moon and
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off-Moon Stokes I image pairs are differenced and saved. A point
spread function (PSF) image is also produced at each frequency for
each observation.

The ionosphere may have a strong impact on global EoR ex-
periments, primarily due to frequency-dependent absorption and
emission that can corrupt the redshifted 21 cm signal (Vedantham
et al. 2014; Datta et al. 2016). However, Sokolowski et al. (2015a)
have shown that these effects may average to zero over long in-
tegrations, hence our approach to observe over many nights. We
therefore do not consider these effects further in this paper. Refrac-
tive ionospheric effects, however, are particularly problematic for
our experiment, which relies upon making difference images be-
tween two nights with potentially different ionospheric conditions.
The ionospheric conditions over the MWA have been studied by
Jordan et al. (2017) who find that 74 per cent of MWA observations
can be classified as having little to no active ionospheric activity.
The data selected for this paper were chosen from such a quiet
night, where ionospheric effects can effectively be ignored. This
can be seen by the minimal missubtraction of radio sources in our
difference images (see Fig. 1, panels A and D).

We implement a modelling procedure, building upon the work
of Vedantham et al. 2015, to estimate and isolate reflected earth-
shine and recover the flux density of the Moon’s disc. Vedantham
et al. (2015) assume specular reflection for earthshine and model
the Moon’s total emission as a disc component and a point-source
component due to earthshine. We introduce a more sophisticated
model of the earthshine that more accurately captures the Moon’s
reflective properties.

We employ a two-step earthshine-mitigation process. In the first
step, we follow Vedantham et al. (2015), but replace the point-source
model of earthshine with a mask of 5 x 8 pixels (2.5 x 4 arcmin)
elongated along the RA axis. This is to account for two effects which
broaden the quasi-specular component of the earthshine. The first
is the angular broadening as described by Vedantham et al. (2015),
who calculate that the broadening would have an rms width of
3.86 arcmin based on an rms slope for the lunar surface of 14°, as
estimated by Daniels (1963a). The value used for the rms slope,
however, is incorrect because Daniels (1963a) did not account for
the diffuse component of the reflections in their analysis. Instead,
we use the revised value of 6.8° for the rms slope of the Moon’s
surface (Daniels 1963b). The second broadening effect is due to the
Moon’s motion against the sky background over the course of each
4-min observation, which smears the quasi-specular component of
the earthshine across the RA direction. Our model can be expressed
as

D = (sgiseM + SspecB) *P+N, 3)

where D is the matrix of dirty difference image brightness values,
M is a mask representing the disc of the Moon (having a value of 1
within the Moon’s diameter and O elsewhere), B is the mask repre-
senting the broadened, quasi-specular component of the earthshine,
P is the PSF of the telescope, and N is noise. The variables sg;. and
Sspec are the brightness values of the disc component and the quasi-
specular reflection component of our Moon model, respectively, in
units of Jy/pixel.

We solve for sgisc and sgpee using the maximum likelihood esti-
mation employed by Vedantham et al. (2015). The total integrated
flux densities for the disc component, Sgis., and the quasi-specular
component, Sgpec, are then calculated by multiplying sgisc and Sgpec
by their respective masks and summing over all pixels.

In Fig. 1, we show the resulting images from the modelling
process, averaged over 16 observations, for the 1.28-MHz frequency

5037

channel centred on 200 MHz. Panel A shows the average difference
image, Panel B shows the average reconstructed disc component of
the model (convolved with the telescope PSF), Panel C shows the
average reconstructed point-like source of quasi-specular earthshine
(convolved with the telescope PSF), and Panel D shows the average
residual image (D =A — B — (). In Fig. 2, we show cross-sections
through the images in Fig 1, along the RA axis, in order to give a
clearer picture of how well the RFI mitigation is performing.

The modelling is performed on each observation separately and
the mean and standard deviation of Sgisc and Sgpe. are computed
for each frequency band. The top and centre panels of Fig. 3 show
Sgisc and Sgpec as a function of frequency. The data points are the
mean and the error bars are the standard deviation. We find that
the standard deviations are much larger than the uncertainties com-
puted in the modelling process and hence we use these in the plots
and subsequent fits for the Galactic sky temperature and bright-
ness temperature of the Moon. We postulate that these large stan-
dard deviations are due to the time variation of the reflected earth-
shine and the large channel bandwidth used, which would include
many earthshine-contributing transmitters. These issues will be ad-
dressed in future work where we will model the earthshine contri-
bution to the brightness temperature at higher temporal and spectral
resolution.

A clear feature of both of these plots is the large spike of emission
between 88—110 MHz. In both cases, this feature is due to emission
from Earth in the FM radio band (see McKinley et al. 2013) being
reflected by the Moon in both a quasi-specular (in the case of Spec)
and diffuse (in the case of Sy.) fashion. The large error bars in
the region dominated by earthshine correspond to a large spread
between values computed for the different observations. This is
likely due to the time variability of the earthshine, which is expected
to fluctuate over the course of the night as different transmitters on
Earth move into and out of the line of sight of the Moon.

As discussed in Section 2, the contaminating earthshine consists
of two components; a quasi-specular component represented by
Sepec and a diffuse component which we label Sgifuse. The flux
density of the Moon, S;,,(v), which we require to solve equation (1),
can therefore be expressed as

Sm(V) = Sdisc(V) - Sdiffuse(v)~ (4)

In the second step of the earthshine mitigation process, we aim
to determine the ratio of the diffuse to quasi-specular earthshine
components across the entire frequency band, R.(v), so that we can
remove the diffuse component of the earthshine from the disc flux
density and obtain S;,,(v) using equation (4).

We combine equations (31) and (32) of Evans (1969) to compute
the frequency dependence of the ratio between the diffuse and quasi-
specular components of the earthshine, R.(v) and obtain

R(v) = (Sdiffusc(v)> — A, )
Sspec(v)
where Sgifruse (V) 1s the flux density of the disc component of the
earthshine, Sqpe(v) is the flux density of the quasi-specular compo-
nent of the earthshine, v is frequency in MHz, and A is a propor-
tionality constant.
Combining equations (4) and (5), we can obtain Sp,(v) by

Sm(v) = Sgisc(v) — Re(V)Sspec(V)~ (6)

The bright, reflected emission in the FM radio band is actually
of benefit to us at this point, as it allows us to directly measure the
proportionality constant A in equation (5) with a high SNR. We
determine A by measuring Sgifruse(v) and Sgpecutar(v) in the middle

MNRAS 481, 5034-5045 (2018)
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Figure 1. Images resulting from the Moon modelling process, averaged over 16 observations, for the 1.28 MHz frequency channel centred on 200 MHz. Panel
A: Average difference image. Panel B: Average reconstructed disc model of the Moon (convolved with the telescope PSF). Panel C: Average reconstructed
quasi-specular earthshine (convolved with the telescope PSF). Panel D: Average residual image (D = A — B — C). All images are shown on the same angular

scale.

of the FM band at 100 MHz. We find Sgifuse(v = 100) by first
fitting a line to Sgsc(v) to estimate the contribution of S, (v) and
then subtracting the estimate of S,,(v = 100) from Sgs.(v = 100).
We then calculate A by

_ Siffuse(v = 100)

—0.58
A= Soe(v = T00) (100)~038, (7

At this point, we can obtain S,,(v) by applying equation (6) to the
measured spectrum, however this is not particularly useful for 21-cm
cosmology as it does not reduce the size of the error bars on Sy, (v).
Instead, we rerun the modelling procedure and use our previously
computed values of R.(v) to remove the diffuse component of the
earthshine for each observation before calculating the mean and
standard deviation at each frequency. In doing this, we effectively
remove the diffuse component of the RFI and the errors associated
with its time variability. The final RFI-corrected measurements of
Sm(v) are shown in the bottom panel of Fig. 3.

MNRAS 481, 5034-5045 (2018)

5 RESULTS AND ANALYSIS

5.1 Reflected Galactic Emission

Having measured the flux density of the Moon’s disc and removed
the contaminating earthshine emission, we can now proceed to
determining the average background sky temperature using equa-
tion (2). We must first, however, calculate the additional contribu-
tion to the Moon’s brightness temperature due to the reflection of
Galactic emission, Tie_Gal (V).

At these frequencies, the Moon has an albedo of 0.07 (Evans
1969), which means that there is a significant amount of Galactic
radio emission that is reflected by the Moon’s disc. We use ray
tracing to calculate the expected reflected Galactic emission, using
the positions and orientations of the Moon, the MWA, and the
Global Sky Model (GSM; de Oliveira-Costa et al. 2008) at the time
of the observations. The reflected Galactic emission mapped on
to the disc of the Moon is computed at 5 MHz intervals from 70
to 230 MHz. The resulting map at 150 MHz is shown in Fig. 4
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Figure 2. Cross-sections through the centres of the images shown in Fig. 1, along the RA axis. Panel A: Cross-section through the average difference image.

Panel B: Cross-section through the average reconstructed disc model of the Moon (convolved with the telescope PSF). Panel C: Cross-section through the
average reconstructed quasi-specular earthshine (convolved with the telescope PSF). Panel D: Cross-section through the average residual image. All plots are

shown on the same y-axis brightness scale.

(left-hand panel) as an example. Taking the disc average of the
reflected image, we find that the temperature due to reflection of
Galactic emission (7 g (v) from equation 2) is well modelled by
a power law

®)

B
e a0 = T (155
efl—Gal(V) 150 750 VI

where v is the frequency in MHz, Trq150 is the reflected temperature
at 150 MHz taking into account the 7 per cent albedo of the Moon,
found to be 25.3 K, and p is the spectral index, found to be —2.50.
The disc-averaged reflected temperatures, along with the power-law
fit, are shown in Fig. 4 (right-hand panel).

5.2 Fitting for T, (v) and Tmeen

Rearranging equation (2) and placing the unknown quantities on
the left, we calculate

TGa1(v) — Tooon = [Tre-Earth(V) + Trefi—gar(v)]
—[AT(v) + Tems + Teor(V)], )

using our measurements of the flux density of the Moon, S,(v),
and equation (1) to compute AT(v), our modelled values of
Trefi-cal(v) from Section 5.1, Teyp = 2.725 K (Mather et al. 1994),
and Trep_pam(v) = 0 K, since earthshine has been removed (see
Section 4). As discussed in Section 2, Tger(v) is ignored in this

work. We then fit a power law with an offset to the data of the form

(tsoni) — Tomer (10)
where v is the frequency in MHz and Tgy150, @ and Togrer are the
fitted parameters. Assuming that 7, (v) is equal to the power-law
component, then Toon = Tosrser- We find the best-fitting values for
TGaiis0, o, and Togpser are 195 £ 14 K, —2.64 +0.14,and 180 + 12 K,
respectively, where the quoted uncertainties are the 1o errors de-
rived from the diagonal elements of the covariance matrix of the fit.
It must be noted, however, that the parameters are highly correlated,
as shown by the near-unity values of the off-diagonal elements of
the correlation matrix, C

TG (v) = Timoon = TGaliso

Tottser  Toaitso o
Tofisee  1.000  0.980 0.928
Tanso 0.980 1.000 0.927
o 0.928 0.927 1.000

C =

In future work, we will attempt to break this degeneracy, pos-
sibly by using an independent method to measure Toon. In fact,
on- and off-Moon observations have already been taken with
the Engineering Development Array (Wayth et al. 2017), co-located
with the MWA, that may suit this purpose.

MNRAS 481, 5034-5045 (2018)
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Figure 3. Measurements of the integrated flux density for three components of our Moon and earthshine model. Data points are the mean of the measurements
from multiple observations at each frequency and the error bars are the standard deviation. Top panel: Flux density of the disc component of our Moon model
Sdisc(v), resulting from the first stage of our earthshine-mitigation process. Centre panel: Flux density of the quasi-specular component of the earthshine
Sspec(v), resulting from the first stage of our earthshine-mitigation process. Bottom panel: The final estimate of the intrinsic flux density of the Moon Sy, (v),
after removal of the diffuse earthshine component in the second stage of our earthshine mitigation process, using equation (6). A colour version of this figure

is available in the online article.

In Fig. 5, we plot
TGa(v) = Toon + [Tren—Eartn (V) + Trei—Ga(v)]
—[AT () + Tems (V)] (11

where all variables are as described previously and Tineon = 180 K,
from our fit above. The error bars are computed by propagation of
the errors on Sy, (v), as shown in the bottom panel of Fig. 3. In Fig. 5,
we also plot our fit for T, (v), described by equation (10).

5.3 Global sky models

In order to validate our results, we calculated the values we ex-
pect to obtain for 7, (v) using three available ‘global’ sky models:
the original GSM of de Oliveira-Costa et al. (2008), the updated
GSM (hereafter GSM2017) of Zheng et al. (2017), and the Low-
Frequency Sky Model (LFSM) of Dowell et al. (2017). We gener-
ated sky maps for the GSM and GSM2017 using the PYGSM code!

Thttps://github.com/telegraphic/PyGSM

MNRAS 481, 5034-5045 (2018)

and for the LFSM we used the code provided on the Long Wave-
length Array Low-Frequency Survey website.” Full sky maps were
generated for each frequency band in our observations.

We then calculated the mean temperature of the sky over the
area occulted by the Moon in our observations, at sky position: RA
(J2000) 22"48™24.3%, Dec (J2000) —5°21'28.1"” (the Moon’s posi-
tion at UTC 2015 September 26 14:00:00, approximately halfway
through the observations) at each frequency and for all three sky
models. The corresponding Galactic latitude of the Moon in our
observations is —53.5°.

Assuming an error of 15 percent on the occulted-sky average
temperature data points generated from the global sky models, we
fit a power law of the same form as equation (8) to the data for each
model. The resulting fits for the three global sky models are shown
in Fig. 6, along with our measurements of 7, (v) obtained using
the lunar occultation technique, for comparison. For the GSM we
find Ty50 =242 £ 3 K and = —2.59 £ 0.10, for the GSM2017 we

Zhttps://1dal0g.alliance.unm.edu/LW A 1 LowFrequencySkySurvey/
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using ray tracing and assuming a Moon albedo of 7 per cent. The GSM of de Oliveira-Costa et al. (2008) has been used as the sky model. In this map, the disc
average of the reflected temperature, Tre150, 1S 25.3 K. Right-hand panel: The disc-averaged temperature calculated from the ray-tracing results, plotted as a
function of frequency. The dotted line is a power-law fit, assuming a 15 per cent error on each disc-averaged temperature computed using the GSM.
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Figure 5. The Galactic sky temperature, TG, (v), at the position of the Moon as measured with the MWA using the lunar occultation technique. The dashed
orange line is a power-law fit to the data. A colour version of this figure is available in the online article.
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Figure 6. Global sky model predictions for the mean brightness temperature of the occulted patch of sky using the GSM (de Oliveira-Costa et al. 2008), the
GSM2017 (Zheng et al. 2017), and the LFSM (Dowell et al. 2017). The broken lines are fits to the data generated from each model assuming an error of
15 per cent on each point and using a simple power-law model. The unbroken line with error bars is our measured Galactic sky temperature reproduced from
Fig. 5 for comparison. A colour version of this figure is available in the online article.

find Ty590 = 223 £ 3 Kand @« = —2.62 £ 0.10, and for the LFSM
we find T50 = 321 =5 K and o = —2.75 4+ 0.10.

6 DISCUSSION

6.1 Measurement of the Galactic spectral index

The most precise measurement of the Galactic synchrotron fore-
ground in our observed radio-frequency range is that of Mozdzen
etal. (2017) using EDGES. At high-Galactic latitudes matching our
experiment, they find a Galactic spectral index of « = —2.62 £ 0.02.
Our result for the Galactic spectral index of —2.64 + 0.14 is con-
sistent with the EDGES result (and the previous EDGES result of
Rogers & Bowman 2008), given the large uncertainties in our mea-
surements. However it is not a clean comparison, since the area of
sky covered by the EDGES beam is very large, covering a signifi-
cant fraction of the entire sky, compared to our local measurement
of the sky occulted by the Moon.

The best comparison to make is with respect to the three global
sky models used to predict the measured sky temperature in Sec-
tion 5.3. We find that our spectral-index value of @« = —2.64 £ 0.14

MNRAS 481, 5034-5045 (2018)

is consistent with the best-fitting spectral index for the GSM model
of « = —2.59 £ 0.10 and for the GSM2017 of & = —2.62 4+ 0.10
(see Fig. 6). The LESM, however, greatly overpredicts the steepness
of the spectral index and the temperature at 150 MHz. Our results
are also consistent with the spectral index value (computed between
45 MHz and 408 MHz) of Guzman (2011), who combine their own
data with the map of Haslam et al. (1975) to produce a spectral-
index map that shows a value of around —2.55 at the position of our
Moon observations.

In the only other experiment to use the lunar occultation tech-
nique, Vedantham et al. (2015) found that a steeper spectral index
of @ = —2.9 was the best fit to their data, at a lower frequency
range of between 35 and 80 MHz with LOFAR. This steep spec-
tral index is unexpected, particularly because their observations
were at a low-Galactic latitude of around —10°, where the Galactic
synchrotron emission is expected to have a flatter spectral index
of around —2.4 (de Oliveira-Costa et al. 2008; Vedantham et al.
2015). This could possibly be due to unaccounted-for diffuse earth-
shine, but the uncertainties in the measurements of Vedantham et al.
(2015) were also high due to problematic sidelobe sources in their
data.
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Figure 7. The brightness temperature of the Moon from table 2 of Krotikov & Troitskii (1964) and the brightness temperature of the Moon measured in this

work. A colour version of this figure is available in the online article.

6.2 Measurement of 7\,o0n(v)

In a comprehensive review, Krotikov & Troitskii (1964) report mea-
sured values of Tio0n at wavelengths between 0.13 cm and 168 cm.
In Fig. 7, we plot our measurement of Ty,00n (With frequency taken
to be in the middle of our band at 150 MHz), along with the values
published in table 2 of Krotikov & Troitskii (1964) that are below
1.5 GHz. Our value appears low compared to others, however it
should be noted that there are few measurements at low frequencies
(only one, Baldwin 1961, in our observing band) and that all of the
measurements have large systematic errors, often not reflected in
the quoted uncertainties.

For example, the Baldwin (1961) measurement at 178 MHz
makes use of an interferometer and therefore relies on an accu-
rate knowledge of the mean sky temperature at the position of the
Moon. The sky temperatures used are derived from those of Tur-
tle & Baldwin (1962) and Turtle et al. (1962b). Uncertainties of
10 per cent, plus a zero-level uncertainty of £15 K, are claimed by
Turtle & Baldwin (1962), while Turtle et al. (1962b), who claim
uncertainties in their overall sky temperature and zero-level cali-
bration of a few K, use an antenna with a very large beamwidth
(15° in RA and 44° in DEC), so their measurements cannot be
easily compared to the local temperature at the Moon’s position in
the sky.

Such systematic errors are present in many of the references
quoted by Krotikov & Troitskii (1964), with most Tpe0, measure-
ments relying on the sky temperature being known. This degener-
acy between the mean sky temperature and the Moon temperature

will also be problematic for new space-based experiments such as
DARE and DSL, which aim to use the Moon as a shield to protect
them from terrestrial RFI, as they seek to measure the global sig-
nal from the Dark Ages through to the EoR. New, low-frequency
measurements of the Moon’s brightness temperature such as ours,
will be beneficial to these experiments as they plan and refine their
calibration and imaging strategies.

It is also possible that the albedo of the Moon changes with fre-
quency and that this is responsible for a change in the observed
brightness temperature at low frequencies. A compilation of radar
measurements presented by Evans (1969) shows that the total radar
cross-section of the Moon appears to remain relatively constant
from cm to m wavelengths, but the error bars on the measurements
are very large. This is despite the fact that varying the wavelength
changes the apparent smoothness of the Moon. Evans (1969) sug-
gest that the decrease in diffuse reflection with increasing frequency
is offset by an increase in quasi-specular reflection. At lower fre-
quencies, however, we are penetrating deeper into the lunar regolith
(Krotikov & Troitskii 1964), where the reflective properties are not
well studied and changes in the Moon’s albedo may be significant.

6.3 RFI

As with all global signal experiments, RFI is a problem as it is not
smooth in frequency and could mimic an EoR signature. In our case,
earthshine is the most significant form of RFI, especially in the FM
radio band. However, using the techniques pioneered in this work,

MNRAS 481, 5034-5045 (2018)
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it may be that the bright FM radio band is of benefit, as it allows
us to characterize the reflective properties of the Moon and remove
both the diffuse and specular components of earthshine. Whether
these improvements to the measured spectrum continue to reduce
the error bars to a sufficient level as we include more data remains
an open question.

7 CONCLUSIONS AND FUTURE WORK

In this paper, we have presented the first results from the MWA lunar
occultation experiment. We have measured the Galactic synchrotron
foreground and developed new techniques to mitigate against earth-
shine. We have also made a measurement of the brightness tempera-
ture of the Moon, which is of interest to low-frequency experiments
proposed for lunar orbit.

Our initial results using the lunar occultation technique are
promising. We are beginning to understand the errors and spec-
tral features present in our data and will continue to refine our
techniques. We will process the remaining data from the 2015 ob-
serving run using the techniques outlined in this paper. We also plan
to investigate modelling techniques in («, v) space which may lead
to improved fits and greater efficiency.

Observations covering a wide range of Galactic latitudes have
been conducted during MWA observing semester 2018A, which
provide a more diverse data set for the lunar occultation experiment.
These observations utilize the long-baseline configuration of the
MWA-Phase II (Wayth et al., in preparation), allowing us to map
the quasi-specular earthshine at higher angular resolution.

Future progress depends upon processing more data and fur-
ther refining our techniques to effectively model foreground and
reflected emission within our frequency range. The reflective be-
haviour of the Moon at low frequencies is not well studied and this
will require particular attention. We must also develop techniques
to break the degeneracy between the sky temperature and the Moon
temperature in our fitting procedure. The prospects for measuring
the redshifted 21-cm signal from the EoR and Cosmic Dawn using
the lunar occultation technique with the MWA depend upon solving
these key issues. We will report our progress in subsequent papers
in this series.
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