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Abstract. The Moon has been observed using the VATLY radio telescope at frequencies of 1420.4 and 1417.6 MHz in
order to study the behaviour of the instrument in a domain of flux density close to the limit of its sensitivity. Drift scans
have revealed a Moon flux density of 0.83 £0.16 kJy corresponding to a Moon black body temperature of 207 +40 K.
From these results, a limit sensitivity of ~ 300 Jy has been inferred in agreement with earlier coarser estimates.

I. INTRODUCTION

The Moon is known to be a strong radio source. At the limit of the ability of our telescope,
it is a convenient target for the study of its sensitivity. Its radio emission has been studied in detail
in the third quarter of the past century [1]. At infrared wavelengths there are variations correlated
with the lunar phase which are due to solar heating. At centimetre wavelengths such variations are
nearly negligible. This is because radio emission (which is thermal) arises from below the surface,
underneath the regolith, where the rock is heated by conduction and the variations lag behind solar
heating.

Earlier studies of the performance of the VATLY radio telescope [2, 3], including observa-
tions of the Crab (Taurus A) and measurements of fluctuations of the antenna temperature during
quiet nights, have suggested that the limit sensitivity of the instrument would be a few hundred
Jansky, mostly limited by man-made radio-frequency interferences (RFI) and gain instabilities
caused, in particular, by temperature variations. In order to obtain a more precise, and more re-
liable evaluation, we have observed the Moon using either a beam-switching technique or drift
scans. These observations and their analysis are the subject of the present article.

Details about the VATLY radio telescope and its performance have been published ear-
lier [2, 3] and do not need to be repeated here. It is sufficient to recall that it is equipped with
a fully steerable parabolic dish, 2.6 m in diameter, remotely adjustable in elevation and azimuth.
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It is operated at frequencies between 1400 and 1440 MHz. The reflected wave is deteced at focus
by a helical feed, where it is locally pre-amplified, shifted to lower frequency using standard super-
heterodyne, amplified and digitized. Standard data collection consists in a sequence of successive
measurements of ~ 8.2 s duration each, digitized in the form of a frequency histogram covering
~ 1.2 MHz in 156 bins of ~ 7.8 kHz each. The angular aperture of the main lobe (the “beam”) is
well described by a Gaussian having a ¢ of 2.3° and the pointing accuracy is measured to be 0.22°
ina x cos(h) and 0.11° in & where a and h are the azimuth and elevation respectively. An antenna
efficiency factor of ~ 65% has been measured, meaning a conversion factor of 1.2540.09 K/kJy.
Studies of neutral hydrogen in the disk of the Milky Way [4], of multipathing effects causing cor-
relations between the periods of apparent solar oscillations observed by distant radio telescopes [5]
and of polarized solar flares [6] have been published earlier.

The observations reported here have been made in two successive campaigns using differ-
ent strategies, drift-scans and beam-switching. In both cases the telescope was pointed to fixed
positions at which data were collected during fixed time intervals (40 min for drift-scans, 8 min
for beam-switching) in a succession of ~ 8 s integrations, each providing a frequency spectrum.
We refer to a set of data collected when the telescope is pointing to a fixed position as a “pointing”
and to each integration, or frequency spectrum, as a “measurement”.

In what is referred as drift scans, the telescope was pointed to fixed positions on the Moon
trajectory and data were collected during time intervals centred on the transit of the Moon at each
of these positions. The time intervals were long enough (40 min) for the Moon to be off the
telescope beam at the beginning and at the end of each time interval, the Moon being detected
by subtraction of the power collected near the limits of the time interval from that collected at
mid-interval.

In what is referred as beam-switching observations, much shorter time intervals were used
(8 min), such as when the telescope was pointed to the Moon, the power collected from the Moon
was essentially constant, the beam being much broader than the angle spanned by the Moon during
the time interval. In this case, the empty sky contribution was subtracted by pointing the telescope
off the Moon trajectory. Precisely, the telescope was pointed alternately on and off the Moon,
off-the-Moon pointings alternating between 7° up and 7° down in elevation with respect to the
Moon trajectory. Each pointing was such that the Moon would cross its azimuth at mid-period.
The sequence of observations was: 8 min on, 8 min up, 8 min on, 8 min down, 8 min on, 8 min up,
8 min on, etc. It takes only 20 s to move the telescope from an “on” position to an “off”” position
and time intervals shorter than 8 min could have been chosen without much affecting the duty
cycle. The choice of 8 min was in fact dictated by the concern of not overstraining the steering
mechanism.

Calibrations using a noise source at the apex of the antenna, successively enabled and dis-
abled for ~ 1 s, were performed at the beginning of each drift-scan, namely every 40 min, but only
once a day in the case of beam-switching observations. In many respects, the beam-switching
campaign served as a prelude to the drift-scan campaign, the lessons being learned from it having
been used to improve the quality of the latter. Among these was the choice of frequency, centred
on the HI line in the beam-switching observations and shifted away from it, at a place where the
system temperature is significantly lower, in the drift-scan campaign. We nevertheless present the
results of both campaigns in what follows.



SENSITIVITY LIMIT OF THE VATLY RADIO TELESCOPE: OBSERVING THE MOON 373

II. BEAM-SWITCHING OBSERVATIONS

A first series of 14 beam-switching observations was performed between May 6 and June
17!, 2014. Each observation, from Moon rise to Moon set, was made of successive “on” and
“off” pointings, each lasting ~ 8 min, namely including nearly 60 frequency spectra (60 “mea-
surements”).

The strategy used to analyse the data is to consider pairs of successive “on-off” observations
and to compare the associated antenna temperatures. In 8 min, the Moon spans typically 2°,
meaning +1° with respect to the antenna pointing direction, small enough compared with the &
of the beam (2.3°) to have a nearly negligible effect (it decreases the flux by only 3%). On the
contrary, the 7° shift in elevation keeps the Moon contribution at a low enough level (between 1%
and 3%). The central frequency was fixed at 1420.4 MHz.

In order to eliminate contributions from HI clouds and RFIs, the measurement of the con-
tinuum antenna temperature is limited to a pair of intervals of frequency bins, below and above
the 21 cm hydrogen line. A first linear fit is made over these intervals and measurements deviating
from it by 6 > 10 K in absolute value (Figure 1 left) are rejected. The power spectrum is known
to be well described by a linear form, with a slope of purely instrumental origin that depends on
central frequency [3]. The fit is then repeated giving, for each spectrum j, values a;, b; and sz,
of respectively the slope of the antenna temperature (in Kelvin per frequency bin), the antenna
temperature at central frequency, and a measure of the quality of the fit (calculated for an arbi-
trary 1 K uncertainty and divided by the number of degrees of freedom). Figure 1 displays the
distributions of 8, a;/b; and )(12 The inequalities |a;/b;+0.45x 1073| < 0.2 x 1073 and %]2 <28
were required to be obeyed for the measurement to be retained. The distribution of sz indicates
that a typical uncertainty of 4 K is attached to each frequency bin. Moreover, in order to exclude
measurements where the system temperature and/or the sky antenna temperature are too far from
average (possibly because of the proximity of the Sun, or of the Milky Way, or simply of ground)
the inequality 205 K< b; <255 K has also to be obeyed.

The next step checks the consistency of the sixty or so measurements of a same pointing.
A linear fit of the form b; = bypean + b'(t i— tmean) 18 performed for each pointing, f;e., being the
time when the Moon crosses the meridian to which the telescope is pointing and ¢; the time of
measurement j. Here again, the fit is made in two steps, the first step calculating the value of byeqn
and b’ for the current pointing and the second step retaining only values of b; deviating from the
linear fit by Ab < 1.5 K in absolute value (Figure 2 left). For a pointing to be retained in the final
sample, it has to include a number N > 40 of “good” measurements obeying this cut on Ab, to
have a y? per degree of freedom not exceeding 0.75 and a value of b’ not exceeding 10 mK per
time bin of 8.2 s in absolute value. Distributions of these quantities are displayed in Figure 2.

The above selection retains 77 pairs of “on-off” pointings with two values of byean, bon
and b,y measuring respectively the antenna temperatures of the Moon+sky and of the empty
sky. If b’ would cancel, namely if the empty sky antenna temperature were constant on a time
scale of a pointing, the Moon antenna temperature would be obtained by simply subtracting b, ¢
from b,,. But, as b’ does not cancel, we need to correct for the evolution of the empty sky an-
tenna temperature between the “on” and “off” pointings. As they are separated by ~ 60 time
bins, the “on” pointing preceding the “off” pointing, we define the Moon antenna temperature as
Amoon = bon — (borr — 600"). Its distribution is displayed in Figure 3. It has mean and rms values
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Fig. 1. Dependence of the antenna temperature on frequency: distributions of the devia-
tion & (K) of the measured antenna temperature from the linear fit; of the relative slope
a;/b; obtained from the linear fit (per frequency bin) and of sz, the chi squared per de-
gree of freedom describing the quality of the fit (see text). The arrows indicate the cuts
that are applied.
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Fig. 2. Comparing antenna temperatures measured in the different frequency spectra of
a same pointing: distributions of Ab (K), the deviation from the linear fit of the mean
antenna temperature measured for each frequency spectrum of a same pointing (see text);
of N, the number of measurements (frequency spectra) in each pointing obeying Ab <
1.5 K; of the value of x? describing the quality of the linear fit (see text); and of ' (in
units of K per time bin of ~ 8.2 s). The arrows indicate the cuts that are applied.

of 0.6 K and 1.2 K respectively. Requiring the antenna temperature of the empty sky not to exceed
245 K (240 K) reduces the sample to 57 (26) pairs of pointings and increases the mean value of the
Moon antenna temperature to 0.7 K (0.9 K). This illustrates the importance of systematic errors
in this set of data. The result varies typically between 0.5 K and 0.9 K when the selection cuts
are varied within reasonable limits, making a realistic evaluation of the final uncertainty difficult.
Different analyses using triplets of successive pointings of the type “off-on-off” or “on-off-on” as
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Fig. 3. Distribution of the antenna temperature of the Moon for the sample of 77 retained
pairs of pointings (red) and for those obeying in addition the constraint b, s < 245 K
(blue).

well as quintets of the type “on-up-on-down-on” have been made but failed to bring a significant
improvement of the reliability and accuracy of the measurement. The main reason is the impor-
tant variation of the empty sky temperature from one pointing to the next. The &’ cut of 10 mK
per measurement means a maximal excursion of £0.3 K across the pointing and 0.6 K between
pointings, commensurate with the Moon antenna temperature being measured. More frequent
beam-switching would have improved the situation in this respect. Another lesson of these obser-
vations is the importance of choosing a frequency as free as possible of HI clouds and RFIs. In
this respect, the choice of 1420.4 MHz as central frequency was not optimal, the effective system
temperature being higher there than at lower frequencies. We retain as final result a Moon antenna
temperature of 0.7 + 0.2 K, dominated by systematic uncertainties.

III. DRIFT SCANS

Taking advantage of the experience gained with the series of beam-switching observations,
a second campaign was made, this time collecting a large number of drift scans, each lasting 40
min, such that the telescope be pointing to the Moon at mid scan, namely 20 min after start. As
20 min corresponds to an angular drift of 5°cosd, where § is the declination of the Moon, and the
antenna lobe has a ¢ of 2.3°, the sagitta of the dependence of the detected flux on time is more
than 1 — exp[—21(5/2.3)?] ~ 90% of the true flux. As we are close to a minor lunar standstill,
the Moon declination remains small and the cosd factor has little influence. The frequency was
fixed at 1417.6 MHz in order to be as free as possible from RFIs and HI clouds and observations
were performed between July 16™ and October 12", 2014. After having rejected scans pointing
too close to the Sun, the Milky Way or obstacles on ground, scans where the Moon at mid-scan
is more than 0.8° away from the pointing direction of the telescope and scans displaying sudden
changes of gain resulting from strong RFIs, we are left with a total of 80 drift scans (pointings) to
be analysed.
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In a first phase, we fit a straight line, ai 4 b, to the antenna temperature 7; measured in bin
i of each frequency spectrum (of which there are 310 per drift scan). The resulting distributions
of a, b, a/b, x* and |§;| = |T; — ai — b| /A; (using an uncertainty A; = 2 K) are displayed in Figure
4. We only retain measurements having ¥ < 5 units per degree of freedom (of which there are
138), —9.4 x 107 < a/b < —5.4x 10*4, —0.22 < a < —0.12 and b < 300 K. Here, a is in K per
frequency bin and a/b in (frequency bin)~!. We note that the mean value of a/b, —7.4 x 1074,
and that found in the beam-switching data, —4.5 x 10~%, are consistent with the known frequency
dependence [3] of ~ 80 ppm/MHz. We then repeat the fit retaining only frequency channels having
|6;] < 7 K and calculate the new values of the preceding quantities, which are also displayed in
Figure 4 together with the earlier values. Finally, we only retain drift scans having a number N of
retained measurements in excess of 270 (Figure 4). There are 64 of them.
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Fig. 4. From left to right and top to bottom: distributions of a (%), b (K), a/b(%), x>
and |J;| before (red) and after (blue) selection of the retained measurements. In the first
four panels there is one entry per measurement, namely per frequency spectrum. In the
fifth panel, there is one entry per frequency bin. The last panel displays the distribution
of the number N of retained measurements per drift scan (one entry per drift scan). Only
drift scans having N > 270 are retained for further analysis.

For each of the 64 retained drift scans, the b; values of each retained measurement j (of
which there are N > 270 per drift scan) are fitted to a form

bj = Tyy[l +&(j — 159)] + Taoonexp[—3 (j — 159)2cos?5 /72.47].

Here, the first term describes an empty sky contribution that varies linearly with time, with
mean value T, and relative slope &. The second term describes the contribution Tjs,., of the
Moon, modulated by the beam as the Moon drifts across it. The values 159 and 72.4 correspond
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respectively to the value of j for the measurement pointing to the Moon and to the lobe width
(6 =2.3°, meaning 9.2 min or 72.4 j bins divided by cos&). The resulting x? distribution (calcu-
lated per degree of freedom for an uncertainty of 1 K on b;) is displayed in Figure 5 (left). The
fit ignores the first four measurements (j < 5) because they are used for calibration. Retaining
only scans having y? < 2, we are left with a final sample of 52 drift scans. The distribution of
the measured antenna temperature, from which the fitted sky temperature Ty, [1 4 & (j — 159)] has
been subtracted, is compared in Figure 5 (right) with the result of the fit.
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Fig. 5. Left: Distribution of the x> per degree of freedom obtained for the 64 final drift scans
from fits of the b; values to a form Ty [1 + & (j — 159)] + Toonexp|— % (j — 159)%/72.4]. Right:
Evolution of the antenna temperature as a function of measurement number, measured (red) and
fitted (blue), from which the fitted empty sky temperature has been subtracted.
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Distributions of Ty, Taeon and & are displayed in Fig. 6. The dispersion of & ~ 5 x 1073,
means 10 mK per measurement, comparable with the value found for the beam-switching obser-
vations. However, in the present case, there is a calibration at the beginning of each drift scan, the
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telescope stands still during the whole scan and, data being collected continuously, the variation of
the empty sky temperature is kept under good control. The value of Tys,0,, €xcluding 3 drift scans
where it deviates by more than 3 K from its mean, has a mean value of 1.00 K with an rms value
of 1.03 K. Ignoring possible systematic errors would mean an uncertainty of 1.00/ V49=0.14 K
on Tyr0n- The mean sky temperature has a mean value of 225 K with an rms value of 8 K and its
time slope is centred on —12 ppm with an rms value of 49 ppm per 8.2 s, meaning respectively
~ —0.3% and ~ 1.4% over a full scan.

IV. DISCUSSION

‘We have obtained two different but consistent evaluations of the Moon antenna temperature,
0.7£0.2 K and 1.00£0.14 K. However, because of the different choices of frequency and of the
better control over systematic errors offered by the drift scans, we prefer to retain the latter as our
final result, using the former as a simple consistency check. Indeed, the robustness of the results
with respect to changes in the selection criteria, an indicator of the importance of systematic
uncertainties, is much better in the drift-scan campaign than in the beam-switching campaign.

To the measured value of Tjo0,, 1.00£0.14 K, we must add the contribution of the empty
sky hidden behind the Moon and to its uncertainty a possible systematic contribution. The fraction
of the solid angle, weighted by the gain of the antenna, covered by the Moon (angular diameter of
31’ and lobe o of 2.3°) is 0.66%. The antenna temperature measured on the empty sky takes values
between 200 K and 250 K, ~ 225 K on average. Most of it is an effective system temperature,
including all contributions other than from astronomical origin, the real contribution of the empty
sky that is hidden behind the Moon is nearly negligible in comparison, just a few K (the HI line is
out of the bandwidth). For an estimated empty sky antenna temperature of 5 K, we must add 0.03
K to the Moon antenna temperature.
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Fig. 7. Variation of the measured antenna temperature of the Moon (red) as a function
of its phase ¢ (measured in days from O to 30 starting at New Moon) together with the
result of a fit (blue) to a form Ty + Ticos(@ + @), with Tp = 1.11 K, 7} = 0.30 K and
¢@p = —6.5°. The present result of Tys,,, = 1.03K (no phase dependence) is shown as a
magenta line and that of Zhang et al. as a black line.

From the robustness of this result as a function of the values adopted for the cuts, we esti-
mate a systematic uncertainty of ~ 0.15 K. Adding it in quadrature to the value obtained from the
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rms dispersion of Tjs,,, around its mean, we retain as final result for the Moon antenna tempera-
ture: Throon = 1.03 £0.20 K. An estimate of the ultimate sensitivity of the instrument, as defined
at the level of two standard deviations, is ~ 0.4 K for the antenna temperature, meaning ~ 300
Jy for the flux density, in agreement with earlier coarser estimates. The main factors limiting the
sensitivity of the instrument are not electronic noise but time variations of the empty sky temper-
ature, due in part to variations of the gain, probably associated with its dependence on ambient
temperature, and the presence of “bad” measurements, associated in part with RFIs. Operating the
telescope in a quieter environment and controlling the temperature would undoubtedly improve its
performance and probably lower its sensitivity limit down to noise level.

The Moon brightness temperature averaged over the whole disk has recently been mea-
sured [7] at 1420 MHz. The result, 233 K, is in good agreement with previous observations.
The measurement was done on January 7% and 8™, 20009, respectively 3 and 2 days before full
Moon. As the Moon angular radius is 31’ = 4.5 x 1073 rad, the Moon solid angle is Q =
74.52 x 1079 = 63.6 x 1070 sr and the flux density is therefore 2kgQA 2 x 233 =233 x 0.0636 x
1073 % (0.21)72 x 2 x 1.38 x 10723 x 10?® = 0.93 kJy, corresponding to an antenna temperature of
1.16 K for the VATLY radio telescope in very good agreement with our measurement. Conversely,
our result means a flux density of 0.83 +0.16 kJy and a black body temperature of 207 40 K.

Figure 7 displays the variation of the Moon antenna temperature as a function of the phase
¢ of the Moon together with the result of a fit to a form Ty + Ty cos(¢@ + ¢p). Including such a phase
dependence causes the ¥ to decrease from 11.7 for 14 degrees of freedom to 10.2 for 12 degrees
of freedom, implying that there is no evidence for any dependence of the Moon temperature on the
phase. Indeed, it is well established [1] that the Moon brightness temperature at 1.4 GHz varies
by less than 1% over a lunar month.
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