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• Radioastronomy on the Moon is an Old idea. First proposals pre-date Apollo missions !

• The Moon (Far side especially) has been long recognized as unique astronomical 
   platform, and a radio quiet zone by International Telecommunications Union
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• No place on/near Earth is dark at Low Frequencies (LF radio "smog")

• RAE-2 : 1100 km circular orbit inclined by 59° / lunar equator

RAE-2 occultation of Earth 
(1973)



• Far-side of the Moon and eternally-dark craters at the lunar poles shielded from 
   natural and man-made terrestrial RFI
→ AT NIGHT the most radio-quiet locations in the vicinity of the Earth. 

Attenuation of a 60 kHz radio wave due to propagation around the Moon 
with subsurface penetration and a lunar density model (Takahashi, 2003)

• Sensitivity limitation = Background sky temperature always high (~104-6 K)
→ sensitivity can be increased by long integrations
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RAE-2 observations (Novaco & Brown, 1978) : → no individual source identified



• Lunar ionosphere is very thin. Dual-frequency Luna spacecraft measurements suggest 
   that an ionised layer, several km thick, builds up on the illuminated side of the Moon, 
   with fpe-max ~0.5 MHz (Vyshlov 1976). No layer seen during the lunar night.

→ Lunar radio window down to a few 100s kHz or less, ~ unexplored.

Galactic background flux density detected by a short dipole antenna :
 Ssky1 (Wm-2Hz-1) =  2kTsky/Aeff = 2kTskyλ2/Ω  with Ω=8π/3, Aeff=3λ2/8π

→ sensitivity with N dipoles, bandwidth b, integration time τ :
 Smin = Ssky1/C  with C = N(bτ)1/2



☺ Weak refraction/scintillation by ionosphere as compared to ground-based observations
☹ Interstellar and interplanetary media broaden sources to ~1" at 30 MHz, ~1° at 1 MHz
☹ Free-free absorption results in a foggy sky <1-2 MHz, but there are holes in the fog
☹ Differential Faraday rotation limits polarisation studies

• From Lunar Far Side or South Pole, it is possible with relatively simple instrumentation
   to make the first extensive radio astronomy measurements below 10-20 MHz.

① LF sky mapping + monitoring : radio galaxies, large scale structures (clusters with 
radio halos, cosmological filaments, …), including polarization, down to a few MHz

• Imaging capabilities best with a Space-Based Radio Array (e.g. SURO) or a Lunar radio array
• Precursor measurements 1-2 Landers (or 1 + Rover) : GonioPolarimetry + Global inversion of Interferometric Visibilities

② Cosmology : pathfinder measurements of the red-shifted HI line that originates from
   before the formation of the first stars (dark ages, reionization)

☹ Signal ~10-6 x galactic background → requires extreme quietness & long integrations

• Best with Large Radio Array, Far Side
• Precursor measurements possible from South pole : study foregrounds, set upper limits...

③ Interaction of ultra-high energy cosmic rays and
  neutrinos with the lunar surface

Jester & Falcke (2009)

Pritchard & Loeb(2008)



④ Low-frequency radio bursts from the Sun, from 1.5 Rs to ~1 AU : Type II & III, CME, ...
   Space weather - Passive: through scintillation and Faraday rotation

- Active: through radar scattering

Bastian et al., 2001

⑤ Auroral emissions from the giant planets’ magnetospheres in our solar system: 
rotation periods, modulations by satellites & SW, MS dynamics, seasonal effects, ...

→  Easy detection of Jovian radio emissions 
     with a single dipole from Earth orbit 
→  First opportunity in decades to study Uranus
     and Neptune
→  Lightning from Saturn, Uranus, Mars ?
→  Exoplanets with a large array



⑥ Detection of pulsars down to VLF, with implications for interstellar radio propagation : 
LF cutoff of temporal broadening in 1/f4.4 ?

   → largest scale of turbulence in ISS ? limit of transient observations ?

• Requires coherent integration over several days

O. Löhmer et al.: Frequency evolution of interstellar pulse broadening 571
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Fig. 1. Integrated pulse profiles and best-fit model profiles for
PSR B1831−03 at different frequencies. The profiles at 243, 325
and 610 MHz were observed with the GMRT, whereas the 408 and
1408 MHz profiles were taken from the EPN database (Lovell obser-
vations). The alignment of the profiles for different frequencies was
done with respect to the peak of the main pulse.

best fit of the model profile, which is the convolution of the
template with the dispersion smearing and the adopted PBFs,
to the observed profile. The exact functional form for the PBF
of the ISM is not known. We thus analyse the fits for three
trial PBFs; (1) the PBF for a thin screen (PBF1); and (2) for a
uniformly distributed medium (PBF2) in an ISM with Gaussian
density fluctuations, given by (Williamson 1972, 1973):

PBF1(t) = exp(−t/τd) U(t) (3)

PBF2(t) = (π5τ3
d/8t5)1/2 exp(−π2τd/4t) U(t), (4)

where U(t) is the unit step function, i.e. U(t < 0) = 0,U(t ≥
0) = 1. (3) The third PBF is characterized by density fluctu-
ations with a Lévy probability distribution function that has a
power-law decay (Boldyrev & Gwinn 2003) and an asymptotic
form PBF3(t) = (t/τd)−4/3 U(t) for t/τd # 1. As for the high
DM pulsars presented in Paper I, we again find PBF1 to be most
appropriate to describe the observed scattering. In particular,
the fits using PBF2 and PBF3 cannot reproduce the long “scat-
tering tails” observed at lower frequencies, resulting in χ2 val-
ues that are larger by factors of 2 and more. Using the thin
screen approximation we obtain best-fit values and uncertain-
ties for τd from the χ2 contours in the plane of τd and offset in
phase.

In Fig. 1 observed and best-fit model profiles for the ob-
served frequencies are shown for PSR B1831−03. The tem-
plate is constructed from the 1408 MHz Lovell profile using
two Gaussians. Note the high S/N ratio and quality of the
GMRT profiles proving that this new telescope is highly capa-
ble of pulsar observations at low radio frequencies. The best-fit
model profiles describe the shape of the observed profiles in an
excellent manner. At 610 MHz the small peak at the leading

part of the profile was not observed, which, however, does not
affect the τd measurement (see next paragraph). At 243 MHz
the dispersion smearing at the leading part of the profile seems
to be not adequately described by the model profile, resulting in
a much steeper rise of the peak. We repeated the fit using arti-
ficially increased dispersion smearing functions and found that
the effect on τd is well below its 1σ uncertainty and therefore
negligible.

As noted in Paper I, intrinsic profile variations with fre-
quency (see the 610 MHz profile of Fig. 1) could in principle
give rise to inaccurate estimation of pulse broadening times.
A careful analysis of these effects on the measured τd can be
done using simulated pulse profiles with frequency evolution
that are made subject to pulse broadening. As shown, resulting
deviations of the measured τd values from the true ones are in
fact very small and can be accounted for using increased error
bars. Thus, we again quote conservative 3σ error bars for all
scatter broadening times.

Recently, another method to analyse pulse broadening re-
lated to the CLEAN alogrithm was proposed by Bhat et al.
(2003). In their approach, the authors try to derive the intrin-
sic pulse shape at the observed frequency without using any
knowledge of the pulse profile at another, higher frequency.
They point out that utilizing a high frequency template can in-
deed lead to uncertainties due to the same unkown frequency
evolution of the pulse profile that we try to simulate in our com-
putations (see Paper I). Whilst it is indeed more straightforward
in their method to perform a deconvolution to recover the in-
trinsic profile, their alogrithm cannot always produce unique
results, yielding strikingly different values and hence uncer-
tainties, sometimes. This is demonstrated for PSR B1849+00
which was also studied in Paper I. Applying PBF1 and PBF2

(see Eqs. (3) and (4)) the authors obtain equally good fits
for τd = 225 ± 14 ms and τd = 121 ± 6 ms, where a choice
can only be made by making an assumption about the more
likely intrinsic profile. A comparison of these values with our
measurement of τd = 223 ± 24 ms as derived in Paper I
shows that both methods result in consistent pulse broaden-
ing times for the case of the thin screen approximation. This
supports our findings that an exponential decay is the most ap-
propriate form to describe pulse broadening for intermediate
and high DM pulsars. The example of PSR B1849+00 shows
that extra, a priori information (typically an idea of the ex-
pected pulse shape) is usually needed to obtain correct solu-
tions for more complicated profiles which holds true for both
the CLEAN algorithm as well as our approach. Given the ap-
parent imperfections of both methods, all derived values should
be treated with considerable care, e.g. by reflecting the possi-
ble systematic errors by increasing the error estimates corre-
spondingly, as done in our study. It is comforting to note that
for PSR B1849+00 the frequency dependence of τd, derived by
Bhat et al. (2003, α = 3.5 ± 0.7), and us (Paper I, α = 2.8+1.0

−0.6)
are consistent. Recent OH observations toward PSR B1849+00
revealed absorption features that most likely originate from a
small and dense molecular clump (Stanimirović et al. 2003).
Thus, the LOS to the pulsar probes complex material so that our
findings of non-Kolmogorov frequency dependence of pulse
broadening is not surprising.

(Löhmer et al., 2004)

PSR0809+74 at Kharkov UTR2
(Ryabov et al., 2010) 

!

⑦ The unknown, Moon environment, Pathfinder technology demonstration …
Automatic by-product of LF radio astronomy measurements : 
→ characterization of the (local) lunar e.s., e.m. & plasma 
    environments, incl.

• fpe (LT,solar activity, traversal of Earth's magnetotail)
• e.s. discharges from regolith charging
• Properties of lunar subsurface wrt radio waves

Figure 3.2: The lunar ionosphere, based on the Apollo lunar surface experiments [62].

The negative surface potential in the night side would likely keep electrons away.

night. It could be possible using lunar orbiter missions, if not ground-based observations.

3.1.3 Lunar surface

So long as we take advantage of the lunar surface as an observatory platform, we must

verify that the properties of the surface itself does not pose any significant disadvantages.

Surface electrical properties

Properties of the lunar surface that will directly influence radio wave propagation are

electric permittivity and conductivity. Compared to free space, the lunar surface has

relative permittivity εr ranging 2∼10 and very low but finite electrical conductivity σ

ranging 10−14 ∼ 10−9 [4]. The difference in permittivity between the vacuum and the

surface results in some reflection of the incident wave. This reflection should not be a

problem for antennas laid directly on the surface. Unlike on the Earth, the lunar surface

is a good insulator so that the antennas can lie on the ground and receive the electric

field parallel to the surface.

The finite conductivity results in a slow loss of the transmitted wave with depth.

This loss is characterized by the loss tangent L, defined as the ratio of the imaginary to

the real part of the complex dielectric permittivity:

L =
σ

ωεrε0
,

30

(Klein-Wolt et al., 2012)



① INITIAL STEP : a few electric dipole/monopole antennas, a few m long

→ spectrometry of local environment, lunar ionosphere + subsurface, first radio measurements (or upper limits) on 
    intense emissions, foregrounds, Sun, Planets, bursts, propagation effects…
→ assess antennas, deployment/robotic installation, power, day/night operation, onboard computing, data storage, 
     communication (on the Moon and to Earth) …
→ 2 co-located crossed dipoles + dual-input receiver : GonioPolarimetry + low-resolution (°) sky mapping

Goniopolarimetry principle and 
results at Saturn (Cassini)

→ + ≥1 widely separated dipole & waveform capture permits interferometry, global sky average mapping
→ + sounder permits Ground Penetrating Radar, probing the subsurface

• Ideal mission = 2 widely separated landers on Lunar Farside + relay at Moon-Earth L2 = Farside Explorer concept
• Minimum mission = 1 lander near Lunar South Pole (no relay) = ESA Lunar Lander concept

• Possible VLBI measurements with ground-based instruments (LOFAR ...)
• Potential collaboration in all areas
• Strong heritage at LESIA (receivers on Cassini, Stereo..., TRL~6-7) and with LOFAR

③ Step 3: ~1000-10000 antennas = LOFAR-on-the-Moon
• Far side Lunar Radio Array

② Step 2: ~100 antennas  (Aeff=λ2/k ~3×104 m2 @ 10 MHz, λ~30 m)
Separation D = 1 - 1000 km
• Near or Far side

→ Resolution (λ/D): ~1.6° (D=1 km, 10 MHz), 6’’-1’ (D=1000 km, 10-1 MHz)
→ Sky mapping, Solar and Planetary studies, Pulsars and propagation

→ Cosmology, Exoplanets


