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Low-frequency radio telescopes sensitivity to light dark matter
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Ground-based radio telescopes are routinely used to search for light dark matter (DM)
candidates such as axionlike particles or dark photons. However, these instruments face inherent
limitations to push the searches to masses below 1077 eV, due to the effect of the Earth’s ionosphere.
The extant and planned space- or Moon-based radio telescopes motivate this study: We systematically
investigate their sensitivity to resonant conversion of light DM into radio signals from three solar
system targets: the Sun, the Earth, and Jupiter. The perspectives are especially encouraging for dark
photon searches using the Sun as a target, and for axionlike particles conversion in Jupiter’s

magnetosphere.
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I. INTRODUCTION

The search for light and (ultra)weakly interacting
particles has emerged as an exciting frontier in particle
physics, offering potential solutions to longstanding
puzzles, like the nature of dark matter (DM). Some
models are particularly compelling, such as the quantum
chromodynamics (QCD) axion, which also addresses the
strong CP problem [1-4]. A broader class of axionlike
particles (ALPs) or vector fields dubbed dark photons
(DPs) also make good DM candidates in some part of
their parameter space (see, e.g., Ref. [5]). In looking
for these new states, laboratory-based searches and
astrophysical observations have demonstrated remark-
able complementarity, with both approaches being com-
petitive [6,7].

The radio frequency window has received significant
attention for probing the parameter space of such particles.
A particularly promising avenue involves the conversion of
DM in strongly magnetized objects such as neutron stars
[8—14]. Additionally, the exploration of conversion proc-
esses in other astrophysical systems, such as the Sun—
where signals could be detected both in space [15] and on
the ground [16-18]—and the Earth [19,20], further
expands the scope of detection strategies.
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However, ground-based radio telescopes face inherent
limitations due to the Earth’s ionosphere, which reflects or
absorbs signals below approximately 10 MHz, thereby
restricting observations to higher frequencies [21,22].
While some experiments have attempted to exploit favor-
able ionospheric conditions to extend measurements below
this threshold, the challenges remain substantial. In con-
trast, the current and next-generation space-based radio
telescopes provide an alternative, as they are not con-
strained by the Earth’s ionosphere and can access lower
radio frequencies. The scientific case of these low-fre-
quency radio instruments is rich, ranging from planetary
science to cosmology, notably if a lunar observatory could
be built [23]. Moreover, their capabilities also open new
opportunities for detecting ALPs and DPs, a fact that is
more rarely acknowledged.

The potential advantages of space-based observations
motivate us to systematically investigate the feasibility and
sensitivity of low frequency searches for light DM. In this
work, we undertake a comparative study to assess the
advantages of low radio frequency observations for ALPs
and DPs searches. By exploring irreducible astrophysical
backgrounds and the current and future experimental
landscape, we aim to clarify the potential for probing these
elusive particles.

The paper is structured as follows: In Sec. II, we
introduce the theoretical framework of light DM conversion
in astrophysical unmagnetized objects of the Solar system:
the Sun, Jupiter, and the Earth. In Sec. III, we highlight the
phenomenology of the DM signatures from the three
targets, and we provide an overview on detectability of
the signals, and characterization of sky backgrounds and
instruments” noise. In Sec. IV, we present sensitivity
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https://orcid.org/0009-0000-2086-5544
https://orcid.org/0000-0001-7722-6145
https://orcid.org/0000-0002-8656-7942
https://ror.org/010hz2d37
https://ror.org/02feahw73
https://ror.org/04gqg1a07
https://ror.org/03cmntr54
https://ror.org/01r9z8p25
https://crossmark.crossref.org/dialog/?doi=10.1103/pzqr-732x&domain=pdf&date_stamp=2026-03-16
https://doi.org/10.1103/pzqr-732x
https://doi.org/10.1103/pzqr-732x
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ZATINI, CALORE, and SERPICO

PHYS. REV. D 113, 063029 (2026)

projections for both DM ALPs and DPs for the different
targets and instruments. We discuss our results and con-
clude in Sec. V.

II. DARK MATTER-PHOTON CONVERSION

In this section, we describe the theoretical framework for
DM conversion into photons in unmagnetized astrophysical
targets, for both ALPs and DPs. All expressions that
involve particle masses or frequencies are most compactly
written in natural units (2 = ¢ = 1).

A. Resonant conversion probability

The mixing between DM candidates (ALP and DP) and
photons in a plasma can be described by a coupled DM—
photon system, obtained through simple extensions of the
quantum electrodynamics (QED) Lagrangian. For DPs, one
introduces an additional hidden U(1) gauge boson
(described by the field A} and tensor F), =9,A, —d,A})
of mass my, with a kinetic mixing term with the photon
(described by the tensor F,) [24,25]

1 1 €
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where the parameter ¢ governs the mixing. For the ALP
field a of mass m,, the interaction arises from the ALP—
photon coupling g,,, [26],
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In this case, an oscillating ALP field in the presence of an
external magnetic field induces an effective current
Jett = Yayy @ Bexi, Which sources electromagnetic waves.
In both cases, the system reduces to modified Maxwell
equations describing the mixing of two fields (the DM
candidate and the photon).

The presence of a DM mass induces a momentum
mismatch between the DM field and the photon, which
suppresses the conversion between the two particles.
However, in a plasma the photon acquires an effective
mass given by the plasma frequency

4 L
1 = (M) 3)

where apy; is the fine structure constant, n, is the local
electron density, and m, is the electron mass.

In a spherically symmetric plasma with radial coordinate
R, as we will consider in the following, resonant conversion

can then occur at the radial location R, where the effective
photon mass equals the DM mass,

Wy (Rc) = Mg, (4)

with @ = a (ALP) or a = A’ (DP). Tiny modifications to
the plasma properties induced by the magnetic field are
neglected in the computation of the conversion probability,
and the plasma density is assumed to vary slowly along the
radial direction. In this case, when the plasma varies on
scales much larger than the de Broglie wavelength of the
DM particle, the Wentzel-Kramers-Brillouin (WKB)
approximation can be used and the conversion probability
for a DM particle traveling radially outward can be written
as (see, e.g., [27])

2
my H
P(l—)yzfpolﬂ%ﬁ (5)

with v, = v, - R the DM radial velocity at the resonance.
The effective coupling is ger = €, gyyy |B7|/m,, for DPs
and ALPs, respectively. We further define

dlnw (R)

R (6)

c

HLE‘

R=R,

Finally, the polarization factor f;, taking the value f,, =
1 for ALPs and f,, = 2/3 for DPs, accounts for the fact
that in the vector case only the two transverse degrees of
freedom of the DP converting into photons are propagating
(see, e.g., [16]). Note that the conversion probability scales
proportionally to the scale height H.. This is different
from the well-known scalings manifested by ALPs and DP
in the coherent, nonresonant regimes, and are peculiar of
the resonant conversion mechanism considered here. Here,
the probability can be understood as the ratio between the
outgoing photon energy flux across an infinitesimal surface
element at the resonance layer and the incoming DM
energy flux through the same element, i.e., the ratio of
the moduli of the respective Poynting vectors [28,29].

B. Modeling of plasma and magnetic profiles

In the following, we adopt different conventions for the
coordinate describing the radial height, depending on the
available models for the different astrophysical bodies. For
the Sun, the density and magnetic field profiles are usually
expressed as a function of the distance from the centre,
normalized to the solar radius Ry, so the most commonly
used variable is the radius R or the dimensionless variable
r = R/Rg. Notably for planets, it is also customary to
define the altitude above the surface h = R — R, R, being
the radius of the relevant spherical surface. We will also
resort to the normalized height variable 7 = h/H g, with
H . a reference altitude specified in each case. Finally, in
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order to help the reader to build an intuition for the
magnitude of the conversion probabilities, in the following
we present analytical approximations of the logarithmic
gradients of a)f)l [see Egs. (5) and (6)]. Note, however, that
the numerical evaluation of the expected DM-induced
signal relies on the full density models of each target,
without resorting to the analytical approximations.

The Sun. The plasma frequency profile in the corona
of the Sun crucially depends on the electronic density 7,
[see Eq. (3)]. We employ the electron density model
provided in [30]

65 0.768

n(r) = {W+ ] x 105 em™, ()

which is an hybrid model from two parametrizations [31,32]
derived using electron density data in the range [1.2-30] R
However, we have verified that Eq. (7) agrees with the
behavior at large radii (> 30Ry) of the electron density
profile in [33], whichis validup to 1 AU (~215 R). In order
to cover the DM mass range probed by the instruments
considered in this work, up to m, ~4 x 1077 eV, we also
extend the model down to r = 1.12R,. At these radii the
model yields electron densities n, ~ 108 cm™, which are
consistent (within factors of a few) with measurements of the
lower corona in quiet-Sun [34]. We thus adopt Eq. (7) over
the interval [1.12,215]Ry. The second term dictates the
profile behavior, while the first term only represents a
significant correction around r= 1.6. Hence, one infers
the approximate large radius relation w, o« (r — 1)"!% and
the spatial derivative of the plasma frequency computed at
the resonance R, can be expressed as

R.—Rg
2.25

H, =~ i (8)

For the ALP case, a model for the magnetic field of the
Sun in the solar corona is also needed. We employ the
analytical DQCS model of Ref. [35], which includes a
quadrupole correction to the usual dipole approximation.
For the numerical estimates below, we take as the relevant
transverse magnetic field for ALP conversion the compo-
nent in the ecliptic plane,

1 90 K

Bl =M= 5t s s )

G, (9

where M, Q, K, and a, are parameters of the model, fixed
in the following to M =1.789, Q = 1.5, a; = 1.538,
K=1.

Jupiter. In the upper ionosphere, the observed electron
densities can be modeled using an exponentially decaying
function with the altitude [36],

n.(h) = ng-exp(—=h/H,;), (10)

where n, is the electron density at the conventionally
defined Jupiter radius and H; represents a scale height
related to the temperature and the masses of the ions present
in the ionosphere. In [36], three values of H; have been
provided, H; = 250,700, 1700 km, depending on the tra-
jectory and on the region of the ionosphere probed. For
numerical computations, we have adopted H; = 700 km
and ny = 10% cm™3. Note that, for this simple exponential
scale height, one has

H c - H J- (1 1)
In our numerical calculations of the ALP conversion, we

employ a dipole model for Jupiter’s magnetic field. We take
as the relevant transverse magnetic field

R 3
-y (12)
R, +h

B, (1) = Bm[

where By = 4.2 G [37] is the equatorial magnetic field at
Jupiter’s radius, and R; = 71,492 km [38]. Since the
plasma frequency varies on much shorter spatial scales
than the magnetic field, we verified that treating |B;| as
constant across the relevant resonant layers is an excellent
approximation.

The Earth. We parametrize the electron density of the
ionosphere using a so-called Chapman a-function [39]

1 <1_m_exp (_h—hmax) )
ne(h) = npae™ " ) (13)

where n,,,, is the peak density at altitude /,,,. We use the
physical values np, = 10% cm™, Hg = 100 km and
hmax = 300 km. As before, we are interested in the natural
logarithm of the profile

|e_(h(:_hmax)/H€B — 1 |

H. = ’ (14)

which, for the descending branch (h, 2 hp. + Hg)
approximately reduces to H, ~2Hg,.

Analogously to the Jupiter case, we adopt a dipole model
for the Earth’s magnetic field. The equatorial magnetic field
strength at the surface (Rg = 6,371 km) [38] is taken to be
Bry = 0.3 G. As in the case of Jupiter, the magnetic field
changes slowly over the conversion region, so treating |B7|
as constant represents an excellent approximation.

Figure 1 shows the plasma frequency profiles and the
corresponding inverse logarithmic gradients of cog1 for the
Sun, Jupiter, and the Earth, expressed in units of the scale
heights H.¢ = Rg, Hg, H,, respectively.

Analogously, Fig. 2 shows the transverse magnetic field
profiles, |By|, for the Sun, Jupiter, and the Earth, expressed
in units rescaled as above. Note that for the Sun, the chosen
magnetic-field model features a sign reversal at 4 ~0.7.
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FIG. 1. Plasma frequency profiles and inverse logarithmic gradients of (1)[2)1 for the Sun, Jupiter, and the Earth, expressed in terms of
h = h/H g, where the effective heights are H = Ry, Hgy, H, in the three cases.

1. DM mass ranges

We summarize here how the relevant DM mass ranges
were chosen for each of the three targets, starting from the
planetary cases.

In our models, both the Earth and Jupiter are charac-
terized by a maximum electron density of n, = 10° cm™3,
corresponding to a maximum plasma frequency value of
™ = 3.7 x 1078 eV. This sets an upper limit on the mass
of the DM particle that can resonantly convert into photons.
The lower limit, on the other hand, is determined by the
validity of the WKB approximation, which requires that at
the conversion layer the spatial variation of the plasma
frequency occurs on scales much larger than the de Broglie
wavelength of the DM particle, i.e.,

10!
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=
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h
FIG. 2. Transverse magnetic field profiles |B;| for the Sun,
Jupiter, and the Earth, in units normalized as in Fig. 1. In the

adopted solar model, the value of the transverse field changes
sign around % ~0.7.

aprl (R)

1
o (R) = 5 < ou(R.) Vg
p

i (15)

R=R,

where v, is the DM velocity at the conversion layer. By
adopting v, ~ 1073, we have verified that the radial point
where this condition breaks down—i.e. where the equality
holds—corresponds to a minimum plasma frequency of
@3 ~7x 10710 eV for the Barth and o/, ~1x 10710 eV
for Jupiter.

For the Sun, the WKB validity condition above holds
throughout the region [1.12,215]R,, where we adopt the
density model in Eq. (7). Hence, the mass range considered
for the solar case, m, € [10719,4 x 1077] eV, was chosen
simply on the basis of the sensitivity ranges of the instru-
ments considered in our analysis, as described in the
following section. We summarize the DM mass ranges
adopted for the three targets in Table I.

III. DARK MATTER SIGNALS AND
DETECTABILITY

A. Dark matter-induced flux density

In terms of radiometric quantities, the conservation of the
phase space density of photons translates in the conserva-
tion of the specific intensity B, (also indicated as I, in the

TABLE I. Summary of the DM mass ranges considered for
each target.

Target mn [eV] mhx [eV]
Earth 7x 10710 3.7%x 1078
Jupiter 1 x 10710 3.7x1078
Sun 1x 10710 4 %1077
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literature) along the rays in free space.1 This quantity
represents the power per unit area, per unit frequency, and
per unit solid angle crossing a surface normal to the
propagation direction. However, a quantity of closer
interest for the observations of a detector at position x
pointing at direction 7 is the spectral flux density, defined as

Fo(x) = A B, (x. W)k - 4 dQ;, (16)

where the integral extends over the solid angle subtended
by the source, Q,, and k denotes the direction of the ray.
Although SI units for F, are W/m?/Hz, following the
convention used in radio astronomy, we will express
spectral flux densities in (multiples of) Jansky (Jy), where
1 Jy = 1072 W/m?/Hz.

Using the constancy of B, along rays in free space, we
can evaluate it at the emission point x, on the visible
surface and parametrize each ray by its direction at the
detector, specified by the two angles (0, ¢); cos = k-n
describes the angular distance from the centre of the
observed target, and ¢ is the azimuthal angle around it.
The spectral flux density is then

Fl,:/ B, (0, ¢) cos 0dQ. (17)

S

For a surface of uniform brightness one has B, (6, ¢) =
B = const and the integral gives

, (R\?2
FD—Bi“”/ cos0dQ = 7 B3 <—> . (18)
Q d

where R, is the radius of the emitting surface (in our case,
the conversion layer) and d is the distance between the
source center and the observer.

In the case of DM resonant conversion, the signal
brightness (directly related to the local Poynting flux of
the outgoing electromagnetic wave) can be expressed as the
energy flux of the incoming DM per unit solid angle and
frequency, multiplied by the conversion probability [see,
e.g., Eq. (8) in Ref. [41]] as

BPM = 25(y — v,)” Dz{”” Po..,. (19)

where v, is the photon frequency corresponding to the DM
rest mass and ppy = 0.3 GeV/cm? is the DM density at
the conversion surface, which we assume to equal the local

"For a proof, see. e.g., Sec. 1.3 in [40]. A generalization to a
medium with variable refraction index is stated in Problem 8.1 of
Ref. [40], and a further generalization accounting for the energy
redshift/blueshift effect is discussed in Appendix B of Ref. [41],
where one also finds the link of the quantity B, with the Poynting
vector S: B, = |dS/dQdv/|.

DM density. The small intrinsic width of the signal line
AUjine/Vgq ~ 1075, set by the DM velocity dispersion, is
neglected here. If accounting for it, an average over the
velocity distribution of DM would be required. The factor
of two in Eq. (19) arises because photons converted from
both outward moving and infalling DM can be detected: the
latter are reflected by the plasma layer of higher plasma
frequency, which acts as a mirror [11,27].

Using central radial trajectories as a proxy for the whole
emitting disc, B{*T = BPM(0 = 0), v, = v,, and the DM-
induced flux density can be written in a velocity-indepen-
dent form

ﬂf 1 Rc 2
FPM %5(1/ — Vo) PpM g Mo H <7) - (20)

This is the approximation of the DM spectral flux density
signal that we will use from now on in the text and for
numerical estimates.

To connect with the observable signals as measured by
an antenna, we need to introduce detector-dependent
features. First, the flux density observed by an antenna
of normalized power pattern U (0, ¢) is commonly defined
as [42,43]

Foops = / B,(0. $)U(6. $)d2. 1)

s

where the integration is performed over the solid angle €
subtended by the source. The function U(8, ¢) describes
the directional sensitivity of the antenna and is normalized
such that its maximum value is unity. It is also useful to
define the antenna beam solid angle €, as the integral of
the normalized power pattern over a sphere

Q, = A U(0., $)dS. (22)

For a short dipole antenna, this
to Q3P = 87/3.

For compact sources (€2, < 4) observed on boresight,
i.e., in the direction of maximum gain, both U(0, ¢) and
cos 6 are approximately unity across the source solid angle
and the observed flux density coincides with the true flux
density,

quantity equals

Fu,obs = FI/' (23)

Notice that this equality breaks down for other environ-
mental emissions, considered later in this work.

Because the DM signal is monochromatic, in Figs. 3
and 4 we show maps of the DM line strength—the
coefficient of the Dirac delta in Eq. (20)—in the (m,, d)
plane, expressed in an arbitrary unit which differs between
the two models, but is common among the three targets.
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FIG. 4. DM DP line strength maps for the three targets: the Earth, Jupiter, and the Sun, from left to right.

These plots highlight the regions where the physical signal
is largest while remaining independent of instrument or
observation-specific features (e.g., channel resolution Av
and integration time t;,); these effects will be taken into
account in the next subsection when assessing detectability
for given instruments. In Fig. 3, we display the DM line
strength for the ALP case, while in Fig. 4 the one for the DP
case, for the three targets of interest: the Earth, Jupiter, and
the Sun, from left to right. For each target, the mass range is
limited from below by requiring the validity of the WKB
approximation and from above by the maximum of the
plasma frequency, as we explained in Sec. II. For all three
targets, the DM line strength scales with d=2, as expected
from the geometric dilution factor.

For both the Earth and Jupiter, the quantities H, and R,
remain approximately constant across the mass ranges of
interest. This follows from the fact that the plasma
frequency varies on spatial scales much shorter than the
planetary radius. Since the plasma frequency scale is also
much shorter than the one over which the magnetic field
varies, in the ALP case |By| can be treated as nearly
constant with mass. Consequently, the DM line strength
differences among the two targets arise primarily because
of the different values of |B;|, H. and R, at the conversion

layer. Quantitatively, the Jovian magnetic field exceeds the
Earth one by more than an order of magnitude, and its
length scale H . is almost four times larger. Since the ALP
line strength scales roughly as |B;|>H ., this leads naturally
to a signal roughly three orders of magnitude stronger for
Jupiter than for the Earth. For DPs, the situation differs
because the effective coupling has a different structure,
Ger = € instead of ger = g,,|Br|/m, for ALPs. This
distinction not only modifies the mass scaling of the signal
but also removes the magnetic-field dependence.
Consequently, the contrast between the Jupiter and Earth
cases is milder for DPs.

For the Sun (rightmost panel of Figs. 3 and 4), the
situation is more complex as both H,. and R, scale with the
DM mass. For both DM models, decreasing m, causes
the resonance condition w(R.) = m, to move the con-
version layer progressively farther away from the Sun,
increasing R,.. As a direct consequence, for each mass there
exists a minimum observable distance d, = R.(m,),
resulting in an effectively inaccessible region in the
(m,,d) parameter space, indicated by the hatched gray
region in the figures. Notice that in the planetary case, this
effect is not visible because of the short scale of the plasma
frequency variation. Moreover, both the geometrical
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scaling factor (R, /d)? and H,, grow at small masses. For DP,
this scaling combines with the linear dependence on m,/,
producing the line strength map seen in the rightmost map of
Fig. 4. Overall, across the entire parameter space, the DP line
strength appears stronger than in planetary scenarios owing
to the higher value of H,. In the ALP case, however, the
quadratic dependence on the magnetic field dominates the
structure of the strength map. It results in a sharp suppression
of the signal at small masses and produces an apparent null
sensitivity around m, ~ 10~7 eV. This feature originates
from a singularity in the magnetic-field model used, and
should be interpreted as an artefact of the input profile
merely indicating a reduced sensitivity.

B. Radio sensitivity

Since, in the frequency range under consideration, radio
receivers measure the power integrated over a finite spectral
channel Av > Ay, it is convenient to define the channel-
averaged flux density

FPM(mg, gegrs d)

1
= — [ FbMg
Av Av v v

ﬂf ol Rc(ma) 2
= T po ma Hon) (7)o

This is the relevant quantity to compare with the noise
fluctuations detected by the receiver. A convenient measure
of the latter is the system equivalent flux density (SEFD).” It
can be operatively defined as the flux density of a
hypothetical radio source that would produce, at the output
of the receiving system, a power equal to the system’s own
thermal noise. With this definition, the detectability con-
dition of the DM signal for a required signal-to-noise ratio
SNR becomes

SNR
——=SEFD, 25
AV Av tim ( )

where Av is the observed bandwidth of the measurement,
and t;,, is the integration time. For the case of an
interferometric system (i.e., array of antennas), the

SEFD scales also as the inverse of /Ny (Nay — 1), with

N as the number of antennas [42]. In general, the SEFD
may encode multiple sources of noise—including receiver
noise, atmospheric absorption and sky backgrounds.

Since we restrict ourselves to the case of space-based
antennas, we consider two main contributions

FDM(mav Geff> d) 2

’In radio astronomy, the SEFD is typically expressed as
SEFD = 2kgTys/Acr, Where Tyyo = Ty + Tepy is the system
temperature, composed by the receiver noise and every contri-
bution from the environment. A is the effective collecting area
of the antenna or the array.

SEFD = SEFD,, + SEFD,,,, (26)

where SEFD,, represents the intrinsic receiver noise, while
SEFD,,, includes the environmental contributions dis-
cussed below. Additionally, if the source has a strong radio
continuum (and stationary) emission, there should be also a
term associated to the source emission. With the scope of
illustrating the ultimate reach of current and future instru-
ments, we will neglect this contribution in what follows.

We will compute sensitivity curves in the (mg, gefr)
parameter space by solving the implicit equation in
Eq. (25), for fixed observation distances d and instrument
specifications corresponding to the receivers listed below.
In all sensitivity calculations, we fix SNR = 2.

1. Environmental noise

The main astrophysical contribution to the environmen-
tal noise originates from diffuse synchrotron emission of
cosmic-ray electrons in the Galactic magnetic field, which
are partially absorbed by free—free processes in the warm
ionized medium below ~10 MHz [44,45]. Regarding this
background, we adopt the empirical spectrum derived by
Novaco and Brown [44], based on measurements of the
nonthermal radio emission with the RAE-2 spacecraft. It
can be parametrized as

BE" = Byu~07 exp (=3.28,70%%), @7)

where the frequency v is expressed in MHz and the
normalization constant is By = 1.38 x 107! W/m? /Hz/sr.

A second, local component to the noise arises instead
from the plasma surrounding the antenna. In a thermal
medium at temperature 7, one consequence of the fluc-
tuation-dissipation theorem is that a circuit with resistance
R, even in absence of an applied current, manifests a
stochastic voltage, whose variance V?, measured over a
frequency bandwidth Av, is V* = 4 kz TR Av; this is the so-
called Johnson-Nyquist noise [46,47]. Similarly, an antenna
in a plasma experiences fluctuations in its potential, whose
variance depends on the temperature, the plasma density, as
well as the geometry of the antenna. This effect has been
used for the local plasma diagnostics in the study of different
environments in the Solar System, and is known as quasi-
thermal noise (QTN) (see, e.g., [48]). If we define L, as the
plasma Debye length of the plasma and L as the length of a
single antenna wire, the variance of voltage per unit
frequency (also known as voltage spectral density [42])
VéTN can be expressed in the limit of our interest, i.e.
27v > wy(Lp/L), as [see, e.g., Eq. (46) in [48] ]

2
neTe
VZQTN(U) ~ T =4 x 10_5 1/3—L VZ/HZ, (28)

where n, and T, are the local electron density and temper-
ature and v is the considered frequency. In the second
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TABLE IL

Instruments specifications used for the SEFD calculations: (1) name; (2) frequency range, broken in the frequency sub-

bands when indicated; (3) antenna length; (4) I'l.¢; (5) spectral resolution, per frequency sub-band; (6) SEFD,,, indicating the individual
antenna (or full array) equivalent flux density, except for the instruments marked by *, which already include environmental background
contributions (see main text for details). We stress that some of the SEFD reported in this table are approximated values which suffer
from systematics in the extraction of the data points from the corresponding references.

Instrument v range [MHz] L [m] Tl [m] Spectral res. [kHz] SEFD,, [Jy]

Lunar probes

NCLE 0.1-60 5 1 7 x 10* = 1.0 x 10°
DEX* 1-100 12 7x10* -3 x 10*
FARSIDE* 0.1-40 28.5 0.23(28) x 10° at 200 kHz (15 MHz)
FarView* 5-50 5 42(7.0) at 15 kHz (40 MHz)
Solar probes

SO RPW 0.004-1.0, 0.4-16.4 6.5 3.24 18-46, 50-100 2x 10" -9 x 108

PSP FIELDS 0.01-19 2 1.17 45-855 3 x 105 —4x 107
Planetary probes

Cassini RPWS 0.003-0.3, 0.125-16 10 0.15-15, 3-6 6x10°-1.2x 108
Juno/WAVES 0.01-3, 341 2.4 1-410, 1000 2x 107 =7 x 102
JUICE/RWI 0.08-45 3 2-1127 1.0 x 108 — 6 x 108

equality, n,, T, vand L are expressed incm ™, K, Hz, and m,
respectively. For the local plasma density and temperature,
we will use representative values of n, and T', corresponding
to 1 AU, for observations made in orbit close to the Earth (or
the Moon) and 5 AU for measurements close to Jupiter, as
reported in Ref. [49]. In the case of observations made at
variable distances from the Sun, we use the density model
n,(r) in Eq. (7) to account for the distance dependence of the
QTN in Eq. (28). For the electron temperature, we verified
that adopting the profile T,(r) in [50] leads to negligible
corrections for distances above 2 R,.

As a result of these two contributions, the environmental
voltage spectral density at the terminals of a short antenna
writes as [51]

1 4 .
V= Vi + Eg‘ipzzgﬁBﬁ‘“, (29)

where Z is the medium impedance, which in what follows
we assume equal to the vacuum value Z; = 1 in natural
units, or 377Q in SI units. Moreover, we define with [ the
effective electric length of an antenna, which is given by
the ratio of the voltage induced at the terminals and the
electric field of an incoming electromagnetic plane wave
whose field direction is parallel to the antenna.

The environmental SEFD, or SEFD.,,, then simply
reads [51,52]

2

V
SEFDer, = 255" (30)
eff

In what follows, we will approximate [~ L. More
specifically, for the calculation of the sensitivity in the
presence of environmental-noise only, cf. Sec. IVA, we
will fix £, = 100 h, Av =1 kHz, and L =5 m.

2. Instrumental effects

A further instrumental complication is that what is
measured at the receiver input is not the potential drop
at the antenna, but

Vi=Vi+TV;, (31)

where V2 is the voltage noise spectral density measured at
the receiver, I" is the voltage transfer factor due to the
impedance coupling in the antenna-receiver system, and
V2 =V2, + V3, is the antenna voltage spectral density
containing the environmental terms as well as any sky
signal, including the DM one.

The receiver noise is an intrinsic property of each instru-
ment. In some cases it is quoted in the literature directly as
equivalent flux density (in Jy or W/m?/Hz), in others it is
given as electric-field spectral density EZ (in V?/m?/Hz)
calibrated at the antenna terminals, or it is provided as voltage
noise spectral density measured at the receiver, V2. Note
that, by definition, the electric field density and the voltage
density are related by E2 = V2 /(l4T)>%

Analogously to Eq. (30), to translate the receiver con-
tribution to an equivalent flux at the antenna we use the
equation

2VE B

SEFD,, = —— % — .
Z(F leff)z z

(32)

The following paragraphs summarize the main proper-
ties of past, current and planned detectors considered in our
analysis—namely, their frequency coverage, frequency
resolution, and nominal receiver sensitivity. For clarity,
we group them into three categories: lunar, solar, and
planetary probes, all operating in the low—frequency radio
domain. In Table II, we report the instruments
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specifications and the computed SEFD,,, when not directly
available in the literature.

For instruments with overlapping sub-bands, we adopt,
for the sensitivity estimates, the configuration with the
finest available spectral resolution (i.e., the smallest chan-
nel bandwidth) within the relevant frequency range.

Lunar probes. The Netherlands-China Low-Frequency
Explorer (NCLE) [53], onboard the Chang’e—4 mission at
the Earth-Moon L2 point, consists of three monopole
antennas, each 5 m long. It operates from 80 kHz to
80 MHz with a spectral resolution of 1 kHz. Its analog
receiver sensitivity, i.e., SEFD,,, is provided in Figs. 21-23
of Ref. [53] in W/m?/Hz. It does not include the Galactic
nor the QTN noise.

The Dark Ages Explorer (DEX) [54], a planned lunar-
farside array (N,,, = 1024), will cover 1-100 MHz, with a
12 kHz spectral resolution. Figure 4 of Ref. [54] reports the
sensitivity in W/m?/Hz for t,,, = 1 h and a frequency
resolution Av = 0.5v (derived from Fig. 4). It already
includes the sky—noise contribution from the Galactic radio
background, the QTN being negligible at these frequencies.
We compute the full array SEFD by rescaling for the
observing time and bandwidth.

The Farside Array for Radio Science Investigations of
the Dark Ages and Exoplanets (FARSIDE) [55] is a
planned array of 128 dipole pairs to be deployed on the
lunar surface. It will operate in the 0.1-40 MHz range,
with 28.5 kHz spectral resolution. The full array sensi-
tivity is expected to be 230 Jy at 200 kHz and 2.8 x
10* Jy at 15 MHz (Table 1 of [55]). QTN noise and
Galactic background are included in the sensitivity
calculation.

FarView [56] is a concept for an in-situ manufactured
lunar farside array comprising ~10° dipoles operating in
the 5-50 MHz band, with a nominal spectral resolution of
5 kHz. The design goal is to reach a sensitivity of ~2 mJy
at 15 MHz and ~0.2 mJy at 40 MHz for 1 min of
integration with Av = 0.5v, with v as the centre frequency
of the band. The Galactic sky noise is included in this
estimate. We compute the full array SEFD by rescaling for
the observing time and bandwidth.

We consider NCLE to set sensitivity projections for the
three targets under study, while lunar arrays are used for
Jupiter and the Sun only, as they are planned to be placed
on the far side of the Moon.

Solar probes. The Solar Orbiter (SO) RPW instrument
[57] operates from 10 kHz to 40 MHz using three 6.5 m
monopole antennas. The spectral resolution is 4.5% in the
4 kHz—-1.024 MHz range, 50 kHz for 0.4-3.6 MHz, and
100 kHz for 3.6-16.4 MHz. The reported sensitivities are
given in V/ Hz: (Fig. 27 of Ref. [57]). These values
describe V., and do not include Galactic or QTN compo-
nents. Using Eq. (32), we compute the SEFD,,, given the
value of I'/.. The SO reaches perihelion distances down to
d~028 AU (~60 Ry) from the Sun. We use these

configurations to estimate its sensitivity to DM signals
from the Sun.

The FIELDS instrument on Parker Solar Probe (PSP)
[58,59] employs two 2 m dipoles and covers the range
10 kHz—-19 MHz, with a frequency fractional resolution of
4.5%. The measured receiver noise V, is shown in Fig. 3 of
Ref. [60]. As for SO case, we convert this into SEFD,,. The
PSP spacecraft performs repeated perihelion passes reach-
ing distances of d ~ 0.046 AU (<10 R) from the Sun. We
use these configurations to estimate its sensitivity to DM
signals from the Sun.

We highlight here that both solar probes have sensitiv-
ities dominated by instrument noise.

Planetary probes. Cassini RPWS [61] operated from
1 Hz to 16 MHz using three nearly orthogonal monopoles,
each 10 m long, and could achieve fractional frequency
resolutions of 5% in the low-frequency range (3.5—
319 kHz) and between ~3-6 kHz in the high-frequency
band (125 kHz—16.125 MHz). The in—flight noise level EZ
is given in Fig. 24 of Ref. [61], and already includes the
environmental contributions. Cassini performed flybys
with its radio instruments operating above Earth
(d~12Rg, 18 August 1999) and Jupiter (d ~137R,,
30 December 2000). We therefore use Cassini to derive
sensitivity curves for DM signals from both the Earth
and Jupiter.

Juno/WAVES, launched in 2011, operates from 10 kHz
to 41 MHz with a monopole length of L ~ 2.4 m (half the
4.8 m tip—to—tip separation). The receivers in the low-mid
frequency range (50 Hz-3 MHz) achieve a fractional
frequency resolution of 1.37%, and a linear frequency
resolution of 1 MHz in the high frequency range (3—
41 MHz). Its in—flight noise EZ is reported in Fig. 27 of
Ref. [62], and includes environmental contributions. The
Juno spacecraft performed an Earth flyby atd ~ 1.1Rg on 9
October 2013 and is currently operating in orbit around
Jupiter, with perijoves at distances d < 1.1R;. We therefore
use Juno to derive sensitivity curves for DM signals from
the Earth and Jupiter.

Finally, the Jupiter Icy Moons Explorer (JUICE) [63]
was launched in 2023 and it is planned to enter a Jovian
orbit in Summer 2031. The instrument operates from
80 kHz to 45 MHz using three 3 m monopoles, with a
frequency fractional resolution of 2.5%. We adopt the
expected electric-field noise, E,,, in Fig. 17 of Ref. [63].
The JUICE spacecraft performed an Earth flyby at d ~ 2R g
on 20 August 2024 and it is expected to perform 67 perijove
passes at distances between ~9 and 20 R ;. We therefore use
JUICE to derive sensitivity curves for DM signals from
both targets.

To quantify final sensitivities, we adopt the full SEFD as
in Eq. (26), and the nominal frequency resolution Av for
each instrument in the table.

In the case of lunar probes and arrays, the distance d
from the target—and thus the corresponding DM flux
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FIG. 5. Sensitivity to DM ALP (left) and DP (right) radio lines from the Sun, for sky-dominated analyses (Galactic background plus
QTN evaluated at the corresponding observation distance) and for different observation distances (color bar). For DPs, the curves exhibit
a turnover at the mass scale where the QTN contribution overtakes the Galactic background, which depends on the observation

distance d.

density FPM—can be considered constant over typical
integration times of ~100 A. Therefore, for these instru-
ments we solve the radiometer equation in Eq. (25) by
setting #;,, = 100 & and evaluating F°M to a specified value
of d.

However, using a constant value of DM flux density over
hundreds of hours may be inaccurate for solar and planetary
probes, for which the distance to the target can vary
significantly over short timescales. This is particularly
relevant for the spacecrafts performing only a single flyby
near the target (e.g., Cassini at Jupiter and Earth, Juno and
JUICE at Earth). For these cases, we obtain the time-
dependent trajectories d(7) of the spacecraft from NASA’s
JPL. Horizons system,4 and derive the corresponding
sensitivity curves using the general time-dependent form
of the radiometer equation

Av +A1)2 _
SNR? = / F2..(1) dt, 33
SEFD? Ly, Foul) (33)

where 7 denotes the moment of closest approach. We
verified that, for Earth flybys, integration times of order
At~ 1 h already saturate the sensitivity limit, beyond
which longer integrations yield negligible improvement.
The Cassini flyby above Jupiter, on the other hand, lasted
significantly longer, with the spacecraft remaining near its
closest approach for several days (d~ 137-140R;).
Consequently, we adopt an effective integration time of

3Specifically, for all the lunar instruments we adopt dg =
1 AU for the Sun and d; = 4 AU for Jupiter. The NCLE, which
operates near the Earth—Sun L2 point, can also observe the Earth;
for this case we adopt dg = 1.5 x 10% km ~ 0.01 AU.

4https://ssd.jpl.nasa.gov/horizons/app.html.

At~ 100 h for this case. For spacecraft performing multi-
ple pericenter passages around their respective targets
(SO and PSP around the Sun, JUICE, and Juno around
Jupiter), it is reasonable to assume a cumulative observing
time of order 100 h near pericenter over multiple orbits.
Accordingly, we adopt f;,, = 100 & and fix d to the
minimum approach distance reported previously for each
of these spacecrafts.

IV. RESULTS

A. Environmental noise

As a first step, we assess how the environmental noise
alone limits the sensitivity to ALP or DP DM. This serves
us to evaluate the exclusion and discovery potential in
presence of this irreducible noise contribution, and to
illustrate the ultimate reach under ideal instrumental per-
formances or for sky-noise dominated single antennas. This
will be the case for the lunar arrays considered in this work,
whose sensitivity benefits from the rescaling due to the
large number of antennas.

With the bandwidth and integration time choice quoted
above, we solve Eq. (25) considering only the environ-
mental noise contribution. The procedure is repeated for
several values of d, and for both ALPs and DPs across the
three targets.

Figures 5-7 show the resulting sensitivity projections. In
the solar case, an excellent sensitivity to DP signals is
reachable, in principle even below e~ 1076, while the
detection of ALPs can barely surpass g,,, ~ 107'! GeV~!
at high masses (m, = 1077 eV) and only for observation
distances very close to the Sun. Instead, monitoring Jupiter
can allow one to test g, even below g, ~ 107'? GeV~!,
but is less sensitive to € compared to the observation of the
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FIG. 6. Sensitivity to DM ALP (left) and DP (right) radio lines from Jupiter, for sky-dominated analyses (Galactic background plus
QTN at 5 AU, approximately the orbital distance of Jupiter) and for different observation distances (color bar). The curves exhibit a clear
turnover around m, ~ 10 eV, corresponding to the mass below which the QTN contribution exceeds the Galactic background.
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FIG. 7. Sensitivity to DM ALP (left) and DP (right) radio lines from Earth, for sky-dominated analyses (Galactic background plus

QTN at 1 AU, the orbital distance of Earth) and for different observation distances (color bar). The curves exhibit a clear turnover around
m, ~ 107 eV, corresponding to the mass below which the QTN contribution exceeds the Galactic background.

Sun. Note that the sensitivities at low masses are limited by
the QTN, while at higher masses by the Galactic back-
ground. The two regimes are clearly seen in the plots
referring to DP: the transition occurs at my ~2 x 107 eV
for the Earth and at m, ~ 8 x 1071 for Jupiter, reflecting
the weaker QTN level at 5 AU due to the lower local plasma
density and temperature. For the Sun, the turnover in mass
varies with distance because of the radial dependence of
the QTN.

B. Including instrumental noise

We now include the receiver contribution to the total
system noise. Instruments marked with an asterisk in
Table II already quote SEFDs that include the

environmental contribution (Galactic and/or QTN), and
these are used as provided. For all others, we compute the
SEFD by adding the environmental component to the
receiver noise, in line with the modeling in Sec. III.

The resulting sensitivity curves for ALPs and DPs are
presented in Figs. 8-10.

As already observed in the environmental noise-only
analysis, the Sun remains the most promising target for
probing the kinetic mixing coupling e. In particular, future
lunar-farside interferometric arrays (DEX, FARSIDE,
FarView) show a remarkable sensitivity due to the large
number of antennas, accessing unexplored regions
of the parameter space, reaching e ~ 107'% — 107" for
my ~ 3 x 10719-5 x 107 eV. On the other hand, the reach
in the ALP-photon coupling g, is more limited, but some
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while the dark gray one to the haloscopes limits, according to [66].

Frequency [Hz

. 10° 108
107 .\—IV\/—/
1079<
. 10710< CAST
T
;: 10114 ya MWD Pol.
é 10712‘ _/
Juno 1.1 R — NCLE
10715 Cassini —— DEX
10-14] —— JUICE 9 R, + FARSIDE
10710 10-° 10-%
mg [eV]

Frequency [Hz

10° 106

1071

10711 ]

10712<

w

10713 ]

10714 ]

10715 4
10—10

109 10-8

ma [CV]

FIG. 9. Sensitivity to DM ALP (left) and DP (right) line signals from the Sun for specific lunar and solar probes. For reference, we
overlay also current constraints: On the left, the shaded dark gray area displays the current CAST limits [64], while the light gray one the
bounds from magnetic white dwarfs (MWD) polarization [65]; on the right, the light gray region refers to the analysis of PSP by [15],
while the dark gray one to the haloscopes limits, according to [66].

of lunar arrays can probe couplings below the CAST
experiment (g,,, <6 x 107! GeV~!) [64]. Between the
two solar probes, PSP outperforms SO thanks to its closer
proximity to the Sun and its lower receiver noise. We notice
that the mass range probed by PSP is narrower than then
instrument nominal frequency interval, because of the cut
due to d;, = R.(m,), as explained earlier.

For Jupiter, the situation is reversed, as the ALP scenario
is more favorable. The Juno, JUICE, and Cassini space-
crafts can reach values of g,, well below benchmark
bounds such as those from CAST, potentially down to

Gayy ~ 10712 GeV™! in the case of Juno’s observations.
Both the Juno and JUICE instruments are dominated by
intrinsic receiver noise, preventing them from fully exploit-
ing their short distance from Jupiter (see Fig. 6 for
comparison at equal d). The Cassini spacecraft, on the
other hand, has high instrumental sensitivity, but the larger
distance of the flyby strongly suppresses the detection
potential.

Despite the proximity achieved during spacecrafts’
flybys, the Earth is a weaker target for ALP and DP
detection due to the intrinsically faint DM signal. The Juno
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and JUICE curves show the limitations due to the high
instrumental noise, while Cassini, thanks to its better
sensitivity, can probe lower values of both g,, (down to
~3 x 107" GeV~!) and ¢ (down to ~4-5 x 10~14).

V. DISCUSSIONS AND CONCLUSIONS

In this work, for the first time, we have systematically
assessed the sensitivity to DM-photon conversion in
nearby, solar system objects: the Sun, Jupiter, and the
Earth. We adapted the generic formalism of resonant
conversion in unmagnetized plasmas to the case of two
specific light DM models, i.e., ALPs and DPs, and
evaluated the sensitivity of past and future space radio
probes to these signals. In projecting sensitivities, we
considered both environmental radio emission from the
Galactic background and QTN from the local plasma, as
well as instrumental noise.

Our analysis of those three resonant-conversion targets
demonstrated that radio observations from space can probe
previously unexplored regions of ALP and DP DM
parameter space. Despite the presence of irreducible
environmental backgrounds, meaningful reach remains
attainable, in particular for DPs with observations of the
Sun and, to a lesser extent, for ALPs with observations of
Jupiter. The finding that Jupiter outperforms the Sun for
ALP resonant conversion is an a priori nontrivial outcome
of the different magnetic and plasma scale lengths char-
acterizing the two environments.

Current and past spacecrafts around Jupiter, although
not built for this specific science case, already show
sensitivities to g,,, below leading CAST benchmark limit
(Gayy S6x 1071 GeV™!) [64]. They are also competitive
with the most aggressive limits in the literature

(Gayy S 54 % 1072 GeV~!) [65], which suffer, on their
side, from much larger uncertainties in the astrophysical
parameters of magnetic white dwarfs. For DPs, the Cassini
Earth flyby reaches e values comparable with the strongest
existing constraints [15], while solar observations—espe-
cially with future lunar farside interferometric arrays—
offer the best prospects, potentially close to € ~ 1077

More quantitatively, combining Eq. (24) with the radi-
ometer condition Eq. (25), we infer that

A
g o [SNR - SEFD]1/2d< ”) (34)

int

The sensitivity therefore improves linearly with decreasing
distance to the target, making d the most effective param-
eter to optimize. In situ spacecrafts benefit from this
scaling, achieving good sensitivity even when affected
by elevated receiver noise, as in the case of Juno and
JUICE. For these missions, the distance d is already
minimized, but a similar experiment equipped with a less
noisy receiver (i.e., with an improved SEFD,, ) could reach
the optimal sensitivity curves shown at the bottom of Fig. 6,
improving the limits by at least an order of magnitude
across the relevant mass range. We recall that the SEFD
depends on the number of antennas so that ¢™" « N an]t/ 2,
explaining the excellent performance of interferometric
arrays. This effect is particularly relevant for observations
of DP converting in the Sun. Finally, the detectability
improves with increasing integration time and decreasing
bandwidth, although the dependence is weak. However, at
low frequencies, current instruments typically operate with
fractional spectral resolutions of order 1072, while the
intrinsic DM line width is expected to be Avj./v, ~ 1075,
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Therefore, in an ideal experiment capable of resolving the
full line width, the sensitivity could improve by an order of
magnitude in low frequency range (< 1 MHz). Moreover,
we have seen how spacecrafts performing Earth flybys
typically remain within the optimal observation region for
at most ~1 h. Extending the observing time to ~100 h
would yield an improvement in the corresponding limits by
a factor of about three.

The analysis presented here focuses on the irreducible
(stationary) contributions to the system noise that set a
fundamental sensitivity floor. Time-variable (nonstation-
ary) radio emission from the targets themselves (e.g., solar
or planetary bursts) cannot be treated within the simple
radiometer—equation framework and must instead be iden-
tified and removed, or explicitly modeled, in a dedicated
data analysis.

In this context, it is instructive to refer to the DP search
performed with PSP data in Ref. [15], to be compared with
our PSP forecast in Fig. 8. In that work, the authors first
select relatively quiet time-frequency intervals (i.e., by
retaining only the lowest 3% of data points in each bin),
then fit a smooth background spectrum in each frequency
bin and construct a likelihood profile to test for the extra DP
narrow line. The corresponding limits on e are quoted at
95% CL By contrast, our idealized sensitivity estimate—
based on a constant distance equal to the minimum
perihelion, d = 10R,, an effective integration time
t;ne = 100 hr, and a SEFD that includes only instrumental,
Galactic, and QTN noise—yields sensitivities to € that are
more than an order of magnitude stronger than those
derived from the real PSP data in Ref. [15]. This

discrepancy can be traced back to several effects: (i) the
average Sun-spacecraft distance in the real dataset are less
favorable than in our simplified setup and (ii) residual solar
and instrumental variability of the data are not fully
captured by the smooth background model (as indicated
by reduced y? values always larger than unity in Fig. S3 of
Ref. [15]). Our curves should therefore be interpreted as
optimistic benchmarks, illustrating the reach of space-
based telescope with ideal noise properties.

To conclude, we have presented a first systematic,
though simplified, approach to study the potential of solar
system targets with present and upcoming observations.
Our encouraging results suggest that these searches con-
stitute an additional scientific case for future space-based or
lunar-based radio-surveys; they deserve follow-up dedi-
cated studies and analyses, motivating more realistic and
mission-specific assessments.
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