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The Dark photon as an ultralight dark matter candidate can interact with the standard model particles via
kinetic mixing. We propose to search for the ultralight dark photon dark matter using radio telescopes with
solar observations. The dark photon dark matter can efficiently convert into photons in the outermost region
of the solar atmosphere, the solar corona, where the plasma mass of photons is close to the dark photon rest
mass. Because of the strong resonant conversion and benefiting from the short distance between the Sun
and the Earth, the radio telescopes can lead the dark photon search sensitivity in the mass range of
4 x 1078—4 x 107% eV, corresponding to the frequency 10-1000 MHz. As a promising example, the low-
frequency array telescope can reach the kinetic mixing e ~ 10713 (10~!%) within 1 (100) h of solar
observations. The future experiment square kilometer array phase 1 can reach e ~ 107'6-10~'% with 1 h of

solar observations.
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Introduction.—The ultralight bosonic fields are attractive
dark matter (DM) candidates. Within them, the QCD
axions, axionlike particles, and dark photons are well-
studied scenarios [1,2]. Kinetic mixing dark photon is one
of the simplest extensions of new physics beyond the
standard model (SM) via a marginal operator, which is well
motivated at low energies. It can also constitute DM [3-7]
and may reveal the theories beyond the SM [8—12]. There
are many searches looking for dark photon or dark photon
DM. For mass <107 eV, the dark photon DM can be
constrained by the observation of astronomical radio
sources [13], cosmic microwave background (CMB) spec-
trum distortion, Big Bang nucleosynthesis, Lyman-a, and
heating of primordial plasma [6,14-21]. In the optical mass
range of 0.1-10 eV, dark photon DM can be detected by the
optical haloscope [22]. For dark photon DM with a mass
larger than about O(10) eV, it can be absorbed in the
underground DM detectors and produce electronic recoil
signals [23-26]. Dark photon lighter than the temperatures
at the center of stars can also be produced inside stars and
suffer stellar cooling constraints [27-30]. Dark photons

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

0031-9007/21/126(18)/181102(7)

181102-1

produced inside the Sun can be detected by DM direct
detection experiments [30-32].

In this Letter, we focus on the radio mass window
(1078-107% eV) for dark photon and assume it constitutes
all the DM. This mass window is of particular interest
because it overlaps with the regions that dark photon DM
is naturally produced by mechanisms, including the
inflationary fluctuations [7,33], parametric resonances
[34-37], cosmic strings [38], the misalignment with
nonminimal coupling to the gravity [6,39] (see the ghost
instability discussion in [40]), and production by inflaton
motion [41]. The relevant searches for dark photon DM
are haloscope experiments [42—47], dish antenna experi-
ments [48,49], plasma telescopes [50], and CMB spec-
trum distortion [6,19]. The searches include direct
detection of local dark photon DM in laboratories and
observation on its impact in the early Universe.
Differently, we proposal to look for resonant conversion
of dark photon DM A’ — y at the Sun through the radio
telescopes for solar observations. This is an indirect
detection of dark photon DM signal from the closest
astronomical object, the Sun. It provides competitive
sensitivities even with existing radio telescopes and opens
vast new parameter space with future setups.

Below the electroweak scale, the minimal coupling
between the dark photon and the standard model particles
can be described by the following Lagrangian density:
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FIG. 1. The electron number density (green solid line) and the

temperature (purple dashed line) distribution for the quiet Sun
from [53]. In the gray shaded region, the converted photons
produced below the solar transition region cannot propagate out
of the Sun. The radius for photon plasma mass @ = 1074, 1079,
1077 eV are shown in vertical dot-dashed lines. The height above
the photosphere 4 and the radius r has the relation r = h + rp,
where r,; = 695510 km is the radius for the solar photosphere.
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where F,, is the photon field strength, A" is the dark photon
field, F'* is the dark photon field strength, and € is the
kinetic mixing. With this mixing term, the dark photons can
oscillate resonantly into photons in thermal plasma once the
plasma frequency w, =~ my. The plasma frequency for
nonrelativistic plasma relies on the electron density n,,

dran,\ 1/2 n, 1/2
Pr = ( m, > - <7.3>< 108 cm‘3> uev, (2)

where a and m, are the fine structure constant and electron
mass, respectively. In the Sun’s corona, n, ~ 10°~10'© cm=3
is shown in Fig. 1. Hence the range of the plasma frequency
w, isfrom4 x 1078 to4 x 107¢ eV.If m  falls in this range,
A’ can resonantly convert into a monochromatic radio wave
in the corona, with the peak frequency corresponding to m,;,
which is in the range of about 10—-1000 MHz. This frequency
range happens to be in the sensitive region of the terrestrial
radio telescopes, such as the low-frequency array (LOFAR)
[51] and square kilometer array (SKA) [52]. Therefore, we
propose to use radio telescopes to search for dark photon DM
in this mass range.

Resonant conversion in the Sun’s corona.—The average
conversion probability of a dark photon particle flying
across the Sun’s corona is the time integral of the decay rate
of A’ — y, written as

dt d&p 1
Pyy(v,) = /%W(Z”)454(Pﬁf - P¢)§Z|M|2
pol
2 dlnaw?(r)|™!
B g x ”ezmAlv;l T’f’ a)p(r)ImA, (3)

Here we take average of the initial state of A’. During the
structure formation, the momentum direction of A’ is
randomly rotated in the gravitational potential. Therefore,
each mode (either transverse or longitudinal) has the equal
probability, 1/3. Since only the transverse modes of photons
can survive outside the plasma and propagate to the Earth, we
only sum over the transverse polarizations in the final state. In
the second line, v, is the velocity projected on the radial
direction of the Sun. Because of the spherical distribution of
n,, , only changes in the radial direction.

Equation (3) utilized the quantum field method to
calculate the 1 — 1 conversion and the matrix element
M is derived by directly using the kinetic mixing operator
%eF ' F*. Because of the momentum conservation, it only
applies for the resonant conversion @, = m, .. An equiv-
alent way to calculate the conversion rate is to solve the
linearized wave equations for the photon and dark photon
[54], which works for both resonant and nonresonant
conversion. After applying the saddle point approximation,
the result is the same as in Eq. (3). It can be explicitly
shown that the nonresonant contribution is negligible. The
detailed calculations for the two methods are given in the
Supplemental Material [55]. Finally, the above result is in
agreement with the probability for inverse conversion
y > A [14].

Given the conversion probability, the radiation power P
per solid angle dQ at the conversion radius r, is

Q" 4z
= PA’—»y(”O)PDM”(%V% (4)

dpP 1 b
R 2 X —PDMUO/ dz2mzP ., (v,)
0

where we consider DM density ppy = 0.4 GeV cm™ com-
pletely composed of dark photon. Its average velocity v, ~
220 km/s and the resonant conversion happens at the solar
radius r.. The parameter z is the impact parameter at infinity
for the incoming A’, while b is the largest value of the impact
parameter such that A’ can reach the conversion shell at
r = r.. Because of the gravitational focusing enhancement,
b = r.v(r.)/ vy will be larger than r.., in general, by a factor
of about 2-3 in numeric calculations. The velocity of A’ at
radius r, is given by v(r.) = \/v3 + 2GyMy/r., with Gy
being the gravitational constant and M the solar mass.
The radial direction velocity at the conversion point is
v,(z) = /2GyMy/r. + v} — v3z%/r2. The factor 2 in
Eq. (4) counts the DM coming in and going out of the
resonant layer. The converted photon from DM coming in
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will be reflected, because when the photon frequency is
smaller than the plasma mass, the total reflection will happen.

The spectral power flux density emitted per unit solid
angle is given as

1 1dP
T PBAQ ®)

whered = 1 A.U. isthe distance from the Earth to the Sun, B
is the optimized bandwidth, which is set as the larger one of
the signal bandwidth Bg, and the telescope spectral reso-
lution B, namely, B = max(Bjjg, Bye;). The signal band-
width By, is due to the dispersion of the dark photons,

- my 'U(%
sig ™~

B

~ 130 Hzx%, (6)

which is normally smaller than B, and the telescope
spectral resolution B,., depends on the property of the
telescope.

The photon propagation.—After the conversion, the
propagation of the radio waves in the thermal plasma
follows the refraction law, n sin @ = const, where n is the
refractive index and 6 is the incident angle. In nonrelativ-
istic plasma, n can be expressed as

n(w) = (1 - wp/w?)'/2, (7)

where n(w) equals the group velocity of the radio waves,
i.e., the photon speed. In the resonant region, the dark
photon DM has a velocity of about » ~ 107~1072. As a
result, the refractive index at the resonant region is in the
range of n,., ~ 1073-1072, which is much smaller than 1.
From Fig. 1, the electron density n, decreases quickly with
the increase of r. Consequently, once the photon leaves the
resonant region, the refractive index will quickly go back
to 1, ngy ~ 1. Thus, according to the refractive law, the
incident angle outside the resonant region can be written as

e o sin By < 10731072 (8)

out

sin Oy, =

Therefore, the direction of the converted photon is approx-
imately along the gradient of the electron density —Vn,.
Considering the conversion happened when the dark photon
flies into the Sun and the converted photon moves into the
denser region, we expect that electromagnetic waves are
always total reflected away from the region where w < ,,.
Hence the above discussion of the final photon direction
applies after the total reflection. If the electron distribution in
the Sun’s corona is spherical, the converted radio waves will
all propagate along with the radial direction of the Sun. In this
case, all the converted radio waves observed on the Earth’s
surface are from the center of the solar plate. However, there
are turbulences and flares in the Sun’s corona, which makes

n, nonspherical and even evolve with time. It will affect the
gradient direction of n,, thus modify the outgoing direction
of the photon. However, such modification should not have
preferred directions, unless there are underlying substruc-
tures. Therefore, we ignore those modifications and assume
that, on average, the outgoing converted photons are
isotropic.

Once converted, the radio waves can be absorbed or
scattered in the plasma, which is characterized by opacity. It
turns out that the dominant absorption process is the inverse
bremsstrahlung process. In the corona sphere, the temper-
ature is as high as 10° K, which is much larger than the
ionization energy of the hydrogen atom. As a result, the
Born approximation can be used to calculate the absorption
rate. Since we are interested in the radio wave frequency, it
satisfies w® < T <« m,. The absorption rate of the inverse
bremsstrahlung process can be calculated as

8an,nya’® (2zm,\ /2 272
Ty R —— <) log| = ) (1—e/T), (9
o e () Mo (S ) =m0

where the singularity at @ = 0 clearly shows the effect of
the infrared enhancement. ny is the number density of
charged ions. The logarithmic factor is from the long-range
effect of the Coulomb interaction, which is cut off by the
Debye screening effect. The factor (1 — e~*/T) is due to the
stimulated radiation. The above calculation is in good
agreement with Ref. [56], except for a minor difference in
the argument of the logarithmic factor.

Besides the inverse bremsstrahlung process, there is also
a contribution from the Compton scattering with the rate
given as

8ma?
Icom :Wne‘ (10)

e

The Compton scattering can shift the photon energy by a
few percent due to the velocity of the electrons. This change
is normally larger than the optimized bandwidth. As a
conservative consideration, we add up the two contribu-
tions and have the attenuation rate Iy, = I, + ['com for
the converted photon. Numerically, the inverse bremsstrah-
lung dominates. The survival probability P, for the con-
verted photons to escape the Sun is to add the two rates,

PS = e_fra“dt = eXp <_/ - Fattdr/”r> ’ (11)

which represents the chance of the photons being not
scattered or absorbed during the propagation. We terminate
the integration at r,,, = 10® km + Ips due to the available
electron density data [53], where r,; = 695510 km is the
photosphere radius. Further extending the range will not
change the result significantly, because the electron density
is too low, such that the interaction rate is negligible.
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Dark photon DM with mass > 4 x 107 eV can also
convert resonantly to photons in the Sun’s chromosphere.
However, the temperature of the chromosphere is only
about 10 K, which is about 3 orders of magnitude smaller
than the temperature of the corona. This makes the inverse
bremsstrahlung absorption much stronger in the chromo-
sphere than in the corona. Furthermore, the electron
number density, as shown in Fig. 1, is also orders of
magnitude larger, and so is the density of charged ions.
Therefore, the radio waves produced in the chromosphere
cannot propagate out.

In summary, the dark photon DM’s resonant conversion
happening in the Sun’s corona can propagate to the Earth’s
surface. In terms of distance, the region 2300 km above the
photosphere (higher than the solar transition region) is our
signal region. This corresponds to the unshaded region in
Fig. 1. The relevant observed photon frequency is
<1000 MHz and dark photon mass is m, <4 x 107% eV.
In the above discussions, we only use the well-accepted
electron density and temperature profiles as shown in Fig. 1.
They are good approximations and have acceptable uncer-
tainties for the signal calculation. More discussions
on the solar models and the corresponding uncertainties
are given in the Supplemental Material [55] (which includes
Refs. [57-63]).

The sensitivity of radio telescopes.—The minimum
detectable flux density of a radio telescope is [64]

SEFD

Mg AV npolBtobs

where n,, =2 is the number of polarization, 7, is the
observation time, and 7, is the system efficiency. In our
analysis, we take n, = 0.9 for SKA [64], and 5, = 1 for
LOFAR [65]. The values of the telescope spectral reso-
lution B, for LOFAR and SKA are listed in Table I, which
are much larger than the signal bandwidth Bg, given in
Eq. (6). Therefore, in our calculation, we always have
B~ B,. In Eq. (12), SEFD is the system equivalent flux
density, defined as

Smin = (12)

Tsys + Tréos

SEFD = 2k, ,
Aeff

(13)

TABLE 1. The frequency range, telescope spectral resolution
B, averaged system temperature Ty, and averaged effective
area A in the different frequency bands for SKA1 and LOFAR.

Name f (MHZ) Bres (kHZ) <Tsys> (K) <Aeff> (mZ)
SKA1-low (50, 350) 1 680 22x10°
SKAl-mid B1 (350, 1050) 3.9 28 2.7x 10
SKA1-mid B2 (950, 1760) 3.9 20 3.5x10*
LOFAR (10, 80) 195 28110 1830
LOFAR (120, 240) 195 1770 1530

where kg is the Boltzmann constant, 7y is the antenna
system temperature, A is the antenna effective area of the
array, and 7%* is the antenna noise temperature increase
when pointing to the Sun.

We propose to use the radio telescope arrays SKA and
LOFAR to search for the radio waves converted from dark
photon DM at the Sun’s corona. We consider SKA phase 1
(SKAT1) as the benchmark of a future telescope to study the
reach of dark photon DM. It has a low-frequency aperture
array (SKAl-low) and a middle-frequency aperture array
(SKA1-mid) [64]. SKAIl-low covers the (50,350) MHz
frequency band. SKA1-mid covers six frequency bands with
frequency ranges (350,1050), (950,1760), (1650,3050),
(2800,5180), (4600,8500), and (8300,15300) MHz. In this
analysis, to partially cover the frequency range of the
converted radio wave, we use the SKA-low and the first
two frequency bands of SKA-mid, denoted as mid B1 and
mid B2, respectively. LOFAR, as an existing radio telescope,
can be used for dark photon hunting as well. Indeed, one of
the key science projects for LOFAR is to study solar physics.
In its radio spectrometer mode, the intensity of the solar radio
radiation over time is recorded. LOFAR covers the frequency
ranges of (10,80) and (120,240) MHz.

To calculate the minimum detectable flux S, given in
Eq. (12), we need to determine the corresponding detector
parameters, such as the telescope spectral resolution B,
the system temperature 7'y, the solar noise temperature
TE®, and the effective area A.g. Table I lists the average
values of these parameters for each telescope, and the
details to achieve these parameters are given as follows:

Spectral resolution B,: Because of 2.5 x 10° fine
frequency channels in SKAT1-low, its channel bandwidth
can reach B, = 1 kHz, while the bandwidth for SKA1-
mid B1 and SKA1-mid B2 are set to B, = 3.9 kHz [64].
For LOFAR, The spectral resolution B, is taken as
195 kHz [51,66].

System temperature T, and effective area Ag: The
system temperature for SKA1-low can be approximated as
TY & Tyee + Ty, Where the sky noise Ty~ 1.23 x
103 K(MHz/f)*> and the receiver noise T, = 40 K +
0.17g, [64]. For SKA1-mid, the average system temper-
atures for bands 1-5 are 28, 20, 20, 22, and 25 K, respectively
[64]. The effective area Ay is derived using the system
sensitivity Aefr/ Ty in [51]. The parameters of LOFAR like
A can be directly found in [51], while T’ can be inferred
from SEFD. Note that, in the numeric calculation, the
parameters Ag and T’y depend on the frequency.

Solar noise temperature 7%°: T%* can be calculated
under the blackbody assumption for a quiet Sun [67,68].
The ratio of 7% and the brightness temperature of the quiet
Sun T, T®*/T,. has been given for different half-power
beamwidth (HPBW or —3 dB beam width) and beam
pointing offset. It is easy to understand that the ratio should
always be smaller than 1, because the noise temperature
cannot be higher than the source itself. The result shows
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FIG. 2. The sensitivity reach of dark photon dark matter for
LOFAR (blue) and SKAT1 (red) telescopes with 1 or 100 hours
solar observations. The constraints are obtained from the existing
haloscope axion searches [6,42-46], recent WISPDMX dark
photon searches [47] and the CMB distortion [6,19]. For both
signal and existing constraints, ppy = P4 1S assumed.

that, for the antenna with HPBW smaller than the angular
diameter of the Sun disk, this ratio is close to 1 when beam
is on the solar disk. The HPBW for the SKA1-low current
design is about 4 arc min at the baseline frequency
110 MHz [69], while the angular diameter of the Sun is
as large as 31.8 arc min. Therefore, SKAl-low can be
considered as a high-gain antenna with a very narrow beam.
The SKA1-mid has even smaller HPBW than SKA1-low;
thus throughout the calculation, we take 7%® = T,. The
spectral brightness temperature T, (f) is calculated using
the quiet Sun flux density from [68,70]. Regarding the
LOFAR beamwidth, the HPBW of LOFAR ranges from
(1.3,19) degrees [51]. Therefore, it is much larger than the
angular diameter of the Sun. Following the procedure of
[68], we use the antenna diameters of LOFAR to calculate
the ratio T%* /T, for the Sun as a function of frequency.
This ratio is far smaller than 1 because much of the photon
flux goes outside the HPBW. It is important to remark that
this ratio should also work for the signals because both
background and signal emissions are originated from the
Sun. We find that, for the frequency smaller than 55 MHz,
the system temperature 7, dominates over the solar
contribution 7g*.

Results and discussions.—Requiring Sg, X Py = Spip,
one can obtain the sensitivities on the kinetic mixing ¢ from
radio telescopes. The sensitivity reaches of dark photon
DM for SKA and LOFAR are given in Fig. 2, where both
the signal and constraints are plotted under the assumption
pPpm = pa- The blue regions show the physics potential of
LOFAR with 1 and 100 h observation time, which is 1-2
orders of magnitude better than the existing limits from
haloscope limits [6,42-46], recent WISPDMX constraint

sys

[47], and the CMB distortion [6,19]. SKA1 has smaller
Ty, larger Agr, and better spectral resolution Bi. Its
sensitivities with 1 and 100 h observation time are shown in
the red shaded region. With the same operation time, it can
improve the reach of e by another 1-2 orders of magnitude
compared with LOFAR.

In conclusion, we propose to search for the radio
frequency dark photon DM from 10-1000 MHz, with
radio telescopes. In this frequency regime, we show that the
dark photon DM can convert resonantly into monochro-
matic radio waves in the solar corona. In this mass window,
the existing LOFAR telescope can achieve a sensitivity of
~10713 —107'* on the kinetic mixing e, and the planned
SKA1 can achieve a sensitivity of ~10714-1071°. Despite
SKA and LOFAR, other radio telescopes that may be used
in the dark photon DM search are the Murchison widefield
array [71], Arecibo [72], the Karl G. Jansky very large array
[73], and the five-hundred-meter aperture spherical radio
telescope [74]. In the future, the SKA phase 2 [52] can
further improve the SEFD sensitivity to sub-uJy and
explore more parameter space of the dark photon DM.
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