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Ultralight dark photons and axions are well-motivated hypothetical dark

matter candidates. Both dark photon dark matter and axion dark matter can
resonantly convert into electromagnetic waves in the solar corona when their
mass is equal to the solar plasma frequency. The resultant electromagnetic
waves appear as monochromatic signals within the radio-frequency range with
an energy equal to the dark matter mass, which can be detected via radio
telescopes for solar observations. Here we show our search for converted
monochromatic signals in the observational data collected by the high-
sensitivity Low Frequency Array (LOFAR) telescope and establish an upper
limit on the kinetic mixing coupling between dark photon dark matter and
photon, which can reach values as low as 10™ within the frequency range of
30 - 80 MHz. This limit represents an improvement of approximately one
order of magnitude better than the existing constraint from the cosmic
microwave background observation. Additionally, we derive an upper limit on
the axion-photon coupling within the same frequency range, which is better
than the constraints from Light-Shining-through-a-Wall experiments while not
exceeding the CERN Axion Solar Telescope (CAST) experiment or other
astrophysical bounds.

M Check for updates

Due to the absence of significant results in the search for weakly or the decay of the cosmic strings®. The QCD axion, initially intro-

interacting massive particles (WIMPs)'?, increasing attention has
shifted towards the ultralight dark matter (DM) candidates, including
dark photons, quantum chromodynamic (QCD) axions and axion-like
particles. Dark photon is a hypothetical vector ultralight DM
candidate*”, constituting one of the simplest extensions of the Stan-
dard Model (SM) by incorporating a massive vector field coupled to
the photon field through the kinetic mixing marginal operator®™.
There are several ways to produce the right amount of dark photon
dark matter (DPDM) during the early Universe, including the mis-
alignment mechanism with a non-minimal coupling to the Ricci
scalar®*'*¢ inflationary fluctuations’"” "%, parametric resonances” >,

duced to address the strong CP problem as a hypothetical
particle** ™, where “CP” stands for the combination of charge con-
jugation symmetry and parity symmetry, has been shown to be a good
DM candidate®®. Axion-like particles arising in, e.g., string-theory
models®, coupled to SM particles in a similar way, also stand as pro-
mising DM candidates. Axions or axion-like particles can be generated
by the misalignment mechanism*’™*>, or the decay of topological
objects**** during the early Universe.

The couplings between dark photon or axions and SM particles
provide important tools in searching for these ultralight particles.
Various types of experiments are looking for the signals associated
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with photons, including haloscopes for Galactic halo DM**¢, helio-
scopes for ultralight particles emitted from the Sun**¢, and the “Light
Shining through the wall” (LSW) methods*’*%. Dark photons and axions
can also be detected via WIMP detectors***°. Moreover, many experi-
mental results initially intended for axion DM can be reinterpreted for
dark photons. A comprehensive summary of experimental constraints
(including projected ones) for dark photons and axions can be found
in ref. 51,52.

The other meaningful way to look for axions or dark photons is to
investigate anomalous signals in various astrophysical environments,
such as the cosmic microwave background (CMB) spectral distortion
constraints on dark photons®®, gamma-ray constraints on axion
DM**%, neutron stars® %, white dwarfs®®**7°, supernovae’’?, quasars
and blazars™’%, the Sun, red giants and horizontal branch stars’*"®, and
globular clusters®>®. These searches assume that the ultralight parti-
cles are either DM or sourced inside the astrophysical objects.
Remarkably, the Sun, being our closest star, offers a good laboratory
for probing ultralight particles. Previous works have set constraints on
ultralight particles generated inside the Sun via stellar cooling”%%*
and axion decay®. On the other hand, ref. 86 proposed that DPDM can
resonantly convert into monochromatic radio-frequency electro-
magnetic (EM) waves in the solar corona. This phenomenon occurs ata
radius where the plasma frequency equals the DPDM mass. Further-
more, with the presence of the solar magnetic field, axion DM can also
resonantly convert into radio waves in the solar corona.

In this work, we investigate such resonantly converted mono-
chromatic radio signal within the solar observation data collected by
Low Frequency Array (LOFAR) telescope®. To calculate the signal, we
carry out simulations of EM wave propagation inside solar corona of
the quiet Sun. Subsequently, we compare the signal with the LOFAR
data to deduce the upper limits for both the DPDM model and axion
DM model. However, due to the relatively weak nature of the solar
coronal magnetic field, our constraint on axion parameters does not
exceed many existing constraints. Therefore, we focus on the dark
photon case in the main text while leaving the detailed discussion of
the axion case in the methods, subsection Constraint on axion-like
particle dark matter. We set the 95% C.L. upper limit on the kinetic
mixing coupling between DPDM and photon to about 10 within the
frequency range of 30-80 MHz.

Results

Resonant conversion of ultralight DM into photons in

solar plasma

For the DPDM model, dark photons interact with SM particles through
kinetic mixing, and the corresponding Lagrangian can be written as

1 ! gz ]' ’ /) 1 Yz
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where A" and y represent dark photon and photon respectively, F,,, and
F* represent the field strengths of photon and dark photon respec-
tively, with the Greek letters p, v denoting the vector indices, my
denotes the mass of dark photon, A}, is the vector field of dark photon,
and e stands for the kinetic mixing parameter.

In the solar corona, the presence of free electrons gives rise to a
plasma frequency denoted by w,, serving as the effective mass for the
EM wave. This quantity is determined by the free electron density n. in
the non-relativistic plasma, and can be represented as
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where agy represents the fine structure constant and m, is the electron
mass. It is noteworthy that we employ natural units throughout our
paper, thereby setting 1 and ¢ to unity: #=c =1. When a dark photon A’

propagates in the plasma, it can resonantly convert into a SM photon
when w,~m,®. In the solar corona, we have n. monotonically
decreasing from 10 to 10° cm™ with increasing height above the solar
photosphere. Therefore, the corresponding plasma frequency scans
from 4 x107 to 4 x 1078 eV. If the DM mass m,, falls within this range,
the resonant conversion of DPDM into EM waves can occur at a specific
radius r satisfying w,(r.)=m,. The frequency of the converted EM
wave, my /(2m), lies within the radio-frequency range of about
10-1000 MHz. Therefore, it can be tested by various radio telescopes
engaged in solar physics programs, such as LOFAR*” and SKA®. Since
DM in the Galactic halo is non-relativistic with the typical velocity vpm
approximately 10~ times the speed of light, the converted EM wave is
nearly monochromatic with a spread of about 107 around its central
value®. The DM dispersion bandwidth Bg;s can be evaluated by
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Our analysis adopts the electron density profile for the quiet Sun
provided by LOFAR observations®’, shown as the solid blue line in
Fig. 1, and the DM wind constantly passes through the solar atmo-
sphere. For specific details regarding different solar density profiles in
the context of the quiet Sun, refer to the methods, subsection The
solar model. The probability of DPDM resonantly converting into
photons is®*°
dlnwy(r) !
or
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where v, is the radial velocity at the resonant layer. The prefactor 2/3
arises in Eq. (4) because the longitudinal mode of photons converted
from the corresponding mode of dark photon cannot propagate out of
the plasma. The conversion probability Eq. (4) accounts for two
transverse modes, and we assume that dark photons polarize in three
directions with equal probability.

Utilizing the conversion probability, the radiation power P per
solid angle dQ at the conversion layer can be derived as

d
£ = / aVo fom(Vo)Pa .y (Lo)Pomt(rors, 5)

where the DM density is ppy = 0.3 GeV cm™ **? and vy, the initial DM
velocity, follows a Maxwellian distribution fpm(ve) with the most
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Fig. 1| Comparison between different electron density profiles. Various density
profiles are depicted using different lines. The solid blue line represents the profile
derived from LOFAR observations®. In comparison, the solid orange line repre-
sents the profile from ref. 104. The dashed cyan line represents a simple hydrostatic
model and the dashed red line represents an r2 profile®”. The gray shaded region
denotes the frequency region ~30-80 MHz which our study focuses on.
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Fig. 2 | The propagation coefficients as functions of frequency. The survival

probability P, and the smearing factor  as functions of the photon frequency fare
depicted as the solid black line and the solid purple line, respectively.

probable velocity of 235 km/s”*%*. v(r,) = \/iz+2G,M,r, corresponds to
the DM velocity at the conversion layer including the gravitational
effect of the Sun, with Gy standing for the gravitational constant and
M., representing the solar mass. Detailed derivations for the conver-
sion probability and the radiation power can be found in the methods,
subsection The conversion probability of A" — y and the radiation
power. We have furthermore demonstrated that electron density
fluctuations do not change the result of the conversion probability in
the methods, subsection Impact of small-scale fluctuations on
conversion probability.

Propagation of converted photons in solar plasma
The converted EM waves propagating through the corona will
experience interactions with the plasma, including both absorption
and scattering processes. The absorption of these converted photons
is mainly through the inverse bremsstrahlung process. Due to refrac-
tion, the converted EM wave would propagate radially outward once it
exits of the resonant region if scatterings between the EM wave and the
plasma were absent®®. However, the presence of scattering in the
inhomogeneous plasma will randomize the direction of EM waves,
leading to a broadened angular distribution of the outgoing EM
waves”’°, We are using LOFAR data made in the tied-array beam mode.
While this mode offers a nice angular resolution®, the field of view
(FOV) of each LOFAR beam is significantly smaller than the total
angular span of the Sun. Consequently, we expect the scattering effect
to suppress the signal observed by the LOFAR detector.

When accounting for both absorption and scattering effects, the
spectral flux density received by LOFAR can be expressed as

114dpP
Ssig = E?mpsur(ﬂﬁ(f)r (6)

where d=1AU is the distance between Earth and the Sun. B represents
the bandwidth, which is the larger one between the DM dispersion
bandwidth B;g which is about 130 Hz and the spectral resolution of the
telescope B,s =97 kHz. In our case, By, < B, S0 we have B=B,,. The
survival probability P, (f) and the factor S(f) are defined later. It is
noteworthy that the energy dispersion could be enlarged by scatter-
ings with the plasma inhomogeneities. However, this impact is negli-
gible because the inhomogeneities can be treated as effectively static,
given their velocities are much lower than the speed of light, and only
elastic scatterings need to be considered”. The speed of inhomo-
geneities may become important for photons with the smallest velo-
cities just after conversion. The typical density fluctuation is the ion-
sound waves’” with the speed C, = \/[T.(1+3T;/T,)/m; which is about
100 km/s (T, T;, and m; are respectively the electron temperature, ion
temperature, and ion mass), which is comparable with the DM velocity

vpm Which is approximately 107c in Eq. (3). This similarity implies that
the line width cannot be broaden significantly. As a result, the signal
line still safely locates within a single LOFAR frequency bin.
Furthermore, the effect of inhomogeneities on energy dispersion
diminishes quickly as the converted photons rapidly become
relativistic after leaving the conversion layer and as the electron
density n, decreases. Therefore, the ray-tracing simulation of radio
photon propagation® considers angular dispersion due to inhomo-
geneities while ignoring energy dispersion.

In the context of Eq. (6), the term Ps,, corresponds to the survival
probability of the converted photon. It is important to note that for
each converted photon, Ps, also depends on the path it travels.
Therefore, numerical simulations are essential for accurately calcu-
lating Pg,,. The S factor in Eq. (6) parameterizes the scattering effect
and is defined as

d? g(01,¢1)
=2 AN 1k ¥4 7
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where g(6,, ¢y) is the angular distribution function of scattered pho-
tons at the last scattering radius Rs, beyond which the scattering
process can be neglected. The value of Rs(f) is determined by numer-
ical simulation and typically ranges from about 5 to 7R, with a slight
dependence on photon frequency. The integration in Eq. (7) is over the
last scattering surface, and r signifies the distance from the integrated
surface element dS to LOFAR. The detailed derivation and computa-
tion of Eq. (6) involve intricate but fundamental geometric analyses,
and are presented in the methods, subsection The effective spectral
flux density received by LOFAR stations.

For simulating the propagation of converted photons within the
corona plasma, considering both absorption and scattering effects, we
employ the Monte Carlo ray-tracing method developed in ref. 96. We
describe the scattering process of radio waves using the Fokker-Planck
and Langevin equations based on the Hamilton equations for
photons’ %, In our simulation, we utilize the Kolmogorov spectrum to
describe electron density fluctuations in the quiet Sun, with én./n.=0.1,
following the work of ref. 95. Additionally, we consider the anisotropic
density fluctuation magnitude as d,,;s = 0.1”. Here, aan;s represents the
anisotropy parameter, which is the ratio between the perpendicular and
parallel correlation lengths®.

Then for each frequency, we calculate Pg,(f) and B(f), and simu-
lation results are presented in Fig. 2. It is noticeable that the absorption
effect becomes more prominent as the frequency increases. Similarly,
the smearing effect exhibits a similar trend, primarily due to the
diminishing FOV of LOFAR with increasing frequency. This reduction
in FOV at higher frequencies amplifies the impact of the smearing
effect on the observations.

LOFAR data analysis and setting constraints on the ultralight
DM couplings
LOFAR is an advanced radio interferometer with high resolution and
sensitivity. The observation data of the beam-formed mode®’, where 24
LOFAR core stations in the Netherlands are combined to form 127 tied-
array beams. This mode offers significantly increased frequency
resolution while reducing spatial resolution. However, the 3.5 km
baseline of the LOFAR core limits the FOV to only about 5’ at 32 MHz"".
The observation data we use is the spectral flux density calibrated in
solar flux unit (sfu) within the frequency range of 30-80 MHz. Since
some beams are outside the solar surface, only beams with fluxes
greater than half of the maximum beam flux are selected. We have data
from three different observation periods, all with an observation
duration of 17 minutes, which were carried out on 25 April 2015, 3 July
2015, and 3 September 2015. The bandwidth is B,.s =97 kHz.

The data from the selected beams is averaged. The resulting
averaged data is distributed across 516 frequency bins, with each bin
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containing 6000 time bins. To eliminate burst-like noises, a data-
cleaning process is employed. Firstly, the 6000-time series is divided
into 150 intervals, each encompassing 40 time bins, which is sufficient
for capturing statistical behavior. The interval with the lowest mean is
selected as the reference interval. Subsequently, the mean g, and
standard deviation o, of each interval are compared to those of the
reference  interval. Intervals meeting the  conditions
ltest] < plrefl + 20,[ref] and o test] < 20,[ref] are retained. This data-
cleaning process only removes transient noises while preserving the
time-independent ultralight DM signal.

After data cleaning, for each frequency bin, i, we can get the
average value O; and the standard deviation 0p, as the statistical
uncertainty of the time series. We parameterize the background locally
by fitting each frequency bin and its adjacent k bins with a polynomial
function of degree n. In practice, we choose k=10 and n=3. Then, we
use the least square method to evaluate the deviation of data to the
background fit. The fitting deviation is taken to be the systematic
uncertainty o;”°. The total uncertainty is in the quadrature form,
o7 =05, + 0P

We adopt the log-likelihood ratio test method® to set upper limits

on the DPDM parameter space. We construct the likelihood function
for a specific frequency bin ig in the Gaussian form'®®

1 (Baf)+S6; —0,\°
S(ressay]

. It turns out that ¢;”° always dominates in ¢

USE I

L(S,a)= ex
,-J,-ls o2

where B(a, f;) is the polynomial function used for background fitting,
the coefficients a = (ay, a,, as) are treated as nuisance parameters, S
denotes the assumed DPDM-induced signal at bin io, and 6;; is the
Kronecker delta. We then build the following test statistic?*'°

2mﬁxﬂ Sss
>S5

0, s>

qs= 9

In the denominator, the likelihood L gets maximized ata=a and $=3§;
in the numerator, L gets maximized at a = a for a specified S. The test
statistic gs follows the half-y? distribution, with the probability density
function

1 11 1
h(qs|S) = 6(qs) + 5 ———=——e"9/2, 10
(qs19) 5 (qs) NN (10)
the cumulative distribution function of which is given by

H(qslS)=1/2(1+erf(./qs/2)), where erf(x) is the Gauss error function.
Then, we can define the following criterion®°:

o= 1—erf(,/qs/2)
S 1-erf(\/qo/2)

which measures how far the assumed signal is away from the null result
$=0. To obtain the 95% confidence level (C.L.) upper limit Sj;.,, we set
ps=0.05. The results of S;;;, as functions of frequency are shown in
Fig. 3, with the datasets used stemming from three observation peri-
ods represented by different colors. Among the constraints from the
three datasets, we select the strongest constraint at each frequency bin
to determine the final upper limit. In the 112th frequency bin with
f=40.6 MHz for all three periods of observations, an increasing
intensity was observed. However, this bin was identified as a bad
channel and subsequently excluded from our analysis. Moreover,
similar issues were identified in the 25th, 26th, and 27th bins
(f=32.2 MHz), the 34th bin (f=33.0 MHz), and the 101st bin (f=39.5
MHz) of the observations on 25 April 2015, in the 46th bin (f=34.2

an

B, Vi an | \w h |
% \ ‘H ” l \‘M W‘p\ﬂh\l “x M J", \
Eo.;: ' /||l ’ — Apr. 25 7

f [MHz]

Fig. 3 | The model-independent constraints on the monochromatic signal.
Model-independent 95% C.L. upper limits Sy, regarding photon frequency f are
derived from LOFAR data on a constant monochromatic signal. The limits obtained
from the observation data on 25 April 2015, 3 July 2015, and 3 September 2015 are
represented by the blue, orange, and green curves, respectively.
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Fig. 4 | The constraints on the parameter space of DPDM. 95% C.L. upper limit on
the kinetic mixing parameter € for DPDM regarding the DPDM mass my, from 17
minutes observation of LOFAR data is shown in the cyan shaded region. We also
show the existing constraints (summarized in ref. 52) from the CMB distortion
(95%)°3, the haloscope searches WISPDMX (95%)%, and Dark E-field experiment
(50)'°" in gray shaded regions. Different constraints may choose different con-
fidence levels, and we keep their original choice unchanged as labeled in the par-
entheses following each experiment. The existing constraints also assume the dark
matter density ppy = 0.3 GeV cm>, the same as our choice, and are scaled by the
dark photon density (p,, /opy)®>

MHz) and the 208th bin (f=50.0 MHz) of the observations on 3 July
2015. These bad channels were also removed from our analysis.

We calculate the 95% C.L. upper limits on the kinetic mixing
parameter € for the DPDM model by requiring S;;,, equal to S in Eq.
(6). The upper limit on € derived from LOFAR data for DPDM is
depicted in Fig. 4, which shows that the upper limit on ¢ is about 10
within the frequency range 30-80 MHz. It is about one order of
magnitude better than the existing CMB constraint®>, and is com-
plementary to other searches for DPDM at higher frequency, such as
the Dark E-field experiment'”".

Based on the same data analysis method, we can set upper limits
on the axion-photon coupling for the case of axion DM. However, due
to the relatively weak solar coronal magnetic field, our resulting con-
straint for the axion case is not as strong as many existing constraints.
This portion of our analysis is detailed in the methods, subsection
Constraint on axion-like particle dark matter.
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Discussion

When DPDM or axion DM pass across the Sun, they can resonantly
convert into EM waves in the solar corona. To explore this phenom-
enon, we conducted numerical simulations of the converted photons
propagating in the plasma, including the effects of absorption and
scattering. Radio telescopes for solar observations are capable of
detecting the monochromatic converted EM waves. We used three
datasets of 17-minute observation data from LOFAR to search for such
signals. We found that this method sets a stringent limit on the kinetic
mixing parameter for dark photons, specifically € at approximately
1073, within the frequency range 30-80 MHz. This limit is about one
order of magnitude stronger than the constraint derived from CMB
observations. Similarly, we obtain an upper limit on the axion-photon
coupling g4, for the axion DM model in the same frequency range. The
constraint on g4, is better than that from Light-Shining-through-a-Wall
experiments but is not comparable with the CAST and astrophysical
bounds. The LOFAR data analysis in this work shows great potential in
searching for ultralight DM with radio telescopes. With greater sensi-
tivity, we expect future radio programs such as the SKA telescope are
expected to yield even greater sensitivity in the search for DPDM and
axion DM. Terrestrial radio telescopes cannot search for DPDM with
frequencies lower than 10 MHz due to the screening effect from the
ionosphere. In these cases, the use of solar probes, such as the
STEREO'** satellite and the Parker Solar Probe'®, equipped with radio
spectrometers, could offer an avenue for DPDM detection.

Methods

The solar model

In our study, we centered our attention on the quiet Sun due to its
reduced occurrence of active events like turbulence and flares. To
conduct our calculations, we utilized the electron number density (n.)
profile derived from LOFAR observations®, which employed ray-
tracing simulations to fit the solar intensity profile observed by LOFAR
in the frequency range of 30-80 MHz.

There have been other density profiles for the quiet Sun, but their
differences are within factor of a few. For example, the density profiles
based on the work of V. De La Luz, et al.'*, are derived from the
temperature (7) and hydrogen density (n) profiles for the quiet Sun,
based on the photospheric model from ref. 105 and the coronal model
from refs. 106,107. The consistency and validation of these profiles
have been confirmed by various research groups'*® using a chromo-
sphere model from ref. 109 and the coronal model from refs. 106,107.
These independent calculations consistently agree with each other and
have been validated by observations of atomic lines in the soft X-ray
range® and extreme ultraviolet range'®.

Furthermore, one can adopt a spherically symmetric and hydro-
static model for the quiet Sun, where gas pressure and gravitational
force remain in equilibrium, resulting in a static configuration over
time. The hydrostatic equilibrium in the quiet Sun region has been
confirmed in previous studies'®"°, Here we provide a simple analytical
expression to parameterize the hydrostatic density model, which can
be expressed in an exponential form. In this simplified form, the
electron density is modeled as®*’

temperature determined by both electron and ion temperatures.
There are two parameters to be determined: the density Ng and the
temperature T. To carry out our calculation, No=1.6 x10"m™ and
T=2x10°K are used from LOFAR observation fit*.

In Fig. 1, we present a comparison between the profile we adopted
from LOFAR observations®’, the profile from ref. 104, the hydrostatic
profile modeled by Eq. (12), and the r2 profile. The r2 density profile
indicates that a constant solar wind speed has been attained®. It can be
seen that the solar profile from LOFAR observations closely matches
the hydrostatic profile at the high-frequency range, but exhibits a
slower decline and transitions into the r2 profile at the low-frequency
range. This behavior is expected, as it signifies the shift from subsonic
plasma flow in the corona to the supersonic solar wind®.

As a result, the variation in the electron number density (n.)
profile for the quiet Sun across different observations remains within a
factor of a few. Although this variation does affect the plasma fre-
quency, it is proportional to the square root of the electron number
density, and it only shifts the location of the resonant region. Addi-
tionally, the derivative of n. with respect to radius plays a role in
determining the conversion probability, yet its effect is also relatively
minor. These uncertainties are small and have a negligible effect on the
resulting photon signal.

The conversion probability of A" — y and the radiation power
The conversion probability for DPDM to photon can be calculated
either by quantum field theory (QFT) as a1~ 1 process, or by solving
linearized wave equation®***>'2, Here we take linearized wave
method as an example, providing formulas for conversion prob-
ability and radiation power. It is important to note that in this
subsection, our formulas are derived from the solar profile without
accounting for small-scale fluctuations. In the following subsection,
we will provide estimations of the impact of these small-scale
fluctuations.

We can eliminate the kinetic mixing term by performing a rotation
of the vector fields in Eq. (1) into interaction basis:
Ay = YNV1—€e A, A — —€/vV1 - €2A, +A,, where A, represents the
vector field of photon. In this basis, the equations of motion become

PLIpS . W —em? <A(r,t) > o
o o\ —em? m A'(r,t) ’

which are coupled wave equations.
These second-order coupled equation can be approximated to

first-order linearized wave equations using the WKB approximation, as
the spatial variation of the plasma frequency occurs on a much larger

scale than the wavelength of DPDM. Consequently, we have af -
0=
tion A(r,t)=A(r) exp(—iwt + ik,r) with frequency w and wavenumber
k=\/;2fmﬁf1,, where k, and kr is the longitudinal and transverse

components of momentum k. The resulting first-order linearized wave
equation can be expressed as

a4)

— w? — 8} = — 2k, (k, +id,) — m% — k7 under a plane wave solu-

. Ar
n.=Ngyexp(1l/(Hyr)), 12) (0, —Hy—H)) N( ) - o, 15)
A'(r)
with the parameters Ny and Ho, and the latter is defined as
where
kgT 1
Hy= 7" —, 13
0 0.6m,g, R 13) oo L (wf, -m}—k; O )
0= 51 ,
2 2
where R, is the solar radius, kg is the Boltzmann constant, i 0 5 kr 16)
8o =274 ms7 signifies the gravitational acceleration at the coronal gL 0 —emy
base, and 0.6 times the proton mass m,, gives the average particle mass 2, —emj 0. '
in the corona™. The temperature T corresponds to a scale height
Nature Communications | (2024)15:915 5
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This equation can be solved perturbatively by expanding the time-
evolution operator in Dyson series’. At the first-order, the conversion
probability is given by

, 2
r 2 g "
/ dr —;‘mA, e[ f’o dr i[wp(r )z—mﬂ 17)
Jry

r

PA’ay =

This formula can be further simplified to Eq. (4) by using saddle point

approximation
/ " dre 0~ gf0) | 2T
J—o0 f (rO)

where f'(ro) = 0. The thickness of resonant layer is on the order of 10°
km for the frequency range under consideration. The WKB approx-
imation and the saddle point approximation can be tested even in the
presence with small-scale fluctuations, as we will demonstrate in the
next subsection. Additionally, we will numerically show that the value
of the conversion probability remains unaffected by small-scale
fluctuations in the upcoming subsection.

The radiation power can be obtained from the conversion prob-
ability. Taking into account the gravitational focus effect and con-
sidering incoming DPDM at infinity moving under the influence of the
gravitational potential, the radiation power per solid angle is

(18)

d—P~2i /dvf [% /bdZZITZP v,)
a0 4n.pDM oJ bmYo o Ay WUr 9

:pDM/ AV fomP ) WU(rore,

where z is the impact parameter for DPDM, b =r(r.)/vo is the max-
imum impact parameter for A’ to reach the conversion layer at

v3 +2GyM,, /r. is the velocity of DPDM at r,, and the
radial direction velocity of DPDM at r, with different impact parameter
isv,(z)= \/ZGNMO/rC +v2 — v322/r2. The factor of 2 accounts for both

incoming and outgoing DPDM as incoming DPDM will be totally
reflected.

r=rou(re)=

Impact of small-scale fluctuations on conversion probability

In this subsection, we will estimate the influence arising from small-
scale inhomogeneities in the plasma by incorporating density
fluctuations.

Density fluctuation can lead to three main effects: (1) modlf)ying
the magnitude of the A" — y conversion probability by altering | V w,|;
(2) introducing non-spherical modifications to the conversion surface;
and (3) introducing scattering and absorption of the converted pho-
tons, resulting in smearing of their velocity directions and a reduction
in photon flux. The third effect has been addressed in the Results
section when accounting for the propagation effects, utilizing the
Monte Carlo ray-tracing simulations.

Regarding the first effect, the inclusion of density fluctuations
introduces two opposing influences that modify the conversion
probability, P,_,,. On one hand, the derivative of electron density
with respective to distance becomes larger due to the fluctuations,
leading to a decrease in P, _,,. On the other hand, more resonant
points where w,(r)=m, are introduced, which increases P,_,. It
turns out that these two influences cancel each other out, resulting in
P,_., with density fluctuations remaining the same as the original
value. In addition, the non-spherical effect in the second effect is

insignificant. In the following, we will quantify the first and second
effects.

In ref. 95, an advanced Monte Carlo simulation technique was
employed to address density fluctuations and their impact on photon
refraction and scattering during plasma propagation. Their findings
suggested that refraction and scattering might be the primary factors
contributing to the observed lower brightness temperatures in quiet-
Sun radio emissions across different frequencies, deviating from
expected values. Hence, we adopt their mathematical framework for
describing density fluctuations and incorporate it into our own
research.

First and foremost, we emphasize that the density fluctuations in
the plasma density are relatively small, with an approximate magni-
tude of”

€. = An,/n,=10%, (20)
and importantly, this fluctuation fraction remains constant as the
radial distance changes’'”.

The probability distribution of plasma density fluctuations is
described by the spatial power spectrum. For the solar corona of the
quiet Sun, the spatial power spectrum of density fluctuations can be
expressed as"*'™"

P@)=Cha ™, 4,<4<4; @1
where C,2V is the structural constant, g represents the spatial wave-
number, and a corresponds to the power-law exponent, which is
chosen as a =11/3 to reflect the Kolmogorov spectrum.

The scale of density turbulence is defined as [ = 2m/q, with [;=2m/q;
and [, =2m/q, denoting the inner and outer scales of the density tur-
bulence, respectively. It is reasonable to assume that [, =10°/’. Con-
sequently, the steep shape of the Kolmogorov-type spectrum for P(q)
indicates that density fluctuations predominantly occur on larger
scales.

The inner scale, denoted as [;, can be associated with the ion
inertial scale, given by the expression

684
l;= ———=km. (22)

! V/n,/cm-3

Consequently, for the plasma layers corresponding to frequencies of
30, 40, 60, and 80 MHz, the respective inner scales /; are estimated to
be 0.2 km, 0.15 km, 0.1 km, and 0.075 km.

The spatial power spectrum can be normalized to the variance of
the density fluctuations (An2) = (€,n,)” as,

~q;
P(q)Amtg*dq = (An2) = (€.n,)*.
90

(23)

Using the Kolmogorov spectrum with a=11/3, it can be determined
that
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Cy= s (An2), (24)

qa—3 a 2
P(@)= " " (A). (25)

The fluctuations can be expressed in the Fourier modes,
@
Ang(r)= / dqAn,(q)e. (26)
1
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We have rescaled the momentum ¢ = q/q, for convenience. Subse-
quently, the fluctuations averaged over the length scale [, =2m/q, are

G q; o
w-b o[ g
o 1 1 (27)

@
= l dq (AR2(q)).

Compared with Eq. (23), we have the fluctuations in the momentum
space,

(ARL(@) =P(@)4TT G q, = q2 “(An). (28)

The averaged derivative of n.(r) with respect to r, in the squared
form, is then

=~ ((An)%)

(.][ (.]I . ’
=1 / dr / dg / dq i (@)AR,(q)qq €T

(L)%
(29)

2
/ dq (Arg(@)) - ¢* = 5 (An —qoqf «

In the first step, the derivative of the background electron density,
Nepie(r), has been omitted due to its relatively small magnitude com-
pared to that of the fluctuations. Similarly, the averaged second deri-
vative of ng(r) with respect to r, in the squared form, is

() ~ (Anp)?%)
=l d qid~ qid~/ ~ = N2 a2 all@—q)r
r q q An.(@)An.(q)g°q“e (30)

2
/ dq (AR(q)) - ~ 3 (an >—q3q,7 “.

Next, we are going to examine whether the WKB approximation
and saddle-point approximation are threatened by the inclusion of
density fluctuations.

Using Eq. (29), we can estimate the typical length scale of density
variations as

n

~1 1 - -1
6l,=|-¢ =~ {ﬁ(siayeeqoqﬂ ~ 1073q,}, ©y

n,

which turns out to be much larger than the dark photon wavelength,
61k, =30>1. Therefore, the WKB approximation applied in deriv-
ing Eq. (4) remains justified even with the density fluctuations
included.

Another important length scale is the resonant conversion
length, 61, =+/2m/F"(r,). It is defined as the length along which the
phase factor in Eq. (17), F(r) = [ dr{wy(r) — m}]/(2k,), changes by m.
This is the length interval which dominantly contributes to P,_, ;. We
have

k. I 1/2
6les = 211—"— NoY uDM< > , (32)

wp @),

which obviously satisfies 6.« 6.

Next, we evaluate the robustness of the saddle-point approxima-
tion. The crucial criterion is that the second derivative F'(r) plays a
dominant role in the Taylor series of F(r) compared with the higher
derivative terms (note that at the resonant point, F'(r)=0). Then we

1.2
—~ 1.1
>
= 1.0 it
x
< 0.9
Ar 1
0.8
0.90 0.95 1.00 1.05 1.10
rire

Fig. 5 | The electron density profile exhibiting fluctuations. The electron density
n, with fluctuations is shown in blue solid line. This is plotted with the first 12 modes
included. This profile is centered around the resonant layer corresponding to

40 MHz. The electron density n.(r.) for the 40 MHz frequency is illustrated by the
orange line. The two vertical green solid line denotes the interval Ar where the
intersections can occur.

calculate the following quantity with the help of Egs. (29) and (30),

%F”(r) 3/2

261 F"(r)

__3 [F'n)
V2 F(r)
3 (1 w,%
“ V2w \Zkyn

We see that the second derivative indeed plays a dominant role, indi-
cating that the saddle-point approximation still holds true with an
acceptable accuracy. Also, we notice that ref. 116 numerically shows
that the saddle-point approximation works well when the ratio in Eq.
(33) is larger than unity.

The above arguments show that the form of conversion prob-
ability, Eq. (4), is still correct when considering the density fluctua-
tions. However, its numerical value may be altered by the inclusion of
density fluctuations. But as we will demonstrate below, the value of
P,_ 4 remains unchanged. As stated before, there are two new effects
that counteract each other in modifying the value of the probability
P,._.,: the larger derivative of n. with respect to distance and more
resonant points (>1). An example of an n.(r) profile with density
fluctuations is shown in Fig. 5 where the effects of a larger derivative
and more intersections can be seen. We use r4, to denote the ratio

between P, _,, with and without density fluctuations, and it can be
calculated as

‘mep? o9
nyry

_1 dn,(n|"
n,(r) dr

Zne(r ")=ne(re)

r=r

r'q
n" 1 dRgpig(n]™

Nepig(r) — dr

r=r. (34)

dr
n ), _,

D) =nyir)

dr
d”e,bkg(r) r=r

We can provide a rough estimate of ry,. Suppose the fluctuation
amplitude is 6n. in a length scale ér. The intersections can only occur
within the interval Ar along which the background density ne pig(r)
changes by én.. The number of intersections can be estimated as
Ar/é6r. Then, we have ry, = (Ar/ér) - (6r/6n,)/(Ar/én,) which is about
1. This suggests that the two effects cancel each other out. Thus, we
anticipate that the average conversion probability, when density
fluctuations are considered, will remain the same as our origi-
nal value.
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We then proceed to numerically compute the ratio ry, in Eq. (34)
using a large sample of n. profile generated by Monte Carlo method. As
we will see below, the concise result ry, ~ 1 is indeed verified.

For the convenience of numerical computation, we first need to
discretize the density fluctuations, Eq. (23), as

(An2)

logyoq;
@n) [ @ n10) - diogiog
JO

N WIN WN

N
(An2) Y@ A-In(10) (35)
n=0

In(10)
3

N (disc.)
> a2 (g, - A,
n=0

where

(a2 (q,) = an2)q; 36)
4,=10"q,, q,=10"".

(Ang)(dlsc‘)(q,,) is the variance (squared) of density fluctuations of the g,

mode in the interval [log;,(q,/9,),10810(9,./49,) + Al. The discretization

is carried out in the logarithmic scale, as the momentum span is broad,

spanning 6 orders of magnitude from g, to g;. The total number of

modes is N =log;,(q;/q,)/A. Next, the variance of density fluctuations

for different momentum modes can be estimated as

- 3.
0, (@) = \/ (An2) (G, = en (I2) *

The density as a function of distance, n.(r), with the fluctuations
taken into consideration, can be modeled as

@37)

2 N
ﬂe(l‘) = % (ne,bkg(rc) + Z 6ne(qn)A -sin [q,,(r - rc) + ¢n]> . (38)

n=0

Note that we have used sine functions for simplicity in numerical
evaluation. We also add random phases ¢, for each mode. Based on
(37), we have the variance of én.(k,)/n(r.),

0, (k)
n(ro

€, - 10"4C3 (39)

Then, we employ Monte Carlo method to generate the values for
6n(k,) following a Gaussian distribution with a mean value of zero and
a variance of g, (k,,) for each k mode. Additionally, the phase ¢, ran-
domly picks up a value between 0 and 2 for each k mode. To check
the effect of the fluctuations on the conversion probability, we take the
frequency 40 MHz as an example. At this frequency, the solar wind
dominates so that the background density profile can be taken as r? as
shown in Eq. (38). In this example, the corresponding resonant con-
version layer is at r.~9.4 x10° km from the solar center, which cor-
responds to gor. ~40.

To proceed, we take A=0.2 and thus we have N=30 modes in
total. However, computing r 4, in the presence of the full V=30 modes
turns out to be challenging due to numerical limitations. Conse-
quently, we perform the calculations for subsets of modes, specifically
considering the first 2,4, 6,...,20 modes individually. For each cho-
sen number of modes, we iteratively evaluate rg, 1000 times using
different Monte Carlo n. profiles and then take the average to ensure
statistical stability. In Fig. 6, we present the result of ry, with more
modes gradually included in computations. We see that the average
value of r4, converges to approximately 1, insensitive to the number of
modes. Therefore, we conclude that including density fluctuations
does not significantly change the value of P,_, , as the two effects of
larger derivatives and more resonant points cancel out each other.

2.0

1.5

0.5

0'OO 5 10 15

number of modes

20

Fig. 6 | The ratio between the conversion probabilities with and without den-
sity fluctuations. The ratio r, is computed numerically for various numbers of
modes k at the 40 MHz frequency, and is shown as the blue dots, while the orange
line marks the position of unity as a reference. These calculations are performed
over a total of 1000 samples and the resulting values are averaged.

Next, we check the second effect of density fluctuations, which
concerns the modification to the shape of the conversion surface. The
deformation of the conversion surface is within the length interval Ar
around r. As illustrated in Fig. 6, Ar/r. < 1. Therefore, the deformation
effect is negligible compared with the orignal conversion sphere
located at r=r. without density fluctuations included.

In summary, we have provided a quantitative demonstration that
inhomogeneities have a minimal impact on our calculations. This
conclusion holds true for the condition of deriving the conversion
probability, the magnitude of the conversion probability, and the
deformation of the conversion sphere. There are two key factors
contribute to the result: Firstly, the fraction of density fluctuation
remains small, at approximately 10%. Secondly, the density fluctuation
predominantly occurs at larger scales, indicating that small-scale tur-
bulence has a limited effect.

The effective spectral flux density received by LOFAR stations
Firstly, the Field of View (FOV) of LOFAR, or effectively, the Full Width
Half Maximum (FWHM) of LOFAR, is determined by

A

FWHM=7x %, (40)

where A is the observation wavelength, the coefficient n=1.02", and
D ~3.5 km is the station diameter according to ref. 118. Therefore, the
FWHM (for one beam) is approximately 10~ rad.

We can effectively define the last scattering sphere of radius Rs,
beyond which the scattering effect can be ignored, allowing the radio
waves to propagate in straight lines for r > Rs. The total radiation power
for dark photon signal at frequency f after conversion is dP/dQ x 4.
Therefore, the survived power at the last scattering sphere is given by

dp
P=Pal4n 5o

(41)
Considering a virtual source point P; situated within a surface
element dA; on the last scattering sphere (as depicted in the schematic
diagram of Fig. 7), the power it radiates in the direction r is
/ d.

dP' =P (6,60, 42)

where the angular distribution function g(6,, ¢1) accounts for the fact
that after multiple random scattering events, the radiation from the
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Sun

Earth
dA,

Re

Fig. 7 | Schematic diagram of the propagation of photons after the last scat-
tering. Rc denotes the conversion layer, and Rs denotes the last scattering sphere. A
surface element dA;, which containing a point Py, acts as the radiation source on the
last scattering sphere. 0 is the polar angle of P;. Another surface element dA,,
encompassing P, serves as the detection area on the Earth, which defines a solid
angle dQ; about P, in the direction of r. 6; is the angle between the propagation
vector r and the normal vector N; of dA;. The direction of N, is aligned with the line
connecting the centers of the Sun and the Earth. d is the distance from the Earth to
the Sun.
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Fig. 8 | The constraints on the monochromatic signal with different back-
ground fitting parameters. The 95% C.L. upper limits from LOFAR data on Sep-
tember 3, 2015 with a constant mono-chromatic signal using different background
fitting parameters. The orange, cyan and blue limits represent using 10 adjacent
bins with a 3rd-degree polynomial, 10 adjacent bins with a 2nd-degree polynomial
and 8 adjacent bins with a 3rd-degree polynomial, respectively, with n representing
the degree of polynomial and k representing the number of adjacent bins.

surface element is not simply in the radial direction. g(6;, ¢;) is nor-
malized as

1- / 20,40, 43)

The relation dQ,=dA, cos8,/r? is useful where the cosine factor
accounts for converting the receiving area dA, to the projected area
normal to r. Then, Eq. (42) becomes

dp' = dAl g(91’¢1) dA, cos 0, c0502

4nR2

(44)

where r is the distance from the surface element to the Earth. Mean-
while, since 6, is on the order of 107 rad, it follows that cos 8, ~ 1.
By substituting Eq. (41) into Eq. (44) and integrating over the area
on the last scattering sphere covered by the beams, the effective
spectral flux density (power per unit area and unit frequency) received

by LOFAR is derived as:

11dp

- (G )
sig — surER_gm #d/‘l'

beam r

S (45)

As discussed in the main text, the angular distribution function
g(6y, ¢1) can be determined by numerical simulations. The integration
is performed in the spherical coordinates (8, ¢p) with the Solar center as
the origin. Consequently, it can be transformed into

11dP sin 6,

Ssig = Psur L£BdQ g(61'¢1) cos 6, dode,. (46)

where d=1 AU is the distance from the Earth to the Sun.

cosB,=1/1— R%sin6,%/d* is the geometric relation. The Rs depen-

dence in cos 8, is canceled out by the implicit Rs dependence in
8(0, 1, Rs). For the simplest scenario without scattering,
8(6,¢,)=6(6))/2msin6;), Eq. (46) becomes Sg =Py, -1/d”-1/B-
dP/dQ, as expected. It is worth noting that since the data is averaged
over the beams with flux larger than 50% of the maximum beam flux,
the spherical surface integral is over the area covered by these selected
beams, and then divided by the number of selected beams.

Statistics of robustness of background fitting parameter
choosing

The upper limits on mono-chromatic signals, determined through
the log-likelihood ratio test, exhibit robustness against variations
in the parameters used for fitting the background. These para-
meters, denoted as n for the degree of the polynomial function
and k for the number of bins included in the calculation, do not
significantly affect the results. Typically, quadratic and trilinear
polynomial forms are employed, yet even with these different
choices, the outcomes remain largely unchanged. To demonstrate
this resilience, we conducted a comprehensive analysis on LOFAR
data collected on September 3, 2015, using varying degrees of
polynomials and numbers of adjacent bins. Specifically, we
examined three cases: 10 adjacent bins with a 3rd-degree poly-
nomial, 10 adjacent bins with a 2nd-degree polynomial, and 8
adjacent bins with a 3rd-degree polynomial. The results of these
analyses are presented in Fig. 8.

Our investigation demonstrates that the derived signal limits
exhibit a remarkably stability and are impervious to the specific choi-
ces of n and k. This robustness serves to reinforce the reliability and
consistency of our method in establishing upper limits on the mono-
chromatic signal from the LOFAR data.

Statistics of the Gaussian feature of LOFAR data

In our fitting process, the flux F(¢;, f;) is characterized by its time
index ¢; and frequency index f;. To analyze each frequency bin f;,
we calculate the average flux over time, denoted as F(fj), and
assume that it varies smoothly in frequency, which is fitted by
using 3rd-degree polynomials. Within a fixed frequency bin, we
consider the fluxes of different time bins to follow a Gaussian
distribution, with F(fj) serving as the mean of the Gaussian
function.

To validate the assumption of Gaussian distribution, we
specifically examine two frequency bins (j=200,400), corre-
sponding to 49.21MHz and 68.74 MHz on 3 September 2015,
respectively. After undergoing the data cleaning process, each
bin contains 920 and 1040 time bins, respectively. The top and
bottom panels of Fig. 9 display the histograms for the flux at f500
and f400, respectively, and these plots align well with the Gaussian
distribution.
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Fig. 9 | The distributions of flux in the LOFAR data. They are obtained from time-
bins after data cleaning process on September 3, 2015. a The distribution for the
200th bin with f500=49.21 MHz is shown in the orange shaded region, while the
Gaussian distribution with mean value F =1.589, standard deviation o=0.0039 is
shown in the solid blue line. b The distribution for the 400th bin with fyo0 = 68.74
MHz is shown in the orange shaded region, while the Gaussian distribution with
mean value F =2.994, standard deviation o= 0.0058 is shown in the solid blue line.
These distributions exhibit a good fit to a Gaussian distribution.

2.98

Constraint on axion-like particle dark matter
In the axion DM model, the axion a, as a pseudo-scalar particle,
interacts with the SM photon via

1 1 1 ~jw
Lqy= ii)uac')“a - imga2 + ZgawaF”,,F” , (47)

where P = e#F ;2 is the dual EM field strength, m, is the axion
mass, a is the axion field and g, is the coupling strength between the
axion and EM field. The last term in (47) can be simplified
as—ggak - B.

Similar to the dark photon scenario, the probability of axion DM
converting into photons is given by

|6In W3(r) -

v;3| ar (48)

ay/Brl’
Paay(urc):” ay:n

a r=r,

B is the magnetic field transverse to the direction of the axion pro-
pagation. The key difference from the dark photon case is that, the
conversion of axions into photons requires the presence of a magnetic
field. The probabilities (4) and (48) in the two cases are related via the

f [MHz]
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[a)
< 108 OSQAR
& L i
X
= 107% 1
3
© 107 CAST 1
= " QBs Globular Clusters
5 107" ]
© MWDP
10-12L ADMX SLIC Pulsars
1 2 3 4 5 6
m, [107eV]

Fig. 10 | The constraints on the parameter space of axion-like particle dark
matter. 95% C.L. upper limit on axion-photon coupling gz, from 17 minutes
observation of LOFAR data is shown in the cyan shaded region. We also show the
existing constraints (summarized in ref. 52) from various experiments and astro-
physical observations in gray shaded regions, including Light-Shining-through-a-
Wall experiments: CROWS'? (95%), ALPS' (95%), and OSQAR (95%)'**; helioscope:
CAST (95%)'**; haloscope: ADMX SLIC (90%)"; astrophysical bounds: magnetic
white dwarf polarization (MWDP) (95%)’°, Globular Clusters (95%)*>®, pulsars
(95%)°?, as well as quasars and blazars (QBs, shown in dashed gray) (95%)”°"7”".
Different constraints may choose different confidence levels, and we keep their
original choice unchanged as labeled in the parentheses following each experi-
ment. The ADMX SLIC constraint assumes axions to be dark matter,

p=0.45GeV cm, and we have rescaled it to be 0.3 GeV cm™ in the plot for
comparison.

expression

2
éemf‘, & g4y Brim,. 49)

The Sun possesses a dipole-like magnetic field but suffers from
large fluctuations"*'?°, The global map of the magnetic field in solar
corona obtained using the technique of the Coronal Multi-channel
Polarimeter shows that the magnetic field strength is about 1-4 Gauss
in the corona at the distance of 1.05-1.35 R,'?. In our case, the resonant
conversion happens at the range of about 2.18-1.12R, (corresponding
to frequencies in the range of 30-80 MHz; see Fig. 1). To proceed
conservatively, we estimate |B;| to be 1 Gauss at 1.05R; and extra-
polate this value to obtain [B;|=0.11-0.82 Gauss for our frequency
range, following the attenuation relation <R3,

The upper limit for the dark photon case can be directly
translated into that for the axion case using the relation (49). We
adopt |B;| as a function of distance using the extrapolation
above. Consequently, we plot the constraint on g, in Fig. 10.
However, there is a large uncertainty in our estimation of the
magnetic field, which overshadows other statistical and sys-
tematic uncertainties. Therefore, the zig-zag features shown in
Fig. 4 become less meaningful in the axion DM case. As a result, in
Fig. 10, we average the upper limits over every 20 frequency bins
to indicate the sensitivity of the LOFAR data on axion DM model.
The resulting graph shows that while our limit exceeds the
existing constraints from Light-Shining-through-a-Wall experi-
ments, including CROWS'??, ALPS'??, and OSQAR'*, it is not as
competitive as the direct search experiments such as CAST'® or
ADMX SLIC™® (in very narrow bands), and the astrophysical
bounds from observations of magnetic white dwarf polarization’®,
Globular Clusters®®, pulsars®?, as well as quasars and blazars”™ 7",
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Data availability

The LOFAR data used in this work is available at https://github.com/
Link23GH/UDM_LOFAR. The data that support the plots and findings
of this work are provided as a source data file. Source data are provided
with this paper. The datasets generated during and/or analyzed during
the current study are available from the corresponding authors upon
request. Source data are provided with this paper.

Code availability
The codes that support the plots and findings of this work are available
from the corresponding authors upon request.
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