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Ultralight dark matter (ULDM) is one of the most promising DM candidates. Because of the Bose
enhancement, we find the annihilation rate of ULDM in the presence of background photon radiation can
be greatly enhanced and produce a distinctive reflected electromagnetic wave with an angular frequency
equal to the ULDM mass. We propose to utilize such stimulated annihilation to probe the ULDM with the
electromagnetic quadratic coupling by emitting a radio beam into space. With a power of a 50 MW emitter,
we forecast the sensitivity of quadratic coupling in different local halo models for low-frequency radio

telescopes, such as LOFAR, UTR-2, and ngLOBO.
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I. INTRODUCTION

Dark matter, the invisible substance accounting for
more than 80% of the matter in the Universe, continues
to be a compelling mystery in modern physics [1].
The extensively studied canonical cold dark matter mod-
els, represented by weakly interacting massive particles
(WIMPs), are attractive, providing the correct relic abun-
dance and simultaneously solving other modern puzzles,
such as the hierarchy problem [2]. However, the recent null
experiment results put increasingly stringent constraints on
various WIMP models [3].

The ultralight dark matter (ULDM) that features a spin-0
particle with a mass ranging from 107>* 0 1 eV is a
competitive alternative, which could be produced through
the misalignment mechanism or its variants in the early
Universe [4—8]. The wavelike nature of these particles can
not only preserve the merits of cold dark matter, but also
may provide a solution to the small-scale structure problem
[9—11]. Moreover, recent studies on the Galactic scale, such
as gravitationally lensed images, indicates the increasing
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success of the wavelike DM versus the particlelike
DM [12]. Additionally, the ULDM also possibly addresses
the strong CP problem [13-16], aforementioned hierarchy
problem [17], and dark energy [18-20].

The distribution of the ULDM near Earth is crucial for
its detection in laboratory experiments. Aside from the
DM halo of the Milky Way halo [21-23], the caustic ring
model describing the full phase-space distribution of the
Milky Way is also well motivated and established [24-26].
It results in the occurrence of flows with varying density
and dispersion near Earth. On the other hand, the formation
of a local ULDM dark halo [27-29] bound to other
gravitational sources, such as the Sun and Earth, provides
an alternative profile possibility. The Sun halo and Earth
halo result in much higher dark matter densities around the
Earth’s vicinity compared to the Milky Way halo over a
wide mass range, which could significantly affect the
sensitivity of ULDM detection.

Note that the approaches to detecting the ULDM strongly
depend on its interactions with the Standard Model (SM)
particles. Generically, the linear couplings of the ULDM
with the SM particles are dominant, however, which have
been tightly constrained by atom clocks [30-34], atomic
spectroscopy [35-39], laser interferometry [40,41], gravi-
tational-wave detectors [42-44], astrophysical probes
[45-50], and others [51-57]. Additionally, the enhanced
emission of the axion clusters or axionlike particles may
provide a complementary bound [58—60]. On the other hand,
the quadratic interactions of the ULDM dominating over the
linear ones in recent years have drawn particular interest,
such as in theories with Z, symmetry [61,62] and the
relaxion mechanism [63]. Despite the above experimental
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FIG. 1. Conceptual design of our proposed experiment. A
powerful radio beam (blue wavy line) is sent to space to stimulate
the annihilation of the ULDM (red bullet). The reflected radio
(red wavy line) will be detected by the array telescope.

bounds, the parameter space of the quadratic interactions
remains largely unexplored.

In this article, we propose to probe the quadratic
interaction of ULDM by detecting the reflected electro-
magnetic wave signal produced from the stimulated anni-
hilation (as shown in Fig. 1). In contrast to the spontaneous
process, the flux of photons from the stimulated annihila-
tion can be greatly enhanced by the presence of ambient
photons, due to Bose enhancement. Since the power for
signal photons highly depends on the local DM density, we
consider four different local DM halos in our analysis: the
isothermal halo, the caustic ring model, the Sun halo, and
the Earth halo. By using a radio emitter with a power of
50 MW and low-frequency radio telescopes, we present the
new projected limit of the quadratic coupling of ULDM in
the mass range of 2.07 x 1078 ~ 1 x 1076 eV for all of
the halos.

II. STIMULATED ANNIHILATION

The quadratic interaction of the ULDM field ¢ with the
electromagnetic fields A, is given by

T P Fu P (1)

where the field strength F* = A — A", d¥) is the
quadratic coupling constant, and Mp, = 1.22 x 10" GeV
is the Planck mass (for the pseudoscalar case, see [64]). For

e

simplicity, we assume ¢ = 1‘24—’12; +~ 1n our calculations.

Since the DM is nonrelativistic in the halo, the angular
frequency of the ULDM is approximate to its mass,
wy = my. With Eq. (1), we can have the cross section
of the spontaneous annihilation process ¢¢ — yy,

11
0o Zﬂﬁdzmi (2)
where the factor f is the velocity of ULDM. Because of the
tiny coupling and the small mass of the ULDM, the
spontaneous annihilation rate is highly suppressed. We
note that a certain incoming photon can stimulate the
annihilation of the ULDM and thus produce an observable
electromagnetic signal. There are two methodologies to
describe the stimulated emission: (1) One involves the
Boltzmann equation where the spontaneous annihilation
amplitude of ULDM is enhanced by the Bose enhancement
from the indistinguishability of identical bosons [59,60,65].
(2) The other one resorts to the modified electrodynamics,
where the question becomes a radiation problem. The
effective current density is provided by the interaction in
Eq. (1). The ¢ manifests itself as a classical coherent field
and the stimulated enhancement is described through the
resonance [64,66]. We continue our proposal in method 1,
while giving the derivation in method 2 in the Supplemental
Material [67].

To obtain the production rate of the photons from
stimulated annihilation, we first consider the number of
states in the phase space of the spontaneous annihilation
process ¢¢ — yy. In the vacuum, there are f, ULDM with
the certain momentum and zero photons in the phase space
of the initial states. After annihilation, the final state will
contain (f, — 1) ULDM and two photons with two direc-
tions of momentum that are antiparallel to each other in the
center-of-mass frame of the two ULDM, ie., i), =
|f s f4:0.0), [£)o = |fp — 1. fp — 1:1,1). However, due
to the Bose enhancement of identical photons, if the
annihilation occurs in the background of f, photons, this
process will be stimulated and leads to

|1> = |f¢’f¢;fy’fy>,
|f>:|f¢_1’f¢_l’fy+1’fy+l> (3)

Then, we can have the scattering amplitude of the stimu-
lated annihilation,

My = Mfy(f, +1). (4)

where M, is the spontaneous annihilation amplitude. The
inverse process of two photons annihilating to two ULDM
in the vicinity of f, ambient photons corresponds to the
following matrix element:

M = My(fy + 1), (5)

In the presence of ambient photons, the effective annihi-
lation amplitude for the stimulated annihilation of the
ULDM is determined by the difference between the
amplitude of the annihilation and production processes
of the photons as follows:
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(Mise]> = IMe_i? = [IMoPIF(f, + 1) = (4 + 1)2f7),
= [MoP[f§ + 2f,f5 = 2f 47 = £3].
~ |M0|2f§)(1 +2f,). (6)

The four terms in the second line are interpreted as the
contributions from spontaneous annihilation, stimulated
annihilation, inverse stimulated annihilation, and inverse
spontaneous annihilation. It is then clear that the factor 2,
is the enhancement for stimulated annihilation compared to
spontaneous annihilation. We have used the approximation
f¢ > f, in the last line.

From the Boltzmann equation, we can obtain the
annihilation rate of the ULDM from the stimulated anni-

hilation process ¢(p,)p(p,) = v(ki)y(ky),

iy = — / dl,dT1,dIL d11, (27)*5* (py + pa — ki — k)
1
X 1 [Misel* = [Miil?]

= —4,Bn(2/)60(1 +2f,). (7)

where dIl; = g;dp*/((2x)3 - 2E;) is the usual phase-space
volume. The factor of 1/4 in the first line is the symmetry
factor for identical particles in the initial and final states. n; is
the number density of the ULDM or the photon, which is
related to phase-space distribution by n; = [ (297')3 filp)&p..
The production rate of the photons is the negative of the
annihilation rate of the ULDM. This is greatly enhanced by
the factor 2f,, which arises from the stimulation of the
ambient photons as @, = m,. Moreover, the production rate
of the photons depends on the ULDM density as p3,;, rather
than PDM-

A straightforward consideration inspired by the Bose
enhancement and substantial occupation number of the
ULDM is the more intriguing process of n ULDM scatter
into two photons arising from the effective interactions

()
described by the Lagrangian £ = ‘—l‘f/;,, @"F,, F*, since the
Pl

annihilation rate of the ULDM will be dependent on n’},

being potentially huge at first glance. A closer deriva-
tion results in 7, being proportional to the factor

F = (32)"% We find that this factor decreases in
2Mmy n!

power with n for the my > 1.07 x 107! eV for all the
halo models we considered here, despite the much higher
density p, in the Earth and Sun halos at some mass ranges.
For the lower mass ranges, the ULDM cannot be all dark
matter and are constrained by the Galaxy Structure for-
mation. Thus, as claimed before [61-63], in the scenarios
where the linear order n = 1 is absent, the dominant
contribution naturally emanates from the quadratic n = 2
order, which is the focus of this work.

III. SIGNAL POWER

The signal power received by the telescope can be
obtained by integrating Eq. (7) over time, the solid angle
along the direction of the outgoing emission beam, the
frequency, and the area

Iy
P=- / dAdvdQ / " iy,
0

1 g/2 PO Tofp 2
=—-"= dt, 8
8m3 Av, A P ®

where the duration time of emission is denoted as 7.
We ignored the interaction between the photon and the
electron in the environment and factorized out the power of
the source as

Py = /dAdudQn},. 9)

Here we assume that f,, is a Gaussian-like function with an

expected value w, and is related to n, = #mm)way fy

by averaging it over the bandwidth Aw, = Aw, = 27Av,,
with the ULDM bandwidth Av, = 2v406, depending on the
velocity dispersion o, of the ULDM [59,60,65]. Note that
P, is only determined by the properties of the emitter. In
addition, it can be seen that the signal power P in Eq. (8) is
sensitive to the local density of the ULDM halo, which is
commonly assumed to be the isothermal DM halo.
However, the distribution of ULDM in the Milky Way
may differ from the predictions of the isothermal DM halo.
The simulation for the formation of the Galactic halo
suggests the enhancement (or suppression) of the local DM
density due to the formation of “clumps” or streams [68].
Owing to the self-interactions or topological properties
of the ULDM, the possibility of the formation of con-
densates [69], clusters [70], boson stars [27-29,71], or
domain walls [31,72] has been discussed. Their impact on
the detection of ULDM was considered in [32] for deep
space atomic clocks, in [37,38] for atomic spectroscopy,
in [44] for gravitational-wave detectors, and in [73] with
neutrino oscillations. In our phenomenological study, we
consider four different halo models.
(1) Isothermal halo model: This standard density model
of the Milky Way from N-body simulations predicts
a local energy density of p; ~ 0.3 GeV/cm® with
velocity dispersion of 6; = 270/+/3 km/s [21-23].
(i1) Caustic ring model: Motivated by the description of
the full phase-space distribution of the Milky Way
halo, the caustic ring model predicts the configura-
tion of the caustics and flows [24]. The properties of
the flows are constrained by the observations of the
Infrared Astronomical Satellite and Gaia maps [26].
The resulting local dark matter velocity distribution is
dominated by the big flow with velocity dispersion less
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than 6. = 70 m/s [25] and density as high as p. =
10 GeV/cm? [26].

(iii) Sun halo model: As an extension of the boson star, it
has been recently discussed in [27-29,32]. This was
initially motivated by the suggestion from the large-
scale numerical simulations of Galaxy formation for
fuzzy dark matter (m,, ~ 1072? eV) without [74,75]
and with [76] the presence of baryons that halolike
configurations can form in the central cores of
galaxies. In the presence of quartic self-interactions
and subsequent gravitational focusing, an external
gravitational source, such as the Sun, in the back-
ground of virialized DM, can effectively capture the
ULDM to form an overdensity local halo. For the
mass range of our interest (m > 107? eV, see below),
its density pg, around Earth is much lower than that
of the isothermal halo and decreases exponentially
with the increase in the ULDM mass. The velocity
dispersion is 1/(m,Ry,), where Ry, is the radius of
the Sun halo.

(iv) Earth halo model: Similar to the Sun halo model, it is
also discussed in [27-29,32]. Reference [27] showed
that the maximally allowed value of the energy
density pg, of the Earth halo is given by

eXp (_2r/Reh>
exp (=r*/R3)

Here R, is the radius of the Earth halo, which is a
function of the ULDM mass [27]. R is the radius of
Earth. As a comparison with the isothermal DM
halo, the Earth halo has a much higher density.
On the other hand, with the increase in the ULDM
mass, the Earth halo density decreases exponen-
tially. For the estimation below, we take Fig. 2 in the

for Reh > RE,

(10)
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FIG. 2. The expected bounds on the plane of the dimensionless
coupling dE?) versus the ULDM mass my for the isothermal halo,
caustic ring model, and the Earth halo. The array telescopes
LOFAR, UTR-2, and ngLOBO are considered here. The gray
dashed lines are the limits from the BBN and supernova [36].

Supplemental Material of [27], which provides a
detailed description of the maximally allowed value
of energy density pg,.

IV. RESULTS AND DISCUSSIONS

In this work, our frequency range of interest is about
5-240 MHz. For lower frequencies, the impact of the
ionosphere will become significant, while for higher fre-
quencies, the signal will be suppressed by the mass of the
ULDM as is seen in Eq. (8). To detect such low-frequency
radio signals, we use the LOFAR [77], UTR-2 [78], and
ngLOBO [79] to estimate the sensitivity. LOFAR, as one of
the new-generation radio telescopes, is capable of detecting
radio signals in the frequency ranges of 10-90 and
110-240 MHz with an unparalleled sensitivity owing to
the novel phased-array design, dense core array, and long
interferometric baselines [77,80]. Different from the tradi-
tional dish telescope, a number of dipole antenna elements
are well arranged to compose a circular array with a diameter
of 70—80 m, which enables it to observe in several modes and
to detect the transient pulse signal with its high time and
frequency resolution. The minimal frequency resolution of
LOFAR is about 700 Hz [77]. As for the UTR-2, a T-shaped
antenna array can achieve a lower operating frequency range
8-32 MHz with a frequency resolution down to 4 kHz [78].
The low band of the ngLOBO is to cover the frequency range
5-150 MHz [79], the resolution of which can reach 1 kHz at
least [81,82]. The relevant parameters of the three telescopes
are given in Table 1.

The noise power of a radio array telescope with a
frequency bandwidth A during the observing time f.y

reads [83]
UTy, [ A
P, = — ’ (1 1)
s npoltoff

where k is the Boltzmann constant and n,, = 2, 1, 2 is the
number of polarizations for LOFAR [77], UTR-2 [78],
and ngLOBO [81,82], respectively. For simplicity, we
assume the detection efficiency #;, = 1 in our numerical
calculations. The bandwidth is determined by A =
max(Av,, Avy), where Av, is the telescope frequency
resolution. Ty is the temperature of the array system.

TABLE 1. The frequency range, maximum system tempera-
ture Ty, and frequency resolution Av, for LOFAR [77],
UTR-2 [78], and ngLOBO [79]. The values of T’y ,,, are evaluated
at the frequencies v = 10, v = 110, v = 8, and v = 5 MHz.

Telescope Frequency (MHz) Toysm (K) Av,., (kHz)
LOFAR 10-90 3.5 % 10° 0.7
LOFAR 110-240 766 0.7
UTR-2 8-32 6.1 x 10 4
ngLOBO 5-150 2.0 x 10° <1
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It is caused by several inevitable noises, such as the
cosmic microwave background, the environment, the gal-
axy, and the instrument. Among them, galaxy noise is
dominant [84]. Then, we approximate the system temper-
ature as Ty ~ 1.23 x 108 K(MHz/v)*%, where v is the
frequency of the noise photon [77,84].

Additionally, the transverse velocity 7, of the ULDM
perpendicular to the outgoing radio beam will result in the
displacement of the reflected radio signal from the location of
the outgoing power source. Thus, the duration time 7.y in
Eq. (8) should be less than the effective time #.; = C(I%I)’

where R is the radius of the array telescope. In the frequency
range of our interest, (|7, |) is about 124 km/s for the
isothermal halo [64], about 5 km/s for the caustic ring model
[26], and about 1.2 km/s for the Earth halo [27]. For the Sun
halo, the contribution for transverse velocity comes from
velocity v3 = 1.1 km/s of ULDM in the frame of the Sun
and the relative velocity v, ~ 29 km/s between the Sun and
Earth. Thus, we take (|7,|) =30 km/s. In reality, the
geometry factor C depends on the specific configuration
of the emitter relative to the collector in the experiment. Here
we take C = 0.3 to estimate the sensitivity. Since the height
of the ionosphere is approximately 48 km, the time required
for a radio wave pointing to the telescope to travel from the
ionosphere to the telescope is 160 ps, which is greater than
the effective time for the isothermal halo and not much
smaller than that of the caustic ring and the Sun halos.
Meanwhile, we note that the density of the Earth halo will
vanish before the radio reaches the ionosphere. Therefore, it
is justifiable to disregard the interaction between photons and
electrons in the environment.

For an emitter with power P, we can have the total
energy consumption Ey = NPyt.;, where N = m,/2Av,,
is the emission times. In the following calculations, we set
Ey =10 MW yr, Py =50 MW, and R = 50 m. By requir-
ing P> P,, we can obtain the exclusion limit of the

>E . (—)4 (12)
K Mo

dimensionless coupling d,”’,

T
4 <p. 50 MW sys
Py 35x10°

7.43x10%8.

4219 sec \4 ¢ GeV
" ) (Gevgp sz) ,  Isothermal
Caustic

(*

9.24x10%- (l ) (G V3 p? tVf:>2 (13)
(
(

Lofp

1 1
28 . (14.7sec |4 b GeV! \2
1.80x 10 ) (Gev‘ f'°“ ) dt) , Sun

1.85x10%8.

3 1
16 sec 4 My GeV’ 2
Lofr GeV3 e“ phdt)

For the isothermal halo, we can take A = Ay,. It is
because the bandwidth of the ULDM is scaled as
15.09 kHz - (m/0.03 peV), which is larger than the fre-
quency resolution of the LOFAR, UTR-2, and ngl.OBO.
While for the caustic ring model, the Sun halo, and the
Earth halo, since the frequency resolution Ay, is larger
than the bandwidth Au¢ of ULDM in our mass range, we
take A = 0.7, 1, and 4 kHz in Eq. (12) for LOFAR, UTR-2,
and ngLOBO, respectively.

The resulting expected exclusion limits are shown in
Fig. 2. We can see that the bounds for the quadratic
coupling d 2) strongly depend on the ULDM halo models.
They are around d? < 10?7 and 10% in the caustic ring
model and the isothermal halo, respectively. The bounds
for the isothermal halo are weaker than the limits from the
big bang nucleosynthesis (BBN) and supernova [36],
while that for the isothermal halo are weaker than the
limit from BBN, but stronger that the limit from supernova
by 2-3 orders of magnitude. Since the density of the Sun
halo is very low in our mass range, the corresponding
constraint is much weaker than others and thus is not

shown. On the other hand, the limit on dgz) in the Earth
halo model can be 103-10** in the range of 2.07 x
107 < my <827 x 107 eV (5 < f <20 MHz). The
limits in this range can be at most 8 orders of magnitude
stronger than that of the BBN and at most 17 orders of
magnitude stronger than that of the supernova. All the
limits shown weaken with the increasing mass. Since the
ULDM bandwidth Av,, for the caustic ring model is larger
than the telescope frequency resolution Av, in the higher
mass range, we should take A = Ay, in these mass
range and the limits on the caustic ring model will be
further suppressed. With the improved measurement of
the Gaia maps [85], a more precise local DM distribu-
tion can be reached and reduce the uncertainty in the
search for DM in the future. Additionally, we note that
the sensitivity can be further enhanced by increasing the
power of the emitter and enlarging the array telescope
radius. In addition, a better frequency resolution of the
telescope will improve the results in the same work
frequency.
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