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Ultralight axion or axionlike particles are one of the most promising candidates for dark matter, because
they are a well-motivated solution for the theoretical strong CP problem and observational issues on small
scales, i.e., the core-cusp problem and the satellite problem. A tiny coupling of axions and photons induces
birefringence. We propose the differential birefringence measurements of multiple images of gravitation-
ally lensed fast radio burst (FRB) systems as probes of the galactic axion dark matter (ADM) background.
In addition to general advantages of lensing systems, i.e., alleviating systematics and intrinsic astrophysical
dependencies, precise measurements of lensing time delay and polarization angle in gravitationally lensed
FRB systems make them a more robust and powerful probe. We show that, with a single lensed FRB system
(which may be detected in large numbers in the Square Kilometre Array era), the axion-photon coupling
under the ADM background could be constrained to be g,, < 7.3 x 10~ GeV~! for an axion mass

m, ~ 10720 eV. This will be of great significance in achieving synergistic searches of the galactic ADM
with other astrophysical probes and laboratorial experiments.
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Introduction. Solid and abundant evidence for the existence
of dark matter (DM) has been found over a wide range of
astrophysical and cosmological scales [1,2]. The funda-
mental nature of this component has been one of the most
pressing open questions in astronomy and physics for
decades. In the context of microscopic particle physics,
a particularly intriguing class of potential DM candidates is
supplied by light bosonic degrees of freedom (d.o.f.), of
which axions and axionlike particles are prototypical [3-5]
(below, we will not distinguish these two concepts and call
both of them axions for short in the context of dark matter).
They can act as fuzzy dark matter and provide a natural
solution to the intense challenges of observations on small
scales, such as the core-cusp problem and the satellite
problem [6-9]. In addition to the being well-motivated
d.o.f. from the standpoint of UV theory [10,11], the
canonical QCD axion is also extremely well motivated
as a solution to the strong CP problem [12—-14]. Therefore,
axion dark matter (ADM), an ideal and very promising
candidate, is nowadays in the limelight, and massive efforts
are underway to search for their signatures.
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In the past decades, a plethora of works have attempted
to test ultralight ADM by using the two distinct
predictions of interaction between axion and photon,
Ly = —=ggalF W,F"” /4. One is the interconversion between
axions and photons in the presence of magnetic fields, such
as “light shining through a wall” experiments [15,16],
the axion helioscope [17-19], astrophysical observations
of quasars, or active galactic nucleus (AGN) [20-22] and
SN1987A [23]. However, there is no signal of the conversion
detected so far [24-26], since these astrophysical constraints
heavily depend on the uncertainty of cosmic magnetic fields,
including their strength and structure. Therefore, several
previous works also attempted to design experimental
instruments in the laboratory for detecting ADM, including
cavities [27], wire arrays [28], dielectric plates [29,30], and
interferometers [31] (see Refs. [5,32,33] for a review). The
other is the photon birefringence in the presence of axion
background. This effect is caused by the modification of the
photon dispersion relation and the rotation of the linear
polarization plane due to the oscillating ADM background
[34-38], including the E-mode polarization of the cosmic
microwave background (CMB) [39,40], multiepoch obser-
vations of inherently linearly polarized synchrotron emis-
sion from AGN [41], linearly polarized pulsar light [42,43],
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and linear polarization at certain wavelength caused by
the scattering of light of the parent star in a protoplanetary
disk [44]. However, broadly speaking, almost all these tests
or constraints suffer from the uncertainties of instrumental
offsets and intrinsic brightness or polarization of astrophysi-
cal sources.

On the other hand, differential birefringence measure-
ments of multiple images of gravitationally lensed polar-
ized sources have been proposed as robust probes of ADM,
since they can significantly alleviate systematics and
astrophysical dependencies [45]. However, it should be
noted that, in such a case with a persistent source quasar,
the differential birefringence angle toward two gravitation-
ally lensed images is usually measured at the same time
and, thus, depends only on the properties of the axion field
in the emitting region. That is, the traditional lensed quasar
systems probe the ADM only in the host galaxy of the
source. However, almost all other astrophysical methods or
experiments probe ADM in the local or galactic region.
Therefore, any new probe for detecting the galactic ADM
background is of great importance for complementarity and
cross-check. Moreover, the precision of time delay meas-
urement and the inference of no changes in the polarization
angle between the polarized components of the two images
from no intensity variations of the two lensed images might
weaken the confidence level of these constraints.

In this paper, we propose gravitationally lensed fast radio
burst (FRB) systems as robust probes of galactic ADM.
Within this kind of system, sources are FRBs, which are
bright radio transients with millisecond duration first
discovered in 2007 [46]. Several observational properties,
including extragalactic origin [47], high event rate [48-50],
and short duration, make FRBs to have been proposed as
powerful probes for astrophysical and cosmological studies
(see Refs. [51,52] for a review). In particular, as a typical
transient with very short duration, gravitationally lensed
FRB systems have overwhelming advantages in funda-
mental physics tests and cosmological applications, such as
searching for compact dark matter [53-58], probing the
proper motion of the FRB source [59], testing the validity
of general relativity [60], and measuring the expansion
rate and space-time curvature of the Universe [61,62] (see
Refs. [63,64] for a review). Here, we establish gravitation-
ally lensed FRB systems (lensed by an intervening galaxy)
as ideal and powerful tool for hunting galactic ADM.
Specifically, most FRBs are highly linearly polarized,
and, for bright bursts with high signal-to-noise ratio,
polarization angles of them can be measured in great
accuracy using facilities with high sensitivity. More impor-
tantly, as a source with millisecond duration, time delay
between lensed images also can be measured with unprec-
edented precision. Thus, two signals emitting from the
source at the same time would be clearly separated and
reported as two lensed images in the observation region.
Ultimately, differential birefringence angle measurements

of these time-separated images decode the time variation
of the oscillating axion field background in the Milky Way.

Method. In this section, we present a brief introduction to
the birefringence effect and the lensing effect.

Birefringence effect: It is well known that the axion-photon
coupling gives rise to modifications to electrodynamics in
an axion field background [65]. We consider the relevant
Lagrangian density as

L= —%FWF’“’ - %%a()“a + %aFWF’”’ - %mgcﬂ, (1)
where F,, and F* denote the electromagnetic field
strength tensor and its dual, respectively. g,, is the coupling
constant between the axion and photon field. m, is the
axion mass. The equation of motion for a is given by the
Klein-Gordon equation, and a simple solution to it is
the coherently oscillating axion field when we ignore the
backaction term

V/2p,(x")

a(t,x') =
ma

sin [m, 1 + 8(x")], (2)

where x' is the three-dimensional spatial coordinates, p,, is
the energy density of the axion field, and 6 is the phase.
Here, we use the natural unit system, so m,t is dimension-
less. When 6 is approximately constant within the size
patch of the de Broglie wavelength 445, the inhomogeneity
of the axion field could be characterized by the spatial
dependence of p, and §.

The parity-violating coupling term aFF leads to bire-
fringence. When temporal and spatial variations of the
axion background field are much smaller than the fre-
quency of the photons propagating in the background,
satisfying 107'¢(m, /10722 eV)(GHz/v) < 1, the polari-
zation angle rotation effect is independent of the frequency
of the light, and the rotation angle is given as

Yay . .
Af, = £ Aa(obs, Xl Tems Yo )

:%/Cdsn”aﬂa

= % [a(tobs’xébs) - a(tem’xém)] s (3)

where the axion field at the point of observation and at the
point of photon emission are denoted by the subscripts
“obs” and “em,” respectively. C is the path of the photon in
space-time from the point of emission to the point of
observation, and »* is the null tangent vector to C. It should
be strongly emphasized that the net polarization angle
rotation is independent of the details of the axion field
configuration along the photon path at all points between
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emission and observation. That is, the net polarization
angle rotation depends only on the initial and final axion
field values [35,40,45,66].

FRB lensing effect: Most FRBs are natural and ideal
sources with linear polarization. For an observed FRB,
the measured polarization angle consists of two main
components: O(v) = 6, + RM(c/v)?. The first component
0, is the polarization angle of the source, and it is frequency
independent. The second one is the additional chromatic
birefringence caused by Faraday rotation effect when radio
signals pass through magnetized plasma. The frequency
dependencies of the Faraday rotation are captured by
polarization measurements over large bandwidths and
can be robustly modeled by fitting Stokes parameters.
Furthermore, the Faraday rotation-corrected polarization
angle 6, could be simultaneously determined from the
Stokes parameters fitting [67,68]. For this Faraday rotation-
corrected and frequency-free term, it can be further
decomposed as the following three compositions: 6, =
Oprp + A0, + 00. Opgp is its intrinsic polarization angle,
A@, is the achromatic birefringence induced by the
coupling between the photon and the axion field, and 66
is the systematic calibration offset and random error in
observation. Obviously, for observations of an FRB along a
single line of sight, it is difficult or unfeasible to directly
derive A@, without knowing Orrp and 66. Fortunately,
gravitational lensing of polarized sources has been pro-
posed as a probe with a unique advantage in over-
coming this difficulty and alleviating the unknown Oprp
and 060 [45]. For a gravitationally lensed FRB system,
millisecond duration signals simultaneously emitting from
the source can be observed as time-separated or lensed
images due to gravitational time delay. Differential bire-
fringence of the time-separated images provide information
of the time variation of the axion field around the observer,
i.e., on Earth or in the Milky Way. In a lensed FRB system,
the polarization angles for the two images of A and B (6 o
and 0073) are QO.A = HFRB -+ AGa'A + 60A and HO,B =
Oprp + A0, 5 + 603, respectively. For FRB-like sources
with very short durations, pulses emitting from it at the
same time would separately arrive at our Galaxy with a
gravitational lensing time delay At = |ty — 15| 75 and f
are the observation times of the two images. The initial
polarization angles Oprp for the two images are the same,
since they simultaneously emitted from the source. In
addition, if we consider that there is no systematic deviation
between 60, and 60y, then the difference between the two
polarization angles is A0, s =0gp —Ogp = A0, A —
A8,y and is not dependent on fgrp and o6.

For a gravitationally lensed FRB system, signals for both
images A and B simultaneously emit from the source.
Therefore, their a(fgy, X.y,) is the same. It has been shown
that gravitational lensing does not affect the bire-
fringence angle [66]. Consequently, the differential

birefringence angle is dependent only on the axion field
in the region of observation. Combining Eqs. (2) and (3),
we can obtain

. |m At .
Aea.lens =K Sll’l|: (2 :| Sin (matobs + 5obs - ”/2)7 (4)

with K in normalized units being

! -1
K — 12250 pa,obs 5 l2gl1]/ 1 ’lea .
0.3 GeVcem™| 107 GeV~' |107** eV

(5)

Here, we use the dark matter density in our Galaxy p, o =
PaB = Paobs as the energy density of axion field in the
observation region, and f.,s =3 (s + fg) is the average
observation time. The phase factor d,, remains constant at
the observer. For a single observation, since the phase of
sin (mgtyps + Sops — 7/2) in Eq. (4) is uncertain, we use the
root mean square of the oscillating axion field with a
random phase, 1/ V2, in the following calculation.

For gravitationally lensed repeating FRB systems, it is
viable to accurately measure multiple Af, .,s over a time
sequence. This merit gives rise to several advantages. First,
we can use statistical methods to significantly reduce the
error 60 with a large number of bursts from a repeating
source. Moreover, because of the persistence of repeating
FRBs, we can perform further periodic analysis to determine
the range of m,. Last but not least, for each two gravitational
lensing delayed bursts or images, the fact that their initial
polarization angles are almost the same and the precise
measurements of observation times yield reliable constraints
on the axion field in the observation region or Milky Way.

Simulations and results.

Single lensed FRB case: Combining recent analysis of the
FRB20201124A polarization by Jiang et al. [69] (a total of
536 FRB bursts with signal-to-noise ratio greater than 50,
S/N > 50, in 4 days, and most of them are highly linearly
polarized bursts) and the calibration of 3C286 polarization
(with an error of 0.3°) by Ching er al. [70], it indicates that
the Five-hundred-meter Aperture Spherical Telescope
(FAST) can measure the polarization angle of high S/N
bursts of FRBs with an conservative accuracy of ~1°.
Meanwhile, the measured error for the polarization angle
difference between two images of a lensed FRB system
also is ~1°. For a very tiny polarization angle difference
due to the ultralight axion field birefringence, it would
be completely overwhelmed by the measure error. In
this context, we can derive only an upper limit on the
birefringence effect, typically A0, ., < 1° In addition,
gravitational lensing of an FRB by a lens of mass My,
induces two images separated by a typical time delay
~few x (M /30M ) ms. Therefore, for a galaxy lens with
a dark matter halo mass ~10'2Myh~! (h is the Hubble
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FIG. 1.

The thick blue and red lines denote constraints on g,, from a single lensed FRB system. The yellow and purple thick lines

represent constraints on g,, from ten lensed FRB systems. The parameters used in these calculations are listed in the box in the lower
right corner. For the sake of comparison, we also show results from the CAST [18] (gray), CMB polarization measurements [75] (dark
blue and black), and some other astrophysical methods [43,73,74,76-80]. It should be noted that not all currently available constraints
are included in this plot to avoid overcrowdedness. Please refer to [81] for a more complete presentation of existing constraints.

constant in units of 100 kms~' Mpc™!), the typical time
delay is ~O(10) days. For p, s in Eq. (5), we take the
dark matter energy density in the Milky Way, p, b =
0.3 GeVcm™ [71-74]. With these typical values deter-
mined, we substitute them into Eq. (4) and yield constraints
on the galactic axion field from a single lensed FRB
system. Results are shown in Fig. 1 and denoted by the
thick blue line, i.e., g,, < 7.3 x 107! GeV~! for an axion
mass m, ~ 10720 eV.

For a repeating FRB source, once it is strongly lensed
by an intervening galaxy, a series of image multiplets from
the same source will exhibit a fixed pattern in their mutual
time delays, appearing over and over again as we detect
the repeating bursts. This property can help us effectively
identify whether a repeating FRB has been lensed [61].
We usually observe hundreds of bursts [N ~ O(100)] in an
active episode and measure their polarization angles.
The precision of differential birefringence measurements
would be statistically increased by a factor of +/N.
Assuming there are N ~ O(100) pairs of images with high
enough SNR, the measured upper limit would approx-
imately be A6, < 0.1°. Corresponding results are
shown in Fig. 1 and labeled by the thick red line. How-
ever, it should be noted that, as the precision increases,

systematic errors may become dominant and results derived
from A6, e, < 0.1° would be overestimated.

In addition to estimating the polarization angle due to the
axion-photon interaction, we should also clarify the range
of the axion mass m,, for a single observation. As the axion
mass increases, its period becomes shorter. In general, the
difference of the axion field for images A and B would be
significant when the oscillating period T, = 2z/m, is
comparable with the lensing time delay At That is, the
differential birefringence would be negligible when
T, > At, since the values of the field for images A and
B are very close to each other. On the other hand, differ-
ential birefringence is also negligible when T, < Zgumpling
since this effect is averaged out. For a lensed FRB system
with a typical time delay of O(10) days, the corresponding
m, ~1072! eV. For FRBs observed by FAST, effective
polarization information can be observed in the time
domain as long as the processing time resolution Zg,mpjing
is shorter than the field oscillation period. Therefore, for
lensed FRB systems with fgppin, ~ O(1) ms, they can
provide the axion field information for axion mass as heavy
as m, ~4.1 x 10712 eV. This range is almost 6 orders of
magnitude higher than the one derived from a strongly
lensed quasar [45].
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Statistical sample: For a statistical sample of N lensed FRB
system, the uncertainty of the measurement for the differ-
ential birefringence angle A8, ., is approximately reduced

by a factor of 1/v/N. For each lens system, the corre-
sponding time delays A¢ and observation times 7,
are independent, so the estimation is done by statistical
averaging. The average value of sin (m,t,ps + Sgps — 7/2)
is (| sin(mytops + Oops — 7/2)|) = 2/7. Assuming that At
satisfies a uniform distribution A€ [0, At ] in which
Atax 1s the maximum time delay in the lensed FRB

systems, (| sin[m“zAtH) is given by the following equation:
m,At 1 Aty m,At
i : = i = d(At). (6
ey A e
Subsequently, (|A0, i) is
2K Atmax m At
A6 =— i o d(At
(80,50 = [ sin 5]
4K
=—(2n+1- : 7
o n 1o )

Here, m,At,./2 is m,Aty./2 = nm +n, where neN
and n < z. Both the yellow and purple thick lines in
Fig. 1 are the expected upper limits derived from
Eq. (7), assuming ten gravitationally lensed FRBs. The
angle of polarization calculated from the yellow line is
0.3°/4/10 ~ 0.095°, corresponding to the polarization
angle limit of an on-off FRB source. Meanwhile, the
angle of polarization calculated by the purple line is
0.1°/4/10 ~ 0.032°, which is the angle of polarization
corresponding to the statistically estimated repeating FRB.

Conclusions and discussions. In this paper, we have
proposed and established differential birefringence from
gravitationally lensed FRB systems as a robust probe of
galactic axion dark matter background. With the state-of-
the-art observations and data reduction techniques, we
obtained that the axion-photon coupling under the ADM
background could be constrained to be g, < 7.3 %
10" GeV~! for an axion mass m, ~1072° eV from a
single lensed FRB system. It is most notable that, in
addition to merits of traditional lensed quasar systems,
lensed FRBs are ideal and promising probes to detect local
axion field near Earth or in the Milky Way thanks to the
unique observational properties of FRB sources, such as
millisecond duration and highly polarized emission.
Constraints from this probe will be complementary and
provide a cross-check with other astrophysical or labora-
torial searches. This will be of great value in exploring
the nature of local axion field around Earth or in the
Milky Way. For instance, preliminary analysis suggests
that constraints on g,, from a single lensed repeating
FRB would be comparable with results from the currently

existing CMB polarization measurements [74]. Meanwhile,
this probe will complement the parameter space by the
CMB polarization measurements (several orders of mag-
nitude for the mass range) and overcome the cosmic
variance. This suggests that gravitationally lensed FRBs
are an effective way to search for galactic ultralight axions.
Moreover, as shown in Fig. 1, constraints or detection of
axions from differential birefringence measurements in
lensed FRB systems provide significantly stronger con-
straints compared to those obtained from the solar axion
experiments, such as CERN Axion Solar Telescope
(CAST) [18].

In addition, Eq. (4) shows that the polarization angle
difference is expected to oscillate with a period 7', =
27z/m,. Considering the observational characteristics of
repeating FRBs, it is likely to report a large number of
bursts in a few days, and it is foreseen that good limits
can be obtained for periods less than ~10 days (m, >
4.7 x 107! eV). Note that it is more difficult to impose
long period limits, since repeating FRBs usually do not
remain active for a very long time. For the size of the angle
A6, 1ens 1n this work, it is only a relatively simple estimate.
The actual situation may be more complicated. Since the
observation times of the two images are different, this may
introduce additional systematic errors which are needed to
be carefully considered.

It is worth looking forward to the revolutionary develop-
ment of radio observation equipment in the future. Once
the Square Kilometre Array (SKA) starts operating, it is
expected to observe hundreds of FRBs every day. For FRBs
with z > 1, the probability of being lensed is 10~*. Thus, in
the future, the SKA is expected to discover > 10 strongly
lensed FRBs per year. According to conservative estimates
based on past work, within a decade of SKA operation, it is
expected to detect O(10) strongly lensed FRB events [61],
and the SKA can achieve high-precision polarization and
position observations for these events. Overall, the SKA is
expected to play a crucial role in our quest of understanding
the nature of ultralight axions or even the nature of dark
matter.
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