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Detecting extragalactic axion-like dark
matter with polarizationmeasurements of
fast radio bursts
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Axions or axion-like particles (ALPs) are one of the promising darkmatter (DM) candidates. A prevalent
method to detect axion-likeDM is to seek periodic oscillation in the polarization angles (PAs) of linearly
polarized light emitted from astrophysical sources. In this work, we use the time-resolved polarization
measurements of the hyperactive repeating fast radio burst, FRB 20220912A, detected by the
Five-hundred-meter Aperture Spherical radio Telescope (FAST) to search for extragalactic axion-
like DM. Given a DM density profile of FRB 20220912A’s host, we obtain upper limits on the
ALP-photon coupling constant of gaγ < (3.4 × 10−11−1.9 × 10−9) GeV−1 for the ALP masses
ma ~ (1.4 × 10−21−5.2 × 10−20) eV. Persistent polarimetric observations with FAST would extend the
constraints to lowermasses. Although thegaγ constraints derived fromFRBsare less competitive than
those from other methods, FRBs offer an alternative way to detect axion-like DM on extragalactic
distance scales, complementary to galactic DM probes.

One of themost important tasks that remain unresolved inmodern physics
is the detection of dark matter particles (DM, hereafter referring to dark
matter rather than dispersion measure), and numerous candidates of DM
have been proposed. Axion-like particles (ALPs), a type of ultralight
bosons, have emerged as the most prevailing candidates in the search for
DM1–6. Thanks to the special properties of ultralight scalar particles
(ma ~10−22 eV), they can provide a natural solution to the challenges
encountered in small-scale structures of the Universe7–9. A lot of strate-
gies for finding axion-like DM have been explored, including photons
from axion conversion10–13, nuclear magnetic resonance14,15, periodic
oscillations of linearly polarized light16–20, and other terrestrial or astro-
nomical experiments21,22.

Among the various axion-like DM detection methods, detecting per-
iodic oscillations of polarized light has been regarded as a promising
approach in astrophysics16–20,23–27. When light propagates through the ALP
field, photons would interact with ALPs, and the interaction term is
Laγ ¼ 1

4 gaγaFμν
~F
μν
, where gaγ represents the coupling strengthbetween the

axion field (a) and the electromagnetic field (Fμν). The interaction leads to
modifications in the dispersion relations28,29. The left- and right-handed
circular polarization modes of light experience opposite corrections due to
their different dispersion relations. This effect is known as cosmic bire-
fringence, resulting in changes in the polarization angles (PAs) of the light.
Therefore, in the presence of anALP field, if the light is linearly polarized, its
PAs will oscillate with the ALP field, with an amplitude proportional to gaγ.

Fast radio bursts (FRBs) are brief and intense radio transients that
originate from cosmological distances30–36. FRBs have been powerful
astrophysical laboratories for studying cosmology37–48 and also have the
potential to play an important role in the detection of DM25,49–56. To date, no
studies have utilized real polarization observations of FRBs to constrain
axion-likeDMdirectly. Thenecessary conditions for FRBs to serve as axion-
like DM probes include: (i) active repeating bursts, (ii) nonmagneto-ionic
local environments with stable PAs, (iii) highly linear polarization, and (iv)
precise localizations within host galaxies. The repetition pattern of FRBs
enables us to monitor their polarization properties long-term to detect
axion-like DM on extragalactic distance scales, complementary to other
galactic DM probes. The schematic illustration is shown in Fig. 1. One
intriguing sample for such a study is FRB 20220912A, an active repeating
source with highly linear polarization57,58, and its local environment is
nonmagneto-ionic59. Its long-term polarization observations from the Five-
hundred-meter Aperture Spherical radio Telescope (FAST)58 provide a
remarkable opportunity to detect extragalactic axion-like DM through
searching for a periodic oscillation in the PAs.

In thiswork, we constrain theALP-photon coupling constant gaγusing
polarization data of FRBs. We analyze the polarization angle variations of
linearly polarized emission from FRB 20220912A observed by FAST. All
currently available observations fromOctober 28th, 2022 to December 5th,
2022are adopted for our study.Theobservational time coverage of ~38days
with a cadence of ~1 day is sensitive to ALPs with mass ranging from
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1.4 × 10−21 eV to 5.2 × 10−20 eV. By estimating the periodic variations in
linear PAs, we can place upper limits on gaγ directly. Finally, we also predict
further constraints from continued polarization observations of FRB
20220912A in the future.

Results
The Polarization angles detected by FAST
After the initial discovery of FRB20220912A, subsequent observations from
multiple telescopes have consistently detected a large number of bursts from
this specific source58–69. It isnoteworthy that FRB20220912Awasmonitored
by FAST for a period of several dozen days, during which a total of 1076
bursts were recorded58. Most of these bursts exhibit nearly 100% linear
polarization. The rotationmeasure (RM) of FRB 20220912A is very close to
0 and did not show any variation during the FAST observation period,
indicating that FRB20220912A is located in a likely nonmagneto-ionic local
environment58,59. The non-variable RM also means that the PAs of FRB
20220912A are relatively stable.

In our analysis, the PAs of FRB 20220912A are processed from the raw
data of FAST. The detailed data processing can be found in the subsection
The PA Data Analysis of Methods. Figure 2 displays PA measurements of
FRB 20220912A as a function of time (MJD 59880 to MJD 59918), and the
median value of the PAs is calculated for each day. As illustrated in this plot,
the PAs exhibit considerable variation within a day, but they are relatively
stable on themonthly timescale during the observational period. Because of
the timing of the observations, there is a concentration of data for a single
daywithin narrow time intervals, which results in poor data continuity from
one day to the next. Therefore, our analysis focuses on PA variations with a
minimum oscillation period of one day. In this case, the minimum time
interval is 1 day, while the total observational time is 38 days. According to
the theory presented in the subsection ALP-photon Coupling of Methods,
theALPmassma can be determined throughma ¼ 2πð1þ zÞ=T 0. It is clear
from this formula that the lower and upper limits of themassma depend on
the total observational time (T 0 ¼ 38 days) and theminimum time interval
(T 0 ¼ 1 day), respectively. That is, the sensitiveALPmassma fallswithin the
range of 1.4 × 10−21 eV to 5.2 × 10−20 eV.

Search for ALP-induced oscillations
As described in the subsection ALP-photon Coupling of Methods, when a
linearly polarized light propagates in an external ALP field, the corre-
spondingPAswould have a time-dependent change due to theALP-photon
coupling effect. By analyzing the periodic variations of PAs, we thus can
constrain the ALP-photon coupling strength, thereby facilitating the
potential detection of axion-like DM.

The Lomb-Scargle (LS) Periodogram is a general tool for
searching periodic signals, and has also been applied to axion
detection16,26. The significance of the peak values in the LS Period-
ogram can be assessed by the False Alarm Probability (FAP). The LS
periodogram and FAP can be calculated using the python package
ASTROPY, and the results from the time series of polarization mea-
surements for FRB 20220912A with ionospheric corrections are
shown in Fig. 3. More details can be found in the subsection The
Lomb-Scargle Periodogram of Methods. We can find that all values
are much lower than the 32% FAP line. Consequently, there is
insufficient evidence to support ALP-induced periodic oscillations
present in the PAs of FRB 20220912A based on current observations.
Therefore, we can only determine an upper limit of the ALP-photon
coupling constant gaγ using an alternative method.

The resulting constraints and comparisons
We employ two analysis methods to constrain the ALP-photon coupling
constant: the standard deviation (SD) method and the LS Periodogram-
Monte Carlo method70–72. The former is cruder but more convenient for
estimation. Further details of the two methods can be found in the sub-
sections The Standard Deviation of PAs and LS Periodogram-Monte Carlo
Method of Methods, respectively.

For the estimation from the SD method, we obtain upper limits of
gaγ < (2.7 × 10−11−1.0 × 10−9) GeV−1 for the ALP masses ma ~ (1.4 ×
10−21−5.2 × 10−20) eV. For the LS Periodogram-Monte Carlo method, the
obtained upper limits are gaγ < (3.4 × 10−11−1.9 × 10−9) GeV−1 for the same
ALPmass range, which is consistentwith the results of thefirstmethod. The
resulting constraints on gaγ from the LS Periodogram-Monte Carlomethod
are shown in Fig. 4, along with other 95% CL upper limits from different
astrophysical sources. Finally, we also forecast a future constraint.
If the polarization observations of FRB 20220912A last up to one year, the
limit obtained from the LS Periodogram-Monte Carlo method would
extend to lower ALP masses, yielding gaγ < 3.3 × 10−12 GeV−1 for an ALP
mass ma ~1.4 × 10−22 eV.

Recently, Gao et al.56 proposed gravitationally lensed FRBs as
probes for hunting Galactic axion DM, predicting that the ALP-
photon coupling could be constrained to be gaγ < 7.3 × 10−11 GeV−1

for an axion mass ma ~10
−21 eV. This forecast limit is similar to our

result of gaγ < 2.1 × 10−11 GeV−1 for the same axion mass from real
FRB polarization observations. Furthermore, as shown in Fig. 4, our
result is slightly better than the constraint from the extended CERN
Axion Solar Telescope (CAST) (gaγ < 5.8 × 10−11 GeV−1)73 and com-
parable with the constraint from the supernovae observed by the
Fermi Large Area Telescope (LAT) (gaγ < 2.6 × 10−11 GeV−1)22. In
contrast to the galactic probes, such as pulsars18,25,26, black hole19,20,
and protoplanetary disk24, our method can detect ALPs on kiloparsec
scales, which highlights the potential of FRBs for detecting extra-
galactic axion-like DM.

Fig. 1 | Illustration of detecting extragalactic axion-like dark matter (DM) with
polarization measurements of FRBs. The interaction between photons and ALPs
leads to modifications in the dispersion relations, resulting in a difference in phase
velocity between the twomodes. This phenomenon, known as cosmic birefringence,
causes changes in the polarization angles (PAs) of the light. If axion-like DM is
distributed around the FRB 20220912A's host galaxy, ALP-induced PA oscillations
(ϕ(t)) can emerge. The repeating FRBs enable us to monitor their polarization
properties long-term to detect axion-like DM on extragalactic distance scales.

Fig. 2 | Linear polarization measurements of the
bursts from FRB 20220912A detected by FAST.
The observed polarization angle (PA, ϕobs) of each
burst is depicted by a yellow point, the purple points
represent the daily medians, and the light purple
shaded area encompasses the 1σ confidence range.
The dashed line represents the mean background
〈ϕbkg〉 = − 24.98°.
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Discussion
In this work, we attempted to detect extragalactic ALPs in the host
galaxies of the hyperactive repeating FRBs. Thanks to the nonmagneto-
ionic local environment, highly linear polarization, and relatively stable
PAs within the observation period, FRB 20220912A is hitherto the most
suitable repeating source for carrying out such a study. Note that
the distance of FRBs does not provide an advantage in detecting axion-
like DM. This is because the PA shift depends on the axion field at the
initial and final positions, independent of the propagation
distance (see Equation (3) in Methods). With the state-of-the-art PAs
observations of the bursts from the repeating source FRB 20220912A
taken by FAST, we obtained upper limits on the ALP-photon coupling
constant of gaγ < (3.4 × 10−11−1.9 × 10−9) GeV−1 for the ALP masses
ma ~ (1.4 × 10−21 −5.2 × 10−20) eV. If the polarization observations of
FRB 20220912A are expected to last for one year, the gaγ limit would be
gaγ < 3.3 × 10−12 GeV−1 for an ALP mass ma ~1.4 × 10−22 eV.

Although the constraints on gaγ from FRBs are not as competitive as
those from other sources, such as the active galaxies16, the quasar
H1821+643 and the cosmic microwave background74,75, and the mass
range of ma < 2 × 10−21 eV have been excluded by the Lyman-α Forest
Data76, our attempt can serve as an alternative and complementary
method. FRBs have the advantage of being abundant in extragalactic
systems. Numerous extragalactic FRBs offer an alternative way to detect
axion-like DM in various DM-rich extragalactic systems, thereby
obtaining tighter constraints on gaγ that complement other galactic DM
probes, such as pulsars.

In the era of Square Kilometre Array (SKA), a large sample of localized
FRBs will significantly enhance their applications. When numerous FRBs
are combined, the constrained precision on the ALP-photon coupling
constant will statistically increase by a factor of

ffiffiffiffi
N

p
. According to Zhang

et al.48,Oð105Þ-Oð106Þ FRBs can be detected by the mid-frequency array of
thefirst phaseof SKA(SKA1-MID) ina10-year observationperiod.Todate,
more than 800 FRBs have been detected77, and among them, only one, FRB
20220912A,hasbeen identifiedas a repeatingFRBwithanonmagneto-ionic
environment. Assuming there areN~ 100 (0.1% of the total) FRBs like FRB
20220912A in SKA1-MID, the upper limit of the coupling constant would
improve by approximately an order of magnitude.

It should be underlined here that the implicit assumption on our
results is that the ALP mass exceeds the Hubble parameter in the
appropriate epoch of the Universe. In this condition, the ALP-induced
PA oscillations can begin and lead to an evolution of energy density in
the form of DM5,9. If the ALP mass is so low that it approaches the

Hubble constant, ma ~ 10−33 eV, it will be frozen and manifest as a form
of dark energy rather than DM.

Methods
ALP-photon coupling
ALPs can be described as a pseudo-scalar field a(x, t) withmassma, where x
is the spatial coordinates and t is the time.TheALPfield can interactwith the
electromagnetic field, and its dynamics can be captured by the Lagrangian
terms78:

L ¼ � 1
4
FμνF

μν þ 1
2
∂μa∂μa�

1
2
m2

aa
2 þ 1

4
gaγaFμν

~F
μν
; ð1Þ

where Fμν denotes the electromagnetic field tensor, ~F
μν ¼ 1

2 ϵ
μνλσFλσ is the

dual of Fμν, and gaγ represents the ALP-photon coupling constant which
characterizes the strength of interaction. This coupling leads to a
modification in the dispersion relation16:

ω± ’ k±
1
2
gaγn

μ∂μa; ð2Þ

where nμ is null tangent vector of light, k is the wave vector, and the fre-
quency ω± corresponds to two circular polarization states. The natural unit
system ℏ=c=1 is employed here. When two vertically polarized electro-
magnetic waves of these two states propagate, a phase shift occurs between
them due to the disparity in their phase velocities. This phase shift leads to
the rotation of the polarization plane, known as cosmic birefringence.
Specifically, the frequency difference between the two polarization com-
ponents is Δω = ω+ − ω− = gaγn

μ∂μa. If waves emitted from the source at
position x1 at time t1 are received by an observer at position x2 and time t2,

Fig. 3 | The LS periodogram for the time series of polarization measurements for
FRB 20220912A. The purple line represents the power spectrum (PLS(ν)) of the LS
periodogram. The red dashed line marks the False Alarm Probability (FAP)
threshold at 32%. The signals with PLS(ν) values below this line are not considered to
oscillate periodically at the 1σ confidence level.

Fig. 4 | The resulting constraints on the ALP-photon coupling constant gaγ for
different ALP mass ma, obtained from the polarization measurements of FRB
20220912A. The yellow shaded area corresponds to the upper limits of gaγ derived
from the LS Periodogram-Monte Carlo method. The yellow dot-dashed line
represents future constraints from continued polarization observations of FRB
20220912A for up to one year. Other 95% CL upper limits from different astro-
physical sources are also displayed for comparison, including the VLBA polariza-
tion observations of jets from active galaxies (blue solid line)16, the Chandra
observation of the quasar H1821+643 (blue dot-dashed line)98, the Extended
CAST experiment (purple shaded area)73, the polarized light of pulsar from the
Parkes Pulsar Timing Array (PPTA) project (gray shaded area)26, the Fermi-
LAT observation of supernovae (red dot-dashed line)22, the observations of the
cosmic microwave background (CMB) from BICEP/Keck (gray dotted line)74

and SPT-3G (gray solid line)75, and the mass constraint from the Lyman-α forest
data (vertical dotted line)76. For a more complete summary, please refer to this
link99.
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the ALP-induced PA shift is then expressed as

ϕ ¼ 1
2

Z
C
Δωds ¼ 1

2
gaγ

Z x2

x1

∂μadx

¼ 1
2
gaγ aðx2; t2Þ � aðx1; t1Þ

� �
;

ð3Þ

where C is the propagation path of waves. From Equation (3), it is evident
that the PA shiftϕ is determined by the time-dependent axion field a(x, t) at
the initial and final positions, since it arises from the path integral of the
axion field gradient (∂μa). The equation of motion for the ALP field is given
by the Klein-Gordon equation. When we neglect the friction term, the
solution simplifies and exhibits an oscillating form:

aðx; tÞ ¼ a0ðxÞ sin mat þ δ
� �

; ð4Þ

where δ is the position-dependent phase. a0(x) is the amplitude that relates
to the energy density of theALPfield ρ (or equivalently the energy density of
DM, if the dominant DM is assumed to be made up of ALPs), i.e.,
ρ ¼ 1

2m
2
aα

�2a20, where α is a random nonnegative variable following the
Rayleigh distribution f ðαÞ ¼ α expð�α2=2Þ79. When the observed time
scale is much smaller than the coherence time scale, it becomes essential to
consider this stochastic nature of the connection between the amplitude a0
and the energy density ρ79,80. The oscillation period of the ALP field is given
by T = 2π/ma, which depends on the ALPmass. If the energy density of the
ALP field at the observer is much lower than the one at the source (i.e.,
a(x2, t2) ≪ a(x1, t1)), Equation (3) can be converted to an oscillatory
expression,

ϕðtÞ ¼ �
ffiffiffi
2

p

2
gaγ m

�1
a ρ

1
2α sin 2π

t
T 0 þ δ

� �
; ð5Þ

where T 0 ¼ Tð1þ zÞ is the observed period on Earth, taking into account
cosmic expansion. Equation (5) describes that the PAs have the periodic
oscillation characteristic when linearly polarized waves are coupled
with ALPs.

DM density profile of the host galaxy
Outside the solitonic cores of galaxies, the DM density distribution ρ(r) can
be approximately described by the generalized Navarro-Frenk-White
(NFW) profile81:

ρðrÞ ¼ ρ0

r=rs
� �β

1þ r=rs
� �3�β

; ð6Þ

where r is the distance from the galaxy center, ρ0 is the characteristic density,
rs is the scale radius, and β is the power-law index. Also, ρ(r) ∝ r−β when
r ≪ rs and ρ(r) ∝ rβ−3 when r ≫ rs. For the case of β = 1, Equation (6) is
reduced to the original NFW profile82. In principle, these coefficients (ρ0, rs,
and β) can be determined by fitting the rotation curves of galaxies. The
physical origins of FRBs are still unknown, but some of them have been
localized in extragalactic host galaxies. Once we have enough observational
information about the FRBhost galaxy, we can estimate theDMdensity ρ in
the vicinity of the FRB source.

The Deep Synoptic Array localized the repeater FRB 20220912A to a
host galaxy, PSO J347.2702+ 48.7066, at redshift z = 0.077157. The host
galaxy has a stellar mass of approximately 1010M⊙, a star-formation rate of
≳ 0.1M⊙ yr−1, and an effective radius of 2.2 kpc. Gordon et al.83 compared
the optical host luminosities of repeating and nonrepeating FRBs across
redshift, and defined a demarcation at luminosity 109 L⊙ belowwhich a host
can be classified as a dwarf galaxy. FRB 20220912A sits just above the
borderline at ≈ 1.1 × 109 L⊙, suggesting that its hostmay be adwarf galaxy83.

Since they have higher fractions of DM compared to more massive
systems, dwarf galaxies are deemed as ideal systems to probe the DM density
profile84. However, we currently lack rotation curve observations of the host

of FRB 20220912A to investigate its DMdensity distribution. Here we use the
DM density profile of a dwarf galaxy, NGC 4451 (with a similar stellar mass
of ~ 1010M⊙ and a similar radius of ~ 2.2 kpc84), as a reference. Note that the
differences in DM density profiles between NGC 4451 and FRB 20220912A’s
host have negligible effects within the precision range of our study. Based on
the stellar rotation curve, Cooke et al.84 determined the coefficients of the
generalized NFW profile (Equation (6)) for NGC 4451, i.e.,
ρ0 = 0.41M⊙ pc−3, rs = 2.2 kpc, and β = 0. Furthermore, a recent milli-
arcsecond localization of FRB 20220912A shows that its transverse offset
from the host galaxy center is r≈ 0.8 kpc85.With this information, an estimate
of the DM density at the location of FRB 20220912A from Equation (6) is
ρ ~0.16M⊙ pc−3. This value is much larger than the DM density near our
Earth, which is ~ 0.01M⊙ pc−3 estimated by the Galactic NFW profile86.

The PA Data Analysis
The PAs of FRB 20220912A were derived from the raw data of FAST. The
central frequency, bandwidth, number of frequency channels, and sampling
time for the raw data were 1.25 GHz, 0.5 GHz, 4096, and 49.152 μs,
respectively. We used the GPU-accelerated transient search software HEIM-

DALL and processed the data on FAST’s high-performance computer facil-
ities. A dispersionmeasure range of 200 to 250 pc cm−3 was searched, with a
signal-to-noise ratio threshold of 6.5 and a maximum boxcar of 512. After
determining the dispersion measures, the de-dispersed polarization data
were calibrated using the PSRCHIVE software package with correction for
differential gain and phase between the receivers achieved through the
injection of a noise diode signal before each observation. The rotation of the
telescope and the variation of the receiver across the days were calibrated
through PAC. The RMwas searched from −2000 to 2000 radm−2 in steps of
1 radm−2 using the RMFIT program87. Ionospheric RMs in the direction of
FRB 20220912A at each burst’s arrival time were computed using FRion
package88. The ionosphere model is sourced from the International GNSS
Service (IGS), which provides ionosphere vertical total electron content
(TEC) maps daily. FRion downloads these TEC maps from NASA CDDIS
archive.After correcting thedatawith the best-fittedRMs,wederive thePAs
of the linearly polarized component. During a total of 9.2 hours of obser-
vations between October 28th, 2022 and December 5th, 2022 (corre-
sponding to MJD 59880 and MJD 59918), we obtain 674 bursts with RM
measurements. The PA data of these bursts are available in Supplemen-
tary Data 1.

The standard deviation of PAs
Variations in PAs of FRBs are complex and puzzling89–91. The prevailing
understanding is that these variations aremainly attributed to the significant
fluctuations in themagneticfields surroundingFRB sources.However, if the
axion-like DM exits in the host galaxy and envelops the FRB sources, the
observed PA (ϕobs) is expected to be composed of two components: one
from the PA contribution of the astrophysical background (e.g., the mag-
netic field), ϕbkg, and the other one is the ALP-induced PA shift, ϕ(t), i.e.,

ϕobs ¼ ϕbkg þ ϕðtÞ ’ hϕbkgi þ Δϕbkg þ ϕðtÞ; ð7Þ

where 〈ϕbkg〉 represents themean value of the PA causedby the background
magneticfield andΔϕbkg corresponds to the PA fluctuation arising from the
magnetic field changes. SinceΔϕbkg is unpredictable, we simply assume that
the magnetic field is time-invariant, which means that the observed PA
fluctuations are attributed to the ALP-photon coupling effect, i.e.,
ϕobs = 〈ϕbkg〉 + ϕ(t). Actually, the fluctuations caused by time-varying
magnetic fields are quite real, which means that ignoring the contribution
from Δϕbkg will conduct conservative upper limits on the ALP-photon
coupling constant gaγ for different ALP masses, except in a case of
coincidences where ϕ(t) and Δϕbkg cancel out in opposite phases.

Given the randomness of the value of the phase δ (see Equation (5)), we
use the SD of ALP-induced PA shift ϕ(t) to characterize its oscillation
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amplitude18. This yields

Δϕ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϕ2ðtÞ	 
q

’ 1:96°
ρ

0:16M�pc�3

� �1
2

×
ma

10�21 eV

� ��1 gaγ
10�11 GeV�1

� �
:

ð8Þ

The mean value of the observed daily median PAs is 〈ϕMed〉 =
− 24.98 ± 3.83°. Here the mean − 24.98° is regarded as the mean back-
ground 〈ϕbkg〉, and the 1σ SD3.83° is regarded asΔϕ. FromEquation (8), we
can see thatΔϕ is proportional to gaγ for a givenALPmassma.With theALP
mass ranging from 1.4 × 0−21 eV to 5.2 × 10−20 eV, the corresponding upper
limits on gaγ can be obtained as gaγ < (2.7 × 10−11 −1.0 × 10−9) GeV−1.

Lomb-Scargle periodogram. The LS periodogram is a commonly used
technique to identify the periodic signals in time series70,71. It is widely
applied in astronomy72,92, and has also been employed in axion search16,26.
The LS Periodogram involves the computation of the power spectrum
PLS(ν), which is associated with the probability of a periodic signal
at frequencies ν. A higher PLS(ν) value indicates a greater probability
of periodicity. We consider a time series (yi, ti) with SD σi of
length N (i = 1, . . . , N), and then the required symbols are defined as
follows:92

YY ¼ PN
i¼1

wiy
2
i � Y � Y ; YC ¼ PN

i¼1
wiyici � Y � C;

YS ¼ PN
i¼1

wiyisi � Y � S; CC ¼ PN
i¼1

wic
2
i � C � C;

SS ¼ 1�PN
i¼1

wic
2
i � S � S; CS ¼

PN
i¼1

wicisi � C � S;

ð9Þ

where wi ¼ 1=σ2i
� �

=
PN

i¼11=σ
2
i

� �
is the normalized weight, si ¼

sinð2πνtiÞ, ci ¼ cosð2πνtiÞ, Y ¼ PN
i¼1 wiyi, C ¼ PN

i¼1wi cosð2πνtiÞ, and
S ¼ PN

i¼1 wi sinð2πνtiÞ. The power spectrum PLS(ν) is defined as

PLSðνÞ ¼
1

YY � D SS � Y2
C þ CC � Y2

S � 2CS � YC � YS

� �
; ð10Þ

where D ¼ CCSS � C2
S . Additionally, the significance of the peak values in

PLS(ν) can be assessed by the False Alarm Probability (FAP). The FAP

quantifies the probability of periodic signals arising from random
fluctuations72, thereby enabling to exclude false periodic signals. We
implement this analysis using the Python package ASTROPY, but no periodic
signals have beenverified in thePA shiftϕ(t) of FRB20220912A.The results
from the time series of polarizationmeasurements for FRB 20220912Awith
ionospheric corrections are shown in Fig. 3, where the frequency resolution
is 0.002 day−1.

LS periodogram-Monte Carlo Method
To obtain a robust constraint on the ALP-photon coupling constant gaγ, we
reference and adjust the method in refs. 16,26. We perform Monte-Carlo
simulations to generate the artificial time series that keep the temporal
coordinates and exhibit periodic oscillations based on the real distributions
of 674 PAdata with ionospheric corrections. This enables us to simulate the
power spectrum PLS(ν) in the presence of the ALP-induced PA oscillations,
and to estimate 95%CLupper limits on gaγby comparing itwithPLS(ν) from
real data. To illustrate our approach, for a quantityX, we use distinguishable
symbols: X for real data and X̂ for simulated data. For a given frequency νa
and the corresponding PLS(νa), the constraint process is summarized as
follows:
1. First, we generate 2500 sets of simulated PA data ðϕ̂; σ̂; tÞ by randomly

sampling from the histogram distributions of the full PA dataset, and

insert a periodic signal Δϕ̂ ¼ α̂φ̂ sinð2πνat þ δ̂Þ, where the stochastic
fluctuation α̂ is sampled from a Rayleigh distribution
f ðα̂Þ ¼ α̂ exp �α̂2=2

� �
, the amplitude φ̂ is uniformly sampled in the

range [0, 15] degrees, and the phase δ̂ is uniformly sampled in the
range [0, 2π].

2. Next, we calculate P̂LSðνaÞ for each of the 2500 sets of simulated
PA data and pair it with the amplitude φ̂ to form an
array ðφ̂; P̂LSðνaÞÞ.

3. Then, we extract all amplitudes φ̂ that yield the same power spectrum
as the real data at frequency νa. Specifically, we search for φ̂ in the array
ðφ̂; P̂LSðνaÞÞ that satisfies the condition that the simulated spectrum
value P̂LSðνaÞ fallswithin anarrow interval [PLS(νa)− ϵ, PLS(νa)+ ϵ] of
the real spectrum value. In other words, all φ̂ must satisfy P̂LSðνaÞ 2
½PLSðνaÞ � ϵ; PLSðνaÞ þ ϵ� (here we set ϵ = 0.005).

4. In the set φ̂ extracted in step 3, we determine a valueφ95 such that 95%
of φ̂ satisfy φ̂<φ95, representing a 95% CL upper limit of ALP-induced
amplitude at frequency νa. Finally, an upper limit on gaγ for an ALP
massma can be inferred with a 95% CL by providing a SD of φ95=

ffiffiffi
2

p
and a frequency νa according to Equation (8).

The above process is performed for each νa 2 νj1=38≤ ν ≤ 1
 �
(in

units of day−1) to obtain 95% CL upper limits of gaγ for all sensitive ALP
mass ranges. The constraint results (purple shaded area) are presented in
Fig. 5, where the results obtained from the case of fixing α = 1 (i.e., without
considering the stochastic nature of the amplitudeof the axionfield; denoted
by red line) and the SDmethod (denoted by orange line) is also plotted for
comparison. Similar results indicate that the estimation from the SD
method of the daily PA medians is reasonable.

The significant variations in PAwithin a single day are not relevant to
the long-period signal we focus on (1-38 days). This is because long-period
signals change very little over short timescales, effectively adding a constant
to the daily PAs. Additionally, we can infer that the effects of the stochastic
nature of DM are negligible in our analysis, which can be attributed to the
expectation of the Rayleigh distribution being

ffiffiffiffiffiffiffiffi
π=2

p
, which is close to the

fixed value of 1. We obtain upper limits on the ALP-photon coupling
constant of gaγ < (3.4 × 10−11 − 1.9 × 10−9) GeV−1 for the ALP masses
ma ~ (1.4 × 10−21−5.2 × 10−20) eV. Based on the current distribution and
accuracy of PA data, we simulate the PA variation over the course of a year
and apply the same methods to find φ95. With future polarization obser-
vations of FRB 20220912A for one year, the gaγ limit would extend to lower
ALP masses, i.e., gaγ < 3.3 × 10−12 GeV−1 for an ALP mass ma ~1.4 ×
10−22 eV.

Fig. 5 | The resulting constraints on the ALP-photon coupling constant gaγ for
different ALPmassma.The orange line represents the estimation from the standard
deviation (SD) method. The purple solid line and red line correspond to the derived
upper limits of gaγ for the cases of random α and fixed α = 1, respectively (see
Equation (5)). The purple dot-dashed line represents future constraints from con-
tinued polarization observations of FRB 20220912A up to one year.
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The influence of the Faraday rotation
Stable PAs are essential requirements for our study. For most FRBs, the
dominant mechanism of PA variation is the Faraday rotation effect when
propagating throughmagnetized plasma. The RM is a crucial parameter for
quantifying this effect. The PAs induced by Faraday rotation can be
expressed as ϕ = RM(c/ν)2, where c is the light speed and ν is the frequency.
In our FRB 20220912A dataset, the mean value of the daily median RM is
〈RMMed〉 =− 0.91 ± 1.12 radm−2. Such a small RMmay imply that the RM
contribution from its host galaxy is comparable to that of the MilkyWay58,
which is ~−16 radm−293. Nevertheless, theRM from the galacticmedium is
stable and thus has negligible influence. Additionally, the long-term varia-
tion of RM is also stable58, with a slope of 0.017 radm−2 day−1 (0.06° day−1).
The SD of ALP-induced PA shift is ~ 2° at a mass of 10−21 eV, which can be
estimated using Equation (8). If the Faraday rotation contributes a com-
parable PA shift, the RMneeds to reach ~ 0.6 radm−2. The SD of 〈RMMed〉
for FRB 20220912A is comparable with this value. This indicates that
although it is reasonable to disregard the PA caused by themagnetic field in
our analysis, the influence of the Faraday rotation prevents us from further
improving accuracy.

The influence of the circular polarization degree
Despite the highly linear polarization observed in FRB 20220912A, obser-
vations have shown that this source also exhibits a fraction of circular
polarization. The possible explanations include intrinsic radiation
mechanisms94,95 or propagation effects within a magnetar’s
magnetosphere96,97. To investigate the influence of the circular polarization
degree, we calculate the cumulative probability distribution of the linear
polarization degree of 674 bursts and employ the SD method to quantify
constraint results. Figure 6 presents the cumulative probability distribution
of linear polarization, which shows that over 80% of bursts have a linear
polarization fraction exceeding 90%. After removing those PA data below a
given linear polarization threshold, we can calculate the coupling constant
gaγ for the remainingPAdata. This gaγ value is then divided by that obtained
from the total PA dataset for normalization. Taking the linear polarization
threshold from 60% to 100%, the relative variations of gaγ are also depicted
in Fig. 6. The absence of a significant reduction in gaγ after removing the low
polarization degree data suggests that non-linearly polarized data have little
impact on our results.

The influence of the Dark matter density
TheassumptionofDMdensity employed in this paper is approximate, but it
can be shown that its impact on our results is negligible. The precision of the
VLBI localization corresponds to a physical length of less than 10 pc85,
allowing us to disregard the location error. The errors associated with the
generalized NFW profile, characterized by three parameters and their
errors, are as follows: ρ0 ¼ 0:41þ0:47

�0:24 M� pc�3, rs ¼ 2:2þ0:8
�0:7 kpc, and

β ¼ 0:0þ0:5
�0:6

84.We estimate the errors inDMdensity by randomly sampling
parameters from their error distributions. The best-fit generalized NFW
profile of NGC 4451 and its 95% CL are shown in Fig. 7. We find that the
95%CL lower limit ofDMdensity at a radius of 0.8 kpc is similar to that near
the Earth. Therefore, in the worst-case scenario, the DM density is set to a
value near the Earth (ρ ~ 0.01M⊙ pc−3), resulting in a coupling constant
limit gaγ that is four times larger. In general, since gaγ is proportional to the
square root ofDMdensity, any estimation deviation inDMdensitymust be
significant to meaningfully affect our results.

Data availability
Raw data are available from the FAST data center: https://fast.bao.ac.cn.
Owing to the largedata volume,we encourage contacting the corresponding
author for the raw data transfer. The processed PA data and the derived
constraints on ALP-photon coupling constant gaγ from the FRB polariza-
tions are available in Supplementary Data 1.

Code availability
HEIMDALL (https://sourceforge.net/projects/heimdall-astro) PSRCHIVE
(https://psrchive.sourceforge.net) PAC (https://psrchive.sourceforge.net/
appendices/basis/basis.pdf) FRion (https://github.com/CIRADA-Tools/
FRion).

Received: 2 September 2024; Accepted: 14 March 2025;

References
1. Preskill, J., Wise, M. B. &Wilczek, F. Cosmology of the invisible axion.

Phys. Lett. B 120, 127–132 (1983).
2. Abbott, L. F. & Sikivie, P. A cosmological bound on the invisible axion.

Phys. Lett. B 120, 133–136 (1983).
3. Dine, M. & Fischler, W. The not-so-harmless axion. Phys. Lett. B 120,

137–141 (1983).
4. Khlopov, M. Y., Sakharov, A. S. & Sokoloff, D. D. The nonlinear

modulation of the density distribution in standard axionic CDM and
its cosmological impact. Nucl. Phys. B Proc. Suppl. 72, 105–109
(1999).

5. Marsh, D. J. E. Axion cosmology. Phys. Rep. 643, 1–79 (2016).

Fig. 6 | The cumulative probability distribution of the linear polarization degrees
of 674 bursts from FRB 20220912A and the relative variation of the coupling
constant gaγ. The left y axis: the cumulative probability distribution of the linear
polarization degrees (purple line). The right y axis: the relative variation of the
coupling constant gaγ obtained by the standard deviation (SD) method after
removing those data below a given linear polarization threshold and then dividing by
the gaγ constraint obtained from the total dataset (orange line).

Fig. 7 | The best-fitting generalized Navarro-Frenk-White (gNFW) profile of
NGC 4451 (purple solid line) with a 95% confidence region (gray shade). The
relation between the dark matter (DM) density ρ(r) and the distance r from the
galaxy center is displayed (see Equation (6)). The location of FRB 20220912A (red
dashed line) and the estimated DM density near our Earth based on the Galactic
NFW profile (orange dashed line) are indicated.

https://doi.org/10.1038/s42005-025-02045-w Article

Communications Physics |           (2025) 8:130 6

https://fast.bao.ac.cn
https://sourceforge.net/projects/heimdall-astro
https://psrchive.sourceforge.net
https://psrchive.sourceforge.net/appendices/basis/basis.pdf
https://psrchive.sourceforge.net/appendices/basis/basis.pdf
https://github.com/CIRADA-Tools/FRion
https://github.com/CIRADA-Tools/FRion
www.nature.com/commsphys


6. Choi, K., Im, S. H. & Shin, C. S. Recent Progress in the Physics of
Axions and Axion-Like Particles. Annu. Rev. Nucl. Part. Sci. 71,
225–252 (2021).

7. Hu,W., Barkana, R. &Gruzinov, A. Fuzzy Cold DarkMatter: TheWave
Properties of Ultralight Particles. Phys. Rev. Lett. 85, 1158–1161
(2000).

8. Hui, L., Ostriker, J. P., Tremaine, S. & Witten, E. Ultralight scalars as
cosmological dark matter. Phys. Rev. D. 95, 043541 (2017).

9. Hui, L. Wave Dark Matter. ARAA 59, 247–289 (2021).
10. Horns, D. et al. Searching for WISPy cold dark matter with a dish

antenna. J. Cosmol. Astropart. Phys. 2013, 016 (2013).
11. Payez, A. et al. Revisiting the SN1987A gamma-ray limit on ultralight

axion-like particles. J. Cosmol. Astropart. Phys. 2015, 006–006
(2015).

12. Anastassopoulos, V. et al. New CAST limit on the axion-photon
interaction. Nat. Phys. 13, 584–590 (2017).

13. Du, N. et al. Search for Invisible Axion DarkMatter with the Axion Dark
Matter Experiment. Phys. Rev. Lett. 120, 151301 (2018).

14. Graham,P.W.&Rajendran,S.Newobservables fordirect detectionof
axion dark matter. Phys. Rev. D. 88, 035023 (2013).

15. Budker,D., Graham,P.W., Ledbetter,M., Rajendran, S. &Sushkov,A.
O. Proposal for a Cosmic Axion Spin Precession Experiment
(CASPEr). Phys. Rev. X 4, 021030 (2014).

16. Ivanov, M. M. et al. Constraining the photon coupling of ultra-light
dark-matter axion-like particles by polarization variations of parsec-
scale jets in active galaxies. J. Cosmol. Astropart. Phys. 2019, 059
(2019).

17. Chen, Y., Shu, J., Xue, X., Yuan, Q. & Zhao, Y. Probing Axions with
Event Horizon Telescope Polarimetric Measurements. Phys. Rev.
Lett. 124, 061102 (2020).

18. Liu, T., Smoot, G. & Zhao, Y. Detecting axionlike dark matter with
linearly polarized pulsar light. Phys. Rev. D. 101, 063012 (2020).

19. Yuan, G.-W. et al. Testing the ALP-photon coupling with polarization
measurements of Sagittarius A⋆. J. Cosmol. Astropart. Phys. 2021,
018 (2021).

20. Gan, X., Wang, L.-T. & Xiao, H. Detecting axion darkmatter with black
hole polarimetry. Phys. Rev. D. 110, 063039 (2024).

21. Dessert, C., Foster, J. W. & Safdi, B. R. X-Ray Searches for Axions
from Super Star Clusters. Phys. Rev. Lett. 125, 261102 (2020).

22. Meyer, M., Petrushevska, T. & Fermi-LAT Collaboration. Search for
Axionlike-Particle-Induced Prompt γ -Ray Emission from
Extragalactic Core-Collapse Supernovae with the Fermi Large Area
Telescope. Phys. Rev. Lett. 125, 119901 (2020).

23. Fedderke, M. A., Graham, P. W. & Rajendran, S. Axion dark
matter detection with CMB polarization. Phys. Rev. D. 100, 015040
(2019).

24. Fujita, T., Tazaki, R. & Toma, K. Hunting Axion Dark Matter with
Protoplanetary Disk Polarimetry. Phys. Rev. Lett. 122, 191101 (2019).

25. Caputo, A. et al. Constraints onmillicharged darkmatter and axionlike
particles from timingof radiowaves.Phys.Rev.D.100, 063515 (2019).

26. Castillo, A. et al. Searching for dark-matter waves with PPTA and
QUIJOTE pulsar polarimetry. J. Cosmol. Astropart. Phys. 2022, 014
(2022).

27. Liu, T., Lou, X. & Ren, J. Pulsar Polarization Arrays. Phys. Rev. Lett.
130, 121401 (2023).

28. Carroll, S. M., Field, G. B. & Jackiw, R. Limits on a Lorentz- and parity-
violating modification of electrodynamics. Phys. Rev. D. 41,
1231–1240 (1990).

29. Harari, D. & Sikivie, P. Effects of a Nambu-Goldstone boson on the
polarization of radio galaxies and the cosmicmicrowave background.
Phys. Lett. B 289, 67–72 (1992).

30. Lorimer, D. R., Bailes, M., McLaughlin, M. A., Narkevic, D. J. &
Crawford, F. A Bright Millisecond Radio Burst of Extragalactic Origin.
Science 318, 777 (2007).

31. Thornton, D. et al. A Population of Fast Radio Bursts at Cosmological
Distances. Science 341, 53–56 (2013).

32. Spitler, L. G. et al. A repeating fast radio burst. Nature 531, 202–205
(2016).

33. Xiao, D.,Wang, F. & Dai, Z. The physics of fast radio bursts.Sci. China
Phys., Mech., Astron. 64, 249501 (2021).

34. Petroff, E., Hessels, J. W. T. & Lorimer, D. R. Fast radio bursts at the
dawn of the 2020s. AA Rev. 30, 2 (2022).

35. Chime/Frb Collaboration. et al. Sub-second periodicity in a fast radio
burst. Nature 607, 256–259 (2022).

36. Zhang, B. The physics of fast radio bursts. Rev. Mod. Phys. 95,
035005 (2023).

37. Wei, J.-J., Gao, H., Wu, X.-F. & Mészáros, P. Testing Einstein’s
Equivalence Principle With Fast Radio Bursts. Phys. Rev. Lett. 115,
261101 (2015).

38. Wu, X.-F. et al. Constraints on the Photon Mass with Fast Radio
Bursts. ApJ 822, L15 (2016).

39. Yang, Y.-P. & Zhang, B. Extracting Host Galaxy Dispersion Measure
and Constraining Cosmological Parameters using Fast Radio Burst
Data. ApJ 830, L31 (2016).

40. Walters, A., Weltman, A., Gaensler, B. M., Ma, Y.-Z. & Witzemann, A.
Future Cosmological Constraints From Fast Radio Bursts. ApJ 856,
65 (2018).

41. Macquart, J. P. et al. A census of baryons in the Universe from
localized fast radio bursts. Nature 581, 391–395 (2020).

42. Wei, J.-J. &Wu, X.-F. Testing fundamental physics with astrophysical
transients. Front. Phys. 16, 44300 (2021).

43. Beniamini, P., Kumar, P., Ma, X. & Quataert, E. Exploring the
epoch of hydrogen reionization using FRBs.MNRAS 502,
5134–5146 (2021).

44. Yang, K. B., Wu, Q. & Wang, F. Y. Finding the Missing Baryons in the
Intergalactic Mediumwith Localized Fast Radio Bursts. ApJ 940, L29
(2022).

45. James, C. W. et al. A measurement of Hubble’s Constant using Fast
Radio Bursts.MNRAS 516, 4862–4881 (2022).

46. Liu, Y., Yu, H. & Wu, P. Cosmological-model-independent
DeterminationofHubbleConstant fromFastRadioBurstsandHubble
Parameter Measurements. ApJ 946, L49 (2023).

47. Wang, B. &Wei, J.-J. An 8.0%Determination of theBaryon Fraction in
the Intergalactic Medium from Localized Fast Radio Bursts. ApJ 944,
50 (2023).

48. Zhang, J.-G. et al. Cosmology with fast radio bursts in the era of SKA.
Sci. China Phys., Mech., Astron. 66, 120412 (2023).

49. Landim, R. G. Dark photon dark matter and fast radio bursts. Eur.
Phys. J. C. 80, 913 (2020).

50. Sammons,M.W. et al. FirstConstraints onCompactDarkMatter from
Fast Radio Burst Microstructure. ApJ 900, 122 (2020).

51. Muñoz, J. B., Kovetz, E. D., Dai, L. & Kamionkowski, M. Lensing of
FastRadioBurstsasaProbeofCompactDarkMatter.Phys.Rev. Lett.
117, 091301 (2016).

52. Wang, Y. K. & Wang, F. Y. Lensing of fast radio bursts by binaries to
probe compact dark matter. AA 614, A50 (2018).

53. Liao, K., Zhang, S. B., Li, Z. & Gao, H. Constraints on Compact Dark
Matter with Fast Radio Burst Observations. ApJ 896, L11 (2020).

54. Ho, S. C. C. et al. Future Constraints on Dark Matter with
Gravitationally Lensed Fast Radio Bursts Detected by BURSTT. ApJ
950, 53 (2023).

55. Krochek, K. & Kovetz, E. D. Constraining primordial black hole dark
matter with CHIME fast radio bursts. Phys. Rev. D. 105, 103528
(2022).

56. Gao, R. et al. Hunting galactic axion dark matter with gravitationally
lensed fast radio bursts. Phys. Rev. D. 109, L021303 (2024).

57. Ravi, V. et al. Deep Synoptic Array Science: Discovery of the Host
Galaxy of FRB 20220912A. ApJ 949, L3 (2023).

https://doi.org/10.1038/s42005-025-02045-w Article

Communications Physics |           (2025) 8:130 7

www.nature.com/commsphys


58. Zhang, Y.-K. et al. FAST Observations of FRB 20220912A:
Burst Properties and Polarization Characteristics. ApJ 955, 142
(2023).

59. Feng, Y. et al. An ExtremelyActiveRepeatingFastRadioBurst Source
in a Likely Nonmagneto-ionic Environment. ApJ 974, 296 (2024).

60. Bhusare, Y. et al. uGMRT detection of more than a hundred bursts
from FRB 20220912A in 300 - 750 MHz frequency range.
Astronomer’s Telegr. 15806, 1 (2022).

61. Fedorova, V. A. & Rodin, A. E. Detection of FRB 20220912A at
111 MHz with BSA radio telescope. Astronomer’s Telegr. 15713,
1 (2022).

62. Herrmann, W. Bright Pulses at 1400 MHz from FRB20220912A.
Astronomer’s Telegr. 15691, 1 (2022).

63. Kirsten, F. et al. PRECISE detects high activity from FRB 20220912A
at 1.4 GHz but no bursts at 5 GHz using the Effelsberg telescope.
Astronomer’s Telegr. 15727, 1 (2022).

64. Ould-Boukattine, O. S. et al. Bright burst detections from FRB
20220912A at 332 MHz using the Westerbork-RT1 25-m telescope.
Astronomer’s Telegr. 15817, 1 (2022).

65. Pelliciari, D. et al. Detection of a burst from the newly discovered
active repeater FRB20220912A with the Northern Cross radio
telescope. Astronomer’s Telegr. 15695, 1 (2022).

66. Perera, B. et al. Detection of a bright burst fromFRB20220912Aat 2.3
GHz with the Arecibo 12-m telescope. Astronomer’s Telegr. 15734, 1
(2022).

67. Rajwade, K. et al. Detection of bursts from FRB 20220912A at 1.4 and
2.2 GHz. Astronomer’s Telegr. 15791, 1 (2022).

68. Sheikh, S. et al. Bright radio bursts from the active FRB 20220912A
detectedwith the Allen Telescope Array.Astronomer’s Telegr. 15735,
1 (2022).

69. Yu, Z. et al. Detection of FRB 20220912A at 750 MHz with the Tianlai
Dish Pathfinder Array. Astronomer’s Telegr. 15758, 1 (2022).

70. Lomb, N. R. Least-Squares Frequency Analysis of Unequally Spaced
Data. ApSS 39, 447–462 (1976).

71. Scargle, J. D. Studies in astronomical time series analysis. II.
Statistical aspects of spectral analysis of unevenly spaced data. ApJ
263, 835–853 (1982).

72. VanderPlas, J. T. Understanding the Lomb-Scargle Periodogram.
ApJs 236, 16 (2018).

73. Altenmüller, K. et al. New Upper Limit on the Axion-Photon Coupling
with an Extended CAST Run with a Xe-Based Micromegas Detector.
Phys. Rev. Lett. 133, 221005 (2024).

74. Ade, P. A. R. et al. BICEP/Keck XIV: Improved constraints on axionlike
polarization oscillations in the cosmic microwave background. Phys.
Rev. D. 105, 022006 (2022).

75. Ferguson, K. R. et al. Searching for axionlike time-dependent cosmic
birefringence with data from SPT-3G. Phys. Rev. D. 106, 042011
(2022).

76. Iršič, V., Viel, M., Haehnelt, M. G., Bolton, J. S. & Becker, G. D.
First Constraints on Fuzzy Dark Matter from Lyman-α Forest Data
and Hydrodynamical Simulations. Phys. Rev. Lett. 119, 031302
(2017).

77. Xu, J. et al. Blinkverse: A Database of Fast Radio Bursts. Universe 9,
330 (2023).

78. Wilczek, F. Two applications of axion electrodynamics. Phys. Rev.
Lett. 58, 1799–1802 (1987).

79. Foster, J.W., Rodd, N. L. & Safdi, B. R. Revealing the darkmatter halo
with axion direct detection. Phys. Rev. D. 97, 123006 (2018).

80. Centers, G. P. et al. Stochastic fluctuations of bosonic dark matter.
Nat. Commun. 12, 7321 (2021).

81. Zhao, H. Analytical models for galactic nuclei.MNRAS 278, 488–496
(1996).

82. Navarro, J. F., Frenk,C.S. &White, S.D.M. TheStructureofColdDark
Matter Halos. ApJ 462, 563 (1996).

83. Gordon, A. C. et al. The Demographics, Stellar Populations, and Star
Formation Histories of Fast Radio Burst Host Galaxies: Implications
for the Progenitors. ApJ 954, 80 (2023).

84. Cooke, L. H. et al. Cuspy darkmatter density profiles inmassive dwarf
galaxies.MNRAS 512, 1012–1031 (2022).

85. Hewitt, D. M. et al. Milliarcsecond localization of the hyperactive
repeating FRB 20220912A.MNRAS 529, 1814–1826 (2024).

86. Nesti, F. & Salucci, P. TheDarkMatter halo of theMilkyWay, AD2013.
J. Cosmol. Astropart. Phys. 2013, 016 (2013).

87. vanStraten,W.,Demorest, P. &Oslowski, S. PulsarDataAnalysiswith
PSRCHIVE. Astronomical Res. Technol. 9, 237–256 (2012).

88. VanEck, C. L. et al. RMTable2023 andPolSpectra2023: Standards for
Reporting Polarization and Faraday RotationMeasurements of Radio
Sources. ApJs 267, 28 (2023).

89. Cho, H. et al. Spectropolarimetric Analysis of FRB 181112 at
Microsecond Resolution: Implications for Fast Radio Burst Emission
Mechanism. ApJ 891, L38 (2020).

90. Luo, R. et al. Diverse polarization angle swings from a repeating fast
radio burst source. Nature 586, 693–696 (2020).

91. Xu, H. et al. A fast radio burst source at a complexmagnetized site in a
barred galaxy. Nature 609, 685–688 (2022).

92. Zechmeister, M. & Kürster, M. The generalised Lomb-Scargle
periodogram. A new formalism for the floating-mean and Keplerian
periodograms. AA 496, 577–584 (2009).

93. Hutschenreuter, S. et al. The Galactic Faraday rotation sky 2020. AA
657, A43 (2022).

94. Wang, W.-Y., Jiang, J.-C., Lee, K., Xu, R. & Zhang, B. Polarization of
magnetospheric curvature radiation in repeating fast radio bursts.
MNRAS 517, 5080–5089 (2022).

95. Qu, Y. & Zhang, B. Coherent Inverse Compton Scattering in Fast
Radio Bursts Revisited. ApJ 972, 124 (2024).

96. Lyutikov, M. Faraday Conversion in Pair-symmetric Winds of
Magnetars and Fast Radio Bursts. ApJ 933, L6 (2022).

97. Zhao, Z. Y. & Wang, F. Y. The propagation-induced circular
polarization of fast radio bursts in relativistic plasma. arXiv e-prints
arXiv:2408.04401 (2024).

98. Sisk-Reynés, J. et al. New constraints on light axion-like
particles using Chandra transmission grating spectroscopy of
the powerful cluster-hosted quasar H1821+643. MNRAS 510,
1264–1277 (2022).

99. https://cajohare.github.io/AxionLimits/docs/ap.html.

Acknowledgements
BaoWang thanks Lei Lei for helpful discussions on darkmatter. Thiswork is
partially supported by the National SKA Program of China
(2022SKA0130100), the National Natural Science Foundation of China
(grant Nos. 12422307, 12373053, 12321003, and 12041306), the Key
Research Program of Frontier Sciences (grant No. ZDBS-LY-7014) of
Chinese Academy of Sciences, International Partnership Program of
Chinese Academy of Sciences for Grand Challenges
(114332KYSB20210018), the CAS Project for Young Scientists in Basic
Research (grantNo.YSBR-063), theCASOrganizationalScientificResearch
Platform for National Major Scientific and Technological Infrastructure:
Cosmic Transients with FAST, and the Natural Science Foundation of
Jiangsu Province (grant No. BK20221562).

Author contributions
J.-J.W. and B.W. initiated the discussion of the project. B.W. conducted
the bulk of the calculations and drafted the manuscript. X.Y. and
S.-B.Z. processed the polarimetric data of FRB 20220912A detected
by the FAST. J.-J.W. and X.-F.W. discussed the analysis methods and
made numerous corrections to the writing. All authors contributed to the
analysis or interpretation of the data and to the final version of the
manuscript.

https://doi.org/10.1038/s42005-025-02045-w Article

Communications Physics |           (2025) 8:130 8

https://cajohare.github.io/AxionLimits/docs/ap.html
https://cajohare.github.io/AxionLimits/docs/ap.html
www.nature.com/commsphys


Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42005-025-02045-w.

Correspondence and requests for materials should be addressed to
Jun-Jie Wei, Song-Bo Zhang or Xue-Feng Wu.

Peer review informationCommunications Physics thanks the anonymous,
reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to thematerial. If material
is not included in thearticle’sCreativeCommons licenceandyour intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s42005-025-02045-w Article

Communications Physics |           (2025) 8:130 9

https://doi.org/10.1038/s42005-025-02045-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/commsphys

	Detecting extragalactic axion-like dark matter with polarization measurements of fast radio bursts
	Results
	The Polarization angles detected by FAST
	Search for ALP-induced oscillations
	The resulting constraints and comparisons

	Discussion
	Methods
	ALP-photon coupling
	DM density profile of the host galaxy
	The PA Data Analysis
	The standard deviation of PAs
	Lomb-Scargle periodogram

	LS periodogram-Monte Carlo Method
	The influence of the Faraday rotation
	The influence of the circular polarization degree
	The influence of the Dark matter density

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




