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We conduct the first-ever pulsar polarization array (PPA) analysis to detect the ultralight axionlike dark
matter (ALDM) using the polarization data of 22 millisecond pulsars from the third data release of Parkes
pulsar timing array. As one of the major dark matter candidates, the ultralight ALDM exhibits a pronounced
wave nature on astronomical scales and offers a promising solution to small-scale structure issues within
local galaxies. While the linearly polarized pulsar light travels through the ALDM galactic halo, its position
angle (PA) can be subject to an oscillation induced by the ALDM Chern-Simons coupling with
electromagnetic field. The PPA is thus especially suited for detecting the ultralight ALDM by correlating
polarization data across the arrayed pulsars. To accomplish this task, we develop an advanced Bayesian
analysis framework that allows us to construct pulsar PA residual time series, model noise contributions
properly and search for pulsar cross-correlations. We find that for an ALDM density of p, = 0.4 GeV/cm?,
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the Parkes PPA offers the best global limits on the ALDM Chern-Simons coupling, namely
<107133 — 107122 GeV~!, for the mass range of 10722-1072! eV. The crucial role of pulsar cross-
correlation in recognizing the nature of the derived limits is also highlighted.

DOI: 10.1103/mptv-3x6g

Introduction—Millisecond pulsars (MSPs) are known as
astronomical clocks due to the remarkable regularity of
their pulses. The Pulsar timing array (PTA), consisting of
many accurately timed MSPs in the Milky Way, thus has
been proposed as a galactic-scale detector for nanohertz
gravitational waves (GWs) [1,2]. The Hellings-Downs
(H-D) curve [3] plays a crucial role in recognizing the
signals of stochastic GW background (SGWB), as it
manifests the unique correlation of signal-induced timing
residuals across the MSPs. Recently, four leading PTA
collaborations [4—7] reported a consistency between their
data and the H-D curve, strongly supporting the SGWB
interpretation of the observed common process excess. This
milestone for GW astronomy marks a roaring success for
the PTA programs.

Pulsars are also known as excellent astronomical linear
polarization sources. Their light can be linearly polarized
to wellabove 10% of total intensity. The PTA programs
usually measure the pulsar polarization profiles for cali-
brating the relevant observations [8]. Vast amounts of
polarization data thus exist or are expected to be collected
in the active PTAs and other pulsar-monitoring programs.
This has motivated the suggestion of developing pulsar
polarization arrays (PPAs) [9], to explore astrophysics and
fundamental physics with a correlated polarization signal
across the pulsars. One representative scientific case is
detecting ultralight axionlike dark matter (ALDM).

Dark matter (DM) makes up ~85% of the matter in the
universe, yet its nature remains uncertain. The ALDM is
one of the major theories to explain the DM observations.
The concept of an axion arose originally to address the
strong charge-parity problem in quantum chromodynamics,
while many particle physics theories predict axion-like
particles. The ultralight ALDM, due to its long de
Broglie wavelength, is distinguished from the other DM
candidates by its wave nature at astronomical scales. Of
particular interest is the ultralight ALDM with a mass of
10722-1072! eV, generally known as “fuzzy DM” [10,11],
which offers a potential solution to the ‘“‘small-scale”
structure problems [10-12]. The constraints on this DM
scenario may arise from the observations of Lyman-a forest
and dwarf galaxies (for a review, see Ref. [13]). As these
constraints are under debate [13—16], it is highly valuable to
develop independent probes.

The PPA is especially suited for the detection of the
ultralight ALDM. Due to condensation, the ALDM galactic
halo can be described as a classical field [17]. The ALDM
field couples to an electromagnetic (EM) field via the

Chern-Simons term ~% GayyaF /wFW' Here a is the ALDM

field, F,, is the EM field strength and F 4w 18 its Hodge dual,
and g,,, is the Chern-Simons coupling. The ALDM halo as
a background breaks the degeneracy of dispersion relation
between the left- and right-circular polarization modes of
light because of its odd parity. As a result, while the linearly
polarized pulsar light travels through the ALDM halo, its
position angle (PA) can rotate. This effect in a general
context is known as “cosmic birefringence (CB)” [18,19].
The ALDM wave nature at astronomical scales predicts a
signature of oscillating PA with specific pattern in space-
time [9]. The PPA by cross-correlating the data is thus
expected to be highly capable of recognizing the ultralight
ALDM signals.

In this letter, we conduct the first-ever PPA analysis
to search for the ultralight ALDM, using the polarization
data of 22 MSPs from PPTA Data Release 3 (DR3) [6,20].
We denote this PPA as the Parkes PPA (PPPA) for the
convenience of discussions. To accomplish this task, we
develop an advanced analysis framework tailored specifi-
cally for constructing real pulsar PA residual time series,
modeling instrumental and astronomical noises, and
searching for signal correlation across the arrayed pulsars.
Using this Bayesian framework, we demonstrate that the
PPPA provides the most stringent constraints on the ALDM
Chern-Simons coupling within the relevant mass range.
Notably, we demonstrate for the first time that the pulsar
cross-correlation plays a crucial role in investigating the
nature of the derived limits.

ALDM induced cosmic birefringence—The DM halos
originate from primordial density fluctuations, with the
DM particles becoming virialized over the galaxy history
[21]. Consequently, the ultralight ALDM field can be
viewed as a random superposition of a vast number of
plane waves [22-25]:

a(x, 1) % Y2 S (0020, 1)

mq veQ

X cos[m,(t —v-X) + ¢y, (1)

where p(x) is ALDM energy density at position x, m, is
ALDM mass, v denotes velocity in a latticed phase space
Q, and Av is lattice spacing. f (V) represents DM velocity
distribution at x, which is assumed to be spatially uniform
and isotropic, with the speed |v| peaking at the halo’s virial
velocity, i.e., vy~ O(100) km/s. The profile of p(x) is
determined by Schrodinger-Poisson equations. As shown
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in [26], the halo self-gravitation leads to the formation of a
central solitonic core within galaxies. Since most PPPA
MSPs are only <O(10°) parsec away from the Earth, we
simply assume p(x) to be uniform, i.e., p(x) = po [27],
with its value to be determined by galactic halo measure-
ments. The parameters ay € (0,+o00) and ¢, € (0,27)
represent random amplitude and phase, respectively, fol-
lowing Rayleigh and uniform distributions [22]. For a
specific realization of {ay,¢,}, the ALDM field a(x,1)
exhibits stochastic spacetime dependence [23], where
coherence gets lost for a temporal interval > 7. or a spatial
interval > [., with 7.~ 1/(m,v}) and I.~1/(m,v,)
denoting the coherent time and coherent length (i.e., de
Broglie wavelength) of this field. For the mass range of
ultralight ALDM, the observation period T, for existing
PTA programs is significantly shorter than 7., leading to
coherent temporal evolution of cos(m,t + ...) within this
period as shown in Eq. (1). However, the distances of
pulsars, whether to another pulsar or to the Earth, may
exceed /., resulting in stochastic variation of the ALDM
field over such distances.

Given the ALDM field within the Milky Way, one can
calculate the induced PA residual APA® for the linearly
polarized pulsar light. As the CB effect is topological [28],
APA“ depends on the a(x, ) values solely at two endpoints
of the light path. For a pulse emitted at (x,,,7,) from the
pulsar and received at (x,,?,) on the Earth, we have

APA“ ~ g, la(x,.1,) — a(x,.1,)], (2)

where the two terms are dubbed “pulsar” and “Earth”
terms. The APA“ magnitude can be characterized by a
parameter S, = g,,,/Po/m, then. For m, ~107>* eV and

po~0.1 GeV/cm?, this implies that a signal of APA¢ ~
0.1 deg needs the Chern-Simons coupling to be
Gayy ~ 10713 GeV~!. Note, while the SGWB-induced tim-
ing residual in the PTA is also determined by so-called
“pulsar” and “Earth” terms, unlike the CB effect, it arises
from a cancellation between contraction and expansion
of the light path as the GWs pass by. Moreover, the CB is
distinguished from the Faraday rotation in interstellar
medium (ISM) and Earth’s ionosphere as the latter effect
is frequency dependent and relies on the length of light path
aligned with the direction of magnetic field.

PPA analysis framework—In last decade, a few attempts
have been made to explore temporal variations of pulsar
polarization [29-31]. The PA residuals of individual pulsars
have been suggested for testing the ALDM theory [32,33].
However, a systematic analysis framework of the PPA, which
emphasizes the data correlation across the pulsars, remains
absent. To address this, we model the PA residuals as

APA®S = APA? + APA" + APA" + APA” + APAP,
3)

Besides the stochastic signal APA“ defined in Eq. (2), there
are additional components categorized as deterministic and
random. The deterministic components include the Faraday
rotation induced by the Earth’s ionosphere, APA®", which
varies over timescales from hours to years and is derived
with the package ionFR. The random contributions consist of
white noise, APA", which incorporates radiometer noise and
accounts for random pulse-to-pulse variations in polarization
profiles, along with unmodeled ionospheric effects that
persist after the ionFR subtraction on shorter timescales.
Red noise, APA’, is also random and captures variations
in ISM Faraday rotation or fluctuations in dispersion measure
and rotation measure and unmodeled ionospheric effects
over years using a frequency-domain power spectrum.
Additionally, we model long-term effects observed in the
data with a polynomial of up to second order, denoted by
APAP! which may account for slow stochastic changes in
ISM properties over decades [see Supplemental Material
(SM) at Sec. B for details [34]].

The ALDM signal nature can be encoded in its covari-
ance matrix C%, as a two-point correlation function of
APA? [9]. In the data, APA“ is constructed as a vector
{APAS ,}, where p runs over all PPA pulsars and n runs
over all epochs for each of them. Inheriting from the
ALDM properties [24], this vector follows a multivariate
Gaussian distribution with zero mean. By integrating the
velocity of ALDM particles with a delta-function approxi-
mation for the speed at |v| =wv,, we find C¢

~
~

pnig.m
S2C% g 191, where
Ch g = €08[my (1 = tgm)]
+ cos[mu(t}.n — t;,m)]sinc(ypq)
— cos[m, (), , — tq,m)]sinc(ye,,)
— cos[m,(t,, — t;,m)]sinc(yeq) (4)

reflects quadratic interplay of its Earth and pulsar terms
[see Eq. (2)]. C‘Z’n;q‘m is essentially a correlation measure.
In its expression, ¢, , and 1), , = ¢, , — D, denote the light
reception and emission time for the nth epoch of the pth
pulsar, with D, being the pulsar distance to the Earth, and
their cosine functions denote temporal correlations of
pulsar signals. The sinc functions sinc(y;;) = sin(y;;)/y;;
are all related to the pulsar term and manifest signal spatial
correlations. Here, y;; = [x; —x;|/l, is a dimensionless
distance parameter. These spatial correlations get sup-
pressed when [x; —x;| is significantly greater than the
coherence length /..

These correlations originate from the spacetime depend-
ence of the ALDM field phase factor [see Eq. (1)] or

equivalently the ALDM wave nature. All terms in Cg,n;q,m

can contribute significantly to recognizing the ALDM
signals [9]. Due to its nonrelativistic nature, the ALDM
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de Broglie wavelength is approximately three orders of
magnitude longer than its Compton wavelength (~1/m,).
The nanoHz (~10724 eV) ALDM thus has a de Broglie
wavelength ~1.5 kpe, yielding y;; <1 for many PPPA
pulsars. This outcome contrasts with the PTA response to
the nanoHz SGWB, where the H-D curve arises from the
interplay between the Earth terms, and the pulsar terms are
less important since the de Broglie wavelength of GWs is
simply their Compton wavelength and hence much shorter
than general pulsar distances for the current PTAs.

For the PPA analysis, the matrix C* defines a signal
model with full correlation, with its diagonal (p = ¢) and
off-diagonal blocks (p # ¢g) manifesting the pulsar auto-
correlation and cross-correlation, respectively. Below, we
will focus on the full-correlation signal model, and as a
reference, consider also the autocorrelation-only model
where C350, = €5 g mpg-

The sensitivity analysis is based on Bayesian statistics. It
is performed using the likelihood function [9]

1 — — 1
Inl = —EAPATC‘IAPA —5In|2nC|. (5)

Here APA = APA°Y — APAI" — APAP! is the time series
of PA residuals with APA®" and APAP® subtracted.
C=C"+C" +S2C* is the full covariance matrix that
includes the contributions of the white and red noises and
the ALDM signals. For the parameter S, we set the average
ALDM energy density py, = 0.4 GeV/cm® [79] as the
benchmark, since the Milky Way inner region (~20 kpc),
where its rotation curve is measured for determining the
local DM density [80] is considerably larger than [, for
the mass range considered below. Then by integrating out
the APAP®! parameters we obtain a likelihood parameter-
ized by {6,,D;.m,.S,}, where 6, denotes the set of
random noise parameters, and Dj, is a pulsar distance
normalized by the measured central value. To determine the
spatial correlations in Eq. (4), we account for the Dy,
uncertainties using priors determined by the measurement
methods. For any given ALDM mass, we then perform a
Bayesian analysis to constrain S, with this marginalized
likelihood. Eventually, we convert the posterior distribu-
tions of S, to the limits on the ALDM Chern-Simons
coupling for the given benchmark value of p,. In addition to
imposing limits, we use two Bayes factors BFLl and
BFUl {0 compare the full-correlation signal model with
the null-signal model and to differentiate it from the
autocorrelation-only signal model, respectively. The latter
is particularly crucial for understanding the nature of the
derived limits and recognizing the real signals in the data
(see SM at Secs. A and B for details [34]).

PPA results and discussions—The PPTA DR3 [20]
includes the measurements of Stokes parameters for
32 MSPs in the radio band, with a period from 2004 to

2022. We reprocess all data taken with the Ultra-Wideband
Low receiver system, with the most up-to-date polarization
calibration model to improve the measurement quality [81],
and correct for static Faraday rotations caused by the ISM
using the rotation measures provided by the Australia
Telescope National Facility pulsar catalog [82]. We then
select 22 MSPs for the PPPA construction whose signal-to-
noise ratio of linear polarization intensity is relatively high
in the considered frequency band (2.6-3.6 GHz). For these
MSPs, we align the observation in each epoch with the
PPTA template of total intensity [20,83]. We then derive
the standard PA profiles, subtract them from the data, and
perform a weighted average over the phase bins, to generate
PA residual time series for unbiased signal estimation (see
SM at Sec. A for details [34]).

We then test the noise model for individual MSPs using
the likelihood in Eq. (5), with the ALDM signal turned off.
To achieve this, we introduce a set of Bayes factors as a
metric to assess the improvements in noise modeling by
adding additional noise components one at a time to the
minimal noise model, ultimately leading to the full noise
model (see Table II at Sec. B of SM for details [34]).
Compared to the minimal model including only the
observation error of APA® and a constant residual [9],
the full noise model shows a remarkable improvement in
fitting the data for the majority of the 22 PPPA MSPs. The
most significant improvements are observed for J0437-
4715, J1713 + 0747 and J1909-3744. The contribution of
each new component vary greatly among different pulsars.
The analysis suggests that the imperfect modeling of
ionospheric Faraday rotation may account for the additional
white noise and even red noise observed for some specific
pulsars, while slow change of the ISM properties over
decades could explain the observed long-term linear and
quadratic variations. This outcome fully demonstrates the
effectiveness of incorporating new noise components in
modeling the observed PA residuals in Eq. (3).

We demonstrate in Fig. 1 the 95% upper limits on the
ALDM characteristic signal strength S, as a function of m,,
for six representative PPPA MSPs individually. For the
mass range of m, = 1/T . the S, limits are relatively flat.
A best limit as strong as 0.1 deg or even stronger can be
achieved for many of these pulsars including J0437-4715,
J1744-1134, J1022 + 1001, etc. As the ALDM mass
decreases to below 1/T,, the limits deteriorate approx-
imately with m3>, consistent with the expectation from
integrating APAP! as a second-order polynomial expansion
[84]. The ionospheric subtraction effectively removes
sharp peaks around ~1 yr or/and low-frequency excess
for J0437-4715, J1600-3053 and J1744-1134. The incor-
poration of additional white noise component enhances the
limits for six pulsars uniformly, and of red noise component
improves intermediate- and low-frequency limits for
J0437-4715 and J1909-3744 notably. These analyses show
that, due to the variance of noise nature over pulsars, the

011001-4



PHYSICAL REVIEW LETTERS 136, 011001 (2026)

logy (T /day) o

logyo (T /day) 0

log(7 /day)
2

2 2 4 3 1
[~ T~~~ 1T [ T T ™ —of" Cor TR
J0437-4715 I J1022+1001 ]
= 1 ] ] 11
&0 :R ] -0 i
= L ] ] g £
S b N —~ 5 5
a0 }\ 41 7 i
st Y ] = up g
&0 K A : o S SSN1987A]
= -f ‘:\ s i
e v vy o Vo T TR BT o [ = L o T TTTTTETET T~ “Chandra
L + 4 coo hoooo : HI821+643]
C J1600-3053 ] J1713+0747 ] = _pEWi : : ]
o0 1' B B N :
3 L ] ] : : == Planck DRI+QUI
S of : : NG T A B
\é ':’::I:::::”: ————————— ]
g C 40F 1 K} :
= _ . 3 I A = Full vs Null \
1; 1 r:g 20K ,;4—‘ 'll‘ = Full vs Auto
-+ E | I T T S T - 1 | - P
J1744-1134 T J1909-3744 ] - 2 ~2 -2 -1
1 T . log, (ma/eV)

log ;o (Sa/deg)
o
LD s

L EE A e

1 | I
-22 —-20
logy( (mq/eV)

1 | I
-22 -20
logy( (ma/eV)

FIG. 1. 95% upper limits on the ALDM characteristic signal
strength S, as a function of its mass m,, for six representative
PPPA MSPs. In each panel, the black solid line represents the
single-pulsar limits with full noise modeling in Eq. (3), while the
colored lines show the limits excluding individual noise compo-
nents: additional white noise (blue), red noise (orange), linear and
quadratic long-term noise (purple), and ionospheric effects
(green). The difference between the black and colored lines
reflects the contribution of each noise component to the analysis.
As a reference, we present T, of each pulsar, and timescales of
solar cycle (11 years), one year, and one day, as colored and gray
vertical dotted lines, respectively. The timescale and m, are
related by m, = 2z/T.

advanced noise model in Eq. (3) is essential for getting
robust limits on the ALDM signal strength (see SM at
Sec. B for details [34]).

The final PPPA limits on the ALDM Chern-Simons
coupling g,, are presented in Fig. 2 as a function of its
mass m,, for both full-correlation and autocorrelation-only
signal models. These limits exhibit a linear dependence on
m, for m, = 1/T,, while scale as m_> for m, <1/T .
This feature should be expected from the scaling behavior
of the §, limits depicted in Fig. 1. Moreover, one can see
that the ionospheric subtraction softens the peak at the
timescale of 1 year in these limits. These limits, however,

FIG. 2. 95% upper limits of the PPPA on the ALDM Chern-
Simons coupling g,,, as a function of its mass m,, with
po = 0.4 GeV/cm?. The blue and red curves represent the limits
obtained with the autocorrelation-only and full-correlation signal
models, respectively, with (solid) and without (dashed) the
ionospheric subtraction. As a reference, the smoothened con-
straints from the observation of PA variation in Crab Nebula with
POLARBEAR [85], the analysis of PPTA data of DR1 and Crab
Nebula data from QUIJOTE [86], the measurement of the CMB
polarization with SPT-3G [87], and the investigation of PLANCK
mission on the ALDM-induced washout effects during recombi-
nation [88] are presented as cyan, yellow, green, and purple
dashed lines. The limits from the CAST experiment [89] and the
observations of SN1987A [90] and x-ray spectral distortion in
quasar H1821 4 643 [91] are also presented as black dashed
lines. The shaded regions above these lines indicate the range of
m, and g,, that they have excluded. The vertical dotted lines
denote the reference timescales, including the PPPA observation
period T, = 18 yrs, solar cycle, one year, and one day. In the
lower subpanel, the Bayes factors are displayed in two scenarios:
the full-correlation signal model against the null-signal model
(red) and the full-correlation signal model against the autocorre-
lation-only signal model (black).

start to oscillate strongly as the timescale decreases
to one day or shorter, resulting in some sharp peaks for
mg, 2 107194 eV,

To recognize the nature of these derived limits, we also
present two Bayes factors in this figure. The overall
uniformity of In B!~ 0 for the considered mass range
implies that no significant ALDM signals have been
detected in the PPPA data. Particularly, despite the peaks
of In BFE‘:}}I at the timescales of one day or shorter, the
approximate flatness in the InBFE"! curve indicates a

Auto
deficiency in the data of the ALDM-induced cross
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correlation. These sharp peaks in the limits are thus more
likely to be caused by imperfect noise modeling. This
discussion can be applied to the peak observed for the
limits at m, ~ 10722 eV also. It highlights the crucial role
played by the cross correlation in recognizing the nature
of the data.

In Fig. 2, we also present two categories of additional
limits as a reference. The first category does not rely on the
ALDM assumption, including the limits from CAST [89],
SN1987A [90] and H1821 4 643 [91]. Since the signals
arise from relativistic axionlike particles, the generated
limits are flat up to the energy scale of their production.
The second category is to search for the ALDM-induced
oscillations in polarization data, including the analyses of
PPTA-QUIIOTE [86], CMB [87], and Crab Nebula [85].
The method in Ref. [88] is based on washout effects caused
by ALDM-induced oscillations on the CMB during
the recombination era, which benefits from the relatively
high DM density in the early universe. As these studies are
ALDM-based, the derived limits on g,,, exhibit similar
scaling features with m, to that of the PPPA limits. The
PPPA provides the most stringent limits across a wide mass
range within this category, and varying the value of p, does
not change their relative positions. For a local density value
of py = 0.4 GeV/cm?, especially, the PPPA offers the best
global limits, namely <107!35 — 107122 GeV~!, for the
mass range of fuzzy DM of 10722-1072! eV. Thanks to the
18-year observation time span of PPTA DR3, its excellent
sensitivities extend to ~10723 eV.

Conclusion and outlook—In this Letter, we presented the
first-ever PPA analysis to detect the ultralight ALDM, using
the polarization data from the PPTA DR3. We developed a
systematic analysis framework for this task, including
proper data construction, advanced noise modeling, and
robust Bayesian sensitivity analysis. The derived limits are
found to be superior to the existing ones for the mass range
of fuzzy DM and hence represents the globally best.
Particularly, the data correlation across the pulsars plays
a pivotal role in recognizing the nature of these limits. This
Letter represents an initial effort to investigate the great
physical potential of current and forthcoming polarization
data of pulsars. Besides further improvements of the
developed PPA analysis framework, especially its noise
modeling, several significant scientific tasks can be readily
recognized for future explorations.

First of all, we can further advance the PPA applications
for the ALDM detection. The PPA as an innovative tool is
universal and can be built up with polarization data from
other PTA programs also and even with broad datasets of
normal pulsars. Moreover, we can synergize the PPA and
the PTA. The ALDM halo can periodically perturb the
spacetime metric and hence be detected by the PTA
[92-96], especially through pulsar cross-correlation [99].
By constructing a PPA-PTA detector where the polarization
and timing signals are correlated, the capability of a pulsar

array could be further enhanced [97]. Finally, the current
PTA and PPA analyses could be extended from the radio
band to high frequencies. With the pulsar data collected by
Fermi Large Area Telescope, the first y-ray PTA constraints
on the SGWB have been delivered in [98] and on the
ultralight ALDM in [99,100]. We would expect the current
and forthcoming x-ray missions, such as the Imaging X-ray
Polarimetry Explorer [101] and the Enhanced X-ray
Timing and Polarimetry [102], to offer valuable insights
on this task for the PPA. We leave these explorations to
future work.
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