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Ultralight axionlike particles (ALPs) can be a viable solution to the dark matter problem. The scalar field
associated with ALPs, coupled to the electromagnetic field acts as an active birefringent medium, altering
the polarization properties of light through which it propagates. In particular, oscillations of the axionic
field induce monochromatic variations of the plane of linearly polarized radiation of astrophysical signals.
The radio emission of millisecond pulsars provides an excellent tool to search for such manifestations,
given their high fractional linear polarization and negligible fluctuations of their polarization properties. We
have searched for evidence of ALPs in polarimetry measurements of pulsars collected and preprocessed for
the European Pulsar Timing Array (EPTA) campaign. Focusing on the twelve brightest sources in linear
polarization, we searched for an astrophysical signal from axions using both frequentist and Bayesian
statistical frameworks. For the frequentist analysis, which uses Lomb-Scargle periodograms at its core, no
statistically significant signal has been found. The model used for the Bayesian analysis has been adjusted
to accommodate multiple deterministic systematics that may be present in the data. A statistically
significant signal has been found in the dataset of multiple pulsars with common frequencies between 1078
and 2 x 10~® Hz, which can most likely be explained by the residual Faraday rotation in the terrestrial
ionosphere. Strong bounds on the coupling constant g,,,, in the same ballpark as other searches, have been
obtained in the mass range between 6 x 1072* and 5 x 102! eV. We conclude by discussing the problems
that can limit the sensitivity of our search for ultralight axions in the polarimetry data of pulsars, and
possible ways to resolve them.

DOI: 10.1103/PhysRevD.111.062005

“Contact author: nataliya.porayko @unimib.it
'Contact author: usynina.pg19 @physics.msu.ru
*Contact author: jortecal @protonmail.com

Published by the American Physical Society under the terms of the Creative Commons Attribution 4.0 International license. Further

distribution of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI. Open
access publication funded by the Max Planck Society.

062005-2


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.111.062005&domain=pdf&date_stamp=2025-03-17
https://doi.org/10.1103/PhysRevD.111.062005
https://doi.org/10.1103/PhysRevD.111.062005
https://doi.org/10.1103/PhysRevD.111.062005
https://doi.org/10.1103/PhysRevD.111.062005
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

SEARCHES FOR SIGNATURES OF ULTRALIGHT AXION DARK ...

PHYS. REV. D 111, 062005 (2025)

I. INTRODUCTION

The search for dark matter (DM) continues to be among
the most active research fields in fundamental physics,
astrophysics and cosmology [1,2]. In recent years, different
models have been scrutinized and their parameter space
constrained by a combination of novel phenomenological
approaches and improvements in the quantity and quality
of data. Regarding the first aspect, weakly interacting
particles with very light masses (of about 10722 eV), which
can be nonthermal cosmological relics, are playing a
special role as candidates for ultralight dark matter
(ULDM) [3-7]. Irrespective of the DM problem, such
pseudoscalar Goldstone bosons have a possible connection
to the strong-CP problem in QCD (the QCD axion) and
appear in various Standard Model extensions of particle
physics [8]. They have a distinct impact on astrophysical
observables as compared to models of DM particles
with masses above ~1 eV [9]. Very low masses of
ULDM particles imply that their de Broglie wave is much
larger than their particle separation, which enables a purely
classical description [sometimes referred to as “wave DM”;
see [10] for a review and references]. As far as data are
concerned, here we will focus on astrophysical observa-
tions with an ever-growing capacity to study new phenom-
ena with increasingly high accuracy. Precise measurements
of pulsars play a privileged role in this program.

A remarkable experiment probing ultralight axionlike
particles (ALPs) using pulsars is based on the search
for periodic changes in the time-of-arrivals (TOAs) of
pulses propagating through the axionic field. The conden-
sate of the ULDM particles with phenomenologically
interesting masses m, ~ 10722-1072? eV, forms clumps
with a typical size of the de Broglie wavelength of
~60 pc x (10722 eV/m,), where m, is the axionic mass.
Within each clump, ULDM experiences fast coherent
oscillation with a typical frequency defined by m,,
inducing variations of the space-time metric with twice
the frequency. This effect was originally described
by [11] and was searched for in the timing data of various
Pulsar Timing Arrays (PTAs) [12—-17]. The tightest bounds
to date using this method have been obtained in [18],
constraining the ULDM density to be below a few tenths
of the observed DM abundance in the mass range
m, ~[1072* eV, 107233 eV].

If ULDM couples nongravitationally to Standard Model
particles, it will affect the spin of pulsars as well as the
frequency of the atomic clocks used to record pulsar timing
measurements, leading to another monochromatic signal in
the timing observations at the frequency @ = m,, [17,19-22].
In addition to coherent oscillations, ULDM  spatial
density fluctuations in the Galactic halo source stochastic
perturbations of the TOAs at frequencies w < m,oc°
enable searches for ALPs in the mass range m, ~
(10718 eV, 107'% eV] [23].

In the present work, we go beyond the aforementioned
searches for ULDM in the timing residuals of PTAs and
look for the complementary effect of ALPs emerging in the
polarimetry data. In particular, the effective interaction
between photons and ALPs, characterized by the dimen-
sionful coupling gay,l induces sinusoidal oscillations at
frequency @ = m, of the polarization plane of linearly
polarized emission of astrophysical signals. This effect,
also known as cosmic birefringence [25,26], allows one to
impose constraint on g,, through multiple astrophysical
probes, including polarization measurements of parsec-
scale jets in active galaxies [27], black hole polarimetry
[28], searches for birefringence effects in the polarization of
the cosmic microwave background (CMB) [29,30], and the
nonobservation of a reduction of the net polarized fraction
of the CMB light as compared to the ACDM prediction
[31]. In addition, two other types of experiments that
examine axion production in extreme environments, i.e.,
solar axion searches [32] and searching for ALPs-to-photon
conversion in the supernova SN 1987A [33], enable one to
set constraints on the coupling constant which are inde-
pendent of the relic axion abundance (local DM density), in
contrast to the other probes mentioned above. Pulsars,
which emit highly linearly polarized radiation with unprec-
edented temporal stability, offer an exciting opportunity to
probe and directly detect cosmic birefringence due to
ultralight axions [34]. The latest limits from pulsar polar-
imetry were obtained using the data collected within the
Parkes PTA campaign [24,35,36]. Here, based on previous
studies, for the first time we investigate the presence of
ULDM signatures in the polarization data of the European
PTA (EPTA) covering a total period of 11 years. To this
aim, we analyze the polarization calibrated EPTA dataset,
clean it from known systematics, i.e., from the effects of the
terrestrial plasma, and construct the time series of position
angles (PAs), which characterize the orientation of the
plane of linearly polarized pulsar radiation. Finally, we
search for ULDM signals in the PA time series and set
upper limits on the coupling constant applying both
frequentist and Bayesian data analysis methods.

The paper is organized as follows. In Sec. II, we
introduce the concept of ULDM and its effect on pulsar
polarization data. In Sec. III, we introduce the EPTA dataset
and discuss the essential steps of data curation. Section IV
is devoted to the description of the techniques developed to
analyze the data, separately by frequentist and Bayesian
methods. Our main results are presented in Sec. V. Finally,

"The photon-ALP interaction in Eq. (1) corresponds to a
nonrenormalizable operator with a coupling g,, treated within the
framework of effective field theories. In this context, the
interaction represents the low-energy imprint of new interactions
and degrees of freedom that become dynamical at energy scales
roughly >1/ Jay [see Ref. [24] for further discussion and caveats].
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we summarize our study in Sec. VI. Throughout the paper,
we work in the natural system of units 7 = ¢ = 1.

II. BIREFRINGENCE OF PULSAR LIGHT DUE TO
ULTRALIGHT AXIONS

A medium formed by an ALP relic* can affect the
propagation of electromagnetic (EM) waves by rotating
their polarization plane [38,39]. This effect arises from the
Lagrangian describing the ALP-photon interactions,

1 u 1
L= Fub g4y aF B 4 5 (0,a0"a - mga*), (1)

where a is the ALP field, F,, is the EM Maxwell tensor,

and F* is its dual. Note that the coupling constant Jay has
units of inverse mass.

The solution to the modified Maxwell equations in the
adiabatic (WKB) approximation’ results in different angu-
lar frequencies for left and right circularly polarized waves,

1 N
wi:kiigay(a,a—l-Va-k), (2)

to lowest order in Gay- Therefore, the ALP medium 1is
birefringent and leads to a phase shift between the
polarization components given by

gay/ —dt 1 (a,

In the previous integral, ¢, refers to the time of observation,
while 7, represents the time at emission (source term). This
effect is independent of the frequency of the EM wave and
depends only on the ALP field values at the source and the
observer [38,39].

Ignoring the EM backreaction term in equations of
motion arising from Eq. (1), the ALP field is described
by plane waves that at any time ¢ and position X are

a(x,r)

where a(X) and §(X) are the amplitude and phase of the
field, respectively, at X. This description holds for time
intervals shorter than the coherence time 7, = (m,6°) '~
3 x 10° yr(1072% eV/m,)(200 km/s/c)?, where o is the
dispersion velocity of dark matter, and for distances smaller
than the coherence length I, = (m,c)~!. Within these
limits, the distribution of ULDM behaves as a coherent
field oscillating at the nominal Compton frequency

Yay

—a,) = TAa. (3)

= ay(X) cos (m,t + (X)), (4)

*Meaning that axions are produced in the early Universe
through various mechanisms; see, e.g., [37].

3 Assuming that variations of the ALP field are much longer
than the ALP oscillation period T, =2x/m,~4x
107 (10722 eV/my,).

m
==, 5

> (5)
The amplitude of the ALP field is related to the local
DM density, but its nature is intrinsically stochastic. In a
given coherence patch, labeled by i, the ALP amplitude
is [24,40,41]

/20,
ap; = & aj, (6)

mg

where p; is the DM density in the halo at an average
galactocentric distance of the patch and ; is a stochastic
parameter which modulates the amplitude of the ALP field
and follows a Rayleigh distribution.

We now consider the time-dependent change in the
polarization of light emitted by pulsars, induced by the
ALP birefringent medium, as measured on Earth [24]
[f. Eq. (3)],

gay
— 0Q, cos(m,t + 9,
Vom, [vp ( )

— Vpsas cos(my(t = T) + &), (7)

where ¢ is the local time since the beginning of observations
(t = 0), T is the light travel time from a pulsar to Earth, and
d;, pj» and a; are the phases, DM densities, and stochastic
amplitudes at the source (j =s) or observer (j = 0)
patches, respectively.

The distribution of time-averaged inter-pulsar correlation
coefficients is given by

Ag(1) =

Poy = B0, AP0 = / P Gag(0,80(0),. (®)

obs J =T yps/2

where a and b are pulsar labels and T is the total time
span of a dataset. In contrast to the case of gravitational
waves (GWs) with an interpulsar correlation pattern
described by the Hellings-Downs curve [42], the ALP
signal is expected to exhibit monopolar or fractional
monopolar correlation, depending on the configuration
of the Earth-pulsar systems. In particular, it is easy to
show that if a, > a;, signals for different pulsars are fully
monopole-correlated. In Fig. 1, we construct the distribu-
tion of PTA-averaged interpulsar correlation coefficients
P,, over multiple universe realizations. As one can see,
there is a significant fraction of universes for which the
PTA-averaged correlation coefficients are close to 1.
However, there are also a number of universes for which
the signal between different pulsars is completely uncorre-
lated. In order to accelerate the analysis, we perform an
incoherent search and neglect any possible interpulsar
correlation. In [36,43], the authors suggested a method
to take into account fractional monopolar correlations.
These two approaches will be compared in future studies.
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1.2
1.0
0.8
A
= 0.6 1
0.4
0.2
0.0
0.0 0.2 0.4 0.6 0.8 1.0
Correlation P, (averaged over pulsar pairs)
FIG. 1. Distribution of correlation coefficients averaged over

multiple pulsar pairs. Different realizations of the Universe were
generated using Eq. (7). The parameters ag and a; were sampled
from a Rayleigh distribution, while §, and d, were assumed to be
uniformly distributed from O to 2z. The PDF was reconstructed
using 103 realizations.

The right-hand side of Eq. (7) can be rearranged in a
more compact form:

Ap(t) = ¢y cos(myt + ¢,), ©)
where
¢a _ Yay (ﬂoazz) +/)sa§ — 2\/Maoas COS){)I/Q (10)
V2m,

and y = m,T + 6, — 6. Given the large uncertainties on
pulsar distances, m,T spans several cycles of the ALP
phase. Hence, hereafter we assume that y as well as ¢, are
distributed uniformly in [0, 27]. In addition, we assume that
the average value of the DM density at Earth and at the
pulsar are the same and equal to the measured local DM
density, p, = p, = 0.4 GeV cm™ [44-48]. Equation (9) is
the final expression that describes the form of the signal to
be searched for in the polarization measurements of pulsars.

III. OBSERVATIONS AND DATA REDUCTION

The EPTA Collaboration has been continuously mon-
itoring ~100 millisecond pulsars (MSPs) for over 25 years
[49]. The observations are performed using the six largest
telescopes in Europe: the Effelsberg 100-m radio telescope
(EFF) in Germany, the 76-m Lovell telescope at Jodrell
Bank Observatory (JBO) in the United Kingdom, the large
radio telescope operated by the Nancay Radio Observatory
(NRT) in France, the 64-m Sardinia Radio Telescope (SRT)
operated by the Italian National Institute for Astrophysics
(INAF) through the Astronomical Observatory of Cagliari
(OAC), and the Westerbork Synthesis Radio Telescope

(WSRT) operated by ASTRON, the Netherlands Institute
for Radio Astronomy.

The EPTA experiment is primarily designed to detect
GWs in the nHz frequency band using pulsars as natural
clocks, relying on the technique of high-precision pulsar
timing [50,51]. Within this technique, TOAs of pulses from
a pulsar are obtained by comparing the observed total
intensity profile to a smoothed template profile, using a
cross-correlation algorithm. Although pulsar timing tradi-
tionally utilizes only the Stokes 7 (or total intensity) profiles
to obtain the TOAs of the pulses,4 all six EPTA instruments
have recorded full polarimetry data, such that all four
Stokes parameters are available for further analysis.

The first data release (DR1) of the EPTA [49] includes
the timing data from 42 MSPs observed between 1996 and
2014. In the summer of 2023, the EPTA collaboration
published the second data release [hereafter DR2, [53]],
covering the period from 13.6 to 24.7 years. Due to the
large number of telescopes and backend combinations, as
well as the diverse data acquisition and processing schemes
across the EPTA observatories, 25 MSPs were optimally
selected among those monitored by the collaboration,
based on the method described in [54]. Prior to TOA
calculation, the raw data are folded modulo the pulsar
spin-period with the DSPSR software [55]. These folding-
mode data cubes undergo a stage of standard initial
processing using the PSRCHIVE software [56], which
includes the removal of radio frequency interference
(RFI) and polarization calibration. The latter accounts
for the change of parallactic angle during the observation,
the geometry of the feed and possible cross-coupling
between the two feeds of the receptor (see, e.g. [57,58]).
Missing or inaccurate calibration will inevitably introduce
temporal variations in the polarization properties of pulsar
light, which will cause unwanted artifacts and reduce the
overall sensitivity of the dataset. For this reason, an
accurate polarimetric calibration is of vital importance
for this and similar studies.

For the current analysis, we make use of calibrated full-
Stokes data, which were preanalyzed as part of the EPTA
DR?2 and subsequently utilized to produce TOA time series.
We have limited our analysis to pulsar observations
collected by the radio telescopes with the largest effective
collective area, namely, Effelsberg and Nancay. Our final
dataset comprises twelve MSPs with the highest signal-to-
noise (S/N) in linear polarization L, with fractional linear
polarization greater than 20. The details of the observa-
tional setup and the steps that have been taken as part of the
initial preanalysis are briefly described in the following
paragraphs.

*The matrix template matching (MTM) technique [52] has
been implemented in the PSRCHIVE software to perform TOA
extraction using all four Stokes parameters. For instance, MTM
has been utilized for TOA extraction for the NUPPI observations.
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A. Effelsberg data

The 100-m Effelsberg radio telescope is operated by the
Max Planck Institut fiir Radioastronomie. The observations
for the EPTA project are carried out with monthly cadence at
three widely distributed frequency bands: 1.4 GHz with
P200 mm and P217 mm receivers, 2.6 GHz with a
S110 mm receiver, and 4.85 GHz with a S60 mm receiver
(all summarized in [59]). The specified integration time per
source is 28 min followed by 2 min of noise diode scan. Since
2011 the ROACH-based (Reconfigurable Open Architecture
Computing Hardware) backend PSRIX [59] digitizes the
electric signal from the telescope and applies a polyphase
filterbank. The CoastGuard pipeline, which is part of the
Toaster software library, handles the subsequent necessary
steps of the raw data processing [59], i.e. the collected pulsar
observations are coherently dedispersed and folded modulo
pulsar period. The resultant data cubes are stored in the
PSRFITS data format with 10-s and 1024-bin resolution in time
and pulse phase, respectively. The RFI-contaminated profiles
are identified and erased using CoastGuard’s surgical
algorithm. The data are further calibrated for flux and
polarization. All of the receivers used for the current study
have circularly polarized feeds. Polarization calibration of
cleaned data is performed using the “SingleAxis” technique
described in [60]. Making use of noise diode scans, the
relative gain and phase differences of the two polarization
channels have been adjusted. For more details on the initial
stages of raw data processing, see [53]. Polarization-
calibrated data are available from early 2013 to October
2020 and have been used in the current study.

B. Nancay data

The Nancay Radio Telescope (NRT) is a meridian
transit-type instrument with a collective area equivalent
to that of a 94-m parabolic dish, making its sensitivity
comparable to that of the Effelsberg radio telescope. It is
equipped with cryogenically cooled receivers, covering the
[1.1, 1.8] GHz and [1.7, 3.5] GHz frequency ranges.
Regular pulsar observations for the EPTA with the NRT
began in 2004. Since August 2011, pulsar observations
with the NRT have been conducted with the NUPPI
backend [for further details, see [61,62]], which uses
Graphics Processing Units (GPUs) to coherently dedisperse
and fold data from the receiver in real time over a total
bandwidth of 512 MHz. For the work presented in this
article, we considered pulsar observations conducted with
the low-frequency receiver at a central frequency of
1484 MHz, which represents the bulk of the NRT pulsar
observations. The duration of these observations ranges
from 20 to 80 min, and the average observing cadence is
~2 days. As with the Effelsberg observations, the fre-
quency channels and time subintegrations heavily conta-
minated by RFI have been removed.

Until late 2019, NUPPI pulsar observations were polari-
zation calibrated with a simple calibration scheme: the

calibration was done using observations of a noise diode
conducted before each pulsar observation and using the
SingleAxis method of PSRCHIVE, which assumes that
the polarization feeds are perfectly orthogonal and that the
noise diode signal is 100% linearly polarized and illumi-
nates the two feeds equally and in phase. Since late 2019,
observations of bright, highly linearly polarized pulsars
have been conducted regularly, approximately monthly, in a
special mode where the horn is made to rotate across the
observation. These observations, analyzed with the
Reception model of PSRCHIVE enable the determination
of the full polarimetric response of the NRT. For the work
presented here, we used NRT pulsar archives recorded at
L-band from October 2019 to April 2023, i.e., calibrated
with this much-improved polarization calibration scheme.
Further details about the NRT, pulsar observations with the
NRT, and the polarization calibration of the NRT data can
be found in [63].

C. Ionospheric correction

The effect of ULDM is not the only process that can alter
the polarization properties of pulsar emission. In fact, the
dominant contribution comes from the Faraday rotation that
takes place in the magneto-ionic plasma between the source
and the observer, causing the rotation of the plane of
polarization of the linearly polarized part of the radiation.
In astronomy, the orientation of the polarization plane is
characterized by the PA:

PA =¥, + RMA2, (11)

where angle W characterizes the initial orientation of the
plane of polarization (as emitted by a source) and 4 is the
observing wavelength. The rate at which the plane of
polarization rotates is characterized by the rotation mea-
sure (RM):

RM — 0.81 [@] /LOS n,(B - dI), (12)

m

where n, (cm™) is the electron number density of the
intervening plasma and the dot product in brackets repre-
sents the projection of the magnetic field B (measured in
pG) onto the infinitesimal interval dl of the distance along
the line of sight (LoS) expressed in pc.

As can be seen from Eq. (11), Faraday rotation is
strongly dependent on the observational frequency (chro-
matic effects), whereas the effect of ultralight axions is
independent of the EM wave frequency (the signal is
achromatic), allowing the two to be disentangled.
However, that would only be possible for the observing
systems with large fractional bandwidth,’ so that the plane

SFractional bandwidth is the ratio of the total observed
bandwidth to the central frequency of operation.
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of polarization rotates considerably along the bandwidth.
For instance, for the Nancay L-band receiver, the relative
change in PA between the upper and lower part of the band
is only ~2 deg, which cannot be probed with the current
sensitivities. Therefore the two signals due to the ULDM
and Faraday rotation in the intervening plasma have similar
manifestation in the data for the given observational setup.

As we are not sensitive to time-independent modifica-
tions of the PA (given that the initial polarization configu-
ration is unknown), only time-variable effects should be
considered in the analysis. Generally, there are two known
chromatic processes that can alter the polarization proper-
ties of pulsar radiation dynamically. The main contributor
to variations in RM and hence PA is the terrestrial plasma,
i.e., ionosphere and plasmasphere [64—66]. The second
type of temporal RM fluctuations is driven by spatial
turbulence in the ionized interstellar medium (IISM),
through which the LoS scans as a pulsar moves in the
tangential plane. However, the latter is estimated to be
five orders of magnitude lower than the former and cannot
be measured with current sensitivities [see more details
in [66] ]. Therefore, only the atmospheric contribution is
accounted for in the current analysis.

The ionosphere is modeled using the conventional
single-layer model (SLM), which assumes that the terres-
trial plasma is encapsulated in an infinitesimally thin slab
fixed at a height of ~450 km. Within this approximation,
Eq. (12) reduces to a simple product of the geomagnetic
field By projected to the LoS, and integrated electron
density, also known as slant total electron content (STEC).
Both values are evaluated at the ionospheric pierce point
(IPP), where the LoS intersects the ionospheric layer.
Information about the Earth’s magnetic field is provided
by the World Magnetic Model [67]. The STEC values are
recalculated from the vertical TECs (VTECs), which are
electron column densities in the direction of the zenith.
VTECs are extracted from the interpolated global iono-
spheric maps (GIMs), which contain VTEC values defined
on a regular temporal and spatial grid reconstructed from
the Global Positioning System (GPS) observations.
Specifically, for the current work, we have used UQRG
GIMs produced by the UPC-IonSat collaboration [68,69].
The UQRG GIMs were shown to surpass other publicly
available GIMs when comparing the capacity of different
ionospheric models to describe the observed Faraday
rotation of pulsars [70]. However, the authors also showed
that none of the existing models, including UQRG, have
been able to capture the full complexity of ionospheric
physics. In particular, it was found that two types of
systematics emerge: quasisinusoidal variations with a
one-year period, and long-term linear trends strongly
correlated with the 11-yr Solar cycle. See more details
in [70,71]. The possible presence of this interference was
taken into consideration within a Bayesian framework (see
Sec. IV B).
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FIG. 2. Lomb-Scargle periodogram of the PA residuals for PSR
J1600-3053. The spectra of APA, when the ionospheric con-
tribution has been subtracted, before (preprocessing scheme) and
after (postprocessing scheme) PA extraction are shown in blue
(dashed) and turquoise (solid), respectively. The Lomb-Scargle
periodogram of APA uncorrected for the ionospheric effect is
shown in black (dot-dashed).

The ionospheric correction was implemented at each
fully frequency-resolved pulsar archive (before the stage of
PA extraction) by modifying the relevant entry in the
PSRFITS header using the —aux_ rm command. In this
case, the possibly present (weak) effect of depolarization
due to the ionosphere, which can alter the shape of the
polarization profile and bias the PA measurements, is
compensated. It is worth noting that we have also tested
the performance of the ionospheric correction in the post-
processing stage (after PA extraction), neglecting the
frequency dependence of the Faraday rotation within an
observing band. As expected, for instruments with small
fractional bandwidths that we are using in the current
project, the difference in the resultant standard deviation of
the residuals for the two schemes is negligible (see Fig. 2).

D. PA extraction

The astrophysical signal of interest manifests itself as a
periodic variation of the PA [see Eq. (7)]. The following
steps are undertaken to capture these changes in PA relative
to a baseline. We start by correcting the pulsar data, stored
in PSRFITS format, for the ionospheric contribution, as
described in Sec. III C. Afterward, we build a template by
summing up a number of observations with a high S/N
ratio, followed by smoothing. We force-align averaged
pulse profiles taken at different observational epochs in
phase, using the Stokes I template constructed on a
previous step as a benchmark. This procedure is necessary
as multiple stochastic processes, primarily the intrinsic spin
noise, can phase-shift the pulse profiles and bias the final
measurements of the PA (as PAs of an individual archive
and of a template generally may not match the same phase).
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Finally, we calculate the difference between the PA across
an individual profile and a template. The phase-resolved PA
residuals are constructed directly from Stokes Q and U
observables, using the following expression:

1 Ue 0C Um
APA(¢) = 3 <arctan poch _ arctan tpl)

eroch thpl
1
= E arcsin{ Uepoch (¢) thpl (¢)
- eroch(¢) Utmpl(¢)}v (13)

where eroch(Uepoch) and thpl(Utmpl) are Stokes Q
(Stokes U) profiles as a function of a pulse phase ¢ of
an individual observation and the template, respectively.
The sought APA is a weighted average of APA(¢), where
we use the inverse square of measurement uncertainties
1/03, as weights:

B \/Qgpoch (¢)G%] + ngoch ((rb)GZQ
AT 2( ezpoch(¢) + ngoch(¢))

Op

(14)

Here, 6 and oy, are the off-pulse root-mean-squares. The
average uncertainty on the APA is calculated as the
standard deviation of APA(¢) normalized by the number
of on-pulse measurements.

The obtained dataset is publicly available on zenodo [72]
and is displayed in Fig. 3. The reported y? values indicate
that the uncertainties are considerably underestimated. A
similar behaviour has been reported previously by the
Parkes PTA Collaboration [PPTA [73]]. This bias is caused
by the presence of systematics (i.e., deviations from non-
Gaussianity) in phase-resolved PA residuals, calculated
using Eq. (13). An example of such residual systematics
between the epoch-wise and template PA measurements for
PSR B1937 + 21 is shown with the waterfall plot in Fig. 4.
We expect that such systematics may be caused by the
scattering in the IISM, errors in polarization calibration, or
other instrument-related factors, and will be further
explored in future work (see Sec. VI for discussion).

IV. METHODS

In this section, we introduce the methods used to perform
parameter estimation and search for the ULDM signature in
the data using frequentist and Bayesian inferences. For both
types of analyses, we assume that the Earth and pulsar
terms fall in different coherent patches and that the
monochromatic, i.e., sinusoidal with period unambiguously
defined by the mass of the ALP, signal from ULDM is
uncorrelated between different pulsars. For our sample of
pulsars, this assumption holds for > 5 x 1072 eV. In
Appendix A, we further discuss the justification for this
assumption and investigate how upper limits are modified
for different pulsar-Earth configurations. We also treat the

noise in the PA residuals as white Gaussian. In the Bayesian
framework, we additionally take measures to account for
the underestimation of the measurement uncertainties using
white noise modifiers, an extra error in quadrature
(EQUAD), which represents an additional unaccounted
noise, and an error scaling factor (EFAC) [74]. The
presence of the long-term systematics is accounted for
by including the linear and quadratic trends in the model.

A. Frequentist analysis

The frequentist approach involves searching for periodic
signals in unevenly distributed time series with the Lomb-
Scargle (LS) periodogram [75,76], based on a combination
of signal analysis techniques [77]. In this work, we employ
the generalized LS periodogram (GLSP) [77,78] Prgs(v)
and follow the procedure described in [24].

First, we look for peaks in Py g(v) and quantify their
significance by comparing them with the so-called false
alarm probability (FAP). This value quantifies the proba-
bility that a significant peak emerges from purely random
fluctuations, and we estimate it using the bootstrap method,
which resamples the time series while keeping the temporal
coordinates fixed using Monte Carlo simulations [77]. The
highest peaks of these simulations form a probability
distribution that is directly used to compute the FAP.

After verifying that there are no peaks compatible with
the expected DM signal, we perform 10* Monte Carlo
simulations, injecting a harmonic signal into the time
series,

Adgm = ¢ cos 2avt + @), (15)

with a given frequency v ranging from 1/7, to 1076 Hz
(close to an average Nyquist frequency of the dataset),
amplitude ¢, and a random phase ¢ uniformly sampled
from [0, 2x]. Using a fixed value of v and ¢, we numerically
reconstruct the probability density function (PDF) of
Pis(v,¢) and define the 5% quantile of the obtained
PDF. We gradually increase the amplitude of the injected
signal and terminate the process at ¢g5 such that the 5%
quantile of the Py (v, ¢ho5) PDF matches the experimental
P s(v) obtained from the actual observations. This pro-
vides an upper bound on ¢ at 95% confidence level (CL).
We use a rolling mean method to smooth out the fluctua-
tions, averaging ¢¢s within a window centred at each
frequency. This process is repeated for all frequencies and
pulsars.

Finally, we perform a combined analysis, conducting a
Monte Carlo computation similar to one in the previous
section. Using the PDF of ¢, obtained earlier, we generate
10° pseudoexperiments, drawing values of ¢,; for each
pulsar, along with values for a,, a; ;, and y; for the pulsars.
Using Egq. (15), we calculate g,,; for each pulsar. The
global value of g,, is obtained as a weighted mean, with
weights determined by propagating the root-mean-squares
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PA residuals of the subset of twelve preselected EPTA DR2 MSPs. Multiple colours correspond to four different observing

systems: P217-Asterix (red circles), P200-Asterix (orange stares), S110-Asterix (green filled pluses), S60-Asterix (turquoise triangles),
and 1484-NUPPI (blue pluses). The shadow area, which extends from MJD 59460 to 59560, represents the malfunction of one of the
local oscillators at the Nancay observatory. One of the consequences of this problem is the jumps in PA residuals, which are particularly
apparent in the data of PSR J1012 + 5307, J1643 — 1224, and J1600 — 3053. The »? values indicated at the panels are calculated after
eliminating the epochs affected by the malfunction issue.
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NRT. Each line corresponds to a specific epoch of observation. For the sake of presentation, only forty epochs have been plotted. It is
clear that APA(¢) exhibits non-Gaussian systematic behavior. These observed features are particularly pronounced in the regions close

to the orthogonal jump of the PA.

of the variances of ¢, ;, directly related to the scale factor of
the Rayleigh distribution. By running multiple pseudoex-
periments, we construct its PDF and report the upper limit
on the axion-photon coupling at the 95% confidence level
from the resulting global g,, distribution.

B. Bayesian analysis

In the Bayesian framework, we assume that the APA
measured at observational epoch #;, APA°(t;), for a single
pulsar is a sum of an astrophysical signal of interest Ag(¢;),
given by Eq. (9), and a Gaussian white noise n(z;). In the
Bayesian scheme (given its flexibility), we complement the
frequentist noise models by considering the possible
presence of multiple deterministic processes PA%!(z;)
which may emerge due to, e.g., polarization calibration
errors or poor ionospheric modeling:

APA% (1) = Ap(0O, t;) + PASY(W, 1,) + n(t;), (16)
where @ is a parameter vector of the ALP model and W
parameterize the deterministic contribution. We assume
that PA% linearly depends on W, so that it can be
expressed as

PA% = MW, (17)

where M is the (N x m) design matrix of partial derivatives
of each parameter characterizing deterministic trends (N is
the total number of measurements and m is the dimension-
ality of W). In our work, we consider linear and quadratic
trends, as well as sinusoidal variations with 1-yr and 11-yr
periods responsible for commonly known biases in the
ionospheric modeling [66,79]. The inclusion of the deter-
ministic term in the model removes possible residual trends
unrelated to the ALP signal, but also provides more
conservative estimates of the target parameter ¢,,.
Within the Bayesian framework, all systematics, noises,
and signals of interest are considered simultaneously using
the multivariate Gaussian likelihood:

1

1
X exp{—i (APA°™ — Agp — PA4HTC!

(APA®™ — Agp — PA%) } (18)
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where C = 03, 6;; is the covariance matrix of the stochastic
processes and 9;; is the Kronecker delta. Given the
misestimation of the uncertainties, two additional param-
eters, EFAC and EQUAD, were added to the analysis, so
that the diagonal elements of the covariance matrix are
modified as follows: C;; = EFAC?c3, ;; + EQUAD?. This
likelihood function can be marginalized analytically over
the parameters W and further reduced to a more compact
form [80,81]:

exp (—%6PATG(GTCG)‘1GT6PA)
v (27)N""det(GTCG)

L(APA|©) = . (19)

where PA = APA — A¢ and the (N x N — m) matrix G
was obtained from the singular-value decomposition of the
design matrix M. Specifically, M = UDV’, where U and
V are (N x N) and (m x m) orthogonal matrices, respec-
tively, and D is an (N x m) diagonal matrix with singular
values of M. The G matrix is formed from the U matrix
such that U = (G.G). See more details in, e.g., [82].

After constructing the likelihood function, the Bayesian
analysis proceeds with the determination of the posterior
distributions of the parameters pP**'(®@|APA) by updating
the prior distribution of those parameters pPi° (@) through
the likelihood function £(APA|®):

L(APA|®) p""(©)

PP(O|APA) = > :

(20)

where the denominator Z is called evidence and can be
expressed as

Z= / L(APA|©) pP o (©)d"(©). (21)

Evidence is a key criterion for the hypothesis testing (or
model selection) problem. One can use it to calculate the
Bayes factor (BF) to choose between two hypotheses,
which in our case are (i) signal present in the data; and
(i1) signal missing in the data. For the task of hypothesis
testing, we do not evaluate the above integrals, but use the
Savage-Dickey ratio instead, which is defined as the ratio of
the posterior to the prior densities at the critical value @y,
corresponding to the zero amplitude g,, = 0:

oSt
LN o)
PP (©y)

Conventionally, the Bayes factors B,; = 1 and B,; = 2
are considered substantial and strong evidence for the
presence of a signal, respectively. For the problem of
parameter estimation, evidence Z plays the role of nor-
malization constant. In the case of flat uninformative priors,
Eq. (20) is reduced to pP>'(®|APA)~ L(APA|O),

Prior distribution
©c o o = = =
N o o0 S ) £

e
o

o
=3
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FIG. 5. Numerically reconstructed prior distribution of the
normalization parameter B and its KDE approximation (in blue).

which is an expression used to construct the posterior
distribution of the signal parameters in practice. The
model parameters ® are split into two categories:
(i) common to all the pulsars, which are the coupling
constant g,, and the axion mass m,; (ii) individual to a
pulsar, which are the phases of oscillation ¢,, normaliza-

tion parameters B = \/ a’ + a? — 2a,a, cos y, errors in
quadrature EQUADs (one per observing system), error
multipliers EFACs (one per observing system), and
OFFSETs (one per observing system). The latter are
introduced to describe the jumps between different observ-
ing systems. The distribution of the parameter B has been
estimated numerically using the priors of the relevant input
parameters («,, &, and y) and approximated using a kernel
density estimator (KDE) (see Fig. 5). The whole set of
parameters and the corresponding priors are summarized in
Table I.

To reduce the complexity of the current analysis, we
neglect any possible cross-correlation between datasets of
different pulsars (see Fig. 1). In this case, the likelihood in
Eq. (19) can be factorized as

£(APA|gay, mg, Al? A2, eey AN)

N
= [ £(aPAlg,,.m,. Ay). (23)
k=1

where A, are groups of parameters individual to a pulsar.
Using this expression, one can perform an efficient search
for an astrophysical signal in a reduced parameter space for
each pulsar dataset separately and construct the joint
posterior probability in the after-processing. Equation (23)
is the final expression that we used to perform the
Bayesian run.
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TABLE 1.  Set of parameters, used for the Bayesian analysis.

Parameter Description

Prior Comments

Noise parameters

logp-uniform [—6, 5] (search)

Uniform [0, 4]
logo-uniform [—8, 3]
Uniform [—2, 2]

One parameter per backend
One parameter per backend
One parameter per backend

One parameter per PTA

Linear exponent [—7, 6] (upper limits)

EFAC White-noise modifier per backend
EQUAD Additive white noise per backend
OFFSET An offset between observing systems
Signal parameters

Gay Photon-axion coupling constant
f(Hz) Oscillation frequency

b, Oscillation phase
B B = /a2 + &% —2a,a,cosy

Additional parameters

log;o-uniform [1/T, 107¢]
Uniform[0, 27]

Fixed, regular grid in log-scale

Estimated numerically using

KDE (see Fig. 5)

ag Stochastic amplitude on Earth Rayleigh distribution pla) = aexp (_%2)
o Stochastic amplitude on a pulsar Rayleigh distribution p(a) = aexp (_%)
Phase Uniform[0, 27] x =m,T+6,— 0

V. RESULTS Given that the local DM density is very similar for all the

We now turn to the description of the main results of the
analysis. We present the results of the frequentist and the
Bayesian analysis separately, discussing first the detection
and then upper limit estimations.

A. Frequentist analysis

Following the procedure described in Sec. IV A, we first
search for peaks in the GLSP. We only find a peak
below the 1% FAP, in PSR J1600-3053, at a frequency
of ~3 x 107® Hz corresponding to a periodicity of a year.
The lack of similar peaks in the GLSP of all the other
pulsars points to a different explanation than the ULDM
signal. In fact, the 1-year frequency aligns well with a
seasonal ionospheric signal, still remaining after the iono-
spheric corrections; see Sec. III C. After confirming that
there is no signal compatible with the ULDM, we proceed
to set constraints on periodic signals for each pulsar,
finding the maximum 95% CL amplitude, ¢95. We show
them in Fig. 6.

We see that all pulsars set an upper limit of around a
degree in amplitude, approximately constant over a wide
range of frequencies, except for the lower frequencies,
where the sensitivity drops. In order to translate these
results to ULDM parameters, i.e., to the coupling g,, in
Eq. (1), we perform the global analysis. We first assess the
local DM density of each of the source and the distance
between all of them, to check if there are sources in the
same coherence patch. We also produce the results under
the assumptions that the average local DM density at all the
sources and the Earth is the same, ppy =~ 0.4 GeV/cm?,
and neglect the stochastic effects, i.e., fixing the stochastic
parameters in Eq. (6), @, = a;, = 1. See Appendix A for
more details on the impact of including stochastic effects.

sources, the effect of inclusion of the realistic DM profile in
the analysis is small. In Fig. 7, we plot the frequentist
upper limits for the case with fixed average DM density
pom = 0.4 GeV/cm® and random stochastic amplitudes.
The best sensitivity is found for the smallest mass consid-
ered, m, ~ 8 x 1072* eV, where we set an upper limit
of g3% 4 x 1071* GeV~1.

B. Bayesian analysis

To tackle the problem in the Bayesian framework, we
first split the frequency range of interest [107° Hz,
1076 Hz] into a regular grid of 48 bins that are evenly
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FIG. 6. Frequentist limits on the amplitude at the 95% CL (¢os)
for the 12 preselected EPTA pulsars. These constraints will be
used to produce a combined bound directly on g,,, which should
also include the effects of stochastic amplitudes (and so is not
illustrated in the current figure).
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FIG.7. Upper limits on the photon-ULDM coupling, g,,, obtained with the frequentist (dashed gray line) and Bayesian (solid gray line
for the conservative approach and dotted gray for the optimistic analysis) analyses over a range of frequencies and masses. For the
optimistic Bayesian and frequestist analyses, we cut below a minimum frequency v, = 1/T ~ 2.4 x 10~ Hz, in accordance with the
requirement to include at least a one full oscillation cycle in our data. Other constraints obtained in previous studies are also shown:
the horizontal blue line marks the start of the upper limit set by the helioscope experiment CAST [32]; likewise, the red horizontal line
shows the limit set by the nonobservation of a gamma-ray signal from SN1987A produced by axions [33]. The area in cyan (marked
with long dashes) shows the parameter space excluded by the search of the birefringence effect in AGN polarization observations by
MOIJAVE VLBA [27], in purple (dotted) we show the area excluded by the BICEP-Keck search for the birefringence effect in CMB
polarization [30], the orange area (dotted dashed) is excluded by the same search in polarization data from PPTA and QUIJOTE [24],
and lastly the green area (dashed) is excluded by the nonobservation of a “washout effect” in the polarization of the CMB produced at
last scattering using Planck constraints [31].

distributed in logarithmic scale. We perform hypothesis
testing and parameter estimation in each bin separately,
while fixing the oscillation frequency f. As a result, the
only varying parameter that is common for all the pulsars in
Eq. (23) is the coupling constant g,,.

The Markov chain Monte Carlo sampler “EMCEE” [83] is 6
used to estimate the posterior distribution of the model
parameters for each pulsar separately. The joint posterior
distribution of g,, is reconstructed by taking a product of 4
these individual pulsar posteriors [see Eq. (23)]. The
obtained distributions are used to both estimate the BF
in the Savage-Dickey approximation [see Eq. (22)] and set
upper limits on the coupling constant. We choose two
different kinds of priors for g,,: (i) uniform in linear scale
for model comparison; and (ii) log;o-uniform for parameter 04

Mass of bosons, eV

1073 1072 1072

logio(BF)

estimation. The obtained BFs are shown in Fig. 8. For most : i i

frequency bins, log,o(BF) is less than 1, indicating that no o o Frequency Hzm_7 o
common harmonic signal was found at these particular ’
frequencies. There are six bins between 107 Hz and  piG. 8. Log,o(BF) computed using Savage-Dickey ratio from

2 x 1078 Hz with log,((BF) larger than 3, meaning that
the hypothesis that a signal with a period of roughly 2 yrs is
present in the data is supported. This frequency corresponds

the joint posterior probabilities reconstructed from the individual
posteriors distributions using the method of factorized likelihood.
The red line indicates a threshold value of log;,(BF) = 1.
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FIG. 9. Factorized likelihood analysis on log;y(g,,) from the
EPTA dataset at f = 1.4 x 10~% Hz. Individual posterior prob-
abilities for different pulsars are highlighted with colored (dashed
and dotted dashed) histograms. The joint posterior probability is
in black.

to abosonmass of m, ~ 5 x 10723 eV.InFig.9, we show the
factorized likelihood for one of the bins with
f = 1.4 x 1078 Hz, clearly showing nonflat posteriors for
multiple pulsars. Notably, a similar bump, but at half the
frequency has been detected in [84—86], when searching for
continuous GWs and ULDM signatures in the latest EPTA
DR2 and North American Nanohertz Observatory for
Gravitational Waves datasets, respectively. Although such
asignal could arise for different reasons, the most viable is the
residual Faraday rotation in the terrestrial plasma which is not
sufficiently well-modeled, or the effect of the solar wind.
The upper limits on ¢3%, which are defined as 95%
quantile of the posterior distribution, are shown in the left
panel of Fig. 10. For conservative analysis (for which
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a fit for nuance deterministic parameters is taken into
account), the most stringent bounds are obtained at m,~
3x107* eV, constraining g,, to be below 2 x 1013 GeV~!
with 95% confidence. In addition, we compute optimistic
upper bounds, where we exclude a fit for deterministic
systematics PA%! from the model. The latter can be directly
compared with the frequentist results. These upper limits are
shown in the right panel of Fig. 10 and, as expected, provide
more stringent constraints at lower frequencies.

The validation of the Bayesian pipeline as well as the
method of factorized likelihood is demonstrated in
Appendix B, where a simulated signal is injected in the
real dataset and successfully recovered.

In Fig. 7, we show the final results of our analysis for
both frequentist and Bayesian analyses for the complete
twelve-pulsar dataset. Our bounds are overplotted with the
results from other campaigns aimed at searching for ULDM
signals with other astrophysical observables.

VI. CONCLUSIONS

In this paper, we analyzed the polarization data of the
latest EPTA DR2 with the purpose of searching for
signatures of pseudoscalar ULDM coupled to the EM
field. In order to reduce the complexity of our analysis,
we focused on full Stokes observations of twelve pulsars
gathered with the two largest radio telescopes in Europe,
Effelsberg and Nancay. The presence of ULDM, interacting
with the EM field assuming the coupling described by
Eq. (1), results in sinusoidal variations of the PA residuals,
that we searched for with both frequentist and Bayesian
techniques. Another special feature of the effect is its
achromaticity; i.e., it does not depend on observing
frequency so that its effect can be effectively decoupled
in the analysis from the Faraday rotation caused by the
magnetized plasma.
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FIG. 10. Bayesian upper limits on the coupling constant g,, as a function of frequency (boson mass). The different colors show the
upper limits obtained for each pulsar separately, while the joint analysis is shown in black. Conservative upper limits for which the full
deterministic model is taken into account are displayed in the left panel, while more optimistic upper bounds, for which the deterministic

terms are excluded from the analysis, are shown in the right panel.
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In the frequentist framework, the search and parameter
estimation have been performed using GLSP. No evidence
for ULDM was found in the data, and we have obtained
stringent upper limits across a wide range of ALP masses.
Our best sensitivity is achieved at m, = 8 x 1072* eV,
where we get the 95% upper limit on the coupling
constant g>” =5 x 107" GeV~!.

For the Bayesian analysis, the model was extended to
include additional fits for linear trends, and 11-yr and 1-yr
periodic signals that may be present in the data due to
polarization calibration issues and residual ionospheric
systematics (see Appendix C for justification). We have
performed a frequency-resolved analysis by splitting the
frequency band of interest into multiple segments and
performing a search and parameter estimation independ-
ently in each of them. We find strong evidence
for a monochromatic signal in 6 bins in the frequency
range between 107® and 2x 107® Hz. The corres-
ponding coupling constant of the detected signal is
10g10(94,/GeV™") = —13.0 & 0.86, which is in marginal
contradiction with Planck and PPTA-QUIJOTE constraints
(see Fig. 7). The nature of this signal is still unclear, but it is
most likely related to poorly modeled Faraday rotation in
the terrestrial plasma.

The most stringent constraints on the coupling constant in
the Bayesian framework are obtained at m, =3 X
1072 eV, where g = 2 x 1071? GeV~!. Additionally, we
have calculated Bayesian upper limits for a simplified model
(excluding deterministic systematics), which are in good
agreement (within a factor of 2) with the frequentist results.

There are a number of reasons that can cause the
difference between the two types of analysis. As was
discussed earlier, in contrast to frequentist analysis,
Bayesian models include white noise modifiers, EFAC
and EQUAD, that alter the uncertainties of the obtained
model parameters, in particular, upper limits on g,,.
Moreover, the GLSP analysis is constructed under the
assumption that the stochastic processes are white. As it
was shown in [87], the presence of colored noises can
introduce severe errors in the GLSP parameter estimation
and detection statistics. In the case of the Bayesian
framework, correlated systematics have been partially
accounted for by introducing long-term deterministic
trends in the model (as a proxy for the “red noise”).

Some interesting technical issues relating to the
search methods and the nature of the dataset have also
emerged from this analysis. They can be summarized as
follows:

(i) The subtraction of an averaged PA template from
individual PA profiles does not result in white
Gaussian residuals, leading to a significant under-
estimation of the uncertainties on the resulting
epoch-averaged PAs. A nonnegligible change in
the PA profile shapes is the main reason for this

(i)

(iif)

@iv)
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behavior. The nature of these variations is uncertain
but is most likely related to temporal variations in
the IISM scattering, which can cause significant
distortion of the PA swing [see [88]]. Imperfect
calibration, e.g., caused by the residual leakages
between two orthogonal receivers, could provide
another possible explanation. The increased scatter-
ing of the PA at the phase of the orthogonal jump can
be explained by the propagation effect in the
magnetosphere of pulsars [89]. Similar underesti-
mated uncertainties of the PA residuals and PA
profile temporal variations were obtained with other
radio instruments reported in [90-92]. The charac-
teristics of the systematics that appear in the phase-
resolved PA and possible ways to reduce them will
be investigated in future studies.

The Faraday rotation in the terrestrial ionospheric
plasma causes a dynamical shift of the PA and can
also be responsible for the distortion of the PA swing
described above. Despite being chromatic, the Fara-
day rotation can still be responsible for the emer-
gence of ULDM-like signals and subsequent false
detection. For instance, we suspect that the excess of
power that was detected in the current analysis may
have been the result of the ionosphere not being
modeled correctly. The ionospheric contribution can
be accounted for with the external models of
the ionosphere, as done in the current analysis.
The shortcoming of this scheme is that none of
the existing models can accurately describe the
complex physics of the magneto-ionic content of
the Earth’s atmosphere. This problem can be over-
come by performing a similar study at lower
observing frequencies, in order to break the degen-
eracy between the chromatic Faraday rotation and
the achromatic ULDM signal. In this case, the data
can be self-calibrated for varying Faraday rotation
(both in the ionosphere and I[ISM) without the use of
third-party models.

For both the frequentist and Bayesian analysis, we
have neglected any possible interpulsar correlations
caused by the ULDM signal and effectively looked
for an incoherent monochromatic signal in different
pulsars. It is important to note that the astrophysical
signal of interest may be partially monopolar-corre-
lated. One possible way of including cross-correla-
tions in the analysis was considered in [36,43].
Determining whether the detected signal exhibits
any angular correlation can be performed in post-
processing [similar to the optimal statistics analysis
of the GW background [93]] and is going to be
addressed in subsequent works.

Our upper limits on the coupling constant can be
ameliorated by selecting pulsars located in regions
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of high DM density. Millisecond pulsars that are
located close to the Galactic centre and are known to
have stable profiles will provide a significant in-
crease in sensitivity toward ULDM signals. In
particular, long-term observations of the highly
linearly polarized PSR J1744-2946, which was
recently discovered in a Galactic center filament,
would be an excellent candidate to test the ULDM
hypothesis [94].

The EPTA collaboration is an ongoing effort to detect
GWs through performing regular observations of MSPs
over several decades. The same data can be used to study a
wide range of astrophysical problems beyond the detec-
tion of GWs. As it was shown in the current paper,
searching for ultralight DM candidates is one of the good
examples. Here, we restrict our analysis to the data from
Effelsberg and Nancay radio telescopes only. In the future,
we plan to extend our analysis to include the data from
three more observatories, namely, JBO, SRT, and WSRT,
as well as the LOFAR interferometer. LOFAR has recently
been incorporated into the EPTA collaboration, and it will
provide low-frequency support to the campaign.
Upcoming data releases with longer baselines and updated
instrumentation are expected to further increase our
sensitivity to ALPs, maximizing the potential for the
detection of ULDM.
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APPENDIX A: INFLUENCE OF COHERENCE
PATCH SIZE

As stated in the main text, the connection between the
axionic field amplitude and the dark matter density takes a
stochastic nature [see Eq. (6)] that follows a Rayleigh
distribution in each coherence domain [40,41]. With the
coherence length

m, /e \!
lC:(maa)‘1z65<10_22 eV) (10_3> pc, (A1)

we can determine whether two or more pulsars are in the
same coherence patch for a given ULDM mass. For masses
below ~5 x 10723 eV, there are several pulsars that lie in
the same coherence patch. Then, to calculate the DM local
density in each source and the Earth, we have used a
Navarro-Frenk-White (NFW) [99,100] profile with the
parameters r, = 14.48 kpc and p, = 0.566 GeV/cm?
[101]. To see how our results are sensitive to the adopted
assumptions, e.g., a common DM density and a common
coherence patch for all the pulsars, we performed the global
frequentist analysis in four possible cases, as shown in
Fig. 11. We labeled the analysis as deterministic when we
neglect stochastic effects, i.e., a, = a, = 1. When the local
DM density follows the NFW profile, we use DM in the
label. We can see that the result does not change signifi-
cantly. For the main result presented in Fig. 7, we choose
the stochastic case with equal DM density.

APPENDIX B: VALIDATION OF THE BAYESIAN
SEARCH PIPELINE

To validate our methods and check the robustness of
our Bayesian schemes, we have performed an injection-
recovery test. The simulated ULDM signal was injected
into the real pulsar polarimetry data used in the current
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----- Deterministic DM Deterministic
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FIG. 11.  Frequentist upper limits on the coupling constant g,,
produced in four different regimes of “coherence.” See text for
details of these modes.
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FIG. 12. Posterior distribution of astrophysical model parameters which are summarized in Table I. The simulated signal has been
injected into the real data of PSR J1744-1134. The injected values are shown with blue solid lines and the contours are 0.5-, 1- and 2-6

intervals.

study. In order to recover the signal, we run a full Bayesian
analysis as described in Sec. IV B. The posterior distribu-
tion of astrophysical parameters for PSR J1744-1134 are
shown in Fig. 12. The joint posterior distribution was
constructed by multiplying individual 2D-posterior distri-
butions (g,,, f) of 12 pulsars. The factorized distribution of
Jay marginalized over f is shown in Fig. 13, demonstrating
the successful recovery of the injected value.

APPENDIX C: OBSERVATION OF THE
RESIDUAL SYSTEMATICS IN THE CURRENT
ANALYSIS

After ionospheric corrections (see Sec. IIIC), some
spurious signals from the modeling might still be left. In

this section, we highlight some of these signatures that were
detected in our dataset within both frequentist and Bayesian
frameworks. For such a demonstration, we removed the
PA% from the Bayesian model. For example, in PSR
J1600-3053, we found a signal compatible with one year
periodicity (see the left side of Figs. 14 and 15). For the
case of PSR J1643-1224, in the Bayesian analysis, a signal
with a frequency of (11 yr)~! emerged. However, in the
frequentist analysis, while there is a peak with relatively
high power at that frequency, it is not statistically signifi-
cant; i.e., it is not above the FAP level (see the right side of
Figs. 14 and 15). Both signals are well-known residual
quasiperiodicities after the subtraction of the SLM iono-
spheric model corresponding to a seasonal effect (~1 year)
and to the solar cycle (~11 years).
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