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✦ Pulsars emit electromagnetic pulses with extra-
ordinary regularity

✦ Till now ~3000 pulsars observed in our galaxy   

✦ Millisecond pulsars (MSPs) especially stable; can 
play roles as astronomical clocks

1
Jen Christiansen Gourgouliatos, Esposito, (2018)

Jocelyn Bell with the record of her discovery

[Backer et al. Nature 300 (1982)]
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Hellings and Downs curve 
(quadrupolar correlations)


2

Figure 24: Geometry for calculating the change in the photon propagation time from ~r1

to ~r2 = r1 + Lû in the presence of a plane gravitational wave propagating in direction k̂.

received at ~r2 at time t is given by [72]:
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where the 0th-order expression for the photon trajectory can be used in hab:

t(s) = (t � L/c) + s/c , ~x(s) = ~r1 + sû . (5.15)

Since hab(t, ~x) = hab(t + n̂ · ~x/c) for a plane wave, it is relatively easy to do the integral.
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where we factored out e
i2⇡f(t+n̂·~r2/c), corresponding to the time and location of the mea-

surement, to get the last line. Note that the two terms in square brackets in (5.16)
correspond to sampling the gravitational-wave phase at photon reception (location ~r2 at
time t2 ⌘ t) and photon emission (location ~r1 at time t1 ⌘ t � L/c), respectively. In
the context of pulsar timing, these two terms are called the Earth term and pulsar term,
respectively.
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“Earth” “pulsar”

Pulsar timing arrays (PTAs)
✦ Given precise timing model of the expected time of arrival of the pulse, the measured 

time difference can be directly related to gravitational waves (GWs)
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“Earth” “pulsar”

Pulsar timing arrays (PTAs)
✦ Given precise timing model of the expected time of arrival of the pulse, the measured 

time difference can be directly related to gravitational waves (GWs)


✦ Stochastic GW backgrounds (SGWBs) can be identified by 
the quadrupolar spatial correlations among pulsars 


✦ Constructing PTAs with MSPs as galactic-scale GW 
detectors


✦ Till now, global PTA network monitors over 80 MSPs for 10+ 
years. FAST/SKA may increase number to O(100) 

[Hellings and Downs, 
ApJL 265 (1983)]

2

[Foster and Backer, ApJ 361 (1990)]

Hellings and Downs curve 
(quadrupolar correlations)



✦ Compelling evidence for a HD-correlated, common-spectrum red noise 

✦ Enormous physical implications:  GW sources, Test of gravity ……  

Key evidence for nHz SGWBs

12
Jen Christiansen

3

[CPTA: 2306.16216]

4 The NANOGrav Collaboration
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Figure 1. Summary of the main Bayesian and optimal-statistic analyses presented in this paper, which establish multiple lines
of evidence for the presence of Hellings–Downs correlations in the 15-year NANOGrav data set. Throughout we refer to the
68.3%, 95.4%, and 99.7% regions of distributions as 1/2/3� regions, even in two dimensions. (a): Bayesian “free-spectrum”
analysis, showing posteriors (gray violins) of independent variance parameters for a Hellings–Downs-correlated stochastic process
at frequencies i/T , with T the total data set time span. The blue represents the posterior median and 1/2� posterior bandsa

for a power-law model; the dashed black line corresponds to a � = 13/3 (SMBHB-like) power-law, plotted with the median
posterior amplitude. See §3 for more details. (b): Posterior probability distribution of GWB amplitude and spectral exponent
in a HD power-law model, showing 1/2/3� credible regions. The value �GWB = 13/3 (dashed black line) is included in the 99%
credible region. The amplitude is referenced to fref = 1yr�1 (blue) and 0.1 yr�1 (orange). The dashed blue and orange curves
in the log

10
AGWB subpanel shows its marginal posterior density for a � = 13/3 model, with fref = 1yr�1 and fref = 0.1 yr�1,

respectively. See §3 for more details. (c): Angular-separation–binned inter-pulsar correlations, measured from 2,211 distinct
pairings in our 67-pulsar array using the frequentist optimal statistic, assuming maximum-a-posteriori pulsar noise parameters
and � = 13/3 common-process amplitude from a Bayesian inference analysis. The bin widths are chosen so that each includes
approximately the same number of pulsar pairs, and central bin locations avoid zeros of the Hellings–Downs curve. This binned
reconstruction accounts for correlations between pulsar pairs (Romano et al. 2021; Allen & Romano 2022). The dashed black
line shows the Hellings–Downs correlation pattern, and the binned points are normalized by the amplitude of the � = 13/3
common process to be on the same scale. Note that we do not employ binning of inter-pulsar correlations in our detection
statistics; this panel serves as a visual consistency check only. See §4 for more frequentist results. (d): Bayesian reconstruction
of normalized inter-pulsar correlations, modeled as a cubic spline within a variable-exponent power-law model. The violins plot
the marginal posterior densities (plus median and 68% credible values) of the correlations at the knots. The knot positions are
fixed, and are chosen on the basis of features of the Hellings–Downs curve (also shown as a dashed black line for reference): they
include the maximum and minimum angular separations, the two zero crossings of the Hellings–Downs curve, and the position
of minimum correlation. See §3 for more details.

[NANOGrav: 2306.16213]

6 Miles et al.

Figure 2. All-sky inter-pulsar correlations of the MPTA data set as a function of the angular separation between pairs of pulsars, displayed in 15 bins across the
angular separation range. The Â2

DATA = (5.65 ± 1.2) ⇥ 10�29 corresponds to a dimensionless gravitational wave amplitude of 7.5+0.8
�0.9 ⇥ 10�15.

(a) Angular correlations of the ER model (b) Angular correlations of the ALT model

Figure 3. All-sky inter-pulsar correlations of the MPTA data set for the two alternative models: ER (left) and ALT (right). Using the ER model, we measure an
optimal statistic amplitude to be Â2

ER = (3.7±1.9) ⇥ 10�29, and for the ALT model we measure an optimal statistic amplitude to be Â2
ALT = (7.1±1.8) ⇥ 10�29.

While the models are very similar, there is a marked difference in the correlations that stems primarily from the lack of achromatic red noise in PSR J2129�5721.

present in the MPTA in a manner that could be more suitable than the
other analyses we present here: one that places a greater emphasis
on the correlations between the pairs in the array, rather than on the
stochastic processes themselves.

By sampling the shared correlations and amplitudes between each
of the 3403 pulsar pairs, we can factorise the likelihoods of these
constraints and redistribute them into bins corresponding to their
angular separations on the sky. From this, we are able to calculate a
likelihood ratio (LHD

0 ) from the factorised posteriors to determined
if they are more suited to HD correlations than not, following the
technique presented in Reardon et al. (2023a).

The number of pulsar pairs in the MPTA may make this analy-
sis more prone to error propagation than in other PTA experiments.

While the number of pulsar pairs is likely to make the MPTA sen-
sitive to interpulsar correlations, the process of factorising hundreds
of posteriors together may result in otherwise insubstantial uncer-
tainties in the posterior constraints compounding, and result in non-
representative factorised correlations. Given this, we only assess the
conservative ER model, which exhibits the smallest margin of sup-
port for HD correlations in the frequentist analysis. We find marginal
support for HD correlations, at LHD

0 ⇠ 7. The factorised angular
correlations derived from this technique are found in Figure 7.

MNRAS 000, 1–12 (2024)

[MPTA: 2412.01153]

10 the NANOGrav Collaboration
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Figure 3. Median GWB spectra produced by a subset of the new-physics models, which we construct by mapping our model
parameter posterior distributions to h

2⌦GW distributions at every frequency f (see Appendix B for more details and Figs. 19
and 20 for the models not included here). We also show the periodogram for an HD-correlated free spectral process (gray violins)
and the GWB spectrum produced by an astrophysical population of inspiraling SMBHBs with the parameters ABHB and �BHB

fixed at the central values µBHB of the 2D Gaussian prior distribution specified in Eq. (A1) (black dashed line).

to merge SMBHBs within a Hubble time, the number
of binaries emitting in the PTA band depends on in-
teractions between binaries and their local galactic en-
vironment to extract orbital energy and drive systems
toward merger (Begelman et al. 1980). If these environ-
mental e↵ects extend into the PTA band, or if binary
orbits are substantially eccentric, then the GWB spec-
trum can flatten at low frequencies (typically expected
at f ⌧ 1 yr�1; Kocsis & Sesana 2011). At high frequen-
cies, once the expected number of binaries dominating
the GWB approaches unity, the spectrum steepens be-
low 13/3 (typically expected at f � 1 yr�1; Sesana et al.
2008).

Unfortunately, current observations and numerical
simulations provide only weak constraints on the spec-
tral amplitude or the specific locations and strengths of
power-law deviations. Despite these uncertainties, the
sensitivity range of PTAs is su�ciently narrowband that
it is reasonable, to first approximation, to model the sig-

nal by a power law in this frequency range:

�BHB(f) =
A

2
BHB

12⇡2

1

Tobs

✓
f

yr�1

◆��BHB

yr3 , (13)

where �BHB/�f is the timing residual PSD (see Eq. (6)).
Following Middleton et al. (2021), we can gain some

insight into the allowed range of values for the ampli-
tude, ABHB, and slope, �BHB, of this power law by sim-
ulating a large number of SMBHB populations cover-
ing the entire range of allowed astrophysical parame-
ters. Specifically, we consider the SMBHB populations
contained in the GWOnly-Ext library generated as part
of the NG15smbh analysis (and discussed in additional
detail there). This library was constructed with the
holodeck package (Kelley et al. 2023) using semian-
alytic models of SMBHB mergers. These models use
simple, parameterized forms of galaxy stellar mass func-
tions, pair fractions, merger rates, and SMBH-mass ver-
sus galaxy-mass relations to produce binary popula-
tions and derived GWB spectra. While some param-

3

FIG. 1. Various ORFs examined in this work. Here, the
GTb model refers to the GT model with ↵ = 1.74. The
Bayesian reconstruction of normalized inter-pulsar correla-
tions, as adapted from NANOGrav’s analysis [13], is depicted
by the gray violins. It is important to emphasize that the
longitudinal modes, VL and SL, depend on both pulsar dis-
tance and GW frequency. The illustration here specifically
presents the scenario where fLa = fLb = 100 for the VL and
SL modes.

related to AI by, [82],
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2⇡2
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where H0 = 67.4 km s�1Mpc�1 [83] is the Hubble con-
stant.

Data analysis. The NANOGrav 15-year data set [12]
comprises data from 68 pulsars. Following [13], we use
67 pulsars with timing baselines that exceed three years.
The timing residuals for each pulsar, obtained by sub-
tracting the timing model from the TOAs, can be ex-
pressed as [84]

�t = M✏+ Fa+ n. (13)

The term M✏ serves to accommodate inaccuracies that
can arise during the subtraction of the timing model,
where M represents the design matrix of the timing
model, and ✏ is a vector that denotes minor deviations
of the timing model parameters. The term Fa encom-
passes all low-frequency signals, including both the red
noise that is intrinsic to each pulsar and the common red
noise signal shared among all pulsars, such as a GWB.
Here, F corresponds to the Fourier design matrix, which
features components of alternating sine and cosine func-
tions. Given the timespan T , a is a vector that signi-
fies the amplitude of the Fourier basis functions, and
these functions are associated with specific frequencies of
{1/T, 2/T, · · · , Nmode/T}. Similar to NANOGrav [13],
we employ 30 frequency components to account for the
intrinsic red noise specific to each pulsar, and these are
characterized by a power-law spectrum. Additionally,

we utilize 14 frequency components for the GWB signal.
The final term n is responsible for modelling the timing
residuals stemming from white noise, including a scale
parameter on the TOA uncertainties (EFAC), an added
variance (EQUAD), and a per-epoch variance (ECORR)
for each backend/receiver system [84].
Similar to NANOGrav [13], we adopt the JPL so-

lar system ephemeris (SSE) DE440 [85] as the fiducial
SSE. Our Bayesian parameter inference follows a proce-
dure closely aligned with the one outlined in [86, 87].
The model parameters and their associated prior dis-
tributions are summarized in Table I. In our analyses,
we keep the white noise parameters fixed at their maxi-
mum likelihood values to reduce the computational costs.
We use enterprise [88] and enterprise extension [89]
software packages for the calculation of likelihood and
Bayes factors. The Bayes factors are calculated using the
product-space method [90–93]. For Markov chain Monte
Carlo sampling, we utilize the PTMCMCSampler [94] pack-
age. To expedite the burn-in process for the chains, we
employ samples drawn from empirical distributions to
handle the red noise parameters of the pulsars. These dis-
tributions are constructed based on posteriors obtained
from an initial Bayesian analysis that exclusively incor-
porates the pulsars’ red noise, excluding any common red
noise processes, as carried out in [87, 95].
Results and Discussion. Table II summarizes the

Bayes factors for di↵erent models compared to the TT
model that incorporates the full HD spatial correlations.
The Bayes factor of the ST model relative to the TT
model is 0.40± 0.03, indicating that there is no statisti-
cally significant evidence supporting or refuting the ST
correlations over the HD correlations in the NANOGrav
15-year data set. We obtain the median and the 90%
equal-tail amplitudes as AST = 7.8+5.1

�3.5 ⇥ 10�15 at the
reference frequency of fyr. The posterior distributions
for the amplitude AST and the power-law index �ST are
illustrated in Fig. 2.
The Bayes factor of the VL model versus the TT model

is 0.12 ± 0.02, implying the VL correlations are slightly
disfavoured in comparison to the HD correlations. Fur-
thermore, the Bayes factor of the SL model compared to
the TT model is 0.002 ± 0.001, strongly disfavoring the
SL correlations compared to the HD correlations. Conse-
quently, we establish upper limits for the amplitudes as
AVL . 1.7⇥10�15 and ASL . 7.4⇥10�17. Note that the
constraint on the amplitude for the SL model is around
two orders of magnitude tighter than that from other
polarizations, mainly due to the strong auto-correlations
inherent to the SL mode. The posteriors for the VL and
SL models are also shown in Fig. 2. Notably, the power-
law indexes derived from di↵erent polarizations, namely
�ST, �VL, and �SL, exhibit broad consistency. We also
observe that the disfavored longitudinal modes remain
slightly unfavorable when considered in combination with
the TT mode. Specifically, we find BFTT+VL

TT = 0.49 and

SMBHB environment various cosmological origin new GW polarizations

[arXiv: 2411.05906]
[arXiv: 2306.16219] [arXiv: 2310.11238]



✦ Pulsar radio emissions typically have strong 
linear polarization

✦ Polarization profiles obtained as a by-product 
of PTAs for the purpose of calibration

Pulsars as linear polarizers
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Figure 7: Polarization profiles for PSR J0437-4715 at 1369 MHz. The lower part gives the pulse profile for
total intensity I (thick solid line), linearly polarized intensity L =

p
U2 +Q2 (thin solid line), and circularly

polarized intensity V (dotted line).

where  ̄p
k denotes data points from the grand avarage of profile of pulsar p, which is obtained by

 ̄p
k =

1

2
tan�1

P
i U

p
i (�k)P

i Q
p
i (�k)

. (14)

We can see that transforming true data � to �✓ used in the likelihood function is non-trivial. Since we
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After solving for
�
✓1ref , ..., ✓

M
ref

�
given a data set � , we can plug it back in Eq. (16) for likelihood analysis.

Applying this new treatment, the previous results are shown in figures below.
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Pulsar polarization array with PPTA data

Xiao Xue, Hoang Nhan Luu, Jing Ren, Tao Liu, Jing Shu, Yue Zhao

1 Polarization data
Radio pulsar data is collected in form of polarization profiles of four Stokes parameters {I, U,Q, V } for each
observation. Let us consider an observation epoch at ti of a pulsar, the position angle (PA) data can be
expressed as

 i,k =  i(�k) =
1

2
tan�1 Ui(�k)

Qi(�k)
, (1)

where �k denotes kth phase of the folded pulse with k = 1, ..., Np. With this in mind, each data point of
PA deviations at each epoch from Yan et. al. is defined as

� i =
1

Np

X

k

wi,k

�
 i,k �  ̄k

�
, (2)

where  ̄k denotes data points from the grand average of profile of the pulsar, which is obtained by

 ̄k =
1

2
tan�1

P
i Ui(�k)P
i Qi(�k)

. (3)

Each  i,k has an error �i,k and  ̄k also has an error �̄k. Thus, the difference  i,k �  ̄k has a combined
error and each kth-bin data point is then weighted by the reciprocal of these values wi,k = 1/

⇣
�2
i,k + �̄2

k

⌘
.

Eventually, � i has an error
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Assuming  i,k =  0,k + �✓i, we can relate the true data in terms of � to long-term variations of
linear polarization angle �✓ by

� i = Ai�✓i +Bi where Ai =
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Figure 21. Ionosphere-corrected rotation measure, dispersion measure, and magnetic field changes over time for pulsars J1909–
3744 and J1918–0642. The error bars on the RM are a combination of fitting for Faraday rotation and from the ionospheric
correction, errors on the DM come from those on the DMX value, and errors on the magnetic field are a combination of the two.
The trendline shown is that with the lowest reduced χ2

r
value of all of the trends. No trend is shown if the lowest χ2

r
value for

the fits was that of a horizontal line with a slope of zero.
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Faraday rotation (FR) of PA by galactic magnetic field

2 Wahl et al.

We detect rotation measure variations with a period of one year in some pulsars but overall find that
the variations in these parameters are more consistent with a stochastic origin.

Keywords: pulsars: general, ISM: magnetic fields, techniques: polarimetric

1. INTRODUCTION

Pulsars are highly-magnetized, rapidly-rotating neu-
tron stars that emit electromagnetic radiation that
sweeps across our line of sight as they rotate. In addi-
tion to being laboratories for study themselves, pulsars
are useful in probing the properties of the interstel-
lar medium (ISM). As the radio waves from a pulsar
traverse the Galaxy, they experience Faraday rotation,
which is a frequency-dependent rotation of the polar-
ization position angle by the Galactic magnetic field.
Faraday rotation changes the angle of linear polariza-
tion by an angle

β =
e3λ2

2πm2
ec

4

∫ d

0

ne(l)B‖(l)dl , (1)

where e is the charge of the electron, λ is the wavelength
of the radio waves, me is the mass of the electron, c is
the speed of light, ne is the free electron density along
a line of sight l, d is the pulsar distance, and B‖ is the
magnetic field parallel to the line of sight (in cgs units).
The degree to which the pulsar’s radio waves are rotated
is called the rotation measure (RM), where

RM =
β

λ2
. (2)

The dispersion measure (DM) is the integrated free elec-
tron density along the line of sight

DM =

∫ d

0

ne(l)dl (3)

and varies with the observational frequency as ν−2.
We can calculate the parallel component of the mag-

netic field along the line of sight using both the DM and
RM as

〈

B‖

〉

= 1.23
RM

DM
µG , (4)

where RM is in rad m−2 and DM is in pc cm−3.
When the radio waves reach the receiver on the tele-

scope, the telescope’s response alters the components of

∗ NANOGrav Physics Frontiers Center Postdoctoral Fellow

the waves. These components can be described by the
Stokes vector

S =











I

Q

U

V











, (5)

where Stokes I is the total intensity, StokesQ and Stokes
U form the linear polarization through L =

√

Q2 + U2,
and Stokes V is the circular polarization intensity. Us-
ing the International Astronomical Union (IAU)’s circu-
lar polarization sign convention, right-handed circular
polarization is positive (corresponding to a clockwise ro-
tation of the position angle) and left-handed circular po-
larization is negative (corresponding to a counterclock-
wise rotation of the position angle) (Stokes 1851). The
total amount of polarized emission can be described by
the latter three Stokes parameters P =

√
L2 + V 2.

The orientation of the linearly polarized radio waves
emanating from the pulsar can be described by the po-
sition angle (PA) of the linearly polarized emission:

Ψ = 0.5 tan−1
U

Q
.

The polarization angle is quoted using the IAU conven-
tion with the polarization angle increasing in the coun-
terclockwise direction. We can solve for the telescope’s
response to the incoming radio waves

Smeas = MSsrc (6)

where Smeas is the Stokes vector measured at the tele-
scope, Ssrc is the Stokes vector of the incoming radio
waves, and M is the Mueller matrix, which depends on
the ellipticity of the receiver arms, non-orthoganality of
the receivers, the differential gain, and the differential
phase of the receiver (see Heiles et al. 2001 for more de-
tails).
By observing a strong polarized source through a se-

ries of telescope azimuth angles, Mueller matrix ele-
ments for a given telescope and observing system can
be determined. The Mueller matrix can then be used to
correct other observational data and recover the intrinsic
Stokes parameters of the source under observation. We
can determine the Mueller matrix for a certain receiver
by taking a long observation of one pulsar and tracking
it across the sky. By doing this for multiple epochs, we

[Wahl et al. [NANOGrav], ApJ 926 (2022)]
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much this lag accumulates over the photon’s path, i.e. [688–690],

�o =
1
2

π (C 5 ,x 5 )

(C8 ,x8 )

�
l+ � l�

�
dB =

1
2
60W

�
q(C 5 , x 5 ) � q(C8 , x8)

�
. (171)

By evaluating this integral we see it is only the difference in the values at the points of emission and
detection that count towards the rotation angle. The intuition for why the effect only cares about
the endpoints is essentially because the photon is coupled to the derivative of the axion field79.
Integrating a derivative along a path yields only the difference between the values at each end of
the path. See Ref. [691] for a more detailed discussion and an alternative derivation of this in
the cosmological setting that will be relevant for a few of the examples mentioned below. The
underlying reason for why the axion creates specifically a birefringent effect on the photon on the
other hand, is that the axion-photon interaction is parity-violating.80

This is an interesting effect that is also very nice observationally because there are many
possible sources of photons that are already linearly polarised in some fashion.81 If these photons
are passing through axion dark matter then we expect there to be some �q < 0 between the points of
emission and detection and therefore a polarisation rotation. Additionally, because the axion dark
matter field is oscillating at the frequency of the axion mass, so too would we expect this polarisation
rotation angle to also oscillate at the same frequency if we were to measure it at multiple instances
in time. Recall that we model axion dark matter as a classical field oscillating with amplitude
q ⇠

p
2d0/<0. It is because of this inverse mass scaling, that the best prospects are to use this

effect to search for axions in the ultralight regime.
To search for axion dark matter using this effect we want to have polarised photons that are

emitted and absorbed at points where we have some knowledge about the typical dark matter
densities. Since we already know the density at the point of detection, i.e. here, we get that one for
free. I will now list a few examples of different searches that have been done using this effect in
different contexts. All of these appear on the plot Fig. 23 which zooms in on the ultralight regime.

Several groups have considered pulsar timing arrays (PTAs) for this purpose. PTAs are
large networks of continuously monitored nearby pulsars in the Milky Way. The plane of linear
polarisation of the radio emission from these objects is observed to be essentially constant, meaning
a bound can be placed on any extra oscillations in the angle caused by the changing axion field
value between us and the various pulsars in the network [712, 713]. The bound from Ref.[714] is
labelled PPTA—they used twenty pulsars from the Parkes Pulsar Timing Array of the Murriyang
radio telescope in Australia, in conjunction with data on the Crab pulsar from QUĲOTE, a CMB
experiment on the Canary Islands. The ultimate reach of the PTA approach is to think about
pulsar polarisation arrays, in which the polarisation information on different pulsars in the network
is spatially and temporally correlated rather than considered separately as a measure of Faraday
rotation [715].

79This fact can be observed directly in Eqs.(169), but derivative interactions are ultimately a feature of the axion being
a Goldstone boson.

80Note however that parity is also broken when photons propagate through a magnetic field, even in the absence of an
axion—this also causes a rotation of the polarisation but here it is a well-known effect called Faraday rotation.

81This same birefringent effect is also the basis of a handful of direct detection experiments that are looking for axion
dark matter in the low-mass regime, e.g. [692–696, 696–701].
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• Source: change of pulsar physics; 
single pulse stochastic variation 
(jitter noise)


• Instrument: PA calibration; 
radiometer noise


• Propagation: Faraday rotation from 
interstellar magnetic field/Earth’s 
ionosphere

PA = PAsource + PAinstru + PApropa

Measured polarization angle 

5



Ultralight axion-like dark matter 
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✦ Ultralight DM: wavelike + Pulsar Timing/Polarization Arrays

Wave Dark Matter (WDM) 
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Wave Dark Matter: Bosonic and ma << 30 eV => Large occupation number per de Broglie volume 
(NdB >> 1) in a Milky-Way-like environment => Formation of a coherent state with strong wave nature  

[Aaron Chou, Snowmass2021]
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sd occupation number per de Broglie 
volume >>1 when ma≪30eV
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✦ Axion-like particles (ALP): light and interact feebly 

✦ Nonthermal wave DM formed as a Bose-Einstein condensate, 
and behaves as a stochastic classical field

✦ Fuzzy DM (ma~10-22eV) address small-scale problems 

✦ Recent constraints on ULDM, i.e. Lyman-α, dwarf galaxies, may 
suffer from uncertainties — different searches needed!
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643 (2016)]
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[D. Marsh, Phys. Rept. 
643 (2016)]

v peak at v0~10-3c 

random amplitude

random 
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Gravitational and non-
gravitational probe of 

ALDM by pulsar arrays!
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ALDM induces temporal oscillating gravitational potential 
through gravity, and then changes the arrival time of the 
pulses

8

[Khmelnitsky and Rubakov, JCAP 02 (2014)]

The ALDM-induced correction can be > 20 ns for m < 10-23 eV

ALDM induced timing signals 

5

TABLE I: Parameters employed for the search along with their respective priors. In the correlated limit, the
parameters �̂2

E, �̂
2
P are accounted for by a redefinition of  c, while in the pulsar-correlated regime �̂2

E = �̂2
P = �̂2 is a

free parameter.

Parameter Description Prior Occurrence

White Noise
�
� = E2

f �
2

TOA + E2

q

�

Ef EFAC per receiver-backend system Uniform [0, 10] 1 per pulsar

Eq EQUAD per receiver-backend system Log10-Uniform [�10,�5] 1 per pulsar

Red Noise

Ared Red noise power-law amplitude Log10-Uniform [�20,�6] 1 per pulsar

�red Red noise power-law spectral index Uniform [0, 10] 1 per pulsar

ULDM

 c ULDM signal amplitude Log
10
-Uniform [�20,�12] 1 per PTA

m� [eV] ULDM mass Log10-Uniform [�24,�22] 1 per PTA

�̂2

E Earth factor e�x 1 per PTA

�̂2

P Pulsar factor e�x 1 per pulsar

�E Earth signal phase Uniform [0, 2⇡] 1 per PTA

�P Pulsar signal phase Uniform [0, 2⇡] 1 per pulsar

Common spatially Uncorrelated Red Noise (CURN)

AGWB Common process strain amplitude Log10-Uniform [�20,�6] 1 per PTA

-9.3 -8.8 -8.3 -7.8 -7.3

log10 f(Hz)
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FIG. 1: Upper limits on ULDM, and namely on the dimensionless amplitude ( c, left panel) and the ULDM
fraction of the local DM density ⇢DM = 0.4GeV/cm3 (⇢�/⇢DM, right panel), at 95% credibility. The bottom

horizontal axes show the ULDM particle mass, whereas the top horizontal axes show the equivalent oscillation
frequency of the scalar field. The upper limits from previous searches [38, 39] are shown for comparison. As a
reference, we highlight the frequency T�1

obs. In the right panel, we zoom in on the excluded ULDM masses. The
horizontal dotted line represents the value of ⇢� that would saturate the local DM density. Notice that based on our
results ULDM particles with mass �24.0 < log10 (m�/eV) < �23.7 can only make up at most 30 � 40 % of the total
DM energy density, while particles with mass �23.7 < log10 (m�/eV) < �23.3 can contribute at most up to ⇠ 70 %.

There, the upper limits provided in the correlated and
uncorrelated scenarios di↵er at low frequency. This can
be understood by noticing that the correlated limit of
NANOGrav corresponds to our pulsar-correlated limit.
However, in the low mass limit of Fig. 1, the pulsars, the

Earth and the stellar and gaseous tracers used for ro-
tation curves estimates lie well within the area spanned
by the coherence length; thus, one can only measure the
combination  0

c =  c�̂2, which represents the realiza-
tion of DM in our Galaxy. Therefore, we remove the

100% ALDM 
excluded at low ma

[Smarra et al. [EPTA], PRL 131 (2023)]
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✦ Two-point correlation functions*

Characteristic correlations of ALDM timing signals

9

[Luu, Liu, JR, et al., ApJL 963 (2024)]

* Similar results also highlighted in a recent paper [Boddy, Dror and Lam, PRL 135 (2025)]
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signal such as the stochastic wave DM. It has the same form as
that of tp

tn ( )( )df in Equation (4).
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These coefficients follow a multivariate Gaussian distribution
with zero mean. Assuming that the DM velocity is isotropic
and peaks sharply at the virial velocity of the Milky Way, i.e.,
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with Lpq= Lp− Lq and yij= |xi− xj|/lc. Here lc≡ 1/(mav0) is
the coherence length of wave DM. y ysin ij ij is a sinc
function, encoding the spatial correlation of signal. To derive
Equation (7), 2v

2aá ñ = and sin sinv v v v1 1 2 2
( ) ( )a y y b y yá + + + + ñ =¢ ¢

cos v v v v v v v v
1
2 , , , ,1 2 1 2 1 2 1 2( )[ ]a b d d d d- +¢ ¢ ¢ ¢ have been applied. Com-
pared to the stochastic GWs with a coherence length lc∼ 1/ω, the
wave DM of the same frequency has a much longer lc due to its
nonrelativistic character. The “pulsar” term thus plays a more
important role in cross-correlating the signals (Liu et al. 2023).
This significance can be further enhanced for the pulsars close to
the galactic center where the DM halo is dense (De Martino et al.
2017; Liu et al. 2023).

For a PTA with  pulsars, the log-likelihood function in the
PBP method is given by FERMI-LAT Collaboration et al.
(2022):
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Here the terms of the first line describe a weighted Poisson
distribution of PSP with a summation over the photons from all
pulsars, f (p) denotes a template known in prior fitting the data,
and wi

p( ) measures the probability for an ith photon to originate
from the pth pulsar. The rest is simply the Gaussian log

likelihood for random noise and signal processes. The terms of
tn arise from red spin noise, with
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Here the elements of 2 2´  covariant matrix a pq( ) are
calculated in Equation (8). Cross-correlating the data of pulsars
thus can help to distinguish the signals from the uncorrelated
noises and identify the nature of signal, as the Hellings–Downs
curve does for the GW detection (Hellings & Downs 1983).8

3. Sensitivity Analysis

We analyze the Fermi-LAT γ-ray data for 28 out of 35
pulsars (Kerr & Parthasarathy 2022), excluding J0312-0921,
J0613-0200, J1513-2550, J1543-5149, J1741+1351, J1858-
2216, and J2034+3632,9 with the log likelihood in
Equation (9). Since the distance of these pulsars to the Earth
is small compared to the scale of DM density variations, we
assume ρp; ρe in Equation (8) and then absorb ρe into a
dimensionless parameter G mc e a

2p rY = . Here Ψc is an
amplitude measure for the Ψ(x, t) oscillation induced by the
axion-like wave DM. It can be viewed as a counterpart of
hc/f

1/2, namely the GW characteristic strain with a frequency
factor. To derive the upper limit on Ψc, we first analytically
marginalize over the nuisance parameters f0, ν, n , βtn, and βa
to derive the marginal likelihood m , following the procedure
in FERMI-LAT Collaboration et al. (2022). Then, we
numerically marginalize over the amplitude Atn and spectral
index Γtn for the red spin noise, and the pulsar distance {Lp} for
p 1, ,= ¼  in m .10 The exclusion limits of Ψc or ρe at 95%
confidence level (C.L.) are finally computed with

x x xd P d m P, 0.95, 13c c m c a
0

95 ( ) ( ∣ ) ( ) ( )ò òY Y Y =
Y



where x= {Atn, Γtn, Lp} and P(x), P(Ψc) denote the relevant
priors. For the dimensionless parameter Ψc, we set a uniform
prior with U 10 , 10c

20 10[ ]Y Î - - . For the red spin noise, we set
A U 10 , 10tn

20 10[ ]Î - - and U 1, 6tn [ ]G Î . These prior ranges
have been chosen such that the associated PSP for the signals
does not exceed the timing model contribution and hence can
be treated perturbatively with respect to the timing model.
We employ the package PTMCMCSampler (Ellis & Van
Haasteren 2017) to perform the numerical marginalization on
nuisance parameters for the cases where the timing noises and/
or the distance uncertainties are involved.

8 For a toy-case demonstration on this point in detecting the axion-like wave
DM with the PPA, please see Figure 1 in Liu et al. (2023).
9 As these pulsars are relatively weak, including them into the analysis does
not improve the upper limits remarkably but significantly slows down the
analysis.
10 Since the line-of-sight direction of pulsars is well measured, the distance
between pulsars can be determined by their distances to the Earth.
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signal such as the stochastic wave DM. It has the same form as
that of tp
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These coefficients follow a multivariate Gaussian distribution
with zero mean. Assuming that the DM velocity is isotropic
and peaks sharply at the virial velocity of the Milky Way, i.e.,
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with Lpq= Lp− Lq and yij= |xi− xj|/lc. Here lc≡ 1/(mav0) is
the coherence length of wave DM. y ysin ij ij is a sinc
function, encoding the spatial correlation of signal. To derive
Equation (7), 2v

2aá ñ = and sin sinv v v v1 1 2 2
( ) ( )a y y b y yá + + + + ñ =¢ ¢

cos v v v v v v v v
1
2 , , , ,1 2 1 2 1 2 1 2( )[ ]a b d d d d- +¢ ¢ ¢ ¢ have been applied. Com-
pared to the stochastic GWs with a coherence length lc∼ 1/ω, the
wave DM of the same frequency has a much longer lc due to its
nonrelativistic character. The “pulsar” term thus plays a more
important role in cross-correlating the signals (Liu et al. 2023).
This significance can be further enhanced for the pulsars close to
the galactic center where the DM halo is dense (De Martino et al.
2017; Liu et al. 2023).

For a PTA with  pulsars, the log-likelihood function in the
PBP method is given by FERMI-LAT Collaboration et al.
(2022):
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Here the terms of the first line describe a weighted Poisson
distribution of PSP with a summation over the photons from all
pulsars, f (p) denotes a template known in prior fitting the data,
and wi

p( ) measures the probability for an ith photon to originate
from the pth pulsar. The rest is simply the Gaussian log

likelihood for random noise and signal processes. The terms of
tn arise from red spin noise, with
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Here the elements of 2 2´  covariant matrix a pq( ) are
calculated in Equation (8). Cross-correlating the data of pulsars
thus can help to distinguish the signals from the uncorrelated
noises and identify the nature of signal, as the Hellings–Downs
curve does for the GW detection (Hellings & Downs 1983).8

3. Sensitivity Analysis

We analyze the Fermi-LAT γ-ray data for 28 out of 35
pulsars (Kerr & Parthasarathy 2022), excluding J0312-0921,
J0613-0200, J1513-2550, J1543-5149, J1741+1351, J1858-
2216, and J2034+3632,9 with the log likelihood in
Equation (9). Since the distance of these pulsars to the Earth
is small compared to the scale of DM density variations, we
assume ρp; ρe in Equation (8) and then absorb ρe into a
dimensionless parameter G mc e a

2p rY = . Here Ψc is an
amplitude measure for the Ψ(x, t) oscillation induced by the
axion-like wave DM. It can be viewed as a counterpart of
hc/f

1/2, namely the GW characteristic strain with a frequency
factor. To derive the upper limit on Ψc, we first analytically
marginalize over the nuisance parameters f0, ν, n , βtn, and βa
to derive the marginal likelihood m , following the procedure
in FERMI-LAT Collaboration et al. (2022). Then, we
numerically marginalize over the amplitude Atn and spectral
index Γtn for the red spin noise, and the pulsar distance {Lp} for
p 1, ,= ¼  in m .10 The exclusion limits of Ψc or ρe at 95%
confidence level (C.L.) are finally computed with

x x xd P d m P, 0.95, 13c c m c a
0

95 ( ) ( ∣ ) ( ) ( )ò òY Y Y =
Y



where x= {Atn, Γtn, Lp} and P(x), P(Ψc) denote the relevant
priors. For the dimensionless parameter Ψc, we set a uniform
prior with U 10 , 10c

20 10[ ]Y Î - - . For the red spin noise, we set
A U 10 , 10tn

20 10[ ]Î - - and U 1, 6tn [ ]G Î . These prior ranges
have been chosen such that the associated PSP for the signals
does not exceed the timing model contribution and hence can
be treated perturbatively with respect to the timing model.
We employ the package PTMCMCSampler (Ellis & Van
Haasteren 2017) to perform the numerical marginalization on
nuisance parameters for the cases where the timing noises and/
or the distance uncertainties are involved.

8 For a toy-case demonstration on this point in detecting the axion-like wave
DM with the PPA, please see Figure 1 in Liu et al. (2023).
9 As these pulsars are relatively weak, including them into the analysis does
not improve the upper limits remarkably but significantly slows down the
analysis.
10 Since the line-of-sight direction of pulsars is well measured, the distance
between pulsars can be determined by their distances to the Earth.
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signal such as the stochastic wave DM. It has the same form as
that of tp
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These coefficients follow a multivariate Gaussian distribution
with zero mean. Assuming that the DM velocity is isotropic
and peaks sharply at the virial velocity of the Milky Way, i.e.,
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with Lpq= Lp− Lq and yij= |xi− xj|/lc. Here lc≡ 1/(mav0) is
the coherence length of wave DM. y ysin ij ij is a sinc
function, encoding the spatial correlation of signal. To derive
Equation (7), 2v

2aá ñ = and sin sinv v v v1 1 2 2
( ) ( )a y y b y yá + + + + ñ =¢ ¢

cos v v v v v v v v
1
2 , , , ,1 2 1 2 1 2 1 2( )[ ]a b d d d d- +¢ ¢ ¢ ¢ have been applied. Com-
pared to the stochastic GWs with a coherence length lc∼ 1/ω, the
wave DM of the same frequency has a much longer lc due to its
nonrelativistic character. The “pulsar” term thus plays a more
important role in cross-correlating the signals (Liu et al. 2023).
This significance can be further enhanced for the pulsars close to
the galactic center where the DM halo is dense (De Martino et al.
2017; Liu et al. 2023).

For a PTA with  pulsars, the log-likelihood function in the
PBP method is given by FERMI-LAT Collaboration et al.
(2022):
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Here the terms of the first line describe a weighted Poisson
distribution of PSP with a summation over the photons from all
pulsars, f (p) denotes a template known in prior fitting the data,
and wi

p( ) measures the probability for an ith photon to originate
from the pth pulsar. The rest is simply the Gaussian log

likelihood for random noise and signal processes. The terms of
tn arise from red spin noise, with
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Here the elements of 2 2´  covariant matrix a pq( ) are
calculated in Equation (8). Cross-correlating the data of pulsars
thus can help to distinguish the signals from the uncorrelated
noises and identify the nature of signal, as the Hellings–Downs
curve does for the GW detection (Hellings & Downs 1983).8

3. Sensitivity Analysis

We analyze the Fermi-LAT γ-ray data for 28 out of 35
pulsars (Kerr & Parthasarathy 2022), excluding J0312-0921,
J0613-0200, J1513-2550, J1543-5149, J1741+1351, J1858-
2216, and J2034+3632,9 with the log likelihood in
Equation (9). Since the distance of these pulsars to the Earth
is small compared to the scale of DM density variations, we
assume ρp; ρe in Equation (8) and then absorb ρe into a
dimensionless parameter G mc e a

2p rY = . Here Ψc is an
amplitude measure for the Ψ(x, t) oscillation induced by the
axion-like wave DM. It can be viewed as a counterpart of
hc/f

1/2, namely the GW characteristic strain with a frequency
factor. To derive the upper limit on Ψc, we first analytically
marginalize over the nuisance parameters f0, ν, n , βtn, and βa
to derive the marginal likelihood m , following the procedure
in FERMI-LAT Collaboration et al. (2022). Then, we
numerically marginalize over the amplitude Atn and spectral
index Γtn for the red spin noise, and the pulsar distance {Lp} for
p 1, ,= ¼  in m .10 The exclusion limits of Ψc or ρe at 95%
confidence level (C.L.) are finally computed with

x x xd P d m P, 0.95, 13c c m c a
0

95 ( ) ( ∣ ) ( ) ( )ò òY Y Y =
Y



where x= {Atn, Γtn, Lp} and P(x), P(Ψc) denote the relevant
priors. For the dimensionless parameter Ψc, we set a uniform
prior with U 10 , 10c

20 10[ ]Y Î - - . For the red spin noise, we set
A U 10 , 10tn

20 10[ ]Î - - and U 1, 6tn [ ]G Î . These prior ranges
have been chosen such that the associated PSP for the signals
does not exceed the timing model contribution and hence can
be treated perturbatively with respect to the timing model.
We employ the package PTMCMCSampler (Ellis & Van
Haasteren 2017) to perform the numerical marginalization on
nuisance parameters for the cases where the timing noises and/
or the distance uncertainties are involved.

8 For a toy-case demonstration on this point in detecting the axion-like wave
DM with the PPA, please see Figure 1 in Liu et al. (2023).
9 As these pulsars are relatively weak, including them into the analysis does
not improve the upper limits remarkably but significantly slows down the
analysis.
10 Since the line-of-sight direction of pulsars is well measured, the distance
between pulsars can be determined by their distances to the Earth.
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These coefficients follow a multivariate Gaussian distribution
with zero mean. Assuming that the DM velocity is isotropic
and peaks sharply at the virial velocity of the Milky Way, i.e.,
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with Lpq= Lp− Lq and yij= |xi− xj|/lc. Here lc≡ 1/(mav0) is
the coherence length of wave DM. y ysin ij ij is a sinc
function, encoding the spatial correlation of signal. To derive
Equation (7), 2v

2aá ñ = and sin sinv v v v1 1 2 2
( ) ( )a y y b y yá + + + + ñ =¢ ¢

cos v v v v v v v v
1
2 , , , ,1 2 1 2 1 2 1 2( )[ ]a b d d d d- +¢ ¢ ¢ ¢ have been applied. Com-
pared to the stochastic GWs with a coherence length lc∼ 1/ω, the
wave DM of the same frequency has a much longer lc due to its
nonrelativistic character. The “pulsar” term thus plays a more
important role in cross-correlating the signals (Liu et al. 2023).
This significance can be further enhanced for the pulsars close to
the galactic center where the DM halo is dense (De Martino et al.
2017; Liu et al. 2023).

For a PTA with  pulsars, the log-likelihood function in the
PBP method is given by FERMI-LAT Collaboration et al.
(2022):
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Here the terms of the first line describe a weighted Poisson
distribution of PSP with a summation over the photons from all
pulsars, f (p) denotes a template known in prior fitting the data,
and wi

p( ) measures the probability for an ith photon to originate
from the pth pulsar. The rest is simply the Gaussian log

likelihood for random noise and signal processes. The terms of
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Here the elements of 2 2´  covariant matrix a pq( ) are
calculated in Equation (8). Cross-correlating the data of pulsars
thus can help to distinguish the signals from the uncorrelated
noises and identify the nature of signal, as the Hellings–Downs
curve does for the GW detection (Hellings & Downs 1983).8

3. Sensitivity Analysis

We analyze the Fermi-LAT γ-ray data for 28 out of 35
pulsars (Kerr & Parthasarathy 2022), excluding J0312-0921,
J0613-0200, J1513-2550, J1543-5149, J1741+1351, J1858-
2216, and J2034+3632,9 with the log likelihood in
Equation (9). Since the distance of these pulsars to the Earth
is small compared to the scale of DM density variations, we
assume ρp; ρe in Equation (8) and then absorb ρe into a
dimensionless parameter G mc e a

2p rY = . Here Ψc is an
amplitude measure for the Ψ(x, t) oscillation induced by the
axion-like wave DM. It can be viewed as a counterpart of
hc/f

1/2, namely the GW characteristic strain with a frequency
factor. To derive the upper limit on Ψc, we first analytically
marginalize over the nuisance parameters f0, ν, n , βtn, and βa
to derive the marginal likelihood m , following the procedure
in FERMI-LAT Collaboration et al. (2022). Then, we
numerically marginalize over the amplitude Atn and spectral
index Γtn for the red spin noise, and the pulsar distance {Lp} for
p 1, ,= ¼  in m .10 The exclusion limits of Ψc or ρe at 95%
confidence level (C.L.) are finally computed with

x x xd P d m P, 0.95, 13c c m c a
0

95 ( ) ( ∣ ) ( ) ( )ò òY Y Y =
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where x= {Atn, Γtn, Lp} and P(x), P(Ψc) denote the relevant
priors. For the dimensionless parameter Ψc, we set a uniform
prior with U 10 , 10c

20 10[ ]Y Î - - . For the red spin noise, we set
A U 10 , 10tn

20 10[ ]Î - - and U 1, 6tn [ ]G Î . These prior ranges
have been chosen such that the associated PSP for the signals
does not exceed the timing model contribution and hence can
be treated perturbatively with respect to the timing model.
We employ the package PTMCMCSampler (Ellis & Van
Haasteren 2017) to perform the numerical marginalization on
nuisance parameters for the cases where the timing noises and/
or the distance uncertainties are involved.

8 For a toy-case demonstration on this point in detecting the axion-like wave
DM with the PPA, please see Figure 1 in Liu et al. (2023).
9 As these pulsars are relatively weak, including them into the analysis does
not improve the upper limits remarkably but significantly slows down the
analysis.
10 Since the line-of-sight direction of pulsars is well measured, the distance
between pulsars can be determined by their distances to the Earth.
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(coherence length)
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lc = 1/(mav0)

(similar to Fourier transformation)

spatial correlation                                 
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✦ Two-point correlation functions*

✦ Comparison of spatial correlations

Characteristic correlations of ALDM timing signals

9

[Luu, Liu, JR, et al., ApJL 963 (2024)]

Comparison SGWB ALDM 

Earth-term 
correlation quadrupolar correlation monopolar correlation (universal)

pulsar-term 
correlation

pulsar-terms suppressed in  
L≫1/𝜔 limit; spatial corre-
lations rapidly degrade

spatial correlations degrade slower 
(L≫lc≫1/ma); encode DM density 

dep.; enhanced at galactic center

* Similar results also highlighted in a recent paper [Boddy, Dror and Lam, PRL 135 (2025)]
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These coefficients follow a multivariate Gaussian distribution
with zero mean. Assuming that the DM velocity is isotropic
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with Lpq= Lp− Lq and yij= |xi− xj|/lc. Here lc≡ 1/(mav0) is
the coherence length of wave DM. y ysin ij ij is a sinc
function, encoding the spatial correlation of signal. To derive
Equation (7), 2v

2aá ñ = and sin sinv v v v1 1 2 2
( ) ( )a y y b y yá + + + + ñ =¢ ¢

cos v v v v v v v v
1
2 , , , ,1 2 1 2 1 2 1 2( )[ ]a b d d d d- +¢ ¢ ¢ ¢ have been applied. Com-
pared to the stochastic GWs with a coherence length lc∼ 1/ω, the
wave DM of the same frequency has a much longer lc due to its
nonrelativistic character. The “pulsar” term thus plays a more
important role in cross-correlating the signals (Liu et al. 2023).
This significance can be further enhanced for the pulsars close to
the galactic center where the DM halo is dense (De Martino et al.
2017; Liu et al. 2023).

For a PTA with  pulsars, the log-likelihood function in the
PBP method is given by FERMI-LAT Collaboration et al.
(2022):
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Here the terms of the first line describe a weighted Poisson
distribution of PSP with a summation over the photons from all
pulsars, f (p) denotes a template known in prior fitting the data,
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p( ) measures the probability for an ith photon to originate
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Here the elements of 2 2´  covariant matrix a pq( ) are
calculated in Equation (8). Cross-correlating the data of pulsars
thus can help to distinguish the signals from the uncorrelated
noises and identify the nature of signal, as the Hellings–Downs
curve does for the GW detection (Hellings & Downs 1983).8

3. Sensitivity Analysis

We analyze the Fermi-LAT γ-ray data for 28 out of 35
pulsars (Kerr & Parthasarathy 2022), excluding J0312-0921,
J0613-0200, J1513-2550, J1543-5149, J1741+1351, J1858-
2216, and J2034+3632,9 with the log likelihood in
Equation (9). Since the distance of these pulsars to the Earth
is small compared to the scale of DM density variations, we
assume ρp; ρe in Equation (8) and then absorb ρe into a
dimensionless parameter G mc e a

2p rY = . Here Ψc is an
amplitude measure for the Ψ(x, t) oscillation induced by the
axion-like wave DM. It can be viewed as a counterpart of
hc/f

1/2, namely the GW characteristic strain with a frequency
factor. To derive the upper limit on Ψc, we first analytically
marginalize over the nuisance parameters f0, ν, n , βtn, and βa
to derive the marginal likelihood m , following the procedure
in FERMI-LAT Collaboration et al. (2022). Then, we
numerically marginalize over the amplitude Atn and spectral
index Γtn for the red spin noise, and the pulsar distance {Lp} for
p 1, ,= ¼  in m .10 The exclusion limits of Ψc or ρe at 95%
confidence level (C.L.) are finally computed with

x x xd P d m P, 0.95, 13c c m c a
0

95 ( ) ( ∣ ) ( ) ( )ò òY Y Y =
Y



where x= {Atn, Γtn, Lp} and P(x), P(Ψc) denote the relevant
priors. For the dimensionless parameter Ψc, we set a uniform
prior with U 10 , 10c

20 10[ ]Y Î - - . For the red spin noise, we set
A U 10 , 10tn

20 10[ ]Î - - and U 1, 6tn [ ]G Î . These prior ranges
have been chosen such that the associated PSP for the signals
does not exceed the timing model contribution and hence can
be treated perturbatively with respect to the timing model.
We employ the package PTMCMCSampler (Ellis & Van
Haasteren 2017) to perform the numerical marginalization on
nuisance parameters for the cases where the timing noises and/
or the distance uncertainties are involved.

8 For a toy-case demonstration on this point in detecting the axion-like wave
DM with the PPA, please see Figure 1 in Liu et al. (2023).
9 As these pulsars are relatively weak, including them into the analysis does
not improve the upper limits remarkably but significantly slows down the
analysis.
10 Since the line-of-sight direction of pulsars is well measured, the distance
between pulsars can be determined by their distances to the Earth.
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that of tp

tn ( )( )df in Equation (4).
The ta

p ( )( )df is related to the signal Δtp(t) in Equation (2) as
t t ta

p p
p0( ) ( )( ) ( )df n= D , with t A m t A m tcos 2 sin 2p c

p
a s

p
a( ) ( )( ) ( )D = + .

This results in

t A m t A m tcos 2 sin 2 , 6a
p p

c
p

a
p

s
p

a0 0( ) ( ) ( ) ( )( ) ( ) ( ) ( ) ( )df n n= +

where

A
G

m
C C

A
G

m
C C

4
sin sin ,

4
cos cos . 7

v v
v v vv vv

v v
v v vv vv

c
p

a
p

p
e

e

s
p

a
p

p
e

e

3
,

3
,

[ ]

[ ] ( )

( ) ( ) ( )

( ) ( ) ( )

å

å

p
r j r j

p
r j r j

= -

= -

¢
¢ ¢ ¢

¢
¢ ¢ ¢
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with Lpq= Lp− Lq and yij= |xi− xj|/lc. Here lc≡ 1/(mav0) is
the coherence length of wave DM. y ysin ij ij is a sinc
function, encoding the spatial correlation of signal. To derive
Equation (7), 2v

2aá ñ = and sin sinv v v v1 1 2 2
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cos v v v v v v v v
1
2 , , , ,1 2 1 2 1 2 1 2( )[ ]a b d d d d- +¢ ¢ ¢ ¢ have been applied. Com-
pared to the stochastic GWs with a coherence length lc∼ 1/ω, the
wave DM of the same frequency has a much longer lc due to its
nonrelativistic character. The “pulsar” term thus plays a more
important role in cross-correlating the signals (Liu et al. 2023).
This significance can be further enhanced for the pulsars close to
the galactic center where the DM halo is dense (De Martino et al.
2017; Liu et al. 2023).

For a PTA with  pulsars, the log-likelihood function in the
PBP method is given by FERMI-LAT Collaboration et al.
(2022):
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Here the terms of the first line describe a weighted Poisson
distribution of PSP with a summation over the photons from all
pulsars, f (p) denotes a template known in prior fitting the data,
and wi

p( ) measures the probability for an ith photon to originate
from the pth pulsar. The rest is simply the Gaussian log

likelihood for random noise and signal processes. The terms of
tn arise from red spin noise, with

P f 2, 10p k q l pq kl ktn , ; , tn( ) ( ) ( )d d=

, , , , , , . 11N N
T

tn 1
1 1

11
( ) ( )( ) ( ) ( ) ( )b b b b b= ¼ ¼ ¼ 



The terms of a account for the contributions of stochastic
wave DM, with

A A A A

A A A A

A A A A

,

, , , , . 12

a pq
p q c

p
c

q
c

p
s

q

s
p

c
q

s
p

s
q

a c s c s
T

0 0

0
1 1

0
1 1

0 0

⎛⎝⎜ ⎞⎠⎟( )

( ) ( )

( ) ( )
( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

n n

b n n n n

=
á ñ á ñ

á ñ á ñ

= ¼



   

Here the elements of 2 2´  covariant matrix a pq( ) are
calculated in Equation (8). Cross-correlating the data of pulsars
thus can help to distinguish the signals from the uncorrelated
noises and identify the nature of signal, as the Hellings–Downs
curve does for the GW detection (Hellings & Downs 1983).8

3. Sensitivity Analysis

We analyze the Fermi-LAT γ-ray data for 28 out of 35
pulsars (Kerr & Parthasarathy 2022), excluding J0312-0921,
J0613-0200, J1513-2550, J1543-5149, J1741+1351, J1858-
2216, and J2034+3632,9 with the log likelihood in
Equation (9). Since the distance of these pulsars to the Earth
is small compared to the scale of DM density variations, we
assume ρp; ρe in Equation (8) and then absorb ρe into a
dimensionless parameter G mc e a

2p rY = . Here Ψc is an
amplitude measure for the Ψ(x, t) oscillation induced by the
axion-like wave DM. It can be viewed as a counterpart of
hc/f

1/2, namely the GW characteristic strain with a frequency
factor. To derive the upper limit on Ψc, we first analytically
marginalize over the nuisance parameters f0, ν, n , βtn, and βa
to derive the marginal likelihood m , following the procedure
in FERMI-LAT Collaboration et al. (2022). Then, we
numerically marginalize over the amplitude Atn and spectral
index Γtn for the red spin noise, and the pulsar distance {Lp} for
p 1, ,= ¼  in m .10 The exclusion limits of Ψc or ρe at 95%
confidence level (C.L.) are finally computed with

x x xd P d m P, 0.95, 13c c m c a
0

95 ( ) ( ∣ ) ( ) ( )ò òY Y Y =
Y



where x= {Atn, Γtn, Lp} and P(x), P(Ψc) denote the relevant
priors. For the dimensionless parameter Ψc, we set a uniform
prior with U 10 , 10c

20 10[ ]Y Î - - . For the red spin noise, we set
A U 10 , 10tn

20 10[ ]Î - - and U 1, 6tn [ ]G Î . These prior ranges
have been chosen such that the associated PSP for the signals
does not exceed the timing model contribution and hence can
be treated perturbatively with respect to the timing model.
We employ the package PTMCMCSampler (Ellis & Van
Haasteren 2017) to perform the numerical marginalization on
nuisance parameters for the cases where the timing noises and/
or the distance uncertainties are involved.

8 For a toy-case demonstration on this point in detecting the axion-like wave
DM with the PPA, please see Figure 1 in Liu et al. (2023).
9 As these pulsars are relatively weak, including them into the analysis does
not improve the upper limits remarkably but significantly slows down the
analysis.
10 Since the line-of-sight direction of pulsars is well measured, the distance
between pulsars can be determined by their distances to the Earth.
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with Lpq= Lp− Lq and yij= |xi− xj|/lc. Here lc≡ 1/(mav0) is
the coherence length of wave DM. y ysin ij ij is a sinc
function, encoding the spatial correlation of signal. To derive
Equation (7), 2v
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2 , , , ,1 2 1 2 1 2 1 2( )[ ]a b d d d d- +¢ ¢ ¢ ¢ have been applied. Com-
pared to the stochastic GWs with a coherence length lc∼ 1/ω, the
wave DM of the same frequency has a much longer lc due to its
nonrelativistic character. The “pulsar” term thus plays a more
important role in cross-correlating the signals (Liu et al. 2023).
This significance can be further enhanced for the pulsars close to
the galactic center where the DM halo is dense (De Martino et al.
2017; Liu et al. 2023).

For a PTA with  pulsars, the log-likelihood function in the
PBP method is given by FERMI-LAT Collaboration et al.
(2022):
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Here the terms of the first line describe a weighted Poisson
distribution of PSP with a summation over the photons from all
pulsars, f (p) denotes a template known in prior fitting the data,
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p( ) measures the probability for an ith photon to originate
from the pth pulsar. The rest is simply the Gaussian log
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Here the elements of 2 2´  covariant matrix a pq( ) are
calculated in Equation (8). Cross-correlating the data of pulsars
thus can help to distinguish the signals from the uncorrelated
noises and identify the nature of signal, as the Hellings–Downs
curve does for the GW detection (Hellings & Downs 1983).8

3. Sensitivity Analysis

We analyze the Fermi-LAT γ-ray data for 28 out of 35
pulsars (Kerr & Parthasarathy 2022), excluding J0312-0921,
J0613-0200, J1513-2550, J1543-5149, J1741+1351, J1858-
2216, and J2034+3632,9 with the log likelihood in
Equation (9). Since the distance of these pulsars to the Earth
is small compared to the scale of DM density variations, we
assume ρp; ρe in Equation (8) and then absorb ρe into a
dimensionless parameter G mc e a

2p rY = . Here Ψc is an
amplitude measure for the Ψ(x, t) oscillation induced by the
axion-like wave DM. It can be viewed as a counterpart of
hc/f

1/2, namely the GW characteristic strain with a frequency
factor. To derive the upper limit on Ψc, we first analytically
marginalize over the nuisance parameters f0, ν, n , βtn, and βa
to derive the marginal likelihood m , following the procedure
in FERMI-LAT Collaboration et al. (2022). Then, we
numerically marginalize over the amplitude Atn and spectral
index Γtn for the red spin noise, and the pulsar distance {Lp} for
p 1, ,= ¼  in m .10 The exclusion limits of Ψc or ρe at 95%
confidence level (C.L.) are finally computed with

x x xd P d m P, 0.95, 13c c m c a
0

95 ( ) ( ∣ ) ( ) ( )ò òY Y Y =
Y



where x= {Atn, Γtn, Lp} and P(x), P(Ψc) denote the relevant
priors. For the dimensionless parameter Ψc, we set a uniform
prior with U 10 , 10c

20 10[ ]Y Î - - . For the red spin noise, we set
A U 10 , 10tn

20 10[ ]Î - - and U 1, 6tn [ ]G Î . These prior ranges
have been chosen such that the associated PSP for the signals
does not exceed the timing model contribution and hence can
be treated perturbatively with respect to the timing model.
We employ the package PTMCMCSampler (Ellis & Van
Haasteren 2017) to perform the numerical marginalization on
nuisance parameters for the cases where the timing noises and/
or the distance uncertainties are involved.

8 For a toy-case demonstration on this point in detecting the axion-like wave
DM with the PPA, please see Figure 1 in Liu et al. (2023).
9 As these pulsars are relatively weak, including them into the analysis does
not improve the upper limits remarkably but significantly slows down the
analysis.
10 Since the line-of-sight direction of pulsars is well measured, the distance
between pulsars can be determined by their distances to the Earth.
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signal such as the stochastic wave DM. It has the same form as
that of tp

tn ( )( )df in Equation (4).
The ta

p ( )( )df is related to the signal Δtp(t) in Equation (2) as
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These coefficients follow a multivariate Gaussian distribution
with zero mean. Assuming that the DM velocity is isotropic
and peaks sharply at the virial velocity of the Milky Way, i.e.,
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with Lpq= Lp− Lq and yij= |xi− xj|/lc. Here lc≡ 1/(mav0) is
the coherence length of wave DM. y ysin ij ij is a sinc
function, encoding the spatial correlation of signal. To derive
Equation (7), 2v

2aá ñ = and sin sinv v v v1 1 2 2
( ) ( )a y y b y yá + + + + ñ =¢ ¢

cos v v v v v v v v
1
2 , , , ,1 2 1 2 1 2 1 2( )[ ]a b d d d d- +¢ ¢ ¢ ¢ have been applied. Com-
pared to the stochastic GWs with a coherence length lc∼ 1/ω, the
wave DM of the same frequency has a much longer lc due to its
nonrelativistic character. The “pulsar” term thus plays a more
important role in cross-correlating the signals (Liu et al. 2023).
This significance can be further enhanced for the pulsars close to
the galactic center where the DM halo is dense (De Martino et al.
2017; Liu et al. 2023).

For a PTA with  pulsars, the log-likelihood function in the
PBP method is given by FERMI-LAT Collaboration et al.
(2022):
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Here the terms of the first line describe a weighted Poisson
distribution of PSP with a summation over the photons from all
pulsars, f (p) denotes a template known in prior fitting the data,
and wi

p( ) measures the probability for an ith photon to originate
from the pth pulsar. The rest is simply the Gaussian log

likelihood for random noise and signal processes. The terms of
tn arise from red spin noise, with
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The terms of a account for the contributions of stochastic
wave DM, with
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Here the elements of 2 2´  covariant matrix a pq( ) are
calculated in Equation (8). Cross-correlating the data of pulsars
thus can help to distinguish the signals from the uncorrelated
noises and identify the nature of signal, as the Hellings–Downs
curve does for the GW detection (Hellings & Downs 1983).8

3. Sensitivity Analysis

We analyze the Fermi-LAT γ-ray data for 28 out of 35
pulsars (Kerr & Parthasarathy 2022), excluding J0312-0921,
J0613-0200, J1513-2550, J1543-5149, J1741+1351, J1858-
2216, and J2034+3632,9 with the log likelihood in
Equation (9). Since the distance of these pulsars to the Earth
is small compared to the scale of DM density variations, we
assume ρp; ρe in Equation (8) and then absorb ρe into a
dimensionless parameter G mc e a

2p rY = . Here Ψc is an
amplitude measure for the Ψ(x, t) oscillation induced by the
axion-like wave DM. It can be viewed as a counterpart of
hc/f

1/2, namely the GW characteristic strain with a frequency
factor. To derive the upper limit on Ψc, we first analytically
marginalize over the nuisance parameters f0, ν, n , βtn, and βa
to derive the marginal likelihood m , following the procedure
in FERMI-LAT Collaboration et al. (2022). Then, we
numerically marginalize over the amplitude Atn and spectral
index Γtn for the red spin noise, and the pulsar distance {Lp} for
p 1, ,= ¼  in m .10 The exclusion limits of Ψc or ρe at 95%
confidence level (C.L.) are finally computed with

x x xd P d m P, 0.95, 13c c m c a
0

95 ( ) ( ∣ ) ( ) ( )ò òY Y Y =
Y



where x= {Atn, Γtn, Lp} and P(x), P(Ψc) denote the relevant
priors. For the dimensionless parameter Ψc, we set a uniform
prior with U 10 , 10c

20 10[ ]Y Î - - . For the red spin noise, we set
A U 10 , 10tn

20 10[ ]Î - - and U 1, 6tn [ ]G Î . These prior ranges
have been chosen such that the associated PSP for the signals
does not exceed the timing model contribution and hence can
be treated perturbatively with respect to the timing model.
We employ the package PTMCMCSampler (Ellis & Van
Haasteren 2017) to perform the numerical marginalization on
nuisance parameters for the cases where the timing noises and/
or the distance uncertainties are involved.

8 For a toy-case demonstration on this point in detecting the axion-like wave
DM with the PPA, please see Figure 1 in Liu et al. (2023).
9 As these pulsars are relatively weak, including them into the analysis does
not improve the upper limits remarkably but significantly slows down the
analysis.
10 Since the line-of-sight direction of pulsars is well measured, the distance
between pulsars can be determined by their distances to the Earth.
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lc = 1/(mav0)

(similar to Fourier transformation)

spatial correlation                                 

sin y/y 
term



Figure 1: Constraints on the gravitational wave background from radio and gamma-ray

PTAs. The inferred constraints on the GWB amplitude at 1 yr�1 (Agwb, data sources in Table

S7) are plotted as a function of publication date and assume ↵ = �2/3, as predicted for the

superposition of gravitational waves from merging black holes. Colored symbols, indicated in

the legend, correspond to each of the PTAs. Upper limits at 95% confidence are shown with

arrows while amplitude ranges indicate detections of a common noise process. The Fermi-LAT

95% upper limit, 1.0 ⇥ 10
�14, uses data obtained through January, 2021 and is shown as a red

star at an approximate publication date April, 2022. The dashed red line indicates the expected

scaling as the limit as a function of time.
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Figure 1. Upper limits of the Fermi-LAT �-PTA (95% C.L.)
on the dimensionless measure  c, as a function of ma. “SS”
and “DS” in the legend are abbreviations of “stochastic sig-
nal” and “deterministic signal”. The limits are computed in
the signal model with simplified correlation. The red dashed
and solid curves denote the limits obtained with the Fermi-
LAT data of 28 pulsars, with and without the timing noises,
respectively. The best single-pulsar limits, which arise from
pulsar J1231-1411, are shown as the green curves. As a refer-
ence, we present the most recent radio-PTA limits obtained
with the PPTA data (black-dotted) (Porayko et al. 2018),
the EPTA data (black-dashed) (Smarra et al. 2023), and the
NANOGrav data (black-solid) (Afzal et al. 2023). Addition-
ally, we show the theoretical prediction for  c as a light-blue
band by setting ⇢e to a value of local DM density (de Salas
& Widmark 2021). The lower sub-panel shows the same up-
per limits but with an extended mass range to highlight the
scaling of  95 with ma.

weaker than the PPTA limits (Porayko et al. 2018). In-314

terestingly, as the TOA shift �tp is /  c for the axion-315

like wave DM and / hc/f1/2 for the GWs, these �-PTA316

limits exhibit a scaling behavior with ma (or frequency)317

similar to those obtained with a TOA-based method on318

the characteristic strain (Hazboun et al. 2019) after fac-319

toring out f1/2. Approximately, we have  95 / ma for320

ma > 1/T ⇠ 10�23 eV, and  95 / m�2
a for ma < 1/T .321

It is anticipated that future �-PTAs, with a larger data322

set and longer observation period, will further improve323

these limits.324

For both PTA and PPA detections, cross-correlating325

the data from the arrayed pulsars plays a crucial role in326

recognizing the nature of signals, which might be mani-327

fested as a specific pattern for the signal spatial correla-328

tion, or a distinguishable way for the correlated signals329

to depend on the relative position of these pulsars. For330

the axion-like wave DM, such an e↵ect arises from a full331
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Figure 2. Upper limits of the Fermi-LAT �-PTA (95% C.L.)
on the local DM density ⇢e, as a function of ma. The de-
scription of curves is the same as that in Fig. 1.

consideration of its wave phase, or more explicitly the332

⇠ mav ·x term in this phase (see Eq. (1)), in calculating333

the covariance matrix Ca in Eq. (12), which however has334

been ignored in previous studies (Porayko et al. 2018;335

Afzal et al. 2023; Smarra et al. 2023) and our analysis336

so far. As indicated in Eq. (8), such a treatment triv-337

ializes the Earth and pulsar crossing terms also in the338

correlation functions. These terms depend on the pulsar339

spatial position and exist for both auto-correlation and340

cross-correlation.341

To look into the pulsar cross correlation, next let us342

extend the sensitivity analysis to the case where all343

terms in Eq. (8) are turned on. We consider J1231-1411344

and J0614-3329, namely the two pulsars yielding the345

strongest upper limits individually, instead of using the346

full data of 28 pulsars as above. The pulsar spatial co-347

ordinates and their distance to the Earth are taken from348

the ATNF Pulsar Catalogue (Manchester et al. 2005).349

For the marginalization in Eq. (13), we take the priors350

for pulsar distance introduced in Appendix A. We also351

assume no timing noise for simplifying the analysis, as352

its impacts on the exclusion limits tend to be tiny (see353

Fig. 1 and Fig. 2). Three signal models are then com-354

paratively analyzed: simplified correlation where (Ca)pq355

is simplified as Eq. (14), auto-correlation only where356

(Ca)p 6=q terms are turned o↵ in Eq. (12) and full cor-357

relation where all terms in Eq. (12) are turned on.358

We demonstrate the upper limits on  c in Fig. 3, as359

a function of ma. The cross correlation plays a partic-360

ularly important role for ma . 0.2 kpc/v0 ⇠ 10�23 eV,361

i.e., while the de Broglie wavelength of wave DM be-362

✦ Gamma-ray PTAs 

✦ Gamma-ray PTA limits on ALDM with spatial correlation

Gamma-ray PTAs limits

10

• Fermi-LAT (3rd catalog): ~300 gamma-ray pulsars
• First gamma-ray PTA limits on SGWBs

• Intrinsic red noise (FR) suppressed (with statistics limited)           

• Gamma-ray PTA limits not far from those of the dedicated 
radio-PTA projects at low ma

• Initial cross-correlation analysis using two Fermi-LAT 
pulsars, yielding >50% sensitivity improvement at low ma

[Luu, Liu, JR, et al., ApJL 963 (2024)]

[Ajello et al. [Fermi-LAT], Science 376 (2022)]

an independent check for radio analysis



ALDM induced polarization signals
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Cosmic Birefringence: the Chern-Simons coupling         
(                 ) corrects dispersion relations of two circular 
polarization modes of photons, yielding position angle 
(PA) rotation of linearly polarized photons

11

Axion-Maxwell Theory
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• relies only on field profiles at two endpoints of photon traveling 

• quasi-monochromatic oscillation at 𝜔a ≈ ma ; no frequency dependence

• Spatial correlated for different pulsars 

(C: the photon traveling path, nµ: the null tangent vector to C)

Compared to Faraday Rotation: 

while axion-like particles are predicted to extensively exist in particle physics theories. For example, in string theory it has
been predicted to emerge as a partner of geometric moduli and dilaton. The unltralight ALDM, which usually has a mass
. 10�18 eV, is distinguished from other DM candidates by its strong wave nature at an astronomical scale due to its long de
Broglie coherence length. [Yue: where does this 10�18 eV come from? To make sure coherence time longer than 18
years?] Also, because of its large occupation number in a Milky-Way-like environment, the ultralight ALDM can be described
by a coherent wave function which determines its galactic distribution with its interference pattern. Of particular interest is the
ultralight ALDM with a mass of 10�22 �10�21 eV, known as “fuzzy DM” CITE. This form of DM offers a potential solution to
“small-scale” structure problems in astronomy, such as the discrepancy between the predicted “cuspy” density profiles of DM
haloes in N-body simulations of standard cold DM and the observed approximately uniform DM density, in the central regions
of galaxies. The uncertainty pressure plays a role in countering gravity below the de Broglie wavelength scale, suppressing the
small-scale structures and limiting the density of collapsed halos. Therefore, it is of great scientific value to investigate the
ALDM theory using astronomical tools. [JS: For all small scale problems, it is controversial, I also heard that latest
simulations do not prefer “fuzzy" dark matter. Should we mention too much about these?]

The PPA is especially suited for the detection of the ultralight ALDM. In particle theory, the axion or axion-like field can
generically couple to electromagnetic (EM) field via the well-known Chern-Simons term, namely ⇠ 1

2 gagg aFµn F̃µn . Here a is
the axion or axion-like field, Fµn is the EM field strength, F̃µn is its Hodge dual and gagg denotes the Chern-Simons coupling.
As the axion or axion-like field has an odd parity, it as a background will break the degeneracy of dispersion relations between
the left-circular and right-circular polarization modes of light. Thus, while the linearly polarized pulsar light travels through the
ALDM halo, its position angle (PA) will change. This effect in a general context is known as “cosmological effect”6, 7, and has
been suggested to use for the ALDM detection with individual pulsars CITE. However, the wave nature of astronomical scale
of the ultralight ALDM predicts a generic signature that the signals of cosmological birefringence be commonly correlated
across the pulsars within the halo, which follows a specific oscillation pattern in spacetime5. The PPA with its operation mode
of correlating pulsars therefore is expected to be highly capable in recognizing the ultralight ALDM, as the PTA does for the
SGWB detection. [JS: Could we also mention other axion detection using birefringence effects, like EHT ,etc?]

In this article, we will conduct the first PPA analysis to constrain the ultralight ALDM, using the polarization data from
the latest PPTA data release, namely its third data release (DR3)8, 9. To accomplish this task, we will develop a data analysis
framework that involves precise extraction of the PA rotation data, comprehensive noise modeling, and application of appropriate
statistical method. We demonstrate that the PPTA-PPA provides the most stringent constraints on the ALDM Chern-Simons
coupling within the releavnt mass range. Particularly, we will demonstrate for the first time that the cross-correlation among
pulsars plays a crucial role in investigating the nature of the data, despite the lack of convincing evidence for the ALDM yet.

ALDM-induced cosmological birefringence. DM halos originate from primordial density fluctuations, with DM particles
becoming virialized over the extensive history of the galaxy. 10. Consequently, the ultralight ALDM field can be viewed as a
random superposition of a vast number of plane waves and approximated as11

a(x, t) ⇡
p

r(x)

ma
Â

v2W
(Dv)3/2av

p
f (v)cos[ma(t �v ·x)+fv] , (1)

where r(x) is the ALDM energy density at position x, ma is the ALDM mass, v denotes the velocity in a latticed phase space W,
Dv is the lattice spacing, and f (v) represents the DM velocity distribution. In the non-relativistic limit, the density profile r(x)
is determined by the Schrödinger-Poisson equations. As shown by the pioneering simulation12, the self-gravitation of DM halo
leads to the formation of a central solitonic core within galaxies. But, since the 22 MSPs from the PPTA DR3 are all far from
the Milky-Way center, we simply assume the density profile to be uniform, [Yue: briefly comment on the special pulsar
which is far away from us but does not contribute a lot to the signal.] with r(x) = r0 = 0.4GeV/cm3. av 2 (0,+•) is
an amplitude measure and fv 2 (0,2p) is a phase parameter. They follow Rayleigh and uniform distributions, respectively13,
which reflects the stochastic nature of the ALDM field. The ALDM field thus follow a multivariate Gaussian distribution.

Given the ALDM field within the Milky Way, one can qualitatively investigate the induced cosmological birefringence to
pulsar light. Ignoring the small corrections from the galactic medium, cosmological birefringence is a topological effect caused
by the axion Chern-Simons term. Due to this nature, the ALDM-induced PA rotation depends solely on its field profile at the
two endpoints of the light path. Specifically, for a linearly polarized pulse emitted at (xp, tp) by a pulsar and received at (xe, te)
on the Earth, the ALDM-induced PA rotation is given by

DPAa ⇡ gagg [a(xp, tp)�a(xe, te)] , (2)

with a(xi, ti) being described in Eq. (1). That is, the signal strength is determined by the difference between the ALDM field
profiles at the emission and reception points of pulsar light respectively. The correspondent terms in Eq. (2) are then dubbed
“pulsar” and “Earth” terms. Note, while the timing residue caused by the SGWB is also known to be determined by the difference

2/22

<latexit sha1_base64="sSy27zRNSXQYy12ACTnFZsIThzY="></latexit>

�PAa ' �ga��

Z

C
ds nµrµa(x, t)

<latexit sha1_base64="o+WJONzeo0uUWw+ZPbiSyL6Nhr0="></latexit>

!± ' k ± ga��

✓
@a

@t
+ra · k

k

◆
= k ± ga��n

µrµa

where p and n denote the n-th epoch of the p-th pulsar. Specifically, �PAa
p,n is given by

�PAa
p,n =

ga��

ma

X

v2⌦
Cv

n
p
⇢p cos[ma(tp,n � Lp � v · xp) + �v]�

p
⇢e cos[matp,n + �v]

o
, (6)

where Cv ⌘ (�v)3/2↵v

p
f(v) is a shorthand notation for the coefficient, ⇢p = ⇢(xp) and ⇢e = ⇢(xe)

are the halo densities around the p-th pulsar and near the Earth, and Lp = |xp � xe| is the distance
of this pulsar to the Earth. As �PAa

p,n is a linear combination of the ALDM field profiles, it respects
Gaussian statistics. Accordingly, �PAa follows a multivariate Gaussian distribution with a zero mean.
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is a Gaussian variable, with its statistical properties inherited from the ALDM field. #v(x, t) ⌘
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Here i and j together run over four possible correlation modes for the signal: Earth-Earth, Earth-
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the unique correlation of signal-induced timing residuals
across the MSPs. Recently, four leading PTA collabo-
rations [4–7] reported a consistency between their data
and the H-D curve, strongly supporting the SGWB inter-
pretation 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 cal-
ibrating the relevant observations [8]. Vast amounts of
polarization data thus exist or are expected to be col-
lected in the active PTAs and other pulsar-monitoring
programs. This has motivated the suggestion of devel-
oping pulsar polarization arrays (PPAs) [9], to explore
astrophysics and fundamental physics with a correlated
polarization signal across the pulsars. One representa-
tive scientific case is detecting ultralight axion-like 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 astro-
nomical scales. Of particular interest is the ultralight
ALDM with a mass of 10�22

�10�21 eV, generally known
as “fuzzy DM” [10, 11], which o↵ers a potential solution
to the “small-scale” structure problems [10–12]. The con-
straints on this DM scenario may arise from the observa-
tions of Lyman-↵ forest and dwarf galaxies (for a review,
see [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 ul-
tralight ALDM. Due to condensation, the ALDM galac-
tic halo can be described as a classical field [17]. The
ALDM field couples to an electromagnetic (EM) field via
the Chern-Simons term ⇠

1
2ga�� a Fµ⌫ F̃µ⌫ . Here a is the

ALDM field, Fµ⌫ is the EM field strength and F̃µ⌫ is
its Hodge dual, and ga�� 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 ro-
tate. This e↵ect 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 spacetime [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 analy-

sis to search for the ultralight ALDM, using the polar-
ization 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 accom-
plish this task, we develop an advanced analysis frame-
work tailored specifically for constructing real pulsar PA
residual time series, modeling instrumental and astro-
nomical 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 fluc-
tuations, 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]:
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where ⇢(x) is ALDM energy density at position x, ma

is ALDM mass, v denotes velocity in a latticed phase
space ⌦, and �v is lattice spacing. fx(v) represents
DM velocity distribution at x, which is assumed to be
spatially uniform and isotropic, with the speed |v| peak-
ing at the halo’s virial velocity, i.e. v0 ⇠ O(100) km/s.
The profile of ⇢(x) is determined by Schrödinger-Poisson
equations. As shown in [26], the halo self-gravitation
leads to the formation of a central solitonic core within
galaxies. Since most PPPA MSPs are only . O(103)
parsec away from the Earth, we simply assume ⇢(x) to
be uniform, i.e., ⇢(x) = ⇢0 [27], with its value to be de-
termined by galactic halo measurements. The parame-
ters ↵v 2 (0, +1) and �v 2 (0, 2⇡) represent random
amplitude and phase, respectively, following Rayleigh
and uniform distributions [22]. For a specific realization
of {↵v, �v}, the ALDM field a(x, t) exhibits stochastic
spacetime dependence [23], where coherence gets lost for
a temporal interval � ⌧c or a spatial interval � lc, with
⌧c ⇠ 1/(mav20) and lc ⇠ 1/(mav0) 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 Tobs for existing PTA programs is sig-
nificantly shorter than ⌧c, leading to coherent temporal
evolution of cos(mat + . . .) within this period as shown
in Eq. (1). However, the distances of pulsars, whether
to another pulsar or to the Earth, may exceed lc, result-
ing in stochastic variation of the ALDM field over such
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in this frequency band. The basic information on these
PPPA pulsars is displayed in Table I.

Among the Stokes parameters, the total intensity I
exhibits the highest SNR. So we utilize its standard pro-
file Ĩ provided by the PPTA [S24, S25] and the package
psrchive [S26] to align the profiles of all epochs. As
the epochs are binned di↵erently w.r.t. the phase in the
original data, we rebin these profiles uniformly into 256
bins. To ensure high-quality of the data, we exclude the
profiles where the phase o↵set exceeds 1/512. Then for
the linearly polarized light in the k-th phase bin of the
n-th observational epoch we have the intensity

Ln,k ⌘
q

(Qn,k)2 + (Un,k)2 , (1)

and the PA

PAn,k ⌘ 1

2
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✓
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◆
, (2)

where {In,k, Qn,k, Un,k, Vn,k} denote the four Stokes pa-
rameters. In this study, the noises of Qn,k and Un,k are
assumed to be statistically independent and have the
same errors �S,n determined by the o↵-pulse RMS for
each epoch.

Standard profile of the linearly polarized pulsar light

Next we use the data across all epochs to derive the
standard profile for the intensity of linear polarization
in the phase bins. Following Refs. [S25, S27], we first
subtract the bias for the measured Ln,k at each epoch
and phase bin as

L0
n,k
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L2
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Ln,k � 1.57�I,n

0 Ln,k < 1.57�I,n

, (3)

where �I,n is the o↵-pulse RMS of the total intensity In,k.
The standard profile for the linear polarization intensity
is then derived as
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n

wn

, (4)

where wn = max(L0
n,k

)/�2
S,n

is a weight, with max(L0
n,k

)
being the maximal linear polarization intensity across all
phase bins for the n-th epoch. The baseline value of L̃k

is also subtracted to focus the subsequent study on the
on-pulse bins.

The determination of the PA standard profile is less
straightforward because it arises from a phase factor. In
this analysis, we estimate PAk for the k-th phase bin as

PAk ⌘ 1

2
arctan

✓P
n

wnUn,kP
n

wnQn,k

◆
. (5)

Figures 1-4 display the standard profiles of PAk and L̃k

for the 22 PPPA pulsars. The PAk errors shown in these
figures are derived with an error propagation function.
In Table I, we also present the max(L̃k)/�

L̃
value for

each pulsar, where �
L̃

denotes the o↵-pulse RMS of the
standard profile L̃k, to reflect the sharpness of its pulses.

Time series of the PA residuals

For the mass range of interest, the ALDM signal
keeps nearly unchanged during a single rotation period
of MSPs. However, the standard profiles of intensity and
PA of the linearly polarized pulsar light vary significantly
across the phase bins due to the complexity of pulsar ra-
diation, as shown in Figures 1-4. To reduce such system-
atic uncertainties in data, we define one PA residual only
for each epoch by taking an average over the phase bins.

Concretely, we split first the observed Q and U param-
eters as:

Qn,k = Qt
n,k

+ nn,k , Un,k = U t
n,k

+ nn,k , (6)

where nn,k is observational noise, with hnn,ki = 0 (here
and below h· · ·i denotes an average over an ensemble of
possible realizations for a given pulsar), and
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L̃t
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t
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+ 2�PAt
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(7)

are the true values of Q and U , respectively, with ct
n

being
a normalization factor. �PAt

n
is the true PA residual for

the n-th epoch and has no phase bin dependence. The
observed PA residual is then defined as

�PAobs
n

=
1

2
arg Sn , (8)

with

Sn =
X
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�2iPAk [Qn,k + iUn,k]

=
X

k

L̃kLn,ke
2iPAn,k�2iPAk , (9)

and its error �n can be calculated using the error prop-
agation formula. Here we only consider the phase
bins with their linear polarization intensities three times
greater than the o↵-pulse RMS. Indeed, we have hSni =

S0cne2iPA
t
n , with S0 ⌘

P
k
L̃t
k
L̃ke2iPA

t
k
�2iPAk , and hence

h�PAobs
n

i = �PAt
n

. (10)

Figure 5 displays the time series of PA residuals for
the 22 PPPA MSPs. In the analysis, we further discard
a small quantity of observations where the PA residuals
deviate by more than ±4� from the baseline or that have
an error bar larger than 4� or 30 degrees. These obser-
vations account for less than 5% of total observations for
all pulsars.
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in this frequency band. The basic information on these
PPPA pulsars is displayed in Table I.

Among the Stokes parameters, the total intensity I
exhibits the highest SNR. So we utilize its standard pro-
file Ĩ provided by the PPTA [S24, S25] and the package
psrchive [S26] to align the profiles of all epochs. As
the epochs are binned di↵erently w.r.t. the phase in the
original data, we rebin these profiles uniformly into 256
bins. To ensure high-quality of the data, we exclude the
profiles where the phase o↵set exceeds 1/512. Then for
the linearly polarized light in the k-th phase bin of the
n-th observational epoch we have the intensity
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where {In,k, Qn,k, Un,k, Vn,k} denote the four Stokes pa-
rameters. In this study, the noises of Qn,k and Un,k are
assumed to be statistically independent and have the
same errors �S,n determined by the o↵-pulse RMS for
each epoch.

Standard profile of the linearly polarized pulsar light

Next we use the data across all epochs to derive the
standard profile for the intensity of linear polarization
in the phase bins. Following Refs. [S25, S27], we first
subtract the bias for the measured Ln,k at each epoch
and phase bin as
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where �I,n is the o↵-pulse RMS of the total intensity In,k.
The standard profile for the linear polarization intensity
is then derived as
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being the maximal linear polarization intensity across all
phase bins for the n-th epoch. The baseline value of L̃k

is also subtracted to focus the subsequent study on the
on-pulse bins.

The determination of the PA standard profile is less
straightforward because it arises from a phase factor. In
this analysis, we estimate PAk for the k-th phase bin as
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Figures 1-4 display the standard profiles of PAk and L̃k

for the 22 PPPA pulsars. The PAk errors shown in these
figures are derived with an error propagation function.
In Table I, we also present the max(L̃k)/�

L̃
value for

each pulsar, where �
L̃

denotes the o↵-pulse RMS of the
standard profile L̃k, to reflect the sharpness of its pulses.

Time series of the PA residuals

For the mass range of interest, the ALDM signal
keeps nearly unchanged during a single rotation period
of MSPs. However, the standard profiles of intensity and
PA of the linearly polarized pulsar light vary significantly
across the phase bins due to the complexity of pulsar ra-
diation, as shown in Figures 1-4. To reduce such system-
atic uncertainties in data, we define one PA residual only
for each epoch by taking an average over the phase bins.

Concretely, we split first the observed Q and U param-
eters as:
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+ nn,k , Un,k = U t
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where nn,k is observational noise, with hnn,ki = 0 (here
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are the true values of Q and U , respectively, with ct
n

being
a normalization factor. �PAt
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the n-th epoch and has no phase bin dependence. The
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and its error �n can be calculated using the error prop-
agation formula. Here we only consider the phase
bins with their linear polarization intensities three times
greater than the o↵-pulse RMS. Indeed, we have hSni =
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Figure 5 displays the time series of PA residuals for
the 22 PPPA MSPs. In the analysis, we further discard
a small quantity of observations where the PA residuals
deviate by more than ±4� from the baseline or that have
an error bar larger than 4� or 30 degrees. These obser-
vations account for less than 5% of total observations for
all pulsars.
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in this frequency band. The basic information on these
PPPA pulsars is displayed in Table I.

Among the Stokes parameters, the total intensity I
exhibits the highest SNR. So we utilize its standard pro-
file Ĩ provided by the PPTA [S24, S25] and the package
psrchive [S26] to align the profiles of all epochs. As
the epochs are binned di↵erently w.r.t. the phase in the
original data, we rebin these profiles uniformly into 256
bins. To ensure high-quality of the data, we exclude the
profiles where the phase o↵set exceeds 1/512. Then for
the linearly polarized light in the k-th phase bin of the
n-th observational epoch we have the intensity
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where {In,k, Qn,k, Un,k, Vn,k} denote the four Stokes pa-
rameters. In this study, the noises of Qn,k and Un,k are
assumed to be statistically independent and have the
same errors �S,n determined by the o↵-pulse RMS for
each epoch.

Standard profile of the linearly polarized pulsar light

Next we use the data across all epochs to derive the
standard profile for the intensity of linear polarization
in the phase bins. Following Refs. [S25, S27], we first
subtract the bias for the measured Ln,k at each epoch
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where �I,n is the o↵-pulse RMS of the total intensity In,k.
The standard profile for the linear polarization intensity
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straightforward because it arises from a phase factor. In
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for the 22 PPPA pulsars. The PAk errors shown in these
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each pulsar, where �
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denotes the o↵-pulse RMS of the
standard profile L̃k, to reflect the sharpness of its pulses.
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For the mass range of interest, the ALDM signal
keeps nearly unchanged during a single rotation period
of MSPs. However, the standard profiles of intensity and
PA of the linearly polarized pulsar light vary significantly
across the phase bins due to the complexity of pulsar ra-
diation, as shown in Figures 1-4. To reduce such system-
atic uncertainties in data, we define one PA residual only
for each epoch by taking an average over the phase bins.
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Among the Stokes parameters, the total intensity I
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file Ĩ provided by the PPTA [S24, S25] and the package
psrchive [S26] to align the profiles of all epochs. As
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assumed to be statistically independent and have the
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For the mass range of interest, the ALDM signal
keeps nearly unchanged during a single rotation period
of MSPs. However, the standard profiles of intensity and
PA of the linearly polarized pulsar light vary significantly
across the phase bins due to the complexity of pulsar ra-
diation, as shown in Figures 1-4. To reduce such system-
atic uncertainties in data, we define one PA residual only
for each epoch by taking an average over the phase bins.

Concretely, we split first the observed Q and U param-
eters as:

Qn,k = Qt
n,k

+ nn,k , Un,k = U t
n,k

+ nn,k , (6)

where nn,k is observational noise, with hnn,ki = 0 (here
and below h· · ·i denotes an average over an ensemble of
possible realizations for a given pulsar), and

Qt
n,k

= ct
n
L̃t
k
cos

⇣
2PA

t
k

+ 2�PAt
n

⌘
,

U t
n,k

= ct
n
L̃t
k
sin

⇣
2PA

t
k

+ 2�PAt
n

⌘
(7)

are the true values of Q and U , respectively, with ct
n

being
a normalization factor. �PAt

n
is the true PA residual for

the n-th epoch and has no phase bin dependence. The
observed PA residual is then defined as

�PAobs
n

=
1

2
arg Sn , (8)

with

Sn =
X

k

L̃ke
�2iPAk [Qn,k + iUn,k]

=
X

k

L̃kLn,ke
2iPAn,k�2iPAk , (9)

and its error �n can be calculated using the error prop-
agation formula. Here we only consider the phase
bins with their linear polarization intensities three times
greater than the o↵-pulse RMS. Indeed, we have hSni =

S0cne2iPA
t
n , with S0 ⌘

P
k
L̃t
k
L̃ke2iPA

t
k
�2iPAk , and hence

h�PAobs
n

i = �PAt
n

. (10)

Figure 5 displays the time series of PA residuals for
the 22 PPPA MSPs. In the analysis, we further discard
a small quantity of observations where the PA residuals
deviate by more than ±4� from the baseline or that have
an error bar larger than 4� or 30 degrees. These obser-
vations account for less than 5% of total observations for
all pulsars.

(unbiased estimator)(subtract standard profile 
and average over phase)

(Stokes parameters for each 
pulsar phase and obs epoch)

3

medium (ISM) and Earth’s ionosphere as the latter ef-
fect 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 ex-
plore temporal variations of pulsar polarization [29, 30].
The PA residuals of individual pulsars have been sug-
gested for testing the ALDM theory [31, 32]. A system-
atic analysis framework of the PPA, which emphasizes
the data correlation across the pulsars, however remains
absent. To address this, we model the observed PA resid-
uals as:

�PAobs = �PAw + �PAr + �PAdet + �PAion + �PAa .
(3)

Here �PAa is the ALDM signal defined in Eq. (2). �PAw

denotes white noise which mainly arises from the obser-
vational errors of Stokes parameters. We allow the er-
ror of PA residuals to be rescaled and also incorporate
additional contributions in quadrature, to model non-
Gaussianity of the observational noise and random pulse-
to-pulse variation of polarisation profile (or jitter noise)
respectively. �PAr and �PAdet are temporally corre-
lated and expected to account for temporal variations
of, e.g., the ISM Faraday rotation. �PAr has a time
scale typically shorter than the observation time span
and is modeled with a power spectrum in the frequency
domain. �PAdet denotes long-term deterministic e↵ects
and is modeled with a second-order polynomial. Faraday
rotation in the Earth ionosphere is encoded as �PAion

and exhibits relatively short variation timescales, rang-
ing from hours to years (see Supplemental Material (SM)
at Sec. B for details).

The ALDM signal nature can be encoded in its covari-
ance matrix Ca, as a two-point correlation function of
�PAa [9]. In the data, �PAa is constructed as a vec-
tor {�PAa

p,n}, 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 usual isotropic
distribution peaking at the halo virial velocity, i.e. v0 ⇠

O(100) km/s, we find Ca
p,n;q,m ⇡ S2

a Ĉa
p,n;q,m [9], where

Sa ⌘ ga��
p

⇢0/ma is characteristic magnitude of the
ALDM-induced PA residual, and

Ĉa
p,n;q,m = cos[ma(tp,n � tq,m)]

+ cos[ma(t
0
p,n � t0q,m)]sinc(ypq)

� cos[ma(t
0
p,n � tq,m)]sinc(yep)

� cos[ma(tp,n � t0q,m)]sinc(yeq) (4)

reflects quadratic interplay of its Earth and pulsar terms
(see Eq. (2)). Ĉa

p,n;q,m is essentially a correlation mea-

sure. In its expression, tp,n and t0p,n = tp,n � Dp de-
note the light reception and emission time for the n-th
epoch of the p-th pulsar, with Dp being the pulsar dis-
tance to the Earth, and their cosine functions denote
temporal correlations of pulsar signals. The sinc func-
tions sinc(yij) ⌘ sin(yij)/yij are all related to the pul-
sar term and manifest signal spatial correlations. Here,
yij ⌘ |xi � xj |/lc is a dimensionless distance parameter,
and lc ⌘ 1/(mav0) denotes the ALDM de Broglie wave-
length. These spatial correlations get suppressed when
|xi � xj | is significantly greater than lc.

These correlations origin from the spacetime depen-
dence of the ALDM field phase factor (see Eq. (1))
or equivalently the ALDM wave nature. All terms in
Ĉa

p,n;q,m can contribute significantly to recognizing the
ALDM signals [9]. Due to its nonrelativistic nature, the
ALDM de Broglie wave length is approximately three or-
ders of magnitude longer than its Compton wavelength
(⇠ 1/ma). The nanoHz (⇠ 10�23 eV) ALDM thus has a
de Broglie wave length of thousands of parsec, yielding
yij . 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 wave length of GWs are simply their Compton
wave length and hence much shorter than general pulsar
distances for the current PTAs.

For the PPA analysis, the matrix Ca defines a signal
model with full-correlation, with its diagonal (p = q) and
o↵-diagonal blocks (p 6= q) 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 auto-correlation-only model
where Ĉa,auto

p,n;q,m = Ĉa
p,n;q,m�pq.

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

ln L = �
1

2
]�PA

T
C�1]�PA �

1

2
ln |2⇡C| . (5)

Here ]�PA ⌘ �PAobs
� �PAion

� �PAdet is the time
series of PA residuals with �PAion and �PAdet sub-
tracted, where �PAion is derived with the package ionFR.
C = Cw + Cr + S2

aĈa is the full covariance matrix that
includes the contributions of the white and red noises
and the ALDM signals. As the observation time span
Tobs is much shorter than the ALDM coherence time
(⇠ 1/(mav20)), the stochastic parameters ↵v and �v in
the ALDM field have been marginalized [23, 25]. Then
by integrating out the �PAdet parameters we obtain a
likelihood parameterized by {✓n, D⇤

p, ma, Sa}, where ✓n
denotes the set of random noise parameters, and D⇤

p is
a pulsar distance normalized by the measured central
value. To determine the spatial correlations in Eq. (4),
we account for the D⇤

p uncertainties by using priors de-
termined by the measurement methods. For any given
ALDM mass, we then perform a Bayesian analysis to

• Maintain phase info: numerically marginalize pulsar distance Dp

• Identify the nature of derived limits: comparing null-signal model and full-correlation and auto-

correlation signal models (cross-correlation: full vs auto)
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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 ≲Oð103Þ parsec away from the Earth, we
simply assume ρðxÞ to be uniform, i.e., ρðxÞ ¼ ρ0 [27],
with its value to be determined by galactic halo measure-
ments. The parameters αv ∈ ð0;þ∞Þ and ϕv ∈ ð0; 2πÞ
represent random amplitude and phase, respectively, fol-
lowing Rayleigh and uniform distributions [22]. For a
specific realization of fαv;ϕvg, the ALDM field aðx; tÞ
exhibits stochastic spacetime dependence [23], where
coherence gets lost for a temporal interval≫ τc or a spatial
interval ≫ lc, with τc ∼ 1=ðmav20Þ and lc ∼ 1=ðmav0Þ
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 Tobs for existing
PTA programs is significantly shorter than τc, leading to
coherent temporal evolution of cosðmatþ…Þ within this
period as shown in Eq. (1). However, the distances of
pulsars, whether to another pulsar or to the Earth, may
exceed lc, 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 ΔPAa for the linearly
polarized pulsar light. As the CB effect is topological [28],
ΔPAa depends on the aðx; tÞ values solely at two endpoints
of the light path. For a pulse emitted at ðxp; tpÞ from the
pulsar and received at ðxe; teÞ on the Earth, we have

ΔPAa ≈ gaγγ½aðxp; tpÞ − aðxe; teÞ&; ð2Þ

where the two terms are dubbed “pulsar” and “Earth”
terms. The ΔPAa magnitude can be characterized by a
parameter Sa ≡ gaγγ

ffiffiffiffiffi
ρ0

p
=ma then. For ma ∼ 10−22 eV and

ρ0 ∼ 0.1 GeV=cm3, this implies that a signal of ΔPAa ∼
0.1 deg needs the Chern-Simons coupling to be
gaγγ ∼ 10−13 GeV−1. 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

ΔPAobs ¼ ΔPAa þ ΔPAion þ ΔPAw þ ΔPAr þ ΔPApol:

ð3Þ

Besides the stochastic signal ΔPAa 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, ΔPAion, which
varies over timescales from hours to years and is derived
with the package ionFR. The random contributions consist of
white noise,ΔPAw, 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, ΔPAr, is also random and captures variations
in ISMFaraday rotation or fluctuations in dispersionmeasure
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
ΔPApol, 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 Ca, as a two-point correlation function of
ΔPAa [9]. In the data, ΔPAa is constructed as a vector
fΔPAa

p;ng, 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 jvj ¼ v0, we find Ca

p;n;q;m ≈
S2aĈ

a
p;n;q;m [9], where

Ĉa
p;n;q;m ¼ cos½maðtp;n − tq;mÞ&

þ cos½maðt0p;n − t0q;mÞ&sincðypqÞ
− cos½maðt0p;n − tq;mÞ&sincðyepÞ
− cos½maðtp;n − t0q;mÞ&sincðyeqÞ ð4Þ

reflects quadratic interplay of its Earth and pulsar terms
[see Eq. (2)]. Ĉa

p;n;q;m is essentially a correlation measure.
In its expression, tp;n and t0p;n ¼ tp;n −Dp denote the light
reception and emission time for the nth epoch of the pth
pulsar, with Dp being the pulsar distance to the Earth, and
their cosine functions denote temporal correlations of
pulsar signals. The sinc functions sincðyijÞ≡ sinðyijÞ=yij
are all related to the pulsar term and manifest signal spatial
correlations. Here, yij ≡ jxi − xjj=lc is a dimensionless
distance parameter. These spatial correlations get sup-
pressed when jxi − xjj is significantly greater than the
coherence length lc.
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 Ĉa

p;n;q;m

can contribute significantly to recognizing the ALDM
signals [9]. Due to its nonrelativistic nature, the ALDM
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Upper limits on Chern-Simmons coupling
✦ Assuming observed local DM density:

✦ Characteristic scaling:                 for ma>1/Tobs；                     
for ma<1/Tobs (Tobs~18yr)

✦ Comparison with other limits 

polynomial expansion. The behavior at low frequencies is also affected by red noise...Comments on J0437-4715: the excess
around 10�23 eV; comparison with existing constraints based on Yan’s data9??

Finally, to translate the Sa limits into constraints for the Chern-Simons coupling gagg , we must select an appropriate local
energy density re for ALDM. The PTA collaborations have set limits on re by searching for the timing signal induced by ALDM
through gravitational interaction, while meaningful constraints exist only for ma below 10�23.3 eV. Hence, for the mass range
of interest in this study, we can disregard the PTA constraints. Constraints might also arise from Lyman-a forest observations
or dwarf galaxies. However, these results are subject to various uncertainties and ongoing debates. Therefore, in this paper, we
assume the observed local DM density for ALDM, without imposing any constraints, specifically re = 0.4GeV/cm3.

With this assumption, we present the final PPTA-PPA constraints on gagg in Fig. 2, considering the signal models with
either full-correlations or auto-correlations only. Generally, all limits exhibit a linear dependence on ma for ma & 1/Tobs,
while they scale as m�2

a for ma . 1/Tobs. This scaling is consistent with the behavior of Sa depicted in Fig. 1. Between
the two signal models, the auto-correlation limits essentially aggregate the constraints from individual pulsars, whereas the
full-correlation limits incorporate cross-correlation contributions among pulsars. The primary difference between the two sets
of limits emerges in the low mass range, suggesting the presence of some non-trivial cross-correlated signal at low frequencies.
A more straightforward comparison of the two models is provided by the Bayes factor lnBFfull

auto. Examining the results before
and after ionosphere correction subtraction, it is clear that the ionosphere could introduce cross-correlations at timescales
longer than days. An effective subtraction using the ionFR code helps eliminate the suspicious excess in lnBFfull

auto, particularly
around 1 year and one Solar Cycle. Moreover, the excesses at timescales shorter than days arise solely from auto-correlations.

We also present additional limits in Fig. 2 for comparison, which essentially divide into two categories. The first category
is based on the assumption that ALP constitutes dark matter, resulting in limits on gagg that scale linearly with ma due to the
fixed energy density for DM. This category includes recent constraints from searches for ALDM-induced oscillation in the
polarization data of CMB10 and the Crab Nebula11, and the absence of suppression in CMB polarization from an ALDM
oscillation during the recombination era13. The second category does not assume ALP as DM, rendering the limits insensitive
to ma values. This includes constraints from CAST14, observations of SN1987A15, and the lack of X-ray spectral distortions in
quasar H1821+64316. These two categories of limits are complementary: the first is more sensitive in the low mass regime,
while the second is more effective in the high mass region. Within the first category, our limits surpass those obtained from
searching for ALDM-induced oscillations in cosmological or astrophysical polarization data, which all account for the effects
of ALDM in the vicinity of Earth, and cover a wider mass range. Comments on previous "PPTA" limits from ref??? The limits
derived from washout effects in the recombination era benefit from a higher DM density in the early universe and can extend
to very low mass regime. However, this effect is not dependent on time variations and may be more susceptible to unknown
physics at that time.

Conclusion

The 18-year-long polarization measurements collected by the PPTA collaborations provide an excellent opportunity to explore
the concept of PPAs and assess their potential in constraining the cosmological birefringence effects induced by ALDM. In
this paper, we have developed a data analysis framework that includes extracting the time series of PA rotation residuals
from the calibrated polarization measurements, appropriately modeling the data with random noise, deterministic residuals,
ionosphere corrections, and employing an improved statistical method from the original proposal in ref1. The limits derived
from PPTA-PPA are found to significantly complement existing constraints on the Chern-Simons coupling. In particular, the
inclusion of cross-correlation plays a pivotal role in distinguishing the signal from background noise.

It is important to note that the polarization data for radio pulsars exhibit rich and complex structures, far more intricate
than the timing data, and therefore warrant further exploration. Our work represents the initial step in delving into its physical
potential. However, there are still multiple effects to be examined in the future, such as the development of improved modeling
or subtraction methods for ionosphere corrections, the potential impact of correlated red noise, ... etc. Furthermore, there is
potential to extend the current PPTA analysis in the radio band to high frequencies. This could be particularly beneficial for the
low mass regime, due to the potential large suppression of intrinsic red noise from the dispersion measure variance, as seen
in pulsar timing. Polarization measurements in the X-ray band, such as those from the Imaging X-ray Polarimetry Explorer
(IXPE) and Enhanced X-ray Timing and Polarimetry (eXTP) missions, could offer valuable insights in this context.
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FIG. 2: 95% upper limits of the PPPA on the ALDM Chern-
Simons coupling ga�� as a function of its mass ma. The
blue and red curves represent the limits obtained with the
auto-correlation-only and full-correlation signal models, re-
spectively, with (solid) and without (dahsed) the ionospheric
subtraction. As a reference, the smoothened constraints from
the observation of PA variation in Crab Nebula with PO-
LARBEAR [37], the analysis of PPTA data of DR1 and Crab
Nebula data from QUIJOTE [38], the measurement of the
CMB polarization with SPT-3G [39], and the investigation
of PLANCK mission on the ALDM-induced washout e↵ects
during recombination [40] are presented as cyan, yellow, green
and purple dashed lines, respectively. The limits from the
CAST experiment [41] and the observations of SN1987A [42]
and X-ray spectral distortion in quasar H1821+643 [43] are
also presented as black dashed lines. The shaded regions
above these lines indicate the range of ma and ga�� that they
have excluded. The vertical dotted lines denote the refer-
ence time scales, including the PPPA observation time span
Tobs ⇡ 18 yrs, solar cycle, one year and one day. In the
lower sub-panel, the Bayes factors are displayed in two sce-
narios, namely the full-correlation signal model against the
null-signal model (red) and the full-correlation signal model
against the auto-correlation-only signal model (black).

certainties. For several pulsars, such as J1600-3053 and
J1744-1134, either sharp peaks at ⇠ 1 yr, an excess at
low frequencies or both are removed.

The final PPPA limits on the ALDM Chern-Simons
coupling ga�� are presented in Fig. 2 as a function of its
mass ma, for both full-correlation and auto-correlation-
only signal models. These limits exhibit a linear depen-
dence on ma for ma & 1/Tobs, while scale as m�2

a for
ma . 1/Tobs. This feature should be expected from the
scaling behavior of the Sa limits depicted in Fig. 1. More-

over, one can see that the ionospheric subtraction softens
the peak at the time scale of 1 year in these limits. These
limits however start to oscillate strongly as the time scale
decreases to one day or shorter, resulting in some sharp
peaks for ma & 10�19.4 eV.

To recognize the nature of these derived limits, we
present two Bayes factors in this figure also. The overall
uniformity of ln BFFull

Auto ⇠ 0 for the considered mass range
implies that no significant ALDM signals have been de-
tected in the PPPA data. Particularly, despite the peaks
of ln BFFull

Null at the timescales of one day or shorter, the
approximate flatness in the ln BFFull

Auto curve indicates a
deficiency in the data of the ALDM-induced cross cor-
relation. These sharp peaks in the limits are thus more
likely to be caused by imperfect noise modeling. This
discussion 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 [41], SN1987A [42] and H1821+643 [43]. Since the
signals arise from relativistic axion-like particles, the gen-
erated limits are flat up to the energy scale at which these
particles have been produced. The second category is to
search for the ALDM-induced oscillations in polarization
data, including the analyses of PPTA-QUIJOTE [38],
CMB [39], and Crab Nebula [37]. The method in Ref. [40]
is based on washout e↵ects 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 based on the ALDM
assumption, the derived limits on ga�� exhibit similar
scaling features with ma to that of the PPPA limits, and
are stronger in the relatively low-mass range than those of
the first category. One can see that the PPPA detection
surpasses all of these measurements in the mass range of
fuzzy DM, namely ma ⇠ 10�22

� 10�21 eV, pushing the
limits to 10�13.5

�10�12.2 GeV�1. Thanks to the 18-year
observation time span of PPTA DR3, its excellent sensi-
tivities extend to ⇠ 10�23 eV. Notably, a variation of ⇢0
value will not change the relative position between the
PPPA curves and the other ALDM-based ones.

CONCLUSION AND OUTLOOK

In this letter, we performed the first-ever PPA analy-
sis to detect the ultralight ALDM, using the polarization
data from the PPTA DR3. We developed an analysis
framework for this task, covering data construction, noise
modeling and Bayesian sensitivity analysis. The derived
limits are found to be superior to the existing ones for
a certain ALDM mass range. Particularly, the data cor-
relation across the pulsars plays a pivotal role in recog-
nizing the nature of these limits. This study represents
an initial e↵ort to investigate the great physical potential

* solid/dash: with/without ionosphere
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FIG. 2: 95% upper limits of the PPPA on the ALDM Chern-
Simons coupling ga�� as a function of its mass ma. The
blue and red curves represent the limits obtained with the
auto-correlation-only and full-correlation signal models, re-
spectively, with (solid) and without (dahsed) the ionospheric
subtraction. As a reference, the smoothened constraints from
the observation of PA variation in Crab Nebula with PO-
LARBEAR [37], the analysis of PPTA data of DR1 and Crab
Nebula data from QUIJOTE [38], the measurement of the
CMB polarization with SPT-3G [39], and the investigation
of PLANCK mission on the ALDM-induced washout e↵ects
during recombination [40] are presented as cyan, yellow, green
and purple dashed lines, respectively. The limits from the
CAST experiment [41] and the observations of SN1987A [42]
and X-ray spectral distortion in quasar H1821+643 [43] are
also presented as black dashed lines. The shaded regions
above these lines indicate the range of ma and ga�� that they
have excluded. The vertical dotted lines denote the refer-
ence time scales, including the PPPA observation time span
Tobs ⇡ 18 yrs, solar cycle, one year and one day. In the
lower sub-panel, the Bayes factors are displayed in two sce-
narios, namely the full-correlation signal model against the
null-signal model (red) and the full-correlation signal model
against the auto-correlation-only signal model (black).

certainties. For several pulsars, such as J1600-3053 and
J1744-1134, either sharp peaks at ⇠ 1 yr, an excess at
low frequencies or both are removed.

The final PPPA limits on the ALDM Chern-Simons
coupling ga�� are presented in Fig. 2 as a function of its
mass ma, for both full-correlation and auto-correlation-
only signal models. These limits exhibit a linear depen-
dence on ma for ma & 1/Tobs, while scale as m�2

a for
ma . 1/Tobs. This feature should be expected from the
scaling behavior of the Sa limits depicted in Fig. 1. More-

over, one can see that the ionospheric subtraction softens
the peak at the time scale of 1 year in these limits. These
limits however start to oscillate strongly as the time scale
decreases to one day or shorter, resulting in some sharp
peaks for ma & 10�19.4 eV.

To recognize the nature of these derived limits, we
present two Bayes factors in this figure also. The overall
uniformity of ln BFFull

Auto ⇠ 0 for the considered mass range
implies that no significant ALDM signals have been de-
tected in the PPPA data. Particularly, despite the peaks
of ln BFFull

Null at the timescales of one day or shorter, the
approximate flatness in the ln BFFull

Auto curve indicates a
deficiency in the data of the ALDM-induced cross cor-
relation. These sharp peaks in the limits are thus more
likely to be caused by imperfect noise modeling. This
discussion 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 [41], SN1987A [42] and H1821+643 [43]. Since the
signals arise from relativistic axion-like particles, the gen-
erated limits are flat up to the energy scale at which these
particles have been produced. The second category is to
search for the ALDM-induced oscillations in polarization
data, including the analyses of PPTA-QUIJOTE [38],
CMB [39], and Crab Nebula [37]. The method in Ref. [40]
is based on washout e↵ects 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 based on the ALDM
assumption, the derived limits on ga�� exhibit similar
scaling features with ma to that of the PPPA limits, and
are stronger in the relatively low-mass range than those of
the first category. One can see that the PPPA detection
surpasses all of these measurements in the mass range of
fuzzy DM, namely ma ⇠ 10�22

� 10�21 eV, pushing the
limits to 10�13.5

�10�12.2 GeV�1. Thanks to the 18-year
observation time span of PPTA DR3, its excellent sensi-
tivities extend to ⇠ 10�23 eV. Notably, a variation of ⇢0
value will not change the relative position between the
PPPA curves and the other ALDM-based ones.

CONCLUSION AND OUTLOOK

In this letter, we performed the first-ever PPA analy-
sis to detect the ultralight ALDM, using the polarization
data from the PPTA DR3. We developed an analysis
framework for this task, covering data construction, noise
modeling and Bayesian sensitivity analysis. The derived
limits are found to be superior to the existing ones for
a certain ALDM mass range. Particularly, the data cor-
relation across the pulsars plays a pivotal role in recog-
nizing the nature of these limits. This study represents
an initial e↵ort to investigate the great physical potential



13 14

Upper limits on Chern-Simmons coupling
✦ Assuming observed local DM density:

✦ Characteristic scaling:                 for ma>1/Tobs；                     
for ma<1/Tobs (Tobs~18yr)

✦ Comparison with other limits

✦ Model comparison:

polynomial expansion. The behavior at low frequencies is also affected by red noise...Comments on J0437-4715: the excess
around 10�23 eV; comparison with existing constraints based on Yan’s data9??

Finally, to translate the Sa limits into constraints for the Chern-Simons coupling gagg , we must select an appropriate local
energy density re for ALDM. The PTA collaborations have set limits on re by searching for the timing signal induced by ALDM
through gravitational interaction, while meaningful constraints exist only for ma below 10�23.3 eV. Hence, for the mass range
of interest in this study, we can disregard the PTA constraints. Constraints might also arise from Lyman-a forest observations
or dwarf galaxies. However, these results are subject to various uncertainties and ongoing debates. Therefore, in this paper, we
assume the observed local DM density for ALDM, without imposing any constraints, specifically re = 0.4GeV/cm3.

With this assumption, we present the final PPTA-PPA constraints on gagg in Fig. 2, considering the signal models with
either full-correlations or auto-correlations only. Generally, all limits exhibit a linear dependence on ma for ma & 1/Tobs,
while they scale as m�2

a for ma . 1/Tobs. This scaling is consistent with the behavior of Sa depicted in Fig. 1. Between
the two signal models, the auto-correlation limits essentially aggregate the constraints from individual pulsars, whereas the
full-correlation limits incorporate cross-correlation contributions among pulsars. The primary difference between the two sets
of limits emerges in the low mass range, suggesting the presence of some non-trivial cross-correlated signal at low frequencies.
A more straightforward comparison of the two models is provided by the Bayes factor lnBFfull

auto. Examining the results before
and after ionosphere correction subtraction, it is clear that the ionosphere could introduce cross-correlations at timescales
longer than days. An effective subtraction using the ionFR code helps eliminate the suspicious excess in lnBFfull

auto, particularly
around 1 year and one Solar Cycle. Moreover, the excesses at timescales shorter than days arise solely from auto-correlations.

We also present additional limits in Fig. 2 for comparison, which essentially divide into two categories. The first category
is based on the assumption that ALP constitutes dark matter, resulting in limits on gagg that scale linearly with ma due to the
fixed energy density for DM. This category includes recent constraints from searches for ALDM-induced oscillation in the
polarization data of CMB10 and the Crab Nebula11, and the absence of suppression in CMB polarization from an ALDM
oscillation during the recombination era13. The second category does not assume ALP as DM, rendering the limits insensitive
to ma values. This includes constraints from CAST14, observations of SN1987A15, and the lack of X-ray spectral distortions in
quasar H1821+64316. These two categories of limits are complementary: the first is more sensitive in the low mass regime,
while the second is more effective in the high mass region. Within the first category, our limits surpass those obtained from
searching for ALDM-induced oscillations in cosmological or astrophysical polarization data, which all account for the effects
of ALDM in the vicinity of Earth, and cover a wider mass range. Comments on previous "PPTA" limits from ref??? The limits
derived from washout effects in the recombination era benefit from a higher DM density in the early universe and can extend
to very low mass regime. However, this effect is not dependent on time variations and may be more susceptible to unknown
physics at that time.

Conclusion

The 18-year-long polarization measurements collected by the PPTA collaborations provide an excellent opportunity to explore
the concept of PPAs and assess their potential in constraining the cosmological birefringence effects induced by ALDM. In
this paper, we have developed a data analysis framework that includes extracting the time series of PA rotation residuals
from the calibrated polarization measurements, appropriately modeling the data with random noise, deterministic residuals,
ionosphere corrections, and employing an improved statistical method from the original proposal in ref1. The limits derived
from PPTA-PPA are found to significantly complement existing constraints on the Chern-Simons coupling. In particular, the
inclusion of cross-correlation plays a pivotal role in distinguishing the signal from background noise.

It is important to note that the polarization data for radio pulsars exhibit rich and complex structures, far more intricate
than the timing data, and therefore warrant further exploration. Our work represents the initial step in delving into its physical
potential. However, there are still multiple effects to be examined in the future, such as the development of improved modeling
or subtraction methods for ionosphere corrections, the potential impact of correlated red noise, ... etc. Furthermore, there is
potential to extend the current PPTA analysis in the radio band to high frequencies. This could be particularly beneficial for the
low mass regime, due to the potential large suppression of intrinsic red noise from the dispersion measure variance, as seen
in pulsar timing. Polarization measurements in the X-ray band, such as those from the Imaging X-ray Polarimetry Explorer
(IXPE) and Enhanced X-ray Timing and Polarimetry (eXTP) missions, could offer valuable insights in this context.
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FIG. 2: 95% upper limits of the PPPA on the ALDM Chern-
Simons coupling ga�� as a function of its mass ma. The
blue and red curves represent the limits obtained with the
auto-correlation-only and full-correlation signal models, re-
spectively, with (solid) and without (dahsed) the ionospheric
subtraction. As a reference, the smoothened constraints from
the observation of PA variation in Crab Nebula with PO-
LARBEAR [37], the analysis of PPTA data of DR1 and Crab
Nebula data from QUIJOTE [38], the measurement of the
CMB polarization with SPT-3G [39], and the investigation
of PLANCK mission on the ALDM-induced washout e↵ects
during recombination [40] are presented as cyan, yellow, green
and purple dashed lines, respectively. The limits from the
CAST experiment [41] and the observations of SN1987A [42]
and X-ray spectral distortion in quasar H1821+643 [43] are
also presented as black dashed lines. The shaded regions
above these lines indicate the range of ma and ga�� that they
have excluded. The vertical dotted lines denote the refer-
ence time scales, including the PPPA observation time span
Tobs ⇡ 18 yrs, solar cycle, one year and one day. In the
lower sub-panel, the Bayes factors are displayed in two sce-
narios, namely the full-correlation signal model against the
null-signal model (red) and the full-correlation signal model
against the auto-correlation-only signal model (black).

certainties. For several pulsars, such as J1600-3053 and
J1744-1134, either sharp peaks at ⇠ 1 yr, an excess at
low frequencies or both are removed.

The final PPPA limits on the ALDM Chern-Simons
coupling ga�� are presented in Fig. 2 as a function of its
mass ma, for both full-correlation and auto-correlation-
only signal models. These limits exhibit a linear depen-
dence on ma for ma & 1/Tobs, while scale as m�2

a for
ma . 1/Tobs. This feature should be expected from the
scaling behavior of the Sa limits depicted in Fig. 1. More-

over, one can see that the ionospheric subtraction softens
the peak at the time scale of 1 year in these limits. These
limits however start to oscillate strongly as the time scale
decreases to one day or shorter, resulting in some sharp
peaks for ma & 10�19.4 eV.

To recognize the nature of these derived limits, we
present two Bayes factors in this figure also. The overall
uniformity of ln BFFull

Auto ⇠ 0 for the considered mass range
implies that no significant ALDM signals have been de-
tected in the PPPA data. Particularly, despite the peaks
of ln BFFull

Null at the timescales of one day or shorter, the
approximate flatness in the ln BFFull

Auto curve indicates a
deficiency in the data of the ALDM-induced cross cor-
relation. These sharp peaks in the limits are thus more
likely to be caused by imperfect noise modeling. This
discussion 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 [41], SN1987A [42] and H1821+643 [43]. Since the
signals arise from relativistic axion-like particles, the gen-
erated limits are flat up to the energy scale at which these
particles have been produced. The second category is to
search for the ALDM-induced oscillations in polarization
data, including the analyses of PPTA-QUIJOTE [38],
CMB [39], and Crab Nebula [37]. The method in Ref. [40]
is based on washout e↵ects 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 based on the ALDM
assumption, the derived limits on ga�� exhibit similar
scaling features with ma to that of the PPPA limits, and
are stronger in the relatively low-mass range than those of
the first category. One can see that the PPPA detection
surpasses all of these measurements in the mass range of
fuzzy DM, namely ma ⇠ 10�22

� 10�21 eV, pushing the
limits to 10�13.5

�10�12.2 GeV�1. Thanks to the 18-year
observation time span of PPTA DR3, its excellent sensi-
tivities extend to ⇠ 10�23 eV. Notably, a variation of ⇢0
value will not change the relative position between the
PPPA curves and the other ALDM-based ones.

CONCLUSION AND OUTLOOK

In this letter, we performed the first-ever PPA analy-
sis to detect the ultralight ALDM, using the polarization
data from the PPTA DR3. We developed an analysis
framework for this task, covering data construction, noise
modeling and Bayesian sensitivity analysis. The derived
limits are found to be superior to the existing ones for
a certain ALDM mass range. Particularly, the data cor-
relation across the pulsars plays a pivotal role in recog-
nizing the nature of these limits. This study represents
an initial e↵ort to investigate the great physical potential
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� sinc(yep) cos(maDp) � sinc(yeq) sin(maDq) ,

�sc

p,q
= ��cs

p,q
= sinc(ypq) sin[ma(Dp � Dq)] (32)

� sinc(yep) sin(maDp) + sinc(yeq) sin(maDq) .

Similarly, F a

p,n
defines the frequency patterns at tp,n and
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p,q
contains the information on the ALDM-induced spa-

tial correlation. We can further define a 2 ⇥ Np matrix
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Finally, with the reformulated covariance matrices for
both red noise and ALDM signal, we can apply the
Woodbury matrix identity to compute the inverse of the
total covariance matrix

C�1 = (Cw + F T�F )�1

= (Cw)�1 � (Cw)�1F T (��1 + F (Cw)�1F T )�1

F (Cw)�1 , (35)

where � and F are defined as

� = diag{(Sa)
2�a, (Sr

1)
2�r

1, . . . , (Sr

N )2�r

N }

F =

 
F a

diag{F r

1 , . . . , F r

N }

!
. (36)

The determinant of the total covariance matrix is then
given by

|C| = |Cw + F T�F | = |��1 + F (Cw)�1F T | · |�| · |Cw| .
(37)

This method converts the evaluation of the inverse from
for the high-dimensional total covariance matrix to for
a matrix, namely �, with a much smaller dimension
2(N +

P
p
kmax,p). It thus can significantly decreases

computational cost and improve numerical accuracy.

Statistical method

To detect the ALDM signals, we conduct a Bayesian
analysis based on the marginalized likelihood in Eq. (25):

Lm = Lm (#|{�PAp,n}) . (38)

Here # =
�
EFp, EQ

p
, Sr

p
, �p, D⇤

p
; ma, Sa

 
denotes a set

of parameters, including 2N parameters of white noise,
8 parameters for red noise, N parameters of pulsar dis-
tance, and 2 parameters for the ALDM signal. Then, for
a given ALDM mass ma, we derive the 95% upper lim-
its on Sa which are further converted to the ones on the
ALDM Chern-Simons coupling ga�� .

To quantify the PPA response to a true ALDM sig-
nal, one can examine the behavior of the Bayes factors
with the full-correlation signal model against the null-
signal model (BFfull

null ⌘ Zfull/Znull) and with the full-
correlation signal model against the auto-correlation-only
signal model (BFfull

auto ⌘ Zfull/Zauto). Here Zfull, Znull

and Zauto are statistical evidence for these three models.
Both Bayes factors as functions of the searched ALDM
mass are demonstrated in Figure 2 for understanding
the nature of the generated limits on the ALDM Chern-
Simons coupling. For the calculation of these Bayes fac-
tors with the MCMC chains, we use the product-space
method [S41, S42] when the values are smalls, and
the thermodynamical integral [S40] when the values are
large.
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FIG. 6: Mock distributions of the Bayes factor lnBFfull
auto in

three di↵erent signal scenarios. In the top panel, the mock
data are generated with white and red noises only, based on
the best-fit parameter values listed in Table II. In the middle
and bottom panels, a stochastic ALDM signal is injected into
these random noises, with ma = 10�21 eV and Sa = 0.1 deg
and 0.3 deg, respectively. 600 random realizations are ana-
lyzed for each case, all at ma = 10�21 eV.

The Bayes factor BFfull
auto highlights the role played by

the correlation across the arrayed pulsars in recognizing
the nature of the signal. If the ALDM mass is larger than
Tobs, the signal can be well-resolved. We expect a sharp
peak to present in its curve at the true mass value. If
the ALDM mass is smaller than Tobs, the signal cannot
be fully resolved. An upward deformation is expected to
arise in this curve below the true mass value.

Figure 6 displays the mock distributions of the Bayes
factor ln BFfull

auto in three di↵erent signal scenarios. For

Mock distribution
• Full vs Null: sharp peaks 

appear at T<1day
• Full vs Auto: no excess 

at all ma        shark peaks 
likely due to imperfect 
noise modeling
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✦ Thousand-Pulsar Polarization Array (TPPA): first PPA of regular 
pulsars, using data from MeerKAT’s Thousand Pulsar Array
[Yuwen, Sarkis, Ma, Liu, JR, Weltevrede, Xue, 2605.*****]

• Polarization profile stability differs much less with MSPs
• More population, wider spatial distribution
• Substantially higher observational precision for MeerKAT

Total 513 pulsars SNR PPPA
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First PPA of regular pulsars

12 15

✦ Thousand-Pulsar Polarization Array (TPPA): first PPA of regular 
pulsars, using data from MeerKAT’s Thousand Pulsar Array

✦ Bayesian analysis framework 

✦ Results 

• Primary TPPA constructed from the 50 pulsars with highest SNR
• Two subgroups selected with different spatial distributions 
• Two ionospheric models: ionFR and spinifex

[Yuwen, Sarkis, Ma, Liu, JR, Weltevrede, Xue, 2605.*****]

• With only 1/3 observation time, TPPA limits comparable to PPPA!
• Even better limits with improved ionospheric modeling
• Highlight great potential of constructing regular-pulsar PPAs

3

sity fluctuations [15, 25]. In this work, we will take a
Bayesian method to search for the ultralight ALDM in
TPPA data, where the signal signature is statistically
manifested as two-point correlation functions of pulsar
time series in the likelihood covariance matrix Ca. With
the stochastic modelling, the two-point correlation func-
tions between pulsars p and q are given by [11]

Ca
p,n;q,m = S2

a

{
cos [ma(tp,n − tq,m)] (1)

+
√
ρpρq/ρ2e cos

[
ma(t

′
p,n − t′q,m)

] sin ypq
ypq

−
√
ρp/ρe cos

[
ma(t

′
p,n − tq,m)

] sin yep
yep

−
√
ρq/ρe cos

[
ma(tp,n − t′q,m)

] sin yeq
yeq

}
,

where Sa ≡ gaγγ
√
ρe/ma is the characteristic magni-

tude of signal, and tp,n and t′p,n the reception and emis-
sion time of pulsar light for the n-th observation epoch.
yij = |xi − xj |/lc is dimensionless, denoting the inter-
pulsar and pulsar-Earth separations. lc = 1/(mav0) is
the coherence length of ALDM with the virial velocity
v0 ∼ 10−3. As the TPPA pulsars are distributed over a
range of several thousands of parsecs, we take the best-
fit Einasto halo profile inferred from recent photometric
data [26]. This covariance matrix encodes the full sig-
nal correlations. Its diagonal (p = q) and off-diagonal
blocks (p %= q) represent the ALDM-induced pulsar auto-
correlations and cross-correlations, respectively. The two
auxiliary TPPAs behave differently: the COM group,
with generally smaller yij , is sensitive to spatial corre-
lations over a larger mass range, while the EXT group
contains pulsars whose local ALDM density ρp can reach
3-4 times of ρe, implying that the pulsar–pulsar term
dominates at least in the auto‑correlation.

The noise modelling for this analysis mainly follows
the method developed for PTA and PPA studies [12, 27].
In addition to observational errors and temporally cor-
related RM variances of random nature, we include a
polynomial of up to second order [12] to account for
slow variations in the properties of the Ionized Interstel-
lar Medium (IISM) and the resulting Faraday Rotation
(FR), along each pulsar’s line of sight.

One challenge for noise modelling arises from evalu-
ating temporal variance of the ionosphere-induced FR,
where multiple effects and time scales could be en-
gaged through plasma profile and geomagnetic field. As
shown in [12], the use of the recently developed package
ionFR [28] to subtract these effects may leave unmod-
elled ingredients in the PA residual time series. To bet-
ter assess the uncertainties associated with ionospheric
modelling, we thus employ an additional public pack-
age spinifex [29] for comparison. We present the noise
modelling for single pulsars in [24], which shows that the
ionospheric subtraction with spinifex in general results
in a significantly better fit of the noise model to data. Be-
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FIG. 2. 95% upper limits on the ALDM Chern-Simons cou-
pling gaγγ as a function of ma. Here the limits are demon-
strated for the cases with the ionospheric models ionFR (blue)
and spinifex (red), respectively. The solid lines correspond
to constraints derived from full-correlation, whereas dashed
lines indicate those derived from the auto-correlation. The
linear fitting function of gaγγ ∼ 10−13.3

(
ma

10−22eV

)
GeV−1 to

the TPPA limits in the high mass regime is presented in dot-
dashed grey. As a reference, the limits from Planck CMB po-
larization measurements [8],the Chandra Transmission Grat-
ing Spectroscopy [30], the CAST helioscope at CERN [31],
and the European Pulsar Timing Array (EPTA) [13] and the
PPPA [12] are also shown. The vertical dotted lines represent
characteristic time scales of 5 years, 1 year and 1 month.

low we will compare the performance of these two iono-
spheric packages in the ALDM search, illustrating how an
improved ionospheric model can enhance sensitivity (See
SM for additional validations of our noise modelling).

Analysis Results.— To generate the constraints on
the ALDM Chern-Simons coupling, we take a Bayesian
analysis using Markov-Chain Monte-Carlo (MCMC)
sampling chains, where the intrinsic parameters of each
pulsar are assumed to be free. The 95% upper limits are
then extracted from the credible interval of the Sa pos-
terior distribution for a given ALDM mass, with both
ionFR and spinifex for ionospheric corrections. We
demonstrate these limits in Fig. 2.

Let us first present the analysis for the primary TPPA
with the ionFR-corrected data. Since the earlier PPPA
analysis [12] also used ionFR for ionospheric corrections,
we can compare their sensitivities, focusing on the as-
pects reflecting the differences in observations conducted
and pulsar groups engaged. As shown in this figure,
the TPPA analyses achieve their best sensitivities at
ma ∼ 5× 10−23 eV, where the ALDM signals oscillate in
the PA residual time series with periods of several years,
comparable to the observational timespan of the TPPA
pulsars. This marks the turning point for TPPA detec-
tion: below this point the TPPA gradually loses its con-
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• Polarization profile stability differs much less with MSPs
• More population, wider spatial distribution
• Substantially higher observational precision for MeerKAT
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ALDM: timing & polarization signals correlations

C. Correlations between timing and polarization signals

The ALDM-induced PA residuals (see Eq. (6)) and timing residuals (see Eq. (17)) are generically
correlated, due to their common origin, with specific patterns in spacetime. In contrast, the PTA and
PPA noises are mostly uncorrelated or correlated but with different characteristic patterns. To fully
utilize the data of pulsar array to investigate the ultralight ALDM, we can correlate its timing and
polarization signals, thereby achieving a synergy of gravitational (PTA) and non-gravitational (PPA)
methods.

The ALDM-induced PA and timing residuals have a zero ensemble mean, as discussed above. Their
two-point correlation functions are also zero, i.e.,
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since the ensemble mean of an odd number of Gaussian variables is zero. Therefore, the leading-order
cross-correlation between the polarization and timing signals must involve two PA residuals and one
timing residual, manifested as a three-point correlation function. By utilizing the velocity distribution
provided in Eq. (2), we derive the correlation function as
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Here, spatial correlations are described by a product of two exponential factors, namely e
� 1

4 (y
ik
pr)

2
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� 1

4 (y
jk
qr )2 ,

each representing a correlation between one PA residual and one Gaussian variable from the timing
residual. Temporal correlations encoded in trigonometric factors also reflect this effect in their phase
structure. These features arise from the way polarization and timing signals are composed of the
two sets of Gaussian variables in Eqs. (7) and (18). Incorporating the three-point functions into the
Bayesian analysis framework is a complex task. We will perform an exploratory study regarding this
in the next section.

III. DATA ANALYSIS METHODOLOGY

As discussed above, the timing residuals induced by the ALDM exhibit more complex statistical
properties than PA residuals due to their nonlinear dependence on the field. Below, we will examine
these statistical properties in detail and develop a PTA Bayesian analysis framework that properly
incorporates the correlation features of the timing signals. The discussion will expand to include the
combined PTA-PPA Bayesian analysis then.
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QUE: how to incorporate such correlations into Bayesian analysis framework?

C. Correlations between timing and polarization signals

The ALDM-induced PA residuals (see Eq. (6)) and timing residuals (see Eq. (17)) are generically
correlated, due to their common origin, with specific patterns in spacetime. In contrast, the PTA and
PPA noises are mostly uncorrelated or correlated but with different characteristic patterns. To fully
utilize the data of pulsar array to investigate the ultralight ALDM, we can correlate its timing and
polarization signals, thereby achieving a synergy of gravitational (PTA) and non-gravitational (PPA)
methods.

The ALDM-induced PA and timing residuals have a zero ensemble mean, as discussed above. Their
two-point correlation functions are also zero, i.e.,
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since the ensemble mean of an odd number of Gaussian variables is zero. Therefore, the leading-order
cross-correlation between the polarization and timing signals must involve two PA residuals and one
timing residual, manifested as a three-point correlation function. By utilizing the velocity distribution
provided in Eq. (2), we derive the correlation function as
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each representing a correlation between one PA residual and one Gaussian variable from the timing
residual. Temporal correlations encoded in trigonometric factors also reflect this effect in their phase
structure. These features arise from the way polarization and timing signals are composed of the
two sets of Gaussian variables in Eqs. (7) and (18). Incorporating the three-point functions into the
Bayesian analysis framework is a complex task. We will perform an exploratory study regarding this
in the next section.

III. DATA ANALYSIS METHODOLOGY

As discussed above, the timing residuals induced by the ALDM exhibit more complex statistical
properties than PA residuals due to their nonlinear dependence on the field. Below, we will examine
these statistical properties in detail and develop a PTA Bayesian analysis framework that properly
incorporates the correlation features of the timing signals. The discussion will expand to include the
combined PTA-PPA Bayesian analysis then.
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ALDM: combined PTA-PPA analysis scheme

The second term is exactly the three-point correlation function between the ALDM-induced timing
and polarization residuals given in Eq. (25). The first term reflects the potential correlation of random
noise in the timing and PA residuals.

Next, let us consider the alternative treatment, by taking Gaussianity of the ALDM random field
as an input. We define the data vector as

Vo = (�to,�PAo)
T
, (70)

using the same �to and �PAo as in Eq. (66). For simplicity, we first assume the random noises
for timing and polarization data to be independent. Consequently, the likelihood for the PTA-PPA
analysis can be written as
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where Cn
PA represents the covariance matrix for random noise of PA residuals, as modeled in [33]. The

next step is to marginalize over the correlated timing signal �ta and polarization signal �PAa, using
their joint PDF.

As for the case of timing signal, deriving the exact form of the marginalized likelihood for the
combined analysis from Eq. (71) is challenging due to the unknown joint PDF of �ta. Instead, we focus
on deriving Lm by marginalizing the Gaussian variables that constitute the timing and polarization
signals. For demonstration purposes, we again consider the scenario where ⇢p � ⇢e. In this limit, the
ALDM signal vectors can be expressed as

�ta = c1DXY , �PAa = c2X , (72)

where X and Y are Gaussian variables defined in Eq. (41), with c2 = ga��
p
⇢p/ma. By integrating

over these variables, we find the marginalized likelihood in the small-signal limit:
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The exponential factor in the last line captures the correlation between the timing and polarization
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The exponential factor in the last line captures the correlation between the timing and polarization
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signals. Considering that
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the marginalized likelihood is finally given by
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Here, the second line encodes the two-point correlations of �PAa, with Ca
PA = c

2
2CX , as well as the

correlations of �ta in the small signal limit, as provided in Eq. (52). The third line can be rearranged
as
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�1�to. The three-point function in Eq. (25) is thus
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This consistency between the leading-order correction to the marginalized likelihood and the leading-
order correlation function is again attributed to the dominance of Gaussian noise in the small signal
limit, similar to the timing signal case.

This derivation can be extended to include potential correlations between random timing and
polarization noises. For this purpose, let us define the signal vector V a

⌘ (�ta, �PAa)T and random
noise vector V n = Vo�V a, with Vo in Eq. (70). Given that V n is described by a multivariate Gaussian
distribution with zero mean and relevant correlations, Eq. (71) can be rewritten as
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where Cn
t,PA is the full covariance matrix for the noise vector V n. The possible correlation between

timing and polarization noises is encoded in its off-diagonal blocks, namely h�tn(�PAn)T i, leading
to additional contributions to Lm in Eq. (73). Note that this calculation is not expected to reproduce
the noise correlation counterpart in Eq. (67), as different statistical properties have been assumed for
the noise. Finally, it is important to extend this exploration to the more realistic case where ⇢e ⇡ ⇢p,
which however is quite involved since the marginalization of the ALDM signals requires an integration
over four random Gaussian variables instead. We reserve these studies for future research.

25

(PTA-PPA correlation) 

• df

•

signals. Considering that

�
S�1

�BSB + c
2
2(C

n
PA)

�1
��1

⇡ CX � c1(CXDtCXY �CXY DtCX) +O(c21) +O(c22), (74)

the marginalized likelihood is finally given by

Lm / exp


�
1

2

�
�tTo (C

n
t )

�1�to +�PAT
o (C

n
PA)

�1�PAo
��

⇥ exp


1

2
c
2
2�PAT

o (C
n
PA)

�1CX(Cn
PA)

�1�PAo

�
1 +

1

2
�tTo (C

n
t )

�1Ca
t (C

n
t )

�1�to

�

⇥ exp


1

2
c1c

2
2�PAT

o (C
n
PA)

�1(CXDtCXY �CXY DtCX)(Cn
PA)

�1�PAo

�
. (75)

Here, the second line encodes the two-point correlations of �PAa, with Ca
PA = c

2
2CX , as well as the

correlations of �ta in the small signal limit, as provided in Eq. (52). The third line can be rearranged
as

�PAT
o (C

n
PA)

�1(CXDtCXY �CXY DtCX)(Cn
PA)

�1�PAo

= VPA,nVPA,mVt,l [(CX)nl(CXY )ml + (CX)ml(CXY )nl] , (76)

where VPA = (Cn
PA)

�1�PAo and Vt = (Cn
PA)

�1�to. The three-point function in Eq. (25) is thus
revealed, since

h�PAa
n�PAa

m�tal i = c1c
2
2hXnXmXlYli = c1c

2
2 [(CX)nl(CXY )ml + (CX)ml(CXY )nl] . (77)

This consistency between the leading-order correction to the marginalized likelihood and the leading-
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where Cn
t,PA is the full covariance matrix for the noise vector V n. The possible correlation between

timing and polarization noises is encoded in its off-diagonal blocks, namely h�tn(�PAn)T i, leading
to additional contributions to Lm in Eq. (73). Note that this calculation is not expected to reproduce
the noise correlation counterpart in Eq. (67), as different statistical properties have been assumed for
the noise. Finally, it is important to extend this exploration to the more realistic case where ⇢e ⇡ ⇢p,
which however is quite involved since the marginalization of the ALDM signals requires an integration
over four random Gaussian variables instead. We reserve these studies for future research.
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Here, the second line encodes the two-point correlations of �PAa, with Ca
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correlations of �ta in the small signal limit, as provided in Eq. (52). The third line can be rearranged
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This consistency between the leading-order correction to the marginalized likelihood and the leading-
order correlation function is again attributed to the dominance of Gaussian noise in the small signal
limit, similar to the timing signal case.

This derivation can be extended to include potential correlations between random timing and
polarization noises. For this purpose, let us define the signal vector V a

⌘ (�ta, �PAa)T and random
noise vector V n = Vo�V a, with Vo in Eq. (70). Given that V n is described by a multivariate Gaussian
distribution with zero mean and relevant correlations, Eq. (71) can be rewritten as
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where Cn
t,PA is the full covariance matrix for the noise vector V n. The possible correlation between

timing and polarization noises is encoded in its off-diagonal blocks, namely h�tn(�PAn)T i, leading
to additional contributions to Lm in Eq. (73). Note that this calculation is not expected to reproduce
the noise correlation counterpart in Eq. (67), as different statistical properties have been assumed for
the noise. Finally, it is important to extend this exploration to the more realistic case where ⇢e ⇡ ⇢p,
which however is quite involved since the marginalization of the ALDM signals requires an integration
over four random Gaussian variables instead. We reserve these studies for future research.
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This consistency between the leading-order correction to the marginalized likelihood and the leading-
order correlation function is again attributed to the dominance of Gaussian noise in the small signal
limit, similar to the timing signal case.
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t,PA is the full covariance matrix for the noise vector V n. The possible correlation between

timing and polarization noises is encoded in its off-diagonal blocks, namely h�tn(�PAn)T i, leading
to additional contributions to Lm in Eq. (73). Note that this calculation is not expected to reproduce
the noise correlation counterpart in Eq. (67), as different statistical properties have been assumed for
the noise. Finally, it is important to extend this exploration to the more realistic case where ⇢e ⇡ ⇢p,
which however is quite involved since the marginalization of the ALDM signals requires an integration
over four random Gaussian variables instead. We reserve these studies for future research.
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This consistency between the leading-order correction to the marginalized likelihood and the leading-
order correlation function is again attributed to the dominance of Gaussian noise in the small signal
limit, similar to the timing signal case.

This derivation can be extended to include potential correlations between random timing and
polarization noises. For this purpose, let us define the signal vector V a
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where Cn
t,PA is the full covariance matrix for the noise vector V n. The possible correlation between

timing and polarization noises is encoded in its off-diagonal blocks, namely h�tn(�PAn)T i, leading
to additional contributions to Lm in Eq. (73). Note that this calculation is not expected to reproduce
the noise correlation counterpart in Eq. (67), as different statistical properties have been assumed for
the noise. Finally, it is important to extend this exploration to the more realistic case where ⇢e ⇡ ⇢p,
which however is quite involved since the marginalization of the ALDM signals requires an integration
over four random Gaussian variables instead. We reserve these studies for future research.
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order correlation function is again attributed to the dominance of Gaussian noise in the small signal
limit, similar to the timing signal case.
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where Cn
t,PA is the full covariance matrix for the noise vector V n. The possible correlation between

timing and polarization noises is encoded in its off-diagonal blocks, namely h�tn(�PAn)T i, leading
to additional contributions to Lm in Eq. (73). Note that this calculation is not expected to reproduce
the noise correlation counterpart in Eq. (67), as different statistical properties have been assumed for
the noise. Finally, it is important to extend this exploration to the more realistic case where ⇢e ⇡ ⇢p,
which however is quite involved since the marginalization of the ALDM signals requires an integration
over four random Gaussian variables instead. We reserve these studies for future research.
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order correlation function is again attributed to the dominance of Gaussian noise in the small signal
limit, similar to the timing signal case.
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where Cn
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timing and polarization noises is encoded in its off-diagonal blocks, namely h�tn(�PAn)T i, leading
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the noise correlation counterpart in Eq. (67), as different statistical properties have been assumed for
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which however is quite involved since the marginalization of the ALDM signals requires an integration
over four random Gaussian variables instead. We reserve these studies for future research.
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limit, similar to the timing signal case.
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to additional contributions to Lm in Eq. (73). Note that this calculation is not expected to reproduce
the noise correlation counterpart in Eq. (67), as different statistical properties have been assumed for
the noise. Finally, it is important to extend this exploration to the more realistic case where ⇢e ⇡ ⇢p,
which however is quite involved since the marginalization of the ALDM signals requires an integration
over four random Gaussian variables instead. We reserve these studies for future research.
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ALDM: combined PTA-PPA analysis scheme

The second term is exactly the three-point correlation function between the ALDM-induced timing
and polarization residuals given in Eq. (25). The first term reflects the potential correlation of random
noise in the timing and PA residuals.

Next, let us consider the alternative treatment, by taking Gaussianity of the ALDM random field
as an input. We define the data vector as

Vo = (�to,�PAo)
T
, (70)

using the same �to and �PAo as in Eq. (66). For simplicity, we first assume the random noises
for timing and polarization data to be independent. Consequently, the likelihood for the PTA-PPA
analysis can be written as
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where Cn
PA represents the covariance matrix for random noise of PA residuals, as modeled in [33]. The

next step is to marginalize over the correlated timing signal �ta and polarization signal �PAa, using
their joint PDF.

As for the case of timing signal, deriving the exact form of the marginalized likelihood for the
combined analysis from Eq. (71) is challenging due to the unknown joint PDF of �ta. Instead, we focus
on deriving Lm by marginalizing the Gaussian variables that constitute the timing and polarization
signals. For demonstration purposes, we again consider the scenario where ⇢p � ⇢e. In this limit, the
ALDM signal vectors can be expressed as

�ta = c1DXY , �PAa = c2X , (72)

where X and Y are Gaussian variables defined in Eq. (41), with c2 = ga��
p
⇢p/ma. By integrating

over these variables, we find the marginalized likelihood in the small-signal limit:
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The exponential factor in the last line captures the correlation between the timing and polarization
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order correlation function is again attributed to the dominance of Gaussian noise in the small signal
limit, similar to the timing signal case.

This derivation can be extended to include potential correlations between random timing and
polarization noises. For this purpose, let us define the signal vector V a
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where Cn
t,PA is the full covariance matrix for the noise vector V n. The possible correlation between

timing and polarization noises is encoded in its off-diagonal blocks, namely h�tn(�PAn)T i, leading
to additional contributions to Lm in Eq. (73). Note that this calculation is not expected to reproduce
the noise correlation counterpart in Eq. (67), as different statistical properties have been assumed for
the noise. Finally, it is important to extend this exploration to the more realistic case where ⇢e ⇡ ⇢p,
which however is quite involved since the marginalization of the ALDM signals requires an integration
over four random Gaussian variables instead. We reserve these studies for future research.
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where Cn
t,PA is the full covariance matrix for the noise vector V n. The possible correlation between

timing and polarization noises is encoded in its off-diagonal blocks, namely h�tn(�PAn)T i, leading
to additional contributions to Lm in Eq. (73). Note that this calculation is not expected to reproduce
the noise correlation counterpart in Eq. (67), as different statistical properties have been assumed for
the noise. Finally, it is important to extend this exploration to the more realistic case where ⇢e ⇡ ⇢p,
which however is quite involved since the marginalization of the ALDM signals requires an integration
over four random Gaussian variables instead. We reserve these studies for future research.

25

signals. Considering that

�
S�1

�BSB + c
2
2(C

n
PA)

�1
��1

⇡ CX � c1(CXDtCXY �CXY DtCX) +O(c21) +O(c22), (74)

the marginalized likelihood is finally given by

Lm / exp


�
1

2

�
�tTo (C

n
t )

�1�to +�PAT
o (C

n
PA)

�1�PAo
��

⇥ exp


1

2
c
2
2�PAT

o (C
n
PA)

�1CX(Cn
PA)

�1�PAo

�
1 +

1

2
�tTo (C

n
t )

�1Ca
t (C

n
t )

�1�to

�

⇥ exp


1

2
c1c

2
2�PAT

o (C
n
PA)

�1(CXDtCXY �CXY DtCX)(Cn
PA)

�1�PAo

�
. (75)

Here, the second line encodes the two-point correlations of �PAa, with Ca
PA = c

2
2CX , as well as the

correlations of �ta in the small signal limit, as provided in Eq. (52). The third line can be rearranged
as

�PAT
o (C

n
PA)

�1(CXDtCXY �CXY DtCX)(Cn
PA)

�1�PAo

= VPA,nVPA,mVt,l [(CX)nl(CXY )ml + (CX)ml(CXY )nl] , (76)

where VPA = (Cn
PA)

�1�PAo and Vt = (Cn
PA)

�1�to. The three-point function in Eq. (25) is thus
revealed, since

h�PAa
n�PAa

m�tal i = c1c
2
2hXnXmXlYli = c1c

2
2 [(CX)nl(CXY )ml + (CX)ml(CXY )nl] . (77)

This consistency between the leading-order correction to the marginalized likelihood and the leading-
order correlation function is again attributed to the dominance of Gaussian noise in the small signal
limit, similar to the timing signal case.

This derivation can be extended to include potential correlations between random timing and
polarization noises. For this purpose, let us define the signal vector V a

⌘ (�ta, �PAa)T and random
noise vector V n = Vo�V a, with Vo in Eq. (70). Given that V n is described by a multivariate Gaussian
distribution with zero mean and relevant correlations, Eq. (71) can be rewritten as

L / exp


�
1

2

�
Vo � V a

�T
(Cn

t,PA)
�1

�
Vo � V a

��
, (78)

where Cn
t,PA is the full covariance matrix for the noise vector V n. The possible correlation between

timing and polarization noises is encoded in its off-diagonal blocks, namely h�tn(�PAn)T i, leading
to additional contributions to Lm in Eq. (73). Note that this calculation is not expected to reproduce
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which however is quite involved since the marginalization of the ALDM signals requires an integration
over four random Gaussian variables instead. We reserve these studies for future research.
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t,PA is the full covariance matrix for the noise vector V n. The possible correlation between

timing and polarization noises is encoded in its off-diagonal blocks, namely h�tn(�PAn)T i, leading
to additional contributions to Lm in Eq. (73). Note that this calculation is not expected to reproduce
the noise correlation counterpart in Eq. (67), as different statistical properties have been assumed for
the noise. Finally, it is important to extend this exploration to the more realistic case where ⇢e ⇡ ⇢p,
which however is quite involved since the marginalization of the ALDM signals requires an integration
over four random Gaussian variables instead. We reserve these studies for future research.
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to additional contributions to Lm in Eq. (73). Note that this calculation is not expected to reproduce
the noise correlation counterpart in Eq. (67), as different statistical properties have been assumed for
the noise. Finally, it is important to extend this exploration to the more realistic case where ⇢e ⇡ ⇢p,
which however is quite involved since the marginalization of the ALDM signals requires an integration
over four random Gaussian variables instead. We reserve these studies for future research.
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Summary and Outlook
✦ Pulsar timing/polarization arrays as powerful probes of ultralight ALDM

✦ Outlook 

18

• Key ingredient: characteristic spatial correlations at galactic scale 

• Gravitational and non-gravitational probe by PTAs and PPAs; world leading limits from 
existing data; on-going efforts for combined PTA-PPA searches

• Systematic exploration of PTA-PPA synergy 

• Synergize PPAs with other observations? 

• ALDM analysis framework: practical likelihood involving non-Gaussianity
• Data construction: incorporating polarimetry for timing precision
• Other physical targets: PTA-PPA synergy for parity-violating SGWB  

• CMB-PPA synergy for CB of ALDM



Thank You!



✦ Whether the SGWB violates parity? 

✦ Detecting parity-violating SGWBs via PTA-PPA synergy 

PTA-PPA synergy for parity-violating SGWB

• Theoretical motivation: astrophysical source (e.g. helical magnetic field); 
cosmological source (e.g. parity violation in gravity or matter sector) 

• Experimental probe: PTAs insensitive to parity violation

[Liang, Nomura and Omiya, PRD 113 (2026)]

Additional effects due to parallel transport of polarization vector

3
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⌫⇢ denotes the Christo↵el symbol. For the metric

(1) including the GW, the components of Eq. (9) take the
following form,

d �k
0

d�
= �

!
2

P

2
@0hij n̂

i
n̂
j
, (10)

d �k
i

d�
= !

2

P @0hij n̂
j
�

!
2

P

2
(@khij + @jhik � @ihjk) n̂

j
n̂
k
.

(11)

Integrating these equations yields

�k
0(�) = �

!
2

P

2
Iij(�) n̂

i
n̂
j + C

0
, (12)

�k
i(�) = !P �hij(�) n̂

j +
!
2

P

2
Jjki(�) n̂

j
n̂
k + C

i
, (13)

with integration constants C0 and C
i, and

�hij(�) ⌘ hij(�)� hij(0) , (14)

Iij(�) ⌘

Z �

0

d�
0
@0hij(�

0) , (15)

Jjki(�) ⌘

Z �

0

d�
0
@ihjk(�

0) . (16)

Here, hij(�) ⌘ hij(x̄µ(�)). The integrals can be eval-
uated along the unperturbed trajectory x̄

µ(�), since we
consider only to linear order in hij . Moreover, in Eq. (13),
we used the relation d/d� = !P (@0 � n̂

i
@i), which holds

along the unperturbed trajectory. The integration con-
stants C0 and C

i will be determined later.
Integrating dx

µ
/d� = k

µ with k
µ = k̄

µ + �k
µ, we ob-

tain the perturbed trajectory, xµ(�), to linear order in
hij as

x
µ(�) = x̄

µ(�) +

Z �

0

d�
0
�k

µ(�0) +X
µ
, (17)

2
Our convention of the a�ne parameter di↵ers from that of Book

and Flanagan [13], in which � = 0 is set at Earth and � = �L/!P

at the pulsar.

where X
µ are integration constants.

The eight integration constants C0
, C

i and X
µ are de-

termined by the following four conditions [13]: 1) the
light ray intersects the worldline of the pulsar (xP = L n̂)
at �P = 0; 2) the emitted angular frequency in the pul-
sar’s local frame is !P ; 3) the light ray reaches the Earth
at xµ

E = (tE ,0); and 4) the wave vector kµ is null. These
conditions lead to X

i = 0, C0 = 0, and

C
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�E
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j
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+
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X
0 = �

!P

2
n̂
i
n̂
j

Z �E

0

d�
0
hij(�

0) . (19)

Note that we define the origin of the a�ne parameter,
� = 0, to correspond to the emission at the pulsar even
in the presence of the GW. In this convention, the a�ne
parameter value at the Earth is shifted from �E = L/!P

to �̃E due to the GW, which is given by
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0) + !P Iij(�
0)] . (20)

Evaluating Eqs. (12) and (13) at � = 0 and � = �̃E ,
we obtain the wave vectors, Eq.(5), at the pulsar (P ) and
at the Earth (E), to linear order in hij , as

k
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µ + (0, Ci) , (21)
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,(22)

respectively.
The angular frequency of the photons observed on

Earth is given by !E = �gµ⌫(E)uµ
Ek

⌫(E), where gµ⌫(E)
denotes the metric evaluated at the observation point,
and u

µ
E = (1,0). To linear order in hij , it reads
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. (23)

The fractional frequency shift, i.e., the redshift z, is then
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which reproduces the well-known result [13]. Changing
the integration variable from � to t = t̄(�), we obtain
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where
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(E) . (59)
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In the second line of each equation, we have used
Eq. (53). We have also introduced a unit vector in three-
dimensional Euclidean space, m̂i, which is orthogonal to
both n̂

i and ✏̄
i:

m̂
i
⌘ "̄ijkn̂

j
✏̄
k
. (62)

In terms of E(k) and E(?), the photon’s polarization
angle � measured from the e

i
(k)(E)-axis is given by (see,

e.g., Section 2.4 of Ref. [80])

tan 2� =
2Re[E(k)E

⇤
(?)

]

|E(k)|2�|E(?)|
2
, (63)

where Re[· · ·] stands for the real part.3 Substituting
Eqs. (60) and (61), and assuming that � is small, we
obtain the rotation of polarization angle induced by the
GW as
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As in the case of the redshift (25), we can change the
integration variable from � to t = t̄(�), yielding
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Z tE
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dt @[ihj]k(t,x)

���
x=x̄(t)

. (65)

Since hij depends on time, �(tE) is observed as a polar-
ization angle varying with the observation time tE .

Notice that the second term in Eq. (53) is completely
canceled by the rotation of the basis vector induced by
the GW, which is the O(hij) term in Eq. (41). It should
also be noted that, although the unperturbed polariza-
tion vector ✏̄

i appears in Eq. (64), the result is in fact

3
The definition of the polarization angle � in Eq. (63) is gen-

eral and applies also to elliptically polarized light. For linearly

polarized light, Eq. (63) reduces to tan� = |E(?)|/|E(k)|.

independent of its orientation. Indeed, by introducing
any orthonormal basis vectors (ēi

(1)
, ē

i
(2)

) in the two-

dimensional plane orthogonal to n̂
i as linear combina-

tions of ✏̄i and m̂
i, the rotation of polarization angle �

can alternatively be written as

� =
!P

2
"̄
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ē
i
(a)ē

j
(b)n̂

k

Z �E

0

d� @ihjk(�) , (66)

where "̄
ab is the antisymmetric tensor in the two-

dimensional tetrad plane with "̄
12 = +1. It is clear that

� transforms as a pseudo-scalar under parity. Moreover,
this expression remains invariant under a rotation of the
basis vectors in that plane. Thus, the initial polarization
angle is irrelevant, which allows us to choose p̄

i to be
aligned with the unperturbed polarization direction.

D. Response functions

We now show how the observables—the redshift and
the rotation of polarization angle—respond to GWs. We
express the GWs as a superposition of plane waves,

hij(t,x) =
X

P=+,⇥

Z 1

�1
df

Z
d
2⌦̂ h̃P (f, ⌦̂)

⇥ e
P
ij(⌦̂) e�2⇡if(t�⌦̂·x)

, (67)

where f is the frequency, ⌦̂ is the unit vector along the
propagation direction of each plane wave, and P (= +,⇥)
labels the GW polarizations. For each propagation direc-
tion ⌦̂, the polarization tensors e

P
ij(⌦̂) are constructed

as

e
+

ij = ûiûj � v̂iv̂j , e
⇥
ij = ûiv̂j + v̂iûj , (68)

where û and v̂, together with ⌦̂, form an orthonormal
triad. They are parametrized as

⌦̂ = (sin ✓ cos�, sin ✓ sin�, cos ✓) , (69)

û = (sin�,� cos�, 0) , (70)

v̂ = (cos ✓ cos�, cos ✓ sin�,� sin ✓) . (71)

Plugging Eq. (67) into Eqs. (25) and (65), the redshift
z and the rotation of polarization angle � can be written
as

z(tE) =
X

P=+,⇥

Z 1

�1
df

Z
d
2⌦̂F

P (f, ⌦̂)

⇥ h̃P (f, ⌦̂) e�2⇡iftE , (72)

�(tE) =
X

P=+,⇥

Z 1

�1
df

Z
d
2⌦̂R

P (f, ⌦̂)

⇥ h̃P (f, ⌦̂) e�2⇡iftE , (73)
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In pulsar systems, where f ⇠ 10�9 Hz and L ⇠ 102–
103 pc, the factor 2⇡fL is typically large. In this long-
distance regime, the pulsar term, represented by the ex-
ponential factor in Eq. (82), oscillates rapidly and there-
fore averages out in the two-point correlation. Therefore,
both the parity-even ORF �I

AB and the parity-odd ORF
�V
AB become independent of the frequency f , with �I

AB
reducing to the Hellings–Downs curve [83] and �V

AB van-
ishing [48].

�I
AB =

8⇡

3
�HD(⇠AB) , �V

AB = 0 . (86)

Here �HD(⇠AB) is a function of the separation angle ⇠AB

between pulsars A and B, given by

�HD(⇠) =
1

2
�

1

4

✓
1� cos ⇠

2

◆

+
3

2

✓
1� cos ⇠

2

◆
ln

✓
1� cos ⇠

2

◆
. (87)

Therefore, we obtain

hz̃A(f) z̃
⇤
B(f

0)i = �(f � f
0)
8⇡

3
�HD(⇠AB) I(f) . (88)

The vanishing of �V
AB reflects the parity symmetry of

the configuration: the Earth and the two pulsars always
lie in the same plane, making the system invariant under
a parity transformation. Since the circular polarization
V is parity-odd, its response necessarily vanishes.

From Eq. (73), the Fourier component of the rotation
of polarization angle of pulsar A is

�̃A(f) =
X

P=+,⇥

Z
d
2⌦̂R

P
A(f, ⌦̂) h̃P (f, ⌦̂) . (89)

Here, R
P
A(f, ⌦̂) is the response function of pulsar A’s

polarization rotation, related to F
P
A (f, ⌦̂) through R

+

A =
�F

⇥
A , R⇥

A = F
+

A as in Eq. (76). Using these relations,
the other cross-correlations can be obtained as

h�̃A(f) �̃
⇤
B(f

0)i = �(f � f
0)
8⇡

3
�HD(⇠AB) I(f) , (90)

hz̃A(f) �̃
⇤
B(f

0)i = �i �(f � f
0)
8⇡

3
�HD(⇠AB)V (f) .

(91)

Notably, the z-� cross-correlation is purely imaginary
and depends only on V (f). This parity-odd estimator
enables a clean separation of the circular polarization
V from the intensity I. Moreover, the angular correla-
tion pattern consistently reduces to the Hellings–Downs
curve. As discussed in Ref. [84], the Hellings–Downs
curve arises from Lorentz symmetry, which reflects the
conformal properties of the two-point correlation of scalar
quantities on the celestial sphere.

B. Sensitivity forecast

So far, we have only considered contributions from the
SGWB. In practice, each observable consists of a signal
induced by the GWs and an additional stochastic noise
contribution. For each pulsar A, we work in the Fourier

domain and define the measured quantities d̃
(z)
A (f) for

the timing redshift and d̃
(�)
A (f) for polarimetry as

d̃
(z)
A (f) = z̃A(f) + ñ

(z)
A (f) ,

d̃
(�)
A (f) = �̃A(f) + ñ

(�)
A (f) , (92)

where ñ
(z)
A (f) and ñ

(�)
A (f) represent the noise contribu-

tions in the timing redshift and polarimetry measure-
ments, respectively. The signal components z̃A(f) and
�̃A(f) obey the ensemble relations derived in the previ-

ous subsection, while the noise terms ñ(z)
A (f) and ñ

(�)
A (f)

account for instrumental and propagation e↵ects that
are not modeled explicitly. We assume that the noise is
stationary, Gaussian, and uncorrelated between di↵erent
pulsars. Under this assumption, it can be characterized
by one-sided power spectral densities (PSDs) for each
measurement channel,

hñ
(z)
A (f) ñ(z)⇤

B (f 0)i =
1

2
�(f � f

0) �AB S
(z)
A (f) , (93)

hñ
(�)
A (f) ñ(�)⇤

B (f 0)i =
1

2
�(f � f

0) �AB S
(�)
A (f) . (94)

We further assume that cross-channel couplings are neg-
ligible, so that the timing and polarimetry noises are un-
correlated:

hñ
(z)
A (f) ñ(�)⇤

B (f 0)i = 0 . (95)

For simplicity, we consider the case of white noise for
both the pulsar timing residuals (i.e., the time integral of
the redshift) and the pulsar polarimetry measurements.
We assume that all pulsars are observed with the same
cadence �t, and that the timing residuals and polarime-
try measurements have root-mean-square (rms) uncer-
tainties of �t and �p, respectively. The corresponding
one-sided PSDs are given by

S
(z)
A (f) = 2(2⇡f�t)

2
�t , S

(�)
A (f) = 2�2

p �t . (96)

Intrinsic spin noise or contributions from the interstel-

lar medium can be incorporated into S
(z)
A (f) or S

(�)
A (f)

with their measured or modeled frequency dependence;
however, we neglect them here.
Looking ahead, timing measurements are expected to

reach �t ⇠ 2weeks and �t ⇠ 30 ns in the SKA era [85, 86].
For polarimetry, recent observations already achieve �p ⇠

0.5 deg per epoch [87]. For forecasts, we may utilize an
optimistic uncertainty �p ⇠ 0.1 deg. With these values,
the noise level of pulsar polarimetry is approximately
1023 times larger than that of pulsar timing at f = 1/yr.
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(�)
A (f) represent the noise contribu-

tions in the timing redshift and polarimetry measure-
ments, respectively. The signal components z̃A(f) and
�̃A(f) obey the ensemble relations derived in the previ-

ous subsection, while the noise terms ñ(z)
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B (f 0)i =
1

2
�(f � f

0) �AB S
(�)
A (f) . (94)

We further assume that cross-channel couplings are neg-
ligible, so that the timing and polarimetry noises are un-
correlated:

hñ
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where

F
P (f, ⌦̂) =

1

2

n̂
i
n̂
j
e
P
ij(⌦̂)

1 + ⌦̂ · n̂
[1� e

2⇡ifL(1+⌦̂·n̂)] , (74)

R
P (f, ⌦̂) = �

1

2

[⌦̂i
e
P
jk(⌦̂)� ⌦̂j

e
P
ik(⌦̂)]✏̄im̂j

n̂
k

1 + ⌦̂ · n̂

⇥ [1� e
2⇡ifL(1+⌦̂·n̂)] , (75)

are the response functions for the redshift and the po-
larization rotation, respectively. Note that the response
functions satisfy the complementary relations,

R
+(f, ⌦̂) = �F

⇥(f, ⌦̂) , R
⇥(f, ⌦̂) = F

+(f, ⌦̂) .
(76)

For example, using the definitions of the polarization ten-
sors (68) and m̂ = n̂⇥ ✏̄, the first relation can be derived
as

(⌦̂i
e
+

jk � ⌦̂j
e
+

ik)✏̄
i
m̂

j
n̂
k

= (⌦̂ · ✏̄)[(m̂ · û)(n̂ · û)� (m̂ · v̂)(n̂ · v̂)]

� (⌦̂ · m̂)[(✏̄ · û)(n̂ · û)� (✏̄ · v̂)(n̂ · v̂)]

= �(n̂ · û)[(⌦̂ · m̂)(✏̄ · û)� (⌦̂ · ✏̄)(m̂ · û)]

+ (n̂ · v̂)[(⌦̂ · m̂)(✏̄ · v̂)� (⌦̂ · ✏̄)(m̂ · v̂)]

= �(n̂ · û)[(m̂⇥ ✏̄) · (⌦̂⇥ û)]

+ (n̂ · v̂)[(m̂⇥ ✏̄) · (⌦̂⇥ v̂)]

= 2(n̂ · û)(n̂ · v̂)

= n̂
i
n̂
j
e
⇥
ij , (77)

where we have used the identity (A · C)(B · D) � (B ·

C)(A ·D) = (A⇥B) ·(C⇥D) in the third equality. The
relations between F

P and R
P provide the geometric ori-

gin of the sensitivity to the parity-violating component,
exploited in the cross-correlation analysis presented in
Sec. III.

III. CORRELATION ANALYSIS WITH PULSAR
TIMING AND POLARIMETRY

A. Cross-correlation created by SGWB

In this section, we study how the measurements of the
pulsar timing redshift and the rotation of polarization
angle can be used to detect the SGWB. We model the
SGWB as a stationary, isotropic, and Gaussian random
field. Throughout this section, we adopt the polarization
basis of GWs given in Eq. (68). The statistical properties
of the background are encoded in the two-point function
of the Fourier amplitudes [42],
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where the angle brackets denote ensemble averages. The
2 ⇥ 2 Hermitian matrix on the right-hand side defines
the Stokes parameters of the SGWB. In particular, I(f)
represents the intensity, while V (f) quantifies the cir-
cular polarization and thus encodes the parity violation
of the SGWB. We omit the other Stokes parameters, Q
and U , which characterize the linear polarizations of the
SGWB, since they do not contribute to the isotropic com-
ponent [42]. The intensity I(f) is related to the GW en-
ergy density per unit logarithmic frequency, normalized
by the critical density of the universe, ⌦I
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(f), through
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where H0 is the Hubble constant. For the circular polar-
ization parameter V (f), we introduce the corresponding
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in analogy with ⌦I
GW

(f), which describes the di↵erence
between left- and right-handed modes.
An e↵ective method for detecting a stochastic back-

ground is correlation analysis [81, 82]. In pulsar obser-
vations, we cross-correlate observables from distinct pul-
sars. The relevant observables in our case are the timing
redshift z and the rotation of polarization angle �. We
begin by considering the cross-correlation of the timing
redshifts of pulsars A and B. From Eq. (72), the Fourier
component of the redshift of pulsar A is given by
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with LA denoting the distance to pulsar A, and n̂A the
unit vector pointing from the Earth to pulsar A. From
Eq. (78), the cross-correlation of the redshifts of pulsar
A and B is
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Here, we introduced the overlap reduction functions
(ORFs),
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To target the circular polarization of the SGWB, V , we
construct a cross-correlation statistic between the timing
and polarimetry measurements of distinct pulsars. Each
frequency bin is weighted by the inverse noise PSDs and
by the overlap reduction function, which encodes the an-
gular dependence of the pulsar pairs. Following the pro-
cedure for computing the optimal cross-correlation statis-
tic in PTAs [88, 89], the signal-to-noise ratio (SNR) for
the Stokes parameter V can be estimated as
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(97)

where Tobs represents the observation time span, and
Np is the number of pulsars. This expression assumes
that the noise power spectra are identical for all pul-
sars and that the number of pulsars is large, Np �

1. In this regime, the summation over pulsar pairsP
A<B �HD(⇠AB)2 can be approximated by an integral,

which leads to the factor 1/24 in Eq. (97).
If the specturm is flat, ⌦V

GW
(f) is independent of f ,

the SNR roughly reads
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✓
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, (98)

where we have used H0 = 70 km/s/Mpc. Thus, the PTA-
PPA cross-correlation would place a limit ⌦V

GW
. 0.012

on the Stokes parameter V of the SGWB, which might
be achievable in the SKA era.

IV. CONCLUSION

We have investigated the rotation of electromagnetic
wave polarization during propagation through GWs and
explored the joint use of pulsar polarimetry and tim-
ing measurements to detect circular polarization of the
SGWB, which would indicate parity violation. Starting
from geometric optics in a GW background, we derived
the perturbed photon geodesic and the transport equa-
tion for the polarization vector, obtaining expressions for
the GW-induced rotation of polarization angle as well as
for the timing redshift. The rotation of polarization an-
gle is a pseudo-scalar under parity transformation, and its
antenna pattern is related to that of the timing response
through the exchange of the GW’s + and ⇥ polarizations.

Assuming a stationary, isotropic, and Gaussian
SGWB, we computed the cross-correlations constructed
from the pulsar timing redshift z and the rotation of po-
larization angle �. We found that the z-z and �-� corre-
lations depend solely on the SGWB intensity I, whereas
the mixed z-� correlation isolates the circular polariza-
tion component V . These correlations share the same

Hellings–Downs angular pattern. Consequently, combin-
ing pulsar timing and polarimetry measurements allows
separate inference of the SGWB intensity I and circular
polarization V , without requiring any assumptions about
their relative amplitudes.
The detection significance of the z-� correlation is

determined by the timing and polarimetry noise power
spectral densities and the e↵ective bandwidth in Eq. (97),
particularly the lower cuto↵ frequency. Adopting op-
timistic parameters (Np ⇠ 200, Tobs ⇠ 20 yr, �t ⇠

2 week,�t ⇠ 30 ns and �p ⇠ 0.1 deg) yields a constraint
of ⌦V

GW
. 0.012. Although this sensitivity appears lower

than that of current PTA measurements for ⌦I
GW

, our
method provides a valuable null test with a sensitivity
comparable to the current constraint from astrometry
survey [56]. These estimates should be regarded as order-
of-magnitude. Although the forecasts lack the precision
required for a clear detection, our study lays the ground-
work for investigating the parity-violation signal of the
SGWB in the PPA system, and the methodology can be
extended to other stellar objects with well-characterized
polarization and timing models.
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Appendix A: Geometric optics in curved spacetime

In this Appendix, we briefly review geometric optics in
curved spacetime and derive the equations of light prop-
agation, Eqs. (2) and (3). For a detailed discussion, see,
e.g., Sec. 22.5 of Ref. [90].
We start from the Maxwell equation in vacuum,

r⌫F
⌫µ = 0. Here, rµ denotes the covariant derivative

associated with the spacetime metric gµ⌫ , and Fµ⌫ ⌘

rµA⌫ �r⌫Aµ is the electromagnetic field strength ten-
sor with Aµ being the gauge field. For the gauge field,
we impose the Lorenz gauge condition,

rµA
µ = 0 . (A1)

In this gauge, the Maxwell equation r⌫F
⌫µ = 0 can be

rewritten as

r
⌫
r⌫A

µ
�R

µ
⌫A

⌫ = 0 , (A2)

where Rµ⌫ denotes the Ricci tensor.
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