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Pulsars

12

✦ Pulsars emit electromagnetic pulses with extraordinary regularity, with the period ranging from 
milliseconds to seconds. Up to now about 3000 pulsars observed in our galaxy    

✦ Millisecond pulsars (MSPs) are especially stable due to mass and angular momentum transfer 
from a companion. Although emission mechanism not fully clarified, they play significant roles 
as astronomical clocks
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Hellings and Downs curve 
(quadrupolar correlations) 
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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.
The result is
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h
1 � e�

i2⇡fL

c

(1+n̂·û)
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where we factored out ei2⇡f(t+n̂·~r
2

/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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i

, (5.17)

where we factored out ei2⇡f(t+n̂·~r
2

/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.

67

Figure 24: Geometry for calculating the change in the photon propagation time from ~r1
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“Earth” “pulsar”

Pulsar timing arrays (PTAs)
✦ Global PTA network monitors over 80 MSPs in the timespan of years. FAST/SKA may 

increase the number to the order of 1000  

✦ 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)

✦ PTAs with MSPs in different 
directions serve as galactic 
interferometers to measure nHZ 
GWs. Stochastic GW backgrounds 
(SGWBs) can be identified by the 
quadrupolar spatial correlations 
among pulsars
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Figure 37: Plot of the Hellings and Downs curve as a function of the angular separation
between two distinct pulsars.

in the cosine of the angle between the two pulsars. This follows immediately if one uses
(5.37) for the overlap function and (5.23) for the pulsar timing response functions in the
tensor spherical harmonic basis. As shown in [78]:

�(⇣IJ) =
3

4

1X

l=2

((2)Nl)
2(2l + 1)Pl(p̂I · p̂j) , (5.54)

where p̂I and p̂J are unit vectors that point in the directions to the two pulsars. A Legendre
series expansion out to lmax = 4 (i.e., only three terms) gives very good agreement with
the exact expression for the Hellings and Downs function, except for very small angular
separations. This is illustrated in Figure 38.

5.5 Moving detectors

So far, we have ignored any time-dependence in the detector response introduced by the
motion of the detectors relative to the gravitational-wave source. In general, this relative
motion produces a modulation in both the amplitude and the phase of the response of
a detector to a monochromatic, plane-fronted gravitational wave [63]. For Earth-based
interferometers like LIGO, the modulation is due to both the Earth’s daily rotation and
yearly orbital motion around the Sun. For space-based interferometers like LISA, the
modulation is due to the motion of the individual spacecraft as they orbit the Sun with a
period of one year. For example, for the original LISA design, three spacecraft fly in an
equilateral-triangle configuration around the Sun. The center-of-mass (or guiding center)
of the configuration moves in a circular orbit of radius 1 AU, at an angle of 20� behind

84

Hellings and Downs curve 
(quadrupolar correlations)



Pulsar timing arrays (PTAs)
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Recently, the explorations on the PTA targets extended to dark matter (DM) physics 
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Figure 1. Pulsar timing signal from the scalar field dark matter (3.9) for a range of scalar

field masses m. Shaded wedges represent the estimated sensitivity of various pulsar timing

array observations (adopted from [7]). For masses below 10�23 eV the scalar field behaves

like hot dark matter, and is incompatible with the observed power spectrum of density

perturbations [3, 13].

Therefore, the scalar field dark matter has the same e↵ect on the pulsar timing

measurements as gravitational wave background with characteristic strain
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The amplitude of the signal from the scalar field dark matter for a range of masses

m is shown in Fig. 1 together with the sensitivity curves of the pulsar timing array

experiments. The sensitivities are taken from [7] where three cases are considered.

The current limit from the Parkes PTA [9] corresponds to h

c

⇡ 2 · 10�14 at the

frequency f = 8 · 10�9 Hz. The sensitivity achievable by PPTA by monitoring

20 pulsars for 5 years with the timing precision �t

rms

= 100 ns is estimated as

h

c

⇡ 2 · 10�15 at the frequency f = 7 · 10�9 Hz. Finally, assuming that SKA will

be able to monitor 100 pulsars for 10 years with the timing precision 50 ns, the

sensitivity of h
c

⇡ 10�16 at the frequency f = 3 · 10�9 Hz can be achieved. We see

from Fig. 1 that the scalar field dark matter signal can be observed with SKA pulsar

timing array for the dark matter mass m . 2.3 · 10�23 eV.

– 7 –

15

10-2

10-1

1

10

10-13 10-11 10-9 10-7 10-5 10-3 10-1 10

FIG. 2: Limits from PTAs on the dark matter mass fraction f = ⌦/⌦
DM

in subhalos of mass

M for di↵erent subhalo concentration parameters, c = 10, 100, 104, and the PBH limit,

c ! 1. Results derived in Ref. [30] from deterministic single transiting objects and static

signals are labeled ‘DopDet-P’, ‘DopStatic’, ‘ShapDet’, and ‘ShapStatic’ and shown in green

and orange. The ‘DopDet-P’ and ‘ShapDet’ constraints have been weakened relative to

Ref. [30] due to the subtraction procedure discussed in Appendix B. New results of this paper

utilizing a stochastic signal induced by multiple transiting subhalos are labeled ‘DopStoch’

and ‘ShapStoch’, and shown in blue and pink, respectively. An SKA-like PTA, described in

Sec. II C, with identical pulsars was assumed. Lensing constraints in gray are from

Refs. [22–26, 53], and disappear for c < 107.

deterministic and stochastic signals, S
det

,S
stoch

such that

SNR2

det

=

Z
d log f

S2

det

(f)

N 2

det

(f)
(38)

SNR2

stoch

=

Z
d log f d log f0

S2

stoch

(f, f0)

N
stoch

(f)N
stoch

(f0)
, (39)

where the overall N
P

dependence for pulsar and Earth terms, is absorbed in S
det

,S
stoch

, and f is

5

FIG. 1: Constraints on the dark photon mass mA and the coupling constant ✏2 for the U(1)B (left) and U(1)B�L (right) gauge groups. The
red solid and dashed lines are derived in this work using the PPTA DR2 data, under the assumptions that the dark photon field polarizations
are correlated and uncorrelated among various pulsars, respectively. The horizontal solid line is the limit from the MICROSCOPE weak
equivalence principle (WEP) experiment [18]. The black dashed line and the gray shaded region indicate the parameter space where the
gravitational e↵ect (studied in Refs. [22, 41, 43]) dominates over the gauge interaction (studied here), for pulsar timing observations. More
details about the WEP experiments and gravitational e↵ects are presented in the Supplemental Material [51]. Note that in the WEP experiments,
the dark photon is not required to be the dark matter.

and consistent result.
The grey shaded regions in Fig. 1 indicate the parameter

space for which the “gravitational e↵ect” due to the space-
time metric oscillation induced by the wavelike DPDM field
dominates over the gauge interaction discussed in this work.
See the Supplemental Material [51] for more details of the
estimate of the grey regions. In such parameter regions, ded-
icated analysis with both e↵ects being included in the signal
model is required and will be studied in future work.

Summary — Ultralight fuzzy dark matter is proposed as an
attractive candidate of dark matter in the Universe which helps
solve the small-scale crises of the classical cold dark matter
scenario. Using the precise timing observations of 26 pulsars
by the PPTA project, we study the possible couplings between
ultralight dark matter and ordinary matter. Taking the DPDM
as an example, we obtain by far the strongest constraints on
the parameters of the DPDM. The upper limits on the dimen-
sionless coupling constant ✏ derived in our study are improved
by up to two orders of magnitude when the dark photon mass
is smaller than 3⇥10�22 eV (10�22 eV) for the U(1)B (U(1)B�L)
scenario.

The search sensitivity for the DPDM is expected to im-
prove significantly in the near future as more pulsars are mon-
itored with continually-extending data spans by the world-
wide pulsar timing array campaigns including the PPTA,
the North American Nanohertz Observatory for Gravitational
Waves (NANOGrav [46]), and the Europe Pulsar Timing Ar-
ray (EPTA [47]), which have jointly formed the International
Pulsar Timing Array (IPTA [48]). The Five-hundred-meter
Aperture Spherical Telescope (FAST [49]) and the Square

Kilometer Array (SKA [50]) are also expected to join the
IPTA collaboration. These e↵orts are likely to bring revolu-
tionary progress in studying a wide range of dark matter mod-
els, and more generally in answering the related fundamental
questions in physics.
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✦ Pulsar radio emissions typically have strong linear polarization

Pulsar polarization arrays (PPAs)
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ATNF Pulsar Catalogue  
(Version: 1.66)

RM =
PA

�2

wavelength

polarization 
angle

rotation 
measure

✦ Polarization profiles are usually obtained as a by-product of PTAs due to 
the crucial role played by polarization calibration for precise timing
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Measured polarization angle: 

PA = PA
source

+ PA
instru

+ PA
propa

• Source: change of pulsar orientation/
magnetosphere; stochastic variation of 
single pulse profile (jitter noise) 

• Instrument: related to PA calibration; 
radiometer noise 

• Propagation: Faraday rotation caused 
by interstellar magnetic field/Earth’s 
ionosphere; new physics effects?? 



Axion and axion-like particles (ALPs)
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Figure 1: Summary of constraints and probes of axion cosmology.
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D. Marsh, Phys. Rept. 643, 1-79 (2016)

ALPs landscapes 
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✦ QCD axion well motivated to solve the 
strong CP problem and also serve as an 
DM candidate; ALPs introduced in many 
BSM scenarios, e.g. string axions. 

✦ Ultralight ALPs (ma<10-18eV) can be 
generated as a Bose-Einstein condensate 
from misalignment; behave effectively as 
a classical scalar field  

✦ Ultralight ALPs may serve as DM or DE 
during cosmic evolution. Here we focus 
on ALDM (e.g. fuzzy DM at ma~10-22eV, 
subdominant at ma<10-24eV)



Physical properties of ALDM

12

✦ Local ALDM field made up by a large number of ALP classical fields with uncorrelated 
random phases 

✦ ALPs effective action: gravitational interaction, coupling to SM particles…  

• Non-relativistic limit:                ; velocity distribution fx(v) peaked around |v|~v0~10-3c 
(CDM velocity in our galaxy) 

• Random nature: random amplitude 𝛼d and phase 𝜙d (follow the Rayleigh and uniform 
distributions) 
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ALDM induced cosmic birefringence 

12

When photons propagate in ALDM field a, the Chern-Simons coupling g corrects the dispersion 
relations of their two circular polarization modes in opposite way, yielding polarization angle (PA) 
rotation of linearly polarized photons

8

2

topological interaction corrects the dispersion relations of
their positive and negative circular polarization modes in
a parity-violating manner, yielding
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If these photons are linearly polarized, Eq. (2) implies
a non-trivial rotation �✓ to their PA, inducing the well-
known e↵ect of cosmological birefringence [17–19]. In the
non-relativistic limit, the ALDM field is approximately
given by [28]
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Here the oscillating frequency !a is approximately ma in
natural units; the random amplitude ↵

v

and phase �
v

fol-
low the Rayleigh and uniform distributions, respectively;
⇢(x) denotes the ALDM density profile; and f

x

(v) is the
velocity distribution at x.

The PA rotation induced by ALDM can be probed by
linearly polarized pulsar light [24, 25]. For detecting the
pulsar signals, we consider average pulse profiles to over-
come jitter noise due to the stochastic variation of indi-
vidual ones [29, 30]. With a segment of observation over
the timespan Tp, the data for the p-th MSP of the PPA
consists of a time series of points �✓p,n ⌘ �✓p(tn) for
n = 1, . . . , Np, with each point being defined by one av-
erage profile over the folding time ⌧

fold

. To maintain the
oscillation pattern of signals, we should keepma ⌧fold . 1.
Then for the data point at tn, the PA rotation is
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where ⇢i ⌘ ⇢(xi), fi(v) ⌘ f

xi(v), with i = p, e, and
we take xe = 0, with Lp = |xp| the distance from the
pulsar to the Earth. Already for one pulsar, the ALDM-
induced signal di↵ers from Faraday rotation in three as-
pects. Firstly, the former features quasi-monochromatic
oscillation around the frequency ma, while no character-
istic time dependence is expected for the latter. Secondly,
the former has no radio frequency dependence, while the
latter increases with the wavelength. Finally, the former
relies only on the field profiles at two endpoints of pho-
ton traveling due to the topological nature of the parity-
violating Chern-Simon coupling. As a result, Eq. (4) is
characterized by a “pulsar” term and an “Earth” term.

For PPAs consisting of N � 1 pulsars, we can con-
struct a signal vector
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for �✓p,n in Eq. (4), with p = 1, ...,N and n = 1, ..., Np.
Integrating out the random amplitude ↵

v

and phase �

v

,
the vector s is found to follow a multivariable Gaussian
distribution with zero mean, as in the case of Ref. [28].
The statistical properties are then determined by the co-

variance matrix ⌃

(s), with ⌃(s)
p,n;q,m = h�✓p,n�✓q,mi. To

simplify the phase space integral, we assume an isotropic
distribution of v. Given that this distribution peaks
sharply at the characteristic velocity of cold DM in our
galaxy, namely v

0

⇠ 10�3 in natural units, we obtain
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where �t = tp,n � tq,m, �L ⌘ Lp � Lq, ypq = �x/lc

(�x = |xp � xq|), yep(q) = Lp(q)/lc. lc ⌘ 1/(mav0) de-
notes the de Broglie coherence length for ALDM. For
pulsar-related terms, the distance dependence in cosines
is related to the light travel time between two objects.
The sinc function (sin y/y) results from an average over
di↵erent directions and measures the strength of spatial
correlations. The spatial correlation degrades when the
pulsar-pulsar and Earth-pulsar distances are far beyond
the coherence length or y � 1.
It is instructive to compare the ALDM-induced signal

in Eq. (6) with the response of PTAs to GWs. PTAs
measure GW-induced changes of the light-travel time,
which can be put as the Earth and pulsar terms as well.
For isotropic SGWBs, the pulsar-related terms are sup-
pressed in the large-antenna limit, i.e. !Lp � 1, with
spatial correlations rapidly degrading. The sensitivity is
then dominated by the Earth-Earth term, producing the
quadrupolar spatial correlations among pulsars following
the Hellings and Downs curve [31]. As a comparison,
the Earth-Earth (⇢e) term in Eq. (6) features monopolar
correlations, and cannot be distinguished from correlated
noise universal for pulsars. Instead, the pulsar-related
terms play a more decisive role for characterizing ALDM.
Because of the lc dependence of the sinc functions, spa-
tial correlations degrade more slowly with distance than
those do for SGWBs. The ALDM signal then can be
greatly enhanced for pulsars near the galactic center,
where the DM halo is denser. This is similar to the PTA
detection of the ALDM-induced periodic oscillations in
gravitational potentials [4]. Therefore, the detection of
ultralight ALDM strongly motivates the incorporation of
pulsars more broadly distributed in our galaxy for both
PPAs and PTAs, in particular the ones near the galactic
center.

• relies only on field profiles at two endpoints of photon traveling  
• quasi-monochromatic oscillation around the frequency 𝜔a ≈ ma  
• no radio frequency dependence (FR increases with wavelength)

A variety of astrophysical light sources proposed before to constrain g  
[Carroll et al., PRD, 1990; Antonucci, ARAA, 1993; Ivanov et al., JCAP, 2019; Fujita et al., PRL, 2019; Liu et al., PRD, 2020; Caputo et al., PRD, 2019;  Chigusa 
et al., PLB, 2020; Chen et al., PRL, 2020 …]

Yet, spatial correlations of the signal among individual sources not properly considered
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PA rotation signal on PPAs with many pulsars 

ALDM induced signal for PPAs  
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where F

µ⌫ , F̃µ⌫ are electromagnetic field strength and
its Hodge dual, and g is topological Chern-Simon cou-
pling. While photons propagate in the ALDM field, this
topological interaction corrects the dispersion relations of
their positive and negative circular polarization modes in
a parity-violating manner, yielding
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If these photons are linearly polarized, Eq. (2) implies a
non-trivial rotation �✓ to their polarization angle (PA),
inducing the well-known e↵ect of cosmological birefrin-
gence [18–20]. In the non-relativistic limit, the ALDM
field is approximately given by [21]
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where the oscillating frequency !a ⇡ ma in natural units.
Here the random amplitude ↵

v

and phase �

v

follow the
Rayleigh and uniform distributions, respectively; ⇢(x)
denotes the ALDM density profile; and f

x

(v) is the ve-
locity distribution at x.

The PA rotation induced by ALDM can be probed by
linearly polarized pulsar light [15, 16]. For detecting the
pulsar signals, we consider average pulse profiles to over-
come jitter noise due to the stochastic variation of indi-
vidual ones [22, 23]. With a segment of observation over
the timespan Tp, the data for the p-th MSP of the PPA
consists of a time series of points �✓p,n ⌘ �✓p(tn) for
n = 1, . . . , Np, with each point being defined by one av-
erage profile over the folding time ⌧

fold

. To maintain the
oscillation pattern of signals, we should keepma ⌧fold . 1.
Then for the data point at tn, the PA rotation is
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where ⇢i ⌘ ⇢(xi), fi(v) ⌘ f

xi
(v), with i = p, e, and

we take xe = 0, with Lp = |xp| the distance from the
pulsar to the Earth. Already for one pulsar, the ALDM-
induced signal di↵ers from PA Faraday rotation in three
aspects. First, the former has no radio frequency depen-
dence, while the latter increases with the wavelength.
Second, the former relies only on the field profiles at two
endpoints of photon traveling due to the topological na-
ture of the parity-violating Chern-Simon coupling. As a
result, Eq. (4) is characterized by “pulsar” and “Earth”
terms as in the case of pulsar timing. Finally, the former
features quasi-monochromatic oscillation around the fre-
quency ma, while no characteristic time dependence is
expected for the latter.

For PPAs consisting of N � 1 pulsars, we can con-
struct a signal vector

s ⌘ (�✓

1,1, ...,�✓

1,N1 , ...,�✓N ,1, ...,�✓N ,NN )T , (5)

for �✓p,n in Eq. (4), with p = 1, ...,N and n = 1, ..., Np.
Integrating out the random amplitude ↵

v

and phase �

v

,
the vector s is found to follow a multivariable Gaussian
distribution with zero mean [21], and the statistical prop-
erties are determined by the covariance matrix ⌃

(s), with

⌃(s)
p,n;q,m = h�✓p,n�✓q,mi. To simplify the phase space in-

tegral, we assume an isotropic distribution of v. Given
that this distribution peaks sharply at the characteristic
velocity of cold DM in our galaxy, namely v

0

⇠ 10�3 in
natural units, we obtain
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where �t = tp,n � tq,m, �L ⌘ Lp � Lq, ypq = �x/lc

(�x = |xp � xq|), yep(q) = Lp(q)/lc. lc ⌘ 1/(mav0) de-
notes the de Broglie coherence length for ALDM. For
pulsar-related terms, the distance dependence in cosines
is related to the light travel time between two objects.
The sinc function (sin y/y) results from an average over
di↵erent directions and measures the strength of spatial
correlations. The spatial correlation degrades when the
pulsar-pulsar and Earth-pulsar distances are far beyond
the coherence length or y � 1.
It is instructive to compare the ALDM-induced signal

in Eq. (6) with the response of PTAs to GWs. Isotropic
SGWBs are characterized by the quadrupolar spatial cor-
relations among pulsars following the Hellings and Downs
curve [24]. As a comparison, the Earth-Earth (⇢e) term
in Eq. (6) features monopolar correlations, and cannot be
distinguished from correlated noise universal for pulsars.
It is the pulsar-related terms playing a more decisive role
for characterizing ALDM. Because of the de Broglie co-
herence length lc dependence in the sinc functions, spa-
tial correlations degrade more slowly with distance than
that for SGWBs. Thus, with the nontrivial field den-
sity dependence following the DM halo profile [15], the
ALDM-induced signal can be distinguished from the PA
Faraday rotation by its characteristic pulsar location de-
pendence, say the signal would be greatly enhanced for
pulsars near the galactic center. This is similar to the
PTA detection of ALDM-induced periodic oscillations in
gravitational potentials [2]. Therefore, detection of ul-
tralight DM provides motivations for PPAs and PTAs
to incorporate pulsars more broadly distributed in our
galaxy, in particular those near the galactic center.
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where F

µ⌫ , F̃µ⌫ are electromagnetic field strength and
its Hodge dual, and g is topological Chern-Simon cou-
pling. While photons propagate in the ALDM field, this
topological interaction corrects the dispersion relations of
their positive and negative circular polarization modes in
a parity-violating manner, yielding
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If these photons are linearly polarized, Eq. (2) implies a
non-trivial rotation �✓ to their polarization angle (PA),
inducing the well-known e↵ect of cosmological birefrin-
gence [18–20]. In the non-relativistic limit, the ALDM
field is approximately given by [21]
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and phase �
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Rayleigh and uniform distributions, respectively; ⇢(x)
denotes the ALDM density profile; and f

x

(v) is the ve-
locity distribution at x.

The PA rotation induced by ALDM can be probed by
linearly polarized pulsar light [15, 16]. For detecting the
pulsar signals, we consider average pulse profiles to over-
come jitter noise due to the stochastic variation of indi-
vidual ones [22, 23]. With a segment of observation over
the timespan Tp, the data for the p-th MSP of the PPA
consists of a time series of points �✓p,n ⌘ �✓p(tn) for
n = 1, . . . , Np, with each point being defined by one av-
erage profile over the folding time ⌧

fold

. To maintain the
oscillation pattern of signals, we should keepma ⌧fold . 1.
Then for the data point at tn, the PA rotation is
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where ⇢i ⌘ ⇢(xi), fi(v) ⌘ f

xi
(v), with i = p, e, and

we take xe = 0, with Lp = |xp| the distance from the
pulsar to the Earth. Already for one pulsar, the ALDM-
induced signal di↵ers from PA Faraday rotation in three
aspects. First, the former has no radio frequency depen-
dence, while the latter increases with the wavelength.
Second, the former relies only on the field profiles at two
endpoints of photon traveling due to the topological na-
ture of the parity-violating Chern-Simon coupling. As a
result, Eq. (4) is characterized by “pulsar” and “Earth”
terms as in the case of pulsar timing. Finally, the former
features quasi-monochromatic oscillation around the fre-
quency ma, while no characteristic time dependence is
expected for the latter.

For PPAs consisting of N � 1 pulsars, we can con-
struct a signal vector

s ⌘ (�✓

1,1, ...,�✓

1,N1 , ...,�✓N ,1, ...,�✓N ,NN )T , (5)

for �✓p,n in Eq. (4), with p = 1, ...,N and n = 1, ..., Np.
Integrating out the random amplitude ↵

v

and phase �

v

,
the vector s is found to follow a multivariable Gaussian
distribution with zero mean [21], and the statistical prop-
erties are determined by the covariance matrix ⌃

(s), with

⌃(s)
p,n;q,m = h�✓p,n�✓q,mi. To simplify the phase space in-

tegral, we assume an isotropic distribution of v. Given
that this distribution peaks sharply at the characteristic
velocity of cold DM in our galaxy, namely v

0

⇠ 10�3 in
natural units, we obtain
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where �t = tp,n � tq,m, �L ⌘ Lp � Lq, ypq = �x/lc

(�x = |xp � xq|), yep(q) = Lp(q)/lc. lc ⌘ 1/(mav0) de-
notes the de Broglie coherence length for ALDM. For
pulsar-related terms, the distance dependence in cosines
is related to the light travel time between two objects.
The sinc function (sin y/y) results from an average over
di↵erent directions and measures the strength of spatial
correlations. The spatial correlation degrades when the
pulsar-pulsar and Earth-pulsar distances are far beyond
the coherence length or y � 1.
It is instructive to compare the ALDM-induced signal

in Eq. (6) with the response of PTAs to GWs. Isotropic
SGWBs are characterized by the quadrupolar spatial cor-
relations among pulsars following the Hellings and Downs
curve [24]. As a comparison, the Earth-Earth (⇢e) term
in Eq. (6) features monopolar correlations, and cannot be
distinguished from correlated noise universal for pulsars.
It is the pulsar-related terms playing a more decisive role
for characterizing ALDM. Because of the de Broglie co-
herence length lc dependence in the sinc functions, spa-
tial correlations degrade more slowly with distance than
that for SGWBs. Thus, with the nontrivial field den-
sity dependence following the DM halo profile [15], the
ALDM-induced signal can be distinguished from the PA
Faraday rotation by its characteristic pulsar location de-
pendence, say the signal would be greatly enhanced for
pulsars near the galactic center. This is similar to the
PTA detection of ALDM-induced periodic oscillations in
gravitational potentials [2]. Therefore, detection of ul-
tralight DM provides motivations for PPAs and PTAs
to incorporate pulsars more broadly distributed in our
galaxy, in particular those near the galactic center.
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• Construct a signal vector s from the time series of PA rotation for each pulsar in PPA  

• Signal s follows a multivariable Gaussian distribution with zero mean and the covariance matrix
ypq = �x/lc

lc = 1/(mav0)

(coherence length)
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interaction corrects the dispersion relations of their posi-
tive and negative circular polarization modes in a parity-
violating manner, yielding
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If these photons are linearly polarized, Eq. (2) implies a
non-trivial rotation of their PA, inducing the well-known
e↵ect of cosmological birefringence [17–19].

Pulsar lights with strong linear polarizations provide a
perfect target to look for such corrections [24, 25]. Be-
cause of jitter noise induced by the stochastic variation
of individual pulses [28, 29], we consider average pulse
profiles to extract the ALDM-induced signal. With a
segment of observation over the timespan Tp, the data
for the p-th MSP consists of a time series of points
�✓p,n ⌘ �✓p(tn) for n = 1, . . . , Np, with each point being
defined by one average profile over the folding time ⌧

fold

.
As the ALDM field is highly non-relativistic, its oscillat-
ing frequency !a is approximately ma in natural units.
To maintain the oscillation pattern, we keep ma ⌧fold . 1,
and the PA rotation for the data point at tn is
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Here C is the light travel path, n

µ is its null tangent
vector. ⇢i and fi(v) denote the ALDM density profile
and velocity distribution at Earth (i = e) and pulsar
(i = p). The random amplitude ↵v and phase �v follow
the Rayleigh and uniform distributions, respectively. For
the phase, we take xe = 0, and Lp = |xp| is the distance
from the pulsar to the Earth.

Already for one pulsar, the ALDM-induced signal dif-
fers from Faraday rotation in three aspects. Firstly, the
former features quasi-monochromatic oscillation around
the frequency ma, while no characteristic time depen-
dence is expected for the latter. Secondly, the former has
no radio frequency dependence, while the latter increases
with the wavelength. Finally, the former relies only on
the field profiles at two endpoints of photon traveling due
to the topological nature of the parity-violating Chern-
Simons coupling. As a result, Eq. (3) is characterized by
a “pulsar” term and an “Earth” term.

For PPAs consisting of N � 1 pulsars, we can con-
struct a signal vector

s ⌘ (�✓

1,1, ...,�✓

1,N1 , ...,�✓N ,1, ...,�✓N ,NN )T , (4)

for �✓p,n in Eq. (3), with p = 1, ...,N and n = 1, ..., Np.
Integrating out the random amplitude ↵v and phase �v,
the vector s is found to follow a multivariable Gaussian
distribution with zero mean, as in the case of Ref. [30].

The statistical properties are then determined by the co-

variance matrix ⌃

(s), with ⌃(s)
p,n;q,m = h�✓p,n�✓q,mi. To

simplify the phase space integral, we assume an isotropic
distribution of v. Given that this distribution peaks
sharply at the characteristic velocity of cold DM in our
galaxy, namely v

0

⇠ 10�3 in natural units, we obtain

⌃(s)
p,n;q,m ⇡ g

2

m

2
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where �t = tp,n� tq,m, �L ⌘ Lp�Lq, yij = |xi�xj |/lc.
lc ⌘ 1/(mav0) denotes the de Broglie coherence length
for ALDM. For pulsar-related terms, the sinc function
(sin yij/yij) results from an average over di↵erent direc-
tions and measures the strength of spatial correlations.
The spatial correlation degrades when the pulsar-pulsar
and Earth-pulsar distances are far beyond the coherence
length or yij � 1. The distance dependence in cosines is
related to the light travel time between two objects.
It is instructive to compare the ALDM-induced sig-

nal in Eq. (5) with the response of PTAs to GWs. The
time di↵erence measured by PTAs can also be put as
the Earth and pulsar terms. For isotropic SGWBs, the
pulsar-related terms are suppressed in the large-antenna
limit, i.e. !Lp � 1, due to degrading spatial correlation,
and the sensitivity is dominated by the Earth-Earth term
that features the quadrupolar spatial correlations among
pulsars [31]. As a comparison, the Earth-Earth (⇢e) term
in Eq. (5) features monopolar correlations, and cannot be
distinguished from correlated noise universal for pulsars.
Instead, the pulsar-related terms play a more decisive
role for characterizing ALDM. Because of the lc depen-
dence of the sinc functions, spatial correlations degrade
more slowly with distance than those do for SGWBs. The
ALDM signal then can be greatly enhanced for pulsars
near the galactic center, where the DM halo is denser,
similar to PTA detection of the ALDM-induced periodic
oscillations in gravitational potentials [4]. This strongly
motivates the incorporation of pulsars more broadly dis-
tributed in our galaxy for both PPAs and PTAs, in par-
ticular the ones near the galactic center, in contrast to
GW detection.

PULSAR CORRELATIONS

To see how pulsar auto- and cross-correlations improve
the ALDM detectability, let us consider a simple case
where the background is dominated by white noises n.
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Comparison SGWB ALDM (PTAs and PPAs)

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



Both auto-correlation of individual pulsars and cross-correlation among different pulsars contribute. 
Cross-correlation highly valuable to distinguish spatial correlated and uncorrelated contributions 

Considering background n dominated by white noise, data d = s + n follows a multivariate 
Gaussian distribution with zero mean and covariance matrix                              
• Likelihood function: 
• Exclusion TS on the coupling g:

Pulsar correlations
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The hypothesized data d = s + n then follows a multi-
variate Gaussian distribution with zero mean and a co-
variance matrix ⌃ = ⌃

(s) + ⌃

(n), where the noise con-

tribution is ⌃(n)
p,n;q,m = �p �p,q �n,m, with �p denoting the

variance of noise. The likelihood function for the data d

given the ALDM signal model is

L(✓|d) = 1
p

det[2⇡⌃]
exp



�1

2
d

T ·⌃�1 · d
�

, (6)

where ✓ ⌘ {g,ma,✓
in} is a vector of model parameters.

✓in = (✓in
1

, ..., ✓

in

N ) denote intrinsic PAs of pulsars. Their
values are usually unknown, so we will marginalize them
by taking L(g,ma|d) =

R L(✓|d)⇡(✓in) d✓in, with a flat
prior ⇡(✓in). Then given a mass ma, the exclusion limit
for the coupling g is set by a test statistics [30]

q(g,ma) ⌘ 2[lnL(ĝ,ma|d)� lnL(g,ma|d)] , (7)

where ĝ maximizes L(g,ma|d). With q(g,ma) = 0 for
g < ĝ, the upper limit at 95% C.L. g

95%

is given by
q(g

95%

,ma) = 2.71.
The projected sensitivities are estimated using Asimov

form of the test statistics, by averaging over di↵erent
noise realizations. Expanding the test statistics to the
second order of ⌃(s) in the small-signal limit, we then
obtain [32]
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2

X

p,q

1

�p�q
Tr
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(s)
pq ⌃

(s)
qp
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where with a null-signal assumption we have ĝ = 0. The
projected 95% C.L. upper limit of g is set by hqi = 2.71.

Note that the test statistics considered above re-
ceives contributions from both auto-correlation of in-
dividual pulsars (⌃(s)

pp ) and cross-correlation of di↵er-

ent pulsars (⌃(s)
pq with p 6= q). The auto-correlation

is significant when the noise variances are known well
enough [33]. However, if backgrounds of unknown origins
exist and share similar signatures of the signal, the cross-
correlations become highly valuable. They can distin-
guish a signal with long-range spatial correlations, such
as the one caused by ALDM, from the noises either non-
correlated or correlated in di↵erent patterns. As a con-
crete example, let us consider the sinusoidal trends of
pulsar PA rotation with a period of one to two years re-
ported by NANOGrav [16]. As shown in Fig. 1, the auto-
correlation of the data for two MSPs indicates anomalous
peaks around the same period, which may be explained
by ALDM physics with ma ⇡ 7⇥10�23 eV. But, by eval-
uating their cross-correlation, we see null excess at this
ma. So the NANOGrav observations are unlikely to be
related to ALDM. This demonstrates the essential role
played by cross-correlations.

For the sake of completeness, we consider both auto-
and cross-correlations of pulsars in the remainder of the
paper, but in a comparative manner. Below let us get a

FIG. 1: g95% obtained from the NANOGrav data of J1918-
0642 (820MHz) and J1909-3744 (820MHz) [16]. The blue and
green lines are derived from pulsar auto-correlations, while the
red line is based on their cross-correlation.

picture on their roles in determining the PPA sensitivities
through their contributions to Tr(⌃(s)

⌃

(s)) in Eq. (8).

For the auto-correlation of a pulsar p, the matrix ⌃

(s)
pp

can be decomposed as: ⌃

(s)
pp ⇡ App⌃̂

(s)
pp . The matrix

⌃̂(s)
p,n;p,m = cos[ma(tp,n � tp,m)] encodes temporal cor-

relations of data points, yielding Tr(⌃̂(s)
pp ⌃̂

(s)
pp ) / N

2

p

for the number of data points Np su�ciently large.

Complementary to ⌃̂

(s)
pp , App = (g2/m2

a)[⇢e + ⇢p �
2
p
⇢e⇢p cos(maLp) sin yep/yep] contains the messages on

physical properties of axion, its halo profile and spatial
distribution of pulsars. Relying on the pulsar location,
the ⇢p term could be either dominant over or compara-
ble to the ⇢e term in terms of their contributions to the
trace. The last term of App reflects the Earth-pulsar cor-
relation, and is subject to a suppression when Lp � lc.
Approximately we have
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Notably, the enhancement factor from temporal correla-
tions, namely N

2

p , is not very sensitive to the distribution
of sampled points and hence the data-taking strategy.
For cross-correlation of two pulsars p and q, the matrix

⌃

(s)
pq can be decomposed in a similar way, where the tem-

poral correlations are encoded in two matrixes ⌃̂(s)
p,n;q,m =

cos[ma(tp,n � tq,m)] and ⌃̂0(s)
p,n;q,m = sin[ma(tp,n � tq,m)].

Approximately, we have
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As in the case of auto-correlations, an enhancement fac-
tor (⇠ NpNq) appears due to temporal correlations re-

L(✓|d) = det[2⇡⌃]

�1/2
exp

⇥
� 1

2d
T ·⌃�1 · d

⇤

(    maximizes likelihood)ĝ

⌃ = ⌃(s) +B

Detected oscillating PA rotation with period ~1yr
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where the background is dominated by white noises n.
The hypothesized data d = s + n then follows a multi-
variate Gaussian distribution with zero mean and a co-
variance matrix ⌃ = ⌃

(s) + ⌃

(n), where the noise con-

tribution is ⌃(n)
p,n;q,m = �p �p,q �n,m, with �p denoting the

variance of noise. The likelihood function for the stochas-
tic ALDM signal model is

L(✓|d) = 1
p

det[2⇡⌃]
exp


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2
d

T ·⌃�1 · d
�

, (6)

where d denotes the measured PA with the initial PA
contribution subtracted and ✓ ⌘ {g,ma} are the model
parameters (more details provided in the supplementary
material). Then given a mass ma, the exclusion limit for
the coupling g is set by a test statistics [30]
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where ĝ maximizes L(g,ma|d). With q(g,ma) = 0 for
g < ĝ, the upper limit at 95% C.L. g

95%

is given by
q(g
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,ma) = 2.71.
The projected sensitivities are estimated using Asimov

form of the test statistics, by averaging di↵erent noise
realizations. Expanding the test statistics to the second
order of ⌃(s) in the small-signal limit, we obtain [32]
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where with a null-signal assumption we have ĝ = 0. The
projected 95% C.L. upper limit of g is set by hqi = 2.71.

Note that the test statistics considered above receives
contributions from both auto-correlation of individual
pulsars (⌃(s)

pp ) and cross-correlation of di↵erent pulsars

(⌃(s)
pq with p 6= q). The auto-correlation is significant

when the noise variances are known well enough [33],
while the cross-correlation can distinguish a signal with
long-range spatial correlations, such as the one caused
by ALDM, from the noises either non-correlated or corre-
lated in di↵erent patterns. Especially, if the backgrounds
of unknown origins exist and share similar signatures of
auto-correlation of the signal, the cross-correlation may
become highly valuable. As a concrete example, let us
consider the sinusoidal trends of pulsar PA rotation with
a period of one to two years reported by NANOGrav [16].
As shown in Fig. 1, the auto-correlation of the data for
two individual MSPs both indicates an anomalous peak
in the khaki region, which may be explained by ALDM
physics with ma ⇡ 7⇥10�23 eV. But, by evaluating their
cross-correlation, we see null excess at this ma. So the
NANOGrav observations are very unlikely to be related
to ALDM. This demonstrates the essential role played by
the cross-correlation.

For the sake of completeness, we consider both auto-
and cross-correlations of pulsars in the remainder of the
paper, but in a comparative manner. Below let us get a

FIG. 1: g95% obtained from the NANOGrav data of J1918-
0642 (820MHz) and J1909-3744 (820MHz) [16]. The blue and
green lines are derived from pulsar auto-correlations, while the
red line is based on their cross-correlation.

picture on their roles in determining the PPA sensitivities
through their contributions to Tr(⌃(s)

⌃

(s)) in Eq. (8).
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the ⇢p term could be either dominant over or compara-
ble to the ⇢e term in terms of their contributions to the
trace. The last term of App reflects the Earth-pulsar cor-
relation, and is subject to a suppression when Lp � lc.
Approximately we have
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Notably, the enhancement factor from temporal correla-
tions, namely N

2

p , is not very sensitive to the distribution
of sampled points and hence the data-taking strategy.
For the cross-correlation of two pulsars p and q,

the matrix ⌃

(s)
pq can be decomposed in a similar way,

where the temporal correlations are encoded in two ma-

trixes: ⌃̂(s)
p,n;q,m = cos[ma(tp,n � tq,m)] and ⌃̂0(s)

p,n;q,m =
sin[ma(tp,n � tq,m)]. Approximately, we have

Tr
⇣

⌃

(s)
pq ⌃

(s)
pq

⌘

⇠ g4

m4
a
NpNq

h

⇢

2

e + ⇢p⇢q
sin

2 ypq

y2
pq

+2⇢e
p
⇢p⇢q cos(ma�L) sin ypq

ypq
+ f(yep, yeq)

i

. (10)

As in the case of auto-correlations, an enhancement fac-
tor (⇠ NpNq) appears due to temporal correlations re-
gardless of the distribution of sampled points. For spatial

auto-corr v.s. cross-corr
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PULSAR CORRELATIONS

To see how pulsar auto- and cross-correlations improve
the ALDM detectability, let us consider a simple case
where the background is dominated by white noises n.
The hypothesized data d = s + n then follows a multi-
variate Gaussian distribution with zero mean and a co-
variance matrix ⌃ = ⌃

(s) + ⌃

(n), where the noise con-

tribution is ⌃(n)
p,n;q,m = �p �p,q �n,m, with �p denoting the

variance of noise for a given pulsar. The likelihood func-
tion for the data d given the ALDM signal model is

L(✓|d) = 1
p

det[2⇡⌃]
exp


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, (7)

where ✓ ⌘ {g,ma,✓
in} is a vector of model parameters.

✓in = (✓in
1

, ..., ✓

in

N ) denote intrinsic PAs of pulsars. Their
values are usually unknown, so we will marginalize them
by taking L(g,ma|d) =

R L(✓|d)⇡(✓in) d✓in, with a flat
p.d.f. ⇡(✓in). Then given a mass ma, the exclusion limit
for the coupling g is set by a test statistics [21]

q(g,ma) ⌘ 2[lnL(ĝ,ma|d)� lnL(g,ma|d)] , (8)

where ĝ maximizes L(g,ma|d). With q(g,ma) = 0 for
g < ĝ, the upper limit at 95% C.L. g

95%

is given by
q(g

95%

,ma) = 2.71.
The projected sensitivities are estimated using Asimov

form of the test statistics, by averaging over di↵erent
noise realizations. Expanding the test statistics to the
second order of ⌃(s) in the small-signal limit, we then
obtain [25]
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where with a null-signal assumption we have ĝ = 0. The
projected 95% C.L. upper limit of g is set by hqi = 2.71.

Note that the test statistics considered above receives
contributions from both auto-correlation of individual
pulsars (⌃(s)

pp ) and cross-correlation of di↵erent pulsars

(⌃(s)
pq with p 6= q). The auto-correlation is useful in iden-

tifying the signal only if backgrounds of unknown origins
do not share similar oscillating signatures. However, if
such backgrounds exist, cross-correlations become highly
valuable for distinguishing a signal with long-range spa-
tial correlations, such as the one caused by ALDM, from
the noises either non-correlated or correlated in di↵er-
ent patterns. As an explicit example, let us consider
the sinusoidal trends of pulsar PA rotation with a pe-
riod of one to two years reported by NANOGrav [13].
As shown in Fig. 1, the auto-correlation of the data for
PSRs J1918-0642 and J1909-3744 indicates anomalous
peaks around the same period, which may be explained
by ALDM physics with ma ⇡ 7⇥10�23 eV. But, by eval-
uating the cross-correlation of these two MSPs, we see

null excess at this ma. So the NANOGrav observations
are unlikely to be related to ALDM. This demonstrates
the essential role played by cross-correlations.

FIG. 1: g95% obtained from the NANOGrav data of J1918-
0642 (820MHz) and J1909-3744 (820MHz) [13]. The blue and
green lines are derived from pulsar auto-correlations, while the
red line is based on their cross-correlation.

For the sake of completeness, we consider both auto-
and cross-correlations of pulsars in the remainder of the
paper, but in a comparative manner. Below let us get a
picture on their roles in determining the PPA sensitivities
through their contributions to Tr(⌃(s)

⌃

(s)) in Eq. (9).

For the auto-correlation of a pulsar p, the matrix ⌃

(s)
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can be decomposed as

⌃

(s)
pp ⇡ App⌃̂

(s)
pp . (10)

Here the matrix ⌃̂(s)
p,n;p,m = cos[ma(tp,n � tp,m)] en-

codes temporal correlations of data points, yielding
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(s)
pp , App =

(g2/m2

a)[⇢e+⇢p�2
p
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the messages on physical properties of axion, its halo
profile and spatial distribution of pulsars. Relying on
the pulsar location, the pulsar-pulsar (⇢p) term could be
either dominant over or comparable to the Earth-Earth
(⇢e) term in terms of their contributions to the trace. The
last term of App reflects the Earth-pulsar correlation, and
is subject to a suppression when Lp � lc. Approximately
we have
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Notably, the enhancement factor from temporal correla-
tions, namely N

2

p , is not very sensitive to the distribution
of sampled points and hence the data-taking strategy.
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where ✓ ⌘ {g,ma,✓
in} is a vector of model parameters.

✓in = (✓in
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, ..., ✓

in

N ) denote intrinsic PAs of pulsars. Their
values are usually unknown, so we will marginalize them
by taking L(g,ma|d) =

R L(✓|d)⇡(✓in) d✓in, with a flat
p.d.f. ⇡(✓in). Then given a mass ma, the exclusion limit
for the coupling g is set by a test statistics [21]

q(g,ma) ⌘ 2[lnL(ĝ,ma|d)� lnL(g,ma|d)] , (8)

where ĝ maximizes L(g,ma|d). With q(g,ma) = 0 for
g < ĝ, the upper limit at 95% C.L. g
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is given by
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,ma) = 2.71.
The projected sensitivities are estimated using Asimov

form of the test statistics, by averaging over di↵erent
noise realizations. Expanding the test statistics to the
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where with a null-signal assumption we have ĝ = 0. The
projected 95% C.L. upper limit of g is set by hqi = 2.71.

Note that the test statistics considered above receives
contributions from both auto-correlation of individual
pulsars (⌃(s)

pp ) and cross-correlation of di↵erent pulsars

(⌃(s)
pq with p 6= q). The auto-correlation is useful in iden-

tifying the signal only if backgrounds of unknown origins
do not share similar oscillating signatures. However, if
such backgrounds exist, cross-correlations become highly
valuable for distinguishing a signal with long-range spa-
tial correlations, such as the one caused by ALDM, from
the noises either non-correlated or correlated in di↵er-
ent patterns. As an explicit example, let us consider
the sinusoidal trends of pulsar PA rotation with a pe-
riod of one to two years reported by NANOGrav [13].
As shown in Fig. 1, the auto-correlation of the data for
PSRs J1918-0642 and J1909-3744 indicates anomalous
peaks around the same period, which may be explained
by ALDM physics with ma ⇡ 7⇥10�23 eV. But, by eval-
uating the cross-correlation of these two MSPs, we see

null excess at this ma. So the NANOGrav observations
are unlikely to be related to ALDM. This demonstrates
the essential role played by cross-correlations.

FIG. 1: g95% obtained from the NANOGrav data of J1918-
0642 (820MHz) and J1909-3744 (820MHz) [13]. The blue and
green lines are derived from pulsar auto-correlations, while the
red line is based on their cross-correlation.

For the sake of completeness, we consider both auto-
and cross-correlations of pulsars in the remainder of the
paper, but in a comparative manner. Below let us get a
picture on their roles in determining the PPA sensitivities
through their contributions to Tr(⌃(s)
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profile and spatial distribution of pulsars. Relying on
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either dominant over or comparable to the Earth-Earth
(⇢e) term in terms of their contributions to the trace. The
last term of App reflects the Earth-pulsar correlation, and
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Notably, the enhancement factor from temporal correla-
tions, namely N

2

p , is not very sensitive to the distribution
of sampled points and hence the data-taking strategy.
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To see how pulsar auto- and cross-correlations improve
the ALDM detectability, let us consider a simple case
where the background is dominated by white noises n.
The hypothesized data d = s + n then follows a multi-
variate Gaussian distribution with zero mean and a co-
variance matrix ⌃ = ⌃

(s) + ⌃

(n), where the noise con-

tribution is ⌃(n)
p,n;q,m = �p �p,q �n,m, with �p denoting the

variance of noise for a given pulsar. The likelihood func-
tion for the data d given the ALDM signal model is

L(✓|d) = 1
p

det[2⇡⌃]
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where ✓ ⌘ {g,ma,✓
in} is a vector of model parameters.

✓in = (✓in
1

, ..., ✓

in

N ) denote intrinsic PAs of pulsars. Their
values are usually unknown, so we will marginalize them
by taking L(g,ma|d) =

R L(✓|d)⇡(✓in) d✓in, with a flat
p.d.f. ⇡(✓in). Then given a mass ma, the exclusion limit
for the coupling g is set by a test statistics [28]

q(g,ma) ⌘ 2[lnL(ĝ,ma|d)� lnL(g,ma|d)] , (8)

where ĝ maximizes L(g,ma|d). With q(g,ma) = 0 for
g < ĝ, the upper limit at 95% C.L. g

95%

is given by
q(g

95%

,ma) = 2.71.
The projected sensitivities are estimated using Asimov

form of the test statistics, by averaging over di↵erent
noise realizations. Expanding the test statistics to the
second order of ⌃(s) in the small-signal limit, we then
obtain [32]
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where with a null-signal assumption we have ĝ = 0. The
projected 95% C.L. upper limit of g is set by hqi = 2.71.

Note that the test statistics considered above re-
ceives contributions from both auto-correlation of in-
dividual pulsars (⌃(s)

pp ) and cross-correlation of di↵er-

ent pulsars (⌃(s)
pq with p 6= q). The auto-correlation

is significant when the noise variances are known well
enough [33]. However, if backgrounds of unknown ori-
gins exist and share similar signatures of the signal, the
cross-correlations become highly valuable. They can dis-
tinguish a signal with long-range spatial correlations,
such as the one caused by ALDM, from the noises ei-
ther non-correlated or correlated in di↵erent patterns.
As a concrete example, let us consider the sinusoidal
trends of pulsar PA rotation with a period of one to two
years reported by NANOGrav [16]. As shown in Fig. 1,
the auto-correlation of the data for PSRs J1918-0642
and J1909-3744 indicates anomalous peaks around the
same period, which may be explained by ALDM physics
with ma ⇡ 7 ⇥ 10�23 eV. But, by evaluating the cross-
correlation of these two MSPs, we see null excess at this

ma. So the NANOGrav observations are unlikely to be
related to ALDM. This demonstrates the essential role
played by cross-correlations.

FIG. 1: g95% obtained from the NANOGrav data of J1918-
0642 (820MHz) and J1909-3744 (820MHz) [16]. The blue and
green lines are derived from pulsar auto-correlations, while the
red line is based on their cross-correlation.

For the sake of completeness, we consider both auto-
and cross-correlations of pulsars in the remainder of the
paper, but in a comparative manner. Below let us get a
picture on their roles in determining the PPA sensitivities
through their contributions to Tr(⌃(s)

⌃

(s)) in Eq. (9).
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Notably, the enhancement factor from temporal correla-
tions, namely N

2

p , is not very sensitive to the distribution
of sampled points and hence the data-taking strategy.
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file and spatial distribution of pulsars. Relying on the
pulsar location, the ⇢p term could be either dominant
over or comparable to the ⇢e term in terms of their con-
tributions to the trace. The last term of App reflects the
Earth-pulsar correlation, and is subject to a suppression
when Lp � lc. Approximately we have

Tr
⇣

⌃

(s)
pp ⌃

(s)
pp

⌘

(11)

⇠ g

4

m

4
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N

2

p

h

⇢e + ⇢p � 2
p
⇢e⇢p cos(maLp)

sin yep
yep

i

2

.

Notably, the enhancement factor from temporal correla-
tions, namely N

2

p , is not very sensitive to the distribution
of sampled points and hence the data-taking strategy.
For cross-correlation of two pulsars p and q, the matrix

⌃

(s)
pq can be decomposed as

⌃

(s)
pq ⇡ Apq ⌃̂

(s)
pq +A

0
pq ⌃̂

0(s)
pq . (12)

yep = Lp/lc
# of data points 
for p-th pulsar

Cross-correlation 
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p,n;q,m =

cos[ma(tp,n � tq,m)] and ⌃̂0(s)
p,n;q,m = sin[ma(tp,n � tq,m)],

while the spatial correlations are manifested by their co-
e�cients. Approximately, we have

Tr
⇣

⌃

(s)
pq ⌃

(s)
pq

⌘

⇠ g4

m4
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NpNq

h

⇢

2

e + ⇢p⇢q
sin

2 ypq

y2
pq

+2⇢e
p
⇢p⇢q cos(ma�L) sin ypq

ypq
+ f(yep, yeq)

i

. (13)

As in the case of auto-correlations, an enhancement fac-
tor (⇠ NpNq) appears due to temporal correlations re-
gardless of the distribution of sampled points. For spatial
correlation, the universal cross-correlation of the Earth
terms (⇠ ⇢

2

e) always contributes. But, the most interest-
ing contribution is from the ⇢p⇢q term which exclusively
encodes the cross-correlation of physics around two pul-
sars, e.g. ⇢p and ⇢q, and hence distinguishes itself from
others by nature. As one of the core observables of PPAs,
this term can greatly enhance the detection e�ciency es-
pecially for pulsars around the galactic center and with
the separation not considerably bigger than the axion
coherence length, namely �x/lc <

p
⇢p⇢q/⇢e.

As it happens to the GW detections with PTAs, the
uncertainty of pulsar distance may significantly impact
the sensitivity of PPAs. In the former case, this un-
certainty makes the phase of pulsar-related terms un-
predictable, and the current sensitivities are dominated
by the Earth term [26, 27]. For PPAs, this uncertainty
can easily cause a rapid oscillation of the Earth-pulsar
terms in Eqs. (11) and (13) and hence eliminates their
contributions. However, there is no such oscillation for
the ⇢p⇢q term in Eq. (13), for which the distance uncer-
tainty enters only through the sinc function. Below we
will marginalize the distance uncertainty for evaluating
hqi. Currently, the pulsar distance is inferred mostly from
the observed dispersion measure, where the uncertainty
may reach a level ⇠ 100%. Model-independent measure-
ments (e.g. VLBI astrometry) can push the distance er-
ror down to ⇠ 20%, but only for dozens of MSPs [28].
The situation may be greatly improved in the upcoming
FAST/SKA era [29]. Even for MSPs around the galac-
tic center, a precision ⇠ 20% may be achieved by using
timing parallax methods [30].

PROJECTED SENSITIVITIES OF PPAS

Below we will demonstrate the projected sensitivity
of PPAs to detect ultralight ALDM. As counterparts of
PTAs at di↵erent stages, three PPA scenarios will be
considered, including

• Near PPA (NPPA): 100 MSPs distributed around
the Earth, which we take as the observed MSPs in
the ATNF Pulsar Catalogue [31] with 0.50 kpc 
Lp  1.52 kpc. Each pulsar has Np = 100 data
points with a constant time separation over Tp =
10 years. The noise variance is assumed to be
�p = (1 degree)2, typical for the current PA mea-
surements from PTAs [12].

• Far PPA (FPPA): 100 MSPs randomly but uni-
formly distributed within a (1.0 kpc)3 cube around
galactic center, i.e, the bulge area. Np, Tp and �p

for each pulsar are assumed the same as above.

• Optimal PPA (OPPA): 1000 MSPs randomly but
uniformly distributed within a (2.2 kpc)3 cube (to
ensure the same pulsar density as that of FPPA)
around galactic center. Each pulsar has Np = 260
(⇡ 10 ⇥ 365days/14days) data points. Tp and �p

are assumed the same as above.

Note that these scenarios may not be fully realistic, but
their performances can serve as inputs for optimizing
later PTA+PPA operations.
Another input is the galactic density profile of ultra-

light ALDM. It is known that ALDM can form a cored
soliton-like structure in its halo due to quantum pres-
sure, at a distance from the center r . lc [32]. But, a
full simulation for the overall profile of halo with various
ma values and relic-abundance shares in DM remains ab-
sent in literatures. So we simply model this halo with a
soliton+NFW profile [33] in the analysis, namely

⇢(r) = ⇥
(

0.019( ma

ma,0
)�2( lc

1kpc

)�4

M�pc�3

, for r < lc.

⇢0

r/RH(1+r/RH)

2 , for r > lc .

(14)
Here ma,0 = 10�22eV is a reference ma value that the
core profile is mostly reliable. ⇢

0

⇡ 0.014M�pc�3 and
RH = 16.1kpc are NFW parameters normalized with the
local DM density near the Earth [34].  = ⌦a/⌦DM

represents the relic abundance of ALDM, which is con-
siderably constrained by the CMB anisotropies for ma .
10�24 eV [35].
The projected g

95%

limits as a function of ma are dis-
played in Fig. 2. For each of the three PPA scenarios, we
present the constraints from auto- and cross-correlation
separately, in order to highlight their respective roles in
detection.1 For comparison, we also include the limits set
by the CAST [36] and SN1987A measurements [37] that
are insensitive to the ma values, and the CMB limits on

1
Note that we impose constraints on ALDM for a wide range

of ma through its overall contribution. For detection, properly

estimating the oscillation frequency when ma ⌧ 1/Tp or ma �
Np/Tp is non-trivial.

• Earth-terms cross-correlations (1st) universal 
• Pulsar-terms cross-correlations (2nd) dominate 

for pulsars around galactic center

(small signal limit; λ noise variance)

Asimov form of exclusion TS for projection: averaging different data realizations under the 
background only assumption

hqi = Tr
⇥
B(⌃�1 �B�1)

⇤
+ ln det⌃/ ln detB+ ...



✦ Three PPA scenarios (different stage of PTAs)  

✦ Galactic ALDM density profile: soliton formed by 
quantum pressure (r < lc,             ) + NFW (r > lc); 
CMB constraints on relic abundance imposed   

✦ Pulsar distance uncertainty (~20%) marginalized    
in constraints estimate 
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and finally increase. The cross-correlation limits are typ-
ically stronger than the auto-correlation ones, except in
the large ma region for FPPA.

FIG. 2: Projected g95% with NPPA, FPPA and OPPA,
based on auto- and cross-correlations of pulsars. Segments
of the curves are thickened to highlight the region of 1/Tp <
ma < Np/Tp, where ma can be inferred from discrete Fourier
analysis. The blue and orange regions are excluded by the
CAST [44] and SN1987A measurements [45] that are insen-
sitive to the ma values. The green is excluded by the CMB
measurements of isotropic cosmological birefringence [46, 47],
which is significant for ma . 10�27eV where ALPs behave
more like dark energy.

Consider NPPA first for details. For ma & 10�24eV,
NPPA locates in the NFW halo and hence ⇢p ⇠ ⇢e inde-
pendent of ma. The g

95%

value is essentially determined
by the (⇢e + ⇢p)2 terms in Eq. (11) and the Earth (⇢2e)
term in Eq. (13). So we approximately have g

95%

⇠
ma �

1/2
N

�1/2
p ⇢

�1/2
e N�1/4 for auto-correlation and one

enhanced by N�1/4 for cross-correlation. The ALDM
around the Earth can induce similar oscillations in CMB
polarization also. But the constraint is weaker [48]. For
10�26 . ma . 10�24eV, the ALDM soliton encompasses
NPPA, and the ma dependence in g

4

/m

4

a is cancelled by
that in the soliton profile. So g

95%

is approximately flat
except a small decrease at ma ⇠ 10�25eV due to the
CMB constraints on  [43]. As ma falls below 10�26eV,
the Earth-pulsar terms yield a large cancellation. The
g

95%

limits get weakened as / m

�1

a . Compared to NPPA,
FPPA benefits from soliton-enhanced ⇢p. The limit is sig-
nificantly improved forma ⇠ 10�22 eV due to a large con-
trast of DM density ⇢p/⇢e ⇠ 105. Above ma ⇠ 10�21eV,
the cross-correlation limit degrades with decreasing co-
herence length lc and approaches that of NPPA. OPPA
benefits from the increased N and Np. The enhance-
ment from N is most significant for intermediate ma

when most MSPs are spatially well-correlated. Given
g

95%

/ �

1/2, the limits could be one order stronger if
� ⇠ (0.1deg)2 can be reached in the future. Apparently,
the projected PPA limits form a great complementarity
with the existing bounds.

SUMMARY AND OUTLOOK

In this letter we propose the development of PPAs with
the same data acquired for PTAs, and demonstrate their
physical potential using the detection of ultralight ALDM
as an example. Two important directions for future
explorations can be immediately seen. Firstly, we can
cross-correlate PPAs and PTAs to further strengthen the
ALDM detectability, given that the periodic oscillations
in PA rotation have the same origin as the oscillations
in gravitational potentials [3–5]. Secondly, PPAs provide
a new tool for exploring fundamental physics. To fully
resolve the physics targets such as new parity-violating
origins of cosmic birefringence, it is valuable to synergize
PPAs with other experimental/observational tools to im-
prove the capability to distinguish di↵erent scenarios. We
leave these explorations to a later work.
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A. Noise for PA Measurements

The measured PA for pulsar light can be manifested
as [13],

PA = PA
ALDM

+ PA
source

+ PA
FR

+PA
instr

+ PA
noise

+ PA
jitter

. (15)

Here PA
ALDM

represents the signal of ALDM. PA
source

denotes variations due to changes in orientation of the
pulsar or its magnetosphere. PA

FR

quantifies Faraday
rotation in the interstellar medium and Earth’s iono-
sphere. PA

instr

is related to a conversion of absolute PA
on the sky to that measured in the instrumental frame
by referring to a calibrator pulsar (or other bright po-
larized sources). PA

noise

denotes the radiometer noise
that is inversely proportional to the signal-to-noise ratio
(SNR). PA

jitter

is from jitter noise unique to pulsars. It
is related to a stochastic variation of single pulse ampli-
tude and phase due to activities in the magnetosphere
of neutron stars [13, 29, 30], and is independent of the
SNR. The jitter e↵ects can be reduced by considering
average polarization profile, namely the average of a suf-
ficiently large number of pulses. The variance of jitter
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(solar axions)  

(SN axions)  

(isotropic cosmic 
birefringence)  

PPA projected sensitivity to ALDM
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NPPA: 100 MSPs around 1kpc (current PTAs) 
FPPA: 100 MSPs in galactic bulge (FAST/SKA era) 
OPPA: 1000 MSPs following ATNF (FAST/SKA era)

⇢c / m2
a

• Cross-correlation limits are typically stronger than auto-correlation ones 
• As ma decreases, the limit decreases (fuzzy DM), stay flat and increases 
• Projected PPA limits form a great complementarity with the existing bounds   
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Summary and Outlook 
✦ We propose development of PPAs with the same data acquired for PTAs. PPAs can 

be used to detect ultralight ALDM induced cosmic birefringence with special 
temporal and spatial correlations. Projected limits on its Chern-Simons coupling 
form a great complementarity with existing bounds

✦ Real data analysis with PPTA polarization data 

✦ Cross-correlation of oscillating signals induced by ALDM on both PPAs and PTAs

 

✦ More physical targets for PPAs as a new tool for exploring fundamental physics? 

✦ Synergize PPAs with other observations to further distinguish different scenarios? 

Liu, JR, Xu, 2022, ongoing… 

Liu, Luu, JR, Shu, Xue, Zhao 2022, ongoing… 
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Thank You!


