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Pulsation to probe axions from neutron stars (NSs) 
Axions here are 
general axion-like 
particles (ALPs); and 
may or may not be 
dark matter. 

J. Fan, Lingfeng Li (to-be faculty at ICTP-AP), Chen Sun (postdoc at ICTP, to-
be faculty at ICTP-AP), arXiv: 2501.12440 [hep-ph]



Production of axions in a neutron star
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FIG. 1. Feynman diagrams of the vertices in Eq. (1). Upper
panel: axion-nucleon vertex, where N = p, n. Middle panel:
example of axion-pion-nucleon vertex. The vertex with ⇡� is
also possible, but not with ⇡0. Lower panel: axion-nucleon-�
baryon vertex, where N = p, n. The electric charge of the �
baryon is chosen in line with the nucleon one.

i.e. the new physics scale introduced by axions, mN =
938 MeV is the nucleon mass, CaN with N = p, n

are model-dependent O(1) coupling constants, f⇡ =
92.4 MeV is the pion decay constant, Ca⇡N = (Cap �

Can)/
p
2gA [43] is the axion-pion-nucleon coupling

and CaN� = �
p
3/2 (Cap � Can) is the axion-nucleon-�

baryon coupling, with gA ' 1.28 [44] the axial coupling.
For convenience, we define the axion-proton and axion-
neutron coupling as gaN = gaCaN for N = p, n. The
benchmark axion model we use in this work is the Kim-
Shifman-Vainshtein-Zakharov (KSVZ) model [45, 46],
where Cap = �0.47 and Can = 0 [47]. We consider
the KSVZ as a benchmark model because this is one of
the simplest axion models and the couplings with nu-
clear matter are extremely model-independent. Never-
theless, these couplings have an associated uncertainty
related to the determination of isoscalar matrix elements.
The axion-neutron coupling is, within these uncertain-
ties, compatible with zero. Thus, we assume Can = 0.

In Fig. 1 we show the Feynman diagrams of the ver-
tices appearing in Eq. (1). The axion-nucleon vertex in
the upper panel is the simplest interaction giving rise
to axion emission from hot nuclear matter. The four-
particles interaction vertex shown in the middle panel
of Fig. 1 is also known as contact interaction and its
impact on the axion emissivity is significant and it was
discussed in [24, 43]. Recently, [48] showed also the im-
portance of the vertex with the � resonance, bottom
panel of Fig. 1, leading to a sizable increase in the axion
emissivity. Therefore, none of these interactions can be
neglected in an accurate evaluation of the axion emission
from SNe. In this Section, we explain in details all the
ingredients needed to calculate the axion emissivity from
a SN via the processes shown in Fig. 2. The Feynman di-
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FIG. 2. Feynman diagrams of the axion emission processes.
Here, N = p, n and the charges of other particles are cho-
sen to satisfy the electric charge conservation at each vertex.
Upper panel: bremsstrahlung of an axion by the interactions
of two nucleons, whose e↵ective mediator models a realistic
nuclear interaction. Middle panel: pion-axion conversion pro-
cess, where the intermediate virtual state can be either a nu-
cleon or a � baryon. Lower panel: pion-axion conversion
process due to the contact interaction.

agram of the bremsstrahlung process is the one in the up-
per panel, where the interaction between two nucleons is
engineered to reproduce nuclear scattering data [27, 49].
The other two diagrams, in the middle and lower panels,
contribute to the pion-axion conversion. The former fea-
tures an intermediate o↵-shell nucleon state or exciting
a �-resonance, the latter is possible due to the contact
interaction vertex. The interplay between these two pro-
cesses is non-trivial and it was explored in [32, 48].

Regarding pionic processes, we observe that the abun-
dance of positively charged and neutral pions in SNe is
expected to be small compared to negatively charged
ones [40]. Thus, the pion indicated in the diagrams in
Fig. 2 is, for production processes, a negatively charged
pion ⇡

� and these processes read as ⇡
�
p ! an. When

the diagrams in Fig. 2 are read in the opposite way, for
axion absorption, more processes are possible and any
pion can be included in the diagrams (except the neu-
tral pion for the contact interaction term, lower panel)
because the absorption does not depend on pionic abun-
dances. In the following, we present a concise description
of how to calculate axion emissivities in a SN.

Brinkmann, Turner 1988; 
Weber, 1999; … Iwamoto 
2001; ….π
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Axion-photon conversion
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pling. Here we follow the conventional way of parametriz-
ing coupling of an axion, a, to a fermion f with mass mf ,
as L � gaf@

µ
af̄�µ�

5
f/(2mf ), where the coe�cient gaf

is dimensionless. We set the axion coupling to a nucleon
(denoted by a subscript N), either a proton (p) or a neu-
tron (n) to be the same gaN = gap = gan. The axion
production mechanism in the NS core is dominated by
nucleon bremsstrahlung, while the Cooper-pair breaking
may become important for certain temperature ranges.2

Both mechanisms are subject to large systematic uncer-
tainties from high-density nuclear physics and NS inte-
rior conditions. As a leading approximation, the axion
emission from the NS core is spherically symmetric. For
further discussions, see [18].

The produced axion could also couple to the electro-
magnetic field through the operator �(ga�/4)aFµ⌫ F̃

µ⌫ ,
where ga� is the dimensionful coupling with energy di-
mension �1 and F (F̃ ) the (dual) electromagnetic field
strength. This operator leads to aE · B with E(B) be-
ing the electric (magnetic) field. It determines that the
photons converted from axions are always polarized in
the direction of the local background magnetic field. In
other words, X-rays from the conversion are always in the
so-called ordinary mode (O-mode) parallel to the k � B
plane with k the photon wave vector.

The axion-photon conversion probability could be
computed from the leading-order solution to the time-
dependent perturbation theory in quantum mechan-
ics [14]. A benchmark conversion probability as a func-
tion of radial distance r in the unit of r0, the NS radius
is shown in Fig. 1. We define the axion-photon conver-
sion radius, rcon, to be the scale at which the conversion
probability is half of the asymptotic value, which is given
by

rcon

r0
= 85

⇣
!

3 keV

⌘ 1
5

✓
B0

1013 G

◆ 2
5 ⇣ r0

12 km

⌘ 1
5
(sin ✓)

1
5 ,

(II.1)

where ! is the photon energy, r0 ⇡ 12 km the typical
NS radius [19], and ✓ the angle between the direction of
axion(photon) propagation and the local magnetic field.
In the equation above, we only consider the dipole com-
ponent of the magnetic field B(r) = B0(r/r0)�3 with
B0 the field at the surface. From Fig. 1, one could see
that for axions propagating in the NS magnetosphere,
the conversion probability is negligible at small radii as
the large e↵ective photon mass induced by vacuum polar-
ization suppresses the mixing. The conversion happens
dominantly at larger radii. Thus, higher-order moments
of the magnetic field, which vanish faster with the radius,
have negligible e↵ects on the conversion rate.

2
Electromagnetic fields surrounding pulsars may also source ax-

ions when axions are very light with masses below 10
�13

eV [17].

Here we consider heavier axions with masses ⇠ 10
�5

eV.

FIG. 1: Probability of axions converting to photons
(Pa!�) as a function of r/r0. It approaches half of its
asymptotic value at ⇠ 85 r0, distant from the surface,
for the benchmark shown.

Note that rcon is independent of the axion mass ma as
long as ma . (!2

m
2

e/(↵r
3

0
B0 sin ✓))

1
5 [18], with me the

electron mass and ↵ the fine-structure constant. This re-
mains true for most NS’s except when sin ✓ ⌧ 1 near
the magnetic poles. Yet the axion-photon conversion
around the pole is suppressed / | sin ✓|2/5. Moreover,
since the conversion dominantly happens far away from
the NS, predicted properties of converted X-rays are ro-
bust against astrophysical factors e↵ective close to the
NS. These include vacuum resonance in the thin atmo-
sphere, which is only about O(cm) thick [20], and photon
bending due to general relativity. On the other hand,
astrophysical sources of hard X-rays such as local hot
spots [21, 22] are subject to all these e↵ects. As shown
in the NS literature (summarized in [23]), these compli-
cations have competing e↵ects on the polarization and
usually predict a mixture of the O-mode and X-mode
(orthogonal to the k�B plane) with an energy-dependent
polarization fraction, in contrast to the clean polarization
signal in the axion scenario: a dominant O-mode with a
polarization fraction ⇠ 1 at a given phase.

III. PULSES IN INTENSITY AND
POLARIZATION

The axion-converted X-ray photons have specific pulse
structures in both the intensity and polarization, which
are under-explored.
Pulsation The time evolution of the flux, or equiva-
lently, the pulse structure, could provide us important in-
formation about axion conversion. The non-trivial pulse
structure of the converted photons from axions arises
from the misalignment of the pulsar spin axis with the
line of sight (LOS) and the magnetic field’s dipole mo-
ment. Conventionally, the angle between the pulsar spin
axis and the LOS (magnetic dipole moment) is labeled
as � (⇠), as shown in Fig. 2. We also show �, the pul-

Axion-photon conversion: consider only the magnetic dipole

conversion radius 
 (in unit of NS 

radius )
rcon

r0

photon energy 

B field at surface

NS radius

angle between photon propagation 
and local B field.   

: magnetic polar region, 
conversion suppressed;
θ ≪ 1

(Raffelt and Stodolsky, 1988) 



Conversions happen far away 
#om NS !

rcon

Not subject to complications near NS: 
NS atmosphere (cm thick), strong GR 
correction (Schwarzschild radius ~ 
km), high multipoles of B field. 

Astrophysical sources of hard X-rays 
could be subject to all of these, 
leading to energy-dependent mixtures 
of O- and X- modes!  

A large literature on using X-rays from 
neutron stars to probe/constrain 
axions. Morris 1986; Raffelt, Stodolsky 
1988; … Fortin and Sinha 2018; Buschmann 
et.al 2019.



Pulsation in flux
Intensity of the B field along the line 
of sight (LOS) is phase-dependent. 
Converted photon flux from axions, 
, is also phase-dependent.I

3

sar rotation angle. In the maximal conversion case, the

FIG. 2: Schematic of pulsar field configuration and
definition of the �, ⇠ and � angles.

LOS passes through the pulsar’s magnetic equator and
✓ = ⇡/2. Generically, ✓ deviates from ⇡/2, decreas-
ing the converted photon flux. During pulsar’s rotation,
the direction and intensity of the B field along the LOS
is phase-dependent. The converted photon intensity I

along the LOS follows

I = Imax ⇥

✓
1 � cos2 � cos2 ⇠ (III.1)

� sin2 � sin2 ⇠ cos2 �+
1

2
sin 2� sin 2⇠ cos�

◆ 1
5
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where Imax is the maximum intensity. The pulse fraction
(PF), defined as the ratio of the di↵erence between the
maximum and minimum fluxes and the sum of the two,
is given by

PF =

8
<

:

sin
2/5

(⇠+�)�sin
2/5

(|⇠��|)
sin2/5(⇠+�)+sin2/5(|⇠��|) , �+ ⇠  ⇡/2 ,
1�sin

2/5
(⇠��)

1+sin2/5(⇠��)
, �+ ⇠ > ⇡/2 .

(III.2)

Here PF is independent of axion energy as it arises from
magnetic field geometry, which we plot as a function of �
and ⇠ in Fig 3. Interestingly, when �+ ⇠ < ⇡/2, there is
only one minimum in Eq. (III.1) when � goes from 0 to
2⇡, corresponding to the single pulse scenario. There are
two minima when �+ ⇠ > ⇡/2 since both magnetic poles
will approach LOS once per pulsar spin. This will lead
to a double pulse structure, which is observed for many
pulsars, e.g., [24–26].

For phase-averaged intensity measurements, the aver-
age of Eq. (III.1) over � introduces an attenuation factor
< 1 when compared with Imax. Numerically, we find the
attenuation is mild for most of the parameter space, ex-
cept where both � and ⇠ are close to zero, as presented

in Fig. 3, in which case the conversion is suppressed since
✓ ! 0. Note that the pulse structure is symmetric un-
der the exchange � $ ⇠. Therefore, there is a degeneracy
between the two angles even with very precise pulse mea-
surements. However, the degeneracy will be broken after
considering the X-ray polarization discussed below.

FIG. 3: The phase-averaged attenuation factor of the
photon flux from axion conversions compared to Imax,
color-coded. Both the magnetic dipole approximation
and the central LOS approximations are adopted. The
white contours show the PF.

Polarization As discussed in Sec. II, the photon con-
verted from axions will be ⇠ 100% polarized following
the dipole direction. An instantaneous polarization ⇠ 1
in high energy bins could be a strong indicator of the
axion origin. However, the magnetic field configuration
becomes phase-dependent as long as ⇠ 6= 0. The angle ⇥
between the polarization vector and the pulsar spin axis,
projected onto the plane of the sky is given as

tan⇥ =
sin� sin ⇠

cos� sin ⇠ cos� � sin� cos ⇠
, (III.3)

which lifts the degeneracy between � and ⇠.

When the measurements have limited time resolution
and cannot fully resolve the phase-dependent polariza-
tion, the polarization of di↵erent phases may cancel each
other and attenuate the averaged polarization, similar
to the flux. The phase-averaged polarization angle (PA)
and polarization degree (PD) are given in Eqs. (A.13)-
(A.14) in App. A, which also includes details for other
results in this section. Due to the system’s symmetry,
the averaged polarization angle will either align with the
rotational axis’ projection along the LOS or be orthogo-
nal to it, as shown in Fig. 4.

spin axis

B dipole
LOS

: rotational angle (phase)ϕ
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where Imax is the maximum intensity. The pulse fraction
(PF), defined as the ratio of the di↵erence between the
maximum and minimum fluxes and the sum of the two,
is given by
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Polarization As discussed in Sec. II, the photon con-
verted from axions will be ⇠ 100% polarized following
the dipole direction. An instantaneous polarization ⇠ 1
in high energy bins could be a strong indicator of the
axion origin. However, the magnetic field configuration
becomes phase-dependent as long as ⇠ 6= 0. The angle ⇥
between the polarization vector and the pulsar spin axis,
projected onto the plane of the sky is given as

tan⇥ =
sin� sin ⇠

cos� sin ⇠ cos� � sin� cos ⇠
, (III.3)

which lifts the degeneracy between � and ⇠.

When the measurements have limited time resolution
and cannot fully resolve the phase-dependent polariza-
tion, the polarization of di↵erent phases may cancel each
other and attenuate the averaged polarization, similar
to the flux. The phase-averaged polarization angle (PA)
and polarization degree (PD) are given in Eqs. (A.13)-
(A.14) in App. A, which also includes details for other
results in this section. Due to the system’s symmetry,
the averaged polarization angle will either align with the
rotational axis’ projection along the LOS or be orthogo-
nal to it, as shown in Fig. 4.

Pulse fraction of axion-induced X-
ray is energy independent ! 

(Mild) attenuation of the flux. 

Degenerate in  and .χ ξ
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where Imax is the maximum intensity. The pulse fraction
(PF), defined as the ratio of the di↵erence between the
maximum and minimum fluxes and the sum of the two,
is given by
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magnetic field geometry, which we plot as a function of �
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only one minimum in Eq. (III.1) when � goes from 0 to
2⇡, corresponding to the single pulse scenario. There are
two minima when �+ ⇠ > ⇡/2 since both magnetic poles
will approach LOS once per pulsar spin. This will lead
to a double pulse structure, which is observed for many
pulsars, e.g., [24–26].
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Polarization As discussed in Sec. II, the photon con-
verted from axions will be ⇠ 100% polarized following
the dipole direction. An instantaneous polarization ⇠ 1
in high energy bins could be a strong indicator of the
axion origin. However, the magnetic field configuration
becomes phase-dependent as long as ⇠ 6= 0. The angle ⇥
between the polarization vector and the pulsar spin axis,
projected onto the plane of the sky is given as

tan⇥ =
sin� sin ⇠
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, (III.3)

which lifts the degeneracy between � and ⇠.

When the measurements have limited time resolution
and cannot fully resolve the phase-dependent polariza-
tion, the polarization of di↵erent phases may cancel each
other and attenuate the averaged polarization, similar
to the flux. The phase-averaged polarization angle (PA)
and polarization degree (PD) are given in Eqs. (A.13)-
(A.14) in App. A, which also includes details for other
results in this section. Due to the system’s symmetry,
the averaged polarization angle will either align with the
rotational axis’ projection along the LOS or be orthogo-
nal to it, as shown in Fig. 4.

Pulse fraction (PF):  
Imax − Imin
Imax + Imin

phase-averaged attenuation factor of the flux



Pulsation in polarization
Axion-induced X-rays: 100% polarized along with the local B field 
instantaneously (energy-independent). 

Direction of the B field is phase-dependent and polarization is phase-
dependent (energy-independent). 

Time-averaged polarization degree is                                                           
reduced.

 and  degeneracy is broken. 

New formulas of pulsation derived for                                                              
both flux and polarization apply to a wide                                                       
range of isolated NSs (magnetars and                                                          
pulsars).

χ ξ

Phase-averaged polarization degree



An excess ? 

XMM-Newton (X-ray multi-mirror mission) 
space telescope. Credits: D.Ducros; ESA/
XMM-Newton, CC BY-SA 3.0 IGO



Yoneyama et. al 2017; 2018; Dessert et. al 2019
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Figure 1. Background-subtracted X-ray spectrum of RX
J1856.6-3754 for each of the three cameras individually and
combined. Data points were constructed by stacking all
available exposures from the source, with best-fit spectral
points and associated 68% confidence intervals indicated. In
all three cameras, there is a clear and consistent excess above
the background in the hard X-ray range of 2-8 keV, and be-
cause of the complementary strengths of the individual cam-
eras, we believe this excess is robust. Solid curves denote the
best-fit thermal spectra with hydrogen absorption fit from
0.5 to 1 keV, and as can be seen, the extrapolations of these
spectra to the hard energy range does not account for the
observed excess.

nal entry on the forward modeling matrix that gives the
e↵ective area at that energy. This subtlety is important
below ⇠1 keV, because at these energies the observed
thermal spectrum is significantly a↵ected by the energy
resolution of the detector. For this reason, it is not cor-
rect to interpret Fig. 1 as a plot of the true flux, since
that would require inverting the forward modeling ma-
trix, which is very much not diagonal at the low ener-
gies. On the other hand, we are primarily interested in
energies above 2 keV, and the forward modeling matrix
is e↵ectively diagonal at these energies with our energy
binning, such that Fig. 1 is e↵ectively a plot of the true
flux at these energies.
We also emphasize that these data points arise from

joining all of the exposures from the individual cameras
together into one single counts map per camera. This
is important because, as further discussed later in this
work, the individual exposures do not have high enough
statistics to detect the hard X-ray excess. To construct
this spectrum, we used 40 observations for a total of 1.0
Ms of exposure for PN, 18 for a total of 0.69 Ms for
MOS, and 9 for a total of 0.23 Ms for Chandra. We fit
a thermal model, including the e↵ect of hydrogen ab-
sorption at low energies, to the spectrum from 0.5 to
1 keV. We find best-fit temperatures T = 71.1 ± 0.2
eV (T = 66.2 ± 0.3 eV) (T = 67.8 ± 0.9 eV) for PN

(MOS) (Chandra). We note that these uncertainties
are statistical only and do not capture possible system-
atic discrepancies in the true spectrum from thermal,
in possible variations of the surface temperature over
time, or in systematic uncertainties in the detector re-
sponse. For all cameras, we use the forward modeling
matrices, constructed for each individual exposure, that
account for both the e↵ective area and the distribution
of true flux to observed flux between energy channels in
the low-energy analyses. However, only the PN forward
modeling matrix includes the e↵ect of pileup. We do
not investigate the surface temperature uncertainties in
more detail because it is not the main focus of this work.
Rather, as we illustrate in Fig. 1, the thermal distribu-
tion, whose best-fit background-subtracted spectra are
shown as solid curves, is able to account for the emis-
sion seen at and below ⇠2 keV but is not able to account
for the high-energy emission above 2 keV. We will show
later on that this statement remains true even for more
complicated NS atmosphere models.
Below, we provide more detail for the spectral char-

acterization of the high-energy flux and systematic tests
that investigate the robustness of the signal.

3.1. Spectral characterization of the RX J1856.6-3754
hard X-ray emission

We fit a power-law model dF/dE / E
n to the data

to measure both the intensity of the signal and the
hardness of the signal as indicated by the spectral in-
dex n. We quantify the intensity through I2�8 =R
8 keV

2 keV
dE dF/dE in units of erg cm�2 s�1.2 The sta-

tistical procedure that we use for constraining I2�8 and
n is outlined in Sec. 2.4.
The results of the spectral fits for the three di↵er-

ent cameras are given in Table 1. Interestingly, all

camera I2�8 (10�15 erg cm�2 s�1) n �

PN 2.1+0.9
�0.9 �0.03+0.89

�1.1 3.0

MOS 1.4+1.1
�0.7 < �0.93 2.9

Chandra 3.8+2.6
�1.8 �0.28+1.71

�1.89 3.4

Joint 1.53+.70
�.63 �0.28+0.65

�0.75 4.6

Table 1. Best-fit results for a power-law spectrum in RX
J1856.6-3754. The fluxes and spectral indices are consistent
between cameras, although the latter is not well constrained.
We also show the results from the joint-likelihood analysis
over all cameras. For the fit to the MOS data, we are only
able to place upper limits on the power-law index and report
the 84th percentile upper limit.

2 Note that later in this work we will consider, for some NSs,
only the energy range 4-8 keV. In those cases, we will quote I4�8 =R 8 keV
4 keV dE dF/dE.

X-ray Dim Isolated Neutron Stars (XDINSs) or “Magnificent seven” 

Seven isolated NSs includes 
the NS closest to us 
discovered so far: J1856. 

Soft thermal X-ray emission 
(E < keV) very well 
characterized by blackbody 
emission with 

.  
 
Unexpected hard X-ray 
emission above ~keV!

TSBB ∼ (50 − 100) eV

new physics: axion-induced 
(Buschmann et. al. 2019) or 
astrophysical: hot spot?  



Imax − Imin
Imax + Imin

Pulse fraction (PF): 

∼ 1 %

∼ 30 %

∼ 50 %

De Grandis et.al. 2022



A case study: J1856
A new fit to all the high-energy X-ray data available for J1856:  
1. flux data up to 8 keV;  
2. pulsation data in (1.2- 2.0) keV and (2.0 - 7.5) keV bins.  
 
Fitting Model:  
1. Soft blackbody (entirely determined by the spectrum below keV); 
2. Hard blackbody (for the intermediate energy between 1 and 2 keV);  
3. Axion-induced X-rays (for the flat excess  2 keV). ≳
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FIG. 5: Posterior distributions of HBB temperature
T

1
HBB

, T1
c , and ga�gaN . We absorb the uncertainty due

to J1856’s mass profile into a dimensionless parameter 
and present its impact as a vertical grey band of
existing bounds on ga�gaN . More details could be
found in App. C. Di↵erent contours correspond to the
fit with spectrum data only (blue), combined spectrum
and pulse data (orange), and combined data with
reduced systematic uncertainties in the pulse data
(green). The constraint on ga�gaN (vertical-dashed) is
from the CAST [43] and SN 1987A [44] with  = 1. For
ma & 10�5 eV, the stronger polar cap
constraints [47, 48] do not directly apply. Gaussian
smoothing was applied to the contours with 0.5� kernel
size.

V. CONCLUSIONS AND OUTLOOK

In this work, we aim to expand current astrophysical
probes of axions with pulsation and polarization mea-
surements on X-rays from pulsars. We focus on the syn-
ergy between the three probes of intensity, pulsation, and
polarization in disentangling potential axion signals from
astrophysical backgrounds. The work is timely given the
intriguing hard X-ray excess observed from the XDINS.
In particular, we take a critical examination of what in-
formation about axions can be extracted from pulsation
and polarization measurements. We show that, when fit-
ted against a model of axions coupling to photons and

nucleons, the current timing data from XMM-Newton is
compatible with the theory points preferred by the hard
X-ray excess, albeit in some tension with other astro-
physical bounds. We demonstrate that a reduction of
systematic errors by a factor of 4 in the timing data will
reach the precision level needed to rule out the axion
explanation of the hard X-ray excess.
Currently, Imaging X-ray Polarimetry Explorer

(IXPE) is in the middle of its 5-year mission to measure
the polarization of cosmic X-rays [49]. So far IXPE has
discovered polarized X-rays from magnetars with signifi-
cantly larger X-ray fluxes [50, 51], and the data has been
used to constrain the axion scenario [52]. However, it has
not provided any information about XDINS. It would be
highly interesting if IXPE and future X-ray polarime-
ters could collect data from XDINS, i.e., time-dependent
polarization data, which could shed light on the origin
of their mysterious hard X-ray excesses and probe axion
physics simultaneously.
Again, we stress that the axion-induced X-ray pulse

structures presented are generic for a wide group of suf-
ficiently isolated pulsars. For much brighter sources such
as magnetars with both flux and polarization data avail-
able, it would be interesting to apply our framework to
extract information about axion models from the timing
data, which has not been implemented so far and could
help resolve astrophysical backgrounds. Alternatively, if
an axion is discovered with parameters that can induce
observable X-ray signals, this work may serve as a way
to probe NS properties.
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The current pulse 
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and its impact is not 
obvious. 
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surements on X-rays from pulsars. We focus on the syn-
ergy between the three probes of intensity, pulsation, and
polarization in disentangling potential axion signals from
astrophysical backgrounds. The work is timely given the
intriguing hard X-ray excess observed from the XDINS.
In particular, we take a critical examination of what in-
formation about axions can be extracted from pulsation
and polarization measurements. We show that, when fit-
ted against a model of axions coupling to photons and

nucleons, the current timing data from XMM-Newton is
compatible with the theory points preferred by the hard
X-ray excess, albeit in some tension with other astro-
physical bounds. We demonstrate that a reduction of
systematic errors by a factor of 4 in the timing data will
reach the precision level needed to rule out the axion
explanation of the hard X-ray excess.
Currently, Imaging X-ray Polarimetry Explorer

(IXPE) is in the middle of its 5-year mission to measure
the polarization of cosmic X-rays [49]. So far IXPE has
discovered polarized X-rays from magnetars with signifi-
cantly larger X-ray fluxes [50, 51], and the data has been
used to constrain the axion scenario [52]. However, it has
not provided any information about XDINS. It would be
highly interesting if IXPE and future X-ray polarime-
ters could collect data from XDINS, i.e., time-dependent
polarization data, which could shed light on the origin
of their mysterious hard X-ray excesses and probe axion
physics simultaneously.
Again, we stress that the axion-induced X-ray pulse

structures presented are generic for a wide group of suf-
ficiently isolated pulsars. For much brighter sources such
as magnetars with both flux and polarization data avail-
able, it would be interesting to apply our framework to
extract information about axion models from the timing
data, which has not been implemented so far and could
help resolve astrophysical backgrounds. Alternatively, if
an axion is discovered with parameters that can induce
observable X-ray signals, this work may serve as a way
to probe NS properties.
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of the pulse data by a 
factor of 4 (assuming 
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prefers an energy-
independent pulse fraction 
while data doesn’t. 
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Summary
So far, using the X-rays from NSs to probe axions focuses on the spectrum only 

Flux

Energy



Summary
More information: 

Flux

Energy

Time/Phase

Precise timing data could potentially help us rule out/in axion-induced X-rays. 



Summary
Even more information: 

Polarization

Energy

Time/Phase

Currently one X-ray polarimetry, IXPE, only publishes data for magnetars so far.



New inflationary probes of pre-inflationary QCD axion 
dark matter

Xingang Chen (faculty at Harvard CFA), J. Fan, Lingfeng Li, JHEP 12 (2023) 
197, arXiv: 2303.03406 [hep-ph]; 

Matteo Braglia (postdoc at NYU), Catherine Petretti (PhD at Harvard), 
Praniti Singh (PhD at Brown), Xingang Chen, J. Fan, Lingfeng Li, work in 
progress; 



Pre-inflationary QCD axion

PQ symmetry is broken during inflation. In addition, PQ symmetry is not 
restored during (p)reheating; 

Massless axion is present during inflation; 

Review: D.J.Marsh, 2015; Di Luzio et.al 2020 



A single uniform central value of initial 
misalignment angle  ;

Axion fluctuates and has an isocurvature 
perturbation  ;

Axion becomes dark matter through 
misalignment mechanism after inflation and 
leads to cold dark matter isocurvature;

θi

⟨δθ2
i ⟩ = (H/(2πfa))2 θf a

+
ρ

δθ = H/(2πfa) ≪ 1

PQ field χ = fI+ρ

2
eia/fI = fI+ρ

2
eiθ,



Curvature         vs.       Isocurvature

Lingfeng Li | New Inflationary Probes of Axion DM 8

Photon
Dark Matter

Neutrino

Baryons



Side note: QCD axion perturbation at large scales
Well-known fact: at superhorizon scale, QCD axion dark matter perturbation 
is adiabatic perturbation + primordial isocurvature (pre-inflationary). 
How is the adiabatic part generated? Will the temperature-dependent non-
quadratic QCD axion potential affect the conclusion [a lot of perturbation 
studies for ALP just takes a temperature-independent quadratic potential]? 

background : 

Evolution of  and resulting relic abundance depends on the details of axion 
potential  . The temperature dependence and anharmonic effects are 
important! 

θ0
··θ0 + 3H ·θ0 = − 1

f 2a

∂Va

∂θ0

θ0
Va



Side note: QCD axion perturbation at large scales
Itamar Allali, Prish Chakraborty, J. Fan, Matt Reece, a note to appear

perturbation  at superhorizon scale (conformal Newtonian gauge):  

 

Simple exact solution (for any  and  with any ): 

Consistent with Weinberg’s general theorem (2003): scalar perturbations in 
conformal Newtonian gauge always have an adiabatic solution.  

δθ

δ··θ + 3Hδ ·θ + 1
f 2a

∂2Va

∂θ2
0

δθ = − 2 1
f 2a

∂Va

∂θ0
Φ− 1

f 2a

∂2Va

∂θ0∂T0
δT

Va a(t) ∝ tp p δθ = δθi + c × tΦ ·θ0

Gravitational potential 

temperature fluctuation

primordial isocurvature adiabatic



Disadvantage: Incompatibility between QCD 
axion DM with the high-scale inflation, 
assuming a flat is0curvature spectrum: 

 Planck 2018;

On-going work to constrain QCD axion DM 
isocurvature  (i.e., blue-tilted spectrum) using 
Planck + ACT, Braglia et.al. 

Advantage: leading solution to QCD axion 
quality problem such as extra-dimensional axion 
(Witten 1984) is pre-inflationary. 

H < 0.9 × 107 GeV ( fa
1011 GeV )

0.408

θf a
+

ρ

δθ = H/(2πfa) ≪ 1



Q: Taking into the isocurvature constraint, could there be any 
interesting new observational signatures in isocurvature? 

Yes! When we consider PQ field - inflaton interaction.  
Xingang Chen, J. Fan, Lingfeng Li, JHEP 12 (2023) 197, arXiv: 2303.03406 [hep-
ph]



One example: classical features 

+ a toy feature: a step in the inflaton potentialℒ ⊃ − c
Λ (∂ϕ)2 |χ |2

Figure 1. m⇢,e↵/H as a function of q for di↵erent choices of fa/H. Left: � = 1; right: � = 0.3.

In all the models we consider, m⇢,e↵ =
p

�fI � H during inflation, the cosmolog-

ical production of ⇢, and the induced CC signals will be exponentially suppressed by

⇠ e
�⇡m⇢,e↵/H , as mentioned in the summary of Sec. 3. To enhance the signals, we need

to introduce some boosting mechanisms. In model 1 and 2, we will rely on the primordial

feature mechanism in which the inflaton potential possesses a sharp feature and can be

decomposed as

V� = V�0 + V�1 , |V�1| ⌧ |V�0| , (4.10)

where V�0 is the smooth potential responsible for the featureless attractor solution in

Eq. (4.4), while the perturbation V�1 is a small sudden change of the potential localized

in some regions of the field space. Then the classical background trajectories can be

split into the featureless (with subscript 0) and featured (with subscript 1) components

correspondingly:

�bkg(t) = �0(t) + �1(t) , ⇢bkg(t) = ⇢0(t) + ⇢1(t) = ⇢1(t) , (4.11)

where �0(t) is given in Eq. (4.4) and ⇢0(t) = 0. Note that since a does not couple to the

inflaton directly, abkg(t) is a constant.

There are many examples of sharp features. Such features can be easily envisioned

when we embed the inflation models in a potential landscape when the universe is unstable.

There are also motivations from CMB data analyses [98–107]. A sharp feature could

naturally excite the classical oscillation of a massive field, such as the radial mode of the

PQ field, which is otherwise hard to probe because its mass is much larger than the Hubble

scale. In this paper, as a toy example, we consider V�1 to be a sharp step function:

V�1(�) = �bV�0 ✓(� � �s) , (4.12)

where b ⇢ (0, 1) is a dimensionless quantity; ✓(� � �s) is the Heaviside ✓ function: it is

one when � > �s and zero otherwise, which means that the perturbation potential is a

small but sharp downward-step. Similar or other examples of sharp features with a more

complicated form have been used to explain the CMB residual anomalies [98–107]. Here

we just use this simplest form to illustrate the new clock and CC observables.

– 8 –

Excite the radial mode of the PQ field,   

 

ρ

χ = fI+ρ

2
eia/fI = fI+ρ

2
eiθ, mρ = λfa, ma = 0

f I
+

ρ

θ

Inflaton ϕ

PQ field



 the step 
height
| ·ϕ1 |max ∝ Vϕ1 |ρ1 |max ∝ c Vϕ1/m2

ρ

Inflaton ϕ

ρ

additional inflaton speed oscillation of the radial mode



δϕ δϕ δa δa

reheating surface

ρ ρ

ℒ ⊃ c
fI

Λ2 ρ ((δ ·ϕ)2 − ⋯)
+ ρ

fI ((δ ·a)2 − ⋯)

Resonances between  oscillation and /  quantum fluctuation result in 
scale-dependent oscillations (clock signals) in two-point correlation 
functions: curvature and isocurvature spectra; 

Stronger clock signal in isocurvature spectrum! 

ρ ϕ a

high-dim op:    
c
Λ (∂ϕ)2 |χ |2

kinetic term:    |∂χ |2

curvature isocurvature



ΔP
P

∝ sin (
mρ

H
log k

kfeature )

same phase, di%erent amplitudes

Clock signals in spectra

isocurvature

curvature

Even considering QCD axion DM is  of the entire DM, !   10−3 ΔPi/Pi ∼ 1

: correction to the power 
spectrum  
ΔP

P

mass of radial mode:   mρ ∼ fa



ΔP
P

∝ sin (
mρ

H
log k

kfeature )

same phase, di%erent amplitudes

Clock signals in spectra

isocurvature

curvature

Similar oscillations in three-point functions (cosmological co&ider signals in 
isocurvature or isocurvature-curvature mixed three-point functions).



Conclusions and Outlook

Axion is old (QCD axion proposed 40 years ago; many studies over the years). 

But it is also new (new ideas of models, experiments, and observables).  
 
Two new possible probes in the sky: 
1. Neutron star probes: pulsation profiles of both the flux and polarization;  
2. Cosmological correlators: features and non-Gaussianities in isocurvature 
correlators or isocurvature-curvature mixed correlates.   



Thank you!


