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Constraining the axion mass through gamma-ray observations of pulsars

Sheridan J. Lloyd ,* Paula M. Chadwick,† and Anthony M. Brown‡

Centre for Advanced Instrumentation, Dept. of Physics, University of Durham,
South Road, Durham DH1 3LE, United Kingdom

(Received 1 April 2019; published 9 September 2019)

We analyze nine years of PASS 8 Fermi-LAT data in the 60–500 MeV range and determine flux upper
limits (ULs) for 17 gamma-ray dark pulsars as a probe of axions produced by nucleon-nucleon
Bremsstrahlung in the pulsar core. Using a previously published axion decay gamma-ray photon flux
model for pulsars which relies on a high core temperature of 20 MeV, we improve the determination of the
UL axion mass (ma), at 95% confidence level, to 9.6 × 10−3 eV, which is a factor of 8 improvement on
previous results. We show that the axion emissivity (energy loss rate per volume) at realistic lower pulsar
core temperatures of 4 MeVor less is reduced to such an extent that axion emissivity and the gamma-ray
signal becomes negligible. We consider an alternative emission model based on energy loss rate per mass to
allowma to be constrained with Fermi-LATobservations. This model yields a plausible ULma of 10−6 eV
for pulsar core temperature less than 0.1 MeV, but knowledge of the extent of axion-to-photon conversion
in the pulsar B field would be required to make a precise UL axion mass determination. The peak of the
axion flux is likely to produce gamma rays in the less than 1 MeVenergy range, and so future observations
with medium-energy gamma-ray missions, such as AMEGO and e-ASTROGAM, will be vital to further
constrain UL ma.

DOI: 10.1103/PhysRevD.100.063005

I. INTRODUCTION

The axion, a Nambu-Goldstone boson, is a solution to the
strongCP problem of QCD and a plausible cold dark matter
candidate [1–3]. Themass of the axionma can be constrained
by astrophysical arguments such as the duration of the
neutrino burst of SN-1987A (ma < 5 × 10−3 eV) [4] or
by direct detection experiments such as ADMX [5] where
Galactic halo axions convert to microwave photons in a
magnetic field, excluding ma in the range ð1.9–3.53Þ ×
10−6 eV [6–10]. The authors of Ref. [11] have used cooling
simulations, combined with surface temperature measure-
ments of four thermal x-ray emitting pulsars (PSRs), to
determinema < ð0.06–0.12 eVÞ. In the gamma-ray regime,
the authors of Ref. [12] have used five years of PASS 7 Fermi-
LAT gamma-ray observations of radiative axion decay in
four nearby PSRs to constrain ma < 0.079 eV.
The latest data release of the Fermi-LAT is now PASS 8,

which incorporates improvements to further reduce
gamma-ray background uncertainty, improve the instru-
ment effective area and point spread function (PSF), and
permit low-energy analysis down to 60 MeV. In this paper,
we will seek to refine the work of Ref. [12] to take
advantage of the improved low-energy analysis in PASS 8,

coupled with improved photon statistics (nine years of
event data) and a larger sample of 17 gamma-ray dark
PSRs. This should allow a more robust determination of
UL ma than was possible previously.
This paper is structured as follows. In Sec. II, we

describe the phenomenology of the axion and its produc-
tion in neutron stars. In Sec. III, we describe the criteria
used to select pulsars for analysis. In Sec. IV, we describe
our analysis method for the determination of gamma-ray
upper limits from the pulsar sample. In Sec. V, we present
UL energy and photon flux determinations for the pulsar
sample and from these derive the axion mass upper limitma
by two independent methods. In Sec. VI, we discuss the
validity of the UL ma determination with respect to the
pulsar core temperature. Finally, in Sec. VII, we summarize
our findings and make suggestions for future work.

II. PHENOMENOLOGY

In this section, we discuss the mechanism for axion
production in degenerate pulsar cores and describe how this
process is modeled through a spin structure function. We
then restate how the axion emissivity or energy loss rate per
volume is expressed in terms of this spin structure function.
We use a published astrophysical model for the photon flux
arising from axion emission and decay in pulsars to derive
an expression for UL axion mass. Finally, we derive an
alternative expression for UL axion mass by using the
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expected energy loss rate per mass due to axion production
to give an expected gamma-ray luminosity for a canonical
pulsar and then equate this to the measured gamma-ray
upper limits of the pulsars we consider.
Axions may be produced in pulsar cores through the

process of nucleon-nucleon Bremsstrahlung as depicted in
the Feynman diagram of Fig. 1. The Bremsstrahlung
process assumes a one-pion exchange (OPE) approxima-
tion [13], and the nucleons involved are considered to be
neutrons. Incoming nucleons N1, N2 and outgoing nucle-
ons N3, N4 undergo one-pion exchange to produce axions
of energy ω via the Bremsstrahlung process. The axions
then undergo radiative decay to gamma-ray photons.
The axion has a mass ma, which is related to the Peccei-

Quinn scale fa through a scaling relation [Eq. (1)]:

ma ≈ 6μ eV

�
fa

1012 GeV

�
−1
: ð1Þ

The spin structure function SσðωÞ [Eq. (2)] is a phase
space integral corresponding to the Bremsstrahlung process
depicted in Fig. 1. The phase space integral accounts for
nucleon spin and the balanced energy (E1;2;3;4) and
momenta (p1;2;3;4) transfer between nucleons N1;2;3;4 with
the conservation of momenta and energy provided by Dirac
δ functions. The momenta pi have integration limits in the
range 0 < pi < 2pFn, where pFn is the neutron Fermi
momentum. pFn is 300–400 MeV in supernovae cores [14]
and typically greater than 100 MeV in neutron stars [15].
F in Eq. (2) is the product of thermodynamic functions as
defined in Eq. (3). Hij is the hadronic tensor incorporating
nucleon spin with value 10=ω2. The rate of axion pro-
duction can be determined independently of the OPE
approximation using the soft-neutrino radiation rate, which
is proportional to the nucleon nucleon on-shell scattering

amplitude. This soft-neutrino approximation (SNA)
method gives an axion emission rate which is a factor of
4 smaller than that given by the OPE approximation [15]. It
can be shown that a value of Hij ¼ 10=ω2 largely includes
the reduction in the axion emission rate expected for the
SNA by considering expressions for the scattering kernel of
neutrinos produced by Bremsstrahlung in supernovae cores
as presented in Ref. [16] in which the SNA has not been
applied. We can take the spin structure function SσðωÞ
[Eq. (2)] to be analogous to the neutrino scattering kernel
SσðωÞ of Ref. [16] and thus equate Hij to the spatial trace,
M̄, in the neutrino scattering kernel expression of Ref. [16].
By combining the expressions presented in Ref. [16] for a
generic scattering kernel, the spin fluctuation rate, and an
effective degeneracy parameter, we obtain a Hij value of
30=ω2. Thus, a value of 10=ω2 forHij results in a factor of
3 reduction in axion emissivity, which is comparable with
the factor of 4 reduction expected from the SNA. The
thermodynamic function [Eq. (4)] is the Fermi-Dirac
distribution in natural units (kB ¼ 1) for the nucleons
applicable to degenerate matter [17] incorporating energy
E, temperature T, and neutron star degeneracy μ. We take
the value of μ=T ¼ 10 as used in the analysis of Ref. [12]:

SσðωÞ ¼
1

4

Z � Y
i¼1…4

d3pi

ð2πÞ3
�

× ð2πÞ4δ3ðp1 þ p2 − p3 − p4Þ
× δðE1 þ E2 − E3 − E4 − ωÞFHij ð2Þ

F ¼ fðE1ÞfðE2Þð1 − fðE3Þð1 − fðE4ÞÞ ð3Þ

fðEÞ ¼ 1=ð1þ expððE − μÞ=TÞÞ: ð4Þ

The axion emissivity or energy loss rate per volume in
natural units (i.e., ℏ ¼ c ¼ 1), ϵa, is defined by Eq. (5) as
given in Ref. [15], in which MN is the nucleon mass of
938 MeV and gann is the axion-nucleon coupling with
gann ¼ CNMN=fa. CN encapsulates the vacuum expectation
values for the Higgs u and d doublets with the doublets
giving mass to the up and down quarks of the nucleons. The
value ofCN depends on the coupling model considered with
0 < CN < 2.93 [18]; we take CN ¼ 0.1 as [12]

ϵa ¼
g2ann

48π2M2
N

Z
ω4SσðωÞdω: ð5Þ

The expected photon flux arising from axion decay for a
photon of energy E is given by Eq. (6) from Ref. [12], in
which d is the distance to the pulsar in parsecs and Δt is the
timescale for the emission of axions from a neutron star
with a core temperature of 20 MeV [Eq. (7)]. We take the
value of SσðωÞ to be 2.4 × 107 and 6.25 × 104 MeV2 for
axion energies of 100 and 200 MeV respectively from the

FIG. 1. Feynman diagram depicting the nucleon-nucleon
Bremsstrahlung process which produces axions. Incoming nu-
cleons N1;2 undergo a one-pion exchange, producing an axion a
and outgoing nucleons N3;4 with different energy and momenta
than those of N1;2. The axion undergoes radiative (conservative)
decay to two gamma-ray photons.
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values of ω4SσðωÞ in the axion emissivity vs energy plot of
Ref. [12] for a pulsar of core temperature 20 MeV and
μ=T ¼ 10. We choose SσðωÞ at ω ¼ 100 MeV and ω ¼
200 MeV in our calculations because these represent
reasonable extremes on the emissivity plot, with emissivity
peaking and being less sensitive to energy near ω ¼
100 MeV and an emissivity cutoff at ω ¼ 230 MeV,

E
dΦ
dE

¼ 1.8 × 10−2
�
ma

eV

�
5
�

Δt
23.2 s

��
100 pc

d

�
2

×

�
2E

100 MeV

�
4
�

Sσð2EÞ
107 MeV2

�
cm−2 s−1 ð6Þ

Δt ¼ 23.2s

�
eV
ma

�
2

: ð7Þ

By combining Eqs. (6) and (7), the UL axion mass can be
expressed in terms of the UL gamma-ray photon fluxΦ of a
pulsar [Eq. (8)]:

ULma ¼
�
ULΦ cm−2 s−1 × 55.5 ×

�
d

100 pc

�
2

×

�
100 MeV

2E

�
4
�
107 MeV2

Sσð2EÞ
��1

3

: ð8Þ

Alternatively, instead of using photon flux methods as
described above, axion mass can be constrained using an
expression for the energy lost from the pulsar as a result of

axion production. The energy loss rate ϵaD for a given mass
of neutron star material arising from the production of
axions in the pulsar core [Eq. (9)] is as presented in
Ref. [19] based on Refs. [13] and [17] with αa as Eq. (10).
TMeV is the neutron star core temperature in mega-electron-
volts, and ρ15 is the neutron star mass density in units of
1015 g cm−3. We include a further factor of 0.25 in Eq. (9)
to allow for the SNA reduction in axion emission rate,

ϵa
D ¼ 0.25 × αa1.74 × 1031 erg g−1 s−1ρ−2=315 T6

MeV ð9Þ

αa ≡
�
CNMN

fa

�
2

=4π: ð10Þ

The measured UL gamma-ray luminosity, Lγ , can be
equated to the expected gamma-ray luminosity arising from
the axion energy loss rate for the total mass of the neutron
star as Lγ ¼ ϵa

DNSmass Pa→γ , where NSmass is the neutron
star mass expressed in grams and Pa→γ is the axion-to-
photon conversion probability (0–1.0) in the pulsar B field.
In the case of axion radiative decay where an axion decays
to two gamma-ray photons, without conversion in the
pulsar B field being required, we take Pa→γ to be 1.1 ×
10−24 s−1 ðma=1 eVÞ5 [20]. From the above expression for
Lγ and by combining Eqs. (1), (9), and (10), we obtain an
expression for UL ma [Eq. (11)]. We assume a canonical
pulsar mass of 1.4 M⊙ or 2.786 × 1033 g and a density
of 0.056 × 1015 g cm−3

ULma ¼
6.0 × 1015

CNMN

 
4πLγ erg s−1

0.435 × 1031 erg g−1 s−1ρ−2=315 T6
MeVNSmassPa→γ

!1
2

: ð11Þ

III. PULSAR SELECTION

We make the simple assumption that axions are emitted
in a continuous isotropic fashion by the pulsar and are
unaffected by pulsar rotation. In making our pulsar selec-
tion, we want to maximize the probability of detecting
isotropic gamma-ray emission arising solely from the decay
of axions to gamma rays. Thus, we wish to exclude the
pulsed gamma-ray emission arising from pulsar magneto-
spheric emission, which would be unrelated to axion
production and a background to the axion signal that we
wish to measure. Therefore, our selection of 17 pulsars
(Table I) from version 1.57 of the Australia Telescope
National Facility (ATNF) catalogue [21]1 is based on the
following criteria to minimize gamma-ray background and
to select well-measured pulsars which are most likely to
emit detectable gamma rays solely through axion decay:

(i) We include pulsars which are located off the
Galactic plane (jbj > 15°), thus reducing the un-
certainty arising from the Galactic gamma-ray back-
ground model of the Galactic disk.

(ii) We include pulsars away from the Galactic Center
with l > 30° and l < 330°.

(iii) We include nearby pulsars with a heliocentric
distance of 0.5 kpc or less and possessing an
_E > 0 in the ATNF catalogue.

(iv) We include only pulsars which are not known to
have binary companions in the ATNF catalogue
and have not been identified as prior sources of
gamma-ray emission in either the Public List of
LAT-Detected Gamma-Ray Pulsars2 (which lists all
publicly announced gamma-ray pulsar detections,

1http://www.atnf.csiro.au/research/pulsar/psrcat/.

2https://confluence.slac.stanford.edu/display/GLAMCOG/
Public+List+of+LAT-Detected+Gamma-Ray+Pulsars, list last
updated October 19, 2018 (accessed on February 14, 2019).
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the significance of which exceeds 4σ) or in the
Second Fermi Large Area Telescope Catalog of
Gamma-Ray Pulsars [22].

IV. ANALYSIS

A. Photon event data selection

The data in this analysis were collected by Fermi-LAT
between August 4, 2008 to October 18, 2017 (Mission
Elapsed Time 2395574147 to 530067438 s). We
consider all PASS 8 events which are source class
photons (evclass ¼ 128), with Front converting events
(evtype ¼ 1), spanning the energy range 60 to 500 MeV.
We use Front3 converting events because of the improved
PSF of this event class with 95% containment of 60 MeV
photons at a containment angle of 13° as opposed to 20° for
both Front and Back converting events. We select a
conservative energy range of 60–500 MeV, as axion decay
has previously been expected to produce gamma rays in the
range 60–200 MeV, with a cutoff by 200 MeV [12].
Throughout our analysis, the Fermipy software package4

[42] with version V10R0P5 of the Fermi Science Tools is
used, in conjunction with the P8R2_SOURCE_V6 instrument

response functions. We apply the standard PASS 8 cuts to the
data, including a zenith angle 90° cut to exclude photons
from the Earth limb and good-time-interval cuts of
DATA QUAL > 0 and LAT CONFIG ¼ 1. The energy
binning used is four bins per decade in energy, and spatial
binning is 0.1° per image pixel.

B. Determining if pulsars are gamma-ray emitters

We first determine if any of the pulsars in our selection
are significant unpulsed gamma-ray emitters. For each
pulsar, we consider a 20° radius of interest (ROI) centered
on the pulsar coordinates. We use a ROI of 20°, as our
analysis is made down to a low energy of 60 MeV and we
wish to be certain to allow for the contribution of low-
energy sources given the PSF of 13° above.
We include known sources using a point source pop-

ulation derived from the Fermi-LAT’s third point source
catalog (3FGL), diffuse gamma-ray emission, and extended
gamma-ray sources. The diffuse gamma-ray emission
consists of two components: the Galactic diffuse flux
and the isotropic diffuse flux. The Galactic component is
modeled with Fermi-LAT’s gll_iem_v06.fits spatial map
with the normalization free to vary. The isotropic diffuse
emission is defined by Fermi’s iso_P8R2_SOURCE_
V6_FRONT_v06.txt tabulated spectral data. The normali-
zation of the isotropic emission is also left free to vary.
In addition, all known sources take their spectral shape as
defined in the 3FGL catalog.
An energy dispersion correction is applied to the pulsar

test source but disabled for all 3FGL sources, in line with

TABLE I. Our selection of 17 pulsars from the ATNF catalogue showing their Galactic longitude/latitude, right ascension (RA) and
declination (Dec) coordinates, period, pulsar distance, magnetic field B at surface and light cylinder in Gauss, _E, and spin-down age.
Discovery and period are from the references listed.

Name
and Ref.

l
(deg)

b
(deg)

RA
(deg)

Dec
(deg)

Period (s)
and Ref.

Distance
(kpc)

B surface
(1010 Gauss)

B light
cylinder
(Gauss)

_E (1030

erg s−1)
Spin-down
age (105Yr)

J0736−6304 [23] 274.88 −19.15 114.08 −63.07 4.863 [24] 0.10 2750.00 2.24 52.1 5.07
J0711−6830 [25] 279.53 −23.28 107.98 −68.51 0.005 [26] 0.11 0.03 16400 3550 58400
J0536−7543 [27] 287.16 −30.82 84.13 −75.73 1.246 [28] 0.14 84.90 4.12 11.5 349
J0459−0210 [29] 201.44 −25.68 74.97 −2.17 1.133 [30] 0.16 127.00 8.21 37.9 128
J0837þ0610 [31] 219.72 26.27 129.27 6.17 1.274 [30] 0.19 298.00 13.50 130.0 29.7
J0108−1431 [32] 140.93 −76.82 17.03 −14.53 0.808 [30] 0.21 25.20 4.49 5.8 1660
J0953þ0755 [31] 228.91 43.70 148.29 7.93 0.253 [30] 0.26 24.40 141.00 560.0 175
J1116−4122 [27] 284.45 18.07 169.18 −41.38 0.943 [33] 0.28 277.00 31.00 374.0 18.8
J0630−2834 [34] 236.95 −16.76 97.71 −28.58 1.244 [30] 0.32 301.00 14.70 146.0 27.7
J0826þ2637 [35] 196.96 31.74 126.71 26.62 0.531 [30] 0.32 96.40 60.50 452.0 49.2
J1136þ1551 [31] 241.90 69.20 174.01 15.85 1.188 [30] 0.35 213.00 11.90 87.9 50.4
J0656−5449 [36] 264.80 −21.14 104.20 −54.82 0.183 [36] 0.37 7.74 118.00 205.0 909
J0709−5923 [36] 270.03 −20.90 107.39 −59.40 0.485 [36] 0.37 25.00 20.50 43.5 610
J0636−4549 [37] 254.55 −21.55 99.14 −45.83 1.985 [37] 0.38 254.00 3.05 16.0 99.1
J0452−1759 [38] 217.08 −34.09 73.14 −17.99 0.549 [30] 0.40 180.00 102.00 1370.0 15.1
J0814þ7429 [39] 140.00 31.62 123.75 74.48 1.292 [30] 0.43 47.20 2.05 3.1 1220
J2307þ2225 [40] 93.57 −34.46 346.92 22.43 0.536 [41] 0.49 6.91 4.21 2.2 9760

3We have repeated the same analysis using the PSF3 event class,
which is the best quartile direction reconstruction. This does not
change the determined ma significantly considering all 17 PSRs.
We therefore retain the Front analysis to allow direct comparison
with Ref. [12].

4Fermipy change log version 0.12.0.
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Fermi Science Support Centre recommendations for low-
energy analysis.
We perform an initial BINNED likelihood analysis using

the OPTIMIZE method with the normalization of all point
sources within 20° of the pulsar being left free.
From this initial likelihood fit, all point sources (with the

exception of the target pulsar) with a test statistic (TS) less
than 4, or with a predicted number of photons, Npred < 4,
are removed from the model. Thereafter, we free the
spectral shape of all sources with TS greater than 25 in
this refined model and undertake a further secondary
likelihood fit using the OPTIMIZE and FIT methods.
The best-fit model from this secondary likelihood fit is

then used with the Fermi Science Tool GTTSMAP, to search
for new point sources that were not already present in the
3FGL. In particular, we run Fermipy’s FIND_SOURCES

method to detect all sources above 3σ significance.
FIND_SOURCES is a peak detection algorithm which ana-
lyzes the TS map to find new sources over and above those
defined in the 3FGL model by placing a test point source,
defined as a power law with spectral index 2.0, at each pixel
on the TS map and recomputing likelihood. Lastly, we
again run the FIT method to perform a final likelihood fit,
which fits all parameters that are currently free in the model
and updates the TS and predicted count (Npred) values of
all sources.

C. Pulsar upper limit gamma-ray emission

In order to determine PSR gamma-ray flux upper limits,
we repeat the analysis of Sec. IV B with a source model
which includes a pulsar test source for each of the 17 pulsars.
The differential flux, dN/dE, (photon flux per energy bin) of
the test source for each pulsar is described as a power law5 as
defined in Eq. (12) where prefactor ¼ N0, index ¼ γ, and
scale ¼ E0. The test source has an index of 2.0, a scale of
1 GeV, and a prefactor of 1 × 10−11. We leave the prefactor
(normalization) and index of the test source free to vary,

dN
dE

¼ N0

�
E
E0

�
γ

: ð12Þ

We then obtain UL photon and energy fluxes integrated
over the energy analysis range (at 2σ significance, 95% con-
fidence level) from the FLUX_UL95 and EFLUX_UL95 attrib-
utes respectively of the Fermipy sources entry for each
pulsar test source. The UL photon and energy fluxes are
defined as the values where the likelihood function,
2ΔLogðLÞ, which compares the likelihood of a model
with the source and without, has decreased by 2.71 from
its maximum value across the range of flux values arising
from the analysis. In addition, we use a composite like-
lihood stacking technique to improve the UL photon flux

determination by considering all test sources in the analysis
together. We extract a likelihood profile of ΔLogðLÞ vs the
photon flux for each test source using the Fermipy
PROFILE_NORM method. Next, we determine the functional
form of this likelihood profile for each test source using
numpy polyfit and poly1d and interpolate the like-
lihood profile with numpy polyval between the overall
minimum and maximum photon flux values obtained by
considering the UL photon flux of all test sources. We then
sum the ΔLogðLÞ values of each interpolated likelihood
profile to obtain a single stacked ΔLogðLÞ vs photon flux
profile for the test sources as a whole. Finally, we determine
the maximum photon flux where the stacked ΔLogðLÞ has
decreased by 1.35 from its peak value to give the one-sided
upper limit photon flux.

V. RESULTS

A. Pulsar UL gamma-ray fluxes

We list the UL photon, energy fluxes, and gamma-ray
luminosities (assuming the distances in Table I) for our
sample of pulsars in Tables II and III. The UL photon flux
at 95% confidence obtained by likelihood stacking of all 17
pulsars is 7.8 × 10−10 cm−2 s−1.

B. Upper limit ma determination

We list our determination of UL ma in Tables II and III
for each pulsar derived from the UL photon flux and Eq. (8)
for axions of energy 100 and 200 MeV. The average ULma

considering all 17 pulsars is 9.6 × 10−3 eV and 3.21 ×
10−2 eV for axions of energy 100 and 200 MeV respec-
tively. We obtain an average UL ma for the four pulsars
analyzed in [12], J0108 − 1431, J0953 þ 0755, J0630−
2834, and J1136þ 1551 of 9.8 × 10−3 eV and 3.29 ×
10−2 eV for axions of energy 100 and 200 MeV
respectively.
Our determination of ULma ¼ 9.6 × 10−3 eV is a factor

of 8 improvement on the result of Ref. [12], in which an UL
ma of 7.9 × 10−2 eV was determined.
Finally, we note that the UL ma obtained by likelihood

stacking is improved twofold compared to the averaged
result above, with an UL ma of 4.8 × 10−3 eV and
1.61 × 10−2 eV for axions of energy 100 and 200 MeV
respectively.

C. Pulsars near extended emission

We note that the UL test sources for five pulsars are
detected with a significance which exceeds 3σ, namely
J0736 − 6304 5.7σ (TS 33), J0630 − 2834 4.4σ (TS 19),
J2307þ 2225 3.7σ (TS 14), J0709 − 5923 3.5σ (TS 12),
and J0459 − 0210 3.2σ (TS 10). However, the initial
analysis which searches for point sources (while not
introducing a pulsar test source) detects no point sources
at the pulsar coordinates, and thus we discount these

5As described in the Fermi Science Support Centre link https://
fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source_models.html.
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apparent detections as true detections of the pulsars con-
cerned. The lack of significant point source pulsar detec-
tions can also be seen on TS maps for the analysis (Fig. 2)
where the pulsars are spatially coincident with regions of
extended gamma-ray emission uncharacteristic of the point
source emission expected from a pulsar.
We also check for source extension of the pulsars by

running the GTANALYSIS EXTENSION method. EXTENSION

replaces the pulsar point source spatial model with an
azimuthally symmetric two-dimensional Gaussian model.
It then profiles the likelihood with respect to spatial
extension in a one-dimensional scan to determine the
likelihood of extension. Only the J0736-6304 test source
has some evidence of extension with an extension TS value
of 14 (3.7σ). The remaining four pulsars with significance
less than 4.4σ are consistent with background and as
expected have no significant extension.
We make the assumption that axion emission is isotropic,

and so the extended emission of J0736-6304, which is
asymmetric and exhibits its highest significance offset from
the pulsar,would seem to be inconsistentwith an axion source.
Instead, this emission is more likely to be consistent with
variations in the Galactic diffuse gamma-ray background.
These five pulsars generally exhibit higher UL fluxes

(Table III) than the other 12 (Table II), and so omitting these

five pulsars from the determination of UL ma yields an
improved average UL ma for the 12 remaining pulsars of
8.9 × 10−3 eV and 2.97 × 10−2 eV for axions of energy
100 and 200 MeV respectively.

VI. DISCUSSION

A. Upper limit determination

The authors of Ref. [12] analyzed four pulsars,
J0108 − 431, J0953 þ 0755, J0630 − 2834, and J1136þ
1551, with an UNBINNED likelihood analysis using the
2FGL catalog, with five years of Fermi-LAT PASS 7 event
data in the energy range 60–200 MeV, and employing front
converting source photon events. They detected no gamma-
ray emission and determined a 95% confidence UL photon
flux for each of the four pulsars using the MINOS method of
the Fermi Science Tools. In contrast, we analyze 17 pulsars
(including the four pulsars of Ref. [12]) with a BINNED

likelihood analysis using the 3FGL catalog and nine years
of Fermi-LAT PASS 8 event data in the energy range 60–
500 MeV, again using front converting events. We deter-
mine the UL photon flux using the Fermipy FLUX_UL95

entry for each pulsar. Using this analysis, we obtain UL
photon fluxes (Table V) comparable to Ref. [12] for the

TABLE II. Test statistic, UL photon flux, UL energy flux, UL gamma luminosity, and UL ma for axion energies of 100 and 200 MeV
for the 12 undetected pulsars.

Pulsar TS UL photon flux
(10−8 cm−2 s−1)

UL energy flux
(10−12 erg cm−2 s−1)

UL γ luminosity
(1031 erg s−1)

UL ma ω ¼ 100 MeV
(10−2 eV)

UL ma ω ¼ 200 MeV
(10−2 eV)

J0711 − 6830 3 0.04 1.51 0.22 0.21 0.70
J0536 − 7543 0 0.22 0.53 0.12 0.43 1.45
J0837þ 0610 0 0.27 0.63 0.27 0.57 1.90
J0108 − 1431 0 0.18 0.41 0.21 0.52 1.75
J0953þ 0755 2 0.47 1.32 1.07 0.84 2.81
J1116 − 4122 1 0.90 1.73 1.62 1.09 3.66
J0826þ 2637 2 0.39 1.18 1.44 0.91 3.04
J1136þ 1551 0 0.50 1.16 1.70 1.04 3.49
J0656 − 5449 0 0.32 0.75 1.23 0.94 3.14
J0636 − 4549 3 1.31 2.08 3.60 1.52 5.08
J0452 − 1759 0 0.31 0.71 1.36 0.97 3.24
J0814þ 7429 0 0.23 0.54 1.19 0.93 3.10

TABLE III. Test statistic, UL photon flux, UL energy flux, UL gamma luminosity, and ULma for axion energies of 100 and 200 MeV
for the five pulsars which are associated with areas of extended diffuse gamma-ray emission.

Pulsar TS UL photon flux
(10−8 cm−2 s−1)

UL energy flux
(10−12 erg cm−2 s−1)

UL γ luminosity
(1031 erg s−1)

UL ma ω ¼ 100 MeV
(10−2 eV)

UL ma ω ¼ 200 MeV
(10−2 eV)

J0736 − 6304 33 2.68 4.87 0.58 0.79 2.65
J0459 − 0210 10 1.72 3.64 1.11 0.93 3.13
J0630 − 2834 19 1.89 3.59 4.40 1.53 5.12
J0709 − 5923 12 1.03 2.55 4.17 1.38 4.62
J2307þ 2225 14 1.12 2.87 8.25 1.71 5.72
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four pulsars they consider, which serves as a useful check
of our gamma-ray analysis method, and do not detect any
pulsars in our sample.
Our method to determine ULma differs from Ref. [12] in

that we use UL photon fluxes directly as input to Eq. (8),
while they fit a model of the spectral energy distribution

(SED) of differential flux to a stacked likelihood analysis of
the four pulsars using the COMPOSITE2 module of the Fermi
Science Tools and take the UL normalization of this model
to be UL ðma=eVÞ5 from which they obtain ULma with all
flux dependencies on astrophysical factors being accounted
for in the SED model.

FIG. 2. TS maps for our gamma-ray analysis of the five pulsar test sources detected at greater than 3σ significance (Table III) showing
that these sources are inconsistent with a point source detection characteristic of pulsars and part of extended diffuse features. The
horizontal contour scale is the TS value, the red diamond is the pulsar position, the horizontal axis is RA in decimal degrees, and the
vertical axis is Dec in decimal degrees.
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We can use the UL photon fluxes obtained by Ref. [12]
to consider the improvement in UL ma determination
which arises from our UL ma calculation method alone.
The average UL ma for the four pulsars using the Ref. [12]
photon fluxes (Table V) and our method [Eq. (8)] is 9.7 ×
10−3 and 3.25 × 10−2 eV for axions of energy 100 and
200 MeV, improving on the 7.9 × 10−2 eV determination
of Ref. [12] by a factor of 2.4–8.1. Despite this improve-
ment, we note that our determination of UL ma is
conservative because we assume that the integrated UL
photon flux arises solely from a specific axion energy (100
or 200MeV) rather than the lower UL flux (and hence more
constraining) UL ma determination which would be
expected if we could determine UL photon flux for each
energy bin in the analysis energy range of 60–500 MeV.
We determine a very similar UL ma in our sample of 17

pulsars of 9.6 × 10−3 and 3.21 × 10−2 eV for axions of
energies 100 and 200 MeV respectively. These results are
also comparable with UL ma values obtained by modeling
the cooling of Cassiopeia A observed by Chandra. By
assuming that the cooling results from both neutrino and
axion emission and that a state of superfluidity exists in the
star, an UL ma of ð1.7–4.8Þ × 10−2 eV is obtained for
CN ¼ ð0.14 − −0.05Þ [43].
In a final check to test whether the SED differential flux

model used by Ref. [12] can be fitted individually to any
of our 17 pulsars, we add a test source with the SED
differential flux model from Ref. [12] implemented using
the FILEFUNCTION spectral model [Eq. (13)] with flux
values as Table IV and reanalyze as Sec. IV above. All 17
pulsars remain undetected with the differential flux model

test source exhibiting a consistent normalization of 10−5 for
all pulsars, which is equivalent to ma < 0.1 eV,

dN
dE

¼ N0

�
dN
dE

�����
file
: ð13Þ

B. Effect of pulsar core temperature

The emission rate for axions is strongly dependent on
pulsar core temperature, Tc, being proportional to T6

c [17].
We therefore reexamine the applicable value of Tc for
modeling axion emission and the effect of lowering Tc
on that emission. The authors of Ref. [12] select Tc ¼
20 MeV on the basis of the range temperatures applicable
to equation of state (EOS) simulations of pulsar degenerate
matter [44–46], slower neutron star cooling due to super-
fluidity [47,48], and surface temperature observations of
the pulsar J0953þ 0755 [49].
We now consider to what extent the works cited above

explicitly support the choice of Tc ¼ 20 MeV. In EOS
modeling, both Refs. [44] and [45] use Tc as a free model
parameter (in the range 0–60 and 0–15 MeV respectively)
for the construction of phase diagrams, but this does not
indicate a preferential value for Tc. In Ref. [46], a specific
Fermi temperature TF of 20 MeV per nucleon is supported,
but no preferred value of Tc is indicated. The cooling of
quark hybrid (QH) stars (a special case of a higher density
neutron star where quarks experience deconfinement from
nucleons) is considered in Ref. [47] with QH stars in fact
cooling more quickly than hadron neutron stars unless a
color flavor locked (CFL) quark phase with a higher CFL
gap parameter of 1 MeV is considered. However, by 105

years, all modeled QH stars again exhibit greater cooling
than hadron neutron stars. As all neutron stars in our pulsar
sample have an age greater than 105 years (Table I), this QH
star slow cooling regime will not result in a higher value for
Tc in our sample thanmight be expected fromnormal cooling
processes. The discussion of crustal heating arising from
super fluidity in neutron stars also refutes Tc ¼ 20 MeV,
with one neutron star J0953þ 0755 (PSR 0950þ 08)
analyzed in Ref. [12] having an internal temperature of
between 0.09 and 0.11 keV [48]. Although there is more
recent evidence of internal heating of J0953þ 0755 from far

TABLE IV. Definition of the FILEFUNCTION spectral model
with differential flux at a given energy.

Energy (MeV) Differential flux (cm−2 s−1 MeV−1)
50 2 × 10−3
60 8 × 10−4
70 4 × 10−4
80 1 × 10−4
90 6 × 10−5
100 2 × 10−5
200 1 × 10−11

TABLE V. The UL photon flux for four pulsars from Ref. [12] (60–200 MeV) compared to our analysis (60–500 MeV) and UL ma,
which we derive from Ref. [12] fluxes for axions of energy 100 and 200 MeV using Eq. (8).

Pulsar

UL photon flux
(60–200 MeV) (from Ref. [12])

(10−9 cm−2 s−1)

UL photon flux
(60–500 MeV) (this analysis)

(10−9 cm−2 s−1)
UL ma ω ¼ 100 MeV

(10−2 eV)
UL ma ω ¼ 200 MeV

(10−2 eV)

J0108 − 1431 4.03 1.75 0.69 2.31
J0953þ 0755 7.40 4.75 0.97 3.26
J0630 − 2834 4.82 18.90 0.97 3.25
J1136þ 1551 8.52 5.01 1.25 4.17
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UV Hubble Space Telescope observations (surface temper-
ature ðSTÞ ¼ ð1–3Þ × 105 K [50] vs7 × 104 KofRef. [49]),
this would still only result in a maximum Tc of 1.34 keV
assuming Tc ¼ 12 × ðST=106 KÞ1.82 keV, Refs. [48,51].
The authors of Ref. [52] have modeled the cooling of

neutron stars using a fully general relativistic stellar
evolution code, without exotic cooling, allowing for inputs
for equations of state and uncertainties in superfluidity
along with a finite timescale of thermal conduction. They
determine Tc to be initially 3.98 × 109 K (343 keV) when
the neutron star is nine hours old, decreasing to 1.99 ×
109 K (171 keV) at 1 year, 6.31 × 108 K (54 keV) at
1000 years, and 1.99 × 108 K (17 keV) at 105 years. This
cooling trend agrees well with the modeling of pulsar
cooling in Ref. [53] where the highest pulsar surface
temperatures (in all scenarios) of 3.98 × 106 K at 1 year
and 1.99 × 106 K at 105 years yield a Tc of 148 and 12 keV
respectively using the ST-to-Tc conversion above. It should
also be noted that Chandra observations of the very young
pulsar Cas A (age approximately 330 years) yield a ST of
2.04 × 106 K [54], equivalent to Tc ¼ 43.9 keV using the
ST-to-Tc conversion above. Similarly, in modeling Cas A
cooling using the observations of Ref. [54], the author of
Ref. [43] determines the Tc of Cas A to be 7.2 × 108 K,
equivalent to 62 keV.
We therefore consider Tc ¼ 20 MeV to be a high

temperature choice more consistent with the neutron star
core just after the supernova event. In Ref. [55], EOS and
hydrodynamic modeling is performed in the first second
after the supernova core bounce and protoneutron star
(PNS) creation. Here, at 150 ms post-bounce, Tc can be
14 MeVat the core, falling to 10 MeVat a radius of 10 km,
before rising to a peak of 32 MeV at radius 12 km. Other
modeling work demonstrates that a peak PNS Tc of 30

to 43 MeV is possible, falling to 5 to 18 MeV within 50 s
[56] due to efficient cooling by neutrino emission. A very
short time later, at 120 s, the PNS Tc is 2.2 MeV [57].
This suggests that plausible values of Tc are much less
than 20 MeV, with Tc ¼ 1 MeV being achieved within
seconds [58].
We reevaluate ω4SσðωÞ, on which the axion emissivity

depends [Eq. (5)], for Tc < 20 MeV. We use the analytic
simplification for the phase space integral for SσðωÞ
from Ref. [16] and perform a five-dimensional numeric
Monte Carlo integration as described in the Appendix. In
order to check our method, we first reproduce the ω4SσðωÞ
plot from Ref. [12] using a Tc of 10–50 MeV,
μ=Tc ¼ 9–11, and pFn ¼ 300 MeV (Fig. 3).
We reproduce the essential features of the Ref. [12] plot

both in magnitude and in the following respects:
(i) Increasing the value of μ=Tc for fixed Tc ¼ 20 MeV

decreases the amplitude of ω4SσðωÞ.
(ii) ω4SσðωÞ for Tc ¼ 10 MeV cuts off at a lower value

of ω ¼ 100 MeV than for Tc ¼ 20 MeV.
(iii) The Tc ¼ 50 MeV case has lower values ofω4SσðωÞ

than theTc ¼ 20 MeVcase,withω4SσðωÞ remaining
broadly flat across higher ω values of 100–300 MeV
with no pronounced cutoff at 200–300 MeV.

(iv) The value of ω4SσðωÞ spans one order of magnitude
for the 20 MeV case whilst varying μ=Tc between 9
and 11.

We then evaluate ω4SσðωÞ, in a lower temperature
regime, for pFn ¼ 300 MeV, μ=Tc ¼ 10 and consider
lower pulsar core temperatures with Tc ¼ 1–20 MeV
(Fig. 4). Lowering Tc from 20 MeV to a plausible PNS
temperature of 4 MeV reduces axion emissivity and hence
gamma-ray emission by a factor of 108 for axions of energy
ω ¼ 100 MeV. It therefore seems implausible that there
would be detectable gamma-ray emission to allow the
determination of ma using the astrophysical model of
gamma-ray emission from Ref. [12] [Eq. (6)], for realistic
pulsar core temperatures. We note, however, that this model
is based on a quite conservative assumption that gamma-
ray emission arises solely from axion radiative decay as
opposed to axion-to-gamma-ray photon conversion in the B
field of the pulsar. It is therefore possible that an alternative
model allowing axion-to-photon conversion could produce
detectable gamma-ray emission.
The probable lack of detectable gamma-ray emission in

the lower temperature regime leads us to derive values for
UL ma from an alternative model [Eq. (11)] based on the
axion power equation which defines an energy loss rate due
to axion production in the pulsar core [Eq. (9)]. Using the
UL gamma-ray luminosity (Table II), we determine UL ma
from Eq. (11), while varying Tc and the probability of
axion-to-photon conversion in the pulsar B field. In Fig. 5,
we show the range of UL ma values that we obtain. We see
that the conversion of axions to gamma-ray photons via
radiative decay results in the highest UL ma (67.5 eV at

FIG. 3. The energy dependence of axion emissivity ω4SσðωÞ on
axion energy ω for varying pulsar core temperature Tc and μ=Tc
derived by Monte Carlo numerical integration of an analytic
simplification of SσðωÞ.
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0.1 MeV, 9.4 eVat 1 MeV, and 0.7 eVat 20 MeV, points A,
B, and C respectively), which is above the classicma search
range of 10−2–10−6 eV. Similarly, by varying the axion-to-
photon conversion probability from 0.001 to 1.0 (total
conversion), we only obtain an UL ma above the lower
search bound of 10−6 eV for Tc < 0.1 MeV independent of
the degree of axion-to-photon conversion or Tc < 0.4 MeV
assuming a probability of less than or equal to 0.001 for
axion-to-photon conversion (points E and F of Fig. 5
respectively). At Tc ¼ 1 keV, the lowest ULma obtainable
would be 3.0 eV, assuming total conversion of axions to
photons (point D of Fig. 5). We do not offer a view on the
degree of axion-to-photon conversion in the pulsar B field
but simply present a range of conversion alternatives to give
indicative values of the UL ma.
The determination of a plausible and precise ULma from

this alternative model thus requires both realistic lower
values of Tc and a knowledge of the precise extent of the
axion-to-photon conversion in the pulsar B field. We have
dealt with the value of Tc in the PNS and old pulsar cases
above; however, while Ref. [12] considers there to be no
axion-to-photon conversion in the pulsar B field (using
vacuum birefringence arguments), there is no consensus
on the extent of axion-to-gamma-ray photon conversion
in pulsar B fields. More attention has been paid to axion-to-
x-ray photon interconversion in pulsars [59] and in axion-
like particles-to-x-ray conversion in the higher B field
(20 × 1014 G) of magnetars by Ref. [60]. Reference [60]
finds Pa→γ ¼ 0.225 for ω ¼ 3 keV (the peak emission) and
Pa→γ ¼ 0.025 for ω ¼ 200 keV when Tc ¼ 50–250 keV.
The lower B field of our sample notwithstanding (average
B ¼ 2.78 × 1012 G) such values of Pa→γ and Tc could
yield constraints on ma in the classic axion search range
using the alternative model (Fig. 5).

Finally, the normalized axion energy spectrum dNa=dω
peaks at ω=Tc ¼ 2 [19]. This implies that the photon
energy spectrum would peak at energy Tc. Therefore, for
the values of Tc discussed above, in the 1 MeV range or
below, the determination of an UL for unpulsed gamma-ray
emission in our pulsar sample or preferably younger pulsars
with a potentially higher Tc, by future low-energy gamma-
ray observatories such as the All-Sky Medium Energy
Gamma-Ray Observatory (AMEGO) or e-ASTROGAM,
with greater sensitivity than any current observatory in the
0.2–10 MeV band [61,62], may allow an improved
determination on the UL ma presented in this work.

VII. CONCLUSIONS

We analyze data from 17 nearby pulsars using nine years
of Fermi-LAT data and detect none. Using the UL photon
flux and the astrophysical model of Ref. [12], which
assumes a pulsar core temperature of 20 MeV, we deter-
mine an improved UL axion mass (ma) of 0.96 and 3.21 ×
10−2 eV for axions of energy 100 and 200 MeV respec-
tively. However, we show that at realistic pulsar core
temperatures of less than 4 MeV, axion emissivity is so
reduced that it is unlikely a reasonable determination of
UL ma can be made with this method. An alternative
axion energy loss rate model yields a plausible range of
UL ma values assuming low pulsar core temperatures but
requires both the core temperature and the axion-to-photon

FIG. 4. The energy dependence of axion emissivity ω4SσðωÞ on
axion energy ω for Tc ¼ 1–20 MeV and μ=Tc ¼ 10 derived by
Monte Carlo numerical integration of an analytic simplification
of SσðωÞ. Reducing Tc from 20 to 4 MeV lowers emissivity by a
factor of 108 at ω ¼ 100 MeV.

FIG. 5. Plot of axion mass with respect to Tc using an
alternative energy loss rate model and varying axion-to-photon
conversion probabilities from 0.001 to 1.00. Also shown is the
more conservative axion radiative decay case (top). At realistic
values of Tc of 0.1 and 1 MeV, radiative decay alone yields
unrealistic values for UL ma of 67.5 and 9.4 eV respectively
(labeled A and B). At an unrealistic high value of 20 MeV for Tc,
the UL ma is 0.7 eV (labeled C). At Tc ¼ 1 keV, UL ma is
3.0 eV, assuming total axion-to-photon conversion (labeled D).
To keep UL ma > 10−6 eV, which is the classic axion search
lower bound, requires Tc < 0.1 MeV (labeled E) or Tc <
0.4 MeV with a low axion-to-photon conversion probability of
0.001 (labeled F).
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conversion probability to be known to set a useful limit.
Observation of the unpulsed gamma-ray emission of our
selected pulsar sample with future medium-energy gamma-
ray observatories such as AMEGO and e-ASTROGAM
may allow a better determination of UL ma.
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APPENDIX: NUCLEON PHASE
SPACE INTEGRATION

The spin structure function of Eq. (2) has an analytic
simplification as presented by Ref. [16], of which we repeat
the relevant points here. From the original 12-dimensional
integral, seven dimensionsmay be integrated out analytically
so that a five-dimensional integral remains to be solved
through numerical integration (as opposed to numerical
integration of the four-dimensional integral of Ref. [16]).
First, the three-dimensional momentum delta function is

used to integrate out d3p4. Then, the nonrelativistic
nucleons have energy Ei ¼ p2

i =2MN, and so the energy
balance term can be written as:

E1 þ E2 − E3 − E4 þ ω

¼ −2p2
3 − 2p1 · p2 þ 2p1 · p3 þ 2p2 · p3

2MN
þ ω: ðA1Þ

Next, a polar coordinate system is used, with α and β
being the polar and azimuthmal angles of p2 relative to p1
and θ and Φ being those of p3. The medium is isotropic, so

the p1 momentum can be chosen in the z direction soR
d3p1 ¼ 4π

R
dp1 with p1 ¼ jp1j. The medium isotropy

also allows the azimuthmal angle dΦ to be trivially
integrated to leave three nontrivial angular integrations
with the remaining angular variables expressed as follows:

p1 · p2 ¼ p1p2 cos α ðA2Þ

p1 · p3 ¼ p1p3 cos θ ðA3Þ

p2 · p3 ¼ p2p3 cos α cos θ þ sin αþ sin θ þ cos β: ðA4Þ

The integration over dβ is carried out using the δ
function with fðβÞ≡ E1 þ E2 − E3 − E4 þ ω and β1 being
the root of fðβÞ ¼ 0 in the interval [0, π] giving

Z
2π

0

dβδ½fðβÞ� ¼ 2

jdfðβÞ=dβjβ¼β1

Θ
�����dfðβÞdβ

����2
β¼β1

�
: ðA5Þ

The derivative can be expressed as���� dfðβÞdβ

����
β¼β1

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
az2 þ bzþ c

p
; ðA6Þ

where

z≡ cos α ðA7Þ

a ¼ p2
2ð−p2

1 − p2
3 þ 2p1p3 cos θÞ ðA8Þ

b ¼ 2ωMNp1p2 − 2p1p2p2
3 − 2ωMNp2p3 cos θ

þ 2p2
1p3 cos θ þ 2p2p3

3 cos θ − 2p1p2p2
3cos

2θ ðA9Þ

c ¼ ω2M2
N þ 2ωMNp2

3 þ p2
2p

2
3 − p4

3 − 2ωMNp1p3 cos θ

þ 2p1p3
3 cos θ − p2

1p
2
3cos

2θ − p2
2p

3
3cos

2θ: ðA10Þ

Finally, the analytic simplification of Eq. (A5) can be
solved by numerical integration through a Monte Carlo
method integrating over dp1dp2dp3d cos θd cos α.
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