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Abstract

Axions are hypothetical particles proposed to solve the strong CP problem in
QCD and may constitute a significant fraction of the dark matter in the uni-
verse. Axions are expected to be produced in superfluid neutron stars and sub-
sequently decay, producing gamma-rays detectable by the Fermi Large Area
Telescope (Fermi-LAT). Considering that light QCD axions, as opposed to
axions > 1 eV, may travel a long range before they decay into gamma rays, neu-
tron stars may appear as a spatially extended source of gamma rays. We extend
our previous search for gamma rays from axions, based on a point source
model, to consider the neutron star as an extended source of gamma rays. The
extended consideration of neutron stars leads to higher sensitivity to searches
for axions, as it will be shown. We investigate the spatial emission of gamma
rays using phenomenological models of neutron star axion emission. We pre-
sent models including the fundamental astrophysics and relativistic, extended
gamma-ray emission from axions around neutron stars. A Monte Carlo sim-
ulation of the LAT gives us an expectation for the extended angular profile
and spectrum. For a source of = 100 pc, we predict a mean angular spread of
= 2° with gamma-ray energies in the range 10 - 200 MeV, due to the cutoff of
the spin-structure function S, (@). We demonstrate the feasibility of setting

more stringent limits for axions in this mass range, excluding a range not probed
by observations before. We consider projected sensitivities for mass limits on
axions from RX J1856-3754, a neutron star at a distance of 130 pc. The limit
based on 7.9 years of Fermi-LAT data is 3.9 meV for an inner temperature of
the neutron star of 20 MeV.
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1. Introduction

The QCD axion is being investigated for compelling theoretical reasons, and many
promising methods have been investigated for its detection. The axion was postu-
lated to solve the strong CP problem [1], by the mechanism of spontaneously bro-
ken U(1) PQ symmetry, and may constitute a significant fraction of the dark mat-
ter in the universe [2]. Axions can be studied by means of neutron stars, from which
they are theorized to be produced by nucleon-nucleon bremsstrahlung. The cou-
pling of axions to the electromagnetic field can also generate axions by the Prima-
koff effect [3].

Observations with the Fermi-LAT are crucial to an axion search or setting limits
on axion parameters. Here, for the first time, we use Fermi-LAT observations of
neutron stars with an extended source model to search for signatures of axions.
The Fermi-LAT is an imaging, wide field-of-view, pair-conversion telescope that
detects gamma rays with energies from 20 MeV to over 300 GeV [4]. This energy
range includes the energies of photons from decaying axions, roughly 30 to 200
MeV in our model.

Extended gamma-ray sources have been extensively studied with the Fermi-
LAT, e.g. Ref. [5], including pulsar wind nebulae and supernova remnants. A
search for extended sources in the galactic plane, detecting 46 sources, has also
been performed with the Fermi-LAT [6]. In addition, a search for extended high-
latitude sources has found 24 sources that demonstrate extension [7]. Further,
dark matter in galaxies may be modeled as extended sources of gamma rays, e.g.
Ref. [8]. In addition, Andromeda has recently been observed as an extended source
[9]. We may note that spatially extended emission from axions may occur in the
vicinity of supernova remnants. Decays that occur at a distance from supernova
remnants have been considered in Ref. [10]. In addition, there have been many
investigations of photon-axion and photon-ALP conversion in extragalactic mag-
netic fields, with large distance scales, e.g. Ref. [11]. We consider the decays, but
do not consider the oscillations, because the distances are not large [12]. Here, we
consider variation on the point-source neutron star model considered previously,
and consider extended emission due to axions decaying at a certain distance away
from the source. As the distribution of gamma rays arising from axion decays falls
off not as rapidly as a point source, according to this theory, we model the distri-
bution of axions as a spatially extended source. According to the theory of convo-
lution, the convolution of a flux with a delta function gives back the original flux
function; however, the convolution of a flux with a distribution with a width of
2° - 37 is noticeably different, even if the Point-Spread Function (PSF) is larger
than the width. If there is no signal detected, the limits may potentially be im-
proved with respect to the point source analysis of neutron stars, due to the pho-
tons from axion decay potentially being spread out over a larger solid angle in the
Regions of Interest (ROIs) corresponding to the neutron stars we wish to investi-
gate.

There are theoretically and observationally justifiable reasons for investigating
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this model. The theoretical lower bound on axion decays from supernova energy-
loss arguments has been placed at ~10 meV [13]. The 100 meV to 1 meV range
has been mentioned as a promising region for future axion searches [14] [15]. The
possibility of diffuse emission from axions produced by NN-bremsstrahlung in
supernova cores has been theorized to yield axion mass limits in the meV range
[14]. We provide a model that leads to more restrictive constraints on the axion mass
when considering extended axion emission from neutron stars. There are recent the-
oretical constraints from neutron star cooling that predict axion masses in a close
mass range [16]. It is possible to detect gamma rays in the energy range of 30 - 200
MeV with the Fermi-LAT [17]. Furthermore, the model projects a flux from 10
meV axions that can be measured by Fermi-LAT, as it will be shown.

Several investigators have recently studied axions via nucleon coupling, such
as with axion decay, neutron star cooling, and solar axions. In Ref. [18], a sample
of 17 isolated neutron stars was investigated with similar spectral models for
axion decay as determined by Ref. [19], to determine a 95% C.L. upper limit
on m,<9.6x107 eV.From Ref. [20], an upper limit of 0.01 eV was placed from
neutron star cooling of the neutron star at the center of the supernova remnant
Cas A, relying upon a model of neutron superfluidity. In Ref. [21], the 8.41 keV
line for ' Tm resonant excitation was studied for solar axions produced via the
Primakoft effect, yielding a 90% C.L. upper limit of 24 eV.

The relation between m, and the axion coupling f, is given by:

0.6 meV

- £,/(10° GeV) @

ma
Our search for axions from neutron stars depends on the axion-coupling to
quarks via NN-bremsstrahlung, where the derivative couples to the axion field in

the Lagrangian as:

1 —
ECTgW (@a)Ny”;/SN. (2)
The axion-nucleon coupling may be parametrized in terms of m,,:
m
=107 —|. 3
Zann (1 eVJ ()

We consider KSVZ axions [22] [23], to be distinguished from the DFSZ axion
model [24] [25]. According to the KSVZ “hadronic” axion model, the heavy quarks
are electrically neutral and carry PQ charges. On the other hand, in the DFSZ model,
there are at least two Higgs doublets and ordinary quarks have PQ charges [26].
The axion field should be a Bose-Einstein Condensate (BEC) [27] and is expected
to be responsible for the nucleon Electron Dipole Moment (EDM).

In this article, we investigate the spatial emission of gamma rays using phenom-
enological models in order to determine the projected sensitivities of Fermi-LAT
observations from photon fluxes of neutron stars. We present the fundamental
astrophysical model, the model for extended gamma-ray emission from axions

around neutron stars, the Monte Carlo simulation model. We demonstrate the
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feasibility of setting more stringent limits for QCD axions than previous literature
values [28], which could potentially exclude a range not probed by observations
before.

There have been studies in the literature with RX J1856-3754 as a superfluid neu-
tron star [29]. The superfluidity gives the surface temperature as 100 eV, which,
allowing for a modest temperature gradient, would give a core temperature of 10
MeV. In addition, the phase diagram of superfluidity in the neutron star gives tem-
peratures of order O 10 MeV.

The following is the organization of this article. In Section 2, we present the
underlying astrophysical model. In Section 3, we discuss the extended emission of
gamma rays due to axions from neutron stars. In Section 4, we discuss projected
limits from neutron star RX J1856-3754. In Section 5, we discuss the relevance of
the limits in the astrophysical context as well as to other astrophysical limits on

the axion mass.

2. Astrophysical Model

Axions may be produced in neutron stars by the NN-bremsstrahlung reaction
nn — nna ,where n isaneutron [30]. The axions produced in this manner would
be relativistic (see below). For a physical description of this process, we follow the
phenomenology of Hanhart, Philips, and Reddy [31], who model this process as a
nucleon-nucleon scattering process. Furthermore, the quarks |n> = |u>|d>|d>

are free, inside a neutron, according to the principle of asymptotic freedom.
We developed an astrophysical model to derive an energy flux from axions emit-
ted from neutron stars, which subsequently decay to photons in Ref. [19]. In de-
riving the differential photon flux (), we consider the differential emissivity with
respect to axion energy. In the case of radiative decay of axions a — 2y , we de-
termine the photon energy from the axion mass, the relativistic boost y, and the
angle of photon direction with respect to the axion direction, 6, .In addition, we
consider a neutron star of volume ¥, asa uniform density sphere with a radius
of 10 km, a timescale for axion emission Af as described below, a neutron star
atadistance d ,and the axion decay width T', . Weconsider I’ as given by
[32]:

m

5
r, =11x107s" (ﬁ] . (4)

The energy flux is related to the axion emissivity from nucleon-nucleon brems-
strahlung, as well as the timescale of axion emission from the nuclear medium, which

both depend on the axion mass:

do de VNSAtFW

£ 0% g wh , 5
PTG e )

where @ isthe energy of emitted axions, ¢, isthe axion emissivity of the neu-
tron star matter. This phenomenologically accounts for the nucleon-nucleon brems-

strahlung process as a nucleon-nucleon scattering. Vs is the volume of the
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neutron star, and d is the distance to it. We model the timescale of axion emis-
sion from a neutron star as the mean time A¢ between successive axion emis-
sions in the nuclear medium. It is shown in Ref. [19] that Af=23.2 s. Upon
simplification of Equation (5), we obtain the following equation for the spectral

energy distribution:

5 2
EdB:I.leoz[m“j At (IOOPCJ
dE eV 23.2s d

2'E ’ SU (2E) -2 -1
X cm  -S .
100 MeV ) | 107 MeV?

where S_(®) is the spin-structure function, which accounts for the energy

(6)

and momentum transfer and includes the spins of the nucleons. The function
g(@)=w"S, (»), which we use in our extended analysis, is shown in Figure 1.
For the purpose of this investigation, this function has been fit to an analytic func-
tional form, according to a log-likelihood minimization using the MINUIT opti-

mizer, given by:
g(a)):(a+,Ba));/exp(—%((a)—5)/e)zjexp(77+«9a)) (7)

In Table 1, we present the values of the parameters of g(a)) .

10"

10" 4

w*S (w) (MeV®)
3

102 5

10" 5

T T T

0 25 50 75 100 125 150 175 200
w (MeV)
Figure 1. The function g(®)=w"S, (@), whose parameters have been fit to an analytic

functional form given by Equation (7). Dots refer to Monte Carlo simulated points, while
the solid line refers to fitted model described by Equation (7).

We may consider the effect on axion mass limits due to variations in the model
parameters. In the model of neutron stars that we are considering [33], we may
consider 7=20 MeV,and x/T =10 [33].Inthe model, the neutron star matter
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has superfluidity, and its phase diagram is described by QCD. Since the observed
surface temperature of RX J1856-3754 is 0.28 keV [34], our assumption of the core
temperature of 7 =20 MeV with a modest temperature gradient can be justified.
The source RX J1856-3754 is an isolated neutron star that is detected in X-rays
but not in p-rays [34]. Furthermore, superfluidity has been demonstrated to re-
duce the late-time cooling of neutron stars, up to an age of 10° yr., by the mecha-
nism of frictional heating, as well as suppressing the neutrino emission energy loss

mechanism [35].

Table 1. Best-fit parameters of the function g(w)

as parametrized by Equation (7).

Parameter Best-fit value
-1.29 x 10!
-0.364
-1.37 x 10*

Q% X X R

313

¢ 37.0
22.6

3.49 x 1073

3. Extended Emission of Axions from Neutron Stars

5
Axions decay with finite width T", =1.1x 107%s™ [%} ; the probability that
axions decay from the point of emission from the neutron star increases with dis-
tance from the source. In other words, the survival probability decreases with an-
gular distance from the neutron star. Thus, the gamma rays arising from the axion
decay would render the neutron star as an extended source in gamma rays. The

differential survival probability dP is related to the probability P as follows:

r
dP=-P—dr. (8
Bre

In the preceding equation, we divide dr by fc, to obtain the time to traverse
aradial distance dr.We also divide the decayrate I',, by y and f,thecom-

monly used relativistic parameters, to account for time dilation.
B=—"Z ©)

The energy conservation condition, that the sum of kinetic energy plus poten-
tial energy of a radiated axion be equal to the energy radiated by the axion from

the neutron star, can be expressed as:

K+U=-E_, (10)

The preceding equation leads us to the following expression in terms of energy
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densities:

L GoJafea o

2 c’r 4/3nr'c’

where p isthe mass density of axions, M, is the mass of the neutron star,
and G is the gravitational constant. In the limit GM / (rc2 ) > 3, we obtain
a distribution of axions p ~1/7? . This is assuming a sufficient emissivity of axi-
ons from the neutron stars. Thus, we may convolve the function P(r) with the
function 1/ r*, which describes the spatial density distribution of axions, to ob-
tain f(r;y). This is justified because the probability of being found at a distance
r o (~ 1/ r* ) is mutually exclusive of the probability of survival at a distance r, i.e.
the joint probability distribution is the convolution of these two functions.

The energy and spatial dependence of the flux may be factorized:

do 1 dP(0;m,,0)do,

(12)

dEAQ 2n  dcos® dE

LAT
dNS NS

Figure 2. The geometry of the axion decays into photon. The NS-LAT line defines the focal
plane. The axion is emitted on a radial path with a colatitude of 6'. The decay photon is

emitted at an angle §,,and the @ isa measure of the extension of the source.

The geometry of the decays with respect to the neutron star and the LAT is shown
in Figure 2. The distribution of the opening angles of the photons, &, , with re-

spect to the axion momentum direction, is given by [36]:
9&
| oos 1

:4ﬂ}/ . Zea \/ 2 . 26 ’
s -~ sin” —+ -1
24\ 2

P(6.)

(13)

This distribution is strongly peaked in the forward (8, =0 ) direction, and has
a characteristic width 1/y . We may determine the spatial distributions of y-rays
using the following procedure. We samplea y parameter from the distribution
g(w)=0'S, (0)4). The radial coordinate of decay is sampled randomly from
f(r;7)- We can determine @ simply from geometrical considerations accord-

ing to:
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6= arcsin(ésin(n—@a )j (14)

Geometrically, the condition for acceptance of the photon event is:

0=(n/2-0,-0,)|<0.41ad (15)

This corresponds to a condition on the polar angle 6, <23.0°, where @, isthe
angle between the normal vector 7 to the top of the LAT and the vector of the
photon momentum p, .

This condition on the polar angle is derived as follows: define a colatitude angle
to €', 6,.From Figure 2, it follows that:

6,=0,-0, (16)

and
0'=n/2-6,+06, (17)

Considering that the field of view (FOV := AQ,,;) of the LAT is 2.4 sr [4],

where:
AQ =] dg[ d(cosd) (18)
AQ, ;=24 =2n[d(cosO) (19)

Thus, we derive the condition of the angular acceptance of the photon events
in the LAT as:

Acosf@=0.4. (20)
0.5 , ‘ ‘ , , 0.5 . : : ‘ ‘
— theoretical distribution — theoretical distribution
0.4/ - convolved with LAT PSF| | 0.4} — convolved with LAT PSF| |
0.3 m,=1meV ] 0.3} m, =10 meV
S S
0% comy, =3.32° | RN .2l VA0 sy, =2.23° |
Vo2 =177 101l V(92 =2.46°
== 0.0

0 1 2 3 4

6 7 8 9 10 0 1 2 3 4 6 7 8 9 10

5
()

Figure 3. Angular profile of 1 meV and 10 meV axions: theoretical distribution (blue) and theoretical distribution convolved with

the Pass8 LAT PSF at 60 MeV (green).

In Figure 3, we plot the angular distributions for P(#) and P.(6), which
were convolved numerically, for m, =1 meV. The Monte Carlo simulation was
carried out with 10° events. The distribution of 6 was determined from sam-
pling 6, according to Equation (14). From this, 6 was determined from Equa-
tion (15). The theoretical distribution derived from Monte Carlo simulation can
be convolved with the Point Spread Function (PSF) of the LAT at 60 MeV, which
is approximately 6° for events that convert in front of the tracker. The angular

spread of the theoretical and convolved probability distributions plotted in Figure

DOI: 10.4236/jmp.2024.1511082

1987 Journal of Modern Physics


https://doi.org/10.4236/jmp.2024.1511082

B. Berenji

3 may be parametrized by the following quantity:

() = /—Zzplf : (21)

where P is the probability per i” bin,and # isthe squared valueof & in
that bin. We assume, of course, that the distribution is assumed symmetric about
0.

From inspection of Figure 3, for 1 meV axions, <¢92> =1.8", and for 10 meV
axions, <02> =2.46". Observe that the distribution for the 1 meV axions is di-
minished, but non-negative, between 2° and 4°, due in part to the convolution ker-
nel of the LAT PSF.

We may determine the y-ray energy from the following equation:
1
E, :Emy(l+ﬂcos((9a)) (22)

We determine the spectral energy distribution from modifying Equation (6), by
considering instead of the distance d of the neutron star, the distance ' from

the LAT at which the decay vertex @ — 2y occurred, which is given by:

¥ =lr? +d* —2rdsin@ (23)

Thus, we obtain:

5 2
E0 g 5102 e | [ AL (—IOOPCJ
dE eV )\ 232s r

26 V' S,26) ) .,
X 7 3 cm " -S .
100 MeV 10" MeV

We may note the dependence on the fifth power of the axion mass, as was de-

rived in Ref. [19]. The angular probability distribution P(¢) falls off rapidly

(24)

with increasing angle. The smaller the axion mass m, , the narrower the distribu-
tion P(6).It may be observed that the larger the y-ray energy, the narrower the
angular distribution, as shown in Figure 3. Our limits will provide larger values

of f, for smaller values of m, thatwe choose.

4. Projected Limits from the Extended Model for RX
J1856-3754

4.1. Simulation Experiment

We attempt a simulation experiment in order to test the feasibility of determining
a signal from a given simulated flux. One simulation model was considered: the
extended model presented earlier. This simulated model was generated using
gtobssim from the ScienceTools, as described in Ref. [37]. This was done using
the energy-dependent spatial templates described earlier in this paper in Section
2, while the spectral model was generated using the function in Equation (24). The
same instrument response functions were used for the data analysis from the ex-

perimental observations; in the second case, the extended model for axions was
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considered.

For various injected values of the axion mass m, into a Monte Carlo simula-
tion, the Test Statistic (TS) and the test statistic for extension (TS.x) have been
tabulated. The experimental values, for m, 2 =1 meV, the TS for a point source is
13.56, and the TSy = 27.11. From simulations of the ROI, for a 1 meV axion, the
TS =0.015, and TSex = 0.031. These values are computed from the likelihood func-
tion L£,where L is the likelihood function. We refer here and henceforth to the
log-likelihood test statistic TS oc log £ . The customary interpretation of TS in sigma
(o)is o= JTS . Thus, we establish that the source may be extended . However,
the full simulation of the ROI corresponding to J0108 using gtobssim doesn’t match,
probably because the fluxes of the point sources are not optimized for this ROL
The value of the Test Statistic (TS) for extension is for an axion mass of 0.34 meV
and flux of 1.84 X 10’ MeV-cm s}, where £, is the value of the likelihood func-
tion,and L, isthe value of the likelihood function for the extended model. This
value of TSy is marginally significant, and signals that if extension of such a source
exists, then it would be feasible to quantify this numerically. The TS for detection
of an actual source would be 89 for a putative axion mass of 1 meV, which corre-
spondstoa o =9.4. The flux determined from the simulated extended model is
330 x 10°° cm%s-MeV ™, over a range of gamma-ray energies. This energy flux

compares well with the expected SED in Figure 6.

4.2. Simulation of Spectral Model and Spatial Template

We chose a near galactic neutron star in order to consider the optimum sensitivity
possible with this model.

RX J1856-3754 has a surface temperature of 40 eV and an age of 3.8 x 10° yr [38].
Assuming a modest temperature gradient for this medium-aged pulsar, we may ob-
tain a core temperature of 10 MeV, which may be a reasonable depending on the
inputs to this model. This star may also be a quark star, which may help account for
the high core temperature [38] [39].

The neutron star RX J1856-3754 was chosen because it is one of the nearest neu-
tron stars at a distance of 160 pc [40], and it lies greater than 15° degrees above the
galactic plane. This is justified on the grounds that the possible background con-
tamination to the putative signal, the galactic diffuse emission, is greater near the
galactic plane. From the point of view of future Fermi-LAT observations, nearby
gamma-ray point sources are less than 1.5° degrees away from RX J1856-3754 [41]
in celestial coordinates.

The spectral model corresponding to Equation (24) is plotted in Figure 4.
Gamma-rays with energy 60 - 200 MeV are produced from this model. The spec-
tral model peaks around 75 MeV, and is convolved with the point-spread function
of energy.

Observe that the spatial distribution around the images in Figure 5 has energy-
dependent radii. It is all the more important to consider this when optimizing an

astrophysical analysis.
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Figure 4. PSF-convolved spectrum for extended emission of 10 meV axions from neutron

star RX J1856-3754, see text for details.
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Figure 5. Spatial distribution maps of gamma-rays around neutron star J0108-1431. E = 36.27, 53.00, 77.46, 113.20, 165.44. The
units of the colorbar are density (normalized to 1) on a logarithmic scale. The pixels are 0.4° x 0.4°.
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Figure 6. The expected spectral energy distribution of 10 meV axions from the spatially
extended model compared to the point source sensitivity of the LAT. The region is deter-
mined by 10% hardening or softening of the spectrum curve. The LAT curve is the 10-year
sensitivity using Fermi-LAT Pass 8 instrument response functions, with a region corre-

sponding to 95% C.L.

In Figure 6, we plot the expected sensitivity of the model. With the projected
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10-year sensitivity of Fermi-LAT using Pass 8 instrument response functions, it
may be possible in principle to observe or set upper limits on the axion mass below
10 meV.

In Table 2, the upper limit on flux for comparable sources, is shown. From this

value, the upper limits on flux and axion-nucleon-nucleon coupling, are shown.

Table 2. For neutron star RX J1856-3754, the flux up-
per limit and the upper limit on the axion mass.

Quantity 95% C.L.
@ <1x 1072 cm2s7!
m, <3.9meV
/s >6 x 10° GeV
Zann <3.9x 107

5. Discussion

The model-dependent observational limits derived here for the hypothesis of ex-
tension of m, <3.9 meV at the 95% C.L. are a substantial improvement upon
the previous Fermi-LAT point-source limit with neutron stars [19]. The point-
source limits for this source under the same data analysis conditions as for the
extended source model would not be changed much from the previous point-
source limits, as the energies where the spectrum has a considerable contribution
(i.e. above 60 MeV) were considered in the previous analysis. Furthermore, the
data-dependent limits also fall below the projected limits derived here. From
consideration of Figure 7, the limits from the Fermi-LAT using 7.9 years of ob-
servations are improved by a factor of nearly 100 with respect to the point source
limits. Also, these limits fall in a range that has not yet been excluded by previous
observations, and represent a substantial improvement over the SN 1987A-de-
rived upper limit of m, <16 meV [30]. If the hypothesis of extension is valid,
however low the flux may be, then we report a highly significant detection. This
should be explored in a possible follow-up study. The signal for RX J1856-3754
could be contaminated with known nearby point sources, according to the 3FGL
Fermi-LAT catalog. It should be noted that the possible detection of a signal de-
pends on the extended model energy-dependent spatial templates shown and de-
rived earlier in this study, and that the point source study of a putative signal is
probably too naive for searching for axions. Needless to say, future studies should
focus on neutron stars with farther distances and that are also younger in age.

Fundamentally, we would expect to obtain better limits in this analysis using an
extended source model than modeling neutron stars as axion point sources. Namely,
Fermi-LAT would subtend a larger solid angle for an extended source than a point
source. If no signal is observed with a larger solid angle, the upper limit on the mass
m, would be lower.

It deserves to be mentioned that assuming somewhat higher or lower tempera-

tures could alter this limit somewhat. The simulation-derived limit of 10 meV is
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Figure 7. Comparison of exclusion ranges compared with the possible range of masses presented in

this article. Exclusion regions for axions: the Fermi-LAT point source limits (light red) from neutron

stars, projected limits from the Fermi-LAT using the spatially extended model (dark red) of the neutron
star RX J1856-3754, compared with previous astrophysical limits.

Interestingly, the limit constrains the allowed parameter space for axions as cold
dark matter. These projected limits are better than the bounds of m, <20 meV
reported by CAST [42]. While the ADMX projection excludes a smaller range of
masses, it is probing DFSZ axions, not KSVZ axions. This model sets more re-
strictive limits than this and other neutron star cooling observations [16]. Neutron
star cooling by axions is a quite distinct process from the process of emitted axions
decaying outside the neutron star, for which current limits have been reported as
m, <60 meV. In future observations, the projected limits could potentially be
improved by statistically combining limits from multiple neutron stars, as shown
in Ref. [19]. Although there may be some uncertainty over the precise temperature
of the neutron star, which we assume as 7'=20 MeV, this applies generally to
neutron stars with hadronic physics. In extended models of neutron stars, which

contain free quarks in a QCD phase [43], it is generally accepted that there is a
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range of temperatures that are higher, generally between 10 MeV to 60 MeV [33].
In this article, we set limits on f, ~10'" GeV. Axions with masses ~1 meV may
be a source of dark matter, although it cannot comprise the majority of the dark
matter because the abundance is too low [44]. This bound is much stronger than
the weak upper bound of f, <10 GeV from cosmological arguments [45]. In
future work, a consideration of the possible background signal from the pulsar in
addition to the axion signal could result in a better limit on the axion mass. In
addition, simulation studies could enhance the selection of neutron star targets
that would yield the best limits. If Equation (1) is relaxed, so that both m, and
f. are free parameters, then ALPs may also be considered in a generalization of
the model presented here. Qualitatively, increasing (decreasing) the assumed 7'

would tend to shift the spectrum towards higher (lower) energies. The model flux
depends on ®'S, (@; 4,T) , which increases with T, but the timescale depends
on (IdwwSG (a);y,T))il, which decreases with T'. Thus, a simple calculation
finds that the limits on m, would be smaller for 7 =50 MeV, and larger for
T =10 MeV. The order of magnitude of the limits would still be the same for these
changes in temperature. If the assumed 7 was higher, the Fermi-LAT could be
used to set more stringent limits. For 7 =10 MeV, we estimate the limits would
be a factor of 4 less restrictive. Increasing the degeneracy parameter x would tend
to decrease the amplitude of the spin-structure function. At /T =11, the limits
would be larger, and at /T =9, the limits would be smaller. Changing the &

parameter would not affect the limits substantially.

Similar limits have been achieved by other recent axion searches. Supernova
constraints for SN 1987A yield alimitof m, <16 meV [30]. From vacuum mag-
netic birefringence, a limit of m, <5x10™ eV has been reached [46]. From mag-
netically induced dichroism, m, =1-1.5 meV hasbeen reached [47]. From glob-
ular cluster studies, a limit of m, sin® f <15 meV has been attained [48]. From
the white dwarf luminosity function, an inclusion range of 2.5 <m_ sin” <7.5
meV has been achieved [49] [50]. From the supernova remnant Cas A, the axion
mass was set at m, =2.3+£0.4 meV/C, [51]. These limits are complementary to
the results shown in our work, and we hope that better limits can be obtained in
future work. The work here assumes superfluidity in the neutron star, which does
apply. This allows for higher temperatures in the phase diagram than is the case

with conventional models for neutron stars.
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