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Abstract

We present a theoretical model for detecting axions from neutron stars in a
QCD phase of quark matter. The axions would be produced from a quark-
antiquark pair UT or dd , in loop(s) involving gluons. The chiral anomaly
of QCD and the spontaneously broken symmetry are invoked to explain the
non-conservation of the axion current. From the coupling form factors, the
axion emissivities €, can be derived, from which fluxes can be determined.
We predict a photon flux, which may be detectable by Fermi LAT, and limits
on the QCD mass m, . In this model, axions decay to gamma rays in a 2-pho-
ton vertex. We may determine the expected fluxes from the theoretical emis-
sivity. The sensitivity curve from the Fermi Large Area Telescope (Fermi LAT)
would allow axion mass constraints for neutron stars aslowas m, <10 eV
95% C.L. Axions could thus be detectable in gamma rays for neutron stars as
distant as 100 kpc. A signal from LIGO GWS 170817 could be placed from the
NS-NS merger, which gives an upper limit of m, <10 eV.

Keywords
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1. Introduction

The QCD axion has been investigated from its production in nucleon-nucleon
bremsstrahlung in supernovae or neutron stars. Many models of neutron stars
include QCD phases [1]-[3], with quark matter in addition to hadronic phases.
The assumed temperature may be in the range 10 MeV - 100 MeV, which may be

possible under certain conditions. For example, in a binary neutron star merger,
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the conditions exist for a QCD phase transition, during which the temperature of
the neutron star core would rise to between 50 to 90 MeV [4]. In this situation,
axion production could start at a high flux, generating gamma-rays between 30
MeV to =400 MeV. In our recent work Refs. [5] [6], we have described the model
for the point-source and extended-source emission of axions and their corre-
sponding gamma-ray signals from neutron stars. It may be possible to detect axi-
ons or to set more stringent limits on the axion mass immediately following a
gravitational wave signal detected by LIGO/Virgo. The continuous gravitational
wave signature of a neutron star merger has been discussed in Ref. [7]. It has also
been demonstrated that emission of Kaluza Klein gravitons could occur in a su-
pernova, which would produce a gamma-ray signature [8]. The conditions, ‘e,
the temperature, would be very similar to that of a neutron star in a QCD phase
transition. Previous limits on Large Extra Dimensions with Kaluza-Klein gravi-
tons have been placed using a model for neutron stars with Fermi-LAT observa-
tions [9]. The gamma-ray signatures in both cases could be detected by Fermi
LAT.

The axion is a well-motivated particle of theoretical physics. This light pseudo-
scalar boson arises as the pseudo Nambu-Goldstone boson of the spontaneously
broken U (1) Peccei-Quinn symmetry of quantum chromodynamics (QCD),
which explains the absence of the neutron electric dipole moment [10] [11], and
thereby solves the strong CP problem of particle physics [12]-[14]. In addition, it
is a possible candidate for cold dark matter [15]. Astrophysical searches for axions
generally involve constraints from cosmology or stellar evolution [16] [17]. Many
astrophysical studies placing limits on the axion mass have also considered axion
production via photon-to-axion conversion from astrophysical and cosmological
sources such as type Ia supernovae and extra-galactic background light [18]-[21].
Searches for axions from neutron stars, have generally considered the axion-nu-
cleon coupling, but we may now consider the axion-quark-antiquark coupling.
Axions are deeply related to QCD, which refers to the dynamics of the strong
force. Asymptotic freedom refers to the observation that the force between parti-
cles decreases asymptotically as the energy scale increases and the corresponding
length scale decreases. Color confinement refers to the interaction force between
two color charges remains constant as they are separated. Another notable feature
of QCD is renormalization, the strength of the interaction running with the en-
ergy scale.

Extended gamma-ray sources have been extensively studied with the Fermi
LAT [22], including pulsar wind nebulae and supernova remnants. In addition,
dark matter in galaxies may be modeled as extended sources of gamma rays [23].
We may note that spatially-extended emission from axions may occur in the vi-
cinity of supernova remnants. Decays that occur at a distance from supernova
remnants have been considered in Ref. [24]. 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. It has
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been shown in Ref. [6] [25] that axion decay may render the neutron star as an
extended source of =1° radius in the sky for a source of d <300 pc.

Several gravitational wave events have been detected with LIGO/Virgo [26]. It
is likely that a future gravitational wave event will be detected from a neutron star
binary system. In this case, it is possible to consider a flux of axions from the neu-
tron star, which might create a gamma-ray signature detectable by Fermi-LAT. In
Ref. [25], we derive the spectral energy distribution from an extended source with
a temperature T =20 MeV. The phase diagram for QCD matter [27], could ap-
ply for neutron stars, allowing for temperatures of upto T =90 MeV. We con-
sider the direct coupling of up quarks (U ) and down quarks (d ) to axions through
a two-loop QCD Feynman diagram.

Our previous search for axions from neutron stars depended on the axion-cou-
pling to quarks via NN -bremsstrahlung, where according to the Lagrangian £,

the derivative couples to the axion field as
1 _
£cf—gaNN (0,a)Ny“yN, (1)
a

c where @, isthe axion-nucleon-nucleon coupling, a is the axion field, N
is the nucleon field, y, represents the gamma matrices 772, 7%, and
7s =i7%'y*y® . However, in the model of QCD phase of matter for neutron stars,
it may be more appropriate to study the axion coupling to quark via the triangle
diagram and the chiral anomaly mediated by gluons. The axion to gluon coupling
may be characterized as
cclg, 6" ®)
f,
Using the axial vector current, we obtain the quark couplings to axions g,

and ¢ [28]. It will be shown that the axion coupling to quarks can prove to

add
be more sensitive to lower masses than the nucleon coupling to axions, and to
satisfy the criteria of ultralight axions (ULA). ULA are postulated to be a relevant
form of dark matter [29].

The paper is organized into sections as follows. In Section 2, we discuss the
theoretical implications of the axion current using triangle diagrams with cou-
pling to quarks. In Section 3, we describe a theoretical model for calculating the
emissivities. In Section 4, we discuss predictions for emissivities and spectral en-
ergy distributions for various (@ channels. In Section 5, we present the signifi-
cance of this work, the implications of the theoretical sensitivities to axions, and
potential for gamma-ray experimental constraints based on the models described
herein. Throughout this work, comparisons are also made between gamma-ray

and gravitational-wave sensitivities.

2. Axion Current

The Q4 couples to axions via a chiral or Adler-Bell-Jackiw (ABJ) anomaly dia-

gram with two loops, as shown in Figure 1. Elementary discussions have been

DOI: 10.4236/jmp.2025.161007

154 Journal of Modern Physics


https://doi.org/10.4236/jmp.2025.161007

B. Bereniji

q

Figure 1. Anomaly diagram for anomaly

contribution to quark-antiquark coupling
to axions.

given in Ref. [11], the latter of which discusses at sufficient detail, the heavy quark
effective theory (HQET). We consider the two-loop coupling due to the axial cur-
rent and the chiral anomaly, in order to improve the accuracy at gamma-ray en-
ergies. The current describing the quark to axion coupling has been described as
(30]

1 1 —
J, = faaﬂa+5uyﬂu —Ed;fﬂd +J° €)
where the axial vector current may be written as [30]
1_ 1-
JEZEU%J/SU"'EdVﬂ’sd (4)

under assumption of pseudovector coupling.

2.1. Chiral Anomaly

The chiral anomaly arises from the Adler-Bell-Jackiw (ABJ]) equation when ap-
plied to QCD. The ABJ equation was originally written as a description of anom-
alies in electromagnetism, involving the electromagnetic tensor F,, . The chiral
anomaly is invoked to explain the non-conservation of the axial vector current
[31]. In what follows, «
travariant derivative of the current in Equation (2) is given by

, is the strong force coupling. The non-vanishing con-

0“3° = 2imyQ7:.Q +%TRGG (5)
T

1
where Q represents the quark, Tg =3 and G is the gluon field-strength

tensor. There are two contributions to Equation (2.1): the first term is due to the
non-zero quark mass, which arises from the spontaneously broken symmetry; the
second term is the ABJ equation for QCD [31]. We may assume the form for JZ
in Equation (2). The derivation of the form factor in the following subsection, in
the model of axions from quark matter that we present in this paper, arises from
taking the matrix elements. In the context of QCD, as we discuss here, ABJ is a
QCD perturbation in powers of ¢ . The chiral anomaly of QCD and the sponta-
neously broken symmetry are invoked, by the ABJ equation, to explain the non-

conservation of the axion current.
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2.2. Form Factor

In order to obtain the theoretical emissivities, luminosities, and energy fluxes for
axions from neutron stars, we need to obtain the form factor, thereby computing
the axion-quark coupling. In our calculations, we may consider the customary

momentum transfer
q=P,— P2 (6)
and the customary center-of-mass (CM) energy
S=(p1+p2)2 (7)
The vertex function, A,, may be expressed in terms of the form factors [32],
which are functions of the momentum transfer g, as shown below

AQ,/t =7/#7/5F15(q2)+% pﬂ75F35(q2)- (8)
Q

The form factor F, can be shown to be complex in general. We may consider
the case ° > 4m?. In Ref. [32], the renormalization has been taken into account
in the derivation of the form factors. The real part of the form factor F35 [32] is

ReFy(q?)= 3(;5212 (q—%j[logz (d*)-6log (qz)—zg(z))

(9)
+( 2)2 [—32 Iog(q2)+8§(2)+12 Iogz(qz)].
aq
The imaginary part of the form factor may be written as [32]:
Im F35(qz)=%[3—Iog(qz)]+%[32—24log(q2)} (10)

We may in general consider the amplitude ‘F35 (qz) . The axion-quark cou-

pling can be written, in a form which uses the form factors, from invoking the

Goldberger-Treiman relation [31]:
() L (). )

The derivation is completely analogous to the pion-nucleon coupling via a tri-
angle diagram.

The tree-level s-channel (via gluon exchange) coupling can be safely neglected
in considering the coupling of quarks to axions. The form factor for the tree-level
coupling can be written as

7| =qi4 flal (12)

S

We take q=100 MeV, f, =100 GeV, a, =107, F’ =10 for tree-level

coupling. In this case, F35| < F35| . We do not consider the one-loop
tree two-loop

coupling, because it concerns the axial vector current. The tree-level coupling is

2

proportional to a’, whereas the two-loop coupling is proportional ¢« . The

form-factor for the two-loop coupling may outweign the dependence on «,
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such that the a? term may be safely neglected. Note that a <1.

2.3. Axion Emissivity of Quark Matter

The emissivity is a useful way to quantify the energy emitted by axions from neu-
tron stars, as well as an intermediate calculation to calculate the flux, gamma-ray
SED, and gamma-ray energy flux. We can derive the axion emissivity proceeding
first from the axion-quark coupling, which can be written by using the form fac-

tors and by invoking the Goldberger-Treiman relation [31]:
1
Ouog (0) = 5 =0 |5 (07 (13)

Expressed in terms of the coupling to  g,,, , we may write the volume emissiv-
ity €, ofthe quark matter to axions as a phase-space integral over the quark mo-

menta:

lcp p
€=, dudp, pf [, d2,dp, p} (14)

><J'da)a)zg:®(q2)2 f(w;,T) fz(a);y,T)ﬁ(a)—\/pf+mé —\/p§+mé). (15)

where @ is the quark energy, pg, isthe quark Fermi momentum, and
f.(E; ., T) is the Fermi-Dirac distribution for the quark chemical potential
at neutron star temperature T .
We may use the energy-time uncertainty relation to derive a timescale for the
process of axion emission:

at=-1.
AE

(16)

We may invoke this uncertainty relation, as the neutron star of quark matter is
a Fermi-Dirac system of a quantum phase. Further, the timescale for axion emis-
sion of 30 ms is of order of the timescale of the binary inspiral, and is thus relevant
for the current study, whereas the gravitational wave signal lasted approximately
100 s. Let us consider the defined quarks in the neutron star core. If we may na-
ively take the position uncertainty Ax=0.1 fm, then we have Ap=10"° MeV.
Assuming energy-time uncertainty relation, one may obtain a time uncertainty of
0.030 s for the processes in the medium. Although axions would be produced quite
quickly, the detection is not instantaneous. The NS has to be close enough, and

the detection efficiency is not high enough.
1

f(E;p,T)=———F—— 17
(BiaT) (E - ﬂj (17)
1+exp
T
We evaluate the width for the QqQ state, to a first approximation, as [31]:
_ 16n’a? 2
I(qd > a)==—= (0) (18)

a

where  represents the axion wavefunction (Figure 2).
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Emissivity as a Function of Axion Energy
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Figure 2. Emissivity as a function of axion energy for T =100 MeV.

The axion-quark-antiquark coupling can be written in terms of the Goldberger-

Treiman relation:
2

_ 9 |ps(q2
gaqq _Z_fa F3 (q )‘ (19)
The cross-section amplitude may be written in the form:
12n°
o(qg—a)= T F(a—>qq‘)§(M2—s). (20)

3. Astrophysical Model
3.1. Quark Matter Neutron Star

In the model that we consider, the neutron star is may be considered to be in a
QCD phase of quark matter, or a mixed phase of hadronic and quark matter [33].
This phase of quark matter is considered to be color superconducting. In addition,
it is possible to consider the “CFL” phase where strange quarks, in addition to up
and down quarks, participate in Cooper pairing mechanism [34]. This phase is
superfluid and exhibits broken chiral symmetry. The neutral quark (NQ), the gap-
less CFL, and the gapless 2SC phases are candidates for stellar matter [1].

We may assume a number density of n=0.15fm™ within the neutron star/
quark star and a quark chemical potential of =400 MeV in Ref. [27]. We also
cite the more recent reference of 2014 [2], which yields a similar density of

p =0.15fm™®. We assume a quark matter or a mixed quark-hadron phase for the
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neutron star. We assume a Fermi momentum p; which is given by:
Y3
pe =(37°n) (21)

which is calculated to be 323.81 MeV from the density that we cite.
The temperature of the QCD phase of quark matter depends on the exact de-
scription of the neutron star in the QCD phase diagram. In deriving the prediction

for gamma-ray signal below, we assume T =90 MeV.

3.2. Calculation of the Photon Flux

The photon flux can be derived in a stepwise procedure in a Monte Carlo simula-
tion, largely relying on the results of Section 2.3. First, we integrate over momen-

tum space.

2
—dPndp @ 42
“nae (e | Jace (22)

Next, we define the neutron star volume, assuming a radius of 10 km.

Vi = —(10°) em (23)

4n
3
We provide a delta function, with respect to the kinetic energy @, invoking

the U and d momenta and masses, m, and m,.

u

50—l +m - fpi+m; ) (24)

The axion-quark-quark coupling is derived in terms of the real and imaginary

components of the form factor F.,

qZ
Gagq = \/Re +Im(F; ) — (25)

a

We write the axion wavefunction as follows.

w, =107 cm ¥ (26)
We derive the following variable A as such:
2= i) @7)
The cross section is written as shown below.
o=12n* "= 4 (28)

7

The derived derivative is defined in terms of dv and the number density of

quarks, p.
De = aﬂz (29)
P
Finally, we obtain the differential photon flux:
do mS
——=2—2_ (" DeV,(AALS (E - /2 30
G~ 2anglo DVwAMO(E-0/2) G0
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4. Predictions from the Model

The calculated emissivity is within several orders of magnitude of the SN energy

loss rate into neutrinos, which indicates some similarities which would be ex-

pected in the energy loss rate. The emissivity as a function of axion energy is

shown in Figure 3. The emissivity according to our model is quite large, even with

a small axion mass of order O (1 meV).

10%7 histEmissivity_u
B o Entries 1e+10
L —
L — — Mean 260.7
12— + T Std Dev 49.91
10— __ -
§ 8— -
o - _ —
> - _
(¢} = =
S 6 _
v I~ - —_—
4 [ - ___
I N
20— _
T R S B Ll
150 200 250 300 350
Energy (MeV)

Figure 3. Emissivity for axion energy loss from neutron star at 7= 90 MeV and as-

suming a mass of m, =1 meV.

According to this model, we may demonstrate a peak in the spectral energy
distribution (SED), with a sharp cutoff before the Fermi momentum, as shown in
Figure 4 for the uU axion coupling for T =90 MeV. This is very near the

Fermi-LAT point source sensitivity of 5 x 10~ cm

Spectral Model

ay
=)
&

“Zs7L

Entries

E
o
IIll\IIIIII|III|IIITI\I‘II\|III|III|II\|II

Mean
Std Dev

1000000
242.7
59.23

o
o
o
n
o
o
w
o
o

E, (MeV)

Figure 4. Spectral Model for gamma rays produced from a neutron star at a distance

of 100 pc and assuming an axion mass M, =1 meV, for Ul and dd channels.

The expected axion emissivity from the neutron star model is plotted versus gamma

ray energy.
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Figure 5. Spectral model for axion emission, including both uT and dd channels.

104 E
107> E
106 E
S |
2 1077 4
x ]
w J
108 E
107° E
10-10 _ —— 107%eV
] —— P8_R2 sensitivity
1 — GW 170817
10—11 4
0 100 200 300 400 500

Energy (MeV)

Figure 6. Estimated sensitivity of detecting axion signal with Fermi-LAT, for various values
of m,, for a binary neutron star at a distance of 1 Mpc.

The spectral energy distribution for combined ul and dd , as shown in Fig-
ure 5 is within the range of experimentally measurable flux with Fermi [35]. It
may be possible to set constraints on the axion mass by setting upper limits on the
signal, as shown in Figure 6, where the spectral model is compared to the 10-year
point source sensitivity of the Fermi LAT. At a distance of 100 kpc, the Fermi LAT
could detect the signal arising from the NS-NS merger, from a simple inverse-

square law calculation (Table 1).

DOI: 10.4236/jmp.2025.161007 161 Journal of Modern Physics


https://doi.org/10.4236/jmp.2025.161007

B. Berenji

10-1 4 —— uld,my=5-10"BeV
—— uld,my=1-10"1%eV
—— P8 point-source sensitivity
1073 - — GW 170817
T
NU)
) -5
% 10
>
2
- -7 4
o 10
k)
e
e
N
w 1079 4
10—11 H
0 200 400 600 800 1000

Ey (MeV)

Figure 7. Estimated sensitivity of detecting axion signal with Fermi-LAT, for various situ-
ations at a distance of 100 kpc.

Table 1. Table of variables and usage in this article.

variable/symbol meaning
a axion particle
a strong force coupling (dimensionless)
€ emissivity
F> form factor
f, axion decay constant
decay width
m, axion mass
q? momentum transferred squared
qq quark/anti-quark state

5. Discussion

The Fermi LAT was designed to measure gamma-rays of energy of 30 MeV, but
in reality, this was not possible. Further, a multi-messenger study involving
gamma-rays and X-rays would improve upon a Fermi gamma-ray study alone,
especially for lower temperatures of the neutron stars. Fermi-LAT pointed obser-
vations of a NS-NS merger, triggered by LIGO, would improve the recent limits
from LIGO GWS 170817. In Figure 2, we plot the emissivity of axions, under the
scenario discussed in this article, and find that the mean energy is 390 MeV. In
the context of Figure 3, this makes sense, because we find for Figure 3 that the
median energy is 240 MeV. We plot meV and sub-neV for the emissivities and
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EXCLUSION RANGES FOR THE AXION

1.0 < .
N r10
g .
a S TELESc. [10°
0.8 101_ é §‘<
2
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1072
0.61 - cast 100
g8 3
% 10734 t10-3 :,B
=)
0.41/2¢ 8 ADMX
: i i N L1076
| b 10-8
0.21 (1079
10—11,
_10—12
0.0 1o=14

Figure 8. Exclusion plots for various experiments and axion decay channels. Solid rectan-
gles refer to an excluded range; hash-filled rectangles refer to an included region. Upper
and lower limits are the basis for this diagram. Limits in shades of red represent those de-
rived from axion decay modes. See Refs. [36]-[40].

fluxes for NS under merger conditions. We determine that sub-neV for m, is
favored, because it is the lowest mass consistent with the physical conditions. In
Figure 6, the axion is only marginally detectable by Fermi-LAT and LIGO/Virgo.
In Figure 7, however, the axion is detectable (within the margin of error) by both
experimental teams.

If an improved gamma-ray telescope were developed, what would be desired
would be detection of gamma-rays down to 5 MeV. Further, if a multi-messenger
campaign were commissioned, an X-ray telescope would be complementary, meas-
uring X-ray photons down to lower energies. The model of neutron star quark
matter that we rely on here, Ref. [1], is not the only one, and a study was done in
Ref. [3]. However, Ref. [1] seems to be more thorough.

Figure 8 highlights the results of the current work in a spectacular fashion.
There is no other limit which pushes down into the mass parameter space as much
as this one. There is no other limit which excludes the dark matter parameter
space as much as this one, except for ADMX perhaps. From the limit presented

here, we exclude axions as Hot Dark Matter and allow it to be Cold Dark Matter.
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