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We consider axions coupled to nucleons and photons only through the nucleon electric-dipole moment
(EDM) portal. This coupling is a model-independent feature of QCD axions, which solve the strong CP
problem, and might arise as well in more general axionlike particle setups. We revise the supernova (SN)
axion emission induced by the nucleon EDM coupling and refine accordingly the SN 1987A bound.
Furthermore, we calculate the axion flux from a future Galactic SN and show that it might produce a
peculiar and potentially detectable gamma-ray signal in a large underground neutrino detector such as the
proposed Hyper-Kamiokande. The possibility to detect such a signal offers a way to search for an
oscillating nucleon EDM complementary to CASPERe, without relying on the assumption that axions are a
sizeable component of the dark matter. Furthermore, if axions from SN produce an observable signal, they
could also lead to an amount of cosmological extra radiation observable in future cosmic surveys.
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I. INTRODUCTION

Axions are (pseudo)-scalar fields predicted in many well-
motivated extensions of the Standard Model (SM) [1,2].
The most notable example is the QCD axion [3,4], which
emerges as an essential ingredient in the Peccei-Quinn (PQ)
solution of the strong CP problem [5,6]. More generally,
in the context of quantum field theory, axions emerge
naturally as the Goldstone bosons of global symmetries that
are broken at some high scale fa [3–5,7]. Ultralight axions

also appear in other frameworks such as supergravity or
string theory [8–10]. Besides theoretical motivations, there is
a huge attention toward axions since these are excellent
candidates to account for some or all of the dark matter that
we observe in the Universe [11–13].
Low-energy experimental tests depend on the axion

effective couplings to photons and matter fields, notably

La ¼ Caγ
α

8π

a
fa

FμνF̃μν þ CaΨ
∂μa

2fa
Ψ̄γμγ5Ψþ…; ð1Þ

where Fμν (F̃μν) denotes the electromagnetic field strength
(and its dual), ψ ¼ e, p, n runs over low-energy matter
fields, and Caγ;Ψ are naturally expected to beOð1Þ adimen-
sional coefficients.
From a phenomenological perspective, it is often

assumed the presence of only one of the previous couplings
and studied the possibility to constrain each of them
separately. The axion-photon coupling [first one in
Eq. (1)] is arguably the most used in experimental searches
and phenomenological studies. Notably, in the presence of
an external magnetic field, the axion-photon interaction
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leads to the phenomenon of axion-photon mixing [14]. This
effect is exploited by several ongoing and upcoming axion
search experiments (see [2,15,16] for recent reviews). The
axion-photon coupling would also cause axions to be
produced in stellar plasmas via the Primakoff process
[17]. Therefore astrophysical observations of the Sun,
globular cluster systems and supernovae (SNe) offer unique
sensitivity to axion interactions (see [18,19] for reviews).
The axion-fermion couplings in Eq. (1) also lead to axion
production in different stellar systems, e.g., via electron
bremsstrahlung in white dwarfs and red giants [20],
or nucleon bremsstrahlung [21–23] and pion conversion
[24,25] in SNe. Furthermore, experimental techniques
sensitive to the fermion couplings have been recently
conceived (see, e.g., [26–29]).
Above the scale of QCD confinement, the axion inter-

actions in Eq. (1) stem from an axion effective Lagrangian
involving quarks and gluons (as well as other SM fields)

La ¼
αs
8π

a
fa

Ga
μνG̃

aμν þ… ð2Þ

where Ga
μν (G̃

aμν) denotes the gluon field strength (and its
dual). The axion coupling with gluons is the most generic
feature in the case of the QCD axion, introduced in order to
solve the strong CP problem. The two-gluon coupling
would allow for the gluonic Primakoff effect in analogy to
what is expected for the photon coupling. This effect might
be relevant for thermal axion production in the primordial
hot quark-gluon plasma [30–37]. At the same time, the
axion-gluon vertex is responsible for an irreducible con-
tribution to the axion couplings to photons and nucleons in
Eq. (1). These couplings, however, receive other equally
important contributions dependent on the specific UV
completion of the model. It is, thus, possible to conceive
QCD axion models in which they are suppressed compared
to their naturalOð1Þ values, as we argue in Appendix A. In
the following, we will assume that the couplings to photons
and fermions are suppressed.
Finally, the gluonic vertex induces a model independent

nucleon EDM portal interaction1

LnEDM
a ¼ −

i
2
gd;NaN̄γ5σμνNFμν; ð3Þ

(withN ¼ p, n) which leads to an axion-dependent nucleon
electric dipole moment (EDM), dN ¼ gd;Na [38]. It should

be noted that this interaction is in one-to-one correspondence
with the axion-gluon coupling via the relation

gd;N ¼ CaNγ

mNfa
; ð4Þ

withCanγ¼−Capγ¼0.0033ð15Þ [39] (i. e., gd;n¼−gd;p≡gd),
and hence it is a model-independent feature of QCD axions.
The nucleon-EDM interaction is particularly important for
axion darkmatter searches. Indeed, the oscillating axion dark
matter field would imprint the same oscillations into the
EDM of protons and neutrons [38]. The detection of such a
feature is the ambitious goal of the Cosmic Axion Spin
Precession Experiment (CASPERe) experiment [29,40].
Oscillating electric-dipole moments of atoms and molecules
can also be generated by the interaction in Eq. (2) [41–43].
As we shall see in detail in the discussion below, a strong

indirect constraint on the axion interaction with the
nucleon-EDM can be derived from the analysis of the
SN 1987A observed neutrino signal. This possibility was
originally presented in Ref. [38], which provided a back-of-
the-envelope (but, as it turns out, rather accurate) estimate
of the axion emission rate from a SN through the N þ γ →
N þ a process. In absence of a direct axion-nucleon
coupling, this rate is proportional to g2d. It is well known
that an overly efficient axion rate would reduce the duration
of the observed SN 1987A neutrino signal [44,45], thus
allowing to constraint the efficiency of the above process
and, consequently, to set a bound on gd.
Given the relevance of the SN bound to constrain the

nucleon-EDM portal, we devote our paper to investigate the
bounds and signatures of such interactions from SN
observations. The plan of our work is as follows. In
Sec. II we present the calculation of the axion emissivity
in a SN via the nucleon-EDM portal. In Sec. III, we
characterize the bound from SN 1987A. In Sec. IV, we
calculate the axion signal from a Galactic SN in a large
underground neutrino detector, like Hyper-Kamiokande
[46]. For completeness, in Sec. V we present an estimate
of the cosmological bound on axion thermalization through
the N þ γ → N þ a process. Finally, in Sec. VI, we discuss
the complementary of our findings with other observables
related to the nucleon-EDM portal and we conclude. There
follow three Appendices. In Appendix A, we discuss
model-building aspects of QCD axions with suppressed
couplings to photons and matter fields. In Appendix B, we
provide further details on the calculation of the SN axion
emissivity while in Appendix C we discuss the non-
degenerate nucleon limit.

II. SUPERNOVA AXION EMISSIVITY VIA
NUCLEON DIPOLE PORTAL

Axions can be produced in SN through the nucleon
dipole portal of Eq. (3). The two processes which
contribute to the rate are the Compton scattering [38],

1We observe that the axion-gluon coupling in Eq. (2) is not the
only possible “microscopic” source for the nucleon EDMportal. In
fact, the latter could arise as well from axionlike particle inter-
actions with the basis of CP-violating SM quark and gluon
effective operators, such as for example an interaction of the type
aq̄iγ5σμνqFμν, with no relation to the solution of the strong CP
problem.Hence, the axion-nucleonEDMportal inEq. (3) describes
a more general class of axionlike particle theories and could be
decorrelated from the constraints stemming from the axion-gluon
operator.
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N þ γ → N þ a, and the nucleon bremsstrahlung process,
N þ N → N þ N þ a.2 Both processes are shown in Fig. 1.
Of these, the Compton scattering gives the largest con-
tribution while the bremsstrahlung is suppressed by more
than one order of magnitude, as further discussed in
Appendix C. Therefore, in this section we present only a
discussion of the Compton effect. Nevertheless, since the
bremsstrahlung contribution has never been considered
before in the literature, we provide a detailed derivation
of the axion emission rate associated with it in Appendix C.
The matrix element for the Compton process involving a

nucleon with a real photon in the initial state (see the left
panel in Fig. 1) is

MC ¼ 1

4
gdūðpfÞðγμγν − γνγμÞγ5uðpiÞFμν; ð5Þ

where pf ¼ ðEf;pfÞ, pi ¼ ðEi;piÞ are the final and initial
nucleon 4-momenta respectively and gd ≡ gd;n ¼ −gd;p is
the coupling to nucleon EDM, with the same magnitude but
opposite sign for neutrons n and protons p.
In a SN, the photon acquires an effective mass mγ ≈

16.3 MeVY1=3
e ρ1=314 [48], where ρ14 ¼ ρ=ð1014 g=cm3Þ and

Ye is the electron fraction. Therefore, we evaluate the spin-
averaged squared matrix element from Eq. (5) assuming the
photon as a massive boson (with three degrees of freedom),
getting

jMj2 ¼ g2d
12

jMj2

¼ g2d

�
4

3
ðk · pfÞðk · piÞ −

1

3
m2

γðpf · piÞ þm2
Nm

2
γ

�
;

ð6Þ

where k is the photon 4-momentum and mN is the
nucleon mass.
The number of axions emitted per unit volume and per

unit of time and energy is given by

d _na
dEa

¼
X

nucleons

Z
2d3pi

ð2πÞ32Ei

2d3pf

ð2πÞ32Ef

3d3k
ð2πÞ32Ek

4πE2
a

ð2πÞ32Ea

× ð2πÞ4δ4ðpf þ pa − pi − kÞjMj2fpi
fkð1 − fpf

Þ;
ð7Þ

where jMj2 is given by Eq. (6), and the distribution
functions of the different interacting species are the usual
Fermi-Dirac or Bose-Einstein distribution,

fiðEÞ ¼
1

e½EiðpiÞ−μi�=T � 1
; ð8Þ

where the þ sign applies to fermions, the − is for bosons,
and μi are the chemical potentials for i ¼ p, n, while
photons have vanishing chemical potential. Corrections to
the dispersion relations EiðpiÞ of nucleons are incorporated
through the equation [49,50]

Ei ¼ mN þ jpij2
2m�

N
þUi; ð9Þ

where Ui is the nonrelativistic mean-field potential and m�
N

is the effective nucleon mass in medium (see Ref. [23] for
details). For definiteness, we take as benchmark for all the
different input necessary to characterize the axion emission
the SN model with 18 M⊙ progenitor simulated in spheri-
cal symmetry with the AGILE-BOLTZTRAN code [51,52].
The differential axion number luminosity, which is

defined to be the total number of axions emitted in a
specified energy range per unit time from the SN is
obtained by integrating Eq. (7) over the SN volume and
is given by

d _N a

dEa
¼

Z
d3r

d _na
dEa

: ð10Þ

The energy radiated in axions per unit volume and time,
called the axion emissivity, can be calculated directly from
Eq. (7) as [53]

Qa ¼
Z

dEaEa
d _na
dEa

: ð11Þ

Phase space integration is performed following the pro-
cedure of Refs. [54,55], as documented in Appendix B.
In Fig. 2 we show the axion emissivity as a function of

the SN radius r at different postbounce times tpb (bottom
right panel), together with the physical properties which
determine it, namely the temperature T (upper left panel),
the matter density ρ ∼Oð1014Þ g cm−3 (upper right panel),
and the effective photon mass mγ ∼ 15 MeV in the core
(bottom left panel). In particular, at tpb ¼ 1 s, the produc-
tion zone is at r ∼ 10 km and it moves toward the star
center at larger times, reflecting the behavior of the peak
temperature Tmax ∼ 30–40 MeV and showing the strong

FIG. 1. Feynman diagrams of the axion production processes:
Compton scattering (left) and bremsstrahlung (right).

2Since in this model the axion-nucleon coupling is suppressed,
this process is different from the nucleon-nucleon bremsstrahlung
[21,22,47], which is not considered here.
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temperature dependence of the production rate. The axion
energy luminosity, i.e., the energy emitted by axions per
unit time, is obtained by integrating the emissivity over the
stellar volume, i.e.,

La ¼ 4π

Z
dr r2QaðrÞ: ð12Þ

We mention that redshift corrections need to be considered
in order to evaluate the luminosity for a distant observer, as
discussed in Refs. [56,57]. Indeed, after its emission, an
axion will suffer a gravitational redshift before reaching an
observer at infinity. This effect is encoded in the “lapse”
factor α listed at each radius in the SN simulation data [52].
This means that the observed axion energy at infinity is
Eobs ¼ Eloc × α, where Eloc is the axion energy in the local
comoving frame of reference, in which SN-simulation data
are provided. In addition, for the rate of emission another
redshift correction is required, since the proper time lapse
of a comoving observer is related to the distant observer
time by the lapse function α [52]. Therefore, the contri-
bution from local emission to the luminosity at infinity can
be evaluated by including a factor α2. Moreover, since all
physical properties of the star are given in the comoving
reference frame of the emitting medium, a Doppler shift
effect ∝ ð1þ 2vrÞ has to be considered, where vr is the
radial velocity of the medium, which is always very small
jvrj ≪ 1 [56,57]. For this reason, the observed axion
luminosity at infinity is given by

Lobs ¼ 4π

Z
dr r2QaðrÞα2ðrÞð1þ 2vrÞ; ð13Þ

where Qa is the emission rate evaluated in the local
comoving frame of reference. We stress again that since
vr ≪ 1, the last term in brackets has a small impact on the
observed luminosity, while the α factor reduces the lumi-
nosity by a factor ∼20–30%, in agreement with Ref. [56].

III. SN 1987A COOLING BOUND

The observation of the SN 1987A neutrino burst permits
to constrain all the exotic energy losses that would
significantly shorten its duration. For quantitative esti-
mates, it is normally assumed that the luminosity associated
with exotic processes, calculated at a representative time
tpb ¼ 1 s after the core-bounce, does not exceed the
neutrino luminosity Lν ≃ 3 × 1052 erg s−1 [56,58]. In order
to place a bound on the axion coupling gd, we evaluate the
axion luminosity adopting the “modified luminosity crite-
rium,” (see [56,59,60])

La ¼ 4π

Z
Rp

0

dr r2α2
Z

dEaEa
d _na
dEa

he−τðE0
a;rÞi; ð14Þ

where the integral of the axion emissivity is performed on
the emission region with Rp ¼ 40 km and the exponential
suppression e−τ takes into account the possibility of axion
absorption. In particular, he−τi is a directional average of
the absorption factor

FIG. 2. The SN temperature T (upper left panel), the density ρ (upper right panel), the effective photon mass (lower left panel) and the
axion emissivity Qa (lower right panel) as a function of the radius for different postbounce times tpb.
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he−τðE0
a;rÞi ¼ 1

2

Z þ1

−1
dμ e−

R
∞
0

dsλ−1ðE0
a;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2þs2þ2rsμ

p
Þ; ð15Þ

where λ is the axion mean-free path calculated in Eq. (B10)
in Appendix B, E0

a ¼ EaαðrÞ=αð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ s2 þ 2rsμ

p
Þ is the

axion redshifted energy, μ ¼ cos β and β is the angle
between the outward radial direction and a given ray of
propagation along which ds is integrated.
In Fig. 3,we show the expected bound on gd in theLa vs gd

plane. The trend is a typical one often discussed in literature
(see, e.g., Ref. [58]). The region for gd ≲ 10−7 GeV−2

corresponds to the free-streaming case, where the axion
production is dominated by a volume emission and La ∝ g2d.
Conversely, for gd ≳ 10−6 GeV−2 axions enter the trapping
regime, where the luminosity is dominated by a surface
black-body emission from an “axion-sphere”with radius ra,
where La ∝ r2aTðraÞ4 that is a rapidly decreasing function
of r so that La decreases when gd increases. We exclude
values of gd for whichLa ≳ 3 × 1052 erg s−1, corresponding
to the range 6.7×10−9GeV−2≲gd≲7.7×10−6GeV−2.
We notice that the bound on gd in the free-streaming
regime is slightly weaker than the simple back-of-
the-envelope estimation presented in Ref. [38], namely
gd ≲ 4 × 10−9 GeV−2. Furthermore, as shown in Sec. V,
values of gd larger than what excluded by the trapping
limit are excluded by the extra radiation produced by the
thermalization of axions in the early Universe. Therefore, in
the next section we will focus on couplings below the free-
streaming bound.

IV. AXION SIGNAL IN HYPER-KAMIOKANDE

Having calculated the SN axion spectrum produced
through the nucleon dipole portal, our goal in this section
is to discuss detection possibilities from a Galactic SN
explosion with next generation neutrino detectors (see, e.g.,
Ref. [61] for a review). For definiteness, we focus on the

neutrino underground water Cherenkov detector Hyper-
Kamiokande, with a proposed fiducial mass of 374 kton
[46]. In this case the detection channel is the scattering of
the SN axions on free protons in the water

aþ p → pþ γ; ð16Þ

producing a visible photon flux. In order to calculate the
event rate in Hyper-Kamiokande, one has to consider the
SN axion fluence from Eq. (10), including gravitational
redshift. This is well-represented by the following quasi-
thermal spectrum (see also [62])

dNa

dEa
¼

�
gd

6 × 10−9 GeV−2

�
2

C0

�
E
E0

�
β

e−ð1þβÞ E
E0 ; ð17Þ

where C0 ¼ 7.49 × 1056 MeV−1, E0 ¼ 113.73 MeV and
β ¼ 3.09. This spectrum is shown in Fig. 4 for gd ¼
6 × 10−9 GeV−1 and negligible axion mass.
The detection cross section, associated with the process

in Eq. (16), is given by

σa ¼
1

2Ea

1

2mN

Z
2d3pf

2Efð2πÞ3
2d3k

2ωð2πÞ3
× ð2πÞ4δ4ðpa þ pi − k − pfÞjMj2

¼ 1

4EamNð2πÞ2
Z

d4kδðk2Þ

× δ4ðpa þ pi − k − pfÞjMj2pfdEf

¼ g2dE
2
a

2π
; ð18Þ

where in the last step we used the small axion mass limit
and the nonrelativistic approximation for nucleons, so that
Eγ ¼ Ea and Ei ¼ Ef ¼ mN , subject to the kinematical
constraint

FIG. 3. Dependence of La on the coupling strength gd at
tpb ¼ 1 s. The horizontal dashed line denotes the neutrino
luminosity Lν ¼ 3 × 1052 erg s−1. Couplings giving La ≳ Lν

are excluded.

FIG. 4. SN axion energy spectrum for gd ¼ 6 × 10−9 GeV−2

and ma ≪ T.
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Ef ≤
2E2

a þ 2EamN þm2
N

2Ea þmN
: ð19Þ

The produced photon energy spectrum is given by

dNγ

dEγ
¼ Nt

4πd2
dNa

dEa
× σaðEaÞ; ð20Þ

where d is the SN distance from Earth, and Nt is the
number of targets in the detector,

Nt ¼ 109 × Np × NA ×

�
Mdet

kton

�
×

�
g=mol
mH2O

�
; ð21Þ

with Np ¼ 2 the number of free protons per water mol-
ecule, NA the Avogadro number andmH2O ¼ 18 g=mol the
molar mass of water.
In Fig. 5, we show the event rate in Hyper-Kamiokande

for the axion signal via aþ p → pþ γ (continuous curve)
and for a Galactic SN at d ¼ 0.2 kpc, representative of the
distance of the red supergiant star Betelgeuse [63]. For
comparison, we show the neutrino event rate associated
with inverse beta decay process, ν̄e þ p → nþ eþ (dashed
curve) which is the dominant detection channel for SN
neutrinos (see, e.g., Ref. [64]). It is interesting to realize
that for E≳ 100 MeV, the axion signal emerges over the ν̄e
background, offering a potential window of detection. The
high-statistics SN neutrino detection can be used as an
external trigger for the axion detection. Indeed, it selects a
Oð10Þ s time window to look at the coincidence of at least
two photons from axions signal. Notably, the accidental
background coincidence in a 10 s window is small, less
than one event every three years.3 The number of axion
events for E > 100 MeV is given by

Nev ¼ 290

�
gd

6 × 10−9 GeV−2

�
4
�

Mdet

374 kton

��
d

0.2 kpc

�
−2
:

ð22Þ

In Fig. 6, we show the number of expected events in
Hyper-Kamiokande as a function of gd, for different values
of the SN distance. It is apparent that a few hundreds of
events would be detected for gd ≈ 6 × 10−9 GeV−2 near the
cooling bound and for a SN explosion at distance
d ¼ 0.2 kpc, such as Betelgeuse. Distances up to d≲
2 kpc would give a handful of events for the same value
of the coupling. For a close-by SN at d≲ 0.2 kpc, we
expect to observe few events for couplings larger than
gd ≈ 2 × 10−9 GeV−2. In order to quantify the sensitivity to
gd as a function of the SN distance d, in Fig. 7 we show the
Poisson probability to detect more than two photon events
with E > 100 MeV in Hyper-Kamiokande as a function of
the SN distance, for three different values of the coupling,
evaluated as

Pevð2; dÞ ¼
X∞
n¼2

Nn
evðdÞ
n!

e−NevðdÞ: ð23Þ

We see that for gd ¼ 6 × 10−9 GeV−2, there is a non-
negligible probability (Pev ≳ 0.5) to detect an axion-signal
up to 2.5 kpc. For gd ¼ 4 × 10−9 GeV−2, the sensitivity
radius is reduced to 1 kpc, and for gd ¼ 2 × 10−9 GeV−2 to
300 pc. There are ∼30 SN candidates in a radius d < 1 kpc
[65]. According to our analysis, if one of these goes SN we
might expect, together with a huge neutrino signal, a
handful of high-energy events associated with the nucleon
dipole portal to axions.

FIG. 5. Events rate in Hyper-Kamiokande for the axion signal
via aþ p → pþ γ (continuous curve) for gd ¼ 6 × 10−9 GeV−2

and for ν̄e inverse beta decay ν̄e þ p → nþ eþ (dashed curve)
for a SN at d ¼ 0.2 kpc.

FIG. 6. Number of expected axion events with energy E≳
100 MeV in Hyper-Kamiokande as function of gd for different
values of the SN distance. The red line indicates a threshold value
of 2 events, required for the detection. The magenta region is
excluded by the energy-loss criterion.

3Mark Vagins, private communication.

GIUSEPPE LUCENTE et al. PHYS. REV. D 105, 123020 (2022)

123020-6



V. COSMOLOGICAL BOUNDS ON AXION
EXTRA RADIATION

A complementary constraint on the axion nucleon dipole
portal can be derived frommeasurements of extra radiation in
the early universe. In fact, below the QCD phase transition,
the processN þ γ ↔ N þ a becomes an effective process to
produce a thermal population of axions which would
contribute to extra radiation. The axion production rate in
the earlyUniverse is given byΓ ¼ nNσaN→γN wherenN is the
nucleon thermal number density and the production cross
section σaN→γN is given by Eq. (18). Axions decouple when
Γ ≃H, where H is the Universe Hubble expansion rate.
Having determined the axion decoupling temperature TD, it
is possible to calculate the effective number of relativistic
degrees of freedom, appearing as extra radiation, as [2,66]

ΔNeff ≃ 0.027

�
106.75
g�;sðTDÞ

�
4=3

; ð24Þ

where g�;sðTDÞ are the entropic effective degrees of freedom
(normalized to the total number of SM degrees of freedom).
The sensitivity of the Planck 2018 data is enough to exclude
ΔNeff ≳ 0.35 at 95% CL [67], which corresponds to
gd ≳ 6 × 10−6 GeV−2. Therefore, the cosmological bound
nicely connects with the exclusion given by the SN 1987A in
the trapping regime. We remark that, for ma ≳ 1 eV, axions
would be too heavy to be considered dark radiation and their
constraint from contributing to dark matter is much weaker
than the one from ΔNeff .
For values below the SN 1987A bound in the free-

streaming regime, gd ≲ 7.7 × 10−6 GeV−2, axions would
decouple before the QCD phase transition. In this case the
processes relevant for their thermalization are the ones
with gluons, rather than with nucleons. In this case the
decoupling temperature can be estimated as TD ≃ 4 ×
1011ðfa=1012 GeVÞ2 [2] (see also [30–36]), which is
typically well above the electroweak scale. Hence, from
Eq. (24) it follows that ΔNeff ≃ 0.027, which is in the reach

of future CMB-S4 surveys [68]. Requiring that the temper-
ature of the Universe was high enough to bring the axion
into thermal equilibrium, TRH > TD, CMB-S4 data would
be able to probe [33]

gd > 1.3 × 10−14 GeV−2
�

TRH

1010 GeV

�
−1=2

: ð25Þ

VI. DISCUSSION AND CONCLUSIONS

In this work, we provided a careful quantitative inves-
tigation of the bounds and signatures of a nucleon dipole
portal to axions from a SN explosion. First, we have revised
the axion production channels in a SN. The most relevant
channels are the Compton and the bremsstrahlung proc-
esses, the last of which had never been considered in the
previous literature. We present a detailed calculation of the
rates associated with both processes in Appendix C. We
find that the SN 1987A cooling argument provides the limit
gd ≲ 6.7 × 10−9 GeV−2. Furthermore, we have shown that
for values of gd below this bound and larger than
10−9 GeV−2 a future Galactic SN explosion within a radius
d≲Oð1Þ kpc would produce a handful of events through
the process aþ p → pþ γ in the Hyper-Kamiokande
detector.
In the case of QCD axion, Eq. (4) holds and the bound on

gd can be translated into fa ≳ 5 × 105 GeV. However, we
stress that in this case the SN bound on fa due to nucleon-
EDM coupling would be weaker than the HB bound due to
axion-photon coupling (fa ≳ 4 × 106 GeV) [69] and the SN
bound due to axion-nucleon couping (fa ≳ 4 × 108 GeV)
[23]. Therefore, the nucleon-EDM axion coupling would be
the most important one for axion phenomenology only in the
case in which both photon- and nucleon- axion couplings are
suppressed.As further discussed inAppendixA, the required
cancellation cannot be achievedwith only a single tuning, but
further nontrivial assumptions are needed.
It is interesting to compare the axion parameter space

probed by SNe with sensitivities of other searches in the
plane ðgd;maÞ, as shown in the upper panel of Fig. 8. There,
the shaded green area is excluded by the nondetection of an
oscillatingnuclear dipolemoment in experiments looking for
a static one (nEDM, see [70]). The dashed lines represent
future sensitivity estimates for different phases of the
oscillating EDM experiment CASPERe [29]. Our SN
1987A bound is the blue shaded strip between
6.7 × 10−9 GeV−2 ≲ gd ≲ 7.7 × 10−6 GeV−2. Higher val-
ues of the coupling are excluded by extra radiation ΔNeff

produced after the QCD phase transition. Values 2 ×
10−9 GeV−2 ≲ gd ≲ 6.7 × 10−9 GeV−2 (dashed curve) can
be probed by axion events from a future close-byGalactic SN
explosion.
In the lower panel of Fig. 8, we superimpose additional

bounds and future sensitivities under the assumption that
the origin of gd is the anomalous axion-gluon coupling,

FIG. 7. Poisson probability to detect more than 2 axion-induced
photon events as a function of the distance, for different values
of gd.
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depending on fa in the case of the QCD axion (oblique
yellow band) [see Eqs. (2)–(4)]. The region below the
dotted gray line (gd ≲ 2.8 × 10−22 GeV−2) corresponds to
fa ≳mPl, while in the gray region (BBN) axions coupled to
QCD are inconsistent with the production of the observed
abundance of light elements during big bang nucleosyn-
thesis (BBN) [71]. Note that both CASPERe and the BBN
bound rely on the assumption that the axion comprises the
whole cold dark matter. Instead, the bounds denoted as
“Earth” and “Sun” are due to finite density effects. In fact,
in models where the axion mass is down-tuned,4 the

cancellation of the axion mass can be spoiled in high-
density stellar environments where the axion field relaxes
to hai ¼ πfa, implying various experimental constraints
(see Ref. [76] for more details). The shaded gray region
around ma ∼ 10−12 eV represents the most conservative
black-hole superradiance bound [77] (but see also
Ref. [78]). Finally, if axions decouple before the QCD
phase transition, e.g., via the axion-gluon coupling, their
contribution to extra radiation would be in the reach of
future CMB-S4 observations [68], improving over existing
constraints on gd. In the lower panel of Fig. 8 we show what
the reach in gd would be, assuming a reheating temperature
of TRH ¼ 1010 GeV.
We notice that the region probed by CMB-S4 is

complementary to the direct search of axion dark matter
by the CASPERe experiment [29]. Remarkably, also our
SN signal is complementary with CASPERe. Indeed, for
masses ma ≳ 10−9 eV, if gd ≳ 10−9 GeV−2 one would not
observe any signal in CASPERe, but there is the possibility
to get a few axion-induced events from a close-by SN and
an excess of extra radiation in CMB-S4. This is a peculiar
scenario where the nucleon dipole portal would be invisible
to laboratory experiments and would show up only from
the sky.
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APPENDIX A: QCD AXIONS WITH SUPPRESSED
COUPLINGS TO PHOTONS AND

MATTER FIELDS

In this Appendix, we explore the question of whether
it is possible to conceive a QCD axion model where
the nucleon-EDM portal provides the leading axion

FIG. 8. Upper panel: bounds (full lines) and sensitivity (dashed
lines) of future searches in the gd vsma plane. Lower panel: axion
parameter space considering interactions derived from the axion-
gluon coupling [see Eqs. (2)–(4)]. Bounds (full lines) and future
experimental sensitivities (dashed lines) in color pertain to the
nucleon-EDM portal, while for the regions in gray we made
the further assumption that the origin of the latter coupling is the
axion-gluon interaction, with all the other couplings suppressed.
In the region below the dotted line the axion decay constant
exceeds the Planck scale. The vertical axis gives the inverse of the
decay constant f−1a on the right and the EDM coupling gd ∝ f−1a
on the left. See the text for a detailed explanation of the plot.

4In the presence of an extra dark sector contributing to the axion
mass, the latter can be suppressed with respect to the value set by
QCD. In some studies (e.g., [71,72]) this was supposed to happen
via a tuning. More recently, exploiting the mechanism proposed in
[73], Refs. [74,75] showed that the axionmass canbe exponentially
suppressed in terms of aZN symmetry, while solving the strongCP
problem and the axion being darkmatter. Theseworksmotivate the
region on the left of the “QCD axion band” in Fig. 8.
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interaction. This requires in turn that standard axion
couplings to photons and matter fields are suppressed with
respect to their natural Oð1Þ values.
To formulate the problem in general terms, let us start

from the axion effective Lagrangian below the electroweak
scale

La ¼
αs
8π

a
fa

Ga
μνG̃

aμν þ E
N

α

8π

a
fa

FμνF̃μν

þ ∂μa

2fa
f̄c0fγ

μγ5f þ…; ðA1Þ

where E=N is the ratio of the QED/QCD anomaly of the PQ
current and f ¼ u; d; e;… denotes SMDirac fermions. The
ellipses in Eq. (A1) stand for extra terms like off-diagonal
fermion currents, including vector ones. This Lagrangian is
matched with the axion effective Lagrangian below the
scale of chiral symmetry breaking, Λχ ≈ 1 GeV, which
reads

La ¼ −
CaNγ

2mN

a
fa

N̄iγ5σμνNFμν þ CaN
∂μa

2fa
N̄γμγ5N

þ Caπ
∂μa

fafπ
ð2∂μπ0πþπ− − π0∂μπþπ− − π0πþ∂μπ−Þ

þ Cae
∂μa

2fa
ēγμγ5eþ Caγ

α

8π

a
fa

FμνF̃μν þ…; ðA2Þ

where we kept only terms that are relevant for axion
phenomenology, namely nucleons (N ¼ p, n), pions,
electrons and photons. In fact, the axion-pion coupling
is relevant for the axion hot dark matter bound through to
axion-pion thermalization channel [79–81] while the other
couplings are constrained by astrophysical considerations.
The Wilson coefficients of the two effective Lagrangians in
Eqs. (A1)–(A2) are related as follows (see, e.g., [2])

Canγ ¼ −Capγ ¼ 0.0033ð15Þ; ðA3Þ

Cap þ Can ¼ ðc0u þ c0d − 1ÞðΔuþ ΔdÞ − 2δs; ðA4Þ

Cap − Can ¼
�
c0u − c0d −

1 − z
1þ z

�
ðΔu − ΔdÞ; ðA5Þ

Caπ ¼ −
1

3

�
c0u − c0d −

1 − z
1þ z

�
; ðA6Þ

Ce ¼ c0e; ðA7Þ

Caγ ¼
E
N
− 1.92ð4Þ; ðA8Þ

where δs ¼ 0.038ð5Þc0s þ 0.012ð5Þc0c þ 0.009ð2Þc0b þ
0.0035ð4Þc0t , z≡mu=md¼ 0.48ð3Þ, ΔuþΔd¼ 0.521ð53Þ
and Δu − Δd ¼ 1.2723ð23Þ [82]. Here, we neglected

corrections coming from flavor mixing as well as radiative
corrections (see below).
The condition that we want to impose corresponds to

Cap ≈ Can ≈ Caπ ≈ Cae ≈ Caγ ≈ 0; ðA9Þ

such that axion phenomenology is driven by the nucleon
EDM couplings. From an effective field theory point of
view the couplings in Eqs. (A4)–(A8) should be regarded
as free parameters and hence it is conceivably possible that
they are suppressed with respect to the Oð1Þ values
suggested by benchmark axion models.
Here, we want to provide a proof of existence of a UV

completion that can realize the conditions in Eq. (A9). To
this end, we start from the nonuniversal axion model of
Ref. [83], which can realize the nucleo/pion/electro-phobic
conditions

Cap ≈ Can ≈ Caπ ≈ Cae ≈ 0; ðA10Þ

at the price of a single tuning. The model extends the scalar
sector of the SM with three Higgs doublets H1;2;3 ∼
ð1; 2;−1=2Þ and a SM singlet ϕ ∼ ð1; 1; 0Þ. The scalar
potential features the non-Hermitian SM invariant operators

H†
3H1ϕ

2; H†
3H2ϕ

†; ðA11Þ

which imply the conditions (normalizing to the unity the
PQ charge of ϕ, i. e. Xϕ ¼ 1)

−X3 þ X1 þ 2 ¼ 0; ðA12Þ

−X3 þ X2 − 1 ¼ 0; ðA13Þ

X1v21 þ X2v22 þ X3v23 ¼ 0; ðA14Þ

where the latter condition arises from the orthogonality
between the PQ and hypercharge currents, with hH1;2;3i ¼
v1;2;3 and v2 ¼ v21 þ v24 þ v23 ≈ ð174 GeVÞ2 the square of
the Higgs vacuum expectation value. The Yukawa sector
features the following operators, with a nonuniversal
assignment of the PQ charges in the quark sector with a
2þ 1 structure (i.e., first and second family, denoted by
greek indices, are characterized by the same PQ charge)

q̄αuβH1; q̄3u3H2; q̄αu3H1; q̄3uβH2; ðA15Þ

q̄αdβH̃2; q̄3d3H̃1; q̄αd3H̃2; q̄3dβH̃1; ðA16Þ

with H̃1;2 ¼ ðiσ2ÞH�
1;2. Differently from Ref. [83], that

assumed a universal PQ charge assignment in the lepton
sector, in order to obtain here a suppressed coupling to
photons (see below) we assume

l̄1e1H̃3; l2e2H̃1; l3e3H̃2;…: ðA17Þ
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Neglecting flavor mixing,5 the flavor diagonal axion
couplings to the axial current read

c0u;c;t ¼
1

2N
ðXu1;2;3 − Xq1;2;3Þ

¼
�
2

3
−
X3

3
;
2

3
−
X3

3
;−

1

3
−
X3

3

�
; ðA18Þ

c0d;s;b ¼
1

2N
ðXd1;2;3 − Xq1;2;3Þ

¼
�
1

3
þ X 3

3
;
1

3
þ X3

3
;−

2

3
þ X3

3

�
; ðA19Þ

c0e;μ;τ ¼
1

2N
ðXe1;2;3 − Xl1;2;3Þ

¼
�
X 3

3
;−

2

3
þ X3

3
;
1

3
þ X3

3

�
; ðA20Þ

where we used the value of the QCD anomaly factor N
given by

2N ¼
X3
i¼1

ðXui þ Xdi − 2XqiÞ ¼ 3; ðA21Þ

and we also used Eqs. (A12)–(A13). Since, by construc-
tion, we have

c0u þ c0d ¼ 1; ðA22Þ

then Eq. (A4) implies Cap þ Can ≈ 0 (up to Oð5%Þ
corrections from δs). On the other hand, the condition
Cap − Can ¼ 0 requires the tuning [see Eq. (A5)]

c0u − c0d −
1 − z
1þ z

¼ 0; ðA23Þ

that is

X1 þ X 2

X1 − X2

¼ 1

3
−
2

3
X 3 ¼

1 − z
1þ z

¼ 0.35 ≈
1

3
; ðA24Þ

where in the second step we used Eqs. (A12)–(A13). Note
that this condition (satisfied for X3 ≈ 0) also automatically
guarantees Caπ ¼ 0 [see Eq. (A6)] and Ce ≈ 0 [see
Eqs. (A7) and (A20)]. Defining the vacuum angles β1;2 via

v1 ¼ v cos β1 cos β2; ðA25Þ

v2 ¼ v sin β1 cos β2; ðA26Þ

v3 ¼ v sin β2; ðA27Þ

we can express

X3 ¼ ð3 cos2 β1 − 1Þ cos2 β2; ðA28Þ

and parametrize the couplings above in terms of the
vacuum angles that are subject to perturbative unitarity
constraints (see Ref. [83]).
Finally, the QED anomaly factor can be split into a quark

plus lepton contribution, i.e., E ¼ EQ þ EL, which read
respectively

EQ ¼
X3
i¼1

3

�
2

3

�
2

ðXui − XqiÞ þ 3

�
−
1

3

�
2

ðXui − XdiÞ

¼ 4 − 3X3; ðA29Þ

EL ¼
X3
i¼1

ð−1Þ2ðXei − XliÞ ¼ 3X3 − 1; ðA30Þ

and hence E=N ¼ 2, corresponding to the photo-phobic
coupling Caγ ¼ 0.08ð4Þ.
In summary, the model is characterized by the following

axion couplings:

Canγ ¼ −Capγ ¼ 0.0033ð15Þ; ðA31Þ

Cap þ Can ¼ −0.027ð3Þ − 0.021ð3ÞX3; ðA32Þ

Cap − Can ¼ −0.023ð35Þ − 0.848ð35ÞX3; ðA33Þ

Caπ ¼ 0.006ð9Þ þ 0.222ð9ÞX 3; ðA34Þ

Ce ¼
X 3

3
; ðA35Þ

Caγ ¼ 0.08ð4Þ: ðA36Þ

The condition in Eq. (A9) is hence obtained at the prize of a
single tuning, i. e. X3 ≈ 0, where X3 can be expressed in
terms of vacuum angles of the extended Higgs sector,
see Eq. (A28). In particular, X3 ¼ 0 is obtained for
cos2 β1 ¼ 1=3 which is fully within the perturbative
domain of the model (see Ref. [83]). We remark that the
advocated level of suppression of axion couplings can be
kept also upon including running effects from fa to the
QCD scale, albeit within fairly different parameter space
regions than in the tree-level case [86].
On the other hand, the level of cancellation that can be

achieved in the model above (for X3 ≈ 0) is not yet
sufficient to make the nucleon-EDM axion coupling the
most important one for axion phenomenology. Indeed, the
two strongest astrophysical constraints on fa are due to Caγ

5In the presence of flavor mixing, c0f → c0f þ Δc0f, where Δc0f
involves off-diagonal elements of fermion mass diagonalization
matrices, which are assumed here to be negligible. See
Refs. [84,85] for details.

GIUSEPPE LUCENTE et al. PHYS. REV. D 105, 123020 (2022)

123020-10



and CaN , coming from HB stars [69] and SNe [23],
respectively. An order of magnitude suppression in Caγ

is sufficient to evade the former, while the latter is a factor
∼800 stronger than the SN bound due to nucleon-EDM
coupling. Therefore the suppression proposed in the model
in Eqs. (A31)–(A36) is enough to evade the HB bound but
not sufficient for the SN bound due to CaN . Hence a further
order of magnitude cancellation in CaN would be required.
This can be achieved at the price of extra tunings. For
instance, CaN can be further suppressed by taking into
account flavor mixing effects for flavor-diagonal axion
couplings (see Refs. [84,85] for details), while Caγ can be
modified via an extra Kim-Shifman-Vainshtein-Zakharov

(KSVZ)-like fermionic sector along the lines of [87,88]
which contributes to the electromagnetic anomaly.
We conclude that although a percent level suppression of

axion couplings seems perfectly feasible in explicit QCD
axion models, going below that level requires further
nontrivial assumptions.

APPENDIX B: EVALUATION OF THE
EMISSIVITY AND ABSORPTION MEAN

FREE PATH

The axion emissivity due to Compton scattering
N þ γ → N þ a is given by

Qa ¼
X

nucleons

Z
2d3pi

ð2πÞ32Ei

2d3pf

ð2πÞ32Ef

3d3k
ð2πÞ32Ek

d3pa

ð2πÞ32Ea
Eað2πÞ4δ4ðPi þ K − Pf − PaÞjM̄j2fpi

fkð1 − fpf
Þ; ðB1Þ

where jMj2 is given by Eq. (6), Pi ¼ ðEi;piÞ, K ¼ ðEk;kÞ, Pf ¼ ðEf;pfÞ and Pa ¼ ðEa;paÞ are the 4-momenta of the
initial and final state nucleon N, the photon and the axion, respectively. In addition, fi’s are the usual Fermi-Dirac or Bose-
Einstein distributions, i.e.,

fiðEÞ ¼
1

e½EiðpiÞ−μi�=T � 1
; ðB2Þ

where theþ sign applies to fermions, the− is for bosons, and μi are the chemical potentials for i ¼ p, n, while photons have
vanishing chemical potential. Following Ref. [54], the integration in Eq. (B1) can be simplified and the emissivity is
given by

QaðEaÞ ¼
X

nucleons

3g2d
25π6

Z
∞

ma

dEa

Z
∞

0

dpf

Z
paþpf

0

dk
Z

β

α
d cos θ

p2
f

Ef

k2

Ek
paEaðI0 þ I1 þ I2Þfkfpi

ð1 − fpf
Þ; ðB3Þ

where pa ¼ jpaj, k ¼ jkj, pf ¼ jpfj and

I0 ¼
�
4

3
ðEaEf − EaEk þ pak cos θ þQ=2ÞðEaEf −m2

γ þQ=2Þ þm2
Nm

2
γ

−
m2

γ

3
ðEaEk − pak cos θ þm2

N −Q=2Þ
�

πffiffiffiffiffiffi
−a

p ;

I1 ¼
4

3

�
papfðEaEf −m2

γ þQ=2Þ þ papfðEaEf − Eakþ pak cos θ þQ=2Þ
�
b
2a

πffiffiffiffiffiffi
−a

p ;

I2 ¼
4

3
p2
ap2

f

�
3b2

8a2
−

c
2a

�
πffiffiffiffiffiffi
−a

p ; ðB4Þ

with θ the angle between the axion and the photon momenta, and Q, a, b, c given by

Q ¼ m2
a þm2

N þm2
γ −m2

N;

a ¼ p2
fð−4κ þ 8ϵÞ;

b ¼ pfðpa − ϵ=paÞð8γ þ 4Qþ oϵÞ;
c ¼ −4γ2 − 4γQ −Q2 − 8γϵ − 4Qϵ − 4ϵ2 þ 4p2

i k
2ð1 − cos θ2Þ; ðB5Þ

where the constants κ, γ, ϵ are
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κ ¼ p2
a þ k2;

γ ¼ EaEf − EaEk − EfEk;

ϵ ¼ pak cos θ: ðB6Þ

The integration domain for cos θ is composed by α ¼
sup½−1; cos θmin� and β ¼ inf½þ1; cos θmax�, with α≲ β and

cos θmax;min ¼
−2γ − 2p2

f −Q

2pak

�
2pf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2γ þ p2

a þ p2
f þ k2 þQ

q
2pak

: ðB7Þ

Finally, we stress that in the case of interest pa ∼ Ea, since
we are considering light axions (ma ≪ Ea).

On the other hand, axions may be absorbed due to the
inverse process aþ N → γ þ N. The absorption mean free
path λ is

λ−1ðEaÞ ¼ nNσaN→γNðEaÞ ðB8Þ

where nN is the nucleon density and σaN→γNðEaÞ is the
absorption cross section given by

σaN→γNðEaÞ ¼
1

nN

1

2Ea

×
Z

2d3pi

2Eið2πÞ3
2d3pf

2Efð2πÞ3
3d3k

2ωð2πÞ3
× ð2πÞ4δ4ðPa þ Pf − K − PiÞjMj2
× fpf

ð1 − fpi
Þð1þ fkÞ: ðB9Þ

This expression differs from Eq. (B1) due to the absence of the integration over the axion energy, i.e., d3pa=ð2πÞ3Ea, and
the interchange between the initial and final states. Therefore, following once more Ref. [54], one obtains

λ−1ðEaÞ ¼
3g2d

ð2πÞ4Ea

Z
∞

0

dpf

Z
paþpf

0

dk
Z

β

α
d cos θ

p2
f

Ef

k2

Ek
ðI0 þ I1 þ I2Þfpf

ð1þ fkÞð1 − fpi
Þ: ðB10Þ

APPENDIX C: EMISSIVITIES IN THE NONDEGENERATE AND NONRELATIVISTIC LIMIT

1. Compton effect

In order to obtain a simple expression for the Compton emissivity, let us evaluate it in the nondegenerate and
nonrelativistic limit for nucleons, ignoring also the effective photon mass. The general expression for the emissivity is

Qa ¼
X

nucleons

Z
2d3pi

ð2πÞ32Ei

2d3pf

ð2πÞ32Ef

2d3k
ð2πÞ32Ek

d3pa

ð2πÞ32Ea
Eað2πÞ4δ4ðPi þ K − Pf − PaÞjMj2fpi

fkð1 − fpf
Þ; ðC1Þ

where jMj2 ¼ 2g2dðK · PiÞðK · PfÞ, Pi ≈ ðEi;piÞ, Pf ≈
ðEf;pfÞ, K ¼ ðEk;kÞ and Pa ¼ ðEa;paÞ are the
4-momenta of the initial and final state nucleon N, the
photon and the axion, respectively, with Ei;f ≈ jpij2=
2mN þmN , Ek ¼ jkj≡ k and Ea ¼ jpaj≡ pa. In addition,
all the fi’s are considered as Maxwell-Boltzmann
distributions, i.e.,

fiðEÞ ¼ e−ðEi−μiÞ=T; ðC2Þ

where μi are the chemical potentials for nucleons, while
photons and axions have vanishing chemical potential. In
the nondegenerate limit the Pauli blocking factors are
negligible, ð1 − fpf

Þ ≈ 1, and we can approximate

fpi
fk ≈ fpf

fpa
¼ e−Ea=Te−ðEf−μÞ=T: ðC3Þ

To further simplify the expression, let us fix as reference
system the center of momentum frame, in which pi ¼ −k
and pf ¼ −pa. We can integrate over pi to eliminate
δ4ðPi þ K − Pf − PaÞ, obtaining a constraint on k, since

δðP2
i −m2

NÞ ¼
1

2ðEf þ EaÞ
δðk − EaÞ ðC4Þ

and rewrite the transition matrix as

jMj2 ¼ 2g2dk
2ðEf þ EaÞðEf þ EazÞ; ðC5Þ

being pa · k ¼ jpajjkjz. Since d3k ¼ 4πdkk2, d3pa ¼
2πdEaE2

adz, and d3pa ¼ 4πdpfp2
f, we obtain
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Qa ¼
g2d
23π5

Z þ1

−1
dz

Z
dEaE5

a

Z
dpf

p2
f

Ef
e−Ea=Te−ðEf−μÞ=TðEf þ EazÞ: ðC6Þ

Integrating over z, and exploiting the relation in the nondegenerate and nonrelativistic limit

eðEf−μÞ=T ¼ ρYN

2mN

�
2π

mNT

�
1.5
e−p

2
f=2mNT ðC7Þ

we obtain

Qa ¼
g2d
23π5

ρYN

m

�
2π

mNT

�
1.5

Z
dEaE5

ae−Ea=T

Z
dpfp2

fe
−p2

f=2mNT: ðC8Þ

Now, using the relations
R
dEaE5

ae−Ea=T ¼ 120T2 and
R
dpfp2

fe
−p2

f=2mNT ¼ ffiffiffiffiffiffiffiffi
π=2

p ðmNTÞ1.5, we conclude that

Qa ¼ ρYN
30g2d
π3

T6

mN
: ðC9Þ

We are considering both the contributions of protons and neutron YN ¼ Ye þ Yn ≈ 1, then the emissivity per unit mass
εa ¼ Qa=ρ can be written in the following form

εa ¼
30g2d
π3

T6

mN
≈ 1036 erg g−1 s−1

�
gd

GeV−2

�
2
�

T
30 MeV

�
6
�
938 MeV

mN

�
: ðC10Þ

For typical SN conditions (ρ ¼ 3 × 1014 g cm−3,
T ¼ 30 MeV, Ye ¼ 0.3), imposing the cooling bound
ε < 1019 erg g−1 s−1, the coupling is constrained to be
gd ≲ 3 × 10−9 GeV−2, in rough agreement with the esti-
mation in Ref. [38].

2. Bremsstrahlung

In this section, we evaluate the bremsstrahlung emissiv-
ity in the nonrelativistic and nondegenerate approximation
for nucleons, which is thought to be a good approximation
in a SN core, and we show that this process is subdominant
with respect to the Compton emission for typical SN
conditions.

In the bremsstrahlung process, an axion is produced after
the interaction between a nucleon (N1 ¼ N3) and a virtual
photon emitted by a proton (N2 ¼ N4 ¼ p). We classify the
bremsstrahlung as np channel if N1 ¼ N3 ¼ n (see Fig. 9)
and pp channel if N1 ¼ N3 ¼ p (see Fig. 10). Therefore
the emissivity is given by the sum of the two channels

Qa;B ¼ Qa;np þQa;pp; ðC11Þ

FIG. 9. Feynman diagram for the np bremsstrahlung.

FIG. 10. Feynman diagrams for the pp bremsstrahlung process.
The left panels show the direct diagrams (type a), while the right
ones show the exchange diagrams (type b).
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where Qa;np is due to np process and Qa;pp is due to the pp channel. Let us start from the np process. In this case the
emissivity is given by

Qa;np ¼
Z

2d3p1

ð2πÞ32E1

2d3p2

ð2πÞ32E2

2d3p3

ð2πÞ32E3

2d3p4

ð2πÞ32E4

d3pa

ð2πÞ32Ea
Eað2πÞ4δ4ðp1 þ p2 − p3 − p4 − paÞ

× jMnpj2f1f2ð1 − f3Þð1 − f4Þ; ðC12Þ

with

jMnpj2 ¼
1

16

X
spins

jMnpj2; ðC13Þ

where we are averaging the nucleon spins of the initial and final states and the matrix element is (see Fig. 9)

Mnp ¼ egd
4

ūðp4Þγαuðp2Þ
kμgαν − kνgαμ

k2
ūðp3Þðγμγν − γνγμÞγ5uðp1Þ; ðC14Þ

being e the electric charge, k ¼ p2 − p4 the transferred-photon 4-momentum and gμν the metric tensor. Assuming that
nucleons are nonrelativistic and nondegenerate, ð1 − f3Þð1 − f4Þ ≈ 1, we can write

Qa;np¼
Z

2d3p1

ð2πÞ32mN

2d3p2

ð2πÞ32mN

2d3p3

ð2πÞ32mN

2d3p4

ð2πÞ32mN

d3pa

ð2πÞ32Ea
Eað2πÞ4δ4ðp1þp2−p3−p4−paÞjMnpj2f1f2; ðC15Þ

where

fi ¼
ni
2

�
2π

mNT

�
3=2

e−p
2
i =ð2mNTÞ; ðC16Þ

with i ¼ p, n, and np ¼ ρYe=mN and nn ¼ ρð1 − YeÞ=mN . In addition, due to the nonrelativistic approximation

pi ≈
�
mN þ p2

i

2mN
;pi

�
;

pa ¼ ðEa;paÞ; jpaj ¼ Ea: ðC17Þ

Following Refs. [53,89–91] let us introduce the center-of-momentum variables

p1 ¼ Pþ pi p2 ¼ P − pi

p3 ¼ P0 þ pf p4 ¼ P0 − pf: ðC18Þ

In the nonrelativistic limit, a typical nucleon with kinetic energy Ekin has momentum jpij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mNEkin

p
≫ Ekin ≈ Ea. Then,

the three dimensional delta function implies P ¼ P0. Due to the nonrelativistic approximation

pi · pj ¼ m2
N þ 1

2
ðpi − pjÞ2; ðC19Þ

and using Eq. (C18) , we obtain
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p1 · p2 ¼ m2
N þ 2jpij2;

p3 · p4 ¼ m2
N þ 2jpfj2;

p1 · p3 ¼ m2
N þ 1

2
½jpij2 þ jpfj2 − 2pi · pf�;

p1 · p4 ¼ m2
N þ 1

2
½jpij2 þ jpfj2 þ 2pi · pf�;

p2 · p3 ¼ m2
N þ 1

2
½jpij2 þ jpfj2 þ 2pi · pf�;

p2 · p4 ¼ m2
N þ 1

2
½jpij2 þ jpfj2 − 2pi · pf�: ðC20Þ

Then, given jPj ¼ P, jpij ¼ pi, jpfj ¼ pf, pi · pf ¼ pipfz, the squared matrix element can be written in terms of the new
variables as

jMnpj2 ¼
g2d4πα

ðp2
f − 2pfpizþ p2

i Þ2
fm2

N ½6p2
fp

2
i ð3 − 2z2Þ − 4p3

fpizþ p4
f − 4pfp3

i zþ p4
i �

þ 4m4
Nðp2

f − 2pfpizþ p2
i Þ − 8p2

fp
2
i z

2ðp2
f þ p2

i Þ þ 2ðp2
f þ p2

i Þ3g ðC21Þ

and

f1f2 ¼
nnnp
4

�
2π

mNT

�
3

e−p
2
i =ðmNTÞe−P2=ðmNTÞ: ðC22Þ

One can introduce the variables

u ¼ jpij2
mNT

; u ¼ jpfj2
mNT

; x ¼ Ea

T
; ðC23Þ

then the delta function in Eq. (C15) can be rewritten as

δð4Þðp1 þ p2 − p3 − p4 − paÞ ¼ δð3Þðp1 þ p2 − p3 − p4 − paÞ
δðu − v − xÞ

T
ðC24Þ

and we integrate over d3p4 using the three-dimensional piece. We now change the integration variables d3p1d3p2d3p3 ¼
8d3Pd3pid3pf where 8 is due to the Jacobian, and using

Z
d3Pe−P

2=ðmNTÞ ¼ ðπmNTÞ3=2;Z
d3pie−p

2
i =mNT ¼ 2πðmNTÞ3=2

Z
due−u

ffiffiffi
u

p
;

Z
d3pfe−p

2
i =mNT ¼ πðmNTÞ3=2

Z
dv

ffiffiffi
v

p Z
1

−1
dz;

Z
d3pa ¼ 4πT3

Z
dxx2; ðC25Þ

we obtain

Qa;np ¼ ρ2ð1 − YeÞYe

32π7=2
T7=2

m9=2
N

Z
∞

0

dv
Z

∞

0

dx
Z þ1

−1
dz e−ðvþxÞ ffiffiffiffiffiffiffiffiffiffiffi

vþ x
p ffiffiffi

v
p

x2jMnpj2jv;x;u¼vþx; ðC26Þ

where we fix u ¼ vþ x due to the δ-function and
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jMnpj2jv;x;u¼vþx ¼
g2d4πα

ðmNTð2vþ xÞ − 2z
ffiffiffiffiffiffiffiffiffiffiffiffiffi
mNTv

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mNTðvþ xÞp Þ2

×
n
m3

N

h
4m2

NTð2vþ xÞ þmNT2ð20v2 − 12vz2ðvþ xÞ þ 20vxþ x2Þ − 2Tð2vþ xÞ

× ½2z
ffiffiffiffiffiffiffiffiffiffiffiffiffi
mNTv

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mNTðvþ xÞ

p
þ T2ð4vz2ðvþ xÞ − ð2vþ xÞ2Þ� − 8mNz

ffiffiffiffiffiffiffiffiffiffiffiffiffi
mNTv

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mNTðvþ xÞ

p io
:

ðC27Þ

The pp-channel contribution (see Fig. 10) is given by

Qa;pp ¼ S
Z

2d3p1

ð2πÞ32E1

2d3p2

ð2πÞ32E2

2d3p3

ð2πÞ32E3

2d3p4

ð2πÞ32E4

d3pa

ð2πÞ32Ea
Eað2πÞ4δ4ðp1 þ p2 − p3 − p4 − paÞ

× jMppj2f1f2ð1 − f3Þð1 − f4Þ; ðC28Þ

where

jMppj2 ¼
1

16
jMppj2; ðC29Þ

being

jMppj2 ¼ jMaj2 þ jMbj2 − ðMaM�
b þMbM�

aÞ; ðC30Þ

with a the direct-diagram contribution (upper left panel in Fig. 10) and b the exchange-diagram, obtained interchanging the
final fermion lines (upper right panel in Fig. 10). In Eq. (B1), S is the symmetry factor

S ¼ 2 ×
1

4
¼ 1

2
; ðC31Þ

where 2 comes from the position where the axion can be attached (upper or lower vertex, see the lower panels of Fig. 10),
and 1=4 comes from the identical particles in the initial and final states (for the np process S ¼ 1). Assuming nonrelativistic
and nondegenerate nucleons, the matrix element in Eq. (C30) can be evaluated following a procedure analogous to the np
process and the pp-contribution reads as

Qa;pp ¼ ρ2Y2
e

64π7=2
T7=2

m9=2
N

Z
∞

0

dv
Z

∞

0

dx
Z þ1

−1
dz e−ðvþxÞ ffiffiffiffiffiffiffiffiffiffiffi

vþ x
p ffiffiffi

v
p

x2jMppj2jv;x;u¼vþx; ðC32Þ

which differs from Eq. (C26) due to the replacements ð1 − YeÞYe → Y2
e (since only protons are involved), 32 → 64 in the

denominator (due to the symmetry factor S ¼ 1=2) and jMnpj2jv;x;u¼vþx → jMppj2jv;x;u¼vþx, where

jMppj2jv;x;u¼vþx ¼
g2d4πα

2Tðð2vþ xÞ2 − 4vz2ðvþ xÞÞ2
× fmN ½ð2vþ xÞ2ð4m2

Nð4vþ xÞ þ 7mNTð4v2 þ 4vx− x2Þ þ 4T2ð8v2xþ 4v3 þ 7vx2 þ x3ÞÞ
þ 16vz2ðvþ xÞðm2

Nð−ð4vþ xÞÞ þ 2mNTvðvþ xÞÞ− 16Tv2z4ðvþ xÞ2ð9mN þ 4Tð3vþ xÞ�g: ðC33Þ

The total emissivity in Eq. (C11) is obtained summing Eqs. (C26) and (C32). Assuming typical SN conditions
(ρ ¼ 3 × 1014 g cm−3, T ¼ 30 MeV, Ye ¼ 0.3), the emissivity per unit mass εa;B ¼ ðQa;np þQa;ppÞ=ρ ≈ 4.5 ×
1034 erg g−1 s−1 ðgd=GeV−2Þ2, more than one order of magnitude smaller than the Compton emissivity [see
Eq. (C10)], in agreement with other cases discussed in literature (see e.g., Sec. II C in Ref. [56]).
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