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In this paper, we explore the phenomenology of massive axionlike particles (ALPs) coupled to quarks
and gluons, dubbed “QCD ALPs,” with an emphasis on the associated low-energy observables. ALPs
coupled to gluons and quarks not only induce nuclear interactions at scales below the QCD scale, relevant
for ALP production in supernovae (SNe), but naturally also couple to photons similarly to the QCD axion.
We discuss the link between the high-energy formulation of ALP theories and their effective couplings with
nucleons and photons. The induced photon coupling allows ALPs with masses ma ≳ 1 MeV to efficiently
decay into photons, and astrophysical observables severely constrain the ALP parameter space. We show
that a combination of arguments related to SN events rule out ALP-nucleon couplings down to
gaN ≳ 10−11–10−10 for ma ≳ 1 MeV—a region of the parameter space that was hitherto unconstrained.
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I. INTRODUCTION

Several extensions of the Standard Model (SM) predict
the existence of pseudoscalar particles still unobserved (see,
e.g., [1,2] for recent reviews). The most relevant example is
the axion [3,4], which is introduced to solve the strong-CP
problem of quantum chromodynamics (QCD) via the
Peccei-Quinn (PQ) mechanism [5,6]. Nevertheless, several
pseudoscalar fields similar to axions naturally emerge as
pseudo-Nambu-Goldstone bosons of global symmetries that
are broken at some high-energy scale fa, without solving in
general the strong-CP problem. To distinguish them from
the QCD axion, they are dubbed axionlike particles (ALPs).
ALP properties reflect the high-energy theory from which
they originated. For instance, ALPs with a mass spectrum
stretching over a large range of scales are predicted by string
theory and feature a very interesting phenomenology [7–9].
It has long been realized that axions and ALPs can comprise
the dark matter [10–12], and the past few years have
witnessed a flurry of activity in this field, including new

experimental proposals that explore deep into the funda-
mental parameter space [13–15].
At low energies, the ALP phenomenology is determined

by the effective couplings to photons and matter fields,

L ⊃
1

4
gaγaFμνF̃μν þ

X
N

gaN
∂μa

2mN
N̄γμγ5N þm2

a

2
a2; ð1Þ

where gaγ is the ALP-photon coupling, Fμν is the electro-
magnetic field strength tensor, F̃μν is its dual, N ¼ p; n
represents nucleons with masses mN , gaN are the ALP-
nucleon couplings, and ma is the ALP mass. Contrary to
QCD-axion models, in this case ma is a free parameter not
related to ALP couplings.
Many of the theoretical and experimental efforts are

focused on the ALP-photon coupling gaγ in the first term
of Eq. (1). In the presence of an external magnetic field, the
ALP-photon interaction leads to the phenomenon of ALP-
photon conversion [16]. This effect is widely used by several
ongoing and upcomingALP experiments [2,17,18] to probe
the existence of axions andALPs. The same couplingwould
also allow for the ALP production in stellar plasmas via the
Primakoff process, i.e., ALP-photon conversion in the
electromagnetic field generated by the plasma [19]. Thus,
observations of the Sun, globular clusters, and supernovae
(SNe) induce severe constraints on the ALP-photon cou-
pling [20,21]. Moreover, the ALP-photon coupling leads to
important signatures in astrophysical photon spectra, from
x-ray to PeV energies [22–34].
The ALP-nucleon couplings, gaN , in Eq. (1) also lead to

ALP production in different stellar systems, e.g., via
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NN-bremsstrahlung and pion conversion in SNe [35–42].
In addition, experimental techniques sensitive to nuclear
couplings have been recently proposed [43–45]. However,
as we argue in this paper, the ALP’s low-energy couplings
to both nucleons and photons originate from a common
high-energy theory and are not completely independent. In
particular, an ALP coupled to nucleons naturally also
couples to photons, with strong implications for the
resulting phenomenology. The low-energy effective
Lagrangian in Eq. (1) provides an effective description
of the ALP interactions with the Standard Model at
energies below the QCD confinement scale. At higher
energies, such interactions are expected to be generated by
couplings to the fundamental degrees of freedom, i.e., the
quarks and gauge fields [46–50]. In this paper, we consider
QCD ALPs with interactions to quarks and gluons given by

LaQCD ¼ cg
g2s

32π2
a
fa

Ga
μνG̃

aμν þ
X
q

cq
∂μa

2fa
q̄γμγ5q

þ ðma;0Þ2
2

a2; ð2Þ

where gs is the coupling constant of QCD, fa is the axion
decay constant, Ga

μν is the gluon field strength tensor,
G̃a

μν ¼ 1
2
ϵμνρσGaρσ its dual, cg and cq are model-dependent

constants, and q ¼ u; d; s; c; t; b runs over the quark
species. The QCD ALP is distinguished from the QCD
axion by also coupling to a hidden, i.e., non-Standard
Model, gauge sector that confines at a high scale and is
assumed to generate a mass, ma;0, to the ALP. We will be
interested in the case where the ALP is stabilized byma;0 at
a sufficiently high scale to decouple from the dynamics
resolving the strong-CP problem, cf. the Appendix for
more details. Here, we focus on the phenomenology
resulting from the coupling of the massive ALP to quark
and gluons in Eq. (2), resulting in an “irreducible” coupling
of the ALP to photons in addition to ALP-nucleon
couplings. We will focus on the parameter space in which
ALPs are significantly produced during a SN explosion by
means of nuclear processes (cf. Ref. [41] for recent
developments). We point out that, due to the induced
photon coupling, the massive ALPs produced in SNe
can rapidly decay into photon pairs giving rise to directly
or indirectly observable signatures that can be compared to
data, such as observations of gamma rays near Earth or an
alteration to the typical explosion energies of core-collapse
SNe. Specifically, we focus on the range of ALP masses
1 MeV≲ma ≲ 700 MeV, where ALP radiative decays are
efficient, leading to the most stringent limits. The paper is
organized as follows. In Sec. II we present QCD ALP
interactions below the QCD confinement scale, illustrating
why both couplings to nucleons and photons emerge
naturally in our framework. In Sec. III we describe the
main ALP production channels in a SN core. In Sec. IV we
discuss the main decay channels for ALPs with

masses ma ≳ 10 MeV and the related phenomenology.
In particular, in Sec. IVA we study the scenario in which
they can deposit energy in the SN envelope, in Sec. IV B
the possibility they have induced a gamma-ray burst in
coincidence to SN 1987A, and in Sec. IV C the eventuality
they have given rise to a diffuse background from all past
SNe. In Sec. V we analyze our results and discuss the
bounds introduced for the benchmark cases considered.
Finally, in Sec. VI we conclude.

II. ALP INTERACTIONS WITH NUCLEONS
AND PHOTONS

The interaction Lagrangian LaQCD, described in Eq. (2),
induces ALP couplings with baryons and mesons at
energies below the QCD confinement scale [46–50]. In
analogy to the QCD axion case, the nuclear interaction
Lagrangian can be derived in the context of heavy baryon
chiral perturbation theory (HBChPT) [51], valid for non-
relativistic baryons. Starting from the couplings in Eq. (2)
defined at energy scales μ ≳ 1 GeV, the relevant low-
energy ALP interactions with nucleons, pions, and bar-
yonic resonances read [49–51]

Lnuc ¼
∂
μa
2fa

�
Cpp̄γμγ5pþ Cnn̄γμγ5n

þ CaπN

fπ
ðiπþp̄γμn − iπ−n̄γμpÞ

þ CaNΔðp̄Δþ
μ þ Δþ

μ pþ n̄Δ0
μ þ Δ0

μnÞ
�
; ð3Þ

where fπ ¼ 92.4 MeV is the pion decay constant, Cp and
Cn are ALP couplings to protons and neutrons, respec-
tively. They also determine the couplings to pions and theΔ
resonances CaπN and CaNΔ as [51]

CaπN ¼ ðCp − CnÞffiffiffi
2

p
gA

; CaNΔ ¼ −
ffiffiffi
3

p

2
ðCp − CnÞ; ð4Þ

where gA ¼ 1.28 [52] is the axial coupling. Furthermore, the
low-energy parametersCp andCn are related to cg and cq, as
they appear in Eq. (2), by the following relations [49]:

Cpðcg; cu; cdÞ ¼ −0.47cg þ 0.88cu − 0.39cd − 0.038cs

− 0.012cc − 0.009cb − 0.0035ct;

Cnðcg; cu; cdÞ ¼ −0.02cg þ 0.88cd − 0.39cu − 0.038cs

− 0.012cc − 0.009cb − 0.0035ct: ð5Þ

In particular, these expressions were computed in Ref. [49]
by assuming fa ¼ 1012 GeV. However, the variation in the
coefficients due to changes in the matching scale is negli-
gible compared to the theoretical uncertainties from lattice
simulations [49]. Neither has any significant impact on
the phenomenology or the uncertainty on the bound.
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Equation (5) suggests that the contribution from s and
heavier quarks is suppressed at least by 1 order ofmagnitude
with respect to the lighter quarks u, d. Therefore, we neglect
the contribution from heavier quarks and will only consider
ALP couplings to gluons and to light quarks (u; d).
The Lagrangian of Eq. (2) does not include a tree-level

ALP-photon coupling, but such a coupling is generated in
the low-energy theory through fermion loops and axion-
pion mixing, as described in Ref. [53]. Thus, Eq. (3) should
be complemented by the effective Lagrangian term,

Laγγ ¼ −
1

4
gaγaFμνF̃μν; ð6Þ

where gaγ ¼ αemCγ=ð2πfaÞ, with the fine-structure con-
stant αem, and [53,54]

Cγðcg; cu; cdÞ ¼ −1.92cg

−
m2

a

m2
π −m2

a

�
cg

md −mu

md þmu
þ ðcu − cdÞ

�
;

ð7Þ

which holds for ma ≲ 1 GeV and away from the strong
mixing regime jm2

π −m2
a;0j ≫ m2

πfπ=fa [55]. In this
expression, mu and md are the masses of the light quarks
whose ratio is measured from lattice estimates mu=md ¼
0.48 [49,56–58]. We highlight that also in this case the
contribution from heavier quarks can be safely neglected,
as discussed in Refs. [53,54]. In particular, the s quark
contribution is suppressed by factors Oðmu;d=msÞ, while
additional terms from q ¼ c; b; t quarks are suppressed by
terms Oðm2

a=m2
qÞ.

Finally, the ALP-gluon coupling introduces loop cor-
rections also to the ALP mass ma [53]. Considering only
Eq. (2), and no QCD axion state, this leads to the corrected
ALP mass,

m2
a ¼ c2gm2

QCD þ
�
1þO

�
f2π
f2a

��
m2

a;0; ð8Þ

where mQCD ¼ 5.70 μeVð1012 GeV=faÞ is the mass term
induced by QCD effects [2,49]. Clearly, including the QCD
axion leads to mixing, as we discuss in more detail in the
Appendix (cf. [59]). For ma;0 ≫ mQCD, the QCD ALP is
the mass eigenstate with m ≃ma;0.

A. The induced photon coupling

In this subsection, we describe how we will study and
parametrize the ALPs coupled to nucleons and photons
introduced above. Both LaQCD and the resulting low-energy
EFT described by Lnuc þ Laγγ have four free parameters
(ignoring the heavy quarks as justified above). In phenom-
enological studies, the ALP-nucleon or ALP-photon

couplings, as well as the ALP mass, are usually employed
as parameters for the theory. In this spirit,we can recast Eq. (5)
to express the quark couplings in terms of the proton and
neutron couplings:

cu ¼ 0.68cg þ 0.63Cn þ 1.41Cp;

cd ¼ 0.32cg þ 1.41Cn þ 0.63Cp: ð9Þ

Since there are three fundamental couplings and two nucleon
couplings, the gluon couplinghas to be left as a free parameter
here; in general, an ALP coupled to nucleons is coupled to
both gluons and quarks.
Since in Eq. (2) the scaling of all cg and cq by the same

factor is equivalent to a rescaling of fa, we can restrict to
two cases:

(i) cg ¼ 0. ALPs are decoupled from the gluon field
and they only interact with light quarks. In this
scenario, the induced coupling to photons reads

Cγ ≃ −0.79
m2

a

m2
π −m2

a
ðCp − CnÞ; ð10Þ

which is strongly mass dependent and sizable for
ALP masses ma > Oð10Þ MeV. The coupling is
suppressed for Cp ¼ Cn, which (with cg ¼ 0) cor-
responds to cu ¼ cd. Such a cancellation may occur
in Dine-Fischler-Srednicki-Zhitnitsky-like ALP
models if the vacuum expectation values of the
two additional Higgs fields are equal, but this
cancellation is not generic. In the absence of tuning,
we expect that jCγj≳Oð10−1Þðma

mπ
Þ2.

(ii) cg ¼ 1. In this case, ALPs are coupled to both
gluons and light quarks and the induced ALP-
photon coupling can be written as

Cγ ≃ −1.92 −
m2

a

m2
π −m2

a
½0.71þ 0.79ðCp − CnÞ�;

ð11Þ
where the first term results from the irreducible
infrared mixing with pions. Note that Cγ is sizable
independently of the ALP mass, jCγj ∼Oð1Þ.

We emphasize that the ALP-photon coupling emerges
naturally in theories of ALPs that couple to quarks and
gluons, and can only be avoided through tuning of the
microscopic parameters. This has important phenomeno-
logical implications for ALPs coupled to nucleons. In
particular, phenomena related to the ALP emission from
a nuclear medium should not be limited to only account for
nuclear processes, but also the production and decay
channels due to the induced ALP-photon coupling.
Starting from the expressions in Eqs. (10) and (11),

it is possible to express the dimensionful ALP-photon
coupling gaγ as a function of the ALP-nucleon coupling
gaN ¼ CNmN=fa. For the sake of simplicity, in the
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following, we will assume Cn ≃ 0. This choice is useful in
order to reduce the number of free parameters considered in
the analysis. Under this assumption, the axion-photon
coupling reads

cg ¼ 0; gaγ ≃ −9.7 × 10−4
m2

a

m2
π −m2

a
gap GeV−1;

cg ¼ 1; gaγ ≃ −9.5 × 10−4gap GeV−1

×

�
1.53

cd − 0.33
þ cd þ 0.24

cd − 0.33
m2

a

m2
π −m2

a

�
; ð12Þ

wherewe used the conditionCn ≃ 0 in order to fix cu, but cd
is still a free parameter of the assumed ALP model. For the
discussion of our results, we will assume as benchmark
values cd ¼ 0 and cd ¼ 1. Note that cd is not an independent
parameter in the cg ¼ 0 case, where Cn ¼ 0 and gap fully
determine the two fundamental couplings to the light quarks.
For cg ¼ 1, on the other hand, cd determines the relative
strengths of the ALP couplings to gluons and protons.
Moreover, the induced ALP-photon coupling shows a

pole at ma ¼ mπ . As remarked below Eq. (7), our results
do not hold very close to the pole, i.e., for ALP masses near
the pion mass mπ ≃ 135 MeV. In the range of couplings
considered in this work, gaN ≲ 10−8, we have fa ≳
10−8 GeV−1 and Eq. (12) holds for jma −mπj=mπ ≳
10−9 [60]. Thus, this criterion does not meaningfully limit
the phenomenologically interesting parameter range.
Furthermore, in the cg ¼ 1 scenario, the induced ALP-

photon coupling is suppressed for some special values of
the ALP mass in both benchmark cases considered. In the
mass range ma ≳mπ , this eventuality occurs when the
second term in the parentheses of Eq. (12) cancels the first
one. This is equivalent to having the reciprocal cancellation
of the two terms in Eq. (7). In Fig. 1, we show that Cγ

vanishes at ma ≃ 147 and ma ≃ 310 MeV for the cd ¼ 0

and cd ¼ 1 cases, respectively. Important for this work,
ALPs with those masses cannot decay into photon pairs,
and hence, the observable signatures and the resulting
constraints which are driven by these decays have a strong
mass dependence near these parameter values.

III. ALP PRODUCTION FROM SUPERNOVAE

Core-collapse SNe are unique astrophysical laboratories
to search for ALPs coupled to nuclear matter. Because of
the extreme conditions of temperature and density expected
in the inner regions of the protoneutron star (PNS), ALPs
could be copiously produced by means of nuclear proc-
esses. In recent years, the characterization of the ALP
emission from the hot and dense nuclear medium of an
exploding SN core has been revealed to be more complex
than was originally thought in some pioneering works at
the end of the 1980s [61–66].
The first channel for axion production in the hot and

dense SN nuclear medium is nucleon-nucleon (NN)
bremsstrahlung N þ N → N þ N þ a, which was believed
to be the dominant process for many years. The state-of-
the-art calculation for the emission rate associated to this
process is illustrated in Ref. [37] and accounts for correc-
tions beyond the usual one-pion-exchange approximation
of the nuclear interaction potential [67], effective nucleon
masses in the SN core, and multiple scattering effects
[68,69]. However, starting from the seminal idea of
Ref. [70], it has been realized that if the density of
negatively charged pions in the core is large enough
[71], the contribution due to pionic Compton-like processes
π þ N → aþ N could significantly enhance the ALP
production and even be dominant with respect to NN
bremsstrahlung. Therefore, the contributions coming from
both processes have to be taken into account. Furthermore,
for ALP-nucleon couplings gaN ≲ 10−8, SNALPs are in the
free-streaming regime, in which reabsorption effects due to
inverse nuclear processes can be neglected [41]. The
complete expressions for ALP emission spectra, including
finite mass effects for ma ≳ 10 MeV are provided in
Refs. [40,42]. Remarkably, if pions are present in the
SN core, the emission spectrum of SN ALPs coupled to
nucleons shows a peculiar bimodal shape due to the
different energy ranges in which the two different produc-
tion mechanisms are efficient [41]. In particular, brems-
strahlung and pion conversion spectra peak at energies
Ea ∼ 50 and Ea ∼ 200 MeV, respectively.
Naively, in the nondegenerate regime for nucleons and

pions, the ALP emissivities, i.e., the energy released in ALPs
per unit volume and unit time, can be simply estimated as [20]

QNN
a ¼ g2apρ

T4

4π2m2
N
F;

QπN
a ¼ 15

π3
g2ap
m2

N

�
gA
fπ

�
2

npzπT6; ð13Þ

FIG. 1. Behavior of C2
γ defined as in Eq. (7) in the cg ¼ 1

scenario for ALP masses ma > mπ . The black and red lines refer
to the cd ¼ 0 and cd ¼ 1 cases, respectively. To better appreciate
the presence of the minimum, the cd ¼ 1 line shape has been
rescaled by a factor 100.
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forNN-bremsstrahlung and pion conversion, respectively. In
particular, in these expressions we have introduced the local
SN temperature T and density ρ, the nucleon mass mN , the
protonnumber densitynp, the pion fugacity zπ, the pion decay
constant fπ ¼ 92.4 MeV, and the axial coupling gA ¼ 1.27
[52], while F is an Oð1Þ numerical factor.
In our analysis we will employ as reference SN model

the 1D spherical symmetric GARCHING group’s SN model
SFHo-s18.8 provided in [72], starting with a stellar
progenitor with mass 18.8M⊙ [73] and based on the
neutrino-hydrodynamics code PROMETHEUS-VERTEX [74].
Our benchmark model, already used in previous analyses
(see, e.g., Refs. [75–78]), leads to a neutron star with
baryonic mass 1.351M⊙ and gravitational mass 1.241M⊙.
We highlight that the presence of pions inside the SN core
is still under debate (see [79] for a recent analysis).
Therefore, we estimated the pion chemical potential and
a pion abundance on top of the GARCHING group’s SN
simulation, by employing the procedure in Ref. [39],
including the pion-nucleon interaction as described
in Ref. [71].
As suggested by the strong dependence on the SN

temperature shown by the ALP emissivities in Eq. (13),
the ALP production in the PNS nuclear medium is very
sensitive to SN conditions. However, we point out that the
benchmark SN model employed in this work is charac-
terized by SN peak temperatures T ≃ 35 MeV and peak
densities ρ ≃ 3 × 1014 g cm−3 and it is among the coldest
model available in the GARCHING group archive. In par-
ticular, the employed SFHo-s18.8 SN profile coincides
with the “cold” model of Ref. [76], where the authors
argued that this SN profile typically leads to lower ALP
emission rates compared to other models. Therefore, limits
derived by employing this model have to be considered
conservative.
As discussed in Ref. [41], a possible source of uncer-

tainty in the ALP free-streaming regime is related to the
presence of a relatively high fraction of pions in the SN core
Yπ ∼Oð10−2Þ, which is still under debate. If the pion
abundance is suppressed, the pion conversion contribution
is reduced and SN bounds could result less stringent.
However, following the discussion of Ref. [41], in the
low mass limit we expect constraints to be relaxed by no
more than a factor ∼2, which is smaller than the typical
uncertainty due to, e.g., possibly higher temperatures or
densities. Moreover, we expect that only lower ALP masses
can be probed and constraints could vanish for ALP masses
ma ≳ 200 MeV, where ALP production via bremsstrah-
lung becomes inefficient.
As discussed before, together with nuclear processes,

also the ALP-photon interaction contributes to the
number of ALPs produced in the SN via the Primakoff
process and photon coalescence [80]. However, a simple
estimate makes it clear that these production channels are
strongly suppressed with respect to bremsstrahlung and

pionic processes in the ALP free-streaming regime, in
which we will develop our analysis. Indeed, even for
gap ∼ 10−8, the induced ALP photon coupling is
gaγ ∼Oð10−11Þ GeV−1, which is well below the SN cool-
ing bound placed in Ref. [80], gaγ < 6 × 10−9 GeV−1,
obtained by considering the Primakoff process and photon
coalescence for a tree-level ALP-photon coupling. Thus, in
this coupling range, the ALP luminosity via ALP-photon
interactions is much smaller than the neutrino luminosity
Lν. On the other hand, at gap ∼ 10−8 production via nuclear
processes leads to an axion luminosity La ∼ 100Lν (see
Fig. 1 of Ref. [41]). Therefore, axion production by the
ALP-photon coupling is many orders of magnitude smaller
than nuclear production and can be safely neglected in our
study. This also means that the ALP-photon coupling has
no impact on the cooling argument, and the constraint
derived in Ref. [41] is not modified.

IV. ALP DECAYS

Even though the ALP-photon coupling is inefficient as
ALP production channel, it is responsible for ALP decays
into photon pairs, which have very important phenomeno-
logical implications. The decay rate in the rest frame of an
ALP with mass ma is given by [81]

Γaγγ ¼ g2aγ
m3

a

64π
; ð14Þ

corresponding to a decay length in a frame in which the
ALP has energy ωa [82],

λγ ¼
γaβa
Γaγγ

≃ 0.13 kpc

�
pa

ma

��
ma

10 MeV

�
−3

×

�
gaγ

10−13 GeV−1

�
−2
; ð15Þ

where γa is the Lorentz factor, βa ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ðma=ωaÞ2

p
the

relativistic velocity, and pa is the ALP momentum.
We note that the ALP-photon coupling can also induce

an ALP-electron interaction at the one-loop level [53]. In
this case, the effective constant encoding the electron
coupling is given by

ce ¼ −
3α2em
8π2

CγK; ð16Þ

in which K ¼ log ðf2a=m2
eÞ þ δ1 þ gðmaÞ and the renorm-

alization scheme dependent constant δ1, as well as the
function gðmaÞ, are provided in Ref. [53]. In particular,K is
an Oð10Þ factor at scales fa ∼ 109 GeV and masses
ma ≳ 10 MeV. Furthermore, the induced ALP-electron
coupling gae ¼ mece=fa reads
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gae ¼
3αemme

4π
Kgaγ ∼ 8.7 × 10−7K

�
gaγ

GeV−1

�
: ð17Þ

Introducing the ALP decay length for electron-positron
decays [83,84],

λe ¼
8π

g2aema

ωa

ma

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−m2

a=ω2
a

1− 4m2
l=m

2
a

s

¼ 0.016 kpc

�
pa

ma

��
ma

10 MeV

�
−1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

4m2
e

m2
a

s �
gae
10−15

�
−2
;

ð18Þ

we can estimate the branching ratio for decays into
electron-positron pairs as

BRða→eþe−Þ¼ λ−1e
λ−1e þλ−1γ

≃
λ−1e
λ−1γ

≃6.1×10−6
�

ma

10MeV

�
−2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

4m2
e

m2
a

s
≪1:

ð19Þ

Therefore, the loop-induced decay of ALPs into electron-
positron pairs is not relevant for our analysis and will be
neglected in the following.
For ALP masses ma > 3mπ (but still low enough for

chiral perturbation theory to be valid), the QCD-ALP
couplings in Eq. (2) allow for decays into three pions
a → 3π0 and a → πþπ−π0. These processes occur with a
decay rate [53]

Γa3π ¼
mam4

πðΔcudÞ2
6144π3f2πf2a

Θðma − 3mπÞ

×

�
g0

�
m2

π

m2
a

�
þ g1

�
m2

π

m2
a

��
; ð20Þ

where

gnðrÞ ¼
2 · 6n

ð1 − rÞ2
Z ð1− ffiffirp Þ2

4r
dz

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4r
z

r
ðz − rÞ2n

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ z2 þ r2 − 2z − 2r − 2zr

p
ð21Þ

and

Δcud ¼ cu − cd þ cg
md −mu

md þmu
: ð22Þ

The resulting partial decay length is of the order

λ3π ≃Oð1010…14Þ cm
�
pa

ma

�

×

�
ma

500 MeV

�
−1
�

gap
10−10

�
−2
; ð23Þ

where the exact values depend mostly on the coupling
parameters in Δcud but also on the value of the giðm2

π=m2
aÞ

(see Fig. 9 of Ref. [55] for plots of these functions). Such
values are comparable to the radii of SN progenitors.
Therefore, in this range of masses, the total ALP lifetime

in its rest frame is given by

τa ¼ ðΓaγγ þ Γa3πÞ−1: ð24Þ
Depending on the values of the decay length
λa ¼ pa=maτa, ALPs can decay inside or outside the
photosphere of the progenitor star with radius Renv, giving
rise to different signatures. ALPs with λa < Renv will
predominantly decay inside the SN progenitor star, depos-
iting energy there, while those with λa > Renv mostly decay
outside the volume of the star, leading to a potentially
observable gamma-ray signal. We will discuss both of these
scenarios in the following sections.

A. Energy deposition in the SN envelope

ALPs with massesma ∼Oð10Þ–Oð100Þ MeV can decay
inside the SN mantle dumping a large amount of energy
inside the volume of the progenitor star [77]. In particular,
if ALP decays occur at radii R between the PNS radius
RPNS and the envelope radius, the energy deposited by ALP
decays could power the ejection of the outer layers of the
mantle during the SN explosion event. Nevertheless, this
energy deposition must not be larger than the predicted SN
explosion energy, otherwise it would gravitationally unbind
most of the progenitor mass, independently of neutrino
heating or any other hypothetical explosion mechanism
[85,86]. This argument provides a “calorimetric” constraint
to ALP decays into photons. Moreover, as argued in
Ref. [77], to severely constrain such a scenario, it is helpful
to employ a SN population with particularly low explosion
energies as the most sensitive calorimeters [87,88]. In this
case, their low explosion energy requires that the energy
released in the mantle by ALP radiative decays Edep has not
to exceed about 0.1 B, where 1 B (Bethe) ¼ 1051 erg.
According to Ref. [77], the energy deposited in the SN
envelope can be obtained as

Edep ¼ 4π

Z
dt
Z

RPNS

0

drr2
Z

∞

ma

dωaωa
d2na
dωadt

ðr; t;ωloc
a Þ

×

�
exp

�
−
RPNS − r

λa

�
− exp

�
−
Renv − r

λa

��
; ð25Þ

where d2na=dωadt is the spectral rate of change per
unit volume of ALPs produced in nuclear processes, ωa
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is the local production energy, and the radial integration
refers to the ALP production region. In this expression
ωa ¼ α × ωloc

a is the ALP energy measured by a distant
observer, where αðr; tÞ is the lapse factor describing red-
shifting of the local ALP energy, as well as the time dilation
between the two references frames [74]. The exponential
terms select ALP decays occurring in the region between
the PNS radius RPNS ≃ 30 km and the SN photosphere
radius Renv. We employ the value Renv ¼ 5 × 1013 cm,
which is the typical radius of Red Supergiants at the end of
their lives, which are the most common SN progeni-
tors [89,90].
Equation (25) does not take into account that ALPs with

strong couplings cannot only decay but could also be
reabsorbed by scattering events in the plasma before
leaving the PNS. However, we note that this effect is
expected to be relatively small in the part of the parameter
space that we are studying here (especially since
gap < 10−8). Still, the energy-deposition constraint is only
approximate for the largest couplings considered here—as
is anyway the case since the energy transfer of relatively
strongly coupled ALPs would presumably have an impor-
tant impact on the explosion dynamics [77].
We highlight that our calculation of Edep as shown in

Eq. (25) takes into account all relevant ALP decay
processes, including 3π decays. Indeed, once produced,
the π0 decays almost immediately in photon pairs. On the
other hand, charged pions would decay into (anti)muons
with the corresponding (anti)neutrinos. However, in the
progenitor star’s mantle, the nuclear density is still high,
so strong interactions with nuclei lead to the absorption of
the charged pions in the nuclear medium before they can
decay. Therefore, independently of the decay channel, the
energy carried by decaying ALPs is entirely released
in the mantle. By requiring that the energy deposited
inside the SN mantle is less than 0.1 B, we excluded the
orange regions of Figs. 2 and 3 inside the ALP param-
eter space.

B. ALP induced gamma-ray burst from SN 1987A

If the ALPs produced in the core of a nearby SN can
escape the photosphere of the progenitor star and decay at
larger radii into gamma rays, some of these would be able
to reach detectors at Earth (see also Ref. [92]). The most
constraining system to date is SN 1987A, located in the
Large Magellanic Cloud at a distance of dSN ¼ 51.4 kpc.
The gamma-ray spectrometer on board the Solar Maximum
Mission (SMM) satellite was taking data for Δt ¼ 223 s
after the first signal of SN 1987A, namely the neutrinos,
reached Earth; no excess over the gamma-ray background
was found [93,94], and hence the existence of ALPs with
certain parameters can be excluded [83,95,96].
For SN 1987A as observed by SMM, we can use the

simplified formula for the observable photon fluence
[94,96,97]:

Fγ ¼
Z

∞

ma

dωa

Z
ωmax
γ

ωmin
γ

dωγΘðΔωγÞ
BRa→γγ

2πd2SN
p−1
a

dNa

dωa

×

�
exp

�
−
maR�
τapa

�
− exp

�
−
2ωγΔt
τama

��
; ð26Þ

whereR� ¼ 3 × 1012 cm is the radius of the progenitor of SN
1987A (which, as a blue supergiant, was relatively small),
dSN ¼ 51.4 kpc is its distance to Earth, dNa=dωa is the total
spectrum of ALPs as seen by a distant observer, and the
integration region is given by [96]

ωmin
γ ðpaÞ ¼ max

�
25 MeV;

1

2
ðωa − paÞ;

m2
aR�

2paΔt

�
;

ωmax
γ ðpaÞ ¼ min

�
100 MeV;

1

2
ðωa þ paÞ

�
;

ΔωγðpaÞ ¼ ωmax
γ ðpaÞ − ωmin

γ ðpaÞ: ð27Þ

The ALP spectrum as observed by a far-away observer,
including general relativistic corrections due to the strong
gravity near the SN core, can be calculated as

dNa

dωa
¼ 4π

Z
dt
Z

drr2αðr; tÞ−1 d2na
dtdωa

ðr; t;ωloc
a Þ: ð28Þ

Since no significant excess in the gamma-ray fluence has
been observed by the SMM, the fluence in Eq. (26) should

FIG. 2. Summary plot of the bounds in the cg ¼ 0 scenario. The
blue region displays the SN 1987A cooling bound placed in
Ref. [41], while the violet region has been obtained by converting
the limit on ALP-photon interactions placed in Ref. [91] by
searching for signatures of an irreducible ALP background to a
constraint on gap. The other bounds have been calculated for this
work, taking into account the induced photon coupling for ALPs
coupled to nucleons. The red region is excluded by the non-
observation of any signature of a possible DSNALPB, the yellow
contour depicts the range of parameters excluded by γ observa-
tions in coincidence with SN 1987A, while the orange region is
ruled out by requiring that ALPs do not deposit energy in the SN
mantle in excess of observations.
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not exceed a 3-σ variation of the observed background data,
i.e., Fγ < 1.78 cm−2 [83,95]; the resulting bound is shown
in yellow in Figs. 2 and 3.
It was pointed out in Ref. [98] that, in a small part of the

parameter space seemingly excluded by the decay bound, a
dense “fireball” QED plasma could form through spatially
and temporally concentrated ALP decays into photons. In
this case, there would be no gamma rays reaching Earth and
the constraints from SMM observations would not apply.
However, as pointed out in Ref. [98], the respective
parameter region would still typically be excluded by
the nonobservation of the fireballs by the Pierre Venus
Orbiter. Hence, we do not expect that this argument would
enlarge the parameter space allowed by observations.

C. Diffuse SN ALP background

ALPs produced in all past SN explosions in the observ-
able Universe may have lead to a diffuse SN ALP back-
ground (DSNALPB) [99], analogous to the diffuse neutrino

background [100]. This phenomenon and its observable
consequences have been analyzed in Refs. [40,101,102],
taking into account the production of ALPs with masses
ma ∼Oð10Þ MeV by means of NN bremsstrahlung and
pion conversions. Radiative decays of these heavy ALPs
may have produced a contribution to the cosmic photon
background, which is measured by gamma-ray telescopes
such as Fermi-LAT, and hence allows us to constrain the
ALP parameters [101]. Differently from the cited previous
works, in our study, we analyze the scenario in which both
ALP emission and decays are set by the ALP-nucleon
coupling gaN and the induced, irreducible photon coupling
as in Eq. (10) or Eq. (11).
To obtain the total diffuse gamma-ray flux due to ALP

decays in the DSNALPB, we integrate over the redshift z,
and then sum up the contribution from all past core-
collapse SNe [103],

dϕdif
γ

dEγ
¼
Z

∞

0

dz

				dtdz
				ð1þzÞRSNðzÞ

dNγðEγð1þzÞÞ
dEγ

; ð29Þ

where Eγ is the energy of the emitted photon. HereRSNðzÞ is
the SN explosion rate, taken from Ref. [104], with a total
normalization for the core-collapse rate Rcc ¼ 1.25 ×
10−4 yr−1 Mpc−3 and computed assuming an average pro-
genitor mass of about 18M⊙, as in the SN simulation
employed in this work. Furthermore, jdt=dzj−1 is given by
jdt=dzj−1 ¼ H0ð1þ zÞ½ΩΛ þΩMð1þ zÞ3�12 with the cos-
mological parameters H0 ¼ 67.4 km s−1Mpc−1, ΩΛ ¼ 0.7,
and ΩM ¼ 0.3. Taking into account that the daughter
photons can have any energy in the range of
ðωa − paÞ=2 < Eγ < ðωa þ paÞ=2, and that each energy
corresponds to a unique angle between photon and original
ALP momentum, the isotropic gamma-ray flux induced by
ALP decays from a single SN at redshift z is

dNγðEγÞ
dEγ

¼
Z

∞

pmin
a

dpa

ωa
2 × BRa→γγ

dNa

dωa

×

�
exp

�
−
R0
envma

paτa

�
− exp

�
−
dðzÞma

paτa

��
;

ð30Þ

where dðzÞ is the cosmological distance of a SN that
occurred at redshift z, pmin

a ¼ Eγ þm2
a=4Eγ is the minimal

ALP momentum contributing to the flux at photon energy
Eγ , and the ALP spectrum dNa=dωa is given in Eq. (28). We
highlight that here we use R0

env ¼ 1014 cm to assure that
ALP decays always occur outside from all the considered
SNe, which might admit progenitors with radii even larger
than Renv ¼ 5 × 1013 cm. This assumption leads to more
conservative constraints.
Following Ref. [103], to constrain this scenario we

have employed the isotropic gamma-ray background

FIG. 3. Summary plot of the bounds placed in this work in the
case cg ¼ 1. The color scheme for the contours is the same as in
Fig. 2. The upper and lower panels refer to the cd ¼ 0 and cd ¼ 1
scenario, respectively. Here, the dark green vertical lines depict
the values of the ALP mass for which the ALP-photon coupling
vanishes in the considered cases. [Note that the very narrow kink
in the DSNALPB constraint caused by the vanishing photon
coupling is not visible due to the finite resolution of the plot.].
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measurements provided by the Fermi-LAT collaboration,
by means of Pass 8 R3 processed data (eight-year dataset)
for the ULTRACLEANVETO event class section. In the
range of energies Eγ ≳ 50 MeV, the Fermi-LAT data for
the diffuse gamma-ray flux can be fitted as

dϕγðEγÞ
dEγ

≃ 2.2 × 10−3
�

Eγ

MeV

�
−2.2

MeV−1 cm−2 s−1 sr−1:

ð31Þ

On the other hand, fluxes at lower energies have to be
compared to the measurements from the COMPTEL
experiment [105],

dϕγðEγÞ
dEγ

≃1.05×10−4
�

Eγ

5MeV

�
−2.4

MeV−1cm−2 s−1 sr−1:

ð32Þ

The contribution from the DSNALPB in Eq. (29) cannot be
larger than the observed flux: dϕdif

γ =dEγ < dϕγ=dEγ. This
argument allows us to constrain the red areas of the
parameter spaces shown in Figs. 2 and 3.

V. DISCUSSION AND RESULTS

A. cg = 0

The first case we want to analyze is cg ¼ 0, correspond-
ing to the scenario of a vanishing ALP-gluon coupling in
Eq. (2). Under this assumption, the induced ALP-photon
coupling shows a strong dependence on the ALP mass [see
Eq. (12)]. In particular, for masses ma ≪ mπ , the photon
coupling is suppressed by factors Oðm2

a=m2
πÞ leading to

inefficient ALP-photon interactions. This effect has a
significant impact on the relevant ALP phenomenology,
since the ALP decay rate is strongly reduced in this range of
masses. Moreover, an additional suppression due to the
mass dependence of the ALP decay rate Γaγγ ∝ m3

a has to
be considered. As a consequence, all the related bounds
tend to relax in the mass range ma ≲ 10 MeV since too
long-lived ALPs will decay too late to deposit energy into
the stellar mantle, to source an observable gamma-ray
signal on their way to Earth from SN 1987A, or to decay in
the observable Universe.
Figure 2 summarizes all the constraints introduced in this

work in the case cg ¼ 0 by employing the arguments
discussed in the previous sections. The black line highlights
the presence of the pole in Eq. (12) in coincidence with the
pion mass. As discussed in Sec. II, the pole itself is
unphysical but Eq. (12) only breaks down in a very narrow
region around mπ . Violet contours display constraints from
the irreducible cosmicALP background established through
freeze-in as described in Ref. [91]. The two regions are
excluded because of decays of the ALP background on
cosmological timescales which might induce distortions in

the CMB spectrum or observable diffuse x-ray signatures in
XMM-Newton. Here the constraints on the photon coupling
introduced inRef. [91] are converted to constraints on gap by
virtue of Eq. (12), which assumes that the effective photon
coupling is induced by the underlying QCD coupling.
The red area depicts the region of the parameter space

excluded by the DSNALPB argument illustrated in
Sec. IV C. In particular, it can be employed to exclude
ALP-proton couplings gap ≳ 8.5 × 10−11 for 10≲ma≲
100 MeV, extending the exclusion region from the SN-
cooling argument [40,41] by 1 order of magnitude. As
discussed above, the bound relaxes for ma ≲ 10 MeV as a
consequence of the mass dependence of gaγ and the decay
rate. On the other hand, at ma ≳ 200 MeV smaller regions
of the parameter space are excluded, since the fraction of
ALPs decaying inside the SN envelope becomes larger and
their production in the PNS is Boltzmann suppressed. The
parameter space for ALPs with massesma ≳ 200 MeV can
be constrained by looking at the energy deposited in the SN
volume by decaying ALPs, as described in Sec. IVA. The
orange region in Fig. 2 shows that this argument may
rule out ALP-proton couplings gap ≳ 2.5 × 10−10 for
200≲ma ≲ 300 MeV, enlarging the mass range probed
by the SN cooling argument. In the yellow area of the
parameter space in Fig. 2, the existence of ALPs would
have led to a gamma-ray signal following SN 1987A
observable by SMM as described in Sec. IV B. Together
with the cosmological freeze-in constraint, this bound
reaches the smallest couplings—nearly 2 orders of magni-
tude lower than the cooling argument. However, due
to the strong mass dependence of the effective photon
coupling in the cg ¼ 0 case, only relatively heavy ALPs in
the range 60 MeV≲ma ≲ 400 MeV are excluded by this
bounds only.

B. cg = 1

Figure 3 summarizes the constraints introduced in this
work in the cg ¼ 1 scenario, where the upper and lower
panel refer to the benchmark cases cd ¼ 0 and cd ¼ 1,
respectively. The effective, irreducible photon coupling in
the case cg ¼ 1 does not suffer from the ALP-mass
suppression for ma ≲ 10 MeV since the ALP-gluon cou-
pling always induces a sizable mass-independent contri-
bution [see Eq. (11)]. Nevertheless, in Sec. II we have
discussed that the ALP-photon coupling could actually
vanish for some peculiar values of the ALP mass ma ≃ 147
and ma ≃ 310 MeV, which are depicted as green lines in
Fig. 3 for both the cd ¼ 0 and cd ¼ 1 cases. At these values
of the mass, ALPs coupled to protons and gluons do not
show any induced coupling to photons and all the con-
straints related to ALP-photon interactions are relaxed.
However, except for ALP masses fine-tuned at the level of
Oð1Þ MeV to these values, the ALP-photon coupling is
sizable.
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Differently to the cg ¼ 0 scenario, the bound associated
with a possible DSNALPB from all the past SNe is mostly
flat in this case in the range of masses ma ≳ 1 MeV,
excluding ALP couplings gap ≳ 6.5 × 10−11. Indeed, even
at low masses, the ALP-nucleon coupling induces ALP
decays efficiently enough to produce a diffuse flux of
photons, which saturates the condition described in
Sec. IV C. Furthermore, in the cd ¼ 1 case, we can probe
larger values of the mass than in the cd ¼ 0 scenario.
Indeed, Fig. 1 suggests that the induced ALP-photon
coupling is suppressed for 250≲ma ≲ 320 MeV in the
cd ¼ 1 case. Thus, in this mass range, ALP-photon
interactions are inefficient enough for the radiative decays
to happen outside the SN envelope, while in the cd ¼ 0
case, most ALPs decay in the envelope and hence do not
contribute to the DSNALPB. This effect can also be seen in
the explosion energy bound. The relaxation of the con-
straint in the cd ¼ 1 case with respect to cd ¼ 0 is
determined by larger values of the decay lengths in the
range of masses leading to inefficient ALP-photon inter-
actions. As a consequence, most of the ALPs decay outside
the SN mantle, and a smaller fraction could take part in the
energy deposition phenomenon. Therefore, the explosion
energy argument can rule out gap ≳ 1.5 × 10−10 for 200≲
ma ≲ 300 MeV in the cd ¼ 0 case and only gap ≳ 10−9 for
300≲ma ≲ 400 MeV in the cd ¼ 1 scenario. Finally, the
gamma-ray constraint from SN 1987A can, in this case,
cover parameter space over a wide range of masses since
even for small masses, more ALPs decay between the SN
and Earth as compared to the case of a smaller gaγ for
cg ¼ 0. With all constraints derived in this work taken
together, the cooling argument is fully superseded in the
full parameter space that we study here.

VI. CONCLUSIONS

Our investigation of QCD ALPs has shed light on the
interplay between ALP properties at high-energy scales and
the associated low-energy phenomenology, carefully taking
into account the full set of interactions induced by
fundamental couplings. In this spirit, we have explored
the origin of ALP-nucleon interactions, clarifying how
these interaction vertices appear as the manifestation of an
effective field theory at higher scales with ALP couplings to
quarks and gluons. We pointed out that an irreducible ALP-
photon coupling naturally emerges in this scenario, and it
must be taken into account in astrophysical searches.
The presence of both of these couplings opens several

possibilities for phenomenology, especially for MeV-scale
ALPs produced in SNe. Our analysis, building upon recent
developments in the study of ALP production during
SN cooling phases [41], which proceeds very efficiently
via the ALP-nucleon coupling, also considers the role

of the induced ALP-photon coupling arising in these
models, leading to ALP decays into photon pairs. This
decay channel could induce possible signatures in astro-
physical observables related to SN events, such as addi-
tional explosion energy deposited in the SN mantle,
an ALP-induced gamma-ray burst, or a contribution to
the DSNALPB. Using these arguments, in this work, we
have set various constraints on the ALP-proton coupling,
down to gap ∼ 10−10 − 10−11 in the mass range 1 MeV≲
ma ≲ 500 MeV, ruling out regions of the parameter space
associated to ALPs coupled to nuclear matter that have
never been probed before.
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APPENDIX: INTERPLAY BETWEEN AN ALP
COUPLED TO QCD AND THE QCD AXION

In the main part of the paper we consider only an ALP
coupled to QCD. In this case we leave the solution of the
strong CP problem unspecified. In principle, one can
wonder how the picture changes when a solution of this
problem, in the form of a QCD axion, is introduced in
addition to the ALP. In this scenario, the Lagrangian in
Eq. (2) would acquire an extra term,

L ¼ g2

32π2fa
ðaQCD þ cgaÞGa

μνG̃
aμν þ ðma;0Þ2

2
ða − a0Þ2;

ðA1Þ

where we neglect the quark couplings for simplicity and
have absorbed any possible difference between the two
decay constants of aQCD and a into cg. Note that, at a
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fundamental level, the constant a0 can always be absorbed
by a shift of the ALP field, a → aþ a0. This shift needs to
be appropriately compensated by the QCD axion canceling
a θ term, i.e., aQCD → aQCD − cga0. Thus, in the following
we consider a0 ¼ 0 in full generality. This conclusion
may not be valid in case of a generic potential for the ALP.
It should be noted that aQCD does not have a bare mass
term, as it would either be negligible or spoil the solution
to the strong CP problem. However, after confinement,
both axion and ALP gain a mass through nonperturba-
tive QCD dynamics, leading to a nondiagonal mass
matrix [59],

M2 ¼ m2
QCD

0
@ 1 cg

cg c2g þ m2
a;0

m2
QCD

1
A; ðA2Þ

wherem2
QCD is the QCD-induced mass. Therefore, the mass

eigenvalues read

m2
1;2 ¼

1

2
ðm2

a;0 þ C2
Gm

2
QCD � Δm2Þ; ðA3Þ

where we have defined

Δm2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

a;0 þ C2
Gm

2
QCDÞ2 − 4m2

a;0m
2
QCD

q
C2
G ¼ 1þ c2g: ðA4Þ

Remarkably, in the limit ma;0 ≫ mQCD, which is the
physical case considered in this work, the mass eigenvalues
reduce to m1 ≃ma;0 and m2 ≃ c2gmQCD. In the same way,
the corresponding eigenstates

ja1i ¼
 
−

m2
a;0þðc2g−1Þm2

QCD−Δm
2

2cgm2
QCD

1

!
→ jaQCDi ¼

�
1

0

�

ja2i ¼
 
−

m2
a;0þðc2g−1Þm2

QCDþΔm2

2cgm2
QCD

1

!
→ jai ¼

�
0

1

�
; ðA5Þ

where we have employed a proper normalization.
These results suggest that the large mass splitting,

ma;0 ≫ mQCD, leads to a negligible mixing between the
two mass eigenstates, which are actually the eigenstates
propagating in vacuum. Therefore, we can always look at
the phenomenology of the ALP without referring to the
QCD axion. Its existence might only strengthen the SN
cooling bound, where the QCD axion is produced and
escapes the SN core without giving observational signa-
tures. Otherwise, it might be that the QCD axion is just
weakly produced in the SN and, in this case, the cooling
bound is unaffected.
The axion-ALP Lagrangian in Eq. (A1) can be also

written in terms of

aGG̃ ¼ C−1
G ðaQCD þ cgaÞ

a⊥ ¼ C−1
G ðcgaQCD − aÞ: ðA6Þ

It is worthy to highlight that, by employing this orthonor-
mal basis, the only field coupling to the gluon field is aGG̃.
Thus, in this formalism, aGG̃ plays the role of a “QCD
ALP” as interaction eigenstate,1 while its orthogonal
counterpart a⊥ is decoupled from GG̃ and appears just
in the mass term,

L ¼ CG
g2

32π2fa
aGG̃G

a
μνG̃

aμν −
1

2

ðma;0Þ2
C2
G

ðcgaGG̃ − a⊥Þ2:

ðA7Þ

In terms of this basis, the mass matrix after the QCD phase
transition reads

M02 ¼

0
B@C2

Gm
2
QCD þ c2gm2

a;O

C2
G

− cgm2
a;O

C2
G

− cgm2
a;O

C2
G

− m2
a;O

C2
G
:

1
CA; ðA8Þ

showing, as expected, the same eigenvalues as in Eq. (A3).
The corresponding eigenstates in the ma;0 ≫ mQCD limit
can be written as

ja01i¼
0
@−

ðc2g−1Þm2
a;0þC2

GðC2
Gm

2
QCD−Δm

2Þ
2cgm2

QCD

1

1
A→ jaQCDi¼C−1

G

�
1

cg

�

ja02i¼
0
@−

ðc2g−1Þm2
a;0þC2

GðC2
Gm

2
QCDþΔm2Þ

2cgm2
QCD

1

1
A→ jai¼C−1

G

�
cg
−1

�
;

ðA9Þ

and the associated phenomenology reduces to the physics
previously discussed. However, this formalism is useful,
since it shows that a QCD ALP coupled to QCD only, with
a nondiagonal mass term, has the same physical effects of a
mixture of two axions: a massive ALP and a massless
QCD axion.
The picture described by Eq. (A7) is convenient to recast

known results on the QCD axion, to our QCD ALP.
Namely, the low-energy interactions between the ALP
and hadrons will be described in terms of Eq. (2), with
the replacement cga → CGaGG̃; similarly for the ALP-
photon interaction. This is the reason why the interactions
in Eqs. (5)–(7), referring to the QCD ALP, feature just a
rescaling in terms of cg.

1Only its aQCD component solves the strong CP problem.
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