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The duration of the neutrino burst from the supernova event SN 1987A is known to be sensitive to exotic
sources of cooling, such as axions radiated from the dense and hot hadronic matter thought to constitute the
inner core of the supernova. We perform the first quantitative study of the role of hadronic matter beyond
the first generation—–in particular strange matter. We do so by consistently including the full baryon and
meson octets, and computing axion emissivity induced from baryon-meson to baryon-axion scatterings as
well as from baryon decays. We consider a range of supernova thermodynamic conditions, as well as
equation-of-state models with different strangeness content. We obtain the first bound on the axial axion-
strange-strange coupling, as well as the strongest existing bound on the axion-down-strange counterpart.
Our bound on the latter coupling can be as small as Oð10−2Þ for fa ¼ 109 GeV.
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Introduction—Axions are among the best motivated and
at present most sought-after particles beyond the standard
model (SM). Searches and predictions follow two streams
of activity. The first concerns the “invisible” [1–4] QCD
axion [5–8], whose mass ma and decay constant fa are
related—the smaller ma the feebler the axion’s interaction
strength with known matter. The second stream of activity
is the more general framework of axionlike particles
(ALPs), where ma and fa are considered as independent
parameters, constrained mostly by data (for UV aspects,
see [9,10]).
In the QCD-axion case already, couplings to matter are

verymodel dependent and are constrained through awide and
growing array of laboratory [11,12], astrophysical [13–15],
or cosmological [16] observables, as well as by theoretical
considerations [17–20]. Among astrophysical observables,
core-collapse supernovæ (SNe) such as SN 1987A stand out.
Measurements of the neutrino burst associated with SN
1987A [21–26]match expectations [27,28], and this provides
a strong constraint on non-standard sources of cooling such as

free-streaming axions a coupled to nucleons [29–31]. This
is usually quantified through Qa < Qν [13,31], with Q
denoting the power radiated in the given particle per unit
volume, or emissivity. The understanding of the different
processes contributing to Qa has seen rapid progress over
recent years. The most established bound comes from axion-
strahlung in nucleon-nucleon scattering [32], although a
reliable calculation is challenging (see discussion in
Ref. [15]). One class of processes that has received particular
attention are pion-nucleon reactions πN → N0a, which may
even be dominant [33–40]. A further process considered
recently is Λ → na, see [41–43].
The physics of axion emission from SNe is, however,

still far from established in numerous respects, among the
others: the hydrodynamical modelling of the SN, consis-
tently including axion emission at the dynamical level as
well as possible departures from spherical symmetry, see,
in particular, [34,44–46]; the question how in-medium
effects impact the leading axion-emission processes; the
possible role of axion interactions with matter components
inside the SN volume beyond the first generation of matter.
Our work aims to perform a benchmark calculation that
quantitatively addresses this last aspect. To this end, we
evaluate the contributions to axion emissivity from all
processes of the kind BiM → Bfa, where Bi;f and M
denote octet baryons and mesons, respectively, as well as
the decays Bi → Bfa. Their effect is nontrivial for the
following reason. These contributions correspond to over
one hundred different reactions, each yielding a positive-
definite contribution to the emissivity Qa. (By this argu-
ment, any additional process not included in our calculation
would only make our conclusions stronger.) This large
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number of processes compensates for the suppressed
densities of strange baryons relative to those of ordinary
nucleons [47–52]. As a result,Qa serves as a nontrivial probe
of axion interactions with strange matter. Specifically, the
constraint from SN 1987A introduces new correlations
between flavor-diagonal axial couplings involving an axion
and any of the u, d, s quarks. Besides, this constraint
introduces a new bound on the magnitude of the flavor-
violating counterpart. This bound spans Oð10−1–10−2Þ, the
range being determined by a variation of the thermodynamic
conditions inside the axion-emitting SN core within realistic
domains. Our bound assumes fa ¼ 109 GeV, but can be
scaled to a different fa choice through a well-defined
procedure detailed later. Our work is, to our knowledge,
the first study of axion emission from beyond-first-
generationmatter in the consistent framework of an effective
theory, in particular, including all the allowed processes
mentioned above.
Setup—We strived to test in detail the robustness of our

conclusions with respect to the two main modeling aspects
inherent in the system we consider: on the one hand, the
modeling of the SN volume affected by axion emission, and
on the other, of the axion-hadron interactions responsible for
axion emission. We discuss these two key aspects in turn.
Our SN-core modeling is based on the following guide-

lines. Assuming weak equilibrium for the interactions that
involve the strange quark, and neglecting the presence of
muons, the state of matter is characterized by three
thermodynamic parameters, chosen usually as the temper-
ature T, baryon number density nB, and electron fraction
Ye ≡ ðne− − neþÞ=nB. These parameters allow us to deter-
mine the abundances of all particles entering the equation
of state [53,54]. These parameters are, in general, local
within the SN volume, and their values are obtained
by solving the hydrodynamic equations from energy-
momentum, baryon and electronic lepton number conser-
vation, coupled to neutrino transport; see, e.g., [55].
Inclusion of axion transport accordingly allows us to
account consistently for energy andmomentum loss through
axion emission, as described, e.g., in [34,44–46]. We do not
perform here such a full-fledged SN simulation. Instead, we
assume homogeneous thermodynamic parameters within
the SN axion sphere, in an approach similar to much of the
literature on axion emission from SNe [56]. For the
parameters, we choose sets of values that should be
representative of realistic conditions: T ¼ f30; 40g MeV;
nB ¼ f1; 1.5gnsat, withnsat ¼ 1.6 × 1038 cm−3. As the third
thermodynamic parameter, we take the total baryonic e.m.
charge fraction YQB

≡P
i∈B Qini=nB ¼ 0.3. Bearing in

mind that hadron number fractions are dominated by
nucleons (any other hadron contributing at the percent level
or less) YQB

¼ 0.3 ensures Yp ≃ 0.3, consistent with the
value adopted in, e.g., [33]. We note that the emissivity
varies strongly with temperature—higher temperatures
yielding larger Qa values. We consider T ¼ 30 MeV as it

complies with a standard choice in the literature, and it also
provides somewhat more conservative bounds fromQa with
respect to a higherT value. The caseT ¼ 40 MeV is, in turn,
useful to quantify the effect of temperature variation in a
reasonable, yet large enough range.
On top of the above thermodynamic-parameter choices,

we also consider two equation-of-state (EOS) models con-
sistently containing the full baryonic octet, DD2Y [57], and
SFHoY [58]. This choice is guided by the following argu-
ments among the others: these models specifically predict
different amounts of strangeness inside hot and densematter;
they are publicly available; they are compatible with astro-
and nuclear-physics constraints [57,58]. Hence, calculating
Qawithin these twomodels provides a directway to establish
how sensitively our conclusions depend on the assumed
amount of strange matter in the SN core. The meson octet is
treated as an idealBosegaswith chemical potentials obtained
from the EOS model. Including an interaction between
mesons and baryons would slightly modify the particle
fractions, but we expect this to have a negligible impact
on our conclusions [59]. The e− fraction is then obtained
from the condition of charge neutrality YQB

þYQM
þYe ¼ 0.

The two EOS models, applied on the T and the nB values
discussed above, represent our ensemble of thermodynamic
conditions. Specifically, each of them translates into a set of
values for the chemical potentials of charged and neutral
octet baryons and mesons. This allows us to calculate the
axion emissivity Qa for all the baryon-meson reactions
of the type BiM → Bfa, as well as the decays Bi → Bfa.
The possible processes are listed in the Supplemental
Material [60]. The diagrams relevant to BiM → Bfa are
depicted in Fig. 1.
The secondmodeling aspect thatwe need to specify is that

of the axion-hadron interactions. The latter may be obtained
through the Noether procedure applied to the 3-flavor octet-
mesonic as well as -baryonic chiral Lagrangians, augmented
with an axion as elucidated in [68]. Denoting the octet-
meson and octet-baryon fields as U and B, respectively,
one gets

LaUB ¼ ∂μa

fa

X8
b¼1

�
xbLJ

bμ
L ðU;BÞ þ xbRJ

bμ
R ðU;BÞ�; ð1Þ

where xbL;RðaÞ≡ Tr
�
k̂L;RðaÞλb

�
are the axion-hadron

coupling strengths of each of the interaction currents
J bμ

L;R (collected for completeness in the Supplemental
Material [60]). As is to be expected, these strengths are
functions of k̂L;R, i.e., the fundamental axion-quark coupling
matrices defined from the Lagrangian [69]

Laqq ≡ ∂μa

fa

�
q̄γμLk̂LðaÞqþ q̄γμRk̂RðaÞq

�
; ð2Þ

with q ¼ ðu; d; sÞT and γμL;R ¼ γμð1 ∓ γ5Þ=2.
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As we consider processes involving a single axion, we
can replace k̂L;RðaÞ → kL;R. Axion emissivity constrains the
ratios ðkL;RÞij=fa, or equivalently, the kV;A ≡ kR � kL
counterparts. On the possible values for the indices,
ij ¼ f11; 22; 33; 23; 32g, we note the following.
Hermiticity requires the diagonal entries to be real and
the off-diagonal ones to have opposite phases; e.m. charge
conservation sets to zero off-diagonal entries other than
23, 32. We have therefore a total of 10 parameters from k
couplings, of which ðkV;AÞ23 are genuine beyond-SM
sources of strangeness-changing currents.
The k couplings are free parameters [68], fixed only by a

theory of flavor, or by data. We stick to an agnostic
approach, making no theoretical assumptions about any
of the couplings. We sample them using uniform distribu-
tions over ranges covering several orders of magnitude and
constrain them based on measurements. This ensures that
the bounds we obtain are as conservative as possible. The
entries ðkAÞ11 and ðkAÞ22 are bounded from data on
isolated-neutron-star (NS) cooling, as recently discussed
in Ref. [70]. To maintain our conservative stance, we have
considered the scenario where axion couplings to neutrons
and protons are both nonzero, and ≲10−9, which saturates
the NS cooling bound. The couplings ðkV;AÞ23 are
generally constrained from kaon processes (henceforth
“K bounds”), in particular K0− K̄0 mixing and ΓðK→ πaÞ.
The latter process is sensitive to jðkVÞ23j alone, while the
K0 − K̄0-mixing constraint from the ϵK observable [71]
jointly sets bounds on ðkVÞ23 and ðkAÞ23, see Ref. [41]. We
compare the theoretical predictions against the ΓðK→ πaÞ
bound [72], as well as the 95% confidence-level range
0.88 < CϵK < 1.36 on CϵK ≡ jϵSMþa

K j=jϵSMK j, using the lat-
est analysis by the UTfit Collaboration [73,74].
Some comments are in order onvectorial couplings. First,

Qa is insensitive to diagonal kV couplings, which are solely
observable via axion-hadron interactions whose underlying
quark transition occurs via the weak force [68,69,76]. In
addition, the Qa bound on jðkVÞ23j is less stringent than the
one from the nonobservation of K → πa. Finally, the Qa

bound is also insensitive to the (difference between the)
ðkVÞ23 and ðkAÞ23 phases.
Results—We next discuss our numerical results. We

calculate the axion emissivity Qa as [77]

Qa ¼
Z

Eað2πÞ4δ4ðpÞjMj2F iFMð1 − F fÞ

×
Yfi;f;M;ag

m

d3pm
ð2πÞ32Em

; ð3Þ

where jMj2 denotes the absolute value squared of the
amplitude

P
n AðBiM → BfaÞ, n ¼ fi; f;Mg, where the

indices i, f, M label the different possible instances of
initial-, final-state baryon, and meson involved in the
reactions. The distribution functions are defined as

F j ¼
1

exp
�
Ej−μj
T

�
þ ð−1Þ2sjþ1

; ð4Þ

where sj denotes the spin of the corresponding particle.
Equation (3) generalizes to decays of the kind Bi → Bfa in
an obvious way. As written, the emissivity treats all
particles involved as ideal gases. However, in-medium
effects in hot and dense matter are expected to have a
strong impact [78,79]. Such effects may be captured at the
mean-field level by shifting effective potentials, masses,
and energies of all particles entering the EOS with their
“effective” counterparts (e.g., Refs. [78–81]). Our case of
more dilute matter is expected to yield weaker mean-field
effects, but we leave the investigation of this issue to a
separate study. We thus perform the replacements

mj→m�
j ; Ej→E�

j ; μj → μ�j ¼ μj−Uj; ð5Þ

where the right-hand side’s are calculated within each of
our considered thermodynamic conditions. In particular,
the effective chemical potential contains the mean-field
interaction potential Uj, which also enters the energy-
conservation equation and is determined self-consistently.
This treatment of mean-field effects also allows to correctly
recover the particles’ number densities by integrating their
distribution functions over phase space.
We made two further validations. A first one was to

employ the setup in Ref. [33]; namely, to restrict to the
π−p → na process and further drop the first and fourth
diagram in Fig. 1 (omitted in Ref. [33]) [82]. In such setup
we find our results to be consistent with the predictions in
Table I of Ref. [33]. A second check was to verify that the
parameter bounds inferred fromQa yield an axionmean free
path [78] well above the SN radius, which validates the free-
streaming assumption that underlies theQa calculation [13].
We are now ready to quantitatively discuss the implica-

tions of the bound Qa < Qν [13,31] within the different

FIG. 1. The diagrams contributing to BiM → Bfa, with Bi;f
initial- or final-state octet baryons, M octet mesons, and
a the axion.
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thermodynamic conditions and the different scenarios for
the k couplings considered. The coherence of the results we
obtain suggests the following general picture. Irrespective
of the model, axion emissivity introduces nontrivial con-
straints on all of jðkAÞijj, namely, ij ¼ f11; 22; 33; 23g. In
particular, (a) Qa generates correlations between flavor-
diagonal kA couplings, due to its proportionality to the
square of well-defined linear combinations of ðkAÞii entries.
Also, Qa introduces a bound, albeit of Oð1Þ and thus mild,
on all these entries; (b) Qa introduces a novel, direct
constraint on jðkAÞ23j. The bound can be as low as 10−2 (for
our reference fa value), depending on the thermodynamic
conditions chosen.
The above findings are illustrated in more detail in Fig. 2,

which captures all the main messages of this study, but
requires a detailed look. Each panel is a “matrix,” showing
the correlation of every parameter (jðkAÞ11;22;33;23j in the x
axis) against every other one. The diagonal entries of the
matrix are thus one-parameter histograms normalized to
unity, where the remaining parameters are marginalized
over, i.e., assumed to take on every possible value. The four
instances of matrix plots in Fig. 2 refer to the two
temperatures T and the two baryonic densities nB consid-
ered, as specified in the legend. The three colors show the
Qa bound inferred from Bi → Bfa processes only (red),
from BiM → Bfa ones only (yellow), and from all (blue).
The correlations [item (a)] are clearly visible as oblique
blue bands; the bounds [item (b)] are the end points of the
histograms along the diagonal of the matrix plots. As
the lowermost histogram in each panel’s diagonal shows,
the ðkAÞ23 bound we obtain is highly nontrivial, and gets as
low as 5 × 10−2 within the range of our considered
thermodynamic conditions. The figure also suggests that
(i) correlations become sharper and bounds tighter if T
increases (first vs second, or third vs fourth panel); (ii) the

bound on ðkAÞ33 is always dominated by BiM → Bfa
processes (yellow constraints); (iii) the bound on ðkAÞ23 is
dominated by Bi → Bfa (red), although BiM → Bfa
processes (yellow) increase in importance for larger T.
We also find that an increase in nB ∈ f1; 1.5gnsat generally
sharpens both findings (a) and (b). This is to be expected,
as increasing nB generally increases the hyperon phase
space.
The largest possible values shown in the blue histograms

(i.e., the histograms corresponding to Qa calculated using
all processes, BiM → Bfa as well as Bi → Bfa) on the
diagonal of each panel of Fig. 2 are also tabulated in
Table I. More precisely, they correspond to the large,
boldfaced entries in this table, which refer to the DD2Y
EOS model. The smaller entries on top of the large ones
refer to the SFHoY EOS model instead, and are reported for
direct comparison. This comparison shows at a glance that
the DD2Y model leads to stronger bounds than SFHoY.
Bounds are typically the result of several competing effects,
and a numerical evaluation is necessary. For example,
hyperon densities tend to be higher within DD2Y than they
are in SFHoY (see also Supplemental Material [60]). On the
other hand, for reactions involving hyperons as final state,
smaller fractions are even advantageous.
We emphasize that, in both Fig. 2 and Table I, the k

couplings are constrained solely by data, as described in the
text between Eqs. (2) and (3). In other words, we make no
model assumptions regarding the k couplings. It is useful to
discuss how our obtained bounds would be modified if one
imposes relations on the k couplings inferred from a theory
of flavour. We mention two representative examples. A first
one is the minimal QCD-axion solution to the flavor
problem [83–88]. We find that Qa is more constraining
than the theory assumptions within this model, and our
bounds in Table I remain valid.

FIG. 2. Regions allowed to jðkAÞijj, ij ¼ f11; 22; 33; 23g byQaðBiM → BfaÞ (yellow),QaðBi → BfaÞ (orange) and their sum (blue)
nB ¼ nsat (first two panels) or nB ¼ 1.5nsat (last two panels). The plots on the diagonal of each panel display the posterior distribution
for the respective k coupling. The contour lines in the plots off-the-diagonal display marginalized 2D 95% posterior probabilities. The
figure uses the DD2Y EOS with YQB

¼ 0.3.
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A second example is minimal flavor violation (MFV)
[89–92] within axion models [93,94]. The minimal radi-
ative flavor violation necessarily induces a very small
left-handed off-diagonal component, scaling as ðkLÞ23∼
ð1=16π2ÞðVCKMÞ�31ðVCKMÞ32 multiplied by flavor- universal
logs of ratios of ultraviolet scales. This functional depend-
ence implies very suppressed values of Oð10−6Þ. Besides,
the right-handed counterpart is absent by definition. As
a consequence ðkV;AÞ23 ≈ ðkLÞ23 ¼ Oð10−6Þ or smaller
within this scenario. In turn, the couplings ðkAÞ11;22;33 can
be matched onto the axion-quark couplings Cu;d;s of
Refs. [35,95]. At a renormalization scale μ ≈ 1 GeV one
has Cu;d;s ¼ Oð10−2Þ within KSVZ models [1,2], and
generically of Oð10−1Þ within DFSZ [3,4]. We thus see
that, for any of the k couplings,Qa is not constraining within
this scenario, i.e., theory assumptions play a dominant role
for all constrainable couplings.
We finally note that our results assume fa ¼ 109 GeV,

which is the reference value throughout our numerical
study. We decided to keep fa fixed for two reasons. First,
fa can vary by orders of magnitude, and such variation
would completely obliterate the Qa dependence on k
couplings, which are our focus. The question of what is
the limit on fa implied by our study necessarily requires to
fix k11;22;33 and jk23j first. Second, the Qa dependence on
fa is ruled by a simple scaling: if fa → fa=xf,Qa → Qax2f.
In conclusion, we have presented the first study of SN

axion emissivity Qa that consistently quantifies the pos-
sible role of matter beyond the first generation, by
calculating all baryon-meson to baryon-axion as well as
baryon-decay processes involving the lightest baryon and
meson octets. Qa proves to be a strong constraint on axion
interactions with strange matter. Specifically, we obtain the
first bound on the axial axion-strange-strange coupling, and
the strongest existing bound on the axion-down-strange
counterpart. The latter spans the range Oð10−1–10−2Þ
depending on thermodynamic conditions chosen to realis-
tically represent the SN axion-emitting core. Our study uses
fa ¼ 109 GeV and ma ≪ mBi;Bf;M, i.e., it applies to the
QCD axion, which is the most difficult to constrain. Our
results suggest various additional applications, including to

other compact objects and to axionlike particles with ma
comparable to the external states’ masses. Importantly, we
would like to further investigate the dependence of our
results on the SN dynamics as well as on the EOS, in
particular, the predicted particle abundances, along the lines
discussed in the introduction. As a first step, one could test
the effect of changing the interaction potentials that give
rise to the different effective masses (and thus particle
abundances), using justified ranges. The ultimate goal is,
however, a full-fledged SN simulation that includes axion
losses in the dynamics, similar to neutrino losses. This
simulation should also allow for the exploration of the
spatial dependence (radial, and beyond) of thermodynam-
ical quantities, of the effects of different nuclear-matter
EOS and of baryon-meson couplings. For the purely
nucleonic case, see, e.g., Refs. [34,44–46].
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