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In this paper, we evaluate the energy loss rate of supernovae induced by the axion emission process
π− þ p → nþ a with the Δð1232Þ resonance in the heavy baryon chiral perturbation theory for the first
time. Given the axion-nucleon-Δ interactions, we include the previously ignored Δ-mediated graphs to the
π− þ p → nþ a process. In particular, the Δ0-mediated diagram can give a resonance contribution to the
supernova axion emission rate when the center-of-mass energy of the pion and proton approaches
the Δð1232Þ mass. With these new contributions, we find that for the typical supernova temperatures,
compared with the earlier work with the axion-nucleon (and axion-pion-nucleon contact) interactions, the
supernova axion emissivity can be enhanced by a factor of ∼4ð2Þ in the Kim-Shifman-Vainshtein-Zakharov
model and up to a factor of ∼5ð2Þ in the Dine-Fischler-Srednicki-Zhitnitsky model with small tan β values.
Remarkably, we notice that the Δð1232Þ resonance gives a destructive contribution to the supernova axion
emission rate at high supernova temperatures, which is a nontrivial result in this study.
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I. INTRODUCTION

The QCD axion, which is a pseudo-Nambu-Goldstone
boson associated with a spontaneous breakdown of the
Peccei-Quinn (PQ) global axial symmetry [1,2], is so far
the most promising solution to the QCD strong CP
problem [3]. Through the PQ mechanism [4,5], the
QCD axion starts to roll down and oscillate on its potential
when the Hubble parameter falls below the mass of
the QCD axion and eventually settles down at a CP-
conserving minimum, solving the strong CP problem
dynamically. In addition, it has been shown that such a
coherent oscillation of the axion field behaves as cold dark
matter in the present universe [6–8]. On the other hand, it
has been studied that such cold axion particles can also
form a Bose-Einstein condensation through their self-
gravitational interactions [9]. For recent reviews of axions,
one can see Refs. [10–12].
The QCD axion can interact with the standard model

(SM) particles such as electrons and nucleons with cou-
pling strength as well as its mass inversely proportional to

the so-called axion decay constant. This axion decay
constant is related to the PQ symmetry breaking scale
which is typically far above the scale of the electroweak
(EW) phase transition. Thus, the QCD axion feebly couples
to the SM fields due to the large decay constant. However,
although the coupling strength of light axions to the
matter is in the weak regime, the astrophysical observations
can still place severe constraints on these axion cou-
plings [13,14]. This is because the axions can be copiously
produced from some hot and dense celestial bodies such as
supernovae, neutron stars, and white dwarfs, which in turn
changes their evolution. For instance, a core-collapse
supernova (SN), e.g., SN1987A, can emit axions in
addition to the neutrino emission as an extra cooling
process of the associated neutron star. As a result, the
axion emissivity from a SN core would suppress the
neutrino flux and impose stringent bounds on the axion
couplings to the nucleon [15,16].
There are two hadronic processes that can generate

axions inside SNe, the nucleon-nucleon bremsstrahlung
process N þ N → N þ N þ aðN ¼ n; pÞ [17–19] and the
pion-induced Compton like process π− þ p → nþ a
[20–22], where a is the QCD axion. The former process
has been thought of as the dominant axion production in a
SN core for a period, and the latter one has been ignored
because of the underestimation of the pion abundance
inside SNe. However, with a better description of the
nuclear interaction beyond the one-pion exchange graph
[15], the later studies have reduced the reaction rate of the
nucleon-nucleon bremsstrahlung process by orders of
magnitude [23–25]. On the other hand, recent analyses
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have shown that pion number yields and reactions involv-
ing pions can be enhanced inside SNe due to pion-nucleon
interactions [26] and medium effects [27,28], respectively.
In the case where the pions are non-negligible in SNe, it has
been demonstrated that the pion-induced Compton like
process can dominate over the nucleon-nucleon brems-
strahlung to be the main source of the axion emission
inside SNe.
The axion emission rate of the pion-induced Compton

like process in SNe with the medium effect was first
estimated in Ref. [27]. However, they only considered
nucleon-mediated diagrams π− þ p → N� → nþ a and
somehow ignored the axion-pion-nucleon contact diagram
in their calculation. It is important to keep the axion-pion-
nucleon contact interaction even at zero temperature, since
it is allowed by spontaneously broken chiral symmetry and
the associated axial current. This missing axion emission
diagram has been included in Ref. [29], indicating that the
SN axion emission rate from π− þ p → nþ a can be
enhanced by a factor of at least 2 due to the axion-pion-
nucleon contact interaction.1 Meanwhile, it was pointed out
by a recent paper [30] that the decuplet baryon-mediated
diagram aþ N → Δ� → π þ N may be potentially crucial
to the pion axioproduction aþ N → π þ N, which was not
realized before.
In this work, we point out that the Δð1232Þ resonance

can make significant contributions to the SN axion emis-
sion rate, which is nothing but the reversed process,
π−þp→Δ�→ nþa, of the pion axioproduction consid-
ered in Ref. [30]. The reason for it is straightforward.
Firstly, for the typical SN temperatures, T∼ð30 to40ÞMeV,
the pion momentum is jkπj ≃

ffiffiffiffiffiffiffiffiffiffiffiffi
3mπT

p
≃mπ . Hence, the

pion kinetic energy inside SNe is about Eπ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jkπj2 þ m2

π

p
∼ 200 MeV. In such a case, the invariant

mass of the initial π−p system is somewhere in the middle
of Δð1232Þ and nucleon masses. Therefore, we cannot
turn a blind eye to the Δð1232Þ contributions for the SN
axion emissivity. In this work, we then include Δð1232Þ
baryon in the intermediate state with the virtual N,
π− þ p → ðN�;Δ�Þ → nþ a, and the axion-pion-nucleon
contact graph to the SN axion emission rate of the
pion-induced Compton like channel. Depending on the
couplings and signs of various terms, the Δð1232Þ con-
tributions could interfere with the virtual N and axion-pion-
nucleon contact term contributions either constructively or
destructively. Correspondingly, the resulting constraints on
the axion coupling (or equivalently, decay constant) could
be either stronger or weaker. It is crucial to evaluate the
amplitude for the underlying process, π−þp→ ðN�;Δ�Þ→
nþa, without violating the spontaneously broken chiral
symmetry of QCD.

To evaluate the axion emission rate of π− þ p → nþ a,
we need the interactions among the pions, baryons, and
axion, especially the axion couplings to nucleons and
decuplet baryons. As mentioned in the previous paragraph,
the pion momentum is jkπj ≃mπ ≪ mp inside SNe. In
other words, the pion momentum is relatively smaller than
the proton mass when scattering off the proton. Such a low-
energy pion interacting with a heavy nucleon can be well
described by the heavy baryon chiral perturbation theory
(HBChPT) proposed in Refs. [31,32]. Accordingly, we will
adopt the HBChPT to derive the relevant interactions of the
process π− þ p → nþ a in this paper. In the HBChPT, the
nucleon is almost on shell with a nearly unchanged velocity
v when it exchanges some tiny momentum with the pion,
and its four-momenta can be divided into kN ¼ mNvþ δkπ
with v2 ¼ 1, where δkπ is a small residual four-momenta
coming from the pion. In this formalism, the power
counting expansion of the effective field theory for pions
and baryons can be systematic and well behaved. Also, the
effects of higher resonances such as Δð1232Þ decuplet with
I ¼ J ¼ 3=2 or excited nucleons N with I ¼ J ¼ 1=2 can
be taken into account in a much better way with systematic
power counting rules in the HBChPT, unlike the old-
fashioned chiral Lagrangian with baryons. Further, the
advantage of using the HBChPT is that the algebra of the
spin operator formalism can be much simpler than that of
the gamma matrix formalism when computing the scatter-
ing amplitude of the process π− þ p → nþ a. We will see
this advantage in the later section.
The outline of this paper is as follows. In the next

section, we write down the Lagrangian for the HBChPTand
show the interactions of the pions, nucleons, and decuplet
baryons. In Sec. III, we write down the Lagrangian of the
QCD axion and derive the axion interactions to the pions,
nucleons, and decuplet baryons. With the interactions in
Secs. II and III, we then compute in Sec. IV the scattering
cross section of the process π− þ p → nþ a to see the
resonance behavior of the cross section due to the Δð1232Þ
baryon. In Sec. V, we estimate the axion emission rate of
the process π− þ p → nþ a including the Δð1232Þ reso-
nance contribution in some axion models and discuss its
effect on the SN axion emissivity. We conclude our work in
the last section.

II. HEAVY BARYON CHIRAL
PERTURBATION THEORY

In this section, we will write down the chiral Lagrangian
density describing the interactions between pions and
baryons in the heavy baryon formalism. In particular, we
will show the pion couplings to octet and decuplet baryons
and the hadron axial vector currents which are crucial for
the Δ resonance contribution to the axion emission rate of a
supernova. For more detailed discussions of the HBChPT,
one can refer to Refs. [31–33].

1They have ignored the background matter effect in their
calculation for simplicity and left it as future work.
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Firstly, let us write down the lowest order effective chiral Lagrangian containing the heavy baryon octet Bv and the meson
octet π as follows [32]:

LπB ¼ 1

4
f2πh∂μΠ∂μΠ†i þ bhMqðΠþΠ†Þi þ ihBvvμDμBvi þ 2DhBvS

μ
vfAμ;Bvgi þ 2FhBvS

μ
v½Aμ;Bv�i þ � � � ; ð1Þ

where h� � �i ¼ trð� � �Þ denotes the trace of a matrix,

Π ¼ ξ2; ξ ¼ exp

�
iπ
fπ

�
; π ¼ 1ffiffiffi

2
p

0
BBB@

1ffiffi
2

p π0 þ 1ffiffi
6

p η πþ Kþ

π− − 1ffiffi
2

p π0 þ 1ffiffi
6

p η K0

K− K̄0 − 2ffiffi
6

p η

1
CCCA;

Bv ¼

0
BBB@

1ffiffi
2

p Σ0
v þ 1ffiffi

6
p Λv Σþ

v pv

Σ−
v − 1ffiffi

2
p Σ0

v þ 1ffiffi
6

p Λv nv

Ξ−
v Ξ0

v − 2ffiffi
6

p Λv

1
CCCA; DμBv ¼ ∂μBv þ ½Vμ;Bv�;

Vμ ¼
1

2
ðξ∂μξ† þ ξ†∂μξÞ; Aμ ¼

i
2
ðξ∂μξ† − ξ†∂μξÞ ð2Þ

with fπ ≃ 92.4 MeV as the pion decay constant [29], Sμv ¼ γ5½=v; γμ�=4 as the spin operator with v · Sv ¼ 0, and
Mq ¼ diagðmu;md;msÞ as a diagonal light quark mass matrix which explicitly breaks the global chiral symmetry of
the Lagrangian, SUð3ÞL ⊗ SUð3ÞR down to SUð3ÞV . Under the SUð3ÞL ⊗ SUð3ÞR symmetry, the baryon and meson octets
transform as

ΠðxÞ → ULΠðxÞU†
R; ξðxÞ → ULξðxÞU†

HðxÞ ¼ UHðxÞξðxÞU†
R;

BvðxÞ → UHðxÞBvðxÞU†
HðxÞ; DμBvðxÞ → UHðxÞ½DμBvðxÞ�U†

HðxÞ;
VμðxÞ → UHðxÞVμðxÞU†

HðxÞ þ UHðxÞ∂μU†
HðxÞ; AμðxÞ → UHðxÞAμðxÞU†

HðxÞ; ð3Þ

where UL and UR are the group elements of SUð3ÞL and SUð3ÞR, respectively, and UHðxÞ ¼ UHðξðxÞ;UL;URÞ depending
on x via ξðxÞ is the group element of hidden local SUð3ÞH. Now, to the first order in π=fπ , ξ ¼ I3×3 þ iπ=fπ , it follows that
Vμ ¼ 0 and Aμ ¼ ∂μπ=fπ . Plugging these Vμ and Aμ into Eq. (1), we then yield

LπB ⊃
2ðDþ FÞ

fπ
hBvS

μ
vð∂μπÞBvi þ

2ðD − FÞ
fπ

hBvS
μ
vBvð∂μπÞi; ð4Þ

from which the interactions of the charged pions and nucleons can be extracted as

LπN ¼
ffiffiffi
2

p
gA

fπ
ðpvS

μ
vnv∂μπþ þ nvS

μ
vpv∂μπ

−Þ; ð5Þ

where gA ¼ Dþ F ≃ 1.254 [34] is the axial coupling. Notice that the D − F term in Eq. (4) does not contribute to the
charged pion-nucleon interactions.
Next, we write down the lowest order effective chiral Lagrangian including the interactions between the baryon octet,

meson octet, and the spin-3=2 baryon decuplet which is described by a Rarita-Schwinger field T μ
v ¼ ðT μ

vÞijk with v · T v ¼
Sv · T v ¼ 0 [32,33,35]

LπBT ¼ −iðT μ
vÞijkvρDρðT vμÞijk þ ΔmTBðT μ

vÞijkðT vμÞijk þ Cϵijk½ðT μ
vÞilmðAμÞljðBvÞmk þ ðBvÞkmðAμÞjlðT vμÞilm� þ � � � ;

ð6Þ

where DρðT vμÞijk ¼ ∂ρðT vμÞijk þ ðVρÞli ðT vμÞljk þ ðVρÞlj ðT vμÞilk þ ðVρÞlkðT vμÞijl, ΔmTB ¼ mT −mB, and C ≃ 3gA=2
[35]. Under the SUð3ÞL ⊗ SUð3ÞR symmetry, the baryon decuplet transforms as
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ðT μ
vÞijk → ðUHÞilðUHÞjmðUHÞknðT μ

vÞlmn; ð7Þ

with which one can check that Eq. (6) is invariant
under the chiral symmetry. To explicitly find out the
interactions among pions, nucleons, and Δ baryons, we
use the following representation of the Δ baryons in terms
of the above symmetric three-index tensor [35]:

ðT vμÞ111 ¼ Δþþ
vμ ; ðT vμÞ112 ¼

1ffiffiffi
3

p Δþ
vμ;

ðT vμÞ122 ¼
1ffiffiffi
3

p Δ0
vμ; ðT vμÞ222 ¼ Δ−

vμ; ð8Þ

from which the pion-nucleon-Δ interactions related to our
study are extracted as

LπNΔ ¼ Cffiffiffi
6

p
fπ

ðnvΔþ
vμ∂

μπ− þ Δþ
vμnv∂μπþ

− pvΔ0
vμ∂

μπþ − Δ0
vμpv∂

μπ−Þ: ð9Þ

Finally, let us write down the hadronic axial vector
currents associated with LπB and LπBT invariant under
the local SUð3ÞH symmetry. Considering an infinitesimal
transformation of the meson field, ξ → UHξU

†
R →

ð1þ iϵAtAÞξ with ϵA → 0, and employing the conserved
current in Noether’s theorem, one can obtain the corre-
sponding axial vector currents J Aμ as [32]

J Aμ
πB ¼ DhBvS

μ
vfξ†tAξþ ξtAξ†;Bvgi

þ FhBvS
μ
v½ξ†tAξþ ξtAξ†;Bv�i

þ 1

2
vμhBv½ξ†tAξ − ξtAξ†;Bv�i; ð10Þ

J Aμ
πBT ¼ C

2
ϵijk½ðT μ

vÞilmðξ†tAξþ ξtAξ†ÞljðBvÞmk

þ ðBvÞkmðξ†tAξþ ξtAξ†ÞljðT vμÞilm�; ð11Þ

where tAðA ¼ 1; 2;…; 8Þ are the Gell-Mann matrices with
the normalization htAtBi ¼ δAB=2. We will utilize these
hadron axial vector currents to derive the interactions
among the axion, nucleons, and decuplet baryons in the
next section.

III. AXION COUPLINGS TO BARYONS
AND MESONS

In this section, we will show the derivation of the
interactions between the QCD axion and baryons and
mesons, particularly the axion coupling to decuplet bary-
ons, in the HBChPT. We first write down the effective
Lagrangian of the QCD axion in two representative axion

models, the Kim-Shifman-Vainshtein-Zakharov (KSVZ)
model [36,37] and the Dine-Fischler-Srednicki-Zhitnitsky
(DFSZ) model [38,39], and perform a chiral transforma-
tion on the light quark fields to eliminate the axion-
gluon interaction as usual. In this quark field basis, we can
then match the couplings of the axion to quarks and
gluons above the QCD confinement scale onto that of
the axion to baryons and mesons below the QCD confine-
ment scale.2

The most general effective Lagrangian of the QCD
axion, aðxÞ, with the light quark fields, q ¼ ðu; d; sÞT,
below the PQ and EW breaking scales and above the scale
of QCD confinement can be expressed at leading order in
a=fa (here we omit the axion interaction with photons as it
is irreverent to our study) as

Laqg ¼
1

2
∂μa∂μaþ g2s

32π2
a
fa

Gc
μνG̃

cμν þ q̄iγμ∂μq

− ðqLMqqR þ H:c:Þ þ ∂μa

2fa
qγμγ5Xqq; ð12Þ

where fa is the axion decay constant, gs is the gauge
coupling of the strong interaction, Gc

μν with c being the
color index is the gluon field strength tensor and G̃cμν ¼
ϵμνρσGc

ρσ=2with ϵ0123 ¼ þ1 is its dual tensor, qL;R ¼ PL;Rq
with PL;R ¼ ð1 ∓ γ5Þ=2, Mq is the quark mass matrix
defined in the previous section, and the last term in Eq. (12)
denotes the axion derivative interactions with the quark
axial vector currents with Xq ¼ diagðXu; Xd; XsÞ being a
coupling matrix depending on a UV model above the PQ
symmetry breaking scale. Typically, one introduces an SM-
singlet complex scalar fieldΦ ∼ ð1; 1Þ0 with a PQ charge in
these UV models. After the PQ symmetry breaking, the
phase of Φ is then identified as the axion which couples to
the SM gluons due to the QCD anomaly. In the KSVZ
model, the QCD anomaly is realized by introducing a
heavy vector-like fermion Q ¼ QL þQR ∼ ð3; 1Þ0 which
couples to the PQ scalar Φ via the Yukawa interaction,
yQΦQLQR þ H:c:, where Φ → eiqPQΦ;QL → eiqPQ=2QL,
and QR → e−iqPQ=2QR under the PQ symmetry. Since
only Φ and Q have the PQ charges, implying that the
axion interacts with the SM quark fields radiatively [41],
Xq ¼ 0 at tree level in the KSVZ model. In the DFSZ
model, the QCD anomaly is induced by assuming
two Higgs doublets Hu and Hd which couple to the SM
quarks, QL, UR, and DR via the Yukawa interactions,
QLðYuH̃uUR þ YdHdDRÞ þ H:c:, and the PQ scalar Φ
couples to these two Higgs doublets via the terms in the
scalar potential, e.g., H†

uHdðΦ�Þ2, where Φ→eiqPQΦ;Hu→
e−iqPQHu;Hd→eiqPQHd;QL→QL;UR→e−iqPQUR, and

2A more detailed discussion of this procedure can be found
in Ref. [40].
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DR → e−iqPQDR under the PQ symmetry.3 After the PQ and
the EW symmetry breaking, the axion field which is one of
the linear superpositions of the CP-odd scalars in Hu, Hd,
and Φ can couple to the SM quarks at tree level.4 Here we
summarize the axion couplings to the light quarks at tree
level in the KSVZ and DFSZ models below [11,43]:

KSVZmodel∶Xu ¼ Xd ¼ Xs ¼ 0;

DFSZmodel∶Xu ¼
cos2β
Ng

; Xd ¼ Xs ¼
sin2β
Ng

; ð13Þ

where Ng ¼ 3 is the number of the SM fermion gener-
ations, and tan β ¼ υu=υd with υu and υd being the vacuum
expectation values of Hu and Hd, respectively.
To compute the axion couplings to baryons and mesons

below the scale of QCD confinement, we can first remove
the axion-gluon interaction explicitly by the following
chiral transformation on the light quark fields as [40]

q → Raq ¼ exp

�
−iγ5

a
2fa

Qa

�
q; hQai ¼ 1; ð14Þ

where Qa is a real 3 by 3 matrix acting on the quark flavor
space.5 To avoid the axion-π0 mass mixing, the convenient
choice of Qa is given by6 [40]

Qa ¼
M−1

q

trðM−1
q Þ

¼ mumdms

mumd þmums þmdms
diag

�
1

mu
;
1

md
;
1

ms

�
: ð16Þ

On the other hand, under this chiral transformation, the
quark kinetic term in (12) is shifted as

q̄iγμ∂μq → q̄iγμ∂μqþ ∂μa

2fa
q̄γμγ5QaqþO

�
a2

f2a

�
; ð17Þ

while the light quark mass term becomes

qLMqqR → qLMaqR; qRMqqL → qRM
†
aqL; ð18Þ

where Ma ≡RaMqRa, and up to the second order in
a=fa we have

Ma ¼ Mq − i
a
2fa

fMq;Qag

−
a2

8f2a
ffMq;Qag;Qag þO

�
a3

f3a

�
: ð19Þ

With Eqs. (14), (17), and (18), the resulting Lagrangian
with only the axion and quark fields is

Laq ¼
1

2
∂μa∂μaþ qiγμ∂μqþ hMaqRqL þM†

aqLqRi

þ ∂μa

fa
hðXq þQaÞt̂AiJ Aμ

q ; ð20Þ

where ft̂Ag ¼ ftAg ∪ ft0gwith t0 ¼ I3×3=
ffiffiffi
6

p
and ht̂At̂Bi ¼

δAB=2 and J Aμ
q ¼ qγμγ5 t̂Aq are the quark axial vector

currents. For the last term in the above expression, we
have applied the relationM3×3 ¼ 2hM3×3 t̂Ait̂A for any 3 by
3 Hermitian matrix M3×3. Our next step is to replace the
light quark fields in Eq. (20) with the corresponding hadron
fields in the HBChPT.
First, we can replace the qLqR in the third term of

Eq. (20) with the Π in Eq. (1) since both have the same
transformation properties, ULðqLqRÞU†

R ∼ ULΠU†
R. With

the correct mass dimension, we can write down

Laπ ¼
1

2
f2πB0hMaΠ† þM†

aΠi; ð21Þ

whereB0 is determined by the pion mass. Plugging Eq. (19)
into Eq. (21), to the first order in π=fπ , one can show that
the mass mixing of the axion and π0 is automatically
eliminated with the choice of Qa given in Eq. (14). On the
other hand, the mass of the axion can be expressed in terms
of the light quark masses and the pion mass mπ as

ma ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

z
ð1þ zÞð1þ zþ wÞ

r
fπmπ

fa
≃ 6 meV

�
109 GeV

fa

�
;

ð22Þ

where mπ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B0ðmu þmdÞ

p
≃ 139.57 MeV [45], and

z≡mu=md ≃ 0.485, and w≡mu=ms ≃ 0.025 [34]. In
the following sections, we will assume that the axion is
massless in our calculations since ma ≪ mπ with the

3The DFSZ model can further classify into the DFSZ-I and
DFSZ-II models, in which the leptophilic Yukawa interactions are
LLYeHdER and LLYeHuER, respectively, with LL and ER being
the SM lepton fields. However, since the Higgs doublet couplings
to the SM quarks are the same in these two models and the
supernova axion emission are hadronic processes, we do not
distinguish these two models in our calculations.

4A detailed calculation of the DFSZ axion couplings to the SM
fermions can be found in a recent paper [42].

5With the convention of ϵ0123 ¼ þ1, the functional measure in
the quark field functional integration gives [44]

Z
DqDq→

Z
DqDq̄exp

�
i
Z

d4x

�
−

g2s
32π2

a
fa

Gc
μνG̃

cμνhQai
��
ð15Þ

under the chiral transformation in (14), where we take hQai ¼ 1
to cancel the axion-gluon interaction in (12).

6Even with this customary choice ofQa, there is still an axion-
π0 kinetic mixing in the Lagrangian. However, since the strength
of this kinetic mixing ϵaπ ∼Oðma=mπÞ ≪ 1, it is usually ignored
in the literature [11].
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typical values of fa (we will take fa ¼ 109 GeV through-
out this paper for our numerical calculations).
Similarly, we can replace the axial vector currents of the

light quark fields in Eq. (20) with those of the hadron fields
in Eq. (1) as follows [40]:

LaπB ¼ ∂μa

fa

�
hðXq þQaÞtAiJ Aμ

πB þ 1

3
ShXq þQaiJ 0μ

πB

�
;

ð23Þ

where J 0μ
πB ¼ hBvS

μ
vBvi is an isosinglet axial vector cur-

rent, and

LaπBT ¼ ∂μa

fa
hðXq þQaÞtAiJ Aμ

πBT; ð24Þ

which is written down for the first time in this study. Notice
that there is no isosinglet axial vector current including the
decuplet baryons since ϵijkðT μ

vÞijmðBvÞmk ¼ 0. From
Eq. (23), we can obtain the interactions between the axion,
pions, and nucleons. However, they have been derived a
number of times in the literature [29,34,46]; thus we do not
go into the detail of their derivations in this paper. Here we
simply write down these interactions in the HBChPT as7

LaπN ¼ ∂μa

fa

�
CappvS

μ
vpv þ CannvS

μ
vnv

þ i
2fπ

CaπNðπþpvvμnv − π−nvvμpvÞ
�
; ð25Þ

where the axion couplings to the charged pions and
nucleons are given by

Cap¼XuΔuþXdΔdþXsΔsþ
Δuþ zΔdþwΔs

1þ zþw
; ð26Þ

Can ¼XdΔuþXuΔdþXsΔsþ
zΔuþΔdþwΔs

1þ zþw
; ð27Þ

CaπN ¼ 1ffiffiffi
2

p
�
Xu−Xdþ

1− z
1þ zþw

�
¼Cap−Canffiffiffi

2
p

gA
: ð28Þ

In these axion couplings, Δu ¼ 0.847;Δd ¼ −0.407, and
Δs ¼ −0.035 are the nucleon matrix elements defined by
hpjqSμvqjpi ¼ sμΔq=2 with sμ being the proton spin [34].
Notice that there is a contact interaction for a − π − N,
the CaπN term in Eq. (25), which was largely ignored in the
literature and should be present in order to respect the
spontaneous chiral symmetry breaking of QCD. Also, its
relevance in the axion emission from the SNe was noted
in Ref. [29].

On the other hand, one can extract the interactions of the
axion, nucleons, and Δ decuplet baryons from Eq. (24) as

LaNΔ¼
∂μa

2fa
½CapΔðpvΔþ

vμþΔþ
vμpvÞþCanΔðnvΔ0

vμþΔ0
vμnvÞ�;

ð29Þ

where the axion couplings to the nucleons and Δ baryons
are given by

CapΔ ¼ CanΔ ≡ CaNΔ ¼ −
Cffiffiffi
3

p
�
Xu − Xd þ

1 − z
1þ zþ w

�

¼ −
ffiffiffi
3

p

2
ðCap − CanÞ: ð30Þ

Note that this interaction Lagrangian describingΔð1232Þ →
nþ a is derived for the first time in the HBChPT. We shall
utilize Eqs. (5) and (29) and the corresponding couplings in
order to calculate the SN axion emission rate from the
underlying process π− þ p → Δð1232Þ → nþ a.
Notice that in our calculation of the axion to hadron

couplings, the relative sign between the SM and new
physics contributions is opposite to most of the literature
[29,34,46].8 This relative sign is corresponding to the one
between Xq and Qa in Eq. (20) which originates from the
sign in the exponent of the chiral transformation in Eq. (14)
and is associated with the convention of ϵ0123 ¼ þ1. If one
adopts ϵ0123 ¼ −1, the prefactor signs of the aGG̃ terms in
Eqs. (12) and (15) are both flipped, which keeps the
elimination of the aGG̃ term in Eq. (12), while the sign
in the exponent of the chiral transformation in Eq. (14)
remains unchanged. That is to say, the convention of
the Levi-Civita tensor has nothing to do with this relative
sign.
Finally, one can also note that the CaπN and CaNΔ are not

independent parameters as they can be expressed in terms
of Cap − Can as shown in Eqs. (28) and (30), respectively.
The values of these axion-hadron couplings are fixed in
the KSVZ model and only vary with β in the DFSZ
model. With Eq. (13) and the above numerical inputs, we
obtain9

Cap ¼
�þ0.430 KSVZ model

þ0.712 − 0.430 sin2 β DFSZ model
; ð31Þ

Can ¼
�þ0.002 KSVZ model

−0.134þ 0.406 sin2 β DFSZ model
; ð32Þ

7This can be done by using the identities Bvγ
μBv ¼ vμBvBv

and Bvγ
μγ5Bv ¼ 2BvS

μ
vBv [31].

8Our relative sign of the SM and new physics contributions in
the axion-hadron couplings agree with Ref. [40].

9Here we have ignored the heavy quark ðc; b; tÞ contributions
to the axion-hadron couplings.

HO, KIM, KO, and PARK PHYS. REV. D 107, 075002 (2023)

075002-6



CaπN ¼
�þ0.241 KSVZ model

þ0.477 − 0.471 sin2 β DFSZ model
; ð33Þ

CaNΔ ¼
�−0.370 KSVZ model

−0.732þ 0.724sin2β DFSZ model
: ð34Þ

In the later section, we will use these couplings of the axion
and hadrons, especially the axion-nucleon-Δ couplings, to
evaluate the supernova energy loss rate induced by the
axion emission process π− þ p → nþ a. On top of that,
we will discuss the effect of the Δ resonance on the
supernova axion emission rate compared with the case
without the Δ resonance.

IV. SCATTERING CROSS SECTION
OF π − + p → n+ a

Before evaluating the supernova axion emission rate, let
us first see the resonance behavior in the cross section of the
scattering process π− þ p → nþ a due to the Δð1232Þ
baryon. With the interactions in Eqs. (5), (9), (25), and (29),
the Feynman diagrams of the scattering process π− þ p →
nþ a are depicted in Fig. 1, and the corresponding squared
matrix element averaged over the initial spin of the proton
is given by10

jMπ−p→naj2 ¼
2m2

N

f2πf2a
hPþΩ†PþΩi; ð35Þ

where mN ¼ ðmn þmpÞ=2 ≃ 938.9 MeV is the averaged
nucleon mass, Pþ ¼ diagð1; 1; 0; 0Þ, and

Ω ¼
ffiffiffi
2

p
gAjkπjjkaj
4Eπ

ðCapΘ − CanΘ†Þ þ CaπN jkaj
2

I4×4

þ Cjkπjjkaj
6

ffiffiffi
6

p
�
CanΔð3 cos θI4×4 − Θ†Þ
Eπ − Δmþ iΓΔ=2

þ CapΔð3 cos θI4×4 − ΘÞ
Eπ þ Δm − iΓΔ=2

�
; ð36Þ

where Θ ¼ diagðeþiθ; e−iθ; eþiθ; e−iθÞ with θ being the
scattering angle between kπ and ka the three momenta
of the pion and axion, respectively, Eπ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jkπj2 þm2

π

p
is

the energy of the pion, Δm ¼ mΔ −mN ≃ 293 MeV is the
mass difference between Δ decuplet baryon and nucleon,
and ΓΔ ≃ 117 MeV is the decay width of the Δð1232Þ
baryon [45].11 Using the following cross section formula in
the laboratory frame, where an incident charged pion
collides with a proton at rest

σπ−p→na ¼
Z

d3ka
ð2πÞ32Ea

d3kn
ð2πÞ32En

ð2πÞ4

× δð4Þðkπ þ kp − ka − knÞ

×
jMπ−p→naj2

4½ðkπ · kpÞ2 − ðmπmNÞ2�1=2
ð37Þ

with kj ¼ ðEj; kjÞ is the four-momenta of particle species j,
the resultant cross section of π− þ p → nþ a calculated in
the HBChPT at large mN expansion is then12

σπ−p→na ¼
Eπm2

N

16πf2πf2ajkπj
GaðjkπjÞ; ð38Þ

FIG. 1. Feynman diagrams for π− þ p → nþ a with the Δ baryon contributions.

10Here we have normalized the matrix element in the non-
relativistic limit to the one in the relativistic limit byMπ−p→na ¼
2mNðMπ−p→naÞNR [47].

11At finite temperatures, the decay width should depend on the
background temperature [48]. However, in our case mΔ ≫ T, the
thermal effect on the decay width of the Δ baryon is very weak.
For simplicity, we do not adopt the temperature-dependent decay
width in our numerical calculations.

12In the HBChPT, the largemN means that the nucleon mass is
much bigger than the momentum and energy of pions,
mN ≫ jkπj; Eπ . Thus, one can expand physical observables in
terms of jkπj=mN and Eπ=mN .
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where GaðjkπjÞ is a dimensionless quantity expressed by

GaðjkπjÞ ¼
2g2Að2C2þ þ C2

−Þ
3

�jkπj
mN

�
2

þ C2
aπN

�
Eπ

mN

�
2

þ 8
ffiffiffi
2

p
gACaπNC−

3

�jkπj
mN

�
2
�
Eπ

mN

�

þ 4C2
aNΔC

2

81

E2
πðΔm2 þ 2E2

π þ Γ̄2
ΔÞ

½ðΔm − EπÞ2 þ Γ̄2
Δ�½ðΔmþ EπÞ2 þ Γ̄2

Δ�
�jkπj
mN

�
2

−
8

ffiffiffi
3

p
gACaNΔC
27

Eπ½ðΔm2 − E2
πÞðCþΔmþ C−EπÞ þ Γ̄2

ΔðCþΔm − C−EπÞ�
½ðΔm − EπÞ2 þ Γ̄2

Δ�½ðΔmþ EπÞ2 þ Γ̄2
Δ�

�jkπj
mN

�
2

−
16

ffiffiffi
6

p
CaπNCaNΔC
27

E2
πðΔm2 − E2

π − Γ̄2
ΔÞ

½ðΔm − EπÞ2 þ Γ̄2
Δ�½ðΔmþ EπÞ2 þ Γ̄2

Δ�
�jkπj
mN

�
2
�
Eπ

mN

�
ð39Þ

with C� ≡ ðCap � CanÞ=2, and Γ̄Δ ¼ ΓΔ=2.
13 Notice that

the first, second, and fourth terms in Eq. (39) come from the
nucleon-mediated, contact, and Δ-mediated diagrams in
Fig. 1, respectively, and the other terms are the interference
terms of those contributions. Further, the third term (last
term) which is the interference term of the contact and
nucleon-mediated (Δ-mediated) diagrams is the subleading
term (∼1=m3

N) in Eq. (39) at large mN expansion.14

We show in Fig. 2 the scattering cross section of π− þ
p → nþ a as a function of Eπ in the KSVZ and DFSZ
models, where solid (dashed) curves are evaluated with
(without) large mN expansion. As anticipated, there is a
resonance in the cross section when Eπ ∼ Δm, and this is

due to the Δ0-mediated diagram in Fig. 1. In the case of
the DFSZ model, one can see that the magnitude of the
resonance becomes weaker as sin2 β → 1. This can be
easily understood based on our calculation of the axion
couplings to the decuplet baryons and nucleons in
Eq. (34), where jCaNΔðsin2β → 1Þj ∼ 0.01 which is sup-
pressed compared with jCaNΔðsin2β → 0Þj ∼ 1. It is worth
mentioning that the π− þ p → nþ a cross section in
the KSVZ model roughly corresponds to that in the
DFSZ model with sin2 β ∼ 1=2 as can be observed in
Fig. 2.15 We expect that this correspondence will also
occur in the supernova axion emissivity discussed in the
next section.

V. SUPERNOVA AXION EMISSION RATE
WITH Δð1232Þ RESONANCE

Given the axion-nucleon-Δ couplings derived in
Sec. III, we can now evaluate the supernova axion

FIG. 2. Scattering cross section of π− þ p → aþ n versus the energy of the incident pion in the KSVZ model, and in the DFSZ model
with different values of sin2 β, where yb ¼ 10−48 cm2. In these figures, the solid lines indicate the scattering cross section in a largemN
limit, and the dashed lines represent the scattering cross section without a large mN limit. Notice that the scattering cross section in the
large mN limit is bigger than the ones without a large mN limit.

13To make our calculation result more reliable, we have
also checked that Ga at leading order in 1=mN using the
Rarita-Schwinger propagator [49] is consistent with the decuplet
propagator in the HBChPT [32].

14Note that our subleading terms in Eq. (39) are different from
those in [29]. This is because they use the gamma matrix
formalism in the relativistic quantum field theory, while we
adopt the spin operator formalism in the HBChPT for the
Lagrangian to compute the supernova axion emissivity.

15This correspondence of the KSVZ model and the DFSZ
model when sin2 β ¼ 1=2 is also pointed out in [34].
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emissivity of the process π− þ p → nþ a with the con-
tribution from the Δ resonance as shown in Fig. 2. The
Feynman graphs of this axion emission process are the
same as in Fig. 1.

Following Ref. [29], the supernova axion emission
rate (the energy loss by axion radiations per unit
volume and time) via the process π− þ p → aþ n is
given by

_Ea ¼
Z

d3kπ
ð2πÞ32Eπ

d3kp
ð2πÞ32Ep

d3ka
ð2πÞ32Ea

d3kn
ð2πÞ32En

ð2πÞ4δð4Þðkπ þ kp − ka − knÞ

× fπðjkπjÞfpðjkpjÞ½1 − fnðjknjÞ�jMπ−p→naj2Ea; ð40Þ

where fjðjkjjÞ ¼ 1=½eðEj−μjÞ=TÞ � 1� is the Bose-Einstein
(−) or Fermi-Dirac (þ) distribution function with μj
being the chemical potential of particle species j, and

jMπ−p→naj2 ¼ 2jMπ−p→naj2 is the squared matrix element
summing over the initial and final nucleon spins. In the
1=mN expansion, the supernova axion emissivity with the
Δ resonance contribution is calculated as16

_Ea ¼
zπzp
f2πf2a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m7

NT
11

128π10

s Z
∞

0

dxp
x2pex

2
p

ðex2p þ znÞðex2p þ zpÞ

×
Z

∞

0

dxπ
x2πϵπF aðxπÞ
eϵπ−yπ − zπ

; ð41Þ

where zj ¼ eðμj−mjÞ=T is the fugacity of particle species j,

xp ¼
jkpjffiffiffiffiffiffiffiffiffiffiffiffi
2mNT

p ; xπ ¼
jkπj
T

; ϵπ ¼
Eπ

T
; yπ ¼

mπ

T
ð42Þ

with ϵ2π ¼ x2π þ y2π , F aðxπÞ ¼ GaðxπÞ þ ΔGaðxπÞ with
GaðxπÞ ¼ GaðjkπjÞ given in Eq. (39) and

ΔGaðxπÞ ¼
ffiffiffi
2

p
gACaπNC−

3

×
E4
π − 3ðΔm2 − Γ̄2

ΔÞE2
π þ 2ðΔm2 þ Γ̄2

ΔÞ2
½ðΔm − EπÞ2 þ Γ̄2

Δ�½ðΔmþ EπÞ2 þ Γ̄2
Δ�

×

�jkπj
mN

�
2
�
Eπ

mN

�
: ð43Þ

Here we have made use of Eq. (30) to simplify the above
expression.
We show in Fig. 3 the supernova axion emission rate as a

function of sin2 β for T ¼ 30 MeV and 40 MeV in the
DFSZ model, where the distinction of the solid and dashed
curves has been mentioned in the previous section. In these
two figures, the gray band is excluded by tree-level
unitarity of fermion scattering, where only 0.25≲ tan β ≲
170 is allowed [43]. Notice that the upper bound of sin2 β is
not evident in the figures since it is extremely close to 1.
These bounds on tan β also prevent the SM quarks from
being massless in the DFSZ model, where mu ∼ yuυ sin β
andmd ∼ ydυ cos β with υ ¼ ðυ2u þ υ2dÞ1=2. In the case of the
KSVZ model, the values of _Ea can be read from the curves
with sin2 β ∼ 1=2 (the purple spots) of these figures, as
pointed out in the previous section. By comparing these

FIG. 3. Supernova axion emission rate versus sin2 β for two choices of the supernova temperature. To estimate the supernova axion
emissivity, here we have used the fugacity values of the pion and nucleons in Ref. [26] at baryon density nB ¼ 0.08 fm−3. Again, the
solid lines indicate the supernova axion emission rate in a large mN limit, and the dashed lines represent the supernova axion emission
rate without a large mN limit.

16Our resulting supernova axion emission rate at leading order
in 1=mN agrees with Ref. [29] without the axion to Δ interactions
and slightly disagrees with Ref. [27] without the axion contact
and axion to Δ interactions.

SUPERNOVA AXION EMISSIVITY WITH Δð1232Þ … PHYS. REV. D 107, 075002 (2023)

075002-9



two figures, one can see that the contribution of the Δ
resonance can be dominant over or comparable with that of
the axion contact interaction for the typical supernova
temperature. On the other hand, their contributions become
negligible when sin2 β → 1 because jCaπN;aNΔðsin2 β →
1Þj ≪ jCaπN;aNΔðsin2 β → 0Þj according to Eqs. (33) and
(34). With the Δ resonance contribution, we see that the
supernova axion emission rate can be enhanced at most by
a factor of ∼2 for small sin2 β values compared with the
earlier study in the presence of the axion-nucleon and
axion-pion-nucleon contact interactions [29].
We also present in Fig. 4 the supernova axion emission rate

as a function of T in the KSVZ model and the DFSZ model,
where the choices of sin2 β in the DFSZ model satisfy the
unitarity bounds. Again, the indication of the solid and
dashed curves is the same as in Fig. 3. From these figures,
we can see that the contribution of theΔ resonance is smaller
(bigger) than that of the axion contact interaction ifT is higher
(lower) than about 40 MeV. Moreover, the Δ resonance
contribution gives strongly destructive interference to the
other contributions of the supernova axion emissivity at high
supernova temperatures (T ≳ 55 MeV). In the top left figure,
one can notice that the supernova axion emission rate is
enhanced by a factor of around 5 (2) in the KSVZ model
compared with the previous estimation including the

axion-nucleon (and axion-pion-nucleon contact) interactions
[29]. Lastly, the enhancement of the supernova axion
emission rate due to the Δð1232Þ resonance contribution
for the typical values of T and small values of sin2 β in the
DFSZ model has been mentioned in the previous paragraph.

VI. DISCUSSION AND CONCLUSIONS

Before giving a conclusion of this work, let us comment
on other new particle emission processes for supernovae.
For instance, the dark photon emission from a supernova
induced by the nucleon bremsstrahlung, NN → NNγ0, can
place the constraint on the kinetic mixing parameter and
mass of the dark photon [50]. Also, it has been shown in a
recent paper [51] that the pion-induced Compton like
process, π− þ N → N þ γ0, also plays a crucial role in
the supernova dark photon emission due to the enhance-
ment of the pion density inside supernovae. Therefore, we
expect that the Δð1232Þ resonance may also give a non-
negligible contribution to this process as demonstrated in
this work. We leave the estimation of the supernova dark
photon emissivity induced by the Compton like process
with the Δð1232Þ resonance as a future investigation.
In this paper, we have estimated the energy loss rate from

supernovae induced by the axion emission process as well

FIG. 4. Supernova axion emission rate as a function of T in the KSVZ model, and in the DFSZ model with several choices of sin2 β,
where we have adopted the same fugacity values as in Fig. 3. The description of the solid and dashed lines is the same as in Figs. 2 and 3.
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as the axion production cross section including Δð1232Þ
resonance in the heavy baryon chiral perturbation theory.
We have evaluated the supernova axion emissivity includ-
ing axion-nucleon-Δ couplings which were neglected in the
previous works. Since for the typical supernova temper-
atures, the energy of pion is Eπ ∼ 200 MeV, the invariant
mass of the s-channel mediator is somewhere in the middle
of Δð1232Þ and nucleon masses. Therefore, we cannot
simply ignore the Δð1232Þ baryon contributions to the
supernova axion emission rate, as confirmed by explicit
calculations demonstrated in this paper. We have also found
that the supernova axion emission rate was overestimated
by taking large mN expansion in both DFSZ and KSVZ
models. Thanks to the Δð1232Þ resonance contribution, we
have displayed that the supernova axion emissivity can be

enhanced by a factor of 5 (2) or so in the KSVZ model and
up to a factor of about 4 (2) in the DFSZmodel for the small
tan β values compared with the case with only the axion-
nucleon (and axion-pion-nucleon contact) interactions.
Finally, we notice that the Δð1232Þ resonance can give a
destructive contribution to the supernova axion emission
rate at high supernova temperatures.
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