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Supernova axion emissivity with A(1232) resonance in heavy baryon
chiral perturbation theory
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In this paper, we evaluate the energy loss rate of supernovae induced by the axion emission process
7~ + p = n+ a with the A(1232) resonance in the heavy baryon chiral perturbation theory for the first
time. Given the axion-nucleon-A interactions, we include the previously ignored A-mediated graphs to the
7~ + p = n+ a process. In particular, the A°-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 A(1232) 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 ~4(2) in the Kim-Shifman-Vainshtein-Zakharov
model and up to a factor of ~5(2) in the Dine-Fischler-Srednicki-Zhitnitsky model with small tan 8 values.
Remarkably, we notice that the A(1232) 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-Finstein 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
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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., SNI1987A, 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+ N — N+ N +a(N = n, p) [17-19] and the
pion-induced Compton like process 7~ +p —>n+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 7~ + p - N* - n+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 n~ + p — n+a can be
enhanced by a factor of at least 2 due to the axion-pion-
nucleon contact interaction.' Meanwhile, it was pointed out
by a recent paper [30] that the decuplet baryon-mediated
diagram a + N - A* — 7 4+ N may be potentially crucial
to the pion axioproduction a + N — 7 + N, which was not
realized before.

In this work, we point out that the A(1232) resonance
can make significant contributions to the SN axion emis-
sion rate, which is nothing but the reversed process,
7~ +p—> A" >n+a, of the pion axioproduction consid-
ered in Ref. [30]. The reason for it is straightforward.
Firstly, for the typical SN temperatures, 7'~ (30t040) MeV,
the pion momentum is |k,| ~+/3m,T ~ m,. Hence, the
pion kinetic energy inside SNe is about E, =

V/ |kz|* + m2 ~ 200 MeV. In such a case, the invariant
mass of the initial 7~ p system is somewhere in the middle
of A(1232) and nucleon masses. Therefore, we cannot
turn a blind eye to the A(1232) contributions for the SN
axion emissivity. In this work, we then include A(1232)
baryon in the intermediate state with the virtual N,
7~ 4+ p — (N*,A*) > n+ 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 A(1232) 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, 7~ + p — (N*,A*) —
n+a, without violating the spontaneously broken chiral
symmetry of QCD.

lThey have ignored the background matter effect in their
calculation for simplicity and left it as future work.

To evaluate the axion emission rate of z~ 4+ p — n + 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 |k,|~m, < m, 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 7~ + p — n + 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 ky = myv + 6k,
with v? = 1, where 5k, 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 A(1232) decuplet with
I =J = 3/2 or excited nucleons N with I =J = 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 7z~ + p — n + 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 HBChPT and
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 z~ + p — n+a to see the
resonance behavior of the cross section due to the A(1232)
baryon. In Sec. V, we estimate the axion emission rate of
the process 7~ + p — n + a including the A(1232) 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 A resonance contribution to the axion emission rate of a
supernova. For more detailed discussions of the HBChPT,
one can refer to Refs. [31-33].
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Firstly, let us write down the lowest order effective chiral Lagrangian containing the heavy baryon octet 53, and the meson
octet 7t as follows [32]:

1 . , _ _ .
L.p= Zf,2,(aﬂrla,,IIT> +bM,MM+10")) + i(B,v"D,B,) + 2D(B,S"{A,.B,}) + 2F(B,Sy[A,.B,]) +---. (1)

where (---) =tr(---) denotes the trace of a matrix,

it 1 _
=&, fzexp<f_n>’ = g —AaT g K
K= K, — =
150 4 1 +

B, = z; -5+ A, n, |, DB,=9,B,+V,.Bl

=— =0 2

— —v \/EAU

1 . . i

Vi=5 08898, A=3(08 -E9.8) @

with f,~92.4 MeV as the pion decay constant [29], S, = y°[f,7*]/4 as the spin operator with v-S, =0, and
M, = diag(m,,m,, m;) as a diagonal light quark mass matrix which explicitly breaks the global chiral symmetry of

the Lagrangian, SU(3), ® SU(3), down to SU(3),,. Under the SU(3), ® SU(3), symmetry, the baryon and meson octets
transform as

(x) > U Uy.  E(x) = UL EU(x) = Uy (x)E(x) U,
B,(x) = Uy(x)B,(x)Up(x). DB, (x) = Uy (x)[D,B,(x)|Uj (x),
V,(x) = Uy (x)V, (U} (x) + Uy (x)0, U} (x). A (x) = Uy (x) A, (x)U (x), (3)

"

where U; and Uy are the group elements of SU(3), and SU(3), respectively, and Uy (x) = Uy (E(x), U, Ug) depending
on x via &(x) is the group element of hidden local SU(3) . Now, to the first order in 7w/ f,, & = 3,3 + im/ f, it follows that
V,=0and A, = d,m/f,. Plugging these V, and A, into Eq. (1), we then yield

2(D+F) 2(D—-F) —
L > 22 B st(0,m8,) + 22 6,51, 0,m), @)
from which the interactions of the charged pions and nucleons can be extracted as
V294, _
EIEN = f ! (vaﬁi’lvaMﬂ+ + nvsﬁpvay”_)’ (5)

where g4 = D + 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 7% = (7%); e With v - T,=
S, 7T,=0[32,33,35]

EﬂBT - _i<T;Ll')ijkvap(Tv/4)ijk + AmTB(Tﬁ)ijk(Tw)ijk + Ceijk[(Tﬁ)ifm(A/l)fj(Bv)mk + (81:)knl(AM)jf<Tw)ifrn] to
(6)

where Dp(Tvy)ijk = ap(Tw)ijk + (Vp)if(Tw)fjk + (Vp)f(Tvﬂ)ifk + (Vp){(Tw)ijf’ Amgg = mp —mp, and C~3g,/2

J

[35]. Under the SU(3); ® SU(3), symmetry, the baryon decuplet transforms as
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(Tlft)ijk - (uﬂ)if(uH)jm(uH)kn<TI;)lmn’ (7)

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

1
Ty =45  (Tyhn= 7§AJZ¢,

1
(Tw)222 = A;w (8)

(7—17/4)122 = % A?;;u

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

C _
Lova = —— (WAL + Af,n,ont
NA \/gfﬂ ( " "
— DAYt — A_(gﬂpv@"ﬂ_). 9)

Finally, let us write down the hadronic axial vector
currents associated with L, and L,y invariant under
the local SU(3),, symmetry. Considering an infinitesimal
transformation of the meson field, & — U ng; -
(1 + ie*t")¢ with ¢! — 0, and employing the conserved
current in Noether’s theorem, one can obtain the corre-
sponding axial vector currents J4# as [32]

TM = D(B,SHENE + ENET, B, )
+ F(B,SHEAE + E11E7, B,])

pyBlEte-arg Bl (10
C =
T = 5 €l (T0ien(E1E + 6169 15(B,)
+ (Bv)km(éﬁtAé + gtAgwfj(Tw)ifm]’ (11)

where (A = 1,2, ..., 8) are the Gell-Mann matrices with
the normalization (t4¢%) = §48/2. 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.’

The most general effective Lagrangian of the QCD
axion, a(x), with the light quark fields, g = (u.d,s)T,
below the PQ and EW breaking scales and above the scale
of QCD confinement can be expressed at leading order in
a/f, (here we omit the axion interaction with photons as it
is irreverent to our study) as

g% A e Feoww =
R, WO A

1
[’aqg = Eaﬂad”a +
— 0 _ s
- (qeMyqg +He.) + FW"? X,q. (12)

where f, is the axion decay constant, g, is the gauge
coupling of the strong interaction, Gy, with ¢ being the
color index is the gluon field strength tensor and G =
P’ GS, /2 with €% = +1 is its dual tensor, g; x = Py zq
with Ppr = (1 F7°)/2, M, 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 X, = diag(X,,, X,, X,) being a
coupling matrix depending on a UV model above the PQ
symmetry breaking scale. Typically, one introduces an SM-
singlet complex scalar field @ ~ (1, 1), with a PQ charge in
these UV models. After the PQ symmetry breaking, the
phase of @ 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 = Q; + Qg ~ (3,1), which
couples to the PQ scalar ® via the Yukawa interaction,
yQCDQ_LQR +H.c., where ® — ¢/Pad, Q, — ¢'9Pa/2Q, |
and Qg — e Pa/2Q, under the PQ symmetry. Since
only ® and Q have the PQ charges, implying that the
axion interacts with the SM quark fields radiatively [41],
X, =0 at tree level in the KSVZ model. In the DFSZ
model, the QCD anomaly is induced by assuming
two Higgs doublets H, and H,; which couple to the SM
quarks, Q;, Ug, and Dy via the Yukawa interactions,
0,(V,H,Ug +YV,H;Dg) +H.c., and the PQ scalar ®
couples to these two Higgs doublets via the terms in the
scalar potential, e.g., H}L'Hd(d)*)z, where ® — ¢/Pad H , —
e~ H,— e H,; Q; —Q; Ug—e Palpg, and

A more detailed discussion of this procedure can be found
in Ref. [40].
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Dy — e~%Pa Dy 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 H,, H,,
and @ can couple to the SM quarks at tree level.* Here we
summarize the axion couplings to the light quarks at tree
level in the KSVZ and DFSZ models below [11,43]:

KSVZmodel: X, = X, = X, =0;
cos’f

DFSZ model: X, = , X=X, = , (13)
u Ng \ Ng

where N, = 3 is the number of the SM fermion gener-
ations, and tan f = v, /v, with v, and v, being the vacuum
expectation values of H, and H,, 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]

qenaq:exp(—mz%Qa)q, Q) =1. (14

where Q,, is a real 3 by 3 matrix acting on the quark flavor
space.” To avoid the axion-z° mass mixing, the convenient
choice of Q, is given by® [40]

g, M
“ T w (M)
1 1 1
= MulMaltls diag(—,—,—). (16)
mumd+mums+mdms my, mg Mg

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

*The DFSZ model can further classify into the DFSZ-I and
DFSZ-II models, in which the leptophilic Yukawa interactions are
L,Y,H,Eg and L, Y, H, Ep, respectively, with L; and Ey 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.

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

'With the convention of €%'23 = +1, the functional measure in
the quark field functional integration gives [44]

2
_ — . gy a c fIcuy
/DCIDQ*/DCZDCIGXP {l/d“X(—nﬂzEGuuG " <Qa>>}

(15)

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

Even with this customary choice of Q,,, there is still an axion-
7Y kinetic mixing in the Lagrangian. However, since the strength
of this kinetic mixing €,, ~ O(m,/m,) < 1, it is usually ignored
in the literature [11].

d,a

2fa

. . _ a’
qiy"0,q — qiy"d,q + === qr'y° Quq + 0(—), (17)

f
while the light quark mass term becomes

qrMyqr = G Maqg, qrMyqr — GrMiq. (18)

where M, =R, M,R,, and up to the second order in
a/f, we have

. a
My = M, = i3 (M. Qu)

az a3
- 8—ﬁ{{Mq, Q.1 9.+ (’)<f—3>. (19)

a

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

1 _ - e
Lag = 50,a0"a +Gir"0,q + (MadrdL + Mg qr)

a .
+ f (X, + Q)T

where {4} = {#*} U {1°} with 1* = I5,5/v/6 and (478) =
§8/2 and Jo" = gy*ythq are the quark axial vector
currents. For the last term in the above expression, we
have applied the relation M3, 3 = 2(M5,31*)# for any 3 by
3 Hermitian matrix M;,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 ¢;¢qr in the third term of
Eq. (20) with the II in Eq. (1) since both have the same
transformation properties, U (¢, Gr)Uy ~ U, T}, With
the correct mass dimension, we can write down

(20)

Lo =5 RBAMIT £ M), (21)
where B is determined by the pion mass. Plugging Eq. (19)
into Eq. (21), to the first order in 7/ f,, one can show that
the mass mixing of the axion and z° is automatically
eliminated with the choice of Q, 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 m, as

B z Fame oy (109 Gev>
m“_\/(l+z)(1+z+w) fa me fa ’

(22)

where m, = /Bg(m, +my) ~139.57 MeV [45], and
z=m,/my~0485, and w=m,/m;~0.025 [34]. In
the following sections, we will assume that the axion is
massless in our calculations since m, < m, with the
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typical values of f, (we will take f, = 10° 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]:

0,a 1
Conn =2 (1, + QIMNT Y + 50X, + Qa7 .
(23)
where J% = (B,S4B,) is an isosinglet axial vector cur-
rent, and
o,a
Eaﬂ'BT f <( + Q ) >jﬂBT’ (24)

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 €;;%(7%);,(B,) = 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 as’

d,a e .
‘caﬂN = fL CapvaI:/pv + Cannvsznv
a
i . o
+ ?CaﬂN(ﬂ+pﬂv”n1) - nvv”pv) ’ (25)
3

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

Au+zAd+wAs

C,, =X, Au+X,Ad+X,A . (26
ap u u+ d + K s+ 1+Z+W ( )
Au+Ad+wA
Cop = X AU+ X, Ad+ X, Ag 42U TBCTWAS 0y
I+z4+w
1 11—z C,,—C,,

Coon =7 X, =X+ =1 . (28
N ﬁ( ! 1+z+w> Vi )

In these axion couplings, Au = 0.847, Ad = —0.407, and
As = —0.035 are the nucleon matrix elements defined by
(p|gShq|p) = s*Aq/2 with s* being the proton spin [34].
Notice that there is a contact interaction for a — 7z — N,
the C,,n 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].

7TES can be done by using the identities B,y'B, = v"B,B,
and B,y*y’B, = 2B,S4B, [31].

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

d,a
'CaNA:2142[(:1117A(171AJr +A17ﬂpv)+canA(n A +A9M U)]

(29)

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

X, 4+ %
T fzw

Cap - Can)‘ (30)

C
Cupa = Cana = Caya = VG (Xu

5
Note that this interaction Lagrangian describing A(1232) —
n + a is derived for the first time in the HBChPT. We shall
utilize Egs. (5) and (29) and the corresponding couplings in
order to calculate the SN axion emission rate from the
underlying process 7~ + p — A(1232) —» n+ 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].° This relative sign is corresponding to the one
between &, and Q, 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 €*'>3 = +1. If one
adopts €923 = —1, the prefactor signs of the GG terms in
Egs. (12) and (15) are both flipped, which keeps the
elimination of the «GG 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 C,,,y and C,y, are not
independent parameters as they can be expressed in terms
of C,, — C,, as shown in Egs. (28) and (30), respectively.
The values of these axion-hadron couplings are fixed in
the KSVZ model and only vary with f in the DFSZ
model. With Eq. (13) and the above numerical inputs, we
obtain’

KSVZ model

C b
DFSZ model

(31)

ap

{ -+0.430
+0.712 — 0.430sin? 8

+0.002 KSVZ model

Con { . RES
—0.134 4+ 0.406 sin- f# DFSZ model

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

Here we have ignored the heavy quark (c, b, t) contributions
to the axion-hadron couplings.
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FIG. 1. Feynman diagrams for z~ 4+ p — n + a with the A baryon contributions.
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: { ~0.370 KSVZmodel . Capa (3008 Ol @)] (36)
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In the later section, we will use these couplings of the axion
and hadrons, especially the axion-nucleon-A couplings, to
evaluate the supernova energy loss rate induced by the
axion emission process 7z~ + p — n+ a. On top of that,
we will discuss the effect of the A resonance on the
supernova axion emission rate compared with the case
without the A resonance.

IV. SCATTERING CROSS SECTION
OF 7~ +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 7~ + p — n+a due to the A(1232)
baryon. With the interactions in Egs. (5), (9), (25), and (29),
the Feynman diagrams of the scattering process z~ + p —
n + a are depicted in Fig. 1, and the corresponding squared
matrix element averaged over the initial spin of the proton
is given bylo

2
B 2my,

‘Mﬂ’p—ma'z - f;zzf%

(P.QTP.Q).  (3)

where my = (m, +m,)/2~938.9 MeV is the averaged
nucleon mass, P, = diag(1,1,0,0), and

Here we have normalized the matrix element in the non-
relativistic limit to the one in the relativistic limit by M- ,_,,, =
2mN(M7[’p—>na)NR [47]

where © = diag(e*?, e, et ¢7%) with 6 being the
scattering angle between k, and k, the three momenta
of the pion and axion, respectively, E, = \/|k,|* + mZ is
the energy of the pion, Am = m, — my ~293 MeV is the
mass difference between A decuplet baryon and nucleon,
and I'y ~ 117 MeV is the decay width of the A(1232)
baryon (4511 Using the following cross section formula in
the laboratory frame, where an incident charged pion
collides with a proton at rest

&k &Sk
B _ a n 2 4
" pona / (2x72E, (2n)2E, )
x W (k, + k, —k, — k,)

% |Mﬂ'p—>na|2
4[(kﬂ' : kp>2 - (mﬂmN)Z}l/Z

(37)

with k; = (E;, k;) is the four-momenta of particle species j,

the resultant cross section of #~ + p — n + a calculated in
the HBChPT at large mj, expansion is then'?

E,.m3
- ana:ﬂi a(lkzl), 38
7 = g2 k] o) Y

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

In the HBChPT, the large my means that the nucleon mass is
much bigger than the momentum and energy of pions,
my > |k,|, E,. Thus, one can expand physical observables in
terms of |k,|/my and E,/my.
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FIG. 2. Scattering cross section of z~ + p — a + n versus the energy of the incident pion in the KSVZ model, and in the DFSZ model
with different values of sin’ 8, where yb = 10™*® cm?. In these figures, the solid lines indicate the scattering cross section in a large m,
limit, and the dashed lines represent the scattering cross section without a large m, limit. Notice that the scattering cross section in the

large my limit is bigger than the ones without a large my limit.

where G,(|k,|) is a dimensionless quantity expressed by

262 (2C% + C2) (k,|\2 EN2 8v2g,ConC- (I \2(E,
e ) I v s el v N )
N my mpy

EZ(Am* + 2E2 4+ T3%)

3
4C2\\C?

my

()
81  [(Am - E,)?> +T3][(Am + E,)* +T%] \my

B 8394 CanaC Ex[(Am* — EZ)(C,Am + C_E,) + T3 (C Am — C_E,)] (M)z

27 [(Am — E,)> + T3][(Am + E,)? + T3] my
16VBCnCunsC  Eam?—E2-T3) (el Y (%) (39)
27 [(Am—E,,)z-Fl:‘i][(AM-i—En)z _|_f‘2A] my my

with C.. = (C,, £ C,,)/2, and T’y =Ty /2." Notice that
the first, second, and fourth terms in Eq. (39) come from the
nucleon-mediated, contact, and A-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 (A-mediated) diagrams is the subleading
term (~1/m3) in Eq. (39) at large my expansion.'*

We show in Fig. 2 the scattering cross section of 7z~ +
p — n+a as a function of E, in the KSVZ and DFSZ
models, where solid (dashed) curves are evaluated with
(without) large mj, expansion. As anticipated, there is a
resonance in the cross section when E, ~ Am, and this is

BTo make our calculation result more reliable, we have
also checked that G, at leading order in 1/my using the
Rarita-Schwinger propagator [49] is consistent with the decuplet
propagator in the HBChPT [32].

"Note 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.

due to the A’-mediated diagram in Fig. 1. In the case of
the DFSZ model, one can see that the magnitude of the
resonance becomes weaker as sin’f# — 1. This can be
easily understood based on our calculation of the axion
couplings to the decuplet baryons and nucleons in
Eq. (34), where |C ya(sin? — 1)| ~0.01 which is sup-
pressed compared with |C,y, (sin? — 0)| ~ 1. Itis worth
mentioning that the z~ + p — n+a cross section in
the KSVZ model roughly corresponds to that in the
DFSZ model with sin?#~1/2 as can be observed in
Fig. 2.1 we expect that this correspondence will also
occur in the supernova axion emissivity discussed in the
next section.

V. SUPERNOVA AXION EMISSION RATE
WITH A(1232) RESONANCE

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

"This correspondence of the KSVZ model and the DFSZ
model when sin” # = 1/2 is also pointed out in [34].
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Supernova axion emission rate versus sin’ 3 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 ng = 0.08 fm™. Again, the
solid lines indicate the supernova axion emission rate in a large m, limit, and the dashed lines represent the supernova axion emission

rate without a large my limit.

emissivity of the process #~ + p — n + a with the con-
tribution from the A resonance as shown in Fig. 2. The
Feynman graphs of this axion emission process are the
same as in Fig. 1.

|

&k, &Pk,  dk,

&k,

Following Ref. [29], the supernova axion emission
rate (the energy loss by axion radiations per unit
volume and time) via the process 7~ 4+ p — a+n is
given by

£u= / (27)32E, (27)32E, (27)2E, (27)2E,
X f ez )£ p ()T = Fu(len )| M- posna|*Eas

where f;(|k;|) = 1/[eEi=#)/T) £ 1] is the Bose-Einstein
(=) or Fermi-Dirac (+) distribution function with u;
being the chemical potential of particle species j, and
M ponal® = 2| M p—pa|* is the squared matrix element
summing over the initial and final nucleon spins. In the
1/my expansion, the supernova axion emissivity with the
A resonance contribution is calculated as'®

i % mlT' e e
2 2
TNy T (e 4 g, (e + 2)
[+3) 2 f‘
0 e T Zﬂ

where z; = ei=m)/T is the fugacity of particle species j,

k| k| E m
XPZTNT’ Xp = ;9 €n:7ﬂv yﬂ:_ﬂ (42)

with € =x2+12, F,(x,) = Gu(x,) + AG,(x,) with
G.(x;) = G,(k,|) given in Eq. (39) and

'%Our resulting supernova axion emission rate at leading order
in 1/my agrees with Ref. [29] without the axion to A interactions
and slightly disagrees with Ref. [27] without the axion contact
and axion to A interactions.

(2r)*6W (k, + k, — ky — k,,)

(40)

294CunnC-
AG,(x,) = m

3
E; = 3(Am? —T3)E} + 2(Am® + T})?
[(Am = E,)* + T3][(Am + E,)* + T3]

()

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 sin? for T = 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 <tanf <
170 is allowed [43]. Notice that the upper bound of sin® 3 is
not evident in the figures since it is extremely close to 1.
These bounds on tan also prevent the SM quarks from
being massless in the DFSZ model, where m, ~ y,vsin
and my ~ yqv cos fwithv = (v + v%)"/2. In the case of the
KSVZ model, the values of éu can be read from the curves
with sin? # ~ 1/2 (the purple spots) of these figures, as
pointed out in the previous section. By comparing these

(43)
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FIG. 4. Supernova axion emission rate as a function of 7 in the KSVZ model, and in the DFSZ model with several choices of sin? b,
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.

two figures, one can see that the contribution of the A
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 sin? 8 — 1 because |C,,y.aya(sin?f —
1)| < |Cuzn ana(sin® f — 0)| according to Egs. (33) and
(34). With the A resonance contribution, we see that the
supernova axion emission rate can be enhanced at most by
a factor of ~2 for small sin?  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 sin? 4 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 the A resonance is smaller
(bigger) than that of the axion contact interaction if 7"is higher
(lower) than about 40 MeV. Moreover, the A resonance
contribution gives strongly destructive interference to the
other contributions of the supernova axion emissivity at high
supernova temperatures (7 2 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 A(1232) resonance contribution
for the typical values of 7 and small values of sin? 3 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 — NNy/, 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, 7~ + N — N 4/, 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 A(1232) 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 A(1232) 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
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as the axion production cross section including A(1232)
resonance in the heavy baryon chiral perturbation theory.
We have evaluated the supernova axion emissivity includ-
ing axion-nucleon-A couplings which were neglected in the
previous works. Since for the typical supernova temper-
atures, the energy of pion is E, ~ 200 MeV, the invariant
mass of the s-channel mediator is somewhere in the middle
of A(1232) and nucleon masses. Therefore, we cannot
simply ignore the A(1232) 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 my expansion in both DFSZ and KSVZ
models. Thanks to the A(1232) 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 DFSZ model for the small
tan # values compared with the case with only the axion-
nucleon (and axion-pion-nucleon contact) interactions.
Finally, we notice that the A(1232) resonance can give a
destructive contribution to the supernova axion emission
rate at high supernova temperatures.
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