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Supernova bound on axionlike particles coupled with electrons
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Axionlike particles (ALPs) coupled with electrons would be produced in a supernova (SN) via electron-
proton bremsstrahlung and electron-positron fusion. We evaluate the ALP emissivity from these processes
by taking into account the ALP mass and thermal effects on electrons in the strongly degenerate and
relativistic SN plasma. Using a state-of-the-art SN simulation, we evaluate the SN 1987A cooling bound
on ALPs for masses in the range 1-200 MeV, which excludes currently unprobed regions down to

Gue ~ 2.5 x 10719 at m, ~ 120 MeV.
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I. INTRODUCTION

The QCD axion is a hypothetical pseudoscalar particle
predicted by the Peccei-Quinn solution of the strong CP
problem of the Standard Model (SM) [1-4]. Hadronic
axions, as the minimal Kim-Shifman-Vainshtein-Zakharov
model, interact with hadrons and photons, while the
interaction with leptons arises at further loop level [5].
On the other hand, nonhadronic models, such as the Dine-
Fischler-Srednicki-Zhitnitsky [6], predict a tree-level
axion-electron coupling, typical also of many axionlike
particle (ALP) models, which emerge in more general
theories, as grand unified theories and string theory [7-11].
In the following, we will consider ALPs predominantly
coupled with electrons. This coupling could be probed
through astrophysical arguments [12-16] and laboratory
experiments [ 17-30] (see Refs. [31,32] for a recent review).
In astrophysical context, stars in which electrons are more
degenerate, such as the core of red giants (RGs) and white
dwarfs (WDs), provide the most stringent bounds on the
axion coupling with electrons. Indeed, the RG bound
excludes g,, = 1.6 x 10713 [15,16] and the WD bound
constrains g,, = 2.8 x 10713 [12-14]. In these environ-
ments, due to the electron degeneracy, the leading ALP
production channel is the electron-ion bremsstrahlung e~ +
Ze — ¢~ + Ze + a (see upper panel of Fig. 1). In Ref. [33],
the ALP emission rate for this process in nonrelativistic
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electron conditions was revised. However, a similar work is
still lacking for relativistic conditions encountered in core-
collapse supernovae, since more attention is required in
this case.

A core-collapse supernova (SN) is an efficient cosmic
laboratory to probe ALPs and the detection of a neutrino
burst from SN 1987A is a milestone in this context. Indeed,
if ALPs had contributed to an excessive energy loss in the
SN core, they would have shortened the duration of the SN
1987A neutrino signal. In this way, constraints on ALPs
coupled to nucleons [34-36], photons [37-40], and muons
[41,42] have been obtained (see Refs. [43—45] for other
phenomenological consequences of the ALP production in

FIG. 1. Feynman diagrams of the electron-ion bremsstrahlung
and electron-positron fusion. Note that in the electron-ion
bremsstrahlung a second amplitude with the vertices inter-
changed is not shown.
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supernovae). On the other hand, in the literature, the SN
1987A cooling bound for ALPs coupled to electrons is
often overlooked. However, considering a generic ALP, the
coupling with electrons might be the only significant
coupling with a SM particle [46—48] and in this case, the
SN 1987A bound plays a major role [49]. This constraint is
even more relevant for ALP masses above 1 MeV, where
ALPs can decay into electron-positron pairs. Indeed, this
region is probed only by beam-dump experiments [17-24],
excluding couplings around 1078 < g,, < 1073, The sim-
plified approach in Ref. [49]" gives a bound stronger than
those obtained through beam-dump experiments. However,
the study of ALP production in a SN via electron interactions
requires a dedicated investigation because thermal plasma
effects might significantly alter the ALP production rate.
Indeed, the Dirac equation of electrons (and positrons)
differs from the free-fermion case, affecting their dispersion
relations. In the hot plasma of a SN, the fermion energy-
momentum relation is modified and the electron (positron)
acquires an effective mass m; ~ O(10) MeV [50]. In addi-
tion, in a plasma, a new quasiparticle appears, the plasmino
[50], which might participate in the ALP production.

The aim of this work is to perform the first accurate
calculation of the SN emissivity of ALPs coupled to
electrons. In the low ALP mass limit m, < O(10) MeV,
ALPs are produced mainly via electron bremsstrahlung on
the free protons in the SN core. Unexpectedly, for ALP
masses larger than the effective electron mass, but lower
than the SN temperature (7 ~30-40 MeV), the brems-
strahlung emissivity starts to be suppressed and for m, 2
30 MeV another process is found to be dominant, the
electron-positron fusion ete™ — a (see the lower panel of
Fig. 1), neglected in astrophysical context so far.

The plan of this work is as follows. In Sec. II, we show
how the fermion dispersion relation is modified in the
relativistic and degenerate SN plasma. In Sec. III, we
describe the ALP production processes in the SN core. In
Sec. IV, we calculate the SN 1987A bound on massive
ALPs. Finally, in Sec. V we conclude.

II. IMPACT OF THERMAL EFFECTS ON
FERMIONS AND AXIONLIKE PARTICLES

A. Fermion dispersion relation at finite temperature

In a SN core, the electron (positron) propagation is
nontrivial, since the extremely large temperature 7 ~
3040 MeV and the density p~ O(10'%) gecm™ make
the plasma ultrarelativistic and degenerate. At finite tem-
perature, a plasma characterized by the fluid velocity four-
vector u#* modifies the structure the Dirac equation [50-52],

'Note that the approximations used in Ref. [49] overestimate
the ALP emissivity, as discussed in Appendix B of Ref. [33].

without violating the Lorentz invariance [53]. In the plasma
rest frame w* = (1,0,0,0) [53].

In a ultrarelativistic and degenerate plasma, the Dirac
equation for an electron with a bare mass m, is [51]*

(1 +A)ip + Bff —m,(1 - C))y =0, (1)

where A, B, and C are complex numbers related to the
thermal loop inside the electron propagator. The spinors
associated with this equation are explicitly calculated in [54].

The modified dispersion relation is determined by the
pole of the following propagator:

(1+A)K+Bj+m,(1-C)
(14+A)’K*+2(1+A)B(K -u) + B> —m2(1 = C)*’

(2)

where K* = (w,k) and u* = (1,0,0,0) in the fluid rest-
frame velocity.

Plasma effects on the electron propagation give rise to a
dispersion relation with a nontrivial momentum depend-
ence, which must be taken into account in any calculation
in the plasma. It is also necessary to consider the residue of
the pole, which accounts for the strength with which the
particle is excited by the electron field and therefore the
strength with which it couples to other fields. The tran-
scendental equation

S=i

(1+4)*(@* = |k[*) +2(1 + A)Bo
+B2-mi(1-C)? =0 (3)

must be solved to determine the particle dispersion rela-
tions. This equation is solved in full generality with the A,
B, C functions determined by following Refs. [51,52],
where an explicit expression for A, B, C can be found:

A= % <%Tr[KRe(Z’)] - wiTrwRe(Z/)})

w? w
B = <ﬁ - 1>w%Tr[y£Re(2’)] -2 (%Tr[KRe(E’)])
C=- 4; Tr[Re(X')], ()

with X/ the T-dependent part of the fermion self-energy and
k = |k|. In particular, the traces in Eq. (4) are computed as
integrals over the quadrimomentum of the particle in the
loop. After simple integrations over the energy p° and the
angular variables, one obtains an integral over the magni-
tude of the momentum p = |p|,

quuation (1) is the only Lorentz-invariant generalization of
the Dirac equation including the fluid velocity four-vector u* and
the particle four-momentum operator i9,,. This reduces to the free
Dirac equation in the vacuum [51,54].
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ZTr[KRe(Z)]—§A dp<4p+ T
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+ 2p 2(219
Vot mg

JTHRe(2)] = 52

where L, ;. and L, . are logarithmic functions arising from
the integration over the angular variable, given by

plo+k) £ (0= k> —m2)/2
plwo—k)+ (0?=k*—m2)/2’

VP2 +mio+ pkt(0® =k +m?)/2
VPr+miw - pk+ (0> = K2 +m2))2

while np is the Bose-Einstein distribution function and ny.
are the Fermi-Dirac distribution for fermions (—) and
antifermions (+). In this way, the most general dispersion
relation for an electron with bare mass m, at finite
temperature 7 and nonvanishing chemical potential y, is
obtained.

Since m, <« T for typical SN conditions, A, B, C can be
assumed real [51].

As pointed out in Ref. [50], Eq. (3) has four solutions:
two couples of solutions almost symmetric around zero for
each momentum. The couple of positive energies at higher
and lower energies represents the electron and plasmino
excitation, respectively. The plasmino is a collective mode
of the plasma that disappears in the high-momentum limit
(k/T z 0.5). This behavior already suggests that extra
modes introduced by thermal effects in a SN plasma are
not relevant for the typical momenta close to the Fermi

Ll,:t = :I:log

L, . ==log (6)

0.2 0.4 0.6 0.8 1.0
kT

FIG. 2. Electron and positron dispersion relation in a SN for
electron chemical potential px, =200 MeV and temperature
T =30 MeV. The approximated dispersion relation is a good
approximation in the relativistic limit in which we are interested.

(Ly4+ Ll,—))"g +

% < Lz,—) ng.4+,

Aoo dp{lo(Ly+ + L)+ p(Li+ =Ly _)|ng+ p(Lysnp_ =Ly _ng )}, (5)

|

energy for electrons and to the temperature for positrons.
The couple of solutions at negative energies are the
corresponding antiparticles. The particle and antiparticle
energies are not completely equal, reflecting the unequal
presence of electrons and positrons. Practically, these
differences are smaller (or even much smaller) than ~5%
for the range of interest and would disappear completely for
a vanishing electron chemical potential.

In the ultrarelativistic and degenerate SN plasma, the
electron energy E,- is on the order of the Fermi energy or
chemical potential y,, E,- ~ u, ~ O(200) MeV; while the
positron energy E,+ is comparable with the environment
temperature 7', E,~ ~ T. Finding the poles of the propa-
gator, one obtains the dispersion relations of electrons
(solid black line) and positrons (dashed red line) in Fig. 2.
In the SN conditions, as shown in Fig. 2, the ¢~ and e™ dis-
persion relations are well approximated (for high momenta)

by [50]
@ = k> 4 2(m;)?, (7)
where m is the effective electron mass
mg = m,[2+ (m7/4+ M?)'/2, (®)

with M? = e?(u2 + #>T?)/8x*. The advantage of this
result, valid in the high-momentum limit, is the minimal
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FIG. 3. Averaged electron and positron renormalization factors
as function of the temperature for u, = 200 MeV.
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FIG. 4. Averaged plasmino and antiplasmino renormalization
factors as function of the temperature for y, = 200 MeV.

modification of the free-electron dispersion relation in a
degenerate and relativistic plasma, which requires just the
replacement m, — \/2m.

In this context, the coupling of the particle and hole
excitations to the plasma is rescaled through a renorma-
lization factor, which can be evaluated as [54]

D(w. k) = (1 +A)*a? — &)
+2(1 + A)Bw + B> —m2(1 — C)?,

OD(w, k
zp =) )

w=E,

where [ can represent the electron, positron, or plasminos.
In Fig. 3, the thermal averaged electron and positron
renormalization factors as a function of the temperature
T at fixed value of the chemical potential y, = 200 MeV is
shown. Since E,- ~ y,, the electron renormalization factor
Z,- =~ 1, with a weak T dependence. On the other hand,
since E,+ ~ T, Z,~ < Z,- and it increases with 7. However,
even the positron renormalization factor deviates less than
15% from unity.

By contrast, as shown in Fig. 4, the averaged renorm-
alization factors for plasminos are lower than 0.1, as
discussed in Ref. [50]. Therefore, the effects of the
plasmino pole disappear at high momentum (E = k~
T > M), consistent with the identification of the plasmino
as a collective mode of the plasma like the plasmon. For
this reason, we will ignore the plasmino contribution to
ALP production.

B. ALP-fermion interaction in a relativistic plasma

The plasma effects in a SN could have impact also on the
ALP-electron coupling. Indeed, the ALP interaction with
electrons is described by the following Lagrangian:

gae
L =
ae zme

W r'rw.0,a. (10)

where y, and a are, respectively, the electron and ALP
fields, m, is the electron mass, and g,, is the dimensionless

10—1 ___________ o
_—— — —<B> e

) %m“m__: —m<C>e
102 T T T T T TTTEE= I I T —<A> et
____________________________________ — —<B>e*
10_3M ___<C> e+

0.2 0.4 0.6 0.8 1.0
w/T

FIG.5. Averaged electron and positron A, B, and C functions as
function of the fermion energy for x, = 200 and 7 = 30 MeV.

ALP-electron coupling. In the case of free-electron theo-
ries, exploiting the Dirac equation (i@ — m, )y, = 0, one
can prove that the Lagrangian in Eq. (10) is equivalent to

'Cae = _igael/_/eysl//ea' (11)

We stress that this equivalence is not general; e.g., it ceases
to be valid when two Goldstone bosons are attached to one
fermion line [55,56]. This equivalence was exploited in
Ref. [33] to revise the ALP production via electron-ion
bremsstrahlung. Below, we show that the equivalence
between the Lagrangians in Eqgs. (10) and (11) still holds
in the degenerate and relativistic SN plasma. Applying the
Dirac equation in Eq. (1), the derivative coupling in
Eq. (10) is found to be equivalent to

im,(1 = C)yy’wa — iByiy’ya

iy wd,a = —2R
yr'ryoua XA

’

(12)

which reduces to Eq. (11) in the vanishing limit of A, B, C.
As shown in Fig. 5, the averaged values of these quantities
for typical SN conditions are lower than 10! for positrons
(red lines) and even smaller 1072 for electrons (black lines).
Therefore, considering the uncertainties related to the SN
conditions, the derivative and the pseudoscalar couplings
would be considered approximately equivalent in the limit
A,B,C < O(1). Here we summarize the results obtained
in this section:

(1) The contribution of the (anti)plasmino in scattering
processes is negligibly small due to the behavior of
the renormalization factor at the typical energies.

(2) Since E, ~p, and E,~ ~T, the renormalization
factors of electrons and positrons are close to 1.

(3) For such large energies, also the equivalence be-
tween pseudoscalar and derivative ALP couplings is
preserved.

(4) The fermion dispersion relation is similar to the free-
particle case with only a change in the mass.

Thus, to compute the ALP emissivity, it is possible to use
the standard recipe shown in Sec. III with the mass

replacement m, — \/2m.
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III. ALP PRODUCTION MECHANISMS

A. Electron-ion bremsstrahlung

This section shortly introduces the electron-ion brems-
strahlung extensively discussed in Ref. [33]. This process
consists of the interaction of an electron with a ion electric
field, and the final electron emits an ALP. In this context,
given the equivalence between Egs. (10) and (11), valid
also in a SN within the limits discussed in Sec. II, the
electron-ion bremsstrahlung matrix element is

o ganje2
7 al(la* +43)"/?

L plulp). (13)

1

xa(ps)|r’ 7’470
/ P —m, Q e

where u(p;), and u(p) are the electron spinors, p;, p, and
p, are four-momentum of initial, final electrons, and ALP,
momentum transfer. The term [|q|(|q|> + k2)!/?]7" is the
Coulomb propagator in a plasma and kg is the Debye
screening scale given by [57]

2
@ = HaiZin

T

s : (14)

where 7 is the number density of ions with charge Z ;e and
a is the fine structure constant. The ALP flux is found to be

dn, / 2d’p;  2d°p; |p|
= s =
didw, (2m)*2E; (27)*2E; (2x)?
x (21)8(E; — Ef — @,)|MPPfi(1 = fy)

1
=— / d cos 0;,d cos 0;sdSdE ¢
647° ‘

< [pillpsllpalMPfi(1 = £5). (15)

where w,, E;, and E; are the energies of the ALP, initial,
and final electrons, respectively; f;, are the electron
distribution functions; 6,,, 0;; € [0,7] are the angles
between the initial electron and the ALP and the final
electron moments, respectively; & € [0,2x] is the angle
between the two planes determined by the vectors p; — p,
and p; —py, and [M[> =557 n; >0 [ M;|* is the matrix
element in Eq. (13) averaged over the electron spins and
summed over all the target ions. The exact form of this
matrix element is given in Appendix A of Ref. [33]. For the
sake of clarity, we write here the matrix element for a
vanishing ALP mass

1 g€’ KiT
MP =D "n M P =5
42 Z T2 aP(aP + 83)

2
X[zwgpi‘pf—me—q'pa o Pt Pa_PiPal
(Pi*Pa)(Pf- Pa) Pi'Pa PfPa
(16)

where ¢ = ps — p;.

We remark that the calculation above is valid in a
strongly interacting plasma as long as the equivalence
between Egs. (10) and (11) holds and the appropriate
electron dispersion relation, modified by thermal effects, is
taken into account. Indeed, as discussed in Sec. II, electrons
acquire an effective mass in a SN core. For this reason, from
now on we will naively apply Eq. (15), by replacing the
bare electron mass with the effective one m, — /2m,
following Eq. (7).

In particular, in order to evaluate the impact of the ALP
production via electron bremsstrahlung in a SN, one can
compute the ALP emissivity, i.e., the energy emitted per
unit mass and time, as

l/ood d’n,
£, =— w,0 ,
Coptm,  C dtdw,

where p is the matter density and d’n,/dtdw, is evaluated
from Eq. (15), taking Z =1 (since electrons interact with
the free protons electric field in the SN core) and
n = pY,/my, with Y, as the electron fraction and my =
938 MeV as the nucleon mass. In the following, the main
features of the electron bremsstrahlung in the SN core will
be analyzed by assuming a schematic SN model with con-
stant representative values for temperature 7 = 30 MeV,
density p =3 x 10'* gem™, and electron fraction Y, =
0.3 [58], to which we refer as “typical SN conditions.” For
these conditions, the effective electron mass and the
electron Fermi energy are m, = 8.7 and Er = 230 MeV,
respectively.

(17)

B. Mass suppression of the bremsstrahlung

An increase in the ALP mass determines a suppression of
the emissivity. In particular, in Ref. [33] we showed that in
conditions where the electron plasma is nonrelativistic
(T < m,), such as the Sun or red giants, the ALP emis-
sivity is suppressed as the mass increases, due to the
Boltzmann factor e«/T in Eq. (15). On the other hand, the
situation is strongly different in the relativistic and degen-
erate SN plasma (7', u, > m,). In Fig. 6, we show the ratio
between the massive and the massless ALP emissivity as a
function of the ratio between the ALP mass and temper-
ature m,/T for nonrelativistic (red line) and relativistic
(black lines) plasma conditions. In the nonrelativistic case,
solar conditions [58] (T = 1.3 keV, p = 1.6 x 10*> gcm™,
Y, = 0.5) have been taken as a benchmark, while typical
SN conditions have been considered in the other case. In
this context, it is necessary to include plasma effects on the
propagation of electrons (and positrons), as described
in Sec. II.

As shown in Fig. 6, in nonrelativistic conditions, where
T < m,, the emissivity is Boltzmann suppressed at masses
m, 2 T. On the other hand, in relativistic plasma conditions
the emissivity starts to decrease for masses m, < T,

103007-5
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FIG. 6. Ratio ¢,(m,)/e,(0) as function of the ALP mass for
nonrelativistic (red line) and relativistic conditions (black lines).
The solid black line is obtained by considering the bare electron
mass; the dashed one is calculated including the effective electron
mass m; = 8.7 MeV. The vertical lines indicate the beginning of
the mass suppression: m, = T for the nonrelativistic case (red),
m, = m,T/2E for the relativistic cases, where m, can be the
bare electron mass (solid black) or \/im’g, if the effective electron
mass is considered (dashed black).

precisely when m, ~ m)w,/ V2E, where w, ~T is the
ALP energy and the electron energy is approximately equal
to the Fermi energy E ~ Er. This counterintuitive behavior
can be explained by looking at the propagator-related
term P in the complete matrix element of the ALP
bremsstrahlung, shown in Appendix A in Ref. [33],

1
" (2(pa - py) +md))*(m% —2(pa- pi)*’ (18)

where i and f stand for the initial and final electron states,
respectively. In the case of relativistic electrons and light
ALPs (m, < T), Eq. (18) can be approximated as

1
P~ ,
léwflE%E%(l —PiBacosO,p)*(1 = pf,cosb,;)?

(19)

where E; ; is the electron energy, and f; = /1 — 'g—gz and

2 .y
Pa=1/1— Z—;‘ are the electron and ALP velocities, respec-

tively. A further simplification can be done by observing
that the Coulomb scattering is mostly forward [58] and then
cos 6, ~ cos 6, ~ 1, obtaining

1
S B (1 = BB (1 = Bpa)

(20)

Since in a SN the electrons are relativistic and degenerate,
assuming E; ~ E; ~ Ep, where Ep is the electron Fermi
energy, and w, ~ T, Eq. (20), expanded to the second order
in m,/T, becomes

1
107"}
1072}
10-3 [
1074}
1075}
10-6 [
107"} . ‘

10-% 1072 107"
mafT

P(mg)/P(0)

FIG.7. Suppression factor P(m,)/P(0) as a function of the ALP
mass for typical SN conditions, where m} ~ 8.7 MeV. The vertical

dashed line corresponds to the threshold m, = m:T/\/2E}.

P 1 m%ﬂF
C16ELTH(1 = pp)* S8ER(1—pp)°T®’

(1)

where f is the Fermi velocity. As shown in Fig. 7 for
typical SN conditions, from Eq. (21) the P term starts to
decrease when

2 r
=z (1- — 22
my < ( ﬁF) ZﬂF ’ ( )
which expanded at the second order in m,/Ef gives
T T
my 20— (23)
2Er  \2Eg

where in the last step we have replaced m, — v/2m. In this
sense, the effective electron mass is an additional energy
scale that becomes relevant in a SN, where electrons are
relativistic and degenerate. This behavior is confirmed by
Fig. 6, where we compare the suppression in relativistic
conditions for two different electron masses, namely,
the bare electron mass (black solid line) and the effective
electron mass in a plasma (black dashed line). As dis-
cussed, the ALP emissivity is suppressed for m,2
m:T /\/2E, depending linearly on m?. Thus, the suppres-
sion begins at higher ALP masses as the electron mass
increases. We stress that the bare electron mass is shown in
Fig. 6 just for pedagogical purposes, since in a SN the
effective electron mass must be taken into account. We
remark that a similar phenomenon is reported in [59] in the
case of the dark-photon bremsstrahlung, but not fully
appreciated. Finally, this anomalous suppression is absent
in nonrelativistic conditions since, in this case, when the
Boltzmann suppression starts, m, > T ~m, and the
propagator-related term in Eq. (18) can be approximated as

1
P Teamt @)

independent of the ALP mass.
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C. The electron-positron fusion

For ALP masses m, <30 MeV, the main production
channel in a SN is the bremsstrahlung on free protons p,
e+ p — e + p—+a[58], while the Compton scattering
e~ +y — e~ + a and the electron-positron photonic anni-
hilation e* + e~ — y +a are suppressed by electron
degeneracy [58,60], and even more by the ALP mass.
At ALP masses m, > 2m,, a new process might compete
with the electron-ion bremsstrahlung: the electron-positron
fusion e™ + e~ — a. The matrix element of this process is
given by

1 oy
ZXZMAP:T, (25)

and the ALP spectrum is obtained by integrating over the
electron and positron distributions

d*n Goe? [ Enax
a _ Jae'a dE . 26
dtdw,  167° /Em, S (26)

in

where E_ and p are the electron-positron energy and
momentum, f- are the electron-positron distributions, and
due to the energy-momentum conservation 2w,E, =
m? + 2p, - p.., implying the limits of integration

2 .2 4 )
E Wy \/wama —mg — 4|pa| m,
min,max — 7 + .

T (27)

As shown in Fig. 8 for typical SN conditions, the electron-
positron fusion becomes the dominant process at ALP
masses m, 2 30 MeV. This threshold strongly depends on
the effective electron mass m;, evaluated through Eq. (8),
therefore it is strictly related to the SN properties determin-
ing m;.

o 1
<
" 107
1072
20 25 30 35 40 45 50
m, (MeV)
FIG. 8. Ratio of the electron-positron fusion and bremsstrah-

lung emissivities as function of the ALP mass for typical SN
conditions.

IV. THE SN 1987A BOUND

In the following, in order to place a bound on the ALP-
electron coupling g,., we consider the SN simulations of
Ref. [61]. These are based on the general relativistic neutrino
radiation hydrodynamics model AGILE-BOTZTRAN, featur-
ing three-flavor Boltzmann neutrino transport [62,63],
including a complete set of weak interactions (see Table I
in Ref. [61]). The equation of state used in Ref. [61] is the
modified nuclear statistical equilibrium (NSE) model of
Ref. [64] for the description of heavy and light nuclei (for a
recent comparison of the NSE model with the generalized
density-functional approach, see Ref. [65]), combined with
the DD2 density-dependent relativistic mean field model of
Ref. [66]. The SN simulations were launched from the
18 M, progenitor of the stellar evolution calculations of
Ref. [67]. In spherical symmetry, neutrino-driven explosions
cannot be obtained [68], except for the class of electron-
capture supernovae associated with progenitors of zero-age
main sequence masses of about 8-9 M [69-71]. Hence, in
order to trigger the neutrino-driven explosion in spherical
symmetry, in Ref. [61] the charged-current rates have been
enhanced in the gain region, following the recipe described
in Ref. [70]. It results in the explosion onset at around 500 ms
after core bounce with the continuous expansion of the SN
shock to increasingly larger radii, after which the standard
charged-current rates are used again.

Here, the screening scale is computed following
Ref. [72],

eff

4
1 = % (28)

where n;ff =2/ (‘211’)’3 fp(1 = fp) is the effective number of
protons in a SN core. In Fig. 9, we show the radial profiles
of some relevant quantities for the 18 My SN model used
in this paper. The effective electron mass m; is determined

by Eq. (8) and it is plotted in Fig. 10. The effective electron

10°
102}

10f
1,
107"}

— p(x10™gcm™)

1072} - -TMev)
108l — ks (MeV)

af = He (MeV)
10 0 5 10 15 20 25 30

r (km)

FIG.9. Radial profiles of density (black solid line), temperature
(black dashed line), screening scale (red solid line), and electron
chemical potential (red dashed line) at 7,,;, = 1 s for the SN model
with 18 M, progenitor mass.
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0 5 10 15 20 25 30
r (km)

FIG. 10. Radial profile of the ratio between the effective and
bare electron mass mj/m, at t,, =1 s for the SN model with
18 M progenitor mass.

mass is about ~15 times larger than the bare mass in the
very inner SN core (r <5 km) and it decreases at
larger radii.

In a SN, an additional cooling channel would “steal”
energy to the neutrino burst, shortening its duration. As
recently proposed in Refs. [40,73], the ALP luminosity is
calculated as

R, & d*n
L,=4 drr* | d L emmal@arR) (29
u ﬂA rr /na w,m, dtda)ae (29)

where R, is the neutrino-sphere radius, z,(w,,r,R) =
JR4 s the ALP optical depth, and 4, is the ALP mean

free path including all the possible ALP absorption proc-
esses. Only ALPs reaching a distance larger than R subtract
energy from the star, with R > R, being the so-called gain
radius [40]. Depending on the value of the optical depth, we
identify two different regimes for the ALP emission. If
7, < 1, ALPs are in the free-streaming regime and are
emitted from the entire volume of the star; if 7, > 1, ALPs
are in the trapping regime and are emitted as a blackbody
spectrum from a spherical surface called axion sphere.

In Fig. 11, we show the time evolution of the ALP
luminosity in the free-streaming regime, for g, =
5 x 107! and two mass values m, = 2 MeV (black solid
line) and m, = 40 MeV (black dashed line), at postbounce
times 7,, 2 0.5 s. The time evolution depends on the
dominant production process: the electron-ion bremsstrah-
lung for m, =2 MeV and the electron-positron fusion for
m, = 40 MeV. In particular, the bremsstrahlung luminos-
ity, which is proportional to pT*, increases in the first 3 s
and then slowly decreases. On the other hand, the fusion
luminosity depends only on the temperature 7 and steeply
decreases with time. As shown in Fig. 11, the ALP
luminosity is comparable to the total neutrino luminosity
L, (redline), obtained by summing the contributions of all
the (anti)neutrino flavors. It means that the ALP feedback
effect on the neutrino signal cannot be ignored and should

3.5
\ — my=2 MeV
3.04 - — m,=40 MeV
<250 L

Viot

FIG. 11. Time evolution of the ALP luminosity for two
different ALP masses m, = 2 MeV (black solid line) and m, =
40 MeV (black dashed line) and a coupling g,, = 5 x 107'°. For
comparison, the total neutrino luminosity (red line) is shown.

be self-consistently included in SN simulations. We post-
pone this task to a future work.

In this study, in order to constrain the ALP-electron
coupling, we follow a strategy similar to the one proposed
in Ref. [74], based on the observation of the SN 1987A
neutrino burst, which requires L, <L, for typical SN
conditions. Specifically, we impose [73]

L, <L, ~3x10% ergs™ (30)

at f,, = 1 s. At this time, we take as benchmark values
R, =21 and R = 24 km [40].

As the ALP mass or the coupling with electrons
increases, it becomes more difficult for ALPs to escape
freely and drain energy from the SN core. The only
absorption processes are inverse bremsstrahlung (a + e~ +
p — e~ + p) and ALP decay into an electron-positron pair
(a = et + e7). The former contributes to trapping light
ALPs (m, <30 MeV) and the latter is more important for
heavy ALPs. Indeed, both the processes produce particles
that quickly thermalize in the stellar plasma and redistribute
the ALP energy in the star. This means that, if the ALP is
absorbed in the SN core, it does not contribute to the energy
loss. With standard methods [58], we obtained the follow-
ing ALP mean free path against inverse bremsstrahlung,
important for m, < 30 MeV,

~ ea)u/T
/1(1‘13 = %/dcos gaidCOS 9afd5dEf
X |pi||pf||M|2fi(1 =) (31)

and decay, relevant for m, = 30 MeV,

~

i, [
8r ¢ m?

-1
ﬂa.D

Br)~, (32)
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FIG. 12. The SN 1987A bound computed in this paper (gray)
compared with beam-dump bounds (reddish), the EDELWEISS
II bound (green), and the GERDA bound (blue). [The beam-
dump bounds are taken from [17,18] (pink), [20] (red), and [19]
(dark red).]

where y = w,/m, and # = /1 — y=2. Thus, the total mean
free path is A;' =A% + 4.} By requiring that the
luminosity in Eq. (29) satisfies the constraint in
Eq. (30), the SN 1987A bound can be computed. The
resulting bound is shown in Fig. 12 (gray) and compared
with experimental bounds. A word of caution is needed
here. The bound obtained in this work from Eq. (30) is a
theoretical bound, which is not on the same footing as a
limit obtained from experimental data. Indeed, experimen-
tal bounds are the result of a solid statistical analysis and
statements about the statistical strength of the limit can be
made through the confidence level (C.L.). This is not the
case for our theoretical bound, affected, for instance, by
uncertainties on the SN structure and dynamics. In Fig. 12,
the reddish regions are excluded through beam-dump
experiments [17-24], valid at m, > 2m,, in which ALPs
are produced by the bremsstrahlung of an electron beam on
target nuclei and then decay in flight into detectable
electron-positron pairs. The vertical lines in the pink
[17,18] and red [20] regions (excluded at 90% C.L.) are
due to the lack of data in the original papers. The strongest
beam-dump bound (dark red), given in Ref. [19], is a
95% C.L. limit in the range 1-300 MeV and it is rescaled to
account for very short-lived ALPs that cannot be observed.
The other bounds shown in Fig. 12 are 90% C.L. limits
from EDELWEISS III [27] (green) and GERDA [75]
(blue), which assume that ALPs constitute the whole dark
matter. In these experiments, the electron recoil generated
in the inverse electron bremsstrahlung might give a detec-
table signal in an array of cryogenic germanium detectors.
The nonobservation of any signal in EDELWEISS III and
GERDA allows one to exclude values of the ALP-electron
coupling g,, = 4 x 107! close to m, ~ m, and g,, = 107!
close to m, ~2m,, respectively. Analogous experiments
[28,29,76-79] have a similar sensitivity to EDELWEISS
and GERDA in the range of interest. Another bound valid

at even lower ALP masses is given by Xenonl00 [80],
which excludes g,, =2 x 107! for m, <1 keV.

For m, <m,, the SN 1987A bound excludes the
region 7.5 x 10719 < g,, < 1.5 x 1078, already excluded
by EDELWEISS, GERDA, and the RG bound [15,16].
However, for m, < m, <200 MeV, the bound calculated
in this paper is the strongest one, reaching g, ~ 2.5 X
10719 at m, ~ 120 MeV. The obtained bound is affected by
uncertainties related to the choice of the SN model. Indeed,
as discussed in Refs. [40,45], the SN temperature increases
as the progenitor mass becomes larger. Comparing our
reference model with two other different progenitors,
namely, an M =112 My and an M =25 M model,
we estimated the uncertainty on the bound to be smaller
than a factor 2 in the free-streaming region (lower bound)
and even smaller in the trapping regime (upper bound),
with weaker constraints for lighter models.

V. CONCLUSIONS

In this work, we have investigated the production of
ALPs coupled with electrons in a SN core, extending the
study of the electron-ion bremsstrahlung of Ref. [33] to the
case of relativistic electron conditions. This extension has
been possible after a preliminary study on the strongly
degenerate and relativistic plasma in the SN core. Indeed, in
a plasma the structure of the Dirac equation is modified
through the introduction of three parameters A, B, and C,
which can be assumed real since the bare electron mass is
much lower than the typical SN-core temperature. In this
context, the modification of the Dirac equation affects the
dispersion relation of electrons and positrons, which
acquire an effective mass mj ~ O(10) MeV in the con-
dition of interest. In addition, we have shown that, in the
limit in which A, B, C < O(1) (condition fulfilled in the
SN core, given the large electron and positron energies),
the ALP-fermion coupling can be equally described by a
derivative or by a pseudoscalar Lagrangian.

These considerations allowed us to consistently extend
the study of the electron-ion bremsstrahlung to the degen-
erate and relativistic electron plasma in the SN core. In this
environment, we proved that in the evaluation of the
bremsstrahlung rate the ALP mass cannot be neglected
when it is comparable to the effective electron mass, since
the emissivity starts to be suppressed for miT/Ep<
m, < T, in contrast with the usual Boltzmann suppression
occurring for m, 2 T in a nonrelativistic plasma. Because
of this suppression, in a SN core the electron-ion brems-
strahlung is the dominant ALP production process for
m, <30 MeV, while at larger masses a previously
neglected process is found to be dominant: the electron-
positron fusion.

This detailed analysis allowed us to evaluate for the first
time the SN 1987A bound on ALPs for masses in the range
1-200 MeV, accounting for the plasma effects and the ALP
mass. This constraint is complementary to the direct
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detection experiments in this region. In particular, in the
small mass limit m, < 1 MeV, the bound excludes values
107° < g, <1078, already constrained by EDELWEISS
and GERDA. On the other hand, at larger masses
m, 2 30 MeV, our new bound probes regions untouched
by laboratory experiments, excluding values g,, = 2.5 X
10719 at m, ~ 120 MeV.
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