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We derive supernova (SN) bounds on muon-philic bosons, taking advantage of the recent emergence of
muonic SN models. Our main innovations are to consider scalars ¢ in addition to pseudoscalars a and to include
systematically the generic two-photon coupling G,, implied by a muon triangle loop. This interaction allows for
Primakoff scattering and radiative boson decays. The globular-cluster bound G,, < 0.67 x 10710 Gev~!
carries over to the muonic Yukawa couplings as g, < 3.1 x 10~ and gy < 4.6 x 107? for mg 4 < 100 keV, so
SN arguments become interesting mainly for larger masses. If bosons escape freely from the SN core the main
constraints originate from SN 1987A y rays and the diffuse cosmic y-ray background. The latter allows at most
10~* of a typical total SN energy of Esy ~ 3 x 10% erg to show up as y rays, for m, , > 100 keV implying
9a 0.9 x 1071% and gp < 0.4 x 10719, In the trapping regime the bosons emerge as quasi-thermal radiation
from a region near the neutrino sphere and match L,, for g, 4 =~ 10~*. However, the 2y decay is so fast that all the
energy is dumped into the surrounding progenitor-star matter, whereas at most 1072 Egy may show up in the
explosion. To suppress boson emission below this level we need yet larger couplings, g, =2 x 10~ and
gy 24X 1073, Muonic scalars can explain the muon magnetic-moment anomaly for gy =04 x 1073, a value
hard to reconcile with SN physics despite the uncertainty of the explosion-energy bound. For generic axionlike

particles, this argument covers the “cosmological triangle” in the G
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I. INTRODUCTION

Traditionally muons have been ignored in core-collapse
supernova (SN) simulations, although it is well known that
neutron stars contain lots of muons. Moreover, comparing
the muon mass of m, = 105.66 MeV with temperatures of
30-60 MeV in the hottest regions of collapsed SN cores
reveals that muons are not strongly suppressed. However,
it is only recently that muons and concomitant six-species
neutrino transport was implemented in the Garching group’s
PROMETHEUS VERTEX code in a unique effort [1,2]. While
directly after collapse the trapped electron lepton number
provides for large e and v, chemical potentials, the core soon
begins to deleptonize by v, emission and to muonize by v,
losses. For illustration we show in Fig. 1 the Garching model
SFHo-18.8 at 1 s postbounce (pb), the coldest of the models
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ayy—M, parameter space.

of Ref. [3]. In the critical region around 10 km with a typical
temperature of 30 MeV, the muon density is around a quarter
that of electrons.

This large muon density invites one to extend the tradi-
tional SN 1987A particle bounds [4-6] to bosons that couple
specifically to muons in violation of flavor universality.
Otherwise more information would be expected from
interactions with first-generation fermions. One case in point
that has been studied in the SN context is a new Z boson
from a gauged L, — L, number [7]. For very small masses,
such bosons can also engender long-range muonic forces
between neutron stars [8] or carry away energy from binary
pulsars [9].

We here focus on a new muon-philic scalar ¢ (muonic
scalar for short) that is motivated as one explanation for the
observed discrepancy between the measured and predicted
muon magnetic moment [10] that now stands at a 4.2¢
significance [11-14]. The required muonic Yukawa cou-
pling is [15]

gp =04 x 1073, (1a)
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FIG. 1. Profile of the Garching muonic SN model SFHo-18.8
at t,p, = 1 s [3] that we will use as our “cold reference model.”
Top: chemical potentials, temperature, plasma frequency w,,
and Debye screening scale k,. Bottom: number densities n;,
normalized to n, = 0.181 fm™3, corresponding to nuclear density
of 3 x 10" gem™.

whereas a much larger value makes the discrepancy worse.
A pseudoscalar always makes it worse, implying an upper
bound [16]

ga $0.95x 1073, (1b)

In both cases Yukawa couplings larger than the 1072 level
are excluded by g, — 2 and thus marks the largest coupling
worth studying with astrophysical arguments.

Our work is inspired by a recent analysis concerning a
muonic axionlike pseudoscalar [3], but scalars may be more
interesting in that they are actually ruled in rather than ruled
outby g, — 2 alone. In the SN context, differences arise from
the cross section of the main production process y + u —
u + a or ¢ that we show explicitly in Fig. 3 below. The gist
is that for the same Yukawa coupling, the pseudoscalar cross
section is always smaller. Deep in the SN core where photon
energies are of the same order as the muon mass, the
reduction is around a factor of 3. In the trapping limit where
decoupling is in the neighborhood of the neutrino-sphere, the

relative factor is (w/ mﬂ)2 and thus the pseudoscalar cross
section is relatively suppressed by a factor of around 10. In
both cases we find a gap between the g, — 2 inspired values
and the SN 1987A cooling argument.

However, these specific results depend on the exponen-
tially decreasing muon abundance at the proto-neutron star
(PNS) surface in our 1D reference models. A very different
picture may arise in more realistic 3D models where the
material in this region can be subject to strong motions,
redistributing the muons." In our case this question becomes
moot once we include Primakoff scattering as the main
opacity source.

This crucial effect comes about because actually our main
innovation is to include systematically the generic effective
two-photon interaction. A (pseudo)scalar, even if it couples
exclusively to muons, at one loop inevitably obtains a two-
photon vertex that allows for ¢—y Primakoff conversion and
for the decay ¢p — 2y. Unless this 2y coupling is fine-tuned
to disappear in a UV complete theory, it dominates our
arguments and especially the 2y decays provide the most
restrictive SN limits. So we do not consider (pseudo)vectors
because their 2y decay is forbidden by the Landau-Yang
theorem.

In accordance with the previous literature we normalize
the two-photon couplings G,,, and G, such that pseudo
(scalars) have the same Primakoff cross section and the same
decay rate. Conversely this means that for a given limit on
G, =G,, = G, notably from the CAST experiment
[17] and the helium-burning lifetime of horizontal-branch
(HB) stars [18-20], translates to a bound on the underlying
g, that is a factor of 2/3 less restrictive than on g, as can be
seen in our summary plot Fig. 2. Here and in the following,
the differences between scalars and pseudoscalars are never
dramatic, yet always warrant separate treatments.

The loop-induced two-photon vertex of muonic pseu-
doscalars was also mentioned by Croon et al. in their
discussion of SN limits [7]. However, they assumed an
axial-vector derivative interaction structure of the form
(9a/2m, )0 afiy,ysp instead of the pseudoscalar form
—ig,ajiyspu. These two possibilities are often equivalent
[22], but provide different loop factors in the present
situation of virtual muons. For massless pseudoscalars,
the loop contribution vanishes for the derivative structure,
while it is unsuppressed for the pseudoscalar case. Which
form is appropriate depends on the UV completion of the
theory and the possible Nambu-Goldstone nature of the
pseudoscalar. We will always use the pseudoscalar cou-
pling because in this case the radiative decay is not
suppressed and dominates our arguments. However, if
one assumes the opposite one can always fall back on our
“tree-level only” constraints that are explicitly listed, for
example, in our summary Table IV below and that broadly

'We thank Thomas Janka for stressing this point in a private
communication.
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FIG. 2. Constraints on the muonic Yukawa coupling g, of pseudoscalars (left panel) and g, of scalars (right panel) as a function of
boson mass. We also show the constraint where the muon g, — 2 discrepancy would get worse (pseudoscalars) or could be explained
(scalars). The shading or double arrows indicate the excluded range, except for the scalar range ruled in by g, — 2. The SN bounds are
derived in this paper and summarized in Table I'V using both a hot and a cold SN reference model. We here show conservative limits (the
larger number in the free-streaming case and the smaller one in the trapping regime). The HB-star bounds are taken from Ref. [18], the

cosmological N constraint from Ref. [21].

agree with the earlier literature. For scalars there is no
such ambiguity.

For large couplings, on the SN trapping side, the
pseudoscalar opacity in the decoupling region is dominated
by Primakoff scattering on charged particles and comparable
for scalars. As a consequence, the SN 1987A energy-loss
limits are essentially the same for scalars and pseudoscalars
shown in Fig. 2 and not even close to the g, —2 inspired
values.

However, the most dramatic consequence of the two-
photon vertex is the radiative decay ¢, a — 2y even though it
is strongly phase-space suppressed for low-mass bosons.
However, the HB-star bounds on G,, pertain up to masses of
around 100 keV, so the SN arguments are anyway interesting
mainly for larger masses. In this case the 2y decay becomes
so fast that it is a dominating effect and far more important
than Primakoff scattering for most of our arguments.

The effect of decays is particularly dramatic on the trapping
side. If the boson luminosity is comparable to that of
neutrinos, essentially corresponding to the SN 1987A
energy-loss limit, the entire boson energy is dumped into
the surrounding matter of the progenitor star and makes
SN explosions far too energetic.2 The visible energy of a core-
collapse SN explosion of 1 —2 x 10°! erg is less than 1%

*We call this the Falk-Schramm argument because in 1978
these authors used similar reasoning to constrain radiative decays
of neutrinos [23].

of the binding energy of the final neutron star of
Egn = 2-4 x 107 erg, most of which is normally carried
away by neutrinos. Therefore, the energy carried away by
bosons must be much less than what is allowed by SN 1987A
neutrinos. We find that this argument actually closes the gap to
the g, — 2 level as shown in Fig. 2 if we demand that bosons
carry less than 1% of the total, but even 10% would be enough
to close the gap. This argument also covers what has been
called the “cosmological triangle” for generic axionlike
particles (ALPs) as can be seen in Fig. 12.

These and the following discussions heavily use the
Garching muonic SN models [3], using their SFHo-18.8
model with an inner 7" of around 30 MeV as our cold
reference case and LS220-20.0 as our hot one with around
twice the inner 7. We derive nominal bounds by post-
processing these models and show them separately for the
hot and cold models, for example in our summary Table I'V.
This approach ignores the feedback of the new particles on
SN physics, but probably gives us a good sense of the
relevant parameter range.

These remarks do not necessarily pertain to the Falk-
Schramm argument because to suppress the emission to
0.01L, means that the bosons derive from a region at
significantly larger radii than the neutrino sphere. Post-
processing an unperturbed model could yield an unreli-
able answer in a region where the atmospheric structure
must depend on boson energy transfer. In this sense we are
least confident of the excluded region “Explosion energy”
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in Fig. 2. On the other hand, the class of subluminous
Type-II Plateau SNe has much smaller explosion energies,
perhaps as low as 10°° erg or less [24-29]. Our reference
models do not necessarily provide good proxies for this
class. Either way, the explosion-energy argument may
deserve a dedicated investigation of energy transfer by
ALPs in this SN region.

Our arguments become much more straightforward on the
feeble-interaction side of the exclusion range where the new
particles stream freely from the SN core once produced. The
boson luminosity turns on slowly after collapse in sync with
the inner core heating up and a significant muon population
building up. So the feedback on SN explosion physics is
minimal.

For SN 1987A, the boson decay photons, not neutrinos,
provide the most sensitive probe. The 100-MeV-range y rays
from bosons decaying between SN 1987A and Earth would
have been picked up by the Gamma-Ray Spectrometer
(GRS) on board the Solar Maximum Mission (SMM)
satellite that was operational at the time. A long time ago,
these data were used to constrain neutrino radiative decays
[30-32] and very recently ALPs, particles that interact only
by their two-photon vertex [33]. Our case is analogous,
except that here photo production on muons dominates, not
Primakoftf production.

This argument relies on the GRS y-ray signal integrated
over a time window of 223.2 s after the neutrino burst and as
such does not depend on the detailed time structure of the
putative y-ray signal, only on the total SN energy emitted in
the form of bosons and their typical energies. With this
information, the constraint follows from a simple analytic
expression derived, e.g., in Ref. [32]. The constraint on the
boson coupling strength here requires taking a fourth root
relative to the limiting y fluence because the coupling
strength enters quadratically both at production and decay,
so these constraints are particularly forgiving of uncertainties
of the assumed SN 1987A model. On the other hand, boson
emission is here indeed a perturbative effect, so in principle
the unperturbed neutrino signal might discriminate between
possible SN 1987A models and make the boson emission
characteristics more specific.

For most masses, however, the boson decay photons from
all past SNe to the diffuse cosmic y-ray background are yet
more constraining. Recently this approach was used for
ALPs that are emitted from a SN core by different processes
[34]. We investigate the dependence of this argument on
the cosmic core-collapse rate and redshift distribution as well
as the boson emission characteristics of an average SN.
We find that the redshift distribution impacts the constraint
only on the 10% level, so the only relevant information is
the total number of past SNe per comoving volume of
e = 0.6-1 x 107 Mpc~3. We thus find that an average SN
is allowed to emit at most 10~* of the neutron-star binding
energy in the form of radiatively unstable bosons, practically
independent of their exact spectral distribution. In this form

the limit applies if most bosons decay within a Hubble time,
which in our context applies for m,, 2 100 keV. For
smaller masses the constraint deteriorates as can be seen
in Fig. 2, yet continues to dominate the SN 1987A gamma-
ray limit.

The diffuse y-ray limit is far more constraining than the
one from the explosion energy, so it can be avoided only if
the bosons decay within the progenitor-star radius. By the
same token, the explosion-energy argument cannot be
avoided by decays outside of the progenitor star, so both
arguments can be avoided only by producing fewer bosons.

The main part of our paper is devoted to working out these
arguments in detail and comparing with recent results of other
authors. In Sec. II we discuss the interaction structure, the
two-photon coupling, and production processes for (pseudo)
scalar muonic bosons. In Sec. Il we turn to the traditional SN
1987A energy-loss argument, paying particular attention to
the trapping regime to clear up some confusion that has crept
into the recent literature. This is followed in Sec. IV by a
discussion of the Falk-Schramm argument of excessive
energy deposition by decaying particles that would render
SN explosions too energetic. We then turn to the feeble-
interaction side of our exclusion plot and first consider in
Sec. V decay photons from SN 1987A that would have been
picked up by the Gamma-Ray Spectrometer (GRS) on board
the Solar Maximum Mission (SMM) satellite. This discus-
sion is followed in Sec. VI by our most constraining
argument, the contribution of decay photons to the cosmic
diffuse y-ray background in the sub-100-MeV range from all
past SNe. In Sec. VII we briefly summarize some pertinent
limits from cosmology and colliders. Our arguments are often
very similar to those for generic ALPs, so we summarize our
results in Sec. VIII specifically for this case, facilitating a
direct comparison with the earlier literature. The final Sec. IX
is given over to a discussion and summary of our findings.
Our constraints are summarized in Figs. 2 and 12 and
Table IV.

II. MUONIC BOSON INTERACTIONS

A. Tree-level interaction structure

The starting point for our discussion is the assumption of
scalars ¢ or pseudoscalars a that couple to muons through
the Yukawa operators

Ly D —gypuu and L, D —ig,ajiysp. (2)

For completeness sometimes we will also consider the
vector coupling L, D g,Z,jiy*u, with Z being a new
massive vector boson coupled to muons only.

No other tree-level interactions are assumed to exist. For
tree-level processes, the pseudoscalar interaction is often
equivalent to the axial-vector derivative structure [22]
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We will see, however, that the effective two-photon vertex
through a muon triangle loop is strongly suppressed in the
derivative case. Notice also that in the scalar case there is no
equivalent derivative structure of the form 9" ¢jiy, 1 because
after a partial integration it is equivalent to a total derivative
of the conserved muon vector current, i.e., such a structure
yields a vanishing matrix element in a scattering process.
In the following we always ignore both the boson mass
and the photon plasma mass, which for the parameters and
conditions of interest give negligible modifications.

B. Photo production

The main boson production process in the inner SN core
where muons abound is photo production of the form
y + u — p+ ¢. The nonrelativistic cross section for this
“semi-Compton process” is the Thomson cross section

_ag;
3mﬁ ’

(4)

or

It is understood as the cross section of one unpolarized
photon to produce ¢. The reverse process of ¢ absorption
sports a factor of 2 to count two possible final-state photon
polarizations.3

The usual Thomson cross section for photon scattering,
or = 8ma?/3m3, arises with gy — e, a = €*/4x, and a
factor of 2 for the two final-state polarizations, i.e., the
initial-state polarizations are averaged, the final-state ones
summed as usual.

For pseudoscalars we substitute g, — g, and need an
additional factor (w/m,)* for photon energy w that arises
from the spin-dependent nature of the low-energy pseudo-
scalar coupling, so the cross section is op(w/m,)* at low
energies.4

This photo-production cross section is the polarization-
averaged cross section of a single photon. The scalar or axion
emission rate from a medium thus involves the number density of
photons summed over both polarizations. The often-cited photo
production rate (for the case of pseudoscalars) was given in
Eq. (2.19) of Ref. [35] with the additional explanation after
Eq. (2.9) that the total rate requires a factor of 2 to count both
photon polarizations. Apparently this proviso was frequently
overlooked, leading to a missing factor of 2, for example, in
Eq. (5.2) of Ref. [7], Eq. (6) of the original version of Ref. [3], and
Eq. (9) and the subsequent inline equations of Ref. [36].

“Notice that this expression applies only for o/m, <1,
whereas in a SN core with 7 2 30 MeV, a typical o ~ 3T is
similar to m,,. The nonrelativistic expansion at such large energies
[3,7] vastly overestimates the cross section as acknowledged in
the updated version of Ref. [3]. In the trapping limit the relevant
conditions are those where the bosons decouple with much
smaller 7', so in this case the low-energy expansion is appropriate.

— Vector/2

--- Scalar

-+« Pseudoscalar

-
S
S o' =
. Y
10-2 vl vl S v vl vl NN
1078 102 107" 1 10 102
wimy,
FIG. 3. Cross section for the muonic Compton process with a

final-state vector (solid), scalar (dashed) or pseudoscalar (dotted).
The vector case requires a factor of 2 for the final-state polar-
izations. The energy w is considered in the muon rest frame. For
w2 m, the scalar and pseudoscalar cross sections quickly
approach each other, while asymptotic agreement with the vector
case requires very large energies.

For general kinematics when @ is not small relative to
m,,, the semi-Compton cross section for the production of
(pseudo)scalars and photons is [4,37,38]

3 _1—3§_ 16

(5b)

3 16
41(6-1)

2(52 — 65 —3)
(3-1)°

S+1
2+ 3:2

In 3] . (5¢)

with § = s/ m,% and /s the center of mass energy. In Fig. 3
we show these expressions as a function of photon energy
@ in the rest frame of the muon where s = mﬁ +2m,m. At
large and small energies the scalar cross section is half the
cross section of the photon case, but for large energies the
asymptotic convergence is very slow. We also notice that
for @ > m, the pseudoscalar cross section is identical
with the scalar case, whereas for o < m, it is suppressed
according to 6, = op(w/m,)* as mentioned earlier.

C. Bremsstrahlung

The bremsstrahlung process u+p —>p+pu+¢ is
another potential particle source. The corresponding axion
emission rate for nonrelativistic electrons was calculated
in Ref. [39]. We follow the steps in that paper and note
that in the squared matrix element we need to substitute

035022-5
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w2 — 2m?2 to go from pseudoscalar to scalar emission.
This factor follows in analogy to the transition between
pseudoscalar and photon emission in free-free, free-
bound and bound-bound transitions that was discussed
in Refs. [35,40]. Ignoring screening effects, we thus find for
the energy-loss rate fromy+p - p+pu+¢

vy, ng 40 2/ T\'/?
g,/) mm 3 T\m,

T 1/2 erg
—@y,y,2 1.86 x 108 I8
<30 MeV> 86107 =5+ (6)

where ny = 0.181 fm~3 is the baryon density correspond-
ing to 3 x 10'* g/cm® (nuclear density).’

For our reference conditions, bremsstrahlung is about
an order of magnitude smaller than the Compton rate. In
addition, bremsstrahlung is somewhat suppressed by
screening effects. On the other hand, the nonrelativistic
approximation is not very good in either case, so the exact
ratio is somewhat uncertain. We neglect bremsstrahlung,
but if it were to contribute some amount of additional
emission, our final bounds err in the conservative direction
by neglecting it. In the trapping limit, what matters are
interactions in the neutrino-sphere region where brems-
strahlung for sure is negligible.

D. Two-photon coupling

A (pseudo)scalar that couples to muons according to
Eq. (2) inevitably also has a effective two-photon coupling
through a triangle loop. The effective coupling can be
written in the form

Ly = G</’W¢(E2 - BZ)’ (7a)
Ly, = GgypaE - B, (7b)

with the effective couplings

200 g¢
G B 8
dyr = 37tm” a(%), (8a)
@ Ga
Gay}/ = ;m—”B,/,(x) (Sb)

The loop factors B depend on x = m, 4/2m,. Assuming
x < 1 so that the bosons cannot decay into a muon pair, the
loop factors are [42,43]

>The scalar bremsstrahlung emission rate was also calculated
in Ref. [41] and the result was given in terms of a multidimen-
sional phase-space integral over angular coordinates. Evaluating
it numerically for our conditions we find that our result is larger
by a factor that is /2 within numerical accuracy, but as Ref. [41]
does not document enough details we cannot pinpoint the origin
of the discrepancy.

pseudoscalar :
A 202 2
B,(x) = M 1+ 1064, (%)
X 3
derivative :
ArcS 2
B, () = 2SS T o), (ob)
X 3
scalar :
B,(x) = % 2 — (1 — ) ArcSin?(x)]
Tx 2
— 14+ =
+ 30 + O(x%). (9¢)

We consider bosons with m <10 MeV so that x? =
(m/2m,) <2 x 1073, Therefore, the loop factors can be
safely neglected except in the derivative case where the
coupling is strongly suppressed by x?/3 < 0.7 x 1073, So,
for pseudoscalars, the two-photon vertex depends on the
assumed interaction structure, i.e., the axial-vector derivative
vs. the pseudoscalar one which are neither identical nor
always equivalent as explained earlier.

For boson decay, in the rest-frame of the decaying
particles and with m,, < m, the muon mass is largest
scale. In Primakoff scattering, the external photon energy
can be around m, in the deep interior where a typical
@ = 3T and T can be as large as 30-50 MeV. While a
possible modification of the low-energy expansion will
not be large, it occurs in the deep interior where the
semi-Compton process dominates. Of course, for the
latter one also needs to avoid the low-energy expan-
sion. In our context, the Primakoff effect dominates in
the decoupling region where the approximation o <
m,, holds.

E. Primakoff process

The two-photon coupling allows, for example, for the
Primakoff conversion between (pseudo)scalars and photons
in external electric or magnetic fields. The way we have
written the interaction structure, the Primakoff amplitude
on a charged particle comes either from E? (scalar) or E - B
(pseudoscalar) and thus leads to the same cross section for
the same value of G,, which now stands for either G
or Gy,

The Primakoff cross section for y + Ze — Ze 4 a or ¢
on a nonrelativistic charged particle with charge Ze,
averaged over photon polarizations, is

ary

Zzan
07 = — fs ’ (10)

where the screening factor is [39]
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1 12 40P
fS:ZKHm) log <1+k—“§> —1]. (11)

In the Debye approximation this is

4drah .
12 = ”Y‘f‘” where 7 = zj:zinj = Pny, (12)

which defines the effective charge ¥ per baryon. As we
neglect the boson mass and photon plasma mass, the cross
section diverges logarithmically in the forward direction, an
effect that we control with Debye screening.

In this form the rate was derived for a nonrelativistic and
nondegenerate stellar plasma. For relativistic electrons, the
Primakoff cross section should not be very different, but
electrons are degenerate in all regions of interest in the SN
core. So their contribution both as scattering targets and for
screening is significantly smaller and we neglect them. We
also neglect muons because in those regions where they
abound the Compton process is much more important.

One often thinks of the SN medium to consist primarily
of neutrons and protons, so the main Primakoff targets
would be protons. However, in the neutrino decoupling
region of the muonic SN models there also appear small
nuclear clusters or small nuclei. In Fig. 4 we show the
profiles of charged-particle abundances in our reference
model, where Y; is the number fraction per baryon. The
difference between Y, + Y, and Y, highlights the appear-
ance of these structures.

If we had abundance profiles for the individual clusters j of
charge Z; we could simply use their abundances, but what is
explicitly listed are profiles for light and heavy clusters as
well as alpha particles. Notice that what is listed are mass
fractions X; which are constrained by > ; X; = 1. If all
nuclei were alpha particles, we would have 1 = X, + X, +
X, and ¥ = Y,+4X,/4=Y,+ X,. For protons and
neutrons, Y and X is the same, so X, =1-Y, -V, and
finally

y=1-v, (13)

In reality, some of the clusters have smaller or larger Z/A
ratios than a particles, so this is an approximation, but
perhaps not worse than neglecting electrons. Another
approximation is to neglect degeneracy effects of the charged
particles that should be small wherever the Primakoff
process is important, but in any case is yet another small
modification of the effective screening scale k. The benefits
of a more refined treatment are limited because of the overall
uncertainties of the SN arguments.

For our reference model, the screening scale is shown in
the bottom panel of Fig. 1. For energy losses in the deep
interior, relevant for the energy-loss argument in the free-
streaming limit, we need the average Primakoff scattering
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FIG. 4. Top: charged-particle abundances in our reference
model shown in Fig. 1. The difference between Y, + Y, and
Y, highlights the appearance of light nuclei or nuclear clusters in
the decoupling region. Bottom: average screening factor f, for
Primakoff scattering defined in Eq. (11). The red line is the
Rosseland average, the blue line a thermal average for boson
emission as explained in the text.

rate for a thermal distribution of initial-state photons, and
an additional factor of @ because we actually need the
energy-loss rate. In this case what we call thermal average
is computed as

15 :

For = [ dufila/7)

Lo

e —

where we use @ = xT. We show (fs) as a blue line in the
bottom panel of Fig. 4.

For our purposes, Primakoff scattering is mostly
important in the trapping case where bosons decouple
in the 16-18 km region where ky~ 7. To identify the
“axiosphere” we use the Rosseland average of the mean
free path (MFP) as explained in Sec. III B5 with the
weight function defined in Eq. (37). Notice that (f)g is
calculated by integrating ;' over the normalized weight
function and taking the inverse afterward because we need
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the average MFP, not the average interaction rate. We
show (f,)g as a function of radius as a red line in the
bottom panel of Fig. 4.

Notice that f (@, k) = fs(x, ks/T) depends only on x
and the dimensionless ratio k;/7T. The two averages are
fortuitously very similar in the region where kg ~ T because
of the weak @ dependence and do not change much as
a function of radius. For simple estimates on the 20%
precision level one could use something like f = 0.8
everywhere, in particular as the overall precision of the
Primakoff cross section is probably not better than this
because of the discussed uncertainties of the chemical
composition, electron contribution, degeneracy effects, and
concomitant screening prescription.

F. Bounds from Primakoff conversion

The two-photon vertex is the main interaction channel to
search for axions, leading to many constraints and ongoing
and future projects [22,44]. One intriguing approach, first
proposed by Sikivie [45], is to consider axion-photon
conversion in large-scale external magnetic fields in anal-
ogy to neutrino flavor oscillations [46]. This method is
particularly powerful for smaller axion masses than we
consider here, so we mention explicitly only the conversion
of axionlike particles emitted by SN 1987A in the galactic
B field, leading to G,,, < 5.3 x107'? GeV~! for m, <
4.4 x 10719 eV [47,48].

The solar axion search by the CAST experiment has
established the constraint [17]

G,, <0.66x 10710 Gev-! (95% C.L.) (15)

ary

that has become a reference value for this coupling, but
only applies for m, < 0.2 eV. Another longstanding con-
straint derives from the energy loss of horizontal-branch
(HB) stars that would reduce their lifetime. As a result,
fewer HB stars would be observable in globular clusters
relative to other phases of evolution [19]. A recent update
happens to be identical with Eq. (15) at two significant
digits [20], but extends to masses up to some 10 keV,
corresponding to the internal HB-star temperature. For
larger masses, the ¢~"«/T suppression kicks in only slowly
with increasinﬁg mass, but then drops sharply at m, 2
200 keV [18].

As reference limits for the Yukawa couplings of our
muonic (pseudo)scalar bosons we translate Eq. (15) accord-
ing to Eq. (15) and find the 95% C.L. limits

®We use the curve from Fig. 4 of Ref. [18]. However notice that
the SN bound (green region) in that figure which seems to cover
the entire globular-cluster excluded region is incorrect and
actually in contradiction with, e.g., Fig. 16 of Ref. [49] by some
of the same authors. So the globular-cluster argument indeed
covers a range of parameters not excluded by SN arguments.

gy < 46x 107, (16a)

g < 3.1x107°. (16b)

We show them in Fig. 2, where the mass dependence
follows from Ref. [18].

G. Two-photon decay

In addition, for a nonvanishing (pseudo)scalar mass, the
two-photon decay ¢ or a — 2y is possible and occurs with
the rate

_ Gy (17)
i 64x

for both the scalar and pseudoscalar case. In terms of the
Yukawa couplings, the decay rates are

Ly, = <%> 2 955_052 m_<3’5
4 3.2
3) 64n° my

Numerically this is in the scalar case

— 260 5! 1
00 <0.4 X 10—3> (MeV> - (19

where the reference coupling strength corresponds to the
approximate value required to explain the muon magnetic
moment anomaly. It is allowed by the SN 1987A energy-
loss argument.

The lab-frame decay rate involves a Lorentz factor
my/Ey, so the MFP against decay is

2 125 10° em (24X 1073\2 /MeV\* E,
gy — 9 my ) 10 MeV'

(20)

22 .3
_ gqaom my

w64 my

(18)

F(/)yr

The reference energy of Ejy = 10 MeV is characteristic of
bosons emitted from the neutrino-sphere region. The
smallest mass before entering the HB-star exclusion range
is perhaps 0.2 MeV, implying A2 ~ 0.7 x 10> ¢m, within
the envelope of the progenitor of SN 1987A.

H. Two-photon coalescence

The reverse process of photon coalescence 2y — ¢ is
also possible. Of course the in-medium effective photon
mass must be small enough compared with the boson mass.
Lucente et al. [49] studied SN limits on ALPs and found
that photon coalescence as an emission process is negli-
gible compared to Primakoff scattering except for boson
masses beyond a few 10 MeV. As we will restrict our
discussion to boson masses up to 10 MeV we may ignore
this process.
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III. SN 1987A ENERGY LOSS

A. Free-streaming case

1. Introductory remarks

Shortly after the observation of the SN 1987A neutrino
signal it became clear that the duration of several seconds
and the observed energy is incompatible with excessive
energy loss in hypothetical new forms of radiation such as
axions [50-53]. After the explosion, probably some hun-
dreds of ms after collapse, the evolution of the remaining
proto neutron star (PNS) is deleptonization and cooling on
a diffusion time scale of a few seconds because neutrinos
are trapped [54-56]. In this way one probes the interaction
strength of very feebly interacting particles that escape
freely from the SN core.

From a modern perspective, to derive such constraints in
earnest one should implement the new energy sink in a
state-of-the-art numerical simulation of SN 1987A for a
plausible range of input assumptions (equation of state,
progenitor properties), derive the expected neutrino signal,
and compare it with the data. One could thus derive a
quantitative confidence range for the allowed particle
coupling strength. In practice this has never been fully
done. Shortly after SN 1987A, besides many simple
estimates [57], numerical simulations with axion losses
were performed [58—-60], sometimes using the time Atzgyq,
when 90% of the neutrino signal would have been
registered as a measure of signal duration [60].

One of us later developed a simple criterion to put the
previous work on a common footing: the new energy loss
should not exceed 10! erg g=! s~!, or an overall luminosity
of around 3 x 1072 ergs™', to be calculated at nuclear
density p =3 x 10" gecm™ and T =30 MeV [4,19].
These conditions are meant to represent the PNS somewhat
after the explosion when the cold interior has heated up. The
T profile has a maximum (cf. Fig. 1) that moves inward as
the core deleptonizes, so volume particle emission will reach
full strength only some time after core bounce. This behavior
is also manifest from Fig. 5, where we show a contour plot
for the radial and time evolution of the temperature, baryon
density, and muon abundance for the same SN model.

In contrast, the standard neutrino luminosity is largest at
the beginning when it is partly powered by accretion and
may carry away up to half the full amount during the first
second. Particle emission removes energy from deep inside
the PNS that would otherwise power the late neutrino signal.
So the SN 1987A signal duration is considered the main
observable to constrain energy losses from the PNS interior.

A modern analysis might be more constraining because
contemporary models, especially with muons, tend to be
hotter. Moreover, PNS convection speeds up cooling,
leaving less room for a yet shorter signal.
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FIG. 5. Time and radial evolution of the temperature (top
panel), baryon number density normalized to nuclear density
ng = 0.181 fm=3 (central panel), and muon abundance Y u for the
SN model SFHo-18.8 [3] that was also used in Fig. 1.

Ideally, of course, the neutrino signal of the next galactic
SN would become available to obtain a high-statistics
result. This would also overcome the doubts that have been
cast on the SN 1987A particle constraints because the SN
1987A neutron star has not yet clearly shown up [61],
although ALMA radio observations [62] are best explained
as first evidence for a non-pulsar compact remnant heating
the overlying dust layer [63]. Improving particle bounds
would be one of the many benefits of observing the
neutrino signal of the next nearby SN.
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2. Application to muonic bosons

As a first estimate we use this simple back-of-
the-envelope recipe to constrain bosons b that couple
to muons with Yukawa strength ¢,. The main emission
process is photo production on muons that at first we
treat as nonrelativistic and nondegenerate. The scale
for the production cross section is set by the Thomson
cross section of Eq. (4). So the energy-loss rate per unit
volume is simply the thermal energy density of photons,
(n?/15)T*, times the cross section times the muon
number density n, = Y,ng. To obtain the energy loss
per unit mass we divide by the mass density7 p = ngm,
so that

7 Tt
15m,

T 4
—170x10% LEep2y (1 21
XA0T S Y 30 Mev (21)

€p = §Y;40-T

where ¢ is a fudge factor accounting for corrections to
the cross section.

To estimate the muon density we consider a PNS some-
what after SN explosion when the outer core has deleptonized
and heated. If we neglect the neutrino chemical potentials,
those of electrons and muons are the same. For nuclear
density and an assumed proton fraction of ¥, = 0.1 and that
the negative ¢ and u charges balance the protons implies
Hey =120 MeV and Y, ~Y /3, ie., a muon fraction of
Y, ~0.03. The numerical model of Fig. 1 confirms this

estimate. The criterion €, < 10'° ergg~! s~! then implies

gy < 14x1072/\/& (22)

as a first limit.

However, for T = 30 MeV a typical photon energy of
3T is about the same as the muon mass, so from Fig. 3 we
glean that for scalars the semi-Compton cross section is
around 3 times smaller than the Thomson value, so
&y~ 1/3. For vectors, the two final-state polarizations
introduce a factor of 2, so &, ~2/3. For pseudoscalars
finally &, ~ 1/10, implying the bounds shown in Table 1.

3. Using the Garching SN models

To go beyond a back-of-the-envelope estimate we next
calculate the emission rates numerically for the Garching
Group’s muonic SN models [3]. In their core-collapse
supernova archive [64] they provide radial hydrodynamical
and neutrino profiles for different equations of state and

"In SN physics, what is called the mass density p is usually
defined as the number density of baryons times the atomic mass
unit m, = 931.494 MeV that is based on the '°C atom. The local
gravitating energy density depends on the local composition and
temperature together with the equation of state.

TABLE I. Muonic boson upper coupling limit from SN 1987A
energy-loss argument. The simple estimate is from the often-used
argument of Sec. III A2, whereas the Garching muonic SN
models were used in Sec. III A 3. We show two significant digits
to avoid blurring the differences by rounding errors.

Coupling  Simple  Numerical SN Models
Particle [107] estimate cold hot
Scalar 9g 2.4 4.2 1.9
Vector gz 1.7 2.7 1.2
Pseudoscalar Ja 4.4 9.1 3.5

different progenitors at many time shots between core
bounce and 10 s afterwards. We use these models to
calculate the muonic-boson luminosity for each time shot
and in Fig. 6 compare it with the instantaneous neutrino
luminosity. Details about the emission-rate calculation are

g:IIIIHIIIIlIIIIlIIII|IIII|IIII|IIII:
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FIG. 6. Muonic boson luminosity of the numerical Garching
models [3] compared with their instantaneous L, as a function of
postbounce time. Luminosities are given for a distant observer.
As in Fig. 1 we use the coldest muonic model SFHo-18.8 (top)
and in addition the hottest one LS220-20.0 (bottom). The shown
boson couplings were taken such that in each case the boson
luminosity equals L, at 1 s.
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given in Sec. III A 4 below as well as redshift corrections to
the emission rate in Sec. III A 5. What is shown in Fig. 6 are
luminosities in the reference frame of a distant observer.

Unsurprisingly, the boson luminosity is initially very
small and only gets larger as the core heats up and muons
become abundant—the emission rate is essentially propor-
tional to Y ﬂT“. On the other hand, L, is largest at the
beginning, mostly powered by accretion and energy from
the outer SN core layers. Therefore, as in the generic
argument of Sec. IIl A 2, comparing L with L, at around
1 s looks reasonable and we adopt this criteria as a nominal
bound. For the case of the coldest model that was used in
the upper panel of Fig. 6, the boson luminosity, calculated
on the basis of the unperturbed model, takes over and
would carry away much of the energy that otherwise would
power late-time neutrino emission.

For pseudoscalars, the revised version of Ref. [3] found
G < 8.4 x 107° based on the same numerical model, very
similar to our bound, although this agreement is somewhat
fortuitous. There should have been a factor of 2 in their
emission rate (see our footnote 3). On the other hand, they
compared with L, =3 x 10°> ergs™' from the generic
argument, whereas the native L, of the actual model,
ignoring redshift effects, is around 5.7 x 10°% ergs~!,
almost a factor of 2 larger. These factors approximately
cancel and the remaining differences may be due to
different treatments of the cross section.

Next we consider one of the hottest models of Ref. [3]
and specifically use LS220-20.0 which is based on a
different equation of state. The inner temperature is about
a factor of 1.7 larger, so the ¢ emission rate about a factor
of 10 larger. The neutrino luminosity, on the other hand,
is around a factor of 2 larger. Notice that the neutron-
star binding energy liberated in the coldest model is
1.98 x 10° erg and 3.94 x 10° erg for the hottest one
(see Table I of Ref. [3]). So the nominal limit should be
about a factor of 5 more restrictive on the luminosity and
a factor of 2-3 on the coupling constant.

However, the time profile of the boson luminosity, shown
in the bottom panel of Fig. 6, is quite different in that it drops
much more quickly than in the earlier case. Actually we have
checked that for the hot model SFHo-20.0 with the same
equation of state as the cold model, the time profile looks
very similar to the latter, except that the boson luminosity
overall is roughly 8 times larger. Therefore, the exact impact
of boson emission on the neutrino signal of SN 1987A
probably would differ significantly between the two hot
models for the same boson coupling constant.

In Table I we compare the nominal limits from the
coldest and hottest Garching models thus obtained with
the ones from our earlier back-of-the-envelope generic
argument. The estimates are somewhere between the two
Garching extremes and thus provide a reasonable magni-
tude. Without a detailed analysis of the neutrino signal in
the historical detectors for different cases, it is not obvious

if the data would clearly distinguish between these models
or if one of them rules new bosons out, the other might
rule them in.

To be specific and conservative, we use the constraints
derived from the coldest numerical SN model in the
summary plot of Fig. 2.

4. Emission rate

To complete this discussion we finally provide some
details about our numerical integration. For the emission
rate we note that at 7 2 30 MeV the muons (m, =
105.66 MeV) are not strictly nonrelativistic, so one cannot
use the low-energy expansion of the cross section, and recoil
effects are important. No simple approximation is very good
for these conditions, so one should evaluate the boson
production rate from the thermal environment, including
the appropriate photon and muon occupation numbers, by a
numerical evaluation.

However, this leads to a multidimensional numerical
integral that we have found too cumbersome to deal with in
view of the large other uncertainties, e.g., the appropriate
SN 1987A model. Moreover, we have checked that the
main impact comes from the reduced cross section seen in
Fig. 3. Therefore, we have opted to calculate the emission
rate in analogy to Eq. (21), determining the fudge factor by
averaging the cross sections given in Eq. (5) over a thermal
Bose-Einstein distribution of .

5. Relativistic corrections

To integrate over the SN core we include redshift
corrections and show the neutrino and boson luminosities
for a distant observer. The Garching SN models include
general-relativistic effects in an approximate way as
described by Rampp and Janka [65] and Case A of Marek
et al. [66]. In practice this means for us that the spatial
coordinates should be interpreted as in flat space, so the
volume integral is performed with flat-space coordinates.
Moreover, the time coordinate is the one of a distant observer
and does not require any transformations.

However, the emitted particles suffer a gravitational
redshift before reaching infinity. In the tabulated models,
this effect is encoded in the “gravitational lapse” that is listed
for every radius and is to be understood as (1 + z)~!, where
z is the redshift. So the particle energy at infinity is “local
energy x lapse.” Moreover, the rate of emission suffers
another redshift factor, so the contribution to the luminosity
at infinity by a given spherical shell in the PNS is the naively
calculated one times (lapse)? or times (1 + z)~2. Of course,
this is only a 20%—30% correction, but it is trivial to include
when post-processing the numerical models.

Moreover, the physical properties of the medium are given
in Lagrange coordinates and thus co-moving with the
medium, also causing redshift effects. Within the PNS the
radial velocity v, is small, whereas at larger distances it is not
negligible and suffers a discontinuity at the shock-wave
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radius, in turn causing a discontinuity in the tabulated
L,(r). The Doppler effect causes a redshift or blueshift of
l+z=+/(1-v)/(1+v,)=1=-0v,+0?). Again L,
is affected by the square of this factor, so in the appropriate
limit of v, < 1 we multiply the tabulated L,(r) with 1 +
2v, to interpret L, in the rest frame of a distant observer.

After both corrections have been applied, L,(r) is
constant beyond the decoupling radius of around 18 km,
but somewhat increases at very large distances. The
required time to reach a large distance means that L, (r)
for a given time shot reflects earlier neutrino emission. To
be specific and to avoid this time-of-flight effect, we extract
L, at 400 km, but the exact radius is not important.

The reference model shown in Fig. 1 at 1 s pb has a
neutrino luminosity at infinity of 4.4 x 10°? ergs™!,
whereas the maximum value in local coordinates at
around 16 km is 5.7 in these units, some 30% larger
than the value seen by a distant observer. In the upper
panel of Fig. 6 we show L, (¢) for this model, including the
redshift corrections. The integral up to the largest avail-
able time is L, o = 1.95 x 103 erg, in good agreement
with the final mass deficit of 1.98 x 10°* erg of this model
[3]. Therefore, while redshift corrections are not a huge
effect, one needs to include them to obtain consistent
results and cross-checks.

B. Trapping limit

1. Introductory remarks

The main attraction of the SN 1987A energy-loss
argument is that it probes particles that are more feebly
interacting than neutrinos, often providing unique infor-
mation. However, sometimes one may wish to consider
new particles that interact so strongly that they are
trapped and can escape only from their own decoupling
region, in the axion case called the axiosphere in analogy
to the neutrino sphere [50-53]. Typically such particles
will be excluded by other arguments, ranging from
laboratory to cosmological evidence, although we will
see that for muonic bosons there is a sliver of parameter
space on the trapping side where SN arguments are
unique.

Such particles can compete with neutrinos for several
different tasks in SN physics. They can radiatively transfer
energy from deep inside the SN core to the PNS surface in
competition with neutrinos and convection and in this way
speed up PNS cooling. They can carry away some of the
liberated neutron-star binding energy, leaving less for
detectable neutrinos. Even after beginning to stream freely
in their decoupling region, they can deposit some energy
behind the shock wave and contribute to reviving the shock
wave in the delayed explosion scenario. But also the
opposite can be the case: a self-consistent SN model may
no longer have a gain radius within the shock radius beyond
which there is net energy deposition. The new particles could

also show up in neutrino detectors and could have caused
some of the SN 1987A events [67]. Some of these effects
may be more important than others, so it is hard to formulate
a generic argument.

A self-consistent simulation with axions in the trapping
limit revealed that the SN 1987A signal was shortened in
terms of Atgyg, Whereas the number of events in the
Kamll and IMB detectors remained the same [53]. The
axion energy transfer heats the PNS surface, leading to
larger emitted neutrino energies, and thus to a larger
detection rate.

Another self-consistent study, motivated by nuclear-
physics issues, decreased the effective neutrino cross
section on nucleons, speeding up PNS cooling and thus
decreasing Atyyq, yet increasing the SN 1987A event
numbers by the same heating effect of the PNS surface [68].

Notice that the energy flux from the PNS surface is
largely fixed deeply inside, driven by the gradients of 7" and
lepton number. Because the surface area is essentially
fixed, the need to radiate a larger flux requires a larger
effective surface 7. So the correlation between a reduced
PNS cooling speed and increased observable neutrino event
energies is quite generic.

2. Simple bound from energy transfer

The energy flux carried by a trapped (pseudo)scalar
boson at radius r is L, = —(1/3)[d(aT?})/dr]4rnr* with
a = 77/30 is the thermal energy content of one bosonic
degree of freedom and 4 is the MFP. As a simple estimate
we use dT/dr = =T /r with T = 30 MeV, r = 10 km and
L =3 x 10°? erg/s, all meant to mimic a situation similar
to the earlier energy-loss argument. (Notice that the model
in Fig. 1 shows a nearly constant d7T/dr ~ —4 MeV /km
for r = 8-15 km, which is stratified by convection and
numerically very similar to our estimate.) So the
MFP needed to compete with standard energy transfer
is A =45L/87°rT* = 11 m.

For our muonic scalar we use A~! = (0.367)Y 19, so
A= g;76.5x 107 cm, implying g4 2 2 x 107° to avoid
excessive energy transfer. We will see, however, that
avoiding excessive energy loss here provides a far more
restrictive limit because the density of muons quickly drops
toward the PNS surface. Therefore, the bosons may have
rather large couplings to compete with neutrinos in the
decoupling region and then will be irrelevant for energy
transfer deeper inside.

3. Energy loss from the boson sphere

In the trapping limit, our bosons emerge from a region
near the PNS surface whence they escape without being
reabsorbed on their way out, in analogy to the neutrino
sphere. If we picture them being emitted as blackbody
radiation by a spherical surface with radius R, the
luminosity is given by the Stefan-Boltzmann (SB) law
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2
L, = 4R}, 1”70 T*(R,), (23)
where T(R,) is the SN temperature at radius R,,.

To find L, as a function of coupling strength we
determine R, by the requirement that the optical depth
at that radius is 7(Ry) = 2/3 beyond which the bosons
essentially stream freely. The optical depth is defined as

o(r) = / " arr(r), (24)

where in natural units the interaction rate is the same as the
inverse MFP, I = 1.

For our constraint we finally seek the coupling strength
such that L, = L,. In this context we define the Stefan-
Boltzmann radius Rgg of a given SN model by

2
L, =4nR3;, 50 T*(Rsg). (25)
It is defined as the radius where the SB law for one boson
degree of freedom matches this model’s L,. The SB radius
is a property of a given SN model without reference to any
particular particle-physics assumption. Of course, Rgg is
always close to the neutrino-sphere radius R,.
Our constraint then derives from the requirement that
7(Rsg) = 2/3, i.e., the coupling strength is such that the
boson-sphere radius R coincides with the SB radius.

4. Reduced absorption rate

Before applying this method a number of clarifications
are in order. To compute the optical depth we need to
distinguish carefully between different variants of inter-
action rates that apply to our bosons where the MFP is
dominated by absorption (not scattering). The absorption
rate, e.g., by inverse bremsstrahlung, is termed I"5, whereas
the corresponding spontaneous emission rate is ['g. In the
Boltzmann collision equation for a given mode of the boson
field with occupation number f that travels along some ray
with spatial coordinate s, these quantities appear as

(0 +0)f =Te(1 +f)=Txf =Tg— (Ta-Tg)f. (26)
—_——

FZEF

Here I'} is called the reduced absorption rate, including
stimulated emission in the form of a negative absorption
rate. If the medium is in thermal equilibrium, detailed
balance implies 'y = e=*/TT, so that the reduced absorp-
tion rate is

F=0% =T(1—e /), (27)

which we use as the absorption rate. The spontaneous
emission rate is then expressed as

r

FE = em/T -1

(28)
It is T', the reduced absorption rate, that appears in the
optical-depth integral of Eq. (24).

In a stationary and homogeneous situation, the lhs of
Eq. (26) vanishes and the equation is solved by a thermal
Bose-Einstein distribution f., = (¢*/” = 1)7'. So we may
write this equation instead for the deviation from equilib-
rium Af = f — f.q and then reads

(0, + 0,)Af = -TAf. (29)

So it is the reduced absorption rate I' which damps the
deviation of f from equilibrium, explaining its central
importance for radiative transfer.

For our case of muonic bosons, the situation sim-
plifies because we only consider the absorption on either
muons or the Primakoff conversion on charged particles
which are both of the type ¢ + X — X + y. Therefore,
[y =Ts(1 + f,), where I's = ony and f, a boson stimu-
lation factor for the final-state photon in the thermal
environment.® If the targets do not recoil much, the photon
energy is nearly the same as that of the boson, so f, =
1/(e”/T =1) and 1+ f, = 1/(1 = e=/T). So overall one
finds

=T} =T, (30)

i.e., in our case the reduced absorption rate fortuitously is
simply the naive “cross section X target density.”9

5. Spectral average

In our cases of interest the reduced opacity barely
depends on boson energy w, but in general this spectral
dependence could be pronounced. In differential form, the
SB boson luminosity is

dL, 1 470’ 1
— — 42R? - , 31
do ey (27)3 e@/T(Rw) — | S

where the factor 1/4 includes one factor 1/2 to count only
the outgoing modes of a blackbody distribution, another
factor 1/2 for the average velocity of the outgoing modes
because we are determining a flux. The final factors include
the boson phase space and Bose-Einstein occupation

$Here the cross section o is for the boson in the initial state and
includes a factor of 2 for the final-state photon polarizations.
The cross sections listed in Eq. (5), on the other hand, are for
photon scattering and thus averaged over the initial-state photon
polarizations.

In some of the recent literature on muonic bosons [7,69] the
optical depth was based on the unreduced absorption rate. On the
other hand, in the updated version of Ref. [3] and in Ref. [49]
dedicated to ALPs the reduced opacity was used.
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number. Here R, is the radius where the w-dependent
optical depth is 2/3. The critical coupling strength would
be found by choosing the coupling strength such that the
spectral integral matches L,.

Instead it may be more practical to use an average
opacity and apply the SB argument in integral form. One
approach is to use the Rosseland mean opacity. It is based
on the diffusion limit where one boson degree of freedom at
some radius r carries an energy flux given by

1 dL
¢ —%VBQ,, (32)

4zr* dw

where for a massless boson the thermal energy density at
energy @ is

dr ?
B, =———, 33
@ (27[)3 e?/T — 1 (33)

implying
1 e”Te*)T VT
VB, =—— 1~~~ 34
2 (e?/T =12 T (34)
Here (VT)/T =VlogT is the inverse length scale of
temperature decrease; the diffusion approximation is jus-
tified when this length scale is large compared with A.
For purely absorptive boson interactions as in our case,
the MFP A, = I';! is based on the reduced absorption rate.

(0) w

If it does not depend on w, explicit integration yields

1 A222T*NT 4
— L,y=-2 2 = _ZV(aT* 35
420 T T3 15 T 3v(@r)  (3)

where a = 72/30 is the radiation constant for a single
boson degree of freedom.

If the reduced absorption rate does depend on @,
comparing Eq. (32) with Eq. (35), the integrated flux
can be written in the form

1 (4)

—— L, = —?V(aT“) (36)

with the Rosseland average of the MFP

() = <F_1> _ f0°° dol';'dB,,/dT
f0°° dwdB,/dT
15 [o 1 xte
- -4 dX RV
4z* Jo ['(xT) (e*—1)

(37)

where we have used @ = xT. The key point is that it is the
MFP ) =TI""!, not the interaction rate I, that is averaged
with a weight function derived from the black-body energy
distribution.

While the Rosseland average is the appropriate quantity
to compute the boson radiative energy flux in the diffusion
limit deep inside the PNS, it is less obvious how good it
quantifies the energy-dependent decoupling process in the
spirit of the integral SB approach.

6. Application to muonic bosons

We will see that in our context the spectral dependence
of the decoupling process is weak so that is most prac-
tical to apply the SB argument in integral form, using
the Rosseland average for the residual spectral opacity
dependence.

For scalars, we write the tree-level scattering rate on
muons, ¢ + u — p +y, in the form

e — g, o6 (38)
where o1 is the Thomson cross section given in Eq. (4),
the factor of 2 counts two final-state photon polarizations,
and np is the baryon density. For nonrelativistic and non-
degenerate muons, Y7 is the same as the muon abun-
dance Y. Otherwise it includes all corrections coming from
muon degeneracy and the deviation of the true cross section
o, given in Eq. (5) from the Thomson value. Because o,
depends on w, the Rosseland average needs to be taken.
So finally

1 (3)

oT

is what we call the effective tree-level muon density for
scalars.

The loop-induced two-photon coupling provides an
additional source of opacity that is irrelevant in the deep
interior, but becomes dominant in the decoupling region.
The corresponding Primakoff scattering rate is

[l = oGy (f) (1= Y,)ng (40a)
2 2
= 3_;:2 <fs>(1 - Y,)ng2o7 (40b)

where we have also included a factor of 2 for final-state
photon polarizations relative to Eq. (10), (f) is the
Rosseland average of the screening factor of Eq. (11),
and we have used Eq. (8a) for the scalar-photon coupling.
Comparing this expression with the tree-level contribution
of Eq. (38) we may define an effective muon density
contributed by Primakoff scattering of

cdloon 207
yrew =2 S (1= Y,). (41)

While the numerical factor 2a? /37> = 3.60 x 1079 is very
small, the loop contribution still dominates in the
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FIG. 7. Effective tree-level and loop-induced muon abundan-

ces in our cold reference model for scalars and pseudoscalars
as indicated and defined in the text. The dashed red line
is the physical muon abundance Y,. The Stefan-Boltzmann
radius of this model is Rgg = 16.97 km, where the temperature
is T =17.43 MeV.

decoupling region. For our reference SN model we show

{r¢.tree {¢.loop
Y, and Y,

the radial profile of
at r = 17.71 km.

The Stefan-Boltzmann radius of this model, i.e., the
radius where the scalar optical depth should be 2/3 so that
the scalar luminosity matches L, is Rgg = 16.97 km, and
the corresponding temperature 7 = 7.43 MeV. We con-
clude that tree-level scattering somewhat dominates, but
both sources of opacity are important.

For pseudoscalars, we normalize the rates in the same
way to or, so the effective tree-level muon density is

in Fig. 7; they cross

- C,
oo (21, o

oT

We recall that for @ < m, we have o,/0r = 0*/m3, so
here the effective muon density never corresponds to the
naive one. The relationship between the two-photon and
Yukawa coupling is now given by Eq. (8), implying a larger
loop-induced contribution of

X 3\2,
Pl = <§> yirer. (43)

So for pseudoscalars, Y4" is smaller, ¥, @109 Jarger relative
to scalars and the radius of equality is now deeper inside at
r =16.50 km as seen in Fig. 7. As this radius is smaller
than Rgp, the dominant opacity source is Primakoff
scattering so that the case of pseudoscalars is practically
identical to ALPs that interact only by their two-photon
coupling.
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FIG. 8. Muonic boson luminosity in the trapping limit of the
numerical Garching models [3] compared with their instanta-
neous neutrino luminosity as a function of postbounce time. As
in Fig. 6 we use the coldest muonic model SFHo-18.8 (top
panel) and in addition the hottest one LS220-20.0 (bottom).
The boson couplings were chosen such that the boson lumi-
nosity equals L, at 1 s.

With these ingredients we finally determine the Yukawa
couplings such that the optical depth at the SB radius is 2/3
and find

gy > 0.84 x 107 (44a)

ga > 0.96 x 107# (44b)
as our nominal lower bounds from SN 1987A energy loss
that we show in our summary plot Fig. 2. If we use the
hottest SN model LS220-20.0 instead, these limits are g, >
0.56 x 107 and g, > 1.2 x 107

We now use the limiting coupling strength thus identified
at 1 s postbounce and compute the SB luminosity at 7 =
2/3 for all time shots and compare the SB luminosity with
L, in Fig. 8 for the cold and hot SN models. In contrast to
the free-streaming case, the boson luminosity here essen-
tially tracks L, because like L, it is generated in the PNS
surface region and thus governed by similar physical
conditions. The idea that one should derive a limit by a
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comparison at 1 s postbounce that was advanced as a
“modified luminosity constraint” is not particularly moti-
vated, but on the other hand, it makes little difference at
which exact time one compares the luminosities.

One can perform the same exercise without the loop-
induced Primakoff contribution and instead use only the
tree-level muon interaction. In this case we find g, >
1.1 x 10~* and g, > 6.2 x 107, significantly more restric-
tive especially for pseudoscalars where the scattering cross
section on muons is reduced by the factor w?/m? as
discussed earlier. However, these bounds do not quite
reach the 1073 level and do not exclude the Gu—2
motivated value. Moreover, one would be hard-pressed
to take these nominal bounds very seriously because they
depend on the exponentially decreasing muon abundance in
the decoupling region. The muon distribution in this region
would be strongly affected by 3D effects in a nonspheri-
cally symmetric SN simulation. Therefore, a 1D muonic
model may be a poor proxy for this situation.

Including the loop effect, the limiting coupling strength
is essentially set by the Primakoff interaction channel, so
the trapping case of our bosons is practically identical with
that of generic ALPs that interact only with photons. So we
now ignore the tree-level effect and again use the 1 s time
shot of the cold model. We thus find

G,, >2.1x107° GeV™, (45)

where G,, stands for either G, or G,,,. For the hot model

we find G,, > 3.0 x 107° GeV~'.

Based on the SB argument, Lucente et al. [49] found the
corresponding bound G,, > 7.7 x 107% GeV~!, a factor of
3.7 more restrictive. This is a significant difference because
it involves taking a square root of the limiting flux. Besides
a different SN model, sources of difference include: (i) The
Primakoff opacity that in Ref. [49] was based on the proton
abundance, ignoring small nuclear clusters. (ii) Integrating
to 7 = 2/3 at a radius that was identified as the neutrino
sphere on the basis of assumed neutrino opacities. '’

It is plausible to expect that the SN 1987A neutrino
signal will be strongly affected when the boson luminosity
is comparable to L,, but of course the exact modification
has not been shown by a detailed analysis. The latter would
require implementing boson energy transfer and losses self-
consistently in a SN simulation, a formidable task probably
not much less demanding than neutrino transport itself.

ary:

7. Volume emission vs. SB approximation

In the recent literature on SN particle bounds, the SB
procedure was critiqued and instead a “modified luminosity

"We thank the authors for explaining this procedure in a
private communication. It is somewhat different from what is
described in their Ref. [49].

constraint” was formulated for the trapping limit [6,69] and
followed in subsequent papers [49]. It was correctly noted
that physically the boson emission was not blackbody
emission from a hypothetical axiosphere (or the equivalent
for other bosons), but from an extended volume in the outer
regions of the star and it was asserted that the luminosity
thus determined exceeded the SB estimate.

For an unperturbed SN background model, the differ-
ential boson luminosity for any degree of trapping is

dL, o drw’ oy
dw _A drdzr? (27:)3 FE(a), r)(e ( .)>’ (46)

where the optical depth z(w, r) is based on the reduced
absorption rate I" and then Iy is given by Eq. (28). The
directional average of the absorption factor is

1 [+1 [
<e—r(m,r)> _ 5/ dﬂe o dsT(w,/ r2+s2+2rs;4)’ (47)

1

where y = cos# and f is the angle between the outward
radial direction and a given ray of propagation along which
ds is integrated.

So f# = 0 corresponds to the radial direction out of the
star and thus to the smallest optical depth z((r) for a boson
emitted in any direction at radius r. The quantity 7,(r) is
called 7,,gia1 0u () in Eq. (B.1) of Ref. [69] or simply z(w, r)
in Eq. (7) of Ref. [3]. So if one uses e~ ™ instead of (¢™7) as
in Ref. [3] one overestimates the luminosity in the trapping
regime by a factor of a few. In Eq. (B.4) of Ref. [69], and
propagating into Eq. (4.3) of Ref. [49], a geometrical
correction to e~" was applied where typically 7 would
actually become smaller than 7, thus implying less damp-
ing than the minimal possible amount. So the boson
luminosity must have been overestimated even more.

It is true, however, that L for any degree of trapping is
given by the volume integral Eq. (46), so when postpro-
cessing a numerical SN model, one can evaluate this
integral without reference to the SB argument and compare
L, with Ly as a function of coupling strength.

We have investigated the comparison between the
boson luminosity thus obtained with the one provided
by the SB approach and find them to agree very well if the
reduced absorption rate does not depend on w. One key
element is that in the decoupling region of the SN core the
density falls much more quickly as a function of radius
than the temperature. If the absorption rate is proportional
to the density, as in the Primakoff case, and if we express
the temperature profile as a function of optical depth, then
typically T « 7’ with the power-law index p =~ 1/4.
(Notice that the optical depth as a radial coordinate
increases from outside in.)

The SB picture does not imply that the emitted bosons
derive from a sharp geometric radius. They are emitted
from an extended region as shown, for example, in Fig. 19
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of Ref. [49], but this is not in contradiction with the SB
approach which does not imply that the emission region is a
quasi-delta function of geometric radius.

Making these arguments more precise is a somewhat
extended exercise in the physics of radiative transfer,
especially when spherical geometry is included as in
Eq. (46). Actually it is somewhat magical how the volume
integration of Eq. (46) in the trapping regime turns itself
into a quasisurface emission with all the right flux factors,
although physically this has to be the case, of course.
When the reduced absorption rate depends strongly on @
it is not clear if the Rosseland mean gives a very good
approximate description, a question that we have not yet
investigated. We defer these discussion to a dedicated
future paper.

IV. EXPLOSION ENERGY

Using the SN 1987A neutrino signal as a constraining
argument is motivated by thinking of the boson losses as an
invisible energy-loss channel. However, the loop-induced
two-photon decay allows our muonic bosons to strongly
show up in electromagnetic radiation and, depending on
parameters, can light up the material of the SN progenitor,
in the case of SN 1987A show up in the Gamma-Ray
Spectrometer on board the Solar Maximum Mission, or
contribute to the cosmic diffuse gamma-ray background
from all past SNe.

We have seen that in the trapping limit, muonic boson
decoupling is dominated by Primakoff scattering because
of the exponential decline of the muon density near the
PNS surface. Therefore, we now deal with generic scalar or
pseudoscalar ALPs in the G,,—m parameter space. The SN
1987A energy-loss argument implies the lower limit G,, 2
2 x 107 GeV~! given in Eq. (45).

From the two-photon decay rate of Eq. (17) follows,
after including the Lorentz factor, a MFP against radiative
decay of

64r E
2 —40x 101 cm
G, m

1076 GeV-'\2 (1 MeV\*/ E
><<0 GeV ) ( eV) ( ) (48)
G, m 10 MeV

This is very much less than the Hubble scale, so the decay
photons would show up in the cosmic diffuse y-ray
background. We will see in Sec. VI that at most about
10~* of an average SN energy may appear in this form, so
one would conclude that G,, must be so large, the ALPs
so strongly trapped, that the overall energy they carry
remains below this limit.

This argument, however, does not necessarily apply
because the decay can be so fast that it happens within the
surrounding matter of the progenitor star. The smallest

/lu—>2}/ =

relevant mass beyond the HB-star limit is around
0.2 MeV, extending 4,.,, to 2.5x 10" cm. Typical
core-collapse progenitors are red supergiants and as such
may have radii up to some 1000R, =6 x 103 cm,
corresponding, e.g., to the radius of the red supergiant
Betelgeuze. The progenitor of SN 1987A was the blue
supergiant Sanduleak — 69°202 with a somewhat smaller
radius of (34 1) x 102 ¢cm [70].

So for boson masses so small that they are covered by the
HB-star argument, the decays can happen beyond the
progenitor-star radius and are thus also constrained by
diffuse cosmic y rays. Therefore, there is little benefit in
making the SN constraint more precise in this mass range.
For larger masses, where the HB-star argument no longer
applies, the cosmic diffuse y rays also cease to apply and we
need to consider the energy deposition in the progenitor star
as the only relevant argument.

The outer layers of a red supergiant have a density of the
order of 1078 gcm™3, corresponding to an electron density
of around 6 x 10" cm™3. For 10 MeV y rays, the Compton
cross section is around 5 x 10726 ¢m?, leading to a MFP
against Compton scattering of around 3 x 10° cm which is
much smaller than the radius. Therefore, the entire energy
emitted in ALPs is dumped into the progenitor star and thus
becomes visible in the form of SN explosion energy and
luminosity.

The idea of using the progenitor matter surrounding the
collapsing core as a calorimeter for decay photons was
first advocated by Falk and Schramm [23] in 1978 in the
context of putative radiative neutrino decays, years before
the now-standard delayed explosion paradigm was devel-
oped. The neutron-star binding energy released in a core
collapse is 2—4 x 103 erg, whereas a typical explosion
energy is some 10°! erg, so less than 1% of the total
energy release shows up in the explosion (see also
Ref. [71] for a recent application of this criterion to the
dark photon case).

The ALP energy deposition can be reduced to this limit
only by a smaller flux through a larger G,,, causing the
decays to be yet faster and even more conservatively within
the progenitor star. To reduce the boson energy release to a
level below 1% of Eqy we require

G,, > 5.3(4.8) x 1075 GeV~'! (49)

based on the SB flux calculated on the unperturbed
reference cold (hot) model. The corresponding Yukawa
couplings are

gp > 3.6(33) x 1073 (50a)

Ga > 24(22) x 1073 (50b)
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shown in our summary plot Fig. 2. For the scalar case, this
bound excludes the g, — 2 explanation in that it is an order
of magnitude more restrictive than what is the required
value of Eq. (1).

These values were actually determined calculating the
radius at which the SB emission matches 1% of L, at
the reference time of one second, and then imposing the
optical depth to be 2/3. The SB radius in the cold (hot)
model is 42.1 (34.2) km, far beyond the neutrino sphere.
This is also the reason why the bounds from the cold and
the hot models are basically the same, as the two profiles
are significantly different only in the inner cores. We have
verified that this procedure is not sensitive to the time at
which the luminosity is calculated. This matters because
the Falk-Schramm argument refers to the time-integrated
energy deposition, not the instantaneous luminosity.

If we repeat this exercise for a less stringent requirement of
a 10% energy deposition, the SB radius for the cold (hot)
model is at 21.4 (19.6) km, closer to the neutrino sphere. The
corresponding nominal bounds on the Yukawa couplings are
gy > 0.81(0.75) x 107 and g, > 0.54(0.51) x 1073, still
excluding the scalar g, —2 explanation.

However, our nominal “1% criterion” of a typical
neutron star binding energy is very conservative because
SN explosion energies can be much smaller than the
canonical 10°! erg. The class of subluminous type II
plateau SNe, besides having small Ni masses, also have
small explosion energies even below 10°° erg [24-26].
Reconstruction of the explosion energy of SN 1054
that has led to the Crab Nebula and Pulsar reveals a
value around 100 erg or less [27,28]. Some or all of such
low-energy explosions could correspond to the lowest-
mass progenitors that evolve as electron-capture SNe
[29]. So the most restrictive Falk-Schramm constraints
will arise from core collapses with the lowest-energy
explosions.

On the other hand, our treatment is based on calculat-
ing the boson losses from specific unperturbed numerical
models. To take advantage of the lowest observed
explosion energies one should consider appropriate SN
models. More importantly, the bosons themselves will be
the dominant agents of energy transfer in the region
between the neutrino and boson sphere, so one may not
necessarily assume one can compute the boson luminos-
ity reliably from post processing an unperturbed model.
Conceivably one could develop an approximate model of
this region without solving the entire SN evolution self-
consistently, but this is a project for future research.

However, given the small amount of energy transfer to
the progenitor-star matter that is enough to violate the
explosion-energy constraint, it looks very hard to hide a
scalar with the required coupling strength to explain the
muon magnetic-moment anomaly.

V. DECAY PHOTONS FROM SN 1987A
A. SMM observations

Photons from putative radiative decays of neutrinos or
new particles emitted by SN 1987A would have been
picked up by the Gamma-Ray Spectrometer (GRS) on
board the Solar Maximum Mission (SMM) satellite that
operated 02/1980-12/1989. The GRS consisted of seven
Nal detectors surrounded on the sides by a CsI annulus and
at the back by a Csl detector plate [72]. Because the GRS
was observing the Sun, y-rays associated with the SN
1987A neutrino burst would have hit almost exactly from
the side and first had to traverse about 2.5 gcm? of
spacecraft aluminum and 11.45 gcm? of Csl shielding,
effects that are small but were included to calculate the
effective detector areas [31,32].

Neutrinos with up to 10 eV-range masses would not have
strongly dispersed the roughly 10 s SN 1987A burst and the
same applies to the hypothetical burst of decay photons. To
constrain radiative decays, Chupp et al. [31] have analysed
the three energy channels shown in Table II for 10 s after
the arrival of the first IMB neutrino at UT 7:35:41.37 on
23 February 1987 where no excess counts were found,
leading to the fluence limits shown in Table II. One key
element of this analysis was to construct and verify a time-
dependent background model because for a satellite in orbit
the background rate is not constant. For the spectrum of
decay photons it was assumed that it is flat in the lowest
channel and that it follows E, 2 for higher-energies.

If SN 1987A (distance 51.4 kpc) emitted 1 x 10°3 erg in
one species of massive neutrinos (v plus 7) with an average
energy of 15 MeV, the fluence at Earth was around
1.3 x 10" ¢cm™2, so the SMM y limits imply that less than
some 107! of them should have decayed on their way
to Earth.

While such limits may look impressive at first, what one
is really constraining is the underlying effective transition
dipole moment y, and so the decay scales as y2m; while the
relativistic Lorentz factor provides another factor m, /E,, so
we are punished with an m! phase-space factor. A similar
remark applies to ALPs where the decay rate scales as
G%,m> and in both cases theoretical models for the

ayy
effective photon coupling often introduce yet more powers

TABLE II. GRS 306 upper fluence limits for the two indicated
time intervals after the arrival of the first SN 1987A neutrino.

Energy band Gamma fluence limits [cm™2]

Channel [MeV] 10 s [31] 223.2 s [32]

1 4.1-6.4 0.9 6.11
10-25 0.4 1.48

3 25-100 0.6 1.84
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of the mass. Therefore, typically much more information is
gained from looking at processes such as the plasmon
decay y, — vv in stars [73] or the coherent Primakoff
conversion of very low-mass ALPs in astrophysical
B-fields (see Refs. [48,74] for recent discussions and
references to the earlier literature).

Motivated by the option of MeV-mass 7 neutrinos, still a
distinct possibility 30 years ago, Oberauer et al. [32] in
1993 extended this discussion to higher masses. In this case
time-of-flight dispersion extends the hypothetical y signal
to a much longer time than the original burst of low-mass
neutrinos. Therefore, these authors considered the signal up
to 232.2 s, after which the GRS went into a calibration
mode for 10 min. More data are available later until the
satellite passed through the South Atlantic radiation
anomaly and the instruments were switched off. The later
data was not used because it would have required a
dedicated background study. The fluence limits for the
232.2 s interval are shown in Table II.

B. Gamma signal from massive-particle decays

To predict the y burst from decaying particles with
masses above a few tens of eV, several new effects need to
be included. The first decays happen directly at the source,
so the first photons arrive contemporaneously with the
first (massless) neutrinos, but the signal is stretched
because, strictly speaking, the decays never stop, even
when the massive neutrinos have passed the Earth. Of
course, the first photons really come from decays outside
of the progenitor star, not immediately from the PNS
surface, so in this sense there is a brief delay for the onset
of the signal. Moreover, the laboratory-frame photon
energies are the boosted rest-frame energies and thus
depend on the rest-frame emission angle. The received
photons come from a small angle away from the line of
sight, depending on emission angle, so that the trajectory
of the parent neutrino and decay photon trace out a
triangle, implying a larger time of flight for a larger
emission angle. So for a fixed rest-frame energy of
emission, the length of the photon burst is larger for
smaller received energies. Taking all of these effects into
account, Oberauer et al. [32] derived a general expression
for the time-energy structure of the expected signal. Then
several simplifications were made: (i) The neutrino burst
of a few seconds is treated as instantaneous emission and
so we only need the fluence spectrum of parent particles
®,(E,) at Earth (units cm™> MeV™'), i.e., the time-
integrated flux passing the Earth if there were no decays.
(i1) The short period between leaving the PNS and passing
the progenitor surface is ignored, so the signal onset is a
step function at the time of the first massless neutrino.
(iii) Photons arriving within the 232.2 s interval come
from a spatial region around the source which is much
smaller than our distance to SN 1987A. (iv) We use
isotropic rest-frame emission (in Ref. [32] the neutrino

Majorana case), but also appropriate for (pseudo)scalar
bosons. (v) We include a factor of 2 for two photons per
decay. (vi) The parent particle is taken to be very
relativistic so that the range of lab-frame photon energies
is a box spectrum on the interval 0-E, if E, is the lab-
frame parent energy. In this case the expected y-ray flux
spectrum according to Eq. (18) of [32] is, later also
confirmed, e.g., in Eq. (5) of Ref. [75],

dF 2E & D, (E
ro_ 2 14 e—2Eyt/maT(, / dEu a( ll) , (51)
dEyd[ m,t, E E

7 a

where 7, is the rest-frame boson lifetime. In practice it will
be so long that we can neglect the exponential. In this
case, the time structure is flat, so the hypothetical signal
should show up as a sudden upward jump of the GRS
counting rate at the time of the neutrino burst.

To check the key assumptions explicitly, we recall that
the time-of-flight difference to travel a distance L between
a massless particle and one with mass m, is
mg

At = :
2F2

(52)

With L =3 x 10'? cm for the radius of the SN 1987A
progenitor and with our most extreme mass m, = 10 MeV
and £, = 100 MeV as a typical boson energy, one finds
At = 0.5 s. So the envelope absorption at the source cuts
off only a negligible period at the signal onset.

Conversely we may ask where those photons originate
that we see at the end of the observation period of 223.2 s.
Taking now our smallest mass of interest, m, = 0.1 MeV,
with A7 = 223.2 s we find L = 14 yr to be compared with
the distance to SN 1987A of 160,000 yr. So indeed the
detectable decays would happen within a very small
angular range around the direction of the source.

C. ALP decays

Recently the SMM data were used to constrain radiative
ALP decays, i.e., pseudoscalars that are emitted from the
SN core by their photon coupling alone [33]. These authors
considered all of the effects leading to Eq. (51), but being
unaware of Ref. [32] they derived the detection spectrum
by a Monte Carlo simulation instead of an analytical
integration. Therefore, we here briefly reconsider this case
as a mutual test of consistency.

From their Fig. 8, the lower edge of the excluded region
corresponds to

MeV
<1.75% 1071 Gev-1, [~ (53)
ma

G

ary

where the scaling with mass is stated in their Eq. (19) but
otherwise follows from their numerical analysis.
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The fluence spectrum ®,(E,) was obtained from the
time integration of a 18.0 M, SN model of the Wroclaw
group. The same model was previously used to constrain
G, from the galactic B-field conversion of very low-mass
ALPs [48], where many details of the SN model are
documented. The analytic representation for ®,(E,) pro-
vided in Ref. [33] is an excellent match to the numerical
result as shown in their Fig. 3 and corresponds to a total
number of emitted ALPs of N, = 5.26 x 103G?, where
Gyp = G,,,/107'" GeV~'. The average axion energy is
(E,) = 102.0 MeV, in agreement with typical interior
temperatures of around 30-35 MeV.

Inserting their analytic ®,(E,) into Eq. (51), ignoring
the exponential, and demanding that multiplied with
223.2 s the y-fluence in Channel 3 obeys the 3¢ limit
given in Table II of 1.84 cm™2, we find

MeV
<1.53% 1071 Gev-!, [, (54)
m

a

G

ary

similar to Eq. (53). However, the limit on G,,, involves
taking the fourth root. So in terms of the predicted photon
fluence, our bound is a factor 1.7 more restrictive, i.e., we
have a larger photon fluence by this factor. Actually they
used a slightly more restrictive fluence limit of 1.78 cm™2
instead of our 1.84 cm™2, making the discrepancy slightly
worse. We have carefully checked the derivation of
Eq. (51) but could not find any extraneous factor of 2
that might have crept in. Alternatively, a small error may
have sneaked into the Monte Carlo implementation of
Ref. [33]."

For comparison we may perform the same analysis for
our cold reference model that has similar interior temper-
atures of around 30 MeV. We find N, = 1.73 x 10% G3,
with (E,) = 89.9 MeV, providing

M
<2.0x 1071 Gev! iv. (55)

m

G

ayy

For a similar interior T our model emits a factor of 3 fewer
axions, a difference that follows from the time period of
emission. The average time of ALP emission in our model
is (t.) ~ 2 s, whereas in their model it is 6 s. The long time
it takes for their model to cool can also be seen, e.g., in
Fig. 1 of Ref. [48]. Conversely, the short time scale of our
model is probably explained by the role of PNS convection
in the muonic Garching models.

Finally the same exercise for our hot model provides
N, = 1.28 x 10°* G%, with (E,) = 136.8 MeV and almost

""We thank J. Jaeckel for a private communication, explaining
that the probable origin is insufficient resolution of the original
MC.

the same average time of emission of (z.) ~2s. The
corresponding constraint is

MeV
<124x 1071 Gev-l [ (56)
mll

G

ary

This result is most restrictive because of the large interior T
of the hot model.

The constraint on G, involves taking a fourth root
because the coupling strength enters both at production and
decay. Even though the total number of emitted axions
varies by a large factor between the models, the spread of
the limiting G, is only a factor of 1.6.

Of course, it may not be completely arbitrary which
model best represents SN 1987A. In principle one could
derive the expected neutrino signal and compare it with
the historical data. Conceivably one could discriminate
between the models. Notice that here ALP emission is but a
small perturbation because the constraint comes from ALP
decays, not from the backreaction on the PNS cooling
speed, so this comparison would be between the unper-
turbed numerical models.

D. Muonic bosons

We finally turn to our main case of interest and calculate
the fluence ®, and @, for (pseudo)scalars based on the
photo production process y + u — u + a or ¢ as a function
of the Yukawa couplings, both for our cold and hot
reference models. For future reference we provide a simple
fit function for the boson fluence in terms of a Gamma
distribution

dN 5 Eu 5 a (g, Eag
a,p -C X e ( +1)<Ea‘¢) (57)
dEa,(/) <Eu.(/1>

where (E,, ,) is the average energy of the boson fluence as
reported in Table III, « represents the amount of spectral
pinching, and C is an overall normalization. For a =2
we recover a Maxwell-Boltzmann distribution with
(E,4) = 3T. For the cold model we find these parameters

to be @ = 0.937 (2.49) and C = 6.42(3.38) x 107> MeV~!

TABLE III. Limits on the Yukawa couplings of (pseudo)scalar
muonic bosons from the Garching muonic SN models and the
SMM y-ray limits. (Notice that here we do not consider the vector
case because vectors do not decay into photons.

<Eu,¢> te  Limit on g, ,

Model Boson N, xg., [MeV] [s] x\/MeV/m,,
Cold a 148 x 107 1058 2.3 1.74x 10710
¢ 11.5x 10 678 25 1.11x 10710

Hot a 13.4x 107 1423 24 1.01x 10710
¢ 78.8x 10> 925 29 0.68 x 10710
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for the scalar (pseudoscalar) case. For the hot model we
find @ = 0.77(2.08) and C = 2.54(1.41) x 107> MeV~!.

Using the numerical fluence results to predict the
expected y fluence we finally find the constraints shown
in Table III. The cold model provides the most conservative
constraints which we use in our summary plot of Fig. 2. For
masses larger than 0.70(0.47) keV for the scalar (pseudo-
scalar) case these results are more restrictive than those
from the SN 1987A energy-loss argument.

VI. DIFFUSE GAMMA-RAY BACKGROUND
A. Redshift integral

The (pseudo)scalar boson emission from all past SNe
creates a cosmic background density in analogy to the
diffuse SN neutrino background (DSNB) [56,76-79].
Radiative decays of these particles contribute to the
diffuse cosmic y-ray background and thus can be con-
strained, an idea that probably goes back to an early
paper by Cowsik [80]. Because of the phase-space issue
discussed earlier, such arguments are not especially
powerful for low-mass particles such as ordinary neu-
trinos, but very useful for MeV-range bosons that we
consider. Recent discussions include ALPs that are
emitted by their photon coupling [34] or by processes
involving nucleons or electrons [81].

Closely following Ref. [82] we recall that the SN boson
density spectrum accumulated from all cosmic epochs
today is given by the redshift integral

n (s8]
T [Tacr EEMG. (5
where F,(E) = dN,/dE is the boson number spectrum
emitted by an average SN; the integral is the total number
N, of emitted bosons. Moreover, E, = (1 + z)E is the
blue-shifted energy at emission of the arrival energy E.
The first factor (1 4 z) is a Jacobean dE./dE = (1 + z)
between emitted and detected energy interval.

Finally n/.(z) = dn./dz is the core-collapse number per
comoving volume per redshift interval. It is usually
expressed as

ne(z) = Ree(2)7(2) (59)

where the rate-of-change of cosmic time with regard to
redshift is

dt 1
dz Ho(1+42)\/Qm(1 +2)° +Qp

r(z) = (60)

Here H, is the Hubble expansion parameter, while Qy;
and Q, are the present-day cosmic matter and dark-energy
fractions. In the usual flat ACDM cosmology Q) = 1 — Q.
In the literature one usually finds R..(z), the number of

core collapses per comoving volume per unit time
(units Mpc™3 yr~!). However, R..(z) is derived in terms
of an assumed cosmological model because observations for
a given redshift interval need to be translated to intervals of
cosmic time, so only n..(z) has direct meaning. We will use
Hy =70 kms~' Mpc™! = (13.9 Gyr)~!, Qy =0.3, and
Q, = 0.7. These are not the latest best-fit parameters, but
consistent with R..(z) that we will use.

To derive the present-day number density of decay
photons we assume that the boson mass is sufficiently
small to treat them as ultra-relativistic. In this case the
spectrum of decay photons is box-shaped on the range
0-E, where E,, is the particle energy at the instant of decay.
Moreover, in the ultra-relativistic limit the parent energy
and that of a decay photon redshift the same way, so this
condition does not depend on when the decay takes place.
However, the rate of decay at redshift z, does depend on
the cosmic epoch through the Lorentz factor

(61)

a~zip

where E_ is the parent energy at redshift zp,.

Integrating over the photon spectrum provided by the
bosons produced at redshift z, the present-day spectrum of
decay photons is found to be

dn & ® 2
= [T [Tar o) ). 6
where @, = (1 4 z)w and the factor of 2 represents two
decay photons on the interval 0-E,. The first factor 1 + z
now represents the Jacobean between the detected and
emitted photon energy—the spectrum of decay photons is
evaluated at the fixed redshift z of emission because in our
ultra-relativistic approximation the relation between energy
of parent boson and decay photons is independent of
redshift. Our result, Eq. (62), agrees with the corresponding
expression derived in Ref. [83] for the nonradiative two-
body decays of the SN relic neutrinos.

Finally we need the fraction of bosons that has decayed
between the epoch of emission at redshift z and today

FolB) = 1=exp|= [“az "] (e3)

Ta D

where E, = E (1 + zp)/(1 + z) is the energy of a boson
at the decay redshift zp if it had energy E, at emission.
Therefore, the integral can be written as

z !(zp) my m, 1
d = : 64
/() ZD Ta EZD Ez HOTa 9o (Z) ( )

Here the function of redshift
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dZD
142p)%v/Qum(1 +2p)> + Q4

(65)

%@ﬂHﬂf(

depends only on the assumed cosmological model.

For bosons that decay within a Hubble time, fp = 1.
In the opposite limit of long-lived bosons the exponential
can be expanded, so the spectrum of decay photons is

dn m o0 o 2F,(E,)
T a dz(1 ’ / dE a\Ly
do H()Ta A Z( Z)ncc(z)gD(Z) o, z E%

(66)
So we needed to replace fp(E,) = (m,/Hyz,)gp(2)/E..

B. Cosmic core-collapse rate

One central ingredient is the cosmic core-collapse rate
n..(z). The starting point is the comoving star-formation
rate p,(z) for which several groups provide results in the
form of analytic approximation functions [84—87]. Widely
used is the one of Yiiksel et al. [84] which is piecewise
linear in log z of the form

p.(2)=ho {(1 L2yt (1%) N (%) C"] U e

where py = 0.02 Mg Mpc™ yr™!, a =34, b=-03,
¢ =-3.5, B=5000, C =9, and the somewhat arbitrary
smoothing parameter is 7 = —10.

This star-formation rate is converted to a cosmic core-
collapse rate R..(z) = ke.p.(z) with the coefficient k.. =
(135 My)~! as explained in Ref. [82] and very similar to
(143 M)~ of Ref. [77]. We finally multiply with 7 (z) of
Eq. (60) to obtain n..(z) shown in Fig. 9 (top line).

A similar representation was obtained by Mathews et al.
[85] with somewhat different fit parameters, also shown in

Lookback Time

10 11 12 Gyr
T T T

N I
N [}
R

dne/dz [107 Mpc™3]
o
N

] P T B B =
0 1 2 3 4 5

Redshift z

FIG. 9. Cosmic core-collapse rate n;.(z) from top to bottom
according to (1) Yiiksel et al. [84], (2) Mathews et al. [85],
(3) Robertson et al. [86], and (4) Madau and Dickinson [87].

Fig. 9 (second line from top). Their stated uncertainty is
nearly a factor of 2, depending on redshift.

A somewhat different result and representation was
found by Robertson et al. [86] who also used slightly
different cosmological parameters. Transformed to our
reference cosmology their result is the third line from
top in Fig. 9. They also state a large uncertainty range,
comparable to that of Mathews et al. [85].

We finally consider explicitly the star-formation rate of
Madau and Dickinson [87] who provided

(1 +Z)2'7
Mpc? yr 14 [(1+z)/2.9P¢"

. 0.015 M
p*(Z) = ©

(68)

It leads to the lowest core-collapse rate in Fig. 9.

The total number of past core collapses is n. = 1.05,
0.83, 0.68, and 0.58 x 10’ Mpc‘3 in the four cases from
top to bottom. In other words, the spread between these
different cases as well as the internal uncertainties stated by
some of them roughly span a factor of 2. Indeed, one of the
goals of measuring the DSNB in the gadolinium-enhanced
Super-Kamiokande and in the forthcoming JUNO scintil-
lator detectors is to settle the overall normalization of the
cosmic star-formation rate. To represent the uncertainty
from n.. we will often express our results in terms of the
parameter

co - Mee 69
"7 107 Mpe (69)
It varies between 0.58 and 1.05 between the lowest and
highest of the cited star-formation rates, but of course a
broader range can be considered.

C. Generic limit

1. Short-lived bosons

As a first simple case we consider bosons that decay so
fast relative to the Hubble time that we can set the decay
fraction fp = 1. Moreover, to derive a first estimate of the
expected y-ray signal we assume that a fraction {, of a
typical SN energy release of Eqy = 3 x 10°? erg is emitted
in ALPs with average energy E,,. The spectrum will be
quasi-thermal, so as a rough description we model it as a
Maxwell-Boltzmann distribution of the form

2
Eswn B pyr, (70)

F,(E) =
(B =N

where E,, = 37. We actually anticipate that the detailed
energy distributions of the emitted boson has a very small
impact on the results.

The SN redshift distribution is concentrated at z = 1, so
for now we assume that all SNe occur at exactly this
redshift, i.e., n. = n.6(z — 1), leading to
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FIG. 10. The extragalactic background light (EBL) over a large
range of energies according to Ackermann er al. [88]. (Figure
reproduced with permission.).

—2w/T,
da) £ ¢ o/ T, (71)

as our prediction for the present-day cosmic y density.

To compare this diffuse y flux with the measurements
summarized in Fig. 10 we observe that in our region of
interest of 2-200 MeV the spectrum is essentially flat when
multiplied with ?, i.e., the measured flux in this range is
approximately

do
? d—y ~2x 1073 MeVem™2s~!ster™!.  (72)
w

Notice that our prediction is on the y density, whereas the
flux per solid angle shown in Fig. 10 requires a factor of the
speed of light (which is ¢ = 1 in natural units) and to be
divided by 4zster, so our prediction is translated as
d®,/dw = (dn,/dw)/4n and then is a flux per ster. So
in this form our prediction is
dd> ESN 2(T + 2w)w?
Ca Nee =5

s e 20T (73)
dV T

This is again a quasi-thermal shape with a maximum at
Omax = T(1 ++/3)/2 ~ 1.37T. Inserting this in Eq. (73),
using E,, = 37T, and the fudge factor n%° defined in Eq. (69)
we find

? do,

7T4+4V3
do |, gaESNnCCTe v

= {,n546.2 MeVem ™2 s~ ster™!.  (74)

The nice key point of this expression is that it does not
depend on the assumed 7" and that the observed spectrum is
flat in the region of interest.

Comparing this prediction with Eq. (72) we finally find
our generic limit

L 043 x 1074 /n< (75)

independently of the assumed average energy of the
emitted bosons. This result applies both to bosons emitted
near the PNS surface in the trapping limit with relatively
small energies or for those emitted from the inner core with
much larger temperatures.

One key approximation was a fixed redshift of emission
z = 1. As a next step we consider the extreme opposite case
provided by the broad redshift distribution derived from
the Dickinson and Madau (DM) star-formation rate (bottom
curve in Fig. 9) that has an average core-collapse redshift
of 1.51. The average photon energy in the earlier case was
(w) = (3/4)T = 0.75T, whereas in the DM case it hardly
changes to 0.717. The location of the maximum of
@?d®,/dw changes even less from wp,,, = T(1 +V/3)/2 =
1.366T to 1.3407. The maximum itself is 0.80 of the earlier
value, so finally we find

2 S0.54 x 1074/, (76)

Using this very different n..(z) distribution causes only a
minimal modification, much smaller than many other uncer-
tainties such as our rough representation of the observational
data. We conclude that in practice the exact core-collapse
redshift distribution is irrelevant as well as the exact spectrum
of emitted bosons. The main uncertainty derives from the
integrated core-collapse rate n.. where the published range
spans a factor of 2.

2. Long-lived bosons

For bosons that decay more slowly—and this will be the
case for some of the interesting mass ranges for muonic
bosons—we expand the decay fraction fr, and use the
predicted photon density of Eq. (66). Otherwise we can go
through the same steps where the main difference is that the
result now depends on the emission spectrum which sets
the scale for the Lorentz factor m,/E, in the decay rate.
Using the Dickinson-Madau version for the redshift dis-
tribution we find

1 —4
[ EavHo - < 0.58 x 107/ (77)

as a generic limit.

D. ALPs

To make contact with the previous literature we can
immediately apply these results to ALPs. Our cold reference
model emits a total energy in the form of ALPs of Egy, =
G3,2.5 x 10% erg [see text above Eq. (55)] and G3,2.8 x
10°° erg for the hot model [see text above Eq. (56)]. Relative to
our cosmological average SN with E,,, = 3 x 107 erg this is
a fraction of ¢, = G},0.83x 10™* and G%,9.3 x 10~
respectively. With the limit Eq. (76) for short-lived bosons
that use the Dickinson-Madau redshift distribution we find
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1\1/2
Gy < 0.81(0.24) x 10710 GeV~! <F) ., (78)
7

if all cosmic SNe emit on average as many ALPs as our
cold (hot) reference model. This bound agrees well with
Ref. [34] where G,,, < 0.5x 10710 GeV~! was stated
for m, = 5 keV.

For long-lived bosons we use instead Eq. (77) with the
same ALP fractions from the cold (hot) models. Moreover,
the decay time is

ayy

64r 1 3.02x 107 /10 keV\ 3
HOTa = HO G27T -3 = (?2 < ¢ ) . (79)
ayy Ma 10 mg

With the average energies 89.9 (136.8) MeV we then find

1/4
< 0.65(0.39) x 10~ GeV-! (Olﬂ) <i> ,

cc
m, ng

G

(80)

For the cold model and n$¢ = 0.58 these bounds are shown
in gray in Fig. 12. The short and long-lived cases cross
at m, ~ 10 keV.

E. Muonic bosons

1. Simplified estimates

We now turn to our main case of interest, muonic
(pseudo)scalars that are emitted from SN cores by the
photo production processes of Sec. V D and then of course
decay by the loop-induced two-photon coupling. The
analysis is fully analogous, except that the SN emission
now derives from photoproduction on muons. We will go
through the steps for both our cold and hot Garching
reference models as if they were an average cosmic core
collapse to obtain a generous range of possibilities. While
the main uncertainty depends on which model is taken to be
representative, we first repeat the previous study on the
impact of the n. redshift distribution as well as the detailed
boson emission spectrum.

So beginning with our simplified estimate once more we
assume n.. = n..6(z — 1) and a quasithermal boson emis-
sion separately for the cold and hot SN model. For the
short-lived case we write the analog of Eq. (73), but using
the energy release Egy = N,y X (E,4), Where the total
number of emitted bosons and their average energy are
given in Table III. Comparing with the measured flux in
Eq. (72) the limit on the Yukawa coupling is then

1 1/2 1 1/2 /f MeV \ 1/2
oy < 2.8 % 107 <?) <N ) (Ee ) . (81)
ny a,p < a,t/>>

and therefore, using the values reported in Table III, the
bounds from the cold (hot) model are

1\1/2

gp < 0.32(0.11) x 10710 (n—c> , (82a)
7
1\ 1/2

ga < 0.72(0.21) x 10710 <F> . (82b)
7

As expected they are indeed roughly two orders of
magnitude stronger than those from the SN 1987A cooling
argument.

Now we study the opposite limit of long lived bosons. In
this case, following the steps of Sec. VI C 2, the condition
on the Yukawa coupling are found to be

0.1 MeV L\VA/ 1\ /4

0.1 MeV IT\VA/ 1\ 4
9o < 0.91 x 107 (T) (N—a> <n—(7rc> . (83b)

Therefore using the N, values reported in Table III the
limits for the cold (hot) model are

1 MeV\ [ 1)/4
g < 0.34(0.21) x 10710 (076> (—) . (84a)

m¢ n7
0.1 MeV 1) /4
ga < 0.46(0.27) x 10710 <T> (n—%c> . (84b)

2. Full numerical distributions

In order to verify the quality of these simple approx-
imations, we now proceed to directly evaluate Eq. (62) in
full generality, using the numerical boson fluxes together
with the complete cosmic core-collapse rate nl.(z). To
show the maximum plausible effect we use the nl. of
Madau and Dickinson who provided a total core collapse
rate of n$® = 0.58.

In Fig. 11 we show the resulting limits for the scalar
(solid red curve) and pseudoscalar case (solid black
curve). In the same plot the dotted curves are instead
the results from the simple analytical recipe of Sec. VIE 1,
rescaled with the corresponding total number of past core
collapses n5° = 0.58. We see that the agreement in the two
opposite limits, short-lived and long-lived bosons, is
excellent, with a smooth and fast transition between the
two around m, 4 ~ 0.1 MeV.

It was already clear in the ALP case and we confirm once
more that the detailed energy distributions of the emitted
bosons as well as the exact redshift distribution of the
cosmic collapses modify the limit on the 10%-20% level.
The real uncertain parameters of interest are the total core
collapse rate n.. and the coupling-strength dependent total
energy emitted by an average cosmic SN. In our summary
plot we have used the coldest Garching model to be
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FIG. 11. Bound on the Yukawa coupling for the scalar (red
curves) and pseudoscalar (black curves) from the diffuse SN y
rays. The solid curves are obtained numerically computing
Eq. (62) for the cold SN model and the cosmic core-collapse
rate according to Madau and Dickinson [87]. The dotted curves
instead are obtained with the analytical prescription of Sec. VIE
1, normalized to a total number of past core collapses n5° = 0.58.

conservative although we are afraid that we may be taking
conservatism to extremes because the cosmic distribution
must involve a range of progenitor masses. Deriving a
plausible cosmic average of this type would be an interest-
ing exercise along the lines of what has been done for the
DSNB [79].

VII. FROM COLLIDERS TO COSMOLOGY

We now briefly comment on other bounds of interest for
the considered range of masses and couplings. In particular,
we discuss bounds from cosmology and colliders which are
relevant for the strong coupling regime in the neighborhood
of the g, — 2 inspired values.

A. Cosmology

Cosmology is a powerful tool to constrain new light
particles. In particular, they can change the cosmic
radiation density that normally consists of the cosmic
microwave background (CMB) at a present-day 7 = 2,
726 K and the cosmic neutrino background (CNB) with
T, = (4/11)' 3Ty = 1.946 K, although neutrinos today
are nonrelativistic and contribute to dark matter, not to
radiation.

The cosmic radiation density is traditionally expressed in
terms of N, the effective number of neutrino species,
defined by the CMB radiation density today [89],

7/ 4\43
Prad = 1+§ 11 Nett | PomB- (85)

The standard-model prediction is NSY = 3.045 [90-93]
where the difference from 3 derives from small deviations
from equilibrium when neutrinos freeze out. The Planck
collaboration recently reported, within the framework of
the standard ACDM cosmology, the restrictive range
Negr =299 +0.34 at 95% CL [94].

While new particles usually add to N, our case is
different and reduces it. Early on, the new bosons are in
equilibrium with muons, providing more radiation.
However, if they decay radiatively after neutrino decoupling,
they will heat the photons so that later the CNB
will yet colder than the CMB, an effect that reduces N
[21]. One additional thermal boson increases the entropy
degrees of freedom before the adiabatic disappearance of
electron-positron pairs and before boson decay to
2, + Tposon + %4e+e- = % After e e~ and boson disappear-
ance, we are left with the 2 photons, so the ratio between
them is now 4/13, instead of 4/11. To write Eq. (85) in the
traditional form we need to replace (4/11)*3N with
(4/13)*33.045 and find AN = —0.608. This large neg-
ative deviation is strongly excluded by Planck.

This powerful argument applies to bosons decaying after
neutrino freeze out, i.e., for masses m,, <2 MeV, as
shown in the upper left panel in Fig. 3 of Ref. [21]."* For
larger masses the density of the new boson is strongly
Boltzmann suppressed by the time of neutrino decoupling,
making the new degrees of freedom harmless.

Finally, one can also ask for which range of the Yukawa
coupling the above argument holds. In fact, we have
assumed the new boson to be in thermal equilibrium with
the standard model (SM) bath in the early universe, but for
small enough Yukawa couplings this will not be the case. In
order to determine the lower limit on the couplings, we can
compare the interaction rate with the Hubble expansion rate
for T ~ m,. In a radiation dominated universe the Hubble
rate 1s [30]

H(T) = 1.66\/g,(T) = (86)

MPl

where ¢, (T) are the relativistic degrees of freedom [of
O(10) for T~m,) and Mp = 1.22 x 10?2 MeV is the
Planck mass. We then determine the Yukawa coupling such
that

n;¢26¢,a|T:m}, = H(mﬂ)’ (87)

where we use the semi-Compton unpolarized cross sections
in Eq. (5) for @ = 3m,,, and the factor of two comes from
photon polarizations. We then find for the (pseudo)scalar

12See also Fig. 6 of Ref. [95], although in that case the limit
extends to slightly larger masses because the vector has three
degrees of freedom instead of one.
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case that for g, , < 2.0(2.9) x 10~ thermal equilibrium is
not reached and therefore no limits from N can be placed.
While this is not a strict limit, in this range of parameters
the SN arguments strongly dominate. Therefore CMB
bounds are particularly relevant only for the strong cou-
pling regime and for masses below 2 MeV.

For very small couplings, other interesting cosmological
bounds come from BBN and CMB spectral distortions
[21,96]. However, for the masses and lifetime of interest for
our y-ray constraints, these cosmological bounds are
strongly model dependent, e.g., on the assumed temper-
ature in the dark sector and the reheating temperature of the
universe. Of course also the CMB bound from N ¢ may be
easily circumvented, for example with the addition of new
light degrees of freedom increasing Ng.

B. Colliders

For masses above 1-10 MeV, muonphilic particles can
also be efficiently probed at colliders [97,98]. In particular,
electron beam-dump experiments, such as the SLAC E137
experiment [99] or the planned Jefferson Lab BDX [100]
experiment provide an excellent source of secondary
muons, which can then be used to look for muonic
(pseudo)scalars. Some other experimental prospects
include the proposed CERN Gamma Factory [101],
extremely efficient to look for couplings to photons, or
the MUonE experiment which aims to study the scattering
of high-energy muons on atomic electrons of a low-Z target
[102,103].

The typical setup of an electron beam dump experiment
searching for muonic scalar particles is the following.

The primary electron beam impinges on the fixed target
through a tertiary process involving secondary muons. The
muons then propagate in the target and radiatively emit
the (pseudo)scalar particles. Then, for the masses of interest
for us (my , < m,), the produced bosons will decay into a
photon pair, which will be measured by a detector placed
behind the beam-dump.

Following Ref. [97] the bound from E137 for muonic
scalars reads 9y < 8 x 107 at my = 20 MeV, which is the
lowest mass displayed in the plot. This means (extrapo-
lating to lower masses) that for m, 2 10 MeV beam dump
experiments exclude the scalar explanation for the g, — 2
anomaly. It appears that a similar study for pseudoscalars is
missing from the literature.

Together the cosmological and collider bounds exclude
the muon-magnetic moment explanation by a scalar
muonic boson everywhere except in the approximate mass
range 2—-10 MeV. In this mass range SN arguments are
unique. If we trust the Falk-Schramm argument, also in this
remaining mass range, there is no muonic-boson explan-
ation available.

VIII. AXIONLIKE PARTICLES

The dominance of the effective two-photon vertex in
many of our arguments implies that our results are often
similar to those of generic axionlike particles (ALPs) that
by definition couple only to photons. Throughout our
discussion we have compared and cross-referenced our
results to earlier works on ALPs wherever appropriate.
Therefore, here we summarize only briefly our results
if interpreted in terms of ALPs. The limiting coupling

TABLE IV. Summary of our limits on muonic bosons and ALPs. We list the bounds when using only the tree-level coupling to muons
or also including the two-photon coupling (full). As in the main text we show the result from the cold SN reference model and then in

parenthesis those from the hot one. The parameter n%°

is the total cosmic core-collapse density in units of 107 Mpc™ as defined in

Eq. (69). The HB-star bounds are from Refs. [18,20], whereas all SN bounds were derived here.

Pseudoscalars (g,)
Tree

Scalars (g,)

Full Tree

Vectors (g;)
Full Tree

ALPs (G,,,)
[GeV~']

Trapping regime, lower limits on coupling strength
e Explosion energy
0.24(0.22) x 1072
* SN 1987A energy loss
6.2(2.9) x 107 0.96(1.2) x 10~* 0.11(0.59) x 107*
Free-streaming regime, upper limits on coupling strength
* SN 1987A energy loss
3.5(9.1) x 107 Same
* SN 1987A, y rays, x,/0.1 MeV/m,,
5.5(3.2) x 10-‘0 x
e All past SNe, y rays, short-lived bosons, x(1/n$)!/?
0.72(0.21) x 10710
o All past SNe, y rays, long-lived bosons, x(0.1 MeV/m, ;) x
0.46(0.27) x 10710
HB stars in globular clusters, upper limits (ma ¢, < 200 keV)
3.1 x 107

1.2(2.7) x 107

0.36(0.33) x 1072 5.3(4.8) x 107

0.84(0.56) x 10™*  0.74(0.41) x 10™*  2.1(3.0) x 107°

Same 27(1.22) x 102 7.5(3.4) x 107

3.5(2.2) x 10710 6.3(3.9) x 107!

0.32(0.11) x 10710 0.81(0.24) x 10710

x (1/m5)

0.34(0.21) x 1071 0.65(0.39) x 1011

4.6 x 107° 6.7 x 107!
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FIG. 12. Constraints on the ALP-photon coupling G, as a
function of mass in analogy to Fig. 2. Here we also add the limits
from beam dump experiments following Ref. [104] to highlight
that the explosion energy criterion completely closes the “cos-

mological triangle” [105].

strengths are given in our summary Table IV along the ones
for muonic (pseudo)scalars.

We summarize the ALP constraints in Fig. 12 in full
analogy to Fig. 2. In the strong-interaction (trapping)
regime, the bounds are practically the same as those for
muonic pseudoscalars except for rescaling the vertical axis
to G, because the pseudoscalar opacity in the decoupling
region is dominated by Primakoff scattering.

An important consequence pertains to the so-called
“cosmological triangle,” which is the indicated region in
Fig. 12 that is delineated by the HB bound, the trapping-
regime SN 1987A neutrino limit, and beam-dump con-
straints [104,106]. Hitherto this range was only accessible
to model-dependent cosmological arguments [21,107] and
very recently the possibility of exploring it with future
experiments was discussed [105]. However, we see from
Fig. 12 that the explosion-energy argument already covers
this part of the parameter space.

In the feeble-interaction (free-streaming) regime, the
differences to muonic pseudoscalars are more pronounced
because ALPs are produced by Primakoff scattering,
whereas muonic bosons emerge from photo production
on muons. The relative importance for muonic pseudosca-
lars can be gleaned from Fig. 7 where we show an effective
muon abundance that is equivalent to Primakoff scattering.
In the crucial region (in Fig. 7 around a radius of 10 km),
the Primakoff emission is smaller by around four orders of
magnitude.

The relatively inefficient ALP production in a SN core
implies that in the feeble-interaction regime other con-
straints, such as the one from HB stars, are relatively more
important. The diffuse cosmic y-ray limit no longer plays a
significant role relative to the absence of y rays from
SN 1987A.

This constraint as a function of mass, derived from our
cold reference model, is provided in Eq. (55). On the 10%
level it agrees with the often-cited one of Ref. [33] that we
provide explicitly in Eq. (53). This surprising similarity
actually results from compensating differences. Our cold
reference model has a similar temperature, yet our ALP
fluence is a factor of 3 smaller. In the Garching models,
PNS convection speeds up cooling significantly. On the
other hand, based on the given ALP fluence of Ref. [33] we
find almost twice their y fluence, probably due to insuffi-
cient Monte Carlo resolution. This example also illustrates
that it is always hard to reduce uncertainties of such
astrophysical information to the precision level because
of various sorts of systematic effects that can both com-
pensate or add up.

IX. DISCUSSION AND SUMMARY

The persisting muon magnetic-moment anomaly has
motivated us to study astrophysical bounds on putative
muon-philic bosons (muonic bosons for short) that we
assume have no other tree-level interactions. Cosmology
and experiments tend to leave open a range of intermediate
masses broadly in the MeV range, where SN physics can
provide complementary information, in particular because
of the recent emergence of muonic SN models. Our main
innovation compared with similar recent works is to
include systematically the generic two-photon interaction
caused by a muon loop. It allows both for Primakoff
production and absorption as well as two-photon decays,
effects that dominate the SN arguments.

We have noted that for pseudoscalars the triangle loop
crucially depends on whether the tree-level interaction has
pseudoscalar or derivative axial-vector structure, two cases
that are often presented as if they were equivalent. In
analogy to axions we have focused on the pseudoscalar
structure, so for both scalars and pseudoscalars all inter-
actions are governed by dimensionless Yukawa couplings
9p.a- We summarize our mass-dependent constraints on
these in Fig. 2 and Table IV.

Some of our arguments depend on the two-photon
coupling alone, notably for pseudoscalars in the trapping
regime. In this situation the phenomenology is equivalent to
that of generic ALPs, particles with only two-photon
interactions. In these cases our results are complementary
to those from the earlier literature. Our limits on ALPs are
also summarized in Table IV and in Fig. 12. It is noteworthy
that our constraints also cover the often-discussed “cos-
mological triangle” of parameters, at least if our explosion-
energy argument is taken at face value.
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We have extensively used muonic SN models of the
Garching group as well as detailed redshift distributions of
the cosmic core-collapse rate. While these detailed studies
are quite illuminating, the final results tend to be more
generic and mostly depend on a few global properties rather
than fine points of specific models.

One case in point is the constraint from the cosmic diffuse
y-ray background. It depends on the integrated core-collapse
rate n.. as well as on the total amount of boson energy
E\(9a,) emitted by an average SN. On the other hand,
it is surprisingly independent of the core-collapse redshift
distribution and of the emitted boson spectrum. Forthcoming
DSNB measurements may improve n. determinations,
but the interpretation depends on the predicted average
SN neutrino flux spectrum. It could be interesting to develop
simultaneous average-SN predictions for new particles
emitted from the inner core together with neutrino fluxes.

The SN 1987A constraint from the absence of a y-ray
excess in the SMM satellite depends on the predicted boson
flux for this particular core collapse. Earlier ALP bounds
based on a Wroclaw SN model used a 3-fold larger boson
flux than provided by our cold Garching model despite
similar internal temperatures, but very different cooling
times. This example illustrates just how useful it would be
to investigate if the SN 1987A neutrino signal can actually
discriminate between such models.

The usual SN 1987A energy-loss argument uses the
modification of the measured neutrino signal as a con-
straining observation. Once more it would be revealing to
compare the signal modifications from self-consistent
models with the actual data. The argument is often used
as a back-of-the-envelope estimate formulated by one of us
a long time ago based on early numerical studies. A self-
consistent modern treatment, e.g., for the specific case of
ALPs could clarify, for example, the role of PNS con-
vection on the signal properties. For muonic bosons, this is
not the most constraining argument and so of lesser direct
interest.

The discussion is more involved when the bosons
interact so strongly that like neutrinos they are trapped.
They would contribute to radiative energy transfer within
the SN, they can transfer energy to regions outside the SN
core, and carry away significant amounts of energy at the
expense of neutrinos and the expense of the SN 1987A
signal. Based on unperturbed numerical models we have
unsurprisingly found that the boson luminosity tracks L,
for many seconds after core bounce, in contrast to the free-
streaming case where the bosons are created deep inside
and become important only when the core has heated up.
So it is quite straightforward to determine the coupling
strength where the bosons compete with neutrinos in the
decoupling region, but the exact impact on the SN 1987A
neutrino signal is less obvious. Still, the limiting coupling
strength is easy to determine and does not depend on the
exact SN model.

We have also commented on a conceptual confusion in
the recent literature about boson emission in the trapping
limit. We have used the traditional picture of thermal
emission from a boson sphere according to the Stefan-
Boltzmann law. In principle, it is more accurate to calculate
the losses as volume emission with reabsorption effects
included, but of course makes sense only if the volume
integration is geometrically consistent. Of course, either
approach is approximate if used on a fixed SN model
without feedback. In this case we have explicitly checked
that in simple examples the volume integration and Stefan-
Boltzmann approach are equivalent as they must be. The
transition from one to the other actually is an entertaining
exercise in the physics of radiative transfer that we leave to
a future paper.

In the present case, however, a more crucial question is the
efficiency of energy transfer to the material of the progenitor
star through radiative decays of bosons emitted in the
trapping limit. The decay is so fast that excessive energy
deposition of less than 1% of the total available energy can
be avoided only if the boson production is suppressed by a
sufficiently strong interaction, pushing boson emission far
beyond the neutrino sphere. This effect is crucial to constrain
the coupling strength of scalars that could explain the g, — 2
anomaly and to cover the cosmological triangle for ALPs.
On the other hand in this case it is least justified to use an
unperturbed SN model to estimate this effect. Therefore, the
original question if the coupling strength of around g, ~
1073 is actually excluded in the few-MeV mass range is the
most difficult to answer with full confidence.

It may not be necessary to perform fully self-consistent
SN simulations—it may be enough to study analytic
models of the radiating atmosphere to understand boson
decoupling in this situation where the self-consistent
atmosphere is governed by boson energy transfer itself.
This too would be a project for future research.

Besides the specific constraints derived in our paper, the
study of muonic bosons in SN physics has opened a
number of practical and conceptual questions that perhaps
will also inspire others to follow them up.
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