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1 Introduction

New scalars that are uncharged under the Standard Model (SM) gauge group and have
sub-GeV masses arise in a variety of beyond Standard Model (BSM) scenarios. They can
act as mediators of interactions between dark matter and the SM [1, 2] or be dark matter
themselves [3, 4], they could play a role in the generation of neutrino masses [5], and they
might even solve the electroweak hierarchy problem [6, 7]. The only renormalisable couplings
that such a scalar, which we denote ¢, can have to the SM involve a Higgs-portal. The
corresponding interaction terms in the Lagrangian are proportional to HTH, where H is the
SM Higgs field. As a result, it is natural to consider theories in which ¢ mixes with the Higgs,
which leads to interactions between ¢ and the elementary SM fermions f of the form

sine%gbff, (1.1)



where my is the fermion’s mass, v is Higgs’ vacuum expectation value, and 6 is the mixing
angle (the resulting coupling strength of ¢ with nucleons N is approximately 8 x 10~ sin ,
which is much smaller than sin @ my /v due to the QCD contribution to nucleons’ masses).
Meanwhile, more complicated theories can involve scalars that have couplings similar to
eq. (1.1) but only to leptons or nucleons (particular realisations can be found in e.g. ref. [8]).
For example, “leptophilic” scalars often appear as mediators in models relevant to direct
detection searches for low mass dark matter [9, 10]. Scalars with interactions of the general
form of eq. (1.1) are an important target of the extensive experimental programme searching
for new light particles including the planned experiment SHiP [11].

Observations of stars lead to strong bounds on the couplings of low-mass BSM particles to
the SM [12-20]. In particular, agreement between theoretical predictions of stellar evolution
and that inferred from observations would be disrupted by the existence of a new light
degree of freedom that is sufficiently strongly coupled to the SM since this provides an
additional energy loss or transport channel. A given type of star only constrains BSM
particles with masses small enough that they can be produced inside the star. Consequently,
for new particles with masses greater than approximately 100 keV (somewhat larger than the
temperature in the cores of horizontal branch stars and red-giants) kilonovae and supernovae
are the only relevant systems. Specifically, core-collapse supernovae are among the most
extreme known physical processes with typical temperatures and densities in their cores
exceeding 10 MeV and 10'3 g/ cm® respectively. These conditions are ideal for the copious
production of BSM particles with masses up to approximately 100 MeV. Even for small
couplings to the SM, such particles could dramatically affect the dynamics of a supernova,
especially because energy loss from the supernova by SM processes is inefficient.

In this paper we reanalyse the supernova constraints on CP-even scalars, with the aim
of obtaining limits that are as robust as possible and with a detailed understanding of the
remaining uncertainties. This is worthwhile because observations of SN 1987A exclude a
sizable region of the parameter space of such scalars that is both otherwise unconstrained and
relevant for well-motivated theories, e.g. in which the scalar is a mediator to dark matter [2].
We primarily present our analysis in terms of the Higgs-mixed pattern of couplings of eq. (1.1).
However, after straightforward adaptations, we also obtain limits on scalars that couple only
to nucleons. Additionally, we give results for low mass scalars, mg < 10 MeV, that couple
only to leptons, leaving the case of heavier leptophilic scalars for future work.

For scalars with relatively small mass, my < 10 MeV, we obtain limits by considering
production by resonant mixing with the in-medium longitudinal photon. Provided the plasma
frequency w, > mg there is always a frequency at which such a resonance occurs. As we
will see, the resulting rate at which ¢ particles are produced is independent of the sizable
uncertainties on the NN — NN ¢ cross section that would otherwise plague the Higgs-mixed
and nucleophilic cases.

Meanwhile, for my > w), the mixing of the scalar and the photon is negligible and, for
the Higgs-mixed and nucleophilic cases, it is expected that ¢ is dominantly produced directly
by nucleon bremsstrahlung. The rate at which this occurs can be estimated in various ways.
For the similar case of axions, the one-pion-exchange (OPE) approximation [21] has often
been used [22, 23], however this misses potentially important effects, e.g. due to two pion



exchange. Instead of the OPE approximation, ref. [24] made use of soft theorems to relate
the axion emission rate to experimental nucleon-nucleon scattering data and this resulted
in an order of magnitude reduction in the emissivity. Similarly, in ref. [25] the OPE rate
was corrected by various phenomenological factors to account for higher order scattering
effects, and ref. [26] studied corrections to the OPE approximation in detail leading to results
comparable to those obtained from the soft approximation. Analogous studies have been
carried out for the case of dark photon production in supernovae, see e.g. ref. [27]. Given this,
we choose to calculate ¢’s production rate using the soft approximation since we expect this
to lead to conservative results. We also take into account the effect of nucleon degeneracy on
bremsstrahlung production in the supernova. Despite a priori being potentially important
because the nucleons are partially degenerate in the core, this turns out to only have a
minor effect on our final constraints.

Previous work studying supernova bounds on scalars includes the early work of ref. [28]
(related analysis of a saxion has also been carried out [29]). More recently, refs. [1, 30] obtained
constraints using the OPE approximation. These bounds were reanalysed in [31], which
pointed out an important cancellation in the OPE approximation that means that emission
of the scalar from the internal pion propagator dominates for scalars with small masses.
Subsequently [32] again used the OPE but studied the impact of decay and reabsorption
in detail and analysed the impact of different supernova profiles. Meanwhile, resonant
production of new light particles was first proposed in the context of dark photons [33],
revised in refs. [34, 35], and applied to supernovae in [36, 37]. Resonant production of scalars
in horizontal branch stars and red-giants was analysed in [37], see also [38, 39]. Similar
plasma mixing effects have also been considered in other contexts involving new light particles,
e.g. [40-44]. Recently, ref. [45] studied finite temperature and density corrections to axion
production in supernovae, and corrections to the OPE approximation, using the real-time
formalism which we also employ.

The remainder of our work is structured as follows. In section 2 we summarise the
current understanding of the relevant supernova physics, how observations of SN 1987A lead
to constraints on BSM particles, and the reference supernova model that we use; although
this material is mostly standard it is crucial for accurately interpreting our final constraints.
In section 3 we calculate the production rate of scalars in the supernova environment from
resonant and soft emission. In section 4 we analyse the effects of reabsorption and decays of
the scalars within a supernova. We present our results for Higgs-mixed, nucleophilic, and
leptophilic scalars in section 5, and we discuss our work and possible extensions in section 6.
Further details are provided in appendices.

2 Supernovae

2.1 Raffelt criterion

Identifying the observational implications of BSM particles for the evolution of a supernova core
and the aftermath of the explosion is not straightforward. Almost all existing observational
data on supernovae comes from the electromagnetic radiation of the supernovae ejecta and
remnants. The properties of this radiation are related to the evolution of the supernova core,



and therefore also to the effects of BSM particles produced in the core, only in an indirect
way subject to many modelling uncertainties. One notable exception is SN 1987A — a type
IT supernova in the Large Magellanic Cloud — the neutrino signal from which was detected
by multiple observatories [46-48]. Contrary to the electromagnetic signal, the neutrino signal
allows the supernova core to be studied directly, because neutrinos that are emitted from
the core travel through the outer layers of the star unimpeded.

An important feature of the neutrino signal from SN 1987A is its duration of roughly
10, which is in agreement with the most established theory for the core-collapse supernova
explosion, involving the so-called delayed neutrino mechanism [49]. In this, the stalled
supernova shock is revived by neutrino energy deposition within a second after the core
bounce, thus drastically diminishing the subsequent infall of matter onto the core and
potentially preventing it from collapsing into a black hole. Instead, there can remain a
new-born protoneutron star (PNS) that then gradually cools down by emitting neutrinos
with energies of order 10 MeV from its surface over a timescale of order 10s. It has been
argued that the spectrum and duration of the observed neutrino burst from SN 1987A is
consistent with a neutrino-driven explosion [50, 51].

If the observed neutrino burst is indeed explained by the cooling of the PNS, this signal can
be used to put constraints on hypothetical very weakly interacting BSM particles [17, 19, 52].
Such particles can carry away energy similarly to neutrinos, contributing to an additional
cooling of the star and therefore shortening the neutrino burst. A simple and intuitive
criterion has been proposed: new particles cannot carry away more energy than neutrinos
do. The total energy emitted in neutrinos can be estimated from both the observed neutrino
signal and simulations to be approximately (2 — 3) x 1053 erg. This leads to an upper bound
on the average luminosity of the protoneutron star in BSM particles of

Lesm < (2 3) x 10°2 erg/s, (2.1)

which is known as the Raffelt bound (for definiteness, our subsequent results are obtained
for 3 x 102 erg/s; we find that the uncertainty from eq. (2.1) is small compared to other
sources of uncertainties).

The Raffelt bound leads to strong constraints on the couplings of BSM particles to the
SM. These are particularly stringent because sufficiently weakly coupled BSM particles can
free-stream directly out of the whole interior of the PNS whereas, famously, neutrinos are
trapped and thus emitted solely from the surface. Even BSM particles with tiny couplings to
the SM would therefore drain energy much more efficiently than neutrinos. Increasing the
coupling of a BSM particle to the SM leads, at some point, to a decrease in its luminosity
Lysm due to trapping as bulk emission gradually gives way to surface emission [53].} As a
result, eq. (2.1) is satisfied again for sufficiently strong couplings and the constraints from
SN 1987A cover only a band in the coupling-mass parameter space of a given candidate
BSM particle. Couplings corresponding to the lower region of such a band (and smaller)

'In specific cases [54, 55, it was found that the emission of BSM particles in the trapping regime does not
exactly correspond to the surface emission, but is rather dominated by an extended shell that gets farther
from the centre of the PNS when the coupling is increased; moreover, it was found that the overall emission
does not always follow the Stefan-Boltzmann law [54, 56].



lead to the free-streaming regime while those corresponding to the upper part (and larger)
lead to the trapping regime.

Due to the complexity of the physics involved, a reliable modelling of the supernova
explosion, including the PNS cooling phase, requires numerical simulations. Such a numerical
approach is therefore also needed to verify the Raffelt criterion. Early support for this
criterion was provided by the spherically symmetric simulations of refs. [57-59]. However,
these were performed assuming that the stalled supernova shock is indeed successfully revived
by neutrinos, which required the energy deposition by neutrinos into the stalled shock to
be artificially increased (this modification seems essential to model spherically symmetric
neutrino-driven supernovae). As a result, such simulations are not self-consistent, which casts
doubt on the strength of evidence they provide for the Raffelt criterion [60]. Additionally, a
recent extensive study [61] has questioned whether the observed neutrino signal is consistent
with the predictions of the standard neutrino-driven core-collapse supernova models. In
particular, this reference argued that the late-time events observed in K-II and BUST (Baksan)
detectors are difficult to reconcile with modern spherically symmetric simulations. A possible
solution to the need for artificial shock revival has been found in 3-dimensional simulations: it
turns out that relaxing the constraint of spherical symmetry allows this to occur naturally [62—
65]. It has been hypothesized that going to 3 dimensions can also help to account for the
observed late-time neutrino events, which might be associated with late-time asymmetric
accretion onto the PNS [61]. However, as yet no such self-consistent 3-dimensional simulations
have been performed including additional energy loss due to BSM particles.

There are additional uncertainties in the trapping regime. In this case, the reabsorption
of BSM particles contributes to energy transfer within the PNS, and the effect of this on
the evolution of the PNS and the neutrino signal is hard to predict analytically and even
numerically. In particular, essentially 3-dimensional processes such as PNS convection and
accretion onto the PNS that play an important role for neutrino emission are likely to be
affected by the additional energy transport. Moreover, the reabsorption of BSM particles
could influence the earlier stages of the supernova such as the core-collapse phase, potentially
modifying the input for simulations of the PNS evolution. Early spherically symmetric
numerical simulations [53] suggest that in the trapping regime the neutrino signal is indeed
shortened if the BSM particle luminosity from the PNS is sufficiently large, but a detailed
3-dimensional study is currently lacking.

It is also important to note that there has been a recent reanalysis of the Raffelt
criterion [60], which argued that SN 1987A could have been ignited by the so-called collapse-
induced thermonuclear explosion (CITE) mechanism [66-72] instead of the delayed neutrino
mechanism. CITE would lead to the formation of a black hole, and the later (¢ 2 45s) part
of the neutrino signal could originate from an accretion disk formed shortly after this. The
neutrino luminosity of such an accretion disk would not be strongly affected by BSM particle
emission, dramatically weakening the resulting constraints [60]. Interestingly, the CITE
scenario could explain both the above-mentioned “anomalous” late-time neutrino events as
well as the gap observed in the neutrino signal after the initial ¢ ~ 2s burst. On the other
hand, the existing (limited) literature suggests that CITE ignition requires a very special
choice of supernova progenitor, with tuned initial density and composition profiles that do
not arise naturally in self-consistent stellar evolution codes [73]. Still, it is known that the



progenitor star of SN 1987A had unusual features that have resisted robust explanation
within stellar evolution models for decades [74-76]; as such, it is not clear whether the main
argument against CITE is applicable in this particular case. Fortunately, the debate might
be resolved by upcoming observations of the SN 1987A remnant, since an observation of the
neutron star would rule CITE out. Although as yet there is no evidence for a neutron star, it
has recently been argued that the observed features of the remnant are consistent with the
neutron star hypothesis [77, 78] raising hope of a decisive future observation.

In our present study we adopt the working hypothesis that the delayed neutrino mechanism
is the correct description of SN 1987A and impose the Raffelt criterion. We stress that if
the tuned progenitors required for CITE are found to arise in the case of the SN 1987A
progenitor or a black hole is found within the remnant our results would be greatly affected.
We also neglect the uncertainties associated to BSM energy transport in the trapping regime
and simply assume that any energy drained from the PNS due to BSM particle emission
shortens the neutrino signal. Specifically, we base our constraints on the amount of energy
emitted in BSM particles from the main neutrino-producing region given by the radii r < R,,
where R, is the neutrinosphere radius.

2.2 Reference supernova model

To calculate the rate of BSM particle production and apply the Raffelt bound of eq. (2.1),
we need a reference model for SN 1987A. Given the above discussion, this has to be based on
the delayed neutrino mechanism and ideally would be 3-dimensional and lead to an explosion.
However, despite their sophistication and successes, existing 3-dimensional models are still in
their infancy in regard to including all possibly relevant physical effects; no simulation fully
takes into account potentially important factors such as magnetic fields, rotation, shell mixing,
convective core overshooting [79], and progenitor binarity. Moreover, it is hard to compare
these simulations to observations due to current large uncertainties especially on the progenitor
properties [80, 81]. Given this, for our purposes it is reasonable to consider a simplified,
spherically symmetric, supernova model. In particular, we use the model of ref. [82], which was
computed with the spherically-symmetric PROMETHEUS-VERTEX simulations [83, 84]. This
implements the Lattimer-Swesty equation of state [85] with a symmetry energy of 29.3 MeV
for nuclear matter, and we assume the value for the bulk incompressibility modulus is 180 MeV.
The resulting profiles of the relevant physical quantities and the neutrinosphere radii are
available from the Garching Core-Collapse Supernova Archive [86] (see also appendix G
for details of the profiles).

The progenitor for SN 1987A is known to have been a star with a mass around 20 M, [87—
89], however, as mentioned, its exact nature is not fully understood [74-76]. As a rough
estimate of the uncertainty associated to the progenitor, as well as to the profiles themselves,
we consider four sets of profiles corresponding to progenitors with the masses of 15 Mg,
17.8 Mg, 20 Mg and 25 Mg, (with PNS masses at shock revival of 1.5 Mg, 1.6 Mg, 1.5 Mg
and 1.9 Mg, respectively), where the first progenitor is from ref. [90] and the other three are
from ref. [91]. We extract the profiles and the neutrinosphere radii at the moment of the
supposed shock revival, i.e. at the very end of the accretion phase when the PNS cooling phase
begins. In this way, our results are not affected by the artificial shock revival mechanism or



the fact that spherically symmetric profiles are likely to be unreliable after the shock revival
(since the subsequent evolution is expected to be fundamentally 3-dimensional [64]). The
error introduced by applying the Raffelt bound to the luminosity at the beginning of the
cooling phase rather than to the average luminosity during the first seconds of cooling is
expected to be minor, at most of order of the uncertainty already present in eq. (2.1) and
smaller than that from the choice of a progenitor (this is indeed the case if the symmetric
profiles are assumed to be accurate after revival).

3 Production

It can be shown [92] that the production rate, I'pioq(k), of a weakly interacting real scalar
particle ¢ with a 4-momentum K = (w, k) satisfying w? = k? + mi from a medium in
thermal equilibrium is given by

Coroa(k) = Fo(k) = g (w,k) + O(g}), (3.1)

where Fy(k) is the phase space density of the scalars, and g is the coupling between the
scalar and the particles f in the medium. The Wightman function 7<(w, k) is defined by

< (w, k) = / e K (J(0)F(2))s . (3.2)

where the subscript 5 denotes a thermal average (i.e. expectation value with respect to
the SM bath density matrix) and J is the current that couples to the scalar field. In the
theories we consider

J=3g/f1, (3.3)
f

with the sum running over all fermions f that couple to the scalar, each with a strength gf.Q
An outline of the derivation of eq. (3.1) is provided in appendix A. To evaluate the two-point
function 7< we turn to the real-time formalism of thermal field theory, an introduction to
which can be found in refs. [93-95].

As in the imaginary-time formalism, in the real-time formalism the thermal distribution
e=BH ig formally interpreted as a time evolution operator. However, unlike the imaginary-time
formalism, in which the path that time takes through the complex plane is parallel to the
imaginary axis, the real-time formalism involves a complex time contour that includes the
entire real axis. As a result, the real-time formalism allows correlation functions of operators
inserted at different real times to be calculated without the need for analytic continuation.
The requirement that the end points of the time contour, ¢; and ty, satisfy ¢ty = t; — i3
leads us to the Schwinger-Keldysh time contour, where time proceeds forwards from the
past into the future before dropping below the real axis by Im At = —o to double back on
itself, and finally moving down a distance  — o into imaginary-time (we take the convention
o = 0). This leads to the concept of contour-ordering, denoted (...)., which generalises
the usual time-ordering. It can be shown that the parts of the time contour parallel to the

?Note that due to PT-invariance of the interactions the Wightman function, eq. (3.2), is real.



imaginary axis factor out of the partition function, and so only the parts parallel to the real
axis need to be kept track of when calculating correlation functions. Therefore, operators
are categorized based on whether they are inserted on the time contour above the real axis,
labelled by an index 1, or on the time contour below the real axis, labelled by an index 2.
This leads to a propagator that is a 2 x 2 matrix

_ ((D191)c (P192)c
D= <<¢2¢1>c <¢2¢2>c> ' (3.4)

Vertex factors also carry labels to specify whether they are interactions between type-1 fields
or type-2 fields (a 3-point vertex now has 23 = 8 possible index structures).

We can then simply relate the relevant Wightman function to a component of the scalar
field’s self-energy in the real-time formalism of thermal field theory as 7<(w, k) = —im!'%(w, k)
(the factor of —i appears as usual in a relation between a self-energy and a current correlator).
This is because fields on the second contour always come after fields on the first contour in
the contour ordering prescription, meaning that the 12-component of the self-energy leads
to the required ordering of operators in eq. (3.2) [95]. Actually calculating the self-energy
is complicated by the fact that the real-time propagator is a 2 x 2 matrix. This motivates
the question of whether we can transform our field basis

¢a o ¢1
<¢>b> =v <¢2> ’ (3:5)

such that the propagator matrix D simplifies. It is possible to make the propagator
diagonal [96], however we choose an alternative field basis known as the R/A basis where

DAA = DRE — (). This basis still enjoys many of

the propagator becomes off-diagonal, i.e.
the advantages of a diagonal basis while also having particularly simple vertex factors and
cutting rules [97]. Due to the existence of a spectral representation of the self-energies [98],
the real and imaginary parts of the various components of the self-energies in different bases
can be related to one another. For example, we have in'?(w, k) = 2ng(w)Im[r?4(w, k)]
(formally only valid for w > 0) [97], which allows us to rewrite the production rate in terms
of a quantity in the R/A basis as
Tprod(w) = —an(w)Im[TrRA(w)] , (3.6)
where np(w) is the usual Bose occupation factor. Here and in what follows we drop the
dependence on k from the production rate and the self-energy, since the medium is isotropic
on the scales associated with the inter-particle interactions responsible for BSM particle
production and so there is no dependence on the direction of the 3-momentum.?
We would now like to understand the different physical contributions to the self-energy
7f4(w) and therefore T'proq(w). There is of course the one-particle-irreducible (1PI) contri-
bution. However, there are also contributions that are not 1PI, due to the scalar having a

medium-induced mixing with a collective excitation of the plasma known as the “longitudinal

30ur supernova model does not include magnetic fields, which would lead to anisotropies that might affect
the thermal field theory calculation [44].



photon” or “plasmon”. The background medium explicitly breaks Lorentz invariance by
picking out a preferred frame where the medium is at rest. This allows the photon to acquire a
longitudinal polarization state, which has the same quantum numbers as the scalar permitting
the two to mix.? These two contributions can be represented diagrammatically as

or in terms of 1PI self-energies as

—irfi = i 4 (it ) D2 (—inf ) + O(g) (3.8)

with D.,, corresponding to the double wavy line in eq. (3.7), being the full resummed thermal
photon propagator; note that although we draw external legs for self-energy diagrams they
are as usual assumed to be amputated. We refer to Hf;(f as the 1PI self-energy, and to
Hg,;“ as the 1PI mixing self-energy. In the R/A basis there is only a single non-vanishing
vertex assignment in the above diagram, whereas the original 1/2 basis would have led to
a more complicated expression.

In passing, we note that in the case of a dark photon A, the fact that the dark photon’s
interactions are the same as those of the SM photon apart from a universal rescaling by the
kinetic mixing € leads to relations between the mixing self-energy and the photon’s self-energy,
[Mpa = ellpy = eQHW. This results in interference and cancellations between the two terms of
eq. (3.7) [34-37] referred to as screening. However, in our case the self-energies are unrelated
and hence we are able to split eq. (3.7) into two physically distinct production channels,
which we can consider independently from each other.

The first term of eq. (3.7) can be evaluated using the cutting rules, and contains
contributions from nucleon bremsstrahlung, semi-Compton scattering, and pair annihilation,
which will be discussed in section 3.2. We refer to these production mechanisms collectively
as “continuum production”. The second term of eq. (3.7) corresponds to mixing between
the scalar and the longitudinal photon and features a resonance when the internal photon
propagator goes on-shell, which is possible when m, is smaller than the plasma frequency.
Hence we refer to this production mechanism as “resonant production”, the details of which
will be analysed in section 3.1. As an advance summary, in figure 1 we show the contributions
of continuum and resonant production to the power output from a supernova into a scalar
with Higgs-mixed couplings and sin = 3 x 1075 fixed, as a function of the scalar’s mass. For
mg S 10 MeV resonant production is possible and dominates over continuum production,
which is strongly suppressed at small my. At larger mg continuum production is efficient,
until mg ~ 200 MeV above which production is strongly kinematically suppressed.

3.1 Resonant production

We first consider the second term of eq. (3.7). We expect there to be a resonance when the
internal resummed thermal photon propagator goes on-shell. Physically this corresponds to

“The exception to this is charge parity, which is +1 for the scalar and -1 for the longitudinal photon.
However, the medium also explicitly breaks charge conjugation symmetry by having unequal numbers of
particles and antiparticles.
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Figure 1. The power ) emitted from a protoneutron star into scalars as a function of the scalar
mass mg, showing the contributions from resonant and continuum (bremsstrahlung) production. The
scalars are assumed to couple to the Standard Model via mixing with the Higgs with mixing angle
sin® = 3 x 1076, These results are obtained using the 20 M, supernova progenitor. The effects of
reabsorption and decay of the scalar particles as they travel out of the supernova core, discussed in
section 4, are included although these have only a minor effect for the small value of sin 6 used. We
also indicate the “Raffelt Bound”, above which the observed neutrino signal from SN 1987A is likely
to have been altered, see section 2.1 for a detailed discussion.
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Figure 2. The dispersion relation for the longitudinal photon in a medium typical of a supernova
core, with a plasma frequency of 15 MeV and ultra-relativistic degenerate electrons. Also plotted is
the free dispersion relation of a scalar with mass 10 MeV. Resonant production of the scalar occurs at
the frequency where these curves cross.
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the point where the scalar’s dispersion relation crosses the photon’s in-medium dispersion
relation, since the diagram is evaluated for an on-shell scalar 4-momentum. The crossing
is illustrated in figure 2 for typical dispersion relations. We will see that this physical
expectation matches the result of our calculation.

In order to evaluate the second term of eq. (3.7), we must find the resummed AR photon
propagator D;‘R and also the RA mixing self-energy between the photon and the scalar H%’;‘.
The propagator D‘;‘R gets contributions from the RA photon self-energy H%A of the form

A R A R A R A R A R A R A R
= + + “+....
(3.9)

Evidently our choice of an off-diagonal basis has made this resummation straightforward,

whereas it would be much more complicated in the 1/2 basis.
We proceed by splitting up the Lorentz structure of the self-energy into transverse and
longitudinal parts

Hﬁﬁy = (elfei* + e;e;*)l‘[?‘4 + eﬁefﬂf“l . (3.10)

The physical condition that the scalar can only mix with the longitudinal mode of the photon
translates to the condition

ey =0, (3.11)

which simply states that the mixing vanishes when the external photon is transverse. Eq. (B.5)
in appendix B shows that eq. (3.11) is indeed satisfied by the one-loop expression for the
mixing that we use. Consequently we can drop the transverse parts of the photon self-energy,
because we will always be contracting the photon propagator with the mixing self-energy.
This observation, along with the Ward identity kﬂﬂg;/RA = 0, allows the resummation to be

performed, leading to the compact expression for the “mixing” contribution to the self-energy:
RATTRA
I o 1

TRA AR, JTRA \ __
(—ZH )D7 HV(—ZH,WZ)’V) = Zm .

OV (3.12)
Here we have defined Hgf = e{jH%RA, and as before everything is evaluated with an on-shell
scalar 4-momentum K? = w? — k% = mi. Eq. (3.12) can be simplified further by noting that
Hfﬁ (K) = Hﬁ{(—K ) = Hgf (K), where the first equality follows from the structure of the
diagram and the second follows from the fact that the retarded propagator and the advanced
propagator are related by changing the sign of the four-momentum (the second equality can
also be derived from the spectral representation of the self-energies as shown in ref. [97]).

We then arrive at the production rate through resonant emission®

dNprod _ /(d3k e /(d3k nB(w)Im[ (11g;)? ] (3.13)

dvdt omr)3 " Prod 27)3  w kA —mi

5In our resummation we have dropped the ie prescription from the advanced/retarded propagators that

res

res 4 is not well defined if K* = IT}*(K). However, this never occurs

appear, meaning our expression for I'
because the self-energy has a small imaginary part corresponding to the width of the resonance.
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which agrees with previous work, where it was derived by considering the diagonalization
of the mixing matrix between the photon and the scalar [37]. Our method emphasises how
this expression arises in the framework of thermal field theory and avoids subtle analytic
continuations that appear in the imaginary-time formalism, providing a complementary
viewpoint.

By expanding Hgf and HEA in their real and imaginary parts, and assuming that
Im[Hgf] < Re[Hg”f‘] (see appendix B), we can write the resonant production rate in a form
that makes the physical properties of the resonance clear:

2
derod :/ d’k TLB(CU) <wRe[Hgf]> ( ILw (314)
m¢

dvdt (27)3  w oLw)? + (w? —w?)?’
where we define o7, and wy, such that Tm[ITF4] = %;WO'L and Re[[TF4] = f—jw%

Evidently, the resonance occurs at w = wy,. This is equivalent to the condition K? —
Re[HfA] = 0, which is exactly the photon’s mass-shell condition matching the physical
interpretation given at the beginning of this section. Due to the shape of the longitudinal
photon’s dispersion relation, there is always an energy and momentum where the resonance
condition is met provided mg < wp, where the plasma frequency w, is defined as the
longitudinal photon’s energy at zero momentum. This means that resonant production can
occur at every point within the supernova core, out to some maximum radius where the
decreasing temperature and density cause the plasma frequency to drop below the scalar’s
mass. We refer to this inner region as the “resonance region” for a given mg. Because of the
form of the supernova profiles, for a particular mass and energy there is at most one value of
the radius where the resonance condition is met, and we refer to this as the “resonant shell”.

The width of the resonance is set by Im[H]L?‘A], via o, which encodes the lifetime of the
longitudinal photon. Given that o, < wr,% the longitudinal photon is a narrow resonance
and the final factor in eq. (3.14) can be approximated by a delta function. Performing the
integral over the scalar’s momentum leaves

2 -1
derod o 1 ks Wy RA 8&]%
v~ drw, B <m ¢Re [H¢L (W*)] 507 , (3.15)

W=Wx

where (wy, k«) is the 4-momentum at the resonant frequency, and k, = |ky«|. The final term in
eq. (3.15) arises from the delta function and is closely related to the “residue factor” in thermal
field theory [93], which characterises the fact that collective excitations such as the longitudinal
photon may couple with a different strength compared to their vacuum counterparts.

In appendix B we show that the leading, one-loop, contributions to Re[Hgf] from protons
and electrons are, respectively,

PEM nPk*
Re[Hgf(w*)]prOtons = g+
wiymp
Gemgmek (3.16)
Re[IT5 (Wi )]etectrons = “or bt
Ele

5This is supported by the fact that Im[Hf’A] has no contribution at leading order, because, despite the
photon’s effective in-medium mass, decays into electrons are forbidden by the electron also acquiring a thermal
mass [99)].
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where gp. are the scalar’s couplings to protons and electrons, np is the number density of
protons, and both the scalar and the longitudinal photon are put on-shell. In eq. (3.16), we
make the approximation that protons are non-relativistic (note that this expression holds
regardless of their degeneracy) and assume that the electrons are relativistic and degenerate
with chemical potential ue > T'. Despite the electrons being the dominant contribution to
the photon self-energy [100, 101], for the case of the Higgs-mixed scalar the mixing self-energy
in supernova conditions is dominated by the protons. This is partly because, as discussed
in ref. [43], scalar-photon mixing requires a chirality flip and is therefore suppressed for
electrons in the ultra-relativistic limit. Substituting Re[H(ff (ws)]protons into eq. (3.15) the
rate of energy loss due to proton-mediated mixing is

-1
dQ 2 (1 1 5 mg, — 3wy

_— =2 — | ——— 24 —55—F 3.17

dV dt protons aIp (m% ews/T — 1(4.)*11* + wz ’ ( )

where v, = /1 — mi Jw2. For the case of a leptophilic scalar we will need the energy loss due to
electron-mediated mixing, which is similarly immediately obtained from eqs. (3.15) and (3.16).

Since the photon’s plasma frequency is dominated by the contribution from relativistic
electrons, the plasma frequency is given by [100]

4o 1
2 _ 2 22
wp = g (/.Le + gﬂ' T ) . (318)
To find the resonant frequency ws, one must solve the two dispersion relations w? — k? = mi
and w? — k% = Re [HIL%A (w, k;)} simultaneously. There is a well-known analytic approximation

for Re [H]L?‘A}, which can be conveniently written as [99, 100]

K? 3 1+yz 3
Re[nfgﬂ:Fw§(1+H(v3k2/w2))7 where H(m):%wlog(l_ﬁ —1—. (3.19)

Here vy is the electron velocity that dominates the phase space integration. In our case, the

photon self-energy is dominated by ultra-relativistic electrons so vy ~ 1.

3.2 Continuum production

We now analyse the production of scalars due to the first term of eq. (3.7), corresponding
to the 1PI self-energy Im {Hﬁﬂ. Three of the lowest order diagrams that we consider are
shown in figure 3. When calculated using the cutting rules these correspond to familiar
physical processes, and the rules automatically account for the usual Pauli-blocking or
Bose-enhancement factors. In particular, the diagrams of figure 3 give contributions to pair
annihilation, semi-Compton scattering, and bremsstrahlung respectively. Which of these
processes dominates of course depends on ¢’s couplings to the SM.

In the case of a Higgs-mixed scalar we expect the dominant production mechanism to be
nucleon-nucleon bremsstrahlung, due to the large nucleon number density as well as the fact
that it is mediated by the strong force. Meanwhile, any process in which the scalar couples
directly to electrons will be suppressed due to the small Higgs-electron coupling as well as the
small electromagnetic coupling. Although pion semi-Compton production 7N — ¢N is also
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Figure 3. Three of the lowest order diagrams contributing to Im [ngf‘}. When evaluated using the

cutting rules, the first corresponds to pair annihilation ete™ — ¢ (although there is no phase space
for this process), the second contributes to “semi-Compton” scattering, e.g. e~y — e~ ¢, and also
higher-order annihilation ete~™ — ¢, and the third contributes to bremsstrahlung as calculated in
the one-pion-exchange approximation NN — NN ¢.

mediated by the strong interaction, this will be proportional to the pion number density. The

pion number density is rather dependent on the details of the nuclear equation of state inside

the protoneutron star, which has large uncertainties [102] but is likely to be small relative to

the nucleon number densities [85, 103, 104]. Ref. [105] finds that 7~ semi-Compton is relevant

for the case of axions, however we leave the inclusion of this process for scalars to future work.
We thus need to calculate the bremsstrahlung rate

A3k
Qe = [ GryThioa®). (3.20)
where
. 1 L Bp; S
Ihroa(w) = % /2:1_[1 (2753 TJEiflfQ(l — f3)(1 = fa)(2m)*s* <zz: P — K”) SPZH;S Mol
(3.21)

Here S is a symmetry factor (1 for neutron-proton bremsstrahlung, and 1/4 for proton-proton
and neutron-neutron bremsstrahlung), >, P/ = P{' + P’ — P}’ — P}', and f; are the Fermi
distributions for the different momenta (P; 2 and P;4 are the momenta of the incoming
and outgoing nucleons respectively and K is the momentum of the emitted scalar). The
major obstruction to calculating this rate is evaluating the matrix element |[My N¢\2, which
is a challenging nuclear physics problem. The matrix element can be calculated in the
one-pion-exchange approximation, however it has been shown that such an approximation
systematically overestimates the nucleon-nucleon scattering cross section by almost an order
of magnitude [27]. This can be addressed in a number of ways, for example by changing
the pion propagator to include the exchange of a p-meson, which mimics the effect of two
pion exchange diagrams [26]. We choose to use a soft approximation in order to relate the
matrix element to 2 — 2 nucleon scattering cross sections, which are measured in experiments,
thereby evading the uncertainties in the nuclear physics calculations [27]. As we will see,
this also simplifies the phase space integration significantly. A detailed comparison of the
OPE approximation and the soft approximation, along with a discussion of their respective
uncertainties, is provided in appendix D.

Assuming non-relativistic nucleons and expanding in the small parameters m?b /(2mpyw)
and K /(2my), a straightforward calculation shows that the matrix element My is related
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to the 2 — 2 scattering matrix element Myy by

4
2 mg 1 2
(Mgl —49N —IMunT, (3.22)
my w
where, as before, w denotes the scalar’s energy, and gy is the coupling between the scalar
and the nucleon.” We make the approximation that the proton and neutron masses and
couplings to ¢ are equal. As a result, the spin-summed matrix element for ¢ production is
given in terms of the differential cross section for nucleon-nucleon scattering by

mi 1 do
S IMunol* = 10247 gN—¢—4E (3.23)
spins my w dQ

where Ecn = 2myy is the total energy of the nucleons in the centre of mass frame.
Turning to the phase space integrals, since we are working in the soft approximation we
drop the scalar’s 4-momentum from the delta function responsible for energy /momentum
conservation. Physically this corresponds to assuming that the nucleons do not recoil after
emitting a scalar and means that the phase space integration is the same for both production
and inverse bremsstrahlung absorption, so we treat them both together. Although the
previous literature considering scalars used a Boltzmann distribution for f;, we find that
for the supernova density and temperature profiles that we consider the nucleons can be
moderately degenerate in the core with a degeneracy parameter n; = p; /T < 6 (see appendix G
for further details). Consequently, we use the full Fermi-Dirac distribution, allowing for Pauli-
blocking. Due to the simple structure of the matrix element, the production and absorption
rates by bremsstrahlung Fpr od /abs( w) can be written in terms of the total nucleon-nucleon

scattering cross section J(ECM) integrated over the centre of mass kinetic energy E[C(M:

: 889Nn1n2m 7T 1
I‘[l[;rod/abs("")) = 2 - /x drxo l'T) (.T, Ui 772) ) (324)
N min

where we have introduced the dimensionless quantity = = E[(%M /T, n1 and ngy are the number

densities of the nucleons involved, and f)(x, n1,m2) is defined in terms of an integral over a
complicated function given in appendix E. In the limit of zero degeneracy X(z,n1,72) — ™%,
reproducing a result similar to the dark photon production rate presented in ref. [36]. For
production, we introduce a lower bound Zyj, = w/T by hand on the integral in eq. (3.24).
This imposes that the collision energy is large enough to produce the scalar, compensating
for removing the scalar’s 4-momentum from the delta function. For absorption there is no
such constraint so in this case we take zpyi, = 0. From here it is straightforward to calculate
the production rate by using a parameterization of the nuclear scattering cross sections, for
example as found in ref. [106], and summing over neutron-neutron, neutron-proton, and
proton-proton collisions.

On general grounds, the production and absorption rate from the thermal bath should
be related by detailed balance T'prod(w) = e/ TTps(w). However, we find that in the

"By expanding to the next order in the nucleon momenta, we find a reduction to the matrix element by a
factor of %, which is comparable to other uncertainties.
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degenerate core the production rate calculated in eq. (3.24) for typical values of w is two to
three orders of magnitude larger than that calculated using detailed balance. The reason
for this discrepancy is the interplay between the “no nucleon recoil” approximation and
Pauli-blocking. Consider the unphysical but conceptually simpler case of highly degenerate
nucleons. For a nuclear collision occurring near the Fermi surface, emission of a scalar would
decrease the energy of the nucleons. If this would cause the energy of the nucleons to go
below the Fermi surface then the process is Pauli-blocked. However, in the “no nucleon recoil”
approximation such blocking is missed, and the emission would be allowed. Therefore our soft
approximation overestimates emission. By similar logic, I';ps(w) is underestimated (because
the no-recoil approximation misses the possibility that a nucleon beneath the Fermi surface
can be lifted out by the energy gained by absorbing a scalar, and therefore overestimates the
impact of Pauli-blocking). Unfortunately, calculating the phase space integrals accounting
for the scalar’s momentum is too computationally expensive to be viable when using the full
Fermi-Dirac distributions. Therefore, in order to obtain conservative limits, we choose to
calculate I'proq(w) using detailed balance and I'yps(w) evaluated in the soft approximation
with no nucleon recoil, which underestimates rather than overestimates the production rate.
We provide numerical evidence for this in appendix F.

4 Reabsorption and decay

Once the scalars have been produced they still have to escape the protoneutron star in order
to contribute to the anomalous energy loss relevant for the Raffelt bound. Two things may
prevent this escape: reabsorption, and decay into Standard Model degrees of freedom (which
then equilibrate with the plasma). In the limit of small coupling both of these processes
can be neglected leading to the free-streaming regime, however for larger couplings they can
be important leading to the trapping regime. The trapping regime introduces a significant
dependence on the details of the particular BSM theory that includes the new scalar, due
to the various decay channels that may be available in different theories. For example, if
the scalar is a mediator to a dark sector that does not directly interact with the SM then
it might quickly decay to hidden sector states, which could then free-stream out of the star
(reabsorption and self-interaction of these states may change this simple picture [107, 108]).
In this section we consider only minimal models in which the new scalar is the only light
degree of freedom, but our calculations can easily be adapted to more complicated theories.
The impact of decays and reabsorption can be incorporated by multiplying the emission
rate per unit volume and energy by an “attenuation factor”. This represents the probability,
averaged over the solid angle of emission, of a produced scalar propagating out of the
neutrinosphere. In a full 3-dimensional model the attenuation factor is given by

1 1
Alr,w) = E/dQ exp l—v /C( o ds’ (Daps(r’,w) 4+ Lec(r’,w)) |, (4.1)

where C'(r, ) is the path from position 7 to the neutrinosphere, in the direction 2. Including
this full expression in our results would be very computationally expensive, even with our
assumption of spherical symmetry, due to the need to integrate over the position and energy
of the emitted particles. Instead, we make the approximation of replacing the integral over the
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polar angle 6 with the average of the two radial directions, # = 0 and 6§ = 7, which corresponds
to assuming that half of the particles propagate radially inwards, and half propagate radially
outwards (for more sophisticated approaches see e.g. refs. [55, 109]). To validate this
approximation we have carried out the full angular integration for a model protoneutron star
of constant density and temperature, in which case the half-in half-out approximation only
differed from the full result by O(1) factors, which we expect to be comparable to the other
uncertainties in the trapping regime. Importantly, recent developments in the theory of core
collapse supernovae suggest that the cooling phase is essentially asymmetric [65, 80, 110], so
that the assumption of spherical symmetry is in reality substantially violated; this means
that even performing the full angular integration in our spherically symmetric supernova
models would not necessarily improve the accuracy of the inferred constraints.

The total power emitted from the protoneutron star into scalars is then given by the
compact expression

Ry 3
Q:/O dr47r7“2/gﬁngprod(r,w)A(r,w), (4.2)

where the radius of the neutrinosphere is R, ~ 30 km in the reference supernova model that
we use, with an insignificant variation of O(1) km depending on the progenitor mass and the
neutrino species considered. In principle, all that remains is to evaluate this expression, taking
into account all production, absorption and decay channels as well as finite temperature and
density effects such as Pauli-blocking. As discussed at the end of section 3.2, in order to
obtain conservative constraints we calculate I'proq from I'yps via detailed balance.®

Since the rates of resonant emission and absorption involve a delta function in energy and
radius, we must split both the attenuation and the production into resonant and continuum
parts. The attenuation factor then involves the exponent of a step function corresponding
to whether the path passes through a resonant shell, which is schematically of the form
exp [-AO(ri(w) — r)] where ry(w) is the position of the resonant shell for energy w. In
practice, we find that A is typically a large enough number that only a small fraction of
scalars manage to pass through a resonant shell. As a result, for resonant production we need
only consider scalars that are emitted outwards (otherwise they will be reabsorbed when
they meet the resonant shell again) and these are only attenuated by inverse bremsstrahlung.
Meanwhile, for continuum production there are three cases: first, if the scalar’s energy is above
the maximum resonant frequency anywhere inside the protoneutron star then absorption is
always only via inverse bremsstrahlung. Second, for scalars with energy such that there is
a resonant shell but which are produced outside this shell, only scalars emitted outwards
are relevant. Finally, any scalars produced inside a resonant shell are always negligible
compared to those produced directly by resonance (this is the case both in the free-streaming
and trapping regimes).

Turning to decays, for Higgs-mixed scalars with masses in the range we are interested
in, 0.1 MeV < my < 300 MeV, decays to electrons, muons, and photons can be relevant.

80ne could argue that for the most conservative bounds we should also overestimate the reabsorption rate
by first calculating the production rate using eq. (3.24) and then using detailed balance to relate it to the
absorption rate. However, reabsorption will predominantly occur in the less degenerate outer regions where
the complications of combining the no-recoil approximation and Pauli-blocking can be ignored.

,17,



Because the decay to photons is loop-suppressed, we expect electrons and muons to be the
dominant decay channels. In vacuum the rates for these decays are given by

. 3/2
_ my ((mysinf Zm Am?
T(¢— 1717 = jb <va> 87‘[? (1 — mi) , (4.3)

where [ is the lepton, either e or u, and my is the lepton’s mass. While we expect the muon rate
to be well-approximated by the vacuum rate, a number of complications arise for the electrons.
First, due to the large electron number density in the core, the decays may be Pauli-blocked.
Second, and much more challenging to account for, thermal effects modify the electrons’
dispersion relation. Since the dispersion is no longer Lorentz invariant, one cannot simply go
to the scalar’s rest frame to solve for the energy and momentum of the produced electrons.
Instead, conservation of energy and momentum become a pair of non-linear simultaneous
equations that have to be solved numerically. In appendix C we show that there is only a
very small difference between the final constraints on a Higgs-mixed scalar obtained using the
vacuum decay rate and those obtained making the rough approximation that the electron
has an effective in-medium mass 7. and a simple dispersion relation £ = /p% + m2 (see
egs. (C.1) and (C.2) in appendix C for details), so for such a particle we simply use the
vacuum rates. However, for the case of a leptophilic scalar we use the effective mass, which
we find to have a minor but non-negligible impact.

To show the effects of absorption and decay, in figure 4 we plot the total emitted
power into a Higgs-mixed scalar as a function of the mixing angle sin 6 with my = 3 MeV
fixed. For sin@ < 10~* absorption and decays are negligible and the emitted energy simply
increases with increasing coupling with resonant production dominating. For the value of m
plotted, resonant production occurs only inside a radius r ~ 20 km < R, because outside
this w,(r) < mg. If scalars produced at the outermost part of the resonance region are
significantly attenuated then the resonant contribution is trapped. This happens at smaller
sin f than for the continuum contribution, which can always be produced arbitrarily close
to the neutrinosphere. As a result, continuum production dominates for sinf > 3 x 1073.
At very large sinf ~ 10~! the continuum component is also trapped, and the plateau at
large coupling” corresponds to surface emission from the neutrinosphere such that @ is
approximately proportional to 47 R2T* (however even in this regime the emission is from an
extended region rather than being pure surface emission, which is consistent with previous
literature [54, 55]). The total emitted power drops below the Raffelt bound at large sin 6
dominantly due to decays rather than reabsorption, and in fact this is the case for all
mg > 2me.

5 Results

5.1 Higgs-mixed scalars

Combining the results of sections 3 and 4, we obtain the constraints on a Higgs-mixed scalar
plotted in figure 5. To give an indication of the uncertainty from the progenitor, we show the
bounds for the four discussed in section 2. The associated variability is largely determined by

A similar plateau was observed in analogous studies for the case of other BSM particles [56, 111].
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Figure 4. The total power emitted from a protoneutron star into Higgs-mixed scalars as a function
of the mixing angle 6, showing the contributions from resonant and continuum (bremsstrahlung)
production. We fix mg = 3 MeV and use the 20 M supernova progenitor. At siné 2 1073 attenuation
by absorption and decays to leptons is important.

the difference in the PNS masses of the four progenitors, in particular we observe that the
15 Mg and 20 Mg progenitor models, which have similar PNS masses (see section 2), yield
almost identical constraints, and the constraints become more stringent for the case of the
progenitor models with larger PNS masses. Varying the bound on the allowed BSM energy
loss gy over the range [2 x 1052, 4 x 1052] erg/s alters the results by less than the difference
arising from the progenitors. Despite the neutron degeneracy parameter p, /T (where pu, is
the neutron chemical potential) reaching values of approximately 5 in the supernova core,
the only effect of degeneracy on the constraints is to slightly weaken the bound at large m
and small sinf (see appendix E for further details). As discussed, the upper edge of the
constrained region, set by trapping, depends on the details of the BSM theory considered.
In the figure we assume that there are no additional hidden sector particles that the scalar
can decay to. For such a Higgs-mixed scalar decays to leptons are more important than
reabsorption. For mg > 2m,, decays to muons are fast, which leads to the right-hand edge
of the constrained region being almost vertical.

For comparison, in figure 5 we also show collider limits on Higgs-mixed scalars [32, 112
114] taken from refs. [11, 32] and the future sensitivity of the experiments DUNE [115] and
SHiP [11]. For mg < 100 MeV the existing bounds come dominantly from searches for rare
kaon decays at NA62 [116], for 200 MeV < mg < 300 MeV they come from ¢ decays to
leptons in the LSND experiment [117], and for larger m, from LHCb [118]. The sensitivity
of such searches depends on whether the scalar decays only to the SM (the constraints
are plotted assuming this is the case); if it dominantly decayed to hidden sector particles
the limits from rare meson decays would be slightly stronger [114] while the LSND and
LHCD limits weaken dramatically. Meanwhile, for mg < 0.1 MeV there are strong cooling
constraints from horizontal branch stars [2, 37] (see also e.g. [38, 39]). We also indicate
the part of parameter space in which the scalar’s coupling to the SM requires that my is
fine-tuned even with a UV cutoff of order of a TeV.
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Figure 5. SN 1987A cooling constraints on a new scalar of mass my that mixes with the Higgs,
with mixing angle sin #. We show results for four progenitors with masses around that of SN 1987A;
the differences between these give an estimate of the associated uncertainty. We assume that the
scalar does not decay to additional new degrees of freedom, and as a result for large mixing it can be
reabsorbed or decay to Standard Model particles, which sets the upper and right hand edges of the
constrained region. We also show constraints from collider searches, taken from refs. [11, 32], and
from horizontal branch stars, taken from ref. [2], described in the main text.

It is important to note that there are generally significant bounds on theories involving
new light scalars from cosmology, which are typically especially strong for mg < MeV. For
example, a single new scalar mixing with the Higgs is strongly constrained because too
many late decays of the thermal population of the scalar to the SM disrupt the successful
predictions of big bang nucleosynthesis [1, 119, 120]. We do not plot these limits because
these are very sensitive to the details of a particular theory.

Our constraints on sin at mg 2 10 MeV, where continuum emission dominates, are
about an order of magnitude weaker than those of ref. [32], which calculated the emission rate
using the OPE approximation. For such mg the OPE approximation predicts that emission
is dominantly from the external nucleons so this is a direct comparison, see appendix D for
further details. As discussed in the introduction, in the case of axion emission the inclusion of
higher corrections to the OPE calculation leads to results that are weaker than from the OPE
approximation and which are similar to those obtained using the soft approximation. We
therefore expect our constraints to be conservative without being overly cautious. At smaller
mg ref. [32] considered emission from the pion propagator still in the OPE approximation,
obtaining limits that are about an order of magnitude stronger than ours from resonant
emission. It is reasonable to expect that the OPE approximation might overestimate the
production rate at small as well as large mg, so we again regard our constraint as a useful
robust limit. It might be interesting to analyse higher order chiral perturbation theory
corrections to the OPE approximation for the production of a scalar, but we leave this as
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Figure 6. Left: supernova constraints on a scalar ¢ that couples only to nucleons N via an interaction
yn®NN. Results are shown for theories in which ¢ decays quickly to some additional dark sector
particles that do not interact with the Standard Model (“Decays to Dark Sector”) and also assuming
there are no such decays (“No Decays to Dark Sector”). Right: the analogous constraints on a scalar
that couples only to leptons with coupling constant ., considering only resonant production.

possible future work. We also note that if there was substantial absorption onto the internal
pion propagator the more efficient trapping could weaken our bounds at larger sin #, although
this is unlikely to be important for a Higgs-mixed scalar given the collider limits.

5.2 Leptophilic and nucleophilic scalars

We can immediately adapt our calculations to the case of a nucleophilic scalar, i.e. one that
couples only to nucleons N through an interaction yxy#NN. The production processes are
identical to those for a Higgs-mixed scalar, but for all relevant my there are no significant
decays so the upper edge of the constrained region is determined only by reabsorption. The
resulting limit is plotted in figure 6 left.

We also show the supernova constraint obtained in the absence of reabsorption, as would
be applicable to a theory in which, after production, the scalar quickly decays to other
hidden sector states that are decoupled from the SM (figure 6 right). In particular, we
consider the idealised scenario that the scalar decays instantaneously to some additional
(unspecified) dark sector particles that have vanishing interaction with the standard model. In
a realistic theory, one would need to take into account ¢’s finite lifetime as well as additional
complications such as the new dark sector particles themselves having interactions with
the standard model. In our limit of instantaneous decays, the constraints extend to such
large my that the soft approximation is questionable, so we cut the plot and stress that
caution is required in this part of parameter space. At weak coupling for mgy < 20 MeV
there is a small difference between the constraints with and without fast decays to a hidden
sector because the inward-going ¢ are resonantly reabsorbed in the former case despite yn
being small. Collider constraints will again be relevant to these theories, however we do
not plot them because they depend on the details on the underlying theory that gives rise
to the interaction with nucleons [2].
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By considering mixing induced by electrons, we can also calculate the rate of resonant
production of leptophilic scalars with an interaction y.¢ee. We plot the resulting constraints
in figure 6 right. In this case, the constraints on y. are sufficiently weak (i.e. the relevant
values of y. are sufficiently large) that if ¢ decays only to SM particles then for mg 2 2m.
decays to electrons are fast enough that the Raffelt criterion leads to almost no bound.
Had we used the vacuum electron mass the edge of the constrained region for g, > 1076
would be slightly shifted to 2m.. We again also show the limit obtained assuming the
scalar decays quickly to hidden sector states, in which case energy can efficiently escape the
protoneutron star even for mg > 2m,. Similar bounds on leptophilic scalars from resonant
production were obtained in ref. [2], which however used the thermal electron mass rather
than the more appropriate vacuum mass to calculate the mixing (this was noted in [43]).
In addition to resonant production, there will be other production processes relevant to
such a leptophilic scalar, with semi-Compton scattering expected to be the most important.
Inclusion of these could significantly strengthen the supernova constraints, but we leave a
dedicated analysis to future work.

6 Discussion

In this paper we have studied supernova constraints on new light scalars. Given our aim of
reliable bounds, we have focused on production processes that are robust against uncertainties
in the nucleon scattering cross section. The combination of resonant emission (relevant for
fairly small mg < wy, ~ 10 MeV) and soft emission (which makes use of experimental data to
evade nuclear physics uncertainties and is relevant for larger mg) enables limits to be obtained
for all scalar masses for which supernova bounds are relevant my < 200 MeV. These bounds
are nicely complementary to the region of parameter space that will be probed by future
experiments such as DUNE and SHiP, which are most sensitive for my 2 200 MeV [11, 114].
However, as discussed in detail in section 2, further observations of the remnant of SN 1987A
and developments in simulations would be extremely useful for confirming the energy loss
criterion. Ultimately, full supernova simulations incorporating the new scalar (analogous
to those attempted in refs. [121-123]) will be the best route to precise bounds, and our
calculation of resonant emission, and refinement of other points such as degeneracy effects,
would provide important inputs for these. Connected to this, it is plausible that for large sin 6
the additional energy transport by the new scalar within the neutrinosphere is not harmless
and there could be constraints beyond the Raffelt bound relevant to the trapping regime
(moreover, the supernova profiles we have used are probably not trustworthy for large sin 6
so our limits in this regime should anyway be interpreted with caution).

There are various possible extensions to our work. For example, we did not take into
account thermal and in-medium corrections to the nucleon dispersion relations or residue
factor, which may be important. Specifically, it is known that in-medium effects could
significantly affect nucleon masses reducing them by roughly 10% — 40% (see [124], as well
as a recent work incorporating this effect into the supernova cooling constraints for BSM
particles [26]). We expect that a careful analysis of this effect might strengthen the inferred
constraints. As mentioned, it would also be useful to calculate the rate of leptophilic scalar
emission by semi-Compton processes. Given recent suggestions that the muon abundance
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in supernovae might be substantial [125] it could also be interesting to investigate whether
resonant production of a scalar that couples dominantly to muons might be possible (see
refs. [54, 126, 127] for related work).

Although we have focused on the impact of the produced scalars on the evolution of
a supernova and in particular the resulting neutrino burst, in specific theories there could
be other signals. For example, it might be possible to detect the products of decays of the
scalar to SM particles outside the neutrinosphere (analogous decays of BSM particles to
photons and neutrinos have previously been considered, see e.g. refs. [128-133]). Moreover,
besides detecting the products of such decays directly, it might be possible to infer their
presence by the energy they transfer to the supernova envelope. Indeed, the observed
supernovae luminosities have been used to set limits on various feebly-interacting particles in
the past [134, 135]. A detailed analysis of such signals could lead to additional constraints
on new light scalars, or, if we are fortunate enough to observe a new nearby supernova, an
opportunity to discover BSM physics.

Finally, it could be interesting to investigate whether mixing with the longitudinal photon
could affect the cosmological dynamics of new light scalars. For example, resonant conversion,
which would occur at particular times in the early Universe, might have an impact on the
scalar’s abundance (similar effects have been studied for dark photon dark matter [33]).
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A Theoretical setup

In this appendix we summarise the theoretical foundations underlying our work by outlining
the derivation of the production rate directly from the density matrix formalism, following [92].
Our setup consists of a bath of SM particles in thermal equilibrium and a weakly interacting
scalar field ¢, such that initially, before any scalars are produced, the density matrix can
be decomposed as a thermal distribution for the SM particles and a pure vacuum state
for the scalars

p(0) = poatn @ 10)(0] . (A.1)

The density matrix is then evolved in time by the Hamiltonian H according to the Liouville-
von Neumann equation

— [8,5(1)]. (A.2)



This can then be used to find the phase space density of scalar particles:

T 3
Foltk) = Eme a0 (A.3)

where &L is the creation operator for a scalar of momentum k, and V is the volume of

the considered region of the SM plasma. The full solution to this system of equations
would describe the evolution of any particle being produced and reaching equilibrium with
the existing heat bath, however we will restrict ourselves to times much shorter than the
equilibration time, such that the density matrix never differs much from the initial state given
in eq. (A.1). This approximation is justified by the assumed weakness of the interactions
between the scalar and the SM particles: the scalar leaves the production region before it can
come into equilibrium with it. We solve perturbatively in the couphng 9y between the scalar
and the SM and therefore spht the Hamiltonian into parts H = Hpan —|—H¢ + Hine = Ho+ Hing,
where Hiy = [ d3x ¢(x)J () with the SM particle current J from eq. (3.3) for our case of
interest. The thermal density matrix for the SM particles is given by ppath = ¢~ BHam /Zbath,
where Zpatn is the partition function of the SM bath. Substituting this into eq. (A.1) and
using it as an initial condition for eq. (A.2), one can obtain a solution to the interaction-
picture version of eq. (A.2) by means of a Dyson series. Since (O|€L,Tc€zk|0> = 0, and an
odd total number of creation/annihilation operators under the trace gives 0 as well, the
lowest order term in the Dyson series that yields a non-zero result when substituted into
the phase space density eq. (A.3) is quadratic in Hiye, and thus also in J. In particular,
using <0\&rd};dk&p\0> = 60G)(r — k) 6®) (p — k) and performing the integrals over the momenta
coming from the Fourier decomposition of two QAS insertions, one finds that the rate of scalar
particle production is given by:

d 3 3 7 7 K- (x—y) 7 7 iK-(y—x) 4
STt k) = /dt/d /d (Jw)J(@)e + J(@)F(y)e ), + Ol}).

(A.4)
where © = (t,x), y = (t',y), K = (w,k) is the 4-momentum of the produced scalar,
w=/k*+ mi is its energy, and (...)5 = Tr (... pratn) denotes thermal averaging over the
SM bath. Sending t — oo as suggested by the fact that we are interested in the emission
on time scales much longer than the time scale of the interactions within the SM bath, and
using (J(2)J(y))s = [ d*Q exp(iQ-(z — y)) 7<(Q) as follows from the definition eq. (3.2),
one can easily perform the remaining space and time integrals, and obtain the final result
for the production rate:

. 1
o) = 5om(w,k) +Olgh). (A.5)
which matches eq. (3.1) of the main text.
In practice, the source J (x) typically contains many terms involving different coupling
constants for each of the Standard Model field that ¢ interacts with. The notation (’)(g;%) in
eq. (3.1) denotes anything quartic or higher in any combination of these couplings.

B Proton and electron mediated mixing

Here we present a real-time thermal field theory calculation of ITEA L » considering the con-
tributions from both (relativistic and degenerate) electrons and (non-relativistic) protons,
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typical of the supernova medium. We also provide some physical interpretation for the
results. We begin by considering the real part; this is most easily obtained by changing to
the 1/2 basis using the relation Re[Hgf} = Re[H}bE], which can be shown using the spectral
representation of the self-energies [97]. Since the only non-vanishing vertex index assignments
are g111 and go99, there is only one diagram to consider, shown in figure 7. We then require
the 11-component of the fermion propagator, which is given by

Df1(Q) = (@ +mp)(AT(Q) + 8(Q)) (B.1)

where m is the fermion mass, Q = (qo, q) is its 4-momentum, A" (Q) is the usual Feynman
propagator, and S(Q) is shorthand for the “statistical” part

S(Q) = 2md(Q* — m$)(8(ao)n(wq) + (—qo)n(—zy)) (B.2)

which has the effect of putting the propagator on-shell and is accompanied by a thermal
distribution function. Here we have introduced the compact notation n = +1(—1) for bosons
(fermions) and

1
eta —n’

n(xq) = Tg = B(qo0 — Mf) ) (B.3)

where 3 is the inverse temperature and py is the fermion chemical potential. This allows
us to write down an expression for the mixing self-energy

4
—illy, ,(K) = —/%(—ie)(—igf) Tr [(K + P +myg) (P +my)v,]

x (AF(K + P)+ S(K + P)) (AF(P) + 8(P)) .

(B.4)

where K = (ko, k) is the external 4-momentum and P = (pg, p) is the 4-momentum running
in the loop. There are three types of contribution to this expression: those of the form AFAF,
which correspond to the mixing in vacuum and must therefore vanish by Furry’s theorem, those
of the form &§, which only contribute to the imaginary part and so we discard them, and cross
terms of the form AFS. By using the delta functions to simplify the phase space integration
and using the relation —z_j, = —f(—ko — py) = B(ko + py) to introduce the statistical
distributions for fermions ¢ (E) = n(zg) and antifermions 7(E) = n(—z_g), we arrive at

’p 1 (P-K)K, — K2P
11 _ L o p 1
Re Iy, ,(K) = 4gfem;s Re / (27)3 2F (“f(E) “f(E)) (P-K)?— (K2)2/4° (B.5)
where the 4-momentum P = (E, p) is now on-shell so that £ = ,/p? + m?. This is consistent

with the results found in the imaginary-time formalism [43], as can be inferred from the
general relation between the real parts of self-energy in imaginary and real-time formalisms:
Rell;;(K) = Rell(kg + i€kg, k), where IT is the analytically continued imaginary-time
self-energy.

The mixing self-energy has a number of interesting features. Firstly we can easily see
that it obeys the Ward identity K “Hﬁ” (K) = 0. It is also straightforward to show that it

vanishes on contraction with a transverse polarization tensor Hfﬁ(K )R (K) = 0. This is
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Figure 7. The one-loop diagram contributing to the mixing self-energy. Lorentz indices are labeled
as well as time contour indices. The internal fermion is either an electron or a proton in the cases
of interest.

unsurprising since it is only the longitudinal mode of the photon that has the right quantum
numbers to mix with the scalar. A final interesting feature is that the mixing vanishes in
the case that the medium has equal numbers of particles and antiparticles. This can be
understood in several ways, for example by considering charge conjugation symmetry. The
photon is odd under charge conjugation, whereas the scalar is even, and therefore for the
two to mix the medium must explicitly break charge conjugation symmetry by having an
uneven number of particles and antiparticles (an alternative justification was provided in
ref. [43]). Physically, the mixing can be interpreted as forwards semi-Compton scattering off
of the particles in the medium, and eq. (B.5) can be found by a thermal average over this
matrix element. This is exactly analogous to how the photon self-energy can be interpreted
as forward scattering on the constituents of the medium [100].

The two charged particles present in the supernova core that may run in the thermal
loop are protons and electrons. The protons are non-relativistic (but not necessarily non-
degenerate), and the integral of eq. (B.5) can be performed in this regime [37] to give

VK np

Re[Hgf(K)]protons = gpe 2 mp’ (B.6)
where k = |k| and we have defined the scalar-longitudinal photon mixing as Hgf‘ = e‘iﬂgfu,

with €} a longitudinal polarization vector. On the other hand, the electrons are degenerate
and ultra-relativistic, so performing the integral in this regime yields [43]

Ni‘e ko ko + k
Re[TTAA (K)|atoctrons = 260 Y27 ee(l ( )-1). B.7

In both cases the (K?2)%/4 term is dropped from the denominator of eq. (B.5) before the
integral is performed. Following a similar logic to that presented in ref. [99], we can argue that
(P - K)? > K*/4 by noticing that the expression will be evaluated on the scalar’s mass-shell
so K4 = mé, and that the phase space integral will be dominated by a particular value of P,
corresponding to non-relativistic protons with P ~ (mp,0) or relativistic degenerate electrons
at the Fermi energy with P ~ (Ep,pp). It is then straightforward to check that the K* term
is negligible in our cases of interest. This has the effect of making the integral in eq. (B.5) real.

When evaluating eq. (B.7) on-resonance, we can make use of the photon on-shell condition
K? = Rell(K) with the real part of self-energy given by eq. (3.19), as well as the scalar
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on-shell condition, K? = mé, and the expression for the plasma frequency as given by
eq. (3.18) (in the limit where the electron chemical potential is much greater than the
temperature), to simplify eq. (B.7) to

MeMeks
Re[H(};f (W*>]electrons - gec% ) (B'8>
e

where w, denotes the resonant frequency and k, the corresponding momentum.

We can easily compare the relative sizes of the mixing due to protons and electrons
in the case of a Higgs-mixed scalar:

2
Ielectrons 92 memp 2 4 _6 [ Wk 4
= _ 2e4< ) wh ~ 10 (T> , (B.9)
protons gp€ nplle

where in the final approximation we used the values of temperature, proton density, and

electron chemical potential from the 20 Mg, progenitor at a radius of 10 km from the centre.
The protons dominate the mixing due to their larger coupling with the Higgs-mixed scalar and
their large number density in the core of the supernova. Since most resonant production will
indeed occur near the centre of the protoneutron star, the protons will dominate the mixing
for all cases of interest (it is possible that electrons might be relevant for very low mass scalars,
mg ~ 0.5 MeV, in the trapping regime when resonance from the outer regions is relevant,
but such parameter space is already excluded considering only the mixing from protons).

Having discussed the real part of the mixing self-energy in detail, we now turn to the
imaginary part, with the aim of justifying our assumption that Im[Hgf] < Re[Hgf]. We
will do this by applying the cutting rules of Bedaque, Das and Naik [136] in the R/A basis as
described in ref. [97] to the 1-loop self-energy diagram. The standard prescription following
Kobes and Semenoff [137] is that vertices may be either “circled” or “uncircled”, which come
with different vertex factors, and the propagators change depending on what types of vertices
they connect. We must then sum over all ways of circling vertices except the cases where all
or none of the vertices are circled. While this sounds like a terrible increase in complexity, in
fact in the R/A basis and for the 1-loop self-energy diagram we are left with only a single
non-vanishing diagram to evaluate, shown in figure 8. We then need the “cut” propagators

Dar(Q) = —Dra(Q) = (@ + my)2me(g0)d(Q* — m3), (B.10)

where underline means that the corresponding vertex is circled, and e(qo) = sgn(gp). We
also need the vertex factors [96, 97]

9ARR = 95,  GrAA(PL,P2,p3) = igf(1 + man(zp,) + m3n(y,)) . (B.11)

Here, x,, are determined by treating the chemical potential analogously to momentum, that
is ensuring it is conserved at every vertex. All momenta should be taken to be flowing in
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to the vertex. The imaginary part of the diagram is then given by —1/2 of the sum over
all the cut diagrams. In our case this gives
d*P

Tm [H;?;}M(K)} - ;(igf)(ie)/WTr (K +P+mp)(P+mg)y,]

x(L=n(B(po—pr)) —n(B(=ko—po+ry)))  (B.12)
x2me (ko +po)d((K + P)? — m?c)
x (—27)e(po)d(P? — m?) .

Eq. (B.12) could be calculated in full generality. However, we are only interested in the
behaviour of this near resonance, in which case K must satisfy both the scalar and photon
dispersion relations. Since the delta functions place both of the internal fermions on-shell,
this now has identical kinematics to longitudinal photon decay or other processes like fy — f
which trivially have no phase space, and so we can use this to determine the phase space
we must integrate over. For a loop of protons, the decay corresponds to v — pp, which
clearly has no accessible phase space for the temperatures and densities we consider. On the
other hand a loop of electrons corresponds to v — ete™. Naively this appears to be allowed,
however if we were to use full thermal resummed electron propagators in the loop we would
find that the electron picks up a thermal mass such that this decay is forbidden [138]. Indeed,
the in-medium photon dispersion relation w(k) is bounded from above by the dispersion curve
w? = k2 +3w§ /2, while the in-medium electron dispersion relation E(p) is bounded from below
by the dispersion curve E? = p? + mzﬂc, where wy, is the plasma frequency given in eq. (3.18)
and meg is the in-medium contribution to the electron mass given subsequently in eq. (C.2).
If the decay is not possible for such bounding dispersion curves, i.e. if 2meg > \/gwp /V2,
then it is also not possible for the physical case. In the region important for the resonant
production of scalars, that is inside the core of the protoneutron star, pu. > T and so
Meff = \/gwp /2, which means that the decay of electromagnetic excitations into electrons
is forbidden. Note that photon decay into the other in-medium electron modes known as
“plasminos” is exponentially suppressed at momenta higher than meg due to the thermal
residue factor [139], while at momenta p < meg, an analysis of the dispersion relations
analogous to the one above shows that photon decay into plasminos has no accessible phase
space. We therefore see that there are no kinematically allowed contributions to the 1-loop
mixing self-energy in the R/A basis, and so Im[Hf;f] < Re[Hgf].

C In-medium decay rate

In this appendix we discuss the details of scalar decays in the supernova environment and
argue that the approximation made in the main text of using the vacuum rate in the case
of a Higgs-mixed scalar is accurate enough for our purposes.

From the perspective of thermal field theory, the scalar’s in-medium decay rate is related
to the imaginary part of the first diagram in figure 3. Indeed, if this is calculated using the
cutting rules presented in [97] one recovers the result obtained by using the vacuum matrix
element and accounting for Pauli-blocking of the final state electrons and positrons. However,
to get the true decay rate we would have to use the full resummed electron propagator in the
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Figure 8. The cut one-loop diagram contributing to the mixing self-energy. Lorentz indices are
labeled as well as time contour indices. The internal fermion is either an electron or a proton in the
cases of interest.

loop diagram. Much like the case of the photon discussed in section 3.1, the electron gets a
thermal self-energy. One physical effect of this is to give the electron a complicated dispersion
relation [93, 140] with energy and momentum expressed only parametrically. Since this
dispersion relation is not Lorentz invariant, integrating over the kinematically allowed phase
space would be very computationally challenging. The situation is worsened by the emergence
of collective fermionic modes known as plasminos. These could provide another decay channel
for the scalars with no vacuum analogue. On top of this, the electrons and plasminos would
both pick up a residue factor due to their shifted pole compared to the vacuum propagator
(this is sometimes referred to as a renormalization constant in analogy with wavefunction
renormalization), which would alter the electron’s interaction strength from its vacuum value.

To obtain a simple estimate of the impact that thermal corrections to the electron decay
rate might have on our supernova constraints, we approximate the electron dispersion relation

as E? = p? +m2, with a thermal effective mass m?2 given by [139]

2
5 m m
Me = 764‘ f—i—mzﬂc, (Cl)
where )
2 _ T M
meﬁ = 7 (T + 7I';> . (CZ)

This approximation matches the true dispersion relation in the limit where the electron
momentum is much larger than the temperature and electron chemical potential (note that
we use the thermal mass only in the dispersion relation; the vacuum electron mass is still
used when calculating the spinor sums). Additionally, we take into account Pauli-blocking of
the final state electrons and positrons, which we neglected in our main results. In figure 9
we show how these changes affect the SN 1987A bounds on a Higgs-mixed scalar. For large
myg the electrons produced by the decays have energies much larger than m,. and the Fermi
energy and there is no change to the constraints. At small mg, the bounds in the trapping
regime are slightly strengthened compared to those obtained using the vacuum decay rate,
because both Pauli-blocking and the effective electron mass reduce the decay rate allowing
more scalars to escape the protoneutron star. The impact of the thermal effects is smaller
than might be expected because decays are the dominant source of attenuation only in the
outer regions of the protoneutron star where the electron thermal mass is fairly small. Given
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Figure 9. The impact of using the corrected in-medium electron decay rate (dashed black) on the
constraints on a Higgs-mixed scalar ¢, compared to our main results obtained using the vacuum decay
rate (solid blue). The corrected results are calculated for the 20 M, progenitor. For comparison with
the uncertainties arising from the choice of progenitor, we also show our main bounds for the 25 Mg
progenitor (red).

that the difference between constraints obtained by the two approaches only exceeds the
uncertainties associated with the different progenitors for sin # = 0.03 which is firmly excluded
by collider limits, we use the much simpler vacuum decay rate for our main Higgs-mixed
scalar results. As discussed in section 5.2, for the case of a leptophilic scalar we use the
effective mass, which slightly shifts the constraint.

D Comparison of the one-pion-exchange and soft approximations

It has been argued that the one-pion-exchange calculation overestimates the bremsstrahlung
production rate for neutrinos [24], axions [26], and dark photons [27] by up to an order of
magnitude. Here we show that it also predicts a much higher bremsstrahlung production
rate for scalars than our soft radiation approximation (SRA). We also discuss in detail the
approximations and uncertainties associated with the SRA.

In the OPE approximation, the scalar can be emitted either from the external nucleons
or from the internal pion meaning that the matrix element squared is given by the Feynman
diagrams

M| = VT S A P P S SN YU
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where + ... represents diagrams in the u-channel. Following ref. [31], we split the energy
production into that arising entirely from the first four terms, which we refer to as the
“external” contribution, that arising entirely from the final term, which we refer to as the “pion”
contribution, and that from cross terms which we refer to as the “interference” contribution.

Meanwhile, in the SRA we assume non-relativistic nucleons and expand in the small
parameters a = mi/(2me) and b = K /(2my), where K = (w, k) is the 4-momentum of the
produced scalar. While the SRA has the advantage of being independent from any nuclear
physics uncertainties, there is a subtlety for scalars that does not arise in the dark photon
or axion case. As first pointed out in ref. [31], in the OPE approximation cancellations
occur within the “external” contribution to O(a®). These cancellations also occur in the
SRA meaning that the production rate vanishes at O(a’0?). We therefore work to O(a't?),
while throwing away terms O(a’b'), which are not calculable in the SRA. In the mass range
where our bounds are set by the bremsstrahlung rate, mgy 2 20MeV, we expect w ~ mgy, and
therefore a ~ b. It would therefore be surprising if the discarded O(a"b!) term led to order-
of-magnitude corrections to our result. Furthermore, to leading order in chiral perturbation
theory (i.e. in the OPE approximation) the cancellations extend to O(a’b'), providing some
indication that this term may in fact be sub-leading to the O(a'b?) term that we have retained.

In figure 10 we plot the energy emission into a Higgs-mixed scalar from a protoneutron
star as a function of mg. We show the three contributions from the OPE approximation
separately, as well as the contribution from resonant production and the contribution from
the SRA calculation of the bremsstrahlung rate. For this simple comparison we approximate
the protoneutron star as a uniform sphere of radius 10 km, temperature 41 MeV, baryon
number density 6 x 10° MeV?, proton fraction 0.25, and electron chemical potential 132 MeV
(corresponding to the values for the 20 M progenitor at a radius of 10 km). We also ignore
attenuation due to reabsorption and decays, and the effects of degeneracy.

The soft approximation only captures emission from the external legs, and from figure 10
we see that it predicts an emission rate around an order of magnitude lower than the
corresponding contribution from the OPE calculation. This is similar to previous results for
axions, dark photons, and neutrinos. As a result, our main constraints for my 2 20 MeV are
somewhat weaker than those obtained assuming the OPE approximation.

In the other mass range, my < 20MeV, the m?ﬁ /(2myw) suppression is more substantial
and we expect that emission from internal propagators could be more important than from
the external legs. For example, in the OPE approximation the “pion” contribution becomes
dominant, as shown in figure 10. Such emission from internal processes is not accounted
for in the SRA, but fortunately for this mass range resonant emission gives a substantial
contribution. Since the OPE approximation overestimates the “external” contribution (which
is captured by the SRA) by around an order of magnitude it seems unlikely that the true
internal contribution is as large as the “pion” contribution predicted in OPE. Indeed, the
difference between the energy emitted from external production using the OPE and the
soft approximation happens to be similar to that between the OPE internal production and
resonant emission. We therefore view our results obtained from resonant production as a
useful conservative limit. As mentioned in section 5, in the future it might be interesting
to carry out a higher order chiral perturbation theory calculation to further understand
the significance of internal emission.
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Figure 10. A comparison of the energy emission to a Higgs-mixed scalar with mass mg in the
one-pion-exchange approximation (dashed) and by the processes that we use for our main results
(solid). “External” corresponds to scalar emission from external legs, “Pion” corresponds to scalar
emission from the internal pion propagator, and “Interference” corresponds to the contribution from
the interference of these two terms. “Resonant” and “Soft” correspond to the resonant production and
soft bremsstrahlung production discussed in section 3. For this comparison we fix sinf = 3 x 10~°
and use a constant temperature and density supernova profile.

E Degeneracy effects on bremsstrahlung

In this appendix we briefly outline the steps required to calculate the bremsstrahlung rate
taking into account degeneracy and we analyse the impact of degeneracy on supernova
constraints.

After substituting eq. (3.23) into eq. (3.21) we need to perform the phase space integration.
First, we make the non-relativistic nucleon approximation F; =~ my and Ecy = 2my, and
the “no nucleon recoil” approximation which allows us to drop the scalar’s 4-momentum from
the delta function. Next, we change to centre of mass (CM) frame variables

/

1 1
P=p, +p,, P =p3+p, q:§(p1*172)7 q :§(p3*P4)~ (E.1)

The integral over P’ can be performed immediately using the 3-momentum-conserving delta
function. In the non-relativistic approximation, the energy-conserving delta function then
reduces to

5 <q2 _ q’2> — @5@ —q), (E.2)

allowing the integral over ¢’ = |¢’| to be carried out. We note that the angular part of the
integration over ¢’ that remains is exactly the integral over the solid angle in the CM-frame,
dQcnv. We are left with an expression where the only dependence on the angle of q is
contained within the initial Fermi factors

fl5P+2a)s 5P -20)], (5.3
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which can be integrated over the angle of g analytically to give a function of P = |P)|
and ¢ = |g|. At this point we find the only dependence on the angle of P is within the
final Fermi factors

(1-1 [z +2aa)) (1- 7[5 - 2a0)) | (B.4)

where ¢’ is a unit vector in the direction of q’. As for the initial Fermi factors, this can
be integrated over the angle of P analytically to give a function of P and ¢. The final
angular integral is trivial since the only angular dependence is now contained within the
differential cross section, leaving

don () = (B, (E5)
/ (dQ>CM

where E%M = ¢?/my is the total kinetic energy in the CM-frame. Our phase space integral
thus reduces to two integrals, one over ¢ and one over P. We change to dimensionless
variables through the substitutions

EIC(M q2 P2

_ _ _ , E.6
YT T aT VT AT (E.6)

We then extract the y integral, whose integrand arose from our angular integrals over
Fermi factors, into a function X(x,7;,72), and normalize it to the total number density
of nucleons using

n; =2 (”;fr T>3/2 [~Ligja(—e~)] , (E.7)

leaving us with the expression

r 8Sgxmingmy [xT 1 [ _
I‘grod/abs("‘)) = 2 - my 5 /x drx O‘(I‘T) Z(.T, m, 772) ) (ES)

M W min

where Y is given by

_ 1 o)
b)) = d E.
(l‘, 77177)2) 4\/771'1413/2(—67771 )Li3/2(_€,n2) /0 9(95’3/’7717 772) Y, ( 9)

with

2

| e (e

:1:7 b b - n

I\, 12 z\/y(cosh(z+y—m—n2)—1) | cosh (W) +cosh (771;772>
(E.10)

The degeneracy parameters p/T of the relevant particles are given by 7, and 7. The

normalization of ¥ is such that in the non-degenerate limit, n; — —oo, X(z,71,12) — e 2.
This function also approaches zero in the completely degenerate limit, up to some value
of x corresponding to the Fermi surface, representing the fact that interactions below this
energy are completely Pauli-blocked.

The effect of degeneracy on our final bounds on a Higgs-mixed scalar is shown in figure 11.
Despite the neutrons being partially degenerate in the core, the change in the bounds is minor.
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Figure 11. SN 1987A constrains on a Higgs-mixed scalar, obtained with and without the inclusion of
degeneracy effects in the calculation of the bremsstrahlung rate. When such corrections are included
Pauli-blocking leads to a small decrease in the production rate, which weakens the bounds but
only slightly.

F Nucleon recoil effects on bremsstrahlung

In section 3.2 we argued that the interplay of Pauli-blocking and the “no nucleon recoil”
approximation led to the production rate being overestimated and the absorption rate being
underestimates (and hence, we made use of detailed balance to obtain conservative limits).
Here we repeat the analysis of appendix E but retaining the scalar’s 4-momentum K* = (w, k)
in the delta function to justify these claims. We begin by making the same change of variables
as in eq. (E.1), however now conservation of momentum imposes P’ = P — k, and energy
conservation imposes ¢’ = ¢ where

qg-=q¢ — —+ ——— —mpnuw. (Fl)

We next identify the angle of g with the CM-frame angle df};, = dQcn, ' allowing us to
extract the integral over the angle of q’

L(P.q,P-k) = /qu, (1 _f [P_k;Qqq’D (1 _y [P_"’z_zqq/]) (F.2)

_ 27 (€41 4 em)(edtt 4+ em2) F 3
- b(l — 6771+772*2a) g (ea + eber)(ea + eb+712) ( : )

where
a (P% 4 4¢® — 4myw) (F.4)

= SmaT

0This differs from the choice in appendix E, since now there is an ambiguity in the final state as the
CM-frame of the 4-nucleon system no longer coincides with the CM-frame of the full system including the scalar.
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To proceed, we find it useful to perform an average over the angle of k by integrating % J dQ,

b (4GP — K|). (F.5)

which will not change our production rate since the medium is isotropic. This allows us
to extract the following dimensionless function

N 24(q, P - k
J(P,q) = koMh(P, ¢, P-ks), (F.6)
my

which must be evaluated numerically. The integral over the angle of P can now be performed
analytically to give

1(P.q) = [ A (F.7)

P+2q] ; [P—Qq}
2 2 ’
o cosh (—(\/5—\/@7;—771—772 ) +cosh (LEW)

)
- aty—n—n2 log (VEt+vy)?—m—
(1—e IVTY cosh( ‘/272 2 m)—i—cosh (”15”2)

(F.8)

When all of this is assembled, we reach an expression for the production rate identical to
eq. (E.8), except with the replacement g(x,y,m,n2) — G(z,y,w,d,e,n1,n2) where

1 Y -
G €, ,’U),(S,é, ) = \/>I z,Y, ) J xz, 7w75557 ) ) F9
(z,y M, 12) 16733 V z 2(,y,m,m2)J (2, y M, 72) (F.9)

and with the understanding that the integral should be taken over the region satisfying
the inequality

5 —

T+ yw w5—5>w<1+w4 6), (F.10)
for the case of production. We now explicitly show the dependence on the dimensionless
parameters

2

w T m¢
= =" =% F.11
W= e T e (F.11)

It can be shown that in the soft limit w — 0, this reduces back to the result of the no
nucleon recoil calculation g(z,y,71,72), and in the limit §,6 — 0 the integration region
reduces to © > w.

Numerical evaluation shows that G(z,y,w,d,e,n1,m2) < g(x,y,m,n2) for physically
relevant parameter values, and since the increase in integration region is relatively small,
we expect that accounting for nucleon recoils does decrease the production rate, in line
with our discussion of section 3.2. The comparison for absorption is more straightforward
since the integration region is remains > 0,y > 0, so the replacement of g(z,y,n1,72)
with G(z,y, —w,d, —€,m1,12) is the only effect of including nucleon recoil.!! We there-
fore plot the ratio g(x,y,n1,m2)/G(x,y, —w,d, —e,m1,m2) in figure 12 which shows that
G(x,y,—w,d,—e,m,m2) > g(x,y,m,n2) and therefore neglecting nucleon recoil underes-
timates the absorption rate as predicted in section 3.2. Our approach of calculating first

"The negative signs here arise from K* appearing with the opposite sign in the 4-momentum-conserving
delta function.
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Figure 12. The ratio of the function g entering in the no nucleon recoil approximation for inverse
bremsstrahlung absorption with its corrected value G, plotted against the energy in the CM-frame.
We take T' = 30 MeV, mg = 100 MeV, w = 300 MeV and y = 2 corresponding to typical values
inside the supernova core. We take the two chemical potentials to be the same in this case. n = —10
corresponds to non-degenerate nucleons, 7 = 5 is a typical value for the very core of the supernova,
and 1 = 10 corresponds to degenerate nucleons.

the absorption rate and then using it to find the production rate via detailed balance is
therefore conservative.

Finally, we have also checked the rough approximation to the production and absorption
rates obtained by taking the simplified integration region z > w and assuming that o(zT)
is constant. In this case, we find that, as expected, accounting for nucleon recoils leads
to a much better agreement with the predictions of detailed balance compared with the
no nucleon recoil approximation, which as discussed in section 3.2 led to a discrepancy of
multiple orders of magnitude.

G Details of supernova profiles

The supernova profiles that we consider are plotted in figure 13. As can be seen the different
progenitors all result in profiles with broadly similar features. The 25 Mg model has slightly
higher temperatures and electron chemical potential in its core, which is consistent with it
leading to slightly stronger constraints in figure 5.

The effects of degeneracy such as Pauli-blocking are relevant when the nucleon number
density is comparable to or larger than 2ng, where the factor of 2 accounts for the number
of nucleon spin states and nq is the quantum concentration defined as

mnT 3/2
an( o ) . (G.1)

From figure 13 we see that near the centre of the protoneutron star (out to around 5 km) the
temperature is roughly 15 MeV for all profiles, which corresponds to a quantum concentration
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Figure 13. The temperature 7', baryon number density np, neutron chemical potential p,,, proton
chemical potential u,,, electron chemical potential p., and proton fraction Y, as a function of radius
from the centre of the supernova r for the four different progenitors that we use. The neutrinosphere
radius is R, ~ 30 km for all the progenitors.

of ng ~ 10° MeV3. Since the neutron number density is over an order of magnitude larger
than ng, we expect to be in the regime where quantum effects such as Pauli-blocking are
potentially important. An alternative way to reach the same conclusion is by calculating the
neutron chemical potential, which leads to a neutron degeneracy parameter 1, = u,/T < 6.
The neutron number density drops below the quantum concentration at around 10 km, such
that outside of this radius they are non-degenerate. We can also see that electrons are
degenerate all the way out to around 30 km, i.e. roughly to the neutrinosphere radius R, .
Between R, and the shock front, electrons cease being degenerate due to deleptonization
processes during the accretion phase.
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