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Abstract. Due to their unique set of multimessenger signals, neutron star mergers have
emerged as a novel environment for studies of new physics beyond the Standard Model
(SM). As a case study, we consider the simplest extension of the SM scalar sector involving
a light CP-even scalar singlet S mixing with the SM Higgs boson. These S particles can
be produced abundantly in neutron star mergers via the nucleon bremsstrahlung process.
We show that the S particles may either be trapped in or stream freely out of the merger
remnant, depending on the .S mass, its mixing with the SM Higgs boson, and the temperature
and baryon density in the merger. In the free-streaming region, the scalar S will provide an
extra channel to cool down the merger remnant, with cooling timescales as small as O(ms).
On the other hand, in the trapped region, the Bose gas of S particles could contribute a larger
thermal conductivity than the trapped neutrinos in some parts of the parameter space, thus
leading to faster thermal equilibration than expected. Therefore, future observations of the
early postmerger phase of a neutron star merger could effectively probe a unique range of
the S parameter space, largely complementary to the existing and future laboratory and
supernova limits. In view of these results, we hope the merger simulation community will
be motivated to implement the effects of light CP-even scalars into their simulations in both
the free-streaming and trapped regimes.
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1 Introduction

Dense astrophysical environments have proved extraordinarily useful in constraining light
beyond the Standard Model (BSM) particles (such as axions and dark photons) [1-3]. If the
BSM particles are sufficiently light and couple to nucleons, leptons, or photons, they can
be readily produced in the hot and dense nuclear matter in the cores of stars, supernovae
and neutron stars. If the BSM particles interact very weakly with the SM particles, they
will free-stream out of the astrophysical bodies, thus providing an additional energy loss
mechanism that would affect their evolution. Limits can then be derived on the couplings
of these BSM particles to nucleons, leptons and photons from the requirement that stellar
lifetimes and energy-loss rates should not conflict with observations. There exists a suite
of astrophysical limits from the Sun, from evolved low-mass stars—such as red giants and
horizontal-branch stars in globular clusters, or white dwarfs—as well as from neutron stars
and supernova 1987A [4].

Since the 2017 detection of gravitational waves from the inspiral phase of the neutron
star merger GW170817 [5] along with an electromagnetic counterpart [6, 7], it has become
clear that neutron star mergers provide an interestingly new astrophysical environment to
study light BSM physics [8], apart from being a powerful tool for exploring other fundamental
physics topics [9, 10], such as constraining the nuclear equation of state (EoS) [11, 12],
understanding the r-process [13], measuring the Hubble constant [14], studying dark matter



capture [15], placing bounds on the violation of Lorentz invariance [7] and on gravitational
parity violation [16], and testing alternative theories of gravity [17-22]. Recently, the possible
role of axions [8, 23-27] and dark gauge bosons [28-30] in the merger environment has been
investigated. In this work we will consider the impact of a light CP-even scalar on mergers.
We will not attempt to set limits on the properties of scalars from mergers, but instead make
a case for implementing the effects of scalar particles in numerical simulations of mergers,
which can be used in combination with future observations to constrain or detect the presence
of scalars in mergers.

During the merger, the two constituent neutron stars collide and form a hot, dense rem-
nant containing nuclear matter where BSM particles can be copiously produced, similar to
the environment that exists in a supernova core, though perhaps reaching higher densities and
temperatures [31] (see the discussion in Section 3). Neutron star mergers also complement
supernovae in terms of their multimessenger signals. Supernovae produce an electromagnetic
signal which provides information about the surface of last scattering for photons, as well
as a neutrino signal which is sensitive to the temperature of the supernovae neutrinosphere.
Core-collapse supernovae with aspherical mass-energy dynamics are also believed to generate
gravitational waves, though a signal has not yet been detected [32] and is expected to be be-
yond the current detection capabilities unless the supernova occurs close by in our galaxy [33].
Neutron star mergers, on the other hand, produce a stronger gravitational wave signal from
both the inspiral (measured by LIGO and VIRGO [5, 34]) and the (unmeasured, thus far)
postmerger phase [35]. In addition, they produce electromagnetic signals in the form of a
gamma-ray burst [6] and the kilonova [36]. Neutron star mergers produce neutrinos as well,
but since the number of neutrinos per event is less than for a supernova, and the merger rate
is much less than the supernova rate, the expected number of detections of merger-originated
neutrinos is, even with a network of gravitational wave detectors and a megaton neutrino
detector operating in tandem, a few per century [37-39].

A program of using neutron star mergers to discover or constrain BSM physics must
identify the impact a BSM particle will have on either the gravitational wave or the electro-
magnetic signal coming from the merger. The case of QCD axions in the context of mergers
was investigated by some of us in Ref. [26] and it was found that the possibility of axion
trapping in the merger remnant is ruled out by the SN1987A constraint [40-45]. This is
also expected to be the case for very light axion-like particles (ALPs) [46], with no allowed
region left between the supernova and laboratory constraints [47]. They can still be produced
copiously in the merger remnant and then escape, cooling the hottest regions of the remnant
in millisecond timescales. However, simulations including cooling due to radiation of axions
showed little effect on the gravitational signal or the amount of ejected material [25]. The
effect of ultralight axions on neutron star inspiral phase has been studied in Refs. [23, 24].

In this work, we investigate the impact of light CP-even scalars on the cooling and
thermal transport properties of a neutron star merger. Such CP-even scalar particles contrast
in several ways with CP-odd axions (and ALPs in general):

i. The pseudo-scalar nature of the axion leads to qualitatively different interactions with
SM particles. In particular, in the nucleon bremsstrahlung process, the axions can only
be emitted from either initial or final state nucleons, but not from the mediator pions,
because the axion-pion coupling is forbidden at leading order. Omn the other hand,
a CP-even scalar can be emitted from any of the nucleons, as well as from the pion
mediator, thus making its production rate very different from the axion case.



ii. Light axions can oscillate into SM photons when propagating through background elec-
tromagnetic fields. This property leads to modified axion and SM photon luminosities
at the observation point. On the other hand, the CP-even scalars in our scenario
dominantly decay into ete™ pairs (above the 1 MeV threshold); their coupling to
photons and any associated scalar-photon oscillation effect (see e.g. Ref. [48]) will be
loop-suppressed.

iii. There exist strong astrophysical [49-51] and laboratory [52, 53] bounds on axion cou-
plings, which preclude the possibility of QCD axion (or light ALP) trapping in neutron
star mergers. On the contrary, as we will show in this work, current constraints on the
CP-even scalar, mainly from their decay into SM particles, still allow for the interesting
possibility of trapped scalars in the merger.

Depending on the thermodynamic conditions in the merger, we find that the CP-even
scalar can have a wide range of mean free path (MFP), for instance—for a particular choice
of mixing angle sin &—the MFP can range from hundreds of kilometers to below one meter
(see Figure 3). The dependence of the MFP on the scalar mass mg and its mixing angle
sin # with the SM Higgs is exemplified in Figure 4 for some benchmark baryon densities and
temperatures. Even after taking into account all the laboratory and supernova limits on
the scalar, there is still some parameter space left where the scalar can either be trapped or
free-stream out of the merger. In the free-streaming region, a given scalar will very likely
escape the merger remnant and cool it down. The emissivity is illustrated in Figure 5 and
the corresponding cooling timescales are shown in Figure 6. It is remarkable that some
regions of the parameter space with the cooling timescale of O(1ms) to O(10ms) can be
directly probed at future laboratory experiments, such as DUNE (cf. the lower left panel
of Figure 6). For sufficiently small MFP, the scalar S will form a Bose gas and contribute
to thermal conductivity of the neutron star merger remnants. As shown in Figures 7, 8,
and 9, the thermal equilibration time due to the scalar S can reach O(ms) or even smaller
in some regions of the parameter space that are allowed by current laboratory constraints.
The thermal conductivities due to the trapped scalars and trapped neutrinos are compared
in Figure 10. It turns out that in a large region of parameters, in particular when the
temperature is hotter than a few tens of MeV, the thermal equilibration will be dominated
by the scalars, which could potentially lead to some detectable effects in future neutron star
merger observations.

The rest of the paper is organized as follows: In Section 2, we briefly review the CP-even
scalar scenario and its couplings to the SM from a model-independent perspective. We give an
overview of the conditions inside neutron star mergers in Section 3 and calculate the MFP of
the scalar in these conditions in Section 4. If free-streaming, the scalar will radiatively cool the
hot regions of the merger. In Section 5 we calculate the timescale of this cooling. If trapped,
the scalar could contribute to the thermal equilibration of the interior of the merger remnant,
which we discuss and calculate the associated timescale in Section 6. Our conclusions and
outlook are given in Section 7. Details on various aspects of the MFP, emissivity, and thermal
conductivity calculations are presented in several appendices. Throughout this paper, we
work in natural units, where h =c= kg = 1.



2 The CP-even scalar

After the discovery of a Higgs-like particle at the LHC [54, 55], the SM is now complete.
However, there are compelling theoretical arguments and experimental observations suggest-
ing the existence of BSM physics, although the energy scale at which it could manifest is
still unknown. In a bottom-up phenomenological approach, i.e. without referring to any
specific ultraviolet (UV) completion, the effects of BSM physics could be captured simply
by extending the SM scalar, fermion and/or gauge sectors. The minimal extension of the
SM scalar sector consists of adding a real SM-gauge-singlet scalar field (denoted hereafter
by S) that mixes with the SM Higgs boson [56-61]. This S particle does not have to be a
fundamental degree of freedom and might actually be the remnant of a more complicated
scalar sector at higher scales. Depending on the model parameters, singlet scalars can be
useful for improving the vacuum stability of the SM [62-68], first order electroweak phase
transition and electroweak baryogenesis [69-78], addressing the hierarchy problem in relax-
ion models [79-83], addressing the cosmological constant problem through radiative breaking
of classical scale invariance [84-86], or even as a mediator which links the dark and visible
sectors [87-93].

When the mass of the new scalar becomes much larger than the electroweak scale, the
theory can be mapped onto an effective field theory [94-97]. If the scalar mass is around the
electroweak scale, collider constraints on extended Higgs sector apply [98-100]. However, for
a light scalar well below the electroweak scale, the constraints from low-energy high-intensity
experiments, such as those from meson decays and beam-dump experiments [92, 101-105],
as well as the astrophysical [92, 106, 107] and cosmological [92, 108] limits offer a powerful
probe. Such a light singlet scalar may couple to the SM particles via the following ways:

e Through mixing with the SM Higgs h. In this case, all the couplings to the SM particles
are proportional to the corresponding SM couplings, rescaled by the mixing angle sin
of S with the SM Higgs h [56-61].

e With couplings exclusively or predominantly to some specific SM flavors, such as the
hadronic and leptonic scalars [109-112].

e With couplings to some SM particles through some heavy BSM particle loops, such as
the SU(2)g-breaking scalar in the left-right symmetric model (LRSM) based on the
gauge group SU(2)r x SU(2)r x U(1)p_r, [113-115], which couples to photons via the
heavy Wg and charged scalars in the LRSM [116-119].

For simplicity we will consider only the first case above, where all the phenomenologies of
S are determined by only two parameters, i.e. its mass mg and the mixing angle sin6 of S
with h.

In neutron stars, the dominant production channel for the light S is the nucleon
bremsstrahlung process (just like in the supernova case [106])

N+N - N+N+8, (2.1)

where the scalar S can couple to any of the four external nucleon legs (N, N’ can be either
a neutron or a proton) or to the intermediate pion mediator, as shown in Figure 1. The S
coupling strengths are given by the Lagrangian

LD sinb [y,nnSNN + A (8770 + Stta7)], (2.2)
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Figure 1. Feynman diagrams for the production of light scalar S in the nucleon bremsstrahlung
process N + N/ — N + N’ + S (with N, N’ = p, n) in the neutron star merger. The scalar S can
be attached to any of the nucleon lines (a), (b), (¢), (d), (a’), (¥'), (¢'), (d'), as denoted by the
crosses (X), or to the pion mediator (e), (¢’), as denoted by the blobs (e). The left diagram is for
the t-channel process, whereas the right diagram is for the u-channel, with the final-state nucleon
4-momenta interchanged.

with yunny =~ 1073 being the coupling of h with nucleons [120, 121]. The coupling of S with
pions can be calculated from the chiral perturbation theory [122, 123]:

m% (2 11m2
Ap=—(Z4—-—7), 2.3
VEW <9 + 9 m%) ( )

with vgw = (V2Gr) /2 being the electroweak scale (G is the Fermi constant).

After being produced, the light scalar S can decay into the SM particles via its mixing
with the SM Higgs h. For a sub-GeV scale mass, the scalar S can decay into charged lepton
pairs (T4~ = ete™, ut ™ and pion pairs 770, 77~ at the tree level, and into the photon
pairs vy at one-loop level. The corresponding MFPs can be found in Appendix A.

Let us also summarize the existing (and future) laboratory, astrophysical and cosmo-

logical limits on the light scalar .S, which will be used later for comparison with our results:

e The scalar S can obtain flavor-changing neutral current (FCNC) couplings to the SM
quarks at one-loop level via mixing with the SM Higgs, and contribute to rare FCNC
decays of mesons, such as K - 74+ X, B - K+ X and B — 7+ X with X =
ete™, utu~, vy or missing energy if X decays outside the detectors. There are strin-
gent limits from KT — wtete™, ntuTp~ in NA48/2 [124, 125], K+ — ntyy, ntvw
at NA62 [126, 127] and E949 [128], K1 — 7xx (with xx = ete™, ptu~, 77) in
KTeV [129-132], K, — mvp, 79X (with X a long-lived particle) at KOTO [133],
B — K + X with X = ete™, utu~, v at LHCb [134], BaBar [135, 136], Belle [137].
The MicroBooNE collaboration has recently performed the searches of light monoen-
ergetic scalars from kaon decay at rest K — 7t + S with S — eTe™ [138]. The
calculation details of these FCNC decays can be found e.g. in Refs. [102, 103, 119]. The
most stringent limits from NA62, E949, KOTO, MicroBooNE and LHCb are shown
in Figure 4 respectively as the shaded blue, light green, orange, dark green and pink
regions. The remaining limits are relatively weaker and are not shown in these figures.

e The light scalar S can also be produced in the high-intensity beam-dump experi-
ments. The current most stringent limits are from kaon decays K — w + S in the
CHARM experiment [139], which is presented as the magenta shaded regions in Fig-
ure 4. At the LSND experiment, the scalar S is predominately produced by the proton
bremsstrahlung process, and the current LSND electron and muon data [140, 141] have
excluded the brown shaded regions in Figure 4 [104]. The data from the fixed target



experiment PS191 have also be reinterpreted to set limits on the light scalar from kaon
decays K — m + S, and the resultant limits are shown as the red shaded regions in
Figure 4.

e On the astrophysical side, the scalar .S can be produced abundantly in the supernova
cores with temperature T' ~ 30 MeV via the nucleon bremsstrahlung process (2.1).
The observation of neutrino luminosity £, of SN1987A can be used to set limits on
the mixing angle sinf of S with the SM Higgs [92, 106, 142-145]. The most recent
supernova limits can be found in Ref. [106]. Setting conservatively £, = 3 x 10°3
erg/sec and 5 x 103 erg/sec, the corresponding supernova limits on mg and sin @ are
shown in Figure 4 respectively as the lighter and darker black shaded regions, which
exclude the mixing angle sin @ from roughly 5.9 x 1077 to 7.0 x 10~% with scalar mass
up to 148 MeV. With a less conservative luminosity limit, say 3 x 1052 erg/sec, the
SN1987A observations could exclude larger regions of mg and sinf. Inside the Sun,
white dwarfs, red giants and horizontal-branch stars where the temperature is O(keV),
the production of S is expected to be dominated by the process e + N; — e + N; + 5
with NV; here denoting different nuclei in the stars [107]. However, the limits on S from
these keV-temperature stars can reach only up to O(100keV), and are thus not shown
in Figure 4.

e In the early universe, if the light S keeps in thermal equilibrium with the SM particles
and has a lifetime 7¢ = 1 sec, it will contribute an extra degree of freedom and spoil
the success of big bang nucleosynthesis (BBN) [108, 146]. However, it turns out that
there is no parameter space of mg and sin 8 that satisfies both the conditions above, so
the generic BBN limit is not applicable in our setup [106]. Moreover, the actual BBN
constraint will depend on the particular thermal history of the scalar S in the early
universe and can be evaded, without affecting the late-time phenomenology we are
interested in here. Therefore, we do not show the BBN limits in Figure 4. In addition,
a sufficiently light scalar S in thermal equilibrium contributes also to the light degrees
of freedom N.g at the CMB epoch, and the mixing angle sin 6 is constrained by the
precision Planck data [147]. However, this limit on the mixing from A Neg is very weak,
of order 0(0.01) [103], therefore it is not shown in Figure 4.

e The mixing of light S with the SM Higgs h will contribute to the invisible decay of the
SM Higgs via h — S5 as a result, the mixing angle sin 6 is constrained by the precision
Higgs data at the LHC. The current limit of BR(h — inv.) < 0.11 [148] leads to the
limit of sin# < 0.079 [107]. As this limit is comparatively weaker than the other limits
discussed above, it is not shown in Figure 4.

It is expected that the laboratory limits on S will be significantly improved in future
high-intensity experiments. For instance, the Fermilab SBN detectors, which is a combination
of using the SBND and ICARUS experiments with the BNB and NuMI beams respectively,
can probe a mixing angle down to 1.7 x 107 [149]. The near detector at DUNE can further
improve the prospects by over one order of magnitude [150], assuming at least 10 signal
events. Similarly, the FASER 2 experiment at the LHC can detect light long-lived particles
produced in the high-energy pp collisions. Benefiting from the high colliding energy, the
FASER 2 experiment can probe a relatively heavier S with mass up to few GeV [151, 152].
The corresponding prospects of mg and sinf at SNB, DUNE and FASER 2 are denoted
respectively by the purple, green and light blue lines in Figure 4. The light scalar S can



also be searched for in some other future high-intensity experiments, such as NA62 [153],
LHCD [154], SHiP [155], CODEX-b [154] and MATHUSLA [156, 157]. For the sake of clarity,
these prospects are not shown in Figure 4. For a summary of these constraints, see e.g. [158].

3 Nuclear matter in neutron star mergers

The matter inside cold neutron stars is a degenerate Fermi liquid of neutrons and protons
along with a nearly ideal, degenerate Fermi gas of electrons and muons. We ignore the
possibility of exotic phases of matter, such as those containing quarks, hyperons, quarkyonic
matter, or Bose condensates [159-162]. In the interior of the star, the density can reach several
times the nuclear saturation density ng = 0.16 fm 3. Throughout the neutron star inspiral,
there is little change in the thermodynamic conditions of the stars. When the two stars
collide, numerical simulations [163-165] indicate that significant shock heating occurs and
the temperature of the nuclear matter at the collision interface rises to several tens of MeV,
while the nuclear matter in the densest part of the neutron star cores only heats modestly, to
perhaps 5-10 MeV [166-169]. Therefore, in contrast to supernovae (nondegenerate) or cold
neutron stars (degenerate), the nuclear matter inside the neutron star merger remnant spans
the entire range of degeneracies [26, 170].

In this work, we will focus on the regions of the neutron star merger remnant where
the temperature exceeds 5—10 MeV. In these conditions, the neutrino MFP is well under one
kilometer [171, 172] and therefore neutrinos are trapped inside the remnant through their
charged and neutral current interactions, and attain a Fermi-Dirac distribution. We will
consider the neutron star merger matter to consist of neutrons n, protons p, electrons e,
muons p~, electron neutrinos v., and muon neutrinos v, (and the corresponding antileptons).
The content of this matter at a given temperature 7' is determined by choosing a baryon
density np, an electron lepton fraction Yz, = (n. + n,,)/np, and a muon lepton fraction
Yy, = (ny +ny,)/np. In this work we choose Yz, = Yz, = 0.1 [167], though the value
of Y7, throughout the neutrino-trapped regions of a neutron star merger remnant is, as far
as we know, unstudied. The choice of conserved lepton fractions has a small effect on the
production rate and the MFP of the S particle, typically up to a factor of 2 to 3. This is
about the same level of variation caused by uncertainty in the nuclear EoS (see Appendix F
of Ref. [51] where this was studied for axion production in degenerate nuclear matter).

We model the nuclear matter with the IUF EoS [173], which is a relativistic mean field
(RMF) theory [174-176]. In this type of model, the strong interaction between nucleons is
treated as meson exchange, where the meson fields are frozen to their vacuum expectation
values, which vary with density and temperature. In this mean field approximation, the
nucleons have energy dispersion relationships

E,=U,+E;, =Uy,+ Vp2+m?, (3.1)

Ep=Up+ E, =Up+ /Py +mZ, (3.2)

where U,, and U, are the nuclear mean fields experienced by the neutron and proton, re-
spectively. The mean fields U; depend on the baryon density and temperature, but not the
nucleon momentum. In the IUF RMF theory that we use here, the Dirac effective mass m, of
the neutron and proton are equal. At ng = ng, msx = 560 MeV and as density rises, m, drops
dramatically, falling to m, ~ 185 MeV at ng = 5ng. As the neutron Fermi momentum rises
from 330 to 540 MeV in this density range, neutrons cannot be considered nonrelativistic for



densities np 2 3ng [177]. The leptons are treated as free Fermi gases. We will discuss the
calculation of rate integrals in the RMF theory in the following section.

4 Scalar mean free path

The MFP of the light CP-even scalar S in hot, dense nuclear matter is primarily determined
by the rate of absorption in inverse nucleon bremsstrahlung processes N + N’ +S — N + N’
(with N, N’ = n,p), and to some extent, by the total decay rate of S into SM particles,
such as S — vy, ete™, pTp~, 7%7°, 7F7~. In this work, we consider scalars with masses
mg < 500 MeV, as scalars in this mass range are light enough to be produced in significant
quantities in neutron star mergers. However, scalars with masses mg > 2m_ o (mg > 2m+)
can decay into neutral pions (charged pions), yet our nuclear EoS does not account for
thermal populations of pions [178] nor a pion condensate [174, 179, 180]. Inclusion of a
thermal population of pions has been shown to slightly increase the proton fraction and
soften the EoS, especially at high temperatures where the pion population becomes significant
[178]. These effects will not significantly change the MFP of the scalar due to the nucleon
bremsstrahlung processes. However, as we discuss later in this section, the added possibility
of the S decaying to pions can, in certain conditions, noticeably shorten the MFP of the scalar
particle. Additionally, the matrix element for S production from nucleon bremsstrahlung is
only valid for scalar masses that are small compared to the nucleon effective mass (see the
description of the calculation in Appendix E). Therefore, our results for the production rate
and MFP of the scalar particle are most robust for mg < 2m.. Since the MFP of the scalar
S is predominantly dictated by absorption via the inverse nucleon bremsstrahlung processes,
we discuss that process here and leave the contributions of the various decay processes to
Appendix A.

The inverse MFP of the CP-even scalar S due to the absorption process S+ N + N’/ —
N + N’ is given by

)\71 , :/d3p1 d3P2 d3p3 d3p4 SN z:spins"/\/(NN"2
NN (2m)3 (2m)3 (2m)3 (27)3  2°E}E3E3E}Es
x (2m)*6* (ps + p1 + p2 — p3s — pa) frf2(1 — f3)(1 — fa),

where p; = (FE;, pi) are the four-momenta, f; represents a Fermi-Dirac factor and E =

(4.1)

\/P? + m2 the energy of the ith nucleon in the reaction (without the nuclear mean field

contribution), Fg = 4 /p% + m% is the energy of S, and Sypy/ is a symmetry factor for
identical particles. To calculate the matrix elements My for the nucleon bremsstrahlung
process, the nucleon-nucleon scattering via the strong interaction was modeled with the one-
pion-exchange (OPE) approximation. For the reactions S+n+n —n+n, S+p+p —p+p
and S+ n + p — n + p, the matrix elements are respectively given by [106]
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The symmetry factors for identical particles are S, /,, = 1/4 and S, = 1. The nucleon-pion
coupling f ~ 1 and a, = (2my/m;)?/(47) ~ 15 (the nucleon and pion masses in . are the
values in vacuum). The prefactors of 1/4 and 1/2 in the I4 and Ip terms respectively were
absent in the earlier calculation [106], and come from relativistic corrections to the nucleons,
as discussed in Appendix E. The dimensionless functions 14, Ig, and Io can be written in
terms of the scalar mass, the pion mass, and the nucleon momentum transfers k = ps — p4
and 1 = py — p3, and are listed in Appendix B. In the phase space integral Eq. (4.1), the
factors of energy in the denominator (or E* for the nucleons) relate to the normalization of
the fermion spinors [171]. The energies in the four-momentum conserving J-function are the
true particle energies F, not E*. The twelve-dimensional phase space integral in Eq. (4.1)
can be reduced to a five-dimensional integral, the details of which are given in Appendix C.
The total MFP of S is calculated by adding together (in inverse [181]) the MFP of each
absorption and decay channel, i.e.
AsT = Aan T A T Amp AL FAL A A A (4.4)
The MFP is a function of the baryon density np, the temperature T', the mixing angle sin 8,
and the mass mg and energy Eg of the scalar particle. To illustrate the “typical” MFP of
the S particle at a given temperature and density, we choose to evaluate the MFP at the
average energy (Eg) of the scalar particle emitted in those thermodynamic conditions,

(Es) = Qs/Ts, (4.5)

where I'g is the production rate of scalars per unit volume, and Qg is the rate of energy
production in scalars per unit volume (the emissivity, see Eq. (5.3) below). The production
rate per unit volume I'g is given by the same phase space integral as Qg (Eq. 5.4) but
without the factor of Fg. The average energy of the produced S particle is plotted at
nuclear saturation density ng in Figure 2. Low-mass scalars are emitted with typical energies
(Eg) ~ 3T, independent of density (assuming the nuclear matter is still strongly degenerate).
This low-mass limit seems to match the result obtained for axions produced by nucleon
bremsstrahlung [142]. As the scalar mass increases, the rest mass becomes the dominant
contribution to the energy of the scalar, but the energy still increases with temperature on
top of the rest mass contribution, although with a slope less than in the low-mass limit.

In Figure 3 we present contour plots of the MFP Ag of the scalar in the np (in units of
ng)—1 plane, for four different values of the scalar masses mg = 1 MeV (upper left panel),
20 MeV (upper right panel), 100 MeV (lower left panel) and 270 MeV (lower right panel).
The energy of the scalar is chosen according to Eq. (4.5). We have chosen sinf = 107° in
each panel, but since A~! o sin? 6, it is easy to get the MFP for other values of sin . In each
panel, we label regions where the MFP is longer than 1 km as “free-streaming”, i.e. the S
particles created in a particular region of the merger escapes that region—and perhaps the
merger remnant as a whole—without interacting with the nuclear matter. Regions where
the MFP is shorter than 100 m are labeled as “trapped”, where the S particles form a
thermal Bose-Einstein distribution inside a region of the merger remnant. The situation in
between these two regimes is difficult to treat—scalar particles can be absorbed or decay, but
not frequently enough where they would establish a Bose-Einstein distribution. Please note
that the demarcation chosen here between the trapped and free-streaming regions is just for
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Figure 2. Average energy (Eg) of S particles produced at ng = ng as a function of temperature T
of the fluid element. This result is independent of sin §. The nuclear matter is assumed to be strongly
degenerate, making this result independent of density. In the limit of mg — 0, the average energy
(Eg) ~ 3T.

concreteness, and our main results will not be significantly affected by a slightly different
choice.

For light scalars, like the mg = 1 MeV case in the upper left panel of Figure 3, the
MFP contours indicate that as the conditions in the merger remnant get hotter and denser,
the MFP grows shorter. At high densities and low temperatures, where the nuclear matter
is strongly degenerate, the MFP becomes strongly dependent on temperature and weakly
dependent on density, which is expected in degenerate systems because the number of avail-
able states for nucleons to scatter into near the Fermi surface grows as T" for each degenerate
nucleon in the reaction [179, 182]. At low densities and high temperatures, where the nuclear
matter is nondegenerate, the MFP depends somewhat strongly on density and has a weaker
temperature dependence. This behavior of the MFP in nondegenerate matter can be seen
in Eq. (4.3) in Ref. [106]. In fact, the features of this plot match closely the MFP of light
QCD axions (see Figure 2 in Ref. [26]). As the scalar mass increases, the MFP shrinks and
becomes largely dependent only on the baryon density, even in the degenerate regime.

In Figure 4 we plot the MFP of S in the mg — sin § plane, evaluated at the average S
energy given in Eq. (4.5). We show the results at several different densities and temperatures
possibly encountered in neutron star mergers: the three left panels are for the baryon density
np = ng, while the three right panels are at np = 5ng. The upper, middle and lower
panels are with the temperatures 7' = 10 MeV, 40 MeV and 100 MeV, respectively. The
MFP of the scalar is dominated by absorption from inverse nucleon bremsstrahlung processes
S+ N +N'— N+ N'. All contributions to the MFP go as A~! o sin? #, making the mixing
angle the dominant factor in the mg — sin @ plane. In all panels, as the mixing angle sin 6
grows larger, the MFP of the scalar shrinks. Likewise, though much less dramatically, as
the scalar mass grows, the MFP shrinks. This behavior was seen in nondegenerate nuclear
matter (see Figure 4 in Ref. [106]). The contribution to the MFP from decay processes is
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Figure 3. MFP of the scalar S in the ng — T plane with the mixing angle fixed at sinf = 10~°, and
the scalar mass mg = 1 MeV (upper left), 20 MeV (upper right), 100 MeV (lower left) and 270 MeV
(lower right). For the trapped (shaded grey) and free streaming (shaded cyan) regions, the MFP is
assumed to be smaller than 100 m and larger than 1 km respectively, although this demarcation is

somewhat arbitrary.

negligible, with the exception of the decay to pions, which is only possible when the scalar
mass exceeds twice the pion mass, roughly 270 MeV. This decay becomes significant at high
temperatures, because at these temperatures the thermal pion population is large and the
decay of S is subject to Bose enhancement [1, 45, 183]. A small but sudden decrease in the
MFP can be seen in the bottom left plot (np = 1ng and 7' = 100 MeV) in Figure 4 at twice
the pion mass. At lower temperatures, the thermal population of pions is not large enough
to stimulate sufficient decay to pions to affect the MFP. At higher densities, the 7~ would
likely form a condensate as fi,— = p, — jip rises above m -, complicating the calculation of

the scalar decay rate to pions, so we neglect this decay channel at high densities.

- 11 -



ng = ng, T =10 MeV ng =5ng, T=10 MeV

0 100 200 300 400 500 0 100 200 300 400 500
mg [MeV] mg [MeV]

sin 6

mg [MeV] ms [MeV]

107 107} N e free streaming T

Ny, T TTTmm—eeee T _100km |

0 100 200 300 400 500 0 100 200 300 400 500
mgs [MeV] mgs [MeV]

Figure 4. MFP of the scalar S in the mg — siné plane, with baryon density ng = ng (left) or
5ng (right), and temperature T' = 10 MeV (upper), 40 MeV (middle) or 100 MeV (lower). For the
trapped (shaded grey) and free streaming (shaded cyan) regions, the MFP is smaller than 100 m and
larger than 1 km, respectively. The current laboratory and astrophysical constraints are overlaid as
the other shaded regions, and the future prospects at SBN, DUNE and FASER 2 are shown as the
solid purple, green and light blue lines (see more details in Section 2).
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Current constraints on the scalar mass mg and the mixing angle sin 6 from the laboratory
and supernova observations discussed in Section 2 are displayed on top of the MFP contours
in Figure 4 as the shaded regions. The representative prospects at future experiments SBN,
DUNE and FASER 2 are also indicated by the solid purple, green and light blue lines,
respectively. It is clear that there is unconstrained parameter space in both the trapped
and free-streaming regions of a neutron star merger, where mergers can in principle provide
complementary information. In particular, we find that mergers have the potential to probe
regions of the parameter space of this model that no other experiment can, including the
future experiments DUNE, SBN, and FASER 2. This motivates a more detailed study of
the role of scalars in the regions of the merger where they free-stream and the regions where
they are trapped. In the rest of the paper, we pursue this analysis, following the study in
the case of axions [26].

5 Scalar contribution to cooling

If the scalar is produced in a region of the merger and the MFP of the scalar is longer than
the size of that region, the scalar has a high likelihood of escaping, cooling down that part
of the merger. If the scalar continues to encounter regions where it has a long MFP, it is
likely that the scalar will free-stream through the merger entirely. The changing conditions
the scalar encounters throughout its trajectory are encapsulated in the optical depth [184]

(r, Bg) = / dr' A5 (', Es). (5.1)

but in this work we will consider trapping or free streaming on the level of individual fluid
elements in the merger, and in this section we will consider the question of how quickly a
fluid element cools when it emits scalar particles. The decrease in temperature of a fluid
element emitting scalars is related to the emissivity Qg through

dT - Qs(TLB,T)
dt — cy(ng,T)’ 52
where
QS = an + an + Qpp (5'3)

incorporates all the contributions from the pp, nn and np bremsstrahlung processes, with
(NN' = pp, nn, np)

Onnr — / d*p1 d*py d®ps d*py d*ps SNN' Lspins M NI
NN (2m)3 (2m)3 (27)3 (27)3 (2m)3 D EIEJE;EEs

x(2m)* 64 (p1 + p2 — p3s — pa — ps) fifo(1 = f3)(1 — f4)Es, (5.4)

with the matrix elements My same as in Egs. (4.2) and (4.3). The specific heat ¢y per
unit volume of degenerate nuclear matter in Eq. (5.2) is dominated by the neutrons, as they
have the largest Fermi sphere, and is given by [185]

1
cv(ng,T) ~ gmﬁpFnT, (5.5)
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Figure 5. Emissivity of the scalar S (left) and resultant radiative cooling time of fluid elements
(right) in the neutron star merger remnant, as a function of the scalar mass mg. In both panels,
the solid, short-dashed and long-dashed curves are respectively for ng = ng, 3ng and 5ng, whereas
the black, blue, yellow and red curves represent respectively 7' = 20 MeV, 40 MeV, 75 MeV and 100
MeV. The mixing is fixed at sin ® = 107 to ensure that the scalars free-stream in all thermodynamic
conditions for all scalar masses shown in the plot (cf. Figure 4).

where m% = \/P%,, + m2 is the Landau effective mass of the neutron [186], and pp, is the

Fermi momentum of the neutron. The specific heat does not deviate much from this expres-
sion even at the highest temperatures encountered in mergers (see Ref. [26] for an expression
valid at arbitrary degeneracy). From Eq. (5.2), one can integrate over the temperature evo-
lution and estimate the timescale 7y, for the fluid element temperature to drop by a factor

of two via
T1/2 To cv(ng,T)
T1/9 = dt :/ dl ——"~ . 5.6
12 /0 w2 Qsng,T) (5.6)

In this integral over temperature, we make the (reasonable) approximation that the neutron
Fermi momentum and Dirac effective mass do not change significantly with temperature.
In the left panel of Figure 5 we plot the emissivity Qg of the CP-even scalar as a function
of its mass mg. The black, blue, yellow and red curves are respectively for the temperatures
T =20 MeV, 40 MeV, 75 MeV and 100 MeV, and the solid, short-dashed and long-dashed
curves correspond respectively to the baryon densities of ng = ng, 3ng and 5ng. We see
that for all thermodynamic conditions shown in this panel, the emissivity rises with the
scalar mass, reaches a maximum, and then falls off. This trend is seen in the nondegenerate
nuclear matter limit as well (cf. Figure 2 of Ref. [106]). This mass dependence is more
complicated than the monotonic behavior seen in the emissivity of massive axions [46]. The
reason stems from the CP-even nature of the scalar, thus the matrix element for N + N/ —
N + N’ + S has a nontrivial dependence on the scalar mass mg [106]. For mg 2 10 MeV,
the production of S will be dominated by the a(), b(), ¢() and d() diagrams in Figure 1 (see
Figure 2 of Ref. [106]); as a result of the partial cancellation of these diagrams, the emissivity
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Qs will have the mass-dependence in the form of (mg/Es)?* for 10 MeV < mg < 3T (cf.
Ref. [106] and Appendix E). This is clear for all the lines in the left panel of Figure 5. The
emissivity increases strongly with temperature; however, as the mass increases and becomes
large compared to the temperature, the production rate of the scalar becomes Boltzmann
suppressed and falls off as e ™s/T. This behavior is evident for the T = 20 MeV and
T = 40 MeV curves, as shown in the left panel of Figure 5. For the hottest temperatures
encountered in mergers, say 75 MeV or even 100 MeV in the left panel of Figure 5, the
production rate seems to drop more slowly as the mass mg increases. This is because at
these high temperatures, the Boltzmann suppression is less dramatic for the range of mg
we consider. However, as the mass of the scalar increases beyond 500 MeV, the emissivity
will fall off as e=™s/T. For all the temperatures in Figure 5, the largest emissivity can be
found when the scalar mass mg ~ 37, which is a direct result of the CP-even nature of the
scalar and the resultant mg-dependence of the matrix element of the nucleon bremsstrahlung
processes, and is very different from the axion case. In the right panel of Figure 5, we
plot the corresponding radiative cooling time 71,5 as a function of the scalar mass myg,
for the benchmark temperatures and baryon densities in the left panel of Figure 5. The
nonmonotonicity of the emissivity as a function of mg is imprinted (in inverse) on the cooling
time.

To get a holistic view of the behavior of the radiative cooling time, we plot the contours
of cooling time 7,5 in the mg — sinf plane in Figure 6. The left and right panels are
respectively for the baryon densities ng = ng and 5ng. The temperatures chosen reflect
the hottest sections of the merger: in the two upper panels we take T" = 40 MeV, which
can essentially be reached in all numerical simulations for tens of milliseconds (or until the
remnant begins to collapse) [166, 168, 169, 187-189]; in the two lower panels the temperature
is T'= 100 MeV, which can be present in some regions of matter in a few simulations for a
few milliseconds, and also as the remnant begins to collapse to a black hole [31, 167]. At these
high temperatures, neutrinos are trapped (and exit the region on the much slower diffusion
timescale [184]) so it would be left to exotic particle species with long MFPs to radiatively
cool the hot fluid elements. Radiative cooling is only a well-defined concept if the scalars
free-stream through the remnant. In each panel of Figure 6 we color in cyan the parameter
space where the scalars are free-streaming, and the trapped regions are shown in grey. The
cooling time is proportional to sin?@ (coming from the expression for the scalar emissivity
in Eq. (5.4)), so the cooling timescale dramatically shortens as the mixing sin # increases, up
until the MFP shortens to the point where the scalars cannot free-stream anymore.

Merger remnants can survive for tens, hundreds, or thousands of milliseconds [190, 191]
(or much longer if the remnant mass is below the limit for a nonrotating star [192, 193]),
so radiative cooling that occurs on the timescales shown in Figure 6 is potentially relevant
to the postmerger evolution. We see from the two upper panels of Figure 6 that areas of
the merger at T = 40 MeV can cool to 20 MeV on timescales shorter than 1 second only
if the scalar is relatively light, say mg < 250 MeV. The mixing angle would need to be
roughly 1077 < sinf < 1077, although a fraction of the relevant parameter space is ruled
out by the SN1987A constraint [106]. If the remnant is short-lived, say lasting for 10 ms,
only scalars with mg < 100 MeV can significantly cool the 40 MeV regions of the merger
before it collapses, and only in a very limited range of sinf. As expected, cooling of a fluid
element from 7" = 100 MeV down to 50 MeV would occur much more rapidly for a given
choice of scalar mass and coupling, as shown in the two lower panels of Figure 6. Rapid
cooling of these extremely hot fluid elements can occur due to radiating scalars of the full
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Figure 6. Timescale for fluid elements to cool due to radiating scalar particles, in the mg—sin 6 plane.
Each panel corresponds to a different density and temperature possibly encountered in a neutron star
merger. The radiative cooling times are only valid for parameters (shown in cyan) where the scalars
free-stream through the matter in the merger. The parameter space for trapped scalars is also shown,

in grey. Constraints from SN1987a and expected constraints from future collider experiments are
overlaid.

range of masses we discuss in this work. As shown in the lower left panel of Figure 6, a
sizable region of parameter space with O(1ms) < 712 S O(10ms) can also be probed at the
DUNE experiment.

Cooling of fluid elements due to axion emission was implemented in a neutron star
merger simulation [25]. Even though axion radiation can quickly cool the merger remnant
(see semianalytic calculations in Ref. [26] and the simulation results in Ref. [25]), it does not
lead to significant changes in the dynamics of the merger remnant. In particular, while the
cooling leads to a small sphericalization of the merger remnant, the gravitational wave signal,
remnant lifetime, and ejecta mass were close to unchanged (compared to the case without
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radiative cooling from axion emission), even if the rate of axion emission was chosen to be
unrealistically high [8, 25]. Therefore, we do not expect radiative cooling to have a direct
impact on the dynamics of the merger, unless it involves physics that was not included in
the merger simulation in Ref. [25]. For example, cooling due to the emission of scalars could
trigger a phase transition in nuclear matter or change the temperature-dependent transport
properties, which could then lead to an observable signature of the presence of scalars. It
is also possible that emitted scalars can decay once they have escaped the merger remnant.
Similar to the discussion in the case of dark photon emission [30], scalars that escape the
merger remnant can decay into photons directly, or into leptons that scatter and create
photons. These decays may result in distinct y-ray signals, the properties of which deserve
further investigation, but beyond the scope of the current work.

6 Scalar contribution to thermal conduction

While experimental data forbid the QCD axion and light ALPs from being trapped in neu-
tron star merger remnants [26], the CP-even scalar discussed in this paper has, in certain
conditions, a short enough MFP to reach thermal equilibrium and form a Bose-Einstein dis-
tribution. For a given scalar mass and mixing angle (or, equivalently, coupling strengths),
the temperatures and densities where scalars are trapped are mapped out in Figure 3, and
for fixed densities and temperatures, the values of mg and sin # for which scalars are trapped
are mapped out in Figure 4. It is clear that current laboratory and astrophysical constraints
do not rule out the possibility of trapped scalars.

In regions of the merger remnant where the scalar MFP is sufficiently short, the scalars
will form a free Bose gas with zero chemical potential set by nucleon bremsstrahlung reactions.
Throughout this work, chemical potentials are defined relativistically, that is, they include
the rest mass of the particle.

In this section, we will calculate the impact of a trapped scalar gas on transport proper-
ties in the merger remnant, and will need a variety of thermodynamic properties of a quantum
gas of scalar particles, which we detail below.

The number density of a (noninteracting) massive Bose gas with zero chemical potential

Pk 1 1 o Es\JEZ—mg
nsz/@ﬂ)g eEs/T_l = 271_2/ dES —eES/T—l , (61)

is

and the energy density is

d3k E 1 00 E2 E2—m2
a:/( S / dEg V% 75 (6.2)

2m)3 eBs/T —1 T o2 efs/T — 1

mgs

The heat capacity at constant volume (or at constant baryon number density, as baryon
number is conserved) is given by

3 2 2
0 1 o0 Eg\/Eg —myg
c / (6.3)

=—=— dE .
VST 9T T 8272 ms % sinh? [Es/(2T)]

The typical velocity of a scalar particle with mass mg and energy FEg is

vg = aE;p(p) =+/1—(mg/Eg)?. (6.4)

17 -



Trapped species of particles in the merger remnant can participate in various transport
processes, including thermal conductivity, shear viscosity, and electrical conductivity [194].
Typically particle species with long MFPs (but still shorter than the system size) will domi-
nate transport, though other factors are also important for each transport process [194, 195].
In this section, we will consider the impact of the trapped CP-even scalar on the thermal
conductivity x of the matter in the merger remnant. In the standard consideration of neutron
star mergers, where only neutrons, protons, electrons, and neutrinos are involved, the ther-
mal conductivity is dominated by either electrons (in regions of the star where the neutrinos
are free-streaming) or the neutrinos (if they are trapped) [194]. It is useful to quantify the
effect of thermal conductivity by calculating the timescale for two adjacent fluid elements
at slightly different temperatures to reach thermal equilibrium with each other. A hot fluid
element of size z (or volume 23) has excess thermal energy Ei, = cy 22 AT compared to its
neighbors. This heat diffuses through the boundary of the fluid element (with surface area
622) at rate Wy, = k(AT/2)622. This thermal equilibration timescale is given by the ratio
of these quantities

By cy??
T W 6k

The specific heat of nuclear matter cy is given by Eq. (5.5). The thermal conductivity is the
sum of the thermal conductivity generated by each particle species in the remnant

(6.5)

R; = %CV,ivi)\iv (66)
where cy;, v; and \; are respectively the specific heat, speed and MFP of the ith particle
species. Particle species with the optimal combination of large density and long MFP (but
still shorter than the system size) dominate the thermal conductivity. In this paper, we
focus on the neutrino-trapped regime with temperature 7" > 5 to 10 MeV, so out of the SM
particles, neutrinos dominate the thermal conductivity. The details of the neutrino thermal
conductivity calculation can be found in Appendix F.

Under certain conditions, trapped CP-even scalars would give rise to a larger thermal
conductivity than the trapped neutrinos. The thermal conductivity of scalars can be cal-
culated using Eq. (6.6), with input from Egs. (6.3) and (6.4), as well as the scalar MFP
calculated in Section 4. To obtain an estimate for the thermal equilibration timescale due
to diffusion of a gas of CP-even scalars in a neutron star merger remnant, we consider a
temperature gradient occurring over a distance scale of z = 1 km. For example, numerical
simulations indicate the presence of a ring-like hot region in the merger remnant, occurring 4
to 7 km out from the remnant’s center [166, 167, 196-199]. This ring has a thickness of 1 to
3 km. We will show results only for z = 1 km, but since 7, o 22, the thermal equilibration
times for other distance scales can be easily obtained. In particular, it is clear that tempera-
ture gradients on shorter distance scales, for example from turbulence [200], will equilibrate
more quickly.

In Figure 7 we plot the timescale for thermal equilibration of matter in the merger due
to diffusion of trapped CP-even scalars (cf. Eq. (6.5)), over a distance scale of 1 km, as a
function of the scalar mass mg. As in Figure 5, we have chosen the benchmark temperatures
T =20 MeV (black), 40 MeV (blue), 75 MeV (yellow) and 100 MeV (red), and the densities
np = ng (solid), 3ng (short-dashed) and 5ng (long-dashed). The mixing angle of sinf = 10~
has been chosen such that the scalar S is trapped in the neutron star merger remnant in
the whole mass range we are considering, cf. Figure 4. It should be noted, however, that for
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Figure 7. Thermal equilibration timescale due to the scalar S over a distance of 1 km as a function
of the scalar mass mg. The solid, short-dashed and long-dashed curves are respectively for ng = ny,
3ng and 5ng, the black, blue, yellow and red curves represent respectively 7' = 20 MeV, 40 MeV, 75
MeV and 100 MeV. The mixing sin# = 10~* is chosen so that the scalar particles are trapped for all
displayed thermodynamic conditions and scalar masses.
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Figure 8. Thermal equilibration timescale due to the scalar S over a distance of 1 km in the mg —T
plane, for the baryon density of ng = ng (left) and 5ng (right). Here sin# = 10~* is chosen to ensure
that the scalar is trapped for all displayed thermodynamic conditions and scalar masses.

sinf = 10~* the scalar mass range of 220 MeV < mg < 310 MeV has been excluded by the
limits from PS191, CHARM, and LSND (see Figure 4). It is clear that higher temperature
regions in the merger remnant have a higher density of scalars (cf. Eq. (6.1)) and thus
thermally equilibrate faster. The density of scalars drops as their mass increases, causing the
thermal equilibration time to grow longer as the scalar mass mg increases.
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In Figure 8, we show contour plots of the thermal equilibration time in the mg—1T plane,
for two choices of density ng = ng (left panel) and 5ng (right panel), again with sin@ = 10~
to ensure the scalars are trapped for all conditions shown in the plots. This presentation of
the thermal equilibration time makes clear that hotter regions of the merger reach thermal
equilibrium more quickly, for the reasons mentioned above, especially when the scalars are
light. The kink in the contours in the left panel at mg = 2m_ 1+ ~ 270 MeV is due to the
appearance of the decay channel S — 777 ~, which shortens the MFP of the scalar, slowing
its ability to attenuate temperature gradients.

The thermal equilibration time due to a Bose gas of scalars in the mg — sin 6 plane
is shown in Figure 9. As in Figure 4, the left and right panels are respectively for the
baryon density np = ng and 5ng, and the upper, middle and lower panels correspond to
the temperatures of T'= 10 MeV, 40 MeV and 100 MeV, respectively. The labels for all the
current laboratory constraints and future prospects, the supernova limits and the trapped and
free streaming regions are the same as in Figure 4. The thermal equilibration time depends
on the mixing angle via 7., o sin?#, meaning that as the coupling between nucleons and
scalars grows weaker, the MFP of the scalar grows longer, shortening the timescale needed
to even out temperature gradients in the remnant (provided that the scalar MFP remains
much shorter than the system size).

While a trapped Bose gas of scalars can quickly even out temperature gradients in the
merger remnant as shown in Figure 9, a clear signature of BSM physics is only present if
that rapid thermal conduction was unable to be attributed to SM particles, namely trapped
neutrinos [194]. In Figure 10 we plot the ratio of the thermal conductivity kg due to trapped
scalars to that of trapped neutrinos k,, with baryon density np = ng and 5ng respectively in
the left and right panels. For the sake of clarity, we have combined all the current laboratory
limits, and show them in black in Figure 10. All other labels are the same as in Figures 4
and 9. In places where the ratio kg/k, is larger than one, fast thermal equilibration is
a signature of BSM physics, as no SM mechanism yields such a high thermal conductivity.
Figure 10 shows that at moderate temperatures like 7' = 10 MeV (upper panels), the neutrino
thermal conductivity is fairly high, since the neutrino MFP is long (neutrinos become free-
streaming at temperatures just a few MeV lower) and so any contribution to the thermal
conductivity from the scalars is hidden by the neutrino contribution. One has to go to higher
temperatures where the neutrino MFP shrinks to find situations where the scalars provide
the dominant contribution to thermal equilibration inside the merger remnant. In regions
of the merger that reach 7' = 40 MeV (middle panels), the scalars can quickly equilibrate
temperature gradients, sometimes even one or two orders of magnitude faster than neutrinos.
This is only possible for scalars with masses below about 400 MeV, and couplings 1076 <
sinf < 1074, If regions of the merger remnant were to reach temperatures of 100 MeV (lower
panels), trapped scalars could quickly bring those regions to thermal equilibrium with nearby
regions for a wide range of potential scalar masses. It is remarkable that some of the regions
with kg/ky, > 1 can be directly probed at the future laboratory experiments such as SBN,
DUNE and FASER 2.

7 Discussion and conclusions

In this work, we have studied the effect of a CP-even scalar on the thermal transport proper-
ties of a neutron star merger remnant. These scalars are produced in the hot, dense nuclear
matter in the merger by nucleon bremsstrahlung processes. The effect of the scalar depends
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Figure 9. Thermal equilibration timescale due to the scalar S over a distance of 1 km in the

mg — sin @ plane, for the baryon density of ng = ng (left) and 5n¢ (right), and temperatures 7' = 10
MeV (upper), 40 MeV (middle) and 100 MeV (bottom). The thermal equilibration times are only

valid for parameters where the scalars are trapped in the matter in the merger (shown in grey). The
other labels are the same as in Figure 4.
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Figure 10. Thermal conductivity ratio kg/k, in the mg — sinf plane, for the baryon density of
np = ng (left) and 5ng (right), and temperatures T = 10 MeV (upper), 40 MeV (middle) and 100
MeV (bottom). The labels are the same as in Figures 4 and 9 with the current laboratory limits
combined together as the black-shaded region.
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on its MFP in the merger environment, which we plot in Figures 3 and 4. The parameter
space of mg — sinf plane excluded by current laboratory limits and the supernova limits
from SN1987A are also depicted in Figure 4. It is clear that taking into account the current
constraints on the model, the MFP of the scalars could be as short as hundreds of microm-
eters. On the other hand, as the coupling between the scalar and nucleons becomes weaker,
the MFP is free to grow arbitrarily large.

If the MFP is longer than the size of a particular macroscopic region of the merger
remnant, the scalar will free-stream out of the region, cooling it. If the scalar fails to encounter
any region of the star where it has a short MFP throughout its trajectory, it will escape the
remnant entirely, leading to a net loss of energy from the merger remnant as a whole. In
Figures 5 and 6, we plot the time for a fluid element to cool to half of its original temperature
by radiating scalar particles. As long as the scalar is not too heavy, it can provide a mechanism
to cool the hottest parts of the merger remnant on timescales shorter than the remnant
lifetime. While it does not seem that this cooling affects the gravitational wave signal or the
amount of ejecta significantly [25], the emission of scalars and their subsequent decay might
be able to produce an additional electromagnetic signal, or the cooling to trigger a phase
transition or affect the transport properties in the nuclear matter, which requires further
investigation.

Perhaps more intriguingly, if the scalar is trapped in the merger remnant due to a
short MFP, forming a Bose-Einstein distribution, it could contribute to transport processes
in its own right. To this effect, we studied the contribution to the thermal conductivity
coming from the Bose gas of CP-even scalar particles. The timescale for the scalar to smooth
temperature gradients in the merger remnant is plotted in Figures 7, 8, and 9. We find
that there is a significant amount of unconstrained space in the mg — sin # plane where the
scalars can cause fast thermal equilibration. However, Figure 10 shows that only some of
that parameter space represents a case where the scalar thermal conductivity dominates over
that coming from trapped neutrinos. In particular, only at temperatures above 10 MeV can
the scalar dominate the thermal equilibration of the merger remnant. This could potentially
lead to some detectable signatures in future postmerger data. Furthermore, a part of this
parameter space can also be directly probed at the future laboratory experiments such as
SBN, DUNE and FASER 2 (cf. the middle and lower panels of Figure 10), thus providing a
complementary and independent probe of the model.

Before closing, we would like to comment on potential uncertainties and possible future
improvements. First of all, in the nucleon bremsstrahlung process that produces S particles,
the nucleon scattering occurs via the strong interaction. In our calculation of the matrix
element for this process, following Ref. [106] (and Refs. [201-205] for bremsstrahlung processes
producing other BSM particles), we used the OPE approximation. It is well known that the
OPE approximation underestimates the nucleon scattering cross section at low energies and
overestimates it at high energies [206]. In the future, this calculation of the S production
rate should be conducted in the soft-radiation approximation (SRA), which allows the S
production rate to be written in terms of the on-shell nucleon-nucleon scattering amplitude [8,
206, 207]. For other bremsstrahlung processes, the SRA predicts a reduction of the production
rate by a factor of a few compared to the rate calculated in the OPE approximation. An
alternative approach is to consider the exchange of heavier mesons or multiple pions, which
also reduces the production rate relative to the OPE result [208]. If an improved treatment
of the nuclear interaction were to decrease the emissivity of scalars compared to the OPE
result we use here by, say, an order of magnitude (it would also increase the MFP by a similar
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factor due to the similarity of the phase space integrals for Q and \), our qualitative results
would be unchanged, though the specific parameter space where, for example, trapped scalars
would quickly smooth out temperature gradients in the system, would be different.

Secondly, scalars with masses mg > 2m o (mg > 2m +) can decay into neutral pions
(charged pions). For even higher mass scalars, decays into more than two pions or to heavier
mesons are possible. Nuclear matter in neutron star mergers likely also contains pions, either
in a thermal population or in a condensate, either of which would alter the decay properties
or even production mechanisms of a scalar particle. In this work we allowed for a thermal
population of pions at low density, which leads to Bose enhancement of the decay process
S — mTr~. We treated the pions as free particles, although the inclusion of pion-nucleon
interactions has been studied [178]. At high densities, the pions likely condense, but no
calculation has yet been done of the decay rate of the scalar to pions in the presence of a
pion condensate, nor is there a consensus on the density at which condensation occurs. A
unified, finite-temperature framework that can describe pions in and out of the condensed
phase is needed.

Ultimately, to use neutron star mergers to find signatures of scalar particles, or to
constrain them, will require numerical simulations which incorporate scalar particles. In the
free-streaming regime, this can be done by a leakage scheme where each fluid element has an
energy loss term corresponding to the emissivity of scalars at the density and temperature
of the fluid element. This procedure was used to study cooling due to axion radiation [25].
In the regime where scalars are trapped, a thermal conduction term could be added to the
relativistic hydrodynamic equations. However, it is likely that for a scalar of a particular
mass mg and coupling sin #, there will be thermodynamic conditions in certain parts of the
remnant where it will be trapped, but other parts of the remnant where it will free-stream.
Therefore, it would be necessary to develop a transport scheme for scalars similar to those
developed for neutrinos in merger or supernova simulations [164, 209-211]. We hope the
results presented here will motivate the merger simulation community to implement the
effects of light BSM particles like the one studied here into their simulations.
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A Mean free path for S decay processes

In this appendix we list the MFPs for the S particle through its decays with respect to the
relevant SM particles. For convenience, we define for particle species i

()2

where 7; = m%/4m?. The matrix element for S — e*e™ is

Z IMP% - = 2V2Gpsin® 0m2(m% — 4m?2), (A.2)

spins

and the MFP of the scalar from this decay is
)\,1 _ / d3p+ dsp* ( 7T)454(p —py—p )Espins ‘M’ere,
etes (2m)3 (27)3 SRS X} o8 ol Ol

X (1 - f(E+ + Ne))(l - f(E— - Ne))
sin? @ m2(m% — 4m?) T

= SWU]%:W ES\/M 1— e Es/T
I { cosh (p1e/T) + cosh [55 (1 + /Be)] }
cosh (p1e/T) + cosh [55(1 — v/Be)] |

O(mg — 2me)

(A.3)

eS|l

where p4 and E4 are respectively the 4-momenta and energies of e*, and f denotes a Fermi-
Dirac factor. The MFP due to the decay S — pu™u~ is the same, but with the electron mass
and chemical potential replaced by those of the muon. The matrix element of the S — ~v
process is

2
V2G pa®m sin? 6
> IME, = o |2 QG AL () + Av(mw)| (A1)
spins f

where the one-loop functions are

Aijo(r) =2[r + (1 = Df(7)] 772, (A.5)
Ai(1) = — [27’2 + 37 +3(2r = 1)f(1)] T2, (A.6)
arcsin?,/7 (for 7 <1)
wi T) = “1/7 . 2 . .
B ) I IS (8.1

The corresponding MFP is given by

- :/ d’py d’ps
Y (271')5 (27-[-)3

2
Zspins |M 0%’

23EsE Es

(2m)*6* (ps — p1 — p2) (1+9(E1)(1 + g(E2))
2

a?sin26 m*

S > NLQF Ao (rp) + Ar(rw)

128730y Eg\/E:—m% |7
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y T | sinh [ﬁ (1+ \/57)]
TP sinn [B2(1— /3

where p1 2 and Ej 2 are respectively the 4-momenta and energies of the two photons, and g
is the Bose distribution factor.

We also consider the possibility of S decaying into pions. We will treat the pions as a
free Bose gas, neglecting for simplicity modifications to their dispersion relation due to the
strong interaction (see Ref. [178]). Furthermore, the strong interaction would likely alter the
pion mass [212], but we do not consider this effect, as pions have not yet been consistently
included in a RMF theory. The neutral pion has zero chemical potential, while the charged

pions have chemical potential i+ = 4(u, — f1p). The matrix element for S — 7079 is

(A.8)

2 sin26 11 2
Z |M‘ﬂ.0ﬂ-0 = QE <m% + 2m72r0> y (A9)

spins

and the corresponding MFP is

_ d d Zs ins ’M|72r T
/m%=/ DL P2 (2m) 6% (ps — p1 — po) =0 (1 4 g(En))(1 + g(E»))

(27)? (2m)? 2B EsE1 By

9 9 | 11,2 \2 sinh (1+/Bro
_ sin” 0 (ms+ 5 M, ) T In [ \/7} O(mg — 2mo),

3247“]}23“, ES /E2 mS 1-— e_ES/ sinh |:f,151' (1 o \/m)}

(A.10)

where p1 2 and E 2 respectively the 4-momenta and energies for the two neutral pions. The
matrix element for S — 77~ is

4 811129 11 2
Z M2, = ——5— (m% + mfri> , (A.11)
w

spins

and the corresponding MFP is

_ d3 d3 Zs ins |M|7r T
3 = [ RS o) 6o — i - p) e

mtm (27)3 (2m)3 BEEE_
X (14 g(Ey + pr-)) (1 + g(E- — pr-))
sin?0  (m% + %in)Q T

= O(mg — 2m,
3247TUI%W ES’ /E2 mS 1— €_ES/T ( o i>

cosh (pu.— /T) — cosh [?—%(1 + \/ﬁ?)}
cosh (pu- /T) — cosh [%(1 — \/ﬂ?)}

x In , (A.12)

where p+ and E4 respectively the 4-momenta and energies for 7%. This formula for scalar
decaying into charged pions is only valid when the pions have not formed a Bose-Einstein
condensate.
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B Dimensionless functions in nucleon bremsstrahlung matrix element

The dimensionless functions in the nucleon bremsstrahlung matrix elements were derived in
Ref. [106] and are reproduced here:

o KT R (k1) B.1)

AT R T R () () |
2 4 4 212 2
. , 11, k 1 K212 - 2(k - 1)

1 = — - B.2
p = (5 0) [y ey @ e e
nn/pp 2 11 4 k! 1"

e - el
¢ (mS 3 m) {<k2 Tm2P (P m2pP

L P 4 2m2) KPP - 2(k - 1)) (B.3)
2 GrmRErmE [ |
Kk 414 k212 — 2(k - 1)?
I"? = 2 B4
AT Mm@ rm2)E O m2)(E 4 m2) (B4

11 ,)\? IS 414 k212 — 2(k - 1)2
I"° = [ m% + —=m? 2 B.5
p = (b 30) [ @y 2@ e e 9

4 4
= (k58 ) (G *
(K2 + 12 4+ 2m2) k%12 — 2(k - 1)?]
(k? +mZ2)*(1* + m3)? }
where k = ps — ps and 1 = po — p3 measure the nucleon 3-momentum transfers. We do not

choose to average over the direction of the momentum of the emitted BSM particle, as was
done for axion emission, for example, in Ref. [213].

(B.6)

C MFP phase space integral

In this appendix, we detail the calculation of the MFP of the S particle due to absorption
vian+n+S — n+n, and then comment on the other two inverse bremsstrahlung absorp-
tion processes. The phase space integral in Eq. (4.1) can be reduced to a five-dimensional
integral via the following steps. First, we neglect the 3-momentum of S in the momentum-
conserving Jd-function; however, we keep its energy in the energy J-function. We perform the
3-dimensional integral over p; using the 3-momentum J§-function and then we convert each
of the remaining 3-momentum integrals to spherical coordinates. We choose our z-axis to
align with p2, and then choose the zz-plane to be the plane in which ps and ps3 lie, with
angle r = cos § between them. This choice of axes allows us to write po, p3, and py as

P2 ZPQ(O)O) 1)7
PSZPS( 1—7"2,0,1"),
ps =ps(V1—s2cos, /1 — s2sing, s), (C.1)

where s is the cosine of the angle between ps and ps. This choice of coordinate system
renders three of the angular integrals trivial, yielding a factor of 872. The MFP is now given
by

a2 frsin?g [ ! 2 fifo(1 = f3)(1 = fa)
P St i dpa dps d drd do p2p2p?
nn 1671'4sz5‘ /0 P2 ap3 p4/_1 r 5/0 ¢p2p3p4 EikEikEékEZ
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2 4 2
* * YnnM'S nn * nn 2yhnnmSm* nn
x0(Ef+ B, —FEi—F FE I I = ]
(ET + E3 3 4t S)( AE] At B T OEZopy C>7
(C.2)

where ET = \/(pg + ps — p2)? + m2. Now, we integrate over ¢, using the energy d-function.
The argument of the §-function can only go through zero if

B+ El > E} + Es. (C.3)
If
im2 + E%/2 + E3E; — EsE5—FEsEf + Eg(Es — E§ — E}) + papsr + papas — p3pars|

<pspaV1—1r2V1—s2 (C.4)

then there are two values of ¢ between 0 and 27 which are picked out by the J-function.
Both values ¢g have the same cosine. If Eq. (C.4) does not hold, then the integral is zero.
Condition (C.3) can be turned into an upper bound on ps along with the further constraint

Ei + E; — Eg > m,. (C.5)

Therefore the MFP of the scalar S from the neutron-neutron inverse bremsstrahlung process
can be written as

L a2ftgin2g [ (BE3+E;—Eg)2—m?2 1
An :”f/o dpgdp4/0 dpz/ dr ds 2P e J12(1 = f3)(1 = fa)

8mim2FEg ESE3EY
2 4 2 2 2
Ynn'S nn s nn YhnnMgMs 1y
Sl B | 515 — 1,
AES 19202, 9EZupw

‘ <pg,pz<1 C ) (1 - ) (m + E3)2 + E3E} — ByE; - ByE;

—1/2
+ Es(E; — B3 — E}) + papsr + papas — p3p4rs)2> , (C.6)

with the restrictions (C.4) and (C.5). The Fermi-Dirac factors are

1
h=7 1 (B3t E{—E3—Bs—pu3)/T °
fo= M’
1—fs= I e_(;;_u;;)/T '
L=fi=17 e(;Zu;)/T ' 7

The integration variables po, p3, p4 can be nondimensionalized by my, if desired.

The MFP due to absorption via p 4+ p + 5 — p + p is the same, except that the
neutron chemical potential is replaced by that of the proton. The MFP due to the absorption
n+p+ S — n+ p has the neutron chemical potentials of particles 2 and 4 replaced by the
proton chemical potential, and the result is divided by four (or, )\;pl is multiplied by a factor
of four) due to the difference in matrix elements (cf. Egs. (4.2) and (4.3)).
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D Emissivity phase space integral

To evaluate the phase space integral in Eq. (5.4) for, say, n +n — n + n + S, we neglect
the 3-momentum of the scalar particle in the 3-momentum conserving é-function and then,
considering the integral over pg in spherical coordinates, integrate over the angular part,
giving a factor of 47. To simplify the 3-momentum conserving §-function, we change the
coordinate system from {pi, p2, p3, p4} to {p+,p—,a,b} where

1
p+:§(p1+pz)7 a=p3—DP+,
1
p- = §(p1 - p2), b=ps—ps. (D.1)

The Jacobian gives a factor of 8, and the emissivity becomes

2 p4 02
oz f*sin” 6

o0
Qnn = 3278 m?2 /d3p+ dgp_ d3ad3b/ dpsp%(s(Eik +E; - E§ o EZ o Es)5(3) (a+b)
* 0
1— 1— 2 4 2 2 2
AT i 53)*( - 1) <yhnnin512n+ m2* [gnJrgW*[””). (D.2)
EfESEZE}; ES 81vgy IEGvEW

Now we do the integral over b using the 3-momentum J-function and then the integral over
ps, making use of the energy d-function. This yields

a2 f4sin? 0

Qun =20 S50 [ o dPp_ dPa(i + B - B — E\J(B + B - Bj - B - m}
% f1f2(1 - f3)(1 - f4) yl%nnm% I mz nn 2yhnnm%m* o (D 3)
E{E3F;E; At 4 19202 T 9 Zupw ¢ ) ‘
with the constraint
Ef + Ei — Ef — Ef > mg. (D.4)

We choose a coordinate system such that
a=1a(0,0,1),
p- =p-(V1-7%0,r),
pr = p+ (V1 —s2cos ¢, V1 — s?sing, s), (D.5)

with r and s here respectively the cosines of the angles between p+ and a, and then do the
integrals over three trivial angles, yielding

2 r4 29 00 1 2w
Qnn :M / dp dp_ da/ drds dqbpin_aQ(Ef + E5 — E5 — EY)
0 0

47T6m§ -1
B B B pyr - mp RO ST

EyEy B3 EY
2 4 2 2
Yrnn™S nn my nn 2yhnnmsm* nn
X + + , D.6
( AEL A T 19202, 7P 9EZvpw ) (D-6)

where the condition (D.4) holds, and Es = E} + E5 — E5 — E}. In the functions I4 p ¢
(cf. Appendix B), the momentum transfer variables are

k2 =a?2+p> —2p_ar, PP =a’>+p> +2p_ar, k-1=p> —d? (D.7)
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In addition, the former integration variables are now expressed as functions of the new
integration variables

p% =p> +p% +2p_rs+2pip_V1—12V/1—s2cos o,

ps = pip> — 2pip_rs — 2pyp_ V1 — 121 - s2cos @,

p3 = pi +a” +2pyas,

pi=pi +a’—2p,as. (D.8)

E Higher-order corrections for scalar production amplitude

We perform in this appendix a more complete calculation for the nucleon bremsstrahlung
process Eq. (2.1), following the procedure in Ref. [106]. In this section, we use my to label
the nucleon mass, which in a RMF theory is replaced with the Dirac effective mass m, (see
Section 3). For the diagrams (a) through (d) in Figure 1, the amplitudes are

1

Mped X , E.1l
a,0,c, (pZ :F kS)Q _ m?v ( )
where the “—” and “+” signs are respectively for ¢ = 1, 2 and ¢ = 3, 4, and
(pi + ks)2 - m?\f = :F2(pi ) ks) + m%‘
E;—mny pi-ks m?,
= F2 Eg |1 — . E.2
Famy s |+ mn myEs  2myEg (E.2)
For convenience, we define the small dimensionless parameters
B — Lk
aizw, b,-E—pl S, ¢ = Fc, (E.3)
my myEs
where )
mg
=—= E.4
¢ szES ( )
Then the propagators become
1 1 1
= , E.5
(pi F ks)? — m& :FQWNEsl-i-ai-i-bH-Ci (E:5)
1 oo
who 4’“(’? b ’?>
s L+a;+bi+c +;( R
oo k—1 Kl
L ! o o o
+ZZ(—1) m (afbl J + agci J +b{CZ ]>
k=2 j=1 J: J):
oo k—1

k! i
+30 3 (-1 albel I (E.6)

jiml(k —j5—m)

When we sum up the (a) through (d) diagrams, the “1” term in Eq. (E.6) cancels out,
which is the cancellation mentioned in Ref. [106]. For the a; terms, let us first consider the
leading order terms with k& = 1, which produce

- )

Ei—m Ey —m Es—m Es—m
_Z:Fai_ 1 N B2 N b3 N Py N _, (E.7)
i my my my my
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p1-ks p2-ks p3-ks  ps-ks
— b = — - =-b, E.8
zi:$ myEs myEs * myFEg * myFEg (E8)
(~1)F D ek = =2 (14 (-1 e, (E.9)
where we introduced

Eg E%Z —m?
=—, b= _F5 E.10
oot s (E.10)

For the high-order terms af with k = 2,3,4... in Eq. (E.6), in the center-of-mass frame and in
the limit of mg, Eg — 0, AE; = E; —my are all the same; as a result the (E; — my)* terms
with & > 2 cancel out. In other words, these higher-order terms are highly suppressed by
powers of (Eg/my)¥. For the higher-order terms b¥ (with k = 2,3,4...) in the center-of-mass
frame and in the limit of mg, Fg — 0, the scalar products

pi - ks = |pi||ks]| cosb;, (E.11)

where 6; are the angles between p; and kg, then

illks|\*
E :be o (W) (cosk 01 + cos” s — cosk B3 — cos” 64) ) (E.12)
- NLS

Integrating over all the parameter space, the angles 01234 are averaged, thus the factor
(cos™ 01 + cos™ O — cos™ 3 — cos" 04) — 0. (E.13)

In other words, the higher-order terms of bf (with k& > 2) are also highly suppressed by
(Es/mny)*. A

For the cross terms a’ bf_j in Eq. (E.6), let us first consider the first term with j = 1
and k = 2, which turns out to be

2

2 2k
Y F2aibi = —5— [E1p1 - ks + Eaps - ks — Esps - kg — E4ps - kg] — —5— (E.14)
P mNES ’ITLNES

To evaluate the E;p; - kg terms, we take the limit of E; — my — AE ~ p]%,/2m?v in the
center-of-mass frame with the limit of mg, Eg — 0. In this limit, Eq. (E.14) can be greatly
simplified to

> F2a:b; = 2bd, (E.15)

k—1
i bi

where we have defined d = AE/my. Generalizing to higher-order terms of the form a i

(with £ > 2) in Eq. (E.6), we have
(D" Fhaf b = (—1)*kbd* 1. (E.16)

The affj b{ terms (with j > 2) are vanishing as

AEN\™
ai'b;’ o< () (cos™ 61 + cos™ Oy — cos™ O3 — cos™ O4) . (E.17)
my
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Similarly it is straightforward to obtain that

Z:Faﬂ k=i %ck_j [4dj (1 + (—1)k—j—1) — /10 (1 + (-1)’%]‘)} . (E.18)
Z:ngcfff = %bc’f—jajl (1+ (—1)k—j) , (E.19)
Zq:a e %bdjck’j’méml (1 + (—1)’“*3‘*’“) . (E.20)
Summing up all the contributions, we get
a—b— 42 2n= 1+Z D)™ (n+1)d"b

+4§:§:( 1)m+2n 1Cm+2n 1dm 2n— 1+Z 1+2n)

m=1n=1 n=1
= (m+2n+1)! 9
. (1 2n 2n + m+2n+1 A2
2 I
(1+c2a  [(1+d)?+ b 4c

T - [A+d2-P (AtdZ- (E.21)

As all the parameters a, b, ¢ and d are very small, the summation can be approximated to
be

2 2

a—b—4c= (E.22)

mN mNEg mNEg N mNEg ’
which corresponds to the lowest order terms a;, b; and ¢; in Eq. (E.6). This means that we
have to scale the amplitudes for the (a) through (d) diagrams in Ref. [106] by (roughly) a
factor of 1/2.

F Neutrino thermal conductivity

The thermal conductivity of a neutrino gas has been calculated for one neutrino species in the
degenerate limit [214] and at arbitrary neutrino degeneracy (though assuming nondegenerate
nuclear matter) [215]. In mergers, there exist neutrinos and antineutrinos of electron and
muon flavors, so we perform an estimate of the neutrino thermal conductivity using the
simple expression given by Eq. (6.6) that includes all four particle types and does not make
assumptions about the degeneracy of neutrinos. However, Eq. (6.6) assumes that the MFP is
independent of the neutrino energy, which is certainly not true for neutrinos in dense matter
(see, for example, Figure 1 in Ref. [216] or Figures 5 and 6 in Ref. [217]), so the following
calculation is just a rough estimate.

The neutrino contribution to the thermal conductivity is the sum of the individual
thermal conductivities of electron and muon neutrinos and their antineutrino counterparts.
The specific heat of arbitrary degeneracy gases of v, and v, are

3T3 |:Iu”/e

—_ — /‘LVE/T — — lu‘l’e/T
Ve =3 T¢3( e ) —4¢a(—e )| (F.1)
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373 _ _
e = =5 | da(—e e/ T) 4 dgy(—e /T (F.2)
s T
where ¢, (z) is the polylogarithm function of order n. The sum of the specific heat of electron
neutrinos and antineutrinos is

7 1
CVvVe + vaﬂe = 77T2T3 + 7/“LZ€T7 (F3)

which is consistent with the expression given for the energy density of a fermion-antifermion
gas in Ref. [218]. But, we will treat neutrinos and antineutrinos as separate species for
this calculation because they have different MFPs. The specific heat expressions for muon
neutrinos and antineutrinos are analogous to Eqgs. (F.1) and (F.2).

The neutrino thermal conductivity is then given by

Rall neutrinos =

(CV,lze)\uE + CV,De)\De + CV,IJHAZ/H + Cv,u, )\’7#) 5 (F4)

W =

where the velocity term in the thermal conductivity expression (see Eq. (6.6)) has been
set to one because the neutrinos are essentially massless. The neutrino/antineutrino MFPs
were calculated in the same manner as in Refs. [216, 217] (that is, using nucleon dispersion
relations obtained from a RMF theory and conducting the full integration over phase space),
but neglecting for simplicity the weak magnetism and pseudoscalar parts of the hadronic
current. The following processes were included in the calculation:

Ve+n—p+e ,

Ve +N — Ve +n,

Uet+p— et + n,

Ve +p+e —mn,

Ve + 1 — Ve + 1,

Vptn—p+u,

Vy+n — v, +n,

Vy+p— ,u+ +n,

DD+ o,
Uy +n— v, +n. (F.5)
We evaluate the neutrino MFP at F, =~ 3T, which is its average energy when the chemical
potential is much less than the temperature [219]. A proper calculation of the neutrino

thermal conductivity would involve solving the Boltzmann equation, properly accounting for
the full distribution of neutrinos and the energy-dependence of the neutrino MFP.
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