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We investigate how our baryon-loss limits from anomalous binary-pulsar period lengthening can be
interpreted microscopically to yield specific constraints on the particle physics of baryon number violation
within a neutron star. We focus on the possibility of anomalous baryon disappearance via dark baryon
processes and on scenarios in which the produced dark-sector particles do not survive to influence the
response of the star to baryon-number-violating effects. We flesh out the conditions for which this may
occur, as well as other key assumptions. We then turn to the analysis of particle processes in the dense
nuclear medium found at the core of a neutron star, employing the techniques of relativistic mean-field
theory. Using our study of in-medium effects and limits on macroscopic baryon number violation, we
extract limits on in-vacuum baryon-number-violating processes, and we determine them for various
equations of state. We conclude by noting the implications of our results for models of dark-sector-enabled

baryogenesis.
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I. INTRODUCTION

The cosmic excess of baryons over antibaryons is well
established [1], but the theoretical mechanism by which it is
produced is not. The essential theoretical ingredients are
thought to be known: baryon number violation (BNV),
along with C and CP violation, must all be present in a
nonequilibrium environment [2]. Thus, BNV would seem to
play an essential role, though in the Standard Model (SM)
BNV is thought to occur appreciably only at extremely high
temperature [3,4]—and the existence of BNV at low
energies has as yet to be established. In this paper, we
continue our scrutiny of such effects through observations
of neutron stars, which contain enormous reservoirs of
baryons. In earlier work, we identified sensitive limits on
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BNV through the interpretation of precise observations of
energy loss in isolated neutron stars and in neutron-star
binary systems [5]. These studies limit the baryon-number-
violating effects that occur across the entirety of a neutron
star. In this sense, they are macroscopic limits. In this paper,
we interpret these limits in a microscopic way, in that we
develop a framework in which they can be translated to
limits on the parameters of particular particle physics models
that generate baryon-number-violating effects.

The particular models to which our studies are most
sensitive are those in which baryons decay or otherwise
transform to dark-sector fermions, of O(1 GeV) in mass,
that carry a baryon number. In such cases, BNV becomes
an apparent, rather than explicit, effect, because the dark-
sector particles are unobserved, even if the baryon number
is not broken. Although the existence of dark matter is
certainly established through astrometric observations, both
its nature and origin continue to be open questions. It is
possible that the origins of dark matter and of the cosmic
baryon asymmetry are related, so that the loosely similar
value of the cosmic baryon and dark-matter energy den-
sities today may follow from a single underlying model [6].
The possibility of baryons that connect to hidden-
sector baryons of comparable mass figure in many such
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explanations. In this paper, we constrain this possibility
through the study of neutron and hyperon transitions to
final states with dark baryons in the neutron star. To our
knowledge, an in-depth, quantitative study of non-SM
processes within dense nuclear matter has not previously
been malized,1 and its execution necessitates much care.
The existence of neutron stars of about 2M  in mass speaks
to central densities in excess of 3 times nuclear matter
saturation density, so that in this paper we employ
relativistic mean-field theory in baryonic degrees of free-
dom for our dense matter description, as its accuracy should
improve with increasing density—and, thus, it should work
best at the core of the star. We note that a neutron star may
become a hybrid star, i.e., one with a quark-based core
predicated by a finite-density quark-hadron phase transi-
tion, if it is sufficiently heavy, and this possibility can also
be constructed within this framework [9]. Transitions to
dark baryons could also occur within the quark-based core,
though we will set aside this possibility in this paper—and
revisit it only in offering an assessment of our uncertainties
in our concluding summary.

The broader possibility of dark decays of the neutron has
been noted in explanation [10,11] of the long-standing
neutron lifetime anomaly [12], in which the lifetime inferred
from counting surviving neutrons is significantly different
from that inferred from counting the protons subsequent to
ordinary neutron decay. Although the discrepancy may arise
from experimental effects, the possibility that dark decays
contribute to it in some measure is a continuing possibility
[5]. In this paper, we provide severe limits on the flavor
structure of possible new-physics models with dark baryonic
sectors, such as Refs. [10,13-16], that arise from the
interpretation of neutron-star energy loss constraints we
developed in Ref. [5]. We also flesh out the general
assumptions of that earlier analysis and note how the specific
models we consider can satisty them.

Let us conclude our introduction with a brief outline of
the body of our paper. In Sec. II, we detail the models of
baryon dark decays that we are able to constrain through
our neutron-star studies, and we note how they are distinct
from models that we cannot. We also compute baryon dark
decay rates in vacuum, for later reference, as well as dark
baryon removal rates, because our analysis assumes that
SM dynamics determine the response of the star in the
presence of BNV. In Sec. III, we consider macroscopic
baryon number violation in neutron stars, revisiting our
earlier work [5] and fleshing out constraints following from
its assumptions in greater detail. In Sec. IV, we develop
how to evaluate particle processes within dense matter,
employing relativistic mean-field theory, as developed in
Refs. [17-19], to describe the neutron-star medium in f

' Albeit studies of exotic light particle emission in dense matter,
which possesses simplifying aspects, are of long standing [7] and
continue to be investigated [8].

equilibrium [20,21]. In this context, uncertainties in our
description of the dense medium are captured through
variations in the equation of state (EOS). With these
developments in hand, we evaluate particle processes
within our framework for the dense nuclear medium of a
neutron star in Sec. V and use our macroscopic limits on
BNV from Sec. III to report limits on the parameters of the
microscopic models we consider in Sec. VI. In Sec. VII, we
consider the implications of our results for models of
dark-sector baryogenesis and dark matter, and we offer a
summary and outlook in Sec. VIIL

II. PARTICLE PHYSICS MODELS
OF BARYON DARK DECAYS

The possibility of hadronic processes with dark-sector
particles naturally emerges in models that explain both the
origin of dark matter and the cosmic baryon asymmetry,
particularly if the dark-sector candidate carries a baryonic
charge [13,14,22]. Although it has long been thought that
dark matter could also be described as a relic asymmetry
[23,24], in these models, rather, the two problems are
solved simultaneously [6]. More recently, highly testable
scenarios [25] have been developed [16,26-30], and we
probe their flavor structure through the studies of this
paper—and in Sec. VII we consider the implications of the
constraints that we find. Since the dark-sector particles are
presumably SM gauge singlets, they could be light in mass,
potentially with masses comparable to that of the known
hadrons, and yet have escaped experimental detection
thus far.

Our current discussion is loosely inspired by models
connected to explanations of the neutron lifetime anomaly
[10,16,31], with neutrons decaying to a dark baryon with a
photon or an eTe™ pair. Models with similar content have
been considered for broader purposes [15,32-34], and
alternative solutions have also been noted [35-37]. The
dark channels in the various models would impact the
determined bottle lifetime, with a mirror neutron model
[35,38] serving as a rare exception. There, neutron-to-
mirror-neutron conversion occurs in a strong magnetic
field, impacting the ability to detect protons in the
beam-lifetime experiment. This last possibility has been
excluded as a complete explanation of the anomaly by a
direct experimental search [39], and we refer to further
probes of mirror neutrons through existing and possible
experiments [40-43], through binary-pulsar timing mea-
surements [44,45], that we consider further here for a
distinct class of models, and through pulsar temperature
observations [43,46-48]. The last set of constraints can be
significantly weakened through the addition of visible-
hidden-sector interactions [48]. We note that models that
would explain the anomaly through neutron disappearance
or decay to dark-sector final states can also be constrained
by the close empirical agreement of the neutron lifetime
with its measured A decay correlation as interpreted in the
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SM [5,49,50]. This agreement limits the branching ratio on
such exotic processes to [51]
Br(n — exotics) < 0.16% (95% one-sided CL), (2.1)
where we note that the neutron lifetime anomaly is roughly
a 1% effect [10].> Direct experimental limits on n — yy
[55] and n — yeTe~ [56] decays also exist, removing
ranges of parameter space as an explanation of the anomaly.
We will be able to set much more severe limits through our
studies, where we note the limit on A — yy from SN1987
for Ref. [16]. We regard the neutron lifetime anomaly as a
motivation for further investigation of baryon dark decays,
with new limits constraining the manner in which the
cogenesis of dark matter and the cosmic baryon asymmetry
could possibly occur. We now turn to the development of
models of dark baryon decays.

Following Ref. [33], we introduce a Dirac fermion y with
baryon number B = +1 which interacts with SM quarks
via the generic form

l/lid'd ¢ i d ¢
L, =7(id—m,)y+ ( HETAL QQJz “LiHe ), (22)
Ajjk Ajjk

where i, j, and k are generational indices, Q and g denote a
left-handed quark doublet and a right-handed quark,
respectively, and color and Lorentz indices are left implicit.
Such interactions can generate both decay and scattering
processes involving dark final states, which we consider
closely in this paper. First, though, we address their flavor
structure. We could neglect this possibility altogether,
dropping all subscript dependence, but simple, renormaliz-
able models that produce Eq. (2.2), at energies below the
mass scale of their new physics, show that strong flavor
sensitivity can nevertheless exist. Turning to models with
leptoquarks [10,15], we consider colored scalars S; and S,
transforming as” (3,1,1/3) and (3,1, -2/3), respectively,
under the SM gauge groups and SM invariant scalar-
fermion interactions. Nontrivial flavor structure follows
from the choice of leptoquark in that S; can mediate both
n— yy and A — yy decay at tree level, whereas S, can
mediate A — yy at tree level but mediating n — yy would
require a one-loop process with W* exchange as well
[15]. Thus, in this paper, we strive to probe both n — yy
and A — yy decay processes. These models also readily
generate proton decay [10,15,33], noting p — yzt or p —
yK* decay as examples, so that the possible range of y
masses is rather restricted as a result. We note that the

*The most precise measurement of the A correlation coefficient
yields the ratio of the axial-vector to vector coupling constants
|4] = 1.27641(56) [52], but recent measurements of the a
correlation do not completely fit this picture, yielding |A| =
1.2677(28) [53] and |A| = 1.2796(62) [54].

“This variant was first considered in Ref. [10].

stability of the °Be nucleus [10], particularly stability
against “Be — yaa decay [57], requires
m, > 0.937993 GeV, (2.3)
slightly in excess of the proton stability constraint
m, > m, — m,, and that atomic hydrogen is stable if m, >
m, +m, = 0.93878 GeV [34]. If either constraint were
not satisfied, then the empirical limit on the pertinent
lifetime would bound the parameters of the model. Within
the SM, both systems are absolutely stable, yet empirical
tests of that, with a determined lifetime as an outcome,
should be possible. We note H lifetime estimates, made
finite through a model with a suitably light y, are made in
Ref. [34]. Moreover, the radiative decay H — vy, which is
subdominant relative to H — vy, can be probed through
measurements at Borexino [34,58]. Similar expectations
follow from violating Eq. (2.3)—and a concrete estimate of
the °Be lifetime—can be found in Ref. [59].
In what follows, we ignore the possible chiral structure
of the quark-y couplings and simply consider” [16]

idjdk c
D%‘FH.C.

£27%

(2.4)

Since the quarks carry electric charge, we have, at the
energy scales for which baryonic degrees of freedom are
pertinent,

L,=7 <iﬁ— m, + g;f aaﬁFaﬂ)n +y(id—m,)y

+ e (g +70), (2.5)
noting g, = —3.826 is the g factor of the neutron [61]. This
form also holds for the A upon the replacement n — A,
taking g, = —1.22. After redefining the fields to remove
the mixing term in Eq. (2.5), then if ¢ < m, —m,, with
m, <m,, we have [10,15]

L _ e Emy

o ~0f
n—yy — ] X0 /Fa[)’nv
m, m, —m,

(2.6)

though potentially this operator could also stem from a
distinct higher-energy source. Generally, the interaction of
Eq. (2.4) can also generate transitions to dark baryon states
with mesons, such as the decays n — y + meson or
A — y + meson. Reference [16] uses chiral effective
theory [62] to relate the possibilities. We eschew this path
because chiral effective theory ceases to be valid if the
density of the neutron-star medium much exceeds that of
nuclear matter saturation density. Since our particular

*In this reference, y has B = —1; here, rather, we define y with
B = +1 and, thus, write y — »¢, with y = Cy” [60].
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purpose is to set limits on microscopic models given BNV
limits determined from observables associated with the
entire neutron star, we set aside the study of final states
containing both dark and hadronic degrees of freedom.
They are distinct from the final states we do study, and
cancellations cannot occur. We thus expect that including
these additional decays with hadrons can only make our
limits more severe, though the inclusion of hadronic
channels would make our estimates less sure.

At low energies, the magnetic interaction of Eq. (2.6),
employed in Refs. [10,15], can be used to compute n — yy
or A — yy. A pertinent Feynman diagram is illustrated in
Fig. 1. Denoting B as either n or A, the total decay rate for
B — yy is given by

2 20
gge“ex, (mg+m,)?

L(B—yy) =
128x m% x

(2.7)

in agreement with Ref. [15]. The mixing parameter &g,
follows once the UV model is given, and it is what we
constrain through the analysis of this paper.

To determine the impact of these microscopic processes
on the neutron star requires further model building. Thus
far, at low energies we have a dark baryon y, which we take
to be a massive Dirac fermion. If it is a stable particle, then
it can also be a dark-matter candidate. If so, then it may
already exist within the material that collapsed to form the
protoneutron star, though likely only in small amounts, and
through dark decays or adsorption on the star it may
accumulate within the star. If it is able to give up its kinetic
energy, then it may settle in the core of the star, ultimately
impacting its properties and evolution.

There are many processes in which y could participate,
though the interactions with baryons are severely limited by
the cold, degenerate nature of the interior of the neutron
star. In principle, given the nyy and nyz® effective
interactions in the models we have noted, and using N
to denote either a neutron or a proton, y could (i) be
produced via nN — yN scattering, (ii) interact elastically
with another nucleon via a n/N intermediate state, (iii) be
formed via the annihilation nn — yy, or (iv) decay via y —
p+e +1, if it is heavy enough. The reverses of the
reactions in (i) and (iii) could also occur. Pauli-blocking

—

Y

FIG. 1. Tllustration of n — yy decay in the degrees of freedom
of Eq. (2.4). The decay A — yy follows from the replacement of
one d quark with an s quark.

effects associated with the cold, dense neutron medium
strongly suppress all of the reactions in which nucleons
appear in the final state. Moreover, y — N elastic scattering
is further suppressed in that it occurs at O(e7,) at amplitude
level. We note Fig. 2 for an illustration. Given this and our
interest in limiting BNV within the star in a model-
independent way, implying that the response of the star
to BNV ought be controlled by SM dynamics, we think that
ensuring y disappearance is important. Thus, we consider
two different pathways to do just that. In the first, we add y-
lepton interactions [5], which intrinsically break baryon
number and are intrinsically very poorly constrained. We
would also want the rate for y decay to be no less of that for
y production. This path, however, is potentially subject to
severe constraints from proton decay experiments. For
example, we could have y — eTe™v or y — 3v, and these
channels could give rise to proton decay via an off-shell y*
state as in

poay > atete v, (2.8)
(Exotic proton decays of just this ilk also emerge in models
with quark and lepton compositeness [63].) Admittedly,

n - > o
[
1
1 TL’O
[
N — & — N
(a)
N
X P—C——=0 = X
[ [
1 1
1 JTO 1 T[O
[ [
N o= & — = N
N
(b)
N - O V4
[
1
1 71'0
[
N - ¢ - X
(©
FIG. 2. Illustration of various y-nucleon (N) processes at low

energies, with the heavy black dot denoting the nyz° effective
vertex noted in the text, namely, (a) n — N scattering to produce
x — N, (b) y — N elastic scattering, and (c) N — N annihilation to
produce y — y. Processes with 7 in place of z° are also possible.
The reverse of reactions (a) and (c) should be strongly suppressed
by Pauli-blocking effects in the interior of a neutron star.

023021-4



HOW MACROSCOPIC LIMITS ON NEUTRON-STAR BARYON ...

PHYS. REV. D 109, 023021 (2024)

this process, as well as the p — 7 3v channel, may evade
severe constraints due to the particular nature of existing
|AB| = 1 searches, because of both the final states studied
and the cuts on the final-state particle momenta needed to
control backgrounds. Although this path could prove to be
viable, we favor an alternate choice: we will allow y to
decay to other dark particles. A simple realization of this is
given by [14]

Lok O YaxPsé + Hee., (2.9)
where ¢p is a complex scalar with B =41 and £ is a
Majorana fermion—and both are dark-matter candidates.
Introducing a Z, symmetry, so that y, n, and p are all Z,
even, but ¢ and £ are Z, odd, we see Eq. (2.9) is the only
surviving hidden-sector interaction that traces to the visible
sector, with n — & oscillations, say, forbidden by the Z,
symmetry. We note that such an interaction is needed for
successful B mesogenesis, and we also require m; + mg, >
0.937993 to ensure nuclear stability [16,29]. One interest-
ing consequence of this new path is that dark decays can be
induced in the scattering with either ¢ or £ in the initial
state, as developed in Ref. [64] and illustrated in Fig. 3. A
similar mechanism, considered in the context of the neutron
lifetime anomaly, has been studied in Ref. [36]. The same
process can destabilize the proton, with |AB| = 1 exper-
imental studies constraining the model parameters [64]. We
note that the y¢z¢ interaction can also induce yy annihi-
lation, as noted and illustrated in Fig. 4. The scope of
possibilities can be limited through judicious choices of the
parameters of the dark sector. For example, if
me + myo > my, + m,, then one would expect dark-mat-
ter-induced nucleon decay will not occur, and with m; >
m, > my Fig. 4 depicts the only possible tree-level
annihilation channel. This last effect acts to remove y
produced through neutron decay from the star, yet ¢p5 could
potentially accumulate in its core—and impact the survival
of the neutron star [65]. If we suppose, rather, that ¢ is

3

FIG. 3. Feynman diagram contributing to induced neutron decay
viaa y¢p¢ interaction, as per Ref. [66]—a p decay channel follows
from the replacement of d — u in the spectator quark.

X =

e

3

Nt

FIG. 4. Feynman diagram contributing to y-y annihilation via &
exchange to yield B-carrying scalars, as per the conventions in
Fig. 3. Alternatively, yy annihilation via ¢p exchange in the ¢
channel would yield a &£ final state, which could ultimately
rematerialize as a jyy pair.

light enough to escape the star, then that outcome can be
avoided. Finally, we note that ¢ and £ must each be stable
to be dark-matter candidates, nor should they decay into
each other [29]. In our dark-sector scenario, £ — ¢py could
occur, with the subsequent decay y — pa~ or y — iin®
appearing if y is too heavy or if it has substantial coupling
to either u or d quarks. This could act to dilute an
asymmetry formed through B mesogenesis. Thus success-
ful baryogenesis within the dark-sector scenario of
Eq. (2.9) can be realized if m, < 1.07784 GeV, though
this is not the only possibility. We conclude by noting that
this and nuclear stability considerations gives us the
following window on y:

0.937993 GeV < m, < 1.07784 GeV,  (2.10)
though in what follows we consider neutron-star constraints
on y-baryon mixing over a broader mass window, in
anticipation of richer model-building solutions. We now
turn to the explicit evaluation of processes that can remove
y from the neutron star.

A. Dark baryon removal rates

If the masses of £ and ¢p; sum to less than the mass of y,
then the decay y — &¢p is operative. Using Eq. (2.9) and
Refs. [66,67], we calculate the width of this decay to be

2
Ya 2 2
16zm; [(my +mg)” = m’/’}z]

_ 3/2
Uty = /

x [(m, —mg)* —mj "2, (2.11)
However, if this decay is operative and if my, + m: <
» — MMy, then this allows for proton decay via p* —
rtépp. We avoid potentially running afoul of these
constraints by insisting that this decay not be operative
and, thus, require m; > m,.

Instead, we focus on possible annihilation processes of y,
where we have assumed that only ¢p is lighter than y.
Adopting the same tools to compute yy — ¢ppp, we have

m
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ygm3

2\/(s —4m2)(s — 4m§)B)

6)()(—’453(/53 (S) - 64rs

m} -+ mi(s = 2my = 2mg ) 4 (my —m3 )?

X

s+ 2m§ - 2m)2{

We note that this cross section goes to zero as m; — 0. This
must occur, so that this outcome serves as a nontrivial
check of our procedure. Our cross section result does not
depend on whether the scalar is real or complex, but its
interpretation does. If the scalar is real, it cannot carry
baryon number, and yy annihilation to scalars would then
break B by two units. This can only occur if m; has a
nonzero baryon-number-violating mass. Thus, its rate
vanishes if m; does.

We would like to understand how these annihilation
processes operate within a neutron star. As we will see in
Sec. IIT A, these cross sections would need to be averaged
over the true distribution of y’s produced in baryon decays
within the star. Generically, y’s need not be distributed
thermally, and the process of thermalization would require
self-interactions, which do not appear at tree level in our
simple model. The problem of y transport in the neutron
star is beyond the scope of this paper, so that we assume
that the thermally averaged cross section is a reasonable
estimate of what the true averaged cross section would be.

We proceed by employing pertinent results from the
seminal Ref. [68]. The thermally averaged cross section
(ov) is given formally by

(ov) : [ asots

 8miT,K3(m,/T,) m

S (S - 4m;2()\/EKl(\/E/T;()’

(2.13)

where T, is the y temperature (which is generically nonzero
and may be different from the temperature of the rest of the
neutron star) and K , are modified Bessel functions of the
second kind. This expression assumes that it is appropriate
to describe the y fluid as abiding by a Maxwell-Boltzmann
distribution; it would be inappropriate to apply this
expression to a cold, degenerate population of y, but such
a population does not occur in our framework. To perform
the thermal averaging, we expand o(s) X v in powers of
e=s/(4m}) -1

1
oV = a(o) + a(l)e + _0(2)62 + cee

: (2.14)

this requires that v = 2/¢(1 + €)/(1 + 2¢). In the limit in
which the y fluid is nonrelativistic, the thermally averaged

4 . <s +2mE = 2my = 2my + \/(s —4m3) (s — 4m§,8)>1 -
— : :
2my, \ s+ 2mZ = 2my —2my \/(s —4my)(s —4mj )

cross section can be written in terms of the coefficients ("
as follows:

T 1 T,\2
<g1)> = a(o) +%a(l)<m_)(> +§561(2) (m_)(> 4+ ..

4 X

. (2.15)

This prescription is expected to be valid as long as
T, <3m, [68]. For yy — ¢, we find the leading-order
contribution to the thermally averaged cross section in T,

to be
4.2 2 2
(00 ant =3 ey ()
x—~¢sds 8ﬂmx(m§+m§—m5,8)2 m,

4+ oW

(2.16)

Since the a(® term vanishes, we conclude that the s-wave
annihilation contribution vanishes, resulting in a suppres-
sion at low temperatures. We expect our y’s to have a
nonzero average kinetic energy from decays, so we do not
expect to encounter a scenario in which these annihilations
are completely quenched by the low energies of their
parents, but it is an interesting feature to note.

We conclude by noting some relevant qualitative features
of this model. Since y self-interactions do arise at the one-
loop level as a result of interactions with ¢z and &£, we can
expect the y population would thermalize, but that time-
scale is likely slow relative to that of their annihilation to
scalars. There are many more interesting phenomenological
consequences of this model that one could explore, but, for
our purposes, it is enough to assume that the masses and
coupling conspire such that y can be removed from neutron
stars quickly enough that our formalism is valid.

III. MACROSCOPIC BARYON NUMBER
VIOLATION IN NEUTRON STARS

We set out this section by elaborating the main assump-
tions for our analysis, followed by a description of the
resulting formalism, which we flesh out in greater detail
than in Ref. [5]. We then discuss the observable effects
associated with our framework, along with methods of
interpreting pulsar observations to yield limits on BNV in
such systems. We use the limits derived at the end of this
section to constrain specific baryon dark decay rates in
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Sec. VI, though we develop our description of dense matter,
as well as of particle processes within it, in intervening
sections before doing so.

A. Assumptions

The structure of a neutron star can be approximated by a
static and spherically symmetric metric (g,,) with a line
element given by [69]

dr’ = Gudx* dx”
20 di? — M0 dr? — r2d6* — r? sin? 0dg*,  (3.1)

in which v(r) and A(r) are solutions to the Einstein field
equations [70], G* = —8xGT*"", in which G* is Einstein’s
tensor, G is the gravitational constant, and 7#* is the stress-
energy tensor. The rotation effects on the neutron-star
structure, which are O(Q?/(GM/R?)) [71], amount to
less than 3% for the fastest spinning pulsar (J1614-2230)
that we consider in this work. Furthermore, the inclusion of
quasistatic BNV processes, which are sourced by the matter
in the star, would keep the spherical symmetry intact and
changes to the metric (g, ) very slow in time, such that the
use of Eq. (3.1) is warranted.

We also assume that the medium in the neutron star can
be described by a perfect fluid with

T9=¢ Ti=-P (i=123), (3.2

as the only nonzero components of the stress-energy tensor.
We note P and & are the local pressure and energy density
of the fluid, respectively, which, in general, depend on the
local baryon number density () and temperature (7) via
the EOS. In the standard picture, neutron stars cool down to
internal temperatures 7 < 10'"! K < Er < GeV within a

minute after formation [72], such that the thermal contri-
bution to the pressure and energy density can be neglected.
The neutron-star fluid can then be described as a cold
degenerate Fermi gas at f equilibrium. The existing
terrestrial constraints on neutron dark decay [Eq. (2.1)]
along with the BNV limits we find in Table I, show that
BNV rates should be slow with respect to other dynamical
processes in the neutron star. We have also devised a model
in which y, the dark-baryon-like particle, can be removed
efficiently from the star. Thus, we expect the deviations
from a degenerate state at f equilibrium due to BNV should
be negligibly small, and we leave a more detailed study of
possible thermal effects on neutron stars from BNV to
future work.

In order to be able to apply our model-independent
formalism [5], we are going to focus on a subset of models
in which the dark contributions to the EOS are negligible
relative to the energy density and pressure of the visible
sector. In other words, we demand that the following (local)
conditions:

E,(r) P,(r)
£0) <1 and P <1 (3.3)
hold throughout the neutron star at all times, which can be
equivalently written as a condition on the local number
density of y: n,(r) < n(r). This means that y has to decay
or annihilate either back to the visible sector or to some
other dark particles that can escape the neutron star. We
assume that y participates in self-annihilation to lighter
dark particles that can escape the neutron star (see Sec. Il A
for more details).

We can express the condition n,(r) < n(r) in terms of
the BNV rate I'gyy and the annihilation cross section that is
averaged over y distribution, which we denote by (ov).

TABLE 1. The relevant binary parameters for J0348 + 0432 [73], J1614-2230 [74,75], and JO737-3039A/B [76]. See the discussion in

Sec. III D for more details.

Name J0348 + 0432 J1614-2230 J0737-3039A/B
M,(My) 2.01(4) 1.908(16) 1.338185(+12, —14) [A]
M.(Mg) 0.172(3) 0.493(3) 1.248 868(+13,-11) [B]
P, (ms) 39.122 656 901 780 6(5) 3.150 807 655 690 7 22.699 378 986 4727 8(9) [A]
P (10718) 0.24073(4) 9.624 x 1073 1.7600349(6) [A]
Py, (days) 0.102 424 062 722(7) 8.686 619 422 56(5) 0.102 251 559297 3(10)
P9s(10712) -0.273(45) 1.57(13) —1.247920(78)
P (10712) 1.6(3) x 1073 1.25(10) —1.68(+11,-10) x 107*
Pint(10712) —0.275(45) 0.32(16) —1.247752(79)
POR(10712) -0.258(+8,-11) —-4.17(4) x 107* —1.247827(+6,-7)

P, —-10 —11 —-13
(1;_[))5 (yr 1) 2.7x10 2.7x10 83 x 10

Byye 1.4 % 10713 ~4.2 x 1071 1.04(7) x 10713
(Pf) (yr ) ) ) 10 " 11 ( ) . 13
P,\BNV 2.7 x 10~ 2.7 x 107 7.3 x 10~
#)5e " (™) x x x
(BB (yr ) 1.8 x 10710 20x 107" 4.0x 10713
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We note that the exact distribution of y in the neutron star
can, in principle, be found by solving the Boltzmann
transport equation in the star, but this is not practical for
our estimation purposes. We instead consider two scenarios
for y: one in which the annihilation rate is much faster than
the self-interactions which help establish a thermal equi-
librium and another in which self-interactions of y are
much faster than its annihilation rate, and we present them
in Appendix A.

With the assumptions set forth in this section, we need
only to specify the EOS of hadronic matter to find the
neutron-star structure. Once the EOS is specified, the
Tolman-Oppenheimer-Volkoff (TOV) [77,78] equations
can be integrated with the initial conditions M(0) =0
and £(0) = &, up to the surface of the star, corresponding
to P(r) =0. In other words, to study BNV effects on
neutron stars generated by a fixed EOS, we focus on the
unique family of stars, each parametrized by its central
energy density (£.), known as the single-parameter
sequence [20] of stars.

The baryon decay rate (per baryon) in a small volume
(V) in the nuclear matter (n.m.) rest frame (I',, ,, ) is defined
by d(nV)/dr = —T', ,, nV, in which 7 is the fluid’s proper
time and 7 is the proper baryon number density. We can
define a baryon number-flux vector by j* = u#n [79], in
which u* is the four-velocity of the fluid (#*u, = 1) and
use the definition of I, ,, to write j%, = —nI', ., in which
“” denotes the covariant derivative. We then use the

relationship /=g, = (v=gi*), [201,

9

in which

denotes ordinary partial derivative and g = det|g,,|, to
arrive at
9 073 iy 13
o | Vonu &Ex+ [ (=gnu') ;dx
- —/d3x —gnly s (3.4)

in which i =1, 2, 3. For a static (u' = 0), spherically
symmetric neutron star with radius R, we can use the metric
in Eq. (3.1) to simplify Eq. (3.4) as

%z% MR {1 —ZM—r(r)] _5n(r)r2dr]
- / ) {1 - (’”)} Ly (n() P,

where B is the total baryon number of the neutron
star. We have used /=g = exp(v(r) + A(r))r* sin6, with
exp(2A(r)) = (1 =2M(r)/r)~", and M(r) is the total mass
included within radius r:

(3.5)

M(¥) = 4z A " er)rar. (3.6)

Given a particle physics model for BNV, we can evaluate
['ym () and use Eq. (3.5) to find the resulting B.

B. Framework

It was shown in Ref. [5] that the conditions in Sec. IIT A
are necessary for a model-independent analysis of BNV
effects on neutron star. These conditions can be summa-
rized as (i) BNV is slower than chemical and dynamical
responses in the neutron star and (ii) the contributions to the
EOS from any new particles (e.g., y) are negligible [see
Eq. (3.3)]. The overall effect of BNV within this framework
is to relocate the neutron star along its single-parameter
sequence prescribed by the chosen baryon-number-
conserving EOS. The rate of change in any neutron-star
observable O as a result of this quasiequilibrium evolution

can be written as
. d&.\ (00
o=() (%)

Here, we ignore any possible dependence of O on the
angular velocity Q; i.e., we assume O evolves along a one-
dimensional trajectory with Q =0 on the general two-
dimensional space parametrized by £, and Q. We can solve
for £, in terms of the rate of baryon loss B, such that

O (B 0:0\B _
ol <5X ach>§=—b(O) x Ipnv,

(3.7)

(3.8)

in which we defined the effective BNV rate I'gny = —B/B
and the dimensionless parameter b(Q) encodes the relative
rate of change in O with respect to I'gyny. We pick hadronic
versions of the DS(CMF) EOS [21] that includes a crust
[80] from the compOSE database [81]. The details of these
EOS including their Lagrangians and particle contents are
given in Sec. IVA. In order to evaluate the b(Q) factors, we
generate a sequence of neutron stars on a grid of £, values
and then find the derivative of O using the central finite
difference method. The resulting »(Q) is plotted in Fig. 5
for various observable quantities as a function of neutron-
star masses for the DS(CMF)-1 EOS. In Sec. III C, we use
this formalism to show how changes in neutron-star
parameters due to BNV would affect pulsar-binary orbital
decay rates.

C. Observables

Baryon loss in pulsars may lead to observable effects
on their individual spin-down rate (P,) and their orbital
period lengthening (P,) if they belong to a binary system
[5,38,44,82]. The BNV modifications to PS are caused by
the quasiequilibrium changes in the moment of inertia (/)
and angular momentum loss due to light particles (e.g., ¢3)
escaping the pulsar. While the first contribution can be
expressed in a model-independent manner, the latter
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FIG. 5.
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(a) The set of observable quantities (O): mass (M), radius (R), baryon number (B), and moment of inertia (/) for a sequence of

neutron stars as a function of the central energy density (£.) relative to their canonical values (O,): M, = 1.4Mq, R, = 12 km,
B, = 10%7,1, = 70 (Mg km?) assuming the DS(CMF)-1 EOS. (b) The 5(O) factors for three parameters (O = M, R, I) as a function
of neutron-star masses for the DS(CMF)-1 EOS. See Sec. IVA for more details on our choice of EOS.

depends on the specific BNV model and the masses of
particles involved. Therefore, we focus our attention on
BNV modifications to P, which can still be formulated in
a model-independent way.

The energy loss due to BNV can modify the orbital
period decay rate in a binary system, assuming it is active in
one or both of the components. This energy loss can be
written as [5]

2
B (34

BNV

e d 1
Mot =— <M—|——I§22>
dt

(3.9)

in which b(M) and b(1) are defined in Eq. (3.8) and P and
P, are the observed pulsar spin period and its observed rate of
change, respectively. Note that the rates of change in / due to
spin-down, (dI/dQ)Q, are negligible in the pulsars that we
consider. The relative rate of change in a binary period due to
energy loss in its components is given by [83—85]

& E _ Mflsz + M;ff
P, M, +M, )’

in which 1 and 2 refer to the components of the binary system.
After plugging Eq. (3.9) into (3.10), we get the following
BNV and spin-down contributions to the energy-loss term:

(3.10)

(7)o s)
P, M, + M, 24\ B,

x [b,»(M)Mi + by(1) (2;)[?")], (3.11)

S,
P, Q_ 872 11Ps,1+lzps,2
P,) M+ M,\ P3 P, )

We should note that the second term in Eq. (3.11), which is
due to changes in the moment of inertia, is O(107%) x
b(I)Mg for J1614-2230 and even smaller for the other two
systems considered in this work. Given that b(M) ~ 1 and
|b(I)| ~O(1), and the spin-down contributions from
Eq. (3.12) are usually subdominant, we conclude that our
limits would be mainly controlled by the first term in
Eq. (3.11). For this reason, our inferred limits on B/B are
not sensitive to the specific choices of EOS. We can use the
observed pulsar binary period decay rate to limit the
contributions from Eq. (3.11), but first we need to identify
other sources of binary orbital decay.

(3.12)

D. Interpretation

The dominant contributions to the observed relative rate
of orbital period decay can be written as [86]

P obs P GR P E P ext
S = () () + (). (3a3)
P, P, P, P,

intrinsic

in which the first term is due to gravitational radiation [87]
and the third term includes extrinsic effects, e.g., due to the
relative motion of a binary pulsar with respect to the solar
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system barycenter. The numerical values for each of these
contributions and the limits on PE , which is found
by subtracting the general relativity (GR) contribution
PSR from the intrinsic orbital-period decay rate Piit=
P9 — P, are given in Table I for three binary systems.

Tens of binary-pulsar systems with measured P, and
Pgbs are known [88], and from those we choose ones for
which there is no mass transfer between the components,
because that would modify P9 [89] in a complicated way.
We also choose systems for which the individual masses are
known. With those in place, our subsequent choices are
motivated by wanting better sampling of (m,, eg) space
(see Fig. 12). The precision of the orbital parameters in the
binary system under consideration determines the mini-
mum value of the excluded mixing parameter. Therefore,
we include the double pulsar JO737-3039A/B in our
analysis due to its high precision. (Although the Hulse-
Taylor pulsar system [90] has also been precisely measured
[91], it gives redundant information in this case.)
Furthermore, binaries with a heavier pulsar would yield
a better kinematical (horizontal) reach; i.e., the maximum
value of excluded y’s mass for which the decays are
kinematically open. Selecting binary systems with heavy
pulsars is also crucial for setting limits on the A hyperon
dark decays. This is because, in EOSs that contain hyperon
degrees of freedom, hyperons start populating the medium
only at very high densities [92], i.e., in the cores of heavy
neutron stars (see Fig. 9). Among the heaviest known
pulsar candidates we exclude PSR J0952-0607, since it is a
“black widow” pulsar with relatively large errors in its mass
M, = (2.35+0.17)M, [93] and a notable (~11%) rota-
tion effect on the static structure of a neutron star given by
the metric in Eq. (3.1). The next candidates are PSR
J0740 4 6620 with M, = (2.08 £0.07)M [94], PSR
J0348 40432 with M, = (2.01 £0.04)M [73], and
PSR J1614-2230 with M, = (1.908 £0.016)M, [74].
For our study, we pick the latter two pulsars which have
smaller errors in M, and Pgbs.

(1) PSR J0348 4 0432. A pulsar—white dwarf binary
was discovered in 2007 with the Robert C. Byrd
Green Bank Telescope [95] with an orbital period of
about 2.4 h. We use the results from the analysis in
Ref. [73], in which it was shown that the kinematic,
spin-down [Eq. (3.12)], and tidal (P! $107'6)
contributions to P, are negligible and the observed
P, should be mainly caused by the gravitational
wave (GW) emission. We use the value from
Ref. [73] for the intrinsic period decay rate: Pibm =
—0.275(45) x 10712,

(2) PSR J1614 —2230. A pulsar—white dwarf binary
was discovered in 2006 with the Parkes radio tele-
scope [96]. We use the Shapiro delay mass estimates
from Ref. [74] and the binary parameters from the
NANOGrav 12.5 yr dataset [75] at 56323 MIJD.

023021-10

The observed value of P = 1.57(13) x 10712 is
dominated by the Doppler shift due to the pulsar
motion which is itself mainly caused by the Shklov-
skii effect [97]:

. *d
PSk = L p, =1.24(9) x 10712, (3.14)
c

in which we input the value for proper motion y =
32.4(5) masyr! and used the parallax distance d =
0.65 + 0.04 kpc [98]. We use Eq. (16) from Ref. [99]
to estimate the contribution due to the Galactic
potential, namely,

(&) *_ _Kilsin(b)]

Pb C

Q5Ro p
-—= (cos(l) +m> cos(b),

(3.15)

in which g = (d/Ry) cos(b) — cos(l), Ry = 8.0(4)
is the Sun’s galactocentric distance, Qg =
27.2(9) kms~!kpc~! is its Galactic angular veloc-
ity, and K, is the vertical component of Galactic
acceleration approximated by

K,(107 cms™2)
R 2.272xpc + 3.68(1 —exp(—4.312,c))  (3.16)

for Galactic heights z = |d sin(b)| < 1.5 kpc. We use
the pulsar’s coordinates (I, b) = (352.64°,20.19°) to
find z = 0.223(14) kpc, and P§ = 1(5) x 10714,
These extrinsic effects combine to yield PS =
PGl 4 PPk = 1.25(10) x 107!2. Our resulting esti-
mate for the period derivative, PI" =0.32(16) x 10712,
is positive at 2o significance, pointing to a possible
underestimation of extrinsic effects and their errors.
However, we note that if, for example, we instead
assume a negligible value for Pibm ~ 0 and double our
error estimates, then we would still obtain the same
limits. We also evaluate the relatively small GW
contribution which for circular orbits is given by [87]

POW _ _ 1927 (2ﬂT0)5/3 M,M,
b 5 P, (M, + M)

= —4.17(4) x 107'°, (3.17)

in which we used the pulsar and white dwarf masses
from Ref. [74], T, = 4.92549094 x 107° s, and we
neglected the small eccentricity of the orbit e =
1.333(8) x 1076 [100]. In estimating P using
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Eq. (3.12), we assumed the canonical value [ =
10% gcm? for the pulsar’s moment of inertia.
(3) PSR J0737-3039A/B. A double pulsar was discov-
ered in 2003 [101], comprised of two radio pulsars
(A and B) with pulse periods of 22.7 and 2.8 ms,
respectively. We use the data from Ref. [76] and the
inferred limits on BNV contributions from Ref. [5].
We can now translate the bounds on (P,/P,)BNV from
Table 1 to limits on (B/B) using Eq. (3.11), which are
presented in the last row in Table I. In deriving these limits,
we assumed that BNV is active only in the pulsars. We also
note that we can infer only a model-independent limit on a
linear combination of BNV in pulsars A and B of the
double pulsar system (JO737-3039A/B). However, we
expect that the rates of BNV (per baryon) would be about
the same in both pulsars, i.e., (B,/B;)~ (B,/B,), since
their masses are very close and the composition of light
neutron stars ought not change much over 0.1My. In
Sec. VI, in which we adopt a specific BNV model
(B = yxy), our inferred limits on the mixing parameter
(¢3,) are found by evaluating the individual BNV rates in
each of the two pulsars J0737-3039A and J0737-3039B,
which we then sum to compare to the observational limit on
BNV in this system. We also observe that changing
between the DS(CMF) EOSs (see Table II) induces
variation in, at most, the last significant digit in our limits
[see the discussion below Eq. (3.12)].

IV. DENSE MATTER CONSIDERATIONS
FOR PARTICLE PROCESSES

Different lines of evidence reveal that dense matter
environments can be discriminating probes of non-SM
processes. For example, limits on A — yy, as well as other
decay channels with dark particles, follow by noting that
the duration of the observed neutrino pulse in SN 1987A
should not be significantly impacted by dark-sector emis-
sion [16]. We, too, have found severe limits on BNV from

TABLE II.

binary-pulsar period lengthening, as shown in Table I.
In this context we note the limit of Ref. [82] as a constraint
on dark-sector emission. Here we sharpen BNV studies by
computing particle processes within a theoretical frame-
work suitable to the description of the dense matter in the
interior of a neutron star.

To compute particle processes in dense matter we might
first turn to chiral effective theory to describe the low-
energy interactions of such hadrons [104,105]. At the
simplest level, these studies exploit the symmetries of
QCD to systematize the interactions of mesons and baryons
in a momentum expansion in powers of (Q/A,), in which
Q is the momentum or pion mass and A, is the chiral-
symmetry-breaking scale (A, ~ 1 GeV), with experiments
fixing the value of the unknown low-energy constants
(LECs) that appear. This framework can also be extended to
the determination of the EOS of neutron stars [106,107].
The empirical nature of the LEC determinations limit the
applicability of chiral effective theory to densities no more
than 2ny, [108]. Moreover, in neutron stars, the central
densities can easily exceed that of saturation density by a
factor of a few, making the nucleons relativistic. As aresult,
we turn to relativistic mean-field (RMF) theory in hadronic
degrees of freedom to describe the dense matter at the
core of a neutron star. In what follows, we first describe
how a RMF treatment emerges from a simple, covariant
quantum field theory description of hadronic interactions
before describing the specific, state-of-the-art chiral mean-
field (CMF) EOS that we employ for generating our
numerical results, showing how this specific choice maps
onto the RMF treatment of the simpler model. We then
show how particle decays can be computed within that
framework.

A. Modeling dense matter

A prototypical choice is the Walecka model [17-19],
namely,

The set of CMF EOS variants taken from Refs. [102,103]; we refer to them as DS(CMF)-1 through

DS(CMF)-8, respectively, in later use. The second and third columns describe the degrees of freedom (d.o.f.);
nucleons (N), hyperons (Y), and delta resonances (A); and the additional vector interactions (“Add. int.”) beyond the
standard terms (Lg;) that are included for each EOS, respectively. The fourth column represents the assumed value
for symmetry energy (Eqym,) slope (L). The fifth to eighth columns are the single-particle hyperon potentials, and the
last column is the maximum neutron-star mass (M ,,), or the TOV mass, that can be generated.

EOS d.o.f. Add. int. L MeV) Uy MeV) Uy MeV) Us MeV) Uy MeV) My (M)
1 N+Y 88 -28 5 —18 2.07
2 N 88 -28 5 -18 2.13
3 N+Y wp 75 -28 5 -18 2.00
4 N wp 75 -28 5 -18 2.05
5 N+Y wp + o 75 -27 6 -17 2.07
6 N wp + o 75 -27 6 -17 2.11
7 N+ Y+A ap+o 75 -27 6 -17 —64 2.07
8 N+A wp + o 75 -27 6 -17 —64 2.09
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L,y =yllig—gvy) - (my

+

— 950)lw

1
= FYF 5 mV, V¥ 4 6L,

(4.1)
where F,, = 9,V, —9,V, and 6L is a counterterm, as the
model is renormalizable. It is similar to massive QED with
a scalar extension and a conserved current (baryon num-
ber). Both a neutral scalar meson (¢) and a neutral vector
meson (V*#), describing the attractive and repulsive features,
respectively, of the nucleon-nucleon force appear. The
equations of motions (EOMs) take the form

(9 + m3 = g0y, (4.2)
0, F + myV¥# = g,y (4.3)
{lig— 9,V (x)] = [my — gs0(x)]}w(x) = 0. (4.4)

The EOMs are nonlinear and, thus, complicated. Working
in the mean-field limit is grossly simplifying, however.
That is, at high baryon number densities, the sources for
¢(x) and V#(x) fields become large, and these field
operators can be replaced by their vacuum expectation
values (VEV) in the n.m. frame: ¢(x) - {(¢p(x)) = @, and
V,(x) = (V,(x)) = 8,0V. In doing this, we assume rota-
tional invariance and note that in static uniform matter, as in
a neutron star,  and V, become constants that depend only
on density. The solutions to Eq. (4.4) would then take the
form of that of the free Dirac equation if suitable replace-
ments of the baryon (canonical) four-momentum &* (in a
uniform medium) and mass m are made. Thus, the medium
effects in the RMF limit are captured by a shift in the
baryon momenta and masses, namely, by mapping k, —
ki =k, —g,V,withV, = §,0Voandm — m* = m — g,p.
In generalizing this result for broader use, we note that the
Lagrangian of interactions for a more realistic hadronic
model would have more ingredients (e.g., mesons).
However, we would still be able to add up the scalar
meson VEVs that modify the baryon’s mass in a similar
manner and denote the effective baryon mass by m*,
independent of the specific scalar mesons in our model.
Similarly, we can combine all the contributions to the
baryon’s momentum from vector mesons and denote them
by ¥, such that in going from the vacuum to the in-medium
formalism we would replace k, — k;, =k, — X, in the
mean-field limit. Equipped with this result, we can write the
wave function for a baryon in a uniform medium as

w(x) = e ®u(k*, 1), (4.5)
in which k* = k* — 3 = {E*(k*), k — £} is defined to be
the kinetic four-momentum and the vector self-energy (2#)

is generated by the vector meson VEVs, with Y =0 in the
n.m. frame. The time component of £* is defined by

E*(k*) = \/m*> + |k*|, in which m* is generated by the

scalar meson VEVs. The baryon spinor u(k*, 1) satisfies
the Dirac equation

(K" = m")u(k, 2) =0,

the following

(4.6)

which has
representation:

solution in Dirac-Pauli

1
u(k*, 1) = E*(k*)+m*< - )m (4.7)
E* (k) +m*

in which ¢ contains the Pauli matrices and y, is the
Pauli spinor with y; = (1,0)" and y, = (0,1)”. Note
that # has a Lorentz-invariant normalization given by
u(k*, A)u(k*, 1) = 2m*. The wave function for antibaryons
can be similarly constructed. The energy spectrum of
baryons (k%) is given by

E(k) = \/m*2 + [k = Z* + 29

in the mean-field approximation, ¥ and m* do not depend
on k*, but they do vary with density. The values for m* and
>0 (in the n.m. frame) decrease and increase, respectively
(see Fig. 6) in such a way that the total energy of baryons in
Eq. (4.8) increases at higher densities. As we will see
shortly, this brings about in-medium baryon decays to
particles that are heavier than the baryon’s vacuum mass
since E(0) > mg at high densities. In general, the increase
in the repulsion between baryons in a RMF framework can
be understood by comparing the timelike component of
vector (repulsive) interactions, which are proportional to
u'u, with scalar (attractive) interactions, which are para-
metrized by iiu = (m*/E*)u’u. As the density increases,
m* decreases and the strength of the attractive forces
relative to the repulsive ones diminishes [109]. However,
we should note that having a highly repulsive nuclear
interaction at extremely high densities (compared to ng,) is
a reasonable expectation, regardless of the specific dense
matter formalism. Having explained the formalism utilized
in this work, we now describe the specific EOS that we use
for generating our numerical results.

We choose an EOS based on a nonlinear hadronic
SU(3) CMF model [110], in which the baryonic degrees
of freedom include nucleons (n, p), hyperons (A, £, Z), and
the spin-3/2 resonances (A, X*, E*, Q). These baryons
interact via exchange of scalar (o, 6, ¢, y) and vector
mesons (p*, w*, ¢*), in which p* and é are both isovectors.
In the RMF limit, the mesons become classical fields, and
in the n.m. frame only the zeroth components of vector
mesons develop VEVs. We employ the CMF model of

(4.8)
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Ref. [21], using the CMF EOS variants taken from  The numerical values for m* and X° in the DS(CMF-1)
Refs. [102,103]. We refer to them as DS(CMF)-1 through EOS are plotted in Fig. 6. We note that the reduction of the
DS(CMF)-8 as detailed in Appendix B and note that  effective baryon masses at high densities as shown in Fig. 6
Appendix for further discussion of this class of models.  is due to chiral symmetry restoration at high densities.
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FIG. 6. The effective masses (a), vector self-energies (b), and the energy of baryons at rest in the n.m. frame (c) as a function of density
in the DS (CMF)-1 EOS. The horizontal lines correspond to the vacuum masses of baryons, and the vertical lines indicate the central
number density (n,.) of the pulsars we consider in this work.
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The conventional approach to determining the coupling
constants in RMF models, which we also use here, relies on
an extrapolation from symmetric finite nuclei to infinite
neutron matter. We would like to contrast this with an
alternative that we may wish to employ in the future, which
is based on fitting uniform pure neutron matter properties
determined through the use of chiral effective field theory
[111]. The Ilatter procedure involves fitting the RMF
couplings with the synthetic neutron matter data generated
using quantum Monte Carlo many-body methods [112], in
addition to reproducing ng,, B/A, and K.

B. Medium effects: Effective masses and beyond

In this section, we discuss some of the notable features
that emerge in studying processes in the medium and make
comparisons with the vacuum formalism. We start with the
quantization of baryon fields in the medium followed by
the rate and cross section calculation formalism. We then
discuss the electromagnetic form factors of the baryons that
are needed for our calculations in Sec. V B.

The presence of the baryon Fermi sea modifies the
quantization procedure of the baryon fields, y(x), in the
medium [18] compared with the usual procedure in
the vacuum [113]. Once the coefficients behind the
Fourier modes of w(x) are promoted to baryon creation
[a' (k)] and annihilation [a(k)] operators [likewise b'(k)
and b(k) for antibaryons], we conclude that the action of
these operators on the medium ground state |Q), which
contains baryon levels filled to a Fermi momentum (kf),
should be given by

b(k)Q) =0 VK,
a'(k)Q) =0, |k| < k.

a(k)|Q) =0,  |k| > kg (4.9)

This leads to a different form (compared to in the vacuum)
for the baryon propagator, which is given by [18]

1

6(p) = +m){

. * * * * (p*Bﬂ)2
+27i8(p*? —m Z)G(po)g{k%—l—p 2- BI;B" ,

(4.10)

in which @ is the Heaviside step function, B* is the baryon
current density, which in the n.m. frame is given by
Bh . = %np, and the second term in Eq. (4.10) allows
for the propagation of holes in the Fermi sea. Using this
modified propagator and the spinors in Eq. (4.7), one can
derive Feynman rules [18] for calculating the amplitudes for
various processes (see Sec. V B). However, in calculating
rates via phase space integrals, we should first observe that an
on-shell (p*> = m*?) and positive energy (p° > 0) Lorentz-
invariant integral over the four-momentum is given by

/ & po((p" — ) = m™)0(p°) £ (ph)

I(V1B-EP +m2 430 p)
2|5 =SP4 m?

Therefore, we identify the Lorentz-invariant (on-shell) vol-
ume element in the medium as d° p/2E*(p). This means that
the normalization factors in the in-medium phase space inte-
grals should contain (2E*)~! in place of the usual vacuum
expression.

We also note that the velocity of a baryon is defined in
terms of the kinetic momentum as opposed to the canonical
one, i.e., v, = k;/E*. This velocity should be used for
calculating the cross section of two-body scattering involv-
ing a baryon (see Appendix E). We can explicitly show this
by performing an integration over the longitudinal (%)
components of the incident beams’ momenta (l_cf4 and I_cg).
Let us assume for the moment that only one baryon () is
involved, in which case we have [see Eq. (4.77) in Ref. [114]]

(4.11)

/ dk’,dkiy6 (12; +hE-> p;>5<E A+ Eg-— ZE,)
f f

= /d%;é(\/%i +mY + \/(123—23)2 + m3 +2°B—ZE_f>
7

-1

| K Kot |k _kS
E, Ej E, Ej

in which in the last line we are assuming k% = > Py = K
and have identified the baryon velocity using the kinetic
momentum, such that |v4 — vg| is the relative velocity
of the beams as viewed from the laboratory frame.

= |va—vsl™,

k=D ik,

(4.12)

The generalization to the case with two baryons is straight-
forward. The fact that the velocity of a baryon is zero when

k" =0 could have also been deduced by inspecting the
kinetic energy component in Eq. (4.8). For this reason, the
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frame in which k* = 0 holds is called the center of velocity
(c.v.) frame which is distinct from the center of mass (c.m.)

frame defined by k = 0. Therefore, the decay rate of a baryon
in an arbitrary frame (I") is found by boosting (y) the rate
evaluated in the c.v. frame using I' = y~'T", .

Since we study processes that involve electromagnetic
interactions with baryons, the generalization of the usual
form factors from the vacuum to within the medium should
be checked. The in-medium spinors in Eq. (4.7) are
different from their vacuum counterparts. Therefore, certain
commonly used properties (e.g., the Gordon decomposi-
tion) in vacuum need to be reestablished. However, we note
that the general form of these interactions is determined by
the structure of Dirac algebra. While important for for-
mulating our analyses, this is slightly tangential to the
broader narrative of this work; we thus relegate the details
to the Appendixes, but we encourage the reader to study
them nonetheless. In Appendix C, we explicitly show that
the vacuum EM vertex form can be generalized to its in-
medium form if one replaces m — m* and p — p* and
identifies the electric charge and magnetic moment of a
baryon from the scattering amplitudes in the c.v. frame. Our
numerical results in Sec. V assume the vacuum values for
the in-medium form factors F7{ , of neutron and A. We also
derive the nonrelativistic limit of baryon’s EM interactions
and their elastic scattering formalism in Appendix D. We
present the calculations for in-medium Compton scattering
in Appendix E, as a demonstration of the RMF formalism
utilized in this work.

V. BARYON DARK DECAY RATES
IN DENSE MATTER

In this section, we develop the procedures for evaluating
particle physics processes, such as neutron decays and
neutron-neutron scattering, in the neutron-star medium.
Our particular interest is in radiative decays such as B — yy
in the core of the star. In the absence of a matter
environment, a common procedure, adopted in many
contexts, is to assume the mixing is weak and to redefine
the fields, here B’ and y [115], so that they no longer mix,
and then to analyze B’ — y transitions in that new basis. In
Sec. VA, we show why and how this procedure can fail in
strongly interacting dense matter, and we argue for a
Feynman diagram analysis in its place. Subsequently,
starting in Sec. VB, we show how the transition rates
can be evaluated explicitly and consider their implications.

A. General considerations

To illuminate the essential points, we consider the
possibility of n-y mixing in a background field X, the
vector self-energy of a neutron in the neutron-star medium,
which interacts with the neutron field y,, but not the y field
w,. Thus, we adopt the following simple model:

L= ’/_/n(iﬂ_ Z- m:l)l//n + l/_/)((id - m)()l//)(

- €<V7ny/)( + l/_/)(l//n> (51)
Under a field redefinition, y — y/, prescribed by
" cos@ sind "
()= G o) () e
/g9 —sin@ cosf /) \y,
Equation (5.1) becomes
L' = i, (id — Zcos?0 — mj,cos*0 — m,sin*Q)y),
+ ), (id — Zsin?0 — m,cos?6 — m,,sin’0)y/,
in(26
7, Sm(z ) (e m, +¥) —ecos(20) [y, (5.3)

If 3# were absent, and with ¢ real, then, for tan (26) =
2e/(m;, —m,), L' describes two decoupled fields with a
modified energy spectrum. These fields can then map to the
asymptotic (“in” and “out”) states needed to define the S
matrix [60]. To do this, any interactions with these fields
should vanish as t - +oo. For the neutron (and other SM
baryons), we note that the effect of the vector self-energy
can be absorbed into the definition of a modified single-
particle spinor, as discussed in Sec. IV A, and, thus, suitable
“in” and “out” states can still be constructed. In the current
case, 2¥ mediates an interaction between the rotated n and y
fields, putting the utility of our field redefinition procedure
into question. After all, even in the mean-field limit, >0 can
greatly exceed the n and y masses at the high densities
reached within a neutron star, and it cannot vanish as
t — to0, since we work within a medium of infinite extent.
Since 2# is not a Lorentz scalar, we cannot extend our field
redefinition approach to include it. Therefore, there would
seem to be no advantage to following a field redefinition
approach in neutron matter. Moreover, in the small mixing
limit (¢ < [m,, —m,|), the mass (n’, y') and interaction
(n, y) eigenstates are nearly the same. Working with
Eq. (5.1), we can treat ey,y, as a tiny interaction that
mediates n <> y transitions within perturbation theory. This
Feynman diagram analysis, through the in-medium baryon
propagator [Eq. (4.10)] naturally includes the impact of
momentum dependence and of the neutron self-energy on
n-y mixing. We emphasize that both effects are absent in
the field redefinition procedure. As a result, too, we do not
have large enhancements in our predictions should the
in-medium neutron and y states become degenerate in
energy—the imaginary part of the neutron self-energy
effectively eliminates that possibility. Nevertheless, n-y
mixing within the neutron-star medium could potentially
lead to effects not possible in terrestrial experiments, and
we consider those possibilities more carefully in Sec. V C.
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B. Dark decay rate estimates

We now turn to the explicit evaluation of rates of particle
processes within the neutron-star medium, with a particular
focus on dark decay rates. As long known, the background
field associated with matter leads to a spontaneous breaking
of Lorentz symmetry, but as a consequence of our Lorentz
covariant description, discussed in Sec. I[VA, our expres-
sions always have definite Lorentz transformation proper-
ties. In what follows, we exploit our freedom to choose a
frame to simplify our analysis.

Generally, processes of the form B+ {X} — y + {Y}
lead to the following rate of change of the local baryon
density ny (with respect to the proper time, 7, referenced to
that spacetime point):

%: - / dll (Hdl‘[x> dIl, (Hdny>

{x} {r}

< Fi(7s) ({I;I}fx(ﬁx)>(1—fx(@))<g[lify(lgy)]>

x| M|?x (27)*6™) <pB—|— pr —k, —Zky) . (5.4)
x} 0}

where {X} ({¥}) is some set of other states in the initial
(final) state—which may be empty. Moreover, dIl; =
d*p;/|(27)*(2E7)] is the Lorentz-invariant phase space
measure, f(p) are the species-dependent occupation num-
bers,” and |M|? is the spin-summed (as opposed to spin-
averaged) squared matrix element. We denote final-state
momenta with k; instead of p;. Consistent with our
assumption that there is no appreciable background of y,

-

we set its occupation factor f,(k,) to zero. All baryonic
species abide by zero-temperature Fermi distributions
characterized by distinct Fermi momenta p 5.

We briefly discuss important qualitative features of the
evaluation of Eq. (5.4) for the decay process B — yy and
present the corresponding results. We relegate details of the
calculation to Appendix G. We work in the interaction
basis, so that the decay proceeds via the Feynman diagram
containing the n-y interaction and the baryon magnetic
dipole moment operator, which we write as

Op, = Sgie*l_S'af‘”BF (5.5)

Hw
mg

noting g, = 3.826 and g, = —1.226 [61]. This computa-
tion is made in a background mean field of neutron matter,
and the associated decay amplitude, as developed in
Sec. IVA, is determined by replacing the canonical
momenta of the in-vacuum computation with kinetic

The occupation factor for ¥ depends on whether or not Y is a
boson (+) or fermion ().

momenta as per Eq. (4.5). Labeling canonical momenta
as B(pg)—x(k,)+r(k,), the corresponding spin-summed
squared matrix element is

2 2.2
B98¢ 1, .

(5.6)

noting that both the kinetic momentum pjy and the in-
medium mass mj appear. It then remains to insert this into
Eq. (5.4) and integrate. The integral takes the form

dng _/ &P &k, &k,
dr (27)3(2Ey) (27)*(2E,) (27)*(2E,)
x [M|* x 27)*6W (pg — k, — k).

f8(PB)
(5.7)

and it can be computed in different ways. The Lorentz
invariance of each measure dIl; affords the opportunity
of performing different parts of the integration in differ-
ent frames. We note that the integration over dllg is

simplest in the n.m. frame: there, we have fz( p’g}‘m'>) =

O(prs — |13g'm'> ), and the integrand is isotropic.
Contrariwise, it is simplest to evaluate the integration over
dIL,dI1, in the c.v. frame. Moreover, as discussed in
Sec. IV B, the width of an individual baryon is most
simply interpreted in its respective c.v. frame, since the
baryon is not moving. The baryon width in the c.v. frame
takes the form

1 &Pk &Pk 1
_ L / i L x| M
2my | (27)°(2E,) (27)°(2E,) 2

x (27)*6™ (pp — k, — k,). (5.8)

where the argument of I, follows from our earlier frame
choice.® Henceforth, we abbreviate pj = | ﬁgl'm'> |. We have

pz(c.v.) _ (m%’ 0) and pg.v.) _ (m; + 2:gc.v.),O, ig.v))’ with

Zg‘” the baryon vector self-energy in the c.v. frame. The

results in different frames are connected by Lorentz boosts,
yielding

*

Fem (pp) = <W> Tev.(pB)

*,(n.m.)
E
= < 5 >an(p3)

*,(c.m.)
EB

(5.9)

The total rate of baryon loss in the n.m. frame is then
given by integrating over all baryons in the local fluid,
accounting for the contraction of their individual widths by

%The additional factor of 1 in Eq. (5.8) arises because |M|? has
been spin summed and not spin averaged.
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afactor y™! = mj/Ey, with E}; =/ pg + (mj;)? the n.m.-
frame energy associated with the Kinetic momentum:

dn prs padpp
d—f__zxA 37}/ 1Fc.v.(p8)'

(5.10)
The prefactor of 2 comes from the baryon’s two spin
degrees of freedom, and the factor of 27° in the denom-
inator ensures that if the function y~'T', (pg) were a
constant, then the result would be (y~'T, ) x ng.
Combining Egs. (5.8) and (5.10), we find that this
procedure leads to the same result as the direct evaluation
of Eq. (5.7) shown in Appendix G. In either case, we arrive
at the following result:

2 2
dng__ B0 o /

142 —
d/32 = w

dr  1287° ) (14+2x6+02)?
x[(142x040*)(14+x0+2u) +p*(1+x0)], (5.11)
in which
_E B
X = * ) xF = * )
mg mg
(n.m.),0
z
co=-5_ ,usz. (5.12)
Mg M

The corresponding c.m.-frame single baryon decay rate
[.m (pg) is given in Eq. (G18).

We illustrate the rates of B — yy as a function of m, and n
in Fig. 7, for both neutrons (a) and A’s (b). (In contrast, in
Fig. 8, we show how these proper decay rates change across
the different pulsars of interest for various values of the y
mass.) These calculations are for the DS(CMF)-1 EOS, but
the results are qualitatively similar for the other EOS in this
family.” The vertical axes have been normalized to the value
of nuclear saturation density in this EOS, ng, = 0.15 fm™
The respective color scales are shown at right, assuming
eg, = 1071 MeV; the units are fm™ s~!, and we emphasize
that these rates scale as sé)(. To guide the eye, we have also

added black contours every quarter order of magnitude.
Solid contours correspond to integer numbers; dot-dashed
contours correspond to half-integer numbers; and dotted
lines correspond to quarter-integer numbers. In either panel,
the dashed vertical line indicates the vacuum mass of the
corresponding baryon. The dotted horizontal line corre-
sponds to the central density of the heaviest stable neutron
star within this EOS, corresponding to Mroy = 2.07M g;
the region above this line has been grayed out because
these densities do not occur in a stable neutron star.
Similarly, the dot-dashed horizontal lines correspond to

’Of course, the EOSs that do not contain hyperons will not lead
to A — yy decays within neutron stars.

the central densities of neutron stars with the masses
of J0348 + 0432, J1614-2230, and JO737-3039A/B. We
observe that, when n — yy is operative, it is almost always
numerically larger than the rate of A — yy (for ¢,, = €,,).
This is a simple consequence of larger neutron number
fractions at these densities, and the two rates often differ by
several orders of magnitude. However, A’s have a further
reach in m, when they are present than neutrons do, owing to
the larger total energy of A’s in neutron matter.

C. Medium-enabled dark decay processes

It was shown in Sec. IV A that baryons in neutron stars
have a lower effective mass (mp) and a higher self-energy
(Z ) at higher densities (see Fig. 6), but their overall energy
can be much higher than their vacuum rest mass (mg). In
order to illustrate this for a heavy neutron star, we plot the
baryon rest energies [E% = Eg(p = 0) in the n.m. frame]
for PSR J0348 + 0432 as a function of radius in Fig. 9. We
can see that baryon decays containing a final state y with
m,, > mpg, which would be forbidden in vacuum, can occur
at the core of heavy neutron stars. This enables a novel way
of analyzing models with m,, values for which nuclear and
vacuum decays are kinematically forbidden. Furthermore,
constraints derived from heavy neutron stars can still be
applicable in the vicinity of m, ~ mg and beyond that. This
should be contrasted with limits derived from processes in
vacuum and within nuclei, which diminish at m, ~ mg or
even at much lower values of m, due to the binding energy
and possible energy cuts on the final states. For example,
when inferring limits on n — yy via the nondetection of y,
there is an energy cut E}‘,nin [116], which means m, values
larger than m, — E™ cannot be constrained.

1. Spontaneous B — y conversion

The existence of y raises the possibility that the baryons
to which they couple might undergo spontaneous conver-
sion to y in the neutron-star medium as they propagate.
Such an effect could prove loosely analogous to empiri-
cally observed matter-enhanced neutrino oscillations [117]
or to the possibility of neutron-antineutron oscillations
[118-120], breaking the baryon number by two units. In the
latter case, the presence of external interactions from matter
or magnetic fields modify the energy of the n and 7
differently, severely reducing the spontaneous oscillation
probability for a fixed source of new physics [121], and the
cross section for scattering-mediated n-7 conversion is also
very small [122]. In this section, we note the distinct
features of B-y conversion.

The essential physics is, thus, 5 and y constitute a two-
level quantum system. As we have noted in Sec. VA, if
the coupling ez, is nonzero, then B and y constitute
the interaction basis, whereas the eigenstates of this
Hamiltonian, which we term f| and f, for this discussion,

023021-17



BERRYMAN, GARDNER, and ZAKERI

PHYS. REV. D 109, 023021 (2024)

7 T 10—15
(a) ] Unphysical
6 F ettt ssseesssesassess e s s e AR AR A AR - -+ 15
10719
A J0348+0432
__________________________________ e
AT e ne2s0 | @Y
£
IS 3 10—18
JO737-3039A
2 -—-—-—-—-—-—-—-—-—-—-—-—-—-—-—-—-—:]—()-7—:3-,7—-3—()-59-§- 71
1079
1 S
g
O 10—20
7 : 10717
(b) : Unphysical
6
10718
’ 7 1031340432 _
R R J1614 2230 _
i 10719
S 3
JO737-3039A
2_ ......................... : _____________J_O7_37_3_03_9E 10720
11 -
S
0 ; - —L - - - : 1072
800 900 1000 1100 1200 1300 1400 1500 1600
my (MeV)

FIG. 7. The proper rates for B — yy decays, (—dng/dz) (in fm=> s1), for neutrons (a) and A’s (b) assuming DS(CMF)-1 EOS. In
either panel, we fix the corresponding €5, to be 1071 MeV. Note that the color scales are different between the two panels. See the text

for additional details.

constitute the mass basis. Formally, the strong interactions
that operate in neutron matter only ever produce n—this is
what it means for B to be an interaction eigenstate. This 3 is,
however, a coherent superposition of £ and f, atthe moment
of its creation. The subsequent evolution of this coherent
wave packet depends on the details of the 5 — y system.
These details are discussed in depth in Appendix F; we pick
out the most relevant results as they pertain to this discussion.
The Hamiltonian that describes our two-state system
depends on the local environment: The total energy of the
baryon depends on the density through mjy and X, and
baryons with different n.m.-frame momenta will mix differ-
ently with y because Lorentz invariance is spontaneously
broken by the background. There exists a resonance in this
system wherever the condition, which follows from energy-
momentum conservation of the canonical momenta,

\/ 2 4 |pnm) |2 \/(m 24 [pemIR syt (513)

is satisfied. We expect that this condition will occur for at
most one value of the (magnitude of the) baryon momen-
tum for a given density Moreover, Eq. (5.13) cannot be

satisfied if Z ) is complex. In what follows, we set this
latter poss1b111ty aside, because, as we will see, other
effects act to suppress the likelihood of B-y conversion.
At resonance, the offset between the interaction and
mass bases is maximal, corresponding to a mixing angle
of @ = 45° however, if Eq. (5.13) is violated by more
than a few times ep,, then the mixing angle is parametri-

cally small: 6°~¢z / (a)g —oihr=( e, /6w ™))?, where
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FIG. 8. The baryon proper decay (B — yy) rate (—dng/dz) (per
unit volume) assuming ez, = 107! MeV for (a) neutrons and
(b) A’s as a function of radius for four pulsars using DS(CMF)-1
EOS. The numbers next to curves (colors) indicate different
values of m, = {0.5,1.0,1.2,1.3} GeV.

a))<(+> and a)g) are the left- and right-hand sides of

Eq. (5.13), respectively [cf. Egs. (F14) and (F15)].

We first consider what happens when the system is not
close to resonance. In this case, the eigenvalues of the system
are given by Eqgs. (F25) and (F27), which are very nearly
given by @,/ and wy;’ up to O(eg,) corrections. If the
system is far from resonance, then these eigenvalues are well
separated. As a result, the B states produced in scattering
processes will essentially immediately decohere into their
component f; and f, with, respectively, probabilities of
cos? @ and sin? . As such, the state that emerges from the
scattering process manifests as either f; with probability
cos? @ ~ 1 or f, with probability sin? @ ~ (e5,/6w)?, and the
latter may be vanishingly small—and, thus, so would be any
yield in y.

The situation is richer if the state is close to resonance. In
this case, if the canonical momentum of the baryon is fixed
by Eq. (F17), then the eigenvalues of the Hamiltonian are
better given by Eq. (F32). They are nearly identical to each
other, but they are split by a small factor:

10°

n (a)

n (fm9)

Y (GeV)

0 2 4 6 8 10 12 14
R (km)

FIG. 9. The particle composition (a) and the energy of baryons
at rest in the n.m. frame (b) as a function of radius in PSR
J0348 + 0432 assuming the DS (CMF)-1 EOS. The horizontal
lines correspond to the vacuum masses of baryons. We choose
models for which we expect the steady-state admixture of dark
states to be completely negligible.

% 0,(n.m.
(m +m, ) = (£3"™))?

Aw* = 2eg 3O (nm.)
Nl - - (2

+ O(eg,)- (5.14)

This means that when B is produced in some strong
interaction, the wave packet containing f; and f, may
remain coherent over relatively long timescales. This is
analogous to how neutrino mass eigenstates remain coher-
ent as they propagate in terrestrial oscillation experiments,
despite being formed in an interaction eigenstate.8 As in
the case of neutrino oscillations, the f| and f, components
of the B state generically evolve with different phases; over
time, this leads to nonzero overlap between the evolved

SWe point the interested reader to Ref. [123] for a discussion
about the role of (de)coherence in understanding neutrino
oscillations specifically, as well as Ref. [124] for a comparative
analysis of neutrino oscillations with adiabatic conversion.
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state and either B or y. The state is then measured, in a
sense, at its next interaction some time ¢ later, either by its
environment or by some experimental apparatus. It is
appropriate, in this case, to invoke the concept of an
oscillation probability; this is estimated by

Aw )t
Py, (1) = sin®20 x sin’ {%] . (5.15)

When the state is observed, however, it collapses to the
combination of f and f, appropriate to either B3 or y with
probabilities given by Eq. (5.15), and the process repeats
for further interactions. While the oscillations have a
large amplitude [sin? 26 ~ O(1)] in this regime, the prob-
ability to convert will remain small if the time between
successive measurements Of,.,, 1S small, in the sense
(A®*)(Stmeas) << 1. This is precisely the quantum Zeno
effect [125,126].

It remains to determine the timescale of the interactions
in the nuclear medium in order to estimate the rate of
B — y conversions. We estimate this to be the light time of
the mean interparticle separation around nuclear saturation
density: 6Zyong ~ ng’*c=! ~ ©(10723) s. For a benchmark
value ez, = 1071 MeV, the argument of the latter sine
function in Eq. (5.15) is ~O(107%) MeV's ~ O(107!%);
this is safely approximated as small, and we see that the
quantum Zeno effect is indeed operative under these
conditions. Therefore, even if the mixing angle is large,
we estimate the probability to be

_ €g 2
PB—W(&tstrong) ~ 0(10 36) X (m)

5tstr0ng 2
x [ —Xone )
10723 s

This implies an approximate per-baryon conversion rate of

(5.16)

—13y 1 €5y :
RB—»;((5[strong) ~ O(lo ) S XN\ T 006 vw

10~ MeV
5tstr0ng
X .
<10‘23 s>

One might expect that this would multiply the large density
of baryons to yield a macroscopically relevant rate.
However, the near-resonance region occupies a thin shell
(parametrically of width ~ep,) within the baryon Fermi
sphere; the fraction of baryons relevant for this phenome-
non is fantastically small, even in the best case scenario.
Thus, we summarize by emphasizing that we do not expect
B —y conversion to be a phenomenologically relevant
mechanism for the production of y.

(5.17)

D. Total rates

In this section, we report the total baryon decay rates that
emerge after integrating our earlier results over the structure
of a neutron star with a given central density, n.. For
example, in Fig. 10, we show the rates that result from
integrating the local BNV rates in Fig. 7 over the neutron-
star volume using Eq. (3.5) and report these results as
a function of m, and n.. Figure 10(a) is for neutron
decays, while Fig. 10(b) is for A decays; similar to
Fig. 7, the contours correspond to constant (base-ten log
of the) integrated rate of B — yy. We have again fixed
ep, = 1071 MeV, and note that the results are in s™'. We
have coded the black contours in the same way as in Fig. 7,
and we have again indicated the central densities of
J0348 + 0432, J1614-2230, and J0737-3039A/B within
this EOS. Figures 10(c) and 10(d) contextualize these results
by showing the neutron-star mass Mg on the horizontal axis
as a function of the central density on the vertical axis. Note
that Figs. 7 and 10 together imply that J0737-3039A/B are
both too light to contain hyperons.

VI. INFERRED LIMITS ON BARYON
DARK DECAYS

We now turn to the task of assessing the limits on the
B — y mixing parameters that emerge from our numerical
assessment of the stellar-volume-integrated baryon dark
decay rates, as shown in Fig. 11, and the macroscopic
baryon number loss limits we have determined from
astrophysical observations and their analysis. The latter,
namely, are limits on anomalous binary-pulsar period
lengthening, to which we refer as “binary spin-down,”
and they are given in Table I. We show the limits we find for
each astrophysical system as well as that associated with a
final combined limit. To make our presentation more
compact, we first discuss how the individual limits on
€, can be combined before showing all of these results.
Note, too, that since our constraint depends on the square of
€p, its sign is left unconstrained—we choose &g, > 0 in

X
reporting our limits.

A. Combining individual limits

Here we briefly describe our statistical procedure for
combining limits on e, derived from different pulsar binary
systems. The limits we show have implicitly been determined
as contours of constant y*(m,,ep,). Our assumed-true
hypothesis is that rate of BNV-induced binary spin-down
vanishes in these systems, so we have y*> = 0 for ¢ By = 0.As
such, each y? function is generically of the form

; 2 4
)(z(m)(’ 58){) = <§_Z (m)(’ 80)) (8316/280)

= F(m}() X 821.
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FIG. 10. The volume-integrated rates for B — yy decays, (—d/3/dt) (in s~') for neutrons (a) and A’s (b) assuming the DS(CMF)-1
EOS. As in Fig. 7, we have fixed eg, = 107'® MeV. Panels (c) and (d) show the relationship between the neutron-star mass and its

central density.
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FIG. 11. The total baryon-loss rate per baryon (—B/B) due to
B — yy decays assuming e, = 10~ MeV for neutron and A as
a function of m, for four pulsars using the DS(CMF)-1 EOS.

The first equality follows from the fact that P,/P;, « e,
noting Eq. (3.11), and we emphasize that F' is a function of
m,, only. The limits we have shown correspond to e ¢;

we call the resulting curve &(m,, ). From this, we determine

F(m,) =—— (6.2)

o)
~—~

3
~
~

this allows one to determine the y> function over the entire
parameter space.

The combined limit, then, corresponds to the contour
along which the sums of the individual y* functions also
equal c¢. Using the definitions above, we determine the
combined limit &, (17,) as follows:

For two degrees of freedom, the 26 exclusion curves we have
shown correspond to ¢ = 6.18.
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)(comb 83}( ZF ){)SB)( ZC <Z‘

) . (6.3)

)(gomb(m)(vgcomb( )()) =

= ecomb (64)

()’

This discussion has assumed that all &; are defined at the
same level ¢ and that the desired combined limit is also at c.
This result can be generalized for distinct individual
significances ¢; and combined significance C:

Ecomb = <ZCI/C X E‘i(’/n)(>_4>_]/4'

We show our individual pulsar limits as well as our
combined limits, realized via our described procedure,
for the DS(CMF)-1 EOS in Fig. 12.

Figure 13 depicts our results for the constraints on ¢,
(upper panel) and €,, (lower panel) as functions of m,,

(6.5)

calculated for each of the eight EOS in the DS(CMF)
family. Equations of state that do not include hyperons are
indicated with dashed curves in the upper panel. We also
note that the DS(CMF)-3 EOS formally cannot support a
neutron star with a mass of 2.01M ;—its maximum TOV
mass is 2.00M (note Table II in Appendix B). However,
this is within 1o of the observed mass of J0348 + 0432; we
therefore elect to include it in this figure but instead show
the constraint derived for this maximal neutron star. This
constraint has been shown in a dot-dashed line to indicate
that it is qualitatively different from the others.

We underscore that we have fixed the masses of these
neutron stars to their best-fit values to construct these
limits. A more statistically complete analysis would propa-
gate the uncertainty in the inferred masses of the observed
pulsars into the determinations of their central densities
(within the context of a given EOS) and, thus, into the
predicted baryon-loss and binary spin-down rates. The
mass uncertainties on J0348 + 0432 and J1614-2230 are
O(1072)M; we anticipate that there would be O(1)
corrections to the limits whenever these are the only
operative constraints, though the orders of magnitude are

10713 .
—— J0348+0432 E
— J1614-2230 !
5| T J0T3T-3039A/B E
% 10 ] -=-- Combined E
=) !
> 1
S 10717 :
10719 : - (a)
101 .
— 1071 Fe==== e
2 |
= :
= i
S 1017 |
s (b)
10719 ; ; ; ; ; 1 I I
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FIG. 12.  Exclusion constraints at 26 on the n — y (upper panel) and A — y (lower panel) mixing parameters as functions of m, for
the DS(CMF)-1 EOS. The blue, red, and green curves correspond to the 2¢ limits derived from J0348 + 0432, J1614-2230, and
J0737-3039A/B, respectively. The dashed black curves correspond to the combined limits, realized as per the discussion in the text. The
vertical dashed lines indicate the in-vacuum baryon mass in each case.
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FIG. 13. Combined exclusion constraints at 2¢ on the n — y (upper panel) and A — y (lower panel) mixing parameters as functions of

m,, for the eight equations of state in the DS(CMF) family.

expected to be correct. That said, the uncertainties on the
masses of J0737-3039A/B are O(107°)M, [76], so that we
expect the limits on ¢,, for m, <1000 MeV, noting
Fig. 12, to be quite robust.

In Fig. 14, we reinterpret our constraints on &g, as
constraints on the branching fractions for B — yy in
vacuum and contrast them against laboratory constraints,
with neutrons (A’s) in the upper (lower) panel. For
neutrons, we also show the KamLLAND constraint on
invisible neutron decay [127] in red and the
SuperKamiokande constraint on n — vy [128] in light
blue. (We note that the KamLAND constraint [127] is
also pertinent to our study of n — yy decay, because the
prompt photon would not pass the correlation cuts and
would remain undetected.) These are as much as 20 orders
of magnitude stronger than the constraints we have derived,
but we note that these are operative only up to m, = 920
and 827 MeV, respectively, as a result of experimental cuts.
We emphasize, in particular, that these experiments cannot
probe the region m, > m,; while they are more powerful
when they are operative, they are fundamentally con-
strained in ways that astrophysical probes of new physics
are not. For A’s, we show the constraint on invisible decays
from BESIII [129] in dark cyan. In this case, we find the

opposite result: pulsar binaries are able to probe this
branching ratio as much as 20 orders of magnitude more
severely than laboratory constraints. The caveat is that this
requires hyperons to appear in neutron stars, which is still a
matter of debate, simply because EOSs without hyperons
exist that confront current observational data successfully.
However, if hyperons appear in an appreciable amount in
these objects, then one can expect vast improvements on
laboratory searches.

The upper panel in Fig. 14 is incomplete in that there are
additional constraints around m, ~ m,, a region that has
become of interest in recent years as a result of tests of new-
physics explanations [10] of the neutron lifetime anomaly
[12]. We examine this region more closely in Fig. 15;
Fig. 15(a) casts these searches in terms of constraints on
€,y» While Fig. 15(b) casts them in terms of constraints on
Br(n — yy). We show in blue the estimated constraint from
a direct search for n — yy using ultracold neutrons [116],
and in green we show a constraint from Borexino from
searches for hydrogen decay, both from Ref. [34]. We also
show the curve along which the free hydrogen lifetime is
supposed to be 7y = 10°Z s in dashed gold, also from
Ref. [34]. (The constraints from Ref. [34] are reported at
90% CL, though the differences between those and limits at
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FIG. 14. Exclusion limits at 26 on the vacuum branching fraction for B — yy for neutrons (upper panel) and A’s (lower panel).
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detailed in the text, after Ref. [34].
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20 should be very small given the ranges shown in the
figure.) Clearly, neutron stars are more sensitive to these
decays than these (would-be) laboratory constraints by
many orders of magnitude.

It was noted in Ref. [10] that the existence of y can
destabilize nuclear matter, including °Be. This constraint
was calculated more precisely in Ref. [59], assuming that
the lifetime of *Be is longer than 3 x 10° yr to account for
the presence of Be in old, metal-poor stars [130]. This
constraint is shown in Fig. 15 and is competitive with (if not
dominant to) our neutron-star constraints in the region of its
operation, m, < 937.993 MeV. We note that other probes
of dark decays of nuclei with low neutron separation
energies have been discussed in, e.g., Ref. [57].
Particular attention has been paid to decays of !'Be, with
experimental efforts underway at CERN-ISOLDE [131]
and ISAC-TRIUMF [132], though we are unaware of any
efforts to interpret these experimental results as constraints
on new physics. As a side note, it is curious that there are no
laboratory constraints, as far as we can tell, on the lifetime
of “Be. We find the arguments about the presence of °Be in
old stars compelling and agree that this is a valid constraint,
but we are surprised, frankly, that the lifetime is constrained
only at the billion-year scale. While experimentalists of
yore would have had little reason to interrogate the stability
of “Be—or, indeed, any species thought to be stable in the
SM—we regard the observation that the stability of these
systems has not been tested in a detailed way in the
laboratory as a potentially promising avenue for con-
straining new physics.

We conclude by noting that Ref. [59] has also presented
constraints on n — yy from cosmology and from neutron-
star cooling. The former is a combination of constraints
coming from modifications to big bang nucleosynthesis
(BBN) and the cosmic microwave background (CMB); this
treatment includes the reverse decay y — ny when m, >
m, and so constrains the region shown. However, in their
calculations, y is assumed to constitute (at least some of)
the dark matter. This is unlike our framework, in which we
introduced more new states (¢ and ¢p) to prevent over-
accumulation of y. Therefore, the limits they derive from
BBN and CMB do not apply here, though we agree that this
would be an interesting and important avenue to explore.
The neutron-star cooling constraint derived there makes
very rough assumptions about how heat from decays is
deposited into the neutron star, with the implicit assumption
that increases in the temperature of the core of the neutron
star lead to commensurate increases in the observed
effective temperature. A more sophisticated analysis
appears in Ref. [46], though in the particular case of
n —n' mixing [38,47,48]. We note that the response of
the star is sensitive to the precise connections between
visible and dark sectors, as shown explicitly in Ref. [48];
here we focus on n — yy with subsequent y decay,
removing energy from the star, though Fermi heating from

the neutron decay is also present. The thermal transport and
cooling in neutron stars demands careful investigation; for
instance, BNV decays lead to f# disequilibrium, which leads
to neutrino cooling via (direct and modified) Urca proc-
esses, which impact how the energy released in the decays
is deposited back into the SM fluid. We cannot say at this
time whether a constraint from thermal heating is more
stringent or not. While we agree that old, cold neutron stars
should constrain this model, the details are intricate and
dark process dependent, and we decline to include such
constraints here.

VII. IMPLICATIONS FOR MODELS OF
BARYOGENESIS AND DARK MATTER

The prospect of explaining the origins of both the dark-
matter abundance and the cosmic baryon asymmetry within
a single dynamical framework is a beguiling one. Different
possibilities have existed for some time, and many share a
common feature: There is a dark-sector baryon that carries
baryon number and into which SM baryons can decay.
A particularly intriguing variant is that of B mesogenesis
[14,29,133]. It proceeds in the early Universe from late
time, out of equilibrium production of B mesons (with
equal fractions of b and b quarks) that evolve under SM
CP-violating processes before decaying to a SM baryon
and a dark fermion carrying the opposite sign of baryon
number. Thus, no new sources of CP violation of the SM
are required; the baryon number of the Universe is
conserved—it is just sequestered into visible and dark
sectors with opposite baryon number; and it occurs late in
the history of the Universe in that occurs after the QCD
phase transition, making it possible to realize hadronic
states, and before the epoch of big bang nucleosynthesis.
Finally, it is an example of a testable mechanism of
baryogenesis [25], in that its essential features are subject
to direct experimental investigation. Particularly, its reli-
ance on the SM mechanism of CP violation (albeit new
CPYV sources could enter) implies that the branching ratios
of B mesons in SM baryons and the dark fermion
(antibaryon) cannot be too small, with the expectation that
the branching fractions can roughly be no less than
Br(B%, — 7B) 2 10~ or Br(B* — zB+)) 2 107° [133],
which is compatible with the expectation Br(B(S)‘ i

7BM) = 107 for meson M due to the latter’s larger
phase space [29]. The expected theoretical window in y
mass is 0.94 GeV < m, < 4.34 GeV [29], which is larger
than what we provide in Eq. (2.10), because in their dark-
sector model £ and ¢y have a limited mass difference to
avoid washout of the produced baryon asymmetry. Studies
from Belle [134] and BABAR [135] limit the available
parameter space for yubs couplings in the mass region of
1-4.4 GeV, and it is anticipated that the remaining
parameter space can be probed at Belle-II [135]. This
model is particularly close to the model we study. In this
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paper, we have established severe limits on the ¢,, and €,,
mixing parameters for y masses satisfying m, <1400 MeV,
as shown in Fig. 13. In this mass region and for the regions
of hidden-sector parameter space we have chosen, our
limits constrain the flavor structure of models of B meso-
genesis, and we now turn to those and their implications.

Different UV completions of B-mesogenesis models fare
differently in light of our constraints. Here we consider
versions in which only one extra particle is needed. For
example, in Ref. [14], a color-triplet, SU(2), singlet scalar
with the SM quantum numbers (3, 1, —1/3) is used, though
a scalar of form (3,1,+42/3) [29] or a vector of form
(3,2,—1/6) [16] are noted alternatives. We do not consider
this list exhaustive. The two scalars are just the lepto-
quarks we have noted in Sec. II: ST and S“f [10,15]. The
phenomenology of these specific models has been studied,
and, in order to explain the baryon asymmetry, the dark-
matter abundance, and all empirical constraints, including
those on |AF| = 2 meson mixing, a rich flavor pattern of
couplings to quarks is needed [29].

To determine the implications of our constraints, we first
note the structure of the Lagrangian for each UV completion,
following Ref. [16], though we write our 2-spinors as in
Ref. [136] and employ the conventions given there. Denoting
the new scalars as Yy and the new vector as X¥, we have

Ly, D —ydadhe(,ﬁyygdﬁd; ~ Y YEr U+ Hee (7.1)
3 3 3

Ly, D =V, ap ¥ el = 3,0,V 1 de
3

— Y0,0,€ap, Y, (QheQ}) + Hec.,

1
3

(7.2)

‘CX ) _yQ,,d,,ea/}y (XZSQ{I})G”d}l/; - y)(Qc (X;an)G”)(C

+Hec., (7.3)
where ¢ is an antisymmetric tensor in the two-spinor
indices and y¢, noting Eq. (2.4) and its accompanying
footnote 4, is a right-handed field. With the B assignments
of —2/3 for the scalars Y% and Y_% and B=1 for y,

the noted interactions conserve baryon number. In
Refs. [15,29], yg o, (for each a, b) is taken to be zero.
The color structure of the first term of Eq. (7.1) requires that
the product of d-like quarks be antisymmetric in the
generation indices a, b, which follows because we have
assumed the scalar is a color triplet. As for the last case, the
vector X* can be written in two-spinor form as [16]

Y,
= ()
Y’i%

and, thus, through Eq. (7.3) we see that both scalars couple
to left-handed quarks. We have defined our scalar-fermion
couplings in the flavor basis rather than the mass basis, but

(7.4)

in the case of couplings to right-handed quarks no
distinction needs be made. However, in the case of
couplings to left-handed quarks, we need to rotate the
fields to the mass basis, to parallel the treatment of the
charged weak current in the SM. As a result, a flavor
diagonal coupling to a left-handed quark of a single flavor
can engender a contribution to a flavor-changing neutral
current (FCNC). In the example of Z' models, satisfying
FCNC constraints with a large Z’ coupling requires nearly
flavor-universal couplings [137], where we note that in the
flavor-universal limit the unitary structure of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix makes the FCNC
couplings vanish. We will see that this effect does not
appear here, because our scalars do not ever couple to two
left-handed quarks of the same flavor. Replacing a left-
handed flavor state d’ with a combination of mass states via
Viid;, with V the CKM matrix, we see that the X*
completion does lead to a FCNC of form [16]
Ly .rene D =Y0,d, Ygﬂvaa’dZ/Y” Prdy, (7.5)
where we have employed four-component notation. This
interaction engenders not only |AF| = 2 meson mixing but
also structures such as B(;) — K or B, — z° at tree level,
which can be probed through B decay studies. We also see
explicitly that the structure of the vertex does not require a
flavor-universal coupling to control the size of the effect.
Thus, there are no particular flavor conspiracies in satisfy-
ing the |AF| = 2 constraints, and, to determine the impact
of the constraints we have found on the mixing parameters
€,, and &, on these models, it suffices to consider the
contributions to these quantities from the scalar-fermion
couplings within a particular UV complete model.
Considering, then, the flavor structure of the couplings in
Eq. (7.1), we see that n — yy cannot occur at tree level (via
valence quarks), and a loop graph with W and Yy exchange
is needed to generate the process [15]. The opposite
situation is true for A — yy, with Eqgs. (7.1) and (7.2)
yielding that process at tree level and one-loop level,
respectively. Pertinent Feynman diagrams are illustrated
in Fig. 16, replacing the illustration in Fig. 1. Noting
Egs. (2.5) and (2.7), it is apparent that the mixing
parameters ¢,, and €,, depend very differently on the
underlying scalar-fermion couplings in the two cases—we
refer to Ref. [15] for explicit expressions. In particular, the
one-loop diagrams bring in a coupling to the b quark as
well, in the combinations
ydby)(u; (76)

YabYycs YavYyt»

each of which could saturate the bound we have found for
€,,- Turning to A — yy decay, as shown in Fig. 16(d), we
note, in contrast, that this process yields a constraint on
VsaYyu- However, additional couplings enter at one-loop
level, to which two graphs contribute. Their form follows
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FIG. 16. Feynman diagrams for n — yy and A — yy decays as mediated by the baryon-number-carrying scalars Y% and Y 1 as

discussed in the text, after Ref. [15].

from replacing one or the other of the d quarks in the graph
in Fig. 16(b) with an s quark. The one-loop graphs also
probe b-quark combinations, specifically,

yxby;(u; yshy;(c; ysby;(t' (77)

Turning to the model in Eq. (7.2), we see, in contrast,
that n — yy does occur at tree level, and a loop graph with
W and Yy exchange is needed to generate A — yy decay,
with an example illustrated in Fig. 16. If we replace the s
quark in the initial state with a d quark, we have a
contribution to n — yy decay as well. Consequently, our

limit on ¢,, constrains the b-quark combinations

YtaYybs YedYybs YudYyb> (7'8)

appearing from the loop graph. In contrast, our limit on ¢,
constrains the b-quark couplings

ylsy)(b; ycsy)(b; yusy)(b' (79)

In regards to the mechanism of B mesogenesis, operators
with the flavor combinations ybud, ybus, ybcd, and ybcs
are pertinent, and they take one of three forms [29]

0\ = (o) (uidy). 0 = (xd))(ub).
01 = (yu;)(d;b).

where i € u, ¢, j €d, s, and the colors have been contracted
to form a color singlet in each case. We see that the Y, 3

(7.10)

scalar is uniquely associated with the HS-) operators, and the
Y, /3 scalar is associated with the other two operators. A
successful description of the baryon asymmetry that also
satisfies the various, existing experimental constraints
implies nontrivial flavor structure in the y> couplings
[16,29]. Noting the suggested flavor-structure solutions
of Fig. 12 in Ref. [29] with my = 1.5 TeV, we see that their
Y; solution would require y;y,, to be of O(1) [and y 45y,

to be of O(1073)], but their Y_i solution would require

YebYys OF possibly y,y, . to be of O(1). Since we cannot
constrain either of these latter two combinations, we see
that our studies can constrain the Y. 2 scalar scenario more
severely, though we defer a detailed numerical analysis of
our constraints on the flavor structure of all of the y?
couplings in both scalar scenarios to a subsequent paper.

VIII. SUMMARY

BNV has not yet been observed in terrestrial experi-
ments, and its deep ties to explanations of the observatio-
nally well-established cosmic baryon asymmetry [2] argue
persuasively for its investigation on broader fronts.
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Previously, we have considered how it might eventually be
discovered through precision measurements of neutron-star
observables, particularly those of changes in the binary-
pulsar period, familiar from tests of general relativity [5].
Thus far, we have found limits, and they are macroscopic
ones, in that they emerge from the consideration of a
neutron star as a whole. Such constraints miss a concrete
connection to particle physics, and it is badly needed:
Regardless of whether we continue to constrain or, finally,
discern the existence of BNV (in contradistinction to a
failure of general relativity) from these studies, further
theoretical progress on the problem of BNV requires
constraints on the particle physics models of BNV them-
selves. In this paper, we have developed just such a
connection, using a concrete description of the neutron-
star interior based on a relativistic mean-field theory in
hadronic degrees of freedom [17-19] that successfully
confronts existing macroscopic properties of neutron stars
21]]. Within this context, we have developed how to assess
the rates for BNV particle processes in dense matter, and
we present explicit rates for benchmark processes, particu-
larly B — yy, considering both its rate at local points within
a neutron star as well as its volume rate after integration
over the structure of the entire star, up to its crust. Although
our in-medium formalism is germane to the evaluation of
any particle process in the dense medium of a neutron star,
the focus of this paper—noting current sensitivities—is that
of apparent BNV through baryon decays to hidden-sector
particles. Finally, with this in place, we match the computed
rate to our inferred limits on anomalous binary-period
lengthening, i.e., how the binary itself spins down, to set
one-sided limits at 26 on the mixing parameters &g, for
individual binary-pulsar systems, as well as a combined
limit for all of the studied systems.

As a result of these studies, we discover that neutron
stars open new windows on the study of BNV, probing m,
parameter space not accessible to terrestrial nucleon decay
experiments, due to experimental limitations in the detec-
tion of a final-state photon. More than this, the dense
nuclear medium admits the study of regions for which m,
exceeds the vacuum mass of the nucleon, as well as the
possibility of probing strange baryon decays. Our final
limits are reported in Figs. 14 and 15. We observe that, in
the regions of parameter space to which proton decay
(nuclear stability) experiments are sensitive [127,128], they
exceed the limits we set by nearly 20 orders of magnitude.
In contrast, however, our neutron-star limits exceed the
sensitivity of those from terrestrial A and neutron f-decay
experiments by a comparably large amount. Let us empha-
size that our limits are likely upper bounds and, hence, are
conservative, in that they are determined by the electro-
magnetic decay B — yy alone, although the particle phys-
ics models we study do admit the possibility of
B — y + meson(s) decays as well. This latter set of decays
has no reason to be negligible compared to the

electromagnetic decays in rate—and we note Ref. [16]
for specific examples computed within (in-vacuum) chiral
EFT [62]. As a result, we would expect larger B decay rates
for fixed ep,, but the challenges in realizing a suitable
theoretical assessment of the hadronic channels prompt the
conservative approach we have espoused in this paper.
We now turn to an assessment of the limitations in our
approach. One key question concerns the largest value of
€pys €, » We can possibly limit with our formalism, in
which the SM drives the dynamical response of the neutron
star to BN'V. (In our work, dark-sector interactions drive the
removal of y, so that the neutron-star survival constraints on
the mass of m, noted in Refs. [115,138,139] do not
operate.) We believe a realistic assessment of e ™ requires

a study of neutron-star heating from relatively fast rates of
BNV, the complexities of which lie beyond the scope of this
paper. We note, however, the outcomes of terrestrial
neutron f-decay searches [55], shown in Fig. 15, as well
as limits arising from constraints due to the charged-current
structure of the SM [51], noted in Eq. (2.1). Since n — yy
does not derive from a SM weak process in any way, a
Br(n — yy) limit of O(107®) implies a limit on &,, of
O(107). Thus, we think these limits are severe enough that
determining e;z* precisely is not an immediate concern but,

rather, an important topic for future investigation.

Another potential limitation may be our use of a
relativistic mean-field theory framework [17-19] in which
to describe the nuclear medium within a neutron star. This
approach is computationally tractable and readily allows
for the treatment of more sophisticated models of the
nucleon-nucleon interaction than those in which it was first
devised. We have employed the chiral SU(3) hadronic
model of Refs. [9,21,140] in this paper. This is admittedly a
model that is not QCD, and our ability to assess the errors
predicated by this choice is rather limited. We have,
however, studied how our results change within a family
of EOSs, namely, DS(CMF) 1-8 EOSs [102,103], to which
it can be connected. Moreover, frankly, there is no other
alternative for the treatment of dense nuclear matter, though
this may ultimately change [141]. We note that the use of
chiral effective theory has been championed in this regard
[107], but its applicability does not stretch much beyond
that of nuclear saturation density. In the future, it may be
advantageous to consider EOSs that blend the chiral
effective field theory and relativistic mean-field theory
approaches [111]. Nevertheless, given our interest in
order-of-magnitude estimates, we believe that our choice
is also reasonably realistic.

Different paths beckon as opportunities for future work.
We believe that studies of neutron-star heating from BNV
are important not only to discerning the limits of our
existing formalism, but also, crucially, to interpreting what
a significant observation of anomalous binary spin-down
might mean. It strikes us that theoretical heating studies and
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concomitant observational studies of neutron-star cooling
may be the only tangible way to tell a failure of general
relativity, in some undetermined way, from BNV. These can
be complex. Generally speaking, the star will respond to
perturbations placed on it in ways that need not be
adiabatic. There can be, for example, structural changes
in the neutron star and work done by gravity and pressure
on the fluid as it readjusts itself. There are also other
reactions that occur in response to the removal of a neutron
which contribute to extra heating and cooling. For example,
although thermal energy of O(Ef) is dumped in the star
once a neutron is removed, through a dark decay or
oscillation process, this does not characterize a net gain
of thermal energy by the system. For that, we need to
include the cooling from Urca processes, which by
assumption are faster than our neutron disappearance
(apparent BNV) rates, because the thermal evolution of
neutron star is determined by the total rate of heating or
cooling.

As for other possibilities, we could consider how our
results could change if the neutron star were a hybrid star,
containing a quark core [9], or how viable models with a
significant y admixture in the neutron star [albeit con-
strained by Eq. (2.1) [51]], such as that of Ref. [37], could
be addressed through modifications of our formalism. As
for future terrestrial experiments that could complement the
studies of this paper, it strikes us that empirical studies of
the lifetime of SM-stable composites, such as atomic
hydrogen, or of the °Be nucleus, could yield fruitful results.
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APPENDIX A: DARK BARYON REMOVAL
IN A NEUTRON STAR

In this section, we consider two scenarios for the
removal of y from the neutron star, so that the condition

n,(r) < n(r) can be satisfied: one in which the annihila-
tion rate is much faster than the self-interactions which help
establish a thermal equilibrium and another in which self-
interactions of y are much faster than its annihilation rate.
We first consider the scenario in which dark particles
have a nonthermal distribution at the time of their annihi-
lation. If we ignore the effects due to radial redistribution of
y after their production and prior to their annihilation, their
number density (n,) would approximately satisfy
(1) = ni(t) x Tpny — ny(1) (ov), (A1)

in which n,(7) is the decaying baryon number density
which we take to be constant on short timescales and
(ov) is the annihilation cross section averaged over the
distribution of y. The asymptotic value for y number

density (at times > 1/1/n;I'gnyv{ov)) is then equal to

ny® = +/nT'gny/(ov), which relative to the local baryon
number density n(r), is given by

IﬂBNV

T = o) ()

10—26 cm3 S—l 1/2
X - 7  \ 9
)

in which f;(r) = n;(r)/n(r) < 1 is the fraction of baryon i
relative to the total baryon number density, ng =
0.15 fm=3 is the nuclear saturation density, and we used
the scale of the canonical weak-scale cross section
(10726 ¢cm? s™!) for comparison. We can see that this ratio
is negligible for the reference values in this equation
if (cv) > 107¢ cm’s~!.

We can generalize Eq. (A1) to scenarios in which the
redistribution of y’s, after their production and prior to their
annihilation, is not negligible, by noting that the total y
population satisfies

(A2)

N)((t) = Bi(t) X I_‘BNV - CannN)%(t)9 (A3)
in which B;(¢) is the number of decaying baryons of type i
and C,,, is the annihilation rate per particle, such that the
total annihilation rate is identified as I',,, = C anan( /2. We
are interested in short timescales during which B;(#) can be
taken as a constant (f << I'gxy ). In this case, the solutions to
Eq. (A3), assuming N, (0) = 0, are given by

B.I'
N,(t)= 7’CBNvtanh(\/BiFBNVCamt), 1<Tghy (A4)
ann

in which the timescale for achieving an equilibrium between
the production and annihilation of y [N, (74 )=~0] can be
identified as 7o, = 1/v/B,I gxy Cann» Which can be achieved
for 7, < t < Tgly, if
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l—‘BNV

< Cynn- (AS)

i

The total number of y’s can then be approximated by its
equilibrium value given by N5° = /B, I'gny/Capn. We can
see that if the condition in Eq. (AS5) holds, then N}° < B;.

We now calculate C,,, in the scenario in which the
annihilation rate of y is slower than its self-interaction rate
and the y’s are distributed spherically with an average
radius of R,, according to the Boltzmann distribution.
Using the virial theorem and assuming a radially uniform
distribution of background neutron-star matter (over R,)
with an average energy density £, we can write

3kpT
n,(r) = n,(0)e /R, R :1/#,
X() X< ) x 2nGEm,

in which kj is the Boltzmann constant and 7, is the dark-
sector temperature. The total annihilation rate (I'y,,) and N,
can then be evaluated as

(A6)

1 [R,
e R
0

kBT;( 3/2 5
:0'24(G5m ) (o0)[n, (0))2, (A7)

X

kT,

R)(
N, = [) 4xr’n,(r)dr = 0.78 <G5mx

3/2
) im0,

in which (o) is the thermally averaged annihilation cross
section. Using the definition of C,,,, we have

2'Iﬂélﬂl'l
Copn = -2 — 0.78(
N)(

Gé'mx
kgT,

)3/2<o-v>, (A9)

and an equilibrium between the production and annihilation
can be achieved on timescales t < I'gly, if [see Eq. (A5)]

ST\ /T.\3/2 15 3\ 3/2
(o1) > 2 x 105 (&) (_) (%)
i m

%
I
x (BN} emdsl,
10—10 yr—l

in which T, and m, have the same units. We can also find
the equilibrium value for y number density at the core by

(A10)

combining the definition of equilibrium number N;° =

v/BiT'gny/Cann With Eq. (A8) to arrive at

n;o(o) — 8 x 10—]6 B57FBNV 1/2 10_26 CI’l’l3 S_1 172
Ny 10710 yr-! (ov)

& 3/4 m, 3/4
) [——= —Z
(o) ()
in which we defined Bs; = B;/10°" ~ O(1). Assuming the
reference values in this equation, we can see that this ratio is
about 10~13(MeV/T,)** for m, ~ O(GeV). Therefore, we
have shown that the self-annihilation of y can be very
effective at keeping its concentration negligible. This con-
cludes the analysis of the necessary conditions on the y self-
annihilation cross section imposed by Eq. (3.3). The explicit
forms of decay and annihilation rates for y in terms of our
model parameters are presented in Sec. IT A.

(Al1)

APPENDIX B: SU(3) CMF MODELS
FOR THE EOS

The Lagrangian density of the class of CMF models we
employ is given by [21]

L = Lin + Lo + Lseir + Lsg, (B1)

in which Ly;, contains the usual kinetic terms for baryons

and leptons and Ly, is due to the baryon-meson inter-
actions which are given by

Ly = —Zl/_/i (Giw¥0 (@) + gipro(9°)

+2g;,10l3i(p3) + m ;. (B2)
We note y; denotes a baryon of species i with an effective
mass m; and an isospin three-component /3;, and the
expectation value is evaluated in the ground state. The last
two terms in Eq. (B1), i.e., Lg and Lgp, contain the
self-interactions of scalar and vector mesons and explicit
chiral-symmetry-breaking terms, respectively. The explicit
expressions are given in Eqs. (3)-(5) in Ref. [21]. The
baryon effective masses are generated by the scalar
meson VEVs, except for a small explicit mass term
om; ~ 150 MeV, and are given by
m; = gi(0) + 29i5(03) 13 + gic() + 6m;,  (B3)
in which 65 is the isospin three-component of . The time
component of baryon self-energy is given by
2 = giw(@®) + Jip (P15 + 9i¢<¢0>- (B4)
We refer to Fig. 6 for a plot of m* and X° with density.
The coupling constants are chosen [102,103,140] to
reproduce the hadron vacuum masses, the nuclear satura-
tion properties (density ng = 0.15 fm~3, binding energy
per nucleon B/A = —16.00 MeV, and compressibility
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K =300 MeV), the symmetry energy (Egy, = 30 MeV),
and hyperon potentials. Furthermore, the pion and kaon
decay constants constrain the scalar meson VEVs.

Our chosen class of EOSs contain variations that depend
on the included degrees of freedom, and they are given in
Table II for convenience. Thus, in order to explore how our
results vary with the EOS, we employ the choices given
there. The set of EOSs that we utilize has also been
extended to include crusts based on a zero-temperature
unified EOS [80] at # equilibrium with similar values of the
symmetry energy slope (L), in which the effective inter-
actions are Skyrme forces Rs [142] (EOS 1-2) and
SkMP [143] (EOS 3-8) with cluster energy functionals
taken from Ref. [144].

APPENDIX C: IN-MEDIUM
ELECTROMAGNETIC FORM FACTORS

In this appendix, we derive the general form for
electromagnetic interactions of baryons in the context of
hadronic RMF models and explicitly show how the electric
charge and magnetic moment are to be identified from the
scattering amplitudes of baryons off of electric and mag-
netic potentials, respectively. We start from the Dirac
equation (4.6), pu(p*) = (m* + Z)u(p*), in which we
suppressed the spin index 4, to write

) (T )

2m*

prtpt P
g = * 1

= u(p") (7" -
in which " = (i/2)[y*,y"] and y* are the usual Dirac
matrices. The in-medium Gordon decomposition is then
given by

. o - e (PP icvq, T .
u(p/)yﬂu(p)—u(pw( MR TR PO

2m* 2m* m
(C2)

in which we defined g, = p), — p,. The general form of a
vector interaction vertex, I'¥#, can be written as

" =y*A+ (p* + p*)B+ ¢*C + DX,  (C3)
in which A, B, C, and D are functions of scalar quantities
(e.g., ¢*). Applying the Ward identity q," =0, plus
P2 =p?=m? and p?—p?>=2q-%, yields C=0
and 2B = D. The electromagnetic vertex factor can then
be written as

io"q,

T* = yHF* (g2
14 1(‘1)+ o

F3(q%), (C4)

in which F7, are, in principle, distinct from their vacuum
counterparts F .

We now show how the electric charge can be identified
in the scattering amplitude of a baryon from a
Coulomb potential A, = (®(x), 6) Employing equations
u(k*, Au(k*, 1) =2m* and u(k*,2)y°u(k*, 1) = 2E*(k*),
this amplitude can be written as

*

M= —ieFi0)8(0) (1 Jmy's (€5

in which E* = \/m*? + (p*)? and y is the Pauli spinor.
The electric charge (¢g) can then be identified, by consid-
ering this scattering in the c.v. frame (p* =0), as
g = F;(0)(E*~¥)/m*) = F%(0). This can also be under-
stood from the time component of spin-independent con-
served EM current J° = % = 2E*, with the Lorentz
invariant electric charge defined in the c.v. frame
(E*,(C‘v.) = m").

Similarly, we can identify the magnetic moment from the
scattering amplitude of a baryon from a static magnetic
field potential A, = (0,A) at small momentum transfers
(¢> = 0), which is given by

: ioc'q, <
M = +iea(p") [ Fi(0) + 752 F2(0) () A0)
(Co)
The first term can be written as
= =%
= A I% )0 ) = (E* * '}" + o-p
u(p")r'u(p*) = ( +m)[)( oo
(o 0)(at)
X . o
s 0 ngm*rl
=x'[o'6-p* +5-p"o'ln, (C7)

in which ¢’ are the Pauli matrices and y and 7 represent the
spin states. This expression can be further simplified using
66! = 8§ + ielk6* | such that

6]

w(p)r'u(p®) = 1 [(p* + p*)" — ie"*(p"* = p*)ic*]n.

(C8)

The F, term in the scattering amplitude (Eq. (C6)) already
contains a factor of ¢, and so we can evaluate it using the
leading-order expansion of the spinors in the nonrelativistic
limit (p* < m*), which is given by u(p*=0)=
V2m*(y,0)T. We also note that

i el
S0 =

. (C9)
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i 5 q (0 o'
0g = , , C10
= (00). o)
such that the spin-dependent contribution from Eq. (C10),
ie., it(p")(6q)u(p*), is proportional to gyq’, which is
subdominant to other terms. The term from Eq. (C9), i.e.,
a(p"™)(a"q;)u(p*), is given by

R S T W\ ik (o on
a(p™)\ 5, =0"4; |u(p") = ie"q;(«".0) 0

= ie'* gy o*n. (C11)

The amplitude in Eq. (C6) can then be written as (note
q; =—49")

iM = —ex"{e*q'A(0)a* [F}(0) + F3(0)]}n
= —2ie[Fi(0) + F3(0)]S*BF, (C12)
in which we defined the magnetic field by B* = —ie'/kg'A/

and spin by S= (1/2)y"&n, and the baryon g factor can be
identified as ¢g* = 2[F;(0) + F3(0)].

APPENDIX D: NONRELATIVISTIC LIMIT
OF IN-MEDIUM SCATTERING

In this appendix, we study the nonrelativistic (NR) limit
of the RMF model and derive the elastic scattering
formalism in the Born approximation. Since the medium
effects in the RMF formalism resemble an electromagnetic
interaction with a constant electromagnetic background
field given by eA# — ¥, it is instructive to consider the NR
limit of baryon EM interactions in medium. We explicitly
show that the NR limit of the modified Dirac [Eq. (4.6)]
solutions under the influence of electromagnetism reduces
to the two-component Pauli spin theory, with replacements
m— m*, e® — e® + 30, and eA — eA + £, in which X°
and £ are the self-energies due to the medium effects and e
is the baryon electric charge, with ® and A as the scalar and
vector EM potentials, respectively. We start from the
Schrodinger equation, which can be written by denoting
the Dirac wave function (y) in two-component notation
[145], w = (,7)T, such that we have

30)-osf)rew () on(5): o0

in Pauli-Dirac representation, with 7 = p — T — eA. Using
the definition (@,7) = exp(—im*t)(¢, ), we can rewrite
Eq. (D1) as

i% C?) :5-;?();) 4 (e®+39) (;’;) - Cj) (D2)

We note that in the NR limit, in which kinetic and
interaction energies are much smaller than m*, the second
component y is subdominant to the first component ¢ and is
approximately given by

P (D3)

We also arrive at the Pauli equation governing the first
component (¢):

l&§0—

0 (F—S—eA)?
2m* 2m

e*g-EJre(I)JrZO)(p, (D4)

in which B = V x A. This expression can be further sim-
plified for a weak uniform magnetic field (A = B x 7/2) as

i3<p: 7P e (L +28)-B+e®+32° o, (D5)
ot 2m* 2m"*

in which p* = p — % is the kinetic three-momentum and
L"=Fxp*and § = G/2 are the baryon’s Kinetic orbital
angular momentum and spin, respectively. Note that in
the n.m. frame (i = 0) the canonical and kinetic three-
momenta are equal p = p*.

We now construct the elastic scattering formalism off of
an arbitrary potential (V) in this NR limit, by turning off the
electromagnetic fields, i.e., A=d = 0, for the rest of this
discussion. From Eq. (D4), we deduce the energy eigen-
values E = |p*|?/2m* + X%, which agree with the NR
expansion of Dirac energy eigenvalues given in
Eq. (4.8). The energy eigenfunctions in position space
satisfy

- — -
V2 +2E-Vo+ [ZP -2m*(E-2)]p =0, (D6)
with solutions of the form

o= efiEz[Aleif)-?c +A2e‘i(5‘2§>'2], (D7)

which can also be written in a more symmetric way in terms
of p*. If we orient our coordinates such that x> 0, then
for a positive p (p - X > 0) the first term is a plane wave
moving to the right and the second term is a wave moving
to the left. Therefore, we pick the first term for incident
waves in the elastic scattering problem. Let H, be the
Hamiltonian used in Eq. (D4) (with ® = A= 0) and |k(*))
be the state that satisfies the following Schrodinger equa-
tion in the presence of a potential V:

(E = Ho)[k*)) = VIK™)): (D8)
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then |k(+)) can be found from the Lippmann-Schwinger
equation:
1
k) = k) + ———— V[, D9
) =)+ e VKD (D9)
The momentum representation of operator G = (E — H, +
ie)~! is given by
2m*
(4lGlg) =0(G-q) ==7—>"= . (D10)
(k=% = (-5 +ie
and the position space representation is given by
e & 2m* .
FGIP) = [ sy — @77
2n) (k=5 = (G-%) +ie
(D11)

5 k-3 and change the

We define R=7
(0] Y such that

variable from ¢ t é = Zj -

N d? 2m* a e
R
(27)° & - Q% +ie
_ m*eiiﬁ /oo QdQ
47> (iR) —ooz_fz—éz—?-ie
- 27R ¢

[eOR — ¢~iOR|

iif?eiﬁR , (D12)

in which we performed the angular integration in the

second line and the complex contour integration in the

third line. To characterize the scattering problem at r — oo,

we approximate the above expression for (' /r) — 0 using
= |F=7|~r—7%-7, such that

(FIG|F) = <—m*> olF=E|r+E7] il k-E[7+5] 7 (D13)

2xr

We now write the asymptotic form of the Lippmann-
Schwinger equation in position space as

W(F) ~ ) ~ g T3 [ e Sy ()

r
<y (7). (D14)
in which w, (7) = (7K"Y and ¢, (7) = (22)"3exp (ik - 7).
The exponential outside of the integral in the second term is
an ellipsoidal wave (stretched along i) which becomes

spherical in the n.m. frame (f = 0). The exponent inside
the integral is a vector pointing in the direction of

|/€-i|?+i, which reduces to the familiar k7 term in
the n.m. frame. We can see that the gradient of the
ellipsoidal surface is equal to the vector in the exponent
inside the integral, since

- —) -

V[ik-=Sr+%-7=k-5F+% (D15
which suggests that the exponent K= |/2 - i|? + % is the
momentum of scattered particle in the direction of an

observer at r. Note that the kinetic energy of the scattered
particle is given by

() — (K -%)? (k-%)’
2m* 2m*

—T(k), (DI6)

and the scattering is indeed elastic. We can, therefore,
deduce the scattering amplitude by writing

ilE-Elr+E7

i)~ a2 fen - T i o)

in which

FRI) = —azPm® / Pron AV, (DI8)

which is the Fourier transform of the potential in the Born
approximation.

APPENDIX E: IN-MEDIUM COMPTON
SCATTERING

In this section, we evaluate the Compton scattering cross
section of baryons, B(p;) +y(k;) = B(py) + r(ky) (see
Fig. 17) in neutron-star medium, denoting the photon and
baryon energies by ; , and E ,, respectively. We first note
that the second term in the baryon propagator defined in
Eq. (4.10) vanishes, since

(P} + k1)? = (m)? = 2(Ej|ky | =k - )
- 2|k1|( B+ (mp)? —ky -m)
>0, (E1)
k1 ko
p1 p1 + Fy D2 i 1 ~ ko D2

FIG. 17. Feynman diagrams for the baryon Compton scattering
B(py) +r(ki) = B(p2) +r(k2).
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and, similarly, it can be shown that (p} — ky)* — (mj)? is
strictly negative. The amplitude for the diagrams shown in
Fig. 17 can then be written as

iM = iM +iMg. (E2)

in which

io"k,
M, = —ia(p)  7F; * Fy
IMy iin(p,) <7 T+ 2 2>

. Ptk +m
x €, (k) <(PT + k)2 - (m%)2>
: l/(lk
X (7”FT + lUZm}‘ja FE) e,(k))u(py)  (E3)
and
(P g i K
F*
x (FT_znfg%)(ﬁ* +mp) ( B
and

1
A[(p7 = ko)? = (mp)*P?

[Mg|* =

s

l/(lk «
My = —itp) (i + G )
B
Pi—k+m >
x €,(k
(k) <(pf “h) = ()

ioc"k Vo | ok
) (WFT + 2m*2’ F2)€ﬂ(k2)u(p')’ (E4)

B

in which Fi, are the in-medium form factors. The
interaction term in the amplitude can be simplified using

ik,
(r”F’f +——2 F§>e;(k2) = ¢" (ko) F;

2my

F*
- %ff* (k2)fa,
(ES)

which follows from e, (k)k} = €,(k,)k, = 0. The spin-
averaged squared amphtudes simplify to

)y"(ﬁ"f + K+ mp)y*

2F2* kz)] (E6)

+
>n P+ mg)y, (F*

*

F
Tr [(ﬂ‘i + my;) <FT + ﬁ%)y”(ﬂ? — o+ mp)r*

B

F3 F3 F3
F* * k (ﬂ* + mB) F* * k yﬂ(p‘* k2 + mB)}/u F* + * kl ’ (E7)
2m 2m 2m
with the cross term given by
—— Tr[Tye)
MLMI - * * * * ’ (Eg)
B A} — k) = (mp)[(p} + k) = (m)?]
in which
Tir = (p5 + my) F1+wk2 (P + b+ mg)rt | F 5 *k (p} + mg)
B
F; F3
X (FT—%%)}’M(ﬂ]k—k2+m}§)7u<FT+%k1>7 (E9)
with M; M}, = MxM]. We now define the following Mandelstam variables:
st =(pi + ki) = (mp)* +2p7 - ki = (mp)* +2p3 - ko, (E10)
t* = (ps — i) = 2(mp)* = 2p} - p5 = —2k; - ks, (E11)
' = (ky = p7)? = (mp)* = 2pi - ky = (mp)* = 2p3 - Ky, (E12)
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such that s* + * 4+ u* = 2(m§)2. We suppress the superscripts (“*”) of my; and F7 , in some of the following equations for
convenience. The averaged amplitude squared can be written as

1 I I I v
|M|2__< " +— * +— * T >’ (E13)
16 (Pl'k1)2 (pi-k)(Py ko) (P -k)(PT-ka) (] “ky)?
in which
404 | 0 ) s 4_ 0 Fimi S\ o
I=8F{(mg+mz(3s+u)—su)+4F5F; I_W 2myy—mp(3s+u)+s(3s—u)|— 5 1_W (mg—u), (El4)
B B
H=11=F} <2 -2 +2”> (su—my) — 8Ftm%(2m% + s + u)
myg
22 2 2 2y Suls +u) 4
—2F3F7(3mg(s 4+ u) = 2(s* + su+u )—i—m—%—ZmB , (E15)

IV = 8F(m}; + m}(s + 3u) — su) + 4F3F? (1 - mL%) [2my — m3(s + 3u) + u(3u — s)]
_ Fimy

Ty =) (125 (E16)

mp
in which we note that I and IV are related via (s <> u) replacement. Equation (E13) can then be written as

2F[6mb — mE (35 + 14su + 3u®) + my(s + u)(s* + 6su + u®) — su(s> + u?)]
(mj — 5)*(ms — u)?
F3[3m¥ — my(s* + 8su + u?) + dmsu(s + u) — s*u?|
Amig(my — 5)(m — u)
N F3F32m% = 3m(s + u) + 2my(s* + su+ u?) — su(s + u)] '
mig(mig — 5)(mig — u)

IMJ? =

(E17)

We now consider the Compton scattering in the rest (c.v.) frame of B(p;) (see Fig. 18), in which p} = 0. We first note that
the relationship k, - k, = pi - (k; — k,), written in the c.v. frame, yields w;w,(1 — cos @) = my(w, — w,). We then arrive at
the following kinematics in the c.v. frame:

)
142 (1 —cos6)’

B

(E18)

Wy, =

Before: After:
efore er Ky = [wa, wasin(#), 0, ws cos()]

kllj‘ - [W170707w1] \\)re

p?ll - [mz’a())O?O] %

p;’” = [E5, —wysin(#), 0, w; — wy cos(0)]

FIG. 18. The Compton scattering in the rest (c.v.) frame of B(p,). Note that, even though there is a specific direction to the canonical

momentum ﬁgc'v') # 0, the amplitude depends only on pj for which [5’1"(0"") = 0. Therefore, we have the freedom to choose the z axis in

the direction of the incoming photon. Evaluating the integrated cross section in Eq. (E24) will require specifying the Fermi ellipsoid in
(n.m.)

the c.v. frame, which depends on p, [see Eq. (E23)].
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[_7)3 = [—0)2 sin 9, 0, (O]

— w, cos b, (E19)

E; — \/(mfg)z —|— (U% —+ (l)% - 2(1)1&)2 COS 9,

(E20)

which resembles the familiar Compton formula. We use these kinematical relationships to write Eq. (E13) in terms of @

and the scattering angle (@) in the c.v. frame as

3
TMP = 16F4m5{ !

e
Z1

5 (cos(20) +3) + w;sin?(0/2)m%(cos(26) + 3) + @} [mp(cos(260) + 5) — 2w, (cos(6) — 1)]sin4(9/2)}

- SF%F%mB{ 5 [cos(260) — 8cos(0) + 7]sin*(0/2) — mpw?[5 cos(0) — 7)sin?(0/2) + 8w, msin®(0/2) + Zm%}

+ Fimpw?[5 — cos(20)|[mp — w; (cos(6) — 1)]. (E21)
The phase space integrals over the final states [see Eq. (4.11)] can be written as
[ = [ L a5 + s ki = Pl (7o)
27 ] ()3 2w, (27)32E; & 2T Py~ k=P B(P2
Wrdw,dQ R
- / TI6rE 22E2 0 ( @2+ \/ )+ ot + @ — 2010, c080 — @y —m}%)[l — f5(P2)]
<2 @ _ dQ, R
- - = | e 1 - : E22
[ = ful)] = [ e 1= ful) (22)

in which dQ, = d cos(0)d¢ is the differential solid angle of

kz in the c.v. frame and f3(p-) is the Pauli blocking factor
for the outgoing baryon. The shape of the Fermi surface in a
general frame (such as c.v.) changes from being spherical to
an ellipsoid. The general form of fz(p,) in an arbitrary
frame is given by O(Ej — py“B,/ng) [109], in which
Erp=
defined in the n.m. frame, B* is the baryon current density

defined below Eq. (4.10), and ng is the baryon number
density. Evaluating the invariant argument of the step

\/PE g+ (mp)*, prp is the Fermi momentum

function in the n.m. frame yields 6(E} — E;-(n.m.))’ in which

*,(n.m.) —x,(c.v.) —(nm.) -, (c.v.)
prom) (B BTN (PP )
2 my mg

We see that, even though the amplitude in the c.v. frame
depends only on 6, integrating over the azimuthal angle (¢)

requires the explicit coordinates of the initial baryon

B(p,) momentum in the n.m. frame, f)gn‘m'), in our chosen

coordinate in Fig. 18. Using Eq. (4.12) and noting vy = 0,
v’y = 1 in our chosen frame (c.v.), the in-medium Compton
scattering differential cross section can be written as

do  wjMP?

aQ, W[l = f5(P2)].

(E24)

in which we recover the Klein-Nishina [114,146] formula if
we set f5(py) =0, F; = e, and F, =0 and replace mj;
by m,.

APPENDIX F: FERMION MIXING
IN DENSE MATTER

In this appendix, we evaluate the eigenvalues of a system
consisting of a neutral baryon (B) and a dark fermion (y)
with a mixing term between them, in the context of the
RMF framework. We suppress the superscript (*) in the
baryon effective mass (my) for convenience. The
Lagrangian for this system is presented in Eq. (5.1), with
conjugate momenta given by

oL
ali’B X

By = = iy, (F1)

and a coupled set of equations of motion
(ig — Zg — mp)ys = ey, (F2)

(ig —my,)w, = eyp. (F3)

Note that the baryon current J% = ygy!y s satisfies

0,J% = (0WB)r"wp + wpdyp = ie(p,wp —wpy,) (F4)
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and as expected is not conserved: rather, the combined
current J# = Jiz + JY is conserved. The conserved energy-
momentum prescribed by the Noether theorem [114,147] is
given by

—
H = /d3x[l/78(i7' V + X5+ mp)yp

.
+ 9, (i - V +m, )y, + ey, +w,wg)l. (F5)

P [ @xul-iVws =iV (Fo)

We expand each of the fields in terms of four modes
a)liz(lz) as

al k s ul(k S) —zwl itikex

w(x, 1) = Z/ &’k
, S \/T
+ bi (k. 5)v, (K, S)e‘""(l )"’k'x)
+ play(k, s)uy (k. s)e i\ t-ikex

+ bh (K, 5)a(k, )0 1=k (F7)
in which y(x,7) stands for wg,, a;, and b, are the
annihilation operators for particles and antiparticles, respec-
tively, @ stands for w(k), and we note the inequality w (k) #
w(—lz) if flg # 0 [see Eq. (4.8)] and the fact that in the
presence of medium (ZOB # 0) the particle and antiparticle
energies are notequal anymore [e.g., see Eq. (2.40)in [109]].
The coefficients a and £ can be found by requiring that the
Hamiltonian in Eq. (F5) is diagonal. The spinors u(p, s) and
v(p, s) satisfy [see Eq. (2.33) in Ref. [18]]

uf(p7s)u(p’s/) = UT(p,S)’IJ(p,S) = by, (FS)

y+m

Z:u(p, (. ) = Ty (F9)
_ _p-m
zs:v(p’s)v(p’s) _ZE(]))7 (FlO)

in which m stands for mp, m, and we make the replacements
p — py and E — Ej for the baryon. We can combine
Egs. (F2) with (F3) and arrive at the following equation after
multiplying the left-hand side by (P + m,)(P* + mp):

(P? = m)[(P = £p)* — mplys

= &*(2P,(P* — Zf) + 2mpm, — e* )y, (F11)
in which we note the definition P, = id, = (H, —P). We
now plug the field expansion from Eq. (F7) into Eq. (F11) to
arrive at the equation governing the spectrum of a)f2 modes:

(@ = = m)l(0— 2 = (F — Z) = )]

2
:252<w2_k2_a)ZOB—I—k-ZB—f—mBmI—%). (F12)

We denote the solutions in the absence of mixing (¢ = 0) by
@, and solve Eq. (F12) using a perturbation series in powers
of 6 =e/wy:w = > ® w;8', with the zeroth-order equation
yielding

0(8%): [(@ —Zf)* —

(k=Zp)* = m] (e — k> = my) =0,

(F13)

such that we get the usual spectrum for B and y:

o5 (r) = 1/ + m2, (F14)
o (B) =% +1/(k—Z5)° +my.  (FI5)

For the rest of this discussion, we consider the energy
spectrum in the n.m. frame (fg'm‘) = 0). Denoting ZOB’(n'm'>

by X, for convenience, we can rewrite Eq. (F12) as
wt = 2Zgw® — [2k* + m + m; — I + 26%] o’

+ 23o[(k* + m3) + €*|w + (kK* + m3) (k* + mj — Z§)
+ &2(2k* = 2mpm,,) + &* = 0. (F16)

We note that both of the parentheses in Eq. (F13) can be
simultaneously equal to zero, if k satisfies the following
condition at zeroth order:

VIE = mg) =m0+ mg)? = m2]

]_é:
d 250

(F17)
We divide our solutions into two sets: the normal solutions
for which the zeroth-order condition in Eq. (F17) is not
satisfied and those for which Eq. (F17) is satisfied, which we
denote by a * superscript. First, we write down the general
equations to third order in the perturbation. The first-order
equation is given by

O(8"): 2aw[(wg = Zp)* = k* — mj)
+ 2w (0 — Zo) (0§ — k2 —m2) = 0.

Given the O(8°) equation in Eq. (F13), we conclude that
either ; = 0 or the condition in Eq. (F17) is satisfied. The
second-order equation yields

(F18)

O(8%): (0} + 2wow,)[(wy — Zp)* — k* — m3]
— 2w (mpm, — Towy + wf — k?)
+ 2wy (@ = Zp) + ap)(wf — & — m3)

+ 40)00)%(600 - Zo) =0. (Flg)
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Finally, the third-order equation is given by

O(8): (210, 4 200w3) (0o — Z)* — k* — mp] + 2w, (07 + 209w ) (@ — o)
+ 2os(wy — Zy) + 2601602)(0)0 I — ) 2600601 2wy = Z)
+ 20,00 (20, (wy — Zy) + w?) = 0. (F20)

First, let us assume that the condition in Eq. (F17) does not hold, in which case the O(8') condition yields w; = 0. We then

solve for @, in O(8%):
/12 [12 | 2
(+)()(): k +mx( L, (mg +m,) —Zoy [k +mx)

s (W—Zo) - : (F21)
) — _,/kz —l—mf((mx(mg—l—mx) +20,/k2+m§) F2)
v (e +mrzg) —w—my
8 (« [i + m2 + 20) (mB(mB +m,) + Zo\ /K2 + m%) .
[€))] = )
’ \/k2+mg[(\/k2+mg+zo) —kz—mﬂ
wg_) B = (w/k2 + mB ZO) (mB(mB +m,) = Zoy [i* + m%) (F24)

,/k2+m%<20(20—21/k2+mé> +m%—m§)

which after plugging into the O(8°) equation yields w; = 0, and so the energies of y and B to third order are given by

— ( (mg+m,) - ,/k2+m2)
e +\/k2+mx{(\/k2+m —Zo> —kz—ms] soen "

. ( mB+m)+2m/k2+m§> )
S e (e s e (20

B ez(mg(mg—l-m )—I—Zow/kz—l—mé)
w<+>(B)_zo+\/k2+m§+\/k2+m%[(\/k2+mé+zo)2_k2_mﬂ+O(54), (F27)

; (mB(mB~|—m)—2./k2+mZB) ,
o= —\/ K+ mp — m[mB_m s (2\/m_20>]+(’)(6 ). (F28)

in which the negative energy solutions would be interpreted as antiparticles. We now consider the second set of solutions
assuming that Eq. (F17) holds. The zeroth-order equation yields

2 2 2

whl) = op(B) = -k (F29)
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The first-order equation O(6') is trivial, and the second-
order equation yields

S (mp+m,)[2Z5mg+ (m, —mg)(mg+m,)*] - X
! 4(m2—m%—%3) ’

(F30)

which we plug into the third-order equation to arrive at

m2 —m2)? —32(m, — mg)(mg +m,)?
wz :( X B) (2)( X > 5)2(25 )() , (F31)
420(m5 —my, + ZO)

such that the full energy spectrum is given by

2 — m2 4+ m2 mp +m,)? — X2
Wy = ° S L eX, ( f )2()2 2
2%, (my —my)” =%

e2Zg(m, — mp)(mp + m,)[(mg — m,,)* — 3]

[(mig —m3)? = X2

+ O(8%). (F32)
We can see that the first-order term breaks the degeneracy by
splitting the energies.

|

€5, 98¢ (P ky)
(mp)*[(mp)* = (k;)?]

_ 5,95¢* (P - Ky)
2(mp)*(ps - k,)?

IMJ? =

2 2,2
€p,95¢

= (p5- k) +mgm,],
2(’”8)2 B ™ B"x

where we note the useful relations (k})?=(mjy)*—2(pj-k,)
and (k- k,) = (p - k).

2. Integrated rates

We now address the full integral over phase space:

dng / PP &k, &k,
dr (2m)*(2Ey) (2m)*(2E,) (27)*(2E,)
x M2 x (2z)*6W (pp — k, — k).

f8(PB)

(Go)

In the main text, we presented the rate as an integral over
the baryon Fermi sphere of the dilated widths of individual
baryons. Here, we will contrast this approach with a more
straightforward evaluation of this integral and demonstrate
that these yield consistent results, as expected.

APPENDIX G: BARYON DECAYS TO y +y
Here, we present the full calculation of the decay of a

baryon to y +y.

1. Matrix element

The matrix element for this process is

iep, gpe _ 1
Amy iy )

iM= msf*ky”(lfs)’ (G1)

where we note

. K,—Zs+my 4+ m
_Z ok 1 _ =
(K, = Zp = mp) (k, =Zg)* = (mp)* — (k;)* = (mp)?
(G2)

and we define the quantity k, = k, — Xz = py — k,. Note
in the neutron-star medium that energy-momentum con-
servation of the total canonical momentum still holds:
pls = Kk + kl,. Consideration of the kinematics show that
we need consider only the first term in the full baryon
propagator given in Eq. (4.10).

We then find the spin-summed matrix element to be

s {Ump)* = (ky)?I(ky - k) +2(k - k) (K - ky + mpm, )} (G3)
[(pZ’ ’ k;')(kx ) kr) + (k; ) kr)(k;; “ky + m%mx)] (G4)
(G5)

Our first step in the evaluation of the rate is to separate
the integrals over the y and y phase spaces and evaluate
these first:

dng _ [pra p*dp )
dr A 42Ey O P (G7)
&k, &k,
0 = | gy o™
x (27)*8W (pp — k, — k). (G8)

We have simplified the first integral by noting that it
depends on only the magnitude of the three-momentum
|l = p and that we integrate only within the neutron
Fermi sphere. We tackle this second integral by computing
it in the c.m. frame of the decaying neutron. We note,
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however, that the matrix element depends on pj, which has
a nonvanishing spatial component, though we will find that
this is not relevant for the ultimate evaluation of the
integral.

We begin by articulating the boost between the n.m.
frame and the c.m. frame. We denote the four-momentum
of a baryon in the n.m. frame by pgl'm'> = (Eg, pp), and the

(n.m.)

vector self-energy as X" = (I, 6), and express the c.m.

frame four-momentum p(BC'm') only in terms of the quan-

tities in the n.m. frame. The boost from the n.m. to the c.m.

With

E)((c‘m.) _

we may write

[(mp)* + EZR](s + my)

frame is parametrized by Pg(c'm') ™ = 5
" R g ZO — 2
Erd o, bl PR s (1
\/E ) \/E ) S
s = (my)? + 2E33% 4 ()2, (G9) .
in which cos 6" is the angle between k™ and (p)*(cm)
such that and we note that the second term vanishes once an
/BN [ En 43D integration over the direction of I_c)}((c'm') is performed. We
pg.m.) =A- pg‘-m') — ( 4 v > < 5 B) consider next the form of the energy delta function when
/A |Psl2 transformed to momentum; using k = [£°™| = |k{*™)],
s
_(\{_) (G10) we have
0
. . - —m2\ E
Therefore, we write pj in the c.m. frame as 5( k=K 2) —s(k=T") B Gl4
pB - % = 20 A ( ) . . .
|P5|Z52 Putting these pieces together, we arrive at
|
kdk s—mi\ E, &b,gne’[(my)? + EgZ%|(s + m2) + 2smym
g(p>_/4 £ ( _ 5 )()_)(x 24 fz B B<B 5 X By (GIS)
<E, 7 )75 2lmy) 5
2 202 P
B I5¢ (S —m " . A " A
= ( 2 X) {s[(mp)?* + E5Z% + 2mim,| + m2[(mj)* + EgZ]}. (G16)

- 32x(mj)?

We can therefore write Eq. (G6) as

dng prs p*dp
dr A 4n2Egg<p )

Ers £/ (Ep)? — (mp)*dEy
:_Az — G(

p), (Gl7)

which after using the definitions in Eq. (5.12) turns into the
expression given in Eq. (5.11). Using Eq. (5.9), we can also

|
write the individual baryon decay rate in the c.m. frame
Fc.m‘(pB) as

T (pg) = gpe’es, 1+ 6% + 2x0 — 2
em\PE) =\ 1282my ) (1 + 0> + 2x0)"(1 + x0)
X [(1 4 6% +20x)(1 + ox + 2u)

+ u2(1 + ox)). (G18)

We note that, if the self-energy were to vanish (o = 0), we
would recover the vacuum decay rate reported in Eq. (2.7).
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