PHYSICAL REVIEW D 112, 043006 (2025)
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Using the Kadanoftf-Baym formalism, we perform a detailed study of neutrino-antineutrino synchrotron
emission from strongly magnetized, dense quark matter under conditions relevant to compact stars. Starting
from an exact expression for the emission rate that fully accounts for Landau-level quantization of quarks,
we derive an approximate formula applicable in the regime where quark chemical potentials are much
larger than all other relevant energy scales. We demonstrate that the emission rate is largely controlled by a
single dimensionless ratio between two low-energy scales: the Landau-level spacing at the Fermi surface,
|e;B|/uy, and the temperature of the quark matter, 7. When the ratio |e;B|/(u;T) approaches zero, many
closely spaced Landau levels contribute to the emission, but the total rate vanishes as B — 0. In the
opposite limit, where the ratio is large, the rate is dominated by transitions between adjacent levels and is
exponentially suppressed due to Landau-level quantization, which limits the thermal activation of quarks
near the Fermi surface. Our results show that, even in the presence of the strongest magnetic fields expected
in compact stars, the synchrotron emission remains suppressed by more than 3 orders of magnitude
compared to the direct Urca process. This implies that such emission is unlikely to play any substantial role

in the cooling of magnetized quark stars, at least those made of unpaired quark matter phases.

DOI: 10.1103/6sn5-j9n9

I. INTRODUCTION

The interiors of compact stars offer a unique natural
laboratory for investigating the behavior of matter under
extreme conditions [1]. At densities several times greater
than the nuclear saturation density, the environment
becomes favorable for the emergence of a deconfined
phase of baryonic matter composed of up and down
quarks [2]. In magnetars, as a special class of compact
stars, conditions become even more extreme due to the
presence of ultrastrong magnetic fields [3,4], which can
reach strengths of 10'> G on the surface and potentially
even higher in the stellar interior [5].

Numerous theoretical efforts have focused on making
testable predictions to support the existence of quark
matter in the cores of compact stars. One promising
direction involves investigating the underlying cooling
mechanisms [6-8], which are usually dominated by
neutrino emission [9]. In an earlier study [10], we
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examined the impact of strong magnetic fields on
neutrino emission rates. Using first-principles, field-
theoretic methods, we computed both the energy and
net longitudinal momentum carried away by neutrinos.
The emission is dominated by the direct Urca pro-
cesses, namely, electron capture by an up quark
(u+e  =-d+v,) and the decay of a down quark
(d— u+e +1v,). These same weak interaction proc-
esses serve as the primary cooling channel even in the
absence of magnetic fields [11,12]. Thus, it is not
unexpected that magnetic fields have only a moderate
impact on them under the physical conditions relevant to
compact stars.

It is generally instructive to investigate whether certain
processes are enabled exclusively by the presence of strong
magnetic fields. One such process in magnetized quark
matter is neutrino-antineutrino synchrotron emission,
45 = qy +v; + U;, where g, denotes an up or down quark
(f = u, d) and v; represents a neutrino of a given flavor
(i = e, u, 7). In the absence of a background magnetic field,
such synchrotron emission is forbidden by energy-momen-
tum conservation.

Previously, analogous processes have been exten-
sively studied in various forms of magnetized matter in
white dwarfs and neutron stars [13—17], where v synchro-
tron emission primarily originates from electrons via
e~ — e~ +v; + 1;. In these stars, such emission has been
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found to be significant, and even dominant, within certain
density and temperature regimes. (For the earliest attempts
to study vv synchrotron emission, see also Refs. [18,19].)
However, similar emission has not been thoroughly
explored in the context of quark matter. From general
scaling arguments [14], one might speculate that synchro-
tron and direct Urca processes could become comparable
under certain conditions. Yet, such qualitative arguments
alone are insufficient to establish the actual relevance of
synchrotron emission in dense quark matter. A detailed and
systematic analysis is, therefore, necessary to assess its
physical impact under realistic astrophysical conditions.

In this work, we undertake a detailed study of wvw
synchrotron emission from magnetized dense quark matter.
Besides calculating the emission rate explicitly, we provide
an alternative derivation employing a novel and efficient
field-theoretical technique. Specifically, we utilize the
Kadanoff-Baym formalism to determine the evolution of
the neutrino (antineutrino) distribution function driven by
weak interactions, from which we subsequently extract the
corresponding energy emission rate. Given that a small
density of electrons is inherently present in quark matter,
we include their contribution in our calculations as well.
Contrary to initial expectations, our analysis reveals that
synchrotron emission is significantly suppressed relative to
direct Urca emission, even in the presence of the strongest
permissible magnetic fields. As we argue, the suppression
originates not only from the scaling behavior with respect
to temperature and magnetic field strength, but also from a
numerically small overall prefactor in the emission rate.

This paper is organized as follows. In Sec. II, we present
the theoretical framework based on the Kadanoff-Baym
formalism for computing vv synchrotron emission in
magnetized quark matter. Within this framework, we first
derive the exact result and then obtain a suitable approxi-
mate expression applicable in the high-density regime,
where the quark chemical potentials are much larger than
all other relevant energy scales. In this limit, we identify the
temperature and the Landau-level spacing near the quark
Fermi surface as the sole low-energy parameters governing
the emission rate. In Sec. III, we present numerical results
for the emission rates and examine their dependence on key
model parameters. For completeness, we also account for
the partial contribution to synchrotron emission from
electrons, which are inevitably present in electrically
neutral, p-equilibrated quark matter. Finally, in Sec. IV,
we summarize our findings, discuss their implications for
compact stars, and outline directions for future research.
The Appendix contains the derivation of the imaginary part
of the vector Z-boson self-energy and its Lorentz contrac-
tion with the lepton tensor.
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FIG. 1. (a) Feynman diagram illustrating the neutral current

interaction responsible for v synchrotron emission in magnet-
ized quark matter. (b) Neutrino self-energy diagram used in the
calculation of the synchrotron emission rate.

II. GENERAL FORMALISM

Traditionally, calculations of neutrino-antineutrino syn-
chrotron emission begin with the transition amplitude for
the underlying tree-level electroweak process, shown in
Fig. 1(a), using the exact electron Landau-level wave
functions in a magnetic field [13,14]. In this study,
however, we adopt an alternative approach, similar to those
employed in Refs. [10,20-22], which utilizes the powerful
Kadanoff-Baym formalism. Unlike the traditional method,
this formalism relies on Green functions rather than the
more cumbersome particle wave functions, providing a
more streamlined and efficient theoretical framework.

Here, we consider dense quark matter composed of the
two lightest up and down quark flavors. In f-equilibrium, a
small density of electrons must also be present to maintain
charge neutrality. The condition of f-equilibrium imposes a
relation among the chemical potentials of the particles,
namely, p; = p, + ., where uy, p,, and u, denote the
chemical potentials of down quarks, up quarks, and elec-
trons, respectively.

In the case of synchrotron emission, quarks and electrons
contribute independently. For clarity and simplicity, in this
section we focus on the emission from a single quark flavor
producing a neutrino-antineutrino of a single flavor. This
approach streamlines the derivation while retaining gen-
erality. When applying the results to quark stars, the general
expressions can be easily adapted to account for all quark
flavors, all neutrino types, and additional contributions
from electron emission. The latter part, as we will verify, is
the same as in Ref. [14].

A. Neutrino-number production rate
The main component in our calculation is the pair of out-
of-equilibrium neutrino Green functions, Gf(t, P), which
evolve slowly over time due to ongoing electroweak
interactions. These functions are directly related to the
neutrino and antineutrino distribution functions and can be
expressed in the following forms [10,20-22]:

iG; (1, P) = = P (r*Py+ o) {fu(t.2)8(po + 1, = p) = [1 = fo(t. =p)16(po + 1, + P) }. (1)
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iGz(1,p) ="~

Here, by definition, P = (pg,p) denotes the four-
momentum of the neutrino, with p = |p| representing
the magnitude of its three-momentum. To account for
the purely left-handed nature of neutrinos, the chirality
projectors (1 —y5)/2 are included in Egs. (1) and (2). Since
we assume no neutrino trapping in quark matter, the
neutrino chemical potential is set to zero, i.e., u, =0,
throughout this study. The absence of neutrino trapping
also implies that the neutrino distribution functions them-
selves are approximately vanishing, although their time
derivatives are not.
The Green functions satisfy the following equation:

i0,Tt[y°G (1, P)| = =Tr[G7 (. P)S5 (1. P)
=2/ (1, P)G7 (1, P)], (3)

which serves as the field-theoretic analog of the kinetic
equation for the (anti)neutrino distribution function. The
effects of electroweak interactions are encoded in this

equation through the neutrino self-energies, Zf(t, P).

To derive the relevant contribution to the neutrino
self-energy, we use the Weinberg-Salam theory of weak
interactions. Since the synchrotron emission is determined
by the neutral-current interaction, the corresponding
Lagrangian density reads [23]

Gr _ _
L==Lp"(L=ys)w,Y Wpracl = chrshwy (4)
V2 7

where G~ 1.166 x 107! MeV~2 is the Fermi coupling

constant. The vector (c},) and axial-vector (c) couplings

appearing in the neutral currents of quarks and electrons are
listed in Table L.

Starting from the interaction Lagrangian in Eq. (4), we
obtain the following expression for the neutrino self-
energies:

(P, + pyo){[1 = f,(.p)|8(po + 1, —

p) = fo(t.=p)d(po + u, + p)}. (2)
[
2 4
2P =i [ G 1 =)0 (1 -7)
x I, (P - Q). (5)

where Hfﬂ(P — Q) are the lesser and greater Z-boson self-
energies. The diagrammatic representation of the self-
energy is shown in Fig. 1(b).

By substituting the Green functions given in Egs. (1) and
(2) into Eq. (5) and taking into account that there is no
neutrino trapping, i.e., that neutrino and antineutrino
distribution functions are approximately zero, we derive
the following result for the self-energies:

s G2F d4Q 5
x8(qo£q)r’(1 -9

-0, :
M, (P—-0Q).  (6)

Finally, by inserting this expression into the Kkinetic
equation (3), we derive the neutrino-number production
rate

of (t.p) GE / d’q
AN A _ 1 oo P
o 4 | 20 pods (Q, P)ng(po + q0)

x Im [TI5 (P + Q). (7)

where P, = (po,p) and O, = (g, q) are the four-momenta
of the neutrino and antineutrino, respectively. (In the
derivation, we changed the sign of the integration variable
q — —q.) Here, by definition, the timelike components of
the momenta satisfy the on-shell conditions: p, = p and
qo = ¢- A similar expression can also be derived for the
antineutrino-number production rate 0d,f;(z,p). One can
show that the corresponding rate is identical to that for
neutrinos, as given in Eq. (7). This is expected, of course,
since the underlying weak processes produce neutrinos and
antineutrinos in pairs, see Fig. 1(a).

TABLE 1. Vector and axial-vector couplings in weak interactions. The weak mixing angle value is given by sin® 8y, ~ 0.231.

Particle e ch (ch)? + (ch)? (ch)? = (ch)? ek
u—->u+v;+; % - ‘3—‘sin2 O % 0.287 —-0.213 0.096
d—d+ v+ p; —%—i—%sin2 Ow —% 0.370 —0.130 0.173
e —se +u,, 40,0 —% + 25sin? @y, —% 0.251 —0.249 0.019
e e +u,+0,° 14 25in0y, 1 1.175 0.675 0.481

Only neutral-current interaction contributes to synchrotron emission of muon and tau neutrinos.
"These are effective coupling constants accounting for the combined effect of both neutral- and charged-current interactions in v, 7,

synchrotron emission [13,14].
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In deriving the neutrino-number production rate in
Eq. (7), we expressed the lesser and greater Z-boson
self-energies in terms of the imaginary part of the retarded
self-energy function [24], i.e.,

i3, (Q) = 2[1 + np(qo)] Im [ITF,(Q)]. (8)
i35, (Q) = 2np(go) Im [ITF(Q)]. ©)

where n5(qy) = 1/[e%/” — 1] is the Bose-Einstein distri-
bution function.

We also introduced the shorthand notation L% (Q, P) for
the lepton tensor, defined via the following Dirac trace:
L”(Q.P)

=Tr[(poy" =7 -2)r°(1 =) (907’ =7 - )

xy’(1-77)
= 8[Q°P7 + PPQ7 — f7(PPQ,) + ic"™ O, P,

(10)
where €%”*” denotes the conventional Levi-Civita tensor.

B. Synchrotron emission rate

In terms of the neutrino and antineutrino distribution
functions, the synchrotron emission rate is defined as

. [ & of,(tp) dq  df;(1.q)
g”_/(zn)3p° ot +/(27r)3% T

It is important to note that both neutrino and antineutrino
energy emission rates are included in this definition. By
making use of the neutrino-number production rate in
Eq. (7) and taking into account that the result for anti-
neutrinos is the same, we then derive

. Gh [ dpdyq
& = T/m (Po + g0)ns(Po + 90)
x L(Q, P)Im [[I§ (P + Q)]. (12)

This latest form, which is symmetric under the interchange
of neutrino and antineutrino momenta, is particularly
convenient. It can be further simplified by making use
of the following identity:

a3 d3
/ 50+ PO P

/ dqo/dqe

where f(Q) is an arbitrary function. In Eq. (13), we used
the following notation for the four-vectors: Q = (g q),
P = (p,p), and O = (§y,§) = Q + P. The four-vector Q

) f(0) (g0 +20"0"),
(13)

represents the total energy (G, = po + ¢o) and momentum
(g =p +¢q) of the neutrino-antineutrino pair produced
in a single weak process, q; = gy + v+ . Since both
neutrinos and antineutrinos are massless here, their
total four-momentum @ is timelike, satisfying Q% =
2qopo(1 = cos@,;) > 0, where cos @,; denotes the angle
between the momenta of the two particles.

For notational simplicity, we henceforth drop the tilde
and denote the total four-momentum of the neutrino-
antineutrino pair as Q. With this convention, we arrive
at the following result:

2G2
== / 610/ d? q4qonp Clo)

f“QZ 0°0%)Im [Héi,(Q)] (14)

where the timelike nature of Q is enforced by limiting the
integration range to ¢° < g3.

The imaginary part of the retarded self-energy,
Im 112 (Q)], along with its Lorentz contraction with the
lepton tensor, is calculated in the Appendix. Using the final
result from Eq. (A21), we obtain the following expression
for the energy emission rate:

_#f)[l - nF(En,k, _ﬂf>]
En’,k,—&-q,En,kZ

+((e])> = (

C£)2)§2+C{}C}§§3L
(15)

where np(E —u) =1/[eF#/T 1 1] denotes the Fermi-

Dirac distribution function, E,, ;. = \/ 2n|e;B| + k% 4+ m?

is the Landau-level energy, # = 1/ /|e,B| is the magnetic
field length, and s = n’ —n > 1 is the difference between
the Landau-level indices of the initial and final quark states.
The total energy of the neutrino and antineutrino pair is
given by qdo = En’,k:+qZ - En,kz‘

In deriving the final result in Eq. (15), we also made use
of the identity

ng(qo)[np(Ew g +q. = Hg) = np(Eng, — pyr)]
= —np(Ey jq. = Hp)[L = np(Eyr, — pr)l- (16)

The explicit forms of the functions S; are derived in the
Appendix, with the final results given by
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!/
st n

+ {2(61% -q:—q3) 7

PR (@ - ) (@ (&) + T E,)

— (@G- - ) +m* 243 -2 - )| (T (&) + T (E)). (17)

Sy = —m(Zy" (&) + To " N ENGR — ¢ = 24%) = mA (TN (E) + T (E)) 243 - 242 = ¢7).  (18)

~ 2(n' —n
S3 = 2SL[(kz + qZ)En - szn’] |:(f2>

where &, = g% ¢%/2, and function Zj" (£) is defined in
terms of generalized Laguerre polynomials as follows [25]:

(n')!

The final expression for the vo synchrotron emission rate in
Eq. (15) represents one of the main results of this study. Its
general structure, along with the coefficient functions S;, is
in agreement with the results obtained via a different
method in Ref. [14]. It is worth noting, however, that by
utilizing the definition of g, and the expressions for the
Landau-level energies, we were able to present the function
S, in a more compact form.

Ta" (&) = e SE (LY (8))2. (20)

C. Approximate synchrotron emission rate
for dense quark matter

While the expression for the synchrotron emission rate in
Eq. (15) is exact, it is not particularly convenient for
practical applications in dense quark matter under compact
star conditions. The main challenges arise from the large
hierarchy of energy scales: the quark chemical potentials
(and, to a lesser extent, the electron chemical potential) are
much larger than the temperature, magnetic field strength,
and quark masses. In general, this implies that a large
number of occupied Landau-level quark states participate
in weak processes, and numerous quantum transitions
between closely spaced states near the Fermi surface
contribute to the synchrotron emission.

To address this hierarchy, it is essential to recognize that
the relevant dynamics are governed by quark degrees of
freedom near the Fermi surface. Indeed, states with
energies far above the Fermi energy have exponentially
small occupation numbers, while those well below the
Fermi surface are Pauli blocked. As a result, only a narrow
band of quark states, within an energy range of order 7, can
participate in weak processes.

Given that py, > T, the only two relevant low-energy
scales in the problem are the temperature 7" and the Landau-
level spacing at the Fermi surface, given by dep = |e/B|/ ;.
(The quark mass m, which is also much smaller than y , does
not play a significant role near the Fermi surface.) The ratio of

(To" (&) = Ta "N E)) + (TN (E) = Ty (8,)) (2q3 — 262 = 34%) |.

(19)

|
these two low-energy scales, b = |e;B|/(Tuy), naturally
defines two distinct regimes: the weak-field, high-temper-
ature regime (b < 1), and the strong-field, low-temperature
regime (b > 1).

In the weak-field (high-temperature) regime, a large
number of transitions between closely spaced Landau levels
(with s,,,,, > 1/b) contribute to the rate, effectively dimin-
ishing the impact of Landau-level quantization. Neverthe-
less, as B — 0, the overall rate vanishes, since energy-
momentum conservation becomes increasingly difficult to
satisfy in this limit. In contrast, in the strong-field (low-
temperature) regime, the effect of Landau-level quantization
becomes pronounced, and the rate is dominated by transi-
tions between well-separated adjacent levels (i.e., s = 1). As
the Landau-level separation increases, the density of ther-
mally excited quarks near the Fermi surface diminishes,
leading to an exponential suppression of synchrotron
radiation.

Taking into account that the Landau-level separation at
the Fermi surface deg = |e;B|/u; is much smaller than the
quark chemical potential itself, the sum over index n can be
approximated by an integral, i.e.,

oo 2
> fnless) =5 [ @rus). @
n=0

Before implementing this approximation, however, one
requires a suitable approximation for the form factor function
in Eq. (20). The corresponding large-n behavior is given by

T (&) = [J,(2y/En))’, (22)

where s < n is assumed. In the derivation, we used Stirling’s
approximation for factorials and the large-n asymptotes for
the generalized Laguerre polynomials [26],

n\a/2

L= (1) sy 69
By replacing the sum over n with an integral and applying the
asymptotes in Eq. (22), the approximate expression for the
synchrotron emission rate in dense quark matter takes the
following form:
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_ NG}
62 62/ kzdk/ sin 00
JT

y np(Ex+qo—pp)[1 —np(Ex — py)]
/q<qu 440 Ey(Ex + q0)
< [((eh)? + (ch))S1 + ()2 = (ch)?) S5 + ¢l chS3].
(24)

where gq ~ (kg, cos 0 + s|e;B|)/Ey, Ey = Vk* + m*, and
the functions S are given by the same expressions as before,
see Egs. (17)—(19), except that the form factor functions
Zy"*4(&,) are replaced by their asymptotic forms, as in
Eq. (22). Note also that k, = kcos 8, k; = ksin@, and that
the argument of the Bessel functions 2./&,n reduces
to k 19 J_lxﬁ 2.

Due to the presence of Fermi-Dirac distribution func-
tions in the integrand of Eq. (24), the dominant contribution
to the emission rate comes from quark states with momenta
k in close vicinity of the Fermi surface. Therefore, the result
can be well approximated by replacing the quark momen-
tum with its Fermi surface value (k ~ kp = p) throughout
the integrand, except within the distribution functions
themselves. Under this approximation, and up to higher-
order corrections suppressed by inverse powers of the quark
chemical potential, the integral over k can be performed
exactly, yielding the following result:

NGF/lf ) °° b3
sin 6d6
- ACOSICI) Sy A
sdep/(1—cos @) 7:—q*
X qu/ ’ CIJ_dQJ_CI%nB(CIO)
—séep/(1+cos0) 0

X ([Joo1(qupse® sin ) + [J 11 (qLppt? sin6))?
=2[J,(quust?sin0)]*) (g5 — g2 — g1 )sin’0,  (25)

where g =~ g, cos 8 + sdep. In deriving this expression, we
employed the approximate forms of S; given in Eqgs. (A41)—
(A43) of the Appendix, which capture all leading-order
contributions while neglecting subleading terms suppressed
by inverse powers of the quark chemical potential.

Let us point out that the rate in Eq. (25) contains an overall
factor of ,u]%, which accounts for the degeneracy of quark
states near the Fermi surface, whose area scales as ,uj%. After

performing the integration over ¢, in Eq. (25), we obtain

. 2N.G}lesB)* o= [T
gU:W((C‘V)2+(CA)2)ZA sinfdo

- CI%)JH] (W)Js—l (W)’

(26)

séeg/(1—cos) 5 5
X/ dq.q3n5(90) (45
—séep/(1+cos0)

where w = pu,£2\/qf — g2 sin 6.

It is instructive to note that the explicit overall factor of
,uj% disappears after the ¢, integration. The only remaining
dependence on y enters through the low-energy parameter
Seg = |esB|/uy. This implies that the total emission rate no
longer scales with ,u]%, a result consistent with earlier
findings reported in Refs. [14,17].

Next, by changing the integration variable from 6 to
y =cos6, and introducing the dimensionless variables
u, =q./T and ug = qq/T = u.y + sb, we finally derive

2N G%|e;B|*TS

3027)° ()2 + (c)DF(b), (27)

& =

where b = 6ep/T = |e;B|/(Tu;) is the dimensionless ratio
of the two low-energy energy scales introduced earlier, and
the scaling function F(b) is defined by

sb/(1-y)
F(b) = / /
—sb/( 1+V
( zy+Sb) [( zy+5b) —M%]
el y+sb -1

Js+1 (W)Js—l (W)’

(28)

with w = 1/1 = y>\/(yu. + sb)*> — u2.

The expression in Eq. (27) is the main analytical result
used in the next section to compute numerically the vv
synchrotron emission rate in dense quark matter.
Depending on the value of the dimensionless parameter
b = |esB|/(Tuy), two distinct regimes emerge in the limits
of large and small b.

As anticipated, in the regime b > 1, corresponding to
strong magnetic fields or low temperatures, only the first
few terms in the sum over s contribute significantly. The
resulting numerical computation is straightforward and
yields an emission rate that decreases rapidly with increas-
ing b, following an approximate scaling behavior domi-
nated by F(b) ~exp(—b/2).

In contrast, in the regime b < 1, realized in the limit of
weak magnetic fields or high temperatures, a large number
of transitions with a broad range of level spacings s =
n' — n contribute to the rate. Since F(b) approaches a finite,
nonzero value as b — 0, it follows that the emission rate
(27) scales as |e;B|*T° in this regime. Interestingly, as in
the case of vy synchrotron emission from relativistic
electrons [13,14], the dependence on the quark chemical
potential u, is weak, entering only indirectly through the
parameter b inside F(b). This is notable, as one might
naively expect the rate to scale with the density of quark
states on the Fermi surface, which grows as ,uj%. However,
this phase-space enhancement is nearly completely com-
pensated by the amplitude squared, which decreases as
1/ ,uj% with increasing quark Fermi momentum.
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In our analysis of the synchrotron rate in Sec. 111, we rely
on the numerical evaluation of the function F(b), as
defined in Eq. (28). The numerical calculation remains
feasible even for relatively small values of b~ 0.01.
Nevertheless, it is useful to note that a simpler approximate
analytic expression for F(b) becomes available in the limit
b — 0. The corresponding approximation is discussed in
the next subsection.

D. Synchrotron emission in the limit |e;B|/(Tpu;) — 0

In the small-b limit, an approximate expression for the
function F(b), as defined in Eq. (28), can be obtained by
replacing the discrete sum over s with an integral over the
continuous variable v = sb. However, since the depend-
ence on s appears within the order and arguments of the
Bessel functions, it is convenient to employ the following
asymptotic approximations [27]:

T, (sx) = V;;,j Kyjan). (29)
7 (sx) = ljgfr Kaps(n). (30)

with n = § (1 — x?)*2, which are valid for large s and for x
approaching 1 from below. These approximations are
sufficient for evaluating the synchrotron emission rate, as
the corresponding region provides the dominant contribu-
tion in the » — 0 limit. The same approximations are used
in deriving the usual electromagnetic synchrotron radiation
in the quasiclassical limit [27].
By noting that

Js- 1( )JHrl( )ZE[JS(W)]Z

=)

s (1)

and making use of the asymptotic forms of the Bessel
functions given in Egs. (29) and (30), we then derive the
following result valid in the limit b — O:

“d /d /1/”

v 'y

371219 1/(1+y)
(7y+1) [(uy +1)* — uZ]

elwy+v _

1 —x?
x ( s— K3 = (1 —xz)z[sz(’?)P),

X

F(b) =

(32)

where we rescaled the integration variable u, — vu,. In the
expression, x = /1 —y>\/(yu. +1)>—u? and
n=+(1-x*)>%2 As required for the validity of the
Bessel function approximations used, the quantity x is

final

always less than 1. This can be explicitly verified by noting
that 1 —x? = (y — u.(1 — y?))? is positive definite.

As b — 0, we find that F(b) approaches a constant value
of about 11.06.

III. NUMERICAL RESULTS

In this section, using the analytical results from Eq. (27),
we perform a numerical study of the vr synchrotron
emission rate in magnetized, dense quark matter under
conditions relevant to compact stars. For simplicity, we
assume that the matter consists of only the lightest quark
flavors, i.e., up and down quarks. For the purposes of
synchrotron emission, it is important to account for their
distinct electric charges, given by e, = g,e with ¢, = 2/3
and g, = —1/3, where e is the absolute value of the electric
charge of the electron. One should bear in mind that a small
fraction of electrons must also be present to ensure charge
neutrality and f-equilibrium of quark matter.

In compact stars, quark matter is expected to reach
densities around five times the nuclear saturation density.
Under such conditions, the quark chemical potentials (u;
with f = u, d) typically lie in the range of several hundred
MeV. For our numerical calculations, we use representative
values: y, =300 MeV, u; =350 MeV, and u, = 50 MeV.
As required, these values satisfy the f-equilibrium con-
dition py; = p, + u,. The temperature is unrestricted but
should not be too high, e.g., 7 < 10 MeV, to avoid neutrino
trapping. The background magnetic field is assumed
to be strong but realistic for stars, ranging from 10'* G
to 107 G.

In our analysis, we account for the production of all three
neutrino flavors (i = e, p, 7). Since synchrotron emission
from quarks proceeds only via neutral-current interactions,
the total neutrino emission rate can be obtained by
multiplying the single-flavor rate obtained in the preceding
section by a factor of N, = 3. This contrasts with synchro-
tron emission from electrons, which is mediated by both
neutral- and charge-current interactions [13,14]. When
adding the synchrotron contribution from electrons in
quark matter, we will add the same relevant neutral- and
charge-current contributions as well. In the general expres-
sion for the rate in Eq. (27), this amounts to using the
appropriate coupling constants for each interaction channel,
as specified in Table 1.

A. Analysis of single-flavor rate

Before presenting the final numerical results for the total
v synchrotron emission rate in quark matter, we begin by
examining the general features of a single-flavor contribu-
tion. First, we explore the role of different series of
quantum transitions between quark Landau levels, charac-
terized by the level separation s = n’ — n, where n and n’
are the initial and final Landau levels, respectively. The
impact of these transitions on the emission rate is controlled
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(a) Numerical data for partial contributions F () to F(b) defined in Eq. (28) as a function of level spacing s = n’ — n for

several fixed values of b = |e;B|/(Tu,). (b) Ratio F(b)/b as a function of the product sb.

by the dimensionless parameter b = |e,B|/(Tu,), which
quantifies the relative importance of Landau-level quanti-
zation compared to the thermal energy scale. This depend-
ence enters primarily through the function defined in
Eq. (28), whose partial contributions from transitions of
a given level spacing s are denoted by F(b), such that the
total contribution is given by the sum F(b) = > | F((b).

Figure 2(a) shows numerical results for Fy(b) as a
function of s at several fixed values of b. For small values
of b, where the Landau-level spacing is small compared
to the thermal energy scale, transitions across a wide
span of s contribute significantly. In this regime, the
dominant contributions come from around a peak located
at Spax ~3/b, and the maximum value F, (b) scales
approximately as the first power of b. To make this scaling
behavior more transparent, we plot the ratio F(b)/b as a
function of the product sb, as shown in Fig. 2(b). In the
limit » — 0, the function approaches a fixed profile, shown
by the dashed line.

As the value of b increases, the number of contributing
transitions decreases, and only those with smaller level-
separation values s remain relevant. Starting from b = 2.6,
the transitions between adjacent Landau levels (s = 1) give
the largest contribution, although transitions with a few

other values of s greater than 1 still contribute substantially.
For even stronger fields, i.e., b = 8, transitions with s > 2
become nearly negligible, and synchrotron emission arises
almost entirely from s = 1 transitions. However, due to the
large energy gap between Landau levels in this regime, the
total emission rate becomes exponentially suppressed.

To gain deeper insight into the quark phase space
responsible for synchrotron emission, it is instructive to
examine the integrand in the definition of F () in Eq. (28),
prior to performing the final integration over the angular
variable y = cos 6. Recall that € denotes the angle between
the quark momentum on the Fermi surface and the direction
of the magnetic field. The limiting values y = +1 corre-
spond to the poles of the Fermi surface, while y =0
represents the equatorial plane perpendicular to the field.

Representative plots of the integrand, denoted by
Fy(b,y), as a function of y =cos@ are presented in
Fig. 3, with each panel corresponding to a different value
of the dimensionless parameter b. Within each panel,
multiple curves are shown for selected fixed values of
the Landau-level separation s. These visualizations illus-
trate how the angular distribution of synchrotron-emitting
quark states varies with both b and s, offering valuable
intuition about the underlying emission dynamics.

— s=1

-= s=2
1 — s=1
e 523

== s=2
] - s=4 9

- s=5

0.0
y=cos(d)

(@)

FIG. 3.

y=cos(8)

-1.0 -0.5 0.0 0.5 1.0
y=cos(8)

©

(a) Representative numerical results for F (b, y) as a function of y = cos 8 at fixed b = 0.03 and several values of s. (b),

(c) Fy(b,y) for two larger values of b, i.e., b =3 and b = 8, respectively, including results for the lowest few s values in each case.
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For small values of b, the dominant regions on the Fermi
surface contributing to synchrotron emission vary sig-
nificantly with the value of s, see Fig. 3(a). When s is
relatively small (s << sy, = 3/b), the dominant contribu-
tions come from regions with large |y|, corresponding to
quark momenta that lie relatively far from the equatorial
plane (y = 0), but not too close to the poles of the Fermi
sphere. As s increases and approaches the optimal value
Smax = 3/ b, the dominant contributions shift toward a broad
band of quark states near the equator, typically within
ly] £0.5. For even larger s (s> s.,,,), the width of the
relevant band narrows down, indicating that fewer states
near y = 0 contribute efficiently to the synchrotron rate.

In contrast, the case of large b, illustrated by Fig. 3(b)
and (c¢), is significantly simpler. Here, synchrotron emission
is dominated by transitions between adjacent Landau levels

|

¢ o 2NGHlesBPTY <( ;
. 3(2n)?

)+ (c£)2>F(O), for T>-——.

(s = 1), and the quark states near the equatorial plane
(y = 0) account for the majority of the emission. As seen
from Fig. 3(c), this feature becomes increasingly pro-
nounced with larger b, even though the total emission rate
is strongly suppressed due to the quantization of Landau
levels.

By summing over all relevant Landau-level transitions,
we obtain function F(b), with results shown as linear and
logarithm plots in panels (a) and (b) of Fig. 4, respectively.
(Numerical data are provided in Supplemental Material
[28].) As seen from the plots, F(b) is a monotonically
decreasing function of the low-energy parameter b. It starts
from a finite value at b = 0, specifically F(0) =~ 11.06, and
falls off rapidly as b increases. This behavior implies that,
in the low-b limit, the single-flavor synchrotron emission
rate approaches the following asymptotic behavior:

B
|jif| (33)

As expected, the synchrotron rate vanishes in the B — 0 limit.

In the opposite regime, where b becomes large, the function is exponentially suppressed: F(b) « exp(—b/2). This
behavior reflects the strongly reduced thermal activation of quark states quantized in Landau levels near the Fermi surface.
Remarkably, over a broad range of b values, i.e., from b ~ 0 up to b =~ 100, the numerical dependence of F(b) is accurately

captured by the following analytical fit:

11.06 — 0.46b + 1.13b% + 0.0175% 4+ 0.00165b*

F(b)

This expression reproduces the full numerical results to
within approximately 3%, providing a convenient and
accurate analytical form for estimating the synchrotron
emission rate in quark matter. It may also prove useful
in modeling synchrotron emission in other relativistic
systems.

10}

F(b)

0 10 20 30 40
b
(a)

200226 + 14 x 105 + 77 x 1050 + 15 x 10755 €

-b/2, (34)

B. Synchrotron emission rate
in two-flavor quark matter

Let us now turn to synchrotron emission from two-flavor
dense quark matter. By adapting the general expression for
the emission rate given in Eq. (27) to include the con-
tributions from both up and down quarks, we obtain

0.1f

0.50 1 5 10 50
b
(b)

0.05 0.10

FIG. 4. Linear (a) and logarithmic (b) plots of the numerical results for the function F(b), defined in Eq. (28), which determines the

single-flavor synchrotron neutrino emission rate.
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(a) Temperature dependence of the synchrotron neutrino emission rates from quarks and electrons in two-flavor dense quark

matter for two magnetic field strengths: B = 10'* G (solid lines) and B = 10! G (dashed lines). For comparison, Iwamoto’s direct Urca
emission rate is also plotted (black dotted line). (b) Ratio of the total synchrotron neutrino emission rate to the direct Urca emission rate
as a function of temperature. Dotted lines show the contribution from quarks alone, while solid lines include both quark and electron

contributions.

. 2N.N,G2|eB|*T
g£qumks) _ 2: YRGS ( f\2 f 2)
A 3(2”)5 (CV> + (CA)

<r(el). (33)

ueT

where N, =3 accounts for the emission of all three
neutrino flavors (i = e, u, 7).

As mentioned earlier, this quark contribution must be
supplemented by the emission from electrons, yielding [14]

gl(/elcctrons)

T (g )

s = (e + )] e (45, o

ueT

where the effective coupling constants ¢$' and ¢S incor-
porate both neutral- and charged-current interactions rel-
evant for v,v, emission [13,14]. In contrast, the constants
¢y, and ¢4 represent the standard neutral-current couplings
responsible for emission of the remaining N, — 1 neutrino
flavors.

The temperature dependence of synchrotron emission for
each type of charged fermion is presented in Fig. 5(a). To
highlight the role of the magnetic field, numerical results
are shown for two field strengths: B = 10'* G (solid lines)
and B = 10'7 G (dashed lines). For comparison, we also
plot Iwamoto’s direct Urca emission rate (black dotted
line), defined by [11,12]

457

glwamoto = @ asG%«“ C082 ecﬂuﬂdﬂeT6 + 0 (05%, &) P (37)

where 6 is the Cabibbo angle, with cos? 6 ~ 0.948. For
the strong coupling constant, we use the value a; = 0.3.

We note in passing that the effect of a strong magnetic
field on the direct Urca rate in quark matter was studied in
detail in our earlier work [10]. It was shown there that
magnetic fields up to 10'7 G modify the average energy
emission rate by only about 20%. For this reason, and to
provide a clear benchmark, we chose to compare the
synchrotron rates to Iwamoto’s field-free Urca rate
in Fig. 5.

As the figure illustrates, synchrotron emission rates for
both quarks and electrons are suppressed by several orders
of magnitude relative to the direct Urca rate, even at the
extreme field strength of B = 10'7 G. This suppression is
shown more clearly in Fig. 5(b), where we plot the ratio of
the total synchrotron emission rate to the zero-field direct
Urca rate (37) as a function of temperature for several fixed
values of the magnetic field strength. In this figure, dotted
lines represent the contributions from quarks alone, while
solid lines include both quark and electron contributions.
Notably, electron synchrotron emission becomes signifi-
cant at higher temperatures, although the total rate still
remains much smaller than that of the direct Urca process
across the temperature range considered.

At first glance, the 73 temperature scaling of the
synchrotron emission rate might suggest that it could
dominate over the direct Urca rate, which scales as 7°,
particularly at lower temperatures. Indeed, as seen from the
high-temperature behavior of the rates in Fig. 5(a), the
slope of the synchrotron curve is indeed smaller. However,
this advantage gets lost as the temperature drops below the
Landau-level energy separation and the synchrotron rate
begins to decrease exponentially, preventing it from over-
taking the direct Urca rate. A closer examination of
Egs. (35) and (37) further reveals that the synchrotron rate
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remains much smaller not only due to its specific temper-
ature dependence, but also because, unlike the Urca rate, it
does not scale with the quark density of states at the Fermi
surface. In addition, the synchrotron rate has a significantly
smaller overall prefactor, (27)> ~ 107, which has no
analogue in the direct Urca rate, further contributing to
its relative suppression.

Let us emphasize that the approximations employed in
our calculation are strictly valid in the regime where the
temperature is much smaller than the quark chemical
potential. In Fig. 5, however, we extend the results to
temperatures up to 50 MeV, which approach or may
slightly exceed the regime of strict validity. Therefore,
the results at the highest temperatures should be interpreted
with caution and regarded as extrapolations rather than
quantitatively precise predictions.

IV. SUMMARY

In this work, we developed a systematic approach to
compute the synchrotron neutrino emission rate from
magnetized dense quark matter. One of the distinguished
features of our study is the use of the Kadanoff-Baym
formalism, which allows for a more streamlined derivation
by expressing the emission rate in terms of Green functions
rather than explicit particle wave functions. This method
offers practical advantages for studying many-body sys-
tems in strong magnetic fields.

We carried out a detailed analysis of the phase space
relevant for synchrotron emission and identified the dom-
inant regions on the quark Fermi surface that contribute to
the rate. Our results show that the quark states near the
equator of the Fermi surface (i.e., those with momenta
nearly perpendicular to the magnetic field) play the leading
role in synchrotron emission.

Furthermore, in relativistic dense quark matter relevant
for compact stars, we demonstrated that the emission rate is
governed by a single dimensionless parameter, namely, the
ratio of the Landau-level spacing at the Fermi surface,
lesB|/uy, to the temperature 7. When |e/B|/(u/T) < 1,
many closely spaced Landau levels contribute collectively
to the emission. In the opposite regime, |e/B|/(u/T) > 1,
the rate is dominated by transitions between adjacent
Landau levels. While the emission rate grows with the
magnetic fields, our results show that even at field strengths
as high as B = 10! G, which are likely the strongest fields
expected in compact stars, the synchrotron neutrino emis-
sion remains suppressed by more than 3 orders of magni-
tude compared to the direct Urca process.

Generally, v synchrotron emission in dense quark
matter is similar to its counterpart in white dwarfs and
neutron stars, where the process is dominated by electrons
[13-17]. In both cases, the synchrotron rate exhibits a
power-law dependence on temperature, which suggests that
it can compete with or even surpass the direct Urca process
under certain conditions. However, the actual situation in

quark matter differs in important ways. In white dwarfs and
neutron stars, synchrotron emission typically competes
with the modified Urca process, which has a steeper
temperature dependence and is often subdominant at low
temperatures. In contrast, in quark matter, the direct Urca
process is kinematically allowed and remains a dominant
channel for neutrino emission across a wide range of
temperatures. One might naively expect that the large
quark chemical potentials would mitigate the effects of
Landau-level quantization, delaying the onset of exponen-
tial suppression in synchrotron emission to much lower
temperatures and thus enhancing its competitiveness.
However, detailed analysis shows that synchrotron emis-
sion never dominates the neutrino emissivity in any realistic
regime of dense quark matter relevant to compact stars.
In summary, our study provides a detailed analysis of
synchrotron neutrino emission in quark matter and dem-
onstrates its limited impact on the cooling of magnetized
compact stars with quark matter cores. In this work, we
have focused exclusively on unpaired quark matter.
However, at the densities typical of compact star interiors,
quark matter may exist in a color-superconducting phase
[29,30], which could significantly modify the emission
processes and warrants further investigation. In the two-
flavor color-superconducting phase, where some quark
quasiparticles remain ungapped, synchrotron emission is
expected to resemble that in unpaired matter. In contrast, in
the color-flavor-locked phase [31], where all quark quasi-
particles are gapped, both direct Urca and synchrotron
emission are strongly suppressed, suggesting that cooling
proceeds through mechanisms unrelated to neutrino emis-
sion [32]. More subtle behavior may occur in spin-1 color-
superconducting phases [33], where gapless nodes or lines
on the Fermi surface could significantly modify the relative
efficiency of synchrotron and Urca processes [21]. A
detailed investigation of these effects is left for future work.
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APPENDIX: VECTOR Z-BOSON SELF-ENERGY
AND ITS LORENTZ CONTRACTION WITH THE
LEPTON TENSOR

As we show in the main text, the expression for the
neutrino synchrotron emission rate is given in terms of the
imaginary part of the retarded vector boson self-energy
X (Q), see Eq. (14).

The retarded self-energy I1X (Q) is defined by the
following one-loop expression:
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% (Q) = —iNCI(‘;T’; S Telys e — crs)S(K)ra(cl — crs)S,(K + Q)] (A1)
f=ud

where we use the following shorthand notation for the momentum integration and the sum over the Matsubara frequencies
oy = (2k+ 1)zT:

d*K <Pk
wa(ko,k) = Tk;)oz/wf(za)k,k). (A2)

The Fourier transform of the translationally invariant part of the quark propagator in the Landau-level representation is
given by [34]

S . 2 — —1)"D (K)
SAK) = le—kif ( : .n ’ A3
1K) nZ:; ; E,y ko + py + iesign(ko) — 2E, | (A3)
where
Dy(K) = [Epiy” + 2m = ky)][Py Ly (2K 6%) = P_Ly_y (k3 62)] + 24(k -y, )Ly, (2K 7). (A4)

Here, E, ;. = \/ 2n|e;B| + k% + m* are the quark Landau-level energies, # = 1/./]e;B] is the magnetic length, P, =
(1 +is,y'y?)/2 are the spin projectors, s; = sign(e;B), and L{(z) are the generalized Laguerre polynomials.

By substituting the explicit form of the quark propagator in Eq. (A3) into Eq. (A1), calculating the Matsubara sum,
and performing the analytical continuation g, — ¢, + i€, we derive the following expression for the imaginary part of the
self-energy:

NC © , e—kifz—(kj.ﬂh)zfz
Im [IT5,(Q)] = > (=1ym /d3k—[nF(En’,kz+qZ —ug) = np(Enx, — py)]

87° =0 En,szn’,kz+q,
X T{Srf(K’ K+ Q)5<En’,kz+q: - En,k: - qO)’ (AS)
where
TEG(K’ K+ Q) = Trb/é(cl‘l/ - CZYS)Dn(K)}/n(C(\i/ - CZ?S)Dn’(K + Q)] (A6)

Note that in dense quark matter, only quark states near the Fermi surface contribute significantly to synchrotron emission. This
is because the thermal population of antiquarks is strongly suppressed at temperatures much lower than the quark chemical
potential (T < u ). Mathematically, this suppression arises from the form of the distribution functions (with a large positive
value of us) and the energy-conserving §-function, which together strongly favor quark over antiquark contributions.
Therefore, in the last expression, we kept only the contributions of quarks (4 = 1) and neglected the contributions of
antiquarks (4 = —1).

In the neutrino emission rate in Eq. (14), the imaginary part of the self-energy is contracted with another tensor, i.e.,
¢° 0% — Q°Q°. It is convenient, therefore, to first calculate for the corresponding Lorentz contraction with the tensor inside
the integrand of Eq. (A5). The result reads

(4770 = Q°Q")T 5o (K. K + Q) = ((c))* + (ch))S1 + ((c})? = (ch))S2 + c}chSs. (A7)
The explicit forms of functions §; are given by

S1==2(L,Ly + Ly Ly )(E,Ey = k(. + 4.))(q5 — 2) = 4(LyLyy + L1 Ly—1)(qok: = 4:E,)(q0(k. + q.) = 4.Ey)
+2(LyLyoy + Loy L ) (B Ew = ko (k. + q.)) (245 = 247 = 47)
= 8L, (L = Ly_1)(qoEw — q.(k; 4+ q.))(qr k1) = 8(Ly = Lyy) Ly (qoE, — q:k:) (g1 - (kL +q1))
+ 16Li—1L:,f_1(CI(2) - C]% - C]i)(’ﬂ (kL +q1)) - 32Lrll—1L,1,f_1(‘I¢ ky)(qL- (ki +qu)), (A8)
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SZ - 2m2(LnLn’ + Ln—an’—l)(q(z) - q? - 2q3_) - 2m2<LnLn’—l + Ln—an’)(2qg - 2‘13 - 6]3_)1 (A9)

Sy =dsy (LyLy =Lyt Ly_1)(Eq(k: +q.) = Evk:)(q5—q2) + 851 (LyLy — Ly_1 Ly_1)(qok: — 4.E, ) (qoEw — q.(k; +q.))
+4s (LyLy—i =Ly Ly)(E, (k. +q.) — Evk.)(2q5 - 262 = q7)
+ 165, (L, + L,y )LY_ (qok, —q.E,)(qu - (ki +q.1))+16s L)\ (Ly +Ly_1)(qo(k, +q.) —q.Ev) (g1 k).
(A10)

where, for simplicity of presentation, we abbreviated the notations E, =E,;, Ey=Ey; 14, L, =L, (2k% £2),
and Ln’ = Ln/ [Z(kL + ql)zfz}.
Therefore, for the Lorentz contraction of the imaginary part of the self-energy with the lepton tensor, we obtain

562 5o R Ne < ntn’ 3 e KO- kitg)
(9°Q* = 0°0°) Im [IT5, (Q)] = T > (-1 &hk———————[np(Ev s 1q. — Hs) = np(Eng. = py)]

n.1'=0 En,szn’,kz-Hh

x [((l? + ()1 + (el = (€h)?)$2 + chehSs 8B g, = Ens. —a0). (ALD)

The integral over the transverse components of the quark momentum k | can be easily performed using the following table
integrals:

/ Pl e RO E L (R Py 2k, + .7 = o (<) T ), (A12)
4 ! n,n
/dzkle_kiﬂ_(kﬁqﬂzﬂ[kl‘(kL+ql)]Li(2kif2)Ll[ (ki +q.)°¢% = 8f4( "I (&), (A13)

L (-1 Gy e )T (E), (A4

/aﬂkLe?"‘ifz_(kﬁ‘“)zf2 (ki +q1) 'aJ_]Ln(zkifz)Lrlz’ 20k, +q.)22%) = 4¢3

/ k| ekt 0 (ka VLY KR )Ly 20k +q, )% = —% (1) (g, -a ) IV"(E,),  (A15)
and
/dzkle_kifz_(kﬁmzfz (ky-a,)[(ky +q.)-b,]L,(2k3 %)L}, [2(k, +q.)*¢%] = 167;4 (1)t
x (@ -b1)T3" (&) + [(@r b)) —2(@1 - a1) (@ -b)ITY" (5], (A16)

where &, = ¢3 £?/2 and functions I;’"’/(.fq) are the same form factor as in Ref. [25]. In particular,

T37(6) = e S L @) (A17)
T1"(£) = /28 (Z,!)! e LY (ELE(E), (A18)
1370 =2 e L oL @), (A19)
730 = -2 et L L @) (A20)

After the integration over k|, we obtain the following result:
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RN b
x [((el? + ()1 + (el = (€h)?) 82 + hehSs 8B rq, = Eus. —a0). (A21)

(9°0* - 0°0°)Im 11§ (O (np(Ep kvq. — Hy) = np(Epi. — py)]

Enk En’k +4q.

where n' = n + s. It should be noted that the §-function enforces the total neutrino-antineutrino energy to match the energy
difference between the initial and final quark states, i.e., go = E,y 14 — E,x_- Analyzing the corresponding phase space as
in Ref. [25], we find that g, > O requires n’ > n, so that the sum over s = n’ — n starts from s = 1.

The new functions S; are defined by
f2 ! 2 g2 2.2
_7(_1)n+n /dzkle—klf —(k,+q,)*¢ Sl- (A22)

T

e
I

Their explicit expressions read

Sl = (ngnl +Zg_1’n,_l)(EnEn’ - kz(kz + ‘h))(qg - q%) + 2(1.8’"[ +Ig_1’n,_1>(q0kz - qZEn)2
(IVLH’—l + Ig_lﬁn,)(EnEn’ - kz(kz + qz))(zq(z) - 2q3 - 2 )

2\/_ el nmlne 2\/_ nl=1 | rn—lal—
T+ T (qoEw — .k, + 4.) = =S (Z0 T + T T (qoE, — k)
2 n—1.n'— 2 n—1,n'— n—1,n'—
— 2L N g g - gh) + A (@ =T, (A23)
8, =-m(Iy" + I N gE - ¢ —243) - mA(Ty" T + T (243 - 247 - 42, (A24)

Sy =25, [(k. + ¢.)E, = k.E) [2(T0" =Ty " ") (qoEy — q.(k. + q.)) = (T3" =Ty ) (g} - ¢2)

n,n'— n—1,n' 2\/2 n,n'— n—1,n'— 2\/_ n',n— n'—1,n—
+ (T =T ) Qe - 203 - 1) - (@ =TT (@=L (A25)

where, for simplicity of notation, we have suppressed the dependence on &, in the functions 7 ?’”/ (¢,)- Additionally, we have
used the relations gok, — ¢,E, = qo(k. + q.) — q.Ew = k.E,» — (k, + q,)E,. The functions S; can be further simplified
by employing the expression for the total neutrino-antineutrino energy, qo = E,yx 1. — E,«_, which is enforced by the
o-function in Eq. (A21). In particular, we find that the following relations hold:

n—i—n’_q%—q?

EnEn’ - kz (kz + QZ) = + m2 (A26)

2 2 '
9L, - 4. z=n/f%n—q(2’;q§, (A27)
90y — q:(k. +4q;) = n; 5 3 % (A28)
(aoke = = (T4 7 ) 2 4202 g kel 40 65 - ). (429)

Using these relations, we derive significantly simpler expressions for S, i.e.,
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n+n

o= mia - )| (" + T

S = [—2(61% -q:—q1)

n+ n' n.n'— n—1,n'
+ [2(61% —ai-al) g~ (g5 - 4t = q1)’ + P (2a5 - 242 - 1) | (T3 H T, (A30)
So= = (5" +I57" ) (g5 — 4 = 247) = m* (T3 + T ) (245 - 247 ~ 47). (A31)
S _ 2 k _ k M Ii’l,n/ _ Ill—l,n/—l In,n/—l _ Iﬂ—l,l‘l/ 2 2 _ 2 2 _ 3 2 A32
3= SLK z +qZ)En zEn’] 22 ( 0 0 )+( 0 0 )( 90 q: qJ_) . ( )

In the derivation, we have also utilized the following relations among the form factor functions I?’”I(fq) [25]:
n' .n— n,n'— \/z n,n'
e - T () :%(”_”/)Io’ (&). (A33)
n'—1,n— n—1,n"— \/5 n—1,n'—
A (S A (5] = =T M), (A34)
T ) + I ) = VLY@, (A39)
TN E) + TN E) = V2ETyT (9, (A36)
n—1,n"—1 o n+ n' n,n' n—1,n"—1 5 n,n'—1 n—1,n'
Ty =@ @ + T O) - S @ O + T ©), (437)
n—1,n'— n+n’ nn' — n—1,n' n—n’ 2 n.n' n—1,n'—

=1 () = P (g1 ) 4 7y () - U (g ) 4 1 ), (A38)

2

In the context of dense quark matter, where the quark
chemical potential greatly exceeds other relevant energy
scales, an additional approximation can be employed to
further simplify the expressions for the functions S,
defined in Eq. (A30) through (A32). As discussed in
Sec. IIC, the presence of a large number of occupied
Landau levels allows us to replace the sum over the
Landau-level index n with an integral over the transverse
|

~

0 E

n

k.q, + s|le:B
quzcose—i—sée&

~ (ki + mz)‘Iz - s|efB|kz ~

28

quark momentum k,, defined via 2nle,B| = k7. It is
important to emphasize that this k, is distinct from the
pseudomomentum £k, appearing in the translationally
invariant part of the quark propagator in Egs. (A3) and
(A4), which has already been integrated out in Eq. (A21).
Applying this approximation yields the following simpli-
fied relations:

(A39)

(kz + qZ)En - szn’ =

E,

~ ps(q, sin®> @ — sdeg cos 6). (A40)

Here, by definition, deg = |e/B|/ps, s = n' —n, k, = kcos@, and k, = ksin6. Since the relevant quark momenta k are
confined to a narrow region near the Fermi surface, we approximate k by kp = p .

Finally, by taking into account the approximate expressions for the form factor functions in Eq. (22), we obtain

(A41)

(A42)
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§3 = 2s,1p5(q: sin® 6 — sdep c0s 0) (245 — 2q2 — 1) ([s—1 (@) = o1 (@)]) ~ O(ﬂfT3)v

(A43)

where a=k, g, > ~ Hrq L /?sin@. Tt is important to note that the functions S, and S; give subleading contributions,

suppressed by powers of u relative to 5.
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