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We show that the commonly used criterion for beta equilibrium in neutrino-transparent dense
nuclear matter becomes invalid as temperatures rise above 1MeV. Such temperatures are attained
in neutron star mergers. By numerically computing the relevant weak interaction rates we find that
the correct criterion for beta equilibrium requires an isospin chemical potential that can be as large
as 10-20MeV, depending on the temperature at which neutrinos become trapped.

I. INTRODUCTION

Beta-equilibrated nuclear matter is of great physical
significance as the main constituent of neutron stars. It
is therefore important to establish the conditions for beta
equilibrium at the densities and temperatures that are
astrophysically relevant.

In this paper we point out that the standard low-
temperature criterion for beta equilibrium in neutrino-
transparent nuclear matter is not valid at temperatures
and densities that are attained in neutron star merg-
ers. After their formation in a supernova, neutron stars
quickly cool [1–3] below a temperature of 1MeV, but
neutron star mergers (now observed [4, 5]) contain nu-
clear matter at densities above nuclear saturation den-
sity nsat and temperatures ranging up to 30MeV [6–
11]. The proper way to treat nuclear matter in merg-
ers is to do a full neutrino transport calculation. How-
ever, this is a technically formidable task so many treat-
ments (e.g., [11–15]) assume neutrino transparency up to
some temperature Ttrap, using a cold neutrinoless beta-
equilibrated equation of state for T < Ttrap. In this work
we provide the leading finite-temperature corrections to
the beta equilibration condition in neutrino-transparent
matter. We find that beta equilibrium requires an isospin
chemical potential that increases with the temperature T ,
reaching a few MeV at T ∼ 1 MeV and rising to almost
25MeV at T ∼ 10 MeV. Since the neutron stars start
the merger process in a state of high density but low
temperature, and then heat up as the merger proceeds,
we expect that there will be regions in which neutrinos
are not trapped and the temperature and density are in
the range where our predicted corrections are significant.
The size of such ranges is not yet clear because current
estimates of the neutrino mean free path depend on the
energy of the neutrinos and on the assumptions about
nuclear matter [16–19]. In Appendix A we summarize
a recent calculation of the mean free path of neutrinos,
indicating that neutrinos are not trapped until tempera-
tures rise above approximately 5 MeV.

We work in natural units, where ~ = c = kB = 1.
All data presented in our figures can be found in the
Supplemental Material [20].

A. The Fermi surface approximation

Neutron stars contain nuclear matter at temperatures
that are much smaller than the Fermi energy of the nucle-
ons and electrons. Neutron stars are finite-size systems
so we also have to take into account finite size effects such
as neutrino transparency, which occurs at temperatures
low enough so that the neutrino mean free path is larger
than the size of the star [16, 18, 21, 22]. At high enough
density, flavor equilibration occurs via direct Urca pro-
cesses (neutron decay and electron capture)

n → p+ e− + ν̄e ,
p+ e− → n+ νe .

(1)

Note that because neutrinos escape from the star, neu-
trinos can only occur in the final state.

In the T → 0 limit, one can work in the “Fermi sur-
face (FS) approximation” where the Urca processes are
dominated by nucleons and electrons close to their Fermi
surfaces. In the Fermi surface approximation, the crite-
rion for beta equilibrium in nuclear matter is

µn = µp + µe, (2)

which can be obtained by ignoring the neutrinos in the
Urca process and thinking of the Urca reactions as n ↔
p + e−, in which case the principle of detailed balance
tells us that (2) is the condition for equilibrium. Here
µn, µp, and µe are the relativistic chemical potentials
(i.e., including the rest mass) of the neutron, proton, and
electron, respectively.

In the Fermi surface approximation there is a thresh-
old density above which the direct Urca processes shown
in (1) are dominant. Below that threshold they are kine-
matically forbidden, and equilibration occurs via modi-
fied Urca processes which involve an additional spectator
nucleon in the initial and final state [22–24].

In this paper, we consider only the six Urca processes
(two direct and four modified) where the charged lep-
ton involved is an electron. Weak interactions involving
positrons are negligible, since the electron chemical po-
tential is always above 100 MeV for the densities that
we will consider, and so the positron occupation is sup-
pressed by a factor of more than exp(−100 MeV/T ). Ad-
ditionally, for simplicity we neglect Urca processes in-
volving muons, because even though those processes are
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not negligible, they do not qualitatively change the con-
clusions that we present here.

B. Breakdown of the Fermi surface approximation

The beta equilibrium criterion (2) is not guaranteed
to be valid under all circumstances because neutrinos
are not in statistical equilibrium in systems that are
neutrino-transparent. Because neutrinos escape, they
only occur in final states 1 so the two processes (1) whose
rates have to balance are not exact inverses of each other,
which means that the principle of detailed balance is not
guaranteed to hold. (For a discussion in the context
of hot plasmas see Ref. [25, 26]). Detailed balance is
a good approximation when neutrinos play a negligible
role, namely in the T → 0 limit where the Fermi sur-
face approximation is valid. However, for astrophysical
applications we need to know the criterion for beta equi-
libration at a range of temperatures up to 30 MeV. We
will now make a rough estimate of the temperature at
which the corrections to Eq. (2) become significant. In
Sec. IV we will perform a full calculation.

For densities below the direct Urca threshold we can
estimate the range of validity of the Fermi surface approx-
imation by noting that it will become invalid when the ex-
ponential suppression of direct Urca processes involving
particles away from their Fermi surface is not so severe
as to make those processes negligible relative to modified
Urca. In direct Urca processes the proton is expected
to play a crucial role, since it is the most non-relativistic
fermion which means that the energy Ep of a proton rises
very slowly as the momentum pp of the proton deviates
from its Fermi surface: Ep − EFp

∼ (pp − pFp
)pFp

/mp,
where pFp is the Fermi momentum of the proton, EFp is
the proton Fermi energy, and mp is the proton mass. For
particles on their Fermi surfaces, the momentum mis-
match for direct Urca at densities around 3nsat in nu-
clear matter described by the APR equation of state [27]
is pmiss = pFn − pFp − pFe ≈ 50 MeV (see, e.g., Fig. 2
in Ref. [28]), and the proton Fermi momentum is about
220MeV. The energy cost of finding a proton that is pmiss
from its Fermi surface is pmisspFp/mp ≈ 12 MeV, so we
might expect that direct Urca electron capture, where the
probability of finding a proton from above its Fermi sur-
face includes a Boltzmann factor, becomes unsuppressed
at temperatures of order 10MeV, and that it starts to
compete with modified Urca at even lower temperatures.

In fact, as can be shown from the Urca rate expressions
that we review in Sec. II, at 3nsat the modified Urca rate

1 The fact that neutrinos occur only in final states means that
they are out of statistical equilibrium. This is different from
being in statistical equilibrium with zero chemical potential, in
which case there would be a thermal population of neutrinos
which could occur in initial states as well.

is approximately a factor of
(
mnT/(3m

2
π)
)2 smaller than

the above-threshold direct Urca rate, where mn and mπ

are the neutron and pion masses, respectively. Thus, the
below-threshold direct Urca electron capture rate would
begin to compete with modified Urca when

e−(Ep−EFp )/T ≈
(
mnT

3m2
π

)2
, (3)

which, for a proton with Ep − EFp
= 12 MeV, is when

the temperature is between 1 and 2 MeV.
As we will show below in an explicit calculation, this is

a fair estimate. The Fermi surface approximation starts
to become invalid at temperatures T & 1 MeV which are
still much less than the Fermi energies, and may still be
low enough for neutrinos to escape from the star. This
leads us to expect corrections to the low-temperature cri-
terion (2) for beta equilibrium at temperatures and den-
sities that are relevant for neutron star mergers, in which
nuclear matter is heated to temperatures up to 30MeV.

In Sec. II we reproduce the standard calculation of the
rates of neutron decay and electron capture, which uses
the Fermi surface approximation. To describe nuclear
matter we will use the APR equation of state [27].

In Sec. III we describe the kinematics of the below-
threshold direct Urca process, and how particles away
from their Fermi surface can participate in the processes,
leading to exponential suppression of the direct Urca
rates for temperatures below about 10 MeV.

In Sec. IV we describe the results of a numerical calcu-
lation of the rates which includes contributions from the
whole phase space.

II. URCA PROCESSES IN THE FERMI
SURFACE APPROXIMATION

We now obtain the standard expressions for the rate
of the direct and modified Urca processes in matter
with the APR equation of state. We will assume ultra-
relativistic electrons and neutrinos, but nucleons that are
non-relativistic, with dispersion relation

Ei = meff,i +
p2i

2mi
(4)

where, following Roberts et al. [19], at each densitymeff,i
is chosen such that the Fermi energy EF,i ≡ Ei(pFi

)
matches the chemical potential µi from the APR equa-
tion of state, which is a simple way of taking into account
the nuclear mean field. For the kinetic mass mi we use
the rest mass in vacuum.

A. Direct Urca

In the T → 0 limit, the Fermi surface approximation is
valid and conservation of energy and momentum ensures
that the direct Urca process (1) can only occur above the
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direct Urca threshold density where the triangle condi-
tion

pFn < pFp + pFe , (5)

holds. For densities below the threshold density, the elec-
tron and proton Fermi momenta are not large enough
to add up to the neutron Fermi momentum (the three
momentum vectors can not be made to form a triangle)
and so the direct Urca reaction is prohibited. As den-
sity increases, the proton and electron Fermi momenta
grow more quickly than the neutron Fermi momentum
and when the threshold density is reached, they, when
co-aligned, add up to exactly the neutron Fermi momen-
tum. Above threshold, the proton and electron Fermi
momenta can add up to the neutron Fermi momentum
even when they are not co-aligned [22].

The rates of the two direct Urca processes are given by
[22, 29]

ΓdU,nd =

∫
d3pn

(2π)
3

d3pp

(2π)
3

d3pe

(2π)
3

d3pν

(2π)
3 〈|M|

2〉 (6)

× (2π)
4
δ4(pn − pp − pe − pν)fn (1− fp) (1− fe)

ΓdU,ec =

∫
d3pn

(2π)
3

d3pp

(2π)
3

d3pe

(2π)
3

d3pν

(2π)
3 〈|M|

2〉 (7)

× (2π)
4
δ4(pn − pp − pe + pν) (1− fn) fpfe,

where fi are the Fermi-Dirac distributions for n, p, or e,
and the matrix element is

〈|M|2〉 = 2G2

(
1 + 3g2A +

(
1− g2A

) pe · pν
EeEν

)
, (8)

where G2 = G2
F cos2 θc = 1.1× 10−22 MeV−4, where GF

is the Fermi coupling constant and θC is the Cabibbo
angle, and the axial vector coupling constant gA = 1.26.
These rate integrals are evaluated in the Fermi surface
approximation, so we set |pi| = pFi

in all smooth func-
tions of momentum in the integral, and the neutrino
three-momentum is neglected. In this approximation
we can perform phase space decomposition, splitting the
rate integral into an angular integral and an energy inte-
gral which can be straightforwardly evaluated revealing
that the direct Urca neutron decay and electron capture
rates are identical when Eq. (2) holds, and are given by
[22, 30, 31]

ΓdU,nd = ΓdU,ec = AdUG
2
(
1 + 3g2A

)
mnmppFeϑdUT

5

(9)

ϑdU ≡
{

0 if pFn > pFp + pFe
1 if pFn < pFp + pFe,

AdU ≡ 3
(
π2ζ(3) + 15ζ(5)

)
/(16π5) ≈ 0.0170 .

B. Modified Urca

Below the direct Urca threshold density, modified Urca
processes provide the leading contribution in the T → 0
limit because, although they are suppressed by a higher
power of T , they are kinematically allowed for particles
on their Fermi surfaces. Using the Fermi surface approx-
imation and neglecting the neutrino three-momentum we
can perform phase space decomposition and calculate the
rates.

For the modified Urca processes, which involve strong
interactions between the nucleons, we use the matrix el-
ements given by Yakovlev et al. [22] and Friman and
Maxwell [32], which involve a long-range one-pion ex-
change interaction. The matrix element for neutron de-
cay and electron capture with a neutron spectator (n-
spectator modified Urca) is given by

〈|Mn|2〉 = 84G2 f
4
πNN

m4
π

g2A
E2
e

p4Fn

(p2Fn +m2
π)

2 , (10)

and the matrix element for neutron decay and electron
capture with a proton spectator (p-spectator modified
Urca) is given by

〈|Mp|2〉 = 96G2 f
4
πNN

m4
π

g2A
E2
e

(pFn − pFp)4(
(pFn − pFp)2 +m2

π

)2 , (11)

with the p-wave πN coupling constant fπNN ≈ 1.
When the traditional beta equilibrium condition (2) is

used, the n-spectator modified Urca neutron decay and
electron capture rates are equal and given by [21, 22, 31,
33]

ΓmU,n = AmUG
2f4πNNg

2
A

m3
nmp

m4
π

p4FnpFp

(p2Fn +m2
π)

2 ϑn T
7 ,

(12)

ϑn ≡


1 if pFn > pFp + pFe

1− 3

8

(pFp + pFe − pFn)2

pFppFe
if pFn < pFp + pFe.

See Sec. 6 of [31] for a comprehensive discussion of the
integrals involved in the Fermi surface approximation of
the modified Urca rates, including clarification of errors
and omissions in the the literature.

The p-spectator modified Urca neutron decay and elec-
tron capture rates are equal to each other when (2) holds,
and are given by [21, 22, 31, 33]

ΓmU,p =
AmU

7
G2f4πNNg

2
A

mnm
3
p

m4
π

× pFn(pFn−pFp)4(
(pFn−pFp)2 +m2

π

)2 ϑp T 7 (13)
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ϑp ≡



0 if pFn > 3pFp + pFe

(3pFp + pFe − pFn)2

pFnpFe
if pFn > 3pFp − pFe
pFn < 3pFp + pFe

4
3pFp − pFn

pFn
if 3pFp − pFe > pFn
pFn > pFp + pFe(

2 + 3
2pFp − pFn

pFe

− 3
(pFp − pFe)2

pFnpFe

)
if pFn < pFp + pFe .

where AmU ≈ 7× 2300/(64π9) ≈ .0084. We see that the
p-spectator modified Urca process does have a threshold
density, in this case the density where pFn

= 3pFp
+ pFe

,
which occurs at a proton fraction xp = 1/65. Thus, the
p-spectator modified Urca process is only prohibited at
extremely low densities [22], well below nuclear satura-
tion density, which is the minimum density that we con-
sider here. In Appendix B, we give the Fermi-surface
approximation for the modified Urca rates when Eq. (2)
is violated by an amount ξ = (µn − µp − µe)/T .

In the T → 0 limit, where the Fermi surface approxi-
mation is valid, the standard low-temperature beta equi-
librium condition holds: when (2) is obeyed, the the neu-
tron decay and electron capture rates balance for both
direct and modified Urca processes.

In the upper panels of Figs. 2 and 3, we have plot-
ted, among other curves that we explain in Sec. IV, the
Fermi-surface approximation of the two direct Urca (in
dotted, green) and four modified Urca (labeled “mU”, in
blue) rates in APR matter for T=500 keV and 5MeV re-
spectively. For the APR equation of state the direct Urca
threshold density is around 5nsat. Above threshold, the
direct Urca neutron decay and electron capture rates are
identical and dominate over the modified Urca processes
which have no threshold in the density range we con-
sider. Below threshold, neither direct Urca process is al-
lowed and so the four modified Urca processes dominate.
The two n-spectator modified Urca processes are slightly
more important than the two p-spectator modified Urca
processes. As long as the Fermi surface approximation is
used, and Eq. (2) is imposed, the proton-producing Urca
processes balance the neutron-producing Urca processes
exactly at all densities and temperatures.

III. URCA PROCESSES BEYOND THE FERMI
SURFACE APPROXIMATION

A. Particles away from their Fermi surface

In order to discuss the rates it is useful to introduce
the concept of the single particle free energy, defined as
γi(p) ≡ Ei(p) − µi = Ei(p) − EF,i (see Eq. 4 and subse-
quent discussion). The single particle free energy tells us
how far in energy a given state is from its Fermi surface.
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FIG. 1: Energy relative to their Fermi energy (defined as “γ”)
for particles participating in direct Urca reactions in APR
nuclear matter obeying the standard low-temperature condi-
tion (2) for beta equilibrium. At each density we choose the
momenta and energies of participating particles (consistent
with energy and momentum conservation) that maximizes
the product of their Fermi-Dirac factors. Above threshold,
all particles can have γ = 0. Below threshold, the plot shows
the least Boltzmann-suppressed processes. The circles indi-
cate the particles that cause the Boltzmann suppression.

At densities below the threshold density, the direct
Urca process becomes Boltzmann suppressed because af-
ter imposing energy and momentum conservation the
phase space integral is dominated by processes whose ini-
tial state includes particles above their Fermi surface or
whose final state requires holes below their Fermi sur-
face. In both cases the Fermi-Dirac factors in the rate
expression provide a suppression factor of exp(−|γi|/T ).

To see how strong the resultant Boltzmann suppres-
sion will be, we show in Fig. 1 the typical single particle
free energy γi for the particles participating in neutron
decay (left panel) and electron capture (right panel) at
various densities of nuclear matter described by the APR
equation of state, and obeying the low-temperature cri-
terion for beta equilibration (2). To obtain the typical
momenta and energies at a given density we impose en-
ergy and momentum conservation to reduce the momen-
tum space integral to the lowest possible dimension and
find the point at which the product of Fermi-Dirac fac-
tors attains its maximum value. We emphasize that these
typical momenta and energies are independent of temper-
ature. Temperature merely influences the strength of the
Boltzmann suppression due to particles with finite single
particle free energies γi participating in Urca reactions.

Above the direct Urca threshold density (about 5nsat
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for the APR equation of state) we find, as expected, that
particles on their Fermi surface (i.e. with γ = 0) can par-
ticipate in direct Urca processes while conserving energy
and momentum. Below the direct Urca threshold density,
however, this is no longer true.

B. Below-threshold direct Urca neutron decay

For direct Urca neutron decay, the kinematic obstacle
is that although a neutron on its Fermi surface has the
same free energy as a proton on its Fermi surface and
an electron on its Fermi surface (they all have γ = 0),
the neutron’s momentum is larger than the co-linear sum
of the proton and electron momenta. We see in Fig. 1
(left panel) that the best available option below thresh-
old is for a neutron on its Fermi surface to decay into a
proton that is above its Fermi surface by an amount γp
and an electron that is below its Fermi surface by the
same amount, γe = −γp. The energies of the proton and
electron still add up to the energy of the neutron, but a
co-linear proton and electron now have more momentum
then when they were both on their Fermi surfaces because
the proton’s momentum rises rapidly as γp becomes more
positive (because the proton is non-relativistic with a low
Fermi velocity) whereas the electron’s momentum drops
more slowly as γe becomes more negative, because the
electron is relativistic. This “best available option” has
a Boltzmann suppression factor of exp(−|γe|/T ) because
the final state electron is trying to occupy a state in the
already mostly occupied electron Fermi sea. From Fig. 1
we see that for the APR equation of state the value of
|γe| for this process is around 20 to 25 MeV at lower den-
sities and then drops quickly to zero as we approach the
direct Urca threshold.

C. Below-threshold direct Urca electron capture

For direct Urca electron capture, the kinematic obsta-
cle is that a proton on its Fermi surface combined with an
electron on its Fermi surface does not have enough mo-
mentum to produce a neutron on its Fermi surface. We
see in Fig. 1 (right panel) that the best available option
below threshold is for a proton above its Fermi surface to
combine with an electron at its Fermi surface. Because
the proton is nonrelativistic this combination has enough
momentum to create a neutron on its Fermi surface, and
the excess energy γp (and the remaining momentum) goes
in to the final state neutrino. This process has a Boltz-
mann suppression factor of exp(−|γp|/T ) because we are
unlikely to find initial state protons far above the proton
Fermi surface. From Fig. 1 we see that for the APR equa-
tion of state the value of |γp| for this process is around
10 to 15 MeV at lower densities and then drops to zero
as we approach the direct Urca threshold. The suppres-
sion is less than for neutron decay because the neutrino
momentum can be directed opposite to the neutron mo-

mentum, so it helps to reduce the amount by which the
proton needs to be above its Fermi surface.

D. Relevance of below-threshold direct Urca

We learn from the calculation presented in Fig. 1 that,
below the threshold density, direct Urca processes are
Boltzmann suppressed by a factor exp(−γ/T ) where γ is
in the 10 to 20 MeV range at lower densities, dropping to
zero as the threshold is approached. For typical neutron
star temperatures T . 0.1 MeV the Boltzmann suppres-
sion is overwhelming, and direct Urca processes can be
safely neglected compared to modified Urca. However,
as we will now show, at the temperatures characteristic
of neutron star mergers this is not the case.

We note that a similar analysis of the Fermi-Dirac fac-
tors can be done with the modified Urca process, but it
simply reproduces the expected finding that at any den-
sity the dominant contribution comes from particles close
to their Fermi surfaces, so the Fermi surface approxima-
tion is always valid for modified Urca and there is never
any Boltzmann suppression of the rate.

In Sec. I, we estimated that at densities below the
direct Urca threshold the Boltzmann-suppressed direct
Urca electron capture rate would match the modified
Urca rate once the temperature rose to around 1 or
2 MeV. As we will see in the next section, a full calcula-
tion confirms this estimate, showing that at T & 1 MeV
the contribution of below-threshold direct Urca processes
leads to corrections to the low-temperature criterion for
beta equilibrium. Since the dominant contribution to the
below-threshold direct Urca rates comes from particles
that are far from their Fermi surfaces, we now calculate
the direct Urca rates exactly, performing the entire mo-
mentum space integral.

IV. EXACT DIRECT URCA CALCULATION

Instead of assuming that all particles lie on their Fermi
surfaces, we numerically evaluate the direct Urca rate
integrals (6) and (7) with non-relativistic nucleons, but
without any further approximation, allowing the parti-
cles to have any set of momenta that is consistent with
energy-momentum conservation. The details of the cal-
culation, which reduces to a three dimensional numerical
integral, are given in Appendix C.

A. Urca rates

Figs. 2 and 3 show in their upper panels the rates of
various Urca processes in APR nuclear matter that obeys
the low-temperature beta equilibrium criterion (2). As
we will see, at T & 1 MeV the Fermi surface approx-
imation starts breaking down and Eq. (2) is no longer
the correct criterion for beta equilibrium: an additional
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FIG. 2: Exact direct Urca and approximate modified Urca
rates at T = 500 keV, obeying the low-temperature beta equi-
librium condition (2). Above threshold, the two direct Urca
rates balance each other, and they also match the approxi-
mate direct Urca rate. Below threshold, the direct Urca rates
exponentially fall off, and modified Urca dominates. However,
the two direct Urca rates have different exponential falloffs
below threshold. In the lower plot, the deviation µδ from
low-temperature beta equilibrium needed to achieve true beta
equilibrium is plotted as a function of density.
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FIG. 3: Exact direct Urca and approximate modified Urca
rates at T = 5MeV, obeying the low-temperature beta equi-
librium condition (2). Above threshold, electron capture di-
rect Urca dominates, and agrees with the approximate direct
Urca rate calculation. At densities greater than 6nsat, we
expect neutron decay direct Urca to match electron capture
direct Urca. Below threshold, electron capture direct Urca
dominates over all modified Urca processes, which contradicts
the conventional wisdom. In the lower plot, the deviation µδ
from low-temperature beta equilibrium needed to achieve true
beta equilibrium is plotted as a function of density.

isospin-coupled chemical potential is needed to achieve
beta equilibrium, and its magnitude µδ is shown in the
lower panel.

In Fig. 2, we see that at a temperature of 500 keV,
the Fermi surface approximation is reasonably accurate.
Well above the direct Urca threshold density the neutron
decay and electron capture rates are almost identical and
agree well with the Fermi surface approximation, so that
when the low-temperature beta equilibrium criterion (2)
is obeyed the net rate of neutron or proton creation is
zero. Consequently, to the accuracy of our calculation (µδ
is accurate to about ±150 keV, described in Sec. IVB)
there is no need for any additional isospin chemical po-
tential to enforce beta equilibrium. As the density drops
below the threshold value, the direct Urca rates drop be-
low the modified Urca rate and become negligible, and
the modified Urca rates for neutron decay and electron
capture are identical so again there is no net creation
of neutrons or protons, and no noticeable modification
to the low-temperature beta equilibrium criterion. How-
ever, it is interesting to note that below (and even slightly
above) threshold the direct Urca rates for neutron decay
and electron capture are not the same. The deviation in-
creases as the density goes further below threshold. The

size of the discrepancy agrees with our analysis in Fig 1,
where we determine the exponential suppression of each
direct Urca rate, due to the Fermi-Dirac factors. Only
right below threshold is there a region where the two di-
rect Urca rates are different, but both are larger than the
modified Urca rates, requiring a finite but small µδ to es-
tablish true beta equilibrium. As temperature decreases
further, this effect will vanish, and the low-temperature
beta equilibrium criterion (2) will be increasingly valid.

In Fig. 3 we see that when we increase the temperature
to T = 5 MeV the Fermi surface approximation becomes
unreliable. The direct Urca electron capture rate agrees
with the Fermi surface result above threshold, but it also
shows no suppression below threshold, dominating over
modified Urca and direct Urca neutron decay at all den-
sities for which APR is well defined. This means that
when µn = µp+µe (Eq. 2), there is a nonzero net rate of
proton to neutron conversion, implying that the system
is not in beta equilibrium.
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FIG. 4: The isospin-coupled chemical potential µδ needed
to achieve true beta equilibrium in APR matter at various
temperatures. For a given temperature, the upper and lower
curves indicate the range of values of µδ that are consistent
with our estimates of the theoretical uncertainty. Further
details on the uncertainty are given in the text.

B. Full criterion for beta equilibrium

The fact that electron capture is much less suppressed
than neutron decay at T & 1 MeV means that the
system will be driven away from the state that obeys
the standard low-temperature beta equilibrium criterion.
The predominance of electron capture drives the neutron
Fermi energy up and the proton Fermi energy down,
effectively introducing an additional chemical potential
that couples to the third component of isospin.

The general criterion for beta equilibrium is

µn = µp + µe + µδ , (14)

where µδ = −µI where µI is the chemical potential that
couples to isospin, normalized according to a convention
[34] where the proton has isospin +1/2 and the neutron
has isospin −1/2.

As the proton density drops, the rates of electron cap-
ture and neutron decay move towards each other and
eventually balance when µδ reaches its equilibrium value,
which depends on the density and the temperature. This
value of µδ at T = 5 MeV is shown in the bottom panel of
Fig. 3. We see that below the direct Urca threshold µδ is
about 15MeV and it decreases but remains non-negligible
above threshold as well.

In Fig. 4, we show, for several temperatures, the mag-
nitude of the additional isospin-coupled chemical poten-
tial µδ needed to achieve true beta equilibrium. At

low temperatures, below 1 MeV, the standard criterion
Eq. (2) is correct to within about 1MeV, the only no-
ticeable correction, µδ ≈ 1.5 MeV, occurring right be-
low threshold where direct Urca electron capture begins
to dominate over modified Urca. After that, however,
the correction term rises quickly with temperature: at
T = 5 MeV we need µδ ∼ 15 MeV and at T = 10 MeV
we need µδ ∼ 23 MeV. Although µδ drops with den-
sity once we reach the direct Urca threshold, that de-
crease becomes quite slow at these higher temperatures.
If the neutrino trapping temperature is indeed around
5 MeV (see Appendix A), then our calculations of µδ are
only physically relevant at temperatures below 5 MeV.
Above the neutrino trapping temperature we expect that
neutrinos are in statistical equilibrium with a chemi-
cal potential µν obeying the detailed balance relation
µn + µν = µp + µe.

The APR equation of state is based on variational
calculations of the energy (as a function of density) of
pure neutron matter (PNM, xp = 0) and symmetric nu-
clear matter (SNM, xp = 0.5). An interpolation scheme
was used to get to the intermediate proton fraction,
for a given density, that satisfies the low-temperature
beta equilibrium condition (2) [27]. Thus, all thermody-
namic quantities calculated within the APR framework
are functions of both baryon density and proton fraction.
In order to find the value of µδ = µn − µp − µe neces-
sary to achieve true beta equilibrium at a given density
and temperature, we varied the proton fraction in dis-
crete steps until we found a proton fraction that at which
there was net neutron production, and an adjacent-step
proton fraction at which there was net neutron destruc-
tion, giving us an upper and lower bound on µδ. These
upper and lower bounds provide the theoretical error on
µδ. The uncertainty in the direct Urca rate calculations,
discussed at the end of Appendix C, is smaller than the
binning of µδ, which is ≈ 300 keV.

The temperature-dependent correction µδ to the beta
equilibrium condition arises from the temperature depen-
dence of the proton fraction in true beta equilibrium. In
Fig. 5 we plot the proton fraction in true beta equilib-
rium as a function of density, for various temperatures.
As temperature rises above 1 MeV, the proton fraction
drops. This reflects the predominance of electron cap-
ture over neutron decay seen in Fig. 3.

V. CONCLUSIONS

We have shown that that the standard low-
temperature criterion (2) for beta equilibrium breaks
down in neutrino-transparent nuclear matter at densi-
ties above nuclear saturation density and temperatures
above about 1MeV. An additional isospin chemical po-
tential (14) is required to obtain true equilibrium under
the weak interactions. The ultimate reason for this is
that neutrinos are not in thermal equilibrium, so the two
reactions (1) that drive the system to equilibrium are not
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FIG. 5: Proton fraction in neutrino-transparent nuclear mat-
ter in true beta equilibrium, for several different tempera-
tures. As temperature increases, the beta-equilibrated nu-
clear matter becomes more neutron-rich than predicted by
the low-temperature beta equilibrium condition.
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FIG. 6: Urca rates in true beta equilibrium, µn = µp +
µe+µδ. Above threshold, the two direct Urca processes dom-
inate. Below threshold, direct Urca electron capture balances
against modified Urca neutron decay (n-spectator) and, to a
lesser extent, direct Urca neutron decay.
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FIG. 7: Fractional change in the six Urca rates at T = 5MeV
when we change µδ from zero to the value for true beta equi-
librium. Below threshold, the change is the most prominent,
and as density increases to far above the threshold density,
the true beta equilibrium condition approaches the behavior
of the low-temperature beta equilibrium condition (2).

exact inverses of each other (neutrinos can only occur in
final states) so the principle of detailed balance does not
apply. Our calculations for nuclear matter obeying the
APR equation of state show (Fig. 4) that the isospin
chemical potential µδ = µn − µp − µe required to obtain
beta equilibrium becomes greater than about 5MeV as
the temperature rises above 1MeV, and reaches a maxi-
mum value around 23MeV at temperatures of 10MeV.

We have recalculated the Urca rates for APR nuclear
matter at T = 5 MeV in true beta equilibrium. The
results are given in Fig. 6, which shows that there are
three processes that play the central role in beta equi-
libration. Above threshold, direct Urca neutron decay
balances with direct Urca electron capture. Far below
threshold, neutron-spectator modified Urca neutron de-
cay competes with direct Urca electron capture, but as
threshold is approached from below, direct Urca neu-
tron decay becomes increasingly important, eventually
becoming more important than neutron-spectator modi-
fied Urca neutron decay.

In Fig. 7, we show the fractional change in the six direct
Urca rates when the correct beta equilibrium condition
is imposed, compared to the low-temperature criterion
for beta equilibrium (2). Far below threshold, the Urca
rates increase/decrease by a factor of 10, and far above
threshold, the Urca rates approach their low-temperature
beta equilibrium (2) values.

The adjustment µδ to the low-temperature criterion for
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beta equilibrium has implications for any effect stemming
from weak interactions in beta equilibrated nuclear mat-
ter, in the temperature range from about 1 MeV to the
neutrino trapping temperature. For example, the nuclear
matter in neutron star mergers, which certainly reaches
such temperatures, undergoes significant density oscilla-
tions during the merger. The density oscillations may be
damped by bulk viscosity, which arises from a resonance
between the density oscillations and beta equilibration
of the proton fraction, which occurs via Urca processes
[22, 28, 35]. The calculation of bulk viscosity relies on
examining the adjustment of the neutron decay and elec-
tron capture rates as the nuclear matter is pushed out of
beta equilibrium, so if the criterion for beta equilibrium
is modified, it is likely that this will affect the calculated
bulk viscosity for material in neutron star mergers.

While we used the APR equation of state, which has
two and three body nuclear interactions, to describe the
nuclear matter in which the Urca processes take place,
our calculation used the conventional Fermi-Dirac fac-
tors which assume that single-nucleon momentum eigen-
states are also energy eigenstates. However, it is known
[36] that short-range nucleon-nucleon interactions lead to
a depletion of low-momentum states in the nucleon Fermi
sea and a high momentum tail above the Fermi surface, so
a truly consistent calculation of the Urca rates would use
modified Fermi-Dirac factors. Additionally, the fact that
an energy eigenstate actually corresponds to a superpo-
sition of multi-particle/hole eigenstates[17] could further
blur the direct Urca threshold beyond the finite temper-
ature effects that we discuss in this paper.

In this work we did not consider particle processes in-
volving muons, although the APR equation of state in-
cludes contributions from muons. Muons can participate
in Urca processes and also in leptonic processes such as
µ− → e− + ν̄e + νµ. A complete treatment of the Urca
processes in neutrino-transparent nuclear matter would
introduce another chemical potential µf (which couples
to lepton flavor, differentiating electrons from muons)
whose value at a given temperature and density is de-
termined by balancing the six muon Urca process rates.
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Appendix A: Neutrino mean free path

Our calculations are applicable to matter in which neu-
trinos are not trapped, which means our results are valid
at temperatures up to the neutrino trapping temperature
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FIG. 8: Mean free path of neutrinos in nuclear matter de-
scribed by the HS(DD2) equation of state (EoS). As temper-
ature rises above 5MeV it becomes more likely that neutrinos
will be trapped inside the merger region.

for a neutron star. This is determined by the length of
the neutrino mean free path compared to the size of the
star. The mean free path depends on the neutrino energy
and the temperature, density, and composition of the nu-
clear matter with which it interacts. To get a reason-
able idea of the neutrino trapping temperature we used
a start-of-the-art code developed in Refs. [18, 19], and
available online at [37], to calculate the neutrino mean
free paths due to charged and neutral current reactions
in nuclear matter above nuclear saturation density. We
used proton fractions and nuclear mean field values from
the HS(DD2) equation of state[38, 39], which is tabulated
online at [40]. The HS(DD2) equation of state is a rela-
tivistic mean field theory consistent with most data from
nuclear experiments and astophysical constraints [41, 42].
Unlike APR, it is tabulated for finite temperatures, mak-
ing it suitable for estimating the temperature dependence
of the mean free path.

The mean free path for neutrinos with energy equal to
the temperature is plotted in Fig. 8. We show the mean
free path for neutral-current neutrino-neutron scattering,
since that is the dominant scattering process at densi-
ties above nuclear saturation density. At a temperature
of 3 MeV, across the relevant range of densities, neutri-
nos always have a mean free path of several kilometers,
so they easily escape the merger region (whose radius is
∼ 10 km). At T = 5 MeV, the mean free path varies from
about 1 km at nuclear density density down to 0.5 km at
several times nuclear density, and at T = 7 MeV, the
mean free path is typically a few hundred meters. We
conclude that it is reasonable to expect that neutrino
trapping will only begin to become important when tem-
peratures rise above 5 to 10MeV.
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Appendix B: Modified Urca rates when µn 6= µp + µe

We present here the Fermi-surface approximation of
the modified Urca rates, when allowed to deviate from
the low-temperature beta equilibrium criterion (2) by an
amount ξ ≡ (µn − µp − µe) /T . In the following expres-
sions for the rates the non-equilibrium behavior is encap-
sulated in the function

F (ξ) = −
(
ξ4 + 10π2ξ2 + 9π4

)
Li3(−eξ) (B1)

+ 12ξ
(
ξ2 + 5π2

)
Li4(−eξ)− 24

(
3ξ2 + 5π2

)
Li5(−eξ)

+ 240ξLi6(−eξ)− 360Li7(−eξ),

where Lin is the Polylogarithm function of order n. We
note that F (0) ≈ 2300. The rate of modified Urca neu-
tron decay with a neutron spectator is

ΓmU,nd(n)(ξ) =
7

64π9
G2g2Af

4
πNN

m3
nmp

m4
π

(B2)

×
p4Fn

pFp(
p2Fn

+m2
π

)2F (ξ)ϑnT
7

where ϑn is defined as in Eq. (12). The rate of modified
Urca electron capture with a neutron spectator is

ΓmU,ec(n)(ξ) = ΓmU,nd(n)(−ξ), (B3)

and so the two neutron-spectator modified Urca rates
agree in low-temperature beta equilibrium (2). The
Fermi surface approximation of the modified Urca neu-
tron decay process with a proton spectator is

ΓmU,nd(p)(ξ) =
1

64π9
G2g2Af

4
πNN

mnm
3
p

m4
π

(B4)

×
pFn

(
pFn − pFp

)4((
pFn
− pFp

)2
+m2

π

)2F (ξ)ϑpT
7

with ϑp defined as in Eq. (13), and the modified Urca
electron capture rate with a proton spectator is

ΓmU,ec(p)(ξ) = ΓmU,nd(p)(−ξ), (B5)

where again both modified Urca rates with a proton spec-
tator agree in low-temperature beta equilibrium (2).

Appendix C: Exact direct Urca rate integral

The neutron decay rate given by a twelve dimensional
integral in Eq. (6) can be reduced, without approxima-
tion, to a three dimensional integral. Integrating over
neutrino three-momentum, we have

Γn =
G2

128π8

∫
d3pn d

3pp d
3pe fn (1− fp) (1− fe)

× δ(q − |pn − pp − pe|) (C1)

×
(

1 + 3g2A +
(
1− g2A

)
p̂e ·

pn − pp − pe
|pn − pp − pe|

)
,

where we define q ≡ En−Ep−Ee, and the “hat” denotes
a unit vector. We adopt spherical coordinates for the
momentum of each of the three particles. We have the
freedom to choose the coordinates such that the neutron
momentum lies along the z axis, and the proton momen-
tum lies in the same plane as the neutron momentum,
and so the momentum unit vectors are written as

p̂n = (0, 0, 1) (C2)

p̂p =
(√

1− z2p, 0, zp
)

(C3)

p̂e =
(√

1− z2e cosφ,
√

1− z2e sinφ, ze

)
, (C4)

where zp and ze are cosines of the polar angles of the
proton and electron momenta and as such, take values
from −1 to 1. The azimuthal angle φ of the electron with
respect to the plane formed by the proton and neutron
momenta ranges from 0 to 2π.

This choice of coordinates allows us to integrate over
the three trivial angles, giving a factor of 8π2. The rate
integral can now be written as

Γn =
G2

16π6

∫ ∞
0

dpn dpp dpe p
2
np

2
pp

2
e (C5)

× fn (1− fp) (1− fe) I(pn, pp, pe),

where
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I =

∫ 1

−1
dze

∫ 1

−1
dzp

∫ 2π

0

dφ δ

(
q −

√
p2n + p2p + p2e + 2pppe

√
1− z2p

√
1− z2e cosφ+ 2pppezpze − 2pnppzp − 2pnpeze

)

(C6)

×

1 + 3g2A +
(
1− g2A

) pnze − ppzpze − pe − pp
√

1− z2p
√

1− z2e cosφ√
p2n + p2p + p2e + 2pppe

√
1− z2p

√
1− z2e cosφ+ 2pppezpze − 2pnppzp − 2pnpeze

 .

We do the φ integral first, using the delta function.
Clearly we require q > 0, because if q is negative, the
argument of the delta function could never be zero and

thus the integral would be zero. For q > 0, the delta
function argument vanishes for either zero or two values
of φ between 0 and 2π. We find that

I = 4|q|
∫ 1

−1
dzp

(
1 + 3g2A +

1− g2A
2peq

(
p2n + p2p − p2e − q2 − 2pnppzp

))
Θ(q) (C7)

×
∫ 1

−1
dze

1√
4p2pp

2
e

(
1− z2p

)
(1− z2e)−

(
q2 − p2n − p2p − p2e − 2pppezpze + 2pnppzp + 2pnpeze

)2 Θ(B),

where the step function Θ(B) enforces B > 0, where

B = 2pppe

√
1− z2p

√
1− z2e (C8)

− |q2 − p2n − p2p − p2e − 2pppezpze + 2pnppzp + 2pnpeze|.

This is the condition for there to be two, not zero, values
of φ in the integration range which make the argument
of the delta function vanish and thus contribute to the
integral.

We now evaluate the ze integral, noting that the step
function Θ(B) adjusts the range of integration. Only if
C > 0, where

C = 2pe|q| − |p2e + q2 − p2n − p2p + 2pnppzp|, (C9)

is the step function nonzero for any range of ze in the
interval [−1, 1], in which case the step function is nonzero
only for z−e < ze < z+e , where z±e lie inside the interval
[−1, 1], and thus z±e become the new integration bounds.
Doing the ze integral, we find

I =
2π|q|
pe

Θ(q)

∫ 1

−1
dzp Θ(C) (C10)

×

1 + 3g2A +
1− g2A
2peq

(
p2n + p2p − p2e − q2 − 2pnppzp

)
√
p2n + p2p − 2pnppzp

 .

The step function Θ(C) creates a restriction on the
bounds of zp and so the actual range of integration over

zp is the intersection of the intervals [−1, 1] and [z−p , z
+
p ],

where z±p = (p2n + p2p − p2e − q2 ± 2pe|q|)/(2pnpp), and
so the range of integration will depend on the values
of {pn, pp, pe}. Evaluating the integral over zp with the
bounds y+ and y−, we have

I(pn, pp, pe) =
2π|q|
pnpppe

Θ(q)J(pn, pp, pe) (C11)

where

J(pn, pp, pe) =

[(
1 + 3g2A − (1− g2A)

p2e + q2

2peq

)
y1/2

(C12)

+
1− g2A
6peq

y3/2
]∣∣∣∣∣
y=y+

y=y−

with

y+ =


(pe + |q|)2 if − 1 < z−p < 1 < z+p
(pe + |q|)2 if − 1 < z−p < z+p < 1

(pn + pp)
2 if z−p < −1 < 1 < z+p

(pn + pp)
2 if z−p < −1 < z+p < 1

(C13)

and

y− =


(pn − pp)2 if − 1 < z−p < 1 < z+p
(pe − |q|)2 if − 1 < z−p < z+p < 1

(pn − pp)2 if z−p < −1 < 1 < z+p
(pe − |q|)2 if z−p < −1 < z+p < 1.

(C14)
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Thus, the direct Urca neutron decay rate is

Γn =
G2

8π5

∫ ∞
0

dpn dpp dpe pnpppe|q|Θ(q) (C15)

× fn (1− fp) (1− fe) J(pn, pp, pe)

with J(pn, pp, pe) as defined in Eqs. C12, C13, and C14.
The direct Urca electron capture rate integral is

identical, except for fn (1− fp) (1− fe) is replaced by
(1− fn) fpfe and, because the neutrino is now on the

same side of the reaction as the neutron, instead of with
the electron and proton, Θ(q) is replaced by Θ(−q).

The remaining three dimensional integral in Eq. C15
can be done numerically (we used Mathematica’s Monte
Carlo integration routine), giving the direct Urca rate
results shown in Figs. 2 and 3. Mathematica’s estimated
error on the numerical integrals is under twenty percent,
and repeated evaluation of the integrals leads to results
within ten percent of their average.

[1] D. Yakovlev, O. Gnedin, M. Gusakov, A. Kaminker,
K. Levenfish and A. Potekhin, Neutron star cooling,
Nuclear Physics A 752 (2005) 590 – 599.

[2] D. G. Yakovlev and C. J. Pethick, Neutron star cooling,
Ann. Rev. Astron. Astrophys. 42 (2004) 169–210,
[astro-ph/0402143].

[3] E. F. Brown, A. Cumming, F. J. Fattoyev, C. J.
Horowitz, D. Page and S. Reddy, Rapid neutrino cooling
in the neutron star mxb 1659-29, Phys. Rev. Lett. 120
(Apr, 2018) 182701.

[4] B. P. Abbott et al., Multi-messenger observations of a
binary neutron star merger, The Astrophysical Journal
Letters 848 (2017) L12.

[5] Virgo, LIGO Scientific collaboration, B. Abbott
et al., GW170817: Observation of Gravitational Waves
from a Binary Neutron Star Inspiral, Phys. Rev. Lett.
119 (2017) 161101, [1710.05832].

[6] L. Baiotti and L. Rezzolla, Binary neutron-star
mergers: a review of Einstein’s richest laboratory,
Reports on Progress in Physics (2016) , [1607.03540].

[7] S. Bernuzzi, D. Radice, C. D. Ott, L. F. Roberts,
P. Mosta and F. Galeazzi, How loud are neutron star
mergers?, Phys. Rev. D 94 (Jul, 2016) 024023.

[8] D. Radice, F. Galeazzi, J. Lippuner, L. F. Roberts,
C. D. Ott and L. Rezzolla, Dynamical mass ejection
from binary neutron star mergers, Monthly Notices of
the Royal Astronomical Society 460 (2016) 3255–3271.

[9] L. Baiotti, B. Giacomazzo and L. Rezzolla, Accurate
evolutions of inspiralling neutron-star binaries: Prompt
and delayed collapse to a black hole, Phys. Rev. D 78
(Oct, 2008) 084033.

[10] Oechslin, R., Janka, H.-T. and Marek, A., Relativistic
neutron star merger simulations with non-zero
temperature equations of state - I. Variation of binary
parameters and equation of state, Astron. Astrophys
467 (2007) 395–409.

[11] K. Kiuchi, Y. Sekiguchi, M. Shibata and K. Taniguchi,
Long-term general relativistic simulation of binary
neutron stars collapsing to a black hole, Phys. Rev. D
80 (Sep, 2009) 064037.

[12] A. Endrizzi, R. Ciolfi, B. Giacomazzo, W. Kastaun and
T. Kawamura, General Relativistic
Magnetohydrodynamic Simulations of Binary Neutron
Star Mergers with the APR4 Equation of State, Class.
Quant. Grav. 33 (2016) 164001, [1604.03445].

[13] A. Bauswein, H. T. Janka and R. Oechslin, Testing
Approximations of Thermal Effects in Neutron Star
Merger Simulations, Phys. Rev. D82 (2010) 084043,

[1006.3315].
[14] K. Hotokezaka, K. Kyutoku, H. Okawa, M. Shibata and

K. Kiuchi, Binary Neutron Star Mergers: Dependence
on the Nuclear Equation of State, Phys. Rev. D83
(2011) 124008, [1105.4370].

[15] F. Maione, R. De Pietri, A. Feo and F. Loffler, Binary
neutron star merger simulations with different initial
orbital frequency and equation of state, Class. Quant.
Grav. 33 (2016) 175009, [1605.03424].

[16] S. Reddy, M. Prakash and J. M. Lattimer, Neutrino
interactions in hot and dense matter, Phys. Rev. D 58
(May, 1998) 013009.

[17] S. Reddy, M. Prakash, J. M. Lattimer and J. A. Pons,
Effects of strong and electromagnetic correlations on
neutrino interactions in dense matter, Phys. Rev. C 59
(May, 1999) 2888–2918.

[18] L. F. Roberts and S. Reddy, Charged current neutrino
interactions in hot and dense matter, Phys. Rev. C 95
(Apr, 2017) 045807.

[19] L. F. Roberts, S. Reddy and G. Shen, Medium
modification of the charged-current neutrino opacity and
its implications, Phys. Rev. C 86 (Dec, 2012) 065803.

[20]
[21] S. L. Shapiro and S. A. Teukolsky, Black holes, white

dwarfs, and neutron stars: The physics of compact
objects. 1983.

[22] D. Yakovlev, A. Kaminker, O. Gnedin and P. Haensel,
Neutrino emission from neutron stars, Physics Reports
354 (2001) 1 – 155.

[23] J. M. Lattimer, C. J. Pethick, M. Prakash and
P. Haensel, Direct URCA process in neutron stars,
Phys. Rev. Lett. 66 (May, 1991) 2701–2704.

[24] D. G. Yakovlev and K. P. Levenfish, Modified URCA
process in neutron star cores., Astron. Astrophys. 297
(May, 1995) 717.

[25] Y.-F. Yuan, Electron-positron capture rates and a steady
state equilibrium condition for an electron-positron
plasma with nucleons, Phys. Rev. D 72 (Jul, 2005)
013007.

[26] M.-Q. Liu, Steady state equilibrium condition of npe±

gas and its application to astrophysics, Research in
Astronomy and Astrophysics 11 (2011) 91.

[27] A. Akmal, V. R. Pandharipande and D. G. Ravenhall,
The equation of state for nucleon matter and neutron
star structure, Phys. Rev. C58 (1998) 1804–1828,
[nucl-th/9804027].

[28] M. G. Alford, L. Bovard, M. Hanauske, L. Rezzolla and
K. Schwenzer, Viscous dissipation and heat conduction

http://dx.doi.org/10.1016/j.nuclphysa.2005.02.061
http://dx.doi.org/10.1146/annurev.astro.42.053102.134013
https://arxiv.org/abs/astro-ph/0402143
http://dx.doi.org/10.1103/PhysRevLett.120.182701
http://dx.doi.org/10.1103/PhysRevLett.120.182701
http://dx.doi.org/10.1103/PhysRevLett.119.161101
http://dx.doi.org/10.1103/PhysRevLett.119.161101
https://arxiv.org/abs/1710.05832
http://dx.doi.org/10.1088/1361-6633/aa67bb
https://arxiv.org/abs/1607.03540
http://dx.doi.org/10.1103/PhysRevD.94.024023
http://dx.doi.org/10.1093/mnras/stw1227
http://dx.doi.org/10.1093/mnras/stw1227
http://dx.doi.org/10.1103/PhysRevD.78.084033
http://dx.doi.org/10.1103/PhysRevD.78.084033
http://dx.doi.org/10.1051/0004-6361:20066682
http://dx.doi.org/10.1051/0004-6361:20066682
http://dx.doi.org/10.1103/PhysRevD.80.064037
http://dx.doi.org/10.1103/PhysRevD.80.064037
http://dx.doi.org/10.1088/0264-9381/33/16/164001
http://dx.doi.org/10.1088/0264-9381/33/16/164001
https://arxiv.org/abs/1604.03445
http://dx.doi.org/10.1103/PhysRevD.82.084043
https://arxiv.org/abs/1006.3315
http://dx.doi.org/10.1103/PhysRevD.83.124008
http://dx.doi.org/10.1103/PhysRevD.83.124008
https://arxiv.org/abs/1105.4370
http://dx.doi.org/10.1088/0264-9381/33/17/175009
http://dx.doi.org/10.1088/0264-9381/33/17/175009
https://arxiv.org/abs/1605.03424
http://dx.doi.org/10.1103/PhysRevD.58.013009
http://dx.doi.org/10.1103/PhysRevD.58.013009
http://dx.doi.org/10.1103/PhysRevC.59.2888
http://dx.doi.org/10.1103/PhysRevC.59.2888
http://dx.doi.org/10.1103/PhysRevC.95.045807
http://dx.doi.org/10.1103/PhysRevC.95.045807
http://dx.doi.org/10.1103/PhysRevC.86.065803
http://dx.doi.org/10.1016/S0370-1573(00)00131-9
http://dx.doi.org/10.1016/S0370-1573(00)00131-9
http://dx.doi.org/10.1103/PhysRevLett.66.2701
http://dx.doi.org/10.1103/PhysRevD.72.013007
http://dx.doi.org/10.1103/PhysRevD.72.013007
http://dx.doi.org/10.1103/PhysRevC.58.1804
https://arxiv.org/abs/nucl-th/9804027


13

in binary neutron-star mergers, Phys. Rev. Lett. 120
(Jan, 2018) 041101.

[29] Villain, L. and Haensel, P., Non-equilibrium beta
processes in superfluid neutron star cores, Astron.
Astrophys. 444 (2005) 539–548.

[30] P. Haensel, K. P. Levenfish and D. G. Yakovlev, Bulk
viscosity in superfluid neutron star cores. I. Direct Urca
processes in npeµ matter, Astron. Astrophys. 357
(2000) 1157–1169, [astro-ph/0004183].

[31] A. D. Kaminker, D. G. Yakovlev and P. Haensel,
Theory of neutrino emission from nucleon–hyperon
matter in neutron stars: Angular integrals, Astrophysics
and Space Science 361 (Jul, 2016) 267.

[32] B. L. Friman and O. V. Maxwell, Neutron Star Neutrino
Emissivities, Astrophys. J. 232 (1979) 541–557.

[33] Haensel, P., Levenfish, K. P. and Yakovlev, D. G., Bulk
viscosity in superfluid neutron star cores - II. Modified
Urca processes in npeµ matter, Astron. Astrophys. 372
(2001) 130–137.

[34] D. T. Son and M. A. Stephanov, QCD at Finite Isospin
Density, Phys. Rev. Lett. 86 (Jan, 2001) 592–595.

[35] M. G. Alford, S. Mahmoodifar and K. Schwenzer, Large
amplitude behavior of the bulk viscosity of dense matter,
J. Phys. G37 (2010) 125202, [1005.3769].

[36] A. Rios, A. Polls and W. H. Dickhoff, Depletion of the
nuclear Fermi sea, Phys. Rev. C79 (2009) 064308,
[0904.2183].

[37] L. Roberts and S. Reddy.
https://bitbucket.org/lroberts/nuopac/src, 2016.

[38] M. Hempel and J. Schaffner-Bielich, Statistical Model
for a Complete Supernova Equation of State, Nucl.
Phys. A837 (2010) 210–254, [0911.4073].

[39] S. Typel, G. Ropke, T. Klahn, D. Blaschke and H. H.
Wolter, Composition and thermodynamics of nuclear
matter with light clusters, Phys. Rev. C81 (2010)
015803, [0908.2344].

[40] M. Hempel. https://astro.physik.unibas.ch/
people/matthias-hempel/equations-of-state.html,
2018.

[41] T. Fischer, M. Hempel, I. Sagert, Y. Suwa and
J. Schaffner-Bielich, Symmetry energy impact in
simulations of core-collapse supernovae, Eur. Phys. J.
A50 (2014) 46, [1307.6190].

[42] M. Oertel, M. Hempel, T. Klahn and S. Typel,
Equations of state for supernovae and compact stars,
Rev. Mod. Phys. 89 (2017) 015007, [1610.03361].

http://dx.doi.org/10.1103/PhysRevLett.120.041101
http://dx.doi.org/10.1103/PhysRevLett.120.041101
http://dx.doi.org/10.1051/0004-6361:20053313
http://dx.doi.org/10.1051/0004-6361:20053313
https://arxiv.org/abs/astro-ph/0004183
http://dx.doi.org/10.1007/s10509-016-2854-5
http://dx.doi.org/10.1007/s10509-016-2854-5
http://dx.doi.org/10.1086/157313
http://dx.doi.org/10.1051/0004-6361:20010383
http://dx.doi.org/10.1051/0004-6361:20010383
http://dx.doi.org/10.1103/PhysRevLett.86.592
http://dx.doi.org/10.1088/0954-3899/37/12/125202
https://arxiv.org/abs/1005.3769
http://dx.doi.org/10.1103/PhysRevC.79.064308
https://arxiv.org/abs/0904.2183
https://bitbucket.org/lroberts/nuopac/src
http://dx.doi.org/10.1016/j.nuclphysa.2010.02.010
http://dx.doi.org/10.1016/j.nuclphysa.2010.02.010
https://arxiv.org/abs/0911.4073
http://dx.doi.org/10.1103/PhysRevC.81.015803
http://dx.doi.org/10.1103/PhysRevC.81.015803
https://arxiv.org/abs/0908.2344
https://astro.physik.unibas.ch/people/matthias-hempel/equations-of-state.html
https://astro.physik.unibas.ch/people/matthias-hempel/equations-of-state.html
http://dx.doi.org/10.1140/epja/i2014-14046-5
http://dx.doi.org/10.1140/epja/i2014-14046-5
https://arxiv.org/abs/1307.6190
http://dx.doi.org/10.1103/RevModPhys.89.015007
https://arxiv.org/abs/1610.03361

	Introduction
	The Fermi surface approximation
	Breakdown of the Fermi surface approximation

	Urca processes in the Fermi surface approximation
	Direct Urca
	Modified Urca

	Urca processes beyond the Fermi surface approximation
	Particles away from their Fermi surface
	Below-threshold direct Urca neutron decay
	Below-threshold direct Urca electron capture
	Relevance of below-threshold direct Urca

	Exact direct Urca calculation
	Urca rates
	Full criterion for beta equilibrium

	Conclusions
	Acknowledgments
	Neutrino mean free path
	Modified Urca rates when n =p + e
	Exact direct Urca rate integral
	References

