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The excited-state structure of atomic nuclei can modify nuclear processes in stellar environments. In this
Letter, we study the influence of nuclear excitations on Urca cooling (repeated back-and-forth # decay and
electron capture in a pair of nuclear isotopes) in the crust and ocean of neutron stars. We provide for the first
time an expression for Urca process neutrino luminosity which accounts for a thermal Boltzmann
distribution of excited states in both members of an Urca pair. We use our new formula with state-of-the-art
nuclear structure inputs to compute neutrino luminosities of candidate Urca cooling pairs. Our nuclear
inputs consist of the latest experimental data supplemented with calculations using the projected shell
model. We show that, in contrast to previous results that only consider the ground states of both nuclei in
the pair, our calculated neutrino luminosities for different Urca pairs vary sensitively with the environment
temperature and can be radically different from those obtained in the one-transition approximation. We find
that nuclear excitations can lead to an enhancement in total Urca neutrino luminosities in the accreted
neutron star crust by about 5 times as compared with the previous Urca results, which is expected to cause
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significant observational effects.
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Stars end their lives in different ways leaving different
objects as remnants: white dwarfs, black holes, or neutron
stars (NSs) [1,2]. Studies on phenomena that are related
to stars and these remnants could help us to understand
many open questions such as the origin of elements, etc.
Neutrinos play crucial roles in these phenomena by various
mechanisms [3]. For example, many astrophysical envi-
ronments could be cooled effectively by the nuclear Urca
process [4].

In the nuclear Urca process, a nucleus releases energy
and cools its environment by absorbing an electron and
emitting a neutrino [electron capture, (EC)], then emitting
an electron and an antineutrino (f~ decay). A large amount
of energy can be carried away by the neutrinos produced by
these two reactions.

EC: 24X +e™ — , 1Y +u,, (la)

p Y 54X e + 1, (1b)

These reactions occur back and forth between pairs of
nuclei (Fig. 1). It is important in presupernova stars
(cooling the core leads to greater electron degeneracy
and a stronger postbounce shock in the resulting super-
nova) [5], and it has been considered in the context of white
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dwarfs [6,7] and type la supernovae [8—12]. However, early
NS crust models adopted a zero-temperature approximation
which precludes the electron phase space necessary for
Urca cycling.

Recently, Schatz et al. [13] showed that finite temper-
atures in the crusts of accreting NSs can open sufficient
phase space for electrons to be emitted by #~ decay. They
found that the Urca process is an effective coolant within a
shell of a few meters’ thickness in the crust, and they
identified 14 dominant Urca pairs. A subsequent study of
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FIG. 1. Schematic energy diagram for the Urca process. EC and

p~ decay cycle rapidly between nuclear states with energies
E < kT when the electron chemical potential y, is sufficient to
overcome the Q value (i, & |Q.p4)).
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the NS ocean found 15 dominant Urca pairs [14]. By using
analytic expressions based on Ref. [6] with available
experimental data supplemented by theoretical values, both
studies identified dominant pairs by calculating the total
neutrino luminosity in their EC/f~-decay cycles. It was
found that nearly all Urca pairs consist of odd-A nuclei,
because the odd-even staggering of nuclear masses dis-
favors Urca cycling in most even-A nuclei [15-18].

The above studies made important advances in under-
standing the Urca process in NSs, but the calculations
include transitions almost exclusively between ground
states; in some cases, an extremely low-lying state is used
as a proxy for the ground state. However, in environments
with moderate temperature, nuclei may have considerable
probability to be thermally excited, while cold environ-
ments imply that even low-lying states will be sparsely
populated. Nuclear excitations are expected to strongly
modify nuclear reaction and decay rates, with sensitive
dependence on density and temperature [19]. In this spirit,
Aufderheide er al. [20] studied the Urca process with
thermal nuclear excitations in supernova core collapse, but
there is no comparable NS study. In NS crusts and oceans
with typical temperatures T < 10° K, excited states with
E, <100 keV in both parent and daughter nuclei can affect
the corresponding Urca cooling. This possibility demands
investigation because odd-A nuclei can have many low-
lying states, especially when they are deformed [13].

Urca cooling of accreting NSs is usually considered in a
full nuclear reaction network [13,21]. Although nuclear
excitations can substantially contribute to the reaction rates
(and hence the neutrino luminosities) in the network, it is
complicated and impractical to integrate the phase space
exactly when nuclear excitations are taken into account
[20]. In the present work, we follow Refs. [6,14] and derive
a modified analytic expression for Urca process neutrino
luminosity which includes excited states. With the inclu-
sion of detailed nuclear structure and transitions involving
excited states, we find considerable differences compared
with earlier results [13,14,17]; this may radically change
conclusions as to which Urca pairs are the most effective
NS coolants.

From Refs. [6,13,14], the neutrino luminosity L, of the
Urca process can be approximated analytically as

-1
Ly(Ze. Ay T) & Ly x 103 ergs™'X(A,)T3 (Q) R2,.

2
(2)

where X(A,) is the mass fraction, T is the temperature in
GK, g,4 is the NS surface gravity in units of 10'* cms2,
and R|( is the NS radius in units of 10 km. The intrinsic
cooling strength L3, quantifies the effects of nuclear

properties:

10° s\ (56 ( 1Qkc| \* ({F)*
L3,(Z,A) =0.87 — . (3
#(Z4) <ft >(A)<4MeV 05 )
Here, Z and A are the charge and mass numbers of the EC
nucleus, ftis the comparative half-life for the nuclear weak
transitions, and Qgc denotes the difference in atomic mass
between the nuclei. The quantity (F)* is effectively an

averaged Fermi function that accounts for the Coulomb
corrections to the electron wave functions.

(F)*(F)”

e o
2naZ
(F)*~ 1= )] (5)

The superscript + (—) denotes EC (- decay), and a~
1/137 is the fine-structure constant.

Eq. (3) considers only one transition (ground state to
ground state in most cases), neglecting the thermal popu-
lation of nuclear excited states in the finite-temperature
environment. To remedy this, we followed Fuller, Fowler,
and Newmann [22-25] and assumed a Boltzmann distri-
bution for the occupation probability of excited states in
parent nuclei to derive a modified version of Eq. (3) (see
Supplemental Material [26]):

L (Z.A.T)
=301 (3) e | (65)- @

The index ¢ (f) labels low-lying states of the EC (5~ -decay)
parent nucleus, and Q.4 is the difference in total nuclear
energy between the two states € and  (more on this below).
The effective thermal ft value for individual transitions is

fioy + ft
(f)ep % =P (7)
with
~ G*(T)
+

Jtep = (27, F 1)eEJ@D figp (8a)
e G~ (T) _
Jiop = (275 + 1)e~Es/(KT) ftep: (8b)

The quantity G (G™) is the partition function for the EC
(f~-decay) parent nucleus:

GE(T) =Y (25 + 1)e Bl (D), (9)
e/p

where E,./; (J,/p) is the excitation energy (spin) of the
nuclear level; again, € and f index the EC and f~-decay
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FIG. 2. (a) Schematic nuclear energy-level diagrams for the
3IAI-3Mg EC/p~-decay Urca pair for neutron star crust. The
energies (in keV) and J* for the ground states and lowest-lying
states, as well as the available data and calculated results (in
parentheses) for log ft of transitions in B~-decays between
different states are shown. (b). The corresponding L, calculated
by Eqgs. (3) and (6) as functions of temperature T9. Calculations
with all transitions considered are compared with those with one
transition as well as the previous result. See text for details.

parent states. Because the occupation of excited states
changes with temperature, the expression in Eq. (6) is
temperature dependent, while the previous formulation in
Eq. (3) is not.

Our expression [Eq. (6)] includes two corrections to
Eq. (3). First, by summing over low-lying states, the effects
of thermal excitations in both nuclei are included for the first
time. Second, the Q value should be related to the difference
in nuclear energy rather than atomic mass. That is,

Qeﬂ = MECZ —Mﬂcz + Ee - Eﬂ
= QEC _meC2+E£_Eﬂ’ (10)

where M, (Mp) is the nuclear mass of the EC (f) parent
nucleus. This implies a difference of m,c? with respect to
Qgc. For Urca pairs in the NS crust and ocean, Q,; and
Qgc are negative. Considering the case of only ground-
state-to-ground-state transition as in Eq. (3), we have
|Q| = |Qgc| + m,c*. This correction generally increases
the neutrino luminosity even without considering excited
states.

With our modified expression, we first analyze the
31A1-3'Mg Urca pair as an example in the crust. This pair
is expected to have a large mass fraction [17] and consi-
derable neutrino luminosity (~10°7 ergs™!) [13], and it
would therefore play an important role in crust cooling.
Figure 2(a) shows schematic level diagrams for low-lying
states in 3'Al and 3'Mg. The excitation energies (keV),
spin-parity assignments J”, log ft values, and EC Q values
|Qgc| are taken from evaluated data where avail-
able (ENSDF [30] for energy, spin/parity, and log ft;
AME2020 [31] for atomic masses). We supplement evalu-
ated data with theoretical values (in parentheses) calculated
from the projected shell model (PSM) [19,32-38]; we
adopt a quenching factor of fyencn = 0.85 for the reduced
probability of nuclear transitions [19,37,39,40].

Figure 2(b) displays our calculated L3, as a function of
temperature based on the data in Fig. 2(a). The results
calculated from our Eq. (6) are labeled as “All considered,”
which take nuclear excitations into account by considering
all transitions between states of 3'Al and 'Mg. As in the
literature, we use the approximation f1,; = f foz: we take

log ft~ = 10 for forbidden transitions. We also show the
results calculated from Eq. (3) using Q = QOgc (difference
of atomic masses, “Previous result”) and Q = Q;, (differ-
ence of nuclear energies, “Only ft;, considered”), where
only the transition between the ground state of >'Al (¢ = 1)
and the first excited state of *'Mg (B = 2) is considered
(with log f1, = 4.9). Fig. 2(b) demonstrates that with only
one transition, L3, increases moderately when Qgc is
replaced by the more appropriate Q,; this effect will be
greater for smaller values of Qpc because the correction
will be comparatively larger.

When nuclear excitations are considered, L3, becomes
strongly temperature dependent as the state occupation
probabilities follow the Boltzmann distribution. At tem-
peratures T < 0.1, both 3!Al and *'Mg stay mainly in their
ground states, the transition between which has a second-
forbidden nature (log f#7, 2 11), corresponding to a neg-
ligible Ls,. With increasing temperature, 3'Mg has
increasing probability to be in its first excited state at
50 keV. The transition between this state and the 3'Al
ground state is allowed with a large matrix element
(log ft7, =4.9), and as the occupation of this level
increases, L34 grows rapidly. At Ty = 1, both the ground
state and the first excited state of *'Mg have considerable
occupations, although the temperature is not sufficient to
significantly populate the second excited state at 221 keV.
Between 79 =~ 1 and Ty = 1.5, L3, stays almost indepen-
dent of temperature. Above Ty =~ 1.5, the 221 keV state of
3IMg begins to be populated; transitions between this
state and the low-lying states of 3'Al are all forbidden,
leading to a slight decrease in Ls4. At all temperatures,
our calculations of L3, are substantially lower than the
previous values.
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FIG. 3. The same as Fig. 2 but for the 2Mg->*Na EC/~-decay
Urca pair for neutron star ocean.

This analysis shows that low-lying nuclear excitations
are crucial in the computation of L3, and Urca neutrino
luminosity. In the 3'Al-*'Mg pair, correct treatment of
nuclear excitations tends to reduce L3, relative to previous
results, and the reduction depends on the temperature
of the environment. In the NS crust, at a typical temperature
Ty = 0.51 [13], the new L, for the 3'Al->'Mg pair is lower
than the previous value by ~40%. This pair is expected to
have a large mass fraction [17] and sizable neutrino
luminosity (=10% ergs™!) [13], so the excited states will
significantly modify understanding of Urca cooling in NS
crusts.

As an example in the NS ocean, we take the 2Mg->Na
Urca pair, which is also expected to contribute sizable
neutrino luminosities. In Fig. 3(a) we show schematic
nuclear level diagrams for Mg and >Na. All data are taken
from Ref. [30], except for the log f¢ values for transitions
from the first excited state of 2°Na at 89 keV; we calculated
those values (in parentheses) using the PSM.

Fig. 3(b) shows the L3, curves calculated from
Egs. (3) and (6). Using Eq. (3) and Qgc, L34 = 8.25.
When Qg is replaced by the more appropriate Qy;, Lz
nearly doubles to 15.43 because of the comparatively small
|Qgc| = 3.835 MeV. When transitions among the low-
lying states are included using Eq. (6), L34 has a prominent
temperature dependence: increasing temperature drives a
large increase in Ls4. This is because the f-decay parent
nucleus >Na has a rapidly growing occupation of its first
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FIG. 4. Updated total neutrino luminosities for the NS crust
compared with the previous results, as well as those from
electron-nucleus bremsstrahlung and plasmon decay. The crust
heating band indicates a representative range of accretion-driven
heating rates for observed neutron stars [13].

excited state at 89 keV. The transition rate between this and
the ground state of Mg is predicted to be large, with
log ft;, =4.23. At Ty ~ 1, we predict L3, ~ 70, which is
almost 1 order of magnitude greater than previous calcu-
lations [14]. This would make the »Mg->Na pair the
largest contributor to neutrino luminosity and Urca cooling
in the NS ocean.

With the updated L3, and L, for each of the candidate
Urca pairs (see Supplemental Material [26]), the total
neutrino luminosities for the Urca cooling in the accreted
NS crust are shown in Fig. 4, where we adopt the mass
fractions X(A) for the Type I x-ray bursts in Ref. [17]. The
total net effect of nuclear excitations is illustrated by
comparing with calculations that consider only ground
state properties, both from our shell model calculations and
in previous results [13,17]. We conclude that nuclear
excitations lead to an enhancement in the total Urca
neutrino luminosity of about a factor of 5 (when
Ty Z 1.1) relative to the previous Urca results. Urca cooling
overtakes crust heating at a lower temperature (~0.7 GK
instead of ~0.9 GK), and it dominates over other processes
up to higher temperatures (~2.0 GK). The overall effect
brought by nuclear excitations is thus remarkable and is
expected to strongly affect related observations such as
light curves. In the NS ocean, the effect of nuclear
excitations is found to double the total neutrino luminosity
(see Supplemental Material [26]).

To summarize, neutrino cooling is important in many
astrophysical environments; strong neutrino emission car-
ries away large amounts of energy. Previous studies of the
Urca process in NS crusts and oceans [13,14,17] calculated
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neutrino luminosities from an expression that considers
only one weak-interaction transition for each Urca pair. We
found that this is a serious oversimplification because Urca
pairs consist of odd-A nuclei with low-lying states that can
be thermally populated.

We derived from scratch an expression for the nuclear
part of Urca neutrino luminosity (L;4) that explicitly
includes a thermal Boltzmann distribution of excited states
in both nuclei of an Urca pair. Using our new expression,
we studied the effects of nuclear excitations on the Urca
process in NS crusts and oceans. Our predicted neutrino
luminosities may be substantially enhanced or suppressed
relative to previous calculations; we found effects up to 1
order of magnitude. The precise corrections depend sensi-
tively on the detailed nuclear structure and weak-interaction
transition strengths, as well as the temperature of the
environment. For the Urca cooling in the accreted neutron
star crust, we find that nuclear excitations can lead to an
enhancement in total Urca neutrino luminosities by about
5 times as compared with the previous Urca results, which
is expected to cause significant observational effects.

We expect that many medium-heavy neutron-rich nuclei
which have sizable mass fractions [17] and low-lying states
(due to variations in nuclear shape)—such as in the A =~ 80
region (see Fig. 2 of Ref. [13])—will have substantial
changes in their Urca cooling efficiency with the inclusion
of excited states. This could amend the current under-
standing of Urca cooling in NS crusts and oceans.

A few additional comments are in order. First, the present
work discussed only Urca pairs chosen from the candidate
list in Refs. [13,14]; the consideration of excited states will
likely alter conclusions about the most influential pairs.
Second, in the present work, we treated isomers the same as
normal excited states. Nuclear isomers can behave differ-
ently in thermal environments [41], and they may fail to
reach thermal equilibrium [42,43]; this warrants investiga-
tion into their roles in the Urca process. Third, although we
specialized our analysis to NSs, our nuclear structure
models and methods are applicable to other astrophysical
problems such as core-collapse supernova simulation and
stellar nucleosynthesis [44,45]. Finally, our work may
stimulate experiments to measure weak transition rates
of excited states [46,47] and encourage more theoretical
study of the Urca cooling mechanism in many astrophysi-
cal environments [12,48].
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(ENSDF)—a computer file of experimental nuclear struc-
ture data maintained by the National Nuclear Data Center
(NNDC), Brookhaven National Laboratory [30]—as of
2020 April 7.
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