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A critical investigation of y-heating rates in stellar matter
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Abstract: The simulation of observed properties of type I X-ray bursts, also known as superbursts, poses chal-
lenges once we include Cooper pair neutrinoemission from the crust of the neutron star. An additional heating of
theaccumulating fuel layer is in order. y-emission due to electron captures to excited states in astrophysical environ-
ments is a major source to make up for the heat loss carried away by the weak-interaction neutrinos. y-heating is be-
lieved to have a significant impact during the presupernova evolution of massive stars and calculation of the thermal
structure in the crust and core of a superbursts. This deposition of energy enhances entropy production and promotes
convection at this stage of stellar evolution. Effective y-heating rates may contribute to reduction of the ignition
depth of superbursts. A recent investigation ranked the leading electron capturing nuclei causing significant changes
in the lepton-to-baryon fraction (Y, ) of the stellar matter after silicon core burning. We investigate y-heating rates
from the excited states of the top 100 electron capture and positron decay nuclei identified in recently published
ranking list. To assess the influence of y-heating rates, each nucleus'was analyzed using four different empirical pair-
ing gaps and three distinct sets of nuclear deformation parameters. We report our calculations for the temperature
range [(1 - 10) GK] and density range [(10° - 10'") g/cm?]. The calculated y-heating rates changed up to a factor 26
(16) with changing deformation values (pairing gaps). Our findings may contribute to a more realistic simulations of
post-silicon burning phases of massive stars and superbursting neutron stars.
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I. INTRODUCTION

The mechanism of energy generation within stars [1],
nucleosynthesis [2], and the dynamics of supernova ex-
plosions [3] continue to be active areas of research in as-
trophysics. A complete understanding of these phenom-
ena is essential for a reliable modeling of the evolution of
the universe. It was concluded in an earlier study [4] that
inefficient core and crust neutrino emissions along with a
poor crust thermal conductivity are prerequisites for a su-
perbursting neutron star, commonly referred to as super-
bursts. It was inferred that the superburst ignition column
depths were too large as a result of neutrino cooling by
Cooper pairing of neutrons in the crust. It was further
suggested that an extra heating mechanism was required
in superburst models to simulate the observed data. The
earliest cooling phases of a neutron star are dominated by
neutrino emissions whereas subsequent cooling is attrib-
uted to thermal radiation from the surface. Neutrino cool-
ing reduces the interior temperature of neutron stars to
>10° K. For temperatures beyond 10'° K, the dominant
neutrino emission processes are the modified Urca pro-
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cess and neutrino pair bremsstrahlung in nucleon-nucle-
on collisions. Flowers et al. [5] calculated neutrino emis-
sion process in the temperature range (10° -10'%) K for
neutron fluid that has transitioned to the superfluid state.
At any nonzero temperature T < T, (critical temperature)
the neutron fluid has two components: a superfluid con-
densate and quasiparticle excitations. The latter compon-
ent arises due to broken “Cooper pairs”. The authors cal-
culated the neutrino pair emissivity due to the recombina-
tion of broken pairs that then join the condensate result-
ing in the emission of neutrino-antineutrino pairs. The au-
thors concluded that in the temperature range (10° -10'7)
K, the recombination emissivity can dominate all other
cooling mechanisms. Superbursts, thought to be a ther-
monuclear runaway initially caused by carbon unstable
burning, possess ignition depths deeper than that of the
H/He ignition. Both neutron stars and X-ray bursts are af-
fected by neutrino cooling mechanisms. Superbursts
should be affected by neutrino losses at relatively deeper
layer inside neutron stars compared with usual X-ray
bursts [4, 6]. In particular, the impacts of neutrino cool-
ing on the recurrence time of superbursts strongly de-
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pend on the thermal neutrino losses (e.g., [6]) for nucle-
on-pair bremsstrahlung and crust Cooper pair breaking
and formation process. Gupta et al. [6] performed a self-
consistent calculation of the thermal structure of super-
bursts. The authors demonstrated that allowing electron
captures to proceed through excited nuclear states led to a
significant increase in the thermal energy released within
the outer crust of accreting neutron stars. This process
greatly offsets the fraction of reaction energy carried
away by neutrinos. While neutrinos freely escape and re-
move substantial energy from the transparent core at such
densities, y-rays become trapped inside and deposit en-
ergy, thereby heating the stellar material. The interplay
between neutrino cooling and p-heating contributes to
oxygen deflagration and helps trigger convective motion
in the core. They further emphasized that the resulting
crustal heating is highly sensitive to the initial nuclear
composition formed during the burning of lighter ele-
ments in the neutron star’s envelope. This sensitivity
arose from strong shell and subshell effects in neutron-
rich nuclei, which triggered notable changes in nuclear
shape, single-particle structure, and electron-capture
strength distributions, even for nuclei with comparable
proton and mass numbers. Gupta and collaborators com-
puted up to a factor of 10 bigger y-heating rates at densit-
ies < 10" g/cm? than previously estimated. These higher
y-heating rates were suggested to shorten the ignition
column depths counteracting the effect of reduction in
temperature from Cooper pairing of neutrons in the crust.
The higher calculated y-heating rates further supported
the reduction in the discrepancy between the temperat-
ures needed for unstable '2C ignition on timescales con-
sistent with the observations. It was concluded that
crustal heating calculations were very sensitive to the un-
derlying nuclear physics. The authors stressed on a reli-
able calculation of the nuclear structure and f-decay
properties of very neutron-rich nuclei up to mass number
106. Such a calculation may constrain the lowest lying
electron capture strength, which in turn determines the y-
heating rates.

During the final stages of a massive star's life cycle,
weak-interaction processes are significantly influenced by
charge-exchange mechanisms, also referred to as
Gamow-Teller (GT) transitions [7]. These reactions, gov-
erned by the weak force, subsequently lead to y-heating
and neutrino cooling rates. Key processes in stellar core
collapse, including magnetorotational instabilities [8],
electron capture (EC) on nuclei and the resulting y-heat-
ing are highly temperature-dependent. As collapse pro-
ceeds, the stellar core is compressed to nuclear densities,
after which it rebounds against the stiff nuclear matter.
This rebound drives the ejection of parts of the heavy-ele-
ment core along with the outer shells into the interstellar
medium [9]. At this stage, y-heating may also assist in re-
energizing the stalled shock, thereby supporting explos-

ive burning and driving convection. In the late evolution-
ary stages of massive stars, weak interaction processes
play a decisive role in regulating the core’s energy bal-
ance.

Nuclear shapes and pairing gaps are two crucial para-
meters used to investigate various nuclear structure prop-
erties including those possessing astrophysical signific-
ance. Experimental studies of atomic nuclei have re-
vealed that they can adopt various shapes, such as spher-
ical or ellipsoidal. In many cases, the ellipsoidal configur-
ations exhibit significant deviations from the ideal spher-
ical form known as/deformations. Such nuclear deforma-
tions are particularly prominent in nuclei far from the ma-
gic numbers associated with enhanced stability. As nuc-
lei moves away from the stability line, weaker nucleon
binding and a greater imbalance between protons and
neutrons result in substantial alterations to the nuclear po-
tential. The spin—isospin component of the nucleon—nuc-
leon interaction further influences these effects by modi-
fying the single-particle energy levels. Combined with
the growing importance of many-body correlations amp-
lify these effects, resulting in the breakdown of conven-
tional shell closures and the emergence of new ones. The
evolution of nuclear shapes across different regions of the
nuclear chart remains an active area of research, investig-
ated through a wide range of experimental [10, 11] and
theoretical approaches [12—14]. At the same time, a bet-
ter understanding of the nucleon pairing effect in nuclear
matter is pivotal for interpreting a spectrum of astrophys-
ical phenomena associated with compact stellar objects.
These include the thermal evolution of nascent neutron
stars [15], post-outburst relaxation dynamics in X-ray
bursts [16], and pulsar glitch dynamics [17, 18].

A robust theoretical characterization of pairing correl-
ations necessitates the incorporation of precise bare nuc-
leon-nucleon interactions. Nevertheless, the magnitude
and behavior of pairing gaps within nuclear matter re-
main constrained [19], posing a significant challenge to
predictive modeling efforts.

Several theoretical studies have been conducted in the
past to investigate the effect of temperature on nuclear
properties (e.g., [20—32]. Pairing of nucleons was neg-
lected in the calculations for hot giant dipole resonance
(GDR) as it was believed that the gap vanishes at 7' =
T. < 1 MeV according to the BCS theory. It was later dis-
covered that thermal fluctuations smear out the superflu-
id-normal phase transition in finite systems so that the
pairing gap survives up to 7 > 1 MeV [28]. It was shown
that the effect of thermal pairing causes a smaller GDR
width at 7 < 2 MeV as compared to the one obtained by
neglecting pairing [24]. Other approaches also support
the argument that pairing correlations do not abruptly dis-
appear at T # 0 [29-31]. It was suggested in Ref. [33]
that the decrease of the pairing gap with increasing tem-
perature, which is also caused by particle-particle and
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hole-hole configurations at low temperatures, may slow
down the increase of the GDR width. An investigation
conducted to study the temperature dependence of the
pairing gap beyond the BCS approximation led to notice-
ably higher values of the critical temperature [26]. The
equation of motion for the two-fermion two-time correla-
tion function in the pairing channel was considered at fi-
nite temperature for ®Ni, “*Ca and “°Ca. It was con-
cluded that in the pure BCS case, the pairing gap de-
creased quickly with the temperature increase and disap-
peared around 7' = 1.2 MeV. However, in the BCS +
particle-vibration coupling calculation, the gap values
were still significant around 7= 1 MeV. The pairing gap
retained its peaked character in the BCS + particle-vibra-
tion coupling calculation even when its average value de-
creased with a rise in temperature. Authors explored the
nuclear shell structure of nickel isotopes in a finite-tem-
perature relativistic framework [27]. In these calculations
pairing correlations were considered up to temperature of
1 MeV.

One of the noticeable works regarding finite temper-
ature investigation of nuclear properties was reported by
Ravli¢ et al. [32]. The authors presented the mapping of
nuclear drip lines at temperatures up to 7 =20 GK using
the relativistic energy density functional theory, includ-
ing treatment of thermal scattering of nucleons in the con-
tinuum. The authors did not incorporate approaches bey-
ond the mean field nor account for statistical (thermal)
fluctuations in their calculations. The findings of their
work stated that the pairing gaps and deformation proper-
ties are present at least up to 7=10 GK (~'1 MeV). They
commented that for temperatures beyond 1 MeV, these
two nuclear structure properties may still exist provided
thermal fluctuations are considered. The authors reported
that for temperatures 7 < 12 GK, the interplay between
the properties of nuclear effective interaction, pairing,
and temperature effects determine the nuclear binding. At
higher temperatures, the pairing correlations disappear,
shell effects vanish, and a transition occurs from the su-
perfluid to the normal states. The authors commented that
the nuclear deformation decreased with temperature,
leading to a transition from the deformed to the spherical
state. At T=1 MeV, the authors found a significant num-
ber of nuclei exhibiting deformation effects. It may be
safely concluded from the above arguments that pairing
and deformation effects do exist at least up to 7= 10 GK.
Consequently, we present our calculations on effects of
pairing gaps and nuclear deformation on p-heating rates
only up to 7= 10 GK (~ 1 MeV).

We used the proton-neutron Quasiparticle Random
Phase Approximation (pn-QRPA) model [34] to calcu-
late the y-heating rates in stellar environment. Our nucle-
ar model did not consider the smearing of Fermi surface
due to heating effects. However, we do consider the
smearing of the nuclear Fermi-surface because of pairing

correlation in our current calculation. There are studies
based on QRPA formalism that include the effect of fi-
nite temperature in the calculation of nuclear matrix ele-
ments (NMEs) of Fermi and GT transitions. The studies
performed by Dzhioev and collaborators [35] were based
on TQRPA approach in which temperature is taken into
account within the thermo-field dynamics formalism by
using the Woods-Saxon potential, BCS pairing interac-
tions and separable multipole and spin-multipole particle-
hole interactions. The TQRPA allows the determination
of temperature-dependent spectral functions and treats the
ground state and thermally excited states consistently on
the level of 2p-2h -correlations. A self-consistent
FTQRPA approach within relativistic [36] and non-re-
lativistic [37] frameworks, based on nuclear energy dens-
ity functionals for evaluation of nuclear weak interaction
rates, is also available at finite temperature. The evolu-
tion of the GT, spectrum with temperature was investig-
ated using the finite-temperature proton-neutron relativ-
istic time blocking approximation and the finite-temperat-
ure proton-neutron relativistic random phase approxima-
tion models [38]. The calculations showed only minor
changes in the GT, distributions for the nuclei around
8Ni when temperature increased from 0 to around 1
MeV [38]. The relativistic and nonrelativistic finite tem-
perature proton-neutron quasiparticle random phase ap-
proximation methods were developed to study the inter-
play of the pairing and temperature effects on the GT ex-
citations in open-shell nuclei [39]. The findings showed
that pairing effects are crucial for a proper description of
the spin-isospin excitations, especially at temperatures
below 1 MeV and further concluded that the thermal
evolution of the GT_ spectrum for **Ca, *°Ti and '"®Sn
displayed small changes up to temperature of 1 MeV. On
the other hand, our model also has an advantage which
makes our calculation of reduced transition probabilities
more reliable than other nuclear models. Our model is
perhaps one of the very few models that calculate GT
strength distributions from parent ground and low-lying
excited states (up to 10 MeV) in a microscopic fashion.
Other models (e.g., [40—45]) calculate the GT distribu-
tions from the ground state (and perhaps a few low-lying
states up to 1-2 MeV) and for the remaining parent levels
assume the Brink-Axel hypothesis [46, 47]. The Brink-
Axel hypothesis is not a good approximation for estimat-
ing excited state GT distribution functions [48].

Based on a simulation study of presupernova evolu-
tion, Nabi et al. [49] identified a suite of crucial electron
capture nuclei whose reaction rates most significantly in-
fluenced the dynamics of stellar core collapse. The au-
thors selected an ensemble consisting of 728 nuclei with
mass range of A = (1 - 100) and adopted a novel recipe
for computation of nuclear partition functions. The cap-
ture rates on these nuclei directly govern the core's lepton
fraction rate (Y,) and entropy, thereby playing a funda-
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mental role in the initial collapse dynamics and the sub-
sequent supernova mechanism. The authors published an
updated list of electron capturing nuclei which had the
largest effect on Y, for conditions after silicon core burn-
ing. We selected the top 100 electron capturing nuclei for
the current investigation of y-heating rates.

The y-heating rates for the top 100 EC nuclei were
calculated using four different pairing-gap prescriptions,
namely: (i) Lipkin-Nogami  (A™)  [50]; (i)
Madland-Nix (AMW) [51]; (iii) the four-point (A®) [52];
and the five-point (A®) [52] empirical pairing models.
Additionally, three sets of nuclear deformation paramet-
ers, corresponding to 8, values from the FRLDM (1981)
[53], FRDM (1992) [54], and FRDM (2012) [55] models,
were employed as input parameters in our nuclear model
to investigate their effects on computed y-heating rates.

This paper is organized as follows. Section 2 outlines
the theoretical framework for the calculation of y-ray
heating energy rates. Section 3 presents and discusses the
calculated results in depth and presents a comparison
with the available measured data. Finally, Section 4
provides a concise summary of the main conclusions and
implications of the present investigation.

II. FORMALISM

The central idea of the current study is to investigate
the effects of nuclear shape and nucleon pairing gaps on
the computed y-heating rates. The charge-changing trans-
itions were calculated using the pn-QRPA model with a
simple pairing plus quadrupole Hamiltonian with the in-
corporation of particle-particle (pp) and particle-hole
(ph) GT forces of separable form.-We began with a
spherical single-particle basis (S;m, ;) and introduced an
axially symmetric deformation which generated the cor-
responding canonical (Nilsson) basis (D}, D, ).

D:my = ZT;?IS;M’ (1)
J

where m denotes the projection of angular momentum
onto the symmetry axis, while o represents additional
quantum numbers to determine the states completely. The
transformation matrix 7" consisted of Nilsson eigenfunc-
tions within the Nilsson+BCS model. The quasiparticle
(Q) basis was defined using yet another transformation,
expressed as

Q:Lmy = Uma Djna ~Vina D/ha (2)

Ql—;’lﬂ‘ = Mf’l‘lﬂ/ Djﬂa + VI’H(Y Dmar’ (m > 0)3 (3)

where m denotes the time reversed state of m. The occu-

pation amplitude satisfies the condition 2, =v>, =1. We
employed the BCS theory to determine the values of u
and v. The pn-QRPA phonons creation operators ¢ were

expressed as

CMEDRP AMIONIES cAMIoNS 4)

pn

The indices n and p distinguished between the single
quasi-particle states. of the neutron and the proton and
stands for m,a, and m,a,, respectively. The sum ful-
filled the conditions x = m, —m, = 0,+1 and n,.7, = 1 for
neutrons and protons pairs. The term ¥ denotes the en-
ergy eigenvalues whereas forward- and backward-amp-
litudes (X) and (Y) are the eigenfunctions of the RPA
equation for proton-neutron quasiparticle pair states

M N
-N -M

X
Y

X
Y

=y (5)

The RPA equations were solved separately for each val-
ues of u. Details of the elements of the submatrices M and
N can be seen from Ref. [56].

A. Extension to odd-odd and odd-A mass nuclei

Initially, the RPA framework was employed to calcu-
late excitation states from the ground state of even—even
nuclei. Subsequently, the authors in Ref. [56] extended
the model to odd—odd and odd-A systems. For odd-A
nuclei, two types of transitions are possible. The first cor-
responds to a phonon excitation in which the odd particle
does not take part in the interaction, while the second
type involves transition between one-quasiparticle states.
Phonon correlations were incorporated in the one-quasi-
particle configurations using first-order perturbation the-
ory

Peorr) = Qh1-)+ )~ QDL ()1
n¥

X (-[Q} DL (] Hyy Qf|-) X E,(n,¥),  (6)

Meorr) = Qfl=)+ Y QFDY(~p0)l-)

Y

X (-[Q} DL (-] Hy Q)|-) X E,(p, W), (7)

. 1 ..
E(j,¥) = m,(ld =p.n), ®
i T €j

where e denotes the quasi-particle energies. The quasi-
particle-phonon coupled Hamiltonian term Hj; in Egs. 6
and 7 was defined using the relation
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H; = Z Voo UplhnV py Ur =V Vil V)
x (05010} O +h.c)
+ Z mep’n_'(vpvnvp’ Uy — Uplnlly V)
X (00,0, 0y +h.c.). ©)
where the Hermitian conjugate (h.c) terms ensure proper

symmetry of the operators. ¥ denotes the two-body inter-
action matrix elements. The explicit form of V for a sep-

arable and schematic interaction as well as the charge-
changing transition amplitudes between correlated one-
quasiparticle states can be seen from Ref. [56]. The idea
of quasiparticle transitions with first-order phonon correl-
ations can be extended to an odd-odd parent nucleus. The
ground state is assumed to be a proton—neutron quasi-
particle pair state of the smallest energy. The GT trans-
itions of the quasiparticle lead to two-proton or two-neut-
ron quasiparticle states in the daughter nucleus. The two-
quasiparticle states were constructed with phonon correl-
ations and were given by

T 1 T T AT T P AT T ;7
Pheorr >= QL01=>+5 >, 0} 0 Bh(-pl=> x < =I1Q}; O}, DY) Hn Q)O)1= > Ep(p) p5.')

Py Y
1 27 i T AT T ’ 7
t5 D O 0u b= > x < -0}, 0}, ®h()] Hu Q) 1=> Ep (i, ). (10)
n'],n’z,‘l’
<Pl = Q0= >+ 5 0}, 0} Dl ()= > x < =10}, 0}, DLW H31 Q) O, 1= > E,p (P, WP) (11)
P,
<mnonl = 0, 0L1=>+ 50 O, 01 DL~ = > x < =10}, Oy DY~ H31 O, OF |= > Enyy (P10, ), (12)
p.n,
where < n1n2corr|TiO-—y|pncorr >
1 = 6(”2’ l’l) < nlcorrlTio-f;Apcarr >
Ep(cd,¥) = (13)

(e,+¢€)—(e.+€,+Y)

These two-quasiparticle states were expressed in terms of
one-quasiparticle transition amplitudes using the follow-
ing relations

< plchz)rr|Tt0—u|pncorr >
= 6(]’1,]7) < pZCarrlTj:‘Tylncorr >

_5(P2, P) < plcorrlTi(T’ulnmrr >, (14)

_6(’11,”) < n2€orrlTi0-—u|pcarr >, (15)

When a nucleus contains an odd nucleon, the low-lying
excited states are generated by promoting the quasi-
particle from the lowest-energy orbital to higher-lying or-
bitals. For odd-proton even-neutron nuclei, these excited
states can be described either as three-proton configura-
tions or as one-proton—two-neutron configurations, cor-
responding to excitations of a proton or a neutron, re-

spectively

T T T 1 T AT
PiD2p3con =0}, 0, Q1)+ 5 D Q)0 0L DY)

pp.oyn ¥

X (-1}, Oy, O DY () Ha1 0}, O}, 05 [V E py s (P P51 ) (16)
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+ 1 b e oA b e oA
P =0),01,0L17)+5 D 0 0, 0 Dy(-wI-) x(-IlQ}; 0}, O} BY(-)] H2 0}, 0}, O, 1)

Py Y

’or_ 7 1 2
XEpnn(Pipsn W)+ D 010,01 Bhwl-)

P
ny ,nz,n3,‘l"

x(-I1Q}, 0, O}, Dy (w1 'H Q}, 0}, 0}, 1 -E,

with the energy denominators of first order perturbation

1
(+e+e—€—€——F)’

Eabc(def’ \P) = (1 8)

The transition amplitudes between three—quasiparticle
states were reduced to effective amplitudes for correlated
one—quasiparticle states

(PP o T2 D1 P2 P3cORr)
= 0(p, p2)O(Ph, P3)H oy T2l Pi1corr)
= 6(p1> PSP P3N o [T | P2corr)
+0(p1, PO(PS, P2 o [T | P3corr) 5 (19)

ro 1

(PP cor ITO Ul P12 COrr )
= 6(n},n)[6(PY, POPseors T Tl corr)
= (D% POSPlcor T2 0 ulM1conr)]
=0, n)(P, POLPrcore T ulN2c0rr)
= 0(P3: PSP conl T2 Tul2cor)] (20)

<n,l n/ancorrITiO——}l |Pl ny n2corr>
= 0(n5, 1S5, )N o | T Ol Prcorr)
=01}, n)6(n5, n2){Ms e [T O_pl Prcorr)

+ 6(’1’1 ) nl)é(n129 n2)<n’3mrr|7'¢0'—y |plcnrr> 5 (2 1)

and for parent nuclei with odd neutron

i (1115113, 'F) a7

ANV AN AN

AN

<plnln2mrr|Tio-}l|nln2n3mrr>
= 6(’/1/1 ’ n2)5(n,2’ n3)<pllcorr|TiO—;4|nlcorr>
- 6(’/1/1 4 nl )6(’1/2’ n3)<p,lcurr|Tia—/J|n2c0rr>

+ 5(’1,1 s )6(’1,2’ n2)<p/lcorr|TiO—y|n3corr> ) (22)

(DA o [TeO il PLD2 R cORr)
= 0(py, pL6(, 1 )M, [Tl Picore)
=6, 1y )1 1, [Tl D1 corr)]
= 8(pY, pOI6(], 1) Mg [TLO | Prcorr
=0, ), [Tl P2cor)] (23)

(PLPAPiscor | T2T DI P2 R corr)
= 8(ph PSP P2 cors T ulM1corr)
=6(p1, PSP P2 Prcor T Tl 1c0rr)
+0(p1, PDO(P5: P2 Piscorr T2Tul1corr) - (24)

In odd—odd nuclei, low-lying excited states can be de-
scribed within the quasiparticle framework as either pro-
ton—neutron pair configurations or as four—quasiparticle
states formed by adding two protons or two neutrons.
While transitions from two—quasiparticle states are
treated separately, phonon-correlated four—quasiparticle
states can be constructed in an analogous way to two—
and three—quasiparticle configurations

< PPN o T Ol P1 D2 P3N corr > = O(15, 1) [S(P, P2)O(D, P3) < Moyl T2O | Dicorr >

_6(pll’pl)6(p,2’p3) < n’lcorrhio-—/l'pZCm'r > +6(P’1,p1)5(P’2’P2) < nllmrr|Tio-—/z|p3corr >]

- 6(nll 1 )[6(17/] ’p2)6(p,2’ p3) < n;corr|TiO——}l|p1C0rr > _5([),[ s P1 )6(17/2’ P3) < nlzmrrITio——plpZC()rr >

+6(p1, PO(P5y P2) < Moo | Te0 | P3corr >,

(25



A critical investigation of y-heating rates in stellar matter

Chin. Phys. C 50, (2026)

< PIPAPsPacord TeO Wl P1P2P3 Mo > = —8(Ph, PIS(PS, P2)E(P), P3) < Pleor T2 ulM1cor >

+6(P/1ap1)5(P;»P2)5(P:pP3) < p,ZL'arrlTia-ulnlwrr > _5(P/1,Pl)é(Pé,pz)é(P:ppﬂ < pgcarrlTia-ulnlmrr >

+5(Pl1spl)5(P/2,P2)5(P§,P3) < pz’tmrrlTi‘Tulnlmrr >3

ANV AN

(26)

< p1p2n1n2mrr|Tj:o-/1|plnln2n3corr > = 6(17,1’pl)[é(n’l’HZ)é(nlzsrh) < pécarrlTio-ylnlcorr >

- 6(71,1 7”1)6(”1,2’”3) < plzmrrITio—,uIHZCorr > +6(nll 7n1)6(n’27n2) < plzmrr|TtO-/1|n3mrr >]

—0(py, pOIO(M],12)8(15,13) < Plepmr T T ul1corr > —0(1},11)0(1),13) < P oy IT0 W Moc0rr >

+0(n},n)0(15,12) < Pleon TeOulNzcon >1,

r_ ot

27

< RN o [T Oy P11 a3 o > = +0(15,11)0(R5, 12)0(1y, 113) < 1o [TLO il Prcorr >

- 6(}’1/1 5 nl)(s(ngs n2)6(n4,1’ 7’13) < n’zmrrh-j:o——y |plcorr > +6(}’l’1 s )6(’1/29 }’lz)é(}’l:‘, I’l3) < ngcgrr"rio——ulplmrr >

- 6(’1,1 > nl)é(nlz’ n2)6(nga l’l3) < n:tmrrhio-—y |p1mrr > .

The anti-symmetrization of the quasi-particles was duly
taken into account for each of these amplitudes.

’ / ’ ’.o7 ’ ’ ’.
Py > P3 > Py > P13y > N3 > 15 > 1y

Pa > P3>Pr>PpPiiig>n3 >Ny >ny.

The GT transitions were taken into account for each
phonon's excited state. It was assumed that the quasi-
particle in the parent nucleus occupied the same orbit as
the excited phonon. Further details of the formalism may
be seen from Ref. [56].

The S decay partial half lives to daughter states, ¥,
were calculated using the relation

K
 fAZE,A)Bp(¥)+(gv/8a) 2 fa(Z, E,A)Bor(¥)’

(29)

ty

where £ = (Q - V), ga/gv = -1.254 [57] and K = 6143 s
[58]. fa(Z,A,E) and fy(Z,A,E) are the integrals of the
available phase space for axial vector and vector trans-
itions, respectively. The phase space integrals were com-
puted as per the recipe given in Ref. [59]. The reduced
transition probabilities for GT and Fermi transitions are
represented by Bgr and B, respectively. Details of cal-
culation of nuclear matrix elements can be seen from Ref.
[60]. The total f decay half-lives were computed by in-
cluding all transition probabilities to the states in the
daughter within the Q window and summing the partial
half-lives in inverse relation

-1
1

Ty = =] .

. (gv;g t“’)

(30)

(28)

The y-heating rates, in stellar matter, were computed
using the relation

A=) PEA, (1)
ij

where P; is the occupation probability of the i parent
state, E; are the daughter energy levels and A;; represents
the sum of electron capture (EC) and positron decay (PD)
rates for transitions from parent state i to daughter level j

2
Ay = K [£E€ + £EP] B(Ffj>+(§—i) BGT)|. (32

The first parenthesis on the right side of Eq. 32 are the
phase-space integrals dependent on stellar temperature,
density, and electron Fermi energy. These were com-
puted using the relation (in natural units)

Wi
fi;’D = / ¥ VP2 - ](‘Pm—‘P)3F(—Z,‘I")(1 -D,)dV¥,
1
(33)
fEC = / T YN (Y, + W) FZY)D. dY. (34)
¥

where ¥ is the electron or positron energy, ¥, is the
available total f-decay energy, ¥, is the capture threshold
energy. F(+Z,¥) are the Fermi functions and D. are the
lepton distribution functions. For further details, we refer
to Ref. [61].
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1. RESULTS AND DISCUSSION

As discussed earlier, the current study investigates the
effect of nuclear shape and pairing gaps on calculated y-
heating rates in astrophysical environment. Our en-
semble consist of top 100 EC nuclei, covering the range
A=48 - 87 and Z= 21 - 36, and based on the recent rank-
ings published by Nabi et al. [49]. We employed four dis-
tinct pairing gaps: AW, A® AN and AMN and three
nuclear deformation parameter sets derived from the 3,
[FRLDM (1981)], B, [FRDM (1992)] and the 8, [FRDM
(2012)] in our investigation.

Fig. 1 presents the calculated ground-state
Gamow-Teller (GT) strength functions for 3'Cr, Ni,
5Co and %Cu, examined using the pn-QRPA framework
by employing the selected sets of nuclear deformation
and pairing gap values. Our model calculated GT strength
distributions are further compared with the available ex-
perimental data [62]. This comparison provides an oppor-
tunity to gauge the performance of our chosen nuclear
model. Fig. 1 reflects the sensitivity of transition
strengths to both pairing correlations and quadrupole de-
formations. The abscissa shows the daughter excitation

energies up to the QO-values. The experimental data [62]
were reported up to 0.75240 MeV, 2.13290 MeV,
0.83232 MeV and 1.67460 MeV for °'Cr, °Ni, >’Co and
64Cu, respectively.

The measured data for *'Cr exhibits two low-lying
GT transitions at the ground state and at E, ~ 0.32 MeV,
indicating a simple single-particle configuration, consist-
ent with the odd-proton character of 3!'Cr in the lower-fp
shell. The pn-QRPA calculations successfully repro-
duced the two GT . transitions. The A®™ model provided
the best agreement with experimental values, with
B(GT)=1.633%x107? MeV™' and 5.52x107% MeV™', re-
spectively. The improved correspondence results from the
Lipkin—Nogami particle-number projection [50], which
stabilizes pairing correlations and reduces artificial level
fluctuations. The AM™ prescription enhanced the overall
transition. strength (B(GT)=2.68x1072 MeV™' and
7.27x 1073 MeV™"), consistent with the stronger mass-
scaled pairing field introduced by Madland and Nix [51].
The FRDM (1992) deformation resulted in higher mag-
nitude of GT strengths. The FRDM (2012) deformation,
incorporating updated microscopic corrections, produced
the most balanced results. Experimentally, °Ni exhibits a

o [B, FRLDM (1981) | [B, FRDM (1992) | [8, FRDM (2012) |
1
10! 107
2
slcy 10 107 102
10° 107 T 10° m
10— 10% = T T T 107 = T T T
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
1
10 7 10_3 . 10-3 -
7~~~ 3
- 51Co 10 ‘
> 10° B
v 27 10% 10
2 10 T T T T T T T T T T
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~
o
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~ 10 10 10
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Fig. 1.

Daughter Excitation Energy (MeV)

(color online) Comparison of ground-state GT strength distributions for 3'Cr, °Ni, Co and ®Cu, using three distinct nuclear
deformation values and four different pairing gap schemes, with experimental data [62].
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prominent GT transition centered at E, ~ 1.72 MeV with a
strength of B(GT)=1.5177x10"' MeV~'. This strong,
low-lying transition reflects the doubly magic, closed-
shell configuration (Z = N =28). The overall fragmenta-
tion pattern is minimal, consistent with the low collectiv-
ity expected for a near spherical nucleus. Our model re-
produced the strong single GT transition reasonably well,
though small quantitative differences appear due to the
sensitivity of closed-shell nuclei to the choice of pairing
and deformation parameters. ’Co exhibits two low-lying
GT transitions around E, ~ 0.14 MeV and 0.71 MeV, with
corresponding B(GT) strengths 1.35x 107> MeV~! and
7.606 x 10> MeV ™!, respectively. These weak transitions
are consistent with the odd-proton configuration of 3Co.
The pn-QRPA results were in overall good comparison
with the measured data. The odd-odd nucleus *Cu dis-
plays two dominant GT transitions: ground state and at
E.~135MeV. The significant ground-state component
and the moderately strong excited transition indicate a
mixture of single-particle and weakly collective GT con-
figurations, consistent with the odd—odd nature of *Cu.
The pn-QRPA results reproduce these two transitions
fairly well for all input parameters. The combination of
FRDM (2012) deformation values and AV pairing gaps
provided the closest agreement with measured data for

10 @

10 4

107 4 - &
*A‘pHQRFA 9 3
A% pY,=10" g/em
B

107 4+

A . (MeV s

10° 4
107 4
el
1078 4
10*26 4

1034 4

pY,=10° g/em?

1072

T T T T T
RN T, W QAT D QA LT,
Aaomogzweﬁ% EpICE:

T
&

the four selected nuclei.

The main feature of the current study is a compre-
hensive analysis of y-heating rates resulting from elec-
tron capture processes in astrophysical environments.
Figs. 2 - 7 examine the sensitivity of these rates to nucle-
ar pairing gaps and ground-state deformations. Our calcu-
lations span the temperature range (1-10) GK and dens-
ity range (10°-10"") g/cm®. We compare our calculated
results with available shell model (SM) p-ray heating
rates [63], as presented in Figs. (2 - 7). The authors of
Ref. [63] highlighted the critical issue of electron chemic-
al potential and Q-values in electron-capture transitions
of fp-shell nuclei. They incorporated electron screening
effects in their ‘calculations of electron-capture rates.
Screening increases the electron fraction while simultan-
eously lowering the capture rates. In Ref. [63], the au-
thors adopted the electron-capture rates for fp-shell nuc-
lei from Honma et al. [64], whereas for other nuclei they
employed the rates reported in Refs. [41, 65, 66].

The empirical pairing gaps, A® and A®, generally
predict comparable p-heating rates (within a factor of
2-3), with A® resulting in slightly enhanced rates at
higher temperatures (7 > 10 GK). This similarity reflects
their common theoretical foundation in finite-difference
approximations of the pairing gap, with the A® method

pY,=10" g/em®

1053

102 4

10710 3

1]

107

[8, FRLDM (1981)]

1074PY.= 10" g/em?

107" 3
107 3
10717 3

107 4

108 4T

T T T T T 7T L T T
IR R I QARSI DL A 2.8 DA
RISV AN SRR AN VN A OOV

Fig. 2. (color online) The pn-QRPA calculated y -heating rates ({MeV.s ~! }) for the top 100 EC nuclei at 7= 1 GK calculated using
four different pairing gaps and g, [FRLDM (1981)] as input parameters. Shown also are the shell model rates with and without screen-

ing effects [63].
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[8, FRLDM (1981)]

(-5 AXIND)

(color online) Same as Fig. 2 but at 7= 10 GK.

Fig. 3.

1072
10710
lo—ls -
107

[B, FRDM (1992)]

(color online) Same as Fig. 2 (=1 GK) but using g, [FRDM (1992)] as input parameter in the pn-QRPA rates.

Fig. 4.
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(B,

(color online) Same as Fig. 4 but at 7= 10 GK.

Fig. 5.

[B, FRDM (2012)]

(color online) Same as Fig. 2 (T=1 GK) but using g, [FRDM (2012)] as input parameter in the pn-QRPA rates.

Fig. 6.
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10°

providing modest improvement through reduced sensitiv-
ity to single-level fluctuations. In_contrast, the A™ ap-
proach demonstrates markedly /different behavior. The
AT predicted y-heating rates are around an order of
magnitude smaller than those predicted by the empirical
pairing gaps. This suppression stems from the method's
treatment of particle-number conservation and inclusion
of higher-order correlations, which significantly alter the
predicted phase space for electron capture transitions.
The AMY model frequently resulted in intermediate val-
ues of y-heating rates, between the finite-difference meth-
ods and the Lipkin—Nogami approach.

For the majority of nuclei, under low-temperature and
low-density conditions (T =1 GK, p =107 g/cm?), the y-
heating rates are negligibly small [~ (107 - 1071%) MeV
s7']. Under these physical conditions, excited states are
not appreciably populated, and electron capture proceeds
primarily from the parent ground state, often resulting in
low-energy transitions or stable daughter nuclei, yielding
little y-ray heating.

On the other extreme, for selected high-temperature
and high-density regions (7 =10 GK, p=10!" g/cm?),
the electron chemical potentials exceed typical nuclear O-
values. Under such extreme conditions, the sensitivity of
y-heating rates to pairing gaps diminishes considerably.
The increased phase space for electron capture over-
whelms subtle differences in nuclear structure, leading to

convergence of predictions across varying pairing gaps.
All models converge to similar magnitudes ~ (10*~10%)
MeV s7!], suggesting reduced sensitivity to pairing treat-
ment under extreme conditions where thermal effects
dominate.

The progression from B, [FRLDM (1981)] to 5,
[FRDM (1992)] and finally to 3, [FRDM (2012)] bears
consequences for y-ray heating rate predictions due to
substantial theoretical improvements in the treatment of
nuclear deformations, particularly for neutron-rich nuclei
and those with soft potential energy surfaces. The FRDM
(2012) model incorporates a more sophisticated descrip-
tion of deformation energy surfaces and includes a dens-
ity-symmetry coefficient L that was previously set to
zero. These improvements particularly affect nuclei with
soft potential energy surfaces, where small changes in the
deformation energy landscape may alter the predicted
ground-state deformations. For a realistic simulation of
superbursts and post-silicon burning phases of stars, it is
recommended to employ the FRDM (2012) deformation
parameters together with A® pairing gaps because they
provide the best prediction power to our nuclear model.

Tables 1-2 present the ratio of pn-QRPA calculated
mean y-heating rates to those obtained from SM calcula-
tions [63]. The ratios are shown for the pn-QRPA rates
using different choices of pairing gaps and nuclear de-
formations. Table (1) shows the computed ratio with the
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Table 1. Comparison of the reported pn-QRPA calculated mean y -heating rates with shell model rates excluding screening effects
[63].
B> [FRLDM (1981)]
pYe=10° g/em? pY. =101 g/em?
TGK) A® 749 AN 74010 A® 789 AN 74010
pnORPA pRORPA PpRORPA pRORPA prORPA PpRORPA pRORPA pRORPA
A" A" A" Asw™" A" A" A" Asw™"
1 7.86 8.16 8.75 9.76 4.44 4.38 4.20 4.31
3 6.39 6.57 7.37 7.22 4.63 4.61 4.46 4.59
10 11.56 11.38 11.87 11.33 8.76 8.71 8.41 8.42
B> [FRDM (1992)]
1 10.41 10.23 10.73 10.94 4.61 4.63 4.39 4.49
3 6.30 6.33 6.97 6.83 5.31 5.31 5.05 5.18
10 13.74 13.65 12.65 12.87 10.07 10.08 9.33 9.62
B> [FRDM (2012)]
1 8.29 8.08 9.00 9.40 4.45 4.41 4.24 4.30
3 6.99 7.00 7.73 7.39 4.82 4.80 4.64 4.72
10 12.42 12.67 12.23 12.05 9.14 9.28 8.64 8.83
Table 2. Comparison of the reported pn-QRPA calculated mean y -heating rates with shell model rates including screening effects
[63].
B> [FRLDM (1981)]
T(GK) pY,. =10° g/cm? pYe =101 g/em?
20rra 20rpa Tgrpa 25 0rra 2 0rra 20rpa e Bgrra
i T T T i i T T
1 20.8 20.2 22.1 25.1 4.51 4.44 4.27 4.37
3 6.94 7.17 7.90 7.83 4.69 4.67 4.52 4.65
10 11.6 11.4 11.9 11.3 8.76 8.71 8.41 8.42
B> [FRDM (1992)]
1 23.2 22.4 24.1 25.0 4.68 4.69 4.45 4.56
3 6.88 6.92 7.53 7.39 5.37 5.36 5.11 5.24
10 13.8 13.7 12.7 12.9 10.1 10.1 9.33 9.61
B> [FRDM (2012)]
1 21.1 20.6 22.5 24.0 4.52 4.47 4.30 4.36
3 7.69 7.73 8.41 8.07 4.88 4.86 4.70 4.78
10 12.4 12.7 12.3 12.1 9.13 9.27 8.64 8.83

SM calculations excluding screening effects. The pn-
QRPA rates are bigger than the SM rates roughly by an
order of magnitude at high temperatures. At T = (1-3)
GK and pY, = 10" g/cm?, the pn-QRPA rates are around
factor (4-5) bigger than the SM rates. Table (2) shows
that the screening effects in the SM calculation are
highest at low temperature (7' = 1 GK) and low density
(oY, = 10° g/cm?®) where the SM rates reduces up to a
factor of 2.6. Under such physical conditions, the pn-
QRPA rates are up to factor 25 bigger than the corres-

ponding SM rates. The comparison at higher density
(pY, = 10" g/cm?) is akin to that exhibited in Table 1.
We wanted to find out the maximum change in the
calculated y-heating rates as a result of changing pairing
gaps and nuclear deformation values. It is noted that for
computed y-heating rates bearing negative exponents, or-
ders of magnitude changes may arise due to a small vari-
ation in model input parameters but they are hardly of
any significance in simulation studies due to their almost
zero impact. Fig. 8 shows computed y-heating rates at a
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Fig. 8. (color online) Maximum and minimum calculated y -ray heating rates (MeV s ~! ) by changing pairing gaps and deformations

for the top 100 EC nuclei under superburst conditions.

density of 10°g/cm® and temperature of T = 1 GK. These
conditions correspond to the physical environment of su-
perbursts in accreting neutron stars [4]. The spread in y-
heating rates is obtained by varying the nuclear deforma-
tion parameter 3, and different prescriptions for the pair-
ing gaps, highlighting the sensitivity of weak-interaction
rates to nuclear structure inputs. From a physical per-
spective, nuclear deformation modifies single-particle
level densities and transition strengths, while pairing cor-
relations alter the availability of quasiparticle states.
These effects directly influence electron-capture chains
and associated y-emission, which are key contributors to
crustal heating.

In order to make the analysis more meaningful, Fig. 9
displays top three cases where maximum change of heat-
ing rate occurs for nuclei possessing p-heating rates of
magnitude bigger than 1 MeV s~!'. Fig. 9 illustrates the
maximum change in the calculated yp-heating rates as a
result of changing either the pairing gaps or deformation
values. It is noted from Fig. 9 that changing B, values
have a bigger effect on computed heating rates when
compared with changing pairing gaps. The y-heating rates

change up to a factor of 26 and 16 by changing the de-
formation and pairing gap values, respectively. The left
panel of Fig. 9 shows maximum variation in computed
heating rates when we altered the pairing gaps in our nuc-
lear model. For %' Sc, a factor 16 change in y-heating rates
was noted at T =1 GK, p=10" g/cm?. For the remain-
ing two nuclei, ' Ti (T =1 GK, p = 10" g/cm?) and Co
(T =3 GK, p=10" g/cm?) the heating rate changed by a
factor of (4 - 5). The right panel, on the other hand, dis-
plays the maximum change in computed y-heating rates
when we varied the B8, values. A maximum change of
factor 26 was noted for the case of 3'Sc (T=1 GK,
o =10" g/cm?). More than an order of magnitude change
in heating rates was also computed for ¥V (T =10 GK,
p=10° g/ecm?) and 3?Sc (T =1 GK, p = 10! g/cm?) as a
result of changing B, values. A more refined inspection
reveals that the calculated y-heating rates are a sensitive
function of both the pairing gaps and deformations when
a nucleus approaches a magic proton, magic neutron, or a
magic mass number. Near these shell closures, nuclei
tend to favor spherical configurations, and even a minute
departure of B, from zero can induce substantial modific-
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ations in the predicted heating rates. The intensity of the
pairing interaction within a nucleus is primarily gov-
erned by the residual pairing correlations and the density
of single-particle levels in the vicinity of the Fermi sur-
face. As nuclei near magic numbers undergo structural re-
arrangements in their Fermi surfaces, alterations in the
pairing gaps can exert a pronounced influence on the res-
ulting y-heating rates.

Fig. 10 presents the calculated y-heating rates aver-
aged over the selected 100 nuclei and presented as snap-
shots of predetermined temperature and density values.
For stellar temperatures [T = (1-3) GK], the heating rates
remain minimal, typically in the range of (10°-107%)
MeV s7! at low density of 107 g cm™. At high temperat-
ure (T =10 GK) and density (pY, =10'"" g cm™), the
rates increase by several orders of magnitude, reaching
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Fig. 9.
parameters. For physical conditions see text.
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values in the range (10°-~10%) MeV s~'. This enhance-
ment is attributed to the growing contribution of
thermally populated excited states. At a given temperat-
ure, p-ray heating rates increase monotonically with dens-
ity. High-density environments increase the Fermi en-
ergy values (up to 24 MeV) thereby enhancing electron
captures to excited states by orders of magnitude and sub-
sequent y-emissions. The B, [FRLDM (1981)] resulted in
comparatively lower heating rates at temperatures
[T = (1-3) GK] followed by the 8, [FRDM (1992)] rates.
The B, [FRDM (2012)] provided the highest y-heating
rates, highlighting the revised microscopic corrections
which resulted in enhanced transition rates. Pairing gap
variations influence the predicted heating rates to a lesser
extent. For temperatures around 10 GK, and for all dens-
ity regions covered in the current investigation, the
highest average heating rate of 1, = 2.27x10° MeV s~!
resulted from the A®/A® pairing gap formula and
FRDM (2012) nuclear deformation parameters. Under su-
perburst ignition conditions, our nuclear model predicted
a maximum and minimum mean jy-heating rates of
A,=7.08x10"" MeV s7! and 1, =4.13x10"" MeV s7!,
respectively, for the top 100 EC nuclei selected in our in-
vestigation. The maximum mean heating rates were pre-
dicted using the AMY pairing gap and nuclear deforma-
tion parameters from the FRDM (1992) model. The min-
imum p-heating rates resulted by employing the A® pair-
ing gap and B, values from the FRLDM (1981) model.

IV. CONCLUSIONS

In this study, we presented calculations of the y-heat-

ing rates due to weak interaction decays in stellar matter.
Our pool of nuclei consisted of top 100 EC nuclei pos-
sessing astrophysical importance. These nuclei were se-
lected based on their respective contribution to the time
rate of change of the lepton fraction (Y, ) during presuper-
nova evolution, as identified in a recent simulation study
[49]. A key feature of our computation was the micro-
scopic calculation of GT strength distributions for both
ground and excited states. Pairing gaps and nuclear de-
formations serve as essential model parameters for calcu-
lation of nuclear structure properties. The current invest-
igation highlighted that changing pairing gaps and nucle-
ar deformation values. influenced the GT strength distri-
butions and associated yp-heating energy rates. For low-
density and low-temperature regions, the lowest mean
heating rate-of A, = 6.39x 10~ MeV s~! was recorded for
AW pairing gaps and FRLDM (1981) nuclear deforma-
tions. For high-density and high-temperature zones, the
highest mean heating rate of 1, = 2.27x 10° MeV s~! was
computed for AW/A® pairing gaps and FRDM (2012)
nuclear deformations. The calculated y-heating rates
changed by up to a factor 26 by a change in deformation
values. Altering pairing gaps changed the heating rates up
to a factor of 16. These changes bear significance in redu-
cing the ignition depths of superbursts and counteracting
the reduction in crust temperature resulting from Cooper
pair neutrino emissions. Our results suggest that nuclear
structure properties can significantly alter the intensity of
crustal heating. In particular, the interplay between pair-
ing gap prescriptions and deformation parameters may
shape the microscopic heating profiles and thermal evolu-
tion of accreting neutron star crusts.
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