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ABSTRACT

Context. Neutron stars in low-mass binary systems are subject to accretion when material originating from the companion star
accumulates on the surface. In most cases, the justified and common assumption in studying the properties of the neutron star crust is
the fully accreted crust approximation. However, observations of some X-ray transient sources indicate that the original crust has not
been completely replaced by accreted material, but is partly composed of the compressed original crust.
Aims. The crust of an accreting neutron star beyond the fully accreted crust approximation was studied; a two-part (or hybrid) crust
made of the original crust that is compressed and of the accreted material crashing onto it was reconstructed as a function of the
accretion stage. The differences in the composition and energy sources for the fully accreted and hybrid crusts influence the cooling
and transport properties.
Methods. A simple semi-empirical formula of a compressible liquid drop was used to compute the equation of state and composition
of the hybrid crust. Calculations were based on the single-nucleus model, with a more accurate treatment of the neutron drip point.
We compared the nuclear reactions triggered by compression in the original crust and in the accreted matter part of the hybrid crust.
We discuss another crust compression astrophysical phenomenon related to spinning neutron stars.
Results. The compression of the originally catalyzed outer crust triggers exothermic reactions (electron captures and pycnonuclear
fusions) that deposit heat in the crust. The heat sources are cataloged as a function of the compression until the fully accreted crust
approximation is reached. The pressure at which neutron drip occurs is a nonmonotonic function of the depth, leading to a temporary
neutron drip anomaly. The additional potential source of energy for partially accreted crusts is the occurrence of a density inversion
phenomenon between some compressed layers.
Conclusions. The original crust of a neutron star cannot be neglected for the initial period of accretion, when the original crust is not
fully replaced by the accreted matter. The amount of heat associated with the compression of the original crust is on the same order
of magnitude as that from the sources acting in the accreted part of the hybrid crust.

Key words. stars: neutron – equation of state – dense matter – X-rays: binaries – accretion, accretion disks

1. Introduction

The composition and state of matter of the innermost layers of
neutron stars (NS) remain a mystery that is actively researched
by the nuclear astrophysics community. The outermost layers
can be constrained by laboratory measurements of the mass
of nuclei, ensuring that part of the crust is established with
certainty. To explore deeper layers, nuclear experiments try to
reproduce cold NS matter under conditions of density that are
increasingly extreme; nevertheless, no experimental validation
of the crust equation of state (EoS) beyond the neutron drip line,
where free neutrons spill out of nuclei, has been established.
Therefore, comparing observations of astrophysical parameters
to their modeling (which directly depends on the EoS) can help
us probe the nature of matter at high densities, and push the lim-
its of nuclear laboratory experiments.

Neutron star binary systems can host the process of accre-
tion: matter from the companion star, whether it is a low-mass
star or a high-mass star, is transferred to the NS surface. In the
case of a low-mass X-ray binary system, the companion is either

? Appendix tables are also available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/662/A63
?? Movies are available at https://www.aanda.org

a white dwarf, a main-sequence star, or a star in the last stages
of its life. The companion evolves into a donor when its Roche
lobe has been filled and transfers matter to a disk orbiting the
NS; a loss of angular momentum in the accretion disk then trig-
gers the falling of this material onto the surface of the NS. In
the case of a high-mass X-ray binary system, the companion is
a massive star, and the mass transfer is either due to stellar wind
or Roche-lobe overflow. The accretion process is a highly lumi-
nous phenomenon observed in X-rays with values of the exhib-
ited luminosity up to 1039 erg s−1 for low-mass X-ray binaries.
This process is intermittent, with short and luminous stages that
can last from days to weeks, interspersed by quiescence stages
(absence of accretion) that can last from months to decades. The
sources are called soft X-ray transients, and their emission is
observed in both accretion and quiescent stages, thus allowing
astro-nuclear physicists to study the thermal evolution of NSs
(see Wijnands et al. 2017).

The temperature exhibited by NSs after accretion has
stopped is higher than expected for isolated NSs, thus suggest-
ing that accretion has induced heating processes deep enough
below the surface to be still visible in quiescence. X-ray bursts
are observed as bright flashes in low-mass X-ray binaries, with
a rising time ∼1 s and a typical duration of ∼1 min. Observed
X-ray bursts are powered by runaway burning of helium due
to thermally unstable 3α fusion ignited at the bottom of the
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freshly accreted plasma. Thermonuclear burning, quenched by
the exhaustion of helium and the decrease in temperature from
the peak value exceeding 109 K, produces ashes of isotopes
with A = 50–110. The current understanding of the mecha-
nism of X-ray bursts and their theoretical models is described
in Bildsten et al. (1998), Parikh et al. (2013) and Meisel et al.
(2018). The typical recurrence time for X-ray bursts is a few
hours. As matter from an accretion disk is falling onto the sur-
face, a series of exothermic reactions are triggered in the crust;
heat sources are associated with these reactions, and this phe-
nomenon is referred to as deep crustal heating (see Brown et al.
1998). The generated heat is transported in the star and shows up
partly as an additional surface luminosity detectable in the band
of soft X-rays. Observing the cooling of soft quiescent X-ray
transients (about ten sources with observed thermal relaxation
have been reported) is a chance to probe the nature of NS com-
position and EoS, as deep crustal heating directly depends on it.

The common approximation to establish the EoS and com-
position of accreted NSs is that of a fully accreted crust (FAC):
the original crust, that is to say, the crust before accretion starts,
is not considered because it is assumed to have been com-
pletely replaced by accreted material. The crust of a typical NS
amounts to a total mass Mcrust ∼ 10−2 solar mass (M�) (see
Chamel & Haensel 2008); the typical time of accretion toc to
replace the original crust is

toc =
Mcrust

〈Ṁ〉
∼

108

〈Ṁ〉−10
yr, (1)

where 〈Ṁ〉−10 is the time-averaged accretion rate in 10−10 M�
per year (for values of Ṁ and 〈Ṁ〉 for different sources;
see Degenaar et al. 2015; Wijnands et al. 2017). This accretion
rate is defined as the conserved rest mass of diluted gas of
baryons infalling onto the NS, per unit time, as measured by
a distant observer. As binary systems involving NSs can exist
for as long as 109 yr, a fully accreted crust is a reasonable
approach.

Even though the fully accreted crust approximation has
been successful when some soft quiescent X-ray transients
were modeled, the thermal relaxation of other sources
suggest that this approximation cannot be applied (see
Brown & Cumming 2009). One of these sources is IGR
J17480−2446 (Bonanno & Urpin 2015), which has been
observed before accretion, then during a two-month outburst
in 2010, and two months after the accretion had stopped. It
presents a low-frequency spin of 11 Hz (see Degenaar 2015),
which suggests that the stellar rotation has not been recycled
by accretion via the angular momentum transfer of the orbit-
ing accretion disk (see Suvorov & Melatos 2020 and references
therein). If this source has only accreted a small amount of mat-
ter (Degenaar et al. 2015), the original crust has not been fully
replaced, and the star would present a partially accreted crust.
In this case, a hybrid crust made of the original crust as it is
pushed toward the core, and of the above accreted material needs
to be studied. The thermal relaxation of 1RXS J180408−342058
has been observed during its 4.5-month outburst in 2015 prior to
quiescence (Baglio et al. 2016; Marino et al. 2019). Parikh et al.
(2017) suggested that the luminosity of the source can be
explained by a hybrid crust. The role of a hybrid crust in the ther-
mal properties of accreting NSs has recently been studied with-
out a detailed description of a compressed original, catalyzed
crust (see Potekhin & Chabrier 2021).

Compression of the crust leading to exothermic reactions
appears in astrophysical phenomena other than a low accretion

rate in a binary. Recently, Chamel et al. (2021) have proposed
an analytical estimation, as well as numerical computation of
heat sources and their location for magnetars with a decreasing
magnetic field. The Lorentz force induced by a magnetic field
balances the gravitational force, and its decrease is equivalent to
a compression of the star. The slowing-down of a spinning NS as
studied by Iida & Sato (1997) can also lead to crust compression:
a decrease in rotation rate leads to a change in the oval shape
of the NS to a more spherical one. Because the crust of a star
flattened by rotation is significantly thicker (i.e., contains more
baryons) than that of a spherical star, spinning-down is equiva-
lent to a relative compression in the shells of the crust.

In this paper, we follow the evolution of a nonaccreted (cat-
alyzed) outer crust that is sinking toward the core as it is com-
pressed under accreted material. In Sect. 2, the method for cal-
culating the EoS and composition of the catalyzed outer crust in
a simple compressible liquid-drop nuclear model at zero tem-
perature is described; it is also studied in detail for accreted
material using the same nuclear model. Reactions triggered by
the accretion process in the partially accreted crust are pre-
sented. Results for the composition and EoS of the hybrid crust
made of the catalyzed and accreted material are presented in
Sect. 3. The appearance and disappearance of heat sources as
a function of the increase in pressure felt by the original outer
crust are reconstructed for a partially accreted crust as well
as for spinning-down compression. The properties of the orig-
inally catalyzed compressed outer crust (OCCOC) are discussed
in Sect. 4. The timescales of compression-related phenomena
discussed in the paper are estimated. We discuss the anomaly
that occurs when the outer crust is compressed up to a pres-
sure at which neutrons drip out of nuclei. Finally, we men-
tion the density-inversion related instability triggered by nuclear
reactions.

2. Methods

We focus on the evolution of an originally catalyzed outer crust
under a uniform increase in pressure denoted ∆P (for partially
accreted crust), and a relative increase in pressure denoted δP
(for a spinning-down NS). The study is restricted to a radial
increase in pressure in spherical symmetry. At ∆P = 0, the crust
is that of an isolated NS, and the EoS is calculated for cold
catalyzed matter at global equilibrium, that is to say, in the
ground state. The NS envelope is neglected in the sense that
the EoS and composition are established from the mass den-
sity ρ ∼ 106 g cm−3; its importance in the cooling of soft qui-
escent X-ray transient sources is not forgotten, but the infalling
accreted material has undergone enough transformations to be
considered entirely made of 56Fe when it reaches the crust sur-
face. The Wigner-Seitz cell approximation is used in the frame-
work of the single nucleus model: Wigner-Seitz cells consist of
a spherical and positively charged nucleus permeated by a quasi-
uniform gas of relativistic electrons. In the inner crust, nuclei are
additionally immersed in a neutron gas. In the following, Acell
refers to the number of nucleons per cell and A to the number of
nucleons in nucleus, N is the number of neutrons inside nucleus,
and Nout is the number of neutrons outside them.

2.1. Catalyzed matter

We considered the outer crust of an isolated NS that has
had time to cool after its proto-NS stage: temperature was
neglected because matter is degenerate. A number of modern
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EoSs calculated at ground state exist1 based on microscopic
many-body calculations or effective semi-phenomenological
models such as the relativistic mean field or Skyrme forces
theories. We choose a compressible liquid-drop model of nuclei.
The Gibbs energy per cell Gcell(P, Acell, A,Z), with P the pres-
sure, follows the semi-phenomenological formula presented in
Mackie & Baym (1977). At each pressure P, Gcell was evaluated
for a large set of (Acell, A,Z), and the combination of Acell, A, and
Z with minimum Gibbs energy corresponds to the ground state; a
region of the EoS in which (Acell, A,Z) is stable is referred to as
a (Acell, A,Z) shell. Recent laboratory measurements of masses
of nuclei have been collected in the 2016 Atomic Mass Evalu-
ation table (AME2016; Wang et al. 2017), thus gathering infor-
mation on more than 2000 nuclei. If a combination (Acell, A,Z)
is included in the AME2016, we replaced the calculated bind-
ing energy by the laboratory measurement. Evaluation of Gcell
includes free neutrons if found outside nuclei, which determines
the neutron drip point PND, that is to say, the limit of the outer
crust.

2.2. Originally catalyzed compressed outer crust

To establish the composition and EoS of an originally catalyzed
outer crust under compression, each shell at ground state as cal-
culated in Sect. 2.1 was taken out of global equilibrium to a
local equilibrium: the Gibbs energy at a given pressure is con-
strained by its original catalyzed shell. Calculations are much
faster because we need not estimate the Gibbs energy for all
existing nuclei, but only the Gibbs energy of the original cell of
the catalyzed shell (Acell, A,Z), with respect to which the men-
tioned shell was subject to a compression related reaction.

The first and most common compression-related reactions on
nuclei (A,Z) are electron captures,

(A,Z) + e− → (A,Z − 1) + νe, (2)

with electron e− and neutrino νe. Because of the pairing term
in the Mackie & Baym model, a second electron capture occurs
right after the first,

(A,Z − 1) + e− → (A,Z − 2) + νe + Qec. (3)

The second electron capture is significantly exothermic, with
released heat Qec up to ∼60 keV per nucleon. Above the neu-
tron drip line, these reactions can be accompanied by neutron
emission,

(A,Z) + e− → (A − N1,out,Z − 1) + νe + N1,out (4)
(A − N1,out,Z − 1) + e− →

(A − N1,out − N2,out,Z − 2) + νe + Qec + N2,out, (5)

where Ni,out is the number of emitted neutrons.
The second type of compression-related exothermic reaction

that can occur is pycnonuclear fusion: when electron captures
have enriched the crust with neutrons, concurrently decreasing
the number of protons per cell, the Coulomb repulsion fixing
nuclei on the crust lattice is challenged by the high density, and
fusion of two nuclei is favored,

(A,Z) + (A,Z)→ (2A, 2Z) + Qpyc; (6)

this reaction can also be accompanied by neutron emission. The
first pycnonuclear fusion occurs over the neutron drip line for

1 See the CompOSE data base (Oertel et al. 2017).

Z = 10. It should be stressed that the rate of pycnonuclear reac-
tions is subject to very large uncertainty (Yakovlev et al. 2006).
As a result, the nucleus for which pycnonuclear fusion occurs
and the pressure (and density) at which this energy source is
located are poorly defined. However, some global quantities such
as the total energy release do not depend significantly on this rate
(see Haensel & Zdunik 2008). We used the approach presented
in Haensel & Zdunik (2003) with the estimate of the pycnonu-
clear reaction timescale given by Sato (1979). Above the neu-
tron drip line, but before pycnonuclear fusion sets in, Acell stays
constant, but A does not.

We denote by Pcat
bot and Pcat

top the bottom (highest) and top
(lowest) pressure boundaries of the catalyzed shell (Acell, A,Z),
and ∆P in dyn cm−2 is the increase in pressure (compres-
sion) felt by the original crust. After a given compression ∆P,
the above-mentioned shell has evolved to pressure boundaries
Pcat

bot + ∆P and Pcat
top + ∆P. As exothermic reactions occur in the

shell under compression, the outer crust has evolved from that
catalyzed state to a local equilibrium state at given ∆P; in
this sense, a compressed crust is a reservoir of heat at local
equilibrium.

The mass of a typical catalyzed crust is Mc = 10−2 M� (see
Chamel & Haensel 2008, Sect. 4.3). In the framework of par-
tially accreted crusts, the increase in pressure needed to replace
the crust by accreted material and reach the fully accreted
crust approximation is ∆P ∼ 1032 dyn cm−2. Our calculations are
given up to that value. At ∆P ∼ 1032 dyn cm−2, the outer crust
has been pushed to the bottom of the inner crust, close to the
core, reaching a density of ∼5 × 1013 g cm−3.

2.3. Accreted material part of the partially accreted crust

Partially accreted crusts are made of the original crust that is
compressed and of the accreted material falling on its top and
supplying the compression. The hydrogen- and/or helium-rich
plasma originating from the companion star is falling onto the
NS, forming an envelope. The kinetic energy of the plasma ions
transformed into heat powers the quiescent radiation between the
bursts. The freshly accreted hydrogen- and helium-rich plasma is
compressed under the weight of newly accreted matter from the
companion star supplied by the accretion disk. Accreted mat-
ter accumulates in a layer of growing mass, typically during a
few hours, and the pressure at its bottom increases. The subse-
quent evolution of the accreted layer depends on the accretion
rate Ṁ = Ṁ−1010−10 M� yr−1 and metallicity of freshly accreted
material (Bildsten et al. 1998); more recent reviews of nucle-
osynthesis in X-ray bursts can be found in Parikh et al. (2013)
and Meisel et al. (2018). For 2 < Ṁ−10 < 10, hydrogen burns
stably into helium. When no hydrogen is left in the accreted bot-
tom layer, the pure helium layer starts to grow. Helium burning,
through the 3α fusion, initiated after crossing the ignition line in
the density-temperature plane, is associated with thermal insta-
bility, resulting in thermonuclear runaway. The accreted enve-
lope is then heated, with a peak temperature ∼109 K reached in a
second. For 10 < Ṁ−10 < 260, helium is ignited before hydro-
gen burning has been completed, such that thermal instabil-
ity and thermonuclear runaway of helium via 3α fusion takes
place in the hydrogen-helium mixture. In both accretion regimes,
nucleosynthesis is driven mainly by the rapid proton captures
and following β+ decays, but other nuclear processes involv-
ing α and protons are also involved. Generally, nuclear ash
abundances peak around A ∼ 60 and/or A ∼ 100, depending
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on the accretion rate and metallicity of the accreted material
(Parikh et al. 2013).

The sequence (helium flash, then the formation of the ther-
monuclear ash layer) is repeated during accretion episodes
in soft X-ray transients (with a typical recurrence time of
a few hours). As the process continues, ashes accumulate
and are pushed to higher pressures by freshly accreted mate-
rial. We approximate thermonuclear ashes by pure 56Fe.
Thermonuclear ashes approximated by 106Pd were considered in
Haensel & Zdunik (2008).

The same scheme as in the previous section was used to cal-
culate the accreted material EoS: stability of (Acell, A,Z) nuclei
with respect to electron capture, and pycnonuclear fusion was
evaluated under an increasing pressure. This approach was taken
in the fully accreted crust approximation, and we designate this
area of the partially accreted crust as the accreted material part
of the crust (AMPC).

The hybrid crust was reconstructed at each stage of the com-
pression characterized by ∆P by adding the accreted material
part at the top of the first shell of the originally catalyzed com-
pressed outer crust. The heat sources associated with exother-
mic reactions in the accreted material part are permanent: they
remain active at a fixed pressure in the partially accreted crust
because accreted material falls down and is compressed con-
tinually. Exothermic reactions in the originally catalyzed com-
pressed outer crust appear and disappear, depositing heat in the
matter for as long as the shell goes from its original state of
(Acell, A,Z) to the daughter nuclei (A′cell, A

′,Z′). For a compre-
hensive study of partially accreted crusts, we created a dynamic
catalog of heat sources.

2.4. Neutron drip

Above a certain density, nuclei are subject to neutron emission:
this is the neutron drip phenomenon. In the framework of the
single-nucleus model, the neutron drip point is given by the solu-
tion to the equation

Gcell(Acell, A,Z) = Gcell(Acell, A − Nout,Z − 1), (7)

with Nout the number of neutrons outside the nucleus. We note
that an electron capture is evaluated just before the neutron emis-
sion: the timescale of strong interaction is much shorter than
that of weak interaction. The first fulfills the energy require-
ment imposed by the weak process, therefore neutron emission
is always triggered by an electron capture.

The single-nucleus model is equivalent to the assumption
that Nout neutrons drip simultaneously in all Wigner-Seitz cells
at given pressure Pnd. As a consequence, the number density of
the neutron gas outside nuclei nout is discontinuous at Pnd. For
P > Pnd, nout is larger by a factor Nout than the number density
of nuclei nN = 1/Vcell, with Vcell the volume of the cell. To accu-
rately determine the neutron drip point, we need to go beyond
the single-nucleus model as presented in Chamel et al. (2015),
referred to below as the continuous approach: the density of the
neutron gas is assumed to be negligible at the neutron drip point,
and the only energy considered for free neutrons is their rest
energy. The chain of reactions corresponds to

(Acell, A,Z)→ (Acell − Nout, A − Nout,Z − 1) + Nout, (8)

for which the number of nucleons in the Wigner-Seitz cell
decreases by Nout. The onset of neutron drip occurs when the
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Fig. 1. Catalyzed outer crust composition as a function of pressure P
in dyn cm−2 as calculated in the Mackie & Baym and BSk21 nuclear
models.

Gibbs energy of left and right nucleus in Eq. (8) follows

Gcell(Acell, A,Z) =

Gcell(Acell − Nout, A − Nout,Z − 1, ) + mnc2Nout. (9)

In our model, we considered only ground-state to ground-
state transitions driven by electron captures and associated with
neutron emission. Electron captures leading to the excited state
of the daughter nucleus that de-excite by neutron emission were
considered in Gupta et al. (2008) and Lau et al. (2018). These
effects are not taken into account in this paper. Neutron emission
driven by the photon absorption by nuclei is much less important
because at temperature T ' 108 K and ρ ' 1011 g cm−3, plasmon
suppression of photons is too strong (Gupta et al. 2008).

3. Results

3.1. Catalyzed outer crust and its compression

The composition of the catalyzed outer crust calculated with the
Mackie & Baym model is presented in Fig. 1. It is made of 24
shells, with a neutron drip line at Pnd ' 1.1 × 1030 dyn cm−2, and
a last shell of 132Zr. In this figure, it is compared to the outer crust
calculated in the nonrelativistic phenomenological approach of
Brussels-Skyrme established by Pearson et al. (2018). Brussels-
Skyrme 21 is a functional density model parameterized to fit
laboratory measurements of nuclei: it includes considerations of
the proton shell effects as well as neutron skin effects. Its cat-
alyzed outer crust consists of 18 shells, some with an odd proton
number, and a neutron drip line at Pnd ' 7.8 × 1029 dyn cm−2.
The models of Mackie & Baym and Brussels-Skyrme 21 are
similar up to P ' 6 × 1028 dyn cm−2, with 80Zn the last com-
mon nucleus; up to this pressure, compositions are calibrated to
experimentally determined masses of nuclei AME2016. For the
next shell, the Gibbs energy of the odd proton number element
79Cu calculated by Brussels-Skyrme 21 is lower than the cali-
brated 82Zn that was selected in Mackie & Baym; from then on
to deeper shells, the compositions differ. One thin shell of 58Fe
appears for Mackie & Baym and Brussels-Skyrme 21: as dis-
cussed in Sect. 7.4.1 of Blaschke et al. (2018), this shell does not
exist when a particular consideration for electron charge polar-
ization is taken.
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Outer crust thickness=429m            Outer crust mass =3.8×10−5M⊙
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Fig. 2. Structure of Mackie & Baym outer crust compared to that of BSk21. Colors divide areas with different proton numbers (nuclei). For
Mackie & Baym, the nucleon number A is presented to give a complete definition of the shell (Acell, A,Z), for which the decimal logarithm of the
gravitational mass in solar mass is presented. The mass and radius of the shells are computed using Eqs. (11) and (10) for a total 1.4 M� of the
star, which corresponds to a radius for the Mackie & Baym and BSk21 total radius of 11.7 km and 12.6 km, respectively.

The mass and thickness of each shell are presented for the
Mackie & Baym and Brussels-Skyrme 21 models in Fig. 2. The
thickness and the gravitational mass of the shells for a given stel-
lar configuration can be approximated with high accuracy from
formulas established in Zdunik et al. (2016),

∆R = 73 m ∆µMeV
R2

6

M/M�

(
1 − 0.295

M/M�
R6

)
, (10)

∆M
M�

= 0.47 × 10−4 ∆P30
R4

6

M/M�

(
1 − 0.295

M/M�
R6

)
, (11)

where R6 is the NS radius divided by 10 km, ∆µ and ∆P cor-
respond to the thickness of the shell (crust) in baryon chemical
potential and pressure, respectively; those quantities are given in
MeV and 1030 dyn cm−2 respectively. In Fig. 2, a total NS mass
of 1.4 M� was selected for the two nuclear models of dense mat-
ter SLy4 with the Mackie & Baym crust and Brussels-Skyrme 21
(unified EoS for core and crust), to which corresponds a total
radius of the star of 11.7 km and 12.6 km, respectively. The outer
crust of the SLy4/Mackie & Baym model is thinner than that of
the Brussels-Skyrme 21 model, 429 m and 494 m, respectively.
The ratio of the outer crust thickness is equal to the square of
the ratio of the respective stellar radii, see Eq. (10). The accreted
crust for the Mackie & Baym model is made of 36 shells, includ-
ing 5 in the outer crust, for a total thickness of 722 m and a mass
of 3 × 10−3 M�.

The set of nuclei found in the originally catalyzed com-
pressed outer crust is displayed in Fig. 3, with that of the accreted
material and that of the catalyzed outer crust. There are around
170 nuclei appearing in the originally catalyzed compressed
outer crust; they overlap with the catalyzed nuclei, as catalyzed
matter is the stage of the originally catalyzed compressed outer
crust at ∆P = 0, and also with the accreted material nuclei
when the stage of compression reaches the fully accreted crust
approximation.

The composition of the originally catalyzed compressed
outer crust differs from that of the fully accreted crust and
from that of the catalyzed one. The composition of the partially
accreted crust is displayed in the lower figure of the movie avail-
able online (Movie 1); the composition of the catalyzed outer
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Fig. 3. Abundance of nuclei (N,Z) found in the partially accreted crust
calculated using the Mackie & Baym model, compared to the valley of
recently measured nuclei from AME2016. (N,Z) for the catalyzed outer
crust are shown in blue, (N,Z) of the accreted material part of the crust
are shown in red, and (N,Z) for the originally catalyzed compressed
outer crust are shown in violet.

crust is also presented as a landmark. The accreted material
part is seen to evolve from low to high density (left to right),
thus invading the partially accreted crust until it dominates at
∆P = 1032 dyn cm−2. Thermal and transport properties of the
crust depend on the crust composition. For example, the melting
temperature and shear modulus are both proportional to Z2/A1/3

cell
(see Chamel & Haensel 2008); this quantity is presented as a
function of the pressure in Fig. 4. The melting temperature in
the fully accreted crust is much lower than that of the originally

A63, page 5 of 16

https://www.aanda.org/10.1051/0004-6361/202243040/olm


A&A 662, A63 (2022)

1027 1028 1029 1030 1031 1032

P (dyn/cm2)

50

150

250

350

Z2
 / 
A
ce

ll1
/3

OCCOC
Catalyzed
FAC

Fig. 4. Z2/A1/3 as a function of the pressure P in dyn cm−2 for the cat-
alyzed outer crust is shown in blue, for the fully accreted crust, it is
shown in red, and for the originally catalyzed compressed outer crust, it
is shown in violet. Z is the proton number, and A is the nucleon number
per nucleus.

catalyzed compressed outer crust: for a range of temperatures,
the fully accreted crust is liquid and the originally catalyzed
compressed outer crust is solid. The shear modulus is also larger
for the originally catalyzed compressed outer crust than for the
fully accreted crust: the former is more rigid than the latter.

The composition of the crust also affects the modeling of the
thermal evolution of accreting NSs. On the one hand, the thermal
conductivity of the crust is mostly contributed by the electrons; it
is inversely proportional to the scattering frequency of electrons,
which is proportional to Z2. The proton number of the originally
catalyzed compressed outer crust being generally larger than that
of the fully accreted crust at fixed density, thermal conductivity
is lower and the crust exhibits a lower heat transfer for the orig-
inally catalyzed outer crust than for the fully accreted crust. On
the other hand, the heat capacity of the crust measures the energy
required to raise the temperature by one Kelvin; it enters the rel-
ativistic balance equations. In the crust, the electron contribution
scales as ∼Z2/3/A2/9, and the lattice one as A1/3 (see Fortin et al.
2010).

The relation between the pressure and the density for
the partially accreted crust is presented online (Movie 2); in
Fig. 5, P(ρ) is presented at compression ∆P = 2.3 × 1029 and
1.1 × 1030 dyn cm−2. The equation of state for catalyzed matter
is the softest as it corresponds to a global minimum of energy
at a given pressure. The stiffest EoS is obtained for the fully
accreted crust. In this case, the local energy minimum is deter-
mined for a relatively small number of nucleons in the Wigner-
Seitz cell. This favors nuclei with A smaller than in the case of
the catalyzed and also originally catalyzed compressed matter.
As a result, matter in the fully accreted crust is farther away
from global equilibrium (catalyzed matter) and originally cat-
alyzed compressed matter. Some quantities depend directly on
the equation of state of the crust. Superfluidity depends on the
chemical potential and on the energy density. Neutrino emission
processes such as electron-electron Bremsstrahlung, electron-
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Fig. 5. Equation of state P(ρ) of the partially accreted crust for com-
pression ∆P = 2.3 × 1029 dyn cm−2 and ∆P = 1.1 × 1030 dyn cm−2. The
originally catalyzed compressed outer crust is presented in violet, and
the accreted material part of the crust is presented in red. The catalyzed
outer crust EoS is presented in blue, and the fully accreted crust EoS is
shown as dashed red lines. For the density inversion in the EoS of the
originally catalyzed compressed outer crust, see Sect. 4.3.

nucleus Bremsstrahlung, and neutrino pair-Bremsstrahlung can
occur in the crust and depend on the chemical potential and the
density. We note that the neutrino emission contribution of the
crust is negligible compared to that of the core (see Fortin et al.
2018).

3.2. Heat sources of the originally catalyzed compressed
outer crust

Reactions induced by the compression of a shell (Acell,Z,N)
are exothermic and deposit heat in the originally catalyzed
compressed outer crust. The first electron capture occurs
for an increase in pressure ∆P ' 7.5 × 1027 dyn cm−2; the
largest energy release per nucleon due to electron capture
is ∼110 keV A−1 at ∆P ' 4.6 × 1028 dyn cm−2. Pycnonuclear
fusions are far more rare than electron captures, with a max-
imum energy release of ∼340 keV A−1 for an increase in
pressure ∆P ' 1.9 × 1030 dyn cm−2. This is also the first pyc-
nonuclear reaction. It occurs in the first shell of the orig-
inally catalyzed compressed outer crust for parent nuclei
(Acell = 56,Z = 10,N = 24). The details of the exothermic reac-
tions in the originally catalyzed compressed outer crust up to the
neutron drip point are presented in Tables A.1–A.3.

The problem of the interplay of neutrino losses and mat-
ter heating deserves additional discussion. The electron capture
chain is initiated by the process in Eq. (2) after the chemical
potential of electrons µe reaches the threshold µe = W1, with W
the threshold of the reaction; this process proceeds in a quasi-
equilibrium way (no heating). The nucleus (A,Z − 1) has odd
numbers N and Z and therefore has a significantly lower thresh-
old for the second electron capture: W2 < W1. Moreover, an odd-
odd nucleus (A,Z − 1) has a dense spectrum of excited states
with excitation energies (relative to the ground state) denoted
Eexc, which follows 0 < Eexc < Ee − W2. An excited state
(A,Z − 1)∗ decays to the ground state (A,Z − 1)gs. The impor-
tant effect connected with the transition to the exited state of
(A,Z − 1) nucleus is the increase in threshold density (pressure)
due to the excitation energy Eexc. This also leads to a larger
energy release in the second reaction (A,Z − 1) → (A,Z − 2)
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Fig. 6. Maximum energy release Qmax per nucleon per shell for electron
captures (upper left plot) and pycnonuclear fusions (upper right plot),
as well as the sum of all electron captures and pycnonuclear fusion heat
release per shell E/Acell (lower plot). The shell numbers go from 1 at
the outer crust surface to 24 at the outer to inner crust transition.

and a maximum energy release increase that arises because the
transition to the excited state is larger than the ground state –
ground state transition by 2Eexc (see Chamel et al. 2021). The net
contribution of excited states is found to more than balance the
neutrino losses (see Gupta et al. 2007). Therefore, the neutrino
losses can be neglected, and our approximation Q2 ' µe −W2 is
valid.

The maximum heat release per nucleon Qmax in each of the
24 shells during the compression of the originally catalyzed crust
up to ∆P = 1032 dyn cm−2 is presented in Fig. 6. Generally, Qmax
decreases when considering shells initially located deeper in the
original crust. In the same figure, the total energy per nucleon
E/Acell released in a shell follows the same trend. The energy
per nucleon is only defined per one shell of the compressed outer
crust and not for the whole compressed outer crust: the energy
per nucleon of different shells cannot be summed. The decrease
in energy release per nucleon as a function of the depth in the
star can be explained from the catalyzed composition of the outer
crust, as displayed in Fig. 1. The nucleon number A is generally
larger in deeper shells of the crust. Large nuclei are more sta-
ble than small ones; applying a compression to the shells of the
catalyzed outer crust induces a state of local equilibrium that is
closer to global equilibrium for shells with high nucleon num-
ber. In other words, catalyzed shells of the outer crust with large
nucleon number are more stable with regard to compression-
related reactions than shells with small nucleon number. Shells
deeper in the crust release less energy per nucleon than shells
close to the surface. A few shells do not follow this decrease,
and this can be explained with the same reasoning: in Fig. 6,
the third shell (very thin layer of 58Fe; its existence is uncertain,
see Sect. 3.1) presents a higher maximum energy per nucleon
than its shallower neighbor 62Ni; there is also a slight increase
in Qmax for shells 6 (86Kr), 7 (84Se), 8 (82Se), and 9 (80Ge).
These shells follow the catalyzed nucleon number logic stated
above.

To calculate the total energy released in the originally cat-
alyzed compressed outer crust, we allocated the exothermic reac-
tions to the number of baryons that go through these reactions.
The number of baryons was calculated using the Tolmann-
Oppenheimer-Volkoff equations applied to the crust (P/ρc2 � 1

and PR3/Mc2 � 1), as well as the expression for the baryon
number in a thin spherical shell, dNb , of the coordinate thickness
dr. In General Relativity,

dNb =
4πr2nB√
1 − 2Gm

rc2

dr. (12)

Therefore, an approximate number of baryons ∆Ni in an i-th
shell of pressure range Pi

bot − Pi
top is

∆Ni =
4πR4

GMm0

√
1 −

2GM
Rc2

(
Pi

bot − Pi
top

)
, (13)

where m0 = 931 MeV/c2 is the mean bound nucleon mass in
56Fe. In contrast to the decreased energy per nucleon, the number
of nucleons per shell generally increases deeper in the outer crust
(see the gravitational mass of the shells in Fig. 1).

The formula for the total energy released in the compressed
outer crust reads

E =
∑

i

∆Ni(Σ jEi j)

=
4πR4

GMm0

√
1 −

2GM
Rc2

∑
i

∆Pi(Σ jEi j), (14)

where Ei j is jth energy source located in the ith shell, and
∆Pi = Pi

bot − Pi
top is the thickness in pressure of the ith shell. For

the accreted material part of the crust, formula (14) simplifies to

E =
4πR4

GMm0

√
1 −

2GM
Rc2

∑
j

P jE j. (15)

We introduce the factor α∗ , which depends on the NS mass
and radius,

α∗ =
R4

6

M/M�

√
1 − 0.295

M/M�
R6

, (16)

such that

4πR4

GMm0

√
1 −

2GM
Rc2 = 9.3 × 1016α∗

cm3

MeV
· (17)

For energy considerations, we assumed a 1.4 M� NS, which cor-
responds to a radius of 11.7 km in the Mackie & Baym nuclear
model.

In Fig. 7 we present the total energy Esh released in each of
the 24 shells of the originally catalyzed compressed outer crust.
The trend of a decrease in maximum energy per nucleon shown
in Fig. 6 is largely compensated for by the number of nucleons
in the shells, thus ensuring that most of the energy is released
in the deepest shells of the compressed outer crust. Shell 17
(112Sr) has a particularly small pressure range, which explains
why it presents a low point of total energy in Fig. 7 and a low
mass in Fig. 1. The total energy released by the originally cat-
alyzed compressed outer crust, up to ∆P = 1032 dyn cm−2, cor-
responds to the sum of sources displayed in Fig. 7 for a total of
Etot = 4.25 × 1047 erg.

Our calculations were made for an originally catalyzed outer
crust. To compare it to that of an originally accreted outer crust,
we calculated the total energy needed to sink the 24 shells of
the originally catalyzed outer crust over their neutron drip point
(Eq. (14)) and the 5 shells of an originally accreted outer crust
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Fig. 7. Total energy in erg released in each of the 24 shells of the orig-
inally catalyzed compressed outer crust for electron captures (left) and
pycnonuclear fusions (right).

over their neutron drip point (Eq. (15)). The total energy is
7.8 × 1045 erg and 7.4 × 1045 erg. These numbers indicate that
the total energy available from the compression of the catalyzed
and accreted crust is similar. In the case of the accreted crust, the
energy released is continuous and the sources are located at fixed
densities (five energy sources). For the originally catalyzed com-
pressed outer crust, many temporary sources exist (about two to
five sources per each shell before neutron drip; see Fig. 9 and
Table A.1).

To compress the original outer crust (originally catalyzed
or accreted) into the inner crust, an accretion of the amount of
matter equal to the outer crust mass is needed. In this case, the
total energy released by the accreted material part of the crust
is 2.2 × 1046 erg. This complete replacement of the initially cat-
alyzed outer crust, now built of accreted matter, results in the
pressure at the bottom of the original crust∼1.5 × 1030 dyn cm−2.
In addition to the 7.8 × 1045 erg released in the initial outer crust,
this compression also leads to chains of reactions over the neu-
tron drip point: the additionally released energy is ∼5× 1045 erg.
In total, the replacement of the outer crust by the accreted matter
gives 1.3 × 1046 erg in the originally catalyzed compressed outer
crust.

3.3. Onset of neutron drip

The neutron drip point depends on the density and on the
shell (Acell,Z,N). Because the catalyzed outer crust is made of
24 shells, in the originally catalyzed compressed outer crust,
this point is different for each shell. The compression at which
neutrons start dripping out of nuclei as well as the additional
compression needed to produce free neutrons throughout the
entire shell is displayed in Fig. 8 for the 24 shells of the orig-
inally catalyzed compressed outer crust; this is also presented in
Tables A.1–A.3. The exothermic reactions up to the neutron drip
point calculated in the single-nucleus model are shown in black,
and those calculated with the continuous approach are shown in
blue.

As an example, we considered the 19th shell of the origi-
nally catalyzed compressed outer crust, which corresponds to an
original (catalyzed) shell of 116

38 Sr. In the single-nucleus model,
the neutron drip begins at the top of the shell after a com-
pression ∆P ' 7.3 × 1029 dyn cm−2, and requires an additional
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Fig. 8. Compression required to reach the neutron drip point in the
single-nucleus model (black) and the continuous approach (blue) for
each of the shells of the originally catalyzed compressed outer crust.
The error bars refer to the additional compression needed for the entire
shell to undergo neutron emission from bottom (left end of the error bar)
to top (right end of the error bar). The parent nuclei undergoing electron
capture that precedes the neutron emission are indicated with the nota-
tion (Acell,Z,N). In the case of a continuous approach, it is presented
only if the parent nucleus is different than that in the single nucleus
models.

compression of 8.7 × 1028 dyn cm−2 for the entire shell to pass
from 116Kr to 106Ge. The mechanism consists of four electron
captures triggering the neutron drip at a depth in pressure of
∼1.2 × 1030 dyn cm−2. The energy release associated with this
process is about 35 keV (from 940.471→ 940.435 MeV). The
number density of neutrons nout, trapped in one Wigner-Seitz cell
at the onset, is an order of magnitude larger than that of nuclei
and about only one order of magnitude smaller than the average
baryon number density. In the continuous approach, the neutron
drip begins earlier, at a compression ∆P ' 2 × 1029 dyn cm−2,
with a double electron capture in the reaction 116Sr to 114Kr at
a depth in pressure of ∼6.7 × 1029 dyn cm−2. The energy release
associated with the reaction is about 13 keV. By construction,
in this approach, the average number density of free neutrons is
negligibly small.

Because the onset of the neutron drip occurs for an ear-
lier (lower) compression in the continuous approach than in the
single-nucleus model, the number of reactions in the outer crust
is reduced: in the third shell, the neutron drip for the continu-
ous approach occurs for the parent nuclei of the single-nucleus
model. In shell 18, it occurs for the grandparent nucleus (see
Tables A.1–A.3). For the same reason, the last shell of the outer
crust for which the neutron drip is calculated in the continuous
approach is shell 23 (130Zr) of the outer crust, calculated within
the single-nucleus approach.
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3.4. Spinning-down of the neutron star and the induced crust
compression

One of the scenarios leading to an increase in pressure in the NS
crust is the process of slowing-down of the stellar rotation. This
case has been studied by Iida & Sato (1997) and Gusakov et al.
(2015), and their result gives an increase in pressure by some
25% for an initial frequency of 1 kHz. A similar conclusion can
be drawn from the consideration of the (baryon) mass of the
outer crust for a rotating strange quark star (Zdunik et al. 2001).
In the latter case, the relative increase in pressure is approxi-
mately equal to the relative increase in baryon mass of a given
shell, which is about 30% for an initial rotation at 1 kHz, and
∼100% at most for a spinning-down from an initial rotating con-
figuration close to a Keplerian one. For such a relative increase
in pressure, detailed calculations show the existence of exother-
mic reactions in the very deep (Acell ∼ 100) region of the outer
crust. Assuming a 100% limit for the maximum relative increase
in pressure due to spin-down, only a few of the deepest shells
can reach the onset of neutron drip; see Table A.3.

The estimation of the rotation frequency of a newly born NS
that is not spun up by accretion is a complicated task depending
on many assumptions. The analysis of observed pulsars gives
initial rotation periods between 10 and several hundreds of mil-
liseconds (Faucher-Giguère & Kaspi 2006); these results can be
supported by theoretical supernova modeling (see Janka et al.
2022). Even for the lower limit of this range (P ∼ 10−20 ms),
the relative increase in pressure after slowing down would be
less than 1%. A small increase like this would not trigger any
exothermic reaction in the catalyzed crust. This is not the case
for a fully accreted crust when reactions occur continuously with
the pressure increase (Gusakov et al. 2015).

3.5. Temporary and permanent heat sources

To compare the modeling of a partially accreted crust with the
observed luminosity of some soft quiescent X-ray transients, a
detailed catalog of the heat sources must be assembled. The
dynamic nature of the crust compression suggests that this cata-
log should be presented as a function of time, especially because
the thermal relaxation of NSs is our observable of interest. How-
ever, to keep the catalog independent of the binary accretion rate
or the spin slowdown (given the rotation period P and its time
derivative Ṗ), the catalog was established as a function of the
compression ∆P. To implement this catalog in the relativistic
equations of cooling and transport, Ṁ(t) or Ṗ(t) must be spec-
ified. For partially accreted crusts, we propose the following
equation:

∆P = 2.1 × 1024 Ṁ−10tacc/yr
α∗

, (18)

where tacc is the time elapsed since accretion started. We refer to
Iida & Sato (1997) for the relation between the relative increase
in pressure and the rotation frequency decrease of the star.

As opposed to the fully accreted crust approximation and the
sources of the accreted material as part of the partially accreted
crust, the sources of the compressed crust are of temporary char-
acter in both time and position: they appear, then disappear at
different depths of the crust. This is presented in Fig. 9 for
the 24 shells of the originally catalyzed compressed outer crust
at various values of the compression. Temporary as they are,
the sources of the originally catalyzed compressed outer crust
last for a certain compression range: the exothermic reaction at
the origin of the heat source first appears in the deepest part
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Fig. 9. Heating activity expressed in terms of the compression ∆P
required for heat sources to transform each shell of the originally cat-
alyzed compressed outer crust from the parent to the daughter nuclei.
The colors have no special meaning other than to distinguish between
overlapping reactions in a shell. For details, see the text.

of the shell and then invades the shell progressively until the
entire shell i has been transformed from nuclei (Acell,Z,N) (par-
ent nuclei) to (A′cell,Z

′,N′) (daughter nuclei). In the left plot of
Fig. 9, for ∆P = [0.5−1] × 1029 dyn cm−2, heat sources occur in
the shallowest shells, which are thin: there are periods of heat
extinction. For deep shells, which present a wide pressure range(
Pi

bot − Pi
top

)
, one exothermic reaction sometimes has not yet

filled the entire shell before another starts at the bottom end Pi
bot,

which results in an overlap of reactions within one shell. The
shallowest shells have narrow pressure ranges. It takes less com-
pression to fill them with daughter nuclei, and they allow for
more lull than in the deepest shells. In the upper right plot, there
is no extinction because a reaction proceeds in at least one shell.
For the highest values of the compression, there are fewer heat
sources, as presented in the lower right plot of Fig. 9, and quies-
cence exists.

The results for the heat sources of the partially accreted crust
are presented in a movie available online (Movie 1): heat sources
per nucleon for both the accreted material part of the partially
accreted crust and the originally catalyzed compressed outer
crust are given as a function of the pressure in the crust at each
∆P on the upper figure of the movie. The temporary nature of
sources in the originally catalyzed compressed outer crust stands
out, whereas the sources in the accreted material part settle
permanently.

4. Properties of the compressed outer crust

4.1. Timescales

Each (astrophysical or nuclear) process discussed in this paper
is characterized by a typical timescale. We briefly present the
relevant timescales for the different phenomena.

For a star in hydrostatic equilibrium, the pressure and grav-
itation counterbalance each other. If an imbalance between the
two occurs in a given region of the crust, the NS structure (to
a good approximation, this concerns only the structure of the
crust) adjusts on a timescale called dynamical in order to can-
cel this imbalance, and reaches a new hydrostatic equilibrium.
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This timescale is denoted τdyn and is about 0.1 ms; it is the time
needed for a sound wave to cross the crust.

In the context of accretion, a piece of matter located at a
pressure Pori in the original crust is pushed to a pressure thresh-
old Pth at which a specific reaction takes place within a timescale
denoted τacc,

τacc = 4.8 × 105 α∗

〈Ṁ〉−10

(
Pth,30 − Pori,30

)
yr, (19)

where P30 is the pressure in 1030 dyn cm−2. As presented in
Fig. 9, when a reaction pressure threshold is reached at the bot-
tom of the original shell i, the additional compression required to
ensure that the entire shell goes through this reaction is directly
related to the thickness in pressure of the shell. We denote it τst,

τst = 4.8 × 105 α∗

〈Ṁ〉−10
(Pi

bot,30 − Pi
top,30)yr. (20)

The lifespan of the partially accreted crust, in other words,
the timescale of pushing the crust to the core, denoted τpac, is
given by

τpac = 5 × 107 α∗

〈Ṁ〉−10
yr. (21)

Assuming dipolar magnetic model for a pulsar of rotation
period P, we can give a rough estimation of the pulsar lifetime.
For a constant magnetic field B and a moment of inertia I, the
pulsar becomes nonobservable (dead) after a spin-down time

τsd = 6.5 × 107P2 I45

R6
6B2

12

yr, (22)

with B12 the polar magnetic field in 1012 G, and I45 the moment
of inertia in 1045 g cm2 (see Iida & Sato 1997, Sect. 3.2).

The rate of electron captures on nuclei per cm3 per sec-
ond and per one nucleon Rcap is related to the electron cap-
ture timescale by τcap = 1/Rcap. In a steady state of a partially
accreted crust, this results from the balance of the accretion flow
and the capture rate. In this way, we obtain

τcap =
4πR4Pth

GṀM
≈ 105 Pth,30(R6)4

〈Ṁ〉−10(M/M�)
yr . (23)

On the other hand, if we consider nonequilibrium electron cap-
tures in a partially accreted crust after accretion has stopped,
the capture timescale for the reaction (Z = 26,N = 30) →
(Z = 28,N = 28) is about 10 yr.

The threshold for pycnonuclear reactions in a given shell
should be determined by comparing two timescales, the pyc-
nonuclear τpyc , and the timescale of accretion τacc. Pycnonuclear
fusion switches on as soon as τpyc < τacc (see Haensel & Zdunik
2003). However, the uncertainties in the pycnonuclear reac-
tion rates are very large (Yakovlev et al. 2006). Fortunately,
because the function τpyc(P) is very steep, this uncertainty does
not significantly change the location of the energy sources
and the total energy release due to the pycnonuclear reactions
(Haensel & Zdunik 2008).

4.2. Neutron-drip anomaly

For a compressed crust, the neutron-drip point depends on
the original shell (Acell,Z,N). The configuration displayed in
Fig. 10 can occur at compression between 8 × 1029 and 1.5 ×
1030 dyn cm−2: the shallower shell i presents a layer with free

r

Shell i+ 2

Shell i+ 1

Shell i

Shell i− 1

Fig. 10. Schematic of the neutron-drip anomaly. Areas of the shells with
free neutrons are represented in gray.

neutrons, and its deeper neighbor, shell i + 1 does not. In this
case, shell i has started neutron drip at an earlier stage of com-
pression than shell i + 1. We are left with a layer in shell i + 1
without free neutrons surrounded by two layers with free neu-
trons. This configuration emerges due to the compression of dif-
ferent shells, therefore it cannot appear in a fully accreted crust
approximation, nor in the accreted material part of the partially
accreted crust.

For example, in the single nucleus model, after an increase
in pressure ∆P ∼ 1030 dyn cm−2, (equivalently ∼2.5 × 10−5 M�
accreted on the surface of the original crust, see Eq. (18) for a
1.4 M� star), neutron drip occurs at the bottom of the 14th shell
when it has not yet in the deepest end of shell 15. This neutron-drip
anomaly can be tracked in Fig. 8: from the deepest to the shallow-
est shell, the global trend of the neutron-drip onset is from left
(lowest compression) to right (highest compression). When two
neighbor shells do not follow this trend, the anomaly occurs. In the
continuous approach, the anomaly does occur, but not necessarily
for the same shells as in the single-nucleus model.

As the scheme of Fig. 10 suggests, the timescale described
in Eq. (20) entails that if shell i (shallower) starts neutron drip
(at its deepest end) before shell i + 1 (deeper) has ended emitting
free neutrons, the layers of these shells will present an anoma-
lous configuration. This is the case for shells 21 and 22 in the
continuous approach: in Fig. 8, shell 22 starts dripping at rela-
tive compression δP = 17%, while shell 21 starts at δP = 29%,
which is in accordance with the neutron-drip trend. However, the
additional compression required for the reaction to go through
the entire shell after starting at its bottom implies that shell 22
will finish filling up with free neutrons at δP = 35%, that is, well
after shell 21 starts dripping.

For certain values of the compression, this phenomenon is
repeated several times: at ∆P ' 9 × 1029 dyn cm−2 (in the single
nucleus model), no shell of the originally catalyzed compressed
outer crust has started to drip; at ∆P ' 1.56 × 1030 dyn cm−2,
all shells have been pushed to the inner crust. For ∆P '

1.23 × 1030 dyn cm−2, six layers are involved in the anomaly,
thus alternating layers with and without free neutrons. After
∆P ' 1.6× 1030 dyn cm−2 in the single-nucleus model, all shells
of the originally catalyzed compressed outer crust have under-
gone neutron drip and have been pushed to depth corresponding
to the inner crust; in the continuous approach, after compression
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∆P ' 1.1×1030 dyn cm−2, the whole outer crust has been pushed
to the inner crust.

Up to now, we considered a quasi-static scenario for an
anomalous neutron drip. From now on, the kinetics of dripped
neutrons are included. We considered the emergence of a new
layer. In the following, we focus on a layer of daughter nuclei
from two successive electron captures, but the same reasoning
can be applied to pycnonuclear fusion. The emitted neutrons
scatter on nuclei via strong interaction; scattering on electrons
can be neglected because it is due to magnetic moments cou-
pling only. Under the action of the gravitational field accelera-
tion g, neutrons drift downward. Their flow velocity is denoted
by Vn and the neutron number current by jn = nnVn, where nn
is neutron number density. The balance of the gravitational force
mng with a resistance force from the scattering of neutrons on
nuclei results in the relation

Vn = bmng, (24)

with b the mobility parameter of the neutron gas in the lattice of
nuclei, as presented in Pitaevskii & Lifshitz (2012). Nuclei are
approximated by hard spheres of radius rA = 1.2 A1/3 fm, with
1.2 fm being the radius of one nucleon; the neutron-nucleon scat-
tering is treated as elastic. Under these assumptions, the trans-
port cross-section for neutron scattering is σt = πr2

A. The scat-
terer’s mass, that is to say, the mass of nuclei with A ' 100, is
two orders of magnitude higher than the neutron mass mn. More-
over, the number density of the neutron gas nn is smaller than the
number density of nuclei nA (see below). At a prevailing temper-
ature of ∼108 K, neutron gas is nondegenerate, therefore we can
apply the method described in Pitaevskii & Lifshitz (2012), in
which the diffusion of the Boltzmann gas of light particles in the
gas of heavy particles approximated by hard elastic spheres was
considered. Einstein’s relation is also used between the diffusion
coefficient D and mobility b, D = kBTb as in Landau & Lifshitz
(1987); kB is the Boltzmann constant.

In our case, neutrons drift downward under the action of
an external force f = mng, and the formula for drift velocity
(Pitaevskii & Lifshitz 2012) is

Vn =
gmnv

n
T

3nAσtkBT
, (25)

where vn
T =

√
kBT/mn is the mean microscopic (thermal) speed

of neutrons in the neutron gas,

vn
T =

√
kBT
mn

= 9.1 × 107

√
T

108 K
cm s−1. (26)

The product nAσt is the inverse transport mean free path of neu-
trons, λ−1

t , such that

λt = 1.705 × 10−9 (A100)1/3

ρ11
cm, (27)

with ρ11 the density in 1011 g cm−3, and A100 the
nucleon number divided by 100. For a typical
kBT = 6.905 × 10−8T /(5 × 108 K) erg, we obtain for the
drift velocity

Vn = 478
(A100)1/3

ρ11

( T
108 K

)−1/2 g

g∗
m yr−1, (28)

where g∗ = 1.3× 1014M/M�/R2
6 cm s−2 is the Newtonian surface

gravitational acceleration of the star.
The neutron drift process was considered in the reference

frame associated with lattice of nuclei, which actually moves

inwards due to compression implied by accretion. The radial
velocity Vc is given by

Vc =
Ṁ

4πR2ρ
= 1.5

Ṁ−10

R2
6ρ11

mm yr−1, (29)

with ρ11 the density in 1011 g cm−3. Vc is negligibly small com-
pared to Vn, therefore, neutrons leave the layer right after their
emission and thermal equilibration, and drift downward through
the outer crust to the inner crust.

Using the estimates derived above, we can evaluate the num-
ber density of the gas of the emitted neutrons: nn = k · nVc/Vn
so that the free neutron fraction Xn = nn/n ' k · 10−7. This cor-
responds to a diluted ideal neutron gas, described by Boltzmann
statistics, because the condition for the kinetic energy εp of a
neutron of momentum p, and the chemical potential (without rest
energy) µn satisfies e(µn−εp)/kBT � 1 (Landau & Lifshitz 1980).
For an ideal gas of neutrons, the chemical potential is

µn = kBT ln

nn

(
2π~2

mnkBT

)3/2, (30)

therefore a sufficient condition for the validity of Boltz-
mann statistics is that the dimensionless parameter
nn

(
2π~2/mnkBT

)3/2
� 1. We find that at density ∼1011 g cm−3,

this dimensionless parameter for neutron gas is indeed very
small (∼10−3).

Considering neutron number conservation and hydrostatic
equilibrium, we can estimate the thickness of the layer of neutron
emission, or equivalently, of electron capture. We denote with W
the reaction threshold for the electron capture and with µe the
chemical potential of electrons. We introduce the dimensionless
variable

y =
µe −W

W
. (31)

An element of matter is pushed to the pressure of electron cap-
ture threshold P0, at which µe = W. If this piece of matter is
compressed further (pushed deeper in the star), y increases, but
can be considered small (y � 1). The pressure is mainly con-
tributed by ultrarelativistic electrons. Above the threshold P0, it
can be approximated by

P ' P0(1 + 4y). (32)

Assuming allowed beta transition, the reaction rate of the elec-
tron capture is proportional to y3. From the relativistic equations
for hydrostatic equilibrium,

y =
gρz
4P0

, (33)

with z the depth relative to the capture threshold location
and g the surface gravity acceleration (∼1014 cm s−2). Electron
captures with neutron emission involved in the neutron-drip
anomaly occur around ρ ' 1011 g cm−3, and P ' 1030 dyn cm−2.
From the drift and radial velocity estimated in Eqs. (28) and (29)
and from the threshold energy W ' 20 MeV, we obtain at the
bottom of the electron capture (neutron emission) layer y ' 10−5

and a thickness of the layer '3 cm.
On the one hand, the shells from which free neutrons escape

have a lower nucleon number per cell: with the example of shells
14 and 15 at ∆P ' 1030 dyn cm−2, after neutron drip, the daugh-
ter nucleus (102, 98, 30) with four free neutrons is present at
pressure P = 1.2 × 1030 dyn cm−2. This nucleus, after losing
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its four free neutrons that drifted downward, is stable at this
pressure. On the other hand, the shells into which the free neu-
trons have drifted will present a higher neutron number den-
sity. Overall, the composition of the compressed crust must be
reevaluated. However, treating the interaction of drifting neu-
trons with deeper shells in the crust requires considerations out-
side the single-nucleus approach, which is beyond the scope of
the present paper.

4.3. Density-related instability

Each exothermic reaction triggered at the bottom of one shell
of the originally catalyzed compressed outer crust is accom-
panied with a density jump. After this reaction, the density
of the layer just below this shell may be lower. This den-
sity inversion can be subject to the Rayleigh-Taylor instability
applied to a lattice, also referred to as the elastic Rayleigh-
Taylor instability. The study of this type of instability indi-
cates that it develops when the density jump is larger than 10%
(Blaes et al. 1990). The fulfillment of this condition is repre-
sented in the movie available online (Movie 1) with yellow
stars. From the movie, it can be concluded that these potentially
unstable configurations appear for an increase in pressure in the
range [8 × 1029−3 × 1030] dyn cm−2, and occur after accretion of
∼10−4 M�.

To estimate the energy available due to the swapping of the
layers subject to elastic Rayleigh-Taylor instability, we used the
formula in Blaes et al. (1990),

∆E =
4πR4

GM
(
P1,bot − P1,top

)(
P2,bot − P2,top

)( 1
ρ2
−

1
ρ1

)
' 1044 R4

6

M/M�

(
P1,bot − P1,top

)
28

×
(
P2,bot − P2,top

)
28

( 1
ρ2,11

−
1

ρ1,11

)
erg, (34)

with
(
Pi,bot − Pi,top

)
28 and ρi,11 the pressure thickness in

1028 dyn cm−2 and mean density in 1011 g cm−3, respectively,
of the layer i (i = 1, 2). The pressure range of the lay-
ers subject to elastic Rayleigh-Taylor instability is typically
1028 or 1029 dyn cm−2. This corresponds to a layer mass of
∼10−6 M� and to a timescale of the formation of these layers
of ∼104 yr/Ṁ−10.

5. Conclusion

We studied the evolution of the structure, the composition, and
the heat sources of a neutron star crust during the first stage
of accretion, when the amount of matter accreted is smaller
than the mass of the crust and the originally catalyzed crust
has not been replaced by the accreted material. The equation
of state of the catalyzed outer crust, of the accreted material,
and of the original crust that is compressed under the pressure
of accreted material has been established using a compressible
liquid-drop model. The catalyzed outer crust consists of 24 shells
(in the single-nucleus model), containing nuclei with mass num-
bers A between 56 and 132, eleven of which are constrained by
laboratory measurements. We reconstructed part of the hybrid
crust (accreted material part, and the compressed originally cat-
alyzed outer crust) as a function of the compression by accreted
material.

Two types of compression-related exothermic reactions
occur in the hybrid crust: electron captures (in the inner crust,
accompanied by neutron emissions), and pycnonuclear fusions.
For a compression limit of around 2×1032 dyn cm−2, the origi-
nally catalyzed compressed outer crust hosts around 170 differ-
ent nuclei. Exothermic reactions leading to this variety of nuclei
deposit heat in the compressed outer crust. The largest heat per
nucleon is released in the shallowest shells of the original crust.
However, most of the total heat is released in the deepest shells.
We conclude that during the initial stage of accretion, the heat
sources of the original crust that is compressed are not negligible
compared to that of the accreted material part of the crust. More-
over, the composition of the originally catalyzed compressed
outer crust is significantly different from that of the fully accreted
crust. This must be taken into consideration for the transport
properties of the crust, and it should not be overlooked when
slowly accreting neutron star cooling is modeled.

Compression of the crust may occur for a spinning-down
neutron star. Exothermic reactions can be triggered for the deep-
est layers of the outer crust, when the relative compression of
∼50% of the crust shell is evaluated.

The compression of the original outer crust into the inner
crust leads to a neutron-drip anomaly. The neutron-drip point
of the 24 shells of the originally catalyzed outer crust was calcu-
lated with the single-nucleus approach as well as with the contin-
uous approach presented in Chamel et al. (2015). In both cases,
the compression of the originally catalyzed outer crust into the
inner crust led to a configuration in which free neutrons may be
found above a shell that has not reached its neutron-drip point.
After evaluating the kinetics of free neutrons, we conclude that
they are emitted in thin layers and will drift deeper into the star
nearly instantaneously. The loss of neutrons per cell leads us
to conclude that the composition of the shells concerned with
this anomaly must be reevaluated, but this is beyond the scope
of the current work. Potentially, the compressed catalyzed crust
can be subject to the Rayleigh-Taylor instability; the existence of
regions with density inversion is a quite common feature of our
model. However, this problem needs additional studies including
the timescale of the formation of the inverse density layers, and
development of the instability.
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Appendix A: Additional tables

Table A.1. Reactions triggered in the originally catalyzed compressed outer crust (calculated in the MB model) up to the first neutron emission.
Nuclei based on experimentally determined masses from AME2016 are presented in bold. The neutron-drip points calculated in the continuous
approach are presented in blue. In order of columns, we give the pressure P in ( dyn/cm2), the density ρini right before the reaction, λ = ∆ρ/ρ the
relative change in density due to the reaction in percent, the reaction concerned, the energy per nucleon Q of the reaction, the compression ∆P
at which the reaction is triggered, and the relative compression δP/P in percent at which the reaction is triggered. The table is separated into 24
parts, one for each shell: the first line (before the dashed lines) includes the top pressure and density of the original shell (first and second column)
as well as the nuclei of the shell. An electronic form is available at the CDS.

P ρini λ Reaction Q (keV/A) ∆ P δP/P (in %)
1.442 × 1022 7.753 × 105 - 56Fe Shell 1
6.468 × 1026 1.374 × 109 8.2 56Fe + 2e− → 56Cr + 2νe 37.0 6.463 × 1026 1.2 × 105

1.829 × 1028 1.811 × 1010 8.9 56Cr + 2e− → 56Ti + 2νe 41.2 1.829 × 1028 3.4 × 106

1.059 × 1029 7.365 × 1010 9.8 56Ti + 2e− → 56Ca + 2νe 81.7 1.059 × 1029 2.0 × 107

4.747 × 1029 2.496 × 1011 10.9 56Ca + 2e− → 56Ar + 2νe 46.1 4.747 × 1029 8.8 × 107

1.064 × 1030 5.078 × 1011 4.3 56Ar + 2 e− → 52S + 4 n + 2 νe 41.9 1.064 × 1030 2.0 × 108

1.226 × 1030 5.649 × 1011 12.1 56Ar + 2e− → 52S + 4 n + 2νe 35.1 1.226 × 1030 2.3 × 108

5.441 × 1023 8.489 × 106 - 62Ni Shell 2
2.468 × 1027 3.846 × 109 7.5 62Ni + 2e− → 62Fe + 2νe 44.9 2.401 × 1027 3.6 × 103

2.987 × 1028 2.679 × 1010 8.2 62Fe + 2e− → 62Cr + 2νe 44.2 2.981 × 1028 4.4 × 104

4.283 × 1028 3.796 × 1010 4.3 62Cr + 1e− → 62V + 1νe 0.0 4.276 × 1028 6.4 × 104

6.314 × 1028 5.297 × 1010 4.5 62V + 1e− → 62Ti + 1νe 0.0 6.308 × 1028 9.4 × 104

4.735 × 1029 2.511 × 1011 9.8 62Ti + 2e− → 62Ca + 2νe 41.3 4.734 × 1029 7.1 × 105

1.014 × 1030 4.889 × 1011 3.8 62Ca + 2 e− → 58Ar + 4 n + 2 νe 32.2 1.014 × 1030 1.5 × 106

1.170 × 1030 5.444 × 1011 10.9 62Ca + 2e− → 60Ar + 2 n + 2νe 29.5 1.170 × 1030 1.7 × 106

6.723 × 1025 2.654 × 108 - 58Fe Shell 3
4.641 × 1027 6.207 × 109 8.2 58Fe + 2e− → 58Cr + 2νe 43.1 4.571 × 1027 6.5 × 103

4.552 × 1028 3.718 × 1010 8.9 58Cr + 2e− → 58Ti + 2νe 110.6 4.545 × 1028 6.5 × 104

2.003 × 1029 1.231 × 1011 9.8 58Ti + 2e− → 58Ca + 2νe 45.0 2.003 × 1029 2.8 × 105

6.598 × 1029 3.311 × 1011 7.1 58Ca + 2 e− → 56Ar + 2 n + 2 νe 35.4 6.597 × 1029 9.4 × 105

6.892 × 1029 3.421 × 1011 10.9 58Ca + 2e− → 58Ar + 2νe 44.3 6.891 × 1029 9.8 × 105

1.507 × 1030 6.830 × 1011 26.4 58Ar + 4e− → 46Si + 12 n + 4νe 108.6 1.507 × 1030 2.1 × 106

7.053 × 1025 2.821 × 108 - 64Ni Shell 4
8.042 × 1027 9.615 × 109 7.5 64Ni + 2e− → 64Fe + 2νe 39.0 7.471 × 1027 1.3 × 103

5.228 × 1028 4.208 × 1010 8.2 64Fe + 2e− → 64Cr + 2νe 38.9 5.171 × 1028 9.1 × 103

7.795 × 1028 6.143 × 1010 4.3 64Cr + 1e− → 64V + 1νe 0.0 7.738 × 1028 1.4 × 104

1.143 × 1029 8.538 × 1010 4.5 64V + 1e− → 64Ti + 1νe 0.0 1.138 × 1029 2.0 × 104

6.487 × 1029 3.284 × 1011 6.4 64Ti + 2 e− → 62Ca + 2 n + 2 νe 20.8 6.481 × 1029 1.1 × 105

6.674 × 1029 3.355 × 1011 9.8 64Ti + 2e− → 64Ca + 2νe 39.8 6.669 × 1029 1.2 × 105

1.418 × 1030 6.493 × 1011 10.7 64Ca + 2e− → 60Ar + 4 n + 2νe 42.4 1.418 × 1030 2.5 × 105

5.725 × 1026 1.375 × 109 - 66Ni Shell 5
2.261 × 1028 2.152 × 1010 7.5 66Ni + 2e− → 66Fe + 2νe 49.6 2.195 × 1028 3.3 × 103

7.860 × 1028 5.893 × 1010 8.2 66Fe + 2e− → 66Cr + 2νe 79.1 7.794 × 1028 1.2 × 104

3.254 × 1029 1.852 × 1011 8.9 66Cr + 2e− → 66Ti + 2νe 38.6 3.247 × 1029 4.9 × 104

7.992 × 1029 3.962 × 1011 6.5 66Ti + 2 e− → 64Ca + 2 n + 2 νe 16.6 7.986 × 1029 1.2 × 105

9.018 × 1029 4.338 × 1011 9.8 66Ti + 2e− → 66Ca + 2νe 38.4 9.011 × 1029 1.4 × 105

1.556 × 1030 7.179 × 1011 23.2 66Ca + 4e− → 54S + 12 n + 4νe 102.4 1.556 × 1030 2.4 × 105

6.610 × 1026 1.561 × 109 - 86Kr Shell 6
9.884 × 1027 1.180 × 1010 5.7 86Kr + 2e− → 86Se + 2νe 29.2 8.236 × 1027 499
4.723 × 1028 4.031 × 1010 6.1 86Se + 2e− → 86Ge + 2νe 23.2 4.558 × 1028 2.8 × 103

1.333 × 1029 9.319 × 1010 6.5 86Ge + 2e− → 86Zn + 2νe 18.8 1.317 × 1029 8.0 × 103

4.385 × 1029 2.427 × 1011 7.0 86Zn + 2e− → 86Ni + 2νe 28.3 4.369 × 1029 2.7 × 104

8.422 × 1029 4.239 × 1011 5.0 86Ni + 2 e− → 84Fe + 2 n + 2 νe 14.7 8.406 × 1029 5.1 × 104

9.668 × 1029 4.702 × 1011 7.5 86Ni + 2e− → 86Fe + 2νe 28.3 9.652 × 1029 5.9 × 104

1.478 × 1030 6.956 × 1011 27.1 86Fe + 6e− → 66Ca + 20 n + 6νe 104.7 1.476 × 1030 9.0 × 104

1.653 × 1027 3.195 × 109 - 84Se Shell 7
2.827 × 1028 2.679 × 1010 6.1 84Se + 2e− → 84Ge + 2νe 28.6 1.934 × 1028 216
1.189 × 1029 8.353 × 1010 6.5 84Ge + 2e− → 84Zn + 2νe 33.1 1.100 × 1029 1.2 × 103

3.255 × 1029 1.895 × 1011 7.0 84Zn + 2e− → 84Ni + 2νe 29.2 3.166 × 1029 3.5 × 103

7.167 × 1029 3.668 × 1011 5.0 84Ni + 2 e− → 82Fe + 2 n + 2 νe 18.9 7.078 × 1029 7.9 × 103

7.690 × 1029 3.867 × 1011 7.5 84Ni + 2e− → 84Fe + 2νe 29.1 7.601 × 1029 8.5 × 103

1.398 × 1030 6.514 × 1011 17.0 84Fe + 4e− → 72Ti + 12 n + 4νe 64.8 1.389 × 1030 1.6 × 104
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Table A.2.

P( dyn/cm2) ρini λ Reaction Q (keV/A) ∆ P δP/P (in %)
8.954 × 1027 1.172 × 1010 - 82Ge Shell 8
6.325 × 1028 5.077 × 1010 6.5 82Ge + 2e− → 82Zn + 2νe 23.0 3.488 × 1028 122
2.991 × 1029 1.736 × 1011 7.0 82Zn + 2e− → 82Ni + 2νe 44.3 2.708 × 1029 954
5.970 × 1029 3.121 × 1011 7.5 82Ni + 2e− → 82Fe + 2νe 29.9 5.686 × 1029 2.0 × 103

1.032 × 1030 5.065 × 1011 2.9 82Fe + 2 e− → 78Cr + 4 n + 2 νe 25.4 1.004 × 1030 3.5 × 103

1.201 × 1030 5.676 × 1011 8.0 82Fe + 2e− → 78Cr + 4 n + 2νe 22.1 1.173 × 1030 4.1 × 103

2.846 × 1028 2.897 × 1010 - 80Zn Shell 9
2.529 × 1029 1.493 × 1011 7.0 80Zn + 2e− → 80Ni + 2νe 56.3 1.597 × 1029 171
4.503 × 1029 2.464 × 1011 7.5 80Ni + 2e− → 80Fe + 2νe 30.8 3.571 × 1029 383
8.818 × 1029 4.389 × 1011 5.5 80Fe + 2 e− → 78Cr + 2 n + 2 νe 16.1 7.886 × 1029 846
1.022 × 1030 4.902 × 1011 8.2 80Fe + 2e− → 80Cr + 2νe 29.5 9.284 × 1029 996
1.500 × 1030 7.076 × 1011 18.4 80Cr + 4e− → 66Ca + 14 n + 4νe 80.9 1.407 × 1030 1.5 × 103

9.346 × 1028 7.248 × 1010 - 82Zn Shell 10
2.991 × 1029 1.736 × 1011 7.0 82Zn + 2e− → 82Ni + 2νe 44.3 1.954 × 1029 188
5.970 × 1029 3.121 × 1011 7.5 82Ni + 2e− → 82Fe + 2νe 29.9 4.932 × 1029 475
1.032 × 1030 5.065 × 1011 2.9 82Fe + 2 e− → 78Cr + 4 n + 2 νe 25.4 9.287 × 1029 894
1.201 × 1030 5.676 × 1011 8.0 82Fe + 2e− → 78Cr + 4 n + 2νe 22.1 1.098 × 1030 1.1 × 103

1.041 × 1029 7.973 × 1010 - 94Se Shell 11
2.337 × 1029 1.463 × 1011 6.1 94Se + 2e− → 94Ge + 2νe 25.5 1.261 × 1029 117
5.492 × 1029 2.949 × 1011 6.5 94Ge + 2e− → 94Zn + 2νe 25.4 4.416 × 1029 410
9.293 × 1029 4.663 × 1011 2.4 94Zn + 2 e− → 90Ni + 4 n + 2 νe 16.8 8.217 × 1029 763
1.084 × 1030 5.234 × 1011 7.0 94Zn + 2e− → 94Ni + 2νe 22.1 9.760 × 1029 907
1.372 × 1030 6.684 × 1011 15.4 94Ni + 4e− → 80Cr + 14 n + 4νe 54.7 1.264 × 1030 1.2 × 103

1.079 × 1029 8.242 × 1010 - 100Kr Shell 12
2.316 × 1029 1.462 × 1011 5.7 100Kr + 2e− → 100Se + 2νe 23.7 1.051 × 1029 83
5.256 × 1029 2.861 × 1011 6.1 100Se + 2e− → 100Ge + 2νe 23.6 3.992 × 1029 315
8.827 × 1029 4.481 × 1011 2.3 100Ge + 2 e− → 96Zn + 4 n + 2 νe 13.6 7.562 × 1029 597
1.030 × 1030 5.034 × 1011 6.5 100Ge + 2e− → 100Zn + 2νe 22.7 9.039 × 1029 714
1.382 × 1030 6.683 × 1011 14.3 100Zn + 4e− → 86Fe + 14 n + 4νe 57.7 1.255 × 1030 992
1.269 × 1029 9.446 × 1010 - 96Se Shell 13
3.149 × 1029 1.869 × 1011 6.1 96Se + 2e− → 96Ge + 2νe 24.8 1.845 × 1029 141
6.630 × 1029 3.470 × 1011 4.3 96Ge + 2 e− → 94Zn + 2 n + 2 νe 19.5 5.327 × 1029 408
6.921 × 1029 3.584 × 1011 6.5 96Ge + 2e− → 96Zn + 2νe 24.8 5.618 × 1029 431
1.246 × 1030 5.935 × 1011 6.9 96Zn + 2e− → 92Ni + 4 n + 2νe 22.0 1.115 × 1030 855
1.307 × 1029 9.709 × 1010 - 102Kr Shell 14
3.076 × 1029 1.846 × 1011 5.7 102Kr + 2e− → 102Se + 2νe 23.1 1.322 × 1029 75
6.369 × 1029 3.372 × 1011 4.0 102Se + 2 e− → 100Ge + 2 n + 2 νe 19.6 4.616 × 1029 263
6.566 × 1029 3.449 × 1011 6.1 102Se + 2e− → 102Ge + 2νe 23.0 4.813 × 1029 274
1.178 × 1030 5.679 × 1011 6.4 102Ge + 2e− → 98Zn + 4 n + 2νe 18.5 1.003 × 1030 572
1.759 × 1029 1.237 × 1011 - 104Kr Shell 15
3.976 × 1029 2.282 × 1011 5.7 104Kr + 2e− → 104Se + 2νe 22.5 1.646 × 1029 70
7.340 × 1029 3.824 × 1011 4.1 104Se + 2 e− → 102Ge + 2 n + 2 νe 11.8 5.009 × 1029 214
8.051 × 1029 4.099 × 1011 6.1 104Se + 2e− → 104Ge + 2νe 22.5 5.720 × 1029 245
1.338 × 1030 6.369 × 1011 21.3 104Ge + 6e− → 86Fe + 18 n + 6νe 75.9 1.105 × 1030 473
2.337 × 1029 1.561 × 1011 - 106Kr Shell 16
5.025 × 1029 2.774 × 1011 5.7 106Kr + 2e− → 106Se + 2νe 22.0 2.037 × 1029 68
8.389 × 1029 4.309 × 1011 4.1 106Se + 2 e− → 104Ge + 2 n + 2 νe 11.2 5.401 × 1029 180
9.713 × 1029 4.811 × 1011 6.1 106Se + 2e− → 106Ge + 2νe 22.0 6.724 × 1029 225
1.385 × 1030 6.665 × 1011 21.1 106Ge + 6e− → 86Fe + 20 n + 6νe 83.6 1.086 × 1030 363
2.997 × 1029 1.886 × 1011 - 112Sr Shell 17
4.799 × 1029 2.686 × 1011 5.4 112Sr + 2e− → 112Kr + 2νe 20.5 1.784 × 1029 59
7.977 × 1029 4.147 × 1011 3.8 112Kr + 2 e− → 110Se + 2 n + 2 νe 10.4 4.962 × 1029 164
9.103 × 1029 4.579 × 1011 5.7 112Kr + 2e− → 112Se + 2νe 20.6 6.087 × 1029 201
1.344 × 1030 6.490 × 1011 19.6 112Se + 6e− → 92Ni + 20 n + 6νe 76.6 1.043 × 1030 345
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Table A.3.

P( dyn/cm2) ρini λ Reaction Q (keV/A) ∆ P δP/P (in %)
3.024 × 1029 1.933 × 1011 - 114Sr Shell 18
5.865 × 1029 3.178 × 1011 3.6 114Sr + 2 e− → 112Kr + 2 n + 2 νe 19.4 2.091 × 1029 55
5.906 × 1029 3.195 × 1011 5.4 114Sr + 2e− → 114Kr + 2νe 20.1 2.131 × 1029 56
1.058 × 1030 5.218 × 1011 5.7 114Kr + 2e− → 114Se + 2νe 18.0 6.806 × 1029 180
1.270 × 1030 6.330 × 1011 12.3 114Se + 4e− → 98Zn + 16 n + 4νe 42.2 8.928 × 1029 236
3.786 × 1029 2.328 × 1011 - 116Sr Shell 19
6.694 × 1029 3.572 × 1011 3.6 116Sr + 2 e− → 114Kr + 2 n + 2 νe 13.0 2.039 × 1029 43
7.152 × 1029 3.753 × 1011 5.4 116Sr + 2e− → 116Kr + 2νe 19.7 2.496 × 1029 53
1.192 × 1030 5.807 × 1011 11.9 116Kr + 4e− → 106Ge + 10 n + 4νe 35.9 7.265 × 1029 156
4.669 × 1029 2.772 × 1011 - 118Sr Shell 20
7.587 × 1029 3.992 × 1011 3.6 118Sr + 2 e− → 116Kr + 2 n + 2 νe 9.7 1.948 × 1029 34
8.540 × 1029 4.362 × 1011 5.4 118Sr + 2e− → 118Kr + 2νe 19.3 2.901 × 1029 51
1.305 × 1030 6.322 × 1011 18.5 118Kr + 6e− → 100Zn + 18 n + 6νe 70.9 7.407 × 1029 131
5.656 × 1029 3.256 × 1011 - 120Sr Shell 21
8.543 × 1029 4.438 × 1011 1.9 120Sr + 2 e− → 116Kr + 4 n + 2 νe 12.1 1.953 × 1029 29
1.004 × 1030 5.009 × 1011 5.4 120Sr + 2e− → 120Kr + 2νe 18.5 3.448 × 1029 52
1.272 × 1030 6.310 × 1011 18.4 120Kr + 6e− → 100Zn + 20 n + 6νe 61.2 6.134 × 1029 93
6.609 × 1029 3.714 × 1011 - 128Zr Shell 22
8.955 × 1029 4.666 × 1011 0.2 128Zr + 2 e− → 122Sr + 6 n + 2 νe 14.7 1.324 × 1029 17
1.067 × 1030 5.321 × 1011 5.1 128Zr + 2e− → 128Sr + 2νe 14.8 3.036 × 1029 39
1.150 × 1030 5.919 × 1011 5.2 128Sr + 2e− → 118Kr + 10 n + 2νe 16.5 3.871 × 1029 50
7.654 × 1029 4.212 × 1011 - 130Zr Shell 23
8.969 × 1029 4.744 × 1011 -1.4 130Zr + 2 e− → 122Sr + 8 n + 2 νe 14.6 9.688 × 1027 1.092
1.188 × 1030 5.860 × 1011 16.4 130Zr + 6e− → 112Se + 18 n + 6νe 54.0 3.009 × 1029 33
8.895 × 1029 4.787 × 1011 - 132Zr Shell 24
1.248 × 1030 6.174 × 1011 16.2 132Zr + 6e− → 112Se + 20 n + 6νe 64.4 3.047 × 1029 32
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