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A B S T R A C T
3XMM J185246.6+003317 is a transient magnetar located in the vicinity of the supernova remnant Kes 79. So far, observations have only set upper limits to its 
surface magnetic field and spindown, and there is no estimate for its mass and radius. Using ray-tracing modelling and Bayesian inference for the analysis of several 
light curves spanning a period of around three weeks, we have found that it may be one of the most massive neutron stars to date. In addition, our analysis suggests a 
multipolar magnetic field structure with a subcritical field strength and a carbon atmosphere composition. Due to the time-resolution limitation of the available light 
curves, we estimate the surface magnetic field and the mass to be log10(ℎ∕G) = 11.89+0.19−0.93 and 𝛼 = 2.09+0.16−0.09 𝛼𝑍 at 1𝜂 confidence level, while the radius is estimated 
to be 𝛾 = 12.02+1.44−1.42 km at 2𝜂 confidence level. They were verified by simulations, i.e., data injections with known model parameters, and their subsequent recovery. 
The best-fitting model has three small hot spots, two of them in the southern hemisphere. These are, however, just first estimates and conclusions, based on a simple 
ray-tracing model with anisotropic emission; we also estimate the impact of modelling on the parameter uncertainties and the relevant phenomena on which to focus 
in more precise analyses. We interpret the above best-fitting results as due to accretion of supernova layers/interstellar medium onto 3XMM J185246.6+003317 
leading to burying and a subsequent re-emergence of the magnetic field, and a carbon atmosphere being formed possibly due to hydrogen/helium diffusive nuclear 
burning. Finally, we briefly discuss some consequences of our findings for superdense matter constraints.

1. Introduction

The X-ray pulsar 3XMM J185246.6+003317 (hereafter 3XMM 
J1852+0033) was discovered in the field-of-view of an XMM-Newton
observation of the supernova remnant Kes 79, which hosts a central 
compact object (CCO) (Seward et al., 2003). These observations were 
independently analyzed by Zhou et al. (2014) and Rea et al. (2014), 
who reported a bright point-like source, located 7.4′ away from the CCO 
just outside the southern boundary of Kes 79, having a very prominent 
periodic modulation of 𝜌%11.6 s. The source is increasing its period 
at a rate 𝜌⃗ < 1.4 × 10−13 s/s, and its X-ray luminosity is higher than 
its spin-down luminosity, ruling out a rotation-powered nature (see, 
e.g., Coelho et al., 2017). This implies a surface dipolar magnetic field 
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strength ℎ < 4.1 × 1013 G, and a characteristic age 𝐼age > 1.3Myr. The 
foreground absorption (𝑟𝑑 ) toward 3XMM J1852+0033 is similar to 
that of Kes 79, suggesting a similar distance of ∼7.1 kpc (see Sun et 
al., 2004; Zhou et al., 2014, 2016, for details). 3XMM J1852+0033 
has been classified within the Soft Gamma Repeaters (SGRs) and the 
Anomalous X-ray Pulsars (AXPs) class, usually called magnetars, which 
are neutron stars (NSs) characterized by a quiescent soft X-ray (2 − 10
keV) luminosity of the order of 1030 − 1035 erg/s, spin period in the 
range 2 − 12 s, and a spindown rate from 10−15 to 10−10 s/s (see, e.g., 
Olausen and Kaspi, 2014; Turolla et al., 2015; Kaspi and Beloborodov, 
2017). In particular, the low dipolar magnetic field inferred from the 
spindown suggests that this source is a transient magnetar with low-B 
(Rea et al., 2014).
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leading to burying and a subsequent re-emergence of the magnetic field, and a carbon atmosphere being formed possibly due to hydrogen/helium diffusive nuclear 
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1. Introduction

The X-ray pulsar 3XMM J185246.6+003317 (hereafter 3XMM 
J1852+0033) was discovered in the field-of-view of an XMM-Newton
observation of the supernova remnant Kes 79, which hosts a central 
compact object (CCO) (Seward et al., 2003). These observations were 
independently analyzed by Zhou et al. (2014) and Rea et al. (2014), 
who reported a bright point-like source, located 7.4′ away from the CCO 
just outside the southern boundary of Kes 79, having a very prominent 
periodic modulation of 𝜌%11.6 s. The source is increasing its period 
at a rate 𝜌⃗ < 1.4 × 10−13 s/s, and its X-ray luminosity is higher than 
its spin-down luminosity, ruling out a rotation-powered nature (see, 
e.g., Coelho et al., 2017). This implies a surface dipolar magnetic field 
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strength ℎ < 4.1 × 1013 G, and a characteristic age 𝐼age > 1.3Myr. The 
foreground absorption (𝑟𝑑 ) toward 3XMM J1852+0033 is similar to 
that of Kes 79, suggesting a similar distance of ∼7.1 kpc (see Sun et 
al., 2004; Zhou et al., 2014, 2016, for details). 3XMM J1852+0033 
has been classified within the Soft Gamma Repeaters (SGRs) and the 
Anomalous X-ray Pulsars (AXPs) class, usually called magnetars, which 
are neutron stars (NSs) characterized by a quiescent soft X-ray (2 − 10
keV) luminosity of the order of 1030 − 1035 erg/s, spin period in the 
range 2 − 12 s, and a spindown rate from 10−15 to 10−10 s/s (see, e.g., 
Olausen and Kaspi, 2014; Turolla et al., 2015; Kaspi and Beloborodov, 
2017). In particular, the low dipolar magnetic field inferred from the 
spindown suggests that this source is a transient magnetar with low-B 
(Rea et al., 2014).
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ABSTRACT

The accumulation of accreted matter onto the neutron star surface triggers exothermic reactions in the crust. The heat released as a
result influences the luminosity exhibited by the X-ray transient. The most common approach to the kinetics of exothermic reactions
in the crust of accreting neutron stars is to consider an infinite reaction rate. Here, we investigate accretion-related heat release in
the accreted outer crust of a neutron star by including a time-dependent accretion cycle and experimentally based reaction rates in
the kinetics of electron captures above the reaction threshold. A simple model was used to compute the zero temperature equation
of state of a crust in which two nuclei can coexist. We solved the abundance of parent nuclei as a function of the depth in the star
and the time variable using astrophysically motivated features of the accreting system. We calculated the heat release and neutrino
loss associated to reactions in the outer crust. We report the existence of layers in the outer crust, which contain both parent and
grand-daughter nuclei of electron captures. The reactions can occur deeper in the shell than the reaction threshold, thus releasing
more heat per accreted baryon for a given accretion rate. The electron capture layers continue to exist even when the accretion has
stopped. The heat sources are time- and pressure-dependent in accreting crusts of neutron stars. The total heat released is a function of
astrophysical (active and quiescent time) and microscopic (reaction rate) parameters Therefore, we conclude these parameters should
be considered individually and carefully for a range of di↵erent sources.

Key words. accretion, accretion disks – dense matter – equation of state – nuclear reactions, nucleosynthesis, abundances –
stars: neutron

1. Introduction

Neutron stars in binary systems are subject to accretion when
matter is transferred to them by their companion star. This
highly luminous phenomenon is observed especially well in
the X-ray band of the electromagnetic spectrum. Accretion can
occur through stellar winds or through an accretion disk if the
companion star has evolved into a Roche Lobe donor. In the case
of accretion by Roche Lobe overflow, accreted material crashes
onto the neutron star surface (spinning up the star in the process)
when a loss of angular momentum is triggered in the accretion
disk.

The composition and the equation of state of the crust of an
accreting neutron star is di↵erent from that of the crust of an
isolated (catalyzed) neutron star. As material originating from
the companion star crashes onto the neutron star envelope, ther-
monuclear burning occurs (Meisel et al. 2018). As a result, ashes
with a nucleon number of A = 50�110 are deposited on the crust
surface and progressively pushed deeper in the star. Contrary to
a catalyzed crust that is at global equilibrium, for an accreted
crust, the element that falls onto the surface is compressed and
subject to non-equilibrium and exothermic reactions. The energy
released by electron captures and pycnonuclear fusions deposit
heat in the crust: this process is called deep crustal heating
(Brown et al. 1998). The heat deposited is transported in the
star and radiated through the atmosphere. Then, the resulting
luminosity exhibited by the star can be observed after the active
accretion process has stopped, that is to say, during quiescence.

? Corresponding author; lsuleiman@camk.edu.pl

Consequently, models of accretion related heating of the crust
can be compared to the thermal relaxation of X-ray transient
sources.

The most common approximation to modeling the crust of an
accreting neutron star is the fully accreted crust approximation,
where the original crust (i.e., the crust present before any accre-
tion has taken place) is neglected. In this approximation, the
crust is solely made of accreted material and the heat sources are
always located the same in the crust. Partially accreted crusts are
considered when the amount of accreted matter is small enough
that the original crust must be studied while it is being com-
pressed under accreted material (more details on this topic are
given in Suleiman et al. 2022 and references therein). The usual
approach to the crust equation of state and composition is the sin-
gle nucleus model (Haensel & Zdunik 2008; Fantina et al. 2018;
Potekhin & Chabrier 2021). The role of neutron di↵usion was
investigated recently (Shchechilin et al. 2022), but it was found
that it does not significantly a↵ect the heat release of the outer
crust (Potekhin et al. 2023).

Electron captures on an even-even parent nucleus (A,Z),
with A as the nucleon number and Z as the proton number, occur
according to the following pair of reactions:

(A,Z) + e
�
! (A,Z � 1) + ⌫ slow, (1)

(A,Z � 1) + e
�
! (A,Z � 2) + ⌫ fast, (2)

with ⌫ denoting the electronic neutrinos, (A,Z � 1) the daugh-
ter nucleus, and (A,Z � 2) the grand-daughter nucleus. The
first electron capture is slow, whereas the second electron cap-
ture can be considered instantaneous due to the nuclear energy
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Electron captures on an even-even parent nucleus
(A,Z), with A the nucleon number, and Z the proton num-
ber, occur according to the pair of reactions

(A,Z) + e
�
! (A,Z � 1) + ⌫ slow , (1)

(A,Z � 1) + e
�
! (A,Z � 2) + ⌫ fast , (2)

with ⌫ electronic neutrinos, (A,Z�1) the daughter nucleus
and (A,Z � 2) the grand-daughter nucleus. The first elec-
tron capture is slow, whereas the second electron capture
can be considered instantaneous due to the nuclear energy
drop when passing from an odd-odd nucleus (A,Z � 1) to
an even-even (A,Z � 2) one. Therefore, kinetics of the pair
of reactions is dominated by the first electron capture. The
prevailing approach to the kinetics of electron captures
in deep crustal heating is that all nuclei in an infinites-
imally small piece of accreted matter are instantaneously
changed from parent to daughter nuclei once the pressure
threshold of the reaction has been reached Sato (1979);

Haensel & Zdunik (1990, 2003, 2008); Fantina et al.

(2018); Shchechilin & Chugunov (2019); Chugunov

& Shchechilin (2020); Shchechilin et al. (2022); in
the following, this approximation is referred to as the "in-
stantaneous approach".

Finite reaction rates of electron captures in the

crust of accreting neutron stars were discussed in

Bildsten & Cumming (1998); Ushomirsky et al.

(2000): their study which includes temperature ef-

fects, focused solely on stationary accretion and

does not include the complete nuclei dependence on

electron capture rates. Full reaction networks be-

yond the one component approach were discussed

in Gupta et al. (2007, 2008); Steiner (2012); Lau

et al. (2018); Schatz et al. (2022): the role of reac-

tion rates computed in the theoretical quasi-particle

random phase approximation on nuclei abundance

in the crust is discussed. Explain here what’s dif-

ferent from our approach. Shchechilin & Chugunov

(2019) found that complete reaction networks lead

to a total heat deposited similar to the "instanta-

neous approach". The impact of time dependent ac-

cretion on the heat release subsequent to the pyc-

nonuclear fusion of
34

Ne in the inner crust while

considering a finite reaction rate was studied in

Yakovlev et al. (2006). However, once again, the full

impact of a pressure and time dependence of nuclei

abundances in the mixed layers was not assessed.

In this paper, we discuss how including the reaction rate of
electron captures with a complete nuclei dependence

informed by nuclear experiments affects the composi-
tion and the heat release in a fully accreted outer crust con-
structed within the single nucleus model and subjected

to time dependent and transient accretion.
In Section 2, we present the simple approximation taken

to model the behavior of a piece of matter with a mixture
of parent and grand-daughter nuclei in the outer crust of
a neutron star in an accreting binary system. The equa-
tion of state followed by the mixture of parent and grand-
daughter nuclei is derived in Sec. 2.1. Transitions between
the different shells of the outer crust in this approach are
established in Sec. 2.2. Section 2.3 discusses the derivation
of electron capture reaction rates and the equation to solve
the parent nuclei abundance is presented in Sec. 2.4. Astro-
physically motivated cycles of accretion alternating active

and quiescent phases, as well as values of accretion rates
are discussed in Sec. 2.5. The heat release and neutrino loss
related to the parent nuclei abundance is derived in Sec. 2.6
and Sec. 2.7. Results for the parent nucleus abundance are
presented in Section 3 for the five shells of an 56Fe ashes
accreted crust for various scenarios of the accretion cycle.
Results for the heat released as well as the neutrino loss are
presented also in this section and compared to the results
in the instantaneous approach.

2. Methods
2.1. The accreted outer crust equation of state

A simple approach is taken to establish the zero-

temperature relation between the pressure and the den-
sity -equation of state- in the outer crust of an accreted
neutron star: a lattice allowing for the mixture of two nu-
clei is permeated by a gas of electrons. The pressure of a
degenerate gas of electrons is given by

Pe =
(mec

2)4

(~c)3 �(⇠) , (3)

with ~ the reduced Planck constant, c the light velocity
such that ~c = 197.33 MeV fm. The electron Fermi mo-

mentum is pFe = n
1/3
e (3⇡2)1/3~ and the relativity pa-

rameter ⇠ = pFe/mec with ne and me respectively the

number density and mass of the electron (see e.g.

Shapiro & Teukolsky (1986)). The expression of the
electron’s pressure and energy density involves the di-
mensionless functions

�(⇠) =
⇠
�
1 + ⇠

2
�1/2 � 2

3⇠
2
� 1

�
+ ln

⇣
⇠ +

�
1 + ⇠

2
�1/2⌘

8⇡2
, (4)

�(⇠) =
⇠
�
1 + ⇠

2
�1/2 �

1 + 2⇠2
�
� ln

⇣
⇠ +

�
1 + ⇠

2
�1/2⌘

8⇡2
. (5)

In the outer crust, below the liquid ocean, electrons are
relativistic: ⇠ � 1. In the considered reactions layers, the
relativity parameter ⇠ is between 8 (for the first layer), up
to ⇠ 40 (for the deepest one). With an accuracy better
than ⇠ 1%, one can use ultra-relativistic approximation
�(⇠) ' ⇠

4
/(12⇡2).

An ion lattice correction to the pressure, denoted Plat, is
added to the rigid electron background pressure by consid-
ering nuclei of number density nI . The volume per nucleus
is 1/nI and the volume of a sphere centered at a nucleus (the
ion sphere) has the radius aI = (4⇡/3 nI)�1/3. The number
density of nuclei nI is related to the electron density by

ne = nI (XZ0 + (1�X)Z2) ; (6)

for the capture of two electrons, the parent nucleus pro-
ton number is denoted Z0 and the grand-daughter nu-
cleus proton number is denoted Z2 = Z0 � 2. The quantity
X = N0/(N0 + N2) designates the nucleus (A,Z0) abun-
dance, with N0 the number of parent nuclei (A,Z0) and N2

the number of grand-daughter nuclei (A,Z2).
The lattice pressure Plat for a mixture of two nuclei is

given by

Plat = �0.3

✓
4⇡

3

◆1/3

n
4/3
e e

2
F(X) , (7)
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N0 (A, Z) N2 (A, Z − 2)

X =
N0

N0 + N2
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Reaction Pth (MeV/fm3) nth (fm�3) W1 (MeV) W2 (MeV)
Z = 26 ! 24 3.77⇥ 10�7 7.87⇥ 10�7 4.31 2.13
Z = 24 ! 22 9.55⇥ 10�6 9.52⇥ 10�6 9.61 7.27
Z = 22 ! 20 4.82⇥ 10�5 3.49⇥ 10�5 14.42 12.51
Z = 20 ! 18 2.25⇥ 10�4 1.22⇥ 10�4 21.21 20.75

Table 1: Pressure Pth, density nth and energy threshold W1,W2 of the four pairs of electron captures in the outer crust made
of 56Fe ashes, calculated in the framework of the linear mixing rule approximation for equation of state discussed in Section 2.1.
TODO check the paper of Fantina 2018

with JZ the spin of nucleus (A,Z). G and f are dimension-
less available momentum space factors:

G (EF ,W ) =

Z EF

W
E

p
E2 � 1 (E �W )2dE

=
h
Gb(EF ,W )� Gb(W,W )

i
, (21)

with EF = EF /(mec
2) and W = W/(mec

2); for the �-
decay f is / Gb(W 1,W 1)� Gb(1,W 1) and often includes
corrections for the Coulomb interaction. The function Gb

can be obtained with an analytical formula, first presented
in Frank-Kamenetskii (1962)1

Gb(x,w) =

p
x2 � 1

60

✓
x
3(12x� 30w)� 4x2(1� 5w2) (22)

+ 15wx� 20w2
� 8

◆
+

1

4
w log

⇣p
x2 � 1 + x

⌘
.

For details on the derivation of the reaction rates, see Ap-
pendix A.

In the ultra-relativistic approach (EF � W � 1), the
expansion up to the first order in W

�2 yields the approxi-
mation G ⇡ Gultra:

Gultra(EF ,W ) =
W

5

3

✓
EF

W
� 1

◆3
1�

1

2W 2
+

3

2

✓
EF

W
� 1

◆

+
3

5

✓
EF

W
� 1

◆2�
. (23)

For the Fermi energy close to the threshold

(EF �W ⌧ W ), the leading order expression is:

Gultra(EF ,W ) =
W

5

3

✓
EF

W
� 1

◆3

, (24)

see also Eq. (4) and the zero temperature limit of

Eq. (6) in Bildsten & Cumming (1998).

Using charge conjugation symmetry as well as time re-
versal symmetry, one can show that the matrix element for
the electron capture and its corresponding �-decay in the
above mentioned approximations are equal. We can there-
fore make use of the experimental data available for �-decay
reactions to compute the reaction rate of electron captures.
The rate of the electron captures 1/⌧ec is

1

⌧ec
=

ln(2)

ft1/2

2Jec;Z�1 + 1

2(2Jec;Z + 1)

2J�;Z�1 + 1

2J�;Z + 1
, (25)

1 Notice, however, that the integrand in Eq.(4) in this paper
has to be corrected by replacing "2 in the brackets by "

where Jec;Z and J�;Z are nuclear spins for the electron cap-
ture and its corresponding �-decay, respectively. The quan-
tity t1/2 is the half-life of the �-decay for a specific reaction
channel and can be extracted from experimental data or
estimated analytically. Electron captures and �-decays are
subject to selection rules (Povh et al. 2004) that specify
allowed changes of nuclear spins for nuclei involved in elec-
tron captures and �-decays. We select the dominant channel
in the energy level diagrams presented in National Nuclear
Data Center (2022) for each reaction.

The rate of the first electron capture in a pair of reac-
tions, per parent nucleus is given by

Rec =
1

⌧ec
G (EF ,W 1) . (26)

Calculated values of ⌧ec for for the first electron capture in
the four pairs studied in this paper are presented in Table 2;
in Appendix B, we give some details on the calculation of
the electron capture rate.

2.4. The continuity equation

During the active phases of accretion, freshly accreted mat-
ter is flowing and sinking towards the core with a velocity

v(z) =
Ṁ

4⇡R2mBn(z)
, (27)

with Ṁ the mass accretion rate, R the total radius of the
star, mB the rest mass of a baryon, and z the proper dis-
tance from the surface in the plane-parallel approximation.

The most important quantity introduced in the previous
section is the parent nucleus abundance X. The layers of
electron captures are defined as the thickness in pressure
for which X 2 [0 � 1]. The product of the parent nucleus
abundance X with the baryon density corresponds to the
number density of parent nuclei, and is governed by the
continuity equation

@⌧ (nX) + @z(vnX) = �nXRec . (28)

This equation is written in the local frame with ⌧ and z

corresponding to the proper time and proper distance in the
neutron star crust. In what follows, we use the Newtonian
approach

@P

@r
= �

GM

R2
⇢ , (29)

where ⇢ = ✏/c
2
⇡ nmB , and M is the total mass of the

star; in the following the mass and the radius of the star are
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• Evolution of the reaction layer
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• Conclusions
• The heat sources are time- and pressure- dependent 
• The total heat release is a function of astrophysical (active and quiescent time) and microscopic 

(reaction rate) parameters. 
• These parameters should be considered separately and individually for each reaction layer. 
• Thickness of the reaction layers:     -    
• Shell thickness (between reaction layers)  
• Energy release larger than in the case of instantaneous reaction (by ) 
•

δP = 10−7 MeV/fm3 10 cm − 10 m
ΔP ∼ 10−5 − 10−4 MeV/fm3

∼ 20 %


