
The crust of accreting 
neutron stars: role of 
nuclear binding energies

With N. Chamel, A.I. Chugunov, M.E. Gusakov, A.Y. Potekhin

Courtesy of R.M. Ludlam

Nikolai Shchechilin

Nuclear masses in astrophysics 
Darmstadt 2025



Accretion

Ocean

Lattice of nuclei, e-

Lattice of nuclei, e-, n 

Pasta phases 

Schematic crust structure

100

400

800

107 g∙cm-3

1012 g∙cm-3

1014 g∙cm-3

Nikolai Shchechilin, ULB
2

d
ep

th
[m

]

0.5

0.3

0.05

Yp



Accretion

Ocean

Lattice of nuclei, e-

Lattice of nuclei, e-, n 

Pasta phases 

Can we infer information on neutron-rich matter?
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General paradigm of accreted crust
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Unstable accretion process in low-mass X-ray binary

also talk of M. Nava Callejas
and I. Sulatana

Courtesy of R.M. Ludlam
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Crustal thermal evolution

[Potekhin, Chugunov, NS, Gusakov ’24] 

Temperature profiles in the crust
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Accretion stops

[Potekhin, Chugunov, NS, Gusakov ’24] 

Crustal thermal evolution
Temperature profiles in the crust
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[Potekhin, Chugunov, NS, Gusakov ’24] 

Crustal thermal evolution

Cooling curves vs observations

MXB 1659-29

Help us to constrain crustal physics

Nikolai Shchechilin, ULB
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Low-conductivity  pasta?

Crustal imprints

[Horowitz, Berry, Briggs, Caplan, Cumming, Schneider’15] 

[Potekhin, Chugunov, NS, Gusakov ’24] 

MXB 1659-29

e--captures/emissions
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Heating sources, composition (conductivity)

Nuclear physics inputs for cooling simulations

[Potekhin, Chugunov, NS, Gusakov ’24] 
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Nuclear reactions
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Total heating: general considerations 
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[Gusakov & Chugunov ’21] 
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Initial composition for the crustal simulations 

Envelope burning H/He → Fe/Pd

Shallow heating? Ash abundances depend on 
the accretion rate and 
the accreted material 
composition

Kepler X-ray burst

Extreme rp
[Schatz+’01]

[Cyburt+’16]

Superburst
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Heger’11]
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Evolution in the outer crust 

Envelope burning H/He → Fe/Pd

pycnonuclear fusions

nuclei disintegration

Simplified reaction network in the outer crust:
• Check for allowed reactions (min Gibbs energy)
• Small part of nuclei reacting according to the 

priority rules (based on τreac)
• Increase the pressure
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[NS, Gusakov, Chugunov’21]

Extremely neutron-rich nuclei

Main reactions
• e--captures (due to high μe)
• n-captures/emissions
• pycnonuclear fusions of oxygen
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Envelope burning H/He → Fe/Pd

pycnonuclear fusions

nuclei disintegration

e--captures/emissions

n-captures/emissions

pycnonuclear fusions of oxygen
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[NS, Gusakov, Chugunov’21,22]

Q

How do electron captures heat up the crust
due to odd-even mass staggering

[Meisel, Deibel, Keek, 
Shternin, Elfritz ’18]

Electron captures carry nuclei out 
from experimentally measured region

Heating in the outer crust 
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Envelope burning H/He → Fe/Pd

pycnonuclear fusions

nuclei disintegration

e--captures/emissions
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Cooling is possible through the Urca cycles

[Meisel, Deibel, Keek, 
Shternin, Elfritz ’18]

Cooling in the outer crust 
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T

56Ti → 56Sc → 56Ca

Experiment: no strong cooling for Urca
pair predicted within HFB21 
[Meisel+’15, Schatz+’14]

Other pairs still possible
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Theoretical mass models

Envelope burning H/He → Fe/Pd

pycnonuclear fusions

nuclei disintegration

[NS, Gusakov, Chugunov’21]

Experimental (AME20)
+

Theoretical nuclear masses
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Extremely neutron-rich nuclei

△M ≲ 5-7 MeV

MeV

MeVMass models for the entire chart, rms≲ 0.6 MeV
• FRDM12 [Moller+’12] (Mic-Mac)
• HFB24 [Gorielly+‘13] (“microscopic”)

Machine learning? I. Bentley, M. Mumpower

Luis Gonzalez-Miret for new Brussels models
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Heating in the outer crust 

[NS, Gusakov, Chugunov’21]

Heat distribution in the outer crust 

1) 56Ca+e- 56K 

2) 56K+e- 56Ar

Not measured

known

+  5.3 MeV in FRDM12
+  0.7 MeV in HFB24

Heat release depends on the reaction Q-values 

30 % difference in heat deposition 
between two mass tables

For Superburst ashes
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During the course of accretion nuclei sink in 
the sea of neutrons

Transition to the inner crust

Envelope burning H/He → Fe/Pd

nuclei disintegration

e--captures/emissions

n-captures/emissions

outer-inner crust interface

Pinst

Nikolai Shchechilin ULB

[Gusakov, Kantor, Chugunov’21] 

Unbound neutrons form a ‘sea’

Neutron Hydrostatic and 
Diffusion equilibrium

Modifications in the network:
• Minimization of 

• Increase the pressure and 

In the shallow layers of the inner 
crust mass tables are still applicable

Nikolai Shchechilin, ULB



18

Transition to the inner crust
Envelope burning H/He → Fe/Pd

nuclei disintegration

e--captures/emissions

n-captures/emissions

outer-inner crust interface

Pinst

Unbound neutrons form a ‘sea’

• capture neutrons until the 2n dripline and 
beyond (in the deeper layers)

• β- -decay

Pycnonuclear fusions play some role 
only for Kepler ashes

“r-process”

Nikolai Shchechilin, ULB

During the course of accretion nuclei sink in the sea of 
neutrons and start to
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Evolution in the upper crustal layers

Thermonuclear reactions output provided by 
Kepler X-ray burst model[Cyburt+’16]

Two distribution peaks

[NS, Gusakov, Chugunov’21,22]
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1) 32Ne(2e-,xn 2νe)
28O        2) 2 28O → 52S +4n

⇾ higher conductivity ∼1/Qimp

Generate heat but decrease Qimp

pycno fusion

Evolution with
HFB24 mass table

Reaction pathways are driven by binding energies

Impurity parameter
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⇾ higher conductivity

Generate heat later and decrease Qimp

32Ne stays stable in the outer crust
Only later it captures neutrons and burns: 2 38Ne → 72Ca +4n

pycno fusion

Substitute to 
FRDM12

Reaction pathways are driven by binding energies
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⇾ lower conductivityless heat but higher Qimp

34Ne(6n,2e- 2νe)
40Mg which does not fuse in these layers

no pycno

Changing masses by hand: increase 32,34Ne by 1.5 MeV, 
decrease 39Na by 1 MeV (well inside theoretical errors) 

Substitute to 
FRDM12* toy model 

Reaction pathways are driven by binding energies
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Role of nuclear binding energies

Changes in conductivity by a factor of ≈ 4 
in wide regions

≈ 30% difference in heat release

pycno fusion

56K, 56Ar    

31F, 32/34Ne, 37/39Na and 40/42Mg

Deviations in theoretical predictions for masses of 
neutron-rich nuclei lead to

Possible targets for mass measurements:

Nikolai Shchechilin, ULB

affect the crustal thermal evolution
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Role of nuclear binding energies

Nikolai Shchechilin, ULB

affect the crustal thermal evolution

56K, 56Ar    

31F, 32/34Ne, 37/39Na and 40/42Mg

Possible targets for mass measurements:



Deep crust

Energy of nuclear clusters is significantly 
affected by free neutrons, 
only theoretical calculations but guided by 
experimental data on neutron-rich isotopes 
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Example of the nucleon density profile

[NS, Chamel, Pearson, Chugunov, Potekhin ’24] 

Nikolai Shchechilin, ULB



Accreted crust models

Evolution of multicomponent composition with 
FRDM12 and heating sources are available at 
https://www.ioffe.ru/astro/NSG/accrust/

[NS, Gusakov, Chugunov ’21,22,23]

[Gusakov & Chugunov ’24]

One-component CLDM+Shell effects
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Accreted crust models
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[Potekhin, Chugunov, NS, Gusakov’24]

Evolution of multicomponent composition with 
FRDM12 and heating sources are available at 
https://www.ioffe.ru/astro/NSG/accrust/

Nikolai Shchechilin, ULB
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Conclusions

o Nuclear reactions on neutron-rich nuclei heat up the crust of accreting neutron stars
o Reaction flows extend beyond the experimentally measured region of the nuclear chart, 

and calculations are forced to rely on the theoretical predictions of nuclear binding energies
o Despite the overall good reproduction of experimental data (rms ≲ 0.6 MeV) theoretical 

mass models vary significantly in individual masses (△M ≲ 5-7 MeV). 
o This affects reaction Q-values and nuclear evolution pathways.
o As a result  :

• difference in heat release reaches up to 30 %
• conductivity changes by a factor of 4

• Pushing future mass measurements of nuclei with Z around 10 and 20 up to the 
neutron dripline will help to decrease theoretical uncertainties of nuclear evolution in 
the crust and to improve the predictive power of nuclear models beyond the neutron dripline 
(in the deep crust).

Nikolai Shchechilin, ULB

impact on crustal thermal evolution

correct interpretation of observational data from X-ray telescopes
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Thank you!

Nikolai Shchechilin, ULB

Connecting physics in the lab and in the cosmos

Courtesy of R.M. Ludlam
From Y. Litvinov
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