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PREFACE 
(A sort of homecoming)



LMXBs: burn and relax

Transient accretion of months

Accretion and X-ray bursts
STABLE/UNSTABLE NUCLEAR BURNING

QUIESCENCE:
SURFACE VISIBLE AFTER ACCRETION!



Envelope (outer) 
Crust

Envelope goes throughout 
non-accreting stationary states

Time-dependent simulation

Current paradigm

Teff Tb

Teff(Tb)
Pycnonuclear reactions ~good 

approximation



The shallow heating open question

With 
shallow 
heating

Without 
shallow 
heating No shallow 

heating but 
different 

accretion rate

Stationary 
approximation 

for the 
envelope:



Monte-Carlo Markov Chain 
simulations (MCMC): find the 
“best” parameters to adjust 
observations

Apparently, shallow heating 
might come from the envelope

Do we need to check the envelope?



Theory vs observation of x-ray bursts

Figure: A typical X-ray burst 

over GS 1826-24 (black) against 

theoretical models employing 

MESA

Observationally they occur at 

Explosions start at

From H into Fe and beyond:

ENVELOPE

Time-dependent codes such as 
MESA* are required!

*Modules for Experiments in Stellar Astrophysics



Theory vs observation of x-ray bursts

Figure: A typical X-ray burst 

over GS 1826-24 (black) against 

theoretical models employing 

MESA

Observationally they occur at 

Explosions start at

From H into Fe and beyond:
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Transient accretion of months

Accretion and X-ray bursts

(Rp process, 
even here!)

How does continuous rp-process influence the neutron 

star’s te
mperature profile?

Transient systems: burn and relax
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Transient accretion of months

Accretion and X-ray bursts

(Rp process, 
even here!)

How does continuous rp-process influence the neutron 

star’s te
mperature profile?

Transient systems: burn and relax

MAIN GOAL: To develop an 
approximating scheme to model transient 

(& possibly continuous) accreting 
sources

(Re-examining the existent one!)



CHAPTER 1 

ENVELOPES WITH ACCRETION: 
STATIONARY STATES 

(Moving pictures)



Current: The              schemeTb(Teff)

ENVELOPE: 
- No accretion 
- No further heating/cooling sources:

Core idea: envelope passes 
throughout stationary states only!

Teff

Tb

L ≈ constant



Current: The              schemeTb(Teff)

ENVELOPE: 
- No accretion 
- No further heating/cooling sources:

Core idea: envelope passes 
throughout stationary states only!

Teff

Tb

L ≈ constantINITIAL ASSUMPTION: Mass accretion-

Tb-Lb-Teff scheme



Analysis of 
stationary states
Examine time-independent 
envelopes at high accretion 
rates

Construction of a 
numerical code with 
380 species 
(With room for more/
less nuclides)

Nava-Callejas et al, 2024, arXiv:2403.13994

(RASTI, in press, https://doi.org/10.1093/rasti/
rzae055)

Own’s code output as 
initial condition for 
MESA
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2024
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Stationary states “families”
“Typical” envelopes
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Stationary states “families”
“Typical” envelopes

Teff ≈ same as ·M → ·MEdd . ·M − Teff − Lb − Tb not

Drastic variation of Lb & Tb
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very viable .



Stationary states “families”

Energy flowing towards 
the interior?

“Typical” envelopes
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CHAPTER 2 

THERMAL EVOLUTION: A FIRST 
LOOK 

(Under the iron sea)



Energy towards the interior?
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MESA: Energy 
flowing towards 
the interior is 
viable



Energy towards the interior?
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Are these     
regions reaching a 
~stationary state?

ρ ∼ 107 g cm−3

MESA: Energy 
flowing towards 
the interior is 
viable



Energy towards the interior?
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Stationary states

Ṁ = 10°9, 2.55 day

Ṁ = 3 £ 10°9, 22 h

Ṁ = 10°8, 34 h

Ṁ = 3 £ 10°8, 7.56 h

- No convection/
thermohaline

- No GR 
corrections (for fair 
comparison)

·M − Lb − Tb seems viable .
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Ṁ = 10°9, 2.55 day

Ṁ = 3 £ 10°9, 22 h

Ṁ = 10°8, 34 h
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·M = 3 × 10−9 M⊙ yr−1
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Boundary conditions for NSCool
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Ṁ [MØ yr°1]

°3.0

°2.5

°2.0

°1.5

°1.0

°0.5

0.0

Q
b

[M
eV

b
ar

yo
n

°
1
]

T b
=

10
7 K

T b
=

10
8 K

Tb
= 2 · 10

8 K

Tb = 3 · 108 K
Tb = 4 · 108 K
Tb = 5 · 108 K

~Typical 
shallow 
heating 
values

Lb → Qb



log10 N fast = 38
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Actual runs with 
NSCool

- Fiducial neutrino cooling mechanism 
at core: 

- Continuous & constant mass 
accretion for            years∼ 105

- Different values of impurities in the 
crust: Qimp

- Additional shallow heating amount at 
different locations:  Qsh @ ρsh

Lν = Ns/f (T/108 K)ps/f

Ns ∈ [1031,1035] erg s−1 & ps = 8 (Slow)

Nf ∈ (1035,1043] erg s−1 & pf = 6 (Fast)
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EPILOGUE 
(Naturally)



- Energy might flow from the exterior to the interior of the star

- Continuous accretion: energy keeps flowing inwards

- Work in progress/future: study transient sources & include additional 
effects (Core EOS, superfluidity….)

- Stationary states:                   ~good approximation

- For tomorrow: Dany will provide further details on the simulations

Ongoing and future work

·M − Tb − Lb


