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ENVELOPE...?
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NEUTRON STAR ENVELOPE
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NEUTRON STAR ENVELOPE

THERMONUCLEAR
REACTIONS ARE LIKELY
TO OCCUR HERE
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THERMO-NUCLEAR? (BUT WEREN’T

NEUTRON STARS...)

'H ->*He
pp,CNO, ~ T

NEUTRON
COOLING STAR

Crab Nsbula. Cradita: NASA, EGA, J. Haater and A. Loll (Arizona State University)



ENTER: LOW-MASS X-RAY BINARY
SYSTEMS

MN 1017 g S_1 ~ IO%MEdd
T :10° = 108K
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SUN-LIKE



BUT, THEN...?

/__‘ /J M~ 107 gs-1x IO%MEdd/' /J
’\‘\. '\\) Ly~ 10777 erg s-! '\_\: S
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L. ~ 10°*3 erg s-!

NEUTRON STAR SURFACE (ENVELOPE)




BUT, THEN...?

M~ 10" g sl % 10% Mgy,
0375

Ly~ 1 erg s—!




BUT, THEN...?

M~ 10" g sl % 10% Mgy,




...VIA THERMONUCLEAR EXPLOSIONS!
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X-RAY BURSTS s




THEORY VS OBSERVATION

@ Observationally they occur at
M < 0.3Mgqgq (=~ 10-9M, yr—1)

@ Explosions start at ~ 1027 g
cm—3 = ENVELOPE

0 30 G0 90 120 150
¢ [s]

Figure: A typical X-ray burst

over GS 1826-24 (black) against
theoretical models employing

MESA .
& Time-dependent codes such as
MESA* are required!

*Modules for Experiments in Stellar Astrophysics

@ FromH into Fe and beyond:
rp-process




RP IN A NUTCRACKER

1

Figura: Créditos: Nutcracker Museum.

@ Synthesis of 5°Fe, 0Nj, %4Zn, 70Ge
via burning of H.

ot burning '(].H) ~ 103 S = 16 min.

e Extreme conditions: p > 10° g
cm™3, T >3 x 108 K.
Sun’score:  ~ 102 gecm 3y
T ~ 107 K.



RP, RP EVERYWHERE

MAXI J0556-332: Transient accretion of months

Daily Mass Accretion Rate
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Page et al 2022, ApJ 933, 216
(YES, EVEN HERE!)

EXO 0748-676: Accretion and X-ray bursts
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2c 24Mg, 40C:
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MAIN CHALLENGE: NUCLEAR NETWORK

OF REACTIONS

@ Interacting arrays of bounded
protons and neutrons

12C 4+ p 3 BN + v, 3a = 2C.

@ | array = 1 species
*8Fe, ¥Fe, *OFe,.. ., ®Fe.

o 1 species =1 partial
differential equation for its
Figura: Cables conectados como analogia. mass fraction

How many species do we actually need?



~ 300 thermonuclear
(Envelope)

~ 300 pycnonuclear
(Crust)



Only the envelope! 4
v P ~10° g cm—3

At

Ar,Am : N

celdas

X Nogs & 300 X 400 = 1.2 X 10° eqs

> 300

N

celdas



Only the envelope! :
v ? ~ 10° g cm~3

At

Ar,Am : N > 300

celdas

N XN~ 300 %400 = 1.2 X 10° eqs

celdas eqs



Only the envelope!

At

N XN~ 30(

celdas eqs



~ 300 thermonuclear
(Envelope)

~ 300 pycnonuclear
(Crust)



SURFACE VISIBLE AFTER ACCRETION!

XTE]J1701-462: Transient accretion of months
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Figure 2. Total unabhsorbed luminasity ‘n the 0.5-10 keV band around the end
of the outburst. The two lines are best-fi exponcntial decay curves for the theee
Swift observations. and the first three Chandra and XMM-Newion observations.
The intersection of these curves definesthe end time of the outburst, #.

Fridriksson et al, 2010ApJ...714..270F




SURFACE VISIBLE AFTER ACCRETION!

XTE]1701-462: Transient accretion of months
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Figure 2. Total unabhsorbad luminosity ‘n the 0.5-10 keV band around the end
of the outburst. The two lines are best-fi: exponcntial decay curves for the three
Swift observations, and the first three Chandra and XMM-Newion observations.
The intersection of these curves defines the end time of the outburst, fy.

Fridriksson et al, 2010ApJ...714..270F



The shallow heating paradigm
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Edward F. Brown and Andrew Cumming 2009 Ap/ 698 1020



Is there something missing?

SHALLOW
HEATING

ENVELOPE | |

Relatively good
approximation: envelope goes : . .
throughout non-accreting Time-dependent simulation

S _



Do we need to check the envelope again?

A “Hyperburst” in the MAXI J0556-332 Neutron Star: Evidence for a New Type of
Thermonuclear Explosion
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MONTE-CARLO MARKOV CHAIN

L ' SIMULATIONS (MCMC): FIND THE
“BEST” PARAMETERS TO ADJUST
OBSERVATIONS

~|IL APPARENTLY, SHALLOW HEATING
MIGHT COME FROM THE ENVELOPE

0.0 0.5 10 8 q 10
Ca (MeV) logp ps (gom ™)

Figure 9. Hstograms of the dissibution of the shallow heaing strength, O,
and lower density, o, in scenanio “C."



Do we need to check the envelope again?
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MAXI J0556-332: Transient accretion of months

Daily Mass Accretion Rate
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NO BURSTS: I(T.g) & Li(T5) ?



Work 1n progress

Satsonary accreled neatron star eraviopes
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© EXAMINE TIME-INDEPENDENT
ENVELOPES AT HIGH ACCRETION
RATES

» CONSTRUCTION OF A
NUMERICAL CODE WITH
380 SPECIES

» arXiv:2403.13994 A B =
© UNDERSTAND AND MODEL N
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Work 1n progress

ENERGY TOWARDS THE
INTERIOR OF THE STAR?
® THERE ARE STATIONARY STATES

‘WITH THIS CONDITION

9 MESA: THEY ARE VIABLE

@ CouLD THEY BE RELATED TO
THE SHALLOW HEATING
PARADIGM?

1
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Q. [AMeV baryaon

Meay gon = 2176
Z,=1

p-askes base
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FINAL REFLECTIONS
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Figura: “La libertad, Sancho, es uno de los Figura: ardevaaS setnavreC ed leugiM -

mdas preciosos dones [...] con ella no “arreit al arreicne euq soroset sol esralaugi

pueden igualarse los tesoros que encierra la  nedeup on alle noc [...] senod sosoicerp
tierraf...]” - Miguel de Cervantes Saavedra  sam sol ed onu se, ohcnaS, datrebil al”




