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Quick deep crustal heating summary

Low mass X-ray binaries:
e Neutron Star (NS) subject to aceretion when
the companion star has filled its Roche lobe.
e Accreted matter falls from the accretion disk to
the NS surface.
e Thermonuclear burning deposit ashes at the
crust surface.

Credit: ESA website



Quick deep crustal heating summary

Low mass X-ray binaries:

Neutron Star (NS) subject to aceretion when
the companion star has filled its Roche lobe.
Accreted matter falls from the accretion disk to
the NS surface.

Thermonuclear burning deposit ashes at the
crust surface.

Continuous accretion pushes ashes towards the
NS core, triggering exothermic reactions: deep
crust heating.

The heat diffuses, and translates into a surface
luminosity.

Observed thermal relaxation during quiescent
phases of accretion can inform on the equation
of state and composition of the NS crust.
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Infinite reaction rate assumption in deep crustal heating

Common approach of instantaneous reactions:
e (Compression triggered exothermic reactions are
assumed to have
e All nuclei in a piece of e £ (A Z-1)+e = (A Z-2)+v Fast
instantaneously changed from parent to
daughter nuclei once has been reached.
We studied the impact of finite reaction rates:
e Applied to P =
e Kinetics of the first EC is of interest
Equation of state:
e QOuter crust only (T=0)
e Mixture of nuclei: X = N

(A, Z)+e = (AZ-1)+v Slow

¢ (a(X)n'?) + B(X)n*?,

Wy = Ma(A, Z — 1) — Mo(A, Z) + m,c?

parent / Ntotal

e Degenerate gas of e” lattice contribution +Ba(Z — 1) — Ba(Z) + Eexc(A,Z — 1)
Composition:

o Threshold energy W defined at P Wy = Mu(A, Z — 2)c® — My (A, Z — 1) + mec?

o Masses determined by AME2020 or HFB-21 +Ba(Z —2)— Ba(Z - 1)

[Wang et al. 2021] [Goriely et al. 2010]




Infinite reaction rate assumption in deep crustal heating

. D 1 - =
Common approgch of ‘1nstantane0us regctlons.‘ Rec = —G(Ep, W)
e Compression triggered exothermic reactions are Tec
assumed to have L Er L
e All nuclei in a piece of e G(Er,W) = /W EVE?—1(E—-W)dE

instantaneously changed from parent to
daughter nuclei once has been reached.

We studied the impact of finite reaction rates: 0
e Applied to 5 0 (n(X(P,t),P) X(P,t)) +
e Kinetics of the first EC is of interest

Equation of state:

e QOuter crust only (T=0)

1 OlnX(Pt)
Tacc(t) 8]5

= —Re.(X(P,t), P)

e Mixture of nuclei: X=N /N AT R* Py,
paren ota Toce (t) — i
e Degenerate gas of e” - lattice contribution GMM(t)
Composition:
e Threshold energy W defined at P [ Reaction | 7o (05)  Taea G5 |

® Masses determined by ;MEf 01230(2”; HIB 2G1 e o010 Z=26-25] 867x10° 950x 10
: . [Wang et al. / [Goriely et al. Z Z=24-23[137x10* 240x10°
e Half-life from National Nuclear Data Center Z=22-21]734x10° 121x10™

Z=20—->19 | 1.59%x10° 5.67 x 10

Solve the continuity equation for X(P,t)




Stationary solution during active accretion

Accretion adding parent nuclei and reactions

transforming them have come to an equilibrium. 1.0

Layers of electron capture:

. . . 0.8
e Mix of parent nuclei 4 grand daughter nuclei !
e Layers are compared to the shell thickness [
o A few meters to 0.2m thick 0.6
’n': L
| Reaction | SP(X = 0.95) MeV/fm®  APjuyer MeV/fm® | ;4’
Zo = 26 3.86x 10°° 1.24 x 10~ i
Zo = 24 3.18%x 10°° 6.20x 10°° 0.4
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Stationary solution during active accretion
Accretion adding parent nuclei and reactions Q(Pa X) — Zlue(Pa X) - (Wl + W2) + Bexe

transforming them have come to an equilibrium. qn (P, X) = Wi — Wy + Eey
. n(P, X)
Layers of electron capture: ¢(P,t) = q(P, X)Rec(P, X) A X(P,t)
e Mix of parent nuclei 4 grand daughter nuclei 6 ————————————
. | ——Mixed layer
e Layers are compared to the shell thickness H———G(gtm)
e A few meters to 0.2m thick el
A |
| Reaction | SP(X = 0.95) MeV/fm®  APjuyer MeV/fm® | T al
Zo = 26 3.86x 10°° 1.24x 10~ e
Zo =24 3.18x 1078 6.20 x 108 @
Zy =22 553x10° 671X 10° S 3l
Zy = 20 231x 1077 268 x 10~ 2
S
Impact on the heat release: 2
e Parent nuclei found deeper in the shell ) 1
° <
e Heat release is increased: up to ~20% [ : . . )
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Stationary solution during active accretion
Accretion adding parent nuclei and reactions Q(Pa X) — zlue(Pa X) - (Wl + W2) + Bexe

transforming them have come to an equilibrium. qn (P, X) = Wi — Wy + Eey
, n(P, X)
Layers of electron capture: q(P,t) = q(P,X)ReC(P,X)TX(P, t)
e Mix of parent nuclei 4 grand daughter nuclei 6 T ' '
, —q(P)
e Layers are compared to the shell thickness —&,(P)
e A few meters to 0.2m thick S5p——q(P) = &u(P)

Reaction | P(X = 0.95) MeV/fm®  APjyer MeV/fm®
y

4+
Zo = 26 3.86 x 1078 1.24 x 1077
Zy =24 3.18x 1078 6.20 x 1078
Zo =22 553 107" 6.71x 1078 3r
Zo =20 231 x 1077 2.68 x 1077

N

Impact on the heat release:
e Parent nuclei found deeper in the shell

q(P),£,(P) (10*® erg cm~3 s71)

[ ]
e Heat release is increased: up to ~20%
[ ]

We also added neutrino loss in our results 1.0 Ll 1.2 1.3 dth

P/Pxn



Heat sources during quiescence

1 In X (P,t
What happens if the accretion is stopped after some 9 In (n(X(P,t),P) X(P,t)) + Oln E )
. . . 8t Tacc(t) (9P
period of our stationary solution ?
= —Re.(X(P,t), P)
Reactions during quiescence
Nuclei far from P react first — ——Zy=26 -~Zy=24 - Zy=22 =—=2Z4=20
Active accretion can start before all nuclei have — “PN. Tl ;

reacted

e Number of I= number of acereted nuclei
over one accretion cycle

\’\\:t\-tq =00.04{yr

. ,,\,_
05 10 15 2.0 25 3.0
P — P, (1077 MeV/fm?3)



https://docs.google.com/file/d/119Tzrvm_q0dZRkud89o5eXY_aJzjWhcD/preview

Heat sources during quiescence

What happens if the accretion is stopped after some
period of our stationary solution ?

Reactions during quiescence

Nuclei far from P react first

Active accretion can start before all nuclei have
reacted
Number of != number of accreted nuclei

over one accretion cycle

What about time dependence in the active phase 2

Some shells

(depends on accretion rate and time)

Less nuclei reacted = decrease /accreted
baryon, yet increase Q/reactive baryon.
Reaction rate vs Accretion rate/time

| Solution [Zy=26]2Zy=24[2y=22]27y=20|
Heat release
Instantaneous 38.9 41.8 34.0 243
47.5 42.5 34.5 25.1
Stationary active phase Neutrino emission
Mixed layer 360 [ 327 | 262 [ 19.0
Heat deposited
115 7 98 [ 83 T 6l
Heat release
Instantaneous 0.0 0.0 0.0 0.0
6.5 4.2 44 12.1
Neutrino emission
Quiescence following stationary | Mixed layer 49 | 32 [ 33 J 9a
Heat deposited
1.6 | 10 | LI [ 30
0 1 9lnX(Pt)
)
—In(n(X(Pt),P) X(Pt)) + =
8t Tacc (t) 8 P

= —Re.(X(P,1),P)




Conclusion

Layers of electron captures affect the heat release from exothermic
reactions in the crust.

Including nuclear informed reaction rates, paired with astro informed
accretion rates and time affects the heat deposition in the crust.

This in turn will impact thermal relaxation from deep crust heating.

Prospects:
e [ixtend to inner crust
e Including complete excitation states
® Assess the impact on thermal relaxation

Thank you for your attention !



