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Transport properties in compact stars

 Most signals from CS involve transport properties
« Some of them mainly concern p < p, matter = clusters

o NS cooling: B-thermal evolution ]_ e-Z. T ~ 108K
0 Relaxation after accretion & deep crust heating
o CC, PNS cooling & mergers v-Z T > 10"°K

Schmitt&Shternin Springer 2018

e Key concept: quantify disorder => resistivity
o T>0 : distribution of nuclei (or pasta)
o True even for a catalyzed crust: impurities
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Transport properties in compact stars
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Present situation:
« Q taken as a free parameter in cooling
and relaxation simulations  ADeibel et al ApJg3a(2017)
* n; from Saha equations (Nuclear Tem Aapmorermcys Joumat, 832135 (16 2015

Statistical Equilibrium) or classical MD
simulations Z.Lin et al,PRC 102(2020)045801
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Towards a wmore controlled

theoretical treatment

Aim: having the nuclear
functional as unique
uncertainty < unified
treatmentatallpand T

Let us start from what we
know: variational calculations
In the WS cell

From WS cell to Multi-
Component (liquid or solid)
plasma: cluster DoF

J. W. Negele and D. Vautherin, NPA 207, 298 (1973)



Fromm WS to MCP:
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Free nucleons

WS cell with a microscopic function
0
@(pB,Yp,T): 0 5 10 15 20 25 30 35

Fws (pq: Kq) = Emicro — T'Smicro = mMin

=> Optimal particle (and pairing) densities

1. OCP with cluster DoF
FAZ ;
Fws = FO(A,Z,p4q) = Fpgq) + yo. T mn
|77
o

=> Optimal cluster
2. MCP with cluster DoF

TMCP({nAZ} :pgq) = T(pgq) + z Naz Faz = min
AZ

=> Optimal distribution




Fromm WS to MCP:
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WS cell with a microscopic functional electrons
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Fws (pq: Kq) = Emicro — T'Smicro = mMin

=> Optimal particle (and pairing) densities

1. OCP with cluster DoF

F
Fws = FOP(A,Z,pgq) = Fpgq) + 2 = min
Vws

=> Optimal cluster
2. MCP with cluster DoF

TMCP({nAZ} :pgq) = T(pgq) + z Naz Fpz = min
AZ

=> Optimal distribution




OCP with cluster DoF

F
FOP(AZ pgq) = F(pgq) + VA;Z ~ Fws
ws

« Below drip: F4; is just the HFB free energy

« Above drip: F42(4,Z,py4)

= the cluster functional is in-medium modified

= Practical implementation: F,, parametrized
as a CLDM with surface parameters fitted

from TETF calculation 0.93980

3]

FAZ = Vaz (:F(pbulk q) ?(pgq)) + Fsurf + Fcoul(+Fsh3:‘ 0.93975
Continuum E I
subtraction = E
:J: 0.93970
1]
Tubbs&Koonin, ApJ 232 (19749) L59 - B
Bonche,Levit Vautherin NPA427(1984)278 0.93965

| = CLDM-+sh

[ np =107 fm ™3 [

50

Carreau 2020, A&A, 635, A84 7

|
100



OCP with cluster DoF FAZ—FAZ+T(1 2, 1)

9V
CM degree of freedom: translation (T>T,,)

n-p interaction: (only) bound neutrons are entrained
by the ion
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OCP Wlth C{MSteV DOF FAZ_FAz+T(l AZ(M)
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Essentially He clusters
H.DinhThi et al, A&A in press @high density !
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Fromm WS to MCP:
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mapping in 2 steps ¢ .
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WS cell with a microscopic functional electrons
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A A . FAZ=VWS(TWS_TQ)+%VA2+6F
Fws (pq: Kq) = Emicro — T'Smicro = mMin

=> Optimal particle (and pairing) densities

1. OCP with cluster DoF
F
FOP(A,Z,pgq) =F(pgq) + A2 — min
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=> Optimal cluster
2. MCP with cluster DoF

TMCP({nAZ} :pgq) = T(pgq) + z Naz Fpz = min
AZ

=> Optimal distribution




Grams 2018, PRC, 97, O35807

) $ : Fantina 2020, A&A, 633, A1449
The C (MSteV dlStrl butl OV‘- Carreau 2020, A&A, 640, A77
Dinlh-Thi 2023, to be submitted

Continuum subtracted &
microscopic level density

. -~ 3/2
M, T
Nyz = (2nh2> expB[Nun +Zu, — F; + RAZ(ne)]

Rearrangement (n, = Y., Zn,;,)
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Perturbation 1st order




Nuclear distribution in the outer crust

(')D _||||| [ [ III:;III| T T ||||r|.|_||. |_|_[__IIIII_
80FT=2x10"K I8 =
0 ,Z'/ -
60 = A == - P=10" MeV fm" P=2x 10" MeV fm"
50 __ __ I LI | 1 Iﬂl | 1 ; 1 1 | LI 1 LI | LU | 1 Iql || LI | 1 *I 1 | LI ]
40 ) . 01LT=85x10 K T T=26x10 K .'T o]
20 ||||| 1 1 ||||||| 1 1 ||||||| 1 1 I{III}II_ {]'DI {:I'[]I
5 le-08 le-07 !35—0& le- 0.001 0.001
P [MeV fm ] .
0.0001 0.0001
@ IE_Dﬁ_, L1 1 1 | 11 1 | 1 11 1 | | | {Iajll 1111 | 1111 | 1111 | 11 T 1 | 1111 | 1111 ]e_{]q
& 20 25 30 35 1020 25 30 40 45 50
I T T 11 | T II;I T | T ‘ T T | T T 17T TTTT | TTTT |.;__:: T ||| TTTT |L| TT | TTTT ]
0.1ET=5x10 K._T T=5x-lﬂ K me 0.1
0.01 oo ‘ . 0.01
0.001 . 0.001
0.0001 . ) 0.0001
L] B (©) TIPS TITIT L v
03555 30 35 4020 25 30 20 45 5050
Z
e Fantina 2020, A&A, 633, A1l49 2



The ¢ (MS'L'@V' d"strl'butl'oy\ Dinh-Thi 2023, to be submitted
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The C (MS'L'@V' dl'StVl.bMtl.OV\ Dinh-Thi 2023, to be submitted
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The cluster dlstwbutlom

Dinh-Thi 2022, to be submitted
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Conclusions

A thermodynamically consistent formalism to calculate matter
composition from a given microscopic energy functional

=> First microscopic evaluation of the impurity factor

Important differences wrt Saha equation
o Subtraction of continuum states: reduced partition sum
o In-medium modified surface energies
o0 Rearrangement terms modify even the average quantities

Important differences wrt calculations in the WS cell
o Center of mass motion favours the appearence of light clusters
o0 Bimodal cluster distributions => increase of Qimp!
o0 Cluster melting => Z=2 dominance close to the core at high temperature

Pasta contribution?



Effect of the microscopic entropy and

continuum subtraction

<E >/A (MeV)
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Thermal luminosity [erg/s]
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OCP with cluster DoF

F
TOCP(A'Z'pgq) - %) + = = Fws
Viws

e Below drip: F4; is just the HFB free energy
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Nuclear distribution in the inner crust
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T.Fischer et al Phys. Rev. C 102(2020) 055807

SN dynamics and cluster in-medium effects
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T.Fischer et al Phys. Rev. C 102(2020) 055807
SN dynamics and cluster in-medium effects
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Chemical constants from multi-

10 " %=0.93540.025 =—=
®He

1012 L

10‘1[]

.IDB

'|[]'6 L

104 -

102 L

0.03 0.05
<p>t0 (fm'g)

0.01

0.07

1 0.41

1 04

=1 0.39

fragmentation

043
K ’il Z L pi—’ﬂ(iﬁl: Z)
A 2) = = T 10
JO}JCL( ? ) fOPﬂ( ? )
1|0-|1Qin. PRL 2|012
* (a)
107 F e
*.'?
10° **“.'-. )
_ e, without
e 10° **i:."
S 10 *;:3». B
}éo *:’Q‘
10° /***"0.‘
with g
10° | **Q,’Q
0.38 104 L
0.0 0.01 0.02 0.03
ng (fm™)

R.Bougault & INDRA coll. JPG (201.9)
H.Pais & INDRA coll. PRL (2020)



Applications

e Impurity factor
=> extension to pasta to be done

Cy,) imp

e e-transport coefficients

JI 11 Ii‘(“]_‘_?‘j LN

=> To be calculated ) o0
ng [fm
T.Carreau, A.Fantina, FG submitted to A&A
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Phenomena

NS oscillations 0f — b3
PNS cooling (SN1987a ?7?) ok

= L

Mergers ??7? S

Strategy .-

What exactly do we need to calculate?
Which format (table, code..) ?
Microscopic functional: calculate for BSK22-26 ?

Meta-modelling: Tews functionals? Most probable
posterior EoS only?



mass yield

mass yield

mass yield
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T>0: continuum states

 Double counting of continuum states if
we switch to cluster DoF

« Easy subtraction in the GC ensemble

ZBpnpy = 1_[ (1 + exp (aq — ﬁeiq))

i,q

(N)
RNZQNE_QE Qn Tlnﬂ’ﬁ” "

= Mean field potential

A Total HF density

luster

E 0.08
= 006
Tubbs&Koonin, ApJ 232 (19749) L59 = oo Free nucleons
Bonche,Levit Vautherin NPA427(1984)278 0.02 o loctrons
0 0 5 10 15 20 25 30 35
FN(A,I,pg,yg) = r (fm)

N
= —TVyln fmgu; M + upN, + up N, +Ecou + Esurf (A: I)
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Surface tension and correlations with NM properties

AT

I

crnsr,

.4""-!}.4

0.0 -0UD5 020 -00E -0LDE 034 -OL38 I!IJE.—[I.EE oo 007 004 000 004 D19

.03 D24 0328 -0 007 026 -0.08 033 048 010 003 0.04 010 ODD 023 -0.02

%
‘Eﬁ-ﬂ Q d 4021 016 -0005 -004 D02 -023 D_Eﬂ-.-ﬂ_ﬂ} 007 004 -III.IIIE.[I.-‘
W

.02 D2 034 -021 008 026 -0.08 031 042 009 002 0.04 005 035 009 018

0.02 012 O3 -0l 003 026 -IZI.Elﬂ.EﬂII U111 004 s 016 011 -0 D10 04l

o G L8 Qe fbﬁ*@ﬁ%ﬁ%ﬁwﬁbfﬁx?ﬁ LI OO i%@,l_h
Nt

LD-+HD [0.06-0.05 0.33 -0.35 0.18 0.05 -0.19-0.28 0.52 -0.14 0.13 0.06 0.12 -0.03-0.06
LD+HD p= 3 F0.05-0.06 0.34 -0.35 0.18 0.03 -0.22-0.30/0.54 -0.16 0.00 0.05 0.03 -0.02-0.08
LD (W/ P} p= 3 (0.00-0.03 0.23 -0.24 0.10 —D.D4—D.33—D_GZ-E.24 0.00 0.00 0.05 0.00-0.04
LD p= 3 (H0.07-0.03 0.30 -0.27 0.12 0.16 -0.13-0.350:500-0.08 0.00 0.07 -0.05 0.00 -0.11

HD p= 3(0.24 -0.03 0.29 -0.44 0.20 0.11 -0.03-0.16/0.44 -0.15 0.00 -0.25-0.21 0.27 -0.00

Prior p= 31(0.19-0.03 0.25 0.40 0.14 0.13 -0.01-0.25 0.42 -0.09 0.00 0.19-0.21 0.24 -0.05

S ERIEAOIION IS

The ambiguity is under control if
T.Carreau, PRC 2020 + we make a UNIFIED modelling
Thomas Carreau, PhD thesis N



Geometry fluctuations
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Schneider, Horowitz PRL 2015

Geometry fluctuations
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OCP with cluster DoF

F
FOP(A,Z,pgq) =F(pgq) + A2 — min
Viws

Carreau 2020, A&A, 635, A84

T [107 K]

40 :
N [ = BSk22 CLDM+shells == BSk26 CLDM+shells
| m— BSk24 CLDM-+shells min/max BSk CLDM

| — BSk25 CLDM-+-shells
2{] [ | | | | 1 1 | ‘ | | | | | | 1 1 | '} | |
10—3 102

np [fm™]
== The uncertainty in the shell treatment is within the fonctional uncertainty.
o (]




OCP with cluster DoF

F.
TAZ(A'Z'pgq) = Tu(qu) + V_l = min
AZ

Carreau 2020, A&A, 635, As4

T T T T 1] T T T T T T 1] T T
— BS5k22 CLDM
— BSk24 CLDM
— 3Sk25 CLDM

\ Mass fit on
_ BSK ETF

Mass fit on
exp.spherical
nuclei

ng [fm™]

== Importance of a unified treatment
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