Clusters in hot and dense
stellar matter

Francesca Gulminelli - LPC Caen, France

 Motivation: a realistic EoS for core collapse simulations
e A description of stellar matter with cluster dof
« Effect of the effective interaction and in-medium self energies
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Nuclear matter at subsaturation

IS clusterized

J. W. Negele and D. Vautherin,
Nuclear Physics A 207, 298 (1973)

Below nuclear saturation matter is
frustrated:

Nuclear and Coulomb forces act on
comparable length scales

The LG transition is quenched and
matter is clusterized.

A description in terms of nucleons
Is feasible (but heavy) in DFT

An extension to mixed states
(beyond MF and/or T=0) is
(almost) hopeless

An effective model with cluster DoF
IS appealing




Clusters In a dense medium

coordinate-space cluster
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Cluster: density fluctuation
=>excluded volume applies
=>bulk energy — vacuum energy
(zero order LD approximation)
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Cluster: localized wave functions
=>excluded volume does not apply
=>binding energy shift

P.Papakonstantinou et al, ArXiV 1305.0282



A model for the energy density

SHM(fg),BO (X4)

« Best » functionals for homogeneous matter and for a
cluster in the vacuum | |

Viwséws|Pns Pp» Per Vws| = Bo(Ra) + Vivseum (X5) + 6B

— m(fg»fA) + VWSEHM(fg)

Bm = Bo(%4) +Viys6e. (X4, pp) — eum(%5)V (X4 ) in-medium binding energy shift

« Numerical applications:

eum(py 1P ): Homogeneous matter Skyrme energy functional
B,(A,7)) : Mass formula from Skyrme-HF




In-medium bulk energy shift
5=(p0np—0p0p)
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Cluster DoF: T=0

« A model for the energy density

Vivsews| P Po» Per Viws|=Bm (X4, %) + Viwsenm(%y)

Xa= (4,1, Vys .. )xg (pgrplg )

Variational variables
0.1

« A variational problem for each (pg, p;)
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Cluster DoF: T=0

Equilibrium equations x4= (4,5, Vyys) X;= (pg,plg)

"B _ (4 _Pa)_, (5P
0A _‘ug(l po) ‘ulg( po)
10B,, 1 dpg
— Z 95 = Hig +,002 EYS (.ugpg-l'.ulgplg)
0B/A 6B
0A Vi

)

deym
Hg = dp,
_ Oy
Hig = 0p1g
= (pOn - pOp)
R Po
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Cluster DoF: T=0

Sly4 Skyrme functional
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T=0: the SN approximation

« A model for the free energy density
VWSfWS[ﬁn: ﬁpr ﬁerVWSrT]:Bm(fg; fA) o TS(YA; Y'g) + VWSfHM(J_C)g; T)

X4= (A, 1, Vys ...) xg (Pg»PIg )
Variational variables

e A variational problem for each (pg,p;,T)

d (Fusin ) — (25— )~ (25— ) =

J. M. Lattimer and F. D. Swesty, NPA 535, 331 (1991).
H. Shen, H. Toki, K. Oyamatsu, and K. Sumiyoshi,NPA 637, 435 (1998).



T=0: the SN approximation

Equilibrium equations

X4= (4,8, Viys) %,=(pg, prq)
9Bm _ ( pg) ( _ Pﬂ) 3T Vwspo

on Mg 1= Po Hig Po T 2AVyspo—A

10Bm _ 1 95pVwsPo
— 405 Mg + 0% 06 (,ugpg * 'ulgplg)-*_ T pPo Vwspo—A)(Po—Pg)
B /A O S S
il — TVys(1 —

04 PoVws 2Vyspo — A

o =

_ Ofum
ha = s
_ Ofum
Hig = ang
(pOn — pOp)
Po

These equations give the most probable cluster only and neglect mass
and charge fluctuations among cells




Cluster DoF: T=0

o free-energy surface in constrained HF-
BCS (Sly4)

T =25 MeV
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T>=0: beyond the SN
approximation

O S, under constraints, V - oo & F=min in the
total volume
— L Prlnpy — B (Etot = <ﬁ>v) + Bu (Atot = <N>V) + B (Itot = <i>V)
k = {Tllgk),Ai,Ii}

1

(k)
n,, !

_ 1 v (k)
Pk = z (Zsky) exp — .BnAI (B, — TS)

Al

= All cluster A,l possible at a given (pg Y,)

= Canonical partition sum analytically calculable via a recursion
relation A.RadutaF.G., PRC 85:025803 (2012)




Importance of the cluster

distribution

T=1.6 MeV
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T>=0: beyond the SN

approximation

One WS cell

AWS
d (fws(A, I,pg,¥g) — Ut (V— = pB>
wsS

e (ws N\ _,
Uj Virs Pi

A,l,p4.piq Variational variables
linked by the strict conservation
law in the cell

s Different equations at T=0

Many WS cells
f(pBrpI) = fgas

T 1
——anl_[ - exp—ﬁng;)(Bm—TS)
1% n I)I

(
(k) Al Al °
(ngz)=6(A—A) §(I=1) 1 cluster only

f(pB»pp) ~ fgas T Bm(A,I) — TS(A,I) with
u=0f/0ppg, 1 =0f/0p;

= d(fws(4,1) —upg — wp) =0

A,l variational variables linked by the
loose conservation law in the cell
through the global chemical potential

s Same ground state T=0 solution



Most probable cluster
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Stellar matter at beta equilibrium

RESULTS AT FINITE
TEMPERATURE
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The role of the effective
Interaction
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B/A (MeV)

The role of the effective
Interaction

[l Ingredients: nuclear mass (nho shell, no pairing)
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Results: T-dependent [3-
equilibrium

Average cluster mass and isospin T=1
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Results: T-dependent [3-

equilibrium

(E/A),_. (MeV)

Inhomogeneous EoS T=1 :
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IN MEDIUM ENERGY
FUNCTIONAL




Cluster DoF: T=0

Cluster model Is
not identical to
HF-LDA with the
same effective
Interaction

== In-medium self
energies are not
properly treated
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An analytical in-medium cluster
energy

pa(r) = pgy(r) + py(r)

Bm(Pg»PIg:A»I) = f dsTSHF(Pn(T)»Pp (7”)) = eHF(P}}; PE) (Vws — A/po)

In-medium modification of the surface mass formula parameters:

SB™=B™-B,(4, 1 ):(e;;’;,,f(pg, prg 1) — ag)A*?




In-medium surface energies
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Conclusions

Clusters d.o.f. essential to describe hot

and dense stellar matter
B &y =By+eyy + 6, 6 in-medium self-energy shift

B A simple model: 6¢ from the excluded volume
mechanism+surface corrections from Skyrme-HF

Energetics very different from the vacuum
Variational calculation at T=0 and T=0
Quasi-analytic EoS

Wide distributions of clusters

Agreement with microscopic at T=0

J 4y my




Quality of the LDA
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