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Nuclear symmetry energy

The nuclear symmetry energy is known to be a important physical quantity not
only but also in astrophysics.

» neutron skin and the different distributions of neutrons and protons in a
nucleus

® isospin-asymmetric nuclear matter in the density region above the saturation
density, experimentally performed by the heavy-ion collisions

» some astrophysical observations, for instance the mass-radius relations of
neutron stars and the cooling processes of proto-neutron stars, strongly
depend on the nuclear symmetry energy.
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Theoretical point of view

Many theoretical calculations have been focused on the properties of asymmetric
nuclear matter, including the nuclear symmetry energy.

» the phenomenological calculations based on the effective many-body
interaction with the Skyrme or Gogny force

» the relativistic mean-field (RMF) models based on Quantum Hadrodynamics
(QHD)

® microscopic studies, for examine, the so-called Dirac-Brueckner-Hartree-Fock
(DBHF) approach and chiral perturbation theory based on realistic NN
interactions
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However, different results for the high-dense behavior of the nuclear symmetry
energy have been reported so far and, in particular,

its density dependence above the saturation density is still unknown §
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Introduction

. . . M.B. Tsang, et al. Phys. Rev. C 86, 015803 (2012).
Theoretical point of view

Many theoretical calculations have been focused
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Motivation

We study the Fock contrition to the density dependence of nuclear symmetry
energy, E.,..,, and its slope parameter, L, in

Relativistic mean-field (RMF) models:
m relativistic Hartree (RH) approximation
m relativistic Hartree-Fock (RHF) approximation

Since only the direct diagram is usually considered in the RH models, interacting
mesons are treated within zero momentum transfer.

In contrast, the inclusion of the Fock terms automatically allows us to explore the
momentum dependence at meson-nucleon vertices.

In addition, the pion contribution can be taken into account through the exchange
contribution.

T. Miyatsu et al. — The role of Fock terms on nuclear symmetry energy in a relativistic framework — 5/14



Outline Introduction Model Lagrangian Nucleon self-energy Experimental analyses Results  Summary

Model Lagrangian

Lagrangian density for uniform hadronic matter:
L= Z N (17.0" — Mn) ¥n + Ly + Ling — Une.
N=p,n

Interaction Lagrangian density: mesons (¢, w, 7, and p)

Eint = Z (£a+£w+£7r+£p),
N=p,n

. - fon 7 L
£O’ = 90N¢N0¢N7 Ew = —QwNwNWuWM¢N7 ['Tr = —7¢N’Y5’YM8H7T¢N * TN,
scalar ™ pseudovector

7 = — f N v - =
Lo = —GoNUNTLP YN - TN + ﬁwwwa HUN - TN-
tensor

The following nonlinear term is also introduced in order to reproduce the saturation
properties of nuclear matter at the mean-field level:

1 1
Une = 3925'3 a4 293(_74.
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Nucleon self-energy

Nucleon self-energy

The nucleon self-energy is given by the Lorentz covariant form
with ; , and space (v) components.

n(k) = (k) = 0ZR (k) + (7-K) =X, N=n.p.

Within the relativistic Hartree-Fock approximation, the ¥y is

composed of the folgle} - diagrams.

Thk) ==y + 55, i=s,0,v.

k=0
@ = e--- q + q
direct

Inserting this form into the Dirac equation, we get the effective
nucleon mass and momentum in nuclear matter.

Myi(k) = My + IR (K),  K(k) = (K + (k). K + KZ((K)) -

space (v)

scalar (s)
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Nucleon self-energy

Nucleon self-energy

“{pp-=016 fm=2) time (0)

The nucleon self-energy is given by the Lorentz covariant form
with , and space (v) components.

AL““\““\““\“”‘

Inserting this form i
nucleon mass and

scalar (s)
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Experimental analyses on E,,,

The recent experimental analyses on the density dependence of E,., have been
performed by using the free Fermi Gas (FFG) model and it is separated into the and
terms:

2/3 v
Evyen(5) = EX™(05) + 2% (05) = EX. (o0) (‘p’—i) +EE2 (p0) (’;—i) ,

where pg g is the total number (nuclear saturation) density.
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Experimental analyses on E,,,

The recent experimental analyses on the density dependence of E,., have been
performed by using the free Fermi Gas (FFG) model and it is separated into the and
terms:

2/3 v
Esym(pB) = Esym(pB) + Esym(pB) =~ Esym(po) (Zi) + Esym(po) (%) )

where pg g is the total number (nuclear saturation) density.

In the theoretlcol calculations,

1 kg 1 M s KE v s ’ %
Esym = gékf:7 Esym = ng (E{:I 82sym _ azsym + EF* 8zsym) = Esyrri + Esym + Esym 9

with ke = ke, = ke, E2 = 1 /kz2 + M;2, and

0 0 0 0)[v]
oxsOM = (9 _ 9 ():5( IV _ SO ) )
ym 6pp pn < 2
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Experimental analyses on E,,,
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2/3 v
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1k 1M ke, .
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| o —
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2m2PB
2
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Results

Symmetry energy and slope parameter at
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Results

Density dependence of nuclear symmetry energy

HiC
i EDP in 208pp

, 1BUU04

Constraints:
[
M. B. Tsang, et al,, Phys. Rev. C 86, 015803 (2012).
m EDP: electric dipole polarizability in 2Pb experiment
Z. Zhang and L. W. Chen, Phys. Rev. C 92, 031301 (2015).

m |BUUO4: the isospin-dependent
Boltzmann-Uehling-Uhlenbeck transport model

L. W. Chen, C. M. Ko, and B. A. Li, PRL 94, 032701 (2005),
B. A. Li and L. W. Chen, PRC 72, 064611 (2005).
31.6 (ps/po)* with x =0.69-1.05.
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Results

Density dependence of nuclear symmetry energy

HiC
i EDP in 208pp

1BUU04

® Hartree (RH) approximation
k2 k2 .
1 F 17#_ Mltl — MN + zls\l,du- _ MN _ QUN&

6Er 6 2’
F VK2 + M;i?

® Hartree-Fock (RHF) approximation

1K e =1 Keke My =My + 55, ki =ke + 3,
SEFT T8 iy NN T
= N
L : interactions are ignored.
2
1 K2

NPy
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Results

Density dependence of nuclear symmetry energy

Potential term, Erot

sym He

5Y i EDP in 208pb
pot __ pot,s pot,0 pot,v

Esym - Esyrn, + Esym’ + EsymY

_ Epot,,(iin + Epo(.,r~x

sym sym

1BUU04

192 .
_ _p EP,O"’( 5%
2 mg pB + Sym
Constraints:
[

M. B. Tsang, et al,, Phys. Rev. Lett. 102, 122701 (2009).
il
ERS% (00) <%> with = 0.77%3 (FFG model),

® Hartree (RH) approximation: v = 1.00
® Hartree-Fock (RHF) approximation: v = 0.74
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Potential term, Erot

sym He

5Y i EDP in 208pb
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sym sym
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@S exchange contribution mainly offects EPot

sym
|

M. B. Tsang, et al,, Phys. Rev. Lett. 102, 122701 (2009).

8
EP°t (po) <%> with = 0.77%3 (FFG model),

sym

® Hartree (RH) approximation: v = 1.00
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Results

Lorentz decomposition and meson contributions

® Hartree (RH) approximation: only p meson

pot pot,dir __ ] Q/)
Esym Esym 2 m2 PB

® Hartree-Fock (RHF) approximation:
EPOt _ Esp;c:[tl,«liw + Esl;;c:::l,«m

sym
— pot,ex
- 2 m2 ot D > EDuu

i=s 0 v M*U‘w,/)‘,"r

i

Not only p meson but also o, w, and = mesons influence
Epot,r\'.

Sym
The o and w mesons play a important role in EZo .
The contributions due to p and = mesons are extremely

small even at high densities.
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Results

Density dependence of slope parameter

L=L"+L
Wil
Loz D [ L ke (MR, 2k ke My (M ORY K omR
6" |Ex " Er \E* 72 Ef Er \ Ef 9ps EZ Ops
3 o (M ke
L _ 3EPot e N 555 _ rZO irzv )
sym + 8/)5 dps (EE o sym (2] sym + EFX 2} sym

In RH approximation:

prnar _ 1 K oK <]+2MN*/<F0MN*>
3 /kﬁ-g"’_Mh*lz 2(kr2+Ml\72) 2 9ps ’
. 392
L =5 s

P

The exchange contribution prevents the slope parameter
from increasing monotonically at high densities.
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Summary

» Using approximation, we study the effect of
the Fock terms on the nuclear properties not only around the saturation
density but also at higher densities.

® In particular, by taking into account the Lorentz-covariant decomposition of
the nucleon self-energy, we investigate how the momentum dependence due
to the exchange contribution affects the nuclear symmetry energy, E.,..,, and
its slope parameter, L.
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Summary

* We find that the Fock contribution suppresses
the nuclear symmetry energy, £y, at the densities around and above the

saturation density.

* Not only the isovector-vector (p) meson but also the isoscalar-scalor (o) and
isoscalar-vector (w) mesons and pion make significant influence on
the potential term of £, through the exchange diagram.

* The exchange contribution prevents the slope parameter, L, from increasing
monotonically at high densities.

Thank You for Your Attention.
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