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Overview

» Introduction:
e Equation of state (EOS) of nuclear matter

Density dependent, isospin dependent, momentum dependent
 Investigation of np effective mass splitting by HICs

» Model:
 Isospin-dependent qguantum molecular dynamics
e Parameters of EOS in this work

» Results
e n/p double ratio
 |sospin tracer
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Introduction

« Strong interactions are described by Quantum ChromoDynamics.

« The residual strong interactions between nucleons is of fundamental
importance in the understanding of natures asymmetric nuclear objects
including supernovae, neutron stars as well as nuclei.
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Introduction

Equation of state
(EQS)

Density dependent

I .

By Quantum chromodynamics
Quantum Field Theory
ADb-initio

Parameterization
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Momentum dependent

v

Isospin dependent

Generally speaking EOS can be described by the nuclear potential U(p,p,0) for
nucleon with momentum p in asymmetric nuclear matter with density p and

Isospin asymmetry 6 = (p, —p,)/(pn * pp)-



Density dependent EOS

Knowledge of EOS of symmetric nuclear matter is predicted from microscopic ab initio
calculations, i.e. relativistic DBHF, non-relativistic BHF and variational calculations.

EOS also calculated by modelization, such as Skyrme forces.
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Isospin dependent EOS P #%
E(p,8) — E(p,0 = 0) = Eyym(p)d* + 06"

« A consistently acknowledged picture at normal and subnormal densities (p <
0.16 fm3) has been obtained.
« But at supernormal densities, the symmetry energy is not fully understood.
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Momentum dependent EOS

 Momentum dependence of EOS has been confirmed by the cross section data of elastic
proton-nucleus scattering in 80s.

» The momentum-dependent potential U(p) is parametrized from the measured energy
dependence of the proton-nucleus optical potential.

Parameterization in 1987 Parameterization in 1993
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MDI - effective mass

TEL.

Fud#d, 3%

The gradient of the nuclear potential energy of momentum, i.e. dU/dp, is usually de-
scribed by a common concept of non-relativistic effective mass msx.

Generally speaking the nucleon effective mass in symmetry nuclear medium is well
determined, m*/m = 0.7 = 0.05, at normal density and Fermi momentum.
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Investigation of np effective mass splitting by HICs

Nuclear collective flows in HICs have been applied to constrain the np

effective mass splitting.

For instance, directed flow protons and nuetrons in semicentral Au+Au

collisions at 400 MeV/u have been investigated by the

IQMD model. It is

found that the neutron—proton differential collective flows are proposed to be
a good probe to the neutron—proton effective mass splitting.
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¢
Investigation of np effective mass splitting by HICs ted 3

e Zhang Yingxun et. al. showed that the high energy neutrons and protons and
their ratios from HICs at 100-200 MeV/nucleon, provide a good observable to
study the effective mass splitting.
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MSU data and ImQMD calculations propose m*,<m*,

D\P) IS V)

« MSU have presented data of neutron/proton
spectral double ratio from central 124Sn+124Sn
and 112Sn+1125n collisions 50 and 120
MeV/u.

o Together with the calculations by ImQMD,
the data constrain the np effective mass
splitting to be m*, <m*,.
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Our work

Energy-dependent global optical potentials

Parameters of EOS
=— = Transport model:
Relation between symmetry energy IQMD

and effective mass splitting

—

HICs

n/p double ratio / Isospin tracer

at 50 and 120 MeV/u at 400 MeV/u
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Theoretical framework Fidk £3

hot nuclear systerm excited pre-fragments final products
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Projecle L= o a—r
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Multifragmentation
50 fm/c 200 fmic 100 ns

sospin-dependent Cluantum Molecular Dynamics model statistical decay model ( )
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mh)

=1

, T =V Hepy
e time evolution .
Pio = —ViyoHery

e Hamiltonian Hepp =T 4+ Usky2 + Uskys + Usym + Usur + Unai + Ucou
* Nucleon-nucleon collisions b,; < \/oy/m

e Pauli blocking Fbiock = 1 — [1 —min(FPy, 1)][1 —min(Py, 1)]
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EOS: Potential energy density tak. 4%
» The potential energy density of the asymmetric nuclear matter with
density p and asymmetry 9 is given by Two body and three body interaction;
| | Density depedent
Vi.6) =F 02 . B prTl / widely used in QMD model
D, 8) =1—— = ] ]
v, D 1o v+ 1 Py 1991-QMD-PR.202.233 1
Cop; P 0 Local symmetry potential;
5 % — : )" pd density and isospin dependent
il — 2009-PhysRevL ett.102.122701

~

(1
+Z L // (P, P')f-(r,p) f-(r,p')dpdp

(P, P) fr(r,p) f—+(r, P )rfprflx

Momentum
dependent interaction;
proposed by Welke et.

al.
[1988-PhysRevC.38.2101].
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EOS: Single particle potential Pus. 47
» The corresponding single particle potential of neutron and proton with

momenta p in the asymmetric nuclear matter with density p and
asymmetry o can be calculated as,

- : oV (p,d
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dpPn = = =
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= /_ _))/_ —sp\ /t ! P *‘;’_l_-_w/) 5% t t |
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Po Po | - Po < Po dependent;
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+ (1 —x) / v(p—p') fo(r,p’)dp': [1987-PhysRevL ett.58.1926]
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EOS: Energy per nucleon

« The energy per nucleon of the asymmetric nuclear matter at zero

temperature is the summation of kinetic energy and potential energy,
E 3p2 p, 3P+, p,  V(p.o
_(/)()):T“_“/__,_tlff/! + (/ ()
A 52m p  52m p P

Here, pg, and pg, are the Fermi momenta of neutrons and protons

3725\ /3 .
Prn = he ( | 9 : ) (1+0)""

L9 1/3

3T ' N q /e
Prp = fic ( : -')/ ) (1 - ())l’""

For the symmetric nuclear matter, there is a general consensus that
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EOS: Symmetry energy and effective mass Fin 2%

 The parameter Cy,, v; and X are introduced to fix the theoretical predictions for
the density dependence of the nuclear symmetry energy.

The parabolic approximation to the nucleon energy in the asymmetric nuclear
matter has been widely used.

E(p,8) — E(p,0 = 0) = E,,..(p)6° + O4*

E E 22 2 . Kinetic part
2 3P5. . R
B oy—Brips—0)=3PEnln  3PEnpy  3PE 1575
A A S52m p  H52m p  H2m
E, . E, L .  Cofr\"
—Prla &Y —Blg § =) =2 y=-
1 (p.0) y (P, ¢ ) : (M') ( Local part
F w B o A £E o, .
-4’“([;.0)— —(p.6=0) —Z(] 4 r); // v(p — p') f-(r.p)f-(r.p’)dpdp’
+ Y (1—12) (r, (r.p')dpdp’
Momentum Z //{(pp fr(r,p)f(r, P)dp¢p

dependent part




Parameters of EOS In this work

Y

EOS of symmetric nuclear matter Symmetry energy
Two body three body MDI MDI part Local part
a B =: Cm A X Csp i
 What have we known about the EOS?
EOS at §=0 ¢ 60t (a) Optical potential 4 140 (b)3=0 O
=0..8=0 - - QMD-H 7
ol P =Py ] 120 OMD-S ‘
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20 |- 1 <80 ) .
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Parameters of EOS in this work Pak. 49

EOS of symmetric nuclear matter Symmetry energy
Two body three body MDI MDI part Local part
a B =: Cm A X Csp i
-75.86 166.43 1.226 -88.21 664.86
MeV MeV MeV MeV c
60 (@) p=p, =0 - 1401 (b)56=0 -
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What have we known about the symmetry energy.:
E(/) (5) - E([) 6 — ()) = E.s,t;riz(/))(ig + 054
Esy-m EAm + E[O( — Emdz.

sym sym sym |

OF sym 3C,7i o Emdi
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What have we known about the symmetry energy.: %

ki [ di
E,_c,.ym =F %;21 + K S?;;” + E :?:mz B.-A. Li, X. Han,Physics Letters B 727 (2013) 276
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Parameters of EOS in this work Pak. 49

EOS of symmetric nuclear matter Symmetry energy
Two body three body MDI MDI part Local part
a B =: Cm A X Csp i
-75.86 166.43 1.226 -88.21 664.86
MeV MeV MeV MeV c

» We fit four groups of parameters to provide different d
symmetry energy and effective mass splitting.

Ity dependences of

x C;,/MeV vy Eqm(po)/MeV  L(pg)/MeV m”*

Pos-S |-0.4 -30.87 2.002 29.76 25.9 ny, > n,
Pos-H |-0.4 -23.51 0.757 33.44 91.9 m, > n,
Neg-S | 0.4 78.21  0.408 29.76 25.9 n, < n,

Neg-H | 04 8557  0.888 33.44 9.9  mf <m




Parameters of EOS in this work tua. 4%
| X Cs.p/ MeV v, Es_\'m (po)/MeV  L(pg)/MeV m’
Pos-S |-04 -30.87 2.002 29.76 25.9 ny, > N,
Pos-H |-0.4 -23.51 0.757 33.44 91.9 my, > m,
Neg-S | 04 7821 0.408 29.76 25.9 my, < m,
Neg-H | 0.4 8557 0.888 33.44 919 m, < mj,
100
80
__ 60}
>
o)
= 40
3
W 20




Parameters of EOS in this work tid. 2%
x Cp/MeV vy Egm(po)/MeV  L(pg)/MeV m”
Pos-S |-04 -30.87 2.002 29.76 25.9 ny, > m,
Pos-H |(-0.4 -23.51 0.757 33.44 91.9 my, > n,
Neg-S | 04 7821 0.408 29.76 25.9 my, < m,
Neg-H [ 0.4 8557 0.888 33.44 91.9 m, < mj,
1-0 | T ! I ' I N I N 1 1 1 ! I ! I I ' I
- (@)x=-04 1 (b)x=04
s} :
08| :
g | |
07 -
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In-medium corrections to NN cross sections

EOS

Any freléation?

NN cross
sections

Density dependent

Momentum dependent

Isospin dependent

Cross section in free space

In-medium corrections

Isospin dependent
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In-medium corrections to NN cross sections fud. 4%

The differential cross sections of NN collisions can be written as

- o' js the cross section of NN collisions in free space,
- 29 gives the angular dis- tribution,
- fmed gives the in-medium corrections.

(dg) o O_fr(.’.(:fa?,',g!f-m.a.rj
- Y i {
Q).
V. R. Pandharipande and S. C. Pieper, Phys. Rev. C 45, 791 (1991).

Tored -m.j‘mj/(m?‘ + .m;f) 2 D. Persram and C. Gale, Phys. Rev. C 65, 064611 (2002).
= : - B. A. Liand L. W. Chen, Phys. Rev. C 72, 064611 (2002).
mim;/(m; +m;) Z. Q. Feng, Phys. Rev. C 85, 014604 (2012).

med __
Jig

O free

. L /OU -
mr = .
’ m;  \p;Op;

T

—

60 (a) Neg-H

1 (b) Pos-H

500

p (M

1000
eV/c)

500
p (

1000
MeV/c)




£ K2

' L] L] L] L] l L] L]

(a) Neg-H

In-medium corrections to NN cross sections P, 4%
e The in-medium factors depend on the EOS </ e
e Due to the effective mass splitting, the in-medium el |
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In-medium corrections to NN cross sections
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Parameters of EOS In this work

T i
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EOS of symmetric nuclear matter

Symmetry energy

Two body three body MDI MDI part Local part
a B Y Cm A X Csp Yi
-75.86 166.43 1.226 -88.21 664.86
MeV MeV MeV MeV c
X CS.P/MeV Yi Es_\'m(P(l )/MeV L(P{] )/Mev m” |
Pos-S |-0.4 -30.87 2.002 29.76 259 ny, > N, |
Pos-H |-04 -23.51 0.757 33.44 01.9 m, > m;‘,
Neg-S | 04 7821  0.408 29.76 259  mi<m,
Neg-H | 0.4 85.57 0.888 33.44 91.9 m, < n, |
Density dependent
EOS Momentum
dependent

' NN cross sections
in free space

Isospin dependent

In-medium
corrections
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Results

Energy-dependent global optical potentials

Parameters of EOS

= —
Relation between symmetry energy IQMD

and effective mass splitting

HICs

Isospin tracer
at 400 MeV/u

n/p double ratio
at 50 and 120 MeV/u



Results: | 24 —_—

a) 50 MeV/u
DR at 50 and 120 MeV/u L Sn+Sn (@) 50 MeViu .
| 20 = ~ a
| =
Esym(po) L{po) . | §i%
MeV ~ MeV ‘ i o &8 g
Pos-S | 29.76 259 m;, >m, @ 4gL g
Pos-H | 33.44  91.9 m; >m, p /,zf’__/,.f—j,:f-_f_if;_“f,”.'.",... ------------------
Neg-S | 29.76  25.9 mj, < m, g
Neg-H| 33.44 919 m;, <m, 1oL i |
% L | | L | N | i
* Pos-S vs Pos-H I R D
e MSU data (b) 120 MeV/u
e Neg-SvsNegH [ Neg-S
effects of Esym 16 F Pos-S P
| — Neg-H , { } -
e Pos-S and Neg-S 14 Pos-H ,§;’§/§jf:f::f—fj’f"" g
e Pos-H and Neg-H P e
o | s Sl
effects of eff. mass splitting /
12 o _
| : /. | N | | |
DR (Y(n)/Y(p)) = R,;,(A)/R,),(B) | |
0 20 40 60 80 100
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: Esym(po) L(po) ]
Results: Rz at 400 MeV/u PV Moy M
Pos-S | 29.76  25.9 m, > m,
e Pos-S vs Pos-H: weak effects of Esym Pos-H | 33.44  91.9 m,, >m,
Neg-S | 29.76  25.9 m, <m,
Neg-H| 33.44 91.9 m, <m,
» Pos-S vs Neg-S: effects of eff. mass splitting
Res) = N.Fqu(p)_N‘grRu(p)
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n-p effective mass splitting
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symmetry energy

| |

Tens MeV/u Hundreds GeV/u

keV/u

U

mean field dominating

N

In-medium NN cross section

U

NN collisions dominating

MeV/u

Incident energy

Calculations depend on
both Esym and m* splitting

Calculations depend on
m* splitting

Constrain n-p effective mass splitting using data on HICs at hundreds MeV/u



I .
Summary Yea. A%

» Theoretical framework

1. Using the energy-dependent global optical potentials proposed by E. D.
Cooper, we extract new parameters of EOS for IQMD.

2. Estimate the in-medium factors of NN cross sections by EOS.
» Calculation
1. n/p double ratio at 50 and 120 MeV/u.
2. 1sospin tracer at 400 MeV/u.
» Found that
1. The calculations of DR depend on local symmetry energy and effective
mass splitting.
2. The isospin tracer depend on m* splitting.
» Suggestion

1. Constrain n-p effective mass splitting using data on HICs at hundreds
MeV/u
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