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EOS of Isospin Asymmetric Nuclear Matter(Parabolic law)

E (. OE,(0)07DOW), 5=(p,—p,)] p

Symmetric NdClear Matter Isospin asymmetry

(relatively well-determined) Symmetry energy term (largely uncertain)
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Higher-order effects on the incompressibility of isospin asymmetric nuclear matter
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|E(1035) — EO(IO) -+ Esym(p)52 -+ Esym,4(p)54 + 0(56)|
Jo Iy

Ko
Eo(p) = Eo(po) + 57x° + 53¢ + 3¢ + O(x) _P=Fo
2! 3! 4! X 3
L0
Ks m - J sym 3 1 sym
Esym(p) — Esym(pO) + L)( + 2 )( + 3 X T 41 /\/ + O(X )
Ks m. Js m,4 ]s m.4
Esym,4(/o) = Esym,4(P0) + Lsym,4X + ; 4)(2 + ;' X3 + Z’ 4 + O(X )

Order of the characteristic parameters according to the expansion with y and o:
Order-0: Ey(py);  Order-2: Ky, Eq(po);
Order-3: Jy,, L;  Order-4: Kg,(Po), 1o, Eqym4(Po)
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Order of the characteristic parameters according to the expansion with y and o:
Order-0: Ey(py);  Order-2: Ky, Eq i (po);
Order-3: Jy, L;  Order-4: K 1 (po) 1o, Esym a(po)

Order-0 =) E,(p,) =-16=1MeV

Order2 =) K= 230220 MeV, Egn(py) =32.5%2.5 MeV

Order3 C——) L =55%25MeV, J,=7?7?

Order-4 ) Kaym(P0)=222, 155222, Eqma(po) =222

O J,=-408.5 +/- 66.5 MeV and K= -118.5 +/- 84.5 MeV:
Data of finite nuclei + Flow Data in HIC + Observed NStar Largest Mass +
Tidal Deformability of Neutron Star (from recent GW170817 signal)
analyzed simultaneously within the same EDF — extended SHF

(Y. Zhou/LWC/Z. Zhang, arXiv:1901.11364, PRD(RC), in press)
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QCD Phase Diagram in 3D: density, temperature, and isospin
V.E. Fortov, Extreme States of Matter — on Earth and in the Cosmos, Springer-Verlag Berlin Heidelberg 2011

% 200 'ngtrtj;eﬂQCD ------ N o | Esym: Important for understanding
erfect fluid ... . .

% §- " Quarks and Gluons the EOS of strong mte_rgctlon matter
= '[ : and QCD phase transitions at extreme
v F= isospin conditions
o . 1. Heavy lon Collisions (Terrestrial
18] .
© 100} L Lab);
g- : 2. Compact Stars(In Heaven); ...
| 7St ad e Quark Matter

Proto. 3 Color Super- Symmetry Energy ?

Neutron stars conductor M. Di Toro et al., NPA775 (2006);

% Pagliara/Schaffner-Bielich, PRD81,

(2010); Shao et al., PRD85,(2012);

7
/\_)yryo :;fg:'% ’f‘r/:g Chu/Chen, ApJ780 (2014); H. Liu et al.,

PRD94 (2016); Xia/Xu/Zong, (2016);
LWC, arXiv:1708.04433

At extremely high baryon density, the matter could be the deconfined quark matter, and there
we should consider quark matter symmetry energy (isospin symmetry is still satisfied). The
iIsopsin asymmetric quark matter could be produced/exist in HIC/Compact Stars
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r#ii4% Phase Diagram of Strong Interaction Matter

QCD Phase Diagram in 3D: density, temperature, and isospin
V.E. Fortov, Extreme States of Matter — on Earth and in the Cosmos, Springer-Verlag Berlin Heidelberg 2011

| Lattice QCD | 2.
1 Perfect fluid..-
s - Quarks and Gluons
Is
<
®
@
(o) K
.:' » arkyonic phase
Proto- 69 Color Super-
Neutron stars conductor
%

7
/ Net bgryori density n/n,
\_/ n,=0.16 fm*

Probing QCD phase
diagram in Heavy lon
Collisions in terrestrial
labs

and in NStar-NStar
Collisions (Merger) In
heaven?

B Small baryon chemical potential: Smooth Crossover Transition
B Large baryon chemical potential: First-order Phase Transition
B QCD Critical Endpoint: where the first-order phase transition ends
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Neutron star mergers and the high-density
equation of state

Xiamen-CUSTIPEN Workshop on the EOS of dense neutron-rich matter in
the era of gravitational wave astronomy

Xiamen, 06/01/2019

Andreas Bauswein
(GSI Darmstadt)

Supported by ERC through Starting Grant no. 759253

European Research Council

—~
N

The maximum baryon density in binary neutron star merger could reach more than
~10p, and temperature ~50 MeV but with large isospin density!

See also: Elias R. Most et al., PRL122, 061101 (2019)
Andreas Bauswein et al., PRL122, 061102 (2019)

The high density Esym of nuclear/quark matter is particularly important for NS mergers!

p.6
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SExLL:  EQS of Symmetric Nuclear Matter
(1) EOS of symmetric matter around the saturation density pg

K J , P — Po
Eo(p) = Eolpo) + mx” + 50 + O(*) x =

Giant Monopole Resonance

9. 3pg
60 I ‘ | I | I I | I I LIV - —
| Symmetric Nuclear Matter EOS . |nC0mp|’eSS|b| I |ty:

. / 9

(Skyrme-like model) ’ o [1/m*
40 — ! — d 2 E a.16
K =380 MeV/ — 2 .14
%._ B 0 / - KO _9p0 ( 2 )IOO 8,12
= / d p ' a.1
:1:.. 6.88
L 8.86
8,84
a.82

a

0.0 0.5 1.0 1.5 2.0 2.5 3.0
plp,

Ko=231£5 MeV Frequency feys o /K,
Youngblood/Clark/Lui, PRL82, 691 (1999)

Recent results:
K,=230£20 MeV Uncertainty of the extracted K, is mainly due to the uncertainty of

G. Colo, U. Garg, L (slope parameter of the symmetry energy) and
J. Margueron, m*, (isoscalar nucleon effective mass)
J. Piekarewicz, (See, e.g., LWC/J.Z. Gu, JPG39, 035104(2012))

H. Sagawa, S. Shlomo et al. 0. = '
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(2) EOS of symmetric matter for 1p,< p < 3p, from K* production in HIC’s
J. Aichelin and C.M. Kao,

S N e S S PRL55, (1985) 2661
' | ' 7
[ . @@ soft EOS ;4] C. Fuchs,
6 | 40 | E-MhadEOS , |1 Prog. Part. Nucl. Phys. 56, (2006) 1

KaoS / C. Fuchs et al,

1] PRLS86, (2001) 1974
| Transport calculations
|1 indicate that “results for the

{1 K* excitation function in Au
1+ Au over C + C reactions
as measured by the KaoS
Collaboration strongly
1 support the scenario
[ 1 See also: C. Hartnack, H. Oeschler,
1 - and J. Aichelin,

. : : PRL96, 012302 (2006)
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EOS of Symmetric Nuclear Matter

(3) Constraints on the EOS of symmetric nuclear matter for 2p,< p < 5p, using

P (MeV/m®)

100

-
o

flow data from BEVALAC, SIS/GSI and AGS
P. Danielewicz, R. Lacey and W.G. Lynch, Science 298, 1592 (2002)

symmetric matter

----- Fermi gas
— — Boguta
-— Akmal ]

——K=210 MeV

—K=300 MeV -

experlment
152253354455

p/p,

Use constrained mean fields to predict
the EOS for symmetric matter

Width of pressure domain reflects
uncertainties in comparison and of

assumed momentum dependence.

Pressure P(p) = p

The highest pressure recorded under
laboratory controlled conditions in
nucleus-nucleus collisions

High density nuclear matter 2 to 5pg

,( OE

op

S
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Promising Probes of the E,(p)

At sub-saturation densities (YEHLFIEE BEATN)
e Sizes of n-skins of unstable nuclei from total reaction cross sections
¢ Proton-nucleus elastic scattering in inverse kinematics
« Parity violating electron scattering studies of the n-skin in ***Pb
e n/p ratio of FAST, pre-equilibrium nucleons
e Isospin fractionation and isoscaling in nuclear multifragmentation
e Isospin diffusion/transport
¢ Neutron-proton differential flow
e Neutron-proton correlation functions at low relative momenta
e t/°He ratio
¢ Hard photon production

e Pigmy/Giant resonances
e Nucleon optical potential

Towards high densities reachable at CSR/Lanzhou, FAIR/GSI, RIKEN,
GANIL and, FRIB/MSU (B E1TN)

e 7 /n " ratio, K'/K® ratio? :
e Neutron-proton differential transverse flow B.A. LI, L.W. Chen, C.M. Ko

e n/p ratio at mid-rapidity Phys. Rep. 464, 113(2008)

¢ Nucleon elliptical flow at high transverse momenta
e n/p ratio of squeeze-out emission

p. 10
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Current constraints (An incomplete list) on Eg,, (po) and L from

terrestrial experiments and astrophysical observations
140 7

| (a) Terrestrial experiments

(b) Astrophysical observations

. ____

NStar Crust Osc. (2012)

i r-mode instab. A | Correlated
[ crav mnangenergy oo _ "7 || R
NI RN A el IRl Observables are
B L3 = Il usually probing
s L [g2= — S =l the Esym NOT
. 8.9 < 2 NStart _ -
o0 ﬁ* Ffrgﬂ 5 o (Steiner&Gandolfi, 2012) at Satu ratlon
20 jﬁ‘f“m;w;,?f‘//w $ e, TV [E2 density 11!
IR 2 S R R PN N B U R B B B B
26 28 30 32 34 36 38 4026 28 30 32 34 36 38
E_(p,) (MeV)

Eqm(Po) = 32.5%2.5 MeV, L = 5525 MeV

L.W. Chen, Nucl. Phys. Rev. (JRF#Z$F1E1$) 31, 273 (2014) [arXiv:1212.0284]
B.A. Li, LW. Chen, F.J. Fattoyev, W.G. Newton, and C. Xu, arXiv:1212.1178

p. 11
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Jim Lattimer and Andrew Steiner using

6 out of approximately 30 available constraints
100 " T~~~ 1 """ T T

The centroid is around

on S,=31MeV and L=55 MeV

I EUf,r-
=== on Sl
BO_ ‘-'-'"-.. ._;{'r] -

=

~
*, '-"- s
2 T
e -

60
N Microscopic calculations (H/G) do not

include higher-order contribution?
EOS of SNM?

L (MeV)

Chen/Ko/Li/Xu, PRC82, 024321 (2010)

Why? Zhang/Chen, PLB726, 234 (2013)
T Neutron skin is actually determined by

26 28 30 32 34 L(0.11 fm3) rather than L(0.16 fm-3)
S, (MeV)

0
J.M. Lattimer and A.W. Steiner, EPJA50, (2014) 40

.11 fm=3 ~ Average density of Heavy Nuclei

p. 12
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Subsaturation densities

Z. Zhang and LWC, PRC92, 031301(R) (2015)

eAE(A ~ 208) oc Esym (Pa-208)s Pacaos = 213p,
o1/, (A=208) c By, (Ppss)s Pass 11 3p,

B 1 | | | | I I | | | | | | | | J
40 1.0 _..ll. =

— 0.8 T P 7]
| 0.6 4 L]
— 0.4 \ - 7]
_.30 1 -
> | 0.2 5 '\_ ] -
()] - oQLb—— .. \l L -
E - 0.00 0.04 008 0.12 0.1 N\ -
= L p(fm™®) b
\-_/E | _
7y - _
LLI - .
| NN\Y o, in *Pb (This Work) © Zhang _
10 ¢ [__1HIC B Wang —
n S _las < Brown -
R 70 |AS+NSkin A Trippa _
| + Wada v Roca-Maza _|
N X Kowalski > Cao _

0 | ] ] | ] ] | I ] ] | | | | ] |
0.00 0.04 0.08 0.12 0.16

p(fm>)

HIC: Sn+Sn
M.B. Tsang et al., Phys. Rev. Lett.102, 122701(2009)

IAS and IAS+NSKin
P. Danielewicz and J. Lee, Nucl. Phys. A922, 1 (2014)

Zhang: Isotope binding energy difference
Z. Zhang and L.W. Chen, Phys. Lett. B726, 234 (2013)

Wang: Fermi energy difference
N. Wang et al., Phys. Rev. C 87, 034327 (2013)

Brown: Doubly magic nuclei
B.A. Brown, Phys. Rev. Lett. 11, 232502 (2013)

Trippa: Giant dipole resonance
L. Trippa et al., Phys. Rev. C77

Roca-Maza: Giant quadrupole resonance
X. Roca-Maza et al., Phys. Rev. C 87, 034301 (2013)

Cao: Pygmy dipole resonance
L.G. Cao and Z.Y. Ma, Chin. Phys. Lett. 25, 1625 (2008)

Wada and Kowalski: experimental results of the symmetry energies at densities below 0.2p, and
temperatures in the range 3 ~11 MeV from the analysis of cluster formation in heavy ion collisions.

Wada et al., Phys. Rev. C85, (2012) 064618; Kowilski et al., Phys. Rev. C75, (2007) 014601.
Natowitz et al., Phys. Rev. Lett. 104, (2010) 202501.

p. 13
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E

Soft

Supra-saturation density

at supra-saturation densities ??7?

pion ratio (FOPI): ImIQMD, Feng/Jin, PLB683, 140(2010)

100

80

60

(p) (MeV)

40

sym

E

20

0

pion ratio (FOPI):
IBUUO4, Xiao/Li/Chen/Yong/Zhang, PRL102,062502(2009) PRC90, 024605 (2014)
ImIBLE, Xie/Su/Zhu/Zhang, PLB718,1510(2013)

MDI interaction

N .

!
///

¥/
/‘ —'—;'. - -
7 APR— %o 20

lemmecm.,
-

\@‘-\Q' -

\

’|||||||||||||||\|

/

o
o

n/p v2 (FOPI): |(p/po)” with y =0.9+0.4
Russotto/Trauntmann/Li et al.,
PLB697,471(2011) (UrQMD)

PRC94, 034608 (2016) |y = 0.72 £ 0.19

Cozma/Trauntmann/Li et al.,
PRC88, 044912 (2013) (Tubingen QMD - MDI)

Pion Medium Effects?
Threshold effects?
A resonances?
Xu/Ko/Oh
PRC81, 024910(2010)
Xu/Chen/Ko/Li/Ma
PRCB87, 067601(2013)
Hong/Danielewicz,

Song/Ko, PRC91, 014901 (2015)
p. 14
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A Soft or Stiff Esym at supra-saturation densities ???

pion ratio (FOPI): ImIQMD, Feng/Jin, PLB683, 140(2010)

Stiffer
100 - T T T ;. 7 n/p V2 (FOP') (p/po)Y with y =0.9+04
IAS  —-—MDI(x) :
L Hic X APR /. Russotto/Trauntmann/Li et al.,
g0 [T 1AS+NSkin /Y PLB697, 471(2011) (UrQMD)

. EEHH o, in P / PRC94, 034608 (2016) |y = 0.72 £ 0.19
%J | eSHF with L(n) Cozma/Trauntmann/Li et al.,
S 60 rmmirsmey PRC88, 044912 (2013) (Tubingen QMD - MDI)
c  [--3s Me‘;-’ Data of finite nuclei + Flow Data in HIC +

£40 Observed NStar Largest Mass +Tidal
L : Deformability of Neutron Star (from recent

pion ratio (FOPI):

0 1

GW170817 signal) analyzed simultaneously
within the same EDF — extended SHF

Softer

Equation of state of dense matter in the multimessenger era

2 3 4 5| Ying Zhou,' Lie-Wen Chen,"” and Zhen Zhamg2

0 Y. Zhou/LWC/Z. Zhang, arXiv:1901.11364, PRD(RC), in press

IBUUO4, Xiao/Li/Chen/Yong/Zhang, PRL102,062502(2009)
ImIBLE, Xie/Su/Zhu/Zhang, PLB718,1510(2013)
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® There are MANY constraints on
Eym (po) and L, essentially all the
constraints seem to agree with:

Eqm(po) =32.5%25MeV
L = 5525 MeV

® The symmetry energy at
subsaturation densities have been
relatively well-constrained

®Based on the multimessenger
measurements, the high density Esym
cannot be too stiff or too soft but still
with large uncertainty!!!

E,(n) (MeV)

80 -

E....: Current Status

20+ .

Lattimer/Steiner,
EPJAL0, 40 (2014)

Z. Zhang/LWC,
PLB726, 234 (2013);
PRC92, 031301(R)(2015)

Y. Zhou/LWC/Z. Zhang,
arXiv:1901.11364,
PRD(RC), in press

p. 16
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Z. Zhang/LWC, PRC92, 031301(R)(2015) Xu/Chen/Li/Ma, PRC77, 014302(2008)

(p)(MeV)

I ! ! I | I I ! [ I | I I ! | T T T T T T T I
40 __;Z - 'ﬂ-\ ; B 0.4 Dl with x = 0 |/’ " Lrtswer,/ ,} A
- oF ] : T =156 MeV 1 / i
=04 v : o =11.7 MgV’
al S 0.2 A T=15MeV [ T/ ' g " 7
30 02| ] " B ‘ --® 10 _
i A 5 .
20 - - 0
E ] L _
NNY o, in ®Pb (This Work) © Zhang | i i
10< C_1HIC B Wang — —| — —
» [ ]1As < Brown .
L V277 |IAS+NSkin A Trippa _ B .
+ Wada ¥ Roca-Maza _|
L % Kowalski > Cao _ — &3 0.5 —
0 [ R SR N NN TR TN NN SR T N S SN N [ I R A R NN N
0.00 0.04 0.08 012 0.16 0.0 02 04 06\08 00 [02 04 06 08 1.0
p(fm™) plp
All constraints are based on mean-field Spinodal instability
models without considering clustering @
which could be important for symmetric Clustering

nuclear matter at low densities!
The critical density depends on the
temperature and isospin asymmetry

p. 17
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PHYSICAL REVIEW C 81, 015803 (2010)
Composition and thermodynamics of nuclear matter with light clusters
S. Typel,'*" G. Répke,*" T. Klihn,*>+ D. Blaschke,”" and H. H. Wolter”

0.5

_ 04 .04
> >
2023 2 03
8 & "
= s
E 0.2 E 0,2_—

0.1 0.1

0.0 0.0LC

10° 10" 100 1070 100 10° 10° 10" 100 100 100 10°

density n [fm_j] density n [fm_S]

® The clustering effects depend on the temperature and densities
® At low temperature (T<2 MeV), the clustering is essential only at

very low densities (<0.02 fm-3)
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— 2 MeV

— IMeV PHYSICAL REVIEW C 81, 015803 (2010)
—_— 0 MeV
— MV Composition and thermodynamics of nuclear matter with light clusters
TRV S. Typel,'%" G. Répke,* T. Klihn,**# D. Blaschke,** and H. H. Wolter’!
T ey % 2
— 20MeV 0.001 fm-3 = 1 3
IIIIIIIIIIIIII LILL LI IIIIIIIII IIIIIIIII E q E
_ ok@ "DD'RMF 4 = |® " QS s 1=
= == === 1 W= == o { 7
- r—— == £ ————— = — — = ] ] [
) SRR R N @ 1 8 f
- *4 = 10 -~ £ 10
= h"""—‘-:——-—:—-""'"-,r‘: — 2{} — - 1::' ] 1::-' [
= A0 - = T = = == | ] z [
u — = =1
% — 1 =z i i 2 s 1 % s
: T 7z ; 1 £
& -\—___,—l/’; g“n - 0 -t 2 - 0 —
= -80 . -1 Z 10° 10 107 107 10" 10’ 107 107 107 107 10 10’
g B "‘“‘--__h_______' . ____.__r___..--""f' ; density n [fm']] density n [frn']]
g -100 \w/ g ) 3¢
IEG-IIIIIIIIIIIIIIIIIII- 5 I{}IIIIIIIIIIIIIIIIIII E LE2’5:
"0 s 00 05 L0 -0 05 00 o0s Lo = = I
asymmetry & asymmetry & o L= 20F
: B
® The parabolic approximation is bad (the & 5 5
expansion is NOT convergent) at low T 2 z lof
g £ F
o o SE
Eqm(n, T) = $[Ea(n,1,T) = 2E4(n,0,T) € £

+ Es(n,—1,T)],

density n [fm"‘]
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Generalized Nonlinear RMF (gNL-RMF) for nuclear matter with light clusters

L= Y Li+Lo+La+Ly+Ly+L,+L,, Zhao-WenZhangand LWC,
j=pmtsh PRCO5, 064330 (2017)

where the fermions are described as
DD-RMF (S. Typel et al.)
L;=U; [yiD! — M;] ;.

J J

the a particles and the deuterons Lagrangian densities are

L, =

&

(D60)" (Dpatin) — 56 (M2)? b0 NL-RMF

o] =

Ly = 1(’2'D§¢’d_?'Ddr:’§) (1Day Pay — iDayday) _E@g {ﬂ'jd)g Pdy.

with

J
iDY =it — glwh — %? L3

M; = M; — ¢o, j=pmnadth,

The effective mass of clusters are related by the binding energy by

JII = Ai'm — Bi!
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* binding energy

M. =Am- BiO —AB,
dependence of density

AB, (n,T)=-, [1+% oB/(T), :%[ZinftﬁLNin?t}

dependence of temperature
B-O

"0 58, )

Jastrow approach

58, (T) = ay | { 1 —Jra,, exp(a§'3yd)erfc(ad,3\/z)}, Y, =1+a,,/T

_-I-3/2 \/E

Gaussian approach

6B (T)= at —, i=a,th
(T+ai,2)
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Mott points

-l-l-l-ﬂT.Ellllllll Y

o ar_" : ’i. Rcviscd:_

' : r;"i !:_ am1=13f’330.

N A AR WA DAY AR
0.000 0.005 0.010 0.000 0.005 0.010 0.015

The binding energy of clusters

depend on T and ng

Mott Point: Binding energy vanish

Data of Mott points:

K. Hagel et al., Phys. Rev. Lett. 108, 062702 (2012)

-3y Zhao-Wen Zhang and LWC, PRC95, 064330 (2017
n, (fm”) : .

TABLE II. Parameters for the in-medium cluster binding energy

fit the experimental Mott densities [47].

shifts. The values are taken from Ref. [11] and the values of a, ; and
ay 1 in the parentheses are the revised values in the present work to

Cluster i ai a;n a3 B’
(MeV/2 fm?) (MeV) (MeV) (MeV)
a 164371 (137330)  10.6701 28.29566
d 38386.4 (76500)  22.5204 02223  2.224566
t 69516.2 7.49232 8.481798
h 584425 6.07718 7.718043

p. 22
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Zhao-Wen Zhang and LWC, PRC95, 064330 (2017)

d
=

———————
(b) T=5 MeV
Y =0.5

(@) T=10 MeV

[ B G
= Ln

Binding energy (MeV)

LA L I L AL B

(c) T=3 MeV -
= Original™
........ Revised

O M'-. ' ke Y, » » " »
0.000 0.005 0.010 0.000 O 003 0. 006 0 {]00 0.004
n, (fm’ )

The binding energy of clusters depend on T and ng
Mott Point: Binding energy vanish

0.008
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binding energies
of triton and
helium 3 are
ISOSpIn-
dependent

® The clustering is still significant
even for nuclear matter with
large isospin

® At low T, the alpha-clustering
becomes particularly important

: ® T is smaller, the critical density
10" 10° 10* 10® 10* 10" 10° where the clustering starts to
n, (fm™) work is lower

Zhao-Wen Zhang and LWC, PRC95, 064330 (2017)

p. 24
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Original
= = =Revised

10° 1 ..1 0% 10° 10" 10° 10° 10° 102 1.1 o° 10° 10* 10° 10* 10'10° 10" 10° 107 10" 10°
n, (fm™) n, (fm”)
® The clustering effects are insensitive to the RMF interactions (At very low densities, the
fields effects are weak?)
® The modification of the in-medium binding energy changes significantly the fraction

p. 25
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= -
EY R Y] I-I'
o

para

F == F w0 clusters
T SYITL

« The expansion of binding energy in isospin asymmetry is not convergent at low T.
Zhao-Wen Zhang and LWC, PRC95, 064330 (2017)

p. 27
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1 0°F
F T
Sym(n ) 2 852

I:|oara(n ) (’ )‘

and S
sym, 4
- N N ST T N TR U= N
| L} L] L] .l L] I L]

S.
sym

Symmetry free energy and entropy

F T)=—
oma (M) 24 05*|,_,

o 1 ( )‘5=0

1 0°F

o (M) =5 55

Spara(n T) S(n T

107 103'2
n, (fm™)

1 (b) T=5 MeV (c) T=

- Em e e = am

s §

para
== § w0 clusters |
syIm

10"

189S
24 05%,




YHERAAY Parabolic approach

20 preerpreerpererTrer 6
: (a)
15p FSU . -10 5
S oL T ~
Z'F n,-0002 fm” % 20
S = - 2 m 4
5k ~
2 R 30
. ‘ 3
5 <0 Y
5 L ' 2
1.0 05 0.0 0.5 1.0 1.0 05 0.0 0.5 1.0 1.0 05 0.0 0.5 1.0
62 82 62

Parabolic approach is broken for Eint and S by clustering effect at low T

Zhao-Wen Zhang and LWC, PRC95, 064330 (2017)

p. 29



XERLLY Compared with data

Zhao-Wen Zhang and LWC, PRC95, 064330 (2017)

B T B B M B B M B Bt A B B
eV  H T=4-5MeV  F T=5-6 MeV [ T=6-7MeV [ T=7-8 MeV |
i -/ . : <4+ Wada

E FFFF w/o clusters
Z sym > Natowitz

RRRE,.,

10* 10° 107 10 10° 107 10" 10° 10‘23 10* 10° 107 10* 10° 10% 10
n, (fm~)
Sat ® Experimental data can be reasonably reproduced
ata.

J.B. Natowitz, et al. Phys. Rev. Lett., 104, 202501 (2010), R. Wada et al., Phys. Rev. C 85, 064618 (2012)

p. 30
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Summary
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P
. C Transition curve
- Represer.\tat‘we Kerson Huang//,,_,?\\/
CEP trajectories in £ NN
QCD phase diagram a Y\, Spinodal curve
.-"! ;f \\/\\/
|_ ;f ; \ \\ Super-
/ | R A\ saturation
’ S
A A t “ T
Liquid /™. L VN Gas
D Super- pd A
> cooling
Ng %
N 3 Metastable: Unstable: Metastable:
E cavitation spinodal nucleation
decomposition

< .
: (AM) o N(V) [drG(r) o N(PIE)
é Fluc. Corr. Func.  Corr. Length
3 Critical region o ] ] ] o
2 ¢ ol Critical point: Largest density fluctuation (e.g., critical
(¥ + +
S | Nophase E First-order S — i opalescer_lge) i i

transition | - - First-order phase transition: Large density fluctuations

op ~ due to spinodal instability (but take time to build)
Vs Steinheimer/Randrup/Koch(12,14); Herold et al.(14);
K. J. Sun, LWC, C.M. Ko, J. Pu, and Z. Xu, Li/Ko (16) .
PLB781, 499(2018) [arXiv:1801.09382] p. 31
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Baryon density fluctuation vs light nuclei production

Baryon density fluctuation
IS closely related to
the correlation between nucleons.

The correlation between nucleons
determines
the production of light nuclei

Baryon density fluctuation in vicinity of

> first-order phase transition/CEP

could be deciphered from
the production of light nuclei




X#X44%  Cluster Production: Coalescence?
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Coalescence model provides a useful approach to describe
light cluster production in HIC

® Coalescence model provides a useful tool to describe light
nuclel production in HIC

® Coalescence model also provides a useful tool to describe
hadron production from partonic matter (hadronization)

Butler, Pearson, Sato, Yazaki, Gyulassy, Frankel, Remler, Dove, Scheibl, Heinz,
Schnedermann, Mattiello, Nagle, Polleri, ...

Biro, Zimanyi, Levai, Csizmadia, Hwa, Yang, Ko, Lin, Greco, Chen, Fries, Muller, Nonaka,
Bass, Voloshin, Molnar, Xie, Shao, ...
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s ogde Deuteron production in HIC

The correlation between neutron and proton with small relative momentum
and deuteron formation both appear due to the final state interaction
(S. Mrowczynsky, PLB248 (1990), P. Danielewicz et al., PLB274 (1992))

.

The n-p pair in a scattering state with small relative momentum and
deuteron (n-p pair in a bound state) should provide the same space-time
information about the size of an emission source

.

Using stiff symmetry energy will produce more deuterons than using
soft symmetry energy?

Similarly to the n-p correlation function (HBT), deuteron yield in HIC’s
Induced by neutron-rich nuclel is also a sensitive probe of the nuclear
symmetry energy!!!
n-p HBT: Chen/Greco/Ko/Li, PRL90, 162701(2003); PRC68, 014605 (2003)
Deuteron: Chen/Ko/Li, PRC68, 017601 (2003); NPA729, 809 (2003)

p. 34



Cluster Yields w/o density fluctuation

K. J. Sun/LWC,
PRC95, 044905 (2017)

T = Tcﬁ'

K, is the modified Bessel
function

+o(2))

T

1

42 —

8x

ie_”‘"’(l ar

K,
(@) =4/ 5,

By SENS-
SHANGHAI JIAO TONG UNIVERSITY
(N 3 /2 \VYPNN, )
T 2172 \ Ty vV
N 33/2< o >3NPN,3
SH — .
4 Te V2
- . Y,
The above equations are consistent with conventional thermal
model:
th 4 2 m, &
N (271_)347rTm KQ(T)e
(N; h %(ZWmoT)%e“p;mo,
NI = <ngX3 (4mmoT)3e™ T,
3 'V 3 3up—3mg
(V:;CI}_]I( = 9(21)3 (6mmoT)2e™ T y

K. J. Sun, LWC, C.M. Ko, and Z. Xu, PLB774, 103 (2017) [arXiv:1702.07620 (2017)}
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Density fluctuation over space:
1
Neutron: mXx)= Ffﬂn{ﬁ)dEK-FEPH[K) = (o) + 8n(x) (8pn) =0

1 .
Proton: ppX) = [ Pp(X)A°X + 80p(X) = (0p) + 80p(X) (6pp) =0
.

2 3
3 (2 )\ (o N: -2 (2”) fdg" 2(x)pp (X
Na™ 5 (mT) fd X PnX)pp () HE T T Pa(X)Pp(X)

33/2 /on

3
Niy ~ e (ﬁ) Np{pn}ztl + App +2Crp)

N, ( id

d yield ~ Cnp; 3H yield ~ the relative density fluctuation +Cnp!
n and p density correlation function: Cop = (8ondpp)/({Pn)(Pp))

n relative density fluctuation: Apn = ((6pn)?)/(pn)?
Isospin relative density fluctuation: | = \(0pn — ﬁpp)g} = Rﬁpﬂpp — 2RopCop + Apn
. ({on) + {ppﬂg (1+ Ft'np)'z
K. J. Sun, LWC, C.M. Ko, J. Pu, and Z. Xu, Rnp _ pr”n _ {Pp}f':ﬂn}

PLB781, 499(2018) [arXiv:1801.09382]

p. 36
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K. J. Sun, LWC, C.M. Ko, J. Pu, and Z. Xu, PLB781, 499(2018) [arXiv:1801.09382]

. 21.-'2
Cnp = gp_dR"prh@p_d — 1., gp—d 3(2m)?

Apn = gp gl + Cnp}lmp—d—t —2Chp — 1| gpac=9/4 x (4/3)%?

Rnp = Np/Nn=(pp)/(pm)  Np/Np=(mw+/m )"/
Op-4 = Na/Nj Op-d.t = NpNayy /N2

O Effective Phase Space Volume:
There exists a constant between chemical and kinetic freeze-out

Vph = (27mT)3/2V T32V = AT Ve L=1.6
J. Xu, C.M. Ko, PLB 772, 290 (2017).
0 Chemical freeze-out Tch and Vch can be obtained from statistic model
J. Cleymans et al., PRC 73, 034905 (2006); A. Andronic, IJIMPE?29, 1430047 (2014)

p.37
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Circumstantial evidence of peak structure

Yields dN/dy of p, d and *H at midrapidity, together with the yield ratio 7+ /7~ measured in central Pb+Pb collisions at 20 AGeV (0 — 7% centrality, ./syny = 6.3 GeV), 30
AGeV (0 — 7% centrality, /Syy =7.6 GeV), 40 AGeV (0 — 7% centrality, ,/Syy = 8.8 GeV), 80 AGeV (0 — 7% centrality, ,/Syy = 12.3 GeV), and 158 AGeV (0 — 12% centrality,
VNN = 17.3 GeV) by the NA49 Collaboration [31,41,42]. Also given are the chemical freeze-out temperature Ten (GeV) and volume Ven (fm®), the derived yield ratios Opd
and Pp.g, and the extracted Cpp, App and Apj. In obtaining Op g and O g, the weak decay contributions to the yield of proton from hyperons are corrected by using

results from the statistical model (see text for details).

ENN p d 3H{1ﬂ_3) _.T_I,u";.'r_ TEI‘L V,:h Op-d“[]_d ] Dp—d-r Cn]:, -ﬁPn ﬂpf
6.3 46.1+21 2094+0.168 437(+64) 086 0131 1389 1054011 044440014 —0636+0004 047540007 0556+ 0.004
76 421420 137940111 22.3(+£34)  0.88 0139 1212 878+0.13 0465+0019 —0.707+0.004 0.551+£0.007 0.629+0.004
8.8 413+1.1 1.065+0086 14.8(£26) 090 0144 1166 7.32+£020 0.500+0.020 —0.749+0.007 0.606+0.045 0.677 +0.006
123 30.1+£1.0 054340044 4.49(£094) 091 0153 1231 7.70£0.11 0.404+0.034 —0693+0.004 0518+0.012 0.605+0.006
173 23.9+10 0279+0.023 1.58(£0.31) 093 0159 1389 6.66+001 0.415+0.032 —0.681+0.0004 0.507+0.011 0.594+0.006
| I 1 I 1 | LI | LU | I I I I | LI | rrri -
Central Pb+Pb collisions | - Ap From NA49 CO”aboratlon
-0.2 = — ' . .
y=0) - R 1 o T Anticic et al. (NA49 Collaboration),
1 r T4 Ap, 108 @ Phys. Rev. C 94, 044906 (2016).
. - y u,
_04f 4t 1<
o », . an 1 & ForAp,:
._I i | . i ‘m . - _ E- -
b T 06 £ [ Apeak is observed
06 . TE | L3 0o at 8.8 GeV,
. 'y .
BEDE EEE e 1 O There is another
'S a) |1 (b) 404 i
_U_B | ] I B A A IS R || ] I I B A I R R pOSSIbIe peak
2 10 12 2 10 12 20
7 (GoV below 6.3 GeV
(8 " (GeV)

p. 38
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Collision energy and centrality dependence of light nuclei(triton)

production at STAR

Y STAR Au+Au Collisions (0-10%)

LI
.

n ] u

3
C
[ =1

STAR Preliminary

567810 20 30 40
Vsun (GeV)

An

An shows a non-monotonic energy dependence with a peak around

20 — 27 GeV. Proton [4] and deuteron [5] measured by STAR.

1.5

0.5

Dingwei Zhang, for the STAR Collaboration
Central China Normal University

Circumstantial evidence of peak structure

T T T T ‘ T T T T T T T T ‘
o NA49 Pb + Pb Central Collisions
% STAR Au+Au Collisions (0-10%)

¥ F

STAR Preliminary

K]
L L L L L ‘ L L L L L L L L ‘ L L
567810 20 30 40 100 200 300

\san (GeV)

NA49 and STAR-BES seems to indeed suggest double peak structure!
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Clustering Effects on Esym
Summary
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® Significant progress has been made on the constraints on Esym from
subsaturation to suprasaturation density, especially due to the
multimessenger measurements

® Clustering effects play minor effects on the obtained constraints of Esym
above 0.02 fm-3 but are very important at lower densities and low
temperature — the o expansion is actually divergent!

® The coalescence production of light nuclei in heavy-ion collisions provides a
potentially useful probe of the nucleon density fluctuations in the collisions

® Transport model + generalized RMF with light nuclei?
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Tidal Deformability (Polarizability)
(oscillation response coefficient A )

Qy =44

Q;;- Quadrupole moment

g;;- Tidal field of companion

2 k,: Love number
A=—k,R°| R:Radius

3 M: Mass

Dimensionless Tidal Deformability

Azgkz(R/M)S

Eanna E. Flanagan and Tanja Hinderer, Phys.Rev.D 77, 021502(R) (2008)
F.J. Fattoyev, J. Carvajal, W.G. Newton, and Bao-An Li, Phys. Rev. C 87, 015806 (2013)

p. 21
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Extended Skyrme Interaction:
vii =to(1+xoFy)d(7)
+ étl(l L PO K25(r) + 6(r) K]
+ta(l + o Pyr)K' - 0(r) K

1
-+ 61‘3(1 + LFSPG')'”(R)QCS(T)

b~ o N. Chamel, S.
+ iWo(o; +0;)K'-6(r)K Goriely, and

1 B 2 3 Y 8 21 J.-M. Pearson,
+ 51%4(1“.4100)[1{ n(R)?6(r) + o(r)n(R)° K?] PRCS0

+ts(1+ 2P VK -n(R)(r)K 065804 (2009)
Z. Zhang/LWC, PRC94, 064326 (2016)
LWC/Ko/Li/Xu, PRC82, 024321(2010) Momentum- -dependence of manoy body forces

13 Skyrme parameters: [a;, fo ~ t5, o ~ @] * =K+ Hot ot Hr (Vo) - 2wy
Gsy

I 1 _—Sv \ H ou H Hso:
13 macroscopic nuclear properties: g OVPYPTTiCou TS0 T e ‘

no. EU‘! I{Ut "jUt ES}’II]E L? I{S}Tﬂ! ?ﬂ:j[}? Tn’:][}z GS! GV GSV? Gfﬂl

p. 22
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PHYSICAL REVIEW C 94, 064326 (2016)

Extended Skyrme interactions for nuclear matter, finite nuclei, and neutron stars

Zhen Zhang' and Lie-Wen Chen'->"

' Department of Physics and Astronomy and Shanghai Key Laboratory for Particle Physics and Cosmology,
Shanghai Jiao Tong University, Shanghai 200240, China
*Center of Theoretical Nuclear Physics, National Laboratory of Heavy lon Accelerator, Lanzhou 730000, China

symmetry energy softer at subsaturation densities (favored by Furthermore, it is well known that a notorious shortcoming
experimental constraints and theoretical predictions) but stiffer of the conventional standard Skyrme interactions is that
at higher densities (favored b}’ the observation of 2 ME} neutron thev predict various instabilities of nuclear matter around

. . saturation density or at supra-saturation densities, which in
stars) challenges the SHF model with the conventional Skyrme Y P ’

) - - - - principle hinders the application of the Skyrme interactions
interactions. For example, the Skyrme interaction TOV-min ., study of dense nuclear matter as well as neutron

[28], which is built by fitting properties of both finite nuclei stars. For instance, most of the conventional standard Skyrme
and neutron stars, can successfully support 2M, neutron stars interactions predict spin or spin-isospin polarization in the
but predicts a neutron matter EOS significantly deviating from density region of about (I ~3.5)py [25.51], including the
the ChEFT calculations [14] as well as the constraint extracted famous SLy4 interaction [19] which has been widely used in

from analyzing the electric-dipole polarizability in 208pp, [49] both nuclear physics and neutron star studies and leads to spin-
at densities below about 0.5 1sospin instability of symmetric nuclear matter at densities

beyond about 2py [52]. On the other hand, the calculations

O The eSHF provides a nice approach that can describe simultaneously
nuclear matter, finite nuclei, and neutron stars!
O The eSHF EDF is very flexible to mimic various density behaviors for EOS
(13 parameters) p. 23




EELLLE Extended Skyrme forces with fixed J, and K,
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|?’1[)._ EU? I{D-_ '-}FD'. ES}’II]‘. I‘* I{S}fﬂl: ﬂz: 0> Tn:r 03 GS: GV GSV? GBl

TABLE 1. Experimental data for 12 spherical even-even nu- Ou r Strategy:

clei binding energies Ep [27], charge r.m.s. radii r. [28-30],
[SGMR energies Egur and its exprimental error [31], and D H|gher_0rder JO and Ksym are f|Xed at
spin-orbit energy level splittings Ej: [32]. .

various values

OE,.(p)and L(p) at p,=0.11 fm= are

4X  Ep(MeV) rc(fm)  Eour(MeV) e (MeV)

'O 127619 2.6991 e 6.30(1pv) ]
6.10(1pm) fixed at E,,(p.)=26.65 MeV and
00, 340052 34776 L(p.)=47.3+/-7.8 MeV using heavy
*Ca  —416.001 34771 Isotope binding energy difference and a
N omsem ST of 208Pb (Z. Zhang/LWC, PLB726,
I, . a 234(2013); PRC90, 064317(2014))
r —T68.468 4.,2240 e
07,  _ve3gos  4.2604  178140.5 O Other 9 lower-order parameters and W,
100G, _825.300  --- are calibrated to fit data of finite nuclei
"fSn —088.681  4.6250  15.90£0.07 O Causa“ty
1328y —1102.84
M§m 119573 49524 15252011 Minimizing the Chi-square y%(p) :
208 ph —1636.43  5.5012 14.1840.11 1.32(2dm) N O(th)(P) O(exp) 5
0.89(3pv) 2 N — U
1.77(2fv) v (P)= nz_;( AO. j

p. 24
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28 OCTOBER 2010 | VOL 467 | NATURE | 1081

LETTER

A two-solar-mass neutron star measured using

doi:10.1038/nature09466

Shapiro delay ]
P. B. Demorest', T. Pennucci’, S. M. Ransom', M. S. E. Roberts® & J. W. T. Hessels"® Obse rved heaVIeSt NStar SO far:
A Massive Pulsar in a Compact Relativistic Binary PSR ]0348+0432

John Antoniadis et al.
Science 340, (2013):
DOI: 10.1126/science.1233232

2.01 + 0.04 solar mass (M.)

RAVAAAS \

|8 Selected for a Viewpoint in Physics week ending
PRL 119, 161101 (2017) PHYSICAL REVIEW LETTERS 20 OCTOBER 2017

&4
GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral
PRL121, 161101 (2018)

B.P. Abbott ef al.”
(LIGO Scientific Collaboration and Virgo Collaboration)  {yy170817: Measurements of neutron star radii and equation of state

The LIGO Scientific Collaboration and The Virgo Collaboration
( compiled 30 May 2018)

GW170817 (LIGO/Virgo):
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Y. Zhou/LWC/Z. Zhang, to be submitted

JO: Flow data in HIC’s

| ! | ! | ' | ! | ! | ' 1 ! |
| Symmetric Nuclear Matter
L in eSHF with various J, and Koym

----

at
----
-

For various JO and
Ksym:[-200, 60] MeV

T.E 100 |- : ey B (p )= 26.65 MeV
> L(p.)=47.3 MeV
- (MeV)
x | < g Pressure of SNM is
very sensitive to JO
oL £ T 4 but essentially
Ny A Ko 200, 60] (MeV) Independent of Ksym
156 20 25 30 35 40 45 50 55 6.0
n/n,
-550 MeV ~ < J, < -342 MeV: Flow Data in HIC’s
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Y. Zhou/LWC/Z. Zhang, to be submitted

JO and Ksym: Flow data, NStar Mass, A

2.4 .
o .—1+J0=-342 MeV
23 J, = - 300 (MeV)
22| JO = -464 MeV
..... P4
o1l Ksym < - 36 MeV
s ;
"“‘E 20 F ' »A1_4 < 580
= oL /7 k) M 1 [ ew170817 (LIGONVirgo)
R e R R
1.8 | A, =580 1 tAl 4 > 264
A .- (Upper limit of GW170817) 1 — -
1.7 A2 X SHE with various | and K] Consistent with EM counterpart of
' « eSTF WIth Variots J ah Bam 1 GW170817, see, e.g.
T T e e T e o 2o | D. Radice et al., ApJL852, L29(2018);
K__ (MeV) M.W. Coughlin et al., MNRAS 480,
sym
3871(2018)
Kyym affects strongly M,

for Ky,< - 100 MeV

Flow Data in HIC +Mmax:
Kym > -175 MeV, A, ,>264

sym

Flow Data in HIC+Mmax+ A, :
-464 MeV < J, <-342 MeV:
-175 MeV <K, <-36 MeV:
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