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HEETHANRNAERETRN, XHESTHHE

(Heavy lon Collisions — HIC's)

REEZRNBERTAQ2 -2RNITE)
a+A—>b+B = A(a,b)B
a. Projectile; A: Target; B: Residue nucleus
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BRI 1911F, £Fo HF (o) BERTRL (5
BiEEE, AEE RT . T TESEEEH R
PRy

® RTMELI(FER, 1919%F): AXE—XK
B, AL “sHg&AR”

a+ "N—p+"0 (“N(e, p)'O) (E. Rutherford, 1919)
The projectile « is from ““Po decay (7.68 MeV).

/}

ST R

% The Nobel Prize in Chemistry| 1908

"for his investigations into the disintegration of the elements, and
the chemistry of radioactive substances”

Ernest Rutherford
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p+'Li—>a+a ("Li(p,a)"He) (J. D. Cockeroft and E. T. S. Walton, 1932)

The projectile p was accelerated to 0.5 MeV and « has kinetic
energy of 8.9 MeV. Release Energy!

F—PMEERSHMEZERN R M
a+ "Al—=n+*P (" Al(e,n)*P) (Curie couple, 1934)
P - *Si+e’ +v, (T,,=2.5 min)

S &P FrI4% 2 B (3. chadwick, NP in Physics 1935)
a+°Be—>n+"“C (’Be(a,n)”C) (W. Bothe, 1930)

The Nobel Prize in Physics 1954 James Chadwick
Max Born, Walther Bothe

The Nobel Prize in Physics 1954 was divided equally between Max Born "for his
fundamental research in quantum mechanics, especially for his statistical

interpretation of the wavefunction” and Walther Bothe "for the coincidence method
and his discoveries made therewith".

Walther Bothe


http://nobelprize.org/nobel_prizes/physics/laureates/1954/bothe.html
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® According to exited particles
Nuclear Scattering: A(a,a)A, A(a,a’)A*
Nuclear Conversion: A(a,b)B, a#b
® According to Incident Energy
E,.<JL1 MeV/u: Low energy reactions
JLTMeV/Iu<E; <JL/~GeV/u: Intermediate energy reactions
JULA GeVIU<E,<JLT GeV/u: High energy reactions
E,.> /L1 GeV/u: Ultra-relativistic energy reactions
® According to Reaction Mechanism
Direct Reactions
Compound Reactions
Coulomb Excitation
Deep Inelastic Collisions (DIC’s)
Fission
Fusion
® According to nucleus type
Light nucleus reaction
Heavy-ion reactions/Collisions (HIC’s)
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204250, 60F1K, MEEMESIFTABNLRE, A8 MNE?C |
N, 50FRNESF,Be =R, RREERSS

19694, S THBERLR, I TESTYENAR, 5IA TEEE
B MRS, A REBEXMIZIREZZ R

1972 FFELBLEIE EINE T GeVIUHNEES F, AR AN, SESE
Kz REE T A, TR T X THIUEELHNZIKESHE
1973 FAIME S FREPIE 1 HIE (G fE EaliE) #1F!

SO UG, MM IER T —LLHEE(10 MeV/u~1GeV/u) EE TN
J® 25, AIHIRFL-CSR., GSI. GANIL, MSU FIRIKEN £, 7] A 3k 4
R EEESTRIE, A8 T 43RO

QOFENR AR RIHIEITILE S FRlESLLS, % Aia-FHH(Hadronic)
2 Em-RFESFAHEQGP (Quark-Gulon Plasma) HItHZE, AKX
Bk ESCI— MR B HAF RV SLLE = (SPS/RHIC/LHC)
ST R I ENES TR N (% FERIHRAR)
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vV KEEX: ECHI£ ~ 10 MeV/u (ER KL~ 6 MeV/u. #%
TFEFRBHRHEES)
v hgEX: 10 MeV/u ~1GeViu (i FEHHREXS, HEE
%)
v S8EX: 1GeViu~JL+ GeViu (N FEHHEENSFRMHH

HEFig K E EHIN)
vV RiEHEISEEX . JLt+GeVIubdl E B FBERHEFIEBEE
m-iRFBEHEIDE)
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Fraction of Pauli-blocked collisions in the VUU theory
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Providing new opportunities for both nuclear physics and astrophysics
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8 R (MeV) SRR EE

Energy, g
: QEfA =~ Spm(ﬁﬁff)
Temper'aTure: {il BB :}R's ngh Spm

Dﬁf‘; IT_Y% State and,
(=i 1= ) YU S SD (Super-
Phase Transitions: 200~ B Deformed),
Liquid-Gas; 5 HD (Hyper-
Chiral Restoration \\\ GR's \ Deformed)
QGP-Hadrons N TR T A e S

...... :Z:/ 4

g 2:1
50 1:)0 I(ﬁ.-
\ f
€ Aand Z

Isospin: «—— 480" ./ (HEITTR):
(FIfizive) es e SHE

Nuclei far g (Super-Heavy
from Beta- Elements)

Stability Line
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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

2 200} Lattice QCD .
= 1 Perfect fluid .-~
" = = Quarks and Gluons
~ - Critical point?
q) —
= g Ment ‘
© "ansitie,
T 100l ¢ Hadrons
Q.
E : S
3

Color Super-
conductor

Net bgryori density n/n,
n,=0.16 fm>
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Nuclear Landscape

THE VALLEY OF STABILITY 126 Lg

stable nuclei

The nllurr-:p sida of |
Nuclei with excess| | ndarstadd - Eoentids | —— = _

nucleons move aren’t sure whers the
i down the wolley dripling lies !

1\&;;.';_ _ toweard stability "

,.-'JJ-:..-"'

neutron stars
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Studied extensively
E(o.:0,)
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STABLE ELEMENTS

{Very small isospin asymmetry J 222574

o

Isospin asymmetry 6=(p,-p,)/p
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Og-118: PRC 74, 044602 (2006)
Ts-117: PRL 104, 142502 (2010)

Ds Rg Nh FI Mc Lv Ts Og

A58 59 &l Al 62 63 Hd (%) ah| &7 aR| 6% 0 71
Ce |Pr [Nd Sm|Eu |Gd|Tb [Dy |Ho [Er |Tm[Yb |Lu [ ©© *© &
ol oif o2 93l o4] o5 e[ 7] 9s[ o[ w00] 104f 102] 103] = ; -
3 mhonium N Nh
Th Pﬂ U 115 Hi Ve
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o iil'ﬁﬁ 118 og e Og

B« (tan)” F1 “ & (30) ” BEERIES
ZRAR, AANEXAEHF.




YERAAT s s A TRAZM R
AL INMNmEENPERO)E (EE (&£I) 2002)

1. Whatis dark matter
What is dark energy

e
e
e
HE

N

3. How were the heavy elements from iron to uranium made? s
WFB S ETRRMATRMN? -SRIk, S8 Physics

Do neutrinos have mass?

B

o

Where do ultrahigh-energy particles come from?

6. Is anew theory of light and matter needed to explain what happens at very
high energies and temperatures?

/. Arethere new states of matter at ultrahigh temperatures and densities?
RiFEER. BEXHFTSHAFYESE? -58. BEE

8. Are protons unstable?

9. What is gravity?

10. Are there extra dimensions?

11. How did the universe begin?
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SERLAE o —RMIE R ?

ELESHITHERRFE

BENLHE, NREhiEie(kinetics): EMNMAMEIHEL %,
BT BR T 5 R R TTIE R ZN AWM ERAVEIS. B
KT m R TmENBIEMRAEHNILHIE, XFRHIE
iz, TRMEEREEMNLHN—F7, MEseeEdF
LESR T NEN—MWEZMRFE

MM IEIS /5% R. Kubo, Lectures in Theoretical
Physics (Boulder) Vol. 1(1958) p. 120; R. Zwanzig, Ann. Rev.
Phyr. Chem. 16(1965), 67.

F & B8] B 1R GreeneR 2 555 : Schwinger, Keldysh et al.
See, e.g., K.C. Chou(B#8), Z.B. Su(72K), B.L. Hao(5B
FAFK), L. Yu(F5#), Phys. Rep. 118, 1-131 (1985))

FEBAEMIIRIL /5 34: Prigogine et al., T ER T FRAYIEL
MAEFE RSt (See, e.g., G. Nicolis and I. Prigogine, "Self-
organization in nonepuilibrium systcms",Wiley, (1977).)
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28, Ebin®

Ml

5
)

D

Hid R GRS R —
1R 5, BIRULERAVHEIR .
Hid BRI, BREzNFE ERBEE.
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FIR

SmandiE, RESINFRIAREBT . WA
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by YEAOLY JEPEISEIT HE = AR BIR B HIR
o BT =P Bk 3%

ZBEN ML T AR A, MRXE—I2HEL, B
2B - A BRRE SN TS RREE, B, =42
HANETREBES 6N MEREHE, HBINAEE 4,
Gt Gy R BN TR, B3N AR 2ivPav o o Pin
HREMNM T AR, MAREE -NEREN N MR {4,
p:}s (r=1,2,--+, 3N), FLAFHRE 6N 425 ) th R4 S8
BR, BRATERIXA 6N 423 [0 R %) BSE, | IR S ARE
B EA, BRE TREE RN ZMENA . HEENHGES, &
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W =R B faid
BERIRORAS & Ak, FARHAE 6N FERSMmORKRE X £ 5
B, e —2sids, BATH Iy ZoRAzER AR A
FN = {qrapr;r =1,2,- “:3N};

RE # 4ty Hamilton E &
H = H(TIy),

A, RERHIBDRE HE R T 2

r=1,2,--+,3N, (1.2.1)

KRTE, XH I R R X R R,

BF
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e
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(D TN =P/ E 7%

G HEMTIRNALEEBR AR THRAN, RITBLEL
EFE—IMRRANSE, EHit, J. W. Gibbs 2 T RERRIHK
&, BEMETEPE -BFRERA, BIREEAFBRUE, 5
NBRGEHMEY 0= o(Ty, )| ERURRLBEA S,
A o(Ty, 1)dTy 7R ¢ BYZIFEAEZSIE] Ty ST ERRIT 4Ty B
MREBAR., XBER & TR, Gl pBEHEENL., b,
dly BRERBRKUBIEE S EHE LB EARE S, XERB /MU
RIEH P REFEANDHRESS, ZHEAERRITHRA ‘4IRS
W AR EFEX LML /N B p(Iy,2) HEXD LR
H I3 — (&4 '

deNp(TN,:) -1 (1.2.2)
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(i BT YAL: OF 1%
TRUERREAHEBHR 2F + 33 (52 4.+ 3 5) =o. (124)

Xt 2| Liouville %8 | I (1.2.1) X} Poisson {5
_ 3 (8H 8 _ 8HBp
U, )= 33 (54 o~ ony 00

rz=1] r

B PAHE(1.2.4) XEE 5f
== {H, ¢}, (1.2.5)

HEEE o= 0(Ty,?), FTUEHR(.2Z)XEDRERBERREAE
hat R RSB o IS LE, WX ADENERIZHA Do/Dt, TR
Liouwville H AL AL B

Dp _
o = 0. (1.2.6)

G REH, BEARAZSDRETNENN » REEAERN, H
AER, MRFZE— M EEFRE[IHABZ —EEII/NMER T, 5B
AR/NEFR TR ERBE AR E] A,  XHt& Liouville J7 1
P Ry RS AR TR R M.

BF
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o BUI =P P
R —Eh DT R (LT G mER) 4 00 BAR RN
SR, BBSESS— R, GBI R L6 AN
SEE.

(AW Ine = E% ' A(Tw(s+ 1)), (1.2.11)

R rEMBIFENE., REOBASTERBREN, B sk
haFUBRESNEEES, O F 2R+ s 4/, BE A
GWRAER ERE, B, AENEASWnSENER. B
R I R R R S5 ) B A A AR AUR TE) H L ROWAR 2R AL
EORAEES,  (L2.11) X BT R RIPS 7 TR Xk
R, MERZMBENX FREREEN., REBETHRXNNBETX 8
B, {(A@))wm EBr FERE TR, n(1.2.11) R o B[R] SERy 2
6, K ET A4 HONAR 23 (LT E R E B P 38k %, (B0
SR T E ARSI IR WA B BRI ZE,

BF




rEiE ERESHETHE=ZMAER

Gibbs: BHE ST Rty | WM E X aidk

i, (L2110 RN REE S o el SR B B AOLE R X
== AR, BT T EAF A Ty #8E. Gibbs NRE: —
AGURARRIRT B (4 (2))un BMETREY (4(2)):

(ACD)) = Ider(FN,I)A(FN) —AD e (12.12)

Gibbs XTI AP ST AL FHNERE H AR H B R
0, Hit, X—BES R TSI, ABAUMNIX—B&KL
BURRYE, MERBRFRNZ—RE. XERREH, ¥ TFEE,
VRBONREAEMNARE, BT WADERK; S)A
i, o HARER R, W, (1.2.12)RAT U E R

[arve(ry) 4(ry) = jim L aaren. 219
EART RS BRI, hREER AN E LR R

Lr, R B RERFNLRREITE R HWRE 4 1P,
ﬂ:t(l.z-15)%@%%&?&_@@%7&%3@%%&%1?@1&. ik

A[ I, | Gibbs KT AL FHETHRFHIRXREITHEN &

EABE, BRI, MR RNE FEHS LRI,
HEUAX—BRREMZ

U EFHEHREMARS, N TEBFHERS, MEHERHET

B

>
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BN EXREEE
GV S HEEET, RIELEHYRE A(Ty) TR
FAEREITR, TR ST LR R R,

m
A(Ty) = 4A(qj,pi), 1 <J<N (1.3.1)
&x
A(Ty) = D] 4(qi,pi). (1.3.2)
j=1

Bl N REIRE R TR ERAREN B ZER B BN FHREEZ
M., N TFXHREAERNBEE, RARLFHN, AHtEfRAF
% WHFO3DR,H

(A(‘)> = jdrl\'P(rNst)A (qi, p;)

= gdq;dpf HdTN_Ip(I“N,t) ]A(Qispi)s

XE

gd[‘”_l. .o
TR | AR FUSMOEME N — 1 MRCTFIOT XA bR 2 S
ms. g

-

f(Qfspf:!) = deN—IP(FNst)- (13'3)

B

>
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BRI RRE ik
% o(Tv,t) 4 FNAB T WIS RE . BN AFRE
KL FULRA GRS T, S B RAZAO ), W (1.3.3) K e B8
WIWEAS i B%. TRE

(A(2)) = )dqdpf(q,pat)ff(q,p). (1.3.4)
Ri1EE I qivpi I TER7,HNA givp SRR, f(9,p,
) FRABKFSAERY.

ST Q3.2) X, B TEHEM FERETMAE R F 58, i

&1
(A(‘)> = gdrﬂp(ri\’::) Z A(Qis PJ)

— N {dginf(a.p.4(a,p). (1.3.5)

EREEET, FTUERGEHEZE RS RO 08N T2
WRBKNIRARGYY., HeMp AT BREHIIE R T
ARy 2 [RIFK 20 BT 3a =2 .

e




LEAAE  ERESSEHThE=MFR BRI

BENe R R R A
BB TRSANEERT

#(r,pyt) = S 6(r — gi()8(p — pi(s)), (1.3.6)

i=1

X8 qi(e) 5 pie) il ¢t WNEE i MNTHERRSIE, &
FRSOEEETHNRZFHEREN FHRSHAN B ES B &
ﬁ: ‘

ﬂ('l',p,t) = (ﬁ(r,p,ﬂ}

= N qufdpfﬁ(r —qi()5(p — pi())f(qi,Pis?)

= Nf(r,p,t), (1.3.7)
oA E(1.3.5)K. EHit
fr,p,0) = — n(r,p,0). (13.8)

EE n(f,p,f) H’UEKWH%E, ”(raps f) drdp ﬁﬁ:‘: 4 N%HE r
ML dr RIS EAE p M dp RN THUARE, Hik /(r,p,

e




cEiacy  EFESHITHEZNTRE
=P O s

ydrdp Rx e WEEBROE TR0 LR, B(1.2.2) XX (1.3.3)
ﬁ%ﬂiﬁs f(rsp:’) %E“’[‘ETE"J

sdrdpf(r,p,:) -1 (1.3.9)

R (1.3.8) R (1.3.9)R,, ST ENE 3
Idrdpn(r, p,t) =N, (1.3.10)
B, N5 ERD, AR T HE o REIE p=mv (FEHER.

XY BB K
f(f,p,f)dp = f(r,mv,t)mdv = }(T,U,J)dl’,

Heh f R —A0 f AEMER. DITATESR, Z8H7 EN~

B. T& f(r,p,)dp WHEHREX {(r, v, Hdv, ¥ n(r, p,

1)dp WEH n(r,v,r)do I, 5 LR,

f(r, 0,0) B n(r, 0, ) FRRAH R REH ARET
RAE, ALALEEHREREOHER, —HTHLARBFURET
B, - ELERRHEHEERN&E.

B

>
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AR N E RR TR

BORE W B T RES THHE 6V % (R%) M2y
#ER p(Tn,t), TIBHREROHEATRESTFitits & OF
FEBE TSGR f(r,0,0), XRFAGLEST. BE,
R SR T, BB REEE R MR, Fill, &
BUZEE—FEOEE TR, YR, HEHERTREHE—5 R
i, 5 BERE M2 T

FBR A LR RN, SF BRI RAR THHE
B 1(r,0,0) MRS RE:

(ro) = |avfCr,0,0), (1.4.1)
Fi(r,:) = Pduvf(r,v,:), (1.4.2)
hi(r,0) = |dvst(r,0,10). (1.4.3)
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ZENTFHERERT
N(r,0) = 3 6(r — qi(0). (1.4.4)
ERRGEEHE Nir, ) FARTFHREEFIBTRE. 5(1.35)
X, KWEER P K v &, KB

N(r,i) = (N(r,?))
= N |dgavita,e,no(r — q(0)

- devf(r,u,:) — jdwz(r,v,t), (1.4.42)
BRE—PR AT (1.3.8). f(1.41)y K xttk, 7
N(r,t) = Nfy(r,1),
B,
fo(rs1) = = N(r,0), (1.45)

HISEX A, N(r, )dr 30K ¢ BZLE r B dr REGR-F B0 2
B, Hit f(r, r)dr 2R ¢ WZITE r B dr P FHIBLAT L,
BERR folr,2) ARX(1.41)FNFEBE R B
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EAE EREEGT HFE=MARE,
iR L SHPAE= A PN 1

Fkd e A r FEENBERER ¢ = o(r, ) ST EREL
IR F PR

Evf(r,v,:) dv

jf(r,v,z)dv
— fi(r z')
fo (r").
2 B &I » T s A R B AR BT RA 1 RS

c=c(r,) =

(1.4.7)

[0 5 @ = efCr, 0,0
U=U(r,t) =

demf(r,v,t)

- —5 [f2(r,0) — 2¢ - Fi(r,)

+ Solr,2)1/f (r,0), (1.4.8)

UBFROEEAREE. (1.4.6)— (' 68)F BN T 0 M RBEIRTI = &
BERENFPHELAMBERAZKT.
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[EAER T EL . ¥BF%ANIEEAME E{ER, FERiiEHOXE
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AT RIAFEZE) . X—M IR REA
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FREE B FhlifEHm SRS
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(BEM ER A2BA B TRET IR

* RIS Y B [E) M ER (intermediate stage), SCif F I A B IEME
A0 473 #riX L B B B A% 4 B B 14 IR

MR Ie A ER -

At NMTEE—MIEIR L, B2 (transport theory),
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E’J &= IR

KEEEBSFHlidE: LUBId R4AFE I (one-body dissipation)

EﬂjEleTxLL. mslszLL. L‘.T_Fjﬁ_%’ﬁ)f—:—'\, Slzié]iﬁf\ﬂ;@%l”,_%

32 (Pauli blocking)ZER£FEZ/ER, BT /EFIRIERIPRF,
R {4 fill 3 (two-body collision) &4 _E AT ZBE A5t . B E) 48
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Vlasoviiz(3
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B8 7T ¥, BFEENNEBRAE, BX—HEERE 2
(EmXT BN K REEIELETE), Z2STEM™EKEE,
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(relaxation time method), BIXJETDHF5 2 BVAliEFI 5
(Collisision integral){E5th 7 B 18] I (UL (S UL TF2 3Kk i 43 B2 Boltzrnann

F 2R ERYSH TR AT [E) T (EL) o
O IF Xt TDHF H i {EFZ HEIT AT LAS R VIasov a2 —4E, *¥
ETDHFF 2B E XA F L8 U ARETE SR —F
HEt. HERMEREFRES FRNYHAESIESET ZHFAAIIH
Boltzmann-Uehling-Uhlenbeck(BUU) 518, X—FHIEHEIRA
Vlasov-Uehling-Uhlenbeek(VUU) 5 %2, Boltzmann-Nordheim5$E

LK Landau-Vlasov5 2.
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FEEBRN A F AMNA A BEEROKEBUUGIE, MR FIEiAI85n
FIRRRRIERR T S0 AL TR . SEPRRREIR S Viasov A RN HY
Hamiltonizzh 51, mmAAMHEN2E R EIZR ARMAL,
BT FEERNTF, EASkyrmeIMERZF-ZFHEEE
AT, Viasovizizs A IR T F 191 I AE R KHYkK%
(fluctuation), 37T E &G X—FM, AIEHEKRFEBUUSTE
(8xHamiltonizzh 52T 5 I T i 36 fF (test particle) BI#E 2 .
B 5N IRTE AT AR LS B 7 A A 28 (8] 22 LAY 715917,
{BEF#ZFER XX EIET . BUUSREREER TR RME
AUREMAEMRZHEXIKAINEE, FalEIERTAE
PEEEE TR NIRRT EZEZF A (Cluster formation)
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(Gaussian packet). EH:F EAIIANRIE N FRieESE
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S.J. Wang(EJBi£&) and W. Cassing,
N Ann. Phys. 159, 328 (1985); W. Cassing
BUUGTERIHES:  ctal, Phys Rep. 188, 363 (1990)
AR ISR BT, EF ERZEM N FH B -EHRTA- 55 R0 A N eymann
FR B E T

i 908 =[H,, £4] (2.1)

EHETRERT B FHEAR KR T, ARRETHRA AATRRY.

Hy= E t(i) + Eﬂ” ‘ (2.2)

i=1

Hee W i MCFRSHER, TTA 0 Br(n << A4) b B EFFay

Tr

Pu=1fCA=m (70 L gy (Pal (2.3)

Neumann F B (2. 1)NZE M T —HETFPHABEH R

Eag: = [ Ef” Pﬂ] [Eu.,.ﬂ ] + Tr [ i:uim-ur Pn-l-l]

(n+l} )

(2.4)
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BUU IERIHES
RSN R 51 A R RSP R BB, G, 17

C;(if: ir.ff} = p?.(ij! i’ 1.' ) — pzh(‘.j* i’ F } ""2'5}

Py, 1777 =0CHE )P Y= P IP(Fi")
= & P57 IP(57) (2.6)
B R B RATP G LWk T RAF T
& = 1 - Py,

RIDATLUGFRRT RHEEEEERG, DREAERREEARC.G/, ¢, DEITR.

PPGE 1) = [HG) + U (Y]PGE 1) = PG S OHG Y + U G7) ]

* (_fT:jr yLvUNC Gy 7§78 = CoGif i’ 7, ) oG 7)) ]

{(2.7)
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FHRUGOQLBC,GilL,i j' VYA ATRE, BAHERRRSHEERER, UG
QuEER:

Uiy = oy L0 \[otil) ot oCit’ ,1)] (2.9)

Qi=1- (IZ?J)(PH"'PH}PUF st) (2.10)

XU RA T (1, U =1 W T B R0 (D, FIBREr(ORIR A Lk R

*F 8 b S R B4,
TEHERMNENERMRCHEERREZRFBUUTR, (2.8)HERHN.

C, ity = - Tgx---—fjjdmdm’df’exp[—- ilo—a’d-t")

élz(ﬁ’)[@ﬂp:ﬂ(t’) — Pt }UQ+]§az+fﬁJ’ b (2.11)
o GIER arH E ER 45 00,

Grako) ={a—[H 1) +1¢ 2) +U( 1)+U2)Y+Qu]+4p} 7
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%[)\ﬁﬁguﬁ'ﬁ‘:

é:z{m} = £21.(0) g12{ @) (2.13)
WIS M,

grulo)={o-[(1)Y+2(2Y+U 1Y +U(2)]+ie} ' (2.14)
B I (2. 1) 0 3% 5 24,

Coft)y = — _Ei;r*‘_j. J- jdmdm' dt’ expl —i{w—-a’ Y2 -1")]

* {[Qe(@) o0 (" dg (0" ) = (@) gnlad o, (7362, (o’ )]
~ 0.0 3Gt (") ~ Crala) pra i’ )] (2.15)

M) 2o Y EEL, SBRMNdopgRg,. BERN
Py = 1P 212t
s

vo,u” = Ep,,G* (2.18)
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(2.16) XA B EAER v MRS T I o8 0 59 B o, I 46 ME T 1R ROH B AR G IS T3k
P B AR B0, ) S RESTHIIR R, A RAEfEAGH TRE M,

G(EY = v +vg, QG(E) Bethe-Goldstone Eq. {217}

RE—RT GEREM 52 INRATTR,.
T G 4 P& 323 SO 3993,

EUBHFJI 2] =:};T’ER'{G}F Paq] (2113) |

(2.7 A P 8 B TR I ) O 3L REF A IS Y N PSR R RN,
.irg{!') = = r'?:r[iG"‘QEIm(gm)pgu‘:'pz.,f,,;{g:f)G*'QG

+GPHG+Q+§1=+‘Q“QG&;U(?+J {2 19)
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R AW igner 8k, HATREMETEIHERES (r,p, DIEEYBEL, Py & i
iR 2Rai, RERBBUUNE.

( a_+_|!:q a9
ai 1 ar; arg

- ('%{" ) Coll

= i [ dpudes [ 49 lort S5-(pa— PO +Pi~Po~ PO

UBHF(T: 1) » —aipl"'}f(r:l!plli‘}

XAFrpes ) F(FPasICL = f(r,pyn)JEL = f(r,psst)]
— fCrap ) (rapastIL 1 = fr,pet)IL 1 — fUr,puid]
(2.20)
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Upar(ry t) =J dr' R.G, (=" dplr! ,1) (2.21)

do _m? .
40 ANTrzG(q}Ga (q}' {2.22)

Ko, t YRRBEFEE., (ErBFETHELETHARKE. Q20X #
B 2R T B3Rz B AR,

HEABUUNBYH FHGEEE F— B FRE, ROWTELCREBUU FRAIHS
E4A e EEL. MPNEMEF—SFRELAHGEFSHG. HUBEERR
Beithe -Goldstone iR (2.1 K, HAPBEBRBETF—HTFHEETRRE KHHDZMH .

I 21D R 22OWB— - BAN AR, BRERRBMFRE. 2LRERDPRR
GERSEL, RBTHHREF—BETHEMRRASEL, RN AEENH.




228 BB T AT R

SHANGHAI JIAO TONG UNIVERSITY
QMDS 2R “HESR” . Aichelin, Phys. Rep. 202, 233 (1991)

X TFQMDHIHES 3T, Aichelin, Phys. Rep.202, 233 (1991)Ai¥Haitie, H
BEARE A mRHRZHREEEEHIE, AUZEEERELURIIBBGKY RZFIHIE]
i, {E—FEFSIABZTEEES, B ZHEREEEE BT RS2
BIWignerZZ (S #RWignersz/R). WNMEBEEEFEZHREESHRERRIALXMUT
ZHEMIEHFENEN, XBERMNGHBXRHEEZELN.
EQMDHFRIF R R AEB TIIEA :

¢ Cryp) I [—M}txp(u) (1)

(27l AP A1 h
A LR E R, EAH R T AR R e e B, — AR 1. 08 fme m, CoO R p, (e )5y
A AR kR ) S Zh & A &S O . ARG o R EECH (DO E
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(:LEJ'(- f ) IIE‘J}!( j"v.f"e;: P;’ ! ) (2)
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QMDA K Bk AR Do ¢ )P0 () R AR [R5 1k, MO FEBE v/ 1 W R HERY () 3E 4

i e BRMGIXAN R R BT B
H1 (2. 24) AT B4R Bl 46 b7 23 AN 3 B & R 9 IR (R B
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REMNERLE, BNTUABEL EBIESHBUUAERQMD AR, HEixkyRE

MEERFERTOERN, £XRHERFTLAERFEFEMMATR. EPREEN
LRSS TET BEE R T Mk (propagstion) FREHLEE F—2 TR 2 IF
HZ B, AIENETV lesov iR, HYTTDHFE LS RGN, FENHE F(2.200%
B4 BHESHBEN SR EE,

EEETHHASIEHXRMIEN T, FlasovF &, BIC2.20) 3 f 220030 4 0,

dd
St V= VU - ¥af= 0 (3.1

0] LLUE BRI lasov 7 B2 5 4T 28 S 1y v 585 W Bl O B,

- H
. d i
i = —api— = —T-j!p_-i-—-‘-'!—— (3.3}
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(1) B IERFIE

MBS RO GBS IR EEESE X0, W (3. R
(345) ¥ 433 K1y

Pi

ry = _'""'Fli':r'f-' o + Vol (rys pid (3.6)
1 N 1 PeCt)
1

WMBEARR ETHEHNE T B TR EBTEER, RNTUAMASHECHPHIZU,
H R HE AR Shyrme B S8k,

Udp) =Alp/ ) + Blofp)° (3.8)
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(1) I IER 572
BUUSFERUK R : IS RIF757% (C. Y. Wong, T_HER)

volumes in configuration and momentum space. The continuous distribution f(r, p) can be replaced by
a large number of test particles. Formally, we can write the distribution as:

fir.p)= = S8(r=1) 8(p=p) (26)

where r; and p, are coordinates of the individual test particles. We choose these coordinates so that f
averaged over a small phase-space volume approximates the desired initial condition, [, fd’rd’p =

=1/ N ) L,z 1. To see that the test particles obey classical equations of motion, we take derivatives
of eq. (26):

V.r= % 28 0-r)8p-p)

P)=N()/V

V,/= % 26-r)8(p-p)

TS (=) ap-p) 5+ 56-r)5(p-p) 2.

It is now easy to see that eq. (25) is satisfied if r,, p, obey Hamilton’s equations. The test particle
method was first applied to the nuclear Vlasov equation by Wong [31].
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(2) A GlEERIPaul i FHEE

MEEEA A BG2AIGRIYNENFriov AR, MAZBTET—#THEE
B o P G EE S, TR H ARG IRRERT . 2SR AGTH I P B R MO TR R B T
BRI E A pimi L.

EROERA T T R R G m100fm/ e ) 45 B 54 B B 7R O3 i ) 43249 500 -4
I, St =0.2fm/c), TEARAKEMORE IS AIZ A, 3B 45004 BT i 22 A PR A Bl B A Al
(3.2)F1(3.3) X ik, HEGOMG.RGEM. WES— My RRREA, T2
B TR W Rk 5t . BF DL g — A ) R T 2 AR B S — R T RIBH BN T
RKFE, AWz HEEZERE 2 e elEEE VR,

FRETRREHENLELAER EX-RERABIA, FYTENREEES
doin B NTFV 010 (v 3 ) mwe HH ool s YREBFERLRREERV s BB R
BEE, SBREE)REFHEY i) BEH. BRIVRA AR S GEUE S
i R T e N R R A & LR — killiE .
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(2) A GlEERIPaul i FHEE

BN PR T R AN, WMAX —aisa Ll EB M, MWLl RdEiti. LHEME
BT 150MeV/ AR, BT BEGTERILEIER b, BT RAHERE B ¥ 89,
ERMEEEBFRELENASEET, CERMANERN, BFAUBRENLST,
TEE W BUURMQMD g, HART TR ERE

(2) N+N—=N+N.

(H'N+AaN+Jl#ﬁ
(¢) drd—=d+4

(d) N+N—->N+
}ﬂpﬁ
(¢) N+.J>N+N

(a), {H)MCc)ETERY, (HIFERBEFHUMER L&, (MR FELE,
W 1 fr P IR S T
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(2) A GlEERIPaul i FHEE

BT -8B A am el i sefR MR i3 2. (5), (e )BEpEimy K
FFREESED WiAvf (o) HAEAAR. (e ERmald(J)EMEE 40 3 ¥ &

(detailed balan~c) R FR % BE bRt B 008 H BTiH Y cugnon 2L, ATk (),
(BYRICe ., BET Y

gl 5 ) = 53.0mb Vo8 -71.8593GeV (3,11)

o ws .
_"20_]_ 1 _]_100[1‘/'5 _1'8993} ﬂlb} st }1.&993G‘EV

MT AWMEEL), LATER:

G n V' 8)=10 v s <2.,015GeV (3.12)

_ 204" s —2.,015)° v
0,015+ (5 —2.0153% v s >2.015Ge
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BT JWBGE (e )i Sk i W o 20 306 i 2 14 2

Iy wnl{v 850 = (Jbl'zfpiz} ; ONN-N (v 5) (3.132)

EHR TR, RNEAERETWRBREUREXENN, NARIAS B4
E—HEHA N NERRY s URERG SSATEE RGN E T ZA), A
BT X - T X 2 DR T A

ARG R R B A MR AR TR RN A h SR B T e
BEFSREATH, RIETEGESMERYNRE. AT o), () (IHRE
#R, BRI N R e 1 FE 1,

S =act (3.14)

et = —2p°C1 —cosly), OsRBHA, 2% 6B N
b (5 = BL3a65G/ 5 —1,866)7°

1+[3.65( 5 —1.866)1°
PRI e), BREHcugnonZ ik EES RN,
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(2) P {AplifEF0Paul i PHZE
T 45 B R . BT o7 B Monte~Carlo /7 BT B 0, St B— A F 0,

L MR RL B, 1T A AR T

t, 0
j ac®tdt/ J aeltdf = x,
1, tq

Hoifty = - 2p% WATRAM M cosfs= 1 - {1 @8, FRAAMTEC, 22) MER

W H o AAR TSR T 45 1R B AT, AR AR ST A0 HL T pheosfs = 1 — 2x( X NEEHLEOE
B B o AT FE RO 25 BRE T AT B i W R TRk i B AT s B S DA 7 1] (py + perpa
Ild)-:
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(2) A GlEERIPaul i FHEE

HE— B RATE L, % B Poali LIER R » & ol BE S8 90 IH A 45 e B0 (208 T R A7)
B T S SR T R paHpee BARNBMEEIN S LA, R reo B84
PP e E AR T A A . RIGEE I RREREEFEHFHEI L
D1l pro TERULTE #-F A M Pauli L ZEH LR

FPrigen =min{ 1, PP} (3.15)

MR SR LB 1 — Poroces HHILEA—MEGRBPMHEIL = (0, 1)
HMHE, ROTATLUR X — SRE R EWE Posli I . TN MR Panli AR, BT B
AMEEX R TRt R, BIEashE 75 ke p.Flp..

T BELZE RN B — P25 R8T V20« ¥ 1 A AR e, AE AR TR DL 7y A ) i
— AR 1372 IERCSRE T BREE 1L, h A B i B0, AR5 % Lftﬂcﬁkﬁ g

Fe B A ] R B IR ¥ B i LR A —ANBENLEL &, 47 & /D Tz LA, Wl 9
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(2) A{FaliHEFPaul i PH3E

BPI CugnonZ BB APRZib. HEAEAR S ppiHFinpg B Hl, (3.11)F]
(3.12) RE W ppi S LR BRI & LR E T — B TE T R o, th T R Fed e
np WHBEL pr(sn)MEBEEZLRBEL ., P IR TRHEREANREHE Y £ & 7—
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(2) R FlIEFPaul i BAE
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FEANFH SRR T — B FRE AR (¥ TE 2 o 2200 o — Tl B2 s G 4R T ) 450 Tt A 5% 1) %
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3. HEAREN

5 © 23938 802 . (39)
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(3) MRt E 1%

T RN A QMDH-H s a4k i 3 iX — B E B AKITiE . 6 HE% [ B
RS FEEHET. HARELEZ BN R AMBFEFENS P L4 E
A PIRE, BEWANEFLUARBLESATFER = L12A "ImAKRN. & 4 B
FAELRPIRT A IR i Monte-Carlo N HE, HRBEAHEHHx, x5 C(0,1),
B F IR A,

r=R{x)"¥=1,1124"3{x)! 8fm
cosd=1 - 2x,
¢ =2z,

B M AR (i B A B N rsinfcosg, rsindsingfircosd, LHRETHA & X &R
R, T R 55 R) BE B st 23 (R) P BE AR S o iF K e FE 3 3F () Monter-
Corlof W) THEAT 2 F A ER, —BEREE T RS DER pnicH 1.50m, @
SRRV, SHMAAERIE { AETFHLEE, RNOABEECRNTEN i —1 48
FHRER, MREMrminr(r, 27 RE T RGER) @R, ERFRIEELK,
HE AT EEFNAF.
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(3) MR FItR B
BPRENRTAMNMGL. HARREETH & H Rk B, ® Thomas-
Fermil i F B TMZR YR b FAIERGE prlroes) = v amU(r) HPU o) R R
Fi B, HTHEEHRBEANEHEAN T 0 SRR SR ppZ (A, BEREHLIK
% % Mxa€ (0, 1), MEFSHEHRE I N,
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costl = 1 - 2x,
& =2ux:
T REE SR AR K p,sinfecosp, psinfsingR p.cosd, [EHEH T RFI 82
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(3) MRt E 1%
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(3) MRt E 1%
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(3) MRt E 1%
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Transport Models

Transport Models for HIC’s at
Intermediate energies:

N-body approaches
CMD, QMD,IQMD,IDQMD,
ImMQMD,ImIQMD,AMD,FMD

e

3
2
e
Lol
3

One-body approaches
BUU/IBUU, BNV, LV, IBL

Relativistic covariant approaches
RBUU,RVUU,RQMD...

Broad applications of transport models

In astrophyics, plasma physics, electron transport in semiconductor and
nanostructures, particle and nuclear physics, nuclear stockpile stewardship
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Understanding transport simulations of heavy-ion collisions at 1004 and 4004 MeV:
Comparison of heavy-ion transport codes under controlled conditions
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PHYSICAL REVIEW C 93, 044609 (2016)

Understanding transport simulations of heavy-ion collisions at 1004 and 4004 MeV:
Comparison of heavy-ion transport codes under controlled conditions

Jun Xu,'*" Lie-Wen Chen,”' ManYee Betty Tsang,”-* Hermann Wolter,*-¥ Ying-Xun Zhang,”"! Joerg Aichelin,®
Maria Colonna,” Dan Cozma,® Pawel Danielewicz,’ Zhao-Qing Feng.g Arnaud Le Fevre,'” Theodoros Gaitanos, '
Christoph Hartnack.® Kyungil Kim.'? Youngman Kim.'? Che-Ming Ko,"® Bao-An Li,"* Qing-Feng Li,"> Zhu-Xia Li,”
Paolo Napolitani,'® Akira Ono,'” Massimo Papa,'® Taesoo Song,'” Jun Su,” Jun-Long Tian,”! Ning Wang,”? Yong-Jia Wang,
Janus Weil,'"” Wen-Jie Xie,>* Feng-Shou Zhang,?* and Guo-Qiang Zhang'

TABLE 1. The names, code authors and correspondents, and representative references of nine BUU-type and nine QMD-type models
participating in the transport-code-comparison project. The intended beam-energy range for each code is given in GeV.

BUU type Code correspondents Energy range Reference QMD type Code correspondents Energy range Reference
BLOB P. Napolitani, M. Colonna 0.01-0.5 [19] AMD A. Ono 0.01-0.3 [25]
GIBUU-RMF  J. Weil 0.05+40 [20] IQMD-BNU  I. Su, F. S. Zhang 0.05-2 [29]
GIBUU-Skyrme J. Weil 0.05+40 [20] IQMD C. Hartnack, J. Aichelin  0.05-2 [30-32]
IBL W. 1. Xie, F. S. Zhang 0.05-2 [21] CoMD M. Papa 0.01-0.3 [33.34]
IBUU J. Xu, L. W. Chen, B. A. Li 0.05-2 (11,22 ImQMD-CIAE Y. X. Zhang, Z. X. Li 0.02-0.4 [35]
pBUU P. Danielewicz 0.01-12 [23.24] IQMD-IMP  Z.Q. Feng 0.01-10 [36]
RBUU K. Kim, Y. Kim, T. Gaitanos  0.05-2 [25] IQMD-SINAP G. Q. Zhang 0.05-2 [37]
RVUU T.Song, G. Q. Li.,C. M. Ko  0.05-2 [26] TuQMD D. Cozma 0.1-2 [38]
SMF M. Colonna, P. Napolitani 0.01-0.5 [27] UrQMD Y.J. Wang, Q. F. Li 0.05-200 [39.40]

9 BUU-type codes and 9 QMD-type codes
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Dmytro Oliinychenko,?®:? Jun Su,'* Taesoo Song,'”*" Agnieszka Sorensen
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Skyrme Pseudopotntial for Heavy-lon Collisions

Skyrme pseudopotential [ = ] [omw

- i B
4 o
< 60k - .
; S A
VLyBE€3 . § .-
i
2 ¥

30

415
10
4-156
1-30

=>

[«}]
v = [fo (L + T o) + t(ﬂ)(1+a::(;°)P) A(R) = >

DUI

200

4150
4100

z-m (MeV)

001+ DB + B A iy
4+ tgz)(l +$£2)15 )E; R 000300~ 400 600 800 1000 0 250 500 760 1000°
a

R. Wang, L.-W. Chen, and Y. Zhou, PRC98, 054618 (2018)

N3LO local nuclear Corresponding N3LO
energy density functional Skyrme pseudopotential
B.G. Carlsson et al PRC78,044326 (2008) F. Raimondi et al PRC83,054311 (2011)

Ath 6th

O+ VP [(R? + B2 + A0k - B2ty (1 + 25V B, ) (B - k) (K2 + §2)

+%t56 (1+ Ilﬁ 150)(1_;:’2 n Ez)g[(km n k2)2 + 12(1{’ _ E)Q] plus spin-orbit and

tensor terms

+t56)(1 + xéﬁ)ﬁg)(gf . E) [3(%}2 + EQ)Q + 4(;6’" ‘ E)Q] an overall §(7, — 75)

is implicit

R. Wang (&), LWC,

and Y. Zhou (B $),

PRC98, 054618 (2018)

Can fit the experimental
nucleon optical model
potential up to ~1 GeV'!

Suitable interactions for
HICs at CEE/CSR
energies !

Also for nuclear
structures and neutron
stars !




2Rt EETRERTRERRERY

Lattice Hamiltonian Method

The lattice Hamiltonian method Conserve energy precisely!

To study nuclear giant resonance in tranport

model, we need|long time evolution
7y

suitable

The lattice Hamiltonian method of solving

T

BUU equation conserves the total energy j_,» 0
————————————————————— BismRa:
F(FarB) = S S@E~MG - st
Ta = = ; r i — : o T T
p 2 /(Q?Tﬁ); EEV p p : “.,-”-.,:('“ 'i_ 1 )
dp : ", i
pry) =2 (T, = — S(ri—r L l
) =2 [ 10D o NEE; (7 — ) —

~ Z i —|— "vaAVZ {’H]"“al [p(ra)] +H P [p(ra)] + HE [plra)] + HEX (7)) + HMP (7, )}

e
R.J. Lenk and V.R. Pandharipande, PRC39,2242 (1989)
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Stochastic Collision Approach

Stochastic collision in LH method
For phase space volume (p; + A3p,) and (p, + A3p,) at 7,

More reliable than the commonly used
geometric method when the mean free
path MFP of a test nucleon is not much

3, = = . . ;
AN (F,) = A°pr | df (Fay 1) |V 3 5, larger than the interaction length
bk L o) T B ] -

22 (27h)3 dt  |p between two test nucleons or when the
df (7, p1) (o0 A3p, (o 5 F (o ) NN scattering cross section is very
—_— — : Fas P Fas P2

it g — (2rhp’ VP F large!
X | Mia_34|*(27)"0° (p1 + P2 — P3 — pa)|  S€€.€.0.,
(27h)3 (2mh)? - P. Danielewicz and G.F. Bertsch,

A%pr o e — by definition NPA 533, 712 (1991);

(27h)® [ (Tas 1) f(Ta, P2 ) UrelOnn Z. Xu and C. Greiner,
ANS(F, - 72) PRC71, 064901 (2005)
. Ng T — Ty
In lattice Hamiltonian method ~ /(7a: i) = L A3y,
il

ANg' (7o) OR

PQQ = — Urel =+
A;\HA;\:—E i ! J"\'E

NG — ) S (% — ) BAL
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Initialization in Lattice Hamiltonian Method

Initialization of test particles Thomas-Fermiinitialization | very stable ground state of
9 the initialized nuclei!
= [ 1), 9000, ()i
. ‘ o (7P = R. Wang (£&), LWC, and Z.
g BT e B | | Zhang (38, PR3 02t607
(4 (Vp) (V=p) > (2019)
2 F
{pT [p(r)]}" + Ur{pr [o(r)], r} = it |
The GPU parallel computing
The density profile in lattice Hamiltonian method with large enough test
0.25 0.25 — particle number (up to
28ph ground state wi m 205Ph groun e with SPGm
,_0.2@ NEEgﬂDGt}d tate with SP6 . 020 N:E?uuuud state with SP6 o ~100000 1)
Lt R
—0.10F = 180 tmic o010 t=1000 fmic
ta C N\ :=2n-n fmic o Polr)
005F \ ] 005F 0
00246 & 10 12 000 =46 8 10 12
r (fm) r (fm)
R. Wang, L. W. Chen, and Z. Zhang, PRC99, 044609 (2019)
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Initialization in Lattice Hamiltonian Method

Ground state LHV Calculations | Very stable ground state of
" 100 fm/c 600 fm/c °| the initialized nuclei!
The rms radius, fraction of bound @ @
nucleons, binding energy of ground state : R. Wang (£&), LWC, and Z.
evolution I Zhang (5#%), PRC99, 044607
_ 5.8 . ' : : : (2019)
E 5.7} Ground state evolution of 2*Pb with SPém Free test nucleons are
£ gg - P those whose form factor
© £a ; do not overlap with that The GPU parallel computing
T:.;' 508 , : : ' (a): of other test nucleons with large enough test
e 1 s O e e e ktebetaldon .
2 098} N_=5000 i g / PR particle number (up to
8 - 1 ) =Np arop(r ~100000!
_9 0.96..... NE = 10000 b l- bound )
R | S PN .
L 156} ]
S .158L 1 | At 1000 fm/c, only about 2% of
O T ] | test nucleons evaporated from
W -1.62F (c){ | the nucleus for N; = 5000 case
m _1 64 AU £y i Al B S R S - A T i S
0 200 400 600 800 1000
t (fm/c) R. Wang, L. W. Chen, and Z. Zhang, PRC99, 044609 (2019)
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Lattice Boltzmann-Uehling-Uhlenbeck Equation

Constraining the in-medium NN cross sections from the width of IVGDR
R. Wang (EE%) Z. Zhang (F#%), LWC, C.M. Ko, and Y.G. Ma, PLB807, 135532 (2020)

18 I ~ Viasov % L. O F
12¢ oo 1 <25 ) 0.8 r m. /8_ T ] 5TL m.
E ok -- ground state 220- E‘ ' - .*:
= = = 0 6 L C“ i
2 ot A /\ f\\/\\} E15] \b/ 0. al e
S o U \/ Y | Lol N Na JFUIFPE I
@ ; 0.2} ] S np nn opp T
T | S — 0= 0-8 0.0 0.1 0.0 0.1
0 100 200 300 400 500 5 )
? t (fm/c) p/p (fm—j)
‘ . ‘ \ w free nuc
o ] ONN = Onne EXP
s . ] NN NN |: 1+ (Tc.m./T[})z]
° . E T-Matrix Approach:
3 o m T. Alm, G. Répke, and M. Schmidt, PRC50, 31 (1994)
= SO e e I FU4FP6 from nucleon induced reaction cross section:
RCNP T EMev) L. Ou and X.Y. He, CPC43, 044103 (2019)
4""""'""'""""""""“iii:i'f . . .. . .
- speh | | B O The width of IVGDR is sensitive to in-medium NN cross
0.0 0.6 1.2 1.8 24 Sections

O Strong medium correction (a=1.8) is obtained from RCNP data




Y EXAA%

= SHANGHAI JIAO TONG UNIVERSITY

C 5 FRiliE SR

®i%47),

B HY XS FREE

O X FREE S E I T AllTE




RS HIE

RATTFE(EOS-Equation of State): a relationship among several state
variables

YHEZAAYE fl%

SHANGHAI JIAO TONG UNIVERSITY

\=

van der Waals EOS: [ p + a(ﬂ)z](v —nb) = NnRT
\Y

The Nobel Prize in Physics
1910 was awarded to
Johannes Diderik van der
Waals “for his work on the

Fi fsotherms

A I'= Constant Tdeal Gas
Hegion

~ equation of state for gases
| . 22.9{Mpa i and liquids". @
Ligu.
Region | : * The EOS depends on the interactions
\ B47K and properties of the particles in the matter.
."r’“f”‘f Vor \ ~ * It describes how the state of the matter
] fegion ] : "
.' "Boiling” ‘ changes under different conditions
J
> V
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R TS & B - REIREY
(Liquid-drop model-Bethe-Weizsecker mass formula-1935)

Z(Z —1) A(N,Z)

A . A2/3

av A — as A E + ap 112
(Ny—Z0)2  (Ns— Z.)? Symmetry energy term g |

o A MECEVTE (5(3L *ﬁ\'ﬁﬁﬁ) ;

Z(Z-1)  A(N,Z)
FVE TV

e

Symmetry energy including surface diffusion effects (y;=S,/S,)

W. D. Myers, W.J. Swiatecki, P. Danielewicz, P. Van Isacker, A. E. L. Dieperink,......
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O REF PHT

1L

B A EERIE

ST HREE :
EhFH MR FH
FAT SR

ERE:
Eh FEA RT3
(==

~N>Z

The Esym is very important for
the global behaviors of N/P
driplines! R. Wang (£&) /LWC,
PRC92, 031303(R) (2015)

Y

unknown nuclei
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SHANGHAI JIAO TONG UNIVERSITY z X: IJ‘ Hb
Rui Wang(E#) and LWC, PRC92, 031303(R) (2015)
120
. Stable even-even nuclel _J, _:_,..___—.-
100 = Known even-even nuclei i s ' i
ﬁ : o W€ N=258
E P : 1w0,“eu110“ o ]
CD :_':
L0
- N=184
: -
c —=— DD-MEI
S —— KDE
5 - ==N\FRIB limit —— SLy4 1
| -
o r-prosgss path of S, =2 MeV MSLl*
' —— MSLI .
X —— WS4
0 20 40 60 80 100 120 140 160 180 200 0 240 260 280 3CO0

Neutron number N

their even-even neighbors [22]. Accordingly, we estimate
the total number of bound nuclei to be 6794, 6895, 7115,
and 6659 for KDE, SLy4, MSLI1, and MSL1*, respectively,
leading to a precise estimate of 6866 &= 166 (only 3191 have
been discovered experimentally [47]). Although the above

XFFRREXT R TR R Tl Le
NEREE TREMRNER!
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EOS of Isospin Asymmetric Nuclear Matter(Parabolic law)

Symmetric Nuclear Matter Isospin asymmetry
(relatively well-determined) Symmetry energy term (poorly known)

T 120 1

T ‘ T I T I T I T
| Symmetric Nuclear Matter EOS
(Skyrme-like model)

N
=)
I

E/A (MeV)
N
o
|

K,=380 MeV/
/

- 1 °E(p,5)

K,=201 MeV

/ F —— NL-RMF(18)
PC-RMF(3)

/1 Nuclear Matter Symmetry Energy [ =%,

L ——Gogny-HF(2)
— SHF(33)

Esym (/0) =

2 852 a

0.0 0.5 1.0 1.5 20
plp,

25 30 YOFNERRE . £, =0.16 fm™

central

v

lensor

Nature of the
nuclear
force?

Structure Dynamics of Mechanism of Nature of GW from binary
and stability heavy supernova compact stars? NS merger?
of nuclei? ion collisions? explosion?
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Nuclear Physics Astrophysics and Cosmology
on the Earth In Heaven

Symmetry
Energy

Physics at fm scale Physics at km scale
(~10 fm) (~10 km)

Size different by
18 orders !!!
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T i TR
' 2 ¥ & S . ,j\ﬁ'é:
- ﬁ*ﬁ — EhFHBRT
> e TR
Fn”Po dhane 2
E(p,é‘) Esym (10)5
JEXTFRI%SD X R R Nﬁi‘a“é
FIR7SHiE WSHIE Rk AS 5 12
R FE B&ELLBER AL HEAE X FB S
R FfxE
SFREEREBIERNMUATEARREZRERNXES mﬁMEm”ﬁﬁggﬁﬁ
> RFEMBEZYRNMYREMAA?

(EE#ZMNFRIEKHARR )

The Nuclear Science Advisory Committee

> FHPHTRZERFEMN?

¢ HEXNMTECHA—EEMEBEARFRENEEYIEHR, tkin: FE=
MCSR. HZARIBF/RIKEN, EEFRIB/MSUMEEFAIR/GSI




8.
9.
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ial; New Learing Series on Genetics, page 70

B 11 B EENEREE (£E (S5) 2002 DIESVér

What is dark matter —"./
What is dark energy

How were the heavy elements from iron to uranium made? Q!;‘%'%i'%'ed 7
MBS ETR2MARREN? -SRI, SRE Physics

Do neutrinos have mass?

Where do ultrahigh-energy particles come from?

Is a new theory of light and matter needed to explain what happens at very
high energies and temperatures?

Are there new states of matter at ultrahigh temperatures and densities?
BisER. BEEZHTSHEMFYEE? -5, SEE

Are protons unstable?

What is gravity?

10. Are there extra dimensions?

11. How did the universe begin?
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V.E. Fortov, Extreme States of Matter — on Earth and in

the Cosmos, Springer-Verlag, 2011

o T
= 2001-' Lattice QCD .=
Z gl Perfect ﬂuiq‘..-'. =
= ~ Quarks and Gluons
~ = " Critical point?
o B
15 3 \ . DeConfinem
o 3 ent 4
© 5 "ansij
= 2 On
o 100k | = Hadrons
100f L 2 »
o < i
e : -2 oS b 2
o i e} Quarkyonic phase
P e
Proto=- cso Color Super-
Neutron stars conductor
0 L

L4
Net b ryonﬁmity n/n,
n,=0.16 fm”

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

Holy Grail
of
Nuclear
Physics

Nuclei

QCD#HH

Probing QCD phase diagram in
Nuclei and Heavy lon Collisions
in terrestrial labs

and in NS Merger, SN, and Nstar
in heaven?

SN

NStar NS Merger

Esym - Large isospin at low T and
high densities!
Quark Matter Symmetry Energy?

M. Di Toro et al., NPA775 (2006);
P.C. Chu (#115%8)/LWC, ApJ780

(2014); LWC, {RTF+Z49IRiTL)
34, 20 (2017) [arXiv:1708.04433]
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The nuclear matter EOS cannot be measured experimentally,
Its determination thus depends on theoretical approaches

® Microscopic Many-Body Approaches

Non-relativistic Brueckner-Bethe-Goldstone (BBG) Theory
Relativistic Dirac-Brueckner-Hartree-Fock (DBHF) approach
Self-Consistent Green’s Function (SCGF) Theory
Variational Many-Body (VMB) approach

Green’s Function Monte Carlo Calculation

V. owk T Renormalization Group

Nuclear Lattice Approach

® Effective Field Theory

Density Functional Theory (DFT)

Chiral Perturbation Theory (ChPT)

QCD-based theory

® Phenomenological Approaches

Relativistic mean-field (RMF) theory

Quark Meson Coupling (QMC) Model

Relativistic Hartree-Fock (RHF)

Non-relativistic Hartree-Fock (Skyrme-Hartree-Fock)

Thomas-Fermi (TF) approximations



"éiﬂ\

BY-SEV

SHANGHAI JIAO TONG UNIVERSITY

BRI TREE: SHIBILHE

L.W. Chen, Nucl. Phys. Rev. (JR F#&4H7Ei$) 34, 20 (2017) [arXiv:1708.04433]

120 I | I | T | T | &
| = = NL-RMF(18) * BHF (Vidana)
% BHF (Z.H. Li)
[ —-= RHF(2) A DBHF (Fuchs)
90 =--=DD-RMF(2) 4 DBHF (Sammarruca)
- | -e- Gogny-HF(2), | & VMB-APR
> —— SHF(33) o VMB-FP
g - ¥ VMB-WFF1
= 60
3 %
w” | 3 gl
4 _:_:?..,@ v
30 _
0 - | | |
0 1 2 0 1 2 3
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Promising Probes of the E,,,(p) in Nuclear Reactions

At sub-saturation densities (EAAFIEE BEATH)

e Sizes of n-skins of unstable nuclei from total reaction cross sections
¢ Proton-nucleus elastic scattering in inverse kinematics

e 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

e Neutron-proton differential flow

e Neutron-proton correlation functions at low relative momenta

e t/°He ratio

e Hard photon production

Towards high densities reachable at CSR/Lanzhou, FAIR/GSI, RIKEN,
GANIL and, FRIB/MSU (B E4TH)
o n’/n " ratio, KY/K° ratio?

e Neutron-proton differential transverse flow :
« n/p ratio at mid-rapidity B.A. Li, L.W. Chen, C.M. Ko

e Nucleon elliptical flow at high transverse momenta Phys._ Rep. 464, 113(2008)
e n/p ratio of squeeze-out emission Citations: 1020+
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An incomplete list

® Cooling Storage Ring (CSR) Facility at HIRFL/Lanzhou in China (2008)
up to 500 MeV/A for 238U (~1GeV/Afor C)
http://www.impcas.ac.cn/zhuye/en/htm/247.htm

® Radioactive lon Beam Factory (RIBF) at RIKEN in Japan (2007)
http://www.riken.jp/engn/index.html

® Texas A&M Facility for Rare Exotic Beams -T-REX (2013)
http://cyclotron.tamu.edu

® Facility for Antiproton and lon Research (FAIR)/GSI in Germany (2022?)
up to 2 GeV/A for 132Sn (NUSTAR - NUclear STructure, Astrophysics and Reactions )
http://www.gsi.de/fair/index_e.htmi

® SPIRAL2/GANIL in France (2013)
http://pro.ganil-spiral2.eu/spiral2

® Selective Production of Exotic Species (SPES)/INFN in Italy (2015)
http://web.infn.it/spes

® Facility for Rare Isotope Beams (FRIB)/MSU in USA (20227?)
up to 400(200) MeV/A for 1325n
http://www.frib.msu.edu/

®The Korean Rare Isotope Accelerator (KoRIA-RAON(RISP Accelerator Complex) (20217?)
up to 250 MeV/A for 132Sn, up to 109 pps



http://www.riken.jp/engn/index.html
http://cyclotron.tamu.edu/
http://pro.ganil-spiral2.eu/spiral2
http://pro.ganil-spiral2.eu/spiral2
http://pro.ganil-spiral2.eu/spiral2
http://pro.ganil-spiral2.eu/spiral2
http://www.frib.msu.edu/
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E (MeV)

LW Chen et al., PRC80, 014322 (2009) Ewym(e) =

30

20

10

Enfﬁ]‘
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SHANGHAI JIAO TONG UNIVERSITY

Why Heavy-lon Collisions?

It is very difficult to obtain information on the nuclear matter EOS at higher
densities from nuclear properties around normal density which can be
extracted from nuclear structure of finite nuclei and nuclear excitation!

-1 -

Symmetric Nuclear Matter
MDI Interaction
exact

p/po

J
Eglpo)+ Loy + —a'.' + —DI3 -I-

EETHHE: XR&

'

RS HIE

J. I

Eqym(po) + Ly + ﬂm | ;F.mf'l' :F:“ x4+ 00

120 T T T T T T 7
- MDI Interaction + g /
100 | exact | ae a
.r"_
< 80 ]
= 60 )
‘h—#‘g ]
W 40 |
20 B

0 N T

plp,
¥+ 0%
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Isospin-dependent BUU (IBUU) model
Phase-space distributions f ('r, |'o,t) satify the Boltzmann equation

of(r,p,t) I Vv v I

p +V eV It -Ve-V T=I1(foy)
® Solve the Boltzmann equation using test particle method
® Isospin-dependent initialization

® Isospin- (momentum-) dependent mean field potential

PRI

® |[sospin-dependent N-N cross sections
a. Experimental free space N-N cross section o,
b. In-medium N-N cross section from the Dirac-Brueckner
approach based on Bonn A potential 6, megium
c. Mean-field consistent cross section due to m*
® Isospin-dependent Pauli Blocking
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Transport model: IBUUO4

Isospin- and momentum deoendent potential (MDI)

Ulp.o.p,7.x) =

Das/Das Gupta/Gale/Li,
PRC67,034611 (2003)

P (MeV/fm®)

_I | I | | | I ‘ | | | | I | I i
-Symmetric Nuclear Matter from MDI interactior

Lol b Ly b by oy

10 15 20 25 30 35 40 45 50

plp,

Au(z) 2+ A(r) +B( )7(1 — 26%) — St : Jpﬁ
Po 20 o a4+ 1 p§
QCTJ ! fT(r-p QCTTI f (F ,?-_f:l
LI B Tt 3 s
" Po f L+ (- PR/ " p fﬂf L+ (p—p)2 /A%
2B 2B
A, (z)=—-9598 — T T Ajlx) = —IQG.ET—I—;EJ_'_ 7
8U — .
y .
1 MDI interaction S MDI Interaction
: 2 )
60 /] 3
~ ] S P, =0.16 fm
> ] S ]
z o] // ’*0“”- E(p,)/ A=-16 MeV
@ 1 /.7 ] ' Esym (/00) =31.6 MeV
uJg\zo' o =1~ K, =211 MeV
A [ m*/m=0.68
A0 | Chen/KolLi,
ok PRL94,032701 (2005)
0.0 0.5 1.0 1.5 2.0Li/Chen,
plp, PRC72, 064611 (2005)
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In-medium Nucleon-nucleon cross sections:

SHANGHAI JIAO TONG UNIVERSITY

Effective mass scaling model

®Neglecting medium effects on
the transition matrix

®Medium effects:
effective mass on the incoming
current in initial state and level

density of the final state
2

*
Hyn

Hn

Gmedium lafree ~

*

My Is the reduced mass of the

colliding pair NN in medium

J.W. Negele and K. Yazaki, PRL 47, 71 (1981)

V.R. Pandharipande and S.C. Pieper, PRC 45, 791 (1992)
M. Kohno et al., PRC 57, 3495 (1998)

D. Persram and C. Gale, PRC65, 064611 (2002).

1. In-medium cross sections are reduced

2. nnand pp cross sections are splitted
due to the neutron-proton effective mass
slitting in neutron-rich matter

Li/Chen, PRC72 (2005)064611

0.8

0.6

ciurn'lrﬂ-'i'ee

ED4

0.2

0.8

0.6

0.4

0.2

O,

medium |o wee IN NEUtron-rich matter

§=0.2, p=p.”

————— .
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Isospin Diffusion/Transport

@ Particle Flux:

L,=n;(v, —v),

Wit ¥,

Isospin Flow: i

[ =Tn =T, = —n(Dr)=.

Isospin diffusion coefficient D

depends on the symmetry potential
my=
Sy— @ L. Shi and P. Danielewicz,

Phys. Rev. C68, 017601 (2003).

How to measure F. Rami et al. (FOPI/GSI) PRL84, 1120 (2000)
Lsospin Diffusion?  freesuedlipn ot te sesenh'® p v B+B A+B

2 X4+ _ y4+4 _ xyB+8  X:isospin tracer

RX = XA+A _XB+B
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T FREERRET: EILAESRE]

Isospin diffusion in 12*Sn+1°Sn@E/A=50 MeV and b=6 fm

1.0

L M%en+ %90 (no diffusion)

Data favors a
stiff symmetry
ferms near
INt 5
Es_rn.r(p) o (p)

M.B. Tsang et al.
PRL 92, 062701

(2004)
~ 0 If complete isospin mixing/ equilibrium

— 0 (Stronger);
— +1 (Weaker)

The theoretical analysis (BUU) did NOT include Momentum Dependence
for nuclear potential !
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Comparing momentum-dependent IBUUO4 clculations with data on isospin transport

1.5 . . . . . Chen/Kol/Ll,
. [PsneTs] o | PRL94, (2005) 032701
10deaa” Vo + sekp | Citations: 437+

plp, (MDI)
. plp, (SBKD) | A[l have the same

x 1 2
0> = Esym (p)=31.6 (p/po)*®
0.0+

Momentum-independent Momentum-dependent

. i 4 g
MDI with x=-1 | £ /_50 Mev and b=6 fm

0
20 -10 0 10 -20 -10 0 10 -2 -

t=0 fm/c -p/20 | t=40 fm/c

X (fm)

-20 10 0 10 20
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Symmetry energy, isospin diffusion, in-medium cross section
Chen/Ko/Li, PRC72,064309 (2005)

Li/ Chen, PRC72, 064611(2005)

E/A= 50 MeV and b=6 fm
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Isoscaling in HIC’s

Isoscaling observed in many reactions

M.B. Tsang et al. PRL86, 5023 (2001)
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Constraining Symmetry Energy by Isocaling: TAMU Data

1 - I I I

— MWD
______ o Eﬂg}-ﬂ‘: Shetty et al.
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Consistent with isospin diffusion data!




Y(p))

S~

DR(Y(n)

YEZAAE

SHANGHAI JIAO TONG UNIVERSITY

XTPREESRST: EMALBESRERFAN n/pEL R

IMQMD: n/p ratios and two isospin diffusion measurements
Tsang/Zhang/Danielewicz/Famiano/Li/Lynch/Steiner, PRL 102, 122701 (2009)
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Consistent constraints from the ;2 analysis of three observables
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Symmetry energy constrained at sub-saturation densities
31.6(p/ p)" " <E . (p) < 3L6(p! )" (

between the x = 0 and x = -1 lines, agrees extremely well with the APR
Chen/Ko/Li, PRL 94, 032701 (2005)
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Tsang et al., PRL 102, 122701 (2009)
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|l Selected for a Viewpoint in Physics week endin
PRL 104, 202501 (2010) PHYSICAL REVIEW LETTERS 21 MAY 2010

Symmetry Energy of Dilute Warm Nuclear Matter

J.B. Natowitz,' G. Répke,” S. Typel,** D. Blaschke,”® A. Bonasera,"’ K. Hagel,' T. Klihn,* S. Kowalski,' L. Qin,"'
S. Shlomo,' R. Wada,' and H. H. Wolter’
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2

-l-l-l-ﬂT.E rv v/ 7%¢¢°¢
0 =
% 7
s |
Revised:
= 5 -
a =137330
‘-I,',.' a, =76500 7
3II-II N
0.000 0.005 0.010 0.000 0.005 0.010 0.015

-3y Zhao-Wen Zhang and LWC, PRC95, 064330 (2017
n, (fm”) 9 L0

Mott points

The binding energy of clusters
depend on T and ng

TABLE II. Parameters for the in-medium cluster binding energy
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
fit the experimental Mott densities [47].

Mott Point: Binding energy vanish Cluster i ay B
(MeV>? fm?) (MeV) (MeV) (MeV)
@ 164371 (137330)  10.6701 28.29566
Data of Mott points: d 38386.4 (76500)  22.5204 02223  2.224566
. 69516.2 7.49232 8.481798
K. Hagel et al., PhyS Rev. Lett. 108, 062702 (2012) ;, 583142.5 6.07718 7718043
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Zhao-Wen Zhang and LWC, PRC95, 064330 (2017)
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. I > - — 1 + Wada
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/// sym > Natowitz
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ped 1o sosml vaisnal 4w sovod v isend 4 sosml v isinal 4o sovnd v ovsnd el

10* 10° 107 10 10° 107 10" 10° 10‘23 10* 10° 107 10* 10° 10% 10
n, (fm~)

St ® 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)




Light Cluster Production and Coalescence Model

The coalescence model
1+24+---+M > C

= dgpi . .
N¢e = gcjli:l[ p,-do; (27?)3Ei fi (% pi)pcw(xl""’xlvlv EERERE)
do,:
pe

Depends on constituents’ space-time structure at freeze-out
Neglecting the binding energy effect (T>>E; 4in,
Coalescence probability: Wigner phase-space density in the rest-frame of the cluster.

Rare process has been assumed (the coalescence process can be treated perturbatively)

Higher energy collisions and higher energy cluster production!

Chen/Ko/Li, PRC68, 014605 (2003); NPA729, 809 (2003)




Wigner phase-space density for Deuteron
Wigner transformation

w L N S . AL
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Hulthen wave function
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27(o — r

0.4 e 4 ' ' ' '
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0.3 1 341
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Wigner phase-space density for t/*He

Assume nucleon wave function in t/3He can be described by the harmonic
oscillator wave function, i.e.,

e 3/4 1
w(r)= (—] exp(—= maor?)
27T 2

with @ the harmonic oscillator frequency
t/3He Wigner phase-space density and root-mean-square radius:
Pyoe P MK k) =8 exp(—p® oy = 2% | o] — o/k] — 03K7)

<2 >_ 1 mZ(m,+m)+m;(m, +m)+m:(m +m,)

vHe/ 90 (m, +m, + m,)mm,m,
1 3 m m : i
=—(,-r,), A=,|— Ll _r+ 2__r,—r,) (Jacobi Transformation
P ﬁ(l 2) 2(m1+m2 1 m, +m, 2 3)( )
NA J6
k = mk, -mk,), k,= m.k, + m,k, —(m, + m,)k
D m1+m2( 2N 1 2) p) 2(m1+m2+m3)( 3™ 32 (1 2) 2)

o; = (uw)™ and o7 = (u,w) " with

(1 1}1 3( 1 1}1
=2—+—| and u,=— +
m, m, 2{m+m, m,
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Isospin symmetric collisions at E/A*100 MeV

®Ar+°Ni@E/A=95 MeV, 60°<

(a) Deuteron

O data (b=4-5fm)

—— IBUU+Coalescence |

R

(b=4.5 fm)

O

(d) Deuteron

dW/dE, (Me
=
o

1 (b) Triton

s

i (e) Triton

1 (c) *He

o

- (f) *He

N BN 100 1BN 9NN 92BN N

En 10N

Data are taken from INDRA Collaboration (P.

Pawlowski, EPJA9)

Try Coalescence model
at intermediate energies!

= Deuteron energy spectra
reproduced

= Low energy tritons slightly
underestimated

= Inverse slope parameter of
3He underestimated; probably
due to neglect of

» larger binding effect
» stronger Coulomb effect
* wave function

Chen/Kol/Li, NPA729, 809 (2003)




Symmetry Energy Effects on t/°He ratio

2.5

(b) MDY]I
“CarCa
E=B0 AMeV, b=0 fm

(a) SBKD

m  Soft Sym. Pot.
Y O Hard Sym. Pot.
T
> 2.0 -
=
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-
= =

=

y . S S —— —
0 20 4[] ﬁO 8[1 ‘ID{] 0 20 40 60 80 100 O 20 4[} 60 80 10[}120

_(MeV) _ .
hm Stiff: MDI with x =-2

Soft: MDI with x =1

Stiffer symmetry energy gives smaller t/3He ratio




YEXAAY

SHANGHAI JIAOTONG UNIVERSITY

M FREERRET: BRI F=E

Effects of momentum-dependence of nuclear potential

Chen/Kol/Li,
PRC69, 054606 (2004)

Stiff Symmetry Energy:
MDI with x = -2

Soft Symmetry Energy:
MDI with x =1

t/3He ratio

2.5

T T T T T T T T T ! 1 v
| (b) MDI
52Ca_|_48(:a
E=80 AMeV, b=0 fm

| ® Soft Sym. Pot.
O Hard Sym. Pot.

Y(©)/YCHe)
N
o

.

Still sensitive to the symmetry energy

0._ 8”7 l 5\[}

1.5 +————1—




2Rt SATRRERRGH: BT-BTABRER

SHANGHAI JIAO TONG UNIVERSITY

Two-Nucleon Correlation Functions

How to detect the space-time structure of
nucleon emission experimentally?
The two-particle correlation function is obtained by convoluting
the emission function g(p,x), i.e., the probability of emitting a
particle with momentum p from space-time point x=(r,1), with
the relative wave function of the two particle, i.e.,

The two-particle correlation function is a sensitive probe to
the space-time structure of particle emission source by final
state interaction and quantum statistical effects (¢(q,r))

Correlation After Burner (Crab):
including final-state nuclear and Coulomb interactions (S. Pratt, NPA 566, 103 (1994))
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Average emission time (fm/c)

120

100

[0}
o

(2}
o

N
o

20

Space-time structure of nucleon emission
Emission times from IBUU

.\I\.\ 52Ca+%8C
'izgiﬂigzgiéil\. E/A80 l\jllev, b=0 fm
| Tagslia .
1 RN | Chen/Kol/Li,
\f%\u\'\_ PRL90, 162701 (2003)
l NN
O
A\ N
- Z§\§ []\\E;\].
N N
]l —m—p,—o—n(=05) \ﬁ§ \i\;\.\
22z,

T T T T T T T
50 100 150 200 250 300 350 400

= High momentum nucleons emitted earlier than low momentum ones
= Earlier emissions for stiffer symmetry energy
= Larger separation in neutron and proton emission times for softer

symmeftry energy
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Symmetry Energy Effects on Two-Nucleon Correlation Functions

P N W A~ OO N

(@) nn 1

A
P<300 MeV/c T .\ P>500 V
*ca+®Ca T \\A\
E=80 AMeV, b=0fmT =
‘ y
\ [N,
| e,

(b) pp |

Pairs with P>500 MeV:

n-n CF: 20%
p-p CF: 20%
n-p CF: 30%

Chen/Kol/Lli,
PRL90, 162701 (2003)

la (@nni a
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! E e —
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Effects are very small for
both isoscalar potential and
N-N cross sections
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Chen/Ko/Li, PRC69, 054606 (2004)
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Effects of momentum-dependence of nuclear potential

(a)nn7
P<300 MeV/c
*Ca+"Ca

- E§=E~D AMeV, b=0 fm+

(d) nn’
P>500 MeV/ic |

W= P W s U~ OO

(b) pp !

P

o
4
T

o e e

(©)npt

= MDI with soft sym. pot. T
—0— MDI with hard sym. pot.+

---------
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MDI
Das, Das Gupta, Gale and Ll

PRC67, (2003)
Stiff Symmetry Energy: MDI with x = -2

Soft Symmetry Energy: MDI with x =1

Pairs with P>500 MeV:
n-p CF: 11%

The isospin effects on two-particle
correlation functions are really
observed in recent experimental data !!!
R. Ghetti et al., PRC69 (2004) 031605
M ENI%E, PLB, (2006)
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Heavy-lon Collisions at Higher Energies

— e
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Isospin fractionation!

30 n/p ratio of the high density region

Li/Yong/Zuo, PRC 71, 014608 (2005)
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I ~ 289 MeV (NN —> NN x)
K*/AIZ: ~1583 MeV (NN — NYK™)

K™ : ~ 2513 MeV (NN — NNK*K")
= ~ 3740 MeV (NN — NEK"K")
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/AN S
nn O 1 5
a) A(1232) resonance model pp 5 1 0
in first chance NN scatterings: np(pn) 1 4 1
(negelect rescattering and reabsorption)
7z~  S5BNZ + NZ . .=
P 5=2 + = - 2

R. Stock, Phys. Rep. 135 (1986) 250.

b) Thermal model:
(G.F. Bertsch, Nature 283 (1980) 281; A. Bonasera and G.F. Bertsch, PLB195 (1987) 521)

— o expl(sh, — 14,)/KT]
=y = (3, ~VE)G Ny +KT LN 22 37550 2 290" o)

p m
H.R. Jagaman, A.Z. Mekjian and L. Zamick, PRC (1983) 2782.

c) Transport models (more realistic approach):
see, e.g., Bao-An Li, Phys. Rev. Lett. 88 (2002) 192701.
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[ MDI interaction §Fﬁfer P
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pion @&tio (FOPI) 3.0 4.0 5.0
IBUU04, Xiao/Li/Che§/Yd¥fy/Zhang,
PRL102,062502(2009)

ImIBLE, Xie/Su/Zhu/Zhang, PLB718,1510(2013)

P%‘f Plonl:|$$

Soft or Stiff at supra-saturation densities ??7?
pion ratio (FOPI): ImIQMD, Feng/Jin, PLB683, 140(2010)

n/p v2 (FOPI):

Russotto/Trauntmann/Li et al., (UrOMD)

PLB697, 471(2011)

(p/po)Y with y =0.9+04

PRC94, 034608 (2016) |y = 0.72 £ 0.19]

Xu/Ko/Oh

Pion Medium Effects?
Threshold effects?

A resonances? ......
PRC81, 024910(2010)
Xu/Chen/Ko/Li/Ma

PRC87, 067601(2013)
Hong/Danielewicz,

PRC90, 024605 (2014)

Song/Ko, PRC91, 014901 (2015)

Z. Zhang/Ko, PRC95, 064604 (2017)
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Subthreshold kaon yield is a sensitive probe of the EOS of
nuclear matter at high densities

0.12
0.10-
Q.F. Li, Z.X. Li, S. Soff, R.K. Gupta, M. 0,06
Bleicher, and H. Stocker, JPG31, 1359 (2005) s
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Subthreshold kaon yield is a sensitive probe of the EOS of

nuclear matter at high densities

Theory: Famiano et al., PRL97, 0562701 (2006)Exp.: Lopez et al. FOPI, PRC75, 011901(R) (2007)
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Subthreshold K/K* yield may be a sensitive KY/K* yield is not so sensitive to the symmetry
probe of the symmetry energy at high densities energy! Lower energy and more neutron-rich

system???




w (MeV)

Y EXAA%

SHANGHAI JIAO TONG UNIVERSITY

X FREE

e TEE =

Q.F. Li, Z.X. Li, E.G. Zhao, and R.K. Gupta, PRC71, 054907 (2005)
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In the squeeze-out direction: nucleons emitted from the high density participant
region have a better chance to escape without being hindered by the spectators.
These nucleons thus carry more direct information about the high density phase of

the reaction.
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The effect can be 40% at higher p+ !
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Isospin asymmetry
of free nucleons

Neutron-proton differential flow

iI=N(y)

F* (y)=——
oY) N( v Z p;* -
7. = +1 fornandp

symmetry potential is generally
repulsive for neutrons and
attractive for protons

Bao-An Li, PRL 85, 4221 (2000).
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[E(0,8) = Eo(p) + Eqm(p)8? + Eqma(p)5* + 0(5%)|

K J I ———
Lo(p) = Eo(po) + 2—?)(2 3?)(% —- 4—0)( +O0() 6 = (pn— pp)/p
P — Po
Ksy111 L sznl % Isynl X — —_
Ks m, Js m,4 ]s m,4
Egyma(p) = Esyma(po) + Lsym,4X + ; : X2 + ;' X3 + Z' 4 + O(X )

Order of the characteristic parameters according to the expansion with y and o:
Order-0: Eo(py);  Order-2: Ko, Eq(po);
Order-3: Jy, L;  Order-4: Iy, Kyn(Po), Eyma(Po)
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Order of the characteristic parameters according to the expansion with y and o:
Order-0: Eo(py);  Order-2: Ko, Eqy(po);
Order-3:J,, L;  Order-4: Iy, Kyn(Po), Esyma(Po)

Order-0 > Eo(py) =-16X1 MeV
Order-2 > Ko=240%X20 MeV, E;,,(p,) =32.5F2.5MeV???
Order-3 > L =55%25 MeV???, J,=???

Order-4 > 152222, Kyn(00)=772, Eqy alpg) =227




(1) EOS of symmetric matter around the saturation density pg

K J, _P=M i
Fo(p) = Eolpo) + T.O‘(z Dx O X - Giant Monopole Resonance
60 I ‘ I I ! I I | I I LI J . —
| Symmetric Nuclear Matter EOS I' i |nC0mpreSS| b| I |ty: p (1/m°)
(Skyrme-like model) P 8.16
40 +— /I d E e 8,14
I K,=380 MeV/ K =9 Jor ( x p )po 0-12

8.86

8,84
6,62
a

00 05 1.0 1.5 20 25 30

plp,
K =231+5 MeV Frequency fgq o K,
Youngblood/Clark/Lui, PRL82, 691 (1999)
Recent results:

VIR P(RVIAVE  Uncertainty of the extracted K, is mainly due to the uncertainty of

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

J. Piekarewicz et al.



(2) EQS of symmetric matter for 1p,< p < 3p, from K* production in HIC’s
J. Aichelin and C.M. Ko,

7T N 7 g ——_——_—— 7 PRL55,(1985) 2661
' | ' 7
[ | @-@®softcos ;|1 C. Fuchs,
6 [ 40 | E-MhadEOS ; |1 Prog. Part. Nucl. Phys. 56, (2006) 1
i KaoS /

_ C. Fuchs et al,

1] PRLS86, (2001) 1974

' Transport calculations

] indicate that “results for the
{  K* excitation function in Au
1+ Au over C + C reactions
as measured by the KaoS
Collaboration strongly

] support the scenario

| See also: C. Hartnack, H. Oeschler,

| b———————————" 414 J. Aichelin,
* * ‘6 PRLYG, 012302 (2006)
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(3) Present constraints on the EOS of symmetric nuclear matter for 2p,< p < 5p,

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

_ The highest pressure recorded under
symmetric matter .- .
laboratory controlled conditions in
__ 100t nucleus-nuciQus collisions
(‘:g L
]
%
=
& 10 3 N L Fermi gas
[ — — Boguta
-— Akmal ]
——K=210 MeV
= K=300 MeV -
1 E::dexperiment
1152253354455
p/p,
® Use constrained mean fields to predict High density nuclear matter
the EOS for symmetric matter 2 to 5pg
* Width of pressure domain reflects ,( OE
uncertainties in comparison and of Pressure P(p) = p

op

assumed momentum dependence. >
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(oscillation response coefficient A )
Qy =45

Q;;: Quadrupole moment

g;- Tidal field of companion

5 k,: Love number
/’L:—k2R5 R: Radius
3 M: Mass

Dimensionless Tidal Deformability

Az%kz(R/Mf

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)
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MnE Gravitational-wave time-frequency map
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Single mass

NS oscillation/BH formation

LIGO is sensitive to increase in orbital
frequency as system loses energy to both
gravitational waves and internal excitation
of neutron stars. GW170817 data place
limits on polarizability (deformability) A
of NS and hence limits on NS radius.
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Merging neutron stars
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Two inspiralling neutron stars Single mas:

Tidal deformation

Inspiral Chirp signal NS oscillation/BH formation

PFEHAUREPFETFHREREERIL-10p, = EHEIEE] ~50 Mev, ERH
IEESHIEIE!

Refs: Elias R. Most et al., PRL122, 061101 (2019), Andreas Bauswein et al., PRL122, 061102 (2019)
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| Selected for a Viewpoint in Physics

week endin
PRL 119, 161101 (2017) PHYSICAL REVIEW LETTERS 20 OCTOBER 2017
GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral
B.P. Abbott e al.’ Citations > 3384

(LIGO Scientific Collaboration and Virgo Collaboration)

O On August 17, 2017, the merger of two neutron stars was observed
with gravitational waves (GW) by the LIGO and Virgo detectors.

O The Fermi and Integral spacecrafts independently detected a short
gamma ray burst.

O Extensive follow up observations detected this event at X-ray, ultra-
violet, visible, infrared, and radio wavelengths.

O No ultra-high-energy gamma-rays and no neutrino candidates
consistent with the source were found in follow-up searches. These
observations support the hypothesis that GW170817 was produced by
the merger of two neutron stars in NGC 4993 followed by a short
gamma-ray burst (GRB 170817A) and a kilonova/macronova powered
by the radioactive decay of r-process nuclei synthesized in the ejecta
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X ERALE EOS of Neutron Star Matter

SHANGHAI JIAO TONG UNIVERSITY

[0 Core of the neutron stars consist of infinite B-equilibrium
npep matter with charge neutrality. I1ts EoS iIs determined
by the extended Skyrme-Hartree-Fock(eSHF)

O The inner crust 2.46x10*fm™=n_, <n<n,

n, Is determined self-consistently

P=a+bd¥® by using dynamical method
(XU/LWC/Li/Ma, ApJ697,1549(2009))

—_ I:)outmq%ltg — Pt (?Lftg b= Pt — I:)out

3 43
W — o W — o

0 The outer crust

Outer crust: nucle

[nner crust: nuclei + neutron gas
Rod- and plate-like structures

Uniform nuclear matter

Condensates of

KLY
Quarks?

6_93X10_13fm_3 <N< nOUt (EOS Of BPS) ~0.3km  ~0.6 km ~10 km
Core-Crust edge

4.73x107*fm~ <n<6.93x10™°fm™ (EOS of Feynman-Metropolis-Teller)




X #1425The extended SHF Energy Density Functional

SHANGHAI JIAO TONG UNIVERSITY

Extended Skyrme Interaction:
vi; = to(l+x9Fy)d(7)
+ %tl(l + 11 P [K"?6(r) + 0(r)K?]
+ta(l + o Pyr) K- 0(r) K

1
-+ 61‘3(1 + AESPJ)H(R)Q(S(T)

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

1 B 2 3 Y 8 211 J-M. Pearson,
+ 5111(1 + 4 P)[K?n(R)5(r) + 6(r)n(R)PK?] PRCS0

+ts(1+ a5 P YK - n(R)5(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, tg ~ t5, xg ~ x5 * =5 ot Hat Hen > (Vor ——(‘?’m
Gsy
- - — 2V sVpV Heou + He Hg,
13 macroscopic nuclear properties: g VAR oo TS0 T T ‘

g, EO‘! I{Uf "]05 ES}'IT.IE L:' I(S}Tﬂ! -}ﬂ,: E Tn: 0 GSE GV GSV? Gi[]l




XEXLLZ \Why extended SHF EDF?

SHANGHAI JIAO TONG UNIVERSITY

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 Ion Accelerator, Lanzhou 730000, China

symmetry energy softer at subsaturation densities (favored by
experimental constraints and theoretical predictions) but stiffer
at higher densities (favored by the observation of 2M;, neutron
stars) challenges the SHF model with the conventional Skyrme
interactions. For example, the Skyrme interaction TOV-min
[28], which is built by fitting properties of both finite nuclei
and neutron stars, can successfully support 2M, neutron stars
but predicts a neutron matter EOS significantly deviating from
the ChEFT calculations [14] as well as the constraint extracted
from analyzing the electric-dipole polarizability in 2**Pb [49]
at densities below about 0.5 py,.

Furthermore, it is well known that a notorious shortcoming
of the conventional standard Skyrme interactions is that
they predict various instabilities of nuclear matter around

saturation density or at supra-saturation densities, which in
principle hinders the application of the Skyrme interactions
in the study of dense nuclear matter as well as neutron
stars. For instance, most of the conventional standard Skyrme
interactions predict spin or spin-isospin polarization in the
density region of about (1 ~ 3.5)py [25.51], including the
famous SLy4 interaction [19] which has been widely used in
both nuclear physics and neutron star studies and leads to spin-
1sospin instability of symmetric nuclear matter at densities
beyond about 2pp [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)
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tended Skyrme forces with fixed Jo&K,,

|nDt EU? I{Dt '-}er ES}’II]? L? I{S}fﬂl: '?le E :'rn:r 0: GS: GV GSV? G’[]l

cl binding spergee B (1 charge e i poeany, QUF Strategy: |
iﬁiﬂiiﬁf; fzf;ﬁpﬂi;;: sép[f;;r]llental error [31], and ] ng_he r-order JO and Ksym are fixed at
, ‘ ——— various values
St et SO QE,,(p) and Lp) atp, =01 fm ar
B s Tixed at Eq,(p)=26.65 MeV and

OCa  —342052 34776 L(p.)=47.3+/-7.8 MeV using heavy

*Ca 416001 34771 Isotope binding energy difference and o
UNL 483905 37760 of 298Pp (z. Zhang/LWC, PLB726, 234(2013);
: e PRCO0, 064317(2014))

%7,  _mamos 42694 1781008 O Other 9 lower-order parameters and W,
1008, —825.300 are calibrated to fit data of finite nuclei
"eSn —988.681  4.6250  15.90+0.07 | Causa“ty

1928n  —1102.84

WiSm o 119573 49524 1525011 Minimizing the Chi-square y2(p) :
208pL —1636.43  5.5012 14.18+0.11 ;.zz(:;ii} O(th)(p) O(exp)

1.77({2&;}) 2 (P)= Z( O, j




&y LFLLLE Observed Nstar max. mass and Tidal def.

SHANGHAI JIAO TONG UNIVERSITY

28 OCTOBER 2010 | VOL 467 | NATURE | 1081

LETTER

A two-solar-mass neutron star measured using

Shapiro delay ]
P. B. Demorest', T. Pennucci’, S. M. Ransom', M. S. E. Roberts® & . W. T. Hessels"* Obse rved heaVIeSt Nstar SO far (befo re 2019 ):

doi:10.1038/nature09466

A Massive Pulsar in a Compact Relativistic Binary PSR ]0348+0432

John Antoniadis et al.
MAAAS\

Science 340, (2013);
DOI: 10.1126/science.1233232

|8 Selected for a Viewpoint in Physics week endin
PRL 119, 161101 (2017) PHYSICAL REVIEW LETTERS 20 OCTOBER 3017

S
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)  {eyy170817: Measurements of neutron star radii and equation of state

2.01 + 0.04 solar mass (M.)

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

GW170817 (LIGO/Virgo):
70< A, , <580
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JO: Flow data in HIC’s

Y. Zhou/LWC/Z. Zhang, PRD99, 121301(R) (2019) [arXiv:1901.11364]

600_'|'|'|'|'|
| Symmetric Nuclear Matter

100

P(n) (MeV-fm™)

L in eSHF with various J, and Keom

ttttt
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10 — ]
X KSW: [-200, 60] (MeV)
<3 A R NPU U RI N R I
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n/n,

6.0

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

| Eqm(po)= 26.65 MeV
L(p.)= 47.3 MeV

Pressure of SNM s
very sensitive to JO
but essentially
Independent of Ksym

-550 MeV ~ < J, < -342 MeV: Flow Data in HIC’s
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JO and Ksym: Flow data, NStar Mass, A

Y. Zhou/LWC/Z Zhang PRD99 121301(R) (2019) [arXiv:1901.11364]

2.4 I
' ' ' ' JO =-342 MeV
23| JO=—3{}0 {Me\f) -
ool JO = -464 MeV
ol " Ksym < - 36 MeV
s
T 2.0 F /vA1.4 < 580
= (-464,-36) -
= 19| . (J,K,,.) MeV - GW170817 (LIGO/Virgo)
1.8 F * A, =580 4
L *i (Upper limit of GW170817) 'A1.4 > 261
7T S eSHF w.th various J; and K, | Consistent with EM counterpart of
16—t - R R GW170817, see, e.g.,
-200  -150 -100 -50 0 50 | D. Radice et al., ApJL852, L29(2018);
Kyym (MeV) M.W. Coughlin et al., MNRAS 480,
3871(2018)
Kqym affects strongly M.,

for Ky,< - 100 MeV

Flow Data in HIC +Mmax:
Kym > -175 MeV, A, ,>261

sym

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

sym
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EOS: Flow data, NStar Mass, A

Y. Zhou/LWC/Z. Zhang, PRD99, 121301(R) (2019) [arXiv:1901.11364]

o Gl 5x10° L(p.)=47.3+/-7.8 MeV
2 | Ho using o, of 2%8Pb (Z.
s [11] 1AS+NSkin 10°
< 10° } FFE o, in “*Pb Zhang, LWC, PRC90,
< - 064317(2014) )
|.IJUJ 1 =

10’ 10 _

I o e e 10° ‘3 L (p.) indeed affects
f-ﬁg e the extraction of Esym
- 10° "
> 107 T at high densitities but
= cswruinio | | g _-10/' does not change much
g1 s eV | the Nstar matter EOS!
o o0 (This work) v GW170817

e e 10°

0 1 2 3 4 5 61

m’nU

"2 3 4 5 6

L(p.)=47.3 MeV:
J0:[-464,-342] MeV,
Kgym:[-175,-36] MeV

Eqym(2p0):[39.4, 54.5] MeV

L(p.)=39.5 MeV:
JO'[ -475,-342] MeV,
Sym [-203,-34] MeV

L(p.)=55.1 MeV:
J0:[-455,-342] MeV,
Kgym:[-138,-38] MeV
Eqym(2p0):[46.9, 57.6] MeV
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Relativistic Shapiro delay measurements of an
extremely massive millisecond pulsar

H. T. Cromartie®', E. Fonseca®?, S. M. Ransom©3, P. B. Demorest*, Z. Arzoumanian®,

H. Blumer®, P, R. Brook®’, M. E. DeCesar®?, T. Dolch?, J. A. Ellis', R. D. Ferdman®©", E. C. Ferrara
N. Garver-Daniels®’, P. A. Gentile®’, M. L. Jones®’, M. T. Lam%7, D. R. Lorimer®’, R. S. Lynch",
M. A. Mclaughlin®’, C. Ng*', D. J. Nice ©8, T. T. Pennucci®", R. Spiewak @, |. H. Stairs'™, K. Stovall?,
J. K. Swiggum™ and W. W. Zhu?®

edge-on) binary pulsar systems. By combining data from the
North American Nanohertz Observatory for Gravitational
Waves (NANOGrav) 12.5-yr data set with recent orbital-
phase-specific observations using the Green Bank Telescope,
“we have measured the mass of the MSP J0740+6620 to be
[2. 14+E';'E M (68 3% credibility interval; the 95.4% credibility
interval is 2.147022 M_). It is highly likely to be the most mas-
sive neutron star yet observed, and serves as a strong con-
straint on the neutron star interior EoS.

12,13
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Refined Mass and Geometric Measurements of the High-Mass PSR J0740+6620
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ABSTRACT

We report results from continued timing observations of PSR J0740+6620, a high-mass, 2.8-ms radio
pulsar in orbit with a likely ultra-cool white dwarf companion. Our data set consists of combined pulse
arrival-time measurements made with the 100-m Green Bank Telescope and the Canadian Hydrogen
Intensity Mapping Experiment telescope. We explore the significance of timing-based phenomena
arising from general-relativistic dynamics and variations in pulse dispersion. When using various
statistical methods, we find that combining ~ 1.5 years of addltlonal high-cadence timing data with
previous measurements confirms and improves uq daus s of relativistic effects within

the PSR JO0T40+6620 system, with the pulsar mas: 8.3% credibility) determined
by the relativistic Shapiro time delay. For the firs cular variation in the orbital
period and argue that this effect arises from apparent accelel ation due to significant transverse motion.
After incorporating contributions from Galactic differential rotation and off-plane acceleration in the
Galactic potential, we obtain a model-dependent distance of d = 1.1470:17 kpe (68.3% credibility).
This improved distance confirms the ultra-cool nature of the white dwarf companion determined from
recent optical observations. We discuss the prospects for future observations with next-generation
facilities, which will likely improve the precision on my, for J07404-6620 by an order of magnitude
within the next few years.

= 2.081'8'81 Mg
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GW190814: Gravitational Waves from the Coalescence of a 23 Solar Mass Black Hole
with a 2.6 Solar Mass Compact Object

R. Abbott', T. D. Abbott”, S. Abraham’, F. Acemese™’, K. Ackley®, C. Adams’, R. X. Adhikari', V. B. Adya®, C. Affeldt™'’,
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C. Zhao'>, G. Zhao
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LIGO Scientific Collaboration and Virgo Collaboration
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S5%E? ? ? (The mass of ud Quark Star can be 2.77M,
Z. Cao (BE), LWC, P.C. Chu (¥]l§#2), and Y. Zhou (&
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TEXAE hFR: PREX-II

PHYSICAL REVIEW LETTERS 126, 172502 (2021)
Editors' Suggestion

PREX:

Accurate Determination of the Neutron Skin Thickness of 2%Ph The Lead (Pb) Radius Experlment
through Parity-Violation in Electron Scattering

D. Adhikari,' H. Albataineh,” D. Androic,” K. Aniol,* D.S. Ammstrong,’ T. Averett,’ C. Ayerbe Gayoso,” S. Barcus,’

R, — R, =0.283 £ 0.071 fm| | PREX-II: Rskin =[0.212, 0.354] fm for Pb208 Huge Nskin!

In PREX, the neutron density distribution in 208Pb is determined by measuring the parity-violating
electroweak asymmetry in the elastic scattering of polarized electrons off 208Pb and thus is free
from the strong interaction uncertainties

PHYSICAL REVIEW LETTERS 126, 172503 (2021) . Ry (km) )
125 13 135 14 145

Editors' Suggestion 1200 T T T T
i Allowed o

Implications of PREX-2 on the Equation of State of Neutron-Rich Matter §7
Brendan T. Reed®,'>" F.J. Fattoyev®,> C.J. Horowitz®,>* and J. Piekarewicz®"* 1000 _ °/o |

| NICER
: : _ <

RMF: Inconsistent with GW170817: A, , <580 !!! sool ]

1]

& meson may be important in the RMF model l\ | ° PREXI |

F. Li (M) et al., in preparation o I
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R PREX-II

What determines the Nskin thickness?
The density slope parameter L, especially Lc at p.~ 2p,/3 (average density of nuclei)!!!

B. A. Brown, PRLS85, 5296 (2000); R. J. Furnstahl, NPA706, 85 (2002); L.W. Chen et al., PRC72, 064309
(2005); M. Centelles et al., PRL102, 122502 (2009); L. W. Chen et al., PRC 82, 024321 (2010); X. Roca-

Maza et al.,PRL106, 252501 (2011),
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Z. Zhang (5k#&) and LWC*, PLB726, 234 (2013)
Nskin is determined by Lc !!!

Citations: 131+

140

eSHF

- (a)

- a

P=Py

Lc £ 73 MeV

0.15 020 0.25 0.30
Are " (fm)
np

T.G. Yue (EfA4), , LWC*, Z. Zhang (3K#R),
and Y. Zhou (1), arXiv:2102.05267
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Implications of Rskin from PREX-I1I
T.G. Yue (E{ﬁ%ﬂ), , LWC*, Z. Zhang ('5‘-&11&) and Y. Zhou (F_l%ﬁ) arXiv:2102.05267

LI | |
{b] Lc = 65 MeV —-{c] Lc=73MeV .

2.4 -{a] Lc = 57 MeV

o7\ J,=-346MeV

J,=-347MeV |

—o— 300 T

i —&— 350 T = = = Upper limit of T
18} | —<>—-4I]CI—— | Jg i C|a:|I1ta~—
-200 -100 0 -20{] -100 0 -200 -100 0

K, (MeV)

Lc cannot be too big!!! Lc <73 MeV and then set an upper limit on Rskin:
<0.27 fm for Pb208

eSHF provides a single unified framework to simultaneously describe the finite nuclei (Eb,
Rc, GMR, Nskin-PREX-I1) + Flow data in HIC+NStar (e.g., NICER)+GW170817

Eqm(Po) =34.5+1.5 MeV and L=85.5%22.2 MeV
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LWC et al., In preparation, Invited Review
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FRXFFREE: TRFNE RE B

58 analyses of terrestrial
nuclear experiments and
astrophysical observations

Eqm(p) =31.7%3.1
L =57.5%24.5 MeV

Similar conclusion has been obtained in:

B. A. Li and X. Han, Phys. Lett. B727, 276 (2013);
M. Oertel, M. Hempel, T. Klahn, and S. Typel,
Rev. Mod. Phys. 89, 015007 (2017).

Assuming all the constraints
are equally reliable !

Very recent PREX-11+Nuclei+GW et al:
Eqym(Po) =34.5%1.5 MeV
L=85.51£22.2 MeV

E{A%H et al., arXiv:2102.05267
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Z. Zhang (33#) and LWC, PRC92, 031301(R) (2015) "AE(A: 208) oc B, (0r-208): Pacaos =2/ 3P4

o1/ o, (A=208) o B, (Pps5), Pacas =1/ 3p,

40 10 —]
08 _ @ HIC: Sn+Sn
- 0.6 - M.B. Tsang et al., Phys. Rev. Lett.102, 122701(2009)
30 _ @ IAS and IAS+NSkin
S“ L 0.2 . P. Danielewicz and J. Lee, Nucl. Phys. A922 1 (2014)
()] - 0.0 L . s 7] @ Zhang: | indi i
| 000 004 008 0412 016 i g: Isotope binding energy difference
?, B - ¢ B Z. Zhang and L.W. Chen, Phys. Lett. B726, 234 (2013)
3 20 — ] Q Wang: Fermi energy difference
E B ] N. Wang et al., Phys. Rev. C 87, 034327 (2013)
(]
L B I @ Brown: Doubly magic nuclei
| NN ¢, in “®Pb (This Work) ©  Zhang _ .
10 y CIHIC 8 Wang N B.A. Brown, Phys. Rev. Lett. 11, 232502 (2013)
- [ Jias < Brown - @ Trippa: Giant dipole resonance
- ik IAS+NSkin 4 Trippa . L. Trippa et al., Phys. Rev. C 77
| + Wada v Roca-Maza _| !
L #  Kowalski > Cao - @ Roca-Maza: Giant quadrupole resonance
oL+ v v v by by X. Roca-Maza et al., Phys. Rev. C 87, 034301 (2013)
0.00 0.04 0.08 0.12 0.16 @ Cao: Pygmy dipole resonance

3 L.G. Cao and Z.Y. Ma, Chin. Phys. Lett. 25, 1625 (2008)
p(fm™)

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; Kowlski et al., Phys. Rev. C75, (2007) 014601. Natowitz et al., Phys. Rev. Lett. 104,
(2010) 202501.
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Clustering effects on Esym within NL-RMF
for n, p, t, h, a matter

o

F T-7-8 MeV
4+ Wada
> Natowitz

<

The Symmetry Energy (MeV)
S

107 10" 10° 10‘23 10
n, (fm™)

Zhao-Wen Zhang (38 32) and LWC, PRC95, 064330 (2017)

See also: S. Typel, G. Rpke, T. Kl&hn, D. Blaschke,
and H. H. Wolter, Phys. Rev. C 81, 015803 (2010).

Alpha BEC effects on Esym
within NL-RMF for cold npa
matter
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A Soft or Stiff Esym at supra-saturation densities ???

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

100 T

Y. Zhou (B 5), LWC, ApJ8ss,
52(2019) [arXiv:1907.12284]
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St}’l"fer' — 1 ' . n/pv2(FOPI): |(p/po)? with y =0.940.4
LMD |nteract|on Russotto/Trauntmann/Li et al.,
80 L PLB697, 471(2011) (UrQMD)
- .’ L PRC94, 034608 (2016) [y = 0.72 £ 0.19]
. C K APR—— =K~ Cozma/Trauntmann/Li et al.,
> 60 7 o e PRC88, 044912 (2013) (Tublngen QMD - MDI)
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® There are MANY constraints on E, -

(po) and L, and the world average =

values are: 1

Eqym(Po) =31.7%3.1 MeV =

L =57.5%245MeV - =

Very recent PREX-I1 and GW et al: e b
Eqym(po) =34.5£1.5 MeV

L.=85.5%22.2 MeV

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

LL.}!L{{}% }h {{Hhi 1.%[“{};}6[,[{[ ilI ]
UM s

Z. Zhang(3%#R)/LWC,
PLB726, 234 (2013);
PRC92, 031301(R)(2015)

(pNMeV)

E

®Based on the GW(5| J33K)
multimessenger measurements, the high
density Esym cannot be too stiff or too
soft but still with large uncertainty!!!

Y. Zhou (A#1), LWC,
ApJa86, 52(2019)
[arXiv:1907.12284]
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