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Eleven Science Questions for the New Century
US National Research Council (2003)

* What is the dark matter?

* What is the nature of the dark energy?

« How did the universe begin?

* What is gravity?

* Are there additional spacetime dimensions?

* What are the masses of the neutrinos, and how have
they shaped the evolution of the universe?

* How do cosmic accelerators work and what are they ?3‘;,’&'9"
accelerating? y5|(;5

 Are protons unstable?

 Are there new states of matter at exceedingly high
density and temperature?

* How were the elements from iron to uranium made?

* Is a new theory of matter and light needed at the
highest energies?

(1) Compact stars are natural laboratories to investigate some of these questions
(2) Nuclear EOS, especially the high-density symmetry energy is important in some cases



Gravity-EOS degeneracy in supermassive neutron stars

Strong-field gravity: Einstein’s GR or Modified Gravity?

Supermassive neutron stars

N

GR or [Modified Gravity]?

Variation of Total Action
S:Sgravity'l' Smatter + Couplings

Adjusting Nuclear EOS
or adding [Dark Matter]+[Dark Energy]+xyz?

Contents and stiffness of the EOS of super-dense matter

At high-densities, cold neutron-rich nucleonic matter, the most uncertain part
of the EOS is the nuclear symmetry energy besides possible phase transitions

Independent information about nuclear EOS from terrestrial experiments is critical



Fundamental Microphysics Theories Experimental and Observational Macrophysics
underlying each term in the EOS “ underlying each observable and phenomenon,
what ..., why ...., where ...how what ..., why ...., where ...how

\ J

Empirical parameterizations

Transport model simulations of heavy-ion collisions, energy density functionals for nuclear structures,
Bayesian inferences of EOS, properties of neutron stars, waveforms of gravitational waves, ....

E(p,0) = Eo(p) + Esyml(p) 5 Assuming no hadron-quark phase transition

-ZI] . 4

Eo(p) = Eo(po) + ( ) + (F’ ‘3”) +24(’”3P:”)*
L Ko _ 3 4
Eﬂm[p]=55mipu}+i(£—])-I—]W—E(i—'l) +%(£_1) +ﬂ[(i—]):|

Near the saturation density po they are Taylor expansions, appropriate for structure studies.
Just parameterizations when applied to heavy-ion collisions and the core of neutron stars

“Current” status of the restricted EOS parameter space:

Low density: Ko = 240+ 20, Esym(po) =31.7+£3.2 and L = 58.7 £ 28.1 MeV
High density: —400 < Kgym < 100, —200 < Jgym < 800, and —800 < Jp < 400 MeV



Probes of the EOS of symmetric nuclear matter

* Collective vibrations of nuclei probing the incompressibility
K around p,

* Particle production especially strange particles (e.g., Kaons)
from heavy-ion collisions

* Collective flow of various particles & clusters probing K
around p,and high-density EOS with the caveat that they
are also sensitive to the poorly known viscosity
(in-medium particle-particle scattering cross sections)

MANY interesting issues!
The K from different approaches may be different



Equation of State of Neutron-Rich Matter:
E(p,8)=E(p,0)+E_ (p)5*+0(5")

Isospin asymmetry 6 = (p, — p,) I(p, + Py)

Two typical equation-of-states—T—
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Along the saturation line of infinite isospin-asymmetric matter

3L 3Kgyml 3Lgyma  3JoL> 0*E(p, 8) ,
Psat(8) = [] - K_062 + ( K% - ;o - 2;;-3 ) §* Ksat(aJ = .033( 5 3 ~ K[I + Ksal,lfsb + 0(54)

P P=[sat
+ 0(66]]190. (22)

LW. Chen, B.J. Cai, C,M. Ko, B.A. Li, Ksat2 = Ksym = 6L = JoL/Ko.
C.Shen and J. Xu, PRC 80, 014322 (2009)

Derivations:
Step-1: Taylor expand the EOS in isospin asymmetry &  e(p,d) =eqlp) + es(p)d” + ea(p)d* + -+ + €20 (p) 0"

Step-2: Taylor expand all coefficient in density deviationz 2 = (p— o)/ 0.

. . . eo(p) = eolpo) + a1z + g2 + - - + agn 2"
Step-3: Apply the saturation conditionata given 6 e2(0) = ea(p0) + anz + araz? - -t ag”

ao1 + 2a02z + 3agsz® + - - - + naon2™ '+ () (00) 2
. § es(p) = es(po) + G212 + a2 + -+ - + agp2"
de 0 +(a11 + 2a192 + 3a1322 + - - - + nay, 2" )o2+ ‘ "

0z o=z +(ag1 + 2a002 + 3as32® + - - - + nag, 2" )d+

€an(p) = e2nlpo) + @12 + a-nQZQ + et app 2™
e (5) = exn(pm)

+(Cp1 + 2ap22 + 3,322 + -+ na.n.n:“'_ljﬁﬁn =0.

Step-4: try the polynomial solution with 2., = A58 + Ay6* + -+ - + Ag6%",

- JD 2
Ko = Ko+ (fgm — 6L — K—,OL> s

Step-5: set all coefficients of 62" to zero
JIJLsymA 9L2 szmL

L 3Lg (3wl 3Lams 3L +(Ksym-4 I R el
t — T
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Examples: binding energy,

K. Kolehmainen et al., NPA 439, 535 (1985).

saturation density and
incompressibility * J.Treiner et al., Ann. Phys. (N.Y.), 170, 406 (1986).
alonethe saturation line of * D.Bandyopadhyay et al., NPA511, 1 (1990).

neutron-rich matter

Predictions using Skyrme Hartree-Fock
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The main source of the remaining uncertainty of K, (K..) from giant resonances: Its
correlation with the poorly known isospin dependent term K in the incompressibility K, of
finite nuclei

J. Colo, N. Van Giai, J. Meyer, K. Bennaceur, and P. Bonche, PRC 70, 024307 (2004).

. .. 208
Monopole centroid energies in = Pb

Forces with c=1/6
16 T T |

E_; = \/mﬁ_l my = fom dEE*S(E).

Along the saturation line of finite nuclei:
Ky~ Kyo(l4+cA™ ) 4+ K, 0% + Koy 22 A7
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Y 1 X.Roca-Maza and N. Paax, PPNP 101,96 (2018)
135 L Eolmy| =8
¥ EK=250 MeV
1—3500 -’-l-lftﬁ —4|00 -3|50 —3’|00 —21‘10 —Ql)ﬂ -150

the K. term Ky — 6L — JoL/Ky.



Isoscalar Excitation Modes of Nuclear Resonance
Lecture by a pioneer at NUSYS23

K,=240=+20 MeV Prof. Mohsen Harakeh

K
Eisomr ® A2
m<r- > ]
— \/g K ,+(27/25)¢, Isoscalar Giant Resonances:
ISGDR ™~ 7 m < rz >
/ ISGMR (T=0, L=0)
Ka = Kuo + Kmn"_f‘ﬂll:Ug/+Kfr‘fi2 + Kcauim

Isospin dependence of incompressibility ISGDR (1=0, L=1)

K, =-550+100 MeV

ISGQR (T=0, L=2)

Nothing conclusive about K, ,

G. Colo, U. Garg, H. Sagawa, Eur. Phys. J. A 50, 26 (2014)


http://lanl.arxiv.org/find/nucl-th/1/au:+Colo_G/0/1/0/all/0/1
http://lanl.arxiv.org/find/nucl-th/1/au:+Garg_U/0/1/0/all/0/1
http://lanl.arxiv.org/find/nucl-th/1/au:+Sagawa_H/0/1/0/all/0/1

The soft-tin ““puzzle”: both relativistic and non-relativistic models that well
describe the ISGMR of 298Pb can NOT reproduce the data of Sn isotopes

overestimate Two relatively recent reviews:
by 0.5-1 MeV 1 U. Garg and G. Colo, PPNP 101, 55 (2018)
-
S
TR, X. Roca-Maza and N. Paar, PPNP 101, 96 (2018)
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= { RPAfrom PiekarelWIcz .

n1SGyRY, } ; Fiducial value of K, since 1980: 220-260 MeV
atg

fromRCNp J. P. Blaizot, Phys. Rep. 64, 171 (1980).

A Piskarewic
B RCHNP

® ok T T

The community “consensus”: Using microscopic models to first describe well all data
of finite nuclei before using them to calculate the incompressibility K, (K..) of infinite matter

The reality: such models do NOT exist, none of the available models can describe all data
Moreover, not all data for the same nuclei from different labs are consistent

The status quo: the K, (K..) range of 220-260 MeV has been the same for about 40 years
The challenge: the 30-40 MeV error bar for K, (K..) is too big for many purposes
The need: “Forget” about the “consensus” to break the status quo



The puzzle is solved!

Yifei Niu

(myfm_)" of 2°Sn (MeV)

(m,/m_)" of **Ca (MeV)

[ ] SVIK226

RCNP 4

12.8

13.2 13.6
(m,/m_,)"2 of 2%8pPp (MeV)

14.0

14.4

4 N

EISGMR = ﬂ’ \KK—QO + b’

¥

Linear correlation of GMR

energies between different nuclei

-

« QRPA=>QPVC
Simultaneous description of Sn (or
Ca) and Pb is much improved!

* Best descriptions:

SV-K226 K, = 226 MeV

KDEO K, = 229 MeV

consistent with K, = 240 + 20 MeV

Z.Z.Li, Y.F.Niu, G.Colo, arXiv:2211.01264
(02 Nov, 2022) L



Differential analysis of incompressibility in neutron-rich nuclei
Bao-An Li and Wen-Jie Xie, Phys. Rev. C 104, 034610 (2021)

Ki~Ko(14+cA V34 K 6%+ KgoguZ2A™43 J. P. Blaizot, Phys. Rep. 64, 171 (1980).

. H E
Using K, of any two nuclei (Z;,A;) and (Z,,A,) Kn — (Els_ﬁ-ihm) M2 <125

Ka, Ka, Z2ATYR 72ATM 82 82
K, = — — — Kcou — — — —= ), U.Garg and G. Colo, PPNP 101, 55 (2018)
S S2 S S2

2 4—4/3 2 4—4/3 Nucleus| K. (MeV) |Reference
Ko — Ka, _ Ka, _ K, Zid T 44 S5 ©Ca [144.46 £0.33[ [17]
4] Cou 2 2 2 2 "
9 93 o 8 *2Ca [139.00 & 1.09

“Ca |137.36 &+ 0.66
4BCa [131.90 +4.13

S; = 1+ CAt._Ug 106Cd [127.84 £ 0.86| [14]
19Cd |124.59 + 0.86
c-124012 Kcoyu = —5.2 0.7 MeV 1120 [123.59 + 0.77
] 1140d 120.95 + 1.24
S. K. Patra, M. Centelles, X. Vinas, M. Del Estal, Phys. 11609 [118.96 + 0.86
Rev. C 65, 044304 (2002). T7Sn |151.86 & Lo3| [12, 13)

H. Sagawa et al., Phys. Rev. C 76, 034327 (2007). 114g. 119945 4+ 1.64

"%Sn |127.11 +£1.53| Al from
18qn [126.39 +1.54 RCNP
1208n |125.45 + 1.63
122g, |121.33 + 1.54| Garg etfal
1249y [120.17 £ 1.62

204ph [136.93 +1.99  [15]

206ph [137.44 + 1.99
208phL [136.44 4 1.99

Errors: smallest with one n-rich and another n-poor

.y 2 2
Ok, =~ \/ETKAL —|—r:rKﬁ2/

ox ~ /(03 0Ka, )+ (03 0k,
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(1) Pb hasonly 3 pointsand all with large errors, needs more data for Pb isotopes
(2) Pb appears harder because its K, is much higher while its K. is consistent with Sn
(3) Pairs with the largest difference in isospin asymmetry is the best (smallest error)
(4) Ca isotopesare probablytoo light for the liquid drop formula to work properly

(5)Sn looks normal than Pb compared to other nuclei

Soft Sn or Hard Pb puzzle?

J. Piekarewicz and M. Centelles, PRC 79, 054311 (2009)
E. Khan, PRC 80, 011307 and 057302 (2009)



Surface and Coulomb effects

Coulomb effect,c=-1.2
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Difference in isospin asymmetry (6,-0,)

(1) Varyingthe surface (c) and/or Coulomb (k.,,) by 40% has little effect on K,
(2) Varyingthe surface (c) parameter by 40% leadsto 210 < K., < 240 MeV

Bao-An Li and Wen-Jie Xie, Phys. Rev. C 104, 034610 (2021)



Posterior PDF

Bayesian inference of K, from combined data of centroid energy and electrical
Polarizability of IVGDR, n-skin, and centroid energy of ISGMR using SHF+RPA

G. Colo, L. Cao, N. Van Gia, and L. Capelli, Comput. Phys.Commun. 184, 142 (2013).

E_1 (MeV) | ap I[fms} Arnp (fm) |Ersemr (MeV) Ey (MeV) R: (fm)
208pL. TAMU 13.46 +0.10| 19.6 £ 0.6 [0.170 £ 0.023| 14.17+0.28 ||—7.867452 + 3% |5.5010 £+ 3%
208pPL. RCNP 13.46 +0.10| 19.6 £ 0.6 |0.170+0.023| 13.9+0.1 —7.867452 + 3%5.5010 + 3%
205PL-RCNP-PREXII|13.46 £ 0.10| 19.6 +£ 0.6 |0.283 +0.071| 13.9+0.1 —7.867452 + 3%5.5010 + 3%
1205 15.38 +0.10(8.59 + 0.37|0.150 £ 0.017| 15.7+0.1 —8.504548 + 3%4.6543 + 3%

0.10 S Fiducial value of K, since 1980: 220-260 MeV

y  “°Pb-RCNP (@)

+208Pl-RCNP+n-3kin from PREX-I

0.05 5'.' averageof__ - —— [ = 223-'_"; MeV at 68% confidence level
“*Pb-RCNP
," - and
;  **Pb-TAMU
\
i / .
A AV
- b\ 208Ph-TAMU ,
AR Jun Xu, Zheng Zhang and Bao-An Li,
0.00 AT Phys. Rev. C104, 054324 (2021)

200 225 250 275
K, (MeV)


https://arxiv.org/abs/2107.10962
https://arxiv.org/abs/2107.10962

Constraints on K from Kaon production in heavy-ion collisions
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Indication: the incompressibility K should be less than 200 MeV



Azimuthal Anisotropy

AN 1 d°N
E

d3p = o P,dp,dy (1 +2v, COS(¢—"1,1)R) +2v, 0052(¢—"wR) +)

I 1 I

isotropic directed elliptic

Radial flow
Isotropic expansion of participant zone
Measurable via slope parameter of spectra

Directed flow (v,)
Spectators deflected from dense reaction zone
Sensitive to pressure

Strong sensitivity to EoS . Il

Elliptic flow (v,)
Asymmetry out- vs. in-plane emission
Emission mostly during early phase
Sensitive to EoS




Reaction Plane

Transverse plane

y

QAN

participant f/

specta

ctator

Reaction plane provides natural coordinate system in non central
collisions

Experimentally the reaction plane W is unknown

Experimental estimater of the reaction plane is event plane

Anisotropic flow = azimuthal correlation with the reaction planeo




Momentum P=(px,py,pz)=(ppy)

pseudo-rapidity n n=0
Rapidity y e
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IBUU transport model simulations
Bao-An Li and Jake Richter, Nucl. Phys. A 1034 (2023) 122640



Phys. Lett. B 157 (1985) 146

' LY ' 3 1 - iT
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Directed flow (v,)

Directed flow is quantified by the first harmonic (v,)

<{p,.> or directed flow
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Azimuthal anisotropy in non-central collisions
Jean-Yves Ollitrault, IPhT Saclay, France

JYO, Phys. Rev. B 46, 229 (1992)

In hydrodynamics, fluid acceleration is proportional to
pressure gradient: Larger acceleration along smaller
dimension x. Azimuthal anizotropy is generated.

Euler Eq. For flow velocity U in ideal fluid:
DU/Dt=-gradient of Pressure/density
+ external force

Elliptic flow at RHIC

STAR wucel-ex/0009011
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Hadronic transport equations: Mean-field potential for baryons

a _— — E =
BaryonS: a‘fl% + Ep [V’-f}: o V;'U:fob = Ibbb + Ibbm

b

—_—

of -
Mesons: -+ — [V, f = 1" + I, Assumingno mean-fieldfor mesons
ot E_
An example:
Collision integral /] : changing rate of pion phase
space distribution f.(7, p,¢) due to baryon-pion scat-

terings
Tzp)  Ftzk) Simulate solutions of the coupled transport
/7 . - .
. y equations using test-particles and Monte Carlo:
A>r7+N |
fulzp) f(l‘.,p.,t) = 'ﬁz 5("-’})6(1)—1))
t i
Jo(=)
- The evolution of f(r, p.7) is followed
e T+N—A on a 6D lattice
Solzp) LA=k)
Ii.(zk) = y
w - 4 M, = |
X e " (ap,o’'p,7wk) - 8V (p —p — k vdp
16 n%:, // En([’)Eul(])')I‘ b:(~\l-ap-l ,\) ‘s.(l (1 I A)(Zﬁ)'idl ([1)

(1 + fa(xk)) for(zp')(1 — fa(zp)) (gain)
f=(xk) fa(zp)(1 — for(xp'))] (loss)

Main features:
Pauli bolcking (1- f,) for Fermions and Bose enhancement (14 f,)
for bosons are included.



g In-medium NN cross sections
NN cross section in free-space
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Where B=v/c is the speed of the projectile nucleon G.Q. Li and R. Machleidt,

Phys. Rev. C48, 11702 and C49, 566 (1994).

Opposing conclusions with other models:
1. Q. Li et al., PRC 62, 014606 (2000)

2. G. Giansiracusa et al., PRC 53, R1478 (1996)

3. H.-J. Schulze et al., PRC 55, 3006 (1997)

4. M. Kohno et al., PRC 57, 3495 (1998)

Probing the isospin-dependence of in-medium NN cross sections
How does the g,,/0,,ratio change in neutron-rich medium?

Bao-An Li, Pawel Danielewicz and Bill Lynch, Phys. Rev. C71, 054603 (2005)

3 T T T

: Fermi's Golden Rule for scattering:
) Xsection™ MA2*Density of final state*Pauli
Blocking/Incoming current

predictions for s
using Dirac-Brueckner with Bonn A interaction

0 100 2(:10 300
Ep (MeV)



Accessing the in-medium effects on nucleon-nucleon elastic cross section with
collective flows and nuclear stopping

Pengcheng Li,"? Yongjia Wang,? Qingfeng Li, % * and Hongfei Zhang*

Using UrQMD, Phys. Lett. B 828 (2022) 137019

Au+Au 0.25<b,;<0.45 u,~0.8 free protons
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PION COLLECTIVITY IN RELATIVISTIC HEAVY-ION COLLISIONS

George F. BERTSCH', Gerald E. BROWN?, Volker KOCH?** and Bao-An LI

Nuclear Physics A490 (1988) 745-755

do 1 m’ dm*? ir
. | _ m
NN - N4 cross section . 4o, —4,| E,E., (277) (m*—m, )+ .I?
mp;
X J. Nd s
Pion dispersion/mean-field affects:
(1) Delta width through phase space 0 __ 05 1 15 2 25 3
_ . . SMNINL . BENENNS SR - AU N B
(2) Pion propagator, thus NN interaction - b S
] H
af w/! ® © -
7 7
set A A, =780 MeV A, = 1800 MeV o
gha=3 fin=6.24 &
2 =10.54 ©
m, =770 MeV ~
set B A, =565 MeV no rho exchange g
gna =13 o]
set C A, =560 MeV no rho exchange {
gna=04 { ]
set D A, =545 MeV no rho exchange 00” ‘ 05 ) :: - i.S é._- 2;5 ‘ ‘3
gna=0.5



Bayesian inference of in-medium baryon-baryon

scattering cross sections from HADES proton flow data

Bao-An Li and Wen-Jie Xie, 2303.10474 [nucl-th], Nucl. Phys. A (2023) in press
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https://inspirehep.net/literature/2644165
https://inspirehep.net/literature/2644165
https://arxiv.org/abs/2303.10474

Au+AU, Equon/A=1.23 GeV
. b=6-9 fm, |y, |<0.05, p>0.3 GeVic
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Reaching the stationary state in the Markov Chain Monte Carlo (MCMC) process

Prior distribution

T

P(M(Ko, Jo, Zo)\D) = CP(D|M(Ko, Jo Zo))PCM (Ko, Jo. Zo)),

Bayes’ theorem:

Likelihod function Calculations data

N -
1 (Pwn,j — Pp)*
P[D|M(Ky, Jo, Zp)] = exp | — .
| M (Ko, Jo. Zo £[| pra p l 275, ]

Metropolis-Hastings algorithm
in deciding each step

[H]

<K _>(MeV)

Steps



Indication of enhanced in-medium NN cross sections
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HADES data prefers an ENHANCED in-medium Section and a stiff K much higher than what
GMR data indicates

Prior range of K (MeV) Mean of X Mean of K MPV of X  MPV of K

240-350 1.38, 325.38,  1.25°070%, 330102
240-400 1.32, 349.98, 1.207542, 37r+15
240-450 1.31, 358.97, 1157530, 37r’+4d
Zo B 4
Eo(p) = Eu{pn:r+ . T L L(p—m)
24 390
Boltzmann-Uehling-Uhlenbeck equation for one componenet system
2 — —_ —_ —
Py = f W) 2 omtop Iipmg Doy MEB 95 9V.9f=L(f.om)
b pmm w2 36 ot
V= V+VSym
Isospin-independent potential S B0 Sy R matsr
Vo=alp/py)+b(p/p,)° [ Srmancrucsarnaneres |
K +44.73 —
= —29.81 — 46.90———— (MeV), o
¢ K —16632 MeV);
K 4 255.78
b = 234520 (\fey),
K — 166.32
K +4473 =
21105 NN R WX

#p,



Probes of the EOS of symmetric nuclear matter

* Collective vibrations of nuclei probing the incompressibility
K around p,

* Particle production especially strange particles (e.g., Kaons)
from heavy-ion collisions

* Collective flow of various particles & clusters probing K
around p,and high-density EOS with the caveat that they
are also sensitive to the poorly known viscosity
(in-medium particle-particle scattering cross sections)

MANY interesting issues remain to be resolved
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Transverse momentum analysis of
collective flow near the balance energy

<p,/A> (MeV/c/nuecl.)
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Bayesian inference of high-density SNM EOS parameters from heavy-ion reaction data

Prior ranges of SNM EOS parameters

R o “ based on theories and data available
Av 235 —200 —146 Margueron J, Hoffmann C R and Gulminelli F
a 30 200 1728 2018 PRC97,025805and 025806
Min 145 —800 —35330 _ _ o
Max (30) 125 400 5038 Antic S, Chatterjee D, Carreau T and Gulminelli F

2019 J. Phys. G: Nucl. Part Phys. 46 065109

The pressure in symmetric nuclear matter

dEo(p) ¢’ (p—m)f Ju(p—pn)J Zﬂ(ﬁ—ﬂn)4
P(p) = p* = K + = + — .
Ol T T = [ "\ 3p 2\ 3p0 6 \ 3po

Kaon Exp. Constraints on the EOS of symmetric
__100L nuclear matter from heavy-ion collisions
E Danielewicz P. I, Lacey R and Lynch W G 2002 Science 298 1592
=
E Fuchs C 2006 Prog. Part. Nucl Phys. 56 1
o 10p Lynch W G et al 2000 Prog. Part. Nucl. Phys. 62 427
1
1 2 3 4 a



Bayesian inference of the EOS parameters from the Wen-Jie Xie and Bao-An Li
empirical pressure as a function of density “data” JPG 48, 025110 (2021)

Posterior PDF: PM(Ko,Jo, Zo)|D) = CP(D|M(Ko, Jo, Zo)) PIM (Ko, Jo, Zo)),

N 2 .
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A. Le Fe'vre et al., NPA945, 112 (2016). Y.J. Wang et al., PLB778, 207 (2018)
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FIG. 1. Total (upper) and differential (lower) transverse flow analysis for the reaction of Au+Au
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Isospin Dependence of Collective Flow in Heavy-Ion Collisions at Intermediate Energies

Bao-An Li.! Zhongzhou Ren.”? C. M. Ko.! and Sherry J. Yennello?
' Cyelotron Instinue and Depariment of Physics, Texas A&M University. College Station, Texas 77843
2Ganil, BPS027, FIN02I Caen Cedex. France
dpepartment of Physics. Nanjing University, Nanjing 210008, People’s Republic of China
“Cyclotron Institute and Department of Chemistry, Texas A&M University, College Station, Texas 77843
(Received 11 January 1996)
Within the framework of an i in-d d

L

P Bolzmann-Uehling-Uhlenbeck model using inidal
proton and peutron densities calculated from the nonlinear relativistic mean-field theory, we ¢

the strength of transverse collective flow in reactions *“*Ca + *Fe and **Cr + **Ni. which have the
same mass number but different neutron/proton ratios. The neutron-rich system (**Ca + %Fe) is
found to show significantly stronger negative deflection and consequently has a higher balance energy.
especially in peripheral collisions. (SO031-9C07(96)00431-0}

VorLuME 78, NUMBER 6 PHYSICAL REVIEW LETTERS 10 FEBRUARY 1997

Isospin Dependence of Collective Transverse Flow in Nuclear Collisions

R. Pak.! W. Benenson.! O. Bjarki.! J. A. Brown.! S. A. Hannuschke.' R. A. Lacey.? Bao-An Li.> A. Nadasen,*
E. Norbeck.® P. Pogodin.® D. E. Russ.® M. Steiner.! N. T. B. Stone,! A.M. Vander Molen.! G. D. Westfall.'
L.B. Yang.® and S.J. Yennello”
' Narional Superconducting Cyclotron Laboratory and Deparument of Physics and Astronomy,
East Lansing. Michigar 48824-1321
2Department of Chemistry, State University of New York ar Stony Brook. Stony Brook, New York 11794-3400
3Cyelotron Institute and Department of Physics, Texas A&M University. College Station. Texas 77843-3366
4 Department of Natural Sciences. University of Michigarn. Dearborn, Michigan 48128-14%91
S Department of Physics and Astronomy, University of lowa. lowa Ciry, lowa 52242-1479 ]
Department of Chemistry and Biochemistry, University of Marviand. College Park, Maryland 20742-2021
TCyelotron Institute and Depariment of Chemistry. Texas A&M University, College Station. Texas 77843-3366
(Received 3 June 1996)

Collective transverse flow of nuclear matter was measured as a function of the ratio of ncutrons 10
protons (N /Z) of the interacting system for the first time. The collisions of three isotopically pure
beams of A — 58 nuclei with two A = 58 targets were studied at S5 MeV/nucleon. The results for

Michigan State Universiny.

the fMlow variables demonstrate the sensitivity of transpon models to el tary aspects of the nucleon-
nucleon collisions. [S0031-9007(97)02359-4]
VOLUME 78, NUMBER 6 PHYSICAL REVIEW LETTERS 10 FEBRUARY 1997

Isospin Dependence of the Balance Energy

R. Pak.! Bao-An Li,® W. Benenson.! O. Bjarki,' 1. A. Brown.! S. A. Hannuschke.! R. A. Lacey.® D.J. Magestro,'
A. Nadasen.* E. Norbeck.? D. E. Russ.® M. Steiner.! N.T. B. Stone.! A. M. Vander Molen.! G.D. Westfall.!
L.B. Yang.® and S_J. Yennello’

' Narional Superconducting Cyclotron Laboratory and Depariment of Physics and Astronomy, Michigan State University,
Easr Lansing, Michigan 48823-1321
2Cyclotron Institute and Department of Physics. Texas A&M Universiry, College Station, Texas 77843-3366
*Depariment of Chemistry, State University of New York at Stony Brook. Stony Brook, New York 11794-3400
4 Department of Natural Sciences. University of Michigan, Dearborn. Michigan 48128-1491
SDepartment of Physics and Astronomy, University of lowa. lowa Ciry, lowa 52242-1479
“Department of Chemistry and Biochemistry, University of Maryland, College Park, Maryland 20742-2021
TCyclotron Institute and Department of Chemistry, Texas A&M University. College Station, Texas 77843-3366

(Received 20 August 1996) 3

The encrgy at which collective transverse flow in the reaction plane disappears, the balance
energy Epa. is found 1o depend on the isospin of the system using the reactions SEe + YFe
and *Ni + **Ni. The more neutron-rich system exhibits higher balance energies for all measured
impact parameters, in agreement with the predictions of a transport model which incorporates an

SN Ca P ugmv.  PRECINGTS



Isospin dependence of collective flow
and excitation function of the flow parameter F=dP,/dy
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B.A. Li, Z.Z. Ren, C.M. Ko and S.J. Yennello, PRL 76, 4492 (1996).



|Isospin dependence of collective flow
R. Pak et al., PRL 78, 1022 and 1026 (1997).
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Isospin-dependence of flow
G.D. Westfall et aI
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Comparing with the experimental data

| . I ’ I " I
100 - -
m “PFe+ %Fe
o PNi+*3Ni
7
g )
= data
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S'E i
g 60 | -
= [ Cal. ® BUU, **Fe+%Fe
5] : © BUU, *Ni+*Ni |
l'-ﬁ 40 -
S
E A 3E,, data (MeV/nucleon)
3 a 8E,,, BUU (MeV/nucleon)
20 .
%.2 0.7

Indication: reduced, possibly isospin-dependent, in-medium NN
cross sections are required !



Isospin-dependence of nucleon-nucleon cross sections
In neutron-rich matter

. . in neutron-rich matter
The effective mass scaling model: O-medr'um/o- ee
;. A3 at zero temperature
Hyn '
O-medfum O-ﬁ'ee e 1 0.8: \ om0 2, |:!IpF‘I
NN .
P *  is the reduced effective mass of the aal|
NN colliding nucleon pair NN o |
valid for p <2p, and relative momenta <240 MeV/c o2

according to Dirac-Brueckner-Hatree-Fock calculations
F. Sammarruca and P. Krastev, nucl-th/0506081 1

Phys. Rev. C (2005) in press. 5 |
Applications in symmetric nuclear matter: fos |
J.W. Negele and K. Yazaki, PRL 47, 71 (1981) [
V.R. Pandharipande and S.C. Pieper, PRC 45, 791 (1992) ") op
M. Kohno et al., PRC 57, 3495 (1998) 6%

D. Persram and C. Gale, PRC65, 064611 (2002). 0 02 04 08 08 1

Application in neutron-rich matter: / '

nn and pp xsections are splitted due to =
the neutron-proton effective mass slitting ol
Bao-An Li and Lie-Wen Chen, nucl-th/0508024, 04 -
Phys. Rev. C (2009) in press. 0 |



How to determine experimentally the isospin-dependence of in-medium NN xsections

Traditional measures of stopping power using global observables, such as, quadrupole
moment, LMT, ERAT, etc, are sensitive to the values of the in-medium NN xsections, but
they are ambiguous for extracting the isospin-dependence of the NN xsections.

An example: quadrupole moment Qz;

0.03 ; : ;
"Zn+*Ca, b=0
a all nucleons : /Upp=
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Isospin tracer in the backward direction in radioactive beam+symmetric target reaction in
inverse kinematics as a probe of the isospin-dependence of the gmedium
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Phys. Rev. C71, 054603 (2005).
The initial n and p density profiles in 1°°Zn were
calculated using the Hartree-Fock-Bogoliubov method

by J. Dobaczewski, Acta. Phys. Polon. B30, 1647
(1999)




Disentangle effects of the symmetry energy and in-medium NN Xxsections
using reactions induced by radioactive beams in inverse kinematics
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Disentangle the isospin dependence of in-medium NN cross sections from that of the

nuclear mean field
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FIG. 3. Dependence of the differential flow on the in-medium cross section (upper) and
compressibility (lower) for Au+Au at an impact parameter of 5 fm and a beam energy of 50
MeV /nucleon.
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FIG. 2. Differential flow analysis for Au+ Au at an impact parameter of 5 fm using two different

parameter sets leading to the same balance energy of 50 MeV /nucleon.



Comparing the effective mass scaling model with DBHF in symmetric matter
F. Sammarruca and P. Krastev, nucl-th/0506081, Phys. Rev. C (2009) in press.
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