Probing nuclear symmetry energy E, (p)
with structures and reactions of heavy nuclei
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* What do we currently know about Eg..(p)?
* Why is the Eg,,(p) still so uncertain especially at high p*?
* How to probe the Eg,,(p)?

An example: probing neutron skin and Eg,(p) with heavy-ion collisions
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Empirical parabolic law of the EOS of cold, neutron-rich nucleonic matter
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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

Empirical parameterizations especially useful for meta-modeling of EOS

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.6) = Ey(p) + Equ(p)-0*  Assuming no hadron-quark phase transition

4
Eo(p) = Eo(po) + ( )+ (*’ ‘f‘“) +f§(‘“;ﬂﬂ‘f‘“)*

Eqm(p) = Esm(po)+ = (£ —1) + Xom (2 _4 L) 5—1 Lol(L-q)
ym{f) = Ssym 3 \ 1 18 \ 2 162 o0

Near the saturation density p, they are Taylor expansions, appropriate for structure studies.
Just parameterizations when applied to heavy-ion collisions and the core of neutron stars
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Single-nucleon potential in isospin-asymmetric nuclear matter

/+ for neutrons

U, (k.p.0)=U (k,p)xU_ (k,p)d+U_ . (k.p)06"+0(5)

f t Isovector
- for protons & deB)
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Neutron-skin in 2°8Pb and symmetry energy
Earlier work: B.A. Brown, S. Typel, C. Horowitz, J. Piekarewicz, R.J. Furnstahl, J.R. Stone, A. Dieperink et al.
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Pressure forces neutrons out against the surface tension from the symmetric core near p,
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Covariance analysis of the correlation
between n-skin and L,(p) within SHF
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What are the fundamental physics behind the symmetry energy?
Um,p (k.p.0)=U (k,p)= Usyml(k, 0)*0+ L-"mz(;’c,,o)-é2 +0(5%)

« Isospin dependence of strong interactions and correlations
Tensor force due to pion and p meson

Vro =V, (u-p pair in the T=0 state] exchange MAINLY in the T=0 channel
Vi1 = Vo = Vi = Vipp (charge independence in the T=1 state) Vip(TO)#FVip(T1)

In a simple interacting Fermi gas model:
The direct t Isospin-dependent correlation function
€ directterm v \ M.A. Preston and R.K.

| | . A 0 3 i
Usym(flrp? p) — 1 /LTL(?’@j)fﬂ(?};j) _ If"TTU(?'gj)fT (’f’«ij)]d ij E:ifleuur;, i’;r;;:ture of the

Isospin-dependent effective 2-body interaction

Major issues relevant to high-density Esym, heavy-ion reactions and neutron stars

* Momentum dependence of the symmetry potential due to the finite-range of isovector int.
- Short-range correlations due to the tensor force in the isosinglet n-p channel

« Spin-isospin dependence of the 3-body force

- Isovector interactions of A(1232) resonances and their spectroscopy (mass and width)

- Possible sign inversion of the symmetry potential at high momenta/density



Effects of the tensor force in T=0 neutron-proton interaction channel

(1) high-momentum tail in nucleon

. (2) isospin dependence of short-range
momentum distribution

correlation (SRC) in neutron-rich matter

H.A. Bethe O. Hen et al. (Jlab CLAS collaboration),
Ann. Rev. Nucl. Part. Sci., 21, 93-244 (1971) Science 346, 614 (2014)
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Connections with experiments at LHC/RHIC, JLAB and EIC

Relationship between the SRC and EMC effect .
L.B. Weinstein et al., PRL 106, 052301 (2011) Correlated Pairs

EMC: Medium modifications of nucleon
structure function in nuclei w.r.t free nucleons

04 a 007879 + 0.006376
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00 Implication:
EMC only occurs to
I S S—
Strength of SRC a,(A/d)

Modified Structure of Protons and Neutrons in

Nature 566, 354 (2019)

B. Schmookler, M. Duer, A. Schmidt, O. Hen, S. Gilad, E. Piasetzky, M. Strikman, L.B. Weinstein et -
(The CLAS Collaboration)
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In n-rich nuclei, a larger fraction of protons in the SRC
—> the structure function of protons modified more
- Momentum distribution of u quarks modified more

QCD-based model for the isospin dependence of SRC & EMC:

bound [ud] diquark formation in overlapping n-p pairs Jennifer West, NPA 1029 (2023) 122563
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Imaging the initial condition of heavy-ion collisions and nuclear structure
across the nuclide chart, arXiv:2209.11042v1

B. Bally, James Daniel Brandenburg, Giuliano Giacalone, Ulrich Heinz, Shengli

Huang, Jiangoyng Jia, Dean Lee, Yen-Jie Lee, Wei Li, Constantin Loizides, Matthew
Luzum, Govert Nijs, Jacquelyn Noronha-Hostler, Mateusz Ploskon, Wilke van der
Schee, Bjoern Schenke, Chun Shen, Vittorio Soma, A. Timmins, Zhangbu Xu, You Zhou
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Effects of neutron skin and symmetry energy from low-intermediate to ultra-relativistic HIC

Rare Isotope Beams—>—> 222> 222> FAIR 222> 25> 2>-2>-> RHIC/LHC
Probing the Eg,(p) from sub-saturation to supra-saturation densities

Neutron-skin provides a neutron-rich environment, but its uncertainty complicates
the interpretation of high-density E,,, observables
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Isospin fraction during heavy-ion reactions
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Bao-An Li, Phys. Rev. Lett. 88 (2002) 192701



Influence of neutron-skin thickness on 7~ /7™ ratio in Pb+PDb collisions
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Probing the Neutron Skin with Ultrarelativistic Isobaric Collisions

Hanlin Li ‘,1 Hao-jie Xu o Ying Zhou,® Xiaobao Wamr Jie Zhao.* Lie-Wen Chen,*" and Fugiang \‘\,’angz“"“ic

%Ry~ < %Ry Neutron skin thickness  Ar, = \/ (r2)y — \/ (r2

. . — Smaller r, larger density ——— Larger N, and (p;)
HJX, et.al., PRL121, 022301 (2018)

. H. Li, HIX, et.al., PRC98, 054907 (2018)
: — Largerr, smaller density ——— Smaller N, and (py) HIX, et.al., PLBS819, 136453 (2021)
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Free spectator nucleons in ultracentral relativistic heavy-ion collisions as a probe of neutron skin

Lu-Meng Liu

I Chun-Jian Zhang

2 Jun Xuo 34"

Jiangyong Jia®,
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The most fundamental but lest known physics underlying nuclear symmetry energy

Spin-isospin dependence of nucleon interactions at short distance

Vip(To)#V,,,(T1) due to the tensor force

Many | |Questions

Initial Stage

Nuclear structure in both coordinate (n-skin, SRC) and momentum (p-skin, EMC)

The flavor/isospin, spin and spatial dependent momentum distributions
of quarks, gluons and nucleons in nuclei and neutron-rich matter

Great | |Opportunities

Collisions of nuclel and neutron stars
from low to ultra-relativistic energies
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The most fundamental but lest known physics underlying the symmetry energy
Spin-isospin dependence of nucleon interactions at short distance Vv (To)#£V, (T,)

EOS of dense neutron-rich matter is a major scientific driver of
(1) High-energy rare isotope beam facilities around the world
(2) Various x-ray satellites

: L B.A. Li, LW Chen, C.M. Ko
(3) Various gravitational wave detectors

Physics Reports 464, 113 (2008)

Among the promising observables sensitive to the high-density symmetry energy:
« t/m* and n/p spectrum ratio, neutron-proton differential flow and correlation function
in heavy-ion collisions at intermediate energies, (p,n) or (3He,t) scattering to the 1AS
« Neutron skins of heavy nuclei and radii of neutron stars, neutrino flux from supernovae
« Tidal polarizability in neutron star mergers, strain amplitude of gravitational waves from
deformed pulsars, frequency and damping time of neutron star oscillations

Topical Issue on Nuclear Symmetry Energy\, EPJA, Vol. 50, No. 2 (2014)
edited by Bao-An Li, Angels Ramos,

Giuseppe Verde and Isaac Vidana

4

Several sections in two White Papers for 2023 U.S. nuclear physics long-range plan
Dense Nuclear Matter Equation of State from Heavy-lon Collisions

Agnieszka Sorenson et al.,arXiv:2301.13253

Dense matter theory for heavy-ion collisions and neutron stars

Alessandro Lovato et al., 2211.02224



https://arxiv.org/abs/2301.13253
https://inspirehep.net/authors/1074578
https://arxiv.org/abs/2211.02224
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Momentum Distributions in *C (Ciofi, PRC-96)
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probability of 2N-SRC in any nucleus, from the scaling factor.
In A(e,e’) the momentum of the e\)/l
struck proton (p;) is unknown. ,
But: For fixed high Q2 and xg>1, Xg
determines a minimum p;
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Prediction by w=E-E
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and Strikman: Xg = Q
2maw




Results from JLab Hall C (E02-019)
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More r(A,d) data:

SLAC D. Day et al. PRL 59,427(1987)

Jlab /Hall B: K. Sh. Egiyan et al. PRC 68, 014313 (2003)
K. Sh. Egiyan et al. PRL. 96, 082501 (2006)
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Constraints on L as of 2013 based on 29 analyses of data
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Hard photons from first-chance NN scatterings as a probe of the initial state
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Uncertainty of the tensor force at short distance
Takaharu Otsuka et al., PRL 95, 232502 (2005); PRL 97, 162501 (2006)
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Probing the symmetry energy at supra-saturation densities

E(p,8) =E(p,0)+ E_, (0)5?
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Curvature of the symmetry energy at saturation density
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Progress in Constraining Nuclear Symmetry Energy Using Neutron Star Observables Since GW170817,
B.A. Li, B.J. Cai, W.J. Xie and N.B. Zhang, Universe 2021, 7(6), 182; https://doi.org/10.3390/universe7060182



https://doi.org/10.3390/universe7060182

Why is the symmetry energy still so uncertain especially at high densities?

Phenomenological Models Microscopic & ab initio Theories
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68% confidence limit
Xie, Zhang & Ll

L.W. Chen, Nucl. Phys. Rev. 34, 20 (2017).
N.B. Zhang, B.A. Li, Eur. Phys. J. A 55, 39 (2019).

» By around (1-2)p, is most relevant for determining the radii of canonical neutron
stars, existing 1.4M,,,NS observations do NOT constrain much E ., above 2p,
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Neutron-skin effects on observables of heavy-ion reactions at low-intermediate E

Effect of neutron skin thickness on projectile fragmentation

Influence of neutron-skin thickness on the 7~ /7 ratio in Pb + Pb collisions

Gao-Feng Wei,"*" Bao-An Li,"*" Jun Xu** and Lie-Wen Chen*®*

PHYSICAL REVIEW C 90, 014610 (2014)
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The influence of the neutron skin and the asymmetry energy on the 7~ /7" ratio
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Dominance of the isosinglet (T=0) interaction
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Lecture notes of R. Machleidt
CNS summer school, Univ. of Tokyo
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Attractive . - Repulsive - Tensor Force: First evidence from the deuteron

Tensor force

3pin correlation parameter Al’d s function of missing momenturn for the ]j('e“, epjn

FLILL

Deuteron
T - PWIA (S only)
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4-5% mixing of S-D waves are necessary
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e . Passchier, et al., Phys. Rev. Lett. 83 (2002) 102302.
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Tensor force contribution to the potential part of the symmetry
energy within a simple model
G.E. Brown and R. Machleidt, Phys. Rev. C50, 1731 (1994).

S.-O. Bacnman, G.E. Brown and J.A. Niskanen, Phys. Rep. 124, 1 (1985).

EFFECTIVE TENSOR INTERACTION IN NUCLEI *

T. T.S.KUO and G. E. BROWN PLB 18, 54 (1965)
Palmer Physical Laboratory, Princeton Universily, Princelion, New Jersey
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Ang Li and Bao-An Li, arXiv:1107.0496

C. Xu, A. Li and B.A. Li, Journal of Physics: Conference Series 420, 012190 (2013)

Short-range tensor forces affects the high-density symmetry energy
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At saturation density, the 2nd order potential contribution
due to the tensor force is about 7-14 MeV, it is 9 MeV with Av18
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The structure of 2Cin momentum space Strength and isospin dependence of SRC
R. Subedi et al. Science 320, 1475 (2

R. B. Wiringa, R. Schiavilla, Steven C. Pieper, J. Carlson, PRC
89, 024305 (2014)
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Experimental evidence of isospin-dependent nucleon momentum distribution:
Deformed-Fermi distributions in neutron-rich matter
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Effects of isospin-dependent SRC on the kinetic symmetry energy of quasi-nucleons
Chang Xu, Ang Li and Bao-An Li,

JPCS 420, 012190 (2013). % 2.2 .
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Self-Consistent Green’ s Function Approach (A. Rios et al.)
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Using the Hellmann—Feynman theorem

At saturation density V18 potential plus the Urbana IX three-body force.
the Free Fermi Gas (FFG) model
prediction is about 12.5 MeV Enu Esu [ Eswa I’

(1) 53.321  54.294 |—-0.973] 14.896
(V) —34.251 —69.524 | 35.273| 51.604
Total  19.070 —15.230 | 34.300) 66.500




Systematic trends of neutron skin thickness versus relative neutron excess
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L from n-skin within SHF using the Modified-Skyrme-Like parameters
Lie-Wen Chen, Che Ming Ko, Bao-An Li, and Jun Xu, PRC82, 024321 (2010)
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