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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,0) = Ey(p) + Equlp) - 0*  Assuming no hadron-quark phase transition

4
Enl(p) = Eo(po) + ( ) -+ (P .ﬂu) -+ fj_(ﬂa‘_ﬂfu) *
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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




Single-nucleon potential in isospin-asymmetric nuclear matter

,7 for neutrons
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How does the symmetry energy affect neutron star properties?

(1) The proton fraction x is determined by the E, ,(p) through charge
neutrality and beta-equilibrium conditions:

X = 0048[Esym (10)/ Esym (100)]3 (10/100)(1_ 2X)3 £ "E,;:,xnz’

Critical for the cooling mechanism of protoneutron stars and SEaees
associated neutrino emissions, appearance of hyperons, kaon Y
condensation, baryon resonances..... e

(2) The pressure in the npe matter at beta equilibrium:

dEo(p) | dEsym(p) (o, , 1
P(p.8) = p? 3 5214+ =6(1—08)pEour,
(p,0) = p°| 2 + i) ]+2( )pEq {’}9]%

(3) The crust-core transition density and pressure is determined by setting the
iIncompressibility of neutron star matter =0 (speed of sound becomes imaginary):
,d*Ey dE,

d°E dE dE
2 UM 9 sym QE_I EYTM 43 =0

Lattimer & Prakash, Phys. Rep., 442, 109 (2007)



Impact of nuclear symmetry energy on the post-merger phase

of a binary neutron star coalescence
Elias R. Most and Carolyn A. Raithel, PRD 104, 124012 (2021)
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Constraints on L as of 2013 based on 29 analyses of data
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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

Ratios of neutron to light charged particle ratios and elliptical flows from GSI
Dan Cozma, EPJA 54 (2018) 3
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Radii of canonical neutron stars
Low mass x-ray binaries (LMXB)

Model R4 90% confidence range
Alt/H+He QLMXB; z =0 PRE 11.13 —12.33
z = 0 PRE only 11.56 — 12.64
Base, QLMXB only 11.01 — 11.94
Alt, QLMXB only 10.62 — 11.50
H+He, QLMXB only 11.29 — 12.83
Alt/H+He, QLMXB only 11.24 — 12.59

J.M. Lattimer and A.W. Steiner, EPJAS50,40 (2014)

Bayesian analyses of nuclear + astrophysical data
R, 4,=12.06+1.13-1.18 km, Heavy-ion collisions
R, 4=12.01+0.78-0.77 km. Combined data

S. Huth et al, Nature 606, 276 (2022)

Bayesian analyses of astrophysical data
R;4,=12.6+0.3-0.3 km, Gaussian EOS

R, 4,=12.7+0.4-0.3 km, segment-weise EOS

L. Brandes, W. Weise and N. Kaiser,
PRD 107, 014011 (2023)

B.A. Li, P.G. Krastev, D.H. Wen and N.B. Zhang
Review Article, EPJA 55, 117 (2019)
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Posterior probability distribution function (PDF) of 6 EOS

parameters from of GW170817 & NICER data for
the canonical PSR J0030+0451 of masses around 1.4 solar mass
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https://arxiv.org/abs/1907.10741

Presently, what is most important for determining the radius of canonical NSs?

Jake Richard and Bao-An Li, PRC 108,055803(2023)

Regression, 70,000 posterior EOSs and their predictions for R; , from a Bayesian analyses,
using centered and scaled variables: (x - <x>)/sigma_Xx

The simplest formula with R2=0.73:

R4 =12.10+ 0.38[0.735(Ksym + 158.97)/80.45
+0.7199(L — 54.13)/13.63
+0.144(Ky — 239.95)/11.52].

From 2 regression methods:
(1) Bydirectional stepwise feature selection
(2) Least absolute shrinkage selection operator

(LASSO)

Eoprm # L% Jpm +

I K+ HE L+ B Kt Eqym +

R2=Fraction of the explained variance by the regression

R2=0.94 is achieved with 6 parameters but a very
Complicated formula

Permutation Feature Importance
from a neural network

TABLE III. Changes in model mean square error (MSE) from
permutation. Higher MSE indicates a features which had larger
weighting in the neural network, i.e., more important to the model.

Feature Permutation MSE change
Kom 288 £0.034

L 1.50 +0.024

Eym 0.011 + 0.00031
Joym 1.32 £ 0.0204

Ky 0.131 £0.0019

Jo 0.179 £ 0.0026

WRT our current EOS knowledge
Ksym IS mostimportantfor R, 4

Adding more EOS features to order-6 including their inverses, logs and multiplications
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Impact of NICER’s Radius Measurement of PSR J074046620 on Nuclear Symmetry
Energy at Suprasaturation Densities

Nai-Bo Zhang' and Bao-An Li”
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NICER results :

Mass: 2,08 +0.07 M, Km (Mev)
Radius: 13.773¢ km (68%) (Miller et al. 2021) or 12.397)39 km (Riley
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Constrains on the high-density symmetry energy from astrophysical observations
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Why is the symmetry energy still so uncertain especially at high densities?

Phenomenological Models Microscopic & ab initio Theories
60 examples 11 examples
150 CHE O
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L.W. Chen, Nucl. Phys. Rev. 34, 20 (2017).
N.B. Zhang, B.A. Li, Eur. Phys. J. A 55, 39 (2019).

> Egmaround (1-2)p, is most relevant for determining the radii of canonical neutron
stars, existing 1.4Mg,,NS observations do NOT constrain much E, above 2p, where
SRC effects are important.



What are the fundamental physics behind the symmetry energy?
Um,p (k.p,0)=U (k,p)= Usyml(k,p)-é + L-"mz(a’c,p)-éi2 +0(6%)

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

Vro =V, (n-p pair in the T=0 state) exchange MAINLY in the T=0 channel
Vr1 =V, =V, = Vo, (charge independence in the T=1 state) Vip(TO)#FVnp(T1)

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

| | 1 .
[ hoop) = — Virr (71 1"l P — Vo (71 10 " d3?.“ Bhaduri, Structure of the
Sym( F ,0) 410/ Tl( 'Lj)f ( Lj‘) TU( Lj)f ( 'lj)] ij Nucleus, 1975

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



What are the Short Range Correlations (SRC) in nuclei ?

: In isospin space: H fm
et K> Ke Dominated by the isosinglet RV A g
> (T=0) neutron-proton pairs
K, K2>Kg P, =0.16 /fm? - Nucleons
Nucleon pairs with large relative ,‘[Shrﬁrt I;Qa:r}(i;e fortrelnate?c p,fr' rrsl '? Lecl
momenta and small CM momenta remporat fiuctuations ot strohgly _—
interacting nucleon pairs in close proximit

Question: in dense nuclear matter where all nucleons are always in close proximity
what are the SRC effects and how do they depend on the density and isospin
asymmetry of the medium?



The short and long range tensor force
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2"d order tensor force contribution to the potential part of symmetry energy

G.E. Brown and R. Machleidt, Phys. Rev. C50, 1731 (1994).
S.-0. Bacnman, G.E. Brown and J.A. Niskanen, Phys. Rep. 124, 1 (1985).

T.T.S. Kuo and G.E. Brown, Phys. Lett. 18, 54 (1965)

12

Ceoff

< Vigm >= < [Vy(r)]* >




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

]. DU T T T T T T T 60 L] ] L] | | r | | L | ]

s
=
T

[MeV]
[MeV]

fensor
sym

<V >/A
S

-100

0.0 0.5 1.0 1.5 2.0

At saturation density, the 2nd order potential contribution
due to the tensor force is about 7-14 MeV, it is 9 MeV with Avl8


http://xxx.lanl.gov/abs/1107.0496

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

(1) high-momentum tail in nucleon

(2) isospindependence 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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0. Hen, B.A. Li, W.]. Guo, L.B. Weinstein, E. Piasetzky, Phys. Rev. C91 (2015) 025803.

BJ. Cai, BA. Li, Phys. Rev. C 92 (2015) 011601(R). B.J. Cal, BA- Liand L.W. Chen,

PRC 94, 061302 (R) (2016)



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).

Free-Fermi Gas (FFG):
kKinetic E¢y,=12.3 MeV at p,

if more than 15% nucleons are in the
high-momentum tail of SNM due to the
tensor force for n-p T=0channel, the kinetic
symmetry energy becomes negative
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Self-Consistent Green’ s Function Approach (A. Rios et al.)

— CDBonn Avlg —
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Actual kinetic symmetry E Brueckner—Hartree-Fock approach ( vigana et al
Using the Hellmann—Feynman theorem

V18 potential plus the Urbana IX three-body force.

At saturation density, : : ——
the Free Fermi Gas (FFG) model E\ a Lism Es_y:‘“ _ L
prediction is about 12.5 MeV (I') ~ 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




Nuclear symmetry energy in standard textbooks
e . ' S

McMaster University
1975

Structure of the Nucleus PSS
M. A. Preston * R. K. Bhaduri

(A-22)?

9/ = 'I: > _: !.
3(4 Z) = (l,,A A a~.sA2/3 _(ch(Z— ])4 ' ;‘-(lsym +0(lpA LA
/—aU/“ 7
asym == %t(kFO) + &k E _ + ip(Vl —_ VO)‘ (6_20)
Kinetic, Momentum-dependence Symmetry (isovector) potential

of the isoscalar potential

Needs to be Revised



Kinetic symmetry energy of correlated fermions

Or Hen, Bao-An Li, Wen-Jun Guo, L.B. Weinstein, Eli Piasetzky,
Phys. Rev. C 91, 025803 (2015)

A k <k
nSRC (1) — CD 4 4 F ) Ry = (k/kp)' na(k/kp) 1.3<k/kp <25
SNMUK) = (1 Coo /K" kp < k < Mkp
0 k > Ak}

EXn (p) = Esn(p)lec — AER (p).

Sym sym Sym

where the SRC correction term 1s

| EO 13 g 2/3 g
' = A\ P 3\ oo SA\ pp

Strength of SRC |Width of high momentum tail

Co=Rg*ay(«)



From Earth to Heaven: multi-messengers of nuclear EOS

1. Significant progress in constraining the Eg,(p) around (1-2)p,

2. Challenging task: constraining the symmetry energy at higher densities
3. Needs to better understand the physics origin of symmetry energy:
spin-isospin dependence of strong interaction, e.qg., the tensor force

Gravitational wave
detector




Short-range correlation
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Where does the Sy,=E,,,.(p,)=32 MeV come from?

In the standard textbooks and research papers in both astrophysics and nuclear physics

SVI?Z

S=Eqym=Esym™ +Egym E™ ( r))< r,)(rlr)”»125MeV at r,

Why is it important to know the kinetic and potential parts of Eg,,, SEPARATELY?

Kinetic Potential The only term goes into the
/// reaction dynamics

S(p)= X’ oo S ( Loy
/N
Probing all of the unknown physics

., =25-8¢

a) They have different density dependences, important for extrapolating to high densities
b) Need to know them separately in transport model simulations of heavy-ion collisions
c) Important for constraining the uncertain Eg,,, due to 3-body and tensor forces

d) Determining the critical densities for Delta resonance production in neutron stars

C.x—=25 MeV



Using the SRC-modified E, ,,, in heavy-ion collisions and neutron star mergers

The kinetic and potential E,,,, have different effects on observablesin heavy-ionreactions and neutron stars

Existing constraints Do NOT exclude U -
negative kinetic symmetry energy Asym = §(Rp0) %k'ﬁg - + p(V, — V)
=kp
:-"Eslym'(pl);n;ﬁzfimi'(pl)+'[3|o-'n;E'Ef,’nlmi('p;)]'(pllp;,)yl | ./. 5 _ ] kinetic l potential

Egm (P)=EY/3"(plp,)"” ‘\ _ i o\
Eqym(p) = Esk;nm{FFG][p] + [Sﬂ _ EE;]:H{FFGHPU}] (E)

Experimental

Reducing the kinetic Egy, with T
‘E,,.(P)=nETS (p)+[SMETS (p)(p/p,)

Sererers T T e aese Adopted by:
0/p0 Finite-temperature extension for cold neutron star equation:
of state
Bao-An Li, Wen-Jun Guo, Zhaozhong Shi Carolyn A. Raithel, Feryal Ozel, Dimitrios Psaltis
Phys. Rev. C 91, 044601 (2015) Astrophys. J. 875 (2019) 1

Realisticfinite-temperature effects in neutron star merger
simulations

Carolyn A. Raithel, Dimitrios Psaltis, Feryal Ozel
Phys. Rev. D 104 (2021) 6



https://inspirehep.net/literature/1722505
https://inspirehep.net/literature/1722505
https://inspirehep.net/literature?q=a%20C.A.Raithel.2
https://inspirehep.net/authors/994576
https://inspirehep.net/authors/983708
https://inspirehep.net/literature/1858417
https://inspirehep.net/literature/1858417
https://inspirehep.net/literature?q=a%20C.A.Raithel.2
https://inspirehep.net/authors/983708
https://inspirehep.net/authors/994576

Effects of reduced kinetic symmetry energy on heavy-ion collisions
Or Hen, Bao-An Li, Wen-Jun Guo,

L.B. Weinstein, Eli Piasetzky g 2.8 .
Phys. Rev. C 91, 025803 (2015) £ 26
G 24
T 22} :
&b 20}
+ 1.8 |
c L
w16
=14}
o -
£ 12 F
o I | | | | | | | | |
o | I I I I I
2.4 I E,.../A=50 MeV, b= 3 fm
51 '_no angular cut
g1.8 -
o 15
c
~1.2
0.9 |-—e—E:" (p,)=-3.8 MeV,y=0.8
0.6 -| _._| E:;%(Pof=12-5MleV (fl‘ee| Fermi |gas),y=(:,8
0 10 20 30 40 50 60 70 80 90
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Modified Gogny Hartree-Fock energy density functional incorporating SRC-induced
high momentum tail in the single nucleon momentum distribution

Kinetic Zernérangg Two-body force Three-body force
. Aoy +m)  Awpppn B [(p\°
E(p,8) =EX"(p,8) + P "M 4 4RI ( ) 1 — z6°
(£:9) (£:9) 2ppo ppo o+ 1 \po { )
C
# 30 S8 [ ki £ (e, ) £ (. KOk,
JJ’.F IOPO
Momentum-dependent potential energy due to finite-range 2-body interaction
1 o0 kﬂ
Bp,0) = 30 — [ 5y (n. )k
J_np P 2M
k — K2 —1  SRC-induced HMT in the single-nucleon
Q(k k") = |1+ ( - ) momentum distribution affects both the
’ A2 kinetic energy and the momentum-dependent

part of the potential energy

C.B. Das, 5. Das Gupta, C. Gale, Bao-AnLi  phys.Rev.C67:034611,2003



Readjusting model parameters to reproduce the same saturation properties
of nuclear matter as well as E¢ (po)=31.6 MeV and L(p;=58.9 MeV

Conseguence: Symmetry energy gets softened at both low and high densities

60 LN I N L L L N N N L O Y [N B B
- —FFG HMT- SCGF _
50 [ — - —HMT-SCGF T K= 12% X =4.0%
— - - - HMT-exp
> 40 [ [ETHIC HMT-exp
< AS X =28%.X [ =1.5%
’\5/_ 30 _
e f ]
w’ 20 F E
10 | E
L/ based on MDI E

o
0.0 0.1 0.2 0.3 0.4 0.5

p (fm™)

Bao-Jun Cai, Bao-An Li and Lie-Wen Chen,
AIP Conference Proceedings 2038, 020041 (2018)



Confirmation by Microscopic Many-Body Theories

1. Isaac Vidana, Artur Polls, Constanca Providencia
PRC84, 062801(R) (2011)

Brueckner--Hartree--Fock approach using the Argonne V18 potential
plus the Urbana IX three-body force

2. Arianna Carbone, Artur Polls, Arnau Rios, EPL 97, 22001 (2012)

A. Carbone, A. Polls, C. Providéncia, A. Rios, I. Vidafa, EPJA 50, 13 (2014)
Self-Consistent Green’ s Function Approach with Argonne Av18, CDBonn, Nij1,
N3LO interactions

3. Alessandro Lovato, Omar Benhar et al., . . r
extracted from results already published in Brueckner--Hartree—Fock predlctlon

Phys. Rev. C83:054003,2011 70
Using Argonne V'’ ¢ interaction

Fermi-Hyper-Netted-Chain (FHNC)
Single Operator Chains (SOC)
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4. A. Rios, A. Polls, W. H. Dickhoff
PRC 89, 044303 (2014).
Ladder Self-Consistent Green Function
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They all included the tensor force and o (f)

many-body correlations using different techniques


http://xxx.lanl.gov/find/nucl-th/1/au:+Carbone_A/0/1/0/all/0/1
http://xxx.lanl.gov/find/nucl-th/1/au:+Polls_A/0/1/0/all/0/1
http://xxx.lanl.gov/find/nucl-th/1/au:+Rios_A/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Vidana_I/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Polls_A/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Providencia_C/0/1/0/all/0/1
http://xxx.lanl.gov/find/nucl-th/1/au:+Lovato_A/0/1/0/all/0/1
http://xxx.lanl.gov/find/nucl-th/1/au:+Benhar_O/0/1/0/all/0/1

Incorporating the SRC-induced high-momentum tail in RMF

(via kinetic energy and scalar density)
PHYSICAL REVIEW C 93, 014619 (2016)

L ook Bao-Jun Cai and Bao-An Li
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SRC effects on neutron stars, selected references from the last 2 years using Cai-Li approach

E.~H.~Rodrigues, M.~Dutra and O.~Louren\c{c}o,
Recentastrophysical observations reproduced by a short-rangecorrelated van der Waals-type model?
Mon. Not. Roy. Astron. Soc. 523 (2023) no.4, 4859-4868

B.~Hong, Z.~Ren, C.~Wuand X.~Mu,
Impacts of symmetry energy slopeonthe oscillation frequencies of neutron starswith SRC
and admixed dark matter, Class. Quant. Grav. 40, (2023)no.12, 125007

M.~R.~Pelicer, D.~P.~Menezes, M.~Dutra and O.~Louren\c{c}o,
Do shortrangecorrelationsinhibitthe appearanceof the nuclear pasta?
Eur. Phys. J. A59, (2023)no0.9, 209

M.~Dutra, C.~H.~Lenzi and O.~Louren\c{c}o,
Dark particle mass effects on neutron star propertiesfrom a short-rangecorrelated hadronic model
Mon. Not. Roy. Astron. Soc. 517 (2022) no.3, 4265-4274

O.~Louren\c{c}o, C.~H.~Lenzi, T.~Frederico and M.~Dutra,
Dark matter effects on tidal deformabilities and momentofinertiain a hadronic model with SRC
Phys. Rev. D 106, (2022)no.4, 043010

H.~Lu, Z.~Ren and D.~-Bai,
Neutron-neutron short-rangecorrelations and theirimpacts on neutron stars
Nucl. Phys. A 1021, (2022),122408

B.~Hong, Z.~Ren and X.~L.~Mu,
Short-range correlation effects in neutron star'sradial and non-radial oscillations
Chin. Phys. C 46, (2022) no.6, 065104

O.~Louren\c{c}o, T.~Frederico and M.~Dultra,
Dark matter componentin hadronic models with short-range correlations
Phys. Rev. D 105, (2022)no.2,023008



Effects of short-range nuclear correlations on the deformability of neutron stars

Lucas A. Souza™, Mariana Dutra®, César H. Lenzi, and Odilon Lourenco
Departamento de Fisica, Instituto Tecnologico de Aeronautica, DCTA, 12228-900, Sio José dos Campos, SP. Brazil

PHYSICAL REVIEW C 101, 065202 (2020)
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There are open questions and opportunities:

the size, shape, density and isospin dependence of SRC/HMT,
their impact on Eg ,(p), heavy-ion reactions and neutron stars,
the mechanism of SRC-EMC linear relationship....



PHYSICAL REVIEW LETTERS 131, 202302 (2023)

Determination of the Neutron Skin of 2"Pb from Ultrarelativistic Nuclear Collisions

. g . 1 ... 2 - 34
Giuliano Giacalone®,” Govert Nijs,” and Wilke van der Schee
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The shape, size, density and isospin dependence of SRC/HMT

Strength and isospin dependence of SRC
R. Subedi et al. Science 320, 1475 (2008)

The structure of 12C in momentum space

R. B. Wiringa, R. Schiavilla, Steven C. Pieper, J. Carlson, PRC
89, 024305 (2014)
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https://arxiv.org/search?searchtype=author&query=Wiringa,+R+B
https://arxiv.org/search?searchtype=author&query=Schiavilla,+R
https://arxiv.org/search?searchtype=author&query=Pieper,+S+C
https://arxiv.org/search?searchtype=author&query=Carlson,+J
https://arxiv.org/ct?url=http://dx.doi.org/10.1103/PhysRevC.89.024305&v=a73d028f
https://arxiv.org/ct?url=http://dx.doi.org/10.1103/PhysRevC.89.024305&v=a73d028f

The high momentum tail in dilute Fermi gas at zero temperature
due to the repulsive core

A.B. Migdal, The momentum distribution of interacting Fermi particles,
Sov. Phys. JETP, 333 (1957)

Universal for all 2-componentfermion systems

(1)From 2"d-order perturbation theory with a repulsive interaction

f (2)The shape of HMT is universal--> (Kg/k)*
Hy
) _ _ x=k/k.
iJ____F_rez Fermi Gas_ W, pok)= ;ﬂzlikpc)ll{?x"u.'ix —-ﬁ]lni+; 4+(7x3 = 3x +2)In2 F

—Bx 4 22x %6 —24_4(x2_2)32
at zero

0 o : p” K| \"'%s . o 2
¢ - (3) The fraction of HMT N> /N=73~5"(ksc)

All HMT nucleons are on shell e&)=k%2m+V(k; e())

V. A. Belyakov, Sov. Phys. JETP 13, 850 (1961).

R. Sartor and C. Mahaux, Phys. Rev. C 21, 1546 (1981)

R. Amado, Phys. Rev. C 14, 1264 (1976).

S.N. Tan, Ann. Phys. 323, 2952 (2008); 323, 2971 (2008); 323, 2987 (2008).
S. K. Bogner and D. Roscher, Phys. Rev. C 86, 064304 (2012)

A. Rios, A. Polls, and W.H. Dickhoff, Phys. Rev. C 89, 044303 (2014).



Large momentum part of fermions with large scattering length

Shina Tan
James Franck Institute and Department of Physics, University of Chicago, Chicago, [llinois 60637

S-state scattering with Contact interaction ro=C 0.8 .
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The high-momentum tail in deuteron scales as 1/K*

O. Hen, L. B. Weinstein, E. Piasetzky, G. A. Miller, M. M. Sargsian,
PRC 92, 045205 (20150
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¥
MOMENTUM DISTRIBUTIONS IN THE NUCLEUS PLB 62, 253 (1976)

R.D. AMADO and R.M. WOLOSHYN

olg)~ (q—’2 v@) "

Some earlier analysis of inclusive electron-nucleus data indicates 1/k*8
corresponding to v=1/r

PHYSICAL REVIEW C 75, 034319 (2007)

Superscaling in a dilute Fermi gas and the nucleon momentum distribution in nuclei

A. N. Antonov,' M. V. Ivanov,'! M. K. Gaidarov,"? and E. Moya de Guerra®?

1
k& ¥
i.e. it corresponds to n(k) ~ 1/k**™ with m = 4. The

inverse Fourier transform of Vyn(k) form =4 and m =5
gives Vn(r) ~ 1/r and Vyn(r) ~ 1/r!/2, respectively.

n(k) ~ (15)




Off-shell effects in heavy particle production

G.F. Bertsch?, P. Danielewicz"
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Fig. 1. The graph for heavy particle production below the two-body
threshold.
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In (9) we express the NN matrix element in terms of
cross section, oyy = (m?/87)|M|?%, and allow for a
momentum dependence of the mean field; comparison
in the figure is made for oy = 40 mb, m* = m, and
p = po/4 (since we ignore the Pauli principle). The
result of a complicated calculation and our expression
compare favorably for & > kg. Our result could be

Physics Letters B 367 (1996) 55-59
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Fig. 2. Momentum occupation in nuclear mater ai p = po/4. The
solid line is our result, Eq. (9), applicable for k > kg. The dashed
line is the result of Ref. [9], including the region for k < kg as
well as correlation contribution for k > kg.



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)

EMC: Medium modifications of nucleon
structure function in nuclei w.r.t free nucleons
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Modified Structure of Protons and Neutrons in

Correlated Pairs Nature 566,354 (2019)

B. Schmockler, M. Duer, A. Schmidt, O. Hen, S. Gilad, E. Piasetzky, M. Strikman, L.B. Weinstein et :
(The CLAS Collaboration)
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-> 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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Hard photons from first-chance NN scatterings as a probe of the initial state
of colliding nuclei atlow beamenergies p+n — p+n+7vy
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https://arxiv.org/search/nucl-th?searchtype=author&query=Guo%2C+W
https://arxiv.org/search/nucl-th?searchtype=author&query=Li%2C+B
https://arxiv.org/search/nucl-th?searchtype=author&query=Yong%2C+G

EOS of dense neutron-rich matter is a major scientific motivation of
(1) High-energy rare isotope beam facilities around the world

(2) Various x-ray satellites

(3) Various gravitational wave detectors

Among the promising observables of high-density symmetry energy:

» 1 -/m " and n/p spectrum ratio, neutron-proton differential flow and correlation function
in heavy-ion collisions at intermediate energies

» Radii of neutron stars

» Neutrino flux of supernova explosions

» Tidal polarizability in neutron star mergers, strain amplitude of gravitational waves from
deformed pulsars, frequency and damping time of neutron star oscillations

B.A. Li, LW. Chen and C.M. Ko, Phys. Rep. 464, 113 (2008)

Topical Issue on Nuclear Symmetry Energy,

edited by Bao-An Li, Angels Ramos,
Giuseppe Verde and Isaac Vidana

EPJA, Vol. 50, No. 2 (2014)
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Resonant oscillations and tidal heating in coalescing binary neutron stars

Dong Lai*

Center for Radiophysics and Space Research, Cornell University, Ithaca, NY 14

(e.g. Cox 1980). Here, g=|g| is the local gravitational
acceleration, c, is the adiabatic sound speed, as given by

2_ (9P
.= (ap) . (4.4)

(the subscript ‘s’ means adiabatic, which in this case implies
constant composition), and c, is given by

dp
do

2
Ce=

(4.5)

(the subscript ‘¢’ stands for equilibrium). We can easily
rewrite the Brunt-Vaisild frequency (equation 4.3) as
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Isospin fraction during heavy-ion reactions

n/p spectrum ratio
of pre-equilibrium
emission probing
neutron-proton
effective mass
splitting
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high density region is more neutron-rich
with soft symmetry energy

The density dependence of
ISospin asymmetry in neutron
stars and heavy-ion reactions
are similar

n /= * ratio at freeze-out and
neutron-proton differential flow
probing high-density Eg,

Bao-An Li, Phys. Rev. Lett. 88 (2002) 192701
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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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Neutron-proton total effective mass splitting from optical potentials
Bao-An Liand Xiao Han,
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Momentum dependence of the nucleon optical potential at normal density
X.H. Li, W.J. Guo, B.A. Li, LW. Chen, F.J. Fattoyevand W.G. Newton PLB 743 (2015) 408
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Systematics of neutron-proton effective mass splitting from data analyses
iIn comparison with the 2021 Chiral Effective Field Theory prediction

HVH theorem using systematics
—_ n of nuclear symmetry energy i
< B.A Lietal, 2013
= 05| —
* o N SHE+RPA analyses .
= Z. Zhapg et al, 2016 .
- 04— o , [attice-Hamiltonian IBUU —
= YEFT+MBPT prediction (T.R. Whitehead et al.. 2021) T. Xu et al.. 2020
~ bwith the uncertainty from using different chiral interactions @41'/ s .
té[,l ej@ %a;-
= | crl e —
= 03 #y, O
= i ), ® L ’ O',b;”ng . o i
$ Dispersive optical model analysis ‘e D, 69"6,”
Z 02+ of n+Pb kcattering data i /e,;, /e Sso —
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b3 | Bayesian analysis using SHF+RPA .
= 1 J. Xuetal., 2020
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& u Bayesian analysis of n/p spectrum ratio i
5 in Sn+Sn reactions at 120 MeV/u at NSCL
E 01+ using ImQMD transport model with Skrme| forces —]
o P. Morfouace et al., 2019
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-0.2

Bao-An Li, Bao-Jun Cai, Lie-Wen Chen, Wen-Jie Xie, Jun Xu, Nai-Bo Zhang
arXiv:2201.09133
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Density dependence of the neutron-proton effective mass splitting from chiral EFT

T.R. Whitehead et al. (2021)
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— XEFT + MBPT

I Phenomenological
Estimate

T.R. Whitehead, Y. Lim, J.W. Holt

PRL 127, (2021) 18
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Im pact of high-density symmetry energy on the tidal deformability of neutron starsin mergers

Energy per nucleon (MeV)
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F. Fattoyev, J. Carvajal, W.G. Newton and B.A. Li, PRC87, 15806 (2013)

The tidal deformation:
A= QF:QRE‘,?(EG}

Given a EOS, the Love number k, and radius R for a given mass m can be solved from the
Tolman-Oppenheimer-Volkoff Eqg. coupled with a differential Eq. for the strength of the
perturbed time-time component of the metric



Effects of symmetry energy on the crust-core transition density

100

N.B. Zhang, B.A. Liand J. Xu,
APJ 859,90 (2018)

NV+BPS EOS
for the crust -400,
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At the crust-core transition: Incompressibility in neutron stars at £ equilibrium = 0
dQE,;. dEg d’E dEgym dE
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Lattimer & Prakash, Phys. Rep., 442,109 (2007)



Table 1. The radius i) 4 data used in this work. Wen-Jie Xie and Bao-An Li
AP) 883, 174 (2019)

Radius K4 (km) (90% confidence level) Source Reference APJ 899, 4 (2020)

119174 GWI1TOR1T (Abbott et al. 2018)

108114 GWITOR1T (De at al. 2018)

1.7+ QLMXBs (Lattimer & Steiner 2014)

119+ 08, 108 £ 0.8, 11.7+08 Imagined case-1  this work

11.9+ 0.8 Imagined case-2 this work

i ility distributi _ _ PDOIM)P(M) Bayes’ theorem

Posterior probability distribution P(M|D) fP(D|M}P(M)dM?( y )

3

Likelihood: P[D(Rl,E,BHM{Pl,z,mﬁ)] =

) Table 2. Prior ranges of the six EOS parameters used
Meta-modeling of nuclear EOS

Uniform prior distribution P(M) in the ranges of  Parameters Lower limit  Upper limit (MeV)

. . Ko 220 260
Bayesian inference of P 800 400
high-density E,, from the radii Kay -400 100

: Juym -200 800
R, , of canonical neutron stars z a0 90

In 6D EOS parameter space Exym (o) 28.5 19



https://arxiv.org/abs/1907.10741

Impact of symmetry energy on sound speed and
spinodal decomposition in dense neutron-rich matter

Nai-Bo Zhang & Bao-An Li

The European Physical Journal A 59, Article number: 86 (2023)
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Adiabatic sound speed in nucleonic matter

Symmetry energy

Eqm(Pp)=31.7 L=60 - 800
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Fig. 3. The speed of sound C%,; in unit of ¢* in nucleonic matter with fixed isospin asymmetries as a function of density using
the symmetry energy Egy.m(p) functions with Jy., varying between -200 and 800 MeV as shown in the right panel of Fig. 2.
The orange dashed line corresponds to the conformal limit C? < 1/3.
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Experimental evidence of isospin-dependent nucleon momentum distribution:
Deformed-Fermi distributions in neutron-rich matter

pp/np ratios [%)]
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Density and momentum dependence of Isoscalar and Isovector potentials
Gogny Hartree-Fock predictions using 11 popular Gogny (finite-range) forces

PHYSICAL REVIEW C %0, 054327 (2014)

Isovector properties of the Gogny interaction

Roshan Sellahewa and Arnau Rios
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The crust-core transition density,
pressure and isospin asymmetry are
very sensitive to the fine details of
the asymmetric nuclear matter EOS
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Isovector properties of the Gogny interaction

Roshan Sellahewa and Arnau Rios
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Lecture notes of R. Machleidt
CNS summer school, Univ. of Tokyo
Aug. 18-23, 2005

}

Attractive . - Repulsive - Tensor Force: First evidence from the deuteron

Tensor force

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

Deuteron
----- - PWIA (5 only) _ _
oz | —-— PWIA ;sj;.;,l S=1, T=0
e PWBA+FSI
----- PWBA+FSI-MEC
_ PWBA+FSI+MEC+IC

FLILL

L BeD s

4-5% mixing of S-D waves are necessary

02 -

el T Passchier, et al., Phys. Rev. Lett. 88 (2002) 102302
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Solving the NS inverse-structure problems by calling the TOV solver
within 3 Do-Loops: Given an observable-- Find ALL necessary & sufficient EOSs

Ko p—=povs , [Jo}yp—pos ,
Eo(p) = Eoul(s 7, 2.15
o(p) = Fofp) + =5 (200 + LU R (2.15)
: : P — o I{svm P — Lo 9 ']svm P — Lo /. \
Es m \ f — Esvm 20 +L p = ; + - : 2.16
ym(p) ym(p0) + L( T ) =5 T ) 5 30 )(2.16)
YR, . . -2
E(p.d) = Eo(p) + Esym(p) 0% //T _______ |
Fix the saturation parameters Eq(po), Ko, Esym(po) and m,/ ]| /
L at their most probable values currently known | !
A, =580 J
|
Example: Jo=-189is found = 0 |
given M,,5,=2.01M,, = ‘
ih '__';; M,=201M,, |l
Jo loop -20 0 5
200 2
. 400 &
Inversion||by brute force Symmetry eneray PIAne o g
L| -40 U 100 200 300 20 00
TOV Kem [MeV]

at Kgyri=-200 & Jgyr=400
inside the K, and Jg,r,, loops N.B. Zhang, B.A. Liand J. Xu, APJ 859, 90 (2018)




Isosinglet (T=0) interaction dominates the E,(p)
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At saturation density
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2021 fiducial value=51 + 13 MeV
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Neutron stars
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Examples of theoretical predictions for Eg,n(2p0):
(1) Chiral EFT, Esym(2p0) ~ 45 +3 MeV
C. Drischler, R. J. Furnstahl, J. A. Melendez, and D.R. Phillips, PRL125, 202702 (2020)

(2) Quantum Monte Carlo, Esym(200) ~46+4

Bao-An Li, Bao-Jun Cai,

Wen-Jie Xie, Nai-Bo Zhang,

Universe 7, 182 (2021)

D. Lonardoni, I. Tews, S. Gandolfi, and J. Carlson, Phys. Rev. Research 2, 022033(R) (2020)

(3) Relativistic BHF in full Dirac space: 51.6 MeV
Sibo Wang, Hui Tong, Qiang Zhao, Chencan Wang, Peter Ring, Jie Meng, PRC 106 (2022) 2, L021305

(4) Relativistic BHF: ~ 53 MeV
Chencan Wang, Jinniu Hu, Ying Zhang, Hong Shen, Chin.Phys. C 46 (2022) 6,064108
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