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Prehistory: Strategy and Motivation

How to construct a theoretical framework (model of “"nuclear physics”)?

Our guiding principles are

simplicity (easy to analyse, transparent, etc...) <=> e.g. a small number
terms in the Lagrangian;

- relation to phenomenology in an attractive way — as much as possible
the peculiarities of strong interactions should be taken into account
using as less as possible the number of parameters;

universality <=> applicability to

hadron structure and spectrum studies (from light to heavy sector);
analysis of NN interactions;

nuclear many body problems <=> nucleonic systems (finite nuclei)
and nuclear matter properties (EOS);

relation to mesonic atoms;

hadron structure changes in nuclear environment;
extreme density phenomena (e.g. neutron stars);
etc.

Two possible ways:
> to construct completely new approach;

> a bit fresh look to old ideas (e.g. putting a bit more phenomenological
information).
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Prehistory: Studies

The studies were performed and going on in direction of

a single baryon properties
© in separate state considering it as a structure-full system
© nucleon in the community of their partners (EM and EMT form factors)
© nucleon in finite nuclei
© hyperons in nuclear matter
© heavy particles in nuclear matter
as well as on the properties of the whole nucleonic systems
> infinite nuclear matter properties (volume and symmetry energy
properties)
o matter under extreme conditions (e.g. neutron stars)
o matter with a strangeness
© neutron, proto-neutron, strange stars
mirror nuclei,



Prehistory: Possible ways of study

Two important phenomena in low energy region
> Quark confinement
Chiral symmetry breaking

Two possible ways of development in chiral theories
Topological approaches
Non-topological approaches



Prehistory: Baryon

= A baryon can be viewed as a state of Nc quarks bound
by mesonic mean fields (E. Witten, NPB, 1979 & 1983).

lts mass is proportional to Ne, while its width is of order O(1).
e Mesons are weakly interacting (Quantum fluctuations are
suppressed by 1/Nc: O(1/Nc).

Meson mean-field approach (Chiral Quark-Soliton Model)

+ Baryons as a state of Nc quarks bound by mesonic mean fields.

Seft = —NIrIn (—id, + S(r) + P(r)ivs + Vu(r)vu + Au(?)7uvs + Tpo (7)o, + i10)

+ Key point: Hedgehog Ansatz *
at.y | n®F(r),n*=2%r, a=1,2,3 : :
"'(")_{0, a=4,5,6,1,8.

hedgehog

- It breaks spontaneously SU(3)aavor ® O(3)space = SU(2)isospin+space

- 12 profile functions are only allowed.
Diakonov, Petrov, Vladimirov, PRD 88, 074030 (2013L

“This slide is obtained from H.C.Kim’s presentation, which is available in the internet.
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Prehistory: Baryon

Collective Hamiltonian

H MCI+2—AZJ2 QIQZJQ

V3

+ (ma — my) <2aD§§>< ) + B3 + wzﬂé? >J}->

1=1

3
N 1 A
+ (ms — ) <aD§§> (A) + Y + 7 Y " DY (A)J7;> + Hem

2 ET(‘N K2 K2 —9 ﬁ__

3 My + My IQ

*For more details see the presentations of G.S.Yang in this conference.
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Prehistory: Topological models

Shell is made

from the
meson cloud

Structure
From what made a nucleon and, in particular, \\\‘\ﬁl” f f/'/
its core? Al T 1/ 2
QL P
~ The structure treatment depends on an ,'\\,\\ \ / % A oA
energy scale P '5,\\” o
~ At the limit of large number colours the E::«— = 3
core still has the mesonic content Wit L = -
\\\ Sy
Ve
Core... \\\ \\
Made from \

what?



Prehistory: Topological models

Stabilization mechanism

- Soliton has the finite size and the finite
energy

~ One needs at least two counter terms
in the effective (mesonic) Lagrangian

Prototype: Skyrme model
[T.H.R. Skyrme, Pros.Roy.Soc.Lond. A260 (1961)]

~ Nonlinear chiral effective meson (pionic) theory

L (8,UUT) — :
16 g 6e?
e —————— ——
Shrinking term Swelling term

© Hedgehog solution (nontrivial mappin

= exp{it nF(r)}
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Medium modifications

What happens in the nuclear medium?

The possible medium effects
Deformations (swelling or shrinking, multipole deformations) of nucleons
Characteristic changes in: effective mass, charge distributions, all possible form
factors
NN interactions may change

etc.
One should be able to describe all those phenomena

Soliton in the nuclear medium (phenomenological way)

Outer shell modifications (informations from pionic atoms)
Inner core modifications, in particular, at large densities (nuclear matter properties)

it
ML /
‘\K\R\;k\‘v\“‘ r T f ff ///
| —— RNt 2 7 2
N i o LT . . .
nner CIOre mOdl_ ications It? the s Al B T Meson cloud modifications in
s 1
nuclear rfllet l(ljthn _may € - “> - = < the nuclear medium:
relatedto: cce — = Pion physics in the nuclear
* vector meson properties in Zisis, 3. ek ol ~ medium
the nuclear medium ///f; g 1 l L\\‘ \\\ g
. LSy
* nuclear matter properties at ! * \\\ \\\

saturation density




Medium modifications

© Modifications of the mesonic sector modifies the baryonic sector

~ Lagrangian satisfies some limiting conditions

Original Lagrangian
in free space

<

Linear approximation

Free pion Lagrangian

—

Zero density

Zero density

—
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Modified Lagrangian
in Nuclear Matter

Linear approximation

4

Pion Lagrangian
in Nuclear Matter



Medium modifications

“Outer shell” modifications

© In free space three (8“8 + m? )ﬁ(i’o) =0
. p T
types of pions can be X
treated separately: (0"0,, +m?2 + IENFED — g
isospin breaking
- In nuclear matter: ﬁO — 2(«L)Uvopt — Xs (pa bOa CO) T 6 | Xp(pv bOa 60)6
three types of
polarization operators ° = (T~ + 11172, ATl = (IT” = 11)/2

© Optic potential

approach: parameters m-atom  Tr = 50 MeV

from the pion-nucleon bo [mz'] -0.03 - 0.04

scattering (including > [by m=1] - 0.00 - 0.09
the isospin ————

-3 N ) N o=

0 [mz 0.2 0.2:

dependents) il Sl 5 ’

>lcy [mZ?] 015 0.16

q 0.47 0.47
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Medium modifications

“Outer shell” modifications in the Lagrangian [U.Meissner et al., EPJ A36 (2008)]

_ Fr Fy
£5=T6@r (9 UdoUT) — Tr (0;U8;,UT)

- Due to the nonlocality of 10 = —
optic potential the kinetic
term is also modified

> Due to energy and m-atom 1T, = 50 NeV

momentum dependence — 1. — —
of the optic potential bo e 1- 0.03 - 0.04
parameters the following by [mz'] - 0.09 - 0.09
parts of the kinetic term colm=31 0.23 0.25
are modified in different - _3 N N
forms: cy mz7 0.15 0.16

- Temporal part q 0.47 0.47

- Space part
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Medium modifications

“Inner core” modifications
[ UY & H.Ch. Kim, PRC83 (2011); UY, PRC88 (2013) ]

Li=— L1 Uta,U, Uto,U]” +

1662@

1
32e

T [Uto,U,UT0,U]

may be related to

- Vector meson

properties in nuclear L
matter = (;.s(p, 0p, parameters)

~ Nuclear matter
properties

15



Medium modifications

Final Lagrangian
[ UY, JKPS62 (2013); UY, PRC88 (2013) ]

Separated into two parts

F? F;
@: 1—76T a; Tr (BUdUT) — 1—g a;Tr (O;U0;UT)

L5 = Ll + Ligym 2 2
Tr [UT8U, UTO,U]" + ——— Tr [UTa,U,UT9,U]
- |soscalar part 32e(s
4 2, 2
Loym = L5+ Ly + Lo, L _ _fxma ampTr (2-U—-UT)
m 16
~ |Isovector part
£* — ﬁz;k —+ E; F2 2
o " g L = —3—72T (m2y — m2o)Tr (7,U) Tr (TQUT)
a=1

o [Nuclear matter

stabilization 2

: —1—g MaQe Eap3Tr (T,U) Tr (TbaoUT)
©|Asymmetric matter | __——

properties
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Medium modifications

Reparametrization
[ UY, PRC88 (2013) ]

 Five density dependent
parameters

~ Rearrangment (technical
simplification to describe
nuclear matter)

o
co P2 EJP
pO pO Ys
o %
+C2£=f2 P e
Po Po (a,)y,

I, =
%
I = b
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Shell
modifications

Core

modifications

F;c*,rﬂ er%e;: mn%m;;
es %e:
c, P
4
Po Po 1_|_C5p Po
Po



Nuclear matter

From the Bethe-Weizsacker formula

(N-2)" |

e(A,Z)=—-a, +a; PE

The binding-energy-formula terms in the framework of present model
can be obtained considering

e

Volume term
We reproduced = — - Symmetric infinite nuclear matter
- Asymmetry term

- Isospin asymmetric environment
> Surface and Coulomb terms

- Nucleons in a finite volume

Finite nuclei properties
- Local density approximation

—
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Nuclear matter

The volume term and Symmetry energy

At infinite nuclear matter approximation

the binding energy per nucleon takes the
form

eMN,0)=¢,(AN)+ed°+00)=¢,(N)+¢ ,(1,0)

A is normalised nuclear matter density
§ Is asymmetry parameter
€ IS symmetry energy

> In our model
* free
- Symmetric matter e, (M) =my (N,0)—my

- Asymmetric matter e, (MO)=e(N\,d)-¢,(N)
= m;,’s (A,0)— m;\/,s (A,0) + m;kv,V (A,0)0
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Nuclear matter

Nuclear matter properties

Symmetric matter properties (pressure, compressibility and third derivative)

oe ,, (A d%e, (\
2 V( ) , KO — 9p2 Vg )
on |, ap

a°c, (N
p=po7\ ’ Vg )

= 27N
¢ ON

P=Po A=l

- Symmetry energy properties (coefficient, slop and curvature)

L K
SIM=-D+—SA=-1D"+¥
3( ) 18( )

e.(M)=¢,(1)+
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Nuclear matter

The binding-energy-formula in a more general case

E*—FE ZAM,+ NAM, +3._ N;AM,

“T A A
3 1 3
= AMy (1 3 5S> + SOAM,, + ; 5 AM,
an:Mn_Mp 5 N — 7

AMy = M3y — My A
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Nuclear matter

Volume energy
[ UY, PRC88 (2013) ]

- Set | - solid
- Set Il - dashed
- Set lll - dotted

For comparison: Akmal-
Pandharipande-
Ravenhall (APR)
predictions

[PRC 58, 1804 (1998)]
are given by stars.

(From Arigonna 2 body
interactions + 3 body
interactions)

40 T T T T [T T T T[T T T T [T T T T [T T T T [T T 1T
30F -
= 20F bl
= i
= 10F -
~< -
\-: ("):: -

() - -
—10F =
SN ¥ [ T T T

| 0.5 1.5 20 25 3.0
A
Set Cy C C;3 ev(po) Ko o
(MeV)  (MeV)  (MeV)

| —0.279 0.737 1.782 —16 240 —410

I1 —0.273 0.643 1.858 —16 250 —279

I11 —0.277 0.486 2.124 —16 260 —178
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Nuclear matter

Pressure
[ UY, PRC88 (2013) ]
l(:)3:| ——— I R R bl Ml s b L,
= . symmetric matter e
— | ] 100
=102 - - E
. m . >
[ . _ Q
L 2
= 10 - T 10 3 =====Fermi gas 3
< T E E ‘ — — Boguta
— - E [ -— Akmal ]
- B - g —K=210 MeV 1
B T " m—K=300 MeV 1
1 | I 1 5] experiment
1 2 3 4 0 1 15 2 25 3 35 4 45 5
A p/p0

For comparison: Right figure from
Danielewicz- Lacey-Lynch, Science 298, 1592 (2002).
(Deduced from experimental flow data and simulations studies)
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Nuclear matter

Symmetry energy

- Solid L, =70 MeV

60lllllllllllllllllllllllllll

. Dashed L. =40MeV

lyraaliag

For comparison: Akmal-
Pandharipande-Ravenhall
(APR) predictions

[PRC 58, 1804 (1998)] are
given by stars.

(From arigonna 2 body
interactions + 3 body
0 [ TN TN N N TN TN N TN TN T T N T T T N Y T O A TN AN

interactions) 05 1.0 15 20 25 30
A
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Nuclear matter

p(A) [MeV fm

Pressure in neutron matter
[ UY, PRC88 (2013) ]

103 = r 1 rJrrrrfJrro+oroy7prrr 3 =
I e 100 |
2] | = -
107 E -
- . S
i 1 2
B 7 E_’ 10 ——avi4uvll
10 ; —§ - —— GWM:neutrons ]
» s Fermi Gas _
4 - L {Exp.+Asy_soft
B - Exp.+Asy_stiff |
l [ AR TR WA TR N S RN SN MR NN (NN SN SNNNY SN NN SN SN S | 1 """""" e S e
1 2 3 A 5 1 15 2 2.5 3 35 4 45 5
A o

For comparison: Right figure from
Danielewicz- Lacey-Lynch, Science 298, 1592 (2002).
(Deduced from experimental flow data and simulations studies)
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Nuclear matter

Low density behaviour of symmetry energy

For comparison:
Trippa-Colo-Vigezzi —
[PRC 77, 061304 (2008)];

From analysis of GDR
(208Pb).

233 <¢ (p =0.1fm™) < 24.9 MeV

es(po) Ls Kg K- Koo €5(0.1f1n—3)
[MeV] [MeV] [MeV] [MeV] [MeV] [MeV]

32 40 |—181 —-301 —257 25.15

32 50 |—-160 —310 —254 24.15
32 0w |1—126 —306 —239 23.22
70 —80 —290 -—-211 22.37
80 —21 —-261 —172 21.57
90 50 —220 —-119 20.82
100 134 —-166 —55 20.13

Consequently one can
predict in this model.
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Nuclear matter

(SU(3) model independent approach with hyperons)

Pressure [N.Y.Ghim, G.S.Yang, H.Ch.Kim, UY, PRC103 (2021) ]

102,

= This work
—- GMR Exp.
Flow Exp.
Flow+20%
lm Kaon Exp.

25 3.0

A, 1) (MeV fm~3)

N—

1014

27

102

10!

109

——— Ggm =32 MeV, L, =60 MeV : Lﬁﬁ
—— Oy, =32 MeV, Ly, =50 MeV
—*— Pb

NS 95% =

>

NS 68% ,/’

e QMC z7
’d
'
s
S
1 1 ' 1 1 |(b|)
0.5 1.0 1.5 2.0 2.5 3.0
M =p/po)



Nuclear matter

(SU(3) model independent approach with hyperons)

g(A, ) MeV)

Volume and symmetry energy [ N.Y.Ghim, G.S.Yang, H.Ch.Kim, UY, PRC103 (2021) ]

100

80

60

—_ §=0
Agym = 32 MeV, Ly, =60 MeV(6=1)
——— Oy =32 MeV, Ly, =50 MeV(6=1)
m APR predictions(d=1)
} APR predictions(§=0)

40
20 p
0 @
—20k., . | L4 | | L+ .
0.0 0.5 1.0 1.5 2.0 2.5

28

@
-—
——————
A )—”
N\ -
AN -
RN
AN
N
NN\
N N

Agym = 32 MeV, Ly, =60 MeV

——— Gy =32 MeV, Ly, =50 MeV
° APR predictions

IAS constraints

1 P R
1.0 1.5

PR IR
2.0 2.5 3.0
A =p/po)



Compact stars

Neutron star properties

TOV equations

CdP(r) _ GE(r)M(r) (1 } zGM(r)>‘1 (1 ) P(r)) (1 . 4m~3P(r§)

o = T 2 . E(r) M(r)

Energy-pressure relation

Neutron star’s mass
M(r) = 477/ drr?&(r).
0

29



Compact stars

Ey/M

Neutron star properties [UY, PLB749 (2015)]

0.2 -

0.1

1

|
0.2

GM/Rc*

10 11 12 13
R [km]

From Ref. [J.M. Lattimer & M. Prakash, Astrophys. J. 550 (2001)].
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Compact stars

Neutron star properties [UY, PLB749 (2015)]

TABLE III: Properties of the neutron stars from the different sets of parameters (see Tables I and II for the values of parameters):
n. is central number density, p. is central energy-mass density, R is radius of the neutron star, Mmyax is possible maximal mass,
A is number of baryons in the star, F} is binding energy of the star. In the left panel we represent the neutron star properties
corresponding to the maximal mass Mmyax and in right panel approximately 1.4 solar mass neutron star properties. The last
two lines are results from the Ref. [21].

Set Ne Pe R M nax A E, Ne Pe R M A Ey
=% 10 Jem?] [km] [Mo] [10] [10%%erg]| [fn~*] [10% fom?] [km] [Mo] [10°7] [10%%erg]

I1I-a 1.046 2.445 10.498 2.226 3.227  8.721 0.479 0.861 11.587 1.402 1.898  3.503
IT1-b 1.045 2.444 10.547 2.223 3.216  8.557 0.471 0.861 11.772 1.402 1.895  3.453
ITI-c 1.037 2.424 10.616 2.221 3.200  8.397 0.460 0.832 11.953 1.402 1.887  3.339
I11-d 1.047 2.452 10.494 2.221 3.213 8.598 0.481 0.867 11.619 1.402 1.893 3.422
I1I-e 1.044 2.440 10.554 2.218 3.203  8.495 0.473 0.858 11.809 1.403 1.890 3.384
ITI-f 1.040 2.433 10.609 2.216 3.189  8.311 0.464 0.842 11.992 1.403 1.887 3.334
SLy230a [21]| 1.15 2.69 10.25 2.10 2.99 7.07 0.508 0.925 11.8 1.4 1.85 2.60
SLy230b [21]| 1.21 2.85 9.99 205 291 6.79 0.538 0.985 11.7 1.4 1.85 2.61
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Compact stars

© Pure neutron matter (K, = 240 MeV).

3.0

—*— GW170817
—*— GW170817
—== agm =30 MeV, Ly, = 50 MeV
....... asym =30 MeV, Ly, =60 MeV
— — Gy =32 MeV, Ly, =50 MeV
—— gy = 32 MeV, Ly, = 60 MeV
Steiner et al.

7 8 9 10 11 12 13
Radius (km)

*N.Y.Ghim, G.S.Yang, H.Ch.Kim, UY, In preparation.
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Compact stars

© Pure neutron matter (ay,,,, = 32 MeV, L, = 60 MeV)

sym

F GW170817
— 1.5 —+— Gw170817
——— Ky=210MeV
------- Ky =220 MeV
— — Ky =230MeV
—— Ky =240MeV
—— Ky =250MeV
—— Ky =260MeV

Steiner et al.

10 11 12 13 14
Radius (km)

*N.Y.Ghim, G.S.Yang, H.Ch.Kim, UY, In preparation.

Mass

£
o
Ill

=
5

o
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Compact stars

© Pure neutron matter (a,,,, = 32 MeV, L, =50 MeV)

sym

—— GW170817
— 1.5~ —— GW170817
-—— K,=210MeV
------- Ky =220 MeV
1.0- __ Ky, =230MeV
— Ky=240MeV
0.5 — Ko=250MeV
—— K, =260MeV

Steiner et al.

IIIIIIIIIIIIIIllIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIllIIIIIIIIIIIII
007 10 11 12 13 14

Radius (km)

Mass

*N.Y.Ghim, G.S.Yang, H.Ch.Kim, UY, In preparation.
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Compact stars

© Proto-neutron star (K, = 240 MeV, ag,,, =32 MeV, L, = 60 MeV)

3.0

2.5

2.0

“®
S
g1.5
rzu —%— GW170817
1.0~ —~— Gw170817
——— §=0
------ §=0.9
0.5 __ 45 0s
Steiner et al.
IIllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIlIIlIIIlIIIlIIIllIIIlI
0.0; 8 S o R R 1 R I T P

Radius (km)

*N.Y.Ghim, G.S.Yang, H.Ch.Kim, UY, In preparation.
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Compact stars

© Hyperon mixed neutron matter (K, = 240 MeV, ag,,, =32 MeV, L, = 50 MeV)

3.0
2.5
2.0
O]
E e
~— GW170817
1.5—+ GW170817
(V)]
n - zs}s,g:o
(‘ZU ----- 253:005
1.0___ Zés:()l
—_ 23:53=015
0.5-— -0
— > §,=025
Ssteiner et al.
0.0p1mrg

127713 1a
Radius (km)

*N.Y.Ghim, G.S.Yang, H.Ch.Kim, UY, In preparation.
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Thank you very much for your attention!
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