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OUTLINE

@ BackGrounD
@ QHD with Nucleon as point-like particle
@ Nucleon radius impact on equation of state (EOS) and properties of
neutron star
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OUTLINE

© QHD anp QMC WITH EXCLUDED VOLUME
@ EOS with excluded volume
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OUTLINE

9 MEDIUM MODIFICATIONS OF THE NUCLEON RADIUS
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OUTLINE

© QHD wITH MEDIUM MODIFICATIONS OF THE NUCLEON RADIUS
o Its implication on EOS and properties of the slowly rotating NS
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OUTLINE

© Concrusion anp OUTLOOK
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BACKGROUND

o Lagrangian density of QHD!:

— I
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where F* = OHw” — 0¥ wh.
@ QHD-I contains scalar(c), vector-isoscalar (w)?
o QHD-II (QHD-I plus isovector-vector (p)
@ QHD models based on baryon and meson degree of freedom

o S:In this QHD (Walecka) model, nucleons are assumed as point-particle
(no structure)
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EOS of various QHD TYPE MODELS?

@ Energy binding as a function Fermi momentum (kg) of various QHD
model

@ Prediction of these various of QHD model on properties of static neutron
star (Mass-radius relation)

20 35 7 - T T
- GR © causa 7 —cmmece QHD-]
1 3.0 | fimit 7 hmie 7 va -
2 A = - """ GHD nuclear
8 I 25 s/ SN i —-—--R=-zGM/
—_ 4 R LN i A R = 2.83GM/c*
5 4T 320 ; 1
= 0r = Y 5
= = /
= =4 - =15 B fifs v ]
-8 10 ’ 1
—-12 <
_16 | 05 - e 4
-20 0.0 k=t . . s
0.0 5 1 15 20 25
R [km]
3

ParapA Hutauruk (APCTP) HADRON MEDIUM & SLOWLY ROTATING NS HaEeUNDAE-BusaN, 09/25-28/2019 8/29



NUCLEON AS POINT-LIKE PARTICLE#

@ A point-like particle do not change in size
o The field surrounding it becomes stronger when you look closely
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e Q: Is it really true that nucleon is point-like particle??
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NUCLEON AS COMPOSITE PARTICLE?®

@ Nucleon has a size (structure)—Proton radius puzzle (18 years)—> the
MUSE experiment

o Structure of nucleon is more complex (valence quarks + sea quarks +
gluons)

e Q: What is the impact of the nucleon size in nucleon/nuclear

matter models??
5
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QMC MODEL—EXTENDED OF QHD MODEL

@ QMC model is a model which can describe the different phases of
hadronic matter in terms of explicit quark-gluon degrees of freedom,
proposed by Guichon® and extensively investigated by Saito”

@ The effective mesons couple directly to the quarks in the interior of the
nucleons —> effective baryon-meson coupling constant become density
dependent

o In the QMC model, nucleon has structure (quark confined in the MIT bag
model)

@ However the radius of the bag model is not observable and it is different
with the nucleon radius

o In medium, the bag radius decreases with increasing the density

6
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LagranGiaAN QMC MODEL

The effective Lagrangian for a symmetric nuclear matter in the QMC model:

ZLome = b [11u0" — My(0) = g, 1uw"] ¥ + Lo, )
The free meson Lagrangian density:
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Nucleon structure inQCD Bag model
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Ficure: The QCD picture of the nucleon and the bag model 8
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LagranGiaAN QMC MODEL

@ In the QMC model, the nuclear matter is treated as a collection of the
nucleons that are assumed to be non-overlapping MIT bags

o The Dirac equation for the light quarks inside the bags are given by
. 1 Yu(x
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where the effective current quark mass my is defined as

*_

T = e Vad, 4)

where my is the current quark mass, where ¢ = (u, d, s) and V/J is the
scalar potential.
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LagranGiaAN QMC MODEL
The effective nucleon mass:

MK/ (U) = My — 8o (J) g, @)

Total energy per nucleon:
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TABLE: Parameters of the QMC model and the obtained nucleon properties at saturation density

po = 0.15 fm 3 for two quark mass values in free space, mq = 5.0. The mg, My, and K are given in
units of MeV. The parameters are fitted to the free space nucleon mass My = 939 MeV with Ry = 0.8 fm
(input), and the nuclear matter saturation properties.

mg g2/Ar  g2/4w R Zy My, K
5 5.393 5.304 170.0  3.295 754.6  279.3
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LagranGiaAN QMC MODEL

Energy per nucleon (E*'/A — My), effective nucleon mass Mj, and effective
quark mass (mj) and the quark potentials (V7 and V) for symmetric nuclear
matter in the QMC model for the current quark mass my; = 16.4 MeV
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EOS or various QMC MODEL

@ Energy binding of the QMC model

@ Prediction of the QMC model on properties of neutron star
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@ Q: The radius of the bag model is not observable and it is different
with the nucleon radius. How should we include the size of
proton??
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THIs 1S JUST BEGINNING

QHD and QMC models with the radius of nucleon
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QHD WwITH EXCLUDED VOLUME

o Energy density of matter consisting of leptons and composite nucleons
with a radius r?

€ = A[el; o e[ Fes ez + em(w, o, p)
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QHD WITH EXCLUDED VOLUME

@ Proton or neutron and the corresponding scalar densities!©

Pp,n = -App,m
05, i Apls,h where /= p,n,
4 3
Vo~ U S Vg ”3”" . )
@ Pressure of matter can be obtained
d
P = pZM. (10)

dp
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QHD WITH EXCLUDED VOLUME

o Energy per nucleon and pressure as a function of py and pp/po,
respectively, for symmetric nuclear matter (SNM)!!

[ — r—u'.:) fm :
I I | T ' Torms ] I . 00 Lovess — q
200 — 200 = r=0.4 fm
200 2 o | v=e= =0.67 fm
o 1% E w— =083 fm
% 150 | 12 ‘; 150 M =10
2wt y L 1o
— 0. E
Z‘ — [
3 50 o 50
0
1 1 1 n 0
1 2 3 4 5

00 0.2 04 06

11

ParapA Hutauruk (APCTP) HADRON MEDIUM & SLOWLY ROTATING NS HaEUNDAE-BuUsaN, 09/25-28/2019 20/29



QHD WITH EXCLUDED VOLUME

@ Energy per nucleon and pressure for pure neutron matter (PNM)!2
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QHD WITH EXCLUDED VOLUME

o Impact of the nucleon radius (via excluded volume) on the neutron star

properties!3
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QHD WITH EXCLUDED VOLUME

@ Impact of the nucleon radius (via excluded volume) on the neutron star

properties!4
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QMC WITH EXCLUDED VOLUME

o Energy per nucleon of nuclear matter as a function pg/po for various
hard core radii (left panel)

o Energy per nucleon of nuclear matter as a function pg/po with refitting
coupling constant for various hard core radii (right panel)'>
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e Q: The proton radius used is in the free space. What happen if we
consider the medium modification of the nucleon radius??
15
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MEDIUM MODIFICATIONS OF THE NUCLEON RADIUS

QHD and QMC models with the medium modifications of
the nucleon radius
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MEDIUM MODIFICATIONS OF NUCLEON RADIUS !7

@ Nucleon radius in medium for various nucleon bag radius Ry = (0.7, 0.8,
1.0) fm with the current quark mass my = (0, 5) MeV.
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@ At saturation density (pg), the nucleon radius increases 25 %

@ pp = 3 po the nucleon radius increases about 50 % and for higher density
the increasing rate of radius is more pronounced, which is consistent with
recent paper of Ref16

16
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QHD WwITH EXCLUDED VOLUME AND MEDIUM MODIFICATION
OF PROTON RADIUS ( )
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SuMMARY AND OUTLOOK

@ We have shown the effect of radius proton in free space as well as in
medium and EOS becomes stiff when we consider the in-medium
modifications of proton radius

@ Medium modifications of radius proton potentially give the high mass
Neutron star and smaller the moment of inertia based on the results of
EOS obtained

@ Next, we will refit the QHD and QMC with various medium
modifications of radius proton to produce the correct saturation point and
satisfy the experimental constraints, as the results of the QMC with the
radius proton in free space

o It is also possible to check the effects of medium modification of the
nucleon radius using other models such as the quark mean field model!8

St

\'
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