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Introduction

outer crust 0.3-0.5 km

Or ions, electrons

inner crust 1-2 km
-&—— electrons, neutrons, nuclei

m Structure of neutron stars

outer core ~ 9 km
neutron-proton Fermi liquid

few % electron Fermi gas

v Quter Core : Neutrons, Protons, Electrons

v" Inner Core - Quarks?l, Hyperons?| Pions?

L inner core 0-3 km
quark gluon plasma?

Baryons :|A composite particlejmade of three
(httpssffen wikipedi o Hyperons?
ps://en.wikipedia.org/wiki/Neutron_star)
quarks. Deconfined quarks?

Baryons we will consider in this study:

— yv0 y+ A =0 m-
plnlz IZ IZ )Al:‘ l:‘

Our Study - ) .
We use a quark-diquark description of octet
baryons based on the Faddeev framework to =
examine the equation of state of neutron star
matter in the relativistic mean field

\ 2Pproximation. )

(http://kakudan.rcnp.osaka-u.ac.jp/jp/overview/world/Flavor.html)
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Nambu-Jona-Lasinio (NJL) Model

B A quark model based on relativistic field theory.

.
B Contact interactions between quarks. \
B We can describe hadrons (nucleons, mesons) as
bound state of quarks.
v
Flavor SU(3) NJL Model Lagrangian — 4-fermi interaction
L =q(ig —m)q .-« Kinetic term for quarks (u, d, s)
+Gn[((7/1aCI)2 — (qﬂa]@q)z] .- Lorentz scalar + pseudoscalar gq channels
—G,[(@Av*q)? + (GAgyH*ysq)?] - Lorentz vector + pseudovector gq channels
_|_LI(OICI) ... Chiral invariant qq interaction channels

m : current quark mass matrix (= diag(m,, mg4, my))
Aq : Gell-Mann flavor matrices (a = 0,1,2,---, 8)
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qq interaction Lagrangian

£ = G5 |(ars€2a257") (47 C 5400y q) = (3C2a2777) (a7 C 20279

+64 [(71.€2:A977) (a7C W, 25250) — (@1uvsC2aA0T) (a7 C ysAaA )|

G term : Scalar and pseudoscalar diquark channels
We include only scalar diquark : spin 0, antisymmetric in flavor §f.
(4 term : Axial-vector and vector diquark channels

We include only axial-vector diquark : spin 1, symmetric in flavor 6.

Aq :antisymmetric Gell-Mann flavor matrices (a = 2,5,7)
Ag : symmetric Gell-Mann flavor matrices (s = 0,1,3,4,6,8)
/1516) :antisymmetric Gell-Mann color matrices (A = 2,5,7)
C : charge conjugation Dirac matrix (C = iy,¥,)
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Flavor SU(3) NJL Model Lagrangian

L =q(ig —m)q .-+ Kinetic term for quarks (u, d, s)
+G[(Ga9)* — (GAaYs 7] ... Lorentz scalar + pseudoscalar gq channels
—G,[(@Av*q)? + (GAg¥y*ysq)?] - Lorentz vector + pseudovector gq channels
_|_LI(QCI) ... Chiral invariant qq interaction channels

» G: Reproduce pion decay constant f;; = 93 [MeV] and the pion mass m,; = 140 [MeV].
— G, = 19.04GeV 2

> G,,: Reproduce binding energy per-nucleon in symmetric nuclear matter Ez /A = 16[MeV]

at saturation density of pg = 0.15[fm™3]. — G, = 6.03 GeV 2

» G, G4: Reproduce the masses in vacuum of the nucleon (940 MeV) and the delta particle
(1232 MeV) by using the Faddeev equation.
— Gs =8.76 GeV~2,G, = 7.36 GeV ™4
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v" Diquark

Two quarks which form a bound state
inside a baryon.

ex) Proton (uud)

* [ud]u
— Scalar diquark (spin 0, isospin 0)
* {ud}u, {uu}d
— Axial-vector diquark (spin 1, isospin 1)

Figure |. Feynman diagram of the Faddeev equation

Table |I. Mass of the baryons in vacuum [MeV]

Calc. | 940.0 | 9400 (1168511685 |1168.5|1124.6|1318.7|1318.7

Obs. | 9383 | 939.6 | 11894 | 1192.6 | 1197.7| 1115713149 1321.7
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Extended NJL Model

L =q(io —m)q » Standard 4-fermi interactions
+G7t[(c_1/1aq)2 — (C_I/la]/SCI)z] ‘
_Gv[(q)LaV#q)2 + (qlay“ysq)zl Extend to include 6-fermi and

(qq) 8-fermi interactions
+L;

6-fermi interaction Lagrangian (‘t Hooft, PRD (1976))

L = Ggdet|q,(1 - ¥s)dg + o (1 + VS)CIB]
» Gg - Reproduce the mass difference of ' and 1 mesons as 0.41 GeV.
— Gy = 1260 GeV~>

8-fermi interaction Lagrangian (Osipov et al.,Ann. Phys. (2007))

[’8 — GéSS) (Ls[’s) - Gésv) (Lva) - Gévv) (['v['v)

> Géss), Gésv), Gévv) : Free parameters for now, but not to spoil the saturation properties of
isospin symmetric nuclear matter.
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Extended NJL Model

S
L=qg(i0 —m)q
+G[(qqq)? — (@AaVs0)?]
—Gy[(@Aa¥* @) + (@Aa¥*YsD)?]
_|_Ll(qq) )

» Standard 4-fermi interactions

Case | ‘

Extend to include 6-fermi and
8-fermi interactions

6-fermi interaction Lagrangian (‘t Hooft, PRD (1976))

L = Ggdet|q,(1 - ¥s)dg + o (1 + VS)CIﬁ]

» Gg - Reproduce the mass difference of ' and 1 mesons as 0.41 GeV.

— Gy = 1260 GeV~>

Case 2

8-fermi interaction Lagrangian (Osipov et al.,Ann. Phys. (2007))

[’8 — G§SS) (Ls['s) - Gggsv) (Ls['v) - Gévv) (['v['v)

Case 3

> Géss), Gésv), Gévv) : Free parameters for now, but not to spoil the saturation properties of
\ isospin symmetric nuclear matter.

J
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Equation of state

From the first law of thermodynamics,

g=_P+z.uapa

a=b,l

€ :energy density, P : pressure
a : Baryons and leptons (e, 1)
U - Chemical potentials, p, : Density for each particle

4-fermi interaction only
The total energy density in the mean field approximation is expressed as

2

w
g=gvac—#+zavp§+53+el
v

Evac Vacuum term of constituent quarks (u, d, s)
Ep :Baryon kinetic term (Baryons moving in mean scalar and vector fields)
& : Lepton kinetic terms

wy : vector mean fields (w,, wq, ws), W, = 4Gv(qTq)

pPq : quark densities (py, g, Ps)
G, : 4-fermi coupling constant
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Equation of state
4+6+8-fermi interaction

The total energy density in the mean field approximation is expressed as

2
Wq

€ =Evac — 8G,

+2G,p2 + Ep + & + Eg + &g

The new contributions from 6-fermi and 8-fermi interactions to the energy density are

Gg
E6 = _—166;3 (040405 — 01,0040050)
(ss) (sv) (vv)
3689, .\ 368, 3¢t
% = Gacs (od0d = oioogin) - 646262 %10 ~ gagE Vi

04 :scalar mean fields (0y, 04, 05), 0, = 4G(qq)
040 : vacuum values of scalar mean fields (0,0, 040, 950)

Scalar and vector mean fields are determined by the conditions

0E B 0E _ 0
aaq awq

under the requirements of chemical equilibrium and charge neutrality.
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Numerical results for equation of state

4+6+8-fermi interactions
Table 2.Values of the 6-fermi coupling constant

03 ——x— — G in units of GeV~>,and the 8-fermi coupling
case 1 (ss) (vv) . . -8
caseg y constants Gg~ ~ and Gg " in units of GeV™°,

Fl-EASe O -
The coupling Gésv) is set to zero in all three
& 02F cases.
=
a 01F Case |
Case 2 1260 0 0
Case 3 1260 2330 1220
0

0 02 04 06 08 1
pg [fm™]

Figure 2. Relation between baryon density
and pressure in neutron star matter.
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Numerical results for equation of state

4+6+8-fermi interaction

L . L oossm==
01F @ "f oy
& & 1
= r e p
2 I s l/ " /Z+
7/ T~ i
001Ep=e / // g 78 / I/
H / = =-! =0
/ WRri= I =
l' \' I
f wyp =l oA L =08 *
’ ' " .
0.001 L4 N [ag N | N A W1 1
0 0.2 04 06 0.8
pg [fm™3]

Figure 3. Particle densities for case 1.

Threshold densities
u :0.22 fm™3
>~ :0.35 fm™3

Others : higher densities
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Numerical results for neutron stars

4+6+8-fermi interactions

case 1
case 2

,m ’ \—> “Hyperon Puzzle” y

case 3 =— = ||
| 1 | 1

/i

3] 8 10 12 14 16 18

R [km]

Figure 4. Relation between star
mass and radii.

~

Predicted star mass including
hyperons is too low compared
to the observed mass.

Table 3.Values of the central baryon densities

pMaxy = 0) in units of fm~3, star masses M%* in

units of M, and the radii of the stars R in units of
km, which gives the maximum star mass.

. [AUc=0| MmE | R
Case | 0.72 .73 2.3
Case 2 0.8 .62 11.9

Case 3 | .4 .72 9.8
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Numerical results for neutron stars

4+6+8-fermi interactions

2 — T T T T T T T T T T T T 1
| ]
Z e —
o)
=
§ 4 N
= Star mass for case 3 is stable for
large region of densities.
case 1 \. J/
case 2
1 N 1 N 1 N 1 1 calse.sl_. —l
02 04 06 08 1 12 14
ps (r=0) [fm™3]

Figure 5. Relation between central
baryon density and star mass.
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Summary

@ We designed our mean field approximation so that it reflects the basic
symmetries of the model and their dynamical breakings, regardless of possible
disagreements with the observations.

€ Hyperon puzzle persists in the NJL model for composite octet baryons in the
mean field approximation, and 6-fermi and 8-fermi interactions do not solve
the problem.

@ A special kind of 8-fermi interaction can support stable stars up to |.7 solar
masses over a large region of densities.
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Backup Slides

|6
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Chiral invariant interaction Lagrangian
£8 = G| (qrs€2a2°77) (47 C 7 ys2aAS ¥ q) = (7C22077) (a7C 712,25 q)|

+64 [(77.62:20°77) (471,428 q) = (@vsCAaAETT) (a7 C 1y ysAaAs g )|

G term : Scalar and pseudoscalar diquark channels
We include only scalar diquark : spin 0, antisymmetric in flavor §f.
G4 term : Axial-vector and vector diquark channels

We include only axial-vector diquark : spin 1, symmetric in flavor 6.
v" Diquark

— Two quarks which bind inside a baryon

ex) Proton (uud)

* [ud]u
— Scalar diquark (spin 0, isospin 0)

* {ud}u, {uu}d
— Axial-vector diquark (spin 1, isospin 1) Figure 1. Feynman diagram of the Feddeev equation
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Chiral invariant interaction Lagrangian
£ = G5 |(ars€2a2" ) (a7 Cys2ady ) — (7C2a25777) (a7 €402 )|

_ €)= - C _ €)=~ _ C
+64 [(@uC2:2777) (a7C 9, 2:2500) = (@rursC2a277) (a7C W ysAadVq)|
Gg term : Scalar and pseudoscalar diquark channels
We include only scalar diquark : spin 0, antisymmetric in flavor §f.
G4 term : Axial-vector and vector diquark channels

We include only axial-vector diquark : spin 1, symmetric in flavor 6.

Table 1. Mass of the baryons in vacuum [MeV]

Calc. | 940.0 | 9400 (1168511685 |1168.5|1124.6|1318.7|1318.7

Obs. | 9383 | 939.6 | 11894 | 1192.6 | 1197.7| 1115713149 1321.7
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Numerical Results

4-fermi interaction only

no hyperons (N +e +p) ====
75 | with hyperons, Mg = Mgg — =—
1 full result —
"- -ﬁ-\
38 2r ad "I
=, H
5 / \ 1
-‘E *
= 1.5 F
- /
1 -
| | | | |

-

) 8 10 12 14

R [km]

Figure 7. Relation between star mass and radii.

\_

Star mass with hyperons is
too low compared to the
observation of heavy star.

E(‘

Hyperon Puzzle”

~

J
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