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Nuclear matter EOS
for compact astrophysical phenomena

A. Ohnishi (YITP)

# Introduction
# Hyperon potential and 1st order phase transition at high density
# Constituents of nuclear matter at low densities

& Summary

Ohnishi, Colloquium, 2009/06/24 1 /30



Comgact Astroghzsical Phenomena

# Neutron Stars
@ Cold, dense (~ 5 p0), static, v-less
@ Many new forms of matter have been proposed !
# Supernovae
@ Warm (T ~ 20 MeV), dense (~ 1.6 p0), dynamical, non-eq. v
@ Important site of nucleosynthesis
# Black hole formation
@ Hot (T ~70 MeV), dense (~ 5 p0), dynamical, non-eq. v
s BH-BH, NS-BH, NS-NS merger — Numerical Relativity

Nuclear matter at various densities and temperatures
is realized in nature !
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Nuclear Matter Phase Diagram
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Neutron Stars

# What are “neutron” stars made of ?
— neutron, proton, electron, muon, hyperon, meson, quark, diquark, ..
— How do we know ?
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Numerical Simulation of Supernova Explosion

# v radiation hydrodynamics

@ Baryons, Electons, Photons (Hydro)
+ neutrinos (Boltzmann)

@ 1-dim. (Spherical Sym.)
— Exact v transport leads

to failed supernova explosion failure. 4 Ao
( Sumiyoshi et al., 2005) JCTNT

@ 2-dim. Hydrodynamics — merginal
( Tanka et al__ 2002)

T ( Janka et al., 2002)
(808 Sumiyoshi et al., 2005
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Numerical Simulation of Supernova Explosion

# Recent developments (approximate v transport)
@ Light progenitor (8-10 Msun)
— Successful explosion with simultaneous calc. of nucleosynthesis

@ Heavy progenitor (15 Msun)
— Standing accretion shock instability (SASI) causes late expl.

There are some successful examples, but not conclusive yet. I
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Black Hole Formation (Failed Supernova)

# “Hot” rather than “Dense” in BH formation process !
T ~70 MeV (~1/3 of QCD phase transition T.)

Fe core Collapse
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Nuclear EOS table for Core-Collapse Processes

# Numerical Simulation of Supernova Explosion

@ Time-scale ~ a few 100 msec
= Long enough for EM, not enough for all v to escape
— v radiation hydrodynamics

* Hydro: Baryons, electrons, photons — Nuclear EOS

* Boltzmann: neutrinos — e capture, v-nucleus reaction rate

# Frequently Used EOS Table
— Including Finite T info. + (practically) opened to public

@ Lattimer-Swesty (LS) EOS: Compressible Liquid-Drop
+ Skyrme type density dep. int. (K=180-350 MeV)+Liquid Drop
+ Provided as subroutines

@ Relativistic EOS (Shen-Toki-Sumiyoshi-Oyamatsu)

+ RMF-TM1(K~280 MeV)+Thomas-Fermi Approx. +a

+ Provided in the numerical table

# Ohnishi, Colloquium, 2009/06/24 8 /30



Problems and Interests in EOS table

# Why is EOS (for core-collapse processes) interesting
from a Nuclear Physicist point of view ?

@ Extreme conditions (HighT and p) — phase transition may be detected !
E.g. Density: 10° g/cc ~ 10" g/cc (p, ~ 2.5 x 10" g/cc)

@ Nuclei + Hadrons (+ Quarks): What composes matter ?

# Problems 5 ~STen EGS — e
i . = Unif. -----
@ High Density E 0 H -
+ Potentials of hyperons, pions, ... ? g 5 |
=
+ Can we detect (1st order) D
phase transition to quark matter ?
& #
@ . D - e
Low Density i T0,Y,205 -
+ Constituents of matter -20 | | |
. . 0 0.05 0.1 0.15
at sub-saturation density ? Barvon Density (fm™)

Fermi gas ? Nuclei ? Pasta ?

+ Pressure is discontinuous in Shen EOS. Why ?

* Maxwell construction (LS) ? or Other mech. to make it continuous ?
Ohnishi, Colloguium, 2009/06/24 9 /30
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Hyperon Potentials
and Ist order phase transition at high p

Ohnishi, Colloquium, 2009/06/24 10 /30



What happens (appears) at high p ?

# High density — Larger Fermi Energy
— Admixture of other hadrons than nucleons
(Hyperons, mesons, ...)

s Example: Chem. Equilibrium in NS € Pl|IM]|]|Z
— “Strangeness” is not conserved !
(Weak equilibrium)

@ Conserved Quantity

= baryon number and charge +la
’.-J.E -ME '

“He |iam
|[Er) -,

Hyperons are the strongest non-nucleon candidates !
Hg=E (n)+U(n) = M(Y)+U(Y)+Q,u,
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Hyperons in Supernova Matter

# Problems to include hyperons in Supernova Matter EOS

@ Uncertainties of hyperon potentials U,(p) — Recent Hypernuclear Phys.
(e.g. Balberg, Gal, 1997)

@ Density may not be very high in supernova — Needed in cooling stage

Attractive U, Repulsive U
U, =-30MeV
—_ 0 U, + ==-30MeV Uy = 10 MeV
= 10 UZ = -30 MeV K
R T
[ R - '
< _/f;‘f
O 2 |/
= 10 7 | 4.
S f X
= 3 F‘ TR A
< 10 g
; ' — : Sahu,
0123456?8910)123456?891[}A02003

Np/N, Np/N,
We include recent hyperon info. in supernova matter EOS
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2 Potential in Nuclear Matter

d’o Maekawa, Tsubakihara, AO, EPJA 33(2007),269.
dE.dQ Harada, Hirabayashi, NPA744('04),323.
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Relativistic Mean Field

# RMF Lagrangian
£ =% Up(if — Mp) Vg + 2aduo — U, (o)

B 3
1, 1 , 1 1
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# Schroedinger Equvalent Potential

@ Schroedinger Eq. for upper components of Dirac spinor
— Sch. Eq. Potential

. % . Elp) ..,
Us(p, E(P)) = Us(p) + :’LE Uy(p)

E

= JsRT + !}‘qﬂi; g ? lﬁhﬂw T GF;:HR ¥ %ﬂﬂﬂ

‘ SEP=U_ — RMF coupling — EOS I
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Relativistic EOS of Supernova Matter with Hyperons

s Extention of the Relativistic (Shen) EOS to SU /(3)

with updated Hyperon Potentials in Nuclear Matter
(Ishizuka, AO, Tsubakihara, Sumiyoshi, Yamada,J. Phys. G35(08),085201)

@ Relativistic (Shen) EOS (Shen, Toki, Oyamatsu, Sumiyoshi, PTP 100('98), 1013)
Rel. Mean Field (RMF) + Local Density Approx.(Nuclear Formation)

@ SU (3) Extention of RMF (Schaffner, Mishustin, PRC53 (1996), 1416)
Coupling ~ Quark Number Counting

gMB a q W p O

N 10.0289 0 126139 4.6783 0
A 6.21 6.67 841 0 —5.95
SM ¥ ||4.3d[6.21)] 6.67  8.41 29,8y  —5.95
I0TSY = [13.11](3.49)] 12.35  4.20 163  —11.89

« g _ is tuned to fit Hyperon Potential in Nuclear Matter
=—30MeV, U=+30MeV, U_=-15 MeV
* Nuclear Formation is included using Shen EOS table

Ohnishi, Colloguium, 2009/06/24 15 /30



Neutron Star

Ishizuka, AO, Tsubakihara, Sumiyoshi, {alzzadsg,{:[ﬁhys. G35(08),085201
s Hyperon Effect is DRASTIC | |
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Finite Temperature and Supernova

Ishizuka, AO, Tsubakihara, Sumiyoshi, Yamada,J. Phys. G35(08),085201
# Example: T=10 MeV, Ye =0.4 # Prompt explosion

(without v transport)
— Almost no change
(Expl. E. increase ~ (0.1-0.5 %))

@ A starts to increaseatp~2p ,
becomes significant at p ~3p, .

T=10 MeV, Y =0.4
S BESE 15 M
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108 k-7 7 NYme | oo WW95 + 1 Dim. Hydro.(Sumiyoshi, Yamada)
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Where do we see Hyperons ?

s Hyperon Fraction is sensitive to Ye, T, and p_..

@ Yv~0 (Neutron Star) — p_.>2p,
@ Ye ~ 0.4 (Supernova, early stage) — T >40 MeV or p, >3 p,

Hyperons would be important in Late Stage(Nstar cooling),
BH formation, and Heavy-Ion Collisions

NYe, Y =0.4

100

T (MeV)

4 05
Prompt Expl. (15 Msun)

18 /30
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Black Hole Formation (Failed Supernova)

# High T during BH formation
— Abundant hyperons — Soft EOS — Earlier Collapse to BH

Short v emission may be the signal of Hyperon Admixture
at high density and/or temperature

0
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as Sumiyoshi, Ishizuka, AO, Yamada, Suzuki, 2009
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AN Ohnishi, Colloguium, 2009/06/24 19 /30



Can we detect Quark Matter ?

# Supernova EOS with Quark-Hadron Coexistence

@ Quark matter=Bag model, Hadronic matter= RMF with free pions
— Earlier Collapse to Black Hole (Nakazato, Sumiyoshi, Yamada, 2008)
@ Transition to Strange Quark Star — Second Shock (Sagert et al., 2009)
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Composition of Nuclear Matter
at Low Densities
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Problems in Low Density Region

# Supernova does not explode in v radiation hydro.
— What is necessary to obtain “a little more” energy ?

@ Multi-dim. Hydro. — Convection, Rotation, Magnetic Field, ....
@ Neutrino transport property — vA cross section, e-capture rate, ....
@ Nuclear EOS at low densities — Pressure discontinuity

# What composes nuclear matter at sub-saturation densities ?

@ Nucleiin LS EOS and Shen EOS

— One Representative Nucleus 5

 Shen EOS - o -
@ Nuclear Statistical Equilibrium (NSE) S , | ol _
— Stat. Dist. of Nuclei <
& 5}

(Explosion is promoted by the energy E

from nucleosynthesis. Sagertetal.) - -
Does NSE solve k2 ]

T=0, Y,=0.5
the pressure gap problem ? 20 . . .
0 0.05 0.1 0,15

Baryon Density (fm™)

# Ohnishi, Colloquium, 2009/06/24 22 /30
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Nuclear Statistical Equilibrium

# Grand partition function of nuclear fragments
Q=-PV =-VTY p;— BV-PV,

M;T\**  (By+p
pr =6 )(2?1'?12 ST )

pr=Zs(tp — mn) + N(pn — my)

Blinnikov et al., 2009

| ¥,=0.316 T=2 MeV

g P,

@ Assumption:
Interaction btw fragments are
negligible except for Coulomb

@ Coulomb E. Mod. in medium 107 ¢ i

By(p.) = B;(0) = AVF™(p.) 10* == i2 3
2.2 . N\_!_|RMF(coex.) &~ ||
AyCou _ 325 (i e lna) _ = 103 S{=l RMF(unif) |-
f 5 By \2 Sy ok ® AN /

1/3 < 10 T
/ i
.WERDJ”:(L) & =5 MaV ({10 /

R.; Zspo/As o 10! =g

0 k\\ R N ﬁﬁ’-
— Pressure has a gap at around p_ ! 107 ST
107"

: : : 10%  10® 10* 107
Ishizuka, AO, Sumiyoshi, 2003 Baryon Density (fm™2)
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Why do I care such a “small” difference ?

# Pressure gap comes from the diff. of
Surface + Coulomb potential
in spherical nuclei (droplet) and in uniform matter.

s “Artificial” smoothing of EOS around 0.7 p _enhances explosion E !
(Ishizuka, Thesis)

Smooth EOS may help for SN to explode ! I

3 T=5 MeV, Q,/B=0.446 18 Mgy,
£ ol T E el
= 2 | npeYn — - npeYnv(R
:é; 1 0 npevnu(n) S ‘-ﬂl 9 npe E‘U( S,
: = =
o o 71
2 10° 2 sl
g .E 6 I
E 10-1 ~ PO (u; Weak equil.) | E 5 . ) . .
13 135 14 145 15 155 0.2 0.4 0.6 0.8 1
- log4q(p (g/cc)) Time (sec)
AN
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Nuclear Pasta

# Nuclei with exotic shapes may exist in neutron star crust
below the saturation density !
Sphere — Rod — Plate — Hole — Bubble

F=(1_X)F(pBL9 YpL)+XF(pBG) YpG)+ VSC(A P> ”)
F : Free energy per nucleon
X :Gas nucleon occupation fraction
u: Volume occupation fraction of liquid
V ¢c:Surface + Coulomb E per nucleon

asur
V = ! +3CoulombR2=C(Apc)ZIBDsc(u)

\
D,.(u)
S
o

0.00 - - N
NS | 0 02 04 06 08 1

(e)

*\?Q%m atsu et al., 1984 . atsumi, Maruyama, Muto, Yasutake .... Kaonic / Quark pasta
Ohnishi, Colloguium, 2009/06/24 25 /30
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Nuclear Pasta

# Pasta with continuous dimension
— Energy is connected more smoothly, 0015
but the pressure is not yet smooth.

(a)

Mey >

We have introduced phenomenological 200

Surface+Coulomb suppression factor,
Vsc — Vse x (1-u) “

0.30
0.25 ¢
0.20 ¢
0.15 ¢
0.10 ¢
0.05 ¢
0.00

O 05 O
n/ne

(b)

Dy (w)

I
a 0.5 |G
n/ng

Ravenhall, Pethic, Wilson, PRL50(83),2066
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Some preliminary results: Pasta + Unif.

# Pasta + Uniform matter

@ Continuum pasta (with (1-u)” suppr.) + uniform matter
— pressure is continuous in symmetric nuclei (Yp=0.5) around p

@ We still have problems

+ Uniform — Pasta is not continuous at low densities.

+ Pasta (small u, sph.) — Pasta (large u, hall) jump is discontinuous
in asymmetric nuclear matter.

— 04 .

= Shen EOS - e - T=5 MeV, Q,/B=0.446 (w. Elec.)

= 0.2 Cont. Pasta |

> 5

5 5 4 -
& 22 _

% . ol — Shen

S T=0, Yy=0.5 el 0 SCL2-Pas —

— .08 ' 0 0.05 0.1 0.15

0 0.05 0.1 0.15 -3
o Baryon Density (fm™) p (fm~)
Pt
> Ohnishi, Colloguium, 2009/06/24 27 /30



Some preliminary results: Pasta + NSE

# Pressure gap means we should have further coexistence !

@ Low density gap
(Unif. —) Mixture of small nuclei — Pasta — Unif.

@ High density gap in asym. matter
Spherical / Cylindrical nuclei — ? — Hole

It would be necessary to incorporate Pasta + NSE I
T=5 MeV, Q,/B=0.1 olc (u~

. ~ Shen -
5 4
Spherical (u << 1)

12 12.5 13 13.5 14
logo(p (g/cc))
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Some preliminary results: Pasta + NSE

# Coexisting Calc. of Pasta + Fragments

@ Pasta: Continuous dimension, (1-u)” suppr.

@ NSE: Excluded volume effects are taken into account

@ Discontinuity in asymmetric matter
Physics ? or Numerical problem ?

4

10

2 | ~ Shen
<~ 107 TPASYNSE ——
E m':
Z 107 ¢
= u}*‘
= -6
1“3 -us -Hl
107
3
;) | |
b 1'“- T |
2 10 ! 1
= l{l" I |
"}-] ll_l' ] 4 I_I' ll_l ] 4 :
10107 m‘ 1{1‘ 102 10° 10" 10 m 1{1 1072 {r
4\903 Pr ':fmd] pp (fm’ ]
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Summary

# Core-Collapse processes and their remnants (neutron / quark star)
are interesting objects to investigate also from nuclear physics side !

@ High density matter is formed in equilibrium (in strong int. time scale)
@ High temperature region may be also probed during black hole formation.

# High density EOS may be detected in observations, and it is closely
related to quark-hadron physics.

@ Neutron star — Mass, Radius, Cooling, Glitch, ..
@ Black hole — v emission duration, energy spectra, ...

# Low density (sub-saturation) nuclear matter is NOT uniform,
and would have various structures.

@ NSE (stat. dist. of nuclei) should be dominant at very low densities.
@ Pasta may appear between spherical nuclear dominant region

and uniform matter.

# Ohnishi, Colloguium, 2009/06/24 30 /30
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Thank You for Your Attention !
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Some preliminary results: Pasta + Unif.

s [BRER
o BEZFEE: gas HNH'D Pasta ~DEILHIEHHTLLY
— o DOFEE

o JEXFYE : BRI/ AR 2 (u<<1) EIEBRE /AR A (u~1) DIFRE
— u<<l M5 u~1 ANIEEHHIZEIT

FEERFL /AR B (u~1)
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B ERERILILF—

s BRERBER . 1 ZTHRAEER  (Sumiyoshi et al., 2002)
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FEH

8 [ Chiral RMF+ EH/N\RA2CLHEBEHEWMH EOSBEEDERE

@ Chiral RMF: SB#E&HF QCD [TEDZE, tl:is‘zﬂ’]ibb\b\ EOS
— Shen EOS KYRERBEITRILIT—H1-5% 1 (FiE. #&R)

o Bt/ SRS : RNHBZNETHEROBEOBL RN o—HDE~DI
BZEE/LOMCT S,
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SHOFE

s —FRYED EOS

@ SU(2) Chiral RMF — SU(3) Chiral RMF (#&[R)

* Single, Double A #%., X [RFDEREIRILF—ZBHHA

» Hidden Strange meson ({ . &L\ f) & DFEWHIZEKY,
K ~220 MeV BEARIE

s BEANRABEUNAREHROBHAIRILEY—2525

* BRARGERFG/INRE (~ RF%) EIEBRF /AR ZDHTF
— /3 X% & NSE(Nucl. Stat. Equil.) OfHSHH
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Chiral RMF+ Bt/ YR 5 : REEF B DI (1)

s T=0: HZE+ N\R32— EELEENEMNL, —HYPEAGER
8 T>0: =B BFHR— BFHR+ 1\ R8—> — ¥ EBME

— 0.4 ¢ , :
E Shen EOS - e - T=5 MeV, Q,/B=0.446 (w. Elec.)
= 0.2 | Cont. Pasta
= ’ 5
—
° 74 '
> Eq _
@ % -
o 22 = _
§ al ---*‘f Shen
.‘é T=0, Yp=0+5 ‘i*‘--‘,-'* 0 SCLg'PHS -
I 08 - 0 0.05 0.1 0.15
0 0.05 0.1 0.15 3
Baryon Density (fm™) o (fm™)
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Chiral RMF

s BESHET QCD OERIZETL
X &I D Chiral potential ZH A
— HPDREM

s +ICEROEMNVREAER

s [RWVEEHMAEEICHLT.,
BRFROEHEIRILT—L&
HEXEEZEH

E/A (MeV)
-
S S &

=

20

0O 01 02 03 04 05 0.6
-3
pg (fm™)

E/V (MeV/fm®)

Binding energy per nucleon(MeV)
=3

3

=

=
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Heavier sidae
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(Tsubakihara,AO, 2006)
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# Supernova explosion from light progenitor
NSE and nucleosynthesis is solved simultaneously with v radiation
hydro.

F. S. Kitaura, H.-T. Janka, and W. Hillebrandt Astron. Astrophys. 450
(2006) 345-350,arXiv:astro-ph/0512065.

# SASI
A. Marek and H. T. Janka arXiv:0708.3372 [astro-ph].
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Chiral RMF based on SCL-LOCD

Tsubakihara, AO, PTP 117('07)903 [nucl-th/0607046]

s BESHEF QCD l:£=:5< Chiral RMF &

A )
ULinearO‘modeI<O-)=_“TO-Y—I_?O-i — USCL<O_)=?bO'O_Y_aO'10gO-

@ QCD [ZETE, W1 MiEEdS . FREEEEL,
o DIENBDINTGA—ET, BYE-RFED/NIVIEEEZE SR

Eqgation Of State ? 0 , """-: .
L O - -
80 Bhggtg . 8 '..1]*;_ ?-Ca Ni Zr Sn comasssenseng, |
> A
60 TM1 ----- :'g"' ? _ilf: 'Si Q T T T T Ph
< 40 | SCL-SU(2) — E 1_ . .___,____‘w{ =
s 20 il poAT ¥ ca ]
i 2 |1 L J % Si -
0 | @ || C Al 0
4t  exp. C
-20 ¢ 7 SCL 3 | ; '
. . . . . ; TM1and 2 = | 10 20 | 30 40 .ED
0 01 02 03 04 05 06 . o - 200
pr (fm™) A

OCD Ko RFROIEERERIEEZEE—5 !
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Summary (1), A la Michelin

.Lnu'ulqn
s U,(p) ~ —30 MeV E?ﬁ S}? S?E o
@ Bound State Spectroscopy + Continuum Spectroscopy R

2008

s U(p)>+15MeV £353

@ Continuum (Quasi-Free) spectroscopy
with Local Optimal Fermi Averaging t-matrix (LOFALt)

@ Atomic shift data (attractive at surface) should be respected.

s U (p)~-14MeV &3

@ No confirmed bound state, No atomic data,
High mom. transf., .... — Small Potential Deps.

@ Continuum low-res. spectrum shape — — 14 MeV

@ Spin-Isospin deps. ( ® exch.) — Deformation There is no
— Spectrum shape may be modified. “No Star”

Restaurant
in Michelin Tokyo
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Summary (2)

# Hyperons are included in the Relativisitic (Shen) EOS
with recently accepted Hyperon Potentials in Nuclear Matter,

U, =-30MeV, U _=+30MeV,U_=—-15MeV

http://nmucl.sci.hokudai.ac.jp/~chikako/EOS
p =10%*(5.1-15.4) g/cc, T=0-100 MeV, Ye=0-0.56
(Ishizuka,AO,Tsubakihara, Sumiyoshi,Yamada, arXiv:0802.2318)

. [T Firy
EOSY by IO]SY Fr4AEl BEME RAY BN FeoT=0(F v=alll ~AFE

- - - % | httea/imun |, 801, hokeda 0, 45, hi kako/ B0

. Supsrrova Matier EOS fabbe B tabins [¥]

. Hyperon effects: Relativistic EOS table including hyperons and pions
[ ) [ ) [ ) = INTRODUCTION ===
Decisive in Nstar ; = )
Small in SNe (early) e e e e e
y s
w . Lamda-N = - 2 N = . g H=(- LTS

nded Sigma-H
atlon as Shen EOS5 table, physical quantities
mits. Therefore if you have already used Shen
essed direciores are made of iwo files ==

Significant in BH formation.
(Sumiyoshi's Talk !)

# Japan Proton Accelerator
Research Complex (J-PARC)
data will come soon.

*\?n§ ay Tuned !
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Binding Energies in Chiral and Non-Chiral RMF

# Non-Chiral High Precision RMF: TM1 & 2, NL1, NL3
(Sugahara, Toki, 1994; Reinhard et al., 1986; Lalazissis, Koenig, Ring, 1997)

# Log term from Scale Anomaly: 1/110, 1F/110, VIIIF/100

(Heide, Rudas, Ellis, 1994)

# Quark Meson Coupling model
(Saito, Tsushima, Thomas, 1997)

B/A (MeV)

Nucleus exp. SCL TM1 TM2 NL1 NL3 17110 IF/110  VIIF/100 QMO
120 TBE 7.0 - T.68 - - - - -
B0 TO8 E.06 - 792 7945 BO0O5 7.35% T80 718 55
g 8.4% B.02 - 8.47 8.9% - - - - -
s BES BET BG62 B48 856 8B5S 706 .35 7.91 T.36
Boa BGT BG2 BG5S BT0 860 BGH - - T.26
BN 8.73 8K E6d - 870 B.G8 - - -
Fr 871 860 &T1 - 871 B8.70 - - 7.79
8gn BHK2 8Kl BK3 - 852 B85 - -

\*®ph TBT T.ET TEY - 7.80 - - - - -
®ph  7BT T.BT T8 - 780 T8 733 754 7.44 7.9%
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Chiral SU/(3) RMF

Tsubakihara, Maekawa, AQ, EPJA33('07)295 [nucl-th/0702008]
# Extention to Flavor SU(3)

40

— Chiral Potential from SCL-LQCD "N o - A~
. St o JLANI Ar Sn
+ Determinant Int. (U, (1) anomaly) | S o
+ Explicit breaking term S .
Use = — a log(det ;"LL"LIT} +b tl‘f;’LI;"LIT] :' i Chiral "‘1{;” .
+ g0 + ¢ +d(det M + det MY, h s
p
3" -
° = d
# Normal, Single & Double A, X atom, % ;
EOS (N FP), ecece ;:‘ I" i
50 SCL — ok “hiral SUi 3)
60 | SCL3 1000 | "I ol i —
_ FP . ! - T T T T T “I-‘::-'I-J
= 40 300
v - f
E - 4-}3} ' I
<20 =100 } 5.4 4
2 = 50 f Chiral SU(3)SR) —e
o Chiral SUi3iWR)
-20 | " N=L 10 , \ Exp; ——
0 0'1 02 03 04 0'5 0.6 0 5 10 15 20 25 30 35
1 02 03 04 05 0. 23
pg (fm™)
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