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Hartree-Fock Theory
s YR EMR =2 BB OER
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Brueckner Theory
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Healing distance
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Brueckner-Hartree-Fock theory
s g-matrix % 2 A E{EHE TS HF
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Brueckner-Hartree-Fock theory (cont.)
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Why do we study Nuclear Matter EOS ?

# Answer 2: Since nuclear matter EOS is decisive in compact
astrophysical objects such as neutron stars, supernovae, and

black hole formation, EOS is important to understand where
atomic elements are made.

Supernova

Nucleosynthesis

,,,,,

F. Weber, Prog. Part. Nucl. Phys. 54 (2005) 193:*
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Why do we study Nuclear Matter EOS ?

# Answer 1: Since bulk nuclear properties are mainly determined
by nuclear matter EOS, it is important for nuclear physics.

@ Nuclear Radius — Saturation of Density
R, =r A" (r,=1.2 fm)

@ Nuclear Binding Energy (Bethe-Weizsacker Formula)

2 2
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Why do we study Nuclear Matter EOS ?

# Answer 3: Since the EOS should have singularity (or at least
sudden change) at phase boundary, it would be possible to catch
the signal of phase transition in nuclear collisions.

# Pressure and Energy Density - QGP
of Free N!assless Gas ,
P= —N T , E:“—NBT4 Pion Ga
90 30 ' -
N, = Bosonic DOF (7/8 for Fermions)
Pressure
~ i = 4
s Hadron Ga1sT ; 3 pions (N ) Bag Model
P=—T", €= T
30 10

Pion Gas " Mi

Hagedorn

s QGP N _=16(gluon)+24 x 7/8 (quarks)
and Bag Pressure

37’ 371’
PQGP T —B EQGP:T
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Nuclear Matter EOS

# Energy per nucleon in nuclear matter
ElA(p,8)=Egqu(p)+S(p)d* ., d=(N-Z)/4

s Saturation point (pg, €gp) A E/A
Po ~ 0.15 fm-3
g9 =—ay, ~—16 MeV Pure Neutron

(nuclear radius and mass) Matter

s Symmetry energy
S(p)= Epnm(p) — Esnm(p)
- E(P, 6=1) — E(p9 6=0)
SO = S(po) ~30 MeV
(mass formula) (P, €0)

Sym. Nucl.
Matter

Nuclear Matter EOS can be, in principle, determined
by terrestrial (laboratory) nuclear physics experiments !




Nuclear Matter EOS

# Additional two important
parameters: K and L

8 Pressure is given yE/A Neutron
by the derivative of E via p Matter

P=p°(6(ElA)lop)

ym.

At p, L determines P Matter

P=p,L/3(at p=p,)

=
2 4 pB

ElA(p,d)=E gy (p)+S(p)d+0(d")
Symmetric Nuclear Matter

ESNM(p):ESNM(pO)+ K(lpg_pg()) +0((p_po)3)

Symmetry Energy (6:(N—Z)/A:1—2Yp)
Lp—p,) Kulp—p,)
S(p)=5,+ (P=po) , sym(pzpo)
3P, 18 p;

+0((p—p,)’)

K
(P E/A(Py))
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Neutron Star Matter EOS

# What happens in low-density uniform neutron star matter ?

@ Constituents = proton, neutron and electron

@ Charge neutrality — # of electons= # of protons (p.=p,=p(1- 0)/2)

ENSM(p):ENM<p’6>+ Ee<pe:pp>
AM 3
— Equalp) 506+ 2201 21k, (1)

E\
(electron mass neglected,
neutron-proton mass diff. incl. Pure Neutron
k.= Fermi wave num. in Sym. N.M.) Matter Unif. NS

@ o is optimized to minimize
energy per nucleon

Sym. Nucl.
Matter

ENSM(p>SENM<p:6:I)ZEPNM(p>
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WL F—DER

s Fermi Gas model COKFHI-YDEETRILF—
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Symmetry Energy

s Symmetry Energy has been extracted from various observations.

@ Mass formula, Isobaric Analog State, Pygmy Dipole Resonance,

Isospin Diffusion, Neutron Skin thickness, Dipole Polarizability,
Asteroseismology

Recent recommended value e
S0 = 30—35 MeV; L — 40'90 MBV mui— [ -1 HIC(RIB)

Is it enough for NS radii ? . T ;
E 50 ;"._,..--_;-:_f__ =]
50 ————————————————————— | S
9 B S
40
2 7 (IS
% sor i - [ | masses
3 a0 L ] 25 | | | | 30 | | | | as
7 S, (MeV)
10} ; C.J.Horowitz, E.F.Brown, Y.Kim,
M. B.Tsang et al. W.G.Lynch, R.Michaels, A. Ono, J.
0% 05 0 5 s0 (NuSYM2011), Piekarewicz, M. B. Tsang, H.H. Wolter
Density p/p, PRC 86 ('12)015803. (NuSYMI13), JPG41('14) 093001

m-m = G -
YITP "% I
- N7 Teorenounmse (Wi & 1 9



Neutron Star

Star supported by nuclear force

2 o5
El=A# "'.{.t,_ﬂ:t . EF )
n-fi-b_:: L () ,IJ_;T_'_,?'?_}..
. oo Sk
Eap?ai%-:-»ak i = _Il””:'
b ST aFl o) E [1ar)
ta;-!.;wesl He;e.‘:‘e :
o ° ° o
M~14M_, p_~(3-10) p,
Wide density range — various constituents
NS = high-energy astrophysical objects
and laboratories of dense matter.
"YITP T 20




M-R curve and EOS

# M-R curve and NS matter EOS has 1 to 1 correspondence

@ TOV(Tolman-Oppenheimer-Volkoff) equation

=GR Hydrostatic Eq. i
v G(e(n)fczdr) M(r)/ r?

d_P:_G(E/62+P/Cz)<M-|—4T(V3P/C2) /<\ P()
dr r*(1=2GM [rc?)

dM >, 2 B

W_éh-”/ elc’, P=P(e) (EOS) e(nic2 M(r)
. EOS N N\

P/ A prediction

—

. . > Judge

| Radius (R
\\ o 2 Densityp B)/ \ MR relafai(,‘ﬁs( )/




Current Big Puzzles in NS Physics

s Massive NS puzzle (2 M_ NS ?)

8 Compact NS puzzle (9-10 km NS ?)

s Rapid NS cooling mystery (CasA cools too fast ?),
Origin of Strong Mag. Field, .....

. Demorest+('10)
g fbded o EEER Gmllot+('13)
'J.lﬂ:il:m L aast e m . Ty
(90%cont. ) . 2% 10° | Helke, Ho (!10)

W] =,
y

10° |

Mass (M)

T~ [K]

L 5x10% |

2x10° |

]
- \POS
-& ufro,
B == w  YUKAWAINSTITUTEFOR ger
2 THEORETICAL PHYSICS VITP Kyoto 33:plll after
NHED > -
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Nuclear Matter EOS Theories I
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Theories/Models for Nuclear Matter EOS

# Ab initio Approaches
@ LQCD, GFMC, Variational, BHF, DBHF, G-matrix, ...

# Mean Field from Effective Interactions ~ Nuclear Density
Fuctionals

@ Skyrme Hartree-Fock(-Bogoliubov)

* Non.-Rel.,Zero Range, Two-body + Three-body (or p-dep. two-body)

* In HFB, Nuclear Mass is very well explained (Total B.E. AE ~ 0.6
MeV)

+ Causality is violated at very high densities.
@ Relativistic Mean Field

+ Relativistic, Meson-Baryon coupling, Meson self-energies

* Successful in describing pA scatering (Dirac Phenomenology)

-m = A0S 7
MLLE ) 24
o rer




Variational Calculations (1)

# Variational Calculation starting from bare nuclear force
B. Friedman, V.R. Pandharipande, NPA361('81)502

@ Argonne vi4 + TNI (TNR+TNA)
(TNI/TNR/TNA: three-nucleon int./repulsion/attraction)

i T T I 2=5'FI""‘“"1_" T T T T
L - WM 5=¢
2.0k -
'000F Via + TNI q
"
[ - Rei ~ 1.5}
> ! Old - Reid r
E_ i Reid - v, -£
w 100f T Via 1O}
-
0.5+
i L Old-Reid ]
Iﬂ '] | 1 | 1 l
0 | 2 3 S - [ =y | ST
o ) 310 10 3510 0

p:[qcnial
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Variational Calculation (2)

# Variational chain summation method
A. Akmal, V.R.Pandharipande, D.G. Ravenhall, PRC58('98)1804

@ v18, relativistic correction, TNI

@ Existence of neutral pion condensation at p, > 0.2 fm>

00 L ——
=0 - 22 + Pl A_ . ATBAUIX
1M . A E+HLIN . .r_.f'. 20 T ATE+SHUIK - |
; 18 | e o
. S0 R Ny o
s 4 . t
= 200 I ' 1.4 | . _ ) .
3 A At N
= ' Y P F12| Y X ,
o150 - . _ |
- + 1.0 |
PNM o~ .
100 - Py ] 08
J T ol %
[ e SHM 04 - ==
D_.'_"I-l--—r__'i__ = — oz | e
K T | I - I I an “0 e 100 no 120 JRET
0.00 0.20 0.40 060 0.80 1.00 : . - : . .
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M 20 |

18t
16 |
14 |
= 1.2 I
1.0
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02 r
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&0

a0

T ATBHUIX
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Variational Calculation (3)

# Variational Calculation using v18+UIX
H. Kanzawa, K. Oyamatsu, K. Sumiyoshi, M. Takano, NPA791 ('07) 232

@ Similar to APR, but healing-distance condition is required.
— no 7’ condensation

200 | | | 2.5¢1 M
| — — Symmetric miclear matter : I—
[| —— Neutron matter - o
150H---- Symmetric miclear matter (APR) _ 2.0 i / p
i — Neutron matter (APR) 7 i
= i ] ® 1.5¢ / B
< 100f 1 = - /
= : = : /
- i b ! a
: 1.0} .
= sof . : /
i e . 0.5} / .
0F— ; -
B "—I s ] | D-D 1 | 111 I 1 1 | 111
00 02 04 06 0.8 0% 10
plfm 7] Pyole/cm’ ]
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Bruckner-Hartree-Fock

# Self-consistent treatment of
Effective interaction (G-matrix) in the Bruckner Theory
and Single particle energy from G-matrix

50

—o—PAR:Paris ' gy
# Need 3-body force to reproduce o Vid: Argonne Via
. . —#—V18: Argonne V18 j.f' /. )
saturation point. 40 —e— A Bom A W7
[(—e— C: Bonn C ;':.f'a:;"' [ 7
FY type 2 n eXChange —o— CD: CD-Bonn ;“a,e'f;.f' I
. 30 |- a— R93: Reide3 o) f’rf_:
- | —w— NS3: Nijmegend3 / J,:-"f yan
+ phen. or Z-diagram ~ 7 Nos: Nimege ay
20 |=®— NIz Nijmegen || ;, .f'; / / .
—+—N3:N3LO Yy
-'1 0 T T T T T T T T T T T T — | — o — |5 / ,-:.:"llll III.'
12 acC = 0 —o0— PAR+TBF j,'_ , ___/ ]
14 | . = —#—\V18+TBF /% o
6l AA XS i < [Cr ViseZdagum //w '
| eC | 0 —e— Boann A (DEBHF) x.*f’f
< sl PAR* ws'..PAR i [~ m— Bonn B (DBHF) m/
< - V14~ gho3 gV 1 —*— Bonn C (DBH YO /
Y B i '1{:' e
T 22r . BHF 5e  eCcD | T
24| * BHF+TBF _
: s DBHF N3®
-26 | 15® - =20
-28 i A®]
_3(} 1 L 1 L 1 L 1 L 1 L 1 N _39 , , ) . .
015 020 025 030 035 040 0.1 02 0.3 04 0.5 06
p (fm?)

p (fm®)
Z.H.Li, U. Lobardo, H.-J. Schulze, W. Zuo, L. W. Chen, H. R. Ma, PRC74('06)047304.
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EOS from lattice NN force
EREAHRER (LQCD+BHF)

s I&F QCD %
NN force: 'S, °S , 3D

A 7-\_ Al E
only

: : : CH | M- 1171 [MeV e
_’.I:!:ﬁ: |.|T"_| [r'}H‘-" """"" /I 100 - JTS: 0 [ f ]] _________ i
80 r ‘ i } Mpg = Pd?[l‘le]
_h__ = 37 I-_-Il'-. ---------- '.|"I Mpg = 672 [MeV] e
Wz e BV - Mps = 469 [MeV] ———
Mps = 469 [Mel/] : g0 | APR(AV18) oo /
&0 + APR{AVIE _ APR(Full) ——
APR(Full) —— | I [
— | > 601 |
T e | = | Pure NM
= Sym.NM | b 1 <
s o 40t |
o 20 f | 2
By 20 .
|:| iy o iz |
0
00 05 10 15 20 25 3.0 35 40
NPT SR SR SIS SIS S L I fm_l
00 05 10 15 20 25 30 35 4.0 ¢ (]
ke [fm] Inoue et al. (HAL QCD Coll.), PRLI111 ('13)112503
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\ A simple model I
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Simple parametrized EOS

# Skyrme int. motivated parameterization

3 o 1y
Esnv = =Er(p) 4 ( P ) | g (_p )
O 2\ po 2+ \ po

EF(po>(1+3v)) 5= HTV[

—Fy + lE’F(,Oo)] .

2
— 2 (Bo(147) -
o 7(O(Jrv) =

# Symmetry energy parameterization

() = 2Er() + S0 - LEr(o)| (2)
P ~ 3 F\p 0 3 F\Po %
L — 2Er(po)

’ysym 350 _ EF (po)
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K=220 MeV, S;=30 MeV

220MeV —
(180-340)

Simple parametrized EOS

K=

360 —

-
o0

(AQIN) (N 12d

60

-’
=T -l

) d

50 MeV —

F
L=(45-70) MeV

e

0.4

!

(2

0.1

=
= Y TP l\?Qs
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Simple parametrized EOS
Sy, L)=(30 MeV, 50 MeV)

o
(35‘;\(:,&

7 Q2
S Y K=220MeV —
(180-260) MeV ---

0

2 4 6 8 10 12
R (km)

14
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Simple parametrized EOS

(K L) (220 MeV ‘30 MeV)

S=30 MeV ——
) 30_24 34 MeV —-- !
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Simple parametrized EOS
(S, K)=(30 MeV, 220 MeV)

o | L=45-100 MeV_——~

0O 2 4 6 8

N A Y 2 > =
Y I P .&\v Eutron
()
)
S -"=mw 'YUKAWA INSTITUTE FOR
&) - THEORETICALPHYSICs L) (o e O o



Relativistic Mean Field I
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Relativistic Mean Field (1)

s Effective Lagrangian of Baryons and Mesons + Mean Field App.
B.D.Serot, J.D.Walecka, Adv.Nucl.Phys.16 ('86), 1
L=Ly+ Ly + Ly, +Ly G, O, p,
1
2 Co
:_Z gBSWB(PSWB_BZ ey WY V, Wy

Ly==U(0)+—c,(w,w")+:

ree - ree v 1 w
L= 01y 0= Moy . LS =[50 050, 05—5m3 03] J+ 2 ARG

@ Baryons and Mesons: B=N, A, X, =, ..., S=06,G, ..., V=0, p, O, ...

@ Based on Dirac phenomenology & Dirac Bruckner-Hatree-Fock

E.D. Cooper, S. Hama, B.C. Clark, R.L. Mercer, PRC47('93),297
R. Brockmann, R. Machleidt, PRC42('90),1965

@ Large scalar (att.) and vector (repl.) — Large spin-orbit pot.
Relativistic Kinematics — Effective 3-body repulsion

@ Non-linear terms of mesons — Bare 3-body and 4-body force
Boguta, Bodmer ('77), NLI1:Reinhardt, Rufa, Maruhn, Greiner, Friedrich ('86), NL3:
Lalazissis, Konig, Ring ('97),TM1 and TM?2: Sugahara, Toki ("94), Brockmann, Toki ('92)

m=myn 2QS '
ZoviTeasy P _
,,,,,,,,,,,,,,,,, = b




Dirac Phenomenology

E.D. Cooper, S. Hama, B.C. Clark, R.L. Mercer, PRC47('93),297

400 [

s DiracEq.with T E———
Scalar + Vector pA potential 200 20

(-400 MeV + 350 MeV)
— Cross Section, Spin Observable: =

o

MeV)

~200 |

i

] i

T —
105 |
104 I

oy 0.5

" 3

~ 10

A

E 102

- B 0.0

-

S 10!

.

B .qn0 —0,

= 10 0.5
10~1

~1.0
10-2
0
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EOS in Dirac-Brueckner-Hartree-Fock

R. Brockmann, R. Machleidt, PRC42('90),1965

# Non Relativistic Brueckner Calculation
— Nuclear Saturation Point cannot be reproduced (Coester Line)

# Relativistic Approach (DBHF}

— Relativity gives additional S ]
repulsion. leadine to ‘ Nuclear Matter - :
p ) .g X _ relativistic |
successful description i |
. ° | C i
of the saturation point. —~ | |
= —10 | » By
= | .
= -5 — I 1
- | - d--- .-"II ."l

20 + |
25 I

08 12 1.6 2
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Relativistic Mean Field (2)

# Mean Field treatment of meson field operator

Meson ield operator is replaced with its expectation value
o(r) — <o(r)>

Ignoring fluctuations compared with the expectation value
may be a good approximation at strong condensate.

8 Which Hadrons should be included in RMF ?

-

-

]

rrrrr

Baryons (1/2+) p,n, A, X, E,A, ...
Scalar Mesons (0+) ¢(600), f (980), a (980), ...

Vector Mesons (1-) ®(783), p(770), $(1020), ....

Pseuso Scalar (0-) n,K,nn'...
Axial Vector (1+) a

1, [ XX X ]

We require that the meson field can have uniform expectation
values in nuclear matter.
— Scalar and Time-Component of Vector Mesons (6, ®, p, ....)
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ow Model (1)

Serot, Walecka, Adv.Nucl. Phys.16 (1986),1
# Consider only 6 and ® mesons

s Lagrangian

L=9(iy"6,—M+g,0—g,w)y
—I—%éu(r8“G—%mf(rz—%Fqu”v+%miwuw“
(F,,=0,w,—0,w,)
s Equation of Motion O 0L -_OL —0
@ Euler-Lagrange Equation 0x" _ O (5 u Cbi) _ 0 &,
0.‘[8“8“+m§]G=gSLTJL|J
w0, F+mw'=g §y'y - [8“8“+m3 wW=g Py Y

Wy io,—g,V,|~(M—g,0)|y=0

Ufl'o




EOM of o (for beginners)

# Kuler-Lagrange Eq.
0, F " +m.w'=g Gy v

s Divergence of LHS and RHS
0,0, " +m’(0,0")=m’(0,0")=g (0,3 y" ) =0

LHS: derivatives are sym. and F, is anti-sym.
RHS: Baryon Current = Conserved Current

# Put it in the Euler-Lagrange Eq.
0, F""=0,(0"w" —0"w")=0,0"w"'—0"(0,w")=0,0" w’

||
Y ITP 2
--- - . YUKAWA INSTITUTE FOR y 43
- THEORETICAL PHYSICS m K,'Uh ;‘I‘,



Schroedinger Eq. for Upper Component (1)

# Dirac Equation for Nucleons

iyo—y'U,~M~-U,|y=0
U=g,0 , U=-g,0

s Decompose 4 spinor into Upper and Lower Components

E-U,—M-U, io-V =0
—io-V —E+U,—M-U_\g
—1
&= E+ M+ U — U( V)f
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Schroedinger Eq. for Upper Component (2)

# Erase Lower Component (assuming spherical sym.)

~i(0:V)g=—(0:V) 1 (0:V) f ==L V2 =L L Ll6r)(0V) f
=V V i+ | S —l(o)

(o-r)(O-V):(r-V)+ iO-(rXV):r-V—O [
s “Schroedinger-like” Eq. for Upper Component

1

Vi U -U,

Vi+|[U+U U glo]) f=(E-M)f

o _1ld !
Bpldr E+ M+ U —U,

(U,U )~ (-350 MeV, 280 MeV)
—Small Central(U +U ), Large LS (U-U )

< (0 on surface
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Various Ways to Evaluate Non.-Rel. Potential

# From Single Particle Energy

Y(E-U)+iy'V—(M+U)|w=0 - (E-U )V=p"+(M+U )
2
SE={p*+(M+U +U,~E +ALUS+UV+ .
" E, 2F;

(E,=\ p*+M?)

# Schroedinger Equivalent Potential (Uniform matter)

Vv’ E U.-U, E+M
— YU +=U + = E-M
2Mf M Y 2M J 2M ( )f
E
Ucrpo~U +—U
SEP s M %

Anyway, slow baryons feel Non.-Rel. Potential,

U~U,+U =—g 0+g W®

|
== Y T P |\qos
/=
" YUKAWA INSTITUTE FOR ]
- THEORETICAL PHYSI

ics YITE Kyoto 33,4
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Nuclear Matter in ca» Model
Serot, Walecka, Adv.Nucl.Phys.16 (1986),1

# Uniform Nuclear Matter

3
Pedp o« 1 2 2 1 2 2
E/szNf (21‘()2E +5ms(r —5 MW +g ppw
g. g, fPF Y dspM* (M*=M+U,=M-g. 0, E*:\/p2+M*2)
_8s :
m. 2 (2m) E
. gV . gV P d3 p 20 I ,I*]I
W=""7Pp=¥n 2f A3 :
m, m, (21T> I 7
10 Sy
- - NEUTRON y ;‘;
U MATTER < [y
Yy = Nucleon degeneracy 2 - Vi
(=4 in sym. nuclear matte; " °[ T T ]
o .
Problem: EOS is too stiff || - NUCLEAR
K~ (500-600) MeV' ! j N2
— How can we avoid it ? gl




RMF with Non-Linear Meson Int. Terms

Boguta, Bodmer ('77), NLI1:Reinhardt, Rufa, Maruhn, Greiner, Friedrich ('86),
NL3: Lalazissis, Konig, Ring ('97),TM1 and TM2: Sugahara, Toki ('94), Brockmann, Toki ('92)

8 Too stiff EOS in the simplest RMF ( 6® model) is improved
by introducing non-linear terms ( 6%, ®%)

@ Fit B.E. of Stable as well as Unstable (n-rich) Nuclei

@ Three Mesons (o,0,p ) are included

@ Meson Self-Energy Term (o,0)
L=y (i = M ~ go0 — gu b — go7° f*) ¥

1 1

1 1
— EW’UUW## + Emiw“wﬂ, — ERQHUR;IW + 2

§mpﬂa“ﬂﬁ 303 (Wn“-’“)g

) — 1
+0e (i) = me) Ye +0,id, — 7FuF*

W,U,U — “wy - ayw“ ’

R}, = 0upl — 0,y + 9o p*p™
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RMF models with Non-Linear Meson Int. Terms

# Variety of the RMF models
— MB couplings, meson masses, meson self-energies

@ oN, oN, pN couplings are well determined
— almost no model deps. in Sym. N.M. at low p

@ ©*term is introduced to simulate DBHF results of vector pot.
TMI1&2: Y. Sugahara, H. Toki, NPA579('94)557;

R. Brockmann, H. Toki, PRL68('92)3408. 60 pm— . . - —
SCL: ! B
@ ¢’ and ¢* terms are introduced ST PSS
to soften EOS at p,. = 40 NL1 LA E/”
J. Boguta, A.R.Bodmer NPA292('77)413, < N o DA e
NLI1:P.-G.Reinhardt, M.Rufa, J Maruhn, — 20 | RpHF o _,.-:ﬁ ﬁf’f
W.Greiner, J.Friedrich, ZPA323('86)13. =< L e
NL3: G.A.Lalazissis, J.Konig, P.Ring, — 0 ,.f"_.-,:"’ Fal
PRC55('97)540. %ﬂg ’:@rﬂ)m _
: B GG N=Z
— Large differences are found 5, . . . . .
at high p 0 0.1 0.2 0.3 X 0.4 05 0.6
pg (fin ™)

K. Tsubakihara, H. Maekawa, H. Matsumiya, AO,PRC81('10)065206.

m=myn 2QS '
ZoviTeasy P i
,,,,,,,,,,,,,,,,, .. b




Vector potential in RMF

s Vector potential from » dominates _ P sas ! —
[ [ J ' 3 _ o /-/-
at high density ! g2 2 000 | R B _.
r NL3 o e
UV ( pB) — 8w~ 5 Pp g ) RBHF u //.:} 5 °
mw E 00 _ Qg 5" Vector
@ Dirac-Bruckner-Hartree-Fock shows 35 ;ﬂﬁﬁa
suppessed vector potential at highp . 2 ‘ﬁ%%
= = SO0 :
R. Brockmann, R. Machleidt, PRC42('90)1965. 5 500 |~ %o Saalar -
@ Collective flow in heavy-ion collisions e

suggests pressure at high p . 0 02 04 06 038
P. Danielewicz, R. Lacey, W. G. Lynch,

10
Science298('02)1592. “Z
a2l
@ Self-interaction of ® ~ ¢ (® ©")’ % 10
-~
— DBHF results & Heavy-ion data 210t
=100 ¢ _-I;'-;.I Danielewicz et al.

01 02 03 04 05 0.6 07 0.8
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO,PRC81('10)065206. rg (fm™)

50



TM1

# TM1 Sugahara, Toki ('94)

@ Fit vector potential in RBHF by introducing ®* term.

@ Fit binding energies of neutron-rich nuclei

2000 LI A AL I I B SLELELIL IR 9+5_-'*'l"'"_'l""""l""'l""I-""
— I TM™I1
% 150'3F UV NL1 - 0+
2 ; g P NLI
o I' d
'E 100@'_— - 85 |
= | j i
5 [ I T Pb
= 500 |- __ -~ g L
~ i ' 3 -
5| =
2 0t < 15t
> i =
= i i
§ S0F 1 T¢
= L
g -1mu[— . 6.5 kL
-1500 PR BN B S S I BN S I 6:..............1....|....|....
0 01 02 03 04 05 06 07 08 09 0 50 100 150 200 250
P [fm™]

TM1: Sugahara, Toki ('94)

- - as
LTYETPF

o]




High Quality RMF models

8 WSOHDD RMF N5 A—FICLDEIHEIF,
EEARICHABECRTHERAER! | |
— High Quality RMF models. “y O

TM, NL1, NL3, .... 9
s 2BET1-2MeV DFRE

(NL3)
@ Linear coupling oo | T

(6N, N, pN), 6.0

self-energy in ¢, ® < 407

o BAEICLO>TIIBEAERD = |

R t oo x
BEKREFEHEEZEA, = ol 5
= . A
40 F v
L — hL3 Yy
60 F w--mNLSH S
A &——4 ML1
8.0
Mo
100 110 120 130 140

A

NL3: Lalazissis, Konig, Ring, PRC55 ('97)540

-m = A0S 7
YITP o™ ) 52
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RMF with Non-Linear Meson Int. Terms

# Are the Lagrangian parameters are well determined ?

& :ﬁfrcc('l.f*’a a,w, p, } + T.r-_ [Q’UJ = Qw"}“ﬂw i QpTz"}*'DP] ()

+ c,w!/4 =V, (o) , (3)

o +g30° + 2940 (NL1, NL3, TM1) n
= —aqfscL(o/f=) (SCL) |

@ Linear terms, Meson-Nucleon Coupling — Well determined

@ Negative Coef. of 6* <0 in some of RMF models— Vacuum is
nnetahle

TABLE II: RMF parameters

goN guN 9ol ga(MeV) g4 v Wo(MeV) my,(MeV) m,(MeV)
NLI1[18] 10.138 13.285 2401.9 -36.265 492.25  795.359 763
NL3[19] 10.217 12.868 4.474 2058.35 -28.885 508.194  782.501 763
TM1[6] 10.0289 12.6139 4.63201426.466 0.6183 71.: 511.198 783 77

SCL[20](*1 10.08 13.02 4. 1255.88 13.504 ' 502.63 783 770

(*1): g3 and ga are from the expansion of fscr..

AO, Jido, Sekihara, Tsubakihara (2009)
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Neutron Star Matter EOS

a Difference in non-linear meson terms 350
° ° ° 3‘00 r
generate different predictions 250 |

of EOS at high densities 200 |
150 |
100 |
50

0
0.3 |

Neutron star matter

i, (MeV)

02 | B GO

‘i"p
N\

0.1 ¢

TM1-SM . e
200 | IOTSY —— .~ =

How can we fix non-linear terms ? 100 | s

E/B (MeV)

0 0.2 04 0.6 'II%B 1
Barvon Density (fm ™)

AQ, Jido, Sekihara, Tsubakihara, Phys. Rev. C 80 (2009), 038202.
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Ch-EFT EOS

# Phen. models need inputs from
Experimental Data and/or Microscopic (Ab initio) Calc.

# Recent Ch-EFT EOS is promising !

NN (N3LO)+3NF(N2LO) b e

M.Kohno (‘13) 10 APR. A18+UIX~" ',;"
: oo

0 2N

MNuclear Matter E/A [MeV]

IIII|IIIIII‘|I'I|II'IIIIIIII|IIIIIIIII|IIII

CD-Bonn—"" w7

_25 ]

1.6 1.8
ke [fm ]

M. Kohno, PRC 88 (“13) 064005

1.2 1.4
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“Universal” mechanism of “Three-body” repulsion

s “Universal” 3-body repulsion is necessary to support NS.
Nishizaki, Takatsuka, Yamamoto (°02)

# Mechanism of “Universal” Three-Baryon Repulsion.
@ “g”-exchange ~ two pion exch. w/ res.

@ Large attraction from

: : Physical Picture
two pion exchange is suppressed

by the Pauli blocking T .
in the intermediate stage. @~ | @& 1
Kohno ('13) i |
1!
¥ EFT
“Universal” TBR P S 'L
e Coupling to Res. (hidden DOF)

e Reduced “c” exch. pot. ?
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Short Summary

# Nuclear Matter EOS is important in many subjects of physics.
@ Bulk nuclear properties (B.E., radius)
@ Dense Matter in Compact Astrophysical Objects
@ High-Energy Heavy-Ion Collisions

# Relativistic Mean Field models

@ Simple description of nucleon scalar and vector potentials in terms
of meson fields.

@ With non-linear meson interaction terms, nuclear binding energies
(and radii) are well explained.

@ Ambiguities of non-linear couplings bring large differences of EOS
at high densities, especially in asymmetric nuclear matter.

# It is promising to utilize the results of G-matrix based on Chiral
EFT (2 and 3 nucleon force), which reproduces the saturation
density in an “ab initio” manner.
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Lov— A&

8 UTOREZ2HUE (BRERMEEDOKRFRE )., X723 1BULE (AR
FEOKREFEREYEE, LA—MELTIRBEL, ¥H0IE1 BR, RHEFEIEKA
B=E (&, K407),

@ RY VIELENILEEOERIMSEELT, EOERE (T=0) TOEPNR
FoTv I EKRD L,
K HnIE. BREE - BREBE (ARILERT Vv IL) TOEMRT
y&v»%%&%ﬁj—ﬁgéﬁzmiﬁﬁﬁb\b%%»@mﬁzmm
ERIB AR DS T2+pg2/3n2=T2 THAbLbN3 I &zt

@ YV IUBOAFALT, Wilson/)l—7OHFEARIESHEE TRD &,
KrHNIE, BESHBETOERICIMA T, UV@BEIEDLIICEX
b5 HFEE &L,

@ HENERINEEIZFER (oo R ) ICHWT, &%F D four spinor D L 2 {53 H
ﬁt?ﬁ&ﬁ%%% AEVHEBENDRAEZSZA L, /-, IXRILF—F
EDOXRAZKDH K,

RV HNIE, BYMEORENAZHLZTLOIC oN,oN DIEEEH =5
A&, BAHIRIE p=0.15 fm?, E/A=-16 MeV & § 3,

(BFEZLDOBUEHENVETH S, )

@ RAGERT VIV ILDADHDIGEIC. BYREZHED
Bethe-Goldstone S T2 = i =, healmg NEZBE TJE 75‘ o &Ko
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