BERRYEF

#HI: K B, /\BEE (ERYVEFHR)

8 BEOBE-BN:BF-/\FOY-I9r—IhoLEL5EHRDEREZRTENTF (QCD) , REHER, BLU
BRIGHRDBRMNERT 5. MOMBEERDEXERTHS QCD DEXKNEE . RYHOKREFER
ZRAR T DI=-DICBEELGIR S AR (FERER. G-matrix , BIBOER, MESMHF QCD ), /\(
N—RBEBRIECE(A U RICEERET 5 L TRELShHRFEZRICE R (EIZRIC, BEREF),
Z0BEBORMIZTOVWTHEHRTHEHRIZ. ChSITODWTOREDHERRIZOVTERBNT 5,

8 BEMHBEENR:BEFEAE. BIUREF-/NFOV-I+r—ODEOHEERERESFEXICOVTUTD
NBETHET D

1. BF81%F (QCD) DEXRMEE N\
QCD {EAEXFRME. EBIME QCD . REAEX. h5—I SRR

2. REBFEXEQCD HFZRRRI HEIRHET
- BHENBEE. AVHREER. RMEORBAEN., EHIHER.
- FREETOHOER. AE -5 —aFE, MEEEF QCD
3. RFEZRIGER KE
- BF - BFEE. ROy - RFRRIE.
- TRENE, WX,
- N7\ — 1% - R F A% A RS DR & B 1 U
8 FAREHE DS E-EZE . BERRBRULR—NMILYBREFHET 5.
£ZEZ Quark Gluon Plasma, K.Yagi, T.Hatsuda, Y.Miake (CAMBRIDGE).

BFLDIBDIEL, BRKEH (ST oh— S/ )
IF—20 - NFOYPBEAF, ELHE= (r1I>X4)
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KRBT EZ 1 0CD 16 EZ 54 T B i &

s 21 EPMEOKREBAEIHE (1020)

o GERBARENXL, ? hEFE/ X)L, HFHFTRILEF—

o REAEAZHRIT HERIER
8 22 ZALMMBE. BIHEEER (10/27)
s 2.3 53 xRN TESS RMF) ERZdDIC, (11/10)
8 24 hA4S IV HHEREEE -IF-5>=a (NJL) =& 11/17)

o FREE-ZEOZEOERAMN

o BEBESTRT. —VUyFRFZE, XA, BRIBEDO S AR

@ AA4SILAFRE. Nambu-Jona-Lasinio (NJL) &, A5 JLIBEERE
825 BFLEDBZBOEBAM (— FASADER)

@ &F QCD . Plaquette YEf. #&F Fermion | V27845 .

@ BRESHET QCD . Area Law ., BESEEH. RV727-)L—7
s 2.6 BEEMED QCD AHEE (12/1)

@ Bag =&, Quark-Meson %!, Polyakov loop extended Quark-Meson (PQM)
$EE . Polyakov loop extended NJL (PNJL) $&#!

~
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Relativistic Mean Field I




Relativistic Mean Field (1)

a8 Effective Lagrangian of Baryons and Mesons + Mean Field App.
B.D.Serot, J.D.Walecka, Adv.Nucl.Phys.16 ('86), 1

L=Ly +L{"+L,,+L) G, O, p,

1

4 (,0

__Z gBSWB(PSWB_Z S VY Viwsg
B,V

Ly=—U,(0)+—c,(w,w P

ree ree 1 A% 1 w
L —‘PB(Zyua M)‘PB , wa :g[aauq)sauq)s mScpS Z __V S+ EmiVuV‘]

@ Baryons and Mesons: B=N, A, X, &, ..., S=6,G, ..., V=00, 0,0, ...

@ 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), NL1:Reinhardt, Rufa, Maruhn, Greiner, Friedrich ('86), NL3:
Lalazissis, Konig, Ring ('97),TM1 and TM?2: Sugahara, Toki ('94), Brockmann, Toki ('92)

LYITP 924 P
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Dirac Phenomenology

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

# Dirac Eq. with T
Scalar + Vector pA potential 200 £
(-400 MeV + 350 MeV) I
— Cross Section, Spin Observables £ |

= _zoof
-400 F
105 1.0 R TR
—~  10*% [
b 0.6
~. 109
L
E 102 <o 00
S 10!
~
5 100 -0.5
101
102 e
0

| * & 6
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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 0 e e
repulsion, leading to \uclear Matter . |
successful description 5 | relatviste |
of the saturation point. | C

= 10 | , By
= f .
- | 1, A
20 + |
25 I
08 12 16 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

¢(r) — <o(r)>
Ignoring fluctuations compared with the expectation value
may be a good approximation at strong condensate.

# Which Hadrons should be included in RMF ?
@ Baryons (1/2+) p,n, A, X, E,A, ...
@ Scalar Mesons (0+)  6(600), f,(980), a (980), ...

@ Vector Mesons (1-)  ®(783), p(770), (1020), ....
@ Pseuso Scalar (0-) n,K,n1n'...
@ Axial Vector (1+) a

1’ [ XXX J

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

| |
"TYITP 095
3 | 8
w“"nm 'YUKAWA INSTITUTE FOR




ow Model (1)

Serot, Walecka, Adv.Nucl.Phys.16 (1986),1

# Consider only 6 and ® mesons

# Lagrangian

L=g(iy'6,—M+g,0—g,w)y
—I—%GuU8”G—%mgaz—%Fqu“V—l—%miwuw”
(F,,=0,w,—0,w,)
# Equation of Motion 3 51 5T
@ Euler-Lagrange Equation 5" 8( P d)) —ﬁzo
I uPi/ | i

G.’[@H(?“—I—m?](r:gs@ Y

w:@uF“W—min:g‘,q—Jva — [8“8”+mi]wvzg‘,®va
|y (id,~g,V,)~(M~g,0)|w=0

VAN
y N

- T QS
|
="mm m  YUKAWAINSTITUTEFOR
- THEORETICAL PHYSICS A
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EOM of o (for beginners)

# Kuler-Lagrange LEq.
0, F" +miw'=g 0y y
s Divergence of LHS and RHS
0,0, F*"" +m;(0,w")=m;(d,w")=g (0,0 y" y)=0

LHS: derivatives are sym. and K, 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. %8
--- - . YUKAWA INSTITUTE FOR 1 1 0
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Schroedinger Eq. for Upper Component (1)

# Dirac Equation for Nucleons

(iy@—yOUV—M—US)lsz ,
U=g,0 , U=-g,0

# Decompose 4 spinor into Upper and Lower Components

E-U,—~M-U, io-V AT
—io-V —E+U —M-U_)\g
_ —1 ,
g_E+M+US—UV(G Vs

(E-M-U~U,) f=—i(c-V)g

|
L viTP ey IR
| K
= "= w 'YUKAWA INSTITUTE FOR
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Schroedinger Eq. for Upper Component (2)

# Erase Lower Component (assuming spherical sym.)

-i{0-V)g=—(0V) L (o v>f———v2f——[ii

42 lor)ov)s
—-V -V [+ [d 1](01)/‘

dr
(o-7)(0-V)=(r V)-I—z() (rxV)=r-V-o-1

# “Schroedinger-like” Eq. for Upper Component

1
— + U +U + - =\E—M
VE+M—|—US—UVVf (U0, +U glot)) f=(E-M) f
1| d 1
U, = i B MU —U. <0 on surface

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

LYITP %2 P
- - 'YUKAWA INSTITUTE FOR ‘ 1 2




Various Ways to Evaluate Non.-Rel. Potential

# From Single Particle Energy

YNE-U)+iy'V=(M+U)|)y=0 - (E=U,)V=p"+(M+U )
2

SE=\p (MU P+U~E+L Uy U+ L
»E, 7

(E,=\p*+M?)

# Schroedinger Equivalent Potential (Uniform matter)

V’ E U:-U.|  E+M
—Y U +EU+ — E-M
ZMf > M 7 2M f 2M ( )f
E
Ucco~U +—U
SEP S M v

Anyway, slow baryons feel Non.-Rel. Potential,
U~U+U =—g o0+g W

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

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

# Uniform Nuclear Matter

3
P, ”
E/szNf P g +lm§02—lmiw2+gvp3w

(21‘()2 2 2
g g, fPF Y dp M* (M*:M—I—US:M—gSO‘, E*:\/p2—|—M*2)
— 5 Ps x
m 2 2mt) E
3
g . 8 ¢bradp T
W 2 PB=Y¥YN" f 21 )
% % ( 1T) i ,.f ! )
10 |- . A
Y = Nucleon degeneracy T MATTFR | 2 ‘
(=4 in sym. nuclear matter) _ e T T N | ]
| H'“\\ II-'II
m i N
Problem: EOS is too stiff | - NUCLEAR a
i . s
K ~ (500-600) MeV ! |
— How can we avoid it ? || = ———— ol %
ky, (fm™")
- -Y-TP *‘?QS @
I e mmmj._ ._‘E AK N 14




RMF with Non-Linear Meson Int. Terms

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)

# Too stiff EOS in the simplest RMF ( c® 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)

1 1
+ 53”03“0 — §m§0

lyu li,u, apr na liapa 1 [IAY:
— EW W + 5 M’ Wy — ER R, + 5P P H 03 (wywt)

) — 1
+0e (i) = me) Ye +0,id, — 7FuF*

W,U,U — “wy - ayw“ ’

R}, = 0upl — 0,y + 9o p*p™

Fo,=0,A, —0,A, .

IIY-TP.“?QS _‘k\
| k 1 5
w"smn 'YUKAWA INSTITUTE FOR
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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

@ o*term is introduced to simulate DBHF results of vector pot.
TMI&2: Y. Sugahara, H. Toki, NPA579('94)557;
R. Brockmann, H. Toki, PRL68('92)3408.

60 . — ———
. SCL3 / R
@ ¢° and ¢! terms are introduced SCL2 P
to soften EOS at p,. _ 40 | {:&I{i i y
J. Boguta, A.R.Bodmer NPA292('77)413, ::; NL3 —— i ,F
NL1:P.-G.Reinhardt, M.Rufa, J.Maruhn, = 5, | FP @ S
W.Greiner, J.Friedrich, ZPA323('86)13. : RBHF © e Hﬁf
NL3: G.A.Lalazissis, J.Konig, P.Ring, ~ g ..;,ff ord
PRC55("97)540. ~ 0 157 L
— Large differences are found 1% cog T N=£L
at high p -20 ' ' ' ' —
0 0.1 0.2 03 04 05 0.6

3
pg (fin ™)
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO,PRC81('10)065206.

IIY-TP ‘?QS _A\
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Vector potential in RMF

# Vector potential from ® dominates

at high density !

Uv(pB>:goowN

@ Dirac-Bruckner-Hartree-Fock shows
suppessed vector potential at high p_.

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

@ Collective flow in heavy-ion collisions
suggests pressure at high p_.

P. Danielewicz, R. Lacey, W. G. Lynch,

m

Science298('02)1592.

@ Self-interaction of ® ~ cm(“)u(”")z
— DBHEF results & Heavy-ion data

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

2
Q)

zpB
w

Scalar, Vector Potential (MeV)

1500

(Y
n s
[’ =
= = =

|

¥ ]
e’
=

Pressure {.\’le\"';’fm"?'}

SCL3

SCL2 P

TM1 - Z

NL1 -

NL3 ~—- o
RBHF o .7 .7 _

ﬂ "_5;1_---':-1"'
ngJL* ~ Vector

C
|I I:-]‘..-

10’ |

7 ~ NL3
' IDamglewul‘z et all.

01 02 03 04 05 06 0.7 038

PR (fm";)

|
L viTP ey IR
| K
= "= w 'YUKAWA INSTITUTE FOR
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TM1

# TMI1 Sugahara, Toki ('94)

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

@ Fit binding energies of neutron-rich nuclei

2000 ————1—1———

1500

1000

500

LA (LA L (LN B

" NL-SH

Scalar and Vector Potentials [MeV]

FEPRSEE Er R | P | 1 | 1

0

: K
m™m = @ YUKAWAINSTITUTE FOR * /
- THEORETICAL PHYSICS Ay /A &

01 02 03 04 05 06 07 08 08

p [fm?]

e

6 I N S S B

0 50 100 150 200 250

TM1: Sugahara, Toki ('94)

18



High Quality RMF models

s L DHD RMF /185 A—RIZLBETEIE.
rERAXICHIBECRFRERERD | |
— High Quality RMF models. ] e s
TM, NL1, NL3, .... “\,.'
o £HET1-2MeV DIRE '
(NL3)
@ Linear coupling 10.0 I RHB Calculations
(GN, N, pN)a 1
self-energy in ¢, ® jz !
o BAICIOTIHBAEHD § |
BERELEEA, = Ll
E 20| \‘A
40 F .
-8.0 —
00 e T 0 0 10 o
A

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

YITP 2
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RMF with Non-Linear Meson Int. Terms

# Are the Lagrangian parameters are well determined ?

& :ﬁfrcc('l.f*’v oW, 0, } + T.r-_ [gcr‘j = Qw"}“ﬂw i ngz"}*'DP] ()
+c w!/4 =V, (o) . (3)
G {égggﬂ + g0t (NL1, NL3, TM1)

. (4)
—asfscL(o/fx) (SCL)

@ Linear terms, Meson-Nucleon Coupling — Well determined
@ Negative Coef. of 6* <0 in some of RMF models— Vacuum is unstable

@ Meson interaction terms — Different in RMF parameterization
TABLE II: RMF parameters

goN guN  gonllga(MeV) g4 o(MeV) m,(MeV) m,(MeV)
NLI1[18] 10.138 13.285 4.97q@ 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 4.4(@ 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

# Difference in non-linear meson terms 350

generate different predictions ::g :
of EOS at high densities

200 ¢
150 |
100 |
50 |

0
0.3 |

Neutron star matter

i, (MeV)

= 02 ¢ S T T e

= R4

01

E/B (MeV)
—

=

[y

N

=

\

Y

How can we fix non-linear terms ? " oo | P

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

AQ, Jido, Sekihara, Tsubakihara, Phys. Rev. C 80 (2009), 038202.

mm = Qs ZAN
T ncimmee HJ; K A \




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) 155 7
M.Kohno (“13) 10 APR, A1BHUIX- ,;"
%' 5 FP--. f
= - Y
< Of f:" i
L C '
g2 -5
=
i n
= =
Z —15¢
E CD—Eonn---"""-“"*----"’
-25 L . . L 1 !

1.6 1.8
ke [fm ]

M. Kohno, PRC 88 (“13) 064005

1.2 1.4

"Y-TP-%‘?QS o
= (s 22
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“Universal” mechanism of “Three-body” repulsion

a “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

two pion exchange is suppressed Physical Picture

by the Pauli blocking

in the intermediate stage. i I

Kohno ('13) T A ==
e

v EFT
“Universal” TBR - Tk
* Coupling to Res. (hidden DOF)

* Reduced “c” exch. pot. ?

IIY-TP.“?QS _‘k\

| 23
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Summary of Lecture 2.3

# 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.

u VAN
m-. Y TP l‘?QS p .
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Field Theory at Finite T & p
— Short Course —

|
m Y T P l\qﬂs
|
" m YUKAWA INSTITUTE FOR
™ THEORETICAL PHYSICS M
W%

26



HEBGIR 57

s BEFHETOERETES (Path integral)

o %, TILE ¢, ICWV=RIFHRZ ¢ THE ¢ [CEIET HIRIE
S =(q, .t lexp[=i H (t,~t,))lq,, t.)=] Dqexp(iS[q])
5 [Q] - fq(tJ:qi,q(tf):qf dt L<q ’ Q)

B 90 12210V TOM — BBES

°
» BEFORDYICEEDOH (- ) TRED,

’ ;;FFFJ S DEAFFICIEEZBMBRZAVDCEICKYIRFRIDETRZMYIA

s BOBHR="FRTOEOERIE oxt) ZEREETHIEFIE
S =¥ Jexp[—i H(t,~1)]|¥ )= ] Ddbexp(iS[])
S[b1=J oy vy, 4 X L($,0, )

|
== Y TP |\qos
/=
- YUKAWA INSTITUTE FOR
THEORETICAL PHYSICS

27
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SISl —0) R T1E

s SECRIR

Z—Zexp —EIT) Z<n|exp —HIT]|n)

—Z<n|exp <tf—r>]|n>tf ——yr=] Dpexp(=S,[d])

:fo de XLE<(I)’ aid)’aTq)) |c|>(x,B)=c|>(x,O)
LE(d): ai(l)’aTq)):_L((I)’ ai(l)’iat(l))

t=—it, 0,=—id, p=1/T

is=i[ dt[dx1=] dvdxL=—[ dvdxL,

° fEEt NF DS EREMIIE

ﬁrﬁﬁ%4

RDIRIBEOHTHS.

o 2TOREIZTDONTH — =0, p CTRAYEREHEEDHT
FEED p(x,t) I_OL\’CEbAﬁ’)'&éo




Example: Scalar Field

# Lagrangian density
L=20,60" d—om' &’ U ()

Euler-Lagrange equation (principle of least action)

0, oL —@—Lzo — 8u8“¢+m2c|>+aU:O(Klein-Gordoneq.)
0(0, d)

o Er

# Euclidean Lagrangian
@ Euclid {EDIL—IL ¢t=-i7, X,=T, gﬂv=(1,1,1,1), L =L

LEzéau¢au¢+%m2¢2+U(¢)

— HEERANGZILESICERICERTBEALTAELLS,

|
==Y ITP. %8
--- - . YUKAWA INSTITUTE FOR 1 2 9
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Partition Func. of Free Scalar Field

s BHADZ—IEDO S EREH
o ERODYAXDFE (FE V) OhTEHAHNT—I5 (U=0)
@ J—I)TEH

¢<T,x>=ﬁz exp(—iw T+ik-x)d (k)
n, k

Periodic boudnary condition w, =2mtnT, k,=2T1tn/L
Euclidean action SEzé Z (w.+k>+m) b (k)

o I—YTERL1=RY—FBIHS,
BAOAELEDLAL. (B A TRE)

D= Nqu> I/Ti

o HORBS — R /
1/2 ‘L\A L

Z=| Dpe® —NHr[w+k+m]
o TE’ 30




Partition Func. of Free Scalar Field (cont.)

s HEIRILY— _ _
Q=—T10gZ=%Z T Y log(w’+k*>+m’) |+const.
k n

E;

=%Z I(E,,T)+const.
k

s ¥A[RF] (Matsubara Frequency summation)

Z I _m coth(mtal/2) (n=2n)
2y 7t 2 h(mal2) (A=2n+1
~ &+ a |tanh(mal/2) (n=2n-+1)

OE, » (Di+E§_m_1—exp(—Ek/T)
I(E,.T)=E+2Tlog(l—exp(—E,/T)|+const.

oI(E,,T) 3 2TE,  l+exp(—EJ/T)

|
=i = Y T P 4\908
B3
m" s . m YUKAWA INSTITUTE FOR
- THEORETICAL PHYSICS YITP Km - K
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Partition Func. of Free Scalar Field (cont.)
s BHIRILEX— (TIVR-RTFUIvIL)

Q=2

e

E _
—k+T10g(1—e BT Lt const.

E _
2k+T10g(l —e E"/T)]

FORIRILE— (iw/2) RBE

PORIRILTF—EBREZREALTHIPES T 5L,
BEDENER/S.

=—Q/V =

ik kv ™ _OE,
(2“_)3 3 l_e—Ek/T ak

B3 — FEuclid it + Imag. Time — #EtH%E

32



Matsubara Frequency Summation

# Contour integral technique
Ssz g(w =21tnl,m(2n+1)7T)
n

-«

C

2

_of e gls) o5 Reselo) —6o660ap60-0060—

Cre 2m P o € FI

(g: meromorphic (FEHHE ),
no pole on real axis,
decreases faster than 1/® at @ — o0)

@ Applicable to more general cases !

@ Anti-periodic condition — Fermi-Dirac dist.

s Example: g(w)=1/(w*+E?)
— o= *iE, Res g = £1/2iE

1 ePf+1

S =
2F 31

C,+C,+C, +C,=0

|
== Y T P |\qos
/=
" YUKAWA INSTITUTE FOR
™ THEORETICAL PHYSICS

YITP Kyoto 354
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Fermion

# Lagrangian
L=N(iy"0,—m)N
# Euclidean

(XM)E:(T:it’x): (YM)E:(Y4:iYO, Y)
L,=N(—-iy,0,+m)N

# Grassman number

BRBSICBWT., 2TILSA U IE A #78% Grassmann

" d v -1 =anti-comm. constant=0 |, f d -y =comm. constant=1

. B B 1
dxdxeXp[xAx]Zfdxde< Ay)" =--=det 4

=exp|—(—logdet 4)]

Bi-linear Fermion action leads to -log(det A) effective action
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RMF

s Example: Relativistic Mean Field (RMF)
L:q)(iyuau_m_z)q}—l_l’meson(q)) (¢:O_’(D’ p)
S=g,0+y (g, 0 +g,p T)

s Euclid 1t +{EZHRTUOORILDEA

7= °D1|)D1_|)D<I> exp!—fd4x(L—M1P+1P)]
= me)Dl_I)D(I) eXp[_f d4x{q)Dw+Lmeson(q))}]

[

_ °D(I)exp[_Seff((D"T’M)]

(¥

D=—iyo—uy'+m+3

s ANER

SeffzSi?wLSmeson:— Z log det Dn,k+f dxL
n,k

meson
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RMF (cont.)
s —¥RIGIHEIRE — Fourier LY DETOVIXAIL
Dy y=y"(—iw,— (0= V")) +y-k+ M+ g,0
—det D=|(w, +in* P+E?|
W=u—g, 0 —g,p T, E'=VE*+M*, M =m+g_o
s RRIRSIBIZEIT

d
(F) f
FH=—
eff 2

s BE)DES EOR BT (EF) RALF (R#%F)

J (glkf E +Tlog(1+e )+ Tlog(1+¢7 )|

d, e&o d’k . e dP k.
FE:Q):_TJF! (2]_[)3E _I_de E _M pB (dN:df/2>

FORIRLT—IIRFDIL—THhdEHNS

MF Tl agE
2 B SIEBRRE)
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EREEDIZEDEG Short Summary

s BFNF-HOHES
o ERMAITE - THEDH (c- B) ITLSHECHBAATHE,
° 1L, 2TORBOELEDEINBE,

s et HF - ERERK
o EHFEICLDHENIEICEY, FEREBHIRBRS TRETED,

o 1—YYykREdHEIzkY, FEEEMZERBRICHRAS,
f=fZL. () B t (=ir) OEBEICITFIRHADL (0<1t<P)

o NEBAMITIRTOREBTOHFEDH
— =0, p TRMRERFEH - RFRIREB o =270 T

(FZLEFVDGFEITIEREAMBEREHSH. 0o =27 +1/2) T)
s BRANT—IHD 5 EEIE
o RRIESFMICOLVTOM —» FORDIRILY— + BHES
s I RECL
o J1)—2Ba%. {#E8)i%. Hard Thermal Loop . Debye E#. ...
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Symmetry Energy affects MR Relation of NS

s Nuclear pressure at p. comes ONLY from Esym,
then Esym dominates pressure around p_ !

s 5 MeV Ditterence
in Esym results in ST L L B
(3_4) km difference error assoclated with E_“_Frn
in R prediction.

I—_'ﬁ_ ;Ilﬂﬁnml n_ﬂm l_" —
8 9 10 11 12 13 14 15 16
R (km)
Gandolfi, Carlson, Reddy, PRC 032801, 85 (2012).
Ohnishi @ Osaka U., 2014 38
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Symmetry Energy

s Summary of Nuclear Symmetry Energy workshop
NuSym11 http:/www.smith.edu/nusym11

Esym(Po) =31-34 MeV, L =50-110 MeV
extracted from various observations.
@ Mass formula wmoller ('10) 50

@ [sobaric Analog State
Danielewicz, Lee ('11)

@ Pygmy Dipole Resonance
Carbone+ ('10)

@ Isospin Diffusion
Tsang et al. ("04)

@ Neutron Skin thickness
J.Zenihiro+ ('10)

8 Chb®DBL<Lpy LL'F
DEETOH Esym [ZHE,

-------------------

e
o

S(p) (MeV)

S

0.0 0.5 1.0 1.5 2.0

Density p/p,
- M. B. Tsang et al., Phys. Rev. C 86 (2012) 015803.
ST Y TPy

; Ohnishi @ Osaka U., 2014 39
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