BEDRKELFELEEE
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THEORETICAL PHYSICS

4 Introduction
--- Recent developments in nuclear matter EOS studies

s Bottom-up approach
-- RMF study of Normal nuclei, hypernuclei, and supernova matter

# Top-down approach
--- Strong coupling lattice QCD for phase diagram and EOS

s Summary

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

K. Sumiyoshi, C. Ishizuka, AO, S. Yamada, H. Suzuki, ApJ Lett. 690 ("09)L43
C. Ishizuka, AO, K. Tsubakihara, K. Sumiyoshi, S. Yamada, JPG35('08)085201.
K. Miura, T.Z.Nakano,AO, N.Kawamoto, PRD80('09),074034.

T.Z. Nakano, K. Miura, AO, PTP123('10)825.
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OCD Phase diagram and Nuclear Matter EOS

s Phase diagram and EOS
= Two important aspects of Nuclear Matter

# Dense nuclear matter has rich physics
— Many-body theory, Exotic compositions, CEP,

Astrophysical applications, ...
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= Subjects in Nuclear, Quark-Hadron, Particle, Astro,

and Condensed Matter Physics !
Ohnishi @ GCOE seminar, July 30, 2010
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What is EOS ?

s Equation of State (EOS) of Ideal Gas (BESKEDKREFER)
PV=NkT - P=pT (p=NIV, k=1)

s Self-binding system — Null pressure density (p ) exists.

P=P(p,T,...), ElA=—¢,+ lé{pz (p—p0)2+---

0
g,: Saturation E. (~ -16 MeV), p : Saturation density (~ 0.16 fm~),
K: incompressibility (~200-300 MeV)

Py
Nuclear p
Matter (E/A, p)~ (-16 MeV, 0.16 fm")
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One of the “Ultimate” Goals in Nuclear Physics

# To obtain complete Nuclear Density Functional
from QCD (Theorists' Dream)
and/or Experiment/Observation

@ From QCD to Nuclei: Not easy Hadron
Many hierarchies, QCD to Nuclear Force, Short
range & Tensor Correlation, ... l
# Recent developments Bare NN int.
@ Top-down approaches 3
NN force from LQCD, a on the Lattice,
Chiral Effective Field Theory Eft. NN Int.

|

Cluster, Shell, ...

@ Bottom-up approaches
Symmetry energy from exp't,
Neutron star matter EOS

EOS
or Density
Functional

Nuclei

HIC, NS, SN, ...
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Nuclear force on the Lattice

# BS wave function — Lattice NN Pot.

@ Starting from wall source,
and measure Bethe-Salpeter ampl.

@ By using Schrodinger-type Eq.,
NN potential is obtained.

# Lot of achievements !

@ One pion exchange potential tail. 1000 | 150 - e Aeeennnassanet
@ Repulsive core from quark 100 b :ﬁiii ey |
Pauli principle. = o Y ]
% g 50 | "“'_t .
@ YN potential, MB potential, ... sco| .° : ‘?{‘i :
= B S ¢ W -0 R A o
# Needs further studies for EOS = L o L
L & "'_ -50 I A ' | 1 1 ra a1l
S. Aoki, T. Hatsuda, N. Ishii, PTP 123('10)89 . _% 0.0 0.5 1.0 1.5 2.0 |
Ishii, Aoki, Hatsuda, PRL 99 ('07) 022001 0 bt B B8]
Nemura et al, arXiv:1005.5352 [hep-lat] T —
H. Nemura, Ishii, Aoki, Hatsuda, PLB673('09)136. °° 0.5 1.0 o L5 2-0
r [fm
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Ab Initio Calculations

# Chiral EFT + RG evolution to low momenta

@ N3LO NN + NNLO 3N force
E. Epelbaum, H.-W. Hammer, U.-G. Meifiner, RMP81('09)1773.

@ 3N force — p dep. NN force
S.K.Bogner, T.T.5.Kuo, A.Schwenk, PRep386('03)1.

s Neutron matter results oF M o vc, ncertaintios i
“Y [ £ Schwenk+Pethick [1]
@ Consistent with other “rigorous” > [ Akmal et al. [54]1
o MC s-wave [2
results such as APR 215 - o gFMC‘ v6 [33]
A.Akmal, V.R.Pandharipande, E, i GEMC v8” [33]
D.G.Ravenhall, PRC58('98)1804. S oL -
° o o = =
— Understanding of the origin B /
C = i P
of phen. 3-body repl. in APR. 2 st éﬁ P N
# Related work: /
0 r 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
@ QMC on the lattice 0 0.05 0.10 0.15

T. Abe, R. Seki, PRC79('09)054002. p [fm™]
. . K. H . A. Sch k, arXiv:0911.
@ 3NF from Exp. (Seklguchl) ebeler Schwenk, arXiv:0911.0483
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Symmetry Energy (1)

# Recent data suggest that EOS becomes softer
in asymmetric nuclear matter.

K=K, +K, 6, K,~—550MeV S

sym asy o 2000 — ' 1248n| -
- .05 l )
E .,~=31.6(p/p,) ‘_JZZH\IXX%"_T
. 2000 { ! 122, -
s Isoscalar Giant Monopole Resonance _ “sn ]
(ISGMR) Of Sn iSOtOpeS < 20004 ' j ! ' 12|:rsn'T:E
Q
E - -
1 : 112 124 — TXwE
@ .ISGMR in .Isotope ch.aln( Sn ~ '*‘Sn) "t 2000 g
is systematically studied. et :
) § 2000 - ' ' ' ' Megn -
17— & - xmariagand
1 & . “ . . 2000 - 114Sn -
= 16- ; E ¥ : ! 2 S 1 AQUTIIII:;
Ej R T 2000 - ' ' EENE
: |1 T * L | - jik\i‘-’& o
£ 0 | : : L T s
R I | 10 20 30
: E-"::nl.'.!:.l:':!:-.'"ﬂ'l-.'i-' ] Ex {Mev}
IR, ;I‘:_.:xa:i.ﬁ.li..‘ﬂ ]
pldjets |
R T. Li, U. Garg, et al., PRC81('10), 034309.
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Symmetry Energy (2)

8 Symmetry energy in HIC 80
@ Isospin diffusion — K.~ -550 MeV

| MDI interaction

R, — 2X g ynzgy — Aimgn s bag, — Xingy 1 uzg
[ =

.:!.:13-15"_:!-15" - xiil:;"_::!:;"

@ Light frag. dist.

— Larger Sym. E at low p 00 05 10 15 20
plp
40 i
- @ Data 15 . .
- Gogny 1.05 . - | 124 11z | %x=-1
. 30 e 31.6(pfp0} ! ¢ 1 p -t Sn+ “Sn o MDI
> I 10 l=g o N A SBKD
= = = “plp, (MDI)
E [ ** =+ plp, (SBKD) ]
Wi’ ' N R 27y,
10 {# MSU data
B i .
- 0.0- s
U FPPPPITTETT LLL LL L il L Lol 1 Lo
10° 102 10" 1 . . . .
P 0 50 fm/ 00 150
S. Kowalski, ..., A. Ono, PRC75('07)014601 t(fm/c)

L.W.Chen, CM.Ko, B.A.Li, PRL94('05),032701.
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X-ray measurements of Neutron Stars

# Neutron star mass (M)-radius (R) curve uniquely(*) determines
NS matter EOS.

@ Radius measurement: R, R 1
flux + temperature — apparent radius D D \/1 —2GM | R’

@ Eddington flux would give another info.

x10°

@ Bayesian TOYV inversion — EOS 220
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Redius (km) A. W. Steiner, J. M. Lattimer,
Ozel, Baym & Guver, arXiv: 1002.3153 [astro-ph.HE] ~ Ed. Brown, arXiv:1005.0811
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Tolman-Oppenheimer-Volkoff (TOV) equation

# TOV Eq. = General Relativistic Balance of pressure and gravity

__— P(r+dr)
G (e(r)/c2dr ) M(r)/ r?

s G(g /c? + P/c2)(M + 4nr3P/c?)

r2(1 — QGﬂI/-}”cg)

dM . / 9 daF dalf de

—— =Adnree/c” . =

dr 4 . gl de dr
5 aF _

P=P), —— == (EOS

Neutron Star Mass = M(R) where P(R)=0

‘ When you make a new EOS, please check the NS mass ! I
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Black Hole Formation (Failed Supernova)

r fv&gpﬂmm'.r

Fe core Collapse N e T v Vv-trapping —anf /‘ Explosion
pe~10%° g/em’ p~3x104 glem? pl0Zgiem? | [T, 7 peexlOl e
To~1 MeV T ~10 MeV T ~2 MeV ‘A T~10MeV

Y, ~0.46

=

000 krm Shockwave 10 km

At bounce, 500 ms 680 ms (at BH form.) s |
10— . 80 [—+—r—+——1— gjl??
33— p[].{]' g,r:m}]__ - T[MEY]_: 04k Y, ;
ﬁf— — 1 03f _
na E 1 0o k: Luminosity
2k . ._ 01 : = . ]
ol 1 ol v v 1] ook :
0 20 0 10 20 0 i :
radius [km] radius [km] radius [km] R T X R
time after bounce [sec) time
Sumiyoshi, Ishizuka, AO, Yamada, Suzuki, 2009
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Black Hole Formation

s Black Hole Formation: (p,, T, Y )~ (4 p,, 70 MeV, 0.2)

— Hyperon fraction ~ 10 %
(K. Sumiyoshi, C. Ishizuka, AO, S. Yamada, H. Suzuki, ApJ690(09)L43)

EOSY, YC=0_4 1{}':' § l . i = i — E
100 W . . . - z
a1 — -
3 ~. P =
80 10 = A T - 3
P = . . » - T _,__.."'x: N
Z 60 Lo yB=10%|  10°F =N o o
= AT = 3w PR _ =
2 BH ~, h‘uﬁﬁ - -l_,-“:.f.' J hul-. .I I'. ) ¢ -
= 40 10° = :'é::_ N E
'''''' = o ay 3
2 ; -L :
! 107 £ o | ~.| =
0 ' . SN 0.1 %:: EE ARy =
i L ) .'E_ ! I |I I|' { | -

0.1 0.2 0.3 0.4 0.5 -5 N S BT T

’ 0 (fm™) 107, 10 20

Hyperons are abundantly formed during BH formation !
— EOS softening, Early collapse, Short v duration
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EOS and Related Physics

DFT

Ab Initio

Star

Neutron

RHIC

Eff. Int.

o

MO {-F

| No image

Rt E5

NN & 3N force

-4 Lattice QCD >

Strangeness
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Recent experiments / observations
provides rich information of EOS

in2D (p,, Yp) or 3D (p,, Yp, 7).

How can we use it to obtain “THE” EOS ?

Here “THE” means “The”,
and “Tri-Hierarchical EOS”
(Ouark-Hadron-Nuclear)

—r Y'TP Ohnishi @ GCOE seminar, July 30, 2010

nnnnnnnnnnnnnnnnnn

14



Bottom-up Approach
Relativistic Mean Field study
of Normal nuclei, hypernuclei, and dense matter

o YITP Ohnishi @ GCOE seminar, July 30, 2010 15
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EEEEDHDIIN >OFHX

quark—hyhnc' traditional neutron star
e BT ERsa—A
w—a%a B
h aFFE & \ neutron ?Eur witth
pion condensate
NARaY ML
NS A
== :
L B FE
acgg;uquarh mﬁngpg - IUE g/cm 3
(u,d,= quarks) .;_..- . m” gfu'nﬂ
cst L V|t g3
gCFL CFLK, ¥
CFL-K
S " iosphere
strange star 4 Kh|3:|:| Egﬁ ?;ﬁﬁ
.- i nucleon star
XI\l/yt)aj-_aw _— R~ 10 km

1

F. Weber, Prog. Part. Nucl. Phys. 54 (2005) 193

[T E I ONE —EERECANL SR REBED !
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Phenomenological Approaches to EOS

# Phen. Approaches ~ Mean Field Models
~ Nuclear Density Fuctional approach

@ Skyrme Hartree-Fock(-Bogoliubov)

* Nuclear Mass is very well explained Hadron
(HFB, Total B.E. AE ~ 0.6 MeV)
+ Causality is violated at very high densities. l
@ Relativistic Mean Field Bare NN int.
(Relativistic NDF) |
? 4
+ Relativistic, Meson-Baryon coupling, Y
Meson self-energies Eff. NN Int.

+ Successful in describing pA scatering

|

(Dirac Phenomenology)

Cluster, Shell, ...

or Density

HIC, N§, SN, ... Functional

—r Y'TP Ohnishi @ GCOE seminar, July 30, 2010
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Relativistic Mean Field

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

free free Int
L=L" 41"+, +L" 6, ©, P
LE?Z—UU(U)Jrij(wuw“)ZJr---, UU:%U3+%O‘4+“- - .O

LBM:_Z gBSJjB(pSwB_Z 8y (/_JBYH Vg
B.S BV

tee _ — . Tee 1 1 v
Ly =@uliy"0,=My)w, . Li7=2 50" 00,0 gmi@il+ 2 =3V, V"5V, 1"
S 4

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

@ 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 TM2: Sugahara, Toki ('94), Brockmann, Toki ('92)

—r Y'TP Ohnishi @ GCOE seminar, July 30, 2010 18
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ow Model --- first RMF model

Serot, Walecka, Adv.Nucl.Phys.16 (1986),1
# Nucleon, o (scalar-isoscalar) and o (vector-isoscalar) mesons

L=g(iy"'0,—~M+g,o—g w)y G, ®
NI P | e
2 2 g 2

H 4
(F,,=0,w,—0,w,)

U

8 Equation of Motion (Euler-Lagrange Equation)
o | oL | aL_,
0 x" a<au(l)l) 0 ¢,
U:l@u(?“%—mi](f:gs@bj -

w:@uF”V—I—miwv:gv(/_fyvilf — lauﬁu-l-mi]wv:gv(/_/)’vilf
L/J:[y”(iau—gv Vu)—(M—gSO'>]([J:O

— Nucleon EOM = Free Dirac Eq. with modified £ and M

—r Y'TP Ohnishi @ GCOE seminar, July 30, 2010 19
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Nuclear Matter in cao) Model

# Uniform Nuclear Matter Serot, Walecka, Adv.Nucl.Phys.16 (1986),1
Po d’ 1 1 2 >
ElV= FLP M+ p +=mio’—= +
ny (2_"_)2\/ p sto- 2mvw gvaw
g,
2P

v

Y. = Nucleon degeneracy (=4 in sym. nuclear matter)
— Too Stiff EOS (K ~ 600 MeV)

M'=M+U=M-g,0. 0=2p,, w=

m m

S

20—
# Too stitf EOS is improved :
with non-linear terms ( ¢°, 6%, ®*) ol o
free free Int = NEUTRON i
_ W MATTER 7
L=Ly + Ly + Ly, +L); $ e
pin_ 1 2 T E T
M__UU(O-)_I_ZCw(wuw ) L = N
r wte SN /)
N A
ool
0.0 0.5 1.0 1.5
ky (fmm™ ")
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High Quality RMF models

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

. 3 .
~~ G 4
@ oN, oN, pN couplings are well determined oo o
— almost no model deps. in Sym. N.M. at low p .—‘:.
@ ! term is introduced to simulate
DBHEF results of vector pot.
TM: Y. Sugahara, H. Toki, NPA579('94)557;
R. Brockmann, H. Toki, PRL68('92)3408. ¢ , | , _ N
SCL3 s
@ ¢’ and ¢* terms are introduced SCL2 ioie
to soften EOS at p . | NLL a4
J. Boguta, A.R.Bodmer NPA292('77)413, 2 | "FP O S ie S
NLI:P.-G.Reinhardt, M.Rufa, J. Maruhn, o RBHF  © i i P
W.Greiner, J. Friedrich, ZPA323('86)13. = , 57 gx”
NL3: G.A.Lalazissis, J.Konig, P.Ring, 0 s o
PRC55("97)540. Mg . gﬁﬂ/m N-Z
: 20 P —
— Large differences are found 0 01 02 03 04 05 06
at high p pp (Fm™)

K. Tsubakihara, H. Maekawa, H. Matsumiya, AO,PRC81('10)065206.
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How to determine Non-Linear terms 2 (1)

# Method 1: Fit as many as known observables

@ EOS, Nuclear B.E., High density EOS from HIC, Vector potential
in DBHF, Neutron Star, ...

Lighter side Heavier side 3 1500

9 ' 107 ¢ ~ SCL3 i
" g, ~ Z ScL2 - __/-'
8t 1 Zr Sn e H:E - E 1000 - :\le -./.-/
7 Loz g RBHF o - . o
% = S 500 e S
< 6 ~ - = L5500 Vectol
= . Elﬂl 3 ﬁ;- M
? SCL3 Z z 0K
SCLY ———- z L, ) :
4t I T™Mland? - 1 &0 o > \Q%?Q%G _
exp. & 10°+F 4 Danielewicz etal. = 1§ 500 ¢ VT, Sealar
‘10 2 s 4 50 100 150 200 0.0 02 03 04 05 06 07 08 3 .
A fin . .
3 Pp (fm) 0 02 04 06 08
R _ pg (fim ™)
25t / i
. 2 i I_-’i ) - -.‘
E .'Il $ .. '_... .. . -
= 15 I /,.—f--*—
E I"-‘::-' r ° °
1 /'SCL3 IOTSY -
A n P. panleleWICz, R. Lacey,W. G. Lynch,
05/ Sgg o0 N3 Science298('02)1592.
o L£ - - ' R. Brockmann, R. Machleidt, PRC42('90)1965.
0 0.5 1 1.5 2 ’ ’
T opn(mYy K. Tsubakihara, H. Maekawa, H. Matsumiya,
B
] AO,PRC81('10)065206.
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How to determine Non-Linear terms 2 (2)

# Method (2): Fix parameters by using
symmetry, such as the Chiral Symmetry

e (MeV/fm°)

# Chiral Symmetry

c (MeV)

@ Fundamental symmetry of massless QCD, |
and its spontaneous breaking generates SCL2

hadron masses. 200 1\ Rt
Nambu, Jona-Lasinio ('61)

100 b oo, N

E/V (MeV/fm®)

@ Many of the linear ¢ models are unstable
against finite density (chiral collapse). 100 : . |

— Log type chiral potential o (MeV)
Sahu, Tsubakihara,AO('10), Tsubakihara, AO('07), R AR R AR, A2
Tsubakihara et al.('10) doof — cnalmexshange 1 <

- -+ case 2 )
30.0f —- case 3 I

@ Non-linear representation (chiral pert.)
leads to density dependent coupling from

one- and two-pion exchanges.
Kaiser, Fritsch, Weise ('02),
Finelli, Kaiser, Vretener, Weise ('04)

E/A (MeV)

- YITP Ohnishi @ GCOE seminar, July 30, 2010

||||||||||||||||



RMF with Hyperons --- A hypernuclei

8 Why A?

@ A is expected to appear in NS. G

@ Coupling with 7, o, ... are different
— detailed study of A hypernnuclei
will tell us what makes MF
(OBEP or n) N A

@ Coupling with mesons : x, =g /g

quark counting: x_~ 2/3
nt exchanges: x_~1/3
— Which is true ?

S, (MeV)

s Single A hypernuclei
@ ASep.E. - U ~-30MeV ~2/3U_ 0l

T 1 T ‘%_+1
A 5.1 from

A

7  SCL3 ——

— We can fit them by changing 20 005 oa
gcA’ g(y)A ? gQA’ °ee
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO, PRC81('10)065206.

0.15 0.2 025 03
-2/3

core
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RMF with Hyperons --- Double A hypernuclei

s Nagara event AB, ~ 1.0 MeV
(weakly attractive)

@ TM & NL-SH based RMF
H. Shen, F. Yang, H. Toki, PTP115('06)325.

Model 1: x = 0.621, x =2/3 (no ¢, ¢)
Model 2: R€= g A 8..=0.56-0.57,
R=g /g, = -V2/3

@ Chiral SU(3) RMF

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

SU(3), for vector coupling
x,=0.64, R =0.504

Det. (KMT) int. mixes ¢ and ¢
M. Kobayashi, T. Maskawa, PTP44('70)1422
G. ’t Hooft, PRD14('76)3432.

— x =0.335, R =0.509

45 1

KX

)

C(=5s)

| AB,, fit
S, fit

S, fit vs AB, , fit

-
.

'\.\‘

22 24 26 28 3 3.2 34 3.6 38 4
2o A

o Y'TP Ohnishi @ GCOE seminar, July 30, 2010
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Hyperon Composition in Dense Matter

s Hyperon start to emerge at (2-3)p, in Neutron Star Matter !

# Hyperon composition in NS is
sensitive to Hyperon potential.

o U ~ -30 MeV: Well-known

@ U_~-(12-15) MeV
(K, K") reaction, twin hypernuclei

P. Khaustov et al. (E885),PRC61('00)054603;

S. Aoki et al., PLB355('95)45.
@ U ~-30 MeV (Old conjecture)

— X appears prior to A
@ U, >0 (repulsive) — No X in NS

X atom (phen. fit), QF prod.
H. Noumi et al., PRL89('02)072301;

T. Harada, Y. Hirabayashi, NPA759('05)143;

M. Kohno et al. PRC74('06)064613.

Baryon fraction

action

B, s ) U}:=+3{' MAay
."I s M U_=-18 MeV
| T
| : ._.n'r "L.I ;"
| I i ".l .l'll
i : ! = !I |r
]
| I 1 r'
1 i i L i . i i 1
0 0.3 0.6 0.9 : 1.2 1.5
Density (fm )

J. Schaffner-Bielich, NPA804('08)309.
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Hyperon Composition in Dense Matter

8 Comparison of Hyperon Composition
@ U =-30 MeV, U_=-28 MeV — SU(3) sym. matter at p_ .~ 10 p,
Schaffner, Mishustin ('94)

@ U =+30 MeV, U_=-15 MeV— X baryons are strongly suppressed.
C.Ishizuka, AO, K.Tsubakihara, K.Sumiyoshi, S.Yamada, JPG35('08)085201.

Neutron Star Matter

TM1 ! EOsY
— Does X playnorole - -
1n NS ? h:-:l[]_l - ; 1 - - /,,,-—-_.f___.-— T
- / i D e
] M - n
-2 K 1/ : )
10 : : :; P
I 1 I I e
1073 — H
o | EOSY(SM) ] EOSY™ A
10" b 2
— U
o Ll B Qe B G O
o / RN N I/ Y AV Y s —
Doy i ] : I o C e
1072 |/ S o T
SN (L Y R
f L A
10_3 1 N II |JI 1 1 1 1 11 1 || !I 1 1 1 1
0 02040608 1 1214 0 0204 0608 1 1.2 1.4 1.6

pg (fm™) pg (Ffm™)
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2" atom data

10

a X atom data suggested repulsion e 109
° ° ° ° SiM F T S.=d +
in the interior of nuclei ! |
C.J.Batty, E. Friedman, A.Gal, PLB335('94)273 1

Batty's DD potential is very
repulsive inside nuclei.
— No X baryon in dense matter.

wo || - il
SR —e
30 r WR -—ae— T

Atomic ShiftieV)

f 8 m 12 14 16 18 70 75 &0 85

100 —— £
BD 1 E 105 3
r':: f f
© 60 _ I ]
= = |
40 ; |
S S
N o 1n '-.1.[.'; : —
-2 0 t > Exp.
_20 — = T - -: 1 1 1 i i . . . .
55 60 65 70 75 BO BS5 8.0 10 12 14 16 70 75 80 85
r (fm) Z
J.Mares, E.Friedman, A.Gal, B.K.Jennings, K. Tsubakihara, H Maekawa, AO,
NPA594('95)311. EPJA33('07)295.
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2 atom in RMF

a8 RMF fit of Si and Pb X atom 50
a =g /g ~23(M),0.69 (T)
o0 =g . /g N~ 2/3(M), 0.434(T)
J.Mares, E.Friedman, A.Gal, B.K.Jennings,
NPA594('95)311; Tsubakihara et al.('10)

- T L _— T T T T N T
Vpt oF L In Si Re. partiSR)
P Im. partis®) - - -
Re. partitWR) — — - 7]
Im. paartVWH)

Vopi(MeV)
=

@ Much smaller g . than naive SUQ3) | . _:‘;_;_;,,,

[ J [} ° . f
applied in some of previous works. riim)
30 T T T T | T T T T s k_,“pt of E in Pb T T Illr: Eﬂim —
aor B B Re. partiWR) — — - -
7 N 1 - Im. part(WR)
N T a”_2/3 ~ i
2 10 F i >
—~ 0 — =
R e—10 k - -
g HHH "ff} R T L ’
—20 N L b - N e #
_3D —- 1 T _ T I 1 i i i 3
0O 1 2 3 45 6 7 8 9 10 0 2 4 : 5 10
r(fm) r(fm)

—r Y'TP Ohnishi @ GCOE seminar, July 30, 2010 29

VVVVVVVVVVVVVVVV



2 atom and Neutron Star

# X may not feel very repulsive potential |
in neutron star....

% 40 -
=
@ n'- 1 —~
p'-type fit — very repulsive Z oo}
@ RMF fit — small isovector potential £ _
— QF prod. may support the latter. P
> would appear in NS. St e
T. Harada, Y. Hirabayashi,
NPA767('06)206
:'f 1 __‘———-__q__'_____ ,,_:f 1 ____I—"“-a-__l__ ~ f 1 __.__I_:_-h"“l-——__
— SCL3A T — SCL3AL — = SCL3AL I
= = ~ {Ep}E EL-L.'E} i -
I | I
Sob Ul RS asE EETETE BEPC Ul S et 3 Ul B ES e
? i .-'.I E i ,-'-; _ E _-’-f S
e / i n E { n z {7 In -
~ B - P — ' P 2 » P
& 107 T A e Z 107 A eeeeees E 107 A eeeeene
E e = iI £ 3 : L
& ]I]_J N , , 5 1{]_3 {1 , B 10—3 oo B ,
0 03 06 09 12 0 03 06 09 1.2 0 03 06 09 12
Pp PB Pe

K. Tsubakihara, H. Maekawa, H. Matsumiyva, AO, PRC81('10)065206.
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Neutron Star Mass

# Large fraction of hyperons b o ‘f'."'f".
softenes EOS at p_ > (0.3-0.4) fm* . S
@ NS star max. mass red.~1M_ . 5 1.5
@ RMF generally predicts stiff EOS E L ™I e
: : Z o= EOSY(SM) _
at high densny: . 0.: YoM —
(Scalar attraction saturation, 0 . FEOSYm v
or Z-graph in NR view.) 10™ 10" 10'
Central Density (g/cc)
@ Some of RMF with Y do not 3 NS ma
mass _.— - ®-—-—_._
support 1.44 M_ . 25 ¢ -
s Additional Repulsion at high p ? T
= you -
1+ #/sc M1
@ Vector mass mod. . . 7/scLn OTSY -
— stronger repulsion at high p. 0.5 f scliaz NE3
M. Naruki et al., PRL96('06)092301. 0 ' ' '
0 0.5 1 1.5 2
@ Another term such as NNoe. pp (fm™)

C. Ishizuka, AO, K. Tsubakihara, K. Sumiyoshi, S. Yamada, JPG35('08)085201.
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO, PRC81('10)065206.
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Bruckner-Hartree-Fock theory with Hyperons

# Microscopic G-matrix calculation with realistic NN, YN potential
and microscopic (or phen.) 3N force (or 3B force).

@ Interaction dep. (V18, N93, ...) is large — Need finite nuclear info.
E.Hiyama, T.Motoba, Y.Yamamoto, M. Kamimura / M. Tamura et al.

@ NS collapses with hyperons w/o 3BF.

20
55| 1 %@ : THI3u
| 2 THISu
=) ] 22 __ —/+\TNI2
- 15F -
< 15} _ | 3 513_5_ /_)_\
= ] . : - PRt kel 1
10} N P | -
0.5 — _ _ 1.0+ ¥—Mixed region
i Kﬁ | B M — Super
00 ——- 4t——»Ho»——1— — _I A0 L1
8 10 12 14 1600 04 08 12 16 0 o 10 pp 15
R (km) p_(fm™) P, ()
H.J.Schulze, A.Polls, A.Ramos, I.Vidana, S. Nishizaki, T. Takatsuka,
PRC73('06),058801. Y. Yamamoto, PTP108('02)703.
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So far, not bad.
Phen. approaches (such as RMF) explain
various aspects of nuclear matter EOS.
In addition, they may be suggesting the nature
of the mean field (r +o + w +...),
which may have impact on quark-hadron physics.

But phen. approaches require rich data are available
from experiment / observations.
Is there any way to describe nuclear matter

from QCD ?
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Top-down Approach
Phase Diagram in Strong Coupling Lattice QCD
with Polyakov loop and Finite Couplng Effects
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Top-down Approaches from QCD to Nuclei and/or EOS

# Top-down approaches from QCD to nuclei
@ LQCD — Hadron: Good !

QCD

@ LQCD — NN force: Recent progress by HAL
Ishii, Aoki, Hatsuda, PRL 99 ('07) 022001 Hadron
H. Nemura, Ishii, Aoki, Hatsuda, PLB673('09)136.
@ LQCD — Nuclei: A <4 (Surprise !) l
T. Yamazaki, Y. Kuramashi, A. Ukawa, .
PRD81('10),111504(R). Bare NN int.
@ NN & 3N force — Nuclei & EOS: v
S.C. Pieper, Riv.Nuovo Cim.031('08)709. Eff. NN Int.
S.K.Bogner, T.T.5.Kuo, A.Schwenk,
PRep386('03)1. l

@ Effective int. approach: Many. ’4

Cluster, Shell, ...

or Density
Functional

HIC, NS, SN, ... |=

Nuclei
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OCD Phase diagram

# Phase transition at high T — Lattice MC, RHIC, LHC

# High p transition has rich physics
— Various phases, CEP, Astrophysical applications, ...

QGP .@ Hadronic
L]

. w @Iﬂéter

170 ~ 200 g @©@
MeV
CSC
9 "”N? - Quarkyonic @@
e
10 s
p )
.,. o) 0 Po
N .
' @ @ Strange Matter
L-G Mixed

Nuclear Matter

Sign problem in Lattice MC at finite density
— We need approximations and/or eff. models
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What is Strong Coupling Lattice QCD ?

a8 Lattice QCD

@ Gluons on the link (link var.) + Fermions on the site

@ MC simulation — Non-pert. (SSB of % sym., confinement, ...)

?
Srocp =8+ . 5 A e e +1 |: D]

:rU “r T
moM Vi Vi adectd g

s Strong Coupling Lattice QCD (SC-LQCD)

@ Strong coupling (1/g%) expansion
~ Plaquette (oc 1/g?) expansion
c.f. pQCD (expansion in g)

@ Integrate out (spatial) link analytically
— weaker sign problem
c.f. MC (fermion intg first)
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Basic tools in SC-LOCD

# Group integral formula

: dU Uab U:d — ]\]L 6ad 6bc

c

1

J dUU S U. Uef—g € uce € par

o[ dU exp(~aX (x)U X (p) bR (y) U X (x))=1+ab M (x)M (y)+--

s 1/d excpansmn — smadl # of quarks are favored

Z M M., Z L~const. at larged — Xocd~
= a &

# Bosonization

1/4

1,2\ 1 2
exp(zM )—Idaexp( 5O O‘M)
# Grassmann integral
fdXd)?exp[)?AX]:detA:exp[—(—logdetA)]

# Temporal Link Integral, Matsubara product, Staggered Fermion,
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Achievements in SC-LOCD: Pure Gauge

# Quarks are confined
in Strong Coupling QCD

@ Strong Coupling Limit (SCL)
— Fill Wilson Loop
with Min. # of Plaquettes
— Area Law (Wilson, 1974)

1 ~ 1
Stoco = — FZ tr [L-E + L-E]
(]

@ Smooth Transition from SCL

to pQCD in MC
(Creutz, 1980; Munster 1980)
L
- —
A
Nt
Y = l/Nc g’

1.0

0.1

TT'I—F'

aa |

K. G. Wilson, PRD10(1974),2445
M. Creutz, PRD21(1980), 2308.
G. Munster, (1980, 1981)

—

* MC

\

| Strong coupling region \*

Weak coupling region

0 1 2

i ==

SC-LQCD

B=2Ndg® (Nc =2)

3

Munster, '80
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Achievements in SC-LOCD: Chiral Phase Diagram

8 SCL-LQCD with Quarks — SSB of Chiral Symmetry
Kawamoto ('81), Kawamoto, Smit ('81), Kluberg-Stern, Morel, Napoly, Petersson ('81)

8 SCL-LQCD has been a powerful tool in “phase diagram” study !

@ Chiral restoration, Phase diagram, Baryon effects, Hadron masses,
Finite coupling effects, ....

=
=
=
m 1
<
&

1st—order 0.4

[le—" '|'-...| 1 1 1 1
0 0.2 0.4 0.6 0.2

Damgaard, Kawamoto, Quark Chemical Potential 4 ~ v

Shigemoto ('84) Bilic, Karsch, Redlich ('92), 0 01 02 03 04 05

Fukushima ('04), Nishida ('04) Kawamoto, Milil;’:zi AO0,0hnuma,
PRD75 (07), 014502.
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Effective Action in SC-LOCD

s Effective Action with finite coupling corrections
Integral of exp(-S ) over spatial links with exp(-S,) weight — S __

-1y
Seff:SSCL_IOg<eXp<_SG)>:SSCL_Z ( n/) <SG>C

n=1

<§."™> =Cumulant (connected diagram contr.) c.f. R.Kubo('62)

DR OE

MMMM MMMMMM VIV MM VIV-MM

SCL (Kawamoto-Smit, '81)

[(MMMM] i« NLO (Faldt-Petersson, '86)

) x,j=>0k=>04k#]

B v wrweawew . P )
' .x;n[w WA m(d—1}(d—2)_Lj}‘l'kzmmm[MMMM];u[MM]

VeI
Brs

sdd—1) Y WVIVTHvIVT ([MM]N_;} + [MM]LH;@@) NNLO (Nakano, Miura, AO, '09)

x, j=0,|k|#j

i a+l

—r Y'TP Ohnishi @ GCOE seminar, July 30, 2010 41

nnnnnnnnnnnnnnnnnn



Polyakov loop action

# Polyakov Loop D‘ 7 N 7
=) arhed
s -k )

N
; .
P:NLTrL, L=Texp|—i], dx4A4]:TH U,(T,x)
C NT =1
AS, =— g21N N’ Z [PxPH}ﬂ—h.c.] (LO in SC expansion)
c x,j>0

@ Order parameter of econfinement in the heavy quark mass limit.
A.M. Polyakov, PLB72('78),477; L. Susskind, PRD20('79)2610; B. Svetitsky,
Phys.Rept. 132('86), 1.

@ Polyakov loop coupling with fermion — interplay with ¢ cond.

Z~T1 [ drL(x)e **det |1+ Le BT |14 L7 BT

— Finite Polyakov loop enables one- and two-quark excitation
A. Gocksch, M. Ogilvie, PRD31(85)877; K. Fukushima, PLB591('04),277.
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Effective Potential

s Effective action — Effective potential (Eff. E. density)

@ Bosonization (Extended Hubbard-Stratonovich transf.)
K. Miura, T.Z.Nakano,AO, N.Kawamoto, PRD80('09),074034.

@ Integral over fermions and temporal links
Damgaad, Kawamoto, Shigemoto (84), Faldt-Petersson (86), Nishida (04)

@ Effective Potential in NLO/NNLO SC-LQCD
Miura,Nakano,AO,Kawamoto,PRD80('09),074034; Nakano,Miura,AO,PTP123('10)

825.

Z=f DX, X, Uo, Uj]eXp(_SLQCD)
= [ DX, UyJexp(~Ssy)exp(~S,)) (U integral
NJ‘ DX, X, Uylexp(=S.|X,X, U, P |) (bosonization)
~exp(—V F (@, T,u)lT) (fermion+ U ,integral )
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Effective potential in SC-LOCD

# Integral over fermions and temporal links
Damgaad, Kawamoto, Shigemoto (84), Faldt-Petersson (86), Nishida (04)

Vi, (m,u,T)= —L—logUD oldet (G~ )}

sinh (N +1)E_(m)IT)
sinh (E_(m )/T)

E (m)=arcsinhm (quark excitation energy)

s Effective Potential in NLO/NNLO SC-LQCD
Miura,Nakano,AO, Kawamoto,PRD80( '09),074034 :Nakano,Miura,AO,PTP123('10)825.

=—Tlog +2cosh(N, ulT)

Feff_Feff <0' w.)+V (i, ji, T)—N log Zy
o~{M ) (chiral condensate), w., ~—8 F eff/ 8 = ,oq7 (quark number density )
Z;UU—I—mO _d

O‘X(l —I—ﬁ(gmo)az—ﬁgma))(rzwf+....)

mq—

Z,(1+4B._@.) 2N,
Su=p—f=log(Z,/1Z_)~B,w x(1+B% o +...]

NLO/NNLO SC-LOQCD
= ow model of quarks non-linear couplings

—r Y'TP Ohnishi @ GCOE seminar, July 30, 2010 44

VVVVVVVVVVVVVVVV



Effective potential with Polyakov loop

# Haar measure method

@ Replace the Polyakov loop P with its representative value /, and
Haar measure is included in the potential.

Foq=—N.E —Tlog [1 4 N e~ E-A)T L N go—2E-@)/T E_r_—fjiff_lr}}_l_-"]'i|
— T log [l + F"I"_f_-ft'f_”f_'ﬁ’];?_ + Nfe  2EFA)T 4 t’f._ji”_'ﬁ“]'”_] — N.log 4, ,
U, = — 2T8,0f — Tlog [1 — 600+ 4 (P + ) -3 [fﬂ?] |

E. M. ligenfritz, J. Kripfganz, ZPC29('85)79; A. Gocksch, M. Ogilvie,
PRD31('85)877; K. Fukushima, PLB 553, 38 (2003); PRD 68('03)045004;K.
Fukushima, PLB591('04)277.

# Bosonization method

@ Introduce the auxiliary field / = <P>, and integrate out U =L.

: I A o . Sl o ] o
ﬁb'p“ﬂ( gzﬂ,—ﬂ) N2 Y 2(06— Pt —Py) ~23,L%0— 23,3 (Pel + IP)

x,j=>0

— Weise mean field approximation
c.f. J. B. Kogut, M. Snow and M. Stone, NPB 200('82)211 (no quarks)
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Stationary Condition --- Multi-Order Parameter

s Stationary Condition 0F.g
0P
@ (4(NLO) /10 (NNLO) aux. field)— (o, w..)

N.=3, p=2N_g’=4.5

s Multi-Order Parameter (o, ® )

a F eff .
O~— = Chiral Cond.
om,
a F eff .
w0~ — 3 = Quark number density
u

@ Two indep. var. in Vq(m, n)

@ Scalar (o) and Vector (@) potential
for Quarks

— Saddle point in Feff(o, ® )

Miura, Nakano, AO, Kawamoto ('09)

o Y'TP Ohnishi @ GCOE seminar, July 30, 2010 46

VVVVVVVVVVVVVVVV



Chiral condensate and Polyakov loop

8 Chiral and Deconf. transition correlate ! I  yakor Loop
s SC-LQCD w/o PL: quarks are confined. | [,
— PL promote quarks to deconfine !
(cf. Quarks are not confined in NJL ;
— PL confines quarks in PNJL.) i
s Tc is suppressed with PL o
o 20 300
2 Temperature [MeV]
, _ PB=2N//g"=4.0, u=0, m=0.05 Fukushima ('04)
6/N.wPL —— 14 | | ]
6/N.w/o PL --—--. ., L@ ik SMeV] o
my=600[MeV] --—.- -
1 s — oo - -
0.5 1 > 08f —
o 081 S -
0.4 - A\ -
0 0.2 F / e
0 0.5 1 Dm D.I‘IE — (}I.Z (}.IZE 0.3
T T[GeV]
Nakano, Miura, AO, Latl0 & in prep. Sakai, Kashiwa, Kouno, Yahiro ('08)
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Quarkyonic matter

McLerran, Pisarski ('07), Hidaka, McLerran, Pisarski ('08), Kojo, Hidaka,
McLerran, Pisarski ('10), Glozman et al('08), Fukushima ('08), Abuki, ..,
Ruggieri ("08), McLerran, Redlich, Sasaki ('09), Mitfm, Nakano, A0('09),

# Quarkyonic matter I Deconfined

Chiral
" Transition

@ T, is governed by gluons at large N _,
Hadron

Quarkyvonic

while high density matter is realized at p~m_

— deviation of deconf. and chiral transitions - -~

@ SC-LQCD with PL (Haar measure method)
shows large region of “quarkyonic” matter

5.5 :

d%MT'
1.2 i 3 Chiral Trans, -——-- 7
A 45 Peaks &
1

0.9 15 (B, w)=(4.0, 0.5)

, 08 3
2.5 P
0.3 2 =

l.i --#___‘___-f "'-.‘L// = = 1"“\-\-5__

0.5
0.8 0

0.2 0.3 0.4 0.5 0.6 0.7 0.8

Miura, Nakano, AO, LATI0, in prep.
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Temperature T

\

Comparison with Other Models

Quark-Gluon Plasma

sQGP

Critical

Point O

b&c;gés <
CON Quarkyonic
. DRt
Hadronic Phase %) Matter —
B\
Liquid-Gas 9 25

X CFL-KD, Crystalline CSC

Nuclear Superfluid Meson supercurrent Baryon Chemical Potential s

Gluonic phase, Mixed phase

Fukushima, Hatsuda ('10)

Miura, Nakano, AO, LATI0, in prep.

Grozman et al. (08)

Abuki et al. (08)

QUTARE - GLION MATTER 20k
liU'_—
EIDD:—
= L
soF
B Hadromie - like Quarkyomc
U‘-_I 1 1 1 1 ]ike 1
0 100 200 300 400 500
n [AeV]
Fukushima (08)
[ommemmene Deconfinement Crossover |
i ' 5= Chiml Crossover ]
— 200F
=
- e
=
T T T T T T — o
0.2 P, - g Ty
| . hﬂ'"\t £ u— Chiral E.mssm'ar Ease
[t g 100 . "-.\k-
0.15 | . 3 - . \% i
% -* ) i Critical End—-Podnt i
=) b " L : {
= 01 ) - . . . . .:'
chiral =—— [ ‘7 0 200 400 800
0.05 quark}rnnu: ______ ' Q Qﬂaikchfﬂ]lfﬂlPUtﬁ'ﬂnﬂl I}c’iﬁ"‘r‘]
deconf. «seeeees :
CEP =
0 | | | |
0 005 0.1 015 02 025 0.3 0.35
u [GeV]

McLerran, Pisarski, Sasaki ('09)
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Critical Temperature at u=0

8 SC-LQCD w PL seems to be > 5 | ~ m=0.0 |
qualitatively promising. ) | Pe(T=1/N_, n=0)(MC) ——
Is it quantitatively good ? ek TSCL. p=0)(MC)

@ Improved from SC-LQCD ;‘“ Ll NNLO w/o PL
w/o Polyakov loop. | T Tt

0.5 NNLO w/PL +*
@ Polyakov loop suppresses T . 0 e, e
0 1 2 3 8! 5 6
(cf. PNJL) ol
@ Quantitavely, not bad for p <4
in T, (Bc)
@ In the “scaling” region (p>5), we Nakano, Miura, AO, LAT10 & in prep.
do not see further bending of T_ MC Results:

Ph. de Forcrand, M. Fromm ('09),
Ph. de Forcrand, private comm.,
S.A.Gottlieb et al. ('87),

D'Elia, Lombardo ('03),

Z.Fodor, S. D. Katz ('02),
R.V.Gavaiet al. ('90)

in SC-LQCD.
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Nuclear Matter on the Lattice at Strong Coupling

# Do we observe finite density matter

before 1st order phase transition ? 3'§
— Yes ! 25 )
o E (n=0, T=0, p=6)=0.61 mg 1.? :
p *(T=0, B=6)=0.65 g

— “Nuclear matter” in 0.61<u<0.65 05 |

0
a EOS of “Nuclear matter”
@ a1=500 MeV
Bilic, Demeterfi, Petersson ('92) iz
— Density in the order of p,
>
@ No saturation g 20
@ 1st order transition at p,=0.4 fm". =
10
20

NNLO SC-LQCD (B=2N /g*=6)

p R
| g ______ /
0.6 0.65 0.7
ajl

| !l“,r'.

NNLO — |
FP =
SCL3-RMF ---

0 01 02 03 04 .05 06 0.7 0.8

pg (fm™)

VVVVVVVVVVVVVVVV
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Summary

# Recent developments in nuclear matter EOS is reviewed.
@ asymmetric matter, ab initio approaches

s Bottom-up (phen.) approaches are still powerful to understand
nuclear system on the earth and universe.

@ RMF as Covariant DF, is improved to explain
DBHEF results, Pressure from HIC, Hypernuclei, Atom data, ...

@ “Effectiveness” of mesons would be evaluated via coupling const.

@ Key idea: non-linear terms ~ many-body force

a8 A top-down approach, Polyakov loop extended strong coupling
lattice QCD (PSC-LQCD), seems to be promising.

@ MC results on Tc are roughly explained at <4.
@ Existence of the quarkyonic phase is supported.

@ Qualitatively competitive to effective models such as PNJL
in some aspects of the QCD phase diagram.
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Future works

8 “Derivation” and/or “Justification” of RMF Lagrangian

@ Essential point: Many-body force (bare and effective)
RMF: ¢°, ¢4, o, ...
HF, BHF, .... p-dep. 2 body, p?, p*, ...

@ Realization of chiral symmetry: linear or nonlinear repr.
Chiral pert. based (e.g. Finelli, Kaiser, Vretenar, Weise)

— large part of scalar/vector pot. comes from m,
but bare scalar/vector field improves saturation.

@ Combination with Polyakov loop quark meson model seems to be an
interesting direction to study.

PSC-LQCD need further improvements to explain EOS.

@ NNLO SC-LQCD solves the “Baryon Mass Puzzle”
(1, > M. /3 @ SCL), but nuclear matter does not saturate.

@ Combination with MC simulation may be an interesting direction.

@ Problems: Anomaly effects in starggered fermion, meson fluc.
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Thank you for your attention !

I also thank my collaborators
K. Tsubakihara, H. Maekawa, H. Matsumiya, C. Ishizuka
(Hokkaido U.), K. Sumiyoshi (Numazu CT), S. Yamada
(Waseda U.), H. Suzuki (Tokyo Sci. U), H. Ueda (Kyoto U.),
1. Sekihara, M. Ruggieri (YITP),
N. Kawamoto (Hokkaido U.), T.Z. Nakano (Kyoto U.), K.
Miura (INFN, Frascati)

This talk is mainly based on following papers.

K. Tsubakihara, H. Maekawa, H. Matsumiya, AO, PRC81('10)065206.
K. Sumiyoshi, C. Ishizuka, AO, S. Yamada, H. Suzuki, ApJ Lett. 690 ('09)L43
C. Ishizuka, AO, K. Tsubakihara, K. Sumiyoshi, S. Yamada, ,JPG35('08)085201.
K. Miura, T.Z.Nakano,AO, N.Kawamoto, PRD80('09),074034.

1.7Z. Nakano, K. Miura, AO, PTP123('10)825.
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