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Why do we st&idy Nuclear Matter EOS ? I
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Why do we study Nuclear Matter EOS ?

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

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

“ lear Binding Energy (Bethe-Weizsacker Formula)
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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

Supernova

Nucleosynthesis

,,,,,

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

8 Pressure and Energy Density
of Free Massless Gas

2
P= T e=—N,T"
9ON 3ON

N, = Bosonic DOF (7/8 for Fermions)
s Hadron Gas ~ 3 pions (N _=3)

2 2

TT 4 TT 4
p=Ttrt ¢ -Tr
™30 “" 710

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

B /TC T

Pa QGP

Pion Ga

Pressure
A

Bag Model

Pion Gas " Mi

Hagedorn

2 o -
o gy Density
Poor="go" T =B €gpep="35-T"+B
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Theories/Models for Nuclear Matter EOS

# Ab initio Approaches

@ LQCD, GFMC, Variational, BHF, DBHF, G-matrix
— Not easy to handle, Not satisfactory for phen. purposes

# 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)

- YWTP _ # Ohnishi @ Osaka U., 2014 6
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Variational Calculations (1)

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

@ Argonne vl4 + TNI (TNR+TNA)

(TNI/TNR/TNA: three-nucleon int./repulsion/attraction)

vig + TNI

E{p) MeV

T Yia

100

Old - Reid

ﬂ.—*—L—mrLd—LLLL‘—;—J—ﬂ—L—L—hAJhLL
310 1o's 3x 108 0

Old-Reid

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>
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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 7w’ condensation
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Bruckner-Hartree-Fock

a8 Self-consistent treatment of
Effective interaction (G-matrix) in the Bruckner Theory
and Single particle energy from G-matrix
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EOS from lattice NN force

s &F QCD BEH%E
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\ A simple model I
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Simple parametrized EOS

# SKkyrme int. motivated parameterization

3 a(p B (p )1“
Foxag = 2 Ep(p) : i

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—SFP 0 SFPO %
L — 2Er(po)

’ysym — 350 _ EF(p())

== \PQS
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K=220 MeV, S;=30 MeV

L

Simple parametrized EOS
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Simple parametrized EOS
Sy, L)=(30 MeV, 50 MeV)
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Simple parametrized EOS
(K L) (220 MeV ‘30 MeV)
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Simple parametrized EOS
(S, K)=(30 MeV, 220 MeV)

2 4 6 8 10 12 14
R (km)
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Theories/Models for Nuclear Matter EOS

# Ab initio Approach

@ LQCD, GFMC, Variational, DBHF, G-matrix
— Not easy to handle, Not satisfactory for phen. purposes

# 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)

C - \?Qs
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Relativistic Mean Field I
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Relativistic Mean Field (1)

# Effective Lagrangian of Baryons and Mesons + Mean Field App.
B.D.Serot, J.D.Walecka, Adv.Nucl. Phys.16 ('86), 1
L=L;+ L+ Ly, +L) G, O, p,
1
72 Co
:_Z gBSLIJB(pSLPB_;/ ey WY VW,

Ly=—U,(0)+—c,(w,w P

1

ree - ree 1 A% w
Lie=1p, (zy“@M—MB)lpB , LT =Z[55“cpsa“cps —m @]+ Z ——V T EmiVMV‘]
S

@ 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:
Lalaztsszs, Konig, Ring ('97),TM1 and TM?2: Sugahara, Toki ("'94), Brockmann, Toki ('92)

Il . \
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Dirac Phenomenology

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

# Dirac Eq. with
Scalar + Vector pA potential
(-400 MeV + 350 MeV)
— Cross Section, Spin Observable;

de/dQ (mb/sr)

U (MeV)

400 v

200 E

o

~200 |

-400 F

0 10 20 30
0o m(deg)
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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 J " """" T .
repulsion, leading to ) |
successful description ; .
of the saturation point. S ol . JL

= S
< 15+ ©
- | - o~ A .'l
20 | h
25 ] ] —

08 1.2 1.6 2

ke ( fm ')

|
== Y TP |\qos
"= m YUKAWA INSTITUTE FOR

THEORETICAL PHYSICS 0

Ohnishi @ Osaka U., 2014 23

| vITP Kyoto 3305



Relativistic Mean Field (2)

# Mean Field treatment of meson field operator

Meson ield operator is replaced with its expectation value
¢(r) — <@(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, 5, 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+) Ay aeee

We require that the meson field can have uniform expectation
values in nuclear matter.
— Scalar and Time-Component of Vector Mesons (6, 0, p, ....)

- YWTP # Ohnishi @ Osaka U., 2014 24



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—%mfaz—%FwF“V—l—%miwuw“
(F,,=0,w,—0,w,)
s Equation of Motion o 0L 0L —0

" — =
@ Euler-Lagrange Equation 0 x _a(au¢i>_ 0
o:[8,0"+m|o=g By

w..auFuv_I_miwv:qu—)va — [%@”—i—mi]wvzgv@yvqj

w:|y"(i0,~g,V,)-(M-g,0)|w=0

O O - \?Q
- Y TP # Ohnishi @ Osaka U., 2014 25
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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 2 6
- THEORETICAL PHYSICS YITP K,'Uh ;‘I‘,



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

== \PQS
- Y TP # Ohnishi @ Osaka U., 2014 27
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Schroedinger Eq. for Upper Component (2)

# Erase Lower Component (assuming spherical sym.)

i(oV)g=—(0-V) Lo v>f———v2f——[ii

dr X
—-V -V [+ ljrl](ol)f

(07)(c-V)=(r V)-I—z() (rxV)=r-V-0-
8 “Schroedinger-like” Eq. for Upper Component

1
VE+M+US—UV

(o-r)(a-V)f

Vi+HU+U+U (o)) f=(E-M) f

U 1| d 1
Borldr E+M+U —U,

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

]<O on surface

- YWTP _ # Ohnishi @ Osaka U., 2014 28



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 cao» Model

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

# Uniform Nuclear Matter

P
EIV= 4P g
_gSp Es _[PFYN d’p M
m,  m°  (2m) E
8y gy (Fr 3]?
W= Pp=Y
vl

Yy = Nucleon degeneracy
(=4 in sym. nuclear matte)

Problem: EOS is too stiff
K~ (500-600) MeV !
— How can we avoid it ?

2

1 »
m,o

. 1
2
(M*=M+U.=M-g.o, E'=\p*+M")

2 2
’/nv(D +gva(D

20—

10 —

E/B — M (MeV)

I
—
-
T | T

-
| T

NEUTRON
MATTER

T,
- "'H-.\
-, \\

. [
NUCLEAR ™
MATTER N /,

. " /" -

—20 1 1 1 1

0.0

ky (fm

1.0

1.

5

2.0

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

YITP Kyoto 354
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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 ( ¢*, ®*)

@ Fit B.E. of Stable as well as Unstable (n-rich) Nuclei
@ Three Mesons (o,m,p ) are included

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

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™

C - \?Qs
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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

SCL3 —— | P i
@ ¢’ and o' terms are introduced 10 S boae
to soften EOS at p,. ~ NS 4
J. Boguta, A.R.Bodmer NPA292('77)413, = FP O 1 i
NLI1:P.-G.Reinhardt, M.Rufa, J Maruhn, = 20 RBHF © e
W.Greiner, J.Friedrich, ZPA323('86)13. i L0 e yd
NL3: G.A.Lalazissis, J.Konig, P.Ring, = 0 /o -
PRC55("97)540. %% ’:@rﬂ/m N_7
. Y QG HD N
— Large differences are found -2¢ ' ' ' ' '
at high p 0 0.1 0.2 03 X 0.4 05 0.6
pg (fin ™)

- s K. Tsubakihara, H. Maekawa, H. Matsumiya, AO,PRC81('10)065206.
s R | ?
- Y TP # Ohnishi @ Osaka U., 2014 32
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Vector potential in RMF

1500 . - —

# Vector potential from » dominates
at high density !

2
Q)

Uv<pB>:gwwN72 Pp
m

w

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

R. Brockmann, R. Machleidt, PRC42('90)19635.

Scalar, Vector Potential (MeV)

@ Collective flow in heavy-ion collisions

suggests pressure at high p . 0 0.2 ) ?f';_a) o6 08
B
P. Danielewicz, R. Lacey, W. G. Lynch, 103 .
Science298('02)1592. e
: : > 10 |
@ Self-interaction of ® ~ cm(couco'“)2 2
— DBHF results & Heavy-ion data 100
10"} :,:";. Danielewicz e?:&f

0.1 :)I.z 03 04 05 0.6 ol.'f 0.8
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO,PRC81('10)065206. rs (fm™)

C - \?Qs
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TM1

8 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

Scalar and Vector Potentials [MeV]

" NL-SH

FEPRSEE Er R | P | 1 | 1

01 02 03 04 05 06 07 08 08

p [fm?]

9.5 T

P R SR S TR AT, NS SR T NS S T

50 100 150 200

TM1: Sugahara, Toki ('94)

250
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High Quality RMF models

8 NDOHMD RMF I\S5A—AR[-kBAEHE(L.
[EEAR B FETCRFREELZME !

— High Quality RMF models. O
TM, NL1, NL3, .... .9
o £HET1-2 MeV DIRE
(NL3)
@ Linear coupling 80
(GN, wNa pN)a =01

self-energy in ¢, ® o1
20

o BRICEOTIEBEERD = o}
ﬁfiﬁkﬁﬁéﬁlo 3 20| H'ﬂ

(MeV)

=
= i
40 |
s *—e HML3 Y
£0 } w——®mNLSH S
I &— -4 NL1
80 |
Mo
100 110 120 130 140
A

_ NL3: Lalazissis, Konig, Ring, PRC55 ('97)540
- YWTP _ # Ohnishi @ Osaka U., 2014 35




RMF with Non-Linear Meson Int. Terms

8 Are the Lagrangian parameters are well determined ?
L =Liree(V,0,w,p,...) + T#_ [gcr‘j . Qw"}“ﬂw - ngz’}“'Dp] ¥
+cow'/4=V5(0) (3)
g o +g30° + 2940 (NL1, NL3, TM1) n
7 —ao fscL(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

go N goN  gonll ga(MeV) g4 , o (MeV) my,(MeV) m,(MeV)
NL1[18] 10.138 13.285 4.97(@ 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 4.632Q1426.466 0.6183 71.: 511.198 783 77

SCL[20](*1 10.08  13.02 4.4 1255.88 13.504 " 502.63 783 7T

* w - [ ) ° [ ] °
("1): gs and g4 are from the expansion of @.- Jido, Sekihara, Tsubakihara, in prep.

_ 7
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Neutron Star Matter EOS

a4 Difference in non-linear meson terms 350
300 ¢

generate different predictions 250 |
of EOS at high densities 200 |

150
100
50 ¢

0
0.3 ¢

Neutron star matter

i, (MeV)

0.2 | A e T ]

‘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 ™)

AO, Jidgk ekihara, Tsubakihara, Phys. Rev. C 80 (2009), 038202.
BT Y TP« Ty
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Ch-EFT EOS

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

8 Recent Ch-EFT EOS is promising !

15 —
NN (N3LO)+3NF(N2LO)
M.Kohno (‘13) 10 APR, A18+UIX~ ,f'f
5 Ny
0 2 AN

MNuclear Matter E/A [MeV]

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

CD-Bonn—"~ T

1.2 1.4 1.6 1.8
ke [fm ]

M. Kohno, PRC 88 (“13) 064005

|
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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 Physical Picture
two pion exchange is suppressed
by the Pauli blocking | T
in the intermediate stage. A 4
Kohno ('13) — S

v EFT

“Universal” TBR Y S ::':=
e Coupling to Res. (hidden DOF)

* Reduced “c” exch. pot. ?

C - \?Qs
- YITP« # Ohnishi @ Osaka U., 2014 39
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Summary of Lecture 2

# 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-lon 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.

- YWTP # Ohnishi @ Osaka U., 2014 40



Thank you !

|
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|
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Field Theory at Finite T & p
— Short Course —

||
JI. | P.@.ﬂﬁ
LSRR S\

by




HEBG IR 57

s BEFHETOERETES (Path integral)

o BZl ¢ THIE ¢, ISR F 53R ¢ THLE ¢ [CEIF T SIRE
S=(q,.t lexpl=i H(t,~1)]lq;. t,)= ] Dgexp(iS[q])
5 [Q] - fq(tJ:qi,q(tf):qf dt L<q ’ Q)

B 90 [2D2LTOMH — BBES

° HF
» BEFORDYICEHEDH (- B) TRES,

’ ;;‘FFFJ S DFAFFICIEEZBMBARZAVNDCLICKYIEFRIDIEEREZRMYA

s BOBBR=FATOBOEIE o(xt) ZEELTZIEFHE
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

43
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SIS —0) v 1E

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,

° fRat NP D5 ECRI R A

ﬁrﬂﬁ%4

RDERIBOFTHS.

o 2TOREIZDONTH — =0, p TREIBEREHEEDITT
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—IU ¢=-i7, X,=T, gﬂv=(1,1,1,1), L =L

LEzéau¢au¢+%m2¢2+U(¢)

— HEEANGZLVESICERICERBEILTAELLS,

||
Y ITP 2
- " mow YUKAWA INSTITUTE FOR y 4 5
- THEORETICAL PHYSICS m K,'Uh ;‘l‘,




Partition Func. of Free Scalar Field

s BHADZ—IED S EREH
o EERODYAXDFE (FE V) OhTEHAHNT—I5 (U=0)
@ J—ITZEH

¢<T,x>=ﬁ2 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—YTERITL= A B RIS,
BN OAELEDHOEL. (B4 &)

Do=N|]ddo,(k) 1,T¢
n,k

o HORME — HEEH /
1/2 ‘L\L L

Z=| Dpe® —NHr[w+k+m]
Vit :




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[RH] (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-RTFUIYIL)

Q=2

e

E _
—k+T10g(1—e BT Lt const.

E _
2k+T10g(l —e E"/T)]

FRARIRILFY— (n/2) R

PORIRILTF—EREZREAL TR ERTHE.
BEDENEH/S.

P=—q/v=|

k kv ™ _OE,
(2“_)3 3 l_e—Ek/T ak

fﬁﬂ)ﬂ’ﬁe Euclid 1t + Imag. Time — #5HF
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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 (FEHH ),
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

BRESICBUVLT, 22V A USRI #7 Grassmann 3

" 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

|
==Y ITP. %8
--- - . YUKAWA INSTITUTE FOR 1 50
- THEORETICAL PHYSICS YITP K,'Uh ;‘I‘,



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 +{EZHRTUORILDEA

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

|
==Y ITP. %8
--- - . YUKAWA INSTITUTE FOR 1 5 1
- THEORETICAL PHYSICS YITP K,'Uh ;‘l‘,



RMF (cont.)
s —¥RIGIHZEIRTE — Fourier EHIZKY DETAVIXAIL
Dy y=y"(—ie,— (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 RRIRBIBFNZELT

d
(F) f
FH=—
eff 2

s BEonFe TOR  HF(BF) REF (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—IEIBFDOIL—THhdoETH]ND

MF CliaE
2 BV SIEBRRE)
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