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Introduction
Fundamental interaction

Properties of the Inferactions

The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two u quarks separated by the specified distances.
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Lagrangian density
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Meson theory of nuclear matter

For the NN interaction at low energy, there are essentially only three boson
fields which are of relevance

u ’
m the scalar (s) field, and
m the vector (v) field.

The modern point of view is to consider these fields as effective
(nonfundamental) fields.

Guided by symmetry principles, simplicity, and physical intuition, the most
commonly used interaction Lagrangian which couple these fields to the nucleon

() are

Lps = —gpsPiysthp®,
Ls = +gsipe'®,
i

= —gu Py ™ — m%“”d} (3;@5”) - 5us0(f)> :

o
<
|

R. Machleidt, ‘The Meson theory of nuclear forces and nuclear structure,” Adv. Nucl. Phys. 19, 189 (1989).
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Pseudoscalar and/or pseudovector

For the ps field, there is also
, which is suggested as effective coupling by chiral
symmetry:

f EE S
Lpv = =P Prysy ™.
Mps

The ps and pv couplings are equivalent for on-mass-shell nucleons if coupling
constants are related by fps = (52%) gps. However, for off-shell cases, the
predictions are rather different. Anti-particle contributions turn out to be huge
using the pseudoscalar coupling whereas they are suppressed by the gradient

coupling.
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One boson exchange description

According to the one boson exchange (OBE) description of the NN
interaction, we start from an effective Lagrangian density constructed from the
degrees of freedom associated with two isoscalr mesons (o and w) and two
isovector mesons (7 and p) with the following quantum numbers (J”,T):

O’(O+,O), w(17,0), =0 ,1), p(1,1).

A. Bouyssy, J. F. Mathiot, V. G. Nguyen, and S. Marcos, Phys. Rev. C 36, 380 (1987).
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Simple Lagrangian density

1
Sy (Wu‘*’”)2)

. . . 1 1
The Lagrangian density is written as (Unp, = —g20° + 1939 7

3
L=LNn+ Ly + Ling — Unp

= Z N (17,0" — My) N + Lar + Ling — Un,

N=p,n

where the meson and interaction terms read

1 1
Ly = 5 (8#08”0 = 2 2) = miwuw 4WI~WWHV

+%m§pu - pt— ZRW-R‘“’—F%(8u7r~8”7r—m72r7r2),

Jun v
[«int = szn ’(,Z)N <go-NU ng'Y,u,w ar 2M Upua w“

- gpN’YuPM “TN + %quayl)u *TN — {;;71\775’%8”7" : TN>¢N7
with

i
= [l

Wi = 0uwy — Owy, Ryw = 0upy — O0upu, opw = 2 [
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Eular-Lagrange equation

oL oc
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Dirac fields

Equations of motion for Dirac fields:

Nucleon:

Opv 0" w > YN

(i7,0" — Mn) N = —gonoN + (ngvww“ ;”M

F <gpzvmp“ “TN gMa,wa” TN) M - T
_ — _ _
YN (i’yua”—i—MN) = YUNGoNT — PN (ng'yuw“ g/\/l 0" w >
I f v fﬂ' o
— N <gpmup“ Ay 222 6,,0" - TN mf ot
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Meson fields

Equations of motion for meson fields:

o

[0.0" + mf(a)] = Z GonUNYN, with mi(0) =m2 + gao + gso®,

N=p,n
AW + m=2 (w)w" = Z {nglﬁN’Y YN — fwi (wNU wN)} ’
N=p,n

with m2(w) = m2 + 3 (ww™) w",

IO RN + mip“ = Z {gpN@NYKTNd)N = gmax (1/)NU)‘ TNYN }
N=p,n

T (8)\8>\ + mi) Z Jft 3A (?PN%V TN'l/JN)

N=p,n
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e.g. Hartree approximation

In the mean-field approximation, the meson fields are replaced by the
constant mean-field (classical expectation) values.
= Hartree approximation ( ).

(pu) = 6u0p + 6p = 80P, p=p°,
() =7+dn=0
Therefore
— JgoN T — doN T 1 —_2 -3
5= me2(3) (Pnyn) or = mZ (UNYN) — ) (920" +g357)
N=p,n N=p,n
—— JuwN = 0 _ wN | T 0 C3 _3
W= (@) @ny°Pn) or @@= Y ey (UNY PN) — 2
N=p,n N=p,n
p= gp% (), (ON7Y¥N) 7 =0.
m
N=p,n P
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Green’s function
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Green’s function

The general definition of 2n-point Green'’s function is the set of average
diagonal matrix elements *

GTJ(’]]"'N”Nll"'N,'LI (xh o, Ty xll, t 7:r{n)
= (=9)" (Wo|T [¢n, (1) - - - ¥, (@) PN, (T3) - - - vy (41)] [o)
where z; or i (¢ € {1,--- ,n}) includes the spin and isospin wight for nucleon,

N, and |Wy) is the grand state of infinite nuclear matter.

The two-point Green’s function of nucleon:

Gy (2,2") = (Po|T [¢n (x)¥n (z')] [Wo)
= (To|vw (@)¥n (2")|Wo) 0 (t = t') — (Polvhn ()9 (2)[To) O (' — t)
=iGyy (2,2") 0 (t —t') +iGypn: (z,2") 0 (t' —1t).

1We adopt the manner given in Refs. P. C. Martin and J. S. Schwinger, Phys. Rev. 115, 1342 (1959),
B. D. Serot and J. D. Walecka, Adv. Nucl. Phys. 16, 1 (1986).

T. Miyatsu — Relativistic Hartree-Fock calculation for nuclear matter — 18/48



The nucleon propagator which is applied by (iv,0% — Mx) is given by

(’L’yuag - MN) GNN’ (33, 3,’/) = 6NN/(S4 (I‘ - 33/) — Z‘]:A\'N’ (,’I?. .’I,‘/)

= (i7,0% — My) G¥n/ (z,8") —iFyn (z,27),

with
FNN (.’I’.:I: ) = —Y9oN <‘I’0|T[ ( ¢N( )J’N’ (ml)] |\I’0>
+ gun (o[ T [yuw* (@) (2)dn (27)] [Wo)
— L o[ [0 02 (@) (@) ()] 1)
+ 9o (WolT [y (2o ()i ()] [ ¥0) -

— % <\I’0|T [U“'/a:p#(fr)wN(m)lﬁN/ (.’El)] ‘\I/0> TN
f‘rrN

tom (Tl [v5 705 (@) (2)Pn (27)] [Wo) - T
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Replacement of the meson fields:

e.g.)
— o (Bl [o(2) o (@) ()] | ¥o)
—gon 3 g [ d'y (WolT | b (@)D ()] [20) AL (2, y)

N'"=p,n

—gon 3 g [ 'y (olT [ (4 Yo (o (@B )] [90) A ..

N'"=p,n

We introduce the four-point Green'’s function:

(WolT [ (y ) ono (y)on (x)Pn (2")] [Wo)
= (Wo|T [~ (2)hnr (v ) onr () (2)] [o)
— (Wo|T [~ (@) ()N (Y )N (2")] [Wo)

= G?VN”N’N” (z, 52, ).
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Nucleon self-energy
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Nucleon self-energy

—iF NN’ (17.1‘/) = Z /d4y G (y, z')

N''=pn

/d Y { T (@) - Do, () {327 (2, y5m,7")

N''=p,n M=o,w,p,7

X GNN"N’N”(-T:ZWQZ Y )7

where

FUNH( T) = I‘;Nu(x) = igoN (1(4><4))H 1(2x2), FfN,,L(x) = ( 19wNVu £ ’LJ;M

OuXC

Ty, (@) = ( zgpNv#ingoM&?) ™, Tinu(@)= f 5102 (Laxa) , T
with
AN (z,y) (Laxa)” (Laxay) 6 (M =0,m)
AO,uu Ty, 7‘” :{ MU ) (4x4) (4x4) rr ) )
(@Y ) N ORI (M =w,p).
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Dyson’s equation

Guni(z,z') = € v (') + / (/I;i/ / d*z G n (2, 2)2 N (2,9)Grnrne (y, )

= G(])\,N/(:E,x/) + Z Z /d4y/d4ZG(])\1N"’(1’7Z)EN“’N”(Z7y)GN”N’(Z/,J?,

N'"=p,n N'""'=p,n

=y () + Z Z /d4y/d4zG9\,Nm(x,z)

N'""=p,n N"'=p,n

X Z I‘LNWH(z) Ty, () LAY (2, y5 7", 7'”)}:| Gy (2,45 2,

M=o,w,p,m

In momentum space,

Gy (k) = G (k) + G?VN(k)ENN’(k)GN'N'(]‘

Considering Z ,

N'=p,n
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Hartree-Fock approximation

Using the Martin-Schwinger hierarchy the four-point Green’s function for
fermion is generally given by

G*(1,2;1,2') = G(1,1)G(2,2') — G(1,2))G(2,1")
+ G(1,3)G(2,4)(T[(3,4;5,6)]) G(5,1)G(6,2").

Within Hartree-Fock approximation,

G?\’N”N’N”(x7y;x/ay+) >~ GNN’ (l’,l’l)GN//N//(y,y+) = GNNN (l’,y+)GN//N/(y,J,'I),
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Hartree-Fock approximation

#*%ﬁqﬂl Bl HA—THILE—2 HEX:

bur-point Green’s function for

(1,2"G(2,1")
(3,4;5,6)]) G(5,1)G(6,2").

/N (yvy+) — G ($7y+)GN“N'(y-,$/)~

Given by Dr. T. Katayama.

T. Miyatsu — Relativistic Hartree-Fock calculation for nuclear matter — 24/48



RTFoovILEDRE
i j) EEE ),

Zj;éi




Thus, the nucleon self-energy in momentum space is given by

Snk) = >

M=o,w,p,m

InnT 3y, (0) {iA% (0)} > ]m,,/

N'"=p,n ()

1'7'1 tr [GN”N” ((I)FX/[NNV (0)}

- I‘X{Nu(k ) Doy (

FINu(k) = F;N‘U.(k) = igoN (1(4X4))u’ FfNu(k) = (_ing'Yu JQL‘M U;Mk/\>

FpiN,L(k) = (—igpN’Yu g/\/l ourk ) ) F'/jr:N;z(k) = fﬂN ’Ys’Y)\k (1(4x4))M

In general, the nucleon self-energy is expressed as

Svik) = Y. Sunk)= Y [Ef%iﬁw (k)]:Efi?‘# (k).

M=o,w,p,m M=c,w,p,m
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Feynmann diagram
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Meson propagator

T. Miyatsu — Relativistic Hartree-Fock calculation for nuclear matter — 28/48



Meson propagator

AGE () = AL (R) + BGPH(6) + Agp* (k)

:Z{ZA%?A(]{:)} < Z ]\/\ / (()/”l)) tr [(!\ \(]))FJHNA(]{T)}>

4T
P, /

- . gt ) .
x (2m)* 6% (k) Z TN / % r [Gnv (@)T i nrw(F)]
N'—p.n 27

- L (k) L hinrw( :| {“
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Nucleon propagator in matter
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Nucleon propagator in matter

The properties of dressed nucleons in nuclear matter are expressed by the
nucleon self-energy which enters the in-medium nucleon propagator as the
formal solution of the Dyson’s equation:

1 1

v ) = G R T~ T (R) ek — My —Sn (9 T i

Due to translational and rotational invariance, parity conservation and time
reversal invariance the self-energy in isospin saturated nuclear matter has the
general form:

Yy (k) = Sy (k) — 7. 20 (k)
= XN (k) — 102N (k) + (v - k)Sk (k)

with & being the unit vector along the (three) momentum k and E;( ] being
the scalar part ( ) [the space
component of the vector part] of the self-energy.
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Therefore, the effective baryon mass, momentum, and energy in matter are
respectively defined by including the self-energy in matter as follows

My (k) = My + Ex (k)

k' (k) = (kN (k), ki (k) = (K + Sx (k) k + kR (K)),
(k) = [k + MR (8)]/%.

In addition, the nucleon propagator in matter reads

Gn(k) = Gr(k) + Gr(k),

T 1
O = S M e
1
['YH (k)+MN(k)] k}kvy(k)k*u(k)—MX?(k)-i-iE’
G (k) = [k (k) + My (k)] 5 01K — En (K)]0(kry — |K]).

E* ( )
We note that the nucleon energy in vacuum, Ey, is satisfied with the

transcendental equation,

En(k) = [Ex (k) = Sn ()] yo_ gy oy = BN () + MiZ(R)]"? = S (k)

KO=Epy (k)
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Summary table for self-energy

The nucleon self energy is expressed as

Ev (k) = Zx (k) — wEn (k) + (v- BTk (k),

with
/ '“FN’ M5 (q) ax (@)
Sy(k) =N + ZNN dqq {5731 k,q) + =25 D;
N N§ n Z O EN/ (q) ( EN/ (q)
Sh(k) = — (S + %) = 3 Z / dg g As(k, ),

N’*pn 2

zNN’ Fno an(q) My (q) )
- ¥ Y / dqq{E* @O0+ iy Pk,

N'=pn 1

E\A'?UN = —goNO, z:?uN = uNW, EgN = gpnIoNp, Z:s)rN = grnIrnT = 0.

These terms correspond to the contribution of the mean-field values, namely

the mean-field or Hartree approximation (tadpole diagram).
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TABLE I. Functions A;, B;, C;, and D;. The index i is specified in the left column, where
V(T) stands for the vector (tensor) coupling at each meson-N N’ vertex. The last row is for the

(pseudovector) pion contribution.

A; i Ci

9(27N<6>(')0 72931\"(5)@0

20250 42N P
A2 s N2

- () mze. g (k) v

QggNG)P —4.‘151\'(')/7 —4!1,2;1\@'9
— (M)Zmz(—) -3 (Iﬂ)zn#(—) 4 (M)Z\Il
2M PP 2M PP 2M P
< foNGpN
_ 6L T
M P

~f2nOn ~f2nOn En -

©i(k,q) = In [mi} , Dk q) = — +m2)6;(k,q) — 1,

m;) + (k—q) 4kq
i(k,q) = (k +q% — — )cb,-(k,q) — kqO;(k, q),

1L (k, q) = (k* + ¢°) ®i(k,q) — kq©i(k, q).Ti(k,q) = kOi(k,q) — 2q®i(k,q).
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Energy momentum tensor

oL
ny v _pv _
T = ga —8(%@@)6 o, —g¢""L (a=N,o,w,p,m).
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Energy density and pressure

The energy-momentum tensor is given by

-0
<\I/0‘T“‘ (x)|\I/0 w]k tr ['YMGN(IC)] ku
Y
k.
+ g”” > e 1 (2 (k)G v (K)]
Nepmd (
4 .
_i/ (j ];4 ek’ [Aa(k) — AD (k) — A;‘)\(kz;r, ') + Ag (i, T/)] R LY
s
1

— [;9203( )+ 2057 (a) - %«:gw‘*(x)} .

Therefore
€ = (T[T (z)|¥o)
2Jy +1 [kF 1 111 1 1 ‘
= > 2L [Tk 1w + v ] - 3 [50rt @) + gt @) - Jast@
0 2 213 2 2

N @m)°
o € Oe .
P QB (7): B—— —€ with pp = Z PN = pp + Pn-
dpB \pB dpB N=p,n
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Nuclear-matter properties
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Nucleon self-energy at p; and kg,

RHF +pion

Direct
Exchange
Total
Direct

Exchange

—4,0) (0,1,0) (0,0,1)

Total

(~2.6,0) (0,0,4)

4
38/48
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Momentum dependence of X

RH+pion

1 1

T T T
RHF-EFC1
RHF-EFC2 -
RHF-EFC3 —====

ﬂHH‘HH

by

o bbb b ghy

o AN R

o
)
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Optical potential at p

RHF-EFC
X.-H. Li et al.
Hama et al.
RH

RH+pion
RHF
RHF-EFC1
RHF-EFC2
RHF-EFC3

USEP (k, ex) = Sy (k) — ZEE 5, (k)

+o= (S )7 = [ZX 0] )
| ‘ L 111 ‘ I | ‘ L 111 ‘ L1
200 300 400 500
€ (MeV) (= Ex(k) — My)
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Nuclear symmetry energy

Esym(ﬂs)=Esym(Pﬂ)*§sym (pe)+ Eqym (pg) T - T ‘
Fock contribution becomes large.
s = 63
] - o] £ oz )] ) )

: |

32.5 (fitted)

%
/

NE

\\‘M‘\‘\\\‘\

g\ % R
26.7 46.3
total ===
kin. 2~ 16 MeV

R XX RRIIRRRN]

KRR XAXXAXXK,
NN

L

X RRRRAXKAXK

XRRRRAXXA]

1o

T

b

o

o
\

_
!

pot. scalar (ex.)
pot. time (ex.)
pot. time (dir.) C=—=—J3= 7.2 MeV
pot. space (ex.) 0
|

RH RH+pion RHF RHF-EFC1 RHF-EFC2 RHF-EFC3
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Nuclear binding energy

QuMoCa
RH
RH+pion
RHF
RHF-EFC1
RHF-EFC2
RHF-EFC3

I,JH\‘HH‘HH‘HH‘\H\‘HH
\\H‘HH‘

1 ‘ 1
0.20 0.30 0.40 0.50 0.60

pg (fm3)
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(MeV)

kin
sym

E.

140

T T T

A a NyraQ C HIC
= 120 [~ Eppin2%b
[ 1As + Nskin
L o —
100 —
a a a a a a + RH+pion
a g an be divided % F e
0 e and pote Da 80 —  RHFEFC1
° E C RHF-EFC2 ]
E rurercs ]
g 60 — |
w C ]
40 — -
;3§ Fock 0l Total -
o B Lol b b b b g
L L Sl ek Ak 0.0 01 02 03 0.4 05 0.6
e(0 d space ompone 0O (fm-3)
60 [T T T T T T T T T T 60 [T T T T T T T T T TR
r RH ——— = [ ldir._(only time) 7
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Fock contribution of symmetry energy

E])()f.(n\'

sym
scalar
i D o s
SpaCe (V) } RHF-EFC3 ;
IS
scalar|(s) pOI’tant

T. Miyatsu — Relativistic Hartree-Fock calculation for nuclear matter — 44/48



Application |l

Neutron-star properties
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EoS for neutron stars

1 in matter
using the CQMC model
CQMC (RHF)
2 SU(3) flavor symmetry . COMC (RH-SU3) mme
CQMC (RH) ——
3 Relativistic many-body calculation y
v approximation
v -Fock approximation

These effects make the EoS stiff and the maximu

mass can reach the 2M, constraint.

E
2 Kq (MeV) :
. B 13 14 15
s Radius (km)
1000 1500 286 *Hyperons are taken into account.

€ (MeV/im®)
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Summary

Summary (today’s talk)

B Introduction

B Relativistic many-body calculations |
m Lagrangian density
m Eular-Lagrange equation

B Relativistic many-body calculations Il
m Green's function
m Nucleon self-energy (Hartree and Hartree-Fock approximation)
m Meson propagator

B Relativistic many-body calculations Il
m Nucleon propagator in matter

m Energy momentum tensor Hartree
B Application
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Thank You for Your Attention.
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