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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- a)/2)

Ensm(p) =Exm(p; a) + Ee(pe = pp)

AM 3
:ESNM(p) + ()zQS(p) + TO& + ghkp(l — ()4)4/3

K.

(electron mass neglected,
neutron-proton mass diff. incl. Pure Neutron

k = Fermi wave num. in Sym. N.M.) Matter Unif. NS

ytter
>~ P

Sym. Nucl.

Matter

@ 0 is optimized to minimize
energy per nucleon

Ensm(p) < Exm(p,a =1) = Epnm(p)
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AMEFEYE EOS
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Simple parametrized EOS

# SKkyrme int. motivated parameterization

3 a(p B ﬁ>>1+7
Foxag = 2 Ep(p) : £
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5
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# Symmetry energy parameterization

() = 2Er() + S0 - LEr(o)| (2)
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Theories/Models for Nuclear Matter EOS

# Ab initio Approaches: Start from QCD or bare NN force

@ Lattice QCD (sign problem),
Green's Function Monte-Carlo (GFMC), Variational methods,
Bruckner Hartree-Fock (G-matrix), Dirac-Bruckner HF,
Many-body perturbation with Chiral Effective Field Theory, ...

# Mean Field from Effective Interactions ~ Nucl. Dens. 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)
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Variational Calculations (1)

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

E{p) MeV

@ Argonne vl4 + TNI (TNR+TNA)

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

100

vig + TNI

Via

Old - Reid

Old-Reid 4
LS e e - S 5 I6
3x10 0 310 i0

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

2000———7————7——— 251 |
| — — Symmetric miclear matter C ——
[| —— Neutron matter -
150H---- Symmeinic miclear matter (APR) ] 20r / p
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Variational Calculation (4)

# Variational Calculation using v18+UIX (cont.)

H. Togashi, K. Nakazato, Y. Takehara, S. Yamamuro, H. Suzuki, M. Takano.
NPAY961 ('17)78

@ NS crust EOS is included in the same way as Shen EOS

@ Extended to finite T P St G o e G U SR O N i R
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Ab initio & BREIFHIEOS TD MR BH#R
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Hartree-Fock Theory
s EHIGEG - SUMEOESR
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Brueckner Theory

# Lippmann-Schwinger Eq. LN
r=vG,T e T
s VA singular TH T ITER o
RTESSoIER )y
B E-QHO O e
o RFREHPTEPRINET Ep}EF

JTILSIRILF—LLEDOKRBOA | E
EREE %*g '1
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s BTN KRR
(E.g. Slater det.)
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Healing distance

s (RBE#ICOLIVTD)
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Brueckner-Hartree-Fock theory
s g-matrix % 2 A EERAET S HF

= Brueckner-Hartree-Fock 5 (&) ?(5\).
1 ~HF
H p— H _— — ’L _ g(E) ““. .
0 _|_ ‘/7 V 2 ; V,] . = .---.O + {i; g(E)
Hy=>)» —h—2V2 +U; :
0 Z, om " ’ G(g) Gy(e) G, (&)
9(E) =V +V—2__g(p) ..
E — H, 2 e (€)
Ui(es) = Y 1958 +€5) — i jiles +€5)] 7 (&)
J
E —i z‘|—h—2V2|7J +1§(z"\ (e; +¢€4) | i — 1)
BHF — : om 9 < J | g\&;q j J —J

@ Self-consistent treatment
U — g-matrix & ¢ (s.p.w.f) - U
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Brueckner-Hartree-Fock theory (cont.)

° ZYEDfaMEEE ISR
o BUSE CRITH T HR) OERES R o, o

° BN DINEKFIEZEHRNA
s FER

° SR (FAMFTBE, MHTRILF—)D
E SR (Coester line)— Relativity or 3 {&

*» BRBOEXIE— Continuum choice Tl
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 REMEIRYE )
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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 !

15 —
NN (N3LO)+3NF(N2LO) o
M.Kohno (‘13) 10 APR, A18+UIX~ ,f'f
U ’f.-"f' ‘ -

MNuclear Matter E/A [MeV]

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

CD-Bonn—"" =T

_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

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. _&""_:_
Kohno ('13) s ]

1!

v EFT

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

* Reduced “c” exch. pot. ?
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EOS from lattice NN force

s BF QCD ZNhzALVE-EEEIKEAEKX (LQCD+BHF)
NN force: 'S, °S , °D, only

T T T T T L — Nl /T veveenrenaes
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APR{Full) —— | . Ik _
. _
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-~ 40 -
o | _ 2 | Pure NM
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~
iy 40+ ]
o 20 | 5
i e 20 f .
|:| iy = 227}
0
-20 Weizsacker 2 |
mass tformuka e —

B0 05 30 A5 0 85 50 45 v
ke [ Inoue et al. (HAL QCD Coll.), PRLI11 ('13)112503

L]
g LY TP ©°98
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& ) o THEORETICAL PHYSICS WITP Kyoto 3]
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l R%lativistic 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

fi fi Int
L=Ly;"+L, +Ly,+L, G, O, p,

[M=—y (0)+icw(w WH)>+-

LBM=_Z gBSl'I_JB(pSLIJB_Z gBVLTJBY“ Vs

free

ee__ " 1
l.|JB(lY“8 MB)LIJB ) fr 2[ 8”(psap(ps ms(ps] Z[__VUVVH E iV VU]

@ 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 TM?2: Sugahara, Toki ('94), Brockmann, Toki ('92)

'Y TP«\'QS# A. Ohnishi @ Nagoya U., Dec.4-6, 2018 33

sssssssssssssssss




Dirac Phenomenology

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

400 [~

# Dirac Eq. with FEEEE
Scalar + Vector pA potential 200
(-400 MeV + 350 MeV)

— Cross Section, Spin Observable;

o

U (MeV)

~200 |

-400 F

—~
B
W
T
AL
E
i
-
et
B
-

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 O L A
Isi leadi ¢ ‘ Nuclear Matter - '
repulsion, leading to | relativistic |
successful description 1 .
of the saturation point. = o | JL
- ] f ’
= | .
"’H 15 — .
- | el - :"II ..-l

20 - |

55 1 —

08 12 1.6 2

ke ( fm ')
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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, 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+) a

1, o000

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

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

s Lagrangian

L=w(iy"o,~ M+g,0- g,y W)W
1 1 > o 1 v, 1l 2
+56u06“o—§mso _ZFqu” +§mvw“w”
(vaz apu)v_ avu)p)

s Equation of Motion 0 0L oL _
0(0,0) | 00,

o Euler-Lagrange Equation OX’
O:[8“8”+m§]0=gSLTJL|J
w:3, F*"+mw'=g, Py'y - [8,0"+m ]|w'=g By'y
w:[v'(id,-g,V,)-(M-g,0)]w=0
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EOM of o (for beginners)
# Kuler-Lagrange LEq.

8HFUV+m3wV=gVLTJYVLIJ
# Divergence of LHS and RHS
0y 0, F™" +m; (8, w")=m (0, w")=g,(3, Py @)=0

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

# Putitin the Euler-Lagrange Eq.
0,F"'=0,(0"w"-0"w")=0,0"w'-0"(0,w")=0,0"w"

R
| \?Qs I
E"- - - !Awmulf* 8 38
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Schroedinger Eq. for Upper Component (1)

# Dirac Equation for Nucleons

(iyo-y’'U,~M-U,)y=0 ,
Uu=g,w , U=-g,0

# Decompose 4 spinor into Upper and Lower Components

E-U —-M-U, 10-V f -0
—-io-V —E+U —M-U_J\dg

—
= g-V
E+M+US—UV( )/

(E-M-U,-U,)f=-i(0-V)g

g

A. Ohnishi @ Nagoya U., Dec.4-6, 2018
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Schroedinger Eq. for Upper Component (2)

# Erase Lower Component (assuming spherical sym.)
. 1 l o2, 11 d 1
-i(0-V)g=—-(0-V)—=(0o-V)f==—=V"f—— —— |(0r)(0-V
i(0-9)g==(0-V)1-(0-V) f == fr[er]( r)(0-V) f
1 1y d 1
==V—=V f+—| —— (0!
X J r[dr X]( )/
(g-r)(g-V)=(r-V)+ig(rxV)=r-V—-ag:l
a8 “Schroedinger-like” Eq. for Upper Component

1 — (-
My U - UVV I+ (US+ Uyt ULS(G'Z))f_(E M)f
_11d 1
U,= ; [dr E+ M+ U~ Uv]< 0 on surface

(U,U)~ (-350 MeV, 280 MeV)
—Small Central(U +U ), Large LS (U-U )
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Various Ways to Evaluate Non.-Rel. Potential

# From Single Particle Energy
(V(E-U)+iy-V=(M+U,))y=0 - (E-U,)y=p*+(M+U)’

\/ 2 2 M p2
— FE= +(M+U Y+U =FE +—U +U +
P ( s) 1% p Ep S 1% 2E3

p

U2

S

(E,=Vp’+M°)

# Schroedinger Equivalent Potential (Uniform matter)

Vv ey L U+U§_U3M =2y (B-u)
2 f S M 1% 2 f 2 f
E
Ugep=U .+ U
SEP S M v

Anyway, slow baryons feel Non.-Rel. Potential,
U=U+U,=-g,0+g,W

R
"TY TP«
i)
- . - YUKAWA INSTITUTE FOR ]
F-LIF THEORETICAL PHYSI

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

# Uniform Nuclear Matter

P, > .
E/V=VN5 9D gy
(21)
_gs _gs Pp VN d3p M*
7 mips m?y (2m)’ E°
_gv — gv j‘PF d3p
w_ —_
o)y

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

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

1 1
5m§02—5m3w2+gvp3w

(M'=M+U =M-g. 0, E'=Vp+M"?)

.EC' T T T T I_I
- ,.-" II
10 — VA —
- NEUTRON / [
v MATTER S I/
E 0 T — — 1_ e e - — ':"-."II' —
| RN
m ~
iy ., /
L.I__-l | I-'I
—10 — NUCLEAR I —
- MATTER / /’
: J-’f
_EG 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
0.0 0.5 1.0 1.5 2.0
ky, (fm™")
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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 (c,®)
L=Yy (id — M — o0 — gu o — go7" f*) YN

1 1

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

§mpﬂw ﬂﬁ 303 (Wn“-’“)g

) — 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, .

N YTP ,@ﬁ# A. Ohnishi @ Nagoya U., Dec.4-6, 2018 43




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 Fp— - - ; —

@ ¢° and ¢* terms are introduced 10 "%ﬁ fHos e
to soften EOS at p . = NLL [
J. Boguta, A.R.Bodmer NPA292('77)413, = “Fp O D i e S
NLI1:P.-G.Reinhardt, M.Rufa, J. Maruhn, ~ 20 r gBHF © R
W.Greiner, J.Friedrich, ZPA323('86)13. = -y
NL3: G.A.Lalazissis, J.Konig, P.Ring, =~ 0 L7 A
PRC55("97)540. %% f:@rm/ﬂ N_7

B GG o

— Large differences are found 3¢ . .
at high p 0 01 02 03 04 05 0.6

3
pg (fin ™)
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO,PRC81('10)065206.
A. Ohnishi @ Nagoya U., Dec.4-6, 2018 44




Vector potential in RMF

# Vector potential from o dominates = B0 e | Pz
at high density ! 2 s 27
Uv(pB) gww~ 2 pB g r .Efi;-__'_a'____ﬁ___
i ;:_ ’ Vectol
@ Dirac-Bruckner-Hartree-Fock shows £
suppessed vector potential at highp . =
- Scalar
R. Brockmann, R. Machleidt, PRC42('90)1965. = oo ]
z o]

@ Collective flow in heavy-ion collisions

suggests pressure at high p . op (fm )
P. Danielewicz, R. Lacey, W. G. Lynch, 103 .
Science298('02)1592. 'g
@ Self-interaction of ® ~ cm((x)u(n"‘)2 %102 :
— DBHF results & Heavy-ion data E 10" ¢
E 10 | _-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. rz (fm™)
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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

=
P
2
LA
=
=
g
&
E ]
=)
E
-
g
5
ks
[+
L
o

1500

1000

500

20{}0 LR DL B L | T T T I I

I UV

- 0 ;
'_- _;--5"; NL-SH 1
i 4 ]
t E
r ]
L

L

[

P BT IEPEPITE S NI I I BTSN ST A A T
0 01 02 03 04 05 06 07 08 089

p [fm?]

e

Pb

6'....|....i...1....|....|.

0 50 100 150 200 250

TM1: Sugahara, Toki ('94)
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High Quality RMF models

s LMD RMF /354—2ICLBHEHES,
TEEAX B FETRFZEEZRMD ! o .
— High Quality RMF models. S S
TM, NL1, NL3, .... .9
o 2HET1-2 MeV DFRE
(NL3)
@ Linear coupling 80
(6N, oN, pN), oo
self-energy in o, ® =

- %ﬁ':;?f'iﬁéi&w e 00F

%Jxm ii ﬂ%gko E 20 _ Y
= . A

40t x
| a—apML3 Y

60 L w—-=nLsH "
| de—— 4 MNL1

-840

M0
100 110 120 130 140

A

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

A. Ohnishi @ Nagoya U., Dec.4-6, 2018 47




RMF with Non-Linear Meson Int. Terms

8 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)

G {égggh lg;0t  (NL1, NL3, TM1)

. (4)
—asfscL(o/fz) (SCL)

@ Linear terms, Meson-Nucleon Coupling — Well determined

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

TABLE II: RMF parameters

goN guoN  gonll g3(MeV) g4 . the(MeV) my(MeV) m,(MeV)
NL1[18] 10.138 13.285 4. 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 ] : 511.198 783 7
SCL[20](*1 2 502.63 783 7

(*1): g3 and ga are from the expansion of fscr..
A0, Jido, Sekihara, Tsubakihara (2009)
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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 | N S .

‘i"p
N\

01

200 t IOTSY —— .- =

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

E/B (MeV)

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

AQ, Jido, Sekihara, Tsubakihara, Phys. Rev. C 80 (2009), 038202.
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Lec. 2 DFEELD
s REFEX (EOS) FRFE-ZPVE - HFEMEZEET ST
OHDEELGHZ
o REBAERKXITHEELKXDHLE !
o WHEYMELHMIHETFMED EOS RbhhhiE, HAEEDEL
(BEFEE-BFPIEFOEEEZESR) T A EFEMED
EOS M@ bh b,
s REBFHEXZEBITSEHmOBEH
o F—REHE. E95HEm (FEMBEM IR -BxER) F. RLGRE
o RREMA EOS 1D ER I3 E R RIS
o THAL4SIL EFT+ 248 1 X EAFTEES (promising)
s 18> EmE9FYIT (Relativistic Mean Field; RMF)
o NFOVUYEMSHTEELWL, -ELAEHIEK,
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Thank you !
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