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Why do we st&idy Nuclear Matter EOS ? I




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

made.
Supernova
Nucleosynthesis
Neutron Star .
_— ‘Hll‘l‘x
gutaa:rk—hyb'id traditional neutron stal = '-.‘_HLL
184 _J,,-..lrh::‘h
héﬁe - ngutron sfar wi}l] P]JWLTLMJJ
al o
!F:ﬁ gom 3
— |10 11 gmm::_l ;
~— 10" gom 3 L. ffLL y = ,
~
s | nuc—{eon sk 2:3 __l‘f g )
F. Weber, Prog. Part. Nucl. Phys. 54 (2005) 193°




Why do we study Nuclear Matter EOS ?

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

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

@ Nuclear Binding Energy (Bethe-Weizsacker Formula)

2 2
213 VA (N-2Z) 314
B(A’Z)_avolA_asurfA _aCoulomb A1/3_asym A +apair6(A’Z)A
_|-— Nuclear Matter j
Eqation Of State ) 0 o ﬂT-"s .
PR
80 Bbggtg —— - _ 8 ,1}'& _:‘I-Ca Ni Ir Sn ssssmmsag, |
' ' > v
< - _SCL 3[1?121) = 0 [ |
> 40 [PC- — B | 8| Srag T
< & 1 2.\ ol /)% si
[ﬁ . 5 5 _.“' 5| _.:;-' /
0 < - g ,% | C i+ 0O
20 | / | 4 H exp. ; c
) . . . . . M a5 10 20 30 40 50
01 02 0.33 04 05 06 °° 0 100 150 200
pr (fm™) A

0
YITP% P
Jine o o ,AK i/



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.

# Pressure and Energy Density

QGP
of Free Massless Gas 1
2 2
P:“—NBT4 , e:Tr—NBT4 Pion Ga
90 | 30 . -
N, = Bosonic DOF (7/8 for Fermions) s
s Hadron Gas ~ 3 pions (N _=3) Pressure o
1_(2 ‘|T2 Bag Model
P=—T", e=—-T" .,
30 10 Pion Gas\" Mi
s QGP N =16(gluon)+24 x 7/8 (quarks) 'on Gas
and Bag Pressure Hagedorn
3 7 ’ 371 -
P ocr= ~—T'-B Cocr= 730 T*+ B «* Energy Density
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Nuclear Matter EOS

# Energy per nucleon in nuclear matter

E<p’6):ESNM<p)+ESym(p)62 , 6:(N_Z)/A

# Saturation point (pgy, Eg) E.
Po ~ 0.15 fm-3
Eg=-ay,~-16 MeV Pure Neutron
(nuclear radius and mass) Matter

& Symmetry energy

S(p)= Epnm(p) — Esnm(p)
- E(p9 6=1) — E(P, 6=0)
SO = S(p()) ~30 MeV

(mass formula) (p., Ep)
0 b

Sym. Nucl.
Matter

Nuclear Matter EOS can be, in principle, determined
by terrestrial (laboratory) nuclear physics experiments !




Nuclear Matter EOS

# Additional two important
parameters: K and L

# Pressure is given

by the derivative of E via p

P=p>*(0Eldp)
At p, L determines P

P=p,L/3(at p=p,)

ElA(p,d)=¢(p)+E

Symmetric Nuclear Matter

o=l

Symmetry Energy (8=(N—-Z)/4=1-2 Yp)

ESYm(p>:SO+ 3p0

+0((p—p,)’)

JE/A

Neutron
Matter

ym.

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

Matter
p
o (p)8240(5") ’
2 E/A(p))) K
olp-py) P EAD,
L(p=p,)  Koym(P=p0o)’
18p;
8



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- 0)/2)

ENSM(p):ENM(p’6)+Ee(pe:pp>

= Equu(p)+S(0)0"+ 2000 +2 7k (1)

(electron mass neglected, | O
neutron-proton mass diff. incl.
k = Fermi wave num. in Sym. N.M.) | Pure Neutron
@ o is optimized to minimize Matter Unif. NS
energy per nucleon yttel’
~ P
Eu(p)<Ew(p,0=1)=E.(p) Sym. Nucl.
Matter

=
) Y TP *m‘?us @
= * K 9
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HHTLRILFE—DER

# Fermi Gas model TORFHI-YDEESTRILT—

Z 3RS, N 3 KM%D . WO L
E == L £ iy F'n o = [1_5:|-.l_.-!-_|:1 _I_I.S'I-:-_.--.:-
Yym,K A5 9m A5 Pm 5 : 21 ' ;
r, S [ :
~—FEp + S E |-'c’J'J + CNo : .|
5 3

a_ (FG=E/3~11MeV Y HEARAD a  ~23 MeV
(surface ZZZX5H¢ a__ (vol) ~30 MeV) ELHRTHESIEE,
%Y ISHEHEER
J ﬁiuw#ﬁd)ﬁﬁlwb#—’é RMF TEliL THELELD,

1mR 1g » |, &P, g,psd
AEsym,p_E 0, —5%936 —Aasym(S R= mé = mﬁ
2m-Aa
2_ LMy A lym 2 _ — RMF par. &Y
g 5 =(43)" (a,,=30MeV) DLINES

L~E.+3Aa. ~ 90MeV
' ’ — Optimal value XY DLKEL

YITP 2
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Neutron Star

Star supported by nuclear force

)]
I\_._" (25

El=A# "'.{.t,_ﬂ:t . EF X
n-fi-b_:: =t (200) ,IJ‘;?T_‘_,?'_T_}..
Eap:sa;imx H""'i:l_‘.-___ 4 . En’n_;:l
ta;-:.;wesl He;e.‘:‘e :
o o n, (<)
M~14M_, p_~(3-10) p,
Wide density range — various constituents
NS = high-energy astrophysical objects
N and laboratories of dense matter.




M-R curve and EOS

# M-R curve and NS matter EOS has 1 to 1 correspondence

@ TOV(Tolman-Oppenheimer-Volkoff) equation

=GR Hydrostatic Eq.

__— P(r+dr)

dP__G<E/Cz-|—P/Cz)<M-|—4T( ¥ Plc?)

dr r*(1-2GM [rc?)

; :_/_/G (€(r)/cdr ) M(r)/ r2

e(r)/ce M(r)

M _ pw72el?, P=P(g) (EOS)
dr
. EOS N\
E/A prediction

A

1 -
\\ P, 2p, Density(pB)/

|
L yiTP avesd PR
| K
= "= w 'YUKAWA INSTITUTE FOR

>

Radius (R
\ MR relation ( )/
12



Current Big Puzzles in NS Physics

s Massive NS puzzle 2 M _ NS ?)

s Compact NS puzzle (9-10 km NS ?)
# Rapid NS cooling mystery (CasA cools too fast ?),
Origin of Strong Mag. Field, .....

. Demorest+('10)
<11 o (B8 coal).

sk : Gutllot+('13)

I;.lti:i}:nj - T T T IIIII| T T TTT |

(90 Steonf. )|

Hetke, Ho ('1 0)

Mass (M)

T~ [K]

-m 2QS —
N ;
w 0 I THEORETICAL PHYSII :_.-J A -




Nuclear Matter EOS Theories I
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Theories/Models for Nuclear Matter EOS

# Ab initio Approaches
@ LQCD, GFMC, Variational, BHF, DBHF, G-matrix, ...

# 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)

LYITP %2 P
- 'YUKAWA INSTITUTE FOR ‘ 1 5




Variational Calculations (1)

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

@ Argonne vi4 + TNI (TNR+TNA)

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

i o |
'-
'000F Via + TNI
E
- =
L ' Old - Reid
L
100 E- TN Via
-
i i i
"Cg | 3
Pt )

Old-Reid

0 .—.—.-L.—II.&.-.J..._L.l..L.L_____l__.._L_.h:._L.l_l_l._
310 1o's 3x 108 0

p:[qcnial

6

: K
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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>

AEEueL

P

L] i i i i . It
00 020 040 050 0.80 1.00

24

22 +
2.0t

1.8 - .

16|
1.4
=12 |
! |
1.0 ¢
(.4
(L& I'
04 |
02 -

e
8.0

—se N [

Tl ATBHUNX

Maw.q-um" T

Ald

9.0 100 1o 12.0 130

| * &
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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 7’ condensation

200—————— 1T 2.5
H— — Symmetnc miclear matter i .
[| —— Neutron matter i - - i
150 H---- Symmefnc miclear matter (APR) _ 201 7
i — Neutron matter (APR) by - -
Z I % ® 1.5 .
< 100 0 § :
—_ . ! = . i
""3' i Py 1.0 [ ;
= 20 R B : ]
: 0.5F .
0f ; ]
DD 1 L 11 1l 1 1 L1 1 111
0.0 0.8 13 16

107 10
Pyole/cm’ ]

(]
IIY TP l‘?QS _“\
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Bruckner-Hartree-Fock

# Self-consistent treatment of
Effective interaction (G-matrix) in the Bruckner Theory

and Single particle energy from G-matrix
50

- —o—PAR:Paris ' ' T [
# Need 3-body force to reproduce ComPAR ek I
I 1 —%— V/18: Argonne V18 [
saturation point. 10 e A Bt /]
—m—B: Bonn B Iy
—> FY type 2 T eXChange —#— C: Bonn C f;'lf.f'f:f" /}1
' 30 |2 Ros: Reicss o/7 |/
- A - Rei ! ,."lla:-"' —
+ phen. or Z-diagram R s s Vi/as
—d — NI: Nijmegen | // ,-:.; ll.-".-"' al.e"'ll
20 |=»— NiI: Nijmegen I yr e/
—+—N3:N3LO Yy
=10 T T T T T T T T T T T T . | % |5 ./ ,-;:-"ll. / /
I ] = —o— PAR+TBF o )
12+ acC @ ey
_14-_ AB E 10 (—o—V144TBF J & j,.r =
<
)

B

-20 | ROIT NI

V18 7] —u—Y18+TBF _."If-"r *."' 0
16 . an* * V14 ] - #- V18+Z-diagram  / /. .
i ocC ] o|~*—Bonn A (DBHF) # /7
8L PAR* V-IB.%:AR i — m— Bonn B (DBHF) l,;/
i V14 : —e—Bonn C (DBHF /* /'
o9 NI ; i ( Wy i /
_ S //: !/

B/A (MeV)

226 cD

22_ s BHF be @

24 L * BHF+TBF -
: 4 DBHF N3® ]

-26 + 5@

'EE_' A® ]

-30 '

015 020 025 030 035 040
p (fm™)

Z.H.Li, U. Lombardo, H.-J. Schulze, W. Zuo, L. W. Chen, H. R. Ma, PRC74('06)047304.
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EOS from lattice NN force

s BFQCD BAZAWV-BEEEREBAEX (LQCD+BHF)
NN force: 'S, °S, °D, only

T T T T T T ! T L — Nl /T veveenrenaes
Mpg= 1171 [Me\] = | oo L va} _________ ]
El:l | -- | -. P s / T n _.'1||,ﬂ::~5- = 83? [-r".'llell'\-;] ToTmmTTmTT
1,_ = 37 r._ -Ir.. ---------- : .I'II Mpg = 672 [MeV] e
s = L [hie [ | L Mps = 469 [MeV] ——+—
.1-.ir| .1 ..:II _-'r[ll-'|..__ l } . BD | APR"A\WWEJ |
&0 + APR{AVIE _ - APR(Full) ——
APR(Fully ——— |' / : I
| I
= | | e -
= 40 t+ : T 1 I
i : =, i Pure NM
= Sym.NM | T 1 < |
- | w 40 f 1
N 20f Ll Ol
il 20 + 1
0 T ]
0
-20 Weizsacker 2 |
mass formiuka e s e e s e L

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

mm = Qs ZAN
T ncimmee HJ; K A \




\ A simple model I
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Simple parametrized EOS

# Skyrme int. motivated parameterization

3 a(p B (p )1“
Foxag = 2 Ep(p) : i

Er(po)(1+37) 2419
)=t

—Fy + lE’F(,Oo)] .

2
— 2 (Bo(147) -
o 7(O(Jrv) =

1+3
= ——Br(po) — 3Bo(1+7) .

& Symmetry energy parameterization

() = 2Er() + S0 - LEr(o)| (2)
P—SFP 0 SFPO %
L — 2Er(po)

’ysym — 350 _ EF(p())

|
yiTP s PR
|
w"smn 'YUKAWA INSTITUTE FOR
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Simple parametrized EOS

K=220 MeV, S;=30 MeV

220 MeV —

(180-340) ———
360 —

K=

-
o0

60
40 |
0

(AQIN) (N 12d

) d

50 MeV —

F
L=(45-70) MeV

e

0.4

!

(2

0.1

pg (fm )

TYITP -o"“s#
|
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Simple parametrized EOS
Sy, L)=(30 MeV, 50 MeV)

2 | ‘:':_-:‘1:\
= ‘i—"‘: \ \\1
o N "11
= L8 Wl
s | n,rﬁg%‘*&@ }
I 1
K=220 MeV — 1!
0 (180-260) MeV --- 'S
0O 2 4 6 8 10 12 14

YITP %% IR
| k
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Simple parametrized EOS

(K L) (220 MeV ‘30 MeV)

S=30 MeV ——
) - so=24 34 MeV ---

=
= \
Vv i J'll“
<
= | A & /1
N /1
2 G A9 I
7 @7 A RN
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Simple parametrized EOS
(S, K)=(30 MeV, 220 MeV)

M / MSLIH

0
0

Y TP 4\"“} [@
|
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