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OCD Phase Diagram
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Symmetry Energy Parameters & Neutron Star Radius

s Nuclear Matter Symmetry Energy parameters (S,, L) are
closely related to Neutron Star Properties,
c.g. R1,4 — RNs(M = 1.4M@>

s How can we constrain (S, L) ?
— Nuclear Exp't. & Theory, Astro. Obs., Unitary gas

8 Conjecture: UG gives the lower bound
of neutron matter energy.

Tews, Lattimer, AO, Kolomeitsev (TLOK), ApJ ('17) E']_ A R L
S(n) =Epnm — Esnm > Eue — Esnmi F
EUG :gEFG (f 2 0.38) 1 z :l:: s 1 B ,»:HF'__"-'__‘E';"

Sym. Nucl. Matter EOS . |7 =+
is relatively well known. . =

— For a given L, lower bound of S exists

Excluded -
R R B B R R
04 1.6 0.8 1.4

A. Ohnishi @ Tokai 2018, Nov. 12, 2018 4



Constraint on (S, L) from Lower Bound of PNM Energy

s Unitary gas + 2 M, constraints rule out 5 EOSs out of 10

AT

numerically tabulated and frequently used in astrophys. calc.
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Further Constraints on Higher-Order Sym. E. parameters

s K and Q_are correlated with L in “Good” theoretical models.
K, =3.534L — (74.02 £+ 21.17)MeV

Qn = — 7.313L + (354.03 £+ 133.16)MeV
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Purpose & Contents

8 Quesion:
What are the effects of these higher-order sym. E. parameters
on MR curve of NS ?

# This work:
TLOK + 2 M, constraints + k; expansion — R, ,
# Contents
@ Introduction

@ Symmetry Energy Parameters, Nuclear Matter EOS,
and Neutron Star Radius

@ Implications to quark-hadron physics in cold dense matter

* Neutron chemical potential, QCD phase transition

@ Summary
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Symmetry Energy Parameters,
Nuclear Matter EOS,
and Neutron Star Radius
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Fermi momentum (k) expansion

s Saturation & Symmetry Energy Parameters ILOK
Exu(u, @) = Egan (u) + o S(u) tE PNM
-~ Ky 2 QO 3
o St L e B 12 @ 13
Slu) = Sot g (u=1)+ 70 (u=1)"+ 755 (w=1) T u=n/n,
(uw=n/ng,a = (np —nyp)/n) (p,, E/A(p,))

Energy does not approach zero at n — 0.

# Fermi momentum expansion (~ Skyrme type EDF)

@ Generated many-body force is given by kp u1/3/ m*

ESNM (U) ZT() u2/3 agu——bgu4/3+cou5/3—l—dou2

S(u) T3 a,utbu3+cu®3+d u?

) \ / /
Kin. E. Two-body Density-dep. pot.
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Expansion Coefficients

a8 Coefficients (a,b,c,d) are represented by TLOK
Saturation and Symmetry Energy Parameters
apgp — — 4T0 —|-20E0 + K() _QO/G
bop = 61p —45E) —5K0/2 —I—Qo/Q
Co — — 4T0 —|—36E0 —|‘2K0 —Q0/2
do= Tp ~10E, — Ko/2 +Qo/6
a, = — AT, +205, — 19L/3 + K, ~Q,/6
by = 6T, —458y + 15L 5K, /2 +Q,/2
co = — AT, +36S — 12L +2K, —Q,/2
d, = T, ~10Sy + 10L/3 — K,/2 +Q,/6
3 W2k 2
T() _ = F(n()) : Ts — T0(21/3 L 1)
D 2m

Tedious but straightforward calc.
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TLOK+2M . constraints

8 TLOK constraints
@ (S,, L) is in Pentagon.

s (K ,Q,) are from 3 .

Di(31.7,62.4)

C(32.2,61.0j

TLOK constraint.
B(31.2,45.9)
3 K0=(190-270) MeV , A297425)
b = ¥ 2 U ¥ T 2 30 i1 32 33 M
= | (nﬂ’EO) iS ﬁxed o Sy (MeV)

n,=0.164 fm-3, E =-15.9 MeV (small uncertainties)

@ Q, is taken to kill d, parameter
(Coef. of u?. Sym. N. M. is not very stiff at high-density)

s 2 M constraint

@ EOS should support 2 M neutron stars.

AQO, Kolomeitsev, Lattimer, Tews, Wu (OKLTW), in prog.
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TLOK+2M - constraints on EOS

s 2M constraint narrows the range of EOS.

# Consistent with FP and TT(Togashi-Takano) EOSs.

# APR and GCR(Gandolfi-Carlson-Reddy) EOSs seems to have
larger S, values.

E per nucleon (MeV)
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OKLTW, in prog.
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Neutron Star MR curve
s TLOK + 2 M, constraints — R, ,=(10.6-12.2) km  OKLTWin prog.

@ E and P are linear fn. of Sat. & Sym. E. parameters
— Min./Max. appears at the corners of pentagon (ABCDE).

@ For a given (S, L),

unc. of R. ~ 0.5 km Neutron Star Mass and Radius
* 1'4 * 2_5 ] 1 1 1 1 1 - ]
= unc. from higher-order iSu-LF;E‘;‘-z-f-;} =
== {31.2, 5. } R
parameters 9 |-2 N €(32:2-61:0) -
D(31.7,62.4) —
@ Unc. from (S, L) ~1.1 km ~ e EG05529) —
— We still need to fix .
(Sy» L) more precisely. <
> b7 I
i TLOK+2M_ ~
0 1 1 1 1 1 1 1

9 10 11 12 13 14 15 16
R (km)
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Impact of GW from binary neutron star merger

8 GW170817 from NS-NS — Multi messenger astrophysics
(Kyutoku's talk)

# Neutron Star Radius

@ Inspiral region — Tidal deformability (A) — NS radius (e.g. R1.4)

# Neutron Star Maximum Mass

@ No GW signal from Hyper Massive NS — Mmax
Mmax(T=0,0=0) < Mmax(T=0,0) <M < Mmax(T,®)

# Nucleosynthesis site of r-process nuclei

@ kilonova/macronova from decay energy of the synthesized elements

@ r-process nucleosynthesis seems to occur in BNSM !
# Central Engine of (Short) Gamma-Ray Bursts
# GW as standard siren (Hubble constant)

Courtesy of Y. Sekiguchi @ YKIS2018b
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Various Constraints
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Neutron Star MR curve

# Our constraint is consistent with many of previous ones.

@ R, ,=(10.6-12.2) km Present work (TLOK +2 M) OKLTW, in prog.

@ LIGO-Virgo (Tidal deformability A from BNSM)

(10.5-13.3) km Abbort+('18b)
(9.1-14.0) km De+('18) (A)

F

@ Theoretical Estimates

Neutron Star Mass and Radius

(Sy.L)=A(29.7,42.5)

= B(1.2459) —
(10.7'13.1) km 2 ______ _____ E-.‘ffri’;i;ﬁ-t;ﬂjr"'—"'"
Lattimer, Prakash('16) D(31.7,62.4) —
(10.0-13.6) km e gume | E(30.552.9) —
Annala+('18) (yEFT+pQCD) E’f —
10-13.6) km e
( ) = LT \Fattoyev+( '18)]
Tews+("I8) (YEFT+ c) | 18
argueron—+('
(12.0-13.6) km | jj o esere (19
Fattoyev+('18) (PREX) .
12.7 :I: 0.4 km 0 1 1 1 1 1 1 1
Margueron+('18) (n expansion) 9 10 11 12 13 14 15 16
R (km)
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http://inspirehep.net/record/1411298
http://inspirehep.net/record/1636955
http://inspirehep.net/record/1618373

Implications to quark-hadron physics
in cold dense matter (1)
Neutron Chemical Potential
and Hyperon Puzzle
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Neutron Chemical Potential in NS

s A appears in neutron stars it E, (p=0) =M ,+U < p_
s W. Weise's conjecture: U, in yEFT (2+3 body) is stiff enough.
s But p_is larger with TLOK+2M , constraints

L, in NS matter

i 1 BD'] T 'I]"'LOIK -|- T T T
R © 700 F TLOK+2M_, = —
- | 243 - body '
200 =N _ 600
|m”\.-'| 4 T 500
ﬁm W/ = 400
e et / z
L_ﬂf"_’j’ 4 = 300
1 - body Hn '
100 /f/f F 200
<z \ ~ 100
e
. PRELIMINA X
0 1 3 3 i x
p/po -100

W. Weise, NFQCD2018 (2018.06); 0 0.1 02 03 0.4_10.5 0.6 0.7 0.8
Gerstung, Kaiser, Weise, in prog. APR n n (fm ) OKLTW, in prog.
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Neutron Chemical Potential in NS

# Neutron Chemical Potential

d(nk) oOF
tn + My o + u 5 + 2a(1 — «)S(u)
# Single particle potential
U (1) = 5({(;%‘/) I in NS matter
i 700 | TLOK+2M -
= Uos + 22— 1) 700 [ TLOKS2A,,,
Uns = —30 MeV = 500 | L =0, 50, 100 MeV
Lp =777 = 400 |
(L,<0 in most of RMF =" 300 |
before 2010) _F ?gg R s
Sym. E. and L | determine 0 lowes
<
the onset density Of/l. -100 e R . .

(Already mentioned in 0 01 02 03 04 05 0.6 07 08

-3
’ n (fm™) OKLTW,i :
Millener,Dover,Gal paper) in prog
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Implications to quark-hadron physics in
cold dense matter (2)

OCD phase transition density and order
in cold dense matter
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OCD phase transition in cold dense matter

# Transition to quark matter in cold-dense matter
1st order or crossover ?

# Crossover: Masuda, Hatsuda, Takatsuka, Kojo, Baym, ...
# 1st order p.t.
@ Many effective models predict, e.g. Asakawa-Yazaki CP

@ Recent phenomenological support: Negative Directed Flow in HIC
Y.Nara, H.Niemi, AO, H.Stoecker, PRC94('16)034906.
Y. Nara, H. Niemi, AO, J. Steinheimer, X.-F. Luo, H. Stoecker, EPJA 54 ('18)18

@ The phase transition density may be above NS central density
X.Wu, AO, H.Shen, PRC to appear (arXiv:1806.03760)
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Negative Directed Flow

s Directed Flow v1 = (cos ¢) = (p./pr) , Slope = dv;/dy

Ix v =<p /p,>=<cos ¢>
z ""11 P 4

cal neg. slope

s Negative Directed Flow slope at Vs\\= 11.5 GeV (STAR (’14))
— Strong softening of EOS is necessary at n > (5-10) n,

0.3
1 —— JAM cascade —-— JAM-X-over R
10% ——— JAM-1.0.P.T. 0.21 weooes JAM-MF i
0.1, P Y.Nara, H.Niemi,
10° ] | AO, H.Stoecker,
< 0.0 PRCY94('16)034906.

10-1. nucleons ~0.18

Y. Nara, H. Niemi,

1/2nemrdN/dmrdy (1/(GeV)?)

0.12 7"
AW |: . 4 Gov -0.2f. AO, J. Steinheimer,
10-2] AU+AU@6.4 Ge oal X.-F. Luo, H. Stoecker
00 05 1.0 15 2.0 S -2 -1 0 1 2 EPJA 54 ('18)18

mt — Mg (GeV) Y
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Isospin & Hypercharge Sym. E in quark matter

8 Two types of vector int. in NJL
X.-Wu, AO, H.Shen, PRC to appear (arXiv:1806.03760)

L, = —GO(C?%LQ)Q — Gy Z [((j%bAiq)Q T (qi757u)‘iQ)2]

# Jsospin & Hypercharge Sym. E
E =a’S(n)+ a3y Sy(n), a=-2(T.)/)B, ay =(B+S)/B
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100 | i ol :
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P O T T S 0 = L | | 0.0 [ fl L
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(p, T, Y, ) during SN, BH formation, BNSM
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Reservations and Prospects
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Reservations

# Only massless electrons are considered and Crust EOS is ignored.
@ With pn, chemical potential may be reduced a little.
# Non-relativistic Kinetic energy is used.

@ With rel. K.E., E per nucleon is modified by 0.03 MeV @ 10 n,
as long as Sat. and Sym. E parameters are fixed.

s Function form is limited to k; expansion with u*? (k=2-6).

@ R, , range becomes narrower with k=2-3.

@ Density expansion gives EOSs very sensitive to parametrs.
# Smooth E(u) (= No phase transition) is assumed.

@ We expect QCD phase transition at (5-10) n0
from recent BES data of directed flow Nara, Niemi, AO, Stoecker ('16)

@ Transition to quark matter may not soften EOS drastically.

s Causality is violated at high densities, n > (4-6) n,.
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To Do (or Prospect)

# Baryons other than nucleons A, A, E, X, ...

# Connecting to Hadron Resonance Gas (HRG) EOS

@ HRG EOS
mass and Kinetic E of hadrons with M<2 GeV + simple potential E

EHRG — T—|— cn2

or Lattice EOS in HIC(No saturation, No constraint from NS).

@ We need to guess the potential energy density more seriously
for consistent understanding of HIC, Nuclear, and NS physics.

e="T 4@<— Nuclear and NS physics

# Connecting to Quark(-Gluon) matter EOS
@ Embed model-H singularities E.g. Nonaka, Asakawa ('04)

@ “Interpolation” of nuclear and quark matter EOS
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Summary

s Tews-Lattimer-AO-Kolomeitsev ('17) constraints (S0, L, K , Q )
and 2 M constraint with the aid of Fermi momentum (k)
expansion lead to the costraint on 1.4 M, neutron star radius of

(10.6-12.2) km.
@ Consistent with many of other constraint.

# Onset density of hyperons may be sensitive to the symmetry
energy in addition to potential parameters, (U g, Ly).

@ We need to know the slope of potential in addition to the depth.

8 Global EOS (HIC and Nuclear/NS matter) needs to be given in a
way where HIC physicists and NS physicists admit.
E.g. “Hadron Resonance Gas (HRG)+Potential from NS”

‘ Thank you for your attention . I
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Further Constraint on Q,

s 2 M requirement constrains Qn further.

Qn > —9.3L + 480MeV 300 e
TLOK+2M

sun

200

100

—
—

Q, (MeV)

100 |

-200 ..
40 45 50 5
L (MeV

5 60 65
)

FIG. 4. Constraint on @,
AO, Kolomeitsev, Lattimer, Tews, Wu (OKLTW), in prog.
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Neutron star — Is it made of neutrons ?

« Possibilities of various constituents in neutron star core
- Strange Hadrons

dec deo
e 6"

T s
proton A hyperon

* Meson condensate (K, 7)

de © ue o

» S

- anti kaon
» Quark matter M~14M,, p_~(3-10) p,

* Quark pair condensate

(Color superconductor) | NS core = Densest stable matter

dOQu existing in our universe.
2SC
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(p, T) during SN & BH formation

EOSY, Y =0.4

Sfi]-lﬁ Shen EOS
30 a 5 _ + hyperons
E 60 f I.f'f - 1'“‘:-:'””]*’{]3:10 Yo -
E 4 ?1"-.. BH R."\._ h"n_.
= 40 [~ f-.f! - H"‘\.--h xHZ
/ /o N 1% -
1,07 T e~ 1% ~.
20 , f:-‘ ST J ‘ 1
Y — sN 0.1 %:
0 0.1 0.2 0.3 0.4 0.5

Ishizuka,AO, Tsubakihara, Sumiyoshi, Yamada, JPG 35('08) 085201,
AO et al., NPA 835('10) 374.
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OCD phase diagram (Exp. & Theor. Studies)

31=50 MeV in Asym., g /g_=0.2
HIC BH: Shen EOS, 40 M__]
LR”""E .é:TDr-I LR®2
- C ELC11 @ LC08
S N
% h"ﬁ" ., TT#pg™/3 mi=const. |
— @, \ ."::ﬂf
Stat. - .
50 I CP(models) © ;
CP(Lat) ©
0 CP(Asym.) = . |
0 300 600 900 ™ 1200
g (MeV)

OCD phase transition is not only an academic problem,
but also a subject which would be measured

in HIC or Compact Stars

AOQ, PTPS 193('12)1
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Unitary Gas Constraint

Tews, Lattimer, AO, Kolomeitsev (TLOK), ApJ ('17)
# Conjecture:

Unitary gas gives the lower bound of neutron matter energy.
S(n) —FEpnmMm — Esnv = Eue — EgNpy<«— Sym. Nucl. Matter EOS

is relatively well known.
EUG :'SEFG (f ~ 038)

— T
| —— SCGF (2016)

| ao = 00 in unitary gas _?"J— ------ Lyvnn et al. (2016)
| -——-—— Hebeler et al. (2010)
— lower bound energy — Tremy
o 'CR (2012)
of a, <0 systems s o)

L o APR(1998)
FP (1081)

r ==—— Unitary gas(£p = 0.37) | -~

(w/o two-body b.s.) ?

# Supported by (most of)
ab initio calc.

IL,-'| NM ["'. lE"".]

10—

0] (.05 0.1 0.15 0.2
9 —q
T [fm ]
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Potential Energy Density

a8 Potential Energy Density in the Fermi momentum expansion

Y =nV = Z nin;vV;;(n)
1,0€B
Density-dependent NN interactions vij (i, j=p or n) are known.

# Single particle potential

=Uop; + 3(“ — 1)+ O((u— 1)) rearrangement
4/3 term
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