Hadron-Quark Crossover
and Massive Hybrid Stars
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Introduction: Massive Neutron Star 1/16

Typical value of the observed mass
for double NS binaries ~ 1.4Mg

l

In 2010, NS (PSR |1614-2230, NS-WD binary)
with M = (1.97 & 0.04) M, was found
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Orbital phase (turns)

Demorest et al. (2010)

Key Questions:
Any EOS which can explain 2 Mo NS 7

The fate of the quark matter inside a heavy NS 7




Hadronic EOSs 2/16

(N (2) ©)
AVI8+TBF| TNI2 | SCL3AX

PSR J1614-2230

Hyperons Method BHF BHF
PSR 1913+16 RMF
AV18+TBF 2NF JA\YAE:] Reid

3NF Yes Yes No

Hyperons Yes Yes Yes

(1) Baldo et al. (2000), Schulze et al. (2010)
(2) Nishizaki et al. (2001,2002)
(3) Tsubakihara et al. (2010)

* Hyperons soften EOS ——> Maximum mass is less than 1.44 M,



Hadronic EOSs
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PSR J1614-2230

TNI2 TNI2u

PSR 1913+16
“"NNN” Yes Yes
NNY”
TNYY” No Yes
\‘YYY”

* Universal 3-body force stiffens EOS —> Maximum mass is larger than 1.44 Mg

* However maximum mass cannot exceed 2/,
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BEC-BCS Crossover

hadron crossover

Baryon density (o)

This research seeks the possibility of crossover

Ref.)

Baym (1979)

Celik, Karsch and Satz (1980)

Fukushima (2004)

Hatsuda, Tachibana, Yamamoto and Baym (2006)



Method of Interpolation

Phenomenological interpolation: P(p)

- 1 &+ tanh(2=2
P=pg X f_+pg X [+ f+ = Q(P)
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hadron crossover

P0 P Baryon density (o)

Condition for p : f1 < 0.1 at po = > pg + 21
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HONK:s > 5/16

(2+1)-flavor NJL Lagrangian (u,d,s, e, )
8

. Gs _ .
Lngyr = 40 —m)q+—- > 1@\*9)* + (GivsA*q)?]
a=0

G

> (07" 9)*+ G pldet(1 +5)q + hc]

Parameter set

cutoff (MeV) | G A2 |GpA°| mua(MeV) | my(MeV) 0< g, <1.5G, Conditions:

6314 | 367 929 | 5.5 135.7 | beta-equilibrium

2. charge neutrality

Hatsuda and Kunihiro (1994)

Recent estimate of g,
0.2

g, > 0 :repulsive

T T 4 4] 9v/Gs=0 norepulsion

g, /G5 = 1.0 :medium repulsion
g, /G, = 1.5 :strong repulsion

Bratovic et al.,, Phys. Lett. B719 (2013)



Interpolated EOS 6/16

H-EOS: TNI2u, Q-EOS: NJL
v = GS (ﬁar> — (3/007100)

* In the crossover region, interpolated EOS is larger than H-EOS.

* Rapid stiffening of the EOS in the crossover region



Results (1): Effects of Q-EOS

M-R relation (p,I") = (3p0, po) ¢, = Gg

Hadronic EOS Interpolated EOS

PSR J1614-2230 TNI2U e PSR J1614-2230

PSR 1913+16 _ PSR 1913+16

AV18+TBF

* Maximum mass exceeds 2 solar mass, no matter what kind of H-EOS is taken

7/16




Results (2): Effects of parameters

How maximum mass depends on p, I'

['/po =1

L'/po =2

gv:Gs

g, = 1.5G

gv:Gs

g, = 1.5G

.89

8/16




Results (3): Sound Velocity

M-R relation (7.I') = (3po0,po) 9v = Gs

PSR J1614-2230

2

PSR 1913+16
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* The emergence of strangeness softens EOS

* Due to the interpolation, the sound velocity increases rapidly in the crossover region

9/16



Results (4): Strangeness Core 10/16

P — T relation (p,T') = (3po, po) gv = G5

1

2 6 8 10 12

f
: r (km)
1
1

ﬁ 1.44Mg

Typical NSs with universal 3-body force do
not include strangeness inside themselves

—> possibility of solving cooling problem



Color Superconductivity (CSC) 11/16

* Chiral Condensate * Diquark Condensate

Fermi Sea

Dirac Sea

Alford

* NJL model

H
Lcsce = Lngn + o
A

e o ! 3
(§ivsTada Cq ) (q' CivsTararq) H = 7 G
—25.7A'=2.5.7
(Fierz)



Results (5): Gap parameter 12/16
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Results (6): Effects of CSC

Diquark condensation with J¥ = 0t

H . _ .
Leso = Lo + = Y Y (@ivsTada CT ) (¢  CiysTadarq)
A=25,7 A'=2,5,7

M-R relation (5, T) = (3p0,p0) g, = Gg 1 =7Cs

\
PSR J1614-2230 PSR J1614-2230

PSR 1913+16 © PSR 1913+16

» CSC softens EOS, but the effects of CSC is very small

13/16



Proto-NS with 2 solar mass puzzle

At the birth stage, NSs are composed of so-called supernova matter.

* constant lepton fraction Y;=03—-04
* constant entropy per baryon s=1—-1.5

Finite temperature extension of our model

P = £ (o) X palp, D= + f(p) X ol Ty s

14/16



Results (7): Finite T 15/16

gv = GS (157 F) — (3/007p0)

hot (Y=0.4, S=1.5) PSR J1614-2230

hot (Y=0.4, S=1)

(N', M)
hot (Y=0.4, S=1) cold

hot (Y=0.3, S=1)
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hadron (Y=0.4, S=1)

N/ = 2.49 x 10°7
M'=1.92Mg < 1.97Mg

—> neutron star merger 7



Summary 16/16

Summary

(1) Crossover occurs at relatively low densities

(2) Quarks are strongly interacting at and above the crossover region

Interpolated EOS can become stiffer due to the presence of quark matter

|

Observation of very massive neutron star cannot exclude the existence
of the quark matter core

I

Conventional belief
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Introduction: QCD Phase Diagram 1/16

Quark-Gluon Plasma

lattice QCD sQGP

‘IJ
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Point
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| Quarkyonic
Matter

Liquid-Gas

L =

) CFL-KY, Crystalline CSC
Nuclear Superfluid  Meson supercurrent Baryon Chemical Potential us

Gluonic phase, Mixed phase

Fukushima, Hatsuda (2010)

Observation Theory

Mass of Neutron stars (NSs) Equation of state(EOS):

Tolman-Oppenheimer-Volkov equation (TOV eq.):

r

> AP 2) —1
constraints T (M a3 47TP7“3) (e + P) (E =~ 2Mr>

M = /47T7“2€(£13)d’l“




Introduction: Hadronic EOSs 3/16

PSR J1614-2230 APR

Method | Variational

PSR 1913+16

pANI AVI8

3NF Yes

Hyperons No

Akmal et al. (1998)




Crossover at finite temperature 8/29

* Phenomenological Interpolation: s(T)

s: entropy density, I: temperature Asakawa, Hatsuda (1995)

$(T) = sn(T)wn(T) + 5¢(T)we(T)

i n (1 + tanh (T5%))
g ~ m (1 —tanh (32=)) + n (1 + tanh (T=5<))

r

(- 3P) /T

x 16°x4
o 32°x6

T/ T

Phenomenological Interpolation lattice QCD  Karsch (1995)



EOSat p>p 10/29

(2+1)-flavor NJL Lagrangian (u,d,s, ¢, 1~ )
8

— /. Gs —\a —. a g’U —
Lyy = 4 —m)g+= > 1@A*9)* + (FivsA q)z]—g(qv“q)ﬁ(;p [detg(1 + 5)q + h.c.]
a=0
l M; =m; — 2Gs(qi9:) — 2G p(q;45)(Tk k)
T -
A o T = — g0 Y ldl )

1

A s e Z<47iq7;>2 i 4GD<C_77;Qi><q_ij><€7ka>—%gv (Z@j%))

{/




EOS at > 7/16

Constituent mass Number fraction
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Chiral restoration * s quark starts to appear above 4 p
e u,d quark : low densities * SU(3) flavor symmetric matter at high densities
e s quark :4 o * muon does not appear due to { s quark
charge neutrality

* figures do not depend on the magnitude of vector interaction



HONK:s > 13/29

Pressure P

* EOS becomes stiffer as gy increases due to the universal repulsion



Results (2): Effects of Crossover Density (o)

M-R relation I' = py g, = Gs

Interpolated EOS with TNI2u

PSR J1614-2230

p = 3P0

PSR 1913+16

- Crossover occurs at relatively low densities —> 2M(,

16/29



Results (3): Effects of Vector Int. (g, ) 17/29

M-R relation (p,1") = (3p0, po)

PSR J1614-2230

PSR 1913+16

* The maximum mass exceeds 2M s only if the vector type repulsion is
as strong as the scalar interaction

e Radius: about | | km



Another Interpolation 21/29

Phenomenological interpolation: &(p)

- 1 + tanh(2=2
g:ngf_+ngf+ fj:: 2(F>

P — )02 a(g/p)
- p
H-EOS: TNI2u, Q-EOS: NJL
g = 0.5Gs  (p,I') = (3po, po)

NJL(g, = 05G) 7/

#NIL(g, = 05G)




Results (7): Effects of Method 22/29

M-R relation (p,I') = (3po, po)

PSR J1614-2230 PSR J1614-2230

PSR 1913+16

* The & -interpolation makes EOS stiff more drastically than the P-interpolation.

e Even for (g,,p) = (0,3pg) , the maximum mass can exceed 1.97M



CSC Lagrangian 24/29

H . ~ .
Loso = Lo+ —; E E (qisTara Cq ) (¢  CivsTadarq) H = 2G.,
A=2057A'=257




CSC Lagrangian (2)

Buballa (2004)

A
1
2 —le; /T 2
D= —= dpp (lsi\+2Tln(1+e €3/ |)) G g o;
47T 0
1=1,36
2
1 |
—4G Ou0d0s T §gv E n . ﬁ ’A ‘
color
C . O R ) 0
ap equations: AN TRy o T T T Y T
—py + Mg p 0 —A3 pg — Mg p 0 A —ul 4+ M, p 0 AL
p =i =Vl Ag 0 p g + Ma Az 0 p —ps — M Ay 0
0 Az (g + M, p 0 As  —pd — M, p 0 Aq pb + M, p
—A; 0 p D=L —As 0 p —pd + M, —Ay 0 p ph — M,
.MZ N Ms p 0 _AZ —Mg I Ms p 0 _Al ,ug T Ms p 0 _Al
p M Ay 0 p —pd — M Aq 0 p pd + M, Aq 0
0 Ao _:U*Z TR p 0 Aq ,U(bj + M, p 0 Ay _M(l)j - M, p




Results (5): Case | H:ZG

0000
500 = s quark
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Results (6): Case 2 H =G,

Gap (MeV)

350 400 450 350 400 450

quark chemical potential (MeV) quark chemical potential (MeV)

13/16



Crossover vs. | st order Transition (Example)

o = _4‘4
1000 1100 1200 1300 1400 1500 1600 1700 1800

u (MeV)

In the case of g, = 1.0,1.5G, H-EOS and Q-EOS do not cross at all densities



Crossover vs. | st order Transition 15/16
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Crossover |st order Transition}

Baryon chemical potential (u)
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Pressure (P)
Pressure (P)
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Baryon density (o)

| |

QM stiffens EOS ——]g- " QM” softens EOS

| |

Baryon density (p)

M > 2Mg M < 2M;




Neutron Star Observation

Observables:

binary period P, mass function

projection of the pulsar’s semimajor axis on the line of sight x = asini/c * = (masing)°
eccentricity e M?>
time of periastron To

longitude of periastron wo

) S S ——

General relativity effects: Plane of the sky

the advance of periastron of the orbit w
Doppler + gravitational redshift 7
the orbital deca)l Pb centre of mass

periastron

range parameter 1
shape parameter s

ascending node

|

Shapiro delay: A = 2rlog 1 + ecosv

1
1
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1
1
[
1
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1
I
1
1
1
1
L
1
1
I
1
1
1
1
1
1
1
1
1
I
1
1
I
1

1 — ssin(w + v)
Observer

Mass fraction f + 2 general relativity effects

—> Mass estimation



Universal 3-body force

TNI model

UT'NI = UT'NA + UT'NR

= 'Uge_(r/A“)Zpe_"?p(Tl . T)? + 'Ule_(""/A’”)z(l —igT e

Urbana UIX model
Vijk = U?J?rk 2 ‘U.gk

1
=A) ({Xz-_,-,Xjk}{r,- T T T} + 2 [ Xy Xl - 75, 7 ""k]) +U ) T?(ri)T?(rjn)

cyc cyc

Xij — Y(r,-j)ai * 0 + T(rzj)szj



H-EOS: Universal 3-body force

3-body force is needed for saturation property

- Symmetric Nuclear Matter

— From the point of view of NS observation, 3-body force is needed for the stiffness of EOS

— 3-body force between YN and YY can delay the appearance of the exotic components

Universal 3-body force

 TNI model:

G-matrix

NN :Reid soft-core potential

YN,YY: Nijmegen type-D
hard-core potential

TNI2(3):
K=250(300)MeV

Nishizaki et al. (2002)



Cooling Problem

Rapid cooling is occurred by hyperons (Y-Durca)

_A%p+l+ﬂl, p+1l— AN+ y
YT > A+Il+p, A+l —>X 4y

L7 (ergs/sec)

g

Log Time (years)

Tsuruta et al. (2009)



