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I.Introduction
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l.Introduction and theoretical model

II.Theoretical model

The Lagrangian of NJL model

. G, < =
%ﬁq(l@—m)wa[(q ) +@ir A )1+ + S+ S+ S,
a=0
Global Symmetric group (if K=G;,=G;s=0)
G=U,3)xU,(3)=SU,(3)®SU,3)®U,(1)®U, (1)

where
Do = —K{det[ F(1+7.)q]+det[g(1- 7.)g]}  fit to gcD U,() anomaly
g _Gry
’V :72 (qyy aq) +(qyy7/5 aQ) ]
a=0

3
(ESEZ (qﬂhq) +(qiys aq):] } the scalar-isovector coupling term
a=1

the vector-isovector coupling term

3
G[VZ (qy’uj‘aQ)z +(a7/y7/5ﬂ“aq)2]
a=1

QCD has a global symmetric group (;::S[jv(3)()S[jA(3)()[jV(1) and U (1) anomal.
If G;=G;s=0,NJL model can fit to the symmetric group of QCD.
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l.Introduction and theoretical model

Mean-Field Approximation
— — — _ _ 2 —
(qqu)z foQf<Qfo>_<Qfo>2 =0,4,4, 0y Or=<{qsq;>

ifo,#0 ,the chiral symmetry will be broken.
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® The NJL model can successfully interpret the dynamics of spontaneous breaking
of chiral symmetry.
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l.Introduction and theoretical model

Thermodynamic Potential

T T o
Q(T’/u):_Vll’lZ 2—?111 Tre B(H-uN)

0y _ 0y, _ 0y, ~0
oo 0o, oo

u N

M;,=m,-2Gs0,+2Ko 0, -2G515,(0, —0,)

M= +2G,p,+2G,75,(p, — py)
v d’p M, _

o.=-2 1-f - f
R N
where
fi — 1/(1+eﬁ(Ei_ﬁi)) f_‘l — 1/(1+ eﬁ(Ei+ﬁi))
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2.Isospin dependence of phase diagram

In relativistic heavy-ion collision, the ratio of electric/baryon charge should

be fixed and the =O should also be satisfied.
S

zpu_pd :Z/A7

p, =0.
lOu + pd
For the Au+Au collision experiment,
250 T T T T T T T T T T T T T T T 250 T T T T T T T T T T T T T T
" NJL Model e u-quark | " NJL Model e u-quark
2000 . e d-quark 2001 - e d-quark 1
..... Ssa. 8 critical point . "'~====:=\ B critical point
~ 150} Sl . 150} RN -
% \~\ % \t\
D A
g/lw— N, . Z 100} N 1
— \ ] — | . “a
IOS:O \\ pS_O \\
50 | . 50 - 1
= =0.14
| G0 CP(354,45)/\ . | Oi=0.14Gg CP(354,45)/\ _
0 " 1 " 1 " 1 " 1 " 1 " 1 " 1 O " 1 " 1 " 1 " 1 " 1 " 1 " 1
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
M (MeV) M (MeV)

® The chiral phase transitions of u quark and d quark just become to slightly
separate and have only one critical point.
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2.Isospin dependence of phase diagram

We introduce the chemical potential matrix ILA[ = diag(,uu,,ud,,us ), and

M, = Mg !3+

ll’ld:ll’lB/:;_ﬂ]’ ) ﬂ]:—ﬂu;ﬂd

My = Mg /3=l
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® The small effect of isopin is due to the small isospin chemical potential

near phase transition district at low temperatures.

LiuHe SINAP Nusym201l6@Beijing



2.Isospin dependence of phase diagram
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® pNJL results

P o =L, +UD,D,T)

The potential of Polyakov loop

UMD, D, T)=-b-T{54e "D
+In[1-6DD -3(PDP)* +4(D° + D)}

PRD (2008)

® The Polyakov loop doesn't strongly affect the
isospin dependence of the phase diagram but
moves the critical point to higher temperatures.

K.Fukushima,

O=1
=0

deconfined phase
confined phase

® The phase boundary of deconfinement transition
is mostly independent of the isovector coupling
constant.
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2.Isospin dependence of phase diagram
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In the relativistic heavy ion collisions,
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the isospin chemical potential is

small near the phase transition region at low temperature, but in the
calculation of hybrid stars,we found that there is a large isopin chemical

potential in the mixing region.
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2.Isospin

dependence of phase diagram
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® NJL results (ify,

= -30 MeV)

With the increasing scalar-
isovector coupling constant,
the phase boundaries as

well as the critical points
of u and d quarks become to

separate and their

difference reaches the
maximum around G;s=0.14G;.

The isospin splitting of the
chiral phase transition
boundary also can be observed

for positive Ggy.

e pNJL results (ify,

= -30 MeV)

There is a similar result from

the pNJL model



2.Isospin dependence of phase diagram
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3.Quark matter symmtry energy

Isospin asymmetric quark matter:

Similar to the case of nuclear matter, the binding energy of quark matter

consisting of u, d, and s quarks can be expanded in isospin asymmetry as

E(py.6,p,)=Ey(ps.p)+E,, (ps,p)6° +3(6")  E(pg,0,p,)=¢/p,

where

Pa =P 1 8°E(py,5,p,
O=—p,/ pg=3 d Esym(pB,ps):_ (Pg9,P;)

P, + P, 2! 05°

can be extracted approximately:

E(pz,0,p,)—E(pz,0=0,p,
E.(pyp.) = (P5,0,p0,) 52(p3 £;)

The energy density of the system

‘5:0

0 0
g(pga&ps):_%lnz"'ﬂfpf :Q'FIB@Q'*',UfPf

A
d -
£(Py8,p,)=-2N; D I(zfj)gEi(l—f,- —f)+ Gy(o} + 0 + D)+ 2 (F — )P,
0 i

T GV(pu2 +pd2 +Ps2)_4KGquGs +G5(0,-0,) +Gy(p,—p,)" —&

i=u,d,s

where ¢,1s introduced to ensure ¢=01in the vacuum.
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3.Quark matter symmtry energy
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® Esym decreases with increasing constant of both the scalar-isovector
and vector-isovector couplings constants.
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3.Quark matter symmtry energy
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) A similar result can be obtained from the pNJL model.
A larger isovector coupling constant leads to a smaller symmetry

energy.
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3.Quark matter symmtry energy
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4 Applications

to hybrid stars

guark —hybrid traditional neutron star

star

hyperon

afar neutron star with

pion condensate

color—superconducting
sirange quark matter
(u.d.5 quarks)

Hydrogen/He
atmosphere

strange star
nuclean star

R~ 10 km

a schematic presentation of the
different structures of neutron stars

hadron

hadron-g
mixed zone

quark-hybrid star

T =T°=0
P =p?

Gibbs condition
(two phase
equilibrium condition)

®Baryon number conservation ®Charge neutrality condition othe/3equilibrium condition
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4 . Applications to hybrid stars

GIV = R]V * GS
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® For positive isovector coupling constants, quarks of different flavors
appear at different densities and their fractions are quite different.

® But for the negative vector-isovector coupling constants, the quarks
appear at a larger density.
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4 . Applications to hybrid stars
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® A negative G;; leads to the later appearance of quarks and thus a stiffer
EOS at intermediate densities, although at higher densities a positive Giy
somehow leads to a larger pressure. As a result, a negative vector-
isovector coupling gives the largest maximum mass of hybrid stars.
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5.Conclusion

Conclusion

1.In the relativistic heavy ion collisions, the isospin chemical
potential is small near the phase transition region.However,bif
the isospin chemical potential can reach as large as about 30
MeV, we find that the phase boundaries as well as the critical
points of u quark and d quark become to separate with the
increasing isovector coupling constant.

2.The isospin splittings of quark condensate, constituent quark
mass, and chiral phase transition as well as the critical point
are more sensitive to the scalar-isovector coupling, while the
quark matter symmetry energy is more sensitive to the vector-
isovector coupling.

3.A positive scalar-isovector coupling constant can lead to an
unstable isospin asymmetric quark matter and hybrid star matter.
The particle fraction as well as the equation of state in hybrid
stars depends on the isovector couplings as well.

Thanks for your attention!
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Appendix.A

a.the hadron phase c.the quark phase

1
Pz =P, +pp%the baryon number conservation<—Op = g(pu +p0,; + IOS)

_ 2 1
pp = L. + p/,[ —> the charge neutrality condition< —p — g(Iod + ps) -p, = 0

3
H, = 1, — 1,
H, = K,

b.the hadron-quark phase transition

}% theIB equilibrium condition<«—HU = U, = U, + H,

T =72 =0

Gibbs condition (two phase equilibrium condition)
pY = p°

Pp = (1 — Y)(pn + pp) +§(pu +p, + ps) the baryon number conservation

Y Y
gpp + g(zpu —Pa~ ps) PPy = 0 the charge neutrality condition
1 2
H, = gﬂn —gﬂe
the IB equilibrium condition
1 2

= = — + —

lle lLls 3 Il’ln 3 lLle
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