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Introduction
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Finite density systems
» Difficulty in the Lattice-QCD calculations (Sign problem)
> Effective model approach (e.g. NJL model jNambu et al. 611)
» Quark-Hadron phase transition (Confinement problem)
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Introduction

Objective and Methods
Objective and Methods

» To investigate the quark-hadron phase transition at finite
temperature and density.

» We use the extended NJL model with the scalar-vecter interaction.

The extended NJL model

» Reproduction of nuclear saturation property
> Introduction of GYY,GY,
GY : 4-point vector-type interaction
G : 8-point scalar-vecter-type interaction [och et al.'s7]

> Influence on the chiral phase transition with G,

> Introduction of G,
Strengthening attractive quark-antiquark interaction
(Role in pushing the chiral restoration point to higher density side)
— Tuning parameter of the chiral symmetry restoration point

» Nucleon/Quark is treated as a fundamental fermion.

» Chiral symmetry is preserved.
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Introduction

Objective and Methods
Procedure for investigating

Assumption

» Hadronic phase side = Symmetric nuclear matter
» Quark phase side = Free quark phase (No quark-pair correlations)

Model application

» Symmetric nuclear matter
= The extended 2-flavor NJL model with GY and G¥
= Nucleon field is treated as a fundamental field with NV =1.

» Quark matter
= The extended 2-flavor NJL model with G¢,,
= Quark field is treated as a fundamental field with N9=3.

Phase determination

» Comparison of the pressure of nuclear matter with that of quark matter
= The phase which has the largest pressure is physically realized.
= Phase diagram (Paying attention to the order of phase transition)
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Outline

@ Introduction

© Formalism

© Numerical Results

@ Summary and Future Work
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Formalism

Thermodynamics
(Extended NJL model 4+ Mean field approximation)
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Formalism

Formalism

» Lagrangian density for nuclear and quark matters :

L = %iv“awi + Gi [(Eﬂf/z)z + (@ii%Tﬂ’i)ﬂ
_Gi (Eﬂﬂwi)Q_Giu [(az%)Q + (%WST%‘V] (@ﬂ“%)Q

» For nuclear matter (i = N)
= N =2, NY =1, GYf #0, G, #£0

» For quark matter (i = q)

= Ni=2 N¢{=3,G{=0, Gl #0
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Formalism

Formalism

» Mean field approximation :

LM = (i" 0 — mai) i + iy + C
Hin = _l@ﬂ -V + mi@iwi + ﬁiaﬂolpi -G
with
Ci = —GL(W ) + GL{WA i) + 3GL, (i) (v i)
m; = —2 [GZ + QGiU«EﬂO%’»Q] (i)
fi = 2 [GL 4 2G5, ()] (7))

MFA : 9Ty — (YT9) + (YT — (PT'9))
(Botbi) # 0, (F:r"w:)) # 0, others = 0
( Fermion number density : p; = (4] v;)) = (07 )

i

{(-- ) : The finite-temperature expectation value which represents thermal average.
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Formalism

Formalism

» Introduce the chemical potential p; :
Hy = HM e
= —ithyy - Vi + mihi — iy s — G

= The effective chemical potential p} :

Wi = i~
= i —2[G 4 GL(0ii)?] (i i)
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Formalism

Formalism

> Gap equation (Self-consistent equation for m;) :

. Gt _
m; = —2G; [1 - Gsiv <<1/Ji701/1i>>2] (i)
where
3 ; . .
@) = [ @%’ﬁ(m )
(@A) = vi / (ij)gm bni - 1)
with

v = QN}NZ Degeneracy factor
—1
/52 2_,r
63(i pEtmi—py) -+ 1:| Fermion number distribution function

B=1/T Temperature
i = p; —2 [G% + Giv <<E11/11>>2:| «El'yo’tﬁl» Effective chemical potential

ni =
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Formalism
Formalism

» Pressure of nuclear and quark matters :

T ) = = [Nt = (TN 7o, pimmacr=on | + miNG) +T(S:)

where

(MM = (@il - Pyl — Goivi)®
FGL (i Pi)® + GLy (i) 2 (i "vi)?
W) = (@) = pi

3 ) ) ) )
(Si) = fui/ < [ n% Inn’ + (1 —n%)n(l —n%)

+ntlnn® 4+ (1 —n')In(1 —nt) ]

and
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Numerical Results

Numerical Results

Parameter set, Results at finite temperature and density
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Numerical Results

Parameter set

» The parameter set for nuclear matter(i = N) and quark matter (i = ¢)

[Y. Tsue, J. da Providéncia, C Providéncia and M. Yamamura, Prog. Theor. Phys. 123, (2010), 1013]

An 377.8 MeV A, 653.961 MeV
GN A% 19.2596 GIA? 2.13922
GN A% —1069.89 GZA% 0
GN A%, 17.9824 G,A3 free®)

*) G4, =0, GgUA§:—68.4, G‘SIUAE:—SLQ [T-G. Lee, et al., arXiv:1207.1499]

T.-G. Lee, Y. Tsue, J. da Providéncia, C. Pr ncia and M. Yamamura, Quark-Hadron Phase Transition in an Extended NJL Model with Gsv



Numerical Results

Reproduction of nuclear saturation property

» Energy density per single nucleon Wiy
vs Normal nuclear density pN/p[])\;
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» Incompressibility of nuclear matter

Wi (pn)

2
K = 9,;5’Va ~ 260 MeV

2
I pN=p%
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Numerical Results

Numerical Results

with G4, A% = —68.4
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Numerical Results

Numerical Results with 2,48 = —6s.4

» Dynamical quark mass m, > Quark number density p,

vs Quark chemical potential 14 vs Quark chemical potential 114

—— Stable
----- Unstable

.
320 280 300 320 340 360
g [MeV] Hq MeV]

> Unphysical regions which have unstable solutions

Comparison of pressure

=> Determine the physically realized solution (stable solution)

> The solution with largest pressure = The physically realized solution
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Numerical Results

Numerical Results with 2,48 = —6s.4

> Pressure of quark matter p, > Quark number density p,

vs Quark chemical potential 14 vs Quark chemical potential 14

T T
= with Gap-solution
----- with Massles

Pq [MeV/fin’]

1y [MeV]

> T =0 MeV
o uy™ ~ 326 MeV : Chiral phase transition
o P = 0.38p) ~5.41p) : 1%*-order phase transition
(pB = 0.13p% ~ 1.80p%)
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Numerical Results

Numerical Results with 2,48 = —6s.4

> Pressure of quark matter p, > Quark number density p,

vs Quark chemical potential 14 vs Quark chemical potential 14

T T
= with Gap-solution
----- with Massles

Pq [MeV/fin’]

1y [MeV]

> T =20 MeV
o uy™ ~ 323 MeV : Chiral phase transition
o P = 1.30p% ~5.41p% : 1%%-order phase transition
(pB = 0.43p% ~ 1.80p%)
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Numerical Results

Numerical Results with 2,48 = —6s.4

> Pressure of quark matter p, > Quark number density p,
vs Quark chemical potential fi4 vs Quark chemical potential fiq
—ith Gap»sollmonl j
----- with Massles e
15
E
0
2
SEE
Hq[MeV]
> T =40 MeV

o g™ ~ 318 MeV : Chiral phase transition

. p;“‘“' ~ 5.78p(1)v : 2"_order phase transition
(B ~ 1.930%)
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Numerical Results

Quark-Hadron phase transition

Numerical Results with G A% = —68.4

T.-G. Lee, Y. Tsue, J. da Providéncia, C. Providéncia and M. Yamamura, Quark-Hadron Phase Transition in an Extended NJL Model with Gsv



Numerical Re:

Numerical Results with 2,48 = —6s.4

» Pressure p;  [Lower-up side] > Pressure p; [Higher-up side]

vs Baryon number density up vs Baryon number density pup

25 T T T T
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20k = = - with Gap-solution i
150
<o 15k 4 72
&
= Nuclear Matter =
o 10+ Quark Matter > 100F
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e osp B = Nuclear Matter
50 B
- / Quark Matter
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> The condition for thermodynamic equilibrium
between the hadron and quark phases*) :

PN (T un) = po(T,3py)

*) The condition for chemical equilibrium (conservation of baryon number) : N (1) = 3uq(T) < pp(T)
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Numerical Results

Numerical Results with 2,48 = —6s.4

Pressure p; > Pressure p;/po
vs Baryon number density p5/p%

v

vs Baryon number density g
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> T =0 MeV
e u$ ~ 1236 MeV : Quark-Hadron phase transition
o iy = 2.64p% ~ 3.63p% : 1%t-order phase transition
(pn = 2.64p% ~ pg = 10.9p%)
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Numerical Results

Numerical Results with 2,48 = —6s.4

» Pressure p; > Pressure p;/po
vs Baryon number density g vs Baryon number density ;LB/p&r
T T T T 000 T T T T T T T T
o
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> T =20 MeV
° M%H ~ 1190 MeV : Quark-Hadron phase transition
o = 249p% ~9.990% : 15t-order phase transition
(pn = 24993 ~ pq = 3.33pY)
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Numerical Results

Numerical Results with 2,48 = —6s.4

» Pressure p; > Pressure p;/po
vs Baryon number density pup vs Baryon number density ;LB/p&r
200 T T T T 1000 T T T T T T T T
o
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> T =40 MeV

e There is no crossing point.
= 1St-order quark-hadron phase transition disappears.
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Numerical Results

Phase diagram (up,T)

» Phase diagram with G4 Af; = —68.4

Sv
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> Low-T" : 15t-order chiral phase transition = 15t-order quark-hadron phase transition
> High-T' : 2"d-order chiral phase transition
> Moderate-up : Chiral restoration + Nucleonic/Hadronic excitation

( Chiral symmetric nuclear phase = Quarkyonic-like phase ? )
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Numerical Results

(% -dependence of phase diagram
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Numerical Results

(G4 -dependence of phase diagram

SV

» Phase diagram without scalar-vector interaction

250 T T T T T T
2001 -
=150 Ist-order Quark-Hadron -
§ 2nd-order Phsase Transition 1
= 100p Ist-order ]
Chiral Phase Transition 1
50F -
o~ 'N.. 1

\0
0 1 1 1 1 1 1\,
0 200 400 600 800 1000 1200 1400

Mg [MeV]

> 15t-order chiral phase transition : (up,T) =~ (978,0) — (842,80) MeV
> 2" order chiral phase transition : (up,T) ~ (842,80) — (0,190) MeV
> 15t-order quark-hadron transition : (up,T) ~ (1236,0) — (955,39) MeV

Quark-Hadron Phase Transition in an Extended NJL Model with Gsv
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Numerical Results

G -dependence of phase diagram

» Phase diagram with scalar-vector interaction

250 T T T T T T .
GlsvAq = 684 ]
2001 -
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> 15t-order chiral phase transition : (up,T) =~ (979,0) — (964,26) MeV
> 2" order chiral phase transition : (up,T) ~ (964,26) — (0,190) MeV
> 15t-order quark-hadron transition : (up,T) ~ (1236,0) — (955,39) MeV
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Numerical Results

(G4 -dependence of phase diagram

SV

» Phase diagram without and with scalar-vector interaction

st-order Quark-Hadron ]

= Ist-order Quark-Hadron - = L
§ 2nd-order Phsase Transition § 2nd-order Phsase Transition
= 100 Ist-order 1 & o Ist-order 1
Chiral Phase Transition Chiral Phase Transition
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0 200 400 600 800 1000 1200 1400
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> 15t-order chiral phase transition : Shrinks with increasing G2, .
Tends to bloat outward.

> 2"d_order chiral phase transition
> 15t-order quark-hadron transition : There is no change.
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Numerical Results

(G4 -dependence of phase diagram

SV

» Phase diagram with stronger scalar-vector interaction

250 T T T T T ]
GvAq' =-81.9 ]
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§ Ind-ond Phsase Transition ]
nd-order ]
= 100 _
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(up,T) ~ (979,0) — (979,1) MeV
(up,T) ~ (979,1) — (0,190) MeV
(up,T) ~ (1236,0) — (955,39) MeV

> 1St-order chiral phase transition
> 2"9_order chiral phase transition
> 15t-order quark-hadron transition

Quark-Hadron Phase Transition in an Extended NJL Model with Gsv
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Summary and Future Work
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Summary and Future Work

Summary and Future Work

> The quark-hadron phase transition at finite temperature and density is investigated

in an Extended NJL model.
> The extended NJL phase diagram with G2, is obtained in the T-up plane.

» Phase diagram with GZ,A? = —68.4
» 1%-order quark-hadron phase transition

» 1% and 2" order chiral phase transition
> The phase in which chiral symmetry is restored but the elementary
excitation modes are nucleonic appears just before deconfinment.

= Quarkyonic phase? [McLerran et al.'07]
v

= 150 Ist-order Quark-Hadron = 150 Ist-order Quark-Hadron = rder Quark-Hadron.
o) nd-order Phsase Transition z 2nd-order hsase Transition z sase Transition
2 2nd-ord: Phsase Transiti 2 2 2nd-order
=10 Ist-order \ = 100 sconder = 100f
Chiral Phase Transition ) Ist-order
Chiral Phase Transition
50 sof Chiral Phase Transition
s
A .Y P T S Y
020 w0 600 80 1000 1200 1300 0200 a0 60 S0 1o 100 1400 0200 a0 60 S0 100 1200 1400
Hp MeV]

iy [MeV] i IMeV]
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Summary and Future Work

Summary and Future Work

> Influence on the phase diagram with G,
» Does not affect to the 1%-order quark-hadron phase transition.
=- The phase boundary is not changed. (G%,-independence)
> Affects the chiral phase transition. (GZ,-dependence)

= Critical line of 15%-order shrinks with increasing G,
= Moves the tricritical point toward a larger up and a lower 7.

= The endpoint of 15t-order quark-hadron phase transition is
located on the critical line of chiral phase transition in the

case of G4,AY = —68.4.
w
= s I st-order Quark-Hadron =) Ist-order Quark-Hadron = isob st-order Quark-Hadron.
50, 50] by S0F Chiral Phase Transition 3
1 [MeV] 1 [MeV] 1 MeV]
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Summary and Future Work

Summary and Future Work

» Consideration of the color-superconducting phase
= Pairing interaction (Nuclear superfluidity in nuclear side, CSC in quark side)
» Consideration of the neutron star matter
= Phase transition between neutron matter and quark matter.

(— Physics of neutron star)

. Y. Tsue, J. da Providéncia, C. Pr ncia and M. Yamamura, Quark-Hadron Phase Transition in an Extended NJL Model with Gsv



Summary and Future Work

Thank you for your attention!
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Parameter set

» Nuclear matter

» Model parameters : G, GN, GN, ANy 3-momentum cutoff : A;
» Conditions :

my (pn=0) = 939 MeV

PR =0.17 fm™3  Normal nuclear density

mn (pn=p}) = 0.6mn (pn=0) MeV

W (pn=p%) = =15 MeV
<H;MF>(#N>7<H;‘UF>(PN:U>

PN

Binding energy per single nucleon : W (py) = — mn (pn=0)

» Quark matter

» Model parameters : G, Aq
» Conditions :
mg(pg=0) = 313 MeV  Dynamical quark mass
f,2r = 93 MeV Pion decay constant
» Free parameter : G,
» Conditions :
mq(pe/3=p%) = 0.625mg(pg=0) MeV — G? A% = —68.4

s

mg(pq/3=p%) = 0.63my(pg=0) MeV — GZ,UAZ = —81.9

Lee, Y. Tsue, J. da Providéncia, C. Providéncia and M. Yamamura, Quark-Hadron Phase Transition in an Extended NJL Model with Gsv
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G4

SV

-independence of the quark-hadron phase transition

G4

Sv

-independence

» There is no influence on the 15t-order quark-hadron phase transition.

» 1%t-order quark-hadron phase transition occurs after the chiral
restoration.

= mg =0, (P ¥q) =0
» G,-independence of pressure pq
pq(T, pg) = — [<<’H2{F>>(T‘/:q) — (H"FN (=0, pq:O)} + 1q(Ng) + T(Sq)

(YT = (By(v - PIPa)) = GL(Bgva)® B
G 7 Da)? + GL (Pga))* (D7 ¥a))?
1y = bq = 2 G+ GL, (Bywa)?] (@g7°%a)

= ((H}"")) and 1/, do not depend on GY, due to () 1)) = 0.
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Themodynamic potential density

» Thermodynamic potential density :

wi = (HMT) = palND) = T(Si)

(MM = «Ji(')"P)T/Ji»*Gi«aﬂ/ﬁ»%
FGL (i i) + Gl (i) 2 (i i)
W) = (@) = pi

3 . . . .
(Sa) = *Vi/ (;lﬂ—I)’g [ n%Inn’ + (1 —n%)n(l —n%)

+nt Inn® 4+ (1 —n' )n(l —n') ]

and

3 2 . .
@ity poo =i [ (o )
P2+ m;

Minimize w; w.r.t m; and nli = Gap eq. and Fermion number distribution func.
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Pressure

» Pressure of nuclear and quark matters :

pilToi) = = [Ny — (N (am0, i (rmopy | + 1i (NG) + T((S:)

where
(HMEN (=0, py=mir=0)) = @i(v- D)) — G (20:)?

(-+ ) : Zero-temperature expectation value

n:_(T = O) = 9(;1,{ - p2 —+ m?) Heaviside step function

1 (p< \/,u 12 pF) pF Fermi momentum
0 (p> \/ Ni ? = pF)

Quark-Hadron Phase Transition in an Extended NJL Model with Gsv
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