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Introduction

(Non-perturbative aspects, phase diagram and low energy effective model of QCD)
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Introduction

Introduction

» Basic building blocks of matter

> Phenomen0|0glca| aSpeCtS Of QCD (Asymptotic freedom, Quark confinement)

Running coupling constant

05
July 2009 Anti-screening
Q)
o Deep Inclastic Scattering
04 oe % Annihilation " -
avy Quarkonia
03 & 3 v é =
» &
02 L. P RN
B L] [
= k‘;\ =
01 =
=QCD  a,(M,)=0.1184£0.0007

1 10
Q[GeV]

[ S. Bethke, Eur. Phys. J. C 64 (2009) ]

Investigation of quark-hadron phase-transition using an extended NJL model adron Group Seminars (Apr.26, 2013, JAEA-ASRC) —



Introduction

Non-perturbative aspects of QCD

» Quantum chromodynamics (QCD)

> A fundamental theory of strong interactions
= describes strongly interacting quark-hadron many-body systems
> Low-energy regime
= quark and gluon interact non-perturbativelly
(non-trivial vacuum structure: non-zero quark and gluon condensates)
= spontaneous chiral symmetry breaking, quark confinement, etc
> At high-energy densities
= may occur a phase transition
from a chiral symmetry breaking confined state (Hadron)

to a chiral symmetric deconfined state (Quark-Gluon Plasma)
» QCD phase transition

> Under extreme environments at high temperature and/or high density
= Early universe right after Big Bang : Hot QCD
— Quark-Gluon Plasma (quark-gluon many-body systems)
=> Interior of compact objects such as neutron stars : Dense QCD
— Color superconductor (quark Cooper pair)
— Magnetar (quark ferromagnetism)
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Introduction

QCD phase structure

> Hs0 phase diagram

> 3 states (ice, water, vapor)

D=

» critical point, triple point

> QCD phase diagram
> 3 states? (Hadron, QGP, CSC)
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> How about phase transitions ?

» How about critical points ?
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Introduction

QCD phase stru

> Cuprate high-T. SC phase diagram

[ Schematic phase diagrams of QCD matters and of hole-doped cuprates |
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» Antiferromagnetism

strange metal

may relevant to QCD ?

» Quark-Hadron many-body systems
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Introduction

Exploring the QCD phase structure

> Experimental exploration ( Schematic QCD phase diagram |

» High-energy heavy-ion collision Quark-Gluon Plasma
= creation of a hot QCD matter

* Relativistic Heavy-ion Collider (RHIC)
+ Large Hadron Collider (LHC)

Deconfinement
1SR

» High-intensity heavy-ion collision Hadronic phase

Confinement @ @ @

258 @

= creation of a dense QCD matter
* Nuclotron-based lon Collider fAcility (NICA)
+ Facility for Antiproton and lon Research (FIAR) Nuclei Noatronlseers
- Japan Proton Accelerator Research Complex (J-PARC) >
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—\
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> Theoretical exploration
» Perturbative QCD

= perturbative calculations only work at
asymptotically high temperatures and densities

» Lattice QCD

= finite temperature regime — feasible
= finite density regime — infeasible (Sign problem)

» Effective models

= finite (moderate) density regime — rich structure
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Introduction

Exploring the QCD phase stru

> Experimental exploration ( Schematic QCD phase diagram |

» High-energy heavy-ion collision
=> creation of a hot QCD matter

* Relativistic Heavy-ion Collider (RHIC)
+ Large Hadron Collider (LHC)
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» High-intensity heavy-ion collision
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= creation of a dense QCD matter
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+ Facility for Antiproton and lon Research (FIAR)
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> Theoretical exploration
> Perturbative QCD [ Recent QCD phase diagram (Fukushima et al, 2013) ]

= perturbative calculations only work at
asymptotically high temperatures and densities
» Lattice QCD
= finite temperature regime — feasible
= finite density regime — infeasible (Sign problem)

Quark-Gluon Plasma
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» Effective models

= finite (moderate) density regime — rich structure
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Chemical Potential /g
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Introduction

Exploring the QCD phase structure

> EXperlmenta| exploratlon [ Schematic QCD phase diagram ]

> High-energy heavy-ion collision Quark-Gluon Plasma

. RHIC,LHC
= creation of a hot QCD matter w7 e
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> Perturbative QCD [ Recent QCD phase diagram (Fukushima et al, 2013) ]
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Introduction

Exploring the QCD phase structure

> Experlmental exploratlon [ Schematic QCD phase diagram |
> High-energy heavy-ion collision Quark-Gluon Plasma
. RHIC, LHC
= creation of a hot QCD matter wr @ e 2
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> Theoretical exploration
» Perturbative QCD > we Concen.tr_ate upo.n
= perturbative calculations only work at finite denSIty systems
asymptotically high temperatures and densities > chiral phase transition
> Lattice QCD » deconfinement phase transition
= finite temperature regime — feasible (confinement problem)
= finite density regime — infeasible (Sign problem) il
> Effective models » Quark-Hadron phase transition
=> finite (moderate) density regime — rich structure > Effective model approach (NJL-type)
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Introduction

Nambu-Jona-Lasinio (NJ

> Original NJL model

> Before the discovery of quarks, it was formulated as a model for nucleons

(= pion was described as a nucleon-antinucleon Goldstone excitation)

> Lagrangian density (2-flavor, massless) :

Lol = YNivrOun + GN %ZJN#)N + (ENi’YsTawN)Q]

(=X

[Modelization of fermion-antifermion interaction : 4-point fermion interaction (Gs) ]

» Nucleon field ¥ is regarded as a fundamental field

> Quark NJL model

> After the establishment of QCD, it is reinterpreted as a model for quarks
(= vacuum is described by a quark-antiquark condensate (Eqwq))
» Under mean field approximation (MFA) :
Lyr = Eq(i’wau —mq)q — G4 <Eqwq>2
=> dynamical (constituent) quark mass : mgq = —2G? (Eqwﬁ (gap equation)
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Introduction

Extended NJL model for nuclear matter

> Nucleon NJL model

> A four-point interaction term (characteristic of NJL) [H.Bohr et al, PRC71(2005)055203)
effectively comes out of a QCD-inspired many-body model for nucleons
( an effective string model < an NJL-type model (two-particle strings : chiral fields) )

» The bound nucleonic matter with spontaneously broken chiral symmetry

is not possible within the original NJL model (M.Buballa NP611(1996)393)

> Nuclear saturation properties (bulk static properties) is well produced by introducing
an additional vector-vector 4-point and scalar-vector 8-point interaction

[V.Koch et al, PLB185(1987)1; C.Providéncia et al, IJMPB17(2003)5209; S.A.Moszkowski et al, arXiv:nucl-th/0204047;
T.J.Biirvenich et al, NPA729(2003)769; I.N.Mishustin et al, PR391(2004)363]

( an extended NJL model < Walecka-type model (nucleon : fundamental particle) )

> Extended NJL model with G%

> Lagrangian density (2-flavor, massless) :
Ly = Py N +GY [@NwN)Q + @Ni’)/sT“?lJN)Q]
~GY by N)? — G, [(ENle)z + (ENi’YsTwN)Q] (Y pn)?
» The term with Gﬁ) leads to an effective density-dependent coupling :

GY = GY(pn) = GY(1 =G /GY - p%)

=> which makes an incompressibility lower [S.A.Moszkowski et al, arXiv:nucl-th/0204047]
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Extended NJL model for quark matter

> Extended NJL model with G,

> Lagrangian density (2-flavor, massless) :
Lq = ByirhOutbq + G [(yva)?® + (Dyinsmq)?
—G (b1 0a)? = Gy [Bg0)? + Bgivsva)?| (B,740)?
» The term with G2, leads to an effective density-dependent coupling :
Gl = Glpg) = GI(1 - G4, /GE - p7)

= which pushes the chiral symmetry restoration point to the high-density side

(which delays the chiral restoration [s.AMoszkowski et al, arXivinuck-th/0204047] )

» G, : free parameter

= a tuning parameter of the chiral restoration point [v.Tsue et al, PTP123(2010)138]
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Motivation

> Objective

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

» To draw the phase diagram on the temperature-baryon chemical potential plane

— This talk —

Hadronic phase side = isospin-symmetric nuclear matter (mN = (mn + mp)/2)
+ Quark phase side = free quark phase (non-superconducting quark matter)

> Treatment

> Extended NJL model for nuclear and quark matters (2-flavor)
including scalar-vector eight-point interaction
= Nuclear matter : Reproduction of a rather reasonable nuclear saturation properties
= Quark matter : Influence on the chiral phase transition (turning of chiral restoration)
» Pressure comparison

= Determination of physically realized phase which has the largest pressure
= Description of the quark-hadron phase transition
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Introduction

Outline

© Introduction

© Formalism

© Parameter set

© Numerical Results

@ Gsv-dependence

© Summary
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Formalism

Formalism

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

Extended NJL Lagrangian for nuclear and quark matters

» Lagrangian density for nuclear and quark matters :

Li = $iy"0uhi + GL (Vi) + (byisTeh)?]
—G (b i) =Gl [(0i)* + (@sivs )] (0yFebi)?

First two terms : the original NJL Lagrangian (scalar-type 4-point interaction)
Third term : the vector-vector repulsive term (vector-type 4-point interaction)
Last term : the scalar-vector coupling term (scalar-vector-type 8-point interaction)

» For nuclear matter (i = N)

= 'lZJN : nucleon field (fundamental, not composite)

= NY =2 NY=1 G #0, G}, #0, Ay

» For quark matter (i = q)
= g : quark field

= N}Z =2, Nl =3, Gl =0, GI, #0, Aq  (the effects of G is well-known)
[M.Kitazawa et al, PTP108(2002)929)

Investigation of quark-hadron phase-transition using an extended NJL model — Hadron Group Seminars (Apr.26, 2013, JAEA-ASRC) —



Formalism
Mean field approximation

» Mean field approximation :
ﬂf\/[F = El (i’Yuap - @)wz + ﬁiai’)/olﬁi 4+ C;  my - Effective mass
HM'T = =iy - Vb + maih i + gy i — Ci

with
Ci = =Gy hi)® + G (i i)® + 3GL, (i) * (i i)
m; = =2 [GY + 2GL, (b i) ] (1)) - Gap equation
fii = 2 [Gy, + 2G5, (o) ?] (i i)

bilinear quantities  expectation values fluctuations

MFA 9T — (;T9) + ;T — (;T9:) T =1,795,7" etc.

= four-point interactions : @irwi)Q ~ 4@1.1“11;1-»2 + ZEiFwi ((EZle»
fermionic condensate fermion number density

(i) #£0, pi = (Wivi)) = (P;7°%:) # 0, others =0
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Formalism

Finite density and temperature systems

Finite density system

» Introduce the chemical potential u; :

H; HME — pigpl;
=iy - Vb + mihs — pi Py i — Ci

= The effective chemical potential ] :

W= s — [
= i =2 |Gl + Ghy (Bii)?] (@ )
Finite temperature system

» Matsubara formalism :

d'p = d? .
/W f(po,p) — Tn;m/ﬁ fliwn+pi, P)

Matsubara frequency : w, = (2n + 1)7T (n: integer, T'(= 1/8): temperature)

= ((4;9;))(T>0) : Finite-temperature expectation value or thermal average
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Formalism

Self-consistent equation for m;

» NJL gap equation with G%,, :
G, — —
i @te?| (@)

Density-dependent scalar coupling : Gf(p,)

m; = -2G. [1—

i
s

where
— . d3p m; ni 7ni
@ = v [ 55 St =)
3 . .
@ %) (=pi) = v (;%gmuna _1)
with

!
Degenerate factor
— T — . i T Dy aly-\\ 2 .
B=VUT, u=pi—2[Gh+Gi,(B)?]m
Temperature Effective chemical potential

— Hadron Group Seminars (Apr.26, 2013, JAEA-ASRC) —

—1
. . . 2 2_ T
vi = 2NiNi, ni = [eﬁ(ivp mism) +1}

Fermion number distribution function
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Formalism

Stable solution in gap-solutions

> Thermodynamic potential

» The gap equation might have more than one solution, so that a criterion is
required to decide which solution is the correct one.

> Knowledge of statistical physics: Equilibrium state (for fixed T', u7) is given by
minimizing the thermodynamic potential density w;. (It is appropriate to use the
thermodynamic potential since T', u! are fixed and p; can vary.)

» The stable gap-solution is the solution which corresponds to the global minimum
of Wi .

> Pressure

»> From thermodynamic relations, thermodynamic quantities can be derived by wyg:
Pressure is given by pq (T, j1q) = —wq (T, piq)-

» The stable gap-solution also corresponds to the solution which leads to the
largest pressure.

= Here, we calculate the pressure in order to determine the stable gap-solution.
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Formalism
Pressure

» Pressure of nuclear and quark matters :

T ) = = [Nty = (TN 7m0, wimmacr=on | + milN) +T(S:)

( Normalization: p; (0, m;(T=0)) =0 where pu; = m;(T=0) leads to p; =0 )

where
(HMT) = (il P)Yi)) — GL(Wyi)?
FGL (W i) + Gl (i) (i i)
W) = (@) = pi
d3 ) . ) )
(S = —v / # [ niInné + (1 —ni)In(1 —n’)
+ntInnt 4 (1 —nt)In(1 —nt) ]
and

_ 3 2 ) )
(@iv - PYYe) = vs / (jw’)’s P (i i)
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Parameter set

Numerical Results

Parameter sets for nuclear and quark matters
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Parameter set

Parameter set

» Nuclear matter
» Model parameters : G, GY, G, Ax  3momentum cutoff
» Conditions :
my(pn=0) =939 MeV, p% = 0.17 fm™2  Normal nuclear density

my(pn = p%) = 0.6mn (pN=0) MeV  Ratio of in-medium to vacuum nucleon mass: 0.6

Wn(pn = p?\,) = —15 MeV Binding energy per single nucleon
. HME Yy (1=0, pn)—(HME ) (T=0, ppy=0
Wi oy = S pN) Pjir MFy( PN

» Energy density per single nucleon Wy o
o » Incompressibility of nuclear matter
vs Normal nuclear density pn /py

e e AL e 82W (
0 ~(pnN)
60 K = 9pN Op2
PN pN:p?\l
40
~ 260 MeV

Wy [MeV]

IR REAREEEEEEES T
PN EEFI SIS B i

= The nuclear matter saturation property

ool T v e

0.0 05 10 L5 20 25
P/ PN

is well reproduced.
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Parameter set

Parameter set

» Quark matter
» Model parameters : G¥,G1,,Aq
» Conditions :
mg(pg=0) = 313 MeV  vacuum quark mass
fr =93 MeV  pion decay constant

> Free parameter : G,

> my(pe/3 = pX) = 0.6my(py=0) MeV + G =0
mq(pq/3 = p) = 0.625mq(pg=0) MeV — G2 A% = —68.4
mq(pq/3 = p) = 0.63mg(pg=0) MeV — GI A% = —81.9

_ = _ 2 A 2 _
> mg = —2GI (¢ Yq)(T=0) = W—szNchmq Jo qd|p\\/p2p7+7mg = 313 MeV

2 _ 2 A 2 _ 2
> f2= i Nemy [y qdlplm = (93 MeV)

> In the case of G, =0,

mq(p)/3 =p%) ~ 187 MeV
~ 0.6mq(p = 0)
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Parameter set

Parameter set

» The parameter sets for nuclear (i = N) and quark matters (i = q)

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

AN 377.8 MeV A, 653.961 MeV
GY A% 19.2596 GIA2 2.13922
GNAZ, —1069.89 GIA; 0

GN A%, 17.9824 G, A3 free®)

*) GI, =0, GI,AS = —68.4, GI AY = —81.9 (TG Leeetal PETP(2013)013002]
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Numerical Results

Numerical Results

with G4, A8 = —68.4

svttq T
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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 jiq vs Quark chemical potential fiq

3 T T T 8 T T T
_ — Stable
=0 1} Unstable

Pq/ Pr’
-

320 325 330 280 300 320 340 360
1y MeV] 1y 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
— with Gap-solution _.+*
----- with Massless .+**

Pq[MeV/tm’]

315 320 325 330
Mg [MeV] Hq [MeV]
> T =0 MeV

e g™ ~ 326 MeV : Chiral phase transition

o o = 0.38p} ~5.41p% : 1%-order phase transition
(pB = 0.13p% ~ 1.80pY)
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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
— with Gap-solution _.+*
----- with Massless .+**

Pq[MeV/tm’]

315 320 325 330
Mg [MeV] Hq [MeV]
> T =20 MeV

e g™ ~ 323 MeV : Chiral phase transition

o o = 1.30p} ~5.41p% : 1%-order phase transition
(pB = 0.43p% ~ 1.80pY)
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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 114

0

1o T ! j
— with Gap-solution_,.+**
----- with Massless "

—— Stable

15 / - -Chiral Phase Transition ] 6
=" T=40 2 :

10F

Pq[MeV/tm’]

—,1‘;2_0_4 o
o T-0

315 320 280 300 320 340 360
by [MeV] 1y [MeV]

> T =40 MeV
e g™ =~ 318 MeV : Chiral phase transition

o Py~ 5.780% 2"d_order phase transition

(pB ~ 1.93p%)
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Numerical Results

Quark-Hadron phase transition

with GZ,A8 = —68.4
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» Pressure p;

2 . 1000 T T T T T T T T
: Coex.
Nuclear Matter _ /a+*""
150 .t
MHE 100 | 4
& s Quark Matter
> IS
2 100F <
=) &
= Nuclear Matter 10 E
501 R oF
Quark Matter F— = Realized region
S S Unphysical region
1 L L L L L L L L

vs Baryon number density up

Numerical Results

900

L L L
1100 1200 1300

Hp [MeV]

1000

1400

> Pressure p;/po

: 0
vs Baryon number density g /py

1.5 2.0 25 30 35 40 45 50 55 6.0
P/ PN

> The condition for thermodynamic equilibrium
between the hadron and quark phases®) :

PN (T7 :UN) = DPq (T7 Sluq)

s uN(T) = 3uq(T) (= pB(T))

*) The condition for chemical equilibrium

dron Group Seminars (Apr.2

dron phase-transition using an extended NJL model

Investigation of qua



Numerical Results

Numerical Results with 2,48 = —6s.4

» Pressure p; > Pressure p;/po

vs Baryon number density pup

vs Baryon number density ;13//;?\,

T T T T 1000 T T T T T T T T
o
4
150 Quark-Hadron Phase Transition )
o 100 | X
E < [ S et Quark Matter
2 100F 4 =
=) &
= Nuclear Matter 10 E
50 E o
Quark Matter 4 = Realized region
P e Unphysical region
L L L 1 L L L L L L L
900 1000 1100 1200 1300 1400 15 20 25 30 35 40 45 50 55 60
g [MeV] Ps /Py’
> T =0 MeV
H L.
° ,u% ~ 1236 MeV Quark-Hadron phase transition

o oy = 2.64p% ~ 3.63p%
(pn = 2.64p% ~ pg = 10.90})

15t-order phase transition
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Numerical Results

Numerical Results with 2,48 = —6s.4

» Pressure p; > Pressure p;/po
vs Baryon number density up vs Baryon number density NB/P?V
2 . . . . 1000 —
|
4
150k Quark-Hadron P}lasc Transition 2Nuclear Matter /Coex.
— 100 | =
E o of Quark Matter
> =
2 100f R =
2 s -
& Nuclear Matter 10 E
sof i f i
4 — Realized region
Quark Matter S Unphysical region
f . . . | oy
900 1000 1100 1200 1300 1400 15 20 25 30 35 40 45 50 55 60
Mg [MeV] Ps /Py’

> T =20 MeV
o 4% ~ 1190 MeV : Quark-Hadron phase transition

o oy = 2490 ~9.99p% : 1%t-order phase transition
(pn = 2.490% ~ pg = 3.33p})
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Numerical Results

Numerical Results with 2,48 = —6s.4

» Pressure p; > Pressure p;/po

vs Baryon number density pp vs Baryon number density 1 /p%

T T T 1000 T T T T T T T T
o
4
Quark Matter ) Nuclear Mat.lcr
150 b 4 3
2 100
£ "
% 100 i = 4 Quark Matter
= No Crossing Point s
& Nuclear Matter 10k J
50 B 6|
4 —— Realized region
r e Unphysical region
o L L L L 1 s s s s s s s s
900 1000 1100 1200 1300 1400 1.5 20 25 30 35 40 45 50 55 6.0

Mg [MeV] P/ PN’

> T =40 MeV
e There is no crossing point.

= 1Storder quark-hadron phase transition disappears.
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Numerical Results

Phase diagram (up,T)

> Phase diagram with G?,A% = —68.4
250 T T T
200F ]
= 1s0F Ist-order Quark-Hadron ]
ﬁ [ 2nd-order Phsase Transition
B 100F ]
[ 1st-order
502 Chiral Phase Transition
[ ~,
0 A R TP SV A TRV
0 200 400 600 800 1000 1200 1400

Ug [MeV]

> 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 + Nuclear phase ( = Quarkyonic-like phase? )
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Gsv-dependence

(1 -dependence of phase diagram
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Gsv-dependence

(G -dependence of phase diagram

Sv

» Phase diagram with no scalar-vector interaction

250 ———T T T T
200 ]
S 150} Ist-order Quark-Hadron
ﬁ 2nd-order Phsase Transition
f= 100p Ist-order ]
Chiral Phase Transition
50 —
r —Q,
L ~.,
0'. P BT B B P [Pl P
0 200 400 600 800 1000 1200 1400
Up [MeV]
phase transition critical end point emerges terminates

> 15t-order chiral phase transition : (up,T) =~ (978,0) — (842,80) MeV
> 2"9_order chiral phase transition : (up,T) ~ (842,80) — (0,190) MeV
> 15t-order quark-hadron transition : (up,T) ~ (1236,0) — (955,39) MeV

— Hadron Group Seminars (Apr.26, 2013, JAEA-ASRC) —
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Gsv-dependence

(G -dependence of phase diagram

Sv

» Phase diagram with scalar-vector interaction

= Ist-order Quark-Hadron ]
g 2nd-order ., Phsase Transition
~ 100 .
[ 1st-order
“ [ Chiral Phase Transition
[ Y,
L ~.,
0 I TR B B B |l P
0 200 400 600 800 1000 1200 1400
Up [MeV]

critical end point emerges terminates

phase transition
> 15t-order chiral phase transition : (up,T) =~ (979,0) — (964,26) MeV
> 2"9order chiral phase transition : (ugp,T) ~ (964,26) — (0,190) MeV
(us,T) ~ (1236,0) — (955,39) MeV

> 15t-order quark-hadron transition

— Hadron Group Seminars (Apr.26, 2013, JAEA-ASRC) —
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Gsv-dependence

(G -dependence of phase diagram

Sv

» Phase diagram with stronger scalar-vector interaction

250 T
200f 3
= s0F ., 1st-order Quark-Hadron]
g [ Ind-ord Phsase Transition
nd-order
~ 100 .
[ 1st-order
50p Chiral Phase Transition 4
[ N,
0'. P R R SRR BV EPRPT)
0 200 400 600 800 1000 1200 1400
Up [MeV]
phase transition critical end point emerges terminates

> 15t-order chiral phase transition : (up,T) =~ (979,0) — (979,1) MeV
> 2"9order chiral phase transition : (ug,T) ~ (979,1) — (0,190) MeV
> 15t-order quark-hadron transition : (up,T) ~ (1236,0) — (955,39) MeV
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Numerical Result Gsv-dependence

—mdependence of phase boundary

G

SV

> GY,-independence of the quark-hadron phase transition

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

> Quark-hadron phase transition occurs after chiral restoration.
= mgq =0, (Ygthg)) =0
> G,-independence of pressure pq
Pa(Ts tg) = = [(HY "N (1 nq) = (HIF W (7m0, pgmoy ] + Ha(Na)) + T(Sa)

(YT = (By(v - PIPa)) = GL(Bgwa)® B
+GI (B 1 Ya)? + L (B a)* (B2 ¥a)?
1y = bq = 2 G+ GL, (B, wa)?] (@g7°%a)

= ((H!"")) and 1/, do not depend on G¥, due to ((1h,¢:)) =0
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Summary

— Concluding Remarks —

Investigation of quark-hadron phase-transition using an extended NJL model dron Group Seminars (Apr.26, 2013,



Summary

Summary

> We presented the treatment of the quark-hadron phase transition by
using the extended NJL model for nuclear and quark matters with
scalar-vector eight-point interaction.

» Numerical results

» 15t-order quark-hadron phase transition is described.

> 15t and 2"d_order chiral phase transition is described.
An exotic phase, i.e., the nuclear phase, while the chiral symmetry is
restored in terms of the quark matter, appears just before deconfinment.

= Quarkyonic-like phase (L McLerran et al, NPA796(2007)83)

2 T T T

Ist-order Quark-Hadron J
Phsase Transition

2nd-order

T [MeV]

Ist-order
Chiral Phase Transition

' L n ' n h
0 200 400 600 800 1000 1200 1400

Hp [MeV]
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Summary

Summary

> We presented the treatment of the quark-hadron phase transition by
using the extended NJL model for nuclear and quark matters with
scalar-vector eight-point interaction.

» GY,-dependence on the phase diagram

» Does not affect to the 15t-order quark-hadron phase transition.
= The phase boundary is not changed. (G%,-independence)
> Affects the chiral phase transition. (G,-dependence)
= Critical line of 15t-order shrinks with increasing GZ,,.
= Moves critical end point toward a larger ;g and a lower T'.

st-order Quark-Hadron]

order Quark-Hadron
hsase Transition

=
ase Transition )
£
=

Ist-order Quark-Hadron
Phsase Transition

T Mev)

Chiral Phase Transition

Ist-order ‘, Ist-order
Chiral Phase Transition Chiral Phase Transition
0l sof 50 3 q
- \-..s =,
. ., L,
! s, . )
200 40 60 80 1000 1200 1400 000 w0 w0 %0 1000 1200 1400

D T T T R E )
1y [MeV] 1 MeV] 1y [MeV]
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Summary

Summary

Future work

v

Consideration of the color-superconducting phase

= Pairing interaction (CSC in quark phase, Nuclear superfluidity in nuclear phase)

v

e.g. Quark-pair interaction ,Cg I (25C) [Kitazawa et al, PTP108(2002)929]

£l = G S0 [@girsm2rat) By ir5720athe) + (Byr2Aath ) (g T2Aath)]
a=2,5,7

where wqc = CEZ and Ef = wzC with C = iy24°

v

Assumption of the neutron star matter

= Phase transition between neutron matter and quark matter

(— Physics of neutron stars)

> e.g. Pure neutron matter (vy =4 =2, p+e = n+ pe)

Investigation of quark-hadron phase-transition using an extended NJL model — Hadron Group Seminars (Apr.26, 2013, JAEA-ASRC) —



Summary

Thank you for your attention!
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Back up
Expectation values

Expectati —
A Bt e (T=0)

4 1 :a .

(E./-;) =- _(I L4 Te(iSi(p)) = —4NfN}Vm, _d d % iS;(p) = 1/(P"" v — mi — i€) ; fermion propagator
i(2m)d . i(2m )4 p? — m? —ic . .
iy 14 0 Ny flavor number (.\'»,‘ =2, N{=2)

7 A0 L 4 i ap 14 !
R e e , ,

i(2m)? i(2m)d p? — m? —ic N cotor mumber (NN =1, NI = 3)
— dip - dp »?
( . b)) = — = - 1 N —— ————
(Wily - P)i) / '(‘,T),Tl('r pisi(p)) = —ANcNpm / @) P —mZ e

Matsubara sum J dpo/(2r) = iT ¥

Matsubara’s frequency  pa = w, = (2n+ DaT (T =1/ ; Temperature )

4. Finite temperature values ( T=0->T>0 )

3 ' ) ni =[ BEVPHmI— 1 fermion number
(i) = vi /:—?%(M —n') v _[ (Vb= o 1] i distribution functions
2m) /p2+mi T
v; = 21VfN ; degeneracy factor
(( iy (’vl) ) = v; / n++u')
@n 2.

« 2 :
@ wed =i [ (z’j)’sﬁw

n' —-n" —1
contribution of the occupied
negative energy states
should be eliminated.

—n')

Investigation of qua
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Themodynamic potential density

» Thermodynamic potential density :

wi = (HI) = milNG) — T(S)

(HMEY) = <@i(’7'ﬁ)¢_i>> —G§<@¢¢i>>2_
+GL (Wi Vi) + GLy (i) (v i)
N = (%% = pi

(sa) = —w/ (‘;ﬂg’g [nYInnly + (1 —nY)n(l —nY)

+n’ Innt + 1- ni)ln(l — nl) ]

and

3 2 . .
@ity v =i | (jw’)’s N S

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

Pressure

» Pressure of nuclear and quark matters :

Pi(Tm) = = [ V) = (T Vw0, pimmicr=op | + s (NG + T(S:)

where

(HIEW (r=0, pimm(m=0)) = @ily - P)i) — Gs(@;i)?

(-+ ) : Zero-temperature expectation value

TL:_(T =0) = 0(u] —\/P*+ mf) Heaviside step function

1 (p< 1//1';"2 - 3 = pF) pF Fermi momentum
0 (p>/ui?—m;=pp)
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Numerical Results

with G, =0

sSv
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Numerical Results with ¢2,

» Dynamical quark mass m, > Quark number density p,
vs Quark chemical potential jiq vs Quark chemical potential fiq
300 3 1 T T T
—— Stable
----- Unstable
250 E sk
% 200 1 E 6
E 150 1 —~
g g 4
100 1
T=50
50 E 2 1
T=0 .
200 2;0 300 350 2;0 3(‘70 3;0
Hq[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 with ¢2, =0

> Pressure of quark matter p, > Quark number density p,
vs Quark chemical potential 14 vs Quark chemical potential 14
AR aaAaaaae st L 10— T T
sor — with Gap-solution ] — Stable
S e with Massless .
60/
"E < T =100 Chiral Phase Transition = o
S wf : &
=) g 4
< 2 T=50
_/ T=50
ok ]
o T=0
L . " . .
240 260 250 300 350
Hy [MeV]

> T =0 MeV
e g™ ~ 326 MeV : Chiral phase transition

o o = 0.28p} ~5.41p% : 1%-order phase transition
(pB = 0.09p% ~ 1.80p%)

Investigation of quark-hadron phase-transition using an extended NJL model
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Back up

Numerical Results with ¢2, =0

> Pressure of quark matter p, > Quark number density p,
vs Quark chemical potential 14 vs Quark chemical potential 14
AR aaAaaaae st L 10— T T
sor — with Gap-solution ] — Stable
S e with Massless .
60/
"E < T =100 Chiral Phase Transition = o
S wf : &
=) g 4
< 2 T=50
_/ T=50
ok ]
o T=0
L . " . .
240 260 250 300 350
Hy [MeV]

> T =50 MeV
e g™ ~ 305 MeV : Chiral phase transition

o P = 276p} ~5.57p @ 1%t-order phase transition
(pB = 0.92p% ~ 1.86p%)

Investigation of quark-hadron phase-transition using an extended NJL model
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Numerical Results with ¢2, =0

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

vs Quark chemical potential 14 vs Quark chemical potential 114

BB AR RAR AP C AL AL ARAREARARL RARRA ALY
sor with Gap-solution
s mme with Massless
* / e ]
‘g T =100 Chiral Phase Transition - .
& - -
S 40r \ S &
O} -
2 54
= 20f J
& T=50 K
T A T 1 L L
240 260 280 300 340 250 300 350

Mg [MeV] Hq [MeV]

> T =100 MeV
e g™ = 263 MeV : Chiral phase transition

R p:-]mm N 6-33P9V : 2" order phase transition™®)

(p5 ~ 2.11p%)
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Numerical Results

with G4,A8 = —81.9

svitq T
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Numerical Results with 2,48 = —s1.9

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

vs Quark chemical potential jiq vs Quark chemical potential fiq

8 T T T

= Stable
----- Unstable

300

250

200

150

Ma[MeV]
Pq/ Pr’
-

100

1 n 1 n 1 4._/“‘ 1
300 320 340 280 300 320 340 360
1y MeV] 1y 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 with 2,48 = —s1.9

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

vs Quark chemical potential 14 vs Quark chemical potential 14

T T
— with Gap-solution i B — Stable
E e with Massless g B
6
—1 E /
& =, Massless Branch
g E z
&
% E T —
=) g
= E
=
E 2 g
2 " o " L ) L " L g L
300 310 320 330 340 280 300 320 340 360
Hq[MeV] Hq [MeV]

> T =0 MeV
e g™ ~ 326 MeV : Chiral phase transition

o o = 0299} ~5.43p% : 1%-order phase transition
(pB = 0.10p% ~ 1.81pY)

Investigation of quark-hadron phase-transition using an extended NJL model
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Numerical Results with 2,48 = —s1.9

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

vs Quark chemical potential 14 vs Quark chemical potential 114

14F  — with Gap-solution E —— Stable
R with Massless B
3 or
& E “z
> a
] E gt S
=) g
= E
[

T=0

2 L L B L L L g L

300 310 320 330 340 280 300 320 340 360
by [MeV] 1y [MeV]

> T = 30 MeV
e g™ = 323 MeV : Chiral phase transition

o Py~ 5.71p% - 2"d_order phase transition*)
(pB ~ 1.90p%)
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