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Physics: to reveal the
origin of matter

& mass, efc.

I. Introduction

Why & How

Confined ?

My = 939 MeV,

My q>= 100m,,,, S
DCSB | How ? )«iinae :
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Epr|C|t CSB
m,, = 3-6 MeV
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|. Introduction

Strong int. matter evolution in early universe
can be attributed to QCD Phase Transitions

Phase Transitions involved:

v 29 & Flavor Sym. — F.S. Breaking
2 e Quarks and Glua peconfinement—confinement
Z . % \ | Critical point? Quark deconfined DCS -—DCSB

= | o, :

=R R \ items Influencing the
G ol . ] Phase Transitions:

g' Medlum Temperature T,

}g = rkyonic ph »w« »"' - % Density p (or u)

Coupling Strength,
Color-flavor structu




& Points commonly concerned

e Relation between the chiral phase
transition and the confinement;

e Existence and location of the CEP;

e Characteristic of the matter at the T
above but near the T, ;

e Observables ; e cee

e Approaches should be nonperturbative QCD
ones involving simultaneously the charters
of the DCSB & its Restoration ,
the Confinement & Deconfinement ;
since the aspects appear at NP QCD scale

(10° MeV).



II. Theoretical View of the Phase Trans.
1. Overview of the theoretical Approaches

Ir Frontiers Nucliear Science
Theory ki . JJA LONG RANGE PLAN December 2007

The primary goal of the RHIC scientific program in
the coming years 1s t0 progress from qualitativf statements
to rigorous quantitative conclusions. Quantitative conclu-
sions require sophisticated modeling of relativistic heavy-ion
collisions and rigorous comparison of such models with
data of greater precision and extended reach. A successtul
quantitative interpretation of the heavy-ion data will require
close collaboration of the experimental data analysis witir=

the theoretical modeling effort. Without such an effort, the

Thus, an essential requirement for the ficld as a whole is

strong support for the ongoing theoretical studies of QCD

matter, including finite temperature and finite baryon density

lattice QCD studies and phenomenological modeling, and

an increase of funding to support new initiatives enabled
|

by experimental and theoretical breakthroughs. The success

of this effort mandates significant additional investment in
theoretical resources in terms of focused collaborative initia-

tives, both programmatic and commu nicy oriented.

& Discrete FT (L-QCD):
Running coupling behavior,
Vacuum Structure,
Temperature effect,

11 »

we

& Continuum FT:

(1) Phenomenological models
(P)NJL. (p)QMC. QMF.

(2) Field Theoretical
Chiral perturbation,
QCD sumrules,
Instanton(liquid) model,
Functional Renomlt. Group
DS equations,
AdS/CFT,
HD(T)LpQCD,




2. Dyson-Schwinger Equations
— A Nonperturbative QCD Approach

(1) Outline of the DS Equations *~— - -

Slavnov-Taylor Identity

axial gauges BBZ

AI“W k’p7q = II*(p) — II* q)

covariant gauges

A FAW(k’p’ Q) — H(kz) Gll,a'(qa _k) Hg:u(p) - GVO'(p1 _k) ng(Q)

C. D. Roberts, et al, PPNP 33 (1994), 477; 45-S1, 1 (2000); EPJ-ST 140(2007), 53;
R. Alkofer, et. al, Phys. Rep. 353, 281 (2001); LY X, Roberts, et al., CTP 58 (2012), 79; -




¢ Algorithms of Solving the DSEs of QCD
e Solving the coupled quark, ghost and gluon

equations (parts of the diagrams) :
e Solving the truncated quark equation
with the symmetries being preserved.

_ _1 ?.




4+ Expression of the quark gap equation

e Truncation: Preserving Symm. = Quark Eq.

d4
(27)

S™Y(p) = Za(—ip + Zmm) + Z16° f L[t S ()T (p. 9) Dit (p — q)]

e Decomposition of the Lorentz Structure
e Quark Eq. in Vacuum :
S~ 1(p) =ipA(p?, A?) + B(p*, A?)

(Alz }—l—l——fﬂfyuﬂ yf‘{ Ldiyj@;&[z,y]

yB(y)
| BO) =373 | Wiz + g 0= )




e Quark Eq. in Medium

Matsubara Formalism

Temperature T : =» Matsubara Frequency
@, =(2n+1) 7z

Density p: => Chemical Potential

S7'p) = S '(p.wa, )
Decomposition of the Lorentz Structure

S ~'(p) = iv - pA(p°) + B(p*). E—

S 1 (py sy, 1) = §A(p, )7 - o iC(p, )l + i) + B(F) + -



4+ Models of the eff. gluon propagator

G(k2) . kks
7Dy (k) = 40 (5, — P2k
o Commonly Used: Maris-Tandy Model (PRC 56, 3369)
w 872 ~im 1 — exp(—t/[4m f]]

D 9_“‘ -

! o In [— (l +t/ "Lﬂm ng} '

o Recently Proposed: Infrared Cons‘l'cmf Model

( Qin, Chang, Liu, Roberts, Wilson, JAHCI:E F/)«fg(iaggm_
Phys. Rev. C 84, 042202(R), (2011).) |
Taking ¢ /o' =k*/&* =1 in the coefficient . |
of the above expression

e Derivation and analysus in PRD 87, 085039 (2013)
show that the one in 4-D should be infrared
constant.



4+ Models of quark-gluon interaction vertex

[".(q,p) = t°T'.(q, p)
e Bare Ansatz

[,(3.P) =7, (Rainbow Approx.)
e Ball- Chlu (BC) Ansatz

Alp?) + Alg?) p+q) (v-p+7-9
M2 = 2 )2 | +(p — o AP = Ale))
—i[B(p*) — B(¢°)]} Satisfying W-T Identity, L-C. restricted

e Curtis-Pennington (CP) Ansatz

2

op, e, o1 o =) = (k+p)y-(p+q)
I (pa) = LCpg) +5(A0% - Al*) - o a) ‘ .:
dp.q) = PO+ M)+ M) “Satisfying Prod. Ren.

p*+q°
o CLR (BC+ACM, Chang, etc, PRL 106,072001(‘11), Qin, etc, PLB 722,384(“13))

L™ (pr, p) = U™ (pp pi) + T (pyy ),



A A theoretical check on the CLR model
for the quark-gluon interaction vertex

Physics Letters B 742 (2015) 183-188

Contents lists available at ScienceDirect

PHYSICS LETTERS B

Physics Letters B

www.elsevier.com/locate/physletb

Bridging a gap between continuum-QCD and ab initio predictions of @Cwssmk
hadron observables ) -
i < : I . - . d.+T- (kZ) ._kZd(kZ) _ as(¢ YA (k ; ¢%)
Daniele Binosi<, Lei Chang”, Joannis Papavassiliou“, Craig D. Roberts “-*"d " - [1+ G2(k2: ¢2)]2
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1oL (=3.0 GeV, ¢({2)=0.30 = ] DB s====
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& | % 4+ g \ ]
= ol S
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. o ) . ) ] Fig. 2. Comparison between top-down results for the gauge-sector interaction
Flg.. 1. RGI running interaction strength, d(k<) m.Eq. (_19), computed vid a combi- [Egs. (19), (22), Fig. 1] with those obtained using the bottom-up approach based
nation of DSE- and lattice-QCD results, as explained in Ref. [25]. We display the on hadron physics observables [Eqs. (4)-(8)]. Solid curve — top-down result for the



(2) DSE meets the requirements for an

approach to describe the QCD PTs
& Dynamical chiral symmetry breaking

v O T 0

@) = molnp/Aaool’ + C =0 (7g) # 0 mmp DCSB
In DSE approach Y
Gl S £ e
Numerical results 00 Frter =

16 F MT+1BC - QGHBC

in chiral limit

observables [GeV]
\
. - \
o
b
I 1

12 F s -
= Increasing the CE T T
° . L =" ~ [--""
interaction strength (o ENE - -S--FNT- - -
induces the dynamical 0 5 10 0 3 & 9

. D/w’
mass generation K.L. Wang, YXL, et al., PRD 86,114001(*12);



+ Dynamical Chiral Symmetry Breaking
(DCSB) still exists beyond chiral limit

L. Chang, Y. X. Liu, C. D. Roberts, et al, arXiv: nucl-th/0605058;
R. Williams, C.S. Fischer, M.R. Pennington, arXiv: hep-ph/0612061;

K.L.Wang, Y. X. Liu, & C. D. Roberts, Phys. Rev. D 86, 114001
Solutions of the DSE with MT model and QC model

§2012).
or

the effective gluon propagator and bare model and
1BC model for the quark-gluon interaction vertex :

observables [GeV]
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# Analyzing the spectral density function

indicate that the quarks are confined at
low temperature and low density

D 12 T T T T T | R - . _
I | s — T=1.1T, 115 (w,p) - S(T'wn-p)|iwn—>w+ie
- ' <4
= v sl g F § [-=-T=30T | |
i i
:: ::
1l !
i !
" |

+oo
) ~ de’
| Stinp) = [ 2P

e O iwn — W'

In(jA(tu)i)

154

| plw.p) = =i Ppu(w,p?)
‘ + 4w pe(w, )+ps(w«ﬁ2)

 In MEM

p(w) [GeV')

-2

u =0, 04, 05 GeV

0 10 20 an 40
t{Gev ") .
. _ aS[p,m]
P[{)‘ﬂf((}:)] — 7 € ’ ’
p=0.53 Ge\ S
-4 — — — = oo (w
_____ i=gg§ gzﬁ e | Slp.m| :/’—x dw [p(bc)7m(w)fp(w)hl:::(w))}
>
— al () , . 9 \2 .2
= o m(w) = mof(A* — w?).
= 3
= T
e F
¢ o ' 10 ' 20 ' a0 ' 40 -3 -2 -1 0 1 2 3

t(GeVv ") w[GeV]
d*p e S.X. Qin, D. Rischke, Phys. Rev. D
Alr ) = f e rrepes(pik) gg 056007 (2013) ’

H. Chen, YXL, et al., Phys. Rev. D 78,
116015 (2008)



¢ Hadrons via DSE
& Approach 1: Soliton/bag model in DSE

Ey(T,)=N,&, +4R°B-=

- R(T,u)?

=2, 2 =2 2
P ANG —+ W, CNG P AW —+ {f_}'mCW }
ANG Aw



& Hadrons via DSE
& Approach 2: BSE + DSE

e Mesons
BSE with DSE solutions being the input
Quantum field theory bound states: BSE L Chang,
Ta(p; P) = /h " K(p.k: P) S(ky) Do (ks P) S(h_) C.D. Roberts,
__ PRL 103,
P:cs:;’f/gﬂ+ T e e | 081601
™., e p- P2 (2009); -----
e Baryons
Faddeev Equation or quuark model (BSE+BSE)
G. Eichmann,

et al., PRL 104,
— 201601 (2010);




+ Some properties of mesons in DSE-BSE

Solving the 4-dimenssional covariant B-S equation with the
DS equation and flavor symmetry breaking, we obtain

Expt. (GeV) Calc. (GeV) Th/ Expt. (GeV) Calc. (GeV) Th/Ex-1 (%)
<07 0.7755 0.7704 70 0.13498 0.13460 03
p 0.7755 0.7755 = | 0.13957 0.13499 -3.3
“” 0.7827 0.7806 K*| 0.49368 0.41703 -15.5
K**|  0.8917 0.8915 K| 0.49765 0.42662 14.3
K0 0.8960 0.8969 " 0.54751 0.45499 -16.9
& 1.0195 1.0195 n 0.95778 0.91960 -4.0
D*Y 2.0067 1.8321 DY 1.8645 1.6195 -13.1
D= 2.0100 1.8387 D+ 1.8693 1.6270 -13.0
D 2.1120 1.9871 D] 1.9682 1.7938 -8.9
J /1 3.0969 3.0969 Ne 2.9804 3.0171 1.2
Bt 4.8543 B* 5.2790 4.7747 9.6
B*0 4.8613 BY 5.2794 4.7819 9.4
B0 5.0191 B! | 5.3675 4.9430 -7.9
B 6.2047 BT 6.286 6.1505 2.2
T 9.4603 9.4603 b 9.300 0.4438 1.5

(L. Chang, Y. X. Liu, C. D. Roberts, et al.,

Phys. Rev. C 76, 045203 (2007) )



4+ Some

Inte

(De

properties of mesons in DSE-BSE

I(:\:v']tehsg[]lg \\/,(\elr(t)el;(I)( Expt. RL-Padé RL-direct

M 0.138 0.138 0.138 0.137
Mg 0.84 +£0.03 0.777 0.754 0.758
Mg 1.134+0.01 0.4-1.2 0.645 0.645
Maq 1.28 +0.01 1.244+0.04 0.938 0.927
b,y 1.244+0.10 1.21 +0.02 0.904 0.912
May, — 1 0442004 0.46 £0.04 0.18 0.17

my, —m, 0403014 043002 0.15 0.15

s

( S.X. Qin, L. Chang, Y.X. Liu, C.D. Roberts,
et al., Phys. Rev. C 84, 042202(R) (2011))

n, (L.Chang, & C.D. Roberts, Phys. Rev. C 85, 052201(R) (2012) )



4+ Electromagnetic Property & PDF of hadrons

Pion electromagnetic form factor Proton electromagnetic forma factor

— Our prediction
-— VMD p pole

+ CERN '80s

+ JLab, 2001

JLab at 12 GeV

—— pert. QCD

4 JLab, 2006b

% JLab. 2006a

T T
T $

-
a
1

Q® [Gev]

PM and Tandy, PRC62,055204 (2000) [nucl-th/0005015]

P. Maris & PCT, PRC 61, 045202 (“00

i DSEBSA, this work 27 GeV? % \* T [ o =N Drell-Yan, {Q%) =27 GeV*
0.1 ;

®  E616 7N Drell-'Yan 16.4 GeV? %, "jﬂ ] - (¢ =127 GeV?, Full BSE
== = =Expt NLO analysis 27 GeV? _.\.. \\ i ] 0.2 __ - 27 eV | I mie e R 2 m -]
-— -— DSE (Hecht et al.)27 GeV? kY ‘\*. ] L - - : o . !
= = =Aicher et al .27 GeV? ) ok ] 3
ool .L‘“.\\.' 0.0 ——— I.}. PRI T S T J-. PRI [N T .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
- H i

R.J. Holt & C.D. Roberts, RMP 82, 2991(2010); T. Nguyan, CDR, et al., PRC 83, 062201 (R) (2011)



+ Decay width of M. —~Y™Y, %027y, Abo—=2Y™Y

T | ¥ | ] | T
— [ SE calculation 1

=«==gxfrapolation
1/(1+Q%m3, )
----- DSE PTIRs predition
® experiment

06 -

Fo . (Q*)Fy%_(0)

F | —— DSE calculation

- S T —-—-large Q7 limit  |—-—-m=msmme e
=y _ 0.4} .
- - - - .

02 o 1 1 1 " 1 f 1

Fre(Q%)/Fne(0)

-
-
e e

......... 0 ) 4 6 8 10

-
---------
- -

0.0 1 I . | A l A ] A | 1 LU L DL BN LA BN B LI L BN

0 10 20 30 40 50 ) )
QGeV? ]

06 -

F ol QY F,,(0)

04| —DSE Gazlc.uIE?tiun
—-=-large Q° limit

0.2 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
0 10 20 30 40 50 60 70 80 90 100

Q’[GeV?]

J. Chen, Ming-hui Ding, Lei Chang, and Yu-xin Liu, Phys. Rev. D 95, 016010 (2017)




+ T-dependence of the screening masses of

some hadrons

2.0

_TT ...... qqc‘ -

15 |
S [
8 [
= 10 [
E i

05 [

00 L

! ! ! ! | ! ! ! ! | ! ! ! ! | !
0.0 0.1 0.2 0.3
T [GeV]

Wei-jie Fu, and Yu-xin Liu,

GT Relation

MZ=M?2+4M.

2> M, =M,
can be a

signal of
the DCS.

r,cl/Mg ,when I <I_, ,the
color gets deconfined.
Hadron properties provide signals

for not only the chiral phase transt.
but also the confinement-deconfnmt.

phase transition.

m [GeV]

Phys. Rev. D 79, 074011 (2009) ;

K.L. Wang, Y.X. Liu, C.D. Roberts, Phys. Rev. D 87, 074038 (2013);



3. Criteria of the Phase Transitions
A Conventional Criterion

Order Parameter - chiral cond. (gq)! pe
Procedure: Analyzing the TD Potential

i — T=30MeV
T=50MeY
n.oo1E |- —T=90Me\1"
— T=100MeV
0.0010 b
=
% 0.DD0S |-
Il
= L
= .
00000 — o
-0o0s |- \/
Dm1 lllllll
Lo 0 0.5 10 15
L=}

Signature of PT: o9, 29 9, efc, change sign .



e Critical phenomenon can be a criterion for CEP

dp  O*P
X — W — W
o Odu?
25 . . . . ; | -
_ ! | 72 OP/T e
i | ——T=0.126GeV £ = - cy = —
20 b |-~ -T=0.128GeV| | I Il
- 4 [---- T=0.130GeV| | 80 ————
15} ]
&g - ! —— 11=0 GeV
S 10} 60} / —-=-0.08GeV
= , - - -0.11GeV
/ ---- 0.14GeV
or '
‘
"

Gao, Chen, Liu, Qin, Roberts, Schmidt, Phys. Rev. D 93, 094019 (2016).



e Locating the CEP with the Critical Behavior

65—

v T<T, ' 6.0

—fit with 0" =0.68 . I

5 it with o 55

h:,:: - ] — 5.0
= Fa A
s 4r 1 E 45¢

Quantity 7T-T,—0" T-T,—0" p—pp,—0" p—p,—0"
Cy 0.69 = 0.02 0.66 =0.01  0.69£0.01 0.6540.01
X, 0.69 = 0.01 0.68£0.01 0.68x0.01  0.65=40.02

(13, TY) = (110.9,127.5) MeV

Question: In complete nonper'tur'bahon, one
can not have the thermodynamic potential.
The conventional criterion fails.

One needs then new criterion!
Gao, Chen, Liu, Qin, Roberts, Schmidt, Phys. Rev. D 93, 094019 (2016).

v T<TE
— fit with £ =0.66




A New Criterion: Chiral Susceptibility
e Def.: Resp. the OP to control variables

oM ou . o{gq)y ae). OB OB . OB .
o7l ) 8/1 ’ orT b 8/1 ’ oT ) alu ’ 81]]0 ’

e Simple Demonst. Equiv. of NewC to ConvC
GlEA, S, REKRF BRI, 20065 H W)

SR __ R N BRS

4
Stability Condition: 22 = an+ Bn’ + yn’ =0

on

29 — o +38n* +5yn* >0, St.; <0, Unst. .

on®
Derivative of ext. cond. against control. var.:
2 4710 a 3|op 5(0 _
[0[ * 3'877 * 57/77 ](5_2)§=§c * n(g_g)GQ T (G_G)FJC T (5_2);;?0 =0

ﬂ(%‘;‘)gzgc+'73(Zf)gzgc+ﬂ5(22)g:§c At field theory level, see
(azgj Fei Gao, Y.X. Liu,
o Joa_, Phys. Rev. D 94, 076009
o (2016) .

on

we have: z = (2) . =-




& Demonstration of the New Criterion
In chiral limit (mg = O)

- 0.3 : %. vzl 7 ]
i 0.2+ i O 026 i
2 i 1 A 025} % .
o 0.1+ - =2 I |
1o 1o (a)
Y 0 I (a) 1 1 1 1 | \{ 0 I ‘ ;
'0.00 0.03 0.06 0.09 0.12 000 005 010 0.15 3020 025 030 0.35
300 - : " 300 ; : ‘ 300¢ (b) ' ‘ ‘ : (©) '
~~150! (b) : 1~ (C) 1501¢ i | 161
3_0 | 3?200' 1 =) ' 812_
S, Oremsgne T Ot
,5_1507 \ | 2100} J . 150+ ! | 8
' .
-300 . 0 00 L) A/
000004008012016 0.000.04 0.08 0.120.16 00 01 02 03 04 00 01 02 03 04
T [GeV] T [GeV] u [GeV] u [GeV]

S.X. Qin, L. Chang, H. Chen, YXL, et al., Phys. Rev. Lett. 106, 172301 (2011).

L (Gq) m,
e Qn c |rq |m| m . (Gq) = (@q)my — mo———
0 = dmy
[} 100} I F |
.I” - . —— crossover| |
I 25 & ---CEP ||
0.8+ = % ol == wigner 2 80t ¥
"© I Z 2 g = = = = = first order X
& 06k a 21, = 150 MeV 2 ol 'y
v 8 151 : 50 B 8 ! !
® r ) & I IMeV 2
& 0.4 = This work © o 40t
v | — — Fischer&Luecker T 101 E
i r -
02} =~ 1QCD S gl i~ 5 20t
00 1 1 1 1 0 = \j' 02_ ‘ i === 1 L 1 R
0.0 0.3 0.6 0.9 1.2 1.5 0 50 100 150 200 250 300 ol T =110 MeV ;‘,L 4D 80 120 160 200

T, T/MeV o 180 200 TiMeV

Fei Gao, Y .X. Liu, Phys. Rev. D 94, 076009 (2016)



& Characteristic of the New Criterion

As 2nd order PT (Crossover) occurs,
the ys of the two (DCS, DCSB) phases
diverge (take maximum) at same states.

As 1st order PT takes place,
xS of the two phases diverge at dif. states.

=> the yx criterion can not only give the phase
boundary, but also determine the position

the CEP.

For multi-flavor system,
one should analyze the maximal eigenvalue of the

susceptibility matrix (L.J. Jiang, YXL, et al., PRD 88, 016008)
or the mixed susceptibility (F.Gao, YXL, PRD 94, 076009).



& Some Numerical Results

% QCD Phase Diagrams and the position
of the CEP have been given in the DSE

e In chiral limit

With bare vertex With Ball-Chiu vertex
(ETP is available, the PB is  (ETP is not available, but the
shown as 'rhe dot- dashed Ime) coexistence r'eglon is ob‘ramed)

0.14 014 ——7v——
012[ T-SEP- (0.120.13108v 'ﬁ """"" _' 012}~ CEP=~(011,0.14)Gev | *ramn|
I ____%Wigner' I = __--;{Wig
0.10 O N R Py=Pu] 0.10 i Chiral symmetry restored
%J 0.08 I \‘\ "\ \Chiral symmetry restored % 0.08 i Chiral v broken
O 0.06 L \ | O, 0.0l iral symmetry broken
= [ . ‘1 \ = [
0.04 | Chiral symmetry brokulen \'\. 0.04 L o
0.02 I " \\ ) _ 0.02 I \ Co-existence \'1 i
i '. Co-ek‘!stence (b) | i :‘ (a) ]
0.0% — : 0.00
.0 0.1 0.2 0.3 04 0.5 0.6 0.00 0 05 0. 10 0. 15 0. 20 0. 25 0 30 0. 35 0.40
n [GeV] n [GeV]

S.X. Qin, L. Chang, H. Chen, YXL, et al., Phys. Rev. Lett. 106, 172301 (2011).



&% QCD Phase Diagrams and the position
of the CEP have been given in the DSE

e Beyond chiral limit

With bare vertex
(ETP is available, the PB is

With CLR vertex

(ETP is not available, but the

shown as the dot-dashed line) coexistence region is obtained)

vvvvvvvvvvv

0.15

chiral transition
- = deconfinement

-— e e ZN

0.12

0.09 | (0.185, 0.106) .

0.06 +
0.03 - \\
000 R 1 N I . LA 1 N 1 \\
0.0 0.1 0.2 0.3 0.4 0.5 0.6

w/GeV

F.Gao, J. Chen, Y. X. Liu, et al.,
Phys. Rev. D 93, 094019 (2016).

160

150 f=- _
L \\ :&b} 150 7
120 - "N B 10 5
"(87.4,126.3) " - 1
NN 8% 25 40 s0 _

90 ~
> NG u/MeV
= i A Y ~
= I SN
— 60 —— N N,
A Y .
— -xN - l\
30 |+ « =deconfinement N ~
\ ~ ]
0 . 1 , 1 . bl , N 1
0 100 200 300 400
wa/MeV
F. Gao, Y.X. Liu,

Phys. Rev. D 94, 076009 (2016).



% Some Issues highly concerned here

e Interface tension & its effect.
e Viscosities (Shear & Bulk )




III. Facilities & Observables
1. Relativistic Heavy Ion Collisions (RHIC)

Thin Pancakes Nuclel pass Huge Stretch The Last Epoch

However, One can not get very hlgh

density matter in Lab.

Currently Working: RHIC@BNL, ALICE-LHC@CERN
Under Construction: FAIR@6, NICA@R, HIAF@C

Jet Q., v,, v3, Viscosity, CC Fluct. & Correl.,
Hadron Prop., y, ---



2. Astronomical Observables:
Properties of Compact Stars (Pulses)

Radio Pulses == *“Neutron” Stars
P —— M -R Rel..
o [ [|[[[0000 ¢ Rad. Spectra,
Inst. R. Oscil.,
Frequency of GW,

= Composition &
Structure of
NSs |

J. M. Lattimer, et al.
Science 304, 536 (2004)




% EOS of the matter involving QCD
phase transitions & Composition of the

NS with M>2 .OM,,,

- Hadron Matter: RMF;
Quark matter: DSE;
Interplay: Gibbs Construction

& 3-window construction®EOs “——
e TOV Eq. & MR Relation.

&)

o Distribution of the ingredients

in terms of the radius,
=> Massive pulses may be
hybrid stars.

Z Bai & YXL Phv. Rev. D 97. 023018 (2018) =



& Gravitational Mode Oscillation Frequency
can also be an Excellent Astron. Signal
e 5-Wave in Binary Neutron Star Merger

I:postmerger

(1.84, 3.73)kHz,

with width<200Hz,
(PRD 86, 063001(2012))

I:spiral <F

o G-Wave in Newly Born NS/QS after the SNE
i o @

postmerger

R~15 km
T.~50 MeV

() t ~15 s

(Dt=0s maximum heating

stondoff shock



e Comparison of G-mode Oscillation

Frequencies of the two kind nb Stars
Neutron Star: RMF, Quark Star: Bag Model

Frequency of the 6-mode oscillation

Radial order

of g-mode

Neutron Star

Strange Quark Star

t =100t =200t =300t =100 |t = 200{t =300
n=1 (17.6 [ 774.6 | 730.3 | 82.3 | 7.0 | 63.1
n=>2 443.5 1 467.3 | 464.2 | 52.6 | 45.5 | 40.0
n=3 323.8 1 339.0 | 337.5 | 353 | 30.8 | 27.8

W.J. Fu, H. Q. Wei, and Y.X. Liu, arXiv: 0810.1084,
Phys. Rev. Lett. 101,

181102 (2008)




e Comparison with other modes

Neutron Star: RMF, Quark Star: Bag Model
Frequencies of the f- & p-mode oscillations

Modes Neutron Star Strange Quark Star

t=100 t=200 t=300|t=100 t=200 £=2300
of | 1103 1133 1176 | 2980 2997 3016

VIR IR 9404 T 1RIRD) 17220 1R709
Wel Wel & Collaborators’ work (1811.11377)

Confirms these results qualitatively !
23 | JJ 1 J UL JOLJ | JOJOO JIVIIU IJ(JO

& G-mode oscillation in quark star has very low freq. !
W.J. Fu, Z. Bai, Y.X. Liu, arXve:1701.00418



e Taking into account the DCSB effect

Newly obtained results for QS in NJL Model

Radial order

Neutron Star

Strange Quark Star

of g-mode [t=100{t=200|t=300{t=100t=200|t=300
n=1 717.6 | 774.6 | 780.3 | 100.2 | 115.4 | 107.4
n =2 443.5 | 467.3 | 464.2 | 60.1 | 57.0 | 51.8
n=23 323.8 | 339.0 | 337.5 | 42.9 | 40.9 | 40.2
Ay 4= 320 Ay 4=~ 40

e Work in the DS equation scheme is under

progress.




V. Summary & Remarks

a DSE, a npQCD approach, is described.
e Characts. npQCD are featured well in DSE

& QCD PTs are presented via the DSE

e Dyn. M., Phase Diagram & CEP are given;

e Matter at the T above but near T.,is sQGP;
e Hadronization takes place at T <T_ ;

e Quarkyonic Phase arises from ultrahot effect

e non-radial oscillation frequencies may be a
signal of the QCD phase transitions.

Thanks !!



& Disperse Relation and Momentum Dep. o

the Residues of the Quasi-particles’ poles

= ys matter at Te(1,1.5)Tc is in sQGP state

w(p)/m(T)

T — BOTC T 1. 1TC
5 | 10— —- 15— 10
| wrNorm | I - 1 i i -
4 - — wi T Mzdé 0.8+ ’,// - - / i o8- |
—ef / / TN I N
3 / 7 ’5: 0.6 ?' —7 | L:, - - 3 06+
2 . // NG 0.4 k—\ — Z'+ | E Zero_Mode ?I"O al
/s NI Q05- . '
_// . . - \\ ~— -V — o N /
1 e\‘--; o0 021 \\ 13 : e w_+: 02 _~
Plas—mmo M. i Sae ] — o S
O 0 L L. T 0 A T S— 0 |
0 1 2 3 4 O 1 2 3 4 0 2 4 6 0
P pIT p/T

e The zero mode exists at low momentum(<7.0T¢),

and is long-range correlation (A ~ @1 >Arp) .

S.X. Qin, L. Chang, Y.X. Liu, C.D. Roberts, PRD 84, 014017 (2011);
F. Gao, S.X. Qin, Y.X. Liu, C.D. Roberts, PRD 89, 076009 (2014).



& Hadroniz. Process
e For the sysfem a1' Thermodynamlc limit,

S/Ssp 1
P/Psg ¢

—  J-P. Blaizot,
. etal,
~ PRL 83,2906

In fact, 'rher'e exists finite interface, which
contributes to the entropy of the system.

The monotonic behavior manifests that the
entropy density of the quark-gluon phase is
always larger than that of hadron phase.

(Nonaka, et al., Phys. Rev. € 71, 051901R (2005) ;
tec.,)

---- Entropy Puzzle.

Yy A



4 Relation between the Chiral PT &

the Conf.—Deconf. PT
& Lattice QCD Calculation

de Forcrand, etal.,
Nucl. Phys. B Proc. Suppl. 153, 62 (2006); ---

and General (large-N¢) Analysis

McLerran, et al., NPA 796, 83 (‘07);
NPA 808, 117 (‘08);
NPA 824, 86 (‘09), -

claim that there exists a quarkyonic phase.

& Coleman-Witten Theorem (PRL 45, 100 (‘80)):
Confinement coincides with DCSB !!
& Inconsistence really exists?!

Nature of the Quarkyonic Phase ?!




& Interface effects in the hadroniz. Proc.

e Interface tension between the DCS-unconf.
phase and the DCSB-confined phase

With the scheme (J. Randrup, PRC 79, 054911 (2009)
F(F)=nu+iC(Vn)’ +----=nu+iC(Vn)?,
we have AR, =F_(n)—F,, (n),

Wi'l'h F|\/| (n) — FT (nL) | Fr(ng)-F(ny) (n_nL)

and (EoM) AF, +1C(2)2=0 .
> y(M)=[ AR dx=-1["C(2)%dx,
_ j JESAF, (n)dn




e Interface tension between the DCS-unconf.
phase and the DCSB-confined phase

H J. Randrup, PRC 79
_ C , ,
y(T) _InL VAR (n)dn . 054911 (2009)
30 — S 1)
DCS—DCSB | DCSB—DCS |,
E‘j 10+ fz
0o 40 80 120 0 40 80 1200

T/MeV T/MeV

Parameterized as y(7T) = a + belc/T+d/T"),

a/(MeV/fm?) b/(MeV/fm?) ¢/ MeV d/GeV?

DCS — DCSB 254 —1.5 736 —0.048
DCSB — DCS 40.0 —8.1 399  —=0.025

with parameters

Fel Gao, & Yu-xin Liu, Phys. Rev. D 94, 094030 (2016)



e Interface effects in the hadroniz. Proc.

Solving the entropy puzzle

In thermodynamical limit -
OP
T’ I

0

s/fm?

1 5
Sy _?(E i P—ﬁf?) = _

0 40 80 120 O 40 80 120
T/MeV T/MeV

W|1'h The m’rer'face enfropy densn'ry
( ) i DCS—- DCSB Locse—~pcs @ 46
VA 4 ——Nambu(v+A) A —\':Jvaglbug) N _
- = = Wigner(V) , 1° = igner(v+ ) .
bemg mcluded totracold At BT
we have % 2 ' '

‘Phenom.

F. Gao, & Y.X. Liu, b el _

Phys. Rev. D 94, 0 O I .+ . 10

094030 (2016) 0 40 80 120 O 40 80 120
T/MeV T/MeV



& Viscosities & their ratios to
the entropy density in medium

o 1 [ dlk||k]®
p — /U k|lk |£:|(”' (1 {f:lﬂ(rul-' 1,

02T Jo () 2T TV (Ik])
) Pk 1
5 “/ (27’ (ar )2TT¥ (K] " (g U g (g )

(- =)

(m L) = lf’({*mﬁﬁ — )JIT k

n;
K]

2 __ 0P
‘? f}E‘ J & FRTW(k),



+ Width of pion in medium

e With the T-dependent mass and @ =7/
decay constant of © obtained by :.:

o

solving the BS equation as the &

0.00

input of the Roy Eq. of n-n scat., = * "0
2> My(T), T5(T), My(T), T (T). jE

mm.re

(1, 1
e With " = Z / dM?p,(M)\T
[ #

Width/MeV

r;,lr- ny )

| "@
[, = - doL,(w)[n(w) — n(o”. + )],
L6zm,|k| o, k] -
r'"/MeV

. 7 ) 151.0
N, — /[1 dM?p, (M) (M) =1 | 15° I”“

N, = | M), (M) = —Im|— — .
' J(m; ) ' Pr T M- — "'lvf | fr ""rf 100 zz:
f_.-”-(ﬂ)) — LH:T and L ,{m) = 2 2m2(m2 — M2) — 2(—w™. wM?3 + m})], s l30.20
_]- Ir 14 Ir || Q== 0.000

> FRTW(k) ; | e

F. Gao, Y.X. Liu, Phys. Rev. D 97, 056011 (2018) .



% Viscosities & their ratios to  [g&w ¢

the entropy density in medium s 20:%5':66(\)’1113
=> The vuscosmes & their r'a1'|os to the s.

‘10 L T T L T ] 1':' T
- - - - nfs W|thout HTLH
i n without HTLR n/s with HTLR B

n with HTLR ] : _ -]
- Fa -

-

n/GeV’
o
n/s

- — — =& without HTLR
- —Cowith HTLR

— — - &/s without HTLR |
/s with HTLR '

Trans. region, |

0.1 Quakoyonic?_ _ -
[ | | . | , 0.01F |
0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20

= Quarkyonic Phase is a Demonstration of
the Ultrahot effect !



