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I. 引言—一些基本概念

• 夸克间相互作用：

ª强相互作用物质
原子核、核物质、夸克胶子物质、强子与夸克胶子的混杂物质

ª原子核物理即强相互作用物质物理，

微观粒子之间的力程短、强度大的相互作用。
•核力：r ~ fm量级，

不仅是研究至少两个结构层次上的物质的性质、结构、反应的科学，
还是揭示可见物质及其质量起源机制和宇宙物质演化的科学！

ª强相互作用

基本特征：电荷无关、有心力+非有心力、LS耦合、短程排斥芯、etc.

基本特征：渐近自由、手征对称性破缺、
色禁闭。
LQCD = 200 ~ 300 MeV .

1.强相互作用与强相互作用物质



2.相与相变的概念及物质演化过程的物理描述方案
§如何具体描述物质的演化是物理学人致力探索的瑰宝！

è可见物质演化过程可表述为强相互作用物质的相变！

ª相：不均匀的状态中，可以由力学手段分离的组分相同、
物理和化学性质相同的均匀部分的状态。

ª强相互作用物质的相
强相互作用物质即处于不同相的夸克胶子物质状态；

•夸克和胶子有手征对称 (CS) 相、CSB相，不禁闭相和禁闭相，
•原子核有多种集体运动模式相（形状相）。

ª相即确定对称性的态,   相变即对称性破缺or恢复的过程！

è可见物质及其质量的产生即强相互作用系统的不同对称性
破缺的表现，亦即不同的“涌现”现象。

ª相变：确定的外部条件下, 由一相到另一相的演化。



Ⅱ.原子核的相与相变

ª实验发现：
•原子核具有近似规则
的振动谱、转动谱

•原子核具有远大于单粒子的跃迁几率、电四极矩、磁矩、等

1.原子核具有多种模式的集体运动，即有丰富的相

ª原子核具有多种集体运动模式
•振动 •转动

Monopole Dipole Qudropole Octupole Qudropole Other modes

è原子核具有丰富的集体运动相（形状相）



ª理论研究方法

SU(3)、Pseudo-SU(3)、IBM、IBFM、FDSM,
最简单的IBM (sdIBM1) 下的能谱及与实验测量结果的比较

•扩展的壳模型
BCS、无规位相近似(RPA)、投影壳模型(Projected SM)

•集体模型
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2.原子核的集体运动模式相变

Deformation 
parameter

Isospin
excitation energy (e, T)
angular momentum
Interaction Strengths  ••••••

Control Parameter Order Parameter

Nuclear Shape Phase Transition 
and 

Shape Coexistence

ª原子核具有丰富的集体运动相（形状相）。
ª在一些因素影响下，原子核的集体运动相会发生变化，
即有集体运动模式相变（形状相变）。

例如：



ª表征原子核形状相变的标志量
• Potential energy surface
• Energy spectrum
• B(E2) ratios
• Ratio of E2 gamma-ray energy over “spin” 
• Overlap of ground state wave functions
• Fraction of the “deformed” boson number
• Enhanced E0 transition 
• Two neutron separation energy
••••••••
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3. IBM下对原子核集体运动相及相变的研究
ª 基本方法 (以具有U(6)对称性的IBM1为例)
§哈密顿量

!𝑯=𝑬𝟎+𝜺𝒅𝑪𝟏𝑼(𝟓)+𝑨𝟏𝑪𝟐𝑼(𝟓)+𝑨𝟐𝑪𝟐𝑶(𝟔)+𝑨𝟑𝑪𝟐𝑺𝑼(𝟑)+𝑩𝑪𝟐𝑶(𝟓)+𝑪𝑪𝟑𝑶(𝟑) ,
§投影相干态（近似表述）
N个 s、d玻色子系统的投影(内禀)相干态近似表述为：

§玻色子表述与集体模型中参数的对应关系
原理：不同表象中E2跃迁矩阵元相等。
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Ginocchio,   P. Van Isacker,  Chen,  Dieperink, Feng, …
理论基础介绍见刘玉鑫《物理学家用李群李代数》。



ª位能曲面与集体运动相
§一般情况
•不考虑角动量投影
位能面泛函：

稳定态条件： ， .

•考虑角动量投影
角动量投影算符：

位能面泛函：

稳定条件： .
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Ring-Schuck’s Book, Sun & Hara, Kuyucack & Morrison, … , Leviatan & Ginocchio, PRL 90, 212501 (’03)



For ,                 

§ Numerical Results
• U(5) Symmetry

Liu & Mu,  Phys. Lett. B 633, 49 (2006), 
Zhao, Liu, Mu, & Liu, IJMPE 15 (2006),  
1711

0<B0<+ BA

èL induces vibrational state 
becomes axial deformation
(rotational) state.

2=L 10=L

• SU(3) 
Symmetry

• O(6) Symmetry

g-soft 
rotation

triaxial 
rotation

è With the increasing of 
angular momentum,
the g-soft rotational state 
becomes triaxial rotational 
state, 
further shape-coexistence.

Zhao, Liu, Mu, & Liu, 
IJMPE 15 (2006),  1711



§同位旋驱动的集体运动模式相变

•同位旋驱动的集体运动模式相变实例

Iachello,  PRL 91, 132502  (’03)        Jolie, et. al.,  PRL 89, 182503 (’02)；
Y. Zhang, YXL, et al., PLB 732, 55 (2014).

稀土区原子核的双中子分离能两个同位素链核的E2跃迁分支比

•并存在临界点对称性

è不同模式的对称性破缺使得不同模式的集体运动得以涌现!

•哈密顿量
[ ]

)3(,214
)72()1(

)5(,27
)7)()(1(2

)6(,27

))(1(2
)3(,27

)1(

)5(,22
7

7
)1(2

)5(,12
7

7
)1(2

1

2
7

2
7

)()(

)(ˆ)(ˆˆˆ

ONON

ONSUN

UNUN

Nd

CC

CC

CC

QQnH

+-++-

+--

--

-

--

+-

+++-=

×+=

ccxccx

cxcx

cxcx

x

ccx

ccx 其中的𝝃µN对，因此可由该哈密顿
量出发通过数值计算进行研究。
已发现各质量区都有同位旋驱动的
形状相变。



Ⅲ.强相互作用物质的相与相变 (QCD相变)

影响QCD相变的因素:
介质效应：温度,

密度 (化学势)
有限尺度

内禀因素：流质量,
跑动耦合强度,
色味结构, •••

表述：相图

涉及相变：
禁闭（强子化） –退禁闭
手征对称性破缺 –恢复Chiral Symmetric

Quark deconfined

cSB, Quark 
confined

sQGP

研究方法：
实验：RHIC、Ast-Obs.
理论：离散场论、连续场论

计算：实现理论、模拟

1. 概述



2.  QCD相变的基本特征及对相关理论研究的基本要求
§基本特征
•涉及手征和禁闭两类相变；
•非微扰效应
两类相变都发生在非微扰能区(102 MeV);

§对理论方法的基本要求:
(1) 统一包含两类相变

• DCSB  &  its Restoration
• Confinement  &  Deconfinement
的特征和性质，

(2) 强相互作用的非微扰方法。



前述对称性表明，存在宇称相反的手征伙伴强子态，
但事实上不存在，
例如： mp»138 MeV,     ms» (400~550) MeV; 

mr»775 MeV,     ma1»1230 MeV .
è前述的手征对称性一定被破缺。
由于SUV(2)一直近似保持，则有破缺

SUL(2)ÄSUR(2) É SUV(2)ÄUA(1) .
手征极限下，è强子和Goldstone玻色子；
超越手征极限下，

Goldstone玻色子实际为赝Goldstone玻色子，如p，
并有GOR关系： .

3. QCD的手征对称性及其破缺

ª三味系统:   性质类似，但空间更大、关系表述较复杂，

§手征对称性破缺
ª两味系统有对称性 SUL(2)ÄSUR(2) @ SUV(2)ÄSUAV(2) .



ª产生可见质量的手征对称性破缺是动力学破缺

DCSB
In Dyson-Schwinger Eq. approach 
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§ Dynamical chiral symmetry breaking

è Increasing the interaction 
strength induces the 
dynamical mass generation

0¹qq

K.L. Wang, YXL, et al.,  
Phys. Rev. D 86,114001(2012); 
×××

Numerical results in chiral limit 
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§ The conventional Higgs mechanism can not generate     
the observable mass !

i.e., the CSB is DCSB !



§ Dynamical Chiral Symmetry Breaking (DCSB)
still exists when there has been ECSB 

Solutions of the DSE with MT model and QC model for the gluon 
propagator, bare & 1BC model for the quark-gluon vertex : 

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 (2012). 
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DCS solution
still exists!

Conditions: Interaction strength large enough, m not very large.

2nd order Phase Transition shifts 
to crossover.



(S.X. Qin, et al., Phys. Rev. C 84, 042202(R)  (2011) )

§ The masses of observable particles can have 
been described in DSE approach of QCD

( L. Chang, et al., 
Phys. Rev. C 85, 052201(R)  (2012) )

CLRQ vertex

L. Chang,  C.D. Roberts,
PRL 103, 081601 (2009);  
××××××

• Meson — Poincare covariant BSE with DSE



Poincare covariant Faddeev Equation 
• Nucleon — Relativistic three-body problem,

• Numerical results in RL approximation
S.X. Qin,
C.D. Roberts,
S.M. Schmidt,
Few-body Syst. 
60, 26 (2019);
S.X. Qin, et al.,
Phys. Rev. D  
97,114017(‘18);
etc. 



ª Confinement
Practical particle: spectral density is positive !

positivity violation è quarks are confined.

S.X. Qin, D. Rischke,  Phys. Rev. D 
88, 056007 (2013)

H. Chen, YXL, et al.,  Phys. Rev. D 78,  
116015 (2008)
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T = 0.8Tc

In MEM

è不同模式的对称性破缺使得不同模式的粒子得以涌现!



4. 关于QCD相变的研究需要新的相变判据

!  . qqcondchiralParameterOrder ：

§ Conventional Criterion

Procedure:  Analyzing the ThDyn Potential

Signature of PT:               etc., change sign .,, 2

2

2

2

µ¶
W¶

¶
W¶
T

ª Criterion determining the phase boundary line 
& the position of the CEP



Question：
In case of completely nonperturbative,
one can not have the thermodynamic potential.

The conventional criterion fails.

One needs then new criterion！

21



§ New Criterion: Chiral Susceptibility
l Def.：Response of the order parameter to 

control variables
,T

qq
¶

¶ ;µ¶
¶ qq,TM¶¶ ;µ¶

¶M ,TB¶¶ ;µ¶¶B

l Simple Demonstration Equiv. of New-C to Conv-C
TD Potential：
Stability Condition： 053 =++=¶
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At field theory level, see：Fei Gao, & Y.X. Liu, Phys. Rev. D 94, 076009 (2016). 



§Demonstration of the New Criterion

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

23

In chiral limit（m0 = 0）

Beyond chiral limit（m0 ≠ 0）

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



§ Characteristic of the New Criterion

24

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).

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

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

è the c criterion can not only give the phase  
boundary, but also determine the position 
the CEP.



ª QCD相图的数值结果

With bare vertex
(ETP is available,  the PB is 
shown as the dot-dashed line)

With Ball-Chiu vertex
(ETP is not available, but the 
coexistence region is obtained)
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• In chiral limit

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

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



• Beyond Chiral limit 
With bare vertex

(ETP is available,  the PB is 
shown as the dot-dashed line)

With CLR vertex
(ETP is not available, but the 
coexistence region is obtained)

26

• When considering the finite size effect
F. Gao, Y.X. Liu,   PRD 94, 076009 (‘16).F. Gao, et al., PRD 93, 094019 (‘16).

Y. Lu, M.Y. Chen, et al., 
PRD 105, 034012 (‘22).



Thin Pancakes
Lorentz g=100

Nuclei pass thru 
each other 
< 1 fm/c

Huge Stretch
Transverse Expansion
High Temperature (?!)

The Last Epoch:
Final Freezeout--

Large Volume
We measure the “final” state, 

we are most interested in the “intermediate” state, 
we need to understand the “initial” state…

5. QCD相变的实验室观测

ª一个可能的解决方案：由测得的重子数涨落确定热力学势，提取相变信息。

ª方法：相对论性重离子碰撞（RHIC）等 (u23u)

ª困难：实验测得的是再强子化后的信息，而非相变时的信息！

Y. Lu, F. Gao, X.F. Luo, L. Chang, and Y.X. Liu,   arViv: 2211.03401.

u23u.mov


ª简述了物质的相、相变及对称性等概念，
讨论了构建物质演化过程的物理描述方案的分析方法。

Ⅳ.小结

ª简述了强相互作用物质的相及相变的概念、范畴和基本研究方法，
以及一些研究进展情况和热点问题。

28

ª强相互作用系统的相与相变是不同能标下不同“涌现”的表现，
是协调“还原论”与“整体论”的极佳平台。

谢谢 !  

ª简述了原子核的集体运动相和相变的概念，以及研究现状和
目前的一些热点。

ª强相互作用系统的相与相变的研究
是揭示可见物质及其质量起源的机制和规律的重大课题，
是建立研究有限多体系统相变的一般方法的具体平台，

充满挑战和重大创新机遇，已取得很大进展，但任重道远！



§我们所处宇宙强相互作用物质演化过程概貌

不束缚的夸克、

胶子及电子等

夸克、
胶子
囚禁

强子

核
合
成

原
子
核

复
合
时
期

原
子

星
系
形
成

现
在
的
宇
宙

“已知”明亮物质：原子、分子 (强子)物质

高度对称,
mq = 0  . 

mq > 0 ，
呈6味3代 . 

为何禁闭? 
如何禁闭?

Higgs机制,手征对称性硬破缺

Mu,d @ 100mu,d，如何产生？

“全新”形态物质：
QGP?  sQGP? 

强子结构？奇异态？

核力？关联模式? 
集体运动模式及其相变?



§美国2007年核科学长期规划目录



美国人制定的核科学长期规划的目录

最新的可参见arXiv:2211.02224



How does the 
mass of nucleon

arise ??

ª The Nucleon Mass Crisis

What is 
the other 

99% ??

“核子质量起源”与“夸克囚禁”
共同构成一个世纪大奖问题！



ª微观粒子具有对称性和对称性破缺

§常见对称性变换和典型李群及李代数
• U(N) 群（AN-1李代数）：保模变换的元素的集合；

, 
其中𝑬𝒎"𝒎 为仅𝒎行𝒎′列矩阵元为1、其它矩阵元都为0的矩阵。
• SP(2N)群（CN李代数）：斜交变换不变的元素的集合；

其中

• SO(N) 群（ B[N/2]  或 DN/2 李代数）：正交变换的集合；

，
其中 ， .

§对称性：变换下的不变性。
§群与代数：满足一定条件的对称性变换的集合称为群，

群的无穷小生成元的集合称为其相应的代数。



§费密子系统的动力学对称性及其破缺

•生成元与表示

•对称性及其破缺

.)( 0
02

12 ++++ = jj
j aaP

U(2 j + 1) É SP(2 j + 1) É SO(3) .

其中

计算知,  费米子产生算符和湮灭算符的二次型𝒂𝒋𝒎
# 𝒂𝒋𝒎!及其叠加

的对易关系与U(2 j+1)、SP(2 j+1)李代数的对易关系完全相同，
这表明，费米子系统具有对称性和对称性破缺



§玻色子系统的动力学对称性及其破缺

•生成元与表示

•对称性及其破缺

U(2l + 1) É SO(2l + 1) É SO(3) .

其中

计算知,  玻色子产生算符和湮灭算符的二次型𝒃𝒍𝒎
# 𝒃𝒎!及其叠加

的对易关系与U(2l +1)、SO(2l +1)李代数的对易关系完全相同，
这表明，费米子系统具有对称性和对称性破缺

𝑃! = "#$%
" (𝑏#

!𝑏#
!)&& .



4. 原子核集体运动模式相变临界点的对称性
ª 求解玻尔哈密顿量

è
= infinite well                      E(5)

Inf-W + HO            X(5)

HO + Inf-W            Y(5)

)(),( bgb UV =

=+= )()(),( gbgb UUV

=+= )()(),( gbgb UUV



Spectrum of E(5)     Spectrum of  X(5)     Spectrum of  Y(5) 
Symmetry                    Symmetry Symmetry

(  Iachello,  PRL 85, 3580 (2000) )           ( Iachello, PRL 87, 052502(2001))     ( Iachello,  PRL 91, 132502(2003))  

134Ba,  108Pd,  130Xe,  ··· 152Sm,   154Gd,   156Dy, 150Nd,  ··· 166Er,  168Er,  ···
(  Casten,  PRL 85, 3584 (2000);                    ( Casten,  PRL 87, 052503 (2001);                      (PRC 68 , 024307 (2003); …

Ginocchio,  PRL 90, 212501 (2003) ;            Capirio, PRC 66, 054310 (2002); 
Zhang & Liu, PRC 65, 057301 (2002);           Tonev, PRC 69, 034334 (2004);  
Clark, et al., PRC 69, 064322 (2004);             Zhang & Liu, CPL 20, 1028 (03);  
Garrel, et al., PRC 73, 054315 (2006);            Dawald, et al., EPJA 20, 173 (04);                                                                                         

×××××××××× )                                                    Moller, et al., PRC 74, 024313 (06); Mertz, et al., 77, 014307 (08); ×××××××××× ) 
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§能谱和跃迁几率的计算结果表明这些解对应
核形状相变的临界点对称状态

Iachello,  PRL 91, 132502  (2003)         Jolie, et al.,  PRL 89, 182503 (2002);
Observables distinguishing  1st from 2nd :        Warner,  Nature 420, 614   (2002) ; 
PRC76, 011305(R)(2007);  PRL 100, 142501(2008); Casten, Nature Phys. 2, 811 (2006);   
Iachello & Arima’s Book (1987);  
Casten, Nature Phys. 2, 811 (2006); Casten, et al., J. Phys. G 34, R285 (2007); 
Cejnar, Jolie, & Casten, Rev. Mod. Phys. 82, 2155 (2010); 
••••• ••••••

Z(5)
Z(4)



ª临界点态的对称性的代数结构
§ General Discussion & the Algebrac Structure

Then, HE(5) = Hcri,Large-N = HF(5) , except for a constant. 

Five-dimensional infinite square well: 
translational and rotational inv. H = aC2,Eu(5) = ap2

Defining:

where ,                           ,                               .
For the U(5) — O(6) transition in the IBM , 

For low-lying states in large N limit ,
[ ])ˆˆ(ˆˆ

2
1

2
5

4
1

arg, dddNeLcri PPnH +--= +
- e



§ Algebraic Description of the X(5) symmetry 
and the evolution from E(5) to X(5) 

Recalling: the wavefunctions in E(5) and X(5) symmetries  
are all Bessel functions, but in different rank: 

Y. Zhang, Y.X. Liu, F. Pan, et al., Phys. Lett. B 732, 55 (2014).

,23)5( +=tn E with t : the IRREP of the SO(5) group, 

with L : the IRREP of the SO(3) group,.493
)1(

)5( += +LL
Xn

HX(5) = Hcri,Large-N = HF(5) , but with different QNs.

Branching rule of SO(5) É SO(3) tttt ,,32,22,2 ×××--=L
the E(5) – X(5) evolution can be realized with  



§ Numerical Comparison

Y. Zhang, Y. X. Liu, et al.,

Diagonalizing the Hamiltonian HF(5) with basis >D LN t|



ª Numerical Demonstration

Y. Zhang, 
Y.X. Liu, 
F. Pan, et al., 
Phys. Lett. B 
732, 55 (2014).

è “more” induces not only quantitative difference, 
but also qualitative one  as the same as “SB”. 



ª Numerical Demonstration

Y. Zhang, Y.X. Liu, F. Pan, et al., Phys. Lett. B 732, 55 (2014)

Scaling Behavior 



ª Describing Odd Nuclei in F(5) model
Recalling:  
wavefunction in E(5/(2j+1)) sym. is the Bessel function in 

rank: 

Y. Zhang, F. Pan, 
Y. X. Liu, Z. F. Hou,  
et al., 
Phys. Rev. C 82, 034327 

(2010); 
etc.  

,3)3( 11)4/5( ++= ttn E
with t1: the QN in the IRREP (t1,1/2) of the Spin(5) group, 

HX(5/(2j+1)) = HF(5) ,  but with different QNs.
Numerical 

result: 



Slavnov-Taylor Identity

§ Outline of the DS Equations

axial gauges       

covariant gauges

QCD

ª Dyson-Schwinger Equations
— A Nonperturbative QCD Approach

C. D. Roberts, et al, PPNP 33(1994), 477;  R. Alkofer, et. al,  Phys. Rep. 353(2001), 281; 
A. Bashir, ×××, LYX, Roberts, et al., CTP 58 (2012), 79; C.S. Fischer, PPNP 105(2019), 1; ×××××



§ Algorithm of Solving the DSEs of QCD 

？

？

• Solving the coupled quark, ghost and gluon
equations (parts of the diagrams) :

• Solving the truncated quark equation
with the symmetries being preserved.

46



§ Expression of the quark gap equation
• Truncation：Preserving Symmetry. è Quark Eq.

• Lorenz Structure

with

è Quark  Eq. in Vacuum : 

47

Q𝑨(𝒙, 𝒚) & Q𝑩(𝒙, 𝒚) are functions of the vertex & the gluon.
𝑩(𝒙)

• Quark Eq. in Medium
Tempt. T : è Matsubara Frequency                , Tnn pw )12( +=
Density r：è Chemical Potential      , µ
S S



§ Models of the effective gluon propagator

(3)

• Commonly Used: Maris-Tandy Model (PRC 56, 3369)
Cuchieri, et al, 
PRD,2008

A.C. Aguilar, et al.,
JHEP 1007-002 

• Recently Proposed: Infrared Constant Model 
( Qin, Chang, Liu, Roberts, Wilson, 
Phys. Rev. C 84, 042202(R),  (2011). ) 

Taking              in the coefficient 
of the above expression

1// 222 == ww kt

l General derivation and analysis (Zwanziger, PRD 87, 
085039 (2013) ) show that the one in 4-D should really be
infrared constant.
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§ Models of quark-gluon interaction vertex

• Bare Ansatz

• Ball-Chiu (BC) Ansatz

• Curtis-Pennington (CP) Ansatz

µµ g=G ),( pq (Rainbow Approximation)

• CLRQ (BC+ACM, Chang, etc, PRL 106,072001(‘11); Qin, etc, PLB 722,384(‘13);

Satisfying W-T Identity, L-C. restricted

Satisfying Prod. Ren.

49

C. Tang, F. Gao, & YXL, Phys. Rev. D 100, 056001 (2019) ）



ª Relation between the Chiral PT & 
the Confinement-Deconfinement PT

claim that there exists a quarkyonic phase.   

and General (large-Nc) Analysis
McLerran,  et al.,  NPA 796, 83 (‘07); 

NPA 808, 117 (‘08); 
NPA 824, 86 (‘09), ×××

§ Lattice QCD Calculation
de Forcrand,  et al.,  
Nucl. Phys. B Proc. Suppl. 153, 62 (2006); ×××

§ Inconsistence really exists?!
Nature of the Quarkyonic Phase ?!

§ Coleman-Witten Theorem (PRL 45, 100 (‘80)):
Confinement coincides with DCSB !!

quarkyonic



Wei-jie Fu, and  Yu-xin Liu, Phys. Rev. D 79, 074011 (2009) ; 
K.L. Wang, Y.X. Liu, C.D. Roberts, Phys. Rev. D 87, 074038 (2013); 
Fei Gao, and  Yu-xin Liu, Phys. Rev. D 97, 056011 (2018) ; 

§ Identifying the chiral phase transition 
with the masses of some hadrons

, when , the 
color gets deconfined. 

GT Relation

è Ms @Mp can be a
signal of the DCS. 

SS Mr /1µ mdS rr <

Hadron properties provide signals 
for not only the chiral phase transt.  
but also the confinement-deconfnmt.
phase transition.

51

222 4 qMMM += ps



Light flavor: coincident; Heavy flavor: 𝑻𝒄,𝒅 > 𝑻𝒄,� ! 

§ Flavor-dependence of the dissociation Temperature
& the relation with the Tc,c

52Ling-feng Chen, Si-xue Qin, and YXL, Phys. Rev. D 102, 054012 (2020)



ª An Excellent Astronomic Observation Signal: 
Gravitational Mode Oscillation Frequency 

• G-Wave in Newly Born NS/QS after the SNE

• G-Wave in Binary Neutron Star Merger
Fpostmerger

Î(1.84, 3.73)kHz,
with width<200Hz,
(PRD 86, 063001(2012))
Fspiral < Fpostmerger



• Comparison of G-mode Oscillation 
Frequencies of the two kind nb Stars

W.J. Fu, H.Q. Wei, and Y.X. Liu, arXiv: 0810.1084, 
Phys. Rev. Lett. 101， 181102  (2008)  

Neutron Star: RMF, Quark Star: Bag Model
Frequency of the G-mode oscillation



• Comparison with other modes

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

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


