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|. Introduction

1. Fundamental Ingredients of Observable Matter

e Observable matter is composed of atoms,
more deeply, nuclei, hadrons.

On mass, they are strong interaction matter.

e e-p scattering experiments :
(PR 98, 217(1955); PRL 5, 263(1960); PR 124, 1623(1961); etc) PN
reveal that proton is not point N

particle but composite one. Bl - ;
2 Hadrons: composite particles. : -

Compositing particle: partons; 0 i
=» quarks and gluons. |
2 Strong interaction matter in early universe

is quark-gluon matter, even QGP.

Vs




2. Overview of the Strong Interaction
Matter Evolution

& the nucleon mass crisis
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3. General view of the mass generation

(1) Generally it is believed that mass is generated
from the chiral symmetry breaking,

Specifically the usual Higgs mechanism is not
enough to generate the observable mass.

s Concept of Symmetry
e Symmetry: invariance under a operation/transformation
Noether Theorem: a continuous symmetry
corresponds to a conservation charge.
Wigner Theorem: symmetric transformation affects on
physical quantity,
the observed value does not change; ---

e Theory of Symmetry: Group & Algebra theory;
Continuous one: Lie Group & Lie Algebra.



s Largest Symmetry of a Quantum Particle

& Quantum state: Wave function y(q) ;
l\w(q)|* describes the probability
distribution of the particle at the state.

& Symmetry: |y(q)|* maintains its distribution
under the operation, i.e_, |6W(q)\2 = |lw(q)|?,
=>» the operation holds unitary symmetry.

& Realization of the Symmeitry
Mathematically:
u(n) algebra » matrices: {E,,|p,p"=1,2,--,n},
with [Epy, Eqq] = 8pqEpg — OpgEqpy -
Physically: E,, =ala,, or blb,,
=» u(n) can be realized with fermions or bosons.



& Contraction of u(n) Algebra &
Dynamical Symmetry Breaking

& U(n) o O(n) g
Mathematically: o(n) algebra » matrices:

U pp = Epp — EpplDP" = 1,2, , N},
with [Ipp” ! qq'] = Opqlap + Oprqlpg — Opqlyq — Oprqlpg
Physically: 1,,=b.b, —b!b, .
= o(n) can be realized with bosons,

and there exists contraction u(n) > o(n).

& Similarly, sp(n) (n=even) can be realized

with fermions, and the elements are

g o T
_pq—apaq+aqap ;

There exists then contraction u(n) o sp(n).



% Symmetry Breaking

There exists algebra contraction (group chain):
u(n) o o(n) , for boson system;
u(n) o> sp(n) , for fermion system .

With the irreducible representation of the
u(n), o(n) (sp(n)) being labelled as A, A,

the basis of the states are: {|A L --)}.
Degeneracy is reduced by the A,

the symmetry is broken.

If the Lagrangian (Hamiltonian) involves terms
of the Casimir operator(s) of the subgroup(s),
it is the dynamical symmetry breaking (DSB).
If not, it is the spontaneous breaking (SSB).



% Ex.: Classification of light-flavor hadrons

& Color Structure

Hadron is colorless, corresponds to IRREP. [O].

& Flavor Structure
Approximately SU.(3) symmetry,
o meSOnS (qq) KO(dE)::::...‘.U.‘. ....... .K (@ ’°<d§l‘.:,.......,“. ...... ._"z...K'*(ué)

T (d) o dn n* (ud) p~(dd) o |lo p*(ud
3X3—8+1, ——— O —— — "@D >

e baryons, (qqq),

_ Sy
3x3x3=104+8+8 + 1; W B R
b >0 (uds)

& Mass Spectrum




(2) Chiral Symmetry & Its Breaking
s QCD Lagr'qngian

N B
EQQ_D = Z{jf }[ED — ?Hf){jf{ r) — 1(;“”[ )CTHU{L‘J-
F=1
where ¢ (r) = 0,AL(x) — 0, A%(x) + gf A (x) A ()
U Ty, (Lo 0 _
e = ( ior, 0 ) 5 T4 = ( 0 I, ) ’ { } 2‘5;1:;

Chiral rotation operator »:=_ éui ).
where i

Vs = —V172737a = (
onhe has then

1 — 1
=Plg=(1E%)q.  ¢BF= (") =751 F 7).

0 _IQXQ )

I, 0 {75, 7.1 =0 (p=1,2,3,4).



and in turn,
() Day () = g (1) Dok () + af (2) Daf(x).
e., the kinetic energy part is invariant
under the chiral transformation ¢
The gauge field part is definitely invar'iarn‘
=> the system holds chiral symmetry if m0 =
However, m;a:(x)q;(x) = mi(qf (x)q7 (x) + qf (x)qf (a ))-
is not invariant!
2 The chiral symmetry is broken, if m} = 0 .

=> Chiral symmetry breaking induces a mass
for a quark.



s Ex.: the CS & CSB of two flavor system

& Chiral symmetry
° Lagr'angian
Lqcp = u(x)(il) — m> )+ d(z)(i) — mY)d(a j G () GhY () -

e Chiral symmetr'y S |
Isospin operators: n=§(‘f f]) =

Lof the system in chiral limit (md =mf =o0) is
invariant under Flavor transformation

!
“ “ _ (.ti(fkei""k+"I.5f|tc6ﬁ'k} “
d d’ d

Decomposing the isospin operator as © = " + "
the # i+ ™-0-+7 form two su(2) algebras,
L maintains invariant, = SU, (2)QSUx(2) Sym.
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Defining 7 =1" — " = .t

and ﬂO"’iCiﬂg ti 4] = igijete . [t 25 = igiprn . [z 2] = degdy .
= the SU, (2)®SUR(2) symmetry can be written
in other form.
Taking VE = igMiq A* = igyHastq .
one has 0,17 =9, 4" = 0.

Defining (charges) 7 = f davi, X = f AT
?hey behave T, T =icipTi, [T, Xj) =deipXe, [Xi, Xj| =gk,
the quark field transforms as

[f rﬂ = —1{q. [f q] = —1Iq.

=» The chiral symmetry can be rewritten as



e Chiral Symmetry Breaking

Above mentioned symmetry means that
there exist chiral partner states with
opposite parities.

In fact, m_ ~138MeV, #* m,=~(400~550) MeV;

m,~775MeV, %= my~1230MeV .

= The chiral symmetry must be broken.

Since there is always SU,/(2), the breaking — .
should be SU, (2)®SUx(2) o SUy(2)®U(1). <&

=» in case my = 0, Hadrons & Goldstone bosons;

in case my # 0, Goldstone b. = pseudo ones;
0 0

e.g., pion, GOR relation: m:f; = —(m, +my){qq) .



& Classification of the CSB

e Explicit Breaking (ECSB)

The current mass induced CSB.

e Spontaneous/Dynamical Breaking (DCSB)
If the Lagrangian maintains the symmetry but
that of the vacuum is broken, the Br is SCSB.
€.g., L= iy - pib + M)

Self—ener'gy = A= ATr(S) = A /D AQ__ M = AM|A2 = M?In (1 + A )|,

p? + M? M2

S : ; ]_ g 1512
l.e., M(A-5)=Mn (1 n T) |

The Eq. has always solution M =0 ;
As L > A%, the equation has non-zero solution(s).
=> As the interaction is strong enough, the CS
is broken simultaneously, in turn SCSB/DCSB.
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Early Universe A LONG RANGE PLAN
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4 Requirement for the theoretical
approach to describe the DCSB

e Phenomena related
the DCSB & its Restoration |,
the Confinement & Deconfinement ;
Generally denoted as QCD phase Transu'rlon

typically nonper‘rur‘bahve | ;jﬁ e,

||||||

® The approaches should be the ones mvolvmg
simultaneously the charters
of the DCSB & its Restoration
the Confinement & Deconfinement ;
i.e., the NP QCD !




Il. Dyson-Schwinger Equations
— A Continuum npQCD Approach

1. Outline of the DS Equations of QCD
DSEs: of the most probable stationary field configurations.

QCD: SU(3) gauge field theory
Ls =P (D, —m) Py — GG, »

Slavnov-Taylor Identity TP . .
A ) 0 oD méim
vjj . Sl e - an(pen

axial gauges Mt
ka T¥(k,p,q) = II*(p) — II*’(g) ‘

covariant gauges
kT (k,p,q) = H(K?) [Guola,—k) TIL,(8) — Guolp, —k) T, (9)]

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




2. Algorithm of Solving the DSEs of QCD

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

9 = + 4{5 i—
—1: —1+2 u/d::E

e Solving the truncated quark equation

with the symmetries being preserved.

-1 -3 ?
S p———y &




3. Expression of the quark gap equation

# Truncation: Preserving Symm.= Quark Eq.
dq
(2m)*

S™Y(p) = Za(—ip + Zmm) + Z16° f 7.8 ()T (p. @) Dt (p — q)]

& Decomposition of the Lorentz Structure
e Quark Eq. in Vacuum :

§71(p) =ipA(p?, A2) + B(p?, A%)
(Ale) =1+ L [gy—¥4W) o (.
with | 7" or7 | Wy + 5O
1 B
B0 =g | vy + O

where O,(x,y) & Og(x,y) are functions of
the vertex model & the gluon model.



® Quark Eq. in Medium

Matsubara Formalism

Temperature T : =» Matsubara Frequency
o, =(2n+1)7x

Density p: =2 Chemical Potential

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

S "'(p) = iy pAPY?) + B(p?) . E—

S llfp. Wy, Jt) = 1A, Wy, )Y+ p+1C(p, p)yalw, + 1) + B(p) 4



& Models of the eff. gluon propagator

G(E?) koko
i Dolk) = 4555 (5, — Folkr)

o Commonly Used: Maris-Tandy Model (PRC 56, 3369)

Gt 4 i her 872 im 1 — exp(—t/[4m J | g G
J-E :I _ 'ﬂ D fa i!‘l.-.a,2 + Lo 5 I ; [ “F] - 2008
- In [— (1 +t/ "LQ¢ D) } |

o Recently Proposed: Infrared Constan? Model
( Qin, Chang, Liu, Roberts, Wilson, . AC.AguiTREEFET]

Phys. Rev. C 84,042202(R), (2011).) N
Taking ¢ /o' = k* /o’ =1 in the coefficient %lﬁ |

of the above expression

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




& Models of quark-gluon interaction vertex

[".(q,p) = t“Tu(q, p)
e Bare Ansatz

[,(@.p)=7., (Rainbow Approx.)
¢ Ball-Chiu (BC) Ansatz

A(p*) +Alg") | (p+aq), 2P+ )
(12 ( +i — AW — AP

—i[B(p*) — B(g")]} Satisfying W-T Identity, L-C. restrictec
e Curtis-Pennington (CP) Ansatz

I “(pq) =

v, S IR By SO ()
FiPLprJ _ 1-.5{. Lprf}_’J+.—lﬂiP2J—AL 2” ulP” —q7) i .JJ; Y. ”i
d(p,q)
N \VE el P
dp.g) — P9 H:‘” |+ MY - satisfying Prod. Ren.
P q

e CLRQ (Bc+ACM, Chang, etc, PRL 106,072001(11); Qin, etc, PLB 722,384(°1:
C. Tang, F. Gao, & YXL, Phys. Rev. D 100, 056001 (2019) )

™ (pp pi) = Tu™ (pr p) + T (pr o),



Il Criterion to Describe the QCD
Phase Transition
1. Conventional Criterion

Order Parameter: chiral cond. (G)! o = mersc’ =70 ]

Procedure: Analyzing the ThDyn Potential

(n=0fd2V)
5 3 3
]
8222

V(T=30MeV)

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



Question:

In complete nonperturbation, one can not
have the thermodynamic potential.

The conventional criterion fails.

One needs then new criterion!



2. New Criterion: Chiral Susceptibility
& Def.: Response of the order parameter

+o control variables

M M - o(qq) o(ga). OB OB . OB -
oT ' ou’? or ! ou ? oT ' ou? omg !

& Simple Demonst. Equiv. of NewC to ConvC
@ EA, B>, G KT RRdL, 2065 %18

1 - - I 5 1 545 1 oo
TD PO'l’erﬂ'ICll: Q(T,n) =Q(T) + 0T + 15)’(;;‘)' + 6’;-(11')3 4.

STGbiliTy Condition: « - an + Bn’ +yn’ =0

on o
29 — g +36n° +5yn* >0, St.; <0, Unst. .

8772

Derivative of ext. cond. against control. var.:
2 470 u 3(op 5(0 B
[0[ * 3'877 " 5777 }(a_z)ngc T n(g_g)g%c T (E)g%“c T (a_z)g%c =0

ﬂ(%‘;‘)g_gc“?g(if)g_gc+775(§Z)g_§c At field theory level, see
o Fei Gao, Y.X. Liu,

(jaQ:O Phys. Rev. D 94, 076009
on (2016) .

on

we have: » = (g)g_gc = -

6772



& Demonstration of The New Criterion

In chiral Ilmn‘ (mO = 0)

= 03_ % U'd, —— ; e 7
202+ i O 0261 i
\c, 0L ] A 0.25| 2
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S.X. Qin, L. Chang, H. Chen, YXL, et al., Phys. Rev. Lett. 106, 172301 (2011).
Beyond chiral I|m|1' (my#0)

O{ (/(/)mﬂ
r)m()

. J! (@q) = (aq),, —mo

,L{ =0 2B, . 100} !
: 25 [ = =-a< qqiam, - crossover|
. g o - |
0.8} = | ——-i< ag>/aT \ ¥ —_— P > 80t CEP )
. Z ' & oar wianer i = - - first order | !
‘é:’ I :2 20 Y oom e a "
1o 0.6 2 py =150 MeV  © N 2 i
v I o 15+ 00 s 100 “150 9 !
A | TiMeV
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02 + 1QCD 5 | 5 s
0.0 ' ' ' e — 0 : . . . v
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TIT, TMev o e y

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 y 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).



V. Some of the Results via the DSE

Approach
1. Dynamical chiral symmetry breaking

~ d —qq —
@) = mo lnp/Agel’ + C ool ol (7g) # 0 m=b DCSB
In DSE approach S, R o G
2\ B(pz) 09 F—— 1 CE <qg>""
M (p )_ A(p?) %‘ 06 =Tk =T
O 03 A// """" :‘>‘/-' Teeemeee
- A 8 00 frdNeaT ooy, F oY e o
4 In chiradl limit & oo
= Increasing the 3 12 _F -
interaction strength ° 't 7 ..t 7 .
. . TEN\ /- F\ (-7
induces the dynamical ooENssrrgosE Noooo-o-

mass generation 2
D/w

K.L. Wang, YXL, et al., PRD 86,114001(‘12);



& Beyond the 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 (2012).

Solutions of the DSE with MT model and QC model
for the effective gluon propagator, bare & 1BC

model for the quark-gluon int
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# Beyond the chiral limit (continued)
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= DCSB still exists beyond chiral limit,
but the 2" order PT shifts to crossover.



2. Confinement

Positivity of the spectral density function is
violated at low T =» quarks are confined.

o 12 T

' — T=1.1T, | _ L
51 W 9'_ é lﬁ -“T=3‘0Tz_ ] SR(WsP) = S(?wn:p)liwn%w—i—ie

|
| +co / !
10 ' dw w',
" i S(iwn.ﬁ)_/ &’ ple.p).

27 dwn — W

In(A(tw)i)

— o0
15

plw.p) = —i7 - ppo(w,p?)
+ 7w pe(w. p?) + ps(w, i)

p(w) [GeV')

204

m =20, 04, 05 GeV

a 10 20 a0 40
t{Gew ")
n=0.53 GeVv
& - = - u=0.54 GV
— 2
fr— -8
= O,
= )
= 42 Q
16 T T T 1 | 1 1 1
] 10 20 30 40 -3 -2 -1 0 1 2 3

t{Gew ") w[GeV]

4
AT, p) = j.d—lzefﬁli+fp476(ﬁ)03(p;#)_ S.X. Qin, D. Rischke, Phys. Rev. D
(27) 88, 056007 (2013)
H. Chen, YXL, et al.,, Phys. Rev. D 78,
116015 (2008)



3. QCD Phase Diagrams and the position
of the CEP

(1) Result without the feedback

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) coexustence r'eglon is ob‘l‘amed)

0.14 . 0.14
0.12 _ . CEP~ (0 12,0. 13)GEV %*Nambu _ 0.12 _ ______ "‘*--.___E:EP (0.11,0.14)GeV X‘N ambu _
i ____%Wiger' i - ____;(Wig
010 N N Py=Pu] 0.10 Chiral symmetry restored
%J 0'08__ \‘\ \'\_ Chiral symmetry restored %' 0'08__ Chiral svmmetrv broken \‘\
O, 0.06l % ©. 0.06! ymmetry
= i . ‘1 % = i
0.04 |- Chiral symmetry brok.?n \". 0.04 L o
0.02] ', \ ‘ § 0.02L [ Co-existence \'1l |
| '. Co-ek\nstence (b) | ' (a)
0.0% . I . I L1 M . . 0.00 . I . I . I . 1 . I L . I .
.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
u [GeV] n [GeV]

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



(1) Result without the feedback (continued)

e Beyond chiral limit

With bare vertex With CLRQ vertex

(ETP is available, the PB is (ETP is not available, but the
shown as the dot-dashed line) coexistence region is obtained)

Y . ' 160 ]
o (0.111, 0.128) chiral transition 150 \
[ = = deconfinement | | ' > 190 1
0.12 ) . 120 | -~ 2 140 |
T/GeV =R Nt
' ' [(87.4126.3) " 130 .
0.09 : s ~ 90t W\ 0 20 40 60 |
I " g N ~ ue/MeV
Y
0.06 | = 60| NN
- . N,
— A ~
4 N .
0.03 % N 7 30 |- = -deconfinement \. N N,
| . N | L AY ~ i
000 N 1 L 1 N g S8 1 R 1 \\ 0 . 1 L 1 L -\. L \ 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0 100 200 300 400
w/GeV Ha/MeV

F.Gao, J. Chen, Y. X. Liu, et al., F. Gao, Y.X. Liu,
Phys. Rev. D 93, 094019 (2016).  Phys. Rev. D 94, 076009 (2016).



(2) Result with the feedback

e Beyond chiral limit

CLRQ vertex (consistent with the solutions of the

coupled DSEs) represents the DCSB effect on
the quark-gluon interaction

Du(k;q.p) = 9 F () Salq.p) + Tt kiq.p). Tl = —i A} PL (k) + M Pl (k)] K",

%

NP (K .9) = 2, {7 () Ap(@.p)
Sa(q.p) = A(17)—£A(Q) Ap(p.q) = B®) = Bl@)

Ob‘l'amed Phase diagram ot
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Y. Lu, F. Gao, Y.X. Liu, et al., In preparation.



4. Relation between the Chiral PT &

the Confinement - Deconfmemen'l' PT
% Lattice QCD Calculation ~

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

and General (large-N¢) Analysis

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

claim that there exists a quarkyonlc phase
% Coleman-Witten Theorem (PRL 45, 100 (80)):

Confinement coincides with DCSB !!
+ Inconsistence really exists?!

Nature of the Quarkyonic Phase ?!




& Hadronization Process
e For the system at thermodynamic limit,

S5/Ss 1

s | ~ J.-P. Blaizoft,
| = —  etal,

PRL 83, 2906

(1999);
etc.

15 2 25 3 35 4 4571

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.

In fact, there exists finite interface, which
contributes to the entropy of the system.



& Solving the entropy puzzle

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

30 — 50

y(M)=] " J$AF (n)dn . o L e
% 20| 1 g -:30

J. Randrup, PRC 79, S 1o 1%
054911 (2009) 110

o— 0~ 1 . . 0

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

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

a/(MeV/fm?) b/(MeV/fm?) ¢/ MeV d/GeV?

er-h Par'ameTer'S DCS — DCSB 25.4 ~1.5 736 —0.048

DCSB — DCS 40.0 —8.1 399 -0.025

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



e Interface eff. in the hadronization Proc.
Solving the entropy puzzle

In thermodynamic limit .~

] , 0P
Sy _?(E + P —un) _F 0 40 a‘o 120 0 40 ‘80 120

With the interface entropy densrryS = (ai Ja
being included, Jf Besmposs T foosepes 0

- = o Wigner(V b 1= = Wigner(V+A) « « 1
we have 3 v '
F. Gao, & Y.X. Liu, £2
Phys. Rev. D 94, d; ] 1
094030 (2016); R

Tye < Ty, means that the hadronization (confinement) temperature may

really be different from the chiral pseudocritical temperature, which is
just a demonstration of the Ultracold Phenomenon due to the interface.



& Flavor-dependence of the dissociation Temperature
& the relation with the T,

7.2
3.2 =
ce
L 6.4
% 0.3 T] —V
o sef LAY
o 24F ’
g 2 2 2
=
s ! U0k O ast ]
= (1) ' S 3
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0.0 L ' . ; L : 12p 2t ;
0.09 0.10 0.11 0.12 0.13 0.14 0.15
0.8 F 4
T/GCV 1 1 1 1 1 14f 1 1 1 1 1 L
0.12 0.14 0.16 0.18 0.20 0.12 0.16 0.20 0.24 0.28 032
T/GeV T/GeV
T T Ll ! ! ! 1 |
= 0f b 30 '
% 30
T &l 2}t
10) 20F
> > 18F
> )
g1t o
B ~
5o ~12F
50) l‘[' 3
— 40 0.6 F
3 2 05 6
3
T 20 0.0 F 0.0 F
| N ! I N ' " L L 1 1 1 1 i
T T T 02 016 020 024 028 032
2 3 4 0.09 010 0.1 012 013 0.14 0.15
w/GeV T/GeV T/Gev T/Gev

Light flavor: coincident; Heavy flavor: T .; > T,

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



2. Hadron Mass Spectrum

(1) Nucleon — Relativistic three-body problem,
Poincare covariant Faddeev Eq.

1 L] )
a0y, _ .
Va2 (propaop) = ) [KSSW]
Jj=1273
o Q@00 ;o sl abal aloazis
[essely =f Ko, - (P1- P2 P ISt (PSS ()Wl ™ (PR P o).

dk

K"ma'l L, - gﬂb‘(k)[‘;yﬂ]mrﬂl [!‘},U]I‘I:[‘I;‘

G (k) = GIA)T, (k),  KTuw(k) = K28, — kk,.

- . 82 : 872, F (s
[ ) [ ] [ ] [ ]
e Numerical results in RL approximation

Baryon  quarks F::;“I?jiiml [90]] - — H[}cralei_r: — —— —— —— s.x. Qin’

i v 3 )3 ( + 3 4 ( + 3 )5 ( .3 )6 i 3 )7 { v 3 )8 ( 3 )g { .3 )][]. C R b

L. e

N und 0.938 1.440 1.535 0.948 1.279 1.144 1.440 1.542 > 0 r".l's,
A uds 1.116 1.600 1.670 1.114 1.474 1.316 1.582 s S.M. Schmidt,
z wits 1.189 1.660 1.620 1.114 1.474 1.316 1.582 1.581
o) uss 1.315 1.279 1.670 1.487 1.723 1.620 Few-body SYST.
A, udc 2.286 2.595 2.184 2.543 2.401 2.650 2.666
> uc 2455 2.184 2.543 2.401 2.650 2e66 60, 26 (2019);
A udb 5.619 5.912 5.304 5.809 5.630 5.916 5.916 .
_):E with 5.811 5.394 5.800 5.650 5.916 sore S.X. Qlﬂ, et al.
E, usc 2.468 2.790 2.350 2.738 2.572 2.792 2.705
& s 2.577 2.350 2.738 2.572 2.792 2705 Phys. Rev. D
£, uce 3.621 3.421 3.807 3.657 3.861 3.790 ' .
oA ush 5.792 5.560 6.004 5.822 6.058 5.955 97,1 14017( 18)1
z ush 5.945 5.560 6.004 5.822 6.058 595 ete
Eop uch 6.631 7.073 6.907 7.127 7.040 .
—~ B £ £731 ~ YT £ MyT - 1777 7T AN



(2) Meson — Poincare covariant BSE with DSE

Quantum field theory bound states: BSE

L. Chang,
A
Pau(p: P) = f K(p, k; P) S(ky) Taa (b P) S(k-) C.D. Roberts,
k
PRL 103,
P e P p+DR2
» ‘. p-P2 ol
(2009);
Interaction Eq. (6) Eq. (8) Eq. (8) Eq. (8) Eq. (8) ] , .
_ via CLRQ vertex Expt. RL-Padé RL-direct

(Daw)'/? 0.72 0.8 0.8 0.8 0.8
@ 0.4 0.4 0.5 0.6 0.7 M 0.138 0.138 0.138 0.137
mi‘d 0.0037 0.0034 0.0034 0.0034 0.0034
mé (),(384 0.082 0.082 0.082 0.082 My 084+003 0.777 0.754 0.758
A(0) 1.58 2.07 1.70 1.38 1.16
M(0) 0.50 0.62 0.52 0.42 0.29 m 1134001 04-12 0.645 0.645
. 0.138 0.139 0.134 0.136 0.139 7 ' ' B ' ' T
Ifx 0.093 0.094 0.093 0.090 0.081 190 . , "y ‘
mg 0.496 0.496 0.495 0.497 0.503 Y . ! )
fe o011 011 011 011 0.10 Mp, 124+ 010 1.214£0.02 0.904 0.912

1/2 - Ec -
PE 0.54 0.55 0.55 0.55 0.55 B n f \ . .
fo 0.15 0.14 0.15 0.14 0.12 . T 1, VoA " v ¥
fe 0.18 0.19 0.19 0.19 0.18
My 0.67 0.67 0.65 0.59 0.46
pli? 0.52 0.53 0.53 0.51 0.48 ( L. Chang’ et al"

_ Phys. Rev. C 85, 052201(R) (2012) )
(S.X. Qin, et al., Phys. Rev. C 84, 042202(R) (2011) ,



& an Excellent Astronomic Observation Signal:
Gravitational Mode Oscillation Frequency

e G-Wave in Binary Neutron Star Merger

|:postmerger

(1.84, 3.73)kHz,

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

|:spiral < I:postmerger

o 5-Wave in Newly Born NS/QS after the SNE
o o e e

4 cc etiol) ¢ (deleptonization)
nol /;I black hole =
)
v—sphere v-sphere =-"‘$
22
R~15 km =
fﬁ.‘;.

> [1.~50 MeV
core hecting
deleptonization

() t ~15 s
maximum heating

W

X mantle collapse

T
Mt=0s (INt~05s
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 =100t = 200{t = 300
n=1 (17.6 [ 774.6 | 780.3 | 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 [ 339.0 [ 337.5 | 35.3 | 30.8 | 27.8

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

181102 (2008)




arison 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 t=300

of | 1103 1133 1176 | 2980 2997 3016
op1 | 2265 2426 2494 | 18282 17330 16792
opy | 3780 4054 4179 | 28792 27288 26438
opy | 5319 5702 5869 | 38988 36950 35798

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



IV. Summary & Remarks

& The framework of QCD is surveyed,
& DS equations, — A continuum npQCD
approach is presented.

a The observable mass generation & confinement
are described with the DSE approach.

& Hadron mass spectra are described with
the DSE approach.

& Continuum QCD has contributed great to
fundamental issues of physics,
and is promising! sees..

Thanks !



& The Nucleon Mass Crisis
How does the

mass of nucleon What is
. the other
arise ?7? 99% 22

The Higgs boson make

Proton :
e o “ the u/d quark having

@ ; Quarks Lo _

(5.__;? (2GeV MS-bar):

But the mass of -

the proton is my = 2.08(09) MeV
938.272046(21) MeV. mq=4.73(12) MeV
~100 times of the sum of the quark http:/flag.unibe.ch/2019/Quark%20masses

masses!
7}; MP!I it m
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