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Neutron star (NS) is a kind of compact stars, which is the remnant after a massive super-giant star collapses. From

August 1967 on, when the existence of NSs was confirmed by the discovery of radio pulsars, more than 2700
radio pulsars have been detected. It has been wondered for more than a half century what's the internal

structure of NSs, whether quark matter exists inside the core of NSs.

DENSE MATTER

Neutron stars get denser with depth. Although
researchers have a good sense of the composition
of the outer layers, the ultra-dense inner core
remains a mystery.

1. Atmosphere Mostly hydrogen and helium

2. Outer crust Atomic nuclei and free electrons

3. Inner crust Free neutrons and electrons,
heavier atomic nuclei

4. Outer core Neutron-rich quantum liquid
5. Inner core Unknown, ultra-dense matter

Core scenarios

A number of possibilities have been suggested for the
inner core, including these three options.
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Quarks

The constituents of protons and
neutrons — up and down quarks
— roam freely.

Bose-Einstein condensate
Particles such as pions containing
an up quark and an anti-down
quark combine to form a single
quantum-mechanical entity.

Hyperons

Particles called hyperons form.
Like protons and neutrons, they
contain three quarks but include
'strange' quarks.
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The golden age of neutron-star A
physics has arrived

binaries
These stellar remnants are some of the Universe’s most enigmatic objects — and they are
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Fig 1: The relationship between energy density and pressure for possible neutron stars. The color
relates to the speed of sound in the material, which is an indicator of likelihood for a star like that to
exist. The dark blue part of the line indicates where most neutron stars probably lie. The black lines
are extrapolations at high and low densities. The purple line at the bottom shows the rough location
of the transition into quarks. (Source: Figure 2 in the paper)



Dense Matter: QCD CEP, Quarkyonic matter, CSC
A

Temperature 7°

Gas-Liquid

Nuclear =" Crystalline SUPLCTCONUUCH N
i )
Superfluid E2Hh9Ses

Baryon Chemical Potential us

K. Fukushima and T. Hatsuda, Rept. Prog. Phys. 74,014001(2011);
arXiv: 1005.4814



Quarkyonic matter

Separation of quark dynamics and gluodynamics?

Unconfined World
O(N?)

Confined World
O(1)

L

My

Conventional Wisdom
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Unconfined World

O(N?)
Quarkyonic
Confined World World
(1) O(N()
M K“B
Large N

McLerran, Pisarski, Nucl. Phys. A 796 (2007) 83.



QCD properties in the vacuum

_ I.Spontaneoug Chiral symmetry breaking = (FAST

2 (quark dynamics)

: Goldstone boson and chiral condensate

¥£  Chiral partners have different masses ig%@cwxﬁ% .

=]
EZ || Confinement (Gluodynamics)
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Strong QCD

| Lattice @CD |

Effective field
theories and
models

QM, NJL, SM, HLS,
CHPT, NRQCD......

color flux tube

Holographic
QCD (hQCD)
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Chiral restoration and deconfinement
Polyakov loop NJL model
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Kenji Fukushima, Phys.Lett.B 591 (2004) 277-
Claudia Ratti, Michael A. Thaler, Wolfram Weise, 284, hep-ph/0310121

hep-ph/0506234
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Chiral dynamics and
Gluodynamics in Dynamical
hQCD model
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Holographic Duality: Gravity/QFT

AdS/CFT :Original discovery of duality

J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998)

Supersymmetry and conformality are required for AAS/CFT.

In general, supersymmetry and conformality are not necessary

General Gravity/QFT:

Strongly Coupled

Quantum Gravity
Gauge Theory
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QCD and string theory: 1968-1974

String theory was born out of attempts to understand the strong interactions:
Veneziano model,
string model: Nambu,Nielsen, Susskind

In the sixties many new mesons and hadrons were discovered. It was suggested
that these might not be new fundamental particles. Instead they could be viewed
as different oscillation modes of a string.

1, String model & “Regge trajectories”
N\

J. . ~a'm’+const

% m* ~TJ__ +const
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QCD and string theory: 1968-1974

2, String model & confinement « e

9 \ q

Flux tubes of color field = glue

Dual superconductor picture

Type-11 superconductor
Abrikosov vortex in U(1) theory Color flux tube in QCD

A.A.Abrikosov, Soviet Phys.JTEP 5, 1174(1957) Y.Nambu, PRD.122,4262(1974)

‘t Hooft , Nucl.Phys.B190.455(1981)
Mandelstam, Phys.Rep.C23.245(1976)

electric dual
Cooper-pqlr magnetic monopole
condensation ﬁ - \ . condensation
.
squeeze B qmm) E \ 8 squeeze
magnetic field color electric flux
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QCD and string theory: 1968-1974

3, Effective theory in terms of strings t” Hooft ‘74
t” Hooft large Nc limit

take Nc colors instead of 3, SU(Nc)

1

B 49%5.»1

S / d*z Tr (Fu, F*)
Fuw = OpAy — 0y Ay + [Au, A

(Ap)ig = Ay (T9)45
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QCD and string theory: 1968-1974

Gluon propagator ;=i ~ giy

1

Interactions )/\ ~

't Hooft coupling A - g Ne

- (NG = AN
C O ) ~ @t =2

Planar diagram
most dominant

Non-planar
diagram 1/Nc”2
suppressed
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QCD and string theory: 1968-1974

QCD at low energies, when the coupling is large,
dual of a weakly coupled string theory

Vacuum-to-vacuum amplitude in large Nc gauge theory

1
N2

log Z = N2 fi(A) = N2fo(A) + i(A) + w5 f2(A) + -+,
h=0

Vacuum-to-vacuum amplitude in string theory

- 1
A= g Fi(al) = S Foe) + Fi() + g2Fe) + -+
h=0 o

where gs is the string coupling, 2ma’ is the inverse string tension, and Fj (') is the contri-
bution of 2d surfaces with h holes.

The string coupling constant gs is of order 1/Nc,

Closed strings would be glueballs.
Open strings would be the mesons.
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QCD and string theory: 1968-1974

Problems:

1) Strings do not make sense in 4 (flat) dimensions

Trying to quantize a string in four dimension leads to tacyons.

2) Strings always include a graviton, ie., a particle with m=0, s=2

For this reason strings are normally studied as a model for quantum
gravity.
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QCD and string theory: 1974-1997

QCD: pQCD is confirmed by DIS
non-perturbative QCD region, challenging in
describing hadrons in terms of quark and gluon DOF.

String theory: trying to make itself a theory of everything.
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Holographic Duality: Gravity/QFT

AdS/CFT :Original discovery of duality

J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998)

Supersymmetry and conformality are required for AAS/CFT.

In general, supersymmetry and conformality are not necessary

General Gravity/QFT:

Strongly Coupled

Quantum Gravity
Gauge Theory
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Holographic Duality: (d+1)-Gravity/ (d)-QFT

Holography & Emergent critical phenomena:

When system is strongly coupled, new weakly-coupled degrees
of freedom dynamically emerge.

The emergent fields live in a dynamical spacetime with an extra
spatial dimension.

The extra dimension plays the role of energy scale in QFT, with
motion along the extra dimension representing a change of
scale, or renormalization group (RG) flow.

Allan Adams,! Lincoln D. Carr.>® Thomas Schiifer,* Peter
Steinberg® and John E. Thomas®

arXiv:1205.5180
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Holographic QCD or gravity dual of QCD

String theorists’ business:
whether it can be deduced
from 10D string theory ?

Build the 3rd step: grawty_dual

systematic framework
connection
between QCD 2nd step: deformed AdS;
dynamics and . .

Intelligent guess
geometry

1st step: just AdS,
naive try

Real QCD world:

Rich experimental data and lattice data
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Holographic Duality & RG flow

Coarse graining spins on a lattice: Kadanoff and Wilson

_ E r (- i
H = "II(“E)G (‘E) J(x): coupling constant or source for the operator

/C’/f//////’///
s~ s L L S L .
P R e e 1

s, |
H%.L;I:I, u) = Bi(Ji(x,u),u) arXiv:1205.5180

24



Holographic Duality & RG flow

QFT on lattice equivalentto GR problem from Gravity

RG scale -> an extra spatial dimension
Coupling constant -> dynamical filed

Jiluv = QP
P e
s s L S S S o
uv ST T T T 7
s s S s S I
s S s S s

/ ;
arXiv:1205.5180 * *
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A systematic framework: Graviton-dilaton system

1
S¢ = T [ d’x\/gse ** (Rs + 40y O™ & — V(D))
N=4 Super YM QcCD

conformal nonconformal

AdS; deformed AdS;

2
Vie(¢) 12 Dilaton field breaks conformal symmetry
E _

Input: QCD dynamics at IR
Solve: Metric structure, dilaton potential
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Pure gluon system:

1

L = =G ()G (2),

Gluon condensate at IR: Tr(G?)

5D action: graviton-dilaton

1

S~ =
“~ 16n

G f d’x\/gse ** (Rs + 40y O™ & — V(D))

Tr(G*) dual to ¢(z)
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A systematic framework: Graviton-dilaton system

1
S¢ = T [ d’x\/gse ** (Rs + 40y O™ & — V(D))
N=4 Super YM QcCD

conformal nonconformal

AdS; deformed AdS;

2
Vie(¢) 12 Dilaton field breaks conformal symmetry
E _

Input: QCD dynamics at IR
Solve: Metric structure, dilaton potential
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Dynamical hQCD & RG

A AdS.

D; |5

Jiluv
o~ s s s s s

uv

|

‘

Nl s s

|

\ |

S
/

'

QCD Dynamics at IR
deformed AdS;
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Gluodynamics

Glueball spectra
EOS for pure gluon system

30



Confinement and deconfinement
In graviton-dilaton system

For pure gluon system

S. He, M. H., Q. S. Yan, arXiv:1004.1880, PRD2011
D.N, Li, S. He, M. H., Q. S. Yan, arXiv:1103.5389, JHEP2011
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What’s confinement?

Confinement: Regge behavior and linear quark potential

4 i T T T T T T T ,I‘,){éi: ] v | |
String—Breaking
Linear
-
4
Coulombic
0 05 1 15 2 25 3 35 4 45
m°/GeV?
= V~o.R
QCD and string theory I: q \ T s

String model & confinement Flux tubes of color field = glue
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Confinement for pure glue system

Confinement potential  V,5(R) = LG R+,

R

O:zminiizminiizaig
Q Q

WI[C] = iT*."*JF" exp[z’f A, dz"]

N c
- - g W(C)) x e TVaa
A

! ' T — oo

1 - q




Holographic

dICTIONArY: | \/ Maldacens, Phys. Rev. Lett. 80, 4850 (198)., hep-th/9803002.

"r—ﬂ\j
(WHIC)) = Z52,,,,[C] = eNelC] /)
_ L{, |

Vog(r) = ilf;@ lSNG‘[C]

u=h

Metric structure determines the quark potential !

1, AdS; only gives Coulomb potential !
2, Deformed metric structure is needed to
produce the linear potential!
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Deformed AdS; models I:

Andreev-Zakharov model: quadratic correction

O. Andreev, V.Zakharov, hep-ph/0604204

h o
ds® = Gpmd X" dX™ = R?— (dz'dx® + d=* 1.2
S > ( xTodr Z ) h_ _ Eﬂﬂz

Elg (GeV) o

2 / c=0.42 GeV
AS | ' ' ' = r(m)
C025 05 075 1 125 I3 U
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Holographic Duality: Dictionary

Boundary QFT Bulk Gravity

Local operator Oi(I) Bulk field ©,(z,7)

Strongly coupled Semi-classical

‘ Zqrr|Ji| = ZQG[(I)[JE'-”‘

ZQFT [J] ~ E_IGR[@'[J]]

5 R[]
— 5J1 (Il) . 5Jn(£-n)

(O1(21) ... On(n))

J;=0
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Pure gluon system:
D.N. Li, M.H., JHEP2013, arXiv:1303.6929

1

L = =G ()G (2),

IR: Gluon condensate Tr(G”)
Effective gluon mass (g2A2> String tension, linear confinement

5D action: graviton-dilaton

1
- 167Gs

r(G?) (g’A%) dualto &(z)

Sc / dz\/gse ** (Rs + 40y 2™ & — V(D))

O(2) = pg=” tanh(pge2* /)

b(z) = 1oz, O(2) "= pz 2
37



However, the dual gluon operator of
dimension-2 dilaton field is not known!

(g2 A2) — B(z) Tr(G?) «— P2(2)
Gauge invariant & Local operator

4) Dilaton field: quartic at UV and quadratic at IR

D(z) = p3=2 tanh(uta=? /)

b(2) 2yt

O(2) "= pz 2
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Scalar glueball D.N.Li, M.H., JHEP2013, arXiv:1303.6929

-
my

me /n~ 4G
UG = 1GeV

15

hep-lat /0508002

i lhep-lat /0103027).

[hep-lat /9901004]

1.0 1.5 2.0 25 30 35 4.0

[hep-lat /0510074].
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Glueball spectra:

Yidian Chen, M.H., 1511.07018

JFC Operator Dimension | Supergravity | M2
(1 Tr(G?) 4 & 0
0~ Tr(GG) 4 C, 0
1= T?"(G{GG}) § ng._c?'_,‘ar 15
270 N Tr(GuaGay — %%,;GE} 4 Gij 4
27T | EfES — BB — trace 4 Absent 4
2~ E{B§ + B{E} — trace 4 Absent 4
2= T?"(G{GG}) § ng._c?'_,‘ar 16
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Glueball spectra: Yidian Chen, M.H., 1511.07018

: P
| 2t I
I [ ] bo——d
- gt 2 2 _
| - ——— ] gt - 0
- miam — v
L o o0 -
i T 4= 1
N ——

L S _ |
[ mi— 0+

FF =+ pg - —=

Agree well with lattice result except
O-and 2* but ...
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Jre 4-dimensional operator: &(x) Alp _-U__L;J
o+t Tr(G?) = E®. E* — Bo. Bo 10| 0
-+t Tr(GG) = E*. B® 10| 0
0+ Tr ({(D:G) . (DrG o)} (DuGoa)) 9| 0| 45
0 Tr ({(DTG'WJ (D:G )} (D“rf;pf_t)) 0|0 45
1+ | o0, (G, ] [Gh,] [Geal, 170, [GR] [Gh,] [Goa] . | 7| 1] 24
7o, [ ] 68 [C], 70 [C] 2] 5]
1+- dabe (Ea_ - Eb) B, 6 1] 15
1—- dabe (Eﬂ ~ Eb) E. 6 1] 15
P AN EYEY — BB} — trace 412 4
2T Efﬂ_?' + BY E;? - F'I‘r,i',t’.jf.-‘ 4 | 2| 4
ot~ dabes | B (Eb x ﬁ;_.)‘r 62| 16
. =N\
2~ dobes | Bi (Eb x Bf_.) 6 2] 16
3+ d**S | B B] B 6 |3 15
3 A8 | ELE] EF 6 |3 15
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Sy = —% f Pz /Gee P (OGO G
+M3 ((2)9?)
Sy = —%/dal‘ Qsﬂ_p@(%FMNFMN
+M2 (2)V?),
St = —% f d’z\/gse P (VL harn VERMY
— 2V MY N s + 2V i hMY Y vk

— VarhVMh + i""ff._a(z)(hMNhMN — h?)),

. rr 2
_LL;;:I _I_ Ifggn — 'mf:,."JLLC/}?n,

! ! 2
3+ h ope (3420

,r 2
fﬁ?ﬂ + Iffé?@j?n - ?nrg?_n@j?n:

2
1 - r
V- Ay + 22 —p? +[S—;—p‘1’
v =
2 4
1 2*4.9 _'C‘rrr|1;I1'-"|lj_2
+§E e S| ¥ Y 5

Lin Zhang, Chutian Chen, Yidian Chen, M.H.

Vs
7 9 * 1
1

Eu‘qa _Cr.nl."b. 4 2
+z—ze e M7 5.

Phys.Rev.D 105 (2022) 2, 026020
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Model lll:  gluon background

. 2 . .
P(z) =127, Agree well with lattice results on EOS for pure gluon system
BF 1.4f
S5k 12F
afF 10F
= 3t —  Input ${z) E nEE —  input $z)
w pararmeders | a gk parameatens |
I = Input (g} ok — Input V)
1f —  input ¢¢z) oz} —  input ¢(z)
P . parameiers |l N S ‘ psramatemlli
1.0 1.0 1.5 20 2.5
TIT,
! =5,
st 2o} = Input V{g)
E EE 1.5f = Input (z)
“ 2
o}
't 0.5p
of ====™ ] il i i
1.0 10 1.5 20 2.5

Lin Zhang, Chutian Chen, Yidian Chen, M.H.
&(2) = 1 2 Phys.Rev.D 105 (2022) 2, 026020

Quardratic dilaton field describes pure gluon system reasonably well.
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Soft-wall AdS5 model or KKSS model

A. Karch, E. Katz, D. T. Son and M. A. Stephanov. Phys. Rev. D 74, 015005 (2006)

AdS; metric
gun deMda™ = EM'{E)(CEEZ + N dztdz”)

A(z) = —Inz, O(z) =2?
A dilaton field to restore Regge behavior
I = [dEI e 3 /g {—|£;-~Jf|2 + 3|X)% — ﬁ{FE - FE}}
: gs

IM2 g = dn+ 45|

However: only Coulomb potential, no linear quark
potential
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Degeneration of chiral partners in KKSS model

oGV
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Light flavor meson spectra:

D.N. Li, M.H., JHEP2013, arXiv:1303.6929

Action for pure gluon system: Graviton-dilaton coupling

1

[y
= 167Gs

[ d*z\/gse 2 (R + 40, 90M & — V(D))
Action for light hadrons: KKSS model

. 1 ~
SkKss = — f{gar gse PTr(|DX* + Vx (X TX,®) + E(FE + F3))
]

Total action: S=58~+ TJ—fSHHSS-
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A AdS.

0

D; |5

Graviton-dilaton-scalar system

Nl s s

Jiluv
o~ s s s s s

uv

(z
/ x(z)
Tr(G?) (g°A%) (49)
deformed AdS;

'

'

|

\ |

S
/
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Dilaton in Mod I :  ®(z) = pzz*
Dilaton in Mod I1 : b(z) = ,u%—;z2 ta.nh(,uég,zZ/“?_-;)

Mod A Mod IB  Mod ITA  Mod 11B

Gs/L3 0.75 0.75 0.75 0.75
mg (MeV) 5.8 5.0 8.4 6.2
al/3 (MeV) 180 240 165 226
e, 0.43 0.43 0.43 0.43

e - - 0.43 0.43

Table 7. Two sets of parameters.
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—s, 4+ Vi(2)$n = m2sn,

I 2 A
— Ty + Vi’rﬂ?wn - 'mn(ﬂ—n — € X"fm):

I 2 _A, A,

_U; + Vu(2)v, = -mimifn:
] . 2 & o _ I € ! . "lr 2
—a, + Vaan = My ln, Vs = 3AS 9 2 T (3AS 4 K ) T EQASVC:XX?
314: . (;')” _I_ 2)(!;/}: . QX’Q/XQ
V’]‘T._I,‘.’:-‘ = 2
(BA, — ¢ +2x'/x)?
4 2
AH . @!I (A.f . CE)-I')E
V,="2_ -
w 2 T 4
A.H’ _ {;5‘:: (A’ . @:)2
V, = =2 : =
2
A —¢ (A, —¢)?
v, = s @ 4 ( ) _I_ggEQAﬂ XQ_



Produced hadron spectra compared with data

D.N. Li, M.H., JHEP2013, arXiv:1303.6929

1ol 2wk
ol GeVo) i (GeVe)

( Mod 1B )

Ground states: chiral symmetry breaking

Excitation states: linear confinemnt
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Quenched
background
bﬂ{fj Mj
B
: EI.S:
D=—pg " Sy
0 1 2 3 4 s ¢ 0

rr ! I ! ! A r
-ﬂ%+A§+§b—r@®——£x2:m

r

Unquenched
background

I 7
5 10 15 0

2 4

3 6

(VG(@ + Aeg‘i’vc(%@)) — 0,
X + (BA; — (I);)X; — EQASVC?X(XT P) = 0.
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Quenched gluodynamics
+flavor dynamics

S =Sy + S,

Sy = 1 [ Boy=Fe 2R + 40,0006 — V() — L) R Fuv
b T 167G i s 4 e
Sm = —fd5$ —gse_'ﬁT-?‘[V“XTV“X—I—V}{(|X‘.,FWF“”)]. Matter part

Gluon Background
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Dynamical holographic QCD  Graviton-dilaton-scalar system

Gluodynamics Quark dynamics
Dilaton Flavor
DhQCD
QC background background

SS5:D4-D8  Dp brane: D4, D3 Dq brane: D8, D7
D3-D7

PNJL Polyakov—loop NJL model
potential

Interplay between gluodynamics and quark dynamics
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Comparing with the Witten-Sakai-Sugimoto model

01234356789

N.D4
Ny D8-D8

00000

0000 00000

T i open strings give chiral (from D8) and anti-chiral (from anti-Df)
fermions in the fundamental representation.
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Graviton-dilaton system

Jiluv = D; |5

—
s s L S S S
uv ST T T T 7
s s S s S I
s S s S s

/ // \‘L

'

A AdS.

Q

b(2)

Tr(G?) (g°A%)

deformed AdS;

ayn = bi(z)(dz* + nudotds”),

bs(z) = e<(?)
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Lir

W

10

]

[}n 1 1 | 1

Solved Metric

Produced quark potential
compared with Cornell potential
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Smaller chiral condensate, smaller pion decay constant,

better pion form factor
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| f'(21)]
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e =—p+ sT.

D.N. Li, S. He, M.H., Q. S. Yan, arXiv:1103.5389, JHEP2011
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Trace anomaly

o dlogT 5

CS

~ dlogs  Tds/dT’

D.N. Li, S. He, M.H., Q. S. Yan, arXiv:1103.5389, JHEP2011
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Electric screening Heavy quark potential
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deconfinement

D.N. Li, S. He, M.H,, Q. S. Yan, arXiv:1103.5389, JHEP2011

04



Magnetic screening and magnetic confinement

Vg, (GeV)

1 r(fm)
10

spatial Wilson loop spatial string tension

D.N. Li, S. He, M.H., Q. S. Yan, arXiv:1103.5389, JHEP2011
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V. HQCD and Jet quenching

p+p Au+Au
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Parton energy loss in QGP

T The dominant effect of

X
_____

the medium on a high

- [ ‘_ =Y energy parton is
e i 1 1111 medium-induced
& .0 o 00 Bremsstrahlung.
| medium
as A ? . .
AE ~ ——= NC q | Baier, Dokshitzer, Mueller,
27T Peigne, Schiff (1996):

f] . reflects the ability of the medium to “quench” jets.

ki) a2
L A

Ll : Debye mass /] : mean free path

q:
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ALICE, Pb-Pb, u's” =2.T6 TeV
charged particles, yl <0.8
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Jet quenching characterizing phase transition?

n 372 T3
S 63 ¢

Majumder,Muller,Wang, PRL
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Csernai et al, Phys.Rev.Lett.97:152303,2006
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n/s characterizes phase transitions CJT+Boltzmann Eq

H,0

a0 .

T : T . . FTie
—— P=10 MPa ] o i
as - P=22.08 MPa : F

r - - - P=100 MPa

H=0, a=100%, b=—2.265

o L | 1 I I I L
=1 —0.5 o 0.5 1 1.5 2
(T=T)/Te

7/s
7
0/s
e
/f,-'

",
i
1 1 1 1 | 1 1 | |
—06 -04 -02 0 62 0.4 06 o8 1 100 200 300 400 500
(T-T)/Te T

1, Minimum at Tc, most difficult condition for momentum transportation.

2. The value of n/s at phase transition decreases with increases of coupling strength
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Jet quenching characterizing phase transition!

( Mod I')

( Mod IT )

‘ :
4 4p
£l
] 3.1 [ 03 E:J 03 [:4
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Shear/bulk viscosity characterizing phase transition!

—

D.N.Li, S.He, M. H. JHEP 06 (2015) 046

(a) | (b)
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Quenched gluodynamics
+flavor dynamics

S =Sy + S,

Sy = 1 [ Boy=Fe 2R + 40,0006 — V() — L) R Fuv
b T 167G i s 4 e
Sm = —fd5$ —gse_'ﬁT-?‘[V“XTV“X—I—V}{(|X‘.,FWF“”)]. Matter part

Gluon Background
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Baryon number fluctuations at mu=0
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Quenched result: Quarkyonic phase
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EOS of dense QCD matter
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Model I Gubser Model, extended by Song He et.al
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0.01

1, For stable NS, confined matter is favored; most probably, a quarkyonic state.
2,pure gluon part gives a stiff EOS, matter part soften the EOS,

2, quark matter will give unstable NSs.

3, a peak for sound velocity
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Relation between chiral symmetry breaking and confinement
and whether there is quarkyonic matter can only be answered
when gluodynamics and chiral dynamics are fully solved!

83



Light flavor Hadron spectra

Effective models hQCD models

Grounq Easy Easy
states:

Exmtat_lon Hard Easy
states:

Heavy flavor Hadron spectra?
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Phase structure

Effective models

Chiral

restoration Easy

Deconfinement Hard

hQCD models

Not easy

Easy
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Hot QCD matter properties

Which properties of hot QCD matter can we hope to determine ?

T < E,p,S

Equation of state: spectra, coll. flow, fluctuations

Speed of sound: correlations

. anisotropic collective flow

parton energy loss, jet fragmer:ltatiun

Easy e
for 2
LQCD || €5 = dp / de
1+
n= [d (T, (x)T,,(0))
- 4.?[2(1 C _ a+ - a+
vl L (UTF*! (y" UF(0))
. 4x’a,C N,
- _lﬂfdy (iU 9~ A (" UA* ()}
4‘?1& ali a
TR [de({U'F* @3 “UF*™ ©O)")
Easy 1
for —soo | 3¢
LQCD

mp = — lim —IM(UTE“(I)UE“(U)) Color screening: Quarkonium states

BROOKHAVEN
Berndt Mueller ,



Which properties of hot QCD matter can we hope to determine ?

T;w < ¢g,p,s Equation of state: spectra, coll. flow, fluctuations
(;ﬁ =dp/ de Speed of sound: correlations
I . .
Hard for N = ?fff 4I<T1}- (-’L‘)TT}-(U)> . anisotropic collective flow
Effective Ao C
- ' §=— R - Tpoasie, — a+
QCD 1= N1 ey (UTF~ (y)OUF™(0))
o — 4”_2“-*61? [y (iU" o A" (yUA™ () | 2
NC -1 parton energy loss, jet fragmentation

K = tﬁn? [de(UF* @i UF** O)")

. ]- T ra a " =
mp = — lim —hl(U E"(x)UE (U)> Color screening: Quarkonium states

lxl— oo | x

87



Which properties of hot QCD matter can we hope to determine ?

T;w < ¢g,p,s Equation of state: spectra, coll. flow, fluctuations
Easy for cf =dp/ de Speed of sound: correlations
1 .
hQCD N = ?fff ‘x (Tx}- (-’L‘)TT}-(U» . anisotropic collective flow
-~ 4317:{}-;6‘ - a+i - a+
4= & [dy (U OUE” (0)
o 2T Gy [y (iU" o A" (HUA™ )1 :
NC -1 parton energy loss, jet fragmentation
4317{]* Tyrali a hOi b
%= 3N [de(UTF @ UF*™ )"

. ]- T ra a " =
mp = — lim —hl(U E"(x)UE (U)> Color screening: Quarkonium states

lxl— oo | x

But we need a hQCD close to QCD!
Dynamical hQCD model is one of the candidates!



89



90



91



92



93



94



95



96



97



98



99



100



