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What makes up the mass of the visible universe?

Our Universe:

- 68% Dark energy
- 2% Dark matter

- 9% Visible matter

Planck 2013 Results

- What makes up the mass of the visible universe?
Atomic mass (visible matter): 99.9% from nuclear mass
Nuclear Mass: all of it from nucleon mass

Nucleon mass? 2> energy of massless gluons and almost massless
up & down quarks

Gluon & quarE interactions & d'ynamfcs make up the entire mass qf the visible-
universe!

2> “Mass without mass” - John Wheeler _
Abhay Deshpande 3
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QCD matter under extreme conditions

LHC,RHIC,FAIR,NICA,HIAF Early universe Neutron star

Neutron star merge->BH 6




QCD phase transition at early universe
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QCD phase transition in compact star

radius ~ 10 km,
mass ~ 1-2 Sun masses,
large magnetic fields ~ 10" Tesla,

high rotation (up to 716 Hz)
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M/Mpyax,q ~1
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binary (< 1kHz) black hole + torus(5 — 6kHz) black hole (6 — 7TkHz)
binary (< 1kHz) HMNS (2 — 4kHz) black hole + torus (5 — 6kHz) black hole(6 — 7TkHz)
binary (S lkHZ) HMNS 2 — 4kH/ S (1 — QkHZ) NS (2 —_ —lkHA)
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Gravitational Waves from Neutron Star Mergers

Neutron Star Collision (Simulation) Collision of two Black Holes

Inspiral Merger Ring-
down
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T I Reconstructed (template)
In binary neutron star mergers a
Ll . L ] | Post-Merger Phase
=9 often exists

M. Hanauske@Frankfurt Uni., 2017



Gravitational Waves from Neutron Star Mergers

The Einstein-Equation

100 years ago, Albert Einstein presented the main equation of General Relativity:

8r (G
— 2_4 Tut,

Spacetime curvature

WJ

Mass, Energy and Momentum of the

"Properties of the
Spacetime metric

System
Equation of State of elementary
matter
( density, temperature )
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Explored QCD phase diagram
by theorists
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1, CEP
2, QCD matter under
magnetic field and rotation



|. CEP

Quark-Gluon Plasma

d BES @ RHIC
d NICA @Dubna
d CBM@FAIR
d HIAF@IMP
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Early Universe

: Future LHC Experiments
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Dip structure
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The dip structure is sensitive to the relation
between the freeze-out line and the phase
boundary ! 18




ina R AN Ko

B _ a" 14 ) Zf 3 ‘
M MG T K7 = F S AHAS 17 A ek
2

Baryon number suscentibility

1L—0.067

fi:T(W) = 0.158 — 0.14u? — 0.04u* — 0.01le” oo0s

~
-

-
bl
-~

== = 12

40L, . : .
0 200 400 600
Ls(MeV)

27w = 0.158 — 0.145% — 0.04u* |
1.477 19 /147
1+ 0.343/5

pp(Vs) =




ina R AN Ko

ko’ SXJiERE= ko’ £ T - uB B LK

A HI S AR L T 02 1145

I 1 e it OEP— ko 2055

20 /47



11.QCD matter
under strong magnetic fields
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Non-central HIC
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MAGNETIC FIELDS

* Inside compact stars
— 1010 to 1015 Gauss

« Non-central HIC
— 1018 to 1019 Gauss

» Early Universe
— up to 1024 Gauss

1 MeV: = 1.44 x 10'° Gauss

m?  ~ 2.8 x 10*" Ganss




Chiral phase transition
In strong magnetic fields

24



Magnetic catalysis at zero temperature

S P. Klevansky and R. H. Lemumer ('89); H. Suganuma and T. Tatsumu ("91);

V.P Guswmn V. A. Miransky and I. A. Shm];mm (04, '95.'96....)
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Magnetic catalysis at zero temperature

S P. Klevansky and R. H. Lemumer ('89); H. Suganuma and T. Tatsumu ("91);
V.P Guswmn V. A. Miransky and I. A. Sh::n];r::n (04, '95.'96....)

attractive channel: spin-0 flavor-diagonal states

S
S
dd

(i)
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A

» B

enhances chiral
symmetry breaking
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Magnetic catalysis at zero temperature

Bali et.al. arXiv:1206.4205 [hep-lat]
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Inverse Magnetic catalysis at nonzero temperature

Bali et.al. arXiv:1206.4205 [hep-lat]

L | T T T E T T T ] T T T J T T

(1 - ]
----- 160 -
1 = mft=o  _gF
ZZ T=130 Mev =~ P
= T=148Mev = 4F
™ IE T=153 Mev P o s
- I T=163 Mev A . < 150
] iy
> 0.5 T=176 Mev ; =
s e S e - 2=
+ L = i o
=] i"-' """" e
,E"_!, e —
= : . 140
0 B T:‘:::r‘l‘lcIllillnllh!!::!:::“il e
““'"'""'""“'“""Iil-.-:;;;..;.."m
S | L. I |
| | | F s ] 0 02 04 06 08
0.2 0.4 0.8 0.8 eB (GeV?)

Surprise !!!

Some important information is missing in our understanding
of chiral phase transition, which is enhanced by magnetic field!
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How to understand inverse magnetic catalysis ?

1) Magnetic inhibition K. Fukushima. Y. Hidaka, PRL 110, 031601 (2013)
Contribution from neutral pions

2) Contribution from sea quarks
Bruckmann et.al. arXiv:1303.3972

3) Polyakov holomoly . ak et.al. arxiv:1304.6020

4) Chirality imbalance
T Jingyi Chao, Pengcheng Chu, MH,
Sphaleron transition  xiv:1305.1100, PRD88(2013)

Instanton-anti-instanton pairing condensate

Lang Yu, Hao Liu, MH, arXiv:1404. 6969
PRD90(2014)



Theta vacuum, instantons and sphalerons

QCD vacuum has non-trivial topological structure characterized by
an integer valued Chern-Simons number
Buividovich et al. arXiv:1111.6733

From Kharzeev’' PPT

Energy of
gluon field
-.E 4
o7 :
instanton — © >
sphaleron P
g° 4 =
T — 1 4L
&FI'I e 32?1_2 CLF o TI'[F;],F[;;F ]

Induce chirality imbalance:
{JH"TH B J;'II"TL]'1=+ur_‘=-:'_: _ {*MH T F ii'II";I-.I'Z. }tz—::-c: — _Eiwfﬂ"ﬁ"r:s
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Theta vacuum, instanton and sphaleron:

QCD vacuum has non-trivial topological structure characterized by
an integer valued Chern-Simons number py

20—

& e
Sphaleron

(thermal transition)

Instanton
(vacuum tunneling)

v[G=+G]

g’ =
ANes = f d*z Tr[Fap, F*]

LT

Induce chiral imbalance:

(Nag—Npli—jeo — (N — Np)i—as. = —2NpAN
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Chiral Magnetic Effect

Fukushima,Kharzeev,Warringa 2008

Red: momentum
Blue: spin

Visual picture:
Electric charges:

me@ u) ?\ u-quark: q=+2¢/3
“ T d-quark: q=-e/3
%g = | @ d)
> { gvr Role of topology:
1 - 2 H

E

<

3 ekt 4
. Sphaleron S
Piarentnstamon) 0%
of quarks o ol: _ of quarks
(and gluons) Eharge (and gluons)
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Chirality imbalance & Chiral Magnetic Effect

Fukushima,Kharzeev,Warringa 2008
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Chiral phase transition induced by chiral anomaly

<. G 4 1 B >~ dp.
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Inverse magnetic catalysis
Induced by instanton-anti-
Instanton molecule pairing
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Chiral symmetry breaking and restoration from intantons

(0| ¥ |0) o p(A — 0)

T=0

N\
s“f\\ f Y Instanton
/A \

ot

Chiral Symmetry

III " i
/ ___—r  Breaking |
Localized Dirac zero-mode | e PO
| T i
Lesit )
| o
N ]

Isolated instantons Instanton-anti-instanton

molecule pairing
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Chirality imbalance induced by instanton
anti-instanton molecule pairing:

T. Schater., E. V. Shuryak and J. J. M. Verbaarschot,

Phys. Rev. D 51, 1267 (1995) [hep-ph/9406210].

2 e e - e
[-"?nof sym — (;{ iN,I,TQ {(L‘Tﬂ'r)z . (_E-J,Taa,}._.:-_ﬂ.;) 2:|

L (@) + (Froi ]
7 R .
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Mean-field approximation:

A -
_|_

B —
4Gs ' 4G4
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T iy
B dp.
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Inverse magnetic catalysis
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FIG. 2. (Color online) T, as a function of €B for r4=0,-0.5,
-0.75, -0.85 and -1.0.

Lang Yu, Hao Liu, MH, arXiv:1404.6969, PRD90,074009(2014)
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Vacuum superconductor

40



Vacuum Superconductor

*M. N. Chernodub, Phys. Rev. Lett. 106 (2011) 142003 [arXiv:1101.0117 [hep-ph]]
-Energy of relativistic particle in the external magnetic field B:

Eijgz (p.)= pz + (2n — 2sgn(q)s. + 1)|qB| + m?

\
A/nonnegative integer nummA

the momentum along the external projection of spin on the
magnetic field direction of magnetic field

-Masses of p mesons and Tr in magnetic field.:
mZ, (B) = m?2, +eB becomes larger
mﬁi (B) = mﬁi —eB becomes lighter

where m,, = 768MeV , m,, =140 MeV
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Vacuum Superconductor

The charged rho becomes massless and condensate at a

critical magnetic fields : eB. = m

2
ot

M. N. Chernodub, Phys. Rev. Lett. 106 (2011) 142003 [arXiv:1101.0117 [hep-ph]]

0.8},

masses in the external magnetic field

7

-
-

0.8

The pions become heavier while
the charged vector mesons
become lighter in the external
magnetic field

The p~ — mor’

decay stops at a critical eB
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Vacuum Superconductor?

¢ A point particle model for the charged rho :

2
eB, = m ot

e NJL Model (LLL): eB, > 1 GeV?

M. N. Chernodub, Phys. Rev. Lett. 106 (2011) 142003 [arXiv:1101.0117 [hep-ph]]

e NJL Model: eB. = 0.978 m;

M. Frasca, JHEP 1311. 099 (2013) [arXiv:1309_3966 [hep-ph]]



Vacuum Superconductor?

e DSE and BSE:

Kunlun Wang PhD thesis

e Quark-antiquark Green Function and

mp,2 [Ge‘ufa]

effective Hamiltonian (LLL)

M. A. Andreichikov, B. O. Kerbikov, V. D. Orlovsky and Y. . A. Simonov, Phys. Rev. D 87, no. 9, 094029

(2013) [arXiv:1304_2533 [hep-ph]]
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Charged and neutral vector meson in NJL model

L = PP —m)+ Gs [(V)? + (¥ir°T)?]

—Gy [(p*7)? + (PyHy 1)

]' L’
— 2 B,
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Charged vector meson in vacuum

0.00 0.0 0.10 0.1z 0.20 0.5 030

«B|GeV)

FIG. 4: The mass square of charged pi with spin component
3, = +1 as a function of eB.

eB, ~ 0.2GeV?| |

Hao Liu, Lang Yu, MH, arXiv:1408.13186



Charged vector meson at finite temperature

Charged vector meson can condense at high T!

L ——— -

0.7p— H=0GeV T

0.1 0.2 0.3 0.4 0.5

Hao Liu, Lang Yu, MH, 2015 47



Charged vector meson at finite temperature

Charged vector meson can condense at high T with IMC!
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Hao Liu, Lang Yu, M.Chernodub, MH, 2016 48



Magnetar

Pengcheng Chu, Xin Wang, Liewen Chen, MH, arXiv:1409.6154
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2 solar mass Neutron star

updated 20 Apnl 2013

A stiff (hard) 5.
equation of e i

t t M d dl ; ] 111 ‘ L‘:,ﬂ;,hk bira E‘lgtll rtgﬂ star
state Is needea: .o Siows  binaries

Quark matter
has soft EoS !
Excluded inside
neutron star?

in Tér 9 .
W EO5 my pulser :hlte

H i 47 Tur
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Strange quark matter under magnetic field

L L
L= Lyt g — ZFWF*
Eq — L_f{ (E()’u — qJCAE ML) — Thcw}L’f + [:—l —}— EG

Lyo=Ls+ Ly + L1y

= Gg Z L f/\au (CTfE’.}rj)\(Lyf)z}
o= U

Lip =il E (Pt N L") + (YiyHys A )]
a=_0
Pengcheng Chu, Xin Wang, Liewen Chen, MH, arXiv:1409.6154 51



Strange quark matter under magnetic field

Pg = —QCC,(J + O‘d + 0. )+4Ixaucrdaq
+ 2(71;(?1 + ?1d +n ) + Gry (N, — nd}
T (eu & Hd T 93)

'I‘-:E'm,a::t: T
E : (|QE|BB‘IC)

- . 32 w + /3 — si(k, B)?
si(k,B)"In { (i B) }}

Pressure contribution from magnetized gluons
pg(T = 0, s E’BJ == H-U(;I-QEB —+ ;1.4)

Pengcheng Chu, Xin Wang, Liewen Chen, MH, arXiv:1409.6154
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Mass of quark magnetar
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Pengcheng Chu, Xin Wang, Liewen Chen, MH, arXiv:1409.6154
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Problems not solved ...
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x x 100

X" x 100
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Magnetic susceptjpjlity— ——

Latest Lattice paper: 2004.08778
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Meson masses in external magnetic fields with HISQ

fermions arXiv:2001.05322v1 [hep-lat]
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x*® x 100

Negative Magnetic susceptibility:
Latest Lattice paper: 2004.08778
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B =p? + {VM? + (2k + 1 — s8)|gB| — srqB}?

Without AMM

Kun Xu, Jingyi Chao, Mei Huang, 2007.13122, PRD to appear
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1I.QCD matter under rotation
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. Introduction
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ll. Chiral dynamics under rotation

Xinyang Wang, Minghua Wei, Zhibing Li, M.H.
Phys.Rev.D 99 (2019) 1, 016018,e-Print: 1808.01931

Minghua Wei, Ying Jiang, M.H. to appear
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Chial dynamics under rotation from NJL model

Yin Jiang, Jinfeng Liao PRL2015
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= 0.2 g |
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Angular velocity is like the chemical potential,
1st order phase transition in two corners!
Minghua Wei, Ying Jiang, 62

M.H. to appear



Scalar meson masses as functions of angular velocity
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(c) scalar meson mass as a function of angular
velocity at p = 200MeV

Minghua Wei, Ying Jiang,
M.H. to appear

(d) scalar meson mass as a function of angular
velocity at u = 300MeV
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Vector meson masses as functions of angular velocity

I (g) = —4 / & T [y S(0; Flig” r°S(F; 0)]e” g i

T (g) =

D1 (¢*) = Di(¢*)P{" + D2(q”) P4 + D3(¢*)L" + Da(¢*)u'u”

P = —€l'€], (S, = —1 for p meson )
Py = —ebeh (S, = +1 for p meson )
LM = —b"b”, (S, = 0 for p meson )

1+2GyA2 =0

A% = —(II1; — ill12), (S, = —1 for p meson )
A3 = —TIy; — iTly, (S, = +1 for p meson )
Ag = 33, (S, = 0 for p meson )
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Minghua Wei, Ying Jiang, M.H. to appear
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Enhancement of thermodynamical properties under rotation
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lll. Gluodynamics under rotation

Xun Chen, Lin Zhang, Danning Li,
Defu Hou, M.H. arXiv: 2010.14478
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Gluons are spin-1 particles, should be
more sensitive to rotation!

No good 4D effective theory for
gluodynamics, we use dynamical
holographic QCD model!
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Holographic Duality: Gravity/QFT

AdS/CFT :Original discovery of duality
Supersymmetry and conformality are required for AdS/CFT.

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

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

5-Dimensional

Strongly Coupled
Gauge Theory

— Flat Spacetime
(hologram)

Quantum Gravity

70



Holographic Duality & RG flow

Coarse graining spins on a lattice: Kadanoff and Wilson

H= E Jifi‘)ﬂi(x) J(x): coupling constant or source for the operator
Tt
a Pl o e o o H_ Jz(x,a)O(:L‘)
AN N N W n
W il i " A— !

H—Ji(.'l"-, u} — Bi(ij(:r-, u]u} A.Adams, L.D.Carr, T.Shaefer, J.E.Thomas
' ' arXiv:1205.5180
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Dxnamical holographic QCD ! Graviton-dilaton-scalar system

QFT on lattice equivalentto GR problem from Gravity
RG or energy scale an extra spatial dimension

promote
—)
Coupling constant dynamical filed
i = D, .
iluv ilo A AdS5; Dynamical
uv \ /@ Bulk field/Operator

correspondence

5)| To(e?) (24> 3

44

x(z) (qq)

S

Deformation of AdS;

dl 03 AN
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Glueball spectra:

Yidian Chen, M.H., arXiv: 1511.07018

JrY LQCD Flux tube model | QCDSR | MDSM
gt | 1495173 1.52 1.5 1.593

o*t+ 2.67-2.83 2.75 . 2.618

ek 357 - -~ 3311
| i 3.99 ~ -~ 3.877

| e 2.59 2.79 2.05 2.606

0*—t 3.64 - . 2317

011§ — - 3.1 2.667
| 2.94 2.25 — 2.954
| . 3.85 - — 3.44
T 2.4 2.84 2 2.203
2= 3 2.84 — 3.161
g 3.89 — — 3.703
21 4.14 2.84 6.06 2.786
2 3.93 2.84 — 3.619

Odderon
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Produced hadron spectra compared with data

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

) 2 R |
iy (GeV™) mGeV)

()
w

( Mod IA ) ( Mod IB )

Ground states: chiral symmetry breaking

Excitation states: linear confinemnt 4



Strongly coupled QGP

Equation of state &
transport properties

D.N. Li, S. He, M.H., Q. S. Yan, arXiv:1103.5389, JHEP2011
Danning Li, Jinfeng Liao, M.H. arXiv:1401.2035, PRD2014
Danning Li, Song He, M.H. arXiv:1411.5332,JHEP2015
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Phase transition and EOS

5D graviton action:

1 - 4
B = i/ ( B — =8,00% — Viald
5 16:-rr_’;‘5f v/ —g ( 3 Mele o 15(@))

dz?

f(z)

. (—f(z)dt?+ +dmﬁ),
Metric structure, blackhole, Dilaton field and
Dilaton potential should be solved self-

consistently from the Einstein equations.
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Electric screening Heavy quark potential

'u'qu'gq{GE‘IJ']
0.4+

0.2+

0 0.2 0.4 0.6 0.8 1

Polyakov loop: B e P
color electric :
deconfinement

D.N. Li, S. He, M.H., Q. S. Yan, arXiv:1103.5389, JHEP:
79



Magnetic screening and magnetic confinement

Vg, (GeV) %=

spatial Wilson loop spatial string tension

D.N. Li, S. He, M.H., Q. S. Yan, arXiv:1103.5389, JHEP2011
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Temperature dependent transport properties
reflect phase transitions?

shear/bulk viscosity,
Jet quenching parameter
Electric conductivity
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Shear viscosity from AdS/CFT

|
-9 ®
N\

shear viscosity & absorption cross section of graviton

i = N8
entr‘opy & horizon area 1] i |
s = 72N2T3 /2 .

Kovtun - Son - Starinets (2004) Minimum bound
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Shear viscosity over entropy density:

minimum near phase transition
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Lacey et al., PRL 98:092301,2007
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Bulk viscosity over entropy density: LQCD
sharply rising near phase transition

Gls

: @ » 0,20 ¢

I oh
0.8} 0.8¢ 025 |

[ 06
0.6F 020

i 0.4}
gl ol . 0.15 t

r L

[ B o ke e « % 0.10 |
D_Ej 102 1.04 1.06 1.08 1.10 1.12

[ & 0,08

T T TIT
0.0 : ; 3: ‘—:1—"- : T/T, i . : . . c

1.0 1.2 1.4 1.6 1.8 2.0
Pure gluodynamics 2_-flavor case
L= 1 BT T =iy ]E'|E'U|
9wo aT |

Dmitri Kharzeev, Kirill Tuchin arXiv:0705.4280 [hep-ph],
F.Karsch, Dmitri Kharzeev, Kirill Tuchin arXiv:0711.0914 [hep-ph],
Harvey Meyer arXiv:0710.3717 [hep-ph],
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Shear viscosity from dynamical hQCD
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Bulk viscosity from dynamical hQCD
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Jet quenching parameter

p+p
o
\?'JF %
E » |
hard ."'f' : BE
production 24 i r; i 4 2
219,~ H F 3 g 4 4
& t A ! ® 0 0
medium
04 " . .
~ __SNC q L2 Baier, Dokshitzer, Mueller,
2 Peigne, Schiff (1996):

é : reflects the ability of the medium to “quench” jets.

(k7) p
g = ~ L :Debye mass 4 : mean free path -

L A




é of N=4 SYM theory

BDMPS transport coefficient reads: \ = g7 ,, N,

3/2
Gopy = F(%)\/_ T° % 26.69\/ct gy N T

r(:)

- Take: N, =3,a. =

1
. , =T = 300 MeV

Gopy = 4.5 GeV?/fm,

e Experimental estimates: 1-15 GeVZ/fm

37

i >
al A Majumder, Muller & XNW 2007 88
S 2q



Jet quenching from dynamical hQCD
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Jet quenching characterizing phase transition!
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Temperature dependence of jet quenching parameter
[Jet Collaboration] arXiv:1312.5003
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Electric conductivity
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Dxnamical holographic QCD Graviton-dilaton-scalar system

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

Gluonic background:  Graviton-dilaton coupling

1 . . .
S Sap r/d ry/gse 2P (R + 400 20M & — V(@)
Flavor background: Action for light hadrons
5D linear sigma model (KKSS model)
S e we /df‘;u gse *Tr(|DX|> + Vx (XX, ®) + ;—E(FE + Fg))
95
Full 5= 5a+ Su
Dyte?play between gluodynamics and quark dynamics!!!

ICS.
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Dynamical holographic QCD Graviton-dilaton-scalar system

Gluodynamics Quark dynamics
Dilaton Flavor
DhQCD
QC background background

55: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

0123456789

N.DJ000O0OD

Ny DS-DS|0O0C OO0 00000

B N E open strings give chiral (from D§) and anti-chiral (from anti-Dg)
fermions in the fundamental representation.
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Comparing with the Polyakov-loop NJL model

Quark dynamics:
L = P70 — m)y + Gs[(V¥)* + (YivsTY)’] — Gv [(¥7u¥)* + (Y yuys9)’]

Gluon “dynamics”: Polyakov-loop effective potential

U(D, DT . _ - ) .
( T4 ,T) _ _a(j) OD + b(T)In[1 — 60D + 4(P> + B3) — 3(PD)?]
_ A d3'p
Qpnyr = U(P,D,T) — 2N, Z /{; o) (E}] + Gs(oy +04)? — Gy (pu + pa)?

i—w,d
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1=t
d? s y _ _
—2T Z / (9;;3 In(1 4 3de A(Bta) 4 3pe—28(Eitis) 4 o=3B(Eitis))]
i—u,d &
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Quarkyonic phase in quenched DhQCD

025 — . . . T [GeV]

R S : o205
%} 0.15 Chiral ; ) 2F----_-_-_:_--_?_“fj=__
2 symmetric blit ' TR
- onfined Ul

0%t DhQCD 0.1 \

Fr 3 R A R I - I I PNJL "|

0.0 0.2 0.4 06 0.8 0.05 |

. . |
H (GeV) <:> 0.1 0.2 0.3

Sasaki, Friman, Redlich,
Xun Chen, Danning Li, Defu Hou, M.H, hep-ph/0611147
arXiv:1908.02000

Oﬁf)q [GeV]
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4D effective theory mainly investigate chiral
phase transition, HQCD can handle gluodynamics

Einstein-Maxwell-Dilaton system
h( 1

~ 1 5 ‘:I:}) 2 s [ [ Fil |
= o | — 28,000 — V(d)].
> 16ﬁG5/ Pay/=glR — =78 = 50,907 = V(¢)]

2A.(z)
ds® = = [~F(2)dt* +

d=? + d?

F(2)

Au(2) = Fay (az® +1) + %111 (b2° +1) — %m (dz* +1)

2_A.( ; . :
h ( Z) e ‘—cz —fAelZ :] D. Dudal and S. Mahapatra, “Thermal entropy of a quark-antiquark pair above and below
deconfinement from a dynamical holographic QCD model,” Phys. Rev. D 96 (2017) no.12,

126010 [arXiv:1708.06995 [hep-th]].

t — (t+wl¢), o — : ('—i—wf)
-+ wlo). o — (¢ + —t),
Vv1—w? V1 — w? L
w is a dimensionless angular velocity parameter ranging from 0 to 1

Xun Chen, Lin Zhang, Danning Li,
Defu Hou, M.H. arXiv: 2010.14478
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Fit parameters from lattice QCD results for pure
gluon system and 2-flavor system

3PIT?

ol (a) Two-flavor

5

4

3

2 Pure gluon

1

0 TIT.

0 12 14 16 1.8 20

TIT,

TIT,

0.0 . "
10 12 14 16 18 20

c a b d G5 j &
Nyg=21]-0227 | 0.01 | 0.045 | 0.035 | 1.1 | 211MeV
Ny=0] 116 |0.075 | 0.12 | 0.075 | 1.2 | 265MeV

Xun Chen, Lin Zhang, Danning Li,Defu Hou, M.H. arXiv: 2010.14478
99



Enhancement of thermodynamical properties under rotation

PIT*
1.5
1.0
0.5
05 10 15 20 25 30 3.5T = 05 10 15 20 25 3.0T
3
(e-3P)IT* Sé’T
3.5
3.0 (d) .
2.5 "
20 e
15 B ﬁ;gé # 7
1.0 vl ¥
05 i
05 10 15 20 25 30 55 10 15 20 25 30 © 0.25 0.30 0.35 0.40
4
€iT (e-3P)/IT*
B 4
5 (d)
4 3 ,‘ — =0
3t 4 2} AR
2}i -
1} i
ok T

0.25 0.30 0.35 0.40 T 0.250.30 0.350.40

Xun Chen, Lin Zhang, Danning Li,

Defu Hou, M.H. arXiv: 2010.14478
100



Deconfinement phase transition under rotation

Pure gluon
T T
025 0.25f +(b)
020k 0.20}
0.15} 015k
0.10f ;
0.10 —_— =0
0.05} _ — w=0.5
0.05 — =08
0.05 0.10 0.15 0.20 H
T T
Two-flavor .......
020fZZZIZ233305a (@) 020f======22217=~el_ (b)
0.15} ~"':::EE::::\ 0.15} ."'“--..__:::"':::::::z-
\“":::\ ----------
\s::\\
0.10} SN 0.10p
\:\\\
----- =0 AN ——— =0
005p =mmm== (=02 ‘\‘\ 0.05F =m=m=- w=0.3
..... p=0.3 s ————— =05
; z ; : & . : ; i : : : i
0.2 04 0.6 08 10 o1 02 03 04 05 06 07

Xun Chen, Lin Zhang, Danning Li,
Defu Hou, M.H. arXiv: 2010.14478
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Heavy quark potential, spatial Wilson loop and
Polyakov-loop under rotation

Xun Chen, Lin Zhang, Danning Li,
Defu Hou, M.H. arXiv: 2010.144/8



Heavy quark potential, spatial Wilson loop and
Polyakov-loop under rotation

<P>
1.5} I
Pure gluon .
1.0f
—_— w=0.3
0.5} m——— y=0.6
smema (0=0.65
; a2 2 » » 'OD A 3
0 DU 1 2 3 4 0 0.18 0.20 0.22 0.24 D.26T
Figure 9. (a)In pure gluon system, the expectation value of a single Polyakov loop as a function
of T at pu = 0.15GeV for different angular velocities of w = 0(solid black line), w = 0.6(dashed blue
line) and w = 0.65(dot-dashed red line). (b) An enlarged view of (a).The unit for T, i is in GeV.
<P>
0.5
0.4
Two-flavor -

0.2

0.1

0.0

0.16 0.18 0.20 0.22

Figure 10. (a) In two-flavor system, the expectation value of a single Polyakov loop as a function
of T at u = 0.15GeV for different angular velocities of w = 0(solid black line), w = 0.6(dashed blue

line) and w = 0.65(dot-dashed red line). (b) An enlarged Xii:lorf]{ ﬁeeurriilt ch}’I"ﬁ i Gé'\hg Danni Li
H H H
Defu Hou, M.H. arXiv: 201 0.11%378



Deconfinement phase transition under
rotation from lattice

Results from V. V. Braguta, A. Yu. Kotov, D. D. Kuznedelev, A. A. Roenko, "Study of the

Confinement/Deconfinement Phase Transition in Rotating Lattice SU(3) Gluodynamics”, Pisma
Zh.Eksp.Teor.Fiz. 112 (2020) 1, 9-16.

7 8% 20x25
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@ k“‘““-.,‘ 2
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e
0.94
0.92
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IV. Summary

Properties of QCD matter under strong
magnetic field and rotation are not fully
understood yet!
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Thanks for your attention!
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QCD and string theory: 1968-1974

2, String model & confinement &——— V=TR
a | 3
Flux tubes of color field = glue

Dual superconductor picture

Type-Il 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-pa}r magnetic monopole
condensation ﬁ =» \ Y. condensation
.
squeeze B @) \ 3 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

= A
4 g5

8 / 4% Mo B, 0"

Fu = 0,4, —8,A, + [Au, A)]

(Ap)ij = Ay (T)s
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QCD and string theory: 1968-1974

Gluon propagator ;=== ~gin

Interactions )/\KN i >\/\< N i

't Hooft coupling A - g%,MNC

~ (gha)*? NE = AN

V7 o (2. \8—5 N5 — 13 N2
C O ) ~ 6 NE= XN

Non-planar

suppressed
110

Planar diagram
most dominant




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

log Z = 3" N2 £,(8) = N2fo(X) + u(N) + oz fo(¥) + -,
h=0 B

Vacuum-to-vacuum amplitude in string theory

00 1 .
A=Y g 2F(a!) = ?Fﬂ(ﬂr) + Fy(cd) + g2Fa(el) + -+ ,
h=0 5

where gs is the string coupling, 2ma’ is the inverse string tension, and Fj(a') 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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QCD and string theory: 1997-Now

N=4 SU(Nc) Yang-Mills
theory

String theory on
AdS;s x S°

AdS/CFT Polyakov 1997 Maldacena 1997

N=4 super—Yang—h-’[ﬁ_ls

1 1

. 9 1 1 .
S=—5— [d'zTr (—FwF“ +§(Dp¢:‘j)2+§hl3'xi— Exilﬁf?fj-Xj] —1[%-%;][@1‘;-%1])

g%’ M "

with 6 adjoint scalars ¢'%), a gauge field A, and 4 chiral adjoint fermions ;.

AdS; x S° metric

ds® = ds% s, + R°dQ;

2

R ;
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QCD and string theory: 1997-Now

The precise duality relationship is

Yzgo(T)O(Z .
< of d360(2)O )>CFT = Zetring |6 (Z, 2)

2=0 = ¢o (T)] .

o" Zst-rin -
5@0(1*.1.:{1}---&5{,@“,1,1) - <Tﬂ(“*x””'@“”*x”}>

field theory

Gauge Theories

uantum Gravit
CFT Q Y

String theory
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QCD and string theory: 1997-Now

AdS/CFT conjecture
AdSs x §° <= N =4 SYM theory

If it's true for any gauge theory

String theory,
quantum gravity

<-=m==p |Non-Abelian gauge theory

Then what’s the dual string theory of QCD?

| |
Nonconformal

Question: Is it possible to find a string theory dual to QCD?
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QCD and string theory: 1997-Now

QCD is not a conformal theory, then what’s the dual

string theory of QCD?

Leave the task of
deriving the
holographic QCD
model to string
theorists

What we can do: extract
a workable holographic

QCD model from the
real world

Dp-Dq system in type-ll
superstring theory (10D)

41

Metric structure of
holographic QCD (5D)

T4

| acp |
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Dynamical hQCD model
----- 5D effective QCD model

118



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 AdS/CFT.

Holographic Duality: (d+1)-Gravity/ (d)-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 Duality & RG flow

Coarse graining spins on a lattice: Kadanoff and Wilson

H= Z J:[:i}@t(x) J(x): coupling constant or source for the operator
f/////////////
0 e e H = Z Ji(z,a) O'(z)
2 AN N N W
Wl s e s i il %
200 ~ LLLWETT H = ZJE(% 2a) O*(x)
/ / /* / i

4a // /*/ // H = Z Ji(z,4a) O'(z)

s,
ua—li(:r-, u) = B;(J;(z, u), u) arXiv:1205.5180
(4} 121




Holographic Duality & RG flow

QFT on lattice equivalentto GR problem from Gravity
RG scale -> an extra spatial dimension
Coupling constant -> dynamical filed arXiv:1205.5180

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. 122



A systematic framework: Graviton-dilaton system

1

Sg = T™e jﬂfﬂiﬂ QSE_E‘JJ (RS + 49 oM P — 15{{1’}}
mlrs
N=4 Super YM QCD
conformal nonconformal
AdS; deformed AdS;
: 2 _ GO o gy g
ds® = % (dt? 4 dZ* + d2?) ds” = (dt* + dT* + d=7)
Vie(o) 12 Dilaton field breaks conformal symmetry
gE\@Q) = — —

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

From UV to IR

e ey

e

Pl o cy com- s cxmi ol

uv

QCD Dynamics at IR

deformed AdS;
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The goal is to describe
Hadron spectra
chiral symmetry breaking
& linear confinement

Phase transitions
equation of state

Transport properties

in one systematic framework

125



Hadron spectra:

Glueball spectra
Light-flavor meson spectra

D.N. Li, M.H., JHEP2013, arXiv:1303.6929
Yidian Chen, M.H., arXiv: 1511.07018

126



L. Da Rold and A. Pomarol, Nucl. Phys. B 721, 79 (2005)
J. ertigh: B, Katg, 1) L Son and M. A. Stepha,n-:w Ph:-,-'s Rev. Lett. 95, 261602 (2005)

1
ds® = E—E(—dzz + drdz,), 0<z <z

5D hadron action

i 1
S = fd”:a: VI Ir{uJXF +3|X|2 - E(Fg - Fﬁ}}

TABLE I: Operators/fields of the model

4D: O(x) 5D: ¢(zx, z) p A (ms)? (A —p)(A+p—4)
gry"t%qr L 1 3 0
qrY"tqr Ag., 1 3 0
TRdy (2/z)XF 0 3 3
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Lowest excitations: 80-90% agreement

Measured Model A Model B
Observable (MeV) (MeV) (MeV)

Mo 139.6 = 0.0004 [8] 139.6" 141
m, T753.8 = 0.5 [8] 775.8° 832
m, 1230 = 40 [8] 1363 1220
i 92.4 = (.35 [8] 92,47 84.0
F%ﬂ 345 £ 8 [15] 329 353
Fi? 433 = 13 [6] 486 440
- {— 6.03 = 0.07 [8] 4.48 5.29

z, = 1/(323 MeV) 2z, = 1/(346 MeV)

J. Erlich, E. Katz, D. T. Son and M. A. Stephanov., Phys. Rev. Lett. 95, 261602 (2005)

128



However, no Regge behavior in the hard-wall AdS; model !

T I’-i 2IOW Aabs ?12

— Exp. fitted REegge Line
----- case 1 fci=1, oi=0, ms2=0)

-------- case 2 {cf=0, 4=0.39, myi=0)

PSR T S [ S SR S SR [ SN ST SR T [ SR TR ST TR [T S TR SR T N TR S S S
00 1 2 3 4 ) =]
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A. Karch, E. Katz, D. T. Son and M. A. Stephanov, Phys. Rev. D 74, 015005 (2006)

soft-wall AdS; model or KKSS model

gun dzMda™ = e (d2? + n,,dxtda”)

f:/dﬁm\/ﬁe_'@ﬁ:

A=_—logz, &= 22

Introduce a dilaton field to restore Regge behavior

M2 g = dn+4S
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Pure gluon system: Gluonic background
D.N. Li, M.H., JHEP2013, arXiv:1303.6929

1 a 1/,
EE = —EG#”[:;E}G# ! (I)'.-

IR: Gluon condensate TT{G‘EE ,,
Effective gluon mass (¢°A°)

5D action: graviton-dilaton

1
167Gy

Tr(G?) (g*A*) dualto P(z)

Sc

f d’z\/gse2? (Rs + 400 ®OM & — V(D))

O(2) = pgz? tanh(ug 2%/ ;)

¢(2) - Uenz®, &(z) “=° pe?
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Dimension-2 gluon condensate
& linear confinement

F.V. Gubarev, L. Stodolsky and V.I. Zakharov

Phys. Rev. Lett. 86, 2220-2222 (2001)
< gE AZ} R. Akhoury and V.I. Zakharov
Phys. Lett. B 438, 165-172 (1998)

K. I. Kondo, Phys. Lett. B 514, 335 (2001)

2 H’E
GS(QEJ i ﬂ'ﬂ(QE}PETt 1+ ,f;fafrz #_}f) 52 + O(a)

Qg\T
V(r)=—-Cp o J—l—r:Tg?‘ 0s = gh(F )R-

™

Recent progress: Paris group and Belgium group
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Graviton-dilaton system

;|5

-

SH

g
I

A AdS.

dl 03 AN Woijg

AR 76 (g7A%)
deformed AdS;

girn = b2(2)(d22 + nudrtds?), bs(z) = e?=(?)
MN s Ju o



Holographic Duality: Dictionary

Boundary QFT Bulk Gravity

Local operator O; () Bulk field ©;(z,7)

Strongly coupled Semi-classical

ZQFT[Ji.] — ZQG [(b[Ji”

ZQFT[JJ o~ E_IGR[&}[J]J

0" Iar|P|J;]]

N (5]1 (.‘ITl) ‘% O]n(.LH,) Ji=
134

<01 (Il) ce Oﬂ(:ji?n))



Two-gluon and tri-gluon Glueball spectra:

Yidian Chen, M.H., arXiv: 1511.07018

Mi=(A-f)(A+f—4)

J°° 4D : O(z) Al f| M

ot+ Tr(G?) 1410 0

0~ | Tr(G{D,,D,,G.G}) | 8| 0| 32 | tri-gluon
0—+ Tr(GG) 410] 0

== Tr(G{G,G}) 6 | 1| 15 | tri-gluon
AHE | Pl — $8,02) | 4 |2 | A

a+¥ EIE; — BiBj —trace | 4 | 2| 4

D EiB; + BiE7 —trace | 4 | 2| 4

2= Tr(G{G,G}) 6 |2| 16 | tri-gluon




Two-gluon and tri-gluon Glueball spectra:

C. -F. Qiao and L. Tang, “Finding the 07~ Glueball,” Phys. Rev. Lett. 113, 221601 (2014).
C. F. Qiao and L. Tang, arXiv:1509.00305 [hep-ph].

Tri-gluon glueball jﬁq—— ~ dabc:g;ﬁgﬁv: Ja ‘jﬁcb Il T;;L]‘-
Jor— ~ d*(gl 3G, 1[0a08G) ] [GS,)
Joe ~ d®[gl G5, 1[0a05Gy ) [GS,),
o ~ d®[gh G5, 1[0a08G, ) [GS,,
Jre @) =g3d"[GL, (2)][GE (2)][GSa(2)
i% B(z)=g3d®[Ge, (2)][GE,(2)][GSu ()],
iz 1O (2)=g3d" (G5, (2)][C (2)][Cln()]
i%  P(z)=g3d®[GC, (2)][G5 (2)][GSa ()



Glueball Yidian Chen, M.H., arXiv: 1511.07018

Excitations from gluonic background

E I _
Sg =3 / d°z\/Gse P2 OGIMNG + M3 5(2)F?),

il . s
Sv = -3 / d°eygse P ( SFMN Faw + M3 5(2)0),

St = _% / d°x\/ge " ( VphaynVIRMY — 2V RPN By 42V RNV v R

~VaurhVYh+ Mg o (2) (BN by — h?))
M E{z) = M'EE_‘?‘W 3 p =1 for even parity and p = —1 for odd parity.
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Glueball Yidian Chen, M.H., arXiv: 1511.07018

EOM:

—dly +Vydy =m, o,

I o " f o ! .;!
V_ﬁ - E}ls _ p‘ﬁ 4 (EAS 4}-}‘1’ ) o EEAE_%QELI_E{‘E;

Only one parameter determined from the
Regge slope of the scalar glueball spectra:

g = 1GeV
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Scalar glueba" D.N. Li, M.H., JHEP2013, arXiv:1303.6929

Ground state

20

15

10

7 N + Regge slope!
mn/n ~ 4G

g = 1GeV

hep-lat /0508002
[hep-lat /0510074].

[hep-lat/0103027].
[hep-lat /9901004]

1.0 155 20 2.5 3.0 35 4.0
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Glueball spectra: vidian chen, M.H., arXiv: 1511.07018

| |
_ T | |
- Lo
| |
B | |
2 | |
i [ [
e — —
_— ! =
0 0 ——
— _2_* 44- i
_____ I
. o+ ]: 0 0 o g
S —
- ik —
=
______

Agree well with lattice result except
three trigluon glueball0—-, 0+-and 2*
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Glueball spectra:

Yidian Chen, M.H., arXiv: 1511.07018

JrY LQCD Flux tube model | QCDSR | MDSM
0™ | 1.475-1.73 1.52 1.5 1.593
o*t+ 2.67-2.83 2.75 . 2.618
ek 357 - -~ 3311
| i 3.99 ~ -~ 3.877
| e 2.59 2.79 2.05 2.606
0*—t 3.64 - . 2317

011§ — - 3.1 2.667
17 2.94 2.25 — 2.954
| . 3.85 - — 3.44
T 2.4 2.84 2 2.203
2= 3 2.84 — 3.161
g 3.89 — — 3.703
21 4.14 2.84 6.06 2.786
2 3.93 2.84 — 3.619
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All two-gluon and tri-gluon glueball
spectra agree well with lattice result
except three trigluon glueballs

0-, 0+and 2+

These three trigluon glueballs
0-, 0*and 2*+
are dominated by three-gluon condensate.

Our model only considered two-gluon
condensate.
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Add flavor dynamics

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

Action for pure gluon system: Graviton-dilaton coupling

1

e 167G .

/ d’z\/gse > (R + 40 20M & — V(D))
Gluonic background
Action for light hadrons: KKSS model

- 1 :
Sickss = — [ /G *Tr(DXP +Vx (XX, 8) + 12(F2+ F})
5
5D linear sigma model
N;
.I.ME

Total action: S=Sc+—-—Skkss.
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Graviton-dilaton-scalar system

)
2]
©
g
J

e ey

uv

From UV to IR

(
x(2)

2y (g*A?) (qq)

deformed AdS;

Tr(G

e

Pl o cy com- s cxmi ol
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Quenched Unquenched
background background

M-
b:(z) =

15F

Lof

05k

& z QU_ 1 1 I 1 | 1 1 1 1 | 1 I 1 1 | I 1 1 1 | 1 7
0 3 10 15 Ll

rr ! 2 ' 4: I ! /‘\ I
— AL AT S o A e P =T

6
1" ¢ ! ’ ?))\ f ‘3 :
b i (3AS — 2P )(I) < EE{PX 2 EEZAS_%{I}E)(I) (VG(tf[J) —+ )\E%‘f'VG(\-._ (I)J) == i}

X'+ (34, — &)X — Ve, (x, ®) = 0.
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Produced hadron spectra compared with data

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

) 2 R |
iy (GeV™) mGeV)

()
w

( Mod IA ) ( Mod IB )

Ground states: chiral symmetry breaking

Excitation states: linear confinemnt 116



