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I. Introduction



Gauge/Gravity duality

AdS/CFT correspondence

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

relates gravity theories on anti-de Sitter spacetimes (AdS) to
conformal field theories

General Gauge/Gravity duality
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QFT on lattice Gravitational problem
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Top-down vs Bottom-up

Top-down: based on string theory and D-brane

D8 D8 o u A D3-D7,
D4-D6,

/ [~ SUNp R D4-D8,
D4 / Ax‘s_g X0-3 e
e 8

(a) (b)

Bottom-up: from symmetry of QCD hard-wall, soft-wall, Gubser model,

improved holographic QCD,
1) 5D effective action dynamical holographic QCD ...
2) IR cutoff or dilaton to realize confinement

Hadron spectra, chiral symmetry breaking & linear confinement, phase
transitions, equation of state, transport properties 8



Holographic dictionary

Boundary QFT Gravity
Local operator O;(z) Field @;(z.7)
conformal dimension A, p-form field (A —p)(A+p—d)=m:L?
Strongly coupled Weakly coupled semi-classical

ZQFT [JJ — ZQG [(I) []a”

ZQFT [JI] el E“_IGR[@[J]]

o Len[®L]
N 0J1(x1) ... 0T (xp) 1 0i=0

(i) . .. Opldis)



SD aCtiOn Of DHQCD Chen et al., Commun. Theor. Phys., arXiv: 2206.00917

5D action
— -+
Dilaton profile the Graviton—Dilaton—Maxwell action in the string frame
®(2) = pg2’

v= + — -

The action of KKSS model takes the following form
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DHQCD for Hadron Physics
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Results of the light meson spectra and semileptonic form factor from the DHQCD model
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QCD for QCD Phase Transition
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DHQCD for QCD Phase Transition
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I1. QCD phase transition under rotation
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Heavy Ion Collision

Temperature

early universe

ALICE quark—gluon plasma
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Models
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Lattice QCD
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Holographic results

Deconfinement phase transition

1). Kerr-AdS black hole
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1.Y. Aref'eva, et al., JHEP (2021)

2). Doing a local Lorentz boost
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Chiral Condensation

Chelabi et al., Phys.Rev.D (2016)
Chelabi et al., JHEP (2016)
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2nd order crossover )
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0.00 : ! L : T[GeV]
0.05 0.10 0.15 0.20 0.25

(b)

5D action

S = — /-ds,’f: —gc—(I)TT(D.,,,,XJrDmX + Vx (| X]))-

3 .
V(x) =Tr(Vx (1X])) = —5x" +vax” + vax™.

®(2) = —p12® + (1 + po)2z” tanh(pgz?),
TABLE I: Operators/fields of the model
4D: O(x) 5D: ¢(x, 2) 2 A (ms)?
q_L’}/‘U’ta'qL A%p 1 3 0
qgrY"t"qr A%, 1 3 0
T @/x*° 0 3 -3
Conformal AdS;
2 L2 2
ds* = Z (dz* + nydxtdx”),
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Model

Y. Chen, Danning Li and M. Huang, Phys.Rev.D (2022)

L? dz>2

Metric iy = ?[_f('z)dtg - )

+ dr? + r2df? + dx3), f(Z) = 1— (iﬁ

@ 5D action Sy = — / d°x ge@<z}{Tr[(DW;)‘f(DMX)+1»fx(|X|)] +4PMNFMN}.

The only nonzero component of the gauge field is , which 1s dual to the
polar current operator ~ and described an effective polarization term

Q - in the dual field theory with angular momentum .

AdS Boundary conditions
X|—b= MyC, Agl.—0 -
20




Inhomogeneous condensation

. Chen, Danning Li and M. Huang, Phys.Rev.D (2022)

0,—38, o= 043 2 .= 083 2 5= 0176 2
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Parameters , 3, 4
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* r[fm
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2
(b)
Figure 2. 3D and 2D plots of chiral condensation as a function of radial » at T = 170MeV and 2 = 0.01 GeV with NBC

and (mgq,v3,vs) = (0,—3,8). In Fig.(b), the black line indicates the value of condensation at the same temperature without
rotation and finite size.
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Tolman-Ehrenfest effect

Y. Chen, Danning Li and M. Huang, Phys.Rev.D (2022)

Different angular velocity distribution
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(a) (b)

Figure 3. The chiral condensation as a function of radial » at T' = 170 MeV with NBC and (mg,vs,v4) = (0, —3,8), where
the solid and dashed lines denote the profile of the condensation and the distribution of the angular velocity, respectively.
In (a), the three cases of angular velocity distribution are: (i) Q = 0.01, (i) Q(») = 0.18(exp[L.5(r — 10)*] + 1) ! and (iii)
Q(r) = 0.01(exp[(r — 10)] + 1)~ *. Fig.(b) represents case (ii) Q(r) = 0.18(exp[1.5(r — r0)*] + 1)~! with 7o = 0.6 fm, 1 fm, 1.6
fm and 2 fm. Q 2




Phase diagram

Y. Chen, Danning Li and M. Huang, Phys.Rev.D (2022)
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FIG. 13. The T — Q phase diagram at fixed radius R is shown in
the figure. Here, the red and blue lines correspond to radii of
R = 2 and 4 fm, respectively, and the dashed and dotted lines

represent NBC and DBC, respectively. s



11. (a) Anisotropic background and
deconfinement phase transition
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DHQCD Model

Y. Chen, X. Chen, D. Li and M. Huang, arXiv:2405.06386

The dynamical holographic QCD (DHQCD) model with chemical potential is described by the Einstein-
Maxwell-dilaton system. The action in the string frame can be written as

s s 5
Stot = OS¢ T S

1 . s 5 : h(®P) 4 M ]
St = torg | FoVTE® [RS + 10y, @043 — V(@) — NP By P
s = fd /=g Tt [V XTVM X + Vx (|1 X|, Fun FMY)]
0.25 v
: : - R
potential reconstruction method 0.20 = SR
g 0.15
2 0
B(2) = pgz" tanh(pge2"/ug). O ..
: -
The DHQCD model can successfully describe -
hadron spectra, QCD phase transition,
. o DGD ...............
thermodynamical properties, transport 0.0 02 0.4 06 0.8

properties of QCD matter.

) u (GeV)

X. Chen, et al., JHEP (2020



Model

Y. Chen, X. Chen, D. Li and M. Huang, arXiv:2405.06386

The action in the Einstein frame can be written as

e __ 1 3 R e 1 Mz  y/e |
SG = 16?;“@5 fﬁf I q [R 25'M¢I)3 P V (‘I“) M

The rotation 1s introduced by a non-zero polar angle component of the gauge field. It can be expanded as
Q 2+ . Near the center, the current  can be neglected and the gauge field is approximated as

Aﬂf == (Ata[]: D: A910)1

And the background metric of the Einstein frame in the cylindrical coordinate system is

LQEQAE{:;] d= 2

ds? = ———[—f(z )t + —— ) + eB®dr? 4 2B de? 4 72BH) gy,

Z
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Polarized dilaton
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polarized Polyakov-loop potential in polarized-PNJL model

UD,D,T,w)
T4

= —Cf(T,w) (%) 2(1@ ~ (@° + DY)

Y2 .-
+C‘1f‘1(T,m)<T—) P2P2,

0

F. Sun, et al., Phys.Rev.D (2024)

P

We considering the polarization of the
gluo-dynamics induced by the rotation

D(z,Q) = pa(Q)2? tanh(pe2 (Q)*2%/pa(Q)?).

Q can be expanded as

ue + uaQ? + pa, 0 + ...

= (uc )222 tanh (e 2?/ (s + pa®)?).

Y. Chen, et al., arXiv:2405.06386 2/



Results

Y. Chen, X. Chen, D. Li and M. Huang, arXiv:2405.06386
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u-Tn i i = 'l = " i 2
0 500 1000 1500
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The only parameter ¢ to be
determined in the DHQCD model 1s
based on the relationship between the
phase transition temperature ~ Q
and the imaginary angular velocity
predicted by lattice QCD.

T.(Q5)/T.(0) = 1 — Co82]
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Results

Y. Chen, X. Chen, D. Li and M. Huang, arXiv:2405.06386
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(a) imaginary rotation (b) real rotation

FIG. 4. The expectation value of the Polyakov loop (L) obtained from the DHQCD model for
pure gluon system and lattice as a function of temperature under both real and imaginary rotation.
The triangles in the figure represent the lattice QCD data [100] and the solid lines are the model

calculations. 29



Results

Y. Chen, X. Chen, D. Li and M. Huang, arXiv:2405.06386
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FIG. 5. The T — Q and T — p phase diagrams of deconfinement phase transition for the pure gluon
system.
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Results

Y. Chen, X. Chen, D. Li and M. Huang, arXiv:2405.06386
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I1. (b) Chiral phase transition under rotation
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DHQCD Model

Y. Chen, X. Chen, D. Li and M. Huang, arXiv:2405.06386

The DHQCD model can be written as — — x
S‘fat — S;}'—i_ if:
S 1 i /g P s ; My  1/8 L h(@) < MN
S5 = T d’x\/—qg3e R? + 40,,90™ ® — V*(®) es FynF ,
s

g = = f dz/—g%e P Tt [V X'V X + Vx (|1 X|, Fun FMY)]

The potential of action is considered as the following form

g m?2 ;
V(| X, Fuw F**Y) = (52 + 2 F?)x* + (va + MF?)x" + (ve + /\‘ -\/

The equation of motion of scalar field can be obtained as

e—2(As+B) ; e 2As
= 7 X2z (/\2 + Aax® + X6 7 XAP 2’ (/\2 + A’ + )\ﬁf)
e2As ! 3
= (—3 + dvax® + 6uex™) + (Mi 7 o' — ;) X' x" =0,
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Results

X. Chen, D. Li and M. Huang, arXiv:2405.06386

Y. Chen,
1.0} i ] 1.0}
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(a) real rotation
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(b) imaginary rotation

FIG. 6. The chiral condensate for 2-flavor system as a function of temperature at different angular

velocities and imaginary angular velocities with chemical potential g = 0.12 GeV. In the figure

op is the maximum value of condensation and T,.(0) is the critical temperature with zero angular

velocity.
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Re SUItS Y. Chen, X. Chen, D. Li and M. Huang, arXiv:2405.06386
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FIG. 7. The T — Q and T — u phase diagrams of chiral phase transition for 2-flavor system.
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I11. Pion Condensation
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Phase Diagram
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Vovchenko et al., PRL126, 012701 (2021)
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MOdel Y. Chen, M. Ding, K. Bitaghsir Fadafan,

D. Li and M. Huang, arXiv: 2408.17080

The holographic QCD model with Nf = 2 1s constructed from SU(2)L x SU(2)R = SU(2)V x SU(2)A flavor
symmetry. The probe action 1s given as
1

0 5 .
The vacuum of scalar corresponds to sigma condensate and pion condensate can be givenas = 5 > 0+
[ . The nonzero gauge field of model 1s 03 = — 2 withisospin chemical potential and isospin
density. And the background metric is AdS-l%lack hole ,
2 — _ 24 2
=— + +

we have considered two possible forms of the five-dimensional mass squared as follows:

ma(z) =—3 —u’d, (SW-I)

ma(z) = —3 (1 + ~m tanh [fb@(z)]) , (SW-II)
38



Model

Y. Chen, M. Ding, K. Bitaghsir Fadafan,
D. Li and M. Huang, arXiv: 2408.17080

The equations of motion of the holographic model are obtained as

AX3  ovllas N ( a3 M2+ 2m§(z)) o (_‘

(
(7

222 + f f * 222

M3 vXa, v AX2 4 2m(z)
=t ——+ (——+ _

2z i f 22

For the (pseudo-)scalar fields, the expansions are

Y= my(z+ %33 + O(2%),

[y
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Condensation o e
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FIG. 1. Panel (a) illustrates how the sigma and pion condensates vary with the isospin chemical
potential 7 in both the HW and SW models. Panel (b) reveals the interrelationship between the

sigma and pion condensates, where the black dashed line represents the unit circle.



Condensati()n Y. Chen, M. Ding, K. Bitaghsir Fadafan,

D. Li and M. Huang, arXiv: 2408.17080

According to xPT, the expressions for 1sospin density and axial-vector condensation can be simplified to

p
5 '?TL4 ({J’) — fwmﬂ'
, — T . A —
ny= frpr(l 1 Oy — my), i
i
]. L] L L) L] L L) ﬂ-4
o LQCD o LQCD
—HW 0.35 f|=——HW -
osk SW-I SW-I
SW-I1 0.3 SW-11 L= e
= == +PT Formula = = = vPT Formula o
G 0.6 R 025
ik =
=3 = 0.2
= HoE
04F 0.15
0.1
0.2 |
0.05 |
0 =1 i L 0 <
0.6 0.8 1 1.2 1.4 1.6 1.8 2 0.5 1 1.5 2
JL;:.],f'rn ,,qu’rrlr

FIG. 2. The isospin density and axial vector condensate as a function of isospin chemical potential

pr in HW and SW model. The black dashed lines are calculations from xyPT formulas (29) and

(30). 1



ThermOdynamiCS Y. Chen, M. Ding, K. Bitaghsir Fadafan,

D. Li and M. Huang, arXiv: 2408.17080

At zero temperature, the pionic pressure p and energy density € can be given by thermodynamic relations

o IDgZQCD B #Id ’ ’ - ,
P="mr = pung (Uy), €= —p+pumy.
0
0.4 -
© LQCD 03 o 0p o LQCD
—HW =i o o ——HW |1
03k —EWa |
SWIL
=== PT

1 1.2 1.4 1.6 18 2

FIG. 3. The equation of state, normalized trace anomalies A = 1/3 — p/e and (e — 3p)/m3 in HW
and SW model. The magenta circles represent lattice QCD data [7]. The black dashed lines are

calculations from yPT [22].
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The square of the speed of sound and adiabatic index is given as are defined as
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FIG. 4. The speed of sound and the adiabatic index as a function of the isospin chemical potential
in the HW and SW models. The black dashed lines are calculations from yPT and the magenta

circles are the lattice QCD data from Ref. [22]. 3



PiOn Star Y. Chen, M. Ding, K. Bitaghsir Fadafan,

D. Li and M. Huang, arXiv: 2408.17080

The form of the TOV equations are as follow

d §ot: [ ]G (m(r) + 47r3 P(r)] -
d?" r2 {1 o 2(?”?11('1"]']
d 2
—m(r) — 4nre(r) = 0,
dr
The dimensionless tidal deformability A W
AN=—
305
where
8C"
ky = ——(1-20) ’[24+2C(y — 1) — y] {2C[6 — 3y + 3C (5y — 8)]

+4C° [13 - 11y + C(3y — 2) + 2C*(1 + y)]

B 3(1—20)2[2—y—|—20(y— 1)] In(1 _20)}_1 44
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FIG. 5. The mass-radius relation and tidal deformability of pion stars. The magenta circles are the

mass-radius relation obtained through the equation of state from lattice QCD data Ref. [22]. 45



IV. Conclusion and discussion
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Summary

1) We use a new approach to investigate the effect of rotation on
deconfinement and chiral phase transitions in the dynamical

holographic QCD model. Our holographic calculations are consistent

with lattice QCD data.

(D the non-trivial term = Q ? in the gauge field

(2) polarization of the gluo-dynamics induced by the rotation (the Q
dependent dilaton field)
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Summary

2) In the DHQCD model, the effect of rotation on the deconfinement
phase transition and the chiral restoration phase transition shows

consistency. Both the critical temperatures decrease/increase with

imaginary/real angular velocity as— 1- ,0%and— 1+ ,07,
which 1s consistent with lattice QCD results.
3) We found that the effect of rotation on the entropy density, pressure,

square of the speed of sound, and specific heat can be approximated by

the relationship  Q ) 1+ ,0%,0( 18



Summary

4) The results from the holographic models show good agreement with
lattice QCD 1n terms of 1sospin density, axial-vector condensation, EoS,
and normalized trace anomaly. However, discrepancies were found in

the calculations of the sound speed and adiabatic index.

5) Further analysis shows that the results from the holographic models

are very similar to those from yPT.
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Thanks'!
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