Lect4. Holographic study of strongly interacting
QCD matter under extreme conditions
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Outlines
* Introduction and motivation

- Phase structure under rotation and Magnetic field
- Transport properties rotating magnetized matter

- Summary



QCD under new extreme conditions
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AdS/CFT

AdS/CFT correspondence (holography), the duality between the string theory in AdS bulk
and N =4 SYM theory on the boundary*.

AdS/CFT can be seen as a concrete implementation of the holographic principle.

*Juan Martin Maldacena. Int.J. Theor.Phys. 38 (1999) 1113-1133, Adv.Theor.Math.Phys. 2 (1998) 231-252. (17624 citations)
*Edward Witten. Adv.Theor.Math.Phys. 2 (1998) 253-291. (11301 citations)
*S.S. Gubser, Igor R. Klebanov, Alexander M. Polyakov. Phys.Lett.B 428 (1998) 105-114.(9525 citations)

N =4SYMon the boundary < Type lIB string theory in the bulk

conformal group in CFT = isometry group in AdS
partition function:  Zgyy = Zgying
A=Ngiy = 12 (string tension = ! )
o' 21
L = 4ng,




The AdS/CFT duality spans all physics arXivs

holography

hep-ph*:

black hole thermodynamics,
energy loss,

QCD phase diagram,

etc.



Phase Structure of hQCD with magnetic field

The Einstein-Maxwell-dilaton(EMD) action *:

. é 6 w1 ,
_ 167rG _/d V=4lR - fl( )/ MY f2£ )F})MNFMN—QBAHWM(?—VWH,
chemical potential B field breaking conformal sym.
The metric:
se*B ¢
1265(2) 422 X Sorwen 2 - B¢

ds? = [—g(2)dt? + dz? + B2 (dx3 + dx3) + - ], Ay(z) = pll — ’ ©V/S(©) =i dfgei
22 ! ST S 557 "o T heVse

F1(€)\/5(8)

Dilaton field :

o(z) = de\/—z (3zA"(z) — 32zA/(2)? + 6A/(2) + 2B423 + 2B2%z) + K.

*Hardik Bohra a, David Dudal et al, Anisotropic string tensions and IMC from a dynamical AdS/QCD model.PLB 801 (2020) 135184.



BH thermodynamics of hot dense hQCD
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Phase Structure with magnetic field

F
15x1078; (b)p=0.1

1.x 1078}
5.x 1079
0.
-5.x107%}

-1.x1078t

0.16 T T ' 0.16 T
------- (a) (b)
0.15F  ° Black:B=0 {4  [7TTmeeall Black: =0
““““““““““ Red: B=0.05 _ 015k RN Red: p=0.1 |
S 014} i Blue:B=0.1 ] > \_\'“-._H Blue: p=0.15
[ [0} SN
S e
= 0.13f 1E
0.12f
0.1 :
0 0.1 0.2 0.3

Zhou-Run Zhu, De-fu Hou, (arXiv:2305.12375), will appear PRD (2024)



Phase diagram @2+1 flavor

Holographic model: [1] RG. Cai etc, Phys.Rev.D 106 (2022) 12, L121902 « e-Print: 2201.02004

> The action:

/ d°x/—g[R — —qubV“qb—. F F* — ,

where the potential and Kkinetic functions read

’ b
_ 2 < 2 6
V(qb) = —12Zcosh {Cl qb] + (661 ) QS + CQ¢ ! I Capturing the behavior of EOS at zero chemical potential. I

1 _
Z(qb) = 1+ Cs SECh[C4¢53] + o5 ‘I Capturing the flavor dynamic.

ZHN

> The metric:

d 2
ds? = —e ") f(r)dt® + %T) + r2(da? + da3 + dxd),

¢ = ¢(r), Ay = Ag(r),
1 2m 4

» The Hawking temperature T—

L e )2 S = =T
and entropy density: A f (Th)e @h‘ effective Newton constant




b

» The parameter:

model ¢ co c3 ¢y s K% #s(GeV) b
pure SU(3) 0.735 0 27(4.88) 1.523 -0.36458

2 flavor 0.710 0.0002 0.530 0.085 30 27(3.72) 1.227 -0.25707
2-+1 flavor 0.710 0.0037 1.935 0.085 30 27(1.68) 1.085 -0.27341

[5]. S. He, L. Li, Z. Li and S. Wang, [arXiv:2210.14094]
[2]. Y.-Q. Zhao, S. He, D. Hou, L. Li and Z. Li, , [2310.13432].
[1]. R.-G. Cai, S. He, L. Li and Y.-X. Wang, Phys. Rev. D 106 (2022) L121902 [arXiv:2201.02004]
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2r g g T E I/r > [3]. Phys.Rev.D 90 (2014) 094503
% P/T ee-Print: 1407.6387
10 I s/4T®
[4]. Phys.Rev.D 98 (2018) 5, 054513
Ok - s s . d 0. : : e e-Print: 1801.03110
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Phase diagram @2+1 flavor

» Holographic model with rotation:

>  To introduce the rotation effect, we split the 3-dimensional space into two partsas M3 = R x Y.
Then the metric becomes to

_ dr?
ds® = —f(r)e () g2 + m + r202d0? + r?do? where do? denotes the line element of .
» We assume the system that has an angular velocity w with a fixed radius ¢, and consider the
following local Lorentz boost

[5]. JHEP 07 (2021) 132 « e-Print: 2010.14478 [6].Phys.Rev.D 97 (2018) 2, 024034 » e-Print: 1707.03483
[7]JHEP 04 (2017) 092 « e-Print: 1702.02416 [8].Gen.Rel.Grav. 42 (2010) 1571-1583 » e-Print: 0911.2831

T X N T R
t— ———({ + wl?0), 0> ——— (0 + wi) |
\/1w2€2( ) val —wQEQ( wi)

_ () (1 - w?f?)

» The corresponding metric can be written as N(r) = r2en(r) — 242 7(r) ’
. e dr? . 22— W2 f(r)e )
d3® = g, di"dz” = —N(r)di? + oM R(r)(df + Q(r)df)? + r2do? R(r) = T :
w (f(r) —r2en)
Q(r) ( )

B w22 f(r) — r2en(r)



Phase diagram @2+1 flavor

Holographic model: [1] RG. Cai etc, Phys.Rev.D 106 (2022) 12, L121902 « e-Print: 2201.02004

> The action:

/ d°x/—g[R — —qubV“qb—. F F* — ,

where the potential and Kkinetic functions read

’ b
_ 2 < 2 6
V(qb) = —12Zcosh {Cl qb] + (661 ) QS + CQ¢ ! I Capturing the behavior of EOS at zero chemical potential. I

1 _
Z(qb) = 1+ Cs SECh[C4¢53] + o5 ‘I Capturing the flavor dynamic.

ZHN

> The metric:

d 2
ds? = —e ") f(r)dt® + %T) + r2(da? + da3 + dxd),

¢ = ¢(r), Ay = Ag(r),
1 2m 4

» The Hawking temperature T—

L e )2 S = =T
and entropy density: A f (Th)e @h‘ effective Newton constant




Phase diagram @2+1 flavor

» Thermodynamics with rotationm:
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Yan-Qing Zhao, Song He, Defu Hou, Li Li, Zhibin Li, JHEP 04 (2023) 115 ¢ e-Print: 2212.14662




» Thermodynamics with rotation:
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ID: Yan-Qing Zhao, Song He, Defu Hou, Li Li, Zhibin Li, JHEP 04 (2023) 115+ e-Print: 2212.14662

> 2+1 flavor:

black solid line: denoting the location of CEP.

At high Tand small fi5: Being the smooth crossover.
At low Tand large fig: Being 1st-order transition.
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» Pure gluon(/iz = 0):

Analytically: Tc(w) =T.1 — w2?
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The value of c depends on /ip.
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Phase structure and critical phenomena in 2-flavor QCD
Yan-Qing Zhao, Song He, Defu Hou, Li Li, Zhibin Li ( Phys.Rev.D 109 (2024) 8, 086015 )
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Yan-Qing Zhao, Song He, Defu Hou, LiLi, Zhibin Li ( Phys.Rev.D 109 (2024) 8, 086015 )
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Phase structure and critical phenomena in two-flavor QCD by holography ( Phys.Rev.D 109 (2024) 8, 086015 )

Yan-Qing Zhao, Song He, Defu Hou, Li Li, Zhibin Li

2024/8/18

IN. Goldenfeld, Lectures on phase transitions and the renormalization group (1992).

| Lmrxs | a+28+9=2 a+B(1+4)=2.
I Experiment, 3D Ising Mecan ficld | DGR model Ours

a | 0.110-0.116 0.110(5) 0 0 0.113+5910
I B | 0.316-0.327 | 0.32540.0015 1/2 0.482 0.32270-000
I v | 1.23-1.25 | 1.240540.0015 1 0.942 1.24310008
| § 4.6-4.9 4.82(4) 3 3.035 4.8541045

0. DeWolfe, S.S. Gubser and C. Rosen, A holographic critical point, Phys. Rev. D 83 (2011) 086005 [1012.1864].
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Gravitational waves from holographic QCD phase transition .

Zhou-Run Zhu, Jun Chen, Defu Hou. Eur.Phys.J.A 58 (2022) 6, 104
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The spectral function of heavy vector mesons

Mamani , Hou, Braga, PRD 105, 126020 (2022)
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[ ) SpeCtral function: Yan-Qing Zhao, Defu Hou, Eur.Phys.J.C 82 (2022) 12, 1102+ e-Print: 2108.08479

As increasing magnetic field, the dissociation effect increases and it is stronger for the parallel case.
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Jet quenching

p+p Au+Au
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Jet Collaboration, PRC 90,014909(2014)



Energy loss and jet quenching

WA4[C)) =~ e:;;p(—ﬁ@ﬂ_ﬂ?) (WF[C]) = exp[—5/]

G w e /o'
qo — 4 AT3 ' ; Boundary (r—c)
- T A
4 Ly

Horizon (r = rg)

H. Liu, K. Rajagopal, and U. A. Wiedemann,
Phys. Rev. Lett. 97, 182301 (2006).

26



NL correction to jet quenching parameter

Zhang, Hou, Ren, JHEP1301 (2013) 032

R 72'3/21_‘(2) dominant
q= = VAT?[1-1.9747% + O(A )]
1_‘ _
)
1 — 1.765A3/2,
Armesto et al JHEPQ9 (06)
q/qo‘)'g:

0.8
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Zhou-Run Zhu, De-fu Hou, Inverse magnetic catalysis and energy loss in holographic QCD model, (arXiv:2305.12375) . Appear in PRD (2004)

Amit Kumar,Abhijit Majumder,and Johannes
Heinrich Weber. PRD 106 (2022) 3, 034505
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Zhou-Run Zhu, Jun-Xia Chen, Xian-Ming Liu, De-fu Hou, Eur.Phys.J.C 82 (2022) 6,560.
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Heavy quark potential V,

VITA)

2024/8/18

V(L) = Vo(L) + w213V, (L) + 0(w*)

1. Binding forcel

2. Force range I

6L =

_ o)l
Vo (Lo)

w?13

JX. Chen, DH, H.C Ren , JHEPO3 (2024) 171,

Vo(Lo) =0

arXiv: 2308.08126
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Heavy quark potential V,

V(L) = V(L) + %szZVl(L) + 0(w?)

. 1. Potential I
1 (b)
= 05
— 2. Force range l
SO | PR .
S
VO(L0)=O

-0.5¢" . .
N o . st = — 1) 5
: 4Vy(Lo) ~ °
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Dragging force JX. Chen, DH, H.C Ren, JHEPO3 (2024) 171, arXiv: 2308.08126

dp, 1 L—>
Components of drag force dt - 2ma’ oxt
ar

1

Drag force of u component

dp¢ _ _Tl,'\/ZTZ 2 1

Azimuthal dt = > wlo ﬁ
d 1 TV
Radial % = —w?l W[ ( 2)1 —[nresc— cut off r,, = 27Ta’mrest
- 2(1 —v2)4
d AT? 212 1
L ongitudinal Pz _ _ Al v (14 @ % )

d d d AT?
w=0 —ﬂz()’ ﬂ=0, pzz_ﬂ\/_ v
dt dt dt 2 1= 2

S. S. Gubser, PRD74, 126005 (2006); C. P. Herzog, etc. JHEP 07, 013 (2006).
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Holographic spin alignment of J/¢
meson in magnetized plasma

Y.-Q. Zhao, XLS, S.-W. Li, D. Hou,
arXiv:2403.07468 , accepted by JHEP



Dimuon production rate

» S-matrix element(J/y¥ — ptp~): > Total dimuon production rate:
[4]. C. Gale and J. I. Kapusta, “Vector dominance model at finite N — i, / &Pp,  dPp- G (o))" GQH ()
temperature,” Nucl. Phys. B 357 (1991) 65-89 KR (2mBEy (2m)E-
Sp= [t [y (5t |G @ - 90 o IR e WG B
where > Differential production rate:
dN _ YGmptp- 4m;, oo B
J is th h I dipdcos@de* 2(;71';“ vl - CR@I'Cr ()
o 1S the current that couples to ]/II), i 5w} 10 Dy )(I)JP,: p—
Jl A N _daN 3C—\{ v’ A—piz+4m?“{l_mjﬁ—gmu_lcus}ﬁ'
6 IS the Ieptonlc cu rrent d*pd cos @ dp* 8t \p?—2mi  p*—2m] 2 2
—Rep,,—y sin® 0% cos 2p* + 7116('00‘:/157 Po) sin 20* cos "
l — v 2 . + 4 2o, —1 o1 . ok
JB(Q’;) = gM,U.+LL_ '(,bl (.’:C)F‘Bwl (3:) +lmpy — sin® " sin 2 —%51]129 sing }
» Retarded propagator (vacuum): » Spin matrix:
af a3 1.2
Gﬁﬁ( ) =— 2 . ;rp p'/p T (p)=— 29814 1— 2m; 1+ Amj, p*np(w)oa
R PP = T30apoy T P )+
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Numerical results

» Magnetic field parallel to momentum p= (0) ij) T — 02 GeV

» Spectral Function:|

| P=0 P =5GeV P =10 GeV
1.6} ' \ ' ' ' ' ' ' ILongitludinal F meB=0 " m eB = 0.64GeV?
I 13 ..... T— meB=032GeV2 @ eB =096 GeV?
I N§ 1.0¢
3 08f
Q 06t s Na
I 0.4} 4  JRALY
0.2} @ f
20 25 30 35 40 45 20 25 30 35 40 45 20 25 30 35 40 45 50
| M (GeV) M (GeV) M (GeV)

A nonzero magnetic field or a nonzero momentum will induce a separation between longitudinally and

transversely polarized modes.
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Numerical results

» Magnetic field parallel to momentum

T = 0.2 GeV

» Spin aIignment:I

Mg = 1= 3po0 -
1+ poo Magnetic Field: ‘m

[5]. Z.-T. Liang, X.-N. Wang, Spin
alignment of vector mesons in non-central
A+A collisions, Phys. Lett. B 629 (2005)
20-26.

I
I
I
I
High T=>monotonic ; Momentum: e

Low T - non-monotonic.|

2024/8/18

_T=

“eee- T=

mp=0 i
0.15GeV mp=5GeV |
02Gev Wp=10GeV!

04 06 08 1.0
eB (GeV?)

M eB=0.32 GeV?
f W eB =064 GeV?
| W eB=096 Ger @

— T=015GeV |___

..........

0 2

4 6 8 0 2
p (GeV)



> Application to heavy-ion collisions(the direction of magnetic field along the y-direction)I

p= (pTcosp,pTShlp,\/Afﬁ4—p%shﬂﬂ¥ﬂ)

» Spin aIignment:I T = 0.15 GeV
I A 1 JE— 3 pOO 0.2 . ! Helicity frame §*, Collins-Soper frame. G Event Plane
= — o1 .

’ I+ P00 ? i T P

I B0 —o | ©
Rep; o I
I A(P = T’ “ o % - - e
pOO 01t (@) (e) ")
0.2

I Ao, = V2Re(por — po-1)  + . M SR W, TSN

= I I g |
I 1 —|_ pOO 0(9) 2 4 6 8 0(") 2 4 6 8 0() 2 4 6 8 10

pr (GeV) pr (GeV) pr (GeV)

I For the helicity frame and the Collins-Soper frame, we find that the )y parameter is dominant

when measuring along the event plane direction, all three parameters A\g*,As

2024/8/18

EP )EP

[6]. ALICE Coliaboration, “Measurement of
the ] /v Polarization withRespect to the
Event Plane in Pb-Pb Collisions at the LHC,”
PRL 131 no. 4, (2023) 042303

Y.-Q. Zhao, XLS, S.-W. Li, D. Hou,
arXiv:2403.07468 , accepted by JHEP

and A;7 are of the same order.
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Summary outlook

Properties of strongly interacting matter under extreme conditions are
very interesting!

- QCD Phase diagram under magnetic field & rotation (IMC)

Jet quenching and energy loss

Heavy quark potential and dragging force
Spectral function and and spin alignment

How to understand the different results of rotation from lattice?
(Polarization induced by Magnetic field and rotation?



Lect1: Brief introduction to QFT at Finite T and density
HT(D)Ls, DSE, Renormalization

Lect2. Dense QCD matter (CSC, FRGE )
Lect3. Transports

Lect4. Holographic study of sQCD matter under extreme conditions
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De Hass-van Alphen Effect with Rotation

Shu-Yun Yang, Ren-Da Dong, DF Hou, Hai-Cang Ren, PRD 107, 076020 (2023)

! Iz 2_r
finite T poL B 1 ™ LB(“ - Mo 4]
dHvA 2E2R2 13;’2 - inh UrT(u+Mw)
eB
(eB) 2
Zero T Pyoa TR A Ma) Z 57 €08 [—(,u + M)~ — —]

In rotation, the thermodyn Equil. is established under a AM. The equal
distrib. of different AM states within a LL is offset by the nonzero AV
with higher AM more favored than lower ones, which amounts to lifting
the degeneracy of LL. The dHVA oscillation is thereby expected to be

reduced by rotation



De Hass-van Alphen Effect with Rotation
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Huge suppression of dHvA oscill. (17 order)
due to large size

Shu-Yun Yang, Ren-Da Dong, DF Hou, Hai-Cang Ren, PRD 107, 076020 (2023)



