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History of the String/QCD puzzle
[ ]

Motivation

@ At strong coupling perturbative methods are inapplicable

@ The lattice formulation of QCD does not work, since we have to
study real-time phenomena.
@ This has provided a motivation to try to understand the dynamics of
QCD through the gauge/string duality
o Wilson loops (interquark potential)
e [-function, RG-flow
o Thermalization
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From QCD to Strings

o First classical string theory was born from hadronic phenomenology
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History of the String/QCD puzzle
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Strings and another objects

M-theory

TypellA
S S0(32) heterotic (>

TypellB Egx Eg heterotic

Typel A B

Figure: A:All string theories, and M-theory, as limits of one theory; B:A
D-brane with one attached open string; Pics.from Polchinski

Dp-branes: extended objects on which open strings ends

Dp-branes carry a charge with respect to Ramond-Ramond fields, which
geometrically are p + 1-forms.
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Low energy limit ([; < R)= SUGRA Il B

Action for SUGRA 1B

S = Sng + Sk + Scs,
1 1
Syg = — dVOr ( G)1/26—2<I> R_~_4aﬂq)auq)_7|H3|2 ,
2k, 2
1 = Lz
= dVz(~G)? (|FL? + | B3| + 5 |F5)?
Swo= —qar [ @562 (IRP + B+ 5IFP).
S, = Cy AN Hz A F:
cs 4k%0/ 4 3 A\ F3,

~ ~ 1 1
F3:F3—CQ/\H3, F5:F5—§CQ/\H3+§BQ/\F3

The Einstein equaitons

1
Run + 2VMVN¢+49MNA—4 Z€2¢FMABFAB
1 94~ ~ABCD
+ e FyapepFiy )
A = e2¢’aanMX+ 2 FapcABC + — 62 Fapops FABCPE.

3! 25!
+ EOM for dilaton + Bianchi identities
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D3-branes

The D3-brane metric
ds® = (14 R?*/r")™"2(dz")? + (1 + R*/r*)'/?(dr® + r*d23)

x',i=1,...,4 — coordinates along the world-volume of the D3-branes,
and Q5 and r are spherical coordinates.

V.

Near-horizon limit

dwi 2 +dy2 R2
2 ()" oy )y2 + RS, y="—.

ds> =R

\

@ We obtain: the AdSs x S°® space with boundary located at y = 0.

@ N D-branes on top of each other — the gauge symmetry is enlarged
to U(N).
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Back to QCD

Outline

© Back to QCD
@ The AdS/CFT conjecture
@ Holographic dictionary-I
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Back to QCD
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Back to QCD: the AdS/CFT conjecture

The AdS/CFT correspondence Maldacena'98

The AdS/CFT conjecture claims exact equivalence between the theory in
the bulk, which is a low energy approximation to D = 10 IIB string
theory on AdS5 x S° the theory defined on the boundary, which is N = 4
supersymmetric Yang-Mills with gauge group SU(N¢) at large N¢.

@ The strong coupling regime of one theory reflects the weak coupling
regime of the other one

Gubser,Klebanov, Polyakov, Witten'98

Za[po(z)] = /Dexp{i54+/(bo(9}, Sy = /d4x£

4

x
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Za[po(z)] = /Dexp{i54+/(bo(9}, Sy = /d4x£

Zlo@ = [ Dlge
b(x,8)=do ()
Zy = Zs

Generatine functionall4d sources én(71)] = Effective actionlfields &n(2)] Fo/se
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Deviation from conformal symmetry

Lattice calculations show that QCD exhibits a quasi-conformal behavior
at temperatures T' > 300 MeV and the equation of state ~ £ = 3P (a
traceless conformal energy-momentum tensor).

stout HISQ
(e-3p)/T* W
pTe W .
/4T
T [MeV]

130 170 210 250 290 330 370

Figure: The comparison of the HISQ/tree and stout results for the trace
anomaly, the pressure, and the entropy density

Pic. from Bazavov et al.’14
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Back to QCD
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Finite temperature

Witten'98

Finite temperature Yang-Mills theory in 4d dual to a AdS5 x S° set up
with a black hole( Schawrzschild-AdSs x S°)

ds? = Ziz _f(2)df? + (da')? + ]il(zj)] . f(2)=1- (if

@ The temperature of the the Yang-Mills theory is identified with the
Hawking temperature of the black hole.
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Back to QCD
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Holographic dictionary-|

boundary: field theory

\ bulk: gravity

energy momentum tensor 7%

metric field gqp

global internal symmetry current J¢

Maxwell field 4,

order parameter/scalar operator O,

scalar field ¢

fermionic operator Oy

Dirac field ¥

conformal dimension of the operator

mass of the field

global space symmetry

global isometry

temperature

Hawking temperature

chemical potential /charge density

boundary values

phase transition

instability of black holes
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© AdS/QCD models
@ Top-down approach
@ Bottom-up approach

QGP
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Top-down approach: Sakai-Sugimoto model

Top-down approach: low-energy approximation of string theory
(supergravity model) trying to find a gravitational background with

features similar to QCD

Sakai-Sugimoto: D4 — D8 — D8 5d theory with chiral quarks

D4 XX | X|X|X

D8—D8 | X | X | X | X X

X

X

X

X

@ a D4 brane with one direction wrapped on a circle

e quarks are included by including separated D8 and D8 branes

o the key feature is chiral symmetry breaking

ol

ds? = (;)3/2(dxi+f(u)d72)+(

flu) = 1—<UK—K>3.

u

du?

f(u)

+ u2d93> ,
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Top-down approach: Sakai-Sugimoto model

@ Mesons correspond to fluctuations of the D8 brane solutions in the
D4 background

The Dirac-Born-Infeld (DBI) action for the embedding of D8

2 R 3/2
Sppr = V05(54)/d4$/zfgsu2k <) (14 22)2/3
3 UKK

X\/l o (B a1 4 2 ()

2
duge, R

. . . 3/2

where 1+ 2% = “EK 1 s periodic, 07 = 4 &7

UK K
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Bottom-up approach: the hard wall AdS/QCD model

Effective 5D theory (gravity + matter); hadrons = the normalizable
modes of the 5d fields.

The hard wall AdS/QCD model Erlich et al. PRL'05

The theory in the bulk

S = /d%\fTr {DX|2 + 31X - (FL + FR)}

W|th DX =0,X —iAr, X +iXAgry, ALR—A%Rt“ m2 =3
Fu = 8 A, 6 A, [A A,], defined on the AdS background

ds? = z% (nm,dx“d:r” + dzz)

The geometry is cutted by two "branes" z = 0: "UV-brane",

2 = Zmaa:"IR-brane" (Polchinski&Strassler'02)

scaling x — Az, z — Az: if 2 is the length scale to which physics is
examined, low values of x correspond to low values of z (UV brane)
large distances correspond to large z (IR) (2maz ~ 1/Agcep)

fis /56
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Bottom-up approach: the hard wall AdS/QCD model

[ 4d: O(z) [ bd:g(x,2) [ p | Lo | (ms)* ]
a"tqr | A7, 1]3 0
" | A%, T3 [0
aray (2/xx*"]0]3 |3

The expectation value of X:
Xo(2) = 1/2Mz +1/2%23,
defined as the classical solutions of the field equations with BC in the UV
(2/e)X(e) =M

M is the quark mass matrix (Explicit chiral breaking), X is chiral
condensate, M, X are fixed from experimental data (free parameters).
o Confinement — good :)

@ Realizes the chiral symmetry breaking — good:)

@ The resulting mass spectra for the exited mesons are contrary to the
experimental data,a good Lagrangian — a bad wall :(
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Bottom-up approach: the soft wall AdS/QCD model

o Effective 5D gravity theory (+ matter), break conformal inv. of
CFT: introducton of QCD Agcp

The soft wall AdS/QCD model, Karch et al. PRD'06

The meson action

1
S = /d5\/§e*¢<Z>Tr {|DX|2 +3|X% - in (F? + F}g)] ,
5

with D, X = 8, X —iAL, X +iX Agy, A}l = A} 40,
Tr[tet®] = 6%°/2, g5 = % N~ a number of colors.
ds? = e24%) (n,, dx"dx” + dz?), A(z) = —In(z/L)

Confinement: soft cutoff of AdS space — running dilaton e=®(),
O(2) = w222

The bulk fields X are decomposed into the scalar and pseudoscalar

mesons, the chiral fields Ay, and Ar — the vector and axial-vector mesons.
20/56
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Bottom up approach: the soft wall AdS/QCD model

p-meson vecor field V = 4.EAn The classical EOM:
o (vae=® [oMVN —oNVM]) =o.

Vu(z,2) = €, (x), = —" + V(2)¢p = m2¢(z) Soft-wall AdS/QCD
model

@ describes the linear confinement :)

o desired mass spectra for the excited vector mesons m?2 ~ J(L)
(Regge behavior) :)

@ can't consistently realize the chiral symmetry breaking (but seems to
be sovable)
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Improved HQCD model

Improved holographic QCD model Gursoy, Kiritis Nitti

/dxf’r [R + d(dL b _ % (0®)* + V(@S)] .

1

S =
T T 167Gs

The metric is given by

ds? = 243 (n,, datdx” + d2?).

Gy is dual to T},,, ¢ is dual to tr[F?]

@ The potential can be tuned to reproduce the beta-function
o For asymptotically AdS UV V = Vi + 1A +v2A2 +... (A = 0)
o For confinement in the IR V ~ A*3y/X (A — o)
e Confinement — finite-T transition between thermal gas and BH
@ Reproduces an asymptotically-linear glueball spectrum
@ With an appropriate tuning of two parameters in V' the model
describes well both T' = 0 properties (spectra) as well as

thermodynamics
22/56



Outline
O QGp
o Multiplicity

@ Holographic Wilson Loops

@ WL in time-dependent backgrounds.

QGP
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QGP

The quark-gluon plasma (2005)

@ A new state of matter produced in Heavy-lon collisions at RHIC and
LHC

@ Deconfined quarks, antiquarks, and gluons at high temperature
(nuclear matter — deconfined phase).

@ QGP does not behave like a weakly coupled gas of quarks and
gluons, but a strongly coupled fluid.

@ Highly anisotropic at the early stage of its evolution

dispersion of
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QGP

The quark-gluon plasma (2005)

Teherm (0.1fm/c) < Thydro < Thara(10fm/c) < 74(20fm/c)

Relativistic Heavy-Ion Collisions e abirb

Kinetic
freeze-out

¥

Hadronization __—
Initial energy =
density

T

=¥ "AS‘_J.”J

—a bl s P s

}

collision
overiap rone

viscous hydrodynamics

collision evolution
t~0fm/e

Figure: Picture from: P.Sorensen, C.Shen
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The quark-gluon plasma (2005)

o Multiptlicity
@ Thermalization

@ Observables (Correlators, Wilson loops, etc)

We have to "mimic" the heavy ions collision

@ shock waves collision in AdS

e infalling shell (Vaidya solutions)

V.

Holographic dictionary- Il

@ 4d Multiplicity in HIC = BH entropy in AdSs Gubster et al.’08
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The quark-gluon plasma (2005)

o Multiptlicity
@ Thermalization

@ Observables (Correlators, Wilson loops, etc)

We have to "mimic" the heavy ions collision

@ shock waves collision in AdS

e infalling shell (Vaidya solutions)

V.

Holographic dictionary- Il
@ 4d Multiplicity in HIC = BH entropy in AdSs Gubster et al.’08
@ Thermalization time in M13 = BH formation time in AdS®

@ two point correlators = geodesics

@ Wilson loops = 2-dimensional minimal surfaces

o Entenglament entropy = 3-dimensional minimal surfaces
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e D = 4 Multiplicity is proportional to entroov of D = 5 BH Gubser'08

Experiment:
_ &0.155
Sdata = SNN)

ALICE collaboration’'15

Modified AdS:

_ <0.12
Sdata = SNN

Kiritis & Taliotis'11

Back to QCD

Modified AdS+ ghosts:

_ <0.16
Sdata - SNN)

Aref’eva et al.'14

AdS/QCD models QGP
oo 00 ©0000000000

pp(pB). INEL AA, central 1

ALICE m ALICE
" CMS + CMS
UAS e ATLAS |
PHOBOS  # PHOBOS ]
ISR A PHENIX |
¥ BRAHMS o « 155
pA(dA), NSD * STAR
[ = ALICE « NAS0
[+ PHOBOS

P Inl<0.5

10 107 10° 1o
sy (GeV)

ALICE collaboration’15

Broken scaling

__ <0.16
Sdata =SNyN

Aref'eva & A.G.'14
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Anisotropic duals

The AdS/CFT correspondence:

The Field Theory The Gravitational Background
o the conformal group SO(D, 2) e the group of isometries
of a D-dimensional CFT of AdSp1

(t, ) = (M, Az;) i =1, d—1 | ds? =12 (—di® + d73_,) + 9

T2
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Anisotropic duals

The AdS/CFT correspondence:
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T2
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Anisotropic duals

The Field Theory The Gravitational Background
the conformal group SO(D,2) the group of isometries
of a D-dimensional CFT of AdSp1

ta) = M i), i=1,..,d—1 | ds® =r? (—dt® +dz2_,) + &
d—1

T2

Generalizations?}

Lifshitz scaling: t — A¥t, T—A\E, r— %r,
where v s the Lifshitz dynamical exponent
I : d

Lifshitz metric:  ds* = —r?dt* + — + r?d75_,

Kachru, Liu, M|I|gan '08
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Lifshitz-like spacetimes for holography

o Lifshitz-like metrics

d 2
ds® = r? (—dt2 + dxz) + ridy? 4 ridys + TLQ’

(t,z,y,7) = (At, \x, Ady1, Adya, 5 ), M. Taylor'08, Pal'09.
The 5d Lifshitz-like metrics, z = i
Tl/

Type — (1,2) ds? = L [(—dt2 +da?) | (dyi +dy3) d,ﬂ .

22 »2/v 22

Type— (2.1) ds? — L2 <(—dt2 +da?+drd)  dy? dz2>

22 22/v 22

20 /56



QGP
000e00000

Type IIB SUGRA, D3 — D7-branes: Anisotropic QGP

M = My x X5: Ms is a 5d Lifshitz-like metric, X5 is an Einstein
manifold.
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Type IIB SUGRA, D3 — D7-branes: Anisotropic QGP

M = My x X5: Ms is a 5d Lifshitz-like metric, X5 is an Einstein
manifold.

D3-D7 system, Azeyanagi et al.'09, Mateos& Trancanelli'09

~ d 2
ds® = R? |:p2 (—dt? + da® + dy?) + p*/3dw® + p_f;] + R%ds%,.

v=3/2, r= p?/3, (t,z,y,w, p) — ()\t,)\x,)\y,)\Q/?’w, §>

My x X5 ‘ t x vy r‘w‘sl Sy 83 84 Ss
D3 X X X X
D7 X X X X X X X X

30/56
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Type IIB SUGRA, D3 — D7-branes: Anisotropic QGP

M = My x X5: Ms is a 5d Lifshitz-like metric, X5 is an Einstein
manifold.

D3-D7 system, Azeyanagi et al.'09, Mateos& Trancanelli'09

~ d 2
ds® = R? |:p2 (—dt? + da® + dy?) + p*/3dw® + p_f;] + R%ds%,.

v=3/2, r= p?/3, (t,z,y,w, p) — ()\t,)\x,)\y,)\Q/?’w, §>

M5><X5‘t Ty r‘w‘sl Sy 83 84 Ss
D3 | x x X

D7 | x x X X X X X X
AdS/CFT: D3-probes in D3-background AdSs x S® = N =4 SYM.
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Type IIB SUGRA, D3 — D7-branes: Anisotropic QGP

M = My x X5: Ms is a 5d Lifshitz-like metric, X5 is an Einstein
manifold.

D3-D7 system, Azeyanagi et al.'09, Mateos& Trancanelli'09

~ d 2
ds® = R? |:p2 (—dt? + da® + dy?) + p*/3dw® + p_f;] + R%ds%,.

v=3/2, r= p?/3, (t,z,y,w, p) — ()\t,)\x,)\y,)\Q/?’w, §>

My x X5 ‘t Ty r‘w‘sl Sy 83 84 Ss
D3 | x x X
D7 | x x x X X X X X
AdS/CFT: D3-probes in D3-background AdSs x S® = N =4 SYM.
DT-probes in D3-background Lifir/AdSs uv x X5 = deformed SYM.
Jet quenching, drag force, potentials... see Giataganas et al.'12
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Possible models

S = 167er [ &®z/lg (R[ |+ A—L0pp0Mep — —e)‘¢F(22))

A is negative cosmological constant.

The Einstein equations

Rmn - ggmn + §(am¢)(an¢> + 46 (2Fm;DFn) 126 F Imn-

The scalar field equation

mn\/gand)

1
D¢:ZA6A¢F2, with ¢ =

JH

The gauge field
Dy, (e F™) = 0.
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Gravity duals: black brane and infalling shell

The Lifshitz-like black brane

ds? = ™" (= f(r)dt? + da?) + €2 (dy? + dy3) + 5,
where f(r)=1- me~ ¥+ Aref’eva,AG, Gourgoulhon'16.

2
v =4, )\:i—g, A =90, pug® = 240.
The Vaidya solution in Lifshitz background

ds? = —272f(2)dv? — 22 2dvdz 4+ 2z~ 2dx? + 272/ (dy? + dy3),
f=1—m(v)z?/"*2 v < 0 — inside the shell,v > 0 — outside,

1
_ dz _
dv—dt—kif(z), Z—Tu.
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Holographic Thermalization

Def.
Thermalization time at scale [ is the time at which the tip of the

geodesic with endpoints (—/2) and (I/2) grazes the middle of the

shell.
The Lagrangian of the pointlike probe

o [IQ W s Ldrde | 1 (y~dudy
- 22 drdr 22drdr  22drdr 0 22V dr dr

T=xorT=uy;t=12.
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Holographic Thermalization

The thermalization time %, at scale [ along z

1 1
E:ZZ*/ t erm—z*/ 5
VI ERT 1—w2) o ) f(zew)

where w = —, z. is the turning point.
z

*
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Holographic Thermalization

2 LLfm]

05 1.0 15 20

Figure: Thermalization along the
longitudinal direction with m = 0.5 and
m = 0.1. All lines coincide.

AdS/QCD models QGP
0000000

0000000080 00000000000000000000

rlfm]

11fm)

Figure: Thermalization along the
transversal direction, v = 1 (orange),

v =2 (brown), v = 3 (blue) and v = 4
(gray).
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Holographic Wilson Loops
@ The expectation value of WL in the fundamental representation
calculated on the gravity side: Maldacena et.al.’98
W[C'] _ <TI’F o $o d:r:,l,A,L> — efssf,rmg[C]’

where C' in a contour on the boundary, F' — the fundamental
representation, S is the minimal action of the string hanging from
the contour C' in the bulk. The Nambu-Goto action is

1 /
Sstring = % /daldUQ _det(haﬁ)a (1)

with the induced metric of the world-sheet h,s given by
ha,g = gMNaaXMagXN, a,B=1,2, (2)

gnn is the background metric, XM = XM (g1 02) specify the
string, o', 02 parametrize the worldsheet.
@ The potential of the interquark interaction

W(T,X) = <Tr ei foXd$HAM> ~ e—V(X)T.
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Holographic spatial Wilson loops
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Holographic Wilson Loops

A similar operator to probe QCD is the spatial rectangular Wilson loop of
size X x Y (for large Y)

W(X, Y) = <Trei fXxY dquu> — e*V(X)Y

defines the so called pseudopotential V:

Ss rin
V(X) = 7} g,

The spatial Wilson loops obey the area law at all temperature, i.e.
V(X) ~ USXv
where o, defines the spatial string tension

V)
05 = Jim ——

38/56
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Spatial WL in Lifshitz-like backgrounds

0O00@0000000

Rectangular WL in the spatial planes xy;(or xys2) and y;ys. Possible
configurations:

@ a rectangular loop in the zy; (or zy2) plane with a short side of the
length ¢ in the longitudinal z direction and a long side of the length
L,, along the transversal y; direction

x e 0,0 <L), y1€l0,Ly];

@ a rectangular loop in the xy; plane with a short side of the length ¢
in the transversal y; direction and a long side of the length L, along
the longitudinal z direction:

T e [OvLm]v Y1 € [ng < Lyl];

@ a rectangular loop in the transversal y;ys plane with a short side of
the length ¢ in one of transversal directions (say y1) and a long side
of the length L, along the other transversal direction ys

Y1 € [O,E < Lyl]5 Y1 € [O’LyQ]‘
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Static WL. Case 1: ot =2, 0? =y, 2 = 2z(x), v = v(x).
The renormalized Nambu-Goto action
1
Sa.y1 (o0 ren = QLylf 11/1// 1d4:11)/u - -1 _%’
mal ) ) w \/f(z*w) (1 — w2+2/v) 2

where w = z/z,.The length scale is

1

4 5 Wit dw
5 = 4Z4 / f(z*w)(l - w2+2/y).

20/ %«

S .
Then pseudopotential V; 4, ., = %

y
For small ¢ — the deformed Coulomb par'é

Ci(v)
Vﬂﬂ)yuoo)(g’l/) Z:O - v

For large ¢
Vi 41000y (4,v) P os1(v) L.
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History of the String/QCD puzzle
0000 0000000
= z(x), v = v(x).

Static WL. Case 1: ol =z, 0? = y1, 2

Vifm] VIfm]

= I[fim]

1[fim]

V[fm] V[fm]

- [fm]

1[fim]

(c) (d)

Figure: Vay, ., as a function of £, v = 2,3,4((a),(b),(c)). The temperature
T = 30,100, 150,200 MeV (from down to top) for all. In (d): Vo, ., for
v=1,2,3,4 (from top to down) at 7' = 100 MeV.
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Static WL. Case 2: ot =2, 0® = y1, 2 = 2(y1), v = v(11)

The renormalized Nambu-Goto action
1

. L [ 1 -1l -5
Yy Ten = 5oy w2 \/f(z w) (1 _ w2+2/u) 2

20/ %«

The length scale is

1
2/1/
/= 221/1/ dw
f(z w2+2/u)
0
. _ Syl,z(oo),ren
The pseudopotential Vy, ., = —
For small ¢ — the deformed Coulomb pagrlt
C2(v)
Vyhx(‘x’) [:0 - El/ "
For large ¢
Vyl’l(oo)(ga l/) ~ US’Q(V) /.

{— 00
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Static WL.Case 2: ol =2, 02 =y, 2 = 2z(y1), v = v(y1)

Vlfim] Vifm]

- I[fin] + s [[fim]

() ’ (b)

Vlfm] .

— 1[fim]

/ 1[fm]

(c)

Figure: Vy,, ¢, as a function of £ for v =2, 3,4 ((a),(b).(c)).
T = 30,100, 150,200 MeV from down to top, respectively, for all. In (d) V for
v=1,2,3,4 (from left to right, respectively) at 7= 100 MeV.

(d)

43 /56



QGP
00000000800

Static WL. Case 3: ot =y, 02 =2, 2 = 2(y1), v = v(11)

The renormalized Nambu-Goto action

1
1 v

S = / - T .
Y1Y2(c0),TEN 27‘(‘0& Z wl+l/v \/f Z* 1 _ w4/”) Zi/u

The length scale is

{= zl/y/ dw .
w1—3/”\/f(z*w) (1 —wt/v)

S,
The pseudopotential Vy, y, .., = L Yaee)
Lyz
For small ¢ —
C3(v)
v o T g
For large ¢

Vy17y2(oo)(€7y) ~ US@’»(”)K'

{— 00
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Hlstory of the String/QCD puzzle Back to QCD

Static WL Case 3: ol = =y, 02 =1, 2 = z(yl) v = v(yl)

Vlfim] Vifm]

1[fm] 1(fm]

(b)
Vlfm] Vifim]

= i) 0 = 1[fm]

© (d)

Figure: Vy,, y, .., as a function of £ for v = 2,3,4 ((a),(b),(c), respectively).
We take T' = 30, 100, 150, 200 MeV from down to top, for (a),(b) and (c). In
(d) Vi1, ya(eey for v =1,2,3,4 (from left to right) at 7" = 100 MeV.
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Static WL. Spatial string tension

olP[GeV] aiP?[GeV]

0z 04 08 08 7o T[GeV] (a) ‘; 02 04 06 08 75 TIGeV] (b)

Figure: The dependence of the spatial string tension /5, on orientation and
temperature. The solid lines corresponds to the rectangular Wilson loop with a
short extent in the z-direction, while the dashed lines correspond to a short
extent in the y-direction. The dotted lines correspond to the rectangular
Wilson loop in the transversal y1y2 plane. (a) Blue line corresponds to v =1,
gray lines correspond to v = 2, green lines correspond to v = 3 and the brown
ones correspond to v = 4. (b) The spatial string tension /o, for different
orientations for v = 4.

Alanen et al."09,A. Dumitru et al."13-14
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WL in time-dependent backgrounds.Case 1

L, d
SI,y1(°¢) 27_‘_& / JSESYD \/1 — U’Z’a = %
The corresponding equations of motion are
10 1
UH — f /2+ (V+ )(1—f1/2—21/z’),
20z vz
"o _V+1i V+1f2vl2_lg /2_} /2%_1/%
A v z+ v z 290" 2fv 9. %92
1
+ 2(1/ + )fU/Z/
vz

The boundary conditions z(£¢) = 0, v(£¢) = ¢. The initial conditions
z(0) = 2z, v(0) = vy, 2/(0) = 0,v'(0) = 0. The pseudopotential is

v Szyyl(oc))ren
ZyY1(c0) L
Y1
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T AT L) (c) D )] (d)

Figure: Vi 4, .., as a function of £ at fixed values of ¢ for v =1,2,3,4
((a).(b),(c),(d), respectively). Different curves correspond to time
t=0.1,0.5,0.9,1.4,2 (from down to top, respectively).
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V1(2,1) = Vi yy oy (7, ) = Vi oy, o (3, 8).

6V, [fm]
05

6V, [fm]

04

03

- [fm] (C)

T 05 10 15

QGP

6V [fm]

00@0000000

6V [fm]
07,

03|

03|

02/

— t[fm] (b)

i 05 10 [

= 1[fm] (d)

Figure: The time dependence of —dVi(x,t), for different values of the length ¢,
v =2,3,4 ((a),(b).(c), respectively). Different curves correspond to
£=0.7,1.2,1.5,1.7,2 (from down to top, respectively). In (d) we have shown
—6V1(z,t) as a function of ¢ at £ =2 for v = 1,2, 3,4 (from top to down).
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WL in time-dependent backgrounds.Case 2

Sy1 000y = % /dy1212\/(22/1y2 — f(z,0)(v")? - 21}’2”), 1= di.
The corresponding equations of motion are
o= ;gﬁ 2+ VT—ZI <Z22/V - (12:1/) fo'? — 21}',2/) ,
/- 1/+1f 1-2/v | (V*1)2/2+2f21/2 1L of ,277]03]" o
v v oz 2v O
. %f e

The boundary conditions z(+¢) = 0, v(£¢) = ¢. The initial conditions
2(0) = 2., v(0) = vy, 2/(0) = 0,v'(0) = 0. The pseudopotential is
V _ Syl,z(oo),ren

Y1, T(c0) Ly
1
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Hlstory of the String/QCD puzzle

WL in time- dependent backgrounds. Case 2

V[fim]

V[fm]

V[fm] VI[fm]
26
ey
2| -5 / o

/’ ’

AI/ ’

o

l”

(9 7
Figure: Vy, 2., as a function of ¢ at fixed values of ¢ for v = 1,2, 3,4
((a),(b),(c),(d), respectively). Different curves correspond to
t=0.1,0.5,0.9,1.4,2 from down to top.

00000@00000
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WL in time-dependent backgrounds.Case 2

5Vy1,z<oo)(x,t) = Vyl,x(m)(x,t) = Vi1, 200 (x,t5).

0V, [fim] 6Va,[fim]
———— of--

: ‘”‘“'(a) P T T T :u‘*[f"‘](b)

20f~__

TS ,u |.[fm](c) | i e \j; - - l[fm](d)

Figure: The time dependence of —6Vy,, o (x,t) for different values of the
length ¢, v = 2, 3,4 ((a),(b).(c), respectively). Different curves correspond to
£=2,2.5,3,3.5,4 (from down to top, respectively). In (d) —dVa(z,t) as a
function of t at £ =2 for v = 1,2, 3,4 (from top to down, respectively).
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WL in time-dependent backgrounds.Case 3

L 1 1
Sy1792,(oc) = 27;2, /dyl A+1/v \/(22/11—2 - f(’Ul)2 - 2’1/2’/).

The corresponding equations of motion are

10 2 1
o = 53750/2 + = (222/1/ . V;F fu'? 21}’2’) :
v vz vz v z
0 2 1
— Z/UI£+ (Vl/—: )fU/Z/. (3)

The boundary conditions z(+¢) = 0, v(+¢) = ¢. The initial conditions
2(0) = 24, v(0) = v, 2/(0) = 0,v'(0) = 0. The pseudopotential is

(t ﬁ) — S?Jl:yz,(oo)ﬁ@n

v L

Y1, Y2,(c0)
Y2
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WL in time-dependent backgrounds.Case 3
V[fim] V[fim] .
(a) (b)
Vifin] Vit
' 2 1[fm] — : . - 1[fm]
(c) 4 (d)

Figure: Vy,,y, ., (l,t) as a function of the length ¢ at fixed values of ¢,
v=1,2,3,4 ((a),(b),(c),(d)). (a): we take ¢ =0.1,0.5,0.9,1.4,2 from down
to top, respectively; for plots (b),(c),(d): ¢t = 0.4,1.5,2.5,3.34,4 from down to
top, respectively.
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WL in time-dependent backgrounds.Case 3

6Vy1 s Y2,(c0)

6V3[fm

20f..

5Vsfin]

Figure: —=6Vy,, y, (o, (2, 1) on ¢ for different ¢,

05

0 s 20

= t[fin] (C)

(z,t) = Vit vs.(00) (z,t) — Vy17y2,<oo)(x’tf)~

5V;[fm]

— il (b)

....... — w " = {[fin] (d)

v =2,3,4 (().(b).(c)). (a):

1 =12.2,3,3.85,4.4,5.2 from top to down; (b): I = 3,4.1,5.2,6,7.1 from top to
down; (c): 1 =3.4,4.6,5.9,6.8,8 from top to down. In (d): —§Vs(x,t) as a
function of ¢ at £ =3 for v = 1,2,3,4 (from top to down, respectively).
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Thank you for your attention!
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