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Pepper’s Ghost

Reflection and illusion effect:




Holography
Interference with reference wave!
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potato variety, but no method is known by which it
can spread in Nature. The case of paracrinkle is
often quoted as evidence of the heterogenesis of
viruses by those who hold this view. The third item
was the analysis, for the first time, of a plant virus
complex by differential methods of transmission, and
the isolation of the two potato viruses now universally
known as X and Y.

In 1931 the virus of tomato spotted wilt was dis-
covered for the first time in Europe; it was found
in an ornamental plant sent to Cambridge from
Cardiff. Before this it had not been seen outside
Australia. Since then the distribution of the virus
has become world-wide, and in Great Britein it is
one of the major problems of the tomato grower with
‘mixed houses’.

The viruses of tomato bushy stunt and tobacco
necrosis, both deseribed for the first time in Cam-
bridge, have proved of great scientific interest. The
virus of tomato bushy stunt, about which more is
known than of most viruses, was the first to be
isolated in a three-dimensional crystalline form, and
this was accomplished by Bawden and Pirie, after
the former had left Cambridge. Shortly after this
the virus of tobacco necrosis was isolated as thin
crystalline plates. About this time, also, the com-
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A NEW MICROSCOPIC PRINCIPLE
By Dr. D. GABOR

Research Laboratory, British Thomson-Houston Co., Ltd.,
Rugby

'T is known that the spherical aberration of electron
lenses sets a limit to the resolving power of electron
microscopes at about 5 A. Suggestions for the correc-
tion of objectives have been made; but these are
difficult in themselves, and the prospects of improve-
ment are further aggravated by the fact that the
resolution limit is proportional to the fourth root of
the spherical aberration. Thus an improvement of
the resolution by one decimal would require a correc-
tion of the objective to four decimals, a practically
hopeless task.

The new microscopic principle described below
offers a way around this difficulty, as it allows one
to dispense altogether with electron objectives.
Micrographs are obtained in a two-step process, by
electronic analysis, followed by optical synthesis,
as in Sir Lawrenoe Bragg’s ‘X-ray microscope’. But
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AdS/CFT Correspondence

Juan Maldacena, 1997

Discovery made with help of string theory

Duality between AdS and CFT:
Anti-de-Sitter space and Conformal Field Theory



AdS/CFT Correspondence

quantum field theory without gravity
in 3+| dimensions (CFT)

dual to

gravity theory in
4+1| dimensions (AdS)

not yet strictly proven, but successfully tested
in many special cases

independent of question whether string theory
is fundamental theory of nature



AdS/CFT - a Strong-Weak Duality

AdS/CFT correspondence maps strong coupling
in one theory to weak coupling in the other,
and vice versa.

Difficult problems are mapped to simple problems:
weakly coupled gravity describes strongly coupled

gauge theory!



AdS/CFT - the Full Conjecture

Maldacena

V"= 4 super Yang-Mills SU(N) theory
in 3+ 1 dimensions

~

Typ IIB string theory on AdSs X S°




Simplification in Limits

SU(N¢) duality string theory
gauge theory on AdSs x S°
‘ l low energy
dualit
SU(Nc) gauge theory, ‘_y > classical gravity
N large, on AdSs

strong coupling

number of colors N, ’t Hooft coupling )\ = gZNc

Classical gravity describes quantized gauge theory!




AdS Space, Temperature and
Black Holes



Anti-de-Sitter Space AdSs

space-time with 4+| dimensions with constant
negative curvature

solution of Einstein equations of general relativity
with negative cosmological constant

1
S = D) /de vV—9(R — 2A)
167Gy
12
2N\ =
L ags

positive curvature negative curvature



Anti-de-Sitter Space AdSs

AdSs metric

L2
2
dS—?

Minkowski space
for any fixed z

( —dt2 +dze? + dz2>

z=20

z = const.

bulk

boundary

/

Conformal field theory

Uv

IR



Holographic Dictionary

Gubser, Klebanoyv, Polyakov
Witten

|-to-| translation of AdS- to CFT quantities

examples:

observables in CFT as boundary values of
fields in AdS space

— “Gauge theory lives on boundary of AdS space”



Finite Temperature

CFT with temperature in AdS/CFT mapped
to AdS space with black hole,
more precisely: black brane

Physics of thermal systems completely encoded
in physics of black holes in higher dimensions!

Temperature of field theory equals
Hawking temperature of black hole.



zero temperature: AdSs

L
ds? = = (— dt? + dz? +dz2>

Finite Temperature

Conformal field theory

2

2

finite temperature T:

AdSs with black hole
L2 dZQ Min
A 2 2
ds® = > ( h(z)dt* + dz” A h(z)) -
24 1
hiz)=1—- — T = — _

AdSs

Conformal field theory

AdSs

uv

uv

IR



Gauge-/Gravity Duality
or
Holography



Extensions of the Correspondence

CFT in AdS/CFT is supersymmetric and
not realistic.

Many extensions of the correspondence:
* non-conformal
* spatially anisotropic
* with chemical potential
— electrically charged black hole!
* non-relativistic
* other number of dimensions

— Gauge-/Gravity Duality or Holography



Applications of Holography



Aspects of the Applications

applications in particle, nuclear,
condensed matter physics

model theories of strong coupling,
search for new phenomena

particularly successful for collective
phenomena (microscopic theory
often not essential)

search for universal behavior in classes of
holographic theories

important observation:
universality of strongly coupled systems



Viscosity and Expansion

quark-gluon plasma cold quantum gas

100 us
200 us
400 us
600 us
800 us
1000 us
1500 us

2000 us

very small n/s, strongly coupled systems!



Key Problem for Applications of Holography

* Lagrangian, field content and parameters
of dual field theory in general unknown
(in particular for bottom-up models)

* difficult to determine applicability to
real-world systems or materials

* parameters of dual field theory can sometimes
be determined, first non-trivial example:
holographic superfluid

Wittmer, Schmied, Gasenzer, CE



Holography for the
Quark-Gluon Plasma:
Heavy Quarks

some results from our group



The Team

Andreas Samberg L
Albert Bekov and with:

Ling Lin Olaf Kaczmarek

Enrico Brehm
Alexander Helmboldt



Temperature T [MeV]

Motivation

quark-gluon plasma:
strongly coupled!
— holography useful

200F

Hadrons
FAIR I
) 2 Color Super-

m
= Quarks and Gluons
=
=4 O
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Critical point?

?
Neutron stars conductor?

7/

Net Baryon Density

to approximate
real-world QCD

use non-conformal,
deformed AdS



Heavy Quarks in Quark-Gluon Plasma

Heavy quarks as probes of QGP:

* produced early in collision, witness full
evolution of fireball to hadronization

* rich phenomenology in heavy-ion collisions

* heavy-quark bound states as sensitive probes
of thermal medium

 well-studied in lattice QCD o ———

500 r

-500
4

-1000




Our aim

look for universal or robust properties
generically emerging in strongly coupled
theories

— classes of holographic models

our aim is not to find a precise model for QCD



AdS Models for the Plasma



N=4 SYM at Finite Temperature

zero temperature: AdSs

L2
( —dt? £ dz? + dz2>

ds? = —
2

finite temperature T:
AdSs with black hole

L2 dz?
z h
4
1
with h:1_2_4 and 1' = ——
Zh T Zh

Conformal field theory

AdSs

Conformal field theory

AdSs

uv

IR

uv

IR



Consistent Non-conformal Model

Start with five dimensional gravity action Sgps :

167r1G§5> / Tav=6C (R - % (92)" - v(@))

SEHS —

with general ansatz

2
ds? = >4 ((— hdt? 4 d?) + €25 d%

T — oA(zn)—B(zn) 1/ (2n)]
4

leads to 3 independent equations of motion but 5 unknown functions V, ®, A, B, h.

e 2-parameter model: > L2 3
2A _ 2
with parameters @, c e?A(2) — oo _22 and (I)(Z) — \/;sz

DeWolfe, Rosen; Gubser; 2009 o = E
* |-parameter model: L2 3
2A _ 2
with parameter K € (2) — ) and (I)(Z) — 5'%2
<

Schade



Consistent Non-conformal Model

Start with five dimensional gravity action Sgps :

_ 1 5 ../ B 1 2

with general ansatz

2
ds? = >4 ((— hdt? 4 d?) + €25 d%

T — oA(zn)—B(zn) 1/ (2n)]
4

scalar & :
can be dilaton ('string frame model')
or not (‘Einstein frame model’)

We consider both possibilities as independent models.



Screening Distance

Konrad Schade, CE
Consider static (heavy) quark-antiquark pair

—L/2 0 L/2

]
’

boundary field theory

string._4
& 2-dimensional

worldsheet

horizon

Expectation value of temporal Wegner-Wilson loop in
boundary field theory dual to macroscopic string hanging into
the bulk



Screening Distance

e static (Q(Q-pair in a hot plasma wind blowing in z>-direction

* velocity is given by v = tanhn

* orientation angle 6 w.r.t. wind

e Nambu-Goto action:

S =

1
/ dodTt \/— det gng

2o

with a8 = Guyaaa:"(%xy

1.0

—01 .0;

Zh=1

X1 05

Rajagopal, Liu, Wiedemann 10



Screening Distance

distance L:

L/2 L/2d Zc h(o) 2B(2) 14A(x.)—2A(2)
> 2.)e z 2c)— z
LnT = 27T / do = 27T / o= QWT/dZ \/h(z)Q o1AG) — R(2) h(ze) 1A

. 0 0 1.0
lowest point zc
parametrizes different
configurations

i unstable

1.0



Screening Distance

maximal distance L
is screening distance

(different from Debye
screening length)




0.94

092

7T 4/ cosh(n) Liax

0.86 -

0.84 -

0.88 -

Screening Distance

.
L.
Y

N=4
SWr

2—param. Einstein

2—param. String

* velocity lowers screening distance

x 1/y/7 o (boosted energy density

)—1/4




Energies

A. Samberg, O. Kaczmarek, CE



An old problem...

Free energy / potential of heavy quark-antiquark
pair calculated in 1998:

Rey, Theisen, Yee;

Brandhuber, ltzhaki, Sonnenschein, Yankielowicz
and many times since then.

However, ... actually not.

Physical expectation:
potential independent of T at small distances



Free Energy of Heavy QQbar pair

in field theory:
(W(CrLT)) ~exp (—iFpa(L)T), T — o

for temporal Wilson loop

calculation in AdS/CFT:

(W(C)) ~ exp (iSxc[C))

1
/d20\/— det gup -

2ma!

energetically favored string

SNG = —

SnalC
Foo(L) ~ — NG[TL’T], T —




Nambu-Goto action for hanging string

in general metric

ds? = *4) (—h(z) dt? 4 d7?) - e dz? .
SR
we have
7' Zt e4Ah . .
SNG [CL,T] = —@ . dz eA+B\/e4Ah — A W Zt. turnlng P0|nt
UV divergent:

ro T 2t e4Ah
SvedleLrl=—— [ de 6A+B\/

/
T Je

eddp — etAtp,




Subtraction for Nambu-Goto action

subtraction required:

(reg)
(ren) Y B SNG [CL,T] — AS
Fog (M %5&( T

t

.CUl

z

subtractions in the literature:
- non-interacting string hanging down
into black hole (2x)

S(reg) T o A+B | _TL%de (1

straight string| = — dze
NG | 5 el 2ma J. © 2T




Subtraction for Nambu-Goto action

subtraction required:

(reg)
(ren) Y B SNG [CL,T] — AS
Fog (M Tlf?;o( T

t

.CUl

z

subtractions in the literature:
- non-interacting string hanging down
into black hole (2x)

2
(reg) [ i T avp | TLags (1
Sne |straight string| = ) dze ~-o | Z + ...

- real part of action at L=

Albacete, Kovchegoy, Taliotis

but: then F is T-dependent for small L - unphysical!



Subtraction for Nambu-Goto action

subtraction required:

St 7] — AS
T

FOSH(L) = lim (

T —00 2!

z

correct subtraction: only UV singularity

AS. . . E_TLZAdS /OO%:_TL%&dSE

o/ 22 To! €

then no unphysical T-dependence!

Similar problem with regularization occurs in
calculation of entanglement entropy.




Binding Energy of Heavy QQbar pair

quantity with hanging-string subtraction is

binding energy

T —00

(_ Sne|Cr. 7| — 25n¢ [straight String]>
T

in fact difference of free energies:

) L i (SNG Cr7| — ASmin) — (ZSNG [straight string] — ASmin)
Foglh) =l 1= T
=ltoq —*q.aq

(note: defines single-quark free energy)




Free vs Binding Energy in N=4
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Free vs Binding Energy in N=4
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Free and Binding Energy -
different non-conformalities

_10 ! T S T T T T T S S S SO O
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

LT

| -parameter string frame



Free and Binding Energy -
quarks in motion

S S S 3
[l Il I Il
>~ N = O

P Wittmer, CE



Free and Binding Energy -
quarks in motion

0.05

velocity not fully equivalent
to temperature change




Running Coupling



Running Coupling Qqq

2
0op = S GEULT) Konrad Schade, CE,
1l Paul Wittmer

N=4: 0.18

0.16 -

0.10

0.08 -

! \ ! ! \ ! ! ! ! \ ! \ ! !
0.01 0.02 0.05 0.10 0.20 0.50
L [fm]



Running Coupling Qqq

with non-conformal deformation:
0.307
— TIT.=1
005 | —— TIT,=15
| — TIT.=2
| TIT,=4
0.20
(] ]
G e ——— e~ o\ _________
S
0'15f
0.10
0001 002 005 010 020 050

L [fm]

* universal rise above conformal value



Running Coupling Qqq

with non-conformal deformation:
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Running Coupling Qqq

0.7 *

05 | —— T/T,=3 :

f T/T.=6 |

o 0.4 :

<! ]

S 0.3 :

0.2} ,:

- ‘ 1 |

0-1 j .+ il
0.0. » | \ R \ | \ I .

0.01 0.02 0.05 0.10 0.20 0.50
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* Coming close to QCD data if free parameters properly adjusted, but not quite

* Parameters fixed from thermodynamics



Complex Static Potential



QQbar Potential at larger distances!?

e small distances (L < Ls):
simple string configuration

® very large distances:
Debye screening,
due to supergravity mode
exchange between hanging
strings
(Bak, Karch, Yaffe)

N

Ly

0.0
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Re(z/zh)

Complex QQbar Potential

Try to analytically continue simple string
configuration beyond L;

Kovchegov et al

String coordinates & potential become complex




Complex QQbar Potential

Real part of potential (with correct renormalization)

black points: Ln; colored points: Ls



Complex QQbar Potential

Imaginary part of potential

O T T T T I T T T T I T T T “ I T T T T

_12L
I T =5
14,
00 01 02 03 04 05 06

L

black points: Ln; colored points: Ls



Complex QQbar Potential

However:
‘coupling strength’ shows unphysical behavior already
above L

0.18]

0.16/

0.14"

—1/2
o
—_
[\

0.08 T

T=3
T=5

0.06 "

0047 I | I I | I I I I | I | I I |
0.01 0.02 0.05 0.10 0.20 0.50
L[fm]

Better stop at Ls, dynamics above that not understood



Finite Chemical Potential



AdS Models for the Plasma
at finite chemical potential



Temperature T [MeV]

Finite Chemical Potential

Extending these calculations to finite [

Nuclei Net Baryon Density



N=4 SYM at Finite T and U

o finite T: AdS-BH

T2 h
4

h=1-=
“h

e finite T and [: charged BH,
AdS Reissner-Nordstrom BH

L2 2
ds? = — ( hdi? + di2 :dz>

22

Conformal field theory

AdSs

Conformal field theory

AdSs

uv

IR

uv

IR



Finite Chemical Potential

consistent model Maxwell U(1) field N
5 = 2,12 d°z/—g (R— ~9,00" ¢ — V() f(f) FWFW>

(action as in DeWolfe, Gubser, Rosen)

solve with ansatz

2
ds? = >4 ((— hdt? 4 d?) + 2P —dZ
A.Samberg, CE

A(z) = log (é) D(2) = g K2

and choice f(¢) = cosh(12/5)/ cosh(6(¢ — 2)/5)

* solves 5d gravity action, consistent deformation
with scale K
* evades problems at small T, L



Observables at
Finite Chemical Potential



Binding Energy at Finite T, L

8 ! | w8 ! | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! !
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LT

* increasing M decreases binding strength



Taylor Coefficients in Expansion in [l

Fog(L; Ty p) = i (L T) (%)n

n=0

coefficient of order (JU/T)2
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Taylor Coefficients in Expansion in [l

E -
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(a) fA/VXin N = 4 SYM and our three non-conformal models. See the text for an
explanation of the scale T, used here. The noisy behavior for small L is a numerical
artifact. Note the smaller range in L as compared to the lattice data (lower panel).
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(b) f@ in 2-flavor lattice QCD [226]. We have chosen from the data of [226] the three
temperatures closest to the ones used in the holographic models (upper panel), and
converted the data to physical units by using \/o = 420 MeV for the string tension.



Imaginary Chemical Potential

black hole configuration in AdS is stable for some
range of negative [U? (positive heat capacity of BH)

Albert Bekov, CE

 \—1/2 1




Summary & Outlook



Summary & Outlook

* Holography applied to heavy quark observables,
incl. static potential in strongly coupled plasma

* Screening distance conjecture:
Ls is bounded from below by its value in N=4 SYM

* First systematic calculation of free (and internal)
energy of QQbar pair in holography
(correct UV renormalization)

* Running coupling

* Universal strong-coupling behavior in these
observables



Summary & Outlook

* Complex static potential: dynamics at distances
above L not yet understood

* Finite chemical potential: same quantities
calculated

* Taylor coefficients qualitatively agree with lattice
results

* Imaginary chemical potential: comparison to lattice
will be interesting!



Thanks for your interest!



One more thing ...



pbm 80

Best wishes for your birthday!




pbm 80




pbm 80

Achtzig Jahre ist er nun,
achtzig Jahre, achtzig!
Bringt den Tag zu mit Studiern,
wie die Jonen kollidiern,
denn vor allem Physiziern
macht ihn froh und lustig.
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Mit Johanna tuftelt er
an so manchem Thema.
Forscht an dem was ihm gefallt,
reist auch haufig in die Welt,

wo er viele Vortrag’ halt,
Uber Quarks im Plasma.




pbm 80

Geistesblitze und Idehn
mogen stets sich regen.
Forschung bleibe ihm Plasier,
dal3 er nie die Lust verlier.

Zum Geburtstag wlinschen wir
lauter GlUck und Segen.




