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Motivation

quark-gluon plasma:
strongly coupled!
— holography useful
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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 ———
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Our Aim

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

— classes of holographic models

aim is not to find a precise model for QCD



AdS Models for the Plasma



N=4 SYM at Finite Temperature

zero temperature: AdSs
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finite temperature T:
AdSs with black hole
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Consistent Non-conformal Model

Start with five dimensional gravity action Sgps :
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Consistent Non-conformal Model

Start with five dimensional gravity action Sgps :

B 1 . 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
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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
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Screening Distance

distance L:
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Screening Distance

maximal distance L
is screening distance

(different from Debye
screening length)
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* velocity lowers screening distance
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Screening Distance Conjecture

. Konrad Schade, CE
Observation:
At given T screening distance in N=4 SYM is smaller
than in all consistently deformed models studied.

- holds for all kinematical parameters

Conjecture:
Screening distance in N=4 SYM is lower bound in
a large class of (or maybe all?) consistent theories.



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 -
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energetically favored string
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Nambu-Goto action for hanging string

in general metric

eQB(z)

ds? = 24(2) (—h(z) dt® + d7?) - dz

we have
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UV divergent:
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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)
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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
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Free and Binding Energy -
quarks in motion

S <SS S
=~ N = O

PWittmer, CE



Free and Binding Energy -
quarks in motion

0.05

velocity not fully equivalent
to temperature change




Entropy and Internal Energy of QQbar pair

with (correct!) free energy obtain entropy
OF (L, T)

and internal energy



Entropy and Internal Energy in N=4
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Internal Energy - different non-conformalities
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Running Coupling



Running Coupling (Xqq

2
oG = SL7 dF (L, T) Konrad Schade, CE,
4 aL Paul Wittmer
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Running Coupling (Xqq

with non-conformal deformation:
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* universal rise above conformal value



Running Coupling (Xqq

with non-conformal deformation:
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Running Coupling (Xqq
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* Coming close to QCD data if free parameters properly adjusted

* Parameters fixed from thermodynamics



Running Coupling Xqq: Length Scales

08—

| T2 Limax
0.2 T Llr_naatx
T LScreen
OO ‘ ‘ ‘ ‘ ! ‘ ‘ ‘ ‘ ! ‘ ‘ ‘ ‘ ! ‘
1 2 3 4 5 6 7



Complex Static Potential



QQbar Potential at larger distances!?

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

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




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

At some distance Ly string hangs into black hole

— quarks no longer causally connected,
better stop there?!

black hole horizon
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Complex QQbar Potential

Real part of potential (with correct renormalization)
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Complex QQbar Potential

Imaginary part of potential
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Complex QQbar Potential

Questions:

How does imaginary part connect to real-valued
Debye-screened potential at asymptotically large L?

Spectral function of heavy mesons from complex
potential?



Summary

* Holography applied to heavy quark bound states /
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, complex static potential

* Universal strong-coupling behavior in these
observables
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