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Introduction

In the gauge/gravity duality context, heavy point-like probes (heavy
quarks) in the gauge-theory side correspond totrailing fundamental
stringson the gravity side.

This is an important point of contact with heavy ion experiments (jet
quenching, heavy �avor suppression).
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This is an important point of contact with heavy ion experiments (jet
quenching, heavy �avor suppression).

The analysis so far has covered probes propagating in a blackhole
background (dual to a decon�ned plasma in a themral ensemble)

In this talk, I will discuss thetrailing string solution inT = 0
vacuum geometries,in particular those dual to acon�ning medium.
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Introduction

In the gauge/gravity duality context, heavy point-like probes (heavy
quarks) in the gauge-theory side correspond totrailing fundamental
stringson the gravity side.

This is an important point of contact with heavy ion experiments (jet
quenching, heavy �avor suppression).

The analysis so far has covered probes propagating in a blackhole
background (dual to a decon�ned plasma in a themral ensemble)

In this talk, I will discuss thetrailing string solution inT = 0
vacuum geometries,in particular those dual to acon�ning medium.
(Notice that it does make sense to consider an in�nitely massive, non-dynamical quark in the

con�ning vacuum).

The Trailing String in Con�ning Holographic Theories – p. 2



Motivation and results

� From a practical point of view, in order to correctly obtain the
dynamics of the probe in the decon�ned medium, one needs a
subtraction procedureto make basic quantities (Boundary
retarded correlators) well de�ned.The natural way to operate
this subtraction is through the vacuum correlator.Whence the
need of the vacuum trailing string solution.
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Motivation and results

� From a practical point of view, in order to correctly obtain the
dynamics of the probe in the decon�ned medium, one needs a
subtraction procedureto make basic quantities (Boundary
retarded correlators) well de�ned.The natural way to operate
this subtraction is through the vacuum correlator.Whence the
need of the vacuum trailing string solution.

� Interesting and unexpected properties of the vacuum dynamics
� emergent temperature
� dissipation effects in vacuum propagation
� These effects are the result of entanglement of a system at

large-N
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The Trailing String

Probe quarkon the boundary a 5D asymptoticallyAdS spacetime
m

Classical string attached at the boundary and extending in the
interior.

(Gubser '06)
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The Trailing String

The string pro�le is found by extremizing the surface spanned by the
string

S =
1

2�` 2
s

Z
dtdr

p
� det gind ;

with respect to the embedding coordinates:~X (t; r ) = ~vt + ~� (r ).
The string exerts a drag force which causes the quark to lose energy:
dual description of in-medium energy loss
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The Trailing String Fluctuations

Add small �uctuations along the string:

X (t; r ) = � (r ) + �X (t; r )

they induce a Brownian-like dynamics for the boundary quark,
governed by a Langevin equation, and leading to a spread in
momentum.(Gubser '05, De Boeret al 06, Herzoget al 06, Son and Teaney 09).
Dual description of transverse momentum broadening.
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The Trailing String Fluctuations

_P(t) +
Z

dt0� R (t � t0)P(t0) = � (t); h� (t)� (t0)i = Gs(t � t0)
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The Trailing String Fluctuations

_P(t) +
Z

dt0� R (t � t0)P(t0) = � (t); h� (t)� (t0)i = Gs(t � t0)

� GR (t) = _� R (t) is theretardedboundary correlator associated to
the �uctuations�X (t; r ) around the classical trailing string.

� Gs(t) is the associated by thesymmetriccorrelator, obtained
from GR via a Fluctuation-Dissipation relation, characteristic of
the ensemble.
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Trailing string in 5D black hole

Consider a generic asymptoticallyAdS 5D black hole:

ds2 = b2(r )
�

dr2

f (r )
� f (r )dt2 + dxi dxi

�
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Trailing string in 5D black hole

Consider a generic asymptoticallyAdS 5D black hole:

ds2 = b2(r )
�

dr2

f (r )
� f (r )dt2 + dxi dxi

�

� Boundary:

r ! 0; f (r ) ! 1 logb(r ) � log
`
r

+ : : :
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dr2

f (r )
� f (r )dt2 + dxi dxi

�

� Boundary:
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`
r

+ : : :

� Horizon:

r ! rh ; f (rh) = 0 ; Th = _f (rh)=4�
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Trailing string in 5D black hole

Consider a generic asymptoticallyAdS 5D black hole:

ds2 = b2(r )
�

dr2

f (r )
� f (r )dt2 + dxi dxi

�

� Boundary:

r ! 0; f (r ) ! 1 logb(r ) � log
`
r

+ : : :

� Horizon:

r ! rh ; f (rh) = 0 ; Th = _f (rh)=4�

� Dual to anon-conformalgauge theory in thermal equilbriumat
a temperatureTh, in adecon�ned phase.
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Trailing String in a 5D black hole

Let us focus on thestaticcase.

The string falls straight down into the horizon.
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Trailing String in a 5D black hole

Let us focus on thestaticcase.

The string falls straight down into the horizon.
The induced 2D worldsheet metric is a2D black holewith horizon
rh and temperatureTh .

ds2
ind = b2(r )

�
� f (r )dt2 + f � 1(r )dr2�
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Fluctuations

Add �uctuations: modes going in/out of the horizon.

The �uctuation equation close to the horizon is

�X 00�
1

(rh � r )
�X 0+

!̂ 2

(rh � r )2 �X = 0 ; !̂ �
!

4�T h

The solutions have infalling/outgoing behavior nearrh,

�X (!; r ) ' (rh � r ) � i !̂
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Correlators

The retarded correlator is found by the Policastro-Son-Starinetz
prescription

GR (! ) =
�
G(r ) �X 0

R (!; r )
�

r ! 0 ; �X R (!; r ) !

(
1 r ! 0

(r � rh) � i !̂ r ! rh

The coef�cientG(r ) depends only on background quantities and is
explicitely known.
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�
G(r ) �X 0

R (!; r )
�

r ! 0 ; �X R (!; r ) !

(
1 r ! 0

(r � rh) � i !̂ r ! rh

The coef�cientG(r ) depends only on background quantities and is
explicitely known.
The symmetric correlator is found by FD relation at temperatureTh:

Gs(! ) = coth
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!
2Th
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Im G R (! )
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Correlators

The retarded correlator is found by the Policastro-Son-Starinetz
prescription

GR (! ) =
�
G(r ) �X 0

R (!; r )
�

r ! 0 ; �X R (!; r ) !

(
1 r ! 0

(r � rh) � i !̂ r ! rh

The coef�cientG(r ) depends only on background quantities and is
explicitely known.
The symmetric correlator is found by FD relation at temperatureTh:

Gs(! ) = coth
�

!
2Th

�
Im G R (! )

The long-time Langevin dynamics is governed by theviscosity
coef�cient � that appears as the leading! � > 0 term inGR (! )

GR = i � ! + O(! 2)
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Correlators

The retarded correlator is found by the Policastro-Son-Starinetz
prescription

GR (! ) =
�
G(r ) �X 0

R (!; r )
�

r ! 0 ; �X R (!; r ) !

(
1 r ! 0

(r � rh) � i !̂ r ! rh

The coef�cientG(r ) depends only on background quantities and is
explicitely known.
The symmetric correlator is found by FD relation at temperatureTh:

Gs(! ) = coth
�

!
2Th

�
Im G R (! )

The long-time Langevin dynamics is governed by theviscosity
coef�cient � that appears as the leading! � > 0 term inGR (! )

GR = i � ! + O(! 2) � = b2(rh)
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Vacuum correlator

What is the trailing string in thevacuumsolution i.e.f (r ) = 1 ?

The Trailing String in Con�ning Holographic Theories – p. 12



Vacuum correlator

What is the trailing string in thevacuumsolution i.e.f (r ) = 1 ?
Two qualitatively very different cases:

� the vacuum could be con�ning (as in QCD)

� or non-con�ning (as inN = 4 SYM).
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Vacuum correlator

What is the trailing string in thevacuumsolution i.e.f (r ) = 1 ?
Two qualitatively very different cases:

� the vacuum could be con�ning (as in QCD)

� or non-con�ning (as inN = 4 SYM).

Con�nement is essentially equivalent to the presence of a minimum
of thebulk scale factorb(r ) (cfr. holographic Wilson Loop)

non-con�ning con�ning � c = b2(rm )
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Non-con�ning case

ds2 = b2(r )
�
dr2 + dx� dx�

�
,

the string pro�le satis�es:

� 0(r ) =
C

p
b4(r ) � C2
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Non-con�ning case

ds2 = b2(r )
�
dr2 + dx� dx�

�
,

the string pro�le satis�es:

� 0(r ) =
C

p
b4(r ) � C2

As b ! 0, regularity requiresC = 0 : the embedding is trivial,� = 0
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Con�ning Trailing String

ds2 = b2(r )
�
dr2 + dx� dx�

�
,

the string pro�le satis�es:

� 0(r ) =
C

p
b4(r ) � C2

Now the minimum ofb(r ) is non-zero: the constantC is not �xed.
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Con�ning Trailing String

ds2 = b2(r )
�
dr2 + dx� dx�

�
,

the string pro�le satis�es:

� 0(r ) =
C

p
b4(r ) � C2

Now the minimum ofb(r ) is non-zero: the constantC is not �xed.
One-parameter family of solutions with0 � C � b2(rm )
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Con�ning Trailing String

The extremalC = b2
m string is the one with lowest action. It does

not extend beyond thecon�ning horizonr = rm , and it extend to
in�nity along one of the spatial directions.
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Con�ning Trailing String

The extremalC = b2
m string is the one with lowest action. It does

not extend beyond thecon�ning horizonr = rm , and it extend to
in�nity along one of the spatial directions.

Asymptotically it looks like a straight string with �xed tensionb2
m

i.e. the con�ning string tension of the dual theory: it is the QCD
�ux-tube.
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Con�ning string geometry

Worldsheet induced metric:b2(z)
�
� dt2 + dz2

�
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Con�ning string geometry

Worldsheet induced metric:b2(z)
�
� dt2 + dz2

�

� close to the boundary it approachesAdS2

ds2 � (`=z)2 �
� dt2 + dz2

�
z ! 0
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Con�ning string geometry

Worldsheet induced metric:b2(z)
�
� dt2 + dz2

�

� close to the boundary it approachesAdS2

ds2 � (`=z)2 �
� dt2 + dz2

�
z ! 0

� close to the con�ning horizonrm it reduces to

ds2 � b2
m

�
� dt2 + T2

m
dr2

(rm � r )2

�
Tm =

p
b00

m =bm
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Con�ning string geometry

Worldsheet induced metric:b2(z)
�
� dt2 + dz2

�

� close to the boundary it approachesAdS2

ds2 � (`=z)2 �
� dt2 + dz2

�
z ! 0

� close to the con�ning horizonrm it reduces to

ds2 � b2
m

�
� dt2 + T2

m
dr2

(rm � r )2

�
= b2

m [� dt2 + dz2]

z� � log(rm � r ) ! + 1 , i.e. 2D �at spatial in�nity.
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Con�ning string geometry

Worldsheet induced metric:b2(z)
�
� dt2 + dz2
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� close to the boundary it approachesAdS2
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ds2 � b2
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�
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m
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�
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z� � log(rm � r ) ! + 1 , i.e. 2D �at spatial in�nity.
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Emergent Temperature

The equation fortransverse �uctuationsclose torm is:

�X 00�
1

(rm � r )
�X 0+

!̂ 2

(rm � r )2 �X = 0 ; !̂ �
!

4�T m

same as close to a black hole horizon with temperatureTm .
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Emergent Temperature

The equation fortransverse �uctuationsclose torm is:

�X 00�
1

(rm � r )
�X 0+

!̂ 2

(rm � r )2 �X = 0 ; !̂ �
!

4�T m

same as close to a black hole horizon with temperatureTm .
This isnot just an analogy: one can show, using the method of the
horizon action atrm (Caron-Huot, Chesler, Teaney 2011)that the
�uctuation-dissipation relation isthermal at the temperatureTm ,
provided we de�ne the retarded correlator by choosing ingoing
waves at in�nity:

�X (!; r ) ' (rh � r ) � i !̂ � ei!z
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Emergent Temperature

The equation fortransverse �uctuationsclose torm is:

�X 00�
1

(rm � r )
�X 0+

!̂ 2

(rm � r )2 �X = 0 ; !̂ �
!

4�T m

same as close to a black hole horizon with temperatureTm .
This isnot just an analogy: one can show, using the method of the
horizon action atrm (Caron-Huot, Chesler, Teaney 2011)that the
�uctuation-dissipation relation isthermal at the temperatureTm ,
provided we de�ne the retarded correlator by choosing ingoing
waves at in�nity:

�X (!; r ) ' (rh � r ) � i !̂ � ei!z

Emergence of aneffective temperatureset by the con�nement scale.
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Dissipation at zero temperature

The boundary correlator at small frequency starts as:

GR (! ) ' i b2
m ! + O(! 2); b2

m = � c the conf ining string tension
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Dissipation at zero temperature

The boundary correlator at small frequency starts as:

GR (! ) ' i b2
m ! + O(! 2); b2

m = � c the conf ining string tension

The quantity[ImG R=! ]! ! 0 is theviscous coef�cientappearing in
(the long-time limit of) the momentum diffusion equation) � = � c.
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The boundary correlator at small frequency starts as:

GR (! ) ' i b2
m ! + O(! 2); b2

m = � c the conf ining string tension

The quantity[ImG R=! ]! ! 0 is theviscous coef�cientappearing in
(the long-time limit of) the momentum diffusion equation) � = � c.
Due to the FD relation at temperatureTm , this is also the Langevin
diffusion coef�cient.
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Dissipation at zero temperature

The boundary correlator at small frequency starts as:

GR (! ) ' i b2
m ! + O(! 2); b2

m = � c the conf ining string tension

The quantity[ImG R=! ]! ! 0 is theviscous coef�cientappearing in
(the long-time limit of) the momentum diffusion equation) � = � c.
Due to the FD relation at temperatureTm , this is also the Langevin
diffusion coef�cient.

The con�ning vacuum is dissipative for a single quarkand the
dissipation time scale is again set by the con�nement scale.
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Physical picture: the Shadow Quark

These surprising effects have a simple physical interpretation:
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Physical picture: the Shadow Quark

These surprising effects have a simple physical interpretation:

look at the trailing string ashalf of the con�ning string connecting
two quarks, one of which is observed, the other (shadow quark)
in�nitely far.
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Physical picture: the Shadow Quark

These surprising effects have a simple physical interpretation:

All calculation done on a single (observed) quark should be done by
assuming thatno informationis available or comes from the shadow
quark. E.g. the infalling wave condition atz ! 1
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Physical picture: the Shadow Quark

These surprising effects have a simple physical interpretation:

The ensemble nature of the correlators arises by tracing over the
hidden quark d.o.f. The surprising fact that this ensemble is thermal
is probably due to large-N .
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Physical picture: the Shadow Quark

These surprising effects have a simple physical interpretation:

In practice, for any �nite string, sooner or later information will
come back and the system will become non-dissipative: a �nite
length of the string destroys the small-! linear term inImG R . A
�nite quark massM will introduce an IR cutoff to the string length.
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Conclusions and open questions
� The trailing string picture of a single quark in a con�ning

holographic theory displays some non-trivial and surpsing
dynamics:

� From a statistical mechanics standpoint: anemergent
thermal ensembleanddissipation over long-times in the
vacuum.

� From a GR standpoint: athermal ensemble NOT associated
to a horizon.
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� The trailing string picture of a single quark in a con�ning

holographic theory displays some non-trivial and surpsing
dynamics:

� From a statistical mechanics standpoint: anemergent
thermal ensembleanddissipation over long-times in the
vacuum.

� From a GR standpoint: athermal ensemble NOT associated
to a horizon.

� Are there other examples of these phenomena ?

� Can these features be understood in terms of theshadow quark
picture in a 4D perspective?
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Conclusions and open questions
� The trailing string picture of a single quark in a con�ning

holographic theory displays some non-trivial and surpsing
dynamics:

� From a statistical mechanics standpoint: anemergent
thermal ensembleanddissipation over long-times in the
vacuum.

� From a GR standpoint: athermal ensemble NOT associated
to a horizon.

� Are there other examples of these phenomena ?

� Can these features be understood in terms of theshadow quark
picture in a 4D perspective?

For a moving quark, the situation becomes even more interesting:
one mustaverage over the shadow quarkvelocityto obtain
consistent results.
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Conclusions and open questions
� The trailing string picture of a single quark in a con�ning

holographic theory displays some non-trivial and surpsing
dynamics:

� From a statistical mechanics standpoint: anemergent
thermal ensembleanddissipation over long-times in the
vacuum.

� From a GR standpoint: athermal ensemble NOT associated
to a horizon.

� Are there other examples of these phenomena ?

� Can these features be understood in terms of theshadow quark
picture in a 4D perspective?

For a moving quark, the situation becomes even more interesting:
one mustaverage over the shadow quarkvelocityto obtain
consistent results.
One can use the resulting correlators as originally planned, for a
subtraction of the �nite-temperature correlators.
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