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Introduction

A heavy guarlcan be created out of equilibrium in the quark-gluon
plasma produced by a heavy ion collision. It then undergoes a
diffusion process governed by the interactions with the iomad

<EGS ~ ko

The brownaian-like dynamics causes viscaugergy lossand a

spread in transverse momentum
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Introduction

A heavy guarlcan be created out of equilibrium in the quark-gluon
plasma produced by a heavy ion collision. It then undergoes a
diffusion process governed by the interactions with the iomad

In the gauge/gravity duality contextreeavy quarkn the
gauge-theory side correspond toaling fundamental stringn the
gravity side.
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Introduction

A heavy guarlcan be created out of equilibrium in the quark-gluon
plasma produced by a heavy ion collision. It then undergoes a
diffusion process governed by the interactions with the iomad

In the gauge/gravity duality contextreeavy quarkn the
gauge-theory side correspond toaling fundamental stringn the
gravity side.

| will discuss therailing string solution iril” = 0 vacuum geometries,
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Motivation

« An important point of contact with heavy ion experiments (je
guenching, heavy flavor suppression).

« From a practical point of view, in order to correctly obtanet
dynamics of the probe in the deconfined medium, one needs a
subtraction procedurt® make basic quantities (Boundary
retarded correlators) well define@ihe natural way to operate
this subtraction is through the vacuum correlaWhence the
need of the vacuum trailing string solution.
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Motivation

« An important point of contact with heavy ion experiments (je
guenching, heavy flavor suppression).

« From a practical point of view, in order to correctly obtanet
dynamics of the probe in the deconfined medium, one needs a
subtraction procedurt® make basic quantities (Boundary
retarded correlators) well define@ihe natural way to operate
this subtraction is through the vacuum correlaWhence the
need of the vacuum trailing string solution.

o The vacuum trailing string in confining theories, and its
fluctuations, have an interesting and non-trivial strugtur
. presence of aonfining horizon

. long distancelissipation effects
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The Trailing String

Probe quarlon the boundary a 5D asymptoticalliy/S spacetime

0

Classical string attached at the boundary and extendirfgein t
Interior.

(Gubser '06)
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The Trailing String

The string profile is found by extremizing the surface spdrnethe
string

1
S = 27T€§ /dtd?“\/— det GJind »

with respect to the embedding coordinat&sz, r) = ot + £(r).
The string exerts a drag force which causes the quark to lusge

dual description of in-medium energy loss
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The Trailing String Fluctuations

Add small fluctuations along the string:
X(t,r) =&(r) +0X(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 Boeet al 06, Herzoget al 06, Son and Teaney 09)

Dual description of transverse momentum broadening.
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The Trailing String Fluctuations

M5X(t)+/ dt’ Gr(t =)o X (") =C(t),  (C(t)C(H) = Gs(t — 1))

Generalized Langevin equation.
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The Trailing String Fluctuations

M5X(t)+/ dt' Gr(t —t)0X (') = (@), ()W) =Gs(t —t)

Generalized Langevin equatiofwo force terms:
o aclassicalforce with retardation effects:
o astochastidorce with a Gaussian distribution.

Both terms arise from the same underlying physics.

The Trailing String in Confining Holographic Theories — p.7



The Trailing String Fluctuations

MOX (t)+ / dt' Gr(t —t)0X(t") =¢(t),  (COCE)) = Gs(t =)
o GGr(t)Istheretardedooundary correlator associated to the
fluctuations’ X (¢, ») around the classical trailing string.

o (G4(t) Is the associated tr®ymmetriccorrelator, obtained from
G r(t) via a Fluctuation-Dissipation relation, characterisfic o
the ensemble.
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The Trailing String Fluctuations

MSX (t)+ / dt' Gr(t —t')6X(t) =C(t),  (COCE)) =Gs(t -1
long-time limit:

MSX () +nX(t) =),  (C@)CE) = kd(t —1)
Im GR(w)

= i = lim G
(e
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Trailing string in 5D black hole

Consider a generic asymptoticallylS 5D black hole

dr?

ds* = b*(r) )

— f(r)dt* + dz'dx;
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Trailing string in 5D black hole

Consider a generic asymptoticallylS 5D black hole

dr?

ds* = b*(r) )

— f(r)dt* + dz'dx;

« Boundary:

4
r—0, f(r)—1 logb(r)~log-+...
r
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Trailing string in 5D black hole

Consider a generic asymptoticallylS 5D black hole

dr?

ds* = b*(r) )

— f(r)dt* + dz'dx;

« Boundary:

4
r—0, f(r)—1 logb(r)~log-+...
r

o Horizon:

r— T, f(rp) =0, T = f(rp) /4
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Trailing string in 5D black hole

Consider a generic asymptoticallylS 5D black hole

dr?

ds* = b*(r) )

— f(r)dt* + dz'dx;

« Boundary:

4
r—0, f(r)—1 logb(r)~log-+...
r

o Horizon:

r— T, f(rp) =0, T = f(rp) /4

« Dual to anon-conformagauge theory in thermal equilbriuat
a temperaturé@},, in adeconfined phase.
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Trailing String in a 5D black hole

Let us focus on thetaticcase.

- Bﬁboﬁ%«av’}“r =

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

Let us focus on thetaticcase.

The string falls straight down into the horizon.
The induced 2D worldsheet metric iI28& black holewith horizon
r;, and temperature,.

dsing = b3 (r) [~ f(r)dt® + f~(r)dr?]
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Trailing String in a 5D black hole

Let us focus on thetaticcase.

The string falls straight down into the horizon.
The induced 2D worldsheet metric iI28& black holewith horizon
r;, and temperature,.

dSzan — 62(7“) [—f(?“)dt2 + f_l(r)d'I“Q] , f(r) ~AnTy(rp—r), 7 =1y
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Fluctuations

Add fluctuations: modes going in/out of the horizon.
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Fluctuations

Add fluctuations: modes going in/out of the horizon.

(&) BH loaton ,
IR e s MFV&“

The fluctuation equation close to the horizon is

2 W

5X = ;
2 O Y=o

1
0X" — 0X +
(rp — 1) (rp — 1)
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Correlators

The retarded correlator is found by the Policastro-Somi&its
prescription

1 r—0

1w

(r—rp)™™ r—mry

Gr(w) = [Q(r) 5X}z(w,r)]r_>0, 0 Xp(w,r) — {

The coefficienty(r) depends only on the background bulk
geometry and is explicitely known.
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Correlators

The retarded correlator is found by the Policastro-Somi&its
prescription

1 r—0

1w

(r—rp)™™ r—mry

Gr(w) = [Q(r) 5X}z(w,r)]r_>0, 0 Xp(w,r) — {

The coefficienty(r) depends only on the background bulk
geometry and is explicitely known.

The long-time Langevin dynamics is governed by Ve osity
coefficienty that appears as the leading— 0 term iInGr(w)

Gr=1inw + O(w?)

- Fdrag — 776

The Trailing String in Confining Holographic Theories — p.13



Correlators

The retarded correlator is found by the Policastro-Somi&its
prescription

1 r—0

1w

Gr(w) = [Q(fr) 5X}z(w,r)]r_>0, 0 Xp(w,r) — {

(r—rp)™™ r—mry

The coefficienty(r) depends only on the background bulk
geometry and is explicitely known.

The long-time Langevin dynamics is governed by Ve osity
coefficienty that appears as the leading— 0 term iInGr(w)

GR =1 nw -+ O(WQ) 1 = b2 (’I“h) Gursoy, Mazzanti, Kiritsis, FN 1006.3261

- Fdrag — 776
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Correlators

The retarded correlator is found by the Policastro-Somi&its
prescription

1 r—0

1w

Gr(w) = [Q(fr) 5X}z(w,r)]r_>0, 0 Xp(w,r) — {

(r—rp)™™ r—mry

The coefficienty(r) depends only on the background bulk
geometry and is explicitely known.
The symmetric correlator is found D relationat temperaturé@y,:

w

Gs(w) = coth <2Th> Im Ggr(w)
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Correlators

The retarded correlator is found by the Policastro-Somi&its
prescription

1 r—0

1w

Gr(w) = [Q(fr) 5X}z(w,r)]r_>0, 0 Xp(w,r) — {

(r—rp)™™ r—mry

The coefficienty(r) depends only on the background bulk
geometry and is explicitely known.
The symmetric correlator is found D relationat temperaturé@y,:

w

Gs(w) = coth <2Th> Im Ggr(w)

At long times, the dynamics is encoded by thegevin coefficient

k= lim Gs(w) = 2Tyn

w—0
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Green’s functions: High frequency limit

Thelargew limit obtained via WKB approximation
Gursoy, Mazzanti, Kiritsis, FN 1006.3261

ImGr(w) ~w’h <ﬂ> b(r) ~ gh(r)

YW r
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Green’s functions: High frequency limit

Thelargew limit obtained via WKB approximation
Gursoy, Mazzanti, Kiritsis, FN 1006.3261

2
ImGr(w) ~ w’h <;C> b(r) ~ éh(r)
This diverges too fast fafr ; to be physical:
o Dispersion relations that allow to write

G — / ImGRr(W)

w — W — 1€

requireG(w) ~ 1/w

« Real time dynamics completely dominated by the shortes tim
Interval with big random kicks aat — 0.
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Green’s functions: High frequency limit

Thelargew limit obtained via WKB approximation
Gursoy, Mazzanti, Kiritsis, FN 1006.3261

2
ImGr(w) ~ w’h <;C> b(r) ~ éh(r)
This diverges too fast fafr ; to be physical:
o Dispersion relations that allow to write

G — / ImGRr(W)

w — W — 1€

requireG(w) ~ 1/w

« Real time dynamics completely dominated by the shortes tim
Interval with big random kicks aat — 0.

o Remark: the leading behaviortismperature-independent.
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Dressed spectral density

UV-safe spectral densities can be defindbtract the correlator
obtained from the vacuum backgroumeézzanti, Kiritsis, FN, 1111.1008:

G (W) = Grlw) — GV (w)
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Dressed spectral density

UV-safe spectral densities can be defindbtract the correlator
obtained from the vacuum backgroumegzzanti, Kiritsis, FN, 1111.1008:

G (w) = Gr(w) — GV (w)

« Physically, equivalent to requiring that a quark in vacusm |
subject to no dissipation.
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Dressed spectral density

UV-safe spectral densities can be defindbtract the correlator
obtained from the vacuum backgroumegzzanti, Kiritsis, FN, 1111.1008:

G (w) = Gr(w) — GV (w)

« Physically, equivalent to requiring that a quark in vacusm |
subject to no dissipation.

« This prescription can be obtained with a change of variable |
the quark path integral.
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Vacuum correlator

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

What is the trailing string in theacuumsolution i.e.f(r) = 1?
Two qualitatively very different cases:
« the vacuum could be confining (as in QCD)

« Or non-confining (as itV = 4 SYM).
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Vacuum correlator
What is the trailing string in theacuumsolution i.e.f(r) = 1?
Two qualitatively very different cases:
« the vacuum could be confining (as in QCD)
« Or non-confining (as itV = 4 SYM).

Confinement is essentially equivalent to the presence ohanmmm
of thebulk scale factob(r) (cfr. J .Sonnenschein’s talk)

non-confining confining. = b%(r,,)
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Non-confining case

ds* = b*(r) |dr* + datdx,],
the string profile satisfies:

B C
i) = C?

§'(r)
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Non-confining case
ds* = b*(r) |dr* + dztdz,],

\%(()fy
the string profile satisfies: \
/ i i
r) = | ‘
= e |

As b — 0, regularity requires’ = 0: the embedding is triviakl = 0
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Confining Tralling String
ds* = b*(r) |dr* + dztdz,],

the string profile satisfies:

C

€0 = s

Now the minimum ofy(r) is non-zero: the constant is not fixed.
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Confining Tralling String

ds* = b*(r) |dr* + dztdz,],
the string profile satisfies:

B C
/i) = C?

§'(r)

Now the minimum ofy(r) is non-zero: the constant is not fixed.
One-parameter family of solutions with< C' < b%(r,,)
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Confining Tralling String

The extremal” = v, string is the one with lowest action. It does
not extend beyond theonfining horizon- = r,,,, and it extend to
Infinity along one of the spatial directions.
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Confining Tralling String

The extremal” = v?, string is the one with lowest action. It does
not extend beyond theonfining horizon- = r,,,, and it extend to
Infinity along one of the spatial directions.

Asymptotically it looks like a straight string with fixed teion??,
l.e. the confining string tension of the dual theoitys the QCD
flux-tube.
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Confining string geometry

Worldsheet induced metric:

4

b
ds® = b*(r) [—dt2 + 23 dr2] , R=/b* -t
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Confining string geometry

Worldsheet induced metric:

4

b
ds® = b*(r) [—dtQ + 53 dr2] . R=/b* bl

« close to the boundary it approach&sgs;
ds? ~ (£/r)? —dt* +dr?] r—0

The Trailing String in Confining Holographic Theories — p.21



Confining string geometry

Worldsheet induced metric:

4

b
dSQ—b2()[ dt2+R2dr], R=+/b*—bt

« close to the boundary it approach&sgs;
ds? ~ (£/r)? —dt* +dr?] r—0
« close to the confining horizomn, it reduces to

d 2
ds® ~ b2, | —dt? + (4nTn)? ——— | T = (4m) /0 b

The Trailing String in Confining Holographic Theories
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Confining horizon geometry

Metric close to the confining horizan,:

ds* ~ b2 | —dt* + (4nT)p)*

(P — 1)?
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Confining horizon geometry

Metric close to the confining horizon,:

dr?
(Tm - T)Q

z ~ —4nT, log(ry, — 1) — +00.

ds* ~ b2 | —dt* + (4nT)p)* = b2 [—dt® + dz?]

The full metric is conformally flat, and interpolates betwe&lS,
In the UV and flat Minkowski in the IR.
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Confining horizon geometry

Metric close to the confining horizan,:

dr?

(T — )

ds® ~ b2, | —dt® + (47 T},)? S| = b, [—dt® + dz7]

z ~ —4nT, log(ry, — 1) — +00.

The full metric is conformally flat, and interpolates betwe&lS,
In the UV and flat Minkowski in the IR.

ds® = b(z) [—dt* + dz?]
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Transverse vs. longitudinal fluctuations

We can distinguish between fluctuations longitudinal andgverse
to the boundary direction of the string:

Transverse Longitudinal

The Trailing String in Confining Holographic Theories — p.23



Transverse vs. longitudinal fluctuations

We can distinguish between fluctuations longitudinal andgverse
to the boundary direction of the string:

Transverse Longitudinal
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Transverse vs. longitudinal fluctuations

The | and|| fluctuations behave differently:

o, [R o, (5XL)] + % SXL =0,

R3 ,
0, [b4 0, (5)()] + VRsX! =0

R(r) = /(b(r) - b2,)
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Transverse vs. longitudinal fluctuations

The | and|| fluctuations behave differently:

o, [R o, (5XL)] + % SXL =0,

R3 ,
0, [b4 0, (5)()] + VRsX! =0
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Angular dependence

The fluctuationsl and|| to the direction of the string behave
differently.

One can transform the equation into the form of a Schrodinger
problem:

Transverse Longitudinal
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Angular dependence

The fluctuationsl and|| to the direction of the string behave
differently.

One can transform the equation into the form of a Schrodinger
problem:

Transverse Longitudinal

The transverse modes have a continuous spectrum starting-dt,

the longitudinal modes amgapedand start abv = 477,
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An Effective Temperature?

The equation fotransverse fluctuatiordose tor,, IS:

0X" — ! 0X + @ 0X =0 w
(7 — 1) (7 — 1)? ’

»
47T,

same as close to a black hole horizon with temperatire
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An Effective Temperature?

The equation fotransverse fluctuatiordose tor,, IS:

0X" — ! 0X + @ 0X =0 w
(7 — 1) (7 — 1)? ’

»
47T,

same as close to a black hole horizon with temperatire
Are we seeing the emergence ofa&fective temperaturset by the
confinement scale
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An Effective Temperature?

The equation fotransverse fluctuatiordose tor,, IS:

0X" — ! 0X + @ 0X =0 w
(7 — 1) (7 — 1)? ’

W
47T,

same as close to a black hole horizon with temperatire

Are we seeing the emergence ofa&fective temperaturset by the
confinement scale

The fluctuations araotin a thermal state because the metric is
asymptotically Minkowski at infinity.

If we choosanfalling boundary conditions,

06X (w,r) ~ (r, — 1) ~ W?

the retarded correlator is governed by the characteristed,

which plays the same role dsin the BH.
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Dissipation at zero temperature

Thetransversdoundary correlator at small frequency behaves as:

Gh(w) ~ib? w+O0w?), b2 =o0. theconfining stringtension
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Dissipation at zero temperature

Thetransversdoundary correlator at small frequency behaves as:

Gh(w) ~ib? w+O0w?), b2 =o0. theconfining stringtension

The quantityj/mGr/w], o IS theviscous coefficierdppearing in
(the long-time limit of) the momentum diffusion equatienn = o..
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Dissipation at zero temperature

Thetransversdoundary correlator at small frequency behaves as:
Gh(w) ~ib? w+O0w?), b2 =o0. theconfining stringtension

The quantityj/mGr/w], o IS theviscous coefficierdppearing in
(the long-time limit of) the momentum diffusion equatienn = o..

The confining vacuum is dissipative for the fluctuations ofrayle
guarkand the dissipation time scale is again set by the confinemen

scale.
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Dissipation at zero temperature

Because of the gap in the longitudinal mode, the imaginarygia
thelongitufinalboundary correlator vanishes identically at small
frequency:

Gh(w)=0 w < 4Ty,

2
Gh(w) ~ \/(47:;%) —1 w 2 AnT,,
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Dissipation at zero temperature

Because of the gap in the longitudinal mode, the imaginarygia
thelongitufinalboundary correlator vanishes identically at small

frequency:
Gh(w)=0 w < A4nTy,

2
Gh(w) ~ \/(47:;%) —1 w 2 AnT,,

ImGr/wl,—o = 0 and there is no viscous friction for longitudinal

modes.
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Averaging over angles

The string solution breaks spontaneously spatial rotation
SO(3) — SO(2). For a given solution, the correlator will be
anisotropic

GY = GE(w)n'n? + G (w)(8Y — n'n?) n =16, p)
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Averaging over angles

The string solution breaks spontaneously spatial rotation
SO(3) — SO(2). For a given solution, the correlator will be
anisotropic

G = GH(w)n'n? + GT(Ww)(6Y — n'n?) n = 1(0, )

To obtain an angle-independent correlator we naustageover all
possible string solutions, i1.e. over the string direction.
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Averaging over angles

The string solution breaks spontaneously spatial rotation

SO(3) — SO(2). For a given solution, the correlator will be
anisotropic

GY = GE(w)n'n? + G (w)(8Y — n'n?) n =16, p)

To obtain an angle-independent correlator we naustageover all
possible string solutions, i1.e. over the string direction.
To quadratic order in the fluctuations:

() . .
7 = d—expz’/dw 0X"(w)Gij(w, Q)0 X7 (—w)

4

Q
Nexpz/d /dw(SX" Gij(w, V)6 X7 (—w)

Thus the isotropic propagator i€ (w) = (Gl (kL) ks roresne reores -z



Averaging over angles

The string solution breaks spontaneously spatial rotation

SO(3) — SO(2). For a given solution, the correlator will be
anisotropic

GY = GE(w)n'n? + G (w)(8Y — n'n?) n =16, p)

To obtain an angle-independent correlator we naustageover all
possible string solutions, i1.e. over the string direction.
To quadratic order in the fluctuations:

() . .
7 = d—expz’/dw 0X"(w)Gij(w, Q)0 X7 (—w)

A
. - df) -
zexpz/dw(?XZ(w)/ 4—Gij(w,Q)5X](—w)
T

Thus the isotropic propagator i (w) = (G (w, 2))q
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Physical picture: the Shadow Quark

The friction coefficient arises because of infalling bouyda
condition. This has a simple physical interpretation:

look at the trailing string asalf of the confining string connecting
two quarks, one of which is observed, the oth&radow quarkin-

finitely far.
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Physical picture: the Shadow Quark

The friction coefficient arises because of infalling bouyda
condition. This has a simple physical interpretation:

All calculation done on a single (observed) quark should dreedby
assuming thamo informationis available or comes from the shadow

quark. E.g. the infalling wave condition at— oo
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Physical picture: the Shadow Quark

The friction coefficient arises because of infalling bouyda
condition. This has a simple physical interpretation:

In practice, for any finite string, sooner or later infornoatwvill come
back and the system will become non-dissipative: a finitgtleiof
the string destroys the smalllinear term in/mGp. A finite quark

mass)M will introduce an IR cutoff to the string length
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Trailing String at finite velocity

Suppose the boundary quark has a constant velacityne more
general solution is now:

- C

X(rt) = it +E0r), €)= a2+ 1 e

1 — 2

RSO — R — o - R~

Again, the action does not depend on the string directiod, thr

preferred solution is the one witt = b2 .
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Drag Force

From the classical solution we can compute the net forcertedhe
by the string, as the worldsheet momentum. This correspimdine
vev of the force operator dual toX:

cos 6
= Oc :
(F) = (1= 2sin? 0)%/2 (1 — v?)sinf cos ¢

(1 — v?)sin@sin ¢
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Drag Force

From the classical solution we can compute the net forcertedhe
by the string, as the worldsheet momentum. This correspimdine
vev of the force operator dual toX:

cos
— O-C

(1 — v?)sin@sin ¢

Forv < 1 itis directed along the string, and it represents the comsta

force applied by a string with tensian on its endpoint.
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Fluctuations

Now we have two ways of defining transverse and longitudinal
modes:

o With respect ta/
o With respect to the string direction.
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Fluctuations

Now we have two ways of defining transverse and longitudinal
modes:

o With respect ta/
o With respect to the string direction.

Only the first distinction has a meaning on the boundary.
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Integrating over angles

The way to perfom the angular average is not unigue.

« We can average with the usual meausre on the unit sphere. Thi:
means assuming that for each choice of the angle, the
shadow-quark has the same velocity as the observed quark.

The Trailing String in Confining Holographic Theories — p.34



Integrating over angles

The way to perfom the angular average is not unigue.

« We can average with the usual meausre on the unit sphere. Thi:
means assuming that for each choice of the angle, the
shadow-quark has the same velocity as the observed quark.

The Trailing String in Confining Holographic Theories — p.34



Integrating over angles

The way to perfom the angular average is not unigue.

o We can assume the shadow quark has an arbitrary constant
velocity « and average over that. As— oo, the angle) will be
constant and function aff andv:
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Integrating over angles
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velocity « and average over that. As— oo, the angle) will be
constant and function aff andv:
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Averaged correlators

Both averaging procedures can be carriedamatlytically The
result is always in the form:

(GIY = A(0)GF(w)+B)GT (w), (GF) = C(0)GT (w)+D(v)G*(w)
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Averaged correlators

Both averaging procedures can be carriedamatlytically The
result is always in the form:

(GIY = A(0)GF(w)+B)GT (w), (GF) = C(0)GT (w)+D(v)G*(w)

G (w): (essentially) the same correlators we found in the
static case,

A, B,C, D : simple functions oty which depend on the kind of
average.

In the static limit we obtain the expected isotropic result:

1 2
Ly LAL  2AT .
(@) = 26"+ 36 v — 0

The largex behavior isuniversal
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Consistency condition

How to decide which average is the correct one?
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Consistency condition

How to decide which average is the correct one?

Under the same general assumptions that give the Generalize
Langevin equation as the effective description of the quark
fluctuations, dow-frequency Ward identitynust be obeyed:

deﬂf : ] w=0

d{F)
dv

= —1
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Consistency condition

How to decide which average is the correct one?

Under the same general assumptions that give the Generalize
Langevin equation as the effective description of the quark
fluctuations, dow-frequency Ward identitynust be obeyed:

d(F) dGR(w)]
w=0

dv

= —1

dw

« the simple angular average over the string direction DOEJ3 NO
satisfy this relation;

o the average over the velocity of the shadow qualROES

o This is a consistency check that the shadow-quark picture
(complete ignorance about the string boundary at infingyhe
correct one if we want to describe a consistent ensemble
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Conclusion

« We computed the trailing string solution and corresponding
fluctuation in confining holographic backgrounds.

« The solution exhibits new features (e.g. spontanous lmgak
Isotropy), and interesting dynamics (viscous drag and low
frequency modes at zero temperaure)

« Integration over moduli gives correlators which can be used
define physical Langevin correlators for the diffusion peoi
at finite temperature.

o The consistent interpratation of the vacuum correlatam is |
terms of a quark pair, one of which is very far and unobserved.

o Next: finite mass quarks, comparison with experimentalltesu
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