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Fluctuation, dissipation, and thermalization in nonequilibrium AdS5 black hole geometries
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We give a simple recipe for computing dissipation and fluctuations (commutator and anticommutator
correlation functions) for nonequilibrium black hole geometries. The recipe formulates Hawking radiation

as an initial value problem, and is suitable for numerical work. We show how to package the fluctuation
and dissipation near the event horizon into correlators on the stretched horizon. These horizon correlators
determine the bulk and boundary field theory correlation functions. In addition, the horizon correlators are
the components of a horizon effective action, which provides a quantum generalization of the membrane
paradigm. In equilibrium, the analysis reproduces previous results on the Brownian motion of a heavy

quark. Out of equilibrium, Wigner transforms of commutator and anticommutator correlation functions

obey a fluctuation-dissipation relation at high frequency.
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I. MOTIVATION

One of the motivations for studying high temperature
gauge theories at strong coupling is the striking results
from the Relativistic Heavy Ion Collider (RHIC) and the
Large Hadron Collider [1,2]. Results on collective flow and
the energy loss of energetic probes (in particular heavy
quarks [3]) indicate that the nuclear size is sufficiently
large that macroscopic quantities such as temperature,
pressure, and flow velocity, are useful concepts when
characterizing heavy ion events. A back of the envelope
calculation [4] shows that this would not be possible unless
the typical relaxation time is of order a thermal wavelength
Tr ~ h/T, placing the QCD plasma in a strong coupling
regime. The AdS/CFT correspondence has led to many
important insights into the nature of strongly coupled
plasmas and energy loss [5]. Of particular relevance to
this work is the computation of the heavy quark drag and
diffusion coefficient in N" = 4 Super Yang Mills (SYM) at
large N, and strong coupling [6-8]. Indeed heavy quarks in
heavy ion collisions exhibit a strong energy loss and a
larger than expected elliptic flow, which is qualitatively
consistent with a small diffusion coefficient [3]. The actual
interpretation of the RHIC results is more complicated,
since radiative energy loss plays a significant (perhaps
dominant) role at high momentum where the measure-
ments exist [9]. The current results from the Relativistic
Heavy Ion Collider on heavy quarks are confusing and not
generally understood.
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The diffusion of heavy quarks in AdS/CFT is also inter-
esting from the perspective of black hole physics. Indeed,
the primary goal of this paper is to better understand the
thermal properties of black holes using the diffusion of
heavy quarks in N = 4 SYM as a constrained theoretical
laboratory.

On the field theory side of the correspondence, the
diffusion of heavy quarks is the result of a competition
between the drag and the noise, which must be precisely
balanced if the quark is to reach equilibrium. In particular,
over a time scale which is long compared to medium
correlations, but short compared to the equilibration time
of a heavy quark, the heavy quark is expected to obey a
Langevin equation

i . .
dl = —1’1}’ + .f’,
dt
where the drag coefficient 7 and the random noise ¢ are
balanced by the fluctuation-dissipation relation

(&) =208 8(1 — 7).

Previously, it was shown how this Brownian equation of
motion is reproduced by the correspondence [10,11]. In
AdS/CFT, a heavy quark is dual to a long straight string,
which stretches from the boundary to the horizon. At a
classical level, the straight string is a solution to the equa-
tion of motion and does not move. This is not the dual of a
heavy quark in plasma. Figure 1(a) shows the geometry of
black hole anti-de Sitter (AdS) together with a long straight
string. In our AdS conventions, the horizon is at r = 1
while the boundary of AdS is at r = co. The stretched
horizon (see below) is at r, = 1 + €. Hawking radiation

(1.1)

(1.2)
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Two figures from Ref. [11] which motivate this work. (a) A schematic of a classical string in AdSs

corresponding to a heavy quark. The horizon is at » = 1 in the coordinates of this work. The stretched horizon is at r, = 1 + € and the
endpoint of the string is at the boundary r,, with r,, > 1. Gravity pulls downward in this figure. (b) Hawking radiation from the
horizon induces stochastic motion of the string in the bulk, which we show for three subsequent time steps, 1, t5, 3. The random string
configurations give rise to a random force in the boundary theory. The Hawking radiation is encoded in an effective action on the
stretched horizon r;, = 1 + €. The string fluctuations are small, xo, ~ 1/A'/4T.

from the horizon causes the string to flip-flop back and
forth stochastically as exhibited in Fig. 1(b). The random
tugs from this flip-flopping string give rise to a random
force on the boundary quark, which is related to the dis-
sipation by the Einstein relation, Eq. (1.2).

The derivation of this result left much to be desired. In
Ref. [10], it was simply assumed that the modes are in
equilibrium at the Hawking temperature. With this as-
sumption, it is not difficult to show that the commutator
and anticommutator of string correlations are related via a
bulk version of the fluctuation dissipation theorem (FDT).
When this bulk FDT is translated to the boundary theory,
the bulk FDT leads to Eq. (1.2). While this derivation is
physically reasonable, the calculation provides little guid-
ance to out of equilibrium geometries. In Ref. [11], the
bulk FDT was derived following a rather complicated and
unintuitive formalism [12,13]. This formalism involves
analytically continuing modes as is typical in many deri-
vations of Hawking radiation [14—16]. The primary goal of
this paper is to provide a much more physical derivation of
the bulk FDT based upon propagating near-horizon quan-
tum fluctuations from the distant past up to the bulk.

In Ref. [11], the effects of Hawking radiation were
packaged into a horizon effective action. This effective
action dictates the dynamics of the fields at r = 1 + €,
and provides a quantum generalization of membrane para-
digm. Although the derivation of the membrane effective
action involved a complicated analytic continuation, the
final form of the effective action is very natural. The
classical part of the effective action can be determined
using the classical membrane paradigm, while the quantum
part of the effective action is dictated by the classical
dissipation and the fluctuation-dissipation relation. Once
the horizon effective action is written down, a short exer-
cise shows how the horizon fluctuation-dissipation relation
leads to the FDT in the bulk and boundary theories. Since
the FDT is a direct consequence of the fact that the density

matrix is exp(— BH), the extent to which this relation holds
provides an unequivocal measure of equilibrium in the
bulk geometry.

In this paper, we will determine the horizon effective
action by solving equations of motion with appropriate
initial conditions rather than analytically continuing
modes. Since Fourier transforms and analytic continua-
tions are never introduced, it is possible to apply these
same techniques to nonequilibrium geometries. We also
study the thermalization of a string in a nonequilibrium
geometry. Furthermore, while we focus on string fluctua-
tions in this paper, our analysis easily generalizes to other
fields such as the graviton.

II. PRELIMINARIES

In this subsection, we will give a brief summary of some
of the results of Ref. [11] in order to establish notation. The
metric of the black hole AdS space is

27,2

ds? = (aTLA- ()P + 2] + 20

fnr

where the horizon is at = 1 and the boundary is at r = oo.

L is the AdS radius, f(r)=1—1/r* and T is the

Hawking temperature. r is a dimensionless coordinate

which measures energy in units of temperature. We will

also use Eddington-Finkelstein (EF) coordinates to de-

scribe the near-horizon dynamics. In this coordinate sys-
tem, the metric is

(2.1)

2
ds? = (7TT)2L2|:—A(r)a?v2 + —Tdrdv + rzdxz], (2.2)
T

where A = r?f(r) and v is the EF time

1 dr

v=r+— [ 5.
aT J fr

(2.3)
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Ingoing lightlike radial geodesics have v = const, while
outgoing lightlike radial geodesics satisfy dr/dv =
7TA/2. From now on we will set the AdS radius to one,
L=1.

For simplicity, consider fluctuations along an infinitely
long straight string (i.e., an infinitely massive quark)
stretching from the horizon to the boundary. The stationary
boundary endpoint is at x = 0, and small fluctuations
around the straight string solution are parametrized by
x(t, r), where x denotes displacement of the string in the
x direction. Either ¢ and r or v and r are taken to be the
world sheet parameters, t = ¢ and r = o'. The action of
these world sheet fluctuations is derived by linearizing the
Nambu-Goto action:

S = Z—Z [ dtdrgxxl:—%\/ﬁh’”aﬂxayx:l, (2.4)
where u, v run over ¢, r or v, r depending on the coordinate
system. For example, the world sheet metric in EF coor-
dinates is

2
hy,dotdo” = (77'T)2|:—A(r)dv2 + —Tdrdv:l. (2.5)
T

We note that the drag coefficient of the heavy quark [see,
Eq. (1.1)] is related to the coupling between the metric and
world sheet fluctuations [6—8]

VA

ngx

The analyses in the following sections make this physical
interpretation of 7 clear.

The goal of this paper is to show by solving equations of
motion that in equilibrium the retarded propagator,

JA

() = 3 (T2

n (2.6)

iG, (tyr|tary) = 0(t — OX[2(ty, 1)), &(tp, 1)), (2.7)
and the symmetrized propagator,
G, (tyrltyry) = %({f(fl, r1), X(t2, 12)}), (2.8)
are related by the fluctuation-dissipation theorem
G, (w,r,7) = —(1 +2n(w)) ImG, (o, r, 7). (2.9)

Here n(w) = 1/(exp(w/T) — 1) is the Bose-Einstein dis-
tribution function. This relation is a direct consequence of
the fact that the density matrix is exp(—H/T) and signifies
that the fluctuations are in equilibrium with the black hole
at temperature 7.

The advanced propagator is related to the retarded
propagator by time reversal,

iG o (ty11|tar2) = iG (121,11 1y), (2.10)
while the spectral density is the full commutator
iGra—ar(tir|tyr) = ([&(t), 1), 2(t2, 12)])- (2.11)

Simple manipulations show that
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—2ImG, (@, 1, F) = iGy_ (@, 1, ), 2.12)

and thus the fluctuation-dissipation theorem is a relation
between the commutator and anticommutator, which sig-
nifies equilibrium. Both the commutator and the anticom-
mutator will be determined by solving equations of motion
with appropriate initial conditions.

III. EQUILIBRIUM STRING FLUCTUATIONS
IN AdSs; FROM EQUATIONS OF MOTION

A. Equations of motion and boundary conditions

Let us analyze the equations of motion in more detail.
Recall that the retarded correlator is a Green’s function of
the equations of motion

;/—x[a,ugxx\/—];hﬂyav]Gra(tl r |l27’2)
T

= 6(t) — 1,)8(r) — 1rp),

and is required to vanish when ¢,r; is outside the future
light cone of £, r,. By contrast, the full commutator (i.e., the
spectral density) is not a Green’s function, but satisfies the
homogeneous equations of motion

(3.1

;/—Z[a,ugxx\/z}l'uyav]Gram(tlrlltZrZ) = O’ (32)

where the initial conditions are determined by the canoni-
cal commutation relations. Similarly, the symmetrized
correlation function also satisfies the homogeneous equa-
tions of motion

;’/—X[a,u.gxx\/l/_lhﬂyau]Grr(tlrl|t2r2) = 0; (33)
T

but the initial conditions are determined by the density
matrix of the quantum system far in the past. The appro-
priate initial conditions for G,, and G,,_,, are discussed
more fully in Sec. III C. Finally, all bulk to bulk correlation
functions (G,,, G,4—ar G,,) satisfy Dirichlet, or normal-
izable, boundary conditions for asymptotically large ra-
dius, i.e., G — 0 for ry, r, — 0.

Since the supergravity equations of motion are essen-
tially coupled oscillators, it is useful to recognize that the
retarded propagator for the simple harmonic oscillator is
independent of the density matrix. Only symmetrized cor-
relations depend on the density matrix and reveal a thermal
state. Since the simple harmonic oscillator clearly illus-
trates the role of the density matrix, we show how to
compute commutator and anticommutator oscillator corre-
lations using the Keldysh formalism in Appendix A.

B. Horizon correlators

The equations of motion propagate initial data in the
past to the future. This can be made manifest for the
symmetrized correlator by writing down a formal solution
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FIG. 2 (color online). A congruence of outgoing null radial
geodesics starting at time #,. Qualitative insight on the propa-
gation of initial data specified on the slice at t = ¢, can be
understood from the congruence. Generic geodesics reach the
boundary in a time At~ 1/T. Initial data propagated on such
trajectories reflects from the boundary and falls into the horizon
with an infall time of order 1/7. Geodesics originating expo-
nentially close to the horizon take much longer to escape.
Consequently, at late times the above-horizon geometry is filled
with geodesics emanating exponentially close to the horizon at
t = to. Because of this, the only initial data relevant at late times
consists of the initial data exponentially close to the horizon at
t=1y.

to Eq. (3.3) in terms of retarded correlators. Specifically,
given G,, and its time derivatives on some time slice
t, = t, = ty, the solution to Eq. (3.3) at later times is
given by

6,12 = [ 2 [ s ()G, 1177,

/\ >
X [g f d”/zgxx\/Zh”(rlz)GleZ’)at,z]

X G, (1'2), (3.4)
where 7| and 7} are set equal to 7, after differentiating, and
d =3 — 9. This formula expresses the uniqueness of the
correlator given its value and time derivatives on a Cauchy
surface.! The physical interpretation of this solution is easy
to understand. The two retarded Green’s functions appear-
ing in the integrals are convoluted with the separate argu-
ments of the initial data. These retarded Green’s functions
causally propagate the initial data forward in time.

To gain qualitative insight into how initial data is propa-
gated by the retarded Green’s functions, Fig. 2 shows a
congruence of outgoing radial null geodesics starting at

!The formula manifestly satisfies the equations of motion (3.3)
for t;, t, > t,. To see that it satisfies the boundary conditions in
the limit #; — fy, one must know the time derivatives of
G,,(1]1") for t; — #,. This derivative can be obtained by using
the fact that G,,(1]1') vanishes for #; < 7}, and by integrating 7,
across #; with the equations of motion (3.1) to yield the canonical
commutation relations

. VA
lim —

n—t 2T g”\/ﬁhnatl G(1") = 8(ry — ).
4

An analogous formula holds for the derivative with respect to 7}.
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FIG. 3 (color online). The composition law for retarded
Green'’s functions. The stretched horizon separates the two steps
of the evolution. From the perspective of an observer in the
exterior, the strip between the horizon at r = 1 and the stretched
horizon at r = 1 + € produces a simple horizon effective corre-
lator, which acts like a source of radiation from the stretched
horizon.

time ¢ = f,. A generic geodesic reaches the boundary in a
time Az~ 1/T. The information which is propagated
along such trajectories reflects off the boundary and falls
into the black hole with an infall time also of order 1/T.
Thus, at times Ar > 1/T, the only outgoing geodesics
which populate the geometry above the stretched horizon
are those which started exponentially close to the horizon
at t = t,. Moreover, the initial data propagated from this
exponentially narrow strip to the above-horizon geometry
will be dramatically redshifted. Because of the redshift, the
only finite wavelength contributions to the symmetrized
correlator will come from the UV part of the initial data
near the horizon. This UV part simply comes from coinci-
dent point singularities in G,,, which encode quantum
fluctuations in the exponentially narrow strip near the event
horizon, r = 1.

This discussion suggests a strategy for computing the
symmetrized correlator at times long after f,. First, all
initial data above the stretched horizon at r, = 1 + € can
be neglected as it gets absorbed by the black hole at times
t ~ ty + 1/T. Initial data which lies in the strip between
the event horizon and the stretched horizon can be evolved
until it reaches the stretched horizon, where it determines
an effective horizon correlator. This correlator encodes
quantum fluctuations in the past and sources radiation on
the stretched horizon that subsequently propagates up to
the boundary. This is depicted graphically below in Fig. 3.
Given the discussion of the preceding paragraph, we expect
that the form of the horizon correlator will be independent
of details of the initial data specified in the distant past.

The effective horizon correlation function can be found
by exploiting the composition law obeyed by retarded
propagators. Let g,,(t,r;|t,r,) denote the retarded propa-
gator in the region 1 = r = 1 + € subject to the reflective
Dirichlet condition® at r = 1 + €

2We note that it is not necessary that g, satisfy the reflective
Dirichlet condition at r = r,. This choice is simply a matter of
latter convenience.
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8ra(tiryltyry = 1) = 0.
3.5)

8ra(tiry = ryltyry) =0,

Appendix B analyzes the Wronskian of the retarded propa-
gators G,, and g,,, and determines the following compo-
sition rule:

G111 = [ 1,6 UDDAR (00, 8,021,
3.6)

where 7,7 is outside the stretched horizon, while 7|7} is
inside the stretched horizon. This identity, schematically
depicted in Fig. 3, is the mathematical statement of how
information is propagated up from near the horizon to the
stretched horizon, and then up from the stretched horizon
towards the boundary. Substituting this composition law
into the solution (3.4) and neglecting contributions to the
integrals from r = 1 + €, we find that above the stretched
horizon G,, takes the form

G, (t;riltyry) = ’[dtlldt/z[_Gra(tlrllt/lrh)]

X [=G, (tary|tsry)IGH (A1), (3.7)

where the “‘horizon correlator” G”, is determined only by
the dynamics between the horizon and the stretched hori-
zon:

Gl (t11ty) = [=nVhh'" (r1)d,]

X [_ T]\/Ehrr(rZ)arZ]grr(tlrl |t2r2)|r1,r2:r,,-
(3.8)

Here g, (t,r,|t3r,) is the solution to the homogeneous
equations of motion (3.3) with reflective Dirichlet bound-
ary conditions at the stretched horizon, together with the
prescribed initial conditions close to the horizon at r = 1,.°
We will always denote bulk correlation functions inside the
strip with lower case letters.*

While the symmetrized correlator measures the degree
of occupation of microstates, the spectral density
iG,,_.(w) measures the density of available states.
Since the spectral density is also a solution to the homoge-
neous equations of motion, the discussion of the previous
paragraph can be repeated mutatis, mutandis yielding

3In particular, g,,(1]2) is given by the same expression in Eq.
(3.4), but with the replacements G,.(1]2) — g,.(1]2),
G,,(1]12) — g,,(1]2), and with the limits of integration running
froml=r=1+e.

“This correlator will always be written with its arguments
g.+(vyri|lv,ry), and can not be confused with the metric coeffi-
cient g,.(r, v).
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iGra—ar(Il r |t2r2) = [dt/] dtlz[_Gm(tl r |tl] rh)]

X [_Gra(t2r2|t12rh)]iG£la—ar(t/1 |t/2):
(3.9

where the horizon spectral density G”,_ . is related to the
spectral density inside strip g,,—,- as in Eq. (3.8)

Glaar(tilty) = [= NI ()0, = nhE(r,)d,,]

X gra—ar(tlr1|t2r2)|r|,r2=rh' (310)
In this equation, g,,_,, is subject to the same reflective
Dirichlet boundary conditions at r = 1 + €. We will see
that the horizon correlators, G%,_,, and G", form the
components of a horizon effective action, which we will
study more completely in Sec. IV.

Equations (3.7) and (3.9) are the key equations in our
study of thermalization. Together they show that emission
and absorption of fluctuations in the bulk can be encapsu-
lated into a horizon fluctuation and a horizon resistance.
These equations show that we can focus our attention on
the dynamics inside a small strip between the horizon and
stretched horizon. Thermalization inside the strip will be
simple to understand analytically.

C. Propagating correlations to the stretched horizon
1. The horizon symmetrized correlation

As is evident from Eqgs. (3.7) and (3.8), to determine
the symmetrized correlator we must first determine
g,-(t;r1|t,ry) in the strip between the horizon and the
stretched horizon. For describing the evolution inside the
strip, it is useful to use Eddington-Finkelstein coordinates.
In these coordinates, the equations of motion for r < r; are

0 J 0
a_rl[ZhwaTl N hrr(rl)a_rl]g”(vlrl|v2r2) =0, (3.11)
and

d d d
G—Q[Zhwa—vz + b (ry) a—r2:|grr(U1"1|U2"2) =0, (3.12)

where the metric coefficients are given in Eq. (2.5). Since
we are interested in the ultraviolet irregular solution to
Egs. (3.11) and (3.12), we have neglected the radial deriva-
tives of g,.,, which are small compared to the radial de-
rivatives  of g, (v,r;lv,r,).> With this short-distance
approximation, the linear operator in Eq. (3.11) becomes

A posteriori one can verify that the neglected derivatives, e.g.,
(0,8:)(9,8,-(v,71lvo7,)), are small compared to the terms
which are kept, €.g., g,,9,h""9,g,-(1]2).
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a product of two operators, d, and 9,, + ”TTA(?,. Recall that
in Eddington-Finkelstein coordinates, outgoing null radial
geodesics satisfy % = %TA, whereas infalling null geo-
desics satisfy v = const. Thus, the derivatives act along
these geodesics, implying that functions of e 27"V(r — 1)
and v satisfy the equations of motion in the near-horizon
limit. The general solution is therefore

grr(U17”1|U2”2) = fl(e_ZWTvl(ﬁ -1, 6_27TTU2('"2 - 1))
+ fole™2™i(r) — 1), vy)

+ f3(vy, €722 (ry — 1)) + fuvy, va),
(3.13)

where the f, (x|, x,) are arbitrary functions. Requiring that
the boundary conditions

gr(vy,ry = rh|v2r2):0; and grr(U1”1|U2» ry=r,)=0,

are satisfied at all times, we find that

gr(virilvor) = +f(e™2™i(rp — 1), e 2™ v2(ry — 1))
— F Ty — 1), e, — 1)

— fle™2™vi(r), — 1), e 2™V2(ry — 1))

+ e, — 1), e, — 1)

(3.14)

where f(x,, x,) is determined by initial conditions.
The above solution is a linear combination of modes
which are outgoing from the horizon and modes which are

1
g (virilvary) = ———logle 27 TAv(r) — 1) —
4n

1
+ —— logle 2™Av(r, — 1) —
41n

In writing Eq. (3.17), we have pulled out a common factor
of e 272 which cancels between the different terms due
to the reflective boundary conditions.

The fact that g,.(v;r||var,) is time translationally in-
variant at late times is due to the competition between
emission and absorption. Quantum fluctuations give rise
to the logarithmic coincident point singularity in
g.-(virilvary), and this singularity acts as a constant
source of radiation. Thus, radiation is continually pro-
duced, redshifted, reflected off the stretched horizon, and
absorbed by the black hole. This dynamical process
reaches a steady state which determines g,,(v,r;|v,r,) at
late times. As we will discuss in Sec. III D, this steady state
is in fact a thermal state.

PHYSICAL REVIEW D 84, 026012 (2011)

infalling towards the horizon. The infalling modes are in
fact a consequence of the outgoing modes, as the reflective
Dirichlet boundary conditions at the stretched horizon
turn outgoing modes into infalling modes, which are sub-
sequently absorbed by the black hole. Inspection of
Eq. (3.14) shows that if f(x, x,) is analytic, this reflection
and absorption would always lead to g,.(v,r|vyr) — 0
at late times. Furthermore, all outgoing modes originate
exponentially close to the horizon. This follows from the
fact that as e 2"T¥(r — 1) is constant on outgoing null
geodesics, in the limit v — —o0 we must have r — 1.
Therefore, for evolution near v = 0, relevant initial data
specified in the distant past will come from an exponen-
tially narrow strip which is exponentially close to the
horizon at r=1. In this exponentially narrow strip
g,/(virilvyry) is not analytic and contains a logarithmic
coincident point singularity

1
4

+ exponentially small terms,

grr(U1r1|U2r2)=_ 108|M(U1_U2)(71_”2)|

(3.15)

where u is a constant.®
By matching Eq. (3.14) on to Eq. (3.15), we conclude
that we must have

1
flep,x) = _4— 10g|xl — x|
mn

+ exponentially small terms. (3.16)

Substituting Eq. (3.16) into Eq. (3.14), we find that long
after initial conditions were specified and up to exponen-
tially small corrections, we have

1
= D +-—1logle 2™ TA%(r; — 1) = (r, — 1)
47mn

1
= Dl = —logle >™™(r, = 1) = (r, = DI.  (3.17)
n

4

I
With g,,.(v,r|v,yr,) known, we may compute the hori-

zon correlator G/,.(vy, v,) via Eq. (3.8). The result reads

G" (vy,v,) = — ﬂavlavz log|1 — e 27T(imw2)| - (3.18)
aa

The coincident point limit can be found be computing the
anticommutator for a free massless scalar field theory in 1 + 1d
flat space

L0, SO = = 1 Toglm,, XX
o

Equation (3.15) is found by the principle of equivalence and by
comparing the normalization of the string action (2.4) to the
canonical normalization.
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2. The horizon spectral density

As in the case of g,,(t,r,|t,7), it is convenient to use EF
coordinates (v, r) to determine g,,_,,(¢;r1|t2r;). The spec-
tral density g,,_.,(v;rlv,r,) obeys the same equation of
motion as g,.(v,r;|lv,r,) and has the same reflective

|

PHYSICAL REVIEW D 84, 026012 (2011)

boundary conditions at the stretched horizon. Thus, the
general solution for g,, . (vr;|lv,r,) is similar to the
corresponding solution for g,.(v;r;lvary) in Eq. (3.14).
Explicitly, we have

gra—ar(vlrl |U2, }’2) = +fra—ar(e_2ﬂ-TU1 (}’1 - 1), e_ZWTUZ(rZ - 1)) _fra—ar(e_szvl(rl - 1): e_Z#TUZ(rh - 1))

_fra—ar(e_Zﬂ-TUl (rh - 1): e_Z#TUZ (r2 - 1)) +fra—ar(e_27TTvl (rh - 1): e_szUZ(rh - 1)):

where f,,_,, is determined by initial conditions.

In contrast to the symmetrized correlator, where the
initial conditions are determined by the density matrix in
the past, the initial conditions for the spectral density are
state independent and are determined by the canonical
commutation relations. Thus, it is not necessary to evolve
for a long time before reaching a steady state solution.

For YT close to wv,r,, flat-space physics determines

gra*ar

1. .
Sra—ar(Vi7y |U2r2)—’ —E(sugn(vl —vp) —sign(ry —ryp)).
(3.20)

Comparing Eq. (3.20) to Eq. (3.19), we conclude that for
any v; and v, we must have

1 .
fra—ar(x1, X2) = I sign(x; — xy). (3.21)
n

The infalling and outgoing modes cancel at spacelike
separation due to the sign function. One can verify (with
careful algebra) that the g,,_,,. satisfies the canonical
commutation relation

VIR () T 8, 8- 0 (1171 0272) = 8(ry = r2). (3.22)
2

Substituting g,,—,., into Eq. (3.10), we determine the
horizon spectral density

Gf"la—ar(vl’ U2) = 2775/(1}] - UZ)' (3.23)

"The coincident point limit can be found by computing the
commutator for a free massless scalar field theory in 1 + 14 flat
space

= B0, $ON) = = 0= 7, X4X") sign(s)

= _Tl(sign(t + z) — sign(—1 + z2)).

The sign function is the only functional form which allows left-
moving and right-moving modes to cancel at spacelike separa-
tions. Equation (3.20) is found by the principle of equivalence
and by comparing the normalization of the string action (2.4) to
the canonical normalization.

(3.19)

|
D. The bulk fluctuation-dissipation theorem

The interpretation of the above results becomes clear in
Fourier space. The Fourier transform of the horizon sym-
metrized correlator is

G (w) = n j dve'®v 92 log|l — e 27T7|
T J—

= no(l + 2n(w)), (3.24)

where n(w) = 1/(exp(w/T) — 1) is the Bose-Einstein dis-
tribution. The Fourier transform of the horizon spectral
density is

iG" _ . (0) =2no. (3.25)

Thus, after the decays of transients in the initial data, the
horizon correlation functions obey the fluctuation-
dissipation relation
Gl(w) = Gl (@)} + n(w).  (3.26)
Now we can see how the bulk will thermalize from these
horizon correlations [11]. In Fourier space, the expression
for G,, in terms of G, in Eq. (3.7) becomes

Grr(wr ry, rZ) = Gru(w’ ry, rh)Gra(_w’ r, rh)[Gf"lr(w)]’

(3.27)
and the spectral density obeys a similar equation
iGrafar(w: ry, r2) = Gra(w: ry rh)Gra(_w’ I, rh)

X [iGly— ()] (3.28)

Thus, the horizon fluctuation-dissipation relation trivially
implies the relation in bulk
Grr(w’ ry, }’2) = iGm—ur(w: ry, 1"2)(% + n(a))) (329)
In Sec. IV, we will show how the convolution in Eq. (3.27)
is the result of coupling the horizon effective action to the
bulk. Anticipating these results, Fig. 4 shows the Feynman
graph corresponding to Eq. (3.27).
Physically, the bulk fluctuation-dissipation theorem fol-
lows from its horizon counterpart because any fluctuation

in the bulk must have crossed the stretched horizon at some
point in the past. Previously, the form of the horizon
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D] 1

1
I
r
" G (w) "

FIG. 4. Feynman graph used for computing the symmetrized
correlation function G,.(w, 1, r); see Eq. (3.27).

correlators was derived either by assuming equilibrium, or
by using a complex set of analytic continuations. We see
that it is the endpoint of a simple competitive dynamics
inside the strip.

Z[:Fl, fz] _ Tr[p ( )[Dxl][Dx2]ei51—i526ifdtdrfFl(z,r)xl(t,r)e—ifdt’dr’fz(t’,r’)xz(t’,r’)il’
Xl /O,I‘

x(t,7)

where [[Dx, ] indicates a bulk path integral, i.e.,

[Dx,] = l_[dxl(t, r). (4.2)
Lr

The path integral is defined along the Schwinger-Keldysh
contour shown in Fig. 5, where the “1” type path integral
is the amplitude of the process, while the “2” type
path integral is the conjugate amplitude of the process.
The trace is over the initial density matrix
plx; (o, r), x2(to, r)], which determines the initial values
x1(ty, r) and x,(t, r) for the subsequent path integral. F,
and F, are sources, which in this case are simply the
external forces applied to the string. Variation of generat-
ing function with respect to F, and F, yields time or-
dered, antitime ordered, and Wightman correlation
functions [11].

Instead of using the 12 variables, we will rely on a
rewritten version of the Keldysh formalism known as the
ra formalism, which is dramatically simpler. We define
retarded (7) and advanced (a) fields and sources

xl+)C2
X, =—", Xg = X] — X,
fz . (4.3)
_l’_
f,=%, Fo=F —F,.

Since x, encodes the differences between the amplitude
and conjugate amplitudes, x, is a small parameter in the

x1(t,r)
to ) tmax
xo(t,T)

FIG. 5. The Keldysh contour from an initial time ¢, to a final
time fyuy. X,(2, 7) = x1(8, r) — x,(¢, r) must be zero at f,,,.. The
initial density matrix p[x,(z,, r), x,(¢,, r)] is specified at time ¢,.
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IV. THE HORIZON EFFECTIVE ACTION

It is enlightening and useful to package the above ma-
nipulations into a path integral formalism. The claim is that
these steps correspond to integrating out the fields inside
the stretched horizon. The horizon correlation functions
defined above are the components of the resulting effective
action.

A. The Keldysh formalism

In any quantum statistical system, correlations are com-
puted by tracing the density matrix p over the Heisenberg
operators. This is the entire purpose of the Keldysh contour
[17]. The generating function of string correlation func-
tions in bulk is

.1

classical limit [18]. In terms of r and « fields, the action
becomes

VA
- S, =
1 275

S f dtdrg o [—vhh*",x,0,%,].  (4.4)
ao

The two point functions in the “ra’ formalism are familiar
and explain the notation of Sec. Il

iG, (tyr1tary) = (x, (11, r1)x,(12, 12))

= 0(t) — p)([&(1), 1), X(ty, 1)), (4.5)
G, (tiriltary) = (x,(t1, r)x,(t5, 1))
= % {&(ty, 1), (22, r2)}). (4.6)

The causal structure of quantum field theory is rendered
transparent in ra formalism. Since at f,,,, along the con-
tour, x; (fmax) = X2(fmax), the path integral must be solved
with the boundary condition, x,(r) — 0 for r — co. Thus,
whenever an “a’ type field is evaluated at a later time than
all other field insertions, the correlator vanishes. For ex-
ample, G,,(t,t') = 0 since an a field is always evaluated
last. Similarly, the retarded correlator, G,,(t, '), vanishes
whenever the a field is evaluated at a later time than the r
field. G,, determines (minus) the retarded linear response
to a classical force. We will exhibit the retarded correlator
with an arrow to indicate the direction of time recorded by
this propagator

=G (w,r,T)

While the retarded correlators reflect the response to a
classical force, symmetrized correlators encode the fluctu-
ations in the system. Since the symmetrized correlation
function does not represent causal response to a classical
force, but rather a time-dependent correlation which arose
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from a specified initial condition, we will notate this cor-
relation (as in Ref. [19]) with

H = Gpr(w,r,T) (4.7)

Higher point correlation functions involving r and a in-
dices have a similarly simple interpretation [17].

B. The effective action from the path integral

To obtain the horizon effective action, we integrate
out all field fluctuations inside the stretched horizon at
r, = 1 + €. The path integral in Eq. (4.1) becomes

[Dx, I]:sz]theisl —iS,+iSh [x"]

AF. Fa= [

r>ry

x o [Frmpi [Foe 48)

where the horizon effective action is the path integral

S =Ti] p D, SLEA() — 3,7y D)% |

1 (192 1)

4.9)

with fixed boundary values on the stretched horizon x/(z).
Here the *“s” sublabel denotes the Schwinger-Keldysh
index. The fixed boundary values couple the field fluctua-
tions with r > 1 + € to field fluctuations with r <1 + €.
The density matrix in the distant past p[x;(zo, r), x,(, r)]
is traced over, and this integration is dominated by initial
data extremely close to the event horizon. This trace de-
termines how vacuum fluctuations in the past influence the
future dynamics. It should be understood that Eq. (4.8)
(where the initial density matrix is retained only inside
the stretched horizon) is an approximation that is valid
after most of the initial data has fallen into the hole as
discussed in Sec. II1.

To quadratic order, the effective action can be expanded
as

iSelx"] = — [ dtdrd (1[G, (1, D] (D)
- f didi (O[Gh (1 DD, (4.10)

where we can determine the horizon correlators via differ-
entiation, e.g.,

1 i0S.¢
Gh(1,7) = = — 006l , 411
"0 = 2 505D | o 1D

, 1 i8Sy
Gh t, =9 . 4.12
G D)= 2 5300 ® |ggs

PHYSICAL REVIEW D 84, 026012 (2011)

A short calculation® shows that every derivative
—id/6x, or —id/dx, brings down a factor of
—n\/zh”arx, or —n\/ﬁh”arxa, respectively. Thus

Gh(1, 1) = lim [-nVRh'"(r)d,]

X [_T’\/—I’;h”(F)af]grr(tl riltar,), (4.13)
Gl (1, 7) = lim [—yVhh""(r)d,]
X [ Vi (Po:lg,a(tirtr),  (4.14)

where the lower case correlation functions are defined from
the path integral for r < r;, with vanishing boundary con-
ditions at r = ry,

o=y mle [

x1 (19, r)x0 (10, 7)

D, 8[x, (1, r,)]e’S—i5 .. ]

(4.15)

These relations are familiar from the context of the AdS/
CFT correspondence where one takes radial derivatives of
the fields as r — oo [20-22]. The functions g,,(t;71t272)
and g,,(t,7|t,r,) (or equivalently g,,—,r = &ra — Lar) ATE
the same as in Sec. III and their relation to G, and G/, _,,
is identical to that derived in Eq. (3.8). Further, the reflec-
tive boundary conditions imposed on g,, and g,, appear
naturally in the path integral formalism. We conclude that
the horizon correlators G/, and G",_,, defined and com-
puted in the previous section are precisely the components
of a well-defined effective action. Given a procedure for
regularizing ultraviolet divergences in gravity, this effec-
tive action could be computed to any desired order in
perturbation theory following the methods of Ref. [23].

C. Summary of the horizon effective action

The effective action in equilibrium was obtained previ-
ously by Son and Teaney [11] by analytically continuing
modes across the horizon. Its form is simple,

Sy = — f;l—:xZ(—w)[iG'Ja(w)JXﬁ’(w)

dw

_! [ E2 (= w)[Gh ()] (),

4.1
2 ) 27w (4.16)

where the retarded horizon correlation function is simply

G' = —iwn, 4.17)

8This is because the only dependence on x” comes through the

boundary terms of the kinetic term, e.g.,
- fdzdrnﬁh”&,x,a,xa = —n\/ﬁh"xaa,x,l,:,h

+ fdtdrxaar(nﬁh”arx,).
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and the symmetrized part of the horizon action obeys a
fluctuation-dissipation relation

G' = —(1 + 2n(w)) ImG.,(w). (4.18)

Fourier transforming back to time, the horizon action reads
1
iSep = —i / dex!(t)nd,x" () — 5 f dtdt'x!(1)
X [— g 9,0, log|1 — e—W(f—f’)l]xZ(z’). (4.19)

This action compactly summarizes all the correlations that
appear through quadratic order in x, and agrees with the
results of Sec. III D.

The horizon effective action is useful. For instance,
since the bulk action in Eq. (4.4) has no rr and no aa
components, the first Feynman graph which contributes to
the correlation {x,(vy, r;)x,(v,, 12));, is shown in Fig. 4 and
is written in full in Eq. (3.27), with the lines explained in
Sec. IVA. Thus, perturbation theory with the bulk and
horizon actions transparently produces the convolution
formulas given in Eqgs. (3.7) and (3.9).

The retarded horizon propagator in the action, G,
reflects the resistance on the horizon, —nx, and is valid
at all frequencies [11]. Indeed, the classical dissipation
encoded by the ra part of the action can be derived simply
from the classical membrane paradigm. Variation of the
effective action gives the horizon force

(Sseff _
0x,

where the force is F" = — n\/ﬁh”a,x, as required by the
membrane paradigm [24]. In the zero frequency limit, the
force F, is independent of radius [6,25], implying that
horizon drag coefficient 7 is the same as boundary drag
coefficient in the Langevin equation [6].

Fl-

—09,x,, (4.20)

V. NONEQUILIBRIUM CORRELATORS
A. Setup

In this section, we wish to show how to generalize the
nonequilibrium horizon effective action. Interesting
nonequilibrium geometries to consider can be found in
[26-28]. However, for definiteness we will consider the
nonequilibrium geometry discussed in Ref. [26]. In this
work, an excited state in the boundary quantum field theory
was created by briefly turning on a time-dependent 4d
gravitational field, which was taken to be translationally
invariant. The gravitational field did work on the quantum
system, producing an excited state, which subsequently
thermalized. In the dual 5d gravitational system, turning
on a 4d gravitational field corresponds to deforming the 4d
boundary of the 5d geometry. Before the deformation was
turned on, the 5d geometry was taken to be AdSs, which is
dual to the vacuum state. The deformation in the boundary
geometry produced gravitational radiation, which fell into
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the bulk. This infalling radiation resulted in the process of
gravitational collapse, changing the initial AdSs geometry
to one which had a black hole, and the relaxation of the
black hole to equilibrium encoded the thermalization of the
expectation value of the stress tensor in the dual quantum
theory.

Translation invariance allows the 5d metric to be written

ds* = Adv® + 2drdv + 32(ePdx’ + e_Zdeﬁ . (5.1)
where all coefficients A, X, B are functions of radius r and
time v. The metric coefficient A(v, r) together with the
outgoing radial geodesics calculated in this geometry are
shown in Fig. 6 and is reproduced from [26]. Outgoing
lightlike geodesics satisfy dr/dv = A/2. We will deter-
mine the nonequilibrium string correlators in this transient
geometry.

A salient feature of the outgoing geodesics is their
ultimate bifurcation at the event horizon, r,(v), which is
shown by a thick black line in Fig. 6. This bifurcation is
reminiscent of Fig. 2. It is convenient to switch coordinates
to a system of coordinates where this black line is flat

p=r—r,(v). (5.2)
Note r,(v) defines a lightlike outgoing radial geodesic, so
that the metric is

ds®> = —(A — A,)dv* + 2dpdv

+ Ez(edei + e_Zde”), (5.3)

where A,(v) = A(r,(v), v). In the near-horizon geometry,
where r = r,(v), we can approximate

0A(r, v)
A(r,v) — A, (v) = 0, (5.4)
F:}’,,(U)
0
0
1 1 -2
™
4
2 : : :
-4 -2 0 2 4
v

FIG. 6 (color online). Figure from Ref. [26]. The congruence
of outgoing radial null geodesics. The surface coloring displays
A(v, r)/r*. The excised region is beyond the apparent horizon,
which is shown by the dashed green line. The geodesic shown as
a solid black line is the event horizon; it separates geodesics
which escape to the boundary from those which cannot escape.
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where here and below we will define the stretched horizon
at pj, = €,1i.e., r,(v) = r,(v) + €. For future convenience,
we define the “effective temperature”®

1 aA(r v)

27TTeff('U) = ar ( )
r=r,(v

(5.5)

The action of the string fluctuations in the x direction is the
same as Eq. (2.4), but the metric coefficients depend on
time and radius. With the goal of determining the horizon
effective action, it is useful to define a nonequilibrium drag
coefficient

A
Sux(rp(v), v). (5.6)

_JA
n(v)=ﬁ

B. Calculation

The computational procedure for computing correlators
in the nonequilibrium case is remarkably similar to the
equilibrium case discussed in Secs. III and I'V. For both G,.,
and G,,_,,, one can write down a solution to the equations
of motion in terms of retarded Green’s functions convo-
luted with initial data, as in Eq. (3.4). Furthermore, for
initial data specified suitably far in the past, the relevant
initial data for evolution near v = 0 (when the boundary
geometry is changing) will come from a narrow strip near
the horizon.'® One can then repeat the analysis of Sec. III B
and conclude that G,, and G,,_,, are determined by hori-
zon correlators G7,. and G?,_ ., as in Egs. (3.7) and (3.9).

In the nonequilibrium case, G, is given by

Gh(v), v,) = [_77("1)\/Ehpp(l71)apl][_77(vz)
X hho?(p2)a,, 18, (vipilvaps)  (5.7)

where g,,(vip,lv,p,) is a solution of the homogeneous
equations, but is confined to the strip, 0 < p = e. Further-
more g,,(vyp;|v,p,) should satisfy the boundary condi-

tions g, (v, p1 = €lvy, p2) = g, (V1 p1lv2pr =€) =0.

“We note that T should not be interpreted as a temperature at
all times. In particular, due to the teleological nature of event
horizons, T is nonzero even before the boundary geometry has
changed—i.e., when the dual boundary quantum theory is still in
the vacuum state. It is only at late times when the black hole
starts to thermalize that T4 can be interpreted as a temperature.

9To make this more precise, suppose instead of starting off
with an initial geometry, which was AdSs, the initial geometry
consisted of a static black hole geometry at temperature Tmma]
5. Assuming initial data is specified at times v << —1/8 in the
past, all relevant initial data for future evolution around v = 0
will come from an exponentially narrow strip, which is expo-
nentially close to the horizon. Of course, one can always con-
sider the limit 6 — 0O after all calculations are performed.

PHYSICAL REVIEW D 84, 026012 (2011)

The equations of motion for g,,.(v,p,|v,p,) are

Jd d d
[—gxx\/ﬁhﬂv — + — g Vhh? —
dv, ap;  9dp; v,

P F)
+ —— g hhPP —]g”(vml lvypy) =0, (5.8)
ap 9p,

where all the metric coefficients depend on v and r.
Without approximation, we have

9 0 a(g.hh
—[2gxx\/ﬁhﬂva—+ (8 VR xx\/—h”/’—:l

ap v v, apy
g NIRPY) & (g NRR)
xgrr(vlp]|v2p2)_|: 5 —t ]
P1 dv, dpdv,
X g, (v1p1lv2p;) =0. (5.9)

The above equation of motion contains both first and
second derivatives. However, as we are interested in solu-
tions which are irregular near the horizon, all terms with
single derivative operators acting on g,,(v,p;|v,p,) can be
neglected. This approximation leads to

d d hh?v d
—[27;\/Ehﬂv— 4 i) nhher —]
P1 8v1 E)v1 Jd

P
X g (v1p1|vaps) =0, (5.10)

and an analogous equation for v, and p,. Inspecting the
above equation, we see that \/n(v,)n(v,)g, (v, p1lvap,) is
annihilated by the operator a,[d, +1A4d,]. As in
Sec. III C 1, the consequence of this is that any function
which is constant on null radial geodesics satisfies the
equations of motion. Near the horizon, this translates to

@ )n(v,y)g,(viplvap,) being a function of v and

poulp,v) = pe” LTt 5 )

As in Eq. (3.14), the general solution to Eq. (5.10) which
satisfies the requisite boundary conditions at the stretched
horizon reads

V”I(Ul)ﬂ(vz)grr(vlﬂl |U2P2)

= f(poul(pb vl)’ pout(er UZ))

- f(poul(ph’ Ul)y pout(pZ’ UZ)) (512)

= fpoulp1, V1), Poulpn v2))
+ f(pout(phr Ul)r pout(phr U2));

where as in the equilibrium case, f(x;, x,) is determined by
the initial conditions specified in the distant past.

To determine f(x;, x,), we invoke a similar argument
used in Sec. III C 1. In particular, assuming initial data for
g,-(v1plvap,) was specified in the distant past, the only
relevant initial data for evolution near v = 0 comes from a
very narrow strip, which is very close to the event horizon.
In this strip, the relevant initial data is given by the
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coincident point limit of the symmetrized correlator as
given in Eq. (3.15). Consequently, f(x;, x,) must be
given by

1
flxy,x0) = - log|x; — x,|. (5.13)
T

With g,,(v,p;lv.p,) known, Eq. (5.7) yields the sym-
metrized horizon correlator

Vn(v)n(v,)

T

Gf‘lr(vlrv2): - 9,0

1 V2

_ .ﬁ? 27T (v)dv' (5' 14)

Xlog|l—e
We will discuss the physical implications of this result in
the next section.

The horizon spectral density can be obtained along the
same lines as the horizon symmetrized correlator with the
subscript replacement rr — ra — ar in Eq. (5.7). Because
&ra—ar(v1p1lvap,) satisfies the same equations of motion
and boundary conditions as g,.(v,p;lv,p,), the general
solution for g,,_.-(vip;lvyp,) takes the same form as
Eq. (5.12). However, as in the equilibrium case discussed
in Sec. III C 2, the initial conditions determining f(x;, x,)
for the spectral density come purely from the equal time
canonical commutation relations and yield

J(xy, xp) = gsign(xy — x,). (5.15)

With g,,_,, known, the horizon spectral correlator reads

Gla—ar(vi, v2) = 20w )n(v2)8 (v — vy).  (5.16)

VI. SUMMARY

Let us summarize our results. For definiteness, we will
describe how to compute string fluctuations in the non-
equilibrium geometry determined by Chesler and Yaffe
[26]. We emphasize, however, that similar formulas can
be used for other fields such as gravitons and dilatons.
Figure 6 shows the event horizon r,(v) together with the
associated bifurcating outgoing geodesics of this geometry.
The stretched horizon is located at r;,(v) = r,(v) + €

In contrast to a retarded Green’s function (which is a
response to a source), a symmetrized correlation function,
or a fluctuation, is a time-dependent correlation that arose
from a definite initial condition. In the case of Hawking
radiation (see Fig. 2), this initial condition is the result of
an ultraviolet vacuum fluctuation (or a symmetrized corre-
lation function), which originated close to the event hori-
zon of the developing black hole. This UV fluctuation
skims the event horizon following outgoing lightlike geo-
desics until late times. Then the fluctuation, which is no
longer so ultraviolet, leaves the bifurcating horizon and
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induces stochastic motion in the string. We implemented
this picture of Hawking radiation directly.

We showed how the Hawking flux out of equilibrium can
be packaged into an effective action on the stretched
horizon, which can be used to determine the effect of the
Hawking radiation on the exterior dynamics. The horizon
action through quadratic order is

1
iSeali']= = [ dvidvsh(liGlemo (w1, v2) Wi (w2)

-3 [ dvdvax(w)[G vy, v) I (vy), (6.1)

where the horizon correlation functions are the horizon
spectral density,

Gf‘la—ar(le vy) = 2\/”7(111)71(1/2)5/(1)1 - vy), (6.2)
and the horizon symmetrized correlator,
Gf‘lr(vlr UZ) = - M avl av2
T
X logll — ¢ S 2Tt g 3

Here x"(v) is the location of the string on the stretched
horizon as a function of time. The coefficient n(v) =
(v/A/27)g,,(v, r;(v)) determines the coupling between
the world sheet fluctuations and the near-horizon geometry,
and the effective horizon temperature records the
Lyapunov exponent of diverging geodesics along the bi-
furcating horizon [see Egs. (5.5) and (5.11)]. More invar-
iantly, it is related to the extrinsic curvature on the
stretched horizon. In equilibrium, n(v) is the drag of
the heavy quark, and T.; is the Hawking temperature.
The current analysis can also be extended to a heavy quark
moving with velocity v in a finite temperature background.
In this case, T records how geodesics diverge on the
string world sheet and differs from T by a factor of ,/y,

where y = 1/+/1 — v? [29-33]. This extra factor of ./y
influences the velocity dependence of the transverse and
longitudinal momentum broadening rates of heavy quarks
in strongly coupled plasmas.

The horizon spectral density in Eq. (6.2) is proportional
to @ and is determined by the canonical commutation
relations of the 1 + 1d effective theory, which describes
the near-horizon dynamics. The horizon symmetrized cor-
relator is determined by the initial density matrix of the
effective theory far in the past. When the horizon action is
coupled to the bulk, this action generates noise on the
stretched horizon, which induces the random motion of
the quark in the dual field theory [11]. For a stationary
black hole, the effective action was determined previously
using complicated analytic continuations [11].

The importance of these horizon functions is that they
determine the spectral density and symmetrized correla-
tions in the bulk and boundary theories. Indeed, the bulk
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spectral density (the commutator) and symmetrized corre-
lator (the anticommutator) are determined by propagating
their horizon counterparts away from the stretched horizon

G raar(vi 7 02r2) = j A, dviG (v, 71 |0 ()

X Gra(v2r2|Ul2rh(v/2))iG¢a7ar(v/1 |U/2),

(6.4)

G, (v rilvar,) = ]dv’ldv’sz(vlrl|v’1rh(v’1))
X Gra (U2r2|v/2rh(v/2))G£lr(v/1 |U£) (65)

Finally, these bulk correlation functions can be lifted to the
boundary to determine the spectral density and symme-
trized correlator in the field theory (see Appendix C).
When the fluctuations are thermalized, the two correlation
functions satisfy the fluctuation-dissipation theorem

Grr(w) T r2) = (% + n(w))iGra*ar(wr ry r2)- (66)
Thus, we can numerically determine the fluctuations and
monitor their approach to equilibrium using the formalism
of this work. This numerical calculation will be presented
in future work.

Even without a complete numerical computation, some
preliminary remarks can be made about equilibration in
AdSs. The Wigner transforms of G’ (v,,v,) and
G",_..(vy, v,) obey the fluctuation-dissipation theorem at
high frequency."" Specifically, for a typical nonequilibrium
time scale 7, we have

Gly(5.0)=(3+1(@))iGly- o (0.0)+ 0( ). 67)

TZwZ

where o = (v, + v,)/2. Thus, the string is born into equi-
librium at high frequency, and eventually frequencies of
order the temperature and below equilibrate. This conclu-
sion seems squarely aligned with the results of Ref. [34],
which was limited to operators of high conformal dimen-
sion. However, it must be emphasized that the map be-
tween the stretched horizon and the boundary is nontrivial,
especially for five-dimensional fields where the 3-
momentum influences the coupling between the field and
the near-horizon geometry.

One popular picture of Hawking radiation is based on
quantum tunneling (see, for instance, [35]). This picture
relates the thermal factor in the emission rate to the change
in the black hole entropy, which appears by way of the
Euclidean action. It would be interesting to make contact
with this picture using the effective action formalism. This
would help make the universality of the result fully mani-
fest. It would also be interesting to see if the simple

"The Wigner transform is the Fourier transform with respect
to the difference v; — v,, as a function of the average, v =
(Ul + Uz)/2.
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nonequilibrium effective action presented in this paper
finds a simple origin in the tunneling picture.

The current derivation of Hawking radiation and corre-
lation functions is similar to the 2PI formalism of nonequi-
librium field theory [36], and we hope this will make black
hole physics accessible to a wider audience. The derivation
uses the unstable nature of the bifurcating event horizon to
expand ultraviolet vacuum fluctuations. This exponential
sensitivity to initial conditions has been called the trans-
Planckian problem [37], and is characteristic of classically
chaotic systems [38]. By exploiting this analogy, we hope
that new insight can be found into the trans-Planckian
problem and the Bekenstein entropy. Understanding the
Bekenstein-Hawking entropy will require coupling the
particle emission to the background metric, leading to a
dynamical competition between quantum particles and the
classical background field. The particle-field problem has
been extensively studied in thermal field theory and the
color glass condensate [18,39]. We hope to pursue these
connections in future work.

COMPARISON WITH RECENT LITERATURE

Recently, several papers appeared which addressed as-
pects of this paper as this work was being finalized [40].
First, a paper by Headrick and Ebrahim [40] used the
equations of motion to solve for the symmetrized correla-
tion function in AdS;-Vaidya space-times. Headrick and
Ebrahim reported on the “‘instantaneous thermalization”
of AdS;. Second, a paper by Balasubramanian et al. [34]
computed the thermalization of operators with high con-
formal dimension by studying geodesics. Although the
current paper is not limited to such operators, the basic
conclusion that the field theory thermalizes first at high
frequency is consistent with our conclusion about horizon
Wigner transforms. However, as emphasized above the
map between the stretched horizon and the boundary in-
volves physically important and nontrivial outgoing
propagators.
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APPENDIX A: SYMMETRIZED CORRELATIONS
AND THE KELDYSH FORMALISM—A LESSON
FROM THE HARMONIC OSCILLATOR

It is instructive in many respects to compute the symme-
trized correlation function of the harmonic oscillator using
the Keldysh formalism. The action of the oscillator is
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iS; —iS, =i [ dilmx,x, — mw2x,x,], (A1)
tu

and is similar to the string action written in Eq. (4.4). In

both systems, we see that there are no rr type propagators

in the action itself. This is because symmetrized correla-

tions are the result of a correlation built into the initial state

wave functions, i.e., the initial density matrix.

In symmetrized type correlation functions, the density
matrix at an initial time ¢, correlates the initial conditions
for subsequent evolution. The density matrix for the har-
monic oscillator in the ground state is W, (x;)W?(x,), and
the symmetrized correlator is

G, (1,7) = [ dx2dxoW (x2 + x0/2)W5(x0 — x/2)

X Dx,Dx,e’$17S2x (1)x,(7).
x9,x4

(A2)
This is simplified by (i) introducing the Wigner transform,
W(x¢, p°) = ]dx‘a’e*"p”"z‘lfo(xf + x9/2) WA (x2 — x9/2);

(i1) integrating by parts in the action (with the boundary
condition x, — 0 for t — +00),

S, — iS, = —imx%%,(t,) — i[ dtx,[mi + mwix];
t()
and finally (iii) integrating over all x,, yielding
dx%dp’ .
Gt = [ LWl 3o — s (1)

x f Dx,8,[M, + mw,x, T, (0, (7).
x,(1,)=x?
(A3)

Here 6,f(f)] denotes the functional delta function,
[1,6(f(z)). The meaning of this path integral is that
G,,(t, 1) is found by solving the equation of motion for a
specified initial condition,

2(1) = 22 cos(@, (1 — 1,)) + L~ sin(w, (1 — 1,)), (Ad)

o

and then averaging the square of this solution over the
initial conditions specified by the Wigner transform.
Performing this average for the ground state wave function
of the oscillator reproduces the familiar result

1

maw,

Gt 1) = %<o|{)e(r), (Do) = 5

cos(w,(t — 7)).
(AS)

The lesson from this analysis is that symmetrized correla-
tion functions invariably arise from correlations in the
initial density matrix, which are propagated forward
by the equations of motion. This dependence on the initial
density matrix should be contrasted with retarded
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propagators, which are independent of the wave function
of the simple harmonic oscillator, i.e.,

—if(t — 1)

o

0(t — Dx(1), 2()] = sin(w,(r = 7)), (A6)

is a pure number.

APPENDIX B: THE GREEN’S FUNCTION
COMPOSITION RULE

In this appendix, we detail the Green’s function compo-
sition rule stated in Eq. (3.6). In this section, 1, 2, 3 denote
the space-time points, e.g., 1 = (vy, ).

Suppose G,,(112) and G,,(1|3) are retarded Green’s
functions. Then the Wronskian of the two Green’s func-
tions is

Wh(2) = ggxxﬁhﬂ”(z)[(;m(llz)%Gm@ls)],

(BI)

where @ =  — 9 and is not intended to act outside of the
square braces. Then, a short exercise shows that the diver-
gence is

9, WHQ2) = G, (113)8(2,3) — G,,,3]1)8(2, 1).  (B2)
Assuming that 3 is inside the strip and 1 is outside the strip

(see Fig. 3), we can integrate over the strip to obtain the
retarded Green’s function:

d
—WH(2
r<ry 82# ( )

G, (113)=

s A 7
= [ a2, 2 i @) 6125564213 |
(B3)

where d2 u 18 a surface surrounding the strip with outward
directed normal, and the integration is over space-time
point 2. We next use the near-horizon approximation for
the leading factors [Eq. (2.6)], and neglect all surface terms
except the integral over the stretched horizon. These
surface integrals vanish because one of the Green’s func-
tions vanishes. For instance, on the past surface (where
v = —0) G,,(2|3) must vanish since it represents the
causal response at point 2 (past infinity) to a source at
point 3. Since we have not specified the boundary condi-
tions on the retarded Green’s function Gra, we are free to
specify reflective Dirichlet boundary conditions on the
stretched horizon, i.e., take G,,(2|3) = g,,(2]3), as defined
in the text. This specification does not interfere with the
relevant initial data extremely close to the real event hori-
zon. With this choice, Eq. (B3) results in Eq. (3.6) given in
the text.
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APPENDIX C: FROM BULK TO BULK
CORRELATORS, TO BOUNDARY TO BULK
CORRELATORS, TO CFT CORRELATORS

Given a retarded bulk to bulk correlator G,,(1|2) in the
gravitational theory, we will show that the retarded corre-
lator in the conformal field theories (CFT) is

[—;/—ngx\/zh”(l)arl]

GIT(ty]t,) = lim  lim
ra ( ll 2) ri—bnd r,—bnd

><[—j—zgnﬁh"@)a,z]c;m(l|2). )
In holography, the CFT correlation function is usually
determined by setting the boundary conditions of five-
dimensional fields as r — co. We claim that Eq. (C1) is
an equivalent prescription. Indeed, Eq. (C1) arises if the
path integral discussion of the horizon effective action in
Sec. IV B is applied to the boundary. Specifically, instead
of integrating out the strip to find an effective action of the
stretched horizon, one integrates out the entire bulk to find
an effective action of the CFT. Put differently, from the
viewpoint of the bulk theory, any small change in a bound-
ary condition must be equivalent to inserting a suitable
local operator close to that boundary, and for a Dirichlet
condition that operator turns out to be a derivative of the
field as in Eq. (C1) (see, for instance, [23]).

To make direct contact with the pioneering work of
Policastro, Son, and Starinets [41], we define the boundary
to bulk correlator f(¢,r|t,) as a retarded solution which
satisfies

lim f(t;ri|t2) = 6(1; — 1o). (C2)
ri—bnd
For static geometries in Fourier space, this is usually called
fo(r1), and the retarded correlator in the CFT is usually

VA

GSCFT(‘U) =+ %gxx\/zhrrarfw(rl)' (C3)
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Now we claim that the boundary to bulk propagator is
simply related to the bulk to bulk propagator via

A
fltyril) = lim \/—_\/Zh”("z)ame(flrl|12”2)- (C4)
r,—bnd 277 :

To show this, we take r; fixed and large, and we integrate
the equations of motions of the retarded Green’s function
[Eq. (3.1)] with respect to the second argument over the
pill-box shown below. The radius of the lower surface is
small compared to r; (but still large), while the radius of
the upper surface is large compared to ry.

bnd
: u (tlrl) :
R (C5)
This yields
A D
i i, 2 e B2 5 Gl 2t
/Y d
- rzll»rtr,}]d rlglgldﬁgxx\/ﬁh"(rz)6—F2G(t1r1|f2r2)

The second term vanishes since G,,(t;r|t,r,) obeys
Dirichlet boundary conditions. Thus, the first term in
Eq. (C6) obeys the same boundary conditions as the bulk
to boundary propagator f(¢;r,|t,), Eq. (C2). Since both
functions are retarded and obey the same equations of
motion and boundary conditions, they are the same and
Eq. (C4) holds. By extension, Eq. (C1) for the CFT corre-
lators from bulk to bulk correlators is equivalent to the
usual prescription.
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