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Stochastic description of near-horizon fluctuations in Rindler-AdS
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We study quantum spacetime fluctuations near light-sheet horizons associated with a Rindler wedge in
anti—de Sitter (AdS) spacetime, in the context of AdS/CFT. In particular, we solve the vacuum Einstein
equation near the light-sheet horizon, augmented with the ansatz of a quantum source smeared out in a
Planckian width along one of the light-cone directions. Such a source, whose physical interpretation is of
gravitational shock waves created by vacuum energy fluctuations, alters the Einstein equation to a
stochastic partial differential equation taking the form of a Langevin equation. By integrating fluctuations
along the light sheet, we find an accumulated effect in the round-trip time of a photon to traverse the

horizon of the Rindler wedge that depends on both the d-dimensional Newton constant Gl(\;i) and the AdS
curvature L, in agreement with previous literature utilizing different methods.

DOI: 10.1103/PhysRevD.108.066002

I. INTRODUCTION

The quantum mechanical description of gravity is one of
the most elusive questions in physics. An important tool
toward understanding the ultimate theory of quantum
gravity is the AdS/CFT correspondence. In this paper,
we aim to study the dynamics of gravity in the region of anti—
de Sitter (AdS) spacetime near light sheets shown in Fig. 1.
In particular, we seek to understand how spacetime fluctua-
tions alter the trajectory of a photon in the d-dimensional
bulk. Reference [1] found a fluctuation in the round-trip time
T, . of aphoton traveling from the AdS boundary to the Ryu-
Takayanagi (RT) surface X, , in the bulk having area
A(Z,_,) and back to the boundary,

AT2, 2 4G\

2. (@-2)\ ALy ()

The boundary of a causal diamond created by light
sheets is defined by a Rindler horizon, which has a nonzero
temperature and entropy, similar to a black hole event
horizon. The calculation of Ref. [1] (as well as Refs. [2,3])
operated through the analog between the boundary of the
Rindler wedge and a black hole horizon, utilizing tech-
niques developed in, e.g., [4,5]. In AdS/CFT, the modular
Hamiltonian K and its fluctuations AK obey an area law
similar to a black hole horizon [1,6-8]
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where S, is the entanglement entropy. Further, the metric,
if restricting to only the part of the spacetime covered by the
Rindler wedge shown in Fig. 1, can be parametrized in
terms of the fopological black hole,
dp2 ,02 )
2 _ 2 2 _
ds*=—f(p)dr +m+pd2d_2 with f(p) ="—=5-1,

where L is the AdS radius, and the radial coordinate p
ranges from L < p < oo. Reference [9], based on the
calculations of Refs. [1-3], proposed a dictionary between
the horizons of causal diamonds (in common spacetimes
such as AdS and Minkowski) and black hole horizons.

It has long been known that black hole horizons have
a hydrodynamic description, known as the fluid-gravity
correspondence [10—12]. The fluid-gravity correspondence
was made more precise in the context of AdS/CFT, where
the hydrodynamics of a strongly interacting fluid (e.g.,
quark-gluon plasma) on the asymptotic boundary of a lower-
dimensional spacetime is described by gravitational dynam-
ics on a black brane in the bulk of AdS [13-16]. These works
inspired an extensive literature studying a hydrodynamic
effective description of gravity, e.g., [17-22]. Further,
Refs. [23,24] studied the dynamics of gravity in flat
spacetime with a cutoff surface, showing that the Einstein
equation in vacuum reduces to a Navier-Stokes equation in
one lower spacetime dimension.

Here, we utilize an effective fluid description of gravity
at the horizon of the Rindler wedge in AdS shown in Fig. 1

Published by the American Physical Society
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FIG. 1. Depiction of the causal diamond in AdS space anchored
atthe boundary. The red solid line traces out the light signal emitted
from the boundary to a point in the bulk on the Ryu-Takayanagi
surface labeled by X,_,, while the blue solid line represents the
light reflected from the point in the bulk and received at the
boundary. The dashed lines represent the smearing of the light-
sheet horizon. The red and blue shaded region represents quantum
gravity induced fluctuations of the light trajectory.

to understand and recast the result Eq. (1). In particular, we
will study the Einstein equation near the boundary defined
by null sheets in Fig. 1. The hydrodynamic behavior of the
metric becomes apparent when the vacuum Einstein equa-
tion in the near-horizon limit is augmented with an ansatz
that the Einstein equation has a quantum source,
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Here, u, v are light-cone coordinates, while x | are the (d — 2)
remaining transverse spatial directions. The left-hand side is

derived from the vacuum Einstein equation in AdS in the
near-horizon limit, while the right-hand side is a quantum
noise term, an ansatz motivated by the membrane paradigm.
In particular, a gravitationally coupled ultralocal quantum
noise term §(x — x’) is reduced on one of the light-cone
directions by smearing one of the light-cone delta functions
with a Planckian width #, across a membrane (or black
brane) at the light-sheet horizon. This smearing is depicted as
a red/blue band in Fig. 1. When we solve this equation to
obtain the fluctuation in the photon round-trip traversal time,
we will reproduce Eq. (1), provided that the width of the black
brane 7 » is the reduced Planck scale, which we discuss below.

Note that the quantum source on the right-hand side of
Eq. (4) now appears like an energetic particle that creates a
gravitational shock wave, as proposed by Dray and ’t Hooft
[25]. Such shock waves were recently shown in Ref. [26] to
generate the modular relations in Eq. (2), creating a self-
consistent physical picture. The quantum noise term in
Eq. (4) turns the Einstein equation into a Langevin-type
equation

(X(0)X(¢)) = (F()F (7)), (5)

where (F(7)F(7')) = 2D§(r — 7') is a noise term with the
diffusion coefficient D characterizing the scale of inter-
action, and we have integrated Eq. (4) over the (d —2)
directions transverse to the light-cone coordinates. Here
X(z) is a position variable identified with X(7) =
J"h.(7))d7’, where T = u(v) on the lower (upper) half
of the causal diamond, and the two-point function of 7(z)
describes a stochastic noise that drives a random walk.
Consequently, the classical Einstein equation becomes
a stochastic differential equation, where the ‘“quantum
uncertainty” in spacetime itself undergoes a random walk,
with the correlations in the (d — 2) transverse directions
given by the Green’s function of the transverse Laplacian.

A “smeared-out” horizon is quite analogous to the notion
of a stretched horizon, which is a timelike hypersurface
Planckian separated from the true horizon first proposed by
Damour [10]. Later Refs. [11,12] showed that the proper-
ties of a black hole horizon can be mapped to those on the
stretched horizon. In the present context, we will smear
out the horizon by a “reduced Planck length” previously
identified in Refs. [3,9,26],

Oy~ (6)

In four dimensions, the reduced Planck length corresponds
to simply the Planck length, 7, ~ ¢, = V87Gy.' In a

'In d > 4, the Planck length is reduced by the IR scale L to a
scale smaller than ¢, suggesting to us that in d > 4 there is
actually no cumulative IR effect of the quantum fluctuations of
spacetime.
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general number of dimensions, the length scale in Eq. (6)
was identified as the fundamental length scale of "t Hooft
commutation relations in any number of dimensions [26].
?p ~ L/\/Sey in Eq. (6) was also identified in Ref. [3] as
the decoherence scale of nested causal diamonds, each of
which have S, degrees of freedom. We will find that
positing a causal diamond with a stretched horizon of width
given by Eq. (6) allows us to reproduce Eq. (1), the main
result of Ref. [1].

Finally, we comment that, while the square-root behavior
of the variance AT?, in Eq. (1) is perhaps somewhat
perplexing from a scattering amplitude or naive effective
field theory perspective, it is, however, characteristic of
random walk behavior in hydrodynamics, where fluctua-
tions take a typical form

AT ~ 3N, (7)

where 7 » 18 the UV timescale of the hydrodynamic theory
(normally associated with the diffusion coefficient, as
discussed in Ref. [9]), and N = L/¢ » 1s the number of
steps in the random walk over the round-trip time.

The outline of this paper is as follows. In Sec. II, we set
the stage by reviewing the background geometry. In
Sec. III, we study the gravitational perturbations to the
background geometry and show that the Einstein equation
in the near-horizon limit reduces to an equation relating
metric fluctuations and gravitational shock waves. In
Sec. IV, we solve this equation with a source term derived
from the ’t ooft commutation relations. Then we use the
solution to calculate the uncertainty in photon round-trip
time. Finally, in Sec. V, we discuss implications of our
results and point to a few future directions. Throughout this
paper, we will use 87G\ = £972 for the gravitational
constant and Planck length in d dimensions.

II. PRELIMINARIES: BACKGROUND GEOMETRY

As discussed in the Introduction, we consider the geo-
metric setup in Fig. 1. A photon is emitted from the
boundary into the bulk of d-dimensional AdS space,
reflected by a “mirror” on the RT surface in the bulk,
and finally received on the boundary. We briefly review
three coordinates used throughout this paper, Poincaré,
Eddington-Finkelstein (EF), and Kruskal-Szekeres. The
first (and most standard) will be useful for interpreting
the results in terms of the observable time delay. The EF
coordinates are closely related to topological black hole
coordinates introduced in Eq. (3) and are useful as an
intermediate step to derive equations of motion governing
the dynamics of near-horizon metric fluctuations. Finally,
the Kruskal-Szekeres coordinates are the curved space
analog of the light-cone metric. The light-cone metric is
used extensively to study the effects of spacetime fluctua-
tions of a causal diamond in Minkowski space in

Refs. [2,26], and a natural generalization to curved space-
time is provided by the Kruskal-Szekeres coordinates. We
now proceed to briefly summarize these three coordinate
systems, as useful for our discussion.

A. From topological black hole to Poincaré metric

While the topological black hole metric described in
Sec. I is suitable to study the interior of the bulk causal
diamond, there is also a causal diamond with spherical
symmetry on the boundary, such that the interferometer
could also be viewed as being on the (suitably regularized)
boundary. The Poincaré metric describes the near boundary
region of the d-dimensional AdS space,

L2
ds? :—2(dz2 —dx(2)+6ubdx“dxb) for a,b=1,...,d-2.

Z
(8)

A causal diamond in AdS is illustrated in Fig. 1, in which
the blue line denoted by B is the finite spherical entangling
surface on the boundary, described by the inequality
>°;x? < L? The full interior of the causal diamond
satisfies the inequality [1]

L2 =22 = x? +x3 > 2L|x). (9)
i

The transformation between the Poincaré and topological
black hole metrics is given in Refs. [1,4], which we do not
repeat since the details are not important for the purpose of
this paper.

B. From topological black hole
to Kruskal-Szekeres metric

Our interest is in the dynamics of spacetime fluctuations
near the light front of Rindler-AdS space. The light front
coincides with the horizon of the topological black hole
metric, where Eq. (3) becomes singular, and it becomes
desirable to perform a coordinate transformation to over-
come the apparent pathology of Eq. (3). We transform the
topological black hole metric into the EF metric as an
intermediate step, defining the tortoise coordinate p, as

_ p dp
=] )

m?=E (10)
p+L

L
2

where f(p) = p?/L* — 1. Then we define two new coor-
dinates U and V,

V=r1+p. (11)

In terms of U and V, the original topological black hole
metric in Eq. (3) becomes

and U=7—-p,.
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2
ds* = —f(p)dV?* +2dVdp + (g) d¥? , (EFingoing),
(12)

2
ds?> = —f(p)dU? —2dUdp + <%> d¥?_, (EFoutgoing).
(13)

The metric d¥%_, in the transverse space is given by
d53_, = dy® + sinh? (%‘) Q3. (14)

The form of Eq. (14) plays an important role in determining
the angular correlation functions of uncertainty in the
photon traversal time. We will discuss angular correlations
in detail in Sec. IV A. Both metrics above are nonsingular at
the horizon. While Eq. (12) describes the trajectories of
particles on the upper half of the causal diamond in Fig. 1,
Eq. (13) describes the trajectories of particles on the
lower half.

Following Refs. [27,28], we define the “light-cone”
coordinates in Rindler-AdS space,

w=—Le Uit — [P~ L
p+L

-L
Z—+ e/l (15)

v=LeV/E =L

HH

where the second equality relates u and v to the topological
black hole coordinates (z,p). Rindler-AdS space in the
Kruskal-Szekeres metric becomes

AL*dudv L2 — up\?
ds? = — dx? .. 16
s (L? + uv)? + <L2 + uv) a2 (16)

An advantage of the Kruskal-Szekeres metric is that the
“light-cone time” u and v can be directly related to the time
coordinate x, in the Poincaré metric. By using the embed-
ding equations in Refs. [4,27], we find x, as a function of u
and v,

xo(u, v)

V(L* 4+ u?)(L? + v?) — (L? — uv)?cosh?(y/L)

= +L L(v—u) + (L> — uv) cosh(y/L)

(17)
In particular, the point of emission x(()em') corresponds to the
initial value of u = u; on the past light front, where v = 0.
Furthermore, we set y = 0 such that the photon trajectory
we choose coincides with the one selected by Ref. [1],

Uj

—u;

x(()em'>(u: u;, v=0;y=0) ==7

——L as u; - —oo.

(18)

Similarly, the point of reception can be related to the final
value of v = v, on the future light front where u = 0,

LUf
L + Uf

xére>(u =0, v=vpy=0)=

— L as vy — +00.

(19)

Therefore, the total photon travel time in the Poincaré
coordinates Ax is

e em. L
Axg=x0 (v) =x§™ (u) 2L = T, =—Ax,, (20)
Z

c

where we have related the physical round-trip time observed
on a cutoff surface z = z, to Ax, in the Poincaré metric, in
accordance with the convention in Ref. [1].

Our main task is to determine how spacetime fluctua-
tions would alter the classical traversal time of the light
beams; to do so, we start with studying metric perturbations
about the Rindler-AdS background geometry in the sub-
sequent section.

III. NEAR-HORIZON METRIC PERTURBATIONS

Given the background geometry in Sec. II, our goal is to
study fluctuations on top of this background and how
they will give rise to a potentially observable effect in an
interferometer experiment. Spacetime fluctuations are
encapsulated by metric perturbations. Because these fluc-
tuations are small in amplitude, we utilize the linearized
Einstein equations to study the dynamics of the perturbed
metric.

The vacuum FEinstein equations for AdS, spacetime
reads

Gun =Ryn — %gMNR + Agun =0, (21)
where M,N =1,...,d are the indices of AdS, bulk
spacetime, and A = —(d — 1)(d —2)/2L? is the cosmo-
logical constant. All the metrics in Secs. I and II are
solutions to the vacuum Einstein equations.

We are interested in metric fluctuations in the near-
horizon region of Rindler-AdS space, so it is most
convenient to use the EF coordinates. Metric perturbations
along the past (future) light front are described by Eq. (13)
[Eq. (12)]. We choose to study metric fluctuations along
the past light front, which corresponds to using the
EF-outgoing metric. A completely analogous analysis
applies for the future light front. The perturbed metric
along the past light front is given by
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ds? = —f(p)dU? — 2dUdp + ( > =2,
+ HUUdU2 + 2HU/)dUdp —+ /)ﬂdp + .. , (22)
where (---) denotes H,,, a,b =1,...,d — 2 in the trans-

verse space.

The perturbed metric in Eq. (22) solves the linearized
Einstein equation for |Hy| < 1, which in AdS space is
given by [15,16]

(]) d—l

5G5v113v =Ryn + THMN =0, (23)

where the perturbed Ricci tensor Rﬁj}v satisfies [13]

Ry = Rigy + Rigy + -+
(d-1)

0
= == (9w + Huw): (24)

Here, gﬁ% denotes the background metric. Next, we expand
the perturbations as a power series in the near-horizon
region [27,29]

r—>L
HMN:H<M°>N+H§}§V< . >+ (25)

and HE‘%\, can be written as

dw

HESEV(U,XL) = /ZhMN(XL)e_iwLC (26)

where x| denotes the coordinates in the transverse space,
and w is the frequency conjugate to U. Following the
procedure in Refs. [27,29], one can show that the UU
component of the linearized Einstein equation describes the
Dray-"t Hooft shock wave perturbation in Refs. [25,30].
Substituting Eq. (26) into Eq. (23), we find the UU
component of Eq. (23) to be [27,29]

d-2 3
- {1 +L (47[T —iw— Z)] n0) -2 hl)
o + 2ﬂTX _o. (27)
L
where
f'(p) 1

T = =— 28
4r |, 2zL (28)

is the Hawking temperature. The variable X denotes all

hfg;v coupled to hg% via Eq. (23). In general, the exact form
of X is quite complicated. For instance, Ref. [27] has

computed the form of X in AdS, to be

X = 2 coth(y/L)h)) + la)L(cschz(;(/L) O+ n)

oh gjg ohy) U;(

+ 2csch?(y/L) —=%% + 2L (29)

Fortunately, the precise form of X will not be relevant for
the purposes of this paper.

Equation (27) thus imposes a constraint relating h<Ug] to
other metric perturbation components. However, when
o = w, = i2aT, the second line of Eq. (27) vanishes
altogether. The resulting equation takes on the same form
of the partial differential equation describing metric per-
turbations due to gravitational shock waves [25,30]. As
pointed out in Ref. [29], the point w, = i2zT is very
special, as 2z T is also known as the “Lyapunov exponent™:
27T = Ana, Which characterizes chaotic behavior in a
quantum system [20,31-33]. Following the argument of
Refs. [27,29], one deduces that at the point w, = i2zT,
hé% decouples from the rest of hj(‘%, and becomes an
independent scalar degree of freedom which satisfies the

equation
d-2
<L2 —V2> U—O (30)

The solution to this equation is readily obtained by setting

V2 hl%) = —k2n’), with k2 being the cigenvalue of the
transversal Laplacian operator. Therefore, Eq. (30) is
reduced to an algebraic equation

d-2
L2

+K2 =0 31)

We can rewrite Eq. (31) by substituting w, = i2zT = L™!
into the expression

L Up

=iDki, D=—F=-"—,
W=t d—2 2T

(32)
so it resembles the dispersion relation arising from a
diffusive system. The diffusivity D characterizes the so-
called energy diffusion [29], because the metric perturba-
tion is in the UU component. The factor of 1/(d —2) = vg
has been shown [27,34] to be the “butterfly velocity” in
Rindler-AdS space. The butterfly velocity characterizes the
speed of information propagating in a system with a
horizon (e.g., a black hole), and it is closely related to
the propagation of gravitational shock waves and quantum
chaos [31,33,35,36]. Furthermore, Ref. [37] studying an
AdSs black brane obtained a similar diffusive dispersion
with the same Lyapunov exponent, but with a different vp.
In fact, several recent works [20,29,38,39] have shown that
energy diffusion phenomenon is quite universal in various
holographic systems, which all have the same Lyapunov
exponent, but with a geometry-dependent vp.
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So far our discussions have been completely classical.
Equation (30) also describes classical gravitational shock
waves [25,27,29,37] if we add a source, where the right-
hand side is 872Gy Ty ~ 42000 5i=2(x | —

2rt,
classical shock wave stress-energy tensor propagating at

xo = (Up,x)) with momentum p, = i. It is, however,
tp

possible to also consider quantum sources. In particular, we
focus on a quantum source from vacuum energy fluctua-
tions, motivated by the 't Hooft commutation relations
[40,41]. In particular, Ref. [26] showed that vacuum
fluctuations in Minkowski space, fixed by the ’t Hooft
commutation relations, give rise to the modular fluctuations
in Eq. (2). In the following, we will utilize this result and
apply it to Rindler-AdS space by adding a quantum source
to the vacuum Einstein equation (30) of size fixed by the ’t
Hooft commutation relations. In so doing, we will repro-
duce quantum fluctuations in the round-trip photon travel
time in Eq. (1).

xY) for a

A. Quantum sources from the ’t Hooft
commutation relation

We will ultimately be interested in studying Eq. (30) in
the presence of shock waves from quantum fluctuations. In
particular, these quantum fluctuations are motivated by the
commutation relations proposed in Ref. [26], which are
written in light-cone coordinates (u,v). Thus, we will
transform the EF coordinates (U, p) of Eq. (30) to the light-
cone (u,v) Kruskal-Szekeres metric, taking hyy — h,,,
where we suppress the superscript henceforth. Because u
and U are related via Eq. (15), it is straightforward to see
that, in the Kruskal-Szekeres metric, Eq. (30) is

(dL—22 - vi) h,, = 0. (33)

Due to vacuum energy fluctuations, the right-hand side of
Eq. (33) is replaced with some stress-energy tensor 7.

Here we will assume that 7', captures the quantum
nature of the fluctuations. This is the ansatz of this paper
that differs from other literature, which further will be
crucial for obtaining the fluctuation in the round-trip
photon traversal time obtained in Ref. [1]. In particular,
we make use of a commutation relation (closely related to
those proposed by ’t Hooft) at unequal times [26]

(T () P (X))

where x denotes the coordinates in Rindler-AdS, space,
written in light-cone coordinates. The d-dimensional delta
function can be factorized into three parts

=i5(x —x'), (34)

51(x = ) = 361~ u)o(0 = 1) 2(x, ~x1). (39)

where u; and v, denote the location of the bifurcate
horizon, and §972(x, —x/,) is the (d —2)-dimensional
delta function in the transverse space. Note that the addi-
tional factor of 1/2 comes from the normalization condition
for the delta function in the Kruskal-Szekeres metric.
Imposing the commutation relation in Eq. (34) implies
that h,, and h,, are no longer classical metric perturba-
tions, but have been promoted to quantum operators.
By further imposing the linearized Einstein equation on
Eq. (34), we obtain an operator equation

d-2
L2
=3 fld, 25(u = ug)S(v — v9)8? 2 (x L —x)).  (36)

— V2 > [ Mu(uv XJ_)hvv(U’ XIL)}

Note that the transverse Laplacian acts only on &, (4, X )
and not the coordinates marked with a prime in £, (v, x’).
Equation (36) then implies that

[ uu(u XL)hvv(U’ XIJ_)]

Ef‘,f 26(u — ug)6(v — vo) f(x15x),  (37)

where £47% = SHGI(GI), and f(x;x/ ) is the Green’s func-
tion that satisfies

d-2

LZ
Since T, is a stochastic source in vacuum, this implies that
(h,,) and (h,,) vanish, where (- - -) denotes the expectation
value of any minimum uncertainty state. However, the

variances (h2,) and (h2,) are nonvanishing by virtue of the
Robertson uncertainty relation in quantum mechanics

v )fm;x;) — 52x, X)) (38)

(82 020) = 5 )|

d—2
(f ) (1 = )5( — v0) f(x.: X, ).
(39)

Two important comments are in order.

(1) Formally, the 't Hooft commutation relations were
formulated on the horizon of a black hole. In the
present context, that would imply Eq. (39) is
evaluated at the bifurcate horizon, which is located
at uy = vy = 0. However, according to Refs. [3,9],
the light beam in an interferometer system passes
through a series of causal diamonds. Specifically, the
maximal causal diamond in Fig. 1 is foliated by a
sequence of nested causal diamonds. Each of the
adjacent causal diamonds is separated by a length
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scale, called the “decoherence length” #,, given in
Eq. (6). Subsequent causal diamonds separated by a
distance larger than #, become statistically inde-
pendent [3]. A schematic of the nested causal
diamonds is shown in Fig. 2. Along the past light
front, we keep v fixed, while u varies along the
trajectory; along the future light front, the opposite
holds. From the viewpoint of nested causal dia-
monds, a light beam traveling along the past
light front will experience a series of statistically
independent fluctuations. Along the past (future)
null trajectory, where the clock is u(v), one can
define the variance (h2,) = (h,, (1, x| ), (W', x)))
() = {yy (0% )y (0. X)), where 1 (o))
denotes the location of the bifurcate horizons of
each nested causal diamond.

T4
vy
14
7 &8
0 4
D\
14
%

FIG. 2. The causal diamond in Rindler-AdS space is foliated
with a series of nested causal diamonds. The separation between
two adjacent diamonds is the decoherence length #,,. Each nested
causal diamond intersects with the past (future) light front at a
bifurcate horizon along the past (future) light front. The high-
lighted region corresponds to the near-light-sheet region of
spacetime, where quantum fluctuations cause a probe photon
to undergo random walk.

(2) We postulate the past (future) light front will be
smeared out by ¢, which operationally means
the delta function which localizes the light front
at vg(ug), 6(v — vg) = 6(v) [6(u — uy) = 6(u)] will
be replaced by a regularized delta function of
Planckian width. This is quite similar to the imple-
mentation of a stretched horizon for a black hole
in Refs. [35,36,42]. In the present case, we imple-
ment the “smearing” of the light front by regular-
izing 6(v) with a Poisson kernel of a Lorentzian

width 7,
2 7
5(v) = lim ==~ 5
f17—>0ﬂfp + v
~—— alongthe pastlightfrontv — 0. (40)
nt),

These points are illustrated in Fig. 2, where the broadening
of the delta function along the past and future light front is
shown as a shaded red/blue gradient. Note that our final
result for the fluctuations in the photon round-trip traversal
time may depend on the precise form of the delta-function
regularization by an O(1) number, but can be absorbed
into an O(1) (dimensionless) coefficient by matching the
present hydrodynamic result to the earlier result in Eq. (1).
The regularization scheme thus will not impact the overall
physical picture since the dimensionful scales match
between the present hydrodynamic calculation and the
result of Ref. [1].

In summary, Eq. (39) together with Eq. (40), at a fixed
point on the past or future null horizon, implies a non-
vanishing two-point function of %, and h,, given by

/d—Z

(i (% ) g (X)) = —P=6(u =) f(x 5%, ), (41)
2zt
d-2

(B (0.X )y (VX)) = —F==8(0 =) f(x13X)). (42)
2nt

P

In the next section, we study how these fundamental
commutators can be evolved to give the integrated uncer-
tainty in the light traversal time.

IV. UNCERTAINTY IN PHOTON TRAVERSAL
TIME FROM NEAR-HORIZON
QUANTUM FLUCTUATIONS

In the previous section, we have argued that vacuum
energy fluctuations in the near-horizon region give rise
to nonvanishing variance of the metric perturbations,
Egs. (41) and (42). The equations that govern the two-
point function of 4,, and h,, are shown in Eq. (4). Note
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that the two-point functions of metric perturbations them-
selves are not observables in an interferometer system.
To connect the equations above to a quantity more directly
connected to the observable, we first define two “light-ray”
operators as in Ref. [26],

X' =0+ /u du'hy, (u',x ), (43)

Xt =y + / Cdv'hy, (v, %), (44)

Reference [26] has demonstrated that the 't Hooft commu-
tation relations in Eq. (34) applied on the bifurcate horizon
implies a commutation relation of X* and X",

(X (x )X (X)) = iy f(x 13 X)). (45)
Presently, we are interested in obtaining the accumulated
uncertainty along the light sheet. This uncertainty is
computed from solving the following equations:

X(z,x)) :{

(Flex )P~ {

‘We now compute the observable from Egs. (46) and (47). An
appropriate observable in an interferometer is the total time
delay of a light beam traversing the whole causal diamond.
This time delay is measured on the boundary in the Poincaré
metric: T, = Lxy/z.. To compute the total time delay, we
need to integrate over all local (and statistically uncorrelated
at distinct spacetime points) fluctuations generated by the
quantum uncertainty in Eqgs. (46) and (47),

(‘571 oeaxe )
fdz&dz _XL/du/ du'S(u —u')
__ ;f,; 2(x, —x'), (49)
(5271 et
_ _Xi)/ dv/ dv's(v — ')
— 25’% (572 (x ) —x)). (50)

auXH (M,
9,X" (v,

d-2 X
(T - Vi> <()HX17(L{, XL)au’Xl/(”/’ X/J_)>

fd—z
P 6(u—u)s"2(x, —x)), (46)
2r »
d-2
(T—Vi)<6vX"<v,xl>avrx"<vcx;>>
l’ﬂd_ -2
S(v—1)62(x, —x')). 47
zmp ( )67 (x — X)) (47)

Equations (46) and (47) look similar to a Langevin equation
that describes random motion of a particle suspended in a
dissipative fluid [43]. Recall that, in statistical mechanics, the
one-dimensional Langevin equation is a stochastic differential
equation which takes on the form (for a massless particle) of
Eq. (5). Besides the spatial response in the transverse plane,
we can clearly identify quantities derived from gravitational
shock wave dynamics in Eqgs. (46) and (47) with the dynamics
of a microscopic particle in a fluid subjected to a random
force. In particular, we find the following identifications:

x ) pastlightfront,

x ) future light front.
6(u—u')f(xL —x))
6(v =) f(x —x))

past light front,
. (48)
future light front.

|
Notice that these equations already exhibit the random walk
behavior, shown in Eq. (7), proposed in Refs. [2,3,9], where
the total uncertainty in a length operator accumulates
linearly with the size of the causal diamond (which here
is given by u;, vy).

We first consider the case in which the full symmetry of
the transverse space is respected (corresponding to the
s-wave mode), in order to directly compare with Eq. (1). To
extract this information from our analysis (which includes
the transverse response), we thus (i) take the operator
Vi — 0 on the left-hand side of Egs. (49) and (50), and
(ii) integrate 69=2(x | — x/| ) over the area and then divide by
the area of X,_, on the right-hand side of Egs. (49) and (50),

0 Sr-vi-tSl
L2 L
(i) o2 x—x)) =~ zld_z) / 52 (x — x/)dZ,,
1
TAEL) 5D

In an interferometer, the quantity related to the observable is
the round-trip time of a light beam measured by a clock on
the boundary located at z = z,. [1],
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Poincaré L
vi—u; = Axgr2l = T ~—(2L), (52)
. Z
as we formally take vy = —u; — co.

Fluctuations of T, are captured by the two-point
function in Eqgs. (49) and (50), which is now found to be

2
e (§>Tl (X (x.)XY(X))) + (X (x ) X*(xL)))

1 L\ 1
B Z(d - 2) ;p Sent '
Here we have used the definition of the entangle-

ment entropy Se, = A(Z4_,)/ 4G§\7> with 87rG[(\7) =92
Comparing our result in Eq. (53) with that from Ref. [1]

(53)

[shown in Eq. (1)] allows us to determine ;p as

~ L
ly=—.
b 4 Sent

This is the same length scale first identified, through
independent and complementary means, in Refs. [3,9,26]

and quoted in Eq. (6). In particular, Ref. [26] identified £,
as the relevant uncertainty scale appearing in the commu-
tation relation (45), giving a physical interpretation to the
width of the stretched horizon we have employed here. The
dependence of the uncertainty scale on the dimensionful
scales ¢, L can be parametrically seen by noting that
f(x1,x'|) ~ L% [as can be seen from Eq. (38) and which
we will write out explicitly below], such that right-hand
side of the uncertainty relation Eq. (45) has a dimensionful
scaling as #4-2/L4* ~ £ Even more precisely, Eq. (54)
agrees to a factor of 4 (which can be attributed to
uncertainty due to the regularization procedure employed
here) with that predicted in Refs. [3,9].

(54)

A. Angular correlations of photon traversal
time fluctuations

The form of the expressions in Egs. (49) and (50)
allows us to now also extract the angular correlations,
via f(x,;x/), which as the Green’s function of the
transversal Laplacian in (38) becomes

d-2 ¢ 10 1
—2——2—(d—3)COth )i T30 VzH
L?> oy L) Ldy L>sinh*(y/L) S

X f(x X)) =62 (x = x])). (55)

where the Laplacian operator on the transverse space X,;_, =
H?? is given by Ref. [44] and VgH denotes the Laplacian
on a (d — 3)-dimensional unit sphere. In the following, we
consider an interferometer setup in which the two end
mirrors are located at y and y’. In other words, the two

interferometer arms pick out two particular directions in the
y coordinate of the transverse space, while leaving the
residual subspace S9-3 invariant. Therefore, we can neglect
the term VéM in Eq. (55). Spherical symmetry implies that
the solution of Eq. (55) depends only on the geodesic
distance in X;_,, which is given by [27,44]

/
E(x ;%' ) =cosh™! <cosh (%) cosh (%) — sinh (%)
/
X sinh <)L) cos y) ,
L

where y is the polar angle subtended by the two interfer-
ometer arms. To further simplify the problem we consider
the case in which L is sufficiently large compared to £ such
that the term (d —2)/L? can be neglected. Equation (55)
then reduces to

_Pf(xx))  (d-3) coth ()1) of (x13x')
P L L) o

(56)

=512(x, —x)). (57)
The solution to Eq. (57) is found in Ref. [44] to be

x| ) = ! PXDN 58

f(XLsXD—Wf( 32, (58)

where f(X;%') is given in terms of the hypergeometric
function [27,44]

1
(d — 3)cosh?=3¢

d-3 d-2 d-1 1
F , ; ; . (59
2 1< 2 2 2 cosh2§> (59)

In the limit where the hyperboloid H¢™? looks locally
Euclidean, f(X;Y') reduces to the familiar result in
Euclidean space [44],

f(EY) =

lnﬁ for d = 4,
S
fEY)~ < . )4—d for d> 5 (60)
e=x'| =

Because the Green’s function f(x ;x| ) ~ L*~%, it receives
a conformal rescaling on the (regularized) boundary at
z = z, in the Poincaré metric

A C RN}

Accounting for the conformal factor (L/z.) properly,
and using Eq. (49) together with (50), we find the
fluctuations AT?, to be
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L

a7z (i) = (£ ) (0O O0) + (K1) (x)

c

-G

L\?2 1
<e \% Sent

In evaluating the second line, we substituted the area of
the transverse space A(Zy )~ Qu_3L9?(L/z. )43 (for
z,—0) and used the definition of the entanglement entropy
again, while in the third line we have used the scale precisely
identified in Eq. (54). Thus, the relative uncertainty of
photon round-trip time, with angular correlations, is

(&), (63)

2
(x1X)) = ——=
. SCHt

V. SUMMARY AND DISCUSSION

In this paper, we have shown that vacuum energy
fluctuations in AdS space, with a quantum noise term
motivated by commutation relations presented in Ref. [26]
and shown in Egs. (34) and (45), give rise to hydrodynamic
behavior for the fluctuations of the spacetime geometry. In
particular, we demonstrated that the near-horizon fluctua-
tions of a finite causal diamond is a diffusive process that
captures “random walk” characteristics in time (but with
transverse spatial correlations) of quantum spacetime
fluctuations. We further analyzed the effect of these
fluctuations on the traversal time of photons traveling from
the boundary and reflecting off a mirror in the bulk,
confirming the previous result of Ref. [1] despite taking
a computationally complementary route. An important step
in our reasoning was to focus only on the hydrodynamics

d—-2
2y

22Q 3L (L /2. )*

f(ZX)

f(EZ). (62)

on the stretched horizon of a causal diamond, distinct from
the usual fluid/gravity correspondence that proposes a
duality between the bulk gravitational perturbations and
boundary hydrodynamics.

There are many interesting future directions to pursue.
First, one could carry out a similar type of analysis in
Minkowski space. Second, one could seek to understand
the underlying origins of these vacuum fluctuations
from shock wave geometries. Finally, one could utilize
theoretical tools such as out-of-time-order correlators that
describe fast-scrambling systems and quantum chaos to
study the connection between hydrodynamics and shock
wave geometries. We look forward to further developments
in these formal aspects and its groundwork for future
observational tests.
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