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QUANTUM GRAVITY

—> FLUCTUATIONS IN SPACETIME 
OLD VIEW: VISIBLE ONLY AT ULTRASHORT DISTANCES

lp ⇠ 10�35 m ⇠ 10�43 s

Quantum gravity     
=>  

 fluctuations in  spacetime

Old view:     
•  visible at ultra short distance           (unobservable)

 New view:     
• quantum gravity effects are “non-local” 
• visible at large distances         
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Planck length = 1.6⇥ 10�35m

=>  quantum gravity is observable



PERTURBATIVELY, THERE SHOULD BE NO OBSERVATIONAL EFFECTS

➤ From usual EFT reasoning: 

➤     is the expansion parameter, and quantum effects enter at  

➤ Good reason: effects are naturally at Planckian length scales 
with Planckian frequencies, for which no experiment exists 

➤ Any observable should be “analytic” in coupling constant G

lp ⇠ 10�35 m ⇠ 10�43 s

Then we couple the “scalar graviton” to matter,

Sm =
1

2

Z
d4x

p
�g

�
g(@�)2 � m2�2

�
, (324)

and compute the tree–level gravitational potential. Introducing the notation M2
⌘ (2cr)�1

we perform a Fourier transform to finally get

V (r) = �
Gm1m2

r
(1 � e�Mr) . (325)

The current laboratory constraint on the Yukawa–type interactions imply the bound

M < 0.1 eV ) cr < 1056 . (326)

An important observation can be made by taking the limit M ! 1, in which the Yukawa
part of the potential reduces to a representation of the Dirac delta–function,

1

4⇡r
e�Mr

!
1

M2
�(3)(x) . (327)

Thus, the gravitational potential from Eq. (325) can be rewritten as

V (r) = �
Gm1m2

r
+ cr G2�(3)(x) . (328)

This expression reminds us of local quantum correction related to divergent parts of loop
integrals. In fact, this result merely reflects the fact that ⇠ R2 terms are generated by loops.

A comment is in order. The fact that the propagator of the higher–order theory (323)
can be cast in the sum of two “free” propagators suggests that there are new DOFs that
appear if we take into account the ⇠ R2 terms. In fact, non–zero ci lead to the appearance
of a scalar DOF of mass M1 (see Eq. (318)) and a massive spin–2 DOF of mass M2.

8.5 Predictions: Newton’s Potential at One Loop

So far we have made no predictions. We performed renormalization and measured (con-
strained) the free parameters of our EFT. As we learned from the example of the sigma–
model, the most important predictions of the EFT are related to non–analytic in momenta
loop contributions to the interaction vertices. They are typically represented by logarithms
and correspond to long–range interactions induced by virtual particles.19

In this subsection we will demonstrate the Newton’s potential at one loop and show that
the predictions of GR treated as an EFT are not qualitatively di↵erent from that of the
sigma–model.

At one–loop order there appear a lot of diagrams contributing to the gravitational poten-
tial. Here is a very incomplete sample of them:

+ + + ... (329)

From the power counting principles we anticipate that the one–loop amplitude will take the
form

M =
Gm1m2

q2

⇣
1 + aG(m1 + m2)

p
�q2 + b Gq2 ln(�q2) + c1 Gq2

⌘
, (330)

19
Note that in renormalizable field theories the e↵ect of non–analytic contributions can be interpreted as

running of coupling constants with energy.
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where a, b, c1 are some constants. Then, assuming the non–relativistic limit and making use
of

Z
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(331)

we recover the following potential in position space,

V (r) = �
Gm1m2

r

✓
1 + a
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r
+ b

G

r2

◆
+ c1 G�(3)(x) . (332)

The delta–function term is irrelevant as it does not produce any long–distance e↵ect. The a
and b terms are relevant though. By dimensional analysis we can restore the speed of light c
and the Planck constant ~ in the expression for them,

V (r) = �
Gm1m2

r

✓
1 + a

G(m1 + m2)

rc2
+ b

G~
r2c3

◆
. (333)

The a–term thus represents a classical correction that appears due to the non–linearity of
GR while the b–term is a quantum correction.

An explicit calculation has been carried out in Ref. [34] and gives

a = 3 ,

b =
41

10⇡
.

(334)

The ci terms in our EFT expansion give only local contributions ⇠ �(3)(x) and thus can be
dropped. The result (333) with the coe�cients (334) should be true in any UV completion
of gravity that reduces to GR in the low–energy limit. The quantum correction (b–term) is
extremely tiny and scales as (lP /r)2 in full agreement with the EFT logic.

As for the classical correction (a–term), it agrees with the Post–Newtonian expansion in a
proper coordinate frame. Quite unexpectedly, this correction came out of the loop calculation
even though one might have thought that loop corrections should scale as powers of ~. This is
not true [35], and we can demonstrate an even simpler example of that. Consider the action
for a fermion in flat spacetime,

S =

Z
d4x  ̄

�
/D � m

�
 . (335)

Introducing ~ and c this action can be rewritten as

S = ~
Z

d4x  ̄

✓
/D �

mc2

~

◆
 . (336)

One observes the appearance of ~ in the denominator, which can cancel some ~ coming from
loops and eventually result in a classical correction.

We note that calculations such as these are not limited to flat space. In particular,
Woodard, Prokopec and collaborators [36, 37, 38] have made extensive field–theoretic calcu-
lations in de Sitter space.
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BROWNIAN NOISE
➤ UV Effects Can be Transmuted to the Infrared
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BROWNIAN NOISE
➤ UV Effects Can be Transmuted to the Infrared
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Diffusion is simply “Random walk” or “Root N” statistics
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QUANTUM GRAVITY

—> FLUCTUATIONS IN SPACETIME 
NEW VIEW: INFRARED EFFECTS ARE IMPORTANT

lp ⇠ 10�35 m ⇠ 10�43 s

Quantum gravity     
=>  

 fluctuations in  spacetime

Old view:     
•  visible at ultra short distance           (unobservable)

 New view:     
• quantum gravity effects are “non-local” 
• visible at large distances         
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PHYSICS AT THE HORIZON
➤ Physics at horizons enters front and 

center into holography and QG 

➤ Some naive EFT/ perturbative 
reasoning breaks down at the 
horizon 

➤ For example, EFT vastly overcounts 
degrees-of-freedom of a spacetime 
volume bounded by surface of area A 

➤ Entanglement between these degrees 
of freedom — inside and outside 
horizon — seems to be important

 Entropy of a Black Hole 
= 

Area of its Horizon  

 Entropy  measures  Information 
                   it counts the number of bits                   

Bekenstein Hawking

S =
Area

4`2p



QUANTUM GRAVITY AT BLACK HOLE HORIZONS

NON-LOCALITY AND ENTANGLEMENT PLAY AN IMPORTANT 
ROLE IN QG 
EXAMPLE: PHYSICS AT BLACK HOLE HORIZONS

What happens to the information?

Can’t escape, by locality

Can’t be destroyed, by unitarity

Problem seems to occur at the horizon, where semiclassical 
gravity should work fine



THE QUANTUM WIDTH OF A (BH) HORIZON
➤ Degrees-of-freedom (“pixels”) can fluctuate
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Figure 2: The central fluctuation (+) happens to be surrounded by other fluctuations (+) of the
same sign. Fluctuations of the opposite sign (-) may occur farther away, but the central fluctuation
will not feel their influence on a timescale L.
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Figure 3: A shell of fluctuations (+) around the black hole. Since each fluctuation is of size L, a
given fluctuation cannot detect the others on a timescale less than L.

fluctuations in the horizon location. In other words, it is clear that the largest effect comes

from changes in the shape of the horizon as opposed to just the overall size.

How then shall we estimate this more localized effect on the horizon? Consider a

positive energy fluctuation of length scale L at a corresponding separation from the classical

horizon. If this induces a bulge on the horizon which is large enough to capture the

fluctuation itself, then it is clear that this must occur on a timescale5 L. Note that this

is also the natural lifetime of the fluctuation. Consider now the center of the fluctuation.

On a timescale L the center can receive no information from farther away than L. As a

result, it cannot know whether it is indeed part of a homogeneous spherical shell of such

fluctuations, or whether it is merely surrounded by an additional layer or so of similar

fluctuations6 (see figure 2). Thus, under reasonably common conditions, we should get the

right answer (as to whether the horizon bulges outward and engulfs our fluctuation) by

supposing that the black hole is in fact surrounded by a spherical shell of such fluctuations

and determining whether this shell would add enough mass to the black hole to enlarge

the horizon beyond the location of the fluctuations. Note that the shell has thickness L

(see figure 3); luckily, the calculation is just as easy for thick shells as for thin.

Let us consider a general spherically symmetric static metric of the form

ds2 = −gtt(r)dt
2 + grr(r)dr

2 + r2dΩ2
d−2, (3.1)

where as usual dΩ2
d−2 is the metric on the unit (d − 2)-sphere. We take gtt to have a

first-order zero at r = R, representing the non-degenerate black hole horizon.

In a sufficiently small region close to the horizon, we may approximate the metric in

the r, t directions by the standard Rindler metric:
5Say, as measured by freely falling observers initially at rest with respect to the black hole. Since we

are primarily concerned with the perturbative regime, we may use the metric of the original Black Hole to

compute times to leading order.
6It may just barely be able to tell whether the neighboring fluctuations have the same sign, but such a

clumping will occur a frequency which is not parametrically small, and thus is large enough for our purposes.
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L/4

L

Figure 1: Two orthogonal low energy modes near a horizon. The larger has proper size ∼ L while
the smaller is ∼ L/4. Both have energy ∼ TH .

direction, it is useful to take each surface (which has area A) and divide it into A/L2 cells

of size L2.

In fact, a standard calculation using tortoise (r∗) coordinates shows that a careful

choice of wavepacket shape can result in arbitrarily low energies, say εTH for ε " 1, within

a proper distance L of the horizon. However, such modes cannot be localized as well on

the sphere, so that there are only λA/L2 of them and they contribute only O(1) changes

in coefficients.

Finally, note that in the Rindler approximation a given mode is transformed into the

next mode closer to the horizon by scaling it toward the bifurcation surface (see figure 1

again). The relevant measure in the radial direction is therefore scale invariant and must be

of order dL/L. (This result also follows from the logarithmic relation between the tortoise

coordinate (r∗) and proper distance [15].) Thus, the total number of modes between L

and L+ dL is of order A
L3 dL. Integrating the total contribution down to some ultraviolet

cutoff LUV yields a total contribution of order A/L2
UV . Each mode with energy ∼< TH

contributes a few bits of entropy, while modes with higher energy do not contribute. This

then is the origin of the observation [9] that a Planck scale cutoff yields an entropy of order

the Bekenstein-Hawking entropy of the black hole itself. It can also be mapped (see e.g.

[10, 11]) to the corresponding result [12] for entanglement entropy.

3. Estimating the width

The proper interpretation of the thermal atmosphere’s entropy is clearly an important issue

in black hole thermodynamics. For example, in the most naive interpretation one might

expect this to be a next-order correction to the Bekenstein-Hawking entropy SBH . Unfor-

tunately, with a Planck scale cut-off it is of comparable size to the “zero order” contribution

SBH . One may also try to cancel this entropy with a renormalization effect (though this

creates puzzles when various objects are lowered toward the black hole horizon [8]), or to

interpret the entropy of the thermal atmosphere as some sort of “dual” description of the

Bekenstein-Hawking entropy itself [9, 12]. Unfortunately, the latter approach suffers from

the well-known “species problem” (i.e., it appears to depend on the number of propagating

fields near the black hole horizon) and other concerns discussed in [8].

When the issue is phrased in terms of the near horizon modes, Sorkin’s potential

resolution suggests itself immediately. The presence of an extra particle with fixed energy

– 4 –
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Length fluctuations with Planckian white noise.

In this paper we consider a toy experimental set-up,
shown in Fig. 1, in which the arm length L of an
interferometer is measured after a single light crossing.
In this idealized scenario the length fluctuations �L due
to quantum fluctuations in the metric is given by

�L(t) =
1

2

Z L

0
dz h(t+z�L) (1)

where h ⌘ hzz is the metric component along the light
beam propagation (see e.g. [15]). The magnitude of these
length fluctuations is normally expressed in terms of the
power spectral density (PSD)

S(!, t) =

Z 1

�1
d⌧

⌧
�L(t)

L

�L(t � ⌧)

L

�
e�i!⌧ . (2)

Let us first consider a simple model with a white noise
signal of Planckian amplitude

⌦
h(t+z1�L)h(t+z2�L�⌧)

↵
= Clp�(⌧ +z1�z2), (3)

where lp =
p

8⇡GN . This leads to a PSD of the form

S(!) =
Clp
4

sin2 !L

!2L2
. (4)

In this simple model the length fluctuations h�L2i obey
⌧

�L2(t)

L2

�
=

1

2⇡

Z 1

�1
d! S(!) =

Clp
8L

, (5)

and thus grow linearly with L [8–12]. This signal could
in principle be observable, since the peak sensitivity for
gravitational wave interferometers is right around the
Planck scale: S(!, t) . lp. Over the next sections our
goal will be to show how some of the generic behavior in
Eqs. 4, 5 can arise from a holographic model, motivat-
ing the size of the constant C, with crucial observational
e↵ects arising from angular correlations. In addition, in
experiments like LIGO and Virgo a typical photon tra-
verses the interferometer arm multiple times before being
measured. In this paper we continue to focus on our sim-
ple set up and defer the detailed discussion of multiple
crossings to future work.

Holographic Scenario and Basic Postulates.

Our aim in the following is to derive a result similar to
Eq. 5 from a holographic scenario, in which the holo-
graphic surface is fixed by the light path of a photon, as
depicted in Fig. 1. In order to clearly delineate between
theoretical input and observational consequences, we will
state here our three basic postulates:

1. Statistical independence of small scale fluctuations.

We postulate that the length fluctuation �L can be
obtained by subdividing the interferometer arm in
segments and summing over the statistically inde-
pendent length fluctuations of each segment. This
postulate is equivalent to the Ansatz in Eq. 3 and
implies that length fluctuations, �L2, accumulate
linearly with distance, as shown in Eq. 5.

signal	beam

L
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FIG. 1. The interferometer together with the spacetime di-
agram for a single crossing of a photon in the signal beam.
The interferometer at time t is contained in a causal diamond
centered at the beam splitter and with the photon path on its
null boundary.

2. Holographic principle in flat spacetime. We postu-
late that the holographic principle also applies to
Minkowski spacetime. It states that the maximal
entropy carried by the microscopic degrees of free-
dom associated with a finite region of flat spacetime
bounded by null geodesics is S = A/4GN . This
bound is saturated for a region of space whose null
boundary coincides with a horizon.

3. Universality of metric fluctuations at horizons. We
postulate that metric fluctuations near null surfaces
associated with a horizon are universal and follow
from the entropy and temperature using standard
thermodynamic considerations. This postulate im-
plies that metric fluctuations near a Rindler-type
horizon are identical to those near a black hole hori-
zon with the same temperature and entropy.

The first postulate implies that the ultraviolet Planck-
ian fluctuations accumulate in the longitudinal direction
along the interferometer arm. The second and third pos-
tulate allow us to determine the size and transversal
correlations of the length fluctuations from the metric
perturbations near the holographic surface surrounding
the interferometer. To be able to apply the third pos-
tulate we will identify the boundary of the holographic
surface with the event horizon of a (family of) Rindler
observer(s). By following a reasoning similar to what
has been considered in the context of black holes (see
Ref. [16]) we show that energy fluctuations of the holo-
graphic degrees of freedom lead to an uncertainty in the
position of the horizon. We subsequently translate this

FIG. 4. The horizon fluctuations are indicated by red (for positive) and blue (for negative) pixels.

The horizon fluctuations appear coherent in the transversal direction

rise to fluctuations in the Newtonian potential Φ. The fluctuations of the Newton potential

Φ simply shift the function f(R) via

f(R) = (1− R

L
+ 2Φ) (48)

such that we have the relation

2Φ = huhv =
δL2

4L2
. (49)

[KZ: This discussion should be made to dovetail with the discussion in the

previous section. We ultimately want to de-emphasize the temperature and em-

phasize instead the entropy.] Following the general logic of the holographic principle we

imagine that on the horizon we have one degree of freedom on every Planckian pixel. Hence,

we postulate that the total number of holographic degrees of freedom may be identified with

the entropy S associated with the horizon of spherical Rindler space

S =
A

4G
=

8π2L2

ℓ2p
. (50)

The energy associated with each degree of freedom can fluctuate by an amount of the

order or T =
1

4πL
. If all pixels would carry a positive energy of this amount, one would

create a black hole with size L. In Minkowski space, however, the average energy vanishes.

Nevertheless, there can be fluctuations of the vacuum energy inside this causal diamond.
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WHAT LENGTH FLUCTUATION CAN BE MEASURED?
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FIG. 4. The horizon fluctuations are indicated by red (for positive) and blue (for negative) pixels.

The horizon fluctuations appear coherent in the transversal direction

rise to fluctuations in the Newtonian potential Φ. The fluctuations of the Newton potential

Φ simply shift the function f(R) via

f(R) = (1− R

L
+ 2Φ) (48)

such that we have the relation

2Φ = huhv =
δL2

4L2
. (49)

[KZ: This discussion should be made to dovetail with the discussion in the

previous section. We ultimately want to de-emphasize the temperature and em-

phasize instead the entropy.] Following the general logic of the holographic principle we

imagine that on the horizon we have one degree of freedom on every Planckian pixel. Hence,

we postulate that the total number of holographic degrees of freedom may be identified with

the entropy S associated with the horizon of spherical Rindler space

S =
A

4G
=

8π2L2

ℓ2p
. (50)

The energy associated with each degree of freedom can fluctuate by an amount of the

order or T =
1

4πL
. If all pixels would carry a positive energy of this amount, one would

create a black hole with size L. In Minkowski space, however, the average energy vanishes.

Nevertheless, there can be fluctuations of the vacuum energy inside this causal diamond.
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T ⇠ 1/L

level of the fluctuations. This implies in particular that Φ fluctuates and that as a result

the location of the horizon exhibits vacuum fluctuations. Our reasoning in this section is

inspired by [11] and will closely follow the discussion in [1].

A. The relation between the mass M and the modular hamiltonian K

The aim of this subsection is to show that the mass M , as defined by Eq. 24, can, as a

quantum operator, be identified with

M =
1

2πL

$
K −

"
K
#%

. (56)

Here the pre-factor 1/2πL represents the Hawking temperature at the Rindler horizon. In

other words, the mass operator M is, up to an overall factor given by the temperature,

equal to difference of the modular Hamiltonian K and its vacuum expectation value 〈K〉.

A crucial ingredient in the derivation of this relation is the fact that the mass M satisfies

the first law of black hole thermodynamics

dM = TdS. (57)

Our proof of Eq. 56 amounts to showing that both sides of this equation obey the same 1st

law of black hole thermodynamics.

First, let us derive that the mass M , as defined by Eq. 23 and Eq. 24, indeed obeys the

first law given in Eq. 57. For this we use the fact he location of the horizon is determined

by the equation f(rh,M) = 0 for all values of M . Hence, the variation drh of the horizon

location and the mass variation dM are related by

df(rh,M) = f ′(rh,M)drh +
∂f(rh,M)

∂M
dM = 0. (58)

From the expressions in Eq. 23 and Eq. 24 we learn that

∂f(rh,M)

∂M
= − 16πG

(d− 1)Vd−1r
d−2
h

, (59)

It is now a simple exercise to show, with the help of Eq. 40 and by varying the area-

entropy relation in Eq. 19, that the variation dM indeed satisfies the 1st law of black hole

thermodynamics given in Eq. 57.

Our next goal is to show that, the r.h.s. of Eq. 56 obeys the same first law of black hole

entropy, when K is defined by Eq. 8. We will prove the relation Eq. ?? at the level of
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S = hKi = A

4G

<latexit sha1_base64="+kQTgkJ0oF/q3zwme2ZRWWinJ3U="></latexit>

F = � 1

�
log tr

�
e��K

�



BLACK HOLES VS. FLAT EMPTY SPACE
➤ As long as we are interested in only the 

part of spacetime inside the causal 
diamond, the metric in some common 
spacetimes can be mapped to 
“topological black hole”
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Figure 1: The interferometer together with the spacetime diagram for
a single crossing of a photon in the signal beam. The interferometer
at time t is contained in a causal diamond centered at the beam
splitter and with the photon path on its null boundary.

only three coordinates, one longitudinal null direction and
two transversal directions, corresponding to the outside
boundary of the causal diamond in Fig. 1,
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We first consider an Ansatz corresponding to uncorrelated
white noise in those three dimensions:

⌦
h(k1)h(k2)

↵
= (2⇡)3�3(k1 + k2)Cl3p. (7)

This power spectrum implements the principle of statisti-
cal independence both in the longitudinal as well as the
transversal directions. This can be seen directly by com-
puting the PSD and RMS length fluctuations:

⌧✓
�L

L

◆

1

✓
�L

L

◆

2

�
=

Clp
16⇡L

1

(�x2
T /l2p + 1)3/2

. (8)

In the limit �xT ! 0, we recover a signal of an amplitude
that is in principle within the observable range and is con-
sistent with Eqs. 4-5. However, for a realistic macroscopic
interferometer, with the beam size centimeters across such
that �xT /lp�1, this signature would be unobservable.

Let us consider an alternative Ansatz for the metric
fluctuations in which the transversal directions are treated
di↵erently:

⌦
h(k1)h(k2)

↵
= (2⇡)3�3(k1 + k2)

Clp
(k2

T + k2
IR)

, (9)

where kIR acts as a regulator. Then Eq. (8), in the limit
that kIR�xT ⌧ 1, becomes
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Already this result shows important features that the
underlying theory must give, notably that the longitudi-
nal and transverse directions appear on a di↵erent footing.
The metric fluctuation in the transverse direction must be
correlated, while the metric fluctuations in the longitudi-
nal direction accumulate, as in a random walk, and are
transmuted to a low-energy, long-distance signature. We
will show over the next sections how these features arise
naturally from energy fluctuations on a holographic sur-
face.

5. From Minkowski to Schwarzschild-like Metric

The central part of our argument involves utilizing
a correspondence between any horizon and a black hole
horizon. To show concretely how this applies to the case
at hand, we make two metric transformations, which are
described below. First we define light cone coordinates
u = r + t and v = r � t so that metric becomes

ds2 = dudv + dy2 + huudu2 + hvvdv2 + . . . (11)

where the dots denote the angular components. In this
metric the light paths on the lower and upper half of the
causal diamond shown in Fig. 1 are given by

v = L + �v(u) and u = L + �u(v)

The total length fluctuation �L can be expressed as

�L = (�v(L) + �u(L)) /2.

It turns out that only one metric component contributes
to the time delay along each light path. As we will show
in a companion paper, the values for �v(L) and �u(L) can
be expressed in terms of the metric fluctuations via

�v(L) =

Z L

�L
du huu(u, L) (12)

�u(L) =

Z L

�L
dv hvv(L, v).

As a next step, to employ our postulates, we recast the
metric in the Schwarzschild-like form

ds2 = �f(R)dT 2 +
dR2

f(R)
+ r2(d✓2 + sin2 ✓d�2). (13)

in such a way that the light paths of the photon are mapped
onto the event horizon located at f(R) = 0. This is
achieved by making the coordinate transformation

(u � L)(v � L) = 4L2f(R), log
u � L

v � L
=

T

L
(14)

where the function f(R) is given by
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Length fluctuations with Planckian white noise.

In this paper we consider a toy experimental set-up,
shown in Fig. 1, in which the arm length L of an
interferometer is measured after a single light crossing.
In this idealized scenario the length fluctuations �L due
to quantum fluctuations in the metric is given by

�L(t) =
1

2

Z L

0
dz h(t+z�L) (1)

where h ⌘ hzz is the metric component along the light
beam propagation (see e.g. [15]). The magnitude of these
length fluctuations is normally expressed in terms of the
power spectral density (PSD)

S(!, t) =

Z 1

�1
d⌧

⌧
�L(t)

L

�L(t � ⌧)

L

�
e�i!⌧ . (2)

Let us first consider a simple model with a white noise
signal of Planckian amplitude

⌦
h(t+z1�L)h(t+z2�L�⌧)

↵
= Clp�(⌧ +z1�z2), (3)

where lp =
p

8⇡GN . This leads to a PSD of the form

S(!) =
Clp
4

sin2 !L

!2L2
. (4)

In this simple model the length fluctuations h�L2i obey
⌧

�L2(t)

L2

�
=

1

2⇡

Z 1

�1
d! S(!) =

Clp
8L

, (5)

and thus grow linearly with L [8–12]. This signal could
in principle be observable, since the peak sensitivity for
gravitational wave interferometers is right around the
Planck scale: S(!, t) . lp. Over the next sections our
goal will be to show how some of the generic behavior in
Eqs. 4, 5 can arise from a holographic model, motivat-
ing the size of the constant C, with crucial observational
e↵ects arising from angular correlations. In addition, in
experiments like LIGO and Virgo a typical photon tra-
verses the interferometer arm multiple times before being
measured. In this paper we continue to focus on our sim-
ple set up and defer the detailed discussion of multiple
crossings to future work.

Holographic Scenario and Basic Postulates.

Our aim in the following is to derive a result similar to
Eq. 5 from a holographic scenario, in which the holo-
graphic surface is fixed by the light path of a photon, as
depicted in Fig. 1. In order to clearly delineate between
theoretical input and observational consequences, we will
state here our three basic postulates:

1. Statistical independence of small scale fluctuations.

We postulate that the length fluctuation �L can be
obtained by subdividing the interferometer arm in
segments and summing over the statistically inde-
pendent length fluctuations of each segment. This
postulate is equivalent to the Ansatz in Eq. 3 and
implies that length fluctuations, �L2, accumulate
linearly with distance, as shown in Eq. 5.
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FIG. 1. The interferometer together with the spacetime di-
agram for a single crossing of a photon in the signal beam.
The interferometer at time t is contained in a causal diamond
centered at the beam splitter and with the photon path on its
null boundary.

2. Holographic principle in flat spacetime. We postu-
late that the holographic principle also applies to
Minkowski spacetime. It states that the maximal
entropy carried by the microscopic degrees of free-
dom associated with a finite region of flat spacetime
bounded by null geodesics is S = A/4GN . This
bound is saturated for a region of space whose null
boundary coincides with a horizon.

3. Universality of metric fluctuations at horizons. We
postulate that metric fluctuations near null surfaces
associated with a horizon are universal and follow
from the entropy and temperature using standard
thermodynamic considerations. This postulate im-
plies that metric fluctuations near a Rindler-type
horizon are identical to those near a black hole hori-
zon with the same temperature and entropy.

The first postulate implies that the ultraviolet Planck-
ian fluctuations accumulate in the longitudinal direction
along the interferometer arm. The second and third pos-
tulate allow us to determine the size and transversal
correlations of the length fluctuations from the metric
perturbations near the holographic surface surrounding
the interferometer. To be able to apply the third pos-
tulate we will identify the boundary of the holographic
surface with the event horizon of a (family of) Rindler
observer(s). By following a reasoning similar to what
has been considered in the context of black holes (see
Ref. [16]) we show that energy fluctuations of the holo-
graphic degrees of freedom lead to an uncertainty in the
position of the horizon. We subsequently translate this

signal	beam
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Figure 1: The interferometer together with the spacetime diagram for
a single crossing of a photon in the signal beam. The interferometer
at time t is contained in a causal diamond centered at the beam
splitter and with the photon path on its null boundary.

only three coordinates, one longitudinal null direction and
two transversal directions, corresponding to the outside
boundary of the causal diamond in Fig. 1,
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hh(k1)h(k2)ieik1·x1eik2·x2 .

We first consider an Ansatz corresponding to uncorrelated
white noise in those three dimensions:

⌦
h(k1)h(k2)

↵
= (2⇡)3�3(k1 + k2)Cl3p. (7)

This power spectrum implements the principle of statisti-
cal independence both in the longitudinal as well as the
transversal directions. This can be seen directly by com-
puting the PSD and RMS length fluctuations:
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�
=

Clp
16⇡L

1

(�x2
T /l2p + 1)3/2

. (8)

In the limit �xT ! 0, we recover a signal of an amplitude
that is in principle within the observable range and is con-
sistent with Eqs. 4-5. However, for a realistic macroscopic
interferometer, with the beam size centimeters across such
that �xT /lp�1, this signature would be unobservable.

Let us consider an alternative Ansatz for the metric
fluctuations in which the transversal directions are treated
di↵erently:

⌦
h(k1)h(k2)

↵
= (2⇡)3�3(k1 + k2)

Clp
(k2

T + k2
IR)

, (9)

where kIR acts as a regulator. Then Eq. (8), in the limit
that kIR�xT ⌧ 1, becomes
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✓
�L

L

◆

2

�
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16⇡L
log [1/�xT kIR] . (10)

Already this result shows important features that the
underlying theory must give, notably that the longitudi-
nal and transverse directions appear on a di↵erent footing.
The metric fluctuation in the transverse direction must be
correlated, while the metric fluctuations in the longitudi-
nal direction accumulate, as in a random walk, and are
transmuted to a low-energy, long-distance signature. We
will show over the next sections how these features arise
naturally from energy fluctuations on a holographic sur-
face.

5. From Minkowski to Schwarzschild-like Metric

The central part of our argument involves utilizing
a correspondence between any horizon and a black hole
horizon. To show concretely how this applies to the case
at hand, we make two metric transformations, which are
described below. First we define light cone coordinates
u = r + t and v = r � t so that metric becomes

ds2 = dudv + dy2 + huudu2 + hvvdv2 + . . . (11)

where the dots denote the angular components. In this
metric the light paths on the lower and upper half of the
causal diamond shown in Fig. 1 are given by

v = L + �v(u) and u = L + �u(v)

The total length fluctuation �L can be expressed as

�L = (�v(L) + �u(L)) /2.

It turns out that only one metric component contributes
to the time delay along each light path. As we will show
in a companion paper, the values for �v(L) and �u(L) can
be expressed in terms of the metric fluctuations via

�v(L) =

Z L

�L
du huu(u, L) (12)

�u(L) =

Z L

�L
dv hvv(L, v).

As a next step, to employ our postulates, we recast the
metric in the Schwarzschild-like form

ds2 = �f(R)dT 2 +
dR2

f(R)
+ r2(d✓2 + sin2 ✓d�2). (13)

in such a way that the light paths of the photon are mapped
onto the event horizon located at f(R) = 0. This is
achieved by making the coordinate transformation

(u � L)(v � L) = 4L2f(R), log
u � L

v � L
=

T

L
(14)

where the function f(R) is given by

3

f(R) = 1 � R

L
+ 2�. (15)

Here � plays the role of the Newtonian potential and
parametrizes the deviations in the geometry due to vac-
uum fluctuations in the energy conjugate to the time T .

Without any quantum gravity e↵ects, the horizon is
located at R = L. In general, its location is determined
by f(R) = 0. This leads to the following relationship
between the product of the lightcone time variations �u(L)
and �v(L) and the value of Newton’s potential

�v(L)�u(L)

L2
= 2�(L). (16)

This equation should be regarded as an operator identity.
Since h�i = 0 in vacuum, the right-hand-side of this equa-
tion actually represents a fluctuation around the vacuum,
whose amplitude is given by squaring the operators and
taking its expectation value:

*✓
�v(L)�u(L)

L2

◆2
+

=
D
4�(L)2

E
. (17)

For a more detailed and formal discussion of this point
in the context of AdS/CFT, we encourage the reader to
consult Sec IV of our companion paper Ref. [18].

The goal of the next section is to determine the root-
mean-square value of the fluctuations in � in an ensemble
averaged over many interferometer light crossings.

6. Holographic Model for Spacetime Fluctuations

We are now ready to employ all of our postulates to-
gether to compute the deviations in the Newtonian poten-
tial, Eq. 16. The fluctuations in �(L) will be induced by
vacuum fluctuations in the energy conjugate to the time
coordinate T . Eq. 16. In the following analysis we follow
closely the reasoning of Marolf in Ref. [16] for the quan-
tum thickness of black hole horizons. Directly applying the
holographic principle to the horizon of the causal diamond
gives

Shor =
A

4GN
=

8⇡2L2

l2p
. (18)

Now the fluctuations in the Newtonian potential on the
horizon obeys

2�(L) = �
l2p�M

4⇡L
, (19)

where �M represents the energy fluctuations in the holo-
graphic degrees of freedom. Heuristically, one expects the
RMS value of �M to scale as the square root of the num-
ber of pixels on the horizon, times the typical energy of the
fluctuation, which is given by the Hawking temperature.

One of the standard methods to determine the Hawk-
ing temperature is to go to Euclidean time and impose

that the resulting metric is free from conical singularities.
In this way one finds

Thor =
|f 0(L)|

4⇡
=

1

4⇡L
. (20)

In the present situation the temperature Thor is measured
by an accelerated observer whose event horizon coincides
with the photon trajectory and whose own trajectory passes
through the origin at T = 0. This observer stays at R = 0
and has T as proper time coordinate.

We now calculate the RMS value of the fluctuations,
by assuming that the vacuum energy E vanishes. This
implies that the free energy F (�) equals

F (�) = �ThorShor = � �

2l2p
(21)

where in the last step we eliminated the length L in favor
of the inverse temperature � = 1/Thor = 4⇡L. In the
canonical ensemble the mass fluctuations �M are obtained
by taking the second derivative of the free energy. One
thus obtains

h�M2i = � @2

@�2
(�F ) =

1

l2p
. (22)

Note that �M ⇠ Thor
p

Shor, as expected from the heuris-
tic argument. We now assume that at a coincident point,
�v(L) and �u(L) take the same value �L. In this situation,
combining Eqs. 16-22, we learn that the amplitude of the
length fluctuation is

⌧
�L2

L2

�
=

l2p�M

4⇡L
=

lp
4⇡L

, (23)

where here �M =
p

h�M2i is interpreted as the root-
mean-square of the mass fluctuation. Note this has pre-
cisely the behavior shown in Eq. 5 needed to be observable,
where now we can fix the constant C via the holographic
principle. We will propose in the next section that angu-
lar correlations between the interferometer arms respect
the spherical symmetry of the measuring apparatus, and
would give rise to a distinctive experimental signature.

7. Angular Correlations and ’t Hooft’s S-matrix

We have considered so far the amplitude of the fluctu-
ations only as a function of the longitudinal coordinates.
Physically it is clear that the fluctuations will also have an
angular dependence, which can be straightforwardly deter-
mined for an interferometer with two arms of equal length
L. In this case, a spherical coordinate system, with origin
at the beamsplitter, is appropriate, with the far mirrors
located at two positions r̃1, r̃2 on the sphere. In this ex-
perimental configuration, the angular information can be
determined with the help of the Newtonian potential � de-
composed in terms of spherical harmonics, thus respecting
the spherical symmetry of the measuring apparatus.
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EVIDENCE FOR THE DICTIONARY — EVEN REGIONS OF VACUUM HAVE AN ENTROPY

➤ That Entropy describes properties of the 
vacuum — including its energy 
fluctuations! 

➤ In any QFT, tracing out the complement 
region produces a thermal density matrix; 
in the case of CFT with gravitational dual, 
thermal and entanglement entropy satisfy 
area law (Ryu-Takayanagi; Casini, Huerta, 
Myers) 

➤ Entanglement entropy in QM (Srednicki 
’98) 

➤ Geometric entropy with Euclidean 
methods (Callan, Wilczek ’95, 
Cooperman, Luty)

Banks, KZ 2108.04806
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FIG. 1. Depiction of the causal diamond in AdS space anchored at the boundary. The red dotted

line is the light signal from the boundary to a point in the bulk.

causal past of the point of reception. The past lightcone of the reception point intersects

that future lightcone of the emission point along a co-dimension two surface, that represents

a Ryu-Takayanagi (RT) surface ⌃ in the bulk. The causal diamond describes a wedge of

Rindler-AdS space, with the Killing horizon located at its boundary. The light signal travels

along this horizon and reflects at the point on the RT surface ⌃. This situation is depicted

in Fig. 1. Note that our geometric set-up is rather similar to some works seeking to derive

the linearized Einstein equations from entanglement entropy [8, 9].

A. From Poincaré to AdS-Rindler coordinates

On the boundary we are thus dealing with a spherically symmetric causal diamond,

whose causal domain extends in the bulk and describes one wedge of Rindler-AdS space.

The Rindler horizon coincides with the RT surface ⌃, which is anchored on the edge of

the causal diamond on the boundary. We will work in two coordinate systems, one that

describes the (d+ 1)-dimensional AdS geometry near the boundary in terms of the familiar

Poincaré coordinates:

ds
2 = L

2 dz
2 + dx

2
i � dx

2
0

z2
with i = 1, . . . , d � 1. (13)
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OUR ARGUMENT (2 STEPS)

1. Calculate fluctuations in the energy of the 
vacuum 

A. In AdS/CFT this can be calculated with no 
assumptions.   

B. In Minkowski space, we have made a case that 
the same relations hold. 

A. Interferometer on flat RS brane 

B. Dimensional reduction of flat E-H 
action to dilaton gravity a la Solodukhin 

2. Calculate length fluctuation from vacuum 
energy fluctuation

E. Verlinde, KZ 1911.02018
E. Verlinde, KZ 1902.08207

Banks, KZ 2108.04806

FIG. 4. The horizon fluctuations are indicated by red (for positive) and blue (for negative) pixels.

The horizon fluctuations appear coherent in the transversal direction

rise to fluctuations in the Newtonian potential Φ. The fluctuations of the Newton potential

Φ simply shift the function f(R) via

f(R) = (1− R

L
+ 2Φ) (48)

such that we have the relation

2Φ = huhv =
δL2

4L2
. (49)

[KZ: This discussion should be made to dovetail with the discussion in the

previous section. We ultimately want to de-emphasize the temperature and em-

phasize instead the entropy.] Following the general logic of the holographic principle we

imagine that on the horizon we have one degree of freedom on every Planckian pixel. Hence,

we postulate that the total number of holographic degrees of freedom may be identified with

the entropy S associated with the horizon of spherical Rindler space

S =
A

4G
=

8π2L2

ℓ2p
. (50)

The energy associated with each degree of freedom can fluctuate by an amount of the

order or T =
1

4πL
. If all pixels would carry a positive energy of this amount, one would

create a black hole with size L. In Minkowski space, however, the average energy vanishes.

Nevertheless, there can be fluctuations of the vacuum energy inside this causal diamond.

21
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1) CALCULATE VACUUM FLUCTUATION
➤ Number of holographic degrees of freedom is the entropy 

➤ Each d.o.f. has temperature set by size of volume 

➤ Statistical argument: 

FIG. 4. The horizon fluctuations are indicated by red (for positive) and blue (for negative) pixels.

The horizon fluctuations appear coherent in the transversal direction

rise to fluctuations in the Newtonian potential Φ. The fluctuations of the Newton potential

Φ simply shift the function f(R) via

f(R) = (1− R

L
+ 2Φ) (48)

such that we have the relation

2Φ = huhv =
δL2

4L2
. (49)

[KZ: This discussion should be made to dovetail with the discussion in the

previous section. We ultimately want to de-emphasize the temperature and em-

phasize instead the entropy.] Following the general logic of the holographic principle we

imagine that on the horizon we have one degree of freedom on every Planckian pixel. Hence,

we postulate that the total number of holographic degrees of freedom may be identified with

the entropy S associated with the horizon of spherical Rindler space

S =
A

4G
=

8π2L2

ℓ2p
. (50)

The energy associated with each degree of freedom can fluctuate by an amount of the

order or T =
1

4πL
. If all pixels would carry a positive energy of this amount, one would

create a black hole with size L. In Minkowski space, however, the average energy vanishes.

Nevertheless, there can be fluctuations of the vacuum energy inside this causal diamond.
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FIG. 1. The interferometer inside a causal diamond.

The photon path coincides with the Rindler horizon located at ⇢ = 0, but its position

can fluctuate over a distance �⇢. Instead of using the functions �v(u) and �u(v) we can

thus parametrize the entire photon trajectory in terms of a single function �⇢2(⌧) in Rindler

space. The reason for adding the square will become clear below.

The relationships between the function �⇢2(⌧) with �v(u), and respectively �u(v), is found

by solving the implicit equations

�⇢2(u) = (L � u)�v(u) and ⌧(u) =
1

2
log

�v(u)

L � u
(15)

for the first part of the trajectory and

�⇢2(v) = (L+ v)�u(v) and ⌧(v) = �1

2
log

�u(v)

L+ v
(16)

for the second part, where for the moment we suppressed the dependence on the transversal

coordinates. These pair of trajectories need to be matched at the spacetime location at

which the photons reach the second mirror. In light cone coordinates this reflection point

corresponds to (u, v) = (�u(�L), �v(L)), which translates in terms of Rindler coordinates

to the following equations

�⇢2(L) = �u(�L)�v(L) and ⌧(L) =
1

2
log

�u(�L)

�v(L)
(17)

6

2) VACUUM FLUCTUATION SOURCES METRIC FLUCTUATION 

�L ⇠
p

lpL
<latexit sha1_base64="kEUNNx1pX+dJus0deDJo1ztcJDE=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYqqQgwVjBwtChSPQhNVHkOE5r1Xlg3yBVUQcWfoWFAYRY+Qg2/ga3zQAtR7pXR+fcK/sePxVcgWV9Gyura+sbm6Wt8vbO7t6+eXDYUUkmKWvTRCSy5xPFBI9ZGzgI1kslI5EvWNcfXU/97gOTiifxHYxT5kZkEPOQUwJa8syKEzABBDexo3ik270EnAsvxc2JZ1atmjUDXiZ2QaqoQMszv5wgoVnEYqCCKNW3rRTcnEjgVLBJ2ckUSwkdkQHraxqTiCk3nx0xwSdaCXCYSF0x4Jn6eyMnkVLjyNeTEYGhWvSm4n9eP4Pw0s15nGbAYjp/KMwEhgRPE8EBl4yCGGtCqOT6r5gOiSQUdG5lHYK9ePIy6dRr9lmtfntebVwVcZRQBR2jU2SjC9RAN6iF2oiiR/SMXtGb8WS8GO/Gx3x0xSh2jtAfGJ8/ejSXWQ==</latexit>

4

Here we have put the moment of reflection at T = 0, so
that �v(L) and �u(L) take the same value. The next step
is to determine the value of the Newton potential �(L)
that is induced by the vacuum fluctuations in the energy
conjugate to the time coordinate T .

Holographic model for spacetime fluctuations.

We are now ready to employ all of our postulates together
to compute the deviations in the Newtonian potential,
Eq. 16. In the following analysis we follow closely the
reasoning of Marolf in Ref. [16] for the quantum thickness
of black hole horizons. Directly applying the holographic
principle to the horizon of the causal diamond gives

Shor =
A

4GN
=

8⇡2L2

l2p
. (17)

Now the Newtonian potential on the horizon equals

�(L) = �
l2p�M

8⇡L
, (18)

where �M is the RMS value of the energy fluctuations
in the holographic degrees of freedom. Heuristically, one
expects that �M scales as the square root of the number
of pixels on the horizon, times the typical energy of the
fluctuation, which is given by the Hawking temperature.

One of the standard methods to determine the Hawk-
ing temperature is to go to Euclidean time and impose
that the resulting metric is free from conical singularities.
In this way one finds

Thor =
|f 0(L)|

4⇡
=

1

4⇡L
. (19)

In the present situation the temperature Thor is mea-
sured by an accelerated observer whose event horizon co-
incides with the photon trajectory and whose own tra-
jectory passes through the origin at T = 0. This observer
stays at R = 0 and has T as proper time coordinate.

We now calculate the RMS value of the fluctuations,
by assuming that the vacuum energy E vanishes. This
implies that the free energy F (�) equals

F (�) = �ThorShor = � �

2l2p
(20)

where in the last step we eliminated the length L in fa-
vor of the inverse temperature � = 1/Thor = 4⇡L. In the
canonical ensemble the mass fluctuations �M are ob-
tained by taking the second derivative of the free energy.
One thus obtains

h�M2i = � @2

@�2
(�F ) =

1

l2p
. (21)

Note that �M ⇠ Thor
p

Shor, as expected from the
heuristic argument. Combining Eqs. 16-21, we learn

⌧
�L2

L2

�
=

l2p
p

h�M2i
⇡L

=
lp
⇡L

. (22)

Note this has precisely the behavior shown in Eq. 5
needed to be observable, where now we can fix the con-
stant C via the holographic principle. The spectrum, as
shown in Eq. 4, is white noise at low frequencies, but is
filtered at higher frequencies. As we will see, the distinc-
tive experimental signature is in the angular correlations
arising from the Newtonian potential itself.
Angular correlations and ’t Hooft’s S-matrix.

We have considered so far the amplitude of the fluctua-
tions only as a function of the longitudinal coordinates.
Physically it is clear that the fluctuations will also have
an angular dependence, which is described statistically in
terms of the two point correlation function of the coordi-
nate shifts �v(r̃) and �u(r̃), where r̃ denotes the coordi-
nates on the sphere of radius L. This angular information
can again be determined with the help of the Newtonian
potential, namely by applying a spherical harmonic de-
composition. By generalizing our reasoning to include
the angular coordinates, one obtains the following two
point function for the coordinate shifts

⌦
�v(r̃1)�u(r̃2)

↵
=

lpL

⇡
G(r̃1, r̃2), (23)

where G(r̃1, r̃2) represents the Green function of a mod-
ified Laplacian on the sphere. It obeys

✓
�r2

r̃1 +
1

L2

◆
G(r̃1, r̃2) = �(2)(r̃1, r̃2), (24)

and appears by integrating the 3D Green function along
the radial direction corresponding to the beam. At short
distances it behaves as the normal Green function on the
2D-plane

G(r̃1, r̃2) ⇠ 1

2⇡
log

✓
L

|r̃1�r̃2|

◆
for |r̃1�r̃2|<<L.(25)

In terms of spherical harmonics it has the expansion

G(r̃1, r̃2) =
X

`,m

Y`,m(r̃1)Y ⇤
`,m(r̃2)

`2 + ` + 1
. (26)

Using the relation between metric and length fluctuations
given by Eq. 13, this uncertainty relation can be written
in terms of the coe�cients, v`m and u`0m0 , of the decom-
position of �v(r̃) and �u(r̃) in to spherical harmonics,

⌦
v`mu`0m0

↵
=

1
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lpL

`2 + ` + 1
�``0�mm0 . (27)

This relation tells us that much of the power in the fluctu-
ations is contained in the low ` modes, and thus appears
on the largest scales, contrary to one’s intuition about
Planckian e↵ects.

Our result implies a fundamental uncertainty relation
between the longitudinal spacetime components. We
briefly comment on the connection with the work by ’t
Hooft on the gravitational S-matrix. As ’t Hooft showed,
the in-going and out-going radiation at the horizon causes
a spacetime shift due to gravitational shock waves. He

� ⇠ lp
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WHAT ARE WE TESTING?
➤ Fundamental uncertainty in light ray operators…
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horizons on the causal diamond shown in Fig. I:

X
v(y) = ˜̀2

p

Z
L

�L

du

Z
d
d�2

y
0
f(y, y0)Tuu(u, y

0) (1)

X
u(y) = ˜̀2

p

Z
L

�L

dv

Z
d
d�2

y
0
f(y, y0)Tvv(v, y

0), (2)

where Tuu, Tvv are the relevant components of the stress tensor, f(y, y0) is the Green function

of the Laplacian on the d � 2 transverse directions characterized by y. In the context of

the black hole S-matrix, ’t Hooft promoted these light ray operators to quantum objects by

postulating an uncertainty relation between ingoing and outgoing Hawking radiation:

hX
u(⌦)Xv(⌦0)i = l̃p

2
f(⌦,⌦0), (3)

where here we have used angular coordinates ⌦, ⌦0 to characterize the transverse direc-

tions on a black hole horizon. [KZ: Present this in terms of expectation value or

commutator? The latter is a more powerful statement.]

Upon inspection, these light sheet operators appear closely related to the modular Hamil-

tonian:

K =

Z

B

Tµ⌫⇠
µ
dB

⌫
, (4)

3

Verlinde, KZ in progress

sphere measured in Planck units. In fact, we will choose lmax so that the following identity

holds exactly

lmaxX

l=0

dimHl =
Area(L)

4G
(43)

where Area(L) denotes the area of a (d� 2)-sphere with radius L.

III. MODULAR ENERGY FLUCTUATIONS FROM SPHERICAL SHOCK WAVES

We now show that the two point correlation functions, Eq. 40, encapsulate fluctuations

in the modular Hamiltonian.

A. The modular Hamiltonian in terms of coordinate shifts

For this purpose we first need to write the analogue of the relations between the momen-

tum density and coordinate shifts for the spherical situations. We will define the momentum

density Pu(⌦) per unit angle via

Pu(⌦) = L
d�2

Z
L

�L

du Tuu(u,⌦) and Pv(⌦) = L
d�2

Z
L

�L

dv Tvv(v,⌦). (44)

The factor Ld�2 is inserted so that one obtains the complete momentum flux after integrating

over the angular coordinates ⌦, for instance,

P
tot

u
=

Z
d
d�2⌦Pu(⌦) = L

d�2

Z
d
d�2⌦

Z
L

�L

du Tuu. (45)

A similar equation holds for P tot

v
.

The modular Hamiltonian K can be identified with the Noether charge associated with

boost along the (Rindler) horizon. For an infinitesimal causal diamond, it takes the form

K = L
d�2

Z
d
d�2⌦du ⇠u(u,⌦)Tuu(u,⌦). (46)

Here [KZ: I think it’s premature to introduce this as it is not the same as the

CKV ⇠.]

X
u(u,⌦) = L� u+ �u(u,⌦). (47)

[KZ: Don’t see how the rest of this follows.] From Eq. 46, we can thus see that

the modular Hamiltonian can be expressed directly in terms of the coordinate shifts and the
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where Tuu, Tvv are the relevant components of the stress tensor, f(y, y0) is the Green function

of the Laplacian on the d � 2 transverse directions characterized by y. In the context of
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postulating an uncertainty relation between ingoing and outgoing Hawking radiation:
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where here we have used angular coordinates ⌦, ⌦0 to characterize the transverse direc-

tions on a black hole horizon. [KZ: Present this in terms of expectation value or

commutator? The latter is a more powerful statement.]

Upon inspection, these light sheet operators appear closely related to the modular Hamil-

tonian:

K =

Z
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Tµ⌫⇠
µ
dB

⌫
, (4)
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where ⇠
µ is the conformal Killing vector that preserves the diamond, and B is a d � 1

dimensional sphere at fixed time corresponding to the bifurcate horizon. In the context of

AdS/CFT, the modular Hamiltonian K microscopically defines the density matrix ⇢ of the

CFT on the boundary obtained by tracing out the complement of the region via

⇢ =
e
�2⇡K

Z
with Z = tr

�
e
�2⇡K

�
. (5)

It has been shown, utilizing techniques from AdS/CFT [? ? ? ], that both the expectation

value of the modular Hamiltonian and its fluctuations are given by the Bekenstein-Hawking

area law:

hKi =
⌦
(�K)2

↵
=

A⌃

4G
, (6)

where A⌃ is the area of the bifurcate horizon. Furthermore, it was argued, utilizing tech-

niques from an Randall-Sundrum Braneworld, as well as the dimensional reduction of Solo-

dukhin [? ], that these relations apply also to the vacuum state in flat space.

The main purpose of this paper is to show that one can obtain these same relations, Eq. 6,

also via shockwave geometries in flat, empty space, if one posits the shockwave uncertainty

relations, Eq. 3. We find that hKi and h�K
2
i also have particular relations to the light ray

operators, Eq. 1.

hKi =
1
˜̀2
p

Z
hr⌦X

u(⌦)r⌦X
v(⌦)i dd�2⌦ (7)

⌦
(�K)2

↵
=

1
˜̀4
p

Z Z
hr⌦X

u(⌦)r⌦0X
v(⌦0)i hr⌦0X

u(⌦0)r⌦X
v(⌦)i dd�2⌦ d

d�2⌦0
, (8)

where here we have chosen to write the expressions in terms of the angular integrals on the

spherical entangling surface.

Because the light ray operators correspond to shifts in position observables, there is the

possibility that modular fluctuations could be observable. In fact, one can see that the

four-point of the position operator scales as `4
p
S, such that

D
@⌦X @⌦0X

E
⇠ `

2
p

r
A⌃

4G
⇠ 4⇡`pL. (9)

The outline of this paper is as follows. In the next section we review the ’t Hooft-Dray

shockwave set-up and the uncertainty relations that ’t Hooft posited as a result of the

formalism. In Sec. ?? we derive our main result, Eqs. 6, 8, from shockwave geometries.

Then in Sec. ?? we discuss how these shockwave geometries could give rise to observably

large fluctuations in the infrared.

4
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Figure 4: The thermofield double and the first six multi-W states are drawn. In each case,
the next geometry is obtained from the previous by adding a shock either from the top left
or bottom left corner. The gray regions are sensitive to the details of a collision, but the
white regions are not. Using the time-folded bulk of [29], these states can be combined as
di↵erent sheets of an “accordion” geometry.

Because of the null shifts, all but one of the shock waves run from singularity to

singularity. Still, the leftmost one touches the boundary at time ±tw,7 making this time

locally distinguished in the CFT. One can also consider bulk solutions with the property

that all shocks run from singularity to singularity, leaving no locally distinguished time.

At the level of the bulk theory, there is nothing wrong with these geometries. However,

unlike the multi-W states described in this paper, we are not sure how or whether they

can be constructed in the CFT.

Our assumption that the {ti} are equal in magnitude and alternating in sign means that

the interior region of the resulting wormhole has a discrete translation symmetry. This

is simplest to understand if we consider building a geometry from an infinite sequence of

shocks. After k steps in the iterative procedure, the geometry to the left of all k shocks

will be unperturbed AdS-Schwarzschild. The geometry that gets built in that region by

the remaining (infinite) collection of shocks is therefore the same as the geometry to the

left of the first (k + 2) shocks.8

Using this translation invariance, we can understand the full geometry of the wormhole

by studying a “unit cell,” for which the geometry depends on ↵ but not n. Let us begin by

computing the length of the wormhole, i.e. the regularized length of the shortest geodesic

7
Here, we are backing o↵ the limit tw ! 1.

8
Notice that at finite E, this symmetry would be broken by a smoothly varying mass profile in the

wormhole, increasing from right to left. If we relax the assumption of equal times, this translation

invariance would also be broken by the fact that di↵erent W operators source shocks of varying strength.
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WHAT ARE WE TESTING?
➤ And their Accumulation into Infrared

23

Figure 1: Horizontal slices are FRW, hyperbolic slices are HST.

causal diamond. The HST model has a clear description of both particle and black hole
states, and the transitions between them. Section 3. is a review of the EHI cosmology and
its approximate SL(2) symmetry. The FRW description of this system is a good description
in the limit of large causal diamonds and the real system has no singularity. Section 4. is
the core of this paper. It describes the inflationary model, which we believe is relevant to
the universe we observe. We derive bounds on the maximum temperature of the universe,
which are related to the values of inflationary parameters. This model makes it very explicit
that one must choose low entropy initial conditions in order to have local excitations in the
universe. Further constraints come from insisting that the local excitations are more com-
plex than a few large black holes or the radiation from their decay. We call this excuse for
the low entropy initial conditions a topikès-thropic explanation, from the Greek word topikès
for local. We show that more refined versions of this argument put an upper bound on the
reheat temperature of the universe in the HST model in terms of parameters characterizing
the inflationary era. We also argue that in this framework the number of e-folds is essentially
given by an upper bound we announced some time ago [9]. In this section we also give a
brief review of observational signatures of this model. A more comprehensive paper about
the predictions for two and three point functions of fluctuations will appear shortly [?].

Section 4. also contains brief comments about baryogenesis in the HST model. Our bound
on the reheat temperature allows many conventional low energy mechanisms for baryogen-
esis, but rules out high scale leptogenesis. We also point out the possibility of producing
the baryon asymmetry during the era of black hole decay by applying anthropic arguments

4
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FIG. 3. An interferometer of arm length R traces out a series of nested causal diamonds, with each subsequent

diamond separated by the scrambling length �x0. In the left panel, the nested causal diamonds are shown

in position space, with each concentric sphere representing subsequent nested diamonds, while the right panel

depicts the nested diamonds in the xi � x0 plane.

where the d-dimensional Planck length is defined here by l
d�2
p = Gd, and A0 is the entangling surface

area when �x0 = 0.

We posit statistical independence when �Sent ⇠
p

S0, where S0 in the entanglement entropy when

�x0 = 0. This implies a scrambling length

�x0 '
x0

(d � 2)

s
4l

d�2
p

⌦d�2x
d�2
0

. (57)

As the light beam in the interferometer travels to the mirror at a distance R from the beam splitter,

it traverses a sequence of statistically uncorrelated causal diamonds, the number of which is N = R
�x0

.

The uncertainty in the length traversed, caused by fluctuations of the near-horizon degrees of freedom–

the pixellons of Ref. [21]–in each of these diamonds is of order �x0, so the total length traversed should

be thought of as a one dimensional random walk. We thus have

�R
2

' �x
2
0 N =

R
2

d � 2

1
p

S0
. (58)

This result is in agreement with the length fluctuations obtained in [20], computed via a topological

black hold foliation of a boundary-anchored diamond in AdS. These length fluctuations can be thought

of as the quantum width of the horizon of the causal diamond. In d = 4, this implies �R
2

⇠ lpR, an

observably large fluctuation as proposed in Ref. [19]. In higher dimensions, the e↵ect is suppressed by

higher powers of lp and would be unobservable.

Note that an important aspect of our picture is that the transverse directions do not experience these

length fluctuations, leaving the shape of the light cone intact. This is important phenomenologically,

because it implies that the images of stars do not become blurred over cosmological distances, a
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Figure 1: Horizontal slices are FRW, hyperbolic slices are HST.

causal diamond. The HST model has a clear description of both particle and black hole
states, and the transitions between them. Section 3. is a review of the EHI cosmology and
its approximate SL(2) symmetry. The FRW description of this system is a good description
in the limit of large causal diamonds and the real system has no singularity. Section 4. is
the core of this paper. It describes the inflationary model, which we believe is relevant to
the universe we observe. We derive bounds on the maximum temperature of the universe,
which are related to the values of inflationary parameters. This model makes it very explicit
that one must choose low entropy initial conditions in order to have local excitations in the
universe. Further constraints come from insisting that the local excitations are more com-
plex than a few large black holes or the radiation from their decay. We call this excuse for
the low entropy initial conditions a topikès-thropic explanation, from the Greek word topikès
for local. We show that more refined versions of this argument put an upper bound on the
reheat temperature of the universe in the HST model in terms of parameters characterizing
the inflationary era. We also argue that in this framework the number of e-folds is essentially
given by an upper bound we announced some time ago [9]. In this section we also give a
brief review of observational signatures of this model. A more comprehensive paper about
the predictions for two and three point functions of fluctuations will appear shortly [?].

Section 4. also contains brief comments about baryogenesis in the HST model. Our bound
on the reheat temperature allows many conventional low energy mechanisms for baryogen-
esis, but rules out high scale leptogenesis. We also point out the possibility of producing
the baryon asymmetry during the era of black hole decay by applying anthropic arguments

4

R�x0
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FIG. 3. An interferometer of arm length R traces out a series of nested causal diamonds, with each subsequent

diamond separated by the scrambling length �x0. In the left panel, the nested causal diamonds are shown

in position space, with each concentric sphere representing subsequent nested diamonds, while the right panel

depicts the nested diamonds in the xi � x0 plane.

where the d-dimensional Planck length is defined here by l
d�2
p = Gd, and A0 is the entangling surface

area when �x0 = 0.

We posit statistical independence when �Sent ⇠
p

S0, where S0 in the entanglement entropy when

�x0 = 0. This implies a scrambling length

�x0 '
x0

(d � 2)

s
4l

d�2
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⌦d�2x
d�2
0

. (57)

As the light beam in the interferometer travels to the mirror at a distance R from the beam splitter,

it traverses a sequence of statistically uncorrelated causal diamonds, the number of which is N = R
�x0

.

The uncertainty in the length traversed, caused by fluctuations of the near-horizon degrees of freedom–

the pixellons of Ref. [21]–in each of these diamonds is of order �x0, so the total length traversed should

be thought of as a one dimensional random walk. We thus have

�R
2

' �x
2
0 N =

R
2

d � 2

1
p

S0
. (58)

This result is in agreement with the length fluctuations obtained in [20], computed via a topological

black hold foliation of a boundary-anchored diamond in AdS. These length fluctuations can be thought

of as the quantum width of the horizon of the causal diamond. In d = 4, this implies �R
2

⇠ lpR, an

observably large fluctuation as proposed in Ref. [19]. In higher dimensions, the e↵ect is suppressed by

higher powers of lp and would be unobservable.

Note that an important aspect of our picture is that the transverse directions do not experience these

length fluctuations, leaving the shape of the light cone intact. This is important phenomenologically,

because it implies that the images of stars do not become blurred over cosmological distances, a
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⌃d�2

FIG. 2. Depiction of the RS-II braneworld scenario. The boundary is located at z = 0 and the RS-II brane at

z = zc. We compute the modular fluctuations h�K
2
i in the volume enclosed by B at the bifurcate horizon on

the brane causal diamond, utilizing the holographic map from the bulk RT surface, shown in darker red and

labeled ⌃d�2.

horizon on the brane, and recombining again at the top of the causal diamond. The causal diamond

on the brane anchors the Ryu-Takayanagi (RT) surface ⌃d�2 in the bulk. This spatial slice of Vd�1

(shown as shaded) is given by z
2 + x

2
i  R

2, and the full interior of the bulk diamond is given by

R
2
� z

2
� x

2
i + x

2
0 � 2R|x0|. (15)

The modular fluctuations h�K
2
i can also be calculated in the bulk [20], with the result ↵ = 1, as noted

in the introduction. In the bulk of AdS, Ref. [20] showed that these modular fluctuations gravitate

and induce metric fluctuations.

Because gravity is induced on the brane, with strength given by Eq. 14, an instrument on a

brane at zc will also experience modular energy fluctuations. To relate the bulk and brane modular

fluctuations, we must geometrically relate the transverse area of the surface on the brane A(B) to the

RT bulk surface ⌃d�2 which is anchored to it.

To do this, it is useful to put the metric on the interior of the bulk causal diamond into AdS-Rindler

form, Eq. 11. Here the transverse plane (having the entangling surface) can be written as

d⌃2
d�2 = d⇢

2 + sinh2
⇢d⌦2

D�2. (16)

The bulk light cone directions r, t are related to the Poincare coordinates via

R
2
� z

2
� x

2
i + x

2
0

2Rz
=

✓
r
2

L2
� 1

◆1/2

cosh
t

L
,

x0

z
=

✓
r
2

L2
� 1

◆1/2

sinh
t

L
, (17)

while the transverse direction is

|xi| = R tanh ⇢. (18)
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EQUIVALENT PHYSICAL DESCRIPTIONS
➤ Hydrodynamics

Linearized Einstein Equation:
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In light cone coordinates leads to a Navier-Stokes equation:

<latexit sha1_base64="kMY8dnWhHOJX4FnOR1hVRo9eysY="></latexit>

⇤hmn � @k(@
mhnk + @nhmk) + @m@nhk

k = 0

<latexit sha1_base64="WrkJBzq1GfAqTRzE/hOmwCilE54=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBTcuMiLoRirpwWcE+oDMOmTTThiaZIckIZejGjb/ixoUibv0Hd/6NmbYLbT1w4XDOvcm9J0wYVdpxvq3CwuLS8kpxtbS2vrG5ZW/vNFWcSkwaOGaxbIdIEUYFaWiqGWknkiAeMtIKB1e533ogUtFY3OlhQnyOeoJGFCNtpMDev4YX0EuQ1BSxoHKfVdwR9BTlkAVJYJedqjMGnCfulJTBFPXA/vK6MU45ERozpFTHdRLtZ/nrmJFRyUsVSRAeoB7pGCoQJ8rPxleM4KFRujCKpSmh4Vj9PZEhrtSQh6aTI91Xs14u/ud1Uh2d+xkVSaqJwJOPopRBHcM8EtilkmDNhoYgLKnZFeI+kghrE1zJhODOnjxPmsdV97Tq3p6Ua5fTOIpgDxyAI+CCM1ADN6AOGgCDR/AMXsGb9WS9WO/Wx6S1YE1ndsEfWJ8/UdaXMw==</latexit>

D = @�1
� ⇠ lp

<latexit sha1_base64="K0livxZbSXEvXtXrUNomAkwoOkM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUlE1GXRjYsuKtgHNCFMJpN26OThzI1QQsGNv+LGhSJu/Ql3/o3TNgttPXAvh3PuZeYePxVcgWV9G6Wl5ZXVtfJ6ZWNza3vH3N1rqySTlLVoIhLZ9YligsesBRwE66aSkcgXrOMPryd+54FJxZP4DkYpcyPSj3nIKQEteeaBEzABBDewo3ik272EXHgpbow9s2rVrCnwIrELUkUFmp755QQJzSIWAxVEqZ5tpeDmRAKngo0rTqZYSuiQ9FlP05hETLn59IYxPtZKgMNE6ooBT9XfGzmJlBpFvp6MCAzUvDcR//N6GYSXbs7jNAMW09lDYSYwJHgSCA64ZBTESBNCJdd/xXRAJKGgY6voEOz5kxdJ+7Rmn9fs27Nq/aqIo4wO0RE6QTa6QHV0g5qohSh6RM/oFb0ZT8aL8W58zEZLRrGzj/7A+PwBHWyXMQ==</latexit>

�L ⇠
p

lpL

Banks, Keeler, KZ in progress



r
L

t

r �
t =

L

r
+

t
=

L

(r � L)
2 � t2 = �pL

p
�pL

�p/2

�p/2

2nd mirror

1st mirror

FIG. 1. The interferometer inside a causal diamond.

The photon path coincides with the Rindler horizon located at ⇢ = 0, but its position

can fluctuate over a distance �⇢. Instead of using the functions �v(u) and �u(v) we can

thus parametrize the entire photon trajectory in terms of a single function �⇢2(⌧) in Rindler

space. The reason for adding the square will become clear below.

The relationships between the function �⇢2(⌧) with �v(u), and respectively �u(v), is found

by solving the implicit equations

�⇢2(u) = (L � u)�v(u) and ⌧(u) =
1

2
log

�v(u)

L � u
(15)

for the first part of the trajectory and

�⇢2(v) = (L+ v)�u(v) and ⌧(v) = �1

2
log

�u(v)

L+ v
(16)

for the second part, where for the moment we suppressed the dependence on the transversal

coordinates. These pair of trajectories need to be matched at the spacetime location at

which the photons reach the second mirror. In light cone coordinates this reflection point

corresponds to (u, v) = (�u(�L), �v(L)), which translates in terms of Rindler coordinates

to the following equations

�⇢2(L) = �u(�L)�v(L) and ⌧(L) =
1

2
log

�u(�L)

�v(L)
(17)
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WHAT ROUTE TO THEORETICAL BREAKTHROUGHS DO OBSERVATIONAL SIGNATURES OFFER?

➤ Utilizing known tools for new 
questions 

➤ Leads to novel approaches 

➤ e.g. flat space holography 

➤ e.g. bulk reconstruction 

➤ Creating a new dictionary 

➤ What is the simplest description? 

➤ Experiments sharpen the 
theoretical mind



WHAT ROUTE TO THEORETICAL BREAKTHROUGHS DO OBSERVATIONAL SIGNATURES OFFER?

➤ Utilizing known tools for 
new questions 

➤ e.g. in near horizon 
limit, 4-d Einstein-
Hilbert action 
dimensionally reduces 
to Jackiw-Teitelboim 
gravity in 2-d
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With this information in hand, we can consider the dilaton kinetic term in Eq. (18) using the

Poincaré coordinates4

ds̃
2 = L

2
�dt

2 + dz
2

z2
, (22)

where the boundary is located at z = 0. Since the dilaton diverges as � ⇠ 1/z near z = 0 and has

the dimension of [length]2, by dimensional analysis, one finds � ⇠ l
2
pL

2
E/z where E is the energy

associated with the causal diamond. The derivatives evaluate to (r̃�)2 = g
zz
@z�@z� = �

2
/L

2
⇠

�
2
/�0. Hence we can evaluate Eq. (18)

(r̃�)2

�0 + �
⇡

1

�0

1

1 + �/�0

�
2

�0

=
�
2

�
2

0

+ O

✓
�
3

�
3

0

◆
, (23)

which is quadratic in �/�0 at the leading order, and thus will be omitted. This leaves us with the

JT action using Eq. (13)

I =

Z

M̃2

d
2
x

p
�g̃2�

✓
R̃2 +

2

L2

◆
+ 2

Z

@M̃2

dx
0
p

��̃1�K̃1 . (24)

where we have defined the dimensionless dilaton field

� = ⇢
2
/4GN , (25)

which controls the size of the S
2. We will also show that this field controls how long it takes for a

photon to traverse from the bottom to the top of the causal diamond.

III. THE TWO-SIDED ADS GEOMETRY AND CLASSICAL DILATON SOLUTION

Before considering the quantum fluctuations, we discuss the classical equations of motion for

both the metric field and the dilaton. This will allow us to determine how the dilaton is related to

fluctuations in geodesic distances, that we can in turn relate to photon travel times in the parent

4-d Minkowski space. The equations of motion read:

R̃2 +
2

L2
= 0

(L2
r̃ar̃b � g̃ab)� = 0 . (26)

4 We use the symbol t for both the Minkowski time and the AdS time in Poincaré coordinates since they can be

identified with each other via the Weyl rescaling in Eq. (2), while using the separate symbols, z and r, for the

space variables to follow convention.

Gukov, Lee, KZ 2205.02233



WHAT ROUTE TO THEORETICAL BREAKTHROUGHS DO OBSERVATIONAL SIGNATURES OFFER?

➤ Utilizing known tools for 
new questions 

➤ JT gravity reduces to 1-
d QM problem that can 
be solved exactly
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z/L
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t/
L

z = zboundary(t)

z = 0

horizon

FIG. 4: Spacetime diagram showing the regularized boundary z = zboundary(t) and the photon

trajectories. We have chosen rs/rc = 0.2 for illustration purpose.

at the left while keeping rc at the right to be finite (but still large). In Poincaré coordinates, this

perturbs the boundary from z = 0+ to some small curve z = zboundary(t). Putting r = rs in the

first line of Eq. (34), one finds

zboudnary(t) =
L �

p
L2 � (L2 � t2)(r2s/r

2
c)

rs/rc

=
L
2
� t

2

2L

rs
rc

+ O

✓
r3s
r3c

◆
. (58)

As expected, if rc ! 1, the boundary would be located at z = 0. The regularized boundary

z = zboundary(t) turns out to be a parabola, which we plot in Fig. 4. Noting that the left boundary

is still at z = 0, the boundary times are given by the second line of Eq. (34)

tR =
L
2

rs
tanh�1

2Lt

L2 + t2 � z
2

boundary
(t)

tL = �
L
2

rs
tanh�1

2Lt

L2 + t2
. (59)

To emphasize t is the Poincaré time, related to the Minkowski time by a conformal rescaling (as

already noted below Eq. (??)), while t is Schwarzschild time. Hence we use Eq. (58) to evaluate

Gukov, Lee, KZ 2205.02233
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should be independent of the metric prefactor. Using Eq. (63), Eq. (60) and Eq. (65), we find

�T
2
r.t.

T
2
r.t.

=
(4r2c/Lrs)2��

2

4L2

= 8
p

2

✓
rc
rs

◆
4 1

p
S

=
1

p
2

✓
Tr.t.

2L

◆
4 1

p
S

. (66)

Since the experiment is carried out in Minkowski spacetime, the photon measured travel time does

not have any conformal factors in it, which allow us to identify Tr.t. = 2L. Combined with the

entropy relation in Eq. (55), we find

�T
2
r.t.

T
2
r.t.

=
1

p
2S

=
lp

4⇡L
. (67)

This scaling relation agrees with the previous work of one of the present authors in Refs. [2, 4, 5,

18], which demonstrated that the two-point correlation function of arm length fluctuations in an

interferometer system are proportional to lp/L. While a small fluctuation, it is measurable with a

laboratory scale interferometer.

VI. CONCLUSION

The dimensional reduction of Einstein gravity in a causal diamond of the four-dimensional

flat Minkowski spacetime can be described by two-dimensional JT gravity with the dilaton field

playing the role of the diamond area. By analyzing the Hartle-Hawking wavefunction in JT gravity,

we find that the uncertainty in an interferometer arm length scales with the Newton’s constant as

�L ⇠
p

lpL. This agrees with the previous works [2, 4, 5, 18], where the same scaling was obtained

by other methods.

Our result in Sec. IV may appear surprising since it naively violates well-known e↵ective field

theory lore, which states that the two-point function of an observable should scale with an integer

power of the coupling constant. Our result, however, is not in contradiction with this fact for

two reasons. First, our analysis is not based on perturbation theory involving a single graviton.

Instead, this is a collective e↵ect that comes from all quantum gravity e↵ects within a causal

diamond. This is analogous to hydrodynamic description of di↵usion, where the UV scale is

the average separation of fluid particles. In hydrodynamics, it is well-known that a particle in

the system admits a random walk description, with variance growing linearly in time and with
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