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Motivation: Understanding Spacetime Fluctuations

• Old view: quantum gravity effects visible only at ultrashort distances

And Possible Observational Signatures

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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Motivation: Understanding Spacetime Fluctuations

• New view: Entanglement, non-local and infrared effects are now broadly 
understood to be important                           Studied extensively in context of BH


• Naive EFT seems to break down                UV effects may not decouple in IR

And Possible Observational Signatures

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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Thermodynamics of Black Holes
Entropy and Information in Black Holes

 Entropy  is  Information

                   it counts the number of bits                   

S =
Area

4`2p

 Entropy of a Black Hole 
= 

Area of its Horizon  

 Entropy  measures  Information 
                   it counts the number of bits                   

Bekenstein Hawking

S =
Area

4`2p

 Entropy of a Black Hole

=


Area of its Horizon  



Quantum Fuzziness

• Degrees of freedom PIXELS can fluctuate thermodynamically


• Causes mass of black hole to fluctuate, which shifts horizon


• Unobservably small in a black hole

At black hole horizons
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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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Brownian Noise
UV effects can be transmuted in infrared
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Brownian Noise
UV effects can be transmuted in infrared
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The information of quantum gravity is encapsulated in the number of degrees of freedom 
on the Area bounding a volume

The World as a Hologram
Certain Physics at Horizons has Universal Characteristics

Black Hole Horizon Flat Space HorizonCosmological Horizon



Why would flat empty space have the same uncertainty as a (quantum) black hole?

• Some horizon features are Universal


• Whether black hole, cosmological or light sheet

An Experimental Measurement Defines a Horizon

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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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
<latexit sha1_base64="4y+op8NyTB1ylYFUF065s+H/YlA=">AAAB6HicbZA9SwNBEIbn4leMX1FLm8UgWIU7EbQM2lhYJGA+IDnC3mYuWbO3d+zuCeHIL7CxUMTWn2Tnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFLx6li2GSxiFUnoBoFl9g03AjsJAppFAhsB+PbWb39hErzWD6YSYJ+RIeSh5xRY63Gfb9ccavuXGQVvBwqkKveL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWtR0gi1n80XnZIz6wxIGCv7pCFz9/dERiOtJ1FgOyNqRnq5NjP/q3VTE177GZdJalCyxUdhKoiJyexqMuAKmRETC5QpbnclbEQVZcZmU7IheMsnr0LroupZblxWajd5HEU4gVM4Bw+uoAZ3UIcmMEB4hld4cx6dF+fd+Vi0Fpx85hj+yPn8AaOLjNA=</latexit><latexit sha1_base64="4y+op8NyTB1ylYFUF065s+H/YlA=">AAAB6HicbZA9SwNBEIbn4leMX1FLm8UgWIU7EbQM2lhYJGA+IDnC3mYuWbO3d+zuCeHIL7CxUMTWn2Tnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFLx6li2GSxiFUnoBoFl9g03AjsJAppFAhsB+PbWb39hErzWD6YSYJ+RIeSh5xRY63Gfb9ccavuXGQVvBwqkKveL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWtR0gi1n80XnZIz6wxIGCv7pCFz9/dERiOtJ1FgOyNqRnq5NjP/q3VTE177GZdJalCyxUdhKoiJyexqMuAKmRETC5QpbnclbEQVZcZmU7IheMsnr0LroupZblxWajd5HEU4gVM4Bw+uoAZ3UIcmMEB4hld4cx6dF+fd+Vi0Fpx85hj+yPn8AaOLjNA=</latexit><latexit sha1_base64="4y+op8NyTB1ylYFUF065s+H/YlA=">AAAB6HicbZA9SwNBEIbn4leMX1FLm8UgWIU7EbQM2lhYJGA+IDnC3mYuWbO3d+zuCeHIL7CxUMTWn2Tnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFLx6li2GSxiFUnoBoFl9g03AjsJAppFAhsB+PbWb39hErzWD6YSYJ+RIeSh5xRY63Gfb9ccavuXGQVvBwqkKveL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWtR0gi1n80XnZIz6wxIGCv7pCFz9/dERiOtJ1FgOyNqRnq5NjP/q3VTE177GZdJalCyxUdhKoiJyexqMuAKmRETC5QpbnclbEQVZcZmU7IheMsnr0LroupZblxWajd5HEU4gVM4Bw+uoAZ3UIcmMEB4hld4cx6dF+fd+Vi0Fpx85hj+yPn8AaOLjNA=</latexit><latexit sha1_base64="4y+op8NyTB1ylYFUF065s+H/YlA=">AAAB6HicbZA9SwNBEIbn4leMX1FLm8UgWIU7EbQM2lhYJGA+IDnC3mYuWbO3d+zuCeHIL7CxUMTWn2Tnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFLx6li2GSxiFUnoBoFl9g03AjsJAppFAhsB+PbWb39hErzWD6YSYJ+RIeSh5xRY63Gfb9ccavuXGQVvBwqkKveL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWtR0gi1n80XnZIz6wxIGCv7pCFz9/dERiOtJ1FgOyNqRnq5NjP/q3VTE177GZdJalCyxUdhKoiJyexqMuAKmRETC5QpbnclbEQVZcZmU7IheMsnr0LroupZblxWajd5HEU4gVM4Bw+uoAZ3UIcmMEB4hld4cx6dF+fd+Vi0Fpx85hj+yPn8AaOLjNA=</latexit>

end
mirror

beam	
splitter

end
mirror

output

t

t � L
<latexit sha1_base64="Nv4+es+YfAUBEioR0u6u/RruPjA=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjuRNAyaGNhEdF8QHKEvc1esmRv79idE8KRn2BjoYitv8jOf+MmuUITX1h4eGeGnXmDRAqDrvvtFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XQvEGCpS8nWhOo0DyVjC6mdZbT1wbEatHHCfcj+hAiVAwitZ6wLO7XrniVt2ZyDJ4OVQgV71X/ur2Y5ZGXCGT1JiO5yboZ1SjYJJPSt3U8ISyER3wjkVFI278bLbqhJxYp0/CWNunkMzc3xMZjYwZR4HtjCgOzWJtav5X66QYXvmZUEmKXLH5R2EqCcZkejfpC80ZyrEFyrSwuxI2pJoytOmUbAje4snL0DyvepbvLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/kfP4A4n2NhQ==</latexit><latexit sha1_base64="Nv4+es+YfAUBEioR0u6u/RruPjA=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjuRNAyaGNhEdF8QHKEvc1esmRv79idE8KRn2BjoYitv8jOf+MmuUITX1h4eGeGnXmDRAqDrvvtFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XQvEGCpS8nWhOo0DyVjC6mdZbT1wbEatHHCfcj+hAiVAwitZ6wLO7XrniVt2ZyDJ4OVQgV71X/ur2Y5ZGXCGT1JiO5yboZ1SjYJJPSt3U8ISyER3wjkVFI278bLbqhJxYp0/CWNunkMzc3xMZjYwZR4HtjCgOzWJtav5X66QYXvmZUEmKXLH5R2EqCcZkejfpC80ZyrEFyrSwuxI2pJoytOmUbAje4snL0DyvepbvLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/kfP4A4n2NhQ==</latexit><latexit sha1_base64="Nv4+es+YfAUBEioR0u6u/RruPjA=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjuRNAyaGNhEdF8QHKEvc1esmRv79idE8KRn2BjoYitv8jOf+MmuUITX1h4eGeGnXmDRAqDrvvtFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XQvEGCpS8nWhOo0DyVjC6mdZbT1wbEatHHCfcj+hAiVAwitZ6wLO7XrniVt2ZyDJ4OVQgV71X/ur2Y5ZGXCGT1JiO5yboZ1SjYJJPSt3U8ISyER3wjkVFI278bLbqhJxYp0/CWNunkMzc3xMZjYwZR4HtjCgOzWJtav5X66QYXvmZUEmKXLH5R2EqCcZkejfpC80ZyrEFyrSwuxI2pJoytOmUbAje4snL0DyvepbvLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/kfP4A4n2NhQ==</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="COZCATfcZI5jl6q/3DbDS+JePVU=">AAAB33icbZBLSwMxFIXv1FetVatbN8EiuLHMuNGl4MaFi4r2Ae1QMumdNjSTGZI7Qin9CW5cKOK/cue/MX0stPVA4OOchNx7okxJS77/7RU2Nre2d4q7pb3y/sFh5ajctGluBDZEqlLTjrhFJTU2SJLCdmaQJ5HCVjS6neWtZzRWpvqJxhmGCR9oGUvByVmPdHHfq1T9mj8XW4dgCVVYqt6rfHX7qcgT1CQUt7YT+BmFE25ICoXTUje3mHEx4gPsONQ8QRtO5qNO2Zlz+ixOjTua2Nz9/WLCE2vHSeRuJpyGdjWbmf9lnZzi63AidZYTarH4KM4Vo5TN9mZ9aVCQGjvgwkg3KxNDbrgg107JlRCsrrwOzcta4PjBhyKcwCmcQwBXcAN3UIcGCBjAC7zBu6e8V+9jUVfBW/Z2DH/kff4AyFCMMA==</latexit><latexit sha1_base64="COZCATfcZI5jl6q/3DbDS+JePVU=">AAAB33icbZBLSwMxFIXv1FetVatbN8EiuLHMuNGl4MaFi4r2Ae1QMumdNjSTGZI7Qin9CW5cKOK/cue/MX0stPVA4OOchNx7okxJS77/7RU2Nre2d4q7pb3y/sFh5ajctGluBDZEqlLTjrhFJTU2SJLCdmaQJ5HCVjS6neWtZzRWpvqJxhmGCR9oGUvByVmPdHHfq1T9mj8XW4dgCVVYqt6rfHX7qcgT1CQUt7YT+BmFE25ICoXTUje3mHEx4gPsONQ8QRtO5qNO2Zlz+ixOjTua2Nz9/WLCE2vHSeRuJpyGdjWbmf9lnZzi63AidZYTarH4KM4Vo5TN9mZ9aVCQGjvgwkg3KxNDbrgg107JlRCsrrwOzcta4PjBhyKcwCmcQwBXcAN3UIcGCBjAC7zBu6e8V+9jUVfBW/Z2DH/kff4AyFCMMA==</latexit><latexit sha1_base64="TeWKrp//9N2YNvVJODblrIwOHUM=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjubGIZtLGwiGg+IDnC3mYvWbK3d+zOCeHIT7CxUMTWX2Tnv3GTXKGJLyw8vDPDzrxBIoVB1/12CmvrG5tbxe3Szu7e/kH58Khl4lQz3mSxjHUnoIZLoXgTBUreSTSnUSB5OxjfzOrtJ66NiNUjThLuR3SoRCgYRWs94MVdv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl91Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/xMqCRFrtjiozCVBGMyu5sMhOYM5cQCZVrYXQkbUU0Z2nRKNgRv+eRVaF1WPcv3bqV+ncdRhBM4hXPwoAZ1uIUGNIHBEJ7hFd4c6bw4787HorXg5DPH8EfO5w/hPY2B</latexit><latexit sha1_base64="Nv4+es+YfAUBEioR0u6u/RruPjA=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjuRNAyaGNhEdF8QHKEvc1esmRv79idE8KRn2BjoYitv8jOf+MmuUITX1h4eGeGnXmDRAqDrvvtFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XQvEGCpS8nWhOo0DyVjC6mdZbT1wbEatHHCfcj+hAiVAwitZ6wLO7XrniVt2ZyDJ4OVQgV71X/ur2Y5ZGXCGT1JiO5yboZ1SjYJJPSt3U8ISyER3wjkVFI278bLbqhJxYp0/CWNunkMzc3xMZjYwZR4HtjCgOzWJtav5X66QYXvmZUEmKXLH5R2EqCcZkejfpC80ZyrEFyrSwuxI2pJoytOmUbAje4snL0DyvepbvLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/kfP4A4n2NhQ==</latexit><latexit sha1_base64="Nv4+es+YfAUBEioR0u6u/RruPjA=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjuRNAyaGNhEdF8QHKEvc1esmRv79idE8KRn2BjoYitv8jOf+MmuUITX1h4eGeGnXmDRAqDrvvtFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XQvEGCpS8nWhOo0DyVjC6mdZbT1wbEatHHCfcj+hAiVAwitZ6wLO7XrniVt2ZyDJ4OVQgV71X/ur2Y5ZGXCGT1JiO5yboZ1SjYJJPSt3U8ISyER3wjkVFI278bLbqhJxYp0/CWNunkMzc3xMZjYwZR4HtjCgOzWJtav5X66QYXvmZUEmKXLH5R2EqCcZkejfpC80ZyrEFyrSwuxI2pJoytOmUbAje4snL0DyvepbvLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/kfP4A4n2NhQ==</latexit><latexit sha1_base64="Nv4+es+YfAUBEioR0u6u/RruPjA=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjuRNAyaGNhEdF8QHKEvc1esmRv79idE8KRn2BjoYitv8jOf+MmuUITX1h4eGeGnXmDRAqDrvvtFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XQvEGCpS8nWhOo0DyVjC6mdZbT1wbEatHHCfcj+hAiVAwitZ6wLO7XrniVt2ZyDJ4OVQgV71X/ur2Y5ZGXCGT1JiO5yboZ1SjYJJPSt3U8ISyER3wjkVFI278bLbqhJxYp0/CWNunkMzc3xMZjYwZR4HtjCgOzWJtav5X66QYXvmZUEmKXLH5R2EqCcZkejfpC80ZyrEFyrSwuxI2pJoytOmUbAje4snL0DyvepbvLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/kfP4A4n2NhQ==</latexit><latexit sha1_base64="Nv4+es+YfAUBEioR0u6u/RruPjA=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjuRNAyaGNhEdF8QHKEvc1esmRv79idE8KRn2BjoYitv8jOf+MmuUITX1h4eGeGnXmDRAqDrvvtFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XQvEGCpS8nWhOo0DyVjC6mdZbT1wbEatHHCfcj+hAiVAwitZ6wLO7XrniVt2ZyDJ4OVQgV71X/ur2Y5ZGXCGT1JiO5yboZ1SjYJJPSt3U8ISyER3wjkVFI278bLbqhJxYp0/CWNunkMzc3xMZjYwZR4HtjCgOzWJtav5X66QYXvmZUEmKXLH5R2EqCcZkejfpC80ZyrEFyrSwuxI2pJoytOmUbAje4snL0DyvepbvLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/kfP4A4n2NhQ==</latexit><latexit sha1_base64="Nv4+es+YfAUBEioR0u6u/RruPjA=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjuRNAyaGNhEdF8QHKEvc1esmRv79idE8KRn2BjoYitv8jOf+MmuUITX1h4eGeGnXmDRAqDrvvtFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XQvEGCpS8nWhOo0DyVjC6mdZbT1wbEatHHCfcj+hAiVAwitZ6wLO7XrniVt2ZyDJ4OVQgV71X/ur2Y5ZGXCGT1JiO5yboZ1SjYJJPSt3U8ISyER3wjkVFI278bLbqhJxYp0/CWNunkMzc3xMZjYwZR4HtjCgOzWJtav5X66QYXvmZUEmKXLH5R2EqCcZkejfpC80ZyrEFyrSwuxI2pJoytOmUbAje4snL0DyvepbvLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/kfP4A4n2NhQ==</latexit><latexit sha1_base64="Nv4+es+YfAUBEioR0u6u/RruPjA=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjuRNAyaGNhEdF8QHKEvc1esmRv79idE8KRn2BjoYitv8jOf+MmuUITX1h4eGeGnXmDRAqDrvvtFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XQvEGCpS8nWhOo0DyVjC6mdZbT1wbEatHHCfcj+hAiVAwitZ6wLO7XrniVt2ZyDJ4OVQgV71X/ur2Y5ZGXCGT1JiO5yboZ1SjYJJPSt3U8ISyER3wjkVFI278bLbqhJxYp0/CWNunkMzc3xMZjYwZR4HtjCgOzWJtav5X66QYXvmZUEmKXLH5R2EqCcZkejfpC80ZyrEFyrSwuxI2pJoytOmUbAje4snL0DyvepbvLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/kfP4A4n2NhQ==</latexit>

t + z � L
<latexit sha1_base64="RDqdh0qLgG9SIsXyiyAcTnpPXrc=">AAAB7HicbZBNSwMxEIZn/az1q+rRS7AIglh2RdBj0YsHDxXcttAuJZtm29BsdklmhVr6G7x4UMSrP8ib/8a03YO2vhB4eGeGzLxhKoVB1/12lpZXVtfWCxvFza3tnd3S3n7dJJlm3GeJTHQzpIZLobiPAiVvpprTOJS8EQ5uJvXGI9dGJOoBhykPYtpTIhKMorV8PH06u+uUym7FnYosgpdDGXLVOqWvdjdhWcwVMkmNaXluisGIahRM8nGxnRmeUjagPd6yqGjMTTCaLjsmx9bpkijR9ikkU/f3xIjGxgzj0HbGFPtmvjYx/6u1MoyugpFQaYZcsdlHUSYJJmRyOekKzRnKoQXKtLC7EtanmjK0+RRtCN78yYtQP694lu8vytXrPI4CHMIRnIAHl1CFW6iBDwwEPMMrvDnKeXHenY9Z65KTzxzAHzmfPyjejj4=</latexit><latexit sha1_base64="RDqdh0qLgG9SIsXyiyAcTnpPXrc=">AAAB7HicbZBNSwMxEIZn/az1q+rRS7AIglh2RdBj0YsHDxXcttAuJZtm29BsdklmhVr6G7x4UMSrP8ib/8a03YO2vhB4eGeGzLxhKoVB1/12lpZXVtfWCxvFza3tnd3S3n7dJJlm3GeJTHQzpIZLobiPAiVvpprTOJS8EQ5uJvXGI9dGJOoBhykPYtpTIhKMorV8PH06u+uUym7FnYosgpdDGXLVOqWvdjdhWcwVMkmNaXluisGIahRM8nGxnRmeUjagPd6yqGjMTTCaLjsmx9bpkijR9ikkU/f3xIjGxgzj0HbGFPtmvjYx/6u1MoyugpFQaYZcsdlHUSYJJmRyOekKzRnKoQXKtLC7EtanmjK0+RRtCN78yYtQP694lu8vytXrPI4CHMIRnIAHl1CFW6iBDwwEPMMrvDnKeXHenY9Z65KTzxzAHzmfPyjejj4=</latexit><latexit sha1_base64="RDqdh0qLgG9SIsXyiyAcTnpPXrc=">AAAB7HicbZBNSwMxEIZn/az1q+rRS7AIglh2RdBj0YsHDxXcttAuJZtm29BsdklmhVr6G7x4UMSrP8ib/8a03YO2vhB4eGeGzLxhKoVB1/12lpZXVtfWCxvFza3tnd3S3n7dJJlm3GeJTHQzpIZLobiPAiVvpprTOJS8EQ5uJvXGI9dGJOoBhykPYtpTIhKMorV8PH06u+uUym7FnYosgpdDGXLVOqWvdjdhWcwVMkmNaXluisGIahRM8nGxnRmeUjagPd6yqGjMTTCaLjsmx9bpkijR9ikkU/f3xIjGxgzj0HbGFPtmvjYx/6u1MoyugpFQaYZcsdlHUSYJJmRyOekKzRnKoQXKtLC7EtanmjK0+RRtCN78yYtQP694lu8vytXrPI4CHMIRnIAHl1CFW6iBDwwEPMMrvDnKeXHenY9Z65KTzxzAHzmfPyjejj4=</latexit><latexit sha1_base64="RDqdh0qLgG9SIsXyiyAcTnpPXrc=">AAAB7HicbZBNSwMxEIZn/az1q+rRS7AIglh2RdBj0YsHDxXcttAuJZtm29BsdklmhVr6G7x4UMSrP8ib/8a03YO2vhB4eGeGzLxhKoVB1/12lpZXVtfWCxvFza3tnd3S3n7dJJlm3GeJTHQzpIZLobiPAiVvpprTOJS8EQ5uJvXGI9dGJOoBhykPYtpTIhKMorV8PH06u+uUym7FnYosgpdDGXLVOqWvdjdhWcwVMkmNaXluisGIahRM8nGxnRmeUjagPd6yqGjMTTCaLjsmx9bpkijR9ikkU/f3xIjGxgzj0HbGFPtmvjYx/6u1MoyugpFQaYZcsdlHUSYJJmRyOekKzRnKoQXKtLC7EtanmjK0+RRtCN78yYtQP694lu8vytXrPI4CHMIRnIAHl1CFW6iBDwwEPMMrvDnKeXHenY9Z65KTzxzAHzmfPyjejj4=</latexit>

z
<latexit sha1_base64="ZxpkeWP7OiuYrtNqeUSJ8s3zMA0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1QQ3+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A6UOM/g==</latexit><latexit sha1_base64="ZxpkeWP7OiuYrtNqeUSJ8s3zMA0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1QQ3+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A6UOM/g==</latexit><latexit sha1_base64="ZxpkeWP7OiuYrtNqeUSJ8s3zMA0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1QQ3+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A6UOM/g==</latexit><latexit sha1_base64="ZxpkeWP7OiuYrtNqeUSJ8s3zMA0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1QQ3+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A6UOM/g==</latexit>
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laser

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



Black Hole - (Empty!) Causal Diamond Dictionary

• Horizon


• Black Hole Temperature


• Black Hole Mass


• Thermodynamic Free Energy


• Thermodynamic Entropy

Mapping is precise in certain contexts (such as AdS/CFT)

• Horizon defined by null rays


• Size of Causal Diamond


• Modular Fluctuation


• Partition Function


• Entanglement Entropy
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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

16
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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”

The Topological Black Hole

signal	beam

L
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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:
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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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<latexit sha1_base64="4y+op8NyTB1ylYFUF065s+H/YlA=">AAAB6HicbZA9SwNBEIbn4leMX1FLm8UgWIU7EbQM2lhYJGA+IDnC3mYuWbO3d+zuCeHIL7CxUMTWn2Tnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFLx6li2GSxiFUnoBoFl9g03AjsJAppFAhsB+PbWb39hErzWD6YSYJ+RIeSh5xRY63Gfb9ccavuXGQVvBwqkKveL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWtR0gi1n80XnZIz6wxIGCv7pCFz9/dERiOtJ1FgOyNqRnq5NjP/q3VTE177GZdJalCyxUdhKoiJyexqMuAKmRETC5QpbnclbEQVZcZmU7IheMsnr0LroupZblxWajd5HEU4gVM4Bw+uoAZ3UIcmMEB4hld4cx6dF+fd+Vi0Fpx85hj+yPn8AaOLjNA=</latexit><latexit sha1_base64="4y+op8NyTB1ylYFUF065s+H/YlA=">AAAB6HicbZA9SwNBEIbn4leMX1FLm8UgWIU7EbQM2lhYJGA+IDnC3mYuWbO3d+zuCeHIL7CxUMTWn2Tnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFLx6li2GSxiFUnoBoFl9g03AjsJAppFAhsB+PbWb39hErzWD6YSYJ+RIeSh5xRY63Gfb9ccavuXGQVvBwqkKveL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWtR0gi1n80XnZIz6wxIGCv7pCFz9/dERiOtJ1FgOyNqRnq5NjP/q3VTE177GZdJalCyxUdhKoiJyexqMuAKmRETC5QpbnclbEQVZcZmU7IheMsnr0LroupZblxWajd5HEU4gVM4Bw+uoAZ3UIcmMEB4hld4cx6dF+fd+Vi0Fpx85hj+yPn8AaOLjNA=</latexit><latexit sha1_base64="4y+op8NyTB1ylYFUF065s+H/YlA=">AAAB6HicbZA9SwNBEIbn4leMX1FLm8UgWIU7EbQM2lhYJGA+IDnC3mYuWbO3d+zuCeHIL7CxUMTWn2Tnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFLx6li2GSxiFUnoBoFl9g03AjsJAppFAhsB+PbWb39hErzWD6YSYJ+RIeSh5xRY63Gfb9ccavuXGQVvBwqkKveL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWtR0gi1n80XnZIz6wxIGCv7pCFz9/dERiOtJ1FgOyNqRnq5NjP/q3VTE177GZdJalCyxUdhKoiJyexqMuAKmRETC5QpbnclbEQVZcZmU7IheMsnr0LroupZblxWajd5HEU4gVM4Bw+uoAZ3UIcmMEB4hld4cx6dF+fd+Vi0Fpx85hj+yPn8AaOLjNA=</latexit><latexit sha1_base64="4y+op8NyTB1ylYFUF065s+H/YlA=">AAAB6HicbZA9SwNBEIbn4leMX1FLm8UgWIU7EbQM2lhYJGA+IDnC3mYuWbO3d+zuCeHIL7CxUMTWn2Tnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFLx6li2GSxiFUnoBoFl9g03AjsJAppFAhsB+PbWb39hErzWD6YSYJ+RIeSh5xRY63Gfb9ccavuXGQVvBwqkKveL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWtR0gi1n80XnZIz6wxIGCv7pCFz9/dERiOtJ1FgOyNqRnq5NjP/q3VTE177GZdJalCyxUdhKoiJyexqMuAKmRETC5QpbnclbEQVZcZmU7IheMsnr0LroupZblxWajd5HEU4gVM4Bw+uoAZ3UIcmMEB4hld4cx6dF+fd+Vi0Fpx85hj+yPn8AaOLjNA=</latexit>

end
mirror

beam	
splitter

end
mirror

output

t

t � L
<latexit sha1_base64="Nv4+es+YfAUBEioR0u6u/RruPjA=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjuRNAyaGNhEdF8QHKEvc1esmRv79idE8KRn2BjoYitv8jOf+MmuUITX1h4eGeGnXmDRAqDrvvtFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XQvEGCpS8nWhOo0DyVjC6mdZbT1wbEatHHCfcj+hAiVAwitZ6wLO7XrniVt2ZyDJ4OVQgV71X/ur2Y5ZGXCGT1JiO5yboZ1SjYJJPSt3U8ISyER3wjkVFI278bLbqhJxYp0/CWNunkMzc3xMZjYwZR4HtjCgOzWJtav5X66QYXvmZUEmKXLH5R2EqCcZkejfpC80ZyrEFyrSwuxI2pJoytOmUbAje4snL0DyvepbvLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/kfP4A4n2NhQ==</latexit><latexit sha1_base64="Nv4+es+YfAUBEioR0u6u/RruPjA=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjuRNAyaGNhEdF8QHKEvc1esmRv79idE8KRn2BjoYitv8jOf+MmuUITX1h4eGeGnXmDRAqDrvvtFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XQvEGCpS8nWhOo0DyVjC6mdZbT1wbEatHHCfcj+hAiVAwitZ6wLO7XrniVt2ZyDJ4OVQgV71X/ur2Y5ZGXCGT1JiO5yboZ1SjYJJPSt3U8ISyER3wjkVFI278bLbqhJxYp0/CWNunkMzc3xMZjYwZR4HtjCgOzWJtav5X66QYXvmZUEmKXLH5R2EqCcZkejfpC80ZyrEFyrSwuxI2pJoytOmUbAje4snL0DyvepbvLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/kfP4A4n2NhQ==</latexit><latexit sha1_base64="Nv4+es+YfAUBEioR0u6u/RruPjA=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjuRNAyaGNhEdF8QHKEvc1esmRv79idE8KRn2BjoYitv8jOf+MmuUITX1h4eGeGnXmDRAqDrvvtFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XQvEGCpS8nWhOo0DyVjC6mdZbT1wbEatHHCfcj+hAiVAwitZ6wLO7XrniVt2ZyDJ4OVQgV71X/ur2Y5ZGXCGT1JiO5yboZ1SjYJJPSt3U8ISyER3wjkVFI278bLbqhJxYp0/CWNunkMzc3xMZjYwZR4HtjCgOzWJtav5X66QYXvmZUEmKXLH5R2EqCcZkejfpC80ZyrEFyrSwuxI2pJoytOmUbAje4snL0DyvepbvLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/kfP4A4n2NhQ==</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="COZCATfcZI5jl6q/3DbDS+JePVU=">AAAB33icbZBLSwMxFIXv1FetVatbN8EiuLHMuNGl4MaFi4r2Ae1QMumdNjSTGZI7Qin9CW5cKOK/cue/MX0stPVA4OOchNx7okxJS77/7RU2Nre2d4q7pb3y/sFh5ajctGluBDZEqlLTjrhFJTU2SJLCdmaQJ5HCVjS6neWtZzRWpvqJxhmGCR9oGUvByVmPdHHfq1T9mj8XW4dgCVVYqt6rfHX7qcgT1CQUt7YT+BmFE25ICoXTUje3mHEx4gPsONQ8QRtO5qNO2Zlz+ixOjTua2Nz9/WLCE2vHSeRuJpyGdjWbmf9lnZzi63AidZYTarH4KM4Vo5TN9mZ9aVCQGjvgwkg3KxNDbrgg107JlRCsrrwOzcta4PjBhyKcwCmcQwBXcAN3UIcGCBjAC7zBu6e8V+9jUVfBW/Z2DH/kff4AyFCMMA==</latexit><latexit sha1_base64="COZCATfcZI5jl6q/3DbDS+JePVU=">AAAB33icbZBLSwMxFIXv1FetVatbN8EiuLHMuNGl4MaFi4r2Ae1QMumdNjSTGZI7Qin9CW5cKOK/cue/MX0stPVA4OOchNx7okxJS77/7RU2Nre2d4q7pb3y/sFh5ajctGluBDZEqlLTjrhFJTU2SJLCdmaQJ5HCVjS6neWtZzRWpvqJxhmGCR9oGUvByVmPdHHfq1T9mj8XW4dgCVVYqt6rfHX7qcgT1CQUt7YT+BmFE25ICoXTUje3mHEx4gPsONQ8QRtO5qNO2Zlz+ixOjTua2Nz9/WLCE2vHSeRuJpyGdjWbmf9lnZzi63AidZYTarH4KM4Vo5TN9mZ9aVCQGjvgwkg3KxNDbrgg107JlRCsrrwOzcta4PjBhyKcwCmcQwBXcAN3UIcGCBjAC7zBu6e8V+9jUVfBW/Z2DH/kff4AyFCMMA==</latexit><latexit sha1_base64="TeWKrp//9N2YNvVJODblrIwOHUM=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjubGIZtLGwiGg+IDnC3mYvWbK3d+zOCeHIT7CxUMTWX2Tnv3GTXKGJLyw8vDPDzrxBIoVB1/12CmvrG5tbxe3Szu7e/kH58Khl4lQz3mSxjHUnoIZLoXgTBUreSTSnUSB5OxjfzOrtJ66NiNUjThLuR3SoRCgYRWs94MVdv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl91Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/xMqCRFrtjiozCVBGMyu5sMhOYM5cQCZVrYXQkbUU0Z2nRKNgRv+eRVaF1WPcv3bqV+ncdRhBM4hXPwoAZ1uIUGNIHBEJ7hFd4c6bw4787HorXg5DPH8EfO5w/hPY2B</latexit><latexit sha1_base64="Nv4+es+YfAUBEioR0u6u/RruPjA=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjuRNAyaGNhEdF8QHKEvc1esmRv79idE8KRn2BjoYitv8jOf+MmuUITX1h4eGeGnXmDRAqDrvvtFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XQvEGCpS8nWhOo0DyVjC6mdZbT1wbEatHHCfcj+hAiVAwitZ6wLO7XrniVt2ZyDJ4OVQgV71X/ur2Y5ZGXCGT1JiO5yboZ1SjYJJPSt3U8ISyER3wjkVFI278bLbqhJxYp0/CWNunkMzc3xMZjYwZR4HtjCgOzWJtav5X66QYXvmZUEmKXLH5R2EqCcZkejfpC80ZyrEFyrSwuxI2pJoytOmUbAje4snL0DyvepbvLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/kfP4A4n2NhQ==</latexit><latexit sha1_base64="Nv4+es+YfAUBEioR0u6u/RruPjA=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjuRNAyaGNhEdF8QHKEvc1esmRv79idE8KRn2BjoYitv8jOf+MmuUITX1h4eGeGnXmDRAqDrvvtFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XQvEGCpS8nWhOo0DyVjC6mdZbT1wbEatHHCfcj+hAiVAwitZ6wLO7XrniVt2ZyDJ4OVQgV71X/ur2Y5ZGXCGT1JiO5yboZ1SjYJJPSt3U8ISyER3wjkVFI278bLbqhJxYp0/CWNunkMzc3xMZjYwZR4HtjCgOzWJtav5X66QYXvmZUEmKXLH5R2EqCcZkejfpC80ZyrEFyrSwuxI2pJoytOmUbAje4snL0DyvepbvLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/kfP4A4n2NhQ==</latexit><latexit sha1_base64="Nv4+es+YfAUBEioR0u6u/RruPjA=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjuRNAyaGNhEdF8QHKEvc1esmRv79idE8KRn2BjoYitv8jOf+MmuUITX1h4eGeGnXmDRAqDrvvtFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XQvEGCpS8nWhOo0DyVjC6mdZbT1wbEatHHCfcj+hAiVAwitZ6wLO7XrniVt2ZyDJ4OVQgV71X/ur2Y5ZGXCGT1JiO5yboZ1SjYJJPSt3U8ISyER3wjkVFI278bLbqhJxYp0/CWNunkMzc3xMZjYwZR4HtjCgOzWJtav5X66QYXvmZUEmKXLH5R2EqCcZkejfpC80ZyrEFyrSwuxI2pJoytOmUbAje4snL0DyvepbvLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/kfP4A4n2NhQ==</latexit><latexit sha1_base64="Nv4+es+YfAUBEioR0u6u/RruPjA=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjuRNAyaGNhEdF8QHKEvc1esmRv79idE8KRn2BjoYitv8jOf+MmuUITX1h4eGeGnXmDRAqDrvvtFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XQvEGCpS8nWhOo0DyVjC6mdZbT1wbEatHHCfcj+hAiVAwitZ6wLO7XrniVt2ZyDJ4OVQgV71X/ur2Y5ZGXCGT1JiO5yboZ1SjYJJPSt3U8ISyER3wjkVFI278bLbqhJxYp0/CWNunkMzc3xMZjYwZR4HtjCgOzWJtav5X66QYXvmZUEmKXLH5R2EqCcZkejfpC80ZyrEFyrSwuxI2pJoytOmUbAje4snL0DyvepbvLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/kfP4A4n2NhQ==</latexit><latexit sha1_base64="Nv4+es+YfAUBEioR0u6u/RruPjA=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjuRNAyaGNhEdF8QHKEvc1esmRv79idE8KRn2BjoYitv8jOf+MmuUITX1h4eGeGnXmDRAqDrvvtFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XQvEGCpS8nWhOo0DyVjC6mdZbT1wbEatHHCfcj+hAiVAwitZ6wLO7XrniVt2ZyDJ4OVQgV71X/ur2Y5ZGXCGT1JiO5yboZ1SjYJJPSt3U8ISyER3wjkVFI278bLbqhJxYp0/CWNunkMzc3xMZjYwZR4HtjCgOzWJtav5X66QYXvmZUEmKXLH5R2EqCcZkejfpC80ZyrEFyrSwuxI2pJoytOmUbAje4snL0DyvepbvLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/kfP4A4n2NhQ==</latexit><latexit sha1_base64="Nv4+es+YfAUBEioR0u6u/RruPjA=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8Ug2BjuRNAyaGNhEdF8QHKEvc1esmRv79idE8KRn2BjoYitv8jOf+MmuUITX1h4eGeGnXmDRAqDrvvtFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XQvEGCpS8nWhOo0DyVjC6mdZbT1wbEatHHCfcj+hAiVAwitZ6wLO7XrniVt2ZyDJ4OVQgV71X/ur2Y5ZGXCGT1JiO5yboZ1SjYJJPSt3U8ISyER3wjkVFI278bLbqhJxYp0/CWNunkMzc3xMZjYwZR4HtjCgOzWJtav5X66QYXvmZUEmKXLH5R2EqCcZkejfpC80ZyrEFyrSwuxI2pJoytOmUbAje4snL0DyvepbvLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/kfP4A4n2NhQ==</latexit>

t + z � L
<latexit sha1_base64="RDqdh0qLgG9SIsXyiyAcTnpPXrc=">AAAB7HicbZBNSwMxEIZn/az1q+rRS7AIglh2RdBj0YsHDxXcttAuJZtm29BsdklmhVr6G7x4UMSrP8ib/8a03YO2vhB4eGeGzLxhKoVB1/12lpZXVtfWCxvFza3tnd3S3n7dJJlm3GeJTHQzpIZLobiPAiVvpprTOJS8EQ5uJvXGI9dGJOoBhykPYtpTIhKMorV8PH06u+uUym7FnYosgpdDGXLVOqWvdjdhWcwVMkmNaXluisGIahRM8nGxnRmeUjagPd6yqGjMTTCaLjsmx9bpkijR9ikkU/f3xIjGxgzj0HbGFPtmvjYx/6u1MoyugpFQaYZcsdlHUSYJJmRyOekKzRnKoQXKtLC7EtanmjK0+RRtCN78yYtQP694lu8vytXrPI4CHMIRnIAHl1CFW6iBDwwEPMMrvDnKeXHenY9Z65KTzxzAHzmfPyjejj4=</latexit><latexit sha1_base64="RDqdh0qLgG9SIsXyiyAcTnpPXrc=">AAAB7HicbZBNSwMxEIZn/az1q+rRS7AIglh2RdBj0YsHDxXcttAuJZtm29BsdklmhVr6G7x4UMSrP8ib/8a03YO2vhB4eGeGzLxhKoVB1/12lpZXVtfWCxvFza3tnd3S3n7dJJlm3GeJTHQzpIZLobiPAiVvpprTOJS8EQ5uJvXGI9dGJOoBhykPYtpTIhKMorV8PH06u+uUym7FnYosgpdDGXLVOqWvdjdhWcwVMkmNaXluisGIahRM8nGxnRmeUjagPd6yqGjMTTCaLjsmx9bpkijR9ikkU/f3xIjGxgzj0HbGFPtmvjYx/6u1MoyugpFQaYZcsdlHUSYJJmRyOekKzRnKoQXKtLC7EtanmjK0+RRtCN78yYtQP694lu8vytXrPI4CHMIRnIAHl1CFW6iBDwwEPMMrvDnKeXHenY9Z65KTzxzAHzmfPyjejj4=</latexit><latexit sha1_base64="RDqdh0qLgG9SIsXyiyAcTnpPXrc=">AAAB7HicbZBNSwMxEIZn/az1q+rRS7AIglh2RdBj0YsHDxXcttAuJZtm29BsdklmhVr6G7x4UMSrP8ib/8a03YO2vhB4eGeGzLxhKoVB1/12lpZXVtfWCxvFza3tnd3S3n7dJJlm3GeJTHQzpIZLobiPAiVvpprTOJS8EQ5uJvXGI9dGJOoBhykPYtpTIhKMorV8PH06u+uUym7FnYosgpdDGXLVOqWvdjdhWcwVMkmNaXluisGIahRM8nGxnRmeUjagPd6yqGjMTTCaLjsmx9bpkijR9ikkU/f3xIjGxgzj0HbGFPtmvjYx/6u1MoyugpFQaYZcsdlHUSYJJmRyOekKzRnKoQXKtLC7EtanmjK0+RRtCN78yYtQP694lu8vytXrPI4CHMIRnIAHl1CFW6iBDwwEPMMrvDnKeXHenY9Z65KTzxzAHzmfPyjejj4=</latexit><latexit sha1_base64="RDqdh0qLgG9SIsXyiyAcTnpPXrc=">AAAB7HicbZBNSwMxEIZn/az1q+rRS7AIglh2RdBj0YsHDxXcttAuJZtm29BsdklmhVr6G7x4UMSrP8ib/8a03YO2vhB4eGeGzLxhKoVB1/12lpZXVtfWCxvFza3tnd3S3n7dJJlm3GeJTHQzpIZLobiPAiVvpprTOJS8EQ5uJvXGI9dGJOoBhykPYtpTIhKMorV8PH06u+uUym7FnYosgpdDGXLVOqWvdjdhWcwVMkmNaXluisGIahRM8nGxnRmeUjagPd6yqGjMTTCaLjsmx9bpkijR9ikkU/f3xIjGxgzj0HbGFPtmvjYx/6u1MoyugpFQaYZcsdlHUSYJJmRyOekKzRnKoQXKtLC7EtanmjK0+RRtCN78yYtQP694lu8vytXrPI4CHMIRnIAHl1CFW6iBDwwEPMMrvDnKeXHenY9Z65KTzxzAHzmfPyjejj4=</latexit>

z
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time

space

laser

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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d3k2
(2⇡)3

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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�
⇠ Clp

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.

4



Our Argument: 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: 

Step 1

S =
A

4GN
=

8⇡2R2

l2p
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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.

21

<latexit sha1_base64="ctlFf/XyF95B58kpa4TCCSeDvHo=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRF1GNRD16ECvYDmlg220m7dLMJuxuhlIIX/4oXD4p49U9489+4TXPQ1gcDj/dmmJkXJJwp7Tjf1sLi0vLKamGtuL6xubVt7+w2VJxKCnUa81i2AqKAMwF1zTSHViKBRAGHZjC4nPjNB5CKxeJODxPwI9ITLGSUaCN17H2PE9HjgL0r4Jrgm/sK9mQmdeySU3Yy4Hni5qSEctQ69pfXjWkagdCUE6XarpNof0SkZpTDuOilChJCB6QHbUMFiUD5o+yHMT4ySheHsTQlNM7U3xMjEik1jALTGRHdV7PeRPzPa6c6PPdHTCSpBkGni8KUYx3jSSC4yyRQzYeGECqZuRXTPpGEahNb0YTgzr48TxqVsntadm9PStWLPI4COkCH6Bi56AxV0TWqoTqi6BE9o1f0Zj1ZL9a79TFtXbDymT30B9bnD5szltw=</latexit>

h�M2i



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)

6

Our Argument: Vacuum Fluctuation Sources Metric Fluctuation 
Step 2

�L ⇠
p

lpL
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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

⇡

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
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Are these 2 steps justified?

• Do horizons in flat empty space have an entropy associated with them, and do 
these degrees of freedom have QM fluctuations?


• Does spacetime respond to these fluctuations (in a particular way)?

(The effect is large)
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What can we test in interferometers?
1. Fundamental Uncertainty in Light Ray Operators
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Figure 1: We depict the spherical shockwave spacetime in lightcone coordinates x− = t − r = u

and x+ = t + r = u + 2r. The particle (or rather, shell of particles) generating the shockwave,

depicted in red, is localized at x
− = x

−
0 and z = z0 (the transverse directions are suppressed). The

probe particle crossing the shockwave experiences a null shift X
+ that is related to the shockwave

momentum P+. The shockwave also experiences a X− shift due to the momentum P− of the probe.

It has been previously suggested that the commutation relation (1.1) applies near generic

horizons [13, 25, 26]. In this paper, we will show that (1.1) is equivalent to the canonical

commutation relations of soft modes in four-dimensional asymptotically flat spacetimes. To

establish this equivalence, we show that a Bondi metric having a memory effect can be

obtained from the shockwave metric after a diffeomorphism. The equations of motion then

imply a relation between the shockwave momentum P+ and the soft graviton mode N ,

namely

P−(z, z̄) =
1

32πGN

!(!+ 2)N(z, z̄) , (1.2)

where ! is the transverse Laplacian (to be defined explicitly later). Physically, N measures

the gravitational memory effect [8]. We therefore establish a relation between the time delay

acquired by a probe propagating in the shockwave background and the gravitational memory

effect encapsulated concretely in the memory mode N(z, z̄). We also find that the shockwave

metric enjoys a supertranslation symmetry, which allows for shifts in X− to be traded for

shifts of the Goldstone mode C parametrizing the memory metric, thereby allowing us to
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FIG. 1. A causal diamond. [KZ: We may need a new figure better adapted to this paper.]

horizons on the causal diamond shown in Fig. I:
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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

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)
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between P− and X−, which for x− > x−
0 is given by

[P−(z, z̄), X
−(z′, z̄′)] = − 1

32πGN

!z(!z + 2)
[

N(z, z̄), C(z′, z̄′)
]

= − i

4π
!z(!z + 2)

(

S log |z − z′|2
)

= −iγzz̄δ(2)(z − z′) .

(3.11)

This exactly reproduces the ’t Hooft commutation relation (2.21). We could have obtained

the ’t Hooft commutation relation involving P+ and X+ had we began with an ingoing

shockwave localized at x+ = x+
0 rather than an outgoing shockwave.

We can recast the commutation relation (3.11) into a more symmetric form. Recalling the

classical equations of motion (2.16) and (2.18) and promoting them to operator equations,

we have

X+(z, z̄) = 4πGN

∫

d2z′ γz′z̄′ G(z − z′)P+(z′, z̄′)

= −8πGN

∫

d2z′ γz′z̄′ G(z − z′)P−(z
′, z̄′) ,

(3.12)

where G(z − z′) is the Green’s function for the transverse Laplacian given in (2.14). Substi-

tuting this relation between X+ and P− in (3.11), we obtain

[X+(z, z̄), X−(z′, z̄′)] = 8πiGNG(z − z′) . (3.13)

This reflects an uncertainty in the X−, X+ coordinates of the shockwave and probe respec-

tively in the quantum theory.

4 Discussion

In this paper, we established a relation between the time delay acquired by a particle

propagating in a shockwave background and the gravitational memory effect. This implies

that the memory mode, or equivalently the leading soft graviton mode, is related to the

shockwave momentum introduced by ’t Hooft in the context of scattering near a black hole

horizon. Moreover, the canonically conjugate operator he postulated to correspond to the

location of the black hole horizon may be identified with the Goldstone mode. Therefore,

we are able to reinterpret the ’t Hooft commutation relations as a simple consequence of the

algebra of boundary operators derived from the covariant phase space formalism applied to

asymptotically flat spacetimes. In particular, no black hole horizon needed to be present in
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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

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:
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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.]
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This exactly reproduces the ’t Hooft commutation relation (2.21). We could have obtained

the ’t Hooft commutation relation involving P+ and X+ had we began with an ingoing

shockwave localized at x+ = x+
0 rather than an outgoing shockwave.

We can recast the commutation relation (3.11) into a more symmetric form. Recalling the

classical equations of motion (2.16) and (2.18) and promoting them to operator equations,

we have

X+(z, z̄) = 4πGN

∫
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= −8πGN
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where G(z − z′) is the Green’s function for the transverse Laplacian given in (2.14). Substi-

tuting this relation between X+ and P− in (3.11), we obtain

[X+(z, z̄), X−(z′, z̄′)] = 8πiGNG(z − z′) . (3.13)

This reflects an uncertainty in the X−, X+ coordinates of the shockwave and probe respec-

tively in the quantum theory.

4 Discussion

In this paper, we established a relation between the time delay acquired by a particle

propagating in a shockwave background and the gravitational memory effect. This implies

that the memory mode, or equivalently the leading soft graviton mode, is related to the

shockwave momentum introduced by ’t Hooft in the context of scattering near a black hole

horizon. Moreover, the canonically conjugate operator he postulated to correspond to the

location of the black hole horizon may be identified with the Goldstone mode. Therefore,

we are able to reinterpret the ’t Hooft commutation relations as a simple consequence of the

algebra of boundary operators derived from the covariant phase space formalism applied to

asymptotically flat spacetimes. In particular, no black hole horizon needed to be present in
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What can we test in interferometers?
2. Accumulation/Memory into the infrared…

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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and x+ = t + r = u + 2r. The particle (or rather, shell of particles) generating the shockwave,

depicted in red, is localized at x
− = x
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0 and z = z0 (the transverse directions are suppressed). The

probe particle crossing the shockwave experiences a null shift X
+ that is related to the shockwave

momentum P+. The shockwave also experiences a X− shift due to the momentum P− of the probe.

It has been previously suggested that the commutation relation (1.1) applies near generic

horizons [13, 25, 26]. In this paper, we will show that (1.1) is equivalent to the canonical

commutation relations of soft modes in four-dimensional asymptotically flat spacetimes. To

establish this equivalence, we show that a Bondi metric having a memory effect can be

obtained from the shockwave metric after a diffeomorphism. The equations of motion then

imply a relation between the shockwave momentum P+ and the soft graviton mode N ,

namely

P−(z, z̄) =
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32πGN
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where ! is the transverse Laplacian (to be defined explicitly later). Physically, N measures

the gravitational memory effect [8]. We therefore establish a relation between the time delay

acquired by a probe propagating in the shockwave background and the gravitational memory

effect encapsulated concretely in the memory mode N(z, z̄). We also find that the shockwave

metric enjoys a supertranslation symmetry, which allows for shifts in X− to be traded for

shifts of the Goldstone mode C parametrizing the memory metric, thereby allowing us to
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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

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



What can we test in interferometers?
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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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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

�L ⇠
p

lpL
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FIG. 1. A causal diamond. [KZ: We may need a new figure better adapted to this paper.]

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

Multiple shocks

w/Banks  2108.04806



• First postulate can be derived from celestial  “soft” commutation relations


• Commutation relations appearing in celestial holography are gauge equivalent to ‘t 
Hooft commutation relations  (w/He&Raclariu 2305.14411)


• ’t Hooft commutation relations imply modular relation (w/E.Verlinde 2208.01059)


• ’t Hooft commutation relations gives rise to a quantum noise term that turns EE into 
hydro (w/Zhang 2304.12349) —> accumulation of fluctuations

Are these postulates reasonable?
For flat empty space

between P− and X−, which for x− > x−
0 is given by

[P−(z, z̄), X
−(z′, z̄′)] = − 1

32πGN

!z(!z + 2)
[

N(z, z̄), C(z′, z̄′)
]

= − i

4π
!z(!z + 2)

(

S log |z − z′|2
)

= −iγzz̄δ(2)(z − z′) .

(3.11)

This exactly reproduces the ’t Hooft commutation relation (2.21). We could have obtained

the ’t Hooft commutation relation involving P+ and X+ had we began with an ingoing

shockwave localized at x+ = x+
0 rather than an outgoing shockwave.

We can recast the commutation relation (3.11) into a more symmetric form. Recalling the

classical equations of motion (2.16) and (2.18) and promoting them to operator equations,

we have

X+(z, z̄) = 4πGN

∫

d2z′ γz′z̄′ G(z − z′)P+(z′, z̄′)

= −8πGN

∫

d2z′ γz′z̄′ G(z − z′)P−(z
′, z̄′) ,

(3.12)

where G(z − z′) is the Green’s function for the transverse Laplacian given in (2.14). Substi-

tuting this relation between X+ and P− in (3.11), we obtain

[X+(z, z̄), X−(z′, z̄′)] = 8πiGNG(z − z′) . (3.13)

This reflects an uncertainty in the X−, X+ coordinates of the shockwave and probe respec-

tively in the quantum theory.

4 Discussion

In this paper, we established a relation between the time delay acquired by a particle

propagating in a shockwave background and the gravitational memory effect. This implies

that the memory mode, or equivalently the leading soft graviton mode, is related to the

shockwave momentum introduced by ’t Hooft in the context of scattering near a black hole

horizon. Moreover, the canonically conjugate operator he postulated to correspond to the

location of the black hole horizon may be identified with the Goldstone mode. Therefore,

we are able to reinterpret the ’t Hooft commutation relations as a simple consequence of the

algebra of boundary operators derived from the covariant phase space formalism applied to

asymptotically flat spacetimes. In particular, no black hole horizon needed to be present in
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Hydrodynamics of Spacetime

• Hydrodynamics has been studied extensively as an effective description of gravity


• i.e. Einstein Equation Reduces to a Navier-Stokes Equation


• With Quantum Source

Connecting UV Physics to the Infrared 12

via Eq. (15), it is straightforward to see that in the Kruskal–Szekeres metric, Eq. (26), is
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Due to vacuum energy fluctuations, the right hand side of Eq. (29) is replaced with some stress-

energy tensor Tuu.

Here we will assume that Tuu captures the quantum nature of the fluctuations. This is the

Ansatz of this paper that di↵ers 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]

⇥
Tuu(x), hvv(x
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where x denotes the coordinates in Rindler-AdSd space, written in light-cone coordinates. The

d-dimensional delta function can be factorized into three parts

�
d(x� x
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2
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d�2(x? � x0
?), (31)

where u0 and v0 denote the location of the bifurcate horizon, and �
d�2(x? � x0

?) is the (d � 2)-

dimensional delta function in the transverse space. Note that the additional factor of 1/2 comes

from the normalization condition for the delta function in the Kruskal-Szekeres metric. Imposing

the commutation relation in Eq. (30) implies that huu and hvv are no longer classical metric

perturbations, but have been promoted to quantum operators. By further imposing the linearized

Einstein equation on Eq. (30), we obtain an operator equation
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Note that the transverse Laplacian acts only on huu(u,x?), and not the coordinates marked with

a prime in hvv(v,x0
?). Eq. (32) then implies that
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?) is the Green function that satisfies
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Since Tuu is a stochastic source in vacuum, this implies that hhuui and hhvvi vanish, where h· · ·i

denotes the expectation value of any minimum uncertainty state. However, the variance
⌦
h
2
uu

↵
and
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between P− and X−, which for x− > x−
0 is given by

[P−(z, z̄), X
−(z′, z̄′)] = − 1
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This exactly reproduces the ’t Hooft commutation relation (2.21). We could have obtained

the ’t Hooft commutation relation involving P+ and X+ had we began with an ingoing

shockwave localized at x+ = x+
0 rather than an outgoing shockwave.

We can recast the commutation relation (3.11) into a more symmetric form. Recalling the

classical equations of motion (2.16) and (2.18) and promoting them to operator equations,
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where G(z − z′) is the Green’s function for the transverse Laplacian given in (2.14). Substi-

tuting this relation between X+ and P− in (3.11), we obtain
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shockwave momentum introduced by ’t Hooft in the context of scattering near a black hole

horizon. Moreover, the canonically conjugate operator he postulated to correspond to the

location of the black hole horizon may be identified with the Goldstone mode. Therefore,

we are able to reinterpret the ’t Hooft commutation relations as a simple consequence of the

algebra of boundary operators derived from the covariant phase space formalism applied to
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FIG. 2: The causal diamond in Rindler-AdS space is foliated with a series nested causal

diamonds. The separation between two adjacent diamonds is the decoherence length ˜̀
p. Each

nested causal diamond intersects with the past (future) light front at a bifurcate horizon along

the past (future) light front. The highlighted region corresponds to the near-light-sheet region of

spacetime, where quantum fluctuations cause a probe photon to undergo random walk.

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. (35) together with Eq. (36), at a fixed point on the past or future null horizon,

implies a non-vanishing two-point function of huu and hvv given by
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In the next Section, we study how these fundamental commutators can be evolved to give the

At a Light-Sheet Horizon

• What to do at the light front?


• Smear out horizon into stretched horizon of Planckian width


• Utilize Robertson uncertainty relation on min uncertainty state

Coordinates Reduced by One
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Experiment GQuEST

• Search for Fluctuations from Quantum Gravity

Gravity from the Quantum Entanglement of SpaceTime
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G. Gravitational Effective 
Action

H. “Pixellon”

Quantum Gravity in the Infrared — UV in the IR
Concrete theoretical and experimental directions to determine observability of VZ effect

C. Gravitational effective action / saddle point expansion

E. Hydrodynamics EFT

F. 2-d Models, e.g. JT gravity

D. Shockwaves and 
Gravitational Memory

A. AdS/CFT

B. Light Ray Operators
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