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Near-Impossibility of Seeing Quantum Gravity at Accelerators

Dimensionless quantity involving Planck’s constant, Newton’s constant and energy:
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E ⇠ 1019GeV

This is of order unity when
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Near-Impossibility of Detecting Single Gravitons in a 
Gravitational Wave
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N ⇠ 1035

Energy density of gravitational wave with 
amplitude h and angular frequency omega:

Number density of gravitons:

Number in one cubic wavelength:

Number of gravitons in typical LIGO GW:

F. Dyson (2013), “Is a graviton detectable?”



Why Quantum Gravity could be Observable: Lessons from EM

Many observed phenomena show that the electromagnetic field is quantized: 

Photon anti-bunching, entangled photons, sub-Poissonian statistics, 
Compton effect, Lamb shift, …

Most of these are tree-level effects in a state that has no classical counterpart

The same is true for gravity: there can be potentially observable effects 
if the quantum state of the gravitational field is not a coherent state



Why Quantum Gravity could be Observable: Lessons from 
Brownian Motion

Even if collisions with individual 
molecules cannot be detected, a 

cumulative effect can be apparent



Potential Loopholes

Non-classical states

Cumulative effects

Breakdown of effective field theory e.g. non-locality

Vast number of states of quantum black holes



How We Probe Gravity



Geodesic Deviation

M ⃗ξ

m0

Reference  
geodesic

Geodesic deviation vector

⇠(t)
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Geodesic Deviation Equation

⇠̈µ = �Rµ
0⌫0⇠

⌫

Ri0j0(t, 0) = �1

2
ḧij(t, 0)

⇠̈ =
1

2
ḧ⇠

geodesic deviation
Riemann tensor

gravitational wave

This is the geodesic deviation equation in the presence 
of a classical gravitational wave



Quantum Geodesic Deviation Equation?

⇠̈ =
1

2
ḧ⇠

What is the generalization of this equation when the 
spacetime metric is treated as a quantum field?



“Signatures of the Quantization of Gravity at 
Gravitational Wave Detectors,” PRD, arXiv:2010.08208

“Quantum Mechanics of Gravitational Waves,” PRL, 
arXiv:2010.08205

Frank Wilczek

George Zahariade

“The Noise of Gravitons,” arXiv:2005.07211



Action

S =
1

16πG ∫ d4x −gR − M∫ dλ −gμν
dXμ

dλ
dXν

dλ
− m0 ∫ dτ −gμν

dYμ

dτ
dYν

dτ

Einstein-Hilbert action + action for two free-falling particles

Use Fermi normal coordinates, putting mass M on classical trajectory

Xµ = (t,~0)

Y µ = (t, ~⇠)

Let the other particle be at



Action

Next, insert metric in Fermi normal coordinates into particle action:

Inserting this into the particle action gives

g00(t, ⇠) = �1�Ri0j0(t, 0)⇠
i
⇠
j +O(⇠3)

g0i(t, ⇠) = �2

3
R0jik(t, 0)⇠

j
⇠
k +O(⇠3)

gij(t, ⇠) = �ij �
1

3
Rikjl(t, 0)⇠

k
⇠
l +O(⇠3) .

�m0

Z
d⌧

r
�gµ⌫

dY µ

d⌧

dY ⌫

d⌧
⇡ �m0

Z
dt

✓
1

2
Ri0j0(t, 0)⇠

i⇠j � 1

2
�ij ⇠̇

i⇠̇j
◆
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Action

Expanding action to lowest order in metric perturbation, we have:

S = � 1

64⇡G

Z
d4x @µhij@

µhij +

Z
dt

1

2
m0

⇣
�ij ⇠̇

i⇠̇j � ḣij ⇠̇
i⇠j

⌘

hij(t, ~x) =
1p
~G

X

~k,s

q~k(t)e
i~k·~x✏sij(~k)

Write metric perturbation in Fourier modes:

S =

Z
dt

1

2
m0⇠̇

2 +

Z
dt

X

~k,s

1

2
m

⇣
q̇2~k,s � !2

~k
q2~k

⌘
� g

Z
dt

X

~k,s

q̇~k,s✏
s
ij(~k)⇠̇

i⇠j

Then



Geodesic Deviation in the Presence of a Graviton Mode

S! =

Z
dt

✓
1

2
m(q̇2 � !2q2) +

1

2
m0⇠̇

2 � gq̇⇠̇⇠

◆

free particle

simple harmonic
oscillator cubic interaction term

g ⌘ m0

2
p
~Gwhere



Quantization Strategy

We will treat both the deviation/second particle/mirror 
and gravity quantum mechanically.

We will then integrate out gravity, giving the effective dynamics of 
the geodesic deviation in the presence of quantized gravity.



Quantum Mechanics

P (A ! B) =
P

|fi |hf,B|Û(T )| , Ai|2

The relatively simple form of the action allows the 
calculation to be performed exactly 

Suppose the gravitational field is initially in state 

We don’t know what the final state of the field is.

| i

Formally, we calculate the transition probability of the particle, or 
second mirror, to go from state A to state B in time T in the 

presence of a gravitational field that is initially in state | i



Transition Probability

P = IA,B

Z
D̃⇠D̃⇠0DN exp

"
�1

2

Z T

0

Z T

0
dt dt0 A�1

 (t� t0)N (t)N (t0)
#
⇥

exp

"
i

~

Z T

0
dt

⇢
1

2
m0

⇣
⇠̇2 � ⇠̇02

⌘
+

1

4
m0 (h(t) +N (t)) (X(t)�X 0(t))

�

� im2
0G

8~

Z T

0
dt (X(t)�X 0(t))

⇣
Ẋ(t) + Ẋ 0(t)

⌘#

noise

auto-correlation
function

fluctuation
term

classical wave

wave-function
dependent term

dissipation term
X(t) =

d2

dt2
(⇠2)where

“Signatures of the Quantization of Gravity at Gravitational Wave Detectors,” arXiv:2010.08208



Langevin Equation

⇠̈ =
1

2

✓
ḧ+ N̈ � m0G

c5
d5

dt5
⇠2
◆
⇠

classical 
gravitational wave

radiation 
reaction

quantum noise

This is the geodesic deviation equation in quantum spacetime

Because of the noise term, the new equation is a stochastic equation

⇠̈ =
1

2
ḧ⇠Compare classical geodesic deviation:

Taking the classical limit for the geodesic deviation, we find



Classical Geodesic Separation by Gravitational Waves

!(#)

%#

hij

⇠̈ =
1

2
ḧ⇠

classical gravitational wave



The Noise of Gravitons

!(#)

%#

ĥij

⇠̈ ⇡ 1

2

⇣
ḧ+ N̈ 

⌘
⇠

quantized gravitational wave



Main Message

The signal of quantum gravity is in the noise.



Is The Noise Detectable?

For the noise to be detectable:

2. Its amplitude should not be too small

1. Its spectrum should be distinguishable from other sources of noise



Noise Spectrum

The auto-correlation function and noise power spectrum are exactly calculable 
for many classes of quantum states

(the vacuum, thermal states, coherent states, squeezed states…)
<latexit sha1_base64="QXrcDCGYxllplUcKVcnstOY8Bb0="></latexit>

Svac(!) =
16G~
15⇡2

!

<latexit sha1_base64="TXhTe6SWj+Fqau6jgCQR5OgDQxo="></latexit>

Ssqueezed(!) ⇡ er
16G~
15⇡2

!

<latexit sha1_base64="F3rv2FFc2cbsl674Ss2XAtpEDhw=">AAACFnicbVDJSgNBEO2JW4zbqEcvjUGMYMJMwOUY9eIxglkgE0NPpydp0rPQXRMMw3yFF3/FiwdFvIo3/8bOctDog4LHe1VU1XMjwRVY1peRWVhcWl7JrubW1jc2t8ztnboKY0lZjYYilE2XKCZ4wGrAQbBmJBnxXcEa7uBq7DeGTCoeBrcwiljbJ72Ae5wS0FLHLF50Ekf6eEhoWoBjODzCDokiGd5jx5OEJnaaFAAXtXFXTjtm3ipZE+C/xJ6RPJqh2jE/nW5IY58FQAVRqmVbEbQTIoFTwdKcEysWETogPdbSNCA+U+1k8laKD7TSxV4odQWAJ+rPiYT4So18V3f6BPpq3huL/3mtGLzzdsKDKAYW0OkiLxYYQjzOCHe5ZBTESBNCJde3YtonOg3QSeZ0CPb8y39JvVyyT0snN1a+cjmLI4v20D4qIBudoQq6RlVUQxQ9oCf0gl6NR+PZeDPep60ZYzazi37B+PgGiwWduA==</latexit>

Avac(t, t
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(t� t0)2
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Noise Correlations

We can consider two separated detector arms

Since our noise originates directly from the source, both arms 
will detect the same noise

Quantum-gravitational noise is correlated across detectors

“Graviton Noise Correlation in Nearby Detectors,” MP, F. Setti, arXiv:2312.17335



Angular Dependence of Noise Correlations

\

The correlation for quantum-
gravitational noise is maximal 

when the detectors are aligned 
and zero when they are at an 

angle of 54.7 degrees
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An Experiment to Isolate Quantum-Gravitational Noise

If the noise in all 3 detectors is 
correlated, it is not quantum-

gravitational noise

If the noise in the parallel detectors is 
correlated, and the noise in the third 
detector is not correlated, it is likely 

quantum-gravitational noise



Noise for Quantum States of Gravitational Field

The magnitude of the noise depends on the quantum state as well as on the detector

noise power spectrum

detector sensitivity

variance of 
fluctuation

σ2 ∼ ξ2
0 ∫

ωmax

0
dωS(ω)

arm length

Note: the noise is not intrinsically small

Preliminary results indicate a cumulative effect: the fluctuations grow with time
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Best Case

Quantum-gravitational noise is greatest when the state of the 
gravitational field is far from a coherent state, like a squeezed state

exponential enhancement in 
squeezing parameter

Squeezed gravitational states could be produced by nonlinearities, inflation…

<latexit sha1_base64="WwGJn2f/f2Y993zmnErmI+rZAZ8="></latexit>✓
�L

L

◆

squeezed

⇠ er/2
✓
�L

L

◆

vacuum



Coherent States and Squeezed States
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Squeezed States?

But why should the gravitational field be in a squeezed state?



Squeezed States from Nonlinear Couplings

then turning on the coupling naturally produces a coherent state:

If we have a field coupled to a classical source

However if the coupling is non-linear

where ' ⇠ a+ a†
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we produce roughly a squeezed state:

<latexit sha1_base64="h0OmY0vpxE3kY4/3g/ZQCQUCQN0=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4Kokgo+NUHRTXFWwD2hCmEwn7dCZSZiZFErIxl9x40IRt36GO//GaZuFth64cDjnXu69J0wYVdpxvq3Syura+kZ5s7K1vbO7Z+8ftFWcSkxaOGax7IZIEUYFaWmqGekmkiAeMtIJR3dTvzMmUtFYPOpJQnyOBoJGFCNtpMA+agSZJzmkQufwBt5Db4xkMqSBXXVqzgxwmbgFqYICzcD+8voxTjkRGjOkVM91Eu1nSGqKGckrXqpIgvAIDUjPUIE4UX42eyCHp0bpwyiWpoSGM/X3RIa4UhMemk6O9FAtelPxP6+X6ujaz6hIUk0Eni+KUgZ1DKdpwD6VBGs2MQRhSc2tEA+RRFibzComBHfx5WXSPq+5l7WLB6davy3iKINjcALOgAuuQB00QBO0AAY5eAav4M16sl6sd+tj3lqyiplD8AfW5w9s5ZWp</latexit>

Hint = J'

<latexit sha1_base64="Hk6AxKlVN6Mc9j2cY3MHCMHH7Fg="></latexit>

|0i ! e�i
R
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<latexit sha1_base64="TqfxrQkH1Q7qDEdL+sKhL3FKyXw=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiQFHxuh6Ka4qmAf0MQwmU7aoTOTMDMplFDc+CtuXCji1q9w5984bbPQ1gMXDufcy733hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7TRWnEpMGjlks2yFShFFBGppqRtqJJIiHjLTCwc3Ebw2JVDQW93qUEJ+jnqARxUgbKbAPa0HmSQ6p0GN4BW+hN0Qy6dOHSmCXnLIzBVwkbk5KIEc9sL+8boxTToTGDCnVcZ1E+xmSmmJGxkUvVSRBeIB6pGOoQJwoP5u+MIYnRunCKJamhIZT9fdEhrhSIx6aTo50X817E/E/r5Pq6NLPqEhSTQSeLYpSBnUMJ3nALpUEazYyBGFJza0Q95FEWJvUiiYEd/7lRdKslN3z8tmdU6pe53EUwBE4BqfABRegCmqgDhoAg0fwDF7Bm/VkvVjv1sesdcnKZw7AH1ifP6IWlk0=</latexit>

Hint = J'
2

<latexit sha1_base64="OK+RfUvDPGhJwv4R/ASkG9GE3co="></latexit>

|0i ! e�i
R
Ja†a†dt|0i



Gravity Naturally Produces Squeezed States

But gravity naturally has such nonlinear couplings!

A. Das, MP, F. Wilczek, R. Wutte, in progress.

This should produce squeezed states during the merger phase of black hole collisions

So we need nonlinear couplings to produce squeezed states
<latexit sha1_base64="TqfxrQkH1Q7qDEdL+sKhL3FKyXw=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiQFHxuh6Ka4qmAf0MQwmU7aoTOTMDMplFDc+CtuXCji1q9w5984bbPQ1gMXDufcy733hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7TRWnEpMGjlks2yFShFFBGppqRtqJJIiHjLTCwc3Ebw2JVDQW93qUEJ+jnqARxUgbKbAPa0HmSQ6p0GN4BW+hN0Qy6dOHSmCXnLIzBVwkbk5KIEc9sL+8boxTToTGDCnVcZ1E+xmSmmJGxkUvVSRBeIB6pGOoQJwoP5u+MIYnRunCKJamhIZT9fdEhrhSIx6aTo50X817E/E/r5Pq6NLPqEhSTQSeLYpSBnUMJ3nALpUEazYyBGFJza0Q95FEWJvUiiYEd/7lRdKslN3z8tmdU6pe53EUwBE4BqfABRegCmqgDhoAg0fwDF7Bm/VkvVjv1sesdcnKZw7AH1ifP6IWlk0=</latexit>

Hint = J'
2

<latexit sha1_base64="2D9BJ3gtAcT5xBsVV6V0g9zgl2s="></latexit>
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achbd + ...

◆

<latexit sha1_base64="5IKk4lkzw7IyEMOFHIsUGVowFJs=">AAACFnicbVDLSgMxFM34rPU16tJNsAiCWGYEHxuh6MZlBfuAzjBk0sw0NMkMSUYoQ7/Cjb/ixoUibsWdf2PaDlhbD1w4Oedecu8JU0aVdpxva2FxaXlltbRWXt/Y3Nq2d3abKskkJg2csES2Q6QIo4I0NNWMtFNJEA8ZaYX9m5HfeiBS0UTc60FKfI5iQSOKkTZSYJ/EQe7xDHoiG8Ir6IVI5vFwSjuGvd9XYFecqjMGnCduQSqgQD2wv7xugjNOhMYMKdVxnVT7OZKaYkaGZS9TJEW4j2LSMVQgTpSfj88awkOjdGGUSFNCw7E6PZEjrtSAh6aTI91Ts95I/M/rZDq69HMq0kwTgScfRRmDOoGjjGCXSoI1GxiCsKRmV4h7SCKsTZJlE4I7e/I8aZ5W3fPq2Z1TqV0XcZTAPjgAR8AFF6AGbkEdNAAGj+AZvII368l6sd6tj0nrglXM7IE/sD5/AH/9nvY=</latexit>

gµ⌫ = ḡµ⌫ + hµ⌫



Summary

For a squeezed state, the enhanced noise might even be observable

Quantum fluctuations of spacetime produce noise in the deviation of particles

The characteristics of the noise depend on the quantum state of gravity

⇠̈ ⇡ 1

2

⇣
ḧ+ N̈ 

⌘
⇠

Ssqueezed(!) ⇡ cosh(2r)4G~!

Detectors with very high frequency sensitivity might be able to detect 
enhanced correlated noise with a linear power spectrum during the 

merger phase of black holes


