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Near-Impossibility of Seeing Quantum Gravity at Accelerators

Dimensionless quantity involving Planck’s constant, Newton'’s constant and energy:

hc?
Gy B2

This is of order unity when

E ~ 10"7GeV



Near-Impossibility of Detecting Single Gravitons in a
Gravitational Wave

Energy density of gravitational wave with _ 1 12,2 M 12
amplitude h and angular frequency omega: = Z W P
| | P
Number density of gravitons: n = —
hw
Number in one cubic wavelength: N = n)\°
Number of gravitons in typical LIGO GW: N ~ 103°

. Dyson (2013),"ls 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
i the quantum state of the gravitational field is not a coherent state



Why Quantum Gravity could be Observable: Lessons from
Brownian Motion

"‘:.':‘ s Even if collisions with individual
T Bar 'g . molecules cannot be detected, a
s o] 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
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(Geodesic Deviation

Reference
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/ Geodesic deviation vector



Geodesic Deviation Equation

. 0 e |
| < f,u — _ROVO Riemann tensor
gseodesic deviation

gravitational wave

1.
Riojo(t,0) = — §hz’j (t,0)

N
§ = She

This I1s the geodesic deviation equation In the presence
of a classical gravitational wave



Quantum Geodesic Deviation Equation?

1..
£ = She

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

1
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Einstein-Hilbert action + action for two free-falling particles

Use Fermi normal coordinates, putting mass ™M on classical trajectory
X+ = (t,0)

et the other particle be at

—

Y = (tv )



Action

Next, insert metric in Fermi normal coordinates into particle action:
goo(t, &) = —1 — Rygjo(t,0)£°€7 + O(€7)

goi(t, &) = —gRsz’k(t, 0)&7¢" + 0(&?)

1
gij (£, &) = 045 — gRikg‘l(t,O)fkfl +0(&°) .

Inserting this into the particle action gives

dY H* dYV 1 S
—WO/dT\/—QW T —m()/d?f <§Rz’0j0(t70)€ & = 55@7’5 fj)




Action

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

1 4 s 1 SR e
g — 647TG/dx8MhZ]0h —I—/dtQmO(émff hwgg)

Write metric perturbation in Fourier modes:
1 =
hij (t, f) — Z qE(t)Qkaéfj(k)
/G k,s
Then

I 1 , R
S = /dt§m0§2 + /dtZ oM (q%,s —w%q%) — g/dthRSeij(k)ﬁ &’
k,s k,s



Geodesic Deviation in the Presence of a Graviton Mode

free particle

.= [t (Gm(a® - ) + jmoé? - gi)

simple harmonic
oscillator cubic interaction term

Mo
where g = 2@



Quantization Strategy

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

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



Quantum Mechanics

Suppose the gravitational field is initially in state ‘\If>

We don't know what the final state of the field Is.

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 inrtially in state ‘\If>

Py(A = B) =) (f, BIU(T)|¥, A)|?

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



Transition Probabilrity

. auto-correlation
wave-function

functl
dependent term nolise Hheton

i T T
Py =Tap / DEDE DNy exp —% / / dtdt' Ag'(t — " Ng(t)Ng(t') | x
0 0

i T (1 Y 1 _
exp| 1 [ dt{ 3ma (€~ €2) + Lo (h(0) + A (0) (X(0) - X0 |
) i 2 T . . ]
_ Z”;%G / dt (X(t) = X'(0) (X (1) + X'(1)) fluctuation
0 | term
dissipation term , Classical wave
where X(t) = %(62)

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



L angevin Equation

Taking the classical limit for the geodesic deviation, we find

v 1 00 5 mOG d5 2

radiation

lassical -
Classicd reaction

gravitational wave

quantum noise

This is the geodesic deviation equation in quantum spacetime

.. 1 ..
Compare classical geodesic deviation: g — §h§

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



Classical Geodesic Separation by Gravitational VWaves

classical gravitational wave

&~




The Noise of Gravitons

En o (h+ Mu) e
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quantized gravitational wave
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Main Message

The signal of quantum gravity Is in the noise.



s The Noise Detectable?

For the noise to be detectable:

| Its spectrum should be distinguishable from other sources of noise

2. Its amplitude should not be too small



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. . .)

1 16Gh
Avac(t, t)) = —
T Swacl) = 5@
1 _16Gh
ASqueezed (tv t/) & COSh(T) (t . t’)2 Ssqueezed (UJ) ~ € 157.‘-2 W
w2 k2T
A erma t,t/ ~ o D /
th 1( ) (t L t/)Z hz SinhQ(ﬂ‘kBTFft—t ))




Noise Correlations

VWe 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,” MR F. Setti, arXiv:2312.1 /7335



Angular Dependence of Noise Correlations

cov (0§, dp)

corr(0&,0p) =

The correlation for quantum-
gravitational noise Is maximal
when the detectors are aligned
and zero when they are at an
angle of 54./ degrees

/Var(5€)y/Var(3p)

05 [ 1
240 5(300829 —1)

corr(6&(t), 6p(t))
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corr(6€(t), 6p(t)) vs © for L=&, = po
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An Experiment to [solate Quantum-Gravitational Noise

o | o)
If the noise In all 3 detectors is 547
correlated, it 1s not quantum-
oravitational noise
O
I the noise In the parallel detectors is 54.7°
correlated, and the noise In the third
detector Is not correlated, it Is likely
quantum-gravitational noise Ps o




Noise for Quantum States of Gravitational Field

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

detector sensrtivity

WDy

ax
variance of 02 ~ gg da)S(a)) noise power spectrum

fluctuation
arm length

Note: the noise Is not intrinsically small

Preliminary results indicate a cumulative effect: the fluctuations grow with time 0 ~~ v



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

g N€r/2 & squeezing parameter
L squeezed L

vacuuln

Squeezed gravitational states could be produced by nonlinearities, inflation. ..



Coherent States and Squeezed States

A

4

X2 Coherent state X2 Squeezed Statle
AX1=A Xo= — ARM= 7
n - .
AX2 AX2
>
X X1
Coherent state Squeezed state
aat—a*a l(Z*a2_ZCLT2)
o) ~e 0) 2) ~ e 0)



Squeezed States!

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



Squeezed States from Nonlinear Couplings

If we have a field coupled to a classical source  Hip¢ = JQO
where @ ~ a + OJT

then turning on the coupling naturally produces a coherent state:

‘O> e szmtdt‘O> ~ e i [Ja dt‘0>
However If the coupling is non-linear Hint — JQDQ

., Tol
we produce roughly a squeezed state: ‘O> — € i) Jala dt|0>



Gravity Naturally Produces Squeezed States

So we need nonlinear couplings to produce squeezed states ff; . = JSQQ

But gravity naturally has such nonlinear couplings!

Juv — g,uy =+ h,u,l/

1 _ _
5(Vh)2 Rapeah®chb? >

Sp_m = / d*z\/—gR = / d*x\/—7 <R

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

A. Das, MP FE.Wilczek, R\ Wutte, in progress.



Summary

Quantum fluctuations of spacetime produce noise in the deviation of particles

éz%(ﬁJrpr)f

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

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

Ssqueezed (W) == cosh(2r)4Ghw

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



