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Our idea
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Brownian motion

Water molecules was discovered indirectly through the Brownian motion of
a minute particle

We want to discover gravitons indirectly through something



Consider a macroscopic object

‘What |f\thq object is surrounded by gravitonsa\

N Water molecule

The same setup as the Brownian motion

!

“Gravitons should.create noise in the object \

We may be able to prove the ex

gnee of gravitons indirectly through noise



What to calculate?
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Derive a Langevin equation
(stocastic differential equation)
of this system and identify gravitons



Action for gravitational fields
e

Metric of tensor perturbations

ds? = [—dt? + (6;; + hyj) dx'dx’]
satisfy h;;” = h';= 0
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Action for an object : Fermi Normal Coordinate
e
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Gauge invariant === > TT gauge In TT gauge
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interaction between gravity and an object



The total action for h{ and an object & quantization
T ———

Total Action in Fourier mode
Mass of an object

fd“\/ R mjdr  M? L
Pl = 816

fdtz Z lzhkh ——kzhkh ]

A=+,X

+jdt[%(€') +§M—\/—_Z[e (k) hy! 55’]]

qubic interaction

Quantize the h{ and the &' (in the interaction picture)

We promote the free metric field h{(t) to the operator hf (t)

Positive freq. mode in the Minkowski space .The Minkowski vacuum
v A
A A /\B
RE(E) = afvi(t) + alf vi(e) ai{]0) = 0 [ait, ap '] = 6476y,

Since £i(t) is just a position, we promote £i(t) to the operator as well



EOM for the total system

EOMs
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The solution of the A{ is obtained by starndard Green'’s funciton technique

initial position initial velocity
~. (e ‘24, Sinkt
hk = 6hk (0) cos kt + 6hk (0)

quantum fluctuation (gravitons)

1 m ,smk(t t") d?
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quantum fluctuation (object)

Plug this solution into the EOM for &' and get EOM for & (Langevin equation)



Langevin equation of geodesic deviation

[N .|
Kanno, Soda & Tokuda (2020)
Langevin equation Parikh, Wilczek & Zahariade (2020)
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frictional force (radiation reaction force)

= —N;; ()& (t)

random force --- not determined by an initial condition of &

where N;;(t) consists of the initial condition of gravitons (noise)

N(t) = z K2 e (k) {5hk (0) cos kt + Sh kt}

pl\/—

The noise is identified as quantum fluctuations of gravitons



We consider a setup for measuring
the decoherence time due to this
noise of gravitons.



Setups

Kanno, Soda & Tokuda (2021)
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The initial state
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Iheenibabrldatigleshmimomsiatal gravitons,

1 5 1 5
) = (516100 + 5 101E) 1

initial time initial state of gavitons

Noevdeadibyaperathe el stentatt hsiysbes) the reduced density operator is

P (&) = Tt (8|

.

= P11(ti) + p22(t)+ pr2(t)+ paq(ti) e.g. P11 = _|€1> |0><€1|<0|

off-diagonal elements: “quantum interference term”

The interference term appears due to the initial entangled state of the mirrors
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Time evolution of the total system (schematic pic.)

The total system evolves in time according to the Liouvill-von Neumann eq

¢ The noise of gravitons
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The state of gravitons changes as a result of the interaction with each mirror
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The system of themieors gets entangled with enviromnental gravitons 12
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After time evolution
e ——"———

“The total system (mirrors+gravitons) gets entangled as a result of the interaction”

1 From the point of view of the mirrors

“The decoherece of the mirrors occurs”

The final state of the mirror after solving the Liouvill-von Neumann eq is expressed as

@ : influence functional
pm(te) = Tra|P NP (| = p11(ti) + p22(t)+ exp(i®)p12 (t;) +exp(—i®@*)pa1 (¢;)
1 imaginary part @, ®* 1
exp(—Imd) exp(Imd*)
The environmental gravitons affect the interference terms through Im®

Since the imaginary part of ® supress the interference term, it is refered to as
the decoherence functional

'=Im® ~1 ... decoherence is effective

If T is calculated, we can read off the decoherence time caused by gravitons

— indirect detection of gravitons 13



How decoherece happens?

The decoherence functional

separation of a superposition of the mirrors Correlation of graviton <mmm in squeezed states
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Inflationary universe predicts squeezed states

Our current state should be squeezed if the universe went through inflation
in the past

The universe goes through squeezed states

Inflation
10-3c4a

Quantum fluctuations




Sgeezed states?
[N .|

In an expanding universe, the vacuum that seems to be the most natural is
different in each era

The relation between the vacuum during inflation and radiation dominated era
Squeezing parameters
|0); = 1_[ Ny exp(e‘i(gkw’f) tanh ry, Bf: Bik) |01)R®|0_Kk)R

Inflation k Radiation dominated era

The squeeze operator

The vacuum during inflation looks like a two-mode squeezed state of the modes k
and —k of a gravitational field from the point of view of the radiation dominated era

If we expand the squeeze operator in Taylor series
@
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The squeezed state is an entangled state between the modes k and —k of gravitons

A Inuiree rhigiiheisqtieatamyg ledigrayitons, dte ket imthe) sdpaez éiketates
a maximally entangled state
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Decoherence time
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Large quantum objectsitwo of LIGO’s mirrors, each weighing 40 kg. (Courtesy: Caltech/MIT/LIGO Lab)




Other possible sources of decoherence?

Kanno, Soda & Tokuda (2021)
Common scattering-induced decoherence: thermal photons & air molecules

Decoherence due to thermal photons < Decoherence due to air molecules

The decoherence rate

. Mass of an individual air molecule ~ 0.5x107%> kg

A= %m/ZnM RZ(kBT)fAZ R: radius of a mirror ~ 0.17 meter (LIGO)
A

Number den'sity of air molecules ~ 1012 per 1 m?3 for ultrahigh vacuuum 1071° Pa

2

-2 -Z
The decoherence time = A1 = 1200 (o T ;eter) (M)LK) °s > 20S

Decoherence induced by gravitons occurs faster than that by air molecules

Also, coherent component of gravitons does not contribute to the decoherence rate
Kanno, Soda & Tokuda (2020)

Our setup is not disturbed by common scattering-induced decoherence

The squeeze state contains huge # of gravitons, much larger than the # of air molecules
18



Summary
T T

We performed an experimental setup for detecting gravitons
indirectly by observing the decoherence time of the
entanglement between the macroscopic mirrors of an equal-arm
interferometer.

We estimated that the decoherence time induced by the noise
of gravitons in squeezed states stemming from inflation is
approximately 20s for 40km long arms and 40kg mirrors.

If the decoherence time in laboratory agreed with our prediction,
it implies discovery of gravitons.
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