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Introduction (1/2)

« Quantum nature of gravity has been investigated.

E.g.) Newton gravity S. Bose etal.(‘17), A. Matsumura et al.(20), ...
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(from S. Bose et al. PRL119, 240401(2017))
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(from A. Matsumura et al. arXiv:2010.05161)

« \We want to prove the presence of gravitons!

...dynamical component of gravity
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Introduction (2/2)

» \We consider the following two systems

(1) Ve Vo (2)
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xt=0 xt= ¢t

Two test particles + gravitons

« We analyze (too) simplified toy model in order to find some

potentially interesting setups.
Based on arXiv: 2007.09838, in progress



In collaboration with S. Kanno & J. Soda

Plan

1. We analyze the model (1):
% 16 pages
Based on arXiv: 2007.09838

- Construct the action

- Compute the decoherence of superpositions of massive particles
caused by gravitons

2. \We analyze the model (2): }
In progress. N M 4pages

- Compute the decoherence caused by gravitons

3. Summary



System

: _ Ve ,
* The system: two test particles + gravitons. TT
Mpi (.,
S = T d*x\/—g R + Sparticle
(e — MJdt\/—g (t, XL)XHXV +mjdt\/—g (t, YO YHYV
particle 2 uv\t, 2 uv\t

(t,Xi(t)) (t, Y"(t))

Particle 1 Particle 2

« Suppose that particle 1 freely falls. — y,: time-like geodesics



Interaction term (1/2)

« Fermi-normal coordinates: one of the local inertial frames

Yz
v Christoffel symbols vanish along y;. <a>
v’ givenby x* = (¢,sa’), "
s: proper distance along a geodesics y; 1B

P(t) 9
5),, (6 Z
ds B () dx! PE)

v, time-like geodesics
Ys: space-like geodesics

 Action for particles is given by

Sparticle = ?jdt\/—gw(t,gl)gugv (t,f ) location of particle 2.
(t,0): location of particle 1 (origin)



Interaction term (2/2)

» Metric can be expanded as

| Lii(6,0)
guv(tifl) = Nuv + Ju ]2( )flfj + 0(53)- (%)

~ (Riemann tensor)

* Then, the action for particles reads

m

Sparicte =3 [ 46164~ R = 7 [ae |66 4 31|

Ryioj (t,0) = — hij (t,0)

2 |TTgauge
 The expansion (3%) is valid only for long-wavelength modes k < &~1.

 We therefore introduce the UV cutoff ., ~ §~1 and neglect the
contributions from short-wavelength modes.



Quantization of h

 Action for graviton in the TT gauge

Scrlh Jd‘* [——(ahu) ] z Jdtj(z - |4k, O — k?|rAk, )]

2 d3k

« Canonical quantization:
hA(k,t) = a,(k)ug(t) + al(—k)u,’g(t) U (Dug(t) — uk(t)u',*c(t) = —i (Normalization)
[aA(k), at (k')] = §,5(2m)38(k — k') ,otherwise 0

 Choice of mode function u, (t) determines the vacuum state

e.g.) Minkowski vacuum state [Oy) a(k)|0y) =0,  u(t) = Le—ikt

V2k



Concrete setup (1/2)

Action of two test particles + gravitons

m A A 1 . N A~
STh,§1 = Saalh] + 7 [ de [e%t)a(t) +=yy 0)5‘(t)€f(t)]
% high frequency modes k = (,,, IS neglected.

Specifically, we consider the following setup.
Ve Ve

 Particle 1=time-like geodesics &)
» Particle 2=superposed state of a spatially- ) | § 1)
separated locations o




Concrete setup (2/2)

« Superposition is created for 0 < t < t¢

(P (to < 0)) = [P(©)) = [$1(D)) + [$2(D))

$a(to < 0)) = cal ¥ (to)),

to < 0:initial time

¢4 +c, =1

(W(to)|W(to)) = 1: normalization

Ve Ve
O
&) | b g
6O
xt=0 xt = &

* 1&1(1) and [§,(¢)) are eigenstates of & §*[€4 (1)) = §4(D)1&a (D))

e EL(t) # E(t) onlyfor0 < t < t



Influence functional (1/7) Ve Ve

Coherence between superposed states

s
o [{& (D)1€(D)]
6§ L6
We want to evaluate how this coherence £,(6)
IS lost by gravitons. ‘
We compute an influence functional  x'=o xi = g

(&1 (tp) €2 (Ep))
(&1 (o) [€2(t0))

exp[-T(tp)] =

v' T(tf) < 1 - Coherence is maintained. v I'(tf) £ 1 - Decoherence!

To compute I'(t¢), it is convenient to make use of the path-integral.



Influence functional (2/7) Ve Voo

« Computation of I'(t¢). 500

£a(0)) = ¢t to; €)W (to)) B

t
—i Lods H(s; fa)] / =0

U(t, ty; &) = Texp

...Unitary time evolution
x'=0 xt=¢l
v" Form of the action/Hamiltonian depend on &,(t), and hence
the time evolution of the system is also affected by &, (¢t).

Path-integral expression of U(¢, to; &,):

U(t, tg; €4) = Texp

¢
—i | ds H(s; fa)] = f@h eiSthéal | n () ) h(ty)] « o0 (k)

to

« We will explain the derivation of eg. (%) and how to utilize it to compute T'(t¢).



Influence functional (3/7)

 Path-integral expression of the unitary evolution

U(t, to; €q) = Texp

t
—i f ds H(s; fa>] = j Dh e |n(£))(h(ty)|W(to))
to

 Simplest model: qguantum mechanics

2
Hp,0) = 5=+ V(@ L@, = [pd — HE, Dlpemg

U(t,to) = Ulty, ty—1 YU (ty—1,ty—2) - U(ty, to) tj =to+jAt (j =0-N)
tN =t
= 1_[ dej (qj+1|10(tj+1.t; ) a;)anXaol
0<j<N

dlaj) = ajla;)



Influence functional (4/7)

(941|041t )|a;) = (gy41|[1 — iHAL]|q;) + 0(At?)

d dp
— J apj <q1+1|[1 lHAt”pj)(pleIj) + O(Atz) — i 27_[] lPJ(CIJ+1 q])e iH[p;.qj+1]At + O(Atz\

21
[ (qj+1—a
Jf(;_ljtjel[pj( L ])‘H[Pj'qjﬂ]]At + 0(At?)

~ Ut ty) = 1_[ quj (qj+1]|0(tis1, 8 )|aj)an){qol
0<j<N

H fdQdep] o Op]

0<j=<N

CI —q
) [pj'qj“]]AtIqN)(qOI+0(At2)

* Inthe limit N - oo (& At — 0), we have

t

U(t, ty) = J DqDp exp [i dt’ [pg — H(p, q)]] lq: g0

o



Influence functional (5/7)

2

» We can perform the integration over p ! H(p,q) = f—m +V(q)

t
Ut ty) = f DqDp exp li f dt’ [pg — H(p, q)]J |q:){qo]
“ Quadratic in

22

T L L
pq p.q) =5—(p—mq > (q)

t .
- f S [i ] dt' L(q, q)‘ l4eXaol = f D e’ |g:){(qol
to

e Qur case:

U(t, tg; €4) = Texp

t
—i j ds H(s; Ea)‘ = j Dh eShal|h(t))(h(ty)|
to

hijlR()) = hi;(©)]h(t))

STh €] = Scalh] + 3 [ e |46 + 3 e bylh() = !
° ° §alh(0) = &0 [h(D))



Influence functional (6/7)

(&1 (tp)|E2(tp))
(&1(t0)[€2(t0))

* We want to compute I'(¢¢) exp[-T(tp)] =

So far, we obtained
Ut to; &) = j Dh ¢Sl |R(0))(h(ty)]
 \We have

§a(®)) = caU(t to; $) P (o)) = cq fﬁh e SthSal | h(£) ) h(to) W (£o))
=:Wolh]

S (& (Ep)|E2 () = c10p j:Dh+ j:Dh— 5(h+ (te) — h—(tf))ei(S[h““'fZ]_S[h"’ngLpo [hy 1Wolh_]

=:7[¢1,¢2]

Z[éli 52]
Z[0]

« exp[—T(t))] = ‘



Influence functional (7/7) exp[—T (6] — ‘Z[;,O?]

* Z|J5,]1] : generating functional for gravitons.

Z[§1,6] = j Dh, j Dh_ §(hy(tr) — h_(tp))e S+ tel=Slh-GDy [ JWs[h_]
S[h§] = Soalhl + 5 [ sgts? + 5 [ €

~ f Dh, j Dh_ §(hy () — h_(tg))e!Serlrrl=Serlr-Dy [ J@2[p_] o7 JR+82-h-41]
“weight function”
_ < olg JIheEE-HIER]
id id
ﬁ
S(E2() 8(£3(tN)
 Generating functional can be written in terms of cumulants as

Z[E0, & llg,mgym0 = = < K_(OR_ (") > et

2
Z[§1, &) —exp[fdt —ig2(t)) [ dt’ (—ig2 (¢’ ))—<h (OR_(t") >¢ + -



Decoherence rate (1/2) exp[—T(t)] = ‘Z%Z]
* We can obtain I'(t¢) by computing the graviton 2-point functions
and specifying the particle trajectories & (¢) and &L (t) .

2 tr

tr R R
[(tp) = 73"—2 dt A(E€0) () j dt’ A(EE0) (") < {Ry;(t, 0), hye (', 0)} >
to to

Anti-comrrlmtator symbol
AEE) () = EME ) — & ®) {4,B} =7 (4B +BA)

YT y’[f

&y | S
5;2 (t) ".,_“...‘. . .':..._.....
=0

o~ ot
o
—_—
.

xI




Decoherence rate (2/2)

* We consider the simplest model { we |
i =g, A=)
2vt (0 <t<ts/2) F=0
Af(t) =— | =const
2v(t—t) (/2 <t<tp) xi =0 =gl T
0<v<1)
* In this setup, we have |8
2 (mv\’ 2 (mv\’ 1-4:
_ | — 7 ~ o — ]
F(tf) - 572 (Mpl> (me) G(thf) G2 (Mpl> . (!
- - ; 0.6:
* m > M, Is required to realize the -

graviton-induced decoherence. T

X



We should consider different setup.

 So far, we have considered spatial superpositions of particles.

v’ m > My, is required to realize the graviton-induced decoherence.

v It will be extremely difficult to realize such a setup, however.

* Let us briefly consider another setup (maybe more realistic?)

On-going work



Summary

We develop the method to compute the graviton-induced decoherence of
superpositions of massive particles.

We focus on two simple toy models. It seems extremely difficult to detect
the zero-point fluctuation of gravitons, as expected.

We will focus on the decoherence caused by primordial GWs.

« What is the detectable value of I'(t)?
* Find similar setup and parameter search.
* More precise analysis. (opto-mech)



