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Introduction



Quantum superposition of spacetime

“Does gravitational field superpose when the mass is in quantum superposition?”

by Feynman
BMV proposals Spacetime cat state
Experimental proposal Gedanken experiment o
What happens if Newtonian gravity is What happens if background spacetime is in
induced by superposed mass? quantum superposition?
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Quantum superposition of spacetime

“Does gravitational field superpose when the mass is in quantum superposition?”
by Feynman
Non-relativistic Relativistic
Our interest

Spacetime cat state

Foo+ (2020), Arrasmis+ (2019), YK+ (2025)
Gedanken experiment
What happens if background spacetime is in
quantum superposition?

BMV proposals

Bose+ (2017), Marletto, Vedral (2017)
Experimental proposal
What happens if Newtonian gravity is
induced by superposed mass?

Probe Mass source Mass source -
M
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Our motivation

® L et’'s consider superposed spacetime in the early universe!

Superposition of matter

with different energy
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Superposition of FLRW universe
» Wwith different expansion rate
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® How can we explicitly write down this cosmic cat state?
» Solution of Wheeler-DeWitt equation
® How does this cosmic cat state decohere?
» Decoherence due to inhomogeneous matter field fluctuation



Kiefer “Quantum gravity”

Wheeler-DeWitt equation

. Framework to describe superposed spacetimes /
® 3+1 decomposition Lapse function  Shift vector |

» Time evolution vector: t¥ = Nn" + N#

_ N;N* — N2 N,
» Metric: 9 = N, -
2 1]

NVh
167G
Independenton N — pn = 0 : Primary constraint

» Action: S = /d% ((S)R—Kz%—Kz‘jKij) + S

We get secondary constraint by requiring py = 0 to be preserved in time:

Quant 0~ {pn,H} =: H, :Hamiltonian constraint
uantize g - | | |
H,¥(h;ij,¢) ~0 : Wheeler-DeWitt equation

Constraint that the joint state of gravity& matter should satisfy
(rather than a time evolution of each subsystem)



A Cosmic Cat State and Decoherence
in Early Universe



Setup
® Spatially flat FLRW universe a(t) + scalar field ¢(t,x) = ¢(t) + do(t, =)
ds* = —N(t)*dt* + a(t)? [dr? + r*(d6? + sin® 0 dp?))]

1
4y A) — =9, 60"
/d \/—[16 ———(R—2A) = 59,00"¢ — V(9) Voo

) (o= fr) +V(fF) (6~ fr)
vier= {*gf(as PV (6= fr)

Superposed scalar field at f7 and fr> Superposed FLRW universe

— Probe: background fields a and G_ﬁ
— Environment: inhomogeneous scalar field 0 ¢

How does the superposed FLRW universe decohere due to 5@5 ?



WDW equation

® Physical variables
a(t), o(t,x)=o(t) +do(t x) < > Ok

Fourier trf
® \WDW equation

_ _Zﬂ'G 5\ 2 vas _
HLW(a, 8, {60) = | o (5—) + N+ M+ Ha | a6 {on}) ~ 0

_— - 1 [6\° 1 _
Hamiltonian for ¢ :Hg = —5— ( ) +va’ {iﬂ%/p((}b — fryp)* + V(fT/F)}
1 0

0¢
. . 5 . 3 CLB ]CQ 2 2

Hamiltonian foro¢ : Hsy = [ d°k ~3a7 |50, t 5\ =t hryE | P

*Mass difference  *Vacuum energy difference of scalar field

2

Using WKB expansion for G < 1, we obtain Gaussian wave function @ ¢ ~ JT/F



Cosmic cat state solution
® Superposition of two different WDW solution around q@ ~ fr/F

U(a, o, {on}) < /pUr(a,d, {ox}) + V1 —pVr(a,d, {or}) fr fr

where, for j =T, F

;(a, b, {¢r}) Y e - SR (6 £, /d%”’g ek
(a xX exp |— a” — —R; (00— f:) — —K;
J\&, P, Pk P A o VI J 9 5.k | Pk

Leading WKB solution of a  Gaussian of ¢ Gaussian of ¢,

(2),

Rj = H] (I/Ij + —Z) Rjk = HJ —?,]CTJ 32 ( TJ) + —1 - Inverse of

c 2 H,Sj)(—k'rj) 2 Gaussian variance
o A+ 87GV (f;) *Vacuum energy B M? 9 *Mass

J = 3 difference VIj = g2 4 difference
J



Cosmic cat state solution
® Superposition of two different WDW solution around QE ~ fr/F

U(a,d, {or}) < V/pUr(a,d, {éx}) + V1 —p¥r(a, o, {ow}) fr fr

where, for j =T, F

3 3

(a6 0n) x exp [~ 00 = Yooy (6 — £y = [ Sl

4G 2
Leading WKB solution of a  Gaussian of ¢ Gaussian of ¢,
(2),

Rj = H; (VI )+ _i) ki = Hj | —ikTj— k) L35 nverse of

w2 Hﬁj)(_k»rj) 2 Gaussian variance
AN A+ 87GV (f;) *Vacuum energy B M? 9 *Mass

i 3 difference Ij =\ g2 ~ 1 difference
j

Hp — Hr or Y1 — VF indicates the separation of cosmic cat state.
These difference appears in the Gaussian variance.



Decoherence

® Reduced density matrix by tracing out environmental noise @

ovg(a, Bla’, &) = / (H Dm) U (a, @ {or}) W(a, b, {or})

x pp' (a,dla’,¢") + (1 = p)p" " (a,dld’,¢") + /p(1 —p) {p" " (a, ¢l’, ¢") + (T < F)}

Let’s focus on this term, which is unique to cosmic cat state

® Interference visibility and Coherence “length”
a—a

2

Viale) = 67", 00 ) = [T exe | - (57 = c
Coherence length: how far coherence persists in Aa
Hp — Hp
Hr + Hp

Aa =

Envelope of interference
between a and a’

Let’'s see how the coherence length i changes with respectto AH :=



Results

® Coherence length @ =0.5, H =10, v; =10, Ht = —1, Av; =0

0% logV —1/2
=2 ( 9(Ba)? )

/ 9 Aa:o i , Les - = dc -_ ,
, N § -ess decc
< 3 (1 + =5 ) for |k7| <1, &> 1,
- 2 2
§ {1 + (Ht)Q&H } for |k7|>1

\ -
Decoherence relaxes as the cosmic cat AH
state separation A H grows.
» Environment 0 ¢ becomes less sensitive b More decoherence

to \a if there is cosmic cat state.

0.0 . | T L | L
0.0 0.5 1.0 1.5 2.0

We still don’t have clear physical understanding for this ® k/(aH)

3.564
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1.485
1.188
0.891



Summary



Summary

® | et’'s consider superposed spacetime in the early universe!

Superposition of matter Superposition of FLRW universe
with different energy with different expansion rate
time 1

- -

~ \ / 7 .2
N 4
Hp~ Hp !y More decoherence

-

ir Ir
® How does this cosmic cat state decohere due to inhom. scalar field?

» As the cosmic cat state separation grows, decoherence relaxes.

® Future work
— Superposed WDW solutions for BH spacetime
— Gravity-induced entangled state in WDW solution
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Backup




Works inspired by BMV proposals

Relativistic extension of BMV-like proposals

hA

%mr\\ Quantum aspects of non-dynamical curved spacetime

}\ Quantum aspects of dynamical gravity (GW, gravitons)

1
/¢ Relativistic (Less feasible)

® Motivations

1. Understand quantum feature unique to GR phenomena by exceeding Newtonian limit

2. Fill a gap between BMV-like proposal and quantum gravity theory

Today’s talk: Gravitational lensing & Einstein ring image in superposed curved spacetime

17 /118



Setup & Abstract

® Spatially flat FLRW universe a(t) + scalar field ¢(t,z) = ¢(t) + do(t, =)
ds* = g dxtdz’ = —N?dt* + a(t)? [dr® + r*(d§* + sin® 0 dp?)]

S = [ dtav=g | 1o (R = 20) = 59,60" — V(o)

(o — fr)* + V(fF) (¢~ fr)
EL(p— fr)* + V(fr) (¢ =~ fr)

® \What to do?

1. The WdW equation for this setup
2. WKB approximation (¢ « 1) to solve WdW equation
3. Gaussian wavefunction of the true and false vacuum states
4. Reduced density matrix of the FLRW universe by tracing out ¢(t, x)
» How does the superposed universe decohere due to scalar field coupling?

V(o) ~




WdW equation

® Dynamical variables:

a(t), ot,x) = ¢(t) +0o(t,x) < > ORE T 1Pk

Fourier trf

® \WdW equation
HJ_le(aa QE)J {qb)x,k}) —

21G 5 \?  wvad _
= (a—) + AN+Hg+ Hop | Y(a, o, {drk}) =0

3va da TG
where
= () et {2 PV o(t) = f
H‘?b__2va,3 5o T va 5#T/F(¢5—fT/F) +V(fr/r) at =~ Jr/F

Quadratic potential around each potential minimum

1 5 \° a3 /K2
_ 3.1 2\ 2
wom T [ n g () + 5 (S 0)

Scalar field perturbation around each potential minimum




WKB approximation

® \WKB approximation with expansion parameter G to solve WdW equation

U — (G 1So+S1+GSat) HLoW = {;’i (45:) b 2Ny + Mg | 0
0.5)
— Order G2 : =0
0P k
o 2 We obtain S
— Order G . (25 2: 3Av - ’
oa 47
— Order G° - Separation of variables as €°! = x(a, ¢) x(a, {érk})/D(a)
I 0Sy 0 050 625,
—2a—2— 4 [ =2 D =0
g ] “5a 5a+<5a +a5a2)]
_47'{'?: (SSO 0 _ 41 (SSO )
1 x=0 =0
| 3va da da +H¢] X ’ [3@@ da da HM] X




WKB approximation

® \WKB approximation with expansion parameter G to solve WdW equation

U — ei(G_180+31 +GSa+--+) H.ov = {iﬂ_u(j (”%) " ;:;A+%5+%5@ =0
05, e
— Order G4 : 2 =0 , 1050
0Dk By using Pa = =+
) 9 r 0a
— Order G™1 (050 _ [ V3Av
oa 47
— Order G° - Separation of variables as €°! = x(a, ¢) x(a, {érk})/D(a)
[ 580 0 580 5280
_9q220 % [ 920 D —
g ] “5a 5a+<5a +a5a2)]
_47'{'?: (SSO 0 _ 41 (SSO )
n = O — 0
| 3va da da +H¢] X ’ [3@@ da da IHM] X




WKB approximation

® \WKB approximation with expansion parameter G to solve WdW equation

¥ — (G "So+S1+GSa+-) HLW = {;ﬂ @%) + ;f;A T H + Mg | =0
0.5 A
— Order G2 : MO =0 By using » _ 1059
)\,ifc 2 yusing Pa= 5
— Order G71 (Lay _ A, Friedmann eq.
N a 3
— Order G° - Separation of variables as €°! = x(a, ¢) x(a, {érk})/D(a)

—~

Gaussian ansatz
. . >~ for scalar field
r d v d

v =H- . —v = Hs., v — Schrodinger eq. » Obtain S
NaX T X g X T e X e '

da da ba “ da?

2
> [_2a5ﬁi+<550+ 550)]2):0

-’



Gaussian wavefunction of true and false vacua

® Gaussian wavefunction of vacuum states in each potential minimum (f = T, F)
Phase shift due to different vacuum energy

w o [Ay 5 1 7 va? , Gaussian at each
Wy ~exp “acV 3 T log (Ua3Re[JJ]) - 70J(q5 f) potential minimum
3
a Gaussian of
_ | _ 2
{ °5 (a?’Re 07 k] ) 2 77k |9k] H scalar field pert.
where

, KE,
3 V(¢) T !
5J = ?,HJ (—VJ tanh[HJVJ(t — to)] + 5) I I
(2),
H,7' (k 3 v ’
oj =tHj | kTJ J (TJ)—|—— vy = Ty = — ' B OF, OFk
| H (k7)) 2 Hy 0T, 0Tk
® Quantum superposition of true + false vacuum states Jr fr ¢

W(a, @ {0r}) = neat (VB Ur(a, &, {on}) + V1= p Vila, 6, {0x})



Decoherence of true + false vacua "\ _;

® The off-diagonal element of density matrix for FLRW metric ., o1 |

paa = [ D3 [ D60) w6, {6100, 6. {6}) N
= Neat(@)ncat (a) [p Paa + (1= D)pads + Vp(1 = p) (Paar + Phar )]
- Quantum coherence of true + false vacuum states ~

pég" — /\qu\/p(&qb) \Ijj}(a’fa q_ba {qbk})qu(a’a q_bﬂ {¢k}) — eXp[_’Y({gI T iwég’]
Phase shift due to A — Ap (1st term) and f; — fr (2nd term):

g Y Ar 3 &azg +?:U (fr—f1)?
“’ T An@ 3 3 2 (a357)~L + (a/35 ;)1

w

Decoherence of superposed FLRW universe due to Hy — Hy and uy — ur:
— — sk 3 3 % 2
’YIJ, = llog (GBUI i a,’?’gj)? + l /d?’k:log (@01 + UJJC)
@ 4 4a’a’Re|o|Re|o ] 4 4a*a’ Re|or | Re|o s k]
\ J




Decoherence in Quantum mechanics

® |Interferometry within environment noise in quantum mechanics

— Probe + Env. |\Ij> = \/}_)|¢(81)>|g(31)> + v 1 —p|¢(82)>|5(82)>
WD o 1
WD [y [EEnIEE=))

Suppose that environment changes its state with respect to s as
E(s)) = e7*°9|€(0))

Var[é‘] 52 5
BALIELNEN

— Visibility of interference  V(s1, s2) 1=

— Visibility » V(s s5) = exp

— Coherence length

521 —1/2 9
‘. ::\/5(_ ogV(Slz, 82)) _ _
O(As) As—0 Var[G] 52




Results

® Hubble difference AH dependence of Visibility
{exp [—2{Aa(l+ (AH + Avy)) + %AH} {Aa(l - (AH + Avy)) — ZEAH} + -] for |k7| <1, p/H > 1,

exp [—2 {Aa(l + Ht AH) — ZLAH} {Aa(1 — Ht AH) — 2t

for |k7T| > 1

|..
[..

0.940 0000

0.846 080

0.752 075

— 0.658 — 0.658

L -1 0.564 1 0.564
= L1 0.470 1 0470
-1 0.376 1 0.376

- 0.282 - 0.282

0.188 o8

0.094 0004




Results

® Mass difference Av; dependence of Visibility
{exp [—2{Aa(l+ (AH + Avy)) + %AH} {Aa(l - (AH + Avy)) — ZEAH} + -] for |k7| <1, p/H > 1,

exp [~ 2 {Aa(l4+ HtAH) — ZLAH} {Aa(l1 — HtAH) — ZLAH} + -] for |k7|>1

0.940 0.940

0.846 0.846

0.752 0.752

|..
|..

— 0.658 — 0.658

— 0.564 — 0.564

Aimy
Aimv

—0.470 —0.470

—0.376 — 0.376

+0.282 - 0.282

0.188 0.188

0.094 0.094




Results

® Hubble, Mass difference dependence of Coherent length

. \/5<a2 logV)_1/2 <( {1+ Db } for [kr| <1, p/H> 1,
Lk o — ~ o o
(Aa)? ) pqo \ 2 {1 + (Ht)QAH } for |kr|>1

Clohqren?llgngth‘ S . — S Qohqrernllgnglhl ‘

3.564

3.267

2.970
2.673
2.376
2.079
1.782
1.485
1.188
0.891

k/(aH) | kf(éH)
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