


Motivation

1 curved spacetime (cosmology, black holes.

Gapl(g) =0, i0:|v) = Hy(g)b)

luding backreaction (pathologies in curved spacetime
uperposition is lost...)

Gap(8) = My’ (¥| Tag()lh)

nd Geilker (1981), Ford (1997)

his be derived from WdW using Born- Oppenh
oximation? - No

abhan (1989), Kiefer and Singh (1991)




Assumptions and What to Expect

he quantum system starts in product state [p1) ®
One subsystem is in a semiclassical state.

- The coupling between the subsystems is weak.

mescales: Scrambling time, Ehrenfest time

mple: Non-linearly coupled oscillators

ies: Quantum-Quantum (QQ), CIassical-Quan’




Framework

07 — H 7 + 7H, + \Va 208
: for reduced density matrices:

i0ep1 = [Hi, p1] + \[Va, 2V5 27,
i0ep2 = [Ha, pa] + A[Va, Z" V| Z¥]

.



Product State Approximation

Measures of Entanglement: 1 — 'y =5,<1- 12, Sun < Ind
Nearly product state: If Z = ujul + \5Z then

i0ep1 = [HE™, p1] + O(N2),  HET = Hy + M| Va|2) Vi
idep2 = [HS", pa] + O(N?),  HS" = Ho + M| Vi |e1) Vo

Evolution is non-linear in the state, unitary



CQ Approximation

1 behaves ‘classically’:

H = H1 + AV (02| Vo)

1(q1 (), p1(t)) = (01(t)| Valr(£))[1 — e(t)]

O v



Example: Coupled Non-linear oscillators

= %Ql(q% +p7) Ty 30(a3 + p3) + AQq{ g5

ial data consistent with the Bohr correspondence p




Results: Position of oscillator 2

o =25,V=2,6=0,A=0001,§ =12, =2

N =25 V=2.6=0,4=001,8 =12,¢,=2

Py =25 ¥=2,6=0,A=0.1,§ =12, =2

position (oscillator 2)

position (oscillator 2)
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Results: Distribution of energy

€C (1, ~25,¥-2,0-0,A=0001, €, 12.6,-2) ey, 0018, -12.,-2) €C (n,, ~25,v-2,0-0,4-0.1,€,~12,,2)
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ESosellstor 1 = osiltor 2= ineration] [ESosellstor 1 = osilor 2= itoractin]

[ESosellstr 1 = oscillor 2 = interaction]



Phase space trajectories

I i .
i ke

€C (n, ~25,v=2,0-0, 0001, ~12,8,-2)

0o 1
pusiion
— ossillstor | — oeiltor 2]

01
position.
[ oseillor 1 — oscilor 2]






Results: Comparisons between schemes

e For small

coupling, the errors in CC, CQ o A

e For most parameters,

the CQ errors < CC errors. Exceptions

occur when o — 1 or when (o > (4

[}

CQ gets worse with increasing o, while

the error in CC is fairly insensitive to it

e CQ improves when (5 < (1

e CC improves when (5, (; become large

€Q vs QQ discrepancy
e e K
g £
3 5

005 0.0 015 020 025 030 035
linear entanglement entropy

[—2=0.000s — 2=0.001 — 2=001 — A=0.1]

2,6) = (0.001,0.1)

2

initial energy in oscillator 2 ({_ )

L X X X O I I

co00000000
30000000000

2 4 6 8 10 12 14 16 18
inital energy in oscilltor 1 €, )

[=rel error in CQErel error in CC



Wigner Distributions

classical-quantum quantum-quantum

=l

7 =2y

» small coupling (A = 0.001) upto 75
» moderate coupling (A = 0.01) over [0, 6 7j;,]
» moderate coupling (A = 0.01) over [0, 2 7y;,]

» large coupling (A = 1) over [0, 18 7j;,]

-
7= Ay

-
-
T = 0my

7 =81y

oscillator 2 position


https://youtube.com/watch?v=tPkiVaadQgg
https://youtube.com/watch?v=J5U1gyCBAVI
https://youtube.com/watch?v=g2xWyTnznZE
https://youtube.com/watch?v=lM8VA8udQhA

Discussion




