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IN THE GRAND SCHEME...

e Homogeneous isotropic spacetime

described by Friedmann-Lemaitre-
Robertson-Walker (FLRW) metric
ds® = —N?(t)dt* + a*(t)6;;dz’'da?

bounce

o Evolution of the universe's geometry is

encoded in the scale factor a

+

T~27K

GR: singularity at @ — 0 < [NASA /WMAP]
Primordial power spectrum = C(MB ——p
e Quantum treatment of the background (Planck, ACT, SPT)
dynamics
o Avoid the singularity = bounce [ESA /Planck]

Here: imprints of the quantum bounce in cosmological perturbations
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QUANTUM COSMOLOGY

[Matkiewicz, Peter, ('19)]

[Gielen, Menéndez-Pidal, ('20, 21)]

[de Cabo Martin, Matkiewicz, Peter, ('22)]
[Bergeron, Dapor, Gazeau, Matkiewicz, (14)]

e Minisuperspace models: Wheeler-DeWitt [DeWitt (67)]
quantisation on the reduced phase space of . Ambiguities
general relativity to obtain a quantum description

of the universe (7:[FLRW + ﬁmatter)\lf(a, ¢) =0

o Quantisation: choice of clock degree of
freedom, canonical variables, quantisation

L scheme
approximation to a full theory of

quantum gravity o Extraction of an effective evolution of the

scale factor
e Problem of time [Isham, (93)]

o (Semiclassical) state of the univers
o GRis a fully constrained system — no external N\
H y | . B
me pardmeter different phenomenology (e.g.
o Evolution happens w.r.t. an internal degree of singularity resolution)
freedom serving as a clock (here: perfect fluid) | /¥
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CLASSICAL BACKGROUND

e Geometry: FLRW Hamiltonian

lapse £~ N\
K :_87rG ....... kN 9 7~ X\ momentum conjugate to scale factor {CL, pa} =1
Hapm — HrLrw = — Pq,
12VQCL

spatial section volume N

N .
e Matter: perfect fluid  Hquq = W(w)—p(lfw [Schutz, ('70) (71)]
agw
. , A~
o Perfect fluid as matter clock fixes the lapse N = —a“" cquation of state parameter

e Canonical transformations to convenient variables

(@,pa) = (¢;p) with P a2 g X q3(1—w) and  py — P, = —7p<1b+w

: : K matter clock
v ¥ > Hubble rate
scale factor expansion rate of the universe N

/
&% TOTO' HCImiHOhiCInI H = HFLRW -+ Hﬂuid X p2 — Dr
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QUANTISATION OF THE BACKROUND

Total classical Hamiltonian:  H = Herrw + Hewid X P> + -
——
v

scale factor matter clock

[Matkiewicz, Peter, ('19)]  [Gielen, Menéndez-Pidal, ('20, 21)] [de Cabo Martin, Matkiewicz, Peter, ('22)] [Bergeron, Dapor, Gazeau, Matkiewicz, ('14)] ...

e Quantisation map based on the affine group introduces , , |
Essential assumption: non-negative scale factor

repulsive potential that leads to a bounce

N 3
/\ constant > i
2 time evolution

introduces a bounce

e Schrédinger equation in perfect fluid clock variable =0 — 7-A[FLRW¢ — 10, =0
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BOUNCING
UNIVERSE

... 1IN A superposition

By

. .




STATE CHOICE FOR A SEMICLASSICAL BOUNCE

[Bergeron, Gazeau, Matkiewicz, Peter (‘23)]

» Choose semiclassical state |y} = ¢71¢(7) |4 (1), p(7)) 2

2
o Follows dynamics generated by the semiclassical Hamiltonian Hsem = P~ + ?

o(r) = a5/ TT =7 pl) = 5i(r) = LT

Wave function evolution

probability amplitude universe contracts bounce universe expands
| 0‘305-'-1
0.05 | 0.030
7 0.25} I
0.04 - 5’ 0.025
0201 0.020|
0.03| :
| 015 0.015|
0‘025_ 0-10:: 0.010%
— 0.5/ 0.005 '
20 40 60 80 100 60 80 100 ' 20 40 60 80 100 i 20 40 60 80 100

ime ————,
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EFFECTIVE SCALE FACTOR EVOLUTION

(@) () ()
|¢([L’)|2 ] 0.05 D'BG;” :}.0305
20 40 60 80 x 100 60 80 100 20 40 60 80 100 20 40 &0 80 100
—
800
<q\> I \\ ""
e Operator related to the scale factor | K
_> SCdle 600 ‘. ','
3(1_ P
g X CL2(1 w) factor .
| contracting expanding
o Copenhagen viewpoint. ettective scale wol  Orench branch
factory from operator expectation _
. . ] 2001
value in semiclassical state - bounce (non-zero

scale factor)
0 | 1 1 1 | | 1 1 1 |
*atbitrary units] -400 —200 200 : 400

Ime —y
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EFFECTIVE SCALE FACTOR EVOLUTION

() () () ()
|¢([L’)|2 0.0205 0.05 0'305” :}.030?
SR i ‘ Only one universe:no  |__ : E Here: consider quantum
—> STCITISTICCI' dlSTrlbUTlon Trqjecfories insfeqd
800F .
@1 ™
e Operator related to the scale factor : o S
. ' SCale 600+ \‘ "O
q O( aﬁ(l_w) FdCtOf - ‘s‘ /&
| contracting s, o expanding
e Copenhagen viewpoint. ettective scale wol  Orench ' branch
factory from operator expectation :
2001
value in semiclassical state - bouncle %non-z)ero
scale factor
0 1 L L L 1 1 L L L 1
*_ . —-400 —-200 200 400
| arbltrary unlts] time
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* THE TRAJECTORY APPROACH

In a nutshell: The quantum system follows a trajectory, but our

[de Broglie ('27)] [Bohm (‘52)] [Holland ('93)]

Example: trajectories for the

knowledge of system properties at any given moment is limited double slit experiment

[Image: Philippidis et al., ('82)]

e Physical system = wave + point particle

7~

Yz, t) = R(x,t)eis(x’t) —> ZE(t) “tajectory ) ————
e Wave function obeys the Schrédinger equation 10,1 = H

~__
e Particle motion from the phase of the wave function e
1
T =—VS(x,t) y
(e

o Different initial conditions x(ty) give an ensemble of particles

e Probability of the particle to lie in an interval x + dx is determined by the

wave function amplitude R*(z,t)dx

[Image: Tonomura et al., ('89)]
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BOUNCING TRAJECTORIES

e Trajectories from semiclassical states follow semiclassical solutions

" expanding

R branch

" bounce (non-zero
scale factor)

*
*
*
*
*
*
*
*
"
*

trajectory gives the 3(1—w ~
scale factor: .CI?(T) X a2 ( ) 800 =,
o)l |
evolution governed dr . scale 600 F ",
by the wave - = —10x In ﬂ* factor
function: dr w contracting
| 100 branch
with I
) = 6_1¢<T)‘Q(7)ap(7)> 200
%FLRW¢ o 187’¢ =0
ol—

[*arbitrary units]

—-400

200

400

time —y

e Classical dynamics away from bounce

\.

e Concrete value for the effective scale factor from trajectories at all times

[arXiv:2508.06231]
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BIVERSE TRAJECTORY

e Go beyond highly tine-tuned single state universe: quantum superposition state

o Two states as sutficiently complex, but traceable example

e Biverse: [ — N(@Do =+ pei(swl)

r =2,

600
Y
d_ZC — —i10,In —  with 2 x a%(l_w) :U(T)T
dr e scale
factor
400

e Start on semiclassical trajectory

e Parameters:

r o ratio of late time momenta of

. . . 200
semiclassical solutions
AT o difference in bounce times
p, 0 o contribution of second wave function
0
~200 ~100 0 100
Lisa Mickel tevernuine JAp 12

superpositi'o:)
trajectory

~.q1(7)

single state trajectories

AT=50, p=1 & §=0
501
29|
! 0 2I5 50 e
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BIVERSE TRAJECTORIES: PARAMETERS

e Vary time ditferences between the bounces At

e Vary relative contribution p of the

second wave function ¥ = N(@bo + ,0615101)

r=2 p=1, 5d=0 r=2, Ar=50, & 6=0
— . - AT R
| o(r)] i o(r)]
800 o0
I 100
scale 150 scale
' factor factor
600
I 100-
400+ '
200( ul
: y time 7 :
0 | . . | . / | | O
-400 —200 0 200 400 0 50 100
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PERTURBATIONS y

and the impact of fp—— g}

biverse trajectories




FIRST APPROACH TO PERTURBATIONS

/ \

N
_______

[Peter, Pinho, Pinto-Neto, (‘06)] [Peter, Pinho, Pinto-Neto, ('05)]
e Second order linear perturbative Hamiltonian for tensor modes: sum of the two polarisations and Fourier modes

Hrrrw — Hrrrw + HP 7 A=+, x
//
(2) _ (2) (2) i (2) _ (N (A) 2 (M) (A)
TN = Z (%E,+ + %E,x) with HE =T (k . > e
- N K > hij o pij/a

(N)

conjugate momentum of fhr

* Wave tunction Ansatz: W (z, {ur}) = Ype (1) Vpert (2, {ix })

Background: Perturbatlons
HELRW Ubg (T) = 10:Ung(T) '7'[ Q)Wpert@ {Mk}) 187¢pert( ( ) {4 })
backg;and \\\\\ trajectory extracted from the bac?kground
dependent
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PERTURBATIVE DYNAMICS

e Dynamics of perturbation modes

\ \_ > (- ‘ ,
SN hz’j X fhi / a %ff modified by trajectories

7 ~ -_

. A AA b * : )
With  jig(n) = ol 3 pi(nfa’ )

creation and annihilation operators

r=2, Ar=50, p=1 & 6=0

600

o071

25§

400

».,""ql (7) 0

200

0

-200 -100 0 100 200

\

e |nitial conditions: “Bunch-Davies” vacuum

1 ik(n—n;
— e 1R\7] 77%)
uk(n) i
o Power spectrum P, o< k°
CL(77) 'n::77*

; , .
Primordial tensor
power spectrum

Pr

double-bounce
spectrum

[ ]
[ ]
]
[ ]
N

single state spectrum

Lowering (reddening) and —

, running of spectral index
P comoving wavenumber

| x i i . I i 1 L i | i i 3

5x10-1 0.001 0.002 0.005

[arXiv:2508.06231]
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PARAMETER DEPENDENCE OF SPECTRA

e Changing time ditterence between bounces « Changing the relative contribution p of the
— feature at ditfferent scale second semiclassical state & = A/ () + peie; )
r=2, p=1 & §6§=0 r=2 An=50, & 0=0 . .
; | ; ; ; b ; ; ; | ; ; ; — ; C i I i i i T i i i I i i i I 1
Lr 1 AT 0.010f E
Tph Primordial tensor 100 0.001 Tph Primordial tensor ;
0.001 power spectrum 50 101k power spectum S 08
10 L fee
0TE e ]
1071 e i e = 3
"""" E 07— ‘ 3
— comoving wavenumber — = COmoving wavenumber
-9L . ! ] . . . | o - 10-8 . | . L] . . . | |
0 5.x 107 0.001 0.005 0.010 5.x 107 0.001 0.005 0.010
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EMBEDDING THE BIVERSE IN COSMOLOGY

0 &
2o I
e
Ss
e Late time biverse trajectory mimics classical
SCdle
evolution factor
le—28
. . . . i
e Embed numerical solution in single bounce
6 -
model described by an effective Friedmann
5
equation
72 9 i nccical numerical solution for nccical classical
a L] classica diation fluid classica
1 —3 —6 radiation riuli o
2 — Q_ra + Qna” + Q) — Qga ( )\ ) ’ radiation . radiation matter
0 < $ $ & Q dominated analytical dominated dominated
2 . . . 1
radiation matter cosm. const — —~ - regime single regime regime
effective quantum sy e bou‘ncef,
—— FLRW pos >
contribution = Etawim‘ f time —>
Q -1.0 =0.5 ; {;Ez_l:l 0.5 1.0 o
e Single bounce two-fluid model consistent with [Image: Guillaume Desaché]
scale invariant primordial power spectrum
[Vitenti, Pinto-Neto, Peter, Demétrio, ( 26)]
Superposition Quantum Universe [arXiv:2508.06231]  22/07/2026 Lisa Mickel = ig\p 18
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CONCLUSION

. and next steps




CONCLUSION

o Aftinely quantise an FLRW spacetime to obtain a universe in which

f

the big bang is replaced by a bounce \EATATE ,,_fm—;: -
He, T LS TR -"..‘3_".;:;'_,_-:4.' o el e oy

4

N o
B i [y
1 e

e B 9 ) R I (N TR . Tk
T £ " T F *-;-:—?-o- - ]

e Trajectories for a universe in a superposition introduce distinct

features in the scale factor evolution

e These teatures affect the evolution of perturbations and thereby

the tensor power spectrum

2, Ar=50, p=1 & 6=0

r

600 r=2, p=1, & 6=0
sol 'l.‘: ' | — ' ' ' | I '
1F :
951t 4 L ] 100
/\( % 400 5 - 50
() 0001 '
\\‘;',\, . /,. L 1 10
L
/// . P - < ‘\*\\ 200 10—6 L
// ,/7 N N ‘\‘
/// ////:// '/ / \ \‘:\\“ \\
N // / - S \
‘\_//’/////,, 7 ) {t"/ // ‘\\./
C i E 1079 S
0 * 1 0.005 0.010
-200 -100 0 100 200
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OUTLOOK

e Develop theoretical treatment of scalar perturbations: equations of motion for amended background evolution

e Constrain the parameter space from current CMB data

Stochastic gravitational wave background vs detector sensitivity

e Consider imprints in future data for

107 F Ny ,
strain I " Planck
10-0f

early universe gravitational waves

insensitive to

ooz . B
z 10 bounce details?
&
< - sensitive to smaller scales
ol [/ < LiteBIRD _
affected by the bounce?
ST N T e - e s e S e B =l
10 o
...... signal from slow-roll inflation
10-—18 ; \ | I i i i | | | | | l \ | ) 1 ] ! 1 I 1
10~ 10~ 10-° 1 10°

fHz]  frequency —>
[Adapted from Auclair et. at. (23)]
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THANK YOULl

Questions...?
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ADM HAMILTONIAN FOR GENERAL RELATIVITY

[Image: Bodendorfer, ('16)]

e Foliation of spacetime: spatial hypersurfaces with spatial metric

and time direction M =Y x R _% ’ B TS z,
. . . . . . B =, EH"“&_‘_ Z
[ P
Time evolution: shift and lapse give translations parallel and . A '
orthogonal to hypersurtaces - lapse P R
2 a hif | _ 0 o 2,
g B _N _I_ N Na, Na. ..... > shirt EH'“"H&,_‘H s 2
HY Na Jab freeees » spatial metric I

e Hamiltonian: sum of Hamiltonian and diffeomorphism constraint spatial Ricci scalar

conjugate momentum of Gab

o Lapse and shitt give gauge choice T / EEIN [Na(vbw“”’) N (Q_H(%abwab _ 1772) _ @(@R)}
5

o Equal time Poisson brackets o \/g 2 2’%: y
ab a b 5(3) Ha Y v
{au(z), 7 (y) ) = 5(k5l)5 (z,y) A Hapm,s K =81G
e “GR is a fully constrained system” Harp = N(HADM,S + %matter,s) + N, (HZDM -+ H?natter)
(- ) C o

VvV v

~ () ~ ()




WHEELER-DEWITT QUANTISATION

e Wave functional ¥[qu(x), ®(x)] with constraints Hel =0 and  Hg¥ = 0

e |ssues:
o Detinition of Hilbert space - inner product? [DeWitt (67)]
o Problem of time: evolution happens w.r.t. an internal degree of freedom serving as a clock [Isham, (93)]

e Minisuperspace models: Wheeler-DeWitt quantisation on the reduced phase space of general
relativity to obtain a quantum description of the universe
o Quantise phase space of FLRW spacetime  ds® = —N?*(t)dt* + a*(t)d;;dz"da’

" Gup—a, T =g, {a,p.} =1

~

lapse £~ \
K = 87TG ........ I{/N /—\ R I F A H -F ” h -I:
2 momentum conjugate to scale factor qppr0X|mG'|'lon to a tull T eory o
Hapm — HrLrw = p
a :
12VOCL\_/7 cealo factor quantum gravity

spatial section volume N




QUANTISATION

e Quantisation based on the Weyl-Heisenberg group x €¢ R, p € R
o Ulg,p)p(z) = "Dy (a — q)

e Here: x>0, pE€R —> useaffinegroup (g, p)(x) = elpxw (E)
Va4 \4
. /7~ N
e Quantisation map Af - N dpdg \q,p> f(p7 C]) <q’p‘ where ‘C],p> — U(qu)yw(ﬁ fiducial state

RxRT

K> coherent state

¥> phase space function

e Normalisation condition:

aldsvol) =N [ dadnteles) [ antaslitols) = (a8 [ Sui)) vio) vt

e Action of the position and momentum operator:

A _ :I/‘ d 0.9 d
° 4y ¥ imposing on the fiducial state / Zzpo(z) = / i 2(2) Klauder, (99)]
O ]/j w — —16x¢ J 0 [Bergeron, Dapor, Gazeau, Matkiewicz, ('14)]




QUANTUM HAMILTONIAN

e Here: x>0, p€R — useaffinegroup (g, p)(x) = elpx¢ (x)

Va4 \4q

e Quantisation map flf =N . dpdq |q,p) f(p,q) {¢,p| where |q,p) =Ul(q,p)|to)
RxR

fiducial state

coherent state

e Applying the quantisation map to the FLRW Hamiltonian Hpppw o p* leads to a repulsive

- /2
pOTenhdl N 9 K constant
At = =020+ 0
e Total Hamiltonian
A © po = —i00
N A t |ut . A
Hocp® +p.  — Hocp? + = +p, eSO with Qv =y
q\—/? introduces d bounce Z/ij — _187w

e Schrédinger equation 7:[10 — 7:[FLRW¢ — 10, =0

[Klauder, ('99)] [Bergeron, Dapor, Gazeau, Matkiewicz, ('14)]




THE CHOICE OF STATE

. ) —id(T [Bergeron, Gazeau, Matkiewicz, Peter
e Use semiclassical state [1)) = e T |q(7), p(7)) ’ 23)]
o Satisties the Schrédinger equation ﬁFLRWgD — 10,9 =0
K
o Follows dynamics generated by the semiclassical Hamiltonian Heew = p* + —
q
I g w’ (T — Tp)
_ 2 _ 2 _ _
q(T) — 4B \/1 pal <T TB) p(7) 2(](7‘) 2\/1 + w?(T — )2 Note: use different representation
: 1 .D 5 T
f&;h Bounce;rajectory ’ p(T) 2 /’"\\ y Vig,p)Y(x) = ﬁ exp (lix ) (0 (E)
o Specitic choice of state (x|q(T),p(T)) = exp (i T ){ o, ,:< ) //’
q(7) 2q¢(t) N A\a(7)
. 3 neN
o Fu|| wdadve func’rlon: %($) — <:Ij‘¢a> with T X &5(1—11)) 12 > 1

1
2 n,! Evma = 1Gapa \ 22T grt1/2 v’ ! z’
a\ L) — — . V,Ngq, L;; v o | € A \Sv.n _iaa_
w ( ) \/F(V -+ Ng -+ 1) (fu,na + IQapa) 5 ’ C]ZH * f o qg P 2(€ o dal? )qczz

\ ) )

¢ 0 L (2ng+v-+1) ./ Laguerre polynomial 24 . - 00 . ;
Phase: ¢=i¢a(m) — ( VMa Ha “) v, T ( . / “*3 (Ly e ’d >
S =\tmiorn ) Y (L (y))" e ¥dy

Evne 1 1GaDa




STATE CHOICE FOR A SEMICLASSICAL BOUNCE

[Bergeron, Gazeau, Matkiewicz, Peter (‘23)]

o Peak of the semiclassical state follows the semiclassical

* Choose semiclassical state trajectories ¢(7), P(T) — bouncing solutions
) = e g(r), p() | o
P X a2 =) [y _O)C @ scale factor time %
Hubble rate T | | | | | | |
o Follows dynamics generated by the
2
semiclassical Hamiltonian Heer, = p° + —
q

q(1) = qB\/l + w?(7 — 78)?

1 qp w(T — 7B)

p(1) = 54(7) = Wi eI

|
| |
1
‘B
8y 5
|
I I
-4 |
|

singularity

resolution

[Images: Bergeron, Gazeau, Matkiewicz, Peter ('23)]




EFFECTIVE SCALE FACTOR

[Bergeron, Gazeau, Matkiewicz, Peter (23)]

e Peak of the semiclassical state follows the semiclassical

trajectories q(7),

p X 0z H

q X a
—

p(T)

%(1—11)) ‘
scale Factor time -

Hubble rate T

4

singularity

resolution

[Images: Bergeron, Gazeau, Matkiewicz, Peter ('23)]

e Operator related to the scale factor

g X az

5 (1~w)

e Copenhagen viewpoint. ettective scale

factory from operator expectation

value in a highly peaked semiclassical

state (Y|q|) g2(1-w)

()"

0.05 —
0.04
0.03 —
0.02

0.01 -

()

Only one universe: no

statistical distribution

N

Here: consider quantum

trajectories instead

T
—




QUANTUM CORRECTED SCALE FACTOR

e Quantum corrected scale factor has the same dynamics as a semiclassical trajectory -

recover GR dynamics at late times

2(7T) = zowT = a oc 2G0T ik ocaz™) ad  Ndr = dt

o Initial condition related to the expansion rate of the universe z(7) — zgw

2 1 2
- 2€V(V + 1) 53372 v? — i : T _22 T - A5

e Quantum po’ren’nol Q(%T) — q2 _ q4 — " gives T py 2 + Q(:U,T) q(7)4az
e Hubble rate from trajectories e K3 2 - 4 72 N (0,5)? N (9,5)?

o FLRW with perfect fluid for 9, S = const. A\ Na/) 9(1—w)2N2g2 = g301+w) a’
e Acceleration .

: 2 X 3
= — 1 N H?
o FLRW for & — 0 3(1 —w) Nx 2( )




BOUNCING TRAJECTORIES

e Trajectories from semiclassical states

)
w

trajectory gives the
scale factor:

r(T)X a

(1-w)

) = e lg(7), p(1))

with R

(0 HrLrwt — 1079 = 0

evolution governed dr .

by the wave — = —i0; In —

function: dr w
(1-w) 1 g o a2~

\ trajectories with different °l

initial conditions )\

different initial conditions ()

—A

— N

contracting expanding
branch branch
—
\ S e \ | \tlmic \
4 2 F 2 4
r

e Concrete value for the

effective scale factor from

trajectories at all times

e Classical dynamics away from

bounce

| | i
!

/ semiclassical trajectory




UNIVERSE IN A SUPERPOSITION

e Phase space portraits and wave functions for the biverse ¥ = ./\/‘(wo -+ ,0615@@1)

r=12, Ar=2, p=0.2

poca%(l—w)H T Tp

1_

0.51

-0.51

3(1_
q—)QOCGQ(lw)

e Trajectories highly dependent on initial conditions, but generally exhibit features that differ from single

state frajectories




FIRST APPROACH TO PERTURBATIONS

e Consider tensor perturbations in a flat FLRW spacetime with a radiation fluid (set w = 1/3)

ds® = a2(77) (—d772 + |03; + hyi(n, Z)) dxzdxj)

. . . . g [Micheli, Peter, ('23)]
e Describe perturbations in Fourier space, encoded by (¢ hi; (Z,1) o Zg( )M“‘“ BUES 123

\

1
e Full Hamiltonian Hpppw = H'” + HP wih  HO =)~ 5 (W,\ leA K +'2 igﬂ/\ BHa % HAETF) + K gy k)
/
kA P ()\)\ /

conjugate momentum of P N> background quantities

 Born-Oppenheimer approximation to solve perturbative dynamics W(a, {u;:}) = tue(a)pet(a(n), {1z})

Background: Perturbatlons
%(0)¢bg(a) — i@n¢bg(a) | H Wpert( (77) {/Lk}) 1an¢pert (a {:uk})
defines a background trajectory a(n) msert background - trajectory extracted from the background
trajectory

e Single state: same background from quantum trajectories and expectation value

N

e Biverse: use quantum trajectory of superposition background




PERTURBATIONS OVER BIVERSE TRAJECTORIES

[Peter, Pinho, Pinto-Neto, ('05)]

//’_\\\ //’_\\\
c c c c c A N ~ A . . i
e Canonical quantisation of perturbation modes with fiz(1) = px(n)az + ,u,j(nﬁaT - ) [Peter, Pinho, Pinto-Neto, (06)]
NN N2 [Micheli, Peter, ('23)]
creation and annihilation operators
Dynamics:
e Range of Fourier modes: k € (8 x 107%,3 x 1077 ) L
L i+ (K2 =) =0
Cy I i N/ ( ) S 6_1k<77_771) o
e Initial conditions: “Bunch-Davies” vacuum [x(7) = NGY: &
Qk \~7 ‘/eff modified by trajectories
50: 100;“'
q(n) = a(n) =
10E
5¢ 10F
| :
1 1k
0.100;"
0.010}
0.001;— 0.1
10“4? : | 5><:Il0_4 0.601 0.§02 0.605
~20 ~10 0 10 20 30

L |2

e Power spectrum  Pr(k) o k° ‘; taken at time when Veg(n") = k..

n=n*




PERTURBATIONS OVER BIVERSE TRAJECTORIES

e Dynamics of perturbation modes wy+ [k —1—

\f7 ‘/eff modified by trajectories

e Range of Fourier modes: | ¢ (8 x 107%,3 x 1079)

r=2, Ar=50, p=1 & 6=0 r=2,
600 - —
. : 100F — k=3x10"*
[ — k=168x%10"°
10F
400 F— k=384x10"°
[ — =T
1e
 o— =733 10
200 0.10¢ k="74x10_3
0.01F
. ;
-200 -100 0 100 200

for single state:
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1
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)

— oX arctan
a2
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PERTURBATIONS OVER A COPENHAGEN BIVERSE

o State in which each universe has its own perturbations W = Vg 0Wpert,0 T Ybg,1Wpert, 1

Background: Perturbations over each backgound:
HFLwabg(x) — iawag (ZC) iaTwpert,n — Z<wbg,n wbg,l>_1<@bg,l H<2) ‘¢bg,m>jppert,m
l S~ 7
. effect of “virtual” states

/ total perturbations

/,.r \\\ Iwgaerl) |g
/ \\
J'I, \\\
e Influence of superposition on perturbations from (¢, ;| H® |ty ) / \
Y Y / \‘
. . . . . ’f’ ‘\\
e Imprint: non-Gaussian protile in the perturbation modes ; \ oe 12
USSR DT oo e
-6x10%-4x10%-2x10% @ 2x10% 4x10° 6x10° I\
" xsing|e state U = W,
N

\perturbation




PERTURBATIONS OVER A COPENHAGEN BIVERSE

[Bergeron, Matkiewicz, Peter, ('24), arXiv: 2405.09307]

e Biverse U = N (¢ + a 1))

e Our universe: projection on a single wave e Entanglement of perturbations between

function states
total perturbations
— ’ b ™ tp&fﬂ 2
4 S | |
Fa Y 0
/ \
! \
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F | \
I N
/ \
.ff \
x H y; \
! A
! \
." ‘1
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single state W' — (N
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perturbation




EXAMPLE: DOUBLE SLIT EXPERIMENT

e Weak measurements - reconstruct trajectories

//v

Transverse coordinate[mm)]

e

Fig. 5.7 Trajectories for two Gaussian slits with a Gaussian distribution of initial 3000 4000 5000 6000 7000 8000
positions at each slit. The probability density is proportional to the number of lines Propagation distance[mm]
per unit length in the y-direction (from Philippidis et al. (1982)).
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