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IN THE GRAND SCHEME...

e Homogeneous isotfropic spacetime
described by Friedmann-Lemaitre- History of the Universe

Rober’rson—Wcﬂker (FLRW) metric scale factor increases e

Quantum
Fluctuations

ds® = —(N?(t)dt? +(a*(t)6;;da"da?

time choice scale factor

Dark Ages
——

e We are interested in:

~ First Stars & Galaxies Form
Modern Unwers‘e
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o Quantum cosmological model that

h b k d d h 0.01s 3 min 380,000 yrs 200 Million yrs 13.8 Billion yrs
-l-red-l-s -I- e GC groun On -l- e Age Of the Universe BICEP2 Collaboration/CERN/NASA
perturbations quantum mechanically Tl ~— ~- o
singularity radiation matter cosmj ogloca :
o Resolution of the big bang singularity oo domination sonsient comineton
quantum effects in the primordial power
— Eftects on the primordial power spectrum very early universe spectrum
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INTRO TO QUANTUM COSMOLOGY

e Minisuperspace models: Wheeler-DeWitt [DeWitt (67)
quantisation on the reduced phase space of

general relativity to obtain a quantum description

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

approximation to a full theory of
quantum gravity

e Problem of time lIsham, (93)]
o GRis a fully constrained system — no external
tfime parameter

o Evolution happens w.r.t. an internal degree of

freedom serving as a clock (here: perfect fluid)

[Matkiewicz, Peter, ('19)]

[Gielen, Menéndez-Pidal, ('20, 21)]

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

e Ambiguities
o Quantisation: choice of clock degree of
freedom, canonical variables, quantisation
scheme
o Extraction of an effective evolution of the
scale factor

o (Semiclassical) state of the unlvers

different phenomenology (e.q.
singularity resolution)

[arXiv:2508.06231]
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IN'A NUTSHELL

Minisuperspace quantisation of FLRW spacetime bounce

Copenhagen OM:

Quantum trajectories to obtain quantum corrected Interaction between

evolution of the scale tactor multiple background

states and their

perturbations leads to
non Gaussianities in

Universe in a superposition U = A/ (1)) + pevr) Influence on perturbations? perturbations

[Bergeron, Matkiewicz, Peter, (‘24)]
[Bergeron, Matkiewicz, Peter, ('25)]

Trajectories give different background evolution that alters the dynamics of

perturbations
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SETUP

Quantising the universe




CLASSICAL BACKGROUND

e Geometry: FLRW Hamiltonian

lapse £~ N\
K :_87TG ....... kN 9 7~ X\ momentum conjugate to scale factor {CL, pa} =1
Hapm — HrLrw = — Pq,
12VOCL

spatial section volume Q\/

N .
e Matter: perfect fluid  Hquq = W(w)—p(lb““ [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) = (g;p) with P a2 H g X q3(1—w) and  py — D = —/ngrw

E . \_, matter clock
v v > Hubble rate
scale factor expansion rate of the universe N

/
\)‘ Total Hamiltonian:  H = Hprrw + Hewid X P> + s
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QUANTISATION OF THE BACKROUND

e Geometry: FLRW Hamiltonian - kN o 1a,pa} =1 N 1
y HFLRW = — 12V apa J ano| Hﬂuid — V(w)mp¢+w
e Matter: perfect fluid 0 “
: : Sw/\A
o Perfect fluid as matter clock fixes the |opse N = —a equation of state parameter

e Canonical transformations to convenient variables  (a,p,) — (¢,p) ad Py — Dr = —’yp;;rw
”3
\ 4

scale factor expansion rate of the universe

Total Hamiltonian:  H = Hprrw + Hewid X P> + pr

[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 repulsive

potential that leads to a bounce * Schrédinger equation recovered in
/> constant > ° 5 — —i0 perfect fluid clock variable
¢TI ?:[ A2 K oA 7~ ime evolution th Aw — 7 w ’ A .
X P ;2 - Pr wit ? - Hy =0 — Hprrwy — 109 =0
~ 7 introduces a bounce pﬂ? — —1af¢
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WAVE FUNCTION FOR THE UNIVERSE

e Semiclassical state [Y) = 6_i¢(7)’q(7),p(7)> that satisfies

[Bergeron, Matkiewicz, Peter ('24)]

~ . Evolution of the wavefunction:
the Schrédinger equation Hrrrwt —10;¢¥ = 0 and follows

semiclassical trajectory
dynamics generated by the semiclassical Hamiltonian E————— ) -
Y

constant determined by value of K

Heem = P Jr\fl-—g

semiclassical trajectories: q(T) = (B \/1 4+ w? (7- — TB)2

initial condition

——~

1. \Z]B w2(7 )
p(7T) = 54(7) = ——= :
(7) 2() 2\/1+w27ﬁ73)\2

bounce time : = —
q

{\ [Image: Bergeron, Matkiewicz, Peter
x (24)]
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QUANTUM CORRECTED EVOLUTION

e Operator related to the scale factor g o a2

e In order to connect to GR: need classical scale tfactor on
spacetime

e Copenhagen viewpoint. operator expectation value in a

highly peaked state semiclassical state = the most likely

state for the system (|G| x a
()

P(z)[*

]

0.05 —
0.04
0.03 —
0.02

0.01-

=) g =g

][V

(1-w)

semiclassical trajectory

V/

Contrary to lab experiments

one cannot repeat the

experiment many times: no

expectation value follows

semiclassical trajectory

statistical distribution {\

k Here: consider quantum trajectories instead

[Image: Bergeron, Matkiewicz, Peter
(24)]
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THE TRAJECTORY APPROACH

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

In a nutshell: The quantum system
e Physical system = wave + point particle moving under guidance of the wave

W(z,t) = R(z, 1)@ — x(t)

tfollows a trajectory, but our

N o knowledge of system properties at

| any given moment is limited

e Wave function obeys the Schrédinger equation i0;v) = H1 /
e Particle motion is obtained calculated from the phase (initial condition
dependent) 1
= —VS(z,t)
™m
o Different initial conditions x(tj) give an ensemble of particles
associated to the same wave e Same probabilistic predictions
in trajectory and Copenhagen
approaches
e Probability of the particle to lie in an interval x 4+ dz is determined by the o Applications in e.g. theoretical
wave tunction amplitude RQ(J},t)dZL’ \_ chemistry Y.
J [Sanz (18)]
[Gindensperger (‘00)]
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EXAMPLE: DOUBLE SLIT EXPERIMENT

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

e Two wave packets emerge from the slits: Gaussian in y- / /

direction, plane waves in x-direction

=—
wB(‘r?y)tO) and wB’(:E7y7t0) _f{—_’i N
e Total wave function is a superposition = — ——-—J_
w — NWB(% Y, t) + wB’(xv Y, t))

e Obtain interference pattern from R* = ||

e Numerically calculate trajectories
o Can reconstruct the path of an electron that hit the

screen (up to measurement uncertainty)

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

e Continuous ensemble of trajectories can be obtained from
the wave function:

different initial

conditions x(to)

trajectory gives the 3 (1—w) —_— A §
scale factor: 37(7_) X a2
evolution governed dax .
by the wave — = —1@6 In — with
. d *
function: T ¢

¥y = e Dlg(r), p(r))
7:[FLRW¢ o 187‘¢ =0

expanding

branch

time

—_—

contracting

branch

4

o Assign a concrete value to the effective scale factor at
all times

o Classical dynamics away from bounce

Trajectories for a Superposition Universe [arXiv:2508.06231] 14/01/2026 Lisa Mickel L e iQ\p 12
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BOUNCING SINGLE STATE TRAJECTORIES

e State and trajectories follow dynamics generated by the semiclassical
K

Hamiltonian Heem = p* + —

q

initial conditions

\\\\\\\\\\\\\
1111111

Trajectories for a Superposition Universe
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SUPERPOSITION
UNIVERSE

Bouncing biverse

By

. .




UNIVERSE IN A SUPERPOSITION

e Relax the semiclassical state assumption and consider state in superposition
7 additional phase

o Consider biverse example [y — N (o + P€i5¢1)
normalisation factor </ </

relative contribution of second wave function

e Each of the state follows its corresponding semiclassical trajectory

e Copenhagen viewpoint. assume that we live in one of

these universes, the other state is “virtual”

— no change to the perceived background dynamics

for a superposition state

\
\' X a [Image: Bergeron, Matkiewicz,
Peter, ('24)]
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BIVERSE TRAJECTORY

e Biverse: W = N (v + P€i5¢1)

e Recall that trajectories are calculated from: ——

=

dzx
dr

AT =50, p=1 & 0=0

:—i@xlng with T X @

\Ij*

(V] [GV)

(1—w)

x(T)TGOO

400

"",,’91 (7_)

) semiclassical
‘/ trajectories

e Start on semiclassical trajectory
e Parameters:
r o ratio of late time momenta of
semiclassical solutions

AT o difference in bounce times

2007 p, 0 o contribution of second wave
function
.
0 )
200 ~100 0 100 200
Trajectories for a Superposition Universe [arXiv:2508.06231] 14/01/2026 Lisa Mickel LENE RHIQL M ig\p 16




BIVERSE TRAJECTORY

e Phase space portraits and wave functions for the biverse ¥ = /\/'(@DO -+ pei(swl)

(1—w) > P

4 - 4

D 4& az(=w) [ g X

T1

3
a2
—

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

state trajectories

e Late time behaviour dominated by a single wave function — same evolution as in single state case

Trajectories for a Superposition Universe [arXiv:2508.06231] 14/01/2026 Lisa Mickel LENR SRR E iﬁp 17




PERTURBATIONS y

and the impact of N %}
ST (577

biverse trajectories




FIRST APPROACH TO PERTURBATIONS

e o
- ~

ds® = a*(n) (—d772 + [0 ﬂ://%j(m f)\}: dfidxj)

~
\\—_—’

[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 % A=+, X
/"
(2) _ (2) (2) . 2) _ (V)N 2 @\ () ()
H =) (HE,+ T %E,x) with T =me T R o
b N\ o hig o< uij/a
conjugate momentum of ME
e Wave function Ansatz: \If(sc, {’uk}) - ¢bg($)¢pert($, {'uk})
Background: Pertur/bitlons: - P
. I/ g 2\\ -~ \\\\ B /. \\\
Herrwtog(2) = 10:ug(2) | (HPWpen (2(7)} {p}) = 10rpen (7)) {11e})
backg;c;l:nd o trajectory extracted from the bac_kground
dependent

Trajectories for a Superposition Universe [arXiv:2508.06231] 14/01/2026 Lisa Mickel I L O ig\p 19




PERTURBATIVE DYNAMICS: EXAMPLE

ZOIN .
// 2 1 \\ \X/lth
e Dynamics of perturbation modes t, + | £ _{‘E/'l pr =0 — .
\ Sl — SN LN 5
K hw X Nij/a\/ Z ‘/eff modified by trajectories H (77) — Hk (712?1_4/ M (m{\a\__é)

creation and annihilation operators

e Range of Fourier modes: £ € (8 x 107*,3 x 107?)

Cp- pe i . - 1 —ik(n—n;)
e Initial conditions: “Bunch-Davies” vacuum f&(7) = \/ﬁe
T:27 AT:BO) p:]- & 0=0 T:2= &T}ZSU, pzl & 6d=0
0.4 100F — k=3>x107* ‘
ol OV\M  — E=168x 107
~0.47 10F
' ' '  — = 3.84 x 1073
ol 10 14 18 _
: [ — k=72x1073
: 5 n 1E
0 %\_JL o ’J [ — k=7.33x1077
o O e k=74x103
CL///G,E 0 Av ' _
_9F ' : ' e -
~0.1¢ | Sy
50 70 90 0.01p=
-10 10 30 50 70 90 -400 -200 0 200 400 |
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PERTURBATIVE DYNAMICS: EXAMPLE

e Dynamics of perturbation modes

e Range of Fourier modes: £ € (8 x 107*,3 x 107?)

e Initial conditions: “Bunch-Davies” vacuum Hx(1) =

600

400

200

r=2,

AT = 50,

p=1 & 06=0

With

AN

fp(n) = Nk(ﬂQfLE/

TN TN
\
\ A Jf \

% \
M (773(9\__@/

creation and annihilation operators

/

=2 An=50) p=1 & s=0
100 =— k=3x10"*
— k=168 x 1072 |1l /a
10F
[ — = 3.84 x 1073
[ — k=72x1073 !
1f 4
L — k=7.33x103 7B
0.10F — k=74x10_3

—0200 -100 100 200 —4|OO | | | -200 | U.l 200 | 460
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PERTURBATIVE DYNAMICS: EXAMPLE

e Power spectrum P, o< k* taken at time when V g(n*) = kIQnaX

n=n*

o Lowering (reddening) of spectral index

r=2, An=50, p=1 & &=0 r=2, 4Ag=80; p=1 & &=0
T T T T T T T T s T T T T T T F T T ! T T T T T T J T
I — 1n—4 : | [
100F— b=ax 10 O e : 54
[ — k=168x10"° |1kl /q o e i RS NAE [
2 T lﬂ_ﬁg
10F - : “ug ;
f — e =3.84 x 1073
: 10°F. . - .
[ — k=T72x1073 i ]
3 107 ﬁ 3
| — k=7.33x107° 2
- . S
. 10 E e
0.10F - E=T74x10_ : | : . S : 1 : , | . g
: 5x10 0.001 0.002 0.005
D01 p——""
-400 -200 0 200 400 initia| conditions

0.01s 3 min 380,000 yrs 200 Million yrs 13.8 Billion yrs
Age of the Universe

BICEPZ Collaboration/CERN/INASA
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CONCLUSION

. and next steps




CONCLUSION

e Atfinely quantise an FLRW spacetime to obtain bouncing trajectories

o trajectories assign unambiguous value to the scale tfactor at all times

r=2 Ar=50, p=1 & §=0

0.4
[ 0 V\M
-0.4
) 10 14 18

e Trajectories for a universe in a superposition

infroduce distinct features in the scale factor

evolution

90

e These features affect the evolution of

perturbations and thereby the tensor power — Next: detailed study of perturbations, scalar
spectrum perturbation, and perturbative trajectories
Can we find an analogue system with similar properties ?
o
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THANK YOUL

Questions...?
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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

/I.r \\\ Iwgaerl) |2
/ \'\
J'I, \\\
e Influence of superposition on perturbations from (¢, ;| H® |ty ) P \
Y Y / \\
. . . . . ’f’ ‘\\
e Imprint: non-Gaussian protile in the perturbation modes ; \ 0e 12
LISV BT oo s
-6x10%-4x10%-2x10% @ 2x10% 4x10° 6x10° I\
" \—sing|e state U = W,
N

\perturbation




C O M P/ \ R I S O N [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
— i b ™ I:pelﬂ 2
4 N I |
Fi Y 0
/ \
’ \
F L
F \
! \
/ \
f! \
x H K \
! A
! \
J’ ‘1
N - 2
!f “1 —T I¢Eﬂ |
..................... L 3 = 1 2 & /\
-6x10%-4x10%-2x10%° 0 2x10% 4x10% 6x10° K
Vi

single state W — (A

)(\
perturbation




HAMILTONIAN FOR COSMOLOGY

e Hamiltonian formulation of general relativity:
o Foliation of spacetime: spatial hypersurtaces
with spatial metric and time direction
o Time evolution: shift and lapse give translations

parallel and orthogonal to hypersurtaces

|apse (_ ._N2 4 Na’Na Na
gw/ B Na dab

constrained system”

e Hamiltonian is the sum of two constraints: “GR is a fully

o Lapse and shift give gauge choice: “Problem of time”

/’—\\

~
< N

4 \
\
Her = N(Hapa, s+ Hunaster,s)
\k Z 7
N 7 Y

~
\~—’/

e Cosmology:

o FLRW spacetime T —

27 N

/ \
/ \
/ a \ a
-+ NCL G\\K}Z[ADM)_I_ Hmatter)
. ,

—

4 Y
\\\_///

—~
geometry ~~ O

\ereee > shift

» spatial metric

lapse LN

kN

Hapm — Hrrrw =

spatial section volume N

—N(2)° \
( a(t)? "
a(t)?

a(t)?/

s e | (o) =1

scale factor .
+ perturbations




MOTIVATION: QUANTUM GRAVITY

e Need for quantum gravity: prediction of singularities (big bang); quantum nature of matter...

e Quantum gravity is a hard problem!

o “Straighttorward” approach: Wheeler-DeWitt quantisation of the ADM Hamiltonian [Dewitt ('67)]

—
- >~

N
s N s \

£ A / a \ a
HGR — N<HADM, S/H_ Hmatter, S) - Na ({\%ADM ,'+ %matter)
N y — \ L

—

g Y \\ // Y

geometry ~ O geometry ~ O

\\___// — e

= Wave functional \I{\/[/q;;\QCL‘),(?{/;(\x\)] with constraints Hal = (0 and HU =

— N——

spatial matter

T fields \__ >l Issues: Definition of Hilbert
space - inner product

e Here: minisuperspace model: Wheeler-DeWitt quantisation of the FLRW Hamiltonian

(7:[FLRW =+ ﬁmatter)qj(aa ¢) =0

o Finite number of degrees of freedom instead of infinite

understood as low energy limit
= Mathematically consistent: we can make calculations! 7| of a full quantum gravity theory




THE SYSTEM

e Quantise phase space of FLRW spacetime ds® = —N?(t)dt? + a*(t)d;;dz'da’

lapse £\

S G kN 9 7~ X\ momentum conjugate to scale factor
HapMm — HFLRW = Py
12V()CL

scale factor
spatial section volume i\/ N7

3 equation of state parameter

e Perfect fluid as matter clock fixes the lapse N = —a wu
N [Schutz, (70) (71)]

Hnia = Y (w)ag—w Py

e Canonical transformation to convenient variables
3

o (a,pa) = (¢,0) with poc a2 H, g oc gz~
¥> Hubble rate

o Py = Pr = —YPg "

N
e Total Hamiltonian after deparametrisation: H = Hrrrw + Hawig X p2 + pT/\matter clock




QUANTISATION #H — #

e Quantisation based on the Weyl-Heisenberg group 2 € R p € R
> Ulg,p)p(z) = "Dy (a — q)

ipx T
e Here: . >0, p € R — use affine group Ulg,p)y(x) = c 0 (_>
Va4 \4
o fiducial
: : A iducial state
* Quantisation map 4, = \/ dpdq g, p) f(p,q) (g, p| Where |q,p) = U(q;p)[to)

_|_ .
RxR —~ phase space function \/7 coherent state

e Quantisation of FLRW Hamiltonian  7H{ ¢ p2 + p,. leadsto arepulsive potential

A o e K oS P = —id,y
Ap2¢:_aiw+_2w . HOCp | - | D ime evolution with Sy = gl
L ~__7 introduces a bounce DY = _1(9777@

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




THE CHOICE OF STATE

e Use SemiCl(]SSiCCIl state ’w> _ 6—iq5(7')‘q(7_)7p(7_)> [Bergeron, Gazeau, Matkiewicz, ?;’;e)]r
o Satisties the Schrédinger equation 7:[FLRW¢ — 10,9 =0
K
o Follows dynamics generated by the semiclassical Hamiltonian Heew = p* + —
q
1 . dB Cd2 (7' — TB)
_ 2 )2 — = =
Q(T) — 15 \/1 e (T TB) p(T) ZQ(T) 2\/1 + w? (7‘ — TB)2 Note: use different representation
Spociicchace o fidusialstate (1a(7) ()~ ——oxp (20 2Yor () 4 »(5)+(3)
o Specitic choice ot tiducial state (x|q(7),p(7)) = exp (j T >,: n';<_) J
q(7) 2q(t) A7)
e Wave function of the universe: = h > (1-w) neN
Do e(z) = (x)te) with x o< a2 2o

1
2 ng! fl/ana — 1¢4Pq 2 (ratvtl) o xy+1/2 - 1 : 1
wa(x) — ( . ) gu Ng 41 na fun 9 __(gz/,na T 1Qapa)_2
F(V + Uz + 1) gz/,na + 1daPa Ops da 2 d.
; )

. L 2ne+v+1) ' o0 :
Phase: e—igba(T) _ (gl/ﬁba ?%]%) 2 gun _ ( n. / yy—i—% (Lg) (y))2 eydy>
£V,7’La + 14aPa ’ F(n + v+ 1) 0




QUANTUM CORRECTED SCALE FACTOR

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

recover GR dynamics at late times

2(7) = 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( )




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




INCLUDING PERTURBATIONS

e Tensor perturbations

o Pure gravity and do not require a matter source

ds? = —N2(£)dt? + a2 (t)6;;da'da? — ds® = a*(n) (—dn® + [0y +(/hij (:27, 7)] dz'da’)
matter = radiation M
W = 1/3 tensor

perturbations

e Dynamics of tensor modes included in the Hamiltonian Hprrw — HrLrw + 72

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

o Describe perturbations in Fourier space, encoded by i and the conjugate momentum 77 Peter, Pinbo, Pinto-Nefo, (06
eter, Pinho, Pinto-Neto,

it N(E ) - [Peter, Micheli, (‘23)]
() o 3 e WL ik
= a(n)
e Hamiltonian for perturbations (7 A=+, X
/!
(2) _ (2) (2) . 2 _ (V)N 2 @) (), N
HE =) (HE,+ + HE,X) with M =T AR R
’ K> ) N hij X :u’ij/a

conjugate momentum of ’uE




PERTURBED SYSTEM

e Total Schrodinger equation (Hevrw +H®) Uz, {in}) = 10,V (x, {1 })

e Born-Oppenheimer approximation Uz, {pr}) = Yog(T)Vpers (@, {tx })

Background: Perturbations:

HrLrw g (@) = 10-40,(2) O (2(7)) {16}) = 10r e (7 ( > (i)
backgrgan/d \_trajectory extracted from the background
dependent \

v

2@ _ 0 (2 ;)
EA R 5T q ) ME Mo

What happens if the background is in a superposition?
— different treatments for trajectories and Copenhagen approach




FIRST APPROACH TO PERTURBATIONS

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

dSZ _ CL2(77) (—d772 4 [513 4 h’é] (777 )] dZIJZdCE’]) [Peter, Pinho, Pinto-Neto, (‘05)]

[Peter, Pinho, Pinto-Neto, (‘06)]

e Second order linear perturbative Hamiltonian for tensor modes: sum of the two polarisations and Fourier modes

Hrrrw — Hrorw + H? 7 A=+, X
/]
(2) _ (2) (2) i (2 _ V(N 2 _ %) & (/\)
HE =) (HE,+ + HE,X) wih - Hp = R e
k \~7 hij 0.¢ ,uz-j/a

: (N
K conjugate momentum of ,LLE
> ,

e Use scale factor as given by quantum trajectories in perturbed Hamiltonian Vet = Wpere(a(n), px)

7 1IN
I 2 |
 Canonical quantisation of the tensor perturbations leads to mode equation Ay + (k _|_A’2ﬂk =

N - modified by trajectories

’—\
/‘ ~

N

o With perturbation operators decomposed as  fi;:(n) = (7 Q 4T 1w (n jaT /2\’

creatlon and anmmgtlon operators




EXAMPLE: DOUBLE SLIT EXPERIMENT

e Weak measurements - reconstruct trajectories

//v

Transverse coordinate[mm]

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)).




