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OUTLINE ⑪

* What are Bra-ket wormholes

& why are they interesting

* Bro-ket wornheles in wo dimensions

* Br-ket wormholes inour dimensions
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Quantu EFFECTS In COSMOLOGY ②
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THE Wave-function of The Universe ③
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# IProbability distr .
& relating = 14 (fields @H)
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THE WAVE-FUNCTION ofThe Universe
# Semiclassically Smooth homogeneous solutions
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BRA-KET WORMHOLES ⑤

# Observables "connect" Bea & KET
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BRA-KET WORMHOLES ⑥

S Hartle-Hawking

S & State
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BRA-KET WORMHOLES ⑦

Can we find classical solutions of

this type ? Yes (we show it in i= T ,
D =4)

Whatore their properties !
S

· Do they solve issues of HH ?
In D= 2 yes (butc different one) .

In D = 4 we have a class

[Cheu
,

Gorberleo
,

Maldaceus ; '20] of modelslat are promising

· Can they give the dominant contribution

to observables ? -
In D = 2 yes /large Universes) .

Im 3 = 4



THE 2D Story (dS IT Gravity) @
Bru-Ket Wormholes J as saddles of Wigner (phose space) distribution
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WHY WIGNER 2 ⑨
C

# Natural in Cosmelogy
W = probability distribution for coord I moments !
-

initial conditions for classical fot Big Bang evelation
-

# wormhole solutions for density matrix [Chen
,

Garberlo
,

Baldicens ; 120]

↳ & is singular /sericlassically)

# Wigner providesc regularization (-micronomical enseuble

for double-coneinAds) & has a better sericlassical limit



Our Solution [AF ,
Gorbenno

, Kames-hig24] ⑩

# We consider IT&S + INFLATON Y > clock

four dim
. plase space 1, & P

, Pa

W(2 ,
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, Pp , 9/2b) ~ S(24-P99) Nop
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Retent

# Classically :

& = Prcoselt) L = b simalt) ·
PE = beoshit) Pr = drsineIt] EDLP-POP = O

↳ W - S/classical trajectories) !



Features of Our SOLUTION ⑪

# Dominates & large L
Wha ~ t eSos

↓ Adding a CFT

& large Universe cbcH

Wwormed e

# Solves an issue of HH im D= 2 (violation of SSA)
↑

[Chen
,

Gorberleo
,

Maldaceus ; '20]

# NON NORMALIEABLE due to L + 2 ma g doesn't exist

Could be bounded by higher torelogies)

# Short wavelength motter perturbations are scale invariant

Longer ones /wavelength - throat size)

are thermal



⑫
Fore-Dimensional Bra-KET Wormholes

Moving to 4D : see if we can resolve the HH issue.

Wip 260X
.
XxX uplift of

IT &S

# Different boundary topology : e.g .

53
,

Ss
(

S' + s = y

+ open Universes

# Add special curvature an 0

# Anisotropic wormholes

different saddles# By inequivalent contoves in time as

m
new propertieseach



Analyzing Matter on Generic Solutions
Matter should belove nicely on these backgrounds

,
to yield

perturbations close to what we observe
.

Introduces two criteria :



ANALYZING MATTER On GENERIC SOLUTIONS ⑬
Matter should belove nicely on these backgrounds

,
to yield

perturbations close to what we observe
.

Introduces two criteria :
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ANALYZING MATTER On GENERIC SOLUTIONS ⑬
Matter should belove nicely on these backgrounds

,
to yield

perturbations close to what we observe
.

Introduces two criteria :

# Place a <FT on the background uplift ofJT %S

but

-> thermal state & temp B
:

- net "bra It

B = Soy = St 2 . 9 : Schwrzschild S ·Ket y (S' = S2)

REQUIRE E BERR ↓-fordeB > O

# Consider a CFT e
. g .

C
.
C

.
scolor ++1 i

>

: Se (5 one + +24)
Sea e Note

:generic motter is this
+ 2 relevant deformation,

Boundedo any +EU =R No glost instability 2 .8. I mass term.

↳ NO Go's (Conformal RSW) negative m2 is Net on instability .



An Overview of Sore Sens We Studied
# Pure gravity 110

sols ul boundary : S
,

S'xS2
,
anisotropic S'xsx s

& (Kosher Universes)
uplift of IT dS



An Overview of Sore Sens We Studied
# Pure gravity 110

solsul boundary : , sxs"
,
risotropic Ss'

NOT ALLOWED & (Kosher Universes)
uplift of IT dS



An Overview of Sore Sens We Studied
# Pure gravity 110

solsul boundary : , sxs"
,
risotropic Ss'

NOT ALLOWED & (Kosher Universes)
uplift of IT dS

# Pree giority 130 with hyperbolic boundary Hy

-> a selection with Brte" & OK with conformal resu

however : S = 0 = fr

22 Hortle-Houhing which has exp



A CLASS Of Promising MODELS

# Isotropic S'xs's' spatial topology + matter :

Gravity + Perfect Glid P= W + Slowly rolling inflator to
microscopic field a VIP) n

Euclidean H
Hubble

start of

inflation .

·Controls the K frost d
(e . g . the size b)

· Inflates
**
It late times

cosmologies
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A CLASS Of Promising MODELS

# First
,
consider Radiation (w = ]) ,

w is comf . coupled scolar

# They are similar to the IT wormhole : D olesity mosteix

- Wigher
↓
clock

↓
from Loretzion region

W(Pa .
E

,
4

, 212) ~ S(4
,
-45) exp (I +fort)

Wormhole
↑

Ithrost2 - Mp Heb
3 from Euclidean throst

# These wormholes are different then the ones Jus = 1

# H -> Ne-folds b2- volume of Universe & depend on Pr
,
E , .

-

W ee Wan-exp &F However, ....Kornhole



A CLASS Of Promising Models
For generic wwe here

Ithroat - Egy Mp H *
xb3

As in previous model , we expect : 3
WCEP

, /2) ~ S(4p-4) exp /Iffrort)
Wombele

# H(Vol -> Ne-folds b2 -> Volume of the Universe

Universe large
# The sign depends on W : if positive =o & Ne large

#Moreover
, Wordle WHH= expM

*

Wombele dominates over HH for large Universes



Conclusion & OUTLook ⑮
# LESSONS From THE Id TOY Model

↳ Bre-ket wormholes exist as saddles for Wigner distribution

↳ Are sericlassical & support stable matter

↳) Dominste over HH & selve its 2D issue

↳ Not normalizable in full phose space : L-a higher topologies !

# THE MORE REALISTIC ID CASE

↳ Bre-ket wormholes exist as saddles for Wigner distribution

↳ Are sericlassical &e support stable matter

↳ In a promising model they can potentially dominate over HH

& solve the Nefeld -> O issue

↳) Not normalizable in full phose space
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# THE MORE REALISTIC ID CASE

↳ Bre-ket wormholes exist as saddles for Wigner distribution

↳ Are sericlassical &e support stable matter

↳ In a promising model they can potentially dominate over HH

& solve the Nefeld -> O issue

↳ Not normalizable in full phose space Thanks !
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THE HARTLE-HAWING STATE

Semiclassically
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Our SOLUTION IN D = 2

# We use an infletom to Six time repermetrizations

~
dilston

# Phase space is four-dimensional (L ,
Pc

,
E , PE)

Define U= V= · U
,

V locally observable

~ #e-folds = Ne

· L
,
I overall size of zi Universe

-

& S2

W(L, ,
U

,V) ~ N, S(U- UcI(v) indeed sericlessical !
I loop



INTERPRETATION ⑯

W- probability distr . for gravitational zeco modes

10
~Haft)s or

↳ integral over age of the Universe
Ve Ne



INTERPRETATION ⑯

We probability distr . for gravitational zeco modes

102

282 - Jac Jac (dudu (1 +..) d(u-uncu) Oliv

enslogors to

e'
,
not there

~ JoNeN (Ne Eim wormhole

↳ # Still pushes for Ne - 0

# Much mildee thom - eNeHH(w = e e2S)
in 4D HH



COMPARISON WI HartLE HAWKING ⑰

We can compute Wigner for Heutle-Hanking
state :

WOMHOLE 200 Wormhole Dominates

Munne For LARGE UNIVERSE



MATTER Corrections a Power Spectru ⑰
Consider a massless scales X /& project Ne (a V) to

Netloge)
:

[t -q7dq =

:Sphysical momente
· scele invenient

9 e-Netee ,

⑨ e thermal pu e-Ne


