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Introduction
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"The mniegral is over all regular meirics g and maiter
fields ¢ that maich (h,x) on thewr only boundary.”
|Hartle & Hawking "83]




Introduction
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In a given homogeneous isotropic background, standard
inflationary theory predicts

0(p0C) = ,-,f_-.,
where e g. for V(@) = pe™
A% o T n=1-72=




Quantum Cosmology

A quantum sitate does not predict 2 unmigque FRW
background. At best it prowvides a probability
distnbution of an ensemble of possible universes.

To evaluate (4 .6(,) from NBWF one first needs:

e probabilities of ensemble of universes, and of Hubble

volumes of different kinds
e probability of inflation?
e state of perturbations 4, for each type
e probability distnbutions of perturbations

~ (8adCu) = T, pli) +(8adbu),

where 1 labels the Hubble volumes with different
distnbutions for the observable of interest.




Model

Wik, xi] = | dgdoexp(—I|g, &)

"The mniegral is over all regular metrics g and matier

fields ¢ that maich (h,x) on thewr only boundary.”
:F-fart‘:e & Hawking R3]

Matter modei:

What 1s the ensemble of cosmologes. wniith perturbations.
predicted by the NBWF¥




Semiclassical Approximation

In some regions of (mini)superspace the wave

function can be evaluated in the steepest descents
Jpproamation.

To leading order in i the NBWF will then have the
sermiclassical form,

W(b, x;:) =~ exp{|—Ir(b, x:) +15(b, x:)|/ A}

In general the extremal geometnes will be complex:
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Classical Universes in Quantum
Cosmology

W(b, x;) =~ exp{[—Ig(h. x;) +1S(b, x;)|/h}

The semiclassical wave function predicts | orentzian
{assical evolution in regions of superspace where
:F—éa-ﬂk ng 84, Grischuk & Rozhansky "90|

V ol gl < |V 45;]

The allowed dassical histones of the universe are the
integral curves of Si:

pa = VaSL
which hawve probability

Pﬁuic-g X e:cp—lf_q h*




Saddle points

Regularity at SP:- a(0) =0, a(0) =1, &4(0)=0
Free parameter at SP: ¢;(0) = @0e™

At boundary 75:  alrf)=b, &ilty) = xs

e For large scale factor b, saddle points for which
Valgl € |VaSL| at boundary provide dominant
contnbution — classical spacetime predicted.

e Classicality requires

— NBWFT spechies slice through phase space




Inflation

Complex extrema speafy Cauchy data for Lorentzian
histones at the boundarya = 56,0 = .

lorentzian evolution backwards from boundary
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All classical universes predicied by NBWF inflate at




Saddle points

Regularity at SP- a(0) =0, a(0)=1, &J(0)=0
Free parameter at SP:  ¢;(0) = ope™

At boundary 75z  alry)=b, &lry) =xs

e For large scale factor b, saddle points for which

Valgl € |VaSL| at boundary provide dominant
contnbution — classical spacetime predicted.

e Classicality requires

— NBWF speafes slice through phase space




Inflation

Complex extrema speafy Cauchy data for Lorentzian
histones at the boundary a = b, = .

lorentzian evolution backwards from boundary
yields
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All classical universes predicted by NBWF inflate at




No-Boundary Measure

— NBWF sclects inflating histories/directions @; in
field space

NBWF

--q”

These are exponentially improbable with a flat measure

on phase space. [Gibbons & Turok '06]




Inflation

Complex extrema specafy Cauchy data for Lorentzian
histones at the boundary a = 5,0 = .

| orentzian evolution backwards from boundary

All classical universes predicied by NBWF inflate at




Saddle points

Regularity at SP- a(0) =0, a(0)=1, &4(0)=0
Free parameter at SP:  95(0) = @™

At boundary 75z alry)=b. &lry) =x:

e For large scale factor b, saddle points for which

Valgl € |VaSL| at boundary provide dominant
contnbution — classical spacetime predicted.

e Classicality requires

— NBWF speafies slice through phase space




Inflation

Complex extrema speafy Cauchy data for Lorentzian
histones at the boundarya = 5,0 = x.

lorentzian evolution backwards from boundary
yields
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All classical umiverses predicied by NBWF :inflate at




Extension to Landscape Models
Suppose low energy siring theory has a multidimensional
landscape potential with many vacua...

In NBWF, cdassical universes emerge only where
potential admits inflation.

Other vacua have exceedingly small probability.
— the observation of a quasiclassical realm acts as

aC M SeeCilion Primcipee.




Sample of histories
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Extension to Landscape Models
Suppose low energy siring theory has a muliidimensional
landscape poteniial with many vacua...

In NBWF, dassical universes emerge only where
potential admits inflation.

Other vacua have exceedingly small probability.
— the observation of a quasiclassical realm acts as
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Sample of histories
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Probabilities of histories

The value of the real part of the Euclidean action of the
saddle points is conserved along the Lorentzian histones
and determines thewr bottom-up probability.

p(de) x exp{—2Ir/A]

_:IE

e o

Ip o —5—e ™ —pre—s

_""T‘:L"- il
The NEWF favors histories wnth a small amount of
mflation.
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Saddle points

Regularity at SP- a(0) =0, a(0)=1. &4(0)=0
Free parameter at SP:  ¢5(0) = @0e™

At boundary 74z alry)=b. &lry) =

e For large scale factor b, saddle points for which
Valg € |VaSL| at boundary prowvide dominant
contnbution — cdlassical spacetime predicted.

e Classicality requires

— NBWTF speafies slice through phase space




Probabilities for Observation

Our observations are restricted to part of a light cone
that extends over a Hubble volume, located somewhere

N Space.
6GdGe) =~ Y . pl3) . (6GCw),

A 'phase space’ factor connects p(1) to p(oy), because
the number of possible locations of our light cone
differs from history to history in the ensembie.

In histories where we are rare, this amounts to a volume
weighting of the probabilities of histones,

|[Hawking, 08; Hartle & TH, 09]

0 o) =~ E;J‘ deoso [peNk(on)] plown) (6(iéop :i

Volume weighiting connects probabilifies for histories
to probalniities relevant for observation




Eternal Inflation
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dp/de; >0 when og > 1/ul/?+=

The NBWF predicts a large number of efoldings
N i our pasi in models with a regsme of eternal
mfiation.

00y mz‘fdcr,ﬁ PENL(%xn)] p(dn) (6idoy e




Perturbed Saddle Points

r - ——
|Hawikang, LaFlamme, Lyons "93]

Perturbations 49 and metnc perturbations dg,
ds’ = (1 4+ 2p)dr> + 2a(7)Bydz'dr
+a(7)*[(1 — 29)w; + 2B, Jd=*ds?
Constrants: (b, x.v. E.d¢) — (b, x.()
Semiclassical appr:
¥(b, x, () = exp|—I(b, x,{) /Al

- H ¢
L= —w ——00
: ]

Mode expansion on S°:
I(b, x,C :ID'-E}.\-—-EHI“ b y.&

with (= (v) +Zdé_(1)Q™(N)
[ 3 .




Complex perturbations

Regulanty at South Pole: (., — 0

Phase (,(0) taken so that { — real z at boundary.
—s ensemble of perturbed histones labeled by (0.

20 40 &0Q 80 100

At horizon crossing n/a ~ H, solutions change
from osallating to slowly growing matter/metric
perturbations.

Gauge-invanant vanable {, tends to a constant




Eternal Inflation
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The NBWF predicis a large number of efoldings
N m our pasi in models with a resme of eternal
mflation.
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Complex perturbations

Regulanty at South Polee (., — 0

Phase (,(0) taken so that { — real z at boundary.
tories labeled by (0.
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At horizon crossing n/a~ H, solutions change
from osallating to slowly growing matier/metnc
perturbations.

Gauge-invanant vanable {, tends to a constant




Classical Perturbations

Perturbations behave dassically outside horizon:

— ensambie of perturbed histones with probabilities

\n} no€e 2
Ip" = wla n=en

— Gaussian spectrum with < (AT/T)? >=V_/e,




Probabilities of Perturbations

Distrnibutions in different directions o;;

{m = 9
e n=aH,

=

The variance o-(i) > 1 of modes leaving horizon in
the regime of eternal inflation.

— NBWF Fredrcl:;s:g‘mﬁcan‘t arge-scale inhomogeneities
in histories with 60 > 1/u" 24,

This increases the possible locations of our light cone

_e_- E Crerminedli et 3l (081-
T - - .-|,_-_
pENR(®w) — 1 when dp > 1/p /s

Hence for directions in field space with a regime of
eternal inflation,




Eternal Inflation
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The NBWF predicits a large number of efoldings

N in our past in models with a regsme of eternal
mfiation.
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Perturbed Saddle Points

T 3 3 — |
|Hawikang, LaFlamme, Lyons "93|

Perturbations 49 and metnc perturbations dg,
ds” = (1 + 2p)dr> + 2a(7)Bydx’dr
+a(T)*[(1 — 2¢)s; + 2E,; |dr*dx?

Constrants: (b, y.v. E.00) — W(b. x.(

Semiclassical appr:

¥ (b, x, () = exp|—I(b, x,{) /Al
where ( is the real boundary value of

Mode expansion on S°:
I(b, x,C) = I'%(b, x +) I™(b,x.t

with ( =—[¥.(r) +Zdé . (1)]Q™(N)
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Complex perturbations

Regulanty at South Polee (., — 0

Phase (,(0) taken so that { — real z at boundary.
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At horizon crossing n/a~ H, solutions change
from osallating to slowly growing matter/metric
perturbations.

Gauge-invanant vanable {, tends to a constant




Classical Perturbations

Perturbations behave dassically outside horizon:

— ensembile of perturbed histones with probabilities
() - 1 c
IRn —P q;.., n=a il

W, Sn

— Gaussian spectrum with < (AT /T~ >=V,_ /e,




Probabilities of Perturbations

{m =
IH — ‘—"_.;____ : ‘«-._..,-_;r n :alHl
=

The variance o-(i) > 1 of modes leaving horizon in
the regime of eternal inflation.

— NBWF predicts sagmﬁc:nt arge-scale inhomogeneities
in histories with ¢, > 1/u'/2+™

This increases the possible locations of our light cone

= .
le.g. Creminelli et al. 08]:

3
Z+n,

peNL(dg) =1 when &> 1/u'
Hence for directions in field ————
eternal inflation,

0Gadop) =Y, [ .. dog plon) (6Gidw),
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where ¢5, = 1 /u!/2+ms




CMB Predictions
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p'r. D0 ) ) ~ m_rﬁ—;?‘
Hence

8Go0p) ~ 3, p(o5) (0Gddw) e
Summary, for a multidimensional potential:
e NBWF selects inflationary directions
e Volume weighting selects directions with regime of

=1 = oL

e NBWF gives the relative probabilities p(i) of eternal
inflation in different directions @;,

_ - = I .
plt) == F_‘Ep:_T—H:i—:'_ — EXPi— =, ]

where ¢S, is the scalar field value at the threshold of
eternal inflation in direction ¢;.




CMB Predictions

8Gdow) ~= ), plo5) (6Gudonr)e
CMEB muitipole coefhaents:

C, ~ Lflﬁj‘ E2dk(8C,0C,) 72 (k)
— Cp =" pl(1)Cii)

e Direction with lowest V' (¢5) provides the dominant
contribution to the predictions for the Cis.
e g V(o1.02) =m?é7 + A\éd@ with COBE

normalization: dominant contribution from the o5
direction.

e Other directions lead to non-Gaussian corrections
which are significant in models with several cnmmbie
p(i)-




Conclusion

iIn histiones where we are rare volume
~weighting connects pmhabiimﬁ for 4D histones to

—_ = _—— P T =Tats ——r - aryation
o B I _— = " oL .

In single field models of eternal inflation, this implies
the NBWF predicts a long penod of inflation in our
past, with Gaussian perturbations

In landscape models, the domnant contnbution
to correlators of local observables such as the G
comes from the direction(s) in field space where the
condition for eternal inflation holds at the lowest

= = ol a e el i
gile O LNe poOilEsniial.

Other directions give non-Gaussian corrections.




Mo Signal
WA




