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- Scale-invariant curvature perturbations
- Non-perturbative bounce in M theory
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So far, observations are consistent
with a spatially flat Universe, and the
simplest possible perturbations:

. Gaussian

-as predicted by simple inflationary models,
BUT ...
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- Linear, growing mode
- Adiabatic
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Inflation

- Assumes start in a super-dense, P=-p state: why?
- Cosmic singularity unresolved
- Requires fine tuned potentials % < 10-10

One ~ 10-190 o
FPDE 1\ D1NF

- Strange empty future
- Measure problem: canonical measure, with
random ICs ~> P(N) ~ e3N  Gibbons+NT 2006

)



Inflation's most specific signature

- primordial fensor modes -
has not yet been seen




Motivations for a radica
it

2.

4q.

The dark energy puzz

alternative

e: what is its role?

The idea that today's universe is in a
dynamical, metastable state

. String and M theory must deal with the

singularity: since all we see traces back to
it, it is surely crucial to determining the
physical selection of states.

Either time began at the singularity, or it
didn't. Lets consider both options.
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- primordial fensor modes -
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ANOUrvy,

Ekpyrotic perturbations om:

Stemhardt.
NT 2001

e.g. V=-Vee<® () ¢ (radion)
T Scale symm: x* ->e* x*,
d->p+21/c,’h->e“* h
Scaling-solution: ¢ ~ t-!
|kt1“«<1 Time delay mode: 56 ~ ¢ ~t!
Scaling symmetry -> <8¢%> ~h T'Efdf’k/ k3
cf Massless scalar in de Sitter;
scaling background soln ds?= (-dt2+dx?2)/(Ht)?

scale symmetry x» -> i x¢
shift mode ¢0->¢+c, ¢ constant

Hence <5a2>~ h H2 rd3k/k3
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Ekpyrotic perturbations om:

Stemnhardt.
NT 2001
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eg. V=-Voe<¢ () ¢ (radion)

' Scale symm: x* ->e* x*,
b->p+20/c, h->e?h
Scaling-solution: ¢ ~ 1
|kt]*<1 Time delay mode: 8¢ ~ ¢ ~1*
Scaling symmetry -> <8¢%> ~h ’I"Efdz“k/ k3
cf Massless scalar in de Sitter;

scaling background soln ds?= (-dt2+dx2)/(Ht)?

scale symmetry x» -> A x¢
shift mode ¢->d+c, ¢ constant

Hence <802>~ h H-2 rdﬁk/’k3




Now include gravity
ds® = —dt*(1 + 2®) + a®(t)dx>(1 — 20)

Long A, U L omn / dt'a(t'), dz'=(1+ay(x))z’

a (

Quasi-

‘ . t
i A & = a1(x) = + az(x) (1 — =3 / dt a(t ))

Local dilatation:
“Curvature pertn. R~

Local time delay

Expanding U

Contracting U




How can a local time delay match on to
a local spatial dilation?

Fo |

Creminelli et al, Lyth, Huang...

A. bd effects near bounce (warping of
i dlmeﬁsmn)

8. Additional llgh‘i' dcfs in 4dET drwen
unstable:
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Assume two scalar fields, ¢; and ¢,
with independent, negative, steeply
flattening potentials

scale-invariant on

m) relative
long wavelengths

pertn

but this converts easily to R




General result:




Heterotic M Theory

Two moduli: Hi(“arp) +

radion and V., =&’

Both can pick up scale-invariant —
perts pre-bang -> entropy perts

branes ¥

Before and after boundary brane collision,
minus brane hits zero of A and bounces back.
This bounce converts entropy to curvature!
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Lehners

5d solution McFadder

Tkajecfory |
Tanc aential to
smgulamfy

-described by a
hard boundary
(6,=0) in the 4d
effective theory
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5d solution

Tra Jecfory

tang to”

smgulamfy

-described by a
hard boundary
(,=0) in the 4d
effective theory

Lehners
McFadden

ombipddiar in B etatic



M-theory model for the bang

_, SIS - g_a'.,;-r' 1

Winding M2 branes=Strings: ‘_ o

time

=
M theory dimension

No blue-shift for wmdmg membranes:
describe perturbative string states
Weak coupling at singularity

Classical evolution of string is
ar across =0

Calculable Tz, due to string creation

BUT: what about KK modes

12 rnonnernt ctrnmina ctrtatec?)



M-theory model for the bang
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"/ describe perturbative string states
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Classical evolution of string is

ar across 1t=0
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A Holographic Bié Bang

AdS/CFT IIB SUGRA on S°xAdS®
includes m?=-4 BF scalar

g lnre) e

SUSY-> a=0 no dynamics
If a=a(B) -> dynamics
Bulk collapses to a
finite-time singularity

Hertog+Horowitz

Unstable Deformed CFT on RxS3
5d bulk Alea rinetahls
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Winding M2 branes=Strings: e oarher

__ No blue-shift for wmdmg membranes:
describe perturbative string states

Weak coupling at singularity
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Classical evolution of string is

ar across =0
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A Holographic Big Bang

AdS/CFT IIB SUGRA on SPxAdS?
includes m?=-4 BF scalar

ol Jf ol [l b e
SUSY-> a=0 no dynamics
If a=a(p) -> dynamics

Bulk collapses to a
finite-time singularity

Hertog+Horowitz

Unstable Deformed CFT on RxS?
5d bulk Alea 1inetahls




A Holographic Big Bang

Witten

a=A B corresponds
deformation -A¢* of
CFT -> instability

(0=Tr(bi-47) )
A is symptotically free

_ - 16 72t
V(9)- 3 In(6/M)

large N-> 3 fn is 1-loop
exact, V under good
perturbative control

Global time ->




Unstable CF T S

ﬂGJﬁHFQ

v I V($) ~ + RAdS e - Ap*
N b Take MR

-> weak coupling

Finite V;: R
S L}g’ 1 J///\\\\
need wavefn *(0) Self-adjoint

for bmkgr’d extension
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Key Points

* No gravity in CFT

* Finite time singularity -> Ultralocality
Quantum mechanics -> natural resolution of
singularity via "self-adjoint extension”

* Asymptotic freedom

* Finite V; ~> entire background becomes
quantum around singularity

* CFT is (nearly) scale invariant ->
Automatically get scale-invariant pertns
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Unstable CFT S

ﬂauphng

v 1 V(9) ~ + Rpys 62 = A

]

— O Take M« R,
singularity via "self-adjoint extension”

* Asymptotic freedom
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quantum around singularity

* CFT is (nearly) scale invariant ->
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1. Ultralocality

y 21
zero E bg soln EEERs

= B 4 2K7 + Khl Ky
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X = E (’-""EI‘LIT +ﬁ{_ﬁ1—3ﬁg};
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3 1{53——15;}A1+Lﬁ§—€w11) =
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Interpretation in linearized theory

. | S ok .
—t,(x)+ Etzvztg B ﬁt“‘(?*ts )+ ..+ p(x )t + ...

Time 2 Hamiltonian - IR
delay density 5 Trrae=a (?) 2

As gradients become unimportant,
different spatial points decouple -> QM

Self-adjoint extension matches local time
delay and energy density across singularity
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Interpretation in linearized theory

A . |
)1 Etzvztﬂ = ﬂzf*l(‘-v’”‘ts) ol -

Time q Hamiltonian
delay density

09

12

5H— i e Vbb—a (;) b

As gradients become unimportant,
different spatial points decouple -> QM

Self-adjoint extension matches local time
delay and energy density across singularity










1. Linear terms in t_ and p completely
regular (even/odd in t) : match
unambiguously across t=0

2. Nonlinear parts are then completely
determined
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2. WKB, SA extension

P~ {2(E-V) ~X¢V,
WKB condn p,°dp;/dp~ X ¢ V3 ~>0, large ¢

Self-Adjoint extension: Reed+Simon 70's
0)

ps~ ¢ — [¥]> ~¢2 normalisable

Halve Hilbert space -> unitary evolution,
nc probability lost at infinity
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| arge ¢ at small time

Wavefunction may be calculated using
complex classical solutions

p+2 i | 27 pg +2i g |

A ——
2. 2
~ e /21) d<A/OT

Co - - t 172 _
~ e W28 h-1cos (¢3+0) do>A/dt

<> is infinite -> classical bg never exists!







Large ¢ at small time

Wavefunction may be calculated using
complex classical solutions

p+2 i | 27 po +2i g | 2

A ——
2
~ gt e ) p<A/St

O O - . E -z
~ e WI2st7) 6-1cos (¢3+0) ¢o>A/dt

<¢> is infinite -> classical bg never exists!
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