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Abstract: Cosmological observations will soon distinguish between the standard slow roll inflationary paradigm and some of its recently devs
alternatives. Driven by developments in string theory, many new models include features such as non-minimal kinetic terms, leading tc
non-gaussianities, making them observationally testable in the CMB. Models of slow roll inflation can also give rise to large non- gaussianitie:
initial inflationary state was sufficiently excited, with a shape dependence that will be clearly distinguishable. | will review these diffe
possibilities and discuss how they provide new theoretical challenges in understanding the initial conditions problem and the global structure
inflationary universe.
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A wealth of cosmological data...
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large scale structure

Probes:

- 2dFGRS
Measures: - SOSS
- abundance of
galaxy clusters

= size ...

Tests:
Cosmic expansion
history
growth of matter
clustering
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Type la Supernovae

Measures:
- SN redshifi
Probes:
Tests:
- CTIO SN are
- CFHT standard
- ESQ candles
= HSIT -Cosmic
= - NLY expansion
- Keck ‘Universe is
» UKIRT accelerating
- WIYN
- APO
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Measures:
« matter density
through its
gravitational pull

Tests:
« Composition
of the Universe
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Probes:
« CFHT

- William Hersche
telescope

~ Hubble Space
Telescope
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Measures:
» radiation from

: - Boomerang
last scattering o .- \WMAP
surface 400,000yrs 8 - many others!

Il - PLANCK to

Tests:

» Cosmological
rarameters of
Jrevious period

» Cosmic expansion
istory

» Composition of
‘he Universe

» Primordial power
spectrum
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... leading to the Concordance Model

4% Stars, Intergalactic Gas,
physicists, etc.

4

il

(7
7370 Dark Energy 23% Dark Matter
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What does this tell us about the early universe?

Large scale structure grew out of a primordial spectrum of
density fluctuations that were outside the horizon at
recombination

Fluctuations were nearly:

Adiabatic
Scale Invariant
Gaussian Statistics
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How to generate nearly scale invariant fluctuations?

- COBE 1
00— =N A MAXIMA A
Scale invariance is a very S (G g - = ¥
SO — T o [, i - Copcondmee Miodel (52 =0T A=ty =G —
-3 T . T J. i, i Defects ;
blmple CDncept' ;- :_ T‘,'Il‘ — }f TATNE + 18 % defects (AI=25. ¢, =71}
= ;-— ’;Eé; ) T
S | ik L o :
Cosmic strings and textures can - il N AT A
-~ 2 . = HHM) f J‘:_k : .i“{‘- J . :!-.\__L: .-!r _.:-'-.-H .\ 3
give rise to scale invariant A L L TPy N
| () 2 | d tﬁx‘_::-r""__
fluctuations, but they are E b |
not coherent! T

(Do not give rise to acoustic peaks!)

Coherence implies scalar field, be it fundamental or effective
degree of freedom (e.g. condensate)

Given the familiar low energy effective theories we are used to,
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Ow many ways can we generate scale invariance fluctuations?



AJT+Wesley ‘07
. Observations tell us that to good approximation the spectral

index is constant (small running)

d>k d°k : ] dn
: Pk} = k-Sknt,-l 2 5 1
/ (27)3 ¢(k) /(27{)3 - Tk

If rescale k — ek then P:(k) — e{”3'4)}‘PC(k:)

Only arise from vacuum fluct’s if action has scaling symmetry

—2X
G —* € Guv V — . %4

. A
dL e gﬂ(g;j) Gap — Gap S — E-2AS

dA - P

killing vector on

- In special case ny; = 1 scaling symmetry degenerates into a shift
symmetry: Adiabatic mode is a pseudo-Goldstone boson with
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Only two options: Inflation or .......

AJT+Wesley ‘07
In an expanding universe, a general analysis of the scaling

symmetric actions shows that nearly scale invariance is only
achieved in either the adiabatic or isocurvature modes if

since the universe w;illl be

acceleratingw < —3 : INFLATION

the proximity to this solution is governed
by two slow roll parameters

1 dH\"
irsa: 08020045 {E)

1 d%{)

n=2Mp (H =
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S 5 | EkperSiS AJT+Wesley ‘07

In collapsing universe with one field, scale invariance is only

possible if w = 0 but highly unstable! Finelii + Brandenberger astro-ph/0211276
Wands gr-qc/ 9809062

In collapsing universe with more than one field possible to
generate scale invariant isocurvature modes (also unstable)
and subsequently convert them to adiabatic modes

Typically requires w > 1 this mechanism is known as:
OLD: Khoury et al. hep-th /0103239

E K P R O S l S NEW: Lehners et al. hep-th /0702153
V Buchbinder et al. hep-th /0702154
Creminelli et al. hep-th /0702165
Other alternatives exist but are not vacuum fluctuations (eq.
thermal initial states) or not from a local field theory! Cosmic

strings and textures can give scale invariance, but fluctuations are
incoherent and hence ruled out
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Inflation and its successes

Exponential expansion of
inflation also gives
‘solution” to Flatness,
Monopole and Horizon
problems

Typically requires ~60 e-
tfolds of expansion to solve
the above

In simplest models
prediction of near scale
invariance is justified

irsa: 08020045

Inflation gives a natural
means to reheat the
universe required for
starting the Hot Big Bang
(provided couples to SM
particles).

Adding more fields allows
greater freedom, but
physics essentially
unchanged

Very robust as an idea!
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Inflation and its successes

Exponential expansion of
inflation also gives
‘solution” to Flatness,
Monopole and Horizon
problems

Typically requires ~60 e-
folds of expansion to solve
the above

In simplest models
prediction of near scale
invariance is justified
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means to reheat the
universe required for
starting the Hot Big Bang
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PROBLEMS OF INFLATION

Zoo of mnflationary models, how do we
distinguish? What 1s the inflaton?

What sets the initial conditions for
inflation? A large fine-tuning 1s mvolved.

Inflaton must start at the top of the hill,

with small velocity, is this natural? Problems of ekpyrosis
There is rapidly becoming a

Higgs 1s the only necessary scalar field menagerie of ekpyrotic models

in the Standard Model, but even that has

not been observed and couldn’t be the Since the generation mechanism i

inflaton!!

unstable they have their own initi
conditions problem

Need to bounce from collapsing
universe to expanding S#é&*Much

TR  AMTLrTR, T D e
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PROBLEMS OF INFLATION

Zoo of mflationary models, how do we
distinguish? What 1s the inflaton?

What sets the mitial conditions for
inflation? A large fine-tuning 1s imnvolved.

Inflaton must start at the top of the hill,

with small velocity, is this natural? Problems of ekpyrosis
There is rapidly becoming a

Higgs 1s the only necessary scalar field menagerie of ekpyrotic models

in the Standard Model, but even that has

not been observed and couldn’t be the Since the generation mechanism i

inflaton!!

unstable they have their own initi
conditions problem

Need to bounce from collapsing
universe to expanding S#&"Much

Il
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What can we learn about
fundamental
physics with cosmology?

What happened at
the big bang?

Genesis

What is the mysterious dark of
energy causing current structure
acceleration? Fundamental

Physics

Dark Ener
g What fundamental physics

gives rise to genesis of
structure?

Initial What sets initial
Why is the cosmological Conditions conditions
, constant so small? for successful inflation
Pirsa: 08020045 ( ekpymsig?.?zomz




AJT, Wesley,
de Rham

Ekpgra{ié

AJT, Turok, Steinhardt
AJT, Wesley

- Modified
Gravity

Genesis
of
structure

AJT, Dvali, Khoury,
Hofmann, de Rham,
Pujolas, Redi

/

Dark Energy

Fundamental
Physics

Stochastic
inflation

C.C.

Initial
Conditions
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AJT, Burgess,
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INFLATION THE NEW
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Cosmology as a probe of fundamental physics

Cosmic Microwave Background

Cosmology is one of our best probes
of fundamental physics

1. Departure from scale invariance

2. Gravity waves

3. Departure from Gaussianity

Testing all 3 is necessary to determine fundamental physics behind

Pirsa: 08020045 Page 23/82

origin of large scale structure



Cosmology as a probe of fundamental physics

Cosmic Microwave Background

1. Departure from scale invariance

2. Gravity waves

* Contribution directly related to value of H in inflation.
* Their observation big vacuum energy

* Usually negligible in ekpyrotic etc....

3. Departure from Gaussianity

Testing all 3 is necessary to determine fundamental physics behind
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origin of large scale structure



The first hints!

o

Current WMAP data already favor

departure from scale invariance.

Ng — 0.95 =0.015 Spergel et al ‘07 - 0.4

=
[#5)

||TI'1'| B !

A red spectrum

g2
Most models of inflation predict oL I s
0.9 1 1.1
]_ I
g — 1‘ o Kinney et al "07
N,

Departure from scale invariance required by slow-roll paradigm
but also by its alternatives!
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The first hints!

Reanalysis of WMAP data by Yadav + Wandelt has suggested
that nG’s have already been discovered in the WMARP data!

+27 < fnr(local) < +147 (20)

not included in range at Yadav and Wandelt 0712.1148
99.5% CL!

(L) — ®(T) + fnrPE(T)

Newtonian potential
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The future!

In any case nG’s will be measured with some accuracy in future
data eg PLANCK potentially getting down to (including E

polarization)
fnL = 2.9

very close to ideal experimental limit (including E polarization)

f N[ ~ 1 6 Babich et al. astro-ph /0408455

(limited by cosmic variance and gravitational lensing)

Potential existence of nG’s is far more significant discriminator
w2 fundamental physics than departure from scale invariangg!,

Pirsa:



A short course in cosmological perturbation theory

First we determine the background FRW geometry

2
= YRR~ ey = 2 = ‘i ! = i
ds® = a“(1)(—d7* + dx*) H?*(r) = (GE) — 02" =
RS : 53 ‘ H‘i
where the energy density p(7) is given by
_ Y aBp e o e
p=55G"(9)0405 + V(o)

and the scalar field equations of motion are

2,vAB e C}V_
(a>G*B(9)¢,) “0@3_0
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At linear level perturbations decompose into the
representations of the spatial isometry group, E(3), SO(4), SO(1,3)

N SCALARS (0¥X¥EC€CTNRS 2 TENSORS

oM (1, &) = ¢ (1) + 8¢ (7, T)

Beyond linear order scalars and tensors couple,
coupling suppressed by inverse powers of Mpianck

Inflation well described by nonlinear scalar field theory + free
gravitational waves (tensors) living on fixed FRW background
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Pi

IIIII

: 08020045

Focusing on the single field case: ¢ = ¢g + 00

scalar tensor

p

ds®> = —a’e*®dr* + a’e*¥ hij(dx’ — Nidr)(dx’ — N?dr)
Det(h) =1

® and N, are non-dynamical, fixed by constraints

Things considerably simplify if =4+t all Es_(?
we work with.... (;DO

C is gauge invariant + conserved at long wavelengths

('~ 0

crucially, can be defined nonlinearly, still conserved ... ..



Why is zeta conserved at long wavelengths?

AJT+Wyman 08
Textbook arguments attribute to conservation of energy

but much simpler to see that from the existence of a scaling symmetry,
at long wavelengths: rescale the 3-space by

— — /
T — 66 il 2 metric is invariant if rescale w S w £

Implies E.o.M. for C must be invariant under

In turn implies one mode of C is always constant in time.
Provided w < 1 this mode is always the “growing’
Pirsa: 08020045 mode: C CDHSEWEd! Page 31/82



To quadratic order action for scalar fluctuations looks =
massless scalar on spacetime with scale factor 2

1 Exhibits promised
S = /d’rd‘?’xzz (C"Q — (VC)z) ~ symmetry!
: C—~CFe

For constant equation of state W : <z o a

If background is close to de Sitter, then power spectrum
at long wavelengths is close to scale invariant:

Jetermines 2-pt function of evaluate at horizon crossing

emperature fluct's in CMB

+ matter pm«..reipectmm (C(2)¢y) = / (27)3 k3 4€2 M2 -
(dp(x)dp(y))
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Building up the Interactions: the slow roll case

;2 :
S — / Lﬁfgqﬁ‘} 4+ ( @ ) E?C (E., 'T?)SHﬂiCn?‘ (E_CVC)”E

HZ
In slow roll case we can where
build up interactions by n1 + nz +n3 = (0,2)
using following principles: Looking at the details of
Maldacena’s calculation

E C is conserved
L iy gives terms of this form

x qb is approximately a
goldstone boson

Qr) = CD + £ Maldacena
3. Action contains either astro-ph /0210603
zerer Or two derivatives



To quadratic order action for scalar fluctuations looks =
massless scalar on spacetime with scale factor 2

1 Exhibits promised
5= /drd3$32 (("2 (V() ) symmetry!
2 ( = C+c¢

For constant equation of state W': < X a

If background is close to de Sitter, then power spectrum
at long wavelengths is close to scale invariant:

“etermines 2-ptfunchion of evaluate at horizon crossing

emperature fluct's in CMB

+ matter power spectrum 27‘1')3 kS 4e? ﬂ’{% :

(0p(x)ép(y))
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Building up the Interactions: the slow roll case

5. :
S 2 /d4IBBC£2 4 (@) ESC_: (61 Tf)ﬁH.-rLicﬂg (E—gvg)ng

H?Z2
In slow roll case we can where
build up interactions by ny + nz + nz = (0,2)
using following principles: Looking at the details of
Maldacena’s calculation

1. is conserved
S o gives terms of this form

7 (;b is approximately a
goldstone boson

(}b — CD e Maldacena
3. Action contains either astro-ph /0210603
merer Or two derivatives page 3sie2



Consequence for slow roll models: non-gaussianity is
suppressed by slow roll parameters

stripped of
S R (R = delta function
e & Pe (k1) P:(k2) + Pr(k2) P (ks) + P-(ks)P: (k1)

where  (C(k1)¢(k2)) = (2m)6° (k1 + k2) P (K1)

For single field slow roll: INE ~€+7
Which is dominated ki +ka+ k3 =0
by equilateral triangles dominant contribute

when each mode

crosses horizon
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Pi

Non-Gaussianities measure inflaton interactions

nG’s are to cosmologists what scattering experiments are to particle

IIIII

physicists: Measure strength of interactions!

3pt point interactions: C(k1)

= 4, ¢ ~
51—/&’ (H)foH ¢ C (i)

4pt point interactions: ¢ (121)

[ 2
SI:/LZ i (EE)TNLH “C S A= C('if?Q)

Npt point interactions:

SI_/d4 ( )f(’”)HQ NC gl SRR e e ;

C(kn)




shapes from interactions:

most attention focused on two types of triangles

gl—i—jz—i—Eg:U

—

| . k1 k - ~ = : -
horizon crossing: 5 |ky| ~ |ka| ~ |k3| Single field models
equilateral
kfg
Curvaton models
superhorizon: k1 };3 Ekpyrotic models
local [squeezed \k;| ~ 0 conversion mechanism occurring

after horizon crossing!
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but they also measure initial state!

AJT+Holman 07
Even a free theory can have nG’s!

W(C(@),7) = e fFrTU@DKEGTIG)

e [ d°zd’y [ d°z¢(2)H(Z,§,Z,7)(F)E(2)+...

i

Directly contributes to fnr

This effect can be pronounced C = l ej:—gk—r
since at subhorizon scales: a
@ o«
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but they also measure initial state!

AJT+Holman 07
Even a free theory can have nG’s!

W(C(@),7) = e JFrTU@KEGTI)

< e [ d°zxd’y [ d°z¢(2)H(Z,5,Z,7)(F)C(2)+...

s

Directly contributes to fnr

This effect can be pronounced g = l Ei—g Er
since at subhorizon scales: a
by -
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Exciting the Initial State

In recent years, However, possible to

considerable interest in estimate the magnitude

testing initial state of of effects based on

inflaton via the CMB general principles to be
explained

Most work has naturally

focused on 2pt power nG’s could prove to be

spectrum much more interesting
probe of inflationary

Many crude models initial state

describing these effects
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Backreaction bound on 2-pt function

Most direct bound comes from backreaction:
Energy density of the excited state cannot be bigger than inflaton energy
density at beginning of inflation

Define excited initial state by Bogoliubov transformation

[&kak - ,,Bkaj{;_] ) = 0 lok|2 — |Bel2 = 1

T

annihilation/ creation operators of adiabatic/Bunch-Davies vacuum

_ &>k :
H 11[ P physical length scale of CMB

implies ‘ o k ‘ — M2 / modes at beginning of inflation
4
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Transplanckian problem

Backreaction condition 3. ‘ < HMp
s
implies if CMB modes were M, > Mp
transplanckian at beginning of inflation
0P (k H
P (k) Mp
adding slow roll consistency  j ¢ No Transplanckian Problem!
18| < 1078 (unless modify energy density)

Best chance to see initial state effects 1s if inflation was sufficiently
short (Little more than required 60 efolds) + reheat temperature low so
that CMB modes always cisplanckian
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Backreaction bound on 2-pt function

Most direct bound comes from backreaction:
Energy density of the excited state cannot be bigger than inflaton energy
density at beginning of inflation

Define excited initial state by Bogoliubov transformation

3;{;‘2 —1

{&kak o i .-Skﬂl,] |’U> — (0 ‘Gfklz =
A g

annihilation/ creation operators of adiabatic/Bunch-Davies vacuum

&k S
(AT 0l) — OIT%I0) = [ T—HAE < H2M}
(2m)
HMp physical length scale of CMB

implies ‘B k ‘ = A2 / modes at beginning of inflation
S
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Transplanckian problem

Backreaction condition ‘ By ‘ 4 HMp
g b
implies if CMB modes were M, > Mp
transplanckian at beginning of inflation
0P (k H .
P (k) Mp

adding slow roll consistency i.e. No Transplanckian Problem!

1BE| < 108 (unless modify energy density)

Best chance to see initial state effects 1s if inflation was sufficiently
short (little more than required 60 efolds) + reheat temperature low so
that CMB modes always cisplanckian
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Backreaction bound on 2-pt function

Most direct bound comes from backreaction:
Energy density of the excited state cannot be bigger than inflaton energy
density at beginning of inflation

Define excited initial state by Bogoliubov transformation

ara + Bral| [¥) =0 oal? — B2 = 1

P

annihilation/ creation operators of adiabatic/Bunch-Davies vacuum

| &k ;
(W] T |¥) — (0|T"|0) = / k|Ge|* < H*Mp
(2m)°
HMp physical length scale of CMB

implies ‘Bk‘ = VE / modes at beginning of inflation
S
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Transplanckian problem

Backreaction condition ‘ B ‘ < H Mp
= M?
implies if CMB modes were M, > Mp
transplanckian at beginning of inflation
0P (k H
C( ) ~ |J3k| S = 10—6
P (k) Mp

adding slow roll consistency ;o No Transplanckian Problem!

16k < 1078 (unless modify energy density)

Best chance to see initial state effects 1s if inflation was sufficiently
short (little more than required 60 efolds) + reheat temperature low so
that CMB modes always cisplanckian
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Backreaction bound on 3-pt function

AJT+Holman

Similar bound exists for 3-pt function
In progress

(WIT [t) — (0IT%|0) < H*Mj
where Lh.s. picks up contributions from cubic terms in action
T% ~ ¢

This condition amounts to statement (¢ (F)) < H° at
beginning of inflation

e 5 HY
since ¢ ~ ~ (Cir) S (M )

() _ H>M}
S e <
irsa: 08020::h1Ch lmPIIES f-l-m L <<%> 2 = E -[\'IE Page 53/82




n(G’s generated from initial state interactions

AJT+Holman 07
Even if initial state is gaussian but not Bunch-Davies,

interactions in early stages of inflation will generate nG’s

(Cher ChaChes (7)) = —2736/ d7"i(Cry Gy Ces (T) H (77))

A(k)
[ 3&1
ko + ks — kq

+ permutations

Resonance type interaction shows up in flattened triangles

H
M,

(energy conservation) kq ks

3 58 ~
k>

For minimal slow-roll inflation etfect is measure suppressed

dine M, H
Pirsa: 08020045 ,lj;:
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Building up the Interactions: non-minimal case

Inflaton is effective degree of freedom in effective field theory

Expect “higher derivative correction’ suppressed by cutoff

/d‘{sf( 3 3:}4(3@)4 + )

These terms respect Goldstone shift symmetry ¢ — ¢ + ¢

and so unsuppressed by slow roll parameters

o4 Creminelli
W o <4 - ! 2 =y 2 -
b — /d’rd ra QHBﬂJ‘lC ((_" == (VC) ) + ... astro-ph/0306122
L2

: = . f T o A lr;:}
Computing non-gaussianity: NL MA

wo@anl easily be larger than €, if M  is sufficiently lows.ss



Initial state effects in non-minimal case

AJT+Holman 07

For higher derivative interactions, resonance enhancement is greater

(Ch1 Cra R (T)) = —2Re f d7'i{Cr, Gy Cha (T)H (T7))

A(k)

~ O, ~ + permutations
e TV AR
Chen et al.
; astro-ph /0605045
After taking account of measure factor
SfnL MY - W
2 ~ 3,; e .-dk
InL H M., H

not a large effect, can easily turn an unobservable nG
into an observable one.
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Non-minimal models give fyr =21

This idea can be pushed to its extreme, consider general action of form

g / dia/—gp(d, (96)?)

Chen et al.
Gives rise to several new features: astro-ph /0605045
1. Linear perturbations have nontrivial speed of sound
3 = 2 2 2 2 P.X
% e I i : : 2
5(2) == /de ;I,'? (C = CS(VC) ) Cs —_—
: P X

2. Allowing ¢, < 1 equivalent to higher derivative terms
comparable to leading kinetic term

3. Can achieve near scale invariance without ¢ being a pseudo-
Goldstone boson: no slow roll suppression in interactions
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