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The cosmological model
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We have a standard cosmological model which fits the data remarkably well.
A umverse filled with radiation. cold dark matter and a cosmological constant with perturbations already present
“mnitially”. These perturbations are scalar. scale invariant. adiabatic and Gaussian.
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WMAP 7vr

ns is 3 sigma different
from 1 in the basic LCDM
fit.
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WMAP 7vyr
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Fic. 19 Two-dimensional joint marginalized constraint (685

and 957% CL) on the primordial tilt. n.. and the tensor-to-scalar
ratio. r. derived from the data combination of WMAP+BAO+Hy
The svmbols show the predictions from “chaotic” inflation models
whose potential s given by V(gd) x ¢ (Linde 1983). with a =
i (solid) and a = 2 (dashed) for single-field models, and a =
2 for multi-axion field models with 3 = 1/2 (dotted: Easther &
McAllister 2006).
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The initial conditions

How did the mmitial seeds for
structure come about?
Quantum Mechanics

Paul A. M. Dirac
i939 Lecture

“Let us return to dynamical questions. With the
new cosmaology the universe must have started off
in some very simple way. What. then, becomes of
the initial conditions required by dynamical theory?
Plainly there cannot be any, or they must be trivial.
WVe are left in a situation which would be untenable
with the old mechanics. If the universe were simply
the motion which follow from a given scheme of
equations of motion with trivial initial conditions, it
could not contain the complexity we observe. Quantum
mechanics provides an escape from the difficulty. It
enables us to ascribe the compiexity to the quantum

ripiinpd.dying outside the scheme of equations of
motion.”
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The initial conditions

How did the initial seeds for structure come about?

We have a standard paradigm: Inflation.

Very well mouvated theoretically but basically none of the basic
properties of these period have been determined observationally
while theoretically there appear to be many options.

Can we improve our constraints of the Inflationary period. Could 1t

some day be a part of our standard history of the Universe with the
same level of confidence as Big Bang Nucleosynthesis?
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The most constrained set up

A period of accelerated expansion with:
: 2
k<< H
Quantum fluctuations in the clock that determines when

inflation ends (the inflaton) are the source of the mnitial
seeds.

It would be good get additional observational clues.
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There are several possible clues we might get.

The nitial conditions for the scalar fluctuations are consistent with
being a Gaussian random field. Could there be departures?

What kind of departures are could we expect? What should we be
looking for?
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Did we expect to have the map imtialized?
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The information in the 2-pt function

When interactions are small the fluctuations in the inflaton field are just described
by a collection of harmonic oscillators. Wave function of the vacuum state 1s a
harmonic oscillator i1s a Gaussian resulting in Gaussian mitial fluctuations.

In this limat all that 1s needed to describe 1t is the two point correlation function.
Translational invariance demands only a function of distance.

Simple arguments demand it to be close to scale invariant, i1e power law with
specific slope.

Not that much to measure. No robust predictions.

Scale invariance a consequence of time
translation invariance during inflation:

k
Bl 12 = A (n—1) .
|Ck| (A) _:_H
T H?
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The information in the 2-pt function of

gravitational waves

Inflation predicts the presence of a stochastic
Background of Gravitational Waves

H
Mpr

h ij ™

The amplitude of a GW background is probably more
constraining than a measurement of the tilt because under
standard assumptions it directly measures the expansion rate
during Inflation.
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The 3-pt function
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Departure from Gaussianity are sensitive to the mteractions of the field.

Even after requiring scale invariance and translation invariance the three point function
is still an arbitrary function of two continuous vartables.
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The 4-pt function
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Higher order moments have even more freedom.
Even after requiring scale invariance and translation invariance the four point function is
still an arbitrary function of five continuous vanable.
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Higher order moments can have a rich structure even after
homogeneity and scale invariance are taken into account.

What is the best way of characterizing the departures from
Gaussianity one might expect?

Are there rules about the possible interactions between the clock
fluctuations? or does anything go?
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Chung. Creminelli. Fitzpatrick. Kaplan &
Senatore. 0709 0293

Effective theory of inflation:

Use the measured time in the clock as the time coordinate (unitary gauge).
The clock disappears from the action, everything 1s in the metric.

Can still make time dependent transformations of the spatial coordates
but time has been fixed. Terms must respect the residual symmetry.
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0K, the variation of the extrinsic curvature of constant time surfaces
Has one more denvative.
Expension in fluctuations and in denivatives. Coetficients m the first line are s
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Can remntroduce the clock fluctuations: 71
(Goldstone bosons of broken time diffs)

t -1t —m

> d(t + m) ot + w) ”

: oxH e
For the models discussed here the terms involving " are the dominant.
At sutficiently high energies the mixing between the Goldstone and
the metric 1s negligible. it is decoupled. In this context the Hubble
scale 1s at sutficiently high energy.

gm} —> 1 2T — Wg > (()3 ﬁ)z
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Chung. Creminelli. Fitzpatrick. Kaplan &
Senatore. 0709.0293

Effective theory of inflation:

Use the measured time in the clock as the time coordinate (unitary gauge).
The clock disappears from the action, everything 1s in the metnc.

Can still make time dependent transformations of the spatial coordinates
but time has been fixed. Terms must respect the residual symmetry.
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Can remtroduce the clock fluctuations: 71
(Goldstone bosons of broken time diffs)

t —t—m

) = ; .
: dxH az”
= = = :
For the models discussed here the terms involving are the dominant.
At sutficiently high energies the mixing between the Goldstone and

the metric 1s negligible. it is decoupled. In this context the Hubble
scale 1s at sutficiently high energy.

v
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Parameterss H. H. H. M. M,

Structure is set by the symmetnies. the requirement that evervthing can be incorporated
into the metric by a suitable choice of coordinates. Specific signs and coefficients in
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Can remntroduce the clock fluctuations: 71
(Goldstone bosons of broken time diffs)

t —1—m

M At + m) ot + ) o
" dxH o

For the models discussed here the terms involving " are the dominant.
At sufficiently high energies the mixing between the Goldstone and
the metric is negligible. it is decoupled. In this context the Hubble
scale 1s at sufficiently high energy.
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Chung. Creminelli. Fitzpatrick. Kaplan &
Senatore. 0709.0293

Effective theory of inflation:

Use the measured time in the clock as the time coordinate (unitary gauge).
The clock disappears from the action, everything 1s in the metric.

Can still make time dependent transformations of the spatial coordinates
but time has been fixed. Terms must respect the residual symmetry.
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Can remtroduce the clock fluctuations: 71
(Goldstone bosons of broken time diffs)

t —1¢—m

9 =7 . . 9
drH dx”
: . - :
For the models discussed here the terms involving  are the dominant.
At sutficiently high energies the mixing between the Goldstone and
the metric is negligible. it is decoupled. In this context the Hubble
scale 1s at sufficiently high energy.
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Parameterss H. H. H. M>. M,

Structure is set by the symmetnies. the requirement that everything can be incorporated
into the metric by a suitable choice of coordinates. Specific signs and coefficients n
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Cubic Lagrangian

M- changes the dispersion relation of modes. introducing a “sound speed™. Same
term that changes the propagation speed generates mteractions.
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Structure is set by the symmetries. the requirement that everything can be incorporated
into the metric by a suitable choice of coordinates. Specific signs and coefficients in
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Cubic Lagrangian

M: changes the dispersion relation of modes. introducing a “sound speed™. Same
term that changes the propagation speed generates interactions.
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Cubic Lagrangian

-

M- changes the dispersion relation of modes. introducing a “sound speed™. Same

term that changes the propagation speed generates interactions.
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Structure is set by the symmetries. the requirement that evervthing can be incorporated
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Cubic Lagrangian

M- changes the dispersion relation of modes. introducing a “sound speed™. Same
term that changes the propagation speed generates interactions.
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into the metric by a suitable choice of coordinates. Specific signs and coefficients in
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Cubic Lagrangian

M: changes the dispersion relation of modes. introducing a “sound speed”. Same
term that changes the propagation speed generates interactions.
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Cubic Lagrangian

M changes the dispersion relation of modes. introducing a “sound speed™. Same
term that changes the propagation speed generates interactions.
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Just two specific shapes for this two shapes are predicted from each of
the two possible interactions:

3 w(8;w)?
Caveats:

¢ Dispersion relation may be dominated by higher derivative terms
when history is very close to de-Sitter.

¢ Higher denvative term may be the leading interaction.
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These are derivative interactions.
they shut down when one mode is
outside the horizon.

The Squeezed lmit . &, ~ &,

\ /

3 /
\ /

N /fn single clock models there
S is a direct connection
Non-Gaussianities = = between the departures
g ( n 1 ) 10 from scale invariance and
the three point function.
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These are derivative interactions.
they shut down when one mode is
outside the horizon.

The Squeezed lmit . &, ~ &,

e

Maldacena 2002 e

‘\ /fn single clock models there
" is a direct connection
N e \ - between the departures
Non-Gaussianities (n“ = 1)10 ; from scale im'al.::iance and

the three point function.
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The structure of the interactions 1s very constrained. leading to
much fewer possibilities than allowed by translational invariance
and scale mvariance.

Non-Gaussianities may provide an avenue to get convinced that
perturbations were created during an inflationary period.

The nteractions cannot be made arbitrarily small. There 1s also a
minimum level of non-Gaussianity (first calculated by Maldacena
in 2002). This level is smaller than we can measure using CMB
observations but may be reachable with other techniques.

The shape and amplitude of this non-Gaussianities i1s completely
fixed once the expansion history 1s known.
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Observational Status:

Data was first used to search for the local type of non-Gaussianity. the
shape that cannot be created by single field models. This shape however is
the “simplest” one to write down.  ((z) = ((x) + far () +---

After it was realized that single field models could not produce the local
type of non-Gaussianity it was soon realized that inflationary models could
be constructed that had larger non-Gaussianities with another shape.

The development of the effective theory of inflation showed that for single
field at this stage there are really two shapes of the three point that need to
be searched for. We now have upper limits for this two shapes that can be
directly translated into constraints on the two parameters in the Lagrangian
for the fluctuations.

Current Iimits are roughly:

~3
=) e c. > 0011 95% CL..
((2)3/2 -




Observational Status:

The local type of non-Gaussianity is particularly interesting observationally
because it shows up in the two point function of objects (such as galaxies) as
a scale dependent bias (Dalal et al). Constraints coming from this method are
competitive with the CMB. The relevant point is that the 3 or 4-point that
show up in this way must have a squeezed limit.
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. . = Senatore Smith and M/Z
Current limits: i

JCAP 1001028 (2010)

Optimal analysis of WMAP data (foreground template corrections) are ~ compatible with Gaussiamity
Optimal limits on NG
N Komatsu 7 al. WMAP Ty

E  local = S after combming with LSS
(-3 <f**< 39 at95% CL) Slosar er al. JCAP 0808:031, 2008

214 < fyg il < 266 at 95% C.L.
410 <fy ooz <6 at95% CLL.

Komatsa er af. WMAP Tyr




(Optimal) Limits on the parameters of the Lagrangian

Sx = / d'r ?_F.Uf'.tf}f«%" (Bx)%) + M; (2 + 7 — 7(@x)%) — M= + ...

® Limits on [y 's get ranslated into limits on the parameters

» For models not-very-close to de Sitter (ke DBI): ¢ | €3

X oo
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C3 Peskin and Takeuchi
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4-pt function

= ks ks k
A.,g { T = - - - = F P . 3 ‘ 1 : 9. '

Could one have an observable 4-pt function without a much larger 3-pt?
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Could one have an observable 4-pt function without a much

larger 3-pt?
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Although there are quartic interactions inside (goo+1)- and (goo+1)° quartic terms. those
are very small given current constraints on the three point function.
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Could one have an observable 4-pt function without a much

larger 3-pt?

Could one have a (gpo+1)* terms without (gpo+1)” and (goe+1)° ones?
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Althawgh loop corrections generate 3-pt interactions they can be consistently.spagll.




Could one have an observable 4-pt function without a much

larger 3-pt?
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Could one have an observable 4-pt function without a much

larger 3-pt?

Could one have a (ggo+1)* terms without (gog+1)- and (goo+1)° ones?
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Could one have an observable 4-pt function without a much

larger 3-pt?

(HMZ,)'/* (HMZ,)'/*
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Could one have an observable 4-pt function without a much

larger 3-pt?

Could one have a (goo+1)* terms without (goo+1)- and (goo+1)- ones?
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Could one have an observable 4-pt function without a much

larger 3-pt?
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Could one have an observable 4-pt function without a much

larger 3-pt?
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Observational Status:

The vast majority of the observational effort so far has been
concentrated on the three point function. There is a strong case
to look at the 4-point function as well, although this is
significantly more complicated.
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Inflation

A period of accelerated expansion with

H << H?

Quantum fluctiamres<a the clock that defemarreS When inflation
ds leads to the strugtuze-weTSce.

What if fluctuations had another source that dominated over the fluctuations of the
clock? Can an analogous effective theory be constructed? What are the
consequences?
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Effective theory of multi-field inflation:

(Senatore & MZ. in preparation)

Consider the case with other fields in their vacuum at horizon crossing.
Fields need to be lighter than H. so for example can be the goldstone
bosons of some spontaneously broken group. There can be a soit
breaking at the time of horizon crossing.

Need to couple this field to the inflaton (go to the unitary gauge).

For the U(1) case:

Sser. = [dz V=g| M(1)* (g™ + 1)(g™D,0
#54 g r_i“-"r_,'lllf_ Tyl =€ 3 Waial L 7
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Classify the various cases to see if there are new signatures. In other words are

threreemew shapes for the 3 and 4-point functions? Are there other situat¥ons in
4
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Effective theory of multi-field inflation:

(Senatore & MZ. in preparation)
How are the additional fields related to what

we observe?
Everything is happening outside the horizon.

Reheatine

Y - ey = =T =
Clx) = - FIE) ¥ = = Oy = = : OI\L)ONTLT)OK\L) T ... .
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Effective theory of multi-field inflation:

(Senatore & MZ. in preparation)

There are new signatures but there are still several rules. For example in
the U(1) case:

e [ ocal 3- and 4-point from reheating (conversion). The 4-point should be
very small. Could create 1socurvature perturbations.

e Additional way to get large 4-point relative to 3-point in addition

to ¢ — —o. Lorentz invariance of the perturbation Lagrangian implies
that (9d0)" is the leading interaction. a new 4-point function shape which
could be there without a larger 3-point.

e The soit breaking L.agrangian results in a new 3 point function shape.
from the operator o(dc ) . It can also result in a local 4-point function
without the associated local 3-point function (contrary to what happens at
reheating).
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Observational signatures: new 3 and 4 point function shapes
Multi-field
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Summary:

In the last few years our understanding of non-Gaussianities from single clock
models has improved substantially. They tell us about the interactions between
fluctuations 1n the clock and symmetries dictate the structure of these interactions.

In single field:

There are only two important interactions so the shape of the possible three point
functions is fully determined by two parameters. Only a single 4 point function
shape could be large. Not vet been searched for in the data.

Currently the best upper limits on equilateral shapes come from WMAP. Planck
should improve things by at least an order of magnitude. Local shapes can be
searched for in large scale structure surveys.

Relaxing the single field assumption results in a relatively small number of new
shapes. It strengthens the case for looking at the 4-point function.
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