Inflationary cosmology

& connections to string theory

Background & status, near-term
opportunities and future directions

Early universe cosmology
research ranges from precise
observations to conceptual/formal
theory, with connections between

them.

No/few refs, many collaborators and contributors (See e.g. TASI
2015 lectures and other reviews online). This subject benefits
tremendously from Iranian contributions and collaborations

across borders.
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An approach to this is to postulate an
early period of accelerated expansion

(inflation)
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Timescales disambiguation
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3 basic ways of measuring duration:
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+ many new effects for multiple fields
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Effective Field Theory and
“dangerous irrelevance':

a more subtle sensitivity to QG
than singularity. Standard method
parameterizing our ignorance of
high(er) energy physics:

GR breaks down for /\6 2>1 (n bmt;,c)
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There is an infinite sequence of
‘Irrelevant’ perturbations, those

with A > 4. Since these die out at
low energy, we can often make
reliable physical predictions
despite our ignorance of this
infinite sequence.

However, physics can become
sensitive to UV completion' even
in systems with low input energies.
This subtlety arises in the
presence of long time evolution
and/or large field excursions.



Separation of energy scales and
“dangerous irrelevance’
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How do we ever do physics with so much
that is unknown?

Wilsonian effective field theory (basic
idea):

Physical quantity, such as force between
two objects, or scattering probability, has
a leading contribution at low energies, and
subleading corrections that have to do
with unknown higher energy physics.
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Infinite sequence of 'irrelevant' terms.



For many purposes, at long distances (low
energies) we can ignore the infinite
sequence of unknowns.

But for a process that goes over sufficiently
long time periods, or over sufficiently large
ranges of fields (and/or with sufficient
amounts of data), sensitivity to higher
energy physics can develop.

Nra. \Ioéc‘ Pn\,m AQcaél

of maktrinl diaked b f
C_U\T-sca»(v- .

fon 9] (heayy 1) P

"\CH\”\L \\;\?\’\?g (oY\S'l’YU\;V\Ql




CMB Data reach:
IO(" ?ixJS

Statistical noise from the quantum
fluctuations themselves.
More data => more independent tests =>

smaller error bars. Roughly:
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The higher-dimension (‘irrelevant’) terms
can become important if the field ranges

over a sufficiently large range in field space.
This is automatic in inflationary cosmology:




UV sensitivity of Inflation and
dangerous irrelevance.
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String theory and Inflation

Despite the complications of the landscape
of string compactifications -- for which there
iIs much to study -- clear mechanisms for
inflation emerge, some of which are
falsifiable based on CMB data (e.qg.
primordial gravitational waves or shapes of
non-Gaussianity).

These lead to a more systematic low energy
effective field theory analysis of inflation and
signatures, as well as new data searches.
*A rare opportunity to do some traditional
science with string theory. No claim of a
global prediction of ST, just like QFT in
having multiple distinct models/mechanisms

At the same time, the rich structure of string
compactifications demands further study,
and conceptually we do not have a
complete framework for cosmology.
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Cosmological data (primorial power
spectrum & non-Gaussianity,

polarization, ...) is remarkably sensitive to
dynamics (field/string content, interactions,
inflationary mechanism) happening 14 billion
years ago.

*Even null results very informative given
well-defined theories. Large space of
possibilities; some constrained by extensive
analysis (CMB, LSS...)

*Some of these were actually derived via
string theory (ST) -- motivated by the UV
sensitivity of inflation) -- then incorporated
into low energy effective quantum field
theory (EFT).

New/ongoing development: physics & analysis
of strongly non-Gaussian features.
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Tilt and tensor/scalar ratio

\
*\ qQ ‘\ \ Planck Collaboration: Constraints on inflation 55
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Additional massive fields occur in many theories.
Coupling of massive fields to inflaton can lead to
energetically favorable flattening of potential.

This is a simple way of understanding the flattened
potentials of axion monodromy (large-field inflation in
ST), and why this and other ST inflationary mechanisms
still viable (so far...). At the same time, much ongoing
work on the structure of inflationary mechanisms in string
theory, controlling against instabilities, etc.












Lecture Il

1. Review of basics from last time (less
technical).

2. Some examples of UV complete
physics in inflation and signatures.



Inflation plus quantum uncertainty principle:
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The metric coefficients are dynamical, so

just like ¢ they must fluctuate according to
the Heisenberg uncertainty principle.



Fluctuations of ¢ and of the geometry

N Hl Primordial
<YT) v L gravitational waves!
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Observations

: . Simulations
Springel, Frenk, White
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Figure 1.1: Stages in the evolution of the Universe. According fo the cosmological standard model,
inflation siretcles microscopic quantum fluctuations info asironomical density fluctuations that leave
an imprint on the cosmic microwave backeround (CMB), and then grow inte the present day galaxy
disiriburion. This report presents a roadmap for measuring CMB polarization (illustrared by black
rods), which encodes a signature of inflation.

The CMB emerges from the earliest time
that light can propagate freely to us.
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Measurements of the frequency
dependence (black body) and tiny
spatial fluctuations of the light,
including its polarization, have
helped precisely constrain the
model of the expanding universe,
requiring so far only 6 parameters
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Superhorizon perturbations:

*Fluctuations correlated on scales longer
than the size of the horizon at the time
when atoms formed.

**The polarized light created at this time, no
further inside-horizon sources that could

mimic its structure.
(Spergel/Zaldarriaga, cf Turok)



Alternative(s?):
|. Cosmic strings: well-defined theory, ruled
out as leading seeds of structure.
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FIG. 1. Angular power spectrum of anisotropies generated
by the scalar component of the source stress energy for global
strings. The upper curve shows the total spectrum, the lower
ones contributions from individual eigenvectors. This Fig-
ure illustrates decoherence: each eigenvector individually pro-
duces an oscillatory C); spectrum, but these oscillations all
cancel in the sum.

ll. Bounce? Clever idea (super-horizon for different reason),
but much more difficult to control. Existing examples either
don't bounce, or do using exotic energy sources
incompatible with black hole thermodynamics (see below).
Regardless, spacetime singularity resolution is a great
problem.
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Primordial gravitational wave
search:

Keck Array - E signal
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BICEP/Keck(+Planck), SPIDER, SPT, ABS,
PolarBear, Simons Observatory, CMBS4, LiteBird,
CLASS,...

The next round will test field range Ad
between ~10 Mp and ~1 Mp. Thisis

extraordinary reach.
(Instant gratification for a string theorist!)
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Figure 5. In the cosmological parameter space of the nor- 3
malized mass and vacuum energy densities ), and (1,,
three independent sets of olservations—high-redshift super- No Big Bang
novae, galaxy cluster inventories, and the cosmic microwave
background—converge nicely near = 0.3 and 2, = 0.7.
The small yellow contour in this region indicates how well
we expect the proposed SNAP satellite experiment to further
narrow down the parameters. The inflationary expectation
of a flat cosmos (1 + (), = 1) is indicated by the
black diagonal. The red curve separates an eternally

expanding cosmos from one that ends in a “Big Crunch.” Supernovae

stant, with the goal of solving the coincidence problems.
(See the Reference Frame article by Michael Turner on
page 10 of this issue.)

The experimental physicist’s life, however, is domi-
nated by more prosaic questions: “Where could my meas-
urement be wrong, and how can I tell?” Crucial questions
of replicability were answered by the striking agreement
between our results and those of the competing team, but Clusters
there remain the all-important questions of systematic un- x,
certainties. Most of the two groups’ efforts have been de- 1+ ‘ Qé’ &
voted to hunting down these systematics.'>® Could the \ &
faintness of the supernovae be due to intervening dust? Q’\P"
The color measurements that would show color-dependent | | |
dimming for most types of dust indicate that dust is not a 0 1 2 3
major factor.’™ Might the type Ia supernovae have been MASS DENSITY (,,
intringically fainter in the distant past? Spectral compar-

qeame harra thae far wavanlad ma distinatian haturaan tha

Small positive cosmological constant (at
least approximately) discovered in '98.
Just one number, but makes enormous
difference (change in causal structure of
spacetime). B modes (r) also a single
number of great importance.

ever
Cosmos expands fore®
S Eventuﬂny

Recollapse

VACUUM ENERGY DENSITY

4,\?’




This is just the beginning.

The large amount of data collected also
enables us to distinguish qualitatively
distinct inflation mechanisms. Also test for
more subtle effects of particles and fields
operating during inflation (nearly 14 billion
years ago). These are subleading to the
essential features of inflation already tested.

Inflation and its observables -- especially
those testable with the gravitational wave
search -- are sensitive to quantum gravity.

We lack a complete theory of cosmology as
a whole, related to puzzling features of
horizons as well as strongly-curved

‘singularities’'. ,\ /
X



Next:

|. Some recent developments
on non-Gaussianity

ll. String theory & inflation,
and primordial gravitational
waves.



Non-Gaussianity: full probability
distribution function

D(5(2)) : R

d

2

N

This generates N-point correlation
functions.

Previous CMB searches address certain
shapes at low N (=3, sometimes 4).
Recently, we found that simple non-
adiabatic dynamics involving heavy fields
can generate signal/noise that grows with
N, requiring analysis of fuller probability
distribution. Leads to a new type of NG
search, sensitive to fields 100 times heavier
than Hubble during inflation. Moreover, in
greater generality large N point functions
are combinatorially enhanced...may lead to
more optimal constraints than 3 point ftns.
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+ many new effects for multiple fields
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Strongly Non-Gaussian Perturbations

one of the new signatures: Flauger, Mirbabayi, Senatore '16,
work in progress w/ Munchmeyer/Planck, Smith,...

*New forms of NG can constrain massive fields
(or strings) interacting with the inflaton. =>
strongly non-Gaussian statistics (high N point

functions or position space analysis or 0T
histogram better than bispectrum search).

N

\// -~ C

*Large-N point functions in general

N
“ N
\ < |

plus quantum corrections



Theoretical big picture: a probability
distribution computed by a QFT path
integral

PI5s(x)] = / DY), ()

where

W00, / DR

|deally, would evaluate this on the map.
Instead, reduce it:

--bispectrum, trispectrum,...
--(N-1)-spectrum

--Histogram of temperature fluctuations
--position space features

o)=00"x DX( )‘X ()“5[5¢(Xi);x(xyt)]
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Shift-symmetric situation: Non-Shift-symmetric situaﬁn‘P
no fast-time dependence of couplings fast-time dependence of couplifigs 0 (., 'l )
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Figure 1: Pictorial representation of our findings: in an inflationary theory w -
imate continuous shift symmetry for the inflaton, only particles that are not much heavier
than the Hubble scale H are relevant for the dynamics of the fluctuations. However, as
we will see, if the continuous shift symmetry is broken, e.g. to a discrete shift symmetry,
heavier particles can become relevant as depicted on the right. In the scenarios studied in
this work, the new scale is set by ¢. The basic estimate exp(—mm?/¢) ~ 1/v/Nmodes Suggests
observational sensitivity to these massive particles, which we confirm in a detailed analysis.

E—

Precasiom of data means we can test

+or veva gxeavgz £ s ('“9( >, 45‘/; )[

Results will be either concrete bounds on
masses/couplings of particles propagating
~14 billion years ago, or discovery of
parameter consistent with their existence.
(Standard scientific methodology.)

Flauger, Mirbabayi, Senatore, ES, Munchmeyer/ Planck,
Smith, Wenren, cf Peiris, Easther,
Komatsu/Spergel/Wandelt,...
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Can formulate optimal
5/\/ estimator resumming over N
for factorized component of

the shape. (lts statistics
determined by an interesting
7 N QFT path integral).

Machine learning for other
components??




Position space features
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Similar picture+search for strings



Combinatorics and large N:

< SLMSJ\'> < f\//

VY T tee \Q\;J
(f\/fn S;n?le —P.‘JJ)

General feature of QFT, raises question of
optimizing NG searches even in the classic
cases.

Some literature in particle physics on whether
this N! amplifies (Higgs-->many SM particles)

In some useful way. (voloshin, Rubakov, D. T. Son,
Argyres et al, Khoze,...)
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Consider the minimal theory that generates
‘local f_NL'": two fields ¢ and y . The y sector
has interactions (at least a cubic coupling 1)

and there is a second parameter k describing
the mixing between sectors (e.g. at end).

-iH st s farm F(X )2t
€ =

P(5¢) = / DX (o t)? 10606 + Qs ST (O)

K

Wk loead vlndinn ont'side hofizm —
X, = X (k) deteemned C‘““f“”;u 9.

S bW V'b\\ 1A

P(6¢) =N [ Dx.Pa(6¢ — kxo(xe))Pi(Xe)
i



A Fisher matrix analysis suggests that better
constraints arise from the full probability
distribution than from just the 3 point function
(local f NL). Still analyzing precisely where
this is coming from here, as well as other
scenarios with tree-level N! enhancements.

In general, the theory and analysis of strongly
NG effects is an interesting current/future
direction.

Next, we will discuss a little bit of string theory
iIncluding the connection to another important
observable (B modes).



Recall. ‘Dangerous irrelevance'’




Recall idea of a series of correction terms
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This is a lot of extra degrees of freedom,
way beyond those observed.

Various versions (for example, different D)
are connected dynamically: one theory,
many solutions.

*Almost all have positive potential energy
(and not low energy supersymmetry).

*Enough to plausibly find ones with realistic
features like the small late-time accelerated
expansion (no other explanation yet
forthcoming...).

The theory has passed stringent thought-
experimental tests internal consistency
checks.

For example, black holes have a course-
grained description in terms of general
relativity. In certain cases, string theory
provides a fine-grained account of the
many microstates of the system.



A simple effect:

Without string theory:

V(¢) (s o ”Eafox\)o\o\

« ~>

With string theory, for example, we find
additional heavy degrees of freedom that

adjust, producing a flatter potential. (Dong et
al 2010)

This can also destabilize the system in
some directions, so research aimed at
balance of forces to avoid runaway
instabilities.
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Variety of inflationary
mechanisms in string theory
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Heavy fields adjust to produce flatter
(hence viable!) potential energy V(¢)

\ / 2
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Fig. 54. Marginalized joint 68 % and 95 % CL regions for n, and rgg2 from Planck alone and in combination with its cross-
correlation with BICEP2/Keck Array and/or BAO data compared with the theoretical predictions of selected inflationary models.

String theoretic version of two classic, now
disfavored models remains so far viable as
a result of unwinding and flattening V.



This effect also simplifies the stabilization
of the extra dimenions of string theory,
much to exploit here:

i
w20
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L

A ("Z F
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=

[" =
2 Q ,
...while axion slowly rolls (rather than

metastable minima). Also relevant for
dark energy.
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Structure of String

Compactifications:

*These Inflation mechanisms and
signatures etc. are an outgrowth of the
(in)famous "landscape' of solutions of string
theory. Branched axion potentials, speed
limits on certain fields' motion, matrix
fields,etc. are concrete elements of this
structure.

*There are many solutions, but not
anything goes. No hard cosmological term
iIn D dimensions, it is a scalar potential that
runs away. Underlying axion periods sub-
Planckian. etc.

*Most string backgrounds have large D,
negatively curved extra dimensions, both of
which produce positive potential energy (a
good start for cosmology).



Much to do here

The majority of work in string theory
presumes lower energy SUSY (choosing
D=10, Calabi-Yau or equivalent). But well-
defined solutions, beautiful dualities, and
so on arise also for the more generic case.
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This is one example of several
approaches to simplifying and
systematizing cosmological solutions,
taking into account the rich, but highly

constrained, structure of string theory.

(Many dynamical effects of multiple fields to
understand...)

This is relevant both for phenomenology,
and for developing a better conceptual
understanding of cosmology.

One major question is how to understand
the horizon entropy (and "holography') in
cosmology.
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n.b. Thought-experimental constraint that
stress-energy sources respect these laws can
be applied, e.g. in cosmology.
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Figure 2: The structure of the string landscape — specifically its metastability — leads to a brane
construction for de Sitter spacetime which nontrivially agrees with the macroscopic structure of de
Sitter as a two-throated warped compactification. This would not have happened if string theory
admitted a hard cosmological constant parameter. The left panel depicts AdS/CFT dual pairs
arising from compactification on a positively curved Einstein space. This leads to the leading
negative term in its potential, and appears as the base of the cone in the brane construction,
D-branes probing the tip of a cone whose size satisfies a radial Friedmann equation. Trading
the branes for flux and geometry, the resulting AdS solution has a warp factor that extends to
the deep UV. The right panel depicts the effect on all this of uplifting to a metastable de Sitter
solution. The leading term in the potential is now positive, e.g. coming from negative curvature.
This combined with the second, negative term in the potential (e.g. from orientifolds) leads to
a de Sitter analogue of the brane construction whose radial Friedmann equation implies that the
size grows to a finite maximum before contracting. This fits perfectly with the dS/dS slicing of
macroscopic de Sitter spacetime, which exhibits two warped throats cutoff at a finite UV scale.
This structure occurs also in the computation of observables in the dS/CFT approach, which
requires integrating over the d — 1 dimensional metric. All this suggests that the matter sector
in the appropriate holographic dual to de Sitter is a theory that is not UV complete (perhaps
analogous to QED), in contrast to gauge/gravity duals with asymptotic boundaries.



In dS, the holographic dual still has gravity
(in one less dimension), but given the
ultimate decay to V=0 (an essential feature
of string compactification), the gravity
decouples at very late times.

There is a concrete example of this, but still
rather complicated. It will be very
interesting to simplify models of accelerated
expansion, and use them to hone in on dual
and observables.

Another direction related to horizon physics
(including black holes) is the level of
breakdown of EFT for infallers.



Cosmology and string theory are mature
subjects, well grounded with data on one
end of the spectrum and theoretical
consistency on the other. But very basic,
essential questions remain.

*What are the optimal constraints we can get on
the power spectrum and statistics of the
primordial perturbations? This requires
theory, since the data set is large but finite,
and EFT is important but does not boil it
down to just a few tests.

*The constraint or detection of primordial GWs (B
modes) is a key observable, sensitive to 10 (!)
Planck units in field range. This motivates
extensive research on large-field inflation in
gquantum gravity (e.g. string theory) from
several points of view (mathematical,
phenomenological, conceptual).



