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Cosmic Inflation:

=» Concrete technical idea with
great phenomenology

=» Couched in the language of
“solving tuning problems”

=>» Big open questions
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Conclusions

A)

B)

C)

Inflation is a technical tool for connecting cosmological observables with
high energy physics. Impressive successes.

However, without a meta theory about how inflation started (and how it
“competes” with other scenarios, such as the Standard Big Bang) big
qguestions are unresolved.

Complex sociology as differentindividuals choose to give A) and B)
different weight.
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Conclusions

Inflation is a technical tool for connecting cosmological observables with

However, without a meta theory about how inflation started (and how it

A)
high energy physics. Impressive successes.

B)
“competes” with other scenarios, such as the Standard Big Bang) big
guestions are unresolved.
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Einstein equation + Homogeneity & Isotropy =»

Friedmann Eqn.

3
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HZZ(_j =G (A + Pt Pot Poc)
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Friedmann Eqn.

8
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A. Albrecht Inflation Tutorial NBI 2018



Friedmann Eqn.

2
8
j =§G(pk+pr+pm+pDE)

Hubble parameter
(“constant”, because
today it takes
~108Billion years to
change appreciably)
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Friedmann Eqn.
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Friedmann Eqn.
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Friedmann Egn. oca™
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Friedmann Eqgn. oca™
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Friedmann Eqn. o« a 0
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Evolution of Cosmic Matter
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The curvature feature/“problem”
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In the SBB, flatness is an “unstal

le fixed point”:

Q)

1 a

~

At T =10"GeV
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with time

Ch

The "GUT scale”

Require to 55 decimal places to get © = p. today
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In the SBB, flatness is an “unstable fixed point”:

| | 2
{2 SBB = "Standard Big Bang” _ 3H
cosmology, or “cosmology without [ 81

inflation”.

lf———— 13
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Gravitational instability: The Jeans Length

» \1/2
7TC
RJeans = ﬂ“\] = Cs R
Gp
Average energy
Sound speed density

- Overdense regions of size > R,
collapse under their own weight.

If the size is < R,Jeans They jUST
oscillate
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SBB Homogeneity:

On very large scales the Universe is highly homogeneous,
despite the fact that gravity will clump matter on scales

greater than RJ’eans

At the GUT epoch the observed Universe consisted
of 1079 Ry, .ns Sized regions.

=> The Universe was very smooth to start with.

NB: Flatness & Homogeneity=> SBB Universe starts in
highly unstable state.

Suniv 107 Sth-max = 104z M jniv
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The monopole “problem”
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SBB Monopoles

+ A GUT phase transition (or any other process) that
injects stable non-relativistic matter into the universe
at early times (deep in radiation era, ie T; =106 GeV)
will *ruin* cosmology:

Pwm

,O Normal

T 3
) Pu (Ti)(Tij ( p,T) X(Tij o
_ _ < .

4
T IONormaI (T|)
' PNormal (TI ) (Tj

Monopole dominated Universe
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SBB Horizon

1089 causally disconnected re_eie/

at the GUT epoch

Horizon: The distance light has
traveled since the big bang:

= a(t) j —dt

36
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The flatness, homogeneity & horizon features become
"problems” if one feels one must explain initial
conditions.

Basically, the SBB says the universe must start in a
highly balanced (or "fine tuned") state, like a pencil on
Its point.

Must/can one explain this?

Inflation says "“yes"

I 0 What iS COsmiC Inf/ationp A. Albrecht Inflation Tutorial NBI 2018
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Friedmann Eqn. o a

87 l

2
H? =(—j __G(pk +7:10r+pm+pDE)

/

Curvature /
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Now add cosmic inflation

Friedmann Eqgn. g™
a™

-/
2
HZZ(_j =3 pk+Pr+pm+pDE)

: / A \ Dark

Inflaton
Curvature
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Now add cosmic inflation

Friedmann Eqn.

H I
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Now add cosmic inflation

Friedmann Eqn.

A

2
HZZ(_j =3 pk+Pr+pm+pDE)

Inflaton

i
Curvature /

Relativistic’Matter
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Now add cosmic inflation

P+ Pr + P+ Poc )

/ﬂ 2 \ Dark

Non-relativistic
Matter

Inflaton
Curvature

Relativistic’Matter
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The inflaton:

~Homogeneous scalar field ¢ obeying

¢5+/3,H¢=—F¢—V '(#)

Cosmic damping Coupling to ordinary matter

All potentials have a “low roll” (overdamped) regime

where 1.
P, :§¢2 +V(¢)zv(¢)zcon5t.ocaz// \
M
( / /

N\
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The inflaton:

~Homogeneous scalar field ¢ obeying

¢5+/3,H¢=—F¢—V '(#)

Cosmic damping Coupling to ordinary matter

All potentials have a “low roll” (overdamped) regime

where , :%éz +V (g) 2V (¢)zconst.// \
e

N\

>
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Add a period of Inflation:
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With inflation, initially large curvature is OK:

Lk
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With inflation, early production of large amounts of non-relativistic
matter (monopoles) is ok :
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Inflation detail:
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Inflation detail:
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Hubble Len

oth

HZ_(ET_E;_”
a 3

G(o + P+ P + P+ Poe ) =
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Perturbations from inflation
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Perturbations from inflation
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Inflation detail:
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Inflation detail:
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Inflation detail:
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Temperature fluctuations [ u K? ]
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The Basic Tools of Inflation:

Consider a scalar field with:

L (co)——c’? 0" p -V (p)

O) If V(p)>>

':> Then

dp
O) Which implies P=—p w=-1 ) ga~°

all space and time derivative
(squared) terms

V(p) O 0 0
0 -V(p) O 0
0 0 V(@) 0
0 0 0 V(p)

|:> q ~ th } Inflation
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A period of early inflation gives:

Flatness: (@) 2=

£ 4

Pc

Dominates over £r & Pnm

(3) =re =B
1 d
p, = const.

during inflation

Homogeneity op

AT horizon crossing: | p

ot

Evaluate when k=H during inflation
A suitably adjusted potential will give :
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A period of early inflation gives:

Monopoles: (@) Q= pﬁ —1
> _ 87 _L C
[ j =R = 1 >—a
Py DommaTes oV
during inflatiof (and Pm)/‘
da—=¢

Py (@) (alj
Pwm| _

Py

a

p(p (a) = Const

|

P (ai)] Ht 0
P, (@)

Monopoles are erased
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Inflation Horizon:

Inflation starts

Inflation ends

Here & Now
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I) Inflation in the era of WMAP
I.0 What is Cosmic Inflation?




> Inflation:

* An early period of nearly exponential
expansion set up the "initial” conditions
for the standard big bang

» Predictions:
* Q4o1q=1 (to one part in 100,000 as measured)
* Characteristic oscillations in the CMB power
* Nearly scale invariant perturbation spectrum
* Characteristic Gravity wave, CMB Polarization etc

- etc

A. Albrecht Inflation Tutorial NBI 2018 81
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WMAP

[IE] ]

Table 3. “Best” Cosmological Parameters

Description Svmbaol Value +uncertainty  — uncertainty
Total density L) 1.02 (.02 002
Equation of state of quintessence W < —0.78 Q5% CL e
Dark energy density YEL 0.73 004 004
Baryon density o, 0 0,0224 00,0009 (0, 0009
Baryon density o, 0044 0,004 0,004
Barvon density {cm™ ) o 2.5% 1077 0.1 s 1077 0.1 3¢ 1077
Matter density e it (.135 0,008 0,009
Matter density 18, 0.27 (.04 .04
Light neutrino density 0,0 < 00076 05% CL -

Bennett et al Feb 11 '03

A. Albrecht Inflation Tutorial NBI 2018 82



WMAP

Characteristic
oscillations in the CMB
power

Angular Scale
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< Angular scale
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/
\Y% WMAP

eNearly scale invariant
perturbation spectrum

[IE] ]

Table 3. “Best” Cosmological Parameters

Description Svimbol Value +uncertainty  — uncertainty
Power spectrum normalization '[_'El’[ kg = 0.05 Mpe e 4 (833 (.86 (.083
Scalar spectral index (at &y = 0.05 Mpc™!® My 01.93 (.03 003
Running index slope (at ko ~ 0.05 Mpe )° dngfdink  -0.031 .. 0016  .....0018 .
Tensor-to-scalar ratio (at &y = 0.002 Mpe™!) ¥ < 0.71 950 CL B
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What happened before inflation?
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What happened before inflation?
Related to some more contentious topics:

* How well does inflation “solve” tuning problems?
* Eternal inflation
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Eternal inflation
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Quantum fluctuations during slow roll:

<—RH—>

A region of one field coherence
length ( =R, ) gets a new quantum
contribution to the field value from
an uncorrelated commoving mode
of size A¢g=H inatime At=H"
leading to a (random) quantum rate
of change:

A .
—¢ = o = H 2
At
Thus
bo _H?
o ¢
measures the importance of
guantum fluctuations in the field
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Quantum fluctuations during slow roll:

<—RH—>

For realistic
perturbations the
evolution is very
classical

A region of one field coherence
length ( =R, ) gets a new quantum
contribution to the field value from
an uncorrelated commoving mode
of size A¢g=H inatime At=H"
leading to a (random) quantum rate
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Quantum fluctuations during slow roll:

<—RH—>

For realistic
perturbations the
evolution is very
classical

(But not as classical
as most classical
things we know!)

A region of one field coherence
length ( =R, ) gets a new quantum
contribution to the field value from
an uncorrelated commoving mode
of size A¢g=H inatime At=H"
leading to a (random) quantum rate
of change:

measures the importa
guantum fluctuations in the field
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If this region
“produced our
observable
universe”...
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2.5

-1

It seems reasonable
to assume the field
was rolling up here
beforehand (classical
extrapolation)
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Evolution of Cosmic Length (zooming out)
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Evolution of Cosmic Length (zooming out)
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Evolution of Cosmic Length (zooming out)
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Evolution of Cosmic Len
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Evolution of Cosmic Length (zooming out)
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Evolution of Cosmic Length (zooming out)
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Substantial probability of

10° fluctuating up the potential and
6X ‘ — continuing the inflationary
expansion = “Eternal Inflation”
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0
H

log[(R H/R

x 10
Steinhardt 1982, Linde 1982, Vilenkin
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At end of self-reproduction our observable length scales were

exponentially below the Plank length (and much smaller than that

*during* self-reproduction)!
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At “formation” (Hubble length crossing) observable scales were just
above the Planck length
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X 10

2.51

In self-reproduction regime,
quantum fluctuations compete

with classical rolling

100

200



Self-reproduction is a generic feature of almost
any inflaton potential:

During inflation

$+3Hg=-T ,6-V'(9)

x éQ:HZz H3 0
3Hp~-V'(¢) 6 _¢ V(9
\
.N—V’(¢)
P~ 3h
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Self-reproduction is a generic feature of almost
any inflaton potential:

During inflation

$+3Hg=-T ,6-V'(9)

. x ¢Q = H2 ~ H3 0
3H¢ ~-V'(9) 6 ¢ V(9
X’, >1 for self-
b~ V'(#) reproduction
3H
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In self-reproduction regime,
quantum fluctuations compete
with classical rolling
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Eternal inflation features

* Most of the Universe is always inflating
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* Leads to infinite Universe, infinitely many pocket universes. The
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Eternal inflation features

* Most of the Universe is always inflating
* Leads to infinite Universe, infinitely many pocket universes. The
self-reproduction phase lasts forever (globally).
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“True
infinity”
needed here
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Eternal inflation features

“True
infinity”

* Most of the Universe is always inflating
needed here

* Leads to infinite Universe, infinitely many pocke
self-reproduction phase lasts forever.

* Inflation “takes over the Universe”, seems like a good theory of
initial conditions.

* Need to regulate co’s to make pres

* For a specific time cutoff, the most recently produced pocket
universes are exponentially favored (produced in an
exponentially larger region). =)

Hernley, AA & Dray

» Young universe problem
» End of time problem
» Measure problems

» State of the art: Instead of
making predictions, experts are
using the data to infer the

Aabrd - “correct measure” 4
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* Leads to infinite Universe, infinitely many pocke
self-reproduction phase lasts forever.

* Inflation “takes over the Universe”, seems like a good theory of
initial conditions.

* Need to regulate co’s to make predictions, typically use a cutoff.
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“holography” may limit /§ -

inflation to “just e
enough” / -

Emergence :
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of space, -y
EFTs P ns et g i
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]
‘ N
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AA 0906.1047 109(2/2,)

AA and Sorbo, hep-th/0405270
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Figure 1. (a) Temperature fluctuation angular power spectrum CFT for different values of entangle-
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What happened before inflation?
Related to some more contentious topics:

* How well does inflation “solve” tuning problems?
* Eternal inflation
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Related to some more contentious topics:
* How well does inflation “solve” tuning problems?
* Eternal inflation

Need a meta-

theory to answer
this
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@at happened before inflation? >

Related to some more contentious topics:
* How well does inflation “solve” tuning problems?
* Eternal inflation

Need a meta-
theory to answer

'S
NEXT: A (popular) not No good
good meta theory one so far
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Beware “temporal provincialism”:

Equipartition argument (equally likely anywhere on potential)

Reasonable
chance to start
inflation
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Beware “temporal provincialism”:

Equipartition argument (equally likely anywhere on potential)

Compare with
_exp(Sy)
e = exp(S,)

<t 2
=exp(S,—S,)

ME M
Plus de Sitter entropy EXP -

: V
arguments give 2
exponential
suppression of higher
V values

o ”"] AA and Sorbo, hep-th/0405270



Beware “temporal provincialism”:

Equipartition argument (equally likely anywhere on potential)

Compare with

Compare with P — exp(Sl)
numerical 2 exp(S,)

“solution” of East et al 1511.05143

. .. o — Braden et al 1604.04001
initial conditions Clough et al 1608.04408
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Vl V2

Entropy arguments
give exponential M ¢
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V values
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Beware “temporal provincialism”:

Equipartition argument (equally likely anywhere on potential)

Qcaoaio with

Compare wit’ All are temporally
provincial in some

numerical TS

“solution” of 05143
Braden et al 1604.04001

initial conditions Clough et al 1608.04408

problem “ — exp Iv'p B MP
Vl V2

Entropy arguments
give exponential M ¢
suppression of higher ~EXP| —
Vz
V values

et ALD Q410
ST oy g e



@at happened before inflation? >

Related to some more contentious topics:
* How well does inflation “solve” tuning problems?
* Eternal inflation

Need a meta-
theory to answer

this
No good
one so far
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@at happened before inflation? >

Related to some more contentious topics:
* How well does inflation “solve” tuning problems?
* Eternal inflation

Need a meta-
theory to answer
this

Not clear whether a
good meta theory
would favor inflation
over just the SBB with
correct initial conditions

No good
one so far
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actually

Inflation

Adding reh

inflation seems to
malke all thic “worce”

What we

believe_,

No satisfactory

Statistical “resolution” at
arguments this point. (Do

we need one?)

Today

A. Albrecht Inflation

* The thermodynamic
arrow of time = low
initial S

 The “past hypothesis”

= “Fine tuning”




o Or, just be happy we
This vrk have equations to

solve?
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Cosmic Inflation:

Consumers & Producers

§

Albrecht NORDITA July 21 2017
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https://www.aanda.org/articles/aa/full html/2016/10/aa25898-15/aa25898-15.html
fig 55
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Conclusions

A)

B)

C)

Inflation is a technical tool for connecting cosmological observables with
high energy physics. Impressive successes.

However, without a meta theory about how inflation started (and how it
“competes” with other scenarios, such as the SBB) big questions are
unresolved.

Complex sociology as differentindividuals choose to give A) and B)
different weight.
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