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What is a good theory of cosmic initial conditions?

 Something that makes us feel happy (!)

 Something that leads to concrete technical 
progress:

• Calculations to do
• Observables to predict and measure
• Test and support or falsify interesting physics

e.g. the inflation story so far (re 
“cosmological puzzles”)

Historical note: Dicke and the cosmological puzzles: https://www.aip.org/history-
programs/niels-bohr-library/oral-histories/33931

https://www.aip.org/history-programs/niels-bohr-library/oral-histories/33931
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What is a good theory of cosmic initial conditions?

 Something that makes us feel happy (!)

 Something that leads to concrete technical 
progress:

• Calculations to do
• Observables to predict and measure
• Test and support or falsify interesting physics

We are just groping our way 
through this

(compare with particle 
physicists and 
“naturalness”)
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Starobinsky (1981) The point of cosmic inflation is 
to “help find” a unique highly symmetric (highly 
tuned!) initial state with no singularity
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Generic Cosmologist (2017): The point of cosmic 
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Starobinsky (2015): Inflation is a way to connect 
cosmic structure with fundamental physics
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Generic Cosmologist (2017): The point of cosmic 
inflation is to have a theory to fit the data

Inflation fits so 
well, it surely 

most solve the 
tuning 

problems ?
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Reflections on fine tuning

Use entropy to get some 
perspective



• 2nd law tells us that the early universe was 
dynamically “unusual” (low entropy, past 
hypothesis)
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• 2nd law tells us that the early universe was 
dynamically “unusual” (low entropy, past 
hypothesis)

• Inflation is supposed to teach us that the early 
universe was dynamically “typical” 
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X
What we 
actually 
believe

• The thermodynamic 
arrow of time = low 
initial S

• The “past hypothesis”

= “Fine tuning”

Not assuming 
eqm, just state 

counting. 

In SBB, it is the 
gravitational 
degrees of 

freedom that are 
out of eqm

S today 
dominated by 
supermassive 

black holes at the 
center of galaxies



The thermodynamic arrow of time originates with the very 
special initial conditions of the cosmos:

The early universe is very homogeneous on scales      

 very far from Eqm. (= black hole)

35 35 210 10 4Univ bh Max UnivS S M 

 

Cosmic Microwave Background 
uniform to one part in 105

Penrose

Jeansl l

Entropy increase is realized mainly 
through gravitational collapse 
(destruction of homogeneity)

Albrecht NORDITA July 21 2017 53



The thermodynamic arrow of time originates with the very 
special initial conditions of the cosmos:

The early universe is very homogeneous on scales      

 very far from Eqm. (= black hole)

35 35 210 10 4Univ bh Max UnivS S M 

 

Cosmic Microwave Background 
uniform to one part in 105

Penrose

Jeansl l

Entropy increase is realized mainly 
through gravitational collapse 
(destruction of homogeneity)

Albrecht NORDITA July 21 2017 54

e.g astro-ph/0210527
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X
What we 
actually 
believe

• The thermodynamic 
arrow of time = low 
initial S

• The “past hypothesis”

= “Fine tuning”

Adding reheating and 
inflation seems to 
make all this “worse”

AA: Phase space 
arguments Need to go 
beyond EFT and GR to for 

this picture to not look 
fine tuned (with or 
without inflation)! AA: 1401.7309
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Compare with 
numerical 

“solution” of 
initial conditions 

problem

East et al 1511.05143
Braden et al 1604.04001
Clough et al  1608.04408
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X
What we 
actually 
believe

• The thermodynamic 
arrow of time = low 
initial S

• The “past hypothesis”

= “Fine tuning”

Adding reheating and 
inflation seems to 
make all this “worse”

No satisfactory 
“resolution” at 
this point. (Do 
we need one?)
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Reflections on fine tuning

Use the evolution of length 
scales to get some 
perspective
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Initial singularity

SBB (no inflation)

Hubble 
Length 
(Big Bang)
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In what state 
does the 
universe 

emerge from 
the singularity?

SBB (no inflation)
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We think we know 
that these modes 

must be in the 
Bunch Davies 

vacuum (= “free 
tuning” because we 
don’t worry about 

it)
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Compare with formal debate 
about tuning (see Hernley, AA and 
Dray 2013)



Albrecht NORDITA July 21 2017 84

Compare with formal debate 
about tuning (see Hernley, AA and 
Dray 2013)

Tuning out  Tuning in
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We think 
we know 

that 
these 

modes 
must be 

in the 
Bunch 
Davies 

vacuum 
(= “free 
tuning” 
because 
we don’t 

worry 
about it)

“infinite” 
supply of 

tuning
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We think we know 
that these modes 

must be in the 
Bunch Davies 

vacuum (= “free 
tuning” because we 
don’t worry about 

it)

Entropy arguments 
still an issue re how 

to make inflation 
happen

But still, for the price of 
entry (to start inflation) 

you appear to get a 
potentially infinite supply 

“free tuning”.   (A 
significant 

accomplishment) 

Also, source of 
primordial power 

spectrum 
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When
considering the 
tuning needed 
to get inflation, 
maybe SBB is 

still better

Who needs 
inflation?

80~ 10 1I

SBBS
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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 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 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 Length (zooming out)
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Steinhardt 1982, Linde 1982, Vilenkin
1983, and (then) many others
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Guth: Anything that 
can happen will 

happen infinitely many 
times
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Guth: Anything that 
can happen will 

happen infinitely many 
times
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Guth: Anything that 
can happen will 

happen infinitely many 
times

?

For a potentially hopeful message about the measure 
problem see arXiv:1212.0953 (More discipline about 
probabilities needed, counting not the answer)
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Guth: Anything that 
can happen will 

happen infinitely many 
times

?

For a potentially hopeful message about the measure 
problem see arXiv:1212.0953 (More discipline about 
probabilities needed, counting not the answer)

Bubbles! (see 
Matt Johnson 

Talk)
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 500km this way to 
eternal inflation

See Kinney talk this 
conference, Also comments 
by Katy Freese
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Inflationary 
successes live here
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Outline

A) Big questions about the cosmos

B) Open questions about cosmic inflation
i) Tuning

• Entropy perspective
• Bunch Davies Vacuum

ii) Measures

C) Connections to modern research into quantum 
gravity/fundamental physics

D) Connections to cosmological observations

E) Great opportunities ahead!!
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Current questions
• What is the vacuum?, Firewalls
• Holography, AdS/CFT
• The nature of horizons, singularities
• Entanglement/Geometry duality
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• Holography, AdS/CFT
• The nature of horizons, singularities
• Entanglement/Geometry duality
• Emergence of spacetime 
• What is gravity?

Inflation, and cosmology in general, 
have a deep capacity to link these 

issues with observational 
signatures. 

Likely what is 
needed to 

resolve open 
questions with 

inflation



Planck Data
--- Cosmic Inflation theory
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Starobinsky (2015): Inflation is a way to connect 
cosmic structure with fundamental physics



?
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Planck 
Length



Emergence of space, EFTs ?
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Planck 
Length



Emergence of space, EFTs ?
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Planck 
Length

 500km this way to 
eternal inflation
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Observable 
Universe

Emergence of space, EFTs ?
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Observable 
Universe

?

B
reakd

o
w

n
 o

f EFT?

(Senatore et al)
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Guth: Anything that 
can happen will 

happen infinitely many 
times

Ultimately 
requires a 

better grip on 
the physics



?
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“holography” may limit 
inflation to “just 
enough”

Banks and 
Fischler, AA, 
Phillips et al, 

Carroll etc

?
Phillips et al 1410.6065
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“holography” may limit 
inflation to “just 
enough”

Banks and 
Fischler, AA, 
Phillips et al, 

Carroll etc

?

Emergence 
of space, 

EFTs 

AA 0906.1047
AA and Sorbo, hep-th/0405270
AA 1401.7309
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“holography” may limit 
inflation to “just 
enough”

Banks and 
Fischler, AA, 
Phillips et al, 

Carroll etc

?

Upper bound 
on inflation 
from finite 

entropy bound

Emergence 
of space, 

EFTs 
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“holography” may limit 
inflation to “just 
enough”

Banks and 
Fischler, AA, 
Phillips et al, 

Carroll etc

?

Upper bound 
on inflation 
from finite 

entropy bound
Upper bound is 

saturated by 
tunneling process 

that starts 
inflation

Emergence 
of space, 

EFTs 
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“holography” may limit 
inflation to “just 
enough”

Banks and 
Fischler, AA, 
Phillips et al, 

Carroll etc

?

Cosmology 
benefits re 
“measure” 
and tuning 

issues

Emergence 
of space, 

EFTs 
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“holography” may limit 
inflation to “just 
enough”

Banks and 
Fischler, AA, 
Phillips et al, 

Carroll etc

?
The start of 

inflation 
(emergence of 

space), EFT, may be 
observable
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Outline

A) Big questions about the cosmos

B) Open questions about cosmic inflation
i) Tuning

• Entropy perspective
• Bunch Davies Vacuum

ii) Measures

C) Connections to modern research into quantum 
gravity/fundamental physics

D) Connections to cosmological observations

E) Great opportunities ahead!!
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Bolis et al
arXiv:1605.01008

Possible 
signatures of 

“short 
inflation” and 

quantum 
entanglement

https://arxiv.org/abs/1605.01008
https://arxiv.org/abs/1605.01008
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Bolis et al
arXiv:1605.01008

(In progress) Full 
MCMC exploration

With Andrew Arrasmith

https://arxiv.org/abs/1605.01008
https://arxiv.org/abs/1605.01008
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See also

• Small observable curvature!! (AA, Linde, etc) arXiv:1104.3315 
Knight & Knox (arXiv:1705.01178)

• Contaldi et al (astro-ph/0303636) 
• Scacco & AA (arXiv:1503.04872), 
• Easther et al hep-th/0104102
• Etc. (Bubbles)
• More to come!!
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Outline
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B) Open questions about cosmic inflation
i) Tuning

• Entropy perspective
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Outline

A) Big questions about the cosmos

B) Open questions about cosmic inflation
i) Tuning

• Entropy perspective
• Bunch Davies Vacuum

ii) Measures

C) Connections to modern research into quantum 
gravity/fundamental physics

D) Connections to cosmological observations

E) Great opportunities ahead!!

e.g. 
Elena Pierpaoli, Matt 
Johnson, etc
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Current questions
• What is the vacuum?, Firewalls
• Holography, AdS/CFT
• The nature of horizons, singularities
• Entanglement/Geometry duality
• Emergence of spacetime 
• What is gravity?
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Inflation, and cosmology in general, 
have a deep capacity to link these 

issues with observational 
signatures. 

Likely what is 
needed to 

resolve open 
questions with 

inflation
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Inflation, and cosmology in general, 
have a deep capacity to link these 

issues with observational 
signatures. 

Likely what is 
needed to 

resolve open 
questions with 

inflation

Fast scrambling 
horizon 

non EFT phase 
space?
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Inflation, and cosmology in general, 
have a deep capacity to link these 

issues with observational 
signatures. 

Likely what is 
needed to 

resolve open 
questions with 

inflation
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horizon 

non EFT phase 
space?
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Inflation, and cosmology in general, 
have a deep capacity to link these 

issues with observational 
signatures. 

Likely what is 
needed to 

resolve open 
questions with 

inflation

?

Exciting prospects for 
future data sets!

Fast scrambling 
horizon 

non EFT phase 
space?
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 Takeaway 1: Theorists should not just build new 
models of inflation, but link to new physics beyond EFTs 
(some problems in cosmology will not be resolved 
without this)

 Takeaway 2: Data analysts, pay particular attention 
for opportunities to test such theories. 
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 Takeaway 1: Theorists should not just build new 
models of inflation, but link to new physics beyond EFTs 
(some “problems*” in cosmology will not be resolved 
without this)

 Takeaway 2: Data analysts, pay particular attention 
for opportunities to test such theories. 

(*know where you stand)


