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Abstract: The idea that structure in the Universe was created from quantum mechanical vacuum fluctuations during inflation is very compelling, but
unproven. Finding atest of this proposal has been challenging because the universe we observe is effectively classical. | will explain how quantum
fluctuations can give rise to the density fluctuations we observe and will show that we can test this hypothesis using the statistical properties of maps
of the universe.
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Why Inflation?
What is Infldation?

Cosmic Bell Tests
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1969
AT ~ 3mK




Why inflation? (D

Uniformity demands explanation

Distance light
travelled since the

Big Bang O

recombination

Hot big bang doesn’t give enough time to equilibrate
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Why inflation? (I)

Uniformity demands explanation

Distance light
travelled since the

Big Bang O

recombination

Hot big bang doesn’t give enough time to equilibrate
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Solution: (1) add time in the past (add negative time)

< >

Guth (1980) Distance light traveled during inflation
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(2) Take advantage of exponential expansion

expansion .

time evolution

H! H 1l e

Causal contact set by Hubble parameter 7! = (

Guth (1980)
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Problem: inflation can’t last forever
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End inflation with a scalar field

Scalar field is just a number for each point in space

Think of
T(Z,1)

Each point evolves in time _
Linde; Albrecht & Steinhardt (1982)
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Slow-Roll Inflation

=

Slow-roll inflation ¢(Z,t) = ¢(t)

V(o)
A

H? < 3¢° + V() -

~ Vp = const.

S

Linde; Albrecht &« Steinhardt (1982)

From Baumann & McAllister .
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Slow-Roll Inflation

Inflation ends:potential converted to kinetic energy

V(o)
A

H? o 5¢° + V(¢)

Linde; Albrecht & Steinhardt (1982)

From Baumann & McAllister .
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Slow-Roll Inflation

Reheating: kinetic energy converted to radiation

Linde; Albrecht & Steinhardt (1982)

From Baumann & McAllister .
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Origin of Structure

Inflation sources long wavelength initial conditions

V(‘cb) Scalar fields fluctuates §¢(Z,¢)

> O

Length of inflation varies in space a(t) — a(t, ¥)

Mukhanov & Chibisov; Hawking; Starobinsky; Guth & So-Young Pi; Bardeen, Steinhardt & Turner (1982)
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Origin of Structure

Inflation sources long wavelength initial conditions

V(‘C’)) Scalar fields fluctuates §¢(7,t)

()

Length of inflation varies in space a(t) — a(t, ¥)

Mukhanov & Chibisov; Hawking; Starobinsky; Guth & So-Young Pi; Bardeen, Steinhardt & Turner (1982)

Pirsa: 20100051 Page 16/86



Origin of Structure

Expansion sources classical from quantum
Time
A 5 T e
Classical initial

density fluctuations

Quantum Vacuum

Rhorlzon — JF— 1

Mukhanov & Chibisov; Hawking; Starobinsky; Guth & So-Young Pi; Bardeen, Steinhardt & Turner (1982)
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Inflationary Predictions

“Predictions” of slow-roll inflation (circa ~1985)

On large scales:
e HOmogeneous « Isotropic
e Universe is spatially flat

Density fluctuations are:
e Adiabatic (.e. uniformin all energy densities)
e Nearly scale-invariant
e Gaussian

Similar prediction for gravitational waves
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Image from COBE

1992
AT = O(10) uK
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Image from WMAP

2003-2012
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2013-2018

Image from Planck
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Why inflation (I

Courtesy of thecmb.org
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Why inflation (I

This is snapshot of a sound waves

Angular scale

90 18 0.2 0.1 0.06

104
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F‘. f WMAP9
o . t ACT
! }nq"\i & SPT

1B W

4 [4Ee

— Waves all add in phase
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0T
— & Aj cos(cskT) + By sim{@kT)

i
dr = a~dt
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Why inflation (I

This is snapshot of a sound waves

Angular scale
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Why inflation (I

Explained if fluctuations created long before

Long wavelength sound waves don’t oscillate

T
T ~

=B
Bkw et — 0

Second mode is redshifted away iremember for later]
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— ~|A; Cos(cS kT)

T
“Inflation”: Sound waves at
statistical initial recombination.

conditions
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Inflationary Predictions

Data (today):
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Inflationary Predictions??

Does this confirm slow-roll inflation?

A lot has happened since 1982
(Guth’s paper cited 8000 times)

Many seemingly different mechanisms give the same
or similar predictions

What is inflation and how do we test the framework?
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What is inflation?

A definition:
1. A period of quasi-dS expansion
H

2. A physical clock
Needed to define the end of inflation Cheungetal.

In slow roll, the clock is defined by ¢(%)
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What is inflation?

A definition:

1. A period of quasi-dS expansion

H h

This was Guth’s original insight

Allowed for structure to have a causal origin
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What is inflation?

A definition:
2. A physical clock

Essentially Linde, Albrecht & Steinhardt’s insight
“Time” is not well-defined without a clock
Inflation must end everywhere at the same “time”

Different regions synched their clocks in the past
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What is inflation?

A definition:
2. A physical clock

Essentially Linde, Albrecht & Steinhardt’s insight
“Time” is not well-defined without a clock
Inflation must end everywhere at the same “time”

Different regions synched their clocks in the past
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What is inflation?

No clock is perfect (uncertainty principle)

The amount of inflation will vary from place to place:

(@) ~ da(x) N adt(x) — Hsi

a a
H

RMS fluctuations of the clock +/{(¢)%) ~ 7

Time between “ticks” defines an energy scale f-

0¢

For slow-roll inflation 0t ~ — and f,ﬁ = (b
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What is inflation?

These are the adiabatic fluctuations

Determine CMB temperature fluctuations

0T (n)

o / PEF(k-n, k)

Think of

<C (LU 1 ) .o (mn )) —= 'I:;f?;
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Quantum Origin of Structure

Raises the question: what is the clock?

Real world clocks are affected by thermal noise too
Can we tell the difference?

Quantum explanation captures the imagination:

The largest objects in the universe are explained by
the unusual phenomena of the smallest scales

But the universe need not follow out preference
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Quantum Origin of Structure

Didn’t Bell solve this problem for us?
Bell gives a definitive way to tell a state IS quantum

Unfortunately, the universe we observe is classical

We need a way to tell.
WAS the universe in a (pure) quantum state?
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Review of Bell’s Inequalities

Really just a reflections of two kinds of probability
See e.g. Hardy (2001)

Quantum: given A;; € C for each path

2

Pf:ZAif przl
t f

Classical: given p;r € [0,1] for each path

4 f
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Review of Bell's Inequalities

Classical Probability = lack of knowledgetime

The universe picks one trajectory
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Review of Bell’s Inequalities

uantum Probability = true randomness .
Q Y time

But not if we measure in basis [O’, O] # 0
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Review of Bell’s Inequalities

@® ©vo- @

Measure \ / Measu re

o

a or a
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Review of Bell's Inequalities

Key idea: | can choose what | measure locally

alve) @ @)

[pure or mixed state]

Assume Q variables don’t commute [&, ELI] 7& 0

But both will only return =1

~

Q vs C distinguished by C' = ab+a’b+a'b — ab’
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Challenge for.Cosmology

Try repeating a Bell-type measurement in cosmology

Many authors

'TEReheaﬁng

Inflation

Suppressed by 10_115 Martin & Vennin (2017, de Putter &« Doré (2019)
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Challenge for Cosmology

The key is measuring a nonzero commutator

Problem: given two real solutions for a mode (wave)

C(k,t) = A(k,t) + iB(k, t)

The commutator is [5, é] — ?,(AB — BA)

Now remember that B oc ¢~ > — 0

Inflation works because this commutator vanishes
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Challenge for.Cosmology

The vanishing of the commutator is general

; 1 1
C(Z,1),C(T )] o« ——6(F — 7)) = —6(F — &
[()()]\/_—g( ).(.)

e.g. Grishchuk & Sidorov

Suppressed by the volume of the universe
C@ ). = [ @01

This is completely equivalent to classical statistics

[C]* — PI]




-\

Slgnals ofa SN
| Quan‘rﬁm Universe

DG & Porto
arXiv:2001.09149 (Phys. Rev. Lett. 124, 25]
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Bell Test from Time Evolution

Our only hope is to use statistics. Since

<diﬂ~J=/ﬁddiﬂuJWHF

We must ask whether

‘\IJ[CHZ — P[C] # Pclassical[d

|.e. Quantum dynamics leads to unique distributions

Need to understand of how we generate P[C]




Proof of Principle

Model with a BeII measurement during inflation
Maldacena (2015)

Hot spots in CMB stores Bell

inequality violation
Usual Big Bang

Reheating

Inflation

Only works in this specific
e finely-tuned model

We want something more generic
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Key Idea

Classical fluctuations are always real/physical
Classical statistics just represents our uncertainty
Classical modes are sines and cosines
Quantum (vacuum) fluctuations become physical
Quantum modes are positive / negative frequencies

Direct reflect of quantum vs classical statistics
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aussian Fluctuations

Pirsa: 20100051 Page 53/86



irsa: 20100051

Gaussian Fluctuations

Gaussian modes described as
~ e'ik‘r

. dBk, ' . i
C(x,T) = / (27T>3AC67’1{'X [alT{C(k,T)

positive negative
frequency frequency

Quantum: (Olawal|0) =6 (k — k'), (0alaw|0) =0

1
Classical: (af ax)e = 55 (k — K') = (aral).

Gaussian correlators are identical

- T
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Non-Gaussian Fluctuations

-

What about non-Gaussian correlators? E.g. 3-point

CEICEQCEB =B kljkg,kg 2T 35 El _|_]22 +Eg
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Non-Gaussian Fluctuations

We will assume NG arises from nonlinear evolution
l.e. no non-local correlations in the initial state

We do not want to assume special interactions
E.g. not allowkd to arrange a Bell measurement

Key difference between cosmology and computing
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Let us work out a simple example

X .
Hing = —5 d°z C(f)g

Standard perturbation theory

(Ciey iy, = f a7 ([Hin (') » G, Gy Gy (O)])
C nEAl
_‘Uﬁ + ko + 1’6‘3)3 k1koks

“total energy pole”
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--"_"—H____ e o e :

Time Creation of three particles from vacuum

0(E1 + Es + E3) — (El-l—Ei-I—Eg)”

Scattering Uncertainty Principle
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Quantum NG

Residue is the related to the S-matrix
Maldacena & Pimentel; Raju

4)\H_1Ag
(k1 + ko + k?3)3 k1kaks

“total energy pSIe”

(Cicy Ciea G )y =

Aon—shell(El; EQa E&)
(k1 + k2 + k3)® k2 k313

X

The pole itself is just signaling energy conservation
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Classical analogue: solve EoM perturbatively

s T'd> _
(7= A [ Tt (FHT) ™ @ Gaclr, ™) 0G0 ()92, ()

,\H_lAg 9

(GGt Geal, =

3kikaks ||(k1 + k2 + k3)3| “total energy pole”

1 1 1
+ n ——" ;
U‘:l + ko — ]{'3) (k'] — ko + k:}) ko — ki + kS)

On-shell pole or “Folded Shape”
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Time Cregtion of three particles from vacuum

S(EL — Bz — By) =+ (=g

Scattering On-Shell Decay
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A result of crossing symmetry of the S-matrix

.

Relates all processes of these processes

0—3 1 — 2 2 — 1 3—0

Only differ by number of particles in the initial state
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Classical fluctuations = particles in the initial state

L
Observed fluctuations exist in the far past

Observed -~ ~__ " >

—

Created

Classical probability is just lack of knowledge
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Quantum vs Classical

No classical analogue of vacuum fluctuations

Quantum vacuum has no initial particles
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Quantum vs Classical

Difference in poles is direct result of commutator
(_C (x1,7)C(x2,7) C_(}_c;g, T))Q — (¢ (x1, T)_Q_(Xg,_fr) ¢ (x3,7)), =

—i—% f:oc dr'd3z'at (1) {C (x1,7),¢ (X, 'T")J [C (x2,7) X (%, ’T!)J {C fxg, ) 6, ’T,)J

Commutator non-zero at the
intersection of past light-cones
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Hidden Variables

We can evade Bell’s inequality if we give up locality
Is there a similar result in cosmological signature?

Idea: Classical theory prefers positive frequencies

Use a complex scalar
P (T) =

Only excite the positive frequencies

<aii'{a,kf>c _ <ak,a,;f<>c — 5 (k- K, <bkbf,>c —0
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Hidden Variables

Now we will simply invent a “Green’s function”

Propagation mixes positive and negative frequencies

: 1
Gx(t — 0,7") = - sin(kt")

Remove the negative frequency by hand

i 1 i
Gy — Giﬁ(ﬂ' —0,7") = Ee_“’”
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Hidden Variables

Using this to compute the bispectrum gives

AP° 0 | ,
(P, D1y Prcs) = iNGH " k‘ kqbk / dr'r"2eHk1tkaths)r
1h2h3
»
2A¢H~1Ag

(k1 + kg + ks)® k1 koks

— 00

Describes 1 particle decaying to 2 anti-particles

Only a total energy pole
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Hidden Variables

This theory is non-local
- 1
Gf{ff (T* ; OaT, 7 0) E

Non-zero at space-like separations

1
Gt (2,7 = 0,7 = 0) x —
T

In a local theory, must vanish outside the light-cone

1
Gt ~ - sin(k7) — GN(Z) x 6()
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Hidden Variables

In this local theory

] d?> 1 : :
ox(T —0) = %)\(b/ (27:))3 /dT’E sin(k'q-’)gbp (+) ¢

and

Ang_lA?b

(1, Pres Pies) D
YT (b — kg + k3)® kykoks

Include 2 particles annihilating to 1 anti-particle

Non-trivial relation between crossing and causality

Page 70/86



This is the same as the need for antiparticles}

Lorentz invariance requires they come together
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Observatlonal
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Primordial Non-Gaussianity
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Primordial Non-Gaussianity

On general grounds, bispectra take the form

(G, G, Cr.) = Blky, ko, ks) (2)30 (k. + ko + ks)
L

Momentum conservation:

Scale invariance:
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Primordial Non-Gaussianity

Defined by amplltude and “shape”
B(ElakQ:k?)) :é.fNL' s HS(:UlaxQ;‘

5 kSx2x2

The shapes live in a basis of orthogonal functions

/dwldarz&(ml,wz)Sz(wha?z) = 51 - 52 = CO812

Cosine is how easily they are distinguish (in 3pt)
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Primordial Non-Gaussianity

Defined by amplitude and “shape”
— A T —
HS(.fUl,. 5172;‘

18 A
B(ky. ko ka) = far b= ——2
(la 2 3)_i.fNLE5 kbm f,C%

The shapes live in a basis of orthogonal functions

/dwldarz&(:131,@)52(:1:1,2?5) = 51 - 52 = CO812

Cosine is how easily they are distinguish (in 3pt)
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Current Limits

The “Local Shape”
= —0.9x05.1

Planck 2018

Courtesy of Fergusson & Shellard

Babich et al. (2004)
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= —206 £ 47

Planck 2018

T R PR

NN

ARRRE RS
oy

Courtesy of Fergusson & Shellard

Babich et al. (2004)
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Current Limits

The “Orthogonal Shape”
= —38 24

Planck 2018

Courtesy of Fergusson & Shellard
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Observational Implications

Quantum NG = Equilateral NG
ANHLA

<Ck1 Ckz Ck- >, — -
Y (kg A+ ko + k3) kikoks

Classical NG =Pole in folded limit

AH1AS
(k1 — ko + k3)3k1koks

(CRCACH
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Now 2022

I I » time

Simons Observatory* >
AdvACT :

SPT3G : CMB Stage IV* >
BICEP/Keck = >

Polarbear
Spider

LiteBird
PICO*

DES| : "
LSST

DES
eBOSS ’ Euclid

HETDEX : WFIRST

SKA
* DG member PUMA*
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Forecasted improvements on current limits:

S :
| —8— Jocal

—&— equilateral |
—e— orthogonal

Planck CMB-S4 SphereX Pet. PUMA PUMA

PUMA collaboration (2019)
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k
The “total energy pole” is a generic feature of NG

e The cosmological analogue of energy conservation
e Quantum vacuum fluctuations only have these
e Classical fluctuations also have physical poles

This result is a consequence of locality

A detection of non-Gaussianity enables a Bell test
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