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Motivations for
Inflakion

o Original Motivation: Solving horizon and
flabness prc:-btems (resolve fine tuning
problems).

o Grreatest Success: Prediction of temperature
fluctuakions in CMB, cosmic sktructure and
oscillations in angular power spectra.



Basics of Inflation

o Inflakion driven bj a
scalar field (Inflaton)
rolling down a potential.

o Quantum fluctuations get
stretched by expansion ->

form temperature
fLuctuakions in CMB —>

cosmic structure.



1s inflation a special

inikial condition?

o Big Bang (with no inflation): ‘sper:mi.’ thitial
conditions.

o Inflation -» explains fine tuning + predicts
temperature fLuctuakions in CMB,

Is inflation also a ‘special initial state’?

o Usual discussion of inflakion starts with Bunch-Davies
(BD) vacuum state.

o RBD vacuum stakte: QFT vacuum stake adap&ed ko
expav\climS spaﬁeﬁme.



Is inflakion a special
inikial condition?

o Successes of inflation (solving tuning problems
and matching ko data) resulted from this choice.

o BUT choosing vacuum initial state — Free tuhing?
o BD vacuum is a ‘SP@CLQL' state.

o Out of all Possibt&. states, how do we know nature
chose BD vacuum?

o Inflakion gives us opportunity to test for
deviakions from BD vacuum scenario.



Scenarios of Inflation

Eternal Inflation Finite Inflakion
o Bubbles where o Just enough to
inflation stops in solve horizown
fast inflakion and ﬂfto&mess

background., problem or
o Measure problem. more,
o Push initial o What came

conditions back, before thak?



Signatures of Finite
Inflakion

o Inflation generically washes out ‘initial conditions’.

o Finite inflation leaves more opportunities for
sighatures to survive.,

o Entanglement during inflation produces
observational signatures that survive E,wfi.aELov\.
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Quick Review of Entanglement
and Related Terms

o Pure vs. Mixed Stakes
o Cohered vs., Decohered

o Entanglement vs. No Entanglement
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Pure vs. Mixed Skakes

Pure States i Mixed States
Trp“ =1 Tro- <4

‘Dens&&v Makrix: ‘D@.msiéj Makrix:

il = ‘\IJ><\IJ| P:an‘an><\ljn|

b

ALL information Information

kKnowin Lost, statistical
ensamble



Pure vs, Mixed States
Expamd sktate i basis:
L Z aili)
Pure démsi&j makrix:
pp = Z&M}f\iﬂjl = Z%\iﬂj\

Mixed dev\si,&ej nokrix:

OM = an (Zaa ) anz ) (J]



Cohered vs.
Cohered

Exhibiks ‘quantum
behavior!
Cohered - Pure:

,OP—ZCM “I’Za

17]

Off-Diagonal Ampti&udes:

~ O R i 8 e
;. = QjQ;

Decohered

Decohered

‘Rehaves ttassitativ’

Decohered - Pure:

pp =)  @li)(i
Z‘Eiigem Staktes

Square ‘Probabataﬁvz

soeki



Cohered vs. Decohered

Decohered - Mixed

L s s asli e
e = 0 o BB RRG. 0 Simultaneously
- D o Diagownalizable

\ 0 0 0 pnpgiag )

Cohered - Mixed

Not Simu&amemusiv

off-diag#0
Diagownalizable

PM — anpn S



Entangled vs. Not Entangled
Vg = > Yabla)|b)
a,b

Pure: Trpz = 1.

From Pure &0 Mixed Skate:

TIB [/OE] — TTB LL’}/@(, fYa/b’ \a b CL b/|

ab a’,b’

5 )] = pa R Density




Entangled vs. Not Entangled
Vg = > Yabla)|b)

Pure: Trp; = 1.

From Pure o Mixed Sktake:

1r B [/OE] - b B 2: Z: Yab ’Y;Jk/b/ \a, b><CL,, b,|

a,b a’,b’

=Y vz la)a] = pa |




Entangled vs. Not Entangled

Note: Diagownalizing reduced c&ems&v
makrix does not eliminake
entanglement,

Un-—entangling the State:
VE) Zwabm b)
e Z Z Yabla')|b'){a

a,b a’,b’

ZZW w|a’)[b) =
401,



Entangled vs. Not Entangled

Note: Diagownalizing reduced ci@f\ﬁb&'j
makrix does not eliminake
entanglement,

Un-—entangling the State:

‘\IJE Zwabm ‘b
o szyab‘a |b/

a,b a’,b’

:Z:y w|a’)[b) =
401,




Entanglement during
Inflation

Inflaton fluctuations entangled with:
o Spectator Scalar Field, e
o Mebric per&urba&ioms, Yij — hT, hg

Ansatz: Entangled initial state ab the beginning
of inflation (ot some finite time 70).

arXiv:14-0%.6%59, arXiv:160§,0100% |




Runch Davies Vacuum

Buinch Davies is the vacuum state of Field
Theory adapted to expanding Universe.

—> Short wavelength modes in ground state

In field space each mode in BD has a
Graussian Wavefunction:

Wplep 7| = Niglr)e 2 ormer gl



Bunch Davies Skate
of Two Fields

Gaussian state with nflaton ¢ and x:



Entanglement with
Spe&:&&%er Scalar Field

Graussian entanqgled state with inflaton ¢:

Nk’ (7)6[— % (Ak(T)SOESD_;;’-FBk (7'))(,;)(_,3-1-01€ (T)(SDEx_E"I'X];’SOE))]

o (O4(7) : Entanglement Parameter

b TECOVET VACuUM
(Bunch Davies) solubions

o When Cp(7) =0 mmd




Entanglement with Metric
Perturbakions

Graussian entangled state with gauge nvariant inflaton (:

YplCerhat s h o7l = v/ Ni(T) X

/ Ay (1) () ¢ (1) \ ( &z \'
exp |—7 ( i he W) | GEa) o) + nt
\ €7 () bow (7) — iyl

@ C,(1),C) (1) Tensor-Scalar Entanglement Parameters

3 + and x Polarization Entanglement
Parametbers



Entangled State: Closer
Look

How to think of this state?

o The plot of a 2D
Gaussian of the form

i = Ne~z(A2°+By")

LS aln eu.i,pse wibh widkhs
determined b:} A and B,

Here there is no
entanqglement bebween x
and Y coordinakes.



Entangled State: Closer
Look

Our state of the form

w N % (A:U2+By2—|—2Cazy)

s a kilked ei.i.i,pse wikh
respee& o Ehe x and Y
coordinakes,

This is an entangled state
i the x and Y coordinates.




Entangled State: Closer
Look

We could redefine the
coordinates to Tand y
such that the ellipse

would no longer be
Eilked.

In these coordinates bhe
state would no longer
be entangled; however,
the Hamiltonian would
have t:oupiing terms
bebween T and .




Schrodinger Picture QFT

Schrodinger Equ&&iaw

o,
ZE\PE = CE S H’%X E)\IJE

- Entangled
Craussian State

Quadratic cleacmpi,ed
Homiltonian for spectator
scalar field or metric
Fer&urba&oms

Qua\c&ra&f decoupled
Hoamilkonian for
inflaton fluctuation

Equations of motion for mode functions
of inflaton and entangled perturbations



Observables: Primordial

o Two point correlation function

(rp_p) (1) =Tr (p,g(T)w,gso_E)

‘Dev\su&j Mokrix
o o / Dyl v U ()RR,

o Primordial Power Spet&ruw\




Observables: Primordial bo CMRB

Tempara&ure

AT( ﬁ) _—¥  Fluctuation

T() —p Ty =2.7TK

Background
Temroerog?:u,re




Observables: Primordial o CMB

Tempera&ure

AT ( ﬁ) /’? Fluctuation

T() —p Ty =2.7TK

Background
Temyera&ure

Angular scale
0.2°

500
Multipole moment, ¢




and B Polarizakions

CMB polarization decomposed in £ (curl-free) and B
(diverqgence-free) modes.

Scalar Perturbations
Tensor (gravity) par&urbs
Gravity Lensing  mememmnoses

£ Modes | B Modes

Vector (velocity) perturbs
Tensor (gravity) perturbs




ki &Md % ‘POLQ\‘E&Q&OM$

More Anqular Power Specﬁra:

EB { Usu&uj
CyPl Zero

gl E >0



Observational Effects
Scalar-Scalar Entanglement

o Small oscillations in the primordial
power —> oscillations in angular power

Scalar-Tensor Entanglement
o Same as Scalar-Scalar
o Nown-Zero TB and EBR power spea&ra

o Correlation bebtween L mulkipoles



Primordial Power
Scalar-Scalar

EZME&MS;LQMQM Straight Parameter: A

Larger A\ , larger oscillation amplitudes



Temperature Angular Power
Spectrum: Scalar-Tensor

Entanglement
Strength

T
D), With|[bs, (15)|=0, |C (z)|=0 /

TT

== D, With|by )|=0.01,|C (t5)[=0.1
TT

e ), with by, (9)|=0.01, C"(xy)|=0.2

200 400 600

L mui&ipaies



Angular Power Spectrum
Difference with Zero
Entanglement Angular Power

TT
== Residuals of Dl with |by, (t))|=0.01, |C+(1: 0)|=0.01
TT
= Residuals of D, with by, (7))|=0.01, IC'(70)|=0.1
TT
e Residuals of D, with [by, (T)|=0.01, |C"(ty)=0.2

‘ + rinned TT residuals of best fit to Planck data
v\ IR by~ S A~ s "A 'A\" .
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Angular Power Spectrum
Difference with Zero
Entanglement Angular Power

—— Residuals fD wth\b {(1)|=0.01 |C( )| =0.01 @ &
e Residuals fD "With [by (2,)/=0.01,]C" :
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TB and EB Power Spectra
Tensor-Scalar Entanglement

Correlation of the temperature and the
£, B Potmﬁa&&onsz

dk
CaPEP — 1 [ S {ARE AR RPT (K)o |

(hrh™.) #0 thanks to  byy,bis; the + and x

potarha&iom entanglement parame&ers.

P “Parity Violation” in CMB



Primordial MQM*G&%SSL&M&%

Three point correlation function

<§k1 CkQ Ck3 > 5(ky + ko + k3)Be (ki ko, ks)

Shap@.s ko
ki—iks — 10 k1 < ko = k3 k1 = kg + k3

gy

Equi&a&evat Squ,@.@.aec&. Folded /Flakbened




Primordial NOM*G&MSSE&M&E:?

Higher
derivakive

correlations |
in inflakion |

ki—=iky = &8
/

Equita&erat

Noi
| Buhch-Davies
inflation models

Mulki~field
inflation

(cannot be high
i single field)

ki1 <@ ko = k3 k1 =~ ko + k3

< ' <

Squeez.eci Folded /Flaktened




Primordial Non-Graussianity
from Scalar-Scalar Entanglement

(Preliminary resulk - not finalized)

Entanglement strength parameter <« 0.8

Equi&a&erat Squ@.@.zeci Folded /Flakbened



What do we kc:-[ae. to Llearn
from the bispectrum?

o Will it distinguish entanqglement of
2 fields during inflation from
mulbi-field inflakion?

o Another bound on entanglement
strength parameter.

o Understand what characteristic
bispec:&rum shape to expect from
enbtanglement.



Schrodinger Picture
Bis Fve&:‘%rum S@.Eu,[a

Cubic order expawied stake:




Schrodinger Picture
Bis Fvec:%rum S@.Eu,[a

Expamsiam Farame%er

= [ &, - I b
U((,x,T) = /H ((QW)ZB) (277)35 (Z E]) [1 @Zklkgk?) (T)CE1CE2CE3



Schrodinger Picture
Bis Pe&%rum S@.Eu,[a

Cubic order coefficients



Schrodinger Picture
Bis Fve&%rum S@.%u,[p

L) s (S8 porufeoing e

U, X T)= (

12:’ k1 koks
Xk1Xk2Xk F Z ]lW (T)XEZ.CEJ.CEZ
171

??‘l ||

S e ) bt

e X T ) G ) H Ve

ALl combinations of fields at cubic order



Schrodinger Picture
Bis Fvec:%rum S@.Eu,[a

Quadra&é;&m&m\g; led
Graussian skake



Schrodinger Picture
Bis Fvec:%rum S@.Eu,[a

Schrodinger Equation:
0

i—U = (H? + pHBHT
ot

For each order of 1 st v =v® ; L,UO

O(10) %\p(?) _ g@g®

OGP 5%\11(3) — H@gG) L g y®)



Ris Pe&%rum:
Perturbative Solubtion
Equations of motion

%,
1) im0 s (H® 4+ nH®))U =  for cubic state
i coefficients (Z, ¥, W, X).

2) Find p@.rmrba&va solutions to these equ&%&oms
(@.xpav\ding i powers of small entanglement
strength Fmr&me&r)«

3) Use the solubtions of cubic stabte coefficients
(Z, 7, W, X) to calculate bispectrum.



Entangled Bis pe&%rum

Calculating the entangled bnspe«c&rum U terms
of the cubic and quadratic coefficients:

G, GG = | DG (6 TG G, W6

1 1 1
A1rBir — C1r? AsgrBor — Cor? AspBsgr — C3p?

(W|¢z, €z, C7, [0 = 125(2 ki)

1

53 (ZrB1rBarBsg + 2°YRrC1rCarCsp + 2 Z WirBirB;jrCir + 2° Z XirCirCjrBIR]

15l 171



Conkributions of Different
Orders ko the BESPQt‘%ruM

Looking at orders of entanglement strength
parameter \:

Ckrx A, Zgr,Yrx 14+ A(..)+O(N\?), Wg,Xg x A(...) + O()\?)

1 1 1
A1rBir — C1r? AsgrBor — Cor? AspBsgr — C3p?

(VI Gr,Gr 19 = 12603 )

1
—[ZrB1rBarBsr + 2°YRC1rC2rCsr +2 Y WirBirBjrCir +2° )  XirCirCjrBir]

23

: ' e ¥

ox 14+ A(..) e 2B S



Conkributions of Different
Orders ko the BESPQ&rum

Looking at orders of entanglement strength
parameter \:

To lowestk order U

1 1 1
A1rBir — C1r? AsgrBor — Cor? AspBsgr — C3p?

- (WIGE G, G, [9) = 120 _Ki)

|ZrB1rBor B3R ,‘A 25YRrC1rCorC3R + 2 Z WirBirBjrCir + 2° Z XirCirC;RrBR]

l N !

x1+A0) SN e



First Order Bis er&&rum

(Preliminary resulk - not finalized)

Entanglement strength parameter <« 0.8

Equi&a&erai. Squeez.ec&. Folded /Flaktened



First Order Bis Pe&:&rum

(Preliminary resulk - not finalized)

Entanglement strength parameter << 0.5

fUIlC(kl, k’Q, k‘g

X
Kk —k,
Artificial diverqgence!
Present because assumed . Realistically there would be

non-BD ot infinite past. ¥ cutoff ot large momenta.



Finding Bound on Entanglement
Strength Parameter

Taking the equilateral and squeezed (local)
Limits of the first order bispectrum —can
pu.& a rough upper Limitk on ).

(¢?) = (%) Bp(1 + 3X) + AM{({®) voN-BD
k1:k2:k3 k1<<k72:k73

, Ustng Plancke
/ MOMMGaussiamaév
, Limiks.

4 4

Equita&erai. Squeez.e.cl



What do we hope to Llearn
from the bispectrum?
o Will it distinguish entanglement of 2

fields during inflation from mulki-field
inflation? Different shape produced.

o Anocther bound on entanglement
strength parameter. Can find rough
upper bound.

o Understand what characteristic
bisge&&rum shape to expect from
entanglement, Good indicator for non-
BD vacuum initial state.




Final Entangled Remarikes

o Several distinquishing observational features
of entanglement,

o These can help us constrain or rule out
entanglement further validating standard
picture — MCMC analysis in progress.

o 1f signatures of entanglement are observed,
this might point to finite inflation and or the
nmechanism that started it






Pre-Inflation

How Inflation Works
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Horizon Problem

Last Scattering
Surface




Observables: CMB

o Angular Power Spe«c&rum —» CMB
dk -
l l’ m,m’ — ZISS 47'('/ Z A ]f » 10 Al’ (k,??())

/ dQRPSS/ (k)—sYim, (Rv €e) s Yim (Ra e)

- 5=0,%2 : spin of the perturbation
— o 1,bk,B (Temyera&um, E-mode, B-mode)
- PSS/: primurdmt power spec&rum

- AR s(ksmo) transfer function



What does the CMR Etell ws?

.

(Cosmic Microwave Background)
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Pre-Inflation

How Inflation Works |

|f_']___

Comoving Grid

(D)

Hubble Horizon

Inflation

Regions < 2 degrees apart
never tausattv connecked :
Post-Inflation



~lakness Problem

Why is the spatial curvature of the
uhiverse so small?

Friedmwania Equ&ﬁow

x a~Y ~x a4 -

ORE

2
) :?G(pl‘|‘pk‘|‘/0r‘|'/0m‘|‘pDE)

/‘ / V\ T R\ Dark
IM%LQ&&QM Relakiviskic

Hatior ide

Curvalbure. Nown-Relativiskic
Matkter



~lakness Problem

Why is the spatial curvature of the
uhiverse so small?

Friedmwania Equ&ﬁow

x a~Y ~x a4 -

IRE

2
) X ?G(pf T Pk T Or T Pm _|_/0DE)

f ik rzeL:}avas&Lc ™ Dark
Intlakion e
i ey

Curvalbure. Nown-Relativiskic
Matkter



~lakness Problem

Why is the spatial curvature of the
uhiverse so small?

1{ we start with some curvature... e ;

Intlakion el
120 120 | _ 5 4 R

To c’mv

~ i
S O -
= W e S

-30 -0 -10 o 10 -60 -4-0 -R0 o RO

log(a \ a°) log(a \ a”)

We would observe high curvature Low curvakure



How Inflation Works: Set Up

Flat FLRW Background - maximally symmetric,
homogeneous and isotropic:

de8 g (r )= di )
Scale factor

‘ijsi;ﬁai. to Comoving Time: dt = a(r)dr
Hubble Parameter: _laa _a
a

Comoving Hubble Radius: (aH)™!



How Inflation Works: Conditions

Inflation satisfied 2 conditions:

1. Shrinking comoving Hubble radius —» accelerated
expansion <-> slowly varying Hubble parameter.

H
=1




Whalb we wank ko khnow

- Darke Matter
- Dark Eherq

(or Modified Graviby?

o What is the Universe
composed of?

o What is the
Yundamental’ theory?

o How Aid Ehe Universe
beqin?




Whalb we wank ko khnow

o What is the Universe
composed of?

o What is the
Yundamental’ theory?

o How Aid Ehe Universe
beqin?



Whalb we wank ko khnow

Particles Strings
A A
o What s Ehe Universe Pl ¢
‘ M1 P ‘ M2
aomposed of? )

& S&T'EMS Tkﬁ()rv ?
¥ - Quantum Gravity 7
x AdS/CF:T ?

o What is the e
Yundamental’ f:heorj

o How Aid Ehe Universe
beqin?




Schrodinger Picture
Bis Fve&%rum S@.%u,[p

Schrodinger Equation:

0

"o

U =(H? 4+ yHO

Hamilkonian from
quadratic action

R Wi Lo e
Sonad = [ da0(®) | S (Bu60"C) + 55 (0,:x0"X)




Schrodinger Picture
Bis Fve&%rum S@.%u,[p

Schrodinger Equation:
g (H®) 4 pH®) W
OT
Hoamilkonian from
cubic action

3
S®) :/daz@dt[— sl Cféég—gé‘( 0:)* + a—2(23+€ 1)C¢

B
32

e

S

+ae(e + )¢ (0:¢)




