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Abstract: Loop quantum cosmology has become a robust framework to describe the highest curvature regime of the early universe. In this
inflation is preceded by a bounce replacing the big bang singularity. | will summarize the theoretical framework, and explore the corrections
inflationary predictions for the primordial spectrum of cosmological perturbations that this pre-inflationary, quantum gravity phase of the uni
introduces. The impact of the bounce on non-Gaussianity and the exciting relation to the observed large scale anomalies in the CMB
discussed.
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Summary of work done in collaboration with several people:

Ashtekar, Bolliet, Gupt, Morris, Nelson, Parker, Shandera, Vijayakumar.
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From Abhay’s talk:

LQC is a mini-superspace version of LQG:
quantization of spacetimes with cosmological symmetries.

Underlying principles: non-perturbative and background independent
quantization of gravity

Rigorous and beautiful mathematics

Hilbert space: ¥(c, ¢) such that H¥ (e, p) =0
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Ivan Agullo

Analytical results:

All physical observables (e.g. curvature invariants, energy density
of ¢ ) are bounded from above. No singularity in the entire Hilbert
space. For instance:

187

Psup = 2hA. ~ 0.4 ppy Rsup = 487G psup

TR

area gap in LQG: minimum area eigenvalue

Additionally:

All states during the evolution go through an instant (in ¢-time) of
minimum volume and maximum curvature: Bounce
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Artistic conceptions of the Big Bang and Big Bounce
Big Bang Big Bounce

Credits: Pablo Laguna Credits: Cliff Pikover
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LQC effective eqns for “sharply peaked” states ¥ (¢, ¢)

Geometry well approximated by a smooth metric tensor with the FLRW
symmetries:
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Goal: Explorc observational consequences
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All my results can be extended to other models with a similar bounce
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I will use the bounce to complete inflation, rather than to replace it
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Ivan Agullo [R=1N)
Inflation

(Within our observable patch) FLRW metric:

Rad domination

a(t) ~ v’?

Inflation

a(t) ~ e~ 11t

length
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From Robert’s talk:

What is ¢?

What are the initial condition of inflation?
Trans-Planckian problem

Singularity problem

Applicability of GR

“For this audience, replace problem by a window of opportunity”
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Is inflation “compatible” with the bounce?
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Ashtekar, Sloan

Message: the “attractor” character of inflation remains in presence of a
bounce

PrI nfl

A fraction greater than 0.99999 of the “volume” of initial data at
the bounce leads to an inflationary phase with more than 60 e-folds
of slow-roll
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Inflation

@y 3. & = 0: Turn around point
|

4. Slow-roll inflation begins

2. After the bounce: friction grows, (f) slows down
Kinctic energy — Potential energy

4
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1. Befote the bounce ¢ = (0 but large anti-friction boosts ¢.
Kinetic energy dominated

. . dVid
¢+ 3Ho + ‘{(”) ={)

Ao

plt)

0.1) ) P 1
0.001) /’/‘/”" 1
i gereH7() |
10717 |
1077} |
1 1
10 1
10711 1
Super—inflation Inflation |
0.001 0.1 10 1000 10°
tip

Pirsa: 17060105 Page 17/74



Ivan Agullo

Cosmic microwave background

Rt 2 i

A

Inflation

Quantum
Geometry

Pre-inflation

) —— Bounce

Pre-bounce Phase
of the Universe
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3.The Power Spectrum
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Quantum field theory on a cosmological, quantum space-time

1,2 t
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Penn State, University Park, PA 10802, (1.5 A,
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Perturbations to the Planck Era
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Phenomenology with fluctuating quantum geometries
in loop quantum cosmology
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LQC and the Power Spectrum Ivan Agullo

Results of numerical evolution

r oA g N Y13 12 A -
(I.A.-Ashtekar-Nelson 2012-13, 1.A irris 2015)

Scalar Power Spectrum Tensor Power Spectrum

Enhanced region

~—— Enhanced region———=! i 7
i=— Observable region— fA i, ‘ (?b.surmbi(: Tegeany—

b i hige

kroc

" -:;... T 2. " uu.ui._l P T S R W ST TS W T 5 L - S — . d—
k/k. k/k.

pp = 1.22 m = 1.1 x 107% and vacuum initial condition in the past
Grey point: numerical result for individual ks
Black line: average of grey points

k., /ag = 0.002 Mpe '
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Results of numerical evolution

Scalar Power Spectrum

Enhanced region ——

'— Observable region—

.n: i
RN o

{1 107
k/k.

The pre-inflationary evolution modifies the powet for low k-values (long wavelengths)
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Ivan Agullo

e For large values of ¢ predictions are indistinguishable from
standard inflation

—» QG extension of the inflationary scenario
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e For large values of ¢ predictions are indistinguishable from
standard inflation

—» QG extension of the inflationary scenario

® For smaller ¢35, QG corrections at large angles in CMB. In particular:

Most important:
e enhancement of power for low k

® cffects on spectral indices and runnings

e reduction of tensor-to-scalar ratio (slightly alleviates constrains on
quadratic potential)

® modification of consistency relation < — 8 ny
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Robustness tests:

. T

® Conclusions robust against change in the potential (Bonga-Gutp 2

|
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Robustness tests:

® Conclusions robust against change in the potential (Bonga-Gutp 2015-16)

® Conclusions robust against choice of the quantum FLRW geometry

A

I A A e | " 49 YY1
(I.A., Ashtekat, Gutp 20106)

Conclusions are robust against initial conditions for perturbations

(1.A. Ashtekar-Nelson 201 ‘\9‘ I.A.-Morris 2015)
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Robustness tests:

® Conclusions robust against change in the potential (Bonga-Gutp 2015-16)

AJ

® Conclusions robust against choice of the quantum FLRW geometry

A

I A A e | " 49 YY1
(I.A., Ashtekat, Gutp 20106)

Conclusions are robust against initial conditions for perturbations

(1.A. Ashtekar-Nelson 201 ‘\9‘ I.A.-Morris 2015)

@ Extension to anisotropic bounces (1.A_, (

nedo, Vijayakumar)
L ) Ljady al 1idl)
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Robustness tests:

AJ |

® Conclusions robust against change in the potential (Bonga-Gutp 2015-16)

® Conclusions robust against choice of the quantum FLRW geometry

I A A e | " 49 YY1
(I.A., Ashtekat, Gutp 20106)

Conclusions are robust against initial conditions for perturbations

(I.A.-Ashtekar-Nelson 2013, LLA.-Morris 2015)

Extension to anisotropic bounces (I.A., Olmedo, Vijayal )

?<i:'i’2is\£liilé?2}

Other approaches for perturbations (within LLQC) produce quite similar results
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Robustness tests:

® Conclusions robust against change in the potential (Bonga-Gutp 2015

® Conclusions robust against choice of the quantum FLRW geometry

I A A e | " 49 YY1
(I.A., Ashtekat, Gutp 20106)

Conclusions are robust against initial conditions for perturbations

(1.A. Ashtekar-Nelson 201 ‘\9‘ I.A.-Morris 2015)

Extension to anisotropic bounces (I.A., Olmedo, Vijayal )

?<i:'i’2is\£liilé?2}

Other approaches for perturbations (within LLQC) produce quite similar results

Important:

ASNICKA

i, Gutp 2016: there are physically motivated initial conditions for perturbation at the
bounce for which the power spectrum is suppressed at low k’s
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6. Non-Gaussianity from the bounce
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Goal: Compute three-point correlation function

ORg. Ry, Ry 10) = (2m)*5 Ry + By + Fy) Br (b, b, )

Motivation: there are observational constraints + we may find new effects

We need:
To go beyond linear perturbation theory: expand Einstein action at third order
Hard calculation. Done for the first time by Maldacena in 2003

Recast Maldacena’s result in Hamiltonian language
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A summary of the way we proceed:

Phase space variables:

(j) - (S(’f)(."f.r)

Pe + 0Py (T)
¢ij + 0qi;(T)
T + om" ()

o ) 2 ~ & !
(],,'_.7' = (),jj " v o=

Fourier expansion perturbations:
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Expansion in a convenient basis:

6]

f’i(},)(ﬁ) = Z ﬂn“‘ﬂ) 15,}’]

n=1
where:

1(3)

e ij

~

£

orthonormal triad

Ivan Agullo

(’:, ’f} + '!'n',f Ui )

(54
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Expansion in a convenient basis:

where:

q(3)
A

A(0)
A;;

scalars

vectors w. r. t. rotation around £k

~

x o ~
e ) tensors

orthonormal triad

scalar
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Focus on scalar perturbations

We can work with gauge invariant variables or fix the gauge. Here, fix the gauge.

Strategy:
1) Expand scalar and vector constraint (we use xTensor in Mathematica)

S(f#) = 5(“) | S{”(r) ¥ S(‘”(FJ 1 S‘”{r) booees
‘V(.F) — w0 +*\§yr(|)(j:.') _f_vfﬂl(;.') +‘V‘:”(j7_'} e % 33
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Focus on scalar perturbations

We can work with gauge invariant variables or fix the gauge. Here, fix the gauge.

Strategy:
1) Expand scalar and vector constraint (we use xTensor in Mathematica)

S(f#) = 5(“) | S{”(r) ¥ S(‘”(FJ 1 S‘”{r) booees
‘V(.F) — w0 +*\§yr(|)(j:.') _f_vfﬂl(';.') +‘V‘:”(j7_'} e % 33

2) Impose gauge conditions:
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4) Use first order constraints S () = 0, ‘-\JE”(;F) — () to eliminate 71, 7o
in favor of ¢ and dpy

m = ffl(dgz;, (S]5¢,), 7‘1;2 = ﬁ';g((SQ?), cS[}¢)
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4) Use first order constraints S () = 0, ‘-\JE”(;F) — () to eliminate 71, 7o
in favor of ¢ and dpy

m = ffl(dgz;, (S]5¢,), 7‘1;2 = ﬁ';g((SQ?), cS[}¢)

5) Substitute in the Hamiltonian, and keep terms up to their oder in
perturbations
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Second order Hamiltonian (free evolution)

. E:l " 1 5 2 + ¢ )s) ) + ﬂl s),),.l
d”a F opy, (( A a’ A« q

4 2 .

- p(" 3 K i 6 Pt’ ’ P (“} ) l”(’;‘") s
\21 —_— _S) ] : + I 6 l-*) —{ '1 (*)I’J_l' (-) IJ - 3’ 4 )
a°7 ‘T(‘; 2 a a Ty, 7T“ (8! Tf"'l'_

(1

(O — A1) 6(F, 1) = 0
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Third order Hamiltonian (interaction Hamiltonian)

) s [ 96P5  27P%  3a’pyVis | a®Vigs \ . .3
HY = N d°z 1 — = ’.; ———"=. & — A
. 4a*m, 2a°m 2 Wiy, 6

3 9 a9
3ps o, 9Py . o 3a°Py.. = .o 3P5 _ 5.0
)71 g 0@ — ——3 0ppoP” — -)7”"54’ (0dp)” + ——— d¢"0"x

2a%m, * a’ms 27, N am,
p 9 y 0
3a° py Ja“p

m dpI°x O°x — m o ().,;(_2 i X ANy |.
o « fvillg

V }".“.} ”.J ‘;’1 e !‘,(f) =~
o _ L TN 5q - P2,
2 KT, Kam,

+ N (5[_)5,:, (), (5(;’_') ()’ )i _+—

After a Legendre transformation, agrees with Maldacena’s third order Lagrangian
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To recast the result in therms of coming curvature perturbations at the end of
inflation, we need the relation:

2

a . .
—dp(Z,m)) +---
KPgp Tq 4 a 2 K T

subdominant terms

at the end of inflation
_ 6P
K T

PR

where 2 =
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Calculation of the three-point correlation function
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Calculation of the three-point correlation function

(1R Ry, Ry [0) = (—f) {(nmgca&;la‘f,-uh-,)(s(;..f:},‘;_!|n>

“~

i 3 ‘L'":.-‘, ”-2 fI pA Ca : {j:;') o = — = —
+ ( 5 +3— — 2 ) (— f) / e ([l\ﬁ(;’ik(lr)(,:‘)j._fgr§c',-‘"ii,if‘rq.-’,l;‘::‘ p.\ll} t (k1 > k3) + (k2 <> ky)

-]

2 (27)3

KDy Ty 4 a
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Calculation of the three-point correlation function

(1R Ry, Ry [0) = (—f) {(nmgca&;la‘f,-uh-,)(s(;..f:},‘;_!|n>

“~

8§ . Via® vz 7 a " dtp AA A A ,.ﬂ ~ = -
(S a e VEEY (oY [ s g S, g0+ (B e B+ B o

K Py T 4 a z 2m):
-]

(()\()(_'/)EI ('U)f'\’(f’g;)("I)f'—‘f/ﬁ:_.‘('ff)‘”) = (0|UT (1, o) Spi, (Mg, (mdgy, (1) Un,no)|0)

- )
U(n,ny) = T exp ( i / dn/ H-llm ("i}"))

o
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Calculation of the three-point correlation function

(1R Ry, Ry [0) = (—f) {(nmgca&;la‘f,-uh-,)(s(;..f:},‘;_!|n>

“~

8 . Vet VK 2 o " dtp
e e w NE D) S 0169 00, 09,500
2 KPg Tq 4 a zd F (2w} k2

-]

P.‘“) - (A| i

ka) + (E:

Ivan Agullo

I | Al ,
(()‘(ﬁ/n (. c‘)(p ,(n) )d¢h z "m )) = ((}‘l.fi(u,‘r}“)rﬁcl,",'ngl(':;)t)qb,::(‘f;)hqbgf:i(7;) U(n,no)|0)

Uln,ny) = T('xp( i / dn/ Hml(u ))
<0

R | ~ 1 ~ 1
<U|0w (n)ody: (u)dw (m[0) = (0dgg, (Mo, (n)ddg, (m)]0)

' ~1 o]
i/rln’((” [{’)r_,f),jl ()05, (n)dgg, (1) ), HL,

+ )(IIITH)

(n' ] |0)

& ky)

Page 47/74



Pirsa: 17060105

Calculation of the three-point correlation function

(1R Ry, Ry [0) = (—f) {(nmgca&;la‘f,-uh-,)(s(;..f:},‘;_!|n>

“~

8 . Vet VK 2 o " dtp
e e w NE D) S 0169 00, 09,500
2 KPg Tq 4 a zd F (2w} k2

-]

P.‘“) - (A| i

ka) + (E:

Ivan Agullo

I | Al ,
(()‘(ﬁ/n (. c‘)(p ,(n) )d¢h z "m )) = ((}‘l.fi(u,‘r}“)rﬁcl,",'ngl(':;)t)qb,::(‘f;)hqbgf:i(7;) U(n,no)|0)

Uln,ny) = T('xp( i / dn/ Hml(u ))
<0

R | ~ 1 ~ 1
<U|0w (n)ody: (u)dw (m[0) = (0dgg, (Mo, (n)ddg, (m)]0)

' ~1 o]
i/rln’((” [{’)r_,f),jl ()05, (n)dgg, (1) ), HL,

+ )(IIITH)

(n' ] |0)

& ky)
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Non-Gaussianity usually parameterized in terms of a dimensionless

quantity fnr(k1, k2, k3), defined as:

. 6 . .
Br(ki, ko, k3) =: = Inp(k, ko, k3) X (Ag, Ak, + Agy Ay + Ay Aky)

Where VAT
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Equilateral configuration:

10"
[0
13
102
1)

1Y
i

10!
102
— 104

~ 10

10

Ivan Agullo
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One squeezed configuration:
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Most important aspects:

Oscillatory

k=S ba =100 . Non-Gaussianity significantly more

K “:&- :A sensitive to the bounce!

® Exponential growth for small k’s
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The shape: peaked in squeezed (but not too squeezed) configurations

4295.899

- 209.335

3877.229
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U ndcrstﬂnding the (_)rigin of the cxpuncntial gl'()wth:

Remember:

B R ~1 ~ 1 ~ 1
(Ulh(fﬁli:] (?;)(5(,9'5;:__, (-”)[’)(;x)ﬁ:;{-”)|()> — ((]'|h(,bﬁl (i/)(’)(ﬁ)h (';;)r’)q-ﬁgn ('ij”l))

1 / dn' (0] [5};‘)1;1(1))(5'};):.',_{(u)d"(;f);.'ﬂ (), HL (1

Involves integrals of the type:

/d"l /(’l) — (,,r-(A-:+A-z+A.;;)q
. ”‘(U)n,

other background variables (¢(1). pe (1), T (1))

Cauchy’s residues theorem + asymptotic techniques:

Integral dominated by the pole with smallest imaginary part

1)1 10)
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This is the pole in the scale factor: @ (7))

l

Close to the bounce:  a(n) = a(np) + o a”"(n5) i A

. J~ 1", ’r‘.‘,é ,
Poles: N = g —= with = l” (7n) _ MQe

Ja 2 alns) 2
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no field redef

I

5

i e gAY
AR

]II’ T :‘\ﬁ'

Pirsa: 17060105 Page 56/74



Ivan Agullo

Observational constraints

Observational constraints on [N (PLANCK 2015) are obtained for scale invariant
Inp(ki, ko, k3)

In thatcase fyr S 10 for ¢ > 500

Error bars grow as 1/¢  for small /¢

Much weaker constraints for scale dependent fy; (ky, ko, k3) , as the one we have
obtained, particularly for low multipoles

Hence, our results are OK with observation for latge enough ¢p
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Is perturbation theory under control?

Higher order corrections to the two-point function:

o 2 S o
( - ) ({] ‘ A {,-’)A-jl {5(5'}*7‘! H])

v 3
d’p
0106y, 858y, 10)

27)
d*q

= .}_‘5 ([)lc'if'-"J -r‘st]-fll k‘\ 5 r“:}-"l({- (‘5(;4"3 A_‘z B rf|“>

1
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Is perturbation theory under control?

Higher order corrections to the two-point function:

L.:."-‘ ”‘I‘h _ < ' (]:;]"J

“Kpg Ta J (2n) <”|m’hﬂ"|rst:’!)f"a(-‘bf-fu P'](])

V,a® /K Z 2 r g
i XS / _
K Pg Ta 4 a] J (:

J3 “'J}'\’U"I_} | Af}'\a(f,:l_)]
1

= (27)%89) (k) + ko)
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Is perturbation theory under control?

Higher order corrections to the two-point function:

L.:."-‘ ”‘I‘h _ < ' (]:;]"J

“Kpg Ta J (2n) <”|m’hﬂ"|rst:’!)f"a(-‘bf-fu P'](])

V,a® /K Z 2 r g
i XS / _
K Pg Ta 4 a] J (:

J3 “'J}'\’U"I_} | Af}'\a(f,:l_)]
1

= (27)%89) (k) + ko)
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Summary:

Bounce close to Planck scale boosts fn 1, in a strongly scale dependent way.
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Summary:

Bounce close to Planck scale boosts fn 1, in a strongly scale dependent way.

Exponential growing dictated by the new scale

Ok with standard inflation for large k
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Summary:

Bounce close to Planck scale boosts fn 1, in a strongly scale dependent way.

Exponential growing dictated by the new scale
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Summary:

Bounce close to Planck scale boosts [n 1, in a strongly scale dependent way.

Exponential growing dictated by the new scale

Ok with standard inflation for large k

Perturbation theory under control

Ok with observational constraints for appropriate choice of ¢p

Room for new effects
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5. Large scale anomalies
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Planck 2015 results. XVI. Isotropy and statistics of the CMB
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ABSTRACT

We test the statistical wsotropy and Guussianity of the cosmic microwave background (CMB) anisotropies using ob

servations made by the Planck satellite, Our results are based mainly on the full Planck mission for temperatir

but also include some polarization measurements. In particular, we consider the CMB anisotropy maps derived from
the mulii-froquency Manck data by soveral component-separation methods. For the temperature anisotropies, we find
excellent agrecment hetween results based on these sky maps over hoth o very Targe fraction of the sky and o broad
range of angulay scales, establishing that potential foreground residuals do not affect onr studies, Tests of skewnoss,
]\lnlnsi multi-normi \\il\, N point functions, and Minkowski functionals indicate consistency with ( :|L|:‘hi.'mil._\‘ while
a power. - deficit at large angular scales is manifested In several ways, for example low map variance. The results of a
penk st aes analysi e consistent with the expectations of & Gaussinn random held, The “Caold Spot” s detected
with several methods, including map kurtosis, peak statistics, and mean temperature profile. We l.|ln|:||l;,llly prabe the
largesscale dipolar power asymmeftry, detecting it with several independent tests, and acdd the subject of o poste
ot correction. Tosta o ditectionality \ll,;'g,c':al the presence of angular clustoring from large to small scales, but at a
SN mhcance that is ||1|:(||(i:1| on the details of the ap] wonch, We et rform Che first examination of ]Jn\n rizntion o whin,
finding the morphology of stacked pei |kn to be conglstent with the expectations of statistic: |H\ isotrople shmulations.
Where they overlap, these results are consistent with the Planck 20013 analysis based on the nominal mission data and
provide our most thorough view of the statistics of the CMB fluctuations to date.

B —————

1. Introduction

foreground-cleaned CMB maps, it was generally considered
that the case for anomalous features in the CMB had been
strengthened. Hence, such anomalies have attracted consid-
erable attention in the community, since they could be the
visible traces of fundamental physical processes occurring
in the early Universe,
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Observed anomalies at large angular scales (WMAP, PLANCK)

® Hemispherical anomaly

® Quadrupole-octopole alignment

® Low power (@ large scales (more prominent in angular space)
@ Parity anomaly

® .

Warning: Significance < 30 could be just a statistical fluke

But observed in different ways and by different teams (WMAP, PALNCK, etc)
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Observed anomalies at large angular scales (WMAP, PLANCK)

® Hemispherical anomaly

® Quadrupole-octopole alignment

@® Low power (@ large scales (more prominent in angular space)
@ Parity anomaly

® ...

Warning: Significance < 30 could be just a statistical fluke

But observed in different ways and by different teams (WMAP, PALNCK, etc)

Message: all these anomalies have a common feature. They seem to require
correlations between different modes:

Ar]w(fﬂ-) = L Qi "}"m (ﬂ) anisotropies
fm \

<(_]_.£",”_(|'}jf.“‘_f> = (SM"(S;H.-”:.’ (Té |- non-diagonal terms

Additionally, effects only appears at large angles (low {’s): we may need a scale-
dependent non-diagonal (anisotropic) terms!
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Recent discussions: we do not need anisotropic physics to modify the statistics
in our observable universe. Large correlations between modes can do the job

(Adhikari, Brahma, Barlolo, Bramante, Byrnes, Carrol, Dal, Deutsch, Dimastrogiovanni, Erickcen, Hui, Jeong, Kamionkowskl, LoVerde,

Vialarrese, Mota, Nelson, Nurmi, Peloso, Pullen, Ricciardon handera, Schmidt, Tasinato, Thorsrud, Urban

A typical realization shows larger anisotropies if the distribution is non-
Gaussian

Non-Gaussian modulation of the power spectrum
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Non-Gaussian modulation of the power spectrum

In k-space:

Non-Gaussianity
/
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In angular space:

Wigner 3j-symbols
/
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off-diagonal = anisotropies
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