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Abstract: | will discuss the emergence of large, localized, pseudo-stable configurations (oscillons) from inflaton fragmentation at the end of
inflation. Remarkably, the emergent oscillons take up &gt;50 per cent of the energy density of the inflaton. First, | will give an overview of
oscillons, provide some analytic solutions and discuss their stability. Then, | will discuss the conditions necessary for their emergence and provide
estimates for their cosmological number density. | will show results from detailed 3+1-dimensional numerical simulations and compare them to the
analytic estimates. Finally, | discuss possible observationa consequences of oscillonsin the early universe.
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SYNOPSIS
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inflation and its end

fragmentation — localized clumps !
clumps ?

generic emergence ?

number densities and energy fraction ?

consequences
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INFLATION

Increase 1n size

10 3°seconds !
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FRAGMENTATION:
TURBULENT MESS ...

(a few meters today)

4 Hubble radii at the end of inflation
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CONSEQUENCES IF ...

e last for many Hubble times (at that time)

e dominate the energy density
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PLAN

e individual blobs: MA & Shirokoff 2010

- solution & stability

* post inflationary cosmological emergence:
- analytics and 1+1 d simulations MA (2010)
e lattice simulations

- 3+1 d simulations MA, Easther and Finkel (2010)
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(BREATHERS IN CONDENSED MATTER)

(1) oscillatory (2) spatially localized (3) very long lived

t =9m1
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NECESSARY CONDITION

Examples:
1
V(p) — imzpz <0
for some range of ¥
symmetry breaking
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WHY ?

o — 820+ V'(p) =0

localized periodic solution: o(t,z) ~ ®(x) coswt
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WHY ?

2o — 820+ V'(p) =0

localized periodic solution: @(t, ) ~ ®(x) cos wit

S 2 2
localization: w <m

irsa: 10110050 Page 154/342



=

WHY ?
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Ofp — 70+ V'(p) =0

localized periodic solution: o(t,z) ~ ®(x) coswt

localization: w? < m?

[(m® —®)p] + [-8z¢] + [V'(p) —m°¢] ~0

frequency curvature non-linearity
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WHY ?
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Ofp — 070 +V'(p) =0

localized periodic solution: o(t,z) ~ ®(x) coswt
localization: w?® < m?
[(m® —w?)p] + [-02¢] + [V'(p) —m®p] ~ 0
frequency curvature non-linearity

+VWE +VE
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WHY ?

O2p — 020+ V'(p) =0

localized periodic solution: o(t,z) ~ ®(x) coswt

localization: w? < m?

[(m® — W)@ + [—02¢] + [V'(p) —mp] ~0

frequency curvature non-linearity

+VE +Ve
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Need, at least somewhere V'(¢) —m’p <0
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guasi-stable, approximately single frequency solutions exist in the model.
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HOW TO SOLVE -1

Op = V()
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HOW TO SOLVE
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SOLUTIONS
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WHAT ABOUT STABILITY ?
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WHAT ABOUT STABILITY ?

perturbations

field
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LINEAR STABILITY ANALYSIS

® collapse instability ? wavelength ~ width

e Floguet instability ? wavelength < width
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COLLAPSE INSTABILITY

~ energy
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FLOQUET INSTABILITY ?
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FLOQUET INSTABILITY ?
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{()\/g)2 m, if (A\/g)*m > 1/2r,
Hmax ~ 0
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FLOQUET INSTABILITY ?

{()\/9)2 m, if (A\/g)*m > 1/2r,
Hmax ™ 0

narrow band instability
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Hertzbere (2010)
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OUTGOING RADIATION

e classical : Kruskal and Segqur (1987)

radiative tail
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e classical : kruskal and Segur (1987)
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OUTGOING RADIATION

e classical : kruskal and Segur (1987)

radiative tail
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OUTGOING RADIATION

e classical : kruskal and Segur (1987)

radiative tail
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OUTGOING RADIATION

e classical : kruskal and Sequr (1987)

radiative tail
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OUTGOING RADIATION

e classical : xruskal and Segur (1987)
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DECAY RATES
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Kruskel & Segur(1987) , Hertzberg (2010)



EXPANDING BACKGROUND

92

e

p° =0

8399 — \7299 + 3H'c7tc,:: —+ mga,:n — )\c,-::‘?’ + 5

® stretching instability ?

e radiative tail



INCLUDING EXPANSION

® |oss of energy lg~m e_mH_l(a)\/Q)z
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LONG LIVED IF ...

I' ~ I'(expansion) + I'(radiation)

k< H < m

possible for inflaton (and axions)
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so FAR e a0

e individual blobs: MA & Shirokoff 2010
- 3+1 expanding universe

* cosmological emergence:
- conditions for emergence ?

- number density ? MA (2010)
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COSMOLOGICAL
EMERGENCE




GENERIC EMERGENCE
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> 80% energy density in oscillons !




GENERIC EMERGENCE

t=231

field
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> 80% energy density in oscillons !
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GENERIC EMERGENCE

t =391

X —>

> 80% energy density in oscillons !
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NEED LARGE FLUCTUATIONS

e start with tiny “"quantum” fluctuations

e amplify them via resonance
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AMPLIFICATION IF ...

e orowth rate Kk

® expansion rate H

Ly > H

e i
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AMPLIFICATION IF ...

e orowth rate Kk

® expansionrate H
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LINEARIZED FLUCTUATIONS




FLOQUET GROWTH:
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FLOQUET ANALYSIS:
EXPANDING UNIVERSE

field amplitude

04 0.6
(g/A) kp [m]
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LINEAR THEORY
BREAKS DOWN
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LINEAR THEORY
BREAKS DOWN

e end of quasi-exponential growth
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e fragmentation

Pirsa: 10110050



LINEAR THEORY
BREAKS DOWN

e end of quasi-exponential growth

¢ fragmentation

* rapid mode-mode coupling
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LINEAR THEORY
BREAKS DOWN

e end of quasi-exponential growth
e fragmentation
* rapid mode-mode coupling

e oscillon formation
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PREDICTING THE NUMBER
DENSITY
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ONE IMPORTANT SCALE
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ONE IMPORTANT SCALE
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ONE IMPORTANT SCALE
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HOW MANY PEAKS ?
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POWER SPECTRUM
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NEED LARGE FLUCTUATIONS

e start with tiny “’"quantum” fluctuations

e amplify them via resonance
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FLOQUET ANALYSIS:
EXPANDING UNIVERSE
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LINEAR THEORY
BREAKS DOWN
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ONE IMPORTANT SCALE
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POWER SPECTRUM
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POWER SPECTRUM

k3f2<6wk2)l,-‘2
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NUMBER DENSITY

MA (2010)




NUMERICAL
SIMULATIONS




NUMERICAL SIMULATIONS

e verify individual characteristics

e confirm predictions for number densities and
determine energy fraction

e more realistic inflationary potentials where
analytics are difficult (eg. monodromy models)
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SIMULATION CODES

e used modified versions of

e PSpectRe (Pseudo-Spectral by Easther,
Finkel & Roth 2008)

e Defrost (Finite Difference by Frolov
2007)
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ROBUSTNESS OF NUMERICS

* black points: defrost
(N =1024, L =400)

Ly o
o =

5

® orange curves
PSpectRe
(N =256,
L =200, 400, 600)
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energy fraction: (pgse/ Pro) %
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* blue curve PSpectRe
(N = 384, L. = 400)
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OSCILLONS?
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OSCILLONS?
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OSCILLONS?
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a=34

Am
g

width: 2

"w

80 01 02 03 04 053

core density: Pcore Page 275/342

Pirsa: 10110050

Am




WIDTH-HEIGHT

Pirsa: 10110050

a =3.86

Am
g

15}

width: 2

10}

00 01 02 03 04 05

-
=

core density:

2 Pcore
Am

Page 276/342




WIDTH-HEIGHT

Pirsa: 10110050

a =433

tuﬁ

Am
@

15}

width: 2

10}

00 01 02 03 04 05

i

core density:

. Pcore

AMm

Page 277/342




WIDTH-HEIGHT

Pirsa: 10110050

Am

width: 2

5

15}

10}

core density:

AMm

00 01 02 03 04 05

+ Pcore

Page 278/342




WIDTH-HEIGHT

Pirsa: 10110050

a=5.11

Am
g

15}

width: 2

10}

00 01 02 03 04 05

a=

core density: —— Pcore

I AMm

Page 279/342




EXPANSION HISTORY

P . —
L-x Pomax
3 5 05\
._//, %
p 02 W
6
o } 0.1
3 - L
.-"./
P i 0.02
2 >~
0.01
0% 5000 10000 15000 S
. - 1 2 3 4 5 6
tmn
' a

Pirsa: 10110050 Page 280/342



NUMBER DENSITY AND
ENERGY FRACTION EVOLUTION
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ENERGY FRACTION

energy fraction in oscillons
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REALISTIC EXAMPLES

e satisfy relevant WMAP constraints

e examples: axion monodromy (Silverstein &
Weshtpal), supergravity (Kallosh & Linde)
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WMAP CONSTRAINTS

V(p) = m2M?2 (\/1 + (5

AZ = (2.445 +0.096) x 10~°
k = 0.002Mpc™*

m’M ~ 2.2 x 10"'m3,. o> M
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EMERGENCE CONSTRAINT
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MONODROMY OSCILLONS!
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WHAT TO DO WITH THEM?
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e gravitational effects:
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WHAT TO DO WITH THEM?

e gravitational effects:

- early universe structure formation
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- black holes ?

- expansion hjstory and influence on inflationary
observables ?

- g-waves ?
® axions (Kolb & Tkachev 1992)
e thermalization, enhanced decay rates

maoune g GUJ(2) oscillons (Graham &Farhi 2007)
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SUMMARY

e can emerge naturally from inflaton

fragmentation in many models

e existence, emergence and stability
conditions

e possible implications: enhanced g-
waves, structure formation, blackholes,
CMB observables ?
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