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INFLATION SOLVES MANY PROBLEMS, BUT...

inflation wipes the slate clean and re-seeds the structure

... inflation has to end! But how?
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PREHEATING CAN LEAVE A SIGNATURE IN CMB SKY!

the way inflation ends
can lead to a new signal:

usual non-Gaussianity:
Φ(~x ) = ΦG(~x )+ f NLΦ2

G(~x )

new from preheating:
Φ(~x ) = ΦG(~x )+ FNL(χG)

FNL can be a very
non-trivial function:

-2.0

0.0

2.0

4.0

6.0

8.0

10.0

12.0

 0.1  1  10  100

δN
 =

 ln
(a

en
d/
a

re
f) 

* 
10

5

(χini/mpl) * 107

Andrei Frolov (SFU) Primordial non-Gaussianity from Preheating IPMU 2010 4 / 37



PREHEATING CAN LEAVE A SIGNATURE IN CMB SKY!

the way inflation ends
can lead to a new signal:

usual non-Gaussianity:
Φ(~x ) = ΦG(~x )+ f NLΦ2

G(~x )

new from preheating:
Φ(~x ) = ΦG(~x )+ FNL(χG)

FNL can be a very
non-trivial function:

-2.0

0.0

2.0

4.0

6.0

8.0

10.0

12.0

 0.1  1  10  100

δN
 =

 ln
(a

en
d/
a

re
f) 

* 
10

5

(χini/mpl) * 107

realization of excursion set
can naturally give cold spots!
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HOW DOES INFLATION END, ANYWAY?
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A SIMPLE MODEL OF INFLATION...

Model with potential

V (φ,χ) =
λ

4
φ4+

g 2

2
φ2χ2

is invariant under

gµν 7→ a−2 gµν ,

φ 7→ aφ,

χ 7→ aχ

equation of state is 1/3
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... ENDING VIA BROAD PARAMETRIC RESONANCE

Model with potential

V (φ,χ) =
λ

4
φ4+

g 2

2
φ2χ2

is invariant under

gµν 7→ a−2 gµν ,
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DEVELOPMENT OF LINEAR INSTABILITY

g 2/λ= 2.99, κ2 = 0 g 2/λ= 3.01, κ2 = 0
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PARAMETRIC RESONANCE IS A GENERIC FEATURE
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DEFROST: A NEW 3D NUMERICAL SOLVER
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http://www.sfu.ca/physics/cosmology/defrost

[Fortran-90, 600 lines, very fast, instrumented for 3D]
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DEVELOPMENT OF THE INSTABILITY
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INFLATON DECAYS AS ENERGY IS DRAWN FROM IT

-10

-8

-6

-4

-2

 0

 2

 4

 6

 8

 10

 0  20  40  60  80  100  120

a 
φ

t

limits
95%
68%
median

Andrei Frolov (SFU) Primordial non-Gaussianity from Preheating IPMU 2010 11 / 37



FIELD EVOLUTION AS A CHAOTIC BILLIARD
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billiard-none.avi
Media File (video/avi)



DENSITY EVOLUTION [V (φ,χ) = 1
4 λφ

4+ 1
2 g 2φ2χ2]
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DENSITY EVOLUTION [V (φ,χ) = 1
2 m 2φ2+ 1

2 g 2φ2χ2]

Andrei Frolov (SFU) Primordial non-Gaussianity from Preheating IPMU 2010 14 / 37


M2G22-3D-480-rho.avi
Media File (video/avi)



DENSITY EVOLUTION [V (φ,χ) = 1
2 m 2φ2+ 1

2σφχ
2+ 1

4 λχ
4]
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Media File (video/avi)



DENSITY CONTRAST IS VERY NON-GAUSSIAN!
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IN FACT, IT’S QUITE LOG-NORMAL!

V (φ,χ) =
1

4
λφ4+
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IN FACT, IT’S UNIVERSALLY LOG-NORMAL!

V (φ,χ) =
1
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IN FACT, IT’S UNIVERSALLY LOG-NORMAL!

V (φ,ψ) =
1
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(NON-THERMAL) SCALAR FIELD FIXED POINT?

V (φ,χ) =
1

4
λ
�
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THIS SIMPLY CAN’T BE JUST A COINCIDENCE...

A universal characteristic of
random scalar field evolution?!

What’s Going On Here?

Very tempting to blame
scalar field turbulence!..
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ARE WE GOING TO EVER SEE ANY OF THIS?

Thermal Bath
Wipes Out Everything?!

Scales Too Small?!

WE SHOULD LOOK FOR THINGS THAT CAN SURVIVE THERMALIZATION:
1 stable relics (primordial black holes)
2 decoupled fields (gravitational waves)
3 anomalies in expansion history (non-gaussianity)
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CAN PRIMORIDAL BLACK HOLES FORM? NO...
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GRAVITATIONAL WAVES FROM PREHEATING?

Dufaux, Felder, Kofman & Navros (2009)
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NON-GAUSSIANITY FROM PREHEATING?

CMB and Reheating scales different by 50+ e-folds!
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DIFFERENCES IN EXPANSION CAN MODULATE CMB
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MODULATION COMES FROM ISOCURVATURE MODE
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CAREFULL HERE... PARTS PER MILLION EFFECT!

Chambers & Rajantie 0805.4795
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Large
Non-Gaussianity
signal reported:

f NL∼ 1019+8
−5 (!)
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SYMPLECTIC INTEGRATOR TO THE RESCUE!

Problem:
long-term oscillator evolution

H =
p 2

2
+

q 4

4

4th order Runge-Kutta
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SYMPLECTIC INTEGRATOR TO THE RESCUE!

Problem: Solution:
long-term oscillator evolution enforce energy conservation

H =
p 2

2
+

q 4

4
e A t /2e B t e A t /2 = e (A+B )t+O(t 3)

4th order Runge-Kutta 4th order Symplectic
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AND THE ANSWER IS... O(10−5)MODULATION!
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Are these peaks Real? Yes...
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AND THE ANSWER IS... O(10−5)MODULATION!
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What is causing these peaks?
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HERE IS A TRAJECTORY FROM THE PEAK
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billiard-peak.avi
Media File (video/avi)



A SIMPLE ANALYTICAL MODEL
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THIS EXPLAINS WHY PEAKS ARE LOG-PERIODIC!
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φ(t +T ) = φ(t )

χ(t +T ) = χ(t )e µ0T
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LARGE-SCALE FLUCTUATIONS ARE PRODUCED
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HAVE TO MARGINALIZE OVER SUB-STRUCTURE
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NON-GAUSSIAN CONTRIBUTION AT CMB SCALES
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µ0T periodicity and its harmonics

Have to marginalize over sub-structure!
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NON-GAUSSIAN CONTRIBUTION AT CMB SCALES
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Very different from f NL parametrization!

Φ(~x ) = ΦG(~x )+ FNL(χG)
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NON-GAUSSIAN CONTRIBUTION AT CMB SCALES
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For small χ , uncorrelated quadratic!

Φ(~x ) = ΦG(~x )+ fχ χ
2
G(~x )
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NON-GAUSSIAN CONTRIBUTION AT CMB SCALES
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Sampling depends on super-horizon modes
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