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» Poor understanding of reheating: details depend on high-energy
physics model.

» Non-linear, non-perturbative, out-of-equilibrium physics.

» First stage is normally PREHEATING: an explosive production of
particles due to non-perturbative effects.

» Resonant effects (e.g. parametric resonance, self-resonance,
tachyonic resonance, flipping resonance...)
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1. Fitting parametric resonance

1 n=24,...
V. (@) = —/1M4_n¢n M : mass scale
n A :dimensionless parameter
¢+ 3Hd + IM* "1 ~ 0
4 )
* Frequency of oscillation:

w2 = JMA" 2
o /

Natural time scale: 60*_1

amplitude at end

/ of inflation

b o
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1. Fitting parametric resonance

e I
PARAMETRIC RESONANCE after inflation:

power-law potential + quadratic interaction term g2¢p2X2
- J

mother field (inflaton)

> T lar field
Wo scaiar fields {X daughter field

» Action:

1 1 1
- 4 — . . 2 42v2 _
S = Jd X\/—g { ~0,40" + 0, X0 X+~ + vmf(gb)}

» Equations of motion:

.1 .
¢ —— Ve +3Hp+ g X’ + IM* """ = 0
a

N R o
X——2VX+3HX+g¢X:O
a
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1. Fitting parametric resonance

DAUGHTER EOM:
L1, L
X——ZVX+3HX+gng=() 4 )
a . Resonance parameter:
y =a)X
4—
l 0 = aO@I) ;= g’ &\
- A\2M
1 2 2
i+ (K+q9°(0)) 4= 0 N N
\ Y, pends on interaction,
5 potential, and initial amplitude
a)eff(t) K /
Zesz > 1
- Floquet index For some values of (k,q,a),
Re[pk]>0, and there is
m ~ | Xy |* ~ eXa0t PARTICLE CREATION

Kofman et al (1994, 1997)
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1. Fitting parametric resonance

> Previously on (p)reheating...:

» Analytical calculations: for wide ranges of g, but  Kofman etal (1994, 1997),
. . el . . . Greene et al (1997), ...
valid only at initial times (linear regime)

» Lattice simulations: valid at later times, but only  khiebnikov & Tkachev (1996),
for very specific g. Prokopec & Ross (1996), ...

> Figueroa and F.T. (2017):

» With classical lattice simulations, we parametrize the dynamics of parametric
resonance from the initial resonance until the later stationary regime.

1
— 1
445

222
5 ¢

» Power-law potentials: V(¢) =
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1. Fitting parametric resonance

> Related questions:

> Is energy efficiently transferred from the inflationary sector
to preheated species?

» Do we need perturbative decay channels?

» Equation-of-state evolution? (MD — RD — MD).
Effect on inflationary constraints? (see Kaloian talk)
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1. Fitting parametric resonance

Tensor-to-scalar ratio (7¢.002)
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1.1. Parametric resonance in A¢p?

DAUGHTER FIELD SPECTRA g=2_
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1.1. Parametric resonance in A¢p?
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1.1. Parametric resonance in A¢p?

A}

pA2) =

EXPONENTIAL — 4l

GROWTH 107"
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1.1. Parametric resonance in A¢p?

Resonance instabilities in the Early Universe (YITP Kyoto, May 2019)
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1.1. Parametric resonance in A¢p?

Agl A

pA2) = ” E = ”
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1.1. Parametric resonance in A¢p?

4 4
_ M _ i, .
pA2) = o L = o Eg o+ By + + Eg, + T Lint
O
Kinetic Potential Gradient Kinetic Gradient Interaction
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Approximately 40% of the energy remains
on the inflaton. This result is independent on g

Resonance instabilities in the Early Universe (YITP Kyoto, May 2019) Francisco Torrenti (U

.Basel) 18



1.2. Parametric resonance in m2¢p?2

BACKREACTION TIME ty, 222
_ l
120}
100
5 80! X+ [A2) — 2.4(2) cos2z]y =0
S
| ()=
20!
O — : : —_— w w T R
1x10° 5x10*1x10° 5x10°1 x 10°

q.

Due to the expansion of the Universe, a given I

mode redshifts through many resonance bands stochastic dependence
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1.2. Parametric resonance in m2¢p?2
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1.2. Parametric resonance in m2¢p?2
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1.2. Parametric resonance in m2¢p?2

80% of energy recovered
by the inflaton

10— ‘
: u. |
5000 rX (g ]
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1000+ Q-
; o q0.27 e | S
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500¢ o-©° 1 remains in the inflaton
L 9 |
L I
-9 1
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q.

The inflaton slowly recovers the energy transferred to the daughter
field (the stronger the interaction, the slower the recovery)
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2. Fitting GWs from (p)reheating

» QGravitational waves are spatial perturbations of the FLRW metric:

ds? = aX(0)(—de + 5,41, ) dx'dd

v

} . 2
hi: + 29 hy; — V2 = —T117

2 ]
nm,

» Gradients of all field species contribute to GWs:

TT
F’aF' + o o o
gra¥(®) ' }

Gauge fields

I, =1, — pg; HiTjT = {0i¢ dip + Re[(Dp)*(Digp)] +
Real Complex
scalars scalars

» GW spectra:

h2Qcw = — PP (k1) | (a,oh" K, 0) = 202 Pk, 05Ok - k)
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2. Fitting GWs from (p)reheating

» GWSs from preheating (parametric resonance):

. . 0 TT
2 _
B+ 29 hy, — VP, = — {al.x 0.X + a,.qsajgb}

>
n,

FIELD GRADIENTS...

1 4
V(g) = Z’ld) *

100 - q:5
, =yl
L \ 4
=< 01 - ~_[
s T :
= - ol
coQ 4
x 10°
| \
10—7, ] | - B
05 1 5 10
K

...SOURCE GWs!
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2. Fitting GWs from (p)reheating

V() = ~gp*
4

10‘5;

6|
O
G

10‘7;
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2. Fitting GWs from (p)reheating

V() = ~gp*
4

GW spectra depend on particle couplings

107" |
PEA +

GW spectroscopy D

%
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2. Fitting GWs from (p)reheating

Figueroa and F.T. (2017)

» Analytical prediction for peaks in GW spectra from preheating:

6
¢ o g+ | (.6 1?)

(t) _
QGW(KP) o

4 112
St pn;

C Frequency increases with q. Amplitude decreases with q ]

» Parameters C, 3, n: fixed with lattice simulations
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2.1. GWs from (p)reheating in A¢p?

100

x 10}
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2.1. GWs from (p)reheating in A¢p?

Peaks amplitude in Agp4: g =

5.x107°

q

—0.68 -0.94
(4 uf 4
3410712 ( — < h2Q <1.6-107" [ —
( 100 ) S M 86wlw) 5 100

GW amplitude today:

-0.42 -0.56
{4 uf 4
3410712 [ — < h’Q <24-1071 | —
< 100 > S 8owlhia) % 100
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2.2. GWs from (p)reheating in m2¢p?2

o] q=21000

10710+ \
=
éD 10-14,

10718} =——=— \

5 10 50 100 500
K
GW signal today:

10

h*Qew(f,) = € <

0.67
q
f,=e" <—> x2.0-10° Hz

—0.43
4 %1.5- 10!
104

€ = <£> Redshift factor

PEAKS FREQUENCY
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2.3. GWs from par. res.: other cases

» GW from parametric resonance of spectator fields:

Spectator field —tp Qg{V H 4
— ~ <1
Inflationary field =t Qg)W

H<SH™ x1083GeV == —— ~ 107 yUPPRESSED!

» GW from parametric resonance of other species:

» BOSONS ZL € g2 yp? —1/2

Qsw x g

» FERMIONS £ e g]/_j]/jgb QGW X q3/2 Figueroa (2014)

Figueroa, Garcia-Bellido,
> GAUGEBOSONS 7 € (Dﬂ¢)T(Dﬂ¢) QGW X 6]3/2 F.T. (2015 + ongoing work)

D, =0,p—ieA,
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3. Lifetime of oscillons in hilltop potentials

Potentials with flat regions give rise to oscillons:
localised strong fluctuations of a scalar field.

(see Mustafa talk)

They continuously lose energy through the emission of
scalar waves...
...but they are extremely long-lived: impossible to

capture with full 3D lattice simulations!

Some references:

Amin, Easther, Finkel, Flauger, Hertzberg (2011) Antusch, Cefala, Orani (2015,2016, 2017)
Zhou, Copeland, Easther, Finkel, Mou, Saffin (2013) Antusch et al (2017)

Achilleos et al (2013) Hong, Kawasaki, Yamazaki (2017)

Amin (2013) Liu, Guo, Cai, Shiu (2017, 2018)

Gleiser, Graham (2014) Gleiser, Stephens, Sowinski (2018)

Bond, Braden, Mersini-Houghton (2015) Lozanov, Amin (2019)...
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3. Lifetime of oscillons in hilltop potentials

2
P
Hilltop potentials: V(¢)=V,| 1 - —
VP
2.0 ——-
15! -Infla-tion |
< |
@1.0' 1
>
0.5, Tachyonic
oscillations
0.0l N
v 2,
O 92 . 2
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3. Lifetime of oscillons in hilltop potentials

Antusch, Nolde, Orani (2015)
> Oscillons properties in hilltop potentials studied in:  Antusch, Orani (2015)
Antusch, Cefala, Orani (2016)

Antusch, Cefala, F.T. (in preparation):

We study the lifetime of oscillons in hilltop potentials:

» Part 1: Full (3+1) classical lattice simulations: fitting oscillon shapes

» Part 2: Radially symmetric simulations: we observe the oscillon decay
» Single oscillon

» Truncation technique

» 4th order spatial derivatives
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3. Lifetime of oscillons in hilltop potentials

FIELD AMPLITUDE OVERDENSITY REGIONS
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3. Lifetime of oscillons in hilltop potentials

Oscillons in hilltop models are approximately
spherically symmetric with Gaussian shape

We fit the amplitude an radius of the oscillons b = ¢ — 1—A _%(%)2
with the full (3+1)-dim lattice simulations = = €
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3. Lifetime of oscillons in hilltop potentials
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3. Lifetime of oscillons in hilltop potentials
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3. Lifetime of oscillons in hilltop potentials

4 I
Oscillons breathe

(contract and expand)
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3. Lifetime of oscillons in hilltop potentials
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3. Lifetime of oscillons in hilltop potentials

Very stable
oscillons
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C Oscillons live approximately 5 e-folds in hilltop models )
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3. Lifetime of oscillons in hilltop potentials

0!50 T T T T T T 0.50 T T T T T T T T T T T T T T T T T T T T T T T T T T T T
p=6 z ] :
0.45; . ] 0.45 ; ; 1.5x10°
» o i ® 1
040} e, J 0.40¢ ]
L 4 L
- 14 i &
< 0.35f . ., Eosc/Vo=5 ] < 0.35 . @ 11 v
? L ]
0.30} A RIS - 0.30" o * g
. o* . [ e ]
0.25; * . ] 0.25[ @ o E 500000
EOSCNO — 3 * r ® ]
0.20} ¢ . 0.20} o 5
C @
. . . . . . A S S S S S S S S S S R e v 0
0.60 0.65 0.70 0.75 0.80 0.85 0.60 0.65 0.70 0.75 0.80 0.85
R R
0-40 T T T T T T 0.40 T T T T T T T T T T T T T T T T T T T T T T T T T T T T
p=8 : ]
0.35/ J 0.35/ <I 25010 )
B .
. Q :
0.30} EOSCNO - 5 1 0_30; . ] 2.0x108
< 0.25; 1 < 0.25; Y ] 1.5x10°
i o 1.0x108
0.20} ! 0.20/ o a
Eosc/vo — 3 - o
F 500000
0.15} : 0.15+ .
. . . . . . L ey e~ ] 0
0.60 0.65 0.70 0.75 0.80 0.85 0.60 0.65 0.70 0.75 0.80 0.85
R R

Resonance instabilities in the Early Universe (YITP Kyoto, May 2019) Francisco Torrenti (U. Basel) 44



3. Lifetime of oscillons in hilltop potentials

Oscillons with same initial amplitude (A=0.46):
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