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|. The Big Bang and Cosmic Inflation
— From the Big Bang to inflation: successes and
prospects

|l. Reheating: A Critical Epoch
—> The necessity, importance of reheating. A big
unknown of cosmic evolution

IIl. Realistic Reheating Scenarios
—> Multiple fields with non-canonical kinetic terms
lead to drastically different behavior
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The Big picture
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Inflation: two birds with one ... scalar field

PHYSICAL REVIEW D VOLUME 23, NUMBER 2 15 JANUARY 1981

Inflationary universe: A possible solution to the horizon and flatness problems

Alan H. Guth*
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 11 August 1980)

A scalar field called the ‘“inflaton”, )
slowly rolling down its potential. y

ov
¢+8¢ 0

V" (Energy
Density)

/
Radius  /

b+ 3Hd—

()

The motion is dominated by a
drag coefficient caused by the
expansion of the universe

H(t) = 28
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Bonus: fluctuations

H™!
. . —>
fluctuations are always present in
quantum fields and in the

metric itself

they are stretched beyond the
horizon by the expansion

they freeze out and become
classical fluctuations:
density perturbations I H
& gravitational waves

Evangelos Sfakianakis Field-space Surprises in Preheating 7/41



Inflation

Multipole moment, ¢
500 1000

2

Temperature fluctuations [ n K" ]

=

or
Angular scale

° Predlctsane:é,y cale L R T
invariant spectrum (of [ o Spectral |ndex not flat by 50

@ Spectral index running is small

perturbations o |fn| S O(1)
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Plank TT +lowP

Plank TT +lowP +BKP
Plank TT +lowP +BKP +BAQ
Natural inflation

Hilltop quarlic model
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Many models with different motivation.

4

They all share the same uncertainty.
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Big picture reminder
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Inflation must end

@ The inflaton rolls on a flat @ During inflation: p ~ —p
potential. o After inflation:
. . 1,22
@ The inflaton oscillates. V(¢) = 3m°¢= and p — 0
1.0
g
£ 05} ﬁ
S : S 00 i
> 5 ;
S -0.5F
g
Y| A 1 1)1
5 -4 -3 -2 -1 0 1 2

¢ e-folding number

The inflaton must transfer its energy to
radiative degrees of freedom, setting the stage for BBN.

This process is called reheating.
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Reheating effects

1)
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aH

h
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/

inflation

reheating
e =-1/3

radiation  matter
domination domination

N (efolds)

The reheating history connects the times
of horizon exit & re-entry of perturbations
= shifts CMB observables

“The value of N is not well constrained
and depends on unknown details of
reheating”

Evangelos Sfakianakis
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Perturbative reheating

Introduce couplings ipx? or hgihr) and assume Mg = My, My,

2 2
_H h*mg
I_(f)%XX - 87rm¢ ro%ﬂ; = 8t

We can describe the decays as an extra friction term

G+3H)+Td+mp=0

Reheating occurs for [ > H.
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Parametric resonance: preheating

Bose enhancement changes the game. Take £ C —%g¢2x2

. . k2 ‘
Yk +3HxK + <a2 + 2g02) Xk =0

Neglect the expansion (H = 0) and take ¢(t) = ®gsin(mt)

Xk + [kz + gd% sinz(mt)] xk =0

é )

An equation of the form x = A(t)x, where A(t) is periodic,
A(t + T) = A(t), has solutions of the form

x(t) = c1 P(t)e"t + coP(t)e #*

where p is called the Floquet exponent.
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Solid-state analogue

In crystals the potential is periodic in space V(x) = V(X + Xxp)

I

The Schroedinger equation has solutions (x) o e**
leading to bands and band-gaps

° Energy gap i E

L A T A X UK 'z r
Bloch vector k in different directions
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Floquet charts

Exponentially growing
mode-function
60

40

5 22 : ““UK°A°AQAQAQAQAOA |

-40
—60kL
0

20 40 60 80 100
time (t)

and particle number

@

We can read off the regions
where the Floquet chart
leads to amplification
Xk(t) ~ ekt

particle number (nx)
N »> o

o

0 20 40 60 80 100
time (t)
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Non-adiabaticity

Adiabaticity violation:

| ¥
X+ (t)x =0 W |
F 2o 1/T and © ) % 2o-§ : :
o > and % < - i i ha ot
i / e N3_ ol Lv”v%}nvnnnf‘\'ﬂnnn i l
! E WA ST U
X ﬁexp [j:i/wdt] -20}

time (t)

Particle production at ¢ /w? > 1

10°
104
1000
100

When the adiabaticity
condition is violated,
we get a sudden
burst of particle production.

particle number (n)

0 2 4 6 8 10 12 14
time (t)
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Expanding Universe

. . k2
Yk + 3Hxk + (ag + 2g<b2) Xk =0

Stochastic resonance:

50F

particle number (n)

10 15 20 25 30
time (t)

ofF
[¢)]

K | mPa?

Quantitative differences and qualitative similarities
= Floquet theory is still useful
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Anticipating upcoming data

Plank TT +HowP
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The time of horizon-exit is being constrained,
begging for a better understanding of reheating.

Evangelos Sfakianakis Field-space Surprises in Preheating 20/41



|. The BI% Bang and Cosmic Inflation
= From the Big Bang to inflation: successes and
prospects

ll. Reheating: A Critical Epoch
—> The necessity, importance of reheating. A big
unknown of cosmic evolution

[Il. Realistic Reheating Scenarios
—> Multiple fields with non-canonical kinetic
terms lead to drastically different behavior

Evangelos Sfakianakis Field-space Surprises in Preheating 21/41



General Model-building

At high energies, we expect
@ multiple fields and

@ more complicated couplings, e.g.
L C f(9)(0x)* + F(x)(99)?

leading to interesting inflationary dynamics.

020 I During inflation, field-space features
received significant attention (van Tent
et al 2003, Achucarro et al 2010, ...).

Approximate strong
0.05F 7T T e,

0.10
Evolution
neglecting
strong /
curvature ,/
effects /

x [normalized units]

Recent novel trajectories supported by
field-space curvature reveal interesting

connections to the Swampland program

000 005 010 015 020 ( )
¢ [normalized units]
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“Family tree” of this work

inflation (80’s)
U

preheating (late 90’s)
I

field-space effects (2000’s - ...)
¢

Higgs inflation (2008) + o-attractors (2010’s)
¢

Field-space effects in multi-field preheating,
focusing on Higgs(-like) inflation & «-attractors
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Hyperbolic manifolds & a-attractors

Hyperbolic space on

an “Escher disk” L

where

V(r)=

C

(0r)? + r?(060)?
(1-r?)2

(0D)2 + V(®) +[...6..]

+ V(r,0)

Nl = N D

1

§m2r2+... = V() ~ tanh?(d//a)+...

«a-attractors lead to
“universal” predictions

-10 -5 0 5 10
o/ a”
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a-attractors and geodesics

g " - 2 2
o String theory Usual/\?ehawor form>>0& m* <0

compactifications:
Fibre inflation

o Supergravity,
e.g. E- and T-model

Geodesics diverge, similarly to a m? < 0

a=o0, r~0.13

—

Fibre inflation 2, r=6x10"3
Starobinsky a=1,r=3x10"

=3[ Net Suporgravity a=1/3, r=10"

log,or Goncharov-Linde a=1/9, r=4x10~*
-4
_s|  Polyinstanton G ~iB% 1035 <10~
Kahlor Moduli a ~3x107% 7 ~ 107
~*0se0 0965 0970 0975
e
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Equations of motion

Background fields:

D! + 3HG! +£7/K\/,K -0

where D, Al = Al for our choice of variables

Fluctuations:

. . k2
Ql +3HQL + [3265 +M’J} Q=0

where

1 .
i IK Ny
MJ =G"D,DkV 77/\”%/33[)1» (H ® ()J)
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Effective Mass-squared: Ingredients

For motion along a single-field attractor ¢,
quantization is simple for the second field y

. . k?
Xk + 3Hx« (32 + mgﬁ-,x) Xk =0

2 2 2
Mg\ = MY + mj3

mix = G (DyDkV) <+ potential gradient — “traditional” mass
2 12 e .

m; ., = —R¢° <— non-trivial field-space manifold
2,X 2
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a-attractors: the two-field T-model

Complex fields in supergravity lead to the 2-field Lagrangian

1 c Py
L= -5 <8MX((9“X + 6‘2b(X)du¢d/ @> — V(o,x)

For single-field motion xy = 0

‘ 2

V(6,x = 0) = pa |tanh(¢/V/6a)

The field-space Ricci scalar is ;:
Bos6
R — _i ’>§0.4*
3o 0.2}
0.0t
Smaller o = highly curved manifold -1 5 0 5 10

¢/ a1/2
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Lattice simulations

2: f/x Lattice simulations

N (Krajewski et al, 2018)

' 0.5 1.0 1.5
’OZJJE showed
—0.4F . . .
ol | very efficient preheating
—ogh for a <1

Evangelos Sfakianakis Field-space Surprises in Preheating 29/41



Effective frequency

wf (k) for a=10"*

w2 (k)

2
X

2.0

0.5

(5 <2 ) o0

During each background oscillation
the x field undergoes tachyonic amplification.

= Preheating is faster for larger curvature.
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Higgs(-like) inflation

The Standard Model Higgs boson as the inflaton
Fedor Bezrukov »?, Mikhail Shaposhnikov #

a Institut de Théorie des Phénoménes Physiques, Ecole Polytechnique Fédérale de L , CH-1015 L Switzerland
Y Institute for Nuclear Research of Russian Academy of Sciences, Prospect 60-letiya Oktyabrya 7a, Moscow 117312, Russia

1 1 1
LcC 5/\//1%1;? — §M§1R+§HTHR ~ §M1%1R+£h2R

0010

0.008

The conformal transformation from
the Jordan to the Einstein frame
leads to a flat potential.

V@)

0.000

Multiple fields necessarily lead to 2 12

L C Q/J8M¢’8“¢J — Rﬁeldfspace
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Higgs-like inflation

SJordan o /d4X V _g |:f((/5l)’é - %5Ug_wlaﬂ¢lay¢J Eif \7(()/):|

U | gu(x) o F(¢' (%)) Bun(¥) [ F(9) C €¢2

M2 1
SEinstein == /d4X\/ =8 |:2PIR > Egng/LV8u¢lau¢J = V(()I):|

\\\‘&
< \\\\ R
RS
nse—

=3
el

o 3G10,¢'0"¢” leads to a locally curved manifold.

e The potential has flat directions, where inflation proceeds.
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Non-minimal couplings and multiple fields

Non-minimal couplings £ C £¢?R are expected at high energies.
How does their existence affect multi-field models?

0.4
0.3 e

_ ™~~~
0.2

0.1

-0.
—8.3 -02 -01 0 0.1 0.2 0.3 0.4

@ Non-minimal couplings lead to
strong single-field attractors

@ Robust Starobinsky-like predictions
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Effective Mass-squared reminder

. . k2
T (N P N e e

mix = G (D,DkV) +— potential gradient — “traditional” mass
> _ 1,5 P N .
my, = ER,() <— non-trivial field-space manifold

The field-space Ricci ®
“spikes” at the origin.
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Effective Mass-squared for y fluctuations

£=01<«1 £€=10

252 2102
megy,“[H Mgy, [H”
8000
3000
2500 5000
2000
1500 4000 ) WA
Y \
1000) M
2000
v \) \} \} \
. - - L t AL A) \' \) U V t
50x10°  1.0x107  1.5x107  2.0x10’  25x10 200000 400000 600000 800000

2 .2, 2. 3
Meg /= My + M5 + mj3

m?q ~ potential + fieldspace 4+ metric
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Effective Mass-squared: & > 1

An “unusual” way for adiabaticity violation for 5 R?

We define
m(‘nﬂ_yl/ll2
300000,

250000
200000
150000 w h ere

100000

50000

2 _ 42 2.2
. Q° = k" +a"my

- | M 9 AL
700000 200000 300000 400000 500000 600000

Adiabaticity is violated for Q' > Q2, rather than Q ~ 0.

A broad range of wavenumbers is excited k < {Hqng
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Linear analysis (VERY briefly)

Dense instability bands hint at Need for
efficient particle production lattice simulations

Evangelos Sfakianakis Field-space Surprises in Preheating 37/41



Lattice results

—— Linear =10 -
0.05+ —— Lattice £=10 i
S 000 <
3
—0.05} —— Linear =100 :\ﬁ/
—— Lattice §»=100 Xrms :'
L L L L L -8 L L M L
007035 10 13 20 235 30 35 900 05 10 15
e—folding number N e—folding number N
10° -
o Non-minimal couplings
g 10° .
< quickly lead to a
°Z 1000 thermal radiation bath
= . .
while preserving
1 CMB predictions

Evangelos Sfakianakis Field-space Surprises in Preheating 38/41



Energy transfer and e.o.s.

1.0 o
— (A &=1piER e (B) §¢=1
08p — A&=10  YTE T e B &=10 1
— (A) £&=100 (B) §,=100
1_@ 0.6 ’ '
Prot 4L
0.2}
A
0.0k ‘ 4
1.0 15 20 25 30 35 05 10 15 20 25 30 35
e—folding number N e—folding number N

We see complete preheating
and a quick approach to radiation dominated expansion
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Finally: Higgs inflation

Higgs inflation is a multi-field non-minimally coupled model with
known SM couplings = the inflaton decays into W, Z bosons.

£=1,000 S £=10,000

= lofﬁ “ :a los\mmmmm

E E

10? 10?

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
cosmic time t (x10°%) cosmic time t (x10°)

Mspike ~ §Hend For £ > 103 preheating completes
within ONE oscillation

10°
e e
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(@ \ TT,TE,EE+lowE+lensing

OOV@Jr \ TT,TE,EE+lowE+lensing
+BK14

[

TT,TE,EE+lowE-+lensing
W BK14+BAO
]

Natural inflation

0.20

Hilltop quartic model
« attractors
Power-law inflation
R? inflation

Vx ¢?

Vo /3

Vo

Tensor-to-scalar ratio (r0.002)

Vo ¢2/3

Low scale SB SUSY
N,=50

N.=60

0.00

0.94 0.96 0.98 1.00
Primordial tilt (ng)

Understanding preheating in major plateau models
reduces theoretical error-bars of the ns — r plot
& allows for comparison of Higgs inflation models
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