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In the beginning, there was (probably) inflation

A simple mechanism: scalar field with a flat potential.

slow-rolling
inflaton

® —

APEC Seminar, 21 October 2020

reheating

v Solves horizon, flatness problems

v Explains fluctuations as stretched
quantum perturbations - seeds for all
stfructure

v' Predicts a nearly scale invariant spectrum
together with Gaussian perturbations
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Motivation

CMB

The reheating era is
poorly explored and constrained

Big Bang nucleosynthesis
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Why reheating is important? :

 heats the Universe

[Lineweaver (2003)]
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Why reheating is important? 6

* |tisimportant source of theoretfical uncertainty:

[Planck 2018 results]
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Why reheating is important? :

« inefficient preheating can lead to prolonged matter-dominated phase after inflation,
changing the time during inflation when the CMB modes exit the horizon

InH Ya

Present horizon scale Lambda

[A. Liddle, S. Leach (2003)]

[M. Amin af al (2014)]
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Why reheating is important? :

« The duration of reheating shifts CMB predictions thus breaking the degeneracy of

inflation models |
[A. Liddle, S. Leach (2003)]

K o Na Uend Areh H aequq
apHy Qreh Qeq Heq apHy

[K. D. Lozanov, M. A. Amin (2017)]
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Why reheating is important? :

« The duration of reheating shifts CMB predictions thus breaking the degeneracy of

inflation models |
[A. Liddle, S. Leach (2003)]

K ____N, Gend Qreh H, aequq
apHy Qreh Qeq Heq apHy
\_‘_l

determined by model of inflation

[K. D. Lozanov, M. A. Amin (2017)]
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Why do we need 1o know the physics of preheating?

Why multi-field?

Scaling relations in multi-field alpha-attractors

Mass scales for preheating
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Multi-field inflation !

Energy scale of the very early universe could be as high as 10°GeV.

Could contain scalar fields to participate in inflationary dynamics.

M2
2R 617 (0")9" 0,0 0,6” — V (9')

I |

field-space metric potential

S = /d4x\/——g

Two types of perturbations:

(curvature)
(isocurvature)

Derivative interaction/random trajectory turns: [figure courtesy Yi Wang]
couple the fluctuations and modify their dispersion relations and correlators.
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Hyperbolic manifolds from UV complefions 2

[R. Kallosh, A. Linde (2013)]
. [S. Ferrara, R. Kallosh, A. Linde and M. Porrati (2013)]
v’ Supergravity [J. J. M. Carrasco, R. Kallosh, A. Linde and D. Roest (2015)]
v’ String theory compactification: Fibre inflation

v

VAV (1—ze—ﬁ¢/\@+...)

Flattening of the potential is due to hyperbolic manifolds

alpha-attractors provide universal inflationary predictions
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Hyperbolic manifolds from UV complefions E

[R. Kallosh, A. Linde (2013)]
. [S. Ferrara, R. Kallosh, A. Linde and M. Porrati (2013)]
v’ Supergravity [J. J. M. Carrasco, R. Kallosh, A. Linde and D. Roest (2015)]
v’ String theory compactification: Fibre inflation

v

VAV (1 _9eV2é/VBa )

Flattening of the potential is due to hyperbolic manifolds

alpha-attractors provide universal inflationary predictions
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Plateau models of inflation

14

[R. Kallosh, A. Linde (2013)]

The inflationary plateau appears because of the exponential stretching of the growing branch.

V(g) = V(

\/gtanh R
V6

)
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T- and E-models as the prototypical workhorses ’

[J. J. M. Carrasco, R. Kallosh, A. Linde (2015)]

Vr = ap® tanh?”

e
Q
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T- and E-models as the prototypical workhorses y

Vr = ap® tanh?”

e
Q

APEC Seminar, 21 October 2020

[J. J. M. Carrasco, R. Kallosh, A. Linde (2015)]

field-space curvature -!
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T- and E-models as the prototypical workhorses y

[J. J. M. Carrasco, R. Kallosh, A. Linde (2015)]

N
Vi =lap? (1 — e_\/%/‘/%) Qn‘

field-space curvature -!
potential steepness
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T- and E-models as the prototypical workhorses "

[J. J. M. Carrasco, R. Kallosh, A. Linde (2015)]
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Lattice simulations for single field alpha attractors 5

[K. D. Lozanov, M. A. Amin (2017)]
efficient preheating through inflaton self-resonance
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Alpha-attractors are intrinsically mulfi-field models 2

[J. J. M. Carrasco, R. Kallosh, A. Linde (2015)]

N = 1 Supergravity embedding:

the super-potential

Wy = auSF(Z)

— I

T-model \ \ E-model
2
V(4 x) = ap? (COShW) (T 1)n (cosh(Bx))**" V(p,x) = ap’ (1 - “%)n (cosh(Bx))*"
’ cosh(¢) cosh(By) + 1 ’ cosh (Bx)
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Why do we need 1o know the physics of preheating?

Why multi-field?

Scaling relations in multi-field alpha-attractors

Mass scales for preheating
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Lattice simulations for two-field alpha attractors 2

[T. Krajewski, K. Turzynski, M. Wieczorek (2018)]

—— k[M*/Mp)

showed very efficient preheating with the presence of spectator field
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Two-field system on a hyperbolic manifold

[ Ol, E. Sfakianakis, D.G. Wang, A. Achucarro (2020)]
[ Ol, E. Sfakianakis, D.G. Wang, A. Achucarro (2019)]

1
£ = = (0x0"x + €*09,60"6) — V(6,X)

« The two-stage inflation leading to single-field motion at

23

b(x) = log (cosh(Bx))

’

curvature of the field-space

+ The two models during inflation are the same in the multi-field case, up to slow roll corrections.

« Does it hold during preheating?
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Two-field system on a hyperbolic manifold

[ Ol, E. Sfakianakis, D.G. Wang, A. Achucarro (2020)]
[ Ol, E. Sfakianakis, D.G. Wang, A. Achucarro (2019)]

1
£ = = (0x0"x + €*09,60"6) — V(6,X)

« The two-stage inflation leading to single-field motion at
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b(x) = log (cosh(Bx))

’

curvature of the field-space

+ The two models during inflation are the same in the multi-field case, up to slow roll corrections.

« Does it hold during preheating?
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Scaling relations for background quantities 2

[ Ol, E. Sfakianakis, D.G. Wang, A. Achucarro (2020)]

. . _ [ Ol, E. Sfakianakis, D.G. Wang, A. Achucarro (2019)]
* in the slow-roll approximation and for X
field-space curvature ! .
potential steepness s H 304
E= ——F > —
H? — 4N-?
e 2
T=H TN

the scaling is similar for the E- and T-models, with slightly different pre-factors

———
-
i .

.

- E-model °

10~ 0.001 0.010 0.100
a

10~ 0.001 0.010 0.100
a

APEC Seminar, 21 October 2020 (bottom to top)
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Hierarchy between the frequency of background oscillations
and the Hubble scale

26

*  More background oscillations occur per Hubble tfime for smaller values of alpha

« For small alphas the Hubble scale can be neglected, as it takes a large number of background oscillations for
any considerable red-shifting to occur.

*  More damping of the background motion per oscillation for the E-model

the scale hierarchy:

104 0.001 0.010 . 1074 0.001 0.010 0.100
cosmic time t a a

(bottom to top)
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Asymmetric motion of the E-model 2

« the background motion is asymmetric for the E-model, spending much more time near the plateau and far less time
near the steep potential wall.

« the T-model starts “higher up on the plateau” at the end of inflation

1074 0.001 0.010 0.100
a

10
cosmic time t

4
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Why do we need 1o know the physics of preheating?

Why multi-field?

Scaling relations in multi-field alpha-attractors

Mass scales for preheating

APEC Seminar, 21 October 2020 Oksana larygina, Leiden University



Covariant formalism to study the evolution of fluctuations 5

[H. Kodama and M. Sasaki (1984)]

[M. Sasaki, E. D. Stewart (1995)]

[D. Langlois and S. Renaux-Petel (2008)]

[D. I. Kaiser, E. A. Mazenc, and E. |. Sfakianakis (2013)]

M2
5= / d'z/=g Tpl = %QIJ@K )9 0,¢' 8,07 — V(")

To study fields at the end of inflation, we consider scalar metric perturbations around a spatially flat FLRW line element

ds® = —(1 4+ 2A)dt* + 2a(0; B)dx'dt + a* [(1 — 2¢)6;; + 20;0; ) dx'da’

The gauge-invariant perturbations obey

k2
D2Q! + 3HD, Q" + [FS{, + M{]] Q7 =0

L. 1 a’ ..
MY = 6" (DD V) — Rl st e™ — Wpt (ﬁSOISOJ)
pl?
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Covariant formalism to study the evolution of fluctuations

[H. Kodama and M. Sasaki (1984)]

[M. Sasaki, E. D. Stewart (1995)]

[D. Langlois and S. Renaux-Petel (2008)]

[D. I. Kaiser, E. A. Mazenc, and E. |. Sfakianakis (2013)]

M2
5= / d'z/=g Tpl = %QIJ@K )9 0,¢' 8,07 — V(")

To study fields at the end of inflation, we consider scalar metric perturbations around a spatially flat FLRW line element

ds® = —(1 4+ 2A)dt* + 2a(0; B)dx'dt + a* [(1 — 2¢)6;; + 20;0; ) dx'da’

The gauge-invariant perturbations obey

2
D2Q! + 3HD, Q" + [%5{, + M{]] Q7 =0
1

3
covariant time derivative in field space M =G (DD V) — Ryt o™ - ﬁpt <%¢I¢J)
pl@
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Covariant formalism to study the evolution of fluctuations

[H. Kodama and M. Sasaki (1984)]

[M. Sasaki, E. D. Stewart (1995)]

[D. Langlois and S. Renaux-Petel (2008)]

[D. I. Kaiser, E. A. Mazenc, and E. |. Sfakianakis (2013)]

M2
5= / d'z/=g Tpl = %QIJ@K )9 0,¢' 8,07 — V(")

To study fields at the end of inflation, we consider scalar metric perturbations around a spatially flat FLRW line element

ds® = —(1 4+ 2A)dt* + 2a(0; B)dx'dt + a* [(1 — 2¢)6;; + 20;0; ) dx'da’

The gauge-invariant perturbations obey

k2
D2Q! + 3HD, Q" + [FS{, + M{]] Q7 =0

!
1 a’
. . T I _ ~IK 1 .L -M T -
covariant time derivative in field space M; =G (DyjDV) —Rppyge- @ — Wpt <ﬁ¢ SOJ)
p
potential  + + kinematical effects
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Covariant formalism to study the evolution of fluctuations .

When the background motion is restricted along the direction

the field-space structure simplifies and the quantization of the fluctuations proceeds as usual.
Q' (z#) — X' (a#)/al(t)
The quadratic action becomes

1 1
Si®) = / d>xdn [—577*”’51 70,X19,x7 — 5M; D XJ]

1
Mrs = a (MIJ — 651JR)
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Covariant formalism to study the evolution of fluctuations .

1 d3k I ~ ik-x JE ~T _—ik-x
X' = e [u (k,n)ae™™* +u *(k,n)a'e }

The equations of motion for mode functions with u¢ = v and uX = z are

2

vak + w?b(k, Mok ~0,  wy(k,n)* =k*+ azmgﬂc,(b 5 5 5 5
Meg = My T My + M3 1+ My

873214: + wi(ka 77)Zl-c =~ 07 wX(k7 77)2 — k2 + a’QmZHaX
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Covariant formalism to study the evolution of fluctuations .,

v d3k ~ ik-x * ~T _—ik-x
XI:/w[ (K, m)ae™™ +u"*(k,n)ate™™ ]

The equations of motion for mode functions with u¢ = v and uX = z are

0o +wi(k,mur =0, we(k,n)? =k +a*mig , > 5 2 5 2
2 2 2 12, 2 2 Meft,r = a1 + My + M3 1+ My g
Opzk +wy(k,mze =0,  wy(k,n)”=k"+a"mgg,

2 _ pIK
mir = g (DIDKV) ) potential contribution

2
mo 1 = _’R’LMISO 90 geometry of field-space

2 J a’

= — D
m31 M 10,35 5 t ng pJ kinematical effects
p
1

m?u — —ER = (6 — 2)H2 . curvature of space-time
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Effective mass terms and scaling for hyperbolic manifolds

m%] = —RLMISD 80

M2
9 1

mi | = G (DDKV),

a3

m3 ;= ——5—0% 5JDt(H90 "

miy=—cR= (e —2)H?.

)

APEC Seminar, 21 October 2020

Mty = M7 6 + M3 4 + M3 5+ M5,

92 2 2 2
Mefry = M1y T M2y + M3, + My
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Effective mass terms and scaling for hyperbolic manifolds

m%] = —RLMISD 80

M2
9 1

mi | = G (DDKV),

a3

m3 ;= ——5—0% 5JDt(H90 "

miy=—cR= (e —2)H?.

)
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Mg = M1+ % +m3 g +mi

2 _ 9 2 2
Meff,y = M1y T Moy T b%x( T
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Effective mass terms and scaling for hyperbolic manifolds

S
~
||| il

3
|||

mil — —ER =

m% I gIK (DIDKV) )

—R/ LMISO 80

3
MQ —— 'k 5"Dt(Hso oy

! (e —2)H?.

)
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m3 g ~ VG

2 2
m4¢—m4

X

~ pla

vanish for

2 2
Meft,p = M1,¢ +%+%+%
Mgy, = M1, + My, + % T %
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Effective mass terms and scaling for hyperbolic manifolds

Qur focus: fluctuations can undergo tachyonic excitation, more efficient than parametric amplification and is a truly

multi-field phenomenon with a crucial dependence on the field-space geometry.

1

o) = 5 Hkl* + (8% + a*mg ) [onl*]
1

p,(cX) =3 (120,17 + (k% + CLngﬁ’X) 21)?]

mgﬂ?,qﬁ ~ V(X = 0)

1 .
mgﬁf,x ~ Vix(x =0) + 572452

the field space
Ricci curvature scalar

APEC Seminar, 21 October 2020 Oksana larygina, Leiden University



Effective mass terms and scaling for hyperbolic manifolds &

Qur focus: fluctuations

can undergo tachyonic excitation, more efficient than parametric amplification and is a truly

multi-field phenomenon with a crucial dependence on the field-space geometry.

APEC Seminar, 21 October 2020

o®) —

Pl(cX) _

2 2

N~ DN =

mgﬂ?,qﬁ ~ Vse(x = 0)
1 .
mgﬁf,x ~ Vix(x =0) + 572452

U'U;CIQ + (k'Q + CLngﬂ'7¢) ’Ule]

2.2 + (B + a meﬁc,x) 21)?]

tachyonic vs parametric resonance

the field space
Ricci curvature scalar
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Geometrical destabilization .

[S. Renaux-Petel and K. Turzynski (2016)]

Alpha-attractors are safe against geometric destabilization effects until close to the end of inflation.

During inflation the effective super-horizon
isocurvature mass in the slow-roll approximation

9 1
My off 2+N o

» Inflationary background is safe
14 -12 -10 -08 -06 -04 -02 00 « Geometrical destabilization leads to efficient preheating

e-folding number N
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Effective mass for alpha attractors

42

n—1 1 .
Vil =0) = gne ™ ( (1= )’ miy = V(X = 0) + 5 R

no tachyonic resonance in massive E-modell
potential steepness:

n=1

massive case

n>1

massless case VA T model \ 5T H T model
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Effective mass for alpha attractors

43

n—1 1 .
Vil =0) = gne ™ ( (1= )’ miy = V(X = 0) + 5 R

no tachyonic resonance in massive E-modell
potential steepness:

n=1

massive case

n>1

massless case VA T model \ 5T H T model
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Effective mass terms for massive fields

44

mgﬁ,(ﬁ ~ V¢¢(X = 0)
1 .
mgﬁ",x ~ Vix(x =0) + §R¢2

E-model

2
n= ' «
VXX : max,(1) SJ 2.9 §R¢2 X ==X (0£> =—-0(1)

cosmic time t

a=10"2

cosmic time t cosmic time t
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Effective mass terms for massless fields

45

k2 1 . 1 min(n,4) 1
2 _ _ 2 max

R$* ~ —O(1)

For n < 2 the wavenumber conftribution is less important than potential after few oscillations,
forn > 2 it dominates over the potential at late times, for sufficiently large wave-numbers.

E-model

n>1

cosmic time t cosmic time t
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Effective mass terms and scaling for alpha attractor potentials

46

In the E-model with n = 1 the potential term can dominate over the tachyonic field-space curvature

n =1,3/2,2 (blue,red green)
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WKB approximation p

2 2 i 1 — a” e_ifwk(t)dt + Bn eifwk(t)dt
O; Xk + wx(k, t)xr =0 Xk —Zwk 0 —Zwk 0
IT _ a” — [ Qp(t)dt b" [ Q. (t)dt
2 __ 2 = (& + &
Qp(t) = —wi(t) Xk vV 2% (t) 20 ()
T = ot =i J (bt | Bn+1eifwk(t)dt
amplification factor ftt+ Qp(t)dt V2w () V 2k
affer the first fachyonic region Ak = €~

APEC Seminar, 21 October 2020 before, during and after a tachyonic transition Oksana larygina, Leiden University



Floguet charts p

[T. Krajewski, K. Turzynski, M. Wieczorek (2018)]
82 w2 k‘ t =
t Xk =+ X( ) ) Xk

Xk(t) ~ eﬂktp(t) where P(t) is a periodic function

The resonance structure looks very differentl!
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Floguet charts P

[T. Krajewski, K. Turzynski, M. Wieczorek (2018)]
82 w2 k‘ t =
t Xk =+ X( ) ) Xk

Xk(t) ~ eﬂktp(t) where P(t) is a periodic function

The resonance structure looks very differentl!
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Floguet charts for symmetric potentials

50

With a proper rescaling

emerges a unifying picture

“master diagram”

the resonance structure is identical, regardless of
the exact value of the field-space curvature
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Floguet charts E-model

The E-model has a richer resonance
structure during (p)reheating, due to
competing mass scales

1
gﬂfx ~ Vix(x =0) + R(/5

APEC Seminar, 21 October 2020
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Full floguet diagram vs potential contribution 5

1 .
ety ~ Vi (X = 0) + 5R¢’

tachyonic part strongly enhances modes with k£ < p

the high-k resonance bands are mostly controlled by the potential

APEC Seminar, 21 October 2020 Very Slmﬂar fOI' k > :u and dlﬁer greatly fOI' k 5 :u Oksana larygina, Leiden University



Preheating efficiency 5

The E-model can preheat through ¢ resonance, when the T-model cannot.

E-model

05 00 05 10 15 20 0 -05 00 05 . . 00 02
e—folding number N e-folding number N e—folding number N

T-model

O—1.0 -05 00 05 1.0 . : -02 00 02 04 06 08 1.0 : 0.0 0.1 0.2 0.3 0.4
e-folding number N e-folding number N e-folding number N

APEC Seminar, 21 October 2020 Energy density in ¢ and y fluctuations (green—dashed and blue) Oksana larygina, Leiden University



E—T p re h ed 'l'i N g - f'ﬁ C i en Cy ¢ (green) and x (blue) fluctuations ¢ (dashed) and x (solid) modes

—1 1
1000000 100000 10000 100000

a (M3)
T-model (dashed), E-model (solid) n =1,3/2,6 (blue, red, orange)

Preheating for massive fields
« The T-model: tachyonic resonance of the X field for a < 10~4

. The E-model: self-resonance of the  field for a &~ 1072, while the T-model does not preheatl!

For massless fields and steeper potentials |n > 1

« fachyonic resonance of a spectator X field, starting at o ~ 1073

For alphas preheating is practically instantaneous for any

APEC Seminar, 21 October 2020 Oksana larygina, Leiden University



The sum up of the scaling results for hyperbolic manifolds 55

For

« The amplification factor during each tachyonic regime is approximately the same
« There are oscillations per Hubble time

« We canignore the slow red-shifting of the background

|

The amplification per Hubble time grows as

The Floquet chart is "universal” and can be scaled between different values of alpha.
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Outlook

56

« Inflation along spectator direction and turning around horizon crossing can have observational
consequences

600 800 1000
cosmic time t

« Non-linear effects and backreaction?

BRy = AV(X*)|Vg| (red)

04 0.6 0.8 1.0
e-folding number N
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Multi-field preheating reduces theoretical uncertainties

Single-field simulations are unable to capture the most important fime-scales,

which conftrol the tachyonic growth of the spectator field.

57

0.0
-50 -45 -40 -35 -3.0 -25 -20
Logqo(a/ M%| )

Effective field theory of preheating leads to reducing of error bars of the

plot.
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Multi-field preheating reduces theoretical uncertainties

20
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1.5
Single-field simulations are unable to capture the most important time-scales, R

which conftrol the tachyonic growth of the spectator field. 05

0.0
-50 -45 -40 -35 -3.0 -25 -20
Logqo(a/ M%| )

Thank you!

Effective field theory of preheating leads to reducing of error bars of the plot.
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