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Abstract: We report on a new class of fast-roll inflationary models. In a part of its parameter space, inflationary perturbations exhibit quite unusual
phenomena such as scalar and tensor modes freezing out at widely different times, as well as scalar modes reentering the horizon during inflation.
One specific point in parameter space is characterized by extraordinary behavior of the scalar perturbations. Freeze-out of

scalar perturbations as well as particle production at horizon crossing are absent. Also the behavior of the perturbations around this quasi-de Sitter
background is dual to a quantum field theory in flat space-time. Finally, the form of the primordia power spectrum is determined by the interaction
between different modes of scalar perturbations.
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Inflation in a Nutshell
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Scalar Field in FRW:

» FRW Metric
ds”™ = dt* — a(t)°d¥*, H = |
» Einstein Equations
Ho= &
H? — % %02+V o))
» Scalar Field
o+3Ho+d,V(6) = 0
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Slowly rolling field:

o ~ 0
=1 = consl
— g —= gge

Exponential
Expansion




Successes of Inflation
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time

» Horizon Problem

Flatness Problem
» Monopole Problem

e CMB temperature fluctuations
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Perturbations during inflation 1

ull(r) + (k2 - Z”) u(r) = 0

P

v

Ui, = —% (W s HG‘O)

o

do: perturbation of the inflaton field o
W: scalar perturbation of the spatial part of the metric
7. conformal time
o — v"f_2_63
O<e= —% < 1: accelerated expansion

3
power spectrum Pg = 2’;2 ‘ "j ‘k:aH = Ak
scalar spectral index ns — 1 = 2n — 4¢ in slow roll
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Perturbations during inflation 2

oscillations and fresre out

%
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two regimes
» harmonic oscillator k% > Z-: uyy x e%7, vacuum

> freeze out: k%> < Z-: Uk x Z
2
P(k) x | 2| = const
modes leave the horizon
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Superhorizon Perturbations
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» inflation ends

» reheating dumps inflaton energy into SM matter
» gravity wells from inflationary perturbations

» photons

» baryons
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Before Last Scattering

at z > 1100:
» photon-baryon plasma

» curvature perturbations # ® ’;::;’:f'_‘t-.
influence homogenuous s - ®
fluid L

» baryons want to collapse - 3 2 £ =F
into gravity wells ® o R »

» photon pressure resists 3 < F ]

» oscillations in the
photon-baryon fluid
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Last Scattering Surface

at z =~ 1100:

» (universe cools) . ® ‘— ®

» photons and baryons fall SO - ®
out of equilibrium ] 27 v

> imprint of oscillations in the - e
photon temperature 1] A

» from then on: free -~ .

streaming photons
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CMB
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Angular Powerspectrum
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From model to observables

» write down potential V(o)

» build detector + fly satellite
» verify that inflation lasts » take data
SUﬂ:iCiently |0ng > analyse it
» compute perturbation » obtain values for As, ns
spectrum et from Markov Chain Monte
Ps(k) = As ( ki) Carlo algorithms
) 4

COMPARE
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CMB parameters (WMAPS)

WAILAP Cosnwilosical Parameters
Aoded: ledm—sz—lens

Data: wmaph—bao—snall
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One parameter family of fast roll models - background
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CMB parameters (WMAPS)
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One parameter family of fast roll models - background
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Uplifting the potential?
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Background evolution for negative p (p=-2)
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Uplifting the potential?
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Background evolution for negative p (p=-2)
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Uplifting the potential?
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One parameter family of fast roll models - background
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Uplifting the potential?
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Background evolution for negative p (p=-2)
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Uplifting the potential?
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One parameter family of fast roll models - background

s
>

) I o [
I I L
B W B

I
|
———
e d——
SR U T S T . W mm—"r—
= 2 e
[ R F | T i

__c0 gpN
HIEN.H:HQE P .E:EUQPN.O:

e exponentially small

f

n potentially large, n == 23 = —

Pirsa: 100

2 H
5 +e




Background evolution for negative p (p=-2)
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One parameter family of fast roll models - background
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Background evolution for positive p (p=0.04)
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Background evolution for negative p (p=-2)
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Background evolution for positive p (p=0.04)
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End of Inflation for negative p — Tunneling
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Hawking Moss tunneling time (Hy < Mp, x ~ O(1))
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End of inflation for positive p - € = 1
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End of Inflation for negative p — Tunneling
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End of inflation for positive p - € = 1
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Status:

Background:
» models with arbitrary
» p>0vsp<O
» arbitrarily long inflation (by choosing initial conditions)
» inflation ends by tunneling or e = 1
» |ate time attractor given by exact solution
How does it compare with observations? = Perturbations
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Linear scalar perturbations

UE—{kEZ?Hq ua = 0. (z=V2ea).
G- 248 (5 1) (32— - ¢

solvable for e = egePN < 1

PV T 1
u(r) = &Y/ H) (—kr)

,Pg ==

k3 Uk -
212 ‘ £ ‘
261 231 % 1P (p+3)r (HU)”( k )P
= il = —
73 €0 2 Mp Mpc

e oalar spectral index ng — 1= —p




How good is the attractor?

Z—) u=0. (z=V2ea)

£

P R S, R S I . S e . I S — T—

» numerical computation of z for different initial conditions
» Z becomes constant after a short time
— substitute exact solutions into perturabation equation
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Realistic model

WMAP 5 yr: ng =0.91...0.99(95%CL)
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» inflation lasts for arbitrary number of efolds (determined by
initial position)

» after inflation, V > 0 for AN = 110.. .12 efolds w/o uplift
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Freeze-out at different times for scalars and tensors
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Modes reenter the horizon

100¢

il » p=1: dashed green
N 10} » p=1.5: dotted blue
iﬂ | » p=2 : dot-dashed
purple
0.15-.6 » p=-1: solid black

z'/z=aH? (5 +1) (§ +2—¢) has extremum (see Leach et
al. 2000, 2001)

= comoving wavenumbers leave and reenter the horizon
during inflation
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No freeze out for scalars

"o, [P - 2 E e | E R _
g+ |12 - FH (5+1) (3+2-¢)|u = 0
for -2 > p > —4, Z'’ /z changes sign

— positive mass square and no freeze-out
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The curious model p = -2

V(p)

background
2 142 15

V = Hyje 2 [3— ¢

2
E — € .d=2~¢

e decreases with time
perturbations
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The curious model p = -2
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a S

background &
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V = Hyje2¥ |3——¢
2
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e decreases with time
perturbations
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Realistic model
WMAP 5 yr: ng =0.91...0.99(95%CL)
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» Inflation lasts for arbitrary number of efolds (determined by
initial position)

» after inflation, V > 0 for AN = 110...12 efolds w/o uplift
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Realistic model

WMAP 5 yr: ng =0.91...0.99(95%CL)
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Freeze-out at different times for scalars and tensors
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No freeze out for scalars

U+ |2 — PH (g +1) (g +2—e)|u = 0
for -2 > p > —4, Z'’ /z changes sign
= positive mass square and no freeze-out
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The curious model p = -2

V(p)

background &
o 1.2 15
V — HO e 2 3 —_—
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e = &

e decreases with time
perturbations
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Importance of initial state - vacuum

v [ 242 (31) (-2 -

p=-2=U/+ku = 0

e

initial state: Bunch Davis vacuum u, = ——e*":

WV E
» modes never freeze out

» no gravitational particle production

» no stochastic kicks

» no eternal inflation

» power spectrum Pg x |%| = -1;k? (see Easther 1996)
>

modes never become classical! (see Starobinski 2005)
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Intuition

Action for curvature perturbations ¢

5 = /d“xg——geg#“aﬂgayg

» normally, S x a™™>r grows exponentially
= path integral x [ /" becomes classical (equivalent to
i — 0)
» in conformal time \/—g = &*.e x a 2. g"" = a 2/
= S becomes a-independent
= path integral does not become classical
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The curious model p = -2
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Realistic model

WMAP 5 yr: ng =0.91...0.99(95%CL)
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Background evolution for positive p (p=0.04)
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Background evolution for positive p (p=0.04)
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3 > 0 2 4
¢ &
slow roll “attractor” o = 9,V /3H e e
(solid red) —U :
=
> 1.0k \ 1
- C) V HO 2 0.5k / :
OSH = p(e_‘_p)o = —HUO H}J ) . \¥
3H2 10 =30 =20 —1|! 0 10 20 30
&

exact solution (dashed black)
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Background evolution for negative p (p=-2)
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|
Lhi" T
| >

slow roll "attractor”(solid red)

. 0oV HO 2 :':Ef 2-;

PSR = —31p = 2p(6 p)o = —§Hgo o

exact solution (dashed black) - T
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Background evolution for negative p (p=-2)

. - r .
: i % AN \ '
4 \ % W\ \
b i) LY AL \
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I" . - et
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!
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/AN
-2 -1 0 1 2
o
slow roll “attractor”(solid red)
i C) V HO 2 § ::;
== il —_— __H R ; =|
9sr = ~3pp =~ P8R0 = —zhko o
exact solution (dashed black) S T
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Background evolution for positive p (p=0.04)

0.10} i - 0.10}
0.05¢ : 0.05}¢

< 0.00¢

—005 T\N / ' _0.05}
—-0.10H || || QW T ol

-30 -20 -10 0 10 20 30

b - = ([; > 4
slow roll “attractor” o = 9,V /3H . e e
(solid red) = a
S .5
9,V _H 2 il | |
PsA = 3H2 0p(6+p)o - EHOG .';_n/_n/—m 010 \Fj
6

exact solution (dashed black)
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End of Inflation for negative p — Tunneling

6
~ 4
= :
R 2,
> ;
U:—
ot

Hawking Moss tunneling time (Hp < Mp, x ~ O(1))

M2
Ginf ~ H(}_1 exp (h—P)
Hs
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End of inflation for positive p - € = 1

V()

& o = e ) N
= Ln

S

30 —20 —-10 0 10 20 30

Inflation ends at e = 1:
!
a=aH*(1—¢) <0

about AN =~ ;—jln3 efolds before V < 0.
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Linear scalar perturbations

UE——{kzz?Hﬂ u = 0. (z:v’Za).
G =248 (5 1) (220 = o

(P VT 1
ue(r) = €' ””\/T—V”:' g%,)g(—kf)
ka IU,!,;2
PE - IE‘Z‘

2P—1 3.81 x 1055P (,043) E(HU)PZ( k )F'
== r — T i
o €0 2 Mp Mpc ™’




Freeze-out at different times for scalars and tensors

3{}0:&‘&\_

= 100} e
N 0 o e :
= 10} . scalars: dashed green
S 5 i .
e . o tensors: dot-dashed blue

1t .

56 57 58 59 60

N
ZH' a/f
ull + (k= — — )tk =0. A E)vk —
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Modes reenter the horizon

100b
» p=1: dashed green

» p=1.3: dotted blue

» p=2 : dot-dashed
purple

» p=-1: solid black

(2" [2)”"

0.1L

z'/z=aH? (5 +1) (§ +2—¢) has extremum (see Leach et
al. 2000, 2001)

= comoving wavenumbers leave and reenter the horizon
during inflation

irsa: 10030034




No freeze out for scalars

H__P2_ ZE__' E___' o
Uy + |k — &H (2 1)(2 -2 EHU;( o
for -2 > p > —4, Z'’ /z changes sign

= positive mass square and no freeze-out
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The curious model p = -2

|

Vip)

[

background &

V = H; ez (3 = 102)
2
£ — 8 d— e

e decreases with time
perturbations

irsa; 10030034 UE — kz Uk S O = V":zfa = CDI}S[!




Importance of initial state - vacuum

Lf;{kz—asz(gq) (g—z—e)] e — i

p:—2:ﬁ>Uﬁ—__k2Uk —

el

initial state: Bunch Davis vacuum u, = ——e*":

V2k
» modes never freeze out

» no gravitational particle production

» No stochastic kicks

» no eternal inflation

» power spectrum Pg x |4 | = -1;k? (see Easther 1996)
>

modes never become classical! (see Starobinski 2005)
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Intuition

Action for curvature perturbations ¢

S = / d*x/—geg"* 9,(d,¢

» normally, S x a™™>r grows exponentially
= path integral x [ /" becomes classical (equivalent to
i — 0)
» in conformal time \/—g = &* .e x a2.g"" = a 2"
= S becomes a-independent
= path integral does not become classical

irsa: 10030034







Importance of initial state - many-particle state

What if the initial state is not the vacuum but n, > 1 for some k?
Need to take into account non-linearities
— effective action (in the late ttime limit a — )

g — / drdPx (;(u’)z _ %(axu)E _ W(u)) |

H2
W — b ho——" 0
2 Y aM3

where U = ao Is the background solution and u, = ado the
perturbation

Inthe imit 1/a — 0, the physics of fluctuations around a
quasi-de Sitter space is described by a quantum field theory
living in flat spacetime

irsa: 10030034




Intuition

Action for curvature perturbations ¢

» normally, S x a™™™r grows exponentially
= path integral x [ /" becomes classical (equivalent to
fi — 0)
» in conformal time \/—g = &*.e x a 2. g"" = a2/
= S becomes a-independent
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Importance of initial state - many-particle state

What if the initial state is not the vacuum but n, > 1 for some k?
Need to take into account non-linearities
— effective action (in the late ttime limit a — )

g — /dm% (;(UF _ %(@-u)z _ W(u)) |

H2
W — hae ha——" U}
= Y aM3

where U = ao is the background solution and u, = ado the
perturbation

In the limit1/a — 0, the physics of fluctuations around a
quasi-de Sitter space is described by a quantum field theory
living in flat spacetime
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Intuition

Action for curvature perturbations ¢

il /d4x\’f?gfgﬁpaﬂgaug

» normally, S x a™™™" grows exponentially
= path integral x [ /" becomes classical (equivalent to
i — 0)
» in conformal time \/—g = &*.e x a 2. g"" = a 2"
= S becomes a-independent
= path integral does not become classical
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Importance of initial state - many-particle state

What if the initial state is not the vacuum but n, > 1 for some k?
Need to take into account non-linearities
— effective action (in the late time limit a — x)

s — /dex (;(U'F _ %(axuﬁ _ W(u)) |

H2
W — bo h—— 1)
. Y aM3

where U = ao is the background solution and uy, = ado the
perturbation

In the limit1/a — 0, the physics of fluctuations around a
quasi-de Sitter space is described by a quantum field theory
living in flat spacetime
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Thermalization

Pi

IIIII

: 10030034

thermalization temperature

; 1/4
7 [ [E€X(2(0)P+3(Vu)P+W(w)
1/H3

Iong time scale ¢ O ]—]—‘l (MPX’: HO)E_,. 2
inflation ends during thermalization ny ~ k 3/2 = pg = 3

inflation ends after thermalization ny ~ k=" = ns = 2 (in
Infra-red)

tunneling time scale (p < 0)
ME
scalar spectral index ns = 2




SUGRA?

VSUGRA - GK (KUD,WD‘W—S‘WF) :

_pof 2
V = HZMZe ‘" (3"20)

Assume a superpotential W = H,, Kahler potential K = Joo

K! = (8,0;K)
D;W
— B "

|
QJ
-
|
<
0
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More models with this behaviour?

ZJ!
L/;{kzz] U = 0
» Z = c=const
1 c T, 2 2143 5 /
- H =——|2—H" —7T7H"+2—HH
2 a a
» background H = %7_2.6 —
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Conclusions

V(o) = H2es” (3 - %202)

» general family of models
» inflation can last arbitrarily long (despite n = O(1))
» compatible with observations
» SUGRA?
» curious behavior for different values of p
» Initial state = vacuum
» NO FREEZE OUT
» no gravitational particle production
> Initial state = many particle state
» self-interaction. thermalization instead of gravitational
particle production
» tunneling to end inflation
» power spectra with ns = 3 or ns = 2 (fully thermalized)

» duality between field theory in Minkowski space and
inflatinnarv mocdel




Model Overview

value of p

model features

—rr < @ B

widely separaied freezeout

~c long infiation for one initial condition

nl > 1

—6 < p< —4

widely separaied freezeout
n > 1
>c long classical infiation

— e g2

no freeze out
nl > 1
~c long classical infiation

no freeze out
no gravitational particle production
nao siochastic eternal inflation
non-suppressed mode interactions
(prejthermalization
dual to a QFT in flat space

| =

~c long classical infiation

et P L3

modes regnier the hornzon
~c long classical inflation

-2 tV3<p=0

>c long classical inflation

p=20

exact de Sitter space-ime

0 <p< 0.01

finiie duration of inflation

0.01 < p < 0.07

compaiible with observations
finite duration of infiation

0.07 < p < =

rp| large
finite duration of inflation

""What about models with z =const?




Conclusions

V(o) = H2ez? (3 - %202>

» general family of models
» inflation can last arbitrarily long (despite = O(1))
» compatible with observations
» SUGRA?
» curious behavior for different values of p
» Initial state = vacuum
» NO FREEZE OUT
» no gravitational particle production
> Initial state = many particle state
» self-interaction. thermalization instead of gravitational
particle production
» tunneling to end inflation
» power spectra with ns = 3 or ns = 2 (fully thermalized)

» duality between field theory in Minkowski space and
inflatinnarv mocdel




