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Inflation

An epoch of inflation in good agreement with observations:

e Solves horizon, flatness and monopole problems
e Predicts:

v CMB temperature fluctuations: ‘%T ~ O(1075)
v 50 deviation from scale invariance: n, = 0.9603 & 0.0073
v perturbations close to Gaussian: local _ 974+ 5.8

? Primordial tensor perturbations?
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BICEP2: primordial tensor modes?

, Image: BICEP2
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Anomalies

Still much uncertainty - what is the exact nature of inflation?
Could anomalies represent important clues?
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 Hemispheric/Dipole Asymmetry

also evidence for open inflation?
Kanno et al. 2013

e Cold spot




r increases anomaly significance

 Planck + WMAP suggest power deficit on large scales,

even with r=0

* Non-zero tensor modes — as suggested by BICEP2 —
would contribute to C/'* on large scales ! < 100

e |f signal contains contribution from r.
the scalar contribution must be even more suppressed
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Alleviating the tension

* A non-standard tensor spectrum?
Planck gives rat [ =~ 30 , whilst BICEP2 at [ ~ 60
= Large, positive 1+ preferred, but inflation predicts n; < 0

- Suppression of the scalar spectrum:

* Non-zero running: &5 = dns/dInk
= Require |as| ~ ©(1072), but inflation gives |as| ~ O(€?)

- Anti-correlated isocurvature modes:
C«ZTT’SW x P € 4734_3)@ negative contribution

* A fast-roll phase at the beginning of inflation:

74 - enhanced qb leads to suppression
P¢ o 32 = Occurs in Open Inflation, but also have
k=aH additional effects from tunnelling




Evidence for non-power-law spectrum

« Even before detection of r a cut-off spectrum was favoured

Model —2AIn L,  InBpxy  Parameter Best fit value
-1
Cutoff -2.9 03 I (ke/Mpc™')  -8.493
Ac 0.474

Evidence increased after BICEP2
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Open Inflation: a good candidate

e String theory predicts a landscape of vacua
 Qur universe may have emerged after false-vacuum decay

tunnelling

fast-roll
slow-roll

i i i
0 ¢s ON Qrv
e Two key features: 1. Universe after tunnelling is open
2. Steep potential near barrier

— If slow-roll phase short enough, e.g. N ~ 60, expect to see
signatures of spatial curvature and steep potential?



Coleman de Luccia instanton

e False vacuum decay determined using instanton method:

. I
Transition rate: 7 = Ae™B/" B = 85(¢) — Sp(dry)
SE(¢) = Euclidean action

« O(4)symmetry is assumed to minimise Sg(¢)
(has been proven in absence of gravity) colemanetal. 78

dsp = d&* + a(§)(dxg +sin xpdQ3) ¢ = ¢(&)
* Minimising the action gives Euclidean equations of motion:

1 [ ¢? 1 . .
H%3<2V>+a% ¢ +3Hgp —Vy =0

= interpret as dynamics in potential -V



Coleman de Luccia instanton

Bounce solution: ¢!N ¢iv
« BC¢§=0: ap =0=¢ '
p=¢n,ag=1 N i i
e BCE(=ERp >0 ap=0=¢

- Require |V,,| > H? in tunnelling region

Analytically continue to Lorentzian signature:
ds* = —dt* + a®(t)(dx? + sinh® xd?)
JTERE (A I b+3Hop+Vy=0
3\ 2 a2 b+ 3o+ Ve =

These equations describe our open universe after tunnelling

Initial conditions: a=0= €5, O =o¢N,a=1



Dynamics after bubble nucleation

e Given initial conditions expect three stages:
1 - Vit
1. Curvature domination: H=-,a=t, ¢ = —T’b
a

Large Hubble friction = field slowly rolling

2. Fast-roll phase after transition to potential domination due
to steepness of potential near tunnelling barrier

3. Slow-roll inflation

- Observational constraints: | | o/ ii
( .t Y

A Spatial curvature of universe

In (Zfi’) —In (\/1@) > 1n(10)

B Scale of onset of suppression
e.g. Abazajian et al.:

curvature

N fast-roll slow-roll
domination

pknot/pHo ~ 20 In(a) In(as)

In(a)



Additional suppression

* In open inflation:
fast-rolling not the only source of suppression

e Additional suppression reflects memory of the tunnelling phase

3 ; 3 ;
QWQ\RP\ Pr = 2—7T2|Up\

where: Ul’j’ + 23'-.[(]1’9 + (p2 + 1)U, =0 non-standard
RE + 2A(n, pRE +@B(n, p)RE =0

» Use fitting functions based on analytic results of Garriga et al.

Spectra given as: Pr =

* p-dependent
suppression factor

2 . 2
Pr =4 (H ) cosh(mp) =1 p » modified horizon
=t

21 sinh (7 c2 + p? . .
7.0 (p) ey +p / crossing condition

( H*? )2 cosh(mp) + cos(d,) p?
7)7?, — N . 2 2
276 ) oy, sinh(7p) ci+p




Additional suppression

( H*? )2 cosh(mp) + cos(d,)  p?
PR — - - . 2 2
o)., sinh(7p) ci+p

H\? cosh(mp) —1  p?
Pr—a L , -
2Ly sinh(mp) ¢35 +p

 R? modified h.c. condition: pP+4=a’H* |1+ q%) - <1+2.i
= large wavelength modes freeze later
= their amplitudes are thus suppressed

e p-dependent suppression factor:
p>1 — irrelevant

Bubble wall effects: ¢ {
g p<Ll:d,—moxp — taked, =7

=N

cosh(mp) —1  p? p>1—1
sinh(7p)  ¢f 5 + p? Pkl — WPS/(QC%,Q)



Examples:

V(®)

e Consider two toy models from Linde et al. '99.
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M2 “sharper” - expect suppression to be more localised




Plot 1: Hubble evolution
From L to R, vertical lines =
e Potential—Curvature equality

* Horizon exit of scale pH, as
determined assuming

Qx = 0.01
 Horizon exit of scale Pi=100

Plot 2: Hubble components

e Kinetic term always
subdominant, but
enhanced at beginning of
potential domination

» Kinetic—Curvature equality
coincides with p g, exit in M1

In (a/p)

T T T T ® T T T U’ 4
| [ ,’ [ e
14 | | ,/ | ,‘
[ | | | e _
I I ’ lol
I I
I I
I |
I I m
I
I
I
I
P=PH
———-p:l
=== D= Pgy
P = Pioo
y2 I I I
CL o1 1 v 0 ]
70 68 66 64 62 60 58 56
N
1078E T T I N A ! T T T T T T T T T 3
\\I
[reummm—————— b L
I\ T e e e e e e e e e e
'\ I b
_ \
107 & L\ :
\\ | (}52/6
v
\\ I
2
10710 L v ! - 1/
- \
- V/3
10_“5
1
70 55 50




Power spectra: Model 1
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Recall fitting formulae:

2 sinh(7p) 2+ p?’

(H>2 cosh(mp) —1  p?
Pr=4|—
2T t=tr,

( H? )2 cosh(mp) + cos(d,)  p?
Pr =
t=tr,p

sinh(wp) 3 + p?

weuse ¢ =4 and co =1

assuming Qg = 0.01, pg, = 10

« p-dep. supp. factor important

= fast-roll not only
source of suppression

 fast-roll doesn’t affect tensors

e qualitatively similar for M2



Suppression in Models 1 & 2

Transition from blue- to red-tilt at Pred

Plot: Pr(p)/Pr(Bred)

Model 1:

e Curvature—potential equality
occurs at N = 66

Relative Power

= ~ 10 e-foldings of fast-roll
 Even for unobservable
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get suppression for p ~ pg,

Model 2:

- Can satisfy constraints on
()x and give suppression
e ~ 6 e-foldings of fast-roll

—> suppression on smaller
range of scales
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Conclusions

* Planck and WMAP hint at a deficit in CMB power on large scales

 This tension is worsened if the results of BICEP2 are confirmed

Open Inflation models offer a viable explanation for the deficit

The source of suppression in Open Inflation is two-fold:

1. Fast-rolling of the inflaton after tunnelling

2. Additional effects due to the tunnelling
* Have studied two toy models that are qualitatively viable

* A more quantitative analysis required



