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Abstract: <p>We argue that moduli stabilization severely constrains the evolution following transitions between weakly coupled de Sitter vacua and
can induce a strong selection bias towards inflationary cosmologies. We carefully discuss gravitational vacuum decays and resolve a naive sign
ambiguity in the exponential of the decay rate. Equipped with this clear understanding of vacuum decay we then turn towards constraints on the
cosmological evolution after transitions in weakly coupled flux compactifications. The energy density of domain walls between vacua typicaly
destabilizes Kahler moduli and triggers a runaway towards large volume. This decompactification phase can collapse the new de Sitter region unless
inflation lasts for more than roughly 60 efolds. High scale inflation is vastly favored. Our results illustrate the necessity to understand inflationary
initial conditions at least at a basic level, before making predictions in the landscape.</p>
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center for thecretical physics

MOTIVATION

Cosmological observations are in excellent agreement with
inflationary initial state and ACDM cosmology.

Cartoon of landscape idea:

Vacuum energy : Many vacua + transitions + selection bias

Initial state : Hope for the best?
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center for theoretical physics

MOTIVATION

1. Coleman-de Luccia decay from left El vacuum:
Transition rate: I' ~ e~ °F, gives slow roll inflation
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\CL‘.HLC‘I' for theoretical physics MOTIVATION
1. Coleman-de Luccia decay from left El vacuum:
Transition rate: I' ~ ¢~ °F , gives slow roll inflation

2. Coleman-de Luccia decay from right El vacuum:
Transition rate: I’ ~ ¢ %, no slow roll inflation
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\CL‘.HLC‘I' for theoretical physics MOTIVATION
Coleman-de Luccia decay from left El vacuum:
Transition rate: I' ~ ¢~ °F , gives slow roll inflation

Coleman-de Luccia decay from right El vacuum:
Transition rate: I' ~ ¢~ "%, no slow roll inflation

Farhi-Guth-Gueven transition from stable vacuum:
Transition rate: I' ~ ¢ ? Maybe slow roll inflation
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center for theoretical physics MOTIVATION

Moduli Stabilization is hard.

Gravitational couplings destabilize the moduli at the wall.
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center for theoretical physics MOTIVATION

Moduli Stabilization is hard.
Gravitational couplings destabilize the moduli at the wall.

Try to nucleate bubble, but it collapses!
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center for theoretical physics MOTIVATION

Let's solve two problems:

1. Carefully compute transition rate in gravitational theory

Ty rre | /745
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center for theoretical physics MOTIVATION

Let's solve two problems:

1. Carefully compute transition rate in gravitational theory

Ty rre | /745

2. How is the landscape populated if there are no
cosmological domain walls?

Bubbles collapse without inflation,

Qi £
“in f N 60
> e hp ~ e
a ~
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Gravitational Vacuum Transitions
T.B., F. Denef, K. Eckerle, R. Monten, to appear

Spherically symmetric gravity with a thin domain wall
Transition rates from the semi-classical path integral
Gravitational vacuum transition rate

Inflation Expels Runaways
T.B., hep-th/1608.07576

Domain walls and moduli stabilization
Viable vacua and inflation in the landscape

Conclusion
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Gravitational Vacuum Transitions
T.B., F. Denef, K. Eckerle, R. Monten, to appear

Spherically symmetric gravity with a thin domain wall
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St ol GRAVITATIONAL VACUUM TRANSITIONS

el. ' > (f) I’_,r 3
(7)1 n (.'Df)ut ((f)uut)

Consider theory with two de Sitter vacua. Assume a thin
domain wall.

Metric: ds®* = —AdT? + A~ dR* + R*d3

¢ Y y
A o 2G ]\"Iin/out 2 9
Ainfout — + — 'T’ — iy out]
Parameters: Gv g, A"Iin/mlt._w Hin/mlt
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St ol GRAVITATIONAL VACUUM TRANSITIONS

dtx vV 9Lm + b.t.

/ d'z \/gR + /
2 Jm J M

Matter:

THY — _q/-“" [0'5(7‘ — 7{:) + /)(7’)]

.

Parametrize general, isotropic metric

ds® = —N"(t,r)dt* + L(t,r)(dr + N"(t,r)dt)* + R*(t,r)dQ5
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GRAVITATIONAL VACUUM TRANSITIONS

ds® = =N (t,r)dt* + L(t,r)(dr + N"(t,r)dt)* + R*(t, r)dS23
Simple Example: de Sitter space M =0, H >0
Pick gauge: N' =1, N" =0

L = cosh(Ht) ht.= % cosh(Ht)sin(Hr)

t =0
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GRAVITATIONAL VACUUM TRANSITIONS

Classical domain wall evolution?

Lapse/shift impose constraints: H,, = H; = 0

R
Constraints at the domain wall become —
=
.l!i‘3 - 2 ~ oy -] . . LN 2(;1“[“1 -"“, > B
Mous = =28 8, + 4o R sign( [1”..1)J |- H2R2 — 22000 2 8a2Ge R 4 M,
7 7 .

Vacuum energy
Domain wall energy

Surface-Surface interaction
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GRAVITATIONAL VACUUM TRANSITIONS

Classical domain wall evolution?

Lapse/shift impose constraints: H,, = H; = 0

R
Constraints at the domain wall become et
>
He —H:, g o ro  2GMin i, e
Moyt = T!h‘ + dmo RE sign( R, )\/ 1 - H2R? — —= 4+ R? —87°GoR}, + M,
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GRAVITATIONAL VACUUM TRANSITIONS

Classical domain wall evolution?

Lapse/shift impose constraints: H,, = H; = 0

R
Constraints at the domain wall become et
>
He —H:, g o ro  2GMin i, e
Moyt = T!h‘ + dmo RE sign( R, )\/ 1 - H2R? — —= 4+ R? —87°GoR}, + M,
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S L GRAVITATIONAL VACUUM TRANSITIONS

Tunneling in semi-classical mechanics. Consider a theory,
expanded at small £ (c.f. f = +/2[E —V(q)])

L =pqg+ EO — Alp— f(q, E))

~ pg+ E — A (f,l (p — f(q,0)) — E)

JE=0 B
' i ) = H
In the gauge 6 = —1 this is classically equivalent to

L=pqg— H

Canonical quantization, £ — —idy gives: Hy = i0)
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We will only be interested in semiclassical results,
disregarding any off-shell contributions.

Compute the poles in the propagator around H ~ 0

1 ~ i(E4ie -
<(]f| T _F |(].,j> = / dte (E+ie)t ((]f: quh U>

HE t=0

O . g
~ / dte'(Etiot / DpDqly! exp (’5 / dr(pq — H ))
Jt=0 . (

J0O
. § (ii-f dqg p

H=FE+ie
(qf 1q'i)
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Expand around £ = 0: A = (0 A)p—oE ~ E AT gives

eZLB

"9AT

(N (ii | dq\/ﬁ)
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Remember evolution with time: ¢(q,t) ~ e~ "#t(q)
2i B - |
[~e”™ = CXP (21 / dqphm(ﬁ‘))(J)
J forbidden
outgoing

The sign of the momentum is uniquely determined by the
outgoing solution requirement in the allowed region,

g>0
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Gravitational Vacuum Transitions
T.B., F. Denef, K. Eckerle, R. Monten, to appear

Gravitational vacuum transition rate
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St ol GRAVITATIONAL VACUUM TRANSITIONS

Imposing classical constraints away from the shell gives

~

S = /(H pf{f? + A""[+T('r111:1x) - N (p]? - f(f?, A[+))
where

A O-MR) R R, - \/ R}
:tj(lf:\1+):, H&% (YIJ ]Y o "+‘ \/-
=% ’ = \/ R'Z

R : Shell radius of curvature
T : Static patch time
M : Outside Schwarzschild-de Sitter mass parameter
Metric : ds} = —A4dT? + AT 'dR* + R*dQ);
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s e GRAVITATIONAL VACUUM TRANSITIONS

6‘2113

Find decay rate I' ~

| , (H2 - H,-?2 + (H2 + H2)x? Ny z-Npp+88) § N -1
2iB = +1 2 BT — £ ,

L i'r(“' InGH? H? B GH? i GH? )
The velocity of outgoing trajectory: sgn(R) = sgn(—2iB) > 0

Leading channels for small H : ~

O-0 | O-0

H <H, H >H,

.')-:.'_n_'ﬂo, 1 ,'ﬁ 1S
I'=Tcpr ~ exp - - I'=Traa ~exp | — —

NOVEMBER 1, 2016
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St ol GRAVITATIONAL VACUUM TRANSITIONS

l essons learned:

Decay rate (& negative modes) crucially depend on an
understanding of what clocks are used.

The thin wall vacuum decay rate is given by

T ~ e |95

Vacuum decay is suppressed in the semi-classical limit.

Baby universe nucleation favors low “entropy” states.
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‘C'}H[.L'_'I' for theoretical physics INFLATION EXPELS RUNAWAYS

String compactification that gives rise to A/ =1 susy in 4D:

Ricci flat compactitication manifolds. Good for control, bad
for stability: many fields to not receive a classical potential.

E.g. scale invariance of metric -> volume is modulus
Some are lifted by fluxes, others by quantum effects

Dine-Seiberg problem: Need at least two non-trivial
contributions to potential to stabilize moduli. This is hard!

A A A
= = = \Ll')a.rl'icl' < l"It‘\'l‘)i(.‘e\.l
o - -'—l. z.—i. — g
E E ‘5 S T— —_— .
o¥] i fab] = T -

R ol S o S ol
c o S
ol ol ol
> > >
Perturbative Control Perturbative Control Perturbative Control
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center for thecretical physics INFLATION EXPELS RUNAWAYS

Let's try to decouple a domain wall in potential V' (¢) from a
modulus X, (e.g. canonical volume modulus)

Vi (d)x

V(6,2) = V(@) + Vi) + ==

Consider domain wall between two vacua of V

N

o(r)

Y
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‘co_ntm' for theoretical physics INFLATION EXPELS RUNAWAYS

Let's try to decouple a domain wall in potential V' (¢) from a
modulus X, (e.g. canonical volume modulus)

=7 ¥ = . "ru (:) ,
V(6,%) = V() + V() + 221X
M p;

Consider domain wall between two vacua of V.

Modulus classically unstable at domain wall when

2
J 73

8}\!_[2)2 Z, ‘xbarrier
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Can gravity stabilize a classically unstable transition?
Reminder: The initial problem can be formulated as

Consider 3 Vacua A, B, Cwith Ay g >0, A = 0.
Only domain walls AC and BC are stable.

Does there exist a stable transition A to B at late times?

Yes, the double-bubble:

A
A >
— oo ('1
3
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Double-bubble nucleation process

Nucleation rate ( k : domain wall tension, H : Hubble scale

. b T hf-éA H% + Qr{.%;c

~exp | —— —

. 2 2 2 \2 2 2 \2
GIHZ(HZ+ k34" (Hg + k)

High Hubble scales are vastly favored.
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But what if the Hubble scale decreases and inflation ends?

At reheating domain wall may start collapsing! Ensure
collapsing domain wall never terminates entire bubble.

-1 Observer

oy

(] ORI,

v
| UOTIR IO

|.CMB

‘Reheating

Conformal Time

I:I'\_[n_":_llL]

Comoving Distance
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Can gravity stabilize a classically unstable transition?
Reminder: The initial problem can be formulated as

Consider 3 Vacua A, B, Cwith Ay g >0, A = 0.
Only domain walls AC and BC are stable.

Does there exist a stable transition A to B at late times?

Yes, the double-bubble:

A
A >
— oo ('1
3
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center for theoretical physics C(_) NCLUSION

Time is important! Transition rate in gravitational theory

L
Tz el /7 5]

Moduli stabilization can severely constrain cosmological
evolution after vacuum decay.

Successful landscape population favors high scale
inflation and may require extended period of inflation.

Bubbles collapse without inflation,
in f
ag

N> 60
e ol
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