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Early time behaior: Probability curent [3owvs outwad.




Early time behaior: Probability curent [3owvs outwad.

Late time behaor: Suwival pobability is zen. (not pictured)



S.Coleman

IﬂStantOn methOd)The uses of instantons
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This is thedefinition of the path integral
(consistent with Feynmasmfole prescription)
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On the left: Lage T picks On the rightWe will use method of steepes
out the lowest engy states descent to calculate the late time behavior

the low enggy states.



H = Hpert, + A

Assume no degeneracieshh,.,.. (N0 resonances)
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Method of steepest descent
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any number

What ale thexcl 7 of bounces> 0 .
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Each zero mode contributes agiay but finite factol
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/ % o o Each OdangerousO negative mo
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modes allow for
SE \ exponential decay
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When a physical quantity appears dgasmt, it is defined via analytic continuatiowe must choose

amongst the various branches by appealing to the physics. In the case at hand, the Ounstabl

defined as the ground state of an analytically deformed potential. In the figure ale@oyanaxima
marks a crossroad. Only the one leading to an actuabeivee must be avoided.
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T, ! N widely separated bounces
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-0 ground state
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OsmallO lifting campdrto....zeo?




A Stable Falséacuum!

n=1
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1. Fix 2 boundary 2. Choose engy for
conditions here convegence here
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The asymmetric double el

has a stable false vacuun
V(X)

X

The (LHS) perturbative vacuuiman approximate engy
eigenstate whebg ! 1
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The false vacuum cannot dgdaecause ther are no excitec

true vacuum states with\erlagpping energ This is bund
experimental} in caity QED

AEg, ! T " e =@
| Eo ! 1/

The true vacuum must
bevery large
for instability to be generi
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The instanton formalism appears to predict exponenti
decay The resolution Is that the single negative mode
rendered benign by OcompactifyingO the true vacuu

Selxp & coq’ 04l

negative
mode

T/2
convergent Sg = / (%XZ +V (X)) d!
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: V(x)
Gaussian
approximatiotl
The double well has Euclidean \
action bounded below!
did we even *
look over here?




For the double well, Othe bounceO has
benign negative modeThe lower action

solutions to either side of Othe bounceO

are both finite.The cont\ribution to th@
partition function from Othe bounceO1§
negligible.
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The Schwinger mod:

vacuum electric

field = 7¢
27

S= /(%F2+%D;! DMl 4 ml )d2x+§!/F

—

E — |F (a scalar)

There Is no photon: low ergr
mesons are stable

a meson

All quarks undego piecewise uniform

Confinement: .
acceleration



Pair production (vacuum instability

The Schwinger modelSg = m— €
DY by

Exponential decay of the false vacuum is calculated precise
It was in quantum mechanics:

. . = 1 /5 S
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OThe BounceO® Sdomain wall inR?

2 zero modes (translationsR? )
Negative mode corresponds to dilatations of the bubble
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Nucleation rate per unit lengt
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What happens if we compactify
“—/ the Schwinger model on a circle?

/ As we dilatate the In the probe
instanton on ﬁpproximlation
" the cylinder it will ~ thisis irrelevant
I overlap itself. Sp=2'rm-!r’
=1">0
The negative
mode is still
This can be conbrmedyldhe OdangerousO

method of Boglyubov coefbcients.

But if we include the back-reaction The negative
mode is actually

) on the electric field, Shenion®
J the action is bounded below cnign

ﬂ\ I 1'=0

’ This can be conbrmedylexplicit computation

= of the discete spectrum whel™/ < 1//



3+1 dQFT In [3at spac

Sp = 30,00 ¢+ V(¢)d*x
R4

Cmllntggrate_ out the uv Sp = u Br — ¢ A4y
y domain walls remain &3 R4

a.k.a. Brown Teitelboim

Exponential decay of the false vacuum is calculated precise
It was in the Schwinger model.

R1° 5 R4 ds® — d! % + dx? + dy” + dz°

OThe BounceO 5° domain wall inR?*

4 zero modes (translations R* )

Negative mode corresponds to dilatations of the bubble
It is Odangerous.O
_ g 2772
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QFT In de Sitter spact

ds?= (11 )dr*+ (L1 =)' dr? + r2de? 4
: 5 see however, recent
work by Rolyalov

false vacuum

83
bubble wall

true vacuum
B4



Coleman - De Luccia action as
a function of bubble radius
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The Coleman - De Luccia negative modédgign
In de Sitter space.




Caveats

De Sitter space Is not a box: there Is certainly a continuol
spectrum, so our intuition about finite volumes is not usefl

Just because theredstable de Sitter false vacuum doésnéar
It Is therelevant one (for say eternal inflation). | have gued In
favor of the existence of a de Sitter invariant false vacuur
(There is no Poincare invariant false vacuum in flat space

Formalism predicts no exponential decay in dS for any parame
range. We can be sure this breaks down at low curvature just |
finite volume QFT but explicit verification is dffcult.

What about the Gibbons Hawking temperature? Is thatramal
heat bath, making QFif de Sitter space (static patch) non-unitau
Throughout my analysis | assume GH entropy is entangleme
entropy not an external heat bath.

A toy model...



An example wheg back-eaction can be
ignored: semi-bounded 1+1d Rindler
space with a urotm electric peld.

no bPrm bounday between:

Virtual pair poduction «=> thermal activatione=  guantum tunneling
by an argument similar to Bwn &Weinberg

Schwinger pairs arproducedat rest w.r.t.the initial
conditions (instantaneoysbenerated electric Peld).

Even a lav acceleration Rindler obseer will not
experience vacuum dega -




Vacuum instability
VS.
Black hole instability

an analog

Flat Anti- de Sitter De Sijtter

False vacuum unstabll
If energ diference is

False vacuum is

alWays unstable False vacuum is

(neglecting gngtatlonal large enough stable
back-eaction .
Coleman Coleman - De Luccig

Black holes eat up Black hole instability Black holes a

space at annonzep only if temperatue insignibcant
temperatue. Is large enough Ructuations
Gross- Perry -Yafe Hawking - Page Ginsparg Perry

unstable depends stable



Conclusion

¥ At semi-classical Vel,de Sitter space is stalile
¥ CDL instanton does not mediate decan dS

¥ Method of Boglyubov coefbcients does not pdict
decy unless bacleaction is igncad.

¥ de Sitter space is kvan to be stable against black hole
nucleation

¥ This Is not a question of quantum grg, which we ignoe

¥ The global pictuz of the Landsgae is complexput it is far
from clear that the Coleman - De Luccia instanton Is
applicable

*| assume QFT in de Stter space is unitary,
l.e.,there I1s noexternalheat bath.




