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Motivation

Vacuum stability is one of the most important aspects of any theory

V(1)

The semiclassical formalism of \
Colemanet al. has been the standard m %UM$ !

\W
tool to study vacuum decay in QFT

Coleman; Callan, Coleman (1977)
$( &. $( Coleman, De Luccia (1980)

Theories with compact extra dimensions can decay via an exotic type of
gravitational instability that Odestroys the spacetime®abale of nothing

Witten (1982)
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Motivation

Why should we care about bubbles of nothing?

¥ Extra dimensions an ingredient of many well-motivated BSM theories

). & ).+ ($/ +, 2 $(-)

¥ Metastability of de Sitter space?!

¥ Could play role in vacuum selection
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Motivation

¥ Implications for supersymmetry breaking?!

e.g. Blanco-Pillade: a/.; 1606.03095 Witten (1982)
Garcla-Etxebarria¢s al.; 2005.06494 Dine, Fox, Gorbatov; hep-th/0405190

¥ Universe!  Onothing® OnothingO Universe

e.g. Vilenkin (1982) Blanco-Pilladog: al.; 1104.5229
Hawking, Turok (1998) Brown, Dahlen; 1111.0301

¥ What is OnothingO in a UV-complete theory of quantum gravity?!

e.g. Witten, PLB 206 (1988) $
Silverstein, McGreevy; hep-th/0506130 ’ ’* T ) ll( "1 )
Agrawalet al.: 2009.10077 ()-# + *# , )V "+ [/

r . -



In this talkE

What are the necessary conditions for bubbles
of nothing to be possibiealistic theories?

$ $ - - +‘//\’ - $&$3 1-+
() &)0 ( +* 5 03)

¥ What are the conditions on the radion potential for a BON to exist’

¥ Intermediate object between WittenOs bubble and CDL bounce
¥ Effect on the decay rate: what happens in the limg ! G ?
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Vacuum decay In QFT

Coleman; Callan, Coleman (1977)

Semiclassical treatment of vacuum decay centered on Pndibgiiinee

L m
SEWL _ g with  eultex) > o as ; B e
09 g, x| — o0
( $("& (" -%/ @
The bounce i1ISO(4) -symmetric, i'g.(") vl = | t2 + x2
e S Vo i 0 f 1, and 1'(0) = 0



Bounce action determines the decay rate of the false vacuum

4

Il =m* ' 'Se with ! Sg = Se['b]! Se[ w]

Analytic continuation of the bounce gives evolution of bubbles post nucleatio

R < x* +t5, R < x® —
A —>




Tunneling In the presence of gravity

Coleman, De Luccia (1980

Now metric dof: Assume0(4) -symmetry restricts attention to metrics of f

ds= dl2+ "(1)2d! 5
-+ + 6/.,)!\’d!3:d!2+sin2!d!2

-# . ($- Y ® O+
! I + 3.;' ! — d\(/jl(l )
Scalar + Einstein equatior 2 |
112 — 1 + n 12 ! 1
! emz (71 VD)
e.g. for a de Sitter false vacuum:

o . 3m2

l 45 = const. and las(") = lgssin — with lgs = il

IdS va
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Coleman-De Luccla

V() Coleman, De Luccia (1980)

The changes are quantitativeE

g = 27! 2"4/2#?’
- E — 1 2

3! 2

| 1+ 4mg, "

PE Vi ™ Vv # Vbarrier Eand qualitative

V() Lo = 27 N
N - E ! ) 2

10 B2

4mg,

3" 2
4msg,

! nodecay fol ! = Vi I Vg "




Instablility of the Kaluza-Klein vacuum

Witten (1982)

WittenOs bubble of nothing is an instabil
of the (purely gravitational and unstabilize
Kaluza-Klein vacuumM, ! St

ds= ! dt? + dx? + ( dx>)?
M. N x51 x5+21R

The relevant instanton iIs the 5-dimensional Euclidean Schwarzschild solutior

2 1 : 2

| R R
dsg = 1! = dr+ réd! 3+ 1! = (dx>)?

rl [R,--)A) \’x5! x>+ 2! R



5D Euclidean Schwarzschild

Witten (1982)
2 !'1 ‘ 2

| R R
dsg = 1! = dre+ réd 3+ 1! = (dx>)?

Euclidean black holes have neither an interior nor a singularity

( + +

11 2R(r" RY#[0,%) | '
11 x5/R " [0,2") |

dsg ! dl 2+ 12d"?+ R?d! ;3
R? g3

Smooth geometry S* shrinks to zero.
and all curvature invariants near the 1
of the OcigarO set by the stalgR




A bubble ofE nothing

Witten (1982)

After analytic continuation! ! "/2+ i# (equpyv.! it ):
] RZ N1 ] RZ
ds= 1! — dr?! r?d' 2+ r2costf! d ,+ 1! = dy?
-H
o# - ¥
Asymptotically, for ! R
t
ds!" r2d! %2+ dr?+ r?cosi! d! , + dy? | 4
= 1 dt* + de® + +2d! , + dy?
M 4 st T

#)0 [ + r2=x21 2" R2 | Xwa | = £ R2+ t2



Decay rate

Witten (1982)

Tunneling exponent given by the action of 5D Euclidean Schwarzschild:

1 " 1 - Ra)
| Se = | d°x GgR'! d*x hk 1 st
= 16|G5 M g 8IG5 I M E
| Sg = | ?°m3 R?

| *+)/% xg&



ButE

The Kaluza-Klein vacuumM,! S! is a solution to EinsteinOs eqL
for any radius of the KK circle: extra dimension Is not stabilizec

#)0 [/ +

#)0 / +4 1-+ $" (LB)(, '.,- - $&$3

[What IS the effect of a stabilizing potential on bubble of nothing instabﬂ

> 4%, 0$&&  -# -)*$ )



Bubble of nothing as a CDL problem

Dine, Fox, Gorbatov (2006)

Dimensional reduction of 5-dimensional EinsteinOs gravity

— real scalar bPeld minimally coupled to gravity in 4 dimens

¢ ¢/_\
prey mer (\/2

7 (g Oxdx”) + €8 STridy?
N M
1 _ +$

2
3

W]

|
dsg = e

WittenOs bubble can be written as the solution to a 4-dimensional
CDL problem in the absence of a potential for the scalar peld:

(> #O 3, A& !”+3%'!!!=O>d’u(<)
o -
. " RYUB)V 2

A A




Bubble of nothing as a CDL problem

Dine, Fox, Gorbatov (2006)

Rather, a special kind of CDL problemE OsingularO at the center of the boun




Bubble of nothing as a CDL problem

Dine, Fox, Gorbatov (2006)

Rather, a special kind of CDL problemE OsingularO at the center of the boun

as!! O
T Y SRR,
00 05 10 15 20 25 30
/R
Crucially: —m2 R4+ (¢)*=0 Pnite action

( (OO0 -.+( *)- (-% & ')+



Stabilized extra dimensions

In any realistic construction, extra dimensiens: be stabilized

Survival of BON In the presence of a potential for the radion
is a necessary requirement if they are to be relevant in Oreal lifeO

V()
L
|}
| |
. | |
o* .0‘\
"o 3
|5(| ) ' O “““‘ \\% |5(| ) ' "
-.-------“" -
< > |
| S e

V() WV + %mz!z

with Vi ! O
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Stabilized extra dimensions

In any realistic construction, extra dimensiens: be stabilized

Survival of BON In the presence of a potential for the radion
is a necessary requirement if they are to be relevant in Oreal lifeO

5(1)0 0
< cmmmunns®®?
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Stabilized extra dimensions

In any realistic construction, extra dimensiens: be stabilized

Survival of BON in the presence of a potential for the radion
is a necessary requirement if they are to be relevant in Oreal lifeO

V(! 7,7) - 0)
)’ -$1S

|5(| ) 10 ““"" \\
< amsumuns®®

V(' ) | va + _mZ! 2 e.g. Glddlngs (2003)
Giddings, Myers (200

with VfV !
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Stabilized extra dimensions

In any realistic construction, extra dimensiens: be stabilized

Survival of BON in the presence of a potential for the radion
is a necessary requirement if they are to be relevant in Oreal lifeO

V() 7,%)(- ()
- # $ 3 - & ' ) 1 % _ $ | $
' | s 24 *mg,
‘..,“ . = va
O
s(t)P 0 e . Is(1) 1"
( ammmannn®® ) l
V() n }mzl 2 e.g. Giddings (2003
2 Giddings, Myers (2004
with Vg ! O
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Bubble existence conditions

What types of scalar potentials are compatible
with the existence of a bubble of nothing?

Consider scalar potentials of the fo V(1) ! V" ™# as ! |"#

0%-# () ,,.'"*-%)( + " + ¢
eg !+ £| = V(' ) evaluated on the bubble of nothin
‘) H 2
/ \ dV('), v 3
| 1! 2 von Mp 2R
2vi2s0 1 (1>1 &
3 0 0%$&& ..
$( -# + ,- ) -
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A generalization of WittenOs bubble

One-parameter family of bubbl 1, (") ! gmm log# + ! pon (" &# % 2)
of nothing solutions to the CDI
equations fon/(!)! 0 L") #2100 ( & Y2
¥Whenv()! 0 :Gs! !'"Gs ' ! =1 WL
¥WhenV()EO : dsg ! dl 2+ 120" 2+ #°R?d! 3
L ( LS
S+ $., ) -# 5
sRapy (& 80
R
+ $.,)! -# J

$( -# ! &,
P Draper,|GG, B Lillard; 2105.08068 & 2105.10507



Some simplifying assumptionskE

¥ Most interested in the behavior of the decay rate in limit of vanishing
vacuum energwy ! O

We take the de Sitter radius to the largest length scale:

$"()+ -+,
lag > R,m™} | ($,# > &
Also:
* SO(m<<1/R VOSm%1m2<<m%l/R2\
' 0%&& -# 1* (, ( $"()+ - $&,
o ., -) .$& -# ). -) -# & -)1 &

None of these assumptions are necessary (or important!) for either e
| or qualitative properties of solutions N but will make our life easie

P Draper,|GG, B Lillard; 2105.08068 & 2105.10507



A bubble of nothing for dS vacua

Under this assumption, bounce solution behaves like the bubble notl
well into the regime where=> R apd~ 1

# R
mp log#” 5>

N W]

(") "+ #$Y PR (") !

J

o=/l (3/4)T(1/4)"" ~ 0.6

Assumingn — 1 <« 1 (TBJ a posteriori), the solution remains BON-|
until it approaches the false vacuum:

26 3d K
d_prr;d_i:m?gb | ¢i(p) = C 17277;p)
1. i) ,. e ") o# o, -7
For! ! m'* : —— (m")3/2 [ .00 1*)( (-% &¢
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A bubble of nothing for dS vacua

ProvidedV;, > 0 the solution eventua
transitions into the de Sitter false vacut

+ #R

(") ! lgssin

lgs

Demanding continuity:

P Draper,|GG, B Lillard; 2105.08068 & 2105.10507



A bubble of nothing for dS vacua

Instanton describing a BON instability of a de Sitter vacuum:

LOW _____ Pbon /TP ‘ .._
0.8 Pbon / ldS ""o" |
"""" pas [ las £

06 ) oo"’ 7

:
0.4 A R/lys = 0.04 '

1 o’

v Ll
0.2 '} Ll log(Rg/R) ~ 0.5 ) -
0.0 4‘ 1 ¢/R

0.0 0.5 1.0 1.5 2.0
$(1_ (_)( 71_$_# 18 _)" -# + ( | &1 /
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ShootingE with Oinbnite velocityO

WittenOs bubblé’(¢) = 0 1 * 4+ 3—' '=0
, && 7!+3% -3)i
-) -#3$( 0 &
V()
The singular bcOs of the bubble N +
of nothing correspond to -— — |

shooting with Qinbnite velocityO °
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ShootingE with Oinbnite velocityO

WittenOs bubblé’(¢) = 0 1 * 4+ 3—' '=0
, && 7!+3% -3)i
-) -#3$( 0 &
V()
The singular bcOs of the bubble N +
of nothing correspond to N R R —> !

shooting with Qinbnite velocityO °
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ShootingE with Oinbnite velocityO

WittenOs bubblé/(¢) = 0 R
, && 7!+3% -3)i
-) -#$( 0 &
V(1)

The singular bcOs of the bubble
of nothing correspond to +
shooting with Qinbnite velocityO °

). "# -) )
( (-% &&2 "+)0$(" *)- (-9% &

P Draper,|GG, B Lillard; 2105.08068 & 2105.10507



Decay rate

Tm |
*m

a3V 1 S
0 dS

Se = 12mp "(#)3$!(#):._0 | 212

Wl N
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Decay rate

—_

*m

| 2172 d#"3v 1 Sg"

! SE =\ :
/ 0 dsS
' " .
|
I Sg! = 1’m3R?"3 I 1?m3R? 1+ “m?R?log(mR)'?
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Decay rate

™ |

- 5 1] - Max 1]
1 Sg = ?’mp; "B (1 27 d#"3V | Sg"
= P| 3()$()!:o o e
2 me 3 3 2 214 1
ASE‘V ~ 27 dpp®(V — Vi) =~ ——g P R*log(mR)
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Decay rate

- a n ™ !max n
' Se = mp ZHSHN_ L 27 d#%V L St
CT 0

In totalE

3
ASE | mmi R’ {1 + §m2R2 log(mR)_l} + O(! “VoR?)

',

small correction ifg ! m3, /R ?

1$($- )++ -%)( -) -# -3)( ) $r— (6,

24! °m3,
va

c.f. spontaneous decompactibcatiol Sg !

& $ % 2 &0 2, ! .-+ )+ ,.11$$ (-&
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—9(§)/ M,

Depending on detalls of the potential,

Exotic bounces

there may be additional instanton
solutions with BON-like behavior

2.0
15F
1.0F

0.5

EENN EEEERN

-------------------------

Us = 0.01 M2/R2 |-

7 =5]-

Sl
*
*
*
I5(1)! 0
-“I“‘ * .
immm
< | !

6=0.001
6=0.02
6=0.2
6=0.5 & - #
(5=:CL€3 qht

).
0=0.98 ) ' (

5-0.999 &

O HE RS NN

BON-CDL
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Conclusions

¥ Bubble of nothing instabilities survive even in the presence of a
stabilizing potential

[ ($! -# *)- (-$ & "+)0, $( -#
&-#)."# 0%-# &$'$- -$

¥ Decay rate remains Pnite in the limit of vanishing vacuum energy

0$&& -# )'S( (- 2 # (
*+)/$ L2 -+2 08, () +

¥ Potential implications for vacuum selection, e.g.

Thon/HE>1 2R = 50 mp,

LH & - -) (0 +,- ( ).- -# *#2,% , )]



Thank you!



