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Motirvation

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

V(6)s
'The semiclassical formalism of \
Coleman ¢t al. has been the standard ﬂi k b
| A W >
tool to study vacuum decay in QF T

Coleman; Callan, Coleman (1977)
ncluding gravity Coleman, De Luccia (1980)

Theories with compact extra dimensions can decay via an exotic type of

oravitational instability that “destroys the spacetime” — a bubble of nothing

Witten (1982)




Motwatiomn

Why should we care about bubbles of nothing?

¢ lxtra dimensions an ingredient of many well-motivated BSM theories

could *our* universe decdy into a bubble 0§ wothing?
e Metastability of de Sitter space?!

" — o p—
¢ (Could play role in vacuum selection . ‘ ¢ -
{ Y

N

e.q. W the String
|andscape



Motwatiomn

e [mplications for supersymmetry breaking?!

e.g. Blanco-Pillado, et al.; 1606.03095 Witten (1982)
Garcia-Etxebarria, et al.; 2005.06494 Dine, Fox, Gorbatov; hep-th/0405190

?
¢ Universe — “nothing” = “nothing” — Universe

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

¢ What s “nothing” in a UV-complete theory of quantum gravity?!

e.2. Witten, PLLB 206 (1988)
Silverstein, McGreevy; hep-th/0506130
Agrawal et al.; 2009.10077

as bad 3s it sounds ov
anothev Phase of qvavity?



In this talk...

What are the necessary conditions for bubbles

of nothing to be possible realistic theories?

4-dim de Sitter vacuum ‘J/ \> stabilized extvra

dimensgions
no low energy SuSy #

¢ What are the conditions on the radion potential for a BON to exist?

¢ Intermediate object between Witten’s bubble and CDL bounce

e Liffect on the decay rate: what happens in the limit Acc — 07
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Vacuum decay in QFT

Coleman; Callan, Coleman (1977)

Semiclassical treatment of vacuum decay centered on finding the bounce

(SSE[gb] tp — oo

0¢ b

=0 with Ou(tE,X) = dpy as
x| — o0

and 3 Single negative eigenvalue!

The bounce 1s O(4)-symmetric, 1.e. ¢p(€) with & = \/ t%, + x2

1" 3,_d_V - §— 00 / _
¢+g¢_dqb with O —— Opy and ¢ (0) =0



Bounce action determines the decay rate of the false vacuum

[ = mie 25E with ASE = Sg|op] — SE|dw]

Analytic continuation of the bounce gives evolution of bubbles post nucleation

R < x* +t5, R < x® —
4 —> .

tvue vacuuwm

X

>
)Zt\me vacuuw

> T



Tunneling i, the presence of gravity

Coleman, De Luccia (1980)

Now metric dof: Assumed O(4)-symmetry restricts attention to metrics of form

ds = d¢® + p(€)%d0s

curvatuve vadius of AJ \’ dSls = d¢2 1+ gin? W dS)y
the unit 3-Spheve

¢// _|_ S_p/ / — dV(¢)
d
Scalar + Einstein equations g 9 ?

12 1% 12
PP =t g (07 =2V (0)

e.g. for a de Sitter false vacuum:

: § : 3mp
¢qs = const. and  pgg(&) = lgs sin - with g =
ds



Coleman-De Luccia

V(9) Coleman, De Luccia (1980)

4
The changes are quantitative...

AS, — 270" [2¢€3

¢ (1 4 897 )2
4mple

...and qualitative

AWTm20% /23
V(9) As, = 202
1 1 — _3c%
4’}’)’1,%16
302
= | nodecayfor ¢=V;, — Vi < —5 !
s 4mP1




Instability of the Kaluza-Klemn vacuum

Witten (1982)

Witten’s bubble of nothing 1s an instability
of the (purely gravitational and unstabilized)

Kaluza-Klein vacuum M, x S*

ds = —dt* + dx* + (dz°)?
M., \r z° ~ x° + 2R

The relevant instanton 1s the b-dimensional Euclidean Schwarzschild solution:

2 —1 2
dsp = (1 - R—> dr® + r2dQs + <1 — R—> (dz®)?



HD Euclidean Schwarzschald

Witten (1982)

2\ 1 2
dsp = (1 -~ R—) dr? + r*dQs + (1 — R—) (dz®)?

Euclidean black holes have neither an interior nor a singularity

neavr v=R

; A= +/2R(r — R) € ]0,0)

= dsg ~ d)\?> + \?do® + R%dQs
R? G

a=z"/R c|0,2m)

Smooth geometry;: S* shrinks to zero,
and all curvature invariants near the tip
of the “cigar” set by the scale ~ 1/R




A bubble of... nothing

Witten (1982)
After analytic continuation, ¥ — 7/2 + ix (equiv. tg — it):
R2\ R?
ds = (1 — r_2> dr? — r2dx? + r? cosh? Y dQy + (1 — 7“_2> dy?
wihat 3 pis?
Asymptotically, for r > R:
t
ds ~ —r?dy? + dr? 4+ r? cosh? y dQs + dy? . 4
= —dt* + di* + 72dQy + dy?
~ —— e wo Spacetime
M, St T

however - P=x’ - >R = x| = £VERE A2



Decay rate

Witten (1982)

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

1 1 flat)
ASp = — B /IR — e vVh K — S
B 167TG5 /M CE\/§ 87TG5 /(9/\4 $\/7 E

ASE 70 mP1R2

S 1 provided R > wy



But...

The Kaluza-Klein vacuum My x S* is a solution to Einstein’s equations

for any radius of the KK circle: extra dimension 1s not stabilized
* howevey *

however--- extrd dimensions wmust be stabilized n any vealistic wodel!

What is the effect of a stabilizing potential on bubble of nothing instabilities?

\ this will be the topic of the vest of wy talk



Bubble of nothing as a CDL problem

Dine, Fox, Gorbatov (2006)

Dimensional reduction of 5-dimensional Einstein’s gravity

= real scalar field minimally coupled to gravity in 4 dimensions

" L\

_ Vi U ] 2V S et du? 4
dsp = e Pl (g dx’dz”) + e P1 dy

o vadiown
4D wetvic

Witten’s bubble can be written as the solution to a 4-dimensional

CDL problem 1n the absence of a potential for the scalar field:

Schwavzschild vadial coovdinate 3, )
(> ¢//_|_ _10 /:
0 d

f / (1— R2/7°2 )1/4
/2 — 1 N 5 12 2%
CDL o(4)- S\jW\W\etY\C coovdinadte 6rm’Pl




Bubble of nothing as a CDL problem

Dine, Fox, Gorbatov (2006)

Rather, a special kind of GDL problem... “singular” at the center of the bounce

¢bon/mPl

2 3&
mpl\/;log (ﬁ)

for E<K R for ¢E<K R



Bubble of nothing as a CDL problem

Dine, Fox, Gorbatov (2006)

Rather, a special kind of GDL problem... “singular” at the center of the bounce

gbbon/mPl

Crucially:  —m3 R4+ (¢)* =0 = finite action

can now tuvwn 3 potentid|l fov the scalar field!



Stabulized extra dimensitons

In any realistic construction, extra dimensions must be stabilized

Survival of BON 1n the presence of a potential for the radion

1s a necessary requirement 1f they are to be relevant in ‘real life’

V(o)
', 1
o .."t»
ls(¢) >0 ‘\. I5(¢) — o0
( lllllll“ ) ¢
% L~ o
1
V(g) ~ Vi + §m2gb2
with Vg > 0
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Stabulized extra dimensions
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Stabulized extra dimensions

In any realistic construction, extra dimensions must be stabilized

Survival of BON 1n the presence of a potential for the radion

1s a necessary requirement 1f they are to be relevant in ‘real life’

.
.
st
llllllllll

decompactification’
ASE ~

“spontaneous

247T2m%)1
Viy

e.g. Giddings (2003)
Giddings, Myers (2004)
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Stabulized extra dimensions

In any realistic construction, extra dimensions must be stabilized

Survival of BON 1n the presence of a potential for the radion

1s a necessary requirement 1f they are to be relevant in ‘real life’

V(o) “Spontaneous
* ‘bh\S ta‘k * 1 decom?acto\g’\ca‘b.\OV\” , )
(&4 \ A ~ 24T mp,
.S . o B
y Viy
“¢ O.“
3
l5(¢) = 0 .--""“‘ \w... I5(¢) — o0
PRI g ¢
y 1 -
V(gb) v _m2¢2 | Gg Glddlngs <2003>
2 Giddings, Myers (2004)
with Vi >0
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Bubble exaistence condaitions

What types of scalar potentials are compatible

with the existence of a bubble of nothing?

Consider scalar potentials of the form V(¢) ~ Vje?®/™P1 as ¢ — —o0

* with no 3ssumption veqavding the Sign of y *

3/) dV(cb)

evaluated on the bubble of nothing:

Vo (36 Vi
bon - ™mpi 2R

> ,
3 we will assuwe this 1S tvue

W the vest of this talk

eg ¢//_|_

.)/ \,dv

P Draper, IGG, B Lillard; 2105.08068 & 2105.10507



A generalization of Watten’s bubble

One-parameter family of bubble \/7 mp1log 1 + dpon (& - n73/?)
of nothing solutions to the CGDL
equations for V(¢) = 0: pn (&) = = 132 ppon (€ - 73/2)

e When V(¢)=0: G5 —-n'Gs = n=1 WLOG

e When V(¢) #0: dsg ~ d\* + N\do?® + n* R*dS)3

vaea\rg.—.o

/“ vadius of the ‘hole’ that

Rs nucleadtes w Spacetiwe
n=—4 #1

vadius of the kk civcle J
W the §alse vacuuw

P Draper, IGG, B Lillard; 2105.08068 & 2105.10507



Some symplifying assumptions...

e Most interested in the behavior of the decay rate in limit of vanishing

vacuum energy, Vi, — 0

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

13V\0Ve tevyws that
las > R,m ™! vanish as |y —» 00

e Also:

{ R

WR K | will be the expansion pavameter can ignove details of potential
we use +o build the bounce solution +to the le§t of false vacuuwmw

[ . . . . ]

None of these assumptions are necessary (or important!) for either existence

L

m < ]./R V()<mP1m < mPI/Rz

or qualitative properties of solutions — but will make our life easier

J

P Draper, IGG, B Lillard; 2105.08068 & 2105.10507



A bubble of nothing for dS vacua

Under this assumption, bounce solution behaves like the bubble nothing

well into the regime where p 2 R and p’ ~ 1 :

4 3 2\
p(§) ~ &+ an’’R o(p) =~ \/gmm ¢ logn — % (E) >

) \ P

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

Assuming 1 — 1 < 1 (T'BJ a posteriori), the solution remains BON-like

until 1t approaches the false vacuum:

d°¢p  3do 5 K1(mp)
— —— — i ~ (
¢i(p) e~ "P approaches the $alse
—1. ~ —
For P > m ' mp) (mp)3/2 vacuuw ex?omevxt’\a\\\j fast
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A bubble of nothing for dS vacua

Provided Vi, > 0 the solution eventually

transitions into the de Sitter false vacuum:

. + aR
p(€) =~ lgg sin <€ l )
dS
Demanding continuity:
R *R?
n=-— ~1+ i log(mR)™' 4+ O (m*R?)

R 4

swall 1§ mRKL I

P Draper, IGG, B Lillard; 2105.08068 & 2105.10507



A bubble of nothing for dS vacua

Instanton describing a BON 1nstability of a de Sitter vacuum:

1.0

----- _¢bon/mPl - .:
0.8 Pbon / ldS ""o" |
"""" pas [ las £
06 oo"’ .
:
041 A R/lys = 0.04 '
L o’
v Ll
0.2 } Ll log(Rg/R) ~ 0.5 -
0.0 . &/ R
0.0 0.5 1.0 1.5 2.0

nstanton “stitches” together BON and false vacuuw (de Sitter) solutions

P Draper, IGG, B Lillard; 2105.08068 & 2105.10507



Shooting... with “infinite velocity”

/
Witten’s bubble (V(¢) = 0): " + Ay 0
0

|, 3!l “Sriction” (opposite
to DL thin-wall bounce)

/
The singular bc’s of the bubble ¢ — 0 4
of nothing correspond to — @—P=--c-c-oennnnannn. &

shooting with “infinite velocity™

P Draper, IGG, B Lillard; 2105.08068 & 2105.10507



Shooting... with “infinite velocity”

/
Witten’s bubble (V(¢) = 0): " + Ay 0
0

|, 3!l “Sriction” (opposite
to DL thin-wall bounce)

/
The singular bc’s of the bubble ¢ — 0 4
of nothing correspond to — §Pocceocceoczeonaoones  —

shooting with “infinite velocity™
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Shooting... with “immfinite velocaity”

/
Witten’s bubble (V(¢) = 0): " + Ay 0
0

|, 3!l “Sriction” (opposite
to DL thin-wall bounce)

/
The singular bc’s of the bubble ¢ — 0

of nothing correspond to +

shooting with “infinite velocity™

evxough +0 ovevrcowe an

exponentidlly growing potential

P Draper, IGG, B Lillard; 2105.08068 & 2105.10507



Decay rate

2 gmax
B 9 < 3,/ o 2 3 _
ASg = m mpl\/;ﬂ(f) ¢ (€)|g:o 2 /o dep”V. = 5p ds

P Draper, IGG, B Lillard; 2105.08068 & 2105.10507



Decay rate

2 gmax
ASp = w2mpl\/;p<£>3¢’<f>| — 27 / dp*V — Sp
§= 0 ds

/

v
3
ASE|§:0 = mmi R*n° ~ 1mma R’ {1+ ZmQR2 log(mR)_l}
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Decay rate

2 gmax
B 9 < 3,/ o 2 3 _
ASp = « mp1\/;ﬂ(5) ¢ (f)|§:0 27 /o dsp”V = Sk ds

m ™! 2
ASE‘V ~ —27‘(‘2/ dpp>(V — Vi) o —%m%1m2R4log(mR)_l

P Draper, IGG, B Lillard; 2105.08068 & 2105.10507



Decay rate

9 Emax
ASEg = 772mp1\/;p(§)3¢’(§)| — 2772/0 dépV — SE‘

£=0 ds

In total...

3
ASE ~ m*ma R? {1 — §mQR2 log(mR)_l} +O(m*VoR*Y)

',

small correction if Vy < ma,/R?

2 *$inite* covvrection o the action of Witten's bubble in the limit Ve, —> 0

247T2mf-31
Viy

c.f. spontaneous decompactification: ASg ~

* BON-like decdy 3lways fastev fov sufficiently swmall vacuum energy *

P Draper, IGG, B Lillard; 2105.08068 & 2105.10507



—9(§)/ M,

Exotic bounces

Depending on details of the potential,

there may be additional instanton
solutions with BON-like behavior

2.0 —
Up=0.01M?/Rz |-
10F
0.5}
0.0 — |
0.1 05 1 5 10 50 100
¢/ Rs

V),
l5(gb) — 0 “"‘.' ‘.”’ .
— 00
M 6=0.001
M 6=0.02
H 6=0.2
W 0=05 although not
= 0=08 the bouwnce of
H 6=0.98 .
7 5=0.999 least actiown!
BON-CDL
----- CDL

Draper, IGG, Lillard; 2105.10507



Conclusions

e Bubble of nothing instabilities survive even in the presence of a

stabilizing potential

even 1§ the potential grows n the compactification limit
(3lthough with limitations)

® Decay rate remains finite in the limit of vanishing vacuum energy

BON will be the dominant decay chavel fov swmall enough cc
(Provided SuperSymmetry is not vestoved n that limit)

¢ Potential implications for vacuum selection, e.g,

Thon/Ha>1 =  27R>50mp;}

wuch left to understand about the Physics of bubbles of nothing



Thank you!



