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False Vacuum Decay

scalar field theory with two minima
5= [[ate (40m00" - V(o))
transition amplitude given by Euclidean path integral
(@il T16g) = N [ DoeS ~ Aexp(~Sp)

Coleman’s result for the imaginary part of the Euclidean action
(assuming O(4)-symmetry)

2772 5% b1
S5y =20 si= [ oy

reduction of infinitely many field degrees of freedom to single
guantum variable
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Effective Action

-

Bubble radius R as effective quantum variable (O(3)-symmetry)

—>SR:/dt / d>x —776—/ d*x\/—~o
x|<R x|=R

generalization to arbitrary space-time background

SR:/dt (/X<Rd3x ge/ng2£ﬂa>

reduction of infinitely many degrees of freedom to single guantum
mechanical degree of freedom as before
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Friedmann Universe

® line element ds® = a?(y)(dy? — dz? — f?(x)dQ?)

z(y)
N / dy(47rea4<y> / a2’ (')
0

—4noa® (y) f*(z)/1 — ij(y))

® ansatz 1 —1? =g(y)x, g arbitrary

a g ga  20.f(z)
- — _ _ — O
3 39 Ry i 3 f(x)x

® from z(y) (comoving radius) follows analytical expression for a(y)
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Friedmann Universe

® scale factor for given shell trajectory

with

® shell trajectory determined by ¢

r(y) = o / —
a g 1+ Y)
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Example I: De Sitter

® flat slicing

2
1 Q
Rphys — _—HZ 042 + (Z + Eo H)

® open slicing

1 14+ A2\
= — h —1
Fpbys H sinh(w) \/( 1— Az) cosh {1+ wo)

with

1
A_a\/l+R8H2

Influence of nontrivial backgrounds and decoherence on vacuum deca 7



Example I: De Sitter

closed slicing

1 1— A2\
s — 1 — in” —
Rphy HCOS(y)\/ (1 —|—A2) S1I1 (y yO)

decay rate does not depend on choice of coordinates
(see coordinate invariant approach of Coleman)

Imaginary part of euclidean action (Parke 1983):

2
w2e (1= V1+ B3

J(S) =
5) = 3 V14 RZH?

e—0:3(S)=n%c/H?>and H — 0 : 3(S) = 277257 /(4€3)
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Ronys/Ro

Shell Trajectories

N
N ——

Influence of nontrivial backgrounds and decoherence on vacuum decay — p. 9



Example 2: Power-Law Scale Factors

=

9

o

-

analytical solution only possible for degenerate vacua, i.e. € = 0

choice of trajectory:

— a2 2
x(z) \/a + o 17

corresponding scale factor:

(52 ()

de Sitter limit for n — oo
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Static Space-times

time-independent Lagrangian
—> equations of motion solved using conservation of energy

O(3)-invariant line-element ds? = f(r)dt?> — f~(r)dr? — r2dQ?

reparametrization of square-root-Lagrangian leads to effective
potential:

V(a) = T eRia? N - )

examples: Schwarzschild-de Sitter (mass M and horizon H) and
Reissner-Nordstrom (mass M and charge Q)
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SDS Trajectories

2M/Rp=0.1
10 \ \ \
............. RoH = 0.1
________ RoH = 0.2
8- - RoH =0.3 )
—— RoH =04
6 [ i
)
3
= | T
4+ i
0 \ \ \ \ \ \ \
0 2 4 6 8 10 12 14
t/Ro
® tunneling always occurs between the horizons
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SDS Action

0.2 —

0.15

0.1

3(S)

0.05

0 0.1 0.2 0.3 0.4
2M/Ro

barrier and action vanish for M > Ry /+/27(1 + R2H?)
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RN Trajectories

Q/Ro =0.1
8 |
............. 2M/Rg = 0.1 /,/
-------- 2M /Ry = 0.2 e
6|---2M/Ry =0.3 P

t/Ro

L.D unlimited expansion of the bubble J
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3(S)

2
® tunneling observable for Q* < M? < % (1 + 36%—2 (1 — 12%—2
0

RN Action

0.2 —

0.15

0.1

0.05

0

________ Q/Ro =0

--- Q/Ro =0.05

---- Q/Rp =0.1 —
— Q/Ro = 0.15

—— Q/Rop =0.2

0 0.1 0.2

2M/Ro

0.5

)
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°

Decoherence

h — 0 not sufficient for quantum-to-classical transition

generation of entanglement between system and environment
explains classical appearance

phase relations delocalized in the environment

coherences not locally observable, no interference effects

Hing = )2, [n)(n| ® An
= 2 Cnl)|Pin) = 22, n|1)| )

— Psys — an CnC m|n><m| — an CnC < n‘(I) >‘n><m‘
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Bubble-Environment Interaction

- N

® environmental field ¢ bi-linearly coupled to field ¢

St =g [ d'aow = g(60— o) [ dt S5 (sn(kR) ~ kRcos(ER)) v
k

® rough approximation: effective two-state system
® suppression of coherences for vanishing temperature:

2
pS,Ol(t) — pS,Ol(O) exXp [—%(¢f - ¢t)2R8 (Z + In (;?0))]

® compare with standard result from spin-boson model

T'(t) = In[ps.o1(t)/ps.01(0)] = — )\%ln(l L 0%) - Aln (sin?gT))

o |
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Growing Vacuum Bubble

-

exact solution not possible — master equation

factor ordering ambiguities due to the square-root term in the system
Hamiltonian

- — 4ATR3
Hys = /1672 R10? 4 P} Ws :
assumption: momentum Pr dominates
Heisenberg operators:
RE(t) = Ryt
A A 4rre A A
P = Pr(0)+ = ((Ro £ ) — R3) .
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Reduced Density Matrix

solution of the master equation for ¢t > R, R’

2

_g_o(¢t o Q5f)2t4(R— R/)2] .

p(R,R',t) ~ p(R,R',0) exp [
result sensitive to vacuum bubble size

t*-dependence represents increasing space-time volume of the
expanding bubble

guantum-to-classical transition immediately after nucleation

analogous effect: decay of alpha particles

|
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Modified Tunneling Rate

® dissipation leads to friction term in equations of motion

1 d Ao R%2R dre + 8mo |+ 2
= —47me+ ——
R*2dT \ \/1 1 R2 R
4g2 5 o) / RS o R/3
—(¢py — T
+ =0 [T G
® effective action has positive definite correction term
00 / To o~ VEZ+m?2|T-T"| o
Set = S +/dT/dT R) — fi(R
f et [ dT’ | > S kB~ fi(E)

k

® — reduction of tunneling rate (Caldeira-Leggett model)
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Modified Tunneling Rate

spectral density is determined through Lorenz-invariance of the field
theory

Integral is UV- and IR convergent

mass-dependence of correction term (neglecting back-reaction):

0.1
0.08
0.06
0.04
0.02

0

Setf —SE,R
92(¢t—¢ ;)2 RS
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One-loop corrections

-

correction of order h are determined by ratio of functional
determinants:

1/2

Det (625 /662) exp(—Sefr)

52
r eff
Det/(5256ff/5q52)

 4x2

for ¢ = 0: determinant has one negative eigenvalue (Coleman 1980)

summation over instantons and anti-instantons:
E1/2 = VI'(po £ T)

—> small imaginary correction to eigenenergies

vacuum becomes perturbatively unstable

IS this also true for g # 0? J
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One-loop corrections

® effective action for field ¢

Seg = SE¢+ /dT/dT’/d:E /dy X
47T

o (PELDOGLD) s Dt D) )

x —y[?+|T -1 \X+Y\2+|T IME

® choose embedding: ¢, = ¢(|x|/\,T/)\) and vary action with respect
to A

® effective action is positive and at least one negative eigenvalue
_ 1 _
Seii (@) = - / d*z(0,,0)*
dZSeff(qu) 4 7\ 2
= -2 | d*x(0 0
L |, / “(0u0)” < J
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Conclusions

-

we determined tunneling rates and tunneling trajectories of vacuum
bubbles for different space-time backgrounds

nucleation rate increases with H and M

no gravity back-reaction was taken into account
(inclusion of Ricci scalar)

decoherence explains quantum-to-classical transition of growing
bubble

reduction of tunneling rate due to dissipation

|
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