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QUANTUM TUNNELING

Tunneling is an example of
Quantum Mechanics in action
— a classical particle with
energy less than barrier height
will rebound,

LIKE THE FIRST 1,232 TRIES,
Ludvig's Latest Attempt at Quantum Tunneling Failed

but guantum mechanically the wave
function never cuts off under a finite
parrier, but decays — meaning that a
little emerges through the other side:




Standard 1+1 Schrodinger tunneling exactly soluble
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A classical particle moving in imaginary

time has kinetic energy equal to the

potential drop, so the amplitude |T|? now 1:1'32 = AV
looks like the action integral for this 2

classical motion.
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amplitude take action of a classical particle moving in an
inverted potential. The particle rolls from the (now) unstable
point to the “exit” and back again —a “bounce”.




Even maybe not a true ground
state at all!

Here, at low energies, if we live in
the left “vacuum” we see a
‘normal’ particle spectrum
(vacuum) and do not see it is not
a global minimum.
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bubble of true vacuum inside false vacuum separated by a
“thin wall” (cf the Euclidean tunneling)




olving the Euclidean field equations should give the sa
point approximation for the tunneling solution.
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Original work of Coleman took a field theory with a “false”
vacuum: in limit of small energy difference (relative to
barrier) transition modeled by a “thin wall” bubble.
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solution: “The Bounce”
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be stationary under variation of R:
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Tunneling amplitude:




Vacuum energy gravitates — e.g. our current universe is
accelerating — so we must add gravity to our picture.

A cosmological constant gives us de Sitter spacetime.




Coleman and de Luccia showed how to do this with a
bubble wall.

o The instanton is a solution of the Euclidean Einstein
equations with a bubble of flat space separated from dS
space by a thin wall.

o The wall radius is determined by the Israel junction
conditions

o The action of the bounce is the difference of the action




Euclidean a sphere:

Our instanton must
cut the sphere and
replace it with flat
space (true
vacuum).




Euclidean de Sitter space is a sphere,
of radius ¢ related to the cosmological
constant. The true vacuum has zero
cosmological constant, so must be flat.
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To compute action, we have to integrate Ricci curvature
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Israel conditions give truncation radius:
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The universe is complex — so how dependent are our
results on the assumptions of homogeneity and isotropy?

Phase transitions in nature are more “dirty” — how does
that affect modelling?
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can add a black hole at “minimal expense”!
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The wall now will separate two different regions of spacetime,
each of which solve the Einstein equations:

ds® = f(r)dt2 + [f_l('r)dr2 + TQdXi]
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The regions in general have different cosmological constants,




We can compute the wall trajectory and use the Israel
junction conditions determine the equation of motion:
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In each case we have to calculate the difference between
the background black hole action and the effect of the

bubble.
Need to deal with conical singularities (sometimes).

The general action with a black hole on each side is (details
vary with Lambda):
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patch” of de Sitter — or half the sphere. Must be sure it gives
the right answer.

STATIC
PATCH



For de Sitter in black hole coordinates, we have a
“cosmological horizon”, and again T is periodic with
a specific value.




Solved by sine/cosine functions:
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PERIODICITY
NOT THE
SAME AS
STATIC PATCH




The general solution has a black hole inside the
bubble (remnant) and a mass term outside
(seed).

The solution in general depends on time, but for
each seed mass there is a unique bubble with
lowest action.

For small seed masses this is time dependent —
a perturbed CDL — with no remnant.

For larger seed masses this is static and has a
remnant.

For a special Mcrit, there is a static bubble with







e can calculate the energy of the |
Higgs vacuum at different scales 200

using masses of other fundamental > |
particles (top quark). The LHC tells & |
us that we seem to be in a sweet 3 1o
spot between stability and ]
instability — metastability. = sof
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the action ratio s
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urprisingly little.
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process wins. Gompare the evaporation rate:

Iy ~3.6x1074(G*M3)~!
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to our calculated tunneling rate
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Plot shows that evaporation (perturbative) is much stronger
than decay (nonperturbative) until the black holes are very
small.

Decay NOT an issue for astrophysical black holes.

Primordial black holes have a temperature above the CMB,
so these do evaporate over time. Eventually, they become
light enough that they hit the “danger range” for vacuum
decay and WILL catalyse it.




First pass indicates a problem, so
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Can view as a constraint on PBH’ s or (weak) on

corrections to the Higgs potential.

Small black holes also pOSSIb|e In theorles W|th Large Extra

Dimensions. 1000¢

(out the branching
ratio seems to drop r,
with D — shown here Tx
for thin wall
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» Depending on higher energy physics, the Higgs
vacuum may be unstable.

= \\Ve can construct an instanton to describe the
decay process — even including gravity.

» Tunneling amplitude significantly enhanced in the
presence of a black hole — bubble forms around black
hole and can remove it altogether.

= \ery efficient for small black holes, so either the




—~Utling a pld Nole IN Ade ITLE Nea We Ca cever nave a
smooth geometry: SAS has a conical deficit/excess on at least

one horizon: R




(caveat — no transverse energy momentum, metric a product
space) so can compute the action:

ds® = dp* + A*(p)dx” + C*(p)d<

Smooth out A:
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Calculating the action of the SdS black hole now gives an
interesting result. For a general periodicity:
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