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Vacuum Metastability and Nonperturbative Processes

Tunnelling Technigques

Seeded First Order Phase Transitions

Primordial Black Holes




We define the vacuum as the lowest energy state, but in
practise, how do we know if we are in that state?




The potential depends on
scale — in cosmology we
expect phase transitions
In the early universe as
the universe cools.

What is surprising Is that
the universe might have

T>T,
T= c

T<T,




Is OUR VACUUM STABLE?

Calculating the running of the T

Higgs coupling tells us that we 2
seem to be in a sweet spot e

between stability and instability — S —
metastability. e

Gev120 122 124 126 128 130 132



t high energies, the Higgs self-coupling becomes negative,
opening the possibility of vacuum tunnelling that could destroy
the universe as we know it.
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HIGGS VACUUM?

The bigger picture from the
standard model tells us our
universe is...

....hot entirely stable!



We call this local — not global —

minimum a false vacuum, and

expect there is a tunneling

process to the true minimum / 0 c

true vacuum.

This will give a first order phase
transition, where we tunnel from
one local energy minimum to a FALSE TRUE




A first order phase transition

proceeds by bubble nucleation — @ e

in this case of true vacuum within @ .@
false. This is described by iy L% e @ |
quantum mechanical tunnelling, © J(‘:% @.e
and was explored by Coleman @ . e @ ‘o
and collaborators in the 70’s and \a(\% d@ <

80’s.




the false vacuum, then expands.




First meet tunneling in the Schrodinger equation. Standard
1+1 Schrodinger tunneling exactly soluble. Recall tunnelling
probabilities exponentially suppressed.
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or more general potentals, tnis gives an Iintuitive visualsation

of the tunneling amplitude calculation.
The particle rolls from the (now) unstable point to the “exit”
and back again — a “bounce”.




e fluctuates into
existence, we gain energy from moving to true vacuum, but
the bubble wall costs energy.

Too small and the bubble has too
much surface area — recollapses. e

Too large and it is too expensive @ @
to form. . @
% @ A (.;”> \3 "




the tunneling solution: “The Bounce”
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decay — backed up by full field theory calculations.

™R3 2772 ot
B = (—0+eR) ~ 5 3

Tunneling amplitude, leading order:




the amplitude. We must also include fluctuations:

£ B det S"[ppv]
V = | det'S" [o5]

1/2 ( B)D/2 -
o

o

To get the nett decay rate per unit volume, per unit time.




r° L 1% =R% 3?2 2 = R?

ﬁ— Real time picture is
a7 — that the bubble
expands rapidly.

r’ = R* +t°




This is not the full story! Vacuum energy gravitates — e.g.
a positive cosmological constant gives us de Sitter
spacetime — so we must add gravity to this picture




QUANTUM GRAVITY?

Although we do not have an uncontested theory of
guantum gravity, we do have ideas on how quantum
effects in gravity behave below the Planck scale.



QUANTUM EFFECTS IN GRAVITY

Below the Planck scale, we expect that spacetime is
essentially classical, but that gravity can contribute to
quantum effects through the wave functions of fields, and
through the back-reaction of quantum fields on the

spacetime.

We use this in black hole thermodynamics, cosmological
perturbation theory, and for non-perturbative solutions in field
theory, this method is particularly unambiguous, but can we
test these ideas in a broader sense?



Extend partition function description to include the Einstein-
Hiloert action — at finite temperature we take finite periodicity
of Euclidean time.

M2
S = —Tp/d4x\/]g\R+/d4:c£5M

Fluctuations treated with caution, but saddle points




Euclidean a sphere:

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




do this with a bubble wall: 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.




We can play the same “Goldilocks bubble” game - finding the
cost of making this truncated sphere, but adding in the effect of

gravity.
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Once again, too small a bubble will recollapse, and large
bubbles are harder to make, so there is a “just right” bubble that
corresponds to a solution of the Euclidean Einstein equations
that we can find either numerically with the full field theory, or
analytically if we take our bubble wall to be thin, and we can find
our instanton action.
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Higgs quartic coupling A
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BUT

Most first order phase transitions do not proceed by ideal

bubble nucleation, but by seeds.
These calculations are very idealised — an empty and
featureless background — what if we throw Iin a little

impurity?




A black hole is an inhomogeneity, and also exactly soluble:




GOLDILOCKS BLACK HOLE BUBBLES

* The bubble with a black hole inside, can have a
different 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, but the bubble has
no black hole inside it — no remnant black hole.

« For larger seed masses the bubble does not depend on
Euclidean time, and has a remnant black hole.

This last case is the relevant one — the action is the difference
INn entropy (area) between the seed and remnant black holes!



Balance of action changes because of periodic time:

4 R~ 20/e
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The result is that the action is the difference in entropy
of the seed and remnant black hole masses:




THE FATE OF THE BLACK HOLE?

Vacuum decay is not all that can happen! Hawking tells us that
black holes are black bodies, and radiate:

SO we must compare evaporation rate to tunneling half-life.



Although we have computed bubble actions in full, we can
estimate the dependence of the action on mass using input

from our solutions which show that the seed and remnant
masses are very close:

B=n(r?—r2)
~ 47 (M, + M, ) (M, — M,)
e 87TMS5M = I‘\D X 6—87TM35M

SO our decay rate depends on an exponential of M, whereas




PRIMORDIAL BLACK HOLES

Comparing power law with prefactor to exponential shows that
decay can only dominate for small black holes. Primordial Black
Holes are tiny black holes with masses of order a ton,
conjectured to form in the very early universe.

Some think they may
explain the dark matter
In the universe.




PRIMORDIAL 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.

For the Goldilocks bubble
argument, we used Coleman’s
“thin wall” picture — this does not
correspond to the SM Higgs
potentiall However, can add ad
hoc term to potential to tune
between thin wall and SM &
Integrate numerically. -
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corrections to the Higgs potential.
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» Vacuum decay is a nonperturbative but
calculable process.

» Tunneling amplitude significantly
enhanced in the presence of a black hole —
very efficient for small black holes, so
primordial black holes act as a trigger to
change the state of the universe!

= \While there is plenty of new physics that




