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Bubble nucleation
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Bubbles in QFT

bubble nucleation in
quantum field theory

application: early
universe cosmology

Today 14 billion years
Life on earth B SEEERet—— T D—
Acceleration VRS,

Dark enerqy dominated"
Solar system Iorm

Star formation peak e
Galaxy formation era\y =

Earliest visible galaxies 700 mill.ion years

.......

Matter domination
Onset of gravitational collapse

Nucleosynthesis ’
Light elements created - D, He, Li {55 8 o o9

Nuclear fusion begins I RO RS e
A

s o
Quark-hadron transition = Py
Protons and neutrons formed &

Electroweak transition

Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry hreaking
Axions etc.?

Grand unification transition
Electroweak and strong nuclear

forces diflerentiate
Inflation CTC
Quantum gravity wall Cambridge

Spacetime description breaks down



Critical Nucleation Theory

Critical bubbles in a thermal metastable state: Josiah Gibbs 187 8!

Probability of a bubble fluctuation o< e




Critical Nucleation Theory
A O surface tension

AFE = 47 R%c 37TR3€ O
€ energy density

o 2
Critical case R, = £

€

— /

Nucleationrate 1 = § —AE./kgT
R3 h (kBT> .

Lifshitz and Pitaevski, Statistical Physics Frenkel, Kinetic Theory of Liquids 1947




False vacuum decay

In quantum field theory, replace the bubble by a o _ / lv 2 | y(y)
‘bounce’ instanton, a solution to the field equations ~* 1 1

with imaginary time 7.

local potential minimum
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False vacuum decay rate

product of the eigenvalues

excluded zero modes (translations)

det’ S [vp]
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Real time approaches

Stochastic nucleation: nucleate bubbles at random and evolve

(semi-)classically. Assumes bubble nucleation rate is known.
Hindmarsh,Weir,Gould

Stochastic sources: add a random source term and dissipation
to the classical equations.

oSuited to relatively high temperature simulations
Alford Feldman Glelser 1993 B|Ilam Brovvn I\/Ioss 2020 s
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Real time approaches: Bose Atom Condensates

Plots show phases of the mean fields

SPGPE in 2D for K39

TWA In 2D for K41 Billam, Gregory, Michell, Moss hep-th/1811.09169

No agreement with instantons so far Good agreement with instantons



FVD in the laboratory

Ferromagnetic bubbles in a sodium BEC
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|AVAD,
Observations

Bubble
nucleates) et

time =—i— Stable t=0 ( Measure



1D Model

Density n(x)

il Rl ey

Magnetisation A
ns +ny

Potential

V = —|klnZ% — 2QrV1 — Z2 — 20,57

el

Depends on X Choose
(1200Hz at centre)




False vacuum decay rate

1/2
Thermal rate* I = A( e ) o~ Ec/kpT

k'l
~ hn M 2
Sel {Zm T V(ZC)}dx
Small barrier limit

Ec N177ﬁ 5eff_5crit o % 1/8 |5crit‘ i
keT ~ T K|n k|n K|n

*M Hindmarsh, M Ruben, J Lumma 2021



Stochastic GPE simulation

In healing length units
Pl el Sl e e e A
1 Y 7){(1 ZV) QV wm | 81&;@ —|—77m} S

Thermal noise

<77m feid) 77:[,7/ O A >

Doyl
)

0(x —2")o(t — t')dmm

Measure mean nucleation time 7

or vacuum fraction F'(t) = fraction in FV




Theory matches experiment

QR/QTF — 300Hz QR/QTF — 400Hz

Instanton (line) is a two parameter fit (pre-factor, temperature)

SPGPE data has one parameter (temperature)

Ec i 77E 5eff _5crit 7k % L |5crit| Ky
kgT T k|n K|n K|n




summary of the experiment

We see a metastable field state that decays by bubble nucleation.

Nucleation timescales show an exponential dependence
on the parameters.

Good agreement between SPGPE simulations, the thermal
instanton decay rate and the experiment™ *.
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Bubble collisions, wave phenomena, ...

Simulations E 000 =

—0.25
—a0
—0.50

—0.75 —100

—100 —50) () 50) 100 —1.00 —100 —n() () H0) 100

Hawking, Moss, Stewart 1982



vacuuMecay at finite temperature in a BEC.

False vacuum decay is a non-perturbative quantu
' theory phenomenon that may be important in un
. the origin of the universe. > &

=

We are on the verge of seeing a whole range of vacuum ¢ ecay
phenomena in the lab: zero temperature dggay, bubble
collisions, defg abion, seeded decsy
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Relativistic?

n 1 Z2 1 (VZ)? . : .
8= / { Wi V(Z)} drdt +higher derivatives

1. During nucleation
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2 Bubble growth - Use ansatz: _f o tanh ( v — R(t
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Dispersion Relation

In healing length units

w? = <€k 4= Q) (Gk e \/6521/2 (5eﬂr — 5crit)1/2)

where ¢ = k2/2 0.2 QULEZH L
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