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Bubble nucleation

W.S. Downey and D.R. Lentz 
 DOI:10.12789/gs.v33i1.2671 
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Critical Nucleation Theory

Probability of a bubble fluctuation

Critical bubbles in a thermal metastable state: Josiah Gibbs 1878!

Entropy changes by

J. W Gibbs, Equilibrium of heterogeneous substances, 1878, p416

metastable phase
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Critical Nucleation Theory
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Frenkel, Kinetic Theory of Liquids 1947
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Coleman, Phys Rev D15 2929 1977 

False vacuum decay
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false vacuum decay 
at finite temperature

In quantum field theory, replace the bubble by a 
‘bounce’ instanton, a solution to the field equations 
with imaginary time    .
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False vacuum decay rate

excluded zero modes (translations)

product of the eigenvalues

redistribute some of the vacuum polarisation? 

inertial frame? 

renormalisation? 
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correlations? 
does some other process dominate vacuum decay? 

big difference between QFT and QM of single particles 

exists? 
singular? 



Real time approaches

Truncated Wigner: draw initial conditions at random from a 
Wigner distribution and evolve classically.

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

Suited to relatively high temperature simulations

Possibly exact if we use the quantum effective field equations.

Alford,Feldman,Gleiser,1993 

Billam,Gregory,Michel,Moss, 2019 Braden,Johnson,Peiris,Pontzen,Weinfurtner, 2019

Billam,Brown,Moss, 2020 

Stochastic nucleation: nucleate bubbles at random and evolve 
(semi-)classically. Assumes bubble nucleation rate is known.

Hindmarsh,Weir,Gould 



Real time approaches: Bose Atom Condensates

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

No agreement with instantons so far Good agreement with instantons

SPGPE in 2D for K39

Plots show phases of the mean fields



Ferromagnetic bubbles in a sodium BEC

Two Zeeman levels

RF mixing

Collisions
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Ferromagnetic ground states exist when 

FVD in the laboratory

 / a"" + a## � 2a"# < 0
<latexit sha1_base64="7EW4u46Dh91IH8aUpfwGjifTaFE="></latexit>

(Rabi+detuning)

A Zenesini, A Berti, R Cominotti, C Rogora, IG Moss, TP Billam, I 
Carusotto, G Lamporesi, A Recati, G Ferrari arXiv:2305.05225
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Observations
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V = �||nZ2 � 2⌦R

p
1� Z2 � 2�e↵Z

<latexit sha1_base64="8+1/suOUZ19HgWu1v6lK7cyEzTo="></latexit>

1D Model

Magnetisation

Potential

ChooseDepends on x
(1200Hz at centre)

Density n(x)
<latexit sha1_base64="JYHuzKuJ0mJqBRC5UdNY3FNMW50=">AAAB63icbZDLSsNAFIYn9VbrrerSzWAR6iYk2jbNrujGZQV7gTaUyXTSDp1MwsxELKGv4MaFIm59IXe+jbkhKv4w8PGfczhnfjdkVCrD+NRKa+sbm1vl7crO7t7+QfXwqC+DSGDSwwELxNBFkjDKSU9RxcgwFAT5LiMDd3Gd1gf3REga8Du1DInjoxmnHsVIpRavP5xPqjVDtw3Tblowh3ajgJYNTd3IVAOFupPqx3ga4MgnXGGGpByZRqicGAlFMSOryjiSJER4gWZklCBHPpFOnN26gmeJM4VeIJLHFczcnxMx8qVc+m7S6SM1l39rqflfbRQpr+3ElIeRIhzni7yIQRXA9ONwSgXBii0TQFjQ5FaI50ggrJJ4KlkIVhpCG+Zg2QW0rO8Q+he6eak3bxu1zlURRxmcgFNQByawQAfcgC7oAQzm4BE8gxfN1560V+0tby1pxcwx+CXt/Qsr646a</latexit>
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False vacuum decay rate

Thermal rate*

Small barrier limit
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*M Hindmarsh, M Ruben, J Lumma 2021
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Stochastic GPE simulation
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In healing length units

Thermal noise

Measure mean nucleation time
or vacuum fraction F (t) = fraction in FV

<latexit sha1_base64="R2Uzt1VHANAjQdKSLMmYvcuRo7k="></latexit>

⌧
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Theory matches experiment
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⌦R/2⇡ = 300Hz
<latexit sha1_base64="fCPsfqtMsVNl3w30DkaLuLLYX6M=">AAACAnicdZDLSgMxGIUzXmu9jboSN8EiuKozrbXtQii66c4q9gKdMmTStA1NZoYkI9ShuPFV3LhQxK1P4c63MW0HUdEDgY9z/p8kxwsZlcqyPoy5+YXFpeXUSnp1bX1j09zabsggEpjUccAC0fKQJIz6pK6oYqQVCoK4x0jTG55P8uYNEZIG/rUahaTDUd+nPYqR0pZr7joXnPSRe3WUc0J6mres2BEcVm/Hrpmxs9ZU8H/IgEQ113x3ugGOOPEVZkjKtm2FqhMjoShmZJx2IklChIeoT9oafcSJ7MTTL4zhgXa6sBcIfXwFp+73jRhxKUfc05McqYH8nU3Mv7J2pHqlTkz9MFLEx7OLehGDKoCTPmCXCoIVG2lAWFD9VogHSCCsdGtpXYKVLVp2uVCCMyiWEzgpfpXQyGXtfLZweZypnCV1pMAe2AeHwAZFUAFVUAN1gMEdeABP4Nm4Nx6NF+N1NjpnJDs74IeMt09+5pZ6</latexit>

⌦R/2⇡ = 400Hz
<latexit sha1_base64="7PtOuOvnebXsenknpPpbD2ywhN4=">AAACAnicdZDLSgMxGIUzXmu9jboSN8EiuKoztbXtQii66c4q9gKdMmTStA1NZoYkI9ShuPFV3LhQxK1P4c63MW0HUdEDgY9z/p8kxwsZlcqyPoy5+YXFpeXUSnp1bX1j09zabsggEpjUccAC0fKQJIz6pK6oYqQVCoK4x0jTG55P8uYNEZIG/rUahaTDUd+nPYqR0pZr7joXnPSRe3WUc0J6mres2BEcVm/Hrpmxs9ZU8H/IgEQ113x3ugGOOPEVZkjKtm2FqhMjoShmZJx2IklChIeoT9oafcSJ7MTTL4zhgXa6sBcIfXwFp+73jRhxKUfc05McqYH8nU3Mv7J2pHqlTkz9MFLEx7OLehGDKoCTPmCXCoIVG2lAWFD9VogHSCCsdGtpXYKVLVp2uVCCMyiWEzgpfpXQyGXt42zhMp+pnCV1pMAe2AeHwAZFUAFVUAN1gMEdeABP4Nm4Nx6NF+N1NjpnJDs74IeMt0+AdJZ7</latexit>

SPGPE data has one parameter (temperature)

Instanton (line) is a two parameter fit (pre-factor, temperature) 
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Summary of the experiment

Good agreement between SPGPE simulations, the thermal 
instanton decay rate and the experiment**.

*The value of          in the SPGPE is shifted (by fluctuations?).

**Value of n/T smaller than TW simulations (<50%).

�crit
<latexit sha1_base64="mWTPWu34UWdIZy7VWkmlzIjn4OM=">AAAB+nicdZBLS8NAFIUn9VXrK9Wlm8EiuCqJWtPuim5cVrCt0IQymUzaoZNJmLlRSuxPceNCEbf+Enf+G9MHoqIHBj7OuZeZOX4iuAbL+jAKS8srq2vF9dLG5tb2jlne7eg4VZS1aSxideMTzQSXrA0cBLtJFCORL1jXH11M8+4tU5rH8hrGCfMiMpA85JRAbvXNshswAaSfuSrCVHGY9M2KXbVmwv9DBS3U6pvvbhDTNGISqCBa92wrAS8jCjgVbFJyU80SQkdkwHo5ShIx7WWzp0/wYe4EOIxVfiTgmft9IyOR1uPIzycjAkP9O5uaf2W9FMK6l3GZpMAknV8UpgJDjKc94IArRkGMcyDTf3OK6ZAoQiFvq5SXYFUdy27U6ngOTmMBZ85XCZ3jqn1SrV2dVprnizqKaB8doCNkIwc10SVqoTai6A49oCf0bNwbj8aL8TofLRiLnT30Q8bbJ6TplIM=</latexit>

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

Nucleation timescales show an exponential dependence 
on the parameters.



BEC analogue of monopole production in the early universe! 

Bubble collisions, wave phenomena, …

Hawking, Moss, Stewart 1982

Simulations



From fantasy to reality?

We are on the verge of seeing a whole range of vacuum decay 
phenomena in the lab: zero temperature decay, bubble 
collisions, defect formation, seeded decay, wave production….

We have seen the first experimental demonstration of false 
vacuum decay at finite temperature in a BEC.

False vacuum decay is a non-perturbative quantum field 
theory phenomenon that may be important in understanding 
the origin of the universe.

End



Relativistic?

1. During nucleation

2. Bubble growth
<latexit sha1_base64="63QXpCVzV/7YuJELhK8BP9QjWL4="></latexit>
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But: correction terms 
<latexit sha1_base64="vGjuMlzVz2po7ah5q9/djWLwDn8=">AAAB9XicdVDLSgMxFM3UV62vqks3wSLUhcOM1j52RTfurGAf0E5LJk3b0CQzJBmlDP0PNy4Uceu/uPNvTNsRVPTAhcM593LvPX7IqNKO82GllpZXVtfS65mNza3tnezuXkMFkcSkjgMWyJaPFGFUkLqmmpFWKAniPiNNf3w585t3RCoaiFs9CYnH0VDQAcVIG6l7ne8MEeeoG5+cTY972ZxjVxy3cl6CC1IuJKRYga7tzJEDCWq97HunH+CIE6ExQ0q1XSfUXoykppiRaaYTKRIiPEZD0jZUIE6UF8+vnsIjo/ThIJCmhIZz9ftEjLhSE+6bTo70SP32ZuJfXjvSg7IXUxFGmgi8WDSIGNQBnEUA+1QSrNnEEIQlNbdCPEISYW2CypgQvj6F/5PGqe0W7cJNIVe9SOJIgwNwCPLABSVQBVegBuoAAwkewBN4tu6tR+vFel20pqxkZh/8gPX2CeArkiQ=</latexit>
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Use ansatz:
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Dispersion Relation
In healing length units

where ✏k = k2/2
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