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From the tabletop
to the Big Bang ASIMEP

Analogue vacuum decay from vacuum initial conditions

A
Based on work with J. Braden, M. Johnson, H. Peiris, A. Pontzen, S. Weinfurtner i
On the arXiv soon! 2306.xxxxXx
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Spoilers!

Our three main results:

1. The analogue false vacuum has the same quantum fluctuations as
the relativistic false vacuum (...in the IR)

2. We’ve identified realistic experimental parameters, and verified with
simulations that this system undergoes relativistic vacuum decay

3. We’ve shown that quantum (rather than thermal) decays are
accessible with this setup

Alex Jenkins | alex.jenkins@ucl.ac.uk | 5 June 2023 1/26

Pirsa: 23060003 Page 3/33



Plan for this talk

1. What is vacuum decay, and why do we care?
2. How can we simulate vacuum decay in the lab?

3. What theoretical work is needed to exploit these experiments?
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false vacuum

Vacuum decay basics

We have a relativistic scalar field,
07p — V2 + Vi) =0

* Field escapes from a local minimum
of potential V(¢) to global minimum

V(e)

true vacuum

* Localised “bubbles” of true vacuum

—
expand and collide OOO ®

« Inherently quantum-mechanical, <
non-perturbative, non-equilibrium O @ O
... very difficult problem! iy

Hindmarsh+, 2008.09136
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Why do we care?
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Quantum tunnelling

QM allows non-relativistic particles to tunnel through a potential barrier V(x)
+00 1
decay rate ~ exp(—B/h)[1 + O(h)], where B = [ dr (Exz + V(x))

Formally, this integral is the action S of a trajectory in imaginary time 7 = 1t

We call it the Euclidean action, B = Sg
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Instanton formalism
By analogy with QM, the decay rate for a field ¢(x, #) is set by Euclidean action

decay rate

. ~ exp(=Sp/W[1 + O(R)]
unit volume

Y

L [dr dx Ed)z + % Vo|* + V(¢) (Where 7 = if)

This is an integral over an imaginary-time field solution called an instanton
Infinite degrees of freedom, but can find solutions using symmetry assumptions
Works best for deep barriers — the “thin wall” regime
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What instantons can’t tell us

* What does bubble nucleation look like in real time?
* What happens on dynamical (cosmological) backgrounds?
* Is the symmetry of the instanton solutions broken in practice?

» Are there correlations between multiple bubbles?

Pirvu+, 2109.04496
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Two routes forward

Quantum analogues Lattice simulations

Engineer a system in the lab Use a semiclassical approach
which behaves like a quantum to study bubble nucleation
field undergoing FVD numerically
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Plan for this talk

1. What is vacuum decay, and why do we care?
2. How can we simulate vacuum decay in the lab?

3. What theoretical work is needed to exploit these experiments?
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Cold atomic Bose gases

* Highly controllable macroscopic systems with collective quantum behaviour

* Why bosonic?
Atoms undergo Bose-Einstein condensation to form a diffuse, field-like object
 Why cold?
Quantum excitations of energy @ dominate __Comell. Wieman, et a. — Nobel Prize 2001
over thermal effects when kzT < A iAo sk ot R_':_’ as
 Why atomic? 5

Can cool and trap atoms and control their interactions
very precisely using laser light and magnetic fields

Why gases?

Low densities mean that the condensate is
large enough to be directly imaged

LA ) 0l P ieduie
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Mean-field theory of cold atoms

. Atomic field ¥ = y + Oy consists, of (highly-occupied, classical) condensate y
plus small quantum fluctuations oy

* Condensate wavefunction obeys the Gross-Pitaevskii equation
(AKA nonlinear Schrédinger equation)

* Equation of motion for a non-relativistic scalar field,
with a |l/l|4 potential (no barrier, no tunnelling)

* How do we get cosmology from this??

NASA, Cold Atom Lab
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Spectrum of the Hamiltonian

10°
* On small scales, reduces to —— Gross-Pitaevskii
Schrédinger equation, and we 1024 —+ Klein-Gordon =~ (£k)?/2 »
get non-relativistic excitations — =+ Nornrelativistic P
10* 7
1.2 i
w(k) ~ k“/(2m) L
: 3
* On large scales, nonlinear B e
interaction gives rise to
massless, relativistic phonons 10-2
a)(k) s Ck 10_3 R R e e R B e TR P PR S R R AR Fee e S R R B
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How do we get a potential?

1.4
« Consider two identical BECs 184
with an inter-species coupling v 104 -
~_ * N\
2 4 \
« Study the relative and total modes, =08 ,/ X
\
~ — A + ~ h i / \
oy, = oy £ oy, s 0.6 oW v
' " -\ / !
* The relative phonons have a cosine B \ ¥ \ s
i ‘ ’ \
potential due to the interaction v WXy 2 = & 4
0.0 L3’ - S
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i/ (mo)
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How do we get a false vacuum?

» Rapid oscillations of the coupling v
stabilise the false vacuum

» Analogous to a pendulum with an
oscillating pivot point

MakeAGIF.com
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Spectrum of the Hamiltonian (unstable)

02 _ Relative modes 3
1 1 | ===+ Tachyonie = (fk) /2 ./
. ' . 1 == Nonrelativistic ./

» First consider constant coupling v .
~ 10"
Q 3
- Relative phonons are tachyonic =~ £ |
(reflecting the instability) 1 -y
107 +
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Spectrum of the Hamiltonian (metastable)

Relative modes

« Now switch on the modulated 10° 3| .. Klein-Gordon | 2 (6k)2/2 K
COUpIing 1 == Nonrelativistic /’/
: : ~ 1 ’
« Gives the relative phonons an : L
effective mass, set by the false = :
vacuum potential barrier 2 100 -

* These modes behave like those ;
of a massive Klein-Gordon field 10-! 4
on large scales ]
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BEC parameters

* Our main goal is to maximise the characteristic
temperature scale,

m n
Tf — fv g_
m kB

\'

(...subject to experimental/theoretical constraints)

« This makes it easier to achieve T' < T, and thus
quantum rather than thermal decays

» Once T;, is fixed, we can vary the decay rate via
the dimensionless number density n
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