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How Quantum is QFT?
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Nonlinear, Nonperturbative, Nonequilibrium Phenomena



Sourced GWs
(ahTT

ij )00 �
✓
r2 +

a00

a

◆
(ahTT

ij ) =
2

M2
P

a3⇧TT
ij

⇢GW =
M2

P

4

D
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End-of-Inflation







Long-Lived Single 
Frequency Scaling Source

[JB (to appear)]
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Phase Transitions







Expansion Rate of Universe
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Outline
• Review of Vacuum Decay and 1st Order Phase 

Transitions 

• Euclidean Description (including new 
computational method) 

• Real-Time Description of Decay 

• Novel Future Applications 

• Connection to BECs (time permitting)



First Order Phase Transitions
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First Order Phase Transitions







Model
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0th Order Questions

• How fast does the vacuum decay? 

• Do bubbles form? 

• What do the bubbles look like?



Decay Rate

h⌦FV|⌦FV(t)i = h⌦FV|e�iHt|⌦FVi

Schematically

Work in Euclidean Time

Imaginary Part of Energy Gives Decay in Real Time

h⌦FV|e�HT |⌦FVi ⇠ e�E0T

Pundecayed = |h⌦FV(t)|⌦FV(t = 0)i|2 ⇠ e��t
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Pseudospec Solution
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Bounce Profiles

• Outer boundary at  

•                  : ~100 modes 

•                          

• Arbitrary precision 
arithmetic

0 5 10 15 20 25 30 35 40

mrE

−0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

φ

O(10�15)

N3
fieldsO(10�3)s

1



Bounce Profiles

• Outer boundary at  

•                  : ~100 modes 

•                          

• Arbitrary precision 
arithmetic

0 5 10 15 20 25 30 35 40

mrE

−0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

φ

O(10�15)

N3
fieldsO(10�3)s

1

0 20 40 60 80

Mode Number (i)

10−15

10−10

10−5

100

|c
i
|



• Single negative eigenmode
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Nucleation Rates
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Nucleation Rates
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Real-Time Interpretation

[Figure courtesy of Andrew Pontzen]
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Ad-Hoc Nucleation

[Figure courtesy of Andrew Pontzen]

�(x, t = 0) = �I(|x|)

No real-time classical description



Some Questions
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Some Questions
• Time-dependent description of nucleation

• Bubble precursor?  Init. cond. at nucleation
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Full Evolution?

[Figure courtesy of Andrew Pontzen]
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�̈�r2�+ V 0(�) = 0
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Also Happens in 2D and 3D



Numerical Artifact?
• Spatial Discretization: Fourier pseudospectral 

(exponential convergence)  
Temporal Discretization: Gauss-Legendre  
(10th order in dt, symplectic) 

• Energy conservation:  
Momentum conservation:  
Pointwise convergence with dt step: 
Pointwise convergence with dx step:

O(10�15)

O(10�15)

O(10�15)

O(10�15)

NO



Numerical Reversibility



Numerical Reversibility



Destroyed by Addition of Noise
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Decay Rates?
Prediction
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t(i)decay

Not Just Peaks in Initial Field!
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First Principles  
Derivation of 

Approximation



Why Does This Work?



My Original Question
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QFT in Phase Space

hÔ(�̂, ⇧̂)i =
Z

D�D⇧W (�,⇧)OW(�,⇧)

Z
D�D⇧ W [�,⇧] = 1

W [�,⇧] ⌘
Z

D⌘e�
i
~
R
d

d
x⇧(x)⌘(x)

D
�+

⌘

2

��� 
�⌧
 
����� ⌘

2

E
Consider the Wigner functional

Important Properties

W ~ quantum probability distribution 
(caveat: Not postive definite in general,  
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Wigner Approach
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Wigner Approach
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Wigner Approach
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Wigner Approach
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Wigner Approach
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Wigner Approach
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Wigner Approach
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Quantum Noise

W = W0 + ~2W1

(L0 + ~2L1)W = 0

L0W1 = L1W0

Nonlinear 
Response

Stochastic 
Kick
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Why The Discrepancy?



  Expansions
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Fluctuation Determinant

�I(x, y, z, ⌧) = �I(rE)
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Fluctuation Determinant

` = 1 d+1 zero modes (spacetime translations)
` = 0 1 negative mode (instability)
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Gelfand-Yaglom Theorem

f(0) = f(L) = 0
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Fluctuations and Decay
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Renormalization
Standard 1PI Effective Potential

(Implicit) Assumptions 
• Homogeneous background:  
• Linear fluctuations 
• Vacuum fluctuation statistics
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Lattice Effective Potential
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Lattice Effective Potential
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Also holds dynamically
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Is This Testable?
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Analog Cold Atom BEC

Dynamics of relative phase 
is a relativistic field 

with periodic potential
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Modelling BEC Dynamics
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BECs and Relativity  
[JB,Johnson, Peiris, Weinfurtner, 1712.02356]

⇢i(x, t) = ni + �⇢i(x, t)
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Assumptions

1) Homogeneous 2) Small



Modelling BEC Dynamics
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Small Density Fluctuations
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Limit of Small Number 
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SG and the Pendulum

Where’s My False Vacuum!

Homogeneous Limit:  
Rigid Pendulum 
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Modulate Transition Rate
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Time Averaged Potential
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Spinodal Instability
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Transition Regime

0 10 20 30 40 50

x̄

0

50

100

150

200

250

300

350

400
t̄

−1

0

1

co
s(
φ
)



Rapid Nucleation
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Slower Nucleation
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Current/Future Work
• Real-time               Instanton 

• Renormalisation, Fluc. Determinant, Wigner 

• Mean bubble profile = instanton? 

• Bubble-bubble correlations? 

• Time-dependent background or potential 

• Non-vacuum initial states (pure or mixed) 

• Application to many fields 

• Testability in BEC experiments?
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