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Abstract: <p>Quantum decay of false vacuum states via the nucleation of bubbles may& nbsp;<br />
have played an important role in the early history of our Universe.& nbsp; For& nbsp;<br />
example, in multiverse models that utilize fal se vacuum eternal & nbsp;<br />

inflation, the Big Bang of our observable Universe corresponds to one of & nbsp;<br />
these bubble nucleation events.& nbsp; Further, our observable Universe may& nbsp;<br />
have undergone a series of symmetry-breaking first-order phase& nbsp;<br />

transitions as it cooled, which may have produced a remnant background& nbsp;<br />

of gravitational waves.<br />

<br />

| will present results from a new real-time picture of false vacuumé& nbsp;<br />

decay which, in contrast to existing semiclassical techniques, does not& nbsp;<br />

rely on classically forbidden tunneling paths.& nbsp; L attice simulations are& nbsp;<br />
used to evolveinitial realizations of fluctuations around the fal se& nbsp;<br />

vacuum forward in time viathe classical equations of motion.& nbsp; In these& nbsp;<br />
simulations, we observe the false vacuum decay via the formation and& nbsp;<br />
subsequent expansion and coal escence of true vacuum bubbles.& nbsp; By& nbsp;<br />
sampling initial field realizations, we build up ensembles of these& nbsp;<br />

decay histories and empirically determine the bubble nucleation rate.& nbsp;& nbsp;<br />
The rates agree well with standard Euclidean techniques, which cannot& nbsp;<br />
provide a time-dependent description of the decay.& nbsp; Some novel & nbsp;<br />
applications of our new approach include investigation of bubble-bubble& nbsp;<br />
correlation functions, decay of time-evolving metastable states, decay& nbsp;<br />

of non-vacuum initial states, and the regime of rapid decays.</p>
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How Quantum is QFT?
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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)
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First Order Phase Transitions
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First Order Phase Transitions
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First Order Phase Transitions
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Oth Order Questions

 How fast does the vacuum decay?
e Do bubbles form?

 What do the bubbles look like?
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Decay Rate

Pundecayed o |<Sﬂ21\/(f”$)1\/ (?1 — O)HZ ~ (iilwt

Schematically
(Qpv|Qrv () = (Qpv]e ™ Qpy)
Work in Euclidean Time
(QFV|8—HT|QFV> - e—EDT

Imaginary Part of Energy Gives Decay in Real Time
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Standard Description

IbIT + 1’ T =1t
¢ d 04 OV _ Dby

(91’% TE (9!]: )¢ d7r

~+—(0)=0 P(00) = oty

Typical
Solution
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Pseudospec Solution

r
DI\T ) = (-:-n,B‘_.n [ ‘ ;
) = S eutn (v (73)

T

! gl 1 1
y(:z;:) — _tan M {d tanl |l — = il
v 2 2

Chebyshev
Polynomials

B,.(x) = cos(ncos™*(x))
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Pseudospec Solution

oi0)= (s (o))

T

! - 1 1
y(:r:) — _tan 7 {d7 tanlw |l — = g
T 2 2

Chebyshev
Polynomials

B,.(z) = cos(ncos™!(z))
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Pseudospec Solution

#1(r) = D cn B (y ( fTD

mn

, ! - - 1 1
y(i'l?') = —tan" ! [ d !tan T — — Ll
T 2 2

Chebyshev
Polynomials

B, (x) = cos(ncos™!(z))
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Pseudospec Solution

e — C'!'L L)‘_,-n. [

1 Hd= 3 tan b "L'—l -|-l
B | " 2 2

T

Chebyshev
Polynomials

B, (x) = cos(ncos™*(z))
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Bounce Profiles

e Quter boundary at oo
. O(1071%): ~100 modes
e Nf:?(:ldso(lo_:g)s

* Arbitrary-preeision
il .
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Bounce Profiles

QOuter boundary at oo
O(10~1°) : ~100 modes
Nf?cldso(lo_:})s

50 10 50 Arbitrary procision
Mode Number (4) arthmehc
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Decay

Rates

y d ¢’ ,
bﬁ = _A(pr} d’]"ET'E —2~ + ‘ ((/))

S1 = Se[¢B] — SE[dtv]

« Single negative eigenmode

i St D/Q\/det(SQSE[qf)fv] i
_(.57_;> e e (1 o)
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cleation Rates
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Real-Time Interpretation
d(z,t) = dr(Vx? —t?)

Classical
//
Observer -~

Time-reversible.
No nucleation event.

[Figure courtesy of Andrew Pontzen]

irsa: 19020041 Page 21/69




Ad-Hoc Nucleation

d(x,t =0) = p1(|x|)
Classical interior

Observer

No real-time classical description

[Figure courtesy of Andrew Pontzen]
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Some Questions

Time-dependent description of nucleation

* Bubble precursor? Init. cond. at nucleation
Bubble-bubble correlations

Fast decay/large fluctuation limit?

Time evolving background/potential

Nonvacuum state
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Some Questions

Time-dependent description M 0N

. hucleation
ation limit?

<ground/potential

Nonvacu. .tate
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Full Evolution?

Observer Observer Observer

[Figure courtesy of Andrew Pontzen]
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QJ) = (bfv a 6(}’5(}{3 t)
IT = 0 + 61I(x, t)

(66x067) = 3-8k —p)  (6TLITE) = “Fo(k—p)
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Quantum
Commutators
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20
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O 0

Classically-Allowed Vacuum Decay
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Classically-Allowed Vacuum Decay
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Numerical Artifact?

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

* Energy conservation: ©(10-1%)
Momentum conservation: O(10~*°)
Pointwise convergence with dt step: ©(10~")
Pointwise convergence with dx step: 0(10~'%)

NO
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Numerical Reversibility

100 200 300 400 500 600 700
T
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Numerical Reversibility
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Destroyed by Addition of Noise
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Destroyed by Addition of Noise
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Decay Rates?

Prediction
11(1+1)
|

I/ ~ (}()\7 "/E]_ﬂ qf)[})'n'?,;%”-(/{)g()(/\)(g_zwd)aC(A)

O(1) ~ V" (dsv) Instanton

(o) S (3)
V(¢)—Vo( COS(¢O)+2L1 e oo
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Not Just Peaks in Initial Field!
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[JB, Johnson, Peiris, Pontzen, Weinfurtner, 1806.06069]
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First Principles
Derivation of

Approximation




My Original Question
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QFT in Phase Space

Consider the Wigner functional

Wi, 1] = / ’DT](;?_% J d%all(x)n(x) <(7) + [)/ \I’><\P o ‘f

Important Properties

/ D¢DII Wp,II] =1

~

(O, T1)) = / DDITW (¢, TT)Owy (6, TT)

W ~ quantum probability distribution

(caveat: Not postive definite in general,
but is for Gaussian states)
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Wigner Approach
W, 11 / D,](*ﬁ J d%aIl(x)n(x) <f)+ \p><

0| W)

i
b

= H|D)
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Wigner Approach
Wig, 1] = /Dr](f"*f d%aTl(x)n () </)+ \If><

19 i ) 2 th O _
EjL__/([ & (lléo+V(A  - Vfdn)) Vig(x), I(z);t] =0
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Wigner Approach

Ilr[(f)’ ] — / DU( 77; ] d( Ill(x)r}(x) <Z‘)+ {_)I I><\II (b — g>

el

0 : L S 7 ri1! .{ j r
- — 3 S —— T x):tl =0
[(} / da (bm +rlm) i (h V' )m* W p(x), TI(z);t] = (

Quantum “Noise” Initial State (t=0)
(Interference) (Uncertainty Prin.)

Classical Evolution
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Quantum Noise

(L(] + h'ZLl)lV =0

W = Wo + KW,

LoWl — L1 Wo

Nonlinear Stochastic
Response Kick
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Why The Discrepancy?

SIS
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[UB, Johnson, Peiris, Pontzen, Weinfurtner, 1806.06069]
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i EXpansions

ot~ ) “ " T el A e A A R

Leading First
Order Correction

PR DA \/det52SE[qbfV] -
) Varmsipge "0+ O®)
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-luctuation Determinant

I de e i ad 0l +d—2 : _
{ e ("'i l) i ( = ) +V H((f)B.fv)] Ry = ARy

dr

¢ =0 1 negative mode (instability)
¢ =1 d+1 zero modes (spacetime translations)

525(¢B)) -
In =Ty + -1y + InT’
(625(¢fv) = (=13 ggﬁ (4)
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Gelfand-Yaglom Theorem

[:f = [d (P(:I:)d) + Q(I)} =

dx dx

L0 =2£(L)=0

We can compute the determinant as

det ( AL)
Lo

Where g satisfies the initial value problem
EpeOaiiofOieo00ial (Gl
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Fluctuations and Decay

Log Divergence —
(depends on dimension)

d

— 2

] | | |

200 400 600 800 1000

Divergences appear that we must renormalise
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Renormalization

Standard 1P| Effective Potential

b ” * dét1g {130 0 .2
Vi) = V(@) + 5 | Lk m( Vo) otk )+

2) T U \V7(gn) + K

(Implicit) Assumptions
* Homogeneous background:
* Linear fluctuations
* Vacuum fluctuation statistics
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| attice Effective Potential

N 1 19k | - o
Vi = () = V@) + 5 [ s/ + V70 + 006"

2| (2n)?

e dkl dky
/dw — / /w2+k2:/27r In(wi + k3)

Veit' (6) = V(9) + 5

diih ( V(@) + k* + k2 )

@m)a T\ V7 (G0) + K2 + k2

Also holds dynamically

6= ~(V'(3+ dg)) = - o
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s This Testable?




Analog Cold Atom BEC

[JB, Johnson, Peiris, Weinfurtner, 1712.02356]

Dynamics of relative phase
IS a relativistic field
with periodic potential
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Time Averaged Potential

v = vy + dhw cos(wt)
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Spinodal Instability
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Transition Regime
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Rapid Nucleation
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Slower Nucleation
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Conclusions

Physical Process: False Vacuum Decay

False Vacuum decay can occur via classical
time-evolution (quantum is in initial state)

Decay rates ~ Euclidean Calculations
« Alternative description of instanton (no tunnelling)
« Complimentary to instanton (Euclidean rate wrong)

» (Magic cancellation of amplitudes)
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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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