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Tunneling in QFT — online seminars

Upcoming: indico.cern.ch/e/tunnelingqft

® 19 September: Rosemary Zielinski, Particle escape in QFT
® 17 October: Simone Blasi, Nucleation on domain wall seeds

® 14 November: Mark Hindmarsh, Testing tunneling theory in 3He

Previous: youtube.com/@tunnelingqft

® Laura Batini ® Yutaro Shoji

V(o)
® Wen-yuan Ai ® Silvia Pla Garcia
® Lorenzo Ubaldi ® lan Moss

® Patrick Draper é W ¢
F T
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indico.cern.ch/e/tunnelingqft
youtube.com/@tunnelingqft

Big Bang today



Big Bang



Big Bang today



GW frequencies and Hubble radius

® Red-shifting signal produced on frequencies f, > H,:

dx
ftoday = («30> fo o gj/6T*
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GW frequencies and Hubble radius

® Red-shifting signal produced on frequencies f, > H,:

Ax
ftoday = (30> fe g*l/6T*
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Cosmological 1%t-order phase transitions

Figure: Cutting et al. arXiv:1906.00480.

Universe supercools

Bubbles nucleate, expand and collide

This creates long-lived fluid flows

Dh(TT) -~ -,-U(_TT)

And creates gravitational waves: i
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Gravitational wave spectrum

GW signal depends strongly on 4
phase transition quantities,

1071

Qew = F(Ts, Re, s, Viy),
T, : percolation temperature, )
R. : bubble radius, -

Q : transition strength,

10—15

dlog f

(ZQGW

10° 10 o.ooi 0.010 0.100 1
Viv : bubble wall speed.  (H2)
. z

Each depends on the bubble Large uncertainties linked to

nucleation rate. predictions of nucleation rate.
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Zeroing in on vacuum decay
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Fate of the false vacuum

V(9)

o W
Vacuum decay rate per unit volume,
o~ Selos] )
27
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Fate of the false vacuum

V(9)

P W
Vacuum decay rate per unit volume,
det’ 5{5/[(;53]

r <5E[¢B])2
T\ 2n det S/ [¢F]

our focus next, often ignored

—1)2
w e Sel¢e]

standard stuff
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Functional determinants for vacuum decay

We encounter objects like

det S¢[¢g] = det [-V2 + W(p)] .
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Functional determinants for vacuum decay

We encounter objects like
det S¢[¢g] = det [-V2 + W(p)] .
Using the spherical symmetry of ¢g, we can expand in harmonics

det [~V + W(p Hdet [—v2 + w(p) "

Oliver Gould Dynamics of thermal bubble nucleation

8/27



Functional determinants for vacuum decay

We encounter objects like
det S¢[¢g] = det [-V2 + W(p)] .

Using the spherical symmetry of ¢g, we can expand in harmonics
2 2 (1+1)?
det [-V? + W(p Hdet —V7 + W(p)] ,

where for each orbital number /, the radial determinant

2 3d  I(I+2)

+W(p)

_VIZ

can be computed with the Gelfand-Yaglom theorem.
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Renormalising functional determinants

Adding one-loop counterterms
S[¢] = Sold] + hSc..[¢] + O(h?),

Where are the UV divergences?

Sol¢s]\* [det’ Sg[¢s] oS
M~ et [¢8] So[¢e] O(h?
( 2r ) | detSylor] < g il [1+ 0()]
UV finite
UV finite
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Renormalising functional determinants

Adding one-loop counterterms
S[¢] = Sold] + hSc..[¢] + O(h?),

Where are the UV divergences?

- 50[¢B] det’ 5 [#B] e~ Set (98] 1 Sol¢el 2
M=~ < 27 det S{[¢F] g EV . [ + Ol )] 7
UV finite
uv flnlte

Reveals determinant is exponential, not just ~ mg
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Functional determinant numerics

How to renormalise numerically?

10!

® Fach orbital number [ is UV finite oo \\R\
= UV divergences from | — oo. S \
93}
ﬂl“ — *l(

® WKB approx. = /=1 expansion. 107 — 5

10! 10?
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Functional determinant numerics

How to renormalise numerically?

10!
® Each orbital number / is UV finite oo >\
= UV divergences from | — oo. Hoe \\
ﬁm I
. - [
® WKB approx. = /=1 expansion. 07 —— 1
1079 ; 9
10! 10
l
® Add 0 = —SWKB 1 SWKB and collect terms:
o, ¢] o o
§ : E : WKB 2 : WKB
5/ + SC.t. = (SI - S/ ) + 5/ + Sct .
1=2 1=2 1=2
finite and converges faster finite and known
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BubbleDet

First public code for computing these bubble determinants.

([
=W N

Il
-] & Ot

ST S R N "W

An example, for A¢* in the thin wall limit for d = 3,

U@ 2r " 6 Pl e

one-loop tree-level
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Decay rates at one loop
400

200
B —— B —log(A/T?)
---- B+ S B
3001\ B log(A/mY) 1501
~ =
200 20100+
| I
100 501
0 - — - -
075 100 125 L5017 2.00 8.58 830 832 831 8.36
T?’I,H/mw T/|m‘
(a) Vacuum decay in U(1) Higgs

(b) Thermal decay in Yukawa model

r=AeB

Simple scaling A ~ m* or T# is not a great approximation.
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Thermal bubble nucleation
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Quantum, stochastic, thermal

Stochastic FT in 4+1D

( Wick rotation )

Quantum FT in 3+1D

Zero temperature

Energies << T

Y
Stochastic FT in 3+1D

( Wick rotation )

Quantum FT in 2+1D High temperature
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Stochastic quantization
Euclidean QFT

@000t = 5 [ Do slIoIez)e <

Stochastic evolution reproduces all correlation functions

96 05
ots  0p

noise

so that in Euclidean signature

/ ./ 4D 1D
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Timesless decay

Different stochastic equations are possible

L ¢ 09 _ 0S|
ot oo " o Tots s "

as long as the distribution has the late-time attractor solution
P() o e %17,

the specifics of the ts time evolution are irrelevant.

[ =vacuum [4p is pure equilibrum from 441D perspective

Se[¢B] is energy of bubble in 441D, then one-loop determinant is entropy.
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Quantum thermal nucleation rate

What about real thermal stochasticity?

In real-time at T # 0, correlation functions look like
_ 1 —A/T ( iAt —iAt
(O(£)0(0)) = S Tr [e (e O(0)e )0(0)} :
= / D¢ O(t)O(0) e,
c

_ / DD O()0(0) eSTI-i5r1¥],

How can we arrive at thermal stochastic equations?
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Influence functional and open EFT

Split the field based on momentum

o(t,p) = 0(A — |p[)o(t, p) + 0(Ip| — N)oé(t, p),
PR duv

and integrate over the UV modes, assuming p = pyv X piRr,

/ DoD pel SS9
_ / DD prei SISl Sl i)

The influence functional S gives the effect of the UV modes, in the in-in
formalism.
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Complex influence functionals
In general the action for the IR modes is complex

ol (S[oR] =SR] +ReSiF[dr,AR]) o e—|mS|F[¢f>lR7¢>fR]7

but not arbitrarily so,

unitarity = Sie[¢ir, ¢1r] = SiF[PIr, OIR]", SiFlor, oR] = 0,
thermality = Sig[oir(t), d1r(t)] = SiE[or(—t), dr(—t" — i/ T)].
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Complex influence functionals
In general the action for the IR modes is complex

ol (S[oR] =SR] +ReSiF[dr,AR]) o e—|fT15|F[¢f>|R7¢>|'R]7

but not arbitrarily so,

unitarity = Sie[¢ir, ¢1r] = SiF[PIr, OIR]", SiF[oIr, #IR] = 0,

thermality = Sig[oir(t), d1r(t)] = SiE[or(—t), dr(—t" — i/ T)].

Rephrasing with a Hubbard-Stratonovich trasform,

e*%¢IR'|mr(2)'¢IR — 1 'DXG*%X'(ImF(Z))‘I-Xeix-an
S etImr2) ’

vd

for example

we get a unitary ¢|r evolution coupled to a stochastic x evolution.
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Effective stochastic \¢*

The semiclassical limit is Langevin evolution, e.g. for A¢*,

“Oir(x) + mPor(x) + Mir(x)*+ / d*yRer® (x — y)dir(y)
ti
=x(x)+...
where the stochastic variable satisfies

(X()x(y)) = Imr(x — y),

and where T is the UV contribution to the IR self-energy.
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High-temperature dimensional reduction

Thermal Langevin equations are stochastic quantisation of a 2+1D
vacuum QFT (Wick rotated), leading to

1D . 2+1D

F(ﬁ’+ ) = (dynamical factor) x I-g +1D)

S—— S——
thermal nucleation =kdyn/(27) vacuum decay

where the 241D theory is that of high-T dimensional reduction.

e ——
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Out-of-equilibrium effects on nucleation

Transition surface

So thermal nucleation is not just
energy and entropy,

M~ Fdyn 3 .—(Es—=SyT)/T
27

Langer '69

and kqyn depends on dynamics, and
out-of-equilibrium backreaction of
particles Af:

d3p
2m)32E

d 2
Kb = (V2 = Vo)) Aj — > d”;a ( Af,

Affleck '81

TV
Hirvonen '24
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Do we really understand bubble nucleation?

At least five different expressions for kqyn.
Langer '69, Affleck '81, Linde '81
Arnold & MclLerran '87, Hirvonen '24

Infrared divergences in kgqyn for weak damping.
Hangi et al. '90, Ekstedt '22

Radical proposals:

- additional saddlepoints
- nucleation via intermediate solitons/oscillons
Tye & Wong '11, Pirvu, Johnson & Sibiryakov '23

How could we tell if we understand bubble nucleation?

- analogue experiments
- lattice simulations

Oliver Gould Dynamics of thermal bubble nucleation
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Stochastic lattice simulations
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OG, Giiyer & Rummukainen '22
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A super perturbative benchmark point

/Eh? point

T~

. | tree

~

q -= 1-loop
——- 2-loop

107!
107! 10°

coupling

Perturbation theory converging very quickly for A(¢) in g#3 + A¢*,

1.341(2) = 1.2 +0.1378+0.0054 — 0.0016 + . . .
—_——— N Y Y Y

lattice tree 1-loop 2-loop 3-loop

£ 1.34170(4)
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Benchmarking against the lattice

-20
740 4
<= —604
<
~
=
20
2 =804
tree-level
LPA
—1004
one-loop
lattice
—120 T T T T T
92.0 92.5 93.0 93.5 94.0 94.5 95.0
T (GeV)

Qualitative agreement for log rate, but way worse than A(¢),

—74.09(5) < —38.02— 2532+ . ..
—_— Y— =

lattice tree 1-loop

= —63(3)
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Conclusions

Nucleation rate — Qg predictions.

Vacuum decay = energy + entropy.

Thermal nucleation = energy + entropy + dynamics.

Dynamics — lattice rate slower than expected.

What are we missing?
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Conclusions

Nucleation rate — Qg predictions.

Vacuum decay = energy + entropy.

Thermal nucleation = energy + entropy + dynamics.
Dynamics — lattice rate slower than expected.

What are we missing?

Thanks for listening!
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Backup slides



Continuum limits

—72.84 _ 3 an=15
01 T log(T/xd) = —74.00(5)
—73.04 /
~719 i
- 73.24 + KX im i
LS fr - =< /
= e = 72 /
% —T3.44 = +
= I ~ - ’/
—73.6 & =739
v
¥ Ly=42 . I
—T3.81 & log(I'/A\) = —73.28(3) XN —74 i il =g
0 1 2 3 0.000 0.005 0.010 0.015 0.020 0.025
[

(LX)

Expected approach to continuum is

logM(a, L) = logM(0,00) |1+ ca(ma)® + ce™™ + .. ] ,

where ¢, = O(1) and ¢, = O(e*™F).
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