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Introduction



Vacuum decay
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Vacuum decay

Vacuum decay starts with the nucleation of a “bubble”
due to fluctuations of scalar fields
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Surface energy vs Potential energy
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Bubble nucleation rate
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Bubble nucleation rate

[T. Banks, C. M. Bender, T. T. Wu, '73; S. R. Coleman, '77]
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Bubble nucleation rate
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Bou nce & Gradient flow method
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A solution to Euclidean EoM
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[S. Chigusa, T. Moroi and YS, '20]
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Pretactor

[C. G. Callan, S. R. Coleman, "77]

Y = Ae_B B = Sp()

Quantum correction to the action
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Dimensional analysis " e Typical scale




Renormalization scale
uncertainty

[M. Endo, T. Moroi, M. M. Nojiri, YS; '10]




Gauge zero mode

[A. Kusenko, K. M. Lee, E. J. Weinberg; '97]

If we try to calculate the prefactor, ...
There appears gauge zero modes when a gauge symmetry is broken (only) by the bounce

Higgs

9 det S |bounce = 0

The treatment of the gauge zero modes had not been established for a long time

Flat direction




Gauge fixing

Bounce solution NG boson

Lor = (8MA,U - giX)Q 9 Lor = %(@LAM)Z

Numerical
Evaluation

Treatment of
gauge zero
modes
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Semi-analytical
Evaluation
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Gauge fixing

Bounce solution “ NG boson

_ 1
Lor = (auAu - ggbx)z 9 Lor = g(auAu)z

Numerical
Evaluation

Much more stable and easier
——

Treatment of
gauge zero
modes
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Semi-analytical
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Semi-analytic formula
(background gauge)

Phys. Lett. B771(2017) 281



Background gauge

(E=1 of this gauge is used in the previous studies)
Gauge fixing function
F=0,A,—2£g(Re®)(Im®)

Lagrangian u(1)
L=-F,F,+[00,+ igAM)CI)T][((?M —1gA,)P] +V + Lar. + Lohost,

® - bounce solution (real function)

V'  :potential of ®



Potential

There are two vacua at the tree level

(For a loop induced true vacuum like the SM, see e.g. S. Chigusa, T. Moroi, YS, 17, "18)
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Pre-tfactor
A = A(AquO)A(C,E)A(extra)

Other scalars
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FP ghost
A = Al&©)

det[-0” + £g7¢°

Ales0) — _ _
det|—0? + £g?v?

Since bounce is O(4) symmetric, we can use the partial wave expansion.
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Gauge-NG
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Gauge-NG

—(2J+1)%/2

B ﬁ det M(S’L”p)
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(The middle column and row elements are absent when J=0)



Functional
determinant



Theorem

[J. H. van Vleck, '28; R. H. Cameron and W. T. Martin, ’45; ...]
We give a proof for our case in JHEP11(2017)074
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M, M :(nxn)radial fluctuation operators

sz — O, M?ﬁz — () : independent solutions (regular at r=0)



FP ghost
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Gauge-NG
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Solutions to
differential equations



Differential equations

We want to find solutions to

MPEO; =0
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Solutions

MPEO; =0
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Solution 1
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Solution 3

(=15
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Result

J 40
det Aigsm _ (hm det[\?1(r)\?2(r)\?3(r)]> (hm det [V, r)\yz(r)\yg(r)]>1
det MSS’L’w) r—00 det| Wy (r)Ws(r)Ws(r)] r=0 det|Wq(r)Wo(r)Ws(r)]

= (a large part of our paper is devoted to this calculation)
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Non-tribial gauge dependence disappears




Result
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Gauge zero mode
(v=0)



Potential




Gauge zero mode In the
Dackground gauge

N E (—Ao+ 3 +gg%52) 293 )
Mo = 2 “Ag + (Ag@ + €202 |
\ 5 )

0o = <g¢(r)f(r)) Ay — £g°9%]f(r) =0

has a zero eigenvalue Mf,i’?é\lfo =0



Gauge zero mode In the
Dackground gauge

However, ITf we “rotate” the VEV toward the zero mode,
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Bounce has a position dependent phase

The "global symmetry” Is highly non-trivial

It I1s difficult to integrate over the moduli space



Semi-analytic formula
(Fermi gauge)

JHEP11(2017)074




Fermi gauge

F = 0,A, =28 Re@ ey

The gauge fixing term does not break the naive global symmetry

1 . .
[ = EFWFW + (0, + ngH)CI)T][(ﬁu —1gA,)P] +V + Lar. + Lohost,

® - bounce solution (real function)

V'  :potential of ®
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Gauge-NG
A — AAwP)
AAwse) — AS L) A(T)

The same as in the BG gauge
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Gauge-NG
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Solutions
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Gauge zero mode
(v=0)



Gauge zero mode In the
Fermi gauge

Gauge boson NG boson
1 _ _
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The rotation toward the zero mode does not change the fluctuation matrix




/ero mode subtraction

M2 5, = 0

det M'2%) = 0Ny Ao

Add a “mﬁass” term

det[MS28) + diag(v,v)] = v (v + A1) - (v + Aa) -+

Thus, the determinant after the zero mode subtraction is
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/ero mode Integration
| [ deie™"

i 0
i Non-zero modes
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(From the normalization of the path integral)
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Mme - scalar mass at the false vacuum



Conversion relation



Single-field bounce

[M. Endo, T. Moroi, M. M. Nojiri, YS, "17]

Without gauge zero modes

/ /

Fermi — _ |

Numerical evaluation
With gauge zero modes
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et =\ G Tdrog2 () o fee(r) P

(Zero modes are subtracted similarly as in the Fermi gauge)
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Multi-field bounce

[S. Chigusa, T. Moroai, YS, '20]

Without gauge zero modes

/ Y,
Fermi — “*BG
With gauge zero modes Numerical evaluation
, det C {
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Integration over the moduli space
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Summary

. The lifetime of a metastable vacuum is a fundamental and
Interesting quantity and its precise determination is very
Important

. In the calculation of the prefactor, gauge zero modes can
appear and their correct treatment had been unknown

. We proposed a way to treat the gauge zero modes and
enabled the full one-loop calculation of the pre-factor for
generic models

. We also showed the gauge parameter independence for both
the background gauge and the fermi gauge



