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“Find the beginning of everything, and you will
understand much.”

Kozma Prutkov
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Heuristic approach
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In the thin-wall approximation:
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The false vacuum decay

V

S=/(IC—V)dt,

K= l/(@gox)zd?’x,

/(

(Bpx)? +V <¢x>) &
+ A

\0

DN | =




A The Coleman instanton (Phys.Rev.D 15 (1977) 2929): quasiclassical approximation

1 5 1
Sg = / (5 (8,.99)2 + 5 (Bip)’ +V (c,’))) d>xdt

Po+Ap—V'=0,

@ (T = —00,X) = @y

@ (T =0,x) with dp/dT = 0 and V(p(x)) = 0

The false vacuum decay rate: | =~ Qa4 exp (—SE)

O (4)-invariant solution:¢ depends only on o = V72 + x2
e 1 ..
Sg = 2n° / do ¢° (5 & + V(w))
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The two puzzles with the Coleman instanton

1. The too fast false vacuum decay 2. There is no Coleman instanton at all
V.F. Mukhanov, E. Rabinovici, and A.S.S., V.F. Mukhanov, E. Rabinovici and A.S.S.,
Fortsch. Phys. 69 (2021) 2, 2000100 [arXiv:2009.12445] Fortsch. Phys. 69 (2021) 2, 2000101 [arXiv:2009.12444]
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Vip) = A_pho+ e forp <0, V(90)={ AL (904 @03)4 ior S
2% (@ — o)t forp>0. —T (¢ = Fe) for o <P,
. 1/3
A_ > 1 (zero size instanton problem) AL
B = 1/3  \1/3°
0o <<1, Sgp<<1, I"'s>>1 AT+ A

The quasiclassical approximation is not trustable!



The nonlocal integrals of motion
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V.F. Mukhanov and A.S.S,,
Phys.Lett. B827 (2022) 136951, 2111.13928 [hep-th]
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Theorem 1. (S R. Coleman, V. Glaser, A. Martin, Commun.Math.Phys. 58 (1978) 211-221)
The Coleman instanton exists in D-dimensions, if for the continuous differentiable potential V (¢) with a local minimum at ¢
= 0 there exist positive numbers a, b, a and 3, such that

B<a<2D/(D-2)
V(p) 2 alel” = blel®
Y' - (1L Y L
Theorem 2. (V.F. Mukhanov and A.S.S., Phys.Lett. B827 (2022) 136951, 2111.13928 [hep-th])

If potential V (¢) has a maximum at ¢ = 0 and has no any local minima at positive ¢ (unbounded from below) and
satisfies the inequality

7 3 '
V(p) <alel” —blel”

then the Coleman instanton, which is supposed to describe the decay of the false vacuum at the absolute local
minimum at ¢;< 0, does not exist regardless of the form of the potential at negative ¢.

There exists a broader class of unbounded potentials for which the instantons with the Coleman boundary conditions
do not exist: for any unbounded potential, which for positive ¢ can be represented as

7 — - 2D
Vip)=—¢" [ dpui (@), vs 20 o> 0

the Coleman instanton does not describe the decay of the deepest false vacuum at @; < O regardless of the form of the potential
for negative values of .
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The Coleman instantons do not exist: examples of the potentials
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V.F. Mukhanov and A.S.S., JCAP 10 (2021) 066, [arXiv:2104.12661]




The resolution of the Coleman instanton puzzles:
quantum fluctuations
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New instantons with a quantum core
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The false vacuum decay rate: | ' ~~ Qa

exp (—S1),  9(Q0)70

With the precision allowed by the uncertainty relatior ouv V =~ O(1) the potential energy
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vanishes and the bubble with the quantum core emerges from under the barrier.




The friction dominated new instantons
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E is the parameter, which can be expressed in terms of Op and vice versa.
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Ut = Ve — V
The value of the scalar field at which its velocity vanishes satisftes: Ueg() =0 2> Vi = V(pp) =~ Vi (p)

If we assume that ¢ at the location of the maximum of the potential V(¢ = 0) = Viar is determined by the friction
term, then

|‘/fr(80 — O)l > War > < EX (D - 2)D|(,0f|D (2Vbar)¥

V()| > [VE(0)) > Vo] > Viar |

Thus, the tunnelling depth is much larger than the height of the potential barrier, which corresponds to the thick-
wall instantons.



The friction dominated new instantons: the thick-wall approximation
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The condition under which the thick-wall approximation is applicable:
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Example for D=4
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Conclusions

The Coleman boundary condition ¢(0o=0)=0 for O(4) instantons must be
abandoned due to quantum fluctuations which induce UV-cutoff determined by
the instanton parameters.

This cutoff regularizes the original singular solutions, thus there is an infinite
class of new nonsingular instantons with a quantum core which contribute to a
false vacuum decay:.



For potentials unbounded from below or having a true vacuum with a depth
exceeding the barrier height, the new instantons, which provide the
tunneling, are dominated by the friction term in the instanton equation and
the corresponding true-vacuum bubbles have thick walls.

Then, one can replace the non-autonomous instanton equation by the
autonomous completely solvable equation, which is a good approximation
for the original one, and there exist the general formulae for the false-
vacuum decay rate for arbitrary potentials in any number of dimensions.



Thank you for attention!



