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1 Introduction

Black holes and vacuum decay are two subtle quantum subjects, and this is well reflected
by the confusion in the literature about computing the rate of vacuum decay seeded by
black holes.

First attempts around 1990 [1-4] reached the following understanding [2]: the problem
is difficult because it cannot be solved using the tool that allowed Coleman to compute the
decay rate of Minkowski and of (anti-)de Sitter vacua: analytic continuation to imaginary
(Euclidean) time. The reason is that the Euclidean Schwarzschild metric describes the
Hartle-Hawking vacuum [5], where a black hole of mass M is in unstable static equilibrium
with a thermal bath at the Hawking temperature Ty = 1/87GM that fills the entire
space-time. We are instead interested in vacuum decay seeded by a black hole in empty
space, a dynamical system that emits radiation at the Hawking temperature, as described
by the Unruh vacuum [6, 7]. In 1990 Arnold concluded ‘I do not know how to handle’ [2]
and the issue remained quiescent getting partially forgotten.

Interest in vacuum decay seeded by black holes resurfaced in the past decade [8-21].
The measurement of the Higgs boson mass M; ~ 125GeV [22, 23] implied a possible
instability in the effective Higgs potential [24, 25|, given by Veg(h > M) ~ A(h)h*/4 in
flat space. The SM quartic Higgs coupling can turn negative, A(h) < 0, when extrapolated
up to a critical field value, h > hiop. This possibility and the value of h¢op, depend on various
SM parameters. With current uncertainties (the main ones being on the top quark mass M,
and on the strong coupling «3) the instability happens within present +2.50 uncertainties,
and hiop ~ 10! GeV <« Mp for current best-fit values. However htop reaches the Planck
scale and the instability disappears for larger ag and/or lower M;. Quantitatively, hop
roughly increases by one order of magnitude if M; decreases by 1 GeV, a shift indicated by
the most recent measurement [26]. Here and in the following we assume numerical values
appropriate for hyop ~ 10 GeV.



Even if this instability is really present, the consequent vacuum tunnelling rate is
negligibly small, because suppressed by a non-perturbative factor e~ controlled by the
small coupling A. The action of the bounce Higgs field configuration is [27, 28]

S = Syacuum ~ 872/3|A| ~ 2000  since —0.01 < A < 0. (1.1)

The same conclusion holds for thermal tunnelling at finite temperature: Sthermal & 27/|A| ~
600 [29].

Renewed interest in the possible existence of primordial black holes reopened the issue
of vacuum decay seeded by primordial black holes: can they have existed if the SM potential
is unstable? The minimal allowed values of the exponential suppressions are
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(1.2)
for vacuum decay (we estimated the space-time volume of our past light-cone in units of
the bubble volume; the detailed computation can be found e.g. in section 6.3 of [25]), for
decay at finite temperature during the big-bang (we estimated the space-time volume of
the current horizon at temperature T' ~ hiop [29]; a detailed computation can be found
e.g. in section 3 of [30]), and for vacuum decay seeded by Npy primordial black holes (we
estimated the Hawking evaporation time as ~ ]\_41%1 /T ]_%H setting T ~ hiop so that the
result does not depend on black hole parameters; a detailed computation can be found
e.g. in section 3.2 of [12]). We denoted as Mp; = Mpy/+/87 the reduced Planck mass, as
Hy ~ TO2 / Mp, the current Hubble rate, as T the current temperature.

Many recent works claim that primordial black holes would have triggered SM vacuum
decay before evaporating because the tunnelling action becomes small Sy ~ hiop R for
black holes with Schwarzschild radius Rpg = 2GM smaller than the bounce size < 1/hiop,
and thereby with masses M < M2, /htop [8-15]. This claim has two problems (for related
discussions see also [16, 17, 20, 21]). First, these computation have been done in the
FEuclidean, and thereby they would apply to black holes in the artificial Hartle-Hawking
thermal bath. Second, the consequent Higgs thermal mass was neglected: we will show
that it keeps Hartle-Hawking vacuum decay non-perturbatively suppressed by 1/|A| and
thereby negligibly slow.

In section 2 we reach the same conclusion more in general, covering also the physically
interesting case of a black hole in empty space (‘Unruh vacuum’). This general argument is
specialised in section 3 to large cold black holes, and in section 4 to small hot black holes.
Conclusions are given in section 5.

2 Argument based on scale invariance

At first sight, the vacuum decay rate seeded by black holes depends on three mass scales:
the black hole mass M, the Planck mass Mpi, and the instability scale of the scalar potential
Ptop- )

Since the Higgs instability scale is sub-Planckian, hop/Mp < 1, we can work at
leading order in this small parameter. In this limit the back-reaction of the scalar field on



the black hole background is negligible, Einstein gravity presumably applies, so that the
theory is described by the tree-level action

72 2
S= /d%;,/y det g| [—MPl;ghR £ 50" Ouh) (@)~ V(R)+ - (2.1)

where --- denotes the rest of the SM Lagrangian. We assume that |¢| < M3/ hfop, SO
that the Newton constant is only mildly affected by the Higgs. The limit hop/Mp < 1
simplifies the problem: transitions where the black hole significantly changes mass or even
disappears [8] do not happen in this limit. Vacuum decay can be computed in the fixed
Schwarzschild metric

d 2
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2 _ Bdr? = A 2
ds® = gudatde (r)dt A0 .

that depends on the Schwarzschild radius Rgg = 2G M rather than on G and M separately.
So the problem only depends on two scales: Rpp and the instability scale hiqp.

We show that the rate of SM vacuum decay seeded by black holes is non-perturbatively
suppressed (and thereby negligibly slow) by exploiting a special property of the SM Higgs
potential: approximate scale invariance. Since hiop, > M), the SM potential can be ap-
proximated as V' (h) = %)\h4 by neglecting the Higgs mass term. The whole SM is approxi-
matively scale-invariant, as the RG running of A < 0 is slow, being a one-loop perturbative

effect: ,
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The numerical value is appropriate for hiop ~ 10 GeV. Thereby the vacuum decay rate
cannot depend on the only scale, the Schwarzschild radius Rpy. Indeed, by rescaling to
dimensionless coordinates #, = x,/Rpn and the field h(z) to a dimensionless h(Z) =
h(z)Rgu+/|\ and inserting R = 0, the action of eq. (2.1) becomes
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where --- again denotes the rest of the SM Lagrangian. Scale invariance is slightly broken
by quantum effects, and this can be accounted by renormalizing couplings like A around the
relevant energy scale of the problem. For simplicity we specialised the action to spherical
configurations, making factors of A explicit. This shows that the decay rate of the Hartle-
Hawking or Unruh vacuum resulting from the above action is non-perturbatively suppressed
as Spg = O(1)27/|A|, unless the O(1) factor happens to be zero.

The non-minimal coupling & of the Higgs to gravity does not enter at this leading order.
This is non-trivial, as the £ term mixes the Higgs with the graviton: h affects the Newton

!Extremisation of the total action S[g, h] = So[g]+S1[g, h]+- - - where h = ho+- - - is a small perturbative
correction to the dominant gravitational background g = go+g1+- - - works in the naive way, ming 5 S[g, h] =
Solgo] + S1[go, ho] + -+ .
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Figure 1. Bounce action Sgu = Egpn/Tgu (left) and equivalent sphaleron energy Egpn (right) as
function of the Schwarzschild radius Rpp in units of the inverse instability scale hyop. Only the
black hole mass on the upper axis depends on hyep, here fixed to 10! GeV <« Mpi. Black curve:
numerical result, assuming the Hartle-Hawking vacuum. Blue dashed curve: asymptotic limit for
big cold black holes, see section 3. Red dashed curve: asymptotic limit for small hot black holes,
see section 4. Gray dashed curve: vacuum decay is fast if thermal-like effects are neglected. Results
do not depend on the non-minimal coupling & of Higgs to gravity.

constant and thereby the gravitational energy, so apparently h modifies the background
when & # 0. This apparent effect can be removed by the Weyl field redefinition

Guw = Gy /(1 + 8TGER?) (2.5)

that brings the action to the Einstein frame, where no £ term is present and the Higgs
action is only modified by adding Planck-suppressed extra terms. They can be neglected
because the SM Higgs potential V' does not contain a large constant term (unlike in an
inflationary background). Explicitly, the Einstein-frame Higgs potential in terms of the re-
canonicalised Einstein-frame Higgs hg is Vi =~ Ahg /4 — 3AE(E+1/3)RS /MBE, + O(h8 /M),
and V = %)x(\/él\zpl)4 sinh? hg /v/6Mp in the conformal limit £ = —1/6.

In the next sections we discuss more concretely how the non-perturbative suppression
with a non-zero O(1) factor arises in the SM. While we are not able of computing the
precise value of Sgy ~ Sthermal, this is enough to show that black holes negligibly source
SM vacuum decay.

3 Vacuum decay seeded by big black holes

Issues related to Unruh or Hartle-Hawking vacuum become irrelevant if the Hawking tem-
perature is negligible compared to the instability scale. This happens for big heavy black
holes.



The effect of their gravity simplifies as the bounce is much smaller than the horizon of
the big black hole, so that the fixed black hole metric background can be approximated by
its near-horizon limit. Indeed, the action gap of eq. (2.4) (namely, how much the bounce
modifies the action of the larger black-hole background) is dominated near the horizon.
We focus on the bounce centred on the black hole, as a maximal effect is expected in this
simpler case. Switching to coordinates tg and rg defined as ¢t = tg and r ~ RBH+T§ /ARpH
with small rr <« Ry near the horizon, the Schwarzschild metric becomes

2

2
ds = —Rd(gtr)” + Udrf, + RyU*(d6° +sin®0d”)  where  U=1+4 = ~1
BH
(3.1)

and g = GM/R%y = 1/2Rpy is the surface gravitational acceleration. Changing coordi-

nates to ty; = rgsinh gtg and ry = rg cosh gtg shows that the tg,rr part of eq. (3.1) is
Minkowski in d = 1 4+ 1 dimensions written in Rindler coordinates. Rindler coordinates
are tied to observers with constant radial acceleration g, and are the Minkowski analogous
of Euclidean spherical coordinates. Taking also the angular part of eq. (3.1) into account,
the metric differs from d = 3 + 1 Minkowski. Nevertheless the angular part factorises
when considering the action of a static (i.e. tg-independent) spherical Higgs configuration,
making its action large and thereby the tunnelling rate negligible for large Rpp:

1/ Oh\?
SBH = 47TR}23H / d(gtr)drrrrU |: () + UV} . (3.2)
2 \Orgr
As a result, in the limit U = 1 the classical Higgs equation of motion that describes the
static unstable scalar ‘hair’ around the black hole has the same form asin d=1+1

0%h 2\ 1 0Oh ,
%+(3—U)wM—UV—O. (3.3)

Being static, the solution h(rg) appears to describe the sphaleron of a thermal-like vacuum
decay. Switching to a1,y coordinates, h(q/’f’%/[ — t%/{) appears to describe the dynamical
bounce of quantum vacuum tunnelling. The same phenomenon looks a thermal sphaleron
or a quantum bounce in different coordinates because an accelerated observer perceives a
thermal bath at the Unruh temperature Ty = g/27. See [19, 21] for related discussions.

The quantum-like description can be computed by continuing ¢y = —iny: eq. (3.2)
means that the action Sy for vacuum decay seeded by a large black hole is proportional
to the action Ss of flat-space vacuum decay in d = 2 dimensions. The gravitational accel-
eration of the black hole g disappeared in the frame of free-falling observers.

The thermal-like description can be computed by continuing tg = —iTR so that g7y is
an angle with 27 periodicity. The action of a static configuration is the time integral of its
energy
En

S :/ths _
BH rEsph = 77

(3.4)

The two continuations describe the same d = 2 flat Euclidean space: ry;, v are Cartesian
coordinates, rg, gTr are polar coordinates.



The blue curves in figure 1 show the values of Sgg and of Egp, in the large-black hole
limit. As expected, they asymptotically equal the full result computed by numerically solv-
ing the static Higgs equation of motion in a fixed black-hole background in Schwarzschild
coordinates,

oo [2 . 2GM 1%

r r(r—2GM) :1—2GM/7"’ (3.5)

with sphaleron boundary conditions, h = 0 at r — oo and A’ = rV’ at r = 2GM on the
horizon.? In view of the R]%H angular factor in eq. (3.2), a black hole makes vacuum decay
much slower than in flat space (unlike what happens in d = 1 + 1 [19]). Different bounces
centred away from the black hole have smaller action and dominate the vacuum decay rate.

4 Vacuum decay seeded by small black holes

We next consider black holes with Hawking temperature comparable or larger than the
instability scale, so that the distinction between Unruh or Hartle-Hawking vacuum becomes
relevant.

We start from the simpler Hartle-Hawking vacuum, that assumes a black hole in equi-
librium with a thermal plasma at the Hawking temperature. This configuration is phys-
ically realized only during the big-bang at the specific temperature 7' = Tgy. At the
relevant temperatures Ty ~ hiop all SM particles are in thermal equilibrium (despite that
some smaller Yukawa couplings such as y. don’t contribute). This special static system
can be computed by continuing time ¢ = —¢7 to imaginary time 7 and considering the
Euclidean action. The Schwarzschild metric of eq. (2.2) becomes
dr

2
+ 72(dh?* + sin® 0 dp?) (4.1)

g2 2
ds® = +A(r)dr +A(r)

for r > Rpp outside the horizon. This metric is regular at r = Rppy avoiding a conical
singularity if Euclidean time 7 is periodic at the Hawking temperature

1 M

AT = — =8TGM = —-. 4.2

Figure 2a illustrates the resulting cigar-like Euclidean space-time. The 7 periodicity holds
for any r up to infinity, meaning that the corresponding Minkowski space-time is filled up
to infinity by a thermal bath at the Hawking temperature. This feature resembles flat space
filled by a thermal bath at temperature T' = Ty, where physical quantities such as thermal
tunnelling are conveniently computed by analytically continuing to an Euclidean cylinder
(figure 2b) with periodicity 1/T for Euclidean time 7. Deviation from thermality encoded
in the thinning of the cigar corresponds to the gravitational red-shift T(r) = Tgu/\/A(r)
experienced by a local observer at rest in the r, ¢ Schwarzschild coordinates.?

2The figure also covers the opposite limit of small black holes. As discussed in the next section, we con-
sidered the Hartle-Hawking vacuum and included in the Higgs potential V' a thermal effect, approximating
it as a constant mass term at temperature Tgm.

3This factor diverges at the horizon, and geometrically corresponds to the cigar radius vanishing at
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Figure 2. FEuclidean Schwarzschild has cigar-like shape. Far away from the tip it becomes a
cylinder, that describes flat space filled by a thermal bath.

The limit Rep, < Ry considered in the previous section 3 corresponds to a bounce
so small that the tip of the cigar could be approximated as flat, introducing appropriate
coordinates.

A large suppression of Sgy has been claimed in the opposite limit Ty > hiop i.e. for
black holes with small mass M < MI%I /htop so that Rpy supposedly is much smaller than
the size of the bounce. If this limit were reached, the near-horizon region (the tip of the
cigar) would be negligible, and the computation would simplify to a thermal computation
on a cylinder. We keep the full cigar-like geometry because we will see that the this limit is
not reached: the bounce changes size remaining comparable to the cigar tip. The sphaleron
constant in 7 and O(3)-symmetric has action

1/TBH
SBH :/ dT/47TT2 dr
0

where the 3-dimensional action of the static ‘sphaleron’ configuration has been denoted

iLQ h/2
AV

Eqpn
== 4.3
Tsh (43)

as Fgpn because this time-independent configuration also solves the real-time equation of
motion and Egp, is its energy. The action seems to scale as Sgi ~ hiop/TBH, leading to the
claim that for Ty > hiop the non-perturbative suppression of the decay is lost, Spg — 0.

However, one-loop corrections to the potential are important and change this limiting
behaviour when V' is promoted to V.g, roughly given by the one-loop potential. Indeed
this computation is similar to a thermal computation: eq. (4.3) is similar to a Boltzmann
suppression that would disappear at Tgy 2 Egph, if this limit could be reached. This is pre-
vented by thermal effects that increase Egp,, o< Ty because the one-loop potential at finite
temperature T contains, in addition to quantum effects, thermal corrections dominantly
described by a thermal mass m = T for the h scalar, Vog ~ V + m2h? /2. This thermal

its tip (red curve in figure 2a). Some components of the Riemann tensor R,,,, diverge at r — 2GM,
but this is only a coordinate singularity, as confirmed by the regularity of the Kretschmann invariant
K = Ruupo R*P° = 48G*M? /r®. The space is smooth everywhere, so that physical quantities such as (h?)
or (T,,) are finite at the horizon [31, 32].



Higgs mass is especially important in the nearly scale-invariant SM, where it dominantly
sets the scale of the potential, and where x ~ 0.35 is given by [33, 34]
2 _ 9y +393 |y, A
m:T+Z+§+~-. (4.4)
The numerical value of x is appropriate for T' ~ hyop ~ 10" GeV, and its temperature
dependence can be seen e.g. in figure 5 of [30]. Notice that x ~ 1 thanks to the top
Yukawa y; and to the gauge couplings gy 2: this completes the general argument of section 2,
providing a non-vanishing contribution to the unknown O(1) factor.

In the SM at finite temperature, the sphaleron for the potential Veg has action
Sthermal = 6.0157k/|A] [29] non-perturbatively suppressed by the small coupling A. In
view of the order-unity thermal mass T, there is no high-temperature regime 7' >> hip
with fast SM thermal decay. Thermal decay in the SM with M} ~ 125 GeV remains slower
than the Hubble rate at any 1" (see [30] for a recent discussion).

The same generic phenomenon happens around a black hole: the size Rgp, of the
sphaleron remains comparable to Rpp, and its action remains non-perturbatively sup-
pressed. Details differ, and depend on the black hole vacuum.

Two thermal baths are present in the Hartle-Hawking vacuum: the outgoing Hawking
radiation emitted by the black hole (with flux that scales as 1/r? at large r), and the
artificial bath that keeps the system stable. As a result the Higgs and all SM fields undergo
fluctuations, computed in [31] from their propagators, and roughly approximated for a
massless scalar as (h?) ~ Ty + T3y O(Rpu/r)?. At r ~ Rpp red-shift modifies the precise
dependence on r, giving a finite result on the regular horizon [31]. These field fluctuations
induce in the effective action a thermal-like Higgs mass proportional to its couplings®

m?® = & Tgu[l + O(Ren/r)?. (4.5)

The first effect is mildly dominant because sphalerons have radius a few times larger the
horizon, Repn ~ 1/m = (47/k) Rpy independently of A, making the cylinder approximation
reasonable. To see the qualitative impact of this thermal-like effect, we thereby approximate
it as a thermal mass m = kTpy. Figure la shows the result: Sy remains large in the
small-black hole limit (black curve), strongly deviating from previous computations that
neglected this effect (gray dashed curve), and becoming similar to the vacuum-decay action
(red dashed curve). Figure 1b similarly shows that Egp, grows as Tgy. This approximation
might be accurate up to /41 ~ 10% or maybe miss O(1) factors: in any case it makes
clear that the vacuum decay rate is negligible.

Only the second term of eq. (4.5) is present in the Unruh vacuum. Altought this
is not computable in the Euclidean, the same balance between field fluctuations (that
favour vacuum decay) and thermal-like mass (that suppresses vacuum decay) keeps vac-
uum decay non-perturbatively suppressed. At a fixed position r, fluctuations up to

4The other UV-dominated corrections to the scalar potential associated to the curved geometry discussed
in [35] are not present because our black hole background is Ricci-flat (R,, = 0 so R = 0) everywhere (it
does not include the source mass M at r = 0). See also [36, 37] for the one-loop potential in a Schwarzschild
background.



h > hiop(r) = m(r)/+/]A] above the potential barrier have been estimated to occur with
probability exponentially suppressed by Sgy ~ hi(r)/2(h*(r)) ~ &?/|A] [17, 19, 20], by
assuming Gaussian fluctuations of a massless scalar. A refined estimate that avoids these
assumptions can be performed simplifying the geometry, and viewing a small black hole in
the Unruh vacuum as a small region with size Rpy at temperature Ty = 1/4wRpy. Its
vacuum decay rate is presumably dominated by a sphaleron with roughly constant h = hyop
within the small region, so that Sgy; = Eslfjh/TBH ~ (47k)*/12|A|. In both estimates the
factor 1/ (in agreement with the argument based on approximate scale invariance) to-
gether with x ~ 1 implies that vacuum decay is negligibly slow.”

Finally, we consider SM vacuum decay seeded by black holes during the big-bang at
generic temperature 7' [13, 15]. This rate is again negligible, as thermal effects dominate
for T' > Tgy; the Hawking-Hartle result applies at T = Tpp; and the Unruh result at
T < Tgp. Furthermore this finite-temperature vacuum decay rate has to be compared
with the Hubble rate H ~ T2/ Mpy, which is parametrically faster than the black hole
evaporation rate I'py ~ M3/ Mﬁl, that thereby is not relevant during the big bang.

As discussed around eq. (2.4), all these processes negligibly depend on the non-minimal
coupling ¢ of Higgs to gravity.b

Before considering the issue closed, one might want to compute order unity factors in
eq. (4.5) to be sure that the squared thermal-like Higgs mass is positive. We do not see how
the standard sign can be changed by the more complicated environment (non-homogeneous
background with non-trivial global geometry, red-shift, out-going Hawking radiation) given
that thermal masses account for the average energy due to scatterings. In specific theories
squared thermal masses are negative, but for well-understood reasons: the main example

®The different claim in [18] follows from an Euclidean continuation done keeping only the second term
of eq. (4.5): but the Euclidean computation is not applicable, and if it were applicable it would add the
first term. Indeed, technically, [18] compute the full metric perturbed by the scalar as

ds® = @D A(r)dr? + dr?JA(r) +r7dQ3  with  A(r) = 1—2GM(r)/r, (4.6)

and get the Euclidean action as Spuy = 47rG[M2 (c0) — M? (Reu)]. In the relevant limit hiop < Mp, this
reduces to our eq. (4.3), S = Fspn/Thu with Egpn = M (c0) — M (Reu). This makes clear that one cannot
keep the denominator 1/Tsu while neglecting the effects of the thermal bath on the effective potential.

6The different claim in [15] is based on computing the metric of eq. (4.6) at leading order in G, finding
that £ contributes as

M (c0) — M(Rgpn) = 2rRpuéh’®(Rpn) + (é-independent). (4.7)

The authors of [15] interpret this as Eqpn, and suggest that the corresponding contribution to the action
should come from a York boundary term on the horizon. We disagree for the following reasons. 1) The
York term on the horizon would not depend on G = G/(1 + 87G&R?), the Newton constant as modified
by the £ term. 2) M (Rgu) no longer tells the energy without the Higgs sphaleron, as G, # G modifies the
horizon position. Solving the problem in the Einstein frame, and next introducing a £ term via the Weyl
rescaling of eq. (2.5), allows to compute the sphaleron energy as Fspn = M (00) — Mp—o(00), which is trivially
&-independent. 3) We agree on eq. (4.7), but the expansion at leading order in G breaks down around the
horizon. The Weyl rescaling allows to compute M (Rpu) beyond the leading order in G, confirming that it
is not a measure of the energy without the sphaleron. We recall that our arguments, including the Einstein-
frame argument, apply only in the sub-Planckian limit htop < Mp1. Beyond this limit a &-dependence
presumably arises, and it’s unclear how to compute it directly in the Jordan frame.



is a new scalar S and a potential term \yg|H|?|S|? with Ays negative and large enough.
In such a case, large temperature induces symmetry breaking [38], and thermal-like effects
around black holes would induce fast vacuum decay into the vacuum where S acquires a
vacuum expectation value.

To conclude, some cautionary words about the black hole interior. We ignored it
because, thanks to the hyop < Mpy limit, we computed on a fixed black hole background,
so whatever happens in its interior cannot classically affect the exterior. However, the black
hole information paradox suggests that at quantum level information might get encoded
in small corrections to thermality of the Hawking radiation. These subtle effects are not
expected to affect the vacuum decay issue. It could be interesting to consider the effects
of a black hole interior in the true vacuum, as it would extend up to near the horizon.

5 Conclusions

Motivated by the possible instability of the SM Higgs potential, we elaborated on the
difficult problem of vacuum decay seeded by black holes. Instead of solving it, in section 2
we cut the Gordian knot: by exploiting the sub-Planckian nature of the instability and
the approximate scale invariance of the Standard Model around the instability scale, we
have shown that Higgs vacuum decay triggered by primordial black holes is negligibly
slow because suppressed by a non-perturbative factor containing the small Higgs quartic
coupling A, e®?M/A This result holds irrespectively of the non-minimal coupling of the
Higgs to gravity, ER|H|?.

We motivated differences with respect to different claims. We agree with some recent
works that already argued that vacuum decay seeded by black holes is negligibly slow: Kohri
and Marsui [17] performed an approximated computation using real-time stochastic fluctu-
ations; Shkerin and Sibiryakov [19, 20] developed techniques to compute the vacuum decay
rate and computed a 2-dimensional model with features similar to 4-dimensional models.

In section 3 we considered the simpler limit of vacuum decay seeded by big black
holes, finding that 4-dimensional effects make near-horizon vacuum decay even slower than
in flat space (blue curve in figure 1). We discussed how the same vacuum decay can look
thermal-like (static sphaleron) or quantum-like (dynamic bounce) to different observers
with relative acceleration.

In section 3 we considered the more difficult case of vacuum decay seeded by small black
holes. Black holes in the artificial Hartle-Hawking vacuum (i.e. surrounded by a thermal
bath that keeps the system static) can be computed via Euclidean analytic computation,
finding the same phenomenon that happens at finite temperature: the non-perturbative
suppression persists at temperature much above the instability scale (red curve in figure 1)
because higher temperatures are counter-balanced by a bigger thermal mass. This is a
order one effect in the Standard Model. Black holes in the physical Unruh vacuum cannot
be computed via Euclidean continuation, and we estimated its negligible rate.

Finally, we mention a more general issue: are primordial black holes compatible with
a generic landscape of deeper vacua separated by Planck-scale potential barriers? As black
holes evaporate up to Planck-scale temperatures, vacuum decay could be enhanced for

~10 -



heavy scalars with thermal mass smaller than the Higgs (as long as thermal equilibrium
still holds), or in theories with negative squared thermal masses.
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