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We show that black holes with a Schwarzschild radius of the order of the electroweak scale may act 
as seeds for the baryon number violation within the Standard model via sphaleron transitions. The 
corresponding rate is faster than the one in the pure vacuum and baryon number violation around black 
holes can take place during the evolution of the universe after the electroweak phase transition. We show 
however that this does not pose any threat for a pre-existing baryon asymmetry in the universe.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

It is well-known that, within the Standard Model (SM) of elec-
troweak interactions, the baryon (B) and the lepton (L) symmetries 
are accidental and it is not possible to violate their corresponding 
charges at any order of perturbation theory. Nevertheless, non-
perturbative effects may give rise to processes which violate the 
baryon and the lepton numbers. Indeed, the presence of the non-
abelian group SU (2)L within the SM gauge group implies that the 
ground state is the sum of an infinite number of vacua which are 
classically degenerate and have different baryon (and lepton) num-
bers. Static configurations, called sphalerons [1], corresponding to 
unstable solutions of the equations of motion and to saddle points 
of the energy functional, interpolate between two nearby vacua.

The probability of baryon number violation to occur in the vac-
uum through sphaleron transitions is exponentially suppressed [2]

�B ∼ e−4π/αW ∼ e−150, (1)

where αW = g2
2/4π is the SU (2)L gauge coupling constant. Such 

an exponential factor is interpreted as the probability of making a 
transition from one classical vacuum to the closest one by quan-
tum tunneling, going through a barrier of energy Esph ∼ 10 TeV 
thanks to the formation of a sphaleron. In more extreme situations, 
like the primordial Universe, baryon and lepton number violation 
processes may be however faster through classical transitions in-
duced by the high-temperature environment and play a significant 
role in the generation of the baryon asymmetry [3].
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There are also arguments suggesting that all global symmetries, 
including the baryon one, are violated when including gravity [4]. 
In particular, no-hair theorems tell us that global charges are swal-
lowed by Black Holes (BHs). Indeed, quanta with global charge may 
scatter with a BH, leaving behind a BH with a slightly larger mass, 
but indeterminate global charge as dictated by the no-hair the-
orem. At the level of effective field theory, one can imagine to 
integrate out virtual BH states of mass MBH arising from quantum 
gravity, leading to higher-dimensional baryon number violating op-
erators suppressed by powers of MBH, where MBH might be as 
small as the Planck mass MPl .

What about baryon number violation induced by sphaleron 
transitions in the presence of BHs? In general, tunneling processes 
may be catalysed by the presence of impurities. A BH is a gravita-
tional impurity and indeed it has been shown that BHs can trigger 
electroweak SM vacuum instability in their vicinity, both at zero 
temperature [5–8] and in the early universe [9–14], and baryon 
number violations through interactions with skyrmions [15,16].

Since we are dealing with SM sphaleron configurations, a sim-
ple estimate tells us that the typical Schwarzschild radius of the 
BH able to alter the rate of the baryon number violation is

rS = 2GMBH ∼ 1

MW
∼ 1

g2 v
, (2)

where G = 1/M2
Pl and v = 246 GeV is the Vacuum Expectation 

Value (VEV) of the Higgs field. This leads to BH masses in the ball-
park of

MBH = O(1) · 10−22M� ∼ 1017MPl, (3)

i.e. to BHs which evaporate with a typical lifetime of O(1) yr and 
which might have been present during the evolution of the Uni-
verse.
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We are going to show that baryon number violation through 
sphaleron transitions in the presence of such BHs can be faster 
than in the pure vacuum and we will offer as well some consider-
ations about what may happen should these tiny BHs be present 
during the evolution of the universe.

2. Baryon number violation seeded by BHs

To study the influence of BHs on the sphaleron transitions we 
start from the action of the Higgs doublet field φ along with a 
SU (2)L gauge field W a

μ (including the abelian hypercharge group 
U (1)Y does not change our results) in a curved spacetime

S =
∫
M

d4x
√−g

[
R

16πG
− gμν(Dμφ)† Dνφ − V (φ)

− 1

4
gμρ gνσ F a

ρσ F a
μν

]
+ 1

8πG

∫
∂M

K√
γ d3 y, (4)

where V (φ) is the Higgs potential and we have added the 
Gibbons-Hawking-York boundary term as we deal with a space-
time manifold M with a BH horizon. The spacetime geometry 
around the BH can be taken static and spherically symmetric, such 
that its metric takes a Schwarzschild-like form

ds2 = −e2δ(r) A(r)dt2 + A−1(r)dr2 + r2d�2,

A(r) = 1 − 2GM(r)

r
, (5)

where A(r) vanishes at the horizon

rS ≡ 2GM(rS) = 2GMBH. (6)

A suitable ansatz for the gauge and Higgs field is [1]

W a
i σ

adxi = − 2i

g2
f (g2 vr)dU∞(U∞)−1,

φ = v√
2

h(g2 vr)U∞
(

0
1

)
, (7)

where

U∞ = 1

r

(
z x + iy

−x + iy z

)
. (8)

Since we are ultimately interested in the energy functional, we 
perform an analytical continuation of the action to the Euclidean 
metric with t = iτ , taking τ to be periodic with period 1/T (to be 
identified with the relevant temperature of the system).

By setting ξ = g2 vr and expanding the mass with respect to its 
value at the horizon

M(ξ) = MBH + δM(ξ), (9)

we can write the equations of motion

δM ′ = 4π v

g2

[
ξ2

2
A(h′)2 + ε

ξ2

4
(h2 − 1)2 + 4A( f ′)2

+ 8

ξ2
f 2(1 − f )2 + ξ2F(ξ)ε̃h2 + h2(1 − f )2

]
,

δ′ = 2α2
[

8

ξ
( f ′)2 + ξ(h′)2

]
,

(Aeδ f ′)′ = 2

ξ2
eδ f (1 − f )(1 − 2 f ) − 1

4
eδh2(1 − f ),

(ξ2 Aeδh′)′ = εξ2eδh(h2 − 1) + 2eδh(1 − f )2

+ 2eδξ2F(ξ)ε̃h, (10)
2

where α = √
4πG(v/

√
2), ε = λ/g2

2 and ε̃ = λ̃/768π2. Here λ is 
the quartic coupling of the Higgs and we have written the Higgs 
potential as

V (h, ξ) 	 λ

4
v4(h2 − 1)2 + λ̃g2

2

768π2
F(ξ)v4h2. (11)

The second term is due to the vacuum polarization effect of the 
Hawking radiation originating at one-loop from the interactions of 
the Higgs with the other SM particles in the vicinity of the horizon 
of the BH [17]. This term is very similar to the finite temperature 
correction to the mass squared of the Higgs ∼ T 2h2 in a plasma at 
finite temperature T . The key difference is that the effective tem-
perature depends on the distance from the horizon [18,19] (being 
ξS ≡ g2 vrS the dimensionless BH horizon)

F(ξ) =
⎧⎨
⎩

3
4ξ2

S
ξ 	 ξS,

1
ξ2 ξ 
 ξS,

(12)

so that, close to the horizon, the correction to the potential ac-
quires the familiar form T 2

Hh2, where [20]

TH = 1

8πGMBH
	 10

(
MBH

5 · 10−22 M�

)−1

GeV (13)

is the Hawking temperature. We adopt here the Unruh vacuum 
[21] as the most appropriate vacuum for our physical situation. 
Indeed, in the following we will consider the case in which the 
temperature of the universe is different from the Hawking temper-
ature. As such, the Hartle-Hawking vacuum [22] is not the proper 
one as it assumes full and static thermal equilibrium with the sur-
rounding plasma.

The effective coupling λ̃ is given by

λ̃ = 24

(
3

16
g2

2 + 1

16
g2

1 + 1

4
y2

t + λ

2

)
∼ 9.56, (14)

computed in terms of the g2, g1 (the gauge coupling of the U (1)Y

group), and top Yukawa coupling yt , all evaluated at the elec-
troweak scale [23].

Since α � 1, one can approximate δ′ 	 0 and, given that the 
metric has to approach the Minkowski spacetime at infinity, the 
leading order solution of Eq. (10) gives δ 	 0. The equations for 
the gauge and Higgs fields then simplify to

f ′′ + ξS

ξ(ξ − ξS)
f ′ = 2

ξ(ξ − ξS)
f (1 − f )(1 − 2 f )

− 1

4

ξ

ξ − ξS
h2(1 − f ),

h′′ +
(

2

ξ
+ ξS

ξ(ξ − ξS)

)
h′ = ξ

ξ − ξS
εh(h2 − 1) + 2ξF(ξ)

(ξ − ξh)
ε̃h

+ 2

ξ(ξ − ξS)
h(1 − f )2. (15)

In order to solve the equations of motion, we have to impose 
proper boundary conditions. At infinity the metric has to approach 
the Minkowski spacetime and the fields have to be in their true 
vacuum,

f (ξ) → 1, h(ξ) → 1, when ξ → ∞. (16)

At the BH horizon ξ → ξS, one can impose the boundary conditions 
setting the fields in the false vacuum

f (ξ) → 0, h(ξ) → 0, when ξ → ξS. (17)
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Fig. 1. Left: Behaviour of the Higgs and SU (2)L fields in terms of the radial coordinate for different values of the rescaled horizon ξS. The vertical lines indicate the radial 
position where the Hawking temperature is able to restore the symmetry. Right: Values of the rescaled sphaleron energy for different BH masses.
The numerical solutions of the equations of motion can be found 
in the left panel of Fig. 1 for different rescaled BH horizons. For 
small enough BHs, there exists a critical radius below which the 
vacuum polarization effect induced by the Hawking radiation leads 
to the restoration of the symmetry close to the horizon, neverthe-
less allowing for a sphaleron solution interpolating between the 
unbroken and broken phase.

The characteristic mass contribution at infinity is

δM∞ = 4π v

g2

∞∫
ξS

dξ

[
1

2
ξ(ξ − ξS)(h

′)2 + ε
ξ2

4
(h2 − 1)2

+4

ξ
(ξ − ξS)( f ′)2 + 8

ξ2
f 2(1 − f )2

+ξ2F(ξ)ε̃h2 + h2(1 − f )2
]
, (18)

which has to be thought as the sphaleron energy in the presence 
of a BH,

δM∞ = Esph(MBH). (19)

Indeed, in the limit of flat spacetime with no BH (rS � 1/g2 v), we 
get

Esph(0) 	 1.92
4π v

g2
, (20)

which reproduces the standard result for the current physical mass 
of the Higgs (i.e. for ε 	 0.3), see right panel of Fig. 1. Notice that 
the effect of the vacuum polarization in the Higgs potential, in 
the limit of tiny BH masses, is minor because the radius of the 
sphaleron configuration is located away from the Schwarzschild ra-
dius.

For small BH masses the sphaleron radius is large compared 
to the Schwarzschild radius and its energy is only slightly per-
turbed compared to the vacuum solution. As the seed BH masses 
increase, the sphaleron radius approaches the horizon and the BH 
helps catalysing the sphaleron transitions. For larger BH masses, it 
is energetically more costly to generate the sphaleron solution as 
its characteristic size is required to be larger than the BH horizon 
and therefore larger than ∼ 1/g2 v . Notice also that the minimum 
BH mass is consistent with the estimate (3).
3

3. Rate of baryon number violation seeded by BHs

How fast can the baryon number violation take place in the 
vicinity of a BH? The vacuum decay rate takes the form [24]

�sph(MBH) ∼
√

B

2π

1

�sph
e−B , (21)

where �sph is the size of the sphaleron configuration. For large BH 
masses, it turns out to be comparable to the Schwarzschild radius 
rS, while for small BH masses it is of the order of 1/g2 v . The di-
mensionless term 

√
B/2π comes from the normalization of the 

zero mode associated with time translation symmetry, in terms of 
the exponent B given by the difference between the Euclidean ac-
tion of the bounce solution and the one before the transition. For 
a static solution this coincides with the difference between the BH 
areas at the horizon and at infinity. As one can easily check, for 
the static solution the bulk part of the energy functional vanishes 
due to the Hamiltonian constraint, while the boundary terms give 
the BH Bekenstein-Hawking entropy at the BH horizon [24]

B = −AS

4G
+ A∞

4G
= 4πG

[
M2∞ − M2

BH

]
. (22)

A nice and useful interpretation of this formula may be obtained 
by expanding at the leading order M∞ = MBH + δM∞ (we have 
checked this approximation to be valid in the BH mass range we 
are concerned with). One obtains

B 	 8πGMBHδM∞ 	 Esph(MBH)

TH
, (23)

where in the last passage we have recognised the BH temperature 
TH = 1/8πGMBH. The expression (23) tells us that the exponential 
factor exp(−B) for the sphaleron transition may be thought of as 
the standard Boltzmann suppression factor in a thermal environ-
ment where the temperature of the system is indeed the Hawk-
ing temperature. This interpretation allows as well to smoothly 
interpolate between the zero and the finite temperature limits. 
In the case in which the BH is immersed into a plasma at fi-
nite temperature T , as in the case of the Primordial BHs (PBHs), 
the sphaleron baryon number violating rate is expected to go as 
exp(−Esph(MBH)/T ) for T � TH, fitting the exponential factor (21)
at T ∼ TH. In such limit one must use the VEV of the Higgs field 
at finite temperature v(T ), see Refs. [25,26].

In Fig. 2 we have plotted, on the left panel, the bounce factor 
B as a function of the BH mass and for two choices of the plasma 
temperature. One can see that, for enough small BH masses, the 
bounce B can be much smaller than the vacuum bounce 4π/αW ∼
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Fig. 2. Left: Bounce exponent in terms of the BH mass (and corresponding Hawking temperature) for different temperatures of the plasma. Right: Ratio between the sphaleron 
rate in the presence of a BH of mass MBH and Hubble rate. For comparison, we also show the evaporation rate. Notice that for small masses the sphaleron rate decreases as √

B , while for larger masses it has a bump due to the plasma temperature effect.
150, reaching values of order unity for masses MBH ∼ 10−24M� , 
below which the validity of the computation breaks down. This 
happens in the region where the expression (23) applies. Moreover, 
as the BH masses increases, the finite temperature of the thermal 
bath dominates over the Hawking temperature, leading to a sup-
pression of the bounce exponent.

4. Some further considerations

PBHs with masses of the order of 10−22 M� may have popu-
lated the early Universe, even if with an abundance, normalized 
to the dark matter one, fPBH = �PBH/�DM � 10−4 to avoid bounds 
from Big Bang nucleosynthesis [27,28].

If they are formed by the collapse of large overdensities within 
a horizon volume, their formation temperature is [29]

T f 	 1010
(

MBH

5 · 10−22 M�

)−1/2

GeV, (24)

while their Hawking temperature is in Eq. (13). The light PBHs we 
are concerned with are always born with a Hawking temperature 
which is smaller than the plasma temperature. The rate of evapo-
ration for the masses under consideration is quite small and given 
by [30]

�H ∼ 4 · 10−33
(

10−22M�
MBH

)−3

GeV. (25)

In first approximation, one may consider the PBH masses as con-
stant in time for our considerations. A comparison between the 
baryon number violation rate and the evaporation rate, both in 
terms of the Hubble rate, can be found in the right panel of Fig. 2. 
The evaporation rate becomes relevant only for BH masses smaller 
than 10−28 M� , for which evaporation is effective at temperatures 
around 100 GeV.

Now, at very high temperatures thermal fluctuations induce un-
suppressed baryon number violation through sphaleron transitions 
till the electroweak phase transition takes place [3]. In the SM this 
happens at TEW 	 163 GeV for the current mass of the Higgs. At 
smaller temperatures and away from the PBHs, the sphalerons are 
inactive and baryon number violation is suppressed by the ex-
ponential exp(−Esph(0)/T ). However, even after the electroweak 
phase transition, baryon number violation can take place at a rate 
faster than the rate of the expansion of the universe around the 
PBHs, see Fig. 2 right panel, where for each BH mass we have taken 
the maximum between the plasma temperature and the Hawking 
temperature to evaluate the suppression factor.
4

Does this represent a threat for the scenarios where the baryon 
asymmetry of the universe is generated before or at the elec-
troweak phase transition? At the time of formation, the fraction 
of PBHs per horizon is given by [29]

β(T f) 	 10−19
(

MBH

5 · 10−22M�

)1/2

fPBH. (26)

Big Bang nucleosynthesis bounds limit the PBH mass fraction at 
formation to be β(T f) � 10−23 for the range of masses of inter-
est [27]. The number N of causally independent regions at a time 
during the radiation-dominated era with temperature T and cur-
rently within our horizon is given by N ∼ 1034(T /GeV)3. This 
means that the number density of PBHs at a given temperature 
T normalized to the photon number density nγ is approximately 
given by

nPBH

nγ

1

η
∼ 10−34

( η

10−9

)−1
(

MBH

5 · 10−22M�

)−1

fPBH, (27)

where we have introduced the baryon asymmetry η = nb/nγ nor-
malised to the current constrained value [25]. Luckily, the PBH 
density is too small to have any impact on the pre-existing baryon 
asymmetry. We believe that such conclusion would be hardly 
changed envisaging other scenarios of PBH formation in the early 
universe.

5. Conclusions

We have studied the violation of the baryon number within the 
SM induced by sphaleron transitions around a BH. Our findings in-
dicate that the bounce for such transitions may be much smaller 
than the one in the absence of BHs if their Schwarzschild radius 
is of the order of the electroweak scale. Around PBHs the violation 
of the baryon number takes place at temperatures below the elec-
troweak phase transition. However our findings indicate that the 
baryon asymmetry of the universe is unlikely to be wiped out by 
the presence of PBHs acting as seeds of the sphaleron transitions.
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