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Non-singular black hole geometries typically come with two spacetime horizons: an (outer) event
horizon and an (inner) Cauchy horizon. This nurtures the speculation that they may be subject
to a mass-inflation effect which renders the Cauchy horizon unstable. We analyze the dynamics
associated with spherically symmetric, regular black holes taking the full backreaction between the
infalling matter and geometry into account. On this basis, we identify the crucial features taming
the growth of the mass function and diminishing the curvature singularity at the Cauchy horizon. It
is demonstrated explicitly that the regular black hole solutions proposed by Hayward and obtained
from Asymptotic Safety satisfy these properties.

PACS numbers: 04.60.-m, 11.10.Hi

I. INTRODUCTION

The detection of gravitational waves emitted from the
merger of two black holes [1–3] and the first picture of
an event horizon published by the event horizon telescope
[4] have moved black holes into the focus of observational
science. This raises the intriguing question whether the
black holes observed in nature are indeed the black holes
known from general relativity or black hole “mimickers”
resembling these objects. From the viewpoint of classi-
cal general relativity the theoretical description of black
holes is very simple: a Schwarzschild black hole includes
a spacetime singularity, creating the curvature of space-
time, which is hidden behind an event horizon. The latter
realizes the cosmic censorship hypothesis [5], stating that
spacetime singularities can not be observed by exterior
observers. Moreover, the no-hair theorem [6–8] states
that black holes in general relativity are characterized
completely by their mass, charge, and angular momen-
tum. Any perturbation created, e.g., during the forma-
tion of a black hole in a stellar collapse, dies off quickly,
ensuring that the configuration settles to the simple, sta-
tionary solution.

The occurrence of singularities is often taken as an in-
dicator that general relativity is incomplete and should
be generalized to a quantum theory expelling this feature.
In anticipation of such a theory, various ad hoc modifi-
cations of the Schwarzschild solution have been proposed
[9–14], also see [15, 16] for a reviews. Commonly, these
modifications respect the limiting curvature hypothesis
[17–20] and replace the black hole singularity by a regu-
lar piece of de Sitter space. As a consequence, the (outer)
event horizon is supplemented by an (inner) Cauchy hori-
zon. The consistency of these models is challenged by
the observation that the Cauchy horizon is generally un-
stable to external perturbations [21]. In particular, the
self-consistency arguments forwarded in [22] suggest that
regular black hole geometries are not viable models for

describing the black holes observed in nature since the
effect of mass inflation renders the Cauchy horizon ex-
ponentially unstable against perturbations. In this work,
we perform the first complete dynamical analysis of this
instability. In conclusion, we show that there are spe-
cific regular black hole solutions where the divergence of
the mass function is suppressed before the Cauchy hori-
zon is reached at very large advanced times. While this
weakens the singularity at the Cauchy horizon, the re-
sulting geometries violate strong cosmic censorship and
may therefore not be globally hyperbolic. In this situa-
tion, it becomes crucial to also account for the energy loss
due to Hawking radiation which may radically change the
interior geometry.

II. SETUP AND GENERAL FRAMEWORK

A generic spherically symmetric line element can al-
ways be written as ds2 = gabdx

adxb + r2dΩ2, a, b = 0, 1,
where r = r(xa) is the radius of the 2-spheres with xa

being constant. It is convenient to introduce a general-
ized Schwarzschild mass functionM(xa) by means of the
gradient of r(xa),1

gab∂ar∂br = f(xa) = 1− 2M(xa)

r
. (1)

The taxonomy of different static black hole geometries
is encoded in the radial behavior of M(r). For a
Schwarzschild black hole M = m where m is the mass
of the object at large distances r � m. In the physi-
cal picture proposed by Sakharov [23], a phase transition
to a false vacuum occurs at Planckian distances from the

1 In the sequel, we set Newton’s constant G = 1, implying that all
dimensionful quantities are measured in Planck units.
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FIG. 1. The Ori model of the interior of a regular black
hole. The r = 0 hypersurface is not singular in these models.
Radiation enters the black hole backscattered from the outer
potential barrier as ingoing null rays. Outgoing radiation is
schematically represented by a thin shell Σ which crosses the
Cauchy horizon. The “corner” H is a singular point of the
conformal diagram. At variance with the classical Ori model,
no singularity develops in the future sector of the shell.

center so that a de Sitter core eventually develops [11, 24]
and M(r) ∼ r3 for small r. An explicit model realizing
such a phase transition is the Hayward model [13] where

M(r) =
mr3

r3 + 2ml2
. (2)

Here l is a free parameter whose value should be fixed
by the underlying quantum gravity model. Other sug-
gestions for regular black hole geometries include the
Bardeen black holes [9, 25], the asymptotically safe black
holes [26, 27], Planck stars [28–30], and the loop black
hole described in [31], also see [17] for additional refer-
ences and discussion.

The occurrence of a de Sitter core induces a non-trivial
topology change in the black hole geometry. In variance
with the Schwarzschild case, the horizon condition f(r) =
0 now has two solutions: beside the event horizon (EH)
located at r+ there is also an inner, Cauchy horizon (CH)
at a smaller radius r− < r+. For the Hayward model (2)
these are given by the two positive roots of

2l2m− 2mr2 + r3 = 0 . (3)

As a consequence of the modified horizon structure, the
spacetime is no longer globally hyperbolic. We define the
surface gravity κ± at the horizons by

κ± ≡ ±
1

2

∂f(r)

∂r

∣∣∣∣
r=r±

, (4)

where the sign ensures κ± > 0. The event horizon emits
Hawking radiation with temperature TEH = κ+/(2π).
Owing to the resulting energy loss, the coordinate dis-
tance between the event and Cauchy horizon decreases.
A complete evaporation is attained in an infinite time,
as measured by an stationary observer at asymptotic in-
finity. The final, asymptotic configuration is a regular,
extremal black hole with vanishing surface gravity. The
mass mcr of the remnant follows form the condition that
the position of r± coincide. For the Hayward model,
mcr = 3

√
3

4 l.
A classical analysis reveals that the Cauchy horizon is

generally unstable to external perturbations [21]. For this
reason there have been doubts about the consistency of
regular black hole models [32]. The physical picture un-
derlying the analysis is as follows: the collapse of a mass
distribution to form a black hole will lead to the emis-
sion of a stream of gravitational waves when the black
hole settles into its final “hairless” state. A part of this
wave tail will be reflected by the gravitational potential
at r > r+, creating an ingoing flux of positive energy
crossing the event horizon. In the vicinity of the Cauchy
horizon a part of this flux will again be back-scattered
by the gravitational potential in the black hole interior,
creating an outgoing positive energy flux. A consistent
calculation which takes into account the combined effect
of the ingoing radation from the collapsing star and the
backscattered gravitational radiation near the CH shows
that a genuine scalar singularity develops at the Cauchy
horizon [33]. This situation is illustrated in Fig. 1.

Technically, it is convenient to formulate this analy-
sis in terms of the coordinates (v, r) where time is pa-
rameterized by the ingoing Eddington-Finkelstein coor-
dinate v, defined by the condition that radially ingoing
light rays follow curves with v = const. One then intro-
duces a time-dependent perturbation in the mass func-
tionM(r)→M(r, v) describing a shell of outgoing light-
like dust on the interior geometry of the black hole. The
corresponding energy flux is encoded in the Isaacson ef-
fective energy-momentum tensor [34] and its decay fol-
lows Price’s law [35, 36]. The behavior of the curvature
invariants near the Cauchy horizon is rather insensitive
to the details of the local fields trapped inside the event
horizon. The rate of divergence of the Coulomb compo-
nent of the Weyl curvature2 [37], Ψ2 ≡ Cµνρσlµmνm̄ρnσ,
can then be characterized by the anomalous dimension
of the instability

ν =
d ln |Ψ2|
d ln v

. (5)

In the limit v → ∞, Ψ2 ' c1 v
−p eκ− v with c1 being a

v-independent constant, entailing that the anomalous di-

2 Here Cµνρσ denotes the Weyl tensor and {lµ, nµ,mµ, m̄µ} is a
complex null-tetraed with lµnµ = −1, mµm̄µ = 1. Ψ2 is the
only non-zero scalar for a Petrov type-D spacetime.
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mension behaves as ν ' κ− v − p.3 Since the divergence
in Ψ2 is triggered by the exponential increase of M(r, v),
this effect has has been dubbed mass-inflation. It is dif-
ficult to imagine an efficient self-regulator mechanism at
work before the curvature has curbed the core at Planck-
ian levels [38, 39]: at variance with Petrov type-N, type-
D curvatures cannot be confined in thin layers, and it is
reasonable to expect that the complete past evolution of
the 3-dimensional hyper-cylinder r = r− is singular.

This conclusion is less compelling, however, if the back-
reaction of the Hawking radiation in the interior is taken
into account. In this case, the Cauchy horizon also re-
ceives a blue shifted influx of negative energy density
originating from the event horizon. This flux could halt
the contraction of the generators of the Cauchy horizon
well before the curvature has reached Planckian levels, at
least for mini black holes [40]. Drawing a definite conclu-
sion therefore requires comparing the characteristic time
scales of the evaporation process and the growth time of
the mass-inflation instability.

Such an analysis has recently been presented in [22],
describing the evaporation process of the regular black
hole through a sequence of quasi-adiabatic states for
which

νE ≡ −
d lnκ+

d ln v
� ν , (6)

always. This led to the conclusion that the characteristic
time scale associated with the evaporation process is too
small to efficiently act as a self-regulator for the interior
geometry.

The estimation of the exponent ν, controlling the time
scale on which the instability builds up, is however more
delicate than in the original Poisson-Israel model because
of the non-linear functional form of the quasi-local mass
functionM(r, v) in these models. A simple self-consistent
estimation of the mass dynamics based on the DTR rela-
tions [41] might therefore not be sufficient to consistently
describe the contraction of the generators spanning the
Cauchy horizon and the energy influx near the “corner”
region H in Fig. 1. In fact, the Cauchy horizon singular-
ity of the classical Poisson-Israel model is rather weak:
the metric coefficient are still regular and the integrated
tidal forces are bounded. This necessitates a consistent
calculation of the back-reaction of the radiation on the
Cauchy horizon of a regular black hole, taking both the
positive energy influx due to classical perturbations and
the backreaction of the regular geometry into account.
This work presents the results of this analysis, describing
the dynamics of a realistic gravitational collapse based on
the Ori model [42] of the classical Poisson-Israel model
[6, 7].

In the Ori model the outgoing energy flux is modelled
by a thin pressureless null shell Σ which divides the space-
time in two regionsM±, inside (+) and outside (−) the

3 Here and in the following we use the '-symbol to denote the
asymptotic behavior of a quantity in the limit v →∞.

shell. This shell acts as a catalyst to trigger the diver-
gence of the mass function. Assuming spherical symme-
try, the metric in each sector of spacetime can be written
as

ds2 = −f±(r, v±)dv2
± + 2drdv± + r2dΩ2 , (7)

where f± = 1 − 2M±(r, v±)/r. The equality of the in-
duced metric on Σ forces r to be the same on M±.
For this reason it is convenient to choose r as a pa-
rameter (not necessarily affine) along the null generators
sµ± = dxµ±/dr = (2/f±, 1, 0, 0) of Σ. Since the shell moves
light-like, we have

f−dv− = 2dr . (8)

Einstein’s equations on each sector of the spacetime can
then be expressed in terms of the mass function M(r, v),

∂M

∂r
= −4πr2Tv

v ,
∂M

∂v
= 4πr2Tv

r , (9)

together with Trr = 0. Continuity of the flux across Σ
requires [44]

[Tµνs
µsν ] = 0 , (10)

where the square brackets indicate the “jump” of a scalar
quantity across the shell. This condition is consistent
with the assumption of Σ being pressureless. In terms of
the lapse and mass-function, eq. (10) then reads

1

f2
+

∂M+

∂v+

∣∣∣∣
Σ

=
1

f2
−

∂M−
∂v−

∣∣∣∣
Σ

, (11)

with the derivatives evaluated before substituting the po-
sition of the shell. In general v+ and v− have to be dis-
tinguished because v+ is not just the continuation of v−
to M+. The functional dependence of the two is fixed
by noting that the position of the null hypersurface Σ in
the two coordinate systems is

f+dv+ = f−dv− along Σ . (12)

In the following we shall use (12) to express all physical
quantities in terms of v ≡ v−. Eq. (11) can then be recast
as

1

f+

∂M+

∂v

∣∣∣∣
Σ

= F (v) (13)

where

F (v) ≡ 1

f−

∂M−
∂v

∣∣∣∣
Σ

. (14)

Denoting the position of the shell by R(v) and derivatives
with respect to v by a dot, eq. (8) provides a geodesic
equation encoding the motion of the shell as a function
of v

Ṙ(v) =
1

2
f−

∣∣∣∣
Σ

. (15)

This relation allows to eliminate f− from (14), yielding

F (v) ≡ 1

2Ṙ

∂M−
∂v

∣∣∣∣
Σ

. (16)
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FIG. 2. Left: the dynamical evolution of m+ in the future sector of the shell for various initial conditions and l = 1/2 and
p = 11. In the past sector of the shell m0 = 2. For v → ∞ the solution settles on its asymptotic value −r3−/(2l2). Right: the
asymptotic behavior of the Kretschmann scalar K = RαβγδR

αβγδ in logarithmic scale, for l = 1/2, m0 = 2 and p = 11. Note
that the limiting behavior is insensitive to the initial condition for m+.

III. MASS-INFLATION EFFECT IN REGULAR
BLACK HOLES

The framework developed in the previous section al-
lows to study the mass-inflation effect for a wide class of
modified black hole solutions. The present discussion will
focus on static, non-extremal black holes and neglects ef-
fects related to the black hole evaporation process.4 We
first exemplify the analysis for the case of the Hayward
geometry (2). The analysis of other regular black holes
follows the same lines and we summarize our results in
Table I.

A. The Hayward geometry

The Hayward geometry corresponds the mass function
M(r, v) given in (2), entailing

f± = 1− 2m±(v±)r2

r3 + 2m±(v±)l2
. (17)

Substituting f− into (15) gives a geodesic equation de-
termining the position of the shell

Ṙ(v) =
1

2
− m−R

2

R3 + 2 l2m−
, (18)

where it is understood that R and m± are v-dependent
functions specifying the position of Σ and the mass den-
sity. Eq. (13) furthermore gives a differential equation

4 The effect of Hawking radiation will be discussed elsewhere [51].

for the mass function m+

R6 ṁ+

(R3 + 2l2m+)(R3 − 2m+(R2 − l2))
= F (v) (19)

where the explicit form of F (v) reads

F (v) =
R6 ṁ−

(R3 + 2 l2m−)(R3 − 2m−(R2 − l2))
. (20)

The system (18) and (19) is a coupled system of non-
linear differential equations encoding the evolution of
R(v) and m+(v).

We are now going to discuss the dynamics entailed
by the system in detail. The boundary condition at the
event horizon is determined by the Price’s tail behavior
so that in the past sector of the shell the mass function
m−(v) can be written as

m−(v) = m0 −
β

(v/v0)p
(21)

Here m0 is the black hole mass and β > 0 is a quantity
with the dimension of a mass and v0 is the initial value of
v which is set to one in the sequel. Since the dynamics of
the shell is independent of m+(v), we can first study the
motion of the shell based on (18). Since the horizons r±
are, by definition, zeros of f , they constitute fixed points
for R(v). Placing the shell between the event and the
Cauchy horizon, it will move inward and settle at r− for
asymptotically large time. The position of the shell for
asymptotically large values v can be determined analyt-
ically by applying the Frobenius method. Substituting
the asymptotic expansion

R(v) = r− +
1

vs

∞∑
k=0

ak
vk

, (22)
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with s > 0 and a0 non-zero by construction, into eq. (18)
and equating powers of v shows that a non-trivial solution
requires s = p. The coefficients ak can be determined
recursively, revealing that the asymptotics of R(v) for
large values v (and p > 2) has to follow

R(v)− r− '
r− β v

−p

4m2
0 κ−

(
1 +

p

κ−v
+ · · ·

)
. (23)

Substituting eqs. (21) and the asymptotics (23) into
eq. (20) yields the asymptotic behavior of F (v):

F (v) ' −r− κ−
2

(
1− p+ 1

κ−v
+ · · ·

)
. (24)

Thus the right-hand side of (18) tends to a finite, negative
limit F∞ < 0 as v →∞. The asymptotic behavior of m+

can then be deduced from the Frobenius method

m+(v) ' −
r3
−

2l2

(
1 +

3β v−p

4m2
0 κ−

+ · · ·
)
. (25)

Most remarkably, m+ approaches a constant, negative
value as v → ∞. This is the key difference to the stan-
dard mass-inflation scenario [42], where m+(v) grows ex-
ponentially. In this sense, the Hayward geometry does
not experience a mass-inflation instability. This feature
can readily be traced back to the denominator appear-
ing at the right-hand side of eq. (19): for the Reissner-
Nordström solution considered in [42] the denominator
is linear in m+ indicating that the equation is solved
by exponential functions. In contrast to this, the Hay-
ward geometry leads to a quadratic dependence in m+.
Asymptotically, the solution then approaches a root of
this polynomial which ensures thatm+ remains bounded.

The asymptotic behavior (25) can be confirmed from
(19) directly by substituting the asymptotic values
R(v) ∼ r− and F (v) ∼ − r−κ−

2 and solving the simplified
equation analytically

m+(v) ' −
r3
−

2l2
eκ−v − l2 e2r5−c

eκ−v + e2r5−c
(
r2
− − l2

) (26)

where c is an integration constant. For v → ∞ both
the numerator and denominator grow exponentially and
m+(v) remains finite. This asymptotic behavior is also
readily confirmed by integrating eqs. (18) and (19) nu-
merically for varying initial conditions, see the left panel
of Fig. 2 for explicit examples.

In order to exhibit the physical consequences of our
findings, we first study the v-dependence of the mass
function (2) evaluated at r−

M+(r−,m+(v)) '
2 r3
− κ−m

2
0

3l2β
vp + · · · . (27)

Notably, M+ diverges as v → ∞ with the anomalous
dimension (5) being

ν ' p . (28)

In comparison to the standard mass-inflation scenario,
this divergence is no longer exponential though. M+

grows polynomially in v only. This feature propa-
gates into the curvature invariants constructed from the
geometry. Evaluating the general expression for the
Kretschmann scalar (A3) for the Hayward geometry
yields

K =
48m2(32l8m4 − 16l6m3r3 + 72l4m2r6 − 8l2mr9 + r12)

(2l2m+ r3)6

(29)
where m 7→ m+(v) is the v-dependent mass function.
Our interest is in the late-v behavior of the curvature.
This may readily be inferred by substituting the asymp-
totic expansion (25). Notably, the leading term of this
expansion cancels in the denominator. As a result

K ' 4

9l4

(
m2

0 κ− v
p

β

)6

(30)

is power-law divergent as v → ∞. Again, this is at vari-
ance with the standard mass-inflation scenario where K
grows exponentially in v. The two cases are compared
in the right panel of Fig. 2 showing the asymptotic v-
dependence of K. We also observe that in our analy-
sis the lapse function in the past sector of the shell ap-
proaches zero as a power law, at variance with what has
been assumed in [22] when discussing the DTR relations.

B. Physics consequences of the modified mass
function

A consequence of this modified behavior is that the
singularity building at the Cauchy horizon becomes inte-
grable. This can be seen as follows. Using the advanced
coordinate in the future sector of the shell v+, the asymp-
totic form of the metric near the Cauchy horizon reads

ds2 ' 2
dv+

r
(rdr +m+(v+)dv+) + r2dΩ2 . (31)

The new coordinate u, defined through the relation du =
(rdr + m+(v+)dv+), is regular at the Cauchy horizon.
The line-element (31) then becomes [43]

ds2 ' 2
dv+du

r
+ r2dΩ2 . (32)

This expression is manifestly regular at the Cauchy hori-
zon. Since it is possible to find a coordinate system where
the metric is regular, the singularity building up at the
CH is rather weak. This fact has profound consequences:
as already realized by Ori [42], and further investigated
by Burko [45], the mass-inflation singularity does not sat-
isfy the necessary conditions to be strong in the Tipler
sense [46].5 A measure of the tidal distortion experienced

5 According to Tipler, a null singularity is called “strong” if there
exists at least one component of the Riemann tensor (in a paral-



6

by an observer is obtained by integrating the square of
the Weyl curvature twice. In the case of the standard
mass-inflation scenario one finds

CµνρσC
µνρσ ∝ 1

V 2(log(−V ))2p
, (33)

where V ≡ −e−κ−v is a Kruskal coordinate adapted to
the inner horizon and V ∝ τ in this case. The tidal dis-
tortion is obtained by twice integrating (33) and is there-
fore finite. It has further been argued by Ori that this
behavior could be suffcient to determine a C1 extension
of the spacetime beyond the Cauchy horizon [42]. How-
ever, according to Krolak, eq. (33) still signals a strong
singularity, as the expansion of the congruence is diver-
gent [47]: if the components of the Riemann tensor are
integrated only once, the integral does not converge on
the singularity.

In the case of the Hayward geometry, the divergence
of the Weyl curvature is further weakened

CµνρσC
µνρσ ∝ (log(−V ))6p . (34)

Notably, already the first integral of this quantity is finite
at the singularity. At variance with the original Poisson-
Israel model, the singularity developing in the Hayward
geometry comes with a finite volume of the congruence
and expansion so that it is a weak singularity in both
the Tipler and the Krolak definition. We take this as
strong evidence that the Hayward geometry admits a C1

extension of the spacetime beyond the singularity. While
the investigation of this point is beyond the scope of the
present work this certainly warrants a more detailed anal-
ysis in the future.

C. Final state of the regular geometry

We now compare the result (28) and the rate of evap-
oration νE , cf. eq. (6). The massloss due to Hawking
radiation follows from the Stefan-Boltzmann law,

− dm−(v)

dv
= σSB

(
κ+(v)

2π

)4

AEH(v) , (35)

where AEH and κ+ are the area and the surface gravity
of the event horizon. Eq. (35) can be explicitly solved in
the large v limit,

m−(v) = mcr + const/v +O(v−2) , (36)

where mcr is the mass of the asymptotic configuration.
Substituting eq. (36) into eq. (4) shows that the outer

lelly propagated frame) which does not converge when integrated
with respect to the affine parameter τ twice. The physical mean-
ing of this requirement is that the tidal distortion is not finite as
an observer crosses the singularity.

surface gravity κ+(v) ∼ v−1/2 so that the exponent con-
trolling the evaporation time asymptotes to νE ∼ 1/2.
Therefore we conclude that for the Hayward geometry
the backreaction of the Hawking radiation acts on time-
scales similar to the growth of the mass function. The
final state of the geometry at v →∞ may then be given
by a cold extremal black hole which is not destabilized by
the mass-inflation effect. Notably, this asymptotic con-
figuration is only reached after an infinite time-span, as
measured by a static observer situated at asymptotic in-
finity. Whether the formation of the remnant entails the
loss of information, as suggested in [48], or the informa-
tion leaks out of the black hole during the evaporation
process, as recently been suggested in [49], is currently
open to debate and beyond the scope of our work.

D. Other regular black hole geometries

The asymptotic analysis of the previous subsections
is readily generalized to other black hole geometries ex-
hibiting a Cauchy horizon. Our results are summarized
in Table I, which also contains the Reissner-Nordström
analysis for reference. The most remarkable feature re-
vealed by this analysis is that regular black hole solu-
tions may or may not suffer from the mass-inflation ef-
fect: depending on whether the denominator appearing
on the right-hand side of eq. (19) is linear or quadratic,
the Misner-Sharp mass diverges either exponentially or
as a power-law in v. Hence regular geometries of the
Hayward and RG-improved type are safe from mass in-
flation while Bardeen-type geometries exhibit the same
instability as the Reissner-Nordström black hole. This
shows that there is no relation between the presence of a
de Sitter core characterizing a regular geometry and the
mass-inflation effect. It is the non-linear relation between
the Misner-Sharp mass and m+ which is the decisive fea-
ture.

IV. OUTLOOK

The existence of regular black holes free from the mass-
inflation effect warrants a more elaborate analysis about
the final state which takes into account the effect of
Hawking radiation at the full, dynamical level. Moreover,
it would be interesting to see whether the regularization
mechanism discovered in this work is also operative in
other types of regular black hole solutions including the
black holes discussed by Dymnikova [11, 12, 50]. We hope
to come back to these points in the future.
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f(r) F∞ m+(v) m+-dependence mass-inflation

Reissner-Nordström 1− 2m
r

+ e2

r2
− r−κ−

2
' c1e

κ−vv−p linear yes

Hayward solution [13] 1− 2mr2

r3+2ml2
− r−κ−

2
' − r3−

2l2
quadratic no

RG improved black holes [26] 1− 2mr2

r3+ω(2r+9m)
− r−κ−

2
' − r

3
−+2r−ω

9ω
quadratic no

Bardeen black hole [9, 25] 1− 2mr2

(r2+a2)3/2
− r−κ−

2
' c1e

κ−vv−p linear yes

TABLE I. Asymptotic values of the mass function m+(v) for various regular black hole geometries. For the Reissner-Nordström
and Bardeen solutions, m+(v) grows exponentially while for the Hayward and renormalization group (RG)-improved geometries
it remains finite. The quantities l, ω, and a appearing in the lapse function are free parameters which should be determined
from quantum gravity.
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Appendix A: Curvature invariants

All geometries investigated in this work are of the form

ds2 = −f(r, v)dv2 + 2drdv + r2dΩ2 . (A1)

The lapse function f(r, v) is related to the Misner-Sharp
mass M(r, v) by

f(r, v) = 1− 2M(r, v)

r
. (A2)

The Kretschmann scalarK ≡ RµνρσRµνρσ resulting from
the metric (A1) is conveniently expressed in terms of
M(r, v) and reads

K =
48M2

r6
− 64MM ′

r5
+

32(M ′)2

r4

+
16MM ′′

r4
− 16M ′M ′′

r3
+

4(M ′′)2

r2
.

(A3)

Here the primes denote partial derivatives with respect
to r and we suppressed all arguments for the sake of read-
ability. SinceK does not contain derivatives with respect
to v, its v-dependence may be obtained by substituting
m 7→ m(v).
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