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We reply to the “Comment” on “Regular evaporating black holes with stable cores” by R. Carballo-
Rubio, F. Di Filippo, S. Liberati, C. Pacilio, and M. Visser. As a key result, we show that the regime of mass
inflation identified in the comment connects smoothly to the late-time attractors discovered in our works
[A. Bonanno et al., Regular black holes with stable cores, Phys. Rev. D 103, 124027 (2021) and Regular
evaporating black holes with stable cores, Phys. Rev. D 107, 024005 (2023)]. Hence, the late-time stability
of regular black holes is not affected by this intermediate phase.
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I. INTRODUCTION

Regular black holes are a phenomenologically interest-
ing alternative to the black hole solutions arising from
general relativity. In this context, it is important to clarify
whether these alternatives remain regular once small
perturbations are included. Extrapolating from the
Reissner-Nordström solution, the presence of a Cauchy
horizon could lead to a dynamical instability of the regular
geometry through the mass-inflation effect [1–3]. Our
works [4,5] established that specific classes of regular
black hole solutions, including the Hayward geometry [6],
do not exhibit an exponential growths of the mass function
at asymptotically late times, despite the presence of a
Cauchy horizon. The comment [7] discusses this conclu-
sion in a critical way. In this reply, we clarify the global
picture arising from the various claims made in the
literature.

A. What we have done

We reported a stability analysis of static, regular black
hole geometries [4] and dynamical regular black hole
geometries emitting Hawking radiation [5]. Following
the lines of the Ori model [3], we modeled the perturbations
by an infinitely thin shell impacting on the Cauchy horizon.
As our main result, we established the existence of late-
time attractors which tame the instability due to the mass-
inflation effect. We also identified the conditions on the
regular geometry that give rise to the modified dynamics.
The results of our dynamical analysis supersede earlier
claims [8], which argued the presence of the mass-inflation
instability based on a nondynamical analysis employing the
Dray-t’Hooft-Redmount (DTR) relations [9].

B. Why is our analysis trustworthy?

Our dynamical analysis is based on the Ori model [3].
Thus, we work with the same simplifying assumptions that
were used when establishing the mass-inflation effect for
the Reissner-Nordström black hole [1]. We carefully cross-
checked that we reproduce the instability encountered in this
case. Analyzing the same model in a regular black hole
background then allows a direct comparison of the dynamics
in the vicinity of the Cauchy horizon. This showed beyond
any doubt that certain regular black hole geometries, when
perturbed, do not exhibit an exponential growth of the mass
function at late times. Since it is this exponential growth that
underlies the notion of mass inflation, it is fair to say that the
mass-inflation effect is absent for these geometries.

C. On extending the stability analysis to early times

The central claimmade in [10] and iterated in the comment
[7] is that the mass-inflation effect destabilizes the regular
black hole geometry before the late-time attractors identified
in [4,5] are reached. To substantiate this assertion, the Ori
model is extended into the early-time domain. In this case, it
is imperative to pay attention to the initial conditions which
need to be imposed sufficiently close to the Cauchy horizon
so that the perturbative solution is valid. Otherwise, the
extrapolation lacks reliability. This is underscoredbyPoisson
and Israel, and collaborators [1,2,11–13], who emphasize
that conclusions drawn from this model rest upon three
pivotal assumptions: (1) the applicability of the optical
geometric limit for both inward and outward propagating
gravitational waves; (2) the permissibility of neglecting the
matter flow from the collapsing star; and (3) the existence
of the Cauchy horizon r0 at v ¼ ∞, with v being the
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advanced time. These simplifying assumptions do not
necessarily hold at early times.

D. Connecting the scaling regimes

An interesting point raised by the comment [7] is that there
couldbe an intermediate regimewhich is characterized by the
black hole having shed a sufficient amount of the initial
perturbations so that the dynamics can be captured by the
Ori model while the dynamics is not yet controlled by the
late-time attractor discovered in our works. It is argued that
this phase exhibits an exponential growths of the mass
function. This may be fatal for two reasons:
(1) The spacetime curvature may reach values where the

model is no longer applicable.
(2) The mass function may be driven to values where the

dynamics fails to connect to the late-time attractor.
The first point is not applicable, since the Ori model is
actually used to infer the dynamical buildup of a curvature
singularity at the Cauchy horizon. On this basis, the model is
not used outside the traditional analysis carried out for the
Reissner-Nordström geometry.
Clarifying the second point requires a robust numerical

analysis of the basin-of-attraction for the late-time attractor.
This is currently missing in the literature. On this basis, we
revisited the dynamics of the Hayward model with l ¼ 1=2
and initial conditions set at RðvÞ − r0 ¼ 0.01. This guar-
antees that we are close enough to the Cauchy horizon,
so that a perturbative analysis is on secure ground. The
numerical integration of the dynamics then shows that there
are solutions where the exponential increase of the mass
function smoothly connects to the late-time attractor. These
solutions are shown in Fig. 1. This establishes that the
dynamics at intermediate timescales is by no means fatal
for the regular black hole solution.

E. Towards realistic models of black holes

Our study focuses on an idealized situation where effects
related to the formation of the black hole, accretion, or its

interaction with the cosmic microwave background are
neglected. This is the typical setting used when discussing,
e.g., black hole thermodynamics and constitutes a standard
assumption in the field. While it is interesting to investigate
such effects, this discussion is beyond the scope of our
initial works.

II. CONCLUSION

The comment [7] identified a transient phase of expo-
nential growth in the black hole mass function which could
potentially destabilize regular black hole geometries. We
show that this phase connects smoothly to the late-time
attractor discovered in our works [4,5]. Hence our con-
clusions about the late-time stability of regular black hole
solutions, also reviewed in [14], remain valid.
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FIG. 1. Log-log plot of the Misner-Sharp massMþðvÞ obtained
from integrating the Ori model based on the Hayward geometry
for several initial conditions. The exponential growths of the mass
function at intermediate timescales (30 ≲ v≲ 60) connects
smoothly to the late-time attractor quenching the mass-inflation
effect at v > 70.
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