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Abstract: Asymptotic Safety offers a conservative and predictive framework for
quantum gravity, based on the existence of a renormalization group fixed point that
ensures ultraviolet completeness without introducing new degrees of freedom. Black
holes provide a natural arena in which to explore the implications of this scenario,
as they probe the strongest gravitational fields and highlight the shortcomings of
classical general relativity. In recent years, a variety of quantum-corrected black-hole
solutions have been constructed within the Asymptotic Safety approach, either by
renormalization-group improvement of classical metrics or through effective actions
inspired by the flow of couplings. This review summarizes the current status of these
developments. We discuss the structure and properties of the proposed solutions, their
thermodynamics and evaporation, and their dynamical aspects such as quasinormal
modes and shadows.
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1. Introduction

Black holes provide a unique laboratory for testing gravity in its most extreme regime. Within classical
general relativity, their geometry, stability, and thermodynamics are well understood, yet the persistence of
singularities and the breakdown of predictability at small scales signal the necessity of a quantum theory of
gravity. Among the promising approaches to quantum gravity, the Asymptotic Safety (AS) [1,2] program offers
a minimal and conservative framework in which ultraviolet completeness can be achieved without introducing
new degrees of freedom beyond those of Einstein gravity. This is realized through the existence of a non-trivial
renormalization group fixed point, first proposed by Weinberg [3], which ensures the predictivity of the theory at
arbitrarily high energies.

In recent years, a wide variety of black-hole solutions have been studied in the AS framework. These include
quantum-corrected Schwarzschild and Kerr metrics [4–6], regularized spacetimes with modified near-horizon
structure, and effective geometries derived from improved renormalization-group flows. Phenomenologically,
such solutions have been analyzed in terms of their horizons, thermodynamic properties, stability, and dynamical
features such as quasinormal modes, late-time tails, and Hawking evaporation. Moreover, the connection between
AS-inspired black holes and astrophysical observables—from shadows and accretion physics to gravitational-
wave signals—has attracted significant interest, especially in light of recent progress in black-hole imaging and
gravitational-wave astronomy [7,8].

The purpose of this review is to provide a coherent survey of the current state of research on a subset of
black holes in the Asymptotic Safety scenario that have been studied in connection with astrophysical features,
summarizing the various solution-generating techniques, the main physical features of the geometries obtained, and
the phenomenological implications that arise. Our discussion aims both to highlight the common structures that
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emerge across different approaches and to indicate open problems where further progress is needed.
The review is organized as follows. Section 2 provides a brief overview of the Asymptotic Safety program,

with emphasis on the renormalization group techniques relevant for black-hole physics and summarizes the various
approaches that have been employed to construct quantum-corrected black-hole spacetimes, including RG-improved
solutions and effective actions. Sections 3–5 are devoted to the phenomenology of these geometries, covering
quasinormal modes (Section 3), basic thermodynamic properties (Section 4) and shadows cast by these black holes
(Section 5). Finally, Section 6 contains our conclusions and outlines future directions of research in this area.

2. Asymptotic Safety Framework

The idea that gravity might be non-perturbatively renormalizable by approaching a non-Gaussian fixed point
at high energies was originally proposed by Weinberg under the name of asymptotic safety [3]. This concept was
made concrete in the functional renormalization group (FRG) framework by Reuter [9]. In this approach, the
central object is the effective average action Γk, a scale-dependent effective action constructed via a Wilsonian [10]
coarse-graining procedure. As first introduced to gravity by Reuter [9], Γk smoothly interpolates between the
classical (bare) action S in the ultraviolet (k → ∞) and the full effective action Γ in the infrared limit (k → 0). The
scale parameter k acts as an infrared cutoff: fluctuations with momenta p2 > k2 have already been integrated out,
while long-wavelength fluctuations with p2 < k2 are suppressed. In this sense, Γk describes a renormalization-group
trajectory in the space of effective actions, interpolating from microscopic to macroscopic physics and its evolution
with the scale k allows a non-perturbative investigation of the theory space. The physical identification of k in
curved spacetimes is not unique, but there are some general criteria which need to be respected, as will be discussed
below. The most common approach is to explore the evolution of Γk with an exact functional renormalization group
equation, which reads [9,11,12]:

k∂kΓk =
1

2
Tr

(
k∂kRk

Γ
(2)
k +Rk

)
, (1)

where Γ
(2)
k denotes the second functional derivative with respect to the fields, and Rk is the IR regulator function.

This equation is exact and non-perturbative, and its solutions define a trajectory in the space of action functionals.
An alternative approach employs, the proper time (PT) version of the flow equation [13,14], although it does not
formally qualify as an exact flow equation for the effective average action, the proper time approach has been
reconsidered in recent work [15,16] as potentially capturing key aspects of Wilsonian coarse-graining.

A theory is said to be asymptotically safe if this trajectory approaches a non-Gaussian fixed point (NGFP) as
k → ∞ where all couplings remain finite and the theory is predictive. This framework has been applied to a variety
of physical systems, including cosmology [17–21] and black hole physics [4,5,22–27]. In the following, we focus
on the application of the asymptotic safety scenario to the study of black hole solutions.

2.1. Static Black Holes from RG Improvement

The first black hole solution within the Asymptotic Safety framework was developed (by Bonanno and Reuter
in Ref. [22]) using a procedure known as RG improvement. This method consists of substituting the classical
couplings in the equations of motion or in the solutions with their scale-dependent counterparts obtained from the
renormalization group flow. As outlined in the review [5], the standard approach begins with a truncation of the
effective average action—typically starting with the simplest case, the Einstein–Hilbert truncation—in which the
couplings (such as Newton’s constant and the cosmological constant) are promoted to running quantities.

Γk =
1

16πG(k)

∫
d4x

√
−g(R− 2Λ(k)), (2)

From this ansatz, the scale dependence of the couplings is obtained by solving the corresponding beta functions.
For instance, the beta function for the dimensionless Newton’s constant gk = k2Gk takes the form:

k
∂gk
∂k

= βg ≡ (2 + ηN ) gk, (3)

where ηN denotes the anomalous dimension, defined as:

ηN (gk) =
B1gk

1−B2gk
,

with B1 and B2 that are some constants determined by the truncation [22]. By integrating the flow equation for the
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beta function, typically derived using the background gauge field methods, one obtains an explicit expression for the
running Newton’s constant [4,5,22]

G(k) =
G0

1 + ωG0k2
, (4)

where G0 is the low energy Newton constant and ω is a constant which depends on the value of the fixed point [22].
We now apply the RG improvement procedure to classical black-hole solutions. In this review we considered

only spherically symmetric spacetime of the form

ds2 = −f(r)dT 2 +
1

f(r)
dr2 + r2dΩ2. (5)

with f(r) = 1− 2G(r)M
r , where we have to substitute the classical gravitational constant with his running counterpart,

which contains the deviations from general relativity.
A key point concerns the identification of the physical scales of the system with the cutoff scale k. This

identification allows k to be understood as a physical IR cutoff associated with a specific length scale of the system.
There are some general criteria that any physically meaningful identification of the cutoff scale k(r) is expected to
fulfill [4]. First, the choice of k(r) should be coordinate-independent, meaning that it must be constructed from
diffeomorphism-invariant quantities, such as proper distances or curvature scalars, so as to preserve the geometric
nature of the theory. Lastly, the functional form of k(r) should be compatible with the symmetries of the underlying
spacetime geometry. Different choices of cutoff identification therefore give rise to different improved solutions.

2.1.1. Bonanno-Reuter Metric

The first solution we consider is also the first historically developed, namely the Bonanno–Reuter model [22],
further explored in [28]. In analogy with QED theory, where the Wilsonian infrared cutoff scale k is typically
identified with the inverse of the radial coordinate, (k ∼ 1/r), Bonanno and Reuter proposed in [22,29] a scale-
setting procedure based on proper distances. In their approach, the RG scale k(r) is linked to the proper radial
distance d(r) from the center r = 0 to a generic point at radius r along a radial geodesic, such that

k(r) ∼ ξ

d(r)
, (6)

where ξ is a numerical constant that sets the scale of quantum gravity effects. d(r), in particular, is obtained by
interpolating the behavior between the small and large radii of the radial proper distance, and reads:

d(r) =

√
2r3

2r + 9G0M
. (7)

This function for small radii goes as ∼ r3/2 while for large distances reduces to the classical ∼ r. Using this
relation between k and the position, one can construct the RG-improved metric function f(r):

f(r) = 1− 2MG0r
2

r3 + ω̃G0(r +
9
2G0M)

. (8)

where ω̃ = ωξ2. Considering the correction to the Newtonian potential obtained from this framework [22], one can
fix the value of ω̃ = 118/15π to be in agreement with perturbative quantization of Einstein gravity [30,31].

The metric function given in Equation (8) asymptotically approaches the Schwarzschild solution as r → ∞
(as do all the other solutions discussed in this review), while in the limit r → 0 it exhibits a regular de Sitter core,
thus avoiding the curvature singularity [5,22].

As in many other scenarios (including all the models considered in this review), the horizon structure depends
on the value of a free parameter. In particular, one typically finds three possible configurations: two horizons, a
degenerate (extremal) horizon, or no horizon at all, depending on whether the parameter lies above, at, or below a
critical threshold. In the Bonanno-Reuter (B-R) solution, the only free parameter is the black hole mass. Below a
certain critical mass, the geometry becomes horizonless. Expressing in Planck units (G0 = c = h̄ = 1), so that
lengths and masses are measured in multiples of the Planck length

ℓPl =

√
G0h̄

c3
,
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and the Planck mass

MPl =

√
h̄c

G0
,

the critical value is approximately [22,32]:
Mcrit ≃ 3.503.

2.1.2. Hayward Metric

As discussed earlier, the functional form of k(r) is not unique and establishes different metric solutions. A
reasonable choice could come from curvature scalars, particularly, in Ref. [23], they have connected k with the
Kretschmann scalar, which for classical case is K = 48G2

0M
2/r6 and they choose

k2 = αK1/2. (9)

with the appropriate choice of α and measuring the mass in units of length, one can rewrite the metric as:

f(r) = 1− 2r2/M2

r3/M3 + γ
(10)

where γ encodes both the non-universal value of the fixed point and the parameter α, thereby providing the quantum
correction to the metric.

It is straightforward to see that this is the form of the notorious Hayward metric [33], which was obtained from
simpler argumentation and not correlated with the AS or FRG and describes a quite simple regular black hole.

As the previous case, we recover the Schwarzschild solution asymptotically, while varying the parameter
determines the horizon structure. Specifically, the critical value is

γcrit ≃
32

27

below which the solution describes a black hole with two horizons.

2.1.3. Dymnikova Metric

The scale identification k(r) which links the deviation from classical spacetime behavior to the running of the
gravitational couplings under the renormalization group flow, present some criticalities, When computing physical
quantities such as the proper distance or the Kretschmann scalar, one typically relies on the classical background
metric ḡµν = g

(0)
µν . However, this classical description breaks down at very short distances (r ≪ ℓPl), precisely

where quantum gravitational corrections are expected to dominate. Instead, by evaluating these invariants on the
improved geometry g

(1)
µν —which incorporates running couplings via the renormalization group (RG)—one obtains

different results, reflecting quantum effects on spacetime structure.
Moreover, in gravity, the identification of the cutoff scale k(x) is not independent of the coupling being

improved. Since k(x) is defined using geometric quantities, which themselves depend on the metric, and hence on
G0, a nontrivial feedback occurs. This implies that the improvement procedure influences the spacetime in a way
that affects the very definition of k(x), leading to potential backreaction effects.

To address this interdependence, one can implement the improvement recursively [24]: define a sequence of
metrics g(n)µν where, at each iteration, the running coupling Gn(r) is determined through a cutoff kn(x) that depends
on the previous geometry, i.e., kn[g

(n−1)
µν ]. Through this iterative construction, a self-consistent quantum-corrected

metric g∞µν may be obtained, accounting for the mutual dependence between the geometry and the RG flow.
We begin by considering the classical Schwarzschild solution, described by the standard spherically symmetric

line element (5). This geometry satisfies the vacuum Einstein field equations,

Rµν − 1

2
Rgµν = 0, (11)

and is characterized by the lapse function

f (0)(r) = 1− 2mG0

r
, (12)

where G0 denotes the classical (constant) Newton coupling. To incorporate quantum gravity effects via the
renormalization group (RG), we now perturb the system by promoting the Newton constant to a scale-dependent
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quantity, replacing G0 with its running counterpart G(k(r)) given by Equation (4). The resulting quantum-corrected
geometry can be interpreted as an exact solution of the Einstein field equations sourced by an effective energy-
momentum tensor. This tensor takes the form

T eff
µν = (ρ+ p) (ℓµnν + ℓνnµ) + p gµν , (13)

where ℓµ and nµ are null vectors. The quantities ρ and p represent, respectively, an effective energy density and
pressure, and arise from the radial variation of the Newton coupling G(r) (see Ref. [24] for details).

This energy-momentum tensor can be interpreted as the manifestation of quantum gravitational vacuum
polarization. In this picture, ρ corresponds to an effective self-energy contribution due to quantum gravitational
effects. A small variation of G(r) induces a modification in the background geometry, which in turn leads to further
corrections to G(r) through backreaction. Consequently, the energy density, ρ ∝ ∂r logG(r), can be regarded as a
proxy for the strength of quantum effects within the black hole interior. This relation may be exploited in iterative
schemes aimed at constructing a self-consistent cutoff identification k(n+1)(r) for n > 1.

The iterative procedure begins with the classical Schwarzschild geometry as the zeroth-order approximation.
The first step corresponds to the replacement of the constant Newton coupling G0 with its scale-dependent
counterpart (4), as described earlier.

Subsequent iterations, for n > 1, are defined by the recursive update

G(n+1)(r) =
G0

1 + g−1G0 k2(n+1)(r)
, (14)

where the cutoff function k(n+1)(r) is constructed as a functional of the energy density ρ(n)(r) determined from
the variation of G(n)(r) in the previous step.

k2(n+1)(r) ≡ K[ρ(n)(r)]. (15)

Provided a specific choice for the functional K and under the assumption that the iterative procedure converges,
one can explore the existence of a fixed-point configuration by considering the asymptotic limit n → ∞. In this
regime, the gravitational coupling becomes fully scale-dependent, yielding G(r) ≡ G(∞)(r).

To constrain the structure of K, Ref. [24] examines how classical curvature invariants—such as the Ricci scalar
and the Kretschmann scalar—are affected by the spatial variation of Newton’s constant. Requiring regularity at the
center implies a balance between classical tidal forces and their quantum corrections, which guides the construction
of a self-consistent relation between the cutoff scale and the effective energy density encoded in the running of G(r).

In particular, in the quantum-corrected curvature invariants, there is the appearance of the effective scale G0ρ,
which arises naturally as a consequence of the spatial variation of the gravitational coupling. This quantity can
be interpreted as a dynamical infrared cutoff, regulating the otherwise divergent classical invariants in the deep
interior region.

Accordingly, a physically motivated identification for the RG scale is

k2 ≡ K[ρ] = ξ G0ρ, (16)

where ξ is a positive, dimensionless parameter. This relation provides a concrete prescription to close the iterative
improvement scheme by expressing the cutoff scale as a function of the effective energy density. Substituting the
constrain, we obtain the metric function as [24]:

f(r) = 1− 2M

r

(
1− e−

r3

2l2M

)
. (17)

Here l is defined as

l =

√
3ξ

8πg∗
ℓPl,

where ℓPl denotes the Planck length and g∗ is the non-trivial fixed-point value of the dimensionless Newton coupling.
This solution is a regular black hole of Dymnikova-type [34], with a de-Sitter core and which recover Schwarzschild,
like the other solutions, for large radii. Moreover, l is a characteristic length scale of the order of the Planck length.
Its critical value corresponds to the maximum scale for which an event horizon still exists; for larger l the horizon
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disappears. Approximately, one finds [35]:
lcr ≈ 1.138M. (18)

2.2. Dynamical Black Hholes from Gravitational Collapse

While the static RG-improved black hole solutions provide important insights into possible quantum-gravitational
modifications of the spacetime geometry, they lack a dynamical process of black hole formation. To address this
limitation, it is natural to consider more realistic scenarios involving gravitational collapse, where quantum effects
are taken into account during the dynamical evolution of the matter content. This approach allows for a more
physical modelling of black hole spacetimes, as it directly incorporates the quantum-gravity-improved dynamics
leading to their formation.

In this context, one can regard these models as quantum-gravity-improved versions of the classical Oppenheimer-
Snyder-Datt (OSD) [36,37] collapse scenario, where the RG flow is implemented dynamically. In recent years,
interestingly, several works have developed such improved collapse models within the framework of asymptotic
safety [26,27,38]. These studies aim to understand how the running of gravitational couplings can influence the
causal structure and the formation of singularities, and whether quantum-gravity effects can lead to singularity
resolution in a self-consistent way.

We focused on two correlated models that share the physical approach to obtain the new metric. Starting from
the action of GR with matter [39]:

S =
1

16πGN

∫
d4x

√
−g [R+ 2χ(ϵ)L] . (19)

where, χ expresses a gravity–matter coupling function, which depends on the proper energy density ϵ of the matter
fluid. The field equations lead to a relation between the matter sector and an effective running Newton constant (see
[26,27,38] for details),

8πG(ϵ) =
∂(χϵ)

∂ϵ
. (20)

Now, considering spherically homogeneous collapse, they assume a FLRW metric which is dependent on the
scale factor a(t)

ds2 = −dt2 + a2(t)

(
dr2

1−Kr2
+ r2dΩ2

)
. (21)

In this framework, one can set K = 0 without loss of generality, as it can be shown that the final result obtained
from the matching conditions does not depend on the specific value of K [26,27,38]. Under this assumption, the
modified field equations simplify to a Friedmann-like equation for the scale factor:

ȧ2 = −V (a), (22)

where the effective potential V (a) encodes the dynamics of the collapsing matter content. As discussed previously,
this is related by the scale dependence of the Newton coupling, and the potential is defined as:

V (a) = −a2

3

∫ ϵ(a)

0

G(s) ds, (23)

with ϵ(a) representing the energy density as a function of the scale factor. The presence of the running coupling
G(s) captures the leading quantum gravitational corrections to the classical collapse dynamics. Once the functional
form of G(ϵ) is specified, the full collapse dynamics can be derived.

As in OSD model it is supposed that this interior collapsing has to match a static and spherically symmetric
spacetime outside witch line element is:

ds2 = −f(R)dT 2 +
1

f(R)
dR2 +R2dΩ2. (24)

The matching condition, given by Israel [40], are imposed to a boundary hypersurface at comoving radius
r = rb and can be reduced to [41]:

1 = f(Rb) + Ṙb
2

(25)

with Rb(T (t)) = rba(t). From Equation (25) we can obtain the new solution of the black hole.
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2.2.1. Proper Time Approach

To obtain the form of the running gravitational constant we will consider the asymptotic safety framework,
hypothesizing that the collapse occurs within that scenario. Specifically, within the proper time approach described
at the beginning of the section. They use a flow equation for the Wilsonian effective action SΛ, regularized via the
proper-time integral, given by the following expression [14,16]:

Λ∂ΛSΛ =
1

2

∫ ∞

0

ds

s
rΛ(s)STr

(
e−sS̃

(2)
Λ

)
. (26)

Here, Λ is the momentum scale, S̃(2)
Λ is the hessian of the gauge fixed Wilsonian effective action and of the

ghost action, and rΛ(s) contains the regulating function. The flow equation can be treated, even in the Einstein-
Hilbert truncation, with different approaches. We can use different schemes of regularization, field parametrization
(linear or exponential) and different choices of gauge-fixing. Considering these configurations, the beta function for
the running Newton constant can be expressed as

Λ∂ΛgΛ = βg ≡ (2 + ηN ) gΛ, (27)

with anomalous dimension [16,27]

ηN = − ΩgΛ

1− εΩ
2 gΛ

(28)

where Ω is a dimensionless constant encoding the dependence on the gauge, parametrization, and the regulating
parameter, while ε express the chosen regularization scheme.

In Ref. [27], remarkably, they found that the solutions are formally independent from Ω, it changes only the
non universal numerical value of the fixed point g∗. What distinguishes different solutions is the choice of the
parameter ε. In the following we will refer to two possible values: ε = 0, corresponding to the “C scheme” which
leads to the model of [26], and ε = 1, corresponding to the “B scheme” underlying the model studied in [27].

2.2.2. Scheme B (ε = 1)

We first analyze the case corresponding to scheme B (ε = 1), considered in [27]. Integrating the beta function (27)
yields the following running Newton constant

G(Λ) =
2g∗

Λ2 +
√
4g2∗ + Λ4

, (29)

where g∗ is the fixed point value. To establish a connection between the RG scale Λ and the proper energy density,
interpreted, as previously, as a dynamical infrared cutoff [24], thereby anchoring the running couplings to the physical
characteristics of the system, one sets Λ2 = qϵ, with q a free parameter controlling the strength of quantum corrections.

In this model the scale factor never vanishes, ensuring geodesic completeness and avoiding the singularity of
the classical OSD collapse. Applying the junction condition with Equation (25), the new metric takes the form:

f(R) =
3M2 + qR4 −M

√
9M + q2R6

qR4
+

2

3
qR2Arctanh


(
q −

√
q2 + 9M2

R6

)
R3

3M

 (30)

As in previous cases, the Schwarzschild limit is recovered at large radii, and varying the parameter q (which,
with a redefinition, also absorbs the fixed point value), the usual horizon structure emerges. In particular, the critical
value, in unit of mass, is q ≃ 1.37, below this threshold the spacetime has no horizons.

2.2.3. Scheme C (ε = 0)

Taking in consideration the regularization scheme C (ε = 0), as discussed in [14,26,42], the running constant
takes the following form

G(k) =
G0

1 +G0Λ2/g∗
, (31)
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where g∗ is the non-trivial fixed point value. With similar choice of the cutoff, connecting Λ and the proper energy
density with a parameter ξ, using Equation (25), the solution becomes:

f(r) = 1− r2

3ξ
log (1 +

6Mξ

r3
). (32)

Also in this model the scale factor never goes to zero, Schwarzschild is recovered at large radii, and a critical
parameter value determines the horizon structure. Specifically, in units of mass (G0 = 1), the critical value is
ξ ≃ 0.46, which sets the maximum parameter value for which horizons still exist.

Metric Solutions

After introducing all the solutions of interest, we proceeded to plot the corresponding metric functions f(r) in
order to analyze their behavior and perform a direct comparison, as shown in Figure 1. In particular, we focused on
the cases close to the critical values for each model since it is the situation that differs most from the classical case,
fixing the mass to 3.503, which corresponds to the critical value for the Bonanno-Reuter (B-R) solution.

Figure 1. Metric functions f(R) for all the regular black hole solutions at their critical values with M = 3.503

(critical mass for B-R).

As previously mentioned, we can observe that all the metric profiles converge to the Schwarzschild solution at
large distances. However, a distinctive feature of these models inspired by Asymptotic Safety is that this convergence
occurs already within a few horizon radii (2–3rH ). Thus, quantum corrections remain negligible at large scales and
become significant only in the near-horizon region, where high-energy effects and strong gravitational fields are
expected to play a relevant role, precisely as one would anticipate in a quantum gravity framework.

3. Quasinormal Modes

Having introduced the main classes of solutions, we now turn to their phenomenological properties, starting
with quasinormal modes (QNM). Quasinormal modes are the characteristic oscillations of black holes and other
compact objects, arising as solutions of the linearized perturbation equations subject to physically motivated
boundary conditions [43–46]. For a stationary and asymptotically flat black hole, the perturbations can often be
reduced to a master wave-like equation of the form

d2Ψ

dr2∗
+
[
ω2 − V (r)

]
Ψ = 0, (33)

where r∗ is the tortoise coordinate defined via dr∗/dr = f(r)−1, f(r) being the metric function, V (r) is an
effective potential depending on the background geometry and the spin of the perturbation which encodes the theory
from which it comes and the nature of the perturbation, and ω is, in general, a complex frequency.

QNMs are defined by imposing purely ingoing waves at the event horizon and purely outgoing waves at
spatial infinity:

Ψ(r∗) ∼ e−iωr∗ , r∗ → −∞, (34)
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Ψ(r∗) ∼ e+iωr∗ , r∗ → +∞. (35)

These boundary conditions reflect the absence of incoming radiation from either the horizon or infinity,
corresponding to the natural “ringdown” response of the spacetime to an initial perturbation.

The complex frequency ω = ωR − iωI encodes both the oscillation frequency (ωR) and the damping rate
(ωI ) of the mode. The QNM spectrum depends solely on the parameters of the black hole (mass, charge, spin, and
possibly other model-specific quantities), making them an important tool for testing gravitational theories and the
nature of compact objects, as widely used [32,47–51].

One crucial mathematical property is that QNM do not form a complete set of functions, unlike normal modes
in closed systems. This incompleteness implies that the late-time evolution of a perturbation is not fully captured by
a sum over QNMs. In the time domain, the ringdown signal is followed by a power-law tail at asymptotically late
times [52–57]. The interplay between the QNM dominated phase and the late-time tail is essential for a complete
description of black hole perturbations.

There are several semi-analytical and pure numerical methods to compute QNM frequencies [43,58–61], and
results are available for most classical and modified-gravity solutions. For the solutions and models we presented
in the previous sections, QNM were calculated in several papers. For the Bonanno–Reuter solution, test-field
perturbations were first studied (with limited accuracy) in [62] and later refined in [32], which also analyzed
Hayward-type solutions. The QNM of the Dymnikova solution were computed in [35], while for the collapse-based
solutions the spectra were obtained in [27,63,64] for test fields. Gravitational perturbations were investigated in [65]
for B-R, in [66,67] for Hayward, and in [27,68] for the two proper-time solutions. For Dymnikova, only greybody
factors were computed for gravitational perturbations [69].

Table 1 summarizes the frequencies of the solutions close to their critical parameter values and compares
them with the Schwarzschild case. All these values were calculated in units of mass so it cannot include the
Bonanno-Reuter model.. We report both the fundamental mode and the third overtone in order to highlight the
peculiar behavior of the QNM spectrum. We can observe that, already for the fundamental mode, the imaginary part
departs more significantly from the classical Schwarzschild case. In fact, all the models considered display both a
larger imaginary part and a larger real part (with the exception of the Dymnikova solution, which instead shows
the opposite behavior and, as can already be anticipated from the form of its metric, exhibits smaller deviations
from Schwarzschild). As is well known, the fundamental mode is mostly determined by the shape of the effective
potential, which in these modified metrics differs only slightly from the classical one, resulting in correspondingly
small percent-level deviations.

The situation changes for the overtones. It has been shown [32,70] that these modes are closely related to the
structure of the event horizon, which, as illustrated in Figure 1, departs significantly from the classical case. For this
reason, the overtone spectrum is sometimes referred to as the distinctive “sound of the event horizon” [71]. The
phenomenon of increasing sensitivity of the higher overtones, leading to larger deviations from Schwarzschild, is
often described as the “outburst of overtones” [70]. Indeed, as shown in Table 1, already in the scalar case the third
overtone displays a much more pronounced deviation in its real part.

Table 1. Complex frequencies in unit of mass of scalar QNMs (l = 1) for different regular black hole models, with
parameters close to their critical values (the specific parameter choices are indicated in the table entries). Results are
compared to the Schwarzschild case: ωSchw = 0.29293− 0.09766i for n = 0 and ωSchw = 0.203259− 0.788298i

for n = 3. The table reports real and imaginary parts along with the corresponding relative percentage deviations.

n = 0 Re(ω) Deviation from Schw. [%] Im(ω) Deviation from Schw. [%]

Hayward (γ = 1) 0.30562 4.32% 0.08559 12.37%

Dymnikova (l = 1.1) 0.28874 1.43% 0.09468 3.05%

Scheme B (q = 1.38) 0.30598 4.46% 0.08300 15.06%

Scheme C (ξ = 0.455) 0.31052 6.01% 0.07986 18.22%

n = 3 Re(ω) Deviation from Schw. [%] Im(ω) Deviation from Schw. [%]

Hayward 0.158106 22.21% 0.700610 11.12%

Dymnikova 0.159 21.75% 0.964 22.33%

Scheme B 0.13019 35.93% 0.70745 10.24%

Scheme C 0.14249 29.91% 0.67509 14.34%
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4. Hawking Temperature

The discovery of Hawking radiation in 1974 [72,73] established that black holes are not completely black,
but instead emit a thermal spectrum of particles due to quantum field effects in curved spacetime. The original
derivation was semiclassical in nature: gravity was treated as a fixed classical background, while quantum fields
were quantized on top of it. Within this approximation, the radiation is almost perfectly thermal. When quantum
gravitational corrections are included, however, deviations from the classical picture are expected, potentially
altering the emission spectrum and the evaporation process, particularly in the extreme regime close to the endpoint
of evaporation. These questions remain open and are an active line of research in quantum gravity.

From a practical perspective, it is often convenient to retain a semiclassical treatment and study the evaporation
of black holes whose geometry already incorporates quantum corrections. Furthermore, in the Schwarzschild case,
it has been shown that the contribution of gravitons to the total massless particle emission is below the percent
level, and becomes even less relevant when massive channels open at the final stages of evaporation [74,75]. This
observation supports the use of the standard Hawking framework to estimate the flux of quantized test fields in a
given corrected geometry, under the assumption that the graviton contribution is subdominant.

In this approach, the black hole is considered to be in thermal equilibrium with its environment, so that
its temperature remains constant between the emission of two successive particles. The system can therefore be
described in the canonical ensemble, and the Hawking temperature takes the form [73]

TH =
f ′(r)

4π

∣∣∣
r=rH

, (36)

where f(r) denotes the lapse function of the metric and rH is the event horizon radius.
We now want to evaluate how the quantum corrections predicted within the Asymptotic Safety framework

modify the Hawking temperature with respect to the classical Schwarzschild case, where in mass units the
temperature reads T Schw

H = 1/(8π). The resulting values for the different regular black hole solutions considered
here are summarized in Table 2, with the near-critical values of the parameters used in the evaluation are explicitly
specified in the table. These results were obtained and compared in [76] for Bonanno-Reuter (see also [5, 22]
for earlier analyses including the evaporating mass and the interpretation of remnants), Hayward and Dymnikova
spacetimes and in [27] for the non-singular collapse models.

Table 2. Hawking temperature TH for different regular black hole solutions evaluated near their critical values.
Results are compared with the Schwarzschild case. As the critical configuration is approached, the solutions tend
toward extremality and the temperature vanishes.

Metric TH

Schwarzschild 0.0398

Bonanno-Reuter (M = 3.505) 0.00071

Hayward (γ = 31/27) 0.00369

Dymnikova (l = 1.137) 0.00291

Scheme B (q = 1.38) 0.00472

Scheme C (ξ = 0.455) 0.00345

As can be seen in Table 2, all the regular black hole solutions display a Hawking temperature that is significantly
suppressed with respect to the classical Schwarzschild case. In particular, near the critical parameter values, where
the inner Cauchy horizon approaches the event horizon, the surface gravity approaches zero and the solutions tend to
extremal configurations, for which the Hawking temperature vanishes.. This behavior implies that the corresponding
evaporation process is drastically slowed down, leading to emission rates that are orders of magnitude smaller than
in the classical scenario. From a phenomenological perspective, such a suppression may have important implications
for the lifetime of primordial black holes and the possibility of long-lived remnants black holes. Moreover, despite
quantitative differences among the models (which obviously depends on the exact value of the parameter considered
close to the extremal configuration), the qualitative picture remains robust: quantum corrections systematically
lower the Hawking temperature and drive the solutions toward cold, long-lived remnants.
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5. Shadows

Motivated by the recent images obtained by the Event Horizon Telescope (EHT) [8,77] and the consequent
rise in interest in the subject, another astrophysical feature we analyze for the regular black hole solutions within
the Asymptotic Safety framework is their shadow. In order to determine the shadow of a solution in a spherically
symmetric spacetime of the form (5), one first needs to compute the radius of the photon sphere. This corresponds
to the existence of unstable circular null geodesics, which play a central role in defining the size and shape of the
black hole shadow.

For null geodesics, the radial motion can be written in terms of an effective potential as [78,79]

ṙ2 + Veff(r) = E2, Veff = f(r)

(
1 +

L2

r2

)
, (37)

where E and L are the conserved energy and angular momentum of the photon. Circular null orbits are obtained by
imposing ṙ = 0 and r̈ = 0 and the extremality condition

d

dr
Veff(r) = 0. (38)

This is equivalent to [80,81]
d

dr

(
r2

f(r)

)
= 0, (39)

which provides the photon sphere radius rp.
Finally, the shadow radius as seen by a distant observer is obtained from:

RShad =
rp√
f(rp)

. (40)

The dependence of the shadow size on the parameters of different regular black hole metrics has been
investigated in various works: for the Bonanno–Reuter solution in [82], for the non-singular collapse model (scheme
C) in [63], for Hayward-type black holes in [23], and for the alternative dynamical model (scheme B) in [27]. In
Table 3 we report the values of the shadow radius computed close to the critical value of the respective parameters,
in order to highlight the maximum deviation from the classical Schwarzschild case.

Table 3. Shadow radius as seen from infinity for different regular black hole solutions evaluated close to their critical
parameter values (explicitly indicated), compared with the classical Schwarzschild value. For reference, the Event
Horizon Telescope (EHT) constrains the shadow size within the range RShad ∼ 4.8M–5.2M [83,84].

Metric RShad

Schwarzschild 5.196

Bonanno-Reuter (M = 3.505) 4.83312

Hayward (γ = 31/27) 4.91693

Dymnikova (l = 1.137) 5.19599

Scheme B (q = 1.38) 4.94024

Scheme C (ξ = 0.455) 4.86582

Among the models considered, the Bonanno–Reuter solution exhibits the most pronounced reduction of
the shadow size, while the Dymnikova metric remains nearly indistinguishable from Schwarzschild (as in the
fundamental mode of QNM). The other models (Hayward, non-singular collapse solutions) display intermediate
deviations, with shadow radii (for all the models considered) consistently lying within the range constrained by
the EHT observations [83,84]. We can also point out that in all the considered cases the quantum corrections tend
to reduce the size of the shadow compared to the classical Schwarzschild solution. However, given the current
precision of the EHT measurements, we cannot exclude any of these AS-inspired models nor place meaningful
constraints on their parameters based on the shadow size alone.

6. Conclusions

Asymptotic Safety provides a compelling and conservative framework in which black-hole physics can be
studied consistently at both classical and quantum levels. A large body of work has now established a variety of
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effective black-hole geometries obtained through renormalization-group improvements or more systematic deriva-
tions, and their properties have been investigated from multiple perspectives. These include horizon structure and
singularity resolution, modifications to black-hole thermodynamics and evaporation, stability under perturbations,
and dynamical observables such as quasinormal modes and grey-body factors. Optical phenomena, including
black-hole shadows and lensing, as well as implications for gravitational-wave astronomy, have also been considered,
linking the formal framework to potential observational signatures.

A common pattern emerging from different constructions is the appearance of universal features: the replace-
ment of the central singularity by a regular core and at the same time having an identical asymptotic behavior as
the cases in GR, the existence of a critical parameter below which no horizon forms, the tendency of the Hawking
temperature to vanish near extremal configurations, leading to cold and long-lived remnants, and the shrink of
the shadow. Such qualitative similarities, despite differences in the details of the scale-setting procedure or the
truncations employed, reinforce the robustness of the Asymptotic Safety scenario in addressing fundamental issues
such as singularity resolution and black-hole evaporation.

From a phenomenological perspective, AS-inspired black holes often display only percent-level deviations
from their classical counterparts in the most accessible observables, such as the fundamental quasinormal mode or
the shadow radius. Nonetheless, more pronounced differences can appear in regimes of strong gravity, particularly
in the spectrum of higher overtones, near-extremal thermodynamics, or in the long-time evolution of Hawking
evaporation. These are precisely the domains where future observational facilities, such as the next generation
of gravitational-wave interferometers (Einstein Telescope, LISA) and increasingly precise imaging by the Event
Horizon Telescope, could probe quantum-gravity imprints with sufficient sensitivity.

At the same time, significant challenges remain. A central open issue is the identification of the RG scale in
curved spacetimes, which is not unique and may influence physical predictions, in fact, quantitative results depend
on the chosen cutoff of the effective action, raising questions about the universality of the framework. Furthermore,
the chosen truncation of the effective action can limit the type of solutions and their properties (see [85] for a recent
exploration with Einstein-Weyl truncation).

In summary, the study of black holes in Asymptotic Safety has matured into a rich and active research direction
that bridges quantum gravity, classical relativity, and astrophysical phenomenology. Continued progress in this area
promises not only to refine our understanding of quantum-corrected black holes but also to open new avenues for
testing the Asymptotic Safety scenario through current and future observational channels.

Funding

This research received no external funding.

Institutional Review Board Statement

Not applicable.

Informed Consent Statement

Not applicable.

Data Availability Statement

Not applicable.

Acknowledgments

The author acknowledges R. Konoplya and A. Bonanno for useful discussions. The author is also grateful for
the hospitality of the Institute of Physics at Silesian University where part of the work was carried out.

Conflicts of Interest

The authors declare no conflict of interest.

Use of AI and AI-Assisted Technologies

No AI tools were utilized for this paper.

https://doi.org/10.53941/ijgtp.2025.100008 12 of 15

https://doi.org/10.53941/ijgtp.2025.100008


Spina Int. J. Gravit. Theor. Phys. 2025, 1(1), 8

References

1. Reuter, M.; Saueressig, F. Quantum Gravity and the Functional Renormalization Group: The Road towards Asymptotic
Safety; Cambridge University Press: Cambridge, UK, 2019.

2. Reuter, M.; Saueressig, F. Renormalization group flow of quantum gravity in the Einstein-Hilbert truncation. Phys. Rev. D
2002, 65, 065016. https://doi.org/10.1103/PhysRevD.65.065016.

3. Weinberg, S. Ultraviolet Divergences in Quantum Theories of Gravitation; Cambridge University Press: Cambridge, UK,
1979; pp. 790–831.

4. Koch, B.; Saueressig, F. Black holes within Asymptotic Safety. Int. J. Mod. Phys. A 2014, 29, 1430011.
5. Platania, A. Black Holes in Asymptotically Safe Gravity. arXiv 2023, arXiv:gr-qc/2302.04272.
6. Saueressig, F.; Alkofer, N.; D’Odorico, G.; et al. Black holes in Asymptotically Safe Gravity. arXiv 2015, arXiv:hep-

th/1503.06472.
7. Abbott, B.P.; Abbott, R.; Abbott, T.D.; et al. Observation of Gravitational Waves from a Binary Black Hole Merger. Phys.

Rev. Lett. 2016, 116, 061102.
8. Akiyama, K.; Alberdi, A.; Alef, W.; et al. First M87 Event Horizon Telescope Results. I. The Shadow of the Supermassive

Black Hole. Astrophys. J. Lett. 2019, 875, L1.
9. Reuter, M. Nonperturbative evolution equation for quantum gravity. Phys. Rev. D 1998, 57, 971–985.

10. Wilson, K.G.; Kogut, J.B. The Renormalization group and the epsilon expansion. Phys. Rept. 1974, 12, 75–199.
11. Wetterich, C. Exact evolution equation for the effective potential. Phys. Lett. B 1993, 301, 90–94.
12. Wetterich, C. Average Action and the Renormalization Group Equations. Nucl. Phys. B 1991, 352, 529–584.
13. de Alwis, S.P. Exact RG Flow Equations and Quantum Gravity. J. High Energy Phys. 2018, 2018, 118.
14. Bonanno, A.; Reuter, M. Proper time flow equation for gravity. J. High Energy Phys. 2005, 2005, 035.
15. Bonanno, A.; Lippoldt, S.; Percacci, R.; et al. On Exact Proper Time Wilsonian RG Flows. Eur. Phys. J. C 2020, 80, 249.
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