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1. Introduction

Black holes are fundamental objects in gravitational physics, providing a unique arena for probing both classical
and quantum aspects of gravity. In particular, the interaction of black holes with external fields, such as scalar,
electromagnetic, and Dirac perturbations, plays a crucial role in understanding observable phenomena including
Hawking radiation [ 1], quasinormal ringing [2—6], and absorption processes. Among these, greybody factors and
absorption cross sections encode essential information about the propagation of fields in curved spacetime and serve
as sensitive probes of the underlying geometry [7-9].

In recent years, considerable attention has been devoted to the study of black holes in higher-curvature theories
of gravity, motivated both by effective field theory considerations and by the quest for a consistent ultraviolet
completion of General Relativity. In this context, quasi-topological gravity provides a particularly attractive
framework, allowing for non-trivial higher-curvature corrections while preserving second-order field equations for
spherically symmetric configurations [10—18]. Remarkably, such theories admit static, asymptotically flat black hole
solutions whose metric functions are determined algebraically, leading to a rich variety of geometries characterized
by additional coupling parameters.

An important development within this class of theories is the construction of regular black hole solutions
obtained purely from gravitational dynamics, without invoking exotic matter sources. These configurations eliminate
curvature singularities and instead exhibit a smooth behavior of curvature invariants throughout spacetime. As
a consequence, they provide a natural setting for investigating how deviations from singular geometries affect
dynamical and radiative properties of black holes.

The propagation of test fields in such backgrounds reveals several distinctive features. In particular, the
effective potential governing perturbations is modified by higher-curvature corrections, which in turn affects the
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transmission probabilities, greybody factors, and absorption cross sections [19-23]. At low frequencies, the
absorption is typically suppressed due to the dominance of long-wavelength modes, while in the high-frequency
regime the cross section approaches the geometric-optics limit determined by unstable photon orbits. Therefore, any
modification of the photon sphere structure or of the effective potential barrier is directly reflected in observable
scattering characteristics.

Furthermore, higher-dimensional setups and brane-world scenarios provide an additional layer of phenomenology,
where fields propagate effectively on a lower-dimensional hypersurface while sensing the bulk geometry [24]. In such
cases, the dimensionality of spacetime and the strength of higher-curvature couplings play a crucial role in shaping the
effective scattering barrier and, consequently, the propagation and absorption properties of the fields [25-29].

In this work, we investigate the absorption cross sections of test electromagnetic fields propagating on the
brane in the background of higher-dimensional regular black holes arising in quasi-topological gravity. Our aim is
to quantify the deviations from the corresponding singular solutions and to elucidate the role of higher-curvature
corrections and spacetime dimensionality in the scattering process. Particular attention is devoted to the behavior of
greybody factors, the convergence of multipolar contributions, and the approach to the geometric-optics limit. We
show that the interplay between regularity and higher-curvature effects leads to characteristic modifications of the
absorption spectrum, providing a potential observational window into the underlying gravitational theory.

This paper is organized as follows: In Section 2, we present the basic equations of quasi-topological gravity
together with the formalism describing electromagnetic test fields propagating on the brane. In Section 3, we
compute the greybody factors required to determine the absorption cross sections. Section 4 contains the main
results of this work, where the absorption properties of higher-dimensional regular black holes are compared with
their singular Tangherlini counterparts. In this section, we also analyze the displacement of the photon sphere
induced by regularization effects. Finally, in Section 5, we summarize the main results and discuss the principal
physical implications of our findings.

2. Electromagnetic Perturbations on The Brane

Following Ref. [30], we consider a higher-curvature gravitational theory whose dynamics are governed by the action

1 Nmax
Ior = —— [ dPx+/|g| |R + wZn | 1
or = 1o = xvlgl nZ:Z and, l (H

where G is the D-dimensional Newton constant and the quantities Z,, denote quasi-topological curvature invariants
of order n. The static, spherically symmetric solutions of this theory can be written in the form [10]:

2
ds* = =N(r)*f(r)dt* + % +r2dQ3, 2)

where Q%)_z denotes the line element of the unit (D — 2)-sphere, and, without loss of generality, we choose

N(r)=1,  f(r)=1-r7y(r). A3)

From the equations of motion it follows that the function () satisfies the algebraic equation

Nmax

W) =+ Y e hW) = = @)

n=2

where p is an integration constant that is directly related to the ADM mass of the black hole.

Although the background geometry originates from a higher-dimensional bulk spacetime, the electromagnetic
field is assumed to propagate only on the induced four-dimensional brane metric. In this effective description, the
angular sector remains that of a two-sphere, and the decomposition of the Maxwell field proceeds in terms of the
standard four-dimensional vector spherical harmonics. Consequently, the dimensional dependence enters exclusively
through the metric function f(r) inherited from the bulk geometry,

2 ,, ar’ 20702 4 i 2
ds® = —f(r)dt” + —— + r=(d0” + sin” 6d¢~), 5)
f(r)
where Table 1 collects the metric functions associated with the various spacetime backgrounds considered in the
subsequent analysis.
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Table 1. Summary of the considered regular black hole models. Configurations (a)—(e) were proposed in [10],
while configuration (f) was introduced in [21]. The constraint on @ for configuration (c), denoted C(D), does not
admit a closed-form expression. Its value increases monotonically with D and approaches unity asymptotically,
limp_,o C(D) = 1. In all cases, the horizon radius rg is defined by the regular horizon condition f(rg) = 0.

Label f@r) p Parameter in Horizon Units Constraint in «
2 D-1 _
(@) S L S To 0< % <Db-3
rP-1 + au -a g D-1
2 D1
(b) I . _0 0 |P-3
VZ(D’I) + 0,2”2 Jré — az - rg - D -1
5 D1 2 @
(c) 1. = (1 _e—au/rD-l) °1n( . 0 ) 0< 3 <C(D) <1
a a ry—a 0
() | - 2ur? ré)” o< a _ D -3
rD=1 4 \[r2(D-1 4 40242 ry —a? T2 ND+1
() 1 2ur? ré)” 0<a<D—3
e - _— — <
rP-1 1 2qu +r2(P-D + 4y arP-1 (rg - a)? 1’3 D+1
D-
(f) 1 2pr? il 0< & P23
wa+\ar2@-0 1 2g2 rg_a rg “D-2

We consider electromagnetic perturbations described by a massless spin-1 field propagating on the effective
four-dimensional brane geometry governed by the Maxwell equations,

1
—9 (\/—gF ag‘”g"") =0, (©)
ﬁ H P
where Fy,, = d,A, — 0, A, is the field tensor derived from the vector potential A,. Following Ref. [31], we adopt
Feynman’s gauge, which allows for a separation of variables. After decomposing the vector potential into angular
modes, the perturbation equations reduce to a one-dimensional Schrédinger-like wave equation,
d>¥(r.)

— [Q*-V(r)]¥(r.) =0, @)

where Q is the real frequency of the perturbation and r. is the tortoise coordinate, defined by

dr, 1 =00, T — Iy,
=—, e = (3)
dr  f(r) +00, r — o0,

Here, roy denotes the event horizon radius, and the effective potential is

v =2 ©

where £ = 1,2, ... is the multipole number.

The metric functions displayed in Figure 1 highlight one of the main geometric differences introduced by
regularization, namely the appearance of an inner horizon 7; in addition to the event horizon ry. Unlike the singular
Tangherlini geometry, regular black holes exhibit a modified near-horizon structure characterized by a finite core and a
multi-horizon configuration. The most distinctive difference arises in the small-r regime, where regular solutions satisfy

f=1+0(r) (10)

indicating the absence of a central singularity and the recovery of a locally regular core. The presence of the
additional horizon changes the radial profile of the metric function in the interior region, producing a richer causal
structure and altering the transition between the near-horizon and asymptotic regimes.
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Figure 1. Metric functions for the singular Tangherlini solution (left panel) and for the regular configuration ( f)
(right panel), shown for spacetime dimensions D = 5, 6,7, 8. The blue, green, orange, and red curves correspond to
D =5,D=6,D=7,and D = 8§, respectively. For the regular solution, the coupling parameter is fixed to @ = 0.4.
In both panels, the event-horizon radius is normalized to rp = 1 in order to work with dimensionless quantities. The
figure illustrates how the metric profile changes with increasing dimensionality and how regularization modifies the

near-horizon geometry relative to the Tangherlini case.

3. Calculation of Greybody Factors

We consider the scattering problem associated with Equation (7), subject to the boundary conditions

Y= 7 g Ry oY Ty — 400, (1D

Y =T, e 1, ry — —oo. (12)
The greybody factors are defined by
Le(Q) = [T (Q)F = 1= |Re(Q)P, (13)

where Ty and R, are the transmission and reflection amplitudes, respectively, and their squared moduli give the
corresponding transmission and reflection probabilities. These quantities describe the likelihood that an incident
wave penetrates the effective potential barrier, thereby connecting the field’s underlying scattering behavior with
observable macroscopic quantities such as absorption and emission rates.

Following the general approach of Ref. [32], we employ the WKB approximation formulated as an asymptotic
expansion around the eikonal limit (£ — o), and apply it to the wave-like Equation (7). Within this framework, the
greybody factors can be expressed in terms of the WKB phase as

1
[ (Q) = 1 (14)

where K is a function of the real frequency Q. This quantity encodes the local properties of the effective potential,
being determined by its value and derivatives evaluated near the maximum. The explicit form of % at various orders
of the WKB expansion can be found in Refs. [32-34]. In principle, the method can be systematically extended
to arbitrarily high orders, as demonstrated in Refs. [35,36]. In recent years, the WKB approach has been widely
applied to the computation of greybody factors for a broad class of compact objects, including black holes and
wormholes (see, e.g., Refs. [37-57]), confirming its robustness and versatility in a variety of geometrical settings.

In the present work, however, we adopt a recently proposed analytic approximation for the WKB phase [58,59],
which provides a compact expression for the transmission coefficient in terms of the two dominant quasinormal
modes, wo and w;.These modes are computed using the WKB method (see Refs. [60,61] for a comprehensive
review). The resulting approximation for the greybody factor takes the form

1
Ir(w) = +0(t™h, (15)

1 +exp

27 (w? - Re(wp)?) -
4 Re(wp) Im(wo)

which captures the transition between low and high transmission regimes in a simple analytic form. This
approximation is already accurate for relatively low multipole numbers and becomes exact in the eikonal limit
(€ — o0), where the WKB expansion is formally justified.

As pointed out in Ref. [22], the accuracy of this method is sufficient for the range of parameters explored in the
present work. In the calculation of the greybody factors (see Figure 2), we evaluate the greybody factors modes
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using the approximate formula up to order O(£73).
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Figure 2. Greybody factors for different multipole numbers ¢, displayed from darker to lighter tones, corresponding
to £ = 1 through ¢ = 10, for the configuration (f) with D = 5 with @ = 0.2r(2) (left panel) and D = 6 with @ = 0.4r5
(right panel).

4. Absorption Cross Section

The absorption cross section o provides a direct measure of the interaction between incident electromagnetic
radiation and the black hole geometry, encoding how efficiently incoming modes are captured after traversing the
effective scattering barrier. Within the partial-wave formalism, the total absorption is obtained by summing the
transmission probabilities associated with each angular mode [62],

(o)

() = 55 D20+ D), (16)
=1

where 'y (L2) are the greybody factors associated with each multipole number £ and frequency €.

At low frequencies, only the lowest multipoles contribute significantly, leading to a rapid decrease of the cross
section as Q decreases. This behavior is further enhanced by the suppression of the greybody factors in this regime.
In particular, since I',(Q) — 0 as Q — 0 for £ > 1, the low-frequency contribution to the integrated flux is naturally
suppressed. From a physical perspective, this is consistent with the fact that, in the low-frequency regime, the
photon wavelength is much larger than the characteristic black-hole scale, namely A4 > r(. As a consequence, the
incoming radiation couples only weakly to the near-horizon region, and the black hole does not exhibit a finite
effective absorption area for very low-energy photons (see Figure 3).

Figure 3. Contribution of the first 50 multipoles for configuration (f) with D = 5. The left panel corresponds to
a/ rg = 0.3, while the right panel corresponds to @/ rg =0.5.

In the high-frequency regime, wave propagation reduces to geometric optics and the black hole behaves as
a classical absorber. In this limit, o5 approaches the geometric-optics capture cross section, ogeo = nb%, where
b, is the critical impact parameter associated with unstable photon orbits. Any modification of the geometry
induced by the regularizing parameter or by the spacetime dimension is thus directly reflected in the value of b, and,
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consequently, in the limiting value of the absorption cross section. In addition, the approach to o, is typically
accompanied by oscillatory features, which can be interpreted as wave effects around the classical capture threshold
and are closely related to the presence of unstable photon orbits. Particles with b < b, are captured by the black
hole, whereas those with b > b are scattered to infinity. Therefore, the critical impact parameter b, defines the
apparent shadow radius for an asymptotic observer.

For null geodesics in a spherically symmetric spacetime (5), one may restrict the motion to the equatorial
plane (6 = 7/2) without loss of generality. The conserved quantities associated with time translation and rotational
symmetries are the energy and angular momentum,

E = —gut = f(r)i, L? = r*¢?. (17)

The radial motion of photons is governed by

P+ Ve (r) = E?, (18)
where the effective potential is
LZ
Veff(r):f(r)r_2~ (19)

For an asymptotic observer, photon trajectories are characterized by the impact parameter

L
b= z (20)
The impact parameter determines whether an incoming photon is scattered back to infinity or captured by the
black hole, depending on the relation between E? and the effective potential barrier. The critical impact parameter
b is associated with unstable circular null geodesics; these orbits occur at the photon-sphere radius rpp, defined by
the conditions
7 =0, Vig(rpn) =0, (21)

together with the instability requirement
Ve/;f(”ph) < 0.

Evaluating the radial equation of motion at r = rpy, one obtains

,
be = _ph (22)

VFrom)

From Figure 4, one observes a clear shift in the total contributions to the absorption cross section, together with
a deviation from the singular Schwarzschild-Tangherlini solution as the ratio o/ ré increases. This deviation persists
throughout the full admissible range of the coupling parameter and remains present up to the extremal regime. The
same qualitative trend is observed across all spacetime dimensions and for each regular configuration considered.
Furthermore, the relative contribution of the lowest multipoles becomes increasingly dominant as the spacetime
dimensionality grows. As the extremal regime is approached, an increasing number of multipoles is required in
order to achieve convergence to the geometric optics limit.

2 4 6 8 10 12 14 2 4 6 8 10 12 14
Qry Qry

Figure 4. Contributions on total cross-section for the first 40 modes for the () black hole in D = 5 (left panel) and
D = 6 (right panel) for some values of a//rZ.
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Meanwhile, Table 2 summarizes the effective absorption cross section in the geometric optic regime. A clear
and robust trend emerges: the impact parameter of the circular photon orbit decreases as the spacetime dimensionality
increases, indicating an inverse scaling with the number of dimensions. This behavior can be understood from the
fact that, in higher dimensions, the gravitational field decays more rapidly with distance, effectively localizing its
influence closer to the black hole. As a consequence, unstable photon orbits occur at smaller radii, leading to a
reduced photon sphere.

This tendency is already present in the singular Tangherlini solution, which provides a useful baseline for
comparison. In this case, the metric function is given by

-3

ro D
foy=1-(2)",
r
and the photon sphere radius can be obtained analytically. Imposing the condition V(rpn) = 0 yields
1
r D-1\P=
o (_) , (23)
ro 2

which decreases monotonically toward unity as D increases. The regular black hole models considered here follow
the same qualitative behavior, with deviations controlled by the higher-curvature parameter.

Table 2. Geometric-optics absorption cross section ogeo = ﬂb% for the Tangherlini solution and the regular black hole
configurations considered in this work. Results are shown for several spacetime dimensions with o = 1, illustrating
the systematic enhancement of the optical capture area induced by regularization.

7b2
Model
D=5 D=6 D=7 D=8

Tangherlini 12.56640 9.64477 8.16210 7.25947
a=0.2 15.01920 10.89260 8.95940 7.83183

@ a=04 19.48270 12.92620 10.18880 8.68538
a=0.2 12.81000 9.77090 8.24282 7.31725

*) a=04 13.65180 10.19860 8.51401 7.51029
a=0.2 13.68800 10.22940 8.54008 7.53271

© a=04 15.34880 11.04930 9.05553 7.89890
a=0.2 13.05940 9.89895 8.32445 7.37555

@ a=04 14.84950 10.78910 8.88293 7.77063
a=0.2 18.19090 12.36530 9.85984 8.46180

) a=04 - 17.75110 12.87970 10.46780
a=0.2 13.71570 10.24320 8.54876 7.53885

) a=04 15.51890 11.12970 9.10465 7.93311

Complementing the results presented in Figure 4, we computed the total contributions of the first 40 multipoles
for extremal configurations characterized by a vanishing Hawking temperature, Ty (rg) = 0, and compared them
with the singular Tangherlini solution in Figure 5 for all configurations. Together with the photon sphere radii
compiled in Table 2, a clear trend is observed: the differences with respect to the singular solution decrease as the
bulk dimensionality increases. As D grows, the discrepancies between the regular extremal configurations and
the singular Tangherlini solution are systematically suppressed. This behavior suggests that D acts as a parameter
controlling the localization of photon trajectories projected onto the brane, restricting the range of allowed impact
parameters and driving the dynamics of test fields toward the singular limit as D increases. This result is consistent
with the behavior encoded in Equation (23), where the photon sphere radius approaches its asymptotic value as the
number of dimensions grows. As a consequence, the effective potential projected onto the brane converges toward
that of the singular Tangherlini solution, leading to the observed agreement.
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Figure 5. First 40 contributions to the total cross section for the configurations presented in Table 1 for D = 5 (left
panel) and D = 6 (right panel). The lower black line corresponds to the singular Tangherlini solution, red for (a),
blue for (b), dark green for (c), orange for (d), purple for (e), and cyan for (f). All configurations are in their
extremal regime in terms of the coupling parameter o/ r(z).

Overall, the results presented in this section indicate that the bulk dimensionality D and the higher-curvature
coupling & play complementary roles in shaping the absorption properties of regular black holes projected onto
the brane. While increasing D progressively suppresses deviations from the singular Tangherlini geometry, the
parameter « quantifies the departure from the singular limit by controlling the strength of the regularization effects.
In particular, larger values of @ produce an outward displacement of the photon sphere, increasing the critical impact
parameter and consequently enlarging both the shadow radius and the geometric-optics absorption cross section.

5. Conclusions

In this work, we have investigated the absorption cross sections for electromagnetic test fields propagating on a
4D brane, where the background geometry is determined by higher-dimensional regular black holes in the bulk. Our
analysis focused on quantifying deviations from the singular Tangherlini solution and on assessing the role of the
higher-curvature coupling parameter «.

It is found that, for all values of @/ r%, the shadow radius of regular black holes increases relative to their singular
counterparts. This behavior reflects a significant enlargement of the photon capture region through an outward
displacement of the photon sphere, driven by modifications of the effective potential induced by the regular geometry.
The regularization of the central core alters the internal spacetime structure, shifting unstable null orbits to larger radii
through purely geometric mechanisms and enhancing the effective gravitational trapping region. As a consequence,
both the shadow radius and the absorption cross section increase, while the greybody spectrum is displaced toward
higher frequencies, indicating that more energetic modes are required to efficiently penetrate the modified effective
potential barrier. The shadow radius continues to increase up to the extremal configuration determined by the spacetime
dimension D, at which the inner (r;) and event (rp) horizons merge into a degenerate horizon.

From a more complete physical perspective, the displacement observed in the brane-projected absorption
cross section curves across all frequency regimes can be directly attributed to the behavior of the greybody factors,
namely to a deformation and effective shift of the scattering barrier, as previously discussed in [22]. In this sense,
the enhancement of the classical photon capture region, the modification of the wave-scattering barrier, and the
change in the effective size of the black hole should not be interpreted as independent effects. Rather, they arise
simultaneously as a consequence of the deformed spacetime geometry induced by the regularization mechanism.
The regular core modifies the effective potential governing null geodesics and wave propagation alike, producing a
coherent geometric response observable in shadow formation, absorption spectra, and transmission probabilities.

We find that increasing the bulk dimensionality D systematically reduces both the number of multipoles
required to achieve convergence of the total absorption cross section and the deviation of the effective photon sphere
radius with respect to the singular case. This behavior reflects the fact that, in higher dimensions, the gravitational
field becomes more localized near the horizon. Consistently, the effective potential barrier projected onto the brane
becomes narrower and higher as D increases, leading to a suppression of the greybody factors, particularly in
the low-frequency regime. As a result, long-wavelength modes exhibit a reduced transmission probability, and
their contribution to the absorption cross section rapidly decreases. The simultaneous suppression of multipolar
contributions and the convergence of the photon sphere radius toward the Tangherlini limit can thus be understood
as complementary manifestations of the same underlying mechanism.

Overall, our results indicate that the bulk dimensionality acts as a controlling parameter governing the departure
from General Relativity in brane-projected regular black hole geometries. As D increases, the system progressively
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approaches the singular Tangherlini limit, while the geometric effects induced by regularization become less
pronounced. At the same time, the coupling parameter controls an effective enlargement of the photon trapping
region, leading to an increase in the optical size of the black hole. These results suggest that shadow observables,
greybody factors, and absorption spectra constitute complementary probes of the same underlying geometric
deformation induced by higher-dimensional regularization mechanisms, offering a unified framework to characterize
departures from singular black-hole geometries.
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