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Black holes have always been of great interest in gravitation and high energy particles. Through
their interaction with light and matter, it is possible to understand their behavior. However, there
is an apparent difficulty in studying it in the laboratory, in addition to the complex equations rep-
resenting them, in particular when we left for black holes without singularities. In this work, we
use a finite element software to simulate the metric of black holes without singularities in con-
densed matter systems. For these non-singular black holes, the idea is to use the metric tensor as
a unitary element ds2 and make this metric as the electric permittivity of material to be simulated
in software. We study a plane wave on the influence of the black hole, presenting how the light is
disturbed by the presence of the black hole. Then it is possible to identify a light signature of the
presence of black holes, thus helping their detection and study of their properties .
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1. Introduction

The condensed matter usually consists of a wide range of problems in systems that may or
may not be in the perfect solid state, essentially we have to things like (solid phases, liquid phase,
superconducting phase, ferromagnetic phase, etc.) [1]. Moreover, we will have materials that have
unique macroscopic properties, that is, are material designed to have a property that is not found
in natural materials. Furthermore, due to greater scale repetition have recently been called meta-
materials [2]. But depending on what you are trying to accomplish, each approach has a different
set of tools, in our case we use the general relativity in condensed matter or engineered material
may seem surprising: relativity has been associated with the physics of gravitation and cosmology.
Furthermore, we know that black holes have always been of great interest in gravitation and high
energy particles, due to the singularity surrounding such objects in practical terms, the singularity
means failure, a "fissure" in the equations and solutions of general relativity, that is, a dimension-
less point and infinite mass and energy [3]. Already the non-singular black holes are entities where
singularities have been removed by regularization, that is, non-divergence or non-occurrence of
singularity, and is satisfied only in the case de Sitter’s space-time [4]. The de Sitter’s space-time is
a more fundamental quotient space than the Einstein equation by the addition of the cosmological
term and it can be defined as a sub manifold of a Minkowski space of a higher dimension and
can be constructed independently of any gravitational theory [5]. However, the available software
package is not user-friendly [6], making the study difficult. In this work, we use the finite element
software COMSOL Multiphysics R R© [7]to model the propagation of light around non-singular
black holes using a material with special dielectric properties that present the identical effective
metric, according to the work [8].

2. Theory and Description

Our work aims at a special class of the interaction of the black holes through their interaction
with light and matter, these can also be characterized by regular black holes, non-singular black
holes or Bardeen black holes [9]. In addition, the multiphysics modeling presented in this work
tried to describe artificially produced structures common to metamaterials, where these nonsingular
metrics are made using in magnetic metamaterials. Now, we will introduce to these nonsingular
black holes a metric tensor unitary element cofactor ds2, his representing the Bardeen metric [10,
11, 12]:

ds2 =− f (r)dt2 +
dr2

f (r)
+ r2(dθ

2 + sin2
θdφ

2). (2.1)

The Bardeen’s solution is a result of the gravitational field of Einstein in the presence of an elec-
tromagnetic field, the well-known Reissner-Nordström solution. Studying light trajectory in the
geometry of a black hole type regular we have the following expression for f (r) in Bardeen black
hole. [9]:

f (r) = 1− 2m(r)
r

, (2.2)

and

m(r) =
Mr3

(r2 + e2)2 , (2.3)
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where M and e are constants.
In the laboratory, it is theoretically possible to simulate metric using condensed matter systems

[13, 14], and non-singular metrics can be effectively constructed via concentric layers [15] of sub-
wavelength unit structures. With this construction, one can control, for example, the radial variation
of the dielectric properties. A way to simulate the propagation of light in a metric with components
gαβ is to consider the light propagating in a material with the following dielectric permittivity [8]:

ε
i j =−

√
−g
√

γ

gi j

g00
, (2.4)

where g = det(gαβ ), γ = det(γi j), and γi j are the components of the flat spatial metric.

3. Results and Discussion

Using the metric of line element Eq. (2.1) with the terms (2.2) and (2.3) to determine the
effective components of the dielectric tensor ε i j using Eq. (2.4), we implemented simulations using
the finite element software COMSOL Multiphysics. This software solves the Maxwell equation for
a given dielectric tensor, allowing one to use it to model the propagation of light close to a non-
singular black hole.

Using Gaussian waves to model laser beams and plane waves, both with wavelength λ = 5 µm,
in the flat and non-singular black hole (with M = 1 and e = 2) metrics, we found the results shown
in Fig. 1, for a 20 µm-square region adequate to the condensed matter simulation. In Figs. 1(a)-(b),
one notices a spread of the Gaussian beam and a deflection in the direction of square’s center, the
location of the non-singular black hole, resulted from the different radial distance from portions of
the ray to the center of the black hole. Such phenomena repeat for the plane wave, as one can see in
Figs. 1(c) and (d). Beyond the fringe phenomenon due to a boundary effect, we noticed a split on
the plane wave after the non-singular black hole. Again because the different radial distance from
portions of the ray to the center of the black hole, this split can be used as optical signatures of such
non-singular black holes. These results are similar to experimental realizations for photonic black
holes [16].

4. Conclusions

In this work, we simulated the propagation of plane and Gaussian light waves in a solid mate-
rial with dielectric properties that mimic the metric of a non-singular black hole. We found a spread
and split of the incident beam, due to the interaction of the black hole on portions of the beam with
different radial distances. Our results are similar to experimental achievement in photonic black
holes [16] and can be used to identify non-singular black holes using light scattering.
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(a) Gaussian beam / flat spacetime (b) Gaussian beam / nonsingular black hole

(c) Plane wave / flat spacetime (d) Plane wave / nonsingular black hole

Figure 1: Propagation of light in a material simulating a flat spacetime, (a) and (c), and a non-
singular black hole, (b) and (d). The parameters used in this simulation were wavelength λ = 5 µm,
M = 1 and e = 2.
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