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Abstract—Realizations of celestial objects in the laboratory have been a tantalizing subject for human
beings over centuries. In this paper, we review some of the interesting cases of realizations of black
holes in the laboratory. We first review the recent progress in observed black holes realized through the
isotropic coordinate transformation method, then discuss the realization of optical attractors. Finally,
the Rindler space-time, as a one-dimensional black hole, by using the hyperbolic metamaterials, is
discussed.

1. INTRODUCTION

Undoubtedly, general relativity has been an interesting field of science. Indeed, general relativity
has changed the human view of the world as well as advanced geometrical methods in theoretical
physics. Moreover, increased understanding of curved space-time has been additional motivation for the
investigation of objects such as black holes, worm holes, FRW universe, etc. [1]. In these investigations,
the existence of singularity, event horizon, thermodynamic properties and absorption of everything
have defined black holes in particular as an interesting subject. Ability to generate black holes in
the laboratory has technical application in solar energy harvesting photovoltaic systems, thermal light
emitting sources, optoelectronic devices, etc. [2-4].

Realization of black holes is possible from two perspectives. On the one hand, it is theoretically
related to transformation optics, based on the equivalent of curved space-time and material, which
leads to control and engineering of electromagnetic waves [5-9]. On the other hand, realization is
experimentally related to metamaterial science as is a result of progresses in the engineering of material
properties which have led to the study and creation of general relativitys objects. With these two
perspectives as points of venture, the collected studies first incorporate different theoretical methods
and fields of study in physics, including general relativity, condensed matter, optics, etc. [10-16]; second,
discuss the aforementioned experimental progresses to demonstrate the celestial objects such as black
holes, worm holes, FRW universe and Godel universe, etc. in the laboratory [16-37]; and third, illustrate
the curved space-time and two-time physics realizations in hyperbolic metamaterials to invite discussion
for the advancement of theoretical physics [38-45]. Two challenging opportunities for continued research
in this field of study present themselves: first, deeper theoretical understanding of curved space-time
transformation optics as well as realization in hyperbolic metamaterials, which would improve upon
current understanding of curved space transformation optics [46-49]; second, progress in the engineering
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of metamaterial refractive indexes which would support future realization of celestial objects in the
laboratory with properties as close to the original objects as possible [46].

As is mentioned, the black hole is one of the interesting subjects in the physics due to the existence of
singularity, event horizon and thermodynamic properties as well as its relation to quantum information,
quantum gravity and string theory [50]. Indeed, realization of a black hole in the laboratory has be
suggested for at least two reasons: first, extension and verification of theoretical studies of black hole
properties such as Hawking radiation in the event horizon [11, 51, 52]; second, generation of optical black
hole, or attractor, for use in control of electromagnetic waves in technological applications; the subject
which is reviewed in this paper.

In this review, we start with the Maxwell equations in curved space-time, which when applied to the
isotropic metric of the Schwarzschild black hole, gives the refractive index of equivalent medium. This
structure is too complicated to realize, therefore a cylindrical Schwarzschild black hole is considered,
which despite the fact that it is easier to realize in comparison to the former, it has two main challenges:
first, it is infinitely large; second, anisotropic materials are needed for its realization. In the following, we
study the suggested manners to solve these challenges. Then, we review the optical black hole, attractor,
in detail, based on the papers that have been published so far. Also, we mention the experimental work
that has been done in studies of the optical attractor. Finally, we consider Rindler space-time, as a one
dimensional black hole, as realized through hyperbolic metamaterials.

2. ELECTROMAGNETIC WAVES IN SCHWARZSCHILD BLACK HOLE

The source-free Maxwell equations, in the covariant formalism, are written by [53]

dF = 0, 1)
d*xF =0,
where the Hodge star operator x, by using the antisymmetric Levi-Civita symbol €4, is defined by [53]
*op = %\/meaﬁapga“ 9", (2)
and
0 -E, -E, -LE,
P=lE om0 B ®
E. B, -B, 0
Now, by using H* = /|g|F"”, the Maxwell equations can be written as [54],
H" =0,
* H WW =0, 4)

In this case, component of H"” is defined by following relations [54]:

0 -D, -D, -D.

D, 0 H, -H, )
D, —H. 0 H, |

D, H, -H, 0

It is evident that relations (4) are similar to the Maxwell equations in the flat space, on the following
constitutive condition [54],

H=

Di = €ikEk — (G X H)za

6
B; = pyHy — (G x E); (6)
where
ik
Eik = ik = — |9|g—
goo (7)
G =0,

goo
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Therefore, the Maxwell equations in the flat space that is filled with media are similar to the Maxwell
equations in the curved space-time, i.e., geometries appear as dielectric media [54].
Now, let us start with the Schwarzschild black hole metric, defined as follows:

-1
ds® = — (1 - T—s> dt* + (1 — E) dr? 4 r?d6* 4 r* sin® 0d¢?, (8)
r r

in which Schwarzschild radius r = rs has the well-behaved and finite curvature tensors, but the space-
time has a horizon in these coordinates [53]. As mentioned, we have to write the Maxwell equations in
the Cartesian coordinates. For this purpose, we introduce the isotropic metric form:

ds?=— (1 - f"g*"p )> dt*+ {@r (dp*+p*d6%+p* sin® §d?) = (1 - ﬁ) dt*+ {@r (d;jdx'da?), (9)

which
x=pcososing, y=psingsinf, z= pcosb, (10)

and p is the isotropic radial coordinate. Now, we impose the condition r = f(p) so that the metric (8)
is turned into metric (9). This relation imposes the following relation:

v =P fr. (11)

3
Ts

fo 1 1(+E)
_ _Ts_ N 2 Ts E

P 1 f(p) (1 o 277)
In the approximation of geometrical optics, i.e., the dielectric permittivities do not vary significantly
over the local wavelength, the effective Hamiltonian, which describes the trace of light ray, is given

by [23],

Therefore, by using (7), we can obtain:

(12)

n:gzjzuz']:

2
2 m?

_|_
e(p)  2p%(p)’
where p, is the radial momentum and m the total angular momentum. A straightforward solution of
the Hamiltonian equations for Equation (13) yields the ray trajectories in the polar coordinates

m/r d¢

Heﬁf = 2 (13)

(14)

where the constants pg, ¢ and Cjy are set by the initial conditions. Fig. 1(a) indicates the density plot
of the refractive index (12) and ray path of light. Note that the isotropic radial coordinate p has no
direct physical meaning.

The linearized Schwarzschild black hole is the another case which is described in this case [31].
Indeed, the linearized Schwarzschild black hole is an approximate solution of Einstein field equation
and correspondence to the star’s metric [55]:

ds? = —¢2 (1 _ T_‘S’) di? + (1 + T_“)’) (dx2 + dy? + sz) . (15)
r r
Moreover, another type of the linearized Schwarzschild black hole can be written as [56, 57],
ds? = —* (1= 222 ) de? + da® + dy? + 2> (16)

The refractive indexes of both metrics, i.e., relations (15) and (16), by using relation (7), are respectively

given by
\/m
n= )
r—rs

r

(17)

n =
T —2rg
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Figure 1. Density plots of refractive index of analogue medium of Schwarzschild black hole (12) and
linearized Schwarzschild black holes (17), and (30) as well as propagation dynamics of light rays in plot
(a), (b), (c) and (d), respectively.

which are respectively plotted in Figs. 1(b) and (c). Also, some paths of propagation light are plotted in
these plots. It is obvious that refractive indexes in all cases diverge as the radial coordinate approaches
the event horizon rs and 27, in relations (12) and (17).

Also, by rewriting the Schwarzschild black hole in Cartesian coordinates [34],

— (1) 0 0 0
2
_Trs T _Ts TY _Trs TZ
B 0 1+ r—rs T2 r—rs 72 r—rs T2 18
g - 0 rs TY 1 + Ts y_2 rs Yz ( )
r—rs r2 r—rs 12 r—rs r2
2
rs T2 rs Yz rs 22
0 r—rs 72 r—rs 2 1+ r—rs 2

By using M” ¢gM, in which the orthogonal matrix M transfers the Cartesian coordinates to the spherical
ones and is introduced by

1 0 0 0
0 =z z zy
T Vx2422 22422
M = 0 - 0 _ Va2t | (19)
r r
0 -2 —z vz
roNV32422 V22422
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the diagonal transformation of the Schwarzschild black hole, in the spherical coordinates, is given as:

[gas] = diag (— (1 — %’) , (1 — %)_1 1, 1) . (20)

Therefore, the tensor of permittivity, in the spherical coordinates, is given by

£ = diag (1, (1 - %)_1 , (1 - %)_1) , (21)

which describes an uni-axial dielectric-magnetic medium [34]. These structures with spherical symmetry
are hard to generate; therefore, the cylindrical Schwarzschild Black hole is considered in the next section.

3. REALIZATION OF CYLINDRICAL SCHWARZSCHILD BLACK HOLE

Under H. Chen, et al., suggestion, cylindrical back hole can be constructed with the following metric [29]:

2 L 2 L\~ 2, .2792 2
ds*=—(1——=)dt*+(1—— dr® + r2df” + dz*, (22)
T T
where by using relations (7), in the Cartesian coordinates, the permittivities are given by:
L z? L
A s i
£ = il = <1__> _Lzy 1 _ L o |, (23)
r ror rr
0 0 1
In this case, the permittivities can be rewritten in the cylindrical coordinates as
A
er=pr=1, eg=pg=¢c,=p,= 1_? . (24)

As is evident, these parameters diverge, as r approaches the event horizon L. For considering the
numerical solution, the following permittivity and permeability are considered:

L -1
/’LT:17 /-’LO_EZ_(l_?) ; r>1L

(25)

/N —1
pr=1, pg=¢e,= (1—5) (I+4), 0<r<L,
where I’ = L — 0 with § < 1, consequently, most of the TE electromagnetic waves are absorbed by the
event horizon. Fig. 2 demonstrates the simulations for different incident Gaussian beams interacting
with the metamaterial black hole. However, for realization of this device, we have at least two challenges:
first, this device is infinitely large; second, it is constructed by anisotropic materials. To solve the first
problem, we consider the following non-answer of Einstein’s field equation:

L L\
ds® = —a (1 - —> dt* + a! (1 - ‘) dr? + r%d6? + dz?, (26)
r T

where o = (1 — L/L3y) squeezes the space-time; in addition, we impose a(1 — L/r) =1 at r = Ly while
we suppose that the out of these regions, i.e., v > Lo, are flat; therefore, the above metric approaches
the flat metric when r approaches Lo; according to this structures, the permittivity is given by

al\ !
Er=Hr=1, cog=pp=¢€,=p,= a-—] (27)

while outside » = Lo is vacuum. To solve the second problem, by using the isotropic coordinates
methods introduced in the Section 2, we obtain the isotropic transformed coordinates as

(24 L)
=

(28)
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Figure 2. The magnetic field amplitude H near the black hole from Eq. (25) for different incident
Gaussian beams with beam center at (a) (2L,0), (b) (2.5L,0), (c) (3L,0), (d) (3.5L,0). The incident
wavelengths and the beam widths are A = w = 0.25L. The beams are incident at an angle of 60 deg
from z-axis [29].

where 7 is the isotropic radial coordinate; consequently, the metric (26) is transformed as
27 — L\ (27 + L)2\?
2 _ 2 2 2 2
ds® = (2770‘_’_1;) dt +( gratl (da® + dy” + dz?) . (29)
Finally, by using the relation (7), the refractive index profile of the metric (29), is obtained as

N 27 4+ I)° . L\
n(r) = 87':CE+1 (2170‘)—L)’ s [(E) ,oo) . (30)

In this case, Fig. 1(d) shows the propagation of light for this structure, described by relation (30), with
Ly=5and L =1/2.

4. OPTICAL BLACK HOLE

Another idea which has been theoretically and experimentally investigated in detail is optical black hole
or attractor. Indeed, the idea of such a device is based on the Schwarzschild black hole even though
it is not directly related to the transformation optics. This device, consists of the payload core with
the radius R, surrounded by the concentrating shell of radius R, which was suggested and studied in
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several works so far [18-25]. In this paper, we focus on the cylindrically symmetric distributions of the
dielectric permittivity () as follows:

€0, r>R
e(r) = 5015—22, R. <r <R, (31)
€c+1iy, <R,

where R, = Ri—g. By using the geometrical optics, the effective Hamiltonian that describes the trace

of light ray propagation is given by the relation (13). Fig. 3 shows the propagation of light for this
structure, described by relation (31).

65
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Figure 3. Density plots of refractive index of analogue medium of optical attractor (31) as well as
propagation dynamics of light rays.

Moreover, by solving the Maxwell equations, directly, for TE polarization, i.e., £ = E(r,¢)Z, we
can obtain

Adm (Vee +iv4r) , r < R,
E(r,¢,t) = e”™m®=it I Beog [\/kgRQ —m?log %] + C'sin [\/kgRQ —m?log RLJ , R.<r<R,

Hy, (kor) + roH,y, (Kor), r> R,

where A, B and C are constants; J,, and HT% = J,, £ 1Y,, are respectively the standard Bessel function
and Hankel function; r,, is the reflection coefficient for the angular momentum m. By considering the
boundary conditions, that is, continuity of £/ and its normal derivative, reflection coefficient r,, is given
by

Hy/(koR) + nm H,y, (ko R)

m

" Hi/(koR) + nmHh(koR)’

(32)

'm

where

VEER? —m? R pkoR J! (pkoR)
m = —~"9" — tan | \/k2R2 — m2log — — arct = ; 33
n ko an 0 m=log R, arctan \/m T (pkoR) (33)

and p = +/(ec+4y) /eo. In this case, the absorption cross section per unit length of a cylinder is

obtained R ok R
aa—QR[1—2F<O ’Y>+F( 0 7)] (34)
Ec Ec

where

w/2 1
F(x) = / df cos fe 7080 ~ —, >1, (35)
0

12
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Therefore, as we expect, the absorption cross section per unit length, under the condition kgRvy > 1, is
close to the full geometrical cross-section of the cylinder, 2R [23].
Also, by using the same method, the magnetic component of TM polarization electromagnetic

waves are given by [58]
o0

H;” = Z H;”(r)ei”‘z’_i“t R.<r<R (36)

n=—oo

in which n is the angular momentum number, w is the angular frequency and H"(r) are given by

. r\ —1+y/n2—k3R2+1 r\ —1l—v/n2—k2R2+1

H' (1) = A () " B () o
R R

In addition, if we suppose that, for TM polarization electromagnetic waves, the Gaussian beam is

incident [19],

(37)

Hir(r,¢it) = Y Poi™Ju(kor)e™ ™", r >R, (38)
in which J(kor) are Bessel functions of order n and P, obtained by [58, 59],
P, = Wo eékiwg—i,/k2—k§aco—ikyy0—iandky’ (39)

N

where Wy is half of the beam waist, (xg,yo) is beam center in Cartesian coordinates and « =

Z sinfl(k—y). The total magnetic field H2* is the summation of the incident field and the scattering
field H:“, given by
o0
H(r,dit) = Y Qui™Hy (kor)e™® ™! (40)
n=-—o0o

where H} is the first kind Hankel function [19]. In the region R. < r < R, the magnetic fields are given
by [58];

o0
H"= 3" HIMr)em ™' R.<r<R (41)
n=-—00

in which n is the angular momentum number and w the angular frequency. Finally, the magnetic fields
in core region are given by [58],

HE e (r, 1) = i Cpdy (kow /€. + i’y’r) eing—iwt (42)

n=—oo

In this case, the absorption cross section per unit length is given by [60],

) ’ Qn
Oq = k;_o ( + Re [Fn:|> (43)
which is also close to the quantity of 2R [60].

—00 Pn

For realization of the optical attractor device with permittivity (31), multilayered cylindrical
structure is applied. The inhomogeneous region R. < r < R is divided into N concentric shells of
isotropic dielectrics with equal thickness. The left panel of Fig. 4 shows the magnetic field intensity
pattern for an incident Gaussian beam interacting with the EM black hole, which is calculated based on
rigorous solutions Equations (37)—(42). The right panel of Fig. 4 indicates the magnetic field intensity
pattern near the multi-layered EM black hole, with 12-layers, as a concrete example [19,26]. In
Ref. [19], an experimental work has been done with five kinds of real isotropic materials, including
air, aluminum (Al) metal rods, polyethylene (PE), polymethyl methacrylate (PMMA) plexiglass, and
polyvinylidene fluoride (PVDF') which their relative permittivities in microwave frequencies near 10 GHz
are respectively about €4 = 1, €47 = 00, epp = 2.3, epyyma = 2.6 and epypr = 7 + 0.7i, with the
thickness of each layer equal to 5 mm.
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Figure 4. The left plot is shown the magnetic field intensity pattern for an incident Gaussian beam
interacting with the EM black hole, which is calculated based on rigorous solutions Eqgs. (37)-(42). The
right plot indicates the magnetic field intensity pattern near the multi-layered EM black hole, with 12-
layers with associated permittivities, respectively, €1 = 3.66, e9 = 3.15, €3 = 2.60, ¢4 = 2.30, €5 = 2.12,
gg = 1.89, g7 = 1.66, e¢g = 1.54, e9 = 1.41, 19 = 1.34, €11 = 1.28, 1o = 1 and their thickness is
considered d = 1 mm [19].

Finally, we have to mention the possibility of construction of the omnidirectional absorbers by using
a conformal mapping [16]. Indeed, by using the following conformal mapping:

w=Az", A#0, n<O0, (44)

in which w = 2’ + 4y is the physical space and z = z + iy is the virtual space, Z. Chang, et al., have
constructed a omnidirectional absorbers for elastic waves [16].

5. REALIZATION OF THE SCHWARZSCHILD BLACK HOLE BY HYPERBOLIC
METAMATERIALS

As is mentioned before, the hyperbolic metamaterials demonstrates the curved space-time, including
(1 + 2)-Minkowski spacetime, back hole, wormhole, and two-times physics [38-45]. Indeed, one
dimension, in the hyperbolic metamaterials, can be considered as a “time-like” coordinate whereas other
dimensions indicate spatial coordinates [13, 14, 42]. It can be illustrated by considering a nonmagnetic
uniaxial anisotropic metamaterial with dielectric permittivities e, = ¢, = 1 > 0 and e, = g2 < 0
that is added to this assumption that this behaviour holds in some frequency range around w = wy.
Therefore, any electromagnetic field propagating in this material can be considered as a sum of ordinary
and extraordinary contributions, each of these being a sum of an arbitrary number of plane waves
polarized in the ordinary F, = 0 and extraordinary E, # 0 directions [13, 14, 42]. Now, by considering
scalar extraordinary wave function F, = ¢, the ordinary portion of the electromagnetic field does not
contribute to ¢. Now, by considering Maxwell equations in frequency domain [61],

2
C;—2DW=V><V><EW D, = ¢<E, (45)
the Klein-Gordon equation is obtained,
2
_ _ w
—-& 18§¢w + €9 ! (8g¢w =+ 8§¢w) = C_2¢w7 (46)

in which the spatial coordinate z = 7 behaves as a timelike coordinate. By this assumption, the z-
dependent dielectric permittivity component €, = €9 changes sign at z = 0, the dielectric tensor of the
composite is given by

g1~ eq, €2~ eq+p(2)em, (47)
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where —&,, > €4 ~ 1 and p < 1. By considering the in-plane wave vector (k,,ky), i.e.,

E(r) = B(z)e'arty, (48)
so that the ordinary and extraordinary waves correspond to the TFE- and T M-polarized modes,
respectively. We consider the case of constant ey = €, < 0 and assume that finite €;(z) = ¢, = ¢,

changes sign from €7 > 0 to €1 < 0 as a function of x as is indicated in Fig. 5. Introducing v = B, we
obtain [42]

62&)(2)

—0%) + 0%y =

€1 c2

¥, (49)
where E, ~ —; 10,1 diverges at the interface. By considering e1 = az?, at z = 0 leads to Rindler-like
optical space [62] near the interface, which is written as

2.2

g x
—C—2dt2 +dI?, (50)

which can describe the area near the event horizon of the Schwarzschild Black hole [42]. Since the

extraordinary photon wave vector k & k, ~ (e2/e1)"/?k, diverges at the interface, the optical length

element of the extraordinary photons also diverges,
k2c?

2

opt —

ds®> =

dl?
dl dli?> ~ — 51
w2 372 ( )

where the spatial line element dl corresponds to Fermat metric as perceived by the Rindler observers.

anisotropic metal:
£<0, 5<0

L

Figure 5. Metric signature change across a spacelike direction leads to appearance of a Rindler
horizon [42].

6. CONCLUSIONS

Realization of celestial objects in the laboratory has been a tantalizing concept for human being over
centuries. Recent developments in transformation optics as well as metamaterial science have caused
the extension of a multidisciplinary field, including general relativity, quantum gravity, inflation and
string theory on the one hand, and optics and metamaterial science, on the other. Indeed, realization of
some experimental works about two times physics, string theory, quantum gravity and inflation as well
as realization some celestial objects, such as black hole, worm hole and FRW universe, Godel metric
and multiuniverse, in the laboratory have been a result of these progresses. In this review paper, we
investigated some realizations of black holes in optics as the interesting object in theoretical physics. For
this purpose, we started with the Maxwell equations in curved space-time; then, with a brief review of
isotropic coordinates transformation method, we considered the refractive index of such structures and
investigated the propagations of light ray in these cases, including Schwarzschild and linearized black
holes as well as cylindrical ones. Optical attractor, as another case which can be realized in technological
applications, was investigated. Finally, our particular attention was devoted to the Rindler space-time,
as a one dimension black hole, in the last part of this review.
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