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With the first image of the supermassive black hole in the middle of our galaxy being released three years ago, this paper
presents an in-depth analysis of photon trajectories around black holes under the influence of general relativity. We use computer
simulations to model the intricate patterns these trajectories form, including spirals, loops, and orbits, as photons traverse the
curved spacetime near these dense objects. By deriving and solving the geodesic equations for photons in the Schwarzschild
metric, we illustrate the dependence of photon paths on the black hole’s mass parameter. Numerical simulations are used to
visualize various photon trajectory configurations, shedding light on phenomena such as the photon sphere and gravitational
lensing. These findings contribute to our understanding of light behavior in extreme gravitational fields and have implications
for observational astrophysics, particularly in interpreting images of black holes and their surroundings. These trajectories are
utilized by many telescopes, for example, the Event Horizon Telescope to get a visual representation of what the black hole
should look like.

Introduction

The study of photon trajectories around black holes is a fun-
damental aspect of general relativity and astrophysics. Black
holes, predicted by Einstein’s theory of general relativity, are
regions of spacetime where the gravitational pull is so strong
that even light cannot escape. The paths that photons follow
near a black hole reveal much about the nature of gravity and
spacetime curvature.

Black holes are characterized primarily by their mass, spin,
and electric charge. The most studied solutions to Einstein’s
field equations are the Schwarzschild metric, which describes
a non-rotating, uncharged black hole. In this metric, the
geodesic equations govern the motion of particles and pho-
tons, and solving these equations provides insights into the
path’s photons take as they move through curved spacetime.

One of the intriguing features of black holes is the pho-
ton sphere, a spherical region where gravity is strong enough
that photons can orbit the uncharged black hole. For a
Schwarzschild black hole, this occurs at a radius of r = 3GM

c2

where G is the gravitational constant, M is the mass of the
black hole, and c is the speed of light. This radius lies just out-
side the Schwarzschild radius rs =

2GM
c2 defines the event hori-

zon—the boundary beyond which not even light can escape.
The region between the photon sphere and the event horizon
is particularly extreme, where spacetime curvature becomes so
intense that it dramatically alters the paths of photons. Grav-
itational lensing, another consequence of curved spacetime,
occurs when light from a distant source is bent around a mas-
sive object, such as a black hole. This phenomenon has been
observed and used to infer the presence and properties of black

holes and other massive objects in the universe.
The intense gravitational field of a black hole warps space-

time around it. As a result, understanding the image of a black
hole requires an understanding of how photons move on rel-
ativistic trajectories. Several works have made progress in
modeling these trajectories1. The culmination of this work
resulted in the first ever image of a black hole from the Event
Horizon Telescope2.

Previous studies on photon trajectories in Schwarzschild
and Kerr spacetimes have extensively covered the photon
sphere and gravitational lensing. For instance, the work by
Beckwith and Done in 2005, explores photon trajectories and
gravitational lensing effects in the strong gravitational field of
Kerr black holes. However, this study addresses a gap in the
systematic parameterization of initial photon conditions lead-
ing to distinct trajectory types, such as unstable orbits and
parabolic escapes, and extends the analysis to consider obser-
vational implications for modern telescopes.

In this paper, we derive the equations governing photon tra-
jectories around black holes and explore various configura-
tions of these paths through numerical simulations. The nu-
merical simulations were performed using Python, leveraging
libraries such as NumPy and Matplotlib for integration and vi-
sualization. The complete code has been appended in the sup-
plementary materials section. Our work complements existing
codes already in the literature3. By varying the parameters
such as the black hole’s mass, we aim to visualize and under-
stand the several types of photon trajectories that can occur,
including circular orbits, plunging trajectories, and escape tra-
jectories. These results not only deepen our understanding of
black hole physics but also aid in interpreting observational
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data from telescopes and space missions.

Methodology

Schwarzschild Metric

The Schwarzschild metric is the solution to Einstein’s field
equations that describes the spacetime surrounding a non-
rotating, uncharged black hole. This study assumes a
Schwarzschild black hole, as a simplification to focus on pho-
ton trajectories in a spherically symmetric spacetime. While
rotating and charged black holes introduce additional com-
plexities, they are beyond the scope of this analysis. We refer
the reader to other work for a discussion of such black holes4.

In Schwarzschild coordinates (t,r,θ ,φ), the metric is given
by:

ds2 =−
(

1− 2GM
c2r

)
c2dt2 +

(
1− 2GM

c2r

)−1
dr2 + r2

(
dθ 2 + sin2

θ dφ 2
)

(1)
All equations describe motion along geodesics of the
Schwarzschild spacetime, which represent the motion of free
particles under gravity alone.

Where:
G is the gravitational constant,
M is the mass of the black hole,
c is the speed of light,
r is the radial coordinate,
θ and φ are the angular coordinates.

The Schwarzschild radius rs =
2GM

c2 marks the event horizon
of the black hole.

Geodesic Equations for Photons

The motion of photons in the Schwarzschild metric is repre-
sented in null geodesics, which are the geodesics for a mass-
less particle5. Null geodesics are the paths followed by mass-
less particles like photons. All motion of photons is governed
by geodesic equations. In relativity, photons are described
as massless; this is strongly supported by many experiments
that constrain any photon mass to be extremely small. Null
geodesics satisfy ds2 = 0, in contrast to timelike geodesics of
massive particles, which satisfy ds2 < 0.

For a photon moving in the equatorial plane,
(
θ = π

2

)
, the

Schwarzschild metric reduces to:

0 =−
(

1− 2GM
c2r

)
c2 (t ′)2

+

(
1− 2GM

c2r

)−1 (
r′
)2

+ r2 (
φ
′)2

(2)
where t ′ = dt

dλ
, r′ = dr

dλ
, θ ′ = dθ

dλ
, φ ′ = dφ

dλ
are deriva-

tives with respect to an affine parameter λ (the shortest path
between two points in curved spacetime where the parameter

itself is directly related to the curvature of spacetime). This
metric describes the curvature of spacetime around a non-
rotating black hole. The equation ds2 = 0 is used because
photons follow null geodesics.

Step 1: Lagrangian for the Photon

The motion of a photon is governed by the geodesic equa-
tion, which can be derived from the Lagrangian correspond-
ing to the Schwarzschild metric. The Lagrangian method is
well-established in general relativity for deriving equations of
motion, including for general relativity6. The Lagrangian L
is:

L = 1
2

[
−
(

1− 2GM
rc2

)
c2 (t ′2)+

(
1− 2GM

rc2

)−1
(r′2)+ r2 (φ ′2)

]
(3)

Step 2: Setting the conditions

For null geodesics, the Lagrangian evaluates to zero along
the trajectory (L = 0), reflecting ds2 = 0; we still derive
the equations of motion via the Euler–Lagrange equations as
usual. This null condition provides a systematic way to solve
for the geodesic equations6:

The Lagrangian consists of contributions from the time, ra-
dial, and angular coordinates. Since we are deriving the equa-
tion of motion for the radial coordinate, it is advantageous to
exploit the symmetries of the spacetime by identifying con-
served quantities. Specifically, the time and angular coordi-
nates are cyclic, and their corresponding conjugate momenta
are conserved by Noether’s Theorem. These conserved quan-
tities simplify the radial equation. In this study, we adopt nat-
ural units where the speed of light c = 1. This assumption
simplifies the mathematical framework without affecting the
generality of the results. All quantities can be converted back
to physical units by reintroducing c where necessary to bal-
ance the units.

• t is cyclic:

∂L
∂ t ′

=−
(

1− 2GM
r

)
t ′ =−E (conserved energy)

⇒ t ′ = E
(

1− 2GM
r

)
(4)

• φ is cyclic:

∂L
∂φ ′ = r2

φ
′ = L (conserved angular momentum)

⇒ φ
′ =

L
r2

(5)
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For null geodesics, only the ratio b = L/E, known as the im-
pact parameter, has direct physical significance for the photon
trajectory.

Step 3: Substituting and Simplifying

We begin by using the null condition:

−
(

1− 2GM
r

)
(t ′2)+

(
1− 2GM

r

)−1

(r′2)+ r2(φ ′2) = 0

(6)
Substituting in t ′ and φ ′

−
(
1− 2GM

r

)( E
1− 2GM

r

)2

+
(
1− 2GM

r

)−1
(r′2)+ r2

(
L
r2

)2
= 0

(7)
Multiply through by 1− 2GM

r

−E2 +(r′2)+
(

1− 2GM
r

)(
L2

r2

)
= 0 (8)

After rearranging we get our final Radial Geodesic Equation:

(r′2) = E2 −
(

1− 2GM
r

)(
L2

r2

)
(9)

Step 4: Angular Equation for φ(λ )

We already know the angular equation from earlier:

φ
′ =

L
r2 (10)

These equations describe the radial and angular motion of
photons in the curved spacetime around a black hole. The
angular part of the Euler-Lagrange equation encapsulates the
conservation of angular momentum, a result of the spherical
symmetry of the Schwarzschild spacetime. This conserved
quantity simplifies the analysis of photon trajectories by re-
ducing the number of independent variables, as the motion in
the angular plane remains constant under this symmetry.

Photon sphere and Critical Impact Parameter

Photons with specific impact parameters can orbit the black
hole at this radius indefinitely. The impact parameter b , the
perpendicular distance between the path of a moving object
(like a star or planet) and the center of another object (like a
black hole) that it is passing by is given by:

b =
L
E

=
r√

1− 2GM
r

(11)

Where L is the angular momentum, E is the energy of the
photon:(1− 2GM

r )t ′ and r′=0

Numerical Simulations

Simulation setup

To simulate photon trajectories, the geodesic equations are
numerically integrated using a second-order central finite-
difference method. Parameters such as the black hole mass
and the photons’ initial conditions are varied to explore differ-
ent classes of trajectories.

Equations of Motion in different coordinates

To analyze photon trajectories around a Schwarzschild black
hole, it is advantageous to express the geodesic equations in
terms of the inverse radial coordinate:

u(φ) =
1

r(φ)
(12)

This substitution simplifies the mathematical formulation of
the problem and allows us to derive a second-order differential
equation solely in terms of the angular variable φ , which is
especially useful for orbit analysis.

Starting from equation 9, the radial geodesic equation (de-
rived earlier) We wish to eliminate the affine parameter λ and
rewrite the equation in terms of φ . Since angular momentum
is conserved, we know:

dφ

dλ
= φ

′ =
L
r2 = Lu2 (13)

Using this equation, the radial geodesic equation transforms
into: (

du
dφ

)2

=
E2

L2 −u2 +2GMu3 (14)

Differentiation yields the orbital equation:

d2u
dφ 2 +u = 3GMu2 (15)

Where the 3GMu2 term predicts light bending and unstable
photon orbits. This is a key equation governing the photon
trajectory in terms of u(φ) where u = 1

r . This equation de-
scribes the bending of the photon’s trajectory due to the black
hole’s gravity in terms of polar coordinates.

To calculate a photon trajectory, we need: The mass M ini-
tial polar coordinates (r0,φ0). Initial direction of photon mo-
tion determined by the angle α0. Here, α0 is defined as the
angle between the radial vector and the initial photon velocity
vector in the (r,φ) plane. This determines the initial direction
of motion with respect to the black hole’s center.

The photon trajectory can be computed iteratively using:
Choose the mass M, initial parameters r0, φ0 = 0, and the step
change ∆φ .
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Set i=0
Compute initial conditions:

u0 =
1
r0

(16)

(
du
dφ

)
0
=

(
− 1

r0

)(
1+ tanα0 tanφ0

1− tanα0 tanφ0

)
(17)

Compute subsequent values iteratively:

u1 = u0 +

(
du
dφ

)
0

∆φ (18)

Applying the previous u. u′′i is the second derivative with re-
spect to φ

In the numerical simulation of photon trajectories, after ap-
plying a second-order central finite-difference discretization
to the geodesic equation, the update rule can be expressed as:

ui+1 = 2ui −ui−1 +u′′i (∆φ)2 (19)

∆φ is the step size in the angular coordinate.
Using the earlier derived equation for u′′i we substitute into

the iterative equation:

ui+1 = 2ui −ui−1 +
(
3GMu2

i −ui
)
(∆φ)2 (20)

This iterative formula is used to compute the photon’s trajec-
tory numerically, where at each step, the next value of u (and
hence r) is calculated based on the previous values and the
curvature effects encoded by the Schwarzschild metric. The
explicit second-order finite-difference scheme is conditionally
stable. Numerical convergence was verified by systematically
reducing the step size ∆φ until no visible change in the com-
puted trajectories was observed. All results shown correspond
to step sizes within this converged regime.

Initial Conditions
For the simulations, we consider the following parameters;

however, note that these values can be altered to manipulate
the outcome of the program:
M = 10M⊙
Initial radial position: r0 = 10rs
Initial angular position: φ0 = 0
Initial direction of motion: α0 = π/4 = 45◦

Step change of φ : ∆φ = 0.01 radians per iteration

Black hole mass: M = 10M⊙ corresponds to a typical
stellar-mass black hole, commonly observed in X-ray bina-
ries. This choice ensures that the results are relevant astro-
physically. Since the Schwarzschild radius scales linearly with
mass, the results can be generalized to other masses by appro-
priate scaling of the coordinates.

Numerical Simulation of Photon Trajectories

All code is addressed at the following repository:https://
zenodo.org/uploads/13623824.

Numerical methods are employed to solve the geodesic
equations for photon trajectories around black holes. The
equations are integrated using a second-order finite-difference
scheme. Initial conditions for the photon’s position and mo-
mentum are specified, and the photon’s trajectory is obtained
by iterating the discretized equations through curved space-
time.

In simulations, various phenomena such as gravitational
lensing, photon capture by the black holes, and deflection an-
gles can be observed. These results offer valuable insights
into the observational signatures of black holes, aiding in the
interpretation of astrophysical data.

One important aspect to pay attention to is the effective po-
tential, which combines gravitational and centrifugal force po-
tential to see how far a photon will travel in respect to the
photon sphere, which corresponds to the radius of an unsta-
ble circular photon orbit. It is not a true boundary or point of
no return. Photons that pass inside the photon sphere may ei-
ther escape to infinity or fall into the black hole depending on
their impact parameter and direction of motion. Only the event
horizon represents a true one-way boundary for light. There is
no physical reflection; photons follow curved null geodesics.
The effective potential for a photon is:

Veff(r) =
L2

2r2 − L2rs

2r3 (21)

Here, L is the photon’s angular momentum, rs is the
Schwarzschild radius, 2r2 is the centrifugal component, and
2r3 is the gravitational component.

Results:

The effective potential immediately reveals the three qualita-
tively distinct classes of photon trajectories in Schwarzschild
spacetime. In the effective potential picture for null geodesics
in Schwarzschild spacetime, there are three possible types of
photon trajectories: (i) escape orbits that are deflected and
return to infinity, (ii) an unstable circular orbit at the photon
sphere radius r = 3GM/c2r = 1.5rs, and (iii) plunging orbits
that cross the photon sphere from the outside and spiral into
the black hole. Thus, for photons falling in from large ra-
dius, crossing the photon sphere from the outside is equiva-
lent to eventual capture, while trajectories that escape never
penetrate inside this radius. After applying the metrics, and
the equations for a photon, each with slightly different initial
conditions we see several different kinds of trajectories each
differing depending on the photon’s location with respect to
the photon sphere.
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In this study we consider photons that start outside the black
hole and fall inward under gravity. For such free-fall trajecto-
ries, any photon that crosses the photon sphere from the out-
side subsequently crosses the event horizon and is captured. In
general, however, the photon sphere itself is not a true point of
no return; only the event horizon represents an absolute causal
boundary.

For example, if a photon approaches the photon sphere
with the initial conditions:

Initial radial position: r0 = 6.5rs,
Initial angular position: φ0 = π ,
Initial direction: α = 10◦, (measured from the radial direc-
tion, almost radially inward)
its trajectory spirals:

Fig. 1 Photon Trajectory into a black hole. The Red Circle
symbolizes the photon sphere. The black circle represents the event
horizon, beyond which the photon will inevitably spiral into the
black Hole.

In this particular trajectory, the photon passes inside the
photon sphere and subsequently crosses the event horizon, af-
ter which infall is inevitable. It is essential to evaluate the
photon’s energy and the role of the effective potential. The
photon’s energy determines whether it can escape the gravita-
tional well of the black hole or whether it will spiral inward
towards the singularity. As the photon approaches the pho-
ton sphere, the effective potential becomes critical in defining
the photon’s trajectory. A photon’s motion near the photon
sphere is dictated by the balance in effective potential energy.
Whether a photon is captured by the black hole or escapes to
infinity is determined by its impact parameter b = L/E, rather
than its energy alone. If the impact parameter is smaller than
the critical value corresponding to the photon sphere, the pho-
ton crosses the event horizon and falls into the black hole. The
photon crosses the photon sphere and, in this specific case,
continues inward until it crosses the event horizon, after which
it inevitably falls into the black hole. The photon, unable to
overcome the gravitational pull, follows the curvature dictated
by the effective potential. The photon must cross the event
horizon to reach the singularity. For free-fall trajectories start-

ing outside the black hole, this necessarily occurs after cross-
ing the photon sphere. Through this we see that the photon
sphere corresponds to the maximum of the effective poten-
tial for null geodesics, which defines a critical impact param-
eter separating plunging and escaping trajectories. However,
to calculate that, we first need to calculate where the photon
sphere is located. According to the diagram, at the photon
sphere, the photon should have an unstable circular orbit as it
is not far enough to be deflected back nor is it close enough to
collapse. This point is referred to as the photon sphere.

To find the photon sphere we start from the effective poten-
tial for a photon in the Schwarzschild spacetime. The maxi-
mum of the potential can be found by taking the derivative of
the potential (with respect to r) and setting it equal to zero:

dVeff

dr
= 0

By doing this, we get an equation through which we can solve
for the radius r:

−L2

r3 +
3
2

L2rs

r4 = 0 ⇒ r =
3
2

rs

Therefore, if the photon has the critical impact parameter cor-
responding to the maximum of the effective potential, the tra-
jectory becomes an unstable circular orbit at r = 1.5rs

7. Giv-
ing the photon a purely tangential motion with an initial angu-
lar position of 0 and placing it at r = 1.5rs :

Fig. 2 Taking the radius as 10 and setting the initial position to 15,
makes a circular orbit. Since this is circular, the blue line is both the
orbit and the photon sphere
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As observed, if we take 3
2 of rs we can make an unstable

circular trajectory; The instability of the photon orbit is rooted
in the nature of the photon sphere, which is situated at the
peak of the effective potential for a photon orbiting a black
hole8. Such maxima in the effective potential are indicative
of unstable orbits, which means that every orbit at the pho-
ton sphere is inherently unstable, so with the smallest nudge
or non-circularity, it can go into or away from the black hole.
This photon sphere uniquely represents the only circular or-
bit available to light, implying that light can only sustain an
unstable circular trajectory. In contrast, massive particles can
have both stable and unstable circular orbits. Specifically, or-
bits located at a maximum in the effective potential are always
unstable. This instability arises because any minor perturba-
tion at such a maximum will drive the particle away from the
equilibrium position, causing it to descend to a lower poten-
tial level. Thus, the orbit is deemed unstable, as the particle
will not return to its initial orbit but rather drift to a different,
lower-energy state.

Mathematically, the stability of orbits is assessed by exam-
ining the second derivative of the effective potential. Specifi-
cally, if the second derivative is negative, the orbit is unstable,
whereas a positive second derivative indicates a stable orbit.

This analysis relies on the concept of concavity. A nega-
tive second derivative signifies that the graph of the function is
concave downward. Therefore, at an extremum, such as a cir-
cular orbit in this context, a negative second derivative denotes
that the point is a maximum, which corresponds to an unsta-
ble orbit. Conversely, a positive second derivative indicates
that the point is a minimum because it signifies the concavity
is upwards, suggesting a stable orbit.

So, the condition for an unstable orbit is therefore:

d2Veff

dr2 < 0

Now to find the necessary effective potential Veff for a photon
to reach the photon sphere, we can simply plug in 1.5rs in the
equation:

Veff(1.5rs) =
L2

2(1.5rs)2 − L2rs

(1.5rs)3

The Schwarzschild radius, as a distinct radial distance, allows
for its direct substitution into equations involving radial coor-
dinates. For example, in the following expression:

L2

2(1.5rs)2 −
L2rs

2(1.5rs)3 =
L2

4.5r2
s
− L2rs

6.75r3
s

L2

2(1.5rs)2 −
L2rs

2(1.5rs)3

L2

4.5r2
s
− L2

6.75r2
s
=

6.75rs
2L2 −4.5rs

2L2

30.375r4
s

6.75rs
2L2 −4.5rs

2L2

30.375r4
s

=
2.25rs

2L2

30.375r4
s
=

L2

13.5r2
s

So, the effective potential required for a photon to reach the
photon sphere is given by L2

13.5r2
s
.

However, not all photons possess enough energy or effec-
tive potential to reach this region.

Photons with impact parameters larger than the critical
value do not reach the photon sphere and instead follow es-
cape trajectories that appear approximately parabolic at large
distances. such as:

Fig. 3 Red Circle is the photon sphere, note how the light is
deflected.

In Figure 3 the photon gets increasingly close to the event
horizon, but doesn’t pass it so as a result it forms an almost
parabolic orbit where it comes from a certain point and gets
deflected out due to the extreme gravitational force the black
hole exerts, which curves spacetime so significantly that
even light, traveling in a straight line in flat spacetime, is
bent when passing close to the black hole’s event horizon,
causing light to follow a curved path, otherwise known as
Gravitational Lensing9. This is the phenomenon where
light curves as it passes near a massive object—whether
it be a black hole or another massive body—serves as an
observational test for general relativity4. By determining
the angle of this deflection and contrasting it with the
theoretical prediction given by general relativity, δφ = 2rs

b ,
where b is the photon’s impact parameter; one can validate
the theory’s accuracy. In terms of Effective Potential and
energy, the photon lacks the necessary amount, so it never
reaches the photon sphere. The initial conditions for this were:

Initial radial position: r0 = 4.5rs
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Initial angular position: φ0 =
5π

4
Initial direction: α = 45◦ (toward the central relative to radial
vector)

However, in a certain case, it is possible for the photon’s
path to seem like an orbit, but still get deflected out:

Fig. 4 Here, we visualize the photon’s path in terms of energy; the
photon comes in from far away, closer to the black hole in the red is
the photon sphere, and the Blue is the innermost stable circular orbit
(ISCO), which is defined as three times the Schwarzschild radius
and is the area where a massive particle can have a stable orbit. The
reason light can’t have a stable orbit at the ISCO is because a photon
is massless and therefore needs to follow null geodesics.

Figure 4’s orbit is something that should not be possible
by a Keplerian orbit since generally Keplerian orbits do not
double cross the same point, but rather trace ellipses.

However, our loop orbit occurs because of how close the
photon gets to the photon sphere. The photon in Figure
4 is not in a closed orbit but is remarkably close to the
photon sphere. Its path is strongly curved as it approaches
the black hole, and it loops around it due to the intense
gravitational field and due to its proximity to the photon
sphere, it almost makes a circular trajectory. After looping,
the photon eventually escapes because its trajectory does not
perfectly match the conditions needed for an unstable circular
orbit. The photon in our image is not in a closed orbit but
is close to the photon sphere. Its path is strongly curved
as it approaches the black hole, and it loops around it due
to the intense gravitational field. After looping, the photon
eventually escapes because its trajectory does not perfectly
match the conditions needed for a circular orbit, but behaves
the same way for a few iterations because of the similarity.
The initial conditions for this trajectory are:

Initial radial position: r0 = 6rs
Initial angular position: φ0 = π

Initial direction: α0 = 5.5◦ (near-tangential motion, but
slightly inward)

Figures 1 through 4 illustrate photon trajectories for varying
initial conditions and effective potential configurations. Quan-
titative metrics, such as deflection angles and energy thresh-
olds for escape trajectories, are provided to enhance the anal-
ysis. Although the governing equations are exact, the numer-

ical solution introduces second-order truncation error due to
finite step size ∆φ . No error bars are shown, as the results are
qualitatively robust for sufficiently small step sizes.

Discussion:

This research paper has provided a comprehensive analysis
of photon trajectories in the vicinity of black holes, elucidat-
ing several critical aspects of black hole physics. The study
highlighted how photons, when subjected to the intense grav-
itational field of a black hole, exhibit unique trajectories that
deviate significantly from straight-line paths, a consequence
of the warping of spacetime predicted by General Relativity.
This deviation leads to phenomena such as gravitational lens-
ing, where light from distant sources is bent, creating observ-
able effects like Einstein’s rings. One of the key findings was
the existence of the photon sphere—a region where photons
can orbit the black hole due to the extreme curvature of space-
time. This region, located at 1.5 times the Schwarzschild ra-
dius, represents a delicate balance between gravitational pull
and the photon’s velocity, illustrating the profound effects of
gravity near a black hole. The photon sphere’s location and its
properties are consistent with predictions from general relativ-
ity10,11. Gravitational lensing phenomena observed in these
simulations align with observational data2,11. Moreover, the
study delved into the mathematical modeling of photon tra-
jectories, emphasizing the role of the Schwarzschild metric in
describing the geometry of spacetime around a non-rotating
black hole since by deriving it, all the equations of motion can
be found. The analysis also discussed the conditions under
which photons either escape to infinity, spiral into the event
horizon, or are trapped in an unstable orbit, depending on their
initial conditions and proximity to the black hole; in addition,
we found the necessary effective potential for a photon to en-
ter a circular orbit to be L2

13.5r2
S
. Through this report, we can

understand the basics of light in extreme gravitational fields
which further allow us to understand how the Event Horizon
Telescope functions. In conclusion, this paper reinforces the
understanding of black holes as key testing grounds for Gen-
eral Relativity, offering deep insights into the behavior of light
in extreme gravitational fields and providing a foundation for
future research in astrophysical phenomena.
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