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OPERATOR FORMULATION
FOR CENTERED OPTICAL SYSTEMS

Currently, there are many mathematical methods in use in geometric optics. This paper
presents a new mathematical apparatus: an operator formalism, which describes centered opti-
cal systems in the paraxial approzimation. This work is an ideological continuation of author’s
previous research. The refraction and reflection operators of spherical surfaces are defined
here. The mathematical properties of the operators are studied, and their physical interpreta-
tions are established. In addition, the relations between the lensing operator and the refraction
operators of a spherical surface are determined. The behavior of rays is also considered, which
helped to establish the injectivity and nondegeneracy for points with infinite coordinates. The
operator formalism is helpful for finding a centered optical system that performs a given trans-
formation. Moreover, the interchangeability of the optical operators is investigated, and it is
found that each operator has a unique effect.
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1. Introduction

Currently, there are many mathematical methods
used to model the propagation of light. Some of
the classical methods are ray optics and matrix op-
tics [1]. The former describes the propagation of
light as rays, which corresponds to Fermat’s Princi-
ple [1]. The main equation of ray optics is the eikonal
equation. Matrix optics is used for paraxial rays. In
this method, light rays are described in terms of vec-
tors with two coordinates — position and angle. To
describe the action of some optical system, the ray-
transfer matrix is applied. Among the new methods
of modelling of optical systems imaging is the use of
neural networks [2|. This method helps one to solve
the eikonal equation [1]. In addition, in ray tracing
technology, the Monte Carlo method can be used
to study various applied optics problems [3]. There
are several methods related to linear algebra that are
used in geometric optics. For instance, bilocal oper-
ators are used [4] in geometric optics in the general
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theory of relativity. Some of these methods are used
to describe the light polarization and light scatter-
ing. For instance, the Jones calculus, where the polar-
ized light is described in terms of the Jones vector and
linear optical elements are represented by Jones ma-
trices [5]. To describe the light scattering, the Mueller
calculus can be used. Here, the Mueller matrix acts
on the Stokes vector that also describes a polariza-
tion of light [5]. This work aims to create an operator
formalism for modelling the centered optical systems
in the paraxial approximation. The idea for this work
is based on the previous paper of the author [6], in
which the lens operator describing a thin lens was
considered in detail. This work generalizes the opera-
tor formalism to a wider class of systems, namely, to
the centered systems consisting of thin lenses, spher-
ical mirrors, and spherical surfaces between two op-
tically transparent media. The following tasks were
set and solved: the determination of refraction and
reflection operators of a spherical surface, determina-
tion of their mathematical properties, establishment
of their relation to the lens operator, as well as the
discovery of the physical interpretation of the proper-
ties of certain operators. The behavior of rays is also
considered, which helps us to establish the injectiv-
ity and nondegeneracy for points with infinite coor-
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Fig. 1. An image of a point raised above the OX axis in a re-
fracting spherical surface. Point S is the center of the spherical
surface

dinates. In addition, the use of the transformation of
translation to the study of centered optical systems
is investigated. This opens wide opportunities to de-
scribe various centered optical systems.

2. Refraction and Reflection
Operators on a Spherical Surface

2.1. Refraction operator

Let the spherical surface o separate two optically
transparent media with refraction indices ny and ns
(1). Let us choose a Cartesian coordinate system as
shown in Fig. 1. The surface maps the point source
B(x,y) to its image B’(z’,y’). Point B can be de-
scribed by the vector r = (x,y), and point B’ can be
described by the vector ' = (2, y').

In this paper, we assume that the paraxial approx-
imation [7] is valid. We now write the equation for a
spherical surface [7]:

(jz] + B)|2"| _ na (1)
(|2’ = B)|z[  m
Let us use the rule of signs [7]. From expression (1)

, the formula for the coordinate of the image z’ can
be obtained:

No 1
r_ o Ty (2)
11+ =
We use the relative refraction index Z—f = N.In

addition, to determine the concavity and convexity of
the surface, we introduce the concept of radius vector
R = (£R,0) of the center of the surface, where the
sign depends on the orientation of the surface. Then,
expression (2) can be written as:

1

e ®

I'/ =Np———
1+ R, e.)

where e, is the OX axis orth.
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It can be shown that the expression for 3’ can be
written as follows [6]:

1

!
=Y N—1 -
I+ ome,

y (4)

Since the vector r(z,y) transforms to the vector
r'(z',y"), there is a refraction operator, which we will
call R[N, R] (sometimes, the parameters will be omit-
ted). Thus, the refraction operator can express the
construction of the image of a point:

. 1
R(z,y) = (Nxay)ﬁ-
1+x(R’eI)

()

2.2. Properties of the refraction operator

1. The refraction operator is a nonlinear operator
R(aa + fb) # aRa + SRb. (6)

2. The refraction operator is a noncommutative op-
erator. Let us prove this property. To simplify the cal-
culations, let us deal with the x coordinate.

For the case R[Ny, Ro]R[N1,R,]:

J}/ = .’I}NQNl

1
Ni—1 No—1 _.°
1+ 7(Rllﬁez)x+N17(R;ez)x

For the case R[Ny, R1] R[N, Ro):
1

No—1 Ni—1 :
L+ mie)® t No(m, e

£Cl = (ENlNQ (8)

The commutativity of the operators is identical to
the equality of the denominators of expressions (7)
and (8). This gives the following statement:

(Rlvez) = (R27 em)~ (9)

Since, in the general case, formula (9) is not cor-
rect, the refraction operator is not commutative. Ho-
wever, if (R1, ;) = (R, ), the operator R[N, R]
is commutative.

3. The refraction operator is nondegenerate. Let us
prove this statement. Suppose that there is a nonzero
vector r(z,y) such that:

; (10)

() = (Na, y)——

LY) =N Y) N1
1+x(R’eI)

=0. (11)

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 5



Operator Formulation for Centered Optical Systems

Since the vector r(z,y) is nonzero, the vector
(Nz,y) is also nonzero, and it follows that the fac-
tor before the vector (Nx,y) must be zero. This is
impossible, if the coordinates are finite (the case of
infinite coordinates is considered below). Therefore,
the refraction index is nondegenerate.

4. The refraction operator is an injective map-
ping. Let us prove this statement. Consider two dif-
ferent vectors r; and rp such that:

RI‘l = RI‘Q. (12)
After all simplifications, we get the following
system:
Tl = T2, (13)
Y1 = Y2-

Contradictions with the initial statement are ob-
tained. Therefore, the refraction operator is an injec-
tive mapping.

5. The refraction operator is a surjective mapping.
From expression (5), any restrictions on the values of
coordinates do not follow. However, the limiting case
of infinite coordinates will be discussed later in Sec-
tion 4. Therefore, the refraction operator is a bijective
mapping.

6. Inverse operator. The existence of the inverse
operator is a consequence of the refraction operator
bijectivity [8]. We need to find the expression for the
inverse operator. Let us check that there is only one
possible inverse operator. Let operators A and B be
inverse operators for the operator R. Therefore, the
following equality can be written:

ARr = BRr =r = (A — B)Rr = 0. (14)

Since the vector r is arbitrary, and the operator R
is nondegenerate, this implies that A— B =0. The-
refore, there is only one inverse operator. This fact
makes inverse operator’s finding easier. For instance,
its form can be obtained from physical considera-
tions. Let us make the following assumption:

“1N,R] = R [l R]. (15)

N,

We now check whether expression (15) is true. To
do this, we check whether expression (7) is equal to
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Fig. 2. Point’s image formed by a concave spherical mir-
ror. Point S is the center of the spherical surface

x. Let us make the following replacement: Ny = N
and N2 = %

/

1

T— (16)

1+(Re)‘r+(Rez)

Therefore, formula (14) is correct.

7. Commutativity of the operators R[Ny, R] and
R [N2, R]. When proving the absence of commutativ-
ity, it was determined how the operators R[Ny, R]
and R[Ny, R] behave themselves. Let us investigate
how the argument N changes in this case.

Let us return to expression (7). We have

217/ = .'IZNQNl (17)

Therefore, we can specify the following property:

R[Ny, R]R[N,, R] = R[N, Ny, R]. (18)

2.3. Reflection operator

Consider the image of a luminous point in a concave
spherical mirror. Let us choose a Cartesian coordi-
nate system as shown in Fig. 2. The mirror maps the
point source A(z,y) to its image A’(z’,y’).

Let us write the equation of a spherical mirror [7]:

Lo 1
N

(19)

Accounting for expression (19) and the rule of signs,
we can write an expression for the z’ coordinate of the
image:

(20)
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The similarity of triangles gives the following rela-
tion:

yl _ 1Yl
Wl _ Wl 21
EC 2

Expressions (20)—(21) lead to the expression for the
y’ coordinate of the image:

1

Y1+ Do
where D = % is the optical power of the mirror.
Since the vector r(z,y) transforms to the vector
r'(z',y'), there is a reflection operator for the con-
cave spherical mirror, which is called M, [D]. Thus,
the reflection operator expresses the construction of

point’s image:
“ 1
M = (- —_—.
+(l’,y) ( xay)1+Dx

For concave and convex spherical mirrors, the op-
erator M, [D] can be generalized using the sign of
the optical power D, since, in all previous considera-
tions, the optical power was positive. Thus, we intro-
duce the reflection operator M|[D] for a spherical mir-
ror. Thus, the reflection operator expresses the con-
struction of point’s image:

. 1

/

Y

(22)

(23)

(24)

2.4. Properties of the reflection operator

1. The refraction operator is a nonlinear operator
M(aa + fb) # aMa + SMb. (25)

2. The reflection operator is not a commutative op-

erator. Let us prove this property.
For the case M[Dy]M[Ds]:

A AN 1 1
(@y') = (z1+ (D1— Do)z’ ¥ (D1—D2)$>' 20)

For the case M|[D1|M[Ds):

;N 1 1
(-1?,:1})— (l‘l-l-(.DQ—Dl)ZL'7 yl-i—(Dg—Dl).’K) (27)

Thus, the operator is noncommutative. However,
the analysis of expressions (26) and (27) gives the
following equality:

M[D2]M[D1] = L[Dy — Do), (28)

where L[D] is the lensing operator [6].
312

3. The reflection operator is nondegenerate. Let us
prove this property. Suppose that there is a nonzero
vector r(z,y) such that:

Mr = 0. )
M Z‘, = —33, —_— 0

(@.9) = (297,

Since the vector r(z,y) is nonzero, the vector
(—x,y) is also nonzero, and it follows that the fac-
tor before the vector (—z,y) must be zero. This is
impossible for finite coordinates (the case of infinite
coordinates is considered below). Therefore, the re-
flection operator is nondegenerate.

4. The reflection operator is an injective mapping.
Let us prove this statement. Suppose that there are
two different vectors r; and ry such that:

MI'l = MI‘Q. (31)

After all simplifications, we get the following sys-
tem:

Ty = T2,

Y1 = Y2.

Contradictions with the initial statement are ob-
tained. Therefore, the reflection operator is an injec-
tive mapping.

5. The reflection operator is a surjective mapping.
From expression (24), any restrictions on the values of
coordinates do not follow. However, the limiting case
of infinite coordinates will be discussed later in Sec-
tion 4. Therefore, the reflection operator is a bijective
mapping.

6. Inverse operator. The existence of the inverse
operator is a consequence of the reflection operator
bijectivity [8]. Let us investigate expression (28). The
following fact is known from the properties of the lens-
ing operator [6]:

Ljo] = E.

(32)

(33)

The operator Eisa unity matrix.
Therefore, we can conclude the following equality:

M[D|M[D] = LD - D] = E. (34)
From formula (34), it follows that
M~[D] = M[D] (35)

Thus, we found the inverse operator to the reflec-
tion operator M|[D].

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 5
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2.5. Lensing operator

The lensing operator was introduced in our work [5]
on the basis of the lens formula, and it is now nec-
essary to investigate the interrelation of the lensing
operator with the refraction operator.

Recall the definition of the lens operator:

EIDI(y) = (5) 75

(36)

where D = (N — 1) (R% - R%) is the optical power of
the lens [7].

Let us consider a thin lens. A which is a trans-
parent body bounded by two spherical surfaces, and
the distance between them can be neglected. The-
refore, let us consider the sequential application of
two refraction operators of the form R[N, R;] and
FA{[%, Ry]. Substitute these parameters into expres-
sion (7):

1

The optical power involves the orientation of the
surface, and expression (37) can be rewritten as fol-
lows:

(37)

r =

, 1
=z . (38)
1+ (N =1) (= )=
1
r_
v=a (39)

Similarly, for the expression for the y’ coordinate,
we can write:
1

:y1+Dz'

/!

Y

(40)
Therefore, we have the following equality:

. L1 - 1 1

RINNR{JR|—=,Ra| =L |(N—-1)=— — = | (41
g - (- )

Thus, we have obtained the lensing operator as the
sequential application of two refraction operators.

2.6. Physical interpretation
of the properties of the refraction
and reflection operators

An important issue that requires attention is the
physical interpretation of the properties of the refrac-
tion and reflection operators. Let us consider them
separately.

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 5

1. The refraction operator. The main properties of
the refraction operator are the injectivity, nondegen-
eracy, and equalities (15) and (18). The injectivity
of an operator means that two different points can-
not give the same image. The nondegeneracy means
that the image of any point is not constructed at the
pole of the spherical surface. Equation (15), which
determines the inverse operator, has an easy physical
interpretation, namely, the reversibility of light rays
[7]. If the beam passes from medium 1 to medium 2,
the relative refraction index is NV, and if the beam
passes from medium 2 to the medium 1 through the
same surface, the relative refraction index turns to
%. Equation (18) is essentially the equivalent formu-
lation of the Abbe invariant [7]. Let us describe it in
more details.

Suppose that we have k spherical surfaces of the
interface of media with the same radii of curvature
and such that the i-th surface separates the media
with refraction indices n; and n;41. Then the Abbe
invariant reads:

oo (L 0 (11
“ " \e, R) M \u.  R)

If 1 ...k < R, the coordinate of the final image zy,
will be determined only by the refraction indices n
and ng41. If we write expression (18) for this system,
it will look like this:

(42)

R[N1,R]... R[Ny, R] = R[N, ... Ny, R], (43)
where N; = "n—tl
As the value of the product Ny ... Ny is
NN, ... Ny = 25t (44)
ni

the coordinate of the final image xj will be deter-
mined only by the refraction indices ny and ng41. We
have already obtained this assertion by the use of the
Abbe invariant.

2. Reflection operator. The main properties of the
reflection operator are the nondegeneracy, injectivity,
and the expressions for the product of the reflection
operators (28) and for the inverse reflection operator
(35). The injectivity of the reflection operator means
that two different points cannot give the same im-
age. The nondegeneracy means that the image of any
point is not constructed at the pole of the spheri-
cal mirror. Equation (35), which determines the in-
verse operator, has a simple physical interpretation,
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namely, the reversibility of light rays. Equation (28)
expresses the hypothetical behavior of two spherical
mirrors as one lens, but this is possible, only if the
spherical mirrors are able to transmit light without
refraction, which is not possible. So, equation (28) is
nothing more than a theoretical hypothesis that can-
not be realized in practice.

3. Optical operators and translation
3.1. Translation operator

Let us define the operator T [R], which corresponds
to the translation of the Cartesian coordinate system
into the vector R. Its action reads as follows:

TR|r=r-R. (45)

Let us define its properties.
1. Translation operator is a nonlinear operator

T(ca+ fBb) # oTa+ STb. (46)

2. Translation operators are commutative. Let us
prove this property.
T[Ro]T[Ri]r =r —R; — Ry.

T[RﬂT[RQ]I‘Zl‘ngle.

(47)
(48)

Expressions (47) and (48) are the same; so, the
translation operators are commutative. It is worth to
note the following property:

T[Ry]T [Ry] = T'[R; + Ra). (49)

3. The translation operator is a bijective mapping.
Let us start with the injectivity. Suppose that there
are two different vectors r; and rj such that:

Tl‘l = TI‘Q. (50)
rlfR:rng. (51)
ry =ro. (52)

We have contradictions with the initial statement.
Therefore, the translation operator is an injection.
The surjectivity is obvious, because the translation
operator translates the entire Euclidean space E5 into
the entire manifold My (which is also a linear space).

4. Inverse operator. From the bijectivity of the
translation operator, it follows that there is an in-
verse operator [8]. Its expression can be easily ob-
tained from (49). The following fact follows from the
definition:

T[0] = E.
314

(53)

Therefore, we have the following equality:

R, +Ry=0. (54)
The expression for the inverse operator takes the
following form:

T~'R]=T[-R]. (55)

3.2. Use of translation for optical systems

In the previous srction, we defined the translation op-
erator. Its necessity becomes clear, when we consider
a centered optical system consisting of several objects
at a distance. As an example, consider a system con-
sisting of a lens and a spherical mirror.

Suppose that we have a centered optical sys-
tem consisting of a thin lens and a spherical mir-
ror corresponding to the optical operators f/[D] and
MI[D']. Let the optical center of the lens be located
at the origin of the coordinate system, and let the
pole of the spherical mirror be located at a distance
d. Then the image of the point given by the vector r
in the lens is as follows:

ry = L[D]r. (56)

Now, we use the fact that the point with the vector
r, is a source for the spherical mirror. However, it is
also necessary to take into account that the optical
center of the lens and the pole of the spherical mirror
are spatially separated. We use the translation oper-
ator to pass to the coordinate system of the spherical
mirror. We have

ro = T [R] r, (57)
where R = (d,0).

Then the, the image of the point ry in the spherical
mirror is the following point:

rs — M [DI} ro. (58)

On the last step, we return to the original coordi-
nate system. Thus, the action of the studied optical
system reads as follows:
v/ =T 'MTLr. (59)

The translation operator opens up great possibil-
ities for describing the various centered optical sys-
tems in the paraxial approximation.

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 5
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4. Optical Operators and Rays

In previous sections, the mathematical properties of
the refraction and reflection operators were discov-
ered. However, when we studied the injectivity and
nondegeneracy of the operators, we considered the
vectors with finite coordinates. The same assumption
was used for the lensing operators in previous stud-
ies. Here, we are going to study the imaging of a point
located at infinity. Physically, the infinitely distant
point is equivalent to a ray. Consider a ray that is di-
rected at an angle o to the main optical axis of the
system. Since we work in the paraxial approximation,
the angle a should be kept sufficiently small. Angles
are measured in the positive direction. The depen-
dence between the x and y coordinates obeys the fol-
lowing equality:

Y

tana = =,
an « - (60)

Let us find how the operators behave themselves in
the case of a light ray.

4.1. Lensing operator

For rays, we should consider the following limits:

, . T 1

YT 1D DD (61)
R y
Y —Ill)rrolO T, Ftana.

For the y coordinate, equality (60) is used.

4.2. Refraction operator

For rays, we should consider the following limits:

, Nx _ N(R, e;)
v = lm - N_1"
+ (R e, ) (62)
"= lim y = (R, &) tan o
N-—-1 ’

$~>oo]_+(Re)

4.3. Reflection operator

For rays, we should consider the following limits:

¢ = lim —2 — —F,
! 3 _
Y —mlgngo 1+ Do = Ftano.

If we consider a beam of light rays, it will have small
transverse dimensions. Since the light beam diameter

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 5

is small, we can assume that the beam comes from a
single point at infinity. Since there is only one point
at infinity for a fixed angle, we can assume that, for
points with infinite coordinates, the injectivity of op-
erators holds. From systems (61)-(63), it follows that
the nondegeneracy of operators holds for any point
with finite and infinite coordinates.

5. Case of Flat Surfaces

Let us consider another limiting case, when the radii
of spherical surfaces strive for infinity. This is equiv-
alent to the case of flat mirrors and the flat interface
of two optically transparent media.
Let us consider the reflection operator. As is
known, the optical power of a spherical mirror equals
1 2

D===. (64)

Let us consider the limits:

. —X
r = Rhm ]_-|—727“ = —Z,
—00 s
R
y = lim - Y. (%5)
Roo 14 %’”

This result has a clear physical interpretation. A
flat mirror reflects the point to a point located on the
same distance from the mirror; however, this point is
located behind the mirror.

Let us consider the refraction operator. Let us con-
sider the limits:

N
:E’:Rhm T x = Nuz,
— 00
(R ez) (66)
y = lim y =y.
R—oo 1 + (R el)

We obtain an interesting result. The flat interface
of two optically transparent media creates the image
of the point at the same altitude; however, the = co-
ordinate of the image is the x coordinate of the point,
but N times scaled.

6. Modeling of Centered Optical Systems
6.1. Interchangeability of optical operators

A very important task is to analyze whether the sets
of parameters exist and are such that two different op-
tical operators act equally. For example, can a spher-
ical mirror act in the same way as a thin lens?
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To find the answer, we need to check the following
equations:

LID]r = M[D']r. (67)
L[D]r = R[N, R]r. (68)
M[D]r = RIN, R]r. (69)

Let us check whether equality (67) is possible. We
use the definitions of the lensing and reflection oper-
ators:

x
1+ Dx

(=2, 9). (70)

(2,y) = —
T,y) = ————
YT I D

From the equality of the y-coordinates, it follows
that D = D’. Then, from expression (70), it follows
that z = 0, and, for points with x = 0, any optical
system gives the same point; so, it is not interesting
for us. Therefore, we can make the following conclu-
sion:

Vr L[D]r # M[D']r. (71)
Let us check whether equality (68) is possible:
x x
= N . 2
) = e (V) (72)

(R,ez)

From the equality of the y-coordinates, it follows

that D = (g,;i)' Then, it follows from expression

(72) that N = 1. This means that the operator
R[N, R] becomes the identical operator, i.e., we have
no refraction on the spherical surface. Therefore, we

conclude that:

vr L[D]r # R[N, R]r. (73)

Let us finally check whether equality (69) is pos-
sible. We can write
(_I', y)

x
1+ Dx

(Nz,y). (74)

B x
- N—1
1+ R,e)?
In this case, we obtain an expression similar to (72),
which allows us to conclude that N = —1, which has
no physical meaning, because the refraction indices
are always positive values. Therefore, the following

statement holds true:
Vr M[D]r # R[N, R]r. (75)

Thus, we find that the optical operators are not
interchangeable.

316

6.2. Modeling of centered optical systems

Let us consider the following problem:

Suppose that we have a point with the radius vec-
tor ro(zo, yo) and its image ri(x1,y1). It is necessary
to find all possible centered optical systems that per-
form such a mapping. Let the OX axis determine
the direction of the optical axis of the system. Let us
use the operator approach. Suppose that we have an
unknown optical operator O. Since we do not know
whether the origin of the coordinate system coincides
with the center of the optical system, we should use
an additional translation operator R[R], where the
vector R has the coordinates (d,0). The translation
operator translates vectors into the coordinate sys-
tem of the optical operator. Then, we can write the
following equation:
OT rg = Trl. (76)

Now, let us apply (76) to each optical operator.

1. Lensing operator. Suppose that our optical oper-
ator is the lensing operator L[D]. Then Eq. (76) reads

LID)T[R]ro =T [R]r;. (77)

We have one vector equation that splits into two
scalar ones:

1
. (wo—d)=z1 —d,
1+D —d
T+ D@ —a”

The following expressions can be obtained from
this set:

_ Y1To — Yol
Y1 — Yo

(o —y)?*
(xo — z1)y190

d (79)

D= (80)

Thus, we obtain two unknown parameters of this
system, which are expressed in terms of the known
coordinates of the source and image vectors.

2. Reflection operator. Suppose that our optical op-
erator is the reflection operator M[D]; so, Eq. (76)
can be written as follows:

M[D|T[R]ro = T'[R]r:. (81)
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Similarly to the previous case, the parameters of
this system can be found as follows:

_ YoT1 — Y1%o
Y1 — Yo
(y1 — ¥o)?

D=~ 7 83
(o + x1)y190 (83)

d (82)

Thus, we obtain two unknown parameters of this
system, which are expressed in terms of the known
coordinates of the source and image vectors.

3. Refraction operator on a spherical surface. Let
our optical operator be the refraction operator

R[N, R]. Then equation (76) can be written as

R[N, Ro]T [R]rog =T [R]r;. (84)

We have one vector equation that splits into two
scalar ones. Unlike the previous cases, there is a prob-
lem, because we have two equations and three un-
known variables. Theoretically, this problem cannot
be solved.

7. Conclusions

The refraction and reflection operators on a spherical
surface are defined, and their properties are investi-
gated. A lens operator is obtained from the refraction
operators on spherical surfaces, which is the continua-
tion of our previous research. The physical interpreta-
tion of the mathematical properties of the refraction
and reflection operators are established. In addition,
the behavior of rays is considered, which helped us to
discover the injectivity and nondegeneracy for points
with infinite coordinates. The use of translation op-
erators is considered, which allows the modeling of a
large number of centered optical systems in the parax-
ial approximation.

The author is grateful to O.V.Gapon and
A.V. Kostenko for the helpful discussions.

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 5

1. B.E.A. Saleh, M.C. Teich. Fundamentals of Photonics (John

Wiley and Sons, Inc, 2019) [ISBN: 978-1-119-50687-4].
2. J.D. Smith, K. Azizzadenesheli, Z.E. Ross. EikoNet: Solv-

ing the eikonal equation with deep neural networks. IEEE
Transactions on Geoscience and Remote Sensing 59, 10685
(20221).

3. J.R. Mahan. The Monte Carlo Ray-Trace Method in Radi-
ation Heat Transfer and Applied Optics (John Wiley and
Sons, Inc, 2018) [ISBN: 978-1-119-51850-1].

4. M. Grasso, M. Korzynski, J. Serbenta. Geometric optics in
general relativity using bilocal operators. Phys. Rev. D 99,
064038 (2019).

5. E. Collett. Field Guide to Polarization (SPIE Press, 2005)

[ISBN: 978-0819458681].
6. 1.V. Demydenko. Use of nonlinear operators for solving geo-

metric optics problems. East Europ. J. Phys. 2, 160 (2022).
7. G.S. Landsberg. Optics. 6th edition (Fizmatlit, 2003)
[ISBN: 5-9221-0314-8].
8. V.A. Zorich. Mathematical analysis. Part 1. 10th edition
(MNCMO, 2019) [ISBN: 978-5-4439-4029-8].

Received 13.01.23

1.B. JTemuderro

OIIEPATOPHUI ®OPMAJII3M
JJ1d HEHTPOBAHUX OIITUYHUX CUCTEM

Ha panwuit MomeHT icHye 6araTo MaTeMaTUYHUX METOIB, IO
BUKOPHCTOBYIOThCSI B reOMeTpHU4Hiil ontuti. Lls1 pobora mpormo-
Hy€ HOBHI MaTeMaTHYHMN amapar: OepaTOpHHI dpopMasIisM,
SIKWAI OIUCY€E IIEHTPOBAHI ONTUYHI CUCTEMH B IIapaKCiaJIbHOMY
HabmzkenHi. Ll poboTa € i/1e0/10riYHUM TPOIOBYKEHHSIM TIOTIe-
penHix gociimkeHb aBTopa. Y poOOTI BH3HAYEHO OIEPATOPH
3aJIO0MJIEHHsI Ta BinbuTTs Ha cdepuunux noBepxHsax. Jlocsi-
JPKEHO 1XHI MaTeMaTHYHI BJIACTUBOCTI Ta BCTAHOBJIEHO Bimro-
BinHy disuuny inTepuperario. lomaTkoBo, O0ys10 BCTAHOBJIEHO
3B’SI30K MIXK OIIEPATOPOM JIIH3YBAaHHS 1 OIlepaTopaMu 3aJI0MJIe-
HHSI Ta BiIOUTTS Ha chepudHUX MMOBEPXHAX. ByJio mocitimkeHo
MMOBE/IIHKY ITPOMEHIB, 1[0 JOTIOMOIJIO BCTAHOBUTH iH’€KTHUBHICTH
Ta HEBHPOJKEHICTD [JIsT TOYOK 3 HECKIHUEHHUMN KOODAWHATA-
mu. Oneparopuunii dopMaIizM € 3pyYHUM [JIsI 3HAXOJZKEHHS
OIITUYHUX CUCTEM, 110 BUKOHYIOTb 3aJ[aHy MTOOYI0BY 300parKeH-
H:. JlomaTkoBO 6y/10 BUBHAYEHO HEB3a€MO3aMIHHICTD OIITHYHUX
OIIepaTopiB, IO O3HAYAE, 10 KOXKHHUI OIlepaTOp Ma€ yHiKajb-
HUH BIIUB.

Katwwoei cao06a: reoMeTpUdHa ONTHKA, TOHKA JIiH3a, cde-
pUYHe A3€pPKaJIO, HEeJIHIIHMN onepaTop, ONTUYHI CHCTEMH.
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