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Abstract In flat space, the classical vectors such as a posi-
tion vector are bilocal (“point for head and point for tail”).
The four-dimensional curved-space Schwarzschild metric is
mathematically similar to the metric of a sphere surface in
three-dimensional flat space, where we can write an incremen-
tal displacement vector at a point on surface but cannot write
position vectors along the curved surface. Similarly, in curved
space, we can write an incremental displacement vector based
on the curved-space metric, even if writing a position vector
is difficult. We suggest a classical vector method based on this
incremental vector which gives all the desired mathematical
results including various identities, similar to conventional
tensor analysis. We examine whether this mathematical sim-
ilarity between a curved space and a sphere surface in flat
space can also lead to geometrical similarity, but we encounter
some difficulties. Therefore, the curved space-time requires
discarding bilocal vectors and defining vectors called local
vectors. Changing the definition of vectors can overcome
the difficulties but introduces new concerns. This Newtonian
vector method is an easier mathematical alternative to con-
ventional tensor analysis in curved multidimensional space,
and it also illuminates geometrical concerns. We can also
establish a relationship between the three-dimensional La-
grangian method and the four-dimensional Geodesic analysis,
both giving the same results.

1 Introduction

Classically, there are three important aspects of nature:
(a) particles and (b) the empty space around them, and this
empty space is filled with a conceptual material called (c)
the field, which exerts forces on the particles. The force is a
vector. In this article, we try to understand and compare the
geometrical pictures of the vectors described in a classical
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approach and in general relativity. In the flat-space classical
analysis, we can write a position vector connecting two points
in space. Even in this flat space, we cannot write a curved-
path position vector between two points on the surface of a
sphere, as the directions of unit vectors change along the path.
However, we can always write an incremental displacement
(position) vector at any point on the sphere. This incremental
vector can give a metric corresponding to the sphere surface,
in spherical coordinates. We can also write an incremental
displacement vector corresponding to the Schwarzschild
metric, similar to the incremental displacement vector on
the surface of a sphere. We can establish a mathematical
similarity of the four-dimensional curved-space metric with
the metric for the curved surface of the sphere in a flat space.
We shall obtain results identical to those from the tensor
analysis in general relativity [1]. We examine whether this
mathematical similarity can also lead to a similarity between
the classical geometrical pictures. The scheme of this analysis
is as follows: (a) initially, we show that the classical vector
analysis gives all the desired results, identical to the tensor
analysis based on scalar components of tensors; (b) to list
all the geometrical difficulties associated with the classical
picture; (c) to examine how general relativity can overcome
these difficulties by defining a new version of vectors; (d)
to present a table giving concerns, if any, about this new
definition based on our analysis.

Note that we are attempting to draw a classical geometrical
picture of vectors in the multidimensional curved space.
Finally, Sec. 5.2 discusses the significance of the vector
method.

2 Geometrical aspects of the space

In this section, we revisit the Cartesian and spherical
coordinate systems in flat space. We attempt to relate the
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mathematical conditions obtained from the geometry of flat
space to those of curved space.

2.1 Geometrical requirements for the Christoffel symbol
symmetry

The Cartesian coordinate system is a “flat-space, linear
coordinate system.” Flat space allows us to write a position
vector connecting any two points in space because the direc-
tions of unit vectors remain the same along the linear path
connecting the two points. The Cartesian coordinates are or-
thogonal to each other, and the position vector connecting the
origin with a point in space is givenby § = x £+y $+z 2. This
is a bilocal vector connecting two points in space, in the “point
for the head and point for the tail” format. The incremental
displacement vector is ds = £ dx+$ dy + 2 dz = &; dx’, where
&; denotes the basis vectors. This system is suitable for study-
ing a line segment or a cube. The three-dimensional Cartesian
coordinate metric is ds? = dx? + dy* + dz? = &;-&; dx’dx/.

It is often easier to study spherical shapes, such as a
sphere, in the spherical coordinate system. This represents
a change in the mathematical and geometrical approach,
although the physical nature of space itself is not expected
to change. We can call this coordinate system a “flat-space,
curved coordinate system.” We can write a position vector
using the radial coordinate, as the direction of the radial unit
vector remains unchanged: § = r 7. We define a covariant
basis vector £, = 7. It is difficult to specify a precise point
in space with this expression, since the direction of the basis
vector is a function of position. However, our interest lies in
the incremental displacement vector. Because the space is flat
in both coordinate systems, we can compare the geometrical
pictures of the two to write the spherical unit vectors 7, 9, and
q§ in terms of the unit vectors of the Cartesian coordinates, such
as 7 = Xsinfcos ¢ + ysinfsin ¢ + Z cos §. These relations
connect the geometries of the two coordinate systems with
mathematics, allowing any mathematical expression to be
transformed from one coordinate system to another.

In the spherical coordinate system, an infinitesimally
small increment (ds — 0) of this position vector can be
written by differentiating the position vector:

08 08 €
ds =2 d “d ~ de ~d
s=¢g-dr+rX o r+89 +8¢ 10)
=& dr + 89 df + £4 dg. Q)

The geometry of the coordinate system gives the other basis
vectors, and we can write:

0&, R A
r £ )=s¢=rsm9¢. )

Hence, the incremental vector is
d5=7#dr+rdff+rsinfde é. (3)

The three-dimensional flat-space metric then follows as ds? =
d5-ds = dr? + r2 d6? + r2sin® 6 d¢®. Suppose A(r1,6;) and
B(ry,0;) are two very close positions in space, and the
difference between the position vectors at B and A is ds. We
can travel along a straight line from A to B; alternatively,
we may first move along the 7 direction and then along the
§ direction, or first along § and then #, to reach the same
position B. In a flat space, the displacement vector ds should
be identical irrespective of the path taken. This condition
expresses the path independence property of the incremental
displacement vector:

0’5 9%
orde ~ 00r

“4)

We can write an incremental displacement vector in a general-
ized coordinate system as ds = &; dx’, and the corresponding
metric as ds? = &;-&; dx'dx/ = g;; dx'dx/, where the com-
ponents of the metric are given by g;; = & -£;. The path
independence of the incremental displacement vector can
then be expressed as

%5 B %5
OxJ Oxi ~ OxiOxJ

(&)

This condition leads directly to the symmetry of the basis
vectors [2].

% = % (6)
x/  Ox!
In a flat space, the condition (6) is supported by the geometry
of the coordinate systems. Eq. (6) expresses the symmetry
of the Christoffel symbols (l"ﬁ. = Fﬁ.) with respect to their
lower two indices, assuming a torsion-free connection.

=P8 =18 =L (7)
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Based on these geometrical properties, we can derive the
general formula for the Christoffel symbols:

ka 08ia + agjﬂ/ _ 6gif

k _ 1
lij=28 oxJ Oxt ox®

®)

Since the metric components are zero for i # j, this reduces
to

k
& (dgik  08jk  08ij
rh =2+ -

k
2 \ oxJ Ox? oxk |’

(no sum on k). 9)

The derivation of the Christoffel symbol formula (8) is based
on the assumption that the symmetry of the basis vectors,
Eq. (6), is satisfied. This can be verified by expressing the
metric components as g;; = &;-&; in Eq. (8). Therefore,
whenever we use the Christoffel symbols, it is implicitly
presumed that the symmetry of the basis vectors (6) holds true.
Now, consider the surface of a sphere. We can draw a curved
line segment connecting two points on the sphere surface;
however, we cannot write a single mathematical expression for
a curved position vector connecting these two points, since the
directions of the unit vectors change along the path. If the two
points on the sphere surface are very close to each other, we
can nevertheless write an incremental displacement vector at
that location as ds = r d6 6 + r sin @ d¢ ¢. The corresponding
metric at that point is ds? = r> d6? + 2 sin® 0 d¢>. As d5 is
infinitesimally small, the small surface around it can be treated
as locally flat. We obtain the same value of ds whether we first
move along the  direction and then along ¢, or vice versa,
between two nearby points on the sphere surface. Therefore,
this surface incremental displacement vector satisfies the
path-independence property of Eq. (5). Even though writing a
position vector on the sphere surface is difficult, the symmetry
conditions (5) and (6) are both satisfied by the incremental
displacement vector.

As the distance between the two points is very small,
this infinitesimally small incremental vector ds can be math-
ematically termed a local vector. This local vector can be
represented by the coordinates of any one of the two points,
say (ry,01, 1), on the sphere surface. As the small sur-
face around this point can be mathematically treated as flat,
the small vector ds on the surface is equivalent to a small
tangent vector in the tangent space at that point. The path-
independence property (Eq. (5)) of the vector d5s on the sphere
surface is important for providing geometrical support to the
Christoffel-symbol symmetry in Eq. (6). We now proceed to
examine the concept and geometry of the curved space.

2.2 Unit vectors and their derivatives in four-dimensional
curved space

The classical total energy H for a planet moving around
a large mass in a conservative gravitational field, in a three-
dimensional flat space, can be written in spherical coordinates
as follows. We can treat the mass of the planet as a single
unit, since it does not affect the shape of the orbit. The total
energy consists of kinetic energy T and potential energy U:

H=T+U=K

2

. . . aM

= %(fz +7r26% + r? sin’6 ¢2) -—.
r

(10)

Here M is the mass of the central body and r is the radial
distance. The Lagrangian analysis (L = T — U) of this total-
energy equation yields the Newtonian planetary orbits [3].
We can also write a corresponding four-dimensional metric
that produces the same Newtonian orbits under a geodesic
analysis.

ds? = dr? + r2d6? + r? sin®0 d¢? + e Hdr>.

(1)

Here e# = 1 — 2M /r, and we have introduced an additional
fourth coordinate such that 7 = % = a e*. The space remains
flat; we have merely extended it by adding a temporal dimen-
sion that yields the same expressions for planetary orbits,
which are relations between the distance r (or u = 1/r) and
the azimuthal angle ¢.

We now study the curved-space, four-dimensional
Schwarzschild metric [4]:

ds? = —etdr? — r2d6? - r?sin’0 d¢” + e*dr>. (12)

There is an additional coefficient e that appears in the
radial component. It now becomes impossible to write any
position vector connecting two points in space, even using
the radial coordinate (Sec. 2.3). This coordinate system can
therefore be called a curved-space, curved-coordinate system.
Mathematically, this metric can be treated analogously to
the metric for the surface of a sphere in flat space (Sec. 2.1).
Similarly, the incremental displacement vector (satisfying
ds? = d5-d5) corresponding to the Schwarzschild metric can
be written as

dS =&, dr+&¢df +E,do + &, dt

=ieV?pdr +irddo +irsindde + e"/* i dr. (13)
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Modifying the flat-space three-dimensional metric g jx to the
four-dimensional curved-coordinate metric g;?’k alters both
the basis and the unit vectors. For simplicity, we denote
this modified metric g;."k as g ;. It is assumed that u and A
are functions of r. Imaginary factors have been introduced
only so that i> = —1, with the understanding that all unit
vectors are real. These imaginary terms vanish when evaluat-
ing the curvature-tensor components. The modified metric
coefficients are g1 = —et, 82 = -2, 833 = —r2sin%6, and
g44 = e*. The Christoffel symbols can then be calculated
using Eq. (9). The modified covariant and contravariant basis
vectors are

g =iet?p, Bg=irb,
84 =irsinf §, g =M%, (14)
and
. A2 n . [N
3" = —e Y2p, g9 =_29,
r
N i ~ o _ n
g% =— gl=e M2}, (15)

rsing =’

The unit vectors are assumed orthogonal, such that 7#-7 =
0-0=¢-¢=1i=1,and7-0 =0-¢ = #-f = 0. We can now
obtain the derivatives of the curved-space unit vectors using
the Christoftel symbols :

08, 0 . I S
—(,;t = E(e“/zt) = Fﬁ}4 Er = 56# /l/.l’ Er
1
= Jer (iemf), (162)
of i
oL, (u=))2 16b
o 2H ¢ a (16b)

Table 1 compares the derivatives of the unit vectors for the
three-dimensional flat space and the four-dimensional curved
space. The derivation of the Christoffel-symbol formula
(Eq. (8)) is based on the symmetry of basis vectors given by
Eq. (6). This presumption continues automatically in curved
space since we use the Christoffel symbols. We verify this
symmetry using values from Table 1.

& 0 oF & ir 6
Er ( /l/zi_\):ie/l/Z_r_s_e r

a6~ ag\'¢ 90~ r -
G(iré) 853
:FH c = = — 1
ro £0 or or an

However, it is difficult to propose a clear geometrical picture
that supports this symmetry in a four-dimensional curved
space (Sec. 2.3). This difficulty leads to contradictory results,
as noted in the comments column of Table 1:

1. Row 5: 8 is not a function of r.
2. Row 6: 8 is a function of r since A = A(r).

We can now identify the first difficulty associated with the
geometrical framework of the curved space.

Difficulty 1. It is inconsistent to obtain contradictory deriva-
tives for the same unit vectors (Table 1) associated with
the curved-space metric. Consequently, there is no purely
geometrical justification for assuming the path independence
(Egs. (5) and (6)) of the incremental displacement vector ds
defined by Eq. (13) in the four-dimensional curved space (see
also Difficulty 3). This marks the key distinction between the
geometry of the curved space defined by the Schwarzschild
metric and that of a spherical surface embedded in a flat space
(Sec. 2.1).

2.3 Geometry of the four-dimensional curved space

We now study the space defined by the Schwarzschild
metric to see whether a position vector can be written in
the curved space. In analogy with Sec. 2.1, we suggest the
spatial position vector 5§ = r &, = rieV/? 7. Restricting to
the three spatial coordinates and differentiating s, using
the Schwarzschild Christoffel symbols or the unit—vector

derivatives from Table 1:

88, 98, . 85,
dr + de +
ar T 90 a6

d§=5,dr+r( dg

M\ .
= (1 + %)erdr+ B9 df + 3,4 dg. (18)

Then, using (98, /06) = 8¢ = ir § and r (98, /0¢) = E¢ =
i rsin@ ¢ give the same angular basis vectors as required in
Sec. 2.2. However, by inserting the entries from Table 1, one
finds that this incremental displacement vector is not always
path independent:

%5 %5
or 00 00 0r’

19)

Also, the incremental vector (18) obtained by differentiating
the position vector is not the desired incremental vector (13)
corresponding to the Schwarzschild metric. The unit vectors
are assumed to be orthogonal (Sec. 2.2) and therefore, the
coordinates should be independent. But, a direct verification
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of the dot and cross product rules is not possible. We can
verify the dot and cross product rules through differentiation
using the derivatives in Table 1:

o(F-F L. OF —a2p _
(a) 50 - 27 i 27-e7°0 = 0. (20)
aOxd) 06 . . 0
(b) 3 6¢X¢+0Xa¢
=sinfe V> § = g—;. (1)

The dot and cross product rules are satisfied by the curved-
space unit vectors 7, , and q?, similar to the unit vectors in
a three-dimensional flat-space analysis. We now introduce
the fourth coordinate # and suggest a position vector in the
curved-space coordinate system as

S=r& +t& =ireV?#+1et/?f. Differentiating 5, we
obtain the incremental vector

I N 08, 08, R R
ds=(sr+rﬁ+ta—;)dr+8gd9+8¢d¢

08, 98
+(§,+rﬁ+zﬁ)dt. (22)

ot ot

Again, this vector ds does not satisfy the path-independence
rule for all possible combinations of j and k:

%5 %5
OxJ Oxk " 9xk oxJ”

(23)

The incremental vector in Eq. (22) is not the desired incre-
mental vector corresponding to the Schwarzschild metric
given in Eq. (13). It is difficult to write any position vector
5 that, upon differentiation, yields the required incremental
displacement vector of Eq. (13). As discussed in Sec. 2.2, the
path independence of the incremental displacement vector
of Eq. (13) is only a mathematical assumption. The analysis
of the curved-space metric is mathematically similar to that
of a spherical surface in the flat-space spherical coordinate
system (Sec. 2.1). The vector s cannot be defined, but we
can still write the vector ds. The differences then arise in the
geometrical interpretation. We now examine the cross and
dot-product rules.

oty o . ot

© e Tat

4

= —% eH=V2h.F 4 % W V2pp =0, (24)

o(ixb) of . . 80

(d) ey Exe + th
= %,u'e(”_’l)/zi(fxé)
- %#, =12 ¢§ (25)
d(pxF) 0 . . OF
@) ar o Ty
= -4 e V2 (§xi) = 0. (26)

We can now write four additional difficulties with the geo-
metrical framework of a curved space:

Difficulty 2. The derivatives of the unit vectors 7, 6, and ¢
satisfy the cross-product rules, but these derivatives should be
taken only with respect to r, 6, or ¢. When the time-like unit
vector 7 or the coordinate 7 is introduced, the cross-product
rules fail. From Eq. (e) it is evident that the differentiation
of a cross product of two spatial unit vectors also fails when
differentiating with respect to the fourth coordinate 7.

Difficulty 3. Table 1 was obtained using the Christoffel sym-
bols in Eq. (9), not by differentiating the unit vectors. Because
the flat-space unit vectors are modified in the curved space, it
is not possible to write explicit expressions for 7, 9, <§, and 7
that reproduce the derivatives in Table 1 directly by differen-
tiation, owing to the contradictions noted in the comments
column of that table. These coordinates can still be treated
as orthogonal (Sec. 2.2), since dot products vanish [Egs. (a),
(c)], but explicit unit-vector forms corresponding to them
cannot be written even locally. Hence, a clear geometrical
picture of the infinitesimal local vector ds of Eq. (13) cannot
be drawn (see Difficulty 1).

Difficulty 4. Explicit expressions for the unit vectors are
required to write any physical vector such as the force vector.
Since these expressions cannot be defined consistently, writing
any bilocal (“point-for-head and point-for-tail”’) vector is not
possible in the curved-space geometry.

Difficulty 5. Due to Difficulty 3, it is not possible to write
relationships between the unit vectors of the curved space
curved coordinate system and the unit vectors of flat space,
spherical or Cartesian coordinate systems (see Sec. 2.1)
by comparing their geometrical pictures. Hence, it is not
possible to transform either Eq. (13) or the Schwarzschild
metric Eq. (12) from curved space, curved coordinate system
to flat space spherical or Cartesian coordinate systems. It
is not possible to suggest a correspondence between flat
space spherical coordinate system and curved space curved
coordinate system.
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Table 1 Partial derivatives of unit vectors.

Three-dimensional flat space Four-dimensional curved space Comments

? =0 ? = If zero in flat space,
r r
it remains zero in curved space.
or N or A
— =sin6 ¢ — =sinfe Y2
o¢ a¢
or orF ’
— —0a i _i/‘_e(ll*/l)/zf
ot ot 2
86 86 .
o =0 ™ =0 4 is not a function of r.
r r
% =7 % = —e 2 @ is a function of r.
as A is a function of r.
00 . 00 .
—— =cos 6 ¢ —— =cos 0 ¢
9¢ 9¢
86 86
— =< — =0
ot ot
oo o .
8_¢ =0 6_¢ =0 ¢ independent of r.
r r
¢ b
-0 —— =0
a0 o0
Z—z =—sin@#—cos6 O Z_,p =—sin@eY2F —cos0 8 ¢ isafunction of r.
as A is a function of r.
¢ ¢
—_ = Oa —_ = 0
ot ot
ot o
i t independent of r.
-
7 ae
% =0 t independent of 6.
ot 5
% = t independent of ¢.
ot ! o .
i i % =072 p f is a function of r due to u and A.
-

“The coordinate ¢ is not used in a three-dimensional analysis.

3 A comparison between the tensor and the vector
methods

The Schwarzschild metric is given in Eq. (12). In the stan-
dard tensor formulation, one seeks to determine the functions
A and u and the relation between them. This analysis pro-
ceeds through the evaluation of the Ricci tensor, the Einstein
tensor, and the use of the Bianchi identities. Equivalently, one

can obtain the required tensor equations by taking gradients
of the metric or of the basis vectors. In the following, we
briefly outline the standard tensor analysis in Sec. 3.1, and
then present a corresponding vector formulation in Secs. 3.2
and 3.3, which provides an alternative and more geometrically
intuitive interpretation of the same results.
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3.1 Tensor analysis: Riemann—Christoffel tensor

In a classical analysis, the force vector can be written as
F = F; & . Letus now consider an arbitrary vector A=A,
in a four-dimensional space. The gradient of a vector, using
the summation convention, can be expressed as

2 9(AlEY) 3 (AaB”)
va= oxJ Z Z oxJ
a=1 j=1
4 4 -
_ [ v 9 _;
_ZZTS 8‘+AQW(‘). (27)

Defining the gradient with respect to a specific index j,

4 N
ra 9 (AqE7) =j
VA= Z — ¢

a=1

4 -
_ 0A, sazj 0E, =j
= QZZI ox e &+ AQ%S s (28)

we obtain (no sum on j)

- 0(A6BY) L OAg g ., 087
VJA = axl . + Aa, w&‘ .
_[0A, B\ zazj
= ( e Ap l"ja) eve’. 29)

Taking a further gradient with respect to a specific index k,
we define the Riemann curvature tensor as the measure of
non-commutativity of successive covariant derivatives:

(VaV,; - V;V)A

oare,. art. .
ak _ @) By _1B 1Y | gegizk
= Ag E Ik +Fw.l“ak Fykl“aj gvele
= Ap R, 088 (30)
(ViVy =V, VA =RE . Age el &, 31)
where
orf  art.
B o= ek YAy P (32)

ajk = hyJ 9xk vi ak vk© aj

Thus, the curvature tensor can also be written as the difference
between the covariant double derivatives of a vector:

Aajk = Aakj = Ag RS

ajk
ot art
— ka ja BTy B
_AB Bx/ [)xk +Fj'}’rka Fkyrj(x (33)

The quantity R ajk is the curvature (Riemann) tensor. We can
also express the difference of the double covariant derivatives
of a basis vector as

(ViV, = V; V)& = R} &8/ &, (34)

Any physical quantity can be expressed either as a scalar or a
vector. We will give the vector analysis corresponding to this
work.

3.2 Vector analysis: Gradient and partial derivatives of a
vector

Consider a vector A (x/,x*) = Ay % defined in space.
We first move by a small distance Ax/ from the origin O
to a nearby point A. Taking the gradient of this vector with
respect to the specific index j, we obtain the corresponding
expression for the vector at the new position:

/_\>0_,j(xj + Ax/, xF)

= A0B” + (V;A) - 8; AX/

I(AL EY) ;
+—( a? )61-

= A, &Y
oxJ

g Ax/, (35)

We then travel from point A a further distance Ax¥ to reach
the point B.

A+ A, x* + ARy = [A05“+ (Vjﬁ)-g,-Axf]

+ Vi| A0 87+ (V,4)-8; A |- A, (36)

Expanding the derivatives explicitly,

L ) (A, " .
A + Al XK+ AxK) = A 87 + %m!
X
0 () 2. 0(A0B) )\ 4
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The incremental vector between the two points B and O is
AA = Aok = AT+ Ax/ | X%+ AxK) — A(x/, x5). We
could also reach the same final coordinates by travelling along
another route: first moving by Ax* from O to P, and then
by Ax/ from P to Q. The end point B of the first route and
end point Q of the second route should be same in a flat
space. However, the two routes shall not reach the same point
in space if the space is curved. Then, the difference in the
incremental vectors will be non-zero and can be written in
terms of the difference of the two partial double derivatives
of the vector.

A(AA) = (Ao jk — Ao) = (Aomimsj — Ao), (38)
- 9%A 9%A :
A(AA) = - Ax! Ax*
Oxkoxs  OxJOxk
58« 5*za .
=A M Ax’ Ax*. 39
¢ (6xk Ox7 dxidxk ) (39)

The term in the parentheses can be written as the difference
between the partial double derivatives of £:

i = aiii; T a;% &+ 17,1, 8, @n
. . 028« 928«
Clik "Ik T Gxkoxi — gxiaxk
are,  ore
=\ G et T T
=R§;, ah. )

The scalar coefficient Rg]. . Of the difference between the
two partial double derivatives of £%, as given by Eq. (42),
is the same as the coefficient that appears in the difference
of the covariant double gradients in Eq. (34). Even though
the partial double derivatives 82A/dxdx/ and the covariant
double derivatives A, jx of a vector A are not the same,
the coefficients of their differences are identical (Egs. (33)
and (42)). The space is curved whenever RB, ik # 0. From
Eq. (39), this implies that in a curved space the incremental
vector is not path independent, and therefore A(AA)) #0.
As this incremental vector AA is infinitesimally small, it
can be expressed using only the coordinates of the first point
and may therefore be regarded as a local vector at that point.

3.3 Vector analysis: Bianchi identity

We can calculate the difference between two partial triple
derivative terms, A; jx; — Ay jik, as follows:

PA PA
Oxloxkox7  Ox*k0x!oxJ
_9A, [ 8°EC 8%E°
T 9xJ \oxloxk  Oxkox!
9% 0% 0%
+A — -_—, 43
a(@xlaxk (9xk6xl) OxJ )
Akt = Ay jik
0A o o
= TR E - AaTjs Ry, (44)

We can write two additional equations by performing cyclic
permutations of the indices j, k, and /, and then adding the
three resulting expressions.

(A jrr = Ay i) + (A — Ayijn) + (A — Asikj)

|0Ae Lo 0An Lo 0Aa o |
= (W R + WR,'U + WRijk £

—A(,(Fj‘.’ﬁ RPua + Ty R + Ty Rﬂ,-jk)gi. 45)
Similarly, we can solve the following combination:
Ayt = gkt =

A A
Ox'oxkox/  Ox!OxJ Oxk

0A = P ~
= (ﬁ) R?jkgl +AQQ(R?J.]<81), (46)

We write two more terms by changing the indices in a cyclic
manner and adding them:

(A jrr = Ayrjr) + (Ayraj — Ayieg) + (A rje — A jik)

0Aa 0 OAa .. OAa .\ -
(6x’ Riik + ox Ri + ok Ryl €

ilj
Ox! OxJ Oxk

a(2Re,) L2 (R, L2 (&°rg,)

+ A, 47
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We subtract Eq. (45) from (47). The left hand side terms of
both the equations are same.

IR?,
— = R TU R TS,

Ao Ox T Bik ijk

OR?
ikl B B
+ 2 R Iy + Ry Ui

~RY TP +RD Iyl & =o. (48)

J
(e
ilj
k BLj ilj

OR
+
ox

The Eq. (48) must hold for any arbitrary vector A,, and
therefore the expression inside the square brackets must
vanish for every specific choice of @ and i. The coeflicient
of the basis vector inside the square brackets in Eq. (48) is
precisely the Bianchi identity. This identity was obtained
by subtracting the same triple—derivative terms in Eq. (45)

from those in Eq. (47); hence, the result must always be zero.

The derivation does not rely on any additional geometrical
or physical assumptions and therefore remains valid for any
metric in any number of dimensions. A further contraction
of the Bianchi identity yields the Einstein tensor equation.

1. .
(R,f Ll R) -6/, =0, (49)
N

As the Bianchi identity is satisfied by any metric, the covariant
derivative of the Einstein tensor G{ is always zero, irrespective
of the form of the metric or the number of dimensions. We then
assume that G{ = 0 outside the mass. According to general

relativity, G{ is proportional to the stress—energy tensor, and
therefore it vanishes in vacuum. A further contraction yields
the Ricci tensor condition in vacuum, R;; = 0.

3.4 Space suggested by Ricci tensor condition

We now examine the Schwarzschild metric given in
Eq. (12). Using the basis vectors introduced in Sec. 2.2, we
compute the Ricci tensor components by applying Eq. (42)
together with the curved—space partial derivatives of the unit
vectors listed in Table 1.

I 625(1/ 62511
Rij &* = Rijo (Bx" oxi  dx (9x“) 50)
Thus,
- - 9% 9%&°
Rip&' =R} & = (m - m) : (5D

989 9 (-if\ —i (90 ie M2\
%‘%(T)‘T(%)‘( ; ) 42
9289 9 (ie V2 |
0ro0 E( r ’")
1 1
_ /24 _ =r
= —ie (—2+E) = & (r—2+;) (53)

r

Then, calculate R‘9 £". Similarly, calculate Rf’r ¢§ ,

Rl ., E",and R}, & g O Then, from Eq. (51):
R, & = (R;,, FRO, RS, + Rﬁ,,) 5"
H// ’u//ll HIZ A
) e A 54
( 24 Ta T )8 oD

The vector analysis (Eqs. (42) and (50)) yields the same curva-
ture tensor and Ricci tensor components as the standard tensor
analysis based on the scalar components of the tensor [4].

The Ricci tensor condition R, = 0 gives the coefficients of

2M
the metricas y = —dand e =1 - —
-

In a flat space, every curvature tensor component is
zero. The Ricci tensor condition 3, R ;o = O suggests
that the sum of the curvature tensor components, under this
contraction, must vanish. Such a space may be described as
approximately flat. We may write the unit—vector derivatives
in this approximately flat space by setting 4 = —u in Table 1.
However, even in such a local coordinate system, it remains
difficult to write explicit unit—vector expressions (Difficulty 3,
Sec. 2.3); consequently, constructing a geometrical picture of
any classical vector (including the infinitesimal displacement
vector d5s) is not possible. An approximately flat space is not
equivalent to a flat space in the immediate neighbourhood of
dsunless 1 = —u = 0.

We now examine the behaviour of incremental vectors in
the curved space.

4 Path independence property of the incremental vectors

In this section, we compare the path—-independence prop-
erties of the incremental displacement vector and the incre-
mental vector of any general vector, both in flat space and in
curved space.

(a) Flat—space scenario.
The covariant derivative of a general vector A = A“
a general incremental vector:

£ o gives
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OxJ
= (dA" + AP TG, dx/) &,

dA = dA“ &, + A? d/

(55)

In a flat space, this incremental vector of a general vector
is path independent, since all curvature tensor components
vanish. From Eq. (39), we therefore obtain A(AZ) =0.

In a three-dimensional flat space (Sec. 2.1), we can write
a position vector as, A=5=x2 84 = ré&, = ri. Hence,
the incremental displacement vector is ds = #dr + 6 r d6 +
é rsin 6 dg. Using the flat—space unit—vector derivatives from
Table 1, one verifies that the mixed partial derivatives are
symmetric (Eq. (5)). Therefore, the incremental displacement
vector is path independent, A(AS) = 0.

In a flat space, both the incremental vector of a general
vector and the incremental displacement vector are obtained
in the same way, namely by taking covariant derivatives of
their original vectors (A) and ). Hence both incremental
vectors are path independent.

(b) Curved-space scenario.
In a curved space, some of the curvature tensor compo-
nents jo « (Secs. 3.1 and 3.2) are non-zero. Therefore, the
incremental vector of a general vector is not always path
independent, A(Ag) # 0.

We cannot write any meaningful position vector A=%in
a curved space (Sec. 2.3), and the incremental displacement
vector corresponding to the Schwarzschild metric must instead
be defined by Eq. (13). The symmetry of the basis vectors has
been verified in Eq. (17) using the curved-space unit—vector
derivatives in Table 1. Thus, based on Egs. (6) and (5), we
conclude that the incremental displacement vector is always
assumed to be path independent, A(As) = 0. This analysis
assumes vanishing torsion (Sec. 2.1).

Based on this discussion, we write the last difficulty with
the curved space analysis.

Difficulty 6. The general incremental vector dA is not always
path independent, but the incremental displacement vector
ds is always path independent. Thus, the two incremental
vectors behave differently in the same curved space.

Finally, we summarize the main concerns associated with the
four-dimensional curved space:

— Itis difficult to write explicit unit—vector expressions or
draw a geometrical picture of the coordinate system, as
discussed in Secs. 2.2 and 2.3.

— The general incremental vector dA is not always path
independent, while the incremental displacement vector
ds is always path independent. Thus the two incremental
vectors behave differently in the same curved space.

The Schwarzschild metric contains the coefficient e# =
1 — 2M/r, where r is the distance from the central mass
(as used in deriving planetary orbits). However, writing a
position vector 7 in a curved space is not possible. The tensor
analysis is therefore a mathematical procedure involving
relations between scalar components of tensors, rather than a
construction based on classical geometric vectors.

5 Bilocal and Local vectors and significance of vector
method

5.1 Geometrical difficulties with the bilocal vectors and
concerns with the local vectors

The classical vector analysis adopted in this article gives
all the desired results required by the general relativity. A
mathematical analysis of the curved space metric in a classical
manner can be treated quite similar to the curved surface of a
sphere. But, any attempt to draw a similar classical picture
raises some serious geometrical concerns and we have listed
six important difficulties in the article. Note that, in this
analysis till now, we have not given the specific difference
between the three spatial dimensions and the fourth dimension.
We have treated the fourth dimension very similar to the three
spatial dimensions.

In initial paragraph of Sec. 2.2, we saw that we can intro-
duce an additional fourth coordinate in a three dimensional flat
space metric which gives same Newtonian planetary orbits in
a four dimensional geodesic analysis as obtained by introduc-
ing potential in the three dimensional flat space Lagrangian
analysis. We can also write a total energy equation for a body
in motion under a conservative field, corresponding to the
Schwarzschild metric. This mathematical correspondence is
limited to obtaining the same planetary orbits from both the
general relativistic and classical approaches. We know that
physical interpretations of both approaches are different.

In a classical approach, the fourth coordinate can be
introduced through an arbitrary variable, for example i =
a e #. Using this definition, we may write the corresponding

modified total-energy equation by assuming ¢ = —A and
et =1-—.

r
Hm=e*/‘fz+r292+r22sin20¢2—e”i2 :_%. 56)

By inserting the expression for 7 into Eq. (56), we obtain a
purely three—dimensional equation. Here, H™, 7™, and U™
denote the modified total energy, kinetic energy, and potential
energy, respectively, in the curved space.



175

e M2+ 1202 + #2sin% 6 ¢52 ale H
2 2

H™ =

1
"+ UT = -5, (57)

The Lagrangian analysis of this three—dimensional to-
tal-energy equation [3] yields the three components of the
force along the spatial coordinates. Solving these equations
reproduces the same planetary orbits (for 8 = 90°) as those
obtained from the general-relativistic geodesic analysis of the
Schwarzschild metric. However, this analysis in curved space
encounters significant geometrical difficulties. It is hard to
provide geometrical support for the symmetry of the basis
vectors discussed in Sec. 2.2 (Difficulty 1), even though such
symmetry is also a necessary requirement of the Lagrangian
formulation. As shown in Sec. 2.3, it is difficult to write
explicit unit—vector expressions in curved space. We may
mathematically assume that the coordinates are orthogonal
(asin Sec. 2.2), but writing the force vector becomes problem-
atic because the unit—vector expressions themselves cannot
be constructed.

Thus, the classical analysis up to this point may give the
impression that the four—dimensional Schwarzschild metric
is mainly a mathematical structure that reproduces the correct
planetary orbits, while lacking an appropriate underlying
geometrical interpretation.

We now examine how general relativity provides reme-
dies for these geometrical difficulties, remedies that require
fundamental changes in the underlying geometrical concepts.
In general relativity, the fourth coordinate is identified with
time, and every point in the four—dimensional space—time
manifold corresponds to a physical event. Consequently, the
conventional notion of a vector must be modified in curved
space—time (see Ref. [1]). The familiar interpretation of vec-
tors as arrows connecting two points (a “bilocal” picture with
a head and a tail) must be abandoned. In curved space—time,
such a bilocal construction is not well defined. Instead, vec-
tors must be treated as purely local objects. They cannot be
translated physically from one point to another, and each
vector is attached to a specific event on the manifold.

There is therefore no position vector on a general curved
manifold. Points are labelled only by their coordinates and are
not themselves vectors. Rather, vectors are elements of the
tangent space at each event, and the basis vectors are given by
the coordinate partial derivatives along the coordinate lines:

o 0
Modifying the three-dimensional flat space metric to the four-
dimensional curved space-time metric modifies geometry

and also the interpretations of the physical phenomenon.
Completely discarding the bilocal vectors, can overcome
some of the difficulties listed in the article but this also raises
some new concerns. Therefore, drawing the classical orbits
showing the mass bodies rotating with certain velocities can
still remain difficult. In a classical Newtonian picture, both
bodies rotate around the center of mass by exerting forces on
each other and we have to incorporate the reduced mass in
calculations. This factor becomes important if the mass of the
planet is not small compared with the central mass. Analysis
of such situation will be quite complicated in a geodesic
analysis and we normally study situations where central mass
is very large. We shall list the difficulties with the classical
vectors and briefly discuss how the general relativity tries
to overcome these difficulties by defining a new version of
vectors called the local vectors in Table 2. This modification
raises some new concerns which are also briefly discussed in
the Table 2.

Before proceeding, we recall the distinction between bilo-
cal and local vectors as used in our analysis. The classical
vectors § and A are bilocal vectors: they point from one point
in space to another and therefore depend simultaneously on
two spatial locations. Such bilocal vectors are not admissible
in curved space—time (Sec. 2.3). In contrast, the infinites-
imally small classical incremental vectors ds and dA can
be treated mathematically as local vectors, since they are
represented entirely by the coordinates of a single point in
space (Secs. 2.1, 2.2, and 3.2). These local vectors reside
in the tangent space associated with that point and do not
require a bilocal construction.

5.2 Significance of the vector method

Finally, we discuss the significance of the vector method
used in Sec. 3.2, Sec. 3.3 and Sec. 3.4. An element of arc
ds can be written as ds? = g;; dx'dx/. This tensor is called
a metric tensor because all the metric properties of space
should be completely determined by this tensor. Success of a
curved space multidimensional analysis very much depends
upon the intelligent choice of the metric tensor and this may
not easily enlighten us about the geometrical aspects of the
physical problem. However, an incremental displacement
vector ds = &; dx’ corresponding to this multidimensional
metric can be written in terms of basis vectors such that,
gij = €i-&;. The basis vector symmetry condition (6) is true
for zero torsion condition. Suitable conditions will have to
be written if we wish to study nonzero torsion situations. In
Section 3, we have shown that the Riemann-Christoffel tensor
is related to the second partial derivatives while the Bianchi
identity is related to the third partial derivatives of these
basis vectors. Describing the classical vectors encounters
various geometrical difficulties (Sec. 2.2, Sec. 2.3, Sec. 4).
The standard general relativity has tried to overcome these
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Table 2. The problems, the remedies, and the concerns with the remedies

Difficulties with a classical bilocal vector
in a curved space

Remedy in GR: redefine vectors as local vec-
tors in spacetime

Concerns regarding the local-vector formula-
tion and the geometry of spacetime

Difficulty in defining a coordinate system
(Sec. 2.3): In flat space a global coordinate
system can be chosen with any convenient
origin to describe positions, motions, and
vectors. In curved space a global coordinate
system is not possible.

In curved spacetime vectors are defined as local.
One can only attempt to define a local coordinate
system attached to each event.

In four-dimensional curved space one cannot
write unit-vector expressions corresponding to
coordinates even in a local frame. Thus writing
classical vector expressions becomes difficult.

Difficulty in writing classical vector ex-
pressions (Sec. 2.3): Unit vectors cannot be
written, and hence classical vectors (displace-
ment, velocity, force) cannot be expressed.
A Lagrangian force-based analysis becomes
inappropriate for planetary orbits.

Planets do not orbit because of forces acting on
them. Instead, one writes geodesic equations;
geodesics around a central mass describe plane-
tary motion.

In the Schwarzschild geometry, 7, 0, ¢ are used
with the same scalar meaning as in flat space
when describing orbits, but the curved-space unit
vectors cannot be related to flat-space unit vectors.
No geometrical picture of vectors along (r, 8, ¢)
is possible. Even the basis vectors of Eq. (58) can-
not be given classical unit-vector representations.

Difficulty with path independence (Secs. 4
and 2.2): The general incremental vector
dA is not always path independent, whereas
the incremental displacement vector d is al-
ways path independent. Thus, the two behave
differently in the same curved space.

The fourth coordinate is defined as time. There
are no bilocal vectors in curved spacetime; GR
uses only local vectors attached to events. Hence
the notion of “path independence of vectors”
loses physical meaning.

Time is the fourth coordinate to maintain consis-
tency with special relativity. Local vectors such
as d5 and d A can be defined because the second
point is infinitesimally close. In flat space or on
a sphere, an infinitesimal patch is nearly flat and
derivatives behave symmetrically. But in curved
space, the tangent space cannot be assumed flat
even locally near ds. Thus the assumption that
ds and d A behave differently has no clear geo-
metrical explanation.

Difficulty with symmetry of Christoffel
symbols (Sec. 2.2): There is no geometrical
justification for path independence of d5s or
symmetry of basis vectors. Thus symmetric
Christoffel symbols appear as a mathematical
assumption.

The symmetry of Christoffel symbols is not
derived from path independence. In GR the basis
vectors are defined as partial derivatives along
the coordinate lines (Eq. (58)). They commute
because partial derivatives commute.

Partial second derivatives of a scalar are symmet-
ric; for vectors only in flat space. Basis vectors in
curved space commute only if the space is locally
flat. But even in Ricci-flat space (Sec. 3.4) one
cannot write unit vectors. Thus local flatness may
not guarantee commuting basis vectors. Hence
symmetric Christoffel symbols are a mathemati-
cal assumption with limited geometric support.

Difficulty with cross product (Sec. 2.3):
Cross products fail when the fourth coordi-
nate is introduced.

Orthogonal cross product is meaningful only in
3D; not in 4D. The fourth coordinate is time; a
cross product involving time has no geometrical
meaning.

The three spatial unit vectors obey dot and cross
product rules under differentiation in curved
space; the time-like unit vector obeys only the
dot-product rule. GR discards bilocal vectors;
therefore classical geometric meaning of dot and
cross products between two local vectors becomes
unclear.

difficulties by (Sec. 5.1) redefining the vector [1]as a local
vector (Eq. (58)) but this definition also raises some new
concerns. But, note that, the vector method, based on the
classical incremental vectors gives all the desired mathe-
matical results including various identities, similar to the
conventional tensor analysis based on scalar components of
tensors. A vector analysis is inherently superior to a scalar
analysis as a vector has both magnitude and direction. This
vector method, based on a classical geometrical picture, is an
easier mathematical alternative to the tensor analysis in the
curved multidimensional space and also throws light on the
geometrical complications, if any, in describing such curved
space. This method is generic in nature as it can be applied
to any metric of any dimensions. We can also establish rela-

tionship between the three-dimensional Lagrangian method
and the four-dimensional Geodesic analysis, both giving the
same results.

6 Conclusion

This article has initially attempted to study the geometrical
representation of vectors in a curved space. The Schwarzschild
metric represents a four-dimensional curved-space geometry.
This metric can be mathematically compared with the metric
of the surface of a sphere embedded in a three-dimensional
flat space, where we can write an incremental displacement
vector at a point but cannot write a position vector linking
two distinct points on the surface. Likewise, in the four-
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dimensional curved space it is difficult to write a position
vector, but we can write an incremental displacement vector
based on the four-dimensional metric. This incremental-
vector-based classical approach reproduces exactly the same
results as the tensor analysis of general relativity, but it
faces several geometrical difficulties. We have discussed
six such difficulties, which may create the impression that
curved space-time lacks appropriate geometrical support.
This article has examined why a new definition of vector is
required in curved space-time and how it helps overcome
these geometrical difficulties.

In general relativity, the fourth dimension is designated
as time, so each point in space is associated with a specific
event. The temptation to regard vectors as arrows linking
two events has to be discarded [1]. The bilocal (head—tail)
version of a vector must be replaced by a purely local version.
There is no position vector on a manifold, and vectors cannot
be physically transported as arrows; each vector must be
attached to a specific local event. The difficulties encountered
by classical (bilocal) vectors become the basis for assigning
the peculiar characteristics of vectors in curved space-time.
We can redefine the geometrical picture only because the
fourth dimension represents time and is distinct from the spa-
tial dimensions. Using this new definition, one may attempt
to draw the geometrical picture of planetary motion in four-
dimensional space-time. However, the new definition also
raises additional geometrical concerns, especially when one
tries to visualize vectors. It is accepted that we can not write
bilocal vectors such as a position vector 5 or a general vector
A in the curved space-time. But we realize that their incre-
mental vectors ds and dA exhibit different path-independence
properties in the same curved space and it is not possible to
provide any geometrical justification for this behaviour. Such,
characteristics are evident only from a vector analysis.

However, we can still adopt the vector method, which is
based on the classical incremental vectors to get all the desired
mathematical results including various identities, similar to
the conventional tensor analysis. This geometrical vector
method can work as an easier mathematical alternative to the
tensor analysis in the curved multidimensional space and also
throws light on the geometrical concerns, if any, in describing
such curved space. This Newtonian analysis is generic in na-
ture as it can be applied to any metric of any dimensions. We
can also establish relationship between the three-dimensional
Lagrangian method and the four-dimensional Geodesic anal-
ysis, both giving the same results.
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Abstract In this work, we construct a new family of co-
herent states associated with generalized hypergeometric
functions. These hypergeometric coherent states are in-
troduced through an appropriate choice of weight factors
in the Fock space expansion. We analyze their mathemat-
ical structure, normalization and completeness, and we
examine the corresponding photon number distribution
and statistical properties. The results show that the hy-
pergeometric coherent states exhibit both classical-like
and non-classical features, such as sub-Poissonian statis-
tics and quadrature squeezing. This framework provides
a unifying approach to a broad class of coherent states
and may open pathways for new applications in quantum
optics and related areas of mathematical physics.
Furthermore, we focus on generalized hypergeometric
coherent states (GH-CSs) for a continuous spectrum. We
establish their basic mathematical properties (normaliza-
tion, completeness, overlaps) and investigate their statis-
tical characteristics (photon distribution, sub-Poissonian
behavior). We also point out possible applications in quan-
tum mechanics, as well as in quantum optics and related
domains, where these states may serve as useful models for
non-classical light. The formalism of such coherent states
naturally leads to a mathematical “feedback”: one is led to
obtain and solve integrals involving v-functions, thereby
enlarging the range of applications of these functions.

1 Introduction

In this work, we focus on a new family of coherent
states based on generalized hypergeometric functions. Hy-
pergeometric functions appear naturally in many areas of
mathematical physics, including solutions of differential
equations, special function theory, and representations

#e-mail: dusan_ popov@yahoo.co.uk

of orthogonal polynomials. By employing hypergeomet-
ric functions in the definition of coherent states, we aim
to unify and extend several previously studied classes of
states within a single framework. The purpose of this
paper is to construct and analyze these hypergeometric
coherent states, to establish their mathematical prop-
erties such as normalization and completeness, and to
investigate their statistical characteristics, including pho-
ton number distribution, sub- Poissonian behavior, and
quadrature squeezing. We also highlight possible applica-
tions in quantum optics and related domains, where these
states may serve as useful models for non-classical light.
The purpose of this paper is to construct and analyse
these generalized hypergeometric coherent states (GHCSs)
for continuous spectrum, to establish some mathematical
properties (normalization, completeness, overlap), and to
investigate their statistical characteristics (photon distri-
bution, sub-Poissonian behavior). We also highlight some
possible applications in quantum mechanics, as well as in
quantum optics and related domains, where these states
may serve as useful models for non-classical light. Also,
the formalism of this type of CSs implicitly leads to a
mathematical feedback: obtaining and solving integrals
involving the v-functions, which implicitly means an ex-
pansion of the applications that use these functions.

As is well known, for some function f(F), the Laplace
transform is defined by the integral

C{fY(s) = / T aEe T (E), 1)

where s is a complex number.
On the other hand, the reciprocal gamma function can
be written as
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1

f(E+1):m~ (2)

By combining Egs. (1) and (2), we obtain

[e%) €_SE
L =) = dEi 3
e = [Py ®
If we set
e =z z=e?,  0<[] <R <o, (4)

where R, is the radius of convergence of the power series
in the variable |z|, then Eq. (3) becomes

E

V(z)_L{f}(s)/OOOdEF<Z

E+1) (5)

A new function v(z) thus appears on the right-hand side.
This is the so-called v-function, which may be regarded
as a generalization of the Laplace transform of the re-
ciprocal gamma function. The v-function was introduced
by Volterra in 1916 [1]. Apart from a few classical mono-
graphs [1, 2], there are relatively few references in the
literature dealing explicitly with v(z).

A further generalization is the function v(z, «), defined
by [1]

za/d

which reduces to v(z) for a = 0. The relation between
these two functions can be expressed in terms of derivatives
with respect to z as

E+1+a) (6)

dn

wu(z) v(z,—n), (7)

so that higher-order derivatives of v(z) generate the family
v(z, ).

On the other hand, one may consider the most general
form of coherent states (CSs) in quantum mechanics, ex-
panded in the Fock basis {|n),n =10,1,2,..., npmax < 00}.
These are the generalized hypergeometric coherent states
(GH-CSs), defined by [3]

MNmax<oo
1

\/prq({ai i

n

l2) = 0,15 2P ; )

Pp,a(n)

where p, ¢ are non-negative integers and {a;}, {b;} are pa-
rameter sets entering the generalized hypergeometric func-
tions. We adopt the notation {z;}"; = (21, z2,...,Zm).

The Pochhammer symbols (a;),, appear in the struc-
ture constants. The name “generalized hypergeometric
coherent states” comes from the fact that their normal-
izing function ,Fy ({a;}_; {b;}7_;|2[?) is a generalized
hypergeometrlc function. Moreover, the positive constants
Pp,q(n) are assumed to arise as the moments of a proba-
bility distribution [4], and for GH-CSs they are defined as
follows [5]:

so that the normalization function can be written as [6]

Fy({aiyi=ys {bi}i—p: =)

Any family of coherent states must satisfy the well-known
Klauder prescriptions [7]:

e Normalization and non-orthogonality:

1, if 2 =2/,

(z]2) = ,
#£0, ifz#£2.

(11)

e Continuity in the label z:

lim ||z —2'|| = 0.
2=z

(12)
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e Resolution of the identity:

[ dn) 126l == 3 el (13)

where du(z) = djr—z = g—f d(|z|?)h(]z]?) is a measure with
a positive weight function h(|z|?), to be determined for
each family of coherent states.

Although at first glance there seems to be no connec-
tion between the two concepts introduced above, namely
the v-function v(z) and the generalized coherent states
(GH-CSs) |z), it was shown in Ref. [8] that such a connec-
tion does exist. This may be regarded as the first physical
application of the v-function. In the present paper we
aim to deepen this connection, leading to a series of new
properties of the v-function v(z) that do not appear in
the specialized literature.

In Ref. [8] we also examined the transition from a
discrete spectrum (d) to a continuous spectrum (c) for
a given quantum system. We found that if a certain lim-
iting procedure—referred to as the discrete—continuous
limit d — c—is applied, any quantity associated with a
system possessing a discrete spectrum is mapped to the
corresponding quantity associated with the continuous
spectrum.

There exist quantum systems whose spectra include
both discrete and continuous parts. A well-known exam-
ple is the diatomic molecule, whose internuclear potential
is accurately represented by the Morse potential. This
potential supports a finite number of discrete energy lev-
els corresponding to bound states. For sufficiently large
values of the vibrational quantum number n, i.e. for ener-
gies exceeding the dissociation energy D., the molecule
dissociates under external influences such as increasing
temperature. In this regime the two nuclei (together with
their electrons) behave as free particles, and the spectrum
becomes continuous.

Let us emphasize that, for a given quantum system, two
types of coherent states can be defined: (a) Barut—Girardello
(BG) coherent states, introduced as the eigenstates of
an annihilation operator [9]; and (b) Klauder—Perelomov
(KP) coherent states, obtained by applying a displacement
operator to the vacuum state [10]. Although their expan-
sions in the Fock basis differ, the two families are dual.
This duality manifests itself in the fact that the indices
p and ¢ and the corresponding parameter sets {a;}!_,
and {b;}9_, can be interchanged [11]. However, when the
discrete—continuous limit d — ¢ is applied, both families
converge to the same mathematical structure, identical
to that of the coherent states of the one-dimensional har-
monic oscillator (HO-1D). For this reason, and in light of
the aims of the present work, we shall restrict our atten-

tion to the Barut—Girardello type coherent states as our
starting point [11].

2 The main results from Ref. [8]—in short

To begin with, let us consider a dimensionless Hamil-
tonian H with a non-degenerate continuous spectrum,
together with a corresponding set of dimensionless eigen-
states |E) (where hw = 1 is assumed). The energies lie in
the interval 0 < F < oo and the eigenstates are normalized
in the sense of Dirac delta functions:

H|E) = E|E), (E|E)=6§E-FE). (14)

The closure, or completeness relation, for a continuous
spectrum takes the form

/OO dE |E)E| = 1, (15)

0

and therefore

/oo dE (E'|EY(E|E") = §(E' — E"). (16)
0

The coherent states corresponding to the continuous spec-
trum can be obtained by applying a suitable limiting
procedure, which we refer to as the discrete—continuous
limit d — ¢ (for brevity). This limit has been introduced
and discussed in detail in Ref. [13]; see also Ref. [8].

X(E)= lim  Xg(n,nmax) = im Xg(n, nmax), (17)
n—FE d—c
Mmax —>00
PO
p=q
{ai}={b;}
and
D Xa(n, Nmax) — / dE X.(E). (18)
n=0 0

Thus, establishing the correspondence between the observ-
ables (or quantities) of the discrete spectrum, Xg4, and
those of the continuous spectrum, X, requires the fol-
lowing operations: (a) the discrete quantum number n
must be replaced by the dimensionless energy E; (b) the
maximal number of bound states must tend to infinity,
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Nmax — 00; (¢) simultaneously, the summation over n
must be replaced by an integral over E; (d) the indices
p and ¢ of the generalized hypergeometric functions, as

well as the parameter sets {a;};_; and {b;}7_,, must be
taken equal.
Consequently, we obtain the following limits:
q
[1®)
— lim n! =2 —
gllg}:,opq( n) = }ilglc” P I'(E+1), (19)
[
i=1
hm o F ({a2 _1:4b; } 1;|z\2)
= lim |2
ot Pp.q(1) (20)

| e am = o)

= — = V(|Z .

o T'(E+1)

This leads to the following limit for GH-CSs:

|z) = lim |z)

1 o 2F
i :\/u<|z|2>/o NAGESVREA

(21)

The expression of coherent states (CSs) for a continuous
spectrum was first obtained—by different methods and
considerations—for the Gazeau—Klauder coherent states
in Ref. [4], and later reconsidered in Refs. [13] and [14].

The overlap of two coherent states follows immediately
and is given by

v(z*z") .
v(|2?) v(|2']?)

(z ]2y =1lim(z | 2/) =
d—c

Observation: To avoid overloading the notation, we keep
the same complex variable z for both the discrete and

the continuous spectra; in other words, limg_,.2z = z.

Whenever necessary, and only in order to avoid ambiguity,
we will explicitly indicate the indices d or c.

Using the Mellin transform of the Meijer G-function

1],

o0
s—1 m,n
/0 GV | wr

{ai};}l% {ai}§:n+1 da
{bj}j:1§ {bj}j=m+1

ﬁ ﬁf(l —a;—8) (23)
H (1—-0b;—9) H I'(a; + s)
=m+ i=n-+1

The integration measure of a GH-CS, as defined in Eq. (6),
for a discontinuous spectrum was obtained in Ref. [15],
and it is given by

) (2) =

PQ({G"L}'L 15 {b; }g 1 |Z|2)

/? {ai - 1}];:1
X Gq+1+(1) <|z|2 .
P }_] 17 /

0, {b
so that its limit is
ded(|2]?) _.p2 .
i dpt () = PPUED o o) = aee). (25)
—c Y

where we have used the specialized value of the Meijer
G-function, namely GZ‘):? <|z|2 ‘ 0) =717 see Ref. [6].

In this context, the following relationship is also valid

lim [ du? (2)]2)(z]

d—c
/du ) |2){(z / dE|E)(E| =

In performing the demonstration through the correspond-
ing substitutions, after the angular integration, we used a
fundamental integral:
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/ a(le?) (12P)”

/5 {
1,0
x Gyl <Z|2

a; — 1}15—1)
1} /

0, {b; —
(27)
f[ re;+e)  J[re)
=r(E+1) == ppa(E),
[[r@+E) [

which will be useful in the following.

As we showed previously in Ref. [5], the GH-CSs are
generated by a pair of creation and annihilation operators,
A4 and A_. A new operational ordering procedure, called
DOOT (the diagonal ordering operation technique), can be
applied to these operators. This approach leads to several
new results, both for the discontinuous spectrum [15] and
for the continuous one [8].

The pair operators are (A)T = A, and satisfy the
following equations:

A oy = Vil - 1),
AT |ny =vn+1|n+1), (28)
ATA™ |n) = |n).

Their action on the vectors |E) follows from applying the
discrete—continuous limit d — ¢ to their discrete counter-
parts:

_|E)=E|E - 1),
AL |E) = (E+1)|E+1), (29)
ALA_|E) = E|E).

In Ref. [8], for the continuous spectrum we introduced a
real, dimensionless energy parameter € > 0, which is not
a quantum number but may be interpreted as a suitable
“unit jump” in the energy scale of continuous spectra. By
choosing € = 1, the system energy can be written simply
as FF = m. If we apply the raising operator A successively
m times to the ground (vacuum) state |0), then for the
continuous spectrum we obtain

1
|E) TE+D (A4)"10)
E 1 0] (A_)F o
(E| TE+ )< [(A-)

Starting from Eqs (14)-(15) and applying the DOOT rules
(for details, see Refs. [12],[15]), we obtain the expression of
the vacuum-state projector for the continuous spectrum,
|0)(0l:

| azimyE -

# A+A E#
0| / E+1 aE (31)

— 0)(0] # (ALY # = 1,

1

A AE (32)

10)(0] =

The symbol # - # denotes the normal (diagonal) ordering
of operators within the DOOT formalism.

Consequently, the projector in the energy eigenvector
basis, |E){FE|, is given by

(ALA)E 1
T(E+1) v(ALAD)

|E)(E| = # #. (33)

With the above relations and the DOOT rules, the CSs
for the continuous spectrum becomes:

1 Z‘A+
9= s )
NZIER) / I(E+1) o
1
7 (ED) v(zA4)[0).

and similarly for their dual counterparts, so that the
projector onto the coherent state |z) is given by

1 v(zAy) v(zFAL)
VDT A

|2)(z] = 7 (35)

The correctness of this expression can be verified by using
the completeness relation for coherent states, Eq. (25).
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Jaur) 1216

_ 1 > 2 7\z|2
#V<.A+A)#/O d(|z|*) e (36)
27 d@
/ — #v(zAv(TA)H# =1,
0 2
because the angular integral is
27rd
| v v a4
0 s
(37)

# ('A+‘A—)E # ‘Z|2E
[r(E+1)]?

~ [ ar
0

On the other hand, the probability density for the transi-
tion from the energy eigenstate |E) to the coherent state
|z) is given by

1 |Z|2E
(=) I'(E+1)

P(l2]*) = [(z| B) = — (38)

If we apply the inverse limit, that is, the continuous—discrete
limit ¢ — d, we recover precisely the Poisson probability
density function corresponding to the discrete case.

) e8] |Z‘2n
li = i dE———
timv(2F) = Jm ) dE R
/=2 (39)
G |22
= e s
I'in+1)
=0
lim P(|z]?) = lim P(|z]?)
c—d E—n

2
— e—‘z|2 |Z|'n = P,rl:OiSS(|Z|2)-

This result shows that the coherent states |z) obey sub-
Poissonian statistics, i.e. they exhibit non-classical fea-
tures.

From the relations above, it is clear that the v-function,
v(|z|?), naturally appears in the description of the con-
tinuous spectrum of a quantum system. To the best of
our knowledge, this represents the first application of the
v-function v(|z|?) in a non-mathematical scientific context,
namely in quantum mechanics and, more specifically, in
quantum optics.

3 The generalized discrete—continuous limit d — ¢

Let us now generalize the main results obtained in
Ref. [8] and examine the practical consequences of this
generalization. Compared with the limit used in this paper,
Eqgs (17)-(18), we will now adopt a less restrictive limit,
namely:

X.(F) = liHle
n—
TNmax — 00

Zj:o_ﬂfgx dE

Xd(n; nmax)

41
= lim X4(n, Nmax) (41)
d—c

Mmax

Z Xd(nvnmax) — /OOC XC(E) dE.

n=0

This means that all observables X, that characterize a
system with a continuous spectrum are obtained as lim-
iting cases of the corresponding observables X, of the
discrete spectrum, through the following three operations:
(a) replacing the discrete quantum number n by the di-
mensionless energy E; (b) extending the upper bound
Nmax — 00; (¢) simultaneously replacing the sum over n
by an integral over E.

For this reason, we shall refer to this transformation
as the generalized discrete—continuous limit d — ¢, or
simply the Gd-cL. In what follows, we also introduce the
notation d-GH-CSs for the generalized hypergeometric
coherent states associated with the discrete spectrum,
and ¢-GH-CSs for those associated with the continuous
spectrum.

Let us now apply the Gd—cL to the objects that char-
acterize the discontinuous spectrum.

q
11®)n

i i a1 2=
lim py,4(n) = lim nl H5—-r
@i)n

11
i=1
_H(bj)E
= D(E+ 1) —— = p(B).
al)E

I«

=1

where the Pochhammer symbols are defined by (x)g =
I'(z+ E)
GO
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1~>c i n!
=0 H(bj)n
- [ e e (13)
—Jo I'(E+1)

0 pp,q(E)

p?q({a}€§ {b}% |Z‘2) = Vp7q(|z‘2)~

It is observed that a function similar to the generalized
hypergeometric function is obtained, but defined not by a
sum, but by an integral. We will call this new object the
integral generalized hypergeometric function (int-GHF),
and we denote it by ,F,({a}}; {b}{; [2?), which is pre-
cisely the v-function in the continuous formulation. Let us
note that the last integral has the same structure as the
ordinary v-function v(|z|?), but in a much more general
form, in accordance with Eq. (27). For this reason we
call it the generalized v-function (Gv), vy 4(|2|%), which is
in fact equal to the integral generalized hypergeometric
function (int-GHF) ,F, ({a}}; {b}{; |2[?).

o _ [ [2PPF
Vp,q(|z‘ ): 0 ppq(E) ar

pFa({a}f; {03 [2?) -

In the special case p = ¢ = 0, we have

1/070(\z|2) = 1/(|z\2)

:/OOWE dE (45)
. T(E+1D)

=0F0(5 5 21?) = exp(|2[*).

In this context, we may state that the function v(|z|?)
is an integral exponential function, namely the integral
representation of exp(|z|?).

Note: This integral exponential function exp(|z|?) must
not be confused with the exponential integral Ei(z), for
real z, which is a special function defined on the complex
plane by

o —t x t
Em:—/f%ﬁ:/ <t (46)
Consequently, the Gd—cL of the GH-CSs is
lim [z) = |z)

oo (47)

1 2E
= E)dE.
v’/p,q(|z|2) 0 VPpg(E) =)

Since the construction involves the same complex variable
z, we keep the same notation as before for the GH-CSs in
the continuous spectrum, namely |z).

The overlap of two GH-CSs for the continuous spec-
trum is, consequently,

Vpq(272)

. (48)
V oa122) VT 2)

(z]2) =

Using the action of the generalized creation and anni-
hilation operators, together with the DOOT rules, the
projector onto the coherent state |z) is

, ()E

E E fe%e]
2 |B) dE .
pz%q(E')

></0 w \/Puq(E) 0

Following the same calculation procedure as before, it
will be obtained that the measure of integration in the
continuous space will be

9 q
jl;[lf(ba) (50)
Gq+1’0 2 /; {ai - 1}5:1
X p,q+1 |Z‘ q . )
0, {bj - 1}j:1a /
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where we took into account that the angular integral has
the value

2m
[ a2y < e o - B, (51)
0 27

and we have also used the fundamental integral, Eq. (27),
that is, the general formula for reducing a classical inte-
gral to a single Meijer G—function [6], together with the
completeness relation for the energy eigenvectors |E):

/OOO |EY(B|dE = 1. (52)

In this context, it is confirmed that the c-GH-CSs associ-
ated with a continuous spectrum admit an expansion in
the energy basis {|E)}, of the form

|2) (53)

1 o0 2B
W ED | Vrma® 1

Therefore, this integration measure ensures the validity of
the completeness relationship of the unit operator:

/ dpe(2) |2 (2] = 1. (54)

It is observed that the difference between the mathemat-
ical expressions of v(|z|?), Eq. (5), and the generalized
form v, 4(|z|?), Eq. (3.13), lies in the fact that in the de-
nominator, instead of I'(E + 1), one now finds p, ,(E),
where v(]2]?) = vo,0(]2]?).

After applying the discrete—continuous generalized
limit d — ¢, the actions of the generalized creation and
annihilation operators on the vacuum state lead to the
relations:

) = pl(E) (44)" [0), (552)
(B = pl(E) (o] (4)". (55D)

In general, the pair of operators A_ and A4 acts on the
vectors |E) in a manner that follows directly from the
application of the discrete—continuous limit d — c:

A 1E) = \Jopa(B) B - 1), (56a)
Ay 1B) = \Jopa B+ D) |E+1), (56b)
ALA_|E) = ppq(E) |E), (56¢)
# (ALA ) #1B) = [ppg(B)]” |B). (56d)
or, equivalently

A= [ \fonalB) B = 1)(El P, (57a)
A= [ opa B DB+ 1B, (571)

0
A = [ (B BNE| . (57¢)
0
#a) = [ B BNEIE. GTa)

Similarly, by applying the DOOT rules, we obtain the
expression for the generalized projector of the vacuum
state associated with the continuous spectrum:

S - " 4 (A A_)E 4
/0 |E)(E| dE = 0)(0) / B e

= |0)(0] # vpqg(ArA-) # =1,

(58)

1

0)0f= H#vpg(ALA) #°

(59)

The projector onto the state |z) is obtained in complete
analogy with the usual case, by applying the DOOT rules:

1 Upq(2Ag) Vp (2" AZ)
Vpg(ArA_)

it (60)

where, according to the DOOT rules, the vacuum projector
|0)(0] can be taken outside the symbols # - #.

The completeness relation of the ¢c-GH-CSs then leads
to
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q
I17®) .
() _ =t
[ a1 =5 TR
H I'(a;
i=1
(6
> /i {a; — 1}
« / dlzf? G0 (|2 !
0 ’ 0, {b; —1}; /
27 dtp
X/ o #pq(2A4) vp (2" A)# = 1,
0 ™
because the angular integral is
2m
dy *
/ or H#pg(2 A4) vpq(2"A-) #
0
(62)

# (AL A )E/2#| 25,
ppq( )]

/ dE

In addition, from the completeness relation, the following
integral in complex space results, which refers to the v-
function with operator argument:

/i {

a; — 1},
/dzz Gg+q1+(1) <z|2 >
}] 15 /

X #pg(zAy) vp (2" AZ)

0, {b; —

= #vpg(ArA_) #.

On the other hand, the probability density for the transi-
tion from the state |E) to the coherent state |z) is given
by

|Z|2E

a Vpg(|212) ppg(E)’

Ppipq([2*) = [l E)? (64)

whose generalized inverse limit ¢ — d also leads to a
generalized Poisson distribution. In fact, if we apply the
inverse limit, that is, the continuous—discrete transition
¢ — d, we recover precisely the usual Poisson probability
density function corresponding to the discrete case.

4 Other interesting properties of the generalized
v-function

To verify the expressions obtained for the continuous
spectrum, we now apply the reciprocal limit, that is, the
continuous—discrete transition ¢— d. As a result, we must
recover the corresponding expressions for the discrete
(discontinuous) spectrum. For example:

lim Vpq(|2[?) = lim —__dE

(65)

= F({a}]: {31 [27).

In particular, for the case p = 0 and ¢ = 0, we have
2
05"0(; : |z|2) = el#I" and therefore we obtain

%igb 1/0,0(|z|2) = E—% 1/(|z|2)

> z 2n 2
= |7|L' =oFo(s; |2°) =l
n=0 :

We can also define a v operator (that is, a v function that
has an operator as argument):

_ [ A" N
00 E
Vpg(Ay) = /0 p(ﬁ()E) dE. (67b)

Their action on ¢-GH-CSs is easily obtained if we take
into account the definition of coherent states in the Barut-
Girardello manner [9]:

A_|z) = z|z2), (68a)
(e Ay = 2* (2, (65h)
ALA|2) = 2P 12). (65¢)
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and we obtain

E
Vp, q / (E (A_)" |z)dE
P (69)
- |- g 1E = () ).
gl As) = V(=) (2] (70)

Therefore, the function v, 4(2) in the complex variable z
is the eigenvalue of the operator-valued function v, 4(A_)
in the coherent state |z).

The mean (expected) value of a DOOT-ordered prod-
uct in the coherent state |z) is then

(2] #Vp,q(A+) V;o,q(-A—) #|2) = Vp,q(Z*) Vp,q(z)- (71)

It is easy to verify that the action of the v—operator (that
is, a v—function whose argument is an operator) on the
c-GH-CSs is

Vp,q(zl* A |2 = Vp,q(|zl‘2) |2"),

(2| vpq(2 Ay) = Vp,q(‘z|2) (].

(72a)

(72b)

The mean (expected) value in the coherent—state repre-
sentation |z) is

(2| #Vp,q(ZAJr) Vp,q(Z*‘Af) # ‘Z/>

a2\ pa127P) ("),

Let us now continue by calculating several matrix elements
in the ¢c-GH-CS representation of the function v, 4(-)
when it is evaluated on different operator arguments.

(73)

(2 gAY ) = v (12/7) (212), (742)
(lvpa(A0) ) = v (1212) (212). (74b)
Clvpa (67747 ) 12) = vpg (e717) (2121, (75)
N vpg (e 45) 121) = g (e7) (212). (75b)

<|#Vp7q A + Vp,q(e @A >#|Z>
va

pa(e) vpa(e7F7) 1), (760)
(2] # vpa(e4+) ( A) #12)
=Upq (e‘z‘2> l/pq< |Z|2>. (76Db)

Considering that, within the GH-CS formalism combined
with the DOOT rules, the creation and annihilation op-
erators A4 and A_ commute, i.e. [A4,A_] =0, we may
apply the Baker—Campbell-Hausdorff formula

exp(X) exp(Y) = exp(2), (77a)
Z:x+‘é+%[x,}ﬂ
5[0, + <[, 19, 20 + (77h)

Let us calculate the diagonal elements of the function
Vpq(-) when its argument is the displacement operator:

D(z) = #e™ Nt "7 A = ge*hr e A (T8)

The final result is (see the deduction in the Appendix)
(2 Vpa(D(2) [2) = (o vpq (# €474 ) |2)
oo
1
= ——dE=
/0 I'E+1)

(79)
Vp,g(1)-

One of the DOOT rules states that, inside the symbols # -
#, the creation and annihilation operators A, and A_ are
treated as ordinary c-numbers. Consequently, they may
be removed from under the integral sign [15]. Therefore,
in such expressions we may replace these operators by
scalar quantities, Ay — x and A_ — y.

Let us now consider several integrals involving the
function v, 4( - ).

Starting from the closure (completeness) relation of
the unit operator and performing the above substitutions,
we are led to two integrals of fundamental importance in
the coherent—state approach.

Integral over the complex plane (from Eq. (63)):
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d2Z q+1,0 2 /’ {a’i - 1}5;7:1
T Gp,q—i-l 2| q .
Vs 07 {b] — 1}j:1’ /

X Vp,g(22) vp,q(y2") (80)

—1
q P
= (Hp(bj)> (HF(%)) Vp,q(Ty).
j=1 i=1
Integral in real space, from Egs. (49), (50), and (54):
| dlay 1222
0

+1,0
X GZAHI <Z|2

/§ {ai - 1}11'):1

0, {b; — 1}?:13 / (81)
q P -1

- (T1re) (ITre) e

By specifying the indices p and g, the sets of parameters

{ai}i—; and {b;}9_,, as well as by performing a suitable

change of integration variable, the above integrals allow

us to evaluate a variety of other integrals involving the

function prq(ac \z|2)7 where z is a real or complex number.
As a first example, we obtain

| =) vl 14P)

/9 {ai - 1}521
Oa {bj - 1}?:1; / (82)

—1
q p 1
= Ep(bj) (Ef(ai)> I

1,0
x Gpld <z|2

Particularly, if we take x = s, make the substitution
|z|? = st, and specify p = 0, ¢ = 0 (so that vgo(-) = v(+)),
we obtain (see Appendix):

slns’

/ e Stu(t)dt = ! §>0,s#1, (83)
0

which is, in fact, the Laplace transform of the function v(t),
a formula that appears in Erdélyi’s book [1], p. 222. On the
other hand, if we take p=1,a1 =1,g=1and by =b+1,
then in this situation we have py 1(F) = I'(b+ 1+ E), and

o) = O

= (). (84)

2,0
G1,2<|Z|2

Then, the integral becomes

/Oood(lz|2) V“(alc |Z|2) el (1212)"

o R el 2 b+ E
_ dE —— d 2 |z] 2
/0 p1,1(E)/o (12%) e (1=%)

o] .%‘_E
= aBE— 2 P+ 1)I(b+1+E
/0 Torism [ CHOIb+1+E)

(85)

e r 1
:F(b—i—l)/ x_EdE:M.
0 Inx

Generally, if we choose the function v, 4 (e‘s|z|2), then,
after expanding it into its power—series representation, we
must appeal to the Laplace transform of the corresponding
Meijer G—function (see Appendix):

o0 2
/ d(|z|2) 10,0 e sl
0

% Gq+1,0 <|Z|2

p,q+1

/3 {fli - 1}]5:1
0, b —1}7_; / (86)

[eS) _1l o l .,
:lz_;/’p,q(l)( “) s' (88) v(e™).

A similar integral can be derived for the two—variable
function v(z, a) (see Appendix):

a2y v Gloa)

1,0
<GS (IZI2

/5 {a; - 1}5;:1
0, {bj - 1};=1; /

HF(bj—i-a)

j=1

<
Il

= Vp,q+1(C 7).

I'(a; + )

—

=1



189

Particularly, in Eq. (80), for the case p =0 and g = 0, we
have G(l):(l)(\z|2 |0) = eI and we obtain

% /d22 eI v(zz)v(yz*) = v(zy). (88)

At the end of this section, it is necessary to make the
following observation: when the generalized function v(x)
appears under an integral sign, it may also be defined
through other structure functions, characterized by differ-
ent indices and different parameter sets. For example:

[e'e] XE
vps(X) :/0 7pr,s(E) dE,

= Js({eitiz s {di}i= 5 X)), (89a)
H(dj)E
prs(B) = T(E +1)—— (89b)

H(Cz)E

i=1

The only reason why, throughout this paper, we employed
the structure function p,. s(F) was to avoid overcomplicat-
ing the formulas.

5 Concluding remarks

In this paper we have sought to extend the properties
and applications of the v—function v(-), a subject that
has been very little (or almost not at all) addressed in
the specialized literature. Our analysis started from a first
application presented in our previous work [8], where we
examined the connection between the coherent—state for-
malism for continuous spectra and the v—function v(-).
There we showed that the v—function plays the role of the
normalization function of the coherent states |z) associ-
ated with the continuous spectrum of a quantum system.
This role becomes apparent through the formulation and
use of the discrete—continuous limit d — ¢, by which any
quantity or observable X;(n, nmax) characteristic of the
discrete spectrum has a well-defined counterpart X.(E)
in the continuous spectrum. In the present paper we have
generalized the definition of the function v(z), in the sense
that in the denominator of its integral definition, instead of
the simple gamma function I'(E+1), where E denotes the
continuous spectrum of the Hamiltonian, a more general
structure function pj, ,(E) appears, containing products
and ratios of gamma functions. This structure function,
in its discrete (discontinuous) form, is directly related to
the most general coherent states, namely the generalized

hypergeometric coherent states (GH-CSs). In this way,
we introduced a new function—the generalized v—function
Vp,q(z)—for which the usual v—function becomes a partic-
ular case: v(z) = v9,0(z). We have examined a number of
structural and operational properties of this generalized
function.

In addition, we also dealt with the generalized func-
tions vp 4(-) whose argument depends on the creation
or annihilation operators that define the GH-CSs. The
results involving the functions v, 4( ) are fully consistent
with the well-known relations of coherent—state theory:

FA) |z) = f(2)]2),
(2| f(A4) = (2] F(z)-

These relations involving operators are important because,
due to the rules of the diagonal operational ordering tech-
nique (DOOT), the operators are treated as simple c-
numbers, which can be removed from under the DOOT
symbol # - # [15]. Consequently, the operators can be
replaced by scalar quantities, leading to new classical
mathematical identities. As applications, we have derived
several integrals involving the generalized functions v, 4(-)
and examined explicit examples. In this way, we opened
the possibility of obtaining many further integrals and
relations involving the functions v, 4(-), by particulariz-
ing the indices p and ¢, the parameter sets {a;}7_; and
{b;}j=1, and by applying suitable changes of the integra-
tion variables.

Moreover, let us point out that all calculations in this
paper were performed using coherent states defined in the
Barut—Girardello sense [9]. In principle, the previous re-
sults also remain valid for the dual coherent states defined
in the sense of Klauder—Perelomov, denoted by |z)kp [10].

e AL —2z"A_ |0>

l2)kp = ;
q?p({bj}?:ﬁ {ai 5:13 |Z‘2)
_ 1
q?p({bj}gzﬁ {ai}i_; |Z‘2)
X i = |n), (91a)
0 Pq.p(n)

pup(n) = Tn +1) S, (91D)
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By applying the discrete—continuous limit d — ¢, the
same results are obtained, taking into account the duality
between the two types of coherent states, BG-CSs versus
KP-CSs [11]. The role of the CSs normalization function
for the continuous spectrum represents, to our knowledge,
the first application of the v—function in quantum optics.
Conversely, the coherent-state formalism leads to several
mathematical applications involving the v—function, in the
sense that it allows one to evaluate integrals containing this
function. This establishes a genuine feedback mechanism
between quantum mechanics (through the coherent-state
formalism) and higher mathematics (through the theory
of special functions).

As a general conclusion, we may state that coher-
ent states—both those associated with discrete spectra
and those corresponding to continuous energy spectra—
constitute a fundamental bridge between quantum and
classical (phase-space) representations. The coherent-state
formalism has found applications in many diverse fields, in-
cluding quantum physics (quantum optics, squeezing and
photon-added states, measurement theory, quantum Hall
effect), quantum information theory and practice (entan-
glement phenomena, cryptography), solid-state physics
(ferromagnetism, superconductivity, collective phenom-
ena), and mathematical physics (theory and applications
of special functions).

All these areas of application fully justify the growing
interest, in recent years, in the coherent states formalism,
both for systems with discrete spectra and for those with
continuous energy spectra.

Appendix

1. Derivation of Equation (86)

o0 2
/ d(|2?) v g e~
0

+1,0
X Gg q+1 <Z|2

/; {ai—l}é’_l)
0, {b _1}3 1 /

- [ E i

x / a(22) (22"

/; {a;i — 1}f=1>
0, {bj - 1};1‘:1; /

p,q+1

~ Gq+1 0 <Z|2

2. Derivation of Equation (79)
(1vpa(D(=))]2) = (elvpg (#e ™74 #) |2)

Z|/ dE# z/L+ —z"A_ )

) #l2)

_ 1 5 2AL—2"ANE gy,
- [ ar s e P

[T 1 S|4 (0 #BAY (o= BA- 45
—/0 AE —— o el (P52 J#12)

(Z = <z|<A+>ﬂ'>

> 1
= dE ———
/0 pp,q(E> #
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4. Derivation of Equation (87)

e 1
Int = 2 —|z/?
w= [ e )V<C|z| ,a)

(93) Gt <|Z| / {a; - 1}5’_1>
/ M% — 1y (D). pett\ o, o, -1y

[[r®;+a+E) (95)
— / dE ¢~ (e+E) jzl
0 Hf(ai +a+E)

[ele] 1 9 2
_ / 4B gy exp(l=*) exp(laf?)

3. Derivation of Equation (82) i=1
b dE crer® E
~Jo m Prale+E),
_ [~ 2 1 5
Int = d(|z|*) v 6|z\ o where
0
% GatL0 |Z‘2 /i {a; —1}_
Pt 0, {b; —1}0y;  / prala+E)=T(a+E+1)
q q q
r'(bj+a+E) [+ [Jo+o)e (96)
oo Cf(aJrE i y i=1 is1
= dE . 5 > 7
0 I'a+E+1) Hf(ai-i-a) H(ai+04)E

HF a;+a+ E)
i=1

/oo C (a+E)
- dE—— " ) (a+E
o F( pf‘]( )

a+E+1) q » -1
oo Int=C"¢ I'(b; +«) ( I'(a; + oz))
<[ =P v gleP) (F_[ ) I

X GquqlJr? <|Z / o= l}f_1> (94) oo H(bj T C—F
0, {b; - 1}9_y;  / « / dE (1)p =" FET)
= [T [ oy 0 e "
pp’q i=1
/; {a; — 1} T
x Gyl (w 1 ) [
+1 0, {b; — l}j B / e Ea Vpgs1 (C71)

-1
q p 0o
= H I'(b)) (H F(ai)> / dE == F i=1
j=1 i=1 0
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Abstract This paper is concerned with proving that an in-
finite number of fast homoclinic solutions exist for a spe-
cific type of damped vibration system with nonlinearities
governed by the p-Laplacian operator. Unlike most exist-
ing works, which typically require coercivity, periodicity,
or global growth conditions on the potential, we establish
our results under weaker, localized assumptions. In particu-
lar, the damping and stiffness terms are allowed to be non-
coercive, and the potential function satisfies local conditions
near the origin. Our approach relies on variational meth-
ods and the symmetric mountain pass theorem. Two main
existence results are obtained, illustrating the effectiveness
of this method in treating strongly nonlinear systems with
nonstandard growth and damping terms.

1 Introduction

Second-order differential systems involving the p-Lapla-
cian operator arise naturally in various scientific fields, in-
cluding non-Newtonian fluid mechanics, nonlinear filtration
theory, and nonlinear elasticity [1]. In this context, we study
the following nonlinear damped vibration system with a p-
Laplacian operator:

%(‘”0)"’72”0)) +q(0)[a(r) [P 2a(r)

—a(t)|u(t)|P"2u(t) + VW (t,u(r)) =0, t€R.

6]

where p > 2, g,a € C(R,R), and the potential W : R x RN —
R is continuous and differentiable with respect to its second
variable.

This system generalizes the classical damped vibration
equation, which corresponds to the case p = 2. When p =2

4e-mail: m_timoumi@yahoo.com

and g # 0, the equation reduces to a linear second-order
differential system with variable coefficients, for which the
existence and multiplicity of homoclinic orbits have been
extensively studied via variational methods and critical point
theory. Many works have focused on establishing fast ho-
moclinic solutions under superquadratic or asymptotically
quadratic conditions on the potential, particularly in periodic
or coercive settings [2—15].

On the other hand, when p # 2 and ¢ = 0, the system
becomes conservative and retains the p-Laplacian structure.
In this setting, several researchers have also investigated
the existence and multiplicity of homoclinic solutions using
variational approaches [16-20].

However, in the general case where p > 1 and g # 0, re-
sults remain scarce due to the technical challenges introduced
by the nonlinear damping term, which breaks the self-adjoint
structure and complicates the variational analysis. Existing
works in this general framework often impose strong assump-
tions on the nonlinearity or the potential. For instance, in [21],
the authors considered a potential composed of two parts
satisfying super- and sub-quadratic Ambrosetti-Rabinowitz-
type conditions, and applied both the classical and symmetric
mountain pass theorems to obtain fast homoclinic orbits.
More recently, [22] used Jeanjean’s monotonicity trick along
with concentration-compactness principles to establish the
existence of infinitely many fast homoclinic solutions with-
out relying on the classical Ambrosetti-Rabinowitz condi-
tion. However, such results generally assume that W (z,x) is
periodic in time and globally superquadratic in the spatial
variable.

In contrast to these works, the present paper investigates
the existence of infinitely many fast homoclinic solutions
under more relaxed assumptions. Specifically, we allow the
coefficient a(t) to be non-coercive, and consider potentials
W (¢,x) that satisfy only local conditions with respect to both
time ¢ and the spatial variable x. Notably, we do not require
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periodicity in ¢ or global growth conditions at infinity for the
potential. Instead, the potential may exhibit superquadratic
growth locally near the origin, which significantly broadens
the class of admissible nonlinearities and allows us to treat
more general and realistic systems.

Our approach relies on variational methods and, in par-
ticular, on the symmetric mountain pass theorem due to Ka-
jikiya [23]. To handle the lack of compactness, we construct
suitable truncations of the potential and apply refined esti-
mates to show that the associated energy functional satisfies
the Palais-Smale condition. We then prove the existence of
an infinite sequence of nontrivial critical points converging to
zero in the energy space, which correspond to fast homoclinic
solutions of the original system.

We now introduce the precise assumptions:

o (Qy) There exists a constant v > 1 such that

t
Q(t):/ g(s)ds — oo as || — oo,
0
200
T <o
/\tlzl |¢] In"¢]

e (A) There exists ap > 0 such that

a(t) > ag, VteR,

o(Ay) measo ({t eR: a(t)/(|t|In"]r]) < b}) < oo,
Vb > 0.

e (W;) W(t,0) =0 and 3r > 0 such that W(¢,—x) =
W (z,x) for all (¢,x) with |x| < 7.

e (W,) Jda < band a > p such that
W(t,x)

=0 [x[*

= 4o uniformly for 7 € [a,b].

e (W3) Ry > 0 such that

L]

i @t 0 uniformly for [¢] = Ro.

o(W4) 3¢>0,0€(5,p), R >0,p e (0,r) with

VW (x| <ol Vil >Ry, [x] <p.

We now state our main results. The first covers the case
where the potential satisfies a local symmetry condition near

zero and has locally uniform superquadratic growth over a
bounded time interval.

Theorem 1.1. Suppose assumptions (A) and (W;) through
(W3) are satisfied. Then the system (2%) has infinitely many
nontrivial fast homoclinic solutions.

Example 1.1. Let a(z) = |[rcost|+ 1, and let p < Y < a be
constants. Define

W(t,x) =a(t)|x|", |x| < 1. 2)

One can verify that a satisfies the condition (A), and W (¢, x)
satisfies the conditions (W) — (W3).

The second result allows for non-coercive coefficients
a(r) under a weighted measure condition, and assumes cer-
tain local estimates on the gradient of the potential.

Theorem 1.2. Suppose assumptions (A), (Ay), (W), (W2),

and (W,) are satisfied. Then the system (27¥) has infinitely
many nontrivial fast homoclinic solutions.

Example 1.2. Let 6 €]5, p[, @ > y> p+1 be constants. Let

la,b] = [%,%]. Define
W (t,x) = |x|° cost + |x|” sint. (3)

One can verify that W(z,x) satisfies the conditions (W),
(Wz), and (W4)

These results represent a significant extension of the cur-
rent theory, allowing for more general p-Laplacian systems
under minimal local conditions. To the best of our knowledge,
this is the first result establishing the existence of infinitely
many fast homoclinic solutions under such minimal local
assumptions in the presence of nonlinear damping and non-
coercive stiffness.

2 Preliminaries

Our analysis of fast homoclinic solutions for (27%') begins
with a review of key properties of the weighted Sobolev space
E. This space serves as the domain for a variational func-
tional J such that its critical points are exactly the homoclinic
solutions of (7). For 1 <'s < e, we define Lj(R) as the
Banach space of measurable functions from R to RV with
the norm:

1

Jul, = ([, 20 luto)"a) . @
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Additionally, we define L5(R) as the Banach space of func-
tions from R to R with the norm:

(t)
HMHLZ :esssup{eQT |u(t)|/t€R}. 5)
Next, we define the Sobolev space WQl’p (R) as:
L, .
WP (R) = {ueLg(R)/ueLg(R)}, ©6)
equipped with the usual norm:
1
lulysr = ([ €29 [l + hute) ] ar) " ™
0 R
Under the condition (A), we introduce the Banach space:

E= {u EWSP(R):

/ReQQ)(|u(t)\1’+a(z)|u(t)|p)dt < w}. )
with the norm:
el = (/ﬂgew [|b't(l‘)"’—|—a(t) ""(I)V]}dt)%_ o

It is well known that E is continuously embedded in Lj,(R)
forall p <s <o,

Definition 2.1. We define a solution u of (27¥) to be a fast
homoclinic solution provided that u belongs to the space E.

Lemma 2.1. [16] For u € WQl’p (R), the following inequalities
hold:

-1\ 1
g < (%0) 5 P +loP)as. o
and foru € E,
1
el < (Bt )l ()
o)l < (=17 [
/’ (12)

% [a()] 7 (Ja(s)|? +a(s)lu(s)|P) ds, 1 ER.

13)

where p’ is the exponent conjugate of p: % + % =1.
Lemma 2.2. Suppose that (Qy ), (Ay) are satisfied. Then E is
compactly embedded in Lj,(R) for any s € [§,o[. Moreover,
for all s € [%oo], there exists a constant 1, > 0 such that

el < sl Ve € E. (14)

Proof : Let € > 0 be arbitrary. Assumption (Ay) guaran-
tees the existence of a radius r¢ > e for which the measure
of the set B is less than or equal to €, where

a(t 1
Bg:{teR\[—rg,rg} |[|lflv)|[|<£} (15)
and
1

O — S 16
Joo i (10
Let
D¢ =R\ (BeU] = re, rel), (17)
and
ae = inf 20 (18)

reDe |t InV |e|

Then i < &. Consider a sequence (i) converging weakly
to u in the space E. An application of the Banach-Steinhaus
theorem yields

M = sup|jug — u|| < oo (19)
keN

The continuous embeddings E < WQl’p (R) = LH(R) hold
for every s € [p,o]. Consequently, we can find a constant
M; > 0 satisfying

Huk—uHLsQ <M, Vk e N. (20)
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Since a(t) > ag in Iy =] — re, r¢[, the operator E — WQl’p(Ig),
u — u, defines a linear operator that is continuous. Here,

the symbol WQI”’ (I¢) refers to the weighted Sobolev space
over the interval I

Wy (Ie) =
{u I, — R//

An application of the Sobolev embedding theorem shows
that

@1)
OF + lu ()|p]dt<+°°}.

uy, — uuniformly inI. (22)

Step 1. We first demonstrate the compactness of the embed-
ding of E into L‘é(R). To see this, observe that

/MZrE PO uy (1) — u(t)|” di =
/B Q0 gy (1) —
+/ \Mk

< measo(Be) [lu — ul|f=

i / 0(0)
De

<e (7}%)2 i /}ReQ(’)a(r) |uge (£) — u(r)|P dt

gs[(%;)”+Mﬂ.

where mg = inf,cg ¢2"). Combining (2.10) with (2.11) yields
||uk7u||L;(z2 —0ask — oo,

Step 2. s €]p,oo[. Next, we assert that the embedding of E
into LSQ(R) is also compact. This can be shown by noting

RN (e!ly
o=z = [ e

Mo \*77 P
<|— Up—u
(=) tm—uity

u(t)|? di
()P i

(23)

o] 10" e (1) — () P

luy — u)® dt

(24)

Building on the result from Step 1, we conclude that u; — u
in L7, (R).

Step 3.5€ [Z,p[ We claim that uy — u in Ljy(R). Let 7=
p 5~ Then s > £ and 7s > 1. For v € [ (R), Holder’s
inequality implies

/ QO (1) di = / Q0 |y(1)[* dt
MZ”E Be

+ [ LU

De

—1

< [ edet)‘T( [ e

O (r) | dr

|v(z)|mdt)5

+ 1€Dg
I (o)<

+ teDg Q) [v(t)|* dt

|~/ I e |v(1)|>1

! o)
< 14 S T ToT
S (meaSQ( 8)) ”V”Ll + |27 ‘t|lnrs|t|
N o)
e e L]
7] In~%|¢]v(r)|>1 (25)
x (e[ 1% || |v(2)]) "dt
EQt
Y +/
T T
+ 1eD, (Ie]"* " Je| [v(r)|) e
75 % | (o)1
p=l 21 p
<e 7 |vlis+e+ . |t ™) [t [u(r)|Pd
t|>re
p—1
<€ |V tet |e|In" |¢] |v(2)|P di
[t|>re
<& Wi tet — / () [v(2)|P dt
< &7 |Vl + £+ v]”
<& (Il +1+107).
Hence, we have
/ 2O uy (1) — u(t)|* dr
1| =re (26)
p=1
<7 [l —ully + 1+ [ —]”].
Since ps > p, we deduce that
p=1
[ () —ufar <€’ M+ 14m]. @D
[t|>re
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As above [; ) |uy(t) —u(t)]’dt — 0 as k — co. Hence
u — uin L (R).

The proof of Lemma 2.2 is completed. |

Our proof applies critical point theory, specifically the
symmetric mountain pass theorem due to Kajikiya [5], to
establish the main result. Before proceeding, we recall the
concept of genus.

Let X be a Banach space and let A be a subset of X. The
set A is said to be symmetric if for every element u € A,
the element —u is also in A. Let A be a closed symmetric
set not containing the origin. Its genus, denoted by y(A), is
the smallest integer k for which one can construct an odd
continuous mapping from R to R¥\ {0}. If no such k exist, we
define y(A) = +oo. Additionally, we define y(@) = 0, where
0 denotes the empty set. We now introduce the set I, defined
as

I = {A cX ‘ A is a closed symmetric subset,

(23)
0¢A, y(A) > k}.

Below, we summarize the essential properties of the genus
that will be utilized in our argument.

Lemma 2.3. [5, Proposition 7.5.] Let A and B be closed
symmetric subsets of a Banach space X that do not contain
the origin. The following properties hold:

(i) If A C B, then y(A) < ¥(B).

(ii) The N—dimensional sphere SV has a genus of N + 1 by
the Borsuk-Ulam theorem.

Lemma 2.4. [5, Theorem 1] Let E be an infinite-dimensional
Banach space and @ € C!(X,R) be an even functional with
@(0) = 0. Suppose that P satisfies the following conditions:

(1) @ is bounded from below and satisfies the (PS)—condition;
(2) For each k € N, there exists A € I} such that

sup @ (u) < 0.
ucAy

(29)

The theorem guarantees two types of sequences: (a) a se-
quence of critical points (1) with negative energy converg-
ing to zero, and (b) two distinct sequences: one of non-zero
critical points with zero energy that tend to zero, and another
of critical points with negative energy tending to zero, which
itself converges to a non-zero limit.

3 Proof of Theorem 1.1.

Our strategy is to apply critical point theory to a modified
version of the potential W (¢, x), denoted W (¢, x), which coin-
cides with W (z,x) near the origin but is altered for large |x|.
This modification is defined as follows:

Choose a constant & €]0, 1[. By (W3), there exists a constant
& €]0, r] such that

|VW (t,x)| < goa(t) |x|P~", V|| > Roand |x| < &.  (30)

Define a nonincreasing cut-off function g € C! (R*,R*) such

4
that g(s) = 1 for 0 <5 < %, g(s) =0 for s > &7 and 0 <
g(s) <1foralls € R, Let

W(t,x) = g(|x|”) W(z,x), V(t,x) cER xRN, 31

This modified potential leads us to consider the following
associated system 27

(1)) + g(0)i(r) — aleyuts)

t B (32)
+ VW (t,u(r)) =0,

teR.

and we can now ¢ define the action functional J for the
modified system (Z7) by

9 = [0 ()" + ale)u(0))

P JR
_ / COW (1, u(t)) dt
R

(33)
- 11) ||u||pf/ReQmW(t,u(t))dt.
It is well-known that J € C'(E,R) and for all u,v € E
I = [ 2 (jito)2a(e) 500
alt) u(t) " 2u(r) - v(r) ) dr (34)

- / OV (1,u(t)) - (1) dr.
R

Moreover, critical points of J are fast homoclinic solutions

of (27).

Lemma 3.1. Assume that (A), (W;), and (W3) hold. Then
J(0) =0 and J is even and bounded from below.



198

Proof By (W}), itis clear that J is even and J(0) =
Eq. (30) and the fact that W(z,0) = 0, we obtain

0. From

W) < La@)x?, V| >Roand x| < &. (35
p

By combining Eq. (35) and the properties of g, we get

1

J(u) = ;IIMII”—/ReQ(’)g(lu(t)l”)W(t,u(t))dt

1
= — [|ull”
p

[ ()W e, u(e)) ds
{lrI<Ro}

= [ gl W . u(o)) dr
{lf|=Ro}

_! (uel | _/ 20
p {lt1=Ro, |u(r)|<&} (36)

x g([u(0)]")
@ g(|u()|P) W (t,u(t)) di

W (t,u(t))dt

- /{\1\§R0= u(6)| <8}

1
= lull” -
=7

1

/ 00 a(¢) lu(e)|” dt — ¢
R

2 jull? ~ex.

where ¢1 = supj;<g,, |x‘<50€ Dg(|x|”)W(t,x). Hence, J is

bounded from below and coercive in E.

Lemma 3.2. Under assumptions (A) and (W3), the functional
J satis es the Palais-Smale condition.

Proof We will prove that J satisfies the (PS)-condition. Let
(un) be a (PS)-sequence, that is, there exists a positive con-
stant My such that

[/ (un)| <My, VneN, and

, 37
J' (up) — 0 asn — oo.

Combining estimates (3.3) and (3.4), we deduce the bound-
edness of the sequence (u,) in the space E, that is,

lnll < c2, Vn e N. (38)

The reflexivity of E allows us to find a weakly convergent
subsequence, which we continue to denote by (u,) for con-
venience:

u, — ug weakly in E as n — oo, 39

By (W3), for any 0 < € < &), there exists a constant 0 < § <
& such that

VW (t,)| < €a() |"~", V]| > Ro, x| <8, (40)
which, with the condition W (¢,0) = 0, yields

£
Wit )l < Za)xl”, Vit 2 Ro, x| < 8. (41)

y (Qv), there exists a constant Tp > Ry such that

I 5
00) 20 (5~ 17 L) @)
Combining Lemma 2.1, (38), and (42), we have
1
lua(t)” < (p—1)7

x /[ " e 00)20) i ()17 +a(s) in ()17 ] s

1 ) (43)
<(p-17 lua]]” < 87,
(p—1)7¢}
Vt > Ty, neN.
Similarly, we get
1 L,
00) 255~/ ). (@)

Inequalities (38) and (39) yield that ||up]| < liminf, e ||, || <
¢y, thus by similar steps one can get

luo(1)|? < 87, V|t| > Tp. 45)

It follows from (3.7), (3.10)-(3.12), and the properties of g
that

/|f\>To e g(lun(1)|”)
VW (2,1, (2)) - (un (1) — uo (1)) dt
N /|t\>T0 2 g(|uo(1)[7)

X VW (t,u0(t)) - (un(t) —uo(t)) dt

< /| W ) (46)
+ VW (1,u0(2))]) (|tn (£)] + |uo (2)]) dt

< 28/“‘2% 20 a(t) (Jun (1) P~ + o (1))
X (|un(0)] + |uo(2)|) dt

< 48./?‘2% 20 a(t) (|un(0)]7 + |uo(2)|7) dt

< e (flunll? + lluo|”) < 8ech.
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Conditions (41), (43)-(45), and the properties of g yield

‘p-/t|>TO 220 g’(|un(t)\p) |Mn(t)\p72u,,(t)
X W (t,un(t)) - (un(t) —uo(t)) d
[ @8 (o@l) o)l o)

X W (t,uo(t)) - (un(t) —uo(t)) dt

<2p5l’/ 20
=0 Jpem

+2p5(f/

=Ty
<2pfe | 20 % ale) (a0 + luo(0)”)

< 46(§7C3C§€.

(47)
|8 (Jun (0)|7) [ W (1, 1a (1)) | dt

@0 [/ (luo(0)|7) | 1W (1,0 (1) i

where ¢3 = max P

1€ 2,85

|¢’(¢)|. From Lemma 2.2 and (3.5),

we obtain

it (1)] < ([ttn| 25 < Moo ||| < Moz = 4,
VteR, VneN.

(48)

and

()] < ltollz= < Mr lt0]] < Monz = c,

49
VteR. “49)

Combining (48) and (49), we get for a positive constant cs

VW (t,u,(1))| < cs, (50)
VW (t,uo(t))| <cs, Vi€ [-T,To], VneN.
and
W (2,un(1))| < cs,

(5D
[W(2,u0(t))| < cs, vVt € [T, To], Vn e N.

Since E is continuously embedded in WQLP
Sobolev’s embedding theorem implies that

([_TO’ TO] 7RN)’

u, — uy uniformly on [—Tp, Tp]. (52)

Then, by (50), (52), and the properties of g, we have

/If\<T0 (0L
X VW (t,un (1)) - (un(t) — uo(t)) dt

= [, 2 80l0)?)

X VW (t,uo(t)) - (un(t) — uo(t)) dt
< /vwgro e (0N

VW (2, u0(0)]) (1) — o ()|

< 2¢s / 20
[t|<Ty

(53)

|un(t) —uo(t)|dt — 0

asn — oo,

so there exists N; € N such that

J e a0

X VW (t,u, (1)) - (un(t) — uo(t)) dt

[ 20 8 oOP)

X VW (t,uo(t)) - (un(t) —uo(t)) dt| < €,

(54)

VnZNl.

In addition, from (51), (52), and the properties of g, one gets
8 (Jun(0)[7) lun (£) 2 (1)

‘ /\I<To
W (£, 10n(2)) - (10 () — uo (1)) dt
—p [ @O (luo(r)|7) luo(r) P~ uo(r)

[t|<To

(55)
X W (t,uo(t)) - (un(r) —uo(r)) dt

<2pcs 601771

x  sup  |g(s Oy () — uo ()| dt

se[8f /27,80 [t|<To

—0 asn — oo,

Hence, there exists N, € N such that

‘ /\|<ro 8 (lun(O1) lan ()17 (1)
X W (t,un (1)) - (un (1) — uo(r)) dt

P J<n 20 g (Jug (£)[7) uo () |7~ 2uo (¢)
>10

X W (t,uo(r)) - (un(t) —uo(t)) dt

<e

(56)

, Vn>N;.
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Combining (46), (47), (54), and (56), we obtain

[t — MOHP - (J,(”n) _J/(MO)) (un — uo)

= [ 2 g(lun0)17)

(57)

X W (t,uo(t)) - (un(t) —

< (8ch+4p8fesch +2) ¢, Vn > max(Ny,N,).

This with (3.5) and (3.6) shows that 1, — ug in E. Hence J
satisfies the (PS)-condition.

Lemma 3.3. Assume that (A) and (W,) hold, then for all
k € N, there exists an Ay € I} such that sup,¢4, J(u) <0.

Proof For any fixed k € N, we divide the interval I = [a,b]

into k equal closed subintervals, denoted by /; fori =1, ... k.

For each i, let K; C I; be a subset such that K; has the same
center as I; and has a length of 4. Now, choose k functions

@; € C'(R,RN) fori=1,. ksuchthat

supp(¢;) C Ii,  supp(¢i) Nsupp(@;) =0, Vi # j,

i) <1, [@i()] <M, ViER, (58)
loi(t)] =1, Vi e K.

where M is a constant independent of i. Let

Vk:{(tl,..

k
X = {Zfi(Pi

i=1

) € R

max |t,| = 1}

(l‘l,...,tk) GVk}.

It is evident that supp(u) C I for any u = Y*_, ;¢;. The paper
[8] implies that X; is a closed subset of E with ¥(X;) = k. By
the properties of ¢;, for fixed k € N, there exists a constant
Bx > 0 such that

(59)

lull < B,  VueX. (60)

From (W), there exist two positive constants 1 and R such
that

W(t,x) > R|x|%, Vi € [a,b], |x| <. (61)

For every u = Z{-‘:l tiQ; € Xy, let s € }O,min (n, %) {
Then, by (3.22), we have

[swu(t)|” < s llullf= < s [lue]”

_ 517 ) 517 (62)
— 2pnl7 pn‘x’ﬁk - 2p'

which implies that g(|sxu(¢)|”) = 1. Moreover, by the prop-
erties of ¢;, we obtain

|sitipi(2)| = sic |til [ @i ()]
<8 < n,

(63)
Vi=1,... k.

The definitions of V; and ¢; imply that there exists a j €
{1,...,k} such that |t;| = 1 and |y;(r)| =1 for any ¢ € K.
Now, from (3.22) — (3.24), we get

1
J(s) = s~ /R COW (¢, spule))di

P b
=% u [ eOW (e se) e

<%pr- Z/

S
< Sk P_/eQ(
_pﬁk JK

J

W (2, sit;0:(t))dt

W (1, sty (1))dt (64)

p
s
< *"ﬁf—R/ e sty ()| di
P Jk;
§°
< -k BP —moRsFmeas(K;)
P
sy
£ Bk moRsk , YueX.

Note that R can be any sufficiently large number, so choose

14
R> mjé(bﬁia)sfia' From (3.25), we have
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4
1
T(spug) < s;kﬁ,f’ — PRl = —gsfﬁ,f <0, YueX,. (65

Foreach k € N, let Ay = 5;.X;. Then, we have Y(A;) = 7(sXy)
=k, s0 Ay € I} and sup,¢4, J(u) < 0. The proof is complete.

Lemmas 3.1 — 3.3 establish that J satisfies all the hypothe-
ses of Lemma 2.4, implying the existence of a sequence of
nontrivial critical points (u,) C E of the functional J, where
u, — 0 in E as n — oo. Therefore, (u,) forms a sequence
of fast homoclinic solutions for the system (%/ ). From
Lemma 2.2, it follows that sup,cp |u,(t)| — 0 as n — 0. Con-
sequently, there exists a positive constant ng such that for all
n > ng, we have sup,p |u,(t)| < 8, where d is as defined
previously. This implies that for all n > ny, u,, is a fast homo-
clinic solution to the system (27%). The proof of Theorem
1.1 is thus complete.

4 Proof of Theorem 1.2.

Let the cut-off function 2 € C!(R*,R") be defined such that
h(t)=1fort €[0,5], h(r)=0fort > p,and —p <K' (t) <0
for & <t < p. We define the modified function

W (t,x) = h(|x|) W (t,x) +c (1= h(|x])) x|, 66)
V(t,x) € R xRV,

where c is defined in (Wj). Next, we introduce the following
modified system (27)

d

(I =2(e) ) +q(e)ile) — L(e)uz)

VW (1,u(r) = 0,

(67)
teR.

We then define the variational functional J associated with
the modified system as

p
— [ QOW (t,u(t))dr (68)
R
=l = [ 2OW (1 ute))ds
p

It is well established that J € C' (E,R), and for any u,v € E,
the derivative of J is given by

+alr) () [P 2ulr) - v(r) ) (69)

Furthermore, the critical points of J correspond to fast homo-
clinic solutions of (2%).

Lemma 4.1. Assume that the conditions (A), (Ay), (W;), and

(W,) are satisfied. Then, the functional J is bounded from
below and fulfills the (PS)-condition.

Proof From (Wy) and the fact that W(z,0) = 0, it follows
that

|W(t,x)|§§|x|6§c|x|o, V|| >Ry and x| <p.  (70)

which, together with the properties of &, gives

|W(t,x)| <clx|°,  V|t| >R, and |x| <p. (71)

For § < |x| < p, we have

VW (t,x)| = h(|x|)VW(t,x)+h’(|x|)|i—|W(t,x)

+co(1—h(|x])) x|~ 2x

(72)
— ch(lx]) || x

<d|x|°7"
whered:c(l—i—%z—ﬁ—o—f—pz).For |x| > p, we get
VW (t,x)| = co|x|°". (73)
For |x| < £, it follows that
VW (1,2)] = [YW (1,2)] < e || (74)
Thus, we conclude that
VW (t,x)| <d|x|°7",  V|t|>Ry, xeRY, (75)

Hence, we can write the functional J as
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Ty = >l = [ 20 u(e))
p R
1 .
== u”—/ ELOW (¢, u(t)) dt
Sl [ ()

1 -~
— 2 fuf” - / COW(t,u(r)) dt
P {r1>Ry, Ju(t)|<p}
— COW (£.u())dt
/{m<R1 iy’ ) (76)
> 1 ||u||p—c/ ) u(1)[® di — ¢
“p (>R}
1
f||u||”—c/ ) |u(1)[° di — ¢
p
:1||u||"—c||u||“ ¢
P e
1

> —|lull” —eng [|ull® —cs.

=

where ¢6 = 2R} SUP{j;|<g, v/<p} Q) ’VW(t,x)‘. Since o <

p, we conclude that J is bounded from below and coercive
in E. Next, let (u,) C E be a (PS)-sequence of J, i.e., there
exists a positive constant ¢7 such that

()| < 7, T (1) — 0 as n — oo, a7

From (76) and (77), we deduce that there exists a positive
constant cg such that

lun ]l < cs, VneN. (78)

Since E is reflexive, (78) implies that (u,) has a subsequence
(denoted by (u,)) such that

u, — u, weakly in E as n — oo, (79)

Using similar arguments as in Lemma 3.2, we can show that
there exists a constant 77 > R; such that

lun(H)| <p and |uo(t)|<p, VY|t|>Ti, VneN. (80)

Moreover, we have

u, — uy uniformly on [—T7,T]. (81)
Hun—MOHP— (f( n) =T (0)) (un — uo)
_ / W (t,un(2)) — VW (¢, 0 (1))]

(un(f) uo(t))dt

- 00 [V (1 (1)) — VT (1
N {11>11} e [VW(I7 A(1)) — VW (2, 0(1‘))}

X (un (1) —uo (1)) dt
OO TV (b (1)) — VT (1.0
+/{|r\sm O VW (110 (1)) = VW (1,100 (1))]
X (un(t) —uo(t))dt
20 (11 (1)1 + ug (1) °
S A (O Ol

X un (1) — uo(t)| dt
+oo / 20 [u () — uo (1) dr
(<7}
p=2

(o=1)p P
<d / 20 |, (1) 72 dt)
l( Gz ! (82)

p—2
(o-1) wE
+ < / 20 |ug (1) 72 dz) ’
(=1}

o [ @0 fu(0) ~ uolo)] de
{lrl<7i}
<d(Jlanl L + ol ) e ol
LLP’ LL’” 0

oo / 20 [ (1) — uo (1) dt
(i<t

<2405y, e lun —uol

,,72)" L5
o e un(e) (e
{lr<m}
—0 asn —» oo

Hence, u, — ug in E as n — oo, that is J satisfies the (PS)-
condition.

By (W1), the fact that W(r,0) = 0 and the properties of
h, it follows that J is even and J(0) = 0. Combining this
with Lemma 3.2 and Lemma 4.1, we conclude that J sat-
isfies all the conditions of Lemma 2.4. Therefore, J has a
sequence (u,) of nontrivial critical points that converges to
0asn— o in E. As aresult, (u,) is a sequence of fast ho-
moclinic solutions for (W ). By Lemma 2.2, we deduce
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that sup,cp |un(t)] — 0 as n — eo. Thus, there exists a posi-
tive constant ng such that for all n > ng, sup,cp |u.(t)| < p,
where p is as defined earlier. Hence, for all n > ny, u, is a
fast homoclinic solution of (27%"). This completes the proof
of Theorem 1.2.

Acknowledgment. The author sincerely thanks the anony-
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ing of the manuscript and for their valuable comments and
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Abstract In this paper, we focus on connected locally
finite graphs G = (V, E). First we assume that there are
two constants jo and wg, which make the measure function
and symmetric weight function satisfy p(z) > po Vo € V,
Wzy = Wo, Voy € E . Based on this assumption, we ob-
tain two interesting embedding theorems on finite graphs:
Wy?(By) — LP(By), WY2(By,) < LP(By). Although
their inclusion relations are obvious on finite graphs, here
we mainly give the control relations under the same con-
trol coefficient. Secondly, A is the Laplace operator on a
general graph. Due to Lin and Yang (2022), using calculus
of variations from local to global, we establish the exis-
tence of solutions to the exponential power type nonlinear
Schrodinger equation, says —Au+ hu = fue“2 +g,z€eV,
and the existence of solutions for fractioyal nonlinear mean
ge

e _ !
field equations, says —Au + hu fv oy + o reV.

When f, g and h satisfy some conditions, we prove the
existence of non explicit solutions for the above two kinds
of equations in a specific space.

1 Introduction

The nonlinear Schrédinger equation and the mean field
equation are two crucial and widely studied models in
mathematical physics. The classical nonlinear Schrédinger
equation describes a series of profound phenomena in
continuous Euclidean space, from the transmission of
light waves in nonlinear optical fibers to the dynamics
of macroscopic quantum wave functions in Bose Einstein
condensates[1, 2].Its mathematical theory and physical
applications have been developed to a very mature level.
At the same time, the mean field equation, such as the
Liouville equation derived from mean field theory in sta-
tistical physics or geometric analysis[3], plays a central

#e-mail: xiaodong19961002@vip.qq.com

role in understanding the collective behavior of multi-
body systems, vortex point distribution, and problems in
conformal geometry.

In recent years, significant progress has been made in
the study of partial differential equations on graphs.We
can refer to article[4-16] and the references in it for details.
As a discrete extension of Euclidean spaces and Rieman-
nian manifolds, the Laplacian operator and its related
equations on the graphs have attracted widespread atten-
tion. Grigor’yan, Lin, and Yang[17-19] successfully solved
the existence problem of solutions for several types of el-
liptical equations on graphs by using variational methods,
including classic problems such as the Kazdan-Warner
equation, Yamabe equation, and Schrodinger equation.
Subsequently, as for certain nonlinear Schrodinger equa-
tion on locally finite graphs, Zhang and Zhao[20] have
obtained non trivial solutions. Fabio Punzo and Marcello
Svagna[21] explored the uniqueness problem of solutions
to the Schrodinger equation on an infinite graph,with a
focus on the case where potential energy tends to zero at
infinity. Yang and Zhao[22] first applied the quality con-
strained variational method system to NLS problems on
graphs. In terms of research methods, Sun and Wang|[23]
innovatively applied the Brouwer degree theory to prove
the existence of solutions to the Kazdan- Warner equa-
tion on connected finite graphs from another perspective.
Liu[24] conducted similar research on the mean field equa-
tion. In addition,Huang Wang and Yang[25] studied the
mean field equation on finite graphs and its relationship
with the relativistic Abel Chern Simons model.

The graph-based NLSE finds applications across mul-
tiple physical domains:

In the field quantum networks, Modeling Bose-Einstein
condensates in optical lattice potentials, where the dis-
crete nonpolynomial NLSE describes self-attractive BECs
in combined trap geometries. On-site collapse phenomena
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and soliton stability follow Vakhitov-Kolokolov criteria[26];
In the field of plasma physics, Network-structured plasma
systems support novel wave patterns describable by graph
NLSE, with applications to fusion device modeling[27];
For 2D Turbulence, Neri’s mean field equation describes
vortex statistics under stochastic circulation assump-
tions, with mass quantization phenomena for blow-up
sequences[28]; As for social/epidemiological dynamics,
Network-structured population models use mean field ap-
proaches for phase transition analysis[29, 30].

In the latest research progress, Lin and Yang[12] de-
veloped a variational method from local to global on local
finite graphs, Qiu and Liu[31] studied the Schrodinger
equation with fe* as the nonlinear term. Based on their
research ideas, the current research focus has shifted to
exploring the exponential power type fue“2 nonlinear
Schrodinger equation and fractional term u%»im nonlinear
mean field equation. Simultaneously we provide two em-
bedding theorems on finite graphs. These works laid an
important foundation for the theory of partial differential
equations in discrete spaces.

We first declare some annotations and concepts about
graphs. Let V' is a set of vertices, F = {zy|z,y € V 2 ~ y}
where © ~ y represents the connection between x and
y. Take G = (V, E) is a graph, in this paper, we discuss
connected locally finite graphs with symmetric weights
and positive finite measures, we always assume that G
satisfies the following conditions (a) — (d).

(a) (Locally finite) For any x € V, there exist only finite
vertices y € V such that zy € E.

(b) (Connected) For any x,y € V, there exist finite edges
connecting x and y.

(¢) (Symmetric weight) For any z,y € V, let
w : VxV — R be a positive symmetric weight,
ie. weyy > 0 and wyy = wWyg.

(d) (Positive finite measure) p: V — RT with  — u(z)
is a measure function.

Take C(V) as the space composed of all real valued
functions on the graph. Regarding any function u € C(V)
on the graph, its Laplacian operator is defined as follows

1

Au(z) = m

> way(u(y) —u(@)). (1)

y~z

In addition, we immediately provide the definition of the
gradient modulus of u

Nl=

1

Vul(z) = (szmyw@) —u<x>>2) | @)

Yy~

We define the integral of function u € C'(V) as

/v fdu =" u(@)f(@). (3)

zeV

For Vp € [l1,400), the Lebesgue space LP(V) =
{u] [}, [u[Pdp < 400}, and the norm on it is

lull oy = (3 Ju(@)Pu(x))?, (4)

zeV
when p = +o00,
[ulloc = sup fu(z)]. ()
zeV

For any =,y € V, since graph G is connected, there exists a
shortest path v connecting = and y. The distance between
x and y is defined by p(z, y), which means the number of
edges belonging to the shortest path «. That is, if xy € E,
then p(z, y) = 1, if zy € E, without loss of generality,
we may choose a shortest path v = {z1, 22, ..., Txy1}
connecting = and y, then p(x, y) = k. Take a certain point
O €V, for O, establish a distance function as follows

p(z) = p(z, O). (6)

The opening ball with O as the center and radius k is
denoted by

By ={zeV: p(z) <k}, (7)
and the boundary of By is written as
OB ={zx €V : p(x)=k}. (8)

For any fixed k, Grigor’yan et al. [18] defined the Sobolev
space W, %(By,) and its norm by



206

Wol’Q(Bk) = {u: B, UOB, — R ’ u|aB,C =0,

(9)
/|vm%u<+m}
By

and

2
gy = ( [ 9ua)” (10)
k

Next we provide another important Sobolev space W12(V)
and its norm, which are defined by

Wh3(v) = {u : V=R ‘ /V(|Vu|2—|—u2)du < —1—00} (11)

and

1

wwwwz(ﬂﬂwﬁ+ﬁm@5 (12)

The above two spaces are both Hilbert spaces.
Let h(z) > ho > 0 for all z € V, we define a space of
functions

H = {u e Wy (V) : /V(|vu\2 + hu?)dp < oo}, (13)

with a norm

2

e = ([ (VP + btya) " (19
It is clear that .77 is a Hilbert space with the inner product
(u, V)p = /V (Vu-Vu+huw)dy, YVu, veH. (15)
where Vu - Vv is defined as

1
Vu- V=g > w(uly) —u())(v(y) - v(@). (16)

Yy~

When wyy > wy Yoy € E, Lin and Yang[32] proposed a
more general embedding theorem.

In this paper, we will consider the following exponential
power type the following nonlinear Schrédinger equation
on locally finite graph, says

—Au+ hu = fue“2 +g,inV,
(17)

u € I,

and the following fractional term nonliear mean field equa-
tion on locally finite graph, says

gevdp

—Au+hu=—2— 4+ L invy,
Iy wm (18)
uwe A L2(V),

where A is the Laplacian operator given as in (1), and ¢
is defined as in (14).

2 Notations and main results

Theorem 1 (Embedding theorem I) Let G=(V, E) be a
graph satisfying conditions (a)-(d). By is the opening ball
with O as the center and a radius of k, Among them,YO €
V,Vk € Z7, p(x) is the distance function with respect
to O on By. At the same time, it satisfies the following
properties:

(1) wey > wo > 0; (2) h(z) > hg > 0; 3) p > 0is a
constant Then, for Yu € Wy'*(By), we have llullr(By) <
C\|U||W01=2(Bk)-

Theorem 2 (Embedding theorem II) Let G=(V, E) be
a graph satisfying conditions (a)—(d). By is the open-
ing ball with o as the center and a radius of k, Among
them YO € V, Yk € Z7, If it meets the two conditions of
its subordinates:

(1) p(xz) > po > 0 established for any x € V; (2) 0 < g <
0o

Then for Vu € WY2(By), we have ||u||pa(p,) <
Cllullwr.2(B,). Among them, C is related to By, o, q.

Theorem 3 (Conclusion on the Existence of Solutions)

(19)

—Au+ hu = fue“2 +g,inV,
u € .

If the equation satisfies the following conditions:

(1) h(z) = ho > 0;
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(2) —hg < —M < f < 0;
(3) fe LN (V); (4) g € LA(V).

We have that the equation (17) has a solution in J .

we present an embedding theorem 4 that will be used
, which has already been proven in [31].

Theorem 4 (Embedding theorem [31]) Let G=(V, E)
be a graph satisfying conditions (a)—(d). For any u €
Wol’Q(Bk) and any 1 < q < oo, there exists a positive
constant C' depending only on q, hy and By, such that

lullzaqv) < Cllullygaas, - (20)

Theorem 5 (Conclusion on the Existence of Solutions)
If the equation (18) satisfies the following siz conditions

(1). G is a connected locally finite graph

(2). w(@) = po >0

(3). h(z) > ap >0

(4).g>0,ge LY(V) andVO € V, VI > 1,9 #0 in B,
(5). feLYV),qe|l,2], and f > 1

6)meR, 0<|m|<1

then the equation (18) has a solution.

3 Proof of Theorem 1-3

Let’s first prove Theorem 1

Proof For YO € V', We establish a distance function for
point O, denoted as p(x). Vk € Z*, We take the opening
ball with O as the center and k as the radius, it is recorded
as By = {z € V,p(z,0) < k}. We will discuss on the
arbitrary opening ball By. Vo € By, p(x, O) represents the
distance from a point in By, to a fixed point O, The shortest
path is labeled according to the direction from that point
to the fixed point, and we have v = {1, 22,23, ..., Tmi1},
Among them, z = x1, O = T,,41, x; is the point adjacent
to xiy1, and p(x,0) = m. According to the definition
of integral on finite graph, we can naturally know that
p(x) € LP(By,). In the following proof, we will show that
lpllLe(B,) constitutes the control coefficient.

In [31],Qiu and Liu have proven that ||uHW01,2(Bk) =

(ka(| Vu |2 +hu®)dp)? is the equivalent norm of the

original norm (10). We will use the newly defined norm
to discuss the following proof.

Yu € W()l’2(Bk), due to the property of opening the ball
with O as the center and radius &, the node of the shortest
path is still taken in By, we take the node interpolation
on the shortest path for processing. | u(x) |=| u(x1) |=|
w(@r) —u(ze)tu(ze) = .. —u(Tmir) Fu(@mer) [<] ul@r)—
u(ws) | + | u(ez) — u(zs) | .. | w(wm) — W(wmin) | + |

Firstly, let’s establish the relationship between | u(x) |
and HUHW(}'z(Bk) below.

[l sy = [ (T +ha)d
0 Bi
= / | Vu |? dp + hu?dp
By, By

1
= 3 ) g D e ()

xr€ By, Yy~

—u(@)?+ Y pla)h(x)u’(z)

€ By,

> 37 p(a)h(e)u(x)

T E By

> ho S ()i (a)

€ By
> hou(O)u?(0).

(21)

According to the expansion above, we have | u(0) |<

\/ﬁ"”””’&*z(m- Regarding

m

D ulws) —u(wipr) |[<m max | u(a;) —u(wi) |-
= 1<i<m

(22)

Since wgy > wo > 0 holds true for Voy € E, so we naturally
have that ww—? >1, s > 1, therefore, which leads to

w

w.

| u(a:) —w(@i) [< /=55 [ u(e;) — u(ziga) |, And we
can obtain that
max, lu(wi) — u(zip1) |
< max /I | y(ay) — i) | 23
= 1<i<m wo (23)
1

—u(zip1) |,

= \/770 1%2};1 VWzizi | U(IL'Z)

Inserting (23) into (22), we have that the original formula

m

< 7= 12%}%'/60“““ | w(z;) — w(ziy1) |, where m =
p().
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Next, we will establish the relationship between
nax [Oarzirs | w(ri) — u(ziy1) | and W ?(B},) norms

to discover the connection between them.

Let’s assume that 12‘85” VP21 | u(z;) —u(zigr) |=
V2 zmir | W(Tm) — w(Tmi1) |, due to
1/2
H“”W(}*?(Bk) = (/Bk (IVul* +hu?) du) . (24)
we have
Iy = . ()
> [ vl
By
1
= > )
: 2u(x)
e (25)
XY way (ul(y) - ul@))?
Yyn~x
1
=5 2 waluly) —u@)’
€ By ,y~x
1
> iwmm,zm+l (U({Em) - U({Em+1))

Then, we get |ul?

W01‘2(Bk) > %wﬂﬁmﬂfwwrl (U(l‘m) -

w(@mi1))?, \/EHUHWO“(B) 2 VOrem | w(@m) -
m

w(Tms1) |- Which leads to > | u(z;) — u(zipr) |<
i=1

mv2 '

N HUHW(}‘z(Bk)' So far, we have

mv/2 1
lu(z) | < —= N [ully2(s,) + WHUHW(}?(B,C)
m\f 1
N \/7 |U||W1 2(Bg)?

(26)
= (

which is established for Vx € By.

Finally, let’s establish the relationship between
Wol’Q(Bk-) norm and LP(Bj) norm below.

We have known that p(z,O) € LP(By). From the con-
nectivity, we have obviously obtained that Vy € By, x # y

we have p(z,y) > 1. Below we investigate |[ul|z»(5,)-

el o) =( /B u(@) P du)b <

k p(x)v2
O

(27)
< ||“|W01’2(Bk)((/3k(\/w—0
1 » 1
+(/Bk(ho,u(0)> dp)?)
V2
= HUHWOI’Q(Bk)(\/T—OHpHL”(Bk)

1 1
N ([, 1

Z w(z). In view of p(x) > 1, one

has | p(z) [P> 1, u( ) | p(z) P> p(x), >

z€B;\{O}
plx) P> > w(x). And thus, we obtain the following
z€BL\{O}

comparison expression, which says

Ilze By < ( Z

z€BL\{O}

<25 -maz{( Y plx) |p|")7,

r€ By,

2% (| pll e (B + 1(O) 7).

Where ||1||1£p(

() |

wa) | plx) [P +u(0))7

wO)7}  (28)

Based on the above discussion, one has

V2
ullr ey < ||uHW01*2(B,€)(\/T—OHpHLP(Bk)

2» i
+ W(HPHM(B,C) +p(0)7))
V2

= ||UHW(}’2(B,€)((\/T—O
27

+ ————=)lpllr (5.
hop(0O) o
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where the coefficient only depends on wq, p, u(O), ho, By.
By now, we have completed the proof of Theorem 1.

In the following narrate, we will provide the proof of
Theorem 2.

Proof The W12(By) norm of u is denoted as (12), and
we investigate ||u||%V1,2(Bk).
When o < p < o0,

\w@mww:/|vw?mwu
By

:/Bk|Vu| du—l—/Bkudu
1

rEBy, Yy~x
2+ S n)d(a) (30)
x€ By
> 3 pla)t()
rE€ By,
> o Z u?(z)
€ By,
> pou?(z).

The above unequal relationship holds for Va € By. Which
will immediately lead to | u(x) |< \/%H“”WW(B;C)-

When p = oo, sup{| u |.@ € Bi} < \/Elullwrec,,
Thus, we obtain that ||u/| pe(p,) < /7= [lullwr2(s,). Next,

- Ho
we will investigate LP norm of w.

> w@) |ulx) [”

z€ By,

< Dl

IEBk

Hu(x)||1£p(3k) =

pmwmw
(31)
= WHUH@W%B“ Z ()

€ By,

1
= WHuH’;VM(Bk)Vol(Bk).

According to the derivation above, we get ||u(z)||Lr(5,) <

P
VOZ(Bk)P Vo
the proof of Theorem 2.

|ul|w1.2(B,)- And then, we have completed

Finally, we will prove the existence conditions of the
solution and provide a proof of Theorem 3.

Proof We fix O € V taking the distance function p(x).We
take the opening ball By = {x € V : p(x) < k} with O
as the center and radius k. Discussing equations at the
opening ball.

—Au+ hu— fue”” — g =0. (32)

Its variational energy functional is

1

—1/ (| Vu > +ha?)du
QBk

1
— f/ fe"zdu—/ gudji.
2 By By

Now let’s find a lower bound for it. In view of e* >ul+1
2
and —hg < —M < f <0, we have fe* < fu?®+ f,

Ji(u) =

| fe <] fud + fI<] fu? |+ | f 1< MuP+ | f|. (34)

Combining the above equation (34), we naturally obtain
that

U2 1 u2
L e ws§/|fe\w
By By

1
<o | M| ldu (35)
2 By

M/ ) 1/
- [ wdp+o [ | fdu,

wherein, f € L1 ). Due to h(z) > ho > 0, one has

4
h(m) > 1 and 22 y2(2) > u2(z). In addition lv“' > 0, so
we  have

IA

2
2 | Vu]| 2
—u’+ — >
ho ho =

1
/ widp < — hu*+ | Vu |* dp.
B, ho JB,

It following from aforementioned (35) (36), one immedi-
ately has

M

fe* d,u<ﬁ (hu2+|Vu|2)d

‘ ’ (37)
+§/V|f|du-

Next, we will handle the term [ gu dpu.
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/gudué/ lguldp
By By

< lgllz2Byy lullz2(B,) (38)

1/2
<ol ([ )™,
By

Because h > hy > 0, one has h% > 1, hiouz > u?. Besides,
% > 0, which implies ka wldp < h—loka | Vu |2
+hudp, and [|ul|12(p,) < ﬁ”uHWS’Q(Bk). And then, we
have [y, gudp < llgllzaqr) - el

Using the Young’s inequality, it can be obtained
that [, gudy < ﬁHgHQLQ(V) + éHuH?}V&,z(Bk), taking

€= hO}TM, then we get + — 2L — L > 0. So far, we

2 7 2ho 1e
have obtained that

1

To(u) = 5/3 (| Vu * +ha?)du

1
— = fedu— / gudp
2 Bk Bk

> f/ | Vu | +hu’dp
2 Jp,
(39)

Vu |? +hu?d
2o /. | Vu | 1

—%/Vlfldu

T
ho — M VN2 T T

Hu||%/[/01=2(3k)7

where %—%—ﬁ > 0, so we have Jy,(u) > — 1| fllpiv) —

ho%M”g”%ﬁ(V) , which holds true for Vu € W, %(By).
On openning balls with different radii, variational

functionals have the same lower bound, and if there is

a lower bound, there is an infimum. We mark A =

inf  Jk(u) . Because
u€Wy ' (By)

1
Ji(0) = 5/3 | VO |* +0%du
k
- feodu—/ g-0dp
Bk Bk
=— [ fdu (40)
By,

Z/Bklfldu

S/VIf\du=||f||L1(V),

and 0 € W,"*(By), we can see from the definition of the
infimum that Ay < Jx(0) < | f||z1(v). Thus, one has

1 1
—mHgHzL?(V) - §||f||L1(V) < Ap < | fllrgy- (41)

Below we will explain that the infimum can be reached.
From the above, it can be seen that (41) holds for Vk € Z+.
So {4y} is a bounded sequence. Because of the nature
of the infimum, on the opening ball with a fixed radius
k€ Z*, for n = 1, Ay + 1 is not lower bound, 3 ugk),
s.t Jk(uyc)) <Ap+1;n=2, A+ % is not lower bound,
similarly 3 ugk), s.t Jk(ugk)) < A;ﬁ—%; ... ,and so on, we get
u%k), s.t Jk(u%k)) < Ak+%. Thus, we have Ay < Jk(uglk)) <
Ay + % Let n — oo, so we get nhﬁn;o Jk(qu)) =/ .
Given gy > 0, 3 N, when n > N, we have | Jk(uglk)) -
Ak |< ep, iee. Jk(u%k)) < gg + Ag. Because A, < ||fHL1(V)7

we have Jk(uglk)) <\ fllzr vy + €o. In addition,

2 2h 4hg

1L M ho—MY 4o
( ) I gy

1 1 )
= sllnw = s—gleliew (42)
< | fllzr vy + €o-
so we get
k)2
||u£l)||W01'2(Bk)
3 1 2
< (3l + 2o+ g oo )

which holds true for n > N. When n < N, there is a
maximum value for finite terms, we mark

max{||u7(l"~‘)||wol,2(3k) in=12,...,N} & M*. (44)
Let
M** —
* 1 2
max4 M*, | ( 2] fllzrvy + €0 + o — M 19ll72 vy
(45)

1/2}
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thus, for V n € N*, we have 0 < ||“£lk)||wg'2(13k) < M**

and that {u%k)} is a bounded point sequence in Wy?(By)
as functions defined on By. In consideration of W, *(By,)
is self compacting set, there exists a uy € W072(Bk) s.t

ul¥) = wy under the Il - ||W1 2(p,), Where {un )} is a sub-
sequence of the origin sequence.

Next, we will explain that convergence according to
the norm must converge point by point.
Ve>0,3N,whenn > N, we have ||un)—uk||W12 By <
€. Unfold it, we’ll get that

/ <|V(ug‘”‘) —ug))? + h (@ — uk)z) du < e. (46)
By,

The first item is non negative, so we have [, h(ul —

uy)?dp < €. In view of h(z) > hy, it implies

ho/ (ulf) — up,)2dp < h(u® —up)?du <e.  (47)
By By,
Expand the above equation (47), one has
ho min p(z) (ul (z) — ug(z))
€ By
< ho min p(z) Y (ul (@) — ux())?
vEB TE B, (48)
<ho Y (@) (W (z) — uk(z))® <e.
rE By,
where the rightmost item is hg ka( ul — uy)?dp, and

the above equation is correct for V z € Bj. Thus, we
get | uP () —up(x) |<e- m and u\ converges
€ By
uniformly to ug. And then, we obtain point by point
convergence, i.e. lim ug,k)(x) = ug(z).
n—r oo

At this point,we have

lim Jy,(u®)) =

n— oo

Jk< lim u;k))
n— oo

(49)

= Jk(uk) = Ak, U € WOLZ(Bk)

Which indicates that the infimum can be reached.
The critical point function uj satisfies Euler-Lagrange
equation: %Jk (ug, + td)|t=0 = 0, so we have

mn Bk-,

—Auy, + huy, = fuke“i +g
on OBy.

uk:0

So far, we have obtained the solution of the equation
locally.

Next, we will perform extension processing.
Due to (39) holds true for V u € W, %(By), we get

I fllzrovy = Ak = Jr(ug)

(1 M hg—M
Z -

2
e

1 1

) Hf||L1(V) - m ||g||2L2(V)'

and then

2
||uk||W01’2(Bk)

< W) + ——
< 5 Wlleron + 5 =737

~ k.

ol ) (o) 52

We say that critical point function columns have a common
upper bound.Next, we will explain that the infinite norm
of the critical point function column on a bounded set is
still bounded.

V K C V is a bounded set, so there exists a sufficiently
large radius k € Z*1, s.t By D K. We consider the infinite
norm of the critical point function uy on By over K. In
view of

k2025, = /B (1Vu? + bt ds
k

> hui du
By,
(53)
/ huj dp = Z h(z (z)
reK
> ho J{Iélgﬂ( x) Z ui (z).
reK
we have u?(z) < m”uk” 32 (Br)’ and
e K
lug(2) | < Jo——llunllwi2p,)
ho Eélfr%“( ) 0
1
o min pi(z (54)

||9||2L2(v))

3 1
X \/(2|f||L1(V) + m

X ho
\ ho — M
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which holds true for Vo € K. Thus, we have ||ug|| o x) <
C, in which C' ~ ho, M, K, ||gllr2cv), [[fllzrov)- {un} is
defined on By U 0By, extanding it to the entire graph:

= {uk(a:) T € By,

Especially, taking 21 € V is a bounded set. 3 k € Z*, s.t
x1 € By, and then we can easily get

1
ho pu(z1)

3
. \/(2 Il + g

ho
ho — M
vV K > k, we still have 1 € Bg, | ur(zi) |<

\/W( 112y + 7 9120 iy The first
k — 1 critical point functions have finite values at z,

so {ug(x1)} is a bounded point sequence, it has conver-
gent subsequences. We take the opening ball where the
convergent subsequence is located and discuss z5 € V),
similarly, take the convergent subsequence, and so on. We
ultimately obtained 3 u* € V s.t up converges locally
uniformly to u*, ie. V1€ ZT, Jim ug(z) = u*(z), which
holds true for V z € B;. Finally, we will declare that the
limit of locally uniformly convergent sequences falls within
. Obviously, the critical point function sequence after
extension satisfies {uy} C . Below we prove u* € J#,
just need to explain that one of the functions in * and
H is equal.

k|2 = / | Vg [2 +huiddy
\%4

:/ | Vg |? dqu/ huidpu
BrUOBy By,

:% Z Zcuggy(ltk(y)*Uk(l’))2

r€BRUOBE y~x

+ Y hz)p(@)ui()

€ By

D 3D IR0

rEByg y~x

£33 Yy

T€0By Yy~

+ Y h(@)u(x)ui(z)

TEBy,

< Z way(uk(y)

— uy(x))?
x€ By y~x

+2 3 h@)ue)d ()

r€ By,
= 2||uk||€V1 2(B ) S 2C.

|uk(z1)] <

1912 v, ) (56)

— ug(x))?

) — ug(x))?

Thus, we can see that {ux} is a bounded sequence
in J#. Becuase ¢ is a Hilbert space, 3 u € J s.t
{ux} subsequence uy, vk T e VD € C.(V), we have
[y ur®dp — [, uPdp. Especially, we take

P(x) = {(1) Lo e e Cuv), (58)
then [, upPdy = gvu(x)uk(x)sﬁ(x) = plx)uk(xr),
Joaddy = ¥ p(@)i@)@) = p)i), and

zeV
p(z)ug(xr) = p(x)u(zr), as k — co. Due to the multipli-

cation property of limits, we deduce that ug(z1) — @(z1),
as k — oo. And 1z is arbitrary, so ug(z) — u(z) holds true
for Vo € V. We have konwn that ug(xz) — u*(x), Vo € V,
combining the uniqueness of the existence of limits, we
get that u*(x) = u(x) € . Thus, u* is a function in 7.
We have already konwn that the critical point function
satisfies the distribution equation:

hug @du

/ —Aqud/L +
Bk Bk

:/ fuge"™ ddu
By

+/ gbdu, Vb e Cu(By).
By

ForVa, € V,3k€Z", st 21 € By. The critical point
function uy on By, still satisfies the above equation. Taking

20 ={g 70 (0
and then we have
u(xl)(fAuk(zl)) + #(Il)h(zl)uk(xl)
= p(x1) 1) up () e @1) (61)
+ plz1) g(z1).
7Auk(x1) + h(xl)uk(xl) (62)

= f@1) ue(zr) e ) + g(a1).

When K > k, we take the corresponding characteristic
function, and there is still a value of uy at x1 that satisfies
the above equation. Let k — co, we get
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—Au*(z1) + h(zq) v* (1)

63
= f(z1) u*(z1) (63

e ) 4 g(ay).

i.e. u* satisfies the equation at x;. From the arbitrariness
of z1, u* is the solution of the equation (17), and u* € 2.
Proof completed.

4 Proof of Theorem 5

Proof Before starting our discussion, let’s do some prepa-
ration work first. Fixing one point O € V on the graph,
Vo € V, there is a distance function p(z) = p(z,O). Tak-
ing By = {x € V : p(z,0) < k} as the opening ball
on the graph, and we might as well restrict our discus-
sion to k > 1. Actually, only the situation where k is
sufficiently large needs to be considered. Wy'*(By) is a
Sobolev space, which satisfies u = 0 on dBy. We take
the norm on it as Hu||W01’2(Bk) = (ka | Vo |2 +hudp)z,
where h(z) > ag > 0 and p(z) > po > 0 hold true for
Va € V. We define variational functionals : Wy'*(By,) — R
as follows

1
I =5 [ (Va4

(64)

fln|u+m| du—log/ getdu
By, By

Since In |u+m |< 14+ |u+m |[< 1+ |u |+ | m |, there
are fln|u+m|< f+| ful+ | fm | naturally.And then,
we have

fln|u+m|du
By,

</ka|du+/Bk|fu|du

+|m|-/B f | du
— d d
(1+|m)/Bk|f| u+/kaUI s

Due to f > 1 and ¢q € [1,2], Vx € V we can get f(z)? >
f(x), which leads to

/Bklfdué/Bklf“du

S/Vlflqdu=||f\|q,;q(v)

Now we discuss | B, | fu|dp. It follows from Holder in-
equality that || fullz1(s,) < IIfllLesy) - lvllLe(B,), Wherein
%—&—%—1 p—l—é—q%,qe [1,2]. Using Theorem 4, we
can see that ||ul|1»(p,) < CHu||W1 2,y C ~ q, ho, po.
And thus, one has

1f ullr sy < ClF e lullwy2s,)
(67)
< Ol ey el (s,

By using the Young’s inequality to the above equation, it
can be obtained that

1

1 s < o lalnes, (68)

+ eC? ||f|\2Lq(V)~
which holds true for Ve > 0. Taking € = 1, then we have

fln|u+m|du

By,
(L m ) IR (69)
IIUH2 12 = C?|fllZaqv)
What’s more,
2 _ 2 2 2
o0z = [ Ptz [t
= Z h(sc),u(sc)v(x)2
r€ By, (70)
> aglto Z v(x)?
x€ DBy

Z aO,u‘OIU(I)27

so we have | v(z) |< \/m||v||wol,z(3k)7 and it holds for

Vx € Bj. Furthermore, one has (%)z < ﬁ,
(Br)

which established for Yo(z) € Wy’ 2(Bk). Becuase u =

v : : , it follows from Yo s lit
Tt 2 o) Hu||W01 2(p,)» it follows from Young’s inequality
that

- u]
U=————-||Uu 1,2
||’U’HW01’2(B,€) Wy (Bk)
u? 9
—— ¢
~ deful e g elullyacs, (71)
0 k
2
< 45/1:00/0 +5HU||WO12(Bk)
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cgag TEllu H
Thus ,we have e* < e how 2B 1 view of g >0
Thoa +5|\u||
and g # 0, one has ge* < ge o *(6)  Together
with g € L1(V), we get
/ getdp < e Tergag tellull?, 2(B,) / gdpn
By By
S 645;»0@0"1‘5“”“ Bp) / gdu (72)
v
Y +5\|“H
264 uo 0 O (Bk) ||g||L1(V)

This will directly lead to

log/ getdu
By,
+ellull?,

S log(ezlzuoao (B;,) ||g||L1(V)) (73)

— 2
- 45,“’0030 EHuHWOLQ(Bk)

+logllgllLr vy

Combining with formula (64)(69)(73), we can obtain that

1 1
Ji(u) > (5 -1 5)||UH§V1,2(B )
— (L Dy
1
depgan”

CQHfH%q(w (74)

—logllgllr vy —

Taking € = é, one has

Ju(w) = gllullfysz s, = O [ m DI
o l 9 (75)
- Hf”Lq(v) —logllgllLr vy — 100
Ji(w) = =1+ [ m DI 1o,
2 (76)
—C?| 2 —1 —
Hf||L<z(V) ogllgllrr(v) 1000

which holds for Yu € Wy*(By). Hence, Ji(u) has a
lower bound in W, ?(B},), and where there is a lower
bound, there must be a infimum. Then, we mark A =

inf  Jg(u) and take the minimized subsequence
u€Wy?(By)

(i) € Wy2(By) s.t Ji(dj) — Ag as j — oo. For n = 1,

A + 1 is not a lower bound, then 3 uy € Wol’z(Bk) s.t
Jr(ur) < A + 1; what’s more, for n = 2, A + % is

also not a lower bound, similarly, 3 uy € VVO1 2(By,) s.t
Je(Uz) < A + 3; Repeat the above operation, we ulti-
mately get Ay < Jp(u;) < Ax + % Let j — oo, one has
Jip(uj) = Ag. In view of (22), we have

50 == [ finm | dn=tog [ g (77)

In consideration of f > 1 and 0 <| m |< 1, so one has
In|m|<0and f9> f. Which directly leads to

fdu < /fqdu <Al Ze v (7%)
By
and
sl [ g —tnm gy (79)
k

For the second item in (77), due to g(z) > 0 and g Z 0,
Jxo € By, such that g(zo) > 0.

| o= 3 gl@nte) > glan)nte) > 0 (80)

€ By,

and then, we have
~log [ gdn < ~loglg(ao)n(zo)). (81)
By

Inserting (79), (81) into (77), one has

Ji(0) < —=In | m | [[fl| Ty — log(g(ao) (o)), (82)

and one thing needs to be pointed out, since we only
discuss the case where the radius of the opening ball is
sufficiently large, when the radius [ > k, xg € By C B;
can still be taken as a non-zero point, and thus zq is
considered independent of the radius k. Because

1
Jk(u) > gHu”%/VOlz(Bk) - C2Hf||%‘1(V)

= (A4 [m DIy — LogligllLr vy —

holds for Yu € Wy *(By), especially, we have Jj,(d;) >
— C, where

A R
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C=C? 3y + L+ ImD) £l
) (84)
Ho Qo '

+ log(llgllLr(vy) +

Due to Ji(u;) — Ai as j — oo and the boundedness of
convergent sequences, takinge = M > 0,3 J, when j > J,
one has | Ji(u;) — A |< M, ie. Jp(4;) < Ay + M. And
combined with

Ap < Jk(0) < —log(g(zo)u(x0)), (85)

= —In | m | Hf”Lq(V

it implies that

||uj||2 12 —C < Ji(ay) < A + M

(Be) = = (86)
< -ln | m | '||f||qu(V) - ZOQ(Q(JJ"O).U(@"O)) + M.

and

H@Hiyol,z(}gk) < 2\/5

(=t [ m | 18y — log(g(@o)u(zo)) + M + C)F (87)

£C.

where C' + k. The above indicates that all terms of
the minimization sequence (u;) before the J term are
bounded according to the norm || - ||W01,2(Bk). We take
the j > J terms and still mark the sequence as (u;), its
corresponding functional value sequence (ji(w;)) is a sub-
sequence of the original sequence, and (ji(u;)) converges
to Ay similarly. For the new sequence (uj;), noting that
H@HW&,Q(Bk) are bounded and Wol’Q(Bk) is pre-compact,

12 s,
so 3 uy, € Wy?(By), such that —>

(u;) is a subsequence.

In the following statement, we will deduce that se-
quences that converge according to the norm must con-
verge uniformly.

We have konwn that V ¢ > 0, 3 J, when j > J, one
has |la; — uk”vv(}*?(Bk) < ¢. Expand the above equation,
we naturally obtain that

uy, where

Hoao Z uj(z) — up(x (2))?
rE By
< 3 W) () - up())?
x€ By

— [ (@ - wau

By

< [ 190 - w) P (@ - w)du < 2,
By

which deduces that Vz € Bk, poao(;(z) — ug(x))? <
g2, ie. | uj(z) —ug(x) |< \/76 Combining the above
statements, we can easily get w; = u in By, hence, (u;)
uniformly converges to ug. Specially, one has pointwise

convergence lim u; = ug. Let j — oo, we get
]4)

Ap = lim Ji(u;) =

j‘)OO

Je(lim ;) = Ji(ug). (89)

j*}OO

Thus, uy is the reachable point of the infimum. What’s
more, uy satisfies the Euler-Lagrange equation.

—Aug + hug, = %kge“’“ — ukim, in By, (90)
up € W()172(Bk)7 Y = ka geud.u

Up to now, we have obtained the local solution wu of the
equation (18).
Combining (83) and (85), we can easily obtain that

lull s,y < C C %k (91)

For any bounded set K C V, there is always a sufficiently
large k € ZT, s.t. K C By,. Using Th 4 and (91), we imply
that

1

N (92)

o) <~y a2s,) < € % I

Given that uy is a function defined on By U 0By, let’s
extend it to the entire V' below. Let

r € By,

Next, we will take the convergent subsequence point by
point. For a set composed of individual points z; € V,
J k € Z*, as can be seen from the above, |ug(z1)| <
C and for any ! > k, which holds |u;(z1)] < C. Due
to the existence of convergent sub columns in bounded
point columns, it deduece that uy(x1) is a convergent sub
column, converging to u*(x1); For x5 € V| we consider the
kick-off corresponding to {uy(x1)}. 3 k € Z1 s.t. x5 € By
and |ug(x2)| < C, which holds for any [ > k. By the same
token, {ug(x2)} is a convergent sub column, meanwhile,
maintain the astringency of {uy(x1)}. Repeat the above
operation, we get ui(r) — w*(x), Vo € V. Hence, uy
locally converges uniformly to «*. Combining (91) and Th
4, we can deduce
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lurllw2(p,) < C. (94)

|uk Lo B,y <

1
v Hoao

And then, |ug(z)] < C holds true for any =z € Bx.
Considering —C < wug(z) < C and g > 0, thus we
obtain ge™¢ < ge“t < gef.Integrate its two sides on
By, one has e™¢||gl[1 (B < W < €°llgllLr(p,), where
Vi = ka ge¥=du. It follows from

R L R— e’, (95)

~ gllzr sy

and {W} is a bounded sequence, we can get a
L1 (By)
convergence subsequence, we still mark it as {W}
JILY(By)
Because lim 1 = 1 ——1—1 is conver-
e gl By = llgllrvy, {HgHLl(Bk)}

gent, according to the four operations of the limit, we can
know that ~; is convergent. We mark klim Vi = v*. Take
—00

the limit for (95), one has

lim e¢ < lim — 2% < lim ¢, (96)

k—o0 k—o0 ||g||L1(Bk) T k—oo
ie.
e(! S 77 S 667
lgllzrv) (97)

e “llgllLrovy <" < efllgllnr vy,

VY, € V, 3k € ZT, s.t. after the extension of the critical
function uy on By, it still satisfies the equation at 1. i.e.

ge's (1) f
~Aui (@) + (o) = [ getrdp - ug (1) +m’ (98)
k

When the radius [ > k, the corresponding critical point
function still satisfies the above equation at x; with respect
to the corresponding integral. Let k — oo, we have

u*(z1)
_ge n fo
y* u*(x1) +m

—Au*(x1) + hu*(x1) (99)

Based on the arbitrariness of x1, one obtains

ge f

—Au* + hu* = in V. (100)

So far, we have got a limit function u* that is close to
the solution to the equation. Now, we will declare that
v = fv ge* dp. On the one hand, for VI > 1 fixed, there
holds the following formula

/ ge' dy = lim ge'tdu
By k—o0 By

(101)
< lim ge'tdu =~*.
k—o0 By
Let [ — oo to the above formula, one has
/ ge <. (102)
1%

On the other hand, due to |jux|r~p,) < C and g €
LY(V), for V > 0, there exists sufficiently large Iy > 1,
s.t. when [ > lo, we have [, ge"*du < n+ [ ge"*du.
Actually, [lug|/z~(s,) < C, we temporarily fix k, one
has |ug(xz)] < C, which holds true for Vz € By. And
then, —C < ug(z) < C, combining with g > 0, we have
ge" < ge“. Integrate the two ends of the equation on
By \ By, we get

/ ge*tdu < ec/ gdu < ec/ gdy. (103)
Bi\B Bi\B V\B,

Due to fV\Bl gdy — 0 when [ is sufficiently large,
ka\Bz ge" dp < o(1). Add [ ge"*dp to both ends si-
multaneously, one has

/ ge'*du < o1(1) +/ ge“ dpu. (104)
By

B,

VYn > 0,31y > 1, when [ > ig, we have 0;(1) < n, which
leads to

/ ge"’“dugn—i—/ ge* dpu. (105)
By, B

As for the equation above, we let k — oo, I — o0, n —
0", and obtain taht v* < [, ge* du. Combining with
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[y g€ dp < v, and then, we get v* = [;, ge* dp. Thus,
u* is a function on the graph and satisfies the equation at
every point.

,ngeu* u*+m? mn Vv7

—Au* hu* = 1
A + (106)
v = [, ge* dp.

Finally, let’s declare u* € 5 N L*° (V) and first explain
u* € . We investigate |lug||%,,

g2 = /V (IVurl? + hud )y

— % DY way(uk(y) — us(x))?

zeV y~x
+ ) pla)h(z)ui ()
zeV
=2 Y ) - ml@)’
rEBy,y~x
t3 Y wnln) - u@)
rEOBy,y~x
+ Z M(x)h@g)ui(x) (107)
€ By
< Z Way (uk(y) — uk(x))z
€ By ,y~x
+2 3wy ()
x€ By
1 2
~ 2 ule) g 3 o)~ o)

+ Y pla)h(@)ui ()

T€ By
_ 2
- 2Hu||W(}’2(Bk)
< C »k.

so (ug) is a bounded sequence in 7. Because 7 is a
Hilbert space, any bounded point sequence has weakly

convergent subsequences, we still label the convergent

weak ~ .
subsequence as (ug), and up — u, u € J. ie. for

¥V & e Cc(V), we have [, up@dp — [, ubdp. Especially,
Vx, € V, we take the characteristic function of x;

r =,

2o (108)

() = {(1)

Then, ug(z1)u(zr) = u(xr)p(zr) as k — oo. Next, based
on the multiplication property of the limit, we have
ug(x1) — u(z1). Combining the arbitrariness of =1, one

has ug(z) — u(x) in V. Also, because the subsequence of
uj maintains the convergence of the original sequence, we
have uy(x) — w*(x) in V. Due to the uniqueness of the
existence of limits, we konw that u*(z) = u(z) € 4. In
the follwing step, we declare that v* € L>(V). We only
need to examine [|u*||%,.

aopio u*(x)? < aopo Y u*(x)’
zeV

<Y Hon@w @2 = [ hutde (109)

zeV

< / (IVu*[* + hu*?) dp.
v

And then, |u*(z)| < 7%)#0 - ||u*|| s, which holds true for
Vo € V. Thus, |[u” | qv) = sup Ju”(@)] < e < 4o,

which is a finite number. Moreover, u* € 7N L (V) and
u* is the solution to the equation. As so far, the conclusion
has been proven.
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Abstract In the matter of exact solutions of Einstein’s field
equations, coordinates play a very decisive role. Sometimes
it is very difficult to understand the physical concept of a
phenomenon or physical quantity in one coordinate system,
while by changing the coordinate system, a simpler under-
standing of that quantity is obtained. In geodesy, which deals
with the simulation and modeling of the gravitational field,
it is common to use elliptical coordinates. In this article, we
attempt to explain some computational fundamentals in el-
liptical coordinates and discuss its possible application to
gravity.

1 Introduction

The purpose of developing elliptic coordinates in

geodesy is to obtain a more accurate model of the Earth,
which is not a perfect sphere. In contrast, relativists usu-
ally employ spherical coordinates, since the modeling of the
Earth is not central to their concerns and spherical symme-
try provides a good approximation for most astrophysical
bodies under study. Nevertheless, it seems important to em-
phasize that elliptic coordinates can be useful for examin-
ing axisymmetric solutions in general relativity. By employ-
ing such coordinates, one may derive more elegant and po-
tentially simpler solution methods for Einstein’s field equa-
tions.
In this article, we review basic concepts of elliptic coordi-
nates and discuss known solutions of the Laplace equation
under the assumption of an ellipsoidal mass distribution act-
ing as the gravitational source.

2e-mail: borzoo.nazari @ut.ac.ir
be-mail: nazari.z@gmail.com

2 Two-Dimensional Elliptic Coordinates

We begin by introducing two-dimensional elliptic coordi-
nates, and in the following section the approach will be ex-
tended to three dimensions. Every point in the plane can be
described using two coordinates. In polar coordinates (r,0),
for example, specifying an angle determines a direction, and
specifying a radius determines where the direction intersects
a centered circle—thereby fixing the point. The same idea
can be applied to elliptic coordinates: we specify a line (di-
rection) by a known angle, and then instead of a circle, we
use an ellipse to determine the position of the point by the
intersection of the line and the ellipse. Therefor, we fix the
first coordinate, i.e. 8, and find the second coordinate using
the ellipse formula as follows:

y:xtan(e), (1)
2
a7+b7 =1, 2

we find out that
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3)

where e = ¢ is the eccentricity of the ellipse and =
a? — b?. Therefore, the elliptic coordinates are determined
by two parameters (a, 0), assuming that the eccentricity is
fixed and known in advance. Up to this point, the variable
0 has played the role of the angle in polar coordinates. We
now proceed to a different approach and introduce a new
coordinate, which seems to have no direct relation to polar
coordinates. Considering the equation of the ellipse, one can

see that for a given angle A, we may write:

x=acos(1),

y=bsin(1), @

which, taking into account the eccentricity, is expressed as
follows:

x=acos(A),

5
y=aVv1—e?sin(1). ®

To obtain a geometric and physical interpretation of the an-
gle A, one may compare relations (3) and (5) and determine
its connection with the polar angle 6. Before doing so, we
apply a convention commonly used in geodesy texts to re-
lations (3) and (5). In geodesy literature, instead of treating
the eccentricity as constant, the quantity c in the relation
¢? = a* + b? is usually taken to be constant and is denoted
by E, and instead of b, the symbol u is used. Under this con-
vention, relations (3) and (5) are rewritten in the following
form:

2 E2
y=all + 2 an(0)] 712,
S ©
y=atan(0)[l + — tan’(6)]~'/2,
u
x=Vu?+E?cos(),

7
y = usin(1). @

It is easy to see that the change of variable

tan(A) = Stan(@), 3)

transforms relations (6) and (7) into each other. To better
understand the meaning of the angles 6 and A, we consider
the following figure:

Fig. 2: relationship between the angles 6 and 4

In Figure 2, the inscribed and circumscribed circles with
radii a and b, respectively, are drawn as dashed curves. The
point A is the vertical projection of the point P onto the cir-
cumscribed circle. Therefore, the angle A is the polar angle
corresponding to the point A. Based on these assumptions,
the validity of relation (8) can be shown easily.

3 Laplacian Operator in the Two-Dimensional
Coordinate System (u,4)g

The subscript E indicates that the parameter E is constant in

this coordinate system. By applying the transformations (7)
to the two-dimensional Laplacian operator

2 2, 32
V= =9, +9y, )
and after some algebraic manipulation, we obtain
(07 +05)V =

1
u2 + E2sin%

2’V 9*V 9V (10)
2 2\Y vV v r ur
(u"+E )8u2 + 922 +uau

To solve the two-dimensional Laplace equation in this ellip-
tic coordinate system, we assume separation of variables:

V(u,A) = AU (u). (11)
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Introducing the substitution
Z=u+Vur+E2 (12)

the U-equation yields the solution

U(u) = Ay (u—i— vV uz—l—EZ)n

no(ur V)", o
where 7 is a natural number. The angular part becomes
A(L) =A;cos(nd)+Bysin(nd). (14)
Finally, note that if £ = 0, then
u=rA=20, (15)

and the usual solutions in polar coordinates are recovered.

4 Three-Dimensional Ellipsoidal Coordinate System

The procedure here follows the same approach as in the two-
dimensional case. This time, instead of fixing one polar an-
gle 0, we fix two angles 0 and ¢ and consider the ellipsoid

2 .2 2
xX“+y z
7 T3

=1. (16)

a C

The first two semi-axes are taken equal to a, which not only
simplifies the mathematics but also corresponds to axisym-
metric physical bodies. The above surface is an ellipse in the
z—y plane rotated about the z-axis.

A point on the ellipsoid in Cartesian coordinates (x,y,z)
can be described using spherical coordinates (p,0,0):

x=psinfOcos, y=psinOsing,

17
z=pcosH. .

Substituting these into (16) gives

C2+E2
p:c\/ c2+E2cos20’ (18)

We also note that
a* =+ E?, (19)

which is the standard relation between the semi-axes.
To introduce a new angular coordinate analogous to the
two-dimensional case, we define

c

V2 +E2?cos?0

cosf} = sin 6. (20)

This gives the coordinate transformation known as the Ja-
cobi ellipsoidal coordinates of the first type:

x=vVc2+EZcosfBcosg,
y=1Vc2+E?cosBsing, 21

z=csinf.

Substituting ¢ — u yields the final form of the 3-dimensional
ellipsoidal coordinate system.

5 Laplace Equation in Ellipsoidal Coordinates

Using the coordinates (21) and after some algebraic manip-
ulation, the Laplace operator becomes

1
W2+ E%sin’ B

d s 2.0V 1 4 oV
X |:au <(1/l +E )(91,{> + COSﬁ @ <COSﬁ 8[3) (22)
n u® + E?sin’ B 827V _0
(U2 +E2)cos2 B oA2|

Vv

To solve this equation for a static gravitational potential, we
assume separation of variables:

V(u,B,A) = A(A)B(B) H (u). (23)

This yields three ordinary differential equations:

d*A

F7El +coA =0, (24)
d’B dB o

a5’ anﬁdBJr( C082ﬁ+61> ) (25)
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d’H dH

2 2

E°)—+4+2u—
(" + )du2+udu+<

C()E2

Applying boundary conditions on the potential (such as van-
ishing at infinity) and using relations (24)-(26), we obtain
the potential outside the ellipsoid as

Vp )= Y, § a0 (B) Tminp) @

n=0m=-—n

The coefficients a,,, are determined by the boundary con-
ditions. Q‘nm‘ (iu/E) are the generalized Legendre functions,
and Y,,,(A, ) are the normalized spherical harmonics. To
determine the coefficients a,,,, we may, for example, apply
Dirichlet boundary conditions on the ellipsoidal boundary
defined by u = b. By carrying out this procedure and using
the addition theorems of spherical harmonics, we obtain the
following relation:

Ay = é / /E w(B')Youm(A',B')V (b, A, B') dS. (28)

The surface area of the ellipsoid is

1 b? a+E
S=4ra (2+ . n(a >>, (29)

and the associated weight function isgiven by

/ a 1 b2 a+E)>
= (5t 7! 30
e \/bz—i—Tsmzﬁ’ (2 4aE n<aE (30)

The generalized Legendre functions satisfy

a(2)-ra()

— (o L (E>n+l 31)

Cn+1N \u
n—m+1 n+m+1 2n+3 E?
:2Fl ) ) sy Ty
2 2 2 u

where ,F] is the Gaussian hypergeometric function.

6 Review of Relativistic Results

Using the coordinate relations given in (21), the metric com-
ponents of the gravitational field outside an ellipsoidal body
can be rewritten in elliptic coordinates, and the unknown
functions may then be determined by solving Einstein’s field
equations. As an example, we may take the goo component
of the metric of a complete ellipsoidal mass distribution in
the form

1
800:1+C7f(7h“)- (32)

For the remaining metric components, a general form may
be assumed based on the Schwarzschild metric and axial
symmetry with respect to 3, and the Einstein field equations
can be solved accordingly. At this stage, the Newtonian limit
in elliptic coordinates may be used to determine the function
f(A,u). As mentioned earlier, this analysis is currently be-
ing developed by the authors.

7 Conclusion

In this work, we introduced the elliptic coordinate system
and derived several well-known differential operators in this
framework. Our motivation for employing elliptic coordi-
nates lies in the considerable simplification they provide
when solving Einstein’s field equations. The authors have
continued developing these solutions and have obtained a
simplified derivation of the Kerr solution, which is now be-
ing prepared for publication. Since axisymmetric solutions
play a central role in general relativity and astrophysics, it is
natural to use axisymmetric coordinate systems such as the
one defined by (21).
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Appendix A: A Brief Overview of Generalized
Legendre Functions

Equation (25) represents the angular part of the solution to
Laplace’s equation, and its solutions are well known and
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treated in standard texts in mathematical physics. The gener-
alized (or associated) Legendre functions arise as solutions
to the associated Legendre differential equation

m2

1—x2

2
(1 —xz)%—Zx%—&- (£(£+1)_

)y =0, (AD

where ¢ = 0,1,2,... is the degree and m = 0,1,2,...,¢ is
the order. This equation appears naturally when solving
Laplace’s equation in spherical coordinates and plays a cen-
tral role in problems with axial symmetry [1, 6].

Appendix A.1: Legendre Polynomials and Their
Generalizations

For m = 0, Eq. (A.1) reduces to the Legendre polynomials
Py(x). For m # 0, the solutions generalize to the associated
Legendre functions

PP = (122 Ly ).

A2
Tom (A.2)

These functions represent the angular dependence of fields
in systems with axial (but not full spherical) symmetry.

Appendix A.2: Legendre Functions of the Second Kind

The second linearly independent solution of (A.l) is the
Legendre function of the second kind, denoted Q7' (x) [2].
In gravitational problems, Q' commonly appears in exterior
(decaying) potentials, particularly when the coordinates in-
troduce complex arguments, such as

o (E) :

which naturally arises in ellipsoidal coordinate geometries.

(A.3)

Appendix A.3: Connection to Spherical Harmonics

The generalized Legendre functions form the angular part of
spherical harmonics:

Y/"(0,0) = Ny, P"(cos ) e™?, (A.4)

where Ny, is a normalization factor. Thus, spherical
harmonics describe the angular dependence of three-
dimensional solutions to Laplace’s and Helmholtz’s equa-
tions, while Q7' governs the radial dependence in certain ex-
terior potentials.

Appendix B: Normalized Spherical Harmonics

When solving Laplace’s equation in spherical coordinates,
the angular dependence of the solution is described by
the normalized spherical harmonics, denoted by Y;"(6,¢).
These functions form a complete orthonormal basis on
the unit sphere and are indexed by the integers ¢ =
0,1,2,..., m=—L,... [

The normalized spherical harmonics are defined in terms
of the associated Legendre functions P;"(x):

Y['(6,0) = Npw P (cos 0) €™ (B.5)
where the normalization constant is
20+1 (0 —m)!
Ny = . B.6
tm aw ((+m)! (B.6)

The normalization is chosen so that the spherical harmonics
satisfy the orthonormality condition

2n @ ,
/ / Y[ (6,0) Y *(6,9) sin0dOdo = Sy (B.T)
0 0

Spherical harmonics play a central role in quantum mechan-
ics as the angular eigenfunctions of the orbital angular mo-
mentum operator, and in classical gravitational and electro-
magnetic potentials where axial or spherical symmetry is
present [1, 6, 7].
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Abstract A simple and reliable numerical approach is
constructed to solve the linear and nonlinear two-
dimensional Fokker-Planck equations (FPEs). Initially, the
Fokker—Planck equation is reformulated by decomposing it
into one-dimensional components in the x and y directions.
Then, local one-dimensional sub-equations are numerically
solved by the explicit and implicit finite difference methods.
The convergence of the proposed schemes is proved through
truncation error and von Neumann stability analyses. The ef-
fectiveness and precision of the developed numerical meth-
ods are demonstrated using test problems, and the obtained
outcomes are compared against the corresponding exact so-
lutions for validation.

1 Introduction

The Fokker—Planck equation (FPE), originally formulated
by Fokker (1914) and later by Planck (1917), serves as a
mathematical model for describing Brownian particle mo-
tion. Over the years, FPEs have found widespread applica-
tions in diverse areas such as solid-state physics, quantum
optics, chemical physics, theoretical biology, and circuit the-
ory [1]. Various numerical strategies have been developed
for their solution, including finite volume schemes [2, 3],
Galerkin-type approaches [4-6], finite difference methods
[7], and particle-based techniques [8]. To overcome the in-
stabilities of the standard finite difference methods, nonstan-
dard finite difference schemes are used to solve the one-
dimensional FPEs in [9]. The most fundamental of these
methods, the finite difference technique, has also been used
to solve higher-dimensional FPE (2D) [10]. Some semi-
analytical techniques have also been used to solve FPEs, of

de-mail: asneena@gmail.com
be-mail: clemence @ncat.edu
“Corresponding author e-mail: aawasthi @nitc.ac.in

which the Adomian decomposition method [11] is a well-
known example.

From a theoretical physics perspective, the
Fokker-Planck equation occupies a central role as the
forward Kolmogorov representation of stochastic dynamics
and as the macroscopic limit of Langevin and Liouville
equations. It combines the conservation of probability and
the relaxation toward equilibrium distributions controlled
by underlying potential landscapes, and bridges the gap
between tiny random processes and macroscopic transport
events. In addition to being a numerical simplification,
the operator splitting technique used in this study decom-
poses the Fokker—Planck operator into commuting drift
and diffusion generators, each with unique mathemati-
cal and physical features. This decomposition parallels
the Lie-Trotter and Strang formulations widely used in
quantum and statistical mechanics to separate reversible
and irreversible dynamics. Therefore, the current research
advances our understanding of Fokker-Planck evolution
from a mathematical-physics perspective.

Higher-dimensional FPEs naturally arise in systems in-
volving multiple interacting variables, such as in population
dynamics, neural networks, and chemical reactions involv-
ing multiple species. However, the increased complexity due
to high dimensionality imposes significant computational
challenges, often referred to as the "curse of dimensionality"
[12]. To address this, researchers have developed more effi-
cient algorithms, including operator splitting methods [13],
sparse grid techniques [14], and dimensionality reduction
strategies [15]. For instance, splitting methods have been
employed to decouple the multidimensional FPE into sim-
pler sub-problems, making the numerical integration more
tractable. Moreover, tensor-based methods [16] and sparse
spectral approaches [17] have also been proposed to reduce
computational costs while maintaining accuracy in higher-
dimensional settings. These advancements extend the appli-
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cability of numerical FPE solvers to realistic, multi-variable
systems in physics, biology, and engineering.

In recent years, many researchers have provided numer-
ical solutions for one-dimensional FPEs through sophisti-
cated methods, such as structure-preserving schemes [18—
20], deep KD-tree algorithm [21], stable Petrov-Galerkin
discretization [22], a method based on KRnet (ADDA-KR)
[23], an extension of the generalized Hermite pseudospec-
tral method [24], and a physically guided deep learning-
based method [25]. In addition to solving one-dimensional
FPEs, there are existing sophisticated numerical methods for
solving higher-dimensional forms[26], such as one based on
wavelet theory in [27] and Chang—Cooper two-level algo-
rithms [28]. However, only a handful of high-order finite
difference schemes are available in the literature [29-32].

This paper presents a finite difference numerical method
for two-dimensional FPEs using the splitting technique, for
which not many studies are found in the literature. The
present study was motivated by the application of the split-
ting operator for Burger’s equation in [33]. The goal of the
proposed method is to solve the higher-dimensional FPEs
with simple and accurate algorithms. The splitting technique
is a locally one-dimensional method for higher dimensional
partial differential equations, which resolves the difficul-
ties faced by numerical methods directly applied to higher-
dimensional PDEs [34]. In this sense, this work is an ex-
tension of the simplest numerical methods in [35] to higher
dimensional FPEs. The main benefits of the splitting oper-
ator method are that it is swift and straightforward to use,
requiring fewer significant numerical computations to solve
higher-dimensional PDEs.

The evolution of the concentration function w(x,), with
respect to the spatial coordinate x and temporal variable ¢, is
modeled by the general linear FPE, which is written in the
form,

ow 0 22

WZ 7(9714( ) ox 3.2 ( ) W(X,t), (1)
with the initial state

w(x,0) = f(x), x€R, 2)

where B(x) > 0 denotes the diffusion coefficient and A(x)
represents the drift coefficient. Its extension to two variables
X1,X2 is given by

2 82

mBi,j (X) w, 3)

)

i,j=1

with the initial state,
W(X,O) :g(X), X= (xlax2) eR”. “)

The non-linear FPE in two variables x1,x; is represented as,

2 9

2;;355 i(x,1,w)w)

2 52 ©)
+,;JZ:'1 m (B,-j(x,t,w) w).

The rest of the paper is organized as follows. Section 2
contains the model of the problem and the formulation of
the numerical method. Section 3 discusses the convergence
and stability of the proposed schemes. Section 4 provides
numerical examples to show the efficiency of the schemes.
Section 5 presents a brief discussion and conclusion.

2 Formulation of the computational techniques
2.1 Splitting operator technique

Consider, in expanded form, the linear FPE (3) in the do-
main Q = [0,7] x [a,b] X [¢,d],

ow _ 9w dA  dw  dAy
o Mox "Wax ey oy

82w 8311 8W 82311

- 6
ox2 25 dx ox W ox2 ©
82w 3322 aW (92322

+B11

with the initial state,
w(x,0) =g(x), x=(x,y). @)

The development of the scheme is as follows: First Eqn.(6)
is split into two equations as

1dw ow 04, 2w
E; = —Al a WT“‘B]] a 5 (Sa)
0B11 dw 82311
+2 oax ox Vo
10w ow 0A, %w

(8b)
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As counterparts of Eqn. (6), the formulations in (8a) and
(8b) correspond to the x- and y-directions, respectively. The
resulting system is given in Eqns. (8) is then approximated
numerically via the finite difference method, using both ex-
plicit and implicit discretizations, while avoiding any form
of linearization. The process begins by computing the solu-
tion at the (n+ %)‘h level along the x-direction, employing
the values from the n™ level while treating y as constant;
these intermediate solutions correspond to points on the hor-
izontal axis. Thereafter, the (n+ 1)™ level solution is ob-
tained along the y-direction from the (1 -+ 3)™ level results,
with x held constant; these solutions lie on the vertical axis.
It follows that the computed approximation at the (n+ 1)®
step is consistent with the two-dimensional solution of Eqn.
(6) evaluated at the same step.

2.2 The explicit method via splitting operator

Consider the spatial domain = [a,b] x [c,d] C R?, which
is discretized into a grid of (N + 1) x (M + 1) points. he dis-
cretization in the x- and y directions is carried out with mesh
sizes defined by h = N 4 and k = M , respectively. The tem-
poral interval [0, 7] is uniformly divided into K subintervals
with step size T = % The discrete time instants are then de-
noted by " = nt, where n =0,1,...,K — 1. The numerical
solution at the n'" time step corresponding to the mesh point
(xi,yj,1") is represented by 77 = W' (xi,y;,t").

The time and space denvatwes are explicitly discretized by
the forward difference and the central difference, respec-
tively. The discretized Eqns.(8) become

n n l’l
ij i p, Vi =P,

T 2h

n
Wl+1,j

*Wi;lAlx
WA
h2
Vi ="
2h
+W 311XX7 (93)

+ B

+2Bllx

n+z n+% n+%

=W, 1

i,j+1 i,j—1 n+»

_— %—W ZAZ),
T 2k

%r;-:j 2%//n+2 —l—W’H—Z
k2

1 1

n+s n+s

ij+1 "~ WL]—]
2k

+ W* By (9b)

+ B2

+2B2y,

where 0 <i<N,0< j<M,and 0 <n <K — 1. The initial
and boundary conditions in discrete form are

//O—g(xo,yo) 0<i<N,0<j<M,
W= i), 7 = HL(nt), (10)

= f3(x,1), 77" = fa(x,1).

Eqns.(9) can be written as

Wit =

1

(97/+1j+017/ + o), (11a)

2 n+s» n n 1
Wif}H:(’L W,,L+y,% v *2>, (11b)

T i,j—1

where the coefficients are defined by 6; = (—Ajh +
2B1; +2h8xiB11)/(2h2), o=1-— axl.Al +8X%_B“ —2311/}12,
®; = (Ath+ 2By — 2hdy,By1)/(2h%), and similarly A; =
(—A2k+2B2+2ky;B2) [ (2k?), ptj =1~ 9y,A>+05 B —
2322/](2, = (A2k+ 2By — 2k 8).1.322)/(218).

The numerical scheme (11) is an explicit central differ-
ence scheme for the splitting operator Eqns. (8).

For the nonlinear FPE, the nonlinear terms in Eqn.(6) are
treated in the following ways:

-wl= W5 W in the x—direction, and
1 1
n+» n+5 . . .
w? = Y W, ; % in the y—direction

wn .=
_ n i+l il
- WWwy, = 7/,] ( T

1 1

L2yt

”+2 i,j+1 i,j—1

wwy =¥ <2k

), and

i.J

A T
- wwxxz%’}( A l”>,and
1 1 1
+ n+ n+
LT 2 T2 T2
_ ity [ it iy T A
wwyy =Y, ( &

2.3 The implicit method via the splitting operator

In the case of the implicit scheme, the decomposed Eqns. (8)
are approximated using a forward difference in time com-
bined with central differences in the spatial variables. The
resulting discretization takes the following form:
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27//n+ > + WVH’ bl
h2
ntt n+%
i+13’ B WHj’

2h

n+2
Vi~
+ B

+2Bj1x

1
+7ﬂi7+2311xm (123)

1
nty n+1 n+1
_Wij __AZW,H»I Wl] 1

T N 2k
n+1
_Wij A2y
n+1 n+1
V/i,jJrl_ZW'
i2
n+1 n+1
i,j+1 Wz,l
2k

n+1
»;!

n+1
Wl/ 1

+ B

+2B»y,

+ 77" Bayy. (12b)

where 0 <i < N,0< j<Mand 0 <n <K —1. The initial
and boundary conditions in Eqns.(12) are

Wz(} =g(x0,50);0<i<N,0<j<M,
%nzfl(yvt)a%nzfz(y’[)a (13)

= f3(x,0), 7] = fa(x,1).

The discrete forms (12) in the x and y directions, respec-
tively, may be written as follows:

ez (b ) = s
(é W’H_l +xi Wn+1 + 5 Wn-&-l) _ W"+% (14b)

2k2 J 1 J i,j+1 i,j

where,

o = h(—A1 +2Bj1x) —2Bi1,

Bi =21 (L + A1 —Biiw) +4Bi1, (15)

Y = h(A; —2B11,) — 2By,

and,

éj = k(—Az —|—2322y) — 2By,
Xj :2](2(%4‘142),—322”) + 4By, (16)
5j =k(Ap — 23223,) —2B»).

For the nonlinear FPE (6) nonlinear terms are discretized in
the following ways:

INMEY
n+
wr=%, ; 2 7/1’;“ in the y— direction

1 1 1
n+5 n+~ n+x5
B 2 2 2
Y L W V= Vij Vi and
oxz i h? ’
+1 +1 +l
Wazw _ W”""% Wznﬁl WL"} Wﬂ
ayz — T k2

w2 1
ow 2 _ WLH% 7//1',j—l //1 %’?1
dy ) — 2k 2k

The formulation (14) is semi-implicit, achieved by lineariz-
ing the nonlinear source terms through a split evaluation at
successive and previous time levels.

3 Consistency and stability

The assessment of the error and stability of the numerical
schemes is given in this section. The consistency of the com-
putational schemes is proved by the truncation error method,
and their stability is derived from von Neumann stability
analysis.

Theorem 1 The numerical scheme given in (11) achieves
first-order accuracy with respect to the temporal variable,
while attaining second-order accuracy in the spatial direc-
tions x and y.

Proof The fully discretized form of the explicit central dif-
ference scheme (11) is
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" 4 " n n
V/in -z (lj(ei%ﬂ,jﬂ +O G+ O )
(OS5 + oW+ o ) 4
VIO O+ O ).

Applying Taylor expansion on all terms of Eq. (17) and sim-
plifying results in the local truncation error (LTE) given by

LTE ="
4
2 [)“ (OW/y oW+ oW, i)
+ 1 (OWy j+ oW+ oW, )
+Vi(OW o oW oW i 1)]
— W + W, + L W, —420W — 42 0hW,
— 4N KWy — 2201 Wy, — 21.0K* Wy,
— 8AOhkWy, — AoW — 4kA oW,
—2AGK W,y — AAOW +4hA oW, (18)
— A @Wy — 2 0" Wiy — 2L 0k* W,y
+ 8hkA W,y — 4 W +4hpu oW,
— 22U Wy, — 2VOK* Wy, — 4VOW
+ 2V Wy — 2VOKP Wiy + -+
= W +17°W, + S5 Wy — 24 0 Wy
— 2V Wy + -+
=0(T7+ 1 +k7),
where,
6 = (—Aih+2By; +2h %51y /(21?),
x
o= (n(1- %Jr e 5Ly —2By1) /R?,
o = (Ath+2By — 20281y /(21?),
JB 2 (19)
A = (—Ask+ 2By +2k %2) / (2k%),
H= (k2(1 - %“F Jy 2 )_2B22)/k2a
v = (Agk + 2By — 2k %22) / (21%).
The truncation error is
TE =t YLTE) = O(t)+ O(h* + k). (20)

Accordingly, the numerical approximation incurs errors that
are of order €'(7) in time and &'(h* +k?) in space, consistent
with the stated result.

Theorem 2 The explicit central difference scheme defined
in (11) admits conditional stability, holding only under spe-
cific restrictions on the discretization parameters.

Proof The stability requirement for the proposed explicit
scheme is established through von Neumann stability
analysis and can be formulated as follows.

Let the Fourier tranform corresponding to %" at the n
time level be denoted by, #". The 2D Fourier transform is

Z e*ijCh*l‘K‘r]k %3+1~ (21)

n+1
W + (C? ) \/E\/E]k:,m

Performing a Fourier transformation of Eqn. (11) results in,

7 =2 (074 (¢ )

+o A (L)
+oe S E ),

P = 2 (R (G )

+uA G ) 22)
+v6—iknk%n+%(gjn))’

HNE ) =) = (ee”“w

n wwch) (hemn

+u+ vg—ixnk).
Here the amplification factor p(£,n) is,

4 y y
=2 (Ge”ch +0o+ a)ef”gh)

X (),e"m’k +u+ Ve_i’(”k) .

p(&m)
(23)

Rewriting the exponential terms in terms of trigonometric
functions, Eqn. (23) can be expressed as

p(¢,m) = [(c+ (6+ w)cos({h))
X (14 (A +v)cos(nk))

— (0 — @)(A —V)sin(Ch) sin(nk)}
+i[(u+ (A + V) cos(nk)) (8 —

+ (0 +(6+ w)cos(Eh))
x (A —V)sin(nk)|.

24
)sin(Eh)
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Therefore,

P =5 [0~ 0 st (0 + 0+ @) costh?]

(A = Vv)? sin®nk+ (1 + (A +V)) cosnk)?]

By the von Neumann criteria, the proposed scheme is stable
under the condition |p|?> < 1 and hence conditionally stable.

Theorem 3 The implicit central difference scheme (14) is
second-order convergent in temporal and spatial variables.

Proof The LTE at the node (x;,y;,#""!) is given by

LTE”.“ = 7%”.*‘

n n—+1 n+1
2k2(§/7/+1+x17/+ +57/11Tr])

1 2h2
BT

Q; n n n

+ ﬁ 2k (5 7/;{1/ 1+XJWH—TIJ+5 Wt+le+l>
Y
Bi2

T n n n
s (G i+ 5 )

i) TR e

n+1 n+1
2k2( g/%;rl Wl}il
& Xy
LR R AVER S Y

T ((X,é n+1 %5/ WHTI .
sJ—

+ ﬁ ﬁ i+1,j+1 + ﬁ

+
( 1)7/”“ 1 2K%
+

YiXj . m YiSi . n
l_jy/i—Jlr,lj Jw+1

ﬁ B 1]+1)
= (1= 255) # eyt +7)

1 2K%
—37W(x Vs )

T
242

(26)

+ (—§W(x,y—k7t+r)

—8W (x,y+k,t+1)

[0
+‘B§7/(x+h,y—k,t+r))
T oray
+2k2( B W (x+h,yt+1)

)
—%%T%%x+hy+kﬁ+f)
Ly

B

T My

+aa (g7 hnite)
Yo

+F7/(x—h,y+k,t+f)).

W (x—h,y— kt+1))

Expanding each term by Taylor’s series expansion and sim-

plifying,

LTE = <£+x++?+ >T37/

+( I3+f .)13%+
(G gh ) e
(++ >”//yy+...,

where

OB
a:h<—A1 2“) — 2By,

ox

1 0A; J°B

ﬁ:th( +a—x‘+ ax2”>+43m
0B

yh(Alz 8;)2311,
0B

ézk( Ay +2 ay”)—szz,

1 0A, 9°B
X:2k2<T a2+ 8y222>+4B22’
5= k(A2_28aBzz>_2322_

y

The global truncation error is

1
TE = _LTE = ot + 1 +i%),

27)

(28)

(29)

which is quadratic in temporal and spatial variables, and

hence the claim.

Theorem 4 The implicit central difference scheme de-
scribed in (14) possesses unconditional stability, indepen-

dent of the discretization parameters.

Proof The combined form of the decomposed Eqns. (14) is,

ntl _ 4K n? " Y%6; 1 YiXj
W BT M By T By

%é n+1 5 n+1
- ﬁi ]‘ i+J1r,jfl ﬁxj 7/ Jlerrl

alﬁj n-+1 al‘gj n+1
"
B DM B Y

n+1
W+l J

(30)
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Applying the Fourier transform to each term in Eqn.(30),
obtain

/()
+ ﬁ7 [y6ew§h+n<1‘lk+yxeljgh_kygez]ghfmnk}
x#"N(Em)
1 e . P 31)
+ﬁ7 [Ot5e zJCh-HKnkJraée ”gh+(x€e ijCh ncnk}
X

<A m)

422
— WrEm).
Brc (&)

Rewriting each term in terms of trigonometric functions,
Eqn. (31) may be written as

ﬁx%n-ﬁ-l
+ [75 (cosCh+isinCh) (cosnk +isinnk)

+ v (cos Ch—HsinCh)} Vdak

+ [yé (cosCh+isinCh) (cosnk —isinnk)
+ ad (cosCh—isin{h) (cosnk+ isinnk)}

% V/An-&—l (32)

+ {aé (cosCh—isin{h)
+ & (cos Ch—isinCh) (cosnk — isinnk)}
x“//A'Hl

_4K*K?

7).

The amplification factor p can be derived from (32) as

4k%h?

p= W+ i7) (33)

where,
U = Bx+(y6+ a&) cos(Eh+ nk)
+(vx +ag) cos(Eh)

+ (Y€ + a&) cos(§h—nk),
(34)
¥ = (y0 — aé) sin({h+nk)

+(vx — a&) sin(Lh)
+ (Y6 — a&) sin(h —nk).

Consequently, the modulus of the amplification factor takes
the form,

16k*n*

—__ 2_

Here 16h%k* << t2and 2+ v?%< 1
However, 164*k* < t2(%?+ 7*) and thus |p|> < 1, un-

conditionally. Thus, by the von Neumann criteria, the nu-
merical scheme (14) is unconditionally stable.

4 Numerical Illustrations

This section presents numerical experiments to confirm the
theoretical findings, where the accuracy of the scheme is as-
sessed using the /; and [ error norms defined by

S =

N
h=— Y (Wi—w),
i=0

(36)
lo = max; |W; — w;|.

14
In these expressions, w; denotes the numerical approxima-

tion, W; represents the exact solution at node i, and N is the
total number of spatial nodes in the computational domain.

4.1 Example 1

Consider Eqn.(6) with

5 5
Alzgx 7A2:€y7
2 2 (37)
Bii=2, Bp=By=0, Bp=2>
n=- ¢, B=By=0 Bn=7.

Then the following equation is obtained:

¥ d*w  y? dw
_— =W—-— === +€W+€Tyz7 (38)

for which the exact solution can be determined,

wix,y,t) =(1=x)(1=y)e”’, —1<xy<l. (39

A comparison of errors in /; and /., norms for different num-
bers of nodes with elapsed times for the proposed schemes
is presented in Table 1. Table 2 compares the proposed
schemes’ computed errors with existing schemes in the lit-
erature [34], and shows that the proposed simple algorithms
give better results than the existing schemes.
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Table 1: Comparison of errors in /; and /. norms with 7 = 0.0001, .7 = 1 for the Example 4.1.

Explicit method

Implicit method

Explicit method

Implicit method

| T =0.1 | 7 =01 | T =025 | T =025

Grid size ‘ b Lo time(s) ‘ b Lo time(s) ‘ b Lo time(s) ‘ b Lo time(s)
10x10 | 1L.08x 107  532x107%  0.199525 | 1.01x107%  4.25x107% 0.118825 | 2.32x107%  9.74x107%  0.106984 | 2.32x107%  8.77x107% 1932976
20x20 | 1.53x 1079  452x107%  0.188134 | 2.03x 107  3.52x107% 1596892 | 3.28x107%  8.21x107% 0413535 | 2.57x107%  8.74x 107 3.771442
3030 | 1.87x107%  452x 1077 0387606 | 1.21x10°7  2.52x 10" 2.949689 | 4.02x107%  7.74x 1077 0903345 | 3.02x 1077 7.54x 1078 6.742057
40x40 | 2.16x107%  552x107%7 0705215 | 3.61x 1077 2.52x10"% 6.945364 | 4.64x107%  9.24x 107" 1.608009 | 5.64x 1077 6.74x 107% 17.982288
50x50 | 241x107%  4.52x 1077 1.053064 | 1.32x 1077 2.52x10°% 1032946 | 5.19x107%  7.74x 1077 2.541735 | 5.16x 107 9.74 x 1078 26.486728
60x60 | 2.64x107%  3.66x 1077 1.666046 | 1.64x 1077 4.22x10°% 14307854 | 5.69x 107  7.22x 1077  3.651856 | 4.69x 1077  6.74x10°% 44764648
70x70 | 2.85x 1079 433x 1077 2513052 | 2.86x 1077 4.52x107%  18.132008 | 6.14x 107  6.74x 1077 5038307 | 6.11x10°7  9.22x 107 53.097249
80x80 | 3.05x107%  552x 10777 4307044 | 2.05x 1077 4.42x10°%  24.037259 | 6.57x 107  9.01x 1077  6.530545 | 5.75x 1077  9.22x10°% 674 x10°%
90x90 | 3.24x107%  352x 1077 520769 | 2.24x 1077 4.02x10°%  43.586021 | 6.97x10°%  874x 1077  7.987636 | 5.97x 1077  7.74x10"% 119.364149

100x 100 | 3.24x107%  4.52x 10777 8757617 | 3.41x 1077  4.52x107% 54792485 | 7.34x 1079  9.74x 1097  9.874276 | 7.22x 10~ 1.74 x 10798 153.558578

Table 2: Comparison of errors in /; and /.. norms of the proposed schemes with existing schemes [34] for different grid points with 7 = 0.001,

=1 for the Example 4.1.

| GFDM[34] | Explicit method | Implicit method
Grid size | b loo | I Lo | I Lo
55 1.14x 107 211x107% | 1.03x107™  1.84x107" | 1.03x107%"  1.84x10°%
197 3.19x107% 590x107% | 1.95x107%  1.65x107% | 1.87x107%  287x10°"
743 845x107%  1.57x10°% | 2.86x107%  1.03x107% | 256x10°  123x10"%
4.2 Example 2 5 Conclusion
Consider Eqn.(6) with
In this work, the two-dimensional FPE was systematically
Al = 4w + f’ Ay = 4w + X’ analyzed using finite difference schemes constructed
6 y 6 (40)  through an operator splitting approach. Full discretizations
of the model were developed, and their reliability was con-
= n=W 12 2 firmed through both linear and nonlinear two-dimensional
examples with variable coefficients. The proposed algo-
The resulting FPE is rithms were thoroughly analyzed for stability using von
Neumann’s criterion. The explicit formulation proved to be
temporally first-order and spatially second-order accurate,
ow 4w’ 4w w  Idw [—x 8w
- =t =+ ( — ) whereas the implicit formulation achieved second-order
or  x y 3 dx\6 «x accuracy in both temporal and spatial domains. To illustrate
n ow (—y 8w (1) the effectiveness and computational advantage of the pro-
dy \ 6 y posed strategies, their outcomes were contrasted with those
92w 92w ow 2 ow 2 of a more sophisticated but resource-demanding approach
+ ZWW + 2W87yz +2 (z?x) +2 ((9)}) , documented in earlier studies. The error analysis, conducted
using multiple norms, indicates that the proposed schemes
not only provide high accuracy but also offer a competitive
that admits an exact analytical solution and efficient alternative for solving two-dimensional FPEs.
wlry ) =xy’e™,  0<xy<L 42)

The numerical errors of the proposed schemes, evaluated us-
ing the l; and /. norms, are summarized in Table 3. To fur-
ther assess the performance and reliability of the proposed
methods, their accuracy is compared with that of an estab-
lished approach [34] in Table 4.
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Table 3: Comparison of errors in /; and /. norms with 7 = 0.0001, .7 = 1 for the Example 4.2.

‘ Explicit method ‘ Semi-implicit method ‘ Explicit method ‘ Semi-implicit method
| T =025 7 =0.0.25 7 =03 =03
Grid size | b L. b Lo b L. b Lo
15x15 | 4.94x10°9 7.79 x 1079 470 x 1079 7.41 %1079 1.99 x 107 6.75 x 1079 1.84x107% 6.24 1079
25%25 | 932x1079%  6.29x 1079 4.69x 1079 4,08 x 1079 257x107% 6791079 237x107% 6.28 x 1079
35%35 | 3.63x107% 8.80 x 10793 8.85 x 10703 8.18 x 1079 3.04x10°%  6.80x 1079 2.81x107% 6.29 x 1079
45%x45 | 4.93x10°% 7.83x 107 % 7.27x107% 7.23%x107% 3.45%107% 6.81 x 10795 3.19%x107% 6.29 x 10795
55%x55 | 9.25x10~% 3.07 x 107 6.64 x 107% 1.82x107% 3.81x 1079 6.81 x 107% 3.52%x 1079 6.29 x 1079
65%65 | 540x107%  8.01x107% | 474x107% 221x107% 414x107%  681x107% | 383%x10°% 6.23 x 107%
75x75 | 9.83x107™  880x 107" 4.69 x 1074 721 x 1079 445%x107%  681x107% | 4.11x107% 6.32x 1079
85x85 | 2.61x107% 7.83 %1079 9.42x107% 1.72 x 1079 4.74 x 1079 6.81 x 107% 4.38 x 10706 6.29 x 1079
95%x95 | 6.02x10°% 7.83x 1079 4.21x107% 1.80 x 1079 5.01x107% 6.81 x 10797 4.63 x 10700 6.29 x 1077
105105 | 2.60x 1079 8.01x107% | 7.75x 1079 7.42 % 107% 527x10797  681x10797 | 4.87x10°77 6.30x 10797

Table 4: Comparison of errors in /; and /. norms of the proposed schemes with existing schemes [34] for different grid points with T = 0.001,

7 =1 for the Example 4.2.

| GFDM[34] | Explicit method | Implicit method
Grid size | I3 loo | I loo | I loo
55 3.61 x107%  6.70x 107% 1.82x 107 572 x 107% 4.81x 10704 8.59 x 1079
197 1.01x107%  1.82x 107%™ 2.85x 10796 7.34 x 10796 1.06 x 1079 9.98 x 10796
743 201 x107% 379 x 1079 5.48 x 10796 7.42 x 10796 4.03 x 10706 6.81 x 10797
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