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This article substantiates a new approach to systems studies of the propagation of
temperatures, fluid flows, and electromagnetic waves on manifolds without boundary (this
applies to the heat equation, the Navier—Stokes system of equations, and the Maxwell
system of equations) using, as a generalization, the invariant form of the diffusion equation
in spaces of differential forms of different ranks and pseudodifferential operators on them
(one of these is the Laplace—Beltrami operator). The spherical surface of the Earth is given
as an example of a manifold without boundary, and the need for such studies is raised.
The relationship between the solutions of the heat conduction equations, the Navier—Stokes
system of equations, and the Maxwell system of equations is noted, through the spectrum of
the Laplace-Beltrami operator, on a manifold without boundary (in our case, on a spherical
surface of Earth’s radius).
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Introduction

We consider a new approach to the system study of the propagation of temperatures,
fluid flows, and electromagnetic waves on a single surface — a spherical approximation of the
Earth’s surface. This is accomplished by searching for solutions of the heat equation, the
Navier—Stokes system, and Maxwell’s system simultaneously, using as a generalization the
invariant form of the diffusion equation in spaces of differential forms of different ranks
and pseudodifferential operators on these forms, the principal one being the Laplace—
Beltrami operator. The spherical surface of the Earth is given as an example of a manifold
without boundary, but the solutions themselves can also be considered on manifolds
without boundary with more complicated global geometry, in particular the torus. The
connection between the solutions of the heat equation, the Navier—Stokes system, and
Maxwell’s system occurs through the spectrum of the Laplace—Beltrami operator on a
manifold without boundary, in our example on the spherical surface of the Earth. An
example of possible results of such investigations is presented in the form of three graphs:
the distribution of temperature (0-forms) over the entire Earth’s surface; the distribution
of wind speed (the first of two components of the solution — the 1-form of the displacement
gradient, while the second component is the 0-form of pressure) over the entire Earth’s
surface (although a weak analogy between wind in air space and fluid flows is used for
illustration, because water does not cover the entire Earth’s surface and the Navier—Stokes
system must be solved on a surface with boundary). Nevertheless, the analogy in this
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graph works sufficiently well, because a potential (gradient) flow and pressure are present
in the Navier—Stokes system and can be measured for air at every point of the Earth’s
surface); and the magnetic field flux (2-form) through the surface of the Earth. In all
this, the question of solving initial-boundary value problems was not raised, but only the
solvability of the equations as a whole. A certain automatic separation of solutions arises
due to the different ranks of the differential forms. The general information in the solutions
is described by the eigenvalues of the Laplace-Beltrami operator from the invariant form
of the differential diffusion equation, and is mainly related to the global geometry of the
manifold without boundary. In the example of the Earth’s surface, the common part is
expressed via the discrete, finite-multiplicity spectrum of the Laplace—Beltrami operator
on the sphere.

1. Differential k-Forms

Let E be a two-dimensional smooth compact oriented Riemannian manifold without
boundary. Using the theory presented in [1-2], we construct spaces of smooth differential
g-forms H, = H,(FE) for ¢ = 0,1, 2 of the form

W(t, xlaxQ) = Z Xil,ig(t7x17x2>dx’i1 /\dxiga (1)
i1+i2=q
where the indices 7,5 can take the values 0 or 1.
If we write equations in invariant form in the space of differential forms, we must use
the Laplace—Beltrami operator

Arpu=dxd*u+ *d*du = dd + dd, (2)

where * is the Hodge operator and d is the gradient that raises the rank of the form,
while § = xdx is the divergence that lowers the rank of the form. It generalizes the usual
Laplace operator up to sign.

In these spaces one can introduce the inner product

(Xag)o = /EX A *57 Xaf € Hq' (3)

By virtue of the Hodge—Kodaira theorem, the space of differential forms completed
with respect to the norm obtained from the inner product (3) splits into the direct sum
of potential, solenoidal, and harmonic differential forms. The operator § = *dx* is adjoint
to d with respect to the inner product (3). In our case, for simplicity, we will consider the
restriction to the subspace containing no harmonic (App = 0) forms.

2. System Analysis Based on the Diffusion Equation

Consider the linear inhomogeneous diffusion equation [3]
Vi=DArgV + [. (4)

where u = u(t, x1, z2) is the concentration of a substance, depending on time, and defined
in a two-dimensional space. The operator Ay g is given in (2).
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2.1. Linear Heat Equation

Now take the space of differential O0-forms (i.e., forms of rank 0 exactly coinciding with
the space of functions of three variables). Take the unknown function V' = T to be the
temperature T' = T'(t, ¢, 1) and the diffusion coefficient equal to the thermal diffusivity
D = a%® > 0. Then the space of differential 0-forms defined on a 2-dimensional manifold
without boundary (here and below in our examples the manifold without boundary will
be E = E, the spherical approximation of the Earth’s surface with local coordinates ¢, 1
(in real life the latitude and longitude of a point on the Earth, respectively) is denoted
Hy = Ho(E)). The diffusion equation (4) in the homogeneous case f = 0 turns into the
linear heat equation [4] on the sphere

E = &2(—ALBT). (5)

It describes heat (cold) waves on a manifold without boundary from the space Hy. The
solution of equation (5) will be a 0-form determining the temperature distribution on the
Earth’s surface, as in Fig. 1. The color of the points in the figure changes like a rainbow
from cold — blue to hot — red and corresponds to the air temperature in the shade in the
near-surface layer over the entire Earth’s surface (which we approximate by the sphere E).
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Fig. 1. Graph of the temperature 7" distribution over the entire Earth’s surface E [§]

2026, vol. 13, no. 2 13



D. E. Shafranov

2.2. Navier—Stokes System of Equations

Consider a version of the Navier—Stokes system [5] with the convective term dropped,
of the form
o
= VAT + D,
ot (6)
divd = 0.

Here p is the fluid pressure, v the viscosity coefficient. One of the common methods for
solving this system is the method of potentials. It consists in the fact that the resolving
vector-function @ from equation (6) has the form of a potential, i.e., is the gradient of
some function @ = VU. In the case of differential forms, the divergence operator coincides
with § and the gradient operator V coincides with the differential operator d; this means
that the second equation of the system takes the form ddU = 0. But this is part of the
Laplace—Beltrami operator Apg = dd + dd, by which we replace the usual Laplacian in the
first equation. Then, using the potential method, the system is replaced by an equation in
the space of differential 1-forms u instead of the fluid velocity vector @ and the 0-form p
coinciding with the pressure function p.

Fig. 2. Graph in which color indicates the gradient of the air flow (wind speed) on the
Earth’s surface E [9]
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We obtain the equation
w =vArgu+p = u, = v(0+dd)u+ p, (7)

corresponding to the diffusion equation (4) with V' = w and f = p. It should be noted
that in this case the pressure is not given, but is also sought, and the solution of (7) is
a pair of differential forms (u,p) of different ranks. For illustration, in the case of the
spherical approximation of the Earth’s surface E, we apply our imagination, because seas
and the liquid they contain form a surface with boundary, while we solve the equation by
a method for a surface without boundary. In Fig. 2, the fields of wind speeds are shown
(the entire sphere of the air ocean), which in this case is used as an analogy for a viscous
fluid modeled by the Navier—Stokes system. In the figure made and processed at NASA,
an increase in wind speed corresponds to a transition through the colors of the rainbow
from the smallest wind speed shown in blue to the fastest winds in red. That is, if water
covered the entire Earth, we could numerically solve the Navier-Stokes system and find
the ocean current speeds without the influence of continents.

2.3. Maxwell’s System of Equations

We write the first-order differential form

A=T(t, 0, ¥)dt — Ay(p,0)dp — Ay (0, ¥)dip (8)

in which only the component 7 depends both on time ¢ and on the local coordinates on
the sphere (¢, ) of fixed radius; the other two terms have coefficients depending only on
(o, ). If the current function is the 2-form J, and the electromagnetic field tensor is the
2-form F, then Maxwell’s system [6] in invariant form using pseudodifferential operators
becomes

dF =0, O6F =J. (9)

Taking into account the substitution
F=0%A

we find that the solution of Maxwell’s system F will be a 2-form, and the corresponding
homogeneous diffusion equation (9) on the left (V; = A(7);), and on the right V' = A(p, )
for 1-forms of the form (8)

A(T)e = AA(p, ) + J. (10)

Figure 3 shows an image in which colors indicate the intensity of the magnetic field flux
through points on the Earth’s surface, obtained by the European Space Agency in 2019.
The color of the points in the figure changes from points with weak magnetic field flux
— blue, to points with strong flux — scarlet. The flux was measured on the sphere E
approximating the Earth’s surface.
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3. Spectrum of the Laplace—Beltrami Operator
and the Connection Between the Solutions of the Equations

If the diffusion equation is solvable, then the coefficients of the differential form of the
solution from formula (1) can be represented as a series
[e.e]
Xivia(t, 0, 0) = > (w1 n + Aeate)-

k=0

where the spectrum of the Laplace—Beltrami operator consists of two parts

A} = Dt U

and g, Yy are the eigenfunctions corresponding to the variables ¢, 1. The eigenfunctions
for differential g-forms of different ranks ¢ will be different, but the set of eigenvalues of
the Laplace—Beltrami operator |7] is the same (ignoring multiplicities).
This means that the amplitude of the terms of the differential forms is determined by

the same set of eigenvalues

k2
TR
of the Laplace—Beltrami operator from the diffusion equation. Moreover, the variable
parameter of the global geometry of the sphere, the radius R, is hidden in them.

Ak

Fig. 3. Graph [10] in which color indicates the intensity of the Earth’s magnetic field flux
at all points of the Earth’s surface, in nanoteslas

Conclusion

Let us summarize the system study of the following three types of waves on a single
surface without boundary: heat (cold) propagation waves, fluid (water) waves, and
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electromagnetic waves passing through this surface. We have found that the amplitude
of the coefficients of g-forms of the waves and the parameters of the global geometry of
the surface (for a sphere, this is the radius) enter the coefficients of the solution of the
invariant equation through the eigenvalues of the Laplace—Beltrami operator on differential
forms defined on this Riemannian surface (or more general manifold) without boundary.
Corresponding investigations for ellipsoids (in particular the Krasovsky ellipsoid) and for
the flat torus are also planned for publication in the near future.
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YPABHEHUE JTN®®Y3UN B IIPOCTPAHCTBAX
TN P®PEPEHIINAJIBHBIX K-®OPM, 3AJTAHHBIX
HA PUMAHOBOM MHOTI'OOBPABUUN BE3 KPA Y
HA TIPUMEPE CO®EPMYECKOTO ITPUBJINKEHU A
3EMHOI ITOBEPXHOCTU

. E. Illagparos, FOxuo-YpaabcKuil rocy1apcTBeHHBIN YHUBEPCUTET, I. UeagOuHCK,
Poccuiickas @enepartiust

Crarbs cofepKUT 060CHOBAHIS HOBOTO TIO/X0/Ia K CHCTEMHBIM HCCJIEIOBAHUSIM PACIIPO-
CTPAHEHUST TEMIIEPATYD, TOTOKOB YKUJIKOCTH U JIEKTPOMATIHUTHBIX BOJIH HA MHOTOODOPA3USIX
6e3 Kpas (UaeT pedb 0 ypaBHEHUH TeILIOIPOBOIHOCTH, cucTeMbl ypasuenuit Hasbe — Crokca
u cucreme ypasHenuii MakcBesuia) ¢ UCHOJIb30BAHUEM B KadecTBe OOOOIICHNs] HHBAPUAHT-
HO#1 opMBI 3amucu ypaBHeHus auddy3un B npocTpaHcTBax AuddepeHnuaabHbpx (HGopM
pa3Horo pasra u mcesaoauddepeHIuaibHbIX OlepaTOPOB Ha HUX(OAMH U3 HUX OIEPATOD
Jlammaca — Beabrpamu). Kak npumep MmHOroo6pasust 6e3 kpast npuBoguTcs cdepudieckast
[IOBEPXHOCTb 3€MHOIO [Iapa U CTABUTCS BOIPOC O HEOOXOIUMOCTHU MPOBEJECHUSA TIOM0OHBIX
UCCJIEJIOBAHUI M, OTMEYAETCsl, CBA3b MEXKJY PEIIeHUSIMU YPABHEHWUH TEILJIONPOBOJHOCTH,
cucrembl ypapaenuii Hasbe — Crokca u cucrembl ypapaenuii Makcsesuia depes CIeKTp orre-
paropa Jlamaca — Besibrpamu na Muoroo6pasuu 6e3 kpasi(B HalleM cirydae Ha cpepruaecKoii
HOBEPXHOCTH PAJUYCa 3eMJIH).

Karouesvie caosa: duddeperyuanvrvie Gopmovl; pumaroso mHo2000pasue; 0nepamop

Janaaca — Beavmpamu; ncesdoduddepenyuarvrvie onepamopbol.
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