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Abstract. In the theory of mixed-type equations, most studies have been carried out for bounded domains
with smooth boundaries and for equations of the first kind. In the present paper, for a mixed-type equation
of the second kind

Uxx +signyly/Muyy =0, O<m<1,

a Tricomi problem is studied in an unbounded domain whose elliptic part is the first quadrant of the plane.
The uniqueness of the solution is proved using the extremum principle. The existence of the solution is
established by the Green’s function method in the elliptic part and by the integral equation method in
the hyperbolic part. In constructing the Green’s function, properties of the modified Bessel functions of
the second kind and the Gaussian hypergeometric function are employed. A Fredholm integral equation of
the second kind is derived for the trace of the solution on the degeneracy line; its solvability follows from
the proven uniqueness. Numerical calculations are performed to visualize the solution, and the results are
presented as three-dimensional surfaces and contour plots. A mathematical and physical interpretation of
the solution is given for various values of the parameter m.
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TToAHBIE TEKCT Ha aHTAMICKOM SI3BIKE
VAK 517.58

Bamaua Tpukomu /ijist ypaBHEHUS CMEINaHHOTO THUIMA BTOPOTO
posia B 00JIaCTH, JUITATITHYUECKAasT YacTh KOTOPOil — ImepBas
94eTBePTh ILJIOCKOCTU

P.T. Bynnynos*:?, III.A. Bekmowesa®, P.U. Ilaposux®+*

WucturyT MaTemaTuky uMenu B.V. PoMaHOBCKOr0O akapeMuym HayK Pecrnybamku Y30eKuCTaH,
100174, TamkeHnT, yA. YHUBEPCUTETCKAS, A. 9, Y3beKucTan

2 duaman PI'Y Hedru u laza (HAY) umern V.M. I'y6runa B r. TamkerTe, 100125, T. TamxenT,
Mup3so-Yayrbekckuil paiioH, ya. AypMoH #yan, A. 34., Y3bexuctan

Koxragpckuit meparorudeckuit mEcTuTyT, 150700, 1. Kokana, ya. MoBapoyrHaxp, 77, Y3bexkucTan
VHCTUTYT KOCMOU3NIECKIX UCCAEAOBAHNY 1 pacupocTpanerus papuoBoar ABO PAH,

684034, c. [Taparyuka, ya. Mupsas, 7, Poccus

AuHoTanusi. B Teopum ypaBHEHWI CMEIIaHHOTO TUIa GOABIIMHCTBO WUCCAEAOBAHUWMN BEIIOAHEHO AAS
OrpaHUYEHHBIX 0bAaCTeEN C TAAAKOM I'PAaHUIEH ¥ AAST YPaBHEHUI IIEPBOro popa. B HacTosmel pabore Ans
YPaBHEHUSI CMEIIIAHHOrO TUIIA BTOPOTO POAA

Uxx +signyly/Muyy =0, 0<m<1,

paccMaTpuBaeTcsi 3apada TpUKOME B HEOTPDAHWYEHHOM OBAACTM, SAAUNTHYECKAsT YacTb KOTOPOHR
IPeACTaBASIET COOOM IEPBYIO YeTBEPTH IIAOCKOCTU. EAMHCTBEHHOCTb PEINEHUSI AOKA3BIBAETCSI C IIOMOIIBIO
OprHIUNa SKCTpeMyMa. CyllecTBOBaHMWE pEIIEHUSI YCTAaHABAUBAETCH MeTOAOM GyHKuui ['prHa B
SAAUNTUYECKON YacTX X METOAOM MHTEIPAABHEIX YPaBHEHUH B runepboamdeckoi dactu. [Ipu mocTpoeHun
dyurur ['puHa HCHOAB3YIOTCS CBOMCTBa (YHKIWY DBecceass MHEMOro apryMeHTa BTOPOrO pPOAA X
runepreoMerprieckoi pyuknuu 'aycca. [loanydeHo uHTErpasbHOe ypaBHeHNEe PpeATroabMa BTOPOI'O PoAA
OTHOCUTEABHO CAEAA PEILIEHUsI Ha AWHUYM BEIPOXKAEHUSI, PA3pPEIINMOCTh KOTOPOI'O CAEAYET U3 AOKA3AHHOMN
€AMHCTBEHHOCTH. AASI BU3YaAU3AUUM PELIEHUSI IIPOBEAEHBI YHCAEHHBIE PACYETHI, PE3YABTATHI KOTOPHIX
IPEACTABAEHBI B BUAE TPEXMEPHBIX IIOBEPXHOCTEM ¥ KOHTYPHBIX I'PadUKOB; AdHA MaTeMAaTHYeCKas U
dusmUecKasi UHTEPIPETALNS PEIIEHNsI AASI PA3AXYHBIX 3HAYEHUN IapaMeTpa M.

Kmoueswvie caosa: 3adava Tpukomu, yYpasHEHUE CMEULGHHO20 MUNa 6mopozo poda, NMPUHUUN
axcmpemyma, memod Gyrryuy I'puna, memod UHMEPALLHHIT YPASHEHUL, NEPBAA HemeepMb NAOCKOCMU
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Introduction

A new stage in the development of the theory of boundary value problems for mixed-
type equations is marked by the works of M.A. Lavrentiev [1], L. Bers [2], F.I. Frankl
[3], and others, where the importance of the problem was pointed out, in particular, the
Tricomi problem, in connection with transonic gas dynamics, magnetohydrodynamic
flows with transition through the speed of sound and the Alfvén speed, the theory of
infinitesimal bendings of surfaces, and many other issues in mechanics. It should be
noted that the vast majority of works on mixed-type equations pertain to the study of
boundary value problems for mixed-type equations of the first kind, i.e., only equations
were considered for which the tangent to the parabolic line at no point coincides with
the characteristic direction of the equation at that point [4-9]. It is known that Tricomi
problems arise in various applications, including aerodynamics (for example, in the
study of gas flows at supersonic speeds) and other areas where it is necessary to account
for the change in the type of the equation in different domains [10-11]. For a mixed-type
equation of the second kind in unbounded domains, where the elliptic part of the mixed
domain is a vertical or horizontal half-strip, the problem was studied in works [12-13].

The Tricomi problem for a mixed-type equation of the first kind in an unbounded
domain, where the elliptic part of the domain is the first quadrant of the plane, was
investigated in [9]. In the present work, this problem is studied for a mixed-type equation
of the second kind.

Consider the equation

u«x—f‘Signy|U|mufyy =0, 0<m«<1, (1)

in the unbounded mixed domain QO = O; U l, U Q,, where Q; =
{(x,y): 0 <x < 400,00 <y < 4o}, ly ={(x,y) : 0 < x < 1, y = 0}, and Q, is the
domain in the half-plane y < 0, bounded by the segment AB of the Ox axis and two
characteristics

AC: x—[2/2—=m)] (=)™ =0, BC: x+[2/(2—m)] (—y)* ™ =1,

2
of equation (1), emanating from the point C (%;—(Z_Tm) 2**“).
Furthermore, set

m 1
L={xy):1<x< 400, y=041L ={(x,y) : 0 <y < +o0, x =0},

X

1 J (x —t)" ™V (1) dt, o < 0,

o IMN—a
Dgf(x) =4 Y3
dn+1 a—(n
dxnt1 0% "t (x), >0,

where « is any real number, and n is the integer part of o« > n.
In the half-plane y < 0, equation (1) takes the form

Uxx — (_y)muyy =0, (2)
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In characteristic coordinates
E=x—[12/2—m)] (—y)* ™2 n=x+12/2-m)] (—y)* ™ (3)

equation (1) transforms into the Euler-Darboux equation

B ()
080 m—&\om 038/

It is known that the generalized solution of the Cauchy problem for equation (1)
with initial conditions
limu (x,y) = T(x),0 < x < T (4)
y—0
limaw, (x,y) = 201260 lim (1 — & (w—w) = v(x),0<x <1, (5)
has the form [13]:

1
JT' ) AP(1=A)P (2A—1)ar—

0

1
_ B ki(m—&)
u(&m) =k JT(t) AP(1—2) d7\+m
0

1
kg — ) Jv (AP —A)Fan,
0

242 2(1=28)*r(1-2
Wheret=5+(ﬂ_£)7\’k1zl|:2((];+§))’k2:[( ZFE)(]1j(B) B)‘

Returning to the variables x,y using formulas (3) we have

1 1
u(x,y) =ki JT(t) AB(T — A)BdA+1E—‘m(—y)1m/2JT' (AT —A)P (27 — 1) dA+
’ ‘ 1 (6)
21— 280" Py Jv(t) AB(T—A) A,

0

where t =x + (1—2B) (—y)" " 2 (2A—1).

For any T(x) € C3[0,1] and v (x) € C?10,1], solution (6) is a twice continuously
differentiable solution of the Cauchy problem for equation (2) with initial data (4) and
(5). In the domain ), we consider the following class R of generalized solutions of the
Cauchy problem introduced in [14]. Here, T (x) is the fractional order integral of some
function T (x) continuous in the interval (0, 1) and integrable on the segment [0, 1], i.e.,

T(x) = J T (t)(x —t) P at. (7)
0

Without loss of generality, we assume T(0) = 0; from (7) it easily follows that
T(x) € [0,1] and T’ (x) € (0,1) exists. The function v (x) is continuous on the interval
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(0,1) and integrable on the segment [0, 1]. Then the solution of the Cauchy problem
belonging to class R has the form:

£ n
WEm = [TO M-V E-N P [N =N Pe-nPan @
0 3
where N (A) = 2co]s7r T(A) — kv (A), and the functions T (x) and v (x) are continuous

in the interval (0, 1) and integrable on the segment [0, 1], with T (0) vanishing to order
not less than —203.

From (8), the main functional relation between T (x) and v (x) obtained from the
hyperbolic domain Q; of equation (1) was derived by I.L. Karol [14]:

T(x):kgjv(t)(x—t)zﬁdt—i—F(x),nggh (9)
0

2(1—2p)1* sinmpT? (B)

where F (x) = M 27T (28]

T T(+2B)

DI [PDL Y ()], ke =

Problem Statement

Problem T*. Find a function u(x,y) with the following properties:
1) u(x,y) e C (ﬁ), where Q = Q,UQ; UL ULy,

2) u(x,y) € C*(Q4) and satisfies equation (1) in the domain Q;;

3) 1s a generalized solution of class R in the domain Q;;

4) satisfies the boundary conditions

u(0,y) = 0,0 <y < +o0,u(x,0) = 0,1 < x < 400, (10)
lim u (x,y) = 0,1% = x> + Lzyzfm, (11)
u(x>y)|AC:¢(X))O§X§]/23 (12)

where P (x) is a given function on [0, %} having a bounded and integrable second

derivative.
On the line y = 0 of parabolic degeneracy of equation (1), the gluing conditions
are satisfied:
u(x, —0) = u (x,+0) ,uy(x, +0) = —uy (x,—0).

Uniqueness of the Solution

Theorem. Problem T has at most one solution.

Proof. Let u(x,y) be a solution of the homogeneous problem T* for equation (1)
from class R, in the domain Q, with

u(0,y) =0,0 <0 < +o0,u(x,0) =0,1T < x < 00, (13)
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4
lim u (x,y) = 0,77 =x*+ —zyzfm, (14)
T—00 (2 _ m)
1
U|AC:0,0§X§ z (15)
Here we have {(x) = 0. Therefore, relation (9) takes the form

T(x) = ks Jv (t)(x —t) 2P at, (16)
0

Applying the inversion formula of the Abel integral equation to (16), we obtain

Tt —t(t) . T

in2

7'[k,3

Vv (x)

We prove that w(x,y) = 0 in Q. Assume the contrary, i.e., u(x,y) # 0. Then there
exists a number r > 0 such that there exists a domain (), bounded by the normal

contour S, : x* + (z_tl)zyzfm = rz,y > 0, segments l;;, = {(x,y) : 1 < x <7,y =

0 Ly = {lx,y) : x =0,0 <y < @rﬁ}, and the characteristics AC and BC
of equation (1) where it holds that max|u (x,y)| > 0. By virtue of condition (15),
from the extremum principle for hyperbolic equations [9] it follows that the function

u(x,y) attains its positive maximum and negative minimum in the domain Q,, =
0, N (y <0) on the segment 1y = {(x,y) : 0 < x < 1, y = 0}. On the other hand, by
the extremum principle for elliptic equations [15], the function u (x,y) does not attain
its positive maximum or negative minimum in the domain Q;, = Q, N (y > 0). Assume
that the positive maximum (negative minimum) is attained at a point P (x,,0) on the
interval 1y = {(x,y) : 0 < x < 1, y = 0}. Then from formula (17) at x = xo, since
T(xo) > 0, T(xo) —T(t) > 0, it follows that v (xo) > 0 (v(xo) < 0). This contradicts
the Zaremba-Giraud principle [15] from which it follows that v (xo) < 0 (v (xo) > 0).
Therefore, on the interval 1, = {(x,y) : 0 < x < 1, y = 0}, there are no extremal
values. Due to conditions (13), extremal values are not attained on l; and 1, either;
besides, u(0,0) = 0. Consequently, the function u (x,y) € (Q,) attains its positive
maximum and negative minimum in the domain Q, on §,, i.e., the following inequality
holds 0 < Ju(x,y)| < max |u(x,y)|. Carrying out similar reasoning for any d > r,

we obtain the inequality 0 < Ju(x,y)| < max |u(x,y)| in the domain Q4. Considering
Sa
that Q, € Qq and u (x,y) const, we have 0 < max |u (x,y)| < max |u(x,y)|. The last
Sy d
inequality contradicts condition (14). Hence, our assumption is false, i.e., u(x,y) =0,

(xy)eQ.O

Existence of a Solution

Now we proceed to prove the existence of a solution. The solution of the Dirichlet
problem satisfying conditions (10) and (11), as well as the condition u(x,0) = t(x),
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0 < x <1, obtained by the Green’s function method, has the form:

1

u(x,y) = j T(1)G, (%, y;1,0) dt (18)
0

where G (x,y;t,s) is the Green’s function of the Dirichlet problem and

p—1 p—1
4 4
G (%y;t,0) =ky{ —[(x = )" + ———y* ™|  + |x+t)}+—sy?™
(%,y;t,0) = ky [( ) 2wy (x+1) 2wy )
1/ 4 \7r2a-—
k = s (m) H’ I'[z] is the gamma function [9].
Differentiating (18) with respect to y, we have
ou(x,y) ] 0
u(x
ay)y = JT(X) @GS (x,y;t,0) dx.
0
Using the obvious identity
p—1 p—1
g 2 4 2-m | 0 2 4 2—m
— x—t) '+ — =————<((x—t) [(x—t) + ——

and applying the method of integration by parts, considering that T(0) = t(1) = 0,
and passing to the limit as y — 0, we obtain the second functional relation between
T (x) and v (x) from the elliptic part of the mixed domain

X 1

v(x) =+ _kz 3 J (x —t)** 7't (t) dt—J(t—x)zB]T' (t) dt y +

0 X

1
+ kJT (1) (x +t)*%dt. (19)
0

Eliminating v (x) from the functional relations (9) and (19) using the gluing condition
v1 (x) = —v (x), we obtain a Fredholm integral equation of the second kind for 7 (x) in
the following form

1
T(x) + K3 JT (DK (x, 1) dt = F(x), (20)
0
K, (X)t)>t>x)
K(x,t) = kI (2B)T (1 —2B) 1428
Ko+ 58 F ap) (x—1) " t<x,
K (x,1) = r(1—2p)x2 KM (2B)T (1 +2p)
PO T TR (x ) (1 2p) x 1
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Since —% <P <0and 0 < 1+ 23 < 1, the kernel K(x,t) has a weak singularity at
x =1, and at x = 0 it has a fixed singularity of order less than one.

The solvability of equation (20) follows from the uniqueness theorem for problem
T>. Having determined 7 (x) from equation (20), we find v (x) from (19), and then
using formulas (8) and (18) we obtain the solution u (x,y) in the domains Q; and Qj,
respectively.

Visualization of the Solution and its Interpretation

We demonstrate that the solution of the Tricomi problem T is found correctly and
construct its graph. To construct the graph of the solution of the Tricomi problem T°°,
we use numerical methods. This is because the Fredholm integral equation of the second
kind (20) must be computed numerically, as well as the other integrals in formulas (19),
(8), and (18). Choose the parameter value m = 0.5, then the characteristics form the
domain in the hyperbolic part (Fig. 1).

Characteristic triangle ABC (m=0.5)

0.10
0051 Al0,0) B(1,0)
0.00 P -
? e - ¢
- -
—0.05 - g -
\\\ ”f
> —0.10 + ~ -~
~ P
Y -
—0.15 - e o
— = Characteristic AC o ,,"
—0.20 1 —~ Characteristic BC \\\ Pig
m— Segment AB S »”
—0.25 ) -
Region Q2 "-.’ C(0.50,-0.27)
0.0 0.2 0.4 0.6 0.8 1.0
X

Fig. 1. Solution domain in the hyperbolic part for m = 0.5

In the elliptic part, for visualization, we restrict the domain to the rectangle
O ={{xy}:0<x <1,0 <y < 0.4} On the characteristic AC, we set condition
(12): ¥ (x) = x(0.5—x),x € [0,0.5]. This function has a continuous and integrable
second derivative.

Next, we solve the Fredholm integral equation of the second kind (20) using
quadrature formulas with cubic splines to determine T (x), and then v(x) using
formula (19). These data are necessary to construct a unified solution u(x,y) in the
entire domain Q. Since T(x) and v (x) are computed numerically, the solutions using
formulas (8) and (18) are also computed numerically using quadratures. The results of
constructing the solution are shown in Figure 2.

In Figure 2, we see the surface formed by the solution u (x,y) of the Tricomi problem
Te°.

100



Tricomi problem for a mixed-type equation ... ISSN 2079-6641

Solution of the T* problem, y(x) =x(0.5 -x), m=0.5 Contour plot with characteristics

0.05819
0.05172
0.04526
0.03879
0.03233 ;
X

El

0.02586

0.01940

region 0.01293

0.00647

== Characteristic AC

== Characteristic BC

—— Matching line y=0 C(0.50,-0.27) 0.00000

X

Fig. 2. 3D surface and contour plot of the solution u (x,y) of the Tricomi problem T*

Here one can see that a disturbance (incident wave) is set on the left boundary of
the hyperbolic region (characteristic AC) according to condition (12), which propagates
along the characteristic and towards the boundary (degeneracy line y = 0). At the
boundary, interaction with the traveling wave occurs, and due to the gluing conditions,
stationary and rapidly decaying disturbances arise in the elliptic part according to
condition (10). This is visible in the contour plot, where warm colors correspond
to maximum values and cold colors to minimum values. Furthermore, outside the
characteristic triangle in the hyperbolic part, the solution u(x,y) = 0 according to
condition (11), which corresponds to silent zones. It should be noted that the traveling
wave cannot penetrate the degeneracy line into the elliptic part, but it can reflect from
it and move towards the characteristic BC, decaying.

Overall, Figure 2 indicates that the Tricomi problem T°° was solved correctly,
fulfilling all conditions (10)-(12), as well as the gluing conditions on the degeneracy
line.

Conclusion

In this work, the Tricomi-type problem T* for a mixed-type equation of the second
kind in an unbounded domain, whose elliptic part is the first quadrant of the plane,
was investigated. Such a formulation extends known results for mixed-type equations
to the case where the elliptic domain is unbounded and the degeneracy line belongs to
the second kind.

The main results of the work can be summarized as follows:

1. The uniqueness of the solution of problem T* is proved using the extremum
principle. The proof is based on an analysis of the maximum principle for the
elliptic and hyperbolic parts of the domain combined with the functional relation
obtained from the hyperbolic part and the Zaremba—Giraud principle, ultimately
leading to a contradiction with the condition at infinity.
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2. The existence of a solution is established by reducing the problem to a Fredholm
integral equation of the second kind for T(x) on the degeneracy line. For this
purpose, two independent functional relations between t(x) and v(x) were derived:
one from the hyperbolic domain (using the theory of the Goursat problem)
and another from the elliptic domain (using the Green'’s function method). The
resulting integral equation has a weakly singular kernel, and its solvability follows
from the proven uniqueness theorem.

3. The solution is explicitly constructed in both parts of the domain. In the elliptic
domain, the solution is represented as an integral of T(x) with the Green’s
function of the Dirichlet problem. In the hyperbolic domain, the solution is given
by an integral representation belonging to class R, which allows accounting for
singularities on the characteristics.

4. A numerical visualization of the solution was performed for a specific parameter
value m = 0.5 and a given condition on the characteristic {(x) = x(0.5 — x). The
constructed three-dimensional surface and contour plots clearly demonstrate the
wave propagation from the characteristic AC, its interaction with the parabolic
degeneracy line, and the formation of stationary rapidly decaying perturbations
in the elliptic part, which is consistent with the boundary conditions. The
numerical results confirm the validity of the analytical approach and the physical
interpretation of the problem.

Thus, problem T is well-posed in the considered unbounded domain. The methods
developed in this work — the extremum principle, the Green’s function method, and the
integral equation method — can be applied to a wider class of mixed-type equations of the
second kind in domains with unbounded boundaries. Future research directions include
generalizing the obtained results to the multidimensional case, investigating nonlinear
analogs of the equation, and considering problems with other types of boundary
conditions, such as Frankl or Bitsadze—Samarskii problems.
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