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Abstract. We consider the reduction of the degenerate difference-differential equations
with Fredholm operator in the main expression to the regular problems. It is shown how
the question of the choice of boundary conditions is connected with the Jordan structure
of operator coefficients of the equations. The problem of the choice of boundary conditions
is solved. The theorems of existence and uniqueness of boundary value problems are
proved. The abstract theorems are used for statement and investigation of boundary value
problems for partial differential equations and difference equations with degeneration.

Keywords: degenerate equations, Jordan sets, Fredholm operator, boundary value prob-
lems.

Introduction

The correct statement and investigation of a boundary value problem for
degenerated systems is the major part in the modern theory of partial differ-
ential equations [2]. In case of Fredholm operator at the main differential ex-
pression the following methods were used: the analytical Nekrasov-Nazarov
method [1], [14], the Lyapunov-Schmidt method [23], the Jordan set tech-
nique [23], a technique of psedoinverse operators [5] and their modifications
[7], [11]-[18], a group symmetry methods [20], [22], a method of differential
inclusions [3], a topological method [14], methods of regularization of ill-
posed problems [12]. It should be noted that, unlike the classical bifurca-
tion theory [23], for these problems the analog of the Lyapynov-Schmidt
bifurcation equation is differential or integral [12]. Finally, the theory of
analytical groups and semigroups of generating operators was developed in
[19] in order to solve singular problems. The theory of generalized solutions
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of such problems in the class of Schwartz distributions was constructed in
[8], [24]. The results of these investigations have many applications (see
references in [12], [19], [24]).

However, in all papers mentioned above the problems were considered,
which could be interpreted as ordinary differential equations in Banach
spaces. On the other hand, there are a lot of systems of partial difference
differential equations with a noninvertible operator in the main part, which
can not be interpreted in this way. So, in papers [6],[9], [10], significantly
more complex degenerated partial differential equations in Banach spaces
are considered. In this paper we develop the similar results for difference-
differential equations.

Let us consider the following equation

Au= LoBu+ LiAju+ -+ LgAqu = f(x), (0.1)

where B and A;,i = 1, ¢ are closed linear operators with the dense domains
from Fj to Es; Ep, B are Banach spaces and D(B) C D(4;),i = 1,q,
x € Q C R", B is Fredholm operator with dimN(B) = dimN(B*) =
n, R(B) = R(B), f(x) : 2 C R" — Ey is a sufficiently smooth function;
linear operators L; act on the sets of abstract functions, defined on = €
2 C R" with the values in Banach spaces E2(FE1) and satisfy the following
conditions:

Conditions 1) and 2) are carried out, for example, for difference- differ-
ential operators of the following form

0

L 8= ¥ d@D + ¥ Hwak
|k|<q: |k <g;
where )
D¥ ?

= )
At ... Oz

k1 kr
Ay =3 N (—)FEeR O (e +ivha, @ k),

11=0 ir=0

G >q > q > ... > qq ak(x),b(z) : @ C R" — R'. In what follows L;
will denote this concrete form of operators. It will be more convenient not
to specify concretely D(Lg).

The investigation of singular equation (0.1) is reduced to regular prob-
lems, i.e. to equations solvable with respect to the main part Lg. A special
decompositions of the Banach spaces F7 and Fy in accordance with the
generalized Jordan structure of the operator coefficients B, A;,i = 1, q are
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used. This reduction makes it possible to pose boundary value problems for
(0.1).

1. P,Q-commutability of Linear Operators in Case of Fredholm
Operator

Let By = M1 ® N1, Es = My @ No, P be a projector on M; along N1, @ be
a projector on My along Na, A be a linear closed operator from E; to Es,
D(A) =F,A€ {Al, . ,Aq}.

Definition 1. If u € D(A),Pu € D(A),APu = QAu then A(P,Q) -
commautes.

Suppose that ¢;|7 is a basis in N(B), ;|7 is a basis in N*(B),
< QryYi >= Oki, G,k =1,n, < z,¢¥r >= 6, i,k = 1,n. Then based on
[23] there is a unique bounded operator I' = (B + Y1 | < ., v > 2) L.
Suppose the following condition is satisfied:

1. Fredholm operator B has a complete A;-Jordan set qﬁl(j),i =1,n,7=

1,pi, B* has a complete Aj- Jordan set w§j),i = 1,n,7 = 1,p;, and the
systems ,Y(J) — qubz(pﬁl—])’zi(ﬁ — A1¢Z(pi+1—3)
corresponding to them are biorthogonal [7].

The projectors

; here i = 1777%] = 1,]92

n_pi . .

P_Y Y < A S W) = (< 1> @), (1.1)
i=1j=1
n_pi . ,

Q-3 <. P >0 = (< v 2), (1.2)
i=1j=1

where k = p; + - - - + p, -root number, generate the direct decomposition
By = Evg @ Eroo—k, B2 = Eop ® Egco—k

Corollary 1. The operator T'(Q, P)-commutes, A1T(Q,Q)-commutes,
LAy (P, P)-commutes, E1no—k, E1) - invariant subspaces of the operator T' Ay,
Eooo_i, Eop- invariant subspaces of the operator AiT.

The proof is carried out by the substitution of the operators I', A;I', I'A4
in formulas (1.1), (1.2), taking into account that %(]) = ([* A7) 1y}, gbg]) =
(Ao} 270 = g 4 = A i =T =T

Suppose the operator A(P,(Q)-commutes, where P,Q are defined by
formulas (1.1), (1.2). Then there is a matrix A, such that A® = AZ,

A*U = A'Y [9]. This matrix is called the matrix of (P, Q)-commutability.
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Corollary 2. The operators B, A1 (P, Q)-commute and the matrices of
(P, Q)-commutability are the symmetrical cell-diagonal matrices:

AB = diag(Bl, .. ,Bn),Al = diag(All, ey .An1),

where

In case when k£ > n let us introduce definition.

Definition 2. The operator G (P, Q)-commutes quasitriangularly, if Ag
is upper quasitriangular matriz, whose diagonal blocks Ay of dimension
Di X Piy Di = 2 are lower right triangular matrices. If in addition p;x = ... =

Pir4s = 1, then in matriz Ag at the left of bloc [Ajj); ; 775 are nulls.

2. The Reduction of Equation (0.1) to Regular Problems

Suppose:
2. The operators As,..., A, (P,Q)- commute.
Then there are matrices A;, i = 2, ¢q, such that

A® = A Z,AFY = AT

Following formulas (1.1), (1.2) we introduce the projection operators
P, @, which generate the direct decompositions

Ey = E, @ Eioo—ky B2 = Eop, © Eoog_j.

Note that I'Eyo_ C Floo—k
We look for the solution of equation (0.1) in the following form

u(z) = To(z) + (C(2), ), (2.1)

where I' = (B+ >, < 7%(1) > 1(1))_1 is a bounded operator, v €
Baooty Clz) = (Cl( )s -5 Cn(@)), Ci(x) = (Cia(2), ..., Cip,(2)), ® =
(®1,...,9,), @ = (¢} ...,qbpl) i=1,n.
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Substituting expression (2.1) into equation (0.1) and noting that BI'v =
v,since Bl =1 -1, < .,1/11-(1) > zz-(l), < v,wgl) >= 0, we obtain

q q
Lov+ Y LiATv+ LoB(C,®) + Y LiAi(C, ®) = f(x). (2.2)
i=1 i=1
The operator I' (@, P)-commutes, so from condition 2 and corollary 1 it
follows that QA;,I'(I — Q) =0, (I — Q)A;I'Q = 0. Hence, QA;I'v = 0,Vv €
Esoo—k. According to corollary 2 B® = ApZ, where Ag = (B1,...,By,) is
a symmetrical cell-diagonal matrix. Consequently,

because (I — @Q)Z = 0. The following equalities hold:
(A;(C,®),¥) = AlC, (B(C,®), V) = AgC. (2.4)

Projecting equation (2.2) onto Ess_j using (2.3) we obtain the regular
equation (solved according to operator Lg):

Lo=(I-Q)f(), (2.5)
where .
L=1Lo+ Y LAT. (2.6)
=1

In order to determine the vector-function C(z) : R" — RF, we project
equation (2.2) onto Egj and using (2.4) we obtain

q
LoAgC + > LiAiC =< f(z),¥ > . (2.7)

i=1
So it is proved

Theorem 1. Suppose conditions 1 and 2 are satisfied, f : Q C R" — FEy
- sufficiently smooth function. Then any solution of equation (0.1) can be

represented in the form
u=Tv+ (C,P)

where v satisfies reqular equation (2.5), and the vector C(x) is defined from
system (2.7).

Since detAp = 0, then system (2.7) is degenerated in the general case.
Let us specify the sufficient conditions on which the systems (2.7) is re-
current sequence of regular linear difference- differential equations (solved
according to operator Lj).

Introduce the following condition:

3 The operators A, ..., A, commute quasitriangularly (see Def.2), or
k=n.
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Lemma 1. Suppose conditions 1, 2, 3 are satisfied. Then system (2.7) is
a recurrent sequence of linear difference- differential equations of order q1
with the operators of the form

q
3 2 : ik
Eks = Ll + a,pk78+1’sL7;.
=2

In particular, if condition 1 is satisfied and Ay = ... = A, = 0, system
(2.7) takes the form

Ly Cipy () =< f(2), 9" >,

L1 Cipy—s(x) =< f(2), 9T > ~LoCip—sp1 (), s = Tpi — Li = L.

Proof follows from lemma 2 [6] or lemma [10].

So if the conditions of theorem 1 and lemma 1 are satisfied then equation
(0.1) can be reduced to regular equation (2.5) and to sequence of regu-
lar linear difference-differential equations (2.7) with order g;. Thus under
condition 3 system (2.7) be pseudosingular system.

Remark 1. Based on lemma 1 the vector components c; in the case p; > 2
are determined from the recurrent sequence of linear equations of order q.

If pi= = ... = pi=4s = 1 then the corresponding elements ci«(x), . .., ci4s(x)
are determined from the regular system of s + 1 equations of order q1. In
particular if py = --- = p, = 1, then Ag become zero.

3. The Choice of Boundary Conditions

In this section conditions 1,2,3 are satisfied. In the preceding section for
the definition of projections (I — P)u, Pu the solution u of equation (0.1)
we constructed equation (2.5) with regular operator

q
L= Lo+ Z L;A;l,
=1
and system (2.7), splitting into recurrent sequence of linear equations with
regular difference-differential operators

q
ik
Lis = L1+ Z a;k_8+17sLi.
=2

_ The main part of operator L has the order o, the main part of operator
Lrs - the order ¢;. Because g1 < ¢o then the boundary conditions on
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projections Pu, (I — P)u may be different in the general case. If ¢; = 0
then boundary conditions may be given only on the projection (I — P)u.
Let w =01 Ny C .
We shall find the solution u : w C R" — Ej of equation (0.1), whose
projections Pu, (I—P)u are subjected to the following boundary conditions:

71(I — P)u= a(x),z € 04, (3.1)
ToPu = [(x),z € 0Qs. (3.2)

Here 71,7 are linear difference-differential operators in the space of ab-
stract functions, which commute with the projection operator P and with
the operators B,I'. So the functions «(x),(x) must satisfy conditions
Pa(z) =0,(I — P)B(x) = 0. Let the conditions of theorem 1 be satisfied.
We shall search for the solution u of equation (0.1), which satisfies boundary
conditions (3.1), (3.2). Based on theorem 1 the solution has the form

u(z) =T'v(z) + (C(x), ), (3.3)

where v satisfies (2.5) and the condition Qv = 0. The components of the
vector C' can be find from system (2.7).

Lemma 2. Ifv,C satisfy the boundary conditions
T1v = Ba(x),x € 09y, (3.4)

2(C, ®) = B(z),x € 0y, (3.5)
then solution (3.3) satisfies boundary conditions (3.1), (3.2).

Proof. Since Pu = (C, ®), then condition (3.2) holds if and only if condi-
tion (3.5) holds. Since Qu = 0, PT" = T'Q, then (I — P)u = I'v. By applying
the operator B to the both sides of this equality, we obtain v = B(I — P)u.
From here mv = 7 B(I — P)u = Ba(z), and so B[ri(I — P)u — o(z)] = 0,
ie, (I — P)u — a(z) € > cig;. So if v satisfies condition (3.4) then v
satisfies (3.1). Besides, it is not difficult to understand if v satisfies (3.1)
then v satisfies (3.4).

Lemma 3. If Kerl = {0} then any solution v of equation (2.5) with
condition (3.4) lies in the subspace Easo—}.

Proof. Since @B = BP, Pa(z) = 0, QA;T' = A;I'Q, then the projection
Qv satisfies homogeneous problem LQv = 0. As Ker(L) = {0}, then Qu =
0and v € Foso_k-

Suppose o

4. Operators L, L, have the bounded inverses.

Then based on lemma 2, lemma 3 and theorems 1 we obtain the following
result
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Theorem 2. Let conditions 1, 2, 3, 4 be satisfied. Then problem (0.1)
with conditions (3.1), (3.2) has the unique solution

u(z) = To(x) + (C(a), D),

where v satisfies problem (2.5), (3.4), vector C- equations (2.7) with con-
dition (3.5).

4. Examples

Theorem 2 can be used for the statement and the investigation nonclassical
boundary value problems for partial differential and difference equations

with degeneration.

1) Suppose that the coefficients a;(z, y), b;(z, y) of elliptic equation (A 1o

o2 82 .
52 T ay7)

0 0 0 0
(A + al((lﬁ,y)% + a2(x7y)87y +a3($7y))Bu+ (% + bl(x7y)87y+

are defined in bounded domain Q C R? and belong to the space Cl,gya(ﬁ),

Il >2,a € (0,1),f : Q — E, belongs to the space Cj_2,(f2). Fredholm
operator B has a complete A -Jordan set, A is a compact operator.
Let the domain w C 2, dw = [; Uy , where [; is the part of the straight

line z = zo(fig.1).

Y

y

Fig. 1. Example of a domain
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We shall consider the ”weakened” Dirichlet problem for equation (4.1)
in the domain w, i.e. the problem of finding function u, satisfying equation
(4.1) in w, and on the boundary dw the conditions

Ulo=zo = P0(Y), (4.
(I_P)u|31 = ¢1($,y)a (4'

where ¢o, ¢1 € Cio, Po1 =0, (I — P)®o(y) = ®1(20,y), ¢0,$1 € D(B).

Note that weakening the classical statement of the Dirichlet problem is
that there is no condition on projection Pu along 9; of the boundary Ow.
It is connected with that Pu will be defined from the system of the first
order.

Based on theorem 1 the solution has form (2.1).

If condition 4 is satisfied and | > 2max;<;<;p; then based on theorem 2
problem (4.1)-(4.3) has the solution in the class Cj o (@).

Suppose that the homogeneous problem

2)
3)

< 0 0
Lu = (A + al(xvy)i + a2(x7y)7 + ag(.’E,y))U"‘

Ox oy
+(8+b(l‘ )g—i—b(x ))ATu =0
al‘ 1 7y 8y 2 7y - I
ulg, =0

has only the trivial solution. Notice that this condition will be satisfied if
the diameter of the domain w will be sufficiently small. It is not difficult to
show that £ is continuously invertible. In fact A is a compact operator, I'
is a bounded operator, so Al is a compact operator. So the problem

E’U = (I - Q)f(xvy)
with the ordinary Dirichlet conditions
U’m:xo = B(I - P)¢O

U’al = B¢1
can be reduced to the equation of the second kind with the compact opera-
tor. (In the case when E; = Ey = R" it was shown in [2]). So the operator
L is Fredholm operator, and also N(£) = {0}. Therefore it is continuously
invertible. Based on lemma 1 coefficients of the vector C(z,y) are defined
from the split recurrent sequence of linear differential equations of the first
order with the boundary condition

(Ca (I))|x:x0 = P¢0(y)

So the conditions of theorem 2 for problem (4.1), (4.2), (4.3) are satisfied
and it has unique solution in the class Cj o (@).
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Remark 2. If operator B has a complete Ai- Jordan set, Ay, As are
compact operators, a;;&E; > vy 2. v — const > 0,

0 d 0? 4 0
Lo(+—) = i a. o % a_ )

0 0 " 0
Li(=—)=— i ,
1(81') 8x1+22:b(x)8xi

reQC R,

then similar results can be obtained for the equation

0 0
Lo(%)BU + Ll(%)Alu + Asu = f(x),x € w,

with the boundary conditions (fig.2):
(I — P)ulg, = ¢o(x), PPy =0,

Puly, 0 = ¢1(22,. .., 2r) (I —P)®, =0.

+

8
[t

Fig. 2. The domain in the remark

2) Now we consider the initial value problem for difference equation of
the first order

B(u(x + 1) —u(x)) + Au = f(x), (4.4)
(I = P)ulz=0 = uo, Pug = 0. (4.5)

Here operators B, A satisfy condition 1, where A; ) A,xeQ=4{0,1,2,...}.
We look for the solution of (4.4) in the following form
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u(z) =To(z) + (C(x), D).

According to results of paragraph 3 the problem (4.4)-(4.5)can be reduced
to following problems:

v(z+1) —v(x) + Alv(z) = (I - Q) f (), )

)
)

V|z=0 = Bug
Ap(C(z+1) - C(x)) + A1C(z) =< f(x), ¥ > .

and it follows from (4.5) that there is no boundary condition on C
By initial value (4.7) one easily arrives at the next solution

—~ o~ o~
== e
o« N O

z—1

v(z) = (I — AT)"Bug + Y _(I — AT)" "I - Q)f(v),
v=0

under z = {1,2,...}.
Based on lemma 1 coefficients of the vector C(z) are defined from the
split recurrent sequence

Cips(x) =< f(z), " >,

Cipims(@) =< f(2), 05T > ~(Ciprmsir (x + 1) = Cipy—s1 (2)),
s=1,p;—1,i=1,n.

So the conditions of theorem 2 for problem (4.4)-(4.5) are satisfied and
it has unique solution.

5. Conclusion

In regular case, when the operator in the leading part of degenerate equation
is continuously invertible, we can apply for investigation the well-known
methods [2]. In irregular case, the problems stated for such equations in
the standard way in general have no classical solutions [6]. It was shown in
[6] that the solvability depends on the lowest terms. Thus, the question on
influence of the lowest terms is important for statement of the boundary
value problems in the theory of difference- differential equations with a
noninvertible operator in the leading part.

Correct statement of boundary value problems for partial differential
equations and difference equations with Fredholm operator in the split
leading part and their investigations can be simplified significantly if to
find a reasonable projection of the solution onto subspaces in accordance
with properties of the Jordan structure of the operator coefficients of the
equation [6], [9], [10].



DIFFERENCE-DIFFERENTIAL EQUATIONS 265

In general, the choice of boundary conditions for equation (0.1) which
supply the existence of the unique classical solution for arbitrary f(z)
is difficult. So, we need to extend the class of solutions, where we seek
for the boundary value problem solutions of equation (0.1). For example,
we can suppose that coefficients of projection Pu are the elements of the
distributions space. This extended notion of the solution for equation (0.1)
when z € R! was investigated in [8].

The method proposed in this paper of reduction of equation (0.1) to
regular problems can be applied to investigation in the case, when operator
coefficients of equation (0.1) depend of z.
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H. A. Cunopos, O. A. PomanoBa

duddeperHnuaibHoO-pa3HOCTHBIE yPaBHEHUs ¢ P PEAT0JIbMOBBIM
oIIepaTopoM IPH IJIaBHOM YacTu

Amnnoranusi. PaccmarpuBaercst petyKipsl BBIPOXKIEHHBIX JuddepeHInaibHO-pas3-
HOCTHBIX YPaBHEHUII ¢ (ppeIrOIbMOBBIM OIIEPATOPOM IIPHU IVIABHOM 9aCTU K PEryIsSPHBIM
3amadaM. [lokazano, 4T0 BHIOOD HAYMAJILHBIX YCJIOBUI CBSI3aH C YKOPJAHOBON CTPYKTYPOI
orepaTopHbIX KO3 UIMHTOB ypaBHeHuil. Perrena 3aj1ata BbIOOpa HAYAJIBHBIX YCJIOBHUIA.
JlokazaHbl TEOPEMBI CYIIECTBOBAHUS U €UHCTBEHHOCTH JJIsI 3824 C 33 IaHHBIMY Hada b
HBIMH ycJoBUAMU. [loydeHHbIe Pe3yJIBTATHI UCIOIB3YIOTCS ISl IIOCTAHOBKHU U HUCCIIE0-
BaHWS TPAHUIHBIX 337144 JJTst AU DEPEHITNATBHBIX YPABHEHNN B YACTHBIX ITPOM3BOIHBIX
¥ Pa3HOCTHBIX YPABHEHHUI C BBIPOXKIEHUEM.





