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Abstract. It is proposed a generalization of the method developed by the authors for the solution of
the R-linear conjugation problem on the unit circle with rational coefficients. It is done an equivalent
reduction of the matrix-functions to the triangular form using the structure of the considered matrix-
functions (namely, rationality of one of the rows or the columns). Then the obtained triangular
matrix-function is factorized by applying G. N. Chebotarev’s approach.

1. INTRODUCTION

The paper deals with an explicit solution of the factorization problem for a class of partly non-
rational matrix-functions.

In the classical framework, the factorization problem means a representation of a square non-
singular matrix-function G € G(M(T))"*" defined on a simple closed smooth curve I' on the complex
plane C in the following form:

G(t) = GT(t)AMG (1), (1)
where non-singular matrices G (¢), G~ (t) possess an analytic continuation into D¥, D™, respectively.
Here, DT, D~ are the domains on the Riemann sphere lying, respectively, to the left and to the right
of the curve I', with respect to the orientation chosen on I'. A(t) is the n x n diagonal matrix,

A(t)diag{(i:ij)%l,...,(i:j_r)aen}, 2)

and t+ € DTt~ € D™ are certain (fixed) points. In particular, if I' = R, then one can choose

tht =it = —i,

and if I' is a bounded curve and 0 € D*, then

t—t*
=t
t—t—
The integers &1, . . . , &, are called partial indices, and the matrices G~ (t), G*(¢) are known as minus-,

plus-factors. The factorization of type (1) is called left-factorization or classical left-factorization. If it
exists, then the partial indices are uniquely determined up to their order, i.e., they are invariants of the
factorization problem. Upon interchanging G (t) and G~ (¢) in (1), we arrive at the right-factorization.
In the above definition, by M(I))"*" is denoted a class of all square n x n matrix-functions defined
on I', and G stands for invertible matrix-functions.

Factorization problem has a long and interesting history (see, e.g., [7, 10, 14, 24] and references
therein). Initially, it is linked to the name by Bernhardt Riemann or, more precisely, with two problems
formulated by him, known as the Riemann boundary value problem (or Riemann-Hilbert boundary
value problem, or C-linear conjugation problem, see [9]), and the Riemann monodromy problem
(or 21st Hilbert problem, or Riemann—Hilbert problem, see [5]). Importance of the factorization
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problem is due to its relation to several mathematical problems of different nature and to its numerous
applications.

At present, the factorization problem is interesting due to its connections with the notable mathe-
matical problems (vector-matrix boundary value problems, systems of singular integral equations, the
Wiener—Hopf and other convolution type equations, the Riemann—-Hilbert problem, classification of
vector bundles on the Riemann sphere, non-linear evolution equations, the Toeplitz operators, etc.),
as well as with the applied problems (elasticity and elasto-plasticity, radiation and neutron transport,
wave diffraction, fracture mechanics, geomechanics, signal processing, financial mathematics, etc.).
Several monographs and extended surveys on the theory, on specific approaches and applications of
the factorization of matrix-functions have been published (see an extended list of references on the
theme in the survey paper [12]).

Due to the above-said applications, special attention is paid to constructive approaches, meaning
exact formulas or explicit algorithms to the exact calculations (see [24] and references therein). One of
a widely used approach is due to Chebotarev [6], who proposed an explicit algorithm for determination
of factors and partial indices for 2 x 2 triangular matrix-function. This algorithm is based on exploiting
of the representation of a ratio of functions in a continued fraction. Generalizations of Chebotarev’s
algorithm is proposed by many authors (see [1,12,15,21]).

Stability analysis is one of the important directions in the study of the factorization problem (see
pioneering works [4,11], as well as [13]). Investigations of the proposed algorithms from the stability
point of view is very important especially when we are aimed at getting an approximate solution to
the factorization problem (see, [2,3,16,17]). We have also to mention here the Janashia—Lagvilava
method (see, e.g., [8]) the essential components of which are the triangular factorization followed by
the appropriate approximation and the construction of unitary matrix-functions of a special form.

The factorization problem is tightly related to the study of vector-matrix boundary value problems.
In fact, the factorization of a given matrix G(t) is equivalent to the construction of the canonical matrix
for the homogeneous Riemann boundary value problem (C-linear conjugation problem) (see [20]) with
G(t), being its matrix coefficient

OT(t)=G@t)® (¢),t . (3)
The so-called R-linear conjugation problem [18,19]
e (t) = a(t)p™ (t) + b(t)p~ () +c(t),t €T, (4)

is also reduced to problem (3). Factorization of the corresponding matrix coefficient of the reduced
problem plays an essential role [22,23]. Thus in [22] is proposed a new algorithm of factorization
consisting of two-fold application of Chebotarev’s approach, namely, an equivalent reduction of the
considered matrix to the triangular form followed by the direct use of Chebotarev’s approach. This
method is applied to the polynomial [22] and to the rational [23] 2 x 2 matrices related to the R-linear
conjugation problem.

In the present paper, we generalize this method and use it to the factorization of partly rational
2 x 2 matrices, i.e., the matrices with one rational row or one rational column. Such matrices may be
either related to R-linear conjugation problem or to have an arbitrary structure.

2. REDUCTION OF THE MATRIX TO THE TRIANGULAR FORM

Let us consider a square non-singular matrix-function G € G(M(T'))?*?2 defined on a simple closed
smooth curve I' on the complex plane C,

_ (alt) b(t)
a0 = (i) o). ®)
Let DT = intl’ and D~ = extI stand for the interior and exterior parts, respectively, of I and assume
DT 350, D™ 2 co. Suppose that one of the rows ((a,b) or (¢, d)) or one of the columns ((a, ¢) or (b, d))

is a rational function, but the remaining terms are arbitrary functions. Without loss of generality, we
may assume that rational are the functions b(t), d(t). All other situations can be reduced to this one
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by multiplication of the matrix G(¢) by a constant matrices of the unit determinant Ty = (_01 0)

from the left/right or from both sides.

2.1. Reduction to the triangular form: the case of the unit determinant. In this subsection,
we consider the reduction to the triangular form of the matrices with the unit determinant

det G(t) = a(t)d(t) — b(t)c(t) =1, teTl. (6)
Such an assumption is rather technical and we will discuss it in the next subsection.

We start with the following equality:
Xo)L(t> = G(t)XO,R(t), tel, (7)
_ d(t) —b(t) . a(t) .
_ — 1 — att)
where Xo 1(t) = E2, Xor(t) = G7(t) = (c(t) a(t) ) By the assumption, (@) is a ratio of
polynomials bg; gg) We also suppose, without loss of generality, that deg Q(t) > deg P(t) (if not,

we interchange columns of G~1(¢) by multiplying (7) by Ty from the right).
Q(t)

Our further aim is to expand V0] in a finite continued fraction
Q) 1
—= = S(t) + . (8)
P(t) Si(t) + m
Si(®)
First, we divide polynomial Q(¢) by the polynomial P(t) and obtain the representation
dit) _ Q(t) Ri(t) P(t) _ R()
— = So(t) + S 1-5)(t) == = . (9)
b(t)  P(t) P(t) Q) Q)
Next, we divide polynomial P(¢) by the polynomial R;(t) and obtain the representation
P(t) Ry(t)
=51t Ry(t)S1(t) — P(t) = —Rao(t 10
(1) 1()+R1(t) 1(t)S1(t) — P(t) 2(t), (10)
then we divide the polynomial R (¢) by the polynomial Rs(t) and get
Ry(t) R3(t)
= Sy(t < Ri(t) — Ra(t)Sa(t) = Rs(t 11
Rg(t) 2( )+ Rg(t) 1( ) 2( ) 2( ) 3( )7 ( )
and continue this process up to the I-th step. The last division of the polynomials in our representation
of ?,8) in the continued fraction yields two possible situations:
(a) R;—1(t) is divided by R;(t) with the vanishing remainder (R;11(t) = 0), i.e.,
Ri_1(t)
= 5(t). 12
e = s (12)
(b) R;—1(t) is divided by R;(t) with a constant remainder (R;4+1(t) = C), i.e.,
lel(t) C
= S(t) + . 13
Now, we transform relation (7). First, we multiply the both sides of (7) from the right by the
polynomial matrix
1 0
T (t) = <So(t) 1) . (14)

Then we obtain a new right-component X r(t) of the solution to (7),

s == (100 05) =408
d(tt) R(t ) d(tt) P(t)
(Q(];l(l) Qc(z()t) ; (15)
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where Fy(t) = —c(t) +a(t)So(t). Next, we multiply from the right both sides of the relation X; 1 (t) =
G(t)X1,r(t) by the polynomial matrix

Ty(t) = (é Slf”) . (16)

Then we obtain a new right-component X, r(t) of the solution to (7),

)
d(t d(t)
Ko 2lt) = Xo Ty (OTs(6) = (le () 5% (Ri(®)Si(t) - P(t)))

Fl(t) Fg(t)
(YR (1) — Ry (1)
- (Q%@) ) 1)

where Fy(t) = F1(t)S1(t) + a(t).
Thus, for k even, k£ <[ — 1, we have the representation

_ _ [ EGB () — G Re(t)
Xi,r(t) = Xor(O)T1()To(t) ... Tx(t) = (Q(f‘lk—1(t) Q}(,li(t) (18)
and for k odd, k <1 — 1, we have
Xinlt) = Xo r(OT (OT(0) .. Tu(t) = (@0 FHD G Ren (@) (19)
’ ’ Fy(t) Fiya(t)

Therefore in the case (a), we obtain two different representations of X; r(t) = X;_1,gr(¢)Ti(¢) in
the triangular form:

C(ER @) SR 1 0\ [ o —dUp .
.r () = (Q(Z;z_l(t) Rt (Sl(t) 1)‘ Faw R ) L Eeren (20

_ (SRR —EERa@) (1 S _ (SBRE 0 .
Xl,R(t)_<Q(1%l(t) QI(TZ)_1(t) (0 ) >_ Q(I;l(t) Fan®)) I isodd.  (21)

The first form of representation (20) can be transformed to the second one (21) if we multiply the

relation X 1 (t) = G(t) X gr(t) by the matrix T;14(t) = (_01 (1)), Le., we have
O )0
X, t)=[e®n " . 22
+1,r(t) < YR R (22)

In case (b), we obtain two different representations of X; g(t) = X;_1,r(¢)T;(¢) in the triangular
form:

d(t) _d) 40 o _de)
X, at) = (@@l () —ga ) ( 1 0): onC o) 1 igeven, (23)
’ F_4(t) F(t) Si(t) 1 Fia(b) F(t)

d(t) d(t) d(t) d(t)
Xpa(t) = (@10 —gufia®) (1 Sl(t)): e fil) 2@ ) | | isodd  (24)
’ R Fa@ )0 1 R Fil)

The first one is reduced to the triangular form by multiplying X; 1 (¢t) = G(¢) X r(t) by the matrix
1 Rl(t)
T = C
l+2(t) (0 T )

da(t) C

B T 0
X )= QW , 1 s , 25
1+2,r(t) (F‘l+1(t) Fl+2(t)> is even (25)
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and the second one by multiplying X; () = G(¢)X; r(t) by the product of two matrices T;13(t) =

1 0 0 1
(Rlc(vt) 1) (_1 0). Hence

a)
Xi+3.r(t) = Q(t)C 0 , 1 iseven. (26)
—Fi(t) Figa(t)

Taking into account that the matrix G, as well as all transformation matrices T} are polynomials
and have the unit determinant, we can conclude that the following statement holds.

Lemma 1. Let the matrices Xs r(t), s = 1,1 + 1,1+ 2,1 + 3 be determined by formulas (21), (22),
(25), (26), respectively, and

Xip(z) =T (2)T2(2) ... Ti(2); Xsp(2) =T1(2)T2(2)... Ti(2)Ts(2),s =1+ 1,1+ 2,1 + 3.
Then the following properties hold for matrices X; 1(2), Xs.1(2), Xs.r(t) :
(1) The matrices X 1,(t), Xs.r(t), s =114+ 1,1+ 2,1 + 3 satisfy the boundary relation
X n(t) = Gt)Xs,r(t), tel. (27)
(ii) The matriz X 1,(t) is a polynomial and thus possesses an analytic continuation X:L(z) into
the domain D7 .

(i) The matriz X, r(t) has no analyticity property, it is defined only on the contour T' and is
represented there in the triangular form

TORy(t 0
Qt l( ) .
<(1()l)+1pvl(t) 7 Qg) ) m Case(a)’
DR
X, r(t) = A(t) = ) (O) o (28)
QW) in case(b).
((1)lﬂ+1(t) g,}%)

n (28), the number s is equal either to l, or tol+ 1, or tol+2, or to 1+ 3.
1t follows that the matriz G(t) is represented in the form

G(t) = XS (t)A (), t eT. (29)
Here,
T 0

! in case(a),
Aty _ ) \EDEQ SR (1) -
(t) = Cc?d((t)) 0 (30)

¢ in case(b).

(o cty) et

Note that the above formulation depends on the parity of the number [. The obtained representation
can be interchanged accordingly.

2.2. Reduction to the triangular form: the case of an arbitrary determinant. In this sub-
section, we consider the case of a nonsingular matrix with a non-unit determinant and two rational
entries. As before, without loss of generality, we can suppose that the second column is a rational
vector. Applying the same transformations as in Subsection 2.1, we can obtain the following result,
similar to that of Lemma 1.

Lemma 2. Let G(t) = ¢ Z ,

a(t)d(t) —b(t)c(t) #0, t € I'). Let the second column of G(t) be a rational vector.
Let the matrices Xs g(t), s = 1,1+ 1,1+ 2,1+ 3 be determined by formulas (21), (22), (25), (26),
respectively, and
Xi,0(2) = T (2)T2(2) - - Ti(2); Xs,0.(2) = Th(2)Ta(2) - Ti(2)T5(2), s=1+1,1+2,1+3.

Then the following properties hold for matrices X 1,(2), Xs,1(2), Xs r(t):

)

t € T, be a nonsingular matriz on T’ (i.e. A(t) := det G(t) =
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(i) The matrices X 1.(t), X5 r(t), s =1,14+ 1,14+ 2,1 + 3 satisfy boundary relation
Xsp(t) =Gt)Xs r(t), tel. (31)
(ii) The matriz X 1.(t) is a polynomial one and thus it possesses an analytic continuation X:L (2)
into domain DT.

(iii) The matriz Xs r(t) has no analyticity property, it is defined only on the contour T' and is
represented there in the triangular form

20 Ri(t) 0
l .
(7621()2)“}?1(15) A(t)Q(t)) in case (a),
Xs,r(t) = A(t) = c 4 d(t)(l)%l(t) (32)
Q) in case (b).
<<1>lﬂ+1<t> UL
In (32), the number s is equal either to l, or tol+ 1, or to 1+ 2, or to I + 3.
It follows that the matriz G(t) is represented in the form
G(t) =X (A (t),teT. (33)
Here
CoIno) 0
(_(1))53«“(1&) d(t) Ri(t) in case (a),
AN(t) = QA((tt)) ADQ(E) 0 (34)
cd) )
Proa () d(t) in case (b).
<(—1)l+1 o Cxmom

2.3. Factorization of matrix G(t). Now, we are ready to factorize the matrix coefficient G(¢) of
problem (3). To avoid additional technical difficulties, let us consider in this section only the case of
unit determinant. More general case will be a subject for further publications.

We start with the representation of the matrix G(¢) in the form (29), where the triangular matrix
A~L(t) has representation (30).

Further, we have to factorize the matrix A~!(¢) following Chebotarev’s approach [6]. The matrix

A~1(t) has the following form:
1 _ Jf(t) 0
270 (00 )

where the components are described in Lemma 1. First, we factorize the diagonal elements z(t), y(t),
zt(t) _yt@
y(t)

i.e., represent them in the form z(t) =

z=(t)’ Ty ()
Then, following [6], we introduce the Cauchy type integral (for its properties one can consult
e.g., [9]) —
1 a(t)x™(7)dr
+ +
=— | —/———— D=, 35
o= (z) 27ri/y+(7')(7'—z)’ € (35)
T
Then the pair of matrices
+ 0
vEe) = ( L7 ) 36
( ) (yﬂ: Py ori(z) yi(z) ( )
satisfies the boundary condition
YH(t) =AY (1), (37)

the matrices are analytic in the corresponding domains and nonsingular everywhere except probably
infinity.

Note that Y*(z) are not necessarily the canonical matrices of the boundary value problem (37)
(see, e.g. [20]), i.e., the order of det Y~ (z) at infinity is not necessarily equal to the sum of orders
of the columns of the matrix Y~ (z) at infinity. To avoid this we expand the function J%(Z) into a
continued fraction
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where Uy(2),U1(2),...,U.(z) are the polynomials of order qo,q1,...,q,, respectively. At each step
(except of the last one) of the expansion, we will have the identities

1=Uy(z)o™ () + Vi(2),
o (2) = Ui(2)Vi(2) + Va(2),

Vi—3(2) = Us—2(2)Vs—2(2) + Vs-1(2),

where the remainder terms V;(z), Va(2),...,Vs—1(2) have at infinity the orders vq,va,...,vs_1, re-
spectively. At the last step, we will have as before either

or

Vie1(z) = Ug(2)Vs(2) + C.

Next, we perform multiplication of both sides of (37) by triangular polynomial matrices of type

(U_l( ) (1)> or ((1) Uil(t) ) in order to get the necessary property of the transformed matrix Y-,

Whenever it is obtained, the orders of the columns a1, &5 of the transformed matrix ff_(z) become
partial indices of the matrix A~!(¢). Finally, we have the following result.

Theorem 1. Let G(t) be a square non-singular matriz-function G € G(M(T))?*? defined on a simple
closed smooth curve I' on the complex plane C. Suppose additionally that at least one row or one
column of the matriz G(t) is rational and det G(t) = 1.

Then the matriz G(t) possesses the factorization

G(t) =GT(t)A®)G(t), teT, (38)

where
6+ =x507 0 a0 = (T L) 60 =a" 070,

Here, the matrices Y (1), Y- (t) are those appeared as the result of the above described transformation
of equality (37).

ACKNOWLEDGEMENT

The work is partially supported by the State Research Program “Convergence-2025”, subprogram
“Mathematical Models and Methods”, grant 1.7.01.4.

REFERENCES

1. V. M. Adukov, Wiener-Hopf factorization of meromorphic matrix functions. (Russian) translated from Algebra i
Analiz 4 (1992), no. 1, 54-74 St. Petersburg Math. J. 4 (1993), no. 1, 51-69.

2. V. M. Adukov, N. V. Adukova, G. Mishuris, An explicit Wiener-Hopf factorization algorithm for matrix polynomials
and its exact realizations within ExactMPF package. Proc. R. Soc. A, 478 (2022), 20210941.

3. V. M. Adukov, G. Mishuris, S. V. Rogosin, Exact conditions for preservation of the partial indices of a perturbed
triangular 2 X 2 matrix function. Proc. R. Soc. A 476 (2020), no. 2237, 20200099, 19 pp.

4. B. Bojarski, Stability of the Hilbert problem for a holomorphic vector. Bull. Georgian Acad. Sci. 21 (1958), 391-398.

5. A. A. Bolibruch, Inverse Monodromy Problems in the Analytic Theory of Differential Equations. (Russian) MT-
sNMO, Moscow, 2009.

6. G. N. Chebotarev, Partial indices for the Riemann boundary-problem with a triangular matrix of second order.
(Russian) Uspehi Mat. Nauk (N.S.) 11 (1956), no. 3(69), 199-202.

7. T. Ehrhardt, F.-O. Speck, Transformation techniques towards the factorization of non-rational 2 X 2 matrix functions.
Linear Algebra Appl. 353 (2002), 53-90.

8. L. Ephremidze, I. Spitkovsky, On explicit Wiener-Hopf factorization of 2 X 2 matrices in a vicinity of a given matrix.
Proc. R. Soc. A 476 (2020), no. 2238, 20200027, 12 pp.

9. F. D. Gakhov, Boundary Value Problems. Third edition, revised and augmented Izdat. (Russian) Nauka, Moscow,
1977, 640 pp.



410

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

L. P. PRIMACHUK, S. V. ROGOSIN AND M. V. DUBATOVSKAYA

1. Gohberg, M. A. Kaashoek, I. M. Spitkovsky, An overview of matrix factorization theory and operator applications.
In: Factorization and Integrable Systems (Faro, 2000), 1-102, Oper. Theory Adv. Appl., 141, Birkh&user, Basel,
2003.

I. Gohberg, M. G. Krein, Systems of integral equations on a half line with kernels depending on the difference of
arguments. Amer. Math. Soc. Transl. (2) 14 (1960), 217-287.

A. V. Kisil, I. D. Abrachams, G. Mishuris, S. V. Rogosin, The Wiener-Hopf technique, its generalizations and
applications: constructive and approximate methods. Proc. R. Soc. A. 477 (2021), no. 2254, Paper No. 20210533,
32 pp. \https://doi.org/10.1098/rspa.2021.0533

G. S. Litvinchuk, Two theorems on the stability of the partial indices of Riemann’s boundary value problem and
their application. (Russian) Izv. Vyss. Ucebn. Zaved. Matematika 1967 (1967), no. 12 (67) 47-57.

G. S. Litvinchuk, I. M. Spitkovsky, Factorization of Measurable Matrixz Functions. Translated from the Russian
by Bernd Luderer. With a foreword by Bernd Silbermann. Operator Theory: Advances and Applications, 25.
Birkhauser Verlag, Basel, 1987, 372 pp.

G. Mishuris, S. V. Rogosin, An asymptotic method of factorization of a class of matrix functions. Proc. R. Soc. A,
470 (2014), no. 2166, 20140109.

G. Mishuris, S. V. Rogosin, Factorization of a class of matrix-functions with stable partial indices. Math. Methods
Appl. Sci. 39 (2016), no. 13, 3791-3807.

G. Mishuris, S. V. Rogosin, Regular approximate factorization of a class of matrixfunction with an unstable set of
partial indices. Proc. R. Soc. A, 474 (2018), no. 2209, 20170279.

V. Mityushev, R-linear and Riemann—Hilbert problems for multiply connected domains. In: Advances in Applied
Analysis, 147-176, Trends Math., Birkhauser/Springer Basel AG, Basel, 2012.

V. V. Mityushev, S. V. Rogosin, Constructive Methods for Linear and Nonlinear Boundary Value Problems for
Analytic Functions. Theory and applications. Chapman & Hall/CRC Monographs and Surveys in Pure and Applied
Mathematics, 108. Chapman & Hall/CRC, Boca Raton, FL, 2000.

N. I. Muskhelishvili, Singular Integral Equations. (Russian) Third, corrected and augmented edition. With an
appendix by B. Bojarski. Izdat. Nauka, Moscow, 1968, 511 pp.

L. Primachuk, S. Rogosin, Factorization of triangular matrix-functions of an arbitrary order. Lobachevskii J. Math.
39 (2018), no. 6, 809-817.

L. Primachuk, S. Rogosin, M. Dubatovskaya, On R-linear conjugation problem on the unit circle. Furasian Math.
J. 11 (2020), no. 3, 79-88.

L. Primachuk, S. Rogosin, M. Dubatovskaya, On a case of R-linear conjugation problem on the unit circle (submit-
ted).

S. Rogosin, G. Mishuris, Constructive methods for factorization of matrix-functions. IMA J. Appl. Math. 81 (2016),
no. 2, 365-391.

(Received 10.07.2022)

BELARUSIAN STATE UNIVERSITY, NEZAVISIMOSTI AVE, 4, BY-220030 MINSK, BELARUS
Email address: rogosin@bsu.by



