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Decomposition of Functions of Finite Analytical Complexity
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Functions of two variables can be obtained from functions of one variable by substitutions and additions.
Each composition scheme corresponds to a class of functions of two wvariables, such that they can be
represented as a composition with this scheme. It was shown that each class consists of analytical solutions
of a certain system of differential polynomials (equations of the class). The paper describes an algorithm
for constructing a system of equations of the scheme and for obtaining function representation in the
form of a composition with this scheme.
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Let Z be an analytical function of two variables and (z(x,y), D) be an element of Z. It
means that function z(z,y) is holomorphic in D. Here D is the 2-dimensional domain and Z is
the result of the analytic continuation of this element. Let us assume that analytical complexity
of Z is equal to one. This means that in D there ares a point (zg,yo) with the neighbourhood
V={]z — 20| <4, |y — yo| <0} contained in D, a non-constant function a(x) which is holomorphic
in {|z — x0| < d§}, a non-constant function b(y) which is holomorphic in {|y — yo| < ¢}, a non-
constant function ¢(t) which is holomorphic in {|t — (a(zo) + b(yo))| < €} such that in V' there is
a representation

z(z,y) = cla(z) + b(y))- (1)

Throughout the paper we distinguish an analytical function z which we plan to represent as
a composition of a certain type and the composition S itself.

A composition of a fixed form consisting of functions of one variable and addition that contains
indeterminate and independent functions is thecomposition scheme.

To transform the scheme into a function of two variables one should define a set of germs of
holomorphic functions of one variable.

In our example, the set of undefined functional variables is (a,b,c). If instead of undefined
variables (a, b, ¢) we substitute germs of specific holomorphic functions (A, B, C) then we obtain
the germ of specific holomorphic function of two variables S(A, B, C)(z,y) (or we say that this
germ is undefined). In our example, we have S(A, B,C)(x,y) = c(a(x) +b(y)). In this approach,
the question of representability of a germ of function z(x,y) as a composition with this scheme
s can be formulated as follows.

Are there germs of functions of one variable (A, B, C) such that z(x,y) = S(A, B,C)(z,y)?

Lemma 1. Let us assume that functions o(x,y) and z(x,y) are defined in the neighbourhood of
a point p = (xo,yo), and they are holomorphic in this neighbourhood. Let us also assume that p
s mot a critical point of p, i.e., a partial derivative of p is not equal to zero at this point. Then
function z can be represented in the neighbourhood of p as z(x,y) = c(p(x,y)) if and only if

Oy 2 — P 2y = 0. (2)
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in the neighbourhood of p.

Proof: Let us apply the implicit function theorem. Namely,we can replace coordinates (x,y)
with coordinates (z,t) or (¢,y) in the neighbourhood of p, where ¢t = a(x) 4+ b(y). Then it follows
from (2) that z is a function of only one variable ¢. O

Corollary 2. If z and ¢ are holomorphic functions in D then representation of function z as
S(e,b,a)(x,y) = cla(z)+ +b(y)) can be extanded along all paths in D that do not go through
singular level lines of ¢ (the discriminant set).

If o' 2, = a’ 2, then we have representation (1) outside of the set {a'(z) = V/(y) = 0}
(Lemma 1). If 2, # 0 in some point then we can write ' = a’ z;/z;. It is clear that the
criterion of existence of such b is (a’ 2, /2;,);, = 0. If 2} a’ # 0 then we can write this equation as

1" !/

—a"[a’ = (23, 2y, — 24y 2,) /(2 2,). 1t is clear that the criterion of existence of such a is

((22y 20 = 2o 2)/ (25 7))y = 0,
and then

el (2l — 2y 2l) 2y ()22 — (2))%2) = 0. 3

We can continue.

Statement 3.

(a) Let us assume that z is a holomorphic function in a domain D, it satisfies relation (8) in
this domain, and 2, z, # 0 in p = (xo,y0) € D. Then function z has representation (1) in a
neighbourhood of p.

(b) This representation has an analytic continuation along all paths in D\ {z} z, = 0}.

(c) If Z is an analytical function generated by z then representation (1) has an analytic con-
tinuation along all paths of continuation of Z except for the paths crossing the discriminant set

{2 z, = 0}.

Example 4. Let z = z y. It is easy to check that condition (3) is satisfied. We have —a”/a’ =

(2hy 25 — Zuw 2y)/ (2, 2,) = 1/x. It means that a(x) = AIn(x) + p. Then b' = a’ 2, /2, = \/y

and b(y) = AMn(y) + v. We have z y = c(A(In(z y)) + p+v). I T = A(ln(x y)) + p + v), then

o(T) = exp (T_(‘H'V)) _
A
In this example the domain of analyticity for z(z,y) and the domain of analyticity for repre-
sentation S(c,b,a)(x,y) do not coincide. Function z is holomorphic everywhere but representa-
tion S(c, b, a)(x,y) is analytic only outside of xy = 0, functions a and b have singular points and
they are multivalued functions. In this connection we need a new definition.

Definition 5.

(a) Function f is analytic almost everywhere function in a domain D if some germ of f has
an analytic continuation along all paths in D except for the paths crossing some proper analytic
subset of D (the discriminant set).

(b) Let us assume that f is a germ of an analytic function in some point. We say that another
germ g in this point has an analytic continuation along almost all paths of the continuation of f

if for any element of f in some domain D function g has an analytic continuation along almost
all paths in D (in the sense of (a)).
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Now we can say that representation c(a(z)+b(y)) of function x y is analytic almost everywhere
in C%.
Let us consider this result in the context of differential algebra. Let us use the Ritt differential

algebra R over the field of rational numbers. Let (9;,0,) be two commuting differentiations in
R, and (¢, b, a, 2) is a set of unknowns. We can write

eqs = {0ya= 0, 9;b =0, (9yd) (0; ¢) — (0za) (9yc)=0, ¢ — z = 0}.

The first equation means that function a is a function of z, the second one means that function
b is a function of y, and the third one means that function c¢ is a function of a + b. We can
say that eqs expresses the fact that z has complexity one. This equation generates a radical
differential ideal I in R. Using notation given in [2], we can write I = {egs}. Let us introduce
the monomial order in the following manner (9, > 0,) and (¢ > b > a > z). This order allows
us to exclude some variables from equations. This algorithm was realized above. In the general
case such algorithm is based on the Groebner basis method, and its finiteness is guaranteed by
the Ritt-Rodenbach theorem ( [1,2], Th. 7.1.).

The representation of functions as composition of complexity more than one can be defined by
induction [3]. Namely, a function of complexity (n+ 1) has the form z = C(A,(x,y) + Bn(z,v)),
where A,, and B,, have complexity n. Let us consider a set of 2("*1)—1 functions of one variable

(A, Ao, A1, Ago, Aot, Aros A, Aooos - - -5 A1)

Function A is a function of (Ag + A1), function Ag is a function of (Ago + Ag1), function A; is
a function of (Ajp + A1) and so on until the depth n. Functions of n-th level have indexes of
lengths n. Function Aj;, . ;. ,0 depend on  and A;,. ;. ,1 depend on y only.

Let us introduce a lexicographical order of unknowns

A>A0>A1>A00>"'>A11_,,1>Z. (4)
Then we designate these unknowns according to the following order

Let B = (By,...,By) be the set of unknowns for the construction of the composition of com-
plexity n. We have N = 2n+1 — 1.

We describe an algorithm to construct a function of two variables from the set B. This
algorithm is called full scheme of complexity n. We also consider other schemes.

Definition 6. Let B be a finite set of analytical functions of one variable (functional unknowns).
Let us assume that there is an algorithm S that allows us to obtain function of two variables x,
y and B (as data) by substitutions and additions. If each function from set B is used in S only
once then we say that S is a scheme of composition.

If instead of functional unknowns B we substitute the set of fixed germs b then we obtain
the germ of analytical functions of two variables z(x,y) = S(b)(x,y) or nothing (the domain of
definition may be empty).

For example Si(a,b,c,p,q,7,8)(z,y) = s(c(a(x) + b(y)) + r(p(x) + q(y)) is full scheme of
complexity two. If we set ¢ = 0 then we obtain Sy(a,b,c,r,s)(x,y) = s(c(a(z) + b(y)) + r(x)).
This is a non-complete scheme of complexity two. We can write Sy < S7.

Each scheme S corresponds to the class of germs Ci(S) = {z(x,y) = S(B)(z,y)}.

For any scheme S; there is a way to obtain another scheme S5. Namely, let us assume that
some functions in data By for S; are zero functions. The remaining part of B is denoted by Bs.
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The restriction S to such data is a new scheme S5. In such case we say that S5 is less complicated
than S; and it is symbolized as S < S7. This relation is a partial order on the set of schemes.
It is clear that if So < S7 then CI(S3) C CI(Sy). Obviously, every class S is a subset of some
full class for some complexity n. The minimum of such n is called the complexity of .S.

Definition 7. Let us assume that a germ of analytical function z(x,y) have representation
z(z,y) = S(B)(x,y). We say that scheme S is minimal for z if there is no such representation

z(z,y) = S(B)(x,y) of z with a scheme S # S where S < S.

Let us consider the equation z = S(B). This equation has a lot of differential corollaries.
Our goal is the complete elimination of functions of the set B from this equation. First we
eliminate function B;j then functionBs; and so on. Lemma 1 allows us to write the criterion
of existence of B; as some differential equation on (Bs,...,By,z). We obtain analyticity of
B almost everywhere in the domain where (Bs,..., By, z) are analytic. Then we consider to
By. Step number m is the elimination of B,,. We obtain polynomial differential equations
P, (Bm+1,---,Bn,2z) = 0. In this process the differential order, degrees and the number of
equations increase. After the elimination of the last function By we have a set of polynomial
differential equations on Py(z) = 0 as criterion of existence of representation z = S(B) and the
proof of analyticity of this representation. Py(z) = 0 if and only if z € CI(S).

One can see that the following statement is correct.

Statement 8. If z(z,y) = S(B)(z,y), S is minimal for z, and Pp,(Bm+1,-..,Bn) = 0 is
criterion of existence of By, then this system is non-trivial. It means that if (Bpyy1,...,BN) is
the solution then there is no function from this set without restriction (non arbitrary), and B,
is not arbitrary also.

Theorem 9.

(a) Let us assume that z(x,y) is a germ of holomorphic function at some point p, and z has
representation with minimal scheme S with the data B, i.e. z(x,y) = S(B)(x,y). Then this
representation has an analytical continuation along almost all paths of the continuation of z.

(b) For any scheme S there exists an algorithm of construction of the differential polynomial
system d(S)(Z) = 0 such that the analytic function z in a domain D has representation with a
scheme S almost everywhere in D if and only if d(S)(Z) = 0. In this case z has some minimal
representation with scheme S where S < S.

(c) The set of functions B for the minimal scheme of representation z is unique up to a finite
set of constants.

Proof: Let R be the differential Ritt algebra with two commuting differentiations (95, 9y)
over the field of rational numbers. Let us consider a set of ordered unknowns B =
(By, Bs, Bs,...,Bn,z). One can write the system of differential equations that are equiva-
lent to the representation z = = S(B)(z,y). It can be done by Lemma 1. For example, B; is a
function of one variable from (Bs + Bs). This is equivalent to the relation

(9y(Bg + Bg) Opz — 8_£(B2 + Bg) 8y2’ =0.

Similar relation holds for By and so on. When we write all these equations we obtain the
finite system of equations eq = 0. The set of this differential polynomials generates the radical
differential ideal I(eq) in R. This ideal has the finite basis that is consistent with the order of
unknowns (Groebner basis). In accordance with the order of unknowns this basis has the form
P, Py,...,P. The set of equations P depends only on z. The set of equations P; depends on
(Bj,BjJrl, ey BN, Z)

The last function By depends on one variable (for example x). Consider the set of equa-
tions Py (Bpn(x),z(x,y)) = 0. One can choose some y = gy such that among expressions
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Py (By(z), z(z,y0)) there is one that is not equal to zero identically. We obtain some analytic
ordinary equation on By (z). The solution to this equation is analytic outside the discriminant
set (zero set of the separant), and it depends on a finite set of constants. Equations P(z) = 0
guarantee that this solution will satisfy other equations of the set Py(By,z) = 0. Then we
consider the group of equations Py_1(B,—1,Bn,2) = 0 and we obtain analyticity of By_1
and its dependency on a finite set of constants. This procedure can be continued. For B,, we
have the system P,,(Bm, Bm+1,---,Bn,2) = 0. Functions (Bp,+1, ..., By) were defined before.
These functions are analytic almost everywhere where z is analytic, and they depend on a finite
set of constants. Function B,, depends on the variable t and ¢t = B;(x,y) + Bj+1(z,y) where
j > m. If we change from variables (z,y) to variables (x,t) then B,, is a function of one variable
B,,, = B,,(t) and systems

Pm(Bm7Bm+1,...):O, Pm+1(Bm+1,...,BN):O7...

are polynomial differential systems in the coordinate system (z,t). We also have analyticity
of B,, almost everywhere and uniqueness up to a finite set of constants. From P; = 0 for
j=m+1,...,N and P = 0 we obtain that this B,, satisfies all equations from set P,, = 0. On
the last step, we eliminate B; and obtain our representation z = S(B)(x,y) as a composition
with a scheme S. Let d(S)(z) = P(z). Then d(S5)(z) = 0 is the criterion of the existence of a
representation with the scheme S. If for some z d(S)(z) # 0 then representation does not exist.
If d(S)(z) = 0 then z = S(B)(z,y) such that B was constructed above. The theorem is proved.

Corollary 10. If a germ z of analytic function Z at some point has a representation with scheme
S, i.e. z=S(B)(x,y) then it is true for its continuations along almost all paths of continuations

for Z.

In this sense we can say that a full analytical function Z has a representation with a scheme
S and it has a certain complexity n.
Each scheme of composition S corresponds to some objects:

— The class CI(S) of analytical functions Z with a representation Z = S(B)(z, y).
— The system of equations d(S)(z) = 0 that defines the class CI(S) = {z : d(S)(z) = 0}.
— The radical differential ideal I(S) = {d(S)} generated by d(S).

This is the list of obvious properties.

Statement 11.

(a) Z € CI(S) if and only if d(S)(z) =0 for some germ z of function Z.
(b) Z € CU(S) if and only if d(S)(z) = 0 for any germ z of function Z.
(¢) S1 < Sz if and only if Cl(S1) C CI(Sz).

(d) S1 < Sq if and only if 1(S1) D I(S2).
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O mexommosnnumu (pYHKNNIA KOHEYHOI aHAJINTUYIECKOI
CJIOKHOCTH

Bagepunii K. Besonranka
Mexanuko-mMareMaTudecKuii pakyabrer
MI'YV um. Jlomonocosa

Bopobsessr ropsr, Mocksa, 119991
Poccus

B pabome nokasaro, wmo xaccool creme KoMNo3uYUL, no360AA0ULET NOAYHUMD GHASUMUNECKYN PYHK-
YU 08YL NEPEMEHHBLL U3 GHAAUMUYECKUT PYHKUUL 00HO20 NEPEMEHHO20 U CAOHCEHUA, COOMEBEMCIM-
cmeyem cucmema JuPPHeperHyuaiLHO NOAUHOMUAAOHBLL YPABHEHUT € PAUUOHANDHBMU KOIPPHUYUEeHMa-
MU MAKGA, YMO €€ GHANUMUYECKUE PEUWEHUA U MOADKO OHU PA3AGZAIOMCA 6 KOMNO3UUUIO ¢ 0aHHOT
cxemol (cucmema YpasHenul cremvt). Imo, 6 acmHocmu, 00KaA3vEaEM HEZABUCUMOCTIL OAA GHAAUMU-
yeckol PYHKYUU MUHUMANDHOT CTEMbL KOMNO3UYUL 0O MoKy U pocmKa. B pabome onucar aszopumm
NOAYHEHUA NPEICTNABAEHUSA PYHKUUU 6 8UE KOMNOZUYUY € 0GHHOT CTEMOT U NOCMPOEHUSA CUCTEMDL
ypasrerutl cremo.

Karoueswie crosa: cxema dexomnosuyuu, npedcmasaenue Gyrkuyul.
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