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It is shown that the class of all functions of two wvariables of finite analytical complexity is not closed
under integration. It also follows that the class of all functions of finite analytical complexity in the case
of three or more variables is not closed under integration. For the case of three or more variables explicit

examples of finite complezity functions with infinite complezity antiderivatives are constructed.
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Let f(x,y) be a holomorphic function in a polydisc G. Denote by A the mapping of f to
its partial derivative with respect to x. Denote by I the mapping of f to one arbitrarily chosen
from the class of all antiderivatives of the function f antiderivative with respect to x.

To choose an antiderivative we can, for instance, integrate the function f with respect to x
along a path with the beginning in the center of the polydisc G.

Let us extend the mappings A and I to analytical functions. To define the mapping I we
pick a germ of an analytical function F'(z,y) at some point and consider its representative in the
polydisc. For the representative we construct an antiderivative with the help of the mapping I
and then continue the obtained antiderivative along all the paths, along which the continuation
of the initial function is possible.

Remark 1. Note that all analytic antiderivatives of an analytic function F' differ by an analytic
function depending on the variable y (because an antiderivative in the polydisc in which the
function is represented by its Taylor series is defined up to a function of the variable y which
depend on the initial point of the path of integration). It follows that all analytic antiderivatives
of F have simultaneously either finite analytical complexity (which differs not more than by one
for any two antiderivatives of F') or infinite analytical complexity.

Remark 2. We can also define mappings similar to A and I for the variable y, and further
without loss of generality we consider only the case of the variable z.

Let Cl1 be the class of all functions of finite analytical complexity and let Cl., be the class of
all functions of infinite analytical complexity. From the chain rule it follows that A(Cl,,) C Cla,
([1]) from which we obtain that A(Cl) C Cl, i.e. the class of all functions of finite complexity
is closed under taking derivatives.

In [2] the question about the change of complexity of functions after integration was posed.
Similar questions about elementary functions (i.e. is the antiderivative of an elementary function
also elementary) were considered in [3,4].

The aim of this paper is to show that the class Cl is not closed under integration:
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Theorem. I(Cl) ¢ CI.

Remark 3. Arguing by contradiction, from the inclusion A(Cl) C Cl1 we deduce that I(Cls,) C
I(Cls) and from the statement of the theorem we deduce that A(Cly) ¢ Cleo.

For the proof of the theorem we need some auxiliary considerations.
Let D, (f) = 0 be the differential criterion of belonging to the class Cl,, for the function f.
The existence of this criterion is prooved in [5] (see also [6]).
Let us formulate properties of the system D, (f) = 0 necessary for later use:
1) D,(f) = 0 is a system of polynomial equations with integer coefficients for derivatives
an-‘rm
7f of f;
Qxnoy™
2) the equations of the system D, (f) =0 do not depend on f as a variable.
Lemma 1. For any integer nonnegative number M there exists a polynomial of complexity M.

Proof. First, observe that there exist polynomials of arbitrarily high complexity. Indeed,
all equations of the system D, (f) = 0 have finite order, and therefore a generic polynomial of
sufficiently high degree does not satisfy the equations of this system.

Pick a polynomial P(z,y) of complexity M, M > M. In what follows, we assume that
M > 1, because in the case M = 0 the desired polynomial is a polynomial of one variable. Let
us number all monomials of the polynomial P in an arbitrary manner. Since after subtracting a
monomial the complexity of a function cannot change by more than one, subtracting successively
all monomials from P in accordance with the chosen numeration, we obtain the sequence of poly-
nomials of non-increasing complexity, in which for any j, 1 < j < M, there exists a polynomial
of complexity j. By the inequality 1 < M < M we obtain the assertion of Lemma 1.

Proposition. For all n there exist a function g(x,y) of complexity n and analytical functions
of one variable a(z), b(y), such that the function §(z,y) = g(x,y) + a(z) + b(y) has complezxity
n+1.

Proof. Assume the contrary: suppose that for all functions a(z), b(y) and any function g(x, y)
of complexity n the function g(z,y) also has complexity n. Then since for any nonconstant
function c¢(z) functions g, c o g and ¢ o § have the same complexity, choosing as a, b, ¢ the
functions In(z®), In(y®), exp(z), respectively, we obtain that the multiplication of the function
g by the monomial 2®y? also does not change the complexity. But in this case it is possible

—K without

to do one after another K times the following two operations for the function g -y
changing the complexity:

1) adding of an arbitrary polynomial of = of degree K,

2) multiplying by v,
and then add an arbitrary polynomial of the variable x and an arbitrary polynomial of the
variable y. Consequently, the complexity does not change after adding an arbitrary polynomial
of two variables to the function g. But by Lemma 1 there exist polynomials of arbitrarily high
complexity. It follows that described operations result in the growth of the complexity. Since
by Lemma 1 the class of all functions of complexity n is nonempty, we arrive at a contradiction,

which completes the proof. O
Let {eq1 =0, ..., eqrmn) = 0} be the equations of the system D, (f) = 0.

0
Lemma 2. The system D,(f) = 0 essentially depends on f, := a—f,

x
9 (eq;) 40,

9 (fz)

1.e. there exists j,

1< j < k(n), such that

- 695 —



Maria A. Stepanova On Analytical Complexity of Antiderivatives

Proof. Assume the contrary. Since the equations of the system D, (f) = 0 do not depend on
f as a variable (property 2) and do not depend on f, by our assumption (note that due to the
symmetry of the equations D, (f) = 0 in relation to z and y these equations do not depend also
on f), for all functions g(z,y) functions ¢ and § = g + = + y have the same complexity. But it
is impossible in view of the Statement above, because the transformation (z,y) — (a(x), b(y))
does not change the complexity.

The proof of Lemma 2 is complete. |

Consider the set Cl,,(G) of functions from the class Cl,,, such that they have a holomorphic
representative (i.e. an element) in a common for all functions polydisc G. Cl,(G) is a metric
space as a subset of the Fréchet space O(G) of all functions holomorphic in the polydisc G.

Lemma 3. For any n the space Cl,(G) is complete in the topology of uniform convergence on
compact subsets of G.

Proof. Let us show that the subset C1,(G) of the space O(G) is closed, from which in
view of the completeness of the space O(G) the completeness of the space Cl,(G) follows. If
fx — f, where f € Cl,,(G), then by the Weierstrass theorem all derivatives of the functions fy
also converge to the derivatives of f, and therefore from the identities D, (fx) = 0 the identity
D, (f) = 0 follows.

The proof of Lemma 3 is complete. m]

Proof of the Theorem. It suffices to show that there exists a holomorphic in the polydisc G
function of finite complexity, such that its antiderivative with respect to = has infinite complexity.
Assume the contrary: let all antiderivatives of functions of finite complexity also be of finite
complexity. Suppose that the mapping I sends the function h, into h and suppose that h, €
Cl,(G). The criterion of belonging to the class Cl,(G) is D,(h;) = 0. By our assumption,
for any function h, € Cl,(G) there exists the number m = m(hy), such that h € Ci,,(G), or,
equivalently, D,,(h) = 0. Hence we obtain that

Cl,(G) = U ha.

m heCly, (G), m=m(hy)

Note that the system D, (h,) = 0 does not depend on h, as a variable (property 2), while
by Lemma 2 the system D,,(h) = 0 depends on h, as a variable. Consequently, equations of
the system D,,(h) = 0 determine a nowhere dense subset in the set H(G) of all holomorphic in
G solutions h, of the system D, (h,) = 0 in the topology induced from the topology of uniform
convergence, since for any open neighbourhood it is possible to vary the value of the derivative
h, at any fixed point, values of the other derivatives being fixed. But by Lemma 3 the space
Cl,,(G) is complete, consequently, it is impossible to represent it as a countable union of nowhere
dense sets, which contradicts our assumption. Therefore there exist solutions h,, such that the
function A has infinite complexity.

The proof of the Theorem is complete. o

For analytical functions f(x1,...,2y) of larger number of variables it is possible to construct
a similar system of classes Cl,(N) ([7]). Let CL(N) be the class of all functions in N variables
of finite complexity. From the Theorem we obtain

Corollary 1. I(Cl(N)) ¢ CL(N).
Proof. Tt suffices to consider a function f(x1,z2,...,2x) as a function of two variables z1, 2

with parameters x3,...,zxN.
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The proof of the Corollary is complete. a

For the case N > 2 it is possible to give concrete examples of functions of finite complexity,
such that after integration the complexity becomes infinite.

Example 1. Case N = 3.
Consider the solution of the heat equation u, = u,, of infinite complexity:

oo
u(e,y) =y e Ve,

r=1

where p, is r-th prime number.
We write u(z,y) in the form of the Poisson integral:

o) = g [ e (= 1P Yetac

where ¢(() is the initial function.

Observe that the complexity of the integrand is finite and is equal to two. Indeed, firstly,
the complexity of this function is greater than one, since its complexity as the function of two
variables (y, () equals two, the value of z being fixed (this can be verified by substituting the
function under consideration in the differential criterion of belonging to the first complexity
class), and, secondly, the complexity of this function is not greater than two.

. _— _ 1 (z—¢)* ,_
Consider the functions U_(z,y, z) = SN exp ( - W)gp(g)dg“ and Uy (z,y,2) =
_(@=0?

1 o0
o !exp ( T)gp(g)dg Since U_ + Uy = u holds, at least one (an hence both due to

the symmetry) of the functions U_, U, has infinite complexity.
Thus, any of the two functions U_, U, gives the desired example.

Example 2. Case N > 3.
Let us add to the functions U_, Uy from Example 1 above N — 3 parameters (multiplying,
for instance, by N — 3 variables): Vi(x1, 22,23, 24, ...,2N) := UL(21, 22, 23) - Hévjl xj.

The author is grateful to V. K. Beloshapka for fruitful discussions.
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O06 aHAJIUTUYECKOI CJI0>KHOCTU IIEPBOOOPA3HBIX
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Poccus

IHoxaszarno, wmo xaacc 6cex PYHKUYUT 08YT NEPEMEHHBIT KOHEWHOU GHAANUNMUYECKOT CAOHCHOCTIU HE 3a-
MEHYM OMHOCUMEABHO Oneparuy unmezpuposarus. Omciroda caedyem maksice u He3aMKHYMOCTL 0M-
HOCUMEADHO OMEPAUUL UHMEZPUPOBGHUA KAALCCA 8CET GYHKUUT KOHEUHOT GHAAUMUYECKOT CAONCHOCTU
O0ns MPET U bONDWE20 YUCAG NEPEMEHHBIT. [AA caywas mpex u BOADUWE20 YUCAL NEPEMEHHBLT NPUBEIEHDL
KOHKPEMMbLE NPUMEPBL PYHKUUT KOHEUHOT CAOIMCHOCTNU, NEPBO0OPAZHBIE KOMOPHIT UMEIOM DECKOHEYHYIO
CAOHCHOCTND.

Karouesvie caosa: aHaIuMUYECKAA CAOHCHOCTMD, UHMESPUPOBAHUE, {ﬁymcuuu KOHEUWHOU CAOHCHOCIVU.
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