ANALYTIC EXPANSIONS AND AN APPLICATION TO
FUNCTION THEORY

THEOPHILUS AGAMA

ABSTRACT. In this paper we introduce and study the notion of singularity, the
kernel and analytic expansions. We provide an application to the existence of
singularities of solutions to certain polynomial equations.

1. Introduction

In this section we introduce the notion of an expansion in a mixed and specific
directions. We launch the following extension program

Definition 1.1. Let F := {S;}32, be a collection of tuples of polynomials fj €
Rlx1,xa,...,2,]. Then by an expansion on § € F := {S§;}32, in the direction z;
for 1 <i < n, we mean the composite map

(W_IOﬂOVOV)[%] F— F

where
f1 o1 ---1 fl
¥(8) = ;2 and  B(+(8)) = Do 12
fn 1 1 ---0 fn
with

fi 0f2 Ofn
v[xl](S) - <8.’El’ a$i7'.'7 8331>

The value of the [ th expansion at a given value a of x; is given by
(ytoBonyo V)fxi](a)(s)
where (7_106070V)l[xi](a)(8) is a tuple of polynomials in R[z1, ..., &;—1, Tit1,. .- ,a:n]l
Similarly by an expansion in the mixed direction ®!_, [z,(;)] we mean
(Y oBoyoVg w8 =0 0BovoV)g w1 o(Y T eBoro Vg, (S

for any permutation o : {1,2,...,{} — {1,2,...,l}. The value of this expansion
on a given value a; of z,(; for all i € [0(1),0(1)] is given by

(v oBovo Vg el (S)

where (Y7t oBoy0V)g [xa<,;)](ai)(8) is tuple of real numbers R.

i=1
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2. Some notions from single variable expansity theory

In this section we recall some notions under single variable expansivity theory
developed earlier [1]. These notions will serve as a model to proving the main result
in this section.

Definition 2.1. Let F = {S,,,}5°_; be a family of tuples of polynomials in the ring
Rz], each having at least two entries with distinct degrees. Then the value of n
such that the expansion (y"1oB070V)"(S) # Sy and (y " LoBoyo V)" (S) =S,
where Sy = (0,0, ...,0) is called the degree of expansion and (y~! o 8o~y 0V)*(S)
is the rank of expansion, denoted by R(S).

Theorem 2.2. Let S and Sz be tuples of polynomials in the ring Rlx], with
deg(S1) > deg(S2), satisfying certain initial conditions al each phase of expan-
sion. If R(S1) = R(Sz2), then there exist some j satisfying 1 < j < deg(S1) such
that 87 = S,.

Proof. Suppose 81 and Sy are tuples of polynomials in the ring R[z]. Let deg(S1) =
k1 and deg(Ss) = kq. By definition 2.1, we can write R(S1) = (7"t oB0oy0 V)1 (Sy)
and R(Sz) = (Y"1 o BoryoV)*2(S,y). Under the assumption that R(S;) = R(Sz),
we must have that (y"'oBo7y0V)*(S) = (v oBoyo V) (S) if and only
if (771 ¢} ﬂ oo V)k17k2 (81) =85 Since 1 < k1 —ky < k1 = deg(Sl), the result
follows immediately. (I

Definition 2.3. Let {S™}°_; be a family of expanded tuples of S, having at
least two entries with distinct degrees. Then the limit of expansion of S is the first
expanded tuple 87 = (g1, 92,...,9n) such that deg(g;) =deg(g2) = --- =deg(gn)
for n > 3 and 1 < j < m. Notation-wise, we denote simply by

lim(S8™) = &7,
the limit of the expansion.

Theorem 2.4. Let {S™}°_, be a family of expansions of the tuple S of polynomials
in the ring Rlz], such that at least two entries have distinct degree. Then the limit
of expansions im(S™) of S ewists.

Proof. Let {S™}2°_, be a family of expansions of the tuple S of polynomials in
the ring R[z], having at least two entries with distinct degree. Suppose the limit of
expansion does not exist, and let S = (f1, f2,..., fn) be the first phase expansion
of S, then it follows that deg(f;) # deg(f;) for some 1 < 4,5 < n with ¢ # j.
It follows in particular that S! # R(S) and S' # S;. Thus the second phase
expansion exists and let S? = (g1, s, ..., 9gn) be the second phase expanded tuple.
Again, it follows from the hypothesis that deg(g;) # deg(g;) for some 1 <4,j < n,
with i # 7, and it follows in particular that S? # R(S) and §? # Sy. Thus the
third phase expansion exist. By induction it follows that the tuple S of R[x] admits
infinite number of expansions, thereby contradicting Proposition 77. U

Theorem 2.5. Let {8™}2°, be a family of expanded tuples of the tuple S of poly-
nomials in the ring Rlx], such that at least two entries have distinct degrees and
satisfying certain initial conditions at each phase of expansion. Then there exist
some number k called the dimension of expansion (dim(S)), such that im(S™) =

(Aoy~to B toy)H(R(S)) for some k < deg(S).
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Proof. Let S be any tuple of polynomials in the ring R[z] that can be expanded,
with at least two entries having distinct degree. Then, the limit exists by Theorem
2.4 and since an expansion can only be applied at a finite number of time and the
map Aoyt o B 1o~ is a recovery which exist, it is clear there will exist such
number k, so that lim(S8") = (Ao~y~to 71 o 4)*(R(S)). We only need to show
that k lies in the stated range. In anticipation of a contradiction, let us suppose
lim(S") = (A oy~ to 371 o7y)k(R(S)) for any k > deg(S). Since the map is a
bijection, it follows that (7~ o 8oy o V)¥(lim(S")) = R(S). It is easy to see that
(y"1oBoy0oV)*(1im(S") = Sp, in which case we have that R(S) = Sp, and so the
rank of an expansion is null, which is a contradiction by definition 2.1. [l

Definition 2.6. Let S be a tuple of polynomial in the ring R[z] and {S™}2°_; the
family of expanded tuple of S. Then by the local number of expansion, denoted
L(S), we mean the value of n such that (v~ o foy0oV)*(S) = im(S™).

Invoking Theorem 2.5, It follows from the above definition that for any tuple
of polynomial in the ring R[z] satisfying certain initial conditions at each phase of
expansion,

(v 1oBoyoV)H(S)=(Aoqy o o) (R(S))
if and only if
(Y loBoyoV)"HE(S) = R(S).
By the definition of the rank of an expansion, it follows that
n+ k = deg(S)

which we call the principal equation and where £(S) = n, dim(S) = k and deg(S)
are the local number, the dimension and the degree of expansion, respectively, on
S. It is interesting to recognize that the value of the local number £(S) in any
case is bounded cannot be more than the dimension of expansion. This assertion
is confirmed in the following sequel.

Lemma 2.7. Let S be a tuple of polynomials in the ring Rlx], satisfying certain
initial conditions at each phase with deg(S) > 4. If dim(S) > 2, then the local
number L(S) must satisfy the inequality

0<L(S) <2
Proof. Let us suppose on the contrary £(S) > 2. Then it follows from the principal
equation that dim(S) < deg(S)—2, so that (y"'oBoyoV)#m(S)+2(S) £ R(S) and

(Y7 toBoyoV)imET2(8) £ . It follows that (y~'ofoyoV)HmE)+2(S5) = §;.
Theorem 2.2 gives R(S) = R(S1), and we have that

(’y_l ofo~yo V)deg(s)(S) = (7—1 ofo~yo V)deg(&)(sl)7
if and only if
('y_l offovyo V)deﬂ(s)—deg(&)(s) =S

It follows therefore that deg(S) —deg(S1) = dim(S) +2. Again, using the principal
equation, we find that

L(S) = deg(S1) + 2.
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It follows from the above equation that deg(S1) + 2 = L(S) = deg(S) — dim(S) <
deg(S) — 2, so that deg(S1) +4 < deg(S). Since deg(S) > 4, it must be that
deg(S1) +4 < 4, and we have that deg(Sy) < 0. This leaves us with the only choice
that deg(S;) = 0, contradicting the fact that (7~ o B oy o V)#(S)+2(8) £ R(S)
and (Y"1 o B oy o V)¥m(S)+2(S) £ Sy, and the proof is complete. O

3. The kernel of an expansion

In this section we introduce the notion of the kernel of an expansion. One
could draw some parallels with this notion and the notion of the boundary points
of an expansion under the single variable theory. This choice of terminology is
appropriate for this context, since we are no longer considering points as being
solutions to our tuple equation but instead tuples consisting of solutions to certain
partial differential equation. We launch formally the following languages.

Definition 3.1. Let F = {S;}$2; be a collection of i-tuples of polynomials in the
ring R[z1,22,...,2,]. By the kernel of the expansion (y"1 o B o~o V)f“m(S),
denoted Ker[(y™' o S oy o V)f, 1(S)] we mean

[2;
Kerl(r7 0 5070 V) (S = { (s foveves )
fr S ]FC[.Tl, B A [ o7 T [ ,an
(<7 <0007 0070 V), (8)] =0}

where F¢ is a function field with complex number C base space. We call each tuple
in the kernel an annihilator of the given expansion.

Definition 3.2. Let F = {S;}$2; be a collection of I-tuples of polynomials in the
ring Clz1,xa,...,2,]. We denote by

Id.[(y" o oy o V)L, (S)](fr)a,
the value of
Id,[(y"" o Boyo V), (S)]
at x; = fr.

Proposition 3.1. Let F = {S;}5°, be a collection of I-tuples of polynomials in the
ring Rlz1, 29, ..., zy]. If for $1,82 € F

Ker[(y™ o foyo V)i, (S1)] = Ker[(y o foyo V), (S2)]

then & = & +Sc[ﬂil7-",11717€Di+1,m79€n] and where Sc[afl;~~,$i—17wi+1;~-7wn]
of polynomials in the ring Clxy, ..., Ti—1,Tit1, ..., Tn).

is an | tuple

Proof. Let us suppose S1,Ss € F and
Ker[(y ™' o foyo V)i, (S1)] = Ker[(y ' o foy o V)f, (S2)]-

For any (f1, fa,..., fi) € Ker[(yiloﬂoyoV)fxi](Sl)] then (f1, fa,..., f1) € Ker[(*y’lol
BovyoV)E (Sy)] so that we can write

[=i]

Id (v 0B oo V)i (S =1d (v o Boyo V)f, 1((S2)] =0
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for 1 <r <. Appealing to Definition 3.2 we can write
Id,[(v "o Boyo V)in](sl)}(fr)zi =1Id,[(y ' eBonyo v)ﬁl?i](fr)(sl)}
=0
_ -1 k
=1Id,[(y" oBoyo V)[zi](f,.)<82)]

=1d,[(y"" o Boyo V)P, (S2)(fr)a,
for 1 < r <. It follows that

(Yo Boyo V), (S1) = (1" oBoyo V)i, (S)
in
Ker[(y™' o Bovy0 V), (81)] = Ker[(v o Boyo V), 1(S2)]
so that by the linearity of an expansion in a specific direction, it follows that

S1 =82 + Spa,

g s T — 15T 1 yee s T ]

since an expansion in a specific direction is uniquely determined by their kernel. [

Remark 3.3. Next we highlight the possibility two separate disparate expansions
in separate directions at spots not quite equivalent can have the same kernel. The
proposition below underscores this possibility. Put it differently, any two expansions
need not happen in the same direction to have the chance of having the same kernel.
That is to say, all hybrids expansions should in principle have the same kernel of
their expansions.

Definition 3.4. Let F = {S5;}$2; be a collection of tuples of polynomials in the
ring R[z1, 2o, ..., 7,]. We say the mixed expansion (y~tofBo~vo V)®2_1[%(i>](8) is
diagonalizable in the direction [z;] (1 < j < n) at the spot S, € F with order k
with § — S, not a tuple of R if

(7 08070 Vg (S) = (77 0 Boro V), ((S,):

We call the expansion (™' o30y0V)(,,(S,) the diagonal of the mixed expansion
(ytoBonyo V)&t [ws))(S) of order k > 1. We denote with Ol(y7toBonyo
V)iz,;1(Sr)] the order of the diagonal.

Lemma 3.5. Let F = {S;}52, be a collection of tuples of polynomials belonging to
the ring R[z1,za, ..., x,]. Then the mized expansion

(Y eBoyo Vg w,w(S)
is diagonalizable in each direction [z, ;] for 1 <i <1.
Proof. Let us consider the mixed expansion

(Y oBovoV)g jww(S)

and let [z, ;] for 1 < j <1 be our targeted direction, then by appealing to the
commutative property of an expansion we have
('y_l oBo~o V)®§:1[%(i)]<8) = ('y_l ofBovo V)[%(j)] o (7_1 offoyo V)®z [Ig(i)](S).

=1

i1 i
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Next let us consider the residual mixed expansion
(’y_l o /3 o ’y o v)®;=1[wa(z)](8) = (’y_l © /3 o ’y o v)@;zl[wo.(l)]
1#] 1#]
o(y toBoyo V), (S).
If there exist some tuple S, € F such that
(v 'oBoyo V), (8) =(r"oBoyo V), (Sa)
1

then we make a substitution and obtain two copies of the expansion operator (y o
BoyoV)i, ] by virtue of the commutative property of an expansion. Otherwise
we choose

Sb = (7—1 o) ﬁ o7yo V)[Ia(l)](S)
and apply the remaining operators on it. By repeating the iteration in this manner,
we will obtain

(Y oBoyoV)gl m,o(S) =0 0Boyo V)L 1(S)
for k£ > 1 and for some S; € F. This completes the proof of the proposition. ([
Proposition 3.2. Let F = {S§;}2, be a collection of tuples of polynomials in

the ring Ry, xa,...,x,]. If for k # j with 1 < j,k < I, then there exists some
S, S, € F with §; — S, # Sg and some u,v > 1 such that

Ker[(y" 0 Boyo V), (8] = Kerl(y o Boyo V), (5.

Proof. Appealing to Lemma 3.5 then under the assumption k # j with 1 < 5,k <1
there exists some u,v > 1 and S, S, € F with §; — S,. # Sg such that we can write
for S € F

(Y oBoyo Vg m,)(S) = (" oBoyo V) (S)

and
(Y oBovoV)gl a,)(S)=("10Boyo V), (S)
so that
(v 'oBoyo Vi, 001(St) = (ytoBono Vie, ;1 (Sr)
and the claim follows immediately. O

4. Singularity and singular points of an expansion

In this section we introduce the notion of singularity and associated singular
points of an expansion in a specific direction. We launch the following terminology.

Definition 4.1. Let F = {S;}5°, be a collection of I-tuples of polynomials in the
ring R[xy, za, ..., 2,] and Ker[(y~? oﬂo’yoV)ﬁm] (8)] be the kernel of the expansion
(y"toBoyo V)ﬁci] (S). Then by a singular point of the expansion we mean a tuple
S =(a1,...ai—1,Git1,...,0,) with a; € C such that for some annihilator

(fi, fas---, f) € Ker[(y ™" o Boyo V)[,, (S)]
then

fillay, .. ai—1,ai41, ... an)] = 00
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for some 1 < i < [. We call the collection of all such points the singularity of the
expansion and denote with

Sing[(y ' oBoyo V)fz](S)] = {(al, @1,y 0p) € CMTY

fillar, ... ai—1,ai41, ... an)] = OO}-

5. Analytic Expansions

In this section we introduce and study the notion analytic expansions in specified
directions in a particular domain in space.

Definition 5.1. Let F = {S;}32, be a collection of tuples of polynomials in the ring
R[z1,22,...,2,] and D C C*~L. Then we say the expansion (y~ 1o oyov)fm](S)
is analytic in D if

DN Sing[(y "' o foryoV)E, (8)] =0.
If the expansion is analytic in the entire C"~! then we say for simplicity it is analytic.

Definition 5.2. Let F = {S;}32; be a collection of tuples of polynomials in the
ring R[zy1,2o,...,2,) and (y"1oBoyo V)iz,(S) be an expansion. Then by the
unionization stage of the expansion, we mean the least of value of j such that

(7H 0 Boy o VN, 0)(S) = So
Definition 5.3. Let F = {S5;}32, be a collection of I-tuples of polynomials in
the ring Rlxq,72,...,2,] and (y" 1o Bovyo V)z:(S) be an expansion. By the
normalization stage of the expansion, denoted o[(y"'oBovo V)i, (S)], we mean
the smallest value of k such that

Indyq, (41080709t (8)(%i) = India, (410807098, () (i)
for all 1 <r,s <!l with r # s. We call the corresponding expansion
(Yo Bovo V)i (S)
the fibre of the expansion (y™' o f05 0 V);,1(S).
Remark 5.4. Throughout this paper we will assume the normalization stage of an
expansion is satisfies o[(y™* o B oy o V);;,)(S)] > 0 by working with tuples of

multivariate polynomials with at least entries of distinct degree of the underlying
direction.

Proposition 5.1. Let F = {S;}32, be a collection of tuples of polynomials in
the ring Rlxy, o, ..., x,] and (y™' o f oy o V), (S) be an expansion. Then the
unionization stage of the expansion satisfies the inequality
i F’[(v‘l oBoyo V)[m(s)]J
T LellyTteBoyo V) (S)
Proof. The normalization stage of the expansion (Y"1 o B o~o V)2:1(S) is given

by o[(v"t o B oy 0o V), (S)] so that the unionization stage is the index of the
normalization stage of the expansion obtained as

@l e Boyo V)R (S)]
= L)[(V_l 0fovy0V)ym,(S)] J '
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d

It is important to notice that the notion of the normalization stage is analogous

to and has parallels with the notion of the limit of an expansion under the single
variable theory. As such the notion of the local number runs exactly parallel to
the notion of the normalization stage in multivariate expansivity theory. Next
we prove the following Proposition, which will eventually feature in closing our
argument.
Proposition 5.2. Let {(y"'oB070V),,1(Si)}52, be a collection of expansions in
the direction z; of l-tuples of polynomials in the ring R[zy,za, ..., x,] and {(y" 1o
BoyoV)(S!)}2, be a collection of expansions of tuples of polynomials in the ring
R[x]. Then the map

X(arsazai vaiinan) P L 08070 V) (8)}E — {(v o BoyoV)(S)HIE
for a fized (ay,azs,...,a;_1,a;41,...,a,) € R"™1 such that for any (y"toBovyo
V)iw](S) e {(y ooy oV),,(Si)}2, then
X(a1,a3s0ms0i-150551,0an) (VL0 B0y 0 V)5 (S) = (v o BoyoV)(S)(ar,az, ..., a1,
@it1,-- . an) € {(77 0 Boy o V)(S)}2]
is an isomorphism. We denote the isomorphism by
(Y oBoyo V) (S) = (v ofoyoV)(S)).
Proposition 5.3. Let F = {S;}2, be a collection of l-tuples of polynomials in the
ring Rlzy, 2,...,2,] and (v~ o foy0 V), (S) be an expansion. Then
ol(yteBoyo V)L (S) < 2.
Proof. Let S € F = {&;}72, then we fix all other directions x; for all j # i so that
the expansion
(v toBoyo V)i (S) =~ (v toBoyoV)(S)(al,as,. .. 4 1,011, --,a0n)

where (S)(a1,a2,...,a;—1,0;41,...,0ay,) is a tuple of polynomials in the ring R[z,].
Appealing to Lemma 2.7 we obtain the inequality

L|(v T oBoyoV)(S)(ar,az, ... 41,011, an)| <2

and by appealing to Proposition 5.2 we recover the following inequality

o[Vt oBoyo V), (S) <2
0

Remark 5.5. Next we show that the unionization stage of a typical expansion cannot
be too big. In other words it cannot possibly be the case that the totient of an
expansion in a specific direction coincides with the unionization stage. We show
that it can in fact be a lot smaller than the expected value in the following result.

Theorem 5.6 (Analytic range). Let F = {S;}$2, be a collection of tuples of poly-
nomials in the ring R[x1, 2o, ...,1,] and (Y"1 oBo~yo V)2, (S) be an expansion.
Then the expansion is analytic in the range

i F’[(vl Oﬁovov)m](s)lJ .

2
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Proof. Every expansion (7~ o/ 070 V)(z,1(S) is always analytic at the unionization
stage so that by appealing to Proposition 5.1, we note that

B[(ytoBoyoV)E(S)]
= L}[(vl 0050 V)y(S)] J
- P[(vl ofoyo V)[M](S)]J

2
by appealing to Proposition 5.3 so that the expansion (y~*o o~ o V)j (S) is

(4]
analytic in the range

i> L‘P[(’yl OBogoV)w(S)]J .

6. An application to function theory

In this section we illustrate how these notion could be used to study the certain
statistics about functions. We show that we can use these notions to study the
existence of singularities of certain multivariate functions which are solutions to
certain polynomial equations.

Corollary 6.1. Let F = {§;}{2; be a collection of tuples of polynomials in the
ring Rlxq,22,...,2,] and (Y"1 oBoyo V)fz_](S) be an expansion. Then for

i< P[(v‘l ofoyo V)[Ii](s)]J

2
there exist some (f1, f2,...,f1) € Ker[(y"toBo~yo V)f“(S)] and

-1
(al,ag, ey Ok—1, Q15 - - - 7an) cCc”
such that
f,-[(al, e @41, ai+1, ey an)] =
for some 1 <7 <.
1
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