MULTIVARIATE EXPANSIVITY THEORY

T. AGAMA

ABSTRACT. In this paper we launch an extension program for single variable
expansivity theory. We study this notion under tuples of polynomials belong-
ing to the ring R[z1,x2,...,2n]. As an application we show that

l

. s 1< s
mm{max{lndfk_ (ffa(i))}k=1 + 1}2:1 < 7 Zmax{Indfk (Ia(i))}kzl +2+J
i=1

where J := J(I) > 0 and Indy, (z;) is the largest power of z; (1 < j < n) in
the polynomial f € R[z1,z2,...,Zn].

1. Introduction

The notion of the single variable expansivity theory had been developed quite
extensively by the author [1]. This notion turns out to be an important tool in
studying Sendov’s conjecture. This theory also has wide range of applications in
determining the insolubility of certain systems of differential equations. In the
current paper we launch an extension program where the study is carried out for
polynomials in the ring Rz, zo, ..., x,] with real number base field R. It turns
out that various basic notion studied under the single variable theory carry over to
this setting.

Throughout this paper, we keep the usual standard notion S for all tuples whose
entries belong to the ring R[z1, 22, ..., 2z,]. Occasionally we might choose to index
these tuples by S; over the natural numbers N if we have two or more and we want
to keep them distinct from each other. The tuples Sy = (0,0,...,0) and S, =
(1,1,...,1) are still reserved for the null and the unit tuple respectively. Further to
the above requirements any tuple of polynomial will be assumed to contain exactly
n entries and two tuples under the operation of addition or subtraction will be
assumed to contain the same number of entries.

2. Expansion in mixed and specified directions

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

Definition 2.1. Let F := {S;}32, be a collection of tuples of polynomials fj €
R[z1,22,...,2,]. Then by an expansion on S € F := {§;}$2, in the direction z;
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for 1 <i < n, we mean the composite map

(’y_loﬁo’YOV)[mi]:]:—)]:

where
f1 0o 1 ---1 f1
P 10 -1 f2
wWS) =" | ad sesn={. . .||
In 11 0/ \fn
with

ofi 0f2 Ofn

The value of the [ th expansion at a given value a of z; is given by
(ytoBoyo V)fzi](a) (S)

L J(a)(8) 1s a tuple of polynomials in Rfzy, ..., i—1, Tit1, . .-, zn]l

[x;
Similarly by an expansion in the mixed direction ®!_, [T (7)) We mean

(,y—l ofBovo V)®ﬁ:1[wa(i)](8) = (fy_l ofBoyoV)g 20 )] © (7_1 ofBovo V)[zﬁ(l)](‘g)l

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

(v oBovo Vg el (S)

where (Y"1 o S0y0V)g (20 1)](ar) (S) is tuple of real numbers R.

=1

where (y~1ofoy0V)

Proposition 2.2. A multivariate expansion is linear.

Proof. Tt suffices to show that each of the operators Vi,,j : {S;}52; — {S;i}2, fora
fixed direction [z;], v : {S;}2; — {Si}52, and Boy : {S;}52, — {S;}2, is linear,
since the map v : {S;}32, — {Si}32, is bijective. Let Sy = (f1, fas-- - fn), Sp =
(91,92, ---,9n) € F ={Si}32; and let A\, p € R, then it follows that
Viz)(ASa + uSp) = V(A(f1, fas -5 ) + (91,92, -, n))
= Vi) (A1, Af2s o Afn) + (191, g2, - - 1)
= Viz ) (M1 + pgu, Ma + pga, - AMfn + pign))
O+ pg1) OMfatpge) — ONfn + pgn)

:( axi ’ 6$l Y (9.’131 )
L\ 9f 091 | Of2 092 O fn Ogn
N (Aal‘l +'u8xi’/\8xi +u8$i7“'7>\6$i +M8:ci)
_ 1 Oh [ 0f2 Ofn dg1  0go Ign

_,0fi Ofs O fn 0g1 0g2 0gn
_A(8$i7 aﬂfi7.-., 5‘xl)+ﬂ<8xl’ 8xi""’ 8@)
= )\V[%](SQ) + /LV[xi](Sb).
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Similarly,

A1+ pg1

Afa + pga
Y(ASa + puSp) = .

Afn + pgn

Af1 Hg1

Af2 Hg2
= . [+] .

Afn Kn
= M(Sa) + wy(Sp).
Similarly

o 1 -1 Af1+ pgr

1 0 1---1 Af2+ugg
Boy(ASa + uSp) = .

-0 Afn"’ﬂgn

1
o1 -1 Afi 191
1 0 1---1 )\f2 g2
I : { o B }
11 -0 Afn 1gn
1 0 1. fa 1 0 1---1 g2
= Y )
fn 1 1 ---0 In
= A( Bo7)(Sp).
This proves the linearity of expansion. (I

Remark 2.3. Next we prove a fundamental result which shows that an expansion
is commutative. This reinforces the very notion that there is no need to give
precedence to the direction of an expansion. In essence, it gives some flexibility to
the way and manner an expansion could be carried out.

Proposition 2.4. An expansion is commutative.

Proof. Consider F := {S;}$°, the collection of tuples in the ring R[z1, x2,...,zy].
It suffices to show that for any S € F then

(’771 ofo o v)[m]@[zj](s) = (’771 ofio o v)[wﬂ@[w@](s)
First we can write

(17 0 B om0 V) (S) = (( ) Zaf’“>

te[l,n] k=t
£
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and make the assignment

S :(gk17gk27"'7gkn)

(2 Za) (2 Zan

))

te(l,n] k=t tel[l,n] k=t
t#1 t#n
for gx; € R[xy, za,...,2,]. Next we carry out the second expansion on Sy, and we

get

(Yt eBoyo V), (S —< > Zag’“ 5 Zagks)

s€[l,n] k=s s€[l,n] k=s
s#1 S#EMN

so that by combining the two expansions in both directions, we have

(’7_1 OBOVOV)[Ei]®[I]‘](8) ( - OBOVOV) (Sgk)

(zE2)-(Zz2)

s€[1l,n] k=s s€[l,n] k=s
5751 s;én

(T yah)

s€[l,n] k=ste[l,n] k=t
s;él t#1

(zzzzﬁm)

s€[1l,n] k=ste[l,n] k=t

s#n t#n
by appealing to the linearity of the operator 57-. By carrying out the expansion in
the opposite direction and appealing to the hnearlty of the operator
0
8(Ei

we have

(v oBoyo V), imw(S (( > > > Zaxjam)

s€[l,n] k=ste[l,n] k=t

s#1 t#1
0? 02

axiaxj - ijﬁa:i

s€[l,n] k=ste[l,n] k=t
s#n t;ﬁn

by exploiting the condition

for each polynomial g;, f; € R[x1,z2,...,2,]. By comparing the result of both
expansions in reverse directions, the claim follows immediately. ([l
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3. The totient and residue of an expansion

In this section we introduce the notion of the residue and the totient of an
expansion. These two notions are analogous to the notion of the rank and the
degree of an expansion under the single variable theory. We launch more formally
the following languages.

Definition 3.1. Let F = {S;}$2, be a collection of tuples of polynomials in the
ring Rlz1,22,...,2,]. Then we say the expansion (y™' o f o0 V), (S) is free
with totient %, denoted ®[(y™! o S o050 V), (S)], if

(Yo Bovo V)i (S) =S
where k > 0 is the smallest such number. We call the expansion (y~'o o~ o
V)E~1(S) the residue of the expansion, denoted by ©[(y~! o B oy o V)F~1(S)].

[=i] 4]

Similarly by the totient of the mixed expansion (y"1oB0o~vo Vel ] (S): we

mean the smallest value of k such that
-1 k _
(y"roBonyo V)®5:1[%(i)](8) = &p.
We denote the totient of the mixed expansion with
(v oBovoV)g jaw)(S)-

Proposition 3.2. Let F = {S;}52, be a collection of tuples of polynomials in the
ring R[x1, 2o, ..., 1,]. If the expansions (y"1oBoyo V)i, (Sk) and (y"toBoryo
V)i, (S1) are free with totients s and t, respectively. Then the expansion

(v 'oBovoV)u(Sk+S)
is also free with totient max{s,t}.

Proof. Suppose the expansions (y~! o Bov0 V), (Sk) and (Y"1 oBoyo V), (S)
are free with totients s and ¢, respectively. Then it follows that

(Y eBoyoV)i, (Sk) =S
with (y"1oBo~yo V)f ’]m(Sk) # Sp for all m < s and

(Y teBoyoV), (S) =38

with (y"toBoyo V)’Eﬁ" (81) # Sp for all m < t. Now let us apply max{s,t} copies
of the expansion maps to the tuple Sk + S; so that we have by appealing to the
linearity of an expansion map we have

(Y oBoy o V)TN (S+.8) = (v 0 Boyo V)T (sy)

+ (’Y_l 0oBonyo V)F;I?]X{s,t}(sl)
= SO

since s,t < max{s, t}. Next we see that for any 1 < r < max{s, ¢} then by appealing
to the linearity of the expansion map

(17 0By VIR T (S 4 85) = (77 e By o VR T (S))

+ (7 o Boyo V)t T(s))
# So
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since at least one of the inequality max{s,t} — r < s or max{s,t} — r < t must
hold. Thus max{s,t} is the totient of the expansion (y~' o 050 V)4, (Sk + ).
This completes the proof of the proposition. O

Remark 3.3. Next we expose an important relationship that exists between the
totient of the mixed expansion and the underlying expansion in specific directions.
One could view this result as a sub-additivity property of the totient of an expan-
sion.

Theorem 3.4. Let F = {S;}32, be a collection of tuples of polynomials in the ring
R[x1,za,...,2,]. Then we have the inequality

!
_ 1 _
(v oBovo Vgl (S < 7 D> (7t eBoyo V), (S +K
i=1
where K(I) = K > 0.

It is easily noticeable that the inequality allows us to control the totient of a
mixed expansion by the average of the totient of expansions in specific directions
involved in the mixed expansion. We relegate the proof of this to latter sections,
where we develop the required tools needed. It is fair to say that this inequality is
crude; However, we will obtained a much stronger version in the sequel that gives
much information.

4. The dropler effect induced by an expansion

In this section we introduce the notion of the dropler effect induced by an expan-
sion. This phenomena is mostly induced by expansion on several other expansions
in a specific direction.

Definition 4.1. Let F = {S;}32; be a collection of tuples of polynomials in the
ring R[z1, 22, ..., 2,]. Then the expansion (y"1oBo~vyo V)®§:1[%(i>](8) is said to
induce a dropler effect with intensity k, denoted Z[(y ' o oy o V), )(S)] = &,
on the expansion (v~ o foyo V) (S) if

(7 eBoye V), o eBore Vgl m,)(5)
is free with k& < ®[(y~' 0 Bovy0V)[,,)(S)] and k is the smallest such number. In

other words, we say the expansion admits a dropler effect from the source (y~1 o

BovoV)gl_ (x,(S) with intensity k. The energy saved E[(y ' oBov0o V), I(S)
by the expansion under the dropler effect is given by
E[(v " oBoyoV)uI(8) =@[(v  ofovoV)u(S)] —Zl(v " eBoyo V)L, (S

We call this equation the energy-dropler effect intensity equation.

Proposition 4.2. Let F = {S;}52, be a collection of tuples of polynomials in the
ring Rlz1, 22, ..., x,]. If the expansions (Y1 ofBoyo V)z.](S) and (y"toBoyo
V)i (S) each admits a dropler effect from the same source with intensities ki and
ko, respectively, then the expansion

(v 'oBoyoV) + (v oBoyo V)L, |(S)
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also admits a dropler effect from the same source with intensity max{ky, ko}.

Proof. Suppose the expansions (y~toB0oy0V) 2.](S) and (v LoBoyoV) (:](S) each
admits a dropler effect from the same source with intensities k1 and ko, respectively.
Let (7_1OBOVOV)®;:1 [e,)] () be their source, then it follows by virtue of Definition
4.1

(v eBoyo V) o(v  eBovo Vg 1(S) =S (4.1)

=1

and
(v toBoryo V)th] o(y toBoryo V)®2=1[%(i)](3) =38. (4.2)
Let us consider the expansion map [(71 ofoyoV)y + (Y toBoryo V)[M} and
apply max{ky, ko } copies to the source (y"1oBovyo V)®é=1[ma(i)](5). It follows by
the linearity of an expansion and further appealing to (4.1) and (4.2)
max{k1,k2}
[(71 0foyo V), + (v eofoyo V)[m]]

It is easy to observe that

o(y toBoyoV)g

(43)

for any r > 1, by appealing to the linearity of a multivariate expansion and exploit-
ing the fact that at least one of the inequality must hold

max{ky, ko} —r <k; or max{ky, ke} —r < ko.

) . max{ky,k2}—1
[(7 ofoyoV)m,+ (" Oﬂovov)[m]

Thus max{ki, ko } is the intensity of the dropler effect induced on the concatenations
of the expansions under the same source. [l

Remark 4.3. One could ask whether an analogue of this result exists for expansions
with concatenated directions. While a general answer to this question may seem
very baffling, we can somehow obtain a variant by imposing some conditions that
ensure expansion in one direction does not wear off and interfere with the direction
of the other. We make this assertion more precise in the following proposition.

Proposition 4.4. Let F = {S;}52, be a collection of tuples of polynomials in the
ring Rlz1, @2, ..., 2n]. Let the expansions (vt oBoyo V), 1(S) and (v~ oBoyo
V)(2:(S) each admits a dropler effect with intensities ky and ka, respectively, from
the source (y"tofBoxyo V)®£:1[wa(i)}(8). If the expansions (vt oBoyo V)[zs](S)
and (vt o foy0 V), (S) admits no dropler effect from the sources

(v oBoyoV)myo (v o Boyo Vgt (r, (S
and

(Y roBove Vg o(v toBoyo Vg (S
respectively, then the mized expansion

(’771 © B oo v)[xs]®[act](8)

also admits a dropler effect from the same source with intensity min{ky, ko}.

o(v 0B ooVl a,.)(S) = Sog

[Ia(i)] (S) # SO
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Proof. Suppose the expansions (7 1oS0y0V)[, 1(S) and (y 1 ofoyoV),,(S) each
admits a dropler effect from the same source with intensities k1 and ks, respectively.
Let (’)/*IOﬁo'yOV)®L1 e, )] (S) be their source, then it follows by virtue of Definition
4.1 B

(v eBoyo V) o(v  eBovo Vg 1(S) =S (4.4)

=1
and
(v 'oBoyeV)Eio (v eBoyo Vg (4 .1(S) =S (4.5)
Let us apply min{ki, ko} copies of the mixed expansion operator (y~'o 3o~ o

V)(z.]0[z,] to the source (Y"1 ofoyo Vol 2, (S) then we see that

(vt oBoyov)Eiliitat o (v o Boyo V) . 1(S) =S

by appealing to the commutative property of the expansion operator and (4.4) and
(4.5). Again by appealing to the commutative property of an expansion operator
the relation holds

(,y—l ofovyo V)gj’é}’“{;t’]cz}fr o ('y_l offoyo V)®£:l[%(i)](8) # 8y

for any min{ky, ko} > r > 1, since min{ky, ko} — r < k1 and min{ky, ko} — r < ko
and kq, ko are the intensities of the dropler effects and the expansions (7_1 offoyo
V)iz.](S) and (y"toBoyo V)iz,)(S) admit no dropler effect from the sources

(Y roBoyoV)g o(r T ofovoV)g (b .1(S)
and
(v oBoyoV)m o (v oBoyo Vg 1(S)

respectively. This proves that min{ki,ko} = Z[(v™' 0 B 07 0 V)40 (S)], the
intensity of the dropler effect induced on the mixed expansion. [

Proposition 4.5. Let F = {S;}52, be a collection of tuples of polynomials in the
ring Rla1,2g,...,x,). Let (Y"1 oBoyo V), (S) and (v oBovyo V), (S) be
expansions with totients ki and ko, respectively. If the expansions (Y"1 oBo~yo
V) (2.1(S) and (v~ o fovy0 V), (S) admits no dropler effect from the source

(Y toBoyo V)i, (S)
foru < ko and

(Y toBoyo V)L, (S)
for v < ki, respectively, then

P[(y 'oBoyo V) izdole.(S)] = min{ky, ko }.

Proof. Suppose (vt o Boy0oV) )(S) and (v~ o fov0V), (S) are expansions
with totients k1 and ks, respectively. Then it follows that

(v oBoye V)i, (S) =S (4.6)
and

(v 'oBoyoV)E(S) =S (4.7)
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where k1, ko are the smallest such number. Appealing to the commutative property
of the expansion operator, we can write by virtue of (4.6) and (4.7)

(7o Boyo VI (S) = (77 0 Boy o VI o (471 0 oy o Wtk

[#:]®[z ] (@]

= So.

Under the assumption that the expansions (7' o 8oy 0 V), (S) and (y'ofo
¥ © V)(z,](S) admits no dropler effect from the source

(Y toBoyo V)i (S)
for v < ko and
(v oBoyo V), (S)
for u < ki, respectively, then it certainly follows that ®[(y~'oSoy0o V), (S)] and
P[(yt o Boyo V), (S)] are the smallest numbers, respectively, such that
_ ®[(y"toBoyoV 2] (S
(v oBoyo V) Vo (470 Boy o VY, () = So
and
[ 0f3070V)[¢,1(S _ w
( OﬁO’YOV) [(’Y BovoV)[4,1( )]O(’leﬁO’YOV)[xS](S):SO
so that for any min{k;, kg} > c¢>1 then
( OﬁO’yOV)mm{kl’kQ} ('( )75 SO

by exploiting the linearity of an expansion operator. This proves that min{ky, k2} =
B[(y ' oBoyo V)i, ew(S)], the totient of the mixed expansion. O

5. Destabilization of an expansion

In this section we introduce the notion of destabilization induced by an expan-
sion. This notion will form an essential toolbox in proving some result in this sequel.
We launch more formally the following languages.

Definition 5.1. Let F = {S;}$2; be a collection of tuples of polynomials in the
ring R[zy, za,...,2,]. We say the expansion (Yo Boyo V)R (S) is said to
undergo natural destabilization if (y"' o fo fy o V) ](0)( ) # So. We say it
undergoes destabilization at stage k > 1 if (y"*ofovyo V)[m 1(0) (S) = &y for
all1<j<k—1land (y'oBoyo V)in](o) (S) # Sp. In other words, we say the
expansion (y"toBo~vo V)2, (S) admits a destabilization at stage k > 1. We say
it is strongly destabilized if the vector

O(ytoBoyo V)ﬁci](o)(s)

has no zero entry.

Remark 5.2. Next we prove a result that tells us that destabilization should by
necessity happen in an expansion. The following result confines this stage to a
certain range.

(S)



10 T. AGAMA

Proposition 5.3. Let F = {S;}2, be a collection of tuples of polynomials in
the ring Rz, xo,...,x,]. Then the stage of destabilization k of the expansion
(vt oBoyoV)y,(S) satisfies the inequality

0<k<®(y " oBoyoV)y,(S).

Proof. If the expansion (y~' o o070 V), (S) admits a natural destabilization
then the stage k = 0. Thus we may assume the expansion (y~!oB0ov0 Viz(S)
do not admit a natural destabilization. Let us suppose to the contrary that the
stage of destabilization of some expansion (y~! o o7y o0 V), (Sy) satisfies k >
B[(vtoBoyo V), (Sm)] so that

_ B[(y toBovoV) s 1(Sm)]—1
(’Y loﬁo'yOV)[%]’zo) v [@;] (Sm) =8p.

This is a contradiction, since the expansion
_ B[(y " toBoyoV )14 1(Sm)]—1
(17 e Boryo vy TV,
is the residue of the expansion (y™' o f050V)[,(Sm) and thus has no direction
of form [z;]. O

Theorem 5.4. Let F = {5;}52, be a collection of tuples of polynomials in the
ring Rz, za, ..., 2,]. Then for all directions [x;] with 1 < j < n every expansion
(v~ toBoyoV),1(S) is strongly destabilized at the stage ®[(y~ o foyoV ), (S)]—1

Proof. Let (y"'ofBo~yo V)iz;1(S) be any expansion in an arbitrary direction [z;].
Then by virtue of Definition 3.1 the expansion

B[(yt oBoYoV)(z;1(S)]-1

(]

(7roBoyoV) (S)

is the residue of the expansion (y~! 03070V)(4,;1(S). Let us suppose to the contrary
the vector

B[(v " oBoyoV),,;1(S)] -1

O e Boro Vg

(S)
has at least a zero entry. Then it follows that the expansion (y~' o 3o~y o

B[(y " LoBoyoV)(,.1(S)]—1
V) oy 0poroW e (9] (S) contains the direction [z;] and hence

5]
_ @[(y ™ oBovoV) (5,1 (S)]
(,y 1oﬁo’yov>[wj] [z;] (S)#SO
which contradicts the fact that ®[(y™' o 305 o V),,(S)] is the totient of the
expansion (y~' o 8050 V), )(S). This completes the proof. O

Remark 5.5. Next we relate the notion of the dropler effect induced by a mixed
expansion on expansions in a specific direction to the notion of destabilization. We
show that these two notions are somewhat related.



MULTIVARIATE EXPANSIVITY THEORY 11

6. Diagonalization and sub-expansion of an expansion

In this section we introduce the notion of diagonalization of an expansion and
sub-expansion of an expansion. This notion is mostly applied to expansions in
mixed directions. We launch the following languages to ease our work.

Definition 6.1. Let F = {S;}$2, be a collection of tuples of polynomials in the
ring R[z1, 2o, . .., 7,]. We say the mixed expansion (y~toBo~vo V)®271[$6(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

(17108070 Vgt tm)(S) = (7 0 Bor o VL (S).
We call the expansion (™' o0y0 V), (S,) the diagonal of the mixed expansion

(ytoBoryo V)&i_ [es))(S) of order k > 1. We denote with Ol(y7toBonyo
V)iz;1(Sr)] the order of the diagonal.

Proposition 6.2. Let F := {S;}52, be a collection of tuples of polynomials in
the ring R[z1,xa,...,x,]. Let the expansions (y"1oBoyo V)et_ e, (St) and
(y1 °foyoV)gl_ (a,.(Sr) be both diagonalizable in the fived direction [x;] at the
spot S, with order u and Sy with order v, respectively. If u > v (resp. v > u) then

(ytoBoryo V)®§:1[%<i)](8’5 +S,)

[4]

(17 0 oo VIS + Ss

is also diagonalizable at the spot (y~toBoyoV )" V(S,)+Sk with order v, respectively

with order u.

Proof. Suppose the expansions (y"'oBo~yo v)®l~:1[$o~(i)](8t) and (y"toBoyo
V)gl_ (xy](Sr) be both diagonalizable in the fixed direction [x;] at the spots S,
with order v and Sg with order v, respectively. Then it follows by virtue of Defini-
tion 6.1

('Y_l ofoyo v)®ﬁ:1[$a(i>](8t) = (7—1 ofBoryo V)ﬁ“] (Sa)
and
(Y oBovoV)gl aw(Sr) = oBoyo V)i, (Sk)

Then by concatenating the two mixed expansion and appealing to the linearity of
an expansion with v > v, we have

(Y oBovoV)g aw (St +8) = (" oBoyoV)gr p . 1(S)+ (77 oo
Yo Vel ey (Sr)
_ (771 Oﬂ oo V)ﬁc,](‘sa) + (7*1 o 5 oo V)sz](sk)l

Under the assumption v > v and appealing to the linearity of an expansion operator,
we deduce

(Y oBoyoV)g m,u)(Se+8) = (v eBoyoV)p, <(v1 ofoyoV) ' (Sa)+ Sk) 1
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The claim follows by choosing the spot
Sf = (,7—1 ofBovo V)E;:]U(Sa) + Ss.
O

Remark 6.3. Next we launch the notion of the sub-expansion of an expansion. The
same notion under the single variable theory still carries over to this setting.

Definition 6.4. Let F = {S;}32; be a collection of tuples of polynomials in the ring
R[z1, 22, ..., 7,]. We say the expansion (y~"1oBo7yo V)ﬁj] (S.) is a sub-expansion
of the expansion (y"'oBoyo V)fwj](St), denoted (y"toBoyo V)f;j](sz) <
(y"toBoyo V)l[wj](St) if there exist some 0 < m such that

(17 0 BoyoVh (S.) = (v 0 Boy o VIET(S).
We say the sub-expansion is proper if m + k = [. We denote this proper sub-
expansion by (y~tof3 o’yoV)fwj] (S.) < (ytoBono V)lm] (S;). On the other hand,
we say the sub-expansion is ancient if m + k > [.

Remark 6.5. Next we relate the notion of the sub-expansion of an expansion to
the notion of Diagonalization of a mixed expansion. We expose this profound
relationship in the following proposition

Proposition 6.6. Let F = {S;}2, be a collection of tuples of polynomials in
the ring R[z1,xa, ..., 2,]. If the mized expansion (Y1 oBovo Vet leg0)(S) is
diagonalizable in the direction [z;] (1 < j < n) at the spots S;, S, € F such that
Sy — S, is not a tuple of R with orders k; and k.., respectively and k. > k;. Then

(Y 'oBoyo V) (S) < (v toBoyo V)i (S,).

[x;] [x;]
Proof. Let F = {S5;}52, be a collection of tuples of the ring R[z1, x2, ..., z,] and let
the mixed expansion (y~! oﬂofyoV)@ﬂ[%m} (8) be diagonalizable in the direction
[z;] (1 <j < n) at the spots S;, S, € F such that S; — S, is not a tuple of R with
orders k; and k., so that

(Y oBovoV)g (aw(S)=("toBoyo V)t (Sh) (6.1)

[z;]

and

(7_1 oBo'yoV)@)l

=1

o] () = (7 0 Bory o VI (S, (6-2)
It follows by combining (6.1) and (6.2) the relation
(vt oBoyo V)i (S) = (v ooy o V)i (S

since S; — S, is not a tuple of R. Since k, > k;, it follows that there exist some
m > 1 such that

(v e Boyo VIS, = (v e Boyo V)i (St)
so that
(v oBoyo V)i (S) S (7 o Boyo V) (S).
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Remark 6.7. The converse of Proposition 6.6 may not necessarily hold because the
sub-expansion may be ancient. But we can be certain the converse will hold if we
allow the sub-expansion to be a proper sub-expansion. This relation is espoused in
the following result as a weaker converse of the above result.

Proposition 6.8. Let F = {S;}52, be a collection of tuples of polynomials in the
ring Rlz1, T2, ..., xn]. If the expansion (y~' o B oy o V), (S) is a diagonal with

order k of the mized expansion (y"1oBoyo V)®z_:1[l.o(i)](8) and

(Yt oBoyo V), (S) < (Y e Boyo V) (S

then the expansion (y~' o o050 V), (S,) is also a diagonal with order 1 of the
same mized expansion.

Proof. Let us suppose the expansion (y~! o 050 V), (S) is the diagonal with
order k of the mixed expansion (Y"1 oBo~yo V)®;:1[%(i)](8). Then it follows by
virtue of Definition 6.1
(Y oBoyo Vg mw)(S) = (" oBoyo V), (Sh).

Since

(Yt eBoyo V), (S) < (v eBoyo V)L, (S)
it follows by appealing to Definition 6.4

(17 0 Boro V), () = (71 o oy o V)HI(S,).
for some 0 < m with [ + m = k so that

(Y oBoyoV), (S) = (" eBoyo V)l (S).

The result follows from this relation, since (v~ o B oy o V), 1(S) is a diagonal
with order & of the mixed expansion (y"" o8 oy0V)g_ (S). O

1[I0(i)]

Remark 6.9. The notion of the totient, the droppler effect and the diagonalization
of an expansion may seem to be quite seperate disparate notion of the theory but
the following Proposition indicates a subtle connection among these three.

Proposition 6.10. Let F = {S;}5°, be a collection of tuples of polynomials in the
ring R[z1, o, ..., x,]. If the mized expansion (y~toBo~yo Vgl lwy )] (S) induces
a dropler effect with intensity k on the expansion (y~' o oy o V), (S) and is

diagonalizable in the direction [x;] at the spot Sy with order s, then the expansion
(v oBoyoV)y, (S
is free with totient
D[y oBoyo V), (S)] =k+s.

Proof. First let us suppose the mixed expansion (y~* O,BOVOV)@,LZI[%M] (8) induces
a dropler effect with intensity & on the expansion (y"toBo~vo V)iz;)(S). Then it
follows by virtue of Definition 4.1

(Y 'oBoye V) o oBoyoV)g

i=1

[xa(i)] (S) = SO
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with & < ®[(y"' o B o0 V), (S)] and k is the smallest such number. Under
the assumption the expansion (Y"1 oBo~yo V)iz;1(S) and is diagonalizable in the
direction [z;] at the spot S; with order s, it follows that
(Y oBovoV)g w,w(S) =" oBoyo V)i (S)
so that we have
(v 'oBoyo V)fwtf(st) = So.
Now let us suppose there exist some r < k + s such that
(v 'oBonyo V)Ef—r(&) =8
then it follows that
(v toBonyo V)fx_]]r o(y toBonyo v)®§:1[%<zﬂ)](8) =38.
This is a contradiction, since k = Z[(y~' o S0y 0 V)[,,1(S)] is the intensity of the
dropler effect and is the smallest such number. It follows that
B[y oBoyo V), (S =Z[(v o Bovo V), (8)]+ Oy oBoyo V), (St
=k+s |

and the claim follows immediately. [

Lemma 6.11. Let F = {S;}32, be a collection of tuples of polynomials in the ring
R[z1,22,...,7,]. Then the expansion (y~1ofovyo V)[wa(i)](S) foralll <i <1
admits dropler effect from the source

(’y_l o /8 o ’Y o v)@:::l[l'a(”] (S)

Proof. Let us consider an arbitrary expansion (y™' o oo V), »1(8) for all
1 < j < 1. Then by appealing to the commutative property of an expansion, we
can rewrite

(’y_l oﬁo*yoV)(@l

i=1

[To (1)) (§)=(""opBoryo Vi)

o(yteBoyo V)®;:1[xa(i>](3)'
i#£]
It follows that

(y'eBoyoV) o(Y 0 Bov0V)gl_ n,)(S) = So.

It follows that there exists some smallest number k& < ®[(y"toBoyo V)[xg(j)] (S)]—
1< ®[(y " oBoyoV)p,(S)] such that

(7 oBoyo V) jo(r oBoro Vg b 1(S)=So.

i=1

P[(v~ ' oBoyoV),
[aja(j)]

1(S)]-1

a(d)

This proves the claim that each expansion of the form (y~*o 8070 Vg )(S) for
all 1 < j <[ admits a dropler effect from the source
(Y oBovoV)g ja,w(S):
(]

Remark 6.12. Next we show that the notion of diagonalization exist for mixed
expansion in each direction involved in the mixed expansion. The proof is quite
iterative in nature and will be employed in the sequel.
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Proposition 6.13. Let F = {5;}52, be a collection of tuples of polynomials be-
longing to the ring Rlx1,xa,...,2x,]. Then the mized expansion

(Y toBoyo Vel 2] (S)
is diagonalizable in each direction [z, ;] for 1 <i <.

Proof. Let us consider the mixed expansion
(771 © /8 o7yo v)®l,=1[7:o(z)] (8)

and let [z,(;)] for 1 < j <1 be our targeted direction, then by appealing to the
commutative property of an expansion we have

(v oBovoV)g o) (8) =T 0Boyo V), 10 (1 0Boyo Vg g, ,1(S).
= |
Next let us consider the residual mixed expansion
(08070 Vet 1ol (8) = (7 0B070 Vet
i#j £

[e) (7—1 le) ﬁ le) ’y (e V)[Ia(l)](S).
If there exist some tuple S, € F such that

(v oBoyo V), 1(8) =(r"oBoyo V), (Sa)

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

710

Sp=(""oBoyoV)a,,(S)

and apply the remaining operators on it. By repeating the iteration in this manner,
we will obtain

(ytoBoyo V)®£:1[%(i)](8) =(ytoBoryo V)Fwo(j)](st)
for £ > 1 and for some S; € F. This completes the proof of the proposition. ([l

Remark 6.14. We are now ready to prove the inequality announced at the outset of
the paper. We bring together the tools developed in the foregone section to obtain
a stronger version of the inequality.

Theorem 6.15. Let F = {5,;}32, be a collection of tuples of polynomials in the
ring Rlz1, 22, ..., 2,]. Then we have the inequality

l
(1710070 Vgt s, ) (S < 7 D@ 0oy V)i, ) (S)]
i=1

o~ = Ly

+ > Ol(y o Bory o V), (8]
1<i<l
SreDiag[(flﬁovov)@é

57‘:(771 Oﬁo’yov)[z

(8)]

—1[Eo@)]
o)) (St)

where Diag[(y~tofoyoV)g

i=1

(Y toBoyo Vel s (S)-

[%(1)](8)] is the set of all diagonals of the expansion
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Proof. Let us consider the mixed expansion
(y'oBonyo Vgl 2o (S)-

Then by appealing to Proposition 6.13 then for each direction [z, ;)] for 1 <i <1
there exist some spot S; and a number k£ > 1 such that we can write

(v ioBovoVg o (S) =" eBoyo V)i, (S

Again appealing to Lemma 6.11 each of the expansions (y"* o Sovyo V)[x " )](S)
admits a dropler effect from the source

(’Y_l ofoyo v)@ﬁzl[zd(i)](s)'

The upshot is that we can write for each direction [z,(;)] the relation
B[(v o Boyo V) (Sl =Z[(v o Boyo V) (S)]+ Ol ooy o V), (Sl
By appealing to Definition 4.1, we obtain further the inequality
B[y oBoyo V) (S)] < @[(y e Boyo V) (8)]+ Oy eBoyo V)L (S
Again we see that the inequality is valid

O[(v ooy oV)g w (S =2[(v T oBoyo V)i (S))]

<O[(v 0B o0 V), (S)]

so that we have the refined inequality
(v ofovoV)g a (S <O ofovo V) (S)]+ Ol oBoyo V)L (S]]

Since there are [ directions under consideration, we add ! such chains of the in-
equality and obtain

l
1B](y" 0 Bov0 Vg o ()] < S B[(7 0 B0y 0 V), 1(S)]

1=1
+ > Ol(y o Boyo V), (S
1<i<l
SreDiagl(v toBoroV)gr 1, 1(S)]

Sr:( Oﬁo'}/ov) [z o (i ) (S )

This completes the proof of the theorem. O

Corollary 6.16. Let F := {S;}32, be a collection of tuples of polynomials in the
ring R[z1, 2, ..., @] IfOl(y o Boyo V), ,1(S)] =1 for each

(Y ' eBovoV)u,,(S) € Diag[(y o Boyo Vg (4 (S

then

1 l
D[(y~ OBO’YOV) oo )] 72 oﬁo'yoV)[ma(i)](S)]-l-l.
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Proof. This is a consequence of the inequality in Theorem 6.15 by taking
Ol(y " oBoyoV), (S =1
for each

(’y_l o /3 o ,y o V)[Eg(l)](st) 6 Dla’g[(,y_l © /3 o ’y © V)®l [IU(7)](8)]‘

=1

O

Appealing further to the energy dropler effect-intensity equation in Definition
4.1

E[(v oBoyoV)u,I(S) =@y oBoro V) (S -Zl(v o Bovo V)L (S

and Theorem 6.15, we obtain a refined inequality

By 08070 Vgt in, o) (S)] < 7 DB 0070 V1 (S)]

-Fqi

1

«
Il

o~ =
-

+ I[(y P oBoyo V), (S)
=1
1 _
7 2. Ol 08070 V)i, (S
1<i<l
STeDiag[(w’loﬁofyoV)@)é:l[Ia(i)](S)]

Sp=(y""0BoyoV) [z, .,1(St)

a (i)

We call this inequality the totient, energy, dropler effect intensity inequality.

7. Hybrid expansions

In this section we introduce and study the notion of hybrid expansions and
explore some connections.

Definition 7.1. Let F = {S;}32; be a collection of tuples of polynomials in the
ring R[xq,z2,...,2,]. We say the expansions (y"1oBovo0 V)f“wi](Sa) and (y~to
Bovo V)‘[ij](Sb) with ¢ # j are hybrid if

(710 Boyo V) (S) = (v 0 Boyo V), 1(Sh)-
We denote this relationship with
(Y toBoyoV)(Sa) X (Y o Boyo V)i, (S).

Proposition 7.2. Let F = {S;}32, be a collection of tuples of polynomials in
the ring R[z1,xa, ..., 2,]. If the mized expansion (Y"1 oBovyo V)®;=l[xa(i>](8) 18
diagonalizable at the spot S, with order k in the direction [x;] and

(Y oBovoV)E (Sa) M (v o Boyo V)i, (Sh)

then the mixed expansion is also diagonalizable at the spot S, with order t in the
direction [z;].
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Proof. Suppose the mixed expansion (y"1ofBo~yo Vel xy ] (S) is diagonalizable
at the spot S, with order k in the direction [x;], then by appealing to Definition
6.1 we have

(v 0B 0y 0 V) fa,)(S) = (Y7 0oy 0 V) (Sa).

Under the assumption the expansions are hybrid, it follows by appealing to Defini-
tion 7.2

(Yt eBoyoVg w18 =0 oBoyo V), (S)

and the claim follows immediately. (]

Proposition 7.3. Let F = {S;}2, be a collection of tuples of polynomial in the
ring Rlz1,z2,...,2,]. Let (Y"1 oBoryo V)i2:)(Sa) be a diagonal of the mized
expansion

(v eBoy o Vgt ()
with order k > 1. If
(Y ltoBoyo V)ﬁ:i] (Sa) M (v hoBoyo V)frj](sb)
then
P[(yofoyo V)ij](Sb)] <max{®[(y P ofoyo v)[%u)](s)]}é:l

+ max{(’)[(fy_l ofoyo v)[mg(i)](st)]}l i=1 .
StEDiag[(v_loBowV)@:l[%m](3)] |

Proof. Let us suppose the expansion (y"1oBovo V)i, (Sa) is a diagonal of the
mixed expansion

(771 © /8 SRS v)®i=1[x0(b)] (S)

with order k > 1. Then it follows that

(Y oBovo Vg oS ="t oBoyo V) (S
Since

(Y oBoyo V)i (Sa) x (Y oBoyo V)i, (S

it follows that we can write

(7_1 ofovyo V)®£:1[Ig(i)](8) = (»y—l offoyo V)fwj](sb)
so that by appealing to Theorem 6.15, we obtain the inequality
B[(yofoyo V), (S =@V efovo Vg () (S)]

l
1 _
<7 > (v oBoyo V), (S)]
i=1
1 _
+7 > Ol(y " oBovoV),,1(S)]
1<i<l
SeeDiag[(y™ 0foroV)gr (. (S)] |

and the claim follows by further controlling the two sums on the right hand-side of
the inequality. [
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Remark 7.4. Next we express the relationship between hybrid expansion and the
notion of diagonalization of a mixed expansion.

Proposition 7.5. Let F = {&;}52, be a collection of tuples of polynomials in the
ring Rlzy, 29, ..., 2] If

(Y oBoyo V)i (Sa) x (Yo Boyo V)i, (S)
then the mized expansion (Y~ " ofBoyoV)p.10(y "ofoyo 1(Sp) respectively
hen th d top V)izi] top \Y% f%] S l
(v toBoyoV)u,jo(y toBoyoV)F 1(Sa) is diagonalizable at the spots Sq with

[z

order k + 1 respectively Sy with order t + 1.
Proof. Let us suppose

(Yt oBoyo V)i (Sa) x (Y o Boyo V)i, 1(Sh)
then it follows that

(Y ' oBovoV)i (Sa) = ("t eoBoyo V)i, (S)

so that by applying a copy of the expansion (y"1ofBovo V)[«,] TeSPectively (v to
B o7 o V), on both sides, we have the following relations
(vioBoyoV)mio (v eBoyo V), (S) = (v e Boyo V)i (Sa)
and
(v oBoyoV), o (v ofoyoV)(Sa) = (1" o Boyo V) i(Ss)
and the claim follows immediately from these two relations. (I

8. Applications of the totient inequality

In this section we explore some applications of the theory. We obtain an in-
equality that will be useful for the study of the Pierce-Birkhoff conjecture. We first
make the following terminologies more precise.

Definition 8.1. Let f € R[x1,xs,...,2,] be a polynomial. By the index of x; for
1 < i < n relative to f, denoted Indy, (x;), we mean the largest power of z; in the
polynomial fj.

Lemma 8.2. Let S = (f1, fa,-.., [s) be a tuple of polynomials such that f; €
Rlx1,za,...,x,) for 1 <i<s. Then forany1<j<mn

®[(v" 0 foy 0 V), (8)] = max{Indy, (z;)}is, + 1.

Proposition 8.3. Let fi1, fa,..., fs € Rlx1,x9,....2,] be polynomials. Then there
exist some J := J(l) > 0 such that

l
. s 1 s
min{ma{Tndy, (7o) Hy + 1oy < 7 0 max{Indy, (o) Hoy +2+ 7.

i=1
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Proof. First let us consider the tuple S = (f1, fo, ..., fs). Next, we break the proof
into two special cases: The case were each of the expansions (77! oﬂoyoV)[%(i)] (S)
for 1 <14 <[ does not admit and the case at least one admits a dropler effect from
the source

(ytoBoryo V)®{é=1[%(i)](8)-

In the case each of the expansions admit no dropler effect from the underlying
source then by appealing to Proposition 4.4 and Lemma 8.2, we can write

e[(y o foyoVg ) (S)] =min{@[(v ooy o V), (S}
= min{max{Ind, (z5))}j—1 + 1}izs-
Again by appealing to Lemma 8.2 we can write
D[(v o foyoV)n,, (S)] =max{Indy, (z;)}i_; +1

so that by appealing to Corollary 6.16, we can write
l
. 1
min{max{Indy, (z,())} i1 + 1}0y < 7 Z max{Indy, (T,0))} o1 + 2.
i=1

We now turn to the case where at least one of the expansions (y~! 0070V (2, 1, (S)
for 1 < i <[ admits a dropler effect. In this case we would have by appealing to
Proposition 4.4

CI)[('y_l ofovyo V)®z

U o) (S)] =min{(y " o foy o V), 1(S)}io — T

= min{max{hldfk (xo(i))}2=1 + 1}lz‘=1 -J
for some J := J(I) > 0. The right hand side expression is not impacted in this
case. By combining the inequalities in both cases, the claim inequality follows as a

consequence. O
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