Affine Transformations of Algebraic Numbers

D.J. Jeffrey

Ontario Research Centre for

*
Pratibha
Department of Applied

K.B. Roach
The Symbolic Computation

Computer Algebra Mathematics Group
The University of Western The University of Western The University of Waterloo
Ontario Ontario Waterloo, Ontario, Canada

London, Ontario, Canada
djeffrey@uwo.ca

ABSTRACT

We consider algebraic numbers defined by univariate poly-
nomials over the rationals. In the syntax of MAPLE, such
numbers are expressed using the Root0f function. This pa-
per defines a canonical form for Root0f with respect to affine
transformations. The affine shifts of monic irreducible poly-
nomials form a group, and the orbits of the polynomials can
be used to define a canonical form. The canonical form of
the polynomials then defines a canonical form for the cor-
responding algebraic numbers. Reducing any Root0Of to its
canonical form has the advantage that affine relations be-
tween algebraic numbers are readily identified. More gener-
ally, the reduction minimizes the number of algebraic num-
bers appearing in a computation, and also allows the Maple
indexed Root0f to be used more easily.

Categories and Subject Descriptors

G.1.5 [Numerical Analysis]: Roots of Nonlinear Equa-
tions— Polynomials, methods for

General Terms
Algorithms

Keywords

Algebraic numbers, RootOf, Affine Transformation

1. INTRODUCTION

We consider univariate polynomials over the field Q of
rational numbers. When MAPLE computes the roots of a
polynomial p(z) € Q[z], it uses the Root0f function to repre-
sent any algebraic numbers required. MATHEMATICA uses an
equivalent construction. Root0f has two forms: indexed and
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non-indexed. The non-indexed RootOf(p(x),x) represents
either one root or all of the roots of p(z), depending on the
context, while the newer indexed Root0f(p(x), z, index = n)
represents the nth root of p(x), as determined by the MAPLE
indexing scheme. MAPLE’s Root0f will accept any poly-
nomial p(z) € Q[z] as an argument, whether p(z) is irre-
ducible or composite over QQ, and indeed it will accept non-
polynomial functions. Here, however, the argument p(z) is
restricted to being irreducible, because then the indexing
scheme is cleaner, there being no repeated roots [4].

The original motivation for the current investigation came
from the calculation of series solutions for an ordinary dif-
ferential equation about a regular singular point, using the
method of Frobenius. Della Dora and Tournier [1] point out
that computing such solutions requires a test to determine
when two roots of the characteristic equation differ by an
integer, and comment that this is non-trivial. It is natural
to generalize this question to a general affine relationship.

The general question is the following. Given a root r of
a polynomial p(z) € Q[z], and a root s of a polynomial
g(z) € Q[z], which may or may not equal p(z), determine
whether an affine transformation exists between them, i.e.,
determine «, 8 € Q such that s = ar + 8. This is answered
here by expressing each algebraic number 7 ¢ Q in terms of a
uniquely defined algebraic number ¢ such that if r = a1t + 51
for a1, 81 € Q, then there is an affine transformation from
s ¢ Q to r only if s is also expressed in terms of ¢, i.e.,
s = aat + (B2 for as, 32 € Q.

Ezxample 1. The aim of this paper is not simply to repair
some shortcomings in Maple’s current implementation, but
it is relevant to see what the situation is at present. We il-
lustrate the shortcomings of MAPLE’s current simplification
of the Root0f function with respect to the questions just
posed. Let

p(z) = ' —102° +402° — 782" + 662° + 142° —
89z +1162° — 1062° + 76z — 27 . (1)

The Maple 9.5 command solve(p(x)) returns the results
presented in table 1. (We have abbreviated RootOf to R
and omitted the underscore.) It is not obvious from these
results that the roots differ by an integer. As a consequence
of the properties of the indexing scheme, the indexes must
be selected differently for the two families of roots. Once
this is done, the following statement is true.

R(_Z"5-10%_Z"4+40%_Z7"3-79%_Z"2+76%*_Z-27 ,index=1)
- R(_Z"5+_Z"2+1,index=3) = 2



R(Z"5+Z"2+1,index = 1),
R(Z"5+Z"2+1,index = 2),
R(Z~5+Z"2+1,index = 3),
R(Z"5+Z"2+1,index = 4),
R(Z~5+Z"2+1,index = 5),
R(Z~5-10%Z"4+40%Z"3-79%Z~2+76*Z-27 ,index = 1),
R(Z"5-10%Z"4+40%Z~3-79%Z"2+76%Z-27 ,index = 2),
R(Z~5-10%Z"4+40%Z"3-79%Z~2+76*Z-27 ,index = 3),
R(Z"5-10%Z"4+40%Z"3-79%*Z"~2+76*Z-27 ,index = 4),
R(Z"5-10*Z"4+40%Z~3-79%Z"2+76%Z-27 ,index = 5)

Table 1: The roots of the polynomial p(x) defined in
equation 1 as expressed in Root0f notation by Maple
9.5. The function name Root0f has been abbreviated
to R to save space.

MAPLE’s simplify, evala, evalb commands cannot verify
this. However, finding the limitations of particular MAPLE
commands is not the point (a sufficiently expert user will
be able to guide MAPLE to this simplification). The point
is that working with algebraic numbers is more convenient
if they are expressed in a canonical form. Notice that two
things must be recognized in the above statement: the rela-
tion between the polynomials and the indexing of the roots.

2. AFFINE TRANSFORMATIONS OF AL-
GEBRAIC NUMBERS

Let P C Q[z] be the set of monic irreducible polynomi-
als over Q. Further, let P,, be the set of monic irreducible
polynomials of degree n. We consider the algebraic numbers
defined by the roots of the elements of P. From the point of
view of MAPLE, this corresponds to using the output of the
factors command, rather than the solve command.

Definition 1. For x € C and «, 8 € Q, an affine transfor-
mation T'(«, 3) of x is defined by

T(a,B)x =ax+ 3.

Definition 2. For p(z) € P, o € Q\{0}, 8 € Q, a monic
affine shift M («, ) of p(x) is defined by

M(a, B)p(z) = o~ Y5 p(T(a, B)z) = o~ *EPp(az + ) .
The inverse transformations are
T(a,ﬁ)_lx = alz-— oflﬂ , (2)
M(a, 3)" " p(x) a¥e Py T(, ) . (3)

We must show that the transformations M («, 3) form a
group. This is obvious if M is applied to Q[z], but we apply
it only to P. Therefore we first prove that M is closed on P.

THEOREM 1. Given p(z) € P, o € Q\{0}, B € Q, then
M(a, B)p(x) € P.

PRrooOF. First, observe that
M(a, B)p(z) = a~ “*Pp(az + B)

is monic. Second, suppose M («, 3)p(x) = a(z)b(x), where
a(z) € Q[z] and b(z) € Q[z]. Then

p(z) = a®*Pa(a 'z —a T Bb(a e —a71B)

where we must have that a(a™'z — a™'3) € Q[z] and also
that b(a ™ 'z—a ™' 3) € Q[z]. If neither a(z) nor b(z) is a unit
of Q[z] (an element of Q), then neither a o 'z — ™ '3 nor
b otz —a'B isaunit of Q. O

We can in fact make the stronger statement that if p € P,
then M (a, B)p € Pn.

THEOREM 2. The set of monic affine shifts M («, 8) with
a € Q\{0}, B € Q is a group action on P.

PrOOF. The action is well defined because of theorem 1,
and the verification of the group laws is straightforward. []

Now we establish the correspondence between affine shifts
of the polynomials and affine transformations of algebraic
numbers.

Definition 3. Let p(z) € P, then the set R(p(x),z) C C
is defined by

z € R(p(z),z) < p(z)=0. (4)

This corresponds to the non-indexed MAPLE Root0f. The
number of elements in R is degp.

An affine shift does not change the degree of the polyno-
mial, so we must establish that an affine relation between
algebraic numbers can only exist between numbers of the
same degree. We note that an affine shift of the defining
polynomial corresponds to an affine transformation of every
root in the set of roots, and the set remains the same size.

LEMMA 1. Let p € P have roots r; ¢ Q. If ¢ € P has a
root s ¢ Q such that s = ar; + 3 for some j and o € Q\{0},
B € Q, then the roots of q are precisely ar; + B for all i.

PROOF. Assume r ¢ Q and s ¢ Q are roots of irre-
ducible polynomials p and ¢ such that s = ar + 38, a € Q,
and 8 € Q. Then s ¢ Q implies a # 0 and r is a root
of a~ 4t Wy(ax + B) € Q[z]. Since g(zx) is irreducible,
a~ 4@ g(qz 4+ B) must also be irreducible by theorem 1.
But r must be a root of a unique irreducible polynomial.
Hence, p(z) = o~ 98Dg(az + 3) which shows that if the
roots of p are r;, then the roots of q are ar; + 5. [

Our aim is to relate algebraic numbers through their defin-
ing polynomials.

Definition 4. If r and s be algebraic numbers, then r and
s are affinely related over Q, written r =q s, if there exist
a € Q\{0}, and B € Q such that s = T'(«, B)r.

LEMMA 2. Affinely related over Q is an equivalence rela-
tion.

PrOOF. Since the affine transformations define a group,
they define a set of orbits of the algebraic numbers. Two
algebraic numbers are affinely related if they are members
of the same orbit. It is standard theory that orbits define
equivalence classes. [

THEOREM 3. For p(z) € P, a € Q\{0} and § € Q,
M(a, B)p(x) = 0 = T(a, B)" R(p(z)) -

PrOOF. By definition 2 and lemma 1. []



Theorem 3 shows that algebraic numbers are affinely re-
lated if their defining polynomials are related by correspond-
ing affine shifts. Consequently it seems that all affine rela-
tions can be deduced by considering the orbits of the defin-
ing polynomials. There is a difficulty, however. It is possible
for affine relations to exist within a Root0f set. This corre-
sponds to an affine polynomial shift mapping a polynomial
nontrivially onto itself. It is therefore important to decide
when this can occur.

THEOREM 4. Two different roots r ¢ Q and s ¢ Q of
an irreducible polynomial cannot be linearly related over Q
unless 1 = T(—1,3)s for some 3 € Q.

PRrROOF. Assume r and s are different roots of an irre-
ducible polynomial p(z) such that s = T'(«, B)r, o € Q, and
B € Q. Let

>
rm=a" +f o
i=0

i

for n € N. Then ro = r is a root of p. By lemma 1, if r,
is a root of p, then r,41 = ar, + 0 is a root of p. So, by
induction, 7, is a root of p for all n € N. Consider the cases
a =1 and a # 1 separately.

If « =1, then r,, = r+nf is a root of p for all n € N. The
Fundamental Theorem of Algebra requires {r, |n € N} be
a finite set. Since o € Q, a # 0, and «a # 1, this implies
B =0 and s = r, a contradiction.

If a # 1, then

n B B

L

Tn =

is a root of p for all n € N. The Fundamental Theorem of
Algebra requires {rn|n € N} be a finite set. This implies
a=—-land s=—-r+g. O

Example. The irreducible polynomial 22 — 22 — 1 has roots
r=14++v2ands=1—+2=—r+2.

To summarize this section, we have shown that affine re-
lations between algebraic numbers can be studied by consid-
ering the orbits of the defining polynomials under the group
action of T'(e, ). We now must define an invariant for each
orbit, and this will be the number ¢ referred to in the in-
troduction. The set of numbers ¢ will define a cross section
in the sense of [2, 3], or in equivalent terminology a canon-
ical form. The selection of the cross-section element is the
subject of the next section.

3. DEFINITION OF A CANONICAL FORM

Definition 5. Let p(z) = 2™ +pn—12™ " +... 4 po, where
p(x) € P, be an irreducible polynomial. Define p4(x) € P

p+(z) = M(1, —pn_1/n)p(z) .
If r = R(p(x),x), then r4 =q r is defined by
r+ = R(p+($),$) = T(lvpn—l/n)r :

The properties of the + operator are summarized in the
following theorem.

THEOREM 5. If o € Q\{0}, 8 € Q, p(x) € P is an irre-
ducible polynomial, r an algebraic number, and n = deg(p),
then

(a) (M(a,B)p(x)), = M(a,0)ps ().
(b) (T(ev, B)r); =T(c,0)ry.
(c) p++ =p+-
(d) ros =74

PRrOOF. For (a), since

M(a, B)p(z) = o "(az+3)"

+a "pp_1(ax + ﬁ)"i1 + ...
= 2" +a '(por+nB) " 4.,

we have
(M(a,B)p(a)), = o "p ow— Pt p

= a "pi(ax).
For (b), since ar + 8 has irreducible polynomial
a'plalz—a'B) = " alz—a "
+a"pn_1 otz —a'B nt
+...
z" + a(pp-1 — nﬂ)a:"il + ...

we get

(ar+p8)+ = (ar+p
Pn—1
n

)+ a(pn—1 —np)

= « r+ =Qary .
Parts (c) and (d) follow from definition 5 and parts (a) and
(b). O

Definition 6. Suppose p € Q\{0}, and n is a positive in-
teger. Let p = a/bwherea € Zand b € N. Let ab™ ! = k"¢
where k is a positive integer, c¢ is a nonzero integer that is
not divisible by any nontrivial nth power of an integer (i.e.
other than £1). Then [p], is defined by [p]» = k/b.

Remark. The a and b do not need to be relatively prime.
To check that [p], is well defined, observe that if p = a1/b1 =
az/bz, and

“1 “1
a1y =kia and  a2b) ' = kYo

then
bikycs = blagbd ™! = a b H0N = bRk ey

but b1, b2, k1, k2 are positive integers; ¢1 and c2 are nonzero
integers; and neither ¢; nor cz is divisible by a nontrivial
nth power of an integer. Therefore, by the Fundamental
Theorem of Arithmetic, we must have ¢y = ¢ and k1 /by =
k2 /ba.

LEMMA 3. Suppose p1 € Q, p1 #0, p2 € Q, p2 #0, and
n s a positive integer. Then sgn([p1]n) = 1 and [pT p2]n =
lp1] [p2]n.

PRrROOF. First, sgn([p1]n) = 1 is easily seen from definition
6. Second, let p; = a;/b; where a; € Z and b; € N. Let
a2 bgfl = k3 c2 where k2 is a positive integer; ¢z is a nonzero
integer; and cz is not divisible by any nontrivial nth power
of an integer. Then

atas

b7 by

7
pP1pP2 =



and

ataz(bibz)" !

a?b?(”_l)kQCQ

—1 n
al lel kz C2

implying
_lan[ 077 ke faa| ke _
S b | p1| [p2],,

[0 p2],,
O

Definition 7. If p(z) € Pn, n > 1is a nonlinear irreducible
polynomial and p(z) = " + an—22" 2 + ... + ao, define
irreducible polynomial px (z) € P by

px(x) = [ao]," p+ [ao], ©
Suppose r ¢ Q is a root of p(z). Define root r« =g 7 of
px () by rx = [ao], " 4.

THEOREM 6. If o € Q\{0}, B8 € Q, p(z) € Pp, n > 1
s a nonlinear irreducible polynomial, v ¢ Q is an algebraic
number, and n = deg(p), then, with s = sgna,

(a) (M(a, B)p(x)), = (50)"Px(sai)-.
(b) (T(c, B)r)x = sarx

(€) Px+ = Pxx = Px

(d) rx+ =rxx =rx

PROOF. (a) Let py(z) = 2" 4+ an—22™ 2+ ... + ao. By
theorem 5,

a "plaz+ ) L= a "pylaz)=2"+...+a "ao .

Therefore,
plac+p)  _ Magln _, Y
o = o, @ Praae T

la|"ao), " "+ alal” ao]nz

sa laol," p+ [ao], sax
= saPx(Sa)
(b) Let r have irreducible polynomial p(x) and let py(z) =
" 4+ an_2x” 2 4+ ...+ ap. Then ar + [ has irreducible
polynomial a"p(a 'z — a~'3). By theorem 5,
a"plalz—a™'B) | =a"pi(a ')
and (ar + B)+ = ary. Therefore by definition 7,
(ar+B)x = [a"aol, ary = o] [ao)y  ary
= SaTx -
(¢) By construction, px = [ao],"p ([ao]nz — pn—1/n). By
theorem 5 and definition 7,
Pn—1
no o+
= [ao]a"p+ ([ao]nz) = px (2)
Also, by (a) and lemma 3,

px+ = laoln"p laolnz —

pn—l
n X

Pxx = laoln"p laolnz — = px ()

(d) By construction, 7« = [ao] " '7 + pn—1/n. By theorem 5
and definition 7,

rx+ = [ao] 't +pa-i/n L= [ao) "'ry = 7

Also, by (b) and lemma 3

Txx = lao] ‘7 + pa_1/n . = Tx

O

Definition 8. If p(xz) € Q[z] and p(—z) = p(z), then p(z)
is an even polynomial.

Definition 9. The complex signum of a complex number

z is
8

20 ) = O,
csgn(z) = 1, —m/2 < argz < m/2,
- —1 otherwise.

Definition 10. Let p(z) € P be a nonlinear irreducible
polynomial, px(z) = " + an_2x™ 2 + ... + ao. If px is
even, define o(p) to be 1. If py is not even, define o(p) to
be the sign of the first nonzero coefficient in the sequence
(n-3, Gn-5, .... Suppose r ¢ Q is a root of p(x). If py is
even, define o(r) to be csgn(rx). If px is not even, define
o(r) to be o(p).

LEMMA 4. Ifa € Q, a #0, 8 € Q, and r ¢ Q is an
algebraic number, then o(ar + ) = sac(r), and s = sgna
as before.

PROOF. Let r have irreducible polynomial p(z) € P and
px = " + n-22""2 4+ ... + ap. Then ar + B has ir-
reducible polynomial a"p(a™ 'z — o~ *F). By theorem 6,

a"platz —alp) . = SaPx(saw) and this equals 2" +
Soln_1x™ Y+ ...+ Snap.
Therefore, o™p(a™'z —a™'p) . 1s an even polynomial if
and only if px (z) is an even polynomial. By theorem 6, we
know (ar + B)x = saTx. Hence, if a"p(a™'z —a™'B) N
is even, we get

olar + ) csgn ((ar + B)x) = csgn (sarx)
= Sacsgn(rx) = sao(r)

If a"platz—a1p)

. is not an even polynomial, we get

20+1
An—21—1

olar+3) = sgn sgn(a)

= sgn(a)sgn(an—z2v1-1) = sao(r)
where an,_2;—1 is the first nonzero coefficient in the sequence

An—1, An—3, An—5, .. .. D

Definition 11. Suppose p(z) € Pn, n > 1 is a nonlin-
ear irreducible polynomial. Define irreducible polynomial
po(z) € P by

po () = M(o(p), 0)px (x)

Suppose r ¢ Q is a root of p(z). Define root ro =g r of
po(x) by 76 =T (0(r),0)rx.

THEOREM 7. If « € Q, a # 0, 8 € Q, p(z) € P is a
nonlinear irreducible polynomial, and r ¢ Q is an algebraic
number, then

(a) (M(a, B)p(z)), = po(z)
(b) (T(a>ﬂ)T)o =T

(C) Po+ = Pox = Poo = Po



(d) To+ =Tox = Tooc = To
(e) ops) =1
() o(rs) =1
PROOF. (a) Let px (z) = 2" 4+an—_12" *+...+ao. By the-
orem 6, o "p(az+B) = sgn(a)"px(sgn(a)z) and this

equals =" + sgn(oz)anflccnf1 + ...+ sgn(a)"ag. Therefore,
a”"p(az + 3)  is an even polynomial if and only if px (z)

is an even polynomial, and if a™ "p(az + 3) ., 1s an even

polynomial, then
o o "plaz+p) =o(p) =1
and n is even, which makes
a"plaz+f) , = a "plaz+B)
px(z) = po(x)

is not even, then by lemma 4, it must

If a™"plaz+p8)
be that ¢ a "plaz+ 3) = sgn(a)o(p).
notation, let o1 =0 a "p(az + ) =sgn(a)o(p). Then

For convenient

o "plax + B) . = or a "placiz + B) y
= o1 sgn(a)"px (sgn(a)oiz)
o ()" px (o(p)z) = po ()
(b) By lemma 4, o(ar + ) = sgn(a)o(r) and by theorem 6,
(ar + ) x = sgn(a)rx. Therefore,

(ar+B)e = olar+pB)(ar+ B)x
= sgn(a)o(r)sgn(a)rx = o(r)rx =715

(c¢) By construction,

po = 0(p)"laoln"p (o (p)laclnz — pn—1/n)
By theorem 5, definition 7, and definition 11,

pot = o(p)[aol,"p(o(p)laclnr = pn-1/n)

= o(p)"laol,"p+ (o(p)[ao]nx)
= o) "px(c(p)x) = po(z)
By theorem 6, lemma 3, and definition 11,
Pox = o(p)"[ac)y"p (o(p)[ac]na — pu-1/n)
= o) "px(c(p)x) = po(z)

By (a), poo = 0o(p)"[acl,"p (o(p)ac]n® —pn-1/n) _, and
this equals p,.
(d) By construction,

re = o(r)[aol, v+ o(r)[acly pr—1/n
By theorem 5, definition 7, and definition 11,
ros = o(r)laols'r +o(r)]acly pa-r/n
= o(M)|ao)y're =o(r)rx =74
By theorem 6, lemma 3, and 11,
rox = o(r)aoly '+ o(r)aoly pa-1/n
= o(r)rx =7re
By (b), 100 = o(r)lac)y'r + o(r)lacly 'pn-1/n , =710 (e)
Suppose px = " + an_12" " + ...+ ao. Then
pe = o(p)"px (o(p)z)

"+ o(p)an_12" " + ... +0(p)"ao

We see that p, is even if and only if py is even. If p, is
even, then o(p,) = 1 by definition 10. If p, is not even,
then pox = ps by (¢), so

2041

o(ps) = sgn o(p) An—21—1

o(p)sgn(an—=-1) = o(p)® =1

where a,,_2;—1 is the first nonzero coefficient in the sequence
An—1, An—3, An—5, .. ..

(f) Suppose r is a root of p. Then 7, is a root of p,. If ps
is even, then by (d) and 11,

o(re) = csgn(rex) = csgn(re) = csgn(o(r)rx)
o(r)esgn(ry) = o(r)’> =1

If ps is not even, then o(r,) = o(ps) =1 by (e). O

THEOREM 8. Let r and s be algebraic numbers. Then
r =g s if and only if ro = So.

PROOF. If r =g s, then there exist a € Q\{0}, 8 € Q
such that r = as+ (. Sor € Q if and only if s € Q. If
reQandseQ thenr, =s, =0. If r ¢ Q and s ¢ Q,
then ro = (as + )¢ = S by theorem 7.

If ro = 8o, then r =g 7o = s6 =@ s implies r =g s. [

Definition 12. If p(x) € P is an irreducible polynomial,
then po(z) is called a canonical polynomial. If r is an
algebraic number, r, is a canonical root.

LEMMA 5. Suppose p(z) € Q[z] is an irreducible polyno-
mial and r is a root of ps(x). If ps is even, then ro =
csgn(r)r. If po is not even, then ro =r.

PRrROOF. By construction

po(x) = a(p)"[aol,"p (o (p)[ac]nz — pn—1/n)
and this is ™ 4+ 02"~ ! 4+ ..., which makes ry = r. Next,
Po(2) = 0(p)"[a0]"p+ (o(9)[a0]n), which equals
a" + o(p)laoly tan—12" " + ...+ o (p)"[ao), a0

Therefore, by lemma 3,

-1 —
n T+ = [GO]n[ao}nIM =r

rx = a(p)"aoln"ao
If p, is even, then p,x = po is even and the relation o(r) =

csgn(rx) = csgn(r) gives us
re = o(r)rx = csgn(r)r .

If po is not even, then pox = p, and o(r) = o(ps) = 1 by
theorem 7, implying 7o = o(r)rx =1-r=7r. [

THEOREM 9. Suppose p(xz) € P is an irreducible polyno-
mial. If ps is even, then exactly half of the roots of p, are
canonical, and the other half are the negatives of the first
half. The roots of p, expressed in canonical form are

:|:\/81, ey :|:1/Sn/2
where the s1,...,8,/2 are the roots of ps(y/x) and the roots

of p(x) corresponding to \/s1,...,\/Snj2 are canonical and
distinct. If p, is not even, then all of the roots of p, are
canonical and distinct.

PRrROOF. If p, is even, then p,(v/z) is a polynomial. If
S1,...,8n/2 are the roots of ps(y/r) then the roots of ps
must be

:l:\/§7. . ‘7:|:1/Sn/2



Since csgn(4/s;) = 1 for the principal branch of the square
root, we see \/s1, ..., /Sp/2 are canonical by lemma 5. They
are distinct because of irreducibility.

If po is not even, then all of the roots of p, are canonical
by lemma 5, and again they are distinct. [

4. AN ALGORITHM

The input for the algorithm is p(z) € Q[z], a univariate
polynomial over the rationals. The output is a list of the
roots of p(x) expressed in the canonical form just described.

1. Factor p(z) over Q. (The Maple factors command
can do this.)

p)=c pi(z)”
i
2. Solve the linear p;(x) to obtain the rational roots of
p(x).
3. For each nonlinear p;(x), obtain the canonical polyno-
mial. If n = deg(p;), the steps are

pi+ () = M(L,pn—1/n)pi(z)
pix = M([ao]n, 0)pi+ (x)
Pic = M(a(p), 0)pix (z)
Each p;(x) can therefore be expressed canonically as
the polynomial M (i, Bi)pis(z) for computed «;, 5.
Let B be the set of distinct p;» that appear.

4. Each p,; € B that is not an even polynomial has
deg(p;) distinct roots, which in Maple RootOf nota-
tion are written R(p;(z)).

5. Each p;c € B that is an even polynomial has deg(p;)
distiggt roots, which can be written in Root0f notation

as £ R(pi(v/a).

6. Collect the R canonical forms from steps (2), (4) and
(5) according to multiplicities e; to form the final an-
swer.

S. EXAMPLES

Example 1 can now be solved as follows. The roots be-
come

z1 = R(z°+2°+1,zindex = 1),
z2 = R(z°+2°+1,z index = 2),
z3 = R(z°+2°+1,z index = 3),
x4 = R(z°+2°+1,z index = 4),
x5 = R(z°+2°+1,z index = 5),
Tg = 2+R(z5+22+1,z,index: 1),
7 = 2+R(z5 + 2% 41,2z, index = 2),
Ty = 2+R(z5 + 2% 41,2, index = 3),
T9 = 2+R(z5 +22+1,z,index:4),
10 = 2+ R(Z°+2°+1,2 index = 5).

The statement xg — x3 = 2, now becomes obvious, as does
the statement x1 —z; € Z,j > 6.

Ezample 2. Let p(z) be the polynomial

p(x) = 2073628 + 17971227 + 4579202'° — 94656215
—27693442 — 399046422 + 466346822 + 1333634811
+14190412'° — 119994542° — 120644132% — 116917132
+2228047x° + 2091749325 + 14885343z* — 1856968z
—8277728z% — 45586162 — 804752.

The factored form of p(z) is (having been obtained, for ex-
ample, from Maple factors)

20736(x — 1)2a(2)b(z)c(z)d(x)

where
a(z) = 1‘4—*.T + 222 - 8lp 33
b(xz) = z*+ 8z +242% + 402 + 16
c(x) = a'+62°+ 2% x4 13
diz) = z*—2z%+1 ZE+ x4+

Solving the linear factor of p(x) produces the rational root
1 with multiplicity 2. Computing a4, b4, ¢y, and dy gives

ap(z) = a z+3 =zt —z-1
bi(z) = blx—2)=z"+82—16
() = ca—3 :x4—ix2+%
di(z) = d z+1 =z —2?+1

Computing ax, bx, cx, and dx gives

ax(z) = ay(z)=a"—z—-1
be(z) = by(22) =z'+r-1
ex(x) = 16cy 3w =* -2’ +1
de(z) = di(z)=2"—2"+1
Computing as, by, ¢o, and d, gives
ar(xz) = ax( )=z +z -1
bo(z) = by(z) =z —l—a:—l
o) = ex(z)=z'—2*+1
dy(z) = dx(z)=2"—2"+1
The canonical forms for a, b, ¢, and d are given by
a(@) = as —x+3
b(z) = 16ar iz+1
c(x) = J5co(2z+3)
diz) = do xz—3

and the basis B is
B={a,(2),co(x)} = a*+z—1,2" -2 +1

The polynomial a,(x) is not even and therefore has 4 dis-
tinct algebraic roots, represented in Maple by R(as(z)).
They will contribute 8 of the roots of the p(x), specifi-
cally, + — R(z* + # + 1) from the reduction of a(z) and
—242R(z* 4+ +1) from the reduction of b(z). The polyno-
mlal Co fﬁ even and contrlbutes 4 igots in two pairs, namely

3+1 R@?—z+1)and i+ R(2—z+1).

All possible linear relatlons over Q between roots of p(z)
are now explicitly obvious. This concludes the example.



6. CONCLUDING REMARKS

There remain a number of implementation questions. It
should be recalled that MAPLE allows any polynomial to be
an argument of Root0f. For an indexed Root0f, the index
must be re-computed for the canonical polynomial. For a
non-indexed Root0Qf, there is a question of what to do with a
set that separates into several subsets. Even for the Root0f
an irreducible polynomial, there are other properties that
might be considered. If p, is a canonical polynomial with
degp, = n, then we have

X
R(ps(z),z,index = k) =0 . (5)

k=1

One way to ensure that this simplification is known to the
system would be to express the nth RootOf as the negative
of the sum of the first (n—1) Root0fs. For large n, however,
this would be cumbersome, and would not apply to a non-
indexed RootOf.
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