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POWER ROOTS OF POLYNOMIALS
JoHN BORIs MILLER

Sufficient conditions are given for the existence of an mth power root of one poly-
nomial modulo another, over the complexes or the reals. Examples show the .
non-necessity of the conditions. In particular cases there can exist infinitely many
square roots.

Let K[A] denote as usual the algebra of all polynomials in an indeterminate A over
a field K. If p(A) and f(A) belong to K[A], m € N and

()™ = £(2),

we say that p(A) is a power root of f(A), more precisely an mth root.

It is not difficult to show that if this equation, with f(A) given in C[)\], has any
solutions p(A) then it has precisely m solutions in C[A]. For suppose f(A) is monic
(that is, has leading coefficient 1); then one verifies by solving for the coefficients of
p(A) that there exists at most one solution p(A) which is monic; the general statement
can be deduced from this.

Of more interest and abundance than power roots of polynomials are power roots
of residue classes of polynomials. For any w(A) € K[A] let

Uy x = K[A] mod w(A)

denote the residue-class algebra over K of K[)\] modulo the principal ideal generated
by w(X); its elements will be written [f], [p], .... An mth root of [f] is any coset [p]
such that [p]™ = [f]. Our principal result is:

THEOREM. In the complex residue-class algebra i, c where degree(w) > 1, a
sufficient condition for a class [f] to possess m th roots of all orders m € N is: that f())
does not vanish at any multiple zero of w(A). In the real residue-class algebra i, »,
sufficient conditions are: that w()) is real with real roots, f()) is a real polynomial,
f(A) does not vanish at any multiple zero of w()), and f()X) > 0 at every zero of w(]).

The proof of the theorem will be separated into the following two lemmas, whose
proofs use the existence of mth roots in algebras of matrices.

Received 17 February 1992

Copyright Clearance Centre, Inc. Serial-fee code: 0004-9729/93 $A2.00+-0.00.

163

https://doi.org/10.1017/5S0004972700012363 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700012363

164 3.B. Miller 2]

LEMMA 1. With K =C, let m,n € N, m 2> 2, and suppose that in C[)]:
(i) w(A) is a polynomial of degree n;
(i1) f()) is a polynomial such that f(b) # 0 for each multiple zero b of w(}).
Then there exist polynomials p(A) and ¢()) in C[A] such that

(1) (PN = f(A) + w(A)g(R).

PROOF: The case n = 1, w(A) = A — b say, is disposed of by dividing f(A) by
A—b toget f(A) = —(A —b)g()) +a say, a € C, and taking deg(p) =0, p(A) = al/™.
Henceforth suppose that n > 2 and that deg(f) > 1. Let b, b2, ..., b, be an
enumeration of the distinct zeros of w()), and let ky, ka, ..., k, be their multiplicities,

so that ) k; =n and
i=1

(2) wA)=A=b)"(A=5)"...(A =5,

(without loss of generality we assume that w(A) has leading coefficient 1). Let

b 1
b
(3) Ju(b) =
b 1
b
denote the usual k x k Jordan block matrix, and let W be the n x n block diagonal
matrix
(4) W = diag (Jay (51), s (b2), - -+ T, (Br))-

The elementary divisors of W over C are
(5) A=b)", (A -k)", L (=B,

and the minimal (annihilating) polynomial of W is our given polynomial w(A) in (2).
Using the other given polynomial f(A) we have

(6) f(W) = diag (f(Ju, (b1)), f(Ia;(82))s - -5 £(Jar(B1)))-
Here well-known calculations give

g (k-1)
™ seanee =i, £, ..., L0,

https://doi.org/10.1017/5S0004972700012363 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700012363

(3] Power roots of polynomials 165

that is, f(Ja(b)) is the k x k upper triangular matrix with constant diagonals having
for its top row the tuple shown in (7).

The matrix f(W) in (6) has at least one matrix mth root, that is, a solution Y
in M,(C) (the algebra of all n X n matrices over C) of the equation

(8) Y™ = f(W),
namely

(9) Y = diag (X, Xa, ---’X")’
where for each j,

(105) X = f£(9;(6)-

Clearly, if an X; exists for each j, then (8) follows easily from (6), (9) and (10j).

The existence of X; is shown by its construction. See Gantmacher (1, pp.231-234]
for the construction of square roots of matrices. For completeness we give a construction
here, but prefer to rely upon the general functional calculus in the complex Banach
algebra 9MM,(C) with any algebra matrix norm (see [2, Theorem 5.2.5, pp.168-169)),
since this method makes clear a commutativity property needed presently.

Assume first that f(b;) # 0. Let p be any ray from the origin in the complex
plane, not passing through any nonzero values among the numbers b;, f(b;) for j =
1,2,...,r. Let T'(s) denote a small positively oriented circle about u not intersecting
p. Let h denote any holomorphic branch function of the root relation A/™ on the
plane cut along p from 0 to oco. Fix j; we shall suppress the suffix j temporarily. The
matrix

(11) X = RAYAT — F(Ja(B)))2dA

2mi Jr(se))

is well defined, and if I(A) := A™ then [2, Theorem 5.3.2, p.171]
(12) X™ =U(X) = Lo h(f(Ja(b))) = £(Ju(D)).

Thus for each j the matrix X; = X in (11) gives a solution of (10j).

Suppose instead that f(b;) = 0; by (ii) k; = 1, so (10j) in this case becomes
X =0 in M,(C) and we therefore take X; = O. (If k> 1 then J4(0) has no mth
root, so we exclude this possibility.)

Definition (11) shows that X belongs to the second commutant of f(Ji(b)), that
is, it commutes with every matrix which commutes with f(Ji(d)). Therefore

(13) Xj ~ Ja;(bj) foreachj
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and hence Y « W (the symbol -~ means ‘commutes with’).

Now the elementary divisors (5) of W are pairwise coprime, since the b;’s are
distinct. This implies (see Gantmacher [1, p.222]) that the first commutant of W
coincides with the set of all matrices which are expressible as a polynomial in W over
K. Therefore Y is expressible as a polynomial in W over C.

If for two matrices A and B(# O) in 9M,(K), B is expressible as a polynomial
in A over K, say B = p(A), then there exists a unique such representing polynomial
p(A) of least degree, call it pp,4(A). For by using the Euclidean algorithm in K[)] we
can show, first, that for any representing polynomial p()) of least degree, its degree is
less than the degree of the minimal (annihilating) polynomial of A; and secondly, that
if p(A) = aoA’ + ... and g(A) = BoA? + ... are two distinct representing polynomials
of least degree then, if ag # By, the polynomial (8y — ao)_l(ﬂop(z\) —agp(A)) is a
representing polynomial of lower degree, which is impossible, while if ay = 8y, then
p(A) — ¢(A) is an annihilating polynomial for A, which is also impossible.

Thus in particular there exists a minimal representing polynomial py,w (),

(14) Y = pyr,w(W).

But then (prw(W))™ — (W) = Y™ = f(W) = 0, s0 (prw())™ — £(A) is an
annihilating polynomial for W and hence is a multiple of w(A): there exists g()) € K[A]
such that

(15) (Prw(2))™ — f(A) = w(A)g(2).

This completes the proof of the lemma when deg(f) > 1. When f() is a constant ¢
say, we solve (8) by taking Y = ¢!/™I and then argue as before.

LEMMA 2. With K =R, let m,n,w, f be as in Lemma 1 and suppose in addi-
tion to (i) and (ii) that

(iii) all zeros of w(A) are real, so that w()) € R[}]; and
(iv) f(A) € R[A], and f(b) > 0 at every zero b of w(]}).
Then there exist polynomials p(A) and ¢(\) in R[)] such that (1) holds.

PROOF: Under these conditions W is a real matrix and its elementary divisors
over R are again (§). The matrices f(Jx(})) in (7) are real, so f(W) in (6) is real. Let
p be a ray other than the positive real axis, and let A be the branch function which is
real and positive on the positive real axis. Then using (iv) it can be verified that the
righthand side of (11) is selfconjugate, so each X; is real and Y in (9) is real. The rest
of the argument in the proof of Lemma 1 then applies, with K = R. 0

The theorem follows immediately from the lemmas.
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COROLLARY 1. If w()) has only simple zeros then every [f] in L, c has mth
roots of all orders in that algebra.

COROLLARY 2. The identity coset [1] has mth roots of all orders m, in i, ¢
and in il,, g, for every choice of polynomial w(X).

We remark that in Lemma 1 the polynomial p(A) satisfies the same conditions as
f(}); in Lemma 2, one of +p(A) does so.

In each lemma the proof obtains the sought power root p()A) as the representing
polynomial of least degree of a particular matrix root of f(W), for a particular matrix
W constructed from w(A). The power root is far from being unique; see Examples 3
and 4 below.

The conditions in the theorem are sufficient, not necessary; this is shown in Exam-
ple 3. But the conditions may not be omitted from the theorem; see Examples 1 and
2.

For any case of [p|™ = [f] there are unique polynomials po(A) and fo()) in these
cosets respectively with degrees less than n; necessarily po(A) = py,w(A). Writing
8 := deg(po) we have

<s<n if g(A) #0, a<%ifq(k)=0

3=

In (15) if f(A) = fo()) we have
deg(g) = am —n or O.

EXAMPLES: For low values of mu and n and given polynomials w() and f(}),
one may look for power roots by substituting unknown polynomials p(A) and ¢(A) in
equation (1), assuming minimal degrees, and attempting to solve the resulting nonlinear
equations in the coefficients.

1. Take w(d) = A3(A—1), f(A) = A(A—2), m =2. Here f(\) has a zeroat a
multiple zero of w()). We find that no square root of [f] exists. Thus the condition
(i) in Lemma 1 and the theorem cannot be omitted.

2. Take w(A) = AM(A—2), f(A) = A -1, m = 2. Here all conditions of Lemma
2 are satisfied except that f(0) < 0 at a zero 0 of w()). We find that there exists no
square root [p] in Uy, .

3. Take w(d) = A(A-1)%, f(A) = (A—1)?, m = 2. Again (ii) fails, but in this
case equation (1) has infinitely many solutions with deg(p) < n = 3, namely those
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indicated in the table

20 q(2)
aX’—(a+1)A+1 a?) — 2a,
aX’—(a-1)A-1 a?) + 2a,

where a is arbitrary in C (or R). The table includes all solutions. Distinct polynomials
p(A) determine distinct square roots [p] in {l,,, so this [f] has infinitely many square
roots in i, ¢, indeed in i, x. The example also shows the non-necessity of condition
(i).

4. Take w(A)=(A—-a)(A=-bd)(A—c¢c}), f(A)=A, m=2.

Let 7, 72, 735 denote the three elementary symmetric functions on the numbers
al/2, b1/2  c1/2 where al/? is chosen to be either one of the two complex square roots
of a, and likewise for 5!/ and c¢!/2. There are 8 square roots of f(A) mod w(}),

namely all possible polynomials of the form

P(Y) = (¥ + (r2 = ) = mim)(rs = muma) ™,

with
g A)= (A =1 (ms - nm)7},

provided A := 73 — 1173 does not vanish. Now A = 0 if and only if one of b'/2 + ¢1/3,

c!/? 4 a*/? | a?/? 4 b'/? vanishes; hence A # 0 if a, b, ¢ are distinct.

Suppose a # b = ¢ # 0. We can still ensure that A # 0 by choosing /2 = ¢!/2,
and so obtain a square root [p] of (f]. However, there are now only 4 distinct square
roots.

Suppose a # b = ¢ = 0, so that condition (i) is violated. In this case A =0 and
indeed there exists no square root of [f].
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