ON CERTAIN CHARACTER MATRICES

D. H. LEHMER

For only a very limited class of matrices M is it possible to give
explicit formulas for the determinant, characteristic roots and inverse
of M as well as the general element of M*. Nontrivial instances of
such sets of matrices are useful as examples in testing the correctness
and efficacy of various matrix computing routines especially when the
elements are small integers or simple rational numbers. The purpose
of this paper is to indicate two new classes of such matrices which
arise from the theory of exponential sums and have as general elements
simple functions involving real nonprinciple characters or Legendre
symbols.

The same method of determining characteristic roots is used for
both types of matrices. It depends on the fact that the roots of a
polynomial are determined by the sums of their like powers. That is,
if S, denotes the sum of the kth powers of the roots of a polynomial
of degree » and if complex numbers p;, p,,-++, o, are exhibited for
which

MS
=
I
2
=
I
=

cee,n),

i=1

then the p; are the roots of the polynomial.
All matrices M are square and of order p—1 where p is an odd
prime. Their elements involve Legendre’s symbol y(n) defined by

0 if p divides n
x(n)z(n)—«— —1 if the congruence z*=n (mod p) is impossible
+1 otherwise
Thus for p=T
200=0 (=1 22)=1 xB)=-1
=1 5)=-1 x(6)=-1.
Besides the simple properties
1(@)(5)=1(i)
2@+ p)=2x(7)

Reéeived August 26, 1955. A part of the results of this paper were obtained in 1952
under a contract between the Office of Naval Research and the National Bureau of Standards.
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we use the following identities

(1) S 4+ 1)=—z(n)
(2) St + g+ 1) =05, = y(myg(m)— 1

where 67 is Kronecker’s delta mod p, that is
fl if a=b (mod p)
o=
10 otherwise ,

Identity (1) states the familiar fact that there are as many quadratic
residues as non-residues of 7.

Identity (2) is apparently due to Jacobsthal [1] and a simple proof is
given in §4.

2. Matrices of the first kind. Let a, b, ¢, d be any four numbers.
We consider the matrix M=M(a, b, ¢, d) whose general element a,, is

a;;=a+by(2) + ey (5) + dy(ij)

and denote the general element of M* by af.

THEOREM 1. The general element of M*a, b, ¢, d) s
aiP=(p—1)""{a, + b x(5) + exx(5) + dix (i)}

Proof. The assertion of the theorem is trivial for the case k=1.
If true for k=n, we have

»-1
(n+1) __ \° m)
;"= 2.41 Ay Oy
7=

= 5 0 by + ex(r) + A3} (@ but(r) + et + (19D}

Multiplying together the two factors under summation and using
the facts that

p-1
ft

(3) r(r)=1, 2(r)=0

-

r=
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we find
aiy " =(p— DA+ By(i)+ Cx(j) + Dy(ig)] ,
where
A=aa,+cb, B=ba,+db,
C=ac,+cd, D=be,+dd,
Hence

(¢ p)-(o a)Ca)-(a)”
Thus the induction from n to n+1 is completed.

THEOREM 2. The characteristic roots of M(a, b, ¢, d) are

(17-“1)ply (1)—'1)p2) 07 Ov"'y 0

where p,, p, are the characteristic roots of the matrix

v=(2 )

that is, p,, p. are the roots of the equation

2 —(a+b)A+ad—be=0 .

Proof. Let k be any positive integer, and denote by o, the sum
of the kth powers of the characteristic roots of M(a, b, ¢, d). Since o,
is thus the trace of M* we have by Theorem 1

p-1 p-1
o= ; aP=(p—1)*"" % {a,+ by (@) + eox(8) + dy(3*)} =(p— 1)"(a + dy)
by (3).
Now a,+d,, being the trace of N*, has the value p¥+ ot where p,,p,
are the characteristic roots of N.
Therefore

o= {(P—=Dp} +{(p—1)p.}*+0"+ - +0°.

Since this holds for all positive integers k£ and since the roots of a
polynomial are determined by their sums of powers, it follows that the
characteristic roots of M are those specified in the conclusion of the
theorem.

Except for the case p=3 the matrix M(a, b, ¢, d) is singular and
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so has no inverse. For p=3 the characteristic roots being, 2p,, 2p, the
determinant of M is 4pp,=4(ad—bc) and its inverse (assuming that
ad—bc£0) is given by
a—b—c+d —a—b+c+d
4(ad —be M‘1=( ) .
( ) —a+b—c+d a+b+ec+d

The rank of M which is in general 2 will become 1 if and only if
ad —be=0; that is, if and only if the general term is a product of two
factors

= {z+yx ()} {z+wy(5)} .

3. Matrices of the second kind. Let ¢ be any constant and « an
integer. We define 4,=4,(c, a) as the matrix whose general element is
ayy=c+y(a+i+j) .

The properties of this matrix are more recondite than those of M(a, b,
¢, d). The general element af? of A} is not of the same form as a
but is
p-1
a?=> {e+y(a+i+r)} {e+yla+r+7)}
r=1
=(p—1)¢*—1—cly(a+)+ y(e+5)]—x(a+i)y(a+7) + pd!

as we see by applying (2). This prompts us to define a funection ¢.(7, 7)
and three sequences C,, S, and P, by

p*%5] if & is even
(4) (3, 3)=
* PEly(a+4+4) if & is odd
(5) P =C + Selx(a +7) + y(a + )]+ Py +2) (e +3) + ¢i(1, 7)

so that initially

Cy=0 Ci=c Co=(p—1)ec*—1
(6) S,=0 S=0 S,=-c

pP=0 P=0 P,=-1.

If we substitute from (4) and (5) into the relation
p=1 .
afo =5 a0

we are led to a system of difference equations to determine C,, S, and
P,. Because of the nature of the function ¢ these depend upon the



ON CERTAIN CHARACTER MATRICES 495

parity of k. Setting k=2m and 2m+1 in turn we find
Comrr=(p—1)cC,,,—[1+cx(a)]S,,, +cp™
Smsr=(p—=1)eSom —[1+ cx() P = — 1(2)Ss,— Cie
Popr= =S8 —2(@)Pym

and
Comaz=(p—1)cCopsr—[1+cx(@)IS:r04: — ™
Som+2=(p—=1)0Sum 41— [1+ cx(X)] Py 4, — cp™

== 2()Son 11— Comss

Pnsa=—=Sims1= () Popsr— D" .

For simplicity in what follows we write y for y(a). By simple elimi-
nation the above equations may be replaced by second order ones in
which the variables are separated as follows.

(7) Comsr=AC,,+ BCyp_,+ (cp—y)p™?
(8) Cins2=ACops+BCyy+ (cx—1)p"
(9) Syns1=ASyn+ BS,pp-1 + 9"

(10) Sypse=AS, 41+ BS,,, —cp™

11) P, .= AP,,,+ BP,,,_,+cp™

(12) Pyysy= APy 11+ BP,y—p"

where we have written
(13) p—1)—y=A4A cpy+1=B .
We define a sequence W, by
We=(—1)C;—2¢S; +(p—1—1")P,
so that
W,=0,  Wy=e(p-1),
and a sequence 7T, by
Toms1= Wimsr1— 0™
(14) Top= W+ (p—1)p"

with initial values
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Ty=p—1, T\=A .
From (7)-(12) we deduce
Toir=ATs, + BT, ,—AP™"(p—3)
(15) Topsr=ATsp s+ BT,y +(p— B)p"(p—3) .
This suggests a final substitution:
T,—(p=38)p** if L is even
(16) Vi=
T, if k£ is odd
in terms of which (15) becomes simply
Via=AV,+BV,_,
with
V=2, Vi=4.

We are now in a position to prove the following.

THEOREM 3. The characteristic roots of the matrix
A,=(ay)=(c+y(a+i+7))

consist in p '* and —p'* each occurring with multiplicities (p—38)/2 and,
in addition, the two roots of the quadratic equation

2—[e(p—1)—x(a)]1—ecpy(a) —1=0 .

Using the abbreviations (13) we may restate the theorem by asserting
that the characteristic equation of A, is

(,23——1))(3"3)12(22——142—-1;):0 .

Proof. We begin by noting that, from the definition (4),
et (p—1)p*" if k is even
S0 G, §)= o
i=1 —(a)p®~P if k is odd
=T.—W, .
Hence if we set =7 in (5) and sum over ¢ we obtain

p—-1
S aP=p=1)C. =28+ (p—1= )P+ T, = W, =T, .

That is to say, the function T, defined previously by (14) is the trace
of the kth power of our matrix 4,.
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Turning now to the function V,, and denoting the two roots of
#—Ai—B=0 by p, and p, we see that
Vi=pi+tp:, Vi=pitp,
and in general by induection from % and £—1 to k+1
Vin=AVi+BV,_i=(p:+ 0)(0i + p5) — pro0f 7+ 57 =pi* 4 i

Therefore (16) can be written in the form
(17) Tk=,)§+pg+p'2—3(p1m)k+p;?)(__pl,z)k '

Since T, is the trace of A% and so is the sum of kth powers of char-
acteristic roots of A,, it follows from (17) that these roots must be
p1, P, and =+ pY* the latter two having multiplicities (p—3)/2.

As a corollary to Theorem 3 we obtain the determinant of A4, as
the product of its characteristic roots, namely

Ple( . p)(p—s)lz____ X( — 1)Bp(p—3>l2=x( — 1)[1 € cpx(a)]p(p—S)/z .

It follows that A, is nonsingular provided ¢ is not chosen as the
negative reciprocal of py(«), in other words provided B0.

The inverse of A, is easily obtained. We simply substitute m=0
into (7), (9) and (11) and use the initial conditions (6) to find (assuming
B=£0),

C.,=x(x)/(pB)
S_,=—1/(pB)
P_=—¢/B
and
¢oig)=x(a+i+3)/p .
Hence for the general element ;' of A4;' we find
(18)  pBaj=y(a)— xa+1)—y(a+j)—cpy(a+i)ya+7)+ By(a+i+j) .

The reader may wish to verify, as an exercise in the use of (1) and (2),
that (18) is indeed correct.

The general element aff’ of A% for an arbitrary integer :& can be
found in the form (5) by solving the difference equations (7)-(12) for
C., S;, and P, as we did for the special combination we denoted by
T.. These functions are linear combinations of the kth powers of the
characteristic roots of 4,. Various special cases are sufficiently simple
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to be interesting and useful. The cases of ¢=0 involve in general the
Fibonacci numbers. For ¢=0 and a«=0 the reader will find that

i =psi=~ 2= i)+ 1)

(19) a=pai+ )+ L)+ 26} -
Thus the inverse of the matrix
ay;=x(t+7)
has for its general element
aiit =[x +7)—x(@)—x()]/»

which comes from putting m=—1 into (19).

4. Proof of Jacobsthal’s Identity. To prove (2) we may write
Sta, )= wa+E+h) .
Substituting » for a+% and using the periodicity of y we obtain
S(a, )=S0, b—a) ,

so that S(a, b) depends only on the difference between its variables. If
this difference is zero we have

-1
S0, =5, r(k=p—1.
If the difference b—a=0%0, we replace & by t6 (mod p) and write
-1 -1 p-1
S(0, 9)= 3 UK+ k)= 3, 1(69) 10+ 13)= () 5, 1Ot +1)=S(0, 1) -
Thus S(0, 8) is not a function of §. That is
. p-1 p-1 p—-1 p-1 N
(p—1)8(0, 1)=82=1 S(0, 5)=kZ=307((/’»9)gJ1 x(k+ 5)=—7§01‘(k)=—(p—1) .
Hence S(0, 0)=—1 if 6540. Thus in general we have

S(a, b)=pd%—1 .

From this (2) follows at once.
The referee has called my attention to the fact that certain matrices
of order p+1=4k involving y(¢—j) have been considered by Payley [2]
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and Gilman from different point of view. Their results depend also on
Jacobsthal’s identity.
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