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NOTE ON CUBIC SURFACES IN THE GALOIS
FIELDS OF ORDER 2#*

BY A. D. CAMPBELL
Let us consider the cubic surface with the equation
flx, v, 2, w) = aow® 4+ (box + b1y + b22)w? 4+ (cox? + c1y?
) + c232 + c3yz + czx + csxy)w + (dox?
+ diy® + doz® + d3y?z + dyyz? + dsaly
+ dexy® + d7x’z + dsxz? + doxyz) = 0,

whose coefficients and variables represent numbers in a Galois
field of order 2». The first polar (or polar quadric) of any point
P'(x’,y’, 2', w") with respect to (1) is

(doa’ + dsy" + dug’ + cow’)a? + (dov” + d1y’ + ds’
+ aw')y? + (dsa’ + day’ + doz’ + cow')z? + (box’ + by’
(2) 4 b5 + aew)w? + (do?’ + csw’)axy + (doy' + caw’)xz
+ (csy" + caz’)xw + (dox’ + csw)yz + (52’ + ¢32’)yw
+ (ca’ + ¢3y")zw = 0.

The second polar of P’ with respect to (1) can be obtained from
(2) by interchanging x” and x, ¥’ and v, 2’ and 2z, w’ and w. The
polar quadric of (0, 0, 0, 1) is

3) cox® 4 c1y? + c22® + aow? + c3yz + cazx + csxy = 0.
The second polar of (0, 0, 0, 1) is
(4) box + b1y + b2z + aow = 0.
The Hessian of (1) is
(8)  (doz + csw)(cax + c3y) + (doy + caw)(csx + ¢32)
+ (csy + caz)(dox + c3w) = 0.

We note in fact, that the first polar of (0, 0, 0, 1) with respect
to (3) vanishes identically ; whereas the first polars of (1, 0, 0, 0),
(0,1, 0, 0), and (0, 0, 1, 0), respectively, are
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csy + ¢z =0, s8¢+ ¢32 = 0, cax 4+ c3y = 0,

with
0 Cs C4
cs 0 ¢ =0,
C4 C3 0

all of which planes intersect in a line whose points have the
coordinates (cs, ¢4, Cs5, k) where k is arbitrary.

The statements in the preceding sentences are true only for
the Galois fields of order 2. We shall now study the straight
lines on the cubic surface (1) by a method that is valid also for
cubic surfaces in any Galois field or in the ordinary real or
complex three-dimensional space. The argument used is briefer
than such a discussion as that in Salmon-Rogers, Analytic
Geometry of Three Dimensions. To determine whether or not aline

(6) Z = N3% + p3y, W = Ng& -+ pgy

lies on the surface (1), we substitute in (1) for x, v, 2, w respec-
tively the variables

(1) y1 =2+ 0y, y2 = 0x + v, ¥3 = Nsx + p3y, Y4 = M + pay.
We get the Taylor expansion

(8) f(yl, Y2, V3, y4) = f(x + 03’, Ox + Y, kfix + M3y, )\4.76 + #43’)

al al 6! a/
= x3/(1, 0, N3, 4)+xy<0—~—+1——+u3*—+,u4 )f
Iy dy2 dy3 Y4
xy a9’ 9’ ' \®
+—~( —tl—Fu—tu—) f
Iy Y2 ?3y3 433’4«
+y3f(07 1;M3) M4) = 0.

By 4’/dy; we mean a derivative with respect to y; wherein
the variables yi, ys, ¥s, ¥+ are subsequently replaced respec-
tively by x, Ox, Asx and Ax. By the expression (09’/dy:+
+ 140’ /3y,) ®f we mean the usual collection of terms containing
kth derivatives of f with the factors in x and y removed. The
number 2 in the denominator of xy%/2 cancels the 2 in the co-
efficient.

If the line (6) lies entirely on (1) the coefficients of the terms
in x% x?y, xy?, and »® in (8) must vanish. Geometrically this
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means that the points P1(0, 1, us, us) and Po(1, 0, N3, \y) in which
the line (6) cuts the planes x =0 and y =0 must both lie on (1),
also P; must lie on the first and second polar of P, with respect
to (1).

If we wish to find all such lines on (1) we must find the equa-
tion of condition (K =0) that a first degree equation in v, 2, w
(which is the line in which the second polar of P’(x’, 0, 2/, w’)
with respect to (1) cuts x=0) and a second degree equation in
¥, 2, w (which is the conic in which the first polar of P’ cuts
x=0) and a third degree equation in y, 2, w (which is the cubic
curve in which (1) cuts x=0) shall have a common solution
P’"(0, y', 2", w'’). Then we must solve K=0 (an equation in
x’, 3', w’) simultaneously with the equation obtained from (1)
by putting therein x=x', y=0, 2=3', w=w’. The result is too
complicated to quote here. There turn out to be twenty-seven
such lines.

To discuss the double points on (1) we use a method suitable
only for the Galois fields of order 2». By suitable transforma-
tions we can reduce (1) to a form with c3=cs=c;=0. We shall
suppose this has been done. To find the condition for double
points on (1) and the number of such double points, we take the
first polars of (1, 0, 0, 0), (0, 1, 0, 0), (0, 0, 1, 0), and (0, 0,0, 1)
and find the condition for these polars to have common solu-
tions and find also how many such solutions they can have. The
desired equations are

bow? 4 dox? + dey? + dsz® + doyz = 0,
biw? 4 dsx? + diy? + dug? 4 dexz = 0,
bow? 4+ drx® 4 dsy? + dez? 4+ doxy = 0,

aow? 4 cox? 4 c1y? + 2% = 0.

If d¢y5#0, we eliminate w? from the first three equations, using
the fourth equation to do so. Then we square the first and third
of the three resulting equations and use the second equation to
eliminate y? from these two squared equations. We now have
two equations in x and z of the form

(10) ax* + bx%? + cxz® + dz* = 0, Ax* 4+ px’z + va2s? + pzt=0.

9

It

From the form of the equations (10) we see that they can have
only three, two, one, or no common roots in x/z. Hence in gen-
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eral (1) can have (if at least one of the terms in xyz, xzw, xyw,
yzw is not missing) three, two, one, or no double points. All such
double points will lie on the plane

(11) ao*?w 4 co'2x + oMy + ¢t/%z = 0.

We note as an exception to the above discussion of double
points on (1) that if gy=co=c1=cy=c3=cs=c;=0, then we can
use the first equation of (9) to eliminate w? from the next two
equations and the two resulting quadratic equations in x, y, 2
may have four common solutions. Hence (1) may in this case
have four double points.

If dy=0, the equations (9) have just one common solution if
and only if

do ds ds bo
ds di dy b

(12) 5 1o e by 0.
d7 ds dy b

Chp €1 C2 Qo

Therefore if c;=ci=cs=dy=01n (1) and if (12) is satisfied, then
the cubic surface (1) has just one double point, otherwise it has
no double points. We note that if and only if cs=cs=c;=dy=0,
every first polar (2) is a double plane.

Ifay=co=c1=co=c3=cs=c¢; =dy =0, we see from the preceding
paragraph that (1) has a line of double points. This holds also if
for any other reason all the third-order minors of (12) vanish.

To find the equation of (1) in plane coordinates we assume
that c3=cys=¢;=0 and proceed as follows. Solving éw =ax—+ By
+vz simultaneously with (1), we obtain the equation

(13)  Nox® 4 Niy?® + Noz® 4 Ny + Aaxy? + MaZz

+ Noxz? + Ny 4 Ngyz? 4 doxyz = 0.
We note the presence of dy in (13). We note that
Mo = aoa’® 4+ boa’? 4 oo’ + do, A = aoa”ﬁ’ + 51’2 4+ 605’ + ds,

where &’ =a/8, B’ =8/6, v’ =v/8, and the other \’s have similar
values in «’, 8/, v’. We seek now the equation of condition for
the first polars of (1, 0, 0), (0, 1, 0), and (0, 0, 1) with respect
to (13) to have a common solution. This equation of condition
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will be the equation of (1) in the plane coordinates «, 8, ¥, 9.
The desired first polars are

Nox? 4 Nay? + Nez? = doyz, N3x? 4 My? 4 Ns2? = dyaz,

(14)
Nsa? 4 Ngy? 4 Noz? = doxy.

If dy#0, we multiply together the first two equations of
(14) and in the resulting equation replace dgxy in the term
d¢ xyz% by Nsx?+N7y2+Nez2. Then we multiply together the first
and third equations of (14) and in the resulting equation replace
dgxz in the term d¢ xy?z by Asx2+N1y2+Nsz2. Finally we multiply
together the last two equations of (14) and in the resulting equa-
tion replace dyyz in the term d¢ x%yz by Nox2 4+ y2+Ng22

Then we take the square root of each of these three equations
we have obtained and we get

(Nors) 1282 4 (MiNa) Y292 4 (Nshs + doho)t/2%?

+ Aot %xy + (A7 + dods) Y20z + (As + dohy)'/?yz = 0,
(NoNs) 17222 4 (A7 + dohi) /292 4+ (Nehg) /252

+ (As + dos)Y2xy 4+ A1V 2xz 4 (A5 4 dohs)/2yz = 0,
(Nahg + doho) /242 + (AA7)1/2y% + (Nshg) /%52

+ (A6 + dod) 22y 4 (A 4 doe) 2xz + Ao'/2yz = 0,

wherein A; is the minor of \; in A,, the determinant of the
coefficients of x2, y2, 22 in the three equations of (14).

If we look upon the six equations of (14) and (15) as linear
equations in xi, Xs, X3, X1, X35, &5, respectively, equal to x2, y?, 22,
vz, x2, xy, the equation of condition for them to have a com-
mon solution in these six variables is A=0, where A is the de-
terminant of the coefficients of the six variables. The equation
A =0 is at most of the twelfth degree in «, 3, 7, 6.

If dy=0, we see from (14) that the equation of (1) in plane
coordinates is Ag=0, which is at most of the ninth degree in
a, B3, v, 6. We note that A reduces to A for dy=0.

From the above discussion we see that (1) has ordinarily an
equation of the twelfth degree in plane coordinates, but that
if all the terms in xyz, yzw, xyw, xzw are missing from (1), then
the equation of (1) in plane coordinates is only of the ninth de-
gree at most.
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