PROJECTIVE DIFFERENTIAL GEOMETRY OF CURVED SURFACES*

(FOURTH MEMOIR)

BY

E. J. WILCZYNSKI

The theory of surfaces, as developed by the author in the preceding three
memoirs, was based upon the assumption that the surface considered was
referred to its asymptotic curves. The complete system of invariants and
covariants was set up on that hypothesis. In order to make the theory directly
applicable to a surface whose asymptotic lines are not known, as well as for the
sake of formal generality, it becomes necessary to develop the theory of invari-
ants and covariants of a system of two linear homogeneous partial differential
equations of the second order with one dependent and two independent variables
in its most general form. It is the purpose of the present paper to develop the
essentials of this theory. The calculations, some of which are very long, will
only be indicated. The final expressions for the invariants, however, are as
simple and elegant as can be desired.

§ 1. Reduction of the given system of partial differential equations
to its normal form.

Consider the system of partial differential equations

Q= Ay, +2By,+ Cy,+ Ly, + My,+ Ny =0,

1
™) QO'= Ay, +2By,+Cy,+ Ly +My,+ Ny=0,

where 4, ..., N’ are functions of u and v, and where the subscripts indicate
differentiations ;

oy oy Py

yu=a_u’ yiaa—?’ y“=ﬁ’ ete.

If A, p, v, p denote four functions of « and v whose determinant Ap — uv is
different from zero, the system
(2) AL 4+ uQ' =0, vQ 4+ pQ' =0

* Presented to the Society (Chicago), April 18, 1908.
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is equivalent to (1). Put
(8) AC—B'=1, AC—-B'=I, AC 4+ AC—-2BB=J,
and denote by I, I”, J the corresponding quantities for system (2). Then

0) T=XT+MJ+ ', I'=vI+wpJ+pT.
Consequently, if
K=J'—4I' + 0,

A\, p, v, p may be chosen in such a way that their determinant does not vanish
and so that -
I=I=0,
while J will be different from zero. In fact, if X 4 0,
KE=(Ap—w)K

will also be different from zero, so that the same will be true of J. It suffices
for our purpose to choose A\ : u and v: p as the two distinct roots of the quadratic

I+ afJ+ B1'=0.

By merely solving a quadratic equation, we may therefore substitute for a
system of form (1) an equivalent system for which 7= I’ = 0, while JJ does not
vanish, provided only that /> — 411" is not equal to zero for the original system.
We shall say that the system (1) has been reduced to its normal form. This
reduced form of system (1)is not unique; but, the most general reduced system
may be obtained from any particular one by multiplying each of the equations
of the system by an arbitrary function of » and v, and by interchanging the
two equations.

Assume that system (1) is in its normal form. It may be verified directly,
or it may be deduced from formule which will be developed later, that the
normal form will not be disturbed by any transformation of the form

¥=2x(u,v)y, u=¢(u,v), v=vY(u,v),

where A, ¢ and y are arbitrary functions of » and v. We shall, therefore,
always assume that the system (1) is given in its normal form, so that

AC—B*=0, AC'—B*'=0, AC' + AC—2BF 40.
'We may therefore put
A=h, B = Ik, C=",
(6) A=k, B=Kk, 0=k,
A=Hh —KEk+0,
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so that (1) assumes the form
Ky, + 2hky,, + Ky, =ry + 8y, + ty,,
© Wt B E Y, + Ky =¥y + 6y, + ¥y,
The case of a system of form (1), for which

J*—4ITI'=0,

may be excluded from consideration for the purposes of the projective theory of
surfaces. For it easily follows from formule given later that the integral sur-
faces of such a system degenerate either into curves or developables. In the
latter case moreover the system is involutory ; so that the most general develop-
able integral surface of such a system is not a projective transformation of any
particular one. For the projective theory of surfaces then, such systems are
without interest.
§2. The integrability conditions.

Equation (6) may be solved for two of the second derivatives, thus expressing
them homogeneously and linearly in terms of y, y,, ¥, and the remaining deriv-
ative of the second order. Thus (6) may be, in general, solved for y,, and y,, in

terms of ¥, y,, ¥,, ¥,,- But this is not always the case, in fact it cannot be

done if
e +FKk=0.

In that case (6) might be solved for y_, and y, . In order, however, to avoid
the discussion of such special cases, and 8o as to preserve symmetry, we shall
introduce the following symmetrical combination of the second derivatives:

M w=hky,, + (Rk + F'k)y,, + kky,,.
It is always possible to express y,,, ,,, ¥,, s linear homogeneous functions
of y,y,,y, and w. Put
h k K Ko,
(8) A=P A=9? A=P A=
and
a=rq"+r'q’, b=sq:2+ slqz, 0=tq/2+t/qz’ d= _2qqr’
@=—(pq+rpg) V=—(sp'q+8pg), =—(tp'q+tpg), d=pq+py
(9) a’ = rpﬁ + rlpz, ¥ = spﬂ + S'Pz’ ¢ = tplz + t'pz’ "= — 2}’})',
/¢ ” 1
@' —dd" = 5.
Then
Yu=0y + by, +cy, + dw,

(10) Yo=0y + by, +cy, +dw,
y" = a”y + bll . + clly. + dll .
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There can be no relation of the form

11) Ay +py,+ vy, +pw=0,

with non-vanishing coefficients in any case whick is of interest in the projective
theory of surfaces. In fact, the existence of a relation of form (11), together
with equations (10) and those deducible therefrom by differentiation, would
imply that the most general solution of (6) could contain no more than three
arbitrary constants. This is excluded because in our geometrical interpretation
such a system cannot be said to have an integral surface. ~The non-existence of
a relation of the form (11) may be expressed geometrically by saying that the
Jour points P,, P, , P, , P, form a non-degenerate tetrahedron.

We proceed to express w, and w, in terms of y, y,, y, and w. From (10)
we find the two expressions for v, ;

yl“l' = (a. + a'b + a”c)y + (bv + bb, + b"c)y“
+ (c,+a+ b +cc”)y, + (d,+ bd’ + cd”’)w + dw,,

12
9 Yuu = (@, + @b + ')y + (b, + @' + 86"+ ¥'c')y,
+(cLAbe+c)y, +(d +¥d +¢d)w+ dw,.
Similarly
Yun= (0, + &V + a°¢)y + (b, + " + ")y,
(18) + (c: + al+ blcl + c’c”)y. + (d; + bldl + cldl/)w + dlw.’

Yo =(a, + ab" + @'¢")y + (b + a" + " + b'c")y,
+ (' +bdec+cc)y,+ (a8 +b'd+c"d)w+d"w,.
From these equations we deduce
dw,—dw,=(a,—a,+a'b—ab +a"c—a’¢)y+(b,—b,—a'+b"c—b"c)y,
+(c,—c,+ a+ bc’ — e+ cc” — c’z)y,
+(d,—d,+bd —bd +cd’' —cd)w,
(1) d'w,—dw,=(a,—a,+ab’—ab"+a’c—da'c")y
+(b,—b'—a"+b—bb"+b"c —b'c" )y,

+(c,—c +a'+bc¢—b"c)y,+(d,—d,+b'd —b"d+cd’—c"d)w,
whence
(16) w, = ay + By, + vy, + dw, w,=ady+ By, +7y,+ dw,
where

Al’ a = d(a,—a,+ab—ab' +a"c—d'c)—d(a,—a,+a'b'—ab"+a"c—a'c"),
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51—,;8 = d(b,—b,—a'+b"c—bc)—d(b,—b.—a’+b"—bb"+b"c —b'c"),
%,'y =d'(c,—c,+a +bc’—b’c+cc"—c’z)--d(c;—c:'-l- a' +b¢—d"),

},s = d(d,—d.+bd—bd+ed’ —d)—d(d—d +bd —V'd+cd'—'D),

1 ’ ’ ’ ” ’ ! ’ ” 7.7 l; ”_r , "
ai¢=d"(e,—a,+db—ab' +d’c—d?¢)—d(e,—a/+ab —ab"+a’d —d"),

16)

A1,3= &'(b,—b,—a +b'c—b¢)—d (b, —b.'—a"+ 1 —bb" + b —b¢"),

1
A= d’(c,~c,+a+bc —be+cc"—c*)—d(c,—c, +a +bc'—b"c),

%—, 8= d'(d,—d,+bd —b'd+cd"—cd)—d(d,—d,+bd —b"d+cd"—c"d).
As a consequence of these equations (15), equations (12) and (13), from which
they were derived, show that the six expressions for the four third derivatives
of y will be consistent. In order that the same thing may be true of all of the
derivatives of order higher than three, it is necessary and sufficient that equa-
tions (15) themselves may be consistent, i. e., that

ow, Ow,
anmn 5 = "

But it has already been remarked that there can be no relation of form (11)
with non-vanishing coefficients. The condition (17) however would give rise to
such a relation unless the coefficients of y, y,, v, and w on the left member were
equal respectively to the corresponding coefficients on the right member of that
equation. We thus obtain the following four relations:

a,+dB+a’y+d8=a,+af +dv + ad,
B,+¥B+ by +B8=8,+a +b8 + b + 8BS,
Y.+ a+ B4 "y + 9=, +cB + v + 19,
8,+dB+dy=238 +d8 +dY,

the integrability conditions of system (6).
The last of these four conditions may be transformed as follows. 1t may be
written

(18)

88 +dB—dB +d'y—dy=0.
dB—df =b,—b —d +bc—b¢,

But

d'y—dy=c,—c'+a+bc=0b",
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80 that the condition becomes
19) S,+b +c,=8+b+c.
For the sake of brevity put
p=>bd—bd +cd"—cd,
(20)
v=bd -b'd+cd —c'd.
Then, according to (16),
d=A'd(d,—d,)—d(d,—d))+dpn—dv],
¥=ANd"(d,—d,))-d(d,—ad))+d"p—dVv].
But from equations (9) we see that

1 2 ’ ’ ! ’
p=3(g"s =g —p'qt+pgt),

1 ’ ! ’ g ’
v=x(—p'¢s+pg +p°t—p't),

8o that
1
d'/.c—dv=z—,(b+c'),
@1 )
d"p—d'v==z\—;(b'+c"),
whence
8=Ad(d,—d)—d(d,—d)]+b+ ¢,
@2 [d( ]

8¥=Ad"(d,—d,)—d(d,—d/)]+b+¢".
With the aid of these expressions, it will be seen that the last of the four
integrability conditions (18) may be satisfied in the most general way by putting
’ ’ " ’ ae’
Ald(d,—d))—d(d,—d/)]+2b+ 2= 30’

(23)

’

A& (d,— d)— d(d— d’)] + 25 +2¢" =%§,

where ¢ is an arbitrary function of » and v. We may use these equations to
express b and ¢” in terms of ¢ and the other coefficients of system (1).
In will be advantageous to introduce

(24) D=Ad, D =Ad, D' = Ad",

in place of d, d’, d”. Then
(25) D' — DD =A¥d" —dd")=1,
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and the conditions (23) become
D(D,—D)—D(D,—D’)+2(b+¢c)=c¢,

(26)
D'(D,— D)= D(D, = D) +2(b' +¢") =,

where
e=¢€ —logA
may be any function of » and v.

§8. The seminvariants.

Let us consider the system (6), which is in its normal form. If we multiply
the members of both equations by arbitrary functions o? and @'* of u and v, the
resulting system is again in the normal form. Moreover, if the two equations
of the system be interchanged, the normal form is not disturbed. The combi-
nation of these two operations gives rise to the most general system of equations
equivalent to (6) and still in the normal form (cf. §1). Only those combina-
tions of the coefficients of (6) which remain unchanged as a result of these
operations are of interest to us, because they alone represent quantities deter-
mined by the system which are identical for all equivalent systems. In other
words, they are invariants of the system (1) under the transformation which
consists in replacing it by any equivalent system (2). The twelve quantities,
a,b,c,D,d, b, c, D, a",b" ¢’ D", the virtual coefficients of the system, are
invariants of this kind. It is for this reason that we have introduced D, D', D"
in place of d, &', d” at the end of the preceding paragraph. These twelve quan-
tities, however, are not independent. In fact we find the following relations
between them

aD’ —2dD +a’D=0,
(e7) D" - 26D + "D =0,
D' —2D +c'D=0,
D*'— DD =1,
from which others may be derived, of which we shall mention only the following :
a b ¢
(28) a b ¢|=0.
a v |

Since we may substitute equations (10) for (6), all invariants of system (6)
may be expressed in terms of the twelve quantities a, b, ¢, D, .--, D”. More-
over, only eight of these are independent owing to the four independent relations
(27), which is in harmony with the fact that system (6) involves only the eight
ratios of the ten functions A, &, A, ¥, r, s, t, r, 8, t'; but we shall retain all
twelve, for the sake of symmetry.

Let us now put in (6)

(29) y =12y,
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and afterward divide both members of both equations by A, where A is an arbi-
trary function of » and v. The functions of the quantities, a, b, ¢, D, etec.,
and of their derivatives which remain unaltered by this transformation shall be
called the seminvariants of system (6). The semicovariants have the same inva-
riant property, but involve y and its denvatlves besides the coefficients of the

system.

We have from (29)
yu=h37¢ +l“3/, y'=xyo+xvy’
’yuu= wa + 2xuyu + qug’
(30)

Yo =M, + MY, + 27, + 27,
Yo =M, + 207, + M\ 7.
Substitute these values in (6), divide by A, and denote the coefficients of the
resulting system of equations by 4, %, F, 8, t, etc. We find
h==h, E—ih

A, A A
- ' __‘2‘ 3 .9 ik >
r+ s+ t K 2xhk xk”

~ x'
8—2’&(K’l+'x ),
_ Y
t=t—2k(ih+1—k),

the equations of transformation for A', ¥, r, &', t' being of precisely the same
form. Moreover, in the first two equations, either both of the upper signs or
both of the lower signs must be taken.

We find consequently :

T

@)
I

= X“ )'v uo lk..
a=a+xb+i—c——2’+ DD — ﬁ—iD’,
- 2 x‘. ’ x: U 1 uu 7 u " lx" 4
F=a 3o epideppy dar,
A A 2X
1)

A A A
B=b-2fT+fDD” t=c+ "DD’—--i'D’,
Jr ’ X.. o A’. 7 . ’ h
b=b-—-xD'D +3 D", =c+ DD’ — XDD’
J 7 Xu %] X’. " -ty ” . " x.

D=D, D=D, D=D,
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where
(32) T=D"—3}DD".

Therefore D, IV, D" are seminvariants. Moreover the system of equations
(27) remains invariant under this transformation, although the left member of
the first of these equations is not by itself a seminvariant.

Since we are supposing the integrability conditions to be satisfied, the coeffi-
cients of our system will satisfy equations (26) where € is some function of u
and v. Let € denote the value of this function after the transformation. We
find, from (26) and (31),

€”=e“—4%, E'=e.—4%.
Consequently ¢, and €, may be reduced to zero in the most general way by putting'
A = kete,
where % is an arbitrary constant. We shall then have
. o P T o

A
T = ieuu + Tlge:’ _{_! = ieuv + lle-euev’ T = iG" + 'flée:‘
The substitution
y =ket'y

will reduce system (6) to another one of the same form. The quantities 4, B
C, D, etc., which correspond to @, b, ¢, D, etc. in this new system, are
obtained by substituting the values (33) for A /A, A /A, etc., in equations (31).
These quantities satisfy the relations

D'(D,—D.)—D(D,—D.)+2(B+ C')=0,
D'(D,— D,)—D/(D,— D) +2(B +C")=0,

obtained from (26) on account of the vanishing of €, and ,.

We have called the quantities @, b, ¢, D, - - - the virtual coefficients of systems
(6). We have seen that there exists for every such system a uniquely deter-
mined transformed system whose virtual coefficients satisfy the conditions (34).
This transformed system shall be said to be in its semi-canonical form.

The virtual coefficients of the semi-canonical form, A, B, C, D, etc., are
seminvariants of system (6). They are the values of @, &, @, D), ete., obtained
from (31) by substituting for A, /A, A, /A, ete., the values (33).

The seminvariance of these quantities is a consequence of the uniqueness of
the semi-canonical form, and may moreover be tested directly by means of equa-
tions (31).

(34)
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As a consequence of (27) the seminvariants satisfy the relations

AD"—24'D 4+ A"D=0,

(85) BD"—2BD + B'D=0,
CD'—2C'D + C"D=0,
D*— DD =1,

as well as (34), so that only seven of them are independent. The complete
system of seminvariants obviously consists of these quantities and their deriva-
tives with respect to the two independent variables u and v.

In fact, every seminvariant S is a function of the virtual coefficients of the
system considered and of their derivatives, which does not change its value when
any transformation of the form

y=2ry
is made. But if the system be reduced to the semi-canonical form, every such
function becomes a function of s virtual coefficients alone, i. e., of 4, B, C,
D, etc., and of their derivatives. Since S does not change its value as a result
of this reduction, § is therefore a function of these variables only.

§ 4. The invariants.

We now proceed to investigate the effect of a transformation of the indepen-
dent variables upon the seminvariants. Let new variables be introduced by
means of the equations

(36) u=¢(u,v), v =Y(u,v),

where ¢ and - denote arbitrary functions of » and v. We find
Vu=9b+ ¥V Y=%b + %Y.,

You=Ym P’ + 2Yn bV + Y5 Vi + Yabu + Y5 ¥

Yoo =Ym Db + Y (Vo + S V) + ¥ ¥t + ¥ buo + Y5 Vs
Yoo = Ym®P: + 2y ¥ + Y5 V2 + Y boo + ¥ Ve

Substitute these values in system (6) and denote the coefficients of the trans-
formed system by %, k, T, 8, t, etc. We shall find

h==x(¢h+¢,k), k==x(¥r+¥,k), f=r,
(88)  i=ds+bt—p N — 25— K,
b=+ Vb — Y B — 2 e — ¥, B,
and similar expressions for %', F, ete. 'jl‘he two upper or the two lower signs

67
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may be chosen, in (88), at will; for the virtual coefficients and consequently
the seminvariants contain only such combinations of %, k, 4, ¥’ as are unaffected
by the sign chosen.

Introduce infinitesimal transformations by putting

(B9 w=¢(u,v)=u+r(u,v)d%, T=1vY(u,v)=v+Ar(u,v)d,

where 8¢ is an infinitesimal. We find the following infinitesimal transforma-
tions for A, %, ete.:

Oh == (x,h+x,k)d, Sk=x(Nh+2rk)d, dr=0,
(40) O =(x,8+x,t —r, A — 20,0k —x, K*)t,
8t = (N84 Mt — A AT — 2\ Rk — N, k)S¢.
The equations for %', ... 8t" are of exactly the same form. Making use of
the equations (9) and (24) which define a, b, ¢, D, etc., we find :
8a = — (2ax, + 2a'\,) 3¢,
8¢’ = — (a'x, + ax, + a’'\, + a'\) 8,
da” = — (2a'x, + 2a"),) &8¢,
8b = [— bk, + cx, — 20'\, — Tk, + DD'k,, — } D*«, ] 8,
&' =[(¢—b)e, ="\, — b\, — 3D D"« .+ DD"x, —3DD'x,, |8,
8" = [b"k, + (¢ — 2')k, — 2", — } D"k, + D' D"k, — Tk, %,
8¢ =[—2ck, + (b—2¢)N, + A, — T+ DD\ — 3D\, ]0t,
O = [—cu,—ce,+(V'—c")N\,—3D D'\ _+ DD"\ —3DD'\ 8,
8" = [—2¢'k, + '\, — '\, — DA, + DD\, — TN, ],
8D = (— Dk, —2D'\, + D) ét,
8D = (— Dx,— D"\,) 8,
D" = (D'k,— 2Dk, — D"\,)ét.

(41)

The infinitesimal transformations of the derivatives of these quantities may
be obtained by noticing that, for any function @, the following equations hold :

)
30, = 5-(30) — (¢, B, +2,®,)%,

(42) 5
80, =5 (30) — (£, 2, +1,9,) 8.
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Thus we find in particular:

8D,=[—2Dx,— (2D, + D)\, + DA, — Dx,

n o

,—2D'\, + D) ]ét,
8D,=[D,k,— D,k,— 2D\, — De,,— 2D'\,, + DA, |8,
8D,=[— Dk, — Dk, — (D;+ D)\, — Dk, — D", ] 8,
8D;=[—(D,+ D,)x,— D)\, — D\, — Dk, — D'7,,] 8¢,
8D =[—2D,k,— D)\, — D)\, + D’«,, — 2D'k,,— D"\ ] 8¢,
8D!=[D.x,— (2D, + D)k, — 2D\, + D',,,—2D'c, — D"\, ]8¢.
From (26) we now find

8¢, = — (e, + €N, + 2, + 27, )88,

(43)

(44)
8, = —(e,x, + € +2c, + 27 )5,
whence
&uu == (2euu.lcu + 2€“' x‘l + eu"uu + eﬂ qu + 2”““” + 2quv)8t’

(45) 85'” = (G'”IC“+ euu"o-l— evvxu+ euvxv + €K +€ A + 2"

u  uv o uo uuo

v == (261“)”1) + 2evvxv + eul‘vu + evxvu + 2"1&110 + 2A’000)8t.

+2x,,,)8,

uov

The quantities ¢, €,, etc., enter into the composition of the seminvariants.
Making use of equations (31), (33), (41), (44),( 45), we obtain following expres-
sions for their infinitesimal transformations :

04 =[—24k, —24'\, — }B(x,, +7,,) —3C(x, +1,,)
+ 3 T(kp + M) — 3DD (%, + 2,,) + 1D (5, + N,,,) ]38,
SA'=[— Ak,— Ar,— A"\ — AN, =3Bk, + 1) — 3 C (5, 4X,,)
+ 1D D (%, + M) — 3DD(%,,, + N,,,) +3DD (x,,,+),,,)] 8,
84"=[—24%,— 24"\, — } B’ (x,, + \,,) — 3C"(x,, + ),,)
+ 3D (ko + N) — 3D D (-, +2,,,) + 3 T (e, + ) ]88,

and further,
8B =[— B«, + Cx, — 2B\, + }DD(x,, — \,,) — $D%«,, + T, ] &,
8B'=[(C'— B)x,— B'\,— B\, +3DD"(¢,,—\,,)—3DD'x,,+ 3D D"\, ]3¢,
SB'=[Bk,+(C"—2B)k,—2B"\,+3 D' D"(x,,—\,,)— Tk,,+ g,l)"’x,w] ot,
47) 8C=[-2Ck,+(B-2CN\,+ C\,—3DD(x,,—\,) + 3D, — T, ] 8,
8C'=[—-Ck,— Ce,+(B'— C"\,—3DD"(x,,—\,,)
+ DDk, — D' D"2,] 8¢,
8C"=[-2C k,+ B'\,— C"\,—3} D'D"(k ,—\,,)+ Tit,y— 3 D2, ] 8¢.

Trans. Am. Math. Soc. 13

(46)
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Let us put
M=DD,—DD,, N=DD,— DD,,

(48) M= D"D,— DD, N'=D"D,— DD,

M'=D'D,—DD;, N'=DD,—DD;,
Then will
SM = [— Mk, — Nk,— M'\,— DD (k,,—\,,)+ D,,—2T,,]8t,
SM=[—(N'+2M),—2M"\,— M\, — 2DD"(x,, — \,,)
+2DD,, — 2D D"\, ] 8,
49) SM'=[M "k, ~(M+N"),—2M"Ny— D' D"(k,,—\,3)+2 Tk,,— D)8,
8N =[—-2Nk,—(M+ N')\,+N\—DD (k,,—\,)+ D, —2Tx,,] 0,
8N'=[—N'«k,—2Nk,—(M +2N")\,—2DD"(x,,—\,,)
+2DD',,—2D' D'\, ] 8¢,

SN"=[—=N'rty— M'N\y— N"Ny— D' D" (K — N+ 2 T, — D N, ] 8¢.

If we put now

B=2B+1iM, €= C— 1N,
(50) =B +iM, E=C—1IN,
8'=B"+3IM, '=C0"—3}N,
we shall therefore find
8B =[—Br,+Cr,—2B'1,]3¢, 86 =[—2Ck, +(B—2C),+61,]%,

(61)88'=[(C'—B)c,—B"A,—B1]8,  8C'=[—Ck,—Ck,+(B—C")N,]é,
58" = [B"Ky+ (6" — 29" )k, — 28”1, ]8¢, 8C"=[—2C'x, + B"A,—E"7,]5¢.
From (34), (35), (48) and (50) we find the following relations:
8D — 28D + 8" D=0, GCD' —28D +6' D=0
62) B8+6=0, V+6 =0, D'—DD'=1,

which system of equations remains invariant under all of the transformations

here considered.
By means of the relations (52), five of the nine variables 8, %', 8", €, ¢, ¢,
D, D', D’ may be expressed in terms of the other four. For instance, if

DD’ —4D* 40,
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we shall find , .
, %”D — 2@ D”
C=-3="2p_ap7 "
, . - 2%”DD’ + @D"z
B=—C=—2p_ap"
D =v1+ DD

Any invariant, depending only upon these nine seminvariants, therefore
becomes a function of D, D", 8" and € alone. From (41) and (51) we see
that every absolute invariant of this kind must satisfy a complete system of four
linear homogeneous partial differential equations of the first order with four
independent variables. These equations are found to be independent, a fact
which may also be expressed by saying that the determinant A, of the fourth
order made up of the sixteen coefficients of these four equations is not identi-
cally equal to zero. Therefore no suck absolute invariant exists. To be sure,
the curves u = const. and v = const. upon the integral surface might be such as
to make DD" — 4D'* vanish, so as to destroy the validity of this argument.
But this condition

DD'—4D" =0

is not invariant, and may always be avoided by a transformation of the indepen-
dent variables. Such a transformation cannot, however, affect the existence or
non-existence of an invariant. We have shown therefore that there exists no
absolute invariant which involves only the above nine seminvariants. Therefore
there can be at most one relative invariant which is a function of these nine
variables alone. Such a one actually exists and, owing to the relations (52),
may be written in various forms. We proceed to obtain it.

Let
68) P=%¢-93¢, R=38¢"—-93"C, S=938¢ —B'C.
Then wil

8P = —(Rx,+ 2P\ )8t

(54) 3R = — (R, + 28k, + 2P\, + B),) %,
88 = — (28k, + RA,)8t.

If these equations be combined with the last three equations of system (41),
which give the infinitesimal transformations of D, ), D", it will be seen that
8 i3 a relative invariant, where

% %’ %I’
(56) f=| 6 6 G'|=PD—RD +8D".
D D D
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In fact we find
(56) 80 = — (x, + N,)08¢.

We wish to determine next those invariants which involve the first derivatives
of the quantities B, € and D, as well as these quantities themselves. We
shall see that they must be solutions of a complete system of ten partial differ-
ential equations with twelve independent variables. There must exist, con-
sequently, two absolute, or three relative invariants of this kind including 6;
therefore there will be two new relative invariants to be determined.

The expressions for 8D, etc., have already been deduced [cf. eq. (43)].
From (51) and (42) we find the following formulae :

88,=[— 28B.x, + €.x, — (28, + B,)\, — Bx,, + Ck,, — 2B'2,, ]3¢,
88,=[—B,%.+ (€, — B,)x, — 28,1, — B,\,—Bk,,+ C«,,—28'7,, ] ¢,
88./=[(€,/—-28,)x,— B, A, —2B,\,+ 8" «,,+(C"—2%8") x,,—2B"\,,] &,
88',=[B,x,+(C,—2B,—B,)x,— 3B\, +B"¢,,+ (€"—28")«,,—28"7,,] 8¢,
1) am [ 8600 (B 26— G N+ 6N 26, (B2t AL ]
06,=[—26,x,—€.«, + (B, —2€, ), — 26«,,+(B—2C")A,,+CA,, ] &,
8¢, =[—C. x,—26.x,+ (B, —€C )N, —C/\,—2C «,,+B"\,,—C"©,,] &,
86, =[—(26,+€. )x,+B,\,—2€,'\,—2€,,+B"\,,—C"\,,] 8¢
The expressions for 88,, 88,, 8C,, 8C, have been omitted because the relations
B+6=0, B +¢"=0

rerider them unnecessary. These relations may also be used for the purpose of
simplifying some of the terms in (57).

If we assume again, for a moment, that DD" — 4" ? is different from zero,
we may think of D, D", 8", € and the eight derivatives of the first order of
these quantities as being the twelve independent variables of the complete system
which determines the invariants under consideration. The first four equations
of the system, obtained by equating to zero the coefficients of «,, «,,,, A, in
the general expression for &f, where f is an arbitrary function of these variables,
are known to be independent. In fact, the matrix of the 4 x 12 coefficients of
these four equations contains the determinant-of the fourth order, denoted above
by A,, which is known to be different from zero. The elements of this deter-
minant are the coefficients of 0f/0.D, 8f/0D", 0f|0B”, 0f[0€ in the first four
equations of the complete system. The matrix of the coefficients of 0f/0D,,
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of|oD,, - -- 3f[0€, in the remaining six equations is

-D 0 +D 0 4+3 0 -2 0
0 —D —2D +D +3 +% 0 —26
0 0 0 —2D0 0 +8¢ 0 0
(58)
—2D 0 0 0 0 0 +38 0
+D —2D —D 0 —28 0 +6 +3%
0 +D 0 —D 0 —28° 0 +6

191

The independent variables u and v of system (6) may be so chosen that
D =D"=0, D =1, in which case of course DD" — 4D" does not vanish.
This is equivalent to the choice of the asymptotic curves of the integral surface
as parameter lines. In that case the determinant of the sixth order A obtained
from the matrix (58) by suppressing the last two columns becomes equal to B"*
except for a numerical factor. It does not vanish, therefore, unless the surface
is ruled. In the matrix of all of the 10 x 12 coefficients of the ten equations
of the complete system there occurs therefore a determinant of the tenth order
which may be represented as follows:

A, A

59 A, =
(59) =1y

where A’ represents a matrix of four rows and six columns, and where 0 repre-
sents a matrix of six rows and four columns, all of whose elements are equal to

zero. Obviously
A, =4,-4,

and is therefore different from zero. Consequently the ten equations of the
complete system are independent; and, as announced before, there exist two
new relative invariants, distinct from 6, which involve no higher derivatives
than the first of the quantities 8, €, D.

In order to find these new invariants, we first determine from (56) a set of
auxiliary quantities whose infinitesimal transformations depend only upon the
first derivatives of x and A. This may be done as follows. In each of the
eight equations (57) there occur enly three of the second derivatives of « and A,
and these may be eliminated by combining properly with the expressions for the
infinitesimal transformations of P,, P,, R,, R,, S,, S,. For instance we
have, from (63) and (57),

8%u=[— 2%”K“ + Guxﬂ + (26: - %D)hu - %Icuu + GK“U + 26”xuu] 8t’
8P,=[— P,x,— R,x,— P\, — 2P\, — Rk, — 2P, 18,
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SR, =[—-2R«x,—28,,x,—(2P,+R)\,—R\,— Rk, —28k,,—2P\,,

(60) - uv] 8t ’

88, =[—-88x,— (R, + 8,)\, — 28«,, — B\, ] &,
38, =[—28,%, — S,x,— B\, — S\, — 28k,, — R\, ] 8.
We determine the ratios of five quantities a, b, ¢, d, e, in such a way that
ad®B, + b8P, + cdR, + d8S, + €58,

shall be free from the second derivatives of xand A. Since «,, and A,, do not
occur in any of the expressions (60), this condition gives us just four linear
homogeneous equations for the four ratios. Their solution gives

a=0, b=CR, c=—(BR +4¢"9),
d=2(BP +C'R), e=3PR —2CP + 4¢"S.
If now
aB,+ bP,+cR,+ dS, + ¢S,

be denoted by (3 ), it is certain that the expression for 8(%) will contain no terms
which contain the second derivatives of « or A as factors. In precisely similar
fashion, seven other auxiliary quantities are introduced.

Consequently let

(3) = 02%" + b‘Pu+ cRu + dSu+ CSD’

( ’v i 02%;’ + bIIP. + (cll + ell)R, + d/lS. — ellPu’
(61)

=0C,+mP,+ (n+q)R, + pS,—qP,,

—_ 82@:" + 'nllP. + nIIR' +pIISu + qllS',

)
)
)
) =0C,+mP +nR, +p8, + 98,
)
)
)

= 026:’ + m”P. + (n” + q”) R. +p"S' - q"Pu’

where
b=CK, c¢=—(BR+4C"S), d=2(BP+C'R),

e = %R— 2@P+ 4(.4"8, b”= 36"R + 4$”S, c”= %”R,
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dll=_2%l/P, e”=—3(%”R+26”P)’

62
O e _268, n—_2(GR+38S), p—3BE+4CP,
q=3(6R+2$S)9 M"=2(%R+@"S),
W—=—2%8, p' =%"R, ¢ =—GCR—4BP+2%S.
Then will
()=~ ()t () f2(0) = () pm2 ()2 ]2
u | u u u v
() [o()a£)em(rms (D
u i u u v u
() =[=o()m+ 2 ()= ()= ()n ]
u i u u v u
¢ i ¢ B B” (o ¢”
(%) =[-8 ()2 (0)=+{() (5 poms (G )0
(63) _ "
o) [l (- (S s (e
v L v v u v v
(30)=[=(0)m o (0) = Clm=s (V)0 ]
v i v v u v
)[4 (rrs (o
v | v u v v

2(5)=[=2(0 )2 (0) () et ()t ()0

o) OT-IO) O]
s [)-O OB OT- O]
A-ORO-GIC-C]

These quantities, ® and ¥, are invariants. In fact

(65) 30 = — 6(x, +2,) DO, ¥ =—9(x, +1,)Vd,
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so that
)] v

g and )
are absolute invariants. These are the two whose existence was demonstrated
above.

The three invariants §, ® and ¥ are independent of the seminvariants
A, A', A”. We shall now proceed to calculate invariants involving also these
variables.

We again begin by forming from A4, A’, A” a set of three quantities
A, A, A", such that A, dA’, 3A” shall contain only the first derivatives of «
and A. Put

euu 3 03 0"0 3 0'600 000 3 03
66) E=%y-—9m F=g-—5> C=%4-3p@
and let
1/.6, 6, ,

(6T) W =A— ; (B’%‘ + 0'%") +}DD'E—}DD'F + }DD @,

A =A"— ;1, (B’%‘ + 0"%’) + }D”ZE'— I1DD'F + TG,
where, as before
T=D"—3DD".
Then
89 = [ — 2%, — 292, ] &,

(68) U =[— Wk, — A, — A'N, — AN, ]88,
8" = [ — 2%k, — 2N, ] 8¢
Notice that 3, o', A” satisfy the same relation
(69) D' —2DU + DA”" =0,
which is also satisfied by 8, 8’, 8" and ¢, ¢/, ¢".
Equations (68) show that
(70) S =A% — AN

is an invariant for which
82 = — 2(Itu + 7\,,)28t.

Another invariant may be constructed as follows : Let

(T1) (™A, B)=AB" —2AY + AV, (A, C)=AC"— 2AC +AC.
Then

12) (U, B)=[— (A, B)x,+ (A, C)x, — 2(A, B)A, ] &,

8(%, €)= [— 2(%, C)x, + (U, B)A, — (U, €)1, 5.
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Consequently, if we put
(13) AW(A,B)+AA,C)=F, AAB)+AN,C)=0,
we shall find

(74) 83=[—3{§K“—@5M—23~7\0]8t, 865=[—2(55x,—-‘{§x,,—3®)»,]8t,
so that
(15) Q= (%, B)F + (U, 6) G =A(A, B) + 290(A, B)(A, C) + A(Y, €)?

is another invariant (of weight four), since
(76) 30 = —4(x, +1,) Q8.

From the invariants already obtained, others may be derived by differentia-
tion processes which are very closely related to the differential parameters of
the metrical theory of surfaces.

In fact, let I and J be any two absolute invariants. Then

A(I)= }—, [D'I:—2D11,+ DI?],
A(J)= % [D'J:—2DJJ, + DJ?],
W) A(T, J)=%;[D"IueL—D'(’IuJ,+I,J..)+DI,J.,],
1 a " ’ a ’
Az(I)=y (—3?&(1) I;_DIV)-’-—aTv(DI'—DL)]’

11 o , , 7]
A2(J)=9[5{4(D’J“_ D'J)) +a—v(DJ,—-D'J,,)]
are again absolute invariants, as is also the Jacobian
(78) INO A J)=%(IuJ,—I,,J,,).

It is easy to verify that /8, %'/8, A”/@ are cogredient with D, D', D".
Consequently the quantities

1

A(D) =g [ WD — 2L I, +AT2],
1 ,

A() =5 [W T2 — 20 T J, + AT2],

@) AL )= (WS —% (L, + LL) +ULT],
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A,(I)=1[ u(sx"f - m1)+%(axr. ;_%'L)],
= A7) 445

are also absolute invariants.

Each of these differentiation processes may be repeated, or combined with each
of the others so as to produce a large number of invariants. But not all of the
invariants obtained in this way are functionally independent. In order to obtain
the relations between thein, it is convenient to write down the simplified form
which they assume if system (6) is assumed to be in its canonical form, for which

(80) D=0 D=1 D=0,

8o that

(81) Q['=0, %‘—.—%’r.o, @':G":O,
and consequently further

A =0, B=PB=0, (C=0"=0,
B =B, c=20, 6=—B'C,
)

106, 36
'9‘*2(9 20)

y g ,9 1 6,, 36,

(82) A=A4—-3C

The above derived differential invariants of the first order become

2

A(D)=—3LL, A (J)—— A(Z, J)_—B(IJ +IJ),

'ouv’

1
83) A (I)= 01,(91"13 UL, A(S) =G (AT+ATY).

1
AL D)= (WL AULT), T J)= g( L.~ L),

while those of the second order reduce to

A () =— 31,.“ A, ()= — iJ,,,,,
o an=iEC)00)

=2 2(57)+2 ()]
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From (83) we see at once that

(85) AL, JyP—T(I,JyP—=A(1)A(JS)=0.
Further we find

— AL, IPT{L I A = — J2A (1) + IT2A(J),
— A(L JYPT (L, JPU = + J2A (1) — I2A (),

which gives, upon substitution into the expression for A(Z, J), the further

relation
(87) 2A(L, )AL, )= A (DA ()= A(S)A(I)=0.

We shall not, in the present paper, investigate the relatious between the
operators of the second order and those obtained by repetition of the operators
of the first order ; nor shall we inquire into the question whether all invariants
of the given system of differential equations can be obtained in this way. Let
us confine our attention to those invariants which contain no derivatives of
higher than the second order of the quantities 8, %', 8", ¢, ¢, ¢", D, D', D",
and which involve the quantities 9, ', A” themselves but none of their
derivatives. We now proceed to show that we are already in possession of a
functionally complete set of invariants of this kind.

The invariants contemplated depend upon 26 independent arguments, viz.:
four independent variables among the nine quantities 3B, ..., D" their eight
first, their twelve second derivatives, and two independent variables among the
three U’s.

The infinitesimal transformations of these 26 variables involve terms contain-
ing the first, second, and third derivatives of x and A as factors. The absolute
invariants of the class considered must therefore satisfy a complete system of 18
equations and 26 independent variables. If these equations are all independent,
there will be 26 — 18 = 8 such invariants. They may be chosen as follows :

03] v
'05"’ & 9

(88) A(z) A(‘:) A@ 3)

o v Q0
"(3) () 8

It remains to prove that the eighteen equations just mentioned are indepen-
dent, and that the same is true of the eight invariants (88).

In the matrix formed by the coefficients of the first ten equations of our com-
plete system, there occurs the determinant A of equation (59), which is known
to be different from zero. The last eight equations, obtained by equating to

(86)
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zero the coefficients of the third derivatives of x and A in the general expression
for &f, contain only the twelve independent second derivatives of the B’s, €’s,
and D's. If we assume again for the moment that DD” — 4D” does not
vanish, we may think specifically of D, D", 8" and € together with their
derivatives as the independent variables. The matrix of the 12 x 8 coefficients
of the last eight equations will then be as follows :

-D 0 0 +D” 0 0 +3" 0 0 —-2¢ O 0
0 —-D 0 2D 4+D 0 43" +38" 0 0 —-2¢ O
0 0 —-D 0 =2D0+4D" 0 43¢ +%8" 0 0 —-2¢
0 0 0 0 0 —-2D 0 0 43¢ 0 0 0

-2D 0 0 0 0 0 0 0 0 438 0 0

+D 2D 0 -D" 0 0 —28" 0 0 +¢ +38 0
0 +D —2D 0 -—-D" 0 0 -—-28" 0 0 +¢ +338
0 0 +D 0 0O -0 0 0 -28" 0 0 +¢

If the system (6) is in its canonical form, so that equations (80), (81) and
(82) are satisfied, the determinant of the eighth order, obtained from the above
matrix by omitting the eighth, tenth, eleventh, and twelfth columns, becomes
equal to B”* multiplied by a power of 2. This determinant A, is therefore not
identically equal to zero.

If we now consider the whole system of eighteen equations there will be in
the matrix of its coefficients a determinant of order eighteen of the form

‘ A‘o A"

3

!, =44y,
where A” denotes a rectangular matrix of ten rows and eight columns, while 0
denotes a rectangular matrix of eight rows and ten columns all of whose ele-
ments are equal to zero. This determinant A, does not vanish identically;
consequently the eighteen equations of the complete system are independent.
The eight invariants (88) are obviously members of the class here considered.
It only remains to show that they are independent.
In order to do this we again make use of the canonical form. According to
(80), (81), (82), the canonical forms of the eight invariants are as follows:

® (2CB/+ B"C,)(2B"C,+ CBY)
bﬂ_= Bn303 ’
v 2CB.)+ B"C, 2B'C,+ CB/
=TT pics T Bion

(90)

’
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A d 2 o(P\o/[®
1(5‘7)=B”O@(§)a_v(?)’
A v 2 o(/¥Y\o V¥
(#)=zon(s)s(s)
A ® ¥\ 1 ro/e\o v o(dP\eo (¥
w 2 7)-rola(#)a(#)+a(7)a(#) ]
P 1 s 0 (P\)* o (P
s (#)-mopl*{a(@) ] +oim @) ]
v 1 N2 ANE FNAANE
s (o) -mor[*{ale) )+ i) ]
Q wB’+u°C:
¢~ (B0 -
In the canonical form, our system of differential equations (6) becomes
3/....=A.?/ + C!/n )

(91) ” 4
yvv = A y + 'B' ud

If we compare this with the system as written in the First and SEcoND
MEMOIRS, viz.: *

Y + 20y, + fy=0,
Yoo + 207y, + gy =0,

we see that the quantities 4, A", B”, C correspond to — f, — g, — 2a’, — 2b
respectively. Let us remember further that in the SECOND MEMOIR  we intro-
duced two absolute invariants, 7 and J/, defined by the equations :

(92)

(93) 7= ¥b. + 2a.b Jo Wb+ 24,
T 4d'bRa T aabVath
We thus find
L] v
(94) A - S A

Thus the first two invariants of (90) are functions of 7 and J alone. The next
three are independent combinations of the first derivatives of 7 and /, contain-
ing besides the single combination B”C of B” and C. The following two

invariants
(1] v
A](ps—) and Al('og)

*These Transactions, vol. 8 (1907), p. 246.
T These Transactions, vol. 9 (1908), p. 103.
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depend upon the same guantities, but contain the two further variables % and
%" in two independent combinations. Finally 2/6* is independent of all the
rest because it contains B” and C in a combination independent of B”C. This
completes the proof that the eight functions (89) form a functionally complete
gystem of invariants of the order considered.

We have found, moreover, the relations (94) between the rational invariants
0, ®, ¥ and the irrational invariants 7 and J which present themselves in the
canonical development

=y + (P +9) + g (L + Ty) + -

of a surface in the vicinity of an ordinary point.

The relation of the other invariants obtained in this paper to those considered
in the previous memoirs, the question in regard to the completeness of our
system of invariants and differential parameters, the determination of the
covariants and the introduction of the adjoined system in its general form
must be left for a later occasion.
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