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Related quadrics and systems of a rational quartic curve.
By Miss H. G. TELLING, Newnham College. (Communicated by
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1. Introduction.

1'1. The points, tangents, osculating planes, ..., osculating
primes of a curve may be said to form a system which is characterised
by the number of these elements which are incident with a prime,
..., line, point, respectively. For the normal rationa., quartic curve
the system is (4, 6, 6, 4); projection of this system from a general
point gives the system (4, 6, 6) in [3]; section by a general prime
gives the system (6, 6, 4). These two systems in [3], which are the
systems with which we are concerned in this paper*, are duals of
one another, and will be called systems of the first and second
kinds respectively.

1-2. The points of a system of either kind lie on a quadric and
the planes touch another quadric. The system is therefore said to
be inscribed in the former quadric and circumscribed to the latter.
The lines of a system touch both quadrics, touching the latter
quadric at points of a system of the opposite kind, which is the
reciprocal system in regard to the quadric. In fact, by reciprocating
the system with respect to either of the quadrics we obtain a system
of the opposite kind; by continuing this process we obtain systems
alternately of the first and second kinds and thus a chain of quadrics
for each of which one system is inscribed and the next circumscribed.

1-3. The points where two non-consecutive lines of a system in
[3] intersect are the points of its nodal system; the planes in which
these lines lie are the planes of the bitangent system. The points
of the nodal system thus form the nodal or double curve of the
osculating developable, and the planes of the bitangent system form
the bitangent developable of the original curve. For systems of the
first and second kinds, the nodal and bitangent systems are each of
the opposite kind to the original. It is clear that the nodal system
of the bitangent system, and the bitangent system of the nodal
system each coincide with the original system. The process of
forming the bitangent system is thus 1n this sense the reverse of that
of forming the nodal system. By continuing the process of forming

* An account, with references, of the rational quartic curve and developables
associated therewith is given by Rohn u. Berzolari, Encyklopédie der Math. Wiss.,
u1 C 9, 1373-1382.
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the nodal system (or bitangent system) we obtain systems which
are alternately of the first and second kinds and thus another chain
of systems and quadrics.

1-4. Systems of the same kind formed by either of the processes
of (1'2) and (1°8), or by any combination of these, are related by a
collineation. By speaking of one plane as the plane at infinity we can
describe all the quadrics introduced as concentric and coaxial, each
being written in the form a;2® + agy® + ag2® + a41*=0 and referred
to as (a), while the system inscribed in this quadric is denoted by
A. The collineation transforming any of the systems into the
original is then shewn (5:3) to be a repetition of one primitive

collineation together with a magnification from the centre.

2. Base systems H and E.

2-1. The system (4, 6, 6, 4) associated with the normal rational
quartic curve admits of o2 collineations into itself. The main
forms which are invariant under these collineations are the quadric
I for which the system is self-reciprocal; the cubic primal J of
chords of the normal curve; and the reciprocal of J with respect to
I, which is a quartic surface K (the projection of a Veronese surface),
the locus of points of intersections of osculating planes of the curve.
On projecting the system from a point ¥, and on taking its section
by the polar prime ® of F with respect to J, we obtain a (4, 6, 6)
and a (6, 6, 4) system in P, and these are in general capable of only
a finite number of collineations into themselves, namely those which
leave F' (and @) unchanged. These consist of three harmonic inver-
sions transforming into themselves a set of four fundainental
points and incident planes (/~points and f-planes) common to the
two systems. Three of the axes, one belonging to each inversion,
are concurrent at the centre of the systems and are called the
principal azes, while the remaining three axes complete the edges
of the principal tetrahedron. The plane containing these three axes
will be spoken of as the plane at infinity. The systems are then
symmetrical about the principal axes, which are therefore used as
coordinate axes throughout.

The two systems are reciprocal with respect to the quadric
(e) which is the section of I by ®. The f-elements of the systems
are given by the quartic equation (f-quartic) represented by the
point F or the prime ® with reference to the normal curve;
the absolute invariant of the f-quartic is the one essential con-
stant of either system. Each f-plane is stationary (flex-plane) in
the (4, 6, 6) system, and each f-point is stationary (cusp) in the
(6, 6, 4) system. Each f-line of the one system 1s conjugate in
regard to (¢) to the corresponding f-line of the other system;
these are respectively the projection from F of the tangent line,
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and the section by &® of the osculating plane of the normal curve
at the corresponding f-point. The (6, 6, 4) system is inscribed in
the quadric (¢) and 1s thus denoted by £. The points of & form
the complete intersection of (e) with the cubic surface (J, P),
which has nodes at the f-points; they thus lie by threes on the
generators of each system of (¢), and may therefore be described
as lying [3, 3] upon (e).

The Hessian of the f-quartic gives the second important set of
incident points, lines, and planes (h-elements), in each system;
in the (4,6,6) system the A-lines are the four lines which pass
through a further point of the system (tangent-trisecants of the
curve), while in the (6, 6, 4) system the A-lines are the four lines
which lie on a further plane of the system (tangent-triaxes of the
curve). These further points and further planes are given by the
Steinerian of the f~quartic (s-points and s-planes). The A-lines of the
(4,6, 6) system determine a quadric (&); the system is inscribed in
(%) and is thus denoted by H. The points of H lie {3, 1] upon (k); the
planes of H are the common tangent planes of (¢) and the Steiner
quartic surface [K, F'], whose tropes are the f-planes. The system
H is thus inscribed and circumscribed to this quartic surface while
the system £ is inscribed and circumscribed to the reciprocal cubic
surface (J, ®).

Let the f-quartic be taken in the canonical form 4 + 6m6? + 1,
and let the equation of the quadric (¢) be

(e): Z2+yi+22+2=0.

Any pont of the normal curve being given by (6, 6% 6% 6, 1), the
section of I by ® is given by

ZoTs — 42123 + By = 0 =29 + 74 + By,
which may be written
1 (@o+ @) — % (20— @a)? — (21 + 23l + (21— 23)° + 322 =0
= &y + x4 + 6mas,

and reduces to the above equations for (¢) when the reference
system is changed according to the formulae

Zo— w4 =2z, To+ Ty= %: —6mzy, ;taa=y, ¥ —a3=12 211
The points (x) and F lie on the same trisecant plane of the normal
curve if

Ly m X2 x3 |=0;

&y Xy T3 @3

1 0 m O

0O m 0 1]
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this gives the equation to the cone whose section by @ is (k). On
changing the system of reference by means of the above formulae

we obtain
(h): A+ pryP+ gt + M2 =0,
where we write
a__m—1 ,_ _m+1 ., 1+3w
=T gm 17 2m’M_3m2’

as throughout the paper.

2'2. The elimination of m between the equations giving
p% q% M2 gives the two equations p?+¢*+1=0, p* +¢* + 1 =3M?,
and thus two relations satisfied by the coefficients of (k); and since
these coefficients are the invariants of (¢) and (%), the relations are
the two invariant relations satisfied by two quadrics which have a
(4, 6, 6) system circumscribed to the one and inscribed in the other.
The same relations hold between (A1) and (¢) as between (e)
and (&), ie. between two quadrics which have a (6, 6,4) system
circumseribed to the one and inscribed in the other. It therefore
appears that, if two quadrics (a) and (b) are such that a system
of one kind is inscribed in (@) and circumscribed to (), there is
a system of the other kind inscribed in (a) and circumseribed to (b);
the latter system we call the complementary system of the former.
The complementary system is equally obtained by reciprocating the
quadric (@) into the quadric (b); or, equivalently, by using one of
the eight collineations z = + (b/a)t 2’ to transform (a) into () after
reciprocating with respect to («). The remaining seven collineations
either differ from the first by two signs, in which case they give
the same system on account of the symmetries; or, by one sign,
when they give a system which is the image of the former in
regard to the centre. Hence if there is a system of one kind
inseribed in a quadric (@) and circumseribed to a quadric (b) there
is also the complementary system which is of the other kind, and
two further systems which are images of these in regard to the
centre.

2:8. By reciprocating (¢), (k) with respect to one another, and
then reciprocating in regard to the successive (inscribed and cir-
cumscribed) quadrics so obtained, we get an infinite set of quadrics
with coefficients characterised by

T A o N T

There is then a chain of systems (or rather, four chains of systems,
according to (2:2)) each inscribed tn one of the quadrics and circum-
scribed to the preceding one; the lines of a system touch this
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former quadric at points of the system and touch the latter at
points of the preceding system. The trisecants of a system are
the triaxes of the succeeding system.

3. Nodal and bitangent systems of E and H.

3'1. We proceed to obtain the nodal and bitangent systems by
a method which brings out their relation to the normal curve. The
central feature appearing by this method is the polar quadric of ¥
in regard to J; this quadric is known to be that which contains
the normal curve and its four tangents at its points on ®.

32. The section of the surface K by P is a rational quartic
curve which is the locus of points of the nodal system of E. This
system is denoted by @, and the quadric in which it is inscribed
by (¢g). The normal curve and the locus of points of G lie on a quadric
which is touched by the osculating planes of the normal curve at
its points on P, since each osculating plane contains a line of G and
a tangent of the normal curve. The normal curve is thus “ asym-
ptotic” at these points on the quadric, which therefore contains its
tangents there. Thus the quadric (g) is the section by the prime
@ of the polar quadric of ¥ in regard to J.

3:3. The reciprocal of F in regard to (¢) is the bitangent system
of H, which we denote by C. The quadric (c) in which this bitangent
system is inscribed is the shadow from F of this same polar quadric.
For the planes of C are the projection from F of the bitangent
primes of the normal curve which pass through F. Such a prime,
touching the normal curve at consecutive points P, P, and at
@1, Qq, touches J along P;Q, P.Qe, which are thus consecutive
lines of the polar quadric of # with respect to J. The line through
F meeting P1¢Qy and PQ.; ultimately touches the polar quadric,
while it projects from F into a point of C. It follows that the
quadric (c) is the projection from £ upon P of the section of the
polar quadric by the polar prime of F with respect to J, and is thus
similar and similarly situated to (g).

34, The reciprocal of ¢ in regard to (g) is now shewn to be
the nodal system of H and is denoted by D. Any point D, of the
system D is the section by @ of the transversal through F of the
tangents at P, @, which lie in a prime through F. The osculating
planes at P, @ meet in a point G4 of G and, since these planes contain
the consecutive positions of the tangents, it is seen that a consecutive
point D, of D lies on D, G4, 1.e. DGy is a line of D. Moreover, I, Dy, Gy
form an apolar triad with respect to J,since the polar quadric of G,
with respeet to J contains the tangents at P, @, while ' and D are
harmonic with respect to these tangents. It follows that Dy, Gh

13-2

https://doi.org/10.1017/50305004100010999 Published online by Cambridge University Press


https://doi.org/10.1017/S0305004100010999

200 Miss Telling, Relaled quadrics and systems

are conjugate with respect to the polar quadric of F and thus with
respect to (¢). Hence the lines and therefore the planes of D touch
(g) at points of G, and D s the reciprocal of G with respect to (g).

3'5. The reciprocal of D with respect to (e) is the bitangent
system of K, which we denote by F. 1t follows from what has just
been proved that this system F is the reciprocal of € with respect
to the quadric (f); since (f) 1s the reciprocal of (g) with respect
to (). the coefficients of these quadrics satisfy the relation fg=1.
It may be observed that generators of one system of ( /) are triaxes
of C': the planes through one of these generators cut out upon the
curve of H a quartic involution which is syzygetic, since it contains
three members given by planes bitangent to the curve. This result
might have been used to determine (f) from H.

3:6. We now have systems and quadries which may be tabulated
as follows :

F (fy € (o
(N E () H (b H* (B)... 361
G (9 D (@

Any row may be extended by reciprocation as in the central row,
and then if X is the reciprocal of D with respect to (d) it is the
nodal system of H? since X and D are systems of the first and
second kinds related by (d) in the same way as H and E are related
by (e), these latter being the nodal systems of C and F. Thus the
extension of the rows by reciprocation s equivalent to extending the
columns by forming the nodal (or bitangent) systems successively.

3:7. The equations of the quadrics of this scheme may now be
found. With the canonical form of the f-quartic, the polar quadric
of F=(1, 0, m, 0, 1) with respect to

J= =0

TZo Z1 Xg
X3 Xy a3

Ty Tz Xy

is given by
Ty — 1% + M (Lo &y + 2001 23 — Bxe%) + Xo g — s =0.

The points of K represent quartic forms which are squared quad-
ratics and hence are given parametrically by

[w? wv, dm(uw+20%), vw, w2 371
'The points of K which are on the quadric are given by

(ww — %) [2® + 2m (uw + 20%) + w?] = 0, 372
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which verifies the statement that the quadric contains the points
of K upon the normal curve and upon ®. From the section of the
polar quadric by ®, subject to the transformation 211, the equation
of (g) 1s found to be

(9): 22+ piyi g 22+4:p1q2 2=0;
and consequently that of (f) is
. 1

- "”2+sz+ 22"'4—52“2t2 0.

The quadric (c) is obtained by writing the equation of the envelop-
ing cone of the polar quadric @ in the form

Q=X (20 + wa+ 6E222)%,
the polar prime of F' with respect to J being given by
T+ zs + 6E222.=0,
where 6mfE=1 —3m? and A being determined by the vertex F.
The section by ® is given by
x2+p2y2+q222+4‘p2q21t‘722— '5_(_14’_%(1_@) 1:;2,

which reduces to
4

apg”
and consequently the quadric (d), being the reciprocal of (¢™!) with
respect to (g), is given by

2
d): o2+ pby? +q°zz+4—?%q—2t2=0.

(c): 24+ pPyP+ g+ =0;

It is to be observed that (g) and (c) are homothetlc with respect to
the centre, the constant being - 16pigt ™ 27'72 , 1.e. the absolute in-
variant of the f-quartic.

4. The f- and h-elements of the systems.

41. We next shew how the systems are linked by their /- and
h-elements. Every line ! of a system meets two other lines of the
system. These two other lines coincide, and coincide with I, when
1 1s an f-line of the system; they coincide, but remain distinct from
I, when [ is an h-line of the system, since two consecutive lines meet
the A-line either in the s-point or on the s-plane. Since the trisecants
of the system H-! are the triaxes of E, the A-lines of A' and £
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are the same. An h-plane of E, being the reciprocal with respect to
(A1) of an h-point of H-Y, is the tangent plane of (A1) at this point
and thus is the A-plane of A~ Thus all the h-elements of H-!and
E are the same; similarly for the systems H and H? etc. On the
other hand we have already seen that the f-points and f-planes, but
not the f-lines, of £ and H are the same; similarly for the systems
H? and H3, ete. Thus consecutive systems of a row are connected
alternately by their h-elements, and by their f-points and f-planes,
while the f-lines of two systems connected by f-elements are conjugate
with respect to the quadric to which the system of the first kwnd s
circumscribed.

4-2. To shew how consecutive systems of a column are connected,
take the nodal system G of E. The tangent-secants of the curve
of G are the sections of the osculating planes at the four points of
® on the normal curve, so that the h-points and k-lines of & are the
J-points and f-lines of E. To find the stationary elements of G we
note that through every point of G pass two osculating planes of
the normal curve, while every osculating plane contains a conic of
K and thus has two points of @ upon 1t. The branch and double
points of this correspondence on the two curves are related pro-
jectively. At a branch point of G the osculating plane of the
normal curve, and its conic, touches the curve of G, and thus the
osculating prime which meets K in this conic counted twice has
for its section by ® an f-plane of @, the branch point itself being
an f-point. Hence the branch and double points of G are its four
J-points and four k-points. On the normal curve therefore the
double points are given by the Hessian of the f-quartic; thus on
returning to the section by ® we see that the f-lines and f-planes
of G are the A-lines and k-planes of E*. Accordingly, in any column:

the f-points and f-lines of a system of the second kind are the
h-points and h-lines of its nodal system,
and

the f-planes and f-lines of the nodal system are the h-planes and
h-lines of the original system.

By using the connections of the rows as well as of the columns
further results may be read off from the scheme: for example, the
f-lines of H, being the h-lines of C, determine the quadric to
which the system C is circumscribed, viz. (f), just as the A-lines of
H determine (k). It also appears that each of the elements considered
above belongs to four systems; in two of the systems it is an
Jf-element and in the other two it is an h-element.

* If the points of K are represented by points (u, v, w) of a plane by means of
the formula 3-71, the (2, 2) correspondence appears in a familiar form on two apolar
conics given by the equation 3-72.
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5. Collineations of the systems.

5-1. From the (2, 2) correspondence above (§4°2) follows the
important resuls that the cross ratio of the f-points of G is equal
to the cross ratio of the four points of ® on the normal curve:
hence the systems G and C and thus D and F have the same
invariant as H and E. The f-quartics of G and H may be taken
to be the same, and thus a (1, 1) correspondence is set up between
the systems such that a coplanar set of points of G corresponds to
a coplanar set of points of H: thus the systems G and H are
collinearly related. Similarly the reciprocal systems ¢ and E are
collinearly related.

A collineation transforming G into H, as indeed every collinea-
tion referred to in this section, is symmetrical with respect to the
axes, that is to say an affine transformation leaving the axes unaltered,
and is thus determined by the motion of one point. It changes the -
h-points of G (which are f-points of H) into the h-points of H. On the
other hand a collineation transforming ¥ into C carries the f-points
of E (which are f-points of H) into the f-points of C (which are
h-points of H) and thus may well be identical with the former. In
fact, any of these collineations transform the quadrics (e) into (c)
and (g) into (%), being of the form z = + y/cz’ (where ¢ denotes as
before the coefficients of the quadric) and ¢ = /g = Af (3'7). Arguing
from this, and using reciprocation with respect to (e) and (g), we
see that the bitangent and nodal systems of H lie on the scheme
between the quadrics (f) and (hf), (9) and (hg), respectively,
while those of E lie between (k=) and (f), (h~1¢) and (g). Hence
the bitangent and nodal systems of a system of either kind lying in
the scheme between two consecutive quadrics (@), (ah) lie respectively
between the quadrics (af ) and (ahf ), and the quadrics (ag) and (ahg);
and the scheme, as far as its quadrics are coacerned, may then be
written:

Lk pSr 2 opr R
h2f  RY  f R RS ..
N ht 1 & R
oo BEfCLORTLL F-1 pfL pEFAL
It may be observe(i that any two quadx:ics whose positions in the

scheme are images with respect to that of a third quadric are
reciprocal with respect to that quadric. The collineations

z =+ cz'

change any quadric in the scheme into the one obtained by a
diagonal step similar to that from 1 to if.
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52. We now determine the particular collineations of the set
z = + a/c2’ which transform G into H. There are four such
collineations (since the whole figure is symmetrical about the axes),
and these also transform the complementary of G into the com-
plementary of H; the remaining four transform @ into the image
of H, and the complementary of G into the complementary of the
image of H. The former collineations transform the f-points of H
into the k- pomts of H and may be so determined. For if by a
collineation # =a', y =ay’, z = B2’, t =yt a point of H with para-
meter @ is transformed into ¢, we require

o (62— - = ¢t — ¢ (i)

o (0+6) =a($ -+, (ii)

o (-6 =B (¢— ¢, (iid)

o (62 4+ 672+ 6p) =y (§° + §2 + 6), (iv)

where 3mp=—1.
Then, from (ii), (iii) and (i), we have

(62— 0 =eB(P?— ¢~%) = 0B (62— 672),
giving e =o.
Thus BO+0)=¢+ ¢,
a(0-0%=p—¢,
whence PP+ =3 (a®+ BN (®+672)+ 82 —a?
so that the symmetrical set of four points (6;) is given by

2—a?—R2
24 92
0 + 02= 2_1(,82—052) ’
and the corresponding set (¢;) by
2—a%- 3%

$+ 7= gy

The sets of points given by (6;) and (¢;) being known, we have
two equations from which to determine a* and §%; and when the
signs of @ and B are chosen, v is determined, without ambiguity

of sign, from (g2 4 92+ 6) = o (82 + ¢~ + 61,
The ambiguities of sign of ¢, B correspond to collineations in
which the points 8; of the set (6;) are transformed to different
points ¢, of the set (¢;). The collineations changing the f-points
mnto the A-points of H are found to be given when
g 8
a = ) =q°, = = ———
P’ ¢ 3pq

These four collineations transform any system (or quadric) of the
scheme 3'61 into the consecutive system (or quadric) placed
diagonally to it as E to C (or (e) to (¢)).
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5:3. Since the system D is the reciprocal with respect to (g) of
the reciprocal with respect to (¢) of C, the system C is transformed
into D by the collineation  =gz’, and this transforms equally
any system (or quadric) of the scheme into the system (or quadric)
next but one below it, as C to D. By the method above (§52)
this collineation appears as one transforming the A-points of H
into the s-points of H, and, since the h-points of H are the f-points
of C, the s-points of H are the f-points of D: a fact which 1s easily
verified by observing the construction of the nodal system D. The
combination of the above two collineations gives four of the
collineations = + g +/cz’ = £ 4/dz’, which transform any system
(or quadric) of the scheme into one placed diagonally, as E to D.
Thus any system 4 is changed into the bitangent system of the
reciprocal of A with respect to (a) by a collineation z= + s/cz’
with the signs as determined; while any system A is changed
into the nodal system of the reciprocal of 4 with respect to (a) by
a collineation z = + y/da’. Thus any system of the scheme can be
JSound from the base systems H, or E, by combined use of these two
primiative collineations.

5-4. The description of the systems and their quadrics may be
further simplified by the observation (3'7) that the quadrics (c)
and (g) are homothetic. Writing py =pa=ps =1, ps = 16p*¢* M8,
we have h=pc?, f=p~ic), and the scheme of quadrics becomes

. p—4lo—6 P—:’:c_4 p—éc-z pll cé .
. p3cS p2cd plgt ¢ pc ...
. e plc? 1 pc pct .
Lp e ot pc  pic® pPc® ...

Any two quadrics placed at “knight’s move” in the scheme, as 1
and p~%, are homotlietic, and any system s found from any other
of the same kind by an appropriate use of the collineation x=ga' =pcx’
and of the homothety = = pz’, with a change of sign for the image
system. Systems of opposite kind are found by first reciprocating
with respect to (e). For example, the nodal system of the nodal
system of a quartic curve is found by transforming it by means of
z=pca’: it is homothetic with the complementary system of H2

5'5. The system might have been described in terms of
reciprocation instead of collineation. For example, the bitangent
system C is the reciprocal of the system H with respect to a
certain quadric: for, if we combine a collineation @ = 4/cz’ with the
proposed reciprocation, we obtain a transformation which is
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equivalent to reciprocation in regard to (e), and the required
reciprocating quadric (r) is given by
( ) 2 2 2 M2t2 )
r): 2°+ + qz° — =0.
. Py tq 2pq .
Similarly, a quadric (s) which reciprocates H into its nodal
system D is given by
®): 2+ Py + P — 2pgth =0,
The quadric (r) in fact reciprocates the quadric (k) into (f), and
the quadric (e) into (c); while the quadric (s) reciprocates the
quadric (&) into (g), and (¢) into (d).
6. Pencils and ranges among gquadrics of the scheme.

6:1. The four quadrics (e), (k), (f), (¢), each touch the four
f-lines of H, the former three at the f-points, thus forming a
pencil, and the latter three on the f-planes, forming a range.

Hence f=Ah+p,
or, using ¢ = hf, R r=Af14 pc™
It also follows that 1=Xd+ pug
and dr=A+ ph™,

which correspond to the fact that the four quadrics (A), (c), (), (),
touch the four A-lines of H ( f-lines of C), the former three on the
h-planes and the latter three at the A-points. From the equations
of the quadrics it is found that

A= p—2q—2, u=— %sz—zq_z.
If A, B are two consecutive systems of the scheme between
quadrics (@), (8), (v), (8), placed as
® 4 @
(v) B (B)
they are systems of opposite kinds; denoting the system of the
first kind by I and that of the second kind by II, we find that
(B), (), (8) belong to a pencil touching the A-lines of II at the
JS-points of I,
(8), (@), (B) belong to a range touching the k-lines of I at the
JS-points of 1L
When 4 is the systemm II, the h-lines of either system are the
Jf-lines of the other. When A is the system I, all four quadrics
pass through the f-points of 4 (which are k-points of B) and touch
the f-planes of B (which are h-planes of 4). Moreover, in this case 4
is inscribed and circumscribed to a Steiner quartic surface in which
also the system I is inscribed. The tropes of the surface are the
f-planes of A (which are k-planes of I') and the trope-conics lie on
a quadric which belongs to the pencil of (8), (y), (8), above.
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