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Note on the pedal locus. By Mr J. P. GasBart, Peterhouse.
[Received 6 October, read 26 October, 1925.]

While the paper “On the pedal locus in non-euclidean hyper-
space ”* was in the press, Professor H. F. Baker kindly directed the
writer’s attention to a referencef from which it appeared that the
euclidean case had first been studied by Beltramii. After publica~
tion, it was discovered that the main subject of Beltrami’s paper
was the non-euclidean case§. . He proves, by analytical methods,
theorems which may be stated as follows: Let 4,, 4,, ..., 4, denote
the vertices of a simplex, [4], in non-euclidean space of n dimen-
sions, and P a point such that the orthogonal projections of P on
the walls of [4] lie in a flat, p; then the locus of P is an (n — 1)-
fold, W, of order n + 1, which is anallagmatic for the isogonal
transformation q. [4]; the isogonal conjugate of P is the absolute
pole of p, and the envelope, w, of p is therefore the absolute re-
ciprocal of W. Beltrami does not note the theorem, fundamental
for the geometrical treatment of the subject, that W is the Jacobian
of a certain group of n + 1 point-hyperspheres. He goes on to
show that in the euclidean case the:locus W breaks up into an
n-ic (n — 1)-fold and the flat at infinity, while the envelope w does
not, in general, break up. Finally, he notes that in two dimensions
there is also a special non-euclidean case, in which W breaks up
into an order-conic and a line, and w into a class-conic and a point;
and that the appropriate condition is fundamentally that which is
necessary for the degeneration of a certain class-conic into a pair
of points. “But what are the points? And what is the corre-
sponding condition satisfied by the absolute conic? This is a
question which it would be interesting to resolve.” It does not
appear that the subject has been pursued further; and in the
present note an attempt is made to discuss fully the analogous
case of degeneracy in n dimensions.

L&t [A4] denote a simplex in non-euclidean space of » dimen-
sions; let 4, denote a vertex of [A], and «; that wall of [4] which
does not contain 4,; let Q denote the Absolute, B;, b; the absolute
pole, polar of a,, A, respectively, and [B] the simplex determined
by the points B,. Now (for each of the n possible values of j) the
point B; and the join of a,, a; determine a flat. If B,” denote the
meet of the n flats so determined, then (2-22) B, is the isogonal
conjugate, q. [4], of B;. Let [B’] denote the simplex determined

* (abbatt, Proc. Cammb. Phil. Soc. xx1 (1923), 763-771. References in the text,
thus: (2-22), are to this paper.
Encyk. d. math. Wiss. 111, C 7, 806-7, footnote 121.

Mem. Acc. Bologna (3) vir (1876), 241-262 =Op. mat. 111, 53-72.
See Encyk. d. math. Wiss. 11, C 7, 962.

et +

https://doi.org/10.1017/50305004100012032 Published online by Cambridge University Press


https://doi.org/10.1017/S0305004100012032

Mr Gabbatt, Note on the pedal locus 29

by the points B,’, and b, that wall of [B’] which does not contain
B;’; then (2-31) there is a quadric, €', the Secondary q. [4], such
that [ 4], [B’] are polar q. Q' (z = 0, 1

Let the locus, W, of a point, P, Whlch is such that the ortho-
gonal projections of P on the walls of [4] lie in a flat, p, be termed
the pedal locus, and the envelope of p the pedal em)elope, q. [4]*
Then (3-11, 3-22) W is the Jacobian of the point-hyperspheres de-
termined by the n + 1 points B;, and (3-1) contains those points
and the points B,”. The locus W also contains all the (n — 2)-folds,
a;a;, of [A], and the n+ 1 joins, a;b;, of corresponding walls of
(4},1B. | ,

If the n + 1 lines 4, B; meet at a point, C, so that [4] is ortho-
centric, and C the orthocentre of [A4]; then the n + 1 linear
(n — 2)-folds a;b; lie in a flat, ¢, the orthazial of [A]; the n + 1
lines 4; B, meet (2-4) at a point, C’, the isogonal conjugate, q. [4],
of C'; and the flat b, contains a;b, (¢ =0, 1, ..., n). The locus W
is now (5-13) the Hessian of a cubic (n — 1)-fold, Ut; isogonally
conjugate points of W are conjugate poles q. U; and (1-2, 3-12, 5)
¢ is the mixed polar flat, q. U, of any other pair of isogonally
conjugate points. We shall need three further theorems on this
case (the orthocentric case).

First, it is clear from the speclﬁcatlon of By’ that the polar flat
of C q. the n-ple of flats (a*~1, by) is the ﬁat dy, determined by
B, and aob Now the 1sog0nal transform, o’ (q [A4]), of the flat by’
is an n-ic (n — 1)-fold containing each of the points 4,, 4,, ..., 4,
(n — 1)-ply and each of the points By, B,, ..., B, simply; thus d,
i8 the polar flat of C q. ¢,’. Hence, and s1m11arly 1 [f the szmplea: [4]
be orthocentric, and +f C denote the orthocentre of [4], and ¢; tke’
180gonal tmnsform q- [4]), of the flat b/’ then the polar flat, q. ¢/,
of C 13 the ﬂat determined by the point B and the join of the flats
a‘,b‘('&—— 1, ees n) ( )

Again, the polar q. Q', of the line 4,B, is the (n — 2)-fold
a;b;/, which in the present (orthocentric) case is a;b;, Moreover,
if 8 denote the polar quadric, q. U, of C, then (5 12) the polar flat,
q. 8, of 4, contains a,b,; and since C, C’ are isogonal conjugates,
therefore the polar flat, q. S, of C’ is the orthaxial, ¢, which also
contains a;b;. Thus 4,B/, a,b are polar q. both the quadrics
Q,8 =0, 1,..., n), whence: In the orthocentric case, if S
denote the polar qua,dmc of the orthocentre q. the cubic (n — 1)-fold
of which the pedal locus is the Hessian; then S and the Secondary,
', touch at all therr common points, and those points are in the
orthazial. (IT)

* Beltrami terms W, w raspectively the hypersteinerian locus and envelope

q. [4). This term is used in a different sense by Brambilla, Rend. Acc. Napoli,
xxxvm (1899), 144-5.

1 Bauer, Sitz. Akad. Minchen, xviu (1888), 337-354, proves this theorem for
three dimensions; see Jessop, Quartic Surfaces, Cambndge (1916), 189-190.

https://doi.org/10.1017/50305004100012032 Published online by Cambridge University Press


https://doi.org/10.1017/S0305004100012032

30 Mr Gabbatt, Note on the pedal locus

Lastly, let X' denote the common section, by the orthaxial, ¢,
of the quadrics 8, Q'. Then since S, which is the polar quadric,
q. U, of C, contains every point, M, of X’; therefore the polar
flat, m, of M contains C. Moreover, since M is a point of ¢, there-
fore m touches the polo-n-ic, ¢’ (q. U), of ¢; also ¢’ is the isogonal
transform, q. [4], of ¢; and the point of contact of m, ¢’ is the
isogonal conjugate of M. Thus: If X’ denote the section of the
Secondary by the orthazial, and ¢’ the isogonal transform, q. [4], of
the orthazial; then the isogonal transform of X' is the locus of the
points of contact of the tangent flats to ¢’ from the orthocentre. (I1I)

We now proceed to examine the assumption that, in non-
euclidean space, a flat, g, can form part of the locus W. Re-
membering that the section of W by a wall, a,, of [4] consists of
n +.1 linear (n — 2)-folds (viz. the joins of @, with the remaining
walls of (4], and with the corresponding wall, b;, of [B]), and
having regard to the section of the walls of [4] by the assumed
flat, g; we see that g must contain either (i) at least two of the
joins a,a, or (ii) at least » of the joins a;b,. In case (i), g must be
a wall, a;, of [A]; this occurs when a, either touches the Absolute,
or is the absolute polar of 4;. The case is not analogous to that
of Beltrami, and will not be further discussed.

In case (ii), if the Absolute be non-degenerate, then at least
n of the lines 4, B; meet at a point. The n + 1 lines 4, B, therefore
meet at a point*; the simplex [A4] is orthocentric; and the flat g
is the orthaxial, ¢. Now if ¢ form part of the locus W, then the
remainder of the locus is the isogonal transform, ¢’, of ¢. Also
W contains all the points B, and their isogonal conjugates B,'.
Thus ewther (&) ¢ contains all the points B; or (8) ¢ contains at least
one of the points B,. In case (¢), the Absolute is a flat quadric
in c; this is the euclidean case.

We now consider case (8). Since, whenever [ 4] is orthocentric,
the flat determined by By’ and a,b; (which lies in the orthaxial c)
contains all the remaining vertices of [B’] except B,’; therefore
if ¢ contain (e.g.) By, then ¢ also contains all the n points B,
(t=1,2, ..., n). The quadric Q' then degenerates into a flat quadric
in ¢, and is therefore identical with X’ (see III); also B, is the
pole, q. Z', of a;b;. Thus we have the following: In non-euclidean
space of n dvmensions, the pedal locus, g. a simplez [A], includes
a flat if [A] s orthocentric, and one of the points B/ lies in
the orthazial, c, of [A). Then all the n + 1 points B, lie in c; the
n + 1 points B, lie in the isogonal transform, ¢, tq. [A4)) of c; the
pedal locus consists of ¢ and ¢’ ; and the pedal envelope consists of the
orthocentre, C, of [A]) and the absolute reciprocal of c’. (IV)

Referring to the case of theorem IV as Beltrami’s case, we have
from (I): In Beltrami’s case, the polar flat, q. ¢’, of Cisc. (V)

* See Schlifli, J. f. Math. Lxv (1866), 189-197.
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Also from (II, ITII): In Beltram?’s case, the n + 1 points B, are
the poles (. a flat quadric, T', in c) of the n + 1 joins of corresponding
walls of [ A] and the absolute polar simplex, [B]; and X’ is the isogonal
transform, q. [A], of the locus of the points of contact of the tangent
Sflats from C to ¢’ (VI)

It has not yet been formally proved that, in the orthocentric
case, incidence of one of the points B, on the orthaxial is possible.
It may therefore be noted that, if the restriction that the quadric Q
is the Absolute be removed, and if the terms required (perpen-
dicular, isogonal conjugate, etc.) be defined projectively q. Q, then
(2-33) the substitution of Q' for Q results in the interchange of
the simplices [B], [B’] and of the quadrics Q, Q’; and the isogonal
transformation, q. [4], remains unaltered. Moreover (2:42) the
simplex [A] is either orthocentric q. both the gquadrics Q, Q' or q.
neither; and (5-14) in the orthocentric case (but only in that case)
the pedal locus q. [4] is unaffected by the substitution. Beltrami’s
case is therefore projectively identical with the orthocentric case
in euclidean geometry; the apparent difference (as regards de-
generacy) in the behaviour of the pedal envelope in the two cases
being due to the circumstance that, in the former case, that one of
the two quadrics Q, Q' which is non-degenerate is regarded as
Absolute, while in the latter, that which is degenerate is so
regarded. '

It is interesting to remark that the euclidean expression of
theorem V is as follows: If ¢’ denote the pedal (n-ic) locus, q. an
orthocentric simplex in euclidean space of n dimensions, and ¢’
the isogonal conjugate of the orthocentre; then the polar flat of C”
q. ¢’ is the flat at infinity. Now since any line parallel to an edge
of the simplex meets ¢’ (n — 2)-ply at infinity, 1t follows that: In
euclidean space-of n dimensions, if [A] denote any orthocentric
simplex, and C' the isogonal conjugate, q. {A], of the orthocentre:
then any line containing C' and parallel to an edge of [A] meets the
pedal locus (q. [A]) at two actual points only; and the segment de-
termined by the two points is bisected at C'*. In a euclidean plane,
this reduces to the theorem that the circumcentre of a triangle is
the isogonal conjugate of the orthocentre. (VII)

In the actual case discussed by Beltrami, the theorems IV-VI
take the following form: If 4,, 4,, A, denote the vertices of a non-
euclidean plane triangle, {A), and B,, B,, B, the corresponding
vertices of the absolute polar triangle, [ B), and if the siz points A;, B,
be on a conic, ¢’ ; then the six sides a;, b, of [4), [ B] touch a conic, K,
the absolute reciprocal of ¢’. The pedal locus, ¢. [A), breaks up into
the conic ¢’ and the orthaxis, ¢, of [A]; the pedal envelope breaks up
wnto the conic K and the orthocentre, C, of [A4]; ¢’ s the isogonal
transform, q. [A], of ¢; and c is the polar, q. ¢, of C. If B, denote

* Cf. Gabbatt, Proc. Lond. Math. Soc. (2), xx1v (1925), 173.
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the 1sogonal conjugate, q. [4], of B, and C, the meet of a;, b,; then
the two pownts B/, C,; are conjugates tn an involution range, on c, of
which the double points, D, D', are the meets of ¢, ¢', and constitute
the tsogonally conjugate point-pair on ¢ (¢ = 0, 1, 2)*, (VIII)
If the conditions of theorem VIII be satisfied, and if any line
containing C' meet ¢’ at the points X, Y; then it is easy to show
that A4, (4;4, XY) R B; (B; B,YX). In particular, the line XY
may be the absolute polar of B,’; and in that case it may readily
be proved that the four lines 4, X, 4,Y, B; X, B,Y all touch the .
Absolute. The relation 4, (4,;4,XY) A B, (B;B,YX) then ex-
Jpresses the congruence of one of the supplementary angles a;q,
with one of the supplementary angles b,b, (¢, 5, ¥ = 0, 1, 2). Thus:
In o non-euclidean plane, of {A] denote any triangle of which the
angles are, independently, either congruent or supplementary to the
angles of the triangle [A]; then the congruence of one of the triangles
[A] with the absolute polar triangle of {A] is a necessary condition
for degeneracy (of the type considered) of the pedal locus. It may be
shownt that the congruence, for a single pair of values of 3, k, of
one of the supplementary angles a;a; with one of the supple-
mentary angles b;b; is in general a sufficient condition for de-
generacy. (IX)
In the special case of theorem VIII, the point-pair D, D’
replaces the class-conic, Q', q. which, in general, the triangles
Ay A Ay, By By'By are mutually polar. It is to be observed that
)’ is not the conic of which the degeneracy in the same case is
noted by Beltrami. If the Absolute be expressed by the line-

equation
Q= (ggy ooy vves Byay ey o0&, &1, E2)2 = 0,
then

’ -1 -1
Q = (g vy s Crpy ey oo D&y, e €y, €peéy)® =0,
whereas Beltrami’s class-conic is expressed by the equation
(@gp s vs o5 Bpas -oes - Doy 15 €2)2 = 05

the condition for the case of theorem VIII being the vanishing of
the determinant

R | -1 -1 Q= Q).

aoo am aU.Z ( ij Jl)
-1 -1 -1
%10 “1 %2

-1 -1 -1
@3y Ug gy

* (f. Neuberg, Mathesis, (3) v (1908), 159-160; Juhel-Rénoy, ibid. 257-258,
t E.g. from Gabbatt, Proc. Camb. Phil. Soc. xx1 (1923), 297-362, §§9-12, 15-1.
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