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Special Isocubics in the Triangle Plane

This paper is organized into five main parts :
e a reminder of poles and polars with respect to a cubic.

e a study on central, oblique, axial isocubics i.e. invariant under a central, oblique,
axial (orthogonal) symmetry followed by a generalization with harmonic homolo-
gies.

a study on circular isocubics i.e. cubics passing through the circular points at
infinity.

a study on equilateral isocubics i.e. cubics denoted Kgg with three real distinct
asymptotes making 60° angles with one another.

a study on conico-pivotal isocubics i.e. such that the line through two isoconjugate
points envelopes a conic.

A number of practical constructions is provided and many examples of “unusual”
cubics appear.

Most of these cubics (and many other) can be seen on the web-site :

http://bernard.gibert.pagesperso-orange. fr

where they are detailed and referenced under a catalogue number of the form Knnn.

We sincerely thank Edward Brisse, Fred Lang, Wilson Stothers and Paul Yiu for
their friendly support and help.



Chapter 1

Preliminaries and definitions

1.1

Notations
We will denote by K the cubic curve with barycentric equation
F(z,y,z) =0

where F' is a third degree homogeneous polynomial in x, y, z. Its partial derivatives
2

F
will be noted F), for or and Fy), for
ox x0y

when no confusion is possible.

Any cubic with three real distinct asymptotes making 60° angles with one another
will be called an equilateral cubic or a ICgg. If, moreover, the three asymptotes are
concurrent, it will be called a Kdy. At last, a Kg, with asymptotes concurring on
the curve is denoted by ICg'J.

The line at infinity is denoted by £ with equation z+y+ 2z = 0. It is the trilinear
polar of the centroid G. More generally, the trilinear polar of point P is denoted
by IP(P).

Several usual transformations are very frequent in this paper. We will use the
following notations :

— gP = isogonal conjugate of P.

— tP = isotomic conjugate of P.

— cP = complement of P.

— aP = anticomplement of P.

— iP = inverse of P in the circumcircle.
They easily combine between themselves and /or with other notations as in :

— tgP = isotomic conjugate of isogonal conjugate of P.

— gigP = isogonal conjugate of inverse (in the circumcircle) of isogonal conju-
gate of P = antigonal of P.

- aX13, ]P(tp), ete.

The homothety with center P and ratio k is denoted by hpy.
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e We will use J.H.Conway’s notations :

1 1 1
= —(* 4+ —a?),Sp = =(*+a*> - V?),Sc = —(a® +b* = ).

Sa=3 2 2

e The barycentric coordinates (f(a,b,c) : f(b,c,a) : f(c,a,b)) of a triangle center are
shortened under the form [f(a,b, c)].

e Usual triangle centers in triangle ABC' ! :

— I = incenter = X = [a] .

— G = centroid = Xp = [1].

— O = circumcenter = X3 = [a?S4].

— H = orthocenter = Xy = [1/S54].

— K = Lemoine point = Xg = [a?].

— L = de Longchamps point = Xog = [(b? — ¢2)? + 2a2(b% + ¢2) — 3a*].

— X30 = [(b? = )% + a?(b® + ¢?) — 2a*] = point at infinity of the Euler line.
— tK = third Brocard point = X7 = [1/a?].

e P/Q : cevian quotient or Ceva-conjugate

Let P and @ be two points not lying on a sideline of triangle ABC. The cevian
triangle of P and the anticevian triangle of () are perspective at the point denoted
by P/Q called cevian quotient of P and @ or P—Ceva-conjugate of @ in [38], p.57.

Clearly, P/(P/Q) = Q.

P %@ : cevian product or Ceva-point

The cevian product (or Ceva-point in [39]) of P and @ is the point X such that
P=X/Qor Q= X/P. It is denoted by P* Q. It is equivalently the trilinear pole
of the polar of P (resp. @) in the circum-conic with perspector @ (resp. P).

If P=(uj:v;:wp)and Q = (ug: vy : wy), then

PIQ = !

U2 V2 w2
V1Wg + VoWwq

—i——):: and PxQ =

(75} V1 w1

1.2 Isoconjugation

1.2.1 Definitions

e [soconjugation is a purely projective notion entirely defined with the knowledge of
a pencil of conics such that triangle ABC' is self-polar with respect to any conic of
the pencil.

For any point M — distinct of A, B, C' — the polar lines of M with respect to all the
conics of the pencil are concurrent at M* (which is the pole of M in the pencil of
conics).

We call isoconjugation the mapping ¢ : M — M™* and we say that M™ is the
isoconjugate of M.

'"We make use of Clark Kimberling’s notations. See [38, 39].
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 is an involutive quadratic mapping with singular points A, B, C' and fixed points
the common points — real or not — of the members of the pencil. Since all the conics
of this pencil have an equation of the form ax? + By? + 722 = 0, they are said to
be diagonal conics.

e If we know two distinct isoconjugate points P and P* = ¢(P) — provided that they
do not lie on ABC sidelines — we are able to construct the isoconjugate M* of any
point M.

The (ruler alone) method is the following : 2
— let T' be any point on the line PP* (distinct of P and P*) and ArBrCr the
cevian triangle of 7'
— Ay = PAN P*Ap, B, = PB N P*By,Cy = PC N P*Cr.
— A =MANBC,B =MB NCA,C'=MC; NAB.
- A"=B,C'"NnC1B,B" =C1A' N AC",C" = A1 B' N B A'.
— M* is the perspector of triangles ABC and A”B"C".

Another more simple but less symmetric method is :

— By = AM N CP*,
— By = MPNBC,
— Q=APNEyE;,
— By = FyQN AB,
— M* =CQnN P*Es.

The knowledge of these two distinct isoconjugate points P and P* is sufficient to
obtain two members of the pencil of diagonal conics as defined in the paragraph
above :

— one is the conic v(P) through P and the vertices of the anticevian triangle of
P which is tangent at P to the line PP*. This conic also contains P*/P and the
vertices of its anticevian triangle.

— the other is the conic v(P*) through P* and the vertices of the anticevian triangle
of P* which is tangent at P* to the line PP*. It also passes through Q = P/P*
and the vertices of the anticevian triangle of Q.

e We now define the pole of the isoconjugation as the isoconjugate 2 = G* of the
centroid G. In other words, €2 is the intersection of the two polar lines of G in the
two conics y(P) and y(P*).

This shows that there is no need of coordinates to define an isoconjugation. Nev-
ertheless, since a lot of computation is needed for this paper, we will make use of
barycentric coordinates and, if = (p : ¢ : r), the isoconjugation with pole € is
the mapping :

« (P 4. T
v M(x:y:2z)— M <E:§:;>~(pyz:qzm:mcy)

2See [13] for details.
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Remark :

Q) is the perspector of the circum-conic isoconjugate of £>° . Thus, this conic is the
locus of centers of all the diagonal conics of the pencil and, in particular, contains
the centers of (P) and v(P*). It also passes through the six midpoints of the
quadrilateral formed by the four fixed points of the isoconjugation. (See another
construction below)

When Q = K , we have the usual isogonal conjugation and when 2 = G , we have
the isotomic conjugation.

When €2 is inside the triangle ABC i.e. p, q, r are all positive, the 2-isoconjugation
has four real fixed points : one is inside ABC' and the three others are its harmonic
associates, 3 but when € is outside the triangle ABC, the four fixed points are
imaginary. The four fixed points are said to be the square roots of {2 and are
denoted R,, Ry, Ry, R. where R, is the one which is inside ABC when 2 is itself
inside the triangle.

1.2.2 Useful constructions

More information and other constructions can be found in [60] and [13].

e Barycentric product of two points *

The barycentric product X x Y of two distinct points X and Y is the pole of the
isoconjugation which swaps them and therefore the line XY and the circum-conic
through X and Y. °

With X = (ug : vy :wy) and Y = (ug : vg : wy), we have X X Y = (ujug : v1vg :
wyiws) hence its name.
If X and Y are distinct points, X x Y is the intersection of the polars of G in

the two conics v(X) and v(Y) defined as above : (X)) passes through X and the
vertices of the anticevian triangle of X and is tangent at X to the line XY . Note

that (X)) also contains the cevian quotient Y/X.

3The three harmonic associates of the point M(a : B : ) are (—a: B :7), (a: =B :7), (a: B :—7).

They are the vertices of the anticevian triangle of M.

“See [61] for details and proofs.

5The pole of the line XY in this conic is called crosspoint of X and Y in [39].
If X =(ui:vi:wi)and Y = (u2 : v2 : w2), then this point has coordinates :

(o )
+ o .
V1Ww2 V2W1

This has to be compared with the intersection of the trilinear polars of X and Y which is :
1 L
v1Ww2 V2w1 C ’

Xxv = <; : )
V1W2 + vaw1

and with the trilinear pole of the line XY which is :

1
V1W2 — V2W1 ’ ’ ’

this latter point being the “fourth” intersection of the circum-conics with perspectors X and Y.

with the cevian product :
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Another construction of X x Y (for distinct points) is the following :

Let X and Y be two points. X,, Xp, X, and Y,, Y}, Y, are the vertices of the cevian
triangles of X and Y resp. X¢ on AB and X? on AC are two points such that
AX.X,XP is a parallelogram. Define Y,¢ on AB and Y,? on AC then intersect the
lines X’Y¢ and XSY? at Z,. Define Z, and Z, similarly. The lines AZ,, BZ,,CZ,
concur at the requested point.

If U denotes the foot (on BC') of the radical axis of circles with diameters BC' and
XYy, and if V., W are defined likewise on C'A, AB respectively then U, V, W are
collinear on a line whose trilinear pole is X x Y. Practically, the circumcircle and
the circle AX,Y, meet again at A’ and U is the intersection of BC and AA’.

e Barycentric square of a point

The construction above is also valid when X = Y since the circle AX,Y, is now
tangent at X, = Y, to BC. This gives the barycentric square of point X denoted
by X2.

This point X? is also :

— the intersection of the lines G,tcX and X ,ct X,

— the intersection of the polars of G in the pairs of lines passing through the
vertices of the quadrilateral formed by X and its harmonic associates (vertices of
the anticevian triangle of X),

— the trilinear pole of the line passing through the midpoints of a vertex of the
cevian triangle of X and the foot of IP(X) on the same sideline of ABC.

Remark :

This construction can be used to construct the pole 2 of an isoconjugation since it
is the barycentric product of two isoconjugate points P and P*.

e ()-isoconjugate of a point X
The construction seen in §1.2.1 can be used but we can also define it as the barycen-
tric product of the two points 2 and tX.

e ()-isoconjugate of a line ¢
Let X be the tripole of ¢, X* its Q-isoconjugate, Ex = G/X*.
The Q-isoconjugate of the line £ is the circumconic centered at Ex.

This conic is inscribed in the anticevian triangle of X*, the contacts being A, B, C.

Remark :

The construction of the Q-isoconjugate of £ is simpler : its center E is G/f2,
perspector of the medial triangle and the anticevian triangle of €. ©

e Square roots of ()
We take 2 inside ABC' to get real points.

Let Qg, Qp, Q. and M,, My, M. be the vertices of the cevian triangles of 2 and G
resp.

5The coordinates of E are [p(q + 7 — p)].
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The inversion swapping B and C, , and M, has two fixed points on BC' called
F! and F! 7. Define F] and F/, F. and F! similarly. These six points are three
by three collinear on four lines whose tripoles are the four roots R,, R, Ry, R. we
were looking for.

When the isoconjugation is defined by two distinct isoconjugate points P and @,
another construction of the square roots of the pole {2 = P x ) may be construed
as the intersection of the two conics vp and g where

— 7vp is the conic tangent at P to the line PQ passing through P and the vertices
of the anticevian triangle of P,

— 7@ is the conic tangent at @ to the line PQ passing through @ and the vertices
of the anticevian triangle of Q.

Remarks :

1. The six lines passing through one vertex of ABC' and the two fixed points on
the opposite side intersect three by three at the same points R,, Ry, Rp, Re.
The union of two lines through a vertex of ABC' is in fact one of the degenerate
conic of the pencil of conics seen in §1.2.1.

2. F) and F can easily be obtained in the following manner : draw the perpen-
dicular at €2, to BC' intersecting the circle with diameter BC' at two points,
one denoted by €. The bisectors of /B, C intersect BC' at F, and F.

1.3 Isocubics

By an isocubic we mean a circum-cubic which is invariant under an isoconjugation. It
is a known fact (see [5] for instance) that an isocubic K is invariant under an Q(p : g : r)-
isoconjugation if and only if it has a barycentric equation of one of the two types :

(PK) : uz (ry® — ¢2°) + vy (p2* — r2?) + wz (¢2* — py?) = 0 (1.1)

(k) :  ux (ry® + ¢2%) + vy (p2® + r2®) + wz (qz® + py?) + kayz =0 (1.2)

where u, v, w, k are real numbers whose signification is detailed in the following para-
graphs.

Combining the notations above will lead to denote by pKgy a pivotal isocubic with
three real distinct asymptotes making 60° angles with one another, by nICg'O a non-
pivotal isocubic with three real distinct concurring asymptotes making 60° angles with
one another, and so on...

1.4 Pivotal isocubics or pK

1.4.1 Definitions

A pivotal isocubic of the form (pK) is the locus of M for which the points M, M*
and P = (u : v : w) are collinear. For this reason, P is called the pivot of the isocubic.
We shall simply refer to a pivotal isocubic as a pK.

"F! and F! are the Poncelet points of the pencil of circles generated by the two circles with diameters
BC and Q,M, : each circle of the pencil is orthogonal to the circle with diameter F,F) .
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Remarks :

1. pK passes through A, B, C, P, P*, the traces Ap, Bp, Cp of P, the square roots
R,, Ry, Ry, R. of .

2. This pK is equivalently the locus of point M such that :

e the polar lines of M and M™ in the circum-conic centered at P are parallel.

e P* M and P/M are collinear. For this reason, P* is called isopivot or
secondary pivot of the cubic. Note that P* is the tangential of P.

3. This pK is also the locus of the contacts M, N of tangents drawn through P* to the
circum-conics passing through P. The line M N passes through P/P* and P/P*,
M*, (P/M)* are collinear. Naturally, P/P*, M and (P/M*)* are also collinear.
Note that P/P* is the tangential of P*.

1.4.2 pk and trilinear polars

e The locus of point M such that the trilinear polars of M and its Q-isoconjugate
M* are parallel is a p/C with pivot 2 i.e. in this case pivot = pole. Its equation is :

Z pT (ry2 — qu) =0.

cyclic

A pK with pivot = pole always contains the centroid (which is the isoconjugate
of the pivot) and is always tangent at A, B,C to the medians. When Q = G, the
cubic degenerates into the union of the three medians.

e More generally, given a line £, the locus of point M such that the trilinear polars

of M and its 2-isoconjugate M™* concur on L is the pK with pole 2 and pivot the
isoconjugate of the trilinear pole of the line L.
Conversely, any p/C with pivot P can be seen as the locus of point M such that
the trilinear polars of M, M* and P* are concurrent and, equivalently, the locus
of point M such that the trilinear pole of the line M M™* lies on the trilinear polar
of P*.

e For example, the trilinear polars of any two isogonal conjugates on the Thomson
and McCay cubics concur on the Lemoine axis and orthic axis respectively.

1.4.3 Construction of a pK

Let P be the pivot and P* its isoconjugate. ® Let M be a variable point on the
line PP*. Draw N = M/P perspector of the cevian triangle Ay BysChr of M and the
anticevian triangle A" BPCP of P. The circum-conic through M and P* intersects the
line PN at two points U and U* which are isoconjugate points on the cubic and harmonic
conjugates with respect to P and N.

The tangents to the cubic at these two points meet at N*, which is also the second
intersection of the same circum-conic (which passes through M, P*, U, U*) and the line
MN.

8These two points define the isoconjugation.
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Remarks and other constructions :

1.

The locus of the perspector N is the conic through P and its harmonic associates ?
AP BP CP and also the (not necessarily real) square roots R,, Ra, Ry, R. of the
pole €. This conic is tangent at P to the line PP* which allows its construction.
This is the polar conic Cp of P, see §2 and specially §2.4 below.

. The isoconjugate M™* of M is the second intersection of PN with the circum-conic

Cp» through P and P*, which is the polar conic of P*.

The points P/U and P/U* lie on the isocubic. The line joining these points passes
through a fixed point ) of the curve with coordinates :

< U v w >
P q r D q TP q )
e Tetwe wowte wte o

u? v2 w2 v w2

Q is the Q—isoconjugate of P/P* or the P*-cross conjugate of P.

Conversely, for given Q and P, the locus of U such that @, P/U and P/U* are
collinear is the union of the pC and a nK with the same pole, with root @ (see §1.5
below).

Tangentials of U and U*

The tangential of P is the point P*. Denote by U and U* the tangentials of U and
U*. Since U, U*, P are collinear on the cubic, so are their tangentials U, U* and
P*. These tangentials can be constructed as

U=UN*NP/U*(P/U)* and U*=U*N*NP/U(P/U")".
The isoconjugates ((7 )* and ((7;)* of these two tangentials are :
(U)=UPNU*P/U and (U*)*=U*PNUP/U*
and the points P/P*, (U)* and (U*)* are collinear on the cubic.

Remember that ApBpCp is the cevian triangle of P. The third point Az of the
cubic on AU lies on the line through Ap and P/U*. Similarly we obtain Bs, Cj5
on the lines BU, C'U respectively.

In the same manner, the third point on AU™ is the isoconjugate A3 of Az on the
line through Ap and P/U, B; and Cf likewise.

Note that the four points U, A3, B and C3 share the same tangential U. We say

that these four points are the pretangentials of U. Similarly U*, Az, B3, C3 are
the pretangentials of U*.

Polar conic of U

It is now possible to draw the polar conic Cy; of U since it contains U and four
other points harmonic conjugates of U with respect to A and A3, B and Bs, C' and
Cs, P and U*.

The polar conic Cy+ of U* is obtained likewise with the point U* and its harmonic
conjugates with respect to A and A3, B and B3, C' and C3, P and U.

These two polar conics intersect at four points lying on the diagonal conic Cp.
These four points are the poles of the line UU* in the cubic (see §2.3.1).

9Remember that the harmonic associates of a point are the vertices of its anticevian triangle.
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7. Pretangentials of U

The (not always real) pretangentials Uy, Ua, Us, Uy of U lie on Cy : they are the
contacts of the tangents drawn through U to the cubic other than the tangent at
U itself.

The two lines through B, AU* N CB3 and C, AU* N BC3 meet at a point which is
the perspector of a conic inscribed in the triangle BC' A3. The two tangents to this
conic passing through A3 contain Uy, Us, Us, Us. Similarly we can draw two other
pairs of tangents passing through B3 and (3. These six tangents form a complete
quadrilateral with vertices Uy, Us, Us, Uy and diagonal triangle A3B3CY5.

It follows that the cubic is a pivotal cubic with respect to A3B35C3, with pivot U,
isopivot U. Moreover, A5B5C5 is self-polar with respect to the polar conic of U.

8. Osculating circle at U

Since we know the polar conic Cyy of U, we are able to draw the osculating circle
I'ty at U to the cubic. Indeed, the curvature at U to the cubic is twice that at U
to Cy (theorem of Moutard). Hence, if pyy is the center of the osculating circle at
U to Cy then the center of I'yy is Ryy, midpoint of U, pyr. 1°

1.4.4 Construction of the asymptotes of a pK

This construction is generally not possible with ruler and compass only : it needs to
intersect conics and we must use Cabri-géometre or equivalent.

First draw the polar conic of the pivot P (see remark 1 above) whose center is w and
the homothetic of this conic through hp;/ intersecting the {2-isoconjugate of L (see
§1.2.2 final remark) at w and three other points — one at least being real — denoted by
E; (i=1,2,3).

These three points lie on the cubic and are the isoconjugates of its points at infinity.
Then draw the reflections F; of P about E; (the points F; lie on the polar conic Cp of
P) and their isoconjugates F*.

The asymptotes are the parallels at F* to the lines PLE;.

1.5 Nonpivotal isocubics or n/C

1.5.1 Definitions and known properties

e An isocubic of the form (nkC)

UT (ry2 + qz2) + vy (pz2 + mcz) + wz (qac2 + pyz) +kayz=0 (1.3)

is said to be nonpivotal. We shall call P(u : v : w) the root and the real number
k the parameter of the isocubic n/C. If the parameter is zero, we shall write n/Cq.
Note that the root P is not necessarily on the cubic.

19Construction of py. Denote by:
— T the second intersection of the normal at U to Cy with Cy,
— F the Fregier point of U with respect to Cy,
— M the midpoint of UT,
then py is the harmonic conjugate of M with respect to U and F (after Roger Cuppens).
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e The equation (1.3) rewrites as

T z r r k
<_+Q+_><£+i+_>:%+%+_2__ (1.4)
u v w ur vy Wz U v w uvw

in which we recognize the equations of IP(P) and the circumconic which is its
isoconjugate IP(P)* i.e.
x Yy oz
—+=4+—=0
oUW
and

.
LTy
ur vy w2

respectively.

e When the root P(u : v : w) is given, the equation (1.3) above defines a pencil of
isocubics with pole (p : ¢ : 7), all passing through A, B, C, the feet U, V., W of
IP(P), and all having tangents at A, B, C passing through the feet U’, V', W’ of
IP(P*) where P* = Q-isoconjugate of P. !

From this we see that the root of a niC is in fact the trilinear pole of the line
through the “third” intersections of the curve with the sidelines of ABC.

Finally, note that the points U, V, W, U’, V', W' and the tangents at A, B, C are
independent of k.

e In the definition given above, the parameter k£ has no geometrical signification. It
is better to define a nkC with its root P(u : v : w) and two isoconjugate points
Q(zo : yo @ 20) and Q*(z1 : y1 : z1) '? on the curve. In this case, the equation
rewrites under the more symmetrical form :

S uz(yozr—z0y)(y1z—2y)=0

cyclic

This cubic becomes a n/Cy if and only if P lies on the trilinear polar of the cevian
product of @ and Q*. These cubics are called “apolar cubics” : any two vertices
of triangle ABC are conjugated with respect to the polar conic of the remaining
vertex.

e Two isoconjugate points M and M* on a nK share the same tangential denoted
by M which is the isoconjugate of the third intersection of the line M M* with the
cubic.

In particular, A and U share the tangential A. B and C are defined likewise and
these three points are collinear since they are the tangentials of three collinear
points U, V,W. The line through A, B and C passes through the intersection of
IP(P) and IP(P*).

e The tangents at A, B, C are the sidelines of the anticevian triangle of P* and the
nkC is tritangent at A, B, C to the circum-conic with perspector P*, the conic
which is the isoconjugate of IP(P) .

1Tn other words, the tangents at A, B, C are the sidelines of the anticevian triangle of P*.
12These points define the isoconjugation.
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1.5.2 Characterization of n/k; isocubics

Theorem : Any nK; with pole (), root P can be considered as the locus of
point M such that the points M and M* are conjugated with respect to the
circum-conic Cp with perspector P.

In fact, more generally, Cp and the diagonal conic Dg which passes through the fixed
points of the isoconjugation, G and the vertices of the antimedial triangle generate a
pencil of conics 3. The n/Cy can also be considered as the locus of point M such that the
points M and M* are conjugated with respect to any conic (except Dgq) of this pencil.
Note that all the conics of the pencil are rectangular hyperbolas if and only if 2 lies on the
line GK and P on the orthic axis. Otherwise, the pencil contains only one rectangular
hyperbola.

It contains a circle if and only if P lies on the parallel at K to IP(tQ2). In this case, all
the conics of the pencil have the same directions of axes.

We can add the following propositions :

e A nK with root P is an n/Cy if and only if the tangents at the intercepts U, V', W
of IP(P) concur. If this is the case, the point of concurrence is P*.

e When the cubic is defined with two isoconjugate points Q(xg : Yo : z0) and Q*(x1 :
Y1 : z1) as seen above, the condition for which it is a nfCy is that its root P lies on
the trilinear polar of the the cevian product (see §1.2.2) @ * Q* of @ and Q*.

e Any nCy can be considered as the locus of point M such that the pole of the line
MM* in the conic ABC'M M* (which is its isoconjugate) lies on the trilinear polar
of the isoconjugate of its root. This can be compared to end of §1.4.2. See several
examples in §4.3.3 and §7.2.1.

1.5.3 Characterization of nK isocubics

Theorem : Any nk can be considered as the locus of point M such that the
points M and M* are conjugated with respect to at least one fixed circle.

If the cubic is defined by its root P and two isoconjugate points Q and Q*, the circle
is centered on the radical axis of the circles with diameters AU, BV, CW. Two different
situations then can occur depending of the positions of @) and Q*.

When the circle with diameter QQ* does not belong to the pencil generated by the
three previous circles, the required fixed circle has its center at the radical center of the
circles with diameters AU, BV, CW, QQ* and is orthogonal to these circles.

In other words, the Jacobian of the circle with diameter QQ* and any two of the
three circles above degenerates into the line at infinity and the fixed circle.

Conversely, if the circle is given, U is the intersection of the sideline BC' and the
polar line of A in this circle. V and W being defined similarly, the root P of the nk
is the trilinear pole of the line passing through the three collinear points U, V., W. In

BWith Q = p : g : 7, this diagonal conic Dg has equation
Z (q—r)z* =0.
cyclic

It has the same infinite points as the circumconic whose perspector is the infinite point of IP(tQ2). Both
conics are tangent at G to the line GS).
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order to obtain a n/C passing through the given point @), we must take its isoconjugate
Q* on the polar line of @) in the circle.

Now, if the pole Q2 of the isoconjugation and the center of the circle are given, all the
corresponding n/C (when the radius varies) form a pencil of cubics which contains one
nlCo and the degenerated cubic formed by £ and the circum-conic with perspector (2.
This yields that all these cubics have the same points at infinity and the same common
points with the circum-conic above.

One of the most interesting examples is obtained when the pole is K and when
the circles are centered at O. The pencil is formed by equilateral isogonal cubics with
asymptotes parallel to the sidelines of the Morley triangle and meeting the circumcircle
at the vertices of the circumtangential triangle. These asymptotes form an equilateral
triangle with center GG. The root of any such cubic lies on the line GK. This pencil
contains K024 (a nkp), KO85 (a nodal cubic), K098, K105 and the cubic that

decomposes into the circumcircle and £ .

When the circle with diameter QQ* belongs to the pencil generated by the three
circles, the radical center above is not defined. In this case, the pole must lie on the
orthic axis and one can find a pencil of fixed circles. This pencil is formed by all the
circles orthogonal to those with diameters AU, BV, CW.

Any such cubic contains the infinite point of the Newton line passing through the
midpoints of AU, BV, CW and the two common points of the circles with diameters
AU, BV, CW. The cubic has two other perpendicular asymptotes intersecting on the
radical axis of the latter circles.

When P and @ are given and when the pole ) traverses the orthic axis, the cor-
responding cubics form a pencil and the two perpendicular asymptotes envelope the
inscribed parabola with directrix the radical axis of the four circles, with perspector and
focus the isotomic and isogonal conjugates of the infinite point of this radical axis.

A remarkable special case occurs when the root is the Lemoine point K since all
the cubics are nkCy. In such case, the pencil of fixed circles is that generated by the
circumcircle, the nine point circle, the orthoptic circle of the Steiner inscribed ellipse,
the polar circle, the orthocentroidal circle, etc, with radical axis the orthic axis. All these
cubics belong to a same pencil and pass through A, B, C, the centers Q,, €, €. of the
Apollonius circles, X503 and two points Py, P on the Euler line which are inverses with
respect to any circle of the pencil. P;, P, are actually the antiorthocorrespondents of K.

One of the most interesting cubic is that with pole the barycentric product of Xygs
and X503 since it is the central cubic K608. See figure 1.1.

1.5.4 Construction of a nkC

Let P be the root and P* its isoconjugate (these two points defining the isoconjuga-
tion).

Remember that IP(P) and IP(P*) meet the sidelines of ABC at U, V', W (these three
points on the cubic) and U’, V', W' respectively.

We need an extra point () on the cubic i.e. distinct from A, B, C, U, V, W. When the
cubic is a nKy, it is convenient to take A = AU’ N P*U (or equivalently B = BV' N P*V
or C =CW'nP*W).

The cevians of @) meet the line UVW at Qq, Qp, Q.. For any point m on UVW | let
us denote by m’ its homologue under the involution which swaps U and Q,, V and Qp,
W and Q.. The line @m' meets the conic ABCQ*m* (isoconjugate of the line Qm) at
two points M, N on the nK. Similarly, the line Qm meets the conic ABCQ*m' at the
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Figure 1.1: The central cubic K608

isoconjugates M*, N* of M, N and we have the following collinearities on the cubic :
Q,M,N; Q,M*" N*; Q" ,M,N*; Q°,M* N.
In particular, we find the following points on the cubic :
A1 =QANQ'U; B1=QBnNQ'V; Ci=QCNQ'W
and their isoconjugates :
A]=QUNQ*A; B =QVNQE'B; Ci=QWnNQ*C.

Let Z = MM* N NN*. When m traverses the line UVW, the locus of Z is a line
Lz passing through the points AU N A1 A7, BV N B1 B}, CW N C;C} and meeting the
cubic at three points Z; (always real, on the line QQ*) and two isoconjugate points @1,
(02 which therefore lie on the conic isoconjugate of Lz. Note that Z] is the tangential of
@ and @* in the cubic and that the conic through @, Q*, @1, Q2, Z{ is the polar conic
of Z{ in the cubic.

The involution above has two fixed points Fy, F5 on the line UVW which are not
necessarily real. If they are, it is possible to draw the four tangents passing through
Q* to the cubic. The four contacts are the intersections of the lines QF;, QF> with
the conics ABCQ*F}, ABCQ*Fy respectively. Obviously, the diagonal triangle of the
quadrilateral formed by these four points is the triangle Q@Q1Q2. This shows that the
n/C is in fact a pKC with respect to this triangle and its pivot is @*. It is invariant in the
isoconjugation (with respect to QQ1Q2) whose fixed points are the four contacts. This
isoconjugation also swaps the points M, N* and N, M*. Z7 is naturally the secondary
pivot of the pXC. Hence, it is possible to draw the n/C with the construction seen in §1.4.3.

This construction can be generalized for any non-singular cubic as far as we are able
to draw the four contacts of the tangents passing through any point on the cubic which
is rarely possible in the most general case.

In more specific situations, other simpler constructions will be seen.
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1.5.5 Isogonal niC
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Theorem : Any isogonal n/C is, in a single way, the locus of point M whose

pedal circle! is orthogonal to a fixed circle I' whose center is denoted w.
w is the midpoint of H and the center of the circle defined in §1.5.3.

Remarks :

1. ' can be real or imaginary and even reduced to a single point.

2. This isogonal nk is a nfCgg if and only if w = X5 (see Chapter 7).

3. This circle I' can degenerate into the union of £> and another line £ : in this case,
we obtain an isogonal circular focal n/C, locus of M whose pedal circle is centered

on L (see Chapter 4). This nkC becomes a nKy when £ passes through K.

4. Let £z be a line through H meeting the Kiepert hyperbola again at Hs and let
Lc be the line through G and Hs. For any w on ff, the isogonal nk as seen in

theorem above has its root P on the line /.

More precisely, for a given center w, the root P lies on the line through G and the

orthocorrespondent w of w. The nky is obtained when P = w™.

For example :

e when P lies on the Euler line, w lies on the tangent at H to the Kiepert

hyperbola.

e when P lies on the line GK, w lies on the Euler line.

5. Any isogonal nC meets the circumecircle at A, B, C and three other points (one at

least is real) whose Simson lines pass through the point w.

1.5.6 Construction of an isogonal nC knowing the circle I’

I is a circle centered at w.

e The circle through A, the foot of the altitude H, and the inversive image ‘A of

A with respect to I" is orthogonal to I' and meets the line BC at H, and another
point U. Its center is denoted by w,4. Similarly, the points V on CA and W on
AB are defined and the three points are on a line whose trilinear pole is the root

P of the nK.

As the radius of I" varies, the point P traverses a line through G and the second

meet of the line Hw with the Kiepert hyperbola.

e In order to make use of the construction seen in §1.5.4, we need an extra point on

the cubic and we seek such a point @) on the line AU.

Let E4 be the intersection of the altitude AH with the Simson line of the second

intersection of AU’ and the circumcircle. The midpoint of QgQ lies on the perpen-
dicular /4 to wE4 at wa. The hyperbola through w4, the midpoint of AU’, the
midpoint of wagw4 and whose asymptotes are parallel to the lines AU and AU’

meets 4 again at the midpoint ¢ of Qg@). Now the circle centered at g orthogonal
to I' is the pedal circle of @ and g@. In order to get g@, reflect the line AU about

q intersecting AU’ at g@ and finally reflect g@Q about ¢ to get Q.

Remember that two isogonal conjugates share the same pedal circle.
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1.5.7 nK, and nets of conics

Let Q=p:q:r and P =wu:v: w be the pole and the root of a nkCq.
Remember that :
— R,, R4, Rp, R. are the square roots of Q (see §1.2.2) i.e. the fixed points of the
isoconjugation,
— U, V, W are the traces of IP(P),
—U', V', W' are the traces of IP(P*).

Theorem : assuming that pu?+quv?+rw? # 0, any nky(12, P) is the jacobian'®
of a net N of conics containing the circum-conic Cp with perspector P.

This net is generated by the three independent!®

equations :

conics v4, YB, Yo with respective

ya: 2u(uyz +vzz + way) — vw(ry® — ¢2?)

)

0
0,
0

v 2v(uyz +vzr +wry) — wu(pz? — ra?)

)

o 2w(uyz +vzr + wry) — uv(qr? — py?)

where uyz + vzax + wxy = 0 is the equation of Cp.
Thus, for any point M on the cubic, the polar lines of M in v4, v5, Yo concur at
M* on the cubic.

va passes through A and is tangent at this point to the corresponding sideline of
the anticevian triangle of P (and therefore it is tangent at A to Cp). It meets Cp again
at two points lying on the two lines through A which contain the fixed points of the
isoconjugation. These two points are in fact the intersections of Cp and the polar line of
U’ in Cp. v4 meets the lines AB, AC again at two points on the line §4 with equation
2uxr — rvy + qwz = 0. This line contains the A—vertex of the cevian triangle of P*.

This net A contains :
— only one circum-conic which is Cp,
— only one (possibly degenerate) circle,
— a pencil of diagonal conics passing through R,, R,, Ry, R,
— a pencil of rectangular hyperbolas.

1.5.8 nK and nets of conics

Let nkC(Q2, P,Q) be the cubic with pole Q = p: ¢ :r and root P = u: v : w passing
through a given point () = «: 8 : v not lying on a sideline of ABC'.
There is a net of conics such that this cubic is the locus of point M such that M and
its 2—isoconjugate M* are conjugated with respect to any conic of the net.
If we suppose that this cubic is not a nkCy, the net is generated by the three indepen-
dent conics :
YA : —2pafy(uyz + vz + wry) + Ta? =0,

B : —2qaBy(uyz + vz + way) + Ty* = 0,
vo : —2raBy(uyz + ver + wry) + T2 =0,
where T = Z pBy(wp + vy).

cyclic

5The jacobian of a net of conics is the locus of points whose polar lines in the conics are concurrent
(on the jacobian).

B When pu? + qv? + rw? = 0, these three conics are not independent i.e. any of them belongs to the
pencil generated by the two others.
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Note that 7' = 0 if and only if @ lies on n/Cy(§2, P) which is here excluded.
Any conic of this net may be written under the form

Tz + py® + v2%) — 2a8y(\p + pg + vr)(uyz + vze + wry) = 0,

where A, p, v are any three (not all zero) real numbers.
In this case, the cubic niC(Q, P, Q) is the jacobian of the net i.e. the jacobian of the

conics V4, V3, e



Chapter 2

Poles and polars in a cubic

We will denote by K the cubic curve with equation F(xz,y,z) = F(M) = 0 where F’
is a third degree homogeneous polynomial in z,y, z and where M = (z,y, z).

Its partial derivatives will be noted F, for %—5 and F;C,y for 5912—5;/ when no confusion is
possible.

If P is a point in the triangle plane, F.(P) is F) evaluated at P then,

Fo(P) F2(P) Fp(P) F,.(P)
gr(P) = | F,(P) and Hp(P) = | Fu(P) Fu(P) F.(P)
F/(P) F.(P) F.,(P) FL(P)

are the gradient and the hessian matrices of F' evaluated at P.
Hp(P) is the comatrix (matrix of cofactors) of I evaluated at P.
At last, P is P transposed and PQ is the signed distance from P to @ .

2.1 Polar line of a point in a cubic

2.1.1 Definition

Let P be a point. A variable line through P meets K at three points My, My, M3.
The point ) on this line is defined by

3 1 1 1
— = + + (2.1)
PQ PM, PMy, PMs;
which is equivalent to
M M. M.
QM | QMy QM3 _ 0 (2.2)

PM, PM, PM;

and the locus of @ is a straight line ! called the polar line of the point P in the cubic :
it will be denoted Lp.
Its equation is :

MGp(P)=0 < PHp(M)P =0.2 (2.3)

'This theorem was first given by Cotes in Harmonia Mensurarum. See [54] §132.
2The equation (2.3) can also be written under the equivalent forms :

-~ —

MHp(P)P=0 < PHp(P)M =0.

18
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2.1.2 Diameter in a cubic

When P is the point at infinity of a given line £, equality (2.2) becomes

QM + QM+ QM3 =0 (2.4)
and @ is the isobarycentre of the points M7, My, M.
In this case, the polar line of P is called the associated diameter of £ in K.
2.2 Polar conic of a point in a cubic

2.2.1 Definition

Let us now “reverse” the configuration and define the point () on the same line
through P, M, My, M3 by :

PM, PMy PMs 3 1 1 1

QM  QMy QM; QP QM QMy QM;3
The locus of () is a conic called the polar conic of the point P in the cubic.
Its equation is :

PGp(M)=0 < PHp(M)M=0.3 (2.6)

It will be denoted by Cp. The matrix of this conic is Hr(P). Cp passes through the
six (real or not) contacts of tangents drawn through P to K. See figure 2.1.

polar conic

Figure 2.1: Polar conic with six real contacts

3The equation (2.6) can also be written under the equivalent forms :
MHp(PYM =0 < MHp(M)P =0.

Notice that M Hp (M) M=0 gives the cubic K itself.
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2.2.2 Essential properties

e From equations (2.1) and (2.5), it is clear that @ lies on Cp if and only if P lies on
Lg.

e The polar line of P in Cp is Lp. See figure 2.2.

Figure 2.2: Polar line and polar conic

e When P is on the cubic, for instance P = M3, equality (2.5) becomes :

PM; PDM,
L2 (2.7)
QM QM
which is equivalent to (P, Q, My, My) = —1. Hence, Cp is the locus of @), harmonic
conjugate of P with respect to My and Ms. In this case, Lp is the common tangent
at P to Cp and K.

e The equation (2.6) clearly shows that all the polar conics of the points of the plane
form a net of conics generated by any three of them. It is convenient to take those
of A, B, C'namely F,(M) = 0, (M) = 0 and F/(M) = 0 when some computation
is involved.

2.2.3 Diametral conic of a line in a cubic

When P is the point at infinity of a given line £, equality (2.5) becomes

1 1 1
bt =——=0
QM  QMy QM3

The locus of @ is a conic called diametral conic of £ in K.

(2.8)

2.2.4 Special polar conics

Let Cp be the polar conic of P in the cubic K.
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Circles

In general, there is one and only one point noted P whose polar conic is a circle.
Indeed, since the polar conic of P contains the circular points at infinity J; and Js,
the polar lines of these two latter points are two imaginary conjugate lines of the form
L1 =D1+4+ 1Dy, Lo = Dy —iDy where D; and D5 are usually two real lines. When D;
and Dy are defined (i.e. are proper lines) and distinct, £1 and L9 intersect at a real point
which is the required point P.

In the case of a circular cubic, P is the singular focus of the cubic. See chapter 4.

If the cubic has three real asymptotes, P is the Lemoine point of the triangle formed
by the asymptotes and, obviously, when they concur, it is the point of concurrence.
Furthermore, the parallels to these asymptotes passing through P meet the cubic again
at six points lying on a same circle. This circle is analogous to the (first) Lemoine circle
obtained when the cubic is the union of the sidelines of triangle ABC.

Figure 2.3 shows the cubic K414 (the Orthocubic of the excentral triangle) for which
P= Xg. The polar conic of Xy is the circle with center Xg49 passing through X5, Xy,
X276, X1277. X9 is the Lemoine point of the triangle formed by the asymptotes.

/ polar conic
/ of X9
1

L]
/
Xo49 / /

K414

Figure 2.3: Circular polar conic

Now, if one can find three non collinear points whose polar conics are circles, the
polar conics of all the points in the plane are circles and the cubic must decompose into
the line at infinity and a circle. This happens when Dq and D5 both identically vanish.

When the polar conics of two distinct points are circles, all the points on the line
L through these two points have also a circular polar conic. This line will be called
the circular line of the cubic. Hence, the pencil of polar conics of the points of a line
always contains a circle and the polar conics of all the points in the plane have the same
directions of axes.
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This occurs when

— (1) either one and only one of the lines D;, D5 identically vanishes,

—(2) or the lines Dy, D5 coincide.

In both cases, the lines £1 and Ly are real and coincide hence the cubic must have
three concurring asymptotes but one only is real and the two other asymptotes are
imaginary conjugates. The point of concurrence X lies on £. The polar conic of X
degenerates into the line at infinity and the radical axis of the pencil of the circular polar
conics. See [58] for details and proofs.

In figure 2.4 is represented the cubic nky(Xy6s, X468) where the polar conics of all
the points on the line GK are circles centered on the line GXgg and the polar conics of
all the points not on GXgg have all the same directions of axes which are those of the
asymptotes of the rectangular hyperbola with center X540, the orthojoin of Xygs.

line GK

Figure 2.4: A cubic with a pencil of circular polar conics

More specific characterizations concerning p and nk cubics are given in §2.4.1 and
62.4.2.

Rectangular hyperbolas

In general, the locus of P such as Cp is a rectangular hyperbola is a line sometimes
called the orthic line of the cubic. This line is the polar line of P in the poloconic of the
line at infinity (see §2.3.4).

When the cubic has three real asymptotes, this poloconic is the Steiner inscribed
ellipse in the triangle formed by these asymptotes and the orthic line of the cubic is the
orthic axis of the triangle. Indeed, the polar line of the Lemoine point of a triangle in
the Steiner inscribed ellipse of this same triangle is the orthic axis i.e. the trilinear polar
of the orthocenter of the triangle.

But if one can find three non collinear points whose polar conics are rectangular
hyperbolas then the polar conics of all the points in the plane are rectangular hyperbolas
and the cubic is said to be an equilateral cubic denoted by g (see chapters 5, 6, 7).



J.-P. Ehrmann and B. Gibert 23

Parabolas

Cp is a parabola if and only if P lies on the poloconic of the line at infinity (see
§2.3.4).

2.2.5 Mixed polar line of two points in a cubic

Let P and @ be two points and Cp and Cg their polar conics in the cubic K. The
polar lines of P in Cg and () in Cp coincide. This common polar line is called the mixed
polar line of P and @ in K and is noted Lp .

The equation of Lp is :

MGp,(Q) =0 <= MGr,(P)=0 (2.9)

where Fp = 0 and Fgy = 0 are the equations of the polar lines of P in Cg and @ in Cp
respectively.
This equation can also be written under the forms :

PHp(M)Q =0 < QHp(M)P =0 (2.10)

2.2.6 Hessian of a cubic

The locus of point P such that Cp degenerates into two secant lines at () is called the

Hessian H of the cubic and then @ is also a point of the Hessian. P and @ are said to be
two corresponding points (Salmon) or conjugated points (Durege) on the Hessian
since the polar conic of () also degenerates into two secant lines at P.
‘H is also the Jacobian of all the conics of the net we met above that is to say the locus
of point P such that the polar lines of P with respect to any three of the conics of the
net concur at (. See figure 2.5 in which the three conics are Ci, Co, C3 and the polar
lines of P are L1, Lo, L3.

The equation of the Hessian of K is :

det(Hp(M)) =0 (2.11)

The tangents at P and Q) to H meet at R, common tangential of P and Q). R lies
on the Hessian and, obviously, the polar conic Cr of R in IC degenerates into two lines
secant at S (one of them is PQ, the other P’'Q’ and P’, )/ are also corresponding points
on the Hessian) and then S is called complementary point of P and @ (and also P’
and Q'). See figure 2.6.

We notice that the polar line of P in K is the tangent at @) to H and vice versa.
Furthermore, the lines QP and QR are harmonic conjugates with respect to the two
lines forming the polar conic of P. At last, R and S are also corresponding points on
the Hessian.

It is a known fact (see [7, 54] for example) that H and X meet at the nine common
inflexion points of the two cubics. Three are real and six are imaginary. The polar conic
of each inflexion point I degenerates into two lines, one of them being the inflexional
tangent at I and the other the harmonic polar line of I in the cubic.

2.2.7 Prehessians of a cubic

Any non-singular cubic K can be seen as the Hessian of three cubics ;,i = 1,2,3
(see [7, 54]). We shall say that €2; are the prehessians of K although these prehessians
might not be all real.
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CR

Figure 2.6: Corresponding and complementary points

Naturally, /C, its Hessian and its three prehessians belong to the same pencil of
cubics since they pass through their nine common inflexion points. This pencil is called
the syzygetic pencil of cubics associated with IC. See figure 2.7.

All that have been said in the paragraph above can be “reversed” and adapted to
these three prehessians and we see that each point P on K has three corresponding points
Q = @1, Q2 and Q3 according to the relative prehessians. We indeed can draw from R
four tangents to K, two of them being the lines RQ) and RP, the remaining two R)2
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Figure 2.7: Prehessians of a cubic with three real collinear common inflexion points

and RQ3 where (2 and Q)3 are the two points on Cr and K different of P, @, S. See
figure 2.8.

Figure 2.8: Corresponding points in the three prehessians of a cubic

In other words, @1, Q2 and @3 are the “centers” of the three (degenerate) polar
conics of P with respect to the three prehessians €1, (9, 23 respectively. These three
degenerate polar conics consist in six lines forming the complete quadrilateral PQ1Q2Q3
whose diagonal triangle is formed by the three complementary points S = Sy, Sy and
S3. P, Q1, Q2 and Q3 are called the pretangentials of R. See figure 2.9.
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Figure 2.9: Complementary points and diagonal triangle

2.3 Poles and poloconic of a line in a cubic

2.3.1 Poles of a line in a cubic

Let £ be a line. Each point M on £ has a polar conic Cys in K. The conics Cys form
a pencil and therefore have four (not necessarily real) points Q,, Q4, €, 2 in common
which are called the poles of the line £ in .

These poles form a complete quadrilateral whose diagonal triangle T = T,T,T. is
self-polar in the pencil of conics. When the poles are all real, €, is the one inside this
diagonal triangle and the three other form a triangle which is the anticevian triangle
of Q, with respect to 7. See figure 2.10. See [54] p.51 §61 and p.142 §165 for more
informations.

2.3.2 Poloconic of a line in a cubic

e Let £ be a line. Any point M on £ has a polar line £;7 in K. The poloconic 4 of
L in K is the envelope of £j; when M traverses L. It will be denoted Cz. See [54]
p- 184 & sq. for details and proofs.

If £ has equation uz + vy + wz = 0 where L = (u,v,w) are the line coordinates,
then an equation of C. is :

LHp(M)L =0 (2.12)
e The poloconic of £ is also :

— the locus of the poles of £ with respect to the polar conics of the points of L.

— the locus of the points whose polar conic is tangent to L.

“This is called polar conic of a line in [54] and “poloconique” in [5]
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2.3.3 Some propositions
Proposition 1

If Qo, Qq, Qp, p are the poles of the line £ in a cubic I, the poloconic C, passes
through :

e the three vertices Ty, Ty, T, of the diagonal triangle of the complete quadrilateral
Qo822

e the six harmonic conjugates of the intersections of £ with a sideline of 2,2,
with respect to the two vertices of €2,2,$2;,€2, on the sideline.

e the two fixed points of the involution on £ generated by the pencil F of conics
through Q,, Qq, Qp, Q. (these two points can be real or imaginary)

The poloconic of L is therefore the 11-point conic of F. See figure 2.10.

Figure 2.10: Poles and poloconic of a line in a cubic

Proposition 2

If £ intersects K in three points X, Y, Z, the tangents tx, ty, tz to I at these points
are the tangents to the polar conics Cx, Cy, Cz at X, Y, Z. They form a triangle noted
X'Y'Z'. Hence, the poloconic C, is inscribed in X'Y’Z’" and its perspector is the pole
W of L in Cr. See figure 2.11.

Proposition 3

When the tangents tx, ty, tz concur at a point W, the poloconic C, is degenerated
into two straight lines through W. These lines are imaginary when X, Y, Z are real.
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Figure 2.11: Proposition 2

Proposition 4

When L is tangent at X to K and meets I again at X (which is called the tangential
of X), the poloconic of £ is tangent to £ at X and moreover tangent to the tangent to
K at X. See figure 2.12.

Figure 2.12: Proposition 4
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Proposition 5

The poloconic Cr of a line L is tritangent to the hessian H of the cubic . If £ meets
H at X, Y, Z then the points of tangency are the centers X', Y’ Z’ of the (degenerate)
polar conics of X, Y, Z with respect to K. These points X', Y', Z’ lie on H and are said
to be the conjugate points of X, Y, Z with respect to H.

X'Y'Z' is the diagonal triangle of the complete quadrilateral triangle formed by the
four poles of £ with respect to K. See figure 2.13.

Figure 2.13: Proposition 5

2.3.4 Poloconic of L

The general properties given above show that Cre, the poloconic of L= | is :

e the envelope of the diameters of the cubic i.e. the envelope of the polar lines of the
points on £ .

e the locus of the centers of the diametral conics of the cubic i.e. the polar conics of
the points on £ .

e the locus of the points whose polar conic is a parabola.

Cro contains the six midpoints of the quadrilateral formed by the poles €,, Qq, Qp,
of £°° and the vertices of the diagonal triangle. The center of C, is the isobarycenter of
these four poles i.e. the common midpoint of the three segments joining the six midpoints
above. See figure 2.14.

When the cubic has three real asymptotes, Cr is the inscribed Steiner ellipse of the
triangle formed with the three asymptotes (Take £ = £ in proposition 2 above).

Cre is degenerate if and only if the cubic is a K* ie. a cubic with concurring
asymptotes.
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Figure 2.14: Poloconic of £*°

When Cr is a circle, this Steiner ellipse must be the incircle of the triangle formed
with the three asymptotes hence the three asymptotes make 60° angles with one another
and the cubic is a Kgg. See chapters 5, 6 ,7.

2.3.5 Mixed poloconic of two lines in a cubic

Let £7 and Ly be two lines with line coordinates L1 and L. The locus of the poles
of £1 with respect to the polar conics of the points of Lo and the locus of the poles of Lo
with respect to the polar conics of the points of £; coincide. This locus is a conic called
mixed poloconic of the two lines in the cubic. Obviously, when £ = Lo, we find the
“ordinary” poloconic of the line in the cubic. The equation is :

LiHp(M)Ly =0 < LyHp(M)Li =0 (2.13)

2.4 Application to pK isocubics

Let us consider the pivotal isocubic pKC with pole 2 = (p, ¢, ) and pivot P = (u, v, w)
i.e. the locus of point M such that M, its isoconjugate M* and P are collinear.

2.4.1 Polar conics
Diagonal and circumscribed polar conics
If P is not one of the fixed points of the isoconjugation ° that is P? # Q , then :

e there is one and only one diagonal polar conic and it is that of the pivot P.

Its equation is :

Z (rv? — qu*) 2?2 =0

cyclic

Swhen Q = P2 the cubic degenerates into the three cevians of P.
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It passes through P, the vertices of the anticevian triangle of P and the four fixed
points of the isoconjugation. It also contains the vertices of the anticevian triangle
of any of its points. It is tangent at P to the line PP*.

e there is one and only one circumscribed polar conic and it is that of the isoconjugate
P* of the pivot.

Its equation is :

Z pu(rv® —qut)yz=0

cyclic
It passes through A, B, C, P and P*. The tangents at P and P* pass through
P*/P and P/P* respectively.

Rectangular hyperbolas

In general, the locus of point M whose polar conic is a rectangular hyperbola is the
line — sometimes called the orthic line of the cubic — with equation :

Z (QSCTU — 2Spqw + b*ru — 02qu) z=0

cyclic

When the cubic has three real asymptotes, this line is the orthic axis of the triangle
formed by these asymptotes.

Consequently, there are exactly three points (at least one is real) on the curve whose
polar conic is a rectangular hyperbola.

But when the pivot P lies on the Neuberg cubic and the pole lies on a cubic we
will call C, or K095, every point in the plane has a polar conic which is a rectangular
hyperbola.

This will lead us to pKgo isocubics or equilateral pivotal isocubics and this will be
detailed in Chapter 6.

Circular polar conics

In general, there is one and only one point whose polar conic is a circle. When the
cubic is circular, it is the singular focus. When it has three concurring asymptotes, it is
the point of concurrence. When the cubic has three real asymptotes, this point is the
Lemoine point of the triangle formed by these asymptotes.

If there are two distinct points whose polar conics are circles then the polar conic of
any point on the line £ passing through these two points must be a circle. Indeed, recall
that the polar conics of the points lying on a same line form a pencil of conics passing
through the poles of the line in the cubic. In this case, the pivotal cubic must have three
(not necessarily real) concurring asymptotes and the point of concurrence must lie on L.

This, in particular, occurs when the pole € of the cubic lies on the orthic axis and the
pivot P on the nine point circle, being the center of the rectangular circum-hyperbola
with perspector 2. The asymptotes always concur at the centroid G of ABC.

The figure 2.15 shows K392 = pI(X593, X115) where Xgo3 is the perspector of the
Kiepert hyperbola and X5 its center. The polar conic of any point on the line (L)
passing through G, X437, Xorgg is a circle.
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N Kiepert i

N hyperbola .

s

polar conic
of X(1637)

polar conic \
of X(2799) \

Figure 2.15: A pivotal cubic having a pencil of circular polar conics

2.4.2 Prehessians

Proposition : Every non degenerate pK has always three real prehessians.

Proof : since a prehessian P; of K belongs to the pencil of cubics generated by the
cubic I itself and its Hessian H, we seek P; under the form (1 —¢) K + ¢ H and write
that the Hessian of P; must be K. This gives a third degree equation in ¢ which always
factorizes into three first degree factors.

The figure 2.16 shows the McCay cubic K003, its Hessian K048 — a circular cubic
— and its three prehessians Py, Ps, Ps.

It follows that there are three conjugations F; leaving the cubic pK invariant : F;
maps any point M onto the center of the polar conic of M with respect to P;.

Thus, for any point M on the cubic pK, one can find three points My, Mo, M3 also
lying on the cubic such that M; = F;(M). The triangle M;M;Ms3 is inscribed in the
polar conic of M* and autopolar in the polar conic of Cy; of M. Indeed, Cj; meets the
cubic at M (counted twice) and four other points forming a complete quadrilateral whose
diagonal triangle is Mj; My Ms.

Furthermore, the tangents at M, Mj, Ms, Ms concur at the tangential M’ of M.
Obviously, the polar conic of M’ contains M, My, My, Mz, M’.

Consequently, the cubic is a pivotal cubic with pivot M, isopivot M’ with respect to
the triangle My MsMs. This can be realized in infinitely many ways as far as M is not
a flex on the cubic. See figure 2.17 where the Neuberg cubic is represented with one of
these triangles M Mo Ms.



J.-P. Ehrmann and B. Gibert 33

%%
\

B C

K048 K003

Figure 2.16: Hessian and prehessians

Cu

Figure 2.17: The Neuberg cubic with one triangle M M, Ms
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The Feuerbach theorem for pivotal cubics

This section is a consequence and an illustration of Malgouzou’s paper. See [44].

Let A; be the orthic line of the prehessian cubic P;. This line is unique as far as P;
is not a stelloid. See chapter 5.

The mixed polar conic of the line at infinity and A; is a circle we shall call the Euler
circle of P;. See §2.6.2 below. If 7; is the diagonal triangle of the four poles of A; with
respect to P; then the isoconjugation with respect to 7; whose fixed points are these four
poles maps the line at infinity to this Euler circle.

Recall that the poloconic of any line with respect to P; is a conic tritangent to the
pivotal cubic pIC. There are four lines (not necessarily real) for which this conic is a
circle therefore there are four circles tritangent to the pX and also tangent to the Euler
circle of P;. It follows that there are three groups of four circles (analogous to the
in/excircles of ABC) tritangent to the pK and tangent to one of the three Euler circles
of the prehessians.

Figure 2.18 shows a configuration with the Lucas cubic K007 where the four tri-
tangent circles are all real although all the contacts with the cubic are not necessarily

-

Figure 2.18: The Feuerbach theorem for the Lucas cubic

K007
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2.5 Application to nK, isocubics

Let us consider a non-pivotal isocubic nkKy with pole 2 = (p,q,r) and root P =
(u,v,w). Recall that such a cubic always contains the feet U, V', W of the trilinear polar
of P on the sidelines of ABC'.

2.5.1 Polar conics
Diagonal and circumscribed polar conics

In general, one cannot find a point whose polar conic in a n/Cy is a circum-conic or a
diagonal conic.

This occurs when either the pole  or the root P lies on a sideline of ABC. In the
former case, the cubic decomposes into this sideline and a conic through the remaining
vertex of ABC. In the latter case, when P lies on BC for instance, the polar conic of A
is a circum-conic but decomposed into BC' and a line through A and the polar conic of
U is diagonal.

Rectangular hyperbolas

The results obtained for pivotal isocubics are easily adapted. In general, the locus of
point M whose polar conic is a rectangular hyperbola is the (orthic) line with equation :

Z (QSCTU + 2Spqw — b*ru — 02qu) =0

cyclic

When the cubic has three real asymptotes, this line is the orthic axis of the triangle
formed by these asymptotes.

Consequently, there are exactly three points (at least one is real) on the curve whose
polar conic is a rectangular hyperbola.

But when the pole lies on the cubic K396 = n/C(Xg x Xi989, X1989, X¢) and the root
P lies on K397 = nK(Xg, X30, X2), every point in the plane has a polar conic which is
a rectangular hyperbola.

This will lead us to nkCgy isocubics or equilateral non-pivotal isocubics and this will
be detailed in Chapter 7.

Circular polar conics

Here again we obtain similar results to those for pivotal isocubics and, in general,
there is one and only one point whose polar conic is a circle.

However, there are several remarkable families of nKy cubics having a pencil of cir-
cular polar conics.

e Every nky(€,Q) cubic with pole and root Q on the orthic axis has a pencil of
circular polar conics.

This cubic has three (not all real) asymptotes concurring at G and the polar conic
of G decomposes into £%° and the trilinear polar of 2 which is the radical axis of
the pencil of circles.

The orthic line also contains G and its infinite point is the (2—isoconjugate of H.
One remarkable thing to observe is that the polar conic of this latter infinite point
is the orthoptic circle of the Steiner inscribed ellipse for every point €2 on the orthic
axis.



J.-P. Ehrmann and B. Gibert 36

When © = X999 the orthic line is the Euler line and when 2 = Xy4g the orthic
line is the line GK.

The figure 2.19 presents nky(Xs523, X523) where Xs03 is the infinite point of the
orthic axis. The orthic line contains Xa, X595, X1640, X2394, Xo2433. The radical
axis is the trilinear polar of X593 passing through the centers of the Kiepert and
Jerabek hyperbolas namely X715 and X905 respectively.

Steiner orthoptic
circle

radical
axis

Figure 2.19: nKy(Xs523, X523), a non-pivotal cubic having a pencil of circular polar conics

e Every nky(2, P) cubic with root P =u : v : w # G on the Thomson cubic K002
and corresponding pole 2 = u(v + w — 2u) :: has a pencil of circular polar conics.

The asymptotes concur at the tripolar centroid TC(P) of P 6 and the polar conic
of this point decomposes into £ and the radical axis of the pencil of circles.
Naturally, the orthic line also contains T'C(P).

The figure 2.20 shows K393 = nky(X1990, X4). All the points on the orthic axis
of ABC' have a circular polar conic. The radical axis is the parallel at X999 to the
Euler line. Xjgg9 lies on the line HK. It is the barycentric product of H and X3,
the infinite point of the Euler line.

The orthic axis meets the sidelines at U, V, W and Xyg37 is TC(H). The polar
conic of Xyg37 is the degenerate circle into the line at infinity and the radical axis.

The polar conic of X523, the infinite point of the orthic axis, is the circle with center
X637 passing through the Fermat points and orthogonal to the circumcircle.

For any finite point P on the orthic axis, distinct of X437, the polar conic is a
proper circle whose center is the inverse of P in the circle above.

5The tripolar centroid of a point P is the isobarycenter of the traces of its trilinear polar on the
sidelines of ABC.
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polar conic
of X1990

Orthic
axis

Euler
line

Figure 2.20: n/Cy(X1990, X4), a non-pivotal cubic having a pencil of circular polar conics

2.5.2 Prehessians

When we apply the same technique we used for pivotal cubics, we obtain again a
third degree equation in ¢ which always factorizes into one first degree factor and one
second degree factor. This shows that a nky has always one real prehessian and two
other that can be real or not, distinct or not.

This depends of the sign of the discriminant

A = (q2r2u4 + 7“2])2’04 +p2q2w4) _ 2pq7“ (pv2w2 + qw2u2 + ru2v2)

which rewrites under the form
U v w U v w
pe () (e
VP Va4 VT VP VI VT
( u v W ) < u v w )
VP VA VT \VP VA VT
showing that the sign of A depends on the position of the root P with respect to the
different regions of the plane delimited by the trilinear polars of the square roots of the
pole Q. Recall that these square roots are real if and only if €2 lies inside ABC'.
When 2 is the Lemoine point, the isoconjugation is isogonality and the square roots
of K are the in/excenters of ABC'. A is positive in the regions containing the vertices of
ABC' and negative in the regions containing the in/excenters of ABC'. See figure 2.21.

We illustrate this with three isogonal focal n/Cy with root on the orthic axis of ABC
namely :

e the second Brocard cubic KO18 = nkCy(Xg, X523) which has always three distinct
prehessians but one only is real (A < 0). See figure 2.22.
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Figure 2.21: The sign of the discriminant A

K018

X111

Figure 2.22: KO18 = nIC()(X6,X523)
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e the third Brocard cubic K019 = nky(Xg, X¢47) which has always three distinct
real prehessians (A > 0). See figure 2.23.

H

Figure 2.23: K019 = nKo(X6,X647)

e the Pelletier strophoid K040 = nky(Xg, Xe50) which has always three real pre-
hessians but two of them coincide (A = 0). See figure 2.24.

2.6 Polars and tripolars

In this section, we consider that K is the degenerate cubic which is the union of the
sidelines of triangle ABC'. All the definitions and results met in the previous sections
are easily adapted and this gives a connection with all sorts of notions which are deeply
related to the (projective) geometry of ABC.

2.6.1 With one extra point or line in the triangle plane

Let P be a point not lying on one sideline of ABC. With §2.1, we find the following
results :

e The polar line of P in K is the trilinear polar of P with respect to ABC'.
e The polar conic of P in K is the circum-conic with perspector P and center G/P.

e Thus, the trilinear polar of P is the polar line of P in the circum-conic with
perspector P.

e () lies on the circum-conic with perspector P if and only if P lies on the trilinear
polar of Q.
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H

Figure 2.24: K040 = TLICO(X67X65O)

Let £ be a line which is not one sideline of ABC'. From §2.3.2, we obtain :

e The poloconic of £ in K is the inscribed conic with perspector P, the tripole of L.
Its center is ctP.

e The polar line in K of any point on £ is therefore tangent to this inscribed conic.

e The polar conic of any point on the inscribed conic with perspector P is tangent
to the trilinear polar of P.

2.6.2 With two extra points or lines in the triangle plane

Let P and P, be two points not lying on one sideline of ABC.

Denote by L1, L5 their polar lines in I and by I'y, I's their polar conics in K. L is
the line P; P> and I' the circum-conic through P, Ps.

Recall that I'1, I's have in common A, B, C and a fourth point which is the trilinear
pole of the line L.

From §2.2.5, we see that the polar lines of P, in I'y and P, in I'y coincide. This line
is called the mixed trilinear polar of P; and P,. It is the line passing through the two
poles of £ in the conics I', I'y. The trilinear pole of this line is called cevian product or
Ceva-point of P; and P.

In particular, if the cubic is not a stelloid, the mixed trilinear polar of the circular
points at infinity is the orthic line of the cubic. This is the locus of points whose polar
conics are rectangular hyperbolas. See chapter 5 for further informations. In our case,
this orthic line is the orthic axis of ABC'i.e. the locus of the perspectors of the rectangular
circum-hyperbolas.
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The mixed poloconic (see §2.3.5) of the lines £1, L5 is the conic which passes through
the six feet of the cevian lines of P and P,. This we call the bicevian conic of P; and
P, denoted by C(Py, Ps).

Obviously, when £; = Lo, this conic is inscribed in ABC. In other words, any
inscribed conic can be seen as the poloconic of the trilinear polar of its perspector with
respect to K and any conic meeting the sidelines of ABC' at six points forming two cevian
triangles can be seen as the mixed poloconic of the trilinear polars of the corresponding
perspectors.

For example, the Steiner in-ellipse is the poloconic of the line at infinity and the
nine-point circle is the mixed poloconic of the line at infinity and the orthic axis.

Furthermore, for a given point P, there is one and only one point () such that
the mixed poloconic of the trilinear polars of P and @ is a circle : ) must be the
cyclocevian conjugate of P. The locus of ) such that this mixed poloconic is a rectangular
hyperbola is a circum-conic whose perspector is the point Spq(p + r) + Scr(p + q) =
when P =p: q:r. For example, with P = GG, we have ) = K (Lemoine point), hence
any rectangular hyperbola passing through the midpoints of ABC' passes through the
feet of the cevian lines of a point on the circumcircle (and through the circumcenter O).



Chapter 3

Central, oblique, axial isocubics
Harmonic homologies

This chapter is devoted to isocubics invariant under symmetries and more generally
under harmonic homologies.

3.1 Central pK isocubics

An isocubic K is said to be central if it is invariant under symmetry with respect to
a point N called its center. Such a center is necessarily an inflexion point on iC. !

3.1.1 An involutive transformation

Let A:M(p:q:7r)— N(p(g+r—p):qir+p—2¢q):r(p+q—r)) be the mapping
which associates to each point M the center N of the circum-conic with perspector M.
We have N = G/M and we see that A is involutive. N is called the G-Ceva conjugate
of M.

3.1.2 Theorem

There is a unique non-degenerate central pK invariant under a given ()-
isoconjugation which is not isotomic conjugation.
Moreover :

1. Its center is N = A(Q2) and its pivot is P = hg4(N).

2. The three asymptotes are the lines through N and the midpoints of the sides of
ABC.

3. The inflexional tangent at N is the line NQ.

Remarks :
1. hga(N) is the reflection of N* in N. Equivalently, it is aN*.

2. A being involutive, there exists one and only one non-degenerate central pXC with
given center N # G and not at infinity.

!Central cubics are called “cubiques de Chasles” by F. Gomes Teixeira.

42



J.-P. Ehrmann and B. Gibert 43

3. N lies on L= if and only if € lies on the inscribed Steiner ellipse. In this case,
P = Q and the cubic degenerates into three parallels through the vertices of triangle
ABC.

3.1.3 Cubic curves from P-perspectivity

Paul Yiu [61] has studied a family of cubics he obtained using Floor van Lamoen’s
notion of P-perspectivity [60]. We quote his essential ideas, replacing P by @ in order
to keep our own notations coherent.

Let @ be a point with homogeneous barycentric coordinates (u : v : w). For each point
X, the Q-traces of X are the intersections of the side lines of the reference triangle ABC
with the lines through X parallel to AQ, BQ, CQ respectively. If X has barycentric
coordinates (z : y : z), the Q-trace triangle is perspective with the reference triangle if
and only if

Z (v+w—u)z [wu+v)y* —v(w+u)z?] =0.

cyclic

This defines a central p/C denoted by pK.(Q) with :

e pole Q(u(v4w) : v(w+u) : w(u+v)) = ctQ, the center of the iconic with prospector
Q,

e pivot Po+w—u:w+u—v:u+v—w)=aQ,
e center N(v+w:w+u:u+wv)=cQ.

Its asymptotes are the parallels to the cevian lines of () through N and they pass through
the midpoints of the sides of ABC.

Proposition

Every non-degenerate central pK is a pK.(Q) for some Q.
Proof : @) = taQ.

Remark :

The locus of the perspector of Q-trace and reference triangles is the isotomic p/C with
pivot tQ).
Its equation is :

Z vwz(y? — 2%) =0

cyclic

For example, when Q = H, the central pK is the Darboux cubic K004 and the isotomic
pK above is the Lucas cubic KOO7.

Proposition

Conversely, it is easy to obtain a central p/C from an isotomic piC.
Let M be a point on the isotomic p/C with pivot tQ), with traces Aps, Bas and Cpy. The
lines through Ap;, By, Car parallel to AQ, BQ, CQ respectively concur at a point Z.
As M traverses the isotomic p/C, Z traverses a central pK.
The inflexional tangent at its center is parallel to QtQ. We can observe that two isotomic
conjugates M and tM on the isotomic pK lead to two points Z and Z’' symmetric about
the center on the central pK.
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3.2 Some examples of central pK isocubics

3.2.1 The Darboux cubic K004 : the only isogonal central pXC

When Q = K, we find the well-known Darboux cubic with center O and pivot L. Its
asymptotes are the perpendicular bisectors of ABC. See [9] for details.

3.2.2 The isotomic central pKC
When 2 = G, we find a degenerate cubic into the three medians of ABC.

3.2.3 The Fermat cubics K046a, K046b : the two central pK/,"

There are only two central pIC which are pngOJ“. We call them the Fermat cubics and
they will be seen in §6.6.4 below.

3.2.4 Other remarkable central pK

The table below shows a small selection of central pkC with pole €2, pivot P and center
N are the pole of isoconjugation, the pivot, the center of symmetry respectively.

Notations :
e N = X5 = nine point center
e (Ge = X7 = Gergonne point
e Na = Xg = Nagel point

o Mi = X9 = Mittenpunkt

Sp = X9 = Spieker center

‘ Q ‘ Q ‘ P ‘ N ‘ P ‘ other centers ‘ cubic ‘
I X37 Na Sp | Xes | Xa40,72, seenote 2 | K033
O Xo16 H N Xy X52,68,1557 see note 1 | K044
H K L 0] Xe4 X1740784 K004
K X39 tH X1 | Xb X66,1597Xc K140
Ge I X144 Mi Xa X366 K202

Na Mz X145 I Xe Xlgg K201

Sp | Xioiz| I | Xues | X X506

Xi3 | X306 | X616 | X618 K046a
X4 | X395 | Xe17 | Xe19 K046b
Xoo | X32 | aXes | Xoos | Xf K, X159 K161

X67 X187 aX67 Xh see note 3 K042

Xeo| O | Xo3| K | Xy

X74 | X3003 | X146 | X113 X265,399,1986,2035 K255
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Unlisted centers in [38, 39] :
o X, = [a/[(b—c)?+a(2b+2c—3a)]] = Eaz2
a’(b? + 02)/SA] = Fo33y
o a?(b* + *)(b* + ¢* — a*)] on the line OK

o X, =[d®
X, = [a®

o Xy =[a?S%[(6* — *)? — a®(b® + c2)]]| = Esos

o X, =la(b+c—a)/(b+c—3a)] = Fagor

o X5 = [a"/[(0" — )%+ a?(2b* + 2¢* — 3a%)]]

o X, = [a2S4/(b* + ¢ — 3a2)] = Easag

o X; = [a2(b2 +c —2a®)(b* +ct —at — b2c2)] = FEy4o6 is the midpoint of Xg, X110
on the Jerabek hyperbola

e X;=(b+c)(b+c+2a)a

Notes :

1. K044 is called the Euler central cubic. See figure 3.1. It contains 9 familiar points :

e the feet of the altitudes since its pivot is H.

e the centers of circles HBC, HC A, HAB which are the reflections about X5 of
the feet of the altitudes.

e the reflections about X5 of A, B, C, these points on the perpendicular bisec-
tors.

Figure 3.1: K044 the Euler central cubic
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2. This cubic K033 is called the Spieker central cubic. It is obtained with Q = I
in §3.1.3 : for any point M on the curve, the parallels through M to AI, BI,CI
meet ABC' sidelines at three points forming a triangle perspective with ABC.
Furthermore, the perspector lies on K034 the isotomic pIC with pivot X75 = tI
called Spieker perspector cubic passing through X 2 78 63.75.92,280,347, - - -

3. This cubic K042 is called the Droussent central cubic. It is obtained with Q = Xg7
in §3.1.3. This case is particularly interesting since the perspector as seen above
lies on the Droussent cubic. See figure 3.2.

Droussent

Figure 3.2: K042 the Droussent central cubic

3.3 Central nK isocubics

We seek central nK isocubics knowing either the pole €2 of the isoconjugation, the
center N or the root P of the cubic.
We denote by Cq the circum-conic with perspector 2 i.e. the isoconjugate of £ .
Remember that Cgq is a parabola, an ellipse, a hyperbola if and only if 2 lies on, inside,
outside the inscribed Steiner ellipse respectively.

3.3.1 Theorem 1 : the pole () is given

For a given pole §2,
e the locus of N is Cgq.

e one asymptote (always real) of the cubic is the line NN* (N* = Q-isoconjugate of
N) whose trilinear pole is denoted by Zg.

e the remaining two asymptotic directions are those of Cq.

e the root P is ctZg.



J.-P. Ehrmann and B. Gibert 47

Remarks :

1. The two other asymptotes of the cubic can be real or imaginary, distinct or not,
according to the position of €2 with respect to the Steiner inscribed ellipse.

More precisely, n/C has :

e one real asymptote if and only if 2 is inside the Steiner inscribed ellipse i.e.
if and only if Cgq is an ellipse. See §3.4.3 for example.

e three real concurrent asymptotes if and only if €2 is outside the Steiner in-
scribed ellipse i.e. if and only if Cq is a hyperbola. See examples 1 and 2 in
63.4.1.

e three asymptotes, two of them being parallel, if and only if € lies on the
Steiner inscribed ellipse i.e. if and only if Cq is a parabola. In this case, the
two parallel asymptotes are not always real and, therefore, we can find two
different types of non-degenerate cubics with :

— three real asymptotes, two of them being parallel, one real and two imag-
inary inflexion points, one node at infinity.

— one real and two imaginary asymptotes, three real inflexion points, one
node at infinity. See example 3 in §3.4.1.

2. nKC can degenerate in several different ways : for instance the union of a hyperbola
and one of its asymptotes, or the union of a parabola and the line which is its
isoconjugate, or the union of three lines, two of them being parallel, etc.

3.3.2 Theorem 2 : the center N is given

For a given center N,
e the locus of Q is IP(N).
e the locus of the root P is IP(talN).

e IP(P) intersects ABC sidelines at U, V,W (which are on the cubic) such that the
line UVW envelopes the inscribed conic centered at N. Moreover U, V, W are the
symmetrics (with respect to V) of the Q-isoconjugates A”, B”, C" of the symmetrics
A',B',C" of A,B,C.

3.3.3 Theorem 3 : the root P is given

e For a given root P = (u : v : w), IP(P) intersects the sidelines of triangle ABC' at
Uuv,w.

— the locus of the center N is dp = IP(taP).

— the center N being chosen on dp, let A', B, C’",U’", V', W' be the reflections
of A B, C, U, V, W about N. The pole Q is the barycentric product of
A" and U’, B and V', C" and W’. Tt lies on the trilinear polar of the point
[(v—w)/(v+w—u)] (isotomic conjugate of the point where IP(cP) and IP(aP)
meet).

e It can be seen that all central nKs with a given root P = (u : v : w) form a pencil
of cubics passing through A, B, C, U, V, W, the point at infinity of dp, having a
common real asymptote.
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This pencil contains several particular cubics (any two of them generating the
pencil) :

— if the center is N = [u(v—w)(v+w—u)] ? (intersection of §p and IP(tP)), the
cubic is the union of dp itself and the circum-conic which is its isoconjugate,
this conic being centered at N and passing through A’ ,B’, C’. The pole is
Q= [u(v —w)?(v+w —u).

— if the center is at infinity, we obtain a cubic with a flex at infinity (Newton
trident type) and 2 = [(v — w)?] is a point on the inscribed Steiner ellipse.

— with Q =[(v—w)(v+w—2u)/(v+w—u)] and N = [(v+w—2u)/(v+w—u)],
we find the only nkCy of the pencil.

For example, all the central nKs with root at X595 are centered on the Euler line
and have the Euler line as common real asymptote. Their poles 2 lie on the line
thI‘Ollgh X30, Xlggo, X3163, X3284. See Figure 3.3.

Those with root at Xg47 are centered on the Brocard line.

0=X1990

02=X30

4 0=X3163

Figure 3.3: The Euler pencil of central nKs

3.3.4 Proof of theorems 1 and 2 :

Starting from the equation of n/C seen in §1.5 and from the equation pyz+qzx+rzy =
0 of Cq, we express that the polar lines of the points at infinity of ABC sidelines and
the cubic pass through the center N(z, : Yo : 25).
We obtain the condition :

M

>E8 < 2

2This point is the perspector of the circum-conic which passes through P and aP.
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where
(q+7)70 P(Yo — 22,) P(20 — 2Y) —Zo
M — Q(xo - 220) (T +p)yo Q(Zo - 2-%'0) —Yo
T(xo - 2y0) T(yo - 2550) (P + Q)ZO —%o
To(rys +a23)  yo(pzs +123)  Zo(axl +pY3)  ToYozo
We find

det M = 2(xo + Yo + 20) (PYoZo + q20To + TToYo) Z xg(yo + 20 — To)qr

cyclic

which leads to examine three cases :

(1) : 2o + Yo + 2o = 0 which gives nk = d, U Cq.

(2) : 22(Yo+20—T0)qr+- - - = 0 which is the condition for which the line Q-isoconjugate
of the circum-conic centered at N passes through N. In this situation, we get degenerate
cubics into a line through N and its 2-isoconjugate conic which is centered at N. See
§3.3.3.

(3) : the non-degenerate cubics are therefore obtained when N € Cj.

Now, let us parametrize Cq by :

:—p N y: q N Zn = "
B—r" 7 °a-p

Y
v -«
where (6 —7v:v—a:a—f) is the point at infinity N* i.e. the line NN* is an asymptote
of nk.
From this, we get :

Lo

u=(a—B)y—a)B+y—2a)p—(8-7)°la-Bqg—(v—a)l,

v and w similarly, and :

k=2 (B=7)*B+7—2a)qr

cyclic
This shows that the two remaining asymptotic directions are those of Cq.

Remark 1: this central cubic is a nKy if and only if N* is one of the three infinite points
of the cubic pK(€Q, Q). See §1.4.2.

Remark 2: if we denote by u : v : w the coordinates of N* (assuming u + v + w = 0)
the equation of the central n/C rewrites under the form :

Z [vw(v — w)p — u?(wg — vr)] 2(ry? + gz*) + 2 Z u?(v — w)qr| xyz = 0.

cyclic cyclic

3.3.5 Construction of a central nkC

First, choose 2 and N according to one of the three theorems above, then
1. draw the symmetrics A’, B’,C" of A, B,C with respect to N.

2. draw the Q-isoconjugates A", B”,C" of A’, B’,C".
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. draw the symmetrics U, VW of A", B"” C" with respect to N (they are collinear

and on ABC sidelines). We can notice that the lines AA”, BB", CC", UA, VB,
CW', NN* are all parallel which yields the construction of the polar conic of N*
centered at N passing through the midpoints of AA”, BB", CC" , UA', VB, CW’.

. draw the trilinear pole P of UVW (it is the root of the cubic).
. intersect the lines NA and UVW at N, then define Ny, N, similarly.

. Now, let 7 be the involution on UV'W which swaps U and N, V and N, W and

N..

e for any point m on UVW, construct its image m’ under J and draw the lines
¢ = Nm and ¢/ = Nm/ (this defines an involution on the pencil of lines through

N).
e let v and 7/ be the conics which are the Q-isoconjugates of £ and ¢’ resp.

e intersect £ and 7/ at X and Y, ¢/ and v at X* and Y*. Those four points are on
the cubic, two by two symmetric about N, two by two 2-isoconjugates.

. At last, draw the line NN* which is one real asymptote of the cubic and, the

parallels at IV to the asymptotes of C when it is a hyperbola (this cannot be done
when Cgq is an ellipse) which are the remaining two asymptotes. Let us remark
that Cq passes through N, its center being G/f.

When Cq, is a parabola, the two parallel asymptotes (whose union is the polar conic
of the point at infinity of the parabola axis) are less easy to draw, and remember
that they are not always real : one solution is to draw the tangents to the hyperbola
defined tangentialy with the six lines AU, BV, CW, A’A”, B'B"”, C'C" which are
parallel to the axis of the parabola.

. The inflexional tangent at NV is easy to draw : it is the homologue of the line NN*

under the involution on the pencil of lines through N as defined above. In a simpler
way, it is also the tangent at N to the circum-conic through N and N*.

. The two lines (real or not) through N and the fixed points of the involution J

meet the polar conic of N* at four points (real or not) where the tangents are
parallel to the real asymptote. The quadrilateral formed with those four points
is a parallelogram centered at N whose sidelines are two by two parallel to the
asymptotes other than the real one NN*.

When the cubic is isogonal (see below), those four points are the centers of inversion
of the cubic and the two lines through N are perpendicular. The inversive images
of the inflexional tangent are the oscultator circles at the four points.

3.4 Some examples of central n/C isocubics

3.4.1 Selected examples
Example 1 : K068

When N = G and Q = X593 (point at infinity of orthic axis), we find a nKy with
equation :

Z (b 4+ —2a®) x [(a® = b*)y? + (* — a2 =0

cyclic
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Its root is P = X504 and Cq is the Kiepert hyperbola. One of its asymptotes is the
line GK and the others are the parallels at G to those of the Kiepert hyperbola. The
inflexional tangent at G passes through Xgg. See figure 3.4.

More generally, each central non-degenerate nkC centered at G is a nkCy with pole and
root at infinity. It always has three real asymptotes.

Kiepert hyperbola

trilinear polar
of X(524)

Figure 3.4: K068 a central nkC with center G and pole X593

Example 2 : K069

When N = O and Q = Xg47 = [a?(b? — ¢?)S 4] (isogonal conjugate of trilinear pole of
Euler line, a point on orthic axis), we find a central n/C with root :

P=[((t"—c*)?—a*(b*+c* —2a%)) S4]

and Cq is the Jerabek hyperbola. One of its asymptotes is the perpendicular at O to
the Euler line and the others are the parallels at O to those of the Jerabek hyperbola.
See figure 3.5.

Example 3 : K036 Tixier central cubic

When N = Xy76 (Tixier point) and = X5 (center of Kiepert hyperbola, lying on
the inscribed Steiner ellipse), we find a central nK with two asymptotes parallel to the
axis of the parabola Cq with equation :

Z(b2—02)2yz:0

cyclic

i.e. two asymptotes (not necessarily real) perpendicular to the Euler line. See figure 3.6.
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Jerabek
hyperbola

Figure 3.5: K069 a central nk with center O and pole Xg47

Euler line

Figure 3.6: K036 Tixier central n/C with center X476 and pole X115

3.4.2 TIsogonal central nK cubics. K084

Theorem 1 above with = K shows that all isogonal central nk are circular  with a
center N on the circumcircle 4, with a real asymptote perpendicular at N to the Simson
line of N. In this case, the singular focus is obviously the center.

3The asymptotes of the circumcircle are the isotrope lines of O which shows that the cubic must pass
through the circular points at infinity.
4The circum-conic with perspector K is the circumcircle.
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Remark :

The cubic can degenerate into a circle and a line through the center of the circle.
This happens when the center of the cubic is the “second” intersection of a bisector of
ABC with the circumcircle.

The figure 3.7 shows the Steiner central isogonal cubic with center Xgg, the Steiner
point.

/0c,
'y, 7q
7y

V BN \polar conic
v 0f X512
‘ o~ ~
‘A’ |
C” “

Y
Y
N
N
L
S
N

Figure 3.7: K084 Steiner central isogonal cubic

3.4.3 Isotomic central nK cubics. K087

Now with € = G, we find that all isotomic central n/C are centered on the Steiner
circum-ellipse and they always have only one real asymptote.

The most remarkable is obtained with a center N = Xgg (Steiner point), the real
asymptote being the perpendicular at this point to the Euler line. Its root is :

R=(Rq:Ry:R;) = (0> + ¢ —2a*)[(b* — *)* = b*c® +2a*S4) : -1 ...)
and its equation :

Z Rox(y* +22) -2 H(b2+02—2a2)x:0.

cyclic cyclic

In other words, there is only one point NV such as there are a central isogonal n/C and a
central isotomic n/C with the same center N : N must be the Steiner point.
The figure 3.8 shows the Steiner central isotomic cubic with center the Steiner point.
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~

Euler line

asymptote

Figure 3.8: KO87 Steiner central isotomic cubic

3.5 Oblique and axial pK isocubics

3.5.1 Oblique and axial symmetries

Let L be a (finite) line and F' a point at infinity which is not that of L. The oblique
symmetry Sz, p with axis L and center F' maps a point M in the plane to the point M’
such that ', M, M’ are collinear and L bisects M M’. When F is the infinite point of
the direction perpendicular to L, Sr, r is said to be an axial (or orthogonal) symmetry.

We study the isocubics with pole €2 = p : ¢ : r which are invariant under such oblique
or axial symmetry, in which case the cubic will be called an oblique cubic or an axial
cubic.

Lemma 1 If an isocubic meeting L™ at the (real) point F is oblique then F' must be a
flex on the cubic and the center of the symmetry.

Lemma 2 In such case, the polar conic of I in the cubic must degenerate into the real
asymptote (i.e. the tangent at F to the cubic) and the harmonic polar of F which must
be the axis of the symmetry.

3.5.2 Oblique pk

Theorem 1 Given the pole Q and one real infinite point F' on the pivotal isocubic pIC,
there are at most three (one always real) pivots P;, i € {1,2,3}, such that pKC(S2, P) is
an oblique cubic.

Obviously these pivots must lie on the line F/F*. Note that all the p/C(£2, P) with P
on FF* form a pencil of cubics.

Let us denote by A; and £; the asymptote and the axis of symmetry of p(Q, P;).
Since the polar conics of F' in the p/C with pivot on F'F* form a pencil of conics, they
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must have four common points, one of them being F, the other Fy, Fy, F3. This leads
to the following theorem.

Theorem 2 The asymptote A; of pK(§2, P;) contains the intersection F; of the axes L;
and Ly, of pK(2, P;) and pK($, Py).

The locus of the centers of the polar conics of F' is a conic which must pass through
the midpoints of the four points above but, since F' lies at infinity, this conic is a parabola.

3.5.3 Axial pK

Generally, for a given pole €2, the pencil of polar conics of F' contains one and only
one rectangular hyperbola which is not degenerate hence we cannot find an axial p/C.
But, for a given infinite point F', there are two poles €2y, 25 such that these polar
conics are rectangular hyperbolas for any pivot on the line F'/F*. Recall that F* is the
)—isoconjugate of F.

Q) is the barycentric square F2 of F' (F? lies on the Seiner in-ellipse) which leads to
a degenerate pK into the cevians of F'. These three parallels give a trivial axial pk.

With F' = u : v : w, the other pole is the point Q9 = f(F') where

f(F)= % s (Spv — Scw)(a*w? — u?)(*u? — a®v?) : ;.

This point f(F) lies on the line KF? and can be constructed as the barycentric
product of the infinite point of the direction perpendicular to F' and the trilinear pole
of the line KF? (this latter point on the circumcircle). This point f(F) is also the
barycentric product of the orthocenter H and the pole of the line HF' in the diagonal
rectangular hyperbola that passes through F' and the in/excenters of ABC.

Hence the following theorem :

Theorem 3 For a given infinite point F, the cubic pIKC(f(F), P) is such that the polar
conic of F is a rectangular hyperbola for any pivot P on the line FF*.

These polar conics belong to a same pencil of rectangular hyperbolas having parallel
asymptotes and passing through two other (real or not) points. We already know that
the locus of their centers is a parabola which must degenerate into £*° and another
line. To draw this line, it is enough to remark that the pencil contains two particular
hyperbolas H. and Hg with centers O, and Oy.

— H. is the rectangular circum-hyperbola passing through F', F*,

— Hg is the diagonal rectangular hyperbola passing through F', the vertices of the
anticevian triangle of ' and its orthocenter®. Its center Oy is the trilinear pole of the
line Ff(F). It lies on the circumcircle of ABC, on the circum-conic with perspector
f(F) and is the antipode of F™* on this conic.

Actually, F* and Oy are two vertices of the circum-conic with perspector f(F'). Note
that H4 also contains the (real or not) fixed points of the isoconjugation with pole f(F).
See figure 3.9.

From this we deduce that all the rectangular hyperbolas of the pencil are centered
on the line O 0.. Among them there are three degenerate hyperbolas :

—one into £ and the line through the two finite (real or not) common points of the
pencil which leads to an oblique cubic,

5Anticevian triangle of an infinite point F' : the line AF meets BC at a point whose harmonic
conjugate in B, C is A’. The line AA’ is a sideline of the sought triangle. Similarly, draw the lines BB’
and CC’.
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Figure 3.9: The two hyperbolas H., Hq

— two pairs of perpendicular lines, each line passing through one finite point and one
infinite point of the four basis points of the pencil of polar conics.

This shows that there are two corresponding possible pivots on FF™ although they
might not be always real. This will be the case when H. and H,4 do intersect. Hence we
obtain :

Theorem 4 For a given infinite point F', there are two (not necessarily real) pIC which
are invaritant under the axial symmetry with aris a direction perpendicular to F'.

Let now suppose that H. and Hg have two real (finite) common points M; and M.
These points lie on the line K f(F') — which is the polar of G in H, — and on the Thomson
cubic K002 hence M7 and Ms are two G—Ceva conjugate points since K is the isopivot
of K002.

The perpendiculars Aq, Ay at My, Ms to FF* meet the line O.0O,4 at O1, Oy which
are the centers of the degenerate polar conics. This gives the axes A;, As and the
real asymptotes (the perpendiculars at O, Oy to these axes) of the sought cubics. The
reflections of F'* in these axes are the sought pivots P;, P, of the cubics.

Clearly, these two pivots are symmetric with respect to the center w of the circum-
conic with perspector f(F'). See figure 3.10.

3.5.4 Isotomic and isogonal axial pK

The transformation f above is not defined for A, B, C', H and the in/excenters. It
maps any infinite point F to a point which lies on the quintic @ = Q053 which has
equation

Z atla®(y — z) — 3(0* — A)x]y?2% = 0.

cyclic

@ contains the following points :
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Figure 3.10: Construction of the pivots of the axial p/IC

e A, B, C (which are double),

e the midpoints of ABC' (images of the infinite points of the altitudes),
e K (which is triple),

e Xigg9, the image of X3, the infinite point of the Euler line,

Figure 3.11 shows the two axial pKC obtained with F' = X3, one of them being K528.

Since Q does not contain the centroid G, we see that there is no isotomic axial pK.

f maps any point on the McCay cubic to the Lemoine point K and, in particular, its
infinite points which are also the infinite points of the altitudes of the Morley triangle.
Thus, we have another theorem for isogonal axial p/C.

Theorem 5 There are siz isogonal axial pKC. The axes of symmetry are parallel to the
sidelines of the Morley triangle.

3.6 Oblique and axial n/C isocubics

3.6.1 Oblique nk

We shall now suppose that the isocubic is a n/C with pole €, root P meeting £ at
F which is a flex on the cubic.

This isocubic has already four real common points A, B, C, F* with Cq, the circum-
conic with perspector €2, hence it must have two other common points whose isoconju-
gates are at infinity. This gives the following

Lemma 3 Any isocubic nkC passing through a real infinite point F' contains the infinite
points of Cq.
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circumconic with
perspector X1989

Figure 3.11: Two axial pK

According to §1.5.1, the (real or not) asymptotes of the cubic at these two points
pass through F™*.

We know that two isoconjugate points M and M™* on a nk share the same tangential.
Since that of F' is F', we deduce that the tangential of F* must be F' also, hence the
tangent at F™* to the cubic is parallel to its real asymptote at ' and the axis of symmetry
must contain F*.

Denote by U, V', W the traces of IP(P) and by N(P) the Newton line of the quadri-
lateral formed by IP(P) and the sidelines of ABC. Following §1.5.3, the nkC is the locus
of M such that M and M* are conjugated with respect to a fixed circle centered at the
radical center of the circles with diameters AU, BV, CW and FF* which turns out to
be the infinte point of a perpendicular to IP(P). Our circle degenerates into £ and
IP(P).

On the other hand, the polar line of M in such degenerate circle is the homothetic
of IP(P) under hjs 2 therefore we have the following theorems.

Theorem 6 Any nk with a flex at infinity is the locus of M such that N(P) bisects
MM*. Furthermore, this flex must be the infinite point of N(P) which means that P
must lie on N(F).

Theorem 7 The real asymptote Ap is the homothetic of N(P) under hpxo. It meets
the cubic at X which lies on the circum-hyperbola vg passing through F', F* and on the
tangent at F* to the cubic.

Consequence

The polar conic Cr of F' in the cubic is a hyperbola which passes through the midpoint
of any two points M, N collinear with F'. It obviously contains F' and the midpoints of
F*and X*, Aand UF*NAF, U and AF*NUF, etc.

One of the asymptotes of Cr is X F' and the other the parallel at F™* to the polar line of
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F in CqS.

Let then P be a point on N(F') and its trilinear polar IP(P) meeting the sidelines
of ABC at U, V, W. Any line passing through the infinite point F meets the cubic
again at M, N. According to the theorem above, the midpoints of M M* and NN* lie
on N(P) hence M*N* contains F'. Furthermore, M N* and NM* pass through F™*.

Conversely, any line Lg through F is the Newton line of some P lying on N (F') which
is easily constructed as follows : hg o(Lp)NBC, hpo(Lrp)NCA, hoa(Lrp)NAB are three
collinear points and P is the trilinear pole of the line passing through them.

Naturally, if we take P anywhere on N(F'), the corresponding nk (2, P, F') is not an
oblique (nor a central) cubic. We obtain the following theorems.

Theorem 8 n/C(Q2, P, F) is an oblique cubic if and only if X = F (at infinity) hence
X*=F*.

In this case, the real (inflexional) asymptote is that of yr passing through F' (and
the center O of yg). Thus, N(P) is its homothetic under hp- ;5. This easily gives the

root P of the cubic on N(F') and its construction follows with §1.5.4. The axis is the
parallel at F™* to the polar line of F' in Cq.

Theorem 9 nK(Q, P, F) is an central cubic if and only if X = F* and X* = F. The
center is F* and the real (inflexional) asymptote is FF*.

Refer back to §3.3 for another approach and more details.

3.6.2 Axial nkKC

An oblique nK(Q2, P, F') becomes an axial cubic if and only if its real asymptote is
perpendicular to its axis which means that these two lines must be parallel to the axes
of Cq. This gives two distinct situations :

1. Cq is not a circle i.e. Q # K : there are only two axial non-isogonal n/C. The
asymptote of one of them is parallel to the axis of the other.

In particular, there are two isotomic axial n/C with axes and asymptotes parallel
to the axes of the Steiner ellipse. The figure 3.12 shows one of the two cubics.

2. Cq is a circle (the circumcircle) i.e. @ = K : there are infinitely many axial isogonal
niC. They are all focal cubics forming a net of cubics with singular focus on the
circumcircle. See §4.1.4.

3.7 pK and harmonic homologies

3.7.1 Introduction

In paragraphs 3.1, 3.2, 3.5 we have met central, oblique and axial isocubics pXC. Since
these transformations are special cases of harmonic homologies, we now generalize and
characterize isocubics which are invariant under such homologies.

Let us denote by h the harmonic homology with center X =« : #: v and axis L, the
trilinear polar of the point Q =1 :m : n. We suppose that X does not lie on L.

In other words, this second asymptote is parallel to the conjugated diameter of the real asymptote
Ap with respect to Cq. It is the locus of the center of y» when P traverses N(F).
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Figure 3.12: An axial isotomic n/C

Remember that h maps any point M = z : y : z (distinct of X) to the point M’
harmonic conjugate of M with respect to X and £ N X M. The barycentric coordinates
of M are

(—mna + nlB + Imy)z — 2la(ny + mz) ::

(580 2)omma(t 2

When £ = £%° | his a central symmetry. When X is an infinite point, A is an oblique
or axial symmetry.

or

3.7.2 Theorem

For a given harmonic homology h, there is a unique cubic pK = pK(Q, P)
with pole (2, pivot P which is invariant under h.

Its pole Q is the barycentric product of @ and /X with coordinates

In other words, the cubic is invariant in the isoconjugation which swaps ) and the
cevian quotient /X but these two points do not necesseraly lie on the cubic.
Its pivot is h(X*) where

hence

P:u:v:w:l<—3g+£—|—z>:: .
l m n

Note that @, X, X* and P/X, Q/X, X* are collinear.
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Figure 3.13: pK invariant under harmonic homology

3.7.3 Properties

1.

X is a flex on the cubic. Its polar conic decomposes into the harmonic polar £ and
the inflexional tangent at X. This tangent passes through @@/ X. See figure 3.13.

The cubic contains A" = h(A), B' = h(B), C' = h(C) where

A= By 9B T
l m n l l

The cubic meets £ at three always real (and rational) points Q,, Qp, Q. and the
tangents to the cubic at these points concur at X. We have

Qa:2a:ﬁ—m<%+%>:7—n<%+é),

m

the other points similarly. Obviously, these three points are the only points of the
cubic fixed by the homology. Furthermore, @, is the intersection of the lines BC’
and CB'.

The three triangles ABC, A’B'C’, Q,QpQ. (although degenerate) are triply per-
spective at X, X* and P hence this type of cubic can be seen as a Grassmann
cubic.

The cevian triangle P, P, P, of P is also perspective with Q,QpQ. at P/ X, another
point on the cubic and on the line X P* (see §1.4.1, remark 2).

For any point M on the cubic, we find the following collinearities :
- M, X, h(M),

- M, M*, P,

- M, P*, P/M,
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~ M, P/X, h(M*)*.

This easily gives the polar conic of M in the cubic.

6. If M and M* are two isoconjugate points on the cubic then X*, h(M), h(M*) are
three collinear points on the cubic.

7. For any M on the cubic, the polar conics of M and h(M) meet at four points which
are the poles of the line Mh(M) in the cubic. Since Mh(M) passes through X,
these poles lie two by two on £ and on the inflexional tangent at X.

8. If X’ and X" are the two other real flexes on the cubic collinear with X, the cubic
is also invariant under two other homologies with centers at these points. The three
corresponding axes £, L', L” are concurrent.

3.7.4 pK with given axis and pole

Theorem : for a given axis £ and a given pole (), there is a unique pK
invariant under a harmonic homology.

The center of the harmonic homology is

p p q r
RIS AT
l +m2+n2

the isoconjugate of the trilinear pole @ of £ in the isoconjugation with pole Q2/€2.
Examples :

e with Q = K and £ = L, we obtain the Darboux cubic, actually a central cubic
centered at X = O.

e with 2 = K and £ = GK, we obtain the cubic with center Xsg, pivot P =
at + b2 +3a2(B> +32) 1 .

e with Q = G and £ = IP(X75), we obtain the cubic with center Xg3, pivot P =
(b2 — )2 /a+ a(2b* 4 2¢% — 3a?) : : . (isogonal conjugate of Xo155) passing through
G, Xgo, X189, X329, Xo184. The inflexional tangent at Xg3 passes through I. This
cubic is the isogonal transform of pA(Xs2, X¢10). See figure 3.14.

3.8 nK and harmonic homologies

This paragraph borrows several ideas by Wilson Stothers.

3.8.1 Generalities

Let us consider the cubic K = nkC(2, P,Q) with pole Q =p:q:r,root P=u:v:w
passing through @ = « : 5 : v (not lying on a sideline of ABC') and obviously through
its isoconjugate Q*.

This cubic has equation :

aBy 3 ua(ry® +¢2%) =ayz 3 ua(rf® +¢7).

cyclic cyclic
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Figure 3.14: Isotomic pK invariant under harmonic homology

Q is a flex or a node on the cubic if and only if it lies on the hessian of the cubic
which expresses that the polar conic C(Q) of @ is degenerate. A calculation shows that
this condition is equivalent to

Z avw =0 (3.1)

cyclic

or

> pou(rp® — ¢?)* = 0. (3.2)

cyclic

The equation (3.1) shows that @ must lie on IP(P) i.e. P must lie on C(Q), the circum-
conic with perspector ). But K already meets IP(P) at three points (on the sidelines
of ABC') hence it must degenerate into IP(P) and the circum-conic with perspector P*
which is its isoconjugate.

The equation (3.2) can be construed as

1. @ must lie on the circum-quintic with equation

Z puz(ry? — qz*)?> =0 (3.3)
cyclic

passing through the fixed points of the isoconjugation in which cases K is a cK.

2. ©Q must lie on the ¢/ with equation

Z auz(zf% —yy*)? =0 (3.4)

cyclic

with singularity the barycentric square Q? of Q, with root the barycentric product
Q x R of Q and R.
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3. P must lie on the line £(£2, Q) with equation

> pa(rf —gy*)’ e =0, (3.5)
cyclic
1 . .
pa(rf? —qy?)? "
This line £(£2, Q) contains the two following points :

1
o Py = v 1 1, the trilinear pole of the line QQ*,
a(rf? — qy?)

N
p(rB% — qv?)

Note that these two points lie on C(Q).

which is IP(P;) where P} =

o P = .+, the Q?-isoconjugate of IP(Q) N IP(Q*).

In both cases, the cubic degenerates :
e nk(Q2, P»,Q) is the union of the line QQ* and the circum-conic which is its
isoconjugate,

e nfC(Q, P3, Q) is the union of IP(Ps) (which contains () and the circum-conic
which is its isoconjugate with perspector P;.

3.8.2 nk(Q, P,Q) with P on £(, Q)

Let then P be a point on £(£2, Q) distinct of P, and Ps.

All the corresponding cubics n/C(Q2, P, @) form a pencil of cubics which is generated
by the two decomposed cubics nk(Q2, P, Q) and nkC(Q, P35, Q).

For any cubic K of the pencil, we have the following properties :

1. K passes through A, B, C, Q, Q*,
2. the tangent at @ is the line IP(P3),

3. the tangent at QQ* is the line QQ*,

Note that these two lines are independent of P and intersect at Q).

4. The polar conic of @ is the union of IP(P3) and the harmonic polar H (2, Q) of @
in . H(Q, Q) passes through Q* and, for any point M on this line, the polar line
of M in K passes through Q.

Thus, K must meet H (2, Q) at two other (real or not) points 1, Q2 which are
the common points of H(2, Q) and the conic which is its isoconjugate (this conic
contains @). Obviously, the tangents at Q*, @1, Q2 to the cubic concur at Q.

It follows that any line through @Q meets the cubic K at two other points M, M’
and the line H (2, Q) at N such that N is the harmonic conjugate of () with respect

to M, M’. In other words, K is invariant under the harmonic homology with axis
H(2,Q) and center Q.

Several special cases are interesting :
e when @ lies at infinity, IC is an oblique nkC (see §3.6.1),
e when Q* lies at infinity, K is a central nk (see §3.3),
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3.8.3 Special nC(Q2, P,Q) with P on L(2,Q)

We have already seen that we obtain two decomposed cubics when P is either P or
Pj.
When P is choosen so that nk(Q2, P, Q) contains one of the fixed points of the iso-
conjugation, the cubic is a cK.
In general, this pencil of cubics also contains one and only one nKy when P is the
point
Py = p(rB® — ¢v")p(pB°7* + ¢7*a® + ra’8%) — 3grat)fa : :

the common point of £(£2, Q) and the line D(£2, Q) with equation

Z a(rB?+gy?) = 0. (3.6)

cyclic

D(Q,Q) is IP(Z*) where Z = pa(rp? + ¢y?) : : , the pole of the line QQ* in the
circum-conic through ) and Q*.
Naturally, if these two lines are equal, all the cubics of the pencil are n/Cy. This arises
when
> qrata(rB — qv)(rB* + qy®) = 3pBy(rB* — q7*)] =0 (3.7)

cyclic
which can be construed as 2 lies on a circum-quartic Q(Q).

For example, with Q = K, we find that the quartic contains Xig4, the barycentric
product of K and O, and that P must lie on the line X7190X112 containing the point
B9 = a?(b? — 2)S4(b* +c* — a* —b%c?) : : . This gives the cubic nko(X184, Fio9) with
center K, with axis OXg47, with inflexional tangent K Xo5. See figure 3.15.

0:

Figure 3.15: nKy invariant under harmonic homology



Chapter 4

Circular isocubics
Inversible 1socubics

This chapter is a generalization of [20]. See also [10, 11]. It ends with inversible
isocubics which are a special case of circular isocubics. A sequel of this chapter is found
in §8.5.

Some “unusual” examples of such cubics are shown.

Since the two circular points at infinity are isogonal conjugates, we have two different
situations examined in the two following paragraphs.

4.1 Main theorems for isogonal cubics

See [14] for details.

4.1.1 Pivotal isogonal circular cubics
e Theorem : all pivotal isogonal circular cubics are in the same pencil of
cubics.
An isogonal pK is circular if and only if its pivot P is on £ . All the cubics pass
through A, B, C, the four in/excenters and the two circular points at infinity.

gP is a point on the circumcircle : it is the intersection of the curve with its real
asymptote. The singular focus F' is the antipode of this point. The line OP is
the orthic line of the cubic : the polar conic of any of its points is a rectangular
hyperbola.

The most famous is the Neuberg cubic K001 with pivot X3g and singular focus
X110- It is the only cubic of this type that contains O (and H).

Another worth noticing is K269, the one with pivot X515 (point at infinity of 1H).
Its singular focus is Xig9 and it also passes through Xsg, X409, Xgo, Xg4, X102

See [9] for other examples.
e Pivotal isogonal focal cubics

It is easy to see that there are only three pivotal isogonal focal circular cubics (i.e.
Van Rees focals) : they are obtained when the pivot is the point at infinity of one
of the altitudes of ABC.

66
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Indeed, the isogonal conjugate of the point at infinity of one of the altitudes of ABC
is the antipode of the corresponding vertex of ABC on the circumcircle. Thus, the
singular focus of such focal cubic must be a vertex of ABC and the focal tangent
contains O.

More precisely, let pK4 be the cubic whose pivot is the infinite point of the altitude
AH. We have the following properties, see figure 4.1.

1. the singular focus of pK 4 is A and its polar conic is the A—Apollonian circle
of ABC'. This is the circle with diameter the intersections of BC' with the two
bisectors of angle A. This circle contains A and the isodynamic points X5,
Xi6-

2. the focal tangent at A passes through O and the antipode Ap of A on the
circumcircle. Ap is the tangential of A on pK4 and the isopivot of pK4.

3. the real asymptote is the parallel at Ap to the altitude AH or equivalently,
the reflection about O of this altitude.

4. the orthic line of the cubic is the perpendicular bisector A4 of BC' hence the
polar conic of any point on A4 is a rectangular hyperbola whose center lies
on the circle E4 which is the reflection of the A—Apollonian circle about A 4.
This circle F4 is in a way the Euler circle of the cubic.

5. in particular, the polar conic of the infinite point of A 4 is the diagonal rect-
angular hyperbola whose center is the reflection A’ of A about A4. Note that
this point A’ lies on the circumcircle. This diagonal rectangular hyperbola
contains the in/excenters of ABC and the midpoint of BC'.

6. it follows that any circle with center 2 on A4 which is orthogonal to F4 (and
therefore passing through B and C') meets the line AQ at two points on pK 4.

7. pK 4 is an isogonal n/C with respect to infinitely many triangles. Let M, My
be two points on pK4. The circum-circle of AM;Ms meets pK 4 again at Mg
which is the reflection about the diameter passing through A of the isogonal
conjugate (with respect to the triangle AM;M,) of the infinite point of the
altitude AH.

Now, if M/ is the reflection of M; in A4, the parallel at M/ to A4 meets the
line M;M;j, at U; on the cubic. These three points U; are collinear and the
trilinear pole of the line UyUsUs with respect to the triangle My My Mg is the
root of the cubic.

For any point Z on pK4, the isogonal conjugates g7z, Z* of Z in ABC,
My MsMs respectively lie on a line passing through A. Since Z* also lies
on the reflection of the line ZgZ in A, (hence parallel to Ay), this point Z*
is independent of the triangle My Mo Ms.

This property can actually be adapted to any focal cubic.

8. pK 4 has three real prehessians and one of them pH 4 is a stelloid with radial
center A. Its asymptotes are the parallels at A to those of the McCay cubic.
Obviously, the nine common points of pK 4 and pH 4 are the points of inflexion
of the two curves.

9. apart isogonal conjugation, pK 4 is invariant under seven other transformations
namely :
— four inversions, each one with pole one in/excenter which swaps one ver-

tex of ABC and the corresponding other collinear in/excenter. These
in/excenters are called centers of anallagmaty of the focal cubic.
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— three involutions swapping any point of the plane with the center of its
polar conic with respect to one of the three prehessians. When we take
pH 4, this involution is given by :

(x:y:2)— (dPyz+ b2z + oy —bP2(x+y+2): —Cylz +y + 2)).

This is the commutative product of a reflection about a A—bisector of
triangle ABC' and an inversion in the circle with center A, radius Vbe.
The two other involutions are similar and the two corresponding circles
have their centers on the A—median of ABC.

Figure 4.1: The pivotal isogonal focal cubic pk 4

e Pivotal isogonal degenerate cubics

A pivotal isogonal cubic degenerates into a line and a circle if and only if P is the
point at infinity of one of the six bisectors. In this case, the line is the bisector and
the circle passes through the remaining in/excenters and vertices of ABC'.

e Construction of a pivotal isogonal circular cubic knowing its pivot

Let ¢ be the line through I (incenter) and P (at infinity) and let (¢) be a variable
circle tangent at I to ¢, centered at w on the perpendicular at I to /.

The perpendicular at gP to the line wF meets (¢) at M and N on the cubic.
Following §1.4, remark 2, we see that N = gP/M

e Further remarks

1. The real asymptote is parallel at gP to £ and meets the circumcircle again at

E.
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When P traverses £ | the real asymptote envelopes a deltoid, the contact
point being the symmetric of F about gP. This deltoid is the anticomplement
of the Steiner deltoid Hs. It is the envelope of axis of inscribed parabolas in
triangle ABC'.

. The polar conic of P is the rectangular hyperbola centered at E passing

through the four in/excenters. ABC' is autopolar in this hyperbola.

There are two other points P; and P, on the cubic (not always real) whose
polar conics are rectangular hyperbolas : they lie on the line OP and, since
they are isogonal conjugate, on the rectangular hyperbola ABCHgP as well.
From this it is obvious they are two points on the McCay cubic and their
midpoint is on the polar conic of P.

. The line gMgN passes through a fixed point @ = P/gP of the cubic which

is the common tangential of gP and the vertices of the cevian triangle of P.

. The tangents at M and gM to the cubic pass through the isogonal conjugate

of the midpoint of MgM.

. The poloconic of L is the hyperbola with focus F', directrix the parallel at O

to the Simson line of F, eccentricity 2. One of its vertices is F and the other
S is the homothetic of E under h(F,1/3). Note that the line FE is the focal
axis and that the asymptotes are obtained by rotating this focal axis about
the center of the hyperbola with angles +60° and —60°.

For any choice of P, this poloconic passes through the vertices of the circum-
tangential triangle formed by the points T; on the circumcircle such that the

line T; gT; is a tangent to the circumcircle. See figure 4.2 for an illustration
with the Neuberg cubic KOO1.

. The in/excenters are four centers of anallagmaty of the cubic. In other words,

the cubic is invariant under four inversions with pole one in/excenter I, each
swapping one vertex of ABC and the in/excenter that lies on the line through
this vertex and 1.

4.1.2 Non-pivotal isogonal circular cubics

e Theorem : all non-pivotal isogonal circular cubics are in the same net
of cubics.

They all are Van Rees focals with singular focus on the circumcircle.

A computation shows that there is only one non-pivotal isogonal circular cubic
with given root P(u : v : w). Its equation is :

or

2(Sau+ Spv + Scw)zryz + Z uz(c®y?* +b*2*) =0

cyclic

Z uz(y? + %22 +2S4y2) =0

cyclic

in which we recognize the equation of the circle centered at A passing through O.
Hence, the net is generated by three decomposed cubics, one of them being the
union of this circle and the sideline BC, the two others similarly.
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polar conic

polar conic
of X110

poloconic
of Lo

Figure 4.2: Polar conics and Poloconic of £ in an isogonal pK

The third (real) point on £L*is Z = (v —w : w — u : w — v) which is the point at
infinity of IP(tP) with equation ux + vy +wz = 0.

The real asymptote is obviously parallel to this line.

The singular focus is gZ = [a?/(v — w) : b /(w — u) : ¢*/(u — v)] clearly on the
circumcircle and on the cubic.

This cubic is the locus of foci of inscribed conics in the quadrilateral formed by the
four lines AB, BC,CA and UVW = IP(P). The singular focus F of the cubic is
the Miquel point of the quadrilateral.

Equivalently, this cubic is the locus of foci of inscribed conics

— with center on the Newton line of this quadrilateral which is IP(taP). Note that
the Monge (orthoptic) circles of these conics form a pencil of circles passing through
the (not always real) antiorthocorrespondents of P (see [31] and [22]).

— with perspector on the circum-conic with perspector P.

e Two points R and S that are not isogonal conjugates define one and only one
cubic nkC of the net denoted by nKrg. Then nrg passes through gR, g5 and
through Ry = RSNgRgS, Ry = RgSNSgR, Rs orthogonal projection on Ry Ry of
RgRN SgS. The singular focus F' (on the circumcircle) is the second intersection
of the circles RoRS and RegRgS.

If A is the line through the midpoints of RgR and SgS !, nKrs is the locus of

!These midpoints are distinct since R and S are not isogonal conjugates.
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foci of inscribed conics whose center is on A and the real asymptote of nKrg is
hra(A) 2.
Let us call now «, 3,7 the points where A meet the sidelines of the medial triangle

of ABC and U, V, W the symmetrics of A, B,C about «, 3,~ respectively. U, V, W
are collinear and the trilinear pole of this line is the root P of the cubic.

Now let R’ be the intersection of the line FgR with the parallel at R to the
asymptote and define S’, gR’, g5’ likewise. The four circles with diameters RgR’,
gRR', SgS’, g55 are in the same pencil F whose axis is A and whose radical axis
is denoted by A’. The parallel at I’ to the asymptote intersects A’ at gX whose
isogonal conjugate is the point X where nKCrg meets its asymptote.

From all this, we see that nKrg is :

— the locus of intersections of circle of F centered at w with the line Fw.

— the locus of intersections of circle (of the pencil F') centered at € on A" and
orthogonal to F with the perpendicular at X to F().

— the locus of point M from which the segments RS and gRgS (assuming they
are not equipollent) are seen under equal or supplementary angles. For this
reason, this cubic is called an isoptic cubic.

Remark :

The pencils of circles F and F’ are orthogonal : the base points of one are the
Poncelet points of the other. Those two points are on nrg and are the contacts
of the two tangents from F'.

e The cubic has a singularity if and only if the quadrilateral is circumscribed to a
circle i.e. if and only if UVW is tangent to one of the in/excircles i.e. if and only
if the root P is on one of the trilinear polars of the Gergonne point or one of its
harmonic associates. (See §4.3.2 below)

The singularity is the center of the circle and, consequently, those cubics are the
only conico-pivotal ? cubics we can find among non-pivotal isogonal circular cubics.
Then, the pivot (remember it is a conic) is the envelope of the focal axes of inscribed
conics in the quadrilateral and therefore a parabola tangent to the three diagonals
of the complete quadrilateral.

¢ Remark :

When P lies on the orthic axis, the term in xyz vanishes and we get a pencil of
nkop with a simpler equation :

Z ux(c?y® +°2*) =0 with Squ+ Spv + Scw = 0.

cyclic

All these cubics contain the four foci of the inscribed conic with center the Lemoine
point K.

See several examples in §4.3.3 and §4.3.4 below.

2This asymptote is perpendicular to the Simson line of F.
3See [24] and §7.3.3, §8 below
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4.1.3 Non-pivotal isogonal circular cubic with given root

We provide a detailed construction of such cubic assuming we know its root P # G.4
We suppose that the cubic is not unicursal. See Chapter 8 to cover this case.

1.

Draw Ap = IP(P) intersecting ABC sidelines at U, V, W and the Newton line A
of the complete quadrilateral (passing through the midpoints of AU, BV, CW).

. The isogonal conjugate of the point at infinity of A is F' (singular focus) and the

homothetic of A (center F', ratio 2) is the real asymptote.

Let A" be the intersection of AF and the parallel at U to A (B’, C’ likewise) and
A" the intersection of UF and the parallel at A to A (B”, C" likewise). These six
points lie on the cubic.

Let us call F the pencil of circles containing the circles with diameters AA’, BB’,
CC', UA"”, VB", WC"”. Tts axis is A and its radical axis is A’ intersecting the
parallel at F' to A at X* isogonal conjugate of X, intersection of the cubic with its
asymptote. The tangent at F' to the cubic is F'.X.

Each circle v of F centered at w on A intersects the line Fw at two points M and
N which are on the cubic and their isogonal conjugates gM, gN as well. Notice
that MgM and NgN meet on A’ and that MgN and gM N are parallel to the
asymptote. The base-points (real or not) of F are on the cubic.

The conic through the midpoints of AA”, BB”, CC", UA', VB', W(C', FgX is
the polar conic of the point at infinity of the asymptote. This is a rectangular
hyperbola centered at 2 on the asymptote and on the circle I' with diameter F'X
belonging to F. The intersection of A and A’ lies on the rectangular hyperbola
whose intersections with I' are two points on the cubic.

the polar conic of F is the circle through F' centered at the intersection of A’ and
the perpendicular at F' to F'X.

the circle I' meets A at £y and Ey. The lines F'Ey and F'Ey are the bisectors at
F of the lines FX, FX*. These lines intersect the rectangular hyperbola above at
four (real or not) points which are the centers of anallagmaty O; of the cubic. In
other words, the cubic is invariant under the inversions with pole O; swapping F
and the other point O; collinear with F' and O;.

More precisely,

— if the base-points of F are real then the cubic is bipartite and the four centers of
anallagmaty O; are all real,

— if the base-points of F are not real then the cubic is unipartite and only two of
the four centers of anallagmaty O; are real.

4.1.4 Non-pivotal isogonal circular cubics with given focus

Let F be a given point on the circumcircle and gfF’ its isogonal conjugate at infinity.
All the non-pivotal isogonal circular (focal) cubics with focus F' form a pencil of cubics
and their roots lie on IP(tgF)= Lp. This line always contains G since tgF' is a point on
the Steiner ellipse collinear with F' and the Steiner point Xgg. Notice that the trilinear

“When P = G, the cubic decomposes into £ and the circumcircle.
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polars of the roots are tangent to the inscribed parabola with focus F', directrix the
Steiner line of F' and perspector the point tgF. All the cubics have obviously parallel
real asymptotes and each one meets its asymptote at a point X lying on the circum-conic
I'r through F' and gF', the isogonal transform of the line F'gF. The tangent at F' to
I'r meets the circumcircle again at ® and the perpendicular at ® to this tangent is the
locus of the centers of the circles which are the polar conics of F.

Let then Qr be a point on this latter line and g the circle with center (p passing
through F'. The tangent TF at F' to yp meets I'r at the point X. The parallel at the
midpoint of F X to FgF' is the Newton line of a quadrilateral such as the sought cubic is
the locus of foci of inscribed conics in this quadrilateral. The homothetic of this Newton
line under h(A,2) meets the line BC' at U and V', W are defined similarly. These three
points are collinear and the trilinear pole of the line is the root P of the cubic.

To realize the construction, take a point on the perpendicular at Qp to FgF and
draw the circle centered at this point orthogonal to the circle with diameter F'X. This
circle belongs to the pencil of circles containing vz and having the Newton line as radical
axis with it. The contacts M, N of the tangents drawn through F' to this circle are two
points on the cubic.

Remark :

e The isogonal conjugate of X is the intersection of F'gl' with its perpendicular at
Qp .

e The following triads of points are collinear : X, M, N - X, gM, gN - gX, M, gN
- gX’ Na gM

e The perpendicular at Qp to FgF meets the circle with diameter F X at two (real
or not) isogonal conjugate points and the tangents at these points pass through
X. These two points also lie on the circle orthogonal to vr whose center is the
intersection of the Newton line and the perpendicular at £’ to X F'. This circle and
this perpendicular meet at the two centers of anallagmaty F, Fs of the cubic.

e The circle yr meets the Newton line at two (real or not) points on the cubic and
the tangents at these points pass through F'. These two points lie on the isogonal
circular pK with pivot gF'. Notice that the reflection F’ of F' in ® is the tangential
of F' in this pK.

Special cases :

The aforementioned pencil contains :
e one degenerated cubic into the circumcircle and £ obtained when P = G.
e one nky obtained when P is the intersection of the orthic axis and Lp.

e four strophoids with nodes the in/excenters obtained when P is the intersection
of the trilinear polar of the Gergonne point (or an extraversion) and Lp. This
happens when g contains one of these in/excenters.

e one central cubic obtained when €z is the infinite point of the perpendicular at ®
to F'd.



J.-P. Ehrmann and B. Gibert 74

e one “axial” cubic obtained when Qg lies on the perpendicular at F' to FgF', the

axis of symmetry being this perpendicular. The real asymptote is the asymptote
of I'p which is parallel to the line F'gF.

The figure 4.3 shows the pencil of cubics obtained when F' = Xgg.
Axial Nodal nKo /

. L
cubic cubia
|

\
\
|

Central
cubic

Figure 4.3: Pencil of focal cubics with focus Xgg

4.2 Main theorems for non-isogonal cubics

Throughout this section, we take Q(p : ¢ : ) # K as pole of the isoconjugation which
is therefore not isogonal conjugation.

We call Co, the circumconic which is the isoconjugate of £°° and whose equation is :

B—l-g—i-f =0 <= pyz+qze +rzy =0.
x oy oz
C is the circum-conic with perspector Q. Its center is cq = [p(¢ + 7 — p)] = G/Q.
Cs intersects the circumcircle at A, B,C and a fourth point Sq which is the trilinear
pole of the line K. Sq is analogous to the Steiner point (obtained when Q = G) and
its coordinates are [1/(b%r — c2q)].
Now we call dq the line which is the isoconjugate of the circumcircle and whose equation
is :

a? b? c? 9 9 9

;x—i-gy—l-?z:o < a“qrx + b"rpy + c“pqz = 0.

dq is clearly IP(tg(). dq is analogous to the de Longchamps line (obtained when Q = G).
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4.2.1 Pivotal non-isogonal circular cubics

e Theorem : for any point 2 # K, there is one and only one pivotal (non-
isogonal) circular pK with pole Q.

Its pivot is :
Po = [b*c®p(q+r —p) — (b*rp+ c'pg — a’qr)]

which is the reflection of Sq in dq.

The two circular points at infinity being J1, J2 and their isoconjugates being
Ji,Jy, it is interesting to remark that the pivot P is the intersection of the
imaginary lines 7177 and JoJ5. Note that Ji*, J; are the common (imaginary)
points of IP(tgQ) and Co..

Note also that the isoconjugate Pg of the pivot Pq is igP, the inverse (in the
circumcircle of ABC') of the isogonal conjugate of Pq. It follows that, if Py # H
is given, then the pole 2 is the barycentric product of P and igP.

With P =u: v :w, this gives

Q = [a*(2u(—Su + Spv + Scw) — (—a*vw + b*wu + Fuv))].

The Droussent cubic is a good example when we consider the isotomic conjugation.
See [20]. See also §4.3.5 below.

e Remarks :

1. recall that Pq is not defined when 2 = K.

2. the mapping 6 : Q — Py has four fixed points A, B,C and Xg7. See §4.3.5
below.

3. 0 maps any point on the orthic axis to H. Hence, all the circular pK having
their pole on the orthic axis have the same pivot H and form a pencil of cubics
passing through A, B, C, H, the feet of the altitudes and the circular points
at infinity.

e Constructions

The construction met in §1.4.3 is easily adapted in this particular situation and
the construction of the real asymptote is now possible with ruler and compass. If
Tq denotes the reflection of Sq about cq and N¢ the isoconjugate of Nq (reflection
of Py about Tq, apoint on the polar conic of Pg), then the real asymptote is the
parallel at N, to the line PoTq. T¢; is the (real) point at infinity on the cubic and
Tq obviously lies on the cubic and on C as well. It is the coresidual of Pq, P
and the circular points at infinity. This means that any circle through P and P
meets the cubic at two other points collinear with Tg.

In particular, the circles APoP;, BPoP35, CPoPy intersect the lines ATq, BTq,
C'Tq again at As, Bs, C5 respectively, these points lying on the cubic. Hence the
parallels to the asymptote at A, B, C meet the lines PoAs, PoBs, PoCs at «, S,
~ respectively, these points lying on the cubic too. As is the isoconjugate of v and
can also be seen as the second intersection of circles P5BC and P3PoA.

It is now possible to construct the point X where the cubic intersects its asymptote.
The circles PoAa, PaBpB, PoCvy meet at X*. X is the isoconjugate of X* such
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that Po, X, X* are collinear on the curve. We remark that X is the common
tangential of Ay, By, Cy and X lies on the circumcircle of AsBsCy. This circle
passes through the center of the polar conic of the infinite point 7¢), a point on the
real asymptote. This conic is actually a rectangular hyperbola that meets the cubic
again at four other points which are the in/excenters of As BoCy and therefore the
centers of anallagmaty of the cubic.

This gives the following
e Theorem : a non-isogonal pivotal circular cubic is an isogonal pivotal
circular cubic with respect to the triangle A;B>C5.

The singular focus F' of this circular cubic is the common point of the perpendicu-
lars at Ay, Ba, C5 to the lines X Ay, X By, XC4 (see [5], tome 3, p.90, §21) and F is
the antipode of X on the circle A2 BoCy. F also lies on the perpendicular bisector
of P X™.

Let us denote by P,P,P. the cevian triangle of P. The lines P, Ay, P,Bs, P.Co
concur on the cubic at () whose isoconjugate Q* is the sixth intersection of the
cubic with the circumcircle. @ is the real intersection of the cubic with dq and the
line QP is parallel to the asymptote.

Note that Po, P35, Po/Pg3, Q and Pq, P35, Q, To are two sets of concyclic points.

Figure 4.4 shows the Droussent cubic KOO8 considered as an isogonal circular
pivotal cubic.

In this case, Ay = —a® —b%> —c? 1 a® +b> —2¢? : a® — 2b% + %, By and O, likewise.

More generally, with Q =p: ¢ : r, denote
Uo=2(Sap+Spq+Scr),

Ua :2a2qr—b2r(p+q—7“) —02(1(29—(14‘7"),
Ty = V16A2qr + (c2q — b2r)2.

The corresponding quantities Up, Ugo and T, T are defined cyclically.

With these notations, we obtain :
Ay =pUp:Uc:Up ; By=Ug:qUp:Usx ; Co=Up:Ux:1Up,
and the incenter of Ay By(Cy is

E,=pUpTA+UcTp+UBTc : qUOT+UATec+UcTr : rUoTo+UpTaA+UATg.

The excenters E,, Ej, E. are easily obtained by successively replacing in E, the
quantities T4, T's, T by their opposites.

For example,

E,=—pUpTa+UcT+UTc : qUoOTg+UATc—UcTA : rUpTo—UTA+UATR.

Naturally, with 2 = Xg, the points Ay, Bs, C5 are the vertices of ABC and the
points E,, E,, Ey, E, are its in/excenters.
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Figure 4.4: The Droussent cubic

e Theorem : a non-isogonal pivotal circular cubic is a focal if and only if
its pole lies on one symmedian of triangle ABC'.

We already know that the singular focus F' of such a cubic lies on a circle having six
common points with the curve : Ay, Bo, Co, X and the circular points at infinity.
Hence, ' must be one of the points Ay, By, (5 in order to have a focal cubic.
Taking for example F' = As, a straightforward but tedious computation shows that
the pole © must lie on the symmedian AK (€ distinct of A and K).

In this case, Py is a point of the altitude AH and the cubic passes through its foot
H, on BC. P} lies on the line AO and the cubic is tangent at A to this line. We
have S = A and Jq is parallel to BC.

4.2.2 Non-pivotal non-isogonal circular cubics

e Theorem : for any point 2 # K, all non-pivotal (non-isogonal) circular
cubics with pole (2 form a pencil of cubics.

The pencil is generated by the two following degenerate cubics :

— one into £* and the circumconic Co, with center cq, the G—Ceva conjugate
of €,

— the other into the circumcircle and the line do with singular focus the circum-
center O.

The nine base-points defining the pencil are :
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— the three vertices of ABC,

— the two circular points at infinity J1, Jo,

— their isoconjugates J;, J5, on dq and on Cu,

— the point So on the circumcircle, the trilinear pole of the line K2, and its
isoconjugate Sgy = [p(b?r — ¢%q)] on £ | the infinite point of dq.

The root Rq of each cubic of the pencil lies on the line through G and tg2. Hence
R, lies on the circumconic passing through K and €. In particular, when Rg = G
we have R, = Q and when R = tgQ2 we have R, = K. The two corresponding
cubics are the degenerate cubics above.

The singular focus Fq lies on the line passing through O, P (see below) and the
isogonal conjugate gPq of Pq.

The polar conic of S§ is a rectangular hyperbola for any Rq and, when Rg traverses
the line through G and tg(2, these hyperbolas belong to a same pencil generated
by the two following decomposed rectangular hyperbolas :

— one is the union of dq and the perpendicular at O to dq,

— the other is the union of £> and the line passing through the midpoint Zg of
PoSq and the center cq of Cupo.

Note that Zq lies on the Simson line of Sq.

Special cubics of the pencil
For a given pole 2 # K, the pencil contains :

— one focal cubic when Rgq is the orthocorrespondent PS% of Pq. This is the cubic
of the pencil passing through P and Fj. See below for more details.

— the two decomposed cubics cited above with roots G and tg(2 respectively.
— one nky.

— one proper nkT.

Construction of a non-pivotal non-isogonal circular cubic with given pole
QO#£K

We recall and adapt the construction of this cubic from that of §1.5.4 since we
know two isoconjugate points on the cubic namely So and S,.

With given root R on the line G-tg(), we construct the trilinear polar g of Rg
meeting the sidelines of ABC at U, V', W. Note that, when R, varies, [r envelopes
the inscribed parabola with perspector the trilinear pole of the line G-tg(). This
parabola has focus Sq and directrix the radical axis of the circles with diameters
AU, BV, CW. This directrix passes through Pq.

The cevian lines of S meet (g at Uy, Vi, Wi. For any M on [r, we construct the
homologue M’ of M in the involution that swaps U and Uy, V and Vi, W and Wj.
The line SoM’ meets the circumconic passing through S¢ and M* at two points
on the cubic.

In particular, the cubic contains A; = SqA N S4U and its isoconjugate A} =
SoU N SHA, four analogous points being defined similarly. Note that six lines are
parallel to the real asymptote namely UA;, AA7, etc, and the conic passing through
the midpoints of any two of these six pairs of points is the rectangular hyperbola
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that is the polar conic of the infinite point S¢, of the cubic. Thus the real asymptote
of the cubic passes through the center of this rectangular hyperbola.

When the involution is hyperbolic, it has two real fixed points F}, F5 on the line
[r. In this case, the lines SqFy, SqoF> meet the polar conic of S, at four points and
the cubic is an isogonal pivotal cubic with respect to the diagonal triangle of the
quadrilateral formed by these four points. The pivot is S¢, and the four points are
the in/excenters of the diagonal triangle. One vertex is obviously Sq and the two
other lie on the polar line of Sq in the polar conic of S&. This polar line contains
P and the third point of the cubic on this line is its intersection X™* with the line
SaSG, the parallel at Sq to the asymptote.

The circumcircle of the diagonal triangle contains the center of the polar conic of
S, and meets the real asymptote again at X on the cubic. X is the isopivot of the
cubic i.e. the isogonal conjugate of S& with respect to the diagonal triangle.

The antipode of X on the circle is the singular focus F' of the cubic and the parallel
to the real asymptote at the center of the circle (the midpoint of X F) is the orthic
line of the cubic.

Characterization of a non-pivotal non-isogonal circular cubic with given
pole Q # K

Following §1.5.3, any non-pivotal non-isogonal circular cubic with given pole Q # K
is the locus of M such that M and M™* are conjugated with respect to a circle
with center Pq. This circle is orthogonal to all the circles with diameter any two
isoconjugate points on the cubic such as AU, BV, CW, A; A7, etc.

e Theorem : for any point 2 # K, there is one and only one non-pivotal
(non-isogonal) circular focal cubic with pole Q.

Recall that its root is the orthocorrespondent PQL of Pq.
Its singular focus is P¢ on the curve that also passes through Po.

The point X* = 5qS¢ N PoF;; is the isoconjugate of X intersection of the cubic
with its real asymptote. We remark that X is the antipode of P35 on the circle
through Pq, P and So. This asymptote is clearly the homothetic of the line dq,
center P, ratio 2.

The polar conic of X passes through Sq, S§,, Po, P35 and X : the tangents to the
cubic at Sq, S5, Po, g all pass through X. It follows that this focal cubic is an
isogonal circular pivotal cubic with respect to the triangle PoPg3Sq.

This focal cubic can be seen as the locus of contacts M and N of the tangents
drawn from P to the circles of the pencil generated by the two circle-points Py
and Sq. The Poncelet points of this pencil of circles are the points J", J5 on
0q. If M* and N* are the isoconjugates of M and N, we have the four following
collinearities on the cubic :

X,M,N — X,M*,N* — X*, M*,N — X*, M, N*.

The polar conic of P is the circle of this pencil that passes through Ff.

An example of such cubic is given in §4.3.6 with isotomic conjugation.

Construction
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The construction of the focal cubic is fairly easy. A variable line passing through
P and the center of a variable circle passing through Po and Sq meets the circle
at two points on the focal cubic.

Characterization of a non-pivotal non-isogonal focal cubic with given
pole Q # K

Any non-pivotal non-isogonal circular cubic with given pole Q2 # K is the locus of
M such that M and M* are conjugated with respect to the circle with center Pq

and radius 0. In other words, this cubic is the locus of M such that the circle with
diameter M M* contains F.

4.3 Some examples

4.3.1 KO060 = K,, K073 = K, : two circular pivotal cubics

It is known that the Neuberg cubic is the locus of point M such that the triangles
ABC and M,My,M, are in perspective, where M, My, M. are the reflections of M about
the sidelines of ABC' ®. This means that the lines AM,, BM,, C M, are concurrent at N
and then the locus of N is the cubic I, or K060 . See figure 4.5.

Its equation is :

Z Sax [(4S3 — a®b?)2? — (4SF — a®)y*] =0

cyclic

asymptote

Lester circle

Figure 4.5: K060 or the K, cubic

5MaMg,MC is called 2-pedal triangle in [51] and K, is the 2-cevian cubic associated to the 2-pedal
cubic (Neuberg) and the —2-pedal cubic (Napoleon).
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Ky, is the circular pKC with pivot Xog5 = giH and pole a point named P, = X989 =
gX3o3 6. This point will have a great importance in the following chapters.
KC,, passes through many centers such that H (the isoconjugate of the pivot), X5, Xi3,
)(147 )(307 )(797 X807 X265, X621, X622 7 and is tangent at A,B,C to the altitudes of
triangle ABC.
Its singular focus (not on the curve) is the reflection of X119 about Xj95 or the reflection
of X399 about X5. 8
The fourth real intersection F with the circumcircle is the second intersection of the
line X5X119 with the circumcircle and also the sixth intersection with the rectangular
hyperbola through A, B,C, H, X5.?
Its real asymptote is parallel to the Euler line at X399 or X303. /), intersects its asymp-
tote on the line through Xog5 and gigXsgg, this point lying on the Lester circle and on
K.
Ky, is also the isogonal image of the inversive image of the Neuberg cubic in the circum-
circle. Hence any point on the Neuberg cubic gives another point on /C,,.
K, can also be obtained as the locus of point @) center of perspective of ABC and
ApnByChr where M is on the Neuberg cubic and Ajs is the isogonal conjugate of A
with respect to triangle M BC' (Bj; and C)y defined similarly)

Remark :

The inversive image of the Neuberg cubic in the circumcircle is another circular p/«C
we shall denote by IC; or KO73.

Its equation is :
Z a’Sy x [04(45% — a®’b?)y® — b'(4S% — ?a®)Z?] = 0
cyclic

Its pivot is O and its pole is Xj5p.

It passes through O, Xi5, X6, X35, X36, X54, X186, the midpoint of OXj19 (which is
iX399), the point at infinity of the Euler line of the orthic triangle (isoconjugate of
X54) and obviously the inverses of all the points lying on the Neuberg cubic.

4.3.2 Isogonal circum-strophoids. The Pelletier strophoid K040

e Following §4.1.2, we find a pencil of isogonal strophoids with double point at I
(incenter) if and only if the root P is on the trilinear polar of the Gergonne point
(X7 in [38, 39]) with equation :

b+c—a)xr+(c+a—-by+(a+b—c)z=0

e One case is particularly interesting : when P is X514 (point at infinity of the
trilinear polar above), we obtain the isogonal strophoid with equation :

Z (b—c)z(*y?* + %22 +2(b—¢)(c — a)(a — b)zyz = 0

cyclic

It is the locus of foci of inscribed conics whose center is on the line IG.

6 X305 is the reflection of X235 about X110, where Xo3 = iG and X110 is the focus of the Kiepert
parabola. P, is also the barycentric product of the Fermat points.

7X621, Xe22 are the anticomplements of the isodynamic points Xi5, X16 resp.

8This point is Eooar = [2(Sp b* + Sc ¢ — Saa') — a?b?c?).

9This point is X1141 = 1/ [(45% — b*c*)[a*(b* + ) — (b* — ¢*)?]]
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It passes through X7, Xsg, Xso, X106 (singular focus), X519 and the foci of the
Steiner inscribed ellipse.The nodal tangents are parallel to the asymptotes of the
Feuerbach rectangular hyperbola.

e Another case is worth noticing : when P is the perspector of the Feuerbach hyper-
bola i.e. the intersection of all the trilinear polars of the points of the Feuerbach
hyperbola. This point is Xg50 and is sometimes called Pelletier point with coor-
dinates : [a(b— ¢)(b+ ¢ — a)]. The trilinear polars of I, H, the Gergonne and the
Nagel points and many more all pass through it.

We shall call Pelletier strophoid the circum-strophoid with root at this point. See
figure 4.6.

\ anti-orthic
\, axis

- X156

‘-
/- e
~ /LL\"'HIW

’
trilinear polar,’ Feuerbach
of X650 ./ hyperbola

Figure 4.6: K040 the Pelletier strophoid

Its equation is :

Y ab—c)b+ec—a)x (Y’ +°2%) =0

cyclic
Its singular focus is X105 = gX518 (X518 is the point at infinity of the line IK).
This cubic is the locus of foci of inscribed conics whose center is on the line K.
Xo43 and Xogg are two isogonal conjugates lying on it.
Another point on the cubic is the intersection E of OI with the anti-orthic axis.

It is X1155 in [39] with coordinates :
[a(b2 + % — 2a? + ab+ ac — 2bc)| = [a ((b—c)2 +a(b+c—2a))]

gFE = X156 also lies on the cubic and is the last common point with the Feuerbach
hyperbola.

e The construction of the isogonal circum-strophoid &y with double point at I and a
real asymptote parallel to the given line /¢ is fairly easy :
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First, construct the isogonal conjugate F' of the point at infinity of ¢ 10 (F is the
singular focus) and the circle () centered at I passing through F. Then, draw the
rectangular hyperbola H, through I, F' and the three inversive images of A, B,C
with respect to (). If M is on Hy, the locus of its inversive image in () is Sp.
(See [41] for more informations)

Another very simple technique (due to McLaurin) consists in drawing the line A
parallel to £ at F' as defined above and take the symmetric F’ of I about F. Then,
for any point m on A, let M be the intersection of the perpendicular at m to F'm
and the parallel at I to F'm. The locus of M is S;.

From this it is clear that Sy is the pedal curve with respect to I of the parabola with
focus at F’ and directrix the parallel at I to £. Hence for any point M on Sy, the
line through M and gM is tangent to the parabola. Sy is an isogonal conico-pivotal
(see [24] and §8) cubic with pivotal conic the parabola described above.

The real asymptote is the reflection of A about I. The projection of I on A is
on Sy and its isogonal conjugate is the intersection of &y with its asymptote. The
circle with diameter IF’ intersects A at two points which are on the two tangents
at I. The perpendicular at F' to IF intersects the bisectors of the tangents at I
at two points where the tangents are parallel to the asymptote. They are the two
centers of anallagmacy of Sy.

Finally, the circle centered at I through F intersects Sy at F' and three other points
which are the vertices of an equilateral triangle.

Remark :

If ¢ is parallel to a bisector of ABC, say AI, Sy degenerates into the union of this
bisector and the circle through B, C' and the excenter which is on Al.

4.3.3 Three circular isogonal Brocard cubics

e K018 = B,

(We start from §4.1.2 again) If P is the point at infinity of the orthic axis ' (X523
in [39]), we find a nice Van Rees focal denoted by By with focus at the Parry point
(X711 in [38, 39]) and its asymptote parallel to the line GK. See figure 4.7.

The cubic passes through G, K, the Fermat points X3, X714, the isodynamic points
X15, X16, the equi-Brocard center Xsgg!'?, its isogonal conjugate, X524 (point at
infinity of GK), the vertices of the second Brocard triangle and their isogonal
conjugates.

Its equation is :
Z (0 — )z (PFy* +b%2%) =0

cyclic
Bs is the locus of :

1. contacts of tangents drawn from Xj1; to the circles passing through G and
K.

Draw a parallel at A to £ and reflect this parallel about the bisector AI. F is its second intersection
with the circumcircle.

HThis point is the perspector of the Kiepert hyperbola.

12See [38], p.267
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axis of the
focal cubic

focal axis of )
Steiner ellipses / -

‘polar conic
of X1

asymptote

Figure 4.7: K018 = B, the second Brocard cubic

2. foci of inscribed conics whose center is on the line GK. From this, it is obvious
that By passes through the foci of the inscribed Steiner ellipse.

3. point M such that the pole of the line MgM in the circum-conic through M
and gM lies on the Brocard axis OK. (See proposition 2 in §1.5.2)

4. point M such that K, M and the orthocorrespondent of M are collinear. (See
footnote in §7.2.2)

5. point M such that the three circles M BC, MCA, M AB meet the sidelines
of triangle ABC' again at six points lying on a same conic.
e K019 = B;

If P is the point [a?(b? — ¢?)Sa] 12, we get another Van Rees focal denoted by B
with focus at the Tarry point (Xog in [38, 39]) with its asymptote parallel to the
line OK. Bs passes through the two Brocard points €21, 2. Its equation is :

Z a®(b* — Sy x (Py? +0%2%) =0

cyclic

Bs is the locus of :

1. intersections of a circle through 1829, whose center is ), with the line 2 Xog.

2. contacts of the tangents drawn from Xog to the circles centered on ;)9 and
orthogonal to the circle with diameter £2;{2.

3. foci of inscribed conics whose center is on the line OK.

4. point M such that the pole of the line MgM in the circum-conic through M
and gM lies on the Euler line.

13 This point is Xear in [38, 39]. Tt lies on the orthic axis. It is the perspector of the Jerabek hyperbola.
It is also the isogonal conjugate of the trilinear pole of the Euler line
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e K021 = B;5 : Equal-area cevian triangles cubic

In a posting to the Math Forum dated Nov. 2,1999 (see also [40]), Clark Kimberling
raised and solved the following problem : the locus of point M such that the
cevian triangles of M and gM have the same area is the cubic denoted by Bs with
equation :

Z a?(b? — A)z(Py? — b*2%) =0

cyclic

This is clearly an isogonal circular pIC with pivot X512 (point at infinity of the
Lemoine axis), with singular focus Xgg (Tarry point) not on the curve. The cubic
passes through Xgg (Steiner point = gX519) and the two Brocard points.

¢ Remark :

There are two other “Brocard” isogonal (non circular) cubics :

— K017 = By is a nK through G, K, Xg9 = Steiner point, X510 = gXgg, the
vertices of the first Brocard triangle and their isogonal conjugates.
Its equation is :
Z (a* = b?A) x (Py? +b%2%) =0
cyclic
— K020 = B, is a pK with pivot X3g4'4 through many centers such that I, O,
H, X3, X39, X76, Xg3, X194, the vertices of the first Brocard triangle and
their isogonal conjugates.
Its equation is :
Z (a* +0%c?) z (Py? —b*22) =0

cyclic

4.3.4 KO072 another remarkable Van Rees focal

We know that there is a unique isogonal pXC through the points G, O, H, K and it
is the Thomson cubic with pivot G.
There is also a unique isogonal n/C through the same points and it is a Van Rees focal
with singular focus F' = Xgyo .15 See figure 4.8.

This cubic is the locus of point M such that the segments GO and KH are seen
under equal or supplementary angles. It is also the locus of point P whose pedal circle
is centered on the parallel at X5 to the line GXgs.

1 X3g4 is center of perspective of the first Brocard triangle and the triangle formed by the isogonal
conjugates. This point is on the Euler line.
5F is also :
e the reflection of Xog (Tarry point) about the Euler line.
e the reflection of X74 = gXso about the Brocard line.
e the second intersection (apart from Xii12) of the circumcircle and the circle OH K.

e the second intersection (apart from Xi10) of the circumcircle and the circle OG X110, isogonal
conjugate of Xsa2, point at infinity of the Fermat line i.e. the line through the Fermat points
X13, X14.
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Thomson
cubic

asymptote

Figure 4.8: K072 a Van Rees focal through G, O, H, K

Its equation is :

Z (bZ o 62)(b4 —|—C4 _ CL4 _ bQCQ)x(czyQ +b222)
cyclic

— (b = A) (P —a*)(a* =) (a® + D+ ) ayz =0

4.3.5 K103 parallel trilinear polars circular pKC

Following the remark in §1.4.2, it is easy to see that there exists only one circular
pK locus of point M such that the trilinear polars of M and its {2-isoconjugate M™* are
parallel. The pivot and the pole are Xg7, isotomic conjugate of the Droussent pivot X3i¢.
Its equation is :

Z(b4+c4—a4—b2c2)x2(y—z) =0

cyclic
This cubic passes through G, Xg7, X141, X524 and is tangent at A, B, C' to the medians.
Its real asymptote is parallel to GK.
The ”last” intersection with the circumcircle is the point :

[(b2 + %) (b —|—1c4 —at— b202)}

The Xg7-isoconjugate X3, of X594 and the tangential G of G are other simple points on
the curve. Their coordinates are :

Xi, = 1
524 = (b2 + 2 — 2a?)(b* + c* — a* — b2c?)

and N
G = [b4 +ct = 3a* + @%b + a’P — b2c2}
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4.3.6 K091 the isotomic focal nkC

We apply the results found in §4.2.2 when Q = G.
We find that all isotomic circular n/C form a pencil and pass through Xgg (Steiner point)
and X593 : the real asymptote is perpendicular to the Euler line. The root lies on the
line Gt K and the singular focus on the line O Xg7.
The most remarkable is the one with focus Xg7 since it is the only focal of the pencil and is
closely related to the Droussent cubic, Xg7 being the isotomic conjugate of the Droussent
pivot X316, those two points lying on the curve. See figure 4.9. The perpendicular at
Xgg to the Euler line intersects the line Xg7 X316 at the isotomic conjugate of the point
where the cubic meets its asymptote. Those two points are unknown in [38, 39].
Its root is :

(a® + b + *) X6+ 2(4 SaSpSc + a*b°c®) Xo = [pa : Py © Pe]
where X756 = tK = [b*c?] and X3 = [1]. This cubic has equation :

Z par(y® 4+ 22) — 2 Z at(20® +2¢* —a?) | 2yz =0

cyclic cyclic

polar conic | Euler -
. [ -
of X | line e
/

Droussent

asymptote

Figure 4.9: K091 the isotomic focal nkC and the Droussent cubic

4.4 Self-inverse circular isocubics in the circumcircle or

pK°(P)
4.4.1 Generalities

We know (see [5], tome 3, p.88 for example) that an inversion transforms a circular
cubic into a bicircular quartic when the pole II of the inversion is not on the curve and
into another circular cubic passing through II when the pole is on the curve.
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In this paragraph, we seek isocubics (denoted by K°) invariant under inversion with
respect to the circumcircle which we call inversible cubics. Following [5] again, we
find that such a cubic must pass through O and the polar conic of its intersection with
its real asymptote must pass through O too. Now, since A, B, C are invariant under
inversion, the tangents at these points must pass through O and any requested cubic is
member of the pencil of cubics through A, B, C, O, the two circular points at infinity
with tangents at A, B, C' through O. This shows that such a cubic must be a pX with
pivot P on the circumcircle and will now be denoted by pK°(P).

With P = (p: q:r) on the circumcircle, this cubic has equation :

Z qrz? (*Scy — b*Spz) =0

cyclic

This cubic is invariant under the isoconjugation which swaps P and O, whose pole 2 is
on the circumconic with perspector X1g4. ¢ This circumconic intersects the circumecircle
at A, B, C and Xy12. For any point P, the line P) passes through Xiis.

Let us now denote by P,, P, P. the vertices of the cevian triangle of P. Those three
points are obviously on the cubic which is now entirely determined with at least ten of
its points : A, B, C, O, P, P,, P,, P. and the two circular points at infinity.

Moreover, the curve is invariant under three other inversions with poles P,, Py, P. swap-
ping A and P, B and P, C and P respectively.

Taking two isoconjugates M and M* on pK°(P), the points iM and iM* lie on pK°(P)
and the line iMiM™* passes through a fixed point E of pX°(P). This point E is :

e gcP,
e the point where the parallel at P to the real asymptote A intersects pk°(P),
e the point at which the lines AiP,, BiP,, C'iP, concur on pK°(P).

From this, we see that the tangents at O, P,, By, P, are parallel to A (and to PFE)
and that the tangents at iP,, iP,, iP. concur at X which is the point where pK°(P) and
A meet. 17 We notice that X is the isoconjugate of the inverse of E.

The singular focus F' of pK°(P) is the point where the normals to pk°(P) at iP,, iF,
iP. concur. When P sweeps the circumcircle out, the locus of F' is the circumcircle of
the tangential triangle centered at Xog on the Euler line. The circle with diameter X F
passes through iP,, iP, iP, : it is the 9-point circle of triangle P, P,F..

According to known properties of circular cubics, the envelope of the perpendicular
bisector of MiM is a parabola with focus at F' and directrix the parallel to A which is
the image of A under the OF-translation. Thus, the cubic is the envelope of bitangent
circles centered on the parabola and orthogonal to the circumcircle, the contacts of the
circle being two inverse points M and iM.

At last, let us remark that pAC°(P) is a focal cubic if and only if P is a reflection of H in
one sideline of ABC'. The singular focus is the inverse of the foot of the corresponding
altitude.

4.4.2 Construction of a pK°(P)

Let us first summarize the study above : for any point P on the circumcircle, the
triangle P, P, P. formed by its traces has orthocenter O and the feet of the altitudes are

16
Xiga = gtO
"Remember that the tangents at M and iM are symmetric about the perpendicular bisector of MiM.
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their inverses iP,, iPy, iP..

FE = gcP is the point on the curve such that its isoconjugate E* lies on £%° : in other
words, the real asymptote is parallel to the line PFE.

Let X be the isoconjugate of iF in the isoconjugation that swaps P and O : X is the
point where the cubic meets its real asymptote and the antipode F' of X on the circle
iP,iPyiP. is the singular focus.

For any point w on the perpendicular at O to PE, the circle centered at w passing
through O intersects the perpendicular at X to wF' at two points on the cubic.

4.4.3 Several examples of pK°(P)

e K114 = pK°(X74) is particularly interesting since it belongs to the pencil of cir-
cular cubics generated by the Neuberg cubic and the cubic K; we met in §4.3.1.

Their nine common points are A, B, C, O, Xy5, X16, X74 and the circular points
at infinity. The point F is here gXi13. See figure 4.10.

/ asymptote

Navd
=\

7
s

7.
)

Neuberg cubic

Figure 4.10: K114 = pK°(X74), K; and the Neuberg cubic

e K112 = pK°(Xj141) — where Xj141 = E36g denotes the second intersection of the
line through X5 and Xj;9 and the circumcircle — is probably the most remarkable
cubic of this type : its nine common points with the Neuberg cubic are A, B, C, O,
X3, X14, Esz9 = X1157 '® and the circular points at infinity. It passes also through
Xs54, Xo6, X265, X539 (at infinity), gXj98 and the inverses of X3, X714, Xog, X265 not
mentioned in [38, 39]. See figure 4.11.

o K113 = pK°(Es91) — where Esg; = tXgss = X373 — has nine points in common
with the Droussent cubic : A, B, C, O, G, Xg9, X504, F591 and the circular points
at infinity. gXgss (on the Jerabek hyperbola) and iXgg lie on the cubic as well.
See figure 4.12.

18E389 :igX5
19 Xgss is the intersection of the Euler and de Longchamps lines
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asymptote

Neuberg cubic

Figure 4.11: K112 = pK°(FE3¢8) and the Neuberg cubic

Droussent cubic

Figure 4.12: K113 = pK°(FEj591) and the Droussent cubic
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Chapter 5

ICgo cubics : general theorems

5.1 Theorem 1 for K4, cubics

A cubic K is a Kgg if and only if the polar conic of each point on £ is a
rectangular hyperbola.
Denote that this result is true whatever the cubic is circumscribed or not.

An immediate consequence :

Since all polar conics of the points on £> belong to the same pencil, we only need
to check that two of them are rectangular hyperbolas and it is convenient to choose the
points at infinity of ABC sidelines. In this case, the equations of the three polar conics
are : F, = F, ,F, = F. ,F, = F, which shows their great simplicity for a practical
usage.

Proof of Theorem 1 :

e Taking an orthonormal cartesian coordinates system, the axis of y being directed
by one of the asymptotic directions of the cubic, let us denote by u = oo, v, w the
slopes (v, w not necessarily real) of those asymptotic directions. Since all polar
conics of the points of £ are in a pencil, those conics are rectangular hyperbolas
if and only if the polar conics of the points at infinity of the cubic are themselves
rectangular hyperbolas.

Let us consider now two complex numbers v, w and let U = %(v +w),V =2w—
v, W =2v —w. If u= o0, we have :

(an’u’ U) = (ZU,U,’U,V) = (u,v,w, W) =-1

which means that (u,U), (v, V), (w, W) are the slopes of the asymptotic directions
of the polar conics of the points at infinity of the cubic. Those three conics are
rectangular hyperbolas if and only if :

(i, _i’ u, U) = (Z’ _Z" v, V) = (Z’ _ia w, W) =-1

<~ v—|—w:2vw—v2—|—1:2vw—w2—|—1:0 <— v=—w==

Sl

which is equivalent to the fact that the cubic is Kgp.

91
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e If three distinct points of a line £ have their polar lines concurring at a point M, the
polar conic of M, must pass through those three points and therefore is degenerate

into two lines, one of them being ¢. Hence, the polar line of any point of ¢ passes
through M,.

Now, let K be a circumcubic having three distinct real asymptotes. Taking ¢ = £,
it is clear that its asymptotes concur at M, if and only if the polar lines of any
three distinct points on it (and in particular the points at infinity of AB, BC,CA
) concur at M,,.

Remark :

The conic with equation Ame+Ayy2+AZ22+Bmyz+Byzx+Bzxy = ( is a rectangular
hyperbola if and only if A,a® + Ayb2 +A,c* =B,Ss+ B,Sp + B.Sc.

5.2 Theorem 2 for K/, cubics

A cubic is a ICérO if and only if the polar conic of each point of the plane is
a rectangular hyperbola.

Proof of Theorem 2 :

e [f the cubic is a ICéFO, its asymptotes concur at M, whose polar conic degenerates
into two lines, one of them being £ . The polar conic of any point M belongs to
the pencil of conics generated by the polar conics of M, and of the point at infinity
of the line M M,. Hence, the polar conics of M and of the point at infinity of the
line M M, have the same points at infinity which shows the former is a rectangular
hyperbola since the latter is already one.

e If the polar conics of all points in the plane are rectangular hyperbolas, the cubic
is Kg¢o. M, being the common point of two asymptotes, the polar conic Cyy, of M,
goes through the corresponding points at infinity. Since the asymptotes make 60°
angle, C'yy, cannot be a proper rectangular hyperbola : it degenerates and contains
L% | thus the third asymptote must pass through M,.

Immediate consequences :

e The polar conics of all points of the plane form a net of conics. From this and since
the knowledge of three non collinear points having rectangular hyperbolas as polar
conics entails that the polar conic of any point is a rectangular hyperbola, we only
need to find three such points and it is convenient to choose the vertices of ABC.
In this case, the equations of those polar conics are : Fj =0, F; =0, F = 0.

e Hence a g is a ngO if and only if there exists one point not lying on £ whose
polar conic is a rectangular hyperbola.

e We have seen that a Kgo is a ICgO if and only if the polar lines of the points at
infinity of AB, BC,C A concur and is IC(;FOJr if and only if they concur on the cubic.

The common point of the three asymptotes of a IC(J{O is the intersection of the
diameters of the cubic (see §2.1.2) i.e. the intersection of the polar lines of two
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points on £%° . Once again, it will be convenient to choose two points such as
P.(1:—1:0) and Py(1:0:—1) on ABC sidelines and solve the following system :

xFaé(Pc) +ng§(Pc) + ZF;(PC) =0
rF(Py) +yF,(Py) + 2F.(Py) =0

Remark :

Another technique would be to find the center of the poloconic of £°° which is a
circle inscribed in the equilateral triangle formed by the asymptotes (see §§2.3.4 and
5.1). Although the computation is often very tedious, this method gives the center of
this triangle for any gy and an equation of the circle.

5.3 Properties of £, cubics

These curves are called “harmonic curves” i.e. curves whose Laplacian identically van-
ishes. They are sometimes called “stelloides” (Lucas), “potential curves” (Coolidge, Kas-
ner), “orthic curves” or “apolar curves” (Brooks), “équilatéres” (Serret), “rhizic curves”
(Walton). The McCay cubic K003 is probably the most famous harmonic cubic.

A magnetostatic interpretation is given at the end of this chapter.

The three following chapters are devoted to ngLO isocubics i.e. plCérO and nlCérO with
some further information for unicursal cICg'O.

5.3.1 Barycentric Laplacian of a curve

In the plane of the usual reference triangle ABC with sidelengths a, b, ¢, we consider
a curve of degree n (n > 0) with barycentric equation F(x,y,z) = 0. If this same
plane is defined by an arbitrary orthonormal cartesian system of coordinates (X,Y"), the
curve has an equation of the form G(X,Y) = 0 and the vertices of ABC are A(X4,Ya4),
B(Xp,Yn), C(Xc,Yo).

The correspondence between these two systems of coordinates is given by :

| X=X Xe—-X| | Xe—-X Xu-X L Xa—X Xp—X (%)
T Ys-Y Ye-Y YT Yoy Ya-Y "7 | Va-Y Yz-Y
and we shall provisionally write x = a1 X + asY + as, etc, in order to simplify our

calculations.

In this first paragraph, our main concern is to give a barycentric expression of the
Laplacian of F'.
In cartesian coordinates, the Laplacian of G is defined by

’G  9*G
AG = X2 + e
Since
oG oOF oF oF
ax - Yoy + bla—y +01£,
we have

0*G

m =a U+ b0V + W,
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where

O*F 0*F 0*F

thus

092G , 9°F 8°F

Z 7 T 49

Xz = 2 (“1 gz2 T 2ha ayaz>’
and similarly

0*G 5 O°F O0’F
m:z G2W—|—2b2c2_z>-

“ OHOWS ‘ha[
AG— E (a]+a2)—+2(bc +bC)

cyclic

From the equations (*) above we obtain
a? +a3= (Y —Yo)*+ (X¢ — Xp)? = BC? = d?,

and

bici +baca = (Yo—Ya)(Ya—Yp)+ (Xa—Xc)(Xp—Xa)

— _ABAC = —%(b2 + % —a?) = -8y,

hence finally

O°F 82F O*F O*F
A g- 9
G = yz; ( 02 > yz; Sa (a 2 " 922 8y32> ’

which is called the barycentric Laplacian AF of F.

5.3.2 Laplacian of some lower degree curves

1. When the curve is a straight line (n = 1), AF is obviously null hence a line is
always a (trivial) harmonic curve.

2. When the curve is a conic (n = 2) with barycentric equation
Z (a1 2 + B1 yz) =0,
cyclic
the Laplacian becomes
AF =2 Z (a2a1—SA51).
cyclic
It follows that AF = 0 if and only if the conic is a rectangular hyperbola.

In other words, a conic is a harmonic curve if and only if it is a rectangular hyper-
bola.
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3.

When the curve is a cubic (n = 3), the locus of point P such that AF(P) =0 is
generally a line called the “orthic line” of the cubic. This is the locus of point P
whose polar conic with respect to the cubic is a rectangular hyperbola. It is also
the mixed polar line of the circular points at infinity with respect to the cubic.

If the polar conic of any point of the plane is a rectangular hyperbola then the
cubic is harmonic and it is a IC(J{O.

5.3.3 General harmonic curves or stelloids

A curve S, of degree n > 1 is said to be a harmonic curve (or a stelloid or an orthic
curve) if and only if its Laplacian identically vanishes i.e. AF(P) = 0 for any point P.

Recall that a conic is harmonic if and only if it is a rectangular hyperbola.

From [4, 8, 37, 43], we have the following properties :

1.

The polar curve of any order of any point with respect to S, is also a harmonic
curve. In particular, the polar conic of any point P with respect to S, is a rectan-
gular hyperbola.

Sy, is apolar with respect to the circular points at infinity J;, Jo. This means that
the polar curve of any degree m of J; degenerates into m lines passing through Jo
and conversely.

Sy, has n real concurring asymptotes and the angle between two consecutive asymp-
totes is m/n.

The point of concurrence X of these n asymptotes is called the “radial center”
(“centre de rayonnement” in [27]) of S,,. It is the isobarycenter (or centroid) of the
intersections My, Mo, ..., M, of any line through X with the curve. In other words,
the sum of the algebraic distances from X to these n points is null. X usually does
not lie on S,,.

X is also the isobarycenter of all the points on the curve where the tangents have
a same arbitrary direction.

The hessian of a harmonic curve is a circular curve passing through X. The muti-
plicity of each circular points at infinity is (n — 2) when the degree of S,, is n > 2.

Any S, is the locus of point M such that the sum of the n angles formed by the
lines passing through M and n suitably chosen points My, Ms, ..., M, on the curve
with an arbitrary direction is constant modulo 7. These points M; form a group
of n associated pivots and there are infinitely many groups of n associated pivots
on the curve.

If My is a given point on S,,, each isotropic line through M; meets S, again at
(n — 1) points. The (n — 1)? intersections of a line through Jo and one point on
M J; with a line through J; and one point on M;j.Js give (n — 1) real points which
are the remaining pivots on S,,. The other (n—1)(n—2) intersections are imaginary.
See [27].

These curves are in many ways analogous to rectangular hyperbolas and may be seen
as rectangular hyperbolas of higher degree.
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5.3.4 Isogonal transform of a circum-stelloid

Suppose that S, is a circum-stelloid of degree n > 1. When A, B, C are not multiple
points on the curve, its isogonal transform &; is a circum-curve of degree 2n — 3.

Since S,, meets the line at infinity at n real distinct points, S; meets the circumcircle
(O) at 4n — 6 points among them the n vertices of a regular polygon and then the
remaining 3(n — 2) points must be A, B, C' each with multiplicity n — 2. It follows that
S must meet each sideline of ABC again at one and only one point (which is therefore
always real).

5.3.5 Harmonic cubics or K¢,

A harmonic cubic S3 is defined by a specific orientation with respect to a group of
three pivots (in [27]) or a group of three roots (“racines” in [42]) or a triad on the curve
(in [6]).

Ss3 has three real concurring asymptotes making m/3 = 60° angles with one another
and conversely, any cubic with this property is a S3 (see [27], VI).

The circumcircle of any group of three pivots meets the cubic at three other points
which are the vertices of an equilateral triangle.

There are quite many identified K, in [29]. See the annexe at the end. Among
them, we find the McCay cubic K003, the Kjp cubic K024, the third Musselman cubic
K028, etc. Most of them are circumcubics but this is absolutely not a necessity, see
K077, K078, K100, K258 for instance.

Some of these cubics are IC(J{OJr i.e. cubics with asymptotes concurring at X on the
curve and thus they are central cubics. This is the case of K026 (X = X5), K080
(X =0), K213 (X = G), K525 (X = H), etc. Note that the hessian of such cubic is
always a central focal cubic with focus X.

When a group of pivots is formed by a double point P and another point @), the
cubic has a node at this double point with perpendicular nodal tangents. See K028
(X = X3g1) for example. It follows that all the circles passing through P and @ meet
the cubic at the vertices of an equilateral triangle.

Obviously, if the three pivots coincide then the cubic decomposes into three lines
concurrent at this point and forming a “compass rose” (“rose des vents” or Rs in [27]).

5.3.6 Harmonic cubics with pivots A, B, C

We illustrate some of the properties above with the circumscribed cubics &3 having
the points A, B, C' as a group of associated pivots hence for which the radial center X
is G.

Any such cubic is a member of the pencil of cubics generated by the McCay cubic
K003 and the Kjp cubic K024. See Table 22 in [29]. Since this pencil is stable under
isogonality, any cubic meets the circumcircle (O) again at the vertices of an equilateral
triangle. All these cubics contain A, B, C' and six other imaginary points, two by two
isogonal conjugate, on the perpendicular bisectors of ABC'. These six points are called
the “antipoints” of A, B, C' by Cayley and Salmon. Two points and two corresponding
antipoints may be regarded as the four foci of a same ellipse.

This pencil contains one and only one cubic S3(P) passing through a given point P
which is not one of the points A, B, C' and thus is characterized by a specific orientation
0.

It follows that S3(P) is
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e the locus of point M such that (AP, AM)+ (BP,BM)+ (CP,CM) =0 (mod.r),

e equivalently, the locus of point M such that (AM,L)+ (BM,L) + (CM,L) = 0
(mod.7), where L is any arbitrary line.

Construction of S3(P) when P (or 0) is given

Let H(P) be the rectangular hyperbola with center the midpoint of BC, passing
through B, C, P. This meets the circumcircle (O) of triangle ABC' again at two points
lying on a line £ passing through O which is parallel to the polar line of O in H(P).

The orientation @ of the stelloid is then defined by the angle (£, AP*) where P* is
the isogonal conjugate of P.

The construction of the cubic is obtained through the rotation about A of two variable
lines D, Dy passing through A and making the angle . Construct

1. the isogonal transform Dy of Dy,
2. the parallel at O to D meeting (O) at My, Mo,
3. the rectangular hyperbola passing through B, C', My, M,

4. its two intersections with Dj which are two points on the cubic.

Note that the intersection IV of Dy and the line M;M> lies on the rectangular hyper-
bola passing through A, O and the three common points of the cubic with (O). These
are the vertices of an equilateral triangle.

Construction of the two pivots P», P; associated with P on S3(P)

Let P’ be the complement of P and let £(P) be the ellipse passing through P’ which
is confocal with the inscribed Steiner ellipse of ABC with real foci Fi, F. Draw

1. the tangent at P’ to £(P) i.e. the external bisector of the angle (P'Fy, P'F),

2. the two tangents from P to £(P) intersecting the previous tangent at the requested
points P5, P3. See figure 5.1.

Properties of S3(P)

e There are infinitely many groups of pivots on S3(P) among them A, B,C. The
centroid of any group of pivots is G.

e Any line passing through G meets the cubic S3(P) at three points whose centroid
is G.

e The circumcircle of any group of pivots meets the cubic again at three points which
are the vertices of an equilateral triangle. Thus, any S3(P) contains infinitely many
inscribed equilateral triangles.
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Figure 5.1: Construction of the two pivots Pa, P3 on S3(P)

e [, F, are the fixed points of the involution that carries any point of the plane to
the center of its polar conic in the cubic. In other words and following Lucas in
[42], these are the central points of any group of pivots on Sg(P).! This means that
if P, P>, P35 are three pivots of a same group then

PP n PP n PP 0V e P—F oo P=F
g = or -
(PP)?  (PP)?  (P3P)? ! ?

e When P is not F} nor Fb, let

. Plp ng ng —
BP) = (PP (BPE | (BP) # 0.

Following [42], p.6, the line P,E(P; is the tangent at P to S3(P).

e Consequently, the inscribed Steiner ellipse of any triangle whose vertices are three
pivots of a same group has its real foci at Fy, F5. Hence these three pivots lie on
a same ellipse with center G whose foci are the anticomplements of Fy, F5.

e There are two nodal S3(P) obtained when P is one of two foci Fi, F» and then the
nodal tangents are obviously perpendicular. Each cubic is the isogonal transform
of the other. In this case, the two groups of pivots consist in one focus counted
twice and its anticomplement (which is a focus of the Steiner ellipse).

Hessian of S3(P)

Tn the complex plane, if the affixes of A, B, C are «, 3, v then the affixes of F}, F5 are the roots of
the derivative of the polynomial (z — a)(z — 8)(z — 7).
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The hessian of any S3(P) is a focal cubic with focus G passing through the isodynamic
points X5 and Xi5. This hessian meets the line at infinity at a real point whose polar
conic in 83 is the union of the axes of the Steiner inscribed ellipse.

Since the cubics S3(P) belong to the pencil generated by K003 and K024 their
hessians belong to the pencil of focal cubics generated by K048 and K193 which also
contains K508.

Figure 5.2 shows the McCay cubic K003 with its hessian K048 and Figure 5.3
shows the Kjp cubic K024 and with hessian K193.

Parry circle

K048 K003

Figure 5.2: The McCay cubic K003 and its hessian K048

All these hessian cubics contain their singular focus G, the isodynamic points X5,
Xig, the circular points at infinity with tangents passing through G, two imaginary
conjugate points which are the common points of (O) and the Lemoine axis, two other
remaining points on (O) and on a line passing through Xs3. Their orthic lines pass
through X7 hence their real asymptotes pass through the reflection .S of G about Xig7.
FEach hessian cubic meets its real asymptote again at a point lying on a rectangular
hyperbola ‘H with center Xg7, with asymptotes parallel to those of the Kiepert hyperbola
(or to the axes of the Steiner ellipse), passing through G, Xi5, X16, Xos, Xo9, X385.

Figure 5.4 shows several hessian cubics of the pencil namely K048, K193 and
K508.

Naturally, each cubic S3(P) which is not unicursal meets its hessian at their nine
common inflexion points and three of them are real (and collinear). These inflexion
points lie on a bicircular sextic with two real asymptotes parallel to the axes of the
Steiner ellipse and passing through the reflection of Xig7 about GG. This sextic contains
G, X15, X16, the imaginary conjugate points cited above and the four foci of the Steiner
inscribed ellipse which are nodes on the curve. It also passes through the common points
of (O) and the Thomson cubic K002.

Figure 5.5 shows this sextic, the McCay cubic K003 and its hessian K048.
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Lemoine
axis

K193

Figure 5.3: The Kjp cubic K024 and its hessian K193

Figure 5.4: Hessian cubics of the stelloids S3(P)
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K048 K003

Figure 5.5: The sextic together with the McCay cubic K003 and its hessian K048

5.3.7 Harmonic circumcubics

A harmonic circumcubic is a harmonic cubic passing through A, B, C' which is
obviously the case when the three pivots of a group are precisely A, B, C.

Suppose that S3 is a harmonic cubic with group of pivots Py, P», Ps distinct of A, B,
C'. This is the locus of point M such that (PyM, L)+ (PyM, L)+ (PsM,L) =6 (mod.r),
where 6 is a given orientation and L any arbitrary line.

According to the previous paragraph, when P;, P,, Ps are the vertices of a proper
triangle the cubic S3 must be a member of the pencil of cubics generated by the McCay
cubic and the Kjp cubic of the triangle P, P, Ps;. It immediately follows that there is
generally no such cubic passing simultaneously through A, B, C.

Harmonic cubics with pivots H, P, P*

This configuration always gives a harmonic circumcubic with asymptotes parallel to
those of the McCay cubic K003 and concurring at the centroid X of triangle HPP*.
This cubic always meets the circumcircle (O) at the same points as the isogonal pivotal
cubic with pivot the homothetic of X under h(X5,3). This pivot lies on the harmonic
cubic.

Several examples are K028 (P = X3, P* = X4), K516 (P = Qy, P* = Q9, Brocard
points), K358 (P = Fi, P* = F3). See Figure 5.6.

Harmonic nodal circumcubics

Let P = P; = P, be a “double” pivot and let () = P3 be another point. In general,
there is one and only one harmonic circumcubic with node at P.

For example,

— with P = X4 we have Q = X3 and the cubic is K028,

— with P = X5 we have Q = X143 and the cubic is K054, a generalized Lemoine
cubic.
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PK(Xs, Xj&’l)/

Figure 5.6: The cubic K358

Note that the cubic degenerates when P and ) coincide at one of the Fermat points
X13 and X14.

A special case is obtained when P is Xgp (or one of its extraversions). Any point
() on the circumcircle gives a harmonic circumcubic with node at Xgy and all these
cubics form a pencil. In particular, when ) = Xg999 the cubic is K230, a conico-pivotal
cubic. Naturally, the point of concurrence of the asymptotes of all these cubics lies on
the homothetic of the circumcircle under the homothety h(Xgp,1/3). Note that all the
cubics pass through two fixed points O, O on the circumcircle and on a line through
Xo00-

Figure 5.7 shows one of these nodal cubics namely that with asymptotes parallel to
those of the McCay cubic K003. This contains X4 and Xgs3.

Harmonic circumcubics with given radial center X

All these harmonic circumcubics form a pencil hence there is one and only one central
harmonic circumcubic with center X.

5.3.8 A magnetostatic interpretation

Consider three parallel electric wires (supposed of infinite length) carrying a same
electric current (same intensity, same direction). These wires meet a perpendicular plane
(containing the reference triangle ABC') at Py, P», P3 and create a magnetostatic field.

Up to a multiplicative constant, the field at P is of the form

PP PP P3P
E(P) =
)= Fpp * PR * PP
as seen above. It follows that the field lines are precisely our cubics Kg, and the

equipotential curves are cassinian curves of degree 6. They are orthogonal to the cubics
K-
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Figure 5.7: A nodal cubic with node Xgy together with the McCay cubic K003

Naturally, it is convenient to choose A, B, C for P, P5, P53 in which case the field
lines are the cubics of the pencil generated by the McCay and Kjp cubics. It is then
(physically) clear that any two lines cannot meet at other points than A, B, C' and the
angles made by these two lines at A, B, C' must be the same. In particular, the McCay
and Kjp cubics are orthogonal at these points. See Figure 5.8 and Figure 5.9.
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Figure 5.8: McCay cubic K003, Kjp cubic K024 and field lines

A>T
9
K024 K003

Figure 5.9: McCay cubic K003, Kjp cubic K024 and cassinian curves

104
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5.3.9 Annexe : list of harmonic cubics
The following tables gives a selection of stelloids or ngrO.
Notations :
X : intersection of the asymptotes
o : the cubic is a circumcubic
¢ : the cubic is a central cubic or a ICéFO+ whose center is X
n : the cubic is a nodal cubic

the red cubics are those with asymptotes parallel to those of the McCay cubic K003
i.e. perpendicular to the sidelines of the Morley triangle

the green cubics are those with asymptotes parallel to those of the Kjp cubic K024
i.e. parallel to the sidelines of the Morley triangle

Notes : in [29],

1. Table 22 gives cubics of the pencil generated by the McCay cubic KO03 and the
Kjp cubic K024. These are the harmonic cubics having A, B, C as a group of
pivots hence their asymptotes concur at G.

2. CLOO0G6 is the class of pivotal harmonic cubics or plCérO.
3. The pseudo-pivotal cubics psK are defined and studied in [30].

4. The sympivotal cubics spK are described in CL055 and CLO056.
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Table 5.1: Stelloids or Kg; (part 1)

‘ cubic ‘ X 0 ‘ ¢ ‘ n ‘ type ‘ centers on the curve
K003 Xo 0 pK | X1, X3, Xy, X075, X1745, X3362
K024 X9 0 nky | none
K026 X5 O | C pSIC Xg, X4, X5
K028 X381 0 n | psK | X3, Xy, Xg, Xr6, Xsur
K037 Xu76 0 pK | X3o
K046a Xe13 olc pK | Xi3, X616, X618
K046b X619 olc pK | X4, X617, X619
K049 X551 o pK | X4, X5, Xs52, Xgar
K054 midpoint of X5, X551 o n Xy, X5, X143
K071 | reflection of X5; in X5 | o psiC | Xy, X5, Xog, X76
K077 X376 X1, X3, Xoo, X170, X194
K078 OX =1/9 OH X1, X, X3, Xies
K080 Xs olc X3, X4, Xog, X1670, X1671
K094 X599 0 nkC | none
K097 X79 X X1654 O pIC Xl, X79
K100 X3 c X1, X3, X40, X1670, X1671
K115 Xo X511 N XgXoo (¢} Ko Xy
K139 X989 ~ X530 o|cC nkC X30
K205 XoXou9 N X111 X965 o] cC nkK | none
K213 XQ (6] nkC X2
K230 Esg7 0 n| cK | Xgo, X2222
K258 X9 n X1, X3, X5, X309, Xo140
K309 OX = 2/9 OH 0 X3, X4, X376, X1340, X1341
K358 O0X =5/9 OH o X3, Xy, X381
K412 X5X = 1/3 X5X51 (¢} X27 X47 X57 X517 X262
K513 | X157 X = 1/3 X157 X065 | 0 X, X15, X16, X74, X265, X3016
K514 X3X1506 N X20X32 0 X4, X15, X16, X39
K515 X3058 o pK | X30, Xi138
K516 Xo62 0 Ko | X4, X3005
K525 X, olc splC | X3, X4, X3g2
K543 X107X = 1/3 X107X125 (6] pIC none
K580 X568 o X47 X847
K581 OX = 4/9 oH 0 Xo, X3, Xy, Xogo
K582 KX =1/3 K Xsg 0 X5, Xy, Xo, Xogo
K594 IX=1/31H 0 n X1, Xyg, Xigso
K595 | XosX =1/3 XosXog5 | 0 n X4, Xos, X265, X290, X671
K596 | XooX =1/3 Xo9Xo65 | O n X74, Xo9, X265, X290
K597 | Xy77 X = 1/3 Xu77 X065 | O n X30, X714, Xogs, Xar7
K598 X¢ none
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Table 5.2: Stelloids or Kd; (part 2)

‘ cubic ‘ X ‘ o ‘ ¢ ‘ n ‘ type ‘ centers on the curve
K607 X1511* C nikC Xgo, Xik511
K613 X5X = 1/3 X5X110 (0] nIC X4, XllO> X1113, X1114
K643 | centroid of OHK | o splC | X4, Xg, Xugas
K665 X549 (6] X3, X4, X39, X550
K669 X5X = 1/3 X5X265 (6] nkC X4, )(747 X265
K670 X5X = 1/3 X5X68 (0] pS’C X4, XQ@, X64, X@g, X847
K708 | X;X =2/3 X4Xs | o spK | X4, Xi3a4, X1345, X351
K714 X3 X107 N X5X53 6] spiC | X4
K724 on line X3X125 (6] pS’C )(747 X265, X5961, X6344
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Chapter 6

pKqo isocubics

6.1

A crucial point and a crucial cubic

e Let us denote by P, the point with barycentric coordinates

6.2

( ) 1 1 1
Yo To) = : :
Po 9o To 4521 — b2¢2 45%, — c2a? 45% —a?b?

P, is the barycentric product of the Fermat points i.e. the pole of the isoconjugation
which swaps them. Also we have P, = gX393. ' It is the intersection of the line
through the Fermat points X735 and X14 and the parallel to the Euler line at X5y =
gt X303. It lies on the circum-hyperbola through G and K and on the rectangular
circum-hyperbola through the midpoint of GH 2.

Let K095 = C, be the pivotal circum-cubic with pivot P, which is invariant under
the conjugation

2 2 2
a‘po  b*qo "1y 9

0o M(x:y:z)— M* < ) ~ (a®poyz = B2qozx : Prowy)

r Yy oz
which swaps P, and K. See figure 6.1.

Its equation is
Z (487 — V2cH) 22 (V?2 — *y) = 0.

cyclic

It passes through P,, K, X53 (symmedian point of the orthic triangle), X395, X396,
X160, X2161, the common point M, of the orthic axis and the line HK 3, P,/K
(a point on OK which is the tangential of K in C,).

The polar conic of K passes through A, B, C, G, K, P, which shows C, is tangent
to the symmedians at the vertices of ABC.

Main theorem for p/Cy

Theorem :

For a given Q(p : ¢ : r)—isoconjugation, there is in general one and only one
pKgo. Moreover, this pKgg is a pngrO if and only if () lies on C,.

IPO is now Xlgsg in [39]
2This is X3s1 in [38, 39].
This point is [(a®(b* + ¢® — 2a*) + (b* — ¢*)?) /Sa]. It is now X1ge0 in [39].
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“ orthic

“ axis

polar conic
of K

Figure 6.1: The cubic C, or K095

The pivot is P(u : v : w) where
u= (454 — b¥*)plg+ 1 —p) — 3(b*rp + Apg — atqr),

the other coordinates v, w similarly.

Proof :

Starting from equation (1.1) in §1.3, theorem 1 in §5.1 used with two points on
L> such as P.(1: —1:0) and Py(1:0: —1) gives two linear equations in w,v,w. This
system has in general one solution that gives the pivot P(u : v : w) as above.

u,v,w being replaced in (1.1), theorem 2 in §5.2 shows that the cubic is a pIC(J{O if
and only if € lies on C,.

A special case :

The system above does not have a unique solution if and only if the pole €2 is one of
the three points Q,, €, €. that are the only points for which there are infinitely many
pKeo with pole one of these points. They lie on a large number of curves (among them
C,) although they are not constructible with ruler and compass only. In particular, they
are the common points, apart Z = X5X1989 N X X530, of the two conics passing through
Z and X5, X53, X216, X1989 for the former, X395, X396, X523, X3003 for the latter.

6.3 Corollaries

6.3.1 Corollary 1

Let us denote by ® the mapping Q(p : q: r)+— P(u:v: w) and by ¥ the mapping
P— Q.
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® has three singular points €, Qp, Q. and ¥ has also three singular points U,, Uy,
U. on the Neuberg cubic and on many other curves. Hence, there are infinitely many
pKgo with pivot one of the points U,, Uy, U.. See §6.5.1 for more details.
We have :
p = [a*(a®+b*+ ) —2(0° — )?] v’ + 3a'vw
+ [a®(2a* +2¢% = b*) — (b* — ¢*)?]
+ [a®(2a® + 2% — *) — (b* — ¢*)?]

- uw

- uw,

= 16A%u(2u + v+ w)

+  3a*[2u(—Sau + Spv + Scw) — (—a*vw + b*wu + uv)).

the other two coordinates ¢, r similarly.
The second form clearly shows that € lies on the line passing through the pole of the
circular pivotal cubic with pivot P % and through the barycentric product of P and ccP.
In this case, the following statements are equivalent :

e piC is a pKgo with pole 2 and pivot P.
e P=0(Q).
e O =U(P).

6.3.2 Corollary 2

W maps the Neuberg cubic to the cubic C, i.e. any point P on the Neuberg cubic is
the pivot of a unique plCérO with the pole €2 chosen according to Corollary 1.
In other words, the following statements are equivalent :

e pK is a pICgFO with pole € and pivot P.
e e, .
e P is on the Neuberg cubic.

For example, the choice of O for P leads to 2 = K and we find the famous McCay cubic.
See [9] for details.

6.4 Constructions

6.4.1 Construction of P for a given 2 # K

We have seen in §4.2.1 that the pivot of a non-isogonal circular pivotal isocubic is
Po = [b*c®p(q+r —p) — (b"rp+ c'pg — a’qr)],

this point not defined if and only if Q = K.

Recall that Py is the reflection of Sq (tripole of the line QK on the circumcircle of
ABC) about dq (trilinear polar of the Q-isoconjugate of K).

Recall also (see §4.2.2) that the center of Cy is cq = [p(q + r — p)], the G—Ceva
conjugate of P.

“Recall that this pole is the barycentric product of P and igP.
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Lemma 1 :

P, Pq, cq are collinear. (this is obvious)

Lemma 2 :

Let us denote by € the isotomic conjugate of the P,-isoconjugate of cq and let €9
= agtg(). Their coordinates are :

O = [(45% — PA)plg+ 7 —p)]

and
Qo = [b47’p + c*pg — a4qr]

P,Q;, )y are collinear. (this is obvious too)
Since we know two lines containing P, the construction is possible although rather
complicated.

6.4.2 Construction of 2 when P is on the Neuberg cubic

Let us recall that P, = Xjgg9 is the barycentric product of the Fermat points, that
M, = X990 is the intersection of the orthic axis and the line HK and that a pKCgy with
pivot on the Neuberg cubic is always a pICg'O.

The rectangular circum-hyperbola H; through M, intersects the parallel at P to the
Euler line at X39 and Uj. °

The line H P intersects again the rectangular circum-hyperbola Hs through P, (and
the midpoint X3g1 of GH) at Us. 6

Then Q = M,U; N P,Us. See figure 6.2.

In this case, the isopivot P* is a point of the cubic K060, the inverse of the Neuberg
cubic in the circumcircle.

An alternative construction

The transformation f we met in §3.5.3 maps P on the Neuberg cubic K001 onto €
which lies on K095.

6.4.3 Construction of () when P is not on the Neuberg cubic

We first recall that €2 lies on the line passing through the two following points :

— the pole Q. of the circular pivotal cubic with pivot P, barycentric product of P
and igP,

— the barycentric product 2, of P and ccP, pole of a pK with asymptotes concurring
at the barycentric product of ccP and ctP.

We wish to find another line that contains €2 and we will make use of the facts that
U : P — Q maps any point @ on the circle C(X20,2R) to a point Y on the orthic axis
of ABC and that ¥ transforms the rectangular hyperbola H(P) passing through O, Uy,
Uy, Us and P into a line passing through the Lemoine point K of ABC'. See §6.5.1 below
for further details about these points.

5The asymptotes of this rectangular circum-hyperbola 7, are perpendicular and parallel to the Euler
line. It is the isogonal conjugate of the line through O, X74, X110.
5This rectangular circum-hyperbola Hs is the isogonal conjugate of the line through O, Xs23.
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%z / Neuberg cubic H:>

Figure 6.2: Construction of 2 when P is on the Neuberg cubic

e We first need to construct the center W of H(P) but, since these points Uy, Uy, U,
are not ruler and compass constructable, we use the pencil of rectangular hyper-
bolas F passing through O, U,, Uy, U, that obviously contains H(P) and that is
generated by the two simple hyperbolas Hq and Hs :

— H; contains O, Xag, X399, X1147 With asymptotes parallel to those of the Jerabek
hyperbola, with center the image of X719 in the translation that maps H to the
nine point center Xs,

— Ho contains O, Xg16, Xg17 with asymptotes parallel to those of the Kiepert
hyperbola, with center the image of Xgg in the same translation. See figure 6.3.

If P is a point not lying on these two hyperbolas, the polar lines of P in Hq, Ho
meet at P’ lying on the tangent at P to H(P).

The conjugated diameters of the line PP’ with respect to H1, Hs pass through the
centers of Hi, Ho and meet at T" on the nine point circle of F namely the circle
with radius R and center the midpoint X550 of O, X99. The second intersection
of the line TP with this latter circle is the center W of H(P). The reflection of
O about W is the fourth point @ where H(P) meets C(Xq9,2R), the three other
points being U,, Uy, U.. See figure 6.4.

e Let now S be the midpoint of HQ (on the circumcircle (O) of ABC'). The isogonal
conjugate of the trilinear pole of the perpendicular at O to the Simson line of .S is
the requested point Y = ¥(Q) on the orthic axis. This completes the construction
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Ua \

Figure 6.3: Pencil of hyperbolas H(P)

of Q) and thus that of the cubic.

Remark : H(P) meets the Neuberg cubic K001 at O, U,, Uy, U, and two other (real
or not) points P, P, collinear with X74 since X74 is the coresidual of O, U,, Uy, U, in
this cubic. It follows that P, P» are X3p—Ceva conjugated thus their midpoint lies on
(O) and their perpendicular bisector pass through Xjg.

6.5 A very special pencil of cubics

6.5.1 The points U,, Uy, U,

e Let us call G, Gy, G, the vertices of the anticomplementary (or antimedial) trian-
gle.

H, is the hyperbola through B, C, G, the reflection A’ of A about the sideline BC,
the reflection A;, of H about the second intersection of the altitude AH with the
circumcircle. The angle of each of its asymptotes with BC' is 60°. H; and H,. are
defined similarly.

We can note that H,, H, and H,. are the images under ® of the sidelines of triangle
ABC.

Ha, Hp and H, have three points in common U,, Uy, U, lying on the circle centered
at L with radius 2R, passing through Ay, By, Cy. The orthocenter of triangle
U,UpU, is O and its centroid is a point on the Euler line of triangle ABC.
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Figure 6.4: Construction of H(P) N C(Xa0,2R)

e We remark that the points U,, Uy, U, also lie on :

— the Neuberg cubic.

Their isogonal conjugates gU,, gUs, gU., the midpoints V,, V}, V. of triangle
gU.gUpgU. which are the complements of gU,, gUs, gU. and their isogonal
conjugates gVy, gVj, gV, also lie on the Neuberg cubic. This means that we
know the 9 points of the Neuberg cubic having their anticomplement on the
Neuberg cubic : O, X3, X14, X30, V4, V3, Ve and the circular points at infinity.
The points gU,, gUys, gU. lie on the circle (O, 2R) passing through X399 and
the triangles ABC' and gU,gUpgU, share the same orthocenter, circumcenter
and centroid.)

— the only isotomic p/Cg (see §6.6.2).

— the rectangular hyperbola H, through O, L = Xy, X399, the reflection of H
about X119, having its asymptotes parallel to those of the Jerabek hyperbola.

— the rectangular hyperbola Hy through O, H, the reflection of H about Xig7
(a point on the Neuberg cubic), having its asymptotes parallel to those of the
rectangular circum-hyperbola with center Xjos.

More generally, we remark that all the rectangular hyperbolas of the pencil of conics
passing through U,, Uy, U. and O are centered on the circle with center X559 and
radius R.
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6.5.2 A theorem

Now we consider the pencil F of cubics through the points A, B, C', G, Gy, G, U,
Uy, U,.

For instance, the union of H, and the line GG, is a degenerate cubic of F.

We have the following theorem :

1. Each cubic of F is a Kgp.

2. The locus of the pivots of all pKgp with given asymptotic directions is the member
of F which has the same asymptotic directions.

3. There is only one IC(J{O in F and, in fact, it is a IC(J{0+ denoted by ICJOF+ or KO08O0. TIts
center is O and the asymptotes are perpendicular to the sides of the (first) Morley
triangle. See figure 6.5.

Its equation is :

Z Fay [(a*Se + (¢ = b))z — (b*Sc + a*(¢® — a)) y]
cyclic

+(a® = b*) (b = )(? — a*) zyz =0

(L2R)

Figure 6.5: K080 or IC$+ and the Neuberg cubic

ngJr passes through O, H, L, the symmetrics Ha, Hg, Ho of H about A, B, C, the
symmetrics Ap, Bo,Co of A, B, C about O. The nine common points of IC$+ and
the Neuberg cubic are A, B,C, H,U,, Uy, U. and O which is double.

6.5.3 K026 or £} the first Musselman cubic

The homothety hp /o transforms ICJ5+ into another IC(J{0+ denoted by IC]'t,Jr or K026.
Its center and inflexion point is N = X5 with an inflexional tangent passing through X5,
(centroid of the orthic triangle). Its equation is :



J.-P. Ehrmann and B. Gibert 116

2(a® = b3 (V? — A)(? — a®) zyz + Z a? [(b* =) = a? (0 + )] yz(y —2) =0

cyclic

in which we recognize the coordinates [a?[(b* — ¢?)? — a*(b* + ¢?)]] of X51.

The following points lie on it : O, H, the midpoints of ABC, of AH, BH,CH, of
HG,,HGy,HG,., of HU,, HUy, HU, (those three on the Napoleon cubic). The tangents
at A, B, C pass through Xs5; too.

Figure 6.6: K026 the first Musselman cubic

We know its six common points with the circumcircle, its six common points with
the nine-point circle, its nine common points with the Napoleon cubic.

This cubic is mentionned in [46] p.357 : if we denote by By, B, B3 the reflections of
A, B,C about a point P, by C,Csy, (5 the reflections of P about the sidelines of triangle
ABC, by D the common point of circles ABsBs, BB3B1,C BBy and by E the common
point of circles ACyC3, BC35C1,CC1C5 then D and E (points on the circumcircle) will
coincide if and only if P lies on IC}jL.

IC]'\F,Jr can also be seen as the locus of centers of central isocubics whose asymptotes
are perpendicular to the sidelines of the first Morley triangle.

6.6 Some unusual pivotal cubics

6.6.1 The McCay family

The theorem seen above in §6.5 shows that each point on ICJ(TL is the pivot of a pKgg
having the same asymptotic directions than the McCay cubic which is obtained for the
points O as pivot and K as pole.

Since H is on ICJOF+ and on the Neuberg cubic too, there is another remarkable pICgO :
its pivot is H, its pole is X33 (Lemoine point of the orthic triangle) and the asymptotes
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concur at X1 (centroid of the orthic triangle). This cubic is K049, the McCay cubic
for the orthic triangle. See figure 6.7. Its equation is :

Z [(b* = *)? = a®(b® + )] yz (Spy — Scz) =0

cyclic

It is clear that the three points U,, Uy, U, are the pivots of three more pIC(J{O denoted
by pKF, pngL and pKCt.

Napoleon |
cubic/

Figure 6.7: K049 the McCay orthic cubic

Another notable pKqg is obtained when the pivot is L and the pole X916. This cubic
K096 passes through O and X5 (nine-point center).

6.6.2 K092 the isotomic pKg

There is one and only one isotomic pKgg : it is denoted by pXC;. See figure 6.8.

Its pivot is P = [2(b* + ¢* — 2a*) + 2a%(b? + ¢2) — b?c?] 7

The isotomic conjugate of P; is one of the fixed points of the quadratic transformations
® and ¥ seen above.

Let us notice that the equilateral triangle formed with the three asymptotes is cen-
tered at O.

If we call Uy, Vi, W, the isotomic conjugates of the points at infinity of the three
asymptotes (they are obviously on the Steiner circum-ellipse and on the cubic), the lines
through the Steiner point and Uy, Vi, Wi meet the circumcircle again at three points
U/, V], W/ which are on the asymptotes and are the vertices of an equilateral triangle.
We can remark that the second intersections (other than U/, V), W}) of the asymptotes
with the circumcircle are the vertices of another equilateral triangle.

"[Paul Yiu] There are two lines that contain this point :

(1) The line through tK, parallel to the Euler line.

(2) The line joining the centroid to the inversive image of the symmedian point in the circumcircle,
point called X157 in [38, 39]
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Figure 6.8: K092 or pK; the isotomic pKgo

The points U,, Uy, U, we met above are on pX;. This means that p/C; is the member
of F passing through GG. According to theorem seen in §6.5, p/C; is the locus of pivots of
all pKgo having the same asymptotic directions than pk; itself. It can be seen that p/C;
is the only pKCgp having this particularity.

6.6.3 KO037 the Tixier equilateral cubic

When we take P, as pole of the isoconjugation, we find a very nice pICgLO we shall call
the Tixier equilateral cubic. See figure 6.9.

Its pivot is X3g and the three asymptotes concur at X47¢ which is a point on the
circumcircle called Tixier point. (See [39] for details)

One of the asymptotes is the parallel at X476 to the Euler line and passes through
X74, the remaining two are easily obtained with 60° rotations about Xy76.

Its equation is :

Z (0% — )2+ a?(0* + ¢ —2a%)] 2 (roy® — ¢o2*) =0

cyclic

The intersection with the asymptote parallel to the Euler line is the P,-isoconjugate of
X30 which is the isogonal of the midpoint of OXy1g.

The nine common points with the Neuberg cubic are A, B, C, the feet of the parallels
to the Euler line at those vertices and finally X3g which is triple and we can remark the
two cubics share a common asymptote.

The common polar conic of X3 in these two cubics ® is the rectangular hyperbola
through the in/excenters and through X5 with center X476. This means that any parallel

8Tts equation is :
Z (b* — ?)(45% — b°P)z? =0

cyclic
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Neuberg
cubic

polar conic
of X1989

polar conic
of X30

Figure 6.9: K037 Tixier equilateral cubic and Neuberg cubic

to the Euler line meets the Neuberg cubic at M7, Ms and the Tixier cubic at N, Ny such
that the segments M;Ms and N7 No have the same midpoint.

6.6.4 KO046a and K046b the two Fermat cubics

Since there are only two points not on ABC' sidelines — the Fermat points X135, X14 —
whose cevian lines make 60° angles with one another, there are only two non-degenerate
plCéEfL which we call the Fermat cubics :

e their pivots are the anticomplements Xg16, Xe17 ° of the Fermat points.
e the poles are the points X396 and X395 '° resp.

e the asymptotes concur on the cubic at the complements Xg15, Xg19 of the Fermat
points X713, X14 respectively. These complements are therefore centers of each cubic
and inflexion points. The inflexional tangents are the lines Xg18 X396 and Xg19X395
respectively. The tangents at the points X13, Xg16 for the first, at Xq4, Xg17 for the
second are all parallel to the Euler line.

The asymptotes are the lines through the center of each cubic and the midpoints
of the sidelines of ABC.

6.6.5 K104 parallel trilinear polars pXg

Following the remark in §1.4.2, it is easy to see that there exists only one p/Cqo locus
of point M such that the trilinear polars of M and its Q-isoconjugate M* are parallel.
See figure 6.11.

9These anticomplements are unusual points on the Neuberg cubic.
10 Xa06 is the midpoint of X113, X15 and X395 is the midpoint of X14, X16. Those two points are on the
line GK.
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Figure 6.10: K046a and K046b the two Fermat cubics

The pivot and the pole are the isotomic of the point P; we met in §6.6.2. An equation
of the cubic is :

Z (4a* — 2a%V* — 2b* — 2a%* + b*c* — 2N (y — 2) = 0

cyclic

The triangle formed with the asymptotes is equilateral and centered at H.

Figure 6.11: K104 parallel trilinear polars pKgo
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6.7 A bicircular quartic

The locus of the intersection of the three asymptotes of all pICgO is a bicircular quartic
Q,. See figure 6.12. Its equation is too complicated to be given here.

Figure 6.12: The bicircular quartic Q, or Q004

Q, passes through :
o the feet U, V, W of IP(P,).

e G, X5 (centroid of the orthic triangle) with an inflexional tangent at G which is
the line GX351.

e the Fermat points and their complements.

e the Tixier point X47¢ and its complement.

This quartic can be obtained by inverting a circular cubic in the following manner :

(C) is the circle centered at G through Xs;. This circle is tangent at X5; to IP(P,).
Let us call (k) the pivotal cubic with pivot the point at infinity of the parallel lines OK
and G X5 which is isogonal with respect to the triangle formed by the inversive images
U, V' W' ' with respect to (C) of the points U, V,W. Q, is the inversive image of (k)
with respect to (C') which allows the construction.

Consequently, Q, passes through the inversive images of the in/excenters of triangle
Uuv'w'.

This circular cubic (k) is very special in the sense that its singular focus lies on its
asymptote. Hence, the line OK is perpendicular to one of the sides of the Morley triangle
of U'V'W".

By’ V', W’ are three points on the circle with diameter G Xs;.



Chapter 7

nKCgo 1socubics

7.1 Main theorem for n/Cy
For a given Q(p : ¢ : r)-isoconjugation, let Ro be the point with coordinates
[p(45124 —b%c?) : q(45% — 2a?) - r(4S% — a2b2)] ,

namely the QQ—isoconjugate of P, = Xj9g9.
There are only two possible situations :

o if Rg # G <= () # P, then there is a pencil of nfCg all having the same
asymptotic directions and their root on the line GRq. Among them, there is one
and only one nngrO. 1

o if Rg =G <= Q) = P, then any point P of the plane is the root of a nKgg.

This nkg is a nlCérO if and only if P is on the line
a?(48%4 — b*cH)x + b*(4S% — Fa®)y + (45 — a®b*)z = 0

which is the image of the circumcircle under the P,-isoconjugation and, in fact, the
perpendicular bisector of OH.

In this case, the common point of the three asymptotes is on the circle I', with
radius R/3 (R circumcircle radius) which is homothetic to the circumcircle of ABC
under h(Xi95,—1/3) or h(H',1/3) where X935 is the center of the Jerabek hyper-
bola and H' = X965 = P,-isoconjugate of H.

Proof :
See §6.2 together with equation (2) in §1.3.

7.2 Isogonal nKg) cubics

In this paragraph, we take 2 = K and Rqo = [612(45124 — 6202)] which is X393 in
[38, 39]. The common asymptotic directions of all cubics are the sidelines of the (first)
Morley triangle. The root P is on the line GK.

!The pencil is generated by the two following cubics :

(1). one is degenerate into £°° and the circumconic which is its isoconjugate (this cubic is not a proper
nKeo)

(2). the other with root Ro and parameter 0.

122
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When P = G the cubic is decomposed into the union of the circumcircle and £ .
All those cubics meet the circumcircle at A, B, C' and three other points which are the
isogonal conjugates of the points at infinity of the Morley sidelines : those points are the
vertices of an equilateral triangle called circumtangential triangle in [38]. See also [23].
For all those cubics, the triangle formed with the asymptotes is centered at G. If t is the
real number such that GP = t GK, then the radius of the circumcircle of this triangle
is :

a? +b? + 2 1

9R

|

7.2.1 The K;, cubic or K024

When P = K, we obtain the only nngLO of the pencil denoted by Kj,. See figure 7.1.
This is a nky with equation :

Z a’x(Py? +0%2%) =0 or Z (y+ 2)z%/a* = 0
cyclic cyclic

The asymptotes concur at G.

Figure 7.1: K024 or I,

Among other things, this cubic is the locus of point M such that :
1. the circle with diameter MgM is orthogonal to the circumcircle.
2. the pedal circle of M is orthogonal to the nine-point circle.

3. the center of the conic ABCMgM is collinear with M and gM (together with the
union of the six bisectors).

4. the pole of the line MgM in the conic ABCMgM lies on L (See §1.5.2) i.e. the
tangents at M and gM to the conic ABCMgM are parallel. 2

2This is true for every nko with pole = root.
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5. the sum of line angles (BC, AM) + (CA,BM) + (AB,CM) =0 (mod.m).

6. the Simson lines of M,, My, M. are concurrent, where M,, My, M. are the second
intersections of the cevian lines of M with the circumcircle i.e. the vertices of the
circumcevian triangle of M.

7. the lines AgM and MM, (or equivalently BgM and M. M,, CgM and M,Mp)
are parallel.

8. the parallels at M,, My, M, to the sidelines BC', C' A, AB respectively are concur-
rent.

9. the circumcevian triangles of M and gM are perspective (together with the union
of the six bisectors, the circumcircle and £>).

This cubic passes through the centers of the three Apollonius circles, the tangents at
those points being concurrent at G. The tangents at A, B, C' are parallel to the sidelines
of ABC.

7.2.2 K105 nK4y and perpendicular polar lines in the circumcircle

The locus of point M such that the polar lines (in the circumcircle) of M and
gM are perpendicular is the isogonal nKgy noted K105 with root the point O+ =
(cos 24; cos 2B; cos 2C) 3. See figure 7.2

Its equation is :

(a® 4+ b* + ) zyz + Z cos 24 z(c*y? + b%22?) = 0
cyclic

One of the simplest geometric description of this cubic is the locus of point M such
that the circle with diameter MgM passes through O.

It is also the locus of the intersections of a line ¢ through O with the rectangular
hyperbola which is the isogonal image of the perpendicular at O to /.

This cubic passes though O, H and O}, Oi-, 0. The third point on OH is on the
tangent at Xi19 to the circumcircle.

The third point on AH is AH N OO;- and the third point on AO is AO N HO .

Its asymptotes form an equilateral triangle centered at G whose circumcircle has
radius 2RR/3. This triangle is homothetic to the circumtangential triangle under Ay o /3
and both triangles are homothetic to Morley triangle.

7.2.3 KO85 an isogonal conico-pivotal n/Cg

In [24], we have met an isotomic non-pivotal cubic called ”the Simson cubic” for
which the line through a point M on the curve and tM envelopes an ellipse inscribed
in the antimedial triangle G,G,G.. We call this conic the pivotal conic of the cubic and
say the cubic is a conico-pivotal cubic.

Similarly, we find an isogonal conico-pivotal nKgo with root at [a(a? + ab+ ac — 2bc)]
(on the line GK) with equation :

—2abe(a® + b + Hayz + Z a(a® 4 ab + ac — 2be) z(*y? + b*2%) =0

cyclic

3We call the point O' ”orthocorrespondent” of O : the perpendicular lines at O to the lines
0OA,OB,OC meet the sidelines BC,CA, AB at three collinear points O, Of, O called the ”ortho-
traces” of O and then O is the tripole of the line through those three points. We call this line ”ortho-
tranversal” of O. O is obviously on GK since cos 24 =1 — 2sin® A.
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Jerabek
hyperbola

polar conic of S

\
trilinear polar R
of X1993

Figure 7.2: K105 a nKg related to perpendicular polar lines

It has a singularity at I (incenter) and any line through a point M on the curve and gM
enveloppes a conic inscribed in the triangle 1,11, (excenters). See figure 7.3.

This cubic is the locus of point M such that the circle with diameter MgM is or-
thogonal to the circle centered at O passing through I.

Figure 7.3: KO85 an isogonal conico-pivotal nkCgg
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7.2.4 K098 the NPC pedal cubic
The locus of point M such that the pedal circle of M passes through a fixed point )

is an isogonal nK with root Q.
This cubic becomes a nkgo if and only if Q@ = X5. It is denoted K098. See figure
7.4. Tts root is, as usual, a point on the line GK. Here, this is X5L with coordinates :
[a(a* + 0" + ¢* — 2a%b* — 2a°c* — b*c?)].
Its equation is :
Z a?(a* +0* 4 ¢* — 2a%? — 2a%c* — b2 ?) x (Y + b222) + a?b* P (a® + VP + ) wyz =0
cyclic

The triangle formed with the asymptotes has circumradius R/3, center G.

/

Figure 7.4: K098 the NPC pedal cubic

7.3 Isotomic nKg) cubics

In this paragraph, we take Q = G and R = [45124 — 6202] which is t P,.

The common asymptotic directions of all cubics are again the sidelines of the (first)
Morley triangle. The root P is on the line Gt K.

All those cubics meet the Steiner circum-ellipse at A, B,C and three other points
T,, Ty, T, which are the isotomic conjugates of the points at infinity of the Morley side-
lines : those points are the vertices of another equilateral triangle and are the intersections
- other than the Steiner point Xgg - of the Steiner circum-ellipse with the circle centered
at tK through Xgg. See [23] for details.

The center of the triangle formed with the asymptotes (center of the circle which is
the poloconic of £ ) is a point on the parallel to the Brocard line OK at the midpoint
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X381 of GH 4.

Remark :

one of the cubics degenerates into the union of the Steiner circum-ellipse and £ and
is obtained when the root is G.

7.3.1 K094 the isotomic nkj,

The only nkg, of the pencil is obtained with root
P = b2 (b* + ¢* — 5a?)] °
and its equation is :

2[(0* + *)( + a®)(a® + V) — 8a’b*c®] myz + Z V(b 4+ —5a)x(y? +2%) =0

cyclic

Figure 7.5: K094 the isotomic nkg,

The three asymptotes are concurring at K” symmetric of K about G ©.

The cubic intersects the sidelines of ABC at U, V, W which are on Ap = IP(P). This
line is perpendicular to GK.

The tangents at A, B, C intersect the sidelines of ABC at Ai, By, C7 which lie on
A¢p = IP(tP). This line is perpendicular to OK.

4An equation of this line is :

> (" = *)Aa*Sa + b )z =0

cyclic

®This point is the isotomic of the isogonal of the symmetric of G about K which is [b* + ¢* — 5a?
SK" is X599 in [38, 39]. Tts coordinates are (20 4-2¢® —a?). Tt is the perspector of the Lemoine ellipse
i.e. inscribed ellipse with foci G and K.
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7.3.2 Other examples of isotomic n/Cq
e K093 We find a very simple isotomic n/Cgy when the root is
[2a%(0? + ¢?) — b*¢?)
which is the symmetric of t K about G. See figure 7.6.

This is a nKy whose equation is :

Z [2a*(0* + ¢*) — b*Plz (y* +2%) =0

cyclic

Steiner

)
/ ellipse

Figure 7.6: K093 an isotomic nky_go

e K198 When the root is t K, we find a remarkable isotomic nkKgy with equation :

Z vtx (y* + 22) + 2(b%c + 2a® + a*b)zyz = 0
cyclic

In this case, the circumcircle of the triangle formed with the asymptotes is centered
at X3g1 (midpoint of GH) and has radius 2R (circumcircle radius). See figure 7.7.

7.3.3 KO089 an isotomic conico-pivotal n/s

When we take the point P = [4a?(b? + ¢%) — 5b%¢?] 7 as root, we obtain another
isotomic conico-pivotal cubic (see [24]) which is now a nKgy denoted KO089. See figure
7.8.

Its equation is :

Z [4a® (0% + ) — 5b*c*] 2(y® + 2%) — 6 (b?¢* + Pa® + a*b) ayz = 0

cyclic

"This point is the homothetic of t K under h(G, —3).
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Figure 7.7: K198 an isotomic n/Cgg

This cubic has a singularity at G.

The line through M and tM envelopes the ellipse £ inscribed in GGG, and also in
the triangle whose sidelines join a vertex of ABC to the foot of the tripolar of P on the
opposite side. Knowing six tangents, it is easy to draw &. Its center is [a?(b? +c?) —8b*c?]
on GtK 8.

The tangents at G are the tangents drawn through G to £ (they can be real or
imaginary).

It is fairly easy to draw the asymptotes : the tangent at T, to the circle centered at
tK is also tangent to & at t,. The symmetric (which is on the cubic) of ¢, about T;, has
its isotomic conjugate on the tangent at T, and on the asymptote parallel to T;T..

7.4 nK{;,” isocubics

We have seen that neither isogonal nor isotomic conjugation give a nngLOJr. It seems
natural to seek such cubics for another Q-isoconjugation. We have the following theorem :

7.4.1 Main theorem for nK{," isocubics

Fach nlCérO‘L isocubic is obtained in the following manner :

Let M be a point on the circumcircle, M’ its orthogonal projection on its Simson
line, N such that m =4/3 W and €2 the barycentric product of N and gM .

Then N is the center of the nICéFO+ isocubic which is invariant under 2-isoconjugation
and which has the line MM’ as asymptote.

The root can be obtained according to §3.3.2.

8This point is the homothetic of t K under h(G, 3/2).
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Figure 7.8: K089 an isotomic conico-pivotal nkgg

Remarks :

1. The locus of 2 is a conic C; through P, whose equation is :

Z (453 — b**)2? + [a*(a® + 0% + ) — 2(b* — )?] yz =0

cyclic
Its center is the point [a?(5b% 4 5¢? — Ta?) — 4(b* — ¢*)?] on the line GK.
2. The locus of N is a bicircular circum-quartic Q; easy to draw.

3. The asymptote M M’ is a Simson line with respect to triangle J,J,J. (excenters).
This means that there are three nlCérO‘L isocubics with given asymptotic directions.
They can be obtained with three points My, My, M3 vertices of an inscribed equi-
lateral triangle in the circumcircle.

4. The cubic can degenerate into a line and a conic : that happens for example when
the point M on the circumcircle is the second intersection of an internal bisector.

7.4.2 K139 the P,-isoconjugate nk{," cubic

There is only one nng'O"' with pole P, = Xjgg9 obtained when M = X74. This is
K139. See figure 7.9.

One of its asymptotes is parallel to the Euler line and the three asymptotes concur
at the P,-isoconjugate of X3¢ which is :

1
[(4531 —b2¢2)[(b2 — )2 + a2(b? + ¢ — 2a2)] |

Its equation is :

Z (b? — B, x (1oy? + qo2%) — 6(a® — b*)(0* — ) (* — a®)ayz =0

cyclic
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Simson line
of X(74)

Figure 7.9: K139 a nkCJ;"

with
E, = 854 — 4b*c2S% + 9a%b**S 4 — 4b*c?

and where E} and E. are found similarly. See §6.1 for p,, qo, 7-

7.4.3 Other remarkable ()-isoconjugate nkg," isocubics

We have been unable to find a reasonnably simple cubic with the most commonly used
points on the circumcircle. One of the less complicated has center with first barycentric
coordinate :

(a+b—2¢)(a—2b+c)(a® — 2a*b+ 7a>b* + 44?0 — 5ab? + b° — 2a’c — 9a®be
—5a2b%c 4+ blc+ Ta3c — 5a%bc? + 10ab*® — 203¢% 4 4 — 20°E — Bact + bet + )

and pole :
[(b— ¢)(3a® — 2a%b — 4ab® + b — 2a%c + Tabe — 4ac® + 03)]

One of its asymptote is parallel to the line IG.

7.5 A K, summary

) being a point not on the sidelines of ABC', we can sum up the study in the following
manner :

o if QO ¢ C,, there is only one ICgLO with pole € and this cubic is non-pivotal.

(this is the case of the isotomic conjugation)

e if Q €C, and ) # P,, there are exactly two ICgLO with pole €2 :
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— one is pivotal with pivot on the Neuberg cubic and its asymptotes concurring
on the quartic Q,. (This ICgO is IC(;FOJr if and only if the pivot is the anticom-
plement of one of the Fermat points)

— the other is non-pivotal. (this is the case of the isogonal conjugation, the
cubics being the McCay cubic and Kj;)
e if ) = P, there are infinitely many ICéFO with pole € :

— one only is pivotal (the Tixier cubic with pivot X3g).

— the others are non-pivotal with their root on the perpendicular bisector of O H
and their asymptotes concurring on the circle I',.



Chapter 8

Conico-pivotal (unicursal)
isocubics or ¢k

8.1

Theorems and definitions

(See also [24])

e A nk with root P = (u: v : w) is a conico-pivotal isocubic invariant under an

isoconjugation if and only if it passes through one and only one of the fixed points
F = (f : g : h) of the isoconjugation : for any point M on the curve, the line
through M and its isoconjugate M* envelopes a conic we call the pivotal-conic
of the cubic.

In this case, the cubic has a singularity at F' and is unicursal.
A conico-pivotal isocubic will be denoted by k.
An equation of this cubic is :

—2(ghu + hfv+ fgw)zyz + Z ur(h?y? +¢*2*) =0

cyclic

which rewrites as :

Z uz(hy — g2)> =0

cyclic

showing that, for a given F', those cubics are in a net generated by the three
degenerated cubics into a sideline of ABC' and the corresponding cevian line of F
counted twice.

The pivotal-conic C is inscribed in the precevian triangle of F' (formed with the
three other fixed points of the isoconjugation) and has equation :

Z [(gw — hw)?z? -2 (ghu2 + 3fu(hv + gw) + f2vw) yz] =0

cyclic

and center : [u(g+h —2f) + f(v+ w)].

The three contacts of ¢/C and C lie on a circum-conic called contact-conic with

equation :
h
Z<2i+g+—>i:0
v v o w) T

cyclic

133
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its fourth common point (assuming that the conics are distinct, see §8.3 below)
with C being :
h
[(2 ! +24 —> /(gw — hv)}
u v w

e The isoconjugate of this circum-conic is the polar line of F' in the pivotal-conic C.
An equation of this line is :

f g9, h\z
> <2E+5+E>}_0

cyclic

This line passes through the real inflexion point(s) which is (are) isoconjugate(s)
of the real contact(s).

e The two tangents at F' to the cubic are the tangents (real or imaginary) drawn
from F to C. !

e When the pivotal-conic is a circle, ¢k is called a cyclo-pivotal isocubic.

We have already met examples of conico-pivotal isocubics in §7.2.3 and §7.3.3.
The goal of this paragraph is to systematize the research of such cubics and realize
their construction.

8.2 Construction of a conico-pivotal isocubic and its piv-
otal conic

Given F' and P as above, we denote by F,F,F,. the precevian triangle of F' and by
U, V,W the feet of IP(P).
Remark : The following constructions can be realized with a ruler only.

8.2.1 Starting from the pivotal conic

e First construct the pivotal-conic C entirely determined by six tangents : the side-
lines of F,FyF, and the lines AU, BV, CW. Let @ be its contact with CW (or
AU, or BV) and @' the harmonic conjugate of ) with respect to C' and W.

A variable tangent (T') at T to C meets CW at ¢ and let ¢’ be the harmonic conjugate
of t with respect to C' and W. The tangent (7') and F't' meet at M on the cubic.

e I'T and CW intersect at E. E’ is the harmonic conjugate of E with respect to
F and T. The tangent at M to the cubic is the harmonic conjugate of M E’ with
respect to the lines M C' and MW.

e From M we can draw another tangent (7”) to C. The lines MT" and FT meet at
N on the cubic and the harmonic conjugate of M with respect to N and T" is M*,
isoconjugate of M. Note that the point F'T" N NN* also lies on the cubic.

More precisely, when the two nodal tangents are real the cubic is said to be crunodal and has only
one real inflexion point. On the other hand, when these tangents are imaginary the cubic is said to be
acnodal and has three real collinear inflexion points.
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8.2.2 Starting from an inscribed conic

Let v be the inscribed conic with perspector the cevian product @ of F and P. ? Q
is the perspector of triangles ABC and A’B’C’ where A’ = PF, N BC, B’ and C’ defined
likewise. A variable tangent 7 to v meets the lines FU, F'V, FW at Z,, Zy, Z.. The
perspector Z of triangles ABC and Z,Z,Z. is a point of the cubic. Now, let us construct
A" = FA' N FyF. and B”, C" similarly. The perspector R of triangles A”B"C" and
F,FyF, is the perspector (with respect to F,F,F.) of the pivotal-conic.

8.2.3 With trilinear polars

Let S, be the trilinear pole of the line through the points ABN FV and AC N FW.
The points S, and S. being defined likewise, S,, Sp and S, are collinear on the line
s whose trilinear pole S is the perspector of the inscribed conic = seen in paragraph
above. For any point @ on s, the line ¢ = IP(Q) intersects FU, FV, FW at Qq, Qp,
Q. respectively. The lines AQ,, BQy, CQ. concur on the cubic at M and the line ¢
envelopes C.

8.2.4 K with given node passing through a given point

Let F'= (f : g : h) be the fixed point of an isoconjugation and the node of a ¢k with
root P = (u:v:w).

Let M be a point not lying on a cevian line of F'. This cubic passes through M =
(a: B :7) (and also its isoconjugate M*) if and only if P lies on the line L with equation

> a(hB—gy)?z=0.
cyclic

This line L passes through the trilinear poles of the lines FM and FM* with first
barycentric coordinates :

1 f

and ———— respectively.

hB — gy a(hB = gv)
It follows that there is a pencil of cubics ¢K with node F' passing through M and
M*.

This pencil is generated by two decomposed cubics namely the union of the line F'M
(resp. F'M*) and the circum-conic which is its isoconjugate hence passing through F,
M* (resp. F, M).

8.3 Circum-conico-pivotal isocubics

e When C is a circum-conic, ¢k is called circum-conico-pivotal isocubic. A quick
computation shows that the root must be F' therefore, for a given isoconjugation,
there are four circum-conico-pivotal isocubics.

The equation of the cubic rewrites as :

—6 fgh xyz + Z fr(h*y? +¢%2*) =0 — Z fr(hy —g2)*> =0

cyclic cyclic

2Q is called Ceva point in [39].
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and the pivotal-conic is the circum-conic with perspector F' (its equation is : fyz+
gzx + hxy = 0) and center G/F = [f(g+ h — f)].

Hence, it is tritangent to the cubic at A, B, C and the cubic meets the sidelines of
ABC' at three points lying on IP(F') which are inflexion points.

Let us remark that, in this case, the pivotal-conic and the contact-conic are iden-
tical.

This cubic can be seen as the locus of M intersection of a tangent to C with the
trilinear polar of the point of tangency.

e Examples

— K228 when F' = I, we obtain an isogonal ¢/ with equation :

Z azx(cy —bz)? =0

cyclic

— K015 when F' = G, we obtain the Tucker nodal cubic, an isotomic ¢k with

equation :
Z z(y—2)2 =0

cyclic
and C is the Steiner circum-ellipse.

— K229 when FF = K, we obtain a cK such that C is the circumcircle. Its

equation is :
Z a’z(y — b*2)? =0

cyclic
— when F' = O, C is the circum-ellipse with center K.

— when F' = X393, we obtain a ¢k such that C is the Kiepert hyperbola.

More generally, the pivotal-conic is a circum-rectangular hyperbola if and
only if F' lies on the orthic axis. The pole € of the isoconjugation lies on the
inscribed ellipse with perspector X3g3 and center [a* + (b* — ¢?)?] intersection
of the lines X9 — X39 and X4 — X39. This ellipse passes through X715 and has
equation :

Z Sia? —28325%yz=0

cyclic

— when F' = Xy15, we obtain a ¢k such that C is the parabola with equation :

Z (b =)’ yz=0

cyclic

i.e. the isogonal conjugate of the tangent at X0 to the circumcircle 3.

More generally, it is easy to see that the pivotal-conic is a circum-parabola if
and only if F' lies on the inscribed Steiner ellipse.

3This parabola passes through Xz, X523, Xess, Xs50, Xg02.
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8.4 Cyclo-pivotal isocubics

It is clear that there are four inscribed circles in the precevian triangle of F
(in/excircles) therefore, for a given isoconjugation with four real fixed points, there
are 16 cyclo-pivotal isocubics, sharing four by four the same pivotal-circle.

We have already met such a cubic in 8.3 with /' = K where C is the circumcircle.

8.4.1 Isogonal cyclo-pivotal isocubics

When F' = [ (incenter), the precevian triangle of [ is I, I;I. (excenters) and we can
find four isogonal cyclo-pivotal isocubics with circles centered at X164 and harmonic
associates.

8.4.2 Isotomic cyclo-pivotal isocubics

Taking G as fixed point of isotomic conjugation, we find four cyclo-pivotal isocubics
with circles centered at the Nagel points passing through the Feuerbach points of
the antimedial triangle. One of them is K090 with equation :

Z (b+c—3a)z(y* +2%) +2(@+b+c)ryz =0

cyclic

with root X145 = aXs (Xg = Nagel point), C being the circle centered at X§g passing
through Xj90= aXi; (X11 = Feuerbach point) i.e. the incircle of the antimedial
triangle. See figure 8.1.

Figure 8.1: K090 an example of isotomic cyclo-pivotal isocubic
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8.5 Circular conico-pivotal isocubics

We find two very different situations according to the fact that the isoconjugation is
or is not isogonal conjugation.
8.5.1 Circular isogonal conico-pivotal isocubics

A computation shows that, when we take F' = I (or one of the excenters), there is
a pencil of circular isogonal conico-pivotal isocubics which are all strophoids as seen in
§4.3.2.

The pivotal conic is a parabola.

8.5.2 Circular non-isogonal conico-pivotal isocubics

We now suppose that the conjugation is not isogonal conjugation.

Theorem :

For any point F(f, g, h) not on ABC sidelines, there is one and only one circular non-
isogonal conico-pivotal isocubic with singularity at F' invariant under the isoconjugation
having F' as fixed point. Its root is :

R = [(a’gh+ VRS + 2 fg)* = V2 (f + g+ h)’]
clearly on the line through G and the isoconjugate of K.

an example : K088

Let us take F' = G. There is one and only one circular isotomic conico-pivotal isocubic
with node at G. This is KO88. See figure 8.2. Its root is :

[(a® + 0%+ ¢*)? — 9b°¢?]
and its equation is :

Z [(a® +0* + *)? — 9P| z(y* + 2°%) — 6(a* + b* + ¢* — b*® — ?a® — a®b?)ayz = 0
cyclic

The pivotal conic is inscribed in the antimedial triangle and is centered at :

(6% + ¢ = 2a°)(2b” + 2¢* — a?)]

8.6 Equilateral conico-pivotal isocubics or ¢y

In paragraphs §7.2.3 and §7.3.3 we have met two cKgg, one is isogonal and the other
isotomic.

More generally, for any isoconjugation with one fixed point F' = (f : ¢g : h), there
is one and only one cKgo with singularity at F'. Its root is too complicated to be given
here.
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;\EI;IIL'I‘ line

asymptote

Figure 8.2: K088 an example of circular isotomic conico-pivotal isocubic

This cKgo becomes a CICgLO when F' lies on a tricircular sextic with singularities at
A, B, C passing through only one known center, namely Xgy = gil. The corresponding
CIC(;"O is K230 with root :

b+c—2a
alb+c—a)(b®+c—a?—be)

Es96 =

See figure 8.3.

The asymptotes concur at Es97 a point lying on X36Xgo, the parallel at Xgy to the
line IH.

The tangents at Xgg are perpendicular.
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Figure 8.3: K230 a cICgO, an example of equilateral conico-pivotal isocubic
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8.3 K230 a chérO, an example of equilateral conico-pivotal isocubic
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