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THE INTERSECTION OF TWO CONIC SECTIONS

By J. A. H. JorxnstoNn,

[Received April 30th, 1905.—Read May 11th, 1905.—Reoeived in revised form May 29th, 1905.]

IT is stated in Salmon’s Conic Sections, sixth edition, p. 887, that the
cases of four real and four imaginary intersections of two conics have not
been distinguished by any simple criterion.

In the notes (p. 891) of the same volume it is further stated that this
discrimination has been made by Kemmer (Giessen, 1878), and his results
are qnoted. '

The problem has been discussed subsequently by Storey (4dmerican
Journal, Vol. vi.) and by Gundelfinger (Vorlesungen, Teubner, Leipazig,
1895), whose results differ from each other and are distinet from those
of Kemmer.

It is the object of this paper, whose treatment is independent of theirs
in method, to establish simple criteria for the cases of intersection of two
conics, with corresponding results for real and imaginary tangents.

The forms in which both Kemmer and Storey expressed their results
will be derived at once from the treatment of this paper; of Kemmer's
four conditions one will be shown to be unnecessary, and the results of
Storey will likewise call for modification.

The following notation will be adopted :—The two conics (abcfgh) (zyz)?
and (a'b'c'f'g'k') (zyz)® will be called S and §'.

The minors of the determinants A and A’ will be styled, as usual,
A,B,C, F,G, H and 4', B, C, ....

(bc' +b'c—2ff") will be called K,
(ac'+ca' —2g9g") ” ” L,
(adb'+a'b—2h0") " v M,

gh'+g'h—af'—a'f) ’ ’ K,
(W +f'h—bg=bg ., L,
g’ +f'g—ch'—c'h) " " M.
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The tangential equations of S and §', viz., (A BCFGH) (uvw)® and
(A'B'C'F'G'H") (wvw)?, will be called ¥ and X', and the contravariant
(KLMK'L'M'") (wvw)® called, as usual, ¢.

The invariants of the conies will be A, 8, 8, and A’, the cubic determ-
ining the line pairs AS+S’, AN*+6OA*46'A+ A’ = 0, and its diseriminant
0024+ 18AA'00' —2TA2AP —4A03—4A'6% = D.

The question of the intersection of the two conics S and S’ may be
placed upon the simple basis of the nature of the several line pairs AS+S'.

If AS+ S’ break up into straight lines (Iz+my+nz) and ('z+m'y+n'2),
then I, m, n and I', m/, n’ can be so determined that

ar+a' = ',
WA+b = mm',
A+ = nn',

2 (fAt[f) = mn'+m'n,
2 (gA+g') = nl'+n'l,
2 (AR = Im'4+1U'm.
It readily follows that
(1) —A@NFEN+A4") = {(fA+/P—OA+b") (A +c)} = Limn'—m'n))
@ —(BN+LA+B') = {(gA+ 1P —(A+c) (@r+a')} = }(nl —n'D)?
(8) —(CXN+MA+C) = {”AA+L)—(ar+a) (DA +b")} = § (m' —I'm)?
4) —EFNFKN+F) = {(aA+a') (fA+f)—(gA+g') (RA+ 1)}
= 1 (Im'—U'm) (nl' —n'l)
(5) —(GN+L'A+G') = {(DA+b) gA+g")—(fA+f") (kA4 1))}
= L (mn'—m'n) (Im' —1'm)
6) —(HN+MA+H") = {{A+)(BA+R)— A+ gA+9")}
= § ml'—n') (mn'—m'n) |

(L)

From (1), (2), and (3) of (I.) it is readily seen that
uy/ {— AN+ KA+ A"} +oa/] —(BN*4+ LA+ B"}
t+wy{—CN+MA+C) =%iu v wl (L)

1 m ni

i ‘
| m' wi
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Now, if both sides of (1), (2), (8), (4), (5), and (6) be multiplied by
u?, v%, w?, 2vw, 2uw, and 2uv respectively, and the results be added,

—CN4+pA+Z) =%luw v w|® by (IL)
Il m =n

U m' »'

= [uy/{—UNH..)}+ oy {—BN+..)}
+wa/{—(CN+..)! P (D).

If the line pair AS+4 S’ be real, equations (III.), where u, v, w are any
real variable line coordinates, show that, since the squared expressions are
positive, (EA*+ @A+ 2’) is essentially negative in sign.

If the line pair be coincident, then, since |u @ 1w | vanishes, it

I m n

r '

U m' =n

follows that (EA*4¢A+2') = 0.

Again, if the line pair be imaginary, and the values of A be real, then,
since aA+a' = ', bA+bd = mw/', ..., land I, m and m/, ... are all pairs
of conjugate complex numbers, and therefore (mn'—m'n), (Im'—I'm), ...
are all entirely imaginary and of the form ¢, where ¢ is real, and therefore
3w v w]= 7, where t' is real. Its square is therefore negative, and

I m n
r m' »
consequently, by (IIL.), the value of (EX*+ ¢A+2') is essentially positive.
In equation (IIL) [# v w| =0 is plainly the equation to a vertex
Il m n ‘
! m' »n

of the common self-polar triangle, and the three values of 4/ { —(AX*4...)},
v —(BN4..)}, &/{—(CX*+...)} are proportional to the coordinates of
its three Vertlces, and so, if we contemplate the case of AS+S’ a parallel
pair, and these vertices at infinity, the vanishing of |sin4 sinB sinC

l m n

’ ’

U m n
indicates also the vanishing of (EA*+ ¢A+2') for these special coordinates,
and includes this case in the above.

‘T'he nature of the line pair AS+S’, therefore, depends solely upon the
sign of (EX4+-¢oA+Z'). The cases of four real and four imaginary inter-
sections of two conies, 1t is well known, have thus much in common, that
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D, the discriminant of the cubic AN34OA*+46'A+A' = 0, is positive, and
that A has three real values; if there be two real and two imaginary
intersections, D is negative and A has only one real value.
To distinguish the first two cases, we notice that
(a) For four real intersections, identified geometrically by
the existence of three real line pairs AS+S8', (EX*+ A+ X))
must by the foregoing have three real negative values. (IV.)
(B) For four imaginary intersections, given by
(1) s+t s+t
(2) s—at, s'—it;
8 o+iT, o'+
4) o—ir, o' —ir,
there is clearly still one real pair of common chords, i.e., the
lines joining (1) to (2) and (8) to (4), but the other two pairs are
imaginary. The values of X are all real, and, as AS+S’
imaginary implies that (ZA’+¢A+Z') is positive, it follows
that of the three values of (EX*+¢A+Z') two are positive
and one 1s negative. (V)
The three values of (EX*4+¢A+Z') may now be regarded as the
roots of a cubic equation in 2z, where
P LR 3

subject to ANHOZ4HON4+ A = 0.
The elimination of A yields
A 6 ¢ A’ 0 |=0, (V1)
0 A 6 o' A’
2 ¢ 2~z 0 0
0 Z $p =z 0
0 0 > ¢ S—2

in which we note that

229023 = IIEAN +oA+Z) = /A A 6 6 A 0 | = 4¢/4%
0 A 6 ¢ A
T ¢ X 0 O
0 ¢ % 0
0o n X ¢ X
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and we propose to show that, in all cases of intersection, the determinant
¢ 18 essentially negative in sign.

By (IV.) the case of four real intersections was distinguished by the
fact that (ZA\*+ ¢A+3') had three real negative values. The product of
its values is therefore negative.

By (V.), four imaginary intersections required that (EA+¢A+Z2')
should have one negative and two positive values. The product of the
three values is therefore again negative.

In the case of two real and two imaginary intersections the product
is also negative; for the cubic in A has now two imaginary roots, but one
real pair of common chords remains, i.c., the line through the two real
intersections and the line through the two conjugate imaginary inter-
sections. (2)\3-}-4))\1-}-2’) is therefore negative for the real pair A\, S+ S'.
The product of (2)\§+¢>\2+2') and (2)\§+¢)\3+2’), being the sum of
two squares, is positive. This is clearly the case, since A, and A, are
conjugate complex numbers. It follows that the produet IT(EX*4-¢A+Z')
1s again negative.

The foregoing having shown that IT—(ZX\*+¢A+Z') is proportional to
II(uz+ vy +w2)?, i.e., the square of the tangential equation to the
vertices (z,, ¥y, 2;, ...) of the common self-polar triangle, it is now possible
to identify this product —d with I”?, where I' is the well known contra-
variant of the two conies.*

The cubic equation (VI.), when written in full, is

(S(—6+20'4)— 345 +6Ag)
A4 i 37 ,~z2

$2(02— 20A") 4+ 3782+ 55 (265 — 40’ A)
+Z6(3AA'—00)— 5 ¢ 20A+ ¢ 6’1.\} .
Aﬁ

]

—AN'gA+(OSA +0'S'A) ' — | TG+ SN0+ S5 (96— 304" | ¢
| 4 SPA 4 TEAT_ 15V (2A'0— 9 — 375206 —67)
| Al

=0, (VLY

* The distinctions of the above may be exemplified by reference to the value 7 of the area of
the common self-conjugate triangle, which can be shown to be given by

ut D u b

where u = 471"*sin? 48in®* Bsin?C, 7' = the triangle of reference, and Z, ¢, and X’ contain line
infinity coordinates.
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which we shall call B4pP+4qz4r = 0, (VL)"
where r'=—J/A® has been shown to be positive in all cases of inter-
section.

The distinction between the cases of four real and four imaginary

.ntersections is now apparent.
In the former case the cubic has three real negative roots; in the latter

one real negative and two real positive roots.

Therefore, for four real points, p and ¢ must both be positive.
For four imaginary points, p or g at least must be negative. (VIL)

This twofold condition may be embodied formally in one, if we note
that, at the minimum point of the z cubic, the value is negative in the
former case and positive in the latter, inasmuch as 7 is positive.

This value of 2z is the common root of the equations

1) P4pP4ez+—0 =0,
2 82+2pz+q = 0,

for the minimum case. The elimination of z between (1) and (2) gives
a quadratic for (—¢) whose greater root must be chosen, and (p®--8q) is
positive by the conditions. The common value of 7z in (1) and (2) is easily

found to be
= 131_,*_, 8
o —2(p*—3q) @)

and therefore 27 (r—¢)*+(4p®—18pq) (r—{)+¢*(4g—p%) = 0;

. ) = — =IO TP 80

and therefore, by (8), 2 = 3[—p++/(p*—89)].

For four real points D is positive, +4/(p*—8¢g)—p is negative. For
four imaginary points D is positive, 4+/(p?—8¢)—p is positive, which
embodies the previous twofold conditions.

It can be easily shown that the four points of intersection are given
tangentially by

A=AV EA + A+ £ A=A (EN +gA+Z)
+ M=V (EAs+ A +2) =0,

and this suggests the derivation of another cubic in 2’ whose coefficients
will display collateral symmetry in Z, ¢, 2’ and the invariants.
If, therefore, the roots of the cubic in 2z be multiplied respectively by
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AT, —N)?, AT(\;—)\)?% and AT(A,—)\p)?, we shall arrive at a cubic in
2’ whose coefficients are the expressions used in Kemmer’s conditions.
In this case, to form z'3+p'z?+¢'2'+7' =0,
we have
2 {40 =N (BAIH g0+ )}
= 2Z(6*—80A")+¢(060' —9AAN 42T (B*—86'A) ;

and therefore pP=12Z ¢ 2,
sA 20 ¢
6 200 sA

and similarly

7' = Z{A* A=A A=A CANi+ 9\ +2) B+ 9N +2)!
= :}. ! pm_(¢2_4221)p},

{

and r=rDA’=—Dé=—D|A 6 & A O],
0 A 6 o0 A
2 ¢ 2 0 O
0 2 ¢ 2 0
0 0 X ¢ X

and the 2’ cubic appears as

2 ¢ 12 ¢ 2|°
2%4+18A 20 0 |2?+%4{[8A 20 6 | —(¢*—4ZZ)D ; 2

6 20 8A’ 6 20 8A’
+rDA* = 0 (VIIL)
or zrs+plzm+qlzl+,rr = 0’

and all the former conclusions still hold from the positive nature of the
multipliers of the former roots in z.

Criticism of Kemmer's Results.

Kemmer’s results are that for four real intersections the following
four conditions must be satisfied, viz., D, p', ¢', and 7' must all be positive.
Now 7' = rDA?, and, if D be positive, this asserts that » must also be
positive.

But we have shown clearly that in all possible cases of intersection 7
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is positive and equal to [™/A%; and therefore this fourth condition of
Kemmer is superfluous.

The case of four real intersections may now be distinguished with
advantage by (1) D positive, (2) +4+/(p"*—8q')—p’ must be negative.

The Results of Storey.

From the original identities (I.) we can deduce very simply the results
which Storey obtained by a different method.
(1) —(ANH+EA+4) = } (mn'—m'n)?
Q) —(BN4+LA+BY 1 (nl'—n'D)?
8 —(ONHMAHC) = } (' —Um)?
4 —FNHEKN+F) = §(Im'—Um)(nl'—n')
(3) —(GNHLA+G) = Lmn'—m'n)(ln'—1U'm)
6) —(HN4+M'\+H') = L (l' —n'h(mn’ —m'n)

If we choose for u, v, w the quantities (az+hy+g2), (hx+by+f2), and
(9gz+fy+c2) as multipliers, and multiply (1) to (6) respectively by
(az+hy+g2?, ..., 2(ha+by+f2)(gz+fy+c2), ..., and add once more, we
shall find the sums to give, as may be readily verified for the two simplest
conics,

—{ASN +(OS—ASIN+H(O'S—F)} =} iZ0mn' —m'n)(az+hy+g2)
(IXD

where F is the covariant conic of S and S’, and the right-hand side now
represents the square of the equation of a side of the common self-polar
triangle when equated to zero.

The appavent anomaly, common to the right-hand sides of (IX.) and
(IIL.), that, despite the fact of real vertices and sides of the self-polar triangle
in the case of four imaginary intersections, the square of Z(mn'—m'n) u
should be negative is explained by the statement that (mn'—m'n), ... are
only proportional to the values of the coordinates of the vertices, e.g..
(mn' —m'n) = kz,i, where z, is real, &e. '

The function — {ASA?4+(6S—AS)A+ (0'S—F)} now simply replaces
the former —(EA*+¢A+Z'), and all the conclusions with respect to the
sign of the latter apply equally to that of the former.

The most symmetrical form of these new criteria will now be obtained
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by the simple summations, &c., used for the z cubic, and, just as the sum
of three values of —(ZA?*+¢A+Z') appeared as p, so does the sum of the
three values of — {ASA*+(0S—AS')A+(0'S—F)} appear as Storey’s

S, = (—6'S—068'+8F).
Similarly the equivalent of ¢ is Storey’s
S, = (0A’S*+6'AS™+8F?+ (66’ —8AA') SS'—20'SF—260S'F),
and, lastly, the equivalent of 7 appears as Storey’s
Sy = F*—F*(0S'+6'S)+ F {A'05* 4 A0'S"M 4 (06'—3AA") SS'| —AAS®
—A'A%SP4 A (2060'— ) S2S'+ A (24'0— 6% SS™.

Storey states that for four real intersections D must be positive, Sq> 0,
S,S3>0. Now S;, in harmony with the interpretation of (IX.), and on
independent grounds, is clearly equal to J?, when J is the Jacobian of S
and S', and is, moreover, the exact equivalent of r, which we showed to be
positive in all cases.

The same reasoning applied to S; as to r shows that it is also
necessarily positive. The appearance of J? is what we should be led to
expect from the reciprocal method implied in the use of the above
multipliers (az+hy+g2), ..., and, just as we showed r = I'*/A? to be
always positive and I" always real, so does S; remain always positive and
J always real. The results of Storey should consequently be modified to
read D positive, S, >0, S, > 0.

Gundelfinger's Results.

By different methods Gundelfinger arrives at the expression
(A4 ¢A+T), and thence deduces Storey’s

Sl = (—BIS—GSI'*'SF),

the equivalent of p in point coordinates. This function he treats as a
“‘ combinant "’ conic V, gives it a geometrical meaning, and deduces three
conditions for four real intersections from the fact that it must represent
an imaginary conic in this case, so as to constantly preserve a positive
sign for all values of the variables.

These three conditions, however, contain, in addition to the invariants,
the specific constants of the two conics S and S’, and do not present the
results in invariant contravariant or invariant covariant forms appropriate
to the general projective problem.
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The following alternative criteria have now been established :—

For four real points
(1) D must be positive ;

2 p'= Z ¢ Z' must be positive;
30 20 O
0 20 3A!

@) ¢ =1%1ip?—D(@*—4ZZ")! must be positive ;

for all values of the variables.
For four imaginary points (1) D must be positive, (2) p’ or ¢’
at least negative. (X))

Or for four real points
(1) D must be positive,
(2) S; = (—0#'S—0S"+3F) must be positive or zero,
(3) Sy = {0A'S*+6' A5+ 3F*+(00'—311") SS'—20'SF—20S'F;
must be positive,
for all values of the variables.

For four imaginary points (1) D must be positive, but not at
once S, >0, S,> 0. (XL)

Both sets of criteria require alternatives for special cases of inter-
section, as follows :—

In (X)), if D =0, or if there be contact, the other iutersections wre
real or imaginary, according as p’ >or < 0. If D=0and p' =0. ¢ is
also = 0, and double contact is easily inferred. The distinction between
real and imaginary double contact is given by the sign of p in the z cubic,
or more symmetrically thus. The X cubic has equal roots, one common tu
SN+ gA+2 = 0. Two values of IXN*4+¢A+Z' vanish, and the third
value (= — p) is easily found to be, since the unequal root of \ is
AT (2P —6A0")/A (20 —6A'6),

L SA%(207—6A0') 4+ pAA (00’ —9AN ) 4 'A% (202 — 6A'0)?
P = AQ(QO'Q—GA'B)r

; (XIL)

and therefore the double contact is real or imaginary, according as p
> or < 0. The cases of osculation require no criteria.
Similarly in (XI). For four real intersections S, must generally be
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positive for all values of the variables; but in the case of four-pointed
osculation it is easily shown to vanish identically, requiring S, > 0.

If the quantities p’ and ¢’ in the 2’ cubic receive special constant
values, i.e., sin 4, sin B, sin C for u, v, w in Z, ¢, and Z’', these quantities
are invariants for projections, such as the linear Cartesian transformation,
in which the line at infinity is unaltered, and the criteria also have a
metrical significance exhibited in a footnote.*

In conclusion, the criteria for real and imaginary common tangents
may now be developed.

If we reciprocate the original conics S and 8’ with respect to

P +yi+2 =0,
and apply the foregoing criteria for real intersections to
B = Az*+ By*+C2+2Fy., ...,
R = A'2*4+By*+...,

we shall evidently get the criteria for four real common tangents.
The identities analogous to (I.) now assume the types

— {aAN*4+ (BC'+ B'C—2FF)A+a'A’;} =1 (mn'—m'n)?, ... ]
— AN+ (GH'+G'H—AF —A'F)N+f'A"} =1 m'—Um)(nl' —n'l), J
' (XIIL),

and, if we multiply these six identities on both sides by
(Au+ Ho+Guw), ..., 2 (Hu+ Bv+ Fw)(Gu— Fv+Cw), ...,
and add once more, we shall obtain the new equivalent of
— 1 I oA+ 2!
a8 — AN A @ Z-AZ)N+A'C0—A¢)},

* If Q represent the area of the quedrilatersl formed by the four points of intersection, and
o L (S22
W6t
where ut = 47T"2gin? 4 sin® B sin? C,
it can be readily shown that the throe values of @* are given by the roots of the z’ cubic
By pr gl ' =0,
a verification of this equution’s validity.

For four real points there are three real values of @2 which are pogitive, viz., the con-
ventional area (1234)% (A128 ~ A124)2 and (A124 ~ A134)%

For four imaeinary points there sre 1wo negative values of Q% and one positive value,
corresponuing to the one real area which is easily shown to remain for two pairs of conjugate
imuginary points, The invariable vaiues of %, %', end ¢ here employed, with line infinity co-
ordinates used for the variables, aubsids in the case of Cartesians into the well known invariants
(uh = k%), (@b’ + «’b—2hA"), and (a'd'—A'3).
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where the new cubic determining AR+ R’ is
A+ AN AN A" = 0.

As before, the product of the three values of this new quantity is positive
in all cases and is equal to 7A‘A’, and we must simply express that the
sum of its three values is positive and the sum of its product pairs positive
for four real common tangents.

The sum =P = (—06A'S—0 AT +8AA'¢).
The sum of the product pairs
= Q = AA'{0'A'Z*+0AZ?+ 8AA'¢*+ (66’ —8AA") ZZ!

—20A'Z¢p—20'AZ' ¢},
and the product = rA'A"”? = T2AA,

and the new cubic whose roots are the values of
— {AZZNHA(O'E—AZ)VA+A' (20—Ag)}
18 E+PEHQEHT?A’A? = 0.

The discriminant of the new A cubic is now A2A"™D, where D has its old
meaning.
And therefore for four rc 1l common tangents (1) D must be
positive, (2) P must be positive, (3) @ must be positive.
For four imaginary common tangents (1) D must be positive,
and (2) P or @ at least must be negative. (XIV.)

If D be negative, there are two real and two imaginary common
tangents.

These tangent conditions can be thrown into the alternative forms
involving S, §', and the covariant F, by multiplying the identities of
(XIIL) by 2% ¢* 2%, 2yz, 22z, and 2zy, and then adding.

The result gives —(ASA?+FA+A'S’) as the analogue of the original
—(EN oA +2).

Since this new quantity stands in relation to the cubie
ADZH AN HA'ON+A” = 0

in precisely the same way as —(ZX*+4+¢A+2Z') stood with regard to the
original A cubic, the new results may be at once inferred from (X.) by
writing AS, F, and A'S’ for Z, ¢, and X', and making corresponding
changes in the invariants.

§ER. 2. VoL. 3. No. 907. 2o
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The criteria appear as follows :—
For four real common tangents
(1) D must be positive,
2 8§, = AA’% S F S’ | must >0,

135 249 o |
18 2A'8 BA"
©) 8,=11!8]—A%"D(F*—4AA'S8)} > 0, (XV.).

for all real values of the variables.

For four imaginary common tangents (1) D must > 0,
(2) not at onece S,>0, S,> 0.

The results of (X.) and (XL), of (XIV.) and (XV.) constituie a complete
solution of the problem proposed. While it is obvious that the results
may be expressed in an unlimited number of modes by varying the
positive symmetrical multipliers of the roots of the cubics discussed, an
effort has been made to present them in their simplest and most
symmetrical forms.



