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A Oontinuation of Gauss’s “ Dioptrische Untersuchungen.” By
Professor R. A. SampsoN. Read April 8th, 1897. Received,
in recast form, September 18th, 1897.

Of all methods by which we can discuss the most general case of
repeated asymmetrical refraction of a beam of light, that which
Gauss invented and applied to the symmetrical instrument appears
to be most appropriate; for it rests upon the correspondence of ray
to ray—the simplest correspondence which no refraction can disturb.
The deeper physical significance of the method of the characteristic
function appears to have diverted attention from what may be done
by direct consideration of the rays.

How complete a solution Gtauss’s method can furnish will be seen
below, where a simple and elegant algebraical correspondence ex-
presses the limits of the modification which any narrow beam can
experience in passing in any manner through any singly refracting
media which vary continuously or discontinuously. '

In this scheme sixteen coefficients express the correspondence of
ray to ray : six-of these are absorbed in satisfaction of six identical
relations ; four more relate to an irrelevant choice of axes, and six
constants are left to express the properties peculiar to any, the most
general, given optical system. To exhibit these constants free from
irrelevant quantities and identical relations requires a somewhat
elaborate theory ; which, however, yields an immediate test of the
equivalence of two given systems, and, among other things, proves
that direct incidence on a thick lens whose curvatures are unequal in

each face and in different planes in the two faces is equivalent to
* any, the most general, given system.

The method of the characteristic function has been made by
Larmor to yield the same result—in fact, to furnish an implicit,
though unelaborated, solution of the whole problem (Proceedings
Lond. Math. Soc., Vol. xx., p. 192, and Vol. xxmt, p. 172). DBut a
question of so much generality and importance will justify a second,
radically different, discussion ; and I trust that the new results of the
following pages, which include an account of the geometrical proper-
ties and a sketch olassification of the most general systems, will show
that Gauss’s method, applied freely and according to the spirit of
it, is a capable rival of even so powerful, elegant, and well tried a
method as the characteristic function.
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Let a narrow beam of light be composed of discrete rays, not
related to one another in any manner, except that the squares of their
mutual inclinations are negligible. Let this beam be refracted at
any surfaces of discontinuity, arbitrary in number, in situation, and
in curvatures. Let an arbitrary ray be called the axis of the beam,
and at each surface let the origin of coordinates be placed where
this ray impinges on the surface, with the axis of # along the normal
and the axis of y along the tangent line which is perpendicular to

the axis of the beam. Then the. .
equation of the surface may be
written
2z = A,y*+2H,yz+ B, 7, 0
and those of the ray, o0/ -~
before refraction : g
=4 = ¢
cos 0 0  sin 9
after refraction : a J
' =4=
cos 6 0 sin 6
where psinf —u’sin 6’ = 0.
If we write the equations of a.ny other ray of the beam,
before refraction : =Yl _2=%
s(0+3) € sin (8+3)’
after refraction : =¥=b_ 20

cos (0’+c") T ¢ T sin(d+9)’
where the quantities by, ¢, 9, ¢, &, € are all small, we may derive the
relations between these quantities from the formula
pl—up'l = (p cos 86—y’ cos 6) p,
where 1, I', p are direction cosines with respect to any axis of original

and refracted ray and normal to the surface respectively, and ©, &’
are the inclinations of the rays to the normal. We get thus

pe—p'e’ = (Ab,+ Hyc,) (1 cos 6 —u’cos 0),
pcosB83—p cos 0 = (Hyb,+ Byc,) (1 cos 8—p’ cos 0').
Now refer the equations of the rays to new systems of coordinates
in which their own axes are the axes of . Rotate the axes of , 2
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about that of y through an angle —8; the equation of the oﬁgina.l
ray becomes

z—c,8in 6 _ y—b, _ 2—c,co86,
cos 8 e - sin J

or, ignoring squares of small quantities,

z= Yy—=bo 26, cos 0
e é

which we shall write in the form
‘y=£w+b, z=Late,
p B
where - b=2"b, B=pe, c=cycos6, y= ps.

To find corresponding equations for the emergent ray we must shift
the origin to that arbitrary point where the axis of the beam next
impinges upon a refracting surface and rotate the axes of y, z until
the axis of y is a tangent line to that surface. The equations of the
ray then become

yl= %$'+b,, zl=%wl+cl’

where B= pecosgp’+pd sing,
v = —p'¢sing’ + '8 cos ¢,
b= bycos¢’+c,cos 8 sin ¢’ +a'F,
¢ =— b, sin ¢"+ ¢, cos & cos ¢’ +a'y’,
where p'a’ is the shift of the origin along the ray, and ¢’ is the angle
of rotation. Eliminate ¢, €, &, &, b, ¢, and we get
b= (b'—a/®) cos ¢’'— (c'—a’y’) sin ¢,

cos 6’
cos ¢

B = B cos ¢'—v sin ¢’ +4b+ He

¢ = [(b'—a’ﬁ') sin ¢’ + (¢’ —a'y’") cos ¢'] cc—-z:g,'

— ’ . ’ ’ ’ C__Oﬂo’ C—OS 8'
vy= [ﬁ sin ¢'+y’ cos ¢+ Hb + Bc cos A1 cos 6

where we have written

é) H() Bo 1

A Hcos0 Dcos8 pcos d—p cos @
p2
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If we write b=g,b+hf+pc +a0,7,
B=kb+ LB +nrc+s7,
¢ = pb'+ ¢ + 956 +hsy',

=1+ s,ﬁ'#— ke’ + by,

we get the following scheme of values, in which has been written
for cos f/cos 6 :—

g1 = co8 ¢’ hy=—a' cos ¢’ ) = —sin ¢’ ¢, = @'sin ¢’
; ;) 3 7 S - Aa’sin¢'
ky=Acos¢’ - |l =~.Aad cos¢ 7y =—Asin ¢
+Hsing' | —Ha'sin ¢’ +cos ¢’ +H cos ¢ —Hd'cos ¢/
~—sin g’
Py = weing¢’ ¢y = —wa’' 8in ¢’ g3 = wcos ¢’ hy = —wd cos ¢
- -] 7 o3 7
rg=w-1[Hcos ¢'|3g = w-1 [~ Ha'cos ¢’ | k3= w1 [~ Hsin ¢’ h=w [E’a am?
+Bging’)] —Ba sing +sin¢'] +Bcos ¢] —Bd’cos¢
: +008 ¢']

Regarding this scheme of coefficients it may be verified by inspection
that they obey the following twelve relations, namely :—

G|+ |pal=1 1)
kL 73 8

Gp|+|pg|=0 &)
k, 7y K

Ga|t+|ph|[=0, 3)
k 5 Ty Uy

koo l +|ag|=0 4)
L n 8y Ky '
ha|+|gk|=0, ®)
L s 8 Ly

PGl t|ghl=1, (6)
T S A
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and ahl+|pna|=L
k 1 1 & '
G hli+|pnal= 0,
P 95 gs hs
Jal|+|na]=0
17y 8 ks 1
ELi+|n &|=0,
Ps 95 gs by
ELl+]|n &al=0,
Ty 8 ky L
PG|+ |a =1
Ty & ks 1

37
)

()
3"
(4')‘
(59

(6)

The structure of these equations is readily seen; each consists of two
minors of the determinant formed with the sixteen coefficients as
elements. The first six are composed of one minor made out of the
first and second rows, together with a minor formed similarly from
the third and fourth rows, and the second six are formed in the same

"way from the first and second, third and fourth columns.

Now these same relations hold when any number of successive
refractions separate in the most general manner the rays (b, 5, ¢, v),

¥, B, ¢, vy). For, if we have the three schemes of relation

b= g, +h0+pc+q7, V= 90" +m8" +m¢" +x.7"
B=kb+1, 5 +rc+s7, B =" +M0"+p ¢ + 0¥,
¢ = p3b'+¢56 +g:6'+ hsy', ¢ = mb"+x:B"+ 7,6+ ny7”,
Y =nb+58 + ke +1,7, Y = ps b + 08 g "+ A7,

b= Gb"+H,B"+Pic"+ QY
B=K\b'+ LB +R, g”+ S,y"
¢ = Pb" + QB+ Gyc" + Hyvy",
y = R + S, + Ko + Lyy',
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and if the first two obey the twelve relations just written, then the
third also obeys the same relations. For we have

G = gnthatpmetaps,

H, = gim+hM+px+ 010

Py =gim+hp+p1vs+ aiky

G =gxitho+pntad,

K, =kn+hoa+nmts ey

&e., &e.

Now form, for example, the minors which make up (3') :—

G H | = | gnthatpm+arn am+hh+pxatao
R, 5, it Hhmthey  rsm+ sl Hhx+ oy
' = |lah||nal+|an| [ nmlF|aal | nes
7 S| [mM g ks | {m X k| |noy
+ o |am|+ | el |ae|+|2a] |me
s ksl | Mxs s L |A oy k1 X3 Oy

It will be seen that the minors of the (gh) sjstem are all formed out
of the first and fourth rows, while those of the (yn) system are
formed out of the first and second columns ; in the same way, we have

PL@|= |ah] |ma|+|an||[mn|+|aa]|ms
K, L, 3861 | n raks| | xams sl [N
+ o |lan|t|hal s+ |(na] |[na]-
8 by 9, M 85 1 o A ks Ll g\
Thus, in virtue of the relations
nalt|me|=1 )
mA X1 0
nm|+|mn|=0 @)
T Xs X1 M
ne|+|me|=0 3)
m o x Al
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|+ e vs| =0 (4”)
A Xs Oy Mg
Pt ;oK =0, (5)
)‘1_0'1 o A
|+ || =1, (6
Xs %3 n A

we have ,
IGon + | B Q)‘= 91711

R, 5, K, L,

+ |P1 a|=0 (@)
ks 4

rs 8
In the same way, we get

+ |G, H,
K, L,

= +

P, Q .')'s g
R 5, 4

and the remainder follow on exactly the same lines.

=1, (6)

™ Xa

[

Let us now remove two unnecessary restrictions. We have
supposed the origin to lie in the first surface of discontinuity, and
the axis of y to be a tangent line. But introduce at an arbitrary
point of the beam before the first surface is reached a hypothetical
surface with zero change of refractive index, and the origin will be
transferred to an arbitrary point, and the axis of y to an arbitrary
direction. And the same applies to the emergent beam.

Secondly, we have supposed density to vary discontinuously ; but,
since there is no restriction upon the number of surfaces of discon-
tinuity, the results apply equally to continuous variation.

Thus we have proved the following theorem i—

If the equations of an original ray and of the same ray emergent after
passing through any singly refracting continuous or discontinuous media
whatever tn any manner be respectively

y=L ot y=L a1y,
I Iz
and ,
z+c 7= 17w'+c’,
" .

Z =

=R
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where b, B, ¢, v, b, B, ¢, v are all small, so that the relations between

them are linear, vt

2.y

b= G\b'+Hf+Pc+Qy7,
B=EK\b'+ LS +ERc+8,7,
o = Pb'+Q,0'+ Gy’ + HyY,
y =RV +8,8+K,c'+ L7,

then the simteen coefficients obey the relations
G,L,~H K, +P;S,— Q. R, =1,
G, R,—P,K,+P,K,— G, R, =0,
a,8,—-@K,+P,L,—H,R, =0,
H,R,—P,L +QK,—G,S, =0,
H,8,— QL+ QL — H, 8, = 0,
PS8, —Q R+ G, L,—HK, =1,

G,L,—HE+P8—-QR, =1,
¢,Q,— H,P,+ P,H,—Q,G, =0,
6,8,—H,Ry+P,L,— Q,K, = 0,
K,Q,—L,P,+R,H,—8,G, =0,
K,8,—L,R,+R,L,—8,K, =0,
P8, — QR+ G; Ly—H,K;= 1.

M
(2)
@)
(4
®)
®)
®
@)
@)
@)
)
(6)

Let us now comsider further the passage from one scheme of
coefficients to another, as written at length on p. 37, or, as we shall
write it hereafter, '

(bBey) = 1

(B

r

S
ky

\ 7y

r

"N

L - Kl
cy) =
Ty

\ V3

Py

hy

E'

&

L
A
Xs

£

B

71
9s
ky
m
(31
73

Ky

91’
&
hy
L)

b ¢} 1
41
ns

A )

- BBy,

L (bll ”0”7” ) s
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G, H P @

K‘ Ll R‘ Sl » e, .
(bBoy) = P, o 6, H " 67CY),

By, S, K, L,

where it is postulated that each group of coefficients satisfies the-
relations (1) ... (6), (1) ... (6").

First let us prove the following theorem :—

If we have
h @
: ky 4 r
Bfey) =1 b ey,
' Py @& 9 b
7 &6 Kk L
then inversely
I, —h, 8 —gq,
-k -7,
ey ={ T P,
s —q Iy —h
-1 p =k g
For Lb—mpB = |91 b | bl+0-ﬁ'+l nh ‘?’+ ‘91 hl 7
kL n 8
8o=gy = | Py g5 | V' +0.68+ lga G|+ | hg|y
T3 & k; 5 ly &

Add these; then in virtue of (1), (4), (5), we get the first of the above
relations, and the others follow similarly.

Now it is physically and also algebraically evident that the ray is
reversible. Hence the scheme {ll,. —hy, &c.} must satisfy the twelve
fundamental relations. Make the necessary substitutions, / for g,
—h, for h,, s, for p,, —g, for q,, &c., and we find that (1) becomes (1°),
(2) becomes (5), (3) becomes (4'), (4) becomes (3'), (5) becomes (2,
(6) becomes (6).

Hence, from the reversibility of the ray, if the relations (1)...(6) are
satisfied, it follows that the relations (1°)...(6") are also satisfied, and con-
versely. :
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This may be proved without introducing the principle of reversi-

bility. For we have .
/W 21

nh Igehs - .%ha"" S ¢ 9192,'
kL kL A I P A ks, | |s K&
+ o |ps s —'lhqu Pagsl"‘ | |
Lnlln L s |7k noalln s
=|g b p q|=A, say,
B L onog
D4 9 b
LI k4 '
end | py | || - PG| |G|t B] |0
Ty & lkal: skl sl Tl 5 kn'
tlaan]|ph|—|ah Pags"i‘lgsh: P
& kgl |7 s Ll |n k kL Ty &
=|lp & ¢ k|=0.
re & Kk L
P B g by
e 8 ki 1
Add these:
M) g2 by | —(@) | @ 7| +(3) tqs g | +(4) | ps bs | —(5) | Ps 95
Ty 1y s Wi & ky e Uy | 7y Ky
+6) | | =5,
73 8

where (1), (2), ... denote the left-hand members of the equations so

named.
In the same way,

D]pa|—-@|h qx| +(3) |k py +(4)|91 shl ) | g
T & L & Ln E s b n
+(6) | o hllEA
E 1L
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Add these: we get
A=1)OE-@G)+®
=1,
in virtue of the values of the expressions (1)...(6) ; hence, substituting
the values of A, (1) ... (6) above, we get

|91 hi+|pma|=1 6"
k1 73 &
P4 +,91 h1‘=]' ey
8 A

Again, in like manner, we have
0=|gs & o G|+ |7 & & &
kL »n & e 8 kg I
h hopoa h hopoal
PG g ks G hh

=) |pa|-@|h qll +@) | mp|+D g n
lga hs' % by 9 93 Ps Iy
—(5) |91 n|+6®)|a b,
1P Py 9
0=1) |2 ql|—(2) | +@) | mp|+@) |5 «
ks b & L 8 ks 5 b
OIS AR ORI
7y Ky T &
0=QQ)|n | =@ |k a|+@)|h n|+@) |k &
N 9 hy 9% s Py by
- OILEARIOIL AR
B 9 » G
O=M)|n &|-@ |4, 6| +@) |4, n]|+@)|K s
k, L 5 b 5 Ky A
—O) |l n|+(6) | & 4],
' 7y Ky Ty 6




44 Professor R. A. Sampson on [April 8,

and these, in virtue of the values of the expressions (1) ... (6), give

respectively ,
nal+|anh|=0 @)
gs hs 2: ¢

1o al+|at]=0 » 3)
ky L Ty 8
noa|+ |k L|=0, )
gs hy Ps 45 .
nal+|k L|=0 (5)
LA s §

Hence the twelve fundamental relations contain only six independent
statements.

Let us write the relation between the three schemes of p. 37, as
follows :— :

G, H, P, § h kopoq “mnmih ™ X
K, L, R, § — kL "'1. 8 q A opooy
Py Q Gy H P 9 Bl |moxs v om
R, 8, K, I, o8 kol Ps 0y K A

where in fact the value of any element on the left is found by treat-
ing the schemes on the right as if they were determinants, but
multiplying the rows of the first into the eolumns of the second; e.g.,

Qs = Pym+ QoM+ GaXs + Ky 05

that is, we take the third row of {g,h,} into the second column of
{vim...}, since @, stands in the third row and second column on the
left. It is clear that this multiplication is not in general commutative
~—a limitation that has a direct and obvions physical meaning. In-
versely we get

L, -H, & -0, M=m 0y —Xs ll =k 5 -q
K, Gi—R, P| |—=x m—p m| |-k g7 P
5 -@ L, —H, Lo —Xe A s—q l—h
-B P -K, G —h T =Kk Y —n =k g



1897.]

and also
i hop
B L on
P2 3 95

n & k
h h ™
q o AP
Ty Xs Vs

P Oy K3

It is to be

we have
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N

4
51
hy

L)

\y

X1
41

N3

"

r

Ay

L

&

~k

& —q

_,'l

'Hl P 1 Ql
K, L, R, &
P H QS Gﬂ Hﬂ
(R, 8,

L -k

8 —q
h-—7 P
ly —n,
»—k g

A ~h 9 —Xs )
L e
o =X A —m
—h ™ Ky Y/
G, H P Q)
K, L R, &8
P, @ & B
R, 8, K,. L,J

45

observed that a scheme {g, &, ...} obeying the funda-
mental relations may represent a mere shift of origin ; thus, if

[1 A0 0
0100
b — bl ¥ ,
(bBer) [ 01 A (b'Bcy)
0 0 1
b=b+M, c=c+A\y,
ﬁ=/3‘s 7=7l’ .

or the origin of the (, o) system has been shifted a distance + pu\
along the axis of # from the origin of the (¥, ¢’) system.

Or, again, a mere rotation ; thus, if

(bBey)

we have

B = ' cosp+csing,

cos ¢
0

—sin ¢

0

0 sing
co8 ¢ 0

0 cosg
—sin ¢ 0

0

sin ¢

0

cos ¢

®B<Y),

b=">bcosp+csing, ¢=—b'sin¢+c'cos g,

y=—@'sing+y'cos ¢,

or the axesof (b, c) have been rotated through an angle +¢ from the
positions for (&', ¢).
It is possible that,if the fundamental relations are taken as definition
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of a scheme of sixteen coefficients, g,,%,, &c., then the scheme so defined
includes other systems than can be produced by pure optical means ;
but I cannot adduce an example.

The foregoing results permit us to comstruct with mechanical
facility the scheme of coefficients that belong to any given optical
system.*

Hzample I.—Multiply together the schemes

1 0 0 O (1 —a” 0 O
4 1 H 0 01 00O
0 0 o O * 00 1-2a
Hlw 0 Blw l/w \0 0 -0 1

cos ¢ 0 —sing’ O
0 cos¢’ 0 —sing
sing’ O cos ¢’ 0

\ 0 sing 0 cos ¢’

which correspond respectively to refraction at a surface of dis-
continuity, shift of the origin of the emergent ray, a distance +w'a’
along the axis of the beam, and rotation of the axes for the same
through an angle +¢'. 'We obtain the original scheme of p. 36.

Ezample II. Thick Lens.—Let a beam impinge directly upon a
lens of finite thickness whose faces'are of arbitrary curvatures. Let
the thickness be —puc, the equation of the first surface

22 = a,+b,2,
and that of the second with parallel axes
2z = 4,y*+2H,yz+ B,2,
or with axes rotated through an angle +6 from these,

2z = a,,y’-l- b2

¢ It is worth remembering that the same method applies to surfaces symmetrically
disposed along an axis when each scheme contains only two rows.



o

000 1 ¢ 0 0y fcos§ O —sind 0 1 00

a 1 00 0100 0 cos6 0 —sinf| fa;, 1 O

001 0[|0 01 c[|sindé 0 cos68 O 001

0 05 1 0 001 0 siné 0 cos 6 0 0 b
( cos @ ccos 0 —sin 6 —csin @ 1 0 0 O
a,c080 (l+agc)cosd —a,85in8 —(l+ac)sinb| Ja; 1 0 O
sin 6 csin 6 cos 6 ccos 6 J 00 1 0
\b,8iné (1+b,c)sind bycos 8  (1+b,c)cosb 0 0 b 1

(14+ayc) cos @ ccos b —(14bc)siné —csin 0

\
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First multiply together the schemes

1000} (1 ¢ 00 1 0 0 O
w100l ]o100| |4 158 0
co010[foo1¢[]oo 10
005 1) lo oo H,OB,IJ
! c 0 0 10 0 O
_Ja 1l4ac O 0 4, 1 H, 0
1o o0 1 o 00 1 0
0 0 & l+be) \H 0 B, 1
1+45c c cH, 0
a,+ 43+ a,dge 14+ac Hg(l4a0) 0 ,
= cH, 0 14+ By c
H,(1+bye) 0 Bb+B,+5B¢ 1l+be

or we may form this scheme otherwise by rotating the axes between

the two refractions until the equation of the second surface assumes
its simplest form. Thus

1

(1+a4c)siné csin 6 (1 +byc) cos 8 ccos @
(b +a;+bac)sind  (14+b,c)sing (b, +b,+bbc)cos (1 +bc)cosd

-0 O O

(ayt+a;+aac)cosf (1+ac)cosd —(a,+by+abc)sing — (1+ac) siu01 .

|
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This scheme becomes identical with the one already obtained if we
further multiply by
cos § 0 sind O
0 cos 0 0 sind
—s8in6 0 cos6 O |
0 —sind 0 cosb
that is, if we rotate the axes back to their original positions.
Ezample I11.  Qurved Prism.—Let the two faces of a prism of any
angle be of arbitrary curvatures, the edge being formed by a common
tangent line. Let a beam impinge at the edge, perpendicular to this
line. Let this line be taken as axis of y.and the equations of the
surfaces be
2 = ay’+2hyz + b7, 2 = Ay’+2Hyz+ B2,
respectively. The resulting coefficients are given by

(1 0 0 0 1 0 0 0
a 1 kO 4 1 HoO
{0 0w O 0 0 Im o
h b 1 H B 1
= %% = IIOIIII

(1 0 0 0
at+d 1 H+4+rRIOI O
=y O 0 o O
1

H+hI o B4 1
| ol oll ol

that is to say, the prism is equivalent to a single surface.

L

1. It is evident that, if there are two systems of rays in corre-
spondence, 8o that the relations between the parameters that define
individual pairs are expressed by linear equations, then a scheme of
sixteen coefficients suffices to define the correspondence, and that
irrespective of the means, whether optlcal or other, by which one beam
is related to the other.

To introduce these sixteen coefficients the axes of z, " are identified
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with one corresponding pair of rays while the situations of the origins
and the directions of the axes of y, ¥’ are undefined. But we must

_consider that two systems are equivalent which differ merely in re-
spect to these undefined quantities, because the beams in two such
systems might be identified ray with ray by mere screw shifts along
the axes of , #/, and such shifts are not significant in relation to the
intrinsic representation of geometrical relationship afforded by the
sixteen coefficients.

Thus, out of sixteen quantities contained in the coefficients, four
(called A, p, ¢, ¢ below) ‘must be allotted to describe irrelevant
features, and this suggests a conception of invariant forms which are
indepenident of irrelevant quantities, and are related only. to the
geometrical modification produced in the beam. When we fully
understand how far a scheme of coefficients may be modified by
changes of axes, we shall find it easy to detect expressions which are
invariant in form and value in spite of such changes. These are
the quantities we require; it will be evident that their number is
limited only by their degree, that their degree is always even, and
that in the most general case not more than twelve can be inde-
pendent.

Associated with the invariants we shall observe forms which vary
with one only of the quantities A, p, ¢, or ¢, which permit us to read
off immediately the change of axes which will reduce a scheme of
coefficients from one given shape to any other, its equivalent. These
may be called seminvariants.

The following discussion, up to the introduction of the optical
equations, applies to the modification of a narrow beam of rays by
any means, e.g., by repeated reciprocation at quadric surfaces, though
.its plan and scope have been determined by the optical problem.

2. Let A, p define shifts of the origins, so that

G, H P, @

K, L R &

P, Q G, H,

. E, 8 K, L
(1'X 00 @ hopoaq 1 p 0O
[0100 k4, n 5| ]0o1o0o0
oo 1A )p g m[]O0 1
10001 re 5 k L) L0 0 01
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Gt e htpg AL +Aoky ptAn gutepHAe e )

g L+pk, 7 &+pn
PytAry @yt ppytAs,+Aory g+ By+pgy+ A+ Aok,
73 &+pry ky L+ pky

The forms which are independent of A and p and not higher than

the second degree are

Py [ Ps

kn b r

lkl nl, |an
L s L &

Gk

ki

kh

71

G 9|
ky Ky
koK,
h i

Pdi
s}

8

ks

P P

Ty

Ty

L
T
& &
P 0

8

73

y | Gs]>
7 ky
’ ?‘Ik,,
'9117.

1) gihn .
A

pl gl L)
ry ky

L

k)

5 U

These are each equal to the similarly formed quantity with letters

Next consider a rotation of the axis of ¥ through an angle ¢,

G, H,, &c.
6, H,
K, L,
Pl Q!
R, 8,
f cos ¢ 0 sing - 0 '
0 cos¢ O sing k,
~gin ¢ 0 cosg 0 P
L O —sing O cosg 7
([ g,co8¢+p,8in¢ h, cos ¢ +¢,8in ¢
k cos ¢p+7,8in ¢ l, cos p+s,8in ¢
—g,8inp+p,cosp —hsing+g,cosp

\—k,8in ¢ +7;co8 ¢

—1, 8in ¢ 45, co8 ¢

qs

P,
Rl
G,
K,

Q
8,

h,

8

Pyco8 ¢ +g;8in ¢
r,co8 p+k;8in¢
—p,sin g+ g, cos

—7,8in ¢+ksco89

¢, co8 ¢ +hy 8in ¢
5 co8 ¢+l 8in¢
—q,8ing+hycosa

—s&, sing+1; cos
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Confine attention to the terms in k,, 7, 75, k. We have -

[ 9
k
Py

\ T3

K+ B, = K +7,
' R:+K: = T:"'k:s
. K,K,—E,R, =k k,—n7n,
K\ R, + KR, = by + Ky,
E—E4+B-R = (R—K+r—) cos 2p+2 (kyr,+kyr,) sin 29,
2 (K, Ry, +E,R) = — (K} —k; +7;—7}) sin 2p+2 (k,7,+ k;7,) cos 29.

Now consider a rotation (y) of the axis of ',

Gl H] ‘Pl Ql

K, L B &

P Q G H,

R, 8 K, L
b p q) (cosy O —siny | 0
L n g 0 cosy 0 —singp‘
@ 9 b siny O . cosy 0 [
s kg L) L O siny 0 cos Y

(gicosy+p,8iny hcosy+g¢,8iny —g,siny+p,cosy —h,sinY+gq,cosy
kcosy+mnsiny Lcosy+ssiny —ksiny+r,cosy —1 siny+s, cos ¢
|mcosy+gusing guoosy+hysing —pysing+gcony —gysing-+hycosy
\rycosy+k,siny s;cosp+lsiny —rsinyY+kcosy —s;8iny+1l cosy

‘When we observe
' K: + R: = k: + ":’

K+ R, =K+,
K,K,— B, R, = k k;—nr,,
K,\B,+ K, R, = kyry+ Ky,
E—K-B+R = (K—F—r4r) cos2y+2 (k7 +kn,) sin 2y,
2 (K,R,+ K,R,) = — (Ki—k;—1] +73) sin 20 +2 (k,r, + k,7,) cos 2y.
: E 2
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3. Compare these with the former, and we find the following
equations true in spite of all changes in axes, namely :—

() E\+E;+RB+Ry=kK+F+r+7,

(®) K,'K,-—R,R, =k ky—r,15,

(@) Ei—Ej+R—By= (ki—k+7{—73)cos2¢ +2(kyr,+kyr) sin 29,
(@) .2 (BB, +EK,B,) = — (K —K +7~r")sin2¢ + 2(k 7, + kyr,) co8 29,
(B) E'—K —Ri+R,= (Ki—k—r|+7)cos2¢+2(kr,+kr,)sin2y,
(B) 2 (BBt E,By) = — (K—K—r*+1)sin2y + 2(kyr, + kyry) cos2y.

The forms (a), (b) are two of the invariants we are seeking; («), (a’)
are seminvariants with respect to ¢ ; (8), (8") are seminvariants with
respect to y. ‘ _

It would be tedious to follow the details in all subsequent cases ;
it may be verified without difficulty that we arrive at the following
results, true in spite of all changes of axes :—

(¢) &R, —K,P,— G B+ K P, = g,r,—k,p,~ga7s + s s,
(@) G\By—K,P;—GB,+K,P, = giry—kypy—gsni+kapy,
(7) GRB -E\P+GRB—K.P,= (gi—kpi+gyr;—ksp,) cos 29
+ (1% — sy —py 73+ pymy) sin 29,
(Y) G K;—GK,~ PR+ PR, =—(g,1,—kyp, +9ims—hyp,) sin 29
+ (91ks—goJoy — P73 +p5r1) co8 29,
(®) OB,—EP+GR—EP = (girs—kp+gin—Fkp,) cos 2y
+ (9165 — g5 o +piry —pymy) 58I 2,
@) GEy~GK +PRy—PR, =— (g7 —kipy + gir —lapy) 5in 29

+ (giks—giky+ pirs—pymy) c08 2¢ 5
and also

(e) EK\8,—LR,—E,S;+LR = h&—hry—ksthn,

() ES—LRB—EKS+LER, = Ika—bn—Fks+hn,

() EKSy—LRy+ K8, —LB, = (kysy—hry+kss,—lry) cos 2¢
+ (b ly =kl +7,8,—17y5)) 8in 24,

(¢) EK,Li—~K,\L,+R S;—R,S, = — (k5,— 473+ k8, —L7,) 8in 2y
+ (byly—kyly +7,85—1748,) cOS 2y, .
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(#) ES—-LR+ES~LR = (ha—bnt+ks—Lr) 09'8 2
+ (b ly—kgh —n,8+738) sin 29, -
(¢ EILi—K,L,—R,S; + RyS, = — (kysy —lyr, + ky8,— 1) sin 29

+ (kyly—kyly—7,8,+ 748,) cos 2¢ ;
and, finally,

9) GIL—~HK +P8~—QF+PS—QR+GL—HE,
= gih— Iyl +pisi— @iy + Pty —gars + gsh— ks,
There are also seminvariants with respect to A and p, namely,
(a) - G.K,+G,K,+ PR, +P,R,
| = gt gkt pm o HA G+ K47+,
(a) LE,+LE,+8E+5E,
= Lk, + Lk 4o+ oy +p (K} + Ky +71 +73),
(3) 6.K,+GK,—PR,—P,R,
' = giky+ gaky—pirs—piri + 2N (kg —1i7y),
(B8) L,E,+L,K,~8,R,—8,R,
= Lky+lky—8,r,—sgr, +2p (kiky—7y75),
#) 6.8,—L,P,—G,8+LP, :
= gy —hp1— 958y +lpy + A (e — iy ~ksss + byry)

) +p (g —kpy— g+ Espy),
(%) KlQl—Rle"KlQH‘RsH!

= kgy—nhy—kgs +75hy + A (s —bry— ks, + lyry)
—p (g —kp =i+ Ky py),
('31) ’ GIS!—'LIPI - G§SI+L9P1
= g1y —bLpy— g6 + Lpy + N (kg —hry— ks, + lyry) -

+o (gri—Fapy— g+ ksp1)s
(51) Kan —HIRI_KlQl + H!Rl

=mep— hl"q =kg,+hr+A ("1"'! =Lry—ks+in)
at (91":_","11’!“' gsh +k!p,),
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() G.Q—H.P~G,Q+HP, |
= gii—"p— 995+ haps
+A (g8l —gsss + Lps + Fagy — lyr —Fagy + h:"s)
+ N (s, =Ly —kgsy + Ury),
(v,) H,8,—L,Q,—H,8,+ L,Q,
= Mgy =l g —hysg+1Lg,
+p (g8 —llpn—gaé‘s'i- Lpy—kg +hn+ kogs —hyrs)
+¢* (glrl_klpl—giri +kyps)s
((1) GlQa—Hlpn—GsQl""HsPl .
= is— Py —9sq1 + hspy

+X (g:8— Lp.—g: + Lo, +kgs—hr— kg + h:"t)
+ X’(klf"s Lr,— ks + ls"l)

&) H8,-LQ,—H,S + L0,
= hysy—hgy—hys +5g,
+p (98— hps—gss+lpy—kgy +hyry + lsgy —m)
+0} (g1~ kupy—gan + epy).-

4. If two schemes are equivalent, all the above relations hold; in-
versely, let us investigate what conditions must hold in order that
A, p, ¢, ¢ determined from any of the above should be consistent.

First, consider the equations in ¢,y. If there are four simul-
taneous equations

a, = aycos +b,sin6,

b, = —ay8in 6+ b, cos 6,

c; = ¢co86+dsiné,

d, = — ¢;8in §4d, cos 4,
then we must have

AHB = a4l ded = ded

a6, +bdy = ayy+bydy,  aydy—bie, = aydy—byey,
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between which an identity subsists
(@+B)E+ED) = (@6 +bd) + (ad=bie)"
We must find the corresponding forms for the equations in ¢ ¥
We shall make repeated use of the identity '
(mbied) = [(abs)+(ad) ] [(ady) +(cxdd) ]
— [(@e) +(ae) ][ (bids)+ (bsd) ]
+ [(aud) +(ad) ][ (b +(Bied]
= — [ (b)) —(asb)] [(exh)— (e ]
+ [ (aes)—(ax0)] [ (Bid) = (b))
- —[(ads)—(ad) ] [ (Bres) = (Bses) ]

where (a,b,) stands for a,b,—asb,, and (a,bscyd,) is any determinant of
four rows and columns. This has already been proved (p. 43 ants)

under the form
A = (1)(6)—(2)(5) +(3)(4).

Now for the consistency of the equations (a), (a'), we must have the
following form invariant, viz.,

(4) ='(E}—E}+ B — By’ +4 (BB, + KR,

= (a)'—4 (b)!

=|K, K, R BRB,]|.
R, —-E, —-K,. K,
R, -B K —K,|

K, K, —-R, —R,

Agsin, (y), () give

(0) = (G,B,—E,P, + G,B,— K,P,)'+(G,K,— G,K,— P,E,+ P,R,)"
& G P, P,

—-P, P, -G, G

K, K, R, B

R, -R, K, -EK,
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and, taking (a), (a'), (), (') together, |
(ao) = (K:-K:"‘R:—R:)(GIRI—KIPH'GaRs—Kn-P:)
+2 (KR, + K, R,)(G,K,— G;K, - P,R,+ P,R,)
=|6G, 6, P, P|={(a)(c)+2(d)d),
K, K, R, R, :
K, K, —-R, —-R,
R, -R, K, -K
(o) &= (B!~ E}+ B\~ B) (G,K;~ G, K, — P,R,+ P, )
—2 (K, By + K. R,) (G4 B, — K, Py + Gy Ry — K, Py)
=|6, 6 P P,
K, K, R R
R, —R, —K, K,
R, ~R, K, —K,

and among these four forms we have the relation
(4)(0) = (a0)*+(ac)’,

80 that these four forms actually introduce only one new one.

Next, take (a), (d'), (¢), (¢"). We get
(F) = (E\8,— LRy + K,8,— LR)* + (E.Ly~ K,L,— By, + B,8,)*
=| L L 8 &]. ’ '
-8 8 —-L I
K, K, B, R,
Rn —-R K, —K
Also
(of) = (Bi—Ey+ B\~ By) (B8, — LR+ K,8,— LR,)
+2 (KB, + K,R,) (K,L,—K,L,— S, + R,3,)
L L 8 8|=@F)+20)e),
K, K, R, B,
‘Ka K1 —R, —R,
—R, R, —K, K,

fi
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and _
(of) = (K- Ky + B~ B)) (K, L,— K,L,— R,8,+ R,5))

—2 (KR, + Kan) (KISI_LI‘RI + KISI "LrR’)

= L L 8 &,
| K, K, B, R,
R, —R, —K, K,
-R, R, —-K, K,
and we ha.vé the relation »
(A)(F) = (af Y +(aof
these three, then, introduce one new form.
Lastly, take (y), (+'), (¢), (¢'), which, of course, can introduce no
new form.
(f) = (GB,—K,P,+ G;B,— K, Py) (K, S, — LBy + K,8,— L, R,)
~ (6,Ey— Gy, — P,By+ P,R) (KL~ K,L,— R,S, + B8
=| & & P P,
-8, 8 —-L, L
K, K, R, R,
-R, R, —K;, K,

(of) = (G\R,— K,P, + G,R,— K, P,) (K, L;— K, 1,— B\S, + R, §,)
~(G\K;—G,K,— PR, + P,R,)(K,8,— LLE, + K, S, — L, R,)
¢ & P B, |

L L & &
K, K, B R,
-R;, B, —K;, K,

and we have the relations
(4)(ef) = (a0)(af)+ (ac) (of ),
(4)(ef) = (ac)(af) —(ac) (of),
leading to O)(F) = (of )+ (o)
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5. Next, take the equations in ¢ beginning with (8), (8), (%), (¢);
we get
. (B)= (B)-Ej-E+E)'+4 (KR +ER) = (4),
(D) =(G,R,~ K,P,+G,R,—K,P))'+(G,K,— G,K,+ P,R,— P;R,)".
=|6G, G P P,
P, -P, -G, G,
K, K, B, R
R, —R, —K, K,
(K:—K:—R:‘*‘R:) (Gle“KIP:+ GsR'l“Knpx)
+2 (K,R,+K,R,)(G,E,— G,K,+ P,R,— P;R,)
6, P, Py|=(a)(d)+2()(c),
K, K, R R,
K, K, -R, —R,
—R, Ky Kl —K,|

(ad)

mn
=

(od) = (K —E\~Ei + B) (G, K, G,K,+ P,E,— P,B))
—2 (K,R,+K,R,)(G,R,—K,P,+ G,R,— K,P))
=| G G P, Py= (ac),
K, K, R, B,
B, —R, K, —K,
—RI R, K1 —Kr
and among these (4)(D) = (ad)*+ (ad)*.
And we also have the identity, easily proved,
()= ()= (D)= ()"
These, then, introduce no new form.
In the same way
(E) = (E,8,— LB, + K,8,— LB)* + (K, L,~ K, + R,S,— B,8,)"
=|L, L 8 &l
8, -8, -L, I,
"|K, K, R, R,
R, -R, -K, K,
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(0) = (E{~Ey—Bi+ B) (K8, — L By + K, 8, — L,B,)
+2(K,R+K,R))(K,L,—K,L,+ R,S,—- R,S,)

L I 8 8&|=@©@+20)(),

K, K, R R ‘

K, K,—R, —R,

Rn,_Rs "‘Kl Ka

(a¢)) = (K;—EK, — B+ B3) (K,L,— K,L, + R,8,— R,8,)
—2 (B B+ EyB) (B8, — LBy + Ky, — LyBy),
v Iy 81, 8,1 = (af"),
K, K, R R,
R, —B, K, -EK,
R, —R, -K, K,
and we have (4)(E) = (a0)*+ (a€)",’
and also (B)—=(e)' = (F)—(f)".
No new form is introduced.
Again take (3), (&) ; (e), (¢'); we have
(d¢) = (G,B,— K, P, + G,E,— K,P,)(K,S,— LB, + K,8,— L,B,)
+(G,K,—G,K, + P\R,— P,R\) (K,L,~ K,L, + R,8,— R,S))
6, 6, P, By, - °
8, -8, —L, I,
K, K, R, R,
| -R, B, K,-K,

I

(d¢') = (G,BR,—K,P \+ G,E,—K,P))(K,L,~K,L,+ R,S,— E,8,)
‘—(Gsz—GsKl+PxRa—PaRl)(Kl‘g:" 1R':+Knsx- !Rl)
=(G6, @6, P, P,|.
L L 8 &
|K, K, R R
R, -R, —K, K,
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These are related to the earlier forms by the equations
(4)(de) = (ad)(ae) + (ad') (ae'),
(4)(de') = (ad)(ae') —(ad')(ae),
(D)(B) = (de)*+ (de')’,
and also (ef)—(e)(f) = (de)—(d)(e),
(a)(cf"Y—2 (b)(de") + (f)(ac’) + (c)(af') = 0.

6. Thus the consistency of all these equations requires the existence
of only two new invariant forms. Further the same forms imply the
consistency of several of the equations in A, p. Thus take the

equations (a,), (8,); (a3), (), .
(ab) = (G.K,+ G,E,+ P,R,+ P,R,) 2 (E.E,— R,R,)
+ (&K, + G,K,—P,R,— P,R)(E:+ '+ R+ B})
G P PB=(a) = (ad),
K, R, R,
—-R, -K, K,
—R, Ki -K,
(ab)) = (LK, + LK+ 8By + 8,By) 2(E,E, — B,Ry) |
+ (LK, + LK, ~ 8,R,— 8,B,) K1+ K+ E}+ E})
L L, 8 S|=@H=G@)
K, K, R R,
R, —B, —K, K,
R, —R, K, —K,

8RR

Il

Again eliminate A, p from (a,), (a;), (¢,); we get ‘
—(6,8,- L,P,—G,8;+ L,P;) (K2+K:+R: +R;)
+ (G.K,+ GK;+ PR, + P,R)) (K, S, — L,E, — K, 5, + LR,
-+ (LK + LK, + 8, B, + S;R,) (G, R, — K,P,— G;R, + K, P,) = (d¢').
In the same way, from (B,), (Bs), (¢1)s
—(6,8,— L,P,—G,S,+ L,P,;) 2 (K, K,— R,R,)
+(K,8,— L,R,—K,S,+ L,R;) (¢, K, + G,K,— P,E,— P;R))
+(G,B,— G.E,— G, R+ P.K,) (K, L, + K,[,— 8,R,~ 5,B,) = (¢f ),
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and again (a), (), (3;), lead to (of') and (8,), (Ba), (&) lead to (de'),

with the equations :
- (GISS—LIP!_ G!S! +L,P)) (K:+K§+R3+ R:)
+ (Klsn"Lle"KsSl + LiRl) (GlKl + GaKs + PlRl + PsRs)

+(G\R,—P,Ky— G,R, + P,K\)(L,K, + L,K,+ 8, R, + S;R,) = (of),
and :
_(sts'Llps"GsslfLspl) 2 (K.K,—E,R,)
+(K,S;— L,R,—K,S,+ L,R,) (G, K, + G,K,— P,R,— P,R,)
+(G\R,— P, K, -G;R, + P;K)(L,K, +L, 1= 8, By— S, B,) = (de).

Now consider the forms (w), (w) in conjunction with (¢,), (¢,).
Eliminate A from w,, We get the invariant

(¢,@—H,P,— G,Q,+ H,P,)(K,S, — L,R,— K,S, + L,R,) _
—} (68— P~ 6,8, + LPy+ Ky Q— H\ B, — K,Q, + H,R,)".
Elimina.te. p from w;,. We get
(G,B,— K,P,~ G, By + K,P,) (H,8,~ LiQ— H,S, + L, Q,)
' —1(G,8,— L,P,— &,8,+ L,P,— K,Q,+ H,R, + K,Q,— H,R,).
The difference uf these forms gives
6, H, K, L|=(K).

P, & R S
P, @ B, 8
6, H, K, L

The form (K) is an addition to those already found. It may be
*found in the same way, using (4,), ({2), inplace of (v,) (w;). We have
not yet exhausted the forms that may be derived from these equations,
but we shall stop here, because the discussion has already grown
somewhat elaborate, and all that remain become ciphers in the
optical problem.

7. Let us now introduce the six fundamental optical equations.

These render nﬁga.tory (c), (e), (9), (wy), (&), and make (g,), (&,)
repetitions of (¢,), (5,). Moreover, they reduce the number of
independent quantities contained in the coefficients, other than A, p,
¢, ¥, to six, so that only six of the above-found invariant forms can
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be independent. We have already seen that two forms, in addition
to (a), (b), (@), (f), will reconcile all the above equations, excepting
(), (43), and these are reconciled by a seventh form (K). We must
~ then express (K) in terms of the other six.

W(_a have )
®@=|6 6 P
H, Q
R,
L, 8,

R, —B, -k, K,
B, -R, K, "-Kl
K, K, E R
K, K, —-B, —B

FRES
A
I

= 0 @ (&K) (GK) |,
-(KQ) - (Kle) (HIKI) (Hle)
0 0 (@ 20
- 0 (LK) (LK)

where we have written

(X,Q) for K,Q,—H,R,—K,Q+HR,
(K,Q) for K,Q,—HR,—K,Q +H,R,

&e. ;
but (K\Q) = Gi5,—L,P,—G,8,+ L;P,, 3), 4)
—(K\Qy) = G8,— LP,—G,S,+ L;P,. (3), (¢4)

Honce (4)(E) = (G,5,)(d)(ae') + (G:Sy) () (ac)
- +(@ () {2 O)EE) - (a)(B,E)}.
Bat - (o) = —2()NG8)+(N(GK),
. (de') = =2 (b)(G,S,) + (d)(LK)).
Therefore - .
2 (b)(4)(K) +(2)(ae) (cf ) + () (ac') (de) _ ,
= (@) () { (@) (Q.Ey) + (ac) (LK) +4 (b)* (B K,)—2 (a) (b) (LK) }
= (DN UGE) [(e)(L,K,) -2 (O)(LE)) ]
+(L,K,) [ (a)(GK) -2 (0)(GLKY) ]
+4 () (BK) -2 () B)H )}
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Consider the terms in { }.
The term
2 (a)(b)(H,K,+ H,K,— Q,R,— Q,R,)
= —2(a) {(E3+ B (H, Ky + QR,) + (B + B} (K, + QR)}
+2(a)(K,R, + K,R,)(G,S, + L,P, + G,S, + L,P,),
using (3) and (4). :
The term .
2(a)(G,K,+ @,K,— P,R,— P,R,)(L,K, + L,K,—S5,R,— S, B,)
= 2(a) {(Ei+B})(G.L,+P,S,) + (K + By) (G L, + P,8))}
-2 () (BB + EoB) (G4 8+ Ly Py + Gy Sy + L Py)
+2(a)(b)(@, L+ G, L,— P,S,— P,8,).
Together these terms give

2(a)'+2(a)(b)(G, L3+ G,L,— P,8,— P,8S,).
To the terms

—2(b)[(6,K,+ G,K,— P,R,— P,R,)(L,K, + L,K,+ 8,R, + S, B,)
+(LK,+ LK, — 8, R,— 8, R,) (G, K, + G;K,+ P,R, + P,R,) |
add the term
-2 (b) [(&,R,— K,P,— G, R, + K;P,)(K,8,— L,B,— K, 8, + L, R,)
+(G\B,—P,K,~ G;B, + P,K,)(K,S,— L,R,— K,S,+ L,R,) |
=—-20)d)(f).
The sum is
~2 () {2 (0) [ L+ G, L+ P, S, + P, §; ]
+(a) [GL,+G,L,—P,8,—P,8,]}.
Add in the terms already considered, and also the remaining term
2(b).2 () [ LK, +H,K,+ QR +QR,].
Altogether we get 2 (a)'—8 (b)’ =2 (4).
Thus the required expression for (K) is
2 (0)(4)(K) +(d) (ae) (¢f) + (f) (ac)) (d¥)
| = 2 ()(f)(4) +2 BN () ()"
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8. Let us adopt the following definition :—

Two optical systems are called equivalent when the original beams in
each and also the corresponding emergent beams may be tdentified ray
with ray by mere serew displacements.

Thus, if the systems are defined by means of schemes of coefficients
GH, ..., gih, ..., these schemes must differ only in respect to the
quantities A, p, ¢, . We may then consider it almost self-evident
that two optical systems are equivalent when they give the same values to
the invariants (a), (b), (d), (f), (ac’), (ef"), or any other siz implying
these; but, on account of the importance of the result, we shall add a
direct proof of it.

Determine two angles ¢, ¢ by means of the equations

KK+ Ri—B, = (k'—kl+7'—r)) cos 26 +2 (kjrs+k;r}) sin 2¢,
or 2(E\By+E,R) = — (k' — k. 47, —r,) sin 29 + 2 (k75 + k;7!) cos 29,
and

E—E;—Ri+ By = (k'—ky—r]+7;) cos 2 +2 (kiri +kir;) sin 2y,
or 2(E\ B+ K, Ry) = — (k' —Fk, —r, +7,) 8in 20 + 2 (k7| + k; 7;) cos 2y.

Itis immaterial which of these we use, because, (a), (b), and therefore
(A), having the same value for each, their consistency is implied.
Then, by rotations of the axes (¢, ) in the scheme G, H,..., transform
it to a scheme ¢k, .... The equations that effect this transformation
are (a), (a), (B), (B'), &c., above. Compare these with the equations
above in &, &c., and we see that

b=k, r=r, n=n k=g
with alternatives that are of no importance.

In exactly the same way,
giri—Fpy~ gara+ ey = giri—Kipi—giri+ kip},
gin—kp—gn+kp = gin—kpi—gri+kapi,
and, since (ac’) has the same value in the two systems,
=k + g —kpe = giri—Kipi+ gima—kips,
Gilu—goky—pire+pan = gl ki — giki—pire+part;

whence D=9 PP _ Bi—Pi — GG

k, 7 s k
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or gi=gtMy, pi=pAAn, B=ptM, 6= gtk
and, in the same way,

h=b+pk, si=s+en, ss=s+pr, L= L+pk,
Therefore shifts of the origins complete the identification, since the

equality of hiqiq,hy with h{gigzh; is implied by the fundamental
equations (1), (6), (1), (6").

9. Any optical transformation is equivalent to direct passage through
a thick lens whose curvatures are unequal in each face and <n different
planes in the two faces. This is equivalent to a theorem given by
Larmor (Proceedings, Vol. xx.). We shall show by actual determina-
tion of them that the six features that determine such a lens appear
in such & manner as to give independent values to six of the in-
variants. We shall use the invariants (b), (d), (f), (D), (F), (K).
In the scheme of Part L., p. 47, write

l+ac=¢X, l+be=cY, l4age=cx, l14bec=cy,
and we have
( Xccosd ccosd Y¢sin 6 ¢gin g)

(aXz— %) cos 8 cxcos 0 (cYaz-—-%) sin@ cxsin

~Xcsin6 " —c¢sind Ye cos 0 ccos 0

_(ch—%—) sinf —cysind (ch—-?l) cos@ cycosd
: /

\

whence

(b) = FXYey—3(X+Y)(a+y) + 0_12 —3c0820 (X—Y)(z—y),

@) = 3¢*sin 20(X—Y) (z—y)(X+Y),

() = 3¢ 5in 20 (X—¥) (a—y) (+),

(D) = (X—Y)*+2¢" cos 20 (X—Y) (s—y) X+ ¢* (e—3)* X',
(= (x—y)*+2¢* cos 260 (X—Y)(a:—y) zy+ct (X—Y) o'y,

(K) = — 1c*sin* 20 (X - Y)* (z—y)".
VOL. XXIX.—NO. 616. F
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These equations admit of algebraic solution, for we have
X+Y=(d)/v—(RK),
ety = (f)/v —(K),

(b)—1 (."(’%g? =X Yay+ -éli - 71, cot 20+ —(K),

(D)= — % -:wxy{ 61—, —% cot 20/i(_1r)} +& (a—y) X7,
Eliminate cot 20 from between these ;
(f) XY +26 XY {2 (b)(K)—(d)(f)} +(d)*+(K)(D) = 0.
This gives ¢*XY ; in the same way, ¢’zy is found from
(d) 'y’ + 2%y {2 (b)(K)—(d)(f)} +(f ) +(E)(F) =0,
and, eliminating cos26 between (D) and (F), we get, to deter-
mine c,

4 - 2) = (D) i—(F) = - 5 {(@F (B2—-1)—(y @1},

where, for clearness, £, & are written in place of c'ny, c*XY. @ is
then easily found.

It appears that there are four such lenses, all real if any are ;* but
under what circumstances they are real we cannot usefully discuss
without knowing what, besides real optical systems, is contained by
a scheme of coefficients defined only by obedience to the fundamental
equations; it is the less important to discover, because the equi-
valence is illusory in a very important class of cases. Namely, if
(d), (f) are finite, while (K) = 0, all the curvatures are infinite, and
this is the class which possesses a single pair of planes whereon
point corresponds to point, as we shall immediately prove.

10. Introduce the scheme
b= (g +hB+¢) f
B= R+ +y) w,
c = (b'—I+hy) i,
y = (B'+ke'—gy) @,
where o' =gl—hk+1.

* Generally one only is équiva.lent to the givén system ; (D) and (F) above would
give & (ac’), x(af’) in §8.
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This scheme satisfies the fundamentalequations, involves six symbols
only, and is capable of representing any system whatever; as we
may see by noticing that the forms

(@ =¥ (a}+9),

(®) = Koo,

(@) = ko (w;—))/alay,
(f) =k(m—o),

P 2 oy =
(ac’) =Ko (m,—w) (gﬁ'1+lﬁfg)’

(a'fl) = ksﬁ"lf’n (“’:_"’{) (9 +1),

are independent ; in such a scheme every letter is an invariant; if a
name is wanted, it may be called canonical. Now here

(K) = ko' (= at)’/aa’,
and, if (K) = b, while (d), (f) are finite, we must have k = 0, which
implies b = (gb' +¢) o/,
c= (b'=U) o/m,,

or points in the planes Oyz, O’y’z" correspond one with another.
When such a pair of planes in correspondence exist, we shall call
them principal planes, because, as we shall see in Part III., they form
the extreme generalization of principal planes of Gauss.

III.
[Received January 8th, 1898.]

1. It is our next task to elicit the properties of an optical system
-from the foregoing mass of algebra.

In a system symmetrical about an axis there exists a complete one-
to-one correspondence of point to point, and from this fact alone all
properties of such a system, excepting the relation of linear and
angular magnification, can, and I should say ought to, be deduced;

the excepted relation, generally known as Helmholtz's theorem, is
S
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the interpretation of Gauss’s equation
gl—hk =1.

The want of as one-to-one correspondence has been so far the main
and effectual bar to any detailed theory of an unsymmetrical system,
and therefore it is of the first importance to remark that such a
correspondence not only exists completely, but exists twice over. To
enunciate this statement formally I shall take a slight liberty with
established language.

In any two narrow beams related linearly ray to ray, there exists a
system of lines perpendicular to the original azis, corresponding one
to one with a system perpendicular to the emergent axts, and such that the
triply infinite complex of rays which meet one line emerge and meet its
conjugate also. Let such a pair of lines be called conjugate focal lines.
It follows that, out of the doubly infinite complex issuing from any point
upon a focal line, a singly infinite complex passes through each point
wpon its conjugate line; this singly infinite complex lies in a plane in the
original and also in the emergent system. Let surh planes be called
“ planes of correspondence.”* Through any point two focal lines pass tn
directions which the position of the point and the constants of the system
determine.

In particular in an optical system every plane of correspondence vs
perpendicular to the associated focal line, and every two focal lines that
intersect are conjugate to two which are at right angles.

2. To prove these statements let us begin by considering the con-
ditions under which two rays which meet once will meet again. Let .
one of the rays be the axis, and let the other meet it at the origin;

th ’ !
en 0=>b=GV+HL+Pc+Q7,
O=c= P,b'-l- Q,,B'+Gec"+‘H2‘Y’-

If the emergent ray meets the axis at a distance p'a’ from the origin,
then these are consistent with

Y+adB =0, ¢’+a’y =0;
or a (G +Py)-H B ~-Qv =0,
@ (Pyf'+Gyy)— QB —H,y' = 0.

* The existence of such planes has been remarked by Larmor.
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Eliminate o’ ; then
B (G, &—H,P)+BY (G, H,—G,H,+ P, Q;—F;Q,)
+7y? (P H,—G,Q,) = 0. -
The two solutions of this (8': y" = ci, ¢;) give two emergent planes
of correspondence, associated, as we shall presently see, with the two
focal lines that meet at 0. They are at right angles in virtue of (2);
associated with each is a single point (ux'aj, 0, 0; p'az, 0, 0) and a
single original plane of correspondence (8 : ¥ = ¢, ¢y).
3. Now, let us simplify, by a rotation of axes (¢) such as to make
¢, Q,—H, P, = G,Q,—H;P, =0,

so that the coordinate planes are the emergent planes of corre-
spondence, and

pad § =l .

then the equations connecting any two rays (BB Cv), (BB CY) are
B= LB+8,0-d(G+P),
B =—EKB-RC+ Gf+Py,
0= §8,B+L,C—a; (P,L+G,y),
Y =—RB—K,0+ P,8+G,y;
and the pla,nes of correspondence in the original system are
(1) associated with 8'= 0, p'a;, 0= G,8+P,y,
@ . s ¥=0 & 0=Pp+Gy.

Now, eliminate B, y from between (’, y/, and we see that, if any ray
meets the line
&=, ¥=0{=C+ay,

then it also meets the line .
=0, O = (Sl—a;Rl) B+ (Ly—aK,)C

=®8—-¢n) 2 +.1,-m,K) 2.
P, G,

But consider G,@Q,—H,P,=0, G,Q,—H,P,=0, )
G,S,—H,R,+P, L,-Q, K, =0; (3')

from these % (Py8,— Q,R,) + % (&, L,- H,K,) = 0;
3 23
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hence, in virtue of (1), (6), (1), (6'),

G,L,—H,K,=PIS,-—Q,B‘ —_ 1
Gx Ga _PIPS! Gl Gs_Pan’
or 0 = —P,B+@G,0

T Glas“Pan ’
and in the same way, if an emergent ray meets
o =yd) y=Bi=B+af
then it follows that the original ray meets
These results contain the statements of p. 68; ihdeed, they contain

more, namely, referring to the figure :—

If Qu, be a focal line passing through Q, and Quw; its conjugate, and
similarly a pair of conjugates parallel to these pass through O, Aj, then
the distance Ow, between the lines at O, Q vs related to the distance A{Q{
between their confugates by the equation

ey G+ Pt
A1Q = (G+Py)"
134 ¢,G,—P,P, Ow,,
and, in the same way, if Qu, Qw; be conjugates of the other system,
= (Gi+ P |
4,0,=G+1) o,
SRR 3 g
These two multipliers shall be called the two linear magnifications
for the point O ; they are determined by the position of O and the

constants of the instrument, and their values for any point, together
with the position and directions of the focal lines, are given below.
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4. Now consider the magnification of angles for any ray through O.
If B, C vanish,
B = GiB+ Py,
Y =PiB+Gyy;

these quantities vanish respectively whben the ray OP is in the first
or second plane of correspondence through O, and when this is not
the case it may be seen with little calculation that ’

¢,6,—P,P,
(G,+ Py

where Pp, is parallel to O (2) ; also
Y =p ¢ PiA14;,

P B+Gyy =p £p, Oz,

if P;P; be the emergent ray corresponding to OP; hence we have a
generalization of Helmholtz’s theorem

p.0w, £pOx=p' A1Q £ P;414;,
. 0w, £p,0z =p' A1Q; £ P{474].

‘We notice that, if a ray be projected thus upon either plane of corre-
spondence through any point of itself and upon the associated
emergent plane, then its projections are optically related like original
and emergent rays of the beam.

5. The foregoing results supply several alternative constructions
for the emergent ray corresponding to any incident ray.

i. Determination of Emergent Ray by means of two Points on Original
Ray.—Let Q, Z, be the two points; find the focal lines Qi, &3, Z;, Z;
whose conjugates pass through Q,Z; the emergent ray is the ray
meeting these four lines.*

ii. Determination by means of Point and Direction.—Let the ray
be QII parallel to OP. First find the emergent ray corresponding
to QZ, a parallel to Oz; this is the ray which meets the focal
lines at Q;, Q;, and also the principal focal lines at F’, ¥ whose
conjugates are at infinity. This is the ray (B, 0, 0,0), and

* Observe that two lines meet any four, but in this case only one is eligible ; for
the lines are parallel to a plane, so that three are generators of a paraboloid, and
the fourth lgw.ra.llel to a generator ; hence one intersection with this paraboloid is at
infinity and must be rejected.
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we see, from the equations of p. 69, that the projections of the
emergent ray II;II; make with the projections of Z]X; angles equal
to £ P;A14; ¢ P{A;A] respectively; evidently this determines the
emergent ray.

6. We must now consider the problem :—Ghiven the position of a
point O, to express the directions of the focal lines that meet in O, the
positions and directions of their conjugates, and the magnification
associated with eack pair in terms of fixed geometrical features or
algebraic invariants of the system.

The chief fixed features of a system are the principal focal lines at
F, & whose conjugates are at o', and those at F', ® whose con-
jugates are at .

Consider F' as an origin of rays. The focal lines conjugate to
those at F' are at o’ and another point F;. All rays from F in the
first plane of correspondence emerge parallel to 0% in the plane
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707 ; all rays in the second plane of correspondence lie in the plane
3’0’2, and meet the foot of this line (F,); all other rays meet the
line at other points and are parallel to the plane y'0O’%". Let us form
the scheme of coefficients with.F' as origin, Oz as the first plane of
correspondence, and F; as emergent origin. Then, if the scheme is

L, —h § - —4q,

-k g -n P
T (beBy),
S —¢ la —h,

- P~k Ja

oY) =

we must have, when b, ¢ vanish, y'=0, ¥’ =0, and 8’ =0, implying

B =0; hence '
p=g=h=a=p=0;

hence, from (2), r,=0; from (8"),q;= ng,, sy= nk,; from (1), g, =1;

from (B), hyky=—1; from (3), .86, —¢qik,—hyr;=0; hence the

scheme may be written '

(

5 0 0 ap
hoEo0 g
(GeBy)={ & L { @B,
0O 0 0 ——
. 2
\ry 0k, T L)

where 8, = nk,— 7/, k. .

This is a reduction of the general scheme to expression by six inde-
pendent letters—what we have called a canonical reduction on p. 67.

Now let us change the origin and axes until they occupy the
corresponding position with respect to ® which they now occupy

with respect to F. Let these changes be A=f, p=d, ¢ = %,

¥ =a; ¢ is a right angle because the planes of correspondence in
question are both associated with a single point co’; the distance
F® = uf, F;®, = p’d; let Greek letters denote the coefficients arrived
‘at for ®. Then, in the first place, p, = 0, which gives

0 = —r,8in a+7, cos a,

while K= ryco8atk,sina;



74 Professor R. A. Sampson on [April 8,

hence r,=rxCc08a, k= kK sina;
in future we shall employ a, x, and drop subscript marks. Then the

result of the change ¢ = 2 is

2
r . 3
0 0 —
KxSlina
kcosa nksina Ksina l !
4 )
-9 0 0 —ng
—k -1 0 —s
\ g )
and the further change ¢ = a gives
( )
0 -1 0 —Leota
K K
K nksina cosa+lsina 0 —nksin’a+lcosa
4 : r
—gcosa —ngsina © gsina —ngcosa
1 . . 1 .
—kcosa —-—cosa—ssina ksina -—sina—scosa
\ g . g J

Further changes A =f, p = d make

h=p=p=¢=¢6=0,

and a=r a=wm ll=—i—, b‘l=wr+—‘];cota,
&e., &e.
Hence y = fx,
0=p,=—cosa(g+fh);
therefore g = —fk.

L= —1—= nk sina cos a+!sin a+ «d,
Y

5 =vk+ —l—cota = —nk sin*a+lcosa.

Eliminate I: —vcsin a = znk sin a+«d cos a,

or n4v+dcota=0.
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Solve for I: l=vkcosa+ —.IT—dxsina

K 1
+ —
cosa frgina

= (nsin’a+v)

It may be verified that these results are got over and over again by
taking other of the coefficients g,k,, &c.... . Hence, if the system is
specified by the six constants %, «, a, f, », », the scheme of coefficients
reads :—F' as origin:

~k 0 0 nkf
kK —1k O . ak+cota/kf ,
0O . 0 0 —1l/ksina

kcosa nksina «sinae (ngina+v)k/cosa+l/fesina

& as origin :

«f 0 0 —wef

K 1/«f 0 vi+cob a/«f

0 0 0 —1/ksina

—kcosa vksina ksina —(vsin®u+n)k/cosa—1/fksina

7. The quantities we have employed are easily expressed in terms
of algebraic invariants of the system

(a) = K+,
() = Ikksina,
(d) = —I«f cos a,
(f) = nk+wd, ,
(ac’) = — K&fsina (B +x%) = — (2)(b) K,

. . 2
j— k -2 23 t
(¢f) = —k«fsina [m —nk*+ ——f co a.:l,

o K)= — nvk*fP—cot’ a
&e., -&e.

The solution of these is easy; we shall empioy them to find the
schemes of coefficients when the instrument is reversed, and F” or &’
is origin ; let ¥, «’, &c., denote quantities corresponding to ¥, «, &ec.
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Now when the instrument is reversed, out of thé above invariants,
(@), (b), (K), (¢f) are unchanged in value, while (d) = (f) and
() = (d). Hence we must solve

FP+«® =1+« Ke'sina’ =krsina,
Wk +v'c* = —kef cos @, —K«f’ cos a’ = nk’+ ',
7'V E*% 2+ cot? o = ki34 cot? a,

Kxf sin o [v'x”—-nk’+ %cot a'] = kkfsina l:vx’—-'nk“’+ %cot a] .

These are satisfied by the six results
K=k «¥=x a=a,
. f’n’:fn, f’y' =fv’
Bfn+ &y +Exff cosa = 0,
which also imply f&=fd.
‘We may use f', and d or d’, to express n, v, and then the four quanti-
- ties f, f’, @, d have clear geometrical meanings, and may be found
for any system by the simplest direct observations. The quantities

k, « may also be found from observation in a variety of simple ways
by help of the results of p. 78 below.

8. We shall have occasion to use the angle between a plane of
correspondence at F” and one at F;. Let us say, the first plane of
correspondence for each ; it may be found as follows :—

The scheme for F" is equivalent to that for Fj, and this latter is
gimply the scheme for F, inverted ; consider the terms in ki, ,, 75, &,
in each. They are respectively,

for F¥: k 0 kK cosa xsin a,
for F: —k —«xcosa 0 —«8in a.
The rotation (¢) which is required to reconcile these equivalent

schemes is given by equation (a) or (a”) of p. 52;

(@) K'+xicos2a = (K*—«*) cos 2¢ + 2k« cos a sin 29,

(d') 2*sinacosa = — (k*—«*) sin 2¢ + 2k« cos a cos 29,
which are consistent. If we Write

(K + x4+ 253 cos 2a)t = (K —«?) [ cos 8 = (K*+ & cos 2a) /cos e,

then - 20 =d+e;
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denote this value of ¢ by a single symbol y. It may be easily shown
that the corresponding angle upon the other side of the system is
also equal to y.’

9. We are now in a position to answer the questions of p. 72; but
first let us simplify the expressions by choosing the plane of corre-
spondence of which we are speaking as the plane of z0x. Thus, for

the first plane of correspondence,

P, =0,

CAQ = »61;—0101;
3

for the second plane of correspondence,
' @, =0,
’ ’ 1
A0y = — E Ow,.
" Now suppose displacements from the origin F, A =u, ¢ = ¢,

¥ = ¥, convert the scheme for F into the scheme for another point
0, distant pu from F'.

Then, for the point O,
@, = —sin §, [ —sin ¢, (—kf +ku) +cos ¢, . ux cos a |
+ cos [ €08 ¢, . uk sin a] R
0=P,= cosy, [-sin o1 ( ku—kf)+cos ¢,. ux cos a]

+siny, [ ' €OS ¢, . ux §in a].
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Hence G, = ux sin a cos ¢,/cos P,
and tan ¢, = _E. % (M\L‘_ﬂ) .
E u—f cosy,

It may be verified that the same equations are found by starting
from @ as origin in place of F.

Again, if we take F” as origin and proceed to 4j, the angles ¢, ¥
interchange their réles, and each is diminished by the angle y. Hence
if p'u; be the distance F'A;, we have

é = ujxsin a cos (Y, — y)/cés ($1—7)
2 - '

Nk U cos(p—y—a)
tan (Y, —v) k w—f cos(p—y)

These equations give G, ¢, Y, wj, in terms of u, which solves the
problem proposed. In the same way ¢, ¥, 43, and P, when G; =0,
may be found. Including the theorem on angular magnification
already proved, we have thus a complete outline of the geometrical
theory of a general optical system. It will be observed that most of
its properties, with slight modifications, obtain in all systems, whether
optical or not, where there is a linear relation between the rays.

10. Let us now compare our results with the corresponding rela--
tions in'a symmetrical instrument, and, observing the successive
steps by which the properties of the latter become generalized or
disappear, and the associated values of the invariants, let us attempt
a classification of optical systems in general.

I When six invariants, say (b), (&), (f), (D), (¥), (K), are all
independent and finite, the system is completely general.

1I. If (K) =0, while (d) and (f) are finite, the system possesses
one pair of planes whereon point corresponds to point.

II1. If, in addition to (K) =0, (d), (f) finite, we have a further
relation, namely,

()(d¢) = @@ )+ ®) L@ +(F)},

the sysfem is equivalent to oblique refraction at a single surface.
This may be seen by forming the invariants of the scheme which
belongs to a single surface, and effecting the elimination (other than
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(K) = 0) of the four quantities on which they depend; if we write
the scheme

z 1 o2 0
10 0w o[
z 0 y 1w
we find (a) = +y'+2' (1+a'), (b) =ay—ws,

(@) =2 (1—u’), () =2(1—v)/w,
() = (f)(wz+y), (d¢') = (@) (z/w+y),
(D) = (zo—y)' +2' (1+9%),
(F) = (a/w—y)'+2* (= +1/=)".

Eliminating, we get the relation above. The limitation which this
imposes upon the general scheme of p.67 is worth notice; there

(of) = Wo (=) (922 -1 ),

o Wy

[1000'

(d¢') = Ko (m— ) (g—1);

hence, removing k* (wz—wa)z, the relation is
g 179,

6= (s33) = G- -2)

which may be written
2 3 9 3. 3w oo
(goi=te), = (ol ol 52) (1 +o = =),
and this is the condition that the circle 2*+4* = ¢ and the ellipse
(gz+y)* a"/wj-{- (=) dleli=c

have double contact. Now.in a single surface the planes where
point corresponds to point are evidently situated at the surface
itself, and corresponding points are the projections of any, the
same, point of the surface on planes perpendicular to the original and
emergent axes respectively ; and the traces of such points are evi-
dently related as above, namely, one may be a circle and the other
an ellipse, which, if in the same plane, would be concentric and in
double contact.
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IV. (d) cannot vanish without (f) in ordinary systems produced
by finite curvatures. If (d), (f) both vanish, we see that, in the
equivalent lens of p. 65, 6 = 0, or the principal curvatures of the two

faces of the lens are parallel ; also, from p. 75, a = —;—, and this
makes n, v vanish, and hence (K). Turning to the expressions for
magnification, we see that

r=0, $y=y, =0,

Fuu; =1;
and, in the same way, &' (u—f)(us—f)=1.

That is to say, all the first planes of correspondence coincide, and all
the second planes coincide, and are at right angles to the first.
Thus the system treats the projections of any ray upon these planes
exactly as two separate symmetrical instruments would treat them.
Such a system possesses two pairs of planes whereon point corre-
sponds to point. For we see by p. 47 that the relations are

b= glb'+hlﬁ"} c= 9:°'+hs7"}

B=KV+4p, Y= k't
and, if b+uf=0, ctuy=0,
then (Gi+uk) b+ +ul) B =0,

(9s+uks) b+ (hy+uls) f =0,
which give V+uB =0, c+u'y' =0,

when u, »’ have the two pairs of values satisfying

s htul _ hgtuly
grtuky  gtuk,

The existence of systems possessing two pairs of planes of conjugate
foci has been noticed by Larmor. '

V. A sub-class of IV. is givén by the scheme on p. 79, in which
z=0, that is to say, the equivalent of oblique refraction at a surface
" of double curvature, one of whose lines of curvature is perpendicular
to the axis of the beam. We see that

@ = (f) =0,

u

and, in addition,

V(DYF)+ { /(D)+ J(F)} {V(@)+2(b)+ v(a)-2()} ~ v(4)=0.
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This class possesses two pairs of planes where point corresponds to
point: one of these coincides with the surface (v = 0); the other is
at distance
_w'—1 _ {(D)(I) =2 (@ VD)(E) +(D}
z—wy (b)v(F) '

which also coincides with the surface in the Case VII. below.

VI. The two pairs of planes in IV. coincide, and give a single
pair of planes of conjugate foci, provided that, in addition to
(@) = (f) =0, giving @ = 0 in the equivalent lens, we have ¢z = cy,
which, expressed in invariants, requires

{@-20)} = D))
VIL T, in addition,
(@)—2 (3) = (D) = (F),
then, disregarding irrelevant alternatives,
| dzy = XY = 1.,

and this implies ¢ =0, or the equivalent lens is a thin lens; the
single pair of planes of conjugate foci coincide with the surface of
the lens. Such a system is equivalent to direct incidence mpon a
single surface ; for then, on p. 79, @ =1, and this makes

@=()=0, (a)—2()=(D)=(F).
VIII. Lastly, if
(@—2() =@ =(f) = (D)= (F) =0,

the system reduces to the ordinary symmetrical instrument which
Gauss discussed. 1t has but one invariant, the focal length, and the
value of (a) or (b) defines it.

11. It is interesting to observe the gradual disappearance of the
features of a symmetrical instrument.

The ordinary symmetrical instrument is, simply, & single spherical
surface with direct incidence, duplicated, and the duplicates separated.
The duplicates of the surface itself are Giauss’s principal planes; the
duplicates of its centres are the nodal points. Such a system has an
infinite number of pairs of planes of conjugate foci. (VIIL)

Preserve direct incidence, but make the curvatures unequal; all

- planes of conjugate foci disappear except the principal planes, and
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we are left with a single pair of planes of conjugate foci, coinciding
with the duplicates of the surface, and possessing unit magmﬁca,tlon
in all directions. (VIL.)

Introduce a spherical surface perpendicular to the rays at a finite
distance from the other surface; a pair of planes of conjugate foci
remain, but do not coincide with either surface; magnification there
is equal in all directions, but is no longer unity. (VI.)

Replace the spherical surface by a surface of double curvature
whose principal curvatures are parallel to those of the first surface ;
the single pair of planes of conjugate foci separates into two, in
which the magnification is unequal in different directions, but in two
fixed directions is directly proportional to the distance of the point
from the two foci corresponding to infinity. (IV.)

Rotate either of the surfaces with respect to the other, and the
system becomes completely general ; both pairs of planes of conjugate
foci disappear together. (I.)

Or, again, take oblique incidence. Oblique incidence upon a single
surface one of whose lines of curvature is perpendicular to the axes
of the beam gives rise to two pairs of planes where point and point
correspond ; one of these always coincides with the surface, and the
other degenerates into coincidence with the first if the incidence be
made direct ; the magnification at these planes is not the same in all
directions, and at that one which coincides with the surface its
maximum or minimum is unity. All the planes of correspondence of
‘each series coincide with one or other of two planes at right angles,
and generally the instrument behaves towards rays in these two
planes exactly as two different symmetncal intraments would
do. (V.)

If we introduce a spherical surface normal to the rays as they
emerge, the two pairs of planes of conjugate foci remain, but the
condition of unit magnification as a maximum or minimum dis-
appears. (IV.)

If the beam falls upon any single surface whose lines of curvature
are oblique to it, we have one and only one pair of planes of conju-
gate foci, situated at the surface itself ; magnification in this plane
is unequal in different directions, but its maximum or minimum is
unity. (IIL.)

If we introduce a spherical surface normal to the rays as they
emerge, the pair of planes of conjugate foci remain, though no longer
coinciding with either surface, and- the maximum or minimum
magnification is no longer unity. (1I.)



1897.] On the Poncelet Polygons bf a Limagon. 83

Any other change makes the planes of conjﬂgate foci disappear,’
and the system becomes completely general. (I.)

12. Again, consider the relations between the positions of conjugate
focal lines. All systems of the type IV., and onwards, are, to put it
briefly, resolvable into two symmetrical systems acting in two planes
at right angles, both as regards position of conjugate lines and
magnification ; systems of the types I., IL, IIL are not so resolvable,
and the simplest expressions for the relations between conjugate:
focal lines or for the magnification are involved with the directions
of those lines. Nevertheless, the change of form is not very great,
and we can even see that, were the systems not related optically at
all, it would not be very much greater.

13. This classification of optical systems is probably very imperfect,
for the few properties which I have examined and used as a base for
it must have omitted many notable cases; but they seem sufficient
to show that no analytical obstacle remains against examining every
corner of the problem, whether in its broadest or its finest features.

"On the Poncelet Polygons of a Inmagon. By F. MorLEY.
‘Received September 22nd, 1897. Read November 11th, 1897.

1. The Limagon.

If we take n elements, points or lines, in a determinate order, say
they are numbered 1,2, ...,n, 1, and also the elements, lines or points
12, 23, ..., nl, we have the polygon. The problem of determining
the condition under which the points are elements of one conic and
the lines are elements of a second conic is a famous one, and it is
sufficient to make the single reference to Halphen’s Fonctions
Elliptiques, t. 1. The two conics constitute a curve of degree and
class 4, any element of which determines two elements of the other
kind, for a line of the one conic determines two points of the other,

a2



