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INTRODUCTION

In 1827 Gauss presented to the Royal Society of Gottingen his important paper
on the theory of surfaces, which seventy-three years afterward the eminent French
geometer, who has done more than any one else to propagate these principles,
characterizes as one of Gauss’s chief titles to fame, and as still the most finished
and useful introduction to the study of infinitesimal geometry.* This memoir may
be called: General Investigations of Curved Surfaces, or the Paper of 1827, to
distinguish it from the original draft written out in 1825, but not published
until 1900. A list of the editions and translations of the Paper of 1827 follows.
There are three editions in Latin, two translations into French, and two into
German. The paper was originally published in Latin under the title:

Ia. Disquisitiones generales circa superficies curvas

auctore Carolo Friderico Gauss.
Societati regize oblatee D. 8. Octob. 1827,
and was printed in: Commentationes societatis regise scientiarum Gottingensis
recentiores, Commentationes classis mathematicee. Tom. VI. (ad a. 1823-1827).
Gottingae, 1828, pages 99-146. This sixth volume is rare; so much so, indeed,
that the British Museum Catalogue indicates that it is missing in that collection.
With the signatures changed, and the paging changed to pages 1-50, Ia also
appears with the title page added:
Ib. Disquisitiones generales circa superficies curvas
auctore Carolo Friderico Gauss.
Gottingae. Typis Dieterichianis. 1828.

II. In Monge’s Application de l’analyse a la géométrie, fifth edition, edited
by Liouville, Paris, 1850, on pages 505546, is a reprint, added by the Editor,
in Latin under the title: Recherches sur la théorie générale des surfaces courbes;
Par M. C.-F. Gauss.

[ITa. A third Latin edition of this paper stands in: Gauss, Werke, Her-
ausgegeben von der Koniglichen Gesellschaft der Wissenschaften zu Géttingen,
Vol. 4, Gottingen, 1873, pages 217-258, without change of the title of the original
paper (Ia).

I116. The same, without change, in Vol. 4 of Gauss, Werke, Zweiter Abdruck,
Gottingen, 1880.

IV. A French translation was made from Liouville’s edition, II, by Captain
Tiburce Abadie, ancien éléve de I’Ecole Polytechnique, and appears in Nouvelles
Annales de Mathématique, Vol. 11, Paris, 1852, pages 195252, under the title:
Recherches générales sur les surfaces courbes; Par M. Gauss. This latter also
appears under its own title.

Va. Another French translation is: Recherches Générales sur les Surfaces
Courbes. Par M. C.-F. Gauss, traduites en francais, suivies de notes et d’études

sur divers points de la Théorie des Surfaces et sur certaines classes de Courbes,
par M. E. Roger, Paris, 1855.

*G. Darboux, Bulletin des Sciences Math. Ser. 2, vol. 24, page 278, 1900.
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Vb. The same. Deuxiéme Edition. Grenoble (or Paris), 1870 (or 1871),
160 pages.

VI. A German translation is the first portion of the second part, namely,
pages 198-232, of: Otto Boklen, Analytische Geometrie des Raumes, Zweite
Auflage, Stuttgart, 1884, under the title (on page 198): Untersuchungen iber
die allgemeine Theorie der krummen Flichen. Von C. F. Gauss. On the title
page of the book the second part stands as: Disquisitiones generales circa
superficies curvas von C. F. Gauss, ins Deutsche iibertragen mit Anwendungen
und Zusétzen. . . .

VIla. A second German translation is No. 5 of Ostwald’s Klassiker der ex-
acten Wissenschaften: Allgemeine Flichentheorie (Disquisitiones generales circa
superficies curvas) von Carl Friedrich Gauss, (1827). Deutsch herausgegeben von
A. Wangerin. Leipzig, 1889. 62 pages.

VIIb. The same. Zweite revidirte Auflage. Leipzig, 1900. 64 pages.

The English translation of the Paper of 1827 here given is from a copy of
the original paper, Ia; but in the preparation of the translation and the notes
all the other editions, except Va, were at hand, and were used. The excellent
edition of Professor Wangerin, VII, has been used throughout most freely for the
text and notes, even when special notice of this is not made. It has been the
endeavor of the translators to retain as far as possible the notation, the form and
punctuation of the formulee, and the general style of the original papers. Some
changes have been made in order to conform to more recent notations, and the
most important of those are mentioned in the notes.

The second paper, the translation of which is here given, is the abstract
(Anzeige) which Gauss presented in German to the Royal Society of Géttingen,
and which was published in the Gottingische gelehrte Anzeigen. Stiick 177.
Pages 1761-1768. 1827. November 5. It has been translated into English from
pages 341-347 of the fourth volume of Gauss’s Works. This abstract is in the
nature of a note on the Paper of 1827, and is printed before the notes on that
paper.

Recently the eighth volume of Gauss’s Works has appeared. This contains on
pages 408-442 the paper which Gauss wrote out, but did not publish, in 1825.
This paper may be called the New General Investigations of Curved Surfaces, or
the Paper of 1825, to distinguish it from the Paper of 1827. The Paper of 1825
shows the manner in which many of the ideas were evolved, and while incomplete
and in some cases inconsistent, nevertheless, when taken in connection with the
Paper of 1827, shows the development of these ideas in the mind of Gauss. In
both papers are found the method of the spherical representation, and, as types,
the three important theorems: The measure of curvature is equal to the product
of the reciprocals of the principal radii of curvature of the surface, The measure
of curvature remains unchanged by a mere bending of the surface, The excess
of the sum of the angles of a geodesic triangle is measured by the area of the
corresponding triangle on the auxiliary sphere. But in the Paper of 1825 the first
six sections, more than one-fifth of the whole paper, take up the consideration of
theorems on curvature in a plane, as an introduction, before the ideas are used in
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space; whereas the Paper of 1827 takes up these ideas for space only. Moreover,
while Gauss introduces the geodesic polar coordinates in the Paper of 1825, in
the Paper of 1827 he uses the general coordinates, p, ¢, thus introducing a new
method, as well as employing the principles used by Monge and others.

The publication of this translation has been made possible by the liberality of
the Princeton Library Publishing Association and of the Alumni of the University
who founded the Mathematical Seminary.

H. D. THOMPSON.
MATHEMATICAL SEMINARY,

PRINCETON UNIVERSITY LIBRARY,
JANUARY 29, 1902.
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GENERAL INVESTIGATIONS
OF

CURVED SURFACES

BY
KARL FRIEDRICH GAUSS

PRESENTED TO THE ROYAL SOCIETY, OCTOBER 8, 1827

1.

Investigations, in which the directions of various straight lines in space are
to be considered, attain a high degree of clearness and simplicity if we employ,
as an auxiliary, a sphere of unit radius described about an arbitrary centre, and
suppose the different points of the sphere to represent the directions of straight
lines parallel to the radii ending at these points. As the position of every point
in space is determined by three coordinates, that is to say, the distances of the
point from three mutually perpendicular fixed planes, it is necessary to consider,
first of all, the directions of the axes perpendicular to these planes. The points
on the sphere, which represent these directions, we shall denote by (1), (2), (3).
The distance of any one of these points from either of the other two will be a
quadrant; and we shall suppose that the directions of the axes are those in which
the corresponding coordinates increase.

2.

It will be advantageous to bring together here some propositions which are
frequently used in questions of this kind.

[. The angle between two intersecting straight lines is measured by the arc
between the points on the sphere which correspond to the directions of the lines.

II. The orientation of any plane whatever can be represented by the great
circle on the sphere, the plane of which is parallel to the given plane.

III. The angle between two planes is equal to the spherical angle between
the great circles representing them, and, consequently, is also measured by the
arc intercepted between the poles of these great circles. And, in like manner, the
angle of inclination of a straight line to a plane is measured by the arc drawn
from the point which corresponds to the direction of the line, perpendicular to
the great circle which represents the orientation of the plane.
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IV. Letting z, y, z; 2/, ¥/, 2/ denote the coordinates of two points, r the
distance between them, and L the point on the sphere which represents the
direction of the line drawn from the first point to the second, we shall have

' =z +rcos(1)L,
y =y+rcos(2)L,
Z' =z +rcos(3)L.
V. From this it follows at once that, generally,
cos?(1)L + cos?*(2)L + cos*(3)L =1,
and also, if L' denote any other point on the sphere,

cos(1)L - cos(1)L' + cos(2)L - cos(2) L' + cos(3)L - cos(3) L' = cos LL'.

VI. THEOREM. If L, L', L”, L' denote four points on the sphere, and A the
angle which the arcs LL', L"L" make at their point of intersection, then we shall
have

cosLL" -cos 'L —cos LL" - cos L'L” = sin LL' - sin L" L - cos A.

Demonstration. Let A denote also the point of intersection itself, and set
AL — t AL/ — t/ AL// — t” AL/// — t/”

Then we shall have

cos LL" = cost cost” +sint sint” cos A,
cos L'L"" = cost' cost” + sint’sint” cos A,
cos LL" = cost cost” +sint sint"” cos A,

cos L'L" = cost' cost” + sint’'sint” cos A;

and consequently,

cos LL" -cos 'L — cos LL" - cos L' L”

= cos A(cost cost” sint’ sint"”

"sintsint”

+ cost' cost
— costcost” sint'sint” — cost’ cost” sint sin t")

= cos A(costsint’ —sint cost’)(cost” sint” — sint” cost”)T

= cos A - sin(t' — t) - sin(t"” — ")

=cosA-sinLL -sin L"L".
But as there are for each great circle two branches going out from the point A,

these two branches form at this point two angles whose sum is 180°. But our
analysis shows that those branches are to be taken whose directions are in the
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sense from the point L to L', and from the point L” to L"; and since great
circles intersect in two points, it is clear that either of the two points can be
chosen arbitrarily. Also, instead of the angle A, we can take the arc between
the poles of the great circles of which the arcs LL', L”L" are parts. But it is
evident that those poles are to be chosen which are similarly placed with respect
to these arcs; that is to say, when we go from L to L’ and from L” to L, both

of the two poles are to be on the right, or both on the left.

VII. Let L, L', L"” be the three points on the sphere and set, for brevity,

cos(1)L ==z, cos(2)L =y, cos(3)L =z,
cos(1)L' =x', cos(2)L' =1, cos(3)L' =7/,
cos(1)L" = 2", cos(2)L" =y", cos(3)L" = 2";

and also
!N

wyz +l‘/y//2+$/,y2,—.’L‘y”Z,—CL‘/yZ”—ZL‘Ny,Z:A.
Let A denote the pole of the great circle of which LL’ is a part, this pole being
the one that is placed in the same position with respect to this arc as the
point (1) is with respect to the arc (2)(3). Then we shall have, by the preceding
theorem,

yz' —y'z = cos(1)\ - sin(2)(3) - sin LL/,
or, because (2)(3) = 90°,

yz' —y'z = cos(1)\ - sin LL/,
and similarly,

za' — 2w = cos(2)\ - sin LL,

zy — 2’y = cos(3)\ - sin LL'.
Multiplying these equations by z”, y”, z” respectively, and adding, we obtain,
by means of the second of the theorems deduced in V,

A =cosAL" -sin LL'.

Now there are three cases to be distinguished. First, when L” lies on the great
circle of which the arc LL’ is a part, we shall have AL” = 90°, and consequently,
A = 0. If L” does not lie on that great circle, the second case will be when L” is
on the same side as \; the third case when they are on opposite sides. In the last
two cases the points L, L', L” will form a spherical triangle, and in the second
case these points will lie in the same order as the points (1), (2), (3), and in the
opposite order in the third case. Denoting the angles of this triangle simply by



6 KARL FRIEDRICH GAUSS

L, L', L and the perpendicular drawn on the sphere from the point L” to the
side LL' by p, we shall have

sinp=sinL -sin LL" =sin L' - sin L'L",

and
AL" = 90° F p,

the upper sign being taken for the second case, the lower for the third. From
this it follows that

+A =sinL-sin LI -sin LL” =sin L/ -sin LL' - sin L' L”
=sinL” -sin LL"” -sin L'L".

Moreover, it is evident that the first case can be regarded as contained in the
second or third, and it is easily seen that the expression +/A represents six times
the volume of the pyramid formed by the points L, L/, L” and the centre of the
sphere. Whence, finally, it is clear that the expression j:%A expresses generally
the volume of any pyramid contained between the origin of coordinates and the

three points whose coordinates are x, vy, z; 2/, v/, 2/; 2", v, 2".

3.

A curved surface is said to possess continuous curvature at one of its points A,
if the directions of all the straight lines drawn from A to points of the surface
at an infinitely small distance from A are deflected infinitely little from one and
the same plane passing through A. This plane is said to touch the surface at
the point A. If this condition is not satisfied for any point, the continuity of the
curvature is here interrupted, as happens, for example, at the vertex of a cone.
The following investigations will be restricted to such surfaces, or to such parts
of surfaces, as have the continuity of their curvature nowhere interrupted. We
shall only observe now that the methods used to determine the position of the
tangent plane lose their meaning at singular points, in which the continuity of
the curvature is interrupted, and must lead to indeterminate solutions.

4.

The orientation of the tangent plane is most conveniently studied by means
of the direction of the straight line normal to the plane at the point A, which is
also called the normal to the curved surface at the point A. We shall represent
the direction of this normal by the point L on the auxiliary sphere, and we shall
set

cos(1)L =X, cos(2)L =Y, cos(3)L =7,

and denote the coordinates of the point A by z, y, z. Also let x + dx, y + dy,
z + dz be the coordinates of another point A" on the curved surface; ds its
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distance from A, which is infinitely small; and finally, let A be the point on the
sphere representing the direction of the element AA’. Then we shall have

dr =ds-cos(1)\, dy=ds-cos(2)\, dz=ds-cos(3)A
and, since AL must be equal to 90°,
X cos(1)A 4+ Y cos(2)A + Z cos(3)A = 0.
By combining these equations we obtain
Xdx+Ydy+ Zdz=0.

There are two general methods for defining the nature of a curved surface.
The first uses the equation between the coordinates z, y, z, which we may suppose
reduced to the form W = 0, where W will be a function of the indeterminates
x, y, z. Let the complete differential of the function W be

dW = Pdx+ Qdy+ Rdz
and on the curved surface we shall have
Pdr+Qdy+ Rdz =0,
and consequently,
Pcos(1)\ + Q cos(2)\ + Rcos(3)\ = 0.

Since this equation, as well as the one we have established above, must be true
for the directions of all elements ds on the curved surface, we easily see that
X, Y, Z must be proportional to P, @), R respectively, and consequently, since

X24y?24+ 22 =11

we shall have either

P Q R

/P2+Q2+R2’ /P2+Q2+R2’ /P2+Q2+R2

or

P -Q R

, Y= : = :
VP2 + QP+ R? VPP + QP+ R? VP24 QP+ R?

The second method expresses the coordinates in the form of functions of two
variables, p, q. Suppose that differentiation of these functions gives

dxr = adp+ d dq,
dy = bdp + V' dg,
dz = cdp + ¢ dg.
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Substituting these values in the formula given above, we obtain
(aX +bY +cZ)dp+ (’X + VY +Z)dg = 0.

Since this equation must hold independently of the values of the differentials
dp, dq, we evidently shall have

aX +bY +cZ =0, dX+VY+IZ=0.
From this we see that X, Y, Z will be proportioned to the quantities
bd —cb', ca —acd, ab —bd.

Hence, on setting, for brevity,

V(b — )2+ (ca’ — ac)? + (abl — ba')? = A,

we shall have either

/ / ! / o /
X—bCACb, Y:ca ac, Z:ab ba

or

X:cb’—bc’7 Y:ac’—ca’, Z:ba’—ab’
A A A
With these two general methods is associated a third, in which one of the
coordinates, z, say, is expressed in the form of a function of the other two, x, y.
This method is evidently only a particular case either of the first method, or of
the second. If we set
dz =tdr +udy

we shall have either

—t —Uu B 1

Y ) Z
vVi+itct+u vi+to+u vVi+itct+u
1 t2 2 1 t2 2 1 t2 2

or
B t B U 7 —1
VI+82+u? VI+8+u? VI+2+u?
5.

The two solutions found in the preceding article evidently refer to opposite
points of the sphere, or to opposite directions, as one would expect, since the
normal may be drawn toward either of the two sides of the curved surface. If we
wish to distinguish between the two regions bordering upon the surface, and call
one the exterior region and the other the interior region, we can then assign to
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each of the two normals its appropriate solution by aid of the theorem derived
in Art. 2 (VII), and at the same time establish a criterion for distinguishing the
one region from the other.

In the first method, such a criterion is to be drawn from the sign of the
quantity W. Indeed, generally speaking, the curved surface divides those regions
of space in which W keeps a positive value from those in which the value of W
becomes negative. In fact, it is easily seen from this theorem that, if W takes
a positive value toward the exterior region, and if the normal is supposed to be
drawn outwardly, the first solution is to be taken. Moreover, it will be easy to
decide in any case whether the same rule for the sign of W is to hold throughout
the entire surface, or whether for different parts there will be different rules. As
long as the coefficients P, (), R have finite values and do not all vanish at the
same time, the law of continuity will prevent any change.

If we follow the second method, we can imagine two systems of curved lines
on the curved surface, one system for which p is variable, ¢ constant; the other
for which ¢ is variable, p constant. The respective positions of these lines with
reference to the exterior region will decide which of the two solutions must be
taken. In fact, whenever the three lines, namely, the branch of the line of the
former system going out from the point A as p increases, the branch of the
line of the latter system going out from the point A as ¢ increases, and the
normal drawn toward the exterior region, are similarly placed as the z, y, z
axes respectively from the origin of abscissas (e. g., if, both for the former three
lines and for the latter three, we can conceive the first directed to the left, the
second to the right, and the third upward), the first solution is to be taken.
But whenever the relative position of the three lines is opposite to the relative
position of the z, y, z axes, the second solution will hold.

In the third method, it is to be seen whether, when z receives a positive
increment, x and y remaining constant, the point crosses toward the exterior or
the interior region. In the former case, for the normal drawn outward, the first
solution holds; in the latter case, the second.

6.

Just as each definite point on the curved surface is made to correspond to a
definite point on the sphere, by the direction of the normal to the curved surface
which is transferred to the surface of the sphere, so also any line whatever, or
any figure whatever, on the latter will be represented by a corresponding line
or figure on the former. In the comparison of two figures corresponding to one
another in this way, one of which will be as the map of the other, two important
points are to be considered, one when quantity alone is considered, the other
when, disregarding quantitative relations, position alone is considered.

The first of these important points will be the basis of some ideas which
it seems judicious to introduce into the theory of curved surfaces. Thus, to
each part of a curved surface inclosed within definite limits we assign a total or
integral curvature, which is represented by the area of the figure on the sphere
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corresponding to it. From this integral curvature must be distinguished the
somewhat more specific curvature which we shall call the measure of curvature.
The latter refers to a point of the surface, and shall denote the quotient obtained
when the integral curvature of the surface element about a point is divided by
the area of the element itself; and hence it denotes the ratio of the infinitely small
areas which correspond to one another on the curved surface and on the sphere.
The use of these innovations will be abundantly justified, as we hope, by what
we shall explain below. As for the terminology, we have thought it especially
desirable that all ambiguity be avoided. For this reason we have not thought
it advantageous to follow strictly the analogy of the terminology commonly
adopted (though not approved by all) in the theory of plane curves, according to
which the measure of curvature should be called simply curvature, but the total
curvature, the amplitude. But why not be free in the choice of words, provided
they are not meaningless and not liable to a misleading interpretation?

The position of a figure on the sphere can be either similar to the position
of the corresponding figure on the curved surface, or opposite (inverse). The
former is the case when two lines going out on the curved surface from the same
point in different, but not opposite directions, are represented on the sphere by
lines similarly placed, that is, when the map of the line to the right is also to
the right; the latter is the case when the contrary holds. We shall distinguish
these two cases by the positive or negative sign of the measure of curvature.
But evidently this distinction can hold only when on each surface we choose a
definite face on which we suppose the figure to lie. On the auxiliary sphere we
shall use always the exterior face, that is, that turned away from the centre; on
the curved surface also there may be taken for the exterior face the one already
considered, or rather that face from which the normal is supposed to be drawn.
For, evidently, there is no change in regard to the similitude of the figures, if on
the curved surface both the figure and the normal be transferred to the opposite
side, so long as the image itself is represented on the same side of the sphere.

The positive or negative sign, which we assign to the measure of curvature
according to the position of the infinitely small figure, we extend also to the
integral curvature of a finite figure on the curved surface. However, if we wish
to discuss the general case, some explanations will be necessary, which we can
only touch here briefly. So long as the figure on the curved surface is such
that to distinct points on itself there correspond distinct points on the sphere,
the definition needs no further explanation. But whenever this condition is not
satisfied, it will be necessary to take into account twice or several times certain
parts of the figure on the sphere. Whence for a similar, or inverse position,
may arise an accumulation of areas, or the areas may partially or wholly destroy
each other. In such a case, the simplest way is to suppose the curved surface
divided into parts, such that each part, considered separately, satisfies the above
condition; to assign to each of the parts its integral curvature, determining this
magnitude by the area of the corresponding figure on the sphere, and the sign by
the position of this figure; and, finally, to assign to the total figure the integral
curvature arising from the addition of the integral curvatures which correspond to
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the single parts. So, generally, the integral curvature of a figure is equal to f kdo,
do denoting the element of area of the figure, and k& the measure of curvature at
any point. The principal points concerning the geometric representation of this
integral reduce to the following. To the perimeter of the figure on the curved
surface (under the restriction of Art. 3) will correspond always a closed line on
the sphere. If the latter nowhere intersect itself, it will divide the whole surface
of the sphere into two parts, one of which will correspond to the figure on the
curved surface; and its area (taken as positive or negative according as, with
respect to its perimeter, its position is similar, or inverse, to the position of the
figure on the curved surface) will represent the integral curvature of the figure
on the curved surface. But whenever this line intersects itself once or several
times, it will give a complicated figure, to which, however, it is possible to assign
a definite area as legitimately as in the case of a figure without nodes; and
this area, properly interpreted, will give always an exact value for the integral
curvature. However, we must reserve for another occasion the more extended
exposition of the theory of these figures viewed from this very general standpoint.

7.

We shall now find a formula which will express the measure of curvature for
any point of a curved surface. Let do denote the area of an element of this
surface; then Z do will be the area of the projection of this element on the plane
of the coordinates x, y; and consequently, if d3 is the area of the corresponding
element on the sphere, Z d¥ will be the area of its projection on the same plane.
The positive or negative sign of Z will, in fact, indicate that the position of
the projection is similar or inverse to that of the projected element. Evidently
these projections have the same ratio as to quantity and the same relation as to
position as the elements themselves. Let us consider now a triangular element on
the curved surface, and let us suppose that the coordinates of the three points
which form its projection are

I? y?
x+dr, y+dy,
xr+ox, y+dy.

The double area of this triangle will be expressed by the formula
dr - oy — dy - o,

and this will be in a positive or negative form according as the position of the
side from the first point to the third, with respect to the side from the first point
to the second, is similar or opposite to the position of the y-axis of coordinates
with respect to the z-axis of coordinates.

In like manner, if the coordinates of the three points which form the projection
of the corresponding element on the sphere, from the centre of the sphere as
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origin, are

X, Y,
X +dX, Y +4dy,
X +6X, Y +6Y,

the double area of this projection will be expressed by
dX -0Y —dY -6X,

and the sign of this expression is determined in the same manner as above.
Wherefore the measure of curvature at this point of the curved surface will be
b dX -6Y —dY - 60X

 dx-dy—dy-ox

If now we suppose the nature of the curved surface to be defined according to
the third method considered in Art. 4, X and Y will be in the form of functions
of the quantities x, y. We shall have, therefore,

dX:%—fdij%—);dy,
(5X:%—f(53:+%—);(5y,
dY—g—deng—Ydy,
5Y—g—};5x+aa—y(5y

k — =
or 0Oy 0Oy Ox
Setting, as above,
o:_, 0,
or Oy
and also ) ) )
0°z 0°z 0°z
— =T =U —=V
Ox? Ox - Oy T Oy? ’
or

dt =Tdr+Udy, du=Udzxr+Vdy,

we have from the formulae given above

X=—tZ, Y=-uZ (1-t—u)Z2*=1,;
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and hence
dX = —Zdt —tdZ,
dY = —Z du —udZ,
1+t +u?)dZ + Z(tdt + udu) = 0;
or
dZ = —Z3(tdt + udu),
dX = —Z°(1 +u?) dt + Z*tudu,
dY = +Z%udt — Z3(1 + t?) du; t
and so
X
8—223( (1+u*)T + tul),
X
8_ = Z°(—(1+u?)U + tuV),
Y
a = Z*(tuT — (1 +t*)U),
8Y (

= Z%(tuU — (1 +*)V).

Substituting these values in the above expression, it becomes
k=2Z5TV —U*)(1+*+u?) = ZY(TV - U?)
TV -=-U 2
A+ u)?

8.

13

By a suitable choice of origin and axes of coordinates, we can easily make
the values of the quantities ¢, u, U vanish for a definite point A. Indeed, the
first two conditions will be fulfilled at once if the tangent plane at this point be
taken for the xy-plane. If, further, the origin is placed at the point A itself, the

expression for the coordinate z evidently takes the form

z = %T":v2 +Uxy + %Voy2 + Q,

where 2 will be of higher degree than the second. Turning now the axes of

x and y through an angle M such that
2U°
it is easily seen that there must result an equation of the form

z=1Tz* 4+ iVy* + Q.

tan2M =

In this way the third condition is also satisfied. When this has been done, it is

evident that
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I. If the curved surface be cut by a plane passing through the normal itself
and through the z-axis, a plane curve will be obtained, the radius of curvature

1
of which at the point A will be equal to T the positive or negative sign

indicating that the curve is concave or convex toward that region toward which
the coordinates z are positive.

1
II. In like manner — will be the radius of curvature at the point A of the

plane curve which is the intersection of the surface and the plane through the
y-axis and the z-axis.

ITI. Setting z = rcos ¢, y = rsin ¢, the equation becomes
z = 1(Tcos® ¢ + Vsin® ¢)r? + Q,

from which we see that if the section is made by a plane through the normal
at A and making an angle ¢ with the z-axis, we shall have a plane curve whose
radius of curvature at the point A will be

1
Tcos2¢+Vsin?¢

IV. Therefore, whenever we have T' = V| the radii of curvature in all the
normal planes will be equal. But if 7"and V' are not equal, it is evident that, since
for any value whatever of the angle ¢, T cos? ¢ + V sin® ¢ falls between T and V,
the radii of curvature in the principal sections considered in I. and II. refer to
the extreme curvatures; that is to say, the one to the maximum curvature, the
other to the minimum, if 7" and V have the same sign. On the other hand,
one has the greatest convex curvature, the other the greatest concave curvature,
if T and V have opposite signs. These conclusions contain almost all that the
illustrious Euler was the first to prove on the curvature of curved surfaces.

V. The measure of curvature at the point A on the curved surface takes the
very simple form

k=TV,

whence we have the

THEOREM. The measure of curvature at any point whatever of the surface
1s equal to a fraction whose numerator is unity, and whose denominator is the
product of the two extreme radii of curvature of the sections by normal planes.

At the same time it is clear that the measure of curvature is positive for
concavo-concave or convexo-convex surfaces (which distinction is not essential),
but negative for concavo-convex surfaces. If the surface consists of parts of each
kind, then on the lines separating the two kinds the measure of curvature ought
to vanish. Later we shall make a detailed study of the nature of curved surfaces
for which the measure of curvature everywhere vanishes.
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9.

The general formula for the measure of curvature given at the end of Art. 7
is the most simple of all, since it involves only five elements. We shall arrive at
a more complicated formula, indeed, one involving nine elements, if we wish to
use the first method of representing a curved surface. Keeping the notation of
Art. 4, let us set also

O*W *W *W
— P/ — / — /
Ox? ’ oy? @ 022 i,
82W _ 7 82W — Q// 82W — R//
Oy - 0z ’ Ox - 0z ’ ox - Oy ’

so that

dP =P dx+ R'"dy + Q" dz,
dQ = R"dx + Q' dy + P"dz,
dR = Q" dx + P"dy + R dz.

P
Now since t = —g e find through differentiation

R*dt = —RdP + PdR = (PQ" — RP)dx + (PP" — RR")dy + (PR — RQ") dz,
or, eliminating dz by means of the equation

Pdx+Qdy+ Rdz =0,
R¥dt = (—R*P' +2PRQ" — P*R)dx + (PRP" + QRQ" — PQR' — R*R") dy.

In like manner we obtain
R3du = (PRP” +QRQ" — PQR — R2R”) dx + (—RQQ’ +2QRP" — QQR') dy.
From this we conclude that

R3T = —R?P' + 2PRQ" — P*R/,
R3U = PRP" + QRQ" — PQR' — R*R",
RV = —R*Q' +2QRP" — Q*R'.

Substituting these values in the formula of Art. 7, we obtain for the measure of
curvature k the following symmetric expression:

(PQ +Q2 —|—R2)2k} — PQ(Q/R/ _ P//2> +Q2(P1R/ _ Q//Q) +R2(P/Q/ _ R//Q)
+ QQR(QI/R// _ PIPI/) + 2PR<P/IR// _ QIQ//) + 2PQ(P”Q// _ R/R//).
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10.

We obtain a still more complicated formula, indeed, one involving fifteen
elements, if we follow the second general method of defining the nature of a
curved surface. It is, however, very important that we develop this formula also.
Retaining the notations of Art. 4, let us put also

va_ e s
op* op-0q o
0? 0? 0?
_:g:ﬁa Y :6/7 _g;:ﬁ”)
Ip dp - g dq
02z 02z , 2z,
a2 =7, a2 7
dp dp - 9q 9q
and let us put, for brevity,
bd —cb = A,
ca' —ac = B,
ab — ba' = C.
First we see that
Adr+ Bdy+ Cdz =0,
or 4 B
dz = —Ed:ﬂ—ady.
Thus, inasmuch as z may be regarded as a function of z, y, we have
9z _,__A
oxr ~ C’
oy  C
Then from the formulee
dr =adp+ad'dq, dy=bdp+1bdg,
we have
Cdp= Vbdr—ddy,
Cdq=—bdr+a dy.
Thence we obtain for the total differentials of ¢, u
oC 0A 0A oC
C¥dt=(A——-C—=— ) (Vdox—dd C— —-A— ) (bdx —ad
( Op 819)( ! ay)—l—( dq 6’61)( v - ady),

oC 0B 0B oC
3 = B —_— _— / — ! - B — - .
C° du ( o C 8p) (b'dx — a' dy) + (C’ 9 8q) (bdxr — ady)
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If now we substitute in these formulee

A
98 _ 48 +by —cf —,
dp

A
a_ :Clﬁ/_’_b’}// _Cﬁ// _blfyly
Jdq
0B o ! / /
— =av tcw —ay —ca,
dp
a_B :a’7'+co/' —cw”—c’o/,
dq
oc =ba +af —bd —dp,
dp
8_0 :b’o/+aﬁ"—bo/’ _a/ﬁ/;
Jdq

17

and if we note that the values of the differentials dt, du thus obtained must
be equal, independently of the differentials dx, dy, to the quantities T dz +
Udy, Udx + V dy respectively, we shall find, after some sufficiently obvious

transformations,

C3T = aAb? + BBY? + 4Ch>
— 20’ AbY — 23" Bbb — 2+'CbY
+ O//AbQ + ﬂ”Bbz + ”}///062,
C3*U = —aAd'V — BBd'Y —~Cd'V

+ o' A(at! + ba') + ' B(ab’ + ba’) ++'C(ab’ + ba')

—a"Aab — 3"Bab — ~"Cab,

C*V = aAd? + BBa” + yCa”?
—2d’Aad’ — 23'Baa’ — 2+'Cad’
+ o/’AaQ + ﬁ”BaQ + 7”0&2.

Hence, if we put, for the sake of brevity,

(1) Aa + BB +Cvy =D,1
(2) Ad + Bp +Cy =D,
(3) AO// + Bﬂ// + C’}// — D//,

we shall have
C3T = Db? —2D'bb + D"b?,
C*U = —Da't/ + D'(ab/ + ba’) — D" ab,
C%V = Da”? — 2D'ad’ + D"a?.

From this we find, after the reckoning has been carried out,

CO(TV = U%) = (DD" = D*)(alf — ba')* = (DD" = D*)C?,
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and therefore the formula for the measure of curvature

DD — D/2

= o

11.

By means of the formula just found we are going to establish another, which
may be counted among the most productive theorems in the theory of curved
surfaces. Let us introduce the following notation:

a2 +0v* +F2 =E,
aa’ +bb +cc = F,
&/2 +b/2+cl2 = G-

(4) aa +bp +cy =m,
(5) ad +bp +cy =m,
(6) a a//+b ﬁ// +C /y// — m//;
(7) ada +03 +dvy =n,
(8) &/ a/ +b/ ﬁ/ +CI P)// — n/’
(9) a/ a// + b/ ﬂ// + C/ /y// — n//;

A2+ B>+ C?=EG - F?=A.

Let us eliminate from the equations (1), (4), (7) the quantities /3, v, which
is done by multiplying them by b — cb’, ¥'C — B, ¢B — bC' respectively and
adding. In this way we obtain

(A(bd — ') +a(t'C = ¢B) + d'(cB - bC))
= D(bd’ — ')+ m(b'C — ¢ B) + n(e¢B — bC),
an equation which is easily transformed into
AD = aA + a(nF — mG) +d (mF —nkE).
Likewise the elimination of «, v or «, 3 from the same equations gives

BD = A+ b(nF —mG) + b (mF —nkE),
CD =~vA + ¢(nF —mQG) + ¢ (mF —nkE).

7

Multiplying these three equations by «”, (3", 4" respectively and adding, we

obtain

(10)  DD" = (ad” 4+ 868" +7")A + m"(nF — mG) + n"(mF — nE).
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If we treat the equations (2), (5), (8) in the same way, we obtain

AD" =d'A+a(n'F —m'G) +d(m'F —n'E),
BD/ — BIA + b(n/F _ m/G) + bl(m/F _ n,E),
CD =~A+c(n'F—m'G) +d(m'F —n'E);

and after these equations are multiplied by o/, ', 4/ respectively, addition gives
D? = (a*+ 3%+ yHA+m' (' F —m/G) +n'(m'F —n'E).
A combination of this equation with equation (10) gives

DD — D2 — (aa// 188"+ — a2 — ﬁ/2 . 7/2)A
+ E(n? —nn") + F(nm” —2m'n’ +mn") + G(m? — mm”).

It is clear that we have

a—E—Zm a—E—2m’ a—F—m’jtn —=m"+n %—Qn’ %—Qn"
ap T g 9p " dq 9p T 0q ’
or
e L0 0P 06
2 op’ - 29q’ - 9q 2 op’
_oF 0 o196 oo 196G
n_é?p 2 0q’ 2 p’ 29’

Moreover, it is easily shown that we shall have

" /" no__oo2 g2 g2 e Y
aa + BB" +yy" —at = 7 =7 30 op ap B4
PE | OF _, 0G

1.
2 8q2+3p'8q 2 8}92'

If we substitute these different expressions in the formula for the measure of
curvature derived at the end of the preceding article, we obtain the following for-
mula, which involves only the quantities F/, F', G and their differential quotients
of the first and second orders:

OF 0G _OF 3G (3G’

HMEG-F)k=E|— — —2— - — —
( ) (0q dqg  dp 3q+(6’p)>

P (8E oG J0F 0G oF OF OF OF OF 8G>

it N el Dl
dp 0q 0Oq Op dq 0Oq * dp 0Oq dp Op

OE 0G _OE OF OE\ > 0’E 0’F  9*G
— = —2— . — 4| = |-2(EG-F? —2 .
+G<8p dp dp 0q+( )) (BG )<3q2 8p‘0q+0p2)
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12.

Since we always have
da? + dy* +dz? = Edp? + 2F dp - dg + G d¢?,

it is clear that

VEdp? +2F dp - dg + G dg?

is the general expression for the linear element on the curved surface. The
analysis developed in the preceding article thus shows us that for finding the
measure of curvature there is no need of finite formulee, which express the
coordinates x, y, z as functions of the indeterminates p, ¢; but that the general
expression for the magnitude of any linear element is sufficient. Let us proceed
to some applications of this very important theorem.

Suppose that our surface can be developed upon another surface, curved or
plane, so that to each point of the former surface, determined by the coordinates
x, 1y, z, will correspond a definite point of the latter surface, whose coordinates
are x', 3/, 2. Evidently 2/, v/, 2/ can also be regarded as functions of the
indeterminates p, ¢, and therefore for the element \/ dz? + dy'? + dz"? we shall
have an expression of the form

VE'dp? +2F dp - dq + G' dg?,

where E', F', G' also denote functions of p, ¢. But from the very notion
of the development of one surface upon another it is clear that the elements
corresponding to one another on the two surfaces are necessarily equal. Therefore
we shall have identically

E=E, F=F, G=4G".

Thus the formula of the preceding article leads of itself to the remarkable
THEOREM. If a curved surface is developed upon any other surface whatever,
the measure of curvature in each point remains unchanged.

Also it is evident that any finite part whatever of the curved surface will retain
the same integral curvature after development upon another surface.

Surfaces developable upon a plane constitute the particular case to which
geometers have heretofore restricted their attention. Our theory shows at once
that the measure of curvature at every point of such surfaces is equal to zero.
Consequently, if the nature of these surfaces is defined according to the third
method, we shall have at every point

0%z 0%z B 9z \° 0
ox? Oy? ox-0y)

a criterion which, though indeed known a short time ago, has not, at least to
our knowledge, commonly been demonstrated with as much rigor as is desirable.
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13.

What we have explained in the preceding article is connected with a particular
method of studying surfaces, a very worthy method which may be thoroughly
developed by geometers. When a surface is regarded, not as the boundary of a
solid, but as a flexible, though not extensible solid, one dimension of which is
supposed to vanish, then the properties of the surface depend in part upon the
form to which we can suppose it reduced, and in part are absolute and remain
invariable, whatever may be the form into which the surface is bent. To these
latter properties, the study of which opens to geometry a new and fertile field,
belong the measure of curvature and the integral curvature, in the sense which
we have given to these expressions. To these belong also the theory of shortest
lines, and a great part of what we reserve to be treated later. From this point
of view, a plane surface and a surface developable on a plane, e. g., cylindrical
surfaces, conical surfaces, etc., are to be regarded as essentially identical; and
the generic method of defining in a general manner the nature of the surfaces
thus considered is always based upon the formula

VEdp? +2F dp - dg + G dg?,

which connects the linear element with the two indeterminates p, g. But before
following this study further, we must introduce the principles of the theory of
shortest lines on a given curved surface.

14.

The nature of a curved line in space is generally given in such a way that the
coordinates x, y, z corresponding to the different points of it are given in the
form of functions of a single variable, which we shall call w. The length of such
a line from an arbitrary initial point to the point whose coordinates are z, y, z,
is expressed by the integral

oo ) - () )

If we suppose that the position of the line undergoes an infinitely small variation,
so that the coordinates of the different points receive the variations dz, dy, dz,
the variation of the whole length becomes

/dx-d6x+dy-d5y+dz-d5z
Vda? + dy? + dz?

which expression we can change into the form

Y

dr-dx+dy-0y+dz-oz
Vdaz? + dy? + dz?

d d d
—/ dx-d ’ +0y-d i +dz+d : g
Vda? + dy? + dz? Vdx? + dy? + dz? Vdz? + dy? + dz?
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We know that, in case the line is to be the shortest between its end points, all
that stands under the integral sign must vanish. Since the line must lie on the
given surface, whose nature is defined by the equation

Pdr+Qdy+ Rdz =0,
the variations dx, dy, 0z also must satisfy the equation
Pox+Qdy+ Roz=0,

and from this it follows at once, according to well-known rules, that the differ-
entials

p dx p dy p dz
VA2 dy? +d2? e+ dy? +d22 \Jda? + dy? + d2?

must be proportional to the quantities P, ), R respectively. Let dr be the
element of the curved line; A the point on the sphere representing the direction
of this element; L the point on the sphere representing the direction of the normal
to the curved surface; finally, let &, n, ¢ be the coordinates of the point A\, and
X, Y, Z be those of the point L with reference to the centre of the sphere. We
shall then have

dv =&dr, dy=ndr, dz=_dr,

from which we see that the above differentials become d¢, dn, d¢. And since the
quantities P, ), R are proportional to X, Y, Z, the character of shortest lines
is expressed by the equations

d§ —dn _ d¢
X Y Z
Moreover, it is easily seen that
VA€ + dn? + d¢?

is equal to the small arc on the sphere which measures the angle between the
directions of the tangents at the beginning and at the end of the element dr,

dr
and is thus equal to —, if p denotes the radius of curvature of the shortest line

at this point. Thus we shall have

pdé = Xdr, pdn=Ydr, pd(=Zdr.

15.

Suppose that an infinite number of shortest lines go out from a given point A
on the curved surface, and suppose that we distinguish these lines from one
another by the angle that the first element of each of them makes with the first
element of one of them which we take for the first. Let ¢ be that angle, or,
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more generally, a function of that angle, and r the length of such a shortest line
from the point A to the point whose coordinates are x, y, z. Since to definite
values of the variables r, ¢ there correspond definite points of the surface, the
coordinates x, y, z can be regarded as functions of r, ¢. We shall retain for the
notation A\, L, &, n, ¢, X, Y, Z the same meaning as in the preceding article,
this notation referring to any point whatever on any one of the shortest lines.

All the shortest lines that are of the same length r will end on another line
whose length, measured from an arbitrary initial point, we shall denote by wv.
Thus v can be regarded as a function of the indeterminates r, ¢, and if \’ denotes
the point on the sphere corresponding to the direction of the element dv, and
also &', ', " denote the coordinates of this point with reference to the centre of
the sphere, we shall have

Or g 00 By v 0i_ 0w
96 " 96 a0 ! 8s a6 0o
From these equations and from the equations
or oy 0z
E - 57 E =, or - C
we have
Jr Oxr Oy Oy 0z 0z , Ov
bl 4 =cos A\ -
o 96 T o a0 T ar og &M ) a¢ TS g

Let S denote the first member of this equation, which will also be a function of
r, ¢. Differentiation of S with respect to r gives

() - (3) ()
9S %z dr Oy dy 9z 0z . or or or

o 0 99 02 9 o 96 2 a6
_0€ Ox Oy oy 0C 0z OE 40"+ )
~Or 0 Or 0 Or 0¢p 2 O '

But

S+ =1,

and therefore its differential is equal to zero; and by the preceding article we
have, if p denotes the radius of curvature of the line 7,

o_X o Y x_z
or p’ or p O p
Thus we have

8_8
or

1 ov 1 ov
= . (X¢+YW+2) — ==-cosLN-— =0
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since A" evidently lies on the great circle whose pole is L. From this we see that
S is independent of r, and is, therefore, a function of ¢ alone. But for » = 0

we evidently have v = 0, consequently g—:; =0, and S = 0 independently of ¢.

Thus, in general, we have necessarily S = 0, and so cos AN =0, i.e., AN = 90°.
From this follows the

THEOREM. If on a curved surface an infinite number of shortest lines of equal
length be drawn from the same initial point, the lines joining their extremities
will be normal to each of the lines.

We have thought it worth while to deduce this theorem from the fundamental
property of shortest lines; but the truth of the theorem can be made apparent
without any calculation by means of the following reasoning. Let AB, AB’ be
two shortest lines of the same length including at A an infinitely small angle,
and let us suppose that one of the angles made by the element BB’ with the
lines BA, B'A differs from a right angle by a finite quantity. Then, by the law
of continuity, one will be greater and the other less than a right angle. Suppose
the angle at B is equal to 90° — w, and take on the line AB a point C, such that

BC = BB’ - cosecw.

Then, since the infinitely small triangle BB'C' may be regarded as plane, we
shall have
CB' = BC - cosw,

and consequently
AC+CB = AC+ BC -cosw = AB— BC - (1 —cosw) = AB'— BC - (1 — cosw),

i. e., the path from A to B’ through the point C' is shorter than the shortest
line, Q. E. A.

16.

With the theorem of the preceding article we associate another, which we
state as follows: If on a curved surface we imagine any line whatever, from the
different points of which are drawn at right angles and toward the same side an
infinite number of shortest lines of the same length, the curve which joins their
other extremities will cut each of the lines at right angles. For the demonstration
of this theorem no change need be made in the preceding analysis, except that
¢ must denote the length of the given curve measured from an arbitrary point;
or rather, a function of this length. Thus all of the reasoning will hold here also,
with this modification, that S = 0 for » = 0 is now implied in the hypothesis
itself. Moreover, this theorem is more general than the preceding one, for we
can regard it as including the first one if we take for the given line the infinitely
small circle described about the centre A. Finally, we may say that here also
geometric considerations may take the place of the analysis, which, however, we
shall not take the time to consider here, since they are sufficiently obvious.
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17.

We return to the formula

VEdp?+2F dp - dg + G dg¢?,

which expresses generally the magnitude of a linear element on the curved surface,
and investigate, first of all, the geometric meaning of the coefficients F, F, G.
We have already said in Art. 5 that two systems of lines may be supposed to
lie on the curved surface, p being variable, ¢ constant along each of the lines of
the one system; and ¢ variable, p constant along each of the lines of the other
system. Any point whatever on the surface can be regarded as the intersection
of a line of the first system with a line of the second; and then the element
of the first line adjacent to this point and corresponding to a variation dp will
be equal to VE - dp, and the element of the second line corresponding to the
variation dg will be equal to v/G - dg. Finally, denoting by w the angle between
these elements, it is easily seen that we shall have

F

COSW = —F——

VEG

Furthermore, the area of the surface element in the form of a parallelogram
between the two lines of the first system, to which correspond ¢, ¢ + dgq, and the
two lines of the second system, to which correspond p, p + dp, will be

VEG — F?dp - dq.

Any line whatever on the curved surface belonging to neither of the two
systems is determined when p and ¢ are supposed to be functions of a new
variable, or one of them is supposed to be a function of the other. Let s be the
length of such a curve, measured from an arbitrary initial point, and in either
direction chosen as positive. Let # denote the angle which the element

ds = /Edp? + 2F dp - dq + G dq?

makes with the line of the first system drawn through the initial point of the
element, and, in order that no ambiguity may arise, let us suppose that this
angle is measured from that branch of the first line on which the values of p
increase, and is taken as positive toward that side toward which the values of ¢
increase. These conventions being made, it is easily seen that

Edp+ Fdq

VE
V(EG —F?)-d
\/5~sinw-dq: (G\/E> q'

cosl-ds =VE-dp+ VG -cosw - dg =

sinf - ds =
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18.

We shall now investigate the condition that this line be a shortest line. Since
its length s is expressed by the integral

s = /\/Edp2~|—2de-dq+qu2,

the condition for a minimum requires that the variation of this integral arising
from an infinitely small change in the position become equal to zero. The
calculation, for our purpose, is more simply made in this case, if we regard
p as a function of g. When this is done, if the variation is denoted by the
characteristic ¢, we have

E F
a—-dp2+28—'dp~dq+6—G~dq2 dp+ (2E dp + 2F dq) d op
55_/ dp dp dp
N 2ds
Edp+ Fdg
S S
ds
oF oF oG
— - dp? +2— -dp-dq + — - dg*
/ op Pt op P q+8p g Edp+ Fdg
+ [ dp —d —
2ds ds

and we know that what is included under the integral sign must vanish indepen-
dently of dp. Thus we have

%—f-dp2+2%—];-dp-dq—l—%qu:st-d-w
=2ds-d- <\/E'COSQ>

ds-dFE - cosf

:T

Edp+ Fdq)dE
_ erE DIE o SEG—F - dg - db

_ (Bt Edey (OF 4 9E ) —o/EG—F2-dg-do.
E dp dq

This gives the following conditional equation for a shortest line:

—2ds-df-VE -sinf

1 F 0OF 1 F OF 1 OF

E Op 2 FE 0 2 0Oq
oFr 1 0G
i |
Op P35 Op %
which can also be written
1 F 1 OF oF 1 0G
vVEG-F?. df=- — . dE+—-  — -dp— — -dp— — - — - d
G 2 B Ty Py Py, M
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From this equation, by means of the equation
E dp F
VEG—F dg ' VEG-F?
it is also possible to eliminate the angle . and to derive a differential equation

of the second order between p and ¢, which, however, would become more
complicated and less useful for applications than the preceding.

cot =

19.

The general formulae, which we have derived in Arts. 11, 18 for the measure
of curvature and the variation in the direction of a shortest line, become much
simpler if the quantities p, ¢ are so chosen that the lines of the first system cut
everywhere orthogonally the lines of the second system; . e., in such a way that
we have generally w = 90°, or F' = 0. Then the formula for the measure of
curvature becomes

OF 0G oG\? _ OF 0G OE\* P2E  9°G
AE2GRk = B =2 g (= = =) opg (== 4+ 22
@k dq (9q+ ((929) e dp 8p+G(3q) G(3q2+8p2)’

and for the variation of the angle

\/E_G.dgzl.ﬁ_E.dp_l.a_G.dq‘

2 0Oq
Among the various cases in which we have this condition of orthogonality,
the most important is that in which all the lines of one of the two systems, e. g.,
the first, are shortest lines. Here for a constant value of ¢ the angle 6 becomes
equal to zero, and therefore the equation for the variation of 6 just given shows

that we must have 68— = 0, or that the coefficient £ must be independent of ¢;
1. e., . must be eitherq a constant or a function of p alone. It will be simplest to
take for p the length of each line of the first system, which length, when all the
lines of the first system meet in a point, is to be measured from this point, or, if
there is no common intersection, from any line whatever of the second system.
Having made these conventions, it is evident that p and ¢ denote now the same
quantities that were expressed in Arts. 15, 16 by r and ¢, and that £ = 1. Thus

the two preceding formulee become:

2 2
4G?k = (%) — 2G%

op op*’
1 0G
di = —= - == . dg;
VG 2 o
or, setting VG = m,
2
po L0 g 0 g,
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Generally speaking, m will be a function of p, ¢, and mdq the expression for
the element of any line whatever of the second system. But in the particular
case where all the lines p go out from the same point, evidently we must have
m = 0 for p = 0. Furthermore, in the case under discussion we will take for g the
angle itself which the first element of any line whatever of the first system makes
with the element of any one of the lines chosen arbitrarily. Then, since for an
infinitely small value of p the element of a line of the second system (which can
be regarded as a circle described with radius p) is equal to pdgq, we shall have

for an infinitely small value of p, m = p, and consequently, for p =0, m =0 at

0
the same time, and 8_m =1.

D
20.

We pause to investigate the case in which we suppose that p denotes in a
general manner the length of the shortest line drawn from a fixed point A to
any other point whatever of the surface, and ¢ the angle that the first element
of this line makes with the first element of another given shortest line going
out from A. Let B be a definite point in the latter line, for which ¢ = 0, and
C another definite point of the surface, at which we denote the value of ¢ simply
by A. Let us suppose the points B, C joined by a shortest line, the parts of
which, measured from B, we denote in a general way, as in Art. 18, by s; and,
as in the same article, let us denote by 6 the angle which any element ds makes
with the element dp; finally, let us denote by #°, 6’ the values of the angle 6
at the points B, C'. We have thus on the curved surface a triangle formed by
shortest lines. The angles of this triangle at B and C' we shall denote simply by
the same letters, and B will be equal to 180° — 8, C' to &' itself. But, since it is
easily seen from our analysis that all the angles are supposed to be expressed,
not in degrees, but by numbers, in such a way that the angle 57° 17 45", to
which corresponds an arc equal to the radius, is taken for the unit, we must set

°=r—B, 0=0C,

where 27 denotes the circumference of the sphere. Let us now examine the
integral curvature of this triangle, which is equal to

/kdo,

do denoting a surface element of the triangle. Wherefore, since this element is
expressed by mdp - dg, we must extend the integral

//kmdp~dq

over the whole surface of the triangle. Let us begin by integration with respect
to p, which, because
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d const. — a_m
q M ap )

for the integral curvature of the area lying between the lines of the first system,
to which correspond the values ¢, ¢ + dgq of the second indeterminate. Since this
integral curvature must vanish for p = 0, the constant introduced by integration

gives

m
must be equal to the value of B0 for p =0, 1. e., equal to unity. Thus we have
q

om
4 (1—87)7

om . .
where for — must be taken the value corresponding to the end of this area on

op
the line C'B. But on this line we have, by the preceding article,
om
— -dq = —db
aq q Y

whence our expression is changed into dq + df. Now by a second integration,
taken from ¢ =0 to ¢ = A, we obtain for the integral curvature

A+0 —06°,

or
A+B+C —m.

The integral curvature is equal to the area of that part of the sphere which
corresponds to the triangle, taken with the positive or negative sign according
as the curved surface on which the triangle lies is concavo-concave or concavo-
convex. For unit area will be taken the square whose side is equal to unity (the
radius of the sphere), and then the whole surface of the sphere becomes equal
to 4m. Thus the part of the surface of the sphere corresponding to the triangle is
to the whole surface of the sphere as £(A+ B+ C — ) is to 47. This theorem,
which, if we mistake not, ought to be counted among the most elegant in the
theory of curved surfaces, may also be stated as follows:

The excess over 180° of the sum of the angles of a triangle formed by shortest
lines on a concavo-concave curved surface, or the deficit from 180° of the sum
of the angles of a triangle formed hy shortest lines on a concavo-conver curved
surface, is measured by the area of the part of the sphere which corresponds,
through the directions of the normals, to that triangle, if the whole surface of the
sphere is set equal to 720 degrees.

More generally, in any polygon whatever of n sides, each formed by a shortest
line, the excess of the sum of the angles over (2n —4) right angles, or the deficit
from (2n — 4) right angles (according to the nature of the curved surface), is
equal to the area of the corresponding polygon on the sphere, if the whole surface
of the sphere is set equal to 720 degrees. This follows at once from the preceding
theorem by dividing the polygon into triangles.
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21.

Let us again give to the symbols p, ¢, F/, F', G, w the general meanings which
were given to them above, and let us further suppose that the nature of the
curved surface is defined in a similar way by two other variables, p/, ¢/, in which
case the general linear element is expressed by

\/E’ dp’? + 2F' dp’ - dg' + G’ dg?.

Thus to any point whatever lying on the surface and defined by definite values
of the variables p, ¢ will correspond definite values of the variables p’, ¢/, which
will therefore be functions of p, ¢q. Let us suppose we obtain by differentiating
them

dp' = adp + 3dg,
dq = vdp + ddg.

We shall now investigate the geometric meaning of the coefficients «, (3, v, 9.

Now four systems of lines may thus be supposed to lie upon the curved
surface, for which p, ¢, p’, ¢’ respectively are constants. If through the definite
point to which correspond the values p, ¢, p/, ¢’ of the variables we suppose the
four lines belonging to these different systems to be drawn, the elements of these
lines, corresponding to the positive increments dp, dq, dp’, dq’, will be

VE -dp, VG-dg, VE -dp, VG -dq.

The angles which the directions of these elements make with an arbitrary fixed
direction we shall denote by M, N, M’, N’, measuring them in the sense in which
the second is placed with respect to the first, so that sin(N — M) is positive. Let
us suppose (which is permissible) that the fourth is placed in the same sense with
respect to the third, so that sin(N’ — M’) also is positive. Having made these
conventions, if we consider another point at an infinitely small distance from the
first point, and to which correspond the values p+dp, g+ dq, p' +dp’, ¢ +dq’ of
the variables, we see without much difficulty that we shall have generally, 7. e.,
independently of the values of the increments dp, dq, dp’, dq/,

VE -dp-sinM + VG -dg-sinN =VE -dp -sin M' + VG - dq - sin N',

since each of these expressions is merely the distance of the new point from the
line from which the angles of the directions begin. But we have, by the notation
introduced above,

N—-—M=uw.

In like manner we set
N — M =,

and also
N — M = 1.
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Then the equation just found can be thrown into the following form:
VE -dp-sin(M' —w+ ) + VG - dg - sin(M' + )
=VE' -dp -sin M+ VG -dq -sin(M' + '),
or
VE -dp-sin(N' —w—w' 4+ 1) = VG - dg - sin(N' — o' + )
=VE -dp -sin(N' — ')+ VG -dq - sin N'.

And since the equation evidently must be independent of the initial direction,
this direction can be chosen arbitrarily. Then, setting in the second formula
N'" =0, or in the first M’ = 0, we obtain the following equations:

VE' -sinw' - dp = VE -sin(w +w' — ) -dp+ VG - sin(w — ) - dg,
VG - sinw' - dg = VE -sin() — w) - dp + VG - sintp - dg;
and these equations, since they must be identical with

dp’ = adp + [ dg,
dq' =~ dp + é dg,

determine the coefficients «, 3, v, 6. We shall have

a_\/f.sin(w—i—w’—w) 5= G sin(w — )
E’ sin w’ ’ E’ sinw’
E  sin(y —w) G siny
7:\/;. sinw’ 0= G sinw
These four equations, taken in connection with the equations
F , F’
cosw:\/T_G, cosw' = Ve

, EG — F? ., [FG=F"
SIn W = E—G’ Ssinw = EI—G/,

may be written

o/E'G' — F2 = VEG' - sin(w + W' — v),
BVE'G — F? = VGG - sin(W' — 1),
WE'G' — F2 = VEE' -sin(¢ — w),
SVE'G' — F?2 = \/GE' - sinv.

Since by the substitutions

dp’ = adp+ B dg,
dq' = ~ydp + 0 dq,
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the trinomial
E/dp/2 +2F/dp/ 'dq/+Gldq/2
is transformed into
Edp? +2F dp - dg + G d¢?,
we easily obtain
EG — F* = (E'G' — F™*)(ad — )%

and since, vice versa, the latter trinomial must be transformed into the former
by the substitution

(@b —py)dp=0ddp — Bdg', (ad—PBy)dg=—ydp' +add,

we find
EG — F?
2 2 BT
ES® =276+ G = s -
EG — F?
_ _ i N |
EB6 + F(ad + py) — Gay e F',
EG — F?
2 2 BT
EpB* —2Faf + Ga e G

22,

From the general discussion of the preceding article we proceed to the very
extended application in which, while keeping for p, ¢ their most general meaning,
we take for p/, ¢ the quantities denoted in Art. 15 by r, ¢. We shall use r, ¢
here also in such a way that, for any point whatever on the surface, » will be
the shortest distance from a fixed point, and ¢ the angle at this point between
the first element of r and a fixed direction. We have thus

E'=1, F'=0, ' =90°
Let us set also
G' =m,

so that any linear element whatever becomes equal to

Vdr? +m? dg?.

Consequently, the four equations deduced in the preceding article for «, 3, v, §
give

or
op’
or
9’

(1) VE - cos(w — ) =
(2) VG - costp =
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(3) VE sin(y - ) =m- 22
(4) \/5~sin¢:m«g—?

But the last and the next to the last equations of the preceding article give

or\ 2 or Or or\>
EG-F’=FE(—) —2F - —  — —
©) “ (6’61) op 0q+G(5p> ’
or or\ 0¢ or or\ 0¢
E-——F. ). 2= (F. 2= _qg.22 ). 22,
®) ( 94 ap) 94 ( o ¢ ap> o

From these equations must be determined the quantities r, ¢, ¢ and (if
need be) m, as functions of p and ¢. Indeed, integration of equation (5) will
give 7; r being found, integration of equation (6) will give ¢; and one or other
of equations (1), (2) will give 1 itself. Finally, m is obtained from one or other
of equations (3), (4).

The general integration of equations (5), (6) must necessarily introduce two
arbitrary functions. We shall easily understand what their meaning is, if we
remember that these equations are not limited to the case we are here considering,
but are equally valid if » and ¢ are taken in the more general sense of Art. 16, so
that r is the length of the shortest line drawn normal to a fixed but arbitrary line,
and ¢ is an arbitrary function of the length of that part of the fixed line which is
intercepted between any shortest line and an arbitrary fixed point. The general
solution must embrace all this in a general way, and the arbitrary functions must
go over into definite functions only when the arbitrary line and the arbitrary
functions of its parts, which ¢ must represent, are themselves defined. In our
case an infinitely small circle may be taken, having its centre at the point from
which the distances r are measured, and ¢ will denote the parts themselves of
this circle, divided by the radius. Whence it is easily seen that the equations
(5), (6) are quite sufficient for our case, provided that the functions which they
leave undefined satisfy the condition which r and ¢ satisfy for the initial point
and for points at an infinitely small distance from this point.

Moreover, in regard to the integration itself of the equations (5), (6), we
know that it can be reduced to the integration of ordinary differential equations,
which, however, often happen to be so complicated that there is little to be
gained by the reduction. On the contrary, the development in series, which are
abundantly sufficient for practical requirements, when only a finite portion of
the surface is under consideration, presents no difficulty; and the formulee thus
derived open a fruitful source for the solution of many important problems. But
here we shall develop only a single example in order to show the nature of the
method.
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23.

We shall now consider the case where all the lines for which p is constant
are shortest lines cutting orthogonally the line for which ¢ = 0, which line we
can regard as the axis of abscissas. Let A be the point for which »r =0, D any
point whatever on the axis of abscissas, AD = p, B any point whatever on the
shortest line normal to AD at D, and BD = ¢, so that p can be regarded as
the abscissa, g the ordinate of the point B. The abscissas we assume positive on
the branch of the axis of abscissas to which ¢ = 0 corresponds, while we always
regard r as positive. We take the ordinates positive in the region in which ¢ is
measured between 0 and 180°.

By the theorem of Art. 16 we shall have

w=90°, F=0, G=1,

and we shall set also

VE =n.

Thus n will be a function of p, ¢, such that for ¢ = 0 it must become equal to
unity. The application of the formula of Art. 18 to our case shows that on any
shortest line whatever we must have

_on

do
dq

dp, 1

where 6 denotes the angle between the element of this line and the element of
the line for which ¢ is constant. Now since the axis of abscissas is itself a shortest
line, and since, for it, we have everywhere 6 = 0, we see that for ¢ = 0 we must

have everywhere
on 0

8_q =
Therefore we conclude that, if n is developed into a series in ascending powers
of ¢, this series must have the following form:

n=14 f¢* + g¢*> + hq* + etc.,
where f, g, h, etc., will be functions of p, and we set

f=f+fp+ [P +etc.,
g=9°"+4gp+d"'p +etc.,

h=h°+hp+h'p* +etc.,
or
n=1+f°¢+ f'rq’ + f'p’¢ + ete.
+9°¢° +9'pg’ + ete.
+ hoq* + ete. etc.
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24.

The equations of Art. 22 give, in our case,

COS@D:?, —ncoswzm.% Sin@/}:m-%
q

r
op’ or’ dq’
2 2
0q op dqg 0q Op Op
By the aid of these equations, the fifth and sixth of which are contained in the
others, series can be developed for r, ¢, 1, m, or for any functions whatever of
these quantities. We are going to establish here those series that are especially

worthy of attention.
Since for infinitely small values of p, ¢ we must have

nsiny =

r?=p’+ ¢,

the series for r? will begin with the terms p?+ ¢?. We obtain the terms of higher
order by the method of undetermined coefficients,” by means of the equation

1 o)\ (90D,

Sl 4 ) = g

(n I ) +( oq "
Thus we have

[1] 7'2 — p2 4 §f0p2q2 4 %f/p3q2 4 (%f// o %fOQ)plqu ete.
+q2 +%gop2q3+%g/p3q3
+ (%ho . 4_75 o2)p2q4‘

Then we have, from the formula

- a(r?)
rsiny = o op
2] rsing =p—$f°pq® — 1P’ — (L + £1P°C ete.

—19°pq° — 24'D%q

and from the formula

a(r?)

1

rcosy = 2 ,

Y =3 9

3] reost) =q+ 2fpPq+ 3 f'0%q + Gf - L' ete

+ %gop2q2 + gglp3q2

+ (%ho . % 02)p2q3'

*We have thought it useless to give the calculation here, which can be somewhat abridged
by certain artifices.
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These formulae give the angle . In like manner, for the calculation of the
angle ¢, series for rcos¢ and rsin¢ are very elegantly developed by means of
the partial differential equations

mzncomb-sinw—rsm(?'@v
dp Op
M: cos¢-COSw—7°Sin¢'%’
dq g
Oorsing _ o sing+reose. 28,
op Op
w: sin¢-cosw+rcos¢~%7
dq 0
ncosw.g_qu_i_sinw.g—izo.
A combination of these equations gives
rsmw.a'TCOSqﬁ—FTCOSw-M:TCOS@
n dp 0q
rsin _ d-rsing +TCOS¢.m = rsin .
n dp 0q

From these two equations series for rcos¢, rsin¢ are easily developed, whose
first terms must evidently be p, ¢ respectively. The series are

(4] rcos¢g =p+ %fopq2 + 2P’ + (-2 HpP?  ete.
+19°p® + 590
+ (2h° — Lfpq,
[5] rsing =q—1fp’q—1fpPe — (L — Lfp'q ete.
B }lg°p2q2 _ 2?,_Og/p3q2
— (%hO—F% 02)]92(]3-

From a combination of equations [2], 3], [4], [5] a series for 72 cos(¢) + ¢), may
be derived, and from this, dividing by the series [1], a series for cos(¢ + ¢), from
which may be found a series for the angle ¥ + ¢ itself. However, the same series
can be obtained more elegantly in the following manner. By differentiating the
first and second of the equations introduced at the beginning of this article, we
obtain

o

sin - Z—Z + ncos - g—f +siny - s 0,
and this combined with the equation
ncosw-%—l—sinw-% =0
dq dp
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gives

rsinyg On  rsiny 9 + @) oY + ¢)
no dq * no dp dq
From this equation, by aid of the method of undetermined coefficients, we can
easily derive the series for v + ¢, if we observe that its first term must be %7‘(‘,
the radius being taken equal to unity and 27 denoting the circumference of the
circle,

[6] Y+ ¢=1r— fopg—2fp’q—
- g°pq2 —

+rcos - = 0.

% "o %f'o2)p3q ete.
s

02
— (h* =3/ )pq

It seems worth while also to develop the area of the triangle ABD into a
series. For this development we may use the following conditional equation,
which is easily derived from sufficiently obvious geometric considerations, and in
which S denotes the required area:

rsinw 85 osip - 22 TSinw-/ndq,T
n 8p

(

the integration beginning with ¢ = 0. From this equation we obtain, by the
method of undetermined coefficients,

[7] S=1pq— 5100 — e — (5" — &0 ete
— 506" — E9°0° — %9
- mf’pQ(f’ —(ER°+ 2"+ &%
- +9°pq* — 2g'p*q*
( ne _ % 02)pq5.

25.

From the formulee of the preceding article, which refer to a right triangle
formed by shortest lines, we proceed to the general case. Let C' be another point
on the same shortest line DB, for which point p remains the same as for the
point B, and ¢/, r’, ¢, ¢/, S’ have the same meanings as ¢, r, ¢, ¥, S have for
the point B. There will thus be a triangle between the points A, B, C, whose
angles we denote by A, B, C', the sides opposite these angles by a, b, ¢, and
the area by o. We represent the measure of curvature at the points A, B, C
by «, (3, v respectively. And then supposing (which is permissible) that the
quantities p, ¢, ¢ — ¢’ are positive, we shall have

A:¢_¢,7 B:¢a C:W—W,
a=q—(, b=1', c=r, c=S5-5".
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We shall first express the area ¢ by a series. By changing in [7] each of the
quantities that refer to B into those that refer to C', we obtain a formula for 5.
Whence we have, exact to quantities of the sixth order,

o=1pla—d )1 -3+ +ad +d?)
— &= f'p(6p* + 7¢* + Tqq' + 7¢7)
— 509°(a +4)(3p° + 4¢° +4¢7)) |
This formula, by aid of series [2|, namely,
csin B =p(1— £ f°¢° — 1/'pq® — 59°¢° — etc.)
can be changed into the following:
o =1iacsin B(1 - %fo(p2 —¢* +qd +¢?)
— & f'p(6p* — 8¢> + Tqq' + 7¢”)
— £9°(3p°q + 3p°¢' — 6p® + 4¢°¢ + 4qq” + 4¢?)).

The measure of curvature for any point whatever of the surface becomes (by
Art. 19, where m, p, ¢ were what n, ¢, p are here)
p | On _ 2f +6g9q+ 12hg® + etc.
on 0¢® 1+ fq? + etc.
= —2f — 6gq — (12h — 2f*)¢* — etc.

Therefore we have, when p, ¢ refer to the point B,
B==2f—2f'p—6g°q—2f"p* — 6g'pq — (12h° — 2f°*)¢* — etc.
Also

v==2f°=2fp—06g°¢ — 2f"p* — 6g'pq’ — (12h° — 2f°*)¢”* — etc.,
a=—2f°.

Introducing these measures of curvature into the expression for o, we obtain the
following expression, exact to quantities of the sixth order (exclusive):
o = acsin B(1 + ma(4p” — 2¢° + 3q¢’ + 3¢”)
+ 1350(3p% — 6¢° + 694’ + 3¢”)
+ (30 =2 + g +4¢7))
The same precision will remain, if for p, ¢, ¢ we substitute csin B, ccos B,
ccos B — a. This gives
8] o = sacsin B(1 + 3s(3a® 4+ 4¢* — 9accos B)
+ 1358(3a” + 3¢ — 12accos B)
+ 1357 (4a” 4+ 3¢® — 9accos B)).
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Since all expressions which refer to the line AD drawn normal to BC' have
disappeared from this equation, we may permute among themselves the points
A, B, C and the expressions that refer to them. Therefore we shall have, with
the same precision,

9] = Lbesin A(1 + g (3% + 3¢ — 12bc cos A)

1
+ gl
+ 25 8(36% + 4c> — 9bccos A)

+ 257(46* + 3¢® — 9becos A)),
+ L-a(3a® + 4b* — 9abcosC
+ 1755
+ 557

-
=]

Ju—
=]

Ju—
=]

[10] o =1absinC(1+ 3

)
L-B(4a* + 36> — 9abcos C)
)

—
=]

1
2
% 3a® + 3b% — 12abcos C )

Ju—
(=]

26.

The consideration of the rectilinear triangle whose sides are equal to a, b, ¢
is of great advantage. The angles of this triangle, which we shall denote by
A*, B*, C*, differ from the angles of the triangle on the curved surface, namely,
from A, B, C, by quantities of the second order; and it will be worth while to
develop these differences accurately. However, it will be sufficient to show the
first steps in these more tedious than difficult calculations.

Replacing in formulae [1], [4], [5] the quantities that refer to B by those that
refer to C, we get formulae for r2, r'cos¢’, r’sin¢’. Then the development of
the expression

r? +1r? —(q—¢)* —2rcos¢-r'cosd — 2rsing -1’ sin ¢’
=b>+c* —a® —2bccos A
= 2bc(cos A* — cos A),

combined with the development of the expression
rsing -1’ cos@ —rcosg-r'sing’ = besin A,
gives the following formula:

cos A —cos A= —(q—¢)psin A(5f°+ :f'p+ 19°(¢+ )
(& =2+ 29 p(g+ )
+ (3 h"—l )(¢* +aq +q°) +etc.)

From this we have, to quantities of the fifth order,
A= A=+(q— G+ i p+319°(a+d) + /"D

+ 39 pla+ )+ §h°(¢* + qd' + ¢7)
— L f2(Tp* + 7¢° + 12¢¢ + Tq%))
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Combining this formula with
20 = ap(1 — :f°(p° + ¢* + qd + ¢*) — etc.)

and with the values of the quantities «, 3, v found in the preceding article, we
obtain, to quantities of the fifth order,

[11] At =A—o(Ga+ 3508+ 57+ 50"+ 59'p(a+ ¢)
+ 10°(3¢° — 244 + 3¢”)
+ &2 (4p* — 1147 + 1dqq’ — 11¢7)).
By precisely similar operations we derive
[12] B*=B-o(fHa+ 0+ 57+ 15/ 0+ 59020+ ¢)
+ th°(4¢> — 4qq' + 3¢?)
— /(20" + 8¢° — 8qq’ + 11¢?)),
[13] C*=C—-o(Ha+ 50+ iv+ "0+ 59'pla+2¢)
+ 1h°(3¢* — 4qq’ + 447)
— %]"02(2]32 +11¢° — 8qq' + 8¢7)).

From these formulee we deduce, since the sum A* + B* 4+ C* is equal to two right
angles, the excess of the sum A + B + C' over two right angles, namely,

[14] A+B+C=rm+o(ta+iB+iv+ 1P+ 1dplg+4)
+(20° = 3¢ — ad + ¢7)).
This last equation could also have been derived from formula [6].

27.

If the curved surface is a sphere of radius R, we shall have

a=f=n=-2f=p ['=0, §=0 6=,
or O .
= SiRt
Consequently, formula [14] becomes
A+B+C=n+ 2.

which is absolutely exact. But formulee [11], [12], [13] give

g g

A*:A— o 2 2 2 4 P02
3R TRopil 2P ¢ t4ad —q%),
g g

B*:B_ 2_22 2 / 12
32 T TRogiW 24 +2ad + 4,

C"=C = ot (0 + ¢* + 20 — 20°);

3R?  180R*
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or, with equal exactness,

g

Ry A b4 — 242
3R2 180R4( + )
o o
B* — B o 2 2 o 2b2
3R2 18034(“ te )
o
r—o- 2 b2 — 262).
T =C—3m - 18OR4 o @t )

Neglecting quantities of the fourth order, we obtain from the above the well-
known theorem first established by the illustrious Legendre.

28.

Our general formulee, if we neglect terms of the fourth order, become ex-
tremely simple, namely:

A'=A—-Lo(2a+3+7),
B*=B— 5o(a+23+7),
C*=C—Lola+p+29).

Thus to the angles A, B, C' on a non-spherical surface, unequal reductions
must be applied, so that the sines of the changed angles become proportional
to the sides opposite. The inequality, generally speaking, will be of the third
order; but if the surface differs little from a sphere, the inequality will be of a
higher order. Even in the greatest triangles on the earth’s surface, whose angles
it is possible to measure, the difference can always be regarded as insensible.
Thus, e.g., in the greatest of the triangles which we have measured in recent
years, namely, that between the points Hohehagen, Brocken, Inselberg, where the
excess of the sum of the angles was 14”.85348, the calculation gave the following
reductions to be applied to the angles:

Hohehagen ... ... —4".95113,

Brocken......... —4".95104,

Inselberg ........ —4".95131.
29.

We shall conclude this study by comparing the area of a triangle on a curved
surface with the area of the rectilinear triangle whose sides are a, b, c. We shall
denote the area of the latter by ¢*; hence

o" = %bcsinA* = %acsin B* = %absinC*.
We have, to quantities of the fourth order,

sin A* =sin A — —O’COSA (2a+ B+ 1),
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or, with equal exactness,
sin A =sin A"+ (1+ 55bccos A+ (2a + 5+ 7)).

Substituting this value in formula [9], we shall have, to quantities of the sixth
order,

o = tbesin A* - (14 35a(3b* 4 3¢* — 2bccos A)
+ 1358(3b* 4 4¢® — 4bc cos A)
+ 1357(40% + 3¢® — 4bccos A)),

or, with equal exactness,
o =0 (14 mala® + 20> + 2¢%) + 5:8(2a> + b° + 2¢°) + 75:7(2a° + 2b* + ).
For the sphere this formula goes over into the following form:
o=0"(1+ Lala®+b*+?)).

It is easily verified that, with the same precision, the following formula may be
taken instead of the above:

*\/ sinA-sinB-sinC

oc=0 :

sin A* - sin B* - sin C**

If this formula is applied to triangles on non-spherical curved surfaces, the error,

generally speaking, will be of the fifth order, but will be insensible in all triangles
such as may be measured on the earth’s surface.
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On the 8th of October, Hofrath Gauss presented to the Royal Society a
paper:

Disquisitiones generales circa superficies curvas.

Although geometers have given much attention to general investigations of
curved surfaces and their results cover a significant portion of the domain of
higher geometry, this subject is still so far from being exhausted, that it can
well be said that, up to this time, but a small portion of an exceedingly fruitful
field has been cultivated. Through the solution of the problem, to find all
representations of a given surface upon another in which the smallest elements
remain unchanged, the author sought some years ago to give a new phase to
this study. The purpose of the present discussion is further to open up other
new points of view and to develop some of the new truths which thus become
accessible. We shall here give an account of those things which can be made
intelligible in a few words. But we wish to remark at the outset that the new
theorems as well as the presentations of new ideas, if the greatest generality is to
be attained, are still partly in need of some limitations or closer determinations,
which must be omitted here.

In researches in which an infinity of directions of straight lines in space is
concerned, it is advantageous to represent these directions by means of those
points upon a fixed sphere, which are the end points of the radii drawn parallel
to the lines. The centre and the radius of this auxiliary sphere are here quite
arbitrary. The radius may be taken equal to unity. This procedure agrees
fundamentally with that which is constantly employed in astronomy, where all
directions are referred to a fictitious celestial sphere of infinite radius. Spherical
trigonometry and certain other theorems, to which the author has added a new
one of frequent application, then serve for the solution of the problems which
the comparison of the various directions involved can present.

If we represent the direction of the normal at each point of the curved surface
by the corresponding point of the sphere, determined as above indicated, namely,
in this way, to every point on the surface, let a point on the sphere correspond;
then, generally speaking, to every line on the curved surface will correspond a
line on the sphere, and to every part of the former surface will correspond a
part of the latter. The less this part differs from a plane, the smaller will be
the corresponding part on the sphere. It is, therefore, a very natural idea to use
as the measure of the total curvature, which is to be assigned to a part of the
curved surface, the area of the corresponding part of the sphere. For this reason
the author calls this area the integral curvature of the corresponding part of the
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curved surface. Besides the magnitude of the part, there is also at the same time
its position to be considered. And this position may be in the two parts similar
or inverse, quite independently of the relation of their magnitudes. The two cases
can be distinguished by the positive or negative sign of the total curvature. This
distinction has, however, a definite meaning only when the figures are regarded as
upon definite sides of the two surfaces. The author regards the figure in the case
of the sphere on the outside, and in the case of the curved surface on that side
upon which we consider the normals erected. It follows then that the positive
sign is taken in the case of convexo-convex or concavo-concave surfaces (which
are not essentially different), and the negative in the case of concavo-convex
surfaces. If the part of the curved surface in question consists of parts of these
different sorts, still closer definition is necessary, which must be omitted here.

The comparison of the areas of two corresponding parts of the curved surface
and of the sphere leads now (in the same manner as, e. g., from the comparison of
volume and mass springs the idea of density) to a new idea. The author designates
as measure of curvature at a point of the curved surface the value of the fraction
whose denominator is the area of the infinitely small part of the curved surface
at this point and whose numerator is the area of the corresponding part of the
surface of the auxiliary sphere, or the integral curvature of that element. It is
clear that, according to the idea of the author, integral curvature and measure
of curvature in the case of curved surfaces are analogous to what, in the case of
curved lines, are called respectively amplitude and curvature simply. He hesitates
to apply to curved surfaces the latter expressions, which have been accepted more
from custom than on account of fitness. Moreover, less depends upon the choice
of words than upon this, that their introduction shall be justified by pregnant
theorems.

The solution of the problem, to find the measure of curvature at any point of
a curved surface, appears in different forms according to the manner in which the
nature of the curved surface is given. When the points in space, in general, are
distinguished by three rectangular coordinates, the simplest method is to express
one coordinate as a function of the other two. In this way we obtain the simplest
expression for the measure of curvature. But, at the same time, there arises a
remarkable relation between this measure of curvature and the curvatures of the
curves formed by the intersections of the curved surface with planes normal to
it. EULER, as is well known, first showed that two of these cutting planes which
intersect each other at right angles have this property, that in one is found the
greatest and in the other the smallest radius of curvature; or, more correctly,
that in them the two extreme curvatures are found. It will follow then from the
above mentioned expression for the measure of curvature that this will be equal
to a fraction whose numerator is unity and whose denominator is the product of
the extreme radii of curvature. The expression for the measure of curvature will
be less simple, if the nature of the curved surface is determined by an equation
in z, y, z. And it will become still more complex, if the nature of the curved
surface is given so that x, y, z are expressed in the form of functions of two new
variables p, ¢. In this last case the expression involves fifteen elements, namely,
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the partial differential coefficients of the first and second orders of x, y, z with
respect to p and ¢. But it is less important in itself than for the reason that it
facilitates the transition to another expression, which must be classed with the
most remarkable theorems of this study. If the nature of the curved surface be
expressed by this method, the general expression for any linear element upon
it, or for y/da? + dy? + dz2, has the form /Edp*+ 2F dp-dq+ G dq?, where
E, F, G are again functions of p and ¢q. The new expression for the measure of
curvature mentioned above contains merely these magnitudes and their partial
differential coefficients of the first and second order. Therefore we notice that,
in order to determine the measure of curvature, it is necessary to know only
the general expression for a linear element; the expressions for the coordinates
x, y, z are not required. A direct result from this is the remarkable theorem:
If a curved surface, or a part of it, can be developed upon another surface, the
measure of curvature at every point remains unchanged after the development.
In particular, it follows from this further: Upon a curved surface that can be
developed upon a plane, the measure of curvature is everywhere equal to zero.
From this we derive at once the characteristic equation of surfaces developable
upon a plane, namely,

0%z 0%z B 9%z 1\’ 0
0x?  Oy? or-0y)

when z is regarded as a function of z and y. This equation has been known for
some time, but according to the author’s judgment it has not been established
previously with the necessary rigor.

These theorems lead to the consideration of the theory of curved surfaces from
a new point of view, where a wide and still wholly uncultivated field is open to
investigation. If we consider surfaces not as boundaries of bodies, but as bodies
of which one dimension vanishes, and if at the same time we conceive them as
flexible but not extensible, we see that two essentially different relations must be
distinguished, namely, on the one hand, those that presuppose a definite form of
the surface in space; on the other hand, those that are independent of the various
forms which the surface may assume. This discussion is concerned with the latter.
In accordance with what has been said, the measure of curvature belongs to this
case. But it is easily seen that the consideration of figures constructed upon
the surface, their angles, their areas and their integral curvatures, the joining
of the points by means of shortest lines, and the like, also belong to this case.
All such investigations must start from this, that the very nature of the curved
surface is given by means of the expression of any linear element in the form
VEdp?+2F dp - dg + G dg?. The author has embodied in the present treatise a
portion of his investigations in this field, made several years ago, while he limits
himself to such as are not too remote for an introduction, and may, to some
extent, be generally helpful in many further investigations. In our abstract, we
must limit ourselves still more, and be content with citing only a few of them as
types. The following theorems may serve for this purpose.
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If upon a curved surface a system of infinitely many shortest lines of equal
lengths be drawn from one initial point, then will the line going through the end
points of these shortest lines cut each of them at right angles. If at every point
of an arbitrary line on a curved surface shortest lines of equal lengths be drawn
at right angles to this line, then will all these shortest lines be perpendicular also
to the line which joins their other end points. Both these theorems, of which the
latter can be regarded as a generalization of the former, will be demonstrated
both analytically and by simple geometrical considerations. The excess of the
sum of the angles of a triangle formed by shortest lines over two right angles is
equal to the total curvature of the triangle.

It will be assumed here that that angle (57° 17 45”) to which an arc equal to
the radius of the sphere corresponds will be taken as the unit for the angles, and
that for the unit of total curvature will be taken a part of the spherical surface,
the area of which is a square whose side is equal to the radius of the sphere.
Evidently we can express this important theorem thus also: the excess over two
right angles of the angles of a triangle formed by shortest lines is to eight right
angles as the part of the surface of the auxiliary sphere, which corresponds to it
as its integral curvature, is to the whole surface of the sphere. In general, the
excess over 2n — 4 right angles of the angles of a polygon of n sides, if these are
shortest lines, will be equal to the integral curvature of the polygon.

The general investigations developed in this treatise will, in the conclusion,
be applied to the theory of triangles of shortest lines, of which we shall introduce
only a couple of important theorems. If a, b, ¢ be the sides of such a triangle
(they will be regarded as magnitudes of the first order); A, B, C' the angles
opposite; a, 3, v the measures of curvature at the angular points; o the area of
the triangle, then, to magnitudes of the fourth order, (o + 6+ 7)o is the excess
of the sum A + B + C over two right angles. Further, with the same degree of
exactness, the angles of a plane rectilinear triangle whose sides are a, b, ¢, are

respectively

C— S(a+ 6+ 27)o.

We see immediately that this last theorem is a generalization of the familiar
theorem first established by LEGENDRE. By means of this theorem we obtain
the angles of a plane triangle, correct to magnitudes of the fourth order, if we
diminish each angle of the corresponding spherical triangle by one-third of the
spherical excess. In the case of non-spherical surfaces, we must apply unequal
reductions to the angles, and this inequality, generally speaking, is a magnitude
of the third order. However, even if the whole surface differs only a little from
the spherical form, it will still involve also a factor denoting the degree of the
deviation from the spherical form. It is unquestionably important for the higher
geodesy that we be able to calculate the inequalities of those reductions and
thereby obtain the thorough conviction that, for all measurable triangles on the
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surface of the earth, they are to be regarded as quite insensible. So it is, for
example, in the case of the greatest triangle of the triangulation carried out
by the author. The greatest side of this triangle is almost fifteen geographical*
miles, and the excess of the sum of its three angles over two right angles amounts
almost to fifteen seconds. The three reductions of the angles of the plane triangle
are 4”7.95113, 4”7.95104, 4”7.95131. Besides, the author also developed the missing
terms of the fourth order in the above expressions. Those for the sphere possess
a very simple form. However, in the case of measurable triangles upon the
earth’s surface, they are quite insensible. And in the example here introduced
they would have diminished the first reduction by only two units in the fifth
decimal place and increased the third by the same amount.

*This German geographical mile is four minutes of arc at the equator, namely, 7.42 kilo-
meters, and is equal to about 4.6 English statute miles. [Translators.]
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Art. 1, p. 3. Gauss got the idea of using the auxiliary sphere from astronomy.
Cf. Gauss’s Abstract, page 43.

Art. 2, p. 3. In the Latin text situs is used for the direction or orientation
of a plane, the position of a plane, the direction of a line, and the position of a
point.

Art. 2, p. 4. In the Latin texts the notation

cos(1)L? + cos(2)L* + cos(3)L* = 1

is used. This is replaced in the translations (except Boklen’s) by the more recent
notation
cos*(1)L + cos?(2) L + cos*(3)L = 1.

Art. 2, p. 4. This stands in the original and in Liouville s reprint,

" —sint” sint").

cos A(costsint’ — sintcost’)(cost” sint

Art. 2, pp. 4-6. Theorem VI is original with Gauss, as is also the method

of deriving VII. The following figures show the points and lines of Theorems
VI and VII:

Art. 3, p. 6. The geometric condition here stated, that the curvature be
continuous for each point of the surface, or part of the surface, considered is
equivalent to the analytic condition that the first and second derivatives of the
function or functions defining the surface be finite and continuous for all points
of the surface, or part of the surface, considered.

Art. 4, p. 7. In the Latin texts the notation XX for X?, etc., is used.

Art. 4, p. 7. “The second method of representing a surface (the expression of
the coordinates by means of two auxiliary variables) was first used by Gauss for
arbitrary surfaces in the case of the problem of conformal mapping. [Astronomis-
che Abhandlungen, edited by H. C. Schumacher, vol. III, Altona, 1825; Gauss,
Werke, vol. IV, p. 189; reprinted in vol. 55 of Ostwald’s Klassiker.—Cf. also
Gauss, Theoria attractionis corporum sphaer. ellipt., Comment. Gott. II, 1813;
Gauss, Werke, vol. V, p. 10.] Here he applies this representation for the first

'Line number references in the translators’ notes are omitted. Descriptions such as “top
of page n” are retained, but may not match this ebook’s pagination. [Transcriber]
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time to the determination of the direction of the surface normal, and later also to
the study of curvature and of geodetic lines. The geometrical significance of the
variables p, ¢ is discussed more fully in Art. 17. This method of representation
forms the source of many new theorems, of which these are particularly worthy
of mention: the corollary, that the measure of curvature remains unchanged by
the bending of the surface (Arts. 11, 12); the theorems of Arts. 15, 16 concerning
geodetic lines; the theorem of Art. 20; and, finally, the results derived in the
conclusion, which refer a geodetic triangle to the rectilinear triangle whose sides
are of the same length.” [Wangerin.|

Art. 5, p. 8. “To decide the question, which of the two systems of values
found in Art. 4 for X, Y, Z belong to the normal directed outwards, which to
the normal directed inwards, we need only to apply the theorem of Art. 2 (VII),
provided we use the second method of representing the surface. If, on the
contrary, the surface is defined by the equation between the coordinates W = 0,
then the following simpler considerations lead to the answer. We draw the line do
from the point A towards the outer side, then, if dz, dy, dz are the projections
of do, we have

Pdr+Qdy+ Rdz > 0.

On the other hand, if the angle between ¢ and the normal taken outward is
acute, then

dx dy dz
— X+ =Y+ —Z>0.

do + do + do
This condition, since do is positive, must be combined with the preceding, if the
first solution is taken for X, Y, Z. This result is obtained in a similar way, if
the surface is analytically defined by the third method.” [Wangerin.|

Art. 6, p. 10. The definition of measure of curvature here given is the one
generally used. But Sophie Germain defined as a measure of curvature at a
point of a surface the sum of the reciprocals of the principal radii of curvature
at that point, or double the so-called mean curvature. Cf. Crelle’s Journ. fiir
Math., vol. VII. Casorati defined as a measure of curvature one-half the sum of
the squares of the reciprocals of the principal radii of curvature at a point of the
surface. Cf. Rend. del R. Istituto Lombardo, ser. 2, vol. 22, 1889; Acta Mathem.
vol. XTIV, p. 95, 1890.

Art. 6, p. 11. Gauss did not carry out his intention of studying the most
general cases of figures mapped on the sphere.

Art. 7, p. 11. “That the consideration of a surface element which has the
form of a triangle can be used in the calculation of the measure of curvature,
follows from this fact that, according to the formula developed on page 11, k is
independent of the magnitudes dzx, dy, oz, dy, and that, consequently, k& has the
same value for every infinitely small triangle at the same point of the surface,
therefore also for surface elements of any form whatever lying at that point.”
[Wangerin. |
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Art. 7, p. 12. The notation in the Latin text for the partial derivatives:

dX dX

— —, etc.
d:[;’ dy? )

has been replaced throughout by the more recent notation:

0xX 0X "
—-—, —, etc
ox’ 0Oy’
Art. 7, p. 11. This formula, as it stands in the original and in Liouville’s
reprint, is
dY = —Z3tudt — Z3(1 + %) du.

The incorrect sign in the second member has been corrected in the reprint in
Gauss, Werke, vol. IV, and in the translations.

Art. 8, p. 14. Euler’'s work here referred to is found in Mem. de I’Acad.
de Berlin, vol. XVI, 1760.

Art. 10, p. 17. Instead of D, D', D" as here defined, the Italian geometers
have introduced magnitudes denoted by the same letters and equal, in Gauss’s
notation, to

D D/ D//
VEG —F? EG—-F? EG-F?

respectively.
Art. 11, p. 19. In the original and in Liouville’s reprint, two of these formulae
are incorrectly given:

OF , OF 1 OFE
—=m +n, nNn=-_—
dq

2 9q°
The proper corrections have been made in Gauss, Werke, vol. IV, and in the
translations.

Art. 13, p. 21. Gauss published nothing further on the properties of devel-
opable surfaces.

Art. 14, p. 21. The transformation is easily made by means of integration by
parts.

Art. 17, p. 25. If we go from the point p, ¢ to the point (p + dp,q), and if
the Cartesian coordinates of the first point are z, y, z, and of the second = + dz,
y + dy, z+ dz; with ds the linear element between the two points, then the
direction cosines of ds are

Since we assume here ¢ = Constant or dg = 0, we have also

:?'dp, dy:@wip, dz:%wlp, ds = +VE - dp.
p p

d
x ap
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If dp is positive, the change ds will be taken in the positive direction. Therefore
ds = VE - dp,

1 Ox 5 1 0Oy 1 0z
——, cosff=—=+-—", CcosY=—x-—.
VE Op VE Jp TTVE o
In like manner, along the line p = Constant, if cosa’, cos’, cos~' are the
direction cosines, we obtain

1 Oz 1 0Oy , 1 0z

cosal = —+—, cosff=—= =, cosy =— —.
“=Vc o V=g e V=75 o

Cos =

And since

cosw = cosa cos a’ + cos 3 cos 3’ + cosycos,

F

COSW = ———.

vVEG

From this follows

VEG — F?
VEG

And the area of the quadrilateral formed by the lines p, p + dp, q, ¢ + dq is
do =V EG — F?-dp-dq.

Art. 21, p. 32. In the original, in Liouville’s reprint, in the two French
translations, and in Boklen’s translation, the next to the last formula of this
article is written

sinw =

EG — F? -F’

EG — F/2 :

The proper correction in sign has been made in Gauss, Werke, vol. IV, and in
Wangerin’s translation.

Art. 23, p. 34. In the Latin texts and in Roger’s and Boklen’s translations
this formula has a minus sign on the right hand side. The correction in sign has
been made in Abadie’s and Wangerin’s translations.

Art. 23, p. 34. The figure below represents the lines and angles mentioned in
this and the following articles.

Art. 24, p. 35. Derivation of formula [1].

Let

EB6 — F(ad + p7y) + Gay =

r? =p? +¢* + Rs + Ry + Rs + R + etc.

where Rj3 is the aggregate of all the terms of the third degree in p and ¢, R4 of
all the terms of the fourth degree, etc. Then by differentiating, squaring, and
omitting terms above the sixth degree, we obtain

a0)\> . [0Rs\®> [OR,\® . ORs OR,
—) =4 - iuuhics Ap—2 4 4p2
(31)) e Op * Op +p8p+p3p

ORs ORg OR3 OR4 OR3 OR5
+ 4p B + 4p ap + 2p 3 op + 2p o o
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and

OR; ORg OR; OR, 5 OR3 OR;

+4qa—q+4qa—q+2q 91 g q@q 9
Hence we have
) ()
() (0 (M (O0)
+4(p%25+q§—1%5+§a£?3a£4 ;‘952368};4)

OR3\? OR3\ 2 ORs ORy, ,0R3 OR4
_ 4 1 1 1 1
SR; + <3R4+4<8p>+4<aq> 14 4R5+2ap 8p+2aq 70

OR4\ 2 OR4\? [ OR; ORs ,ORs3 ORs
4 1 (904 1 (9 1 1
! (5RG+4<ap> “(aq) T2 " ag ag )

since, according to a familiar theorem for homogeneous functions,
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By dividing unity by the square of the value of n, given at the end of Art. 23,
and omitting terms above the fourth degree, we have

1
1—ﬁ:2f0q2+2f/pq2+290q3—3f02q4+2f”p2q2+29/pq3+2h0q4-

This, multiplied by the last equation but one of the preceding page, on rejecting
terms above the sixth degree, becomes

() (%)

:8fop2q2+8f/p3q2 _12f02p2q4+8h0p2q4
OR3\ >
+8gop2q3 +8f//p4q2 +2f0q2 ( ap3)
_ LOR OR; . .OR
+ 8PP 2 + 8¢ D% + 8 PP + 8¢°pg
OR
+8f°pg .
op

Therefore, since from the fifth equation of Art. 24:
2 2 2 2 2 2
o)\, (Y (1 L) (2D
dp dq n? dp
we have

OR3\? OR3\? OR3 ORy, ,0R3 OR4
4 12 L2 4 (4 1 1
8R3 + <3R4+4<8p> +4<8q> + R5+28p o 2 0q 0q

OR,\ 2 OR4\? | 0OR; ORs ,OR;3 ORs
+4<5R6+}‘<8p> i (3q> ta dp 9p *a dq 9q

OR
OR3\? OR OR OR
+ 80P 4+ 8h°pPgt +21°¢% [ 2 ) + 8PP + 8f°pgP T 4 8¢°pgP 2.
ap op dp dp

Whence, by the method of undetermined coefficients, we find
R3=0, R,= % °v’¢*, Rs= % 'P*q + %QOPQQ?’;

R6 _ (%f/l . %foz)péqu =+ ég/p?)q?) + (%ho . 4_2f02)p2q4-

And therefore we have

[1] r?=p + 30 + 50 + Bf = 570 + et
+q2 +%gop2q3+§g/p3q3

+ (%ho . %foQ)p2q4.
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This method for deriving formula [1] is taken from Wangerin.

Art. 24, p. 35. Derivation of formula [2].

By taking one-half the reciprocal of the series for n given in Art. 23, p. 34,
we obtain

1

5. =2l = ' = [0 = ¢ = ['V°q = g'pg’ — (W - fo2)q" — ete.].

And by differentiating formula [1] with respect to p, we obtain

O(r? . .
ap) =2[p+ 300" + 10 + 261" - 50

+19°p¢® + 24'p°¢°
+(3h° — £ f%)pg" +ete].

Therefore, since

2
rsiny = % . (9(%;)’

we have, by multiplying together the two series above,

2] rsing =p—fopg® — Lfp* — (L + £ — ete.
—39°pq° — 39'0%¢

— (30° = % °%)pg".

Art. 24, p. 35. Derivation of formula [3].
By differentiating [1] on page 53 with respect to ¢, we find

o(r?)
Jdq

=2[q+ 3/ PPq+5/'Pq + (Bf — %1
+39°P°0" + 39P°¢" + (3h° — I +ete ]

Therefore we have, since

a(r?)

_1

reosy = 3 97

3] reost = q+ 3%+ 5P + G — 5 °7)p'e + ete.

+%gop2q2+%g/p3q2+<f—5ho—% 02)p2q3'

Art. 24, p. 36. Derivation of formula [4].
Since 7 cos ¢ becomes equal to p for infinitely small values of p and ¢, the
series for r cos ¢ must begin with p. Hence we set

(1) rcos¢ = p+ Ry + R3 + Ry + Rs + etc.
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Then, by differentiating, we obtain

8(r COS ¢) . (9R2 8R3 8R4 8R5

(2) o =1+ ap + o + p + o + etc.,
O(rcos¢) ORy ORs 0OR, ORs

(3) 8—q_ 94 + 94 + 94 + 94 + etc.

By dividing [2| page 53 by n on page 34, we obtain

rsin Y

(4)

=p—2fpd® = 2P’ — (Sf"+ L 1) — ete.

= 39°pa® — Lg'v*® — (Bh° — B f°%)pg*.

n

Multiplying (2) by (4), we have

rsiny  O(rcos o)
n Op

(5)

. 8R2 8R3 8R4 8R5 6 oI 8 pro2\ 2 2
—p+pap +pa +p8p +pap "+ =g

) aR ,OR;
—dfepg® — Afop? T2 — A fopg a_ I9p*¢®
5 ORy R o
— 2P —iqu S — (8n° — B 1°%)pg*
o . 30R
-390 3y pqi’)a—p2 — etc.
Multiplying (3) by [3] page 54, we have
(6) rcowﬂ%zs@
_ OR, ORy  OR, OR;s 4 ORy
=9 +qa +qa +qaq +2qu6q
L, ORy .., ORy . ., ,0R
+35fp 2‘1—q +5f p2q8_q +19°0° 28_q + etc
Since

rsiny  O(rcos @)
n dp

J(r cos @)
dq

+ rcos - = 1 COS @,
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we have, by setting (1) equal to the sum of (5) and (6),

p+R2+R3+R4+R5+etC.
OR, OR;  OR, ORs

:p+p8_p+p8_p +p8_p +p8p —(%ho—% 02>pq4
+ qaa—? — 50" %f"quaa—]jf - %f"pcfaa—ff - qaa—?
+ qaa—]? —3te - Zf’quQaa—];Q + §f°p2qaa—]3”
- 39°p® - %g"pq?’aa—]j;2 +1 f’p?’qaa—}?
+ qaa_? — Cf" 4+ 0% + %9°p2q2aa—]zz

., R,
+2f p2q8—q — I9'p*q® + etc.,

from which we find

Ry =0, Rs=32fpi’, Ri= [P+ 39°pq’,

R5 — %g/quS + (%ho . %fOQ)qul + (% I/ % 02)p3q2‘
Therefore we have finally
[4] reosg =p+ 2fpg° + S0 + (S — L) + et
+39°p¢> + 559'P°¢°
o 02
+(3h° = 5 f)pd*.
Art. 24, p. 36. Derivation of formula [5].

Again, since rsin ¢ becomes equal to ¢ for infinitely small values of p and ¢,
we set

(1) rsin¢:q+R2+R3+R4+R5+etc.
Then we have by differentiation
(9(1” sin (b) aRQ 8R3 8R4 8R5
2 itk 7 tc.
(2) ap 8p+8p+8p+8p+ec
8(7" sin gb) 8R2 8R3 8R4 8R5
3 — =1 te.
(3) 9 +8q+8q+8q+8q+ec

Multiplying (4) page 54 by this (2), we obtain
rsinty  O(rsin @)
(4) :

n op
—pap +pap +p6p +pap 1/pq p
8R2 8R3 8R2
__ 4 o 2__4_10 2__§o 3——t.
5/ °pq ap 3/ °pq gy 29 Pd g et
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Likewise from (3) and [3] page 54, we obtain

O(rsin ¢)
5) rcosy ————=
) reosy- A
8R2 aRg aR4 aRE) 2 plt 4 po2\ 4
— (2 A
Gtag o tag s tag s tag, G/ = &P
0 IR, o o ORy
+2f°pPq + 2 fp? q— + 2f°p°q q - 39'°¢
+%f/p3q 4 %f/p3q aq + (%ho o % 02)p2q3
. . OR,
+36°p°¢* + 39 p2q28— + ete.
q
Since ‘ ' '
rsing 9(rsing) reosi J(rsin ¢) — rsing,
n dp dq
by setting (1) equal to the sum of (4) and (5), we have
g+ Ro+ R3 + Ry + Rs + etc.
OR, ORy  ORy ORs . 5 ORy  ORs
= L i} T2 450 et
q+p6p +p8p +p8p +1f'pq +p8 +3f'p P45, +qaq + etc
ORy ~ OR3 ORy 3 o099 2ORs 3022% 2 po 2 OR3
+qaq +qaq +qaq+4gp 3f°pg? aer qaq+3 P45,
. L,OR aR .
+ 3PP —3f qu(sz — 3PP (B - AP
., OR ] aR .
+ 31y —%gpq7+§glp3q2+( M
from which we find
Ry =0, Ry=—3fP’q, Ri=—3%f"D’q ig"pzqz,
Ry =—(Lf"— Lf?)plqg— %g’p3q2 — (3 h° e’
Therefore, substituting these values in (1), we have
[5] rsing =q— %fop2q 6f - (10 ! 970 O2>p4q — etc.

_ ig°p2q2 209’p3q2

— (2h° + £
Art. 24, p. 37. Derivation of formula [6].

Differentiating n on page 34 with respect to ¢, we obtain

on
(1) Erie 2f°q + 2f'pq + 2f"p*q + ete.

+39°¢* + 39'pg® + etc.
+4h°q® + etc. etc.,
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and hence, multiplying this series by (4) on page 54, we find

r sin w on
n 6q

(2) =2f°pq + 2f'p*q + 2f"p°q + 3¢9'p*¢* + etc.
+3¢°pg” + (4h° = 5 f*)pg’.

For infinitely small values of r, ¢ + ¢ = g, as is evident from the figure on

page 52. Hence we set
T
Vb= 5+ Rt Ry Ry o+ Ry o+ ete

Then we shall have, by differentiation,

ov+¢) R Ry Rz Ry

(3) o = ap + ap + = p + o + etc.,
oY+¢) R Ry Ry Ry

(4) 34 = B + 34 + 9g + 34 + etc.

Therefore, multiplying (4) on page 54 by (3), we find

(5) ’f’SiH’éZJ . 8(770 + ¢) _ Rl R? R3 R4
n Op p@p p@p pap dp

3 op 3 ap
, OR
i 2q28_p1
OR
3,032
29 P4 ap )
and, multiplying [3] on page 54 by (4), we find
IV + 9) Ry Ry R3 Ry
6 - — L = — _— _— - t .
(6) rcos a4 q8q+q8q+q8q —l—qaq—i-ec
2fo 2 Rl 2fo 2 8R2
, 8R1
+3f'P
aR1
3 o 2 2
T 39 P°q 0
And since
psing O vsing o) o Au+e)

n dq n dp dp
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we shall have, by adding (2), (5), and (6),

OR OR
0=p——+2fpg +2f'pq +2f"p’q — 3¢°pgP
dp dp
OR OR OR
Jrqa—1 +pa—2 +39°pa*  + 3¢ +q—
q p dq
e 9 4h0 __ o o 2 o e
+q8q +pap + ( 5/7)pq +3qu8q
OR OR OR
ago, 200 | Ofy 13,000
3 o +p o +5/'P’q 34
IRy 4 po, 20R: 3 o 2 20
q 9 3/°pg ap 19°Dp°q 9
2fo2 4fo2 68 + etc.

From this equation we find
Ry =0, Ry=—fpq, Rs=—3fp’q—g°pg’,
Ry=—(3f" = ¢ /)0°q = 39V’ — (h° = 3 /°)pg’

Therefore we have finally

Tr ] (o]
[6] Vo= = fpa— 30— G = 5f7)p'g — ete.
—9°p® —24'P°¢
— (h° - gfoz)pq3

Art. 24, p. 37. The differential equation from which formula [7] follows is
derived in the following manner. In the figure on page 52, prolong AD to D',
making DD’" = dp. Through D’ perpendicular to AD’" draw a geodesic line, which
will cut AB in B’. Finally, take D’'B” = DB, so that BB" is perpendicular
to B'D’. Then, if by ABD we mean the area of the triangle ABD,

S I AB'D' — ABD . BDD'B’ . BDD'B” ’ DD’

— = lim =lim—— =lim ———— - lim ——

or BB’ BB’ DD’ BB’
since the surface BDD'B” differs from BDD’'B’ only by an infinitesimal of the
second order. And since

BDD'B”
BDD'B”:dp-/ndq, or limW :/ndq,

and since, further,

consequently
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Therefore also

oS Jdp 0S8 aq_ap'/ndq

dp or g or or
) or or . .
Finally, from the values for 9 90 given at the beginning of Art. 24, p. 35, we
p 0q
have
op 1

. q
= —sinYy, — = cos,
or n v or v

% : sin Y + ﬁ-cosw = siny ~/ndq.
dp n dq n

so that we have

[Wangerin. |
Art. 24, p. 37. Derivation of formula |7].
For infinitely small values of p and ¢, the area of the triangle ABC becomes
equal to %pq. The series for this area, which is denoted by .S, must therefore
begin with %pq, or Ry. Hence we put

S:R2+R3+R4+R5+R6+etc.

By differentiating, we obtain
0S ORy, OR3 OR, ORs ORs

1 e )

(1) o ap+8p+aeraeraeretc,
oS O0Ry, O0R; O0ORy ORs ORs

) e t.C.

(2) 94 8q+8q+8q+8q+8q + etc.,

and therefore, by multiplying (4) on page 54 by (1), we obtain

rsiny 0S
3 A
(3) n op

B 8R2+ 8R3+ 0R, n ORs N aRG—I—etc

OR OR: OR

440, 2 2  4p0, 2 3  4g0, 2 4

3/ g e 3/°pa s 3/°pa s

a}%2 6R3

_ 5,2 2 _ 51,2 2
1/ r7q e 1/ q ¥
3 o 33R2 3 o 38R3

_5gpq8_p §gpq8_p
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and multiplying [3] on page 54 by (2), we obtain

(4) rcostp - 25
OR, N OR; N OR, N OR; N ORg et
= _— _— elcC.
o T8y T8 dq Taq
. aR . (’9R . 6R
+ 2 + 2P + A
RQ / aR?)
FEYE A
8R e,
3 0,2 2 3
+19P°q (9q+4gpq8
1" o aR
+ (3" - S 2)294616—;
OR
3 1 3 2 2
+:9p 8q
. . OR

Integrating n on page 34 with respect to ¢, we find

(5) /ndq =q+5/°C + 3¢ + 3107 + ete.

+16°¢" +1g'pg* + et

o 5
5h q° + etc. etc.
Multiplying (4) on page 54 by (5), we find

rsin Y

(6) /ndq:pq—fopqg— f/ 2 3 (13f"—|—%f°2)p3q3—etc.

—29°pg" -2 g’p2q4

- (gho - E 02)29(]5-

Since

TSlIl@/J 83 o8 ¢ TSID¢-/ndq,
n 3p
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we obtain, by setting (6) equal to the sum of (3) and (4),

pq - f°pq® - Bre — (B + £ - ete.
- 29°pqg* - B9'vq
— (L =18 f°%)pg®
ORy  ORs  OR, L ORs | ORs  ORs g oo 00Rs
P TP TP P qaq pap v
O0Ry O0R3 ORy 4 o 2O0R3 O0Rg " 02\ 3 2O0Rs
+a+qa +qa sfra ) +aq S+ &f )pqap
OR, . 5 ORs . 2 ORy4 02\ 4 ORs
—3/pq 7+3f %q 5 3 pg? ap TGSt )p4q37q
8R OR OR OR
2 o, 2 2 54,2 2 2 2 ro, 2 4 7 1.2 3 2
+3qu78q 1/'p7q TS +3qu78q 9P,
OR OR: OR
14,3 2 5,2 2 3,3 1.3 2 2
s/ pPq—— 1 pq73p+5 34
8R2 8R3 2 aRZ
o, 3 3 o o 4
—%9 pq 87]3 Qf (%h _%f )pq 671)
OR> aR OR
3 0,2 2 3,03 3 ho 02y, 2 3 2
+3i9r 5, 2970 5 + (3h°— B )P 90

From this equation we find

Ry=1pg, R3;=0, Ry=-Lfpd’— 5/’

Rs = _2_10fp q— 4ngp3q2 120f/ ¢ 1ogopq47
RG — ( he — L oQ)pq . ( 1 Ef// + %fOZ)pEI 3
g/p2q4 _ ( "o )p5q 20g/p4q2
Therefore we have
7] S = 3pq - lf"p(f’ — o/ P'a = (Gof" = G )P’ — ete.

— 50— S0’ — %9

o 120f/ 2.3 (115 %f”‘f‘ %fﬂ)p?’q?)
— w9°pt = Z9'p’¢"
. (Eho . % oZ)qu'

Art. 25, p. 38. 3p? + 4q¢® + 4qq + 44" is replaced by 3p? + 4¢* + 4¢’*. This
error appears in all the reprints and translations (except Wangerin’s).

Art. 25, p. 38. 3p* —2¢% + q¢’ +4qq is replaced by 3p? — 2¢* 4 q¢' +4q¢%. This
correction is noted in all the translations, and in Liouville’s reprint.

Art. 25, p. 38. Derivation of formulee [8], [9], [10].

By priming the ¢’s in [7] we obtain at once a series for S’. Then, since
oc=.5-—25" we have

o=1la—d)—5Pa—d) — %P a—d) — 590 —q?)
— 51°0(¢* = ¢%) — & P — 4°) — 559°p(¢* — ¢,
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correct to terms of the sixth degree. This expression may be written as follows:
o=3plg—q )1 -5+ +ad +d?)
— /'p(6p* + 7¢* + Tq¢' + 7¢7)
— 509°(a + ) (30 + 4¢° + 4¢")),
or, after factoring,
(1) o=3pla—¢V(1—35/°¢° — 1f'vd" — 5°¢°) (1 = §£°(P* — ¢ + ad' + ¢?)
— g5/'P(6p” = 8¢% + 7qq' + 7q"%) — 559°(3p%q + 3p°d’ — 6¢° + 4¢°¢' + 4qq” + 447)).

The last factor on the right in (1) can be written, thus:

( - 1§0f°(4p2) _Eo ( ) 120 (6q ) 120 0(3]92) _%f/p(qq/)
120f (29 ) 120f (6q2) 120 3q/ ) + 120fo(2q2) - %f’p(ﬁlq&)
— 135./°(34d) — 55 Ey *(6gq') — 1559°a(3p") — 135./°(ad) — 1559° (3p°)
- 120f (3(]/ ) - Fo ( q/ ) 1QOQOQ(6 2) 120fo(4q,2) + 1%090(]/(2‘]2)
— 130,/ P(3p°) — 1209"61(661 ) = 135/ P(30%) — 1559°d'(ad)

120f 'p(64°) — 120 9°a(3¢") + 120f/p(2q2) - %goq'(élq’?)).

We know, further, that

2
gL a_n—_2f—6gq—(12h—2f2)q2—etc.,
n 0g?
F=1+Fp+ P +etc,

g=9°+gp+4'p*+etc,

h = h® 4+ h'p+ h'p* + etc.

Hence, substituting these values for f, g, and h in k, we have at B where k = (3,
correct to terms of the third degree,

B=—2f—2f'p—6g°q—2f"p* — 69'pq — (12h° — 2f°*)¢*

Likewise, remembering that ¢ becomes ¢’ at C, and that both p and ¢ vanish
at A, we have

v ==2f°=2fp—69°¢ —2f"p* — 69'vd — (12h° = 2f**)¢*,
a=—2f°.
And since csin B = rsin,

csinB=p(1—1f°¢° —1f'pg® — Lg°¢° — etc.).

(
Now, if we substitute in (1) ¢sin B, «, 3, «y for the series which they represent,
and a for ¢ — ¢/, we obtain (still correct to terms of the sixth degree)
o= tacsinB(1+ ma(llp —2¢* + 3qq’ + 3¢"%)
+ 558(3p* — 6¢°> + 694" + 3¢”)
+ 35730 — 2¢* + qd' +447)).
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And if in this equation we replace p, ¢, ¢ by c¢sin B, ccos B, ccos B — a,
respectively, we shall have

8] o = Lacsin B(1 + fs(3a* 4+ 4¢* — 9accos B)
+ 1358(3a® + 3¢> — 12accos B)
+ 357(4a” + 3¢ — 9accos B)).

By writing for B, «, 3, a in [8], A, 5, a, b respectively, we obtain at once
formula [9]. Likewise by writing for B, 3, 7, ¢ in [8], C, v, 3, b respectively, we
obtain formula [10]. Formulee [9] and [10] can, of course, also be derived by the
method used to derive [8].

Art. 26, p. 39. The right hand side of this equation should have the positive
sign. All the editions prior to Wangerin’s have the incorrect sign.

Art. 26, p. 40. Derivation of formula [11].

We have

(1) r? +1r? —(q—¢q)* —2rcos¢-r'cosd — 2rsing -’ sin ¢’
=b* +c® — a® — 2bccos(¢p — ¢)
= 2bc(cos A — cos A),

since b? + ¢ — a® = 2bccos A* and cos(¢ — ¢') = cos A.

By priming the ¢’s in formulae [1], [4], |[5] we obtain at once series for r'2,
r’ cos @', r'sin¢’. Hence we have series for all the terms in the above expression,
and also for the terms in the expression:

(2) rsing -1’ cos@ —rcosg-r'sing’ = besin A,
namely,
(3) 2= gt 2P + LR+ (B - %fog)p4q2 1+ ete.
4P +1g°p2g7 + Eg/pPe
+ (2h° — L)%,
(4) 7“/2 — p2 + %fop29,2 + %f/p?)q/Q + (%fﬂ o %fOQ)pll(J/Q + ete.
+q” +39°0°¢° + 29'p*¢"

+ (%ho . 4_75f02)p2q/4’
(5) —(¢—¢q)* = —¢*+2q¢ — ¢°,

(6) 2rcosd =2p+ 2f°pq® + 27" + (S — KPP + ete.
+9°p®  + 2dP¢

+(3h° = B pd’,
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(7) T/COS ¢/ :p+ %Jcopqa + 152f/p2q/2 + ( 485 )quIZ +etc
+1¢°pg? + %g’pgq’?’
( ho_l oZ)pq 7
(8) 2rsing = 2q — %fop2q éf/ K (120 - 14 )p q — etc.
B ig°p2q2 _ 26og/p3q2
— (2n° 4+ B e,
(9) r'sing’ =q¢ — 3P — i — (55 "—— *)p'd + etc.
_ ig°p2q'2 _ 2309/p3q/2
. (gho 0 02)p2q/3.
By adding (3), (4), and (5), we obtain
(10) r*+r%—=(qg—¢)
=20" + 2P (¢ + ¢°) + 31D+ ¢7) + Gf — £ + ¢°) + ete
+2q¢ +29°0* (¢ + ¢°) + 29D (¢* + ¢°)
+ (200 = Z (¢ + )

On multiplying (6) by (7), we obtain
(11) 2rcos¢ -1’ cos ¢’
=20 + 510 + ) + 21D+ 0% + G = £+ ¢P) + ete.
+ 970 +4°) + 1590’ (@° + ¢°)

+ (300 = 2% (¢" + )
f°2p2q2q’2,
and multiplying (8) by (9), we obtain
(12) 2rsin ¢ - 1’ sin ¢’
=2q¢ — 3f°p°ad — i1 PPqd — (3" =2 f")p'qq — ete.
—39°P%qd' (g + ¢) - 13og’p3qq (q +q)
— (3h°+ 210%d (¢ + 7).

Hence by adding (11) and (12), we have

(13) 2bccos A
=2p” + 3P + ¢%) + $ PP (5¢* — 4ad’ + 5¢7) — £ £°%p*(24° + 24 — 3qq’) + etc.
+2qq' — 5 °p*qd +19°p°(2¢° + 2¢° - ¢°¢ — q¢?)
— 25/ (14¢" + 14¢" +13¢%¢' + 13¢¢" — 404%¢")
+ 1109'193(7(13 +7¢"” — 3¢°¢' — 3¢¢?)
"' (3¢° + 3¢ — 24¢)
2h° (2" + 24" — ¢*¢' — q).
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Therefore we have, by subtracting (13) from (10),

2bc(cos A* — cos A)
= —21p(* +¢” — 24¢) — 3 f'P* (¢ + ¢° — 2q¢) + 15f°2 Y(q* + 4" - 2q¢) — etc.
- 39° (q +4° — ¢*¢ —qd”) - 5f” N+ 47 —2q9)
+ 5/°0% (7" + 7q’4 +13¢°q + 13¢¢” — 40¢°¢"?)
— 2n°p*(¢* + ¢ — *d' — qd®)
-390’ (* +d° — ¢*d — 4d”),

I'p
gp

which we can write thus:

(14) 2bc(cos A* — cos A)
=—2%(q— )G+ e+ i9°(a+ Q) 5/
+ 10+ ad +47) + 9'p(a + )
— £ — /(1 + 747 + 274q))),

correct to terms of the seventh degree.

If we multiply (7) by [5] on page 35, we obtain

(15) rsing-1'cos¢’ = pqg+ 2f°peq” + 35 f'p°ad +(0 "= L ptaq”
—1fp'q +1i9°pad® + gpqq3

— /v ( e — & f°%)paq*
— i’ — 9f°2p3qq
— (%"= &g
209’294612
( ho 02)p3q3.

And multiplying (9) by formula [4] on page 35, we obtain

(16) rcos¢-r'sing’ =pgd —1f°p’qd —Lifp'd - (%[ — & ) pPq + ete.
+ 2f°pg*q — 19°p*q" 209’p4q’2
+ /PP = Gh+ 5 2’ ”
+ (13_0 "o Efo2)p?>q2q/
+ 2Og/qu?)q/

+(2h° = L )pg'q.
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Therefore we have, by subtracting (16) from (15),

(17) besin A

=pla—¢)1—3/p" — 3/ pad — (1" = L p’eq
— 2f°qq' — 1 f'p° — (%f — &t
1 o / /
-394 (¢ +q') — %9'Pag (CH‘Q)
— 190 q+4q) — 597’ (¢ +4)
— (5h°+ )*(¢* + qd' +¢?)

— (2 h°—— **Yaq'(¢* + q¢' + ¢")
9f°2p2qq)

correct to terms of the seventh degree.
Let A*— A = (, whence A* = A+, ¢ being a magnitude of the second order.
Hence we have, expanding sin { and cos(, and rejecting powers of ¢ above the

second,
2

cos A* = cos A - (1 — %) —sinA-(,

or
cos A

cos A* —cos A = — (2 —sinA-(;

or, multiplying both members of this equation by 2bc,
(18) 2bc(cos A* — cos A) = —bccos A - (* — 2besin A - (.

Further, let { = Ry + R3 + R4 + etc., where the R’s have the same meaning
as before. If now we substitute in (18) for its various terms the series derived
above, we shall have, on rejecting terms above the sixth degree,

0+ qd)R3 +2p(q — ¢ ) (1 — 3 /°(P* + 24¢")) (R2 + Rs + R4)
=20°(q— ¢V G+ P+ 3%+ d) + 50"+ 59 pla+ d)
+ 20"+ qd + ¢7) — 3517 (120 + T + T4 + 2744)).)
Equating terms of like powers, and solving for Ry, Rs, R4, we find
Ry=plg—q)-3f°, Rs=pla—q)(§/'P+19°(a+q)),
Ri=plg— )&+ Z9pla+d) + th° (¢ + qd' + ¢7)
— %f‘ﬂ(?p +7¢° + 79" +12¢¢')).
Therefore we have
A —A=plg—)EfP+ifp+i°(a+d) + 51D
+ 59 pa+d)+ :h°(¢ +qd' + ¢7)
_ 91_0f02<7p2 + 7q2 + 12QQI + 7q/2))7
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correct to terms of the fifth degree.
This equation may be written as follows:

A =A+ap(l =W+ +*+ad)) G+ 2/ v+ 19°(a+ )
+ 1350+ 59 pla+ ) + th(P + qd + ¢7) — 5512207 + 247 + Tad + 2¢7)).
But, since
20 =ap(1 — :f°(p° + ¢° + qd' + ¢”) + etc.),

the above equation becomes

A=A—o(-2f—Lfp—3°(a+dq)—Lf"P" — Sg'p(a+q)
—21°(¢* + q¢' + ¢”) + &2 (4p* + 4¢° + 14qd + 4¢)),

or

A*:A_O_(_%fo_%fo _%o
-5 —5fp
- 159°¢ —59°d
— S =51 + &
- S9re — 59'vd + il +q)
— Bh°¢® — 2h°¢” + th°(3¢* — 2qq' + 3¢")
+ 2%+ 2%+ S % (4p — 11¢° + 14q¢ — 11¢7)).

Therefore, if we substitute in this equation «, (3, v for the series which they
represent, we shall have

[11] A"=A-o(ga+ 50+ 57+ 5P +359pa+4q)
+1h°(3¢* — 2q¢’ + 3¢%) + S (4p” — 11¢° + 14qq’ — 11¢7)).
Art. 26, p. 40. Derivation of formula [12].
We form the expressions (¢—¢')*+7r*—1?—2(q—¢')rcosy and (¢—¢')rsin.

Then, since

(q— ) +r*—r*=a*+c* —b* = 2accos B,

2(q — ¢')r cos ) = 2accos B,
we have
(q—q¢)? +r* =12 —2(qg — ¢ )rcosy = 2ac(cos B* — cos B).

We have also
(¢ — ¢ )rsiny = acsin B.
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Subtracting (4) on page 64 from [1| on page 34, and adding this difference to
(¢ — ¢')?, we obtain

(1) (¢q—¢)*+r* =17 or 2accosB*
=2q(q = ¢) + 5/°0°(* = &) + 5 /'D2(@* = ¢®) + G = £ = ¢°) + ete.
+39°0%(¢* — %) + 29'0° (¢ — ¢°)
+ (30— £ 107" — 4.
If we multiply [3| on page 35 by 2(¢ — ¢'), we obtain

(2) 2(q—¢')rcosy, or 2accosB
=2q(q—q)+ 3fp’ala—d) + frPala—d) + G = 2p'a(q — ) + ete.
+ 300’ — ) + 29V’ (a— )
+(8h° = 2% (g — ).
Subtracting (2) from (1), we have

(3) 2ac(cos B* — cos B)
= -2 (q— )3+ 3P + (3 = 2% + et
+319°(2q+ )+ +d'p(24+ ¢)
+(3h° = 55/°%) (3¢ + 294 + ¢%)).
Multiplying [2] on page 34 by (¢ — ¢'), we obtain at once

(4) (¢—¢)rsiny, or acsinB
=plg—d)(1-3/°¢" = 3/'pa" = (5
2

We now set B* — B = (, whence B* = B + (, and therefore
cos B* = cos B cos ¢ — sin Bsin (.

This becomes, after expanding cos( and sin( and neglecting powers of ( above

the second,
cos B

2
Multiplying both members of this equation by 2ac, we obtain

-(*—sinB- (.

cos B —cos B = —

(5) 2ac(cos B* — cos B) = —accos B - (* — 2acsin B - (.

Again, let ( = Ry + R3 + R4 + etc., where the R’s have the same meaning as
before. Hence, replacing the terms in (5) by the proper series and neglecting
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terms above the sixth degree, we have

(6) q(qg—q)VR5+2p(q—¢')(1 = $f°¢*)(Ry + Rs — Ry)
= 2p2(q _ q/)2(%fo + Zllf/p + (%fl/ . %f02>p2
+19°20+ )+ :d'p(20+¢)
+ (30 — 55/ B¢ + 244 + 47)).

From this equation we find

Ry=plg—q)-3f°, Rs=plg—q )5+ 19°(2¢+ 7)),
Ry=plg—d) /" + +9'p2q+ ') + th°(3¢° + 244’ + ¢”)
Therefore we have, correct to terms of the fifth degree,
* N\(1 fo 1 ¢/ 1 pr, 2 1 7/ /
B —B=plg—q)(5/°+ /P + 10+ 19'p(2¢ + ¢)
+19°(2q + ') + 57°(3¢% + 244" + ¢?)
— L fo2(4p® + 16¢° + 9¢¢' + 7¢")),

or, after factoring the last factor on the right,

(1) B*=B—3plg—q) (1~ 50+ ¢ +ad + %) (=3~ 3P~ 39° 24+ )
— 2" = 24'p(2q + ¢') — 2h°(3¢° + 294 + ¢)
— &£ (=20 + 22¢° + 8¢4' + 4¢7)).
The last factor on the right in (7) may be put in the form:
2 ro 2 ro 2 ro
(=5 =8 —&f
—2f'p —&fp
891 — 13974
. %f”p2 o %fHPQ =+ 1%Jc//p?
—3S9'pq — S9'vd + 359'p2q+ )
_%hoq2_%hoq/2 +%ho(4q2+3q/2_4qq/)
+ %fOQ(]Q + %fOQqQ o %f@2(2p2 + 8(]2 =+ 11q/2 - 8qq/))
Finally, substituting in (7) o, «, 3, v for the expressions which they represent,
we obtain, still correct to terms of the fifth degree,

[12] B*:B—U(%a+%ﬁ+%7+%f//p2
+159'P(20+ ¢) + $h°(4q” — 4dgq’ + 3¢7)
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Art. 26, p. 40. Derivation of formula [13].
Here we form the expressions (q — ¢')> +r? —r? — 2(q — ¢')r’ cos(m — 1’) and
(¢ — ¢')r'sin(m — ¢’) and expand them into series. Since

(=) +r*—r*=a*>+b* — = 2abcos C*,
2(q — ¢')r' cos(m — ¢') = 2abcos C,

we have
(q— ) +7? =1 =2(q— ¢)r' cos(m — ) = 2ab(cos C* — cos C).

We have also
(g — ¢')r'sin(m — ) = absin C.
Subtracting (3) on page 64 from (4) on the same page, and adding the result
to (¢ —¢')?, we find

(1) (¢g—q¢)?+r%—r% or 2abcosC*

=-2¢(q— )= 210" (* — d?) - L11P*(® — d*) — Bf — £t (@* — ¢?) — ete
— 39°P*(¢® — ¢®) = 290%(¢* — ¢°)

5
—(3n° = H0P (" - ).
By priming the ¢’s in formula [3] on page 35, we get a series for rcos?’, or for
—r' cos(m —"). If we multiply this series for —r' cos(m — ') by 2(q —¢’), we find
(2) —2(q—¢)r'cos(m—4'), or —2abcosC

=2(q—¢)(d +2fp°d +1fPq + (Ef — £)p'd + etc.

+ igoquIQ + gg/p3q/2

( ho )p2ql3)
And therefore, by adding (1) and (2), we obtain

(3) 2ab(cos C* — cos C)
= —20°(q — ¢V (3/°¢* + 1 /'p + (3" = )0 + ete.
+39°(q+2¢") + +d'p(qg +2¢)
+ (307 — 56 /°)(¢” + 2q4' + 3¢™)).
By priming the ¢’s in [2| on page 34, we obtain a series for r’sin¢’, or for
r’sin(m — ¢'). Then, multiplying this series for r’'sin(m — ') by (¢ — ¢’), we find

(4) (¢—q)r'sin(mr —¢'), or absinC
:p((] . q/)( 3fo 2 4f/pq/2 (% " + %foz)pzqa — etc.

1 o /3 2 /.13
_2gq — £
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As before, let C* — C' = (, whence C* = C' + (, and therefore
cos C* = cos C'cos ( — sin C'sin .

Expanding cos( and sin( and neglecting powers of ( above the second, this
equation becomes

cosC

cosC* —cosC = — 5 2 —sinC - ¢,
or, after multiplying both members by 2ab,
(5) 2ab(cos C* — cos C) = —abcos C - (* — 2absin C - .

Again we put ( = Ry + R3 + R4 + etc., the R’s having the same meaning as
before. Now, by substituting (2), (3), (4) in (5), and omitting terms above the
sixth degree, we obtain

¢(q—q")R5 —2p(q—q)(1 — 5/°¢")(Ry + Rs + Ry)
= -2 (q— )3+ 3P + (G =&
+39°(q+2¢") + +d'p(g +2¢)
+ (30° = 5 °)(¢* + 244’ + 3¢™)),
from which we find
Ry=plg—q)-3f°, Rs=pla—q )5/ P+ 19°(¢+20)),
Ry=plqg— )3/’ + t9'pla+2¢) + £h°(¢* + 294" + 3¢7)
— 24P + 7¢° + 994 + 16¢%)).
Therefore we have, correct to terms of the fifth degree,
6) C*=C=plg—d)VEf +1fp + 10"+ tg'pla+24')
+39°(¢ +2¢) + £h°(¢* + 294" + 3¢")
— %]”"2(4102 +7¢° + 994’ + 16¢7)).
The last factor on the right in (6) may be written as the product of two factors,

one of which is 3(1— 1 /°(p* + ¢* + q¢ + ¢”)), and the other,

205+ 1/ p+39°(a+2¢) + L f"p* + tg'pla + 2¢)
+ 10°(¢ + 3% + 2q¢) — g5 /(=P + 247 + 4qd + 1147)),

or, in another form,

2 ro 2 ro 2 ro
—(—5f -5 -5/
-5/ —2fp
-390 —L9°¢

o %f//pQ . %fﬂp2 + %f//p2

- 5dpq —29'pd + 159'plq+2q)

_ %ho(f . %hoqm —f—%ho(qu _4qq/+4q/2)

+ %fquZ 4 %fquQ - %fOZ(ZPQ 4 11q2 o 8qql + 8q/2))
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Hence (6) becomes, on substituting o, «, [, v for the expressions which they
represent,

[13] C*:C—U(%a+1—gﬁ+%py+%fﬁp2
+159'P(q + 20) + $h°(3¢” — 4gq’ + 4¢”)
— 952" + 11" — 8qq’ +8¢")).

Art. 26, p. 40. Derivation of formula [14].

This formula is derived at once by adding formulee [11], [12], [13]. But, as
Gauss suggests, it may also be derived from [6], page 36. By priming the ¢’s
in 6] we obtain a series for (¢’ 4+ ¢'). Subtracting this series from [6], and noting
that ¢ — ¢’ + ¢+ 71— = A+ B+ C, we have, correct to terms of the fifth
degree,

(1) A+B+C=m—plg—¢)(f°+3/p+3/"P"+39pla+q)
+9°(q+q)+1°(¢* + qd + ¢?)
— 21%(p” + 2¢° + 2q¢' + 2¢™)).
The second term on the right in (1) may be written
+3ap(1 =3 f° WP+ +ad +d%) - 2(=f° =3 —5/"P* = 39'p(a+ ¢)
—g°(g+4q) — h° (¢ +qd + ¢7)
+ 2%+ qd + 7)),
of which the last factor may be thrown into the form:

(-3 -3
—2f'p —3f'p
—%9°¢ —59°¢
—2f"p? =20 451
—39'pq —S9'pd +39'p(a+ )
— 2pog? — 2% 1 20°(¢* + ¢ — qq)
+ 217+ 21 = 5+ 47— ad)).

Hence, by substituting o, a, 3, v for the expressions they represent, (1) becomes

U] A+ BaC=rtalat 1ot b+
+1p(g+ ) + (2h° = 11N - qd + 7).

Art. 27, p. 40. Omitting terms above the second degree, we have

a2:q2_2qq/+q/27 b2:p2+q/2, 62:p2+q2.
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The expressions in the parentheses of the first set of formulee for A*, B*, C*
in Art. 27 may be arranged in the following manner:

(20°— @P+4qd— *=( P+*)+ 0 +E)—2 —2q¢¢ + 7)),
( PP—2¢%42q¢+ ¢*=(20°+*)— (P> +*)— (* —2q9¢ +d?)),
( PP+ @+200—2¢* = (—(P*+*)+200° + )~ (¢ — 24 + 7).

Now substituting a?, v?, ¢ for ¢* — 2qq’ + ¢*), (p* + ¢*), (p* + ¢°*) respectively,
and changing the signs of both members of the last two of these equations, we
have
(2p°— ¢*+4qq— % = 0>+ 2a°),
—( P*=2¢°+2q¢'+ ¢* = (a’+ 3= 20%),
—( P+ +2q¢—2¢* = (a®>+ b*— 2¢2).

And replacing the expressions in the parentheses in the first set of formulee for
A*, B*, C* by their equivalents, we get the second set.

1
Art. 27, p. 40. f° = Yk f" =0, etc., may obtained directly, without the

use of the general considerations of Arts. 25 and 26, in the following way. In the
case of the sphere

ds* = cos? (%) - dp* + dg?,

hence 5 4
q q q
—cos (L)Y =1 L p
= eos (R) 2R?2 + 24 R4 ete.,
1. €.,
° 1 o 1 / o " ’ :
o= ~ 5 h° = AR flf=¢=f"=¢=0. [Wangerin. |

Art. 27, p. 40. This theorem of Legendre is found in the Mémoires (Histoire)
de 1’Académie Royale de Paris, 1787, p. 358, and also in his Trigonometry,
Appendix, § V. He states it as follows in his Trigonometry:

The wvery slightly curved spherical triangle, whose angles are A, B, C' and
whose sides are a, b, ¢, always corresponds to a rectilinear triangle, whose sides
a, b, ¢ are of the same lengths, and whose opposite angles are A — %e, B — %e,
C — Le, e being the excess of the sum of the angles in the given spherical triangle

3
over two right angles.

Art. 28, p. 41. The sides of this triangle are Hohehagen-Brocken, Inselberg-
Hohehagen, Brocken-Inselberg, and their lengths are about 107, 85, 69 kilometers
respectively, according to Wangerin.

Art. 29, p. 41. Derivation of the relation between ¢ and o*.

In Art. 28 we found the relation

A'=A—-Lo(2a+3+7).
Therefore

sin A* = sin A cos(50(2a+ 3 + 7)) — cos Asin(F0(2a + 8+ 7)),
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which, after expanding cos(150(2a + 8 + 7)) and sin($0(2 + 3 + 7)) and
rejecting powers of (0 (2a 4 3+ 7)) above the first, becomes

(1) sin A* =sin A — cos A - (%a(Za—l—ﬁ—Fv)),

correct to terms of the fourth degree.

But, since ¢ and ¢* differ only by terms above the second degree, we may
replace in (1) o by the value of o*, %bcsin A*. We thus obtain, with equal
exactness,

(2) sin A =sin A*(1 + bccos A - (2o + 5 +7)).

Substituting this value for sin A in [9], page 38, we have, correct to terms of
the sixth degree, the first formula for ¢ given in Art. 29. Since 2bccos A*, or
b? + ¢ — a?, differs from 2bccos A only by terms above the second degree, we
may replace 2bccos A in this formula for o by b + ¢ —a?. Also 0* = Jbesin A*.
Hence, if we make these substitutions in the first formula for o, we obtain the
second formula for ¢ with the same exactness. In the case of a sphere, where
a = [ =, the second formula for o reduces to the third.
When the surface is spherical, (2) becomes

sin A = sin A*(1 + %bc cos A).
And replacing 2bccos A in this equation by (0* + ¢® — a?), we have
sin A = sin A*(1 + %(62 + % —a?)),

or

sin A «
= (1 4+ —(v? 2 _a?)).
s~ LTt +¢—d)
And likewise we can find
sin B «Q sin C «Q
SO B BS 1+ Y2 — ).
g~ Ut +e =), o= (14 +b° =)

Multiplying together the last three equations and rejecting the terms containing
a? and o?, we have

sinA-sin B -sinC
sin A* - sin B* - sin C*

1+1a—2(a2+b2+02):

Finally, taking the square root of both members of this equation, we have, with
the same exactness,

sinA-sinB -sinC
sin A* - sin B* - sin C*

U—1+2a—4(a2+b2+c2)—\/

The method here used to derive the last formula from the next to the last
formula of Art. 29 is taken from Wangerin.
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NEW GENERAL INVESTIGATIONS
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CURVED SURFACES

[1825]

Although the real purpose of this work is the deduction of new theorems
concerning its subject, nevertheless we shall first develop what is already known,
partly for the sake of consistency and completeness, and partly because our
method of treatment is different from that which has been used heretofore. We
shall even begin by advancing certain properties concerning plane curves from
the same principles.

1.

In order to compare in a convenient manner the different directions of straight
lines in a plane with each other, we imagine a circle with unit radius described
in the plane about an arbitrary centre. The position of the radius of this circle,
drawn parallel to a straight line given in advance, represents then the position
of that line. And the angle which two straight lines make with each other
is measured by the angle between the two radii representing them, or by the
arc included between their extremities. Of course, where precise definition is
necessary, it is specified at the outset, for every straight line, in what sense it is
regarded as drawn. Without such a distinction the direction of a straight line
would always correspond to two opposite radii.

2.

In the auxiliary circle we take an arbitrary radius as the first, or its terminal
point in the circumference as the origin, and determine the positive sense of
measuring the arcs from this point (whether from left to right or the contrary);
in the opposite direction the arcs are regarded then as negative. Thus every
direction of a straight line is expressed in degrees, etc., or also by a number
which expresses them in parts of the radius.

Such lines as differ in direction by 360°, or by a multiple of 360°, have,
therefore, precisely the same direction, and may, generally speaking, be regarded
as the same. However, in such cases where the manner of describing a variable
angle is taken into consideration, it may be necessary to distinguish carefully
angles differing by 360°.

If, for example, we have decided to measure the arcs from left to right, and if
to two straight lines [, I’ correspond the two directions L, L', then L' — L is the
angle between those two straight lines. And it is easily seen that, since L' — L
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falls between —180° and +180°, the positive or negative value indicates at once
that [’ lies on the right or the left of [, as seen from the point of intersection.
This will be determined generally by the sign of sin(L’ — L).

If aad’ is a part of a curved line, and if to the tangents at a, a’ correspond
respectively the directions «, o', by which letters shall be denoted also the
corresponding points on the auxiliary circles, and if A, A’ be their distances
along the arc from the origin, then the magnitude of the arc aa’ or A’ — A is
called the amplitude of aa’.

The comparison of the amplitude of the arc aa’ with its length gives us the
notion of curvature. Let [ be any point on the arc aa’, and let A\, A be the same
with reference to it that «, A and o', A’ are with reference to a and a’. If now
aX or A — A be proportional to the part al of the arc, then we shall say that
aa’ is uniformly curved throughout its whole length, and we shall call

A—A

al

the measure of curvature, or simply the curvature. We easily see that this
happens only when aa’ is actually the arc of a circle, and that then, according

to our definition, its curvature will be +— if r denotes the radius. Since we

always regard r as positive, the upper or ghe lower sign will hold according as
the centre lies to the right or to the left of the arc aa’ (a being regarded as the
initial point, @’ as the end point, and the directions on the auxiliary circle being
measured from left to right). Changing one of these conditions changes the sign,
changing two restores it again.

On the contrary, if A — A be not proportional to al, then we call the arc
non-uniformly curved and the quotient

A—A
al

may then be called its mean curvature. Curvature, on the contrary, always
presupposes that the point is determined, and is defined as the mean curvature
of an element at this point; it is therefore equal to

dA
dal
We see, therefore, that arc, amplitude, and curvature sustain a similar relation

to each other as time, motion, and velocity, or as volume, mass, and density.
The reciprocal of the curvature, namely,

dal

dA”’
is called the radius of curvature at the point [. And, in keeping with the above
conventions, the curve at this point is called concave toward the right and convex

toward the left, if the value of the curvature or of the radius of curvature happens
to be positive; but, if it happens to be negative, the contrary is true.
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3.

If we refer the position of a point in the plane to two perpendicular axes
of coordinates to which correspond the directions 0 and 90°, in such a manner
that the first coordinate represents the distance of the point from the second
axis, measured in the direction of the first axis; whereas the second coordinate
represents the distance from the first axis, measured in the direction of the
second axis; if, further, the indeterminates x, y represent the coordinates of a
point on the curved line, s the length of the line measured from an arbitrary
origin to this point, ¢ the direction of the tangent at this point, and r the radius
of curvature; then we shall have

dx = cos ¢ - ds,

dy = sin¢ - ds,
_ ds
r—d—¢.

If the nature of the curved line is defined by the equation V = 0, where V is
a function of x, y, and if we set
dV =pdx + qdy,
then on the curved line
pdzr + qdy = 0.
Hence
pcos+ gsing =0,

and therefore

tan ¢ = —E.
q

We have also
cos¢ - dp+sing - dg — (psin¢g — qcos @) dp = 0.
If, therefore, we set, according to a well known theorem,
dp = Pdx + Qdy,
dg=Qdr + Rdy,
then we have

(P cos® ¢ + 2Q cos ¢sin ¢ + Rsin® ¢) ds = (psin ¢ — qcos ¢) do, |

therefore
1 Pcos® ¢+ 2Q cos psin ¢ + Rsin® ¢
ro psin¢ — qcos ¢ ’
or, since
+
cos ¢ = +4 sin ¢ = P f

VIR ¢E VPt
L1 _ Pq®—2Qpq + Rp®
r (r*+¢)r
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4.

The ambiguous sign in the last formula might at first seem out of place,
but upon closer consideration it is found to be quite in order. In fact, since
this expression depends simply upon the partial differentials of V', and since the
function V' itself merely defines the nature of the curve without at the same
time fixing the sense in which it is supposed to be described, the question,
whether the curve is convex toward the right or left, must remain undetermined
until the sense is determined by some other means. The case is similar in the
determination of ¢ by means of the tangent, to single values of which correspond
two angles differing by 180°. The sense in which the curve is described can be
specified in the following different ways.

[. By means of the sign of the change in x. If x increases, then cos ¢ must
be positive. Hence the upper signs will hold if ¢ has a negative value, and the
lower signs if ¢ has a positive value. When x decreases, the contrary is true.

II. By means of the sign of the change in y. If y increases, the upper signs
must be taken when p is positive, the lower when p is negative. The contrary is
true when y decreases.

ITI. By means of the sign of the value which the function V takes for
points not on the curve. Let dx, dy be the variations of z, y when we go out
from the curve toward the right, at right angles to the tangent, that is, in the
direction ¢ + 90°; and let the length of this normal be dp. Then, evidently, we
have

dx = dp - cos(¢ + 90°),
dy = dp - sin(¢ + 90°),

or

dx = —Jp - sin @,
0y = +0p - cos ¢.

Since now, when dp is infinitely small,

oV =pox + qdy
= (—psing + qcos ¢) dp

= Fop\/ P + &,

and since on the curve itself V' vanishes, the upper signs will hold if V', on
passing through the curve from left to right, changes from positive to negative,
and the contrary. If we combine this with what is said at the end of Art. 2, it
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follows that the curve is always convex toward that side on which V receives the
same sign as
Pq¢* — 2Qpq + Rp*.
For example, if the curve is a circle, and if we set

V=2+y"—d

then we have

p = 2w, q =2y,

P =2 Q =0, R =2,
Pq® — 2Qpq + Rp* = 8y + 8% = 8a?,
(p2 + q2)3/2 — 8&3,

r = +a;

and the curve will be convex toward that side for which
? y2 > a2,

as it should be.
The side toward which the curve is convex, or, what is the same thing, the
signs in the above formulse, will remain unchanged by moving along the curve,

so long as
oV

op
does not change its sign. Since V' is a continuous function, such a change can take
place only when this ratio passes through the value zero. But this necessarily
presupposes that p and ¢ become zero at the same time. At such a point the
radius of curvature becomes infinite or the curvature vanishes. Then, generally
speaking, since here

—psin¢ + qcos ¢

will change its sign, we have here a point of inflexion.

5.

The case where the nature of the curve is expressed by setting y equal to a
given function of z, namely, y = X, is included in the foregoing, if we set

V=X-u

If we put
dX = X'dux, dX' = X"dx,

then we have
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therefore
X//

o=

ro (14 X1?)3/2
Since ¢ is negative here, the upper sign holds for increasing values of . We
can therefore say, briefly, that for a positive X” the curve is concave toward the

same side toward which the y-axis lies with reference to the z-axis; while for a
negative X" the curve is convex toward this side.

6.

If we regard x, y as functions of s, these formulse become still more elegant.
Let us set

dx , dx’ "
- =, -V =T,
ds ds
@ — y/ d_:y/ — y/l
ds ’ ds '
Then we shall have
1’ = cos ¢, y' = sin ¢,
x,,:_sinqb, ) = COS(Z5;
T r
or
y/ — _[rl_//7 xl — ryl/’
or also
1 = T(:Ely” . y'x"),
so that

/i / !
2y — 2

represents the curvature, and

1"y” _ y/SB”

the radius of curvature.

7.

We shall now proceed to the consideration of curved surfaces. In order
to represent the directions of straight lines in space considered in its three
dimensions, we imagine a sphere of unit radius described about an arbitrary
centre. Accordingly, a point on this sphere will represent the direction of all
straight lines parallel to the radius whose extremity is at this point. As the
positions of all points in space are determined by the perpendicular distances
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x, y, z from three mutually perpendicular planes, the directions of the three
principal axes, which are normal to these principal planes, shall be represented on
the auxiliary sphere by the three points (1), (2), (3). These points are, therefore,
always 90° apart, and at once indicate the sense in which the coordinates are
supposed to increase. We shall here state several well known theorems, of which
constant use will be made.

1) The angle between two intersecting straight lines is measured by the
arc |of the great circle] between the points on the sphere which represent their
directions.

2) The orientation of every plane can be represented on the sphere by means
of the great circle in which the sphere is cut by the plane through the centre
parallel to the first plane.

3) The angle between two planes is equal to the angle between the great
circles which represent their orientations, and is therefore also measured by the
angle between the poles of the great circles.

4) If =, y, z; «/, ¢/, 2/ are the coordinates of two points, r the distance
between them, and L the point on the sphere which represents the direction of
the straight line drawn from the first point to the second, then

' =z +rcos(1)L,
Yy =y +rcos(2)L,
2=z +rcos(3)L.
5) It follows immediately from this that we always have
cos?(1)L + cos*(2)L + cos?*(3)L = 1
|and] also, if L’ is any other point on the sphere,
cos(1)L - cos(1)L' + cos(2)L - cos(2) L' + cos(3)L - cos(3)L" = cos LL'.

We shall add here another theorem, which has appeared nowhere else, as far
as we know, and which can often be used with advantage.

Let L, L', L”, L' be four points on the sphere, and A the angle which LL"
and L'L" make at their point of intersection. |[Then we have|

cos LL' - cos L"L" — cos LL" - cos L' L" = sin LL"" - sin L'L" - cos A.
The proof is easily obtained in the following way. Let

Al — ¢, ALl = tl, AL — t//, AL — t///;
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we have then

cos LI’ = cost cost’ +sint sint’ cosA,
cos L"L" = cost” cost” + sint” sint"” cos A,
cos LL" = cost cost” +sint sint” cos A,
cos L'L"" = cost’ cost” + sint’ sint” cos A.

Therefore

cos LI cos L"L" — cos LL" cos L' L”

= cos A{costcost'sint" sint"”

"

+ cost’ cost” sintsint’

n n

— costcost” sint’ sint" — cost’ cost” sintsint"}

= cos A(costsint” — cost” sint)(cost'sint” — cost” sint’)
= cos Asin(t" —t)sin(t" — t')
= cos Asin LL" sin L'L".

Since each of the two great circles goes out from A in two opposite directions,
two supplementary angles are formed at this point. But it is seen from our
analysis that those branches must be chosen, which go in the same sense from L
toward L” and from L' toward L.

Instead of the angle A, we can take also the distance of the pole of the great
circle LL" from the pole of the great circle L'L”. However, since every great
circle has two poles, we see that we must join those about which the great circles
run in the same sense from L toward L” and from L' toward L”, respectively.

The development of the special case, where one or both of the arcs
LL" and L'L" are 90°, we leave to the reader.

6) Another useful theorem is obtained from the following analysis. Let
L, L', L" be three points upon the sphere and put

cosL (1)=x, cosL (2)=y, cosL (3)=z,
cosL' (1)=2a', cosL' (2)=1vy', cosL'(3)=72,
cos L"(1) = 2", cosL"(2) =y", cosL"(3)=2".

We assume that the points are so arranged that they run around the triangle
included by them in the same sense as the points (1), (2), (3). Further, let A be
that pole of the great circle L'L” which lies on the same side as L. We then
have, from the above lemma,

y'2" =2y =sin L'L" - cos \(1),

Za’ — a2 =sin L'L" - cos A\(2),

'y’ —y'2" =sin L'L" - cos A\(3).
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Therefore, if we multiply these equations by z, y, z respectively, and add the
products, we obtain

xy' 2 + 2y + 2y — ay'd — 2y —2"y'z =sin L'L" - cos AL, |

wherefore, we can write also, according to well known principles of spherical
trigonometry,

sin L'L"”-sin LL” -sin L’
=ginL/L"-sin LL' -sinL”
=sinL/L"-sin L'L" -sin L,

if L, L', L” denote the three angles of the spherical triangle. At the same time
we easily see that this value is one-sixth of the pyramid whose angular points
are the centre of the sphere and the three points L, L/, L” (and indeed positive,
if etc.).

8.

The nature of a curved surface is defined by an equation between the coor-
dinates of its points, which we represent by

flx,y,2) =01
Let the total differential of f(z,y,z) be
Pdr+ Qdy+ Rdz,

where P, (), R are functions of z, y, z. We shall always distinguish two sides
of the surface, one of which we shall call the upper, and the other the lower.
Generally speaking, on passing through the surface the value of f changes its
sign, so that, as long as the continuity is not interrupted, the values are positive
on one side and negative on the other.

The direction of the normal to the surface toward that side which we regard
as the upper side is represented upon the auxiliary sphere by the point L. Let

cos L(1) = X, cos L(2) =Y, cos L(3) = Z.

Also let ds denote an infinitely small line upon the surface; and, as its direction
is denoted by the point A on the sphere, let

cos A\(1) =&, cos A(2) =7, cos A(3) = (.

We then have
dr = £ ds, dy = nds, dz = (ds,

therefore
P&+ Qn+ RC =0,
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and, since AL must be equal to 90°, we have also
XE+Yn+2Z¢=0.

Since P, Q, R, X, Y, Z depend only on the position of the surface on which
we take the element, and since these equations hold for every direction of the
element on the surface, it is easily seen that P, (), R must be proportional to

X, Y, Z. Therefore
P=Xup  Q=Yp  R=2Zpu
Therefore, since

X+ Y+ 2% =1;
p=PX +QY +RZ

and
u2:P2+Q2—|—R2,
or
P2+ Q? + R2.

If we go out from the surface, in the direction of the normal, a distance equal
to the element dp, then we shall have

ox = X dp, oy =Y dp, 0z=Zdp

and

0f =Pox+Qdy+ Rdz= udp.

We see, therefore, how the sign of ;1 depends on the change of sign of the value
of f in passing from the lower to the upper side.

9.

Let us cut the curved surface by a plane through the point to which our
notation refers; then we obtain a plane curve of which ds is an element, in
connection with which we shall retain the above notation. We shall regard as
the upper side of the plane that one on which the normal to the curved surface
lies. Upon this plane we erect a normal whose direction is expressed by the
point £ of the auxiliary sphere. By moving along the curved line, A and L will
therefore change their positions, while £ remains constant, and AL and AL are
always equal to 90°. Therefore A describes the great circle one of whose poles

is £. The element of this great circle will be equal to —S, if r denotes the radius

,
of curvature of the curve. And again, if we denote the direction of this element
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upon the sphere by )\, then A will evidently lie in the same great circle and be
90° from A as well as from £. If we now set

cos N (1) = ¢, cos N(2) =1, cos N (3) = (',

then we shall have

ds ds ds
d¢ = ¢ —, dn=n"—, d¢ = ¢ —,
r r r

since, in fact, £, n, ¢ are merely the coordinates of the point A referred to the
centre of the sphere.

Since by the solution of the equation f(x,y,z) = 0 the coordinate z may
be expressed in the form of a function of x, y, we shall, for greater simplicity,
assume that this has been done and that we have found

z = F(z,y).
We can then write as the equation of the surface
z— F(z,y) =0,
or
f(.T,y,Z) =z F(.T,y)
From this follows, if we set
dF(x,y) = tdr + udy,
P=—t, Q = —u, R=1,
where ¢, u are merely functions of x and y. We set also
dt =Tdx + U dy, du=Udz +V dy.
Therefore upon the whole surface we have
dz =tdx +udy
and therefore, on the curve,
¢ = t& 4 un).
Hence differentiation gives, on substituting the above values for d¢, dn, d¢,
d
(¢ = 1€ =)= = £ dt +n du
r
= (T + 260U + V) ds,
or
I 2T 4 26nU + n*V
r - —£’t—77’U+C’
B Z(E2T + 2&nU + n?V)
- X& —Yn +2¢
B Z(&2T + 2&nU + n*V)
N cos L\ '
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10.

Before we further transform the expression just found, we will make a few
remarks about it.

A normal to a curve in its plane corresponds to two directions upon the
sphere, according as we draw it on the one or the other side of the curve. The
one direction, toward which the curve is concave, is denoted by X, the other
by the opposite point on the sphere. Both these points, like L and £, are
90° from A, and therefore lie in a great circle. And since £ is also 90° from A,
LL =90°— LN, or = LN — 90°. Therefore

cos LN = £sin £L,

where sin £L is necessarily positive. Since r is regarded as positive in our
analysis, the sign of cos L\ will be the same as that of

Z(E2T 4 26nU + n*V).

And therefore a positive value of this last expression means that L\ is less
than 90°, or that the curve is concave toward the side on which lies the
projection of the normal to the surface upon the plane. A negative value, on the
contrary, shows that the curve is convex toward this side. Therefore, in general,
we may set also

1 Z(&T + 26U +n°V)

ro sin £L ’
if we regard the radius of curvature as positive in the first case, and negative in
the second. £L is here the angle which our cutting plane makes with the plane
tangent to the curved surface, and we see that in the different cutting planes
passed through the same point and the same tangent the radii of curvature are
proportional to the sine of the inclination. Because of this simple relation, we
shall limit ourselves hereafter to the case where this angle is a right angle, and
where the cutting plane, therefore, is passed through the normal of the curved

surface. Hence we have for the radius of curvature the simple formula

1
= Z(E2T + 26U + n*V).

11.

Since an infinite number of planes may be passed through this normal,
it follows that there may be infinitely many different values of the radius of
curvature. In this case T', U, V', Z are regarded as constant, &, n, ( as variable.
In order to make the latter depend upon a single variable, we take two fixed
points M, M’ 90° apart on the great circle whose pole is L. Let their coordinates
referred to the centre of the sphere be «, 3, v; o/, #', v'. We have then

cos A\(1) = cos AM - cos M (1) + cos AM" - cos M'(1) + cos AL - cos L(1).
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If we set
AM = ¢,

then we have
cos A\M' = sin ¢,

and the formula becomes
£ = acosd+ o sin g,
and likewise
n = Bcos¢+ 3 sin g,
¢ = ycos ¢+ sin ¢.
Therefore, if we set

A= (a®T + 228U + 3*V)Z,
B = (adT + (¢/B+ aB)U + V) Z,1
C = (a*T 428U + 3?%V)Z,

we shall have

1
— = Acos® ¢+ 2B cos ¢sin ¢ + Csin’ ¢
’

A A—
= +C+ CCOSQ(b—i-BSianzﬁ.
2 2
If we put
A_TC = F cos 20,
B = E'sin 20,

where we may assume that E has the same sign as , then we have

%: %(A—l—C’)—kEcosQ(gb—@).

It is evident that ¢ denotes the angle between the cutting plane and another plane
through this normal and that tangent which corresponds to the direction M.

Evidently, therefore, — takes its greatest (absolute) value, or r its smallest,
r

when ¢ = #; and — its smallest absolute value, when ¢ = 6 4+ 90°. Therefore

r
the greatest and the least curvatures occur in two planes perpendicular to each

1
other. Hence these extreme values for — are
r

1A+ C) i\/($)2+32.
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Their sum is A + C and their product AC — B2, or the product of the two

extreme radii of curvature is ]

T AC - B
This product, which is of great importance, merits a more rigorous development.
In fact, from formulse above we find

AC — B? = (aff/ — B (TV — U Z2.
But from the third formula in [Theorem| 6, Art. 7, we easily infer that
af — B =+2,1

therefore
AC - B? = Z4TV - U?).
Besides, from Art. §,

R

VP24 Q? + R?

1
VI+2+u?

Z ==

therefore
TV — U?
(1412 +u?)?

Just as to each point on the curved surface corresponds a particular point L
on the auxiliary sphere, by means of the normal erected at this point and the
radius of the auxiliary sphere parallel to the normal, so the aggregate of the
points on the auxiliary sphere, which correspond to all the points of a line on
the curved surface, forms a line which will correspond to the line on the curved
surface. And, likewise, to every finite figure on the curved surface will correspond
a finite figure on the auxiliary sphere, the area of which upon the latter shall be
regarded as the measure of the amplitude of the former. We shall either regard
this area as a number, in which case the square of the radius of the auxiliary
sphere is the unit, or else express it in degrees, etc., setting the area of the
hemisphere equal to 360°.

The comparison of the area upon the curved surface with the corresponding
amplitude leads to the idea of what we call the measure of curvature of the
surface. If the former is proportional to the latter, the curvature is called
uniform; and the quotient, when we divide the amplitude by the surface, is
called the measure of curvature. This is the case when the curved surface is a
sphere, and the measure of curvature is then a fraction whose numerator is unity
and whose denominator is the square of the radius.

We shall regard the measure of curvature as positive, if the boundaries of
the figures upon the curved surface and upon the auxiliary sphere run in the
same sense; as negative, if the boundaries enclose the figures in contrary senses.

AC — B? =
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If they are not proportional, the surface is non-uniformly curved. And at each
point there exists a particular measure of curvature, which is obtained from
the comparison of corresponding infinitesimal parts upon the curved surface and
the auxiliary sphere. Let do be a surface element on the former, and d¥ the
corresponding element upon the auxiliary sphere, then

dy

do
will be the measure of curvature at this point.

In order to determine their boundaries, we first project both upon the zy-

plane. The magnitudes of these projections are Z do, Z dX. The sign of Z will
show whether the boundaries run in the same sense or in contrary senses around

the surfaces and their projections. We will suppose that the figure is a triangle;
the projection upon the xy-plane has the coordinates

x, v, x +dx, y+dy; x+ox, y+ oy.
Hence its double area will be
27 do =dx -0y — dy - dx.

To the projection of the corresponding element upon the sphere will correspond
the coordinates:

X, Y,
0X 0X oY )4
X o2 kel Yy L2 il
+ B dx + ay dy, + B dx + 3y dy,
0X 0X oY oY
X 42 . Y & 2. bl
+ o ox + By oy, + e ox + 3y oy,

From this the double area of the element is found to be

X X Y Y
27 d¥ = (8 -da:+a—-dy) (a—-dm—l—a—-éy)

ox oy ox oy
0X 0X oY oY

0X 0Y 0X oY

or dy Oy Or

Since
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we have
dX = —Z3(1 +u?) dt + Z*tu - du,
dY = +Z%u - dt — Z3(1 + t*) du,
therefore
%f =72 {—(1+u*)T + tulU }, % = Z*{tuT — (1 +*)U},
%—)y( =72 {-(1+u*)U + tuV }, %—Z = Z*{tuwlU — (1 + *)V },
and

S
I
N

STV —U*)((1+ ) (1 +u®) — *u?)

= 75TV — U1 +* + u?)
= 74TV - U?
TV — U?

T+t u)?

the very same expression which we have found at the end of the preceding article.
Therefore we see that

The measure of curvature is always expressed by means of a fraction whose
numerator is unity and whose denominator is the product of the mazximum and
manimum radic of curvature in the planes passing through the normal.

12.

We will now investigate the nature of shortest lines upon curved surfaces.
The nature of a curved line in space is determined, in general, in such a way
that the coordinates x, y, z of each point are regarded as functions of a single
variable, which we shall call w. The length of the curve, measured from an
arbitrary origin to this point, is then equal to

2
dy dz
IV (5e) () o
If we allow the curve to change its position by an infinitely small variation, the
variation of the whole length will then be

dx dy dz dx dy dz
:/d déx—l—d— déy—i—T ddz: T 53:—|—d— 5y—|—d— 0z

) () () @) () ()
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dv dy
—/ 5z - d dw +oy-d dw
N (' (dz) a\' (' (d=)
dw dw dw dw dw dw
%
+ 0z-d dw

dz 2 B dy 2 . dz 2
dw dw dw
The expression under the integral sign must vanish in the case of a minimum, as

we know. Since the curved line lies upon a given curved surface whose equation
is

Pdr+Qdy+ Rdz =0,

the equation between the variations dx, dy, 0z
Piz+Qoy+ Réz=0

must also hold. From this, by means of well known principles, we easily conclude
that the differentials

d_x

BECEe]

dr\° dy 2 dz 2’
() + (@) + (&)
dz
d - dw
dr \? dy 2 dz\?
JE) () - ()
must be proportional to the quantities P, (), R respectively. If ds is an element of
the curve; A the point upon the auxiliary sphere, which represents the direction
of this element; L the point giving the direction of the normal as above; and

&, m, ¢; X, Y, Z the coordinates of the points A, L referred to the centre of the
auxiliary sphere, then we have

dr = £ ds, dy = nds, dz = (ds,
FHn+ =1
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Therefore we see that the above differentials will be equal to d¢, dn, d{. And
since P, (), R are proportional to the quantities X, Y, Z, the character of the
shortest line is such that

dg _ dn _ d¢
X Y Z
13.

To every point of a curved line upon a curved surface there correspond two
points on the sphere, according to our point of view; namely, the point A, which
represents the direction of the linear element, and the point L, which represents
the direction of the normal to the surface. The two are evidently 90° apart. In
our former investigation (Art. 9), where [we| supposed the curved line to lie in
a plane, we had two other points upon the sphere; namely, £, which represents
the direction of the normal to the plane, and )\, which represents the direction
of the normal to the element of the curve in the plane. In this case, therefore,
£ was a fixed point and A\, A" were always in a great circle whose pole was £. In
generalizing these considerations, we shall retain the notation £, X', but we must
define the meaning of these symbols from a more general point of view. When
the curve s is described, the points L, A\ also describe curved lines upon the
auxiliary sphere, which, generally speaking, are no longer great circles. Parallel
to the element of the second line, we draw a radius of the auxiliary sphere to
the point X, but instead of this point we take the point opposite when X is
more than 90° from L. In the first case, we regard the element at A as positive,
and in the other as negative. Finally, let £ be the point on the auxiliary sphere,
which is 90° from both A and ), and which is so taken that A, X', £ lie in the
same order as (1), (2), (3).

The coordinates of the four points of the auxiliary sphere, referred to its
centre, are for

L XY Z
A& ¢

A/ é-/ 'I’], C,
£ a [ 7.

Hence each of these 4 points describes a line upon the auxiliary sphere, whose
elements we shall express by dL, dX, d\, d£. We have, therefore,

dé =& d,
dn = dX,
d¢ = ¢'dA.
In an analogous way we now call
d\

ds
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the measure of curvature of the curved line upon the curved surface, and its

reciprocal
ds

dX
the radius of curvature. If we denote the latter by p, then
pdé = ¢ ds,
pdn=nds,
pd¢ = (' ds.

If, therefore, our line be a shortest line, &', 1, ¢’ must be proportional to the
quantities X, Y, Z. But, since at the same time

5,2+77/2+C/2:X2+Y2+Z2:1,

we have
=+X, 0=y, (=+Z

and since, further,
EX+nY +{Z =cosNL
=+(X?+Y?+ 27
— 41,

and since we always choose the point X so that
NL < 90°,

then for the shortest line
NL =0,

or X and L must coincide. Therefore

pdé = Xds,
pdn =Y ds,
pd¢ = Zds,

and we have here, instead of 4 curved lines upon the auxiliary sphere, only 3 to
consider. Every element of the second line is therefore to be regarded as lying
in the great circle LA. And the positive or negative value of p refers to the
concavity or the convexity of the curve in the direction of the normal.

14.

We shall now investigate the spherical angle upon the auxiliary sphere, which
the great circle going from L toward A\ makes with that one going from L toward
one of the fixed points (1), (2), (3); e. g., toward (3). In order to have something
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definite here, we shall consider the sense from L(3) to LA the same as that in
which (1), (2), and (3) lie. If we call this angle ¢, then it follows from the
theorem of Art. 7 that

sin L(3) -sin L\ - sing = Y& — X, |

or, since LA = 90° and

sinL(3) = VX2 +Y2=+1- 22,

we have
s YE—Xn
sin ¢ = ——————.
VXZt+Y?
Furthermore,
sin L(3) - sin LA - cos ¢ = (,
or
cosd— ——S
VXY
and v X /
tangb:—f_ d :C_.
¢ ¢

Hence we have

_ (Y d§— (X dy — (YE— Xy)d( +CdY —nCdX

4 Ve Xn)? + 2

The denominator of this expression is

= Y7 = 2XYen — Xn* + 7
= —(XE+Yn) + (X +Y?) (& +07) + (7
=-Z2'C+(1-2)1 =)+ ¢
=1- 27
or

CY dE — (X dn + (Xn — YE) d¢ — nCdX + &CdY
dp = 7 .

We verify readily by expansion the identical equation

nC(X?+Y?*+Z)+YZ(E2 +n* 4+ )
= (X§+Yn+ZO)(Zn+Y () + (XC— ZE)(Xn - YE),

and likewise

ECXP+Y 4+ 2D+ XZ(E2+n* + )
= (XE+Yn+ ZO)(X(C+Z8) + (YE— Xn)(Y( — Zn).
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We have, therefore,

n¢ ==Y Z+(X(¢—Z§)(Xn-Y¢),
§C=—XZ+ (Y- Xn)(Y(¢—Zn).

Substituting these values, we obtain

Z CY dé — (X dn
dp = (Y dX = X dY) + =2
+ X" Yg{dc (XC — Z€)dX — (V¢ — Zn)dY'}.
Now

XdX +YdY +ZdZ =0,
¢dX +ndY +CdZ =—-Xdé—Ydny— ZdC.

On substituting we obtain, instead of what stands in the parenthesis,
d( — Z(X d§+Y dn+ Zd().

Hence

A d¢

o 2
dg = 5 (Y dX = X dY) + -— 5 {CY —nX*Z +£XY 7)

- _’722 (CX + XY Z — Y2z}
+d¢(nX —£Y).
Since, further,
nX2Z — XY Z =nX?Z +nY?Z +(ZYZ
=nZ(1— 2%+ (Y22,
nXYZ —€EY?Z = —€X?7 —(XZ*—¢Y?Z
= —¢Z(1-2%) - (XZ?,

our whole expression becomes

Z
T (YdX = Xay)

+ (Y =nZ)d§ + (£2 — (X)dn+ (nX — £Y) dC.

do =

15.

The formula just found is true in general, whatever be the nature of the
curve. But if this be a shortest line, then it is clear that the last three terms
destroy each other, and consequently

Z
d$ =~ (X dY Y dX)
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But we see at once that

Z
(XY —Y dX)

is nothing but the area of the part of the auxiliary sphere, which is formed
between the element of the line L, the two great circles drawn through its
extremities and (3), and the element thus intercepted on the great circle through

5 L/
L L (3)
i - PP
@ prr__ 0 ® PP 1 ® T o
(3)
Ly

(1) and (2). This surface is considered positive, if L and (3) lie on the same side
of (1) (2), and if the direction from P to P’ is the same as that from (2) to (1);
negative, if the contrary of one of these conditions hold; positive again, if the
contrary of both conditions be true. In other words, the surface is considered
positive if we go around the circumference of the figure LL'P’'P in the same
sense as (1) (2) (3); negative, if we go in the contrary sense.

If we consider now a finite part of the line from L to L’ and denote by ¢, ¢’
the values of the angles at the two extremities, then we have

¢ = ¢+ Area LL'P'P,

the sign of the area being taken as explained.

Now let us assume further that, from the origin upon the curved surface,
infinitely many other shortest lines go out, and denote by A that indefinite angle
which the first element, moving counter-clockwise, makes with the first element
of the first line; and through the other extremities of the different curved lines
let a curved line be drawn, concerning which, first of all, we leave it undecided
whether it be a shortest line or not. If we suppose also that those indefinite
values, which for the first line were ¢, ¢’, be denoted by 1, ¢’ for each of these
lines, then ¢/ — 1) is capable of being represented in the same manner on the
auxiliary sphere by the space LL|P/P. Since evidently ¢» = ¢ — A, the space

L1
LL/P/P/L/L_ I )
111 =Y —v—9¢ +0¢ L
=y —d+A v
= LL\U'L+ L'L, PP}
P PP

If the bounding line is also a shortest line, and, when prolonged, makes with
LL’, LL) the angles B, By; if, further, x, x; denote the same at the points
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L', L, that ¢ did at L in the line LL’, then we have

X1 = X + Area 'L} P/ P,
V' —¢'+ A=LLIL'L+ x1 — x;

but

¢’ = x + B,
2/}/ = X1 +Bla

therefore
Bi—B+A=LL\LL.

The angles of the triangle LL'L} evidently are
A, 180°— B, B,

therefore their sum is
180° + LLL'L.

The form of the proof will require some modification and explanation, if the
point (3) falls within the triangle. But, in general, we conclude

The sum of the three angles of a triangle, which is formed of shortest lines
upon an arbitrary curved surface, is equal to the sum of 180° and the area of
the triangle upon the auziliary sphere, the boundary of which is formed by the
points L, corresponding to the points in the boundary of the original triangle,
and i such a manner that the area of the triangle may be regarded as positive
or negative according as it is inclosed by its boundary in the same sense as the
original figure or the contrary.

Wherefore we easily conclude also that the sum of all the angles of a polygon
of n sides, which are shortest lines upon the curved surface, is [equal to| the sum
of (n — 2)180° + the area of the polygon upon the sphere etc.

16.

If one curved surface can be completely developed upon another surface, then
all lines upon the first surface will evidently retain their magnitudes after the
development upon the other surface; likewise the angles which are formed by
the intersection of two lines. Evidently, therefore, such lines also as are shortest
lines upon one surface remain shortest lines after the development. Whence,
if to any arbitrary polygon formed of shortest lines, while it is upon the first
surface, there corresponds the figure of the zeniths upon the auxiliary sphere,
the area of which is A, and if, on the other hand, there corresponds to the same
polygon, after its development upon another surface, a figure of the zeniths upon
the auxiliary sphere, the area of which is A’, it follows at once that in every case

A=A
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Although this proof originally presupposes the boundaries of the figures to be
shortest lines, still it is easily seen that it holds generally, whatever the boundary
may be. For, in fact, if the theorem is independent of the number of sides, nothing
will prevent us from imagining for every polygon, of which some or all of its sides
are not shortest lines, another of infinitely many sides all of which are shortest
lines.

Further, it is clear that every figure retains also its area after the transfor-
mation by development.

We shall here consider 4 figures:

1) an arbitrary figure upon the first surface,

2) the figure on the auxiliary sphere, which corresponds to the zeniths of
the previous figure,

3) the figure upon the second surface, which No. 1 forms by the development,

4) the figure upon the auxiliary sphere, which corresponds to the zeniths of
No. 3.

Therefore, according to what we have proved, 2 and 4 have equal areas, as
also 1 and 3. Since we assume these figures infinitely small, the quotient obtained
by dividing 2 by 1 is the measure of curvature of the first curved surface at this
point, and likewise the quotient obtained by dividing 4 by 3, that of the second
surface. From this follows the important theorem:

In the transformation of surfaces by development the measure of curvature at
every point remains unchanged.

This is true, therefore, of the product of the greatest and smallest radii of
curvature.

In the case of the plane, the measure of curvature is evidently everywhere
zero. Whence follows therefore the important theorem:

For all surfaces developable upon a plane the measure of curvature everywhere

vanishes,
0 \' (2 (0%2)
Ox Oy Ox? ox2)

which criterion is elsewhere derived from other principles, though, as it seems to
us, not with the desired rigor. It is clear that in all such surfaces the zeniths of
all points can not fill out any space, and therefore they must all lie in a line.

or

17.

From a given point on a curved surface we shall let an infinite number of
shortest lines go out, which shall be distinguished from one another by the angle
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which their first elements make with the first element of a definite shortest line.
This angle we shall call 8. Further, let s be the length [measured from the given
point| of a part of such a shortest line, and let its extremity have the coordinates
x, y, z. Since 6 and s, therefore, belong to a perfectly definite point on the
curved surface, we can regard z, y, z as functions of # and s. The direction of
the element of s corresponds to the point A\ on the sphere, whose coordinates
are £, 1, (. Thus we shall have
=2, =2 (=2
s 0s ds
The extremities of all shortest lines of equal lengths s correspond to a curved
line whose length we may call . We can evidently consider ¢ as a function of
s and 0, and if the direction of the element of ¢ corresponds upon the sphere to
the point N whose coordinates are &', 1/, (!, we shall have

g O 0o o oy o0
26 — 00" 00 o0’ 96~ 06"
Consequently

(&' +mm' +¢¢)

96 0s 00 9s 09 bs 00
This magnitude we shall denote by u, which itself, therefore, will be a function

of # and s.
We find, then, if we differentiate with respect to s,

(5) + (3) ()
ou 0%z dx %y Oy 0%z 0z ds ds Os

ot Odr Odx 0Oy @ 0z 0z
0

s 052 00 052 90 T o952 90 2 90
821“8_x Py Oy 822‘%

952 90 T 92 99 T o2 90

8_95 2_|_ @ 2_|_ % 2—1
0s 0s ds ) 7

and therefore its differential is equal to zero.

But since all points [belonging| to one constant value of 6 lie on a shortest
line, if we denote by L the zenith of the point to which s, # correspond and by
X, Y, Z the coordinates of L, [from the last formule of Art. 13|,

because

Px X Py Y oz  Z

952 p’ 952 p’ 0s2  p’

if p is the radius of curvature. We have, therefore,

ou _ Ox dy dz ot , , ,
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But
X&4+Yn +2Z¢ =cosLN =0,

because, evidently, X' lies on the great circle whose pole is L. Therefore we have

ou

— =0,

ds
or u independent of s, and therefore a function of # alone. But for s = 0, it is

t
evident that t = 0, — = 0, and therefore u = 0. Whence we conclude that, in

00

general, u = 0, or

cos A\ = 0.

From this follows the beautiful theorem:

If all lines drawn from a point on the curved surface are shortest lines of
equal lengths, they meet the line which joins their extremities everywhere at right
angles.

We can show in a similar manner that, if upon the curved surface any curved
line whatever is given, and if we suppose drawn from every point of this line
toward the same side of it and at right angles to it only shortest lines of equal
lengths, the extremities of which are joined by a line, this line will be cut at
right angles by those lines in all its points. We need only let 6 in the above
development represent the length of the given curved line from an arbitrary
point, and then the above calculations retain their validity, except that u = 0
for s = 0 is now contained in the hypothesis.

18.
The relations arising from these constructions deserve to be developed still
t
more fully. We have, in the first place, if, for brevity, we write m for %,
or oy 0z
1 - = _ = —_— =
( ) as 57 88 777 as g’
or oy 0z
9 e / YI / Yo /
(3) &+ +¢ =1,
(4) 5/2 +77/2 +CI2 _ 1,
(5) & +m' +¢¢ =0.
Furthermore,
(6) X2 4+Y? + 27 =1,
(7) XE+Yn+2¢ =0,

(8) X&+Yn+2{ =0,
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and
(X = —n¢,
(9] Y =¢¢ - (¢,
| Z =& —&n's
(& =nZ Y,
10 i =CX -7
| (=&Y —nX;
(¢=Y( -2,
[11] U:Zf/ _Xcla
(= Xn -Y¢.
Likewise, %, @, % are proportional to X, Y, Z, and if we set
ds’ 0s’ 0Os
23 n a¢
gs P gs P gs P2

1
where — denotes the radius of curvature of the line s, then
p

L0 on ¢
p_Xas—l—Y@stZ@s'

By differentiating (7) with respect to s, we obtain

— —ga_X_|_ a_Y_|_ a_Z
P= 0s ”as 0s

o&g on' o¢
We can easily show that —, —77, —— also are proportional to X, Y, Z. In
ds’ 0s’ 0Os

fact, [from 10] the values of these quantities are also [equal to]

07 )% 0X

07 v X om v ox
n@s Os’ 0s 0s’ 0s 7763’

therefore

o¢’ on'

YooY XoX 07z

. (X@X+Y@Y+Z@Z) 07

s +g(X§+Yn+ZC)

= 07
and likewise the others. We set, therefore,

o o, S
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. A AN A
“W(%) *(%) *(%)’

whence

and also

Further |we obtain|, from the result obtained by differentiating (8),

_ ’—g’a_X_f_ ’0_Y_|_ ’a_Z
P = 0s 77('93 s’

But we can derive two other expressions for this. We have

omg" 3 omn' on om¢ 0¢

os 00 ds 00’ Os 0’

therefore |because of (8)]

iy 9% o0, 0¢
mp—XaH—i-Yae—l—Zae.

land therefore, from (7),]

_m/—ga_X+ a_Y_|_ a_Z
P =550 "0 "> 08"

After these preliminaries [using (2) and (4)] we shall now first put m in the
form

ox Jy 0z
I R et
m=E%5 59T a9
and differentiating with respect to s, we have*
om Odx 0 0y oy 0z o¢ ., Oz , 0%y . 0%z
s 00 9s 08 s 106 0s S as06 " 9500 S dsom
23 In a¢
o / / / / /_ /_ /_
_mp(§X+nY+<Z)+§ag+n 89+C 50

*It is better to differentiate m?. [In fact from (2) and (4)
, [0z 2 N oy 2 . 02 2
™=\ 06 96)

om Oz 0%*x Oy 0% 0z 0%z

therefore

" os T 90 000s 00 000s ' 00 900s
o€ , On ¢

=mé ae—i—mn 89+mC 80']
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_ a9 o
—§%+ﬁ%+ﬁ

oc
26

If we differentiate again with respect to s, and notice that

¢ 0(pX) .

9s00 80 7
and that

X +Yn'+2¢ =0,
we have

0s? 00 00 00 00 00

/8X /al /8£ /2
S0 T ag TS 5g ) TP

oX oy _0z\[,0X 0V 0%
(55+Mh“h9<5m+”+<>

9* 0X oY 0z 0 0 0
m—p<§’+n’+c’ae> + 7 <X§+Yn+ZC>

0 00 00
0X  ,9Y 087\ [ 09X 9y 9z
*(f&+”%+<% T

00 0s  0s 00

00 0s  0s 00

_ oYy 0Z oY 0Z X 0Z 0X 0Z 0X v 0X oY 0X 9Y 7t
00 0s  0s 00

[But if the surface element
mds do

belonging to the point x, y, z be represented upon the auxiliary sphere of unit
radius by means of parallel normals, then there corresponds to it an area whose
magnitude is

{X (8Y 0Z JY 8Z> v (BZ 0X 07 8X> 7 <8X Yy 0X 8Y>}

Os 00 00 O0s

Os 00 00 0Os

0s 00 00 Os

Consequently, the measure of curvature at the point under consideration is equal

to
1 9*m

m 0s?

]



NOTES.}

The parts enclosed in brackets are additions of the editor of the German
edition or of the translators.

“The foregoing fragment, Neue allgemeine Untersuchungen tiber die krummen
Fldchen, differs from the Disquisitiones not only in the more limited scope of the
matter, but also in the method of treatment and the arrangement of the theorems.
There [paper of 1827] GAUSS assumes that the rectangular coordinates x, y, z
of a point of the surface can be expressed as functions of any two independent
variables p and ¢, while here [paper of 1825] he chooses as new variables the
geodesic coordinates s and 6. Here [paper of 1825] he begins by proving the
theorem, that the sum of the three angles of a triangle, which is formed by
shortest lines upon an arbitrary curved surface, differs from 180° by the area of
the triangle, which corresponds to it in the representation by means of parallel
normals upon the auxiliary sphere of unit radius. From this, by means of simple
geometrical considerations, he derives the fundamental theorem, that ‘in the
transformation of surfaces by bending, the measure of curvature at every point
remains unchanged.” But there [paper of 1827] he first shows, in Art. 11, that the
measure of curvature can be expressed simply by means of the three quantities
E, F, GG, and their derivatives with respect to p and ¢, from which follows
the theorem concerning the invariant property of the measure of curvature as a
corollary; and only much later, in Art. 20, quite independently of this, does he
prove the theorem concerning the sum of the angles of a geodesic triangle.”

Remark by Stéckel, Gauss’s Works, vol. VIII, p. 443.

Art. 3, p. 81. cos? ¢, etc., is used here where the German text has cos ¢?, etc.

Art. 3, p. 81. p?, etc., is used here where the German text has pp, etc.

Art. 7, p. 87. Since AL is less than 90°, cos AL is always positive and,
therefore, the algebraic sign of the expression for the volume of this pyramid
depends upon that of sin L’L”. Hence it is positive, zero, or negative according
as the arc L'L" is less than, equal to, or greater than 180°.

Art. 7, p. 87. As is seen from the paper of 1827 (see page 5), Gauss corrected
this statement. To be correct it should read: for which we can write also,
according to well known principles of spherical trigonometry,

sin LL' -sin L/ -sin L'L" =sin 'L -sin L” - sin L"L = sin L”L - sin L - sin LL/,

if L, L', L"” denote the three angles of the spherical triangle, where L is the angle
measured from the arc LL"” to LL’, and so for the other angles. At the same time
we easily see that this value is one-sixth of the pyramid whose angular points
are the centre of the sphere and the three points L, L', L”; and this pyramid
is positive when the points L, L', L” are arranged in the same order about this
triangle as the points (1), (2), (3) about the triangle (1) (2) (3).

Art. 8, p. 87. In the German text V stands for f in this equation and in the
next line but one.

'Line number references in the translators’ notes are omitted. Descriptions such as “top
of page n” are retained, but may not match this ebook’s pagination. [Transcriber]
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Art. 11, p. 91. In the German text, in the expression for B, (af + af’)
stands for (/5 + af’).

Art. 11, p. 92. The vertices of the triangle are M, M’, (3), whose coordinates
are a, B, v; o, [, 45 0, 0, 1, respectively. The pole of the arc MM’ on the
same side as (3) is L, whose coordinates are X, Y, Z. Now applying the formula
on page 86,

'y — y'a" = sin L'L" cos \(3),

to this triangle, we obtain
af' — pa’ = sin MM’ cos L(3)

or, since

MM’ =90°, and cosL(3)==+Z

we have
aff — Ba’ = +Z.

Art. 14, p. 98. Here X, Y, Z; &, n, (; 0, 0, 1 take the place of x, y, z;
'y, 2 a" y", 2" of the top of page 86. Also (3), A take the place of L', L”,
and ¢ is the angle L in the note at the top of this page.

Art. 14, p. 99. In the German text {(X — nXYZ + £Y2Z} stands for
(X +nXYZ - £Y2 7Y

Art. 15, p. 99. Transforming to polar coordinates, r, 6, ¢, by the substitutions
(since on the auxiliary sphere r = 1)

X =sinfsinty, Y =sinfcosvy, Z = cosd,
dX = sinf cos 1 dip + cos @ siny db, dY = —sinfsiny di + cos cos ) db,
Z

(1) - ﬁ(X dY —Y dX) becomes cosfdi.

In the figures on page 100, PL and P’'L’ are arcs of great circles intersecting
in the point (3), and the element LL', which is not necessarily the arc of a great
circle, corresponds to the element of the geodesic line on the curved surface.
(2)PP'(1) also is the arc of a great circle. Here P'P = di), Z = cos = Altitude
of the zone of which LL'P'P is a part. The area of a zone varies as the altitude
of the zone. Therefore, in the case under consideration,

Area of zone 7
27 T
Also
Area LL'P'P  dy
Area of zone 27
From these two equations,

(2) Area LL'P'P = Z di, or cosOdiy.
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From (1) and (2)

Z
—ﬁ(X dY — YdX) = AreaLL’P'P.

Art. 15, p. 100. The point (3) in the figures on this page was added by the
translators.
Art. 15, p. 100. It has been shown that d¢ = Area LL'P'P,= dA, say. Then

¢ A
l/ d¢:i/ dA,
) 0

¢ —¢=A, the finite area LL'P'P.

or

Art. 15, p. 100. Let A, B’, B; be the vertices of a geodesic triangle on
the curved surface, and let the corresponding triangle on the auxiliary sphere
be LL'L L, whose sides are not necessarily arcs of great circles. Let A, B', By
denote also the angles of the geodesic triangle. Here B’ is the supplement of the
angle denoted by B on page 100. Let ¢ be the angle on the sphere between the
great circle arcs LA, L(3), i.e., ¢ = (3)LA, A corresponding to the direction of
the element at A on the geodesic line AB’, and let ¢/ = (3)L’'\;, A\; corresponding
to the direction of the element at B’ on the line AB’. Similarly, let ¢ = (3)Lpu,
' = (3)L}p1, i, p1 denoting the directions of the elements at A, By, respectively,
on the line AB;. And let x = (3)L'v, x1 = (3)L}v1, v, v1 denoting the directions
of the elements at B’, By, respectively, on the line B'B.

Then from the first formula on page 100,

Ly
L
¢ — ¢ =Area LL'P'P, Iz
' — 1 = Area LL| P| P,
X1 — X = Area 'L} P/ P, P PP

= — (¢ —¢)— (x1 — x) = Area 'L\ P{P' — Area LL'P'P — Area L' L} P[P,
or

(1) (p—U)+(x—¢)+ @ —x1) = Area LL|L'L.

Since A, p represent the directions of the linear elements at A on the
geodesic lines AB’, AB; respectively, the absolute value of the angle A on
the surface is measured by the arc pA, or by the spherical angle uLA. But
¢ — = (3)LA— (3)Lu = pLA.

Therefore

A=¢— 1.
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Similarly

180° — B' = —(x — ¢),
Bl = @D/ — X1-

Therefore, from (1),
A+ B'+ B; —180° = Area LL L' L.

Art. 15, p. 100. In the German text LL'P'P stands for LL}P{P, which
represents the angle ¢/ — ).

Art. 15, p. 101. This general theorem may be stated as follows:

The sum of all the angles of a polygon of n sides, which are shortest lines
upon the curved surface, is equal to the sum of (n — 2)180° and the area of the
polygon upon the auxiliary sphere whose boundary is formed by the points L
which correspond to the points of the boundary of the given polygon, and in
such a manner that the area of this polygon may be regarded positive or negative
according as it is enclosed by its boundary in the same sense as the given figure
or the contrary.

Art. 16, p. 101. The zenith of a point on the surface is the corresponding
point on the auxiliary sphere. It is the spherical representation of the point.

Art. 18, p. 107. The normal to the surface is here taken in the direction
opposite to that given by [9] page 104.
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