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7 The Gaussian Curvature of a Smooth Sur-
face in Three-Dimensional Space

7.1 The Unit Normal Vector Field to a Smooth Surface

We consider here the properties of the normal vector field to a smooth surface
discussed in Section 4 of Gauss’s General Investigations on Curved Surfaces

The auziliary sphere is the unit sphere about the origin in R? that contains
the endpoints of all unit vectors (vectors of unit length). The quantities that
Gauss denotes by “cos(1)L”, “cos(2)L” and “cos(3)L” are the cosines of the
angles which the unit normal to a curved surface makes with the directions
of the coordinate axes. This unit normal is thus to be considered as a vector
with components (XY, Z), where

X2 +Y?+2%2=1.

Gauss considers a displacement from a point A on the curved surface to
another point A’ that is infinitesimally close to A. To understand the situa-
tion, avoiding explicit use of “infinitesimals”, it may be helpful to consider a
smooth curve 8: I — ¥ in the smooth surface ¥, parameterized by arclength
s, where the values of s range over an open interval I in the real line. The
Cartesian coordinates of a point #(s) on the curve are then (z(s),y(s), z(s)).
Now standard principles of calculus ensure that arclength along the curve
between s = sg and s = s; is given by the integral

)i dr\? dy 2 dz\>
— — — | d
/\/(ds) + (ds) + (ds) %
S0
and this arclengh must be equal to s; — s¢. It follows from the Fundamental
Theorem of Calculus that

= ) ) ()
()G ()
() () () -
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dr d dz
The quantities — Y and & are thus the components of a unit vector 6'(s)
s

s s
that is the velocity vector of the smooth curve at the point 6(s). Gauss
denotes by A the point on the unit sphere that represents the direction of
this unit tangent vector. Accordingly

o dr dy dz
~\ds' ds’ ds )’
Thus if, following Gauss, the angles that this tangent vector makes with the

directions of the three coordinate axes are denoted by cos(1)\, cos(2)A and
cos(3) A respectively, then

d d

i cos(1)A, d—?; = cos(2)A and d—z = cos(3)A.
Now the vector ¢'(s) is in the tangent space to the smooth surface at the

point 0(s), and is therefore orthogonal to the normal vector (X,Y, Z) to the

surface. It follows that

dx dy dx

X—+YZ24+7—=0.
ds+ ds+ ds

Gauss expresses this identity in the language of “differentials” as follows:

Xdx+Ydy+ Zdz=0.

7.2 Orthogonality and Differentials on Tangent Spaces

The “differentials” dx, dy and dz may be interpreted as linear functionals
on the tangent space to the surface ¥ at the point p. Let T,% denote the
tangent space to the surface X at the point p. This tangent space is a two-
dimensional vector subspace of R®*. Moreover a vector (by,b,,b,) belongs
to TpX if and only if there exists a smooth curve 7: 1 — X in the surface,
parameterized by a real variable ¢ ranging over some open interval I in R
that contains 0, such that

_dz(y(t)) _dy(y(1)) _dz(y(t))
bm—T , by_T , and bz—T

t=0 t=0 t=0

A linear functional 0: T2 — R on the tangent space T,% to the surface X
at the point p is a linear transformation from the real vector space T, to the
field R of real numbers. Linear functions can be added together and can be
multiplied by real scalars, and the set of all linear functionals on the tangent

o1



space 1%, with these operations of addition and multiplication-by-scalars is
itself a two-dimensional real vector space.

The space of linear functionals from 7, to R is spanned by the differ-
entials (dx)p, (dy)p and (dz)p, where

(dx)p(bxv byv bZ) = by, (dy>p(bw’ by? bZ) = by7 (dz>p(bw> byv bZ) =b,

for all tangent vectors (by,by,b,) to the smooth surface ¥ at the point p.
Now the unit normal vector (X, Y, Z) has zero scalar product with all tangent
vectors to the surface X at the point p. Thus if b is a tangent vector to the
surface X at the point p, and if b = (b,, b,,b.), then

X (dz)p(b) +Y (dy)p(b) + Z (dz)p(b) = Xb, + Yb, + Zb, = 0.
It follows that the linear functional
X (dr)p +Y (dy)p + Z (d2)p.

on the tangent space 1> to X on p sends all tangent vectors to X at p to
zero. It follows that

(Xde+Ydy+Zdz)p:T,2 — R

is the zero linear transformation from 73,3 to R. The components of the
normal vector field are thus the coefficients of a linear dependence relation
satisfied by the linearly dependent linear functionals (dz)p, (dy)p and (dz)p
on the tangent space T,.

Thus the equation

Xde+Ydy+Zdz=0

7.3 Line Integrals of the Normal Vector Field

It is also worth noting that, if line integrals along smooth curves in the sur-
face X are to be calculated in accordance with the usual rules of multivariate
calculus then
/(Xd:z:—l—Ydy+Zdz) =0
.
for all smooth curves 7: [a,b] — ¥ in the surface ¥ paramaterized by a real
variable that ranges over some closed bounded interval [a, b]. Indeed

/(de+Ydy+Zdz)
b . .
_ /t: (X(v(t))wjuy(q(t))ijzmm d (;f))) "
= 0,
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because the unit normal (X (y(¢)),Y (y(t), Z(7(t))) to the surface at y(¢) is
orthogonal to the tangent vector

(dw(v(t)) dy(y(1)) dZ(v(t>)>
a7 dt 7 dt '

Thus the identity X dz + Y dy + Z dz is the “differential” form of the result
that establishes that fw(X dex +Y dy + Zdz) = 0 for all smoooth curves
7v: [a, b] — 3 within the surface X.

7.4 Smooth Surfaces that are the zero sets of smooth
functions

Let W be a smooth real-valued function defined over some open set € in R3,
and let ¥ = {(z,y,2) € Q: W(x,y, z) = 0}. Suppose that the gradient

ow ow ow
ox ' dy’ Oz

of W is non-zero at each point of X. Then ¥ is a smooth surface in R3. This
can be deduced as a consequence of the Inverse Function Theorem (or the
Implicit Function Theorem, see the Notes on Smooth Surfaces).

If v:1 — ¥ is a smooth curve in the surface ¥ parameterized by some
open interval I in the real line then W (v(t)) = 0 for all ¢t € I. Differentiating
with respect to ¢, using the Chain Rule for differentiating compositions of
differentiable functions of several real variables, we see that

_AWGW) _aW[ () | OW | dybr(t) oW
dt ox dt oy dt 0z

d=((1))

0
dt

~(t) ~(t) ¥(t)
For all ¢ € I. Thus if p = 7(ty) for some ¢, € 1, if b = 4/(ty), and if
b = (b;, by, b.), then

dz(y(t))
dt

L dy(y(1)
v dt

t=to
It follows that

ow
y

ow
0z

W (1)

O:
dt

by

p

z 1 14

t=0
Using the language of differential forms, we can write

W (t)

_ +(1(1))
T = (@w)p(b),

dt

= (dx)p(b),

t=0

t=0
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yo@®)| )| _
G|, = e T = (@),
It then follows that
0 = (dW)p(b)
= Gl @)+ G @0, G| @)
= <88—va dx + %—I/;/dij %—sz)p (b).

for all vectors b that are tangent to the surface W = 0 at the point P.
This relation can be re-expressed as an equation

%—Z/dx%—aa—‘/;dy%—&a—zfdz:&
satisfied by the differentials dx, dy and dz of the coordinate functions =z,
Y, z, on restricting these coordinate functions to the surface X, so that the
differentials (dx)p, (dy)p, and (dz)p at a point p are considered to be lin-
ecar transformations from the tangent space TpX to the surface at p to the
field R of real numbers that send each tangent vector b at the point p to the
directional derivatives

(dz)p(b), (dy)p(b), (dz)p(b)

of the coordinate functions in the direction of the tangent vector b.
Moreover the gradient vector

ow oW ow
or’ Oy’ 0Oz

is orthogonal to the tangent spaces to the surface.
Gauss uses the notation

oW

_ o el R_(’?W
ox

r C=% o

so that
dW = Pdx+ Qdy+ Rdz

on the surface 3, where ¥ = {(z,y,2) € Q : W(z,y,2z) = 0}. Then the
vector (P, (@, R) is orthogonal to the tangent space to the surface ¥ at each
point of this surface. Now, in Gauss’s notation, the unit normal (XY, Z) to
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the surface has unit length. This vector is parallel to the vector (P,Q, R).
Therefore either

P Q R

VP2+Q*+ R VP2 +Q*+ R VP2 + Q2+ R?

or
P -Q R

, Y ; -
/P2+Q2_|_R2 /P2+Q2+R2 /P2+Q2+R2

7.5 Smoothly Parameterized Surfaces

Gauss also considers surfaces that are expressible as functions of two vari-
ables. Such a surface can be represented as the image of a function y: D —
R3, where D is some open set in R%2. The Cartesian coordinates z, y, z may
then be expressed as functions of u and v, where u and v denote Cartesian
coordinates on D, so that

x(u,v) = (2(u, v),y(u,v), 2(u, ).
An application of the Inverse Function Theorem guarantees that the image

x(D) is a smooth surface in R3 provided that the vectors 8_r are a—r linearly
u v
independent for all (u,v) € D, where

or  (0x Oy 0z or  (0x Oy 0z

at all (u,v) € D (see the Notes on Smooth Surfaces). We suppose that these
vectors are indeed linearly independent for all (u,v) € D, and denote the
resulting smooth surface by X, so that ¥ = x(D). The parameterization
of this smooth surface determines smooth real-valued functions p and ¢ on
Y. defined such that p(x(w,v)) = uw and g(x(u,v)) = v for all (u,v) € D.
We then define the partial derivatives of x, y and z with respect to the
parameterizing variables p and ¢ on the surface so that

@z oy 0 >__www
Wy Pl Wl 0w
oz % 9z _ x(wv)
(aq vy 0w 04 x(um) I

Gauss uses the notation

ooy, 0
agp ' op T op
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R A I
Then 5 9

r r ! / /

a—p—(a,b,c), a—q:(a,b,c)

or or
Moreover these vectors — and — constitute a basis of the tangent space to

dp g
the surface at each point of X.
Let (X,Y,Z) denote the unit normal vector field along the surface that
is orthogonal to the tangent spaces at each point of the surface. Then the

vectors (X,Y, Z) and

or " or
dp  Oq
must be parallel. Let
_|or " or
~ap " 0q
Then
+10r Or
XY Z) = —— x—.
( y Ly ) A 8p X aq
+1
= X (a,b,c) x (a', b, )
+1
= =X (b — b, ca’ — ad,ab’ — ba'),
where

A= \/(bc’ — )2+ (ca’ —acd)? + (all — ba')?.

In particular these results can be applied in the special case where the
surface is expressed by an equation of the form z = f(z,y), where f is a
smooth function of the first two Cartesian coordinates x and y. In that case
p =z and ¢ = y, and therefore

(a,b,¢) =(1,0,t) and (a',V,c)=(0,1,u).
0z Of(w,y) 0z  Of(x,y)

t=— = d u=—=
ox ox and dy dy
Suppose the direction of the unit normal (X, Y, Z) is chosen such that Z > 0.
Then the previous formulae yield

B —t - —Uu B 1

LS ¥ A
V1+t2+u? V1+1t2+u? V14124 u?
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7.6 Surface Area

We consider integrals taken over regions of a smooth surface that lie within
the domain of a local coordinate system (p, ¢) on a portion of the surface. We
say that such a region R has reqular boundary if the boundary of the region R
within the surface ¥ is such as to ensure that integral | » [ (0, q) dpdq of any
continuous real-valued function f over the region R is well-defined. This
would be the case, for example, if the boundary of R is a simple closed
curve consisting of a finite number of smooth segments. But we do not enter
here into questions as to precisely what conditions should be satisfied by the
boundary of the region R to ensure that such integrals are well-defined.

Let ¥ be a smooth surface in R3, let (p,q) be a smooth local coordinate
system around a given point ry on that surface, and let the values of the
coordinate functions p and ¢ at that given point be denoted by py and qq
respectively. We suppose that the surface area of a region R of the surface
contained within the domain of the local coordinate system (u,v) can be
evaluated as an integral of the form

/mm@@m
R

where m(p,q) is a function of p and ¢, provided that the boundary of the
region R is regular. We seek to determine an expression for m(p,q) as a
function of p and gq.

Let r(p, q) denote the position vector of a point on the surface as a func-
tion of the local coordinates p and ¢. This point can be mapped to a corre-
sponding point T(p, ¢) on the tangent space to the surface 3 at the point ry,
where

or or

f@&%iﬂ%ﬂd+5— @—Mﬁ+5— (¢ —qo).
(po,90) q (po,9o0)

Then the smoothness of the surface X ensures the existence of a real constant
K, such that

r(p,q) —¥(p, q)| < Ko((p — p0)* + (¢ — 90)?)-

for all points of the surface with local coordinates (p, q) sufficiently close to
(1o, q0)-

Any region R with regular boundary contained within a portion of the
surface close to the given point with local coordinates (pg, o) determines a
corresponding region R of the tangent plane, consisting of those points of
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the tangent plane for which the values of the parameters p and ¢ are local
coordinates of a point in R. Now the area area(R) of R satisfies

area(R) = mo/ dpdq,
R
where my is the area of the parallelogram in the tangent plane consisting
of those points 7(p,q) for which pp < p < py+ 1 and ¢ < ¢ < qo + 1.
The area of this parallelogram is the length of the vector product of the
displacement vectors generating the sides of the parallelogram. It follows
that mo = A(po, qo), where

B erar
~|op " 9q

A(p,q)

We suppose that the surface area of a region R in the surface ¥ with regular

boundary is defined so that the ratio of the area area(R) of R and the area

area(R) of the corresponding region R in the tangent plane approaches the

limiting value 1 as the region R shrinks down around the point with local

coordinates (po, qo). This can be formalized by the requirement that, given

any positive real number ¢, there exists a positive real number § such that
area(R)

l—e<——=F<1+4c¢
area(R)

whenever the local coordinates (p, ¢) of all points within the region R satisfy
Po— 0 <p<py+dand g —9d < q < qo+ 6. This requirement can only be
satisfied if

m(po, o) = mo = A(po, qo)-

Applying this result at all points within the coordinate patch, we obtain the
result stated in the following lemma.

Lemma 7.1 Let ¥ be a smooth surface in R3, let (p,q) be smooth local co-
ordinates defined over a coordinate patch on the surface ¥, and let R be a
region of the surface ¥ with reqular boundary (ensuring that the integral of
any continuous real-valued function of p and q over R is well-defined). Then

area(R):/ A(p, q) dpdg,
R

where

or Or

A(p,q) = 8_p X 8_q
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The definition of A ensures that if
g—; = (a,b,¢) and g—; = (a',V, ),

then

A =/(bc' — cb')2 + (ca’ — ac’)? + (al/ — ba')2.
This is the formula for A presented in Section 4 of Gauss’s General Investi-
gations of Curved Surfaces.

7.7 Transformation of Areas under the Gauss Map

Definition Let ¥ be a smooth orientable surface in three-dimensional FEu-
clidean space R®. The Gauss map v: ¥ — S? of the surface ¥ is the smooth
map from ¥ to the unit sphere S? in R? defined such that v(r) is a vector of
unit length normal to the surface ¥ at each point r of 3.

The definition of the Gauss map requires that the direction of the unit
normal vector field r — v(r) be chosen so that it varies continuously (and
thus smoothly) throughout the surface. The requirement that the surface be
orientable ensures that this can be achieved. The unit normal vector field is
then determined up to multiplication by the scalar —1, reversing the direction
of all normal vectors to the surface. There are thus two possible choices for
the Gauss map of a smooth orientable surface in R3, corresponding to the
two possible orientations of that surface.

Let v:¥ — S? be the Gauss map of a smooth surface ¥ in R3. Gauss
denotes the components of the Gauss map v(r) by X, Y, Z, so that

v(r) = (X(x),Y (1), Z(r))
forall r € X..

Lemma 7.2 Let X be a smooth oriented surface, and let X, Y, Z be smooth
functions on % whose values at each point of the surface ¥ are the Cartesian
components of the unit normal vector field on that surface. Let (p,q) be a
smooth local coordinate system on X, and let

Oor Or
A(p,q) = 8_p X 8—(1

where r(p,q) denotes the position vector of the point on the surface deter-
maned by local coordinates p and q. Then

+1 (&’L’ dy Ox 8y)

Z(p,q) \Opdq  9qp

Y

A(p,q) =

at points where Z(p,q) # 0.
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Proof Reversing the direction of the unit normal vector field, if necessary,
we may assume, without loss of generality, that Z(p,q) > 0. Now

(5’x 8y 8z> y ((‘% (93/ 8z) _ (AX,AY,AZ)a

o' 35) * \ o 20’ 5y
where
A (0 ou 02\ (or oy 0
|\ 9p’op’ Ip 0q 0q’ 0q )|’
and therefore 928 928
_oroy ordy
AZ_apaq dq Op’

The result follows. |}

Consider the parallelogram in three-dimensional space whose sides are

generated by the vectors T and 8_r and the projection of that parallelogram
P q
onto the plane z = 0. Now

Or 00 92) (92,28 92) _ (X, AV, AZ),

dp dp Op 9q 9q 0q
where A is the length of the area of this parallelogram and the vector
(X,Y,Z) is normal to the parallelogram. If we project this parallelogram
onto the plane z = 0, the resultant parallelogram has sides generated by the

vectors 9% 9 9% 9
T oy T oy
(ap’ap’o) and <aq’aq’o)‘

The vector product of these two vectors is (0,0, AZ), and therefore the pro-
jected parallelogram has area AZ, Thus the ratio of the projected paral-
lelogram and the original parallelogram parallel to the tangent plane of the
surface is equal to the third component Z of the normal vector to the surface.

This result is interpreted, in Section 7 of Gauss’s General Investigations of
Curved Surfaces as follows: if an (infinitesimal) element of a smooth surface
with area do is projected onto the plane of the coordinates x and y, then
the area of the projection of that element is Zdo. Gauss then observes that,
because the tangent plane to the auxiliary sphere at (X, Y, Z) is parallel to the
tangent space to the surface, the same relationship holds between the area
of a corresponding element of the auxiliary sphere and its projection onto
the plane of the coordinates x and y. (Gauss presents his arguments using
triangles rather than parallelograms, but the areas of the parallelograms are
double the areas of the corresponding triangles.)
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Now the point on the auxiliary sphere corresponding to the point (z,y, z)
of the surface has coordinates (X, Y, Z). It follows that formulae relating the
area of an element of the auxiliary sphere to that of its projection into the
plane of the coordinates x and y can be obtained from the corresponding
formulae for the smooth surface by replacing x, y and z in those formulae
by X, Y and Z respectively. It then follows that the ratio k£ of an “element”
of the auxiliary sphere to the corresponding “element” of the given smooth
surface is equal to the ratio between the areas of their projections onto the
plane z = 0, and is therefore given by the formula

0X oY 90X oY

_0p dq _ 0q Op
050y 010y
Opdq Oqdp

Denoting “infinitesimal” variations of X with respect to p and ¢ by dX and
0X respectively, and denoting the corresponding “infinitesimal” variations of
Y by dY and Y, so that

dX:a—Xdp, (5X:a—X5q, dY:a—de, 5Y:a—Y§q,
op Jq

we arrive at the formula

_dX - 0Y —dY - 0X
 dr-dy—dy- oz

presented in Section 7 of Gauss’s General Investigations of Curved Surfaces
We now derive this result through appropriate applications of Lemma 7.1.

Proposition 7.3 Let v:X — S? be the Gauss map of a smooth surface ¥,
and let R be a region in X with reqular boundary contained within the domain
of a smooth local coordinate system (p,q) on the surface. Then

area(u(}_{)):/Rk;da7

where the integral over R is taken with respect to surface area, and where
k(p,q) is expressed in terms of the partial derivatives of the the Cartesian
components X, Y, Z of the Gauss map of the surface by means of the formula

0X oY 0XoY

_ Op Oq  0q Op
k(p7Q)— %@_%@
Op0Oq 0qdp
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Proof Let r(p,q) denote the position vector of a point on the surface ¥
determined by the local coordinates p and ¢, and let n(p,q) = v(r(p,q)).
Then n(p, ¢) is a unit vector normal to the surface > at the point r(p, ¢), and

n(p,q) = (X(p, q), Y(p.q), Z(p, Q))-

In this way we can consider the local coordinates (p,q) as parameterizing
points on the auxiliary sphere S2. It follows from Lemm 7.1, applied to the
auxiliary sphere, that

area(v(R)) = / 0(p. q) dpda,

where

On On
—_— X —_—
dp  9q
Moreover the normal vector to the auxiliary sphere at n(p,q) is equal to

n(p, q) itself, and its components are therefore equal to X (p,q), Y (p, q) and
Z(p,q). It follows from Lemma 7.2 that

0(p,q) =

000 = 5o (5 5~ Sy o)
7 Z(p,q) \ Op 9q¢  0q Op
+k(p,q) (ax dy Ox 8y>
Z(p,q) \Opdq  0q0p

= k(p,9)A(p,q)

where A(p, q) is the area of the parallelogram in the tangent space to the

r r
surface generated by — and —, and k(p, q) is determined by the formula

op dq
given in the statement of the proposition. The result then follows on applying
Lemma 7.1. |}

Definition Let ¥ be a smooth surface in R?, and let v: ¥ — S? denote the
Gauss map of the surface. The Gaussian curvature of ¥ at a point r of X is

the limit of the ratio
area(v(R))

area(R)

as the region R shrinks down to the point r.

The limiting process involved in the above definition can be made more
explicit as follows. Let k(r) denote the Gaussian curvature at a point r of
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the smooth surface . Then, given any strictly positive real number €, there
exists a strictly positive real number § such that

area(v(R))

kr) =0 < area(R)

< k(r)+9
for all regions R of the surface with regular boundary whose points all lie
within a distance § of the point r.

The Gaussian curvature of a smooth surface at a point of that surface
has a value that is independent of any choice of coordinate system on that
surface. But, given any smooth local coordinate system (p,q) on a portion
of that surface, the Gaussian curvature can be calculated according to the
formula given in the statement of Proposition 7.3.

Corollary 7.4 Let f: D — R be a smooth real-valued function defined over
an open set D in R?, let X be the smooth surface in R® defined such that

Y ={(z,y,2) €R*: (z,y) € D and z = f(z,y)},

and let (X,Y, Z) be the triple of smooth functions on ¥ whose values at each
point of X2 are the components of the unit normal vector field there. Then the
Gaussian curvature k(z,y) of the surface ¥ at a point (z,y, f(z,y)) of the
surface satisfies

oy PXOYOX 0¥
DY = 5 oy Oy Oz

Proof This follows directly from Proposition 7.3 on applying that result to
the smooth local coordinate system (p,q) with p =z and g =y. |}

7.8 Calculation of the Gaussian Curvature

Let ¥ be a surface of the form
Y ={(z,y,2) €R*: (z,y) € D and z = f(=,y)},

where D is an open set in R? and f: D — R is a smooth real-valued function
on D. Let
L 0z Of dz Of

=— and u=—=—".

" Or  Ox dy 0Oy

Suppose the direction of the unit normal (X, Y, Z) is chosen such that Z > 0.
Then

—t —Uu 1

S ¥ S A
V1+t2+u? V1+t2+u? V1412 4 u?
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(These formula were obtained by Gauss at the end of Section 4 of General
Investigations of Curved Surface.)

Let 52 5?2 92
2 2 z
_— = T e _— =
Ox? Ox Oy v oy? v,
so that o PYR 9
u u
ox Oy Ox U ou v
Now

X=~tZ, Y=-uZ (++u*)7%=1.
It follows that

%_f - —Z%—t?—i:—ZT—tg—i,
%_)y( — —Zg—;—tg—j:—ZU—tg—j,
‘3_5; _ _Z%—ug—i:—ZU—ug—j
% - —Zg—z—ug—j:—ZV—uaa—j,
0 = 2(1+t2+u2)Z2—i+222 (t%+u%)
— 22((1+t2+u2)g—f+2(tT+uU)>,
0 = 2(1+t2+u2)Zg—§+222 (tg—;ﬂLug—Z)

= 27 ((1 + ¢ +u2)g—§ + Z(tU+uV)> :

It follows that

?)_i = m(tT+uU):—Z3(tT+uU),
Z_j — m“U+uV)=—Z3(tU+uV).
Therefore
%_f = —ZT +tZ*(tT +uU)
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= Z(-(1++u>)T + 2T + tul)
Z3(—(1 +u®)T + tul),

X
ox  _ —ZU +tZ*(tU +uV)
9y
= Z3(~(1+ ¥ +u*)U + t2U + tuV)
= Z3(—(1+uv*)U + tuV),
) ,
T
= 23—+ +u*)U + tuT + u*U)
= Z°(—(1+ U + tuT),
) ,

= Z3(—(1+ 2 +u*)V + tulU + u*V)
= Z°(—(1+ )V + tul).

The Gaussian curvature k of the surface satisfies

gy OXOY X oY
Y= ae oy Oy Oz
(see Lemma 7.4). It follows that

7% = (—(1+u®)T +tul)(—(1 + *)V + tul)
— (=1 + U + tuV)(—(1 + *)U + tuT)
= =(1+u>)(1+TV —tu(l +u*)TU
—tu(1 + UV + t*u*U?
— (14 u*)(1+*)U? + tu(l + u*)TU
+tu(1 + UV — 2TV
— ((1 +2)(1+u?) — t2u2> (TV — U?)
= 1+ +u®)(TV -U?) = Z7 4TV - U?).
Thus
TV — U?
(1+¢2+u?)?

We summarize the result just obtained in the following proposition.

k=2ZYTV - U?) =

Proposition 7.5 Let f:Qy — R be a smooth real-valued function defined
over some open set )y in R?, and let

Y ={(z,y,2) €ER*: (2,9) € Q and z = f(z,y)}.
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Then the Gaussian curvature k of the surface ¥ satisfies

TV P
(24 u?)?
where
0z 0z 0%z 0%z 0%z
AL N P
o oy’ Ox?’ v Ox dy’ v oy?

This completes the calculation of the Gaussian curvature of a surface of
the form z = f(z,y) that concludes Section 7 of Gauss’s General Investiga-
tions of Curved Surfaces.

7.9 The Sectional Curvatures of a Smooth Surface

Let ¥ be a smooth surface in R®. In Section 8 of General Investigations of
Curved Surfaces Gauss observes that a Cartesian coordinate system can be
rotated if necessary in order to ensure that the coordinate functions x, y and
z are all zero at some given point of the smooth surface, the tangent plane
to the surface at that point is the plane z = 0. Let T°, U° and V° denote
the values of the functions T', U and V respectively at the given point. Then
the equation of the surface with respect to the Cartesian coordinate system
chosen as described above takes the form
z=1T°2% + Ulzy + 1V°y* + Q(z,y),

where Q(z,y) is a smooth real-valued function of z and y which tends to
zero as (z,y) tends to (0,0) fast enough to ensure the existence of positive
constants L and ¢ such that

Q(z, y)| < L(z? + 4*)?

whenever 0 < y/x? 4+ y? < §. The paraboloid

1
z = §T°x2 + Ulxy + V°y?

is the osculating paraboloid to the surface at the origin.
Now one can rotate the Cartesian coordinate system about the z-axis, if
necessary, to ensure that U° = 0. The equation of the surface then becomes

1
2= ST+ VoyP) 4+ Qa,y),
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Given a real number ¢, the plane
{(z,y,2) €ER*: wsinp = ycosp}
intersects the surface along the curve n,, where
Ne(t) = L(T° cos® p + V° cos® p)t* + Q(t cos g, tsin )

for all values of the real parameter t sufficiently close to zero. Moreover there
exists a constant L such that

1Q(t cos @, tsin )| < L|t?

for all real numbers ¢, and for all values of the real number ¢ that are suf-
ficiently close to zero. The curvature k., of the smooth curve 7, at ¢ = 0
is defined to be the rate of change of its unit tangent vector |n/,(t)|~"n,,(t).
Now J

(0 =1 and [ (6)]| =0

t=0

It follows that

ko = [12(0)] = T° cos® p 4 V° cos® .
This quantity s, is the sectional curvature of the surface in the direction of
the tangent vector (cos g, sin g, 0).

The sectional curvature &, of the surface at the origin in the direction of

the tangent vector (cos g, sin ¢, 0). is thus equal to that of the parabola

z=(T°2* + V°y?)
at the origin in the same direction (cos¢,sinp). It is also equal to the

curvature of a circle passing through the origin in the given plane whose
centre is located at the point

1
(0’ 0, T° cos? ¢ + Ve sin? gp) '
The radius of this circle is the radius of curvature of the smooth curve 7, at
t — 0. This radius of curvature is thus equal to the reciprocal 1/k, of the
sectional curvature r.

If T° = V° then all sectional curvatures of the surface > at the origin
are equal. The origin is then said to be an umbilic point of the surface.
Otherwise one of the quantities 7° and V° is the minimum value of the
sectional curvatures at the origin, and the other is the maximum of those
sectional curvatures. The quantities T° and V° are referred to as the principal
curvatures of the surface at the origin, and the corresponding directions
(1,0,0) and (0, 1,0) are referred to as the principal directions of curvature at
the origin. The Gaussian curvature k at the origin then satisfies the equation
k =T°V®, and is thus the product of the principal curvatures at the origin.
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7.10 The Gaussian Curvature of a Parameterized Sur-
face

[Discussion of Section 9 of Gauss’s General Investigations of Curved Surfaces
is omitted from these notes.|

Let X be a smooth surface in R?, and let (p, ¢) be a smooth local coordi-
nate system on a portion of the surface ¥. We discuss below the calculation
in Section 10 of Gauss’s General Investations of Curved Surfaces for deter-
mining the Gaussian curvature over the coordinate patch.

We denote by r(p,q) the position vector of a point on the surface de-
termined by local coordinates p and ¢q. The normal vector (X,Y,Z) then

satisfies L /o 9
r r
XY 7Z)=—[— x —
v =5 (52 5
where
I
~|9p " Oq
Let
oo, 0
op 7 op O oOp
or by, 0,
dg ' oq¢ < 0q
0*x 0%y 0%z
_2: ) _2_57 _2_’7/’
dp dp dp
0w , 0%y ., 0%z ,
:&7 = ) :77
Op Oq Op Oq dpdq
Po_ Py 0,
an - ) aq2 - ) aqz =7

(Here the notation o', ¥, ¢, o, ', v/, ", B”, 4" is used to be consistent
with the notation in Gauss’s General Investigations: these notation is not
intended to indicate that those functions that are first or second derivatives
in any sense of the functions a, b, ¢, «, B or «.) Then

or or P
a_p (a,b,c), a_q_(a’b’C)’
A B C
_Z7 Y_Zv Z_ZJ

where

A=0bd —cb, B=cd —ad, C=ab —bd
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and
A*=A*+ B>+ 0% = (b — ) + (cd' — ac’)? + (ab/ — ba')>.

The vector (A, B, () is then orthogonal to the tangent space to the surface
at a given point of the surface, and therefore has zero scalar product with
the vectors (a,b,c) and (a/, b, ') that span the tangent space at that point.
It follows that

Ao+ Bb+Cec=0 and Ad + BV +Cd =0.

Now one of the Cartesian coordinate functions may be expressed on the
surface as a smooth function of the other two around any given point ry of
the surface. We may there suppose, without loss of generality, that there
exists a smooth real-valued function f defined over some open set in R? such
that the surface takes the form z = f(x,y) around the point ro. Then
0z 0z0x 020y b
c = a—p—%a—p—Fa—ya—p—t&—Fu s
, 0z 0z0x 0z0y

- = ——:t/ b/
dq 8x8q+0y8q @ +ub,

where

O, 0
Tor T oy’
It follows that

(A+Ct)a+ (B+Cu)b =0, (A+ Ct)d' + (B+ Cu)b' =0.

Moreover the projection onto the plane z = 0 sending (x,y, z) € R? to (z,y,0)
maps the tangent plane to the surface at ro surjectively onto the plane z = 0.
It follows that the vectors (a,b) and (a/,b’) span the vector space R? and are
therefore linearly independent. The vector (A + Ct, B + C'u) therefore has
zero scalar product with all vectors in R?, and therefore A + Ct = 0 and
B+ Cu=0. Thus

%—t——é and %—u——g
o ~  C oy  C

Next we note that it follows from the Chain Rule for computing deriva-
tives of compositions of differentiable functions of several real variables that

Jr 0Oy _ op 0Oq _(a d\
wol-lha) -0h)
or Oy dp 0Oq



and thus
op _ ., 0P —cl 0q _
C@x_b’ C(?y_ a, 08:1;_ b, Cay—a.

Differentiating the identities ¢t = —A/C and u = —B/C with respect to p
and ¢, we find that

ot 1 oC 0A

. I P

5~ o %)

ot 1

— = —[A—

dq c? ( q O )

ou 1

- - — (pZ2

%~ (5% o %)

ou 1

2 _ — (BE

dq ? ( % )

It follows that

5 = Cant O

- (A oYy (422,
% = “wo, Cad

(a2 (a2,
G = Caat o

= (52— (522,
% = o, Cun,

- (5w (75 o)

Now
0A

— = B+ —cf =V,
op
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A
8 — C/B/—I—b’j/”—cﬁ”—b/’)/,

g
8B !/ / / /
— = av+cad —ay —cq,
dp
8B !/ 1 " /!
— = a7y tca —ay —cao,
9q
oc = Va+af —bad' —dp,
dp
% — b/a/+a/81/_ba//_al/8/7
dq
and therefore
A oc C’a—A = aAb + 3 Aa— o/ Ab — BAd
dp dp
— BCE —~'Cb+ B'Cec+~CV,
A oc _ C% = AV + p"Aa — " Ab — 3’ Ad
dq 9q
_ /BICC/ —f)/”Cb—FBHCC—i"}/Cb/,
B oc _ C’a—B = aBbV + 'Ba— o' Bb— Bd
Ip dp
—vCd — o'Cec+~'Ca+ aCl,
B
B oc _ C’a— = o BV + 3"Ba—o"Bb— 3 Bd
9q dq

—+'Cad' —a"Cc++"Ca+d'C¢.
The quantities T'; U and V have been defined such that
0z Ot I 9’z ot Ou v 9’z Ou

"o UTowdy oy 0w | T op ow

On using the identities Aa + Bb+ Cc =0 and Ad' + Bb + Cc = 0, we find
that

C3T = aAb? + [ Aabl — o/ AbY' — BAGY
— BCY —~'CbY + B Ccb + yCb?,
— &' AbY' — B" Aab + o Ab* + ' Ad’b
+ BCh +~"CH — B"Che — ~'ChY,
= aAV? — BAJY — BCIY + ~CV? — 20/ AbY
+ ' Aab’ + ' Aba’ + B'Ceb’ + B'Cbd
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— 29/CbY + o Ab* — 3" Aab — B"Che +~"CV?
= aAb? + BBY? + ~Cb?

— 20/ AbY' — 23’ BbY — 2+'Cbb’

+ Oz”Ab2 —i—ﬁ”BbQ +’}///Cb2.

Similarly

C3U = —aAdb — [ Aad + o’ Ad'b+ BA”
+ pCd'd ++'Cad'b— 5'Cd'c — vCd'l,
+ o/ Aab + B"Aa® — o' Aab — ' Aad’
— B'Cac —+"Cab+ B"Cac+~'Call,
= —aAdV + BAd? + pCd'd — yCd'V + o/ Abd’ + o Aab’
— ' Aad’ — 'Ccd — p'Aad’ — 'Cac
+7/Cab' 4 +'Cba’ — o' Aab + " Aa* + B"Cac — v"Cab
= —adAdb — BBd'V —~Cd't’
+ o’ A(ab' + ba') + B'B(ab’ + ba') + +'C(abl + ba')
—a"Aab — 3" Bab — ~"Cab,

and

C3V = —aBdV — f'Bad + o/ Bbd' + SBd?

+7Ca” + o/Cd'c —+/'Cad’ — aCd'd,
+ o/ Bat' + 8" Ba® — o/’ Bab — 3’ Bad
—v'Cad — o"Cac+~"Ca® + o/Cac

= —aBd't — aCd'd + BBa? +~+Ca”? + o/ Bba' + o/ Cd'c
+a'Bab’ + o/Cacd, —'Baa’ — 3 Bad' — +'Cad’ — v'Cad
—a"Bab — o'Cac + B"Ba* + 7"Ca?

= «aAd? + BBa”? + yCa”?
—2d’Aad’ — 2'Baad’ — 2+'Cad’
+a"Aa® + " Ba® + ~"Ca®.

Let

Aa+Bp+Cy = D,
Ad + B +Cy = D,
AO{II—‘—Bﬁ,/—Fch” — D//.
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Then

C’T = Db*—-2D'bt + D"b?,
C*U = —Dd'V + D'(abl + ba') — D"ab,
C3V = Dda?*—2D'ad + D"d?.

It follows that

CﬁTV — D2a’2b/2 + 4D/2aba/bl + D/l2a2b2
—2DD'd'V (ab' + ba’) — 2D' D" ab(al’ + ba')
+ DD//(a2b12 + an/2)’

06U2 — D2a’2b’2 4 D/2(a2b/2 + b2a/2 + 2aba’b’) + D//2a2b2
—2DD'd'V (ab' + ba’) — 2D'D"ab(al’ + ba')
+2DD"ad’bV,

and therefore

C(TV — U?) (DD" — D*)(a*V* + b*a’® — 2aba’t)
= (DD" — D™)(at/ — ba')?

(DD// - D/2)02-

Now the Gaussian curvature k of the surface satisfies

TV —U?
(1424 u?)?

(see Proposition 7.5). Also

A2 B? 1
2 2 2 2 2
1+t +u :1+E+E:E(A +b +C)
It follows that
04(TV—U2) DD" — D"

<A2+B2+C2)2 (A2+BZ+CQ)2'

Proposition 7.6 Let X be a smooth surface in R® and let (p, q) be a smooth
local coordinate system on a portion of 3. Let r(p,q) represent the position
vector of a point of ¥ as a smooth function of the local coordinates p and q,

let 5 P
r r
—x —=(A,B
8p><8q (A, B,C),

73



where A, B and C' are smooth functions on the surface 3, and let

D — @X@ 8_21.
~ \dp "~ 9q) op*

, or Or 0°r
b= (a—pxa—q)—apaq’
or Or\ 0%

1 . - - = -
7 (319 g 061) " 0g*

Then the Gaussian curvature k of the surface satisfies

DD// _ D/2
(A2 + B2 1 C?)2°

This concludes the discussion of Section 11 of Gauss’s General Investiga-
tions of Curved Surfaces.

7.11 Determining Gaussian Curvature from Metric Co-
efficients

We recall the definitions of the following real-valued functions that are deter-
mined by partial derivatives of the position vector r of a point on a smooth
surface ¥ with respect to smooth local coordinates (p, q) defined over a co-
ordinate patch on that surface:

or or
a,b,c = 4 a',b',c’ = A
(@be) =5 (@) =5
821. Il 1 321. "ot n 821‘
(0475:7)—8—1927 (a7577>_M7 <Oé’ﬁ7ﬁ)/)_a_q2’
(A,B,C):g—;xg—;, A =+vVA2+ B2+ (2,
A B C
X - A, Y - Z, Z - Z
or or\ O°r
a+ B+ Cy (8pxaq) e
or Or 0%*r
D = Ad+BF+Cy =[x ). 2
o + B +Cy % X f)q) 9p 00"
or or\ 0%
D// - A " B " n_ [ Y2 ) 2=
o+ BB+ Cry <8pxaq> o7
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Moreover
A= (bd —cb), B=(cd —ad), C=(ab —bd).

Gauss, in Section 11 of General Investigations of Curved Surfaces, introduces
further functions:
2

E = a+bV+2= or :
op
F = aa'—l—bb’—l—cc’zg—;.g—z,
G _ alQ_I_bIQ_I_C/Q — @ 2
oq| ’
or 0°r
m ao 4+ bB + ¢y o O
or 0°r
/ — / b / / ——
m ac + b3 + ¢y 9p Opdd’
or O’r
"= b =—.—
m ao 4+ bB + ¢y o OF
or 0%
— b _a Jr
n ace + 0B + ¢y 90 o
or 0°r
/ — / b !/ / ———
n ac’ + b3 + ¢y 90 0pod’
or 0*r
"= b = — . —.
n ao + 0B + ¢y 90 0F

Now it follows from Lagrange’s Quadruple Product Identity (Proposi-
tion 5.9) that
2 or or\’
op O0q)

A?=A*+ B>+ C* = EG — F*.
(Gauss uses A in Section 11 of the General Investigations to denote the

quantity whose square root was labelled A? in Section 4 of the General In-
vestigations. In what follows, we continue to use the notation A? for the

2

o on
dp  0Oq

@
dq

C_|or
- |5

It follows that
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quantity that Gauss denotes by A in Section 11.) This identity can also
be verified by direct computation (and indeed the relevant computation was
carried through in the proof of Proposition 5.3).

Then
A B C Q D
a b ¢ G 1=1m
a b y n
Now

A B C

a b c| = AWbd =)+ B(cd —ac') + C(ab’ — ba')

a b

— A2—|—BZ+02:A2,

and the standard procedure for inverting a 3 x 3 matrix then establishes that

-1

A B C 1 A CV —Bd Be—-Cb
a b c =2 B Ad —-Cd Ca-— Ac
a v C Ba — AV Ab— Ba

It follows that
A*a = AD + (CV — Bd)Ym + (Bc — Ch)n,
A?B = BD+ (Ad — CdYm + (Ca — Ac)n,
A*y = CD + (Bd — Ab)m + (Ab — Ba)n.

Now
CY — Bd = ab? —bad't — cd'd + ac?
= a(d? + 0%+ ?) —d'(ad + bV + cc)
= aG —d'F,

Be—Cb = cd —acd — abb + b*ad
= (a* +0* +A)d — alaad +bb' + cc)
= dE—afl.
It follows that
AD = A’a+ (d'F —aG)m+ (aF —d'E)n
A’a + a(nF —mG) + d (mF —nE).
Similarly
BD = A?B+bnF —mG)+b(mF —nE),
CD = A%*+c(nF —mG)+d(mF —nkE).
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These three identities combine to yield the following vector identity:

op  Oq) op*)op  dq  |Op  Oq| Op? " m op
+ (mF — nE)g—;

This identity can be expressed in the form

8—21'—(1/(1') @)y(r) nF —mGaor mF —nEor
Op? " Op?

A op T AT ag U

- (429)

Moreover v(r) is a unit normal vector to the surface, and

or Or
a—p X 8_(1 = AI/(I’).

where

We can therefore verify the identity obtained by Gauss using vector methods
as described below.
Let

0%r ) 0’r (x) nF—mG8r+mF—nE8r
= r v(r AT op AT ag
Now p 9

v(r). 8_; =0 and v(r). 8_; =

because the vector v(r) is orthogonal to the tangent space to the surface at

0,

r r
a given point, whilst — and e are parallel to that tangent space. It follows

P q
that o2 o2
y(r).szy@).a—];—(y(r).a—;;) v(r) . v(r) = 0.
Also
or o _ Or &r nF-mG or|* mF-nEdr Or
ap ~  Op Op? A2 op A2 Op Oq
F—mG F—nFE
EG — F?
= m—Tm:O,
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or o _ Or Or nF-mGor or mF—nkb or|”
dqg ~  Oq Op? A2 Op Oq A2 dq
F—mG F—nFE
EG — F?

It follows that S = 0. This completes the verification of Gauss’s identities
AD = A’a+a(nF —mG)+d(mF —nE),
BD = A?B+b(nF —mG)+b(mF —nkE),
CD = A%*y+c(nF—mG)+d(mF —nE).

using vector methods.
The vector (o, 5',7') satisfies the matrix identity

A B C o D’
a b ¢ gl =1 m
a/ b/ Cl ,y/ n/

The solution of this matrix equation leads to identities

AD" = A’a+a(n'F—m/'G)+d(m'F —n'E),
BD' = A?B+b(n'F —m'G)+b(m'F—n'E),
CD' = A*7y+c(n'F—m'G)+d(m'F —nE).

These identities correspond to the vector identity

O*r B (r O%r (r) n’F—m’G@_i_m’F—n’E@_o
Bp g “opoq)” Az dp Az 9q

Moreover this vector identity can be verified by establishing that the scalar

product of the left hand side with each of the vectors v(r), ? and ? is
p q

equal to zero.
Now Aa” 4+ BB" + C~" = D". Tt follows that

DD" = A*(ad” + BB +v")
+ (ad” + 08" + ") (nF — mQG)
+ (" + 5"+ ") (mF — nFE)
= A*(ad” + BB +vY") +m"(nF —mG) +n"(mF —nE).
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Similarly Ao/ + B’ 4+ C+' = D', and therefore

D/2 — A2(O/2 +6/2 _}_712)

It follows that
DD// _ D/2

Now

OE
Op

OB
dq
oF
dp
oF
Jdq
%
dp

G
dq

+ (ad' + b8+ ') (n'F — m'G)
+ (CL/CY/ + blﬂl + C/'Y/)(m/F . n’E)
(0/2 + 6/2 + 7/2) + m/(n/F . m/G) + n/(m/F o n’E).

_ AQ(QO‘/,+55/,+77/, o2 _5/2 _7/2)
+m/" (nEF' —mG) +n"(mF — nE)
—m'(n'F —m/G) —n'(m'F —n'E)

_ AQ(OéOé” + BB" + " — o2 — 5/2 _ 7/2)
+ (n? —nn)E + (mn” = 2m'n/ + nm")F
+ (m* — mm")G.

oa ob oc
20— + 2b— 4 2¢c—
aap + ap + Cap
2(ace + bB + ¢y) = 2m,
oa ob oc
20— + 2b— + 2¢c—
aaq + By + Caq
2(ac + 06"+ ') = 2m/,
aa_d+a,@+ba_y+b,@+ca_d+c,@
dp op 9p 9p Op  Op
ad + 08 +cy +da+VB+Jy=m'+n,
aa_d+a,@+ba_y+b,@+ca_d+c,@
dq 9q¢ 9q¢  9dq dq g
ao// + bﬁ/l _"_ C’y// _"_ a/a/ _'_ b//B/ _"_ c//7// — m// _"_ n/7
oad’ oy oc
24— + 20— + 2 —
a o + ap + 2c¢ o
2(d'a" + 0 + ') =20/,
da’ oy oc
20 — + 20— + 2¢ —
a 4 + By + 2c¢ 94

2(@/0// + b’ﬁ// + le}///) — 2””.

It follows, as noted by Gauss in the General Investigations that

_19F L _w0E , _OF ,0G
CZop’ ~20q’ g ?op’
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Cop 20q 20p’ 2 0q
Also
oo/ Oda OB 0B Oy Oy
op  9d¢° dp 0¢ dp g
and
oa ob oc
a_p:a’ 8_p:B’ a—p:%
da , 0b , Oc ,
a_q:a’ a_q:ﬁ’ a—q:%
da’ , oY , o ,
6_p:a’ (9_p:6’ a—p:%
da’ , Ol ., ocd "
@_q:a’ 6_qzﬁ’ 8_q:7’

and therefore

an an/ a !/ / / 8 !/ ! ! /!
% a—q(aa+b5+cv) ap(aoz + 06"+ YY)

— OéOé”‘f‘ﬂﬁ”‘f"Y}/” . 0/2 _6/2 _7/2’

am” am/ a " /! 7 a / / /
o g a—p(aa + 06" + ") aq(aa + 05" + )

— aa"+ﬂﬁ"+77" . a/2 _5/2 _7/2'

It follows that

oo + B/B// + 77// _ 0/2 _ 6/2 _ 7/2
on  on

~ 9q Op
OF 0B _,0G

ap 8(] 2 0(]2 2 8p2'

Now the Gaussian curvature k of the surface satisfies

DD// o D/2

@i oy

Proposition 7.6. Moreover A% + B? + C? = EG — F? = A% It follows that

4(EG — F*?*k = 4(DD" - D")
4E(n? —nn") + 4F (mn” — 2m/n’ + nm”) + 4G(m* — mm”)
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+4<EG o FZ)(ao/' _'_Bﬁll +’}/’}// . 0/2 o ﬁ/Z - 7/2)

oG\? _OF 0G OFE 0G

= B[] - 2 227
dp dp dq  0q Oq
F(@E@G OFE 0G  OF OF

dp dq  Oq Op +40_p3_q
OF 9G 8_F8_E>
dp Op dq 0Oq
+G<<8_E>2_26_E0_F+8_E%>
dq dp 0q ~ dp Op
OF *F 8G)

286~ ) (5 ~ 250, + 5

[Note that there is a typographical error in the Project Gutenberg edition of
Gauss’s General Investigations of Curved Surfaces, where the left hand side
of the above inequality is given as 4(FG — F?)k. This error is not in the
translation as published by Princeton University Press in 1902.]

Proposition 7.7 Let X be a smooth surface in R3 and let (p,q) be a smooth
local coordinate system on a portion of . Let r(p,q) represent the position
vector of a point of ¥ as a smooth function of the local coordinates p and q,
and let

2

or
EF = a_p N
or Or
F = a—pa—q,
or|?
G = a—q

Then the Gaussian curvature k of the surface is expressible in terms of the
functions E, F', G and their partial derivatives of first and second order with
respect to the local coordinates p and q by means of the following formula:

2
A(BG - P = E(a_E%_Qa_F%+<@)>
dp
OFE 0G  OFE 0G OFE OF
Fl—— - ———— -2~
+ <8p dq Oq Op dq 0Oq
oF OF oF 0G
___2__>



_|_G G_Ea_G_ 8_E@_F+
dp Op op 0Oq
OE O2F
—20EG—-F) = -2
( )(W Op 0q
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