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DEFINITION

A function of several variables consists of two parts: a domain, which is a collection of points

in the plain or in space, and a rule, which assigns to each member of the domain one and only

one number.

A function of several variables is called a function of two variables if its domain is a set of points

in the plane and a function of three variables if its domain is a set of points in space.

The graph of a function f of two variables is the collection of points P(z,y, f(z,y)) for which
(x,y) is in the domain of f.

COMBINATIONS OF FUNCTIONS OF SEVERAL VARIABLES
o (fxg)(z,y) = flz,y) £g(z,y)

o (f-9)(x,y) = flx,y) g(x,y)
<f> ~ flz,y
d - (l’,y) -

g 9(7,y)

~—

EXAMPLE

Sketch the graph of z:

EXAMPLE
Sketch the solid region bounded by:
a) P +yi=12=-12=
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glz=2%z2z=1y=4y=—4
h),z:6—:102—y2,z:\/3L’27—i-y2
HDaet+y+z=12=0,y=0,2=0
Ha?—2r+y*2=0,2=0,2=10

DEFINITION

Let f be definied throughout a set containing a disc centred at (zg,yo) except possibly at
(w0, yo) itself, and let g be a number. The limit of f(z,y) as (x,y) — (xo,yo) is the number ¢
if for any £ > 0 there exists a § > 0 such that for all points f(z,y) as (z,y) # (20, yo) in the

domain of f:

0<v(x—20)2+y—w)2<d=|flz,y) —g|<e.
If the values of a function z = f(z,y) can be made as close as we like to a fixed number g by
taking the point (x,y) close to the point (xg,yo), but not equal to (xq,yo), we say that g is the
limit of f as (z,y) approches (g, o). In symbols, we write

lim  f(z,y)=g

(z,y)—(z0,y0)

and we say "the limit of f as (z,y) approches to (zo,yo) equals g”.

THE LiMIT COMBINATION THEOREM

If lim f(z,y) =91 and ( lim  g(x,y) = go, then

(z,y)—(x0,y0) x,y)—(x0,y0)
e lim (f(z,y) £g(z,y)) = g1 £ g,

(:L‘,y)—>(:1)0 7y0)

o lim  cf(zy) =cq,

(x,y)—>(x0 7y0)

o lim  (f(x,y)9(z,y)) = g1 - g2,

(x,y)ﬂ(xo 7y0)

o tm IBY 9oy
(@y)—(zow0) 9(T,y)  Ga

The formulas for limits of functions of three variables are similar.
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EXAMPLE

Find the limits:

. 2+ 2
a) lim cos ———;
()00  THy+1
22 — g2
b lim , T ;
) (wuy)*)(l»l) r—y % Y
c) lim e,
(z,y)—(0,ln 2) .
d) lim ——.
(@.9)—(0,0) 2% + y?

EXAMPLE
By considering different lines of approach, show that the functions have no limit as (z,y) —

(0,0):
Tty 2

a) f(%?ﬁzx_y, b) f(x,y):%.

DEFINITION

A function f(z,y) is said to be continuous at the point (g, yo) if

e f is defined at (xg, yo),

o lim  f(x,y) exists and
(x,y)—»(xo 7y0)

e lim  f(z,y) = f(x0,v0)-

(x,y)ﬂ(xo 7y0)

THEOREM
If f and g are both continuous at a point, then their sum f 4+ ¢ is contiuous at that point.
Similar results hold for differences, products, and multiples of continuous functions. Also, the

quotient of two continuous functions is continuous wherever it is defined.

EXAMPLE
LY
, - (z,y) # (0,0) , .
Show that the function f(z,y) =< 2" +TV¥ is continuous at every point
0 (z,y) = (0,0)
except the origin.
EXAMPLE
Show that f is not continuous at (0, 0):
LY

a) f(z,y) =4 ¥ +Y° :
0 (z,y) = (0,0)
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x3y3
_ x, 0,0
b) f(x,y) — .1712 + y4 ( y) 7& ( ) '

0 ($,y) - <070>

CONTINUITY ON A SET
Let R be a set in the plane. Then for any point P in R, one of the following condition holds:
1. There is a disc centered at P and contained in R.

2. Every disc centered at P contains points outside R.

Points satisfying condition 1. are interior points of R, and points satisfying condition 2. are

boundary points of R.

We say that f is continuous at a boundary point (xg,yo) of R if

lim  f(z,y) = f(Zo, o)

(z,y)—(x0,y0)

and f is continuous on a set R containing its boundary if it is continuous at each point of R.

PARTIAL DERIVATIVES
Let f be a function of two variables. If we fix one of the two variables, say y = yq, the function
whose values are f(z,1o) is a function of x alone. If that function has a derivative at zy, we

call the derivative a partial derivative at (o, o).

Partial derivatives of f are frequently denoted

or ~of

ox Oy
and

fos Jfy-
DEFINITION

Let f be a function of two variables and let (zg,yo) be in domain of f.
The partial derivative of f with respect to x at (z,yo) is defined by

g(l’o-/ Yo) = lim f(xo + Az, y0) — f(0, 40)

ox Az—0 Ax

provided that this limit exists.
The partial derivative of f with respect to y at (xg,yo) is defined by

of o fl@o, yo + Ay) — flxo, yo)
8711(10 Yo) = Algljrgo Ay
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provided that this limit exists.

i

The tangent line has slope g—;

"

Polxg:¥o:zp)

3
-+

The tangent line has slope T

'hr'

[=t]

The curve z=ﬂ::{,*..',:|}| in
The curve z=Ff(xg,y) in the plane ¥Y=¥q

the plane x=xg

7=, v)

Y=¥0 |::":|:| r"fll:l;l' X=X

The plane y = yo cuts the surface z = f(x,y) in the curve z = f(z,y0). At each x, the slope of

of
this curve is =—(x .

or ( ) yO)
The definition of the partial derivatives of functions of more than two independent variables are
like the definitions for functions of two variables. A partial derivative of a function of several

variables is its derivative with respect to one of those variables with the others held constant.

Second partial derivatives are defined to be partial derivatives of first partial derivatives, and

higher derivatives are similarly defined. If both of the first order partial derivatives exist in a
neighborhood (z¢,yo) and they are functions of x and y, then we can differentiate each with

respect to x or y:




FUNCTION OF SEVERAL VARIABLES - (© CNMiKnO PG - 6

*f _ (o [of 2f _ (o (of
Oyox ~— | Oy \ Oz > oy T\ oy \ Oy :

Partial derivatives involving more than one variable are called mixed partial derivatives.

NOTATION
0? 0?
Pure second partial derivatives: f,, = 8_:1:];’ oy = G_y];
0? 0?
Mixed partial derivatives: f;, = Wafy’ fyz = 8y8fx'

THE MIXED DERIVATIVE THEOREM
af of *f f
Ox’ Oy’ Ox0y’ Oyox
point (a,b) and are all continuous at (a,b), then
2 2
T ()= 21
0x 0y Oyox

If f(x,y) and its partial derivatives are definied in a region containing a

(a,b) .

THE CHAIN RULE
INTRODUCTION

When we are interested in the temperature f(x,y, z) at points on the path

v=ux(t), y=ylt), z=z()

in space or in the preassure or density along the path through a gas of fluid, we may think of
f as a function of the single variable t. At each ¢ the temperature at the point (z(t), y(t), z(t))
on the path is the value of the composite f(x(t),y(t), z(t)). If we then wish to know the rate at
which f changes with respect to ¢t along the path, we have only to differentiate this composite
with respect to ¢ (provided that Z—JZ exists).

THE CHAIN RULE FOR FUNCTION OF TWO AND THREE VARIABLES

If 2 = f(x,y) and its partial derivatives are continuous and = = x(t), y = y(t) are differentiable

functions of ¢, then
df _ofdr  0fdy
dt — Ordt Oydt’

If w= f(z,y, 2) and its partial derivatives are continuous and = = z(t), y = y(t), z = z(t) are

differentiable functions of ¢, then

A _0fde  0fdy  0fde
dt  Ozdt Oydt Ozdt’
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DEFINITION OF GRADIENT

e If the partial derivative of f(x,y, z) are definied at P(zo, Yo, 20), then the gradient of f at
P is the vector
of- O0f- 0Of -

obtained by evaluating the partial derivatives of f at P.

e The two-variable formulas are obtained by dropping the z-terms from the three-variable
formulas:
of- Of-
Vf=—i+—-—J.
/ ErN * 83/‘7
Another notation for the gradient of f is gradf read the way it is written. The symbol V f is

read "grad f” as well as "gradient f” and "del f”.

TANGENT PLANES
The graph of a function f(z,y) is a surface in R? (three dimensional space) and so we can now
start thinking of the plane that is "tangent” to the surface at the point.
If f(x,y) and its partial derivatives are all continuous at (o, yo), then we define the tangent plane
of the surface at the point (o, yo, f(zo,%0)):

of

9
z — f(xo,40) = Of_(«’lf'o, Yo)(z — o) + == (20, %0) (¥ — ¥o) -
x dy

DIFFERENTIALS

If f is function of two variables, which is differentiable at (x,y) (in the domain of f), then

0 0
Fla b+ b) = fa) + g+ Gz k.
The number
0 0
5%w%+£@wk

is called the differential (or total differential) of f at (x,y) (with increments h and k) and is

denoted
df .

Thus df depends on z, y, h and k. We can write this formula as

_of of
@—mmMM+@@mw.
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EXAMPLES OF PARTIAL DIFFERENTIAL EQUATIONS FROM PHYSICS
e The One-dimensional Heat Equation (= Diffusion Equation = Telegraph Equation)
e The Three-dimensional (The Two-dimensional) Laplace Equation

e The Wave Equation

MINIMA, MAXIMA AND SADDLE POINTS

For a function f(x,y) of two independent variables, we look for points where the surface z =
f(z,y) has a horizontal tangent plane. At such points we then look for a local maximum, a
local minimum, or a local saddle point.

We organize the search for the local extreme values assumed by a continuous function f(x,y)

into two steps:

e The local maxima and minima of f can occur only at points where

of af
—=0 AN —=0
ox dy
0 0
and points where 8_:]; or 8—£ fail to exist. We call these the

critical points of f.

e If f and its first and second partial derivatives are continuous, there is the second deriva-

tive test that may identify the behavior of f at critical point (a,b). The expression

rro oy
| 0z*  Oxdy
N
oyox 0y
is called the discriminant of f and the test goes like this:
If g—i(a,b) = g—gjj(a,b) = 0, then
2
i) if D(a,b) > 0 and %(a, b) < 0, then f has a local maximum at (a, b)
x

2

ii) if D(a,b) > 0 and %(a, b) > 0, then f has a local minimum at (a,b)
T
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iii) if D(a,b) < 0, then f has a local saddle point at (a, b)
iv) if D(a,b) = 0, then the test is inconclusive at (a,b) - we must find some other way to

determine the behavior of f at (a,b).

MAXIMUM-MINIMUM THEOREM FOR TWO VARIABLES
Let R be a bounded set in the plane that contains its boundary, and let f be a continuous on
R. Then f has both a maximum and minimum value on R.

We organize the search for the absolute maximum and minimum values into three steps:
e 1. Find the critical points of f in R, and compute the values of f at this points.
e 2. Find the extreme values of f on the boundary of R.

e 3. The maximum value of f on R will be a largest of the values computed in steps 1. and

2., and the minimum value of f on R will be the smallest of those values.



