1 Partial Derivatives

1.1 Functions of Several Variables

Before: f(z) is a function in terms of x (one variable). An example of this is y = 422

Now: z = f(z,y) (a function of 2 variables). An example is A = 1bh. This is a function f(b,h) = 1bh.
For z = (z,y), z is the dependent variable and x and y are the independent variables.

In 3-space, this becomes w = f(x,y, 2).

Domain: The restrictions of the independent variables determine the domain of f.

Example

Find the domain of f(z,y) = In(x,y).

zy > 0.

If both = and y are positive and x and y are negative, the product will be greater than zero.
This can be expressed as D : all ordered pairs in quadrants | and IIl. (not on axis)

Or written mathematically as D : (z,y) : 2y > 0.

Example

X

Find the domain of f(x,y,z2) = By o
We know the quantity 9 — 22 — % — 22 > 0.

We can rewrite this as 22 + y? + 22 < 9.

The domain is D : all (z,y,2) : 2% +y? + 22 < 9.

This is also known as the set of all (z,y, z) inside sphere of » = 3 centered at the origin.

z = f(x,y) is a surface in 3-space.

Example

f(z,y) = /4 — 22 — y? graphed.
f(x,y) is essentially z and z > 0.

Simplifying will give you 2% 4+ y* + 22 = 4, which is a sphere 7 = 2 centered at the origin.
Exercise Graph f(z,y)=1—2 — %y.
Definition

The level curves of a function f of two variables are the curves with equations f(z,y) = k where k is
a constant (in the range of f.)
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Example

Describe the level curves of z = x2 + 32,
Remember from the first chapter, this will end up being a paraboloid.

Passing various planes through or making z a number gives us an idea that level curves are circles
centered at the origin.

Contour plots contain sets of level curves for a function.

If we were to graph the set of level curves (the contour plot) of this equation, we would have circles of
varying radii in the xy-plane.

If z was getting bigger, it would be going up, if z was getting smaller, it would be going downwards.

2 2

Exercise Sketch the contour plot of f(z,y) = 2% — 4y°.
Functions of 2 variables are surfaces we can project as level curves.

Functions of 3 variables are 4-D graphs that we can project as level surfaces.
Example

Describe the level surfaces of f(s,y, z) = 22 + y? + 2.
Let w = 22 4+ 42 + 22,

We can write like 1 = 22 + y2 +22 4=w, 9 =w, etc.
This is a graph in 3-space and the level surfaces are spheres centered at the origing. As distance from

the origin increases, so will the value of f.

. 2 2
Exercise Graph the hyperbola & — {5 =1

; 2 2
Exercise Graph the hyperbola y* — %- =1

1.2 Limits and Continuity

In 2-space, lim f(z)= lim f(x).

T—)"carf(T) z—xy f(x)

In 3-space, we evaluate lim flz,y).
(z,y)—(z0,y0)

Questions to consider:
1. Is there a point there or are we approaching a point?

2. How many directions/paths of approach do we have? Infinite.

Example

Consider f(gj’ y) = 1;-‘vm-52 . Find (@ y%gn(Q 1 f(xa y)

f<27 1) = _%'

This is the limit, since there is no funky behavior with this limit.



CHAPTER 1. PARTIAL DERIVATIVES

Example

Consider f(z,y) = 4. Find  lim  f(xz,y).

SR (2,)—(0,0)
We can consider lin% = 0 and this is along the z-axis.
T—
0 is the limit from one direction.
Along the y-axis, we get the same limit lin% =0.
y—

Along the line y = z, the limit is lim ex 1
& Y (2.)—(0,0) T He* 2

It seems that the limit does not exist.

This process is inefficient and impractical.

Definition

Let f be a function of 2 variables and assume f is defined at all points of some open disk cen-

tered at (zg,yo) (except maybe at (xg,yo)). Then lim flz,y) = L if given ¢ > 0 we
(@,y)—(w0,y0)

can find § > 0 such that |f(z,y) — L| < € when the distance between (x,y) and (x¢,yo) satisfies
0</(z—20)2+ (y —yo)2 < 6.

Theorem 1.1

If f(z,y) = L as f(z,y) = (x0,y0), then f(z,y) — L as (z,y) — (x0,y0) along any smooth curve.
If ( )lir(n )f(x,y) does not exist along some smooth curve or if f(x,y) has different values along
,y)—(Zo,Yo
different curves, the limit does not exist.
Options:
1. Plug in values.

2. Limit DNE — need to show that there is a path where DNE.

3. One other option with discontinuity “trick”.

Example

. . 5z2y

Plug in numbers to get 2.

Example

. . 2?—y? 2
Find (x,y%L)In(O,O) (12+y2) '

The limit may not exist by plugging in (0,0).

Start with the path along x = 0 and we get the limit lirr%) =1.
Yy—r
Along y = x, we get lim = 0.
z—0

Since these are two different limits, then the limit does not exist.

To prove that the limit does exist, you essentially have to be able to calculate it.
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Definition

A function f(z,y) is said to be continuous at (zo, yo) if f(zo,yo) is defined and lim flzy) =
(z,y)—=(w0,90)
f(xo,y0)-
1. If f is continuous on D, this means f is continuous at every point in an open set.

2. If f is continuous everywhere, this means f is continuous at every point in the xy-plane.

Theorem 1.2

f(z,y) = g(x)h(y) is continuous at (xg, yo) if g(z) is continuous at xo and h(y) is continuous at yo.

Compositions are continuous (f(z,y) = g(h(z,y))) if h(z,y) is continuous at (zo,yo) and g(u) is
continuous at u = h(zo, yo).

Example

(a) Determine continuity for f(x,y) = 32%y°.

g(x) = 322 and h(y) = v°.

g(z) and h(y) are continuous everywhere, therefore f(z,y) is continuous everywhere.
(b) Determine continuity for f(z,y) = sin(3z%y®).

We already know the function inside is continuous everywhere.

Therefore sin(u) is continuous everywhere, therefore f(x,y) is continuous everywhere.

1.3 Partial Derivatives
f(x,y) is a function of 2 variables z and y. What happens to « when we hold y constant?
Definition

If z = f(z,y), then the first partial derivatives of f with respect to = and y are f, and f,, defined by

_ iy fEth)y—f(@y) _ iy L@y th)—f(2y) ; . ;
folz,y) = }ILILI%) " and fy(z,y) }ILILIB - provided the limits exist.

Example

Find the first partial derivatives f, and f, for f(z,y) = 3z — 2%y? + 223y.
For f.(z,y) we just treat y as a constant.

So we get f.(z,y) = 3 — 22y% + 62°y.

For f,(x,y) we treat x as a constant.

So fy(z,y) = 222y + 223,

Different notations for partial derivatives are like f, = g—i. If z = f(z,y) then this is also equal to % = 2.
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Example

Consider f(z,y) = ze®’¥. Find f, and fy and evaluate both at (1,1n2).

fz= eV + 2x2ye”‘2y
fy = 2362’y

Evaluating both of these at the point (1,1n2):
fo(1,In2) = €2 4+ 2(In2)e"2 =2 + 41n 2

fy(1,In2) =1-¢en2=2

Geometrically % is the slope in the z-direction. It tells us how f (or z) changes with respect to x when y is
constant.

Example
Find slopes in x and y directions at (1/2,1) for z = f(z,y) = —32% — y> + 22. Then interpret these
slopes.
fo=—2
fy==2y
fo(1/2,1) = =3
fy(1/2,1) = =2
Sz is % so this tells us z decreases 1 unit for every 2 unit increase in x at this point.

fyis ﬁ—; so this tells us that z decreases 2 units for every unit increase in y at this point.

Functions of 3 or more variables have a similar idea. You just hold the other variables constant.

Notation for higher-order partial derivatives. If we did the partial derivative of = and then the partial derivative
2

of = once more, we would get % = fuzz. If we did the partial derivative of y after the partial derivative of x

we would get fu,.

Example

Find fyz, fyya facy and flw for f($, y) = 3‘7592 —2y+ 5m2y2.
fe =3y? + 10232, so fu. = 10y* and f., = 6y + 202y
fy =6y —2+ 1022y so fyy = 6z + 1022 and fyz = 6y + 202y

You will notice that f,y = fyu in this case.

Theorem 1.3

If fis a function of z and y such that f,, and f,, are continuous on an open disk R, then for every
(x,y) inr, f:rry(x7y) = fyz($7y)
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Example

Suppose f(z,y,2) = ye® + xlnz. Show that f,.. = f.zz = foza-
fe=ye" +Inz, 50 fo. =1/z and fr.. = — 2.

fz = fv SO fzw = % and fzwz = _z%'

2
fz = f and fzz = _z% and fzzaf =-17

These three are equal to each other so this shows that order does not matter.

Example

Find the slope of the sphere 2% + y? + 2% = 1 in the y-direction at (2, 1,2).
The goal is to find g—z = z, at the point given.
Let's start by differentiating by y.
We get a% = a%(xz) + a%(yQ) + %(22) = 8%(1).
This is 2y + 225 = 0.
Yy

9z _ _ Y
Soay_ Z.

At the point given, this evaluates to —3.

1.4 Tangent Planes and Linear Approximations

Previously, if we consider the graph of 2-D differentiable function, when we zoom in on the graph a lot, the
graph begins to look like its tangent line. We can approximate the value of the function at a specific point
using this tangent line.

If we consider the graph of a 3-D differentiable function, when we zoom in on the graph a lot, the graph
begins to look like its tangent plane. How do we find the equation of this tangent plane? If we find 2 tangent
lines, then this tangent plane will contain both lines.

We choose 2 lines that result when they intersect z = f(x,y) with the planes y = yo and = = xy.

If we recall the equation of a plane: A(x — ) + B(y — yo) + C(z — 20) = 0 where (xq, Yo, 20) is a point on

this plane, then z — zy = f%(x —xg) — %(y —%0)-

Let's call =4 = a and —£ = b. So we get z — zp = a(z — ) + b(y — yo). This is the general form of a
plane.

Now we use the 2 tangent lines that result from the planes y = yy and x = x.

The first plane results T : y = yo. We get z — 29 = a(xz — x¢). We are looking at a line in point slope form
with slope a. a is f;.

Likewise, the second tangent line is T5 : © = 9. We get z — zp = b(y — yo). Similar idea, the slope b is f,,.

This leads us to the equation of the tangent plane as

z =20 = fz(20,y0)(x — T0) + fy(T0,%0) (Y — ¥o)
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Example

Find an equation of the tangent plane z = 222 + 2 at (1,1, 3).
Recall this equation makes an elliptic paraboloid.
fo =4z, s0 f,(1,1) =4.
fy =2yso f,(1,1) =2,
What this gives usis z — 3 =4(x — 1) + 2(y — 1).
So z =4z + 2y — 3.
In the above example, the linear function L(x,y) = 4z + 2y — 3 is a good approximation of f(x,y) when
(z,y) is near (1,1).
For example, L(1.1,0.95) = 3.3. If we find f(1.1,0.95) this is equal to 3.3225.
L is called the linearization of f at (1,1).
The approximation is called the linear approximation or tangent line approximation of f at (1,1).
Recalling the equation of a tangent plane: z — 2o = fo(20,%0)(x — 20) + fy(20,Y0)(y — Yo)
So the linearization of f at (a,b) is L(z,y) = f(a,b) + fz(a,b)(x — a) + fy(a,b)(y —b)
And the linear approximation f(z,y) ~ f(a,b) + fz(a,b)(x — a) + fy(a,b)(y — b).
But only if f(x,y) is differentiable at (a, b).

Definition

If z = f(z,y), then f is differentiable at (a,b) if Az can be expressed in the form Az = f,(a,b)Az +
fy(a,b)Ay + e1Azx + e Ay where €1,e2 — 0 as (Az, Ay) — (0,0).

Theorem 1.4

If fz, f, exist near (a,b) are are continuous at (a,b), then f is differentiable at (a,b). For functions of
3+ variables it is similar.

Example

Show that f(z,y) = xze*¥ is differentiable at (1,0) and find its linearization. Then use it to approximate
F(1.1,-0.1).

fo(z,y) = €Y + zye™

fy(@,y) = 2%

These are both continuous at (1,0) and exist near (1,0). Therefore f(x,y) is differentiable at (1,0).
L(z,y) = f(1,0) + fo(1,0)(x = 1) + £,,(1,0)(y — 0)

L(z,y)=14+1(z—-1)+1(y—0) =z +y.

~

JY) =xe® o+ y.

(z
1L, —01) ~11-01=1

In 2-space, dy = f'(x)dx.
Ay is the actual change in y from z = a to x = a + Ax and dy is the change in y when using tangent line.
When Az is small, dy can be used to approximate Ay.

This is a similar idea in 3-space.
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Total differential: dz = f,(x,y)dz + f,(z,y)dy OR dz = f.(a,b)(x — a) + fy(a,b)(y — b).
dz and dy are independent variables so these can be any numbers.

We take dz = Az = x — a so the linear approximation becomes f(z,y) ~ f(a,b) + dz
Example

Consider z = xy?.

(a) Find the total differential.

fz =12 and fy =2zysodz = y2dz + 2zydy.

(b) Approximate the change in z from (0.5,1.0) to (0.503,1.004).
dz = (1)2(0.503 — 0.5) +2(0.5)(1)(1.004 — 1) = 0.007

(c) Compare the approximation to the actual change.

Az = £(0.503,1.004) — £(0.5,1.0) = (0.503)(1.004)2 — (0.5)(1)2 = 0.007032.. ..

Example

The base radius and height of a right circular cone are 10 cm and 25 cm with a possible error in
measurement of as much as 0.1 cm in each. Use differentials to estimate the maximum error in the
calculated volume of the cone.

V= %mﬂzh.

So V, = 2arh and V}, = 772

dv = %m“hdr + %TF’I“th

The |Ar| < 0.1 and |Ah| <0.1.

dv = 207 ~ 63 cm? from the formula.

This may over/underestimate the volume by as much as 63 cm?.

Example

The dimensions of a rectangular box are 75 cm, 60 cm, and 40 cm. Each measurement is correct to
within 0.2 cm. Use differentials to estimate the largest possible error when the volume of the box is
calculated.

V =ayz, so vz = yz, vy = vz, and v, = Y.
dv = (yz)dx + (xz)dy + (zy)dz, so dv = 1980 cm?3.

The volume of the box is 180000 cm?, so the error is 1;8%80 =1.1%.

1.5 The Chain Rule

In previous the past, you were given y(z) and z(t). If you wanted to find Z—Z for y(x(t)), you used the formula
dy _ dy dx

dt — dz dt-
Now we are looking at two variables, such as z = f(x,y) where x = z(t) and y = y(t). Then the composition
z = f(x(t),y(t)) expresses z as a single variable.

dz _9fdv  Ofdy
dt Oz dt = Oy dt
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Example

; _ 2 2 . _ ot Find d _
Consider z = x°y — y“ where x = sint and y = e". Find % at t = 0.
% = (2zy)(cost) + (z2 — 2y)(e?).
Replacing with what was defined gives % = 2sint coste! + (sin®t — 2¢t)et.

t
At t = 0, this is —2.

Without the chain rule, we would have to do z(t) = (sin?t)e! — e?!. Then the derivative of this would be
2sint costel + et sin? t — 22t

Suppose that u is a differentiable function of n variables, x{,zs,...,2,, and each z; is a differentiable
function of m variables t1,ts,...,t,. Then u is a function of t1,ts,...,t,, and
ou ou Ox ou Oxo ou Ox,

o om0, Lo o T an, ot

If z = f(z(t),y(t)), then we can see that we can do partial derivatives to x and y, but non partial derivatives

dz _ 0t  dwz 4 0z  dy
togettot. So & = o at T 8y dt

Example

Consider z = f(x,y) where © = z(u,v) and y = y(u,v). Write the chain rule for g—i and %.

So we need partial derviatives to go from z to x to u and z to z to v, and likewise for y, we see we get

9z _ 0200 o 02 Oy
that ou 8w8u+8y ou”

imi 9z _ 9z Oz 4 0z Oy
Slmllarly’ ov — Oz Ov + dy Ov’
Example
i — — 2 2 — U Find 92
Consider z = 22y where z = v~ + v~ and y = 7. Find 5.

9z _ 9z 4 9z Oy
So Bu_au+6y ou”

This is equal to (2y)(2u) + (2z) ().
We want this in terms of u.

Substitute to get 92 = (2 %) (2u) + (2 (u? +0?)) () = 4?2427 6uti2e?

v v v

Example

Find a rule for fl—': if w=axy+yz, y=sinx and z = e”.

dw _ dw dw Oy | dw , Oz
e = a9z T oy ozt ot

"oz
This is %} = (y) + (x 4 2)(cos x) + (y)(e*).

Now everything needs to be in terms of x.

4w — sing + (z + €”) cos z + sin ze®
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Example

Scenario: Consider 32 + 42 — 5y — 22 +4 = 0.

Previously, we would use implicit differentiation.

3y W 4oy W 5B 9y — .

Ge

dz

t dy __ 2x
dr ~ 3y2+2y—5-

With partial derivatives: f(x,y) = C.

Example

Consider 22 +y2 + 2% = 1. Find 2% and 2721'

flzy,2)=a?+y>+22=C=1

of | of [0z _
o T8z s =0

8z _ —Of/ox

Ox —  Of/0z

Likewise, 92 = <1500

)
And we get 32 = —7.

9z _ _ Y
And 5y = .

Im

1.6

x
z

z

plicitly we could use 2:102—; + Qy% +22922 = (0 and get 2y + 223—2 =0 to get g—; = -4

ay z

Directional Derivatives and the Gradient Vector

Here's what we can do with partial derivatives:

1.

2.
What

Plan:

°

o

.

.

Take

Find instantaneous rates of change in 2 directions.

Find the slope of a tangent line parallel to the z- or y-axis.

if we want to go in other directions?

Have some point P(zg, Yo, 20) and @ = (a, b).

Pass plane through surface and that plane is vertically passing through @
The slope of the tangent line is rate of change of z in the direction of @
Choose another point @ that is on the surface and plane. Q(z,y, z)
Project P and @ onto the xy-plane. P'(xq,y0,0) and Q'(x,y,0)

P’QQ" will be parallel to @, so P'Q" = hii = (ha, hb).

=20+ ha, y = yo + hb so A2 = =20 — [Eothanthb)=f(ao.u0)

}llim to obtain rate of change of z in direction of .
—0

10
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Definition: Directional Derivative

The directional derivative of f at (zg,yo) in the direction of a unit vector @ = (a, b) is:

3 L +ha7 +hb - Zo,
Dﬁf(ro,yo):}}g%f( 0 Yo . ) — f(@o,yo)

if this limit exists.
The directional derivative tells rate of change of z in direction of .

Example

Use the weather map in the below figure to estimate the value of the directional derivative of the
temperature function at Reno in the southeasterly direction.

> o ./’
l 060 ~ 50 l{ —
|| \ \\\Q_ Rcinn
— __‘\ \‘\\
: AR /
h P ™,
San © L--'«n.’ \ N\ 5 \\\ / 1
Francisco *_ \ NS y
W O 60
R - \ ‘\\ \/
‘ 70 \‘ -~y \J L.',IS/
< . = ( Vegas e
\ " 70
‘\__‘ J/ 80

e e B
0 50 100 150 200 .
(Distance in miles) ‘!:-\I"OG Augelce

. . . . 6050 _ 2 o .
The change in temperature over the change in miles is === = ¢ °F/mi.

Theorem 1.5
The directional derivative of f in the direction of a unit vector is: Dz f(z,y) = fu(z,y)a + f,(z,y)b.
(Similar idea in 3-space)

Example

Find Dz(1,-2,0) for f(z,y,2) = 2%y — y2> + z in the direction of @ = (2,1, —2).
@ =Vitl+d=3soid=5=(33 -3
fo=2xy, fy=2>—2%and f, = -3yz? +1

fz(1,-2,0) = —4
fy(1,-2,0) =1
fz(L*?aO) =1

Dﬁf(L _270) =—4 (%) +1 (%) +1 (_g) =3
What does this value mean?

For every unit travelled in direction of @, f(x,y,z) decreases by 3 units.

11
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Example

Find Dz f(z,y) if f(z,y) = 2%¢~Y and @ is in the unit vector given by 6 = 27/3. What is Dz f(1,0)?
fz =2xe™Y and f, = —x%e™V

@ = (cos 2F,sin ZF) = (-1, ¥3).
Daf(z,y) =2we ¥ - —1 4 (—a2e7Y) (73)
Dafo9) = —aes — Yoz

Daf(1,0) = —1 - £ ~ —1.866

Earlier: Dgf(x,y) = fo(x,y)a+ fy(z,y)b
This can be reexpressed as Dy f(z,y) = (fz(z,y), fy(z,v)) - (a,b) = (fa(z,v), fy(z,y)) - G
The gradient is (f.(z,y), fy(x,y)).
Definition
If fis a function of = and y, then the gradient is defined by:

Vf(m,y) = fz(xvy);+ fy(xay).;: <fm($,y),fy($,y)>

So Dzf(z,y) = ﬁf(x,y) .
Example
If f(x,y,2) = xsinyz find:
(a) the gradient of f
Vf= (sinyz, xz cosyz, xy cos yz)
(b) Dﬂf(l?gvo) if 4 = <15 2, _1>

= @ 1 2 1
‘u| *\/650 la] — <7%7%a7%>
1

N2

1
7 =

Dyf(1,3,0) = Vf(1,3,0) -

—~

Sl

2
6’ V6’

Theorem 1.6

Suppose f is a differentiable function of 2 or 3 variables. The maximum value (slope) of Dz f is ||V f||
and it occurs in the direction of the gradient. The minimum slope is — ||V f].

Another fun fact: If Vf(z,y) = 0, then Dgf(z,y) = 0 in all directions at the point (z,7).

12
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Example

SuPpose that the temperature at a point (z,y, 2) in. space is given b}{ T(a:.,y7 z) = % where
T is measured in °C and z, y, and z are measured in meters. In wh ich direction does the temperature

increase the fastest at the point (1,1, —2). What is the maximum rate of increase?
We have VT = Ty, Ty, T).

ThIS is ﬁT = W<iw? *an 732>'

VT(1,1,-2) = 189(-1,-2,6).
Direction: %(—f— 27 + 6k)
The maximum rate of increase is the length of the gradient.

Thisis [VT = 31+ 4+ 36 = 2v/41 ~ 4°C/m

Let S be a surface with equation F'(z,y,z) = k (is a level surface function F of 3 variables).

Let P(xo,yo,20) be a point on S. C'is a curve on S passing through P.

C:7(t) = (2(t),y(1), (1))

Let P correspond to tg.

Because C lies on S, then F(x(t),y(t), 2(t)) = k. Differentiate with respect to ¢.
Weget%~%+%-%+%-%=0-

We get VF -17/(t) = 0. We are interested in point P.

VF (20, Y0, 20) - 77 (to) = 0.

This tells us that the gradient vector at P is perpendicular to the tangent vector passing through P.

So, the tangent plane to a level surface F(z,y,z) = k at P(xo, Yo, 20) is given by
Fy(z0,%0,20)(x — x0) + Fy(x0, Y0, 20)(y — yo) + F= (%0, Y0, 20)(z — 20) =0

Alternatively, V F(z0, yo, z0) - (F — 7) = 0.

Normal line passes through P and is perpendicular to a tangent plane.

T — o - Y — Yo . Z— 2

Fo(z0,90,20)  Fy(xo,v0,20)  Fz(xo,Y0, 20)

Example

Find the equations of the tangent plane and normal line at the point (—2,1, —3) to %2 +9% 4+ 5
Recall this is an ellipsoid.
We have F(z,y,z) = %2 +y*+ %5 (k=3).
VF = (3.2, %).
VF(-2,1,-3) = (-1,2,-2).
Tangent plane: (=1,2,=2) - (z+2,y—1,2+3) =0=—(z+2)+2(y— 1) — 2(z+3) =0
OR expressed as 3z — 6y + 2z + 18 = 0.
242 _ Y=l _ 243

The normal line is =57 = %5

w0

Special case:

13
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What if s is in the form z = f(z,y)?
Then, define F(z,y,2) as f(z,y) — z. So VF(z,y,2) = (fa(2,y), fy(x,y), —1).
So the equation of the tangent plane becomes f, (zo,y0)(x — x0) + fy(z0,Y0)(y — Yo) — (2 — z0) = 0.

1.7 Maximum and Minimum Values
How do you know if a point is a relative max or min? By using the first derivative test where f'(z) =0 and
see if it is increasing/decreasing.
Now we are using f(z,y). Peaks in this graph would be relative maxima and valleys are relative minima.
Highest maximum is the absolute maximum and lowest minimum is the absolute minimum.
Definition

A function f has a relative (local) maximum at (zg, yo) if there exists a disk centered at (z, yo) such

that f(xo,y0) > f(x,y) for all (z,y) in the disk.

Relative (local) minimum = f(z0,y0) < f(z,y) in the disk

Absolute maximum= f(zq,y0) > f(x,y) for all (z,y) in the domain

Absolute minimum= f(zo,y0) < f(z,y) f or all (x,y) in the domain

Why a disk? In previous classes we used an interval, but now we can travel in more than one direction.

Bounded Sets - In 2-space, a set of points is bounded if we can draw a rectangle around the points.
In 3-space, we use a prism/cube/box.

Goal: To determine if there are relative extrema and to find their location
Theorem 1.7: Extreme Value Theorem

If f(x,y) is continuous on a closed and bounded set R, then f has both an absolute maximum and an
absolute minimum.

Theorem 1.8

If f has a relative extremum at a point (x, o), and if the first order partials of f exist at (x, o), then
fo(z0,y0) = 0 and f,(zo,y0) = 0.

If we find a point where f., f, = 0, but that point is not a maximum or a minimum, then this is a saddle
point.

2nd Partials Test

Let f be a function of 2 variables with continuous 2nd order partials in some disk centered around a critical
point (zo,y0) and let D = fou (20, Y0) fyy(T0s y0) — (fay (@0, 50))?.

If D >0: fee(zo,90) > 0 — (z0,y0) is a relative (local) minimum. f;(z0.40)<0 — (Zo0,%0) is a relative
maximum. (Can also use f, instead)

If D <0, (z0,yo) is a saddle point.

If D = 0 then inconclusive.
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Example

Find all relative extrema for f(z,y) = —a3 + 4y — 2y* + 1.

First find all critical points. This is where f;, f, = 0.

fo=-3224+4y=0

fy=4x -4y =0

We have a system to solve.

Solving this equation gives x = 0,4/3 and y = 0,4/3.

We get points (0,0), (4/3,4/3).

Now for the 2nd partials test. We know that f., = =6z, f,, = —4 and f,, = 4.

critical points | D = fau fyy — (foy)? | fow | conclusion
(0,0) (0)(—4) — (4)2 = —16 | No need to do this saddle point
(4/3,4/3) | (=8)(—4) — (4)*> =16 -8 <0 relative maximum

(0,0) is a saddle point, and (4/3,4/3) is a relative maximum.
Note: Pay attention to whether you are asked for the input or output.

Example

Find all relative extrema for f(z,y) = 4xy — x* — y*.
fr =4y —42% =0 and fy =4a — 41° = 0.

Setting these equation to each other, we get y = 23.

Substituting this into 4z — 4y3 = 0 gives 4z(1 — 2?)(1 + 2?)(1 + 2%) =0, so z = 0, £1.
From these we get the points (0,0), (1,1), (=1, —1) as critical points.

We also have f,, = —1222, f,, = —12y* and f,, = 4.

critical points | D = foofyy — (foy)? | fow (08 fyy) | conclusion
(0,0) (0)(0) —42 <0 no need saddle point
(1,1) (—12)(-12) —42 >0 <0 relative maximum
(—1,-1) (—12)(=12) —42>0 <0 relative maximum

(0,0) is a saddle point, (1,1) and (—1,—1) are relative maximum.

Finding Absolute Extrema on a Closed and Bounded Set
1. Find all critical points in R (region)
2. Find all boundary points at which absolute extrema can occur.

3. Evaluate f(z,y) at all points.
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Example
Consider f(x,y) = xy — 2z. Find the absolute maximum and absolute minimum on R: a triangular
region formed by (0, 0), (0,4), and (4, 0).
The critical points:
fe=y—2=0and f, =2 =0, so critical point is (0,2). This is not in R.
The boundary lines are t =0, y=0and y =4 — x.

We can see z = 0. f(z,y) =0, so f, =0 and f, = 0, so there are no critical points on the boundary
z=0.

For y =0, then f(z,y) = —2x. f, = —2 # 0 so there are no critical points on this boundary.

y=4—uxgives f(z,y) =x(4d—x) — 22 = -2 +2x. f, = —2z+2and f, =0. We get z = 1. This
gives us y = 3. The critical point is (1, 3).
Critical point | (0,0) | (0,4) | (4,0) | (1,3)
flz,y) =ay — 2z ‘ 0 ‘ 0 ‘ -8 ‘ 1

Absolute maximum is 1 and absolute minimum is —8&.

Example

Find the dimensions of a box (open at the top) having volume 32 ft? requiring the least amoung of
material.

We know that zyz = 32.
The surface area is S = zy + 2yz + 2zz.
The constraint is z = 3—2 Plugging this in gives S(z,y) = zy + % + GT;L.

x

Sm:y*%:()and Sy:z—%:()_

The system gives y = 2—‘21 and substituting this in gives x = 0,2 = 4. We only need to consider = 4,

so substituting this in gives y = 4.

Then going back, z = 22 = 2.

The dimensions of the box seem to be 4 ft x 4 ft x 2 ft.

But we need to prove that this is the minimum amount of material.
We do this by the 2nd partials test.

__ 128 __ 128 —
S;Ea: = 3 Sy’t/ =g and Swy =1.

D : (%) (%) —12>0, and S,y > 0, so (4,4,2) is a relative minimum.

1.8 Lagrange Multipliers

Previously, we minimized S = zy + 22z + 2yz subject to the constraint zyz = 32 (volume).

We solved for z, substituted into S, and minimized. What if we can't get a function of two variables?



CHAPTER 1. PARTIAL DERIVATIVES 17

Example

2
Suppose we want to find a rectangle with the largest area that can be inscribed in the ellipse %24—11’—6 =1

2 2 .
We have g(z,y) = & + 31’—6 with (g(z,y) = 1).
A(z,y) = day
Consider g(z,y) as a set of level curves, same for A(x,y) = f(z,y).
Let 4xy =k, then y = %4.

We are interested in the level curve that “barely” satisfies the constraint (the ellipse).

Remember 2 curves are tangent to a point if and only if their gradient vectors are parallel. There are
two level curves remember, the ones for g(z,y) and A(z,y).

The gradients are perpendicular to the curve.

Vf= )\ﬁg(x,y). This says they are scalar multiples. X is the lagrange multiplier.

Solving system of equations that result from this is called “Method of Lagrange Multipliers”
Now to answer the question.

We are finding f(x,y) = 4zy subject to %2 + % =1

We need the gradient of f: ﬁf(x,y) = (4y, 4z).

V(@ y) = (32, gy)-

Therefore (4y,4z) = A2z, Ly).

22 A
Now we have 4y = =3% and 42 = .
18y . . . . 9y
We have A = =¥ and substituting this gives 4x = 7.

. . 2 2
Using the constraint: % + 31’—6 = 1.

. 2
If we solve for 22 we can use it: 22 = 91%

Sowegetzl’—;—&—%;:l,soy:i%/i.

. . . . 9
Plugging this in gives 2% = 2, so z = +5.

Our area function is 42y, so the maximum area is 4 (%) (2\/5) =24 u?.

Example

Minimum S = xy + 2xz + 2yz subject to the constraint zyz = 32.
f(z,y,2) = zy + 2xz + 2yz and g(z,y, z) = xyz is the constraint.
Vf={y+2zz+222x+2y) and Vg = (yz, xz, zy).

So we have y + 2z = A\yz, = + 22 = Azz and 2z + 2y = A\zy.
Wehave A\=1+2 X=1+42 andA=242
Wecanseethat%—F%:%—F%,sox:y.

1,2 _2,2 _
Wealsoseethat;—i—@—y—Q—Z,SOZ— xT.

1
2
The constraint is xyz = 32,s0 x - x - %x =32,s0x =4.

Recall dimensions are 4’ x 4/ x 2.

Be careful! When solving systems, you need to consider if x =0,y =0,z =0 or A = 0 is possible.
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Example

Find the extreme values of the function f(z,y) = 2% + 2y on the circle 2% + y? = 1.
g(z,y) =2 + %

Vf= (2z, 4y) and Vg = (2, 2y).

(2z,4y) = A(2z, 2y).

We have 2z = 2z and 4y = 2yA\.

Note A =1 or x = 0.

This gives us 4y = 2y, so y = 0 and gives y = +1, so (0, 1), (0, —1).

x = £1 gives the points (1,0), (—1,0).

The maximum is 2 and the minimum is 1.

Exercise Find the extreme values of f(z,y) = 3z + y subject to 22 + y? = 10.
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