Math114-003; Review on multivariable calculus

Usually w = F(x,y, z) will denote a function of three variables and w =

f(z,y)

will denote a function of two variables. We prefer to work with

F(z,y, z) when possible, the case of f(z,y) is similar.
1. Graphs, level curves and level surfaces.

The graph of f(z,y) is the set of triples (z,y,w = f(z,y)) where
(x,y) is a point in the domain of f.

The level curves of f(x,y) are given by f(z,y) = c.

The level surfaces of F(x,y, z) are given by F(z,y,2) = c.

Examples:

The graph of a linear function f(x,y) = ax + by + ¢ is a plane; its
level curves are lines.

The level curves of f(x,y) = 22 — ay? where a > 0 are hyperbolas
for ¢ # 0 and a cross (two intersecting lines) for ¢ = 0. Saddle point
at the origin.

The level curves of f(z,y) = 2% + ay? where a > 0 are ellipses for
¢ > 0 and the origin point for ¢ = 0. Local minimum at the origin.
The level surfaces of F(x,y,z) = 22 + ay? + bz? are ellipsoids for
¢ > 0 (spheres when a = b = 1).
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2. Limits and continuity.

For Py in the domain of F(z,y, z) the limit limp_,p, F(P) is defined
similarly to the case of a single variable, i.e. the value of F(P)
approaches the limit then P approaches Py in the sense that P # Py
and |P — Py| — 0 (we subtract the position vectors of P and Py,
then |P — Py is the distance between P and F).
Using the ¢ terminology, one says that limp p, F/(P) exists and
equals to L if and only if for any positive € one can find a positive
d = d(e) such that |F(P) — F(FRy)| < € for any P with P # Py and
|P — Py| <4 (that is (z — z0)? + (y — v0)? + (2 — 20)% < §?).
Analogs of the usual limit laws hold, for example

Jim (F(P)-G(P)) = Jim F(P)- lim G(P)
It is a little bit technical task to find a limit (or to prove that it
does not exist) directly from the definition. Usually, it includes a
play with estimates (inequalities) on € and §. Sometimes, one can
use polar or spherical coordinates to compute limits, especially when
x? +y? or 2 4+ y? 4 2% appears in denominator. Often, a substitution
can be used to reduce to the case of such a denominator.
Example: to prove that lim, , .y _(0,0,0) xQ—:Sy% = 0 use spherical
substitution x = psin¢cosf, y = psingsinf, z = pcos¢ (p tends
to 0, but ¢ and 6 are arbitrary).
Path criterion: there is no limit at Fy if we can find different passes
(e.g. lines through Py) such that the limits of f(P) along those
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pathes are different as P approaches Py. For example, this criterion
shows that lim(, ) (0,0 % does not exist.

e F(x,y, z)is continuous at Py = (o, Yo, 20) if FI(Fy) = limp_,p, F'(P).
e Similarly to the single variable case, a product, a sum, a composition,

ete. of continuous functions is continuous.
3. Partial derivatives.

e For Py = (x0, Yo, 20), the partial derivative Fy(Py) = %(Po) is de-

dF(x,ymZo)( F(2,y0,20)—F(Po) (
dx T—To

with respect to z while yy and 2y are kept constant).

e Linearity: (F'+ G); = Fy + G5 and (CF); = C(Fy) for a constant
C.

e Leibnitz rule: (F'-G), = FG, + F,G.

o If 2 = f(z,y) is given implicitly by F(z,y,z) = 0 then one can find
g—; by applying a% to the equation F'(x,y, z). So, we differentiate this
equation with respect to x, where y is fixed (treated as a constant)
and z is treated as a function of z. Using the chain rule (see below)
we get F, + Fz% =0, so

Jz  F,  0F/ox

oxr  F,  OF/d:

4. Higher order partial derivatives.

fined as xo) = limg_4, i.e. we derive I

: . o 2
Higher order partial derivatives are defined as gx—g; = %(%—I;), etc.
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e Another notation: Fy, = (Fy)y.

e Caution: F,; = aa;—é;.

e A good new: by Clairaut’s theorem, if all second order derivatives
are continuous then the order is not important, namely F,, = F,.
Using Clairaut’s theorem we can choose the order of differentiating
which is more convenient computationally. For example, to compute
fay for f(z,y) = z* first differentiate with respect to y.

5. Differentials and linearization.

e If F' has continuous first order partial derivatives at Py = (z0, yo, 20),
then it is differentiable at Py, i.e. it admits a good linear approxi-
mation (or linearization) F'(z,y,2) ~ L(zx,y, z) around Py for

L(z,y,2) = F(Py) + Fp(Po)Ax + Fy(Py)Ay + F.(Py)Az =
F(Ry) + Fo(Po)(z — wo) + Fy(Po)(y — yo) + F=(Po)(z — 20)

e Symbolically, one introduces the full differential of F(z,y,z) at Py
as dF' = Fydr + Fydy + F.dz.

o If L(z,y) = f(Po)+ fo(Po)(x—z0)+ fy(FPo)(y—yo) is the linearization
of w= f(z,y) at Py = (x0,yo), then the equation w = L(z,y) defines
a plane which touches the graph of f(x,y) at (xo,yo, f(x0,¥0))-

e The geometric meaning of f(x,y) being differentiable at Py is that
its graph admits a tangent plane at (xo, yo, f (20, %0))-



6. Chain rules.

The chain rule gives a formula for partial derivatives of a composed func-
tion. There are many particular cases of the chain rule that can be produced
using the tree diagram. Here we consider few examples. Let w be a function
of z,y, z, say w = F(x,y, z).

. dw _ Owdz ow dy ow dz
o If z,y and 2 are functions of ¢, then 7 = 2 %F + dydt T 9z di-

_ Ou _ dudw Ou _ dudw Ou _ du dw
® Ifu_h(w)7then or ~ dw dx’ Ody ~ dw Oy and 0z = dw 0z "

e If z,y and z are functions of ¢ and s, say = = f(s,t), y = g(s,1)
_ ow _ dwdr | dwdy | dwdz ow _ Ow dz
and z = h(s,t), then 52 = 5050 + 5, 8: + 9z 9 and 3¢ = Gz 5 +
@@4_@@
dy Ot 0z Ot

e Example: if f(1,2) = 3, g(1,2) = 4, h(1,2) = 5, then 2%(1,2) =
F.(3,4,5)fs(1,2) + Fy(37 4,5)g95(1,2) + F»(3,4,5)hs(1,2).
Formulate the analogs for w = f(z,y) (actually, remove all terms involv-
ing z).
7. Gradient, tangent planes, normal lines.

Assume that Py = (2o, yo, 20) lies on a level surface S given by F(x,y, z) =
C, in other words F'(Py) = C.

e The gradient of F(z,y,z2) at Py is the vector VF(FPy) = Fy(FPp)i +
Fy(Py)j + F.(P)k; it is normal to S at Fj.
e VF(Fy) points in the direction of the fastest growth of F(x,y, z)
near Fp.
e The tangent plane to S at Py is given by Fy,(FPp)(x—x0) + Fy(Po)(y —
yo) + F(FPo)(z — z0) = 0, so it is orthogonal to VF(F).
e The normal line to S through Py is given parametrically by z =
xo + Fp(Po)t,y = yo + Fy(P())t, z =20+ F,(P)t.
Formulate the analogs for f(z,y) (level surfaces should be replaced with
level curves).
8. Directional derivatives.

o If u = ai+ bj+ ck is a unit vector, then the directional derivative in
the direction of u is defined as

F(xzo+ at,yo + bt, zo + ct) — F(P)
t

e Directional derivative can be computed by the formula Dy F(Fy) =
VF(P()) - u.

e In particular, the direction of fastest increase (resp. decrease) is
v = % (resp. —v = %(gj’)f). The directional derivative in
that direction is |VF(Fy)| (resp. —|VF(P)] ).

e It also follows that the directional derivative Dy, is zero if and only
if u is perpendicular to the gradient, i.e. u lies in the tangent plane
to the level surface at P.

DuF(Py) = lim

Formulate the analogs for f(z,y).
9. Critical points.



In this section we study only the case of f(z,y). Assume that Py = (z¢, yo)
is an inner point of a region D in R? (i.e. a small disc around P, is contained
in D).

e P is a critical point if either f is not differentiable at Py or V f(Py) =
0.

e Any local extremum is a critical point.
Assume that Py is an inner point of D and f is twice differentiable at Py.

o If fon(Py) > 0 and fur(Po) fyy(Po) — fuy(Po)? > 0 then Py is a local
maximum.

o If f1,(Po) < 0 and frr(Po) fyy(Po) — fuy(Po)? > 0 then Py is a local
minimum.

o If fo0u(P0) fyy(Po) — fuy(Po)? < 0 then Py is a saddle point.

o If frou(Po)fyy(Fo) — fgcy(Po)2 = 0 then no conclusion about Py can
be made from this information.

Global extreme values can be found using the following facts.

e The boundary of a region D is the set of points which are not an
inner both for D and for its complement in R?. For example, the
unit circumference is the boundary of both open and closed unit
discs.

e D is closed if it contains its boundary 6(D). For example, closed
discs are closed, but open discs are not closed.

e A continuous function f(z,y) attains its extreme values on bounded
closed regions.

e An absolute extreme value is attained either at a critical point or on
the boundary.

10. Lagrange multipliers.
A local extremum point P of a function f(z,y,z) on a level surface
F(z,y,z) = k of F is a solution of the following system of equations:

{ F(P)=k
Vf(P)=AVF(P)

Here P and A are unknowns. Since VF(P) = F,(P)i+ F,(P)j+ F.(P)k
and Vf(P) = fo(P)i+ fy(P)j+ f:(P)k, the system can be rewritten as

F(z0,y0,20) = k

f2(z0, 0, 20) = AFx(x0, Yo, 20)
fy(0, %0, 20) = Ay (0, Yo, 20)
f=(z0, 90, 20) = AF. (20, Y0, 20)

Formulate the analogs for extreme points of f(x,y) subject to a constraint
F(z,y) = k.



To find extreme points of f(x,y, z) subject to two constraints g(z,y, z) =
k and h(zx,y, z) = [, solve the following system

g(P)=k
h(P) =1
Vf(P) = AVg(P)+ uVh(P)

Here P = (z,y,z) and A, u are five unknowns. The system consists of five
equations because the vector equation on the gradients reduces to three
separate equations on the coefficients of i, j and k.

11. Double integrals over rectangles.

Let R = [a,b] X [¢,d] = {(z,y)|la <z < b,c <y < d} be a rectangle and
f(z,y) be a continuous function on R. Divide [a, b] to m equal parts of size
Az = (b—a)/m and divide [c, d] to n equal parts of size Ay, then we obtain
a division of R to mn rectangles R;; for 1 < ¢ < m,1 < j < n. For any
choice of points (a:;*j, yl*]) in each I;;, we can form a double Riemann sum

m n

> D flahyn)aa

i=1 j=1
where AA = AxAy is the area of any small rectangle. The double integral
i r f(x,y)dA is defined as the limit of double Riemann sums when both Az
and Ay tend to zero. In particular, we can use the approximation

ZZf w3, v AA ~ //f:ty

=1 j=1

both to approximate the double integral and to approximate the double sum
(whichever is more difficult to compute directly).

12. Iterated integrals and Fubini’s theorem.

Fubini’s theorem is used to evaluate double integrals using iterated inte-
grals.

Theorem: If R = [a,b] X [¢,d] and f(x,y) is continuous on R (or, at least,
f (:U,y) is bounded on R and is discontinuous along finitely many smooth
curves), then

//fxyda:dy—//fazydA //f:cydydx

The following easy fact often simplifies evaluation of iterated integrals: if
f(x,y) splits as f(x,y) = g(x)h(y), then

[ = s

13. Double integrals over general regions.
If D is any bounded region enclosed by finitely many smooth curves and
f(x,y) is continuous on D, then we define the double integral as

//Df(:c,y)dA:/RF(:v,y)dA
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where R is any rectangle containing D and F(z,y) equals to f(x,y) on D
and vanishes outside of D (in particular, F'(x,y) is continuous outside of the
boundary of D).

This is a list of main properties of double integrals.

Linearity: ffD z,y)+g(z,y))dA = ffD T,y dA—}—ffD g(z,y)dA,
and [, Cf(z,y)dA=C [[, f(x,y)dA for a constant C.

e Connection to areas: [[,dA = A(D) is the area of D.
e Connection to volumes: if f(z,y) is non-negative on D, then the

volume below its graph over D is [, f(z,y)dA.
More generally, if f(z,y) < g(x,y) on D then the volume of the
solid over D enclosed by the graphs of f(z,y) and g(x,y) equals to

[fp(g(x,y) = f(z,y))dA.

Average value: the average of f(z,y) on Dis fave = A(D)™* [}, f(z,y)dA

(so the average of a constant C' is A(D)~!-CA(D) = O).

o If f(z,y) < g(x,y) on D, then [[,, f(z,y)dA < [[, g(z,y)dA
e If D is the union of two regions Dy, Dy which do not overlap except

perhaps on their boundaries, then [ f(z,y)dA = ffDl f(z,y)dA+
ffD (z,y)dA.

14. Double integrals over type I and type II regions.

If g1 and g9 are continuous and gi(z) < go(x) on [a;b], then the
region given by a < x < b,gi1(x) < y < go(z) is called a type I
region.

A type I region can be sliced nicely by vertical lines. The length of
such a slice by the line z = xg equals to ga(xo) — g1(z0).

Similarly, if h; and hg are continuous and hi(y) < ha(y) on [¢;d],
then the region given by ¢ < y < d,h1(y) < = < ha(y) is called a
type II region.

A type II region can be sliced nicely by horizontal lines. The length
of such a slice by the line y = yo equals to ha(yo) — h1(yo).

Usually type I region (or regions) shows up when the boundary of
the region is given by the curves of the form y = f(z), and type
IT region (or regions) shows up when the boundary of the region is
given by the curves of the form = = g(y).

Fubini’s theorem implies that double integrals over type I and type 1I
regions can be evaluated by a special formula.

Fubini’s theorem for a type I region:

/[ s@maa- //g F(z,y)dydz

Notice that we first integrate on y along vertical slices of D (with
fixed x).



Fubini’s theorem for a type II region:

J[ feaa= | ' / f:j)ﬂx,y)dxdy

Notice that we first integrate on = along horizontal slices of D (with
fixed y).

If D is both type I and type II region, then we can use Fubini’s theorem
to switch the order of integration in an iterated integral. This trick is often
used to evaluate repeated integrals.

15. Integration in polar coordinates.

16.

17.

Sometimes, it is convenient to switch to polar coordinates to simplify
the integrand or the region of integration (or both).

A polar rectangle R is given by conditions o < 6 < B,a < r < b.
It is the region enclosed by circumferences of radii ¢ and b and two
rays.

For example: a circle of radius R is a polar rectangle with 0 < 8 <
21,0 < r < R. A part of the unit circle cut off by x < y is a polar
rectangle given by %’T <0< %{,O < r <1 (or, that is equivalent,
—<g<T0<r<).

To evaluate a double integral as an iterated integral in polar coordi-
nates use the symbolic formula dA = rdrdf. In particular, for R as
above one has

//Rf(x,y)dA = /j /abf(rcos«9,rsir19)rdrd0

More generally, D is a type I polar region if it is given by the condi-
tions a < 0 < 3,91(0) <1 < g2(0). For such D one has

B rg2(9)
// f(x,y)dA:/ / f(rcos@,rsinf)rdrdd
R a Jgi(0)

Caution: do not forget the factor of r.
Surface area.

If f(z,y) is a function over a region D with continuous partial deriva-
tives, then the graph z = f(x,y) of f over D is a smooth surface S,
and its area can be found as A(S) = [[, /1 + fu(z,y)? + fy(z,y)2dA

Triple integrals.

Triple integral of a function F(z,y,z) over a solid region E in R? is
defined similarly to the double integral. If B = [a,b] X [¢,d] X [r,s] is a
rectangular box, then we use tripe Riemann sums over small boxes with
edges Az, Ay, Az (their volume is AV = AxAyAz). For any bounded solid
region F we extend F' by zero outside of E and integrate the new function
over a large box B. Triple integrals behave very similarly to double integrals.



e Linearity:

/// (f(w,y,Z)Jrg(w,y,'Z))dV:// f(x73/,z)dV+///Eg(x,y,z)dV

andfffECfxy, 2)dV = CfffE (x,y,2)dV for a constant C'.

e Connection to volumes: [[[,dV = V(E) is the volume of E.

e Average value: the average of f(z,y,2) on E'is fove = V(E)™! [[[ f(2,y,2
(so the average of a constant C is V(E)™! - CV(E) = C’).

o If f(x,y,2) < g(zx,y,2) on E, then [[[ f(z,y,2)dV < [[[5g(x,y,z)dV
e If E is the union of two regions E1, Eo Which do not overlap except

perhaps on their boundaries, then [[ [, f(z,y, 2)dV = fffE (x,y,2)dV+

I g, f(@.y, 2)dV.

18. Fubini’s theorem and iterated triple integrals.
We give a list of consequences of Fubini’s theorem for various regions.
Reduction to double integrals.

e For a parallelepiped B = [a, b]x[c, d] x[r, s] we have [[[5 f(z,y,2)dV =

f f [7 f(z,y,z)dzdydz, and similarly for other orders of integra-
tion (there are six different orders).

e We say that E is a type 1 region if it is of the form {(z,y, 2)|(z,y) €
D,uy(x,y) < 2z < us(z,y))} for a region D in R? and two functions
ui(x,y) < we(x,y) on D. For such E one has

// f(a,y,2)dV = ///m(:y) Py, 2)dzdA

e In particular,

/// v = // /:2(“’ dZdA://D(W(%Z/)u1(m,y))dA

as we already know from the properties of double integrals.
o If f splits as g(x,y)h(z) and E splits as E = D x [r,s] (i.e. Fisa
cylinder over D), then the integral splits as

J[[1@vzav=[[ g xydA/

e We say that F is a type 2 (resp. 3) region if it is of the form
{(.’L’,y, Z)|(y7 Z) € D7u1(y7 Z) S < u2(y7 Z))} (resp. {(Cli,y, Z)|(.T, Z) €
D,ui(z,z) <y < ug(z,2))}) for a region D in the yz plane (resp.
zz plane) and two functions u; < ug on D.

e Formulate the similar formulas for type 2 and 3 regions.

Reduction to iterated triple integrals.

e If F is a type 1 region over a plain region D which in its turn is a
type I region, then E is given by inequalities a < x < b, g1(z) <y <
g2(x), ur(z,y) < z < ua(, y).

)dVv
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e We can use Fubini’s theorem for D to express double integrals over
D as an iterated double integral, so if ' is a type 1 solid region over
a type I plain region D, then we obtain the following formula for the
triple integral

(z,y)
// f(z,y,2)dV = // / f(z,y, 2)dzdydx
g1(@) Jui(zy)

o Write down five similar formulas for other orders of integration ac-
cordingly to the cases of a type 1 region over a type Il region, a type
2 region over a type I region, etc.

19. Triple integrals in cylindrical and spherical coordinates.

e To change to cylindrical coordinates use the symbolic formula
dV = rdzdrdf

and adjust the limits of integration by describing a Cartesian solid
FE in cylindrical coordinates.

e For example, if E is a cylinder given by 2 + 3> < R%2, r < 2 < s
then

2r  rR s
// f(z,y,2)dV = / / / f(rcosf,rsinb, z)rdzdrdd
E o Jo Jr

e To change to spherical coordinates use the symbolic formula
dV = p? sin ¢pdpdfdep

and adjust the limits of integration by describing a Cartesian solid
FE in cylindrical coordinates.
e For example, if E is a sphere given by z? + y? + 22 < R?, then

///E f@.y, 2)dV = /0 /0% /OR f(psin 6 cos b, psin ¢sinb, pcos ¢)p? sin gdpddde

20. Multiple integrals and change of variables.

Assume that T'(u,v) = (z(u,v),y(u,v)) gives a one-to-one map of a region
D’ in the uv-plane onto a region D in the zy-plane. We would like to
express an integral over D in the zy-plane using the new wu,v coordinates
For example, for polar change of coordinates one takes u = r,v = 6, and
then x = rcosf,y = rsiné.

Define the Jacobian of T as a 2 x 2 determinant of partial derivatives

A(z,y) % ‘
d(u, v) o

The area differential in new coordinates can be written as

9(z,y)
d(u,v)

dA = dA’
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where dA is the area differential in the zy-plane and dA’ is the area differ-
ential in the uwv-plane. Therefore we obtain the following change of variables
formula:

d(z,y)

flapdd= [ pr,v)
D D I(u,v)

One should remember to take the absolute value of the Jacobian in this
formula.
The three-dimensional analog for a transformation

dA’

T(u,v,w) = (x(u,v,w),y(u,v,w), z(u,v,w))

is very similar but with 3 x 3 Jacobian determinant used to relate the volume
differentials in zyz and uwvw spaces.

d(z,y,2)
O(u, v, w)
Exercise: check that the formulas for polar, cylindrical and spherical inte-

gration are particular cases of the general change of variables formula. For
example, check that

dv = av’

= p%sin¢

’ d(z,y, 2)
(p, p,0)




