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Chapter 1

Vectors field

Opening problem:

Hurricanes are huge storms that can produce tremendous amounts of
damage to life and property, especially when they reach land. Predicting
where and when they will strike and how strong the winds will be is of great
importance for preparing for protection or evacuation. Scientists rely on
studies of rotational vector fields for their forecasts. Shown in Figure 1.1

Figure 1.1:

is Cyclone Catarina in the South Atlantic Ocean in 2004, as seen from the
International Space Station.

These applications are based on the concept of a vector field, which we
explore in this chapter. Vector fields have many applications because they
can be used to model real fields such as electromagnetic or gravitational
fields. A deep understanding of physics or engineering is impossible without
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4 CHAPTER 1. VECTORS FIELD

an understanding of vector fields. Furthermore, vector fields have mathe-
matical properties that are worthy of study in their own right. In particular,
vector fields can be used to develop several higher-dimensional versions of
the Fundamental Theorem of Calculus.

1.1 Vectors Fields in Space

Examples of vector fields. How can we model the gravitational force ex-
erted by multiple astronomical objects? How can we model the velocity of
water particles on the surface of a river? Figure 1.2 gives visual representa-
tions of such phenomena. 1.2 a shows a gravitational field exerted by two
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Figure 1.2:

astronomical objects, such as a star and a planet or a planet and a moon.
At any point in the figure, the vector associated with a point gives the net
gravitational force exerted by the two objects on an object of unit mass. The
vectors of largest magnitude in the figure are the vectors closest to the larger
object. The larger object has greater mass, so it exerts a gravitational force
of greater magnitude than the smaller object.

Figure 1.2b shows the velocity of a river at points on its surface. The
vector associated with a given point on the river’s surface gives the velocity
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of the water at that point. Since the vectors to the left of the figure are small

in magnitude, the water is flowing slowly on that part of the surface. As the

water moves from left to right, it encounters some rapids around a rock. The

speed of the water increases, and a whirlpool occurs in part of the rapids.
Each figure illustrates an example of a vector field.

Definition 1.1.1. A wvector field in R3 is a function that assigns to each
point (x,y,z) a vector in space F' = F(x,y,x). The standard notation for
the F' function is:

—

F(x,y,2) = M(2,y,2)i + N(z,y,2)] + P(z,y, 2)k,

where M, N and P are differentiable scalar functions.

Example 1.1.1. Sketch each of the following vector field F(z,y, z) = 2ai —
2yf — 2xk .

We made the sketching in Mathematica.

VectorPlot3D[{2x, =2y, 2%}, (%, =35 3}, {ys =3, 3}, {2, -3, 3}, Boxed - False, VectorPoints + 4, VectorScale -+ {0.3, Scaled(0.4] }]
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Figure 1.3:

Example 1.1.2. Vector field v = 4|x|z+j models the velocity of water on
the surface of a river. What is the speed of the water at point A(2,3)? Use
meters per second as the units.
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The vector field v at A(2,3) will be U4 = 8i + j . The speed of the water
at this point is the magnitude of this vector, i.e., speed = |U4] = V8 + 12 =

V65 = 8.06m/s.

Describing a Gravitational Vector Field.
mims .
7 where G is the

universal gravitational constant. It describes the gravi%ational field exerted
by an object (object 1) of mass my located at the origin on another object
of mass my located at point (z,y, z). Field F denotes the gravitational force
that object 1 exerts on object 2, r is the distance between two objects, and
7 indicates the unit vector from the first object to the second. The minus
sign shows that the gravitational force attracts toward the origin; that is, the
force of object 1 is attractive. We will sketch the vector field associated with
this equation.

We locate the object 1 in the origin. Now the distance between ob-

ject 1 and object 2 is r = (/224 y%+ 22, and the unit vector is ¥ =

1

/ 2 +y2 +22

Fo oG G (T U5 SRY G ()
r r r r r r
(1.1)
On the Figure 1.4 the gravitational vector field is given, sketched in
Mathematica. Note that the magnitudes of the vectors increase as the vec-
tors get closer to the origin.
Example 1.1.3. The mass of asteroid 1 is 750,000 kg and the mass of
asteroid 2 is 130,000kg. Assume asteroid 1 is located at the origin, and
asteroid 2 is located at (15,—5,10) , measured in units of 10 to the eighth
power kilometers. Given that the universal gravitational constant is G =
6.67384 x 10~ "m3kg 's~2, find the gravitational force vector that asteroid 1
exerts on asteroid 2.

Newton’s law of gravitation states that F=-G

(:J+ yj—i— zE) . Therefor the gravitational vector field is:

Gradient Vector Field. On of the "famous” vector field for a scalar
function f is its gradient vector field,

Vf:_xh g+ k. (1.2)

These vector fields are extremely important in physics because they can be
used to model physical systems in which energy is conserved. Gravitational
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o

Figure 1.4:

fields and electric fields associated with a static charge are examples of gra-

dient fields.

Example 1.1.4. Find the gradient vector field for the function f(z,y,z) =
ze ",

Using (1.2) we have:

of- J0f- Of - - - 2
vi= U5 U ppemiy preoij ek
ox oy 0z

Divergence and Curl

In this section, we examine two important operations on a vector field:
divergence and curl. They are important to the field of calculus for several
reasons, including the use of curl and divergence to develop some higher-
dimensional versions of the Fundamental Theorem of Calculus. In addition,
curl and divergence appear in mathematical descriptions of fluid mechan-
ics, electromagnetism, and elasticity theory, which are important concepts in
physics and engineering. We can also apply curl and divergence to other con-
cepts we already explored. For example, under certain conditions, a vector
field is conservative if and only if its curl is zero.

Divergence is an operation on a vector field that tells us how the field
behaves toward or away from a point. For example, If F represents the
velocity of a fluid, then the divergence of F at point P measures the net rate
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of change with respect to time of the amount of fluid flowing away from P (the
tendency of the fluid to flow "out of” P). In particular, if the amount of fluid
flowing into P is the same as the amount flowing out, then the divergence at
P is zero.

One application for divergence occurs in physics, when working with mag-
netic fields. Physicists use divergence in Gauss’s law for magnetism which
states that if B is a magnetic field, then its divergence is zero.

The second operation on a vector field that we examine is the curl, which
measures the extent of rotation of the field about a point. In other words,

Y b}

the curl at a point is a measure of the vector field’s ”"spin” at a point.

Definition 1.1.2. Let ﬁ(x,y, z) = M(x,y, 2)i + N(z,y, 2)J + P(z,y, z)E be
a vector field, where M, N and P are differential functions. The divergence
of F' is the scalar function

.= OM ON OP
E = e Ty T

and curl ofﬁ 1s the vector field

G (0P _ONY- (OM 0P\ (ON OMY .
curt = oy 0Oz ! 9.  or)’ or Oy '

We define an operator V with

- 0- 0 -

Note that the divergence of F is the dot product of V and F:

. OM ON 9P (9= - 0N\ e e - )
leF_%—Fa_er%_(%hL@_y +&/{3)-(MZ+N]+P]{?)—V-F.

The curl of F is vector product of V and F: ,

F = (9P 9NNz (M 0P\ (ON _OMY .
o N ! 0z ox J ox dy
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Example 1.1.5. Find the Divergence and Curl of the vector field ﬁ(w, Y, z) =
22yi + xyzg + (Y2 + 22k .

We have:
divF = V-F
_ (% + - 7) (aPyi+ wyzf + (Y + 2k
- 0x( z%y) + %(myz) + %(92 +2%)
= 2xy+xz+2z2.
cwrlFF =

V x
0 - - -
— <% 9 + 02) X (mQyz + zyzj + (> + 22)k3>

-

= |0+ - )| - [ - )| T4

-

= 2y —ay)i+ (yz — k.

1.2 Line Integrals

In this section we are now going to introduce a new kind of integral, the line
integrals. A line integral (sometimes called a path integral) of a scalar-valued
function can be thought of as a generalization of the one-variable integral of
a function over an interval, where the interval can be shaped into a curve. A
simple analogy that captures the essence of a scalar line integral is that of
calculating the mass of a wire from its density. A line integral gives us the
ability to integrate multivariable functions and vector fields over arbitrary
curves in a plane or in space. There are two types of line integrals: scalar
line integrals and vector line integrals. Scalar line integrals are integrals of a
scalar function over a curve in a plane or in space. Vector line integrals are
integrals of a vector field over a curve in a plane or in space.

Since line integrals are integrals of a function over a curve, in the following
we will assume that the curve is smooth, and is given by the parametric
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equations, x = z(t),y = y(t),z = 2(t),, a <t <b. We will often want to
write the parameterizations of the curve as a vector function. In this case
the curve is given by,

—

F(t) = x(O)i+y(t)] + 2k, a<t<b.

Scalar line integrals. This type of integral we also call it line integral
of f with respect to arc length.

For a formal description of a scalar line integral, let C' be a smooth curve
in space given by the parameterization r(_%) = z(t)i +y()] + 2Dk, a <
t <b.Let f= f(z,y,2) be a function with a domain that includes curve
C. To define the integral we begin as most definitions of an integral begin:
we chop the curve into small pieces. Partition the parameter interval [a, b]
into n subintervals [t;,t;,1] where ty = a and ¢, = b. Let ¢} be a value
in the subinterval [t;,t;11]. We denote the endpoints (o), 7(t1), ..., 7(t)
with Py, Py, ..., P,, see figure 1.5. Points P; divide the curve C' into pieces
Co, C4,...,C,, with length Asg, Asy,...,As,. At the end, we evaluate the
function for the point P, multiply with As;, and sum for 1 <¢ <n.

y

Figure 1.5:
Definition 1.2.1. Let f be a function with a domain that includes the smooth

curve C that is parameterized by 7(t) = z(t)i +y(t)j + 2Ok, a <t <b.
The scalar line integral of f along C' is:

flx,y,2z)ds = lim f(PHAs;,
[ 1w Jim > (7

if this limit exists and As; and P are defined as before.
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If f is a continuous function on a smooth curve C' then the integral exists.
Next, we will show how to evaluate the scalar line integrals.

Theorem 1.2.1. Let [ be a continuous function with a domain that includes
the smooth curve C with parameterizations 7(t) = x(t)i+y(t)j+z(t)k, a <
t<b. Then

b
/Cf(x,y, z)ds = / Fl(t),y(®), 2(O) V[ (O + [y ()2 + [/(¢)]? dt.

Example 1.2.1. Find / (22 +y* +2%)ds where C is given by x = cost, y =
c
sint, z=1 for 0 <t <2m, from (1,0,0) to (1,0,2m).

The curve C'is given of figure 1.6. We have:

Figure 1.6:

2m
/(352 + 1y +2)ds = / (cos®t +sint + t2)/(—sint)? + (cost)? + 12 dt
c 0
2
— / (14 t)V2dt = 2v/2r(1 + 47*/3) .
0

Now that we can evaluate line integrals, we can use them to calculate arc

length. If f(z,y,z) = 1 then the arc length of C' is given by / ds.
c
Example 1.2.2. Find the length of a wire with parameterization 7(t) =

(Bt+1)i+ (4 —2t)]+(5+20)0k, 0<t<4.
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We have:

/Cds = /04¢(3)2+(—2)2+22 dt
= /04\/ﬁdt:4\/1_7.

Since As; > 0, when we switch the direction of the curve the line integral
(with respect to arc length) will not change. The following property hold:
Jo f(z,y,2)ds = [, f(z,y,z)ds . The line integral has the following proper-
ties:

+ ds = ds + d

[t aas = [ fey2dss [ gz
/k:f(a:,y, 2)ds = k;/f(m,y, z)ds, for a constant k.
C C

Evaluation of line integrals over piecewise smooth curves is a relatively simple
thing to do. All we do is evaluate the line integral over each of the pieces
and then add them up. The line integral for some function over a piecewise
curve would be

/ f(xayv Z)dS = f(I,y,Z)d8+ f(l’,y,Z)dS.
C Cq Cs

A mass of a wire. Scalar line integrals have many applications. They
can be used to calculate the length or mass of a wire, the surface area of a
sheet of a given height, or the electric potential of a charged wire given a
linear charge density. Here, we calculate the mass of a wire using a scalar
line integral.

Suppose that a piece of wire is modeled by curve C in space. The mass per
unit length (the linear density) of the wire is a continuous function p(x,y, 2).
We can calculate the total mass of the wire using the scalar line integral

Jor(zy,z)ds.

Example 1.2.3. Calculate the mass of a spring in the shape of a curve
N — — T

parameterized by 7(t) = ti + 2costj + 2sintk, 0<t < 5 with a density

function given by p(z,y,z) = e* + yz.
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To calculate the mass of the spring, we must find the value of the scalar
line integral [, p(x,y, z)ds. We have

w/2
[otevas = [ e /a0 0 5 P
C 0

/2
= / (e' +4sintcost)\/12 4 (—2sint)2 + (2cost)2dt =
0

w/2
= \/3/ (et +4sintcost)dt = \/g(ew/g +1).
0

Vector line integrals. The second type of line integrals are vector line
integrals, in which we integrate along a curve through a vector field. Let
ﬁ(x,y,z) = M(x,y,z)f+ N(x,y, z)j+ P(w,y,z)/;, be a continued vector
field in R? that represents a force on a particle, and let C' be a smooth curve
in R? contained in the domain of F. How would we compute the work done
by Fin moving a particle along C7 We need a vector line integral.

Definition 1.2.2. Let f be a function with a domain that includes the smooth
curve C' that is parameterized by 7(t) = x(t)i + y(t)7 + z(H)k, a <t <b.
The vector line integral of F' along C' is:

— b —
/F-df(t):/ F(r(t)r ' (t)dt. (1.3)
C a

In this notation we have 7/(t) = /(t)i + v/ (t)] + 2 (t)k.
Therefore, the work done by F' in moving the particle in the positive
direction along C'is defined as:

W:/CF-dF(t). (1.4)

The vector line integral has the following properties:

/Cﬁ-dm) = —/Cﬁ-df(t);
/C(ﬁ+é)-df(t) _ /Cﬁ-df(t)+/é-df(t)

c
/kﬁ~df(t) = k/ F-df(t), for a constant k.
c c



14 CHAPTER 1. VECTORS FIELD

Similar as in the scalar line integrals, the evaluation of vector line integrals
over piecewise smooth curves would be

/Cﬁ-df(t):/Clﬁ-df(t)+/cgﬁ-df(t).

Example 1.2.4. Find the value of the vector line integral [, s dr(t) where
<t

t
C' is the circle parameterized with 7(t) = cos ti 4+ sintj, 0 <, and

F= —yf+ xj

Note that in this example the vector field id two dimensional. Using (1.3)
we have:

/C Fedit) = /abﬁ(F(t))F’(t)dt

= / (—sinti 4 cost)) - (—sinti + cost))dt =
0

= / (sin®t + cos® t)dt = / dt = .
0 0

We can rewrite the left hand side of equation (1.3) so that it becomes:
/ F - dF(t) :/ Mdz + Ndy + Pdz= .
c c

This is another standard notation for the vector line integral.

Example 1.2.5. Find / r2ydr + (y — 2)dy + vzdz where:
C

(a) C is the curve given with the equations 7(t) = i+ 12 + th, 0<t<2;
(b) C is the line from (1,0,0) to (1,4,2).

(a) For 7(t) = i+t%j+tk we have z(t) = 1, y(t) = t2i 2(t) = ¢, and dz = 0-dt,
dy = 2tdt, dz = dt. So

v ydr + (y — 2)dy + vzdz = 1747 -0 - dt + (t* — £)2tdt + 1 - tdt .

For the line integral we have:

2 14
/ 2?ydr + (y — 2)dy + vzdz = / (2% — 2t + t)dt = 3
c 0
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(b) The line passing trough (1,0,0) and (1,4, 2) has the parametric equations
x(t) =1, y(t) = 4t and 2(t) = 2t where 0 < ¢ < 1, and dz = 0 - dt, dy = 4dt,
dz = 2dt. We have

?ydr + (y — 2)dy + xzdz = 124t - 0dt + (4t — 2t)4dt + 2t - 2dt .

For the line integral in this case we have:

1
/ v*ydr + (y — 2)dy + rzdz = / 12tdt = 6.
C 0

Both curves are given of figure 1.7. They start at the same point (1,0,0),
and end at the same point (1,4,2). But the value of the integral is not the
same.

Figure 1.7:

A work done by a force. Vector line integrals are extremely useful
in physics. They can be used to calculate the work done on a particle as it
moves through a force field, or the flow rate of a fluid across a curve. Here
we calculate the work done by a force using a vector line integral.

Example 1.2.6. How much work is required to move an object in wvector
force field F' = yzi + xyj + xzk along path 7(t) = t% +tj +tik, 0 <t < 1.

From the equation (1.4) we have:

-

1
W = / Fdi(t) = / (y2i + zyj + x2k) - (2t + J + 4t°k)dt =
c 0

1
131
= -2+ 13+ 15 4Ddt = —— .
/0( T ) 140
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Line integrals as circulation. The vector line integral introduction
explains how the line integral [, F-di(t) of a vector field F over an oriented
curve C' "adds up” the component of the vector field that is tangent to the
curve. In this sense, the line integral measures how much the vector field is
aligned with the curve. If the curve C'is a closed curve, then the line integral
indicates how much the vector field tends to circulate around the curve C. In
fact, for an oriented closed curve C, we call the line integral the “circulation”
of F around C, see figure 1.8. To emphasize that the integral is around a

closed curve we use the j; notation.

j{ F.df(t) = circulation of F over C.
c

v
v
/ y Y e,
< 4 A a \
v
/ oy N, \
A R S
. 4
v > » A \‘ \
4 4 <y
«
b
L P .
<l \

Figure 1.8:

Example 1.2.7. Find the circulation of the vector field F = yi — ] over
2 2

. x Yy
the ell —+==1.
eezpse4+9

First we write the ellipse with its vector form (using parametric equa-
tions): 7(t) = 2costi + 3sintj 0 < t < 27. To find the circulation we just
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evaluate the vector line integral. We got:

2w
]{ F-drt) = / (yi —xj) - (—2sinti + 3cost))dt =
c 0
27 . . . .
= / (3sinti — 2costj) - (—2sinti + 3costy)dt
0
2w
= / (—6sin*t — 6cos’) = —127.
0

As shown in figure 1.8, the vector field appears to circulate in the clockwise
direction, tending to point in the opposite direction of the orientation of the
curve, and we got negative circulation.

1.3 Conservative Vectors Fields

A vector field F is called a conservative vector field if there exists a scalar
function f such that F=V f.oIf F' is a conservative vector field then the
function, f, is called a potential function for F. All this definition is saying is
that a vector field is conservative if it is also a gradient vector field for some
function.

For instance the vector field F = yz + x] is a conservative vector field
with a potential function of f(z,y) = xy because V f = yz + 35] = F.
Example 1.3.1. Is f(x,y, z) = 2*yz—sin(zy) a potential function for vector

2xyz — y cos(xy)
field F(z,y,2) = | 2% —zcos(zy) |7
%y

We need to confirm whether F = V f. We have

fr = 2xyz —ycos(zy)

fy = x%z—xcos(xy)

fl = 2%y.

Therefore, Vf = F , and f is a potential function for F.

If F' is a conservative vector field, then there is at least one potential
function f such that Vf = F'. But, could there be more than one potential
function? If so, is there any relationship between two potential functions for
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the same vector field? It is proved that if F is a conservative vector field
on an open and connected domain and let f and g are functions such that
Vf=F, and Vg = F', then there is a constant C' such that f=9+C. So, for
a conservative vector field, the potential functions differ for a constant. In a
way there is an analogy between the potential functions and the antiderivative
functions.

Many physical force fields (vector fields) that you are familiar with are
conservative vector fields. The term comes from the fact that some kind of
energy is conserved by these force fields. The important consequence for us,
though, is that as you move an object from point A to point B, the work
performed by a conservative force field does not depend on the path taken
from point A to point B. For this reason, we often refer to such vector fields as
path-independent vector fields. Path-independent and conservative are just
two terms that mean the same thing. Not all vector fields are conservative.
If a vector field is not path-independent, we call it path-dependent (or non-
conservative). For example, the vector field F = x2yf+ (y — z)j%— vzk
considered in the example 1.2.5 is path depended.

Next, we give the fundamental theorem for line integrals.

Theorem 1.3.1. Suppose that C' is a smooth curve given by 7(t), a <t <b.
Also suppose that f is a function whose gradient vector V f is continuous on
C. Then

/C Vf - dift) = F(7(B) — F(7(a)).

We use this theorem to make a connection with the conservative vector
fields. We know that if F' is a conservative vector field, there is a potential
function f such that Vf = F. Then:

/C F - dr(t) = / V[ - di(t) = F(7B) — [(a)).

In other words, just as with the Fundamental Theorem of Calculus, comput-
ing the line integral [, F'- dr(t) where F' is a conservative vector field is a
two steps process:

1. Find a potential function for F (the ”antiderivative”;)

2. Compute the value of f at the endpoints of C' and calculate their dif-
ference.
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The Fundamental Theorem for Line Integrals has two important conse-
quences. The first consequence is that if F' is conservative and C' is a closed

curve, then the circulation of F along C' is zero—that is / F. dr(t) = 0.

The second important consequence of the Fundamental Thceorem for Line
Integrals is that line integrals of conservative vector fields are independent of
path—meaning, they depend only on the endpoints of the given curve, and
do not depend on the path between the endpoints.

Finally, in this section we want to look at two questions. First, given a
vector field F is there any way of determining if it is a conservative vector
field? Secondly, if we know that F' is a conservative vector field how do we
go about finding a potential function for the vector field? To answer the first
quaestion we have the following theorem.

Theorem 1.3.2. [fﬁ is defined on R3 whose components have continuous

first order partial derivative and curlF = 5, then F is a conservative vector
field.

In the following example using Theorem 1.3.2 we will prove that Fis
conservative vector field, and we will illustrate the procedure for finding its
potential f.

Example 1.3.2. Show that
F(x,y,2) = 2zyi + (2% + sin 2)] + (y cos z + 2)k
is conservative vector field, and find its potential.

To show that F is conservative vector field first we find curlF .

curlF = VxF
o a 8 o - 2 . 2 e
= (8_+8_ —) X <_ 2zyt + (x +smz)j+(ycosz—|—2)k>
0 0 - |0 0
= L?_ ycosz+2) — a(:c —i—smz)] i — {a—x(ycosz—l—Q) a2(29[:y)] +

52|

= (cosz — cosz)f—i— (0 — 0)] + (27 — 23;)]22 0.

(2 + sinz) — 2 ;
axx 1mz 8
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Since curlF = 0, from Theorem 1.3.2 we have that F is conservative
vector field. Let us find a potential f such that

From these equations we have

of aof

— =2y, =2’ +sinz, —— =ycosz+2.
ox Y oy 0z Y

Integrating in respect to x the first equation we have

flz,y,2) = /2:vyda: =2’y +g(y,2).

Next, we take a partial derivative with respect to y and we have

of o

0
N T A 2 — 2 _— frd 2 1
By ay(ﬂf y+9(y,2) =2"+ —(9(y,2)) = 2" +sinz.

dy

For g(y, z) we got g(y, z) = [sinzdy = ysin z+k(z) . So, f will be f(z,y, z) =
2%y +g(y, z) = 22 + ysin z + k(z) , and now we take a partial derivative of f
with respect to z. We have

g—£ = %(ﬁ—f-ysmz—i—k(z)) =ycosz+k(2) =ycosz+2.
From k'(z) = 2 we got k(z) =22+ C and f is found:

f(z,y,2) = 2®y +ysinz + k(2) = 2> + ysinz + 22 + C.

Example 1.3.3. Show that the gravitational force vector field

—Gx - -Gy - -Gz -

($2 +y2+22)3/22+ ($2 +y2_|_z2)3/2‘7 + (5[;2"’:1/2 +Z2)3/2

18 conservative and find its potential.
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1.4 Swurface Integrals

We have seen that a line integral is an integral over a path in a plane or in
space. However, if we wish to integrate over a surface (a two-dimensional
object) rather than a path (a one-dimensional object) in space, then we need
a new kind of integral that can handle integration over objects in higher
dimensions. We can extend the concept of a line integral to a surface integral
to allow us to perform this integration. Let’s start off with a sketch of the
surface S since the notation can get a little confusing once we get into it.
Here, on figure 1.9 is a sketch of some surface S. In this case the surface S

Figure 1.9:

lies above some region D that lies in the 20y plane. Also note that we could
just as easily looked at a surface S that was in front of some region D in the
y0z plane or the 0z plane.

Surface integrals are important for the same reasons that line integrals
are important. They have many applications to physics and engineering,
and they allow us to develop higher dimensional versions of the Fundamental
Theorem of Calculus. Surface integrals are similar to line integrals. Just as
there are two types of integrals over curves (line integrals of scalar functions
and of vector fields) there are two types of surface integrals: surface integrals
of scalar functions, and surface integrals of vector fields. The surface integral
of a scalar function is a simple generalization of a double integral. Like the
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line integral of vector fields, the surface integrals of vector fields will play a
big role in the fundamental theorems of vector calculus.

Surface integral of a scalar-valued function. The definition of a
surface integral follows the definition of a line integral quite closely. For
scalar line integrals, we chopped the domain curve into tiny pieces, chose a
point in each piece, computed the function at that point, and took a limit
of the corresponding Riemann sum. For scalar surface integrals, we chop
the domain region (no longer a curve) into tiny pieces and proceed in the
same fashion. Let S be a piecewise smooth surface with parameterizations
7“(1;7 v) = x(u,v)i + y(u,v)] + z(u,v)k, with parameter domain D and let
f = f(z,y,2) be a function with a domain that contains S. We can assume
that D is a rectangle, and divide it into subrectangles D;;, with horizontal
width Awu and vertical lenght Av. This division of D into subrectangles gives
a corresponding division of S into pieces S;;. Choose point F;; in each piece
Sij, evaluate f at P, multiply the area of S;; and form the Rieman sum:

SN F(PyASy .

=1 =1

To define a surface integral of a scalar-valued function, we let the areas of
the pieces of S shrink to zero by taking a limit.

Definition 1.4.1. The surface integral of a scalar-valued function of f over
a piecewise smooth surface S is:

//S f(z,y,2)do = Jl—gloi i f(Pij)ASi; .

Scalar surface integrals are difficult to compute from the definition, just
as scalar line integrals are. To develop a method that makes surface integrals
easier to compute, we approximate surface areas AS;; with small pieces of a
tangent plane. We have:

ASZ‘]‘ ~ |’I?u ' x Fv ,|AU,AU.

The surface integral is

//S fe.y,2)do = //D Fr(uv)[F % 7, '|dP .
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Let consider the case when the surface S is given with the equation z =
g(x,y). Then we can parameterize it with the equations x = u and y = v,

then r(uj v) = ui +vj + g(u,v)k . We have

jJk S
7 x| =11 0 g, Z‘—g;i—gij+k‘Z\/(g;)2+(9;)2+1,
01 g,

and in this case we can use the following equation to find a surface integral
of a scalar-valued function:

[ twwae = [[ e gtem g+ g7+ 1ap.
S D
Example 1.4.1. Find // zdo , where S is the surface z = \/4 — x> — y?.

S

The surface S is half of a sphere with r = 2, see figure 1.10. The region

Figure 1.10:

D in the 20y plane 2% + y? < 4, and we have:

//Szda = /AM{C\/W):(GWYH}V%P

2 pViA—a? 22 2 12
= \/ﬁ 1 dud
/_2/_\/m o 4 {4—m2—y2+4_$2_y2+ 1 yax

2 V4—x2
= / / 2dydzx .
-2 J —\/4—22
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Using polar coordinates we find:

2 2
//zdazQ/ /rdrd0:87r.
s 0 0

A mass of a sheet. Scalar surface integrals have several real-world
applications. Recall that scalar line integrals can be used to compute the
mass of a wire given its density function. In a similar fashion, we can use
scalar surface integrals to compute the mass of a sheet given its density
function. If a thin sheet of metal has the shape of surface S and the density
of the sheet at point (x,y, z) is p(x,y, z) then mass m of the sheet is:

m = //Sp(x,y, 2)do

Example 1.4.2. A piece of metal has a shape that is modeled by paraboloid
z=x24+y*0< 2z <4, and the density of the metal is given by p(x,y,z) =
z+ 1. Find the mass of the piece of metal.

To find the mass of the piece of metal, we will find the scalar surface
integral: m = [ p(x,y,z)do = [[;(z 4+ 1)do . We have:

//S(ZH)CZU - // CEyt <a($8+y)) +(w>2+1}”2dp

= / / (@ + % + 1) [4® + %) + 1] dyda =
—2 —VA=z2

= 20( 34 187V17)x .

Surface integral of a vector field. The line integral of a vector field
F could be interpreted as the work done by the force field Fon a particle
moving along the path. The surface integral of a vector field F actually has a
simpler explanation. If the vector field F represents the flow of a fluid, then
the surface integral of F will represent the amount of fluid flowing through
the surface (per unit time).

The amount of the fluid flowing through the surface per unit time is also
called the flux of fluid through the surface. For this reason, we often call the
surface integral of a vector field a flux integral.
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If water is flowing perpendicular to the surface, a lot of water will flow
through the surface and the flux will be large. On the other hand, if water
is flowing parallel to the surface, water will not flow through the surface,
and the flux will be zero. To calculate the total amount of water flowing
through the surface, we want to add up the component of the vector F that
is perpendicular to the surface. The direction of this perpendicular vector is
very important since it gives the orientation of the surface S. When we define
a surface integral of a vector field, we need the notion of an oriented surface.
An oriented surface is given an ”upward” or ”downward” orientation. Let us
explain this more accurately.

Let S be a smooth surface. For any point (z,y,2) on S, we can identify
two unit normal vectors 7 and —n. If it is possible to choose a unit normal
vector 7 at every point (z,y,z) on S so that 7 varies continuously over S,
then S is ”orientable” surface. Such a choice of unit normal vector at each
point gives the orientation of a surface S. If you think of the normal field as
describing water flow, then the side of the surface that water flows toward
is the "negative” side and the side of the surface at which the water flows
away is the "positive” side. Informally, a choice of orientation gives S an
“outer” side and an ”inner” side (or an "upward” side and a ”downward”
side), just as a choice of orientation of a curve gives the curve ”forward” and
"backward” directions.

For example, closed surfaces such as spheres are orientable: if we choose
the outward normal vector at each point on the surface of the sphere, then the
unit normal vectors vary continuously. This is called the positive orientation
of the closed surface, see figure 1.11. We also could choose the inward normal
vector at each point to give an ”"inward” orientation, which is the negative
orientation of the surface.

Let 77 be a unit normal vector to the surface. The choice of normal vector
orients the surface and determines the sign of the fluid flux. The flux of
fluid through the surface is determined by the component of F that is in the
direction of 7, i.e. by F.i.

Now, we need to discuss how to find the unit normal vector if the surface
is given perimetrically as, r(uj v) = z(u,v)i+y(u,v)] + z(u, v)k. In this case
the vector 7, ' x 7,/ will be normal to the tangent plane at a particular point.
But if the vector is normal to the tangent plane at a point then it will also
be normal to the surface at that point. So, this is a normal vector. In order
to guarantee that it is a unit normal vector we will also need to divide it by
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Figure 1.11:

its magnitude.

So, in the case of parametric surfaces one of the unit normal vectors will

be,

I C A

n=—————.
|7 " X 7y |

We will need to look at this once it’s computed and determine if it points
in the correct direction or not. If it doesn’t then we can always take the
negative of this vector and that will point in the correct direction.

Let us now have a surface given with the equation z = g(z,y). Then,
as before expalined, we can parameterize it with the equations x = u and
y = v, then r(ujv) = ui+vj + g(u,v)l;, and 7, ' x 7, " = —g{f— g,fj+ k, so
for the 77 we have:

Ty X 7! —0yi— g, tk

ﬁ: = .
Ty X Ty
| | \/(g;)2 +(g,)? +1

We finally have the definition of the surface integral of a vector field.

Definition 1.4.2. Let F be a continuous vector field with a domain that
contains oriented surface S with unit normal vector . The surface integral

ofﬁ over S 1is
[ Feas= [[ Feda.
S S
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The second surface integral in the above definition 1.4.2 is a surface inte-
gral of a scalar valued function, and its connection with a double integral is
given by the equation:

//ﬁ-ﬁdaz//ﬁ-(?u’va’)dp,
S D

where surface is given perimetrically as, r(uj v) = z(u,v)i+y(u, v)j+2(u,v)k.
So it is easier to find the surface integral when S is given by its parametric
equations.

In the other case, let the surface be given by z= g(m y) In this case let’s
also assume that the vector field is given by F=Mi+Nj 7+ Pk ,, and that
the orientation that we are after is the "upwards” orientation. Under all of
these assumptions the surface integral of F over S is:

//FdS _ //F’-ﬁda:
S S

R —ghi—gj+k
_ / (Mi+ Nj+ Pk | =29/
D

V0@ + ()2 +1
V(927 + (9,2 + 1P =

= / (Mg, — Ng, + P)dP.
D

Now, remember that this assumed the "upward” orientation. If we would
needed the "downward” orientation, then we would need to change the signs
on the normal vector. This would in turn change the signs on the integrand
as well. So, we really need to be careful here when using this formula. In
general, it is best to rederive this formula as you need it.

Example 1.4.3. Let S be the cylinder of radius 3 and hezght 5 given by
2 +9y?=9, 0<z<5. Let F be a vector field, F—2m+2y]+22k Find
the integral ofF over S, where S is the positive side outside of the cylinder,
i.e., we will use the outward pointing normal vector, see figure 1.12.

To find the 1ntegral first we make a parametrization of the cylinder. We
have r(u v) = 3cosui + 3sinuj + vk, for 0 < u < 2r,0<v <5.
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Figure 1.12:

Next we find the normal vector to the surface 7, ' x 7, ’:

-

i ik
7' X7, '=| =3sinu 3cosu 0 |=3cosui+ 3sinuj,
0 0 1

and as shown in the below figure 1.13 it is an outward pointing normal. We

Plane f = constant

- Normal vector is -
Point is (3cosf,3sinf,0)  Cross section in
(3cos0,3sind,t) plane 7= constant

Figure 1.13:
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can now calculate total flux.

//FdS _ //ﬁ-ﬁda:
S S
XN 1

27 + 2yj—i— 22E> . <3 cos ui 4 3sin uy) Sda =

Il
— — = — — 1
= // <6COSUi+6Sinuj+21)k:)-<3cosui+3sinuj>§-3dP
D
= // (180032u—|—1881n2u)dP:

T 5
= / 18dvdu = 1807 .
o Jo

Example 1.4.4. Let S be a disk of radius 6 centered around the z axis in
plane z = —4, oriented with an upward pointing normal. Let a magnetic field
be given by F' = (2% + y*)k . What is total magnetic fluz through disk?

Let us first parametrize the given surface S. We have 7"(1;7 v) = v cos ui +
v sin uf—i— (=4)k, for 0 < u < 27,0 < v < 6. Next we find the normal vector
to the surface 7, ' x 7, ”:

7 ¥ k
- / - / . "¢
Ty XT, =| —vsinu wvcosu 0 |=—vk.
COS U sinu 1

The normal vector is downward pointing, but we need to orient S with up-
ward normal vector. For correct orientation, we must choose the normal
vector i = vk .

The total magnetic flux through the disk will be:

//FdS _ //Sﬁ-ﬁda:
— //S ((x2+y2)l§)«(v/§> |%|da:
- (v? cos® u + v sinw)k ) - (vk i-|v\alP:
| ) (o) 1
S AGLE
_ /0% /0 () dvdu = 6487
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Calculating Mass Flow Rate. If F represent a velocity field (with
units of meters per second) of a fluid with constant density p, then the mass
flow rate of the fluid across the surface S is given with the flux integral

/ / pﬁ -1ido . If we want to find the flow rate (measured in volume per time)
S

instead, we can use flux integral / / F. nido , which leaves out the density.

s
Both mass flux and flow rate are important in physics and engineering.

Mass flux measures how much mass is flowing across a surface; flow rate
measures how much volume of fluid is flowing across a surface.

Calculating Heat Flow. In addition to modeling fluid flow, surface
integrals can be used to model heat flow. Suppose that the temperature
at point (x,y,z) in an object is T'(z,y, z). Then the heat flow is a vector
field proportional to the negative temperature gradient in the object. To
be precise, the heat flow is defined as vector field F = —ka, where the
constant k is the thermal conductivity of the substance from which the object
is made (this constant is determined experimentally). The rate of heat flow
across surface S in the object is given by the flux integral

//ﬁ-dﬁ://—wfdﬁ.
S S





