©FW Math 321, 2007/03/19 (mod. 2012/11/15) Vector Calculus Essentials

1 Curves, Surfaces, Volumes and their integrals
1.1 Curves

Recall the parametric equation of a line: #(t) = ¥y + t,
where 7(t) = OP is the position vector of a point P on the
line with respect to some ‘origin’ O, 7 is the position vector
of a reference point on the line and ¥y is a vector parallel
to the line. Note that this can be interpreted as the linear
motion of a particle with constant velocity ¥y that was at the
point 7y at time t = 0 and 7(¢) is the position at time ¢.

More generally, a vector function 7(¢) of a real variable ¢ defines
a curve C. The vector function 7(t) is the parametric represen-
tation of that curve and ¢ is the parameter. It is useful to think
of t as time and 7(t) as the position of a particle at time ¢.
The collection of all the positions for a range of ¢ is the particle
trajectory. The vector A7 = 7(t + h) — 7(t) is a secant vector
connecting two points on the curve, if we divide A# by h and
take the limit as h — 0 we obtain the vector di/dt which is
tangent to the curve at #(t). If ¢ is time, then d#/dt = ¥ is the
velocity.

The parameter can have any name and does not need to cor-
respond to time. For instance 7(t) = & acos§(t)+g asinf(t),
with 0(t) = wcost and &, g orthonormal, is the position of a
particle moving around a circle of radius a, but the particle
oscillates back and forth around the circle. That same circle
is more simply described by

N , 7(0) = Zacosf + gasinb,

D where 6 is a real parameter that can be interpreted as the
angle between the position vector and the & basis vector.

Remark: Note the common abuse of notation where #(t) and 7(0) are two different vector functions.
Both represent points on the same curve but not the same points, for instance 7(t = 7/2) = a&
while #(0 = 7/2) = ag. In principle, we should distinguish between the two vector functions writing
7= f(t) and ¥ = g(0) with f(t) = g(6(t)), but in applications this quickly becomes cumbersome
and a nice advantage of this abuse of notation is that it fits nicely with the chain rule

dr  dr'do

dt  dfdt’
Remark: A convenient parametrization, conceptually, is to use distance along the curve as the
parameter, often denoted s and called the arclength. Once a curve is specified and an s = 0
reference point has been chosen then the distance s from that reference point along the curve
uniquely defines a point on the curve, e.g. for the highway 90 curve, s could be picked as distance
from Chicago, positive westward. For the circle of radius a, this could be the parametrization
7(s) = &acos(s/a) + Pasin(s/a), where s is now the distance along the circle from the z-axis and
s/a is the angle in radians.
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1.2 Integrals along curves, or ‘line integrals’

. - ar C Line element: Given a curve C, the line element denoted dv
\\\ is an ‘infinitesimal’ secant vector. This is a useful shortcut

7 } for the procedure of approximating the curve by a succession

/ of secant vectors A¥,, = 7, — ¥,—1 wWhere 7,,_1 and 7,, are

/! two consecutive points on the curve, with n = 1,2,..., N

integer, then taking the limit max |A#,| — 0 (so N — 00).
In that limit, the direction of the secant vector A7, becomes
identical with that of the tangent vector at that point. If an
explicit parametric representation 7(t) is known for the curve
then

dt (1)

The typical ‘Tine’ integral along a curve C has the form |, F . d7 where F (7) is a vector field, i.e.
a vector function of position. If ﬁ(f’) is a force, this integral represent the net work done by the
force on a particle as the latter moves along the curve. We can make sense of this integral as the
limit of a sum, namely breaking up the curve into a chain of NV secant vectors A7, as above then

F.dr= 1i F(7 2
/c " \A'r’lﬁl—m g ( )

This also provides a practical procedure to estimate the integral by approximating it by a finite
sum. A better approximation would be to use the trapezoidal rule, replacing F(7,) in the sum

by % ( (7)) + F (7 1)) or the midpoint rule replacing F(7,) by F (3(7 + 7n—1)). These finite

sums converge to the same limit, fc F. d¥, but faster for nice functions.
If an explicit representation 7(t) is known then we can reduce the line integral to a regular Math

221 integral:
_ o/, dF(t
/F~dF—/ (F(F(t))- ul )> dt, 3)
C ta dt

where 7(t,) is the starting point of curve C and #(¢) is its end point. These may be the same point
even if t, # t, (e.g. integral once around a circle from 6 = 0 to 6 = 27).
Likewise, we can use the limit-of-a-sum definition to make sense of many other types of line integrals

such as
/cf(F)dFl, /cﬁldf‘], /cf(F)dF, /Cﬁxdf‘.

The first one gives a scalar result and the latter three give vector results.
» One important example is

/ydﬂ = ‘Ahm Z | A7, (4)

which is the length of the curve C from its starting point ¥, = 7 to its end point 7, = 7. If a
parametrization 7 = 7(t) is known then

fo- [

()
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where 7, = 7(t,) and 7, = 7(ty). That’s almost a 221 integral, except for that |d¢|, what does that
mean?! Again you can understand that from the limit-of-a-sum definition with tg = t4, tny = &
and At,, = t, — tp—1. If t, < tp then At,, > 0 and dt > 0, so |dt| = dt and we’re blissfully happy.
But if ¢, < t, then At,, < 0 and dt < 0, so |dt| = —dt and

tp ta
[t = [T it (6)
ta tp
» A special example of a fc F x d7 integral is
N

ty =
/ Fxdi= lim Y 7 x AR, = / (fF’(t) x d’;”) dt (7)
C ta

AF
|A7,|—0 e

This integral yields a vector 2A% whose magnitude is twice the

area A swept by the position vector #(t) if and only if the curve

C lies in a plane perpendicular to 2 and O is in that plane (recall .--~~~_ A7, C
Kepler’s law that ‘the radius vector sweeps equal areas in equal BT
times’). This follows directly from the fact that 7, x A7, = '
2(AA)z is the area of the parallelogram with sides 7, and A7), Tn—1
which is twice the area AA of the triangle 7, 1, A7y, 7¥,. If C and Tn
O are not coplanar then the vectors 7, x A%, are not all in the &R =
same direction and their vector sum is not the area swept by 7.

In that more general case, the surface is conical and to calculate

its area S we would need to calculate S = & [, |7 x dF].

Exercises:

1. What is the curve described by 7(t) = acoswt& + asinwt§ + bt £, where a, b and w are
constant real numbers and &, ¢, 2 represent the orthonormal unit vectors for cartesian coor-
dinates? What is the tangent to the curve at #(¢)?

2. Consider the vector function 7(0) = ¥, + acosf €, + bsin 0 €3, where 7., €1, €2, a and b are
constants, with €; - €; = d;;. What kind of curve is this? Next, assume that 7., € and € are
in the same plane. Consider cartesian coordinates (z,y) in that plane such that ¥ = z& + yg.
Assume that the angle between €1 and & is «. Derive the equation of the curve in terms of the
cartesian coordinates (z,y) (i) in parametric form, (ii) in implicit form f(z,y) = 0. Simplify
your equations as much as possible. Find a geometric interpretation for the parameter 6.

3. Generalize the previous exercise to the case where 7. is not in the same plane as €; and
€. Consider general cartesian coordinates (x,y, z) such that ¥ = z& + yg + 22. Assume
that all the angles between €] and €3 and the basis vectors {&, ¢, £} are known. How many
independent angles is that? Specify those angles. Derive the parametric equations of the
curve for the cartesian coordinates (x,y, z) in terms of the parameter 6.

4. Derive integrals for the length and area of the planar curve in the previous exercise. Clean
up your integrals and compute them if possible.

5. Calculate [, di and [, 7 d7 along the curve of the preceding exercise from #(0) to #(—3m/2).

6. Calculate |, F . d and Je F x d7 with F = (2 x 7) /|2 x 7|2 when C is the circle of radius R
in the x,y plane centered at the origin. How do the integrals depend on R?
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1.3 Surfaces

Recall the parametric equation of a plane: 7(u,v) = Fo+ud+v b where 7 is a point on the plane,
a, b are two vectors parallel to the plane (but not to each other) and u, v are real parameters.
These parameters specify coordinates for the surface. More generally, the parametric equation of a
surface prescribes the position vector 7 as a function of two real parameters, u and v say, 7(u, v).
Again, the names of the parameters do not matter, #(s,t) is also common. The following two
examples are fundamental.

» If the surface can be parametrized by the cartesian coordinates x and y, ¢.e. the surface is
described by z = h(z,y), then the position vector of a point on the surface is

where &, ¢, £ are the unit vectors in the respective coordinate directions.

» The surface of a sphere of radius R centered at 7. can be parametrized by
7(u,v) = e + €1 Rcosucosv + €2 Rsinucosv + €3Rsin v, 9)

where € - €; = d;;. Verify that | — 7| = R for any real u and v. The parameters u and v can
be interpreted as angles. With €3 as the polar axis, v is the latitude and w is the longitude. The
parametric representation 7(p, 0) = 7. + €1 Rcos psinf + €3 Rsin psinf + €3 R cos b, is a different
but equally valid parametric representation of the same sphere. Here 6 is the polar angle, or co-
latitude. It is the angle between the position vector and the polar axis €3. The angle ¢ is the
azimuthal, or longitudinal, angle.

Coordinate curves and Tangent vectors If one of the parameters is held fixed, v = vy say, we
obtain a curve 7(u,vg). There is one such curve for every value of v. For the sphere parametrized
as in (9), ¥(u,vo) is the wvo-parallel, the circle at latitude vg. Likewise #(ug,v) describes another
curve. This would be a longitude circle, or meridian, for the sphere. The set of all such curves
generates the surface. These two families of curves are parametric curves or coordinate curves for
the surface. The vectors 07/0u and 07 /0v are tangent to their respective parametric curves and
hence to the surface. These two vectors taken at the same point 7(u,v) define the tangent plane
at that point. The coordinates are said to be orthogonal if the tangent vectors 07/0u and 0F/dv
at each point 7#(u,v) are orthogonal to each other.

Normal to the surface at a point At any point #(u,v) on a surface, there is an infinity of
tangent directions but there is only one normal direction. The normal to the surface at a point
7(u,v) is given by
-  Or OrF
N=—x_—. 10
ou  Ov (10)

Note that the ordering (u,v) specifies an orientation for the surface, i.e. an ‘up’ and ‘down’ side.

Surface element: The surface element dS at a point 7 on a surface S is a vector perpendicular to
the surface at that point with a magnitude dS that is the area of an ‘infinitesimal’ patch of surface
at that point. Just like in the case of the line element along a curve, this is a useful shortcut for the
limit-of-a-sum interpretation of integrals. The surface element is often written dS = AdS where
7 is the unit normal to the surface at that point. If a parametric representation #(u,v) for the

surface is known then oF o
— ™ T
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since the right hand side represents the area of the parallelogram formed by the line elements %du
and g—idv. Note that A # N but A = N /|N| since # is a unit vector. Although we often need to
refer to the unit normal 71, it is usually not needed to compute it explicitly since in practice it is
the area element dS = Ndudv which is required.

Exercises:

1. Compute tangent vectors and the normal to the surface z = h(z,y). Show that 07/dz and
07/ 0y are not orthogonal to each other in general. Determine the class of functions h(z,y) for
which (z,y) are orthogonal coordinates on the surface z = h(z,y) and interpret geometrically.
Derive an explicit formula for the area element dS = |dS| in terms of h(z, ).

2. Deduce from the implicit equation | — .| = R for a sphere of radius R and center 7, that
(F—7.) - 0F/0u = (F—7.)-0F/0v = 0 for any u and v, where 7(u, v) is any parametrization of
a point on the sphere. Compute 07/0u and 9+/dv for the parametrization (9) and verify that
these vectors are perpendicular to the radial vector 7 — 7. and to each other (when evaluated
at the same point on the sphere, whatever that point is). Orthogonality of 07/0u and 07/0v
implies that those v and v are orthogonal coordinates for the sphere. Compute the surface
element dS for the sphere in terms of both the longitude-latitude parametrization (9) and
the longitude-colatitude parametrization ¢, 6. Do the surface elements point toward or away
from the center of the sphere?

3. Explain why the surface described by 7(u,v) = & a cosu cosv + g bsinu cos v + £ ¢sin v where
a, b and c are real constants is the surface of an ellipsoid. Are u and v orthogonal coordinates
for that surface? Consider cartesian coordinates (z,y, z) such that ¥ = x& + yg + 22. Derive
the implicit equation f(z,y, z) = 0 satisfied by all such #(u,v)’s.

4. Consider the vector function 7#(u,v) = 7, + €1 acosucosv + €2 bsinu cos v + €3 csinv, where
T¢, €1,€2,€3, a, b and c are constants with €; - €; = ¢;;. What does the set of all such
7(u, v)’s represent? Consider cartesian coordinates (z,y, z) such that ¥ = & + yg + 22.
Assume that all the angles between €1, €5, €3 and the basis vectors {&, g, £} are known. How
many independent angles is that? Specify which angles. Can you assume {&7, €3, €3} is right
handed? Explain. Derive the implicit equation f(x,y,z) = 0 satisfied by all such 7(u,v)’s.
Express your answer in terms of the minimum independent angles that you specified earlier.

5. Explain why the surface of a torus (i.e. ‘donut’ or tire) can be parametrized as x = (R +
acosf)cosp, y = (R+ acosf)sinp, z = asinf. Interpret the geometric meaning of the
parameters R, a, ¢ and §. What are the ranges of ¢ and 6 needed to cover the entire torus?
Do these parameters provide orthogonal coordinates for the torus? Calculate the surface
element dS.

1.4 Surface integrals

The typical surface integral is of the form |, g U -dS. This represents the fluz of ¥ through the surface
S. If ¥(7) is the velocity of a fluid, water or air, at point 7, then fS @ -dS is the time-rate at which
volume of fluid is flowing through that surface per unit time. Indeed, @ - dS = (¥ - #2) dS where 7
is the unit normal to the surface and ¥ - 7 is the component of fluid velocity that is perpendicular
to the surface. If that component is zero, the fluid moves tangentially to the surface, not through
the surface. Speed x area = volume per unit time, so v - dS is the volume of fluid passing through
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the surface element d.S per unit time at that point at that time. The total volume passing through
the entire surface S per unit time is |, gU- dS. Such integrals are often called fluz integrals.

We can make sense of such integrals as the limit of a sum, for instance by picking a series of points
on the surface, then forming a triangular meshing of the surface and evaluating the integral as the
limit of the sum of ¥ evaluated at the center of such triangles dotted with the unit normal to the
triangle and times the area of the triangle (making sure of course that for each triangle we pick its
normal 71 to correspond to the same side of the surface as the neighboring elements).

If a parametric representation #(u,v) is known for the surface then we can also write

= or  or
. = = X == 12
/Sfu ds / <v ( " X v)) dudv, (12)

where A is the domain in the u,v parameter plane that corresponds to S.
As for line integrals, we can make sense of many other types of surface integrals such as

/pdgl
S

which would represent the net pressure force on S if p = p() is the pressure at point 7. Other
surface integrals could have the form | T x dS, etc. In particular the total area of surface S is

[41dS].

Exercises:
1. Compute the area of the sphere and the area of a spherical cap (e.g. area of arctic cap).

2. Provide an explicit integral for the total surface area of the torus of outer radius R and inner
radius a.

3. Calculate [ - dS where S is (i) the square 0 < 2,y < a at z = b, (ii) the surface of the
sphere of radius R centered at (0,0,0), (iii) the surface of the sphere of radius R centered at
T =z9,y=2=0.

4. Calculate [o(7/r?)- dS where S is the surface of the sphere of radius R centered at the origin.
How does the result depend on R?

5. The pressure outside the sphere of radius R centered at 7. is p = pg + A7 - € where € is a
fixed unit vector and py and A are constants. The pressure inside the sphere is the constant
p1 > po. Calculate the net force on the sphere. Calculate the net torque on the sphere about
its center 7. and about the origin.

1.5 Volumes and volume integrals

We have seen that 7(t) is the parametric equation of a curve, ¥(u, v) represents a surface, now we
discuss 7(u, v, w) which is the parametric representation of a volume. Curves 7(¢) are one dimen-
sional objects so they have only one parameter ¢ or each point on the known curve is determined by
a single coordinate. Surfaces are two-dimensional and require two parameters u and v, which are
coordinates for points on that surface. Volumes are three-dimensional objects that require three
parameters u, v, w say. Each point is specified by three coordinates.

» A sphere of radius R centered at 7. has the implicit equation |F—7.| < Ror (F—7.)-(F—7.) < R?
to avoid square roots. In cartesian coordinates this translates into the implicit equation

(x—x)% + (y —ye)? + (2 — z.)> < R% (13)
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An explicit parametrization for that sphere is
7(u, v, w) = T + €] wcos ucosv + € wsinu cos v + €3 wsin v, (14)

or
7(r,0,¢) = ¥ + €1 7rsinf cos p + € rsinfsin g + €31 cos b, (15)

where {€]1, €3, €3} are any three orthonormal vectors such that €;-€; = d;;. For the parametrization
(14) we recognize u and v as the longitude and latitude parameters used earlier for spherical
surfaces (9) and note that w has units of length. From orthonormality of {€1, €2, €3} we deduce
that (7 —7,) - (F — 7.) = w?, so w can be interpreted as the distance from the center of the sphere.
To parametrize the entire sphere we need to consider all the u, v and w’s such that

0<u<2m, —ggugg, 0<w<R. (16)

The parametrization (15) is mathematically equivalent to this u,v,w parametrization but it is in
the standard form of spherical coordinates, with r representing the distance to the origin, ¢ the
azimuthal (or longitude) angle and 6 the polar angle. To describe the full sphere we need

0<r<R, 0 << 2m, 0<o<m. (17)

Coordinate curves

For a curve 7(t), all we needed to worry about was the tangent d/dt and the line element d7 =
(d7/dt)dt. For surfaces, ¥(u,v) we have two sets of coordinates curves with tangents 07/0u and
O7/dv, a normal N = (97/0u) x (OF/dv) and a surface element dS = Ndudv. Now for volumes
7(u,v,w), we have three sets of coordinates curves with tangents 07/0u, 07¥/0v and 0F/0w. A
u-coordinate curve for instance, corresponds to 7¥(u,v,w) with v and w fixed. There is a double
infinity of such one dimensional curves, one for each v, w pair. For the parametrization (14), the
u-coordinate curves correspond to parallels, i.e. circles of fixed radius w at fixed latitude v. The
v-coordinate curves are meridians, i.e. circles of fixed radius w through the poles. The w-coordinate
curves are radial lines out of the origin.

Coordinate surfaces

For volumes #(u, v, w), we also have three sets of coordinate surfaces corresponding to one parameter
fixed and the other two free. A w-isosurface for instance corresponds to #(u,v,w) for a fixed w.
There is a single infinity of such two dimensional (u,v) surfaces. For the parametrization (14) such
surfaces correspond to spherical surfaces of radius w centered at 7. Likewise, if we fix u but let v
and w free, we get another surface, and v fixed with v and w free is another coordinate surface.

Line Elements
Thus given a volume parametrization #(u,v,w) we can define four types of line elements, one for
each of the coordinate directions (07/0u)du, (0F/0v)dv, (0F/0w)dw and a general line element
corresponding to the infinitesimal displacement from coordinates (u,v,w) to the coordinates (u +
du,v + dv,w + dw). That general line element d7 is given by (chain rule):

dr = %du + g%dv + g—;dw. (18)

Surface Elements
Likewise, there are three basic types of surface elements, one for each coordinate surface. The
surface element on a w-isosurface, for example, is given by

o or or
dSw = <au X a@) dudv, (19)
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while the surface elements on a u-isosurface and a v-isosurface are respectively

- or  or or  or
S, = <av X M) dvdw,  dS, = <8w x 8u> duduw. (20)

Note that surface orientations are built into the order of the coordinates.

Volume Element
Last but not least, a parametrization 7(u,v,w) defines a volume element given by the mixed (i.e.
triple scalar) product

v = (g; X g:;) -g—;dudvdwzdet <g;’,((gz,(§;> du dv dw. (21)
The definition of volume integrals as limit-of-a-sum should be obvious by now. If an explicit
parametrization 7#(u, v, w) for the volume is known, we can use the volume element (21) and write
the volume integral in 7 space as an iterated triple integral over u, v, w. Be careful that there is
an orientation implicitly built into the ordering of the parameters, as should be obvious from the
definition of the mixed product and determinants. The volume element dV is usually meant to be
positive so the sign of the mixed product and the bounds of integrations for the parameters u, v
and w must be chosen to respect that. (Recall the definition of |dt| in the line integrals section).

Exercises

1. Calculate the line, surface and volume elements for the coordinates (14). You need to calculate
4 line elements and 3 surfaces elements. One line element for each coordinate curve and the
general line element. Verify that these coordinates are orthogonal.

2. Formulate integral expressions in terms of the coordinates (14) and (15) for the surface and
volume of a sphere of radius R. Calculate those integrals.

3. A curve 7(t) is given in terms of the (u,v,w) coordinates (14), i.e. 7(t) = #¥(u,v,w) with
(u(t),v(t),w(t)) for t = t, to t =tp. Find an explicit expression in terms of (u(t),v(t),w(t))
as a t-integral for the length of that curve.

4. Find suitable coordinates for a torus. Are your coordinates orthogonal? Compute the volume
of that torus.

1.6 Mappings, curvilinear coordinates

Parametrizations of curves, surfaces and volumes is essentially equivalent to the concepts of ‘map-
pings’ and curvilinear coordinates.

Mappings

The parametrization (9) for the surface of a sphere of radius R provides a mapping of that surface
to the 0 < w < 27w, —7/2 < v < 7/2 rectangle in the (u,v) plane. In a mapping ¥(u,v) a small
rectangle of sides du, dv at a point (u,v) in the (u,v) plane is mapped to a small parallelogram of
sides (07/0u)du, (0F/0v)dv at point #(u,v) in the Euclidean space.

The parametrization (14) for the sphere of radius R provides a mapping from the sphere of radius
R in Euclidean space to the box 0 < u < 27, —7/2 < v < 7/2, 0 < w < R in the (u,v,w)
space. In a mapping #(u, v, w), the infinitesimal box of sides du, dv, dw located at point (u, v, w)
in the (u,v,w) space is mapped to a parallelepiped of sides (07/0u)du, (OF/0v)dv, (0F/0w)dw at
the point 7(u, v, w) in the Euclidean space.
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Curvilinear coordinates, orthogonal coordinates

The parametrizations #(u, v) and #(u, v, w) define coordinates for a surface or a volume, respectively.
If the coordinate curves are not straight lines one talks of curvilinear coordinates. These mappings
define good coordinates if the coordinate curves intersect transversally i.e. if the coordinate curves
are not tangent to each other. If the coordinate curves intersect transversally at a point then
the coordinates tangent vectors at that point provide linearly independent directions in the space
of 7. Tangent intersections at a point ¥ would imply that the tangent vectors are not linearly
independent at that point and that (07/0u) x (07/0v) = 0 at ©¥(u,v) in the surface case or that
det(07/0u, OF/0v, OF /Ow) = 0 at that point 7(u,v, w) in the volume case.

The coordinates (u, v, w) are orthogonal if the coordinate curves in #-space intersect at right angles.
This is the best kind of ‘transversal’ intersection and these are the most desirable type of coor-
dinates, however non-orthogonal coordinates are sometimes more convenient for some problems.
Two fundamental examples of orthogonal curvilinear coordinates are

» Cylindrical (or polar) coordinates
x=pcosf, y=psinf, z=z. (22)
» Spherical coordinates
x =rsinfcosp, y=rsinfsiny, z=rcos. (23)

Changing notation from (x,y, z) to (1, x2,x3) and from (u,v,w) to (¢1, 42, q3) a general change of
coordinates from cartesian (x,y, z) = (z1, 22, x3) to curvilinear (qi, g2, g3) coordinates is expressed
succinctly by

g :.TUi(ql,QQ,q:g), 1= 1,2,3. (24)

The position vector 7 can be expressed in terms of the g;’s through the cartesian expression:

Mw

(q1, 92, 93) = £ x(q1,92,93) + 9 y(q1,q2,93) + 2 2(q1,92,q3) €; zi(q1,92,93), (25)

=1

where €; - €; = §;;. The ¢; coordinate curve is the curve 7(q1, g2, g3) where g; is free but the other
two variables are fixed. The ¢; isosurface is the surface 7(q1, g2, q3) where ¢; is fixed and the other
two parameters are free.

The coordinate tangent vectors 07/dq; are key to the coordinates. They provide a natural vector
basis for those coordinates. The coordinates are orthogonal if these tangent vectors are orthogonal
to each other at each point. In that case it is useful to define the unit vector g, in the g; coordinate
direction by

or or
dqi |’ 94
where h; is the the magnitude of the tangent vector in the ¢; direction, 07/0q;, and §; - §; = d;;
for orthogonal coordinates. These h;’s are called the scale factors. The distance traveled in z-
space when changing ¢; by dg;, keeping the other ¢’s fixed, is |d7] = h;d¢; (no summation). The
distance ds travelled in xz-space when the orthogonal curvilinear coordinates change from (g1, g2, g3)
to (q1 + dq1, g2 + dg2, g3 + dgs) is

ds® = dF - dF = hi dg} + h3 dg3 + hj dg3. (27)
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Although the cartesian unit vectors €; are independent of the coordinates, the curvilinear unit vec-
tors §; in general are functions of the coordinates, even if the latter are orthogonal. Hence 04;/0q;
is in general non-zero. For orthogonal coordinates, those derivatives 04,;/0q; can be expressed in
terms of the scale factors and the unit vectors.

For instance, for spherical coordinates (q1, g2, q3) = (r, p, 6), the unit vector in the ¢; = r direction

is the vector .
or(r, p,0)

or

so the scale coefficient h; = h, = 1 and the unit vector

=& sinfcosp + g sinfsinp + £ cosb, (28)

G, =7=€, =2 sinfcosp+ Y sinfsinp+ 2 cosb. (29)

The position vector ¥ can be expressed as

F=rf=x+yy+z22 = 2;€ (30)

with summation convention in that last expression. So its expression in terms of spherical coordi-
nates and their unit vectors, ¥ = r#, is simpler than in cartesian coordinates, ¥ =z & + y 9§ + 22,
but there is a catch! The radial unit vector # = #(p,0) varies in the azimuthal and polar angle
directions, while the cartesian unit vectors &, {J, £ are independent of the coordinates!
For orthogonal coordinates, the scale factors h;’s determine everything. In particular, the surface
and volume elements can be expressed in terms of the h;’s. For instance, the surface element for a
q3-isosurface is -

ng = Q3 hlhg dQ1dQQ, (31)

and the volume element
dV = h1h2h3 dqldQQd(B, (32)

assuming that ¢, ¢o, ¢3 is right-handed. These follow directly from (19) and (21) and (26) when
the coordinates are orthogonal.

Exercises

1. Find the scale factors h; and the unit vectors §; for cylindrical and spherical coordinates.
Express the 3 surface elements and the volume element in terms of those scale factors and
unit vectors. Sketch the unit vector §; in the (x,y, z) space (use several ‘views’ rather than
trying to make an ugly 3D sketch!). Express the position vector 7 in terms of the unit vectors
g;. Calculate the derivatives 04;/0q; for all i, j and express these derivatives in terms of the
scale factors hy and the unit vectors G, k = 1,2, 3.

2. A curve in the (z,y) plane is given in terms of polar coordinates as p = p(#). Deduce #-integral
expressions for the length of the curve and for the area swept by the radial vector.

3. Consider elliptical coordinates (u,v,w) defined by x = acoshucosv, y = asinhusinv , z = w
for some « > 0, where z, y and z are standard cartesian coordinates in 3D Euclidean space.
What do the coordinate curves correspond to in the (x,y,z) space? Are these orthogonal
coordinates? What is the volume element in terms of elliptical coordinates?

4. For general curvilinear coordinates, not necessarily orthogonal, is the g;-isosurface perpendic-
ular to 07/0q;? is it orthogonal to (07/0q;) x (07/0qx) where i, j, k are all distinct? What
about for orthogonal coordinates?
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1.7 Change of variables

Parametrizations of surfaces and volumes and curvilinear coordinates are geometric examples of a
change of variables. These change of variables and the associated formula and geometric concepts
can occur in other non-geometric contexts. The fundamental relationship is the formula for a
volume element (21). In the context of a general change of variables from (x1, z2, z3) to (q1, 42, ¢3)
that formula (21) reads
dxld:cgdazg = de = quldquQ3 = Jqu (33)
where
O0x1/0q1 0x1/0q2 0Ox1/0qs3 O
J =\ 0x2/0q1 O0x2/0qy 0Ox2/0q3 | = det ( Z> (34)
Ox3/dq1 Ox3/0q2 Dx3/dgs %

is the Jacobian determinant and dV, is a volume element in the z-space while dV; is the corre-
sponding volume element in ¢-space. The Jacobian is the determinant of the Jacobian matriz

O0x1/0q1 0x1/0q2 0wx1/0q3
J = | Oxa/0q1 Ox2/0q2 Ox2/0q3 & Jy=
O0x3/0q1 0x3/0qa 0Ox3/0qs3

(%ci
— 35
o (35)
The vectors (dq1,0,0), (0,dga,0) and (0,0,dgs) at point (q1,q2,q3) in g-space are mapped to the
vectors (07/0q1)dq1, (0F/0q2)dqa, (07/0q3)dgs. In component form this is

dat) dx1/0q1 Ox1/0q2 Ox1/0q3 | [dq
delV | = | Ow2/0q1 Ox2/qz Dx2/Oq3 | | O |, (36)
da?gl) 8x3/8q1 81‘3/8(]2 8.733/6(]3 0

where (dl‘gl), d:vgl), d:vél)) are the z-components of the vector (07/dq;)dg;. Similar relations hold
for the other basis vectors. Note that the rectangular box in ¢-space is in general mapped to a
non-rectangular parallelepiped in x-space so the notation dzdxadxs for the volume element in (33)
is a (common) abuse of notation.

The formulas (33), (34) tells us how to change variables in multiple integrals. This formula gen-
eralizes to higher dimension, and also to lower dimension. In the 2 variable case, we have a
2-by-2 determinant that can also be understood as a special case of the surface element formula
(11) for a mapping 7(q1,q2) from a 2D space (qi1,q2) to another 2D-space (z1,x2). In that case
7(q1,¢2) = €121(q1, q2) + €272(q1, ¢2) so (97/9q1) x (07/Dq2)dq1dgs = €3 dA, and

d:EldﬂSQ == dAx == qu1dq2 == Jqu (37)

where the Jacobian determinant is now

0x1/0q1 0x1/0q2
J = . 38
0x2/0q1 0x2/0q2 (38)

1.7.1 Change of variables example

Consider a Carnot cycle for a perfect gas. The equation of state is PV = nRT = NkT, where P
is pressure, V' is the volume of gas and T is the temperature in Kelvins. The volume V' contains
n moles of gas corresponding to N molecules, R is the gas constant and k is Boltzmann’s constant
with nR = Nk. A Carnot cycle is an idealized thermodynamic cycle in which a gas goes through (1)
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a heated isothermal expansion at temperature 77, (2) an adiabatic expansion at constant entropy
Sa, (3) an isothermal compression releasing heat at temperature 73 < 77 and (4) an adiabatic
compression at constant entropy Sy < S3. For a perfect monoatomic gas, constant entropy means
constant PV where v = Cp/Cy = 5/3 with Cp and Cy the heat capacity at constant pressure P
or constant volume V', respectively. Thus let S = PV (this S is not the physical entropy but it is
constant whenever entropy is constant, we can call S a ‘pseudo-entropy’).

Ty
Ty |
|
Sy |
P T 7 : _______ So
S 2 :
|
T3 Ty
14 S

Now the work done by the gas when its volume changes from V, to V} is f‘zb PdV (since work =
Force x displacement, P = force/area and V=area x displacement). Thus the (yellow) area inside
the cycle in the (P, V') plane is the net work performed by the gas during one cycle. Although we
can calculate that area by working in the (P, V') plane, it is easier to calculate it by using a change
of variables from P, V to T, S. The area inside the cycle in the (P, V) plane is not the same as the
area inside the cycle in the (S,T") plane. There is a distortion. An element of area in the (P, V)
plane aligned with the 7" and S coordinates (i.e. with the dashed curves in the (P, V) plane) is

orP_ oV oP_ o0V
dA = ‘(&S’ePJF&SeV) ds x <8Tep+8Tev> dT‘ (39)

where €, and €,, are the unit vectors in the P and V directions in the (P, V') plane, respectively.
This is entirely similar to the area element of surface #(u, v) being equal to dS = g—jdu X %dv (but
don’t confuse the surface element dS with the pseudo-entropy differential dS used in the present
example!). Calculating out the cross product, we obtain

POV 9V 9P Py
dA = KBS@T = 858T> deT’ =+ J,, dSdT (40)

where the £ sign will be chosen to get a positive area (this depends on the bounds of integrations)
and

or op
05 aT

T =det(J) = (41)
| | oV ov
05 aT

is the Jacobian determinant (here the vertical bars are the common notation for determinants). It
is the determinant of the Jacobian matriz J gr}/ that corresponds to the mapping from (S,T) to
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(P, V). The cycle area Apy in the (P, V') plane is thus

Ty So
T3 Sa

Note that the vertical bars in this formula are for absolute value of Jg%/ and the bounds have
been selected so that dS > 0 and dT" > 0 (in the limit-of-a-sum sense). This expression for the
(P, V) area expressed in terms of (S,T") coordinates is simpler than if we used (P, V') coordinates,
J;&Y‘ since we do not have explicit expression for P(S,T") and V(S,T). What we
have in fact are the inverse functions T'= PV/(Nk) and S = PV7. To find the partial derivatives
that we need we could (1) find the inverse functions by solving for P and V in terms of 7" and
S then compute the partial derivatives and the Jacobian, or (2) use implicit differentiation e.g.
NkOT/OT = Nk = VOP/OT + POV/OT and 8S/0T = 0 = VYOP/OT + PyV =19V /T etc. and
solve for the partial derivatives we need. But there is a simpler way that makes use of an important
property of Jacobians.

PV
JS,T

dSdT. (42)

except for that

1.7.2 Geometric meaning of the Jacobian determinant and its inverse

The Jacobian J;’;/ represents the stretching factor of area elements when moving from the (5,7
plane to the (P, V) plane. If dAgr is an area element centered at point (S,T") in the (S,T) plane
then that area element gets mapped to an area element dApy centered at the corresponding point
in the (P, V) plane. That’s what equation (40) represents. In that equation we have in mind the
mapping of a rectangular element of area dSdT in the (S,T) plane to a parallelogram element
in the (P, V) plane. The stretching factor is |J§;| (as we saw earlier, the meaning of the sign is
related to orientation, but here we are worrying only about areas, so we take absolute values). That
relationship is valid for area elements of any shape, not just rectangles to parallelogram since the
differential relationships implies an implicit limit-of-a-sum and in that limit, the ‘pointwise’ area
stretching is independent of the shape of the area elements. A disk element in the (S,7") plane
would be mapped to an ellipse element in the (P, V') plane but the pointwise area stretching would
be the same as for a rectangular element (this is not true for finite size areas). So equation (40)
can be written in the more general form

PV
dAP,V - ’JS,T ‘ dAS,T (43)

which is locally valid for area elements of any shape. The key point is that if we consider the
inverse map, back from (P,V) to (S,T) then there is an are stretching give by the Jacobian
J.\ = (0S/0P)(OT/0V) — (8S/0V)(9T /9P) such that

S, T
dAS,T = |Jp7V| dAP,V (44)
but since we are coming back to the original dAg ;. element we must have
PV _S,T
Jor oy =1, (45)

so the Jacobian determinant are inverses of one another. This inverse relationship actually holds

for the Jacobian matrices also
PV _S,.T 1 0
Jsodpy = (0 1) : (46)
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The latter can be derived from the chain rule since (note the consistent ordering of the partials)

J

Py (ap/as aP/aT> T (85/8P 85/0‘/) (47)

st = \ov/as ov/oT rv = \oT/0P OT/OV

and the matrix product of those two Jacobian matrices yields the identity matrix. For instance,
the first row times the first column gives

(59, (5),- () (8). - (),

A subscript has been added to remind which other variable is held fixed during the partial differ-
entiation. The inverse relationship between the Jacobian determinants (45) then follows from the
inverse relationship between the Jacobian matrices (46) since the determinant of a product is the
product of the determinants. This important property of determinants can be verified directly by
explicit calculation for this 2-by-2 case.

So what’s the work done by the gas during one Carnot cycle? Well,

PV s\ ~1 9S 0T 9SS T\ * . Nk
’ = ’ = —_— — 8l — 771 —_ 4
Tour (JP’V> (aP ov oV 8P> Nk (VP — 4V FV) (1—7)S (48)
SO
i S TS Nk NEk(Ty —T3) . So
Apy = / / IV dSdT = / / Y g8dT = T T3 P2 49
B  Js, 1T ‘ m Js, (y—=1)8 (v—1) Sy (49)

since v > 1 and other quantities are positive.

Exercises

1. Calculate the area between the curves zy = a1, zy = a2 and y = iz, y = Sz in the (z,y)
plane. Sketch the area. (a1, ag, 1, S2 > 0.)

2. Calculate the area between the curves zy = a1, ry = ag and y? = 251z, y?2 = 2B in the
(z,y) plane. Sketch the area. («y, ag, f1, B2 > 0.)

3. Calculate the area between the curves 22 + 32 = 20z, 22 + y? = 209 and 22 + y? = 2By,
2?2 4 y% = 2P2y. Sketch the area. (a1, ag, 1, f2 > 0.)

4. Calculate the area of the ellipse #2/a® + 3?/b?> = 1 and the volume of the ellipsoid x2/a? +
y?/b? + 22/c? = 1 by transforming them to a disk and a sphere, respectively, using a change
of variables. [Hint: consider the change of variables x = au, y = bv, z = cw.]

5. Calculate the integral [ [7° e~ (@ ") drdy. Deduce the value of the Poisson integral

e e~**dz. [Hint: switch to polar coordinates].

6. Calculate ffooo ffooo(a2 + 22 + y*)%dxdy. Where a # 0 and « is real. Discuss the values of «
for which the integral exists.
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2 Grad, div, curl

Consider a scalar function of a vector variable: f(#), for instance the pressure p(7) as a function of
position, or the temperature T'(7) at point 7, etc. One way to visualize such functions is to consider
isosurfaces or level sets, these are the set of all s for which f(#) = Cp, for some constant Cp. In
cartesian coordinates ©¥ = x €+y g+ 2z 2 and the scalar function is a function of the three coordinates
f(#) = f(z,y, 2), hence we can interpret an isosurface f(x,y, z) = Cj as a single equation for the 3
unknowns x,y, z. In general, we are free to pick two of those variables,  and y say, then solve the
equation f(z,y, z) = Cp for z. For example, the isosurfaces of f(7) = 22 + y? + 22 are determined
by the equation f(7) = Cp. This is the sphere or radius \/Cy, if Cyp > 0.

2.1 Geometric definition of the Gradient

The value of f(7) at a point 7y defines an isosurface f(7) = f(#)) through that point #). The
gradient of f(¥) at ¥y can be defined geometrically as the vector, denoted V f(7), that

(i) is perpendicular to the isosurface f(7) = f(7p) at the point ¥, and points in the direction of
increase of f(#) and

(ii) has a magnitude equal to the rate of change of f(#) with distance from the isosurface.

From this geometric definition, we deduce that the plane tangent to the isosurface f(7) = f(#) at
7o has the equation
(7= 70) - V f(To) =0 (50)

Likewise, the plane (¥ — ) - 6]‘(770) = ¢ is parallel to the tangent plane but further ‘up’ in the
direction of the gradient if € > 0 or ‘down’ if ¢ < 0. More generally, the function f(#) can be locally
(i.e. for ¥ near 7)) approximated by

F@) = f(Fo) + (F— 7o) - V £(7o). (51)

Indeed since V f points in the direction of fastest increase of f(#) and has a magnitude equal to
the rate of change of f with distance in that direction, the change in f as we move slightly away
from 7 only depends on how much we have moved in the direction of the gradient. The actual
change in f is the distance times the rate of change with distance, hence it is (7 — 7) - V.f (7).
Equation (51) states that the isosurfaces of f(7) look like planes perpendicular to V f(7) for 7 in
the neighborhood for 7. Equation (51) is a linear approzimation of f(¥) in the neighborhood of
70, just like f(z) =~ f(xo) + (x — xg) f/ (o) for functions of one variable. This is not exact, there is
a small error that goes to zero faster than |77 — 7| as ¥ — 7. The limit as ¥ — 7 can be written
as the exact differential relation

df (7) = di- V f(7), (52)

where df (7¥) = f(7¥+ dr) — f(7) is the differential change in f(7) when # changes from # to ¥+ dr.
This differential relationship holds for any 7 and d7. It is analogous to the differential relationship
df = f'(z) dx for functions of a single variable.

» It follows immediately from the geometric definition of the gradient that if » = |#] is the distance
to the origin and # = 7/r is the unit radial vector, then Vr = # and more generally V f(r) = #df /dr.
For instance, V(1/r) = —#/r2. [
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2.2 Directional derivative, gradient and the v operator

The rate of change of f(#) in the direction of the unit vector 7 at point ¥, denoted 9f(¥)/0n is

defined as m . f(7+ hn) — f(7) (53)
on  h—0 h '
From (51) and (52),
of(7) — A 6f(1_“’)~ (54)

on

This is exact because the error of the linear approximation (51), f(7 + h#t) ~ f(7) + h# - V f(7),
goes to zero faster than h as h — 0.
In particular,

aof _ .

or Vf @:y‘vfa &ZZ‘VJC; (55)
hence f of of
Vf= 87+y67y+z$’ (56)

for cartesian coordinates x, y, z. We can also deduce this important result from the Chain rule
for functions of several variables. In cartesian coordinates, written (x1,x2,x3) in place of (x,y, 2),
the position vector reads 7 = 1€ + x2€2 + x3€3 and the scalar function f(¥) = f(x1,x2,23) is a
function of the 3 coordinates. The directional derivative

Of(F) . J(FhA)-f(F) _Of Of  Of

on R h = 71187 +n 672 +n 35$3 =n-Vf. (57)

—

This follows from rewriting the difference f(7+ hiv) — f(7) as the telescoping sum

[f(z1 4+ hny,xo + hng, x5 + hny)— f(x1, 22 + hng, x3 + hng)]
+[f(z1, 22 + hng, x3 + hng)— f(z1, 2, T3 + hng)]
+[f(x1, 2, 23 + hns)—f(x1, 2, x3)] (58)

then using continuity and the definition of the partial derivatives, e.g.

- f(7+ hnsés) — f(7) f(F+0€3)— f(7)  Of
py LS ) HELSE) I 00

Either way, we establish that in cartesian coordinates

_ 0 o 0 _
V = 1871—’_628 o +e387;1;3 = ezaz (59)

where 0; is short for 9/0x; and we have used the convention of summation over all values of the
repeated index i.

2.3 Div and Curl

We’ll depart from our geometric point of view to first define divergence and curl computationally
based on their cartesian representation. Here we consider vector fields U(#) which are vector
functions of a vector variable, for example the velocity U(#) of a fluid at point #, or the electric
field E(f’) at point 7, etc. For the geometric meaning of divergence and curl, see the sections on
divergence and Stokes’ theorems.
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The divergence of a vector field ¥(7) is defined as the dot product V -%. Now since the unit vectors
€; are constant for cartesian coordinates, V - ¥ = (é}f)i) . (é'jvj) = (€; - €;) 0;v; = 0;;0;v; hence

6 - U = 0;v; = O1v1 + Oqvg + O303. (60)

Likewise, the curl of a vector field ¥(7) is the cross product V x 4. In cartesian coordinates,
V x ¥ = (€;0;) x (€xvr) = (€; x €)) Ojui,. Recall that €, = €; - (€ x €}), or in other words €, is
the ¢ component of the vector €; x €, thus €; x €, = €; ¢;;;, and

6 X U= é; €ijk 8jvk. (61)

(Recall that @ x b= €;€;jra;by.) The right hand side is a triple sum over all values of the repeated
indices 4, j and k! But that triple sum is not too bad since €;;, = =1 depending on whether (4, j, k)
is a cyclic (=even) permutation or an acyclic (=odd) permutation of (1,2,3) and vanishes in all
other instances. Thus (61) expands to

6 X U= 61 (82’03 — 03'02) + 62 (83’01 — 811]3) + 63 (811)2 — 822}1) . (62)

We can also write that the i-th cartesian component of the curl is

é}' : (6 X ’l_;) = (6 X 6)1 = €ijk 8jvk. (63)

Note that the divergence is a scalar but the curl is a vector.

2.4 Vector identities

—»

In the following f = f(#) is an arbitrary scalar field while ¥(7) and @(7) are vector fields. Two

fundamental identities that can be remembered from @ - (@ x b) =0 and @ x (a@) = 0 are

V- (V x@) =0, (64)
and

V x (Vf) =0. (65)

The divergence of a curl and the curl of a gradient vanish identically (assuming all those derivatives
exist). These can be proved using index notation. Other useful identities are

V. (f8)=(Vf)-T+ [(V D) (66)
V x (f7) = (Vf) x T+ f(V x ¥) (67)
V x (V x @) =V (V%) — V7, (68)

where V2=V -V = 07 + 93 + 03 is the Laplacian operator.
The identity (66) is verified easily using indicial notation
V- (f8) = 0i(fvi) = (@if yvi + f(Owi) = (V) - T+ f(V - D).

Likewise the second identity (67) follows from €;;10;(fvx) = €k (0; f)vr + feiji(0) vk) The identity

(68) is easily remembered from the double cross product formula @ x (b x Q)= b(a &) —¢&@-b)
but note that the ¥ in the first term must appear first since V(V - @) # (V - ©)V. That identity
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can be verified using indicial notation if one knows the double cross product identity in terms of
the permutation tensor (see earlier notes on ¢;;;, and index notation) namely

€ijk€kim = €kij€kim = 0i10jm — OimIji. ‘ (69)

A slightly trickier identity is

V X (Tx®) = (B-V)T— (V-8)T+ (VBT — (T V)b, (70)
where (@ - V)T = (w;0;)v; in indicial notation. This can be verified using (69) and can be
remembered from the double cross-product identity with the additional input that V is a vector
operator, not just a regular vector, hence V x (¥ x ) represents derivatives of a product and this
doubles the number of terms of the resulting expression. The first two terms are the double cross
product @ x (b x €) = (a@-€)b— (@ - b)c for derivatives of ¥ while the last two terms are the double

cross product for derivatives of .
Another similar identity is

Tx (V x @) = (V@) -7 — (7 V). (71)
In indicial notation this reads
€ijkVj (ErtmAwm) = (Ow;)v; — (v;0;)w;. (72)

Note that this last identity involves the gradient of a vector field V. This makes sense and is a
tensor, i.e. a geometric object whose components with respect to a basis form a matriz. In indicial
notation, the components of VG are O;w; and there are 9 of them. This is very different from
VW= O;w; which is a scalar.

The bottom line is that these identities can be reconstructed relatively easily from our knowledge
of regular vector identities for dot, cross and double cross products, however V is a vector of
derivatives and one needs to watch out more carefully for the order and the product rules. If in
doubt, jump to indicial notation.

Exercises
1. Verify (64) and (65).
2. Digest and verify the identity (69) ab initio.
3. Verify the double cross product identities @ x (bx &) =b(@-&) —&a-b)and (@xb)x &=
b(@- ) — a(b- €) in indicial notation using (69).
4. Verify (70) and (71) using indicial notation and (69).
5. Use (69) to derive vector identities for (@ x b) - (€ x d) and (V x @) - (V x @).

6. Show that V- (T x @) = @ - (V x ¥) — T+ (V x @) and explain how to reconstruct this from
the rules for the mixed (or box) product @ - (b x €) of three regular vectors.

7. Find the fastest way to show that V- -7F=3and V x ¥ = 0.

8. Find the fastest way to show that V - (#/r2) = 0 and V x (7#/r2) = 0 for all 7 0.

9. Quickly calculate V - B and V x B when B = (2 x 7)/|2 x 72 (¢f. Biot-Savart law for a
line current) [Hint: use both vector identities and cartesian coordinates where convenient).
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3 Fundamental theorems of vector calculus

3.1 Integration in R? and R?

The integral of a function of two variables f(z, y) over a domain A of R? denoted [, f(z,y)dA can be
defined as a the limit of a )" f(xn, yn)AA, where the A,’s, n =1,..., N provide an (approximate)
partition of A that breaks up A into a set of small area elements, squares or triangles for instance.
AA,, is the area of those element n and (z,,y,) is a point inside that element, for instance the
center of area of the triangle. The integral would be the limit of such sums when the area of the
triangles goes to zero and their number N must then go to infinity. This limit should be such that
the aspect ratios of the triangles remain bounded away from 0 so we get a finer and finer sampling
of A. This definition also provides a way to approximate the integral by such a finite sum.

If we imagine breaking up A into small squares
aligned with the x and y axes then the sum over all
squares inside A can be performed row by row. Each
row-sum then tends to an integral in the z-direction,
this leads to the conclusion that the integral can be
calculated as iterated integrals

YT+

YB-

[ raaaa= [ [ " e (73)

YB x¢(y)

fwi(y) ery)

We can also imagine summing up column by col-
umn instead and each column-sum then tends to
an integral in the y-direction, this leads to the — yy(z)+ oo
iterated integrals

TR yt(‘f)
/A fla,y)dA = / e /y ) S
()LD

Note of course that the limits of integrations dif- :
fer from those of the previous iterated integrals. !

Ty, T TR
This iterated integral approach readily extends to integrals over three-dimensional domains in R3
and more generally to integrals in R".

3.2 Fundamental theorem of Calculus

The fundamental theorem of calculus can be written

/b Z—id:p = F(b) — F(a). (75)

Once again we can interpret this in terms of limits of finite differences. The derivative is defined as

dF _ . AF

T A A (76)
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where AF = F(z + Az) — F(z), while the integral

Axp—

b N
/a Faydr = Jim 3" () A, (77)

where Az, = 2, —2p_1 and 2,1 < T, < xp, with n = 1,...,N and 29 = a, xxy = b, so
the set of x,’s provides a partition of the interval [a,b]. The best choice for Z, is the midpoint
Zp = (X + xp—1)/2. This is the midpoint scheme in numerical integration methods. Putting these
two limits together and setting AF,, = F(x,) — F(x,—1) we can write

, AF,
/ —dx = A}}fio A, JJim, Z AF, = F(b) — F(a). (78)

We can also write this in the integral form

/ U e = / ar - F(b) — F(a). (79)

dzx F(a)

3.3 Fundamental theorem in R?

From the fundamental theorem of calculus and the reduction of integrals on a domain A of R? to
iterated integrals on intervals in R we obtain for a function G(x,y)

yT zr(y) yr
*dA / / 80 o = / (G (1), ) — Glze(y), )] dy. (30)

YyB

This looks nice enough but we can rewrite the integral on the right-hand side as a line integral over
the boundary of A. The boundary of A is a closed curve C often denoted 0A (not to be confused
with a partial derivative). The boundary C has two parts C; and Cs.

The curve C; can be parametrized in terms of y as

yr 7(y) = &z, (y) + gy with y = yp — yr, hence

yr
Gz, y)g-dr= |  G(zr(y),y)dy.
Ci YB
Likewise, the curve Cy can be parametrized using y as
7(y) = ®,(y) + gy with y = yr — yp, hence

YB+ YB

G(z,y)g - di = G(2e(y), y)dy-

C2 yr

ze(y) z(y)
Putting these two results together the right hand side of (80) becomes

[ (66w~ Gty ]y =

Gy -dr¥+ GQ‘dF:%Gﬁ-dT_”,
YB C1 Ca C

where C = C; + C3 is the closed curve bounding A. Then (80) becomes

/dA %Gy dr. (81)
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The symbol § is used to emphasize that the integral is over a closed curve. Note that the curve C
has been oriented counter-clockwise such that the interior is to the left of the curve.
Similarly the fundamental theorem of calculus and iterated integrals lead to the result that

OF TR yie(z) oF TR
dA:/ d,a:/ dy:/ F(x,y () — F(x, yp(x)) |dex, 82
e . ) Oy ’ [F (2, ye(2)) — F(z, yp())] (82)

L

and the integral on the right hand side can be rewritten as a line integral around the boundary
curve C = C3 + C4.

The curve C3 can be parametrized in terms of z as
() = &z + Y yp(z) with x = 2, — xR, hence

yi ()] /C 3 F(z,y)& - dF = / o F(z, yp(z))dz.

zr
Likewise, the curve C4 can be parametrized using x
as 7(x) = &z + gy (x) with x = xr — xr, hence
Yo(2)1

/C4 F(z,y)& - dr = /u F(z,y(x))dz.

TR

w’L I:' .%':R
The right hand side of (82) becomes
TR
/ [F(z,y(z)) — F(z,yp(z))]dz = —/ Fg - dr¥— / Fg-di¥=— j([ Fg - dF,
TL Cq Cs c

where C = C3 + C4 is the closed curve bounding A oriented counter-clockwise as before. Then (82)
becomes OF
/dA:-yngz.dﬁ (33)
A Oy c

3.4 Green and Stokes’ theorems

The two results (81) and (83) can be combined into a single important formula. Subtract (83) from
(81) to deduce the curl form of Green’s theorem

A(aaf_gjj> dA:yi(Fi"i‘GQ)'df"zyi(Fdx—FGdy). (84)

Note that dr and dy in the last integral are not independent quantities, they are the projection
of the line element d7 onto the basis vectors & and ¢ as written in the middle line integral. If
(z(t),y(t)) is a parametrization for the curve then dx = (dz/dt)dt and dy = (dy/dt)dt and the
t-bounds of integration should be picked to correspond to counter-clockwise orientation. Note also
that Green’s theorem (84) is the formula to remember since it includes both (81) when F' = 0 and
(83) when G = 0.

Green’s theorem can be written in several equivalent forms. Define the vector field ¥ = F(z,y)& +
G(x,y)y. A simple calculation verifies that its curl is purely in the 2 direction indeed (62) gives

—

V x ¥ = 2(0G/0x — 0F/0y) thus (84) can be rewritten in the form

A(ﬁxﬁ)-ﬁdA:iﬁ-dﬁ (85)
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This result also applies to any 3D vector field ¥(z,y, z) = F(x,y, 2)&+G(z,y, 2)§+ H(x,y, 2) 2 and
any planar surface A perpendicular to £ since 2 - (6 x ¥) still equals 0G/dx — OF /0y for such 3D
vector fields and the line element d of the boundary curve C of such planar area is perpendicular
to £ so ¥-dr is still equal to F(x,y, 2z)dx+ G(x,y, z)dy. The extra z coordinate is a mere parameter
for the integrals and (85) applies equally well to 3D vector field ¥(z,y, z) provided A is a planar
area perpendicular to 2.

In fact that last restriction on A itself can be removed. This is Stokes’ theorem which reads

/S(ﬁxa).ds“:yia-dﬁ (86)

where S is a bounded orientable surface in 3D space, not necessarily planar, and C is its closed
curve boundary. The orientation of the surface as determined by the direction of its normal 7,
where dS = fdS, and the orientation of the boundary curve C must obey the right-hand rule.
Thus a corkscrew turning in the direction of C would go through S in the direction of its normal
7i. That restriction is a direct consequence of the fact that the right hand rule enters the definition
of the curl as the cross product V x @.

Stokes’ theorem (86) provides a geometric interpretation for the curl. At any point 7, consider a
small disk of area A perpendicular to an arbitrary unit vector 71, then Stokes’ theorem states that

lim —
Algb A

- 1
V x?) 1= U-dr 87
(¥ x ) f (87)
C

where C is the circle bounding the disk A oriented with 7. The line integral ¢ @ - d7 is called the
circulation of the vector field ¥ around the closed curve C.

Partial proof of Stokes’ Theorem
» We'll sketch a proof of Stokes’ theorem and do a non-trivial exercise in vector calculus in the
process. Imagine a bounded surface S in 3D space that can be parametrized in terms of cartesian
coordinates (z,y), that is S : z = h(z,y) with z,y in some domain A in the (z,y)-plane then
7(z,y) = &x + gy + Zh(x,y) and

or _ . g0h or_ . JOh (88)
or o’ Oy Y oy’
7 or Or oh oh
— (A T N N N

Now if we write ¥ = &u + gv + Zw then from (62)

Guxg=a (20 ) g e 0w, g (0 O
N oy Oz Y\oz " oz ox Oy’
and from (89)

@ ey (2707 (20 0) 00 (0u 00y 0 (0o
Oor Oy dr Oy oxr \ 0y Oz oy \0z Ox
(e (e ouohy (b0 _ohow)
Or 0z 0z Oy 0z 0y Oy O0x Oxdy )’
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Now each of these expressions are partial derivatives of functions of three variables, thus dv/9dz for
instance means derivative with respect to x with y and z fixed. However in the surface integral
(86), all these expressions must be evaluated on the surface S, meaning at z = h(z,y) with z,y in
A. The chain rule then says that

Ov vOny 00 (0w 0udk\ _ou o
dr 0z 0 S_E):c Oy 0z Oy S_E)y

where
u(z,y) = u(z,y, h(z,y), v(x,y) =v(z,y, h(z,y)). (92)

and the subscript S indicates that the expression must be evaluated on S meaning at z = h(z,y)
with z,y in A. We can massage the last term in parentheses on the right hand side of (90)

OhOw Ohdw _Oh (0w  OwORY Oh (9w Oudh
oy dxr Oxdy Oy \O0xr 0z 0x Or \ 0y 0z dy
_0how_onow
Oy dxr Oz Oy
o (_0h 0 [ _0h
52 (°%) 7 (7)) )

where w(z,y) = w(z,y,h(x,y)) as in (92) and the last step follows from the cancellation of the
mixed partials 9%h/0ydx = 9*h/0xdy. Substituting (91) and (93) into (90) yields

g (O OTY D (L oy 0 (. on

or~ Oy) Oz Y way y T e

0G(z,y) OF (z,y)

EAASIL NN AL 2y 4
Ox oy (94)

Hurrah! we have managed to write

L(ﬁxﬁ)-d§:A<g—g>dA. (95)

Now for any point 7(z,y) on the surface S, we have from (88)

. or or . . . [ Oh oh
dr = %dl‘ + Fydy =2dr +gdy + 2 ((%d:r + 8ydy)

where dx and dy would be independent for any point on S except on its boundary C where dx and
dy must be such that d7 is tangent to C. In any case, at any point on the surface S

L o (_ . _0h _ _0Oh B
v-dr = (u + w(‘?x) dx + (v + way) dy = F(z,y)dz + G(z,y)dy.

Hurrah again! finally if # is on the boundary C of S then (x,y) is on the boundary C4 of A and we
have

f 7. di = 7{ Fdz + Gdy. (96)
C Ca

The results (95) and (96) reduce Stokes’ theorem (86) to Green’s theorem (84), thereby proving it
in this particular case where S can be parametrized by x and y. |
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More general proof of Stokes’ theorem

Indicial notation enables a fairly straightforward proof of Stokes’ theorem for the more general case
of a surface S in 3D space that can be parametrized by a ‘good’ function (s, ¢) (differentiable and
integrability as needed). Such a surface S can fold and twist (it could even intersect itself!) and is
therefore of a more general kind than those that can be parametrized by the cartesian coordinates
x and y The main restriction on S is that it must be ‘orientable’. This means that it must have
an ‘up’ and a ‘down’ as defined by the direction of the normal 07/9ds x 07/0t. The famous Mobius
strip only has one side and is the classical example of a non-orientable surface. The boundary of
the Mobius strip forms a knot.

» Let z;(s, t) represent the ¢ component of the position vector 7(s, t) in the surface S with i = 1,2, 3.
Then

(6 < F)- @ " @’ Oy, 0x; 0rpy Ovy, 0z Oy,
os ot ) %om; mas ot UFUM 9y 9s ot
ovy, 0x; Oxp,

= (5jl5km 6]m6kl) 8 8 Gt
_ Ov O Oy, Ouy O:Uk Ox;

0w, Bs Ot Ou, Os Oi
0y, 0xp, 0, Ox

- 9s Ot ot 0s

=0 (5, 9%) 9 (5 9k
s \ ot ot \"* s
AG (s, 1) OF (s,1)

- 0s B ot (97)

where we have used (69), then the chain rule

vy, 8$] B %% L v Ovy, Oxo L Oue Ovy, O3 ﬁﬁk
8IL‘J s Ox1 Os Oxs Os O3 s Os’

and equality of mixed partials 02wy, /0s0t = 02wy, /0tds with Uy (s, t) = vy, (z1(s, 1), z2(s,t), z3(s, 1)).
The result (97) is equivalent to (94) with s,¢ in place of z,y. It is not only more general but
also easier to obtain using indicial notation. That’s because the cartesian parametrization actually
breaks the symmetry of the problem. This proof demonstrates the power of the indicial notation
and the summation convention. The first line of (97) is a quintuple sum over all values of the indices
i, j, k, { and m! This would be unmanageable without the compact notation.

Now for any point on the surface S with position vector #(s,t)

= o 81‘1 81‘Z 8 ox g o
v-dr = 7; < 55 ds + 5 dt> ( s ) ds + ( 5 > dt = F(s,t)ds + G(s,t)dt,  (98)

and we have again reduced Stokes’ theorem to Green’s theorem (84) but expressed in terms of s
and t instead of z and y. In details we have shown that

/(6 x 7) - dS = /6 (6‘r g:;) dsdt = A<6G;2’t)—aFéj’t)>dsdt, (99)

7{’5’- dr = F(s,t)ds + G(s,t)dt. (100)
C Ca

The right hand sides of (99) and (100) are equal by Green’s theorem (84). [
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3.5 Divergence form of Green’s theorem

The fundamental theorems (81) and (83) in R? can be rewritten in a more palatable form.

The line element d# at a point on the curve C is in the direction of
the unit tangent £ at that point, so di = £ ds, where £ points in the

- t f counterclockwise direction of the curve. Then £ x 2 = # is the unit
oS outward normal 7 to the curve at that point and 2 x 4 = £ so
~ N
Y N g-t=2-Zxn)=Ex2)-n=—9 -0 (101)
\
\ -~
' g-t=9g-Exn)=(gx2) -n==%- n. (102)
Z &

Hence since di¥ = £ ds, the fundamental theorems (81) and (83) can
be rewritten

—dA ny dr—fFa: nds, (103)

WdA——?!Fi-dF:%FQ-ﬁds. (104)
Ay c c

The right hand side of these equations is easier to remember since they have & going with 9/0x and
¢ with 9/0y and both equations have positive signs. But there are hidden subtleties. The arclength
element ds = |d] is positive by definition and 72 must be the unit outward normal to the boundary,
so if an explicit parametrization of the boundary curve is known, the bounds of integration should
be picked so that §, ds = §, |dF] > 0 would be the length of the curve with a positive sign. For the
d7 line integrals, the bounds of integration must correspond to counter-clockwise orientation of C.
Formulas (103) and (104) can be combined in more useful forms. First, if u is the signed distance
in the direction of the unit vector @, then the (directional) derivative in the direction @ is 0F/0u =
G- VF = u,0F 0z + uyOF /0y, where @ = u,& + u,y, therefore combining (103) and (104)
accordingly we obtain

OF
%dA j({Fu R ds. (105)

This result is written in a coordinate-free form. It applies to any direction @ in the x,y plane.
Another useful combination is to add (103) to (104) written for a function G(x, y) in place of F(z,y)
yielding the divergence-form of Green’s theorem

OF 0G . A
/A(&E + 6y) dA = j{j(qutGy)-nds. (106)

The left hand side integrand is easily recognized as the divergence V - of the vector field ¥ (z,y) =
Fz + Gy.

3.6 Gauss’ theorem

Gauss’ theorem is the 3D version of the divergence form of Green’s theorem. It is proved by first
extending the fundamental theorem of calculus to 3D.
If V is a bounded volume in 3D space and F'(z,y, z) is a scalar function of the cartesian coordinates

(z,y, z), then we have
oF

Fz 1
o dv = 7{ 2 - ndsS, (107)
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where S is the closed surface enclosing V' and 71 is the unit outward normal to S.

The proof of this result is similar to that for (81). Assume that the surface can be parametrized
using z and y in two pieces: an upper ‘hemisphere’ at z = z,(z,y) and a lower ‘hemisphere’ at
z = z(z,y) with z,y in a domain A, the projection of S onto the z,y plane, that is the same
domain for both the upper and lower surfaces. The closed surface S is not a sphere in general but
we used the word ‘hemisphere’ to help visualize the problem. For a sphere, A is the equatorial disk,
z = zy(x,y) is the northern hemisphere and z = z(x,y) is the southern hemisphere.

Iterated integrals with dV = dA dz and the fundamental theorem of calculus give

P sulew) o
OF py — / 1A OF 4. - / [P(e,y, 2u(.y) — Fla,y, a(z,y)] dA. (108)
\%4 0z A z1(z,y) 0z A

We can interpret that integral over A as an integral over the entire
closed surface S that bounds V. All we need for that is a bit of
geometry. If dA is the projection of the surface element dS = adS
onto the x,y plane then we have dA = cosadS = 2 - ndS. The
: + sign applies to the upper surface for which 7 is pointing up (i.e.
Yo" in the direction of £) and the - sign for the bottom surface where
P 71 points down (and would be opposite to the 7a on the side figure).
| Thus we obtain
|
|

N

WdV-%Fﬁ-ﬁdS, (109)
v 0z S

dA

where 71 is the unit outward normal to S.

We can obtain similar results for the volume integrals of 9F/0x and F /0y and combine those to
obtain

oOF 7{
v = ¢ Fa-nds, 110
/V ad ) (110)

for arbitrary but fixed direction @. This is the 3D version of (105) and of the fundamental theorem

of calculus.

We can combine this theorem into many useful forms. Writing it for F(z,y, z) in the & direction,
with the § version for a function G(z,y, z) and the 2 version for a function H(x,y, z) we obtain
Gauss’s theorem

/ ﬁadvzj{a-ﬁds, (111)
\% S

where ¥ = F& + Gy + HZ. This is the 3D version of (106). Note that both (110) and (111) are
expressed in coordinate-free forms. These are general results. The integral fs U - 1dS is the fluz of
¥ through the surface S. If ¥(7) is the velocity of a fluid at point 7 then that integral represents
the time-rate at which volume of fluid flows through the surface S.

Gauss’ theorem provides a coordinate-free interpretation for the divergence. Consider a small
sphere of volume V and surface S centered at a point 7, then Gauss’ theorem states that

= 1
V7= 1im7§ﬁ-ﬁds. (112)
V—=0 S

Note that (110) and (111) are equivalent. We deduced (111) from (110), but we can also deduce
(110) from (111) by considering the special ¥ = F@ where @ is a unit vector independent of .
Then from our vector identities V - (F&t) = @ - VF = 0F /0u.
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3.7 Other useful forms of the fundamental theorem in 3D

A useful form of (110) is to write it in indicial form as

OF
= FdS. 11
o dv = fs n,;F dS (113)

Then with f(7) in place of F(7) we deduce that

ax] L av = jf &n; fds (114)

since the cartesian unit vectors €; are independent of position. This result can be written in
coordinate-free form as

/Vﬁfdvzfsfﬁds. (115)

One application of this form of the fundamental theorem is to prove Archimedes’ principle.
Next, writing (113) for vg in place of F' yields

6’1)k

d d 11
Ox] V= %njvk S, (116)

which can be multiplied by the position-independent ¢;;, and summed over all j and k to give
/ Cijk gvk dV = % €ijkj Uk ds. (117)
14 € s
The coordinate-free form of this is
/ V x@dV = 74 7 X TdS. (118)
14 S

The integral theorems (115) and (118) provide yet other geometric interpretations for the gradient

Vf= hmj{fnds (119)
vsoV
and the curl .
V x @ = lim ?{ﬁ,xads. (120)
V=0 S

These are similar to the result (112) for the divergence. However, the geometric definition of the
gradient as the vector pointing in the direction of greatest rate of change (sect. 2.1) and of the 7
component of the curl as the limit of the local circulation per unit area as given by Stokes’ theorem
(87) are perhaps more fundamental.

In applications we use the fundamental theorem as we do in 1D, namely to reduce a 3D integral
to a 2D integral, for instance. However we also use them the other way, to evaluate a complicated
surface integral as a simpler volume integral for instance.

Exercises

1. If C is any closed curve in 3D space (i) calculate §, 7 di¥ in two ways, (ii) calculate §, V f - d7*
in two ways, where f(¥) is a scalar function. [Hint: by direct calculation and by Stokes
theorem).
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. If C is any closed curve in 3D space not passing through the origin calculate 3% r37 . di in

two ways.

. Calculate the circulation of the vector field B = (2 x 7)/|2 x 72 (i) about a circle of radius

R centered at the origin in a plane perpendicular to 2; (ii) about any closed curve C in 3D
that does not go around the z-axis; (ii) about any closed curve Cp that does go around the 2
axis. What’s wrong with the z-axis anyway?

. Consider ¥ = & x 7 where & is a constant vector, independent of 7. (i) Evaluate the

circulation of ¥ about the circle of radius R centered at the origin in the plane perpendicular
to the direction nv by direct calculation of the line integral; (ii) Calculate the curl of ¥ using
vector identities; (iii) calculate the circulation of ¥ about a circle of radius R centered at 7
in the plane perpendicular to 7.

. If C is any closed curve in 2D, calculate §, 7 dr where 7 () is the unit outside normal to C

at the point # of C.

. If S is any closed surface in 3D, calculate ¢ dS where 7 (7) is the unit outside normal to S

at a point ¥ on S.

. If S is any closed surface in 3D, calculate § p 7 dS where 7 is the unit outside normal to S

and p(7) = (pp — pgz - ¥) where pg, p and g are constants (This is Archimedes’ principle with
p as fluid density and g as the acceleration of gravity.)

. Calculate the flux of 7 through (i) the surface of a sphere of radius R centered at the origin

in two ways; (ii) through the surface of the sphere of radius R centered at ; (iii) through
the surface of a cube of side L with one corner at the origin in two ways.

. (i) Calculate the flux of ¥ = #/r3 through the surface of a sphere of radius € centered at

the origin. (ii) Calculate the flux of that vector field through a closed surface that does
not enclose the origin [Hint: use the divergence theorem] (iii) Calculate the flux through an
arbitrary closed surface that encloses the origin [Hint: use divergence theorem and (i) to
isolate the origin. What’s wrong with the origin anyway?]

Calculate V|7 — 7|~ and V - & with @ = (7 — 7)) /|7 — 7o|® where 7 is a constant vector.

Calculate the flux of ¥ through the surface of a sphere of radius R centered at the origin when
T = a1 (F—71) /|F— 71 P+ ao(F—7y) /|F—75]3 where a1 and as are scalar constants and (i) |7 |
and |72| are both less than R; (ii) |#1| < R < |72|. Generalize to ¥ = Zf\il a;(F—73) ) |F—7i]3.

Calculate ﬁ(f') = fVo j?dVo where Vj is the inside of a sphere of radius R centered at O,
f = (F—7) /|7 — 7* with |#] > R and the integral is over #y. Warning: this is essentially
the gravity field or force at ¥ due to a sphere of uniform mass density. Supposedly, it took
Newton 20 years to figure it out... of course he was never taught calculus, he had to invent
it, and vector calculus came much after him and he never knew about Gauss’ theorem. The
integral can be cranked out if you're good at analytic integration. But the smart solution
is to realize that the integral over 7 is essentially a sum over 7; as in the previous exercise
so we can figure out the flux of F through any closed surface enclosing all of V. Now by
symmetry F(7) = F(r)#, so knowing the flux is enough to figure out F(r). Newton would
be impressed!



