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1. LINE INTEGRALS

Let 7 : [a,b] — R™ be a continuously differentiable function, representing a curve L in R".
Suppose that u : R™ — R is a continuously differentiable function. Then f(t) = u(y(t)) is a
function in [a, b], and by the fundamental theorem of calculus, we have

b b
u(y(b)) — u(y(a)) = f(b) — f(a) =/ f(t)at =/ Du(y(t))y (t)dt. (1)

This quantity does not depend on the curve L, let alone the parametrization v, as long as the
endpoints y(a) and v(b) stay fixed. We are going to interpret the integral in the right hand
side as the integral of Du over the curve L, and attempt to generalize it to a class of objects
broader than the derivatives of scalar functions. We make the following observations.

e The integral must depend not only on the curve L as a subset of R”, but also on a
directionality property of the curve, since switching the endpoints v(a) and ~(b) would
flip the sign of (1).

e The derivative Du is a row vector at each point z € R™. Thus it might be possible to
generalize (1) from integration of Du to that of F': R" — R".
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Let F : R™ — R™ be smooth, and define

b
/ﬂm—/menww. (2)
¥ a

The right hand side makes sense, because for each t € [a,b], we have F(y(t)) € R" and
7' (t) € R™, and so F(y(t)) -v'(t) € R. Objects such as F are called vector fields.

Now let us check if the integral (2) depends on the parametrization . Suppose that
¢ : [c,d] — la,b] is a continuously differentiable function, with ¢([c, d]) = [a,b], ¢(c) = a and
¢(d) = b. Then by applying the change of variables formula

/(ZS i(j)f - / “(Foa)s, (3)

to f(t) = F(v(t)) - v (t), we have
b d d
/mew%WZ/wa®»¢w@W@®=/PW@%MWM (4)

where 7(s) = y(¢(s)) is the new parametrization. Hence the integral does not depend on the
parametrization, as long as the endpoints of the curve are kept fixed. On the other hand, if
¢(c) = b and ¢(d) = a, then we have

b a d
/mewwwa——ﬂFwwwwwm——/FM@wﬁ@w, (5)

which tells us that if the endpoints of the curve get switched under reparametrization, then
the sign of the integral flips. Therefore, the integral (2) depends only on those aspects of the
parametrization  that specify a certain “directionality” property of the underlying curve.
This “directionality” property is called orientation.

Remark 1.1. Intuitively, and in practice, an oriented curve is a curve given by some con-
crete parametrization 7, with the understanding that one can freely replace it by any other
parametrization n = yo ¢, as long as ¢’ > 0. To define it precisely, we need some preparation.
Let L C R™ be a curve, admitting a parametrization v : [a,b] — R"™ which is a continuously
differentiable function with 4’ # 0 in (a,b). Suppose that P is the set of all such parametriza-
tions of L. Then for any two parametrizations 7, : [a1,b1] — R™ and 73 : [ag, ba] — R™ from P,
there exists a continuously differentiable function ¢ : [ag, ba] — [a1, b1] with ¢’ # 0 in (ag, b2),
such that v = 1 0 ¢. This gives a way to decompose P into two mutually disjoint classes P;
and Py: If ¢’ > 0, then ~; and 75 are in the same class, and if ¢’ < 0, then ~; and 7 are in
different classes. The curve L, together with a choice of P; or P, is called an oriented curve.
So the classes P; and P» are the possible orientations of the curve L. As mentioned before,
in practice, we specify an orientated curve simply by giving a concrete parametrization.

Example 1.2. Let v : [0, 7] — R? be given by v(t) = (cost,sint), and let 7 : [0, /7] — R?
be given by 71(s) = (cos 52, sin s2). Then we have n = o0 ¢ with ¢(s) = s? for s € [0, /7], and
since ¢’ > 0 in (0, y/7), these two parametrizations define the same oriented curve. On the
other hand, £(7) = (—cosT,sin7), 7 € [0, 7], gives the same curve as v and 7, but & is in the
orientation opposite to that of v and 7, and thus as an oriented curve, £ is different than ~.

Definition 1.3. Let Q@ C R" be an open set. Then a wector field in ) is a continuously
differentiable function F':  — R™.

For convenience, we restate the definition of integration of vector fields over oriented curves.
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Definition 1.4. Let Q@ C R" be an open set, and let F' be a vector field in Q. Let 7 : [a, b] — €2
be an oriented curve. Then we define the line integral of F' over - as

b
[Fedr= [ Py (6)
o a
If 7 is a closed curve, that is, if y(a) = «(b), then this integral is also called the circulation of

F over 7.

We have already established that the integral in the right hand side does not depend on
the parametrization -, as long as the orientation is kept fixed.

Remark 1.5. The following notations are sometimes used for circulations:

%F‘d'y, %F%l’y, %F'd'y. (7)
gl g v

Note that the second and third notations have arrows specifying orientations, and that they
make sense only in two dimensions.

Example 1.6. (a) Let F : R? — R? be given by F(z,y) = (—y, z), and let y(t) = (cost,sint),
t € [0,7]. Then we have

T . T . T
/F-dvz/ sint sin ¢ dt:/ dt = 7. (8)
. 0 cost cost 0
(b) Let F' be as before, and let n be the unit circle, oriented counter-clockwise, and let v be
the unit circle, with no orientation specified. Then we have

27 . T .
—sint —sint
AF-dn-&éF-dn—?%F-dv—/o <cost> <C08t>dt—27r. (9)

(c) Let & be the unit circle, oriented clockwise, and let v be as before. Then we have

/gF-df_ﬁéF-d{_?%F-dﬁy_—y%F-dfy_—%r. (10)

(d) Let F : R?® — R? be given by F(z,y,2) = (—y,z — 2, 2), and let y(t) = (cost,sint,sint),
t € [0,27]. Then we have

o —sint T —sgint
/F‘dfy:ygF'dfy:/ cost —sint cost | dt =2m. (11)
g g 0 sint cost

Remark 1.7. Another notation for the line integral (6) is

/Fl(x)dxl + ...+ F,(v)dz, = /F - dry. (12)

For example, with v(t) = (¢,2t), t € [0,1], we have

1 1 7
Lmdx+(x+y)dy:A (t+(t+2t)-2)dt:/0 Tt = (13)
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2. CONSERVATIVE FIELDS: SCALAR POTENTIAL

A convenient way to generate vector fields is to differentiate scalar functions. That is, if
2 C R™ is an open set, and ¢ : { — R is a smooth function, then

is a vector field in €. This is called the gradient of ¢. For example, if ¢(z,y) = x + siny,
then Vo(z,y) = (2z,cosy) € R? for (z,y) € R2. The notation

grade = Vo, (15)
is also used for the gradient.

Definition 2.1. If F' = V¢ in 2 C R” for some scalar function ¢, then we say that F'is a
conservative vector field in €2, and that ¢ is a scalar potential of F' in Q.

Let F' = V¢ and let 7 : [a,b] — € be an oriented curve. Then we have

dqb(;t(t)) = Vo(y(t)) - 7/(75) = F(vy(t)) '7,(75)’ (16)
and so
b dp(y(t))
cdry = AN b o(v(a)), 17
/yF 7—/a di ¢(7()) (?( )) ( )

leading to the following result.

Proposition 2.2. The line integral of a conservative field over a curve depends only on the
endpoints of the curve. In particular, the circulations of a conservative field vanish.

Example 2.3. (a) The vector field F(z,y) = (2z,4y) is conservative in R?, since F' = V¢
with ¢(z,y) = 2% + 2y%. So for any curve v connecting P = (0,0) to Q = (2,1), we have
[ Fedr=o@-o(P) =6 (18)

.

(b) Let F(x,y) = (y — 22,2y + z), and let us try to decide if F' is conservative. First, observe
that if I' = V¢, then

/ Fdy = ola.y) — 6(0.0), (19)
Y

where v is any curve connecting the origin (0,0) to the point (x,y). We turn this around,
and construct a candidate potential ¢ such that ¢(0,0) = 0 by the formula

o) = / Fdy. (20)

We take the straight line segment v(t) = («t,yt), t € [0,1]. Thus

1 T 1
yt — 2t x 2 2 2 2
= dt = -2 2 2y°)tdt = y* — . 21
Pz, y) /0 <2yt+xt> <y> /0( x” + 2zy + 2y°) y -t +wy. (21
Finally, the computation

Vo(r,y) = (y — 2z, + 2y), (22)

shows that ¢ is indeed a potential for F'. Note that such a procedure is guaranteed to
yield a proper potential only if F' is conservative to begin with.
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(c) Let F(z,y) = (zy,0), and let v be the oriented square given by the schematic (0,0) —
(0,1) = (1,1) — (1,0) — (0,0). The integral over the first side (0,0) — (0, 1) vanishes,
because = = 0 there. Similarly, the integral over the fourth side (1,0) — (0,0) vanishes.
Moreover, the third side (1,1) — (1,0) is orthogonal to F', so the line integral vanishes.
Thus, the circulation over 7 is equal to the integral over the second side (0,1) — (1,1):

1
1
/F‘dfy:/xda;:. (23)
v 0 2

As the circulation is nonzero, F' is definitely not a conservative field in any region that
contains the square .

In fact, the following result is true.

Proposition 2.4. A vector field F is conservative in an open set  C R™ if and only if the
circulation of F' over any closed curve contained in ) is zero.

Proof. Without loss of generality, let us assume that 2 is path-connected, i.e., that any pair
of points in {2 can be joined by a piecewise smooth path (If not, we simply consider path-
connected pieces of €2 one by one). Fix a point P € Q, and for @ € €, define

o(Q) = / Fdy, (24)

where 7 is any curve connecting P to ). The value ¢(Q) does not depend on +, because the
circulation of F' over any closed curve vanishes. We claim that ¢ is a potential for F.

For simplicity, let us work in 2 dimensions. Suppose that Q = (x,y) € Q is given, and let
D C Q be an open disk centred at Q). Pick a point (a,b) € D such that a < x and b < y.
Then we have

o) = dla,b) + / " Fy(s,b)ds + / " Fy (. ), (25)
which, upon differentiating with respect tg vy, yields '
Oyo(x,y) = Fy(z,y). (26)
Similarly, we have
o(z,y) = é(a,b) + /by Fy(x,s)ds+ /I F,(t,y)dt, (27)
giving 9, ¢(x,y) = Fy(x,y). The proof is complete. ' O

3. IRROTATIONAL FIELDS: POINCARE’S LEMMA

Given a vector field F', how do we check if it is conservative? We start in 2 dimensions.
Suppose that F is conservative, that is, let F' = (F, Fy)) = (0,9, 0y¢), where F, and F, are
the components of F'. Then we have

OyFy = 0y0,0 = 0,0y¢ = O, . (28)
So if F' is conservative, then 0,F, — 0,F, = 0.
Definition 3.1. In 2 dimensions, the curl of F' is defined to be
curlF' = 0, Fy — Oy F. (29)
The following alternative notations are also used:
V x F =V AF =rotF = curlF. (30)

Definition 3.2. If curlF = 0 in €2, then the vector field F' is called irrotational, longitudinal
or curl-free in €.
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We may summarize the preceding discussion as follows.
Proposition 3.3. Conservative fields are irrotational.
In the converse direction, we have the following.

Theorem 3.4 (Poincaré’s lemma). If F is irrotational in 2, where Q C R? is open and
convezx, then F is conservative in ).

A proof will be given in the next section.
Example 3.5. Let F(z,y) = (y — z,y + x). It is irrotational in R?, since
curlF'(z,y) = 0 (y + x) — 0y(y — z) =0, (31)

and hence conservative in R? by Poincaré’s lemma. We construct a scalar potential for F' by
the formula

o(z,y) Z/F-dv. (32)
vy

Since F' is conservative, 7 can be any path connecting (0,0) to (z,y). We take the straight
line segment ~(t) = (zt,yt), t € [0,1]. Thus

s = [ (1) (N are Mot s 2oy 4 Pt oy + L2 (33)
r )= | \yrgar) \y)d6= [ (o8 + 2oy +yjedt = oy 5

We can verify that

Vé(z,y) = (y —z,2 +y). (34)

Example 3.6. Is the condition of convexity in Poincaré’s lemma important? As the first
example below shows, a non-conservative vector field can be curl-free in a general domain,
demonstrating that some assumption on the domain is necessary.

(a) The vector field

Yy X
F(x7y):(_$2+y27$2+y2)' (35)

is curl-free in R? \ {(0,0)}, since

Py —w-20 4yt -y 2y
(22 + y2)? (@2 +y2)?

curl F(z,y) = (36)

However, its circulation over the circle v(t) = (cost,sint), t € [0, 27], is nonzero:

2T /_sint\ " [—sint
éF-dfy:/O (Cost> (Cost>dt:27r. (37)

Poincaré’s lemma is consistent with this, since R? \ {(0,0)} is not a convex set.
(b) However, the existence of such peculiar vector fields does not mean that the domain is
not able to support conservative vector fields. For example, the vector field

L Y
F($’y):(x2—|—y2’x2—|—y2)’ (38)

is conservative in R?\ {(0,0)}, as

d(z,y) = In/22 + 92, (39)

is a potential for F in R?\ {(0,0)}.
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4. GREEN’S THEOREM

In the preceding section, we have derived a criterion to tell if a vector field is conservative
in terms of whether or not the quantity curlF = 0, F, — 0, F; is identically zero. Hence this
quantity measures the failure of a vector field to be conservative.

Remark 4.1. Let F' = (F,, Fy) be a 2-dimensional vector field, and let @ be the square
region with the corners at (x,y), (z+h,y), (t+h,y+h), and (x,y+h), where h > 0 is small.
Denote by v the boundary of () with the counter-clockwise orientation. We approximate the
line integrals over the sides as

(z+h,y) (z+h,y+h)

/ F-dy = Fy(z,y)h, / F.dy=~ Fy(x+ h,y)h,

(z,y) (z+h,y)

(z,y+h) (z,y) (40)

/ F-dy=~ —F,(x,y+ h)h, / F.-dy~ —Fy(z,y)h,
(z+h,y+h) (z,y+h)

which yields

1 %F iy ~ Fy(z +hy) — Fy(z,y)  Fu(z,y+h) = Fu(z,y)
h2 h h (41)
~ 8sz(xay) - 8sz($,y) = curlF(x,y).

Since the approximation is exact as h — 0, we get

1
curl F(z,y) = hm — %F - dy. (42)
h—0 h?

Thus we could say that the curl is “circulation per unit area.”

As the curl is “circulation per unit area,” can we expect that integration of curl would give
the total circulation? Green’s theorem answers it in the affirmative.

Theorem 4.2 (Green’s theorem). Let v be a closed oriented curve, and let K be a region
bounded by vy, such that K is on the left side of v. Then we have

%F cdy = / curlF, (43)
¥ K

for any smooth vector field F in K.

Proof for polygons. Any polygon can be subdivided into triangles, and any triangle can be
thought of as the sum or the difference of two right-angled triangles. Thus it suffices to prove
the theorem for right-angled triangles. Consider the triangle T" with vertices at (0,0), (a,0),
and (0,b). We compute

/a F _/ /(z) (2,y dydx—/OaFm(x,g(:U))d:U—/Oan(x,O)dx, (44)

where g(z) = b(1 — x/a), and

/8F —// O0uFy( xyd:cdy—/ Fy( /Obe(O,y)dy, (45)

where h(y) = a(1l — y/b). Since h(g(z)) = z, under the substitution y = g(z), we have

[ B vy = [ By L (16)
0 0
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and hence

a b a
/TcurlF:/O Fx(:n,())dx—/o Fy(O,y)dy+/0 [Fy(:n,g(:n))-S—Fx(ﬂc,g(:ﬁ))]dw

(47)
gl
where v is the boundary of T'. This establishes the proof. O
Remark 4.3. In the components of the vector field, Green’s theorem is written as
%Adw + Bdy = / (0B — 0yA)dzdy. (48)
o7 K

Example 4.4. Let F(x,y) = (0,z), so that curlF(x,y) = 1. An application of Green’s
theorem yields a useful formula for computing areas:

|K| :/ curlF' = %F-d’y: %xdy. (49)
K ¥ v

As an example, consider Gerono’s lemniscate

{x:cost (50)

y =sintcost

and take v to be the right half of it, given by the parameter range —
area of the region enclosed by ~ can be computed as

<t < 3. Then the

3 2 .2 2
|K| =@ zdy = cost - (cos”t —sin” t)dt = 3 (51)
5 _

INE]

Example 4.5. Let us compute the integral

§I§C(Qy + V22 + 9)dz + (5z + 22y, (52)

where C is the circle of radius 2 centred at the origin. The curl of the vector field under
integration is curl ' = 3, and hence

%(Qy + Va2 +9)dx + (5x + 285ty dy — / 3dxdy = 12, (53)
C

D
where D is the disk of radius 2 centred at the origin.

We shall now prove Poincaré’s lemma (Theorem 3.4) for scalar potentials. For convenience,
we state it as a corollary to Green’s theorem.

Corollary 4.6 (Poincaré’s lemma). If F is irrotational in Q, where Q@ C R? is open and
convez, then F is conservative in ).

Proof. In view of Proposition 2.4, it suffices to prove that the circulation of F' over any closed
curve v in €2 vanishes. Since any closed curve can be decomposed into non-self-intersecting
loops, without loss of generality, we can assume that - is non-self-intersecting. Then v encloses
a bounded region (this is a nontrivial point, requiring at least a smooth version of the Jordan
curve theorem), and this region is contained in 2 due to convexity. By Green’s theorem, the
circulation over « is equal to the integral of curlF' = 0 over the region. O

Remark 4.7. In fact, Poincaré’s lemma is true for simply connected regions, that is, when any
closed curve in §2 can be continuously deformed into a point. Intuitively, a simply connected
region is a region without holes. This includes many non-convex sets, such as a crescent.
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5. CURL IN 3D

In 2 dimensions, a conservative vector field F' must satisfy 0,F, = 0,F,, because its
potential satisfies 0,0y¢ = 0,0,¢. In other words, the criterion is based on the fact that the
Hessian of a scalar function (if exists) is symmetric.

In 3 dimensions, if F' = (Fy, Fy, F,) = (0.¢, 0y¢, 0.¢), then

Ol OyF, 0O.F, 0,0:¢ 0y0r¢ 0.0.0
DF = | 0,F, 0yF, 0.F,| = |0:0:¢ 0,0,¢ 0.0.¢ | = D¢, (54)
o F, OyF., O.F, 0,0.¢ 0y0.¢ 0.0.¢

and the symmetricity of the Hessian implies that
asz = any, 0. F, = 0, Fy, asz = 3sz- (55)

Another way to think about this is that in 3D, we have 3 coordinate planes: yz, zx, and xy,
and the 2D curls in each coordinate plane must vanish for conservative vector fields.

Definition 5.1. In 3 dimensions, the curl of F is defined to be
curlF' = (0, F, — 0.Fy, 0. Fy — 0. F., 0, F, — 0y Fy). (56)
The following alternative notations are also used:
V x F =V A F =rotF = curlF. (57)
Example 5.2. For F(xz,y,2) = (3z,5x + 22, Ty), we have
curlF(z,y,2) = (7 —22,3,5). (58)

Definition 5.3. If curlF = 0 in €2, then the vector field F is called irrotational, longitudinal
or curl-free in 2.

We may summarize the preceding discussion as follows.
Proposition 5.4. Conservative fields are irrotational.
In the converse direction, we have the following.

Theorem 5.5 (Poincaré’s lemma). If F is irrotational in Q, where Q C R3 is open and
convez, then F is conservative in Q.

The proof needs to wait until we have a generalization of Green’s theorem to 3 dimensions.
Example 5.6. (a) Simple examples of conservative fields are given by fields of the form

F(x,y,2) = (a(z), b(y), ¢(2)), (59)

where a, b and ¢ are scalar functions of a single variable. If A, B and C are primitives of
a, b and ¢, respectively, then it is obvious that F' is the gradient of A(z) + B(y) + C(2).
(b) Another class of conservative fields is provided by radial vector fields. Let

F(:B,y,z) :g(r)($7yaz)7 (60)
where r = /22 + y2 + 22 and g(r) is a scalar function of r. Noting that
T Yy P
8557" — ;’ 8y7‘ = ;, azT = ;, (61)

we have

OyF, — 0.F, = 2q' (r) - vy_ yg'(r) - Z_ 0, 0.F,—0,F.=0, 0,F,—0,F,=0, (62)
r r
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that is, curlF" = 0. Let us look for a scalar potential in the form ¢(z,y,2) = G(r). Its
gradient is easily computed to be

and thus V¢ = F' is equivalent to

For instance, when ¢(r) = r, we may solve it as
3

Gr) = [ atryrar = (65)

, we may solve it as

G(r)=— /oog(r)rdr = 71. (66)

r

and when g(r) = r—3

6. SURFACE INTEGRALS AND FLUXES

A proper extension of Green’s theorem to 3D should turn the circulation of F' over a closed
curve v into some sort of integral of curlF' over a surface bounded by «. The correct notion
of surface integrals in this context turns out to be the so-called flux.

As a local model of a parametrized surface, consider the map ®(u,v) = va + ub, where
u,v € R are the parameters, and a,b € R? are fixed vectors. We have a = 9,® and b = 9,P.
Let Q = [0, 1]? be the unit square in the parameter space. Then the area of its image ®(Q)
is equal to

|2(Q)| = | det(a, b, n)], (67)
where n € R? is a unit vector, orthogonal to both a and b. Note that the right hand side is
the volume of the parallelepiped generated by the three vectors a, b, and n. Since this volume
is maximized when n is orthogonal to the plane of a and b, we can also write it as

al bl T
|®(Q)| = |det(a,b,n)| = maxdet(a,b, z) = max |az by z2, (68)
|z|=1 |z|=1 as by a3

where || = \/2? + 23 + 22 is the norm of x € R3. Expand the determinant by its last column:

ar b x
a9 bQ ol = I
az by w3

ar by
az b

agb
(llb

az bo

“ o , (69)

+ X9

3'+$3
1

and introduce the vector (called the cross product between a and b)

_ _ (|az b2| |az b3| |a1 b1>
c-aXb.-(as b led 2l o) (70)
to arrive at
|2(Q)| = | det(a,b,n)| = |m|a>1<det(a, b,x) = ‘m|a>1<c - T (71)
From here it is obvious that the maximum is attained at
c axb
* 2
ol = Jaxdl 2)

with the value
|2(Q)| = | det(a,b,n)| = det(a,b,z") = c-a* = |c| = |a x b|. (73)
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Moreover, the two (unit) normal vectors are given by

axb

=+2" =+ .
" v la x b]

(74)

Remark 6.1. Consider a general parametrized surface ® : K — R3, where K C R? is the
parameter domain. Then the unit normal vectors are given by

0, ® x 0,P

T Al
"= E 5.0 X 0,0 (75)
and the area of a small square ¢ C K transforms as
[®(q)| = [0u® x 0,®] - |ql, (76)

with the approximation being exact in the limit |g| — 0.
Thus the following definition is natural.

Definition 6.2. The integral of a scalar function f over the parametrized surface ®(K) is
/ f:/(foCID)|8u<I>><8v<I>|, (77)
B(K) K
and the surface area of ®(K) is
2(5)| = [ 10,2 x 0,0]. (78)
K

Example 6.3. Let us compute the surface area of the torus
xz = (a+bcosb)cos ¢
y = (a+bcosh)sing (79)

z=>bsin0

where 0 < ¢ < 27w, 0 < 0 < 27, and a > b > 0 are constants. Denote by ® the map given by
(79), and compute

—(a+bcosh)sing —bsinb cos ¢

D®(¢,0) = | (a+bcosf)cos¢p —bsinfsing]| , (80)
0 bcos 6
and hence
b(a + bcos ) cos ¢ cos O
Dp® X 0p® = |b(a + bcosf)singpcosb | . (81)
b(a + bcosh)sin b

Thus the area of the torus is
27 27 2 27
A= / / 05 x Op®|depdf = / / b(a + bcos0)dpdf = Am*ab. (82)
0 0 0 0

Finally, we can discuss integration of vector fields over surfaces.

Definition 6.4. Let S be a smooth surface, and let n be a unit normal to S. Then the flux
of a vector field F' across S (in the direction of n) is

/SF-dS:/SF-n, (83)

where the right hand side is to be understood as the integral of the scalar function F' - n.
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Remark 6.5. Suppose that S is parametrized as S = ®(K). Then by swapping u <> v if
necessary, we can assume

_ 0u® x 9,
T 0u® x 0,®

in which case the flux can be written as

n (84)

/ F-dS = / (Fo®)-(0,P x 0,P)dudv = / det(0,®, 0, P, F o ®)dudv. (85)
s K K

Example 6.6. Let S = {(z,y,2? + y?) : 2 + y* < 4}, with n chosen as the unit normal
pointing downward (i.e., with its z-component negative). We are to compute the flux of
the vector field F(x,y,z) = (z,y,2) across S in the direction n. First off, introduce the
parametrization

d(u,v) = (u,v,u® + %), (86)
with the domain K = {(u,v) : u? + v? < 4}. Then we have
1 0 —2u
DO(u,v)= [0 1|, 9,8x9d=|-20]. (87)
2u 2v 1

Since the z-component of 9, ® x 0, P is positive, we have n pointing in the opposite direction
of 9,® x 9,®. In other words, we have

U —2u
/ F-ds = / (Fo®)-(0,P x 0,®)dudv = / v| - |—2v| dudv = 8. (88)
S K K |9 1
Exercise 6.7. Show that
V x (¢X)=¢V x X + (Vo) x X, (89)

for any scalar field ¢ and any 3-dimensional vector field X.

7. THE KELVIN-STOKES THEOREM
Recall Green’s theorem

§éF Cdy = /S (0.F, — O, F), (90)

where F'is a 2-dimensional vector field, and v is the boundary of a 2-dimensional region S.
Let us promote F' to 3-dimensions by
F = (F,, F,,0), (91)

that is, we extend F from the zy-plane to all of R3 such that 0,F, = 0.Fy =0 and F, = 0.
Then its (3-dimensional) curl is

curlF' = (0,0, 0, Fy — 0y Fy). (92)

Now we think of S as a surface lying in R?, and introduce an orientation on S by n = (0,0, 1).
Keep the orientation of v as it was (that is, counter-clockwise in the xy-plane). Then (90)
can be rewritten in the new (3-dimensional) setting as

§£F cdy = / curlF - n. (93)
¥ S

This equality is in fact true in general.
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Theorem 7.1 (Kelvin-Stokes theorem). Let S be a surface in R®, equipped with the normal
n, and let vy be the boundary of S, oriented such that n x ~' points into S (or equivalently:
seen from the tip of n, vy rotates counter-closkwise). Then we have

§I§F Cdy = / curl F' - dS, (94)
¥ S

Remark 7.2. Let D be a small disk centred at p € R3, equipped with the unit normal n,
and let v = 9D be the boundary of D, oriented so that n x 7/ points into D. Then by the
Kelvin-Stokes theorem, we have

for any smooth vector field F'.

51§F ~dy = / curlF' - n &~ |D|curl F(p) - n, (95)
o' D
which yields
1
curlF(p) -n= lim — / F - dy. (96)
D=0 [D] /4
In particular, n = ‘zzﬂig gl gives the spatial arrangement of v corresponding to the maximum

possible circulation.

Example 7.3. (a) Let S be the union of Sy : z = 22 +y?, 0< 2 < 1, and Sy : 2% + 32 = 1,
1 < 2z < 2. Equip S with the normal n so that its z-component is negative on S;. We
want to compute the flux

/ curlF - n, (97)
S

where F(z,y,2) = (32,52, —2y). The boundary v = 95 of S is the circle 22 + y? = 1,
z = 2, oriented clockwise seen from above. We parametrize v as y(t) = (sint,cost,2),
0 <t < 2m. Now, with the help of the Kelvin-Stokes theorem, we compute

6 cost

2m
/curlF-n:/F-dvz/ S5sint | - |—sint| dt = —bm. (98)
o g 0 |—2cost 0

(b) Let 7 be the circle y? + 22 = 1, = 0, oriented counter-clockwise seen from points on the
positive z-axis. We want to compute the circulation of

F(z,y,2) = (2?2 + Va3 + 22+ 2,2y, 2y + 22 + V23 + 2), (99)
over 7. Since
curl F(z,y, 2) = (2,22 — 2,y), (100)
it is advisable to use the Kelvin-Stokes theorem to turn the circulation into a flux integral.
The simplest surface bounded by « is the disk D given by y? + 22 < 1, = 0, and the
orientation consistent with that of + is provided by the normal n = (1,0,0). Thus

/F cdy = / curlF - n = / 2dydz = 2m. (101)
0 D D

Remark 7.4. (a) Let v; and 2 be two curves connecting P to @), and let the union 1 U~
be the boundary of some surface S. If curlF' = 0 then the Kelvin-Stokes theorem yields

0= / curlF'-dS = | F-dm —/ F - dys, (102)
S 71 72

that is,

/ F-dm :/ F - dys. (103)
71 72
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As in the 2-dimensional case, this implies the Poincaré lemma for scalar potentials in
3-dimensions.
(b) Let S and Sy be two surfaces, bounded by the same curve . If G = curlE, then we have

G'dslz/E'd’y: G'dSQ, (104)
S ¥ Sa

that is, the flux of GG is independent of the surface, as long as the boundary is held fixed.
This is strongly reminiscent of the fact that

/ F-d'yl —/ F-d’}/g, (105)
ga! 72

for any vector field F' with F' = V¢, as long as the endpoints of v, and 72 are the same.

Example 7.5. Let v be the circle 22 + y? = 4, z = 0, oriented counter-clockwise seen from
above, and let S be a surface bounded by ~, with its orientation consistent with that of ~.
We want to compute the flux of curlF’ over S, where

F(z,y,2) = (cosxsin z + xy, x°, et ettty tan(zy)). (106)

We can turn this flux into the circulation of F' over =, but it seems unwieldy. So we use
Remark 7.4(b) to replace the surface S by a simpler surface bounded by v. The simplest such
surface is arguably the disk D given by 22 + y? < 4, z = 0, with the normal n = (0,0, 1).
Thus we have

I= / curlF' - dS = /F-d’y :/ curlF' - n = / (curlF) . dzdy, (107)
S o D D

where
(curlF), = 32% — x, (108)

is the z-component of curlF. We finish the computation as

I= / (322 — x)dzdy = 127. (109)
D

8. FLUXES, STREAM FUNCTIONS, AND THE DIVERGENCE IN 2D
Fluxes can also be defined in 2-dimensions.

Definition 8.1. Let v : [a,b] — R? be a smooth curve, and let n be a unit normal to 7. Then
the fluz of a vector field F' across «y (in the direction of n) is

b
/F'n:/ F - nly|dt. (110)
107 a

Remark 8.2. Conventionally, we take
n=—0" (111)

where
(a,b)" = (b, —a), (112)

is the 90° clockwise rotation, so that

b
/F-n:/ F-(y')Ldt:/dey—Fydx. (113)
ol a Y
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Example 8.3. We want to compute the outward flux of F(z,y) = (23,33) across the circle
22 +y? = 9. Let us use the parametrization v(t) = (3cost,3sint), 0 <t < 27. We have

7' (t) = (=3sint, 3cost), and so v (t)* = (3cost, 3sint). (114)
The flux is then computed as
[yF n = /:W BZZ?;;Q : ngﬂ dt = 82 /Ozw(cosd‘t + sin* t)dt = @ (115)
Remark 8.4. Note that
vHhHt=-v, o —(whHt=Ww (116)
This means that F - (y')t = —F1 .4/, and hence the flux of F across v can be written in

terms if the line integral of F- over v as

/7F~n:/7FL-d7. (117)

In view of this, if —F+ = V¢ for some scalar function ¢, then the flux fw F - n depends only
on the endpoints of 7. That —F+ = V¢ means F = (V¢)*, that is,

1L
r-[5" [)
Definition 8.5. The operator V- defined by
V6 = (V)" = (0y¢, —0:0), (119)
is called the grad-perp or the rotated gradient. The notation
gradt¢ = V4o, (120)

can also be used.

Definition 8.6. If F = V+¢ in Q C R? for some scalar function ¢, then we say that ¢ is a
stream function of F' in 2.

Example 8.7. Let ¢(z,y) = 2% + y?. Then we have
Vo = (2x,2y), and  V%ie = (2y,—2z). (121)
Remark 8.8. Recall that G = V¢ implies curlG = 0, and curlG = 0 implies G = V¢ in
convex regions. If G = —F+ = (—F,, F,), then
curlG = 0, F, + 0y Fy. (122)

Thus if F' admits a stream function, then 0,F, + 0,F, = 0. In the converse direction, if
0. F; + 0yF, = 0, then F' admits a stream function in convex regions.

Definition 8.9. In 2 dimensions, the divergence of F' is defined to be
divF = 0, F; + Oy Fy. (123)
The notation
V- F =divF, (124)
can also be used. If V- F = 0 in €2, then the vector field F' is called incompressible, transverse
or divergence-free in €.

Example 8.10. Let F(z,y) = (2z,2y), and G(z,y) = (—y,x). Then we have
curlF = 0, divF = 4, curlG =2, and divG =0. (125)

We may summarize Remark 8.8 as follows.
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Proposition 8.11. Fields admitting stream functions are incompressible.
In the converse direction, Remark 8.8 says the following.

Theorem 8.12 (Poincaré’s lemma). If F' is incompressible in 2, where Q C R? is open and
convezx, then F admits a stream function in €.

Proceeding further, recall Green’s theorem

ng ~dy = / curlG, (126)
¥ K

which, upon substituting G = —F", and hence curlG = divF, implies the following.

Theorem 8.13 (Divergence theorem in 2D). Let y be a closed curve, with n the outward unit
normal, and let K be a region bounded by ~v. Then we have

§£F-n _/ divF, (127)
0 K

for any smooth vector field F in K.

In the left hand side, the circle over the integral sign simply signifies that -y is a closed curve.
The circle could have been omitted, as « is already specified to be closed in the context.

Remark 8.14. Let D be a small disk centred at (x,%) € R?, and let v = D be the boundary
of D, with n being the outward unit normal to . Then by the divergence theorem, we have

}IgF'n:/ divF =~ |D|divF(z,vy), (128)
v D
which yields
1
divF(z,y) = lim yan 129
(@9 = Jim oy (129)

This shows that the divergence is “outward flux across closed curves per unit area.”
Exercise 8.15. Show that
VX (¢X)=¢Vx X —X-(V%e), (130)

for any scalar field ¢ and any 2-dimensional vector field X.

9. VECTOR POTENTIALS AND THE DIVERGENCE IN 3D

Let S; and Sy be two surfaces, bounded by the same curve v, and let F' = curlA. Then
recall from Remark 7.4(b) that

/F-dslz/A-d’)/: F'dSQ, (131)
Sl vy 32

that is, the flux of F' is independent of the surface, as long as the boundary is held fixed.

Definition 9.1. If F = curld in © C R? for some vector field A, then we say that A is a
vector potential of F' in Q.

Remark 9.2. Vector potentials generalize stream functions. Indeed, let F = V¢ be a 2-
dimensional vector field, and extend it to 3-dimensions such that F, = 0 and 0,F, = 0.F, = 0.
Then we have F' = (F,, F}y,0) = (0y¢, —0,¢,0) = curlA with A = (0,0, ¢).
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Remark 9.3. Suppose that F' = curlA. If F was a 2-dimensional vector field admitting a
stream function, then we would have 0,F, + 0,F, = 0. Let us check what becomes of this
quantity now:

O0pFy + 0y Fy = 0,,(0yA, — 0,Ay) + 0y(0. Ay — 0, A,) = —0,0;A, + 0,0, A,
= —0,(0; A4y — 0yAy) = —0,F..
This means that if F' = curlA then
Oy Fy + Oy Fy + 0. F, = 0. (133)

(132)

Definition 9.4. In 3 dimensions, the divergence of F' is defined to be
divF =V - F = 0,F, + 0,F, + 0.F. (134)

If divF = 0 in €, then the vector field F' is called incompressible, solenoidal, transverse or
divergence-free in Q.

We may summarize Remark 9.3 as follows.
Proposition 9.5. Fields admitting vector potentials are incompressible.
In the converse direction, we have the following.

Theorem 9.6 (Poincaré’s lemma). If F is incompressible in Q, where Q C R3 is open and
convex, then F' admits a vector potential in 2.

The proof is more complicated than the proof of Poincaré’s lemma for scalar potentials, so
we postpone it to a later section. The overall logic still follows the same pattern: Poincaré’s
lemma for vector potentials hinges on the following Green-Kelvin-Stokes type theorem. This
is the divergence theorem in 3-dimensions, also called the Gauss-Ostrogradsky theorem.

Theorem 9.7 (Gauss-Ostrogradsky theorem). Let K be a bounded region, and let S = 0K
be its boundary, oriented by the outward normal. Then we have

/ FdS = / divF, (135)
S K

for any smooth vector field F in K.

Proof for box domains. Suppose that K = [a1,a2] X [b1,b2] X [c1,¢2]. Let X1 = [ag,as] X
[b1,b2] X {c1} be the lower face of K, and let ¥ = [a1, ag] X [b1,b2] X {c2} be the upper face
of K. Then one of the terms of the divergence integrates as

Fz as bo co Fz az bo
= [ rasude = [ [T (Rtevcn) - Py
K 82 al b1 c 82 al b1

1 (136)
:/ Fz—/ FZ:/ F-n+/ F-n,
o 1 So o
where n is the outward unit normal to K. Thus, the integral of the divergence is
OF, OF, OF,
/divF: =+ | =L+ = = F.n, (137)
K K Ox K Oy K 0z 0K

which establishes the proof. O

Example 9.8. Let K be the half cylinder given by 22 + 22 <4, 2 > 0, 0 < y < 2. What is
the outward flux of F(z,y,2) = (x4 cosy,y+ xze?, z+sinx) across the boundary of K? Since
divF = 3, with n denoting the outward unit normal to K, we have

/ F-n:/ divF = 3|K| = 3 - 47 = 127 (138)
oK K
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Example 9.9 (Archimedes’ principle). We want to compute the force exerted by a fluid on
a body K that is floating (or immersed) in the fluid. The pressure at the point (z,y, z) is

p = —pgz, (139)

where p is the density of the fluid, g is the gravitational constant, and z is counted upward, so
that z = 0 at the surface level of the fluid. The force exerted by the fluid on a small surface
area AS of the boundary S of K is

AF = —pnAS = pgznAS, (140)

where n is the outward unit normal to S = 0K. Let S~ be the part of S that is immersed in
the fluid, and let es be the unit vector along the z-axis. Then the z-component of the total
force exerted on the body is

F, :/ pgzes - ndS. (141)
5—

This is the flux of the vector field G = pgzes across S~. If K~ is the part of K that is below
the surface level of the fluid, then the boundary of K~ consists of S~ and K N{z = 0}. Since
G =0 at K Nn{z =0}, we can write

F, = G-n= G-n:/ divG. (142)
- 0K~ -
Now we compute
div(zez) =e3-Vz=e3-€3=1, (143)
yielding
F, = / pgzez - ndS = div(pgzes) = pg|K~|. (144)
_ P
For the other components, since
div(ze1) =e1-Vz=e1-e3=0, div(zeg) = ea-Vz=eg-e3 =0, (145)
we have
F, = / pgzer - ndS = div(pgzei) =0, (146)
_ -
and
F, = / pgzes - ndS = div(pgzes) = 0. (147)
S— K-

Exercise 9.10. Prove the following identities, where f is a scalar field, and X and Y are
3-dimensional vector fields.

(a) V- (fX)=fV-X+(Vf)- X
(b) V- (X xY)=(VxX) Y -X-(VxY)
10. DE RHAM DIAGRAMS

In this section, we will review the differential operators such as grad, curl, etc., by using
the organizing principle known as the de Rham diagram, and extend them to 4-dimensions.
Before that, however, let us give an overview of the nabla notations.

Remark 10.1 (Nabla notation). In 2-dimensions, the nabla is the “vector”
V = (0z,0y), (148)

consisting of differential operators (or symbols) J, and 0, as components. The nabla “multi-
plied” by a scalar function and by a vector field respectively yield gradient and divergence:

Vf=(0:1,0yf), V-F=08,F+0,F, (149)
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Rotating the nabla and multiplying subsequently by a scalar function gives

V= (0y,—0:),  V'f=(0yf,—0uf). (150)
The 2-dimensional curl can be written as
curlF = 0, F, — 8,F, =V -F+ = -V*+ . F, (151)
inspiring us to define the 2-dimensional cross product as
AxB=A -B*=-AY.B=A,B,— A,B,. (152)
With this, we have
cwlF =V x F=[-0, 0] [?] : (153)
y
In 3-dimensions, the nabla is the “vector”
V = (0z,0y,0,). (154)
Similarly to the 2-dimensional case, we have
Vf=(0:f,04f,0.f), V- F = 0,F; +0,F,+ 0.F%, (155)
and 0 g, O F,
VXF:(gy ?y,gz ?,gx I;””): 0. 0 —a.| |F|, (156)
=0z oo vy -0y Oy 0 F,

which are of course gradient, divergence, and curl, respectively.

After this digression, we return to the focus of the section. Let us fix an open region
Q1 C R2. Denote by SF the set of all scalar fields in Q, and by V F the set of all vector fields
in . Then we have the diagram

SF -2, yp el o (157)
with the property that
image of grad C kernel of curl . (158)
—_——— S——
conservative fields irrotational fields
The latter property can also be expressed succinctly as
curl grad = 0. (159)

Moreover, Poincaré’s lemma states that the inclusion in (158) is in fact an equality if Q is
convex. In this case, the diagram (157) is called an ezact sequence.
We also have the “rotated diagram”

1 .
Sp Y yp dv, gp (160)
with
image of grad®™  C  kernel of div (161)
—_——— S———
admitting stream function incompressible fields
or equivalently,
div grad® = 0. (162)

Poincaré’s lemma states that the inclusion in (161) becomes an equality (and hence (160) is
an exact sequence) if €2 is convex.
In 3-dimensions, obviously with  C R?, we have the diagram

grad
——

SF |7 QN v AR AN S ) (163)
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with
image of grad C kernel of curl, image of curl C kernel of div (164)
conservative fields irrotational fields admitting vector potential incompressible fields

or equivalently,
curl grad = 0 and div curl = 0. (165)

Again, Poincaré’s lemma states that both inclusions in (164) become equalities (and hence
(163) is an exact sequence) if € is convex.

In order to extend the framework to 4-dimensions, we need to look at the 3-dimensional
case in a slightly different light. The core idea is to consider the curl as an antisymmetric
matriz, rather than a vector (at each point). The antisymmetric part of the Jacobian of a
vector field F' is

[ 0 OyFy — 0. F, 0.F, — 0,F,
DF — (DF)" = |9,F, — 0, F, 0 9.F, — 0,F,
:8xFZ — 0. F, OyF, —0.F, 0 (166)
0 —(curlF"),  (curlF),
= | (curlF), 0 —(curlF), | ,
| —(curlF),  (curlF), 0
that is,
DF — (DF)T = xcurlF (167)
where we have introduced the map % that turns vectors into antisymmetric matrices by
0o V. V
*V=1|V, 0 —Vil. (168)
-V, Vi 0
Now we redefine the 3-dimensional curl as
curlF = DF — (DF)T, ie., (curlF);p, = OpF; — O0; Fy. (169)

Thus, the curl of a vector field is an antisymmetric matriz field (i.e., an antisymmetric matrix
at each point of ), and the former vector-curl can now be written as x~!curlF. As the former
property divcurl ' = 0 becomes div ! curlF = 0, the role of the divergence should now be
played by the operator

divM = div+"' M, (170)
acting on antisymmetric matrix fields. Since
0 -V V Va 0 My M —Mps
sV, 0 V| = |V, or x!'|[My 0 M| =|Ms|, (171)
-Vy Vi 0 V., Ms1 Msz 0O —M;i2
we can write explicitly
divM = —0 My + 0 My3 — O3 M. (172)

Finally, the updated 3D diagram is

SF -2 yp el oy -4, gp (173)

where AM F' denotes the set of all antisymmetric matrix fields in €2. The usual properties
curlgrad = 0 and div curl = 0, (174)

as well as the Poincaré lemma hold for the new diagram.
In 4-dimensions, we define

curlF = DF — (DF)T,  ie.,  (curlF)y = OpF; — 0;Fy. (175)
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Corresponding to each coordinate axis, we have a coordinate 3-plane, which has a 3-dimensional
curl. The divergence of each of those 3-dimensional curls must be zero. Assembling those
divergences, we get the operator

02 M3y — O3 Moy + 04 Mo3
—O01 M3y + O3 M4 — 04 M3
O1May — 02 Mg + 04 My |’
—01Maz + 02 M3 — 03 M2

divM = (176)

satisfying div curlF = 0. Moreover, it is clear that div divM = 0 for any matrix field M,
where the 4-dimensional divergence of a vector field is defined by

divE = 011 + OoF5 + O3F3 + 04 Fy. (177)

Thus we have constructed the diagram

SF A, yp ey qyp A, yp div, gp (178)
with the expected properties
curl grad = 0, div curl = 0, and div div = 0. (179)
We have not discussed them, but the corresponding Poincaré lemmas would also hold.

Remark 10.2. Any 4 x 4 antisymmetric matrix can be written as

0 —-X3 Xy Y
X3 0 X1 Y
-Xo X3 0 Ys|’
-1 =Y, -Y3 O

M = (180)

with X, Y € R3. If M is an antisymmetric matrix field, then X and Y would be 3-component
vectors depending on x1, za, x3 and x4. Thus we can rewrite (176) as

02Y3 — 03Ys — 04.X4
—01Y3 + 03Y7 — 04 X5
01Ys — 0oY1 — 04.X3
"Xy + 02Xy +03X3

Observe that we have the 3D curl of Y minus the z4-derivative of X, that is, V x Y — 0, X,
in the first 3 rows, and the 3D divergence of X in the last row. That is to say, if we define
the operations

divM = (181)

0 —X3 XQ Yl Xl
| X3 0 —-X1 Y | X
XHABY = X X AR XHo= X5 | (182)
-1 =Y, Y3 0 ¢
then (181) becomes
div(XBY) = (VxY -0, X)B(V-X). (183)
Furthermore, looking at the 4D curl
0 (92F1 — 81F2 33F1 — 61F3 84F1 — 31F4
_ 81F2 — 82F1 0 33F2 — 82F3 84F2 — 32F4
Wl =\ o Fy — 03 0oFs — 055 0 Oy Fs — O3Fy | (184)
81F4 — 34F1 82F4 — 84F2 83F4 — 84F3 0

we notice that
curl(X B ¢) = (V x X) B (04X — Vo). (185)
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Finally, it is obvious that
div(XB¢) =V - X + 040 and grad¢ = V¢ H 040. (186)
These formulas give us a way to think about 4D operations in terms of 3D operations.

Exercise 10.3. What would be the analogue of the preceding remark for reducing 3D oper-
ations into those in 2D?

Exercise 10.4. Let X, Y and Z be 3-dimensional vectors, and let ¢ be a scalar. Show that
*X)Y =X xY, (XBY)(ZH¢)= (X xZ+oY)B(-Y - 2). (187)

Exercise 10.5. Construct a 5-dimensional de Rham diagram.

11. DuALITY AND THE HODGE STAR

While we have 2 diagrams (the de Rham diagram and its rotated version) in 2D, we have
seen only one diagram in 3D. Then a natural question is: Is there a “rotated version” of the
3D diagram? In order to answer this question, we look for relationships between the two
versions of the 2D diagram that can be extended to the 3-dimensional situation.

One possible clue is the following. If I is a 3D vector field with 0.F, = 0.F, = 0 and
F, =0, then its curl and divergence are essentially the 2D curl and divergence of (F, Fy):

curl ' = (0,0,0, F, — 0,F,), divF = 0, F, + 0. F,. (188)
On the other hand, if F'is a 3D vector field with F, = F,, = 0 and 0.F, = 0, then its curl is
essentially the rotated gradient of Fj:
curlF' = (0, F,, —0,F,0). (189)
Hence we see that both 2D diagrams are included in the 3D diagram as special cases, as the
following commutative diagram describes.

sF &, yp _cul, gp

W s

SF grad VF curl> VF div SF (190)
jo le joT
SF — VF — SF

Here, jy sends 2D scalar fields to 3D scalar fields, j; sends 2D vector fields to 3D vector fields,
J2 sends 2D scalar fields to 3D vector fields, and their actions are defined by

Fx(xvy) 0
(jO(b)(xay? Z) - qb(:v,y), (le)(x,y,z) = Fy(l‘)y) ’ (j2¢)(:1c,y,z) = 0 : (191)
0 oz, y)

The diagram commutes, means that if there are several ways to traverse the diagram from
one place to another, then all these ways should give the same result. For example, the two
squares in the middle of the diagram give

jocurlF = curljy F’ and jigradte = curljoe, (192)

for all 2D vector fields F' and all 2D scalar fields ¢.
Another possible clue is that the operators appearing in the rotated diagram and those
appearing in the original diagram are related to each other via the 90° rotation as

gradt¢ = (gradeg)*, curl F' = div(F1), (193)
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cf. (151), which can be depicted by the following commutative diagram.

sp &, yp _aul, op

i i 4
Y e, & "

Here “id” is the so-called identity map that sends ¢ to ¢, i.e., it simply signifies that SF in
the upper row should be identified with SF in the lower row.

The preceding two clues are interesting, but they seem to be not specific enough to produce
a way to generate the “rotated version” of the 3D diagram. In particular, it is not clear what
the extension of the 90° rotation should be in 3D. Now it turns out that there is a third clue
that is most useful. First, we fit both diagrams in one picture as

d |
=5 VE & SR (195)

—div \gradJ'

SF

Then we claim that each operator in the lower row is the transpose of the corresponding
operator in the upper row. “Transpose” is exactly what it sounds like: It is an extension of
the notion of matrix transpose to operators such as grad and curl.

Let us recall what a matrix transpose is. If A is an m x n matrix, whose entries are denoted
by A;, then the entries of its transpose AT are

(AT)ik = Api. (196)

However, since it is not clear what the “entries” of operators such as grad and curl would be,
we want to focus on the viewpoint that an m x n matrix A is a linear map A : R" — R™.
How do we identify the transpose of A? For any x € R™ and y € R", we have

z-Ay=aTAy = (2"Ay)T =y ATz =y - ATz, (197)

where the dot product in “x - Ay” is happening in R™, and the dot product in “y- AT2” is in
R™. Thus, a transpose of A : R™ — R™ is any matrix B : R™ — R" such that

x-Ay =y - Bz, forall ze€R™ and yeR". (198)

Since taking x = e and y = e; in (198) reduces it to (196), the transpose of a matrix is
unique.

To extend the transpose to the operator grad : SF' — VI, we need to have inner products
in SF and in VF. We use

0.) = [ ov. (199)
Q
for scalar fields ¢ and 7 in €2, and

(X,Y) = /Q X.v, (200)

for vector fields X and Y in Q. Then the transpose of grad is an operator grad* : VF — SF
such that
(X, gradg) = (¢, grad" X), (201)

for all vector fields X and scalar fields ¢ vanishing on the boundary of 2. To identify this
operator, intergate the identity

V- (¢X)=¢V - X+ X Vo, (202)
and apply the divergence theorem, to get

6Q¢X-n:/QV-(¢X):/ngﬁv-X—i-/QX-Vaﬁ. (203)
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Since ¢ = 0 on IS, we infer

implying that the transpose of the gradient is the negative divergence, and the transpose of
the divergence is the negative gradient:

grad® = —div, div* = —grad. (205)

This result is dimension-independent, because the divergence theorem holds in all dimensions.
To compute the transpose of the 2-dimensional curl, we proceed as

/ng)curlxz/9¢v-x¢:—/QXi.w):/QX.(w)L:/QX.VLgb, (206)

yielding
curl* = grad=, (gradt)* = curl. (207)

This establishes the diagram (195).
Moving onto 3-dimensions, (205) already populates most of the diagram

grad 1 di
SF ——= VF —2 VF —= SF (208)
—div curl —grad

leaving only the transpose of curl. To this end, recall the identity
V- (XxY)=(VxX) Y -X-(VxY), (209)

cf. Exercise 9.10, and employ the divergence theorem to get

/(X><Y)~n:/V~(X><Y):/X-VXY—/Y-VXX, (210)
o0 Q Q Q
which identifies the curl as the transpose of itself in 3-dimensions:

curl® = curl. (211)

Hence, transposing the 3D diagram has produced nothing new.
However, we know that there is a more fundamental diagram, namely (173). We claim that
transposing (173) gives the following.

grad 1 div
F == VF &5 AMF == SF (212)
—div dive —*grad

To verify this, we recall the so-called Frobenius inner product for matrices

A-B= ZAikBik =Tr(A™B), (213)
ik

and introduce the following inner product for antisymmetric matrix fields:
1
(A,B) = / A-B. (214)
2 Ja

The factor % ensures that

(*F,%G) = (F,G), (215)



VECTOR CALCULUS 25

for 3-dimensional vector fields F' and G. For an antisymmetric matrix field A and a vector
field F', we have

V- (AF) =) 0i(AwFy) = > _(0:An) Fi + Y AindiFy
= (0iAi)Fr + > AidiFr + Y AipdiFy
ik i<k i>k
= (0iAi)Fr + > AidiFr + Y ApiOpF; (216)
ik i<k k>i
= (0Ai)Fi+ > Ain(0:Fk — Ok Fy)
ik i<k
= (divcA) - F — 3 A - cwrlF,
where div.A is the column-wise divergence of A. An integration followed by the divergence
theorem gives

1
/ (AF)-n = /(dich) - F — / A - curlF = (div A, F) — (A, curlF), (217)
o9 Q 2 Ja

implying that

curl® = div,. (218)
Note that this result is dimension-independent. Next, we recall
divM = div+ ' M, (219)
from (170), and invoke (215) to get
(divM, ¢) = (div « ' M, ¢) = —(x M, gradg) = — (M, +grade), (220)
yielding
(div)* = — * grad. (221)
This establishes the diagram (212).
We can rewrite (219) as
divF = div * F. (222)
Moreover, for any vector field G, we have
0 -G, Gy
divex G =div. | G, 0 —Gy
-Gy G 0 (223)
= (0,G, — 0.Gy,0.Gy — 0.G.,0,.Gy — 0yG)
=V xG,
meaning that
curl G = xdiv, x G. (224)

These observations are summarized in the following commutative diagram.

grad

SF VE -y AMF - SF
i f q Ju (225)
SF —— AMF — VF — SF

*grad dive div

Note that the Hodge star operator here can be compared to the 90° rotation in 2D, cf. (194).
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At this point, transposing the 4D diagram (178) is not difficult. The dimension-independent
results (205) and (218) leave only the transpose of div to be identified:
curl div

grad div
SF ——= VF AMF VF =—= SF (226)

—div dive *curl —grad

We proceed by writing (181) as

0 -X3 Xo Vi 0 -Y:; Y» Xy
~— 1 X35 0 -X; Y Y5 0 -1 X

div Xy Xy 0 vl = div, v, v 0 X (227)
Y, -Yy -Y3 0 X, -Xy —X3 0

Thus, with the introduction of the (Euclidean) Hodge star
*(XBY)=YEX, (228)

where the operation B has been defined in (182), we have
divM = div, x M. (229)

Then (217) yields

(divM, X) = (dive x M, X) = (xM, curlX) = (M, xcurl X), (230)

where in the last step we have used the properties
**M = M, and (xA) - (xB) = A- B. (231)
Finally, we note the following commutative diagram, whose only nontrivial content is (229).

grad

SF y VF - App Y, yp AV, gp
N R R R ¥ (232
SF » VF AMF — VF —— SF

grad *curl dive div

Exercise 11.1. Similarly to (190), fit the two 3D diagrams (212) into the 4D diagram (178).

12. ELECTROSTATICS AND NEWTONIAN GRAVITY

Newton’s law of universal gravitation, first published in his Principia in 1687, asserts that
the force exerted on a point mass Q at x € R? by the system of finitely many point masses g;
at y; €R3, (i=1,...,m), is equal to

N CqiQ -y
F=Y) | (233)
=1

r —yil? |z — yil’

with a constant C' < 0 (like masses attract). Here @ and ¢; are understood as real numbers
that measure how much mass the corresponding points have, and |a| = \/af + a3 + a3 is the
Euclidean length of the vector a € R3. The same law of interaction between point charges
was discovered experimentally by Charles Augustin de Coulomb and announced in 1785, now
with C' > 0 (like charges repel). Note that the numerical value of the constant C' depends on
the unit system one is using to measure force, mass (or charge), and distance.

It is convenient to view the force F' = F'(x) as a vector function of z, that is, a vector field.
This means that we fix the configuration of the point masses {¢;}, and think of @) as a test
mass, that can be placed at any point in space to “probe the field.” The vector field

E(z) = i Co. 2-bi (234)
|z — vl [z — il
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does not depend on the test mass @, and given any test mass @ at z € R3, the force can
be recovered as F' = QFE(z). Therefore E can be thought of as a preexisting entity that
characterizes the gravitational (or electric) field generated by the point masses {¢;}. In fact,
we call E the gravitational field (or the electric field).

For a continuous distribution of mass, the sum in (234) must be replaced by an integral, as

E(z) = C/Q Py r=y g, (235)

|z —y[? |z -y

where p is the mass (or charge) density, and 2 C R? is the region occupied by the body. By
defining p = 0 outside €2, in (235) we may integrate over R3.

Early theoretical studies on the properties of (234) and (235) are connected to such names as
Joseph-Louis Lagrange, Pierre-Simon Laplace, Adrien-Marie Legendre, Siméon Denis Poisson,
Carl Friedrich Gauss, and George Green. We shall look at some of these developments now.

Proposition 12.1 (Lagrange 1773). Let E be given by either (234) or (235). Then E is
conservative, i.e., there exists a scalar function ¢ such that E = —V¢.

Proof. In order to confirm the existence of a potential ¢, we simply define

m

Cqi
236
Z "T - yz ( )
for a system of point charges, and
p(y)dy
o(zx) = C / : 9237
(z) P (237)
for a continuous distribution of charge, and check that E = —V¢ indeed gives (234) and
(235), respectively. To this end, we compute
0 1 12 _ -3/2 1 =
= —__— .4 2
dx1 |z ax (1) (| ) z* |a|’ (23%)
and so ) ) ) )
V—:—ji, or \Y% = — 2" i ya (239)
|z| |z[* |zl |z =yl [z —yl* [z —yl

for a fixed y € R3. This means that if ¢ is given by (236), then
Vé(z) = o ~ = —E(z). 240
@) Z Ix—yz Zlﬂc—yz'\2 |z — vl ) (240)
The case (237) can be treated similarly. O

Proposition 12.2 (Laplace 1782). Let E be given by either (234) or (235). Then E is
solenoidal in free space, i.e., V- E =0 in free space. Here “free space” means a place where
there is no mass (or charge).

Proof. When FE is generated by a single particle at the origin, we have

3/2 3 —5/2 —3/2  —22% + 23 + 23
(’ | ) _5 (|‘T|2) : 2‘751 -r1+ (‘$|2) = 1 |.’E’52 3’ (241)
and so
. T 32 0 2y-3/2 3/2
div— -
lvm?, (| ’ ) 8@ (=) (’ ‘ )
B —2x1—|—x2+m3 —22% + 23 4 23 —2x3+x1+x2 _ 0
[ ] |z[? 7

for x # 0. Therefore, for either (234) or (235), we have V - E = 0 in free space. O
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If we combine this with F = —V¢, we get
Ap=V -Vop=0 in free space, (242)
where
A=V-V=0?+03+03, (243)
is called the Laplace operator. The equation (242) is the Laplace equation, and its solutions
are called harmonic functions.
Laplace’s result (242) was completed by his student Siméon Denis Poisson. The equation

(245) appearing in the following proposition is known as the Poisson equation, and is valid
everywhere, as opposed to (242), which is only valid in free space.

Proposition 12.3 (Poisson 1813). Let ¢ be given by
d
¢(x) =C / o) 5 (244)
R3 [ — Y|
with p smooth and vanishing outside some bounded set. Then we have'.
Ap=—4xCp  in R3. (245)

Sketch of proof. Let U C R? be a region with smooth boundary, and let n be the unit outward
normal to OU. Then for the vector field F' = Vu, we have

V. F = Au, and  F-n=mn-Vu=0yu, (246)

where 0,u is the normal derivative of u at OU, and so the divergence theorem yields

/UAu: /8U Onu. (247)

Now consider the potential generated by a point mass ¢ at some point y € U:
Cq

|z —y|

Let B. = {x € R?: |x — y| < €}, and let us apply (247) to the domain U. = U \ B.. Since u

is harmonic in U,, we infer

u(z) =

(248)

0= Au = / Opu = Onu — @, (249)
UL oU. ou oB. Or

where r = |z — y| is the radial variable centred at y. We can compute

ou _ / 00 _ / C%z = —47r62%q = —4rCyq, (250)
0Bc or {r=¢} 8T r {r=e} T £
and thus
/ Opu = —4nCq. (251)
ou

This is for the potential generated by a charge at y € U. On the other hand, if y ¢ U, then
Au = 0in U, and hence we have

Opu = / Au = 0. (252)
ou

Therefore, for the potential given (244), we get

/a 0.0 = —inC / (253)

Un Gaussian type unit systems, one sets up the units so that C' = £1, and hence the Newtonian/Coulomb
formulas (234) and (235) have simple expressions. In other systems such as SI, one sets up C such that the
appearance of 47 in the Poisson equation (245) is avoided.
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Finally, let B. = {y € R? : |y — x| < €} for ¢ > 0 small, and note that for any continuous
function f, one has

)=t [ 5 (254)

where |B.| is the volume of the ball B.. By applying this result to A¢, we infer

1 1 47C
D~ 1B] Lo 20 B s, 0 1B

where we used the identity (247) in the second step, and (253) in the third step. Upon taking
the limit € — 0, we get

p~ —4nCp(x), (255)

Ad(z) = —4rCp(w), (256)

which is Poisson’s equation. O
Remark 12.4. Note that in terms of the field F, the Poisson equation (245) is simply

V- E =4rCp, (257)

which is called the Gauss law. By integrating both sides over a region K and applying the
divergence theorem to the left hand side, we discover the integral form of the Gauss law:

/ E-n:47rC'/ p- (258)
0K K

This was discovered by Lagrange in 1773, and rediscovered by Gauss in 1813.

Remark 12.5. If f is a smooth function decaying sufficiently fast at infinity, then the New-
tonian potential of f, defined by

() = 1 f(y)dy (259)

4w R3 \x—y\’

is a solution of the Poisson equation
Au = f. (260)

This observation will be used at crucial junctions many times later.

13. MAGNETOSTATICS

The qualitative effect of electric currents generating the magnetic field was discovered by
Hans Christian Orsted in 1820. In the same year, Jean Baptiste Biot and Félix Savart
discovered the quantitative law

Bo) = [ i) x =, (261)

lz -yl

which is the magnetic equivalent of the Coulomb law. Here, j is the current density, whose
flux across a surface S gives the current flowing across S:

I= /j -dS. (262)
S
The meaning of the vector field B is that when there is no electric field (E = 0), the force
acting on a charge ) with velocity v is given by
F=QvxB. (263)
By using Lagrange’s observation
1 _ -y

_ , 264
T—y = Te=yP (264)
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we can write the Biot-Savart law as

B =~ [ 30 x Vet = x [ T, (265)
R? |z =yl R3 |7 — Yl
that is, with the introduction of the vector potential
i) s
Ax) = / ——=—d”y, 266
(@) Rr3 [T — Y| (266)
we have
B=V xA. (267)
From here, we immediately get the Gauss law for magnetism:
V-B=0. (268)
Note that by Remark 12.5, we have
AA = —4rj, (269)
where we understand A A in the component-wise fashion. Thus the curl of B is
VXB=VxVxA=V(V-A4) -—AA=V(V-A)+4drj. (270)
We can compute
. . 1
V- Alx)=V- / W) gy, / i) - Vo d%
R3 |I'_y| R3 |I'—y| (271)
, 1 V.-j
= —/ Ji(y) - Vy &’y = 1w g,
R? |z —yl s |7 =yl

that is, V - A is the Newtonian potential of V - j. To compute V - j, consider a region K, with
n denoting its outer unit normal. Then the total charge contained in K at time ¢ + At is

q(t—i—At)zq(t)—At/aKj-n—q(t)—At/KV‘j, (272)

where the integrals are performed at time ¢, and the approximation exact in the limit At — 0.
On the other hand, we have

aft+ 80 —a(0) = [ p(e+20— [ oo (273)
and combining it with the previous formula, we get
plt+ A1) — p(t) / |
~— V-7, 274
| i (274)
yielding
op+V-j=0, (275)

in the limit At — 0. This equation expresses charge conservation, that is, the fact that electric
charge cannot be produced out of nothing.
Charge conservation implies that if 0;p = 0, then V - j = 0, and therefore

V x B = 47, (276)

by (270). This is called Ampere’s law, named after André Marie Ampere, who did pioneering
studies on magnetism, obtaining results equivalent to those of Biot and Savart. By integrating
(276) over a surface S and applying the Kelvin-Stokes theorem to the left hand side, we
discover the integral form of Ampere’s law:

/B'dfy:47r/j-dS, (277)
o' S
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where v = 95, suitably oriented. In closing, we want to emphasize that in the derivation of
Ampere’s law we have used the so-called magnetostatic assumption Op = 0.

14. FARADAY’S LAW AND THE MAXWELL EQUATIONS

Coulomb’s law was discovered in the setting of static (or at least slowly moving) charges,
and the Biot-Savart law was established for steady currents, which is embodied by the magne-
tostatic assumption. There is no a priori reason why they should hold also in highly dynamic
situations. What we can say however is that their differential formulations, namely, Gauss’
and Ampere’s laws have more chance of being true in general, because of their local character.

So far, we have seen that electricity and magnetism both have Gauss laws, but Ampere’s
law is only for magnetism. The counterpart of Ampere’s law for electricity, Faraday’s law,
was discovered in a qualitative form by Michael Faraday in 1831, and with some additions
from Emil Lenz in 1834, written down in a final quantitative form by Franz Neumann in 1845.
The integral form of Faraday’s law is

/E-dvz—d B.ds, (278)
. i /s

where v = 95, oriented as in the Kelvin-Stokes theorem. This can be manipulated as

/VxE:/fwh:d/Bwﬁz—/&Bd& (279)
S ~ dt Js s

yielding Faraday’s law in its differential form
VxE=-0,B. (280)

The full set of equations becomes thus
V- E =4mp,
V-B=0,
V x B =47y, (281)
V x E=-0,B,
Oop+V-j=0.
However, this set has a serious limitation: Ampere’s law implies

47V -j =V -(V x B) =0, (282)

meaning that 0;p = 0 by charge conservation.
A way out was suggested by James Clerk Maxwell in 1861, when he replaced Ampere’s law
by the new equation

V X B=4nj+ 0,F. (283)

This equation is now called the Mazwell-Ampere equation. If we take the divergence of the
two sides of (283), we get

V- (VxB)=4rV -j+V -OE =47V - j+ OV - E =47V - j + 4mw0sp, (284)

where in the last step we have used the Gauss law V - E = 4wp. Thus, the Maxwell-Ampere
equation and the Gauss law together imply charge conservation as a consequence! The re-
sulting set of equations

V-B=0

E B =
V x E+ 04 0 (285)
V-E=d4mp

V x B — ,E = 4rj

is called Mazwell’s equations.
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Recall from (178) the 4-dimensional de Rham diagram

grad

SF VF <y AMF Y, yp Y, gp (286)

where the 4D operations can be expressed in terms of 3D operations as
gradg = Vo B 049,
curl(X B ¢) = (V x X) 8 (04X — V),
dv(XBY) = (VXY -, X) 8 (V- X),
div(XHBH¢) =V - X + 040,

cf. Remark 10.2. Thus, identifying the 4-th coordinate x4 with time ¢, we see that the first
pair of Maxwell’s equations can be written as

(287)

div(BB(~E)) = (- V x E—-8B)B(V-B) =0, (288)
while the second pair is
cﬁ;f(EEEB): (VxB—@tE)EE(V-E):élﬂ(jEEp). (289)
Now, introduce the 4-dimensional vector field
J=j3Hp, (290)
called the 4-current, the 4 x 4 antisymmetric matrix field
F=BH(-E), (291)
called the Faraday tensor, the new type of Hodge star operator
*(XBY)=(-Y)BX, (292)

called the Minkowskian Hodge star, cf. (228). With these preparations at hand, the Maxwell
equations (288)-(289) become

divF =0,  divxF = 4rJ. (293)
By the property divdiv = 0 of the de Rham diagram (286), we have
divJ =V -j+dp=0, (294)

which is the 4-dimensional perspective on charge conservation. Moreover, since divF = 0,
by a 4D version of Poincaré’s lemma (which we assume), there exists a 4-vector potential
Z = AH 1y such that
F=curlZ =(VxAH (8tA — V"L/}), (295)
that is,
B=V x A, E =Vvy — 0, A. (296)
Thus we see that the vector potential for B survived Maxwell’s modification (283), while the
scalar potential formulation of E needed an upgrade.
The 4-dimensional formulation also gives an illuminating perspective on the gauge freedom.
Since curl grad = 0, modifying the 4-vector potential by

7' = Z + grady, (297)
for any scalar field xy does not affect the Faraday tensor:
curlZ’ = curlZ + curlgrady = curlZ. (298)

The transform (297) is called the gauge transform. In terms of A and v, this is
A=A+ Vy, Y =+ 0. (299)



VECTOR CALCULUS 33

Note that traditionally, we take ¢ = —1 as the scalar potential, which transforms as

¢ = ¢ — Ohx. (300)
Finally, let us see how the Maxwell equations look in terms of the potentials A and 1. The
first pair of equations are automatically satisfied. The second pair is

V- -E=A¢y—0;V-A=A4np,

9 . (301)
VXxB—-0OE=VxVxA-0VY+ 0fA = 4nj.
Invoking the identity
VxVxA=V(V-A) - AA, (302)
the second of the preceding equations can be rewritten as
V(V-A) - AA - 9,Vip + 02 A = 4rj. (303)
Thus, if we can ensure that
V-A=0w, (304)
then (301) would become
A — 92p = Amp,
(0 i P (305)

024 — AA = 4rj,

that is, the Maxwell equations would turn into wave equations for the potentials. Now, the
condition (304) is called the Lorenz gauge, introduced by Ludvig Lorenz in 1867. This can
always be satisfied, because under the gauge transform (299), we have

V-A -0 =V -A—0u+ Ay — 02y, (306)
and so by solving the wave equation
Ofx — Ax =V - A—0pp, (307)

for x, we can ensure (304).

Exercise 14.1. Another popular gauge is the Coulomb gauge
V-A=0. (308)

Show that there exists a gauge transform that ensures V- A = 0. What would the field
equations (301) become under this gauge?

15. THE HELMHOLTZ DECOMPOSITION

In the preceding section, we have derived the existence of potentials (296) for electromag-
netism by applying a 4D Poincaré’s lemma, which we have simply assumed. In this section,
we give an entirely 3D approach to reach the same conclusion.

Let F' be a smooth 3-dimensional vector field decaying sufficiently fast at infinity. Then
Remark 12.5 guarantees that the vector field

1 [ Fly)dy

Ulx) =—— 309
@ =g [ (309)

satisfies the vector Poisson equation

AU = F. (310)
Applying the curl-curl identity (302), we infer
F=AU=V(V-U)=-V xV xU. (311)

Thus, letting

V(@) = V- Ulz) = _%v . /RS ﬁ(y_)(;/ (312)


https://en.wikipedia.org/wiki/Ludvig_Lorenz

34 TSOGTGEREL GANTUMUR

and

Al@) = -V x Ulz) = Lv x [ FW

- 313
A re |z —y|’ (315)

we derive the fundamental decomposition
F=Viy+V xA, (314)

known as the Helmholtz decomposition. This says that any vector field can be decomposed
into the sum of a gradient and a curl. Note that since A itself is a curl, we have

V-A=0. (315)
However, given one particular decomposition (314), we can transform A into
A= A+ Vy, (316)
for any scalar function y, and obtain another decomposition
F=V¢+VxA, (317)

which may have V - A’ # 0.
Let us compute

F(y)dy 1
- _V. =— | Fly) Vo——d
Amy(@) s |7 — Y /Rs ®) iz —y[ Y

V. Fy) (318)

1
/Rs W) Vv S

which implies that if V- F = 0 then ¢ = 0 in (312). In other words, if V- F' = 0 in R? then
there exists a vector field A such that

F=VxA. (319)
This is simply Poincaré’s lemma for vector potentials in R3, cf Theorem 9.6.

Exercise 15.1. Show that if V x F' =0 then A =0 in (313).
Now we apply these results to the Maxwell equations (285). Since V - B = 0, we have

B=V x A (320)
Substituting this into V. x E + ;B =0, we get V x E + 0,V x A =0, that is
V x (E+ 0;A) =0. (321)

Hence there is a scalar function ¢ such that
E+ 8tA = —V¢, i.e., E= —V¢ - BtA (322)
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