2

The Laplace Equation and Wave
Equation

Introduction

In this chapter we introduce the central linear partial differential equations of the
second order, the Laplace equation

©.1) Au=f

and the wave equation

(0.2) (ﬁ - A) u=f.

0r2

For flat Euclidean space R”, the Laplace operator is defined by

0%u 0%u
. Au=M 2"
(0.3) u o2 +t o2

The wave equation arose early in the history of continuum mechanics, in a
mathematical description of the motion of vibrating strings and membranes. We
discuss this in §1. The analysis, based on an appropriate version of Hamilton’s
stationary action principle, generally produces nonlinear partial differential equa-
tions, of a sort that will be studied more in Chaps. 14-16. The wave equation
described by (0.2), which is linear, arises as a “linearized” PDE, describing such
vibratory motion, as will be seen in §1.

In this chapter we consider the Laplace operator on a general Riemannian man-
ifold and emphasize concepts defined in a coordinate-independent fashion. Also,
more generally than the wave equation (0.2) on the Cartesian product of a spa-
tial region with the time axis, we consider natural generalizations defined on a
manifold endowed with a Lorentz metric.

Before defining the Laplace operator on Riemannian manifolds, we devote two
sections to some first-order operators. In §2 we discuss the divergence operator ap-
plied to vector fields, and in §3 we generalize the operations of covariant derivative
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128 2. The Laplace Equation and Wave Equation

and divergence from vector fields to tensor fields. These concepts play important
roles in the study of the Laplace and wave equations.

In §4 we define the Laplace operator acting on real- (or complex-) valued func-
tions on a Riemannian manifold M, and in §5 we write down the wave equation
for functions on R x M and discuss energy conservation. In §6 we extend energy
identities in a way that leads to proofs of results on finite propagation speed for
solutions to such a wave equation.

In §7 we extend the notion of the wave equation from R x M to a general
Lorentz manifold. We extend the notion of energy conservation. To a solution
of the wave equation is associated a second-order tensor field, the “stress-energy
tensor,” and the law of conservation of energy can be expressed as the vanishing
of the divergence of this field, as is shown in §7. One can pass from such a “local”
conservation law to an integral conservation law via the divergence theorem, for
a certain class of Lorentz manifolds, namely those with a timelike Killing field.
We derive the phenomenon of “finite propagaton speed” for solutions to the wave
equation as a consequence of such a conservation law.

In §8 we consider a more general class of hyperbolic equations. To solutions
we can still associate a tensor with some of the properties of a stress-energy tensor,
but the energy conservation law may not hold, and instead we look for “energy
estimates.”

The Stokes formula used in §2 to derive the divergence theorem is a special
case of a more general Stokes-type formula, which we discuss in §9. This more
general formula is used in §10 to produce a variant of Green’s formula for the
Laplace operator acting on differential forms. In these sections we also make use
of the notion of the “principal symbol” of a differential operator, as an invariantly
defined function on the cotangent bundle.

In §11 we look at Maxwell’s equations for the electromagnetic field. We show
how they can be manipulated to yield the wave equation. This mathematical fact
will be further exploited in Chap.6. We deal with Maxwell’s equations in the
framework of relativity and work with the electromagnetic field on a general
Lorentz 4-manifold.

Though we discuss some qualitative properties of solutions to the Laplace
equation and the wave equation, such as Green’s identities and finite propagation
speed (in the case of the wave equation), we do not tackle the question of existence
of solutions in this chapter, except for the very simplest case, namely the n =1
case of (0.2), treated in §1. In the case of such equations on flat Euclidean space,
Fourier analysis provides an adequate tool to construct and analyze solutions, and
this will be developed in the next chapter. Then functional analytical methods,
centered on the theory of Sobolev spaces, will be developed in Chap.4 and ap-
plied in subsequent chapters. As we will see in Chap. 6, energy estimates, such as
those derived in §8 of this chapter, in concert with Sobolev space theory, form the
principal tools for existence theorems for linear hyperbolic equations. Existence
of solutions to nonlinear hyperbolic equations, which requires somewhat more
subtle analysis, will be studied in Chap. 16.
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1. Vibrating strings and membranes

The problem of describing the motion of a vibrating string was one of the earliest
problems of continuum mechanics, producing a partial differential equation. Such
a PDE can be derived by a procedure similar to that described in §12 of Chap. 1,
using a stationary action principle. To carry this out, we need formulas for the
kinetic energy and the potential energy of a vibrating string.

Suppose our string is vibrating in R¥; say its ends are tied down at two points,
the origin 0 and a vector Le; € R¥, of length L. We suppose the string is uniform,
of mass density m (i.e., total mass mL). The motion of the string is described by
a function u = u(t,x), t € R, x € [0, L], taking values in R¥ and satisfying
u(t,0) =0, u(t, L) = Le; for all t. Then the kinetic energy at time ¢ is given by

L
(L1) =" /0 e (1, )2 d,

and the integral fti)l T(t) dt is given by

(1.2) Jou) = % // lur (2, %) dx dt,

IxQ2

where I = (t9,11), 2 = (0, L).

As for the potential energy at a given time ¢, we will use the law that the
potential energy in a small piece of string is a function of the degree that the
string has been stretched, namely,

(1.3) V) = /OL f(ux(l,x)) dx

for a function

(1.4) 7 RF —R.

This is known as Hooke’s law. The case of an “ideal” string (where the force

exerted by a small piece of string is proportional to the amount by which it has
been stretched) is

(1.5) f) =o(lyl —a)?

where the unstretched string has length aL < L and ¢ > 0 is a given constant.
The term accompanying (1.2) in the expression for the action is

(1.6) Ji(u) = // f(ux(l,x)) dx dt.

IxQ2
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The stationary condition according to Hamilton’s principle is
d
(1.7) %(JO—JI)(u+sv)|S=O =0,

forallv € Cg°(I x Q, R¥). A simple computation gives

d
7 Jo(u + sv)|s=0 = // muzvy dx dt
(1.8) IxQ

= —// muvusy dx dt,

where the last identity is obtained by integration by parts. Furthermore, also inte-
grating by parts, we have

di Ji(u+ sv)| _, = // S (ux(t,x)) - vx(t, x) dx dt
(1.9) s ,
= —//{af’(ux(t,x))} cu(t,x) dx dt.
Note that
9
(1.10) a—f/(ux(t,x)) = " (tx)tlxx,
X

where f”(y) is the k xk matrix valued function of second-order partial derivatives
of f: R¥ — R, and u,, takes values in R¥. In other words,

(1.11) 4 Ji(u+sv)|,_, = —/ S (ux)uxy - v dx dt.
ds s=
IxQ

Combining (1.8) and (1.11), we see that the stationary condition (1.7) is equivalent
to the partial differential equation

(1.12) mug; — f (ux)uxx = 0.
If f(y) is a second-order polynomial in y, that is, of the form
(1.13) fy)=a+b-y+Ay-y,

wherea € R, b € R¥, and A is areal, symmetric, k Xk matrix, then f”(y) = 24,
and the PDE (1.12) becomes

(1.14) Mgy — 2Auxy = 0.
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The example (1.5) does not satisfy this condition, and the resulting PDE is not
linear. Let us rewrite this PDE, setting

(1.15) u(t,x) = xe; + w(t, x),

so that w(z,0) = 0 and w(z, L) = 0 in R¥. Then
(116) 1 = ki) = ([ ptws) dx

where ¢ : RF — R is given by

(1.17) p(y) = fle1 +y),

and the corresponding PDE for w is
(1.18) mwee — (p//(wx)wxx =0.

The linearization of this equation is, by definition, obtained by replacing ¢(y)
by its quadratic part, that is, by the terms of order < 2 in its power series about
y=0:

1
(1.19) wo(y) =ao+bo-y+ EAoy-y,

where ag = ¢(0) = f(e1),bo = ¢'(0) = f'(e1), and Ag = ¢"(0) = f"(e1).
For one reason why the term “linearization” is appropriate, see Exercise 4 at the
end of this section. If ¢ is replaced by ¢ in (1.16), the stationary condition yields
the linear PDE

(1.20) mwg; — Agwxx =0 (4o = ¢”(0)).
In the case of an ideal string (1.5), this linearized PDE is readily computed to be
(1.21) mwyy —20 (I —aP)wyy =0,
where P is the orthogonal projection of R¥ onto the orthogonal complement of
e1. (Compare the calculations (1.43)—(1.47) and (1.51)—(1.55) below.) Recall that
we are assuming 0 < a < 1.

For this linear equation, we can write w = w? + w*, where w? is parallel to

e and w* is orthogonal to e;. The equation (1.21) decouples, and we have

(1.22) mw?, —20w?_ =0
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as the equation for the longitudinal wave w® and

(1.23) mw!, —20(1 —a)w?, =0,

XX

as the equation for the transverse wave w*. Both of these equations are cases
(with different values of ¢) of the wave equation

(1.24) Vit — gy = 0.

Here c is identified with the propagation speed for solutions to (1.24), for the
following reason. Namely, for any C2-functions f; of one variable,

(1.25) v(t,x) = filx +ct) + fo(x —ct)

is a solution to (1.24). Conversely, the general solution to (1.24) on (¢, x) € RxR,
satisfying the initial conditions

(1.26) v(0,x) = g(x), v:(0,x) = h(x),

can be expressed in the form (1.25). Indeed, a solution to (1.24) in the form (1.25)
satisfies these initial conditions if and only if

(127)  fi(0) + () = g(x) and ¢ff(x) — cf3 (x) = h(x).

This implies f{(x) + f,(x) = g’(x), so we can solve algebraically for f, and
/> thus we can set

Sfix) = %g(x) + %/0 h(s) ds,

(1.28)
1 1 X
fa(x) = Eg(x) - Z/o h(s) ds.

That the solution (1.25) so produced is the only solution to (1.24) satisfying the
initial conditions (1.26) is a special case of a uniqueness result proved in §5.
One can arrange that the boundary condition
(1.29) v(t,0) =v(t,L) =0
be satisfied by taking g and / that satisfy
(1.30) g(s) =g(s+2L) = —g(—s), h(s) =h(s+2L) = —h(-s).

This is a special case of the method of images, discussed further in Chap. 3, §7.
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Whenever one has the linear equation (1.14), if A is a positive-definite matrix,
one can diagonalize A and construct solutions as above. Constructing solutions
for the equation (1.12), or (1.18) in the nonlinear case, is much more difficult;
Chap. 16 gives some results for this problem.

Now we look at the higher-dimensional case, of a vibrating membrane. Let
2 be some open region in R”. We consider vibrations of 2 in Rk, with k > n.
Define the inclusion j : R” < R¥ by

J&x1,..,xn) = (x1,...,%,0,...,0).

This time suppose the boundary of €2 is tied down. The motion of the membrane
is described by a function u = u(t,x),t € R,x € Q, taking values in R* and
satisfying u(¢, x) = j(x) for x € 0Q2. We suppose the membrane is of a uniform
substance, with mass density m. The kinetic energy at a given time ¢ is then

(1.31) T@) = /|u,(l x)|? dx,

Q

parallel to (1.1), and the integral fti)l T(¢) dt = Jo(u) is again given by (1.2), with
2 now an n-dimensional domain. As for the potential energy, we will again work
under the hypothesis that it is a function of the “stretching” of the membrane, of
the form

(1.32) V() = /f(ux(t,x)) dx

where, for each (¢, x) € R x Q,

(1.33) ux (1, x) € L(Tx 2, R¥) ~ L(R", RF)

is the x-derivative, and

(1.34) 7 LR",RF) — R

is a given smooth function. Again fti)l V(t)dt = Ji(u) is given by (1.6), the
stationary action principle takes the form (1.7), and the variation of J(u) is given

by (1.8). The variation of J; () is also given by a formula of the form (1.11).
More precisely, if we set

(1.35) f=r0), y=(n)e LR R,

then (1.11) holds, with the interpretation

nooa
(1.36) f//(ux)uxx v = Z Z 0 f(ux) g’x./‘vv’

0,41 0yvj
wv=1i,j=1 yl“ Yvj
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where u = (u',...,u¥), v = (v!,...,vF) € R¥. With this notation, the PDE
obtained for u is again of the form (1.12).

As in (1.15)—(1.17), we can concentrate on the deviation of u from the map
j 1 — RF. Set

(1.37) u(t,x) = j(x) +w(, x),

so the boundary condition becomes w(¢, x) = 0 for x € d2; then the PDE for w
is of the form (1.18), again interpreted as in (1.36), with

(1.38) o) = f(J + ).
for y € L(R", R¥). As before, we have the linearized PDE
(1.39) mwy — Awxx =0, A = ¢"(0),

where, forw = (w!, ..., wk),
n

(1.40) (Awyy)’ = Zk: Z PO wh
p=1i =1 ymaJ’v/ Y

We can regard A as defining a symmetric bilinear map
(1.41) A: L(R", R*) x L(R",RF) — R.

There are a number of different forms the potential energy function f(y) can
take, depending on the physical properties of the membrane. In a number of mod-
els, one has f(y) = ¥(y*y), a function invariant under conjugating y*y by an
orthogonal n x n matrix. These models have the form

(1.42) fO) =¥(Trg1(y*y)..... Trgx(y*y)),

where gy : R — R is smooth and, for a self adjoint matrix z = y*y, g¢(2)
is defined by the spectral representation; g¢(z)v; = g¢(A;)v; for v; in the
A j-eigenspace of z. There is no loss in generality in assuming g¢(1) = 0.

To compute the linearized PDE when f(y) is given by (1.42), start with

g(G*+y90 +) =g+ j*y+y*j +y*y)

(1.43) =g(DI + g, (MG y +y*j +y"y)

1
+ &MUy +y *)*+ olyl).
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If (1/2)t = Tr j*y = Try*j, 0 = Try*y,and y = Tr(j*y + y*j)?, we
obtain

e(y) = f(j + ) =W(0) + > 9¥(0)[g;()(z +0) + = g /(]
(1.44)

+y Eazam‘l’(o)gé(l)gin(l)fz +O(lyIP).

Thus the purely quadratic part, which yields the linearized PDE, is

9o(y) =Y _ 0¥ (0)[gy(NTry*y + g J(DTr(j*y + y*j)?]
L

1 ; 12
(1.45) + D 5 00m Y (O) g, (g (D[Tr(j*y + ¥ /)]
L,m
= ATry"y + BTe(j*y + y*))* + C(Ti(*y + ")),
As in the case of the linearized equations of the vibrating string, the resulting
linear PDE decouples into an equation for the components of w orthogonal to the
space R” C R¥ in which  sits and an equation for the components of w parallel

to this space. For the orthogonal component w*, since j*w* = 0 in this case, we
can replace ¢o(y) by

(1.46) o' (y) = ATry*y, ye LR"R*™).
In this case, we have
aqu#
(1.47) ——— =2A48;0..
Iy pui 0yvj v
Hence the linearized equation for the orthogonal (or transverse) wave is
(1.48) mwf, —24Aw* =0,

where A is the Laplace operator on R":

9%v 9%v

1.4 Av(x) = — + - .
(149) () ax? dx2

If A > 0, we can rewrite (1.48) in the form

(1.50) vy —c2Av = 0.

The equation (1.50) is typically called “the wave equation.” As in (1.24), c is the
propagation speed for waves satisfying (1.50); we will discuss this further in §6.
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The construction of solutions to (1.50), satisfying initial conditions of the form
(1.26), is not as elementary for n > 1 as the construction for n = 1 given by
(1.25)—(1.28). In Chap. 3, we will give a construction, valid for @ = R”, using
Fourier analysis. A symmetry trick similar to (1.30) will work if € is a rectan-
gular solid in R”, though not for general bounded regions 2. The existence and
uniqueness of solutions to the wave equation (1.50) for such more general €2 are
proven in Chap. 6.

The equation for the components of w parallel to the plane R” of @ C R¥, in
this case, has a somewhat different form, as we now compute. Note that this case
is the same as considering the entire linearized PDE for the case k = n. Then
J is the identity map, so the linearization is of the form (1.39)—(1.40), with ¢(y)
replaced by

0P (y) = ATry*y + BTr(y + y*)? + C(Te(y + y*))’

(1.51) 5
= (A+2B)Try*y + 2B Tr y* +4C(Tr y)",

since Tr y*y = Tr yy* and Tr y2 = Tr (y*)?, for a real n x n matrix y. If we
denote the sum of the three terms on the last line in (1.51) by

Vo(y) + ¥1(y) + v2(»),
then, as in (1.47),

Pyo -
(1.52) W = (A +4B)8ij0,.

Also, a brief computation gives

2!
(1.53) IV B8, 8y
3)’m3yw' MJ
and
Y2
(1.54) ——=— =8C6,iby;.
Y i yv;j e

Now, when ¢ is replaced by vy, the differential operator of the form (1.40) is
(2A + 4B)A, similar to the computation giving (1.48). When ¢ is replaced by
Y1 + V¥, the differential operator becomes

n n
(L'w)v =4B Z S,ch?viwfjl_xj + 8C Z Slbigvjw)l;,-xj
(1.55) =1 =1

= (4B +8C)) wi , .
J
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‘We can write this as

(1.56) Lw = (4B + 8C) grad div w,
where the divergence of the vector field w = (w!, ..., w") is
ow’
1.57 divw =
(1.57) v Z .

and, as before, the gradient of a real-valued function on R” is

du ou
(1.58) grad u = (EW)
n

Thus the linearized PDE for vibration in the plane of €2 is
(1.59) mwy — (2A + 4B)Aw — (4B + 8C) grad divw = 0.

The situation where k = n represents a vibrating elastic solid, and the equation
(1.59) is known as the equation of linear elasticity.

In linear elasticity it is common to linearize about an unstrained state. One
writes (1.59) as

mws; — pAw — (A + ) grad divw = 0;

i =2A+ 4B and A = 8C are called Lamé constants. For more on this, see
[MH].

We will concentrate primarily on linear equations in this chapter, indeed,
on scalar equations like (1.50). Methods of Chap. 16 will yield results on non-
linear equations of the form (1.12), in any number of x-variables, under a
“hyperbolicity” assumption, which is that, for some C > 0,

k n 9
(1.60) >N yf(y) &kt = CIEP|T?,

w,v=1i,j=1 i“

for§ e R", T € Rk, A sufficient, though not necessary, condition for this to hold
is that f be a strongly convex function of y. For example (in the case k = n),
(1.60) holds for

(1.61) fO)=aTry*y +bTry?

whenever a > max(0, —b), but such f is strongly convex only if a > |b|.
The notions of divergence, gradient, and Laplacian given above are for the
case of Euclidean space R”. All these notions extend to more general Riemannian
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manifolds. The Laplacian will be defined in such a way as to generalize the
identity

(1.62) /(Au)v dx = —/ grad u - grad v dx,
R” R”

for u,v € C§°(R"), which follows from the definition (1.49) by integration by
parts. A further identity that generalizes to the case of Riemannian manifolds is

(1.63) Au = div grad u,

which for a real-valued function on R” follows immediately from the definitions
of div, grad, and A given above.

We will discuss extensions of these concepts to Riemannian manifolds in the
next few sections, starting with the notion of divergence in §2. Then we will derive
a number of properties of solutions to wave equations, in §§5—8, and also discuss
an extension of the wave equation (1.50) from the case R x R” to Lorentz mani-
folds. The problem of proving existence of solutions will be tackled only in later
chapters.

We will state here more precisely what the basic existence problem is. In the
case of one of the wave equations produced above, say

%u

(1.64) Frel

—Au=0,

we desire to find u satisfying this PDE, given initial conditions
(165) M(Oax) = f('x)a Mt(oax) = g(x)

If 922 # 0, we also need to impose a boundary condition. There is in particular
the Dirichlet condition

(1.66) u(t,x) =0, forx € 092,

in the case of a membrane tied down along 9<2, as discussed above. There are
other boundary conditions that arise in other situations, such as the Neumann
boundary condition described in §5, and others mentioned in subsequent chap-
ters. We also can replace (1.64) and (1.66) by nonhomogeneous equations, that is,
replace the zeros on the right by given functions.

In this section we have concentrated on evolution equations, involving motion
with the passage of time. It is also of interest to study stationary problems, where
there is no time dependence. In other words, one looks for stationary points for

(1.67) J(u) = / Flux(x)) dx.
Q
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Thus one obtains a PDE of the form

(168) f//(ux)uxx =0,

interpreted via (1.36), as the stationary condition for J(u). In the case f(uy) =
|ux|?, this becomes the Laplace equation

(1.69) Au = 0.
A typical boundary condition is the nonhomogeneous Dirichlet condition
(1.70) u=1yondf.

The existence of a solution to this will follow from results of Chap. 5.

Exercises

1. Compare the formulas (1.22) and (1.23) for longitudinal and transverse waves. For a
piano wire, a is very close to 1. What does this imply about the relative propagation
speeds of longitudinal and transverse waves along a piano wire? Which type of waves
produce audible sounds?

2. For a function f appearing in (1.60), to be strongly convex means

32
(1.71) ZZ&M‘M > ColAl%

RN, ayMiaJ’vj

where [A|? = 3 i [ Aui |2. Show that this estimate implies (1.60). Prove the state-
ments made about f(y) = a Tr y*y + b Tr y? after (1.61).

3. Suppose more generally that f(y) = a Tr y*y 4+ b Tr y% + ¢(Tr y)2. For what values
of a, b, and c is f strongly convex? For what values of a, b, and ¢ does one have the
strong ellipticity condition (1.60)?

4. The following exercise relates to the choice of the word “linearization” in describing the
relation between the (1.12) and (1.20). For Q C R”, bounded with smooth boundary,
definev

F:C%(Q,Cck - c@, ch
by
Fu) = f//(”x)”xx,
the right side defined by (1.36). Assume f is C°. Show that F is differentiable, as a
map between Banach spaces, and that

DF(j)w = Lw,

where Lw = Awxx, A = f”(j), as defined by (1.40).
5. If u = u(t, x) is a real-valued function on R x €2, show that the PDE for u giving the
stationary condition for the function (1.67) can be written in the form
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(1.72) div fp(ux) =0,

where,if /' = f(p) = f(p1..... pn),then fp(ux) is the vector field with components
(3f/9p ) (ux). Compare (5.39).

2. The divergence of a vector field

Let M be an n-dimensional manifold, provided with a volume form w € A" M.
Let X be a vector field on M. Then the divergence of X, denoted div X, is a
function on M that measures the rate of change of the volume form under the flow
generated by X . Thus it is defined by

2.1 Lxw = (div X)w.

Here, Lx denotes the Lie derivative. In view of the general formula Lya =
da]X + d(a]X), derived in Chap. 1, since dw = 0 for any n-form w on M, we
have

2.2) (div X)w = d(w] X).

If M = R”, with the standard volume element

(2.3) w=dxi AN---ANdxy,,
and if
(2.4) X = ZXf (x) 9
8x,- ’
then
n . . ——
(2.5) w|X = Z(—l)f—le(x) dxy Ao Adx; A A dxy.
j=1

Hence, in this case, (2.2) yields the formula used in (1.57) :
n
(2.6) divX =9, X,
Jj=1

where we use the notation

a
2.7) 0 f =L

B axj'
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Suppose now that M is an oriented manifold endowed with a Riemannian
metric gk (x). Then M carries a natural volume element w, determined by the
condition that, if one has a coordinate system in which g (po) = &k, then
o(po) = dx1 A--- A dxy. This condition produces the following formula, in any
oriented coordinate system:

(2.8) w=./gdxi A Ndxy,
where
(2.9) g = det(g;ik)-

In order to derive (2.8) , note that if coordinates y are related to x linearly, that is,
yj = Ajixy, then

Zdyjz- = Z AjrAjedxg dxg = nge dxy dxy,

Jkt
with
gkt = ZAejAjk,
J
provided A = (Ajx) is symmetric. Now construct A as the positive-definite
square root of the positive-definite matrix G = (g ik (xo)). In other words, if

{v,} is an orthonormal basis of R* with Gv; = c;v;, set Av; = cjl./zvj. The

transformation law for A” A on A"R gives

dyi A+ ANdy, = (detA)dxy A+ ANdxy
= Vg(xo) dx1 A-+- Adxy,

from which the formula (2.8) follows.
We now compute div X when the volume element on M is given by (2.8) . We
have

(2.10) w|X =Y (17X Jgdxy A Adxg A Adxy
J

and hence

(2.11) d@]X) =0;(J/gX’)dxi A+ A dxy.

Here, as below, we use the summation convention. Hence the formula (2.2) gives

(2.12) div X = g7 1/23;(g"/?x/).
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We next derive a result known as the divergence theorem, as a consequence
of Stokes’ formula, proved in Chap. 1. Recall that Stokes’ formula for differential
forms is

2.13) /da — /a,
M oM

for an (n — 1)-form on M, assumed to be a smooth, compact, oriented manifold
with boundary. If « = w] X, the formula(2.2) gives

(2.14) A[(div X)w = /a)JX.

oM

This is one form of the divergence theorem. We will produce an alternative ex-
pression for the integrand on the right before stating the result formally.

Given that w is the volume form for M determined by a Riemannian metric,
we can write the interior product w|X in terms of the volume element wy on
oM , with its induced Riemannian metric, as follows. Pick normal coordinates
on M, centered at po € M, such that dM is tangent to the hyperplane {x, = 0}
at po = 0. Then it is clear that, at po,

(2.15) JH(@]X) = (X, v)wy,

where v is the unit vector normal to dM, pointing out of M and j : IM —
M is the natural inclusion. The two sides of (2.15), which are both defined in a
coordinate-independent fashion, are hence equal on dM, and the identity (2.14)
becomes

(2.16) (div X)w = [ (X, v)wy.
i |

oM

Finally, we adopt the following common notation: we denote the volume element
on M by dV and that on dM by d S, obtaining the divergence theorem:

Theorem 2.1. If M is a compact manifold with boundary, X a smooth vector
field on M, then

2.17) /(div X)dv = /(X,v)dS,
M

oM
where v is the unit outward-pointing normal to oM .

The only point left to mention here is that M need not be orientable. Indeed, we
can treat dV and dS as measures and note that all objects in (2.17) are independent
of a choice of orientation. To prove the general case, just use a partition of unity
supported on orientable pieces.
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The definition of the divergence of a vector field given by (2.1), in terms of
how the flow generated by the vector field magnifies or diminishes volumes, is a
good geometrical characterization, explaining the use of the term “divergence.”
There are other characterizations of the divergence operation, of a more analytical
flavor, which are also quite useful. Here is one.

Proposition 2.2. The divergence operation is the negative of the adjoint of the
gradient operation on vector fields; if X is a vector field and u a function on M,
one compactly supported on the interior of M, then

(218) (X,gradu)Lz(M) = —(le X, M)L2(M).
The asserted integral identity here is

/(X, gradu) dV(x) = — /(div X)udV(x),
M M

provided either u or X has compact support in the interior of M. Note that
(X,gradu) = (X,du) = Xu.

In fact, we will use the divergence theorem to obtain a more general result, in
which neither u or X is required to vanish on oM. We apply (2.17) with X
replaced by u X . We have the following “derivation” identity:

(2.19) divuX =udivX + (du, X) = udiv X + Xu,

which follows easily from the formula (2.12). The divergence theorem immedi-
ately gives the following result.

Proposition 2.3. If M is a smooth, compact manifold with boundary, u a smooth
function, X a smooth vector field on M, then

(2.20) /(div X)udv + / Xudv = / (X, v)uds.
M M oM

We can also express the adjoint of the differential operator X, defined by

2.21) / (X*u)v dV = / u(Xv) dV,
M

M

for v € C§°(M), using the divergence, as follows:

Proposition 2.4. If X is a smooth vector field on M, then

(2.22) X*u=—Xu— (div X)u.
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This is equivalent to the statement that

(2.23) / [(Xu)v + u(Xv)]d / (div X)uv dV,

M

foru,v € C§°(M). In fact, from (2.20) we can obtain the following more general
result.

Proposition 2.5. Ifu and v are smooth functions and X a smooth vector field on
a compact manifold M with boundary, then

(2.24) /[(Xu)v + u(Xv)] av /(dlv Xuv dV + /(X viuv dS.

M oM

Proof. Replace u by uv in (2.20) and use the derivation identity X (uv)
Xuw)v + u(Xv).

Exercises

1. Given a Hamiltonian vector field

"[af 9 af a]

Hp=Y [ 2 L 21
4 Log; 0x; o ok

j=

calculate div H ¢ directly from (2.6).
2. If M is a smooth domain in R, apply the divergence theorem (2.17) to the vector field
X = gd/dx — f9/dy to deduce Green’s formula:

/fdx—}—gdy—// y d dy.

3. Show that the identity (2.19) for div (#X) follows from (2.2) and
dun (@]X)=Xno.

Prove this identity, for any n-form w on M. What happens if w is replaced by a k-form,
k <n?
4. Relate Exercise 3 to the calculations

(2.25) Lyxa=ulya+dun (ixa)
and
(2.26) dun (xa) =—txduna)+ (Xua,

valid for any k-form «. The last identity follows from (13.37) of Chap. 1; compare with
formula (10.27) of this chapter.
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5. Show that
div [X,Y] = X(divY) — Y(div X).

3. The covariant derivative and divergence of tensor fields

The covariant derivative of a vector field on a Riemannian manifold was intro-
duced in Chap. 1, §11, in connection with the study of geodesics. We will briefly
recall this concept here and relate the divergence of a vector field to the covariant
derivative, before generalizing these notions to apply to more general tensor fields.
A still more general setting for covariant derivatives is discussed in Appendix C.

If X and Y are vector fields on a Riemannian manifold M, then VxY is a
vector field on M, the covariant derivative of ¥ with respect to X. We have the
properties

3.1 Vi)Y = fVxY
and
(3.2) Vx(fY)= fVxY + (Xf)Y,

the latter being the derivation property. Also, V is related to the metric on M by
(3.3) Z(X,Y)=(VzX,Y)+ (X,VzY),

where (X,Y) = guX JY* is the inner product on tangent vectors. The Levi—
Civita connection on M is uniquely specified by (3.1) —(3.3) and the torsion free

property:
(3.4) VxY —VyX =[X,Y].
There is the explicit defining formula (derived already in (11.22) of Chap. 1)

UVxY.Z) = X(Y.Z)+ Y(X.Z)— Z(X.Y)
3.5)
+([X.Y]. Z) = ([X,Z].Y) = ([Y, Z], X),

which follows from cyclically permuting X, Y, and Z in (3.3) and combining the
results, exploiting (3.4) to cancel out all covariant derivatives but one. Another
way of writing this is the following. If

a
3.6) X = x* Dy, Dy = P (summation convention),
Xk
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then

(3.7) Vp,X = X*,; Dy,
with

(3.8) Xk =0;x%" 4+ Tk, xt

L

where the “connection coefficients” are given by the formula

1 0gjn | 08ku 08k
39 Fé o= elL JH 13 _ J ,
( ) ik 2 [ axk + 8x,- axM ]

equivalent to (3.5). We also recall that dgx,, /dx; can be recovered from r¢ Jjk:

agku

(3.10) i,

= géurzjk + g .

The divergence of a vector field has an important expression in terms of the
covariant derivative.

Proposition 3.1. Given a vector field X with components X* as in (3.6),
(3.11) divX = X7 .;.
Proof. This can be deduced from our previous formula for div X,

div X = g71/29;(g"?x7)

(3.12) . .
=0; X/ + (3;logg"?)X/.

One way to see this is the following. We can think of VX as defining a tensor
field of type (1, 1):

(3.13) (VX)(Y) = Vy X.

Then the right side of (3.11) is the trace of such a tensor field:

(3.14) X/, =TrVX.

This is clearly defined independently of any choice of coordinate system. If
we choose an exponential coordinate system centered at a point p € M, then
gjk(p) = 8k and dgjx/0x¢ = O at p, so (3.12) gives div X = 9;X/ at p, in

this coordinate system, while the right side of (3.11) is equal to 8; X/ +T'/ ; X ¢ =
0; X/ at p. This proves the identity (3.11).
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The covariant derivative can be applied to forms, and other tensors, by requir-
ing V to be a derivation. On scalar functions, set

(3.15) Vxu = Xu.

For a 1-form @, Vxa« is characterized by the identity

(3.16) (Y,Vxa) = X{(Y,a) — (VxY, ).

Denote by X(M) the space of smooth vector fields on M, and by A'(M) the
space of smooth 1-forms; each of these is a module over C*°(M). Generally,
a tensor field of type (k, j) defines a map (with j factors of X(M) and k of
AN (M)

(B17)  F:X(M)x---xX(M)x AY(M) x ---x AL (M) — C®(M),
which is linear in each factor, over the ring C*°(M). A vector field is of type
(1,0) and a 1-form is of type (0, 1). The covariant derivative Vx F is a tensor of

the same type, defined by

(3.18)
(VXF)(Y],...,Yj,Oll,...,Olk) ZX'(F(Yl,...,Yj,Oll,...,Olk))

J
—ZF(Yl,...,Vng,...,Yj,(Xl,...,Oék)
(=1
k

—ZF(Yl,...,Y;,(Xl,...,VX(Xg,...,O{k),
(=1

where Vyoy is uniquely defined by (3.16). We can naturally consider VF as a
tensor field of type (k, j + 1):

(3.19) (VF)(X, Yl, ey Yj,Oél, . ,C(k) = (VxF)(Yl, ey Yj,Oél, e ,Oék).
For example, if Z is a vector field, VZ is a vector field of type (1, 1), as already

anticipated in (3.13). Hence it makes sense to consider the tensor field V(VZ), of

type (1,2). For vector fields X and Y, we define the Hessian V(ZX Y)Z to be the

vector field characterized by

(3.20) (Vi Z.a) = (VVZ)(X,Y,a).

Since, by (3.19),if F = VZ, we have

(3.21) F(Y,a) = (VyZ,a),
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and, by (3.18),

(3.22) (VxF)(Y,a) = X - (F(Y, a)) — F(VxY,a) — F(Y, Vxa),
it follows by substituting (3.21) into (3.22) and using (3.16) that

(3.23) VixryZ =VxVyZ =V Z:

this is a useful formula for the Hessian of a vector field.
More generally, for any tensor field F, of type (J, k), the Hessian V(ZX Y)F ,

also of type (j, k), is defined in terms of the tensor field V2F = V(V F), of type
(j, k + 2), by the same type of formula as (3.20), and we have

(3.24) Vi F = Vx(Vy F) = Viyn)F.

by an argument similar to that for (3.23).
The metric tensor g is of type (0, 2), and the identity (3.3) is equivalent to

(3.25) Vxg =0
for all vector fields X (i.e., to Vg = 0). In index notation, this means
(3.26) gjk:¢ = 0 or, equivalently, gjk;g = 0.

We also note that the zero torsion condition (3.4) implies

(3.27) Wjk = Wk;j

when u is a smooth scalar function, with second covariant derivative VVu, a tensor
field of type (0, 2). It turns out that analogous second-order derivatives of a vector
field differ by a term arising from the curvature tensor; this point is discussed in
Appendix C, Connections and Curvature.

We have seen an expression for the divergence of a vector field in terms of the
covariant derivative. We can use this latter characterization to provide a general
notion of divergence of a tensor field. If T is a tensor field of type (k, j), with
components

(3.28) Tof = Toya, PrPe

in a given coordinate system, then div 7 is a tensor field of type (k — 1, j), with
components

(3.29) Ty, P1PR1E
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In view of the special role played by the last index, the divergence of a tensor field
T is mainly interesting when 7" has some symmetry property. In §7 we will intro-
duce the stress-energy tensor, a symmetric second-order covariant tensor; raising
indices produces a symmetric second-order tensor field of type (2, 0), whose di-
vergence is an important object.

In view of (3.11), we know that a vector field X generates a volume-preserving
flow if and only if X/.; = 0. Complementing this, we investigate the condition
that the flow generated by X consists of isometries, that is, the flow leaves the
metric g invariant, or equivalently

(3.30) Lxg =0.
For vector fields U and V, we have

(Lxg)(U.V)=—(LxU, V)= (U LxV) + X(U,V)
(33D = (VxU — LxU,V) 4+ (U.VxV — LxV)
=(VuX, V) + (U, VyX),

where the first identity follows from the derivation property of Lx, the second
from the metric property (3.3) expressing X (U, V) in terms of covariant deriva-
tives, and the third from the zero torsion condition (3.4). If U and V are coordinate
vector fields D; = 9/0x;, we can write this identity as

(3.32) (Lxg)(Dj, D) = gre X’ + g0 X .

Thus X generates a group of isometries (one says X is a Killing field) if and
only if

(3.33) geeX’y + g X = 0.
This takes a slightly shorter form for the covariant field
(3.34) X; =g X"

We state formally the consequence, which follows immediately from (3.33) and
the vanishing of the covariant derivatives of the metric tensor.

Proposition 3.2. X is a Killing vector field if and only if
(3.35) X, + X =0.

Generally, half the quantity on the left side of (3.35) is called the deformation
tensor of X. If we denote by & the 1-form § = ) X; dx;, the deformation tensor
is the symmetric part of V&, a tensor field of type (0, 2). It is also useful to identify
the antisymmetric part, which is naturally regarded as a 2-form.
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Proposition 3.3. We have

1
(3.36) dt = - D Xy — Xij) dx A dx;.
J.k

Proof. By definition,

1
(3.37) dt = EZ(akxj — 3 Xp) dxg Adx;,
J.k

and the identity with the right side of (3.36) follows from the symmetry Fejk =
;.

There is a useful generalization of the concept of a Killing field, namely a con-
formal Killing field, which is a vector field X whose flow consists of conformal
diffeomorphisms of M, that is, preserves the metric tensor up to a scalar factor:

(3.38) Fle=al,x)g < Lxg=A(x)g.

Note that the trace of Lxg is 2 div X, by (3.32), so the last identity in (3.38) is
equivalentto Lxg = (2/n)(div X)g or, with (1/2)Lxg = Def X,

1
(3.39) Def X — —(divX)g =0
n

is the equation of a conformal Killing field.

To end this section, and prepare for subsequent material, we note that concepts
developed so far for Riemannian manifolds, that is, manifolds with positive-
definite metric tensors, have extensions to indefinite metric tensors, including
Lorentz metrics.

A Riemannian metric tensor produces a symmetric isomorphism

(3.40) G:TxM — TIM,

which is positive. More generally, a symmetric isomorphism (3.40) corresponds
to a nondegenerate metric tensor. Such a tensor has a well defined signature
(j,k), j +k =n =dim M; at each x € M, TxM has a basis {ej,...,e,}
of mutually orthogonal vectors such that {e;,e;) = --- = (ej,e;) = 1, while
(ejr1.ej41) = -+ = (en,ep) = —1.If j =1 (ork = 1), we say M has a
Lorentz metric.

The concepts discussed in this section in the Riemannian case, such as the
covariant derivative, all extend with little change to the general nondegenerate
case. We will see this in use, in the Lorentz case, in §7.
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Exercises

1. Let ¢ be a tensor field of type (0, k) on a Riemannian manifold, endowed with its
Levi—Civita connection. Show that

(Lxe—=Vx)(Ur.....U) =Y @U1.....Vy, X.....Ug).
J

How does this generalize (3.31)?
2. Recall the formula (13.56) of Chap. 1, when w is a k-form:

k
do)(Xo.....X) = Y (- X; - 0Xo....X;.... X+ Y. (1T
j=0 0<tl<j<k

X o([Xg, Xj1, X0, Xgo oo X oo, Xp).

Show that the last double sum can be replaced by

=Y D o(Xo.....Vx; Xp..... X j. .. Xp)

l<j
= > D o(Xo.....Xj.....Vx, X¢..... Xp).
{>j
3. Using Exercise 2 and the expansion of (VXj w)(Xo, ..., 2,-, ..., Xy ) viathe deriva-
tion property, show that
k .
(3.41) (dw)(Xo..... Xp) = Y (=) (Vx,0)(Xo..... X j..... Xg).
j=0

Note that this generalizes Proposition 3.3.
4. Prove the identity

810g\/§ L
—_evo _ ré,..
T

Use either the identity (3.11), involving the divergence, or the formula (3.9) for r¢ k-
Which is easier?

5. Show that the characterization (3.17) of a tensor field of type (k, j) is equivalent to the
condition that F be a section of the vector bundle (®j T*) ® (®k T) or, equivalently,
of the bundle Hom (®/ T, ®F T). Think of other variants.

6. The operation X; = g X k is called lowering indices. It produces a 1-form (section
of T*M) from a vector field (section of TM ), implementing the isomorphism (3.38).
Similarly, one can raise indices:

Y/ = gjkYk,

producing a vector field from a 1-form, that is, implementing the inverse isomorphism.
Define more general operations raising and lowering indices, passing from tensor fields
of type (J, k) to other tensor fields, of type (£, m), with £ +m = j + k. One says that
these tensor fields are associated to each other via the metric tensor.
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7. Using (3.16), show that if « = aj (x) dx; (summation convention), then VD/.a =
Ay, dxy, with '

L
agsj = djar — ) Txjae.
)2

Compare with (3.8). Use this to verify that (3.36)and (3.37) are equal. Work out a
corresponding formula for Vp, T when T is a tensor field of type (j, k), as in (3.28)
8. Using the formula (3.23) for the Hessian, show that, for vector fields X, Y, Z on M,

2 2
(Vix.r —Virx)Z = (Vx. Vrl = Vix.r) Z-
Denoting this by R(X, Y, Z), show that it is linear in each of its three arguments over
the ring C°°(M), for example, R(X,Y, fZ) = f R(X,Y,Z) for f € C®(M).
Discussion of R(X, Y, Z) as the curvature tensor is given in Appendix C, Connections

and Curvature.
9. Verify (3.24). For a function u, to show that V(ZX,Y)M = V(ZY, x> use the special case

V(ZX pyt = XYu—(VxY)-u

of (3.24). Note that this is an invariant formulation of (3.27). Show that
1
V(ZX,Y)“ = E(ﬁVg)(X, Y), V= gradu.

10. Let w be the volume form of an oriented Riemannian manifold M. Show that Vyw =
0 for all vector fields X .

11. Let X be a vector field on a Riemannian manifold M. Show that the formal adjoint of
Vx, acting on vector fields, is

(3.42) VyY = —VxY —(div X)Y.
12. Show that the formal adjoint of Ly, acting on vector fields, is
(3.43) LYY =—LxY —(div X)Y —2 Def(X)Y,

where Def(X) is a tensor field of type (1, 1), given by
1
(3.44) SEXEZ.Y) = g(Z.DeA(X)Y),

g being the metric tensor.
13. With div defined by (3.29) for tensor fields, show that

(3.45) div(X®Y)=(divY)X + Vy X.
14. If X, Y, and Z have compact support, show that
(Z,div(X®Y))j2=—(VyZ,X);>.

15. If y(s) is a unit-speed geodesic on a Riemannian manifold M, y’(s) = T(s), and X
is a vector field on M, show that

d
(3.46) ST, X0/ 61) = 3 (Exg) (T, )
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Deduce that if X is a Killing field, then (7, X) is constant on y. Relate this to the
conservation law for geodesic flow on a surface of revolution, discussed in Chap. 1,
§16. (Hint: Show that the left side of (3.46) is equal to (T, V7 X).)

16. If we define Def: C®(M, T) — C®(M, S2T*) by Def(X) = (1/2)Lx g, show that

Def*u = — div u,

where (div u)/ = u/* ¢, as in (3.29).

4. The Laplace operator on a Riemannian manifold

We define the Laplace operator on a Riemannian manifold M, with metric g jx,
in a way that naturally generalizes the characterizations of the Laplace operator
on Euclidean space, given by (1.49), (1.62), and (1.63). Taking (1.62) as funda-
mental, we define the Laplace operator A on M to be the second-order differential
operator satisfying

4.1 —(Au,v) = (du,dv) = (grad u, grad v),

foru,v € C§°(M). Here the left side is

4.2) _ / (Au)T dV.
M

where d V' is the natural volume element, given in local coordinates by ,/gdxy - -+
dxy. The right side of (4.1), for u and v supported in a coordinate patch, is

/(du,dv)dV = /gjk(aju)(aki)ﬁdx

“4.3)
= —/58k(g1/2gjk E)ju)g_l/zgl/2 dx,

integrating by parts, so we see that A is given in local coordinates by
4.4) Au= g '/? aj(gjkgl/2 geut).

Soon we will see how to modify (4.1) when u and v do not vanish on dM , in case
M is a compact Riemannian manifold with boundary.
We now show that (1.63)generalizes, that is, we have

4.5) Au = div grad u.

In fact, in view of the formula

divX = g 1/29,(g"/2x7)
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derived in (2.12), together with
X/ = g/® o u, for X = gradu,

we see that (4.5) follows directly from the local coordinate formula (4.4). Note
that the identity

(4.6) (X, grad v) ;> = —(div X, v) 2,

proved in (2.18), when applied to X = grad u, also gives (4.5) directly.
Applying the refinement (2.20) of (4.6) gives us important identities due to
Green. Let us use the notation

@7 M (arad . v)
av

for the normal component of grad u; du/dv is called the normal derivative of u.
If we exploit (2.20) with X = gradv, we get the identity (4.8) below; if we inter-
change u and v and subtract the resulting expression from (4.8), we obtain (4.9).
This provides a proof of Green’s identities:

Proposition 4.1. If M is a compact Riemannian manifold with boundary, then
foru,v € C®°(M), we have

4.8) —(u, Av) 2 = (du, dv) — / u(g—v) ds
oM Y

and

(4.9) (Au,v) — (4, Av) = /[(g—z)v—u(g—z)]d&

oM

Next we express the Laplace operator in terms of covariant derivatives. As we
have seen,
divX = X/,;.

If we set X = grad u, we obtain

(4.10) Au= g uj.

using the fact that g/%,, = 0. Here, 3" u.; 4 dxx ® dx; is a tensor field of type
(0,2), which is the same as VZu. Recall that V2 F is a tensor field of type (j, k+2)

whenever F is a tensor field of type (J, k). The formula (4.10) can be rewritten as

4.11) Au= TrgV2u,



Exercises 155

where Trg denotes the trace of Vzu(x), as a quadratic form on 7 M, in terms of
the quadratic form given by the metric tensor g. In other words, we can define a
tensor field H (u), of type (1, 1), by

(4.12) (Hw)X.,Y) = (VZu)(X.Y),

and Trg VZu = Tr H(u).

Since the Laplace operator is defined in a coordinate-independent manner on
a Riemannian manifold, it is clear that if ' : M — M is a diffeomorphism and
F*: C®(M) - C*®(M) is defined by F*u(x) = u(F(x)), then F* commutes
with the Laplace operator provided F' is an isometry. Thus, if X is a vector field
on M, X commutes with A provided the flow F% generated by X consists of
isometries. This result has a converse.

Proposition 4.2. A vector field X commutes with A if and only if X generates a
group of isometries.

The proof rests on a computation of independent interest. In fact, a manipula-
tion of (4.10), which we leave to the reader, yields the general identity

[A, X]u = (Xj;k + Xk;j)u;j;k + (Xj;k + Xk;j);ju;k
(4.13)
=g 120, (g"2(X7* + X¥7) dku).

Thus [A, X] = 0 if and only if X/** 4+ Xk/ = 0, which is equivalent to the
condition (3.35) for a Killing field.

Exercises

1. Ifu e C®°(M), X = grad u, the condition that X generates a volume-preserving flow
is that Au = 0. What PDE on u is equivalent to the statement that X is a Killing field?
2. Verify formula (4.13) for [A, X]. Show that it has the invariant formulation

(4.14) %[A,X]u = (Def(X), V2u) + (div Def(X), du) = div(Def(X) - du),

in terms of the deformation tensor Def(X), with components (1/2)(X/ sk xksJ ),
that is, the type (2, 0) analogue of the tensor field of type (1, 1) given by (3.42), or the
tensor field of type (0, 2) equal to half of (3.35).

3. Show that the Laplace operator A = 32/ ax% +- 402/ 8x,2, on R” has the following
expressions in various coordinate systems:
(a) Polar coordinates on R2: x; = r cosf, xo = r sin#.

2 19 1 9?2

4.15 A= X o 1o
(.15) 8r2+r8r+r28492
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(b) Spherical polar coordinates on R3: x| = p sing sinf, x3 = p sing cosb,
X3 = p cos .
92 29 1 ( 92 92 0 )

—= +sing + cosp —

4.16 A= Z
(4.16) 362 392 P

> pdp  pZsing
(c) Spherical polar coordinates on R": x = rw, w € S~

? n—-193 1
4.17 A= — + ——— + —Ag,
@.17) or2 roor @ r2°S
where Ag is the Laplace operator on the unit sphere S”~1. (Compare (4.19) below.)
(Hint: Express the Euclidean metric tensor d. s2=d x% +--4d x,% in these coordinates.)
4. Let N be a Riemannian manifold, of dimension n — 1. Denote by C(N) the cone with
base N, that is, the space R7* x N, with Riemannian metric

(4.18) g=dr’+r’gy.
Show that the Laplace operator on C(N) is of the form

2 n-139 1
4.19 A= 10 AN,
(4.19) 8r2+ r 8r+r2 N

where A is the Laplace operator on the base N. Apply this to the expression of the
Laplace operator A on R”, in polar coordinates, with N = S~
5. Show that, in local coordinates,

Au = gjk 3j3ku —gjkl"éjk 34”.

5. The wave equation on a product manifold
and energy conservation

The analysis of vibrating membranes in Euclidean space has important extensions
to studies of vibrating manifolds. We will start with a fairly general situation,
specializing quickly to models that give rise to “the wave equation”

%u

G.D 2

—Au=0,
for u = u(t, x), a scalar function on R x M, where A is the Laplace operator on
M defined in §4.

We consider vibrations of one manifold M within another, N. Suppose these
manifolds are endowed with Riemannian metric tensors g and &, respectively. The
vibration is described by a map

5.2) u:RxM — N.
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In §1 we dealt with the special case where M is a bounded region in R” and
N = R*. Now we allow M to be a compact manifold with boundary. We again
use a stationary action principle to produce equations governing the vibration. The
appropriate expression for “kinetic energy” is

(5.3) 0 =3 / m (et )P dV,

M

where dV is the natural volume element on M and m(x) > 0 is a given “mass
density.” The velocity u; (¢, x) takes values in 7, N, with y = u(¢, x), and the
square-norm in the integrand in (5.3) is given by the metric tensor /;

5.4 |”t|2 = h(u,ur, ur)
if h(y, v, w) denotes the inner product of v and w in Ty N.

The form that we will consider for the potential energy is the following gen-
eralization of (1.3):

(5.5 V() = /f(x, u(t, x),ux(t,x)) dV,
M

where

(5.6) ”x(ls )C) € ‘C(Tst Tu(t,x)N)v

and f is a smooth, real-valued function defined on the bundle £ over M x N with
fiber over (x, y) given by L(TxM, T, N):

(5.7) f=f.y.A), AeL(TeM.TyN).

In particular, one has examples analogous to (1.42), that is,
(5.8) f(x.y, A) = W(Tr g1 (A% A)..... Tr gx (A* A)).

where A* € L(Ty N, TyM) is the adjoint of A, defined using the inner products
on TyM and T, N defined by their Riemannian metrics. The g;(A*A) are de-
fined as described below (1.42). Many interesting cases of this sort arise naturally,
including

(5.9 f(x,y,A) = Tr A*A.
Applying the stationary action principle will yield for u a second-order sys-

tem of PDE of a form that generalizes (1.12). We look here at the details for a
special case.



158 2. The Laplace Equation and Wave Equation

Namely, take N = R, and suppose f(x,y, A) is independent of y € R. In
other words, we consider a potential energy of the form

(5.10) V() = /f(x,ux(t,x)) dv,
M

where uy(t,x) € TyM and f = f(x,§) is a smooth, real-valued function
defined on T*M, or perhaps on some open subset. In that case, the stationary
condition for (Jo — J1)(1) = ti)l [T(t) — V(t)] dt is derived from the following
calculations. First, as in (1.8),

(5.11) di Jo(u+ sv)|,_, = —// mug v dV dt,
N

provided v € Cg°(I x M), I = (to,t1). Here M denotes the interior of M.
Furthermore, for such v,

d
(5.12) g.ll(u—i-sv)h:o 2/ Je(x,ux) vy dV dt,

where, in local coordinates,

o o

(5.13) JUyg) t Uy = —_—
Je(x ux) - v ;a& i,

If v is supported in a coordinate patch, in which d V' = ,/gdx, we can integrate
by parts and write

d
(5.14) — 1 w+sv)|,_, = —// Zg_l/z dx,; ("2 fi, (x.ux))v /g dx dt.
J

Thus we get the following PDE for u, in a local coordinate system:
(5.15) muy — g~ 20, (g% fi, (x.ux)) = 0.

using the summation convention. Written out more fully, this is
(5.16)
I _
mugy — [ff_/fk (st Yutx xp + e jx; (X, ux) + Eg 1(8x_/. g) Je, (x, ux)] =0.

An invariant formulation of this PDE is given in the exercises.
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The choice of f(x, &) that produces a wave equation of the form (5.1) is that
of a constant times the Riemannian metric on covariant vectors:

(5.17) f(r.6) =0 g(x.6.6) =0 g/ 6.
with o a positive constant. In that case, (5.15) becomes
(5.18) mug; —20Au =0

in view of the local coordinate formula

(5.19) Au=g V23, (g" g% ru)

derived in §4. If m is a constant, this is of the form (5.1) provided 20 = m, which
could be arranged by a rescaling of the 7-variable.

Other choices of f(x, &) arise naturally in the study of vibrating membranes,
choices that lead to nonlinear PDE. We will return to this in Chap. 16, but for now
we concentrate on the linear case (5.18), until the very end of this section where
we make a few brief comments on nonlinear problems.

Let us redo the calculation of the variation of J;(u) in an invariant fashion,
when f(x,§) is given by (5.17), so

(5.20) Jiw) =0 // |deu? dV dt.

IxM

We have, forv € C°(I x M),

(5.21) % Ji(u+sv)|,_, =20 //(dxu, dev) dV dt,

and Green’s formula (4.8) shows that this is equal to

(5.22) 20 //(Au)v dV dt,

since the boundary integral vanishes in this case. Again the stationary condition
for (Jo — J1)(u) is seen to be the wave equation (5.18).
As in(1.26), it is typical to specify initial conditions, of the form

(5.23) u(0,x) = f(x), u(0,x) = g(x).

If IM # @, we also need to specify a boundary condition for u. One typical
condition is

(5.24) u(t,x) =0, forx € IM.
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This is known as the Dirichlet boundary condition for u. It models a vibrating
drum head that is firmly attached to its boundary. Tying down the boundary pro-
vides a justification for considering only variations v that vanish on I x dM in the
specification of the stationary condition above. Another natural physical problem
is to describe vibrations of M when the boundary is allowed to move freely. Then
we should allow any v € C%(I x M) that vanishes at t = #p and ¢ = #;, as a
variation. The formula (5.11) for the variation of Jo (i) continues to hold, and so
does (5.21), but an application of Green’s formula to (5.21) now yields

d 0
(5.25) — J1(u+sv)| _o=—20 // (Auw)v dV dt + 20 // v 2 gs dr.
ds s=0 v
IxM Ix0M

If we do apply this to the subclass of v € Cg°(/ x M), we see that the wave
equation (5.18) must still be satisfied for u to be a stationary point. Now, granted
that u satisfies (5.18), we hence have

(5.26) 4 (Jo—J)(u+sv)|,_, =20 // v u ds dt,
ds s=0 v
IxoM

for all v € C®(I x M) that vanish at t = #o and at ¢ = ¢;. This yields the
following boundary condition for freely vibrating M :

(5.27) M _ 0. forx € oM.
av

This is known as the Neumann boundary condition for u. Another situation it
models is the propagation of small-amplitude sound waves in a region bounded
by a hard wall.

Since we have introduced the kinetic energy and the potential energy, we
should look at the total energy. In the case when (5.17) gives the potential energy,
if we take m = 1 and 0 = 1/2, the total energy is

(5.28) E(@t) = %/[|ut(t,x)|2 + (e, dyut) ] dV ().
M

We aim to establish the energy conservation law
(5.29) E(t) = const.

whenever u is a sufficiently smooth solution to the wave equation (5.1), assuming
that u satisfies either the Dirichlet condition (5.24) or the Neumann condition
(5.27) on M . In fact, we have

dE

(5.30) v

_ /[utu,t + {dyur, dyu)] dV.
M
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We want to factor u; out of the integrand, so we integrate by parts the last term in
(5.30), using Green’s identity to get

dE a
(5.31) —=/u,(u,,—Au)dV+/u,—“dS.
dt v
M oM
The right side of (5.31) vanishes provided u satisfies the wave equation and either
the Dirichlet or Neumann boundary condition. This proves the energy conserva-
tion law (5.29), equivalent to

(5.32) / [lue (2, %) 1> + (dxu. dyu)|dV = / [lg(O)1> + (dx fodx f)]dV.
M

M

given the initial conditions (5.23).

We continue briefly the discussion of stationary problems from the end of §1.
These problems do not involve ¢-dependence, that is, they arise via describing
critical points for a function

(5.33) J(u) = /f(x,u(x),ux(x)) dv,
M
with
(5.34) f=f(x,y,4), AeL(TxM,TyN).

If N =Rand f(x,y,&) = f(x,§) is given by (5.17), then the PDE obtained as
the stationary condition for J(u) is

(5.35) Au =0,

involving the Laplace operator (5.19). A typical boundary condition is the nonho-
mogeneous Dirichlet condition

(5.36) u =1y ondM.

Another is the nonhomogeneous Neumann condition

(5.37) u @ on M.
v

These will be studied in Chap. 5.

There are also very important nonlinear problems arising from the problem of
finding stationary points, particularly extrema, of (5.33). We mention in particu-
lar the choice (5.9) for f(x,y, A), namely, Tr A*A. Maps u : M — N critical
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for such J(u) are called harmonic maps. In case N = R, these are just func-
tions whose components are harmonic in the sense of (5.35), but for a nonflat
Riemannian manifold N, one gets a nonlinear problem. For example, as seen in
Chap. 1, for M = I C R, one gets the geodesic equation. Harmonic maps will
be studied in Chap. 14, by variational methods, and in Chap. 15, via techniques
involving nonlinear parabolic PDE.

Exercises

1. For Ji(u) = [3y f(x,ux)dV asin (5.10), f : T*M — R, demonstrate the invariant
formula

d
d—le(u+sv)|s=0 = /(Af(x,ux),vx) av,
M

where Ay : T*M — TM is given by
(5.38) Af(x,§) = Dr(x,§)Hy,

H ¢ being the Hamiltonian vector field of f, and 7 : T*M — M the natural projec-
tion. For fixed ¢, uy = dxu is a I-form on M. Consequently, Af(x, uy) is a vector
field on M.

2. In the context of Exercise 1, show that the resulting PDE (5.15)has the invariant de-
scription

(5.39) mugs — div A ¢ (x,ux) = 0.
Compare (1.72).
3. Show that (under an appropriate nondegeneracy hypothesis) maps of the form A ¢ invert
Legendre transformations A : TM — T*M, discussed in §12 of Chap. 1.
(Hint: Using (12.9)—(12.18), consider the Legendre transform associated to the function
F(x,v) on TM defined implicitly by
F(X, f{-‘(-x7s)) = f(x’s) _E : f{:(X,E)

or, in the notation used above,

F(Ap(x.§) = f(x.6) — (A f(x.8).6).)

6. Uniqueness and finite propagation speed

We study some properties of solutions to the wave equationon R x M:
(6.1) Uy — Au =0,

with initial conditions

(62) M(O, )C) = f(x)s Uz (va) = g(x),
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and boundary condition either the Dirichlet condition or the Neumann condition,
if IM # @. We leave aside for the present the issue of the existence of solutions,
for arbitrarily given f and g. We examine the uniqueness; u is assumed suffi-
ciently smooth. If #; and u> solve (6.1) with initial data f;, g;, then u; — u»
solves (6.1) with initial data f = f1 — f>, g = g1 — g2. To establish uniqueness,
it suffices to show that if f = g = 0, then the solution u = 0 for all ¢. But by
energy conservation, we have, for all 7,

(6.3) /[uf + (dxu, dxu) | dV = /[|g|2 + (dx f.dx f)]dV = 0.
M M

Thus u is constant. Since u(0, x) = 0, we conclude that u = 0 everywhere. This
establishes uniqueness.

A closer look at how Green’s formula enters into this argument will produce
both a generalization of the notion of energy conservation and a localization of this
uniqueness theorem to a result implying finite propagation speed for solutions to
the wave equation. Note that the identity (5.31) can be written as

2 12 du
(6.4) E(t2) — E(t1) =/ /ut(u,t—Au)dV dt+/ /ut — dS dt.
"y oM o

In particular, for u satisfying either the Dirichlet or Neumann condition on 0M,
with Q = [t1, 1] X M, we have

/ut(u,t —Au)dV dt =
Q
1
[l + Py =5 [ [lul? +1dsui?]av.

{t=t2} {t=t1}

(6.5)

N =

Next we want to look at the left side of (6.5) when €2 is a more general sort of
region in R x M than a product region [t1, 2] x M.

First, we assume for simplicity that €2 does not intersect R x dM . We suppose
02 consists of two smooth surfaces, ¥; and X, as indicated in Fig.6.1. We
denote by €2, the intersection of  with {t} x M C R x M. Now, making use of
formula (2.19), we have

21
/u,(un—Au)dV dt = /&(Euf)dv dt+/(dxu,,dxu)dV d1
Q

6.6) @

—/divx(u, grad u) dV dt.
Q
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3, UE,=03Q /Qr
/> :,
ya <

Q z,

FIGURE 6.1 Spacelike Bounded Region

Note that

(6.7) (dyxus, dxu) =

Qvlm

(dudu)

N =

Applying the fundamental theorem of calculus to the first two integrals on the
right side of (6.6), and the divergence theorem to the last integral, we get

1
Q 1

a2

Both integrals on the right side of (6.8) are integrals over 2. Here w is the volume
form on M, thought of as an n-form on R x M, pulled back to d€2, and dS; is the
natural surface measure on 9€2,, thought of as a surface in M. We want to express
both w and dS; dt in terms of the natural surface measure on 052, induced from
the inclusion 92 C R x M, endowed with the natural product Riemannian metric.
Indeed, we easily obtain

(6.9) ® =N, dS, dS,dt = |Ny|dS,

where N = (Ny, Ny) is the outward unit normal to 2 C R x M. Hence (6.8)
becomes

1
Q aQ

Thus, if u satisfies the wave equation in €2, we see that

ou
/{[utz + |dxu|2]|Nt| - 2“;@|Nx|} dS

6.11) )
= [ {162 + a1l + 205l a5
Iy

2
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%,

Z,(s)
z1

FIGURE 6.2 Spacelike Sweep

This is a useful “energy identity” provided the integrands are positive-definite
quadratic forms in du = (u;, dxu). Note that Cauchy’s inequality implies

(6.12) 2 <u? + |dcul*.

ou
U ———
tavx

Thus the integrands have the desired property, provided

(6.13) [Nx| < |N¢.

Definition. A surface ¥ C R x M is called spacelike provided its normal N =
(N¢, Ny) satisfies (6.13). A vector satisfying (6.13) is called timelike.

Clearly any surface ¢ = const. is spacelike, as is a small perturbation of such a
surface. Suppose 2 C R x M is bounded by spacelike surfaces X, and ¥, and
furthermore is swept out by spacelike surfaces X, (s), as in Fig.6.2. We call Q2 a
domain of influence for its lower boundary X;.

Theorem 6.1. Suppose Q@ C R x M is a domain of influence for its lower bound-
ary X1. If u solves the wave equation us;; — Au = 0 on R x M, and if u and
du = (uys, dxu) vanish on X1, then u vanishes throughout Q.

Proof. The energy identity implies that du vanishes on each ¥,(s); hence du
vanishes on €2, so u is constant on 2. Since u = 0 on X1, this constant is 0.

One interpretation of this theorem is that it shows that signals propagate at
speed at most 1. In other words, in the special case ¥; = {t = 0}, if u(0,x) =
f(x) and u;(0, x) = g(x) vanish on some open set O C M, then the solution to
the wave equation vanishes on {(¢, x) : x € O, dist(x, d0) > |¢|}.

A slight variation of the argument above treats the case when d2 consists of
three parts, 31 and X5, both spacelike as above, and a part in R x dM, provided
the solution u to u;; — Au = O satisfies the Dirichlet or Neumann boundary
condition.
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Exercises

1. Use(1.24)—(1.28) to write out the explicit solution to the initial value problem (6.1)—
(6.2) in case A = 3%/9x2 on R, and explicitly observe finite propagation speed in this
case.

2. Extend the finite propagation speed argument of Theorem 6.1 to the case where M has
a boundary, on which either the Dirichlet or Neumann boundary condition is imposed.

3. Consider the equations of linear elasticity, derived in (1.59), Lu = 0, where

Lu = muy; — pAu— (A + p) grad div u.

Suppose i > 0,4 +2u > 0,m > 0. For each (¢, x) € R x M, u(t,x) € Ty M. Take
M = R”". Let Q be a region in R x M of the form depicted in Fig.6.1. Perform an
integration by parts of

/ut'LudV dt,

Q
along the lines of (6.6)—(6.10), to derive an identity similar to (6.11). What geometrical
conditions should be placed on ¥; and X5, replacing the “spacelike” condition (6.13),
in order to ensure that the resulting integrands are positive-definite quadratic forms in
Vu = (uz, Vxu)? Derive a finite propagation speed result.

7. Lorentz manifolds and stress-energy tensors

The analysis of the wave equation in the last section made strong use of the fact
that we were working with 82/31% — A on a product R x M . We will take a deeper
look at the notion of energy, which will produce concepts that are important in the
study of the wave equation on more general Lorentz manifolds.

For starters, we will stick with the product case R x M, M a Riemannian
manifold. This has a natural structure of a Lorentz manifold, with metric

(7.1 h=—dt*> + g.

Contrast this with the Riemannian metric d¢% + g on R x M we considered in the
last section. In coordinates, 4 j; has the form

(7.2) (hjx) = (_01 0 )

v

The stress-energy tensor T associated with u is supposed to be a symmetric,
second order tensor such that, if Z is a unit timelike vector (representing the
“world line” of an observer), then T(Z, Z) gives the observed energy density.
The energy density (1/2)u? + (1/2)(dxu, dxu) encountered before specifies

1 1 1
(7.3) Too = Eutz + E(dxu, dyu) = utz + E(du,du),
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where
(7.4) (du,du) = h/* 3 ;u dru

is the Lorentz square-length of d u. If we expect that 7T is constructed in a “natural”
manner from d u and the metric tensor %, we are led to require

1
T(Z,7) =(Z,du)* + E(du,alu) whenever (Z,Z) = —1.

If (Z,Z) = —z%, thisleads to T(Z, Z) = (Z,du)?> — (1/2){du,du){Z, Z), and
polarizing this identity gives

(1.5) T(Z, W) = (Z,du)(W, du) — ~(du,du)(Z, W).

1
2
This should hold for all vectors Z, W. Equivalently, we write

1
(7.6) T=du®du—§(du,du)h.

We call(7.6)the stress-energy tensor associated to a wave u = u(t, x). See the
exercises for more on the construction of 7.

More generally, let 2 be any Lorentz manifold, with metric tensor, of signature
(n, 1), denoted h. The “Laplacian” in this metric is defined by

(1.7) Ou = k|29, (W% |h|"? dgu) = h/*u,j e,

in analogy with the formula for the Laplace operator on a Riemannian manifold.
Here, |h| = |det (h¢)|. The wave equation on a general Lorentz manifold is
(7.8) Ou = 0.

In this more general context, it is still meaningful to assign to u the tensor 7,
defined by (7.5) and (7.6). We continue to call 7' the stress-energy tensor. We
have the following important result.

Proposition 7.1. For a solution to (7.8) on a general Lorentz manifold 2, the
stress-energy tensor has vanishing divergence, that is,

(7.9) T/*, =0.

5

More generally, for any u,

(7.10) T7% ., =/ 0u.

5
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Proof. This is a straightforward calculation. We have

, P
(7.11) 7% =k — 5hf"hl”u;,m;u,

where u'/ = h/*u,, denotes the gradient. Hence, using /%, = 0, we obtain

: i P 1 . 1 .
Tjk;k =/ ;ku’k + u’Ju’k;k — Ehjkh’“’u;mku;v - Eh*’kh‘”umu;v;k
=/ 0Ou + u;j;ku;k - hjkh‘”u;mku;,,

k I

=/ Ou+ u;j;ku; — um;ju; .
Since, as we have seen, u;j.x = u;;;, we obtain (7.10), and the proposition
follows.

We have seen that the divergence theorem applies to reduce the integral
fQ (div X)dV to a boundary integral, when X is a vector field; in particular,
when X is a divergence-free vector field, it yields that a certain boundary integral
is zero or, equivalently, that integrals over two parts of dQ2 are equal in magnitude.
However, T is not a divergence-free vector field; it is a second-order tensor field.
In general vanishing of div 7" will not lead to integral conservation laws. It will,
however, in the following case.

Suppose a Lorentz manifold €2 has a timelike Killing field Z, that is, a timelike
vector field whose flow preserves the metric tensor /. As derived in the Rieman-
nian case, the condition for the metric to be preserved is

(7.12) Zjgk+ Zi; =0, Zj=hpZ"

Here, “timelike” means that #(Z, Z) < 0. This means Z lies inside the light cone
determined by the Lorentz metric.

Lemma 7.2. If T/ is divergence free and Z* is a Killing field, then
(7.13) X/ =17k Zy is divergence free.

Proof. We have _ _ _
X7 =T*% ;7 + T* 7.
Now the symmetry of 7/ implies 7/%.; = 0 and

. 1.
T*Zp; = ETjk(Zk;f +Zjx) =0,

assuming (7.12) holds. This proves the lemma.
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Z

FIGURE 7.1 Timelike Curves

We denote the vector(7.13) by
(7.14) X=TZ.
Suppose O is a region in the Lorentz manifold €2, bounded by two surfaces ¥,

and ¥, as in Fig. 7.1.
By (2.14)), we have

0:/(diVTZ)dV= / w|(TZ)

(7.15) © F1Uz
= /(TZ,vl) ds —/(TZ,UZ) ds.
P 253

where v; is the unit vector, normal to X ;, with respect to the Lorentz metric £,
pointing in the same “forward” direction as Z. The last identity in (7.15) holds
in analogy with (2.15). We make the hypothesis as before, that £, and ¥, are
spacelike (i.e., v; are timelike), so it makes sense to specify that they lie inside
the forward light cone. Equation (7.15) is equivalent to

(7.16) /T(Z,vz) ds :/T(Z,vl)dS.

s 2

The volume element dS on X is determined here by the Riemannian metric on
> ;, induced by restricting the Lorentz metric / to tangent vectors to X .

Again we seek to guarantee that the integrand in (7.16), which is a quadratic
form in du for T' given by (7.5), is positive-definite. In order to check this at a
point po € 30, choose a coordinate system such that

-1 0

(7.17)  (hjk(po)) = ( 0 7

), v(po) = (1,0,...,0)" (v =v; orvy),

which is always possible. Suppose Z(po) = (Z° Z',...,Z"). The condition
that Z(pg) belong to the forward light cone is
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(7.18) Z°>0, (Z9%>ZY? +.--+(ZM%
Now, if we set M = TU, then, at po,
1 .
(7.19) M = —=[@ow)* + (011)* + -+ + @), M7 = (Bou)(d;u),

if T is given by (7.5). Consequently, at po,

n
T(Z.v)=(Z.M)=-2"M"+> 7z/M/

j=1
(7.20) "
1 .
= 520[(3014)2 +oot 0]+ Y Z7 (Dou)(9u).
j=1
The positive definiteness of this quadratic form in (dou, . . ., 9,u) follows immedi-

ately from Cauchy’s inequality, granted (7.18). This definiteness calculation does
not use the hypothesis that Z is a Killing field, of course. For positive definiteness
of T(Z,v) in du, it suffices that Z and v both be nonzero timelike vectors inside
the forward light cone.

In order to emphasize that the dependence of 7 (Z, v) on du has fundamental
significance, we adopt the following notation. Set

Ezy(du) = T(Z.v)
(7.21) = (du®du—%(du,du)h)(Z,v)

= ({du, Z)(du,v) — %(Z, v){(du,du).
The calculation above establishes the following result.

Lemma 7.3. If Z and v are nonzero timelike vectors pointing inside the forward
light cone, then
Ez.,(du) is positive-definite in du.

Note that the identity (7.16) is

(7.22) /EZ,VZ(du) ds =/Ez,vl(du) ds.

N o

It follows that if O, as in Fig. 7.1, is swept out by spacelike surfaces, as in Fig. 7.2,
then the same argument as given in §6 leads to the uniqueness result: Ju = 0 in
O, uand du = 0 on X imply # = 0 in O, provided 2 has a timelike Killing
field Z. This gives finite propagation speed for solutions to the wave equation on
such a Lorentz manifold.
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FIGURE 7.2 Spacelike Surfaces

If a Lorentz manifold €2 has no timelike Killing field, which is typical, then
natural energy identities such as (7.22) do not arise. However, there are inequali-
ties involving the stress-energy tensor, that are powerful enough to imply the local
uniqueness (finite propagation speed) of solutions to the wave equation Lu = 0
on a general Lorentz manifold. In the next section we will establish this as a spe-
cial case of a more general result on hyperbolic equations.

Exercises

1. If M is a Lorentz manifold, S C M a hypersurface (codimension 1), show that S
is spacelike if and only if the metric tensor restricted to S is positive-definite. In the
product case (7.1), show that the definitions of “spacelike” given in this section and the
previous one are equivalent.

2. On ]R’H'l, with coordinates (xop, . . ., X»), place the Lorentz inner product

(u,v) = —upvo + u1v1 + -+ + U vy.
Show that 4 : R*T1 — R"*+1 defined by
A(ug, ur,uz, ..., un) = (uy,uo,u2, ..., un)

is skew-adjoint for the Lorentz metric (i.e., (Au, v) = —(u, Av)), and hence the group
F(t) = et preserves the Lorentz metric.
3. Consider the hyperboloids

M =M ={x eR": (x ,x)=s}.

Show that Mj is spacelike if and only if s < 0.
4. If s > 0 and M is as in Exercise 3, show that My gets a Lorentz metric, induced from
R+, Show that the group F(z) of Exercise 2 leaves M invariant and its generator is
a timelike Killing field on M.
5. We consider a general approach to constructing a second-order tensor of the form
T]k — AjkEmueum,
where A7Ktm s a tensor field of type (4, 0), such that the conclusion (7.10) of Propo-
sition 7.1 holds. Let us assume that VA = 0. Show that
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where
B = P33 p34y.

Here, PV denotes the operation on tensors of type (4,0) of symmetrizing with respect
to the puth and vth indices, for example, (P23C)/ktm = (1/2)[Cciktm  citkm),
Consequently, (8.10) holds provided

P23P34A =H, ijﬁm — ]’ljml’lke.

6. Show that PV are all projections of the same rank and H belongs to the range of P23,
Show that Ker P23 N R(P3*) = 0 and hence

P23 R(P34) — R(P23) is an isomorphism.

(Hint: If B € Ker P23 N R(P3%), show that B/K¢m = _BJimkt (k0 ) > (m k £)
is a cyclic permutation of order 3, so apply this transformation three times.)

7. Deduce that the equation P23 P3*4 = H has a solution A, given uniquely, mod Ker
P34 and hence that the tensor 77K = A/ kemu;gu;m is uniquely determined by the
conditions set in Exercise 5.

8. Show that, for general smooth scalar u, with 7' defined by (7.6), then

(7.23) div TZ = (Zu)Ou + (T, Def(Z)),

where Def(Z) is the deformation tensor of Z, with components (1/2)(Z ;. + Zg.;)

and (T, V) = Tk Vk- This implies Lemma 7.2. Show that (7.23) follows from the
general identity

(7.24) &iv(TZ) = (Z.div T) + (T, Def Z).

8. More general hyperbolic equations; energy estimates

In this section we derive estimates for a solution to a nonhomogeneous hyperbolic
equation of the form

8.1 Lu= f inQ,

where L is given in local coordinates by

(8.2) Lu=h"*8;0,u+ b7 (x)dju+ c(x)u

By definition, to say L is hyperbolic is to say that (h/%) is a symmetric matrix of
signature (7, 1), if dim = »n + 1. One can then use the inverse matrix (i)
to define a Lorentz metric on €2, and in view of the formula (7.7), we can write
(8.2) as

(8.3) Lu =Ou+ Xu,

for some first-order differential operator X on €2.
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%,

ZP(s)

FIGURE 8.1 Spacelike Bounded Regions

Suppose O C Q2 is bounded by two surfaces X and X5, both spacelike. As at
the end of §7, we suppose that O is swept out by spacelike surfaces. Specifically,
we suppose that there is a smooth function on a neighborhood of O, which in fact
we denote by ¢, such that d¢ is timelike, and set

O()=0n{t <s}, Zas)=0nN{t =s.

We suppose O is swept out by X5(s), so < s < s1, as illustrated in Fig. 8.1, with
3, = 3s(s1). Also set
)= n{r <s).

As in (7.15), the divergence theorem implies

(8.4) / Ez.,(du)dS = / Ez.y (du)dS — / (divTZ)dV,

Za(s) =0(s) O(s)

where Ez ,(du) is defined by (7.21) and T by (7.5), though at this point it is not
physically meaningful in general to think of 7" as the stress-energy tensor. Here v
is the forward-pointing unit normal to X, with respect to the Lorentz metric, and
V5 is the normalization of grad z, the vector field obtained from dt via the Lorentz
metric. Z is any timelike vector field; we will set Z = v,. Note that Lemma 7.3
applies to the integrands Ez y; (du).

We no longer have div TZ = 0, but we can estimate this quantity, as follows.
First,

(85)  dvTZ=T* ;h;z" + T*h;y 2 = (div T, Z) + (T, VZ).

The term (7, VZ) is a quadratic form in d u, and hence, by Lemma (7.7), we have
an estimate

(8.6) (T,VZ)| < K Ez,z(du).



174 2. The Laplace Equation and Wave Equation
As for the first term on the right side of (8.5), (7.10) implies
8.7) div T = (grad u)Ou.

If u satisfies Lu = f, this implies

(8.8) divT = (grad u)(f — Xu).
Cauchy’s inequality together with Lemma 7.3 gives an estimate
(8.9) [(div T, Z)| < K Ez.z(du) + K|u|*> + K| f]2.

Consequently, (8.4) yields the estimate

/ Ezaz(du) ds <
a(s)

/ Ez,vl(du)dS—l—K/[ZEz,Z(du)—l—lulz—l—lflz]dV
b (s) o)

(8.10)

Suppose that u satisfies the following initial conditions on ¥:
(8.11) u=g, du=w onXy.

We want to estimate the left side of (8.10) in terms of f, g, and w. Our first goal
will be to deive a variant of (8.10) without the |u|? term. We can work on the term
/. 0Gs) |u|?> dV on the right side of (8.10) as follows. An easy consequence of the
fundamental theorem of calculus, Cauchy’s inequality, and Lemma 7.3 gives

(8.12) /|u|2dV§C / lg|>dS + C / Ez.z(du)dV,
o(s) =0 () O(s)

which can be applied to (8.10).
At this point, it is convenient to set

(8.13) E(s) = / Ez z(du)dV.
O(s)
We will want to estimate the rate of change of E(s). Clearly,
dE

N
Z(s)
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and hence, by (8.10)—(8.12), we have an estimate of the form

dE

(8.15) — < CE(s) + F(s),
ds

where

(8.16) F(s)=C /[EZ,Z(w) +|gl?]dS +C / | fI>dV.
N O(s)

Note that (8.15) is equivalent to

(8.17) %(e_csE(s)) < e CSF(s),

and since E(s¢) = 0, we have

(8.18) e CSE(s) < /se_ch(r) dr.

50
In view of (8.16), this establishes the following “energy estimate.”

Proposition 8.1. If u solves the hyperbolic equation Lu = f of the form (8.3),
with initial data (8.11) on X1, and if O(s) satisfies the geometrical hypotheses
made above and illustrated in Fig. 8.1, then

(8.19) / Ezz(du)dV < C(s—so)/[|g|2 +lwP]ds +C / \fI?dv,
O(s) ¥ O(s)

for s € [so, 1]

In particular, if g and @ vanish on ¥, and f vanishes on O, then (8.19) implies
du = 0 on O, so u is constant on O, that constant being g = 0. This gives the
local uniqueness (finite propagation speed) for solutions to the homogeneous
hyperbolic equation Lu = 0, extending the result of §7.

We note that, using (8.10) and (8.12), we deduce from (8.19) that

(8.20) / Ez.z(du)dS <C /[|g|2 + |w]*]dS + C f |fI*>dV.
Za(s) 2 O(s)
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Exercises

1. Prove the estimate

1 1
(1-¢) /0 () ds < Ju(O) + Cs /0 W (5)[? ds.

What is the best value of Cg that will work?
2. Give a detailed proof of the estimate (8.12).
3. Sharpen the estimate (8.19) to

(8.21) / Ez.z(du) dV < C(s — so) /[|g|2 + |w[*]dS + C(s — s0) / L /12 dv,
o) ot o(s)

under the hypotheses of Proposition 8.1. (Hint: Use (8.18) more carefully.)
4. Work out generalizations of the energy estimates (8.10)—(8.19) when u satisfies the
semilinear PDE

(8.22) Ou = f(x,u,du).

Formulate and prove a finite propagation speed result in this case.
(Hint: Given solutions #; and u3 to (8.22), derive a linear PDE for w = u1 —uz, to get
the finite propagation speed result.)

9. The symbol of a differential operator and a general
Green—Stokes formula

Let P be a differential operator of order m on a manifold M ; P could operate on
sections of a vector bundle. In local coordinates, P has the form

©.) Pu(x) = ) pa(x)D%u(x),

loe|<m

where D® = D{'---Dy", D; = (1/i)d/0x;. The coefficients py(x) could be
matrix valued. The homogeneous polynomial in § € R” (n = dim M),

9.2) Pm(x.8) = Y pa()E%,

la|=m

is called the principal symbol (or just the symbol) of P. We want to give an
intrinsic characterization, which will show that p,, (x, £) is well defined on the
cotangent bundle of M. For a smooth function v, a simple calculation, using the
product rule and chain rule of differentiation, gives

(9.3) P(u(x)e*V) = [ pm(x, dy)u(x)A™ + r(x,1)]e'*?,
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where r(x,A) is a polynomial of degree < m — 1 in A. In (9.3), pp(x,dV¥) is
evaluated by substituting & = (dy/dxy, ..., d¥/dx,) into (9.2). Thus the formula

9.4) Pm (X, d¥)u(x) = All)n;o ATV P (u(x)e' M)

provides an intrinsic characteristization of the symbol of P as a functionon 7*M .
We also use the notation

9.5) op(x,8) = pm(x,§).
If
(9.6) P :C®(M, Eg) — C®(M, Ey),

where E( and E; are smooth vector bundles over M, then, for each (x,§) €
T*M,

9.7 Pm(x,8) : Eox — Eix

is a linear map between fibers. It is easy to verify that if P, is another differential
operator, mapping C (M, E;) to C*°(M, E,), then

(98) op,P ()C, E) =0p, (X, %-)O-P (X, %‘)

If M has a Riemannian metric, and the vector bundles £; have metrics, then
the formal adjoint P’ of a differential operator of order m like (9.6) is a differen-
tial operator of order m:

P':C®(M,E) — C*®(M, Ey),
defined by the condition that
(9.9) (Pu,v) = (u, P'v)

if u and v are smooth, compactly supported sections of the bundles Eg and E;. If u
and v are supported on a coordinate patch O on M, over which E; are trivialized,
SO U apd v have components #?, v?, and if the metrics on Ey and E; are denoted
hss, hes, respectively, while the Riemannian metric is g jx, then we have

(9.10) (Pu,v) = /ﬁgg(x)(Pu)g 7 /g (x) dx.

o

Substituting (9.1) and integrating by parts produce an expression for P?, of the
form

(9.11) Plv(x) = Z pL(x)D%v(x).

la|<m



178 2. The Laplace Equation and Wave Equation
In particular, one sees that the principal symbol of P? is given by
9.12) opi(x,§) = op(x,§).

Compare this with the specific formula (2.22) for the formal adjoint of a real
vector field, which has a purely imaginary symbol.

Now suppose M is a compact, smooth manifold with smooth boundary. We
want to obtain a generalization of formula (2.24), that is,

9.13) (Xu,v) — (u, X'v) = / (v, X)uv dS,
oM

to the case where P is a general first-order differential operator, acting on sections
of a vector bundle as in (9.6). Using a partition of unity, we can suppose that u
and v are supported in a coordinate patch O in M. If the patch is disjoint from
dM , then of course (9.9) holds. Otherwise, suppose O is a patch in R’} . If the
first-order operator P has the form

9.14) Pu= aj (x)ﬂ + b(x)u,
= axj

then

" ou
(9.15) /(Pu,v) @dx:/[Z(W(x)g,vw(b(x)u,v>]¢§dx.
J

1%) o J=1

If we apply the fundamental theorem of calculus, the only boundary integral
comes from the term involving du/dx,. Thus we have

(9.16)
/(Pu,v)\/gdx = /(u, P'v) /g dx — / (an(x',0)u, v)/g(x’,0) dx’,
o o

R7—1

where dx’ = dxy ---dx,—1. If we pick the coordinate patch so that d/dx,, is the
unit inward normal at dM , then /g (x’, 0) dx’ is the volume element on M , and
we are ready to establish the following Green—Stokes formula:

Proposition 9.1. If M is a smooth, compact manifold with boundary and P is a
first-order differential operator (acting on sections of a vector bundle), then

9.17) (Pu,v) — (u, P'v) = ll /(ap(x, v)u,v) dS.
oM
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Proof. The formula (9.17), which arose via a choice of local coordinate chart, is
invariant and hence valid independent of choices.

As in (9.13), v denotes the outward-pointing unit normal to dM ; we use the

Riemannian metric on M to identify tangent vectors and cotangent vectors.

We will see an important application of (9.17) in the next section, where we

consider the Laplace operator on k-forms.

Exercises

1.

b

Consider the divergence operator acting on (complex-valued) vector fields:
div: C®(Q,C" — C®(Q), QcCR"
Show that its symbol is given by
odiv(x,§)v =i (v, §).
Consider the gradient operator acting on (complex valued) functions:
grad: C®(Q) — C®(Q,C", QCcR"

Show that its symbol is
O'grad(x» S) = ié~

Consider the operator
L = graddiv: C®(Q,C") — C®(Q,C").

Show that its symbol is

op(x.£) = —[§7 P,
where Pg € End(C") is the orthogonal projection onto the (complex) linear span of &.
What is the symbol of the operator

P = uA + (A + p) grad div,

which appears in the equation (1.59) of linear elasticity? What are the eigenvalues of
the symbol, for given £ € R"?

Generalize Exercises 1-3 to the case of a Riemannian manifold.

Let L be a constant-coefficient, second-order, homogeneous, linear differential operator
acting on functions on R” with values in Ck, of the form

Lu= Y Ay D%, Ay €End(C*).
la|=2

Let £ € R™ \ 0. A “plane wave” solution to u;; — Lu = 0 is a Ck-valued function
u(t, x) of the form

u(t,x) =v(t,x-§),

with v(z, y) a C* -valued function on R x R. Show that the PDE for v becomes

vt — Mvyy =0,
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with
M = —op(x,§).
In case oy (x,§) is negative-definite with eigenvalues —c? = —c; (£)2, show that
the initial-value problem for v can be solved in terms of the formula for the one-
dimensional wave equation derived in §1.
7. Consider the equation of linear elasticity from (1.59):

mwer — pAw — (A + p) grad divw = 0.

Suppose © > 0,2u + A > 0. Fix £ € R” \ 0. Using the results of Exercises 4 and
6, analyze plane wave solutions w(t,x) = v(t,x - £). Show that if n > 2, there are
two propagation speeds. The faster and slower waves are called “p-waves” (pressure
waves) and “s-waves” (shear waves), respectively. If n = 1, only p-waves arise.

10. The Hodge Laplacian on k-forms

If M is an n-dimensional Riemannian manifold, recall the exterior derivative

(10.1) d: NF(M) — A1 (M),
satisfying
(10.2) d? =0.

The Riemannian metric on M gives rise to an inner product on 7, for each
X € M, and then to an inner product on AK 77, via

(10.3) (V1 Avee Avg,wy A Awg) = D (sgn ) (V1, Wa(n)) - (Vks Wae)),

T
where 7 ranges over the set of permutations of {1,...,k}. Equivalently, if
{e1,...,en} is an orthonormal basis of T} M, then{ej, A---Aej 1 j1 < ja <

- < Jr} is an orthonormal basis of AkT;M . Consequently, there is an inner
product on k-forms (that is, sections of A¥) given by

(10.4) (u,v) = /(u, v) dV(x).
M
Thus there is a first-order differential operator
(10.5) 8 AMY (M) — AR (M),
which is the formal adjoint of d, that is, § is characterized by

(10.6)
(du,v) = u,8v), wue A¥(M), v e A¥F1 (M), compactly supported.
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We set 6 = 0 on O-forms. Of course, (10.2) implies
(10.7) §2=0.
There is a useful formula for §, involving d and the “Hodge star operator,” which

will be derived in Chap. 5, §8.
The Hodge Laplacian on k-forms,

(10.8) A AF(M) — AR (M),

is defined by

(10.9) —A=(d+8)*=d§+4d.

Consequently,

(10.10) (—Au,v) = (du,dv) + (Su,8v), foru,v e CL(M, ).

Since § = 0 on A°(M), we have —A = §d on A°(M).

We will obtain an analogue of (10.10) for the case where M is a compact
manifold with boundary, so a boundary integral appears. To obtain such a formula,
we specialize the general Green—Stokes formula (9.17) to the cases P = d and
P = 4. First, we compute the symbols of d and §. Since, for a k-form u,

(10.11) de™) =ire™ (dy) nu+ eV du,
we see that

1
(10.12) —og(x,&)u=§&nu

l

As a special case of (9.12), we have

(10.13) o5 (x,§) = 04(x.§)".

The adjoint of the map (10.12) from A¥T* to A¥+1 T is given by the interior
product

(10.14) e = ul X,

where X € Ty is the vector corresponding to £ € T, under the isomorphism
Ty ~ T\ given by the Riemannian metric. Consequently,

(10.15) %Ug(x,é)u = —lgU.
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Now, the Green—Stokes formula (9.17) implies, for M a compact Riemannian
manifold with boundary,

(du,v) = (u, $v) + zl /(od(x, V)u,v) dS

(10.16) oM
= (u,8v) + /(v Au,v)dS,
oM
and
(bu,v) = (u,dv) + zl /(og(x, v)u,v) dS
(10.17) M
= (u,dv) — /(Lvu,v) ds.
oM

Recall that v is the outward-pointing unit normal to 0M .
Consequently, our generalization of (10.10), and also of (4.8), is

—(Au,v) = (du,dv) + (Su, §v)

(10.18) + ll /[(od(x, v) 1 v) + o3 (x. v) du, v)] dS
oM

or, equivalently,
—(Au,v) = (du, dv) + (8u, sv)
(10.19) + /[(V/\(Su),v)— (tv(du), v)] dS.

oM
Taking adjoints of the symbol maps, we can also write
—(Au,v) = (du,dv) + (8u, dv)

(10.20) + /[wu,tvv) — (du,v A v)]dS.
oM

Let us note what the symbol of A is. By (10.12) and (10.15),
(10.21) —oa(x, 8 )u = 1§ Au+§ A

If we perform the calculation by picking an orthonormal basis for 7. of the form
{e1,...,en} with & = |&|eq, we see that

(10.22) oa(x, E)u = —|€]u.
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In other words, in a local coordinate system, we have, for a k-form u,
(10.23) Au= g’ (x)d;deu + Yru,

where Y} is a first-order differential operator.

A differential operator P : C*°(M, Ey) — C*°(M, E,) is said to be elliptic
provided op (x,§) : Eox — E1x is invertible for each x € M and each § # 0.
By (10.22), the Laplace operator on k-forms is elliptic.

Of course, the definition —A =§d for the Laplace operator on O-forms
coincides with the definition given in §4. In this regard, it is useful to note
explicitly the following result about § on 1-forms. Let X be a vector field and &
the 1-form corresponding to X under a given metric:

(10.24) g(Y,X) = (Y,§).
Then
(10.25) 8 = —div X.

This identity is equivalent to (2.18) and the definition of § as the formal adjoint
of d.

We end this section with some algebraic implications of the symbol formula
(10.21)—(10.22) for the Laplace operator. If we define Ag @ A*T} — A*T}
by Ag(w) = £ A w, and define ¢ as above, by (10.14), then the content of this
calculation is

(10.26) Nelg + Lgng = |E]2.

As we have mentioned, this can be established by picking &/|&| to be the first
member of an orthonormal basis of 7). Extending the identity (10.26), we have

(10.27) Agly + tnne = (6, 1),

aresult that follows from the formula (13.37) of Chap. 1. Note also the connection
with (2.26).

Exercises

1. Show that the adjoint of the exterior product operator A is (g, as asserted in (10.14).

2. fa =) aj(x)dx; ndxg and ajk = gkeajg, relate Sa to the divergence ajk;k,
as defined in (3.29).
3. Using (10.20), write down an expression for

(Au, v) — (u, Av)

as a boundary integral, when u and v are k-forms.
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4. Relate the characterization (10.3) of the inner product on A*T}* arising from an inner
product on T, to that given in the following section, before (11.24).

5. Letw € A" (M), n = dim M, be the volume form of an oriented Riemannian manifold
M . Show that §w = 0. (Hint: Compare (10.6)with the special case of Stokes’ formula
fM du = 0 foru € A"~1(M), compactly supported.)

6. Given the result of Exercise 5, show that Stokes’ formula f M du = f am U foru €
A"~1(M), follows from (10.16).

7. If f € C®°(M) and u € AK (M), show that

S(fu) = f8u —ldfu-

8. For a vector field u on the Riemannian manifold M, let & denote the associated 1-form.
Show that

8@ A D) = (div v)ii — (div u)d — [u, v],

for, v € A1(M). Reconsider this problem after reading Chap. 5, §8.

11. Maxwell’s equations

The equations governing the electromagnetic field are one of the major triumphs
of theoretical physics. We list them here, for the electric field E and the magnetic
field B, in a vacuum:

(11.1) div B =0,
oB
(11.2) 8_t+ curl E =0,
(11.3) div E = 4mp,
JoE
(11.4) a5 curl B = —4nJ.

Here, p is the charge density and J the electric current. Units are chosen so that
the speed of light is 1. Here we are glossing over the distinction between two
types of electric field, typically denoted E and D, and two types of magnetic
field, typically denoted B and H, and their relation via “dielectric constants.”
Material on this may be found in texts on electromagnetism, such as [Ja].

Of the four equations above, (11.1) and (11.3) have a relatively elementary
character. Equation, known as Gauss’ law, follows in the case of stationary
charges from the statement that a charge e at a point p € R3 produces an electric
field
xX—-p

E(x)=e ———,
Ix—pP?

which is Coulomb’s law. Equation (11.1) is the statement that there are no mag-
netic charges. Both of these laws are well supported by experiments. We note
parenthetically that there is reason to believe that at high energies magnetic
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charges might exist. A theoretical framework for this is provided by a modifi-
cation of the theory of the electromagnetic field, called the “electroweak theory.”
But that is a story that we will not try to relate in this book. As one reference, we
mention [IZ].

The equations (11.2) and (11.4) are more subtle. Equation (11.2), which im-
plies that a changing magnetic field produces an electric field, is called Faraday’s
law. One implication of (11.4) is that an electric current produces a magnetic field;
this is exploited in electric motors. The first quantitative expression of this effect
written down was

curl B = 4nJ,

which is valid when all quantities involved are independent of time. It breaks down
when variation with time is allowed. Indeed, the left side must have vanishing
divergence, but in the time-varying case one has, not div J = 0, but rather the
following law of conservation of charge:

3
(11.5) £+ divJ =0,

Maxwell produced the modification (11.4), which completed the set of equations
for the electromagnetic field.

Careful thought about the implications of Maxwell’s equations, together with
the experimental fact that two observers moving with respect to each other would
measure the speed of light to be the same, led to the development of Einstein’s
theory of relativity. We will not discuss how this was done. Rather, following
J. Wheeler, we will reverse the historical order. We will rewrite (11.1)—(11.4)
in an invariant fashion, depending only on the Lorentz metric —dx3 + dx7 +
dx% + dx32, on Minkowski spacetime R* rather than a particular Cartesian prod-
uct decomposition of R* into time R and space R3. We can then show that, within
the relativistic framework, the subtle (11.2) and (11.4) actually follow from the
“simple” (11.1) and (11.3).

We bring in the 2-form (with ¢ = x¢)

3
(11.6) F = ZEJ' dx‘,-/\dt+Bl dxa ANdx3+ Badxs Adxy + B3 dxi Adxs.
1

In §18 of Chap. 1 it was shown how this form arises naturally in the relativistic
expression of how the electromagnetic field acts on a charged particle to make it
move. A calculation of the exterior derivative gives

3
3B
(11.7) dF = 2(5 + curl E)j(*dx,-) Adt + (div B) dxy A dxa A dxs,
1
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where, for 1 < j < 3, we set

xdx; = dxp Ndxy, (j, k,£) acyclic permutation of (1,2, 3).
Consequently, (11.1) and (11.2) together are equivalent to the equation
(11.8) dF =0.

On the other hand, (11.1) alone is equivalent to the following. For fixed T, define
k7 : R3 — R* by kr(x’) = (T, x’). Then (11.1) holds at t = T if and only if

(11.9) WEdF = 0.

Now, in the relativistic set-up, any physical law that is valid on all surfaces =
const. in R* should be valid on all spacelike hyperplanes in R*. But the following
result is easy to establish.

Lemma 11.1. Ler 0 < k < 3, and suppose o € AX(R*) has the property that
(11.10) K a =0,
for every inclusion k : S — R* of spacelike hyperplanes in R*. Then o = 0.

Applying this to @ = d F, we see how (11.1) yields (11.2).
We will be able to rewrite(11.3)—(11.4) using the “adjoint” to d:

(11.11) d* : AFR*Y) — AFURY),

defined like § = d* in §10, but using an inner product coming from the Lorentz
metric. Thus, for compactly supported u,

(11.12) L(du,v) = L(u,d*v),

for a (k — 1)-form u and a k-form v, where the inner product of two k-forms v;
is

(11.13) L(vl,vz) = /(Ul,vz> de"' dX3,

the integral of the pointwise inner product, characterized as follows.

Aformdx; A---Adxj, withdistinct j,’s has square norm g, --- &, , where
g0 = —1, &1 = &2 = &3 = 1. Two such forms are orthogonal unless their sets of
indices {1, ..., ji} coincide. A straightforward calculation yields

. 08kt
(11.14) d* gre(x)dxg Adxg = —lzj:sje(z,];k,ﬁ) W X,
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where
(11.15) e(i, jik,0) = (dx; Andx;,dxg N dxg)
is characterized above. This is O unless {i, j} = {k,{}, and we can rewrite
(11.14) as
gk
(11.16)  d*ge(x) dxi Adxg = e(k, €;k K)[ekﬂ dxy —Egg— dxg]
0xy 0xX

This implies

3 3 9E:
11.17 d* Y Ejdx; Adxo=—(div E)dxo— Y — dx;,
( ) lejxj/\xo (div E) dxo ZI:BI X
and

3
(11.18) d* (B dxaAdx3+ By dxsAdxi+Bs dxi Adxz) = Z(curl B);dx;.
1

Thus (11.3) and (11.4) together are equivalent to the equation

(11.19) d*F = 4nJ°,
where

3
(11.20) Jb = —pdt + " Ji dxy.

1

Thus J b is the 1-form associated via the Lorentz metric to the vector

(11.21) J =, J),

called the charge-current 4-vector.
In this case, (11.3) alone is equivalent to the identity

ad
(11.22) (d*}'—47rjb)Ja—t =0.
Again, in the relativistic set-up, such a physical law ought to be independent of
the choice of timelike vector field with which to take the interior product. Thus, if
we assume that F has an invariant significance as a 2-form and also that J b has
an invariant significance as a 1-form, we are in a position to apply the following.
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Lemma 11.2. If1 < k < 4 and @ € A*¥(R*) has the property that
(11.23) alV=0

for all timelike vectors V, then a = 0.

Applying this to & = d*F — 41 7°, we see how (11.3) yields (11.4).

The pair of Maxwell equations (11.8), (11.19) make sense on any Lorentz man-
ifold of dimension 4 and provide the appropriate equations for an electromagnetic
field in curved spacetime. To define d*, one uses the formula (11.12), replacing
dxg - --dx3 by the natural volume element on a general Lorentz manifold M in
(11.13).

This construction defines d* for Lorentz manifolds of any dimension. The
inner product in the integrand in (11.13) can be characterized as follows. To the
Lorentz inner product on V' = Tx M corresponds an isomorphism Q : V — V'
satisfying Q' = Q (with V" = V). This induces isomorphisms

O : ARV — A*FV ~ (AFV),

with the same symmetry property, yielding inner products on AV, 0 < k <
m = dim M. Equivalently, if you pick an “orthonormal” basis {vo, ..., Vm—1}
of V, satisfying (vo,vo) = —1, (vj,v;) = 1for1 < j < m — 1, then the
characterization given after (11.13) is easily extended.

In analogy with (10.9), it is of interest to form the second-order operator

(11.24) —O=d+d*?=dd* +d*d.
A calculation similar to (10.23) gives
(11.25) Ou = h'%(x) 8, 8gu + Yeu,

for a k-form u, where (hj 4) is formed from the Lorentz metric tensor, as in (7.7),
and Yy is a first-order differential operator. On 0-forms, this operator is exactly
(7.7). For Minkowski spacetime R*, O is just —92/9x2 + 33 9?/9x7, acting on
each component of a k-form.

The equations dF = 0, d*F = 4x 7" imply that F satisfies the “wave
equation”

(11.26) OF = —4x dJ°.
The results developed in §8 for scalar hyperbolic operators of the type (8.2) are

easily extended to cover the operator [1 constructed here, which by (11.25) has
scalar principal part.
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In particular, finite propagation speed arguments apply to solutions to
Maxwell’s equations. Existence of solutions, including propagation of electro-
magnetic waves in regions bounded by perfect conductors, is studied in Chap. 6.

The energy in an electromagnetic field in R* = R x R3 is

(11.27) V(t) = %/[lE(t,)c)l2 + |B(t, x)*] dx.
R3

If (11.1)= (11.4) hold, then

v oE 0B
(11.28) T (5’ E) + (5’ B)
= (curl B, E) — (curl E, B) — 47 (J, E).

If E(t, x) and B(t, x) decrease sufficiently rapidly as |x| — oo, we have
(11.29) (curl B, E) = (B, curl E),

as can be established by integration by parts. Hence

av _

(11.30) T

—/ J(@,x)- E(t,x) dx.

R3

In particular, for / = 0 we have conservation of V(z).

One can construct a stress-energy tensor 7 due to the electromagnetic field,
by an argument similar to that of §7. First note that, with F given by (11.6), we
have

(11.31) (F.F)=|B* - |E|*.
Equivalently,
(11.32) Tr 72 = 2(|E* - |B?),

where F is the tensor field of type (1, 1) associated to F. Note also that (? 2)00 =
| E|2. Thus a natural construction of 7 giving rise to Zoo = (1/87)(|E|*>+|B|?)is

1

11.33 T =
( ) 4

(7> - i(Tr 1) = —%(?2 + %(F, A1),

where 7 is the tensor field of type (1, 1) associated with 7. In index notation,

1

(11.34) T = E(

1
—7:im—7:jm - Zhij]:mn]:mn)s
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where (/;;) is the Lorentz metric tensor. In this case, in analogy with (7.10), one
obtains

(11.35) Ty = —F J*,

provided the Maxwell equations (11.8) and (11.19) hold. Equivalently, with T
denoting the tensor field of type (2, 0) associated with 7,

(11.36) divT = -FJ.

If the electromagnetic field F is defined on a Lorentz 4-manifold which is
simply connected, the equation d F = 0 implies the existence of a 1-form .A such
that 7 = d.A. We can define the Lagrangian

(11.37) Lz—i(]-",f) =—L(d.A,dA),
81 8r

with inner product as in (11.31). The action integral /(A) = [ L dV satisfies, for
a compactly supported 1-form 3,

(11.38)
d 1 1 .
I A+ ), = —4—/(d,3,dA) dv = —E/(,B,d dA)dv.

T

so the stationary condition § [ L dV = 0 is equivalent to d*d A = 0, that
is, to the rest of Maxwell’s equations (11.19), in case J = 0. Thus (11.37)
is the appropriate Lagrangian for the electromagnetic field, in order to produce
Maxwell’s equations in empty space. If the current 7 is given (subject to the con-
dition d*J = 0), and F = d A, then the (11.19) is the stationary condition
8 [ L dV = 0 for the Lagrangian

(1139 L=—(F.m+ag.
8

In typical problems the current is not given in advance, but is itself influenced
by the electromagnetic force. The nature of the influence involves the masses of
the substances that carry charges, whose motion produces the current. Then the
Maxwell equations are coupled to other equations, which are often nonlinear. We
describe a model for one example.

Suppose we have a diffuse cloud of electrons, in otherwise empty space. We
model this as a continuous charged substance, whose motion is described by a
4-velocity vector field u, satisfying (u,u) = —I1, yielding a current J = ou,
where o dV is the charge density, measured by an observer whose velocity is u.
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Taking a cue from the Lagrangian (18.20) of Chap. 1, derived to reflect the rela-
tivistic Lorenz force law, we use the Lagrangian

1 1
(11.40) L:—g(]—",]—')-i-(fl,j)—i-Eu(u,u):L1+L2+L3,

where u dV is the mass density, measured by an observer whose velocity is u. We
are assuming that only one type of matter is present, so o is a constant multiple
of . In more general cases there would be additional terms in the Lagrangian.

We look at (A, u) = I; + I, + I3. The term I3 is independent of 4, and as
above we have

9
(11.41) S [(A+7B, W, = /[—%(ﬁ, d*d A) + (B, J)] dv.

The stationary condition this yields is again the Maxwell equation (11.19). Next
we compute (3/3t)](.,4,u(t))|r=0, where u(t) is a one-parameter family of
velocity fields on M, obtained by varying the electron trajectories. There is no
variation in /1, so we need to consider /, and /3.

We first treat the variation of /3, in a manner parallel to the calculations
(11.17)-(11.26) in Chap. 1, leading to the geodesic equations. To do this, we pa-
rameterize the electron trajectories by X : Q x I — M, X(y,s) = x, u =
dsX. We suppose the mass density is constant in (y,s)-coordinates, say m,
somdy ds = u dV. Since u = 9/ds in (y,s)-coordinates, this implies
Ly(ndV)=0,or

(11.42) div (uu) = 0,

where div is computed using the Lorentz metric on M. Our hypothesis amounts
to the law of conservation of matter. If we vary this map, using X (y, s, t), then

d 1 1

(11.43) —/ —ul{u,u) dV = / —mLy{u,u) dy ds = /m(un,u) dy ds,
dt ] 2 2

where d; X = w. Using [d, ;] = 0, convert this last integral to

(11.44) —/m(w, Vo) dy ds + m / L(w,u) dy ds.

The last integral here vanishes for a compactly supported perturbation, by the
fundamental theorem of calculus, so

(11.45) %I3(A,u(t))|r:0 = —/(w, Voaym dy ds = —/(w,uvuu) dv.

We now treat the variation of /5, also using (y, s)-coordinates. Since o is a
constant multiple of u, we have 0 dV = e dy ds for some constant e, and,
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parallel to (11.42), we have conservation of electric charge, div(ou) = 0 (i.e., div
J = 0), which is equivalent to (11.5) when M is Minkowski space. We have

(11.46) %/(A,j) dV = /eﬁw(A,u) dy ds.

We use the identity £, A = d Alu + d(A|u) to write

Ly(A u) =—(dA)(u, w) + (L, A w)

(11.47)
= —(dA) (. w) + L, (A w) — (A, Lw).

Since d A = F, [0s,0:] =0, and L, (A, w) integrates to zero, we have
d ~ ~
(11.48) d—/(A,J)dVZ/e(fu,w)dyds:/(fj,w)dl/.
T
Together with (11.45), this gives

d ~
(11.49) EI(A,M(‘L’))}T=O = —/(uvuu—fj,w) dv.
Thus the stationary condition for variation of u is
(11.50) (Vi — FT =0 or, equivalently, Vyu — — Fu = 0,
m

which is the Lorentz force law in this context.

It is useful to consider what the stress-energy tensor should be when we have
the Lagrangian (11.40). It is reasonable to take it to be the sum of the stress-
energy tensor 7, for the electromagnetic field, given by (11.34), and a stress-
energy tensor 7,, associated with the “matter field.” If we want 7,,,(Z, Z)dV to
be the mass-energy density of the electrons observed by one moving with velocity
Z , then it is natural to set

~

(11.51) Tm = uuu,

(.e., ’T,,{k = pu/ uF). Then the total stress-energy tensor is given by

1

(11.52) Tk =
4

. 1 . . .
(F7 oM = R FF ) + o,

The divergence of Teis given by (11.36), provided the Maxwell equation (11.19)
holds. Furthermore, (pu/ uk);k = (,uuk);ku/ + puku’ k> SO

(11.53) div 7 = div(uu)u + pVu.
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Thus, for T = ’?e + ?m, we have (granted (11.19))

(11.54) div7T = div(uu) + pVau— FJ.

We have the conservation law div 7 = 0 for a solution to the coupled Maxwell—
Lorentz equations. Indeed, the vanishing of the first term on the right side of
(11.54) is equivalent to the matter conservation law (11.42), and the vanishing of
the sum of the other terms on the right side of (11.54) is equivalent to the Lorentz
force law (11.50).

Exercises

. Demonstrate Lemmas 11.1 and 11.2.

2. Verify the calculations (11.14)—(11.18).

10.

11.

12.

13.

. Show that the inner product of forms defined after (11.13) depends only on the Lorentz

metric on R#, not on the coordinate representation.

. Show that div curl = 0 is a special case of dd = 0.
. Show that (11.3)—(11.4) imply the “conservation law” (11.5).

(Hint: Apply 9/0t to (11.3) and div to (11.4); use div curl = 0.)
Show that (11.5) is equivalent to d*gb =o.

. Verify the identity (11.29), for any compactly supported vector fields E(x) and B(x)

on R3.

. Prove the conservation law (11.36), as a consequence of Maxwell’s equations.
. Show that the identity d F = 0 is equivalent to

Fikse + Fresj + Fejske = 0.

. Show that the identity d * F = 4.7 bis equivalent to

Fik g =dng’.

The equation dF = 0 on R* implies F = A for some 1-form A on R*. A is
not unique, as any 1-form du can be added. Show that A can be picked to satisfy
d* A = 0 and that, for such A,

OA = —4nJb.

(Hint: Set up a PDE for u. Look for the relevant existence theorem in Chap. 3.)

The calculation (11.31) of (F, F) shows that | B|> — | E|? is Lorentz invariant. Calcu-
late 7 A F and show that E - B is also Lorentz invariant. _
Think about the fact that the tensor 7 given by (11.33) is trace-free, i.e., Tr 7 = 0.
What is the trace of the stress-energy tensor defined by (7.5) or, equivalently (7.11)?
As mentioned in Exercise 5 in §18, Chap. 1, a sign change in the Lorentz metric, from
one of signature (—, +, 4+, +) to one of signature (4, —, —, —) (which some people
prefer), leads to a sign change in the formula for the 2-form F (though no change in
the tensor field F of type (1, 1)). Show that it leads to a sign change in the formula
(11.34) for the stress-energy tensor of the electromagnetic field.

What sign changes arise in the formula (11.40) for the Lagrangian of an electromag-
netic field coupled to charged matter?
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