Math. 396. Notes I: Parametric curves

Let I denote an interval in R. It could be an open interval (a,b), or a closed interval [a, b], or
semi-closed [a, b), (a,b]. Here a,b are real numbers or infinity symbols —oo, co. For example, R is
the interval (—oo, 00).

Recall that a map of sets f : A — B is called injective if f(a) = f(a’) implies a = o’ (or,
equivalently, the pre-image of any element of B is either empty or consists of one element). The
map f is called surjective if the image set f(A) coincides with B. A map which is both injective
and surjective is called bijective or one-to-one.

Intuitively we imagine that the image of a map f : I — R" is a curve in R™. When ¢ moves
along I = [a,b] from a to b, the value f(¢) moves in R" from f(a) to f(b).

Example 1. Take f(t) = (cost,sint) and [a,b] = [0, 27]. We know that cos?t + sin®t = 1, hence
f(t) € S'(0;1) for any t. Conversely, if (a,b) € ST = {(x,y) € R?* : 22 + y? = 1}, then the complex
number z = a + bi € S' can be written in the parametric form z = cost + isint for a unique
t € [0,27). This shows that f([0, 27]) = S*.

Example 2. Take f(t) = (g—;}, %) : R — R%. We have
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Thus the image of our map is contained in the unit circle S'. Do we get all points? Since the first
coordinate g—j& < 1 we will never get a point (1,0). Assume that a? +b? = 1 and (a,b) # (1,0).
We have
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This shows that, if t = —2- we get f(t) = (a,b). So all points (a,b) # (1,0) in S* are covered.
Observe that

(1,0) = tlggo f(t) = t_lgr_noo £(t).
So, if we add co and —oco to R and “join” them we get a bijective map from the obtained set to
the unit circle.

Definition. A parametric curve or a path in R™ is a non-constant continuous map f : I — R"
where [ is an interval in R. A subset of R™ is called a curve if it is equal to the image of a
parametric curve. If I = [a,b] is a finite closed interval, the parametric curve is called a path with
the origin at f(a) and the end at f(b). If f(a) = f(b), we say that the path is closed. A curve
C is closed if it is equal to the image of a closed path. A parametric curve f : I — R" is called
differentiable if the function f is differentiable. More general, we say that a path belongs to class
C* if f belongs to class C*, i.e. the k-derivative of f exists and continuous at each t € I. A path
of class C'*° is called a smooth path.

Warning. If we don’t assume anything on f then its image could be the whole space R™. An
example is the Peano curve.



Example 3. Let v = (a1,...,a,),w = (by,...,by) € R". Define f : R — R" by the formula
£(t) = v+ tw = (a1 + thy,. .., an + thy).

For example if v is the origin 0 = (0, ...,0), the image of this map consists of all vectors which are
proportional to w. In the case n = 2, it will be the line through the origin in the direction of the
vector w. If n =2 and v # 0 we can view the image as the line parallel to the previous line which
passes through v. For any n we call the image of the map f the line through the vector v in the
direction of the vector w. Since for any scalars A and u # 0, we can always write

v+tw=(v+Iw)+ (t—Nw=v+ (t/p)pw

we obtain that the same line can be defined by replacing v by any vector in it, and replacing w by
any non-zero vector proportional to w.

Example 4. Assume n = 2. Let us view R? as the field of complex numbers C. Then, using
the trigonometric form of complex numbers, we can define a parametric curve f : R — C by the
formula

£(t) = r(t)(cos p(t) + isinp(t)) = r(t)e'®®.

Here, we don’t necessary assume that ¢(¢) € [0,27). The old formula f(t) = (a(t),b(t)) and the
new formula (called sometimes polar parametric curve) are related to each other by the formulas:
f(t) = (a(t),b(t)) where

a(t) =r(t)cos¢(t), b(t) =r(t)sind(t).

r(t) = (a(t)? + b(t)%)Y2, §(t) = arctan(a(t)/b(t)).

Very often, the polar parametric curve is given in the form r = f(¢),¢ € [a,b]. This means
f(t) = r(t)e’*. For example one can divide a circle of radius 7 by 7(¢) = r (a constant).

Let f : I — R”™ be a differentiable path. For any interior point tg € I we can define the
derivative vector f(tg). It is called the velocity vector of the parametric curve. Its length ||f'(¢o)||
is called the speed of the parametric curve at ty. To explain the name consider the case when n = 1.
The set of vectors

T(£), = {£(to) + M'(to) | A € R}

is called the tangent line of the parametric curve at to. Here we shall assume that f'(¢y) # 0.
Otherwise the tangent line is not defined.

Definition A differentiable path f : I — R™ is called an immersion if f'(t) # 0 for any ¢t € I. Tt
is called a piecewise immersion if I is the union of intervals such that the restriction of f tothe
interior of each subinterval is an immersion. The image of an immersion is called an immersed
curve.

Thus for an imemrsed path the tangent line defined at each point ¢ € 1.

Example 5 Let I = R and f(t) = (¢?,#3). The image is the curve C given by the equation
y? — 23 = 0. The derivative is equal to f'(t) = (2t,3t%). The curve is not immersed at ¢t = 0.
However, it is piecewise immersed. If we restrict f to (—oo,0) and (0, o), the map is an immersion.

Example 6. Let f : [a,b] — R be a continuous function and I'y C R? be its graph. Consider the
parametric curve

vf : la,b] — R2, vr(x) = (z, f(x)).
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Here we deliberately changed the letter ¢ to x. Its image is the graph I'y of f. This curve is
differentiable if and only if f is differentiable. Its derivative at zo is equal to (1, f’(x)). The
tangent line is the set of vectors

(z,y) = (w0, f(z0)) + AL, f'(20)) = (xo + A, f(20) + Af'(20))

Obviously they satisfy

y — f(z0) = f'(zo)(z — o).
This is the usual equation of the tangent line of the graph I'y at the point (x¢, f()).
Example 7. Let f(t) = (rcost,rsint),t € [0,27]. The image is the circle S1(0;7) of radius r with
center at the origin. The velocity vector at g is

f'(tg) = (—rsintg,r costy).
We have for any t € [0, 27],

f'(tg) - £(to) = —r? costysinty + r?sintycosty = 0.

Thus the line passing through the origin in the direction of f’(¢y) is perpendicular to the “radius
vector” f(tg). So the tangent line T'(f), is perpendicular to the radius vector f(¢y).
Example 8. Let f(t) = (2 — 1,t3 —t) : (—00,00) — R2. For any (z,y) in the image we have

v =122 — 1) =22 (z + 1).

Conversely, if (z,y) € R? satisfies
y? =a*(z +1),

and x # 0 we get (y/x)? = v + 1, so setting t = y/z we get x = t? — 1,y = tw = t3> — t. Clearly,
r=1t>—1>—1. If z = 0 we have y = 0. The point (0,0) is the value of f at t =1 and t = —1.
This shows that all points of the curve y? = 2%(x + 1) are covered. We have f'(t) = (2t,3t* — 1).
So

(1) = (-2,2), '(1)=1(2,2),

however, as we have noticed before
f(-1) =£(1) = (0,0).

So at the point (0,0) we have two different velocity vectors attached. This can be explained as
follows. When ¢ runs from —1 to oo, the point f(¢) passes twice through the point (0,0). So one
cannot attach one tangent line to the image curve at the point (0,0). There are two tangent lines
T(f); and T'(f)_4.

Warning. The velocity vector and the speed obviously depend on the parametrization of the
image curve. For example, if we replace f : I — R™ by the composition g = fo¢ : J — R",
where ¢ : J — R is a differentiable function with image equal to I, then g(J) = f(g(J)) = £(I).
So the two parametric curves g : J — R™ and f : I — R"™ have the same image curve. Write

£(1) = (f1(t),. .-, fa(t)), then
g(t) = (91(2), -, gn (1)) = (f1((D)), - -, fulo(t)),
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and, by the chain rule,

g(t) = (91(1), .-, g, (1) = (Sr(8(1))' &' (1), .., [ (@) (1)) = &' ()F ((1))-

Obviously, g(t) = f(¢(t)), the velocity vectors are proportional but not equal if ¢'(t) # 1. For
example, if we take ¢ : [-2,00) — [—1,00) defined by the formula ¢(t) = ¢/2, and consider
f from Example 6, we get two parametrizations of the same curve y? = 2%(x + 1) given by
f:[—1,00) 2 R? and by g = fo¢:[-2,00) = R2 We have ¢/(t) = 1/2 and the velocity vectors
satisfy f'(¢/2)) = 2g(t). For example, at t = 2 we get g(2) = £f(1) = (0,0) but g'(2) = (1,1),
(1) = (2,2).

A path f : [a,b] — R" is called simple if f is injective on [a,b) and on (a,b] (i.e. £(¢1) # f(t2)
for t1 < to unless t1 = a,to = b). A curve is simple if it is equal to the image of a simple path. For
example, a circle is a simple curve, but the curve from Example 8 is not simple. A simple path
which is an immersion is called an embedding. A curve C is called embedded if it is the image of
an embedding.

For example, the curve from Example 8 is immersed but not embedded. A half-circle is an
embedded curve. The curve from example 5 is simple and smooth but not embedded.

Remark. Let C be the image of a simple closed path f : [a,b] — C. Any simple parametrization
g : [c,d] — C of C is closed. In fact, assume g(c) # g(d). Then g=tof : [a,b] — [c,d] is a
continuous map which defines a bijective continuous map [a,b) — [c,d]. But this is impossible
(prove it!).

Let f : [a,b] — C' C R™ be a simple path with f(a) # f(b). For any z € C' we can find a unique
t € [a,b] such that x = f(¢). Let x = f(¢t),y = f(¢') € C be points on C. We say that v < w if t <¢'.
Let us see that this definition of order does not depend on the choice of injective parametrization
f up to reversing the order.

Lemma 1. Let f : [a,b] - R",g : [c,d] = R™ be two injective continuous maps with the same
image C, Let v <¢ w be the relation of order in C' defined by f and v <g w be the relation of order
in C defined by g. Then either these order relations coincide or

v<pw<= w<gv forallv,weC.

Proof. Consider the maps f and g as bijective maps onto their image C. Consider the
composition map ¢ : g~ o f : [a,b] — [¢,d]. Suppose we prove that this map is continuous. Since
¢ is bijective, ¢ is either strictly monotonous increasing or strictly monotonous decreasing. In the
first case

f(t) <e f(t') <=t <t/ <= ¢(t) < ¢(t') <= g(o(t)) <g g(o(t') < £(t) < £(t).
Here in the last implication we used that g o ¢ = f. In the second case we similarly obtain
f(t) <e f(t') <=t <t/ < o(t) > ¢(t') <= g(o(t)) >g g(o(t') <> £(t) > £(t).

So let us prove that ¢ is continuous.
Claim: If h : [o, 8] — R™ is any continuous injective map, then for any § > 0 there exists
r > 0 such that for any z,2’ € [«, ],

[|h(z) — h(z)|| <r = |z — 2| <.
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The proof is by contradiction. Assume it is false. Then there exists such ¢ that for any » > 0
one can find ¢, € [a,b] with ||h(t) — h(¥)|| < r but [t — | > ¢. Taking » = 1/n we find two
sequences {t,},{t),} such that |t, —t/,| > 0 but ||h(t) — h(¢')|| < 1/n. Since [a,b] is compact,
we can replace these sequences by converging subsequences to assume that lim,,_,~{t,} = ¢ and
lim, o {t,,} = ¢ for some ¢, € [a,b]. Obviously |¢ — ¢/| > § so that ¢ # ¢/. Since h(t) is
continuous, lim,, o, h(t,) = h(c),lim,, o h(#) = h(¢’). Now I can make ||h(¢,) —h(c)|, ||h(¢,) —
h(cd)||, ||h(t,) —h(t))|| arbitrary small when n is large enough, so, by the triangle inequality, I can
make ||h(c) — h()|| = ||(h(c) — h(t,)) + (h(t,) — h(t))) + (h(t),) — h(¢"))|| arbitrary small. This
of course implies that ||h(c) — h(c¢’)|| = 0, hence h(c) = h(¢’). This contradicts the injectivity of
the map h.

Now let us use this claim to prove the uniform continuity of ¢. Recall that this means that
for any € > 0 there exists § > 0 such that |t — /| < 6 = |p(t) — ¢(t’)| < e. Apply the claim to the
function g and take x = ¢(t), 2’ = ¢(t'). Then we find r such that

IE(t) — £()]] = llg(o(t) — g(d(t NIl < r = |¢(t) — o(t')] <e.

Since f is continuous on a compact interval [a,b], it is uniformly continuous. Thus there exists
d > 0 such that |t — /| < 6 = ||£(t) — £(t')]| < r, hence

[t —t'| <§ = |p(t) — p(t')] <.
This proves the uniform continuity of ¢, hence the continuity of ¢.

Definition Let C be any simple curve. A choice of order on C' is called an orientation. A
curve together with its orientaion is called an oriented curve or a directed curve.

It follows from Lemma 1 that any two simple parametrizations f : I — C and g:J — C of a
simple not closed curve C' differ by a continuous bijective map ¢ : I — J (so that f = go ¢). We
say that two simple parametrizations are equivalent if they define the same orientation. There are
two equivalence classes of simple orientations. Two parametrizations f and g belong to the same
equivalence class if only if the map ¢ is strictly monotonously increasing. Thus we can say that an
orientation of a simple curve C' is a choice of an equivalence class of a simple parametrization.

Definition. A path f : [a,] — C is called piecewise simple if there exist a = top < t1 < ... <
tr—1 < tr = b such that the restriction of f to each [¢t;_1,t;] is a simple path.

Observe that each simple path is piecewise simple. Any subdivision of [a,b] will satisfy the
definition above.

Suppose we have two piecewise simple paths f : [a,b] — C and g : [¢,d] — C with the same
image C. Let [t;_1,t;] and [t}_,,t}] be the corresponding subintervals. By subdividing further,
we can assume that g([t’_,,#}]) = £([t;—1,%]). Then, using Lemma 1, we find bijective continuous
maps ¢; : [ti—1,t;] — [t;_;, ] such that g = f o ¢, where ¢ : [a,b] — [c,d] is the unique map
such that its restriction to each interval [¢t;_1,¢;] coincides with ¢;. It is easy to see that ¢ is a
continuous map. Also, if ¢ is strictly increasing on [tg,?1], then ¢ is strictly increasing on the
whole [a, b]. We say that two piecewise simple parametrizations are equivalent if they obtained in
the above way with ¢ strictly increasing. We define an orientation of a piecewise simple path, as
a choice of one of the two equivalence classes of piecewise simple parametrizations. In this way we

can define an orientation of a simple closed curve, since it is obviously piecewise simple.

Now let C' C R™ be an embedded curve. Choose an injective parametrization f : I — C such
that f'(¢) exists and non-zero at each interior point ¢ in /. Then we can define the tangent line
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T(C), at a point x = f(t) of C' as the line passing through x parallel to the velocity vector f(t).
Note that the parameter ¢ is determined by the point z uniquely since the map f is injective. Let
us show the tangent line T'(C), does not depend on the choice of the parametrization.

This fact follows from the following:

Lemma 2. Let us keep the notation of Lemma 1 and its proof. Assume additionally that f is
differentiable at ty € (a,b), g is differentiable at ¢(to), and f'(tg) # 0,8’ (¢(to) # 0. Then ¢ is
differenetiable at t, and

f'(to) = g'(o(t0)) ¢’ (to)-

Proof. Of course the last assertion is just the chain rule. In its proof we have to assume that
¢’ (to) exists. So, we have to prove that the latter exists under our assumptions on f and g. Since
f and g are injective, ¢ = g71 o f is injective too. So ¢(t) — ¢(to) # 0 for any t € [a,b]. Write

8(4(t)) —8(d(to)) (1) — d(to) _ £(¢(t) — £(6(t0))

B(t) — ¢(to) t—to t —to

Now we can go to the limit when ¢ — t5. By Lemma 1, ¢ is a continuous function, so lim;_,, ¢(t) =
@(to). Since f and g are differentiable at tg and ¢(to), respectively, we get

g(o() —g(@(to) oy F(O() ~ F(6(t0))
>t o) —olte) 0 ot t—tg

By assumption, both of these limits are not equal to 0. Then the algebra of limits tells us that

%ﬂt“) exists. Of course this limits is the derivative of ¢ at ¢3. This proves the assertion.

limy ¢,
Let us see that the previous lemma shows that the velocity vector changes to a proportional
vector when we change a parametrization of a curve. This will show that the tangent space is
independent of a parametrizations of a curve.
If we have two parametrizations f and g, then velocity vector at = f(ty) computed via f is
equal to f'(tp). The velocity vector at the same point computed via g is equal to g'(4(to)), where
¢ =g ' of. So, we may apply Lemma 2 which tells us that these vectors are proportional.

Each embedded curve is simple. The class of simple curves is very restrictive. It is usually very
hard to find an injective parametrization of a simple curve.A possible solution for this problem is
to break the curve into the union of simple curves.

Example 7. Let
fi:D—=R, i=1,...,n—1

be n — 1 twicely differentiable functions on R™. Assume that the matrix of partial derivatives

ofr Of
8%1 T 81-,171
8f7;_1 ’ af'r‘r,—l
832'1 e (9&3,171
is of rank n — 1 at some point (aq,...,a,). The the Implicit Function Theorem yields that there

exists a number € > 0 such that the set of points

C={(x1,...,2n) €ER": fi(x1,...;2p) = ... = fu_1(x1,...,2,) =0, |21 — a1| < €}



is an embedded curve. If the matrix is of rank n — 1 at at any point (aq,...,a,) € R™, then for
any interval I C R the set

C={(z1,...,xn) ER": fi(z1,...,20) = ... = fr_1(x1,...,2p) =0,21 € I
is an immersed curve but not necessarily embedded.

Now let C' C R™ be an embedded curve. Choose an injective parametrization f : I — C such
that f'(¢) exists and non-zero at each interior point ¢ in /. Then we can define the tangent line
T(C), at a point z = f(t) of C as the line passing through z parallel to the velocity vector f'(¢).
Note that the parameter t is determined by the point x uniquely since the map f is injective. Let
us show the tangent line T'(C'), does not depend on the choice of the parametrization.

This fact follows from the following:

Lemma 2. Let us keep the notation of Lemma 1 and its proof. Assume additionally that f is
differentiable at ty € (a,b), g is differentiable at ¢(to), and f'(tp) # 0,8 (¢(tg)) # 0. Then ¢ is
differentiable at ty and

f'(to) = g'(6(t0)) ¢’ (to).

Proof. Of course the last assertion is just the chain rule. In its proof we have to assume that
@' (to) exists. So, we have to prove that the latter exists under our assumptions on f and g. Since
f and g are injective, ¢ = g=1 o f is injective too. So ¢(t) — ¢(tg) # 0 for any t € [a,b]. Write

g(o(t)) —(o(to))  o(t) — ¢(to) _ f(o(1) — £(¢(t0))
(1) '

#(to) t —to t—to
Now we can go to limit when ¢t — ¢y. By Lemma 1, ¢ is a continuous function, so lim;_,;, ¢(t) =
@(to). Since f and g are differentiable at to and ¢(to), respectively, we get

o gl6(t) — g(9(to) E(6(1)) — £((t)
S o) —olt) e it

By assumption, both of these limits are not equal to 0. Then the algebra of limits tells us that
limy sy, %ﬁft‘)) exists. Of course this limits is the derivative of ¢ at ty. This proves the assertion.

Let us see that the previous lemma shows that the velocity vector change to a proportional
vector when we change a parametrization of a curve. This will show that the tangent space is
independent of a parametrizations of a curve.

If we have two parametrizations f and g, then velocity vector at x = f(ty) computed via f is
equal to f/(tp). The velocity vector at the same point computed via g is equal to g'(¢(ty)), where
¢ =g ' of. So, we may apply Lemma 2 which tells us that these vectors are proportional.

Take any points v; < ... < v, and set

L(C,v1,...,05) = p(vo,v1) + ... + p(tn—1,0n) = |Jv1 —vol| + ... + ||[vn — Vn—1]|-

Definition. A simple curve C' is called rectifiable if all possible sums L(C, vy, ..., v,) are bounded
from above. The supremum L(C') of these sums is called the length of C.

Clearly, this definition does not depend on the choice of order in C. Because each sum
L(Cyvy,...,v,) = L(C vy, ... ,v71).



Example 8. Let f(t) = v+ t(w —v) : [0,1] — R"™, where v # w are two fixed vectors in R™.
Comparing it with Example 3 we see that the image of f is a “segment” of the line through v
in the direction of w — v between the point v = f(0) and w = f(1). It is called the straight
path between v and w. Obviously the map is injective, so the segment is a simple curve. Let
v =1vy < V1,... < v, = w be n+ 1 ordered points on the line, v; = f(¢;) for some partition
a=x9g <1 <...<Zp_1<x,=D>of [a,b]. We have

L(f,v0,.. . vn) =3 _[loi —vicall = Y |l(w +ti(v = w)) = (v + tim1 (v — w)|| =
=1 =1

n

Dol =t —w)|l =Dt = i) = w)l| = |lo = w|| D (t: = ti1) = |Jv = w|.
i=1 i=1

i=1

So the length of the curve f(]0,1]) exists and is equal to the distance p(v,w) = ||v — w|| between
the two ends of the segment (as it should be!).

Lemma 2. Let f : [a,b] - R"™ be a continuous vector-function. Then

b b
‘/fdtHg/ I|£()]|dt.

Proof. Note that on the left we have the length of the integral of the vector function, and on the
right we have the integral of the scalar function ¢t — ||f(¢)||. Leta =zo <21 < ... < xp_1 <z, =
be a partition of [a,b] and S(f, P,{) be a Riemann sum of f. By the triangle inequality, we have

IS, PO = |1 £(E)(ti — tim)l] < Z IEEDII(t: — tia) = S(IE]l, P,€)-

i=1

Assume we have the opposite inequality. Choose € less than the difference between the left-hand-
side and the right-hand-side. Then for sufficiently “thin” partitions P we have, using the triangle
inequality,

b b
H/ fdtHgHS(f,P,s)rH\ [ g =56, P.)|| < /2 + 158, PO < /2 + SCUIEIL PO <

b b b b
e/2+\/ |f<t>|rdt\+\s<||fr|,P,5>—/ Iellde] < e/2+c/2+ [ g =c+ [l

Here we dropped the absolute value because ||[f(t)|| = (f1(t)2 + ... + fu(t)?)/? is continuous and
takes non-negative values. Hence we get

H/abfdt'l—/abllf(wudtge

contradicting the choice of e.



Lemma 3. Let C be a simple curve in R™ and f : [a,b] — R™ be its injective parametrization.
Let ¢ € (a,b),and C; = £([a, c]),Cy = £([c,b]). Then each C; is rectifiable and

L(C) = L(Cy) + L(Cy).

Proof. The first assertion is obvious since any sum L(C;,v1,...,v,) can be considered as a
sum L(C,v1,...,v,). Let v1 < ... < v, be a strictly ordered set of points on C. It is obvious that
adding an additional point only increases L(C, vy, . .., v,) (this follows from the triangle inequality).
So we may assume that f(c) = v, for some m < n. For any € > 0 we can find a v; < ... < v, in
C1 and vy41 < ... < v, in Cy such that

|L(Cy) — L(Cy,v1, ...y om)| < €/2, |L(C2) — L(Coy vy -« ., vp)| < €/2.
Then L(C,v1,...,v,) = L(C1,v1,...,0m) + L(Ca, vy, ..., v,) < L(Cy) + L(Cy), and
|L(C1)+L(Cy)—L(vy, ..., v,)| < |L(C1)—L(v1, .« vn) |+ |L(Co) — L(vy - . .y 05| < €/24€/2 = €.
This shows that L(C7) + L(C2) = L(C).

Theorem 2 (Length of a simple curve). Let f : [a,b] — R"™ be a parametric curve. Assume
(i) £'(t) exists and continuous on (a,b);

(i) limy_ o4 £/(¢) and limy_p,— £/(¢) exist;

(iii) the map f is injective.

Then the curve C' = f([a, b)) is rectifiable and

b b
:/ Hf'(t)Hdt:/ (Fl()2 + ...+ f. ()2t

Proof. By assumption (iii) the curve C is simple. and comes with an order on it. Let
v1 < ... < v, be some points on C. Since we want to find the supremum of the numbers
L(C,vy,...,v,) we can always add the points f(a) < vy and f(b) > v, to assume that v; = f(¢;)
where a = 29 < 21 < ... < x,_1 < T, = b is a partition of [a,b]. We have, by Theorem 1 and the
previous Lemma,

L(E,vor. . v an zlu—ZH/ dtH<Z|/ 18/(t)]dt = /|f’ )ldt.

Here we also used the additivity property of integrals of vector-functions. This already shows that
all sums L(f, v, ...,v,) are bounded by f ||f'(t)||dt and hence C' is rectifiable and

b
C) < / 187(1) .

For any t € [a,b] let C; = f([a,t]) . By Lemma 2, for any to < ¢,

L(Ct) — L(Cyy) = L(Cty ),

where Cy, ; = f([to, t]). Using the above estimate of the length, we get
t
L(C,1(to),£(t)) = [|£(t) — £(to)|| < L(Cto,¢) < / || (t)1|dt.
to

9



Dividing by t — tg, we obtain

Hf(t)—f<t0> ‘ < MO L) ¢ L [ = 210l
t—to t—to t—to Jy, t—to

where ¢(t) is a primitive function of ||f'(¢)||. When ¢ tends to ¢y the left expression converges
to ||f'(to)|], and the right expression converges to ¢'(tp) which is the same number. Hence the
expression in the middle converges to the same number ||f'(¢o)||. This shows that the right one-
sided limit lim;_,¢ 4 %}ifcto) exists and is equal to ||f'(¢o)||. Similarly we show that the left one-
sided limit exists and is equal to the same number. Hence the function t — L(C}) is differentiable

and its derivative at tg is equal to ||f’(¢o)||. Since L(C,) = 0, by Theorem 1,

b
L(C) = L(Cy) = / 8/ (8)]] .

Remark The assumptions of the theorem are essential. Let C be the graph of the function
f:[0,1] — R defined as follows:

—2k+ Dz +1 ifz €[5, 5
f@)=9q @k+Da-1 ifzegiy ik]
0 ifr—0

Take v1 = 1,03 = 1/2,...,v9 = 1/2k. Then
L(Cyvy,. . von) < F(1/2) + F(L/4) + ...+ f(1/2k) = 1/2+ 1/4+ ... + 1/2k = 1/2(S},)

where S}, is the k-th partial sum of the harmonic series. Since the latter diverges we obtain that the
sums L(C,vy,...,v9) are unbounded. Thus our curve is not rectifiable. Of course the reason why
we cannot apply our theorem is that the function f(x) is not differentiable. See another example
of not rectifiable curve in Problem 10.

Definition. A curve C is called a piecewise simple closed curve if there exists a parametriza-
tion f : [a,b] — R™ of C and a partition a = xg < x1 < ... < Zp—1 < T, = b of [a, b] such that f is
is injective on each [t;_1,t;] and

C=CiuU...uq,

where C; = £([ti—1,t;]) and C; N Ci41 = {£(¢;)}. In this case we define the length of C by

L(C) = L(Cy) + ...+ L(C,).

One can show this definition is independent of the parametrization of C' and the choice of a
partition.

Example 9. Let us compute the length of circle S!(vg, R). Since for any v € S*(vp; R) <=
v—1vg € S*(0; R) we can use the parametrization f(t) = (Rcost, Rsint) +vo. Let C(¢) = £([0, ¢]),
where ¢ € [0,27). Then the length of C(¢) is equal to

¢ ¢ ¢
L@:/ﬂﬁmfﬂﬂ%wwmﬁ:/uﬁmﬁz/}m23¢
0 0

0
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We can’t take ¢ = 27 because this invalidate our assumption that the map f is injective. However
we can compute the length of the full circle C'(27) by writing C' = C; U Cy where C; = £([0, 7])
(the upper-semicircle) and Cy = f([7, 27]) (the lower-semicircle). We have

™ 27
L(Sl(vo;R)):/ Rdt+/ Rdt = 27R
0 by

as it should be.

Now we see the usual definition of the functions cosz and sinz. If we take = € [0, 27] we can
identify x with the length of the circle arc of the unit circle S*(0; 1) which starts at (1,0) and ends
at the point (cosx,sinx). Then we set cos(x + 2m) = cos z, sin(z + 27) = cos z.

Example 10 (Archimedian spiral). Let us consider the parametric curve f(¢) = (fcost,tsint) :
[0,27k] — R™. Let C(k) be its image. Since f1(¢)2+ f2()* = t* we can reconstruct uniquely ¢ > 0
from f(¢). So our map is injective. The remaining assumptions of Theorem 1 are obviously satisfied.
Thus we have

27k
L(C(k)) = / ((cost — tsint)? + (sint + tcost)?)/2dt =
0

2k 2k
/ (cos®t — 2t costsint + t?sin? t + sin? ¢ + 2t sint cost + 2 cos? t)'/2dt = / (1+ )24t =
0 0

1 7 1 w
§x\2/1+x2‘0k+§ln(:n+\2/1+:U2)0 fkvr 1+ m2k%2 4 - 1nl<:7r+\/1—|—k:27rz.

Example 11 (Ellipse). The ellipse is defined as the set of points (z,y) € R? satisfying

for some nonzero fixed real numbers a,b. We can parametrize ellipse using the function f(t) =
(acost,bcost) : [0,27] — R2. Obviously

/2

27 2
L(C) = / (a®sin® t+b? cos? t)1/2dt = / (a® — (a® —b?) cos® t)1/2dt = 4a/ (1—ecos?t)Y/2dt
0 0 0

where ¢ = (#)l/ 2 is called the eccentricity of the ellipse. If we set x = cost then we can
transform the last integral to

2

/2 1—
/ (1 —ecos?t)/2dt = 7 dx
0 \/ 1-— 1:2 1 — 6:L‘2)

The corresponding indefinite integral is called elliptic integral of the second kind. If ¢ # 1, it can
not be expressed via elementary functions.

Example 12.

Problems.
1. State and prove a version of the Mean Value Theorem for integrals of vector-functions.

11



2. Let f,g be two differentiable vector-functions on an interval I. Consider the scalar function
o(t) = (£(t),g(t)). Prove the formula:

¢(t)" = (£'(1),&(1)) + (£(t), &'(1))-

3. Show that among all simple paths from a point v to a point b, the straight path is the shortest.

4. Let v = (1,2,3,4) and w = (4,3,2,1). Let L be the line passing through v with direction

(1,1,1,1). Find the unique point ug on the line such that for any other point u € L, one has

p(w,u) > p(w,up). Show that w — ug is perpendicular to (1,1,1,1).

5. Let f : I — R™ be a parametric curve. Suppose f”(¢) = (f’)’ is defined and is equal to zero for

all t. Show that the image of f is a line.

6. Suppose that f : [a, b] — R? satisfies the property that (f'(¢¢),f(to)) = 0 for all ¢ € (a,b). Show

that the image of the map is contained in a circle.

7. Compute the lengths of the following curves given in parametric form:

(a) £(t) = (t"'cost,t !sint) : [1,¢] — R2 Draw the picture of the curve. What happens with
L(C) when c goes to infinity? [Use

+ arcsinh(z),

\2/1+a:2d Va?+1

/ T2 T
where arcsinh(z) is the inverse function for sinh(x) = (e® 4+ e~ %)/2].

(b) Same as in the previous problem but for the curve f(t) = (t~2 cost,t 2 sint).

(c) f(t) = (cost,sint,t) : [0,2kn] — R3. Draw the picture.

8. Let f(¢) = r(¢)e™ : [a,b] — R2.

(a) Prove the formula for the length of the curve image:

b
L(C) = / (r(6)? + 7'(9)%)/2do.

(b) Compute the length of one loop of the curve f(]0,7/4])) where r(¢) = 1 + cos¢. Draw the
picture of ([0, 27]).

9. Prove that the length of the ellipse x2/a? + y?/b> = 1 is equal to the length of one wave

(z € [0,27]) of the sinusoid y = c¢sin(z/b), where ¢ = Va2 — b2.

10. Show that the graph of the function f : [0,1] — R defined by the formula

_ Ja?sin(1/2?) forx #0
/(@) {0 forx =0

is a simple but not rectifiable curve. Which assumptions of Theorem 2 does it fail?
Math. 396. Notes II: Length of a curve

Let C be a simple finite curve. Recall that an orientation on C defines an order on C. Take
any points v; < ... < v, and set

L(Cyv1,...,v) = p(vo,v1) + ...+ p(tn—1,vn) = |[v1 —vol| + ... + ||vn — Vr—1]|-

Here p : R™ x R™ — R is the distance function.

Definition. A simple finite curve C' is called rectifiable if all possible sums L(C,vy,...,v,) are
bounded from above. The supremum L(C') of these sums is called the length of C.

12



Since L(C,v1,...,v,) = L(C,v,,...,v1), this definition does not depend on the choice of
orientation of C.

Example 1. Let f(t) = v+ t(w — v) : [0, 1] — R", where v # w are two fixed vectors in R"”. The
image of f is a “segment” of the line through v in the direction of w — v between the point v = £(0)
and w = f(1). It is called the straight path between v and w. Obviously the map is injective, so
the segment is a simple curve. Let vq,... < vy be k ordered points on the segment, v; = f(¢;) for
some partition ¢; € [0, 1]. We have

k—1 k—1
L(E, 01, 08) = 30 ot = vl = 310+ (0 = w)) = (0+ tica (0 — )| =
=1 i=1

n

k—1
Z 1t = tima) (v = w)l] = Y (ti = tima)l| (v = w)|| =

=1
IIU—wIIZ - = (tx = to)[Jo — w|| < Jo = w]|.

So the length of the curve f([0,1]) exists. If we take v; = v,v2 = w we obtain that L(C,v1,v2) =
|[[v — wl|. Thus the length is equal to p(v,w) = ||v — w||.

In the following we shall use the notion of definite integral of a vector function f : [a, ] — R".

Recall its definition. For any partition a = 29 < 21 < ... < 1 < z, = b of [a,b] and
&= (&,...,&n) € [xo,x1] X ... X [Tp—1,Ty], we define the Riemann sum S(f, P, ) as
n—1
S(F,P,&) = F(&)(ti —ti1) €R™
i=1

Definition. The Riemann integral of a vector-function f : [a,b] — R™ is a vector

/a " et

in R™ such that for any € > 0 there exists § > 0 such that for any partition P of thickness < § and
any Riemann sum S(f, P, ),

H/ S(E,P.6)|| < c.

If it exists the function f is called Riemann-integrable over [a, b].

If f is given in terms of its coordinate functions
£(t) = (f1(t),..., falt),

then f; f(t)dt exists if and only if f fi(t)dt exist for each i = 1,...,n and is equal to

/ab £(t)dt = </ab fu(t)dt, .. /b £ (0)de).

This easily implies
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Theorem 1 (Fundamental Theorem of Calculus). Let f = (fi(t),..., fu(t)) : [a,b] — R
where each f;(t) is piecewise continuous. Let g(t) = (g1(t), ..., gn(t)) where each g;(t) is a primitive
function for f;(t). Then

b
|t =gtt) - (o).

Lemma 1. Let f : [a,b] — R™ be a continuous function. Then

b
‘/fdt

Proof. Note that on the left we have the length of the integral of the vector function, and on
the right side we have the integral of the scalar function ¢ — ||f(¢)||. Let a = 29 < 21 < ... <
ZTp-1 < T, = b be a partition of [a,b] and S(f, P,{) be a Riemann sum of f. By the triangle
inequality, we have

b
< / o (1)

1S(E, P, o) = |l Zf(&)(ti —ti-)|l < Z IEEDII(t: — tia) = S(IE]l, P,€)-

Assume we have the opposite inequality. Choose € less than the difference between the left-hand-
side and the right-hand-side. Then for sufficiently “thin” partitions P we have, using the triangle
inequality,

b b
H/ fdtH<|rs<f,P,g>|+\ / fdt—S(f,P,f>H<e/2+\S(f,P,@H<e/2+s<|rf\|,P,£><

e/2+\/ab|f<t>|rdt\+\s<||fr|,P,s>—/:Hfumdt' <e/2+e/2+/:||f<t>|dt=e+/ab|rf<t>\|dt.

Here we dropped the absolute value because ||f(2)|| = (f1(t)% 4 ... + fu(t)?)'/? is continuous and
takes non-negative values. Hence we get

”Lbfdt"—Lbirf<t>\|dtge

contradicting the choice of e.

Lemma 2. Let C be a simple curve in R" and f : [a,b] — R"™ be its injective parametrization.
Let ¢ € (a,b), and C; = f([a,c]),C2 = £([¢,b]). Then C is rectifiable if and only if Cy and Cy are
rectifiable. Moreover, in this case

L(C) = L(Cy) + L(Cy).

Proof. Suppose C'is rectifiable. Since any sum L(Cj,v1,...,v;) can be considered as a sum
L(C,vy,...,v), we obtain L(Cj,vy,...,v;) < L(C). Thuis each C; is rectifiable. Let v1 < ... < vy
be any strictly ordered set of points on C'. Obviously, there exists m such that v; € C1,i < m,v; €
Cs,j > m. Thus

L(C vy, ...,v) = L(Cy,v1, ... o, £(c)) + L(Co, £(¢), vimt1, .- vk) < L(C1) + L(Cy).
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Here, if U(c) = vy, we repalce L(Cy,v1,. .., 0, f(c)) with L(Cy,v1,...,v,). This shows that C
is rectifiable. It remain to prove the equality for the lengths.

Let us prove that L(C7)+L(C3) is the upper bound for the sums L(C, vy, ..., v). By definition
of upper bound, for any € > 0 we can find a v; < ... < vy, in C1 and v 11 < ... < vy in Cs such
that

L(Cl) — L(Cl, V1yew- ,'l)m) < 6/2, L(CQ) — L(Cg,’l)erl, . ,"Uk) < 6/2

Then, using the triangle inequality, we obtain
L(C,’Ul, ... ,’Uk) = L(C’l,vl, ... ,Um) + L(CQ, Um41, - - - ,’Un) + H’l)m,’l)m+1‘| <
L(Cr,v1, .-y om) + [|um, £(O)]| + [I£(c), vimga || + L(Coy v, - - vk)
= L(C1,v1,...,0m,f(c)) + L(Ca,f(c), vm, .. ., V).

Since adding a new point only increases the sum L(C,vy,...,v,), we get

L(Cl) — L(Cl,vl, ceeyUm,y f(C)) S L(Cl) — L(C’l,vl, e ,Um) < 6/2,

L(CQ) — L(CQ, f(C),T)m+1, e ?}n) < L(Cg) — L(CQ,Um+1, . ,Uk) < 6/2,
and, after adding up,
L(Cl) + L(Cg) — L(Q}l, N ,’Un) = L(Cl) — L(Cl, Uiy ,Um) + L(Cg) — L(CQ, Umy -+ ,Un) <=e€.

This shows that L(C7)+ L(C2) is the upper bound of the sums L(C, vy, ..., v;), and hence L(C) =
L(Cy) + L(Cy).

Theorem 2 (Length of a simple curve). Let f : [a,b] — R™ be a simple non closed path of
class C1'. Then the curve C' = f([a,b]) is rectifiable and

b b
L(C):/ Hf’(t)”dt:/ (f{(t)Q+--'+f7/1(t)2)1/2dt.

Proof. Let v1 < ... < v be some points on C. Since we want to find the supremum of the
numbers L(C,v1,...,v;) we can always add the points f(a) < v; and f(b) > vi to assume that
v; = f(t;) where a = 29 < 21 < ... < 1 < x, = b is a partition of [a,b]. We have, by the
Fundamental Theorem of Calculus and Lemma 1,

n n n ti b
L(Cut.oevn) = SN = £()ll = 01 [ el <30 [ ol = [

t;

ti—1
Here all the integrals are defined since ||f'(¢)|| is continuous. We also used the additivity property
of integrals of vector-functions. This already shows that all sums L(f,vp,...,v,) are bounded by

f; ||£'(¢)||dt and hence C' is rectifiable and

b
L) < [ 1l
For any t € [a,b], set C; = f([a,t]) . By Lemma 2, for any ' < t,
L(Cy) = L(Cy) = L(Cy 1),
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where Cp , = f([t/,t]). Using the above estimate of the length, we get

L(C£(t),£(t)) = |[£(t) — £(')|| < L(Cr4) / ||’ (2)]|dz.
Dividing by ¢ — ¢, we obtain
[FO=)| B =L L " - 2=

t—t t—t

Y

where ¢(t) is a primitive function of ||f’(¢)||. When ¢ tends to ¢’ the first expression converges to
[|£(t")|], and the last expression converges to ¢’ (') which is the same number. Hence the expression
in the middle converges to the same number ||f'(¢#')||. This shows that the right one-sided limit
lim 44 % exists and is equal to ||f/(#')||. Similarly we show that the left one-sided limit
exists and is equal to the same number. Hence the function ¢ — L(C}) is differentiable and its

derivative at ' is equal to ||f’(¢")||. Since L(C,) = 0, by the Fundamental Theorem of Calculus,

b
L(C) = L(Cy) = / 8/ (8)] .

Remark. The assumptions of the theorem are essential. Let C' be the graph of the function
f:[0,1] — R defined as follows:

—2k+1)z+1 ifze [2k+2,2k1+1]
fF@)=9 @k+1)z -1  ifze 5, &
0 itz =0.
Note that f(5%) = 5 and f (ﬁ) = 0 so that f is continuous. It is obviously simple.
Take v; = (1/i, f(1/i)),i = ,n = 2k. Then, |lvog_1 — var|| > f(1/2k) = 1/2k, and

hence
L(Civy,...,v9k) > f(1/2) + f(1/4) 4+ ...+ f(1/2k)=1/24+1/4+ ...+ 1/2k = 1/2(Sk)
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where Sy, is the k-th partial sum of the harmonic series. Since the latter diverges, we obtain that
the sums L(C, vy, ...,v9) are unbounded. Thus our curve is not rectifiable. Of course the reason
why we cannot apply our theorem is that the function f(z) is not differentiable.

Let U : [a,b] — C be a piecewise simple path of class C1. Let a =29 <21 < ... < Tp_1 < Tp = b
be such that the restriction of f to each interval [t;_1,t;] is injective. Let C; = f([t;—1,t;]. Then
we define

To show that this definition is independent from a choice of a partition of [a, b], we argue as follows.
For any two partitions a = xo < 21 < ... < Zp_1 <, =band [a =t[ < ... < tpm_1 <ty =0bwe
consider the third partition formed by the points ¢;, t; which we put in order. Then using Lemma
2, we find that both L(C')’s computed with respect to the first and the second partition coincide
with the L(C') computed with respect to the third partition. This proves the assertionan.

Example 2. Let us compute the length of the circle S*(vg, R) with center at vy and radius
R. Since for any v € S'(vo; R) <= v —vg € S'(0; R) we can use the parametrization f(t) =
(Rcost, Rsint) + vg. Let C(¢) = £([0, ¢]), where ¢ € [0,27). Then the length of C(¢) is equal to

@ ¢ ¢
L(¢):/ (R2cos2t+R2sin2t)1/2dt:/ (R2)1/2dt:/ Rdt = Ré.
0 0 0

We can’t take ¢ = 27w because this invalidate our assumption that the map f is injective. However
we can compute the length of the full circle C'(27) by writing C' = Cy U Cy where Cy = £([0, 7))
(the upper-semicircle) and Cy = ([, 27]) (the lower-semicircle). We have

2m

L(Sl(vo;R)):/ Rdt+/ Rdt = 27 R
0 ™

as it should be.

Example 3 (Archimedian spiral). Let us consider the parametric curve f(¢) = (tcost,tsint) :
[0,27k] — R™. Let C(k) be its image. Since f1(t)? + f2(t)? = t? we can reconstruct uniquely
t > 0 from f(¢). So our map is injective. The remaining assumptions of Theorem 1 are obviously
satisfied. Thus we have

2nk
L(C(k)) = / ((cost — tsint)? + (sint + tcost)?)/2dt =
0

27k 27k
/ (cos?t — 2t costsint + t?sin® t + sin® ¢ 4 2t sint cost + t2 cos? t)1/2dt:/ (1+t3)Y2dt =
0 0

1 ™ 1 ™ 1 1
533\2/1 +x2\0k + 5 (e + V1+22) 0'“ = gk V1 + 72k 4 5 n(km + V14 k272).

Example 4 (Ellipse). The ellipse is defined as the set of points (z,y) € R? satisfying



for some nonzero fixed real numbers a,b. We assume that b < a. We can parametrize the ellipse
using the function f(¢) = (acost,bcost) : [0,2n] — R?. This parametrization defines a simple
smooth closed curve if we restrict it to any proper closed interval of [0, 27|. Let C; = £([0,1]),t < 2.
Obviously

t t t
L(Cy) = / (a?sin® 7 4 b% cos? 7)1/ 2dr = / (a® = (a® = b?) cos® 7)Y/ %dr = a/ (1 —e?cos® 1) 2dr
0 0 0

where ¢ = (@)1/ 2 is called the eccentricity of the ellipse. If we set © = cosT then we can

transform the last integral to

cos~ 1(z) 1 62332
/ dx
v Y- -2

The corresponding indefinite integral is called the elliptic integral of the second kind. If ¢ # 1,
it can not be expressed via elementary functions (like trigonometric, exponential, or polynomial
functions) using operations of addition, multiplication, division, composition and inverse. As a
function in the upper limit the corresponding improper integral is a new function not expressable
via elementary functions ). It was first discovered by L. Euler.

We have seen that the velocity vector f/(¢) depends on the parametrization. However, there
is a special parametrizaton which is distinguished by the property that ||f’(¢)|| = 1 for all ¢.

Theorem 3. Assume that f : [0,t] — C is an embedding of class C'. Then there exists a
parametrization s : [0, L(C)] — C such that for any t € [0, L(C)],

Is" (0] = 1.

Moreover, if g : [0,c] — C is any other parametrization of C' which defines the same orientation of
C' and satisfying the previous property then ¢ = L(C') and g = s.

Proof. We know from the proof of Theorem 2 that the function ¢ : [a,b] — [0, L(C)] defined
by the formula
U(t) = L(Cy)

has derivative equal to ||f/(¢)||. Since this number is always strictly positive (we use the assumption
of the theorem) the function ¢(t) is strictly monotonous increasing. Hence its inverse is a contin-
uous function ¢~ : [0, L(C)] — [a,b]. If we compose it with the parametrization f, we obtain a
continuous parametrization s = fo /=1 : [0, L(C)] — C of C. By definition, s(I) is the unique point
x on C such that the length of the curve C(z) = {2’ € C : 2’ < z} is equal to [. It is clear that
this parametrization does not depend on f.

Since £/ (t) # 0, the function £~1(]) is differentiable and hence s is differentiable. By the Chain

Rule
S (F oV — -ty — EEHD)

In particular,
f'(¢1(1))

Is"(D]| = Hm

18

|| =1.



It remains to show the uniqueness. But this is easy. If g : [¢,d] — C' is another parametrization
satisfying the assertion of the theorem, then we know from Lemma 2 in Part 1 that s = go ¢,
where ¢ : [0, L(C)] — [¢,d] is a differentiable function, and

s'() = g'(6(1))¢' (1)

Taking the norm of both sides, we obtain that ¢’(l) = 1 for all . here we assume that two
parametrizations induce the same orientation of the curve. This shows that ¢(1) = [ + ¢ for some
contant c. Since we requre additionally that s(0) = g(0), we obtain ¢ =0 and s = g.

The parametrization defined in the previous theorem is called the natural parametrization. If
we use the natural parametrization, the formula for the length of a curve becomes a tautology:

L(C) L(C)
L(C):/O Hs’(l)Hdl:/O dl = L(C).

Of course, it is predictable; finding a natural parametrization is equivalent to finding the lenght of
each portion of the curve.

Although the first derivative of s is always of lenghth 1, the second derivative is not necessarily
of length 1 (we shall assume that it exists). Its length has a nice interpretation.

Definition. Let s : [0, L(C)] — C be the natural parametrization of a curve C. Let z € X
and | = L(C(x)). The number
r(z) = Is" (D]

(if it is define) is called the curvature of C' at the point x.

Example 5. Let f(t) = (Rcost, Rsint) : [0,7] — C be the usual parametrization of the upper
half-circle of radius 1 with center at the origin. We have ||f'(t)|| = R, so it is not a natural
parametrization. However, if we change the formula to (Rcos(t/R), Rsin(¢/R)) this will be the
natural parametrization defined on [0,7R]. Clearly, ||s”(t)|| = 1/R. Thus at each point of the
circle the curvature is constant and equal to 1/R. On the other hand, a straight line is obviously
of curvature 0 (all its parametrizations are linear functions) at any point. When the radius of the
circle goes to infinity, it becomes straighter and approaches the straight line.

Theorem 4 (Formula for the curvature). Let f : [a,b] — R be a simple parametric curve in
R3. Assume that f is of class C? and f'(t) # 0 for any t. Then the curvature is defined at any
point of C = fla,b] different from the end points and is equal to

@ - F@)E ) — E) - F )0
w(E(0) = ROIE '

Proof. Without loss of generality we may assume that the orientation of C' is defined in such a
way that f(a) is the origin of the curve. Then the vectors s’(l) and the vector g(t) = £'(¢)/||f'(¢)|]
are both of length 1 and look in the same direction, hence equal. Here | = ¢(t) = L(C};). Now

ds' _ dg(t)) dt 1 ( (1) f’(t)llf/(t)ll/)_

dar e dl - el \Eol EeP

To transform it further, notice that for any vector function h(¢) we have

, _d(h(t)-h(t))"* 1d(h(t) h(t)) _1/2 _ 0'(t)-h()
[lh(t)[|" = 7 =3 7 (h(t) - h(t)"'/? = TThE) (5)




Using this formula in the above we obtain

ds’ 1 (f”(t) f’(t)(f”<t)-f’<t))>

a i@l \EE] [IE (@)1
_ (FQ@) - £1(@)E () — (7(2) - £(2)F'(2) 5)
£ @11 ' '
This gives us the asserted formula
() = 125 = LCQTOF O - ) 1)) (6)

Math. 396. Notes 3: Calculus of variations

Let f : [a,b] — R™ be a parametric curve of class C*. It defines the map (f,f’) : [a,b] — R?"
given by
(£.£9(8) = (f(®), - fu(t), f1(E), - S (D))

Suppose we have a scalar function L : R?® — R of class C*. We denote the first n variables by
(z1,...,2,) and the last n variables by &1,...,§,. Composing L with (f,f") we plug f;(t) in z;
and f/(t) in &. Let us denote the composition by L(f,f’). This is a function [a,b] — R. Then we
integrate it over [a, b] and get the number

Sp(f) = /b L(£, £)dt (1)

Thus to each parametric curve f we associate a number S (f). This defines a map from the set
of parametric curves defined on [a,b] to the set of real numbers. It is called the action map. Of
course, it depends on the choice of the function L (called a Lagrangian).

Let us consider the set of parametric curves with fixed end points f(a) = P,f(b) = Q. Let us
look for parametric curves which minimize (or maximize) the value Sy (f).

Example 1 Let us take

L(J/'l,...,l'n,f]_,...,fn) = (£%++€721)1/2

Then ,
SL(f)_/ (f12+ ...+ Y24

is equal to the length of the image curve C' = f([a, b]). So, we want to find f such that the image
curve is a curve of minimal length which joins two points in R"™. We know the answer: the image
curve f([a,b]) must be a straight line, so the functions f;(¢) must define a parametrization of a
straight line.

Theorem (Euler-Lagrange Equations). Assume that Sp(f) < Sp(h) for any h : [a,b] — R”
with h(a) = f(a),h(b) = £(b). Suppose L is of class C?. Then f satisfies a system of n differential
equations:

oL ... d oL

(£,), i=1,....n (2)
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Proof.Let g =f —h. Then g(a) = g(b) = 0. Conversely, if g(a) = g(b) =0, then h=f + g is
another funtion with h(a) = f(a), h(b) = f(b). Take a number € and consider the function

St(f +eg) — Sp(f) .

¢(e) =

Here g is a fixed function with g(a) = g(b) = 0. Suppose this function has a limit when € goes to
0. Since the numerator is always non-negative (by the assumption on f), we have

lim ¢(e) <0, lim ¢(e) >

e—0+ e—0—

This implies that
lim ¢(e) = 0.

e—0

Let us try to compute this limit explicitly. By definition of the derivative of L we have for any
(a,b) = (a1,...,an,b1,...,by)

L(xl,...,xn,fl,...,fn) :L(al,...,an,bl,...,bn)—i—

oL oL
Z[%Z (a,b)(wi — ai) + ?&(aab)(f =)+ [|(z,8) — (a, b)]|a(z, §),

where a(z — a, €& — b) goes to zero when ||(z, &) — (a,b)|| goes to zero. Take

a; = fi(t), bi=[fi(t), @i =[fi(t)+eg(t), & =Ffi(t)+egi(t).

Then we get ,
o(e) = 1/ [L(f + eg, f' + eg) — L(f,f')]dt =
b n
| e Sl (et + 5 (6.8 )egl ()] + lieli(t). 8 D)ol cg'(1) ] dt =
’ - 8 L / / / /
/[2) )90+ g (£ )9(0)] +11(& (1), &' ()| (eg, e (1)

Obviously, when € tends to zero «a(eg,eg’(t)) goes to zero. This gives

ot = [

So, if f minimizes Sy, the expression (3) must be qual to zero for all g. Applying integration by

parts we get
-[X

/bn -
A
=1

mm+ipf>mw 3)

oL . .,
agz(f £)gi(t)]dt =

9i(t) +

gzﬁ+/ %fy%@W:
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- n daL ,
/2; dt+28§sz gi(t / dta&ff) g:(t)dt.

Since g(a) = g(b) = 0, the middle term is zero. Therefore we get

d OL
f,f t)dt =0
/ 8:131 £) - dt 852( )) i(®)
This must be true for all possible functions g; satisfying g;(a) = g;(b) = 0. It is not difficult to

show that this implies that all the brackets must be zero, i.e.

8L( . d OL
c%si ’ dt(%@

—(f,f) = i=1,...,n.

These are our Euler-Lagrange equations.

Example 2. Let us reconsider Example 1. We have

o i=tm
oL noN-12
3&_:5@'(;@2) di=1,...,n.

Thus the Euler-Lagrange equations become

/ t)(zn:f{(t)2>1/2) =0, i=1,...,n
i=1

At this point let us assume that we are using the natural parametrization of f([a,b]). Then

~1/2
(Z?:l fl’(t)2> ) =1 and we obtain f/’(t) =0 for i = 1,...,n. This tells us that each function

fi(t) is linear, hence the curve must be the straight line.

The following result often helps to find a solution of the Euler-Lagrange equations:

Corolary. Let f(t) be a solution of the Euler-Lagrange equations. Then

oL
43

(£(t),f'(t)) is a constant function.

L(E(E),£'(1) = Y fi(t)
i=1
Proof.Let us differentiate the function. We have

< (L Zf agl 0.£(1)) =

S L) ;j( S (E0.£(0) =
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i=1 i—1 &i
-~ (9L , d 9L R
> (o WO 0) ~ G g (£ ) 110 =0

Since f satisfies the Euler-Lagrange equation, the expression in each bracket must be equal to zero.
Thus the derivative of our function is zero, hence it is a constant.

Example 3 Take

- n(3e)-

for some function U(z) = U(zy,...,x,). We have
oL ~ oU 0L _ me;
81@ a 8951-’ 851 N v
Thus the Euler-Lagrange equation gives
M) = ey fn(t)).
mfz() 8x1(f1() 7f())
This is the Newton Law of motion under the potential force
ou ou
F=—(—...,—).
(3.’E1 ’ ’ (‘)xn )

The function U is called the potential energy. By Corollary,

L(f,f’)mi ( Zf 2+ U(f( ).--,fn(t))

is constant. The function .
m m
I HOREE O s
i=1

is called the kinetic energy. The sum of the kinetic energy and the potential energy is called the
total energy. Thus Corollary says that the total energy of the particle moving along the parametric
curve f : [a,b] — R™ is conserved.

Example 4 Consider the following problem. Let y = f(z) be a function of class C? in one variable
defined on the interval [a, b]. Suppose f(a) = ¢, f(b) = d. Consider the area of the surface obtained
by rotating the graph of f about the z-axis. What is the function y = f(x) which gives the minimal
area?

The surface area is given by the integral

b
A:/ y(1+y?)2dz.

23



We are dealing with parametric curves x — (z, f(z)). Thus our Lagrangian L is
L=uy(1+&)"2

By Corollary,
y(1+y2)V2 21 4y V2 =

for some constant C. Redicing to the common denominator, we get
y=C0+y?)2

After squaring we get

2 _ Y
Y = o2 1
This is easy to integrate. We find
dy
" =dx
o1
hence p )
Y / ’ Y
= C'=C"+=In(5 C)2-1
. /£_1+ + 5%+ /O - 1)

It remains to find the constants C' and C’. We know that y(a) = ¢,y(b) = d. This gives two

equations on C' and C’
Qcosha_C,—c gcoshb_C/—
2 c 72 c

It is easy to solve them. So the answer is the catenary curve which is the graph of hyperbolic
cosine.

d.

Example 5 (Brachistochrone). This probelm gave rise to Calculus of Variation. It was first
solved by brothers Johann and Jacob Bernoulli in 1696.

It consists in finding which curve joining two given points A and B, not lying on the same
vertical line, has the property that a massive particle sliding down along this curve from A to B
reaches B in the shortest possible time.

If we choose the coordinates in the plane R? by putting A at the origin and taking B = (a, b)
for some a < 0,b > 0 we obtain the equation for the motion of the particle in the gravitation field.
The force F acting on the particle is equal to the projection of the gravitation force F' = (0, —g)
to the velocity vector (1,y’). Its length is equal to

- w - —gy’/ﬁ — —gy’d—y _ —g@ ds
(1, )| dx ds dt’ dt’

where s is the natural parameter on the curve.
On the other hand, by the Newton Law we have

_ dﬁ/ﬁ_@
A T A
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This gives
dy ds d?s 1d ,ds

— —_ ) — — = — — ([ — 2.
Y~ Yaaer = 2ala
After integrating, we get
ds 5
v=— = .
dt 9y

This gives
dt  dtdx 1

ds  dx ds 2qy’

dt  dsdt ds 1 V1+y?

dr  drds dz2gy 29y
After integrating, we obtain the expression for the time needed for the particle to slide down to
the origin:

1 /0\/1+y’2dt
V29l VY

Now we are in business. We want to find y = f(x) which minimizes T. The Lagrangian here is
L _V1+8
VL2
Our parametric curves are the graphs (z,y(z)). By Corollary the expression

Ji+y? 0L
jyy —y g(%y) =

/1+,yl2 B y/2 e
VY VIVI+y?

After easy calculations we simplify it to obtain

1+y?=Cly.
This gives

[

Using the substitution y = H% we arrive at

u
T = c(m +tan"tu) + C'.

Let t = tan~tu. Then

tant C
=C(—— +1t)+C' = —(sin2t + 2t) + ',
v (1+tan2t+)+ 2(sm +2)+
C C
y:1+u2:C'Cos2t:§(1—|—cos2t).
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When we replace ¢ with % — 5 we get the parametric curve

T = %(t —sint)+C', y= %(1 — cost).

This a familiar parametrization of a cycloid curve.
Math. 396. Notes 4: Manifolds

Let S be a subset of R"™. We say that a subset U of S is open in S if U = U’ NS for some open
subset U’ of R™. We say that U is closed in S if S\ U isopenin S. If ' C R™ and f: S — 5’
is a map of sets, we say that f is continuous if the pre-image of any open subset of S’ is open in
S. This is equivalent to the following. For any y € S" and any ¢ > 0 and any = € S with f(z) =y
there exists 0 > 0 such that ||z’ — z|| < ¢ and 2’ € S implies ||f(z") — y|| < e.

An open subset of S containing a point x € S is called an open neighborhood of x.

Example 1. If S = (a,b), then a subset of S is open in S if and only if it is open in R. On the
other hand, if S = [a, ] then any interval [a,c),c < b is an open neighborhood of a in S but it is
not an open subset in R.

A metric space X defines the notion of an open subset. The set of open subsets is a subset 7 of
the boolean P(X) ( = the set of subsests of X) satisfying teh following properties:
(i) 0 eT,;
(i) X € T;
(iii) NierU; € T if U; € T, I is a finite set of indices;
(iv) UserU; € T if U; € T, I is an arbitrary set of indices.

In general a topology on a set X is a subset T of P(X) satisfying the properties (i)-(iv) as
above. Elements of 7 are called open sets of the topology. A set with a topology is called a
toplogical space. Thus any metric space carries a natural structure of a topogical space. If S is a
subset of a topological space, then the sets SNU where U is an open subset in X, define a topology
on S. It is called the induced topology. For example, a subset of a metric space carries a natural
toplogy, the induced topology of the topology of the metric space.

Note that a subset of a metric space is a metric space, the metric is defined by the restriction
of the metric of the ambient space. The induced topology is the topology of the corresponding
metric space.

The notion of a continuous map of metric spaces extends to a map of topological spaces. A
map f: X — Y is called continuous if the pre-image of an open subset of Y is an open subset of
X. A bijective continuous map is called a homeomorphism if its inverse is continuous. In other
words, a homeomorphism is a continuous bijective map such that the image of an open subset
is an open subset. One can rephrase it in the sense of limits of sequences. A sequence {z,} of
points in a topological space X converges to a point = ( we write lim{z,} = z) if for any open
neighborhood of U = (i.e. an open subset containing z) all members of {z,,} except finitely many
belong to U. A map f : X — Y is continuous at a point x € X if im{f(z,)} = f(x) for any
sequence {z,} convergent to xz. If X is a compact topological space (i.e. any sequence contains
a convergent subsequence), then a bijective continuous map is a homeomorphism (prove it!). the
following example shows that in general a bijective continuous map is not a homeomorphism.

Example 2 X = Q equipped with a discrete topology (i.e. each point is an open subset), and
Y = Q equipped with the induced topology of R. the map is the identity map.

Definition. A subset M of R” is called a d-dimensional differential manifold of class C*, k > 1, if
for any point € M there exists an open neighborhood V of 2 in M, an open subset U of R¢ and
a bijective map a : U — V satisfying the following properties:
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(a) « is of class C* considered as the map a : U — R";
(b) a=!:V — U is continuous (in other words « is a homeomorphism);
(¢c) Da(t) is of rank d for any t € U.

The map « is called a coordinate patch or a local parametrization at the point x. Clearly it
can serve as a coordinate patch at any other point in V. A manifold of class C'* is called a smooth
manifold.

Example 4. Let C C R™ be an embedded curve. By definition, there exists f : [a,b] — R"™ with
f([a,b]) = C such that f is injective and f’(t) # 0 for any ¢ € (a,b). Let M = C\ {f(a),f(b)}. We
have proved in Lemma 2 in Notes 1 that for any € > 0 there exists § > 0 such that

[|1E(t) —f(E)|| <d = |t —t| <e.

Let f~1 : C — [a,b]. We can write t = f~1(x),t’ = f~1(2’) for unique z,2’ € C. From this we
obtain that

[E(E (@) — £E @) = [lo =2’ <O = [t = t'| = [ (@) - £ (@")] <e.

Since € was arbitrary, we obtain that the map f=! : C' — [a,b] is continuous. Thus if we take
a : (a,b) — M to be the restriction of f to the open interval (a,b) we obtain that M is a 1-
dimensional manifold of class equal to the class of the parametrization f.

Example 5. A set M of points is a 0-dimensional manifold if and only if for any point x € S
there exists a number 7 such that the ball B,(z) of radius r does not contain any points from S
except z. In particular, S must be a countable set (since each such a ball contains a point with
rational coordinates).

Example 6. The sphere
S = {1: = (xlv'--vl‘n) e R™: Hx”z = 1}

is a smooth (n—1)-dimensional manifold. It is easy to give explicit local coordinate parametrization.
For simplicity we assume that p = (z1,...,2,) € S has strictly positive coordinates. The set of
such points is an open subset V in S. We choose

U:{(¢1,...,¢n_1)Z7T/2>¢i>0,i:1,...,n—1.}

and use the local parametrizations a given by the formula:
X1 = COS (1 COS P2 ...COSPp_1, To = SiN 1 COSPa...COSPy_1,

T3 = sin ¢ COS P3...COSPy_1,...,LTp = SN Py _1.
I leave it to you to check the properties of the local parametrization.
Definition Let A and B be open subsets in R™. A map f: A — B is called a diffeomorphism
of class C* if it is of class C* and it has the inverse f~! : B — A which is also of class C*. A
diffeomorphism of class C* is called a smooth diffeomorphism.

By the Inverse Function theorem and the Chain rule this is equivalent to f be bijective and
det Df(x) #0 for all z € U.
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Theorem 1. Let M be a subset of R" and p € M. The following properties are equivalent:
(i) There exists an open neighborhood V of p in R™, open neighborhood U of 0 € R?, and a
homeomorphism o : U — V N M of class C* with rank Da(0) = d, a(0) = p.
(ii) There exists an open neighborhood V of p in R™ and a map f : V — R"~% of class C* such
that {z € V: f(x) =0} =V N M and Df(p) is of rank n — d.
(iii) There exists an open neighborhood V of p in R™ and a diffeomorphism ¢ of class C* from V
onto an open neighborhood W of 0 in R™ such that ¢(p) = 0 and

o(VNM)={y= (1, Yyn) EW:yg41=... =y, =0}

Proof.(i) = (ii) Since Da(0) is of maximal rank d, there exists an open neighborhood U’ C U
of 0 such that Da(t) is of maximal rank d for all t € U’. Let a(t) = (a1 (t),...,a,(t)). Without

(873

loss of generality we may assume that the Jacobian matrix (‘gt_ )i=1,...d,j=1,....d is of rank d at
J

each point ¢t € U’. Consider the map U’ — R? given by the formulas t — (a1 (t),...,aq(t)). By
the Inverse Function Theorem, it defines a diffeomorphism from U’ onto an open subset V; of R?
containing the first d coordinates (ay,...,aq) of the point p. Let

tizﬁi(xla"wxd)ai:17---7d

define the inverse map 3 : V; — U’. Choose Vo C R"~¢ such that Vi x Vo C V. Then (V3 x Vo)N M
is the set of solutions of the system of equations

filz,. o xn) =25 —a;(Bi(z1, ..., 2a)s ..., Balzr, ... 2q)) =0, j=d+1,...,n

in V1 x V5. The last n — d columns of the Jacobian matrix

Ofat1 Ofat1
dxy ' Oxn
J = : : :
Ofn Ofn
ox1 T Oy

form the identity matrix. Thus J is of rank n — d at each point in V; x Vo N M. So, if we take V
any subset of V; x V5 we obtain (ii).

(ii)= (iii) We can find n — d coordinates in R™ such that the minor of the Jacobian matrix
corresponding to these coordinates is not equal to zero at any point in a neighborhood of p. Without
loss of generality we may assume that these coordinates are x4, ..., x,. By the Implicit Function
Theorem, we find n — d functions g;(z1,...,24) such that in an open neighborhood V' C V of p
the solutions of the system of equations f(x) = 0 is equal to the set of solutions of the system

zj—gi(x1,...,2q) =0, =d+1,...,n.
Consider the map ¢ : V — R" given by the formulas
o) = (1, Td, Tar1 — Ga+1(XT1y - Td)y e ooy Ty — G (X1, ooy T4)).
Its derivative is defined by the block-matrix
(50 570)
Dg I,_4)’
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where ¢ = (g4+1,--.,9n). Obviously its determinant is not equal to 0 at any point x € V. Thus ¢
defines a diffeomorphism of V' onto an open subset W of R™. The image of M NV is the set where
the last n — d coordinates are equal to zero. The image of p is the origin. This checks (iii).

(iii)= (i) Let

U={t=(ti,...,tq) €R?: (t1,...,14,0,...,0) € W}.

It is clearly an open subset of R?. The composition of =1 : W — V with the map U — W defined
by sending (t1,...,tq) to (t1,...,tq,0,...,0) is the coordinate patch from property (i).

Corollary 1. A subset M C R" is a d-dimensional manifold of class C* if and only if one of the
equivalent properties (i), (ii), (iii) is satisfied for any point = of M.

Proof.First of all, if (i) is satisfied at a point € M, then, by continuity, Da(t) is of rank d
in some open neighborhood U’ C U of 0. So restricting o to U’ we get a coordinate patch at x.
Conversely, if a : U — VN M is a coordinate patch and a(a) = z, then composing « with the map
t — t — a we may assume that a = 0. Then we see that (i) is satisfied.

Let M and N be two subsets of R", and let p € M,q € N. We say that (M,p) is locally
diffeomorphic (of class C*) to (IV, q) if there exists an open neighborhood U of x in R™, an open
neighborhood V of ¢ in R™ and a diffeomorphism f : U — V of class C* such that f(UNM) = VNN.

Corollary 2. A subset M C R"™ is a d-dimensional manifold of class C* if and only if for each
point p € M, the pair (M, p) is locally diffeomorphic of class C* to the pair (N,0), where

Example 5. Let M = {(z,y) € R? : zy = 0} (the “coordinate cross”). Let N = {(z,y) € R?:
y? = 2?(x+1)} (the “nodal cubic”). I claim that (M, 0) is smoothly (i.e of class C*°) diffeomorphic
to (N,0). Let f: R? — R? be defined by the formula f(z,y) = (y + 2(z + 1)V/2,y — x(x + 1)1/2).
It is clear that f(IN) C M. However this map is not invertible. Computing its derivative we have

seigre + (@ +1)Y? 1) 3z + 2

det Df = det 2(z+1)1/2 _ _sr+2
! (2(1-}-?)1/2_(1'4—1)1/2 1 (z + 1)1/2

We see that f is a smooth map at each point where x # —1. Also det Df # 0 if x # —2/3.
Thus we can find a small neighborhood U of (0,0) such that det D f(x,y) # 0 for any (z,y) € U
and f defines a diffeomorphism from U onto an open neighborhood V' of 0 (the Inverse Function
Theorem). The image f(M NU) is contained in N NV and the induced map f: MNU — NNV is
bijective. Thus (M, 0) is locally diffeomorphic to (N,0). Of course neither M nor N is a manifold.

Corollary 3. Let ay : Uy — V7 and as : Uy — V5 be two coordinate patches of a manifold M at
a point p. Let U = a; (Vi N V), U} = a; (Vi N'V3). Then the composition map

B:al_loagzUé—>V1ﬂV2—>U{

is a diffeomorphism of class C*.

Proof.Obviously the map f3 is bijective. We have to check that j is of class C* at each point
t € UyNUS and det DB(t) # 0. Let p’ = a4 (t). In the notation of the proof of Theorem 1 we can find

29



an open neighborhood V of p and a diffeomorphism ¢ : V.— W C R" such that ¢(V N M) =W’
where W’ = {(y1,...,Yn) : Yd+1 = ... = yn = 0} N W. By composing ¢ with the projection map
to the first d coordnates we get a map ¢ : V — U C R? of class C* with non-degenerate derivative
at each point of V. Replacing V' by a smaller open subset we may assume that V' C V3 N V5. Let
Ul = a7 ' (V), Uy = ay '(V). The compositions ¢ o ay : Ul = U,¢oay : Uy — U are bijective
maps of class C*. By the Chain Rule, their derivatives are non-degenerate at each point. This
implies that each map has the inverse of class C*. Thus (¢ o a1)™! o (¢ o ay) is of class C* at
t € U} But obviously this map coincides with 8 = a; ' o ay : U}’ — UY.

An open interval is obviously a 1-dimensional manifold but a closed one is not. Let us now
extend the notion of a manifold to be able to consider closed intervals as well.

Let
H" = {2 = (z1,...,2,) €ER" 12, >0}, H} ={z=(z1,...,2,) €R" : 2, > 0},

Hg:{x: (xh'-'vxn) ERn:x”:O}’
When n =1, H' = [O,oo),Hi = (0,00),, Hj = {0}.

Definition Let M C R" is called a d-dimensional manifold of class C* with a boundary if there

exists a non-empty closed subset OM of M such that M \ OM is a d-dimensional manifold of class

C*, and for any point p € M there exists a d-dimensional manifold M of class C*, such that

(i) for some open neighborhood V of p in M the set (M \ M) NV is an open subset in M;

(ii) there exists an open neighborhood U of 0 in R% and a coordinate patch o : U — V of M at p
with «(0) = p;

(i) a(UNHY) =V NM, «(UNHL) =V N (M\OM);

(iii) «(UNHp) =V NOM.
The subset OM is called the boundary of M, the subset M \ OM is called the interior of M.

Example 6 Let f : [a,b] — C C R™ be a simple curve of class C*. Assume that the one-sided
derivatives up to order k of f at the points of [a,b] exist and continuous (from one side). Also
assume that f'(t) # 0 for any t € [a,b]. I claim that C is a manifold of class C* with a boundary.
Of course the boundary is the set of two end points A = f(a) and B = f(b). To show this let
us first extend f to a function f of class C* defined on a larger interval [a — €, b + €] such that f
coincides with f on [a, b] and

£(4) _ 1 Y (i) BT r30) C_
£9(t) = lim £(0)(6), £ (1) = lim £7(t) i =0,....k. (+)
Let ' .
£ (a) = (c14, ... cni),  £DB) = (dus, ... dni), i=0,... k.
Set
i C1; b Cni
g(t):(ZT(t_ )’L,""ZT(t_a)Z)7
=0 i=0
k d k d
12 3 ni i



Clearly, 4 '
gD(a) = (c1iy .. cni), DD = (dugy ... dni), i=0,... k.

Now set
) g(t) ift<a,
f(t)=1< f(t) ifa<t<hb,
h(t) ift>0b.

Obviously f satisfies (x). Since f'(a) = limg o4 f'(a) # 0, f'(b) = lim;,,— f'(a) # 0 and £ is
continuous we can find a small € such that f'(¢) # 0 in [a — €, b+ €] and f is injective in [a — €, a + €]
and in [b—€,b+ ¢]. We already know that C'\ {A4, B} is a manifold of class C*. Consider the map
f:[a—ea+ e — R* The image of [a — €,a + €] is a simple curve C’ and its part f([a,a + €])
coincides with the part f([a,a + €]) of our curve C. Let U = (—¢,¢) and let § : R — R be the
map t — ¢ + a. It defines a diffeomorphism from H' = [0,00) to [a,00). The map o = f 0 0 sends
U onto the part M = f((a — €,a + €)) of the curve C’. Clearly it is a manifold which contains
M N (C\ {A}) as an open subset. The map a : U — V = M is a coordinate patch of the manifold
M at the point A = f(a) = f(a). It sends U NH" = [0, €) in one-to-one fashion onto V N C' and
sends 0 to the end A of C. Similarly we deal with the other end B of C.

Theorem 2. Let M be a subset of R™ and N be its closed non-empty subset. For any point

p € N the following properties are equivalent:

(i) There exists an open neighborhood V' of p in R™, a manifold M of class C* containing p, open
neighborhood U of 0 € R?, and a coordinate patch oa:U — VNMof M at a(0) = p such
that o(HYNU) = M NV, o(HY) = N;

(ii) There exists an open neighborhood V of p in R™ and a map f = (fo, f1,---sfn-a) : V —
R"=4+1 of class C* such that {x € V : fo(x) > 0,f1 = ... = fuq = 0} = VN M with
derivative Df of rank n —d+ 1 at p.

(iii) There exists an open neighborhood V of p in R™ and a diffeomorphism ¢ of class C* from V
onto an open neighborhood W of 0 in R™ such that ¢(p) = 0 and

d(VNM)={y= Wi, ---syn) €W 1 yYgp1=... = yn = 0,yq > 0},

P(VNAN)={y= W1, yn) EW 1 yay1 = ... = yn = 0,y4 = 0}.

Proof.(i) = (ii) As in the proof of Theorem 1 (i) = (ii) we can find an open neighborhood U’ of
0 in R such that a(U’) € MNV is given by a system of equations f; = zg4i—;(21,...,2q4) = 0,i =
1,...,n —d. By construction, ¥;(x1,...,z4) = a;(t1,...,tq) after we plug in t; = B;(x1,...,24)
for some functions $;. The image of the subset U’ N H? is equal to the subset of a(U’) where
tg = Ba(x1,...,xq) > 0. If we take fo = B4(x1,...,24) we obtain that

aU'NHY) =V NM={zeR": fo(x) >0, fi(x)=...= foa(x) =0}.

The Jacobian matrix (ngJ) of the functions fy,..., fn_q has n — d + 1 rows and n columns. The
last n — d columns equal to the unit vectors (0,1,0,...,0),...(0,...,0,0,1). The first row is equal
to (g—g‘f, el gfd ,0,...,0). Since one of the partials % is not equal to zero (why?) we easily see
that the rank of the matrix is equal to n —d 4 1. This checks (ii).

(ii)= (iii) Let
N ={fo(z) = filz) = ... = fu—a(x) =0} NV,

M= {fi(x)=...= fa_a(z) =0} NV,
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By the proof of Theorem 1 (ii)=- (iii) (applied to N NV we can assume that
fl' = Td+i — <Z>i(x1,... ,xd_l),i = 0,... , N — d.

Again as in the proof of Theorem 1 we define a diffeomorphism ¢ : V. — W C R™ by sending z to
(Y1, yn) = (1, -, Za—1, fo(x), ..., fa—a(z)). We have

(VM) ={(y1,.. . yn) €W 1 ygs1 = ... =y, = 0}
d(VNAN)={(y1,---syn) EW:ys=... =y, =0},
(VM) ={(y1,--,yn) €W :ygp1=... = yn = 0,y4 > 0}.

This checks (iii).
(ifi)=> (i) Let

U={t=(t1,...,t5) €ERY: (t1,...,t4,0,...,0) € W}.

It is clearly an open subset of R?. The composition of ¢~ : W — V with the map U — W defined
by sending (t1,...,tq) to (t1,...,t4,0,...,0) is the coordinate patch from property (i).

Corollary 1. A subset M C R" is a d-dimensional manifold of class C* with a boundary N if
and only if M \ N is a d-dimensional manifold of class C*, and for any point p € N one of the
equivalent properties (i), (ii), (iii) holds.

Example 7 Let M = {(z1,22) € R? : 23 + 23 = 1 be the closed disk with radius R and
centered at 0. I claim that it is a smooth manifold with a boundary M equal to the circle of
radius 1. Clearly, being an open subset of R, M \ OM is a smooth 2-dimensional manifold. For
any point p on the boundary we have to check one of the equivalent properties from Theorem 2.
Property (ii) obviously holds since we may take V' =R? and fo = 27 + 23 — 1. Then

M={zeV:fo(r) >0}, N={zeV:fy(x)=0}

Let us check property (i). Assume p = (x1,x2) € OM satisfies zo > 0. Take U = {(t1,t2) €
(=1,1) x (=m/2,7/2), V = R? and define o : U — V by the formula (t1,t5) — ((1 —t2)sinty, (1 —

t2) costy). Clearly M = a(U) = {(z1,22) € R? : 2 + 23 < 2,25 > 0} is a 2-dimensional smooth
manifold. The inverse map a~! : M — U is given by the formula (zi,z2) — (tan™! ol

Va2 +3). Also

o — sint1 (1 — tz) COS tl o _
det Da(t) = det <—cost1 (ts — 1) sint, ) = (1 —t9)

is not equal to 0 at each point in U. Now
a(UNH?) = {(z1,22) € R*: 27 + 23 < 1} = M,

a(UNHG) = {(z1,29) € R® 1 af + 23 = 1} = M.

I leave it to you to check property (i) for other points p € OM. To check property (iii) from
Theorem 2 we take V equal to M from above, W = V and take ¢:V — W to be the map a from
above.

Math. 396. Notes 5: The tangent space
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Let M be a manifold of class C* and let f : M — R be a function. If M is an open subset of
R™ we know what does it mean that f belongs to class C* at a point p € M. We want to extend
this notion to arbitrary manifolds. The idea is very simple. Let oo : U — V C M be a coordinate
patch of M at p with p = a(a). By taking the composition we obtain a function

foa:U—=R.

We say that f belongs to class C* at p if f o a is of class C* at the point a. Of course this
definition is legal only if we can check that it does not depend on the choice of the coordinate
patch a. But it is easy. Let a7 : Uy — V4 and as : Uy — V5 be two coordinate patches of M at
p = ai(a1) = az(az). We know that there exists a diffeomorphism ¢ : U] — U} of class C* defined
on an open subset Uj of Uy such that U} C Uy and a1 = a3 0 ¢ on Uy. This implies that for any
z el

foar=(foaz)od. (1)

Since ¢ and ¢! are of class C*, the function f o o is of class C* at a; if and only if f o as
is of class C* at az = ¢(a1). This makes our definition legal. In particlular we can speak about
continuous functions on M.

As soon as we understand what is a scalar function on M of class C* we can define a vector
function on M of class C*. It is a map f : M — R™ whose composition with each projection
R™ — R is a scalar function of type C* on M.

Definition. Let M C R” and N C R™ be two manifolds of class C¥. A map f: M — N is
called a map of class C* if considered as a map f : M — R™ it is a map of class C* defined on M.

Let us try to define the derivative Df of a map M — N of class C* at a point p € M. Let
us first consider the case when N = R. So we want to define the derivative of a scalar function of
class C* on M. We can try to define it as the derivative of f o a at the point a = a~!(p) for a
coordinate patch o : U — V at p. However the Chain Rule tells us that this definition will depend
on q:

D(foai)(a) = D(f o a)(¢(a)) o Do(a). (2)

To solve this problem we have to look more carefully at the definition of the derivative. Recall
that the derivative of any differentiable map f : U — R™ defined on an open subset of R™ at a
point a € U is defined as the m x n matrix D f(a) such that for any vector x € U

f(x) = f(a) + Df(a) - (¥ = @) + ||7 — dl|a(z), (3)

where lim,_,, a(x) = 0. Here we put the arrow over z to indicate that we consider = as a vector
in the linear space R™ so that the operations of addition and scalar multiplication are applied. In
fact, from time to time we shall forget to put the arrow identifying a point in the space with the
corresponding vector or the corresponding one-row or one-column matrix.

Recall that any m x n-matrix A defines a map

Ta:R" 5 R™, & A7

Here we consider ¥ as a 1-column matrix and use the matrix multiplication. This map is linear,
i.e. satisfies
TA(f—I— ZZ"/) = TA(f) + TA(.’Z",),

Ta(\-3) = \-Tu(Z), YAER, Vi, eR"
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Conversely any linear map T : R” — R™ is equal to T4 for a unique matrix A. We write each
Z=(a1,...,ap) as & = a161+ ...+ a,€, where &; = (0,...,1,0,...,0) is the i-th unit vector (with
1 at the i-th spot). Then using the definition of a linear map we get

ai
T(a1€1+...+an€n) :alT(€1)+...+anT(€n) =A. s
an
where .
aijl e ai] e QA1n
A= a;1 A Ain
aAm1 .- amj oo Qmn

is the matrix with j-th column A; equal to the vector
T(é}) = (alj, e ,anj).

Recall that we always consider vectors in R™ as arrows originated at 0. We can also consider
vectors as arrows originated from any point ¢ € R™. Such an arrow is just an ordered pair of
points (a,b), where a is its origin and b is its end-point. If we consider a and b as vectors @ and b

coming from the origin, then b = @ + (@ — b), so that the end-point b is determined by the vector
7 =0b—d. So a vector originated from a is determined by its origin point a and a vector ¥ with
origin at 0 such that the end-point is equal to the end-point of the vector sum a + b. This allows
us to consider the set of vectors originated at a as the set of pairs (a, ¥), where a is a point of R™,
and ¥ is a vector originated at 0, i.e. an element of the linear space R".

We shall denote the set of vectors originated from a point a € R” by T,R" and call it the
tangent space of R™ at the point a. If U is any open subset of R" (or H?) and a € U, we set by
definition

T.(U) =T,(R")

and call it the tangent space of U at the point a. Since U is a manifold of dimension n we would
like to extend the definition of the tangent space to any manifold M.

Let U be an open subset of R? (or H") and o : U — R™ be a differentiable map defined on U.
For any (a,v = (a1,...,a,)) € T,(U) set

ax(a,v) = (a(a), Dafa) - U) € Ty)R™.
So, the derivative of « allows us to define the map

Usa : To(U) = Ty (R™"),  (a,v = (a1,...,a,)) = ax(a,v).

)

Suppose now that « is a coordinate patch of a d-dimensional manifold at a point p = a(a).

Definition The tangent space of M at a point p € M is the image T),(M) = v o(To(U)) of the
map v o where a: U — M is a coordinate patch of M at the point a(a).
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In other words, T},(M) consists of all vectors in T,,(R™) which can be written in the form
(p, Da(a) -v = (ay,...,a,)), where v = (ay, ..., a,) runs through the set R%.

The set of vectors Da(a) -v = (ai,...,an),v = (a1,...,a,) € R? is a linear subspace
Da(a)(R?) of R equal to the image of R? under the linear map R? — R™ defined by the matrix
Da(a). Recall that a linear subspace L in R™ is a subset L of R” which is closed under operations
of addition and scalar multiplication of vectors. By definition, T},(M) consists of vectors in R
which originate at p and end at + @, where @ € Da(a)(R?). If we identify T,(M) with the set
of the end-points '+ @ of vectors (p,w) € T,(M) then we obtain

T,(M) = p'+ Da(a)(R?).

The set of points in R™ obtained from a linear subspace L by adding to each vector from L a fixed
vector a from R™ is called an affine subspace. For example, when L is a one-dimensional subspace
spanned by a nonzero vecror ¢, we have

i+L={d+t-v:tecR}.

This is the line through the point a parallel to the vector 4.
Let T : RY — R™ be a linear map defined by a matrix A. To find the image T(R?) we do as
follows. Write any ¥ € R? in the form ¥ = a1€; +. ..+ an€,. Then, as we have already seen before,

Tv = alAl + ... —|—anAn,

where A; is the j-th column of A considered as a vector in R”. Thus T'(R%) consists of all possible
linear combinations of columns of the matrix A.
In our case

Odau dau day
ot otr oty
Da@=| : : i |
day % Qo
o, o ot; Ot
Thus
8 8 n
o, (@) o (a)
Da(a)(RY) = {)\ : . : ‘A1, A € R}
fol Oa,
oty (@) o (a)
Let us restrict our map o to the intersection of U with the line ¢; which passes through a =
(a1,...,ay) parallel to the vector €. Its parametric equation is & = @ + t€;. The restriction of «

to this line is the vector function in one variable
fj(t) = a(al, e @jo1,a5 it ajp, ... ,an) =

(al(al,.. Q1,05 Ht a1, .. ,an),... ,an(al,... yAj—1,05 +t,a541,.. .,an).

Its image is the curve a(¢; N U) on M passing through p with the velocity vector

80&1

Oon Doy
ot

£(0) = ( s

J

(a),... (a)).

But this is the j-th column of the matrix Da(a). Comparing with the above we find that T},(M)
consists of vectors (p, W), where o is a linear combination of the velocity vectors of d curves a(¢;NU)
at the point p.
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For example, if d = 1, we obtain the definition of the tangent line of an embedded curve.

Although the definition of T},(M) seems to be dependent on the choice of the coordinate patch,
in fact it does not. The easiest way to see it is to use the formula (2). Since Df(a;) is a one-to-one
map, we have DB(a1)(RY) = R?, hence

Dai(a1)(R?) = Daz(as)(DB(a1)(R?)) = Das(az)(R?).

In fact we have the following equivalent definition of the tangent space in terms of equations
defining a manifold.

Theorem 1. Let V be an open neighborhood of p = (p1,...,pyn) in R™ such that M NV = {z €

R™ : fi(z) = ... = fau(x) = 0} for some functions fi,..., f, : V. — R" of class C* with Df(p) of
maximal rank n — d. Then T,M = p + L where L is the linear subspace of R" equal to the set of
vectors ¥ = (vy,...,v,) whose coordinates satisfy the homogeneous system of linear equations:
ofi ofi .
n =0, =1,...,n—d. 4
g, Pttt 5P i n (4)
In particular, the set of end-points of vectors from T,(M) is equal to the set of solutions x =
(z1,...,x,) of the inhomogeneous system of linear equations
of; ofi .
8:51 (p)(x1 —p1) + ...+ 8§n(p)(xn —pn)=0, i=1,...,n—d. (5)

Proof.Let o : U — M be a coordinate patch at p = a(a). Let us first see that
Da(a)(R?) C L. (6)
For any t = (t1,...,tq) € U we have

filar(t), ..., an(t))

Taking the partial derivative in the variable t; for each j =1,...,d we get
k=1

This shows that the vectors A; = (221(q),..., 9% (q)) satisfy the system of equations (4). Since

0, i=1,...,n—d.

ofi ,  Oay . )
—_— = =1,... — =1....,d.
8mk (p) atj (a) 0’ Z 9 7n d’ ] b ) d

ot ’ Ot
each vector from Da(a)(R?) is a linear combinations of the vectors A1, ..., Aq we obtain (6). Now
let us compare the dimensions of the linear subspaces Da(a)(R?) and L. The dimension of the
first space is equal to the number of linearly independent vectors among the vectors Aq,..., Aq.

But they are exactly the columns of the matrix Da(a). Since the rank of this matrix is equal to
d, the dimension is d. On the other hand the dimension of L is equal to n — k, where k is equal to
the rank of the matrix of the coefficients of the system. But by the assumption, the rank of this

matrix is n — d. Thus L is of dimension n — (n — d) = d. Since both Da(a)(R%) and L have the
same dimension and one contains another, they must coincide. This proves the theorem.

Example 1. Let
M ={x e R":||x|| = R}.
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be the sphere in R™ of radius R centered at the origin. Then the equation f = >""_; r? — R?=0
defines M at each point p = (p1,p2,p3) € M. Since f'(x) = 2x # 0 for any x € M (because
0 & M) we can use f to apply Theorem 1. We obtain that 7),(M) is defined by the equation

sz(xz —pi) =0 (7)

or equivalently,
n
Zpiﬂﬁz‘ = R%
i=1

The equation (7) shows that T),(M) consists of vectors originated at p and perpendicular to the
radius vector p. This is analogous to the case of a circle where the tangent line is perpendicular to
the radius vector.

Now it is clear how to define the derivative of a differentiable map f : M — R™ defined on a
manifold M C R™. Recal that in the case when M = U is an open subset of R", the derivative of
/ at the point p € U defines a map f, o : T,U — Ty ,)R™. We define the derivative df, of f at p
as the map:

dfp : Tp(M) — Tf(p)]Rm

satisfying the following property: for any coordinate patch o : U — M at p, we have

dfp O Oy q = (f OO{)*7a.

This property tells us that the image df,,((p, w)) of a tangent vector (p, W) € T),(M) is obtained as
follows. We write it as the image a.(a, ¥) of the tangent vector (a, ) € T,U and then set

dfp(p, @) = (f 0 @)+(a, V).

If v : U' — M is another coordinate patch of M at p, then we may assume that a =~ o 3, where
B :U — U’ is a diffeomorphism. Then foa = fo(yo3) = (fov)of, and

(f © a)*,a = (f © 'Y)*,B(a) © ﬂ*,a-

Since (p, W) = o (p, V) = 1(B(a), B«(a,V)), we see that the definition of df,(p, o) is independent
of the choice of the coordinate patch.

If the image of f is contained in a manifold N C R™, then the image of df, is contained in
Tt(p)N. This can be seen by using the fact (proven in homework) that tangent vectors at a point
f(p) are the velocity vectors of curves on N passing through f(p). The image of a curve on M with
the velocity vector (p,v) is a curve on N with the velocity vector dfy,(p,v). So we have dfefined a
map dfy : TpyM — Ty N.

Note that T),M is a linear space with respect to the operations
(p,v)+ (p,v')=(p,v+V), X (p,v)=(p, V).

It is a linear subspace of T,R"™. The latter can be identified with R™. It is easy to see that the
derivative df, : T,M — Ty, N is a linear map.
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Remark. Note that we define df), by taking an open neighborhood of p and this definition does
not depend on which neighborhood one takes. For example, let us assume that the restriction of
the map f to an open neighborhood V of p in M extends to a differentiable map F : W — R™,
where W is an open neighborhood of p in R™ such that W N M = V. Here "extends” means
that the restriction of F' to V coincides with f. Then the restriction of dF), : T,(R") — R™ to
T,(M) C T,(R™) coincides with df,. This easily follows from the chain rule for the map F' o «a,
where a: U — V is a local patch at p.

Finally let us discuss the tangent bundle of a manifold M. By definition this is a subset of
M — R™ which consists of pairs (p, v), where (p,v) € T,M. For example, TR" = R" x R" = R?",
Since M C R™ we have
TM C R™ x R" = R>",

I claim that T'M is a manifold. In fact, let (p,v) € TM. Let U be an open neighborhhod of p in R™
such that M NU = f~1(0), where f : U — R"~ 9 is a map of class C* with rank(Df(p)) = n — d.
Let U’ = U x R™. This is an open neighborhhod of (p,v) in R?". It is easy to see that TM N U’
can be given by the equations

f(x)=0, Df(p)-y=0,

where we use the coordinates x; in the first factor R™ and the coordinates y; in the second factor R"
of R?™, Let F : R?" — R"~4 x R"~4 = R?"~24 he the map defined by F(x,y) = (f(x), Df(x)-y).
Clearly M NU’ = F~1(0). One can easily computes the derivative of F:

DF(x.y) = <D;tx) DJ:)(X)) '

Here we represent a matrix of size 2n — 2d x 2n as a block matrix with A of size (n — d)x
and 0 is the zero matrix of size (n — d) x n. Since rank(Df(p)) = n — d, we easily see that
rank(DF(p,v)) = 2n — 2d. This shows that T'M is a manifold of dimension 2d near the point
(p,v). Since (p,v) was an arbitrary point of TM, TM is a manifold.

Note that we have a natural map 7 : TM — M which sends (p,v) to p. Its fibre over p (i.e.
the pre-image of the set {p}) is equal to T,,(M). The map p is differentiable since it is given by the
restriction of the smooth map TR™ — R" to TM. The map =« is called the canonical projection of
the tangent bundle to the base M.

Example 2. Let M be the circle of radius 1 with center at the origin. Then M is given by
the following two equations in R*:

i 425 —1=0, x1y1+ 22920 —1=0.

cost —sint
sint cost

angle t. Let p = (cost,sint) € M. Then T, M consists of pairs (p, v), where v.= A\(—sint, cost), A €
R. Clearly A_;-v = (0,\). Consider the map ¢ : TM — M x R defined by ¢(p,v) = (p, A). It is
easy to see that this is a diffeomorphism from T'M to M x R. So, we can view the tangent bundle
of a circle as an infinite cylinder.

Math. 396. Notes 6: Vector fields.

For any t € R let A; = < > . It represents the rotation transformation of R? about the

Let G be an open subset of R™, and I an interval in R. Consider a continuous function and
F: (a,b) x G — R™. We are looking for differentiable functions f : I — G such that for any ¢ € I:

f'(t) = F(t, £(t)). (1)



IfF(t,x) = (F1(t,X),...,F(t,x)) and £(t) = (f1(t), ..., fn(t)), then (1) is equivalent to the system
of equalities of scalar functions defined on I:

dfi(t)
dt

= Fi(t, fi(1), ..., fa(t), i=1,...n. 2)

We say that f is a solution of the system of differential equations of the first order defined by the
function F.

Since F is continuous, it is clear that each solution belongs to class C*.

An additionla condition on a solution defined by

f(t()) = X (3)

for some ty € I,x € G is called an initial condition. We shall show now that under certain condition
on F, a solution satisfying an initial condition exists and is unique.
Beforfe we begin the proof, we make the following definition:

Definition. We say that F : I x G — R" satisfies the Lipschitz condition if for any ¢, € I and
any xo € G there exists an interval (—a + xg, ¢ + a) contained in I, an open neighborhood U of
Xg in GG and a number r > 0 such that

IF(t,x) = F(t, )| < rllx —yll.

for any t € (—a + xg,x0 + a) and any x,y € G.

Any function F as above of class C! such that all its partial derivatives are bounded in
G satisfies the Lipschitz condition. In fact, fix ¢ and x,y and consider the function ¢;(7) =
Fi(t,x+7(y —x)). Clearly ¢;(0) — ¢;(1) = F;(t,x) — F;(t,y). By the Mean Theorem, there exists
7o € (0,1) such that ¢;(0) — ¢;(1) = ¢;(79)’. This implies

dF;(t,x+ 7(y —

FZ(t,X)—Fl(t,Y) = dr

S OF;
Z yk;_l'k (X+TOY)
k=1

Since all partial derivatives are bounded by some constant C, we get

where M = max{|yx — zk|,k = 1,...,n}. By choosing a larger constant C, if needed, we may
assume that this is true for all i = 1,...,n. Now,

IIF(t.x) - F(t,y)|]* = ZIF t,x) yIF <

n n
Zn202M2 =n3C?M? < n3C? Z lye — zx|? = n2C2M?|ly — x||*.
i=1 k=1
Taking the square root from the both sides we get what we need.
The condition of boundeness can be easily achieved if F admits a continuous extension to the
closure of G.
Now we are ready to prove the following:
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Theorem (Cauchy). Keep the previous notation. Assume that F satisfies the Lipschitz condition
in I x G. Let B be a closed ball of radius R with center at xo € G and let (—a + tg,to + a) be
chosen small enough such that ||F(¢,x)|| < R/a for all t € (—a + tg,t + 0+ a) and x € B. Then
there exists a unique solution f : (—a+ g, z9+a) — B C R" of (1) satisfying the initial condition

(3)-
Proof. Let tg € (a,b). A function f : J — G is a solution of (1) defined on some interval J C I
containing tq if and only if
t
f(t) =f(to) +/ F(r,f(7))dr. (4)
to

To verify this it is enough to differentiate both sides and use the Fundamental Theorem of Calculus.
Let E be the set of continuous functions g : (—a + to, to + a) — B satisfying g(tg) = x¢. Here
a and B is chosen as in the assertion of the theorem. For any g € E the function

B(g)(t) = xo + / F(r, g(r))dr (5)

to

belongs to E. In fact,

I#(®)0) ~ll = | [ .8 | < [ Firgr)lir < (Bjaja= R

so that ®(g)((—a + xo,x0 + a)) C B. Obviously, ®(g)(ty) = Xo.
Since F' satisfies the Lipschitz condition we have ||F(¢,x) — F(t,y)|| < K||x — y||, where
X,y € B. Thus, for any g,h € E we have

[2(g)(t) — 2(h)(#)[] = || t (F(,g(7)) — F(7, h(r))dr]| <
t |(F(7, (7)) = F(7,h(7))[|dr < K/t |lg(7) = h(7)[[dT < 2K R|t — Lo,
Here we use that g(t),h(t) € B so, by the triangle inequality, ||g(7) — h(7)|| < 2R.

Next

|2(2(g)) — @(@(h))]| = II/t (F(7, 2(g)(7)) — F(7, ®(h)))(7))d7]| <

/t |(E(r, @(g)(7)) = F(7, ®(h)(7))(7))|ldT < K/t |2(g)(7) — (h)(7)[[dT <

t It —to]?
2KR | |7 —to|ldr = 2K*R-————.

to
Starting from gy = g define by induction g,, = ®(g,—1). Similarly define h,,. Continue as above

we easily get

(1) ~ (1)) < 20K 10T (©

Since n! goes to infinity faster than the exponential function, we get that ||g, (t) — h,(¢)|| < 1 for
n large enough.
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Now let us show that the sequence {g, (¢)} uniformly converges to a function f satisfying (4).
Consider the infinite sum of functions

S=go+ Y (8 — 8n-1).
n=1

Its partial sum
Sn =80+ (81 —80) + (82— 81) + ... + (8 — 8n—1) = &n-

Set h = g;. Then h,, = g,,+1 and we have shown above that, for n large,

[ (£) — gn ()] = lIgn+1(2) — gn ()]l < 1.

Thus we obtain that the terms of the infinite series S (after we drop a finite number of first terms)
are less or equal than the terms of the infinite series ¢(1+q+¢*+...+¢"+...), where ¢ < 1. Since
this series absolutely converges, our series uniformly converges. But this means that the sequence
of its partial sums g, (¢) is uniformly convergent. Now let us see that the limit f(¢) = lim,, o0 gn (%)
satisfies the assertion of the theorem. We have

g (t) = xo + / F(, g1 (7))dr

to

Applying the Lipschitz condition, we get ||F(t,g) — F(t,8,)| < K||g — gx»||- This implies that the
sequence ¢, = F(t,g,(t)) uniformly converges. It remains to take the limit of both sides and to
use the standard fact about passing to the limit under integral.

To finish the proof it remains to show the uniqueness of the solution. Assume f and g satisfy
(4) and f(tg) = g(top). Then g,h € F and ®(f) = f, &(g) = g. Applying (6) we get (observing that
f, = f,h,, = h for all n) that

Tim 1£,(¢) — b, (0)]] = [I£(t) — B(t)]| 0.
This of course implies that f(t) = g(t) for all ¢ € (to — a,to + a). The proof now is finished.

Definition A vector field of class C* on a manifold M is a map & : M — TM of class C*
such that 7(&(p)) = p for any p € M. Here 7”TM — M is the canonical projection of TM to M.

In plane words a vector field chooses for a point p € M a tangent vector £(p) = (p,&,). The
dependence on the point must be of class C*.

When M is an open subset of R™, a vector field is nothing more than a function F of class C*
defined on M and taking values in R".

Let D be an open subset of R™ and

F = (fi(X),..., fn(x)): D —R"

be a vector field defined on D. We assume that the derivative DF(x) exists at any point x € D
and its entries are continuous functions on D. Let D’ be the subset of points (¢,x) in R"*! such
that t € (a,b),x € D, where a < 0 < b. A function ¢(¢,x) defined in D’ is called a flow line of the
vector field if, for all (¢,x) € D,

9¢(t, x)
ot

=F(o(t,x)), ¢(0,x) =x. (1)
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When we fix x, the function ¢(¢,x) describes a path in D such that its value at t = 0 is x, and
at each point of the path the velocity vector is equal to the value of the vector field at this point.
When we fix t = ¢ the function ¢(tp,x) describes a map from D to R™. This map takes a point x
"flow” along the path t — ¢(t,x) until time ;.

Consider the derivative Dx¢(t,x) of ¢(t,x) as a function in x. This is a square matrix of
size n which depends on t and x. Differentiating the first equationin (1), using the chain rule, we
obtain

ngtqﬁ(t,x) = ;Dxcﬁ(t,x) = DxF(¢(t,x)) = DF($(t,x)) o Dx(t,%).
The equation )
57 Px(t,%) = DF(6(t,%)) © Dxb(1,%) (2)

is called the equation of first variation.

Recall that for any square matrix A = (a;;) the sum of its diagonal elements is called the trace
of A:
TT(A) =aj1+ag+...+appn-

If we take A = DF(x), then the trace of A is called the divergence of a vector field F and is
denoted by div(F):
oK O, Ok

div(F) = Tr(DF(x)) = + T
iw(F) r(DF(x)) Or1  Oxo oz,
We want to prove the following

Theorem.

div(F(x)) = %det D (t, %),

Let us fix x and consider the matrix Dx¢(t,x) as a matrix A(t) whose entries are functions
in t. Let B(t) be the matrix DF(¢(t,x)), also depending on ¢. The equation (2) gives us

A(t) = B(t)A(t). (3)

Here the derivative of A(t) = (a;;(¢)) is the matrix of derivatives (a;;(t)’). The determinant |A(t)]
of matrix A(t) is a function of ¢ which we can differentiate.

Lemma. Suppose (3) holds. Let |A(t)| be the determinant of A(t) and let B(t) = (b;;). Then
d
2 1A =Tr(B)lA®)].

Proof. Let Ai(t),...,A,(t) be the rows of A(t). We need the following formula for the
derivative of determinant:

Ay (t) Ay(t) Ay(t)
%\A(t)\ ~ det AQZ(t + det AQ:(t) 4o 4 det Ai(t) . (@)
An(t) A, (1) At

First one checks this formula for 2 x 2-matrices.

% det (Z((f)) Z((g > — [a(t)d(t) — b(O)e(t)] = d'd + ad' — Ve — be' =
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=)+ =) = e (GO ) e (0360 ).

In the general case the proof is by induction. First we expand the determinant of along the first

row to get
|A()| = a11]|A11| — a12|Ara] + ...+ (=) a1, | Ar,).

Then differentiate
JA(t)]" = aly|Arr] — alplAra| + ... + (1) F"a), |Ava|+

a1|A11| — ara]Are) + ...+ (_1)1+naf1n’A1n’,-

Then apply the inductive formula for the derivatives of the determinants |Ay;| of (n —1) x (n —1)-
matrices .
Now let B;(t) be the rows of B(t). Then

Ay(t) B (t) Bi(t)A(t)
A(t) = A2.< g B(t)A(t) = BQ:(t) A(t) = B2(t?A<t)
A (t) By(t) B, (t)A(t)

Here each row is the product of the rows B;(t) and the matrix A(¢) (which is a row matrix).
Comparing the rows, we get

Ai(t) = Bi(H)A(t) = bin A1(t) + binA1(t) + ... + bin An(t).

Now we have

Ay (1) Yoy b1 A (1)
det A2:(t) = det AQ:(t) =
An() ()
bi1A:(t) b1 As(t) binAn(t) A ()
As(t) As(t) As(t) As(t)
det . + det . + ...+ det : = b11 det . = b11|A(t)|
A (t) A (t) Au(t) A, (t)

Here we use the properties of the determinants (note that all determinants except the first one are
equal to zero because they have two proportional rows). Similarly, we get

Ay(t
Ayt

~— —

Thus equation (4) gives us
|A(t)) = (b11 + bz + ... + bun)|A(t)| = Tr(B)|A(t)].
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The lemma is proven.

Proof of the Theorem:
Recall that in our case, the entries of B(t) = DxF(¢(t,x)) are equal to

Ofi
al'j

bij = (o(t,x))

Thus we obtain

1Dt )] = (3 2 (1, ) D (P01, ).

o0x;
i=1 v

Taking t = 0, we get

1D (b0 = ( Zgﬁ: 0, 5%))| D (60, %))| = divF(x). )

Here we use that, by definition ¢(0,x) = x and the derivative of the idenity map x — ¢(0,x) is
the idenity matrix.

Let us give an interpretation of the assertion of the theorem. Recall that if v{,...,v, € R"
and A is a square matrix, then the (oriented) volume of the parallelopiped formed by the vectors
Avq, ..., Av, is equal to the (oriented) volume of the parallelopiped formed by the vectors vy, ..., v,
times the determinant of A. Let us take A = Dx¢(t,x) and vq,...,v, be vectors emanating
from the point x which form the parallelopiped P(0) with nonzero volume. Then the linear
approximation of ¢ (¢, x) transforms these vectors to Avy, ..., Av, emanating from the point ¢ (¢, x).
Let P(t) be the corresponding parallelopiped. Thus the derivative Dx(¢(t,x) transforms P(0) to
P(t). If P(0) is small enough, P(t) is close to the image of P(0) under the map ¢(¢,x). Let V(¢)
be the oriented volume of P(t). Then, by above,

[Dxo(t, x)| = V(t)/V(0).
Thus, the theorem says that

d 1

SV Oz = 3555 TV Oliso.

divF(x) = V(0) dt

Math. 396. Notes 6: Alternating forms

We start with the determinant of a matrix. Let

ai1 e ayj A1n

aGm1 -+ Qmj oo Qmn

Let us view A as a collection of its rows

Ai:(aily"'aain)y 2:1”m
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Thus any function on the set M,,,, of m x n matrices can be viewed as a function on the Cartesian
product (R™)™ of m copies of R".

Definition A determinant is a function
det : (R")™ — R

satisfying the following properties:

(i) for any j = 1,...,n and any fixed vectors vi,...,v;_1,Vjt1,...,V, the function R® — R
defined by v — det(vi,...,Vj_1,V,Vjt1,...,Vy) is linear;
(i) det(vi,...,v,) =0if v; = v, for some i # j;

(iii) det(eq,...,e,) =1, where e; = (0,...,0,1,...,0) with 1 at the i-th spot.
Notice that properties (i) and (ii) imply
(ii)" If the i-th argument v; is switched with the j-th argument v; we get

det(vi,...,vj,..., Vi, V) = —det(Vi, ..., Vi, ..., V), o, Vp).

In fact, applying (i) and (ii), we get

0=det(vi,...,vi+Vj,...,vi+Vj,...,vp,) =
det(vi,...,vj,..., Vi, ..., V) Fdet(ve, ..., Vi, oo, Voo, Vg )+
det(vi,...,Vi,.. ., Vi, oo, V) Fdet(V, .o, vy, VL, V) =
=det(vi,...,Vj, ..., Vi,..., V) +Hdet(Ve, .., Vi, VG, o, V).

Let us see that properties (i)-(iii) determine the function det uniquely. Write any vector
v; = (ai1,-..,aip) in the form v; = a;1e1 + ... + a;ne,. Using the property (i) we have

n n
det(vy,va,...,v,) = det(z a1j€;,Va,...,Vy) = Zalj det(ej, va,...,vy,) =
j=1 j=1

n n n

E E 15,025, det(ejl,ejzv;a,,...,vn) = E aij, ---Qj, det(ejl,ejz,...,ejn).

J1=1j2=1 J1:d2,gn=1

Now by property (ii), all the terms in the sum corresponding to the collection of not all distinct

indices (ji,...,Jn) must be equal to zero. So we may assume that the indices (j1,...,7,) are all
distinct. In other words (j1,...,Jn) is a permutation of numbers {1,2,...,n}. Using property (ii)’
we get

det(ej,,ej,,...,€e;,) =€(j1,...,jn)det(er,...,e,).

Here €(j1,...,Jn) is the sign of the permutation (ji,...,7,). It is equal to 1 if one needs to make
even number of switches to put the permutation in the standard order , and —1 otherwise.
Finally we obtain

det(vy,va,...,v,) = Z €(J1,---+Jn)a1j - - Qnj, det(er, ..., e,), (1)
(J1.92,--,Jn)ESn
where the sum its taken over the set S5, of all permutations of the numbers 1,2,...,n. Using
property (iii), we get the formula for the determinant
det(vy,va,...,v,) = Z €(J1,---Jn)a1jy - - - Qnj, - (2)

(j17j27-~-7jn)esn
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This proves the uniqueness of the determinant function. To prove the existence, one defines the
function det by induction. First if n = 1, i.e. R™ = R, we set

det(a) = a.

Now assuming that we know what is the determinant of square matrices of size (n — 1) we set

n

det(vl, Vo,... ,Vn) = Z(—l)iJrjaijMij. (3)

j=1

Here M;; is the determinant of the matrix obtained from the matrix A by deleting the i-th row
and the j-th column. One checks that this function satisfies all the properties (i) -(iii). We skip
this verification referring to any (good) textbook in linear algebra. Notice that as a corollary of

the uniqueness theorem, one can use formula (3) for any ¢ = 1,...,n. Also one may use similar
formula
n
det(Vl,Vg,.. .,Vn) = Z(—l)l—wai]‘Mij. (3/)
i=1

This is called the expansion of the determinant along the j — th column.

Now we shall extend the notion of the determinant first by refusing to demand property (iii),
and second to define the function for any number of vectors v1,..., vy in any linear space V.

Definition. An alternating k-form(or an skew-symmetric k-form) on a linear space V is a
function

W VF=Vx...xV =R

satisfying the following properties:

(i) for any j = 1,...,k and any fixed vectors vi,...,v;_1,V;41,...,Vy the function R" — R
defined by v — w(v1,...,Vj_1,V,Vj41,...,Vy) is linear;
(ii) w(vi,...,vk) =0if v; = v; for some i # j.
Similarly to property (ii)’ of the determinant we have
(i) w(vi,eo o, Viy ooy Voo, Vi) = —w(VI, oo, Vs oo, Vi, oo, V).

We denote the set of alternating k-forms on V' by A¥(V). Obviously the sum of alternating
k-forms and the scalar multiple of an alternating k-form is an alternating k-form.

If you are unfamiliar with the notion of an abstract linear space, think about V as the space
R™ or its linear subspace V C R™.
Examples 1. If £ = 1, any alternating 1-form is just a linear function on V.

2. Let V = R3, for any vector a € R? the function
wa(vy,ve) = (V1 X va) - a.

is an alternating 2-form.

3. Let e1,...,e, be a basis in V. This means that any vector v € V can be written uniquely in
the form

V=ae; +...+ane,.
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Let vi,...,vi € V. Write

n
V; = E a;;€y4, Zzl,,k (4)
j=1
Consider the matrix
a1 ... Qin
A=
a1 ... Qgn

For any subset J = {j1,...,jk} of the set [1,n] = {1,...,n} of k elements consider the k x k-
submtarix of A defined by choosing the columns A;,,..., A;

k

aljl e aljk
Ay =
A5, cee Qkgy
Define
Yy(vi,...,vg) =det Ay (5)

Using the properties of the determinant function, we see that the function ; is an alternating
k-form. It is called a basic alternating k-form. Since the number of subsets of [1,7n] consisting of

k elements is equal to
n\ n!
k) Ekl(n—k)

Arguing the same as in the proof of the formula (2) for the determinant we find that, for any
w e Ak(V),

we have (}) basic functions ;.

w(vi, Vo, ..., V) = Z aij, .. apjw(€j, ..., ej ).
(J1.925--0k)
Here (j1,...,jk) is an ordered sequence of k distinct numbers from the set [1,n] = {1,...,n}. Note

that in particular
AR(Vy={0} ifk>n.

Let I C [1,n] consist of k elements (we write #I = k). Let St be the set of all permutations of the
elements from I. That is the set of ordered k-tuples (j1, ..., jx) where all j; € I. We can write the
previous equality as

w(vy, Vo, ..., Vg) = Z ( Z a1jy - - - Qjw(€jy,. .., €5,)) =

JC[].,'I’LL#J:]{ (j17j27"'7jk)€SJ

Z ( Z e(jl,...,jk)aljl...akjk)w(ej{,...,ej;c).

JCn]#J=k (j1,2,---,k)ES

Here {j1,...,Jj;.} = J and ji < ... < jj. The expression in the brackets can be easily recognized
as the determinant of the matrix A ;. Thus

wW(Vi,Va,..., Vi) = Z w(ej;a---7ej,;)¢)J(V1,V2,---7Vk)-



This shows that

w= Z A, (6)

JC[1,n],#J=k

where
)\J:w(ejl,...,ejk), J:{jl,...,jk}, 71 <. < Jk-

Remark. The set A*(V) is a linear space with respect to addition and scalar multiplication
of functions. The equality (6) shows that the basic functions ¢y span A¥(V). One can also prove
that the basic functions are linearly independent. In fact, if

Z Afwl :07

IC[1,n] #I=k
we evaluate this sum on (ej,,...,€;,), Jji1 <... < ji. Foreachsubset I # J = {j1,...,jx}of [1,n]
the matrix A with rows e;, , ..., e;, contains the zero column corresponding to the indexi € 1,7 & J.
Thus the matrix A; has a zero column, and hence zero determinant. Thus ¢;(e;,,...,e; ) = 0.

On the other hand, if I = J, the matrix A; is the identity matrix, and hence 9 ;(e;,,...,€;,) =
det AJ =1. So

0: Z A[¢](ej1,...,ejk):AJIpJ(ejl,...,ejk):AJ.
IC[1,n],#I=k

This shows that 1 ;’s are linearly independent functions. Therefore
dim A*(V) = (Z)

When k = 1, A(V) is the space of linear functions on V. It is usually denoted by V* and is called
the dual space of V. If (e1,...,e,) is a basis in V, then the linear functions (e}, ...,e}) defined by

G J 0 otherwise

form a basis in V*. In fact, for each f € V* we have

F=>"flejes,
j=1

which can be easily checked by comparing the values of both sides at each basis vector e;. Since V'
and (V*)* have the same dimension (if V' is finite-dimensional), they are isomorphic linear spaces.
However, one can do better and define an isomorphism which does not depend on the choice of
a basis (such an isomorphism is called a natural or canonical isomorphism). For this we have to
consider any element v € V' as a linear function on V*. It is defined by

This defines a linear map from V to (V*)*. Its kernel is zero, since f(v) = 0 for all f € V* implies
v =0 (if v # 0 we consider the linear function f defined by f(v) = 1 and f(w) = 0 if w is not
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proportional to v). Now the dimensions of V' and (V*)* are the same so the map V' — (V*)* is an
isomorphism.

Example 4. Consider Example 2. We have

T2 X3
Ya2 I3

Z1
Y1 T3

r1 X2

wa(v1,va) = .

— Qg Q3 =

a1923(V1i, Ve) — aati3(vi, va) + asiia(vi, va).
We also check that
wa(e2;e3) == (62 X eg) A = el a = 041,
wa(er,e3) = (e1 X e3)-a=—ey-a= —ay,

wa(er,e2) =(e; X eg)-a=-e3-a=as.
Example 5. Let fi,..., fr € AY(V). Define fi A fa A... A fr € A¥(V) by the formula

fivi) filva) oo fi(ve)

FIAfa Ao A fu(viy e ve) = det fQ(,Vl) fz(_vz) - fZ(.V’“)

fev) fe(va) o felva)

Using the properties of the determinant we check that this is an alternating k-form. Let (eq, ..., e,)
be a basis in V' and (e}, ...,e}) be the dual basis. For each subset I = {i; <...... <} C[1,n]
consider the alternating k-form

eg=e;, N...\N¢ej . (8)
Note that for any v = aje; +. ..+ ane, we have ef (v) = a;. By definition ej(vy,...,vy) = det Ay,
where Ay is the (k x k)-submatrix of the matrix A whose columns are the coordinates of v;’s with
respect to the basis (ei,...,e,) defined by rows with indices (i1,...,45). Thus we see that e}

coincides with the basic function ;.

A generalization of the previous example leads to an important operation over alternating
forms.

Definition. Let w € A*(V),n € A™(V). Define
wAn e ARV
by the following formula
w/\n(vl,...,Vker):m Z e(jl,...,jk+m)w(vﬁ,...,vjk)n(vij,...,vjk+m).
(G153 dk+m ) ESk+m
(9)

We shall see the reason for inserting factorials.

It is easy to see that this function is linear in each variable. Let us check that it satisfies
property (ii) of alternating forms. Let vi,...,v, € V with v; = v; for some ¢ # j. Obvioulsy,
all terms in the sum (7) such that i,5 € {j1,...,9m} or i,5 € {jk+1,---,Jk+m} are equal to zero
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(because w and 7 are alternating forms). Consider the term in the sum with i € {ji,...,jm},J €
{Jk+1,- -+, Jk+m}. There is another term in the sum corresponding to the switching i and j in the
permutation (j1,..., jk+m). Since they enter into the sum with different sign €(j1, ..., jkt+m) they
cancel each other. So the resulting sum is zero. Thus our operation is well defined and gives us an
alternating (k + m)-form.

Example 6. If f1, fo € AY(V), then

fi A fa(vi, v2) = fi(vi) fa(v2) — fi(ve) fa(vi) = det (ﬁgzi

B
< <
N
N———

This agrees with the definition from Example 5.
Lemma. Let f1,..., fx, fka1,---, fm € V*. Then

(Fin o ANf)Nfepr Ao A ) = LA A [ A figa Ao A fone

Proof. This immediately follows from the following Laplace Formula. Let A be a square matrix
of size n. For every subset I of [1,n] with 1 < k < n elements denote by A; the submatrix of A
formed by the first k£ rows and columns with indices from I. Similarly, for any subset J of n — k
elements denote by B; the submatrix formed by the last n — m rows and columns with indices
from J. Then
det A= Y e(I,I)det Ajdet By.
IC[1,n],#I=k

Here I denotes the set [1,n]\ I, and (I, I) is the sign of the permutation (iy,...,ik,j1,---,in—k),

where I = {iy < ... <ir},I ={j1 <...< jJn—k}. To prove the Laplace formula, one notices that
the right-hand side satisfies all the properties of the determinant function with respect to rows.
By the uniqueness of the determinant we obtain that we want.

Theorem (Properties of the wedge product).
(i) (linearity)

Aw +NDAp=dwAn+ N An, Yw,w € A¥(V),Vn e A™(V),Y\, N €R;
(ii) (supercommutativity)
wAn=(=D)"npAw, Vwe A¥(V),Vne A™(V);
(iii) (associativity)
(WA AY=wA(Ay), Ywe A¥V),Vne A™(V),Vy e A V).
Proof. (i) Use that
(Aw 4+ Nw) (Vi Vi) = (Vi e, Vi) + N (Ve V).
Plugging this into the sum (8) we easily get
Dw+ N YAV, o Viem) = Mo ANV, oo Vieem) F NWO ANV, oo Vierm)-
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This checks (i). The sum klm!n A w(vi, ..., Viim) is the sum of the terms

E(jla s 7jk+m)77(vj1a <oy Vi, )w(vjm+17 R ij+7n)'
The sum k!mlw A n(vi,..., Vikim) consists of the terms
E(jh s 7jk+m)w(vj17 s ’ij)n(vjk+17 s 7ij+m)‘

We can write each last term as

(_1)km€(.jk+17 v 7jk+m7j17 v ,jk)W(le, v 7ij)77(vjk+17 R ’ij:+m)'
Here we use that we need km switches in order to go from the permutation (j1,...,jx+m) to the
permutation (Jr41,- -, Jk+m,J1s---Jk) (€ach ji,...,jr should jump over each jxi1,...,Jk+m)-

Obviously this term is equal to (—1)¥™ times a term in the first sum. Thus each term in the sum
for w A n is equal to (—1)*™ times a term in the sum for n A w. This proves the property (ii).

Finally let us prove property (iii). By Example 5, one can choose a basis in A*(V) which
consists of forms ¢y = e; A...Ae; . Writing n and w as a linear combination of such forms, and
applying property (i), we may assume that w = fi A...Afrand n=g1 A.. . Agm,y =h1 A... Ahg
for some linear functions fi,..., fx,91,---,9m,h1,--.,hs. By the Lemma

(wWAMAY=((firN.. s Afi) NG Ao o Agm)) A(hi Ao Ahg) =
(FiA S Afe AGEA o Agm) AR Ao ARy = fi A AR AGLA o AGm Ay Ao A .
Similarly, we check that
WAMAY) =[N AfeANGEA o AGm ARy AL A hs.

This proves the theorem.

As soon as we have the associativity we can always define the wedge product of any number
of alternating forms.

w1 /\wg/\wgzwl/\(wg/\wg):(wl/\wg)/\wg,
wl/\ngngW4:wlA(wg/\wg/\w4):(wl ALUQ/\(,U;J,)AW47
and so on.

Let T : V — W be a linear map between linear spaces. Recall that this means that, for any
vi,ve € V, and any scalars Aq, Ao,

T()\lvl + )\2V2) = )\1T(V1) + )\QT(VQ).

For any linear function f : W — R its composition with 7" is a linear function on V. We denote it
by T*(f). That is,
T*(f) = foT.

Let us generalize this to any alternating k-form. For any w € A*(W) define T*(w) € A¥(V) by the
formula

T (w)(Vi, ...y Vvi) = w(T(v1),...,T(vk)). (10)

o1



It is obvious that this definition is legal, i.e. the function 7% (w) : V¥ — R is indeed an alternating
k-form. The form T™*(w) is called the inverse image of w under the linear map 7.
It easily follows from the definition that for any scalars, A, \ and any w,w’ € A*(W), we have

T*(Mw + NW') = NT*(w) + N'T* ().

In other words,
T . AF(W) — A*(V)

is a linear map.
The operation of the inverse image also behaves well with respect to the wedge product.

Theorem 2. For any w € A*(W),n € A™(W),
T*(w A ) = T*(w) AT (1),

Proof. We can write any alternating k form as a linear combination of the wedge products
of linear forms. Since T™* is a linear map, and A-product satisfies property (1) of Theorem 1, it
suffices to check the assertion in the case when w and n are the wedge products of linear functions,
i.e. to prove that

T*((fin AN J) NG A Agm)) = (T (f) A AT (fi)) AT (g1 Ao A gm)).
Applying the Lemma, we have to check that
T(FAN AN AGEA A gm) = (T ()N AT (F) AT (g1 Ao A gm)).
By associativity, and induction on m + k it suffices to verify that
T*(fng) =T (f)NT(9).
This now follows easily from the definition of the wedge products of linear functions.

To see explicitly how T™ acts on forms, it suffices to find an explicit formula for 7*(¢;) for
basic functions ;. Indeed we can write any w € A¥(W) in the form w = >, A;¢; and obtain

T"(w) = Z AT (¢r).

So, if we know T*(1);), we know everything. Recall that the functions 1; depend on the choice of
a basis in W. Let hq,...,h,, be a basis in W and eq,...,e,, be a basis in V. The linear map T’ is
completely determined by the images T'(e;) of each e;. Let

m
T(ej):Zath jzl,,n
=1

We can put this data in the matrix

ail e A1n

A:

Am1 cee Qmn
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It is called the matriz of T with respect to the basis eq,...,e, in V and the basis hq,...,h,, in
W. For any v =aie1 + ... + ane, € V, we have

T(v)=T(a1e1 + ...+ anen) =anT(e1) + ... + a,T(en) =

al(auhl + ...+ amlhm) +...+ an(alnhl T amnhm) =
(a1a11 + ...+ Oénaln)hl + ...+ (alaml + ...+ Oénamn)hm

This shows that the coordinates of T'(v) with respect to the basis hq, ..., hy, are equal to the vector
(B1y- -+, Bm), where

b1 a1
] =a]
B o,
This shows that the knowledge of A completely determines 1. Now let us see how T transforms

linear functions 1; on W to linear functions on V. Let R, ..., h; be the dual basis of (hi,...,hp)
and (ef,...,e, be the dual basis of (eq,...,e,). By definition,

T*(hi)(ej) = hi(T(e;)) = hiajhi + ... + amjhm) = arjhi(ha) + ... + amshi () = aij.
Comparing this with
(ai1€] + ...+ ainey)(e;) = ainei(ej) + ... + ainey(€j) = aij,
we find that
T*(hi) = apnnel + ...+ aimey,, i=1,...,m.

This shows that the matrix of 7% : AY (W) — A' (V) with respect to the dual bases hf, ..., h*, and

e, ...,es is equal to the transpose A’ of the matrix A of T.

rn

Now everything is ready to get the formula for 7*(¢;). By Theorem 2,
n n
T*(pr) =T (hf, A ABE ) = ase) A AN ai,jef) =
j=1 j=1

§ : * *
Qijygy - - .aimjmejl VANIRVAN Gjm =
(.jl:“'7j'rrL)eS7n

Z < Z e(jl,...,jm)ailjl...aimjm>e;-1 /\”'/\6;;11 =

1<j1 < <gn < (e jm)ES(ji i3

,,,,,

Z det(ALJ)e;i VANPIRAN e;;n = Z det(A[’J)wJ, (11)
JC[1,n],#J=k JC[1,n),#J=k
where
Qiygr o0 Qiggy
Ay =
a'l'mjl ttt alm]m
obtained from the matrix A by choosing the columns with indices i1 < ... < 4y, from I and rows

with indices j; < ... < jp, from J.
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Example 7. Assume m = k, so that the matrix of T is square. Then A*(W) is spanned b
one basic function 1., = hi A ... Ahy, and A"(V) is spanned by one basic function ¢, =
el AN...Aejy. Then

T*(wl,...,n) = det(A)wll,...,n7 (12)

where A is the matrix of T' with respect to the chosen bases in V and W.

Example 8. Let V = R"”, W = R"™ with standard bases formed by the unit vectors. Any linear
map T : R™ — R™ is given by the formula

T(v)=A-v,

where A is the matrix of size (m x n) whose columns are the images of the basic vectors ey, ..., €.
The dual basis to the standard basis in R™ consists of the coordinate functions x; since

zi(ej) = dij.
To distinguish the dual bases in V and W let us denote the dual basis in W by y1,...,ym. Thus
T*(y;) = anz1 + ... + ainxp, i=1,...,m.

This agrees with our usual presentation of a linear map from R™ to R™. Now

T (yi, /\"‘/\yik) :Zdet(ALj)l‘jl ANPIRNVANY i (13)
J

Math. 396. Notes 7: Orientation

Let V' be a vector space of finite dimension n. For any two bases (or frames) € = (e1, ..., ey,)
and & = (e],...,el,) in V we can define the transition matrix Cg ¢/ = (¢;;) by writing

rn
n
/ .
ei:E cije;, t=1,...,n.
Jj=1

We say that &£,&’ are equivalent if
det Cg g > 0.

The following well-known lemma from Linear Algebra shows that this defines an equivalence rela-
tion on the set of frames in V:

Lemma.

(i) Cgs = I,,, the identity matrix.
(i) Cere = Cg g1
(111) C(c/"g// = 0575108/7511

We have the following
Proposition 1. There are two equivalence classes of frames in V.

Proof. Take any frame £ = (eq,...,e,) and consider its equivalence class. Suppose £ does
not belong to this equivalence class. Then, by definition, det C¢ ¢/ < 0. For example we may take
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& = (eg,e1,...,en)if n>1o0r & = —e} if n = 1. In both cases we have det C¢ ¢» = —1. Now we
have two equivalence classes. Take any frame £”. By property (iii) from the Lemma we have

det Cg,g// = —det Cg/’g// .

So one of the determinants is positive, and hence £” is equivalent to either £ or to £’.

Definition. An orientation on a vector space V is a choice of one of the two equivalence classes of
frames. A vector space together with a choice of its orientation is called an oriented vector space.

Example 1. Let V = R”. We can choose the orientation which contains the canonical basis

(é1,...,€,). This orientation is called the positive (or right) orientation of R™. The other orien-
tation is called the negative (or left) orientation. It contains the basis (€, €1,...,6,), if n > 1, or
—51 ifn=1.

Example 2. Let V be a one-dimensional subspace of R™ spanned by a non-zero vector #. Then
any basis in V' is equal to {\t} for some non-zero number X. There are two equivalence classes of
frames: one consists of all bases for which A > 0, another one consists of all bases for which A < 0.
An orientation picks up one of these sets. Of course, geometrically this corresponds to the choice
of a direction of the line, or, equivalenctly, the choice of one of its two rays (half-lines).

Definition. Let 7' : V — W be a linear invertible map between two oriented vector spaces
(necessary of the same dimension). We say that T preserves the orientations if for any basis
€ = (e1,...,e,) from the orientation of V', the basis T(£) = (T'(e1),...,T(e,)) belongs to the
orientation of W.

Remark 1. Note that in this definition it is enough to check this property only for one basis &£

from the orientation of V. In fact, if £ = (e],...,€},) is a basis equivalent to £ then

’n
n
/
€; = g Cij€j, (Cij):C&g’a
Jj=1

implies
T(ei) = ci;T(e}).
j=1

Thus
Ce.er = Cree),rer)-

So, if det Cg ¢ > 0, we get det Cp(g) ey > 0 and T'(€) is equivalent to T'(E”).
Also notice that if T: V' — V' and T” : V' — V" preserve the orientations, then 7" o T : V —
V" and T~1: V' — V preserve the orientations.

Now let us define an orientation on a manifold. We would like to equip each tangent space
T, (M) with an orientation which behaves ” continuously” when we move from one point to another.
The precise meaning of this will be explained shortly.

First let us consider the simplest case when M = U is an open subset of R%. Then each T}, (U)
can be identified with T},(R?) and the latter with the space R%. Choose the positive orientation
on R? from Example 1 and use it to define an orientation on each T, »(U). We shall always assume
that the orientation on T,,(U) is chosen in this way. We call it the standard orientation on T,,(U).
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Definition. An orientation on a d-dimensional manifold M is a choice of an orientation on each
T, (M) satistying the following property: For any p € M there exists a coordinate patch a : U — M
with p € a(U) such that the map o, o-1(p) : To-1(p)(U) = T,,(M) preserves the orientations.

As we shall see later not every manifold admits an orientation. The following theorem explains
the difficulty.

Theorem 1. A manifold M admits an orientation if and only if there exists a set of coordinate
patches a; : U; — M, 1 € I, such that

(i) M = Ue; oulUs)

(ii) for each i,j € I with o;(U;) Na;(U;) # 0,

det Dipa;a, > 0.

We express this condition by saying that o; and o; overlap positively. Here for any two
coordinates patches « : U — M, : U — M with V. = «(U) N BU’) # O (overlapping
patches) we define 1, g to be the diffeomorphism of open subsets of R¢

Ya,p=Po0 a~l: ofl(V) — ﬁfl(V).

Proof. Suppose we have an orientation on M. By definition, we can find for each p € M
a coordinate patch o : U — M such that a. g : T4(U) — Tyq) (M) preserves the orientations.
Letting p run through M we find a set of coordinate patches «; satisfying property (i) of the
Theorem. In fact, if M is compact, we can find finitely many such coordinate patches. Now for
any two overlapping coordinate patches «; and o and p € «;(U;) N o;(U;) we have

(l&aflﬁﬂ :T;;lﬁﬂ(Lh)-—>1;(ﬂl)

and
05*7(1;1(1)) : Tajfl(p)(Uj> - TP(M)

both preserve the orientations. By Remark 1,

(wai,aj)*,a;l(p) = a*,icj_l(p) o a*,aifl(p) : Tafl(p)(Ul) — TP(M) — Ta;l(p)(U]>

preserves the orientations. But then the determinant of the derivative matrix D(1q, ;) must be
positive at a; ' (p). This checks property (ii).

Conversely, assume we have found a set of coordinate patches satisfying properties (i) and
(ii) from Theorem 1. Then we put an orientation on each T),(M) in the following way. Find a
coordinate patch a; : U; — M with p in the image. Put the orientation on 7,(M) by choosing
the equivalence class of the basis & = (32,..., %) of T,,(M) defined by the columns of the

ou duq’ Y Oug
derivative matrix D(a;) at the point a; ' (p). This definition of the orientation on T, (M) does not
depend on the choice of «;. In fact, if a; : U; — M is another coordinate patch with p in the

image, it defines the orientation by picking the basis % = (8%1’ ey %) formed by the columns
of the matrix D(aj)(aj_l(p)). By condition (ii), the determinant of the matrix D(¢a, q;) = (52)
h J

is positive at o L(p). But clearly, this matrix is the transition matrix C 2 from the basis a% to

9
u’ Ov

the basis %. Thus the two orientations coincide.
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Definition. A collection of coordinate patches satisfying properties of Theorem 1 is called a
collection of orientation patches.

Remark 2. As we see from Theorem 1, an orientation on M is equivalent to the existence of a
collection of orientation patches. Suppose we have such a collection {«; };c;. Take some coordinate
patch o : U — M not from this collection. Then a4 : Tq(U) — Ty (q) (M) is either preserves the
orientation or not. In the former case for any «; overlapping with « at p = a(q) the determinant of
the matrix D(1q,q,) is positive at ¢. Assume that U is connected. Then det D(1)q,q,) stays positive
in the whole open set a~!(a(U)Na;(U;)). This shows that we can add a to our collection to obtain
a larger collection of orientation patches. In the latter case, we change the o to o = «a o g, where
g : RY — RY either interchanges the first two coordinates (if d > 1), or multiplies the first coordinate
by —1 (if d = 1). Then the new patch o' defines the map o/, ., Ty-1()(g7 1 (U)) = Tp(M)
which preserves the orientations. Now the coordinate patch o can be added to our collection.

Remark 3. Suppose we choose an orientation on M. Now replace the orientation in each T),(M)
to another one. Then this defines another orientation on M. In fact if «; : U; — M is a collection
of orientation patches for the original orientation of M, we change all of then to the patches
o} following the recipe from the previous Reamrk. The collection {a}} will be a collection of
orientation patches. The new orientation on M is called the reversed or opposite orientation for
the given one.

Now it is time to give examples.

Example 3. Any 1-dimensional manifold M admits an orientation. In fact we can choose an
orientation on M in the sence of parametrized curves. It is defined by the velocity vector o/(t) €
T, (M) at each point of p = a(t) € M where « : (a,b) — M is a coordinate patch at p. We noticed
before that the orientation on the curve defined by coordinate patches which overlap positively,
i.e. with ¢, 5(t) >0 in o' (M) N B~H(M).

Example 4. Any n-dimensional manifold M in R"™ is orientable. In fact, it can be covered by open
subsets in R™, hence it is open in R™. Recall that our manifolds are manifolds without boundary.
We shall discuss the orientation on manifolds with boundary later.

Example 5. Obviously, if M is covered by one coordinate patch it is orientable. Suppose M can
be covered by 2 coordinate patches a and 8. Then M admits an orientation. In fact if these two
patches do not overlap positively, we change « to o’ as in Remark 2 and obtain a collection of
orientation patches {o/, 8}.

For example, let us see that the unit sphere

S" = {z = (@1, ... 20p1) €R™:[Ja]P = 1),

is orientable. For this we shall exhibit two coordinate patches which cover S™. Consider the point
N = (0,...,0,1) € S™ (the north pole). Given a point (ui,...,u,) € R™ let us join the point
(U1,...,Un,0) € R" and N with a line. Its parametric equation is

(1, oy Tpg1) = (tug, ... tuy, 1 — ).

So when ¢t = 0 we get the point N and when ¢ = 1 we get the point (u1,...,up,0). This line
intersects the sphere at a unique point besides N. To get this point we find the value of the
parameter t for which ||(tuq, ..., tu,, 1 —t)|| = 1. It is easy, we have

2
tug, .. tup, 1 =)=t + ...+ )+1 -2+t =1at= .
|| (tus Up i (ui + ...+ uy) e BRI |
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Notice that we discarded the solution ¢ = 0 because it corresesponds to the point N. Now this
value of ¢ gives us the intersection point

2uq U, 2
5 5 1= — 5
ui+...+uz +1 ui+...+uz +1

).

(xlu""anrl):(u%_'_”._‘_u%_i_lw'

This formula defines a smooth coordinate patch
aq R™ — S"

Its image is the set S™\ {N}. In fact, for any a = (a1,...,an+1) € S\ {IN} we join N and a with
the line

(331, ey $n+1) = (tal, .o tay, t(an+1 — 1) + 1)
This line intersects the subspace {x,,+1 = 0} at the unique point

ai Gnp,

(ug, ..., up,0) 0).

TP P
It is immediately checked that this defines the inverse of the map a; : R? — S™\ {N}. Note
that in the denominator a,11 # 1 because we take a different from N. So we can view S™ as a
compactification of R™ by adding one point at infinity.

Now to cover the whole S™ we consider another coordinate patch g doing similar construction

replacing the north pole N with the south pole S = (0,...,0,—1). We give the corresponding
formula for ag : R™ — S™\ {S}:

2v 2u, 2
(:Elv"'amn-i-l):( 2 :

-1 .
Vit 2+ 0 2 4+ 1 +v%+...+fug+1)

Notice that under this map the north pole is equal to the image of the origin in R”.
For the future use let us give the formula for the map

Yar.ar 1R\ {0} = a7 1(S") = R"\ {0} = a; ' (S").
Comparing the last coordinates we find
lulP[lo][* = (uf + ...+ up) (W +... +v7) = L.
Comparing the first n coordinates we find
12

v; u; w; w;||v

o[+ Jlf+1 7 T+ 1/[jof ol + 17

This gives
v = ug||v|)* = Ui i=1,...,n
[|ull?

One can compute the derivative matrix for this diffeomorphism:

8’01 87)1

gul e g“d [|u||? — 2u? —2uq Uy —2uqus ... —2Uq Uy,

T o B 1 —2usuy l|ul]? — 2u2  —2ujus . —2uguy,
SR [full* : : : :

gLu”]? . gLur; —2upuq — 2y, U . ~UptUp_1  ||ul|? —2u?
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We can write this matrix in the form

—2[ul| (A = My),

where
u u% U1U cee UlUp
.1 Ug2U1 u% cee UUp 9
a={ ) tm = A=l
Unp, ' ' h 2
UnpUl  UnU2 e Up,

Its determinant is equal to (—2)™ times the value of the characteristic polynomial of A at A\. The
matrix A has rank 1 and its characteristic polynomial is equal to

det(A — tI,,) = (=1)"(t" — Trace(A)t" ') = (=1)"(t" — ||u|[*t" ).
When we plug in t = X\ we get

det(( g”"

[l IIUH2”) __ 1
[Jul[2

) = (2"l (0 (g —

So the two coordinate patches overlap negatively.

Example 6. Suppose M C R™ is a manifold of dimension n — 1 (a hypersurface). In this case we
can define M (locally) by one equation. Given a coordinate patch o : U — M about a point p it
defines a basis 72—, ... in T,,(M). We can form the vector product

Ouy ? Oup—_1
0 0
Jur X ... X E—
Recall that for any n — 1 vectors ¥y, ..., ¥,_1 in R™ the vector product
V=101 X ...X Up_1

is determined uniquely by the properties:
(i) -4, =0,i=1,...,n—1;
(ii) [|7]] = Vol(¥1, ..., Tn_1) = det((7; - 7;))"/?;
(iii) (¥, v1,...,0Un—1) is basis of R™ belonging to the positive orientation.
Recall also that ¥; X ... X ¥,,_1 is defined by considering the matrix A with columns equal to
the vectors v; and setting
171 X ... X 777171 = (det Al, —det AQ, RN (_1)1+n det An),

where A; is the submatrix of A obtained by deleting the i-th row. Now if
n—1
U_jz':zcijgj; i:1,...,n—1,
j=1

then the matrix A is replaced with the matrix A - C, and we obtain
’Lﬁl X ... X ’Lﬁn_l = det(C){)’l X ... X Un—l-

99



Since we also know that
Vol(zUl, e ,’(En_l) = | det C|V0l(l71, e 7"771—1)

we obtain

u71><...><u7n,1 Z71X...X?7n,1

= (det C/| det C|)

’|U_)‘1><...><U_)‘n,1||7 \|171><...><17n,1||'

In other words, the normalized vector products differ by 4+1. Suppose M is orientable. Then at
each point p € M we can choose a basis (U1, ...,0,—1) in T,(M) from the orientation of T,,(M).

The vector . .
V1 X ... X Up_1

n(p)

- H171 X ... X gnle

depends only on the orientation of T},(M) and defines a function
n:M— S CR”

which satisfies
n(p) - 7=0, VY(p,v)eT,(M).

For any coordinate patch « : U — M from a collection of orientation patches, the composition
no« is given by taking the normalized vector product of the columns of the derivative matrix Do
and hence belongs to the class C*(U) if M is of class C*. In particular, n is a continuous function
on M. Conversely, if there exists a function f : M — S™~! of the same class as one of the manifold
M such that for any (p,?) € T,,(M)

f(p)-v=0

then M is orientable and f = n. We just choose an orientation on 7),(M) by requiring that its
basis 71, ..., ¥,_1 makes the basis

(f(p)aﬁla v 71771—1)

of R™ a positively oriented.

Example 7. Now let us give an example of a non-orientable manifold. Consider the map f : S? —
R* defined by the formula

f(xy,29,23) = (x% — x%,x1$2,$1x3,x2$3>.
We take M to be the image of this map. Notice that
f@) = 1) & 7=+
In fact, comparing the last three coordinates and multiplying them we find
(1’1$2333)2 = (y1y2y3)2-
If x1zox3 = y1y2ys # 0, we get x; = y; (by comparing the last three coordinates) so & = ¢. If

T1T2x3 = —Y1Y2y3 7# 0 we get x; = —y; so that f = —F. Assume finally that x1x0x3 = y1y2y3 = 0.
If 23 = 0, we get f(z1,22,23) = (23 — 23, 2122,0,0) = (y3 — 43, y192,0,0). If 2125 # 0, this gives
1Ty = y1y2, T3 — 23 = y3 — y3. From this it is easy to deduce that (z1,z2) = (y1,%2) and hence
F=7¢ I xiz0 =y192 = 0, we get 27 — 23 = y? —y3. If ;1 = 0, then —23 = y? — y2 implies y; = 0

and again & = (0, x2,0) = £(0,y2,0). Similarly we consider the case x5 = 0. Now, if x3 # 0, and
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r1 =0, we get (—3,0,0,x0m3) = (y? —y3,0,0,92y3). Again it is easy to see that y; must be equal
to 0 and & = +y. Similarly we consider the case x3 # 0,22 = 0.

Thus we see that the image M of the map f is bijective to the set of pairs of antipodal points
on the sphere (i.e. points obtained one from another by multiplication by —1). It is also can be
thought as the set of lines in R? passing through the origin (each line cuts out a unique pair of
antipodal points on the sphere). Clearly the map f is injectve on each half-sphere

Si2:{(l'17$2ax3) 652 LTy >0}7 Z:172’3

Also
M = f(S1) U f(S2) U f(Ss3)

since each pair of antipodal points has a representave in one of the half-spheres S;. Consider the
stereographic projection from the south pole (0,0, —1)

2’01 2U2 2
2 2 )2 2 =1+ 2 2
vi+vs +1 vi+v;+1 vi +v; +1

as :R? — S2, (v1,v2) = (

).

The pre-image of the hemi-sphere S5 is equal to the open subset

2

Us = R2: 14—~
3 ={(v1,v2) € +v%+v§+1

>0} = {(v1,v2) € R? 1 v} +v3 < 1}.

Thus a3 defines a bijective map from Us to S3. Combining it with the map f we get a coordinate
patch
ﬁ3 :foa3 : Us —)f(Sg) C M.

Similarly we find the coordinate patches
Bi:U;— f(S))Cc M, i=1,2.

For this we use the stereographic projection from the points (0, —1,0) (for i = 2) or from (—1,0,0)
(for i =1). We get

2U1 + 2 2’[}2
v+ + 17 vi+vs+ 1702 +0i+1

aa (Ulvv2) - ( )7
2 2111 2’02

: , — (-1 , ,
o (v, v2) ( +’u%+v%+1 v%+v§+l U%+U§+1

).

Now it is easy to see that the maps «; differ by composition with the coordinates switch. So the
three coordinate patches ; of M overlap negatively. Suppose M is orientable with some collection
of orientation patches P. As is explained in Remark 2, I can add each (; to P one by one, replacing
each f; with g/ if needed, to include them in a larger collection of orientation patches. Then the
modified patches 3; must overlap positively. But this is impossible since changing one 3; to 1,
say 1, will leave B2 and f3 overlap negatively. Changing two 3;’s to ., say (1,2, will leave
051, B2 overlap negatively. Thus we have shown that M is not orientable. It is a compact smooth
2-dimensional manifold (without boundary). It is called the real projective plane and is denoted
by RP? or P?(R).

Now assume that M is a manifold with non-empty boundary N. We define the orientation on
M in the similar way. First we do it in the case when M is an open subset U of H? = {(uy,...,uq) €
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R : uy > 0}. We again identify T,(U) with R? and take the positive orientation. Now we define an
orientation on any d-dimensional M as a choice of an orientation on each T}, (M) such that for some
coordinate patch a : U — M with p € a(U) the map a, o-1(p) : To-1()(U) — T,(M) preserves
the orientation. I leave it to you to state the analog of Theorem 1 in the case of manifolds with
boundary. Note that an orientation on M induces an orientation on the boundary N. In fact the
standard orientation of H¢ defines the canonical basis (€1,...,€;_1) in {(uy,...,uq) € H? : ug =
0} = R4"!. The image of this basis under o, ,-1(,) will define an orientation in T,(N) C T,(M).
Here we assume that p € N. If we restrict the collection of orientation patches oy : U; — M to the
subsets U; N {(u1,...,uq) € H? : ug = 0} and identify the latter with an open subset of R4~! (by
forgetting about the last coordinate uy), we get a collection of coordinate patches of N.

In particular, we obtain that the boundary of an orientable manifold with a boundary is ori-
entable. For example, this gives another proof that spheres S™ are orientable (being the boundary
of the ball). This also proves that the real projective plane cannot be diffeomorphic to the boundary
of any orientable manifold of dimension 3.

Finally let us define the volume form on M.

Theorem 2. Let M be an orientable manifold of dimension d. There exists a unique differential
d-form wye on M such that for any point p € M and a basis vy, . .., Uq of T,(M) belonging to the
orientation of M one has

Wyol (P, V1, -+ ., Ug) = Vol(¥h,...,0T4).

Proof. The uniqueness is obvious, since two such forms have the same value on each set of
linearly independent vectors and equal to zero on any set of d linearly dependent vectors. To
construct wye we choose a collection «; : U; — M of orientation patches on M and define wyo on
OAZ(UZ) by

0 0

wVOl(p) = VOl(aiul’ PPN Tw)d’l,bl AL A dUd

where duy, ..., dug is the dual basis to the basis -2-,..., =2 in T, (M) defined by the patch «;.

ouy’ ) Qug

This definition does not depend on the choice of a patch about the point p. In fact, a different

patch defines a different basis -2 9 with the transition matrix C' = (g:}"f ) whose determinant
J

Ovy1’ """ Oug

is positive. Then

0 0 0 0
Vol(=—,...,=)dur A ... Ndug =Vol(=—,..., =) det(C)dvy A ... Ndvg =
0(8u1’ ’8ud) “ td O(aul’ 7Gud) et(C)dvy vd
0 0
(=—,...,=—)d .. A dug.
Vo(avl, ’c%d) vi AL . Adug
Now if we have any basis 71, ..., Uy from the orientation of T),(M), we write

n

=3 9 .

V; = Cij%,lzl,...7d
j=1 J

and obtain
(.1, 50) = Vol o, 2 )dus A A dua(5h, . ) =
WyollP,V1y...,Vq) = O aUI,...,aud U1 Uq\V1y...,0q) =
0 0 . ~
VOl(a’LLl’.”’8ud7)det(cij) = VOl(Ul,.. .,Ud).
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Example 8. If M is an open subset of R™ with its standard orientation, then

Wyol = dx1 A ... Ndx,,.
Indeed the value of dzi A ... A dx,, on any positively oriented set of n vectors is equal to the
determinant of the matrix of its coordinates. Since it is positive it is equal to the volume formed

by these vectors.

Example 9. Let d = 1. Let a« : U — M C R" be a coordinate patch. Then the image of
(t,1) € T;(U) under o ¢ is the velocity vector o/(t) so in a(U) the volume form is given by

wyol = || (¢)]]dt.
Example 10. Let M be an orientable hypersurface in R and n = (ny,...,n,) : M — S"~1
be the unit normal vector function from Example 6. Then w1 is equal to the restriction of the
following form on M:

Q=nydes A... Ndx, —nodey Adzs ... Ade, + ...+ (=1)""'n,dey Adry .. Adr,_y.

In fact, it is easy to see using Example 6 that

Q(p,ﬁl,...,ﬁn) = l’l'(’t_fl X ...Xﬁn_l) = (171 X ... Xﬁn—l/”(l_fl X ---Xﬁn—l)H) (171 X ... XUn_l) =
H(Ul X ... X Unfl)H = VOl(ﬁl,. ..,1_)‘”,1).
For example, when M is given by an equation F(z1,...,2,) = 0 we get

n = tgrad F/||grad F||

and
QANdF = +||grad F||dz1 A ... Adzy,.
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