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These are daily notes for the Spring 2014 Introduction to Geometry course at Penn.
The notes are a combination of notes of my own presentation, and notes derived from sources.
Where notes are derived from books of other authors, I shall attempt to give references.



Preliminaries

0.1 Non-Calculus Basics

0.1.1 Distance
LooamT and 7 = (y,...,y™)7, we have the

Given two points &, § € R™ where ¥ = (z
dot product

-7 2 iyl + 2% + ..+ 2y (1)
Lo 2™)T] the norm of ¥, denoted ||| is

P

(2)

Given a point & € R™ where & = (z
17 = @) + @2 + ..+ @)

3)

One can prove the triangle inequality
12 + gl < lIZ] + Il

(4)

and the Cauchy-Schwarz inequality

7 g1 < 12 |7
Lo 2™ and 7 = (y,...,y") in R", the distance between them is
()

Given two points & = (z
dist(7, ) = |7 — 7.

Given any three points Z, ¥/, Z € R™, we have the triangle inequality
dist(@, 2) < dist(Z, ) + dist(y, 2). (6)
0.1.2 Functions
Given a function f, it is often convenient to specify its domain and range, even without
specifying the exact form of the function itself. For example the function
2? +cos(x) for x¢€la,b] (7)

flz) =



could be written
fila,b] — R (8)

if we don’t know (or don’t care about) exactly what the function is. Of course we may have
multi-variable functions; for instance

—

fla,y) = (2%, v + 2y, zy + log(1 + 2?)) 9)
could be written

f:R? — R3 (10)

It is normally more important to be careful with the range than the domain. For
instance, since log(0) does not exist, the function

—

fla,y) = (2%, v* + 2y, zy +log(2? + y?)) (11)
should be written

f:R?\ {0} — R3. (12)

0.2 Calculus: Integration

The process of integration is breaking a region into very small (indeed infinitesimal) parts,
and summing. In the case of a continuous 1-variable function f : [a,b] — R, we can approx-
imate the (signed) area under the curve by selecting N many points {z1 = a, 2, ..., TN}
and setting the (discrete) length of the i*" interval by Az; £ 2; 1 — z; and computing

N
Z fxs) A (13)

As the partition becomes finer and finer, so N — oo and Ax; — 0 for each i, the discrete
sum Y becomes an “infintesimal” sum [, and we have the exact signed area under the curve

N

b
/a flx)dx = &grlmz;f(xz)sz (14)

0.3 Calculus: Differentiation

Single variable functions

The process of differentiation is conceptually more difficult; perhaps the best we to think
about it is as a way to find the best linear approximation to a function. The definition

Fleo) = tim Ll
w) = Jlim,

(15)



where Af| = f(xo+ Az) — f(xp). Then the best linear approximation to f(x) at zg is
o)

the linear expression

f(xo) + f'(z0) - (x — o).

However there are further interpretations.

Real-valued functions of several variables

In the case of a function
FiR" —R
the linear approximation (equation of a hyperplane) to a f(Z) at @y is
(@) + V(o) - (¥ — o)

where the - is matrix multiplication and the gradient is the row vector

ﬁf:<<9f of 3f>

Oxl’ 0x2” 7777 Oxn

0.3.1 Vector-valued functions of several variables

In the case of a function
F:R" — R™
the linear approximation (equation of a hyperplane) to a F(Z) at & is

F(fo) + VF(zo) - (F — 7o)

where the - is matrix multiplication and v f is the Jacobian matriz of f

art  oFr! aFt

Oxl Ox2 t oxn

AF%  9F* AF?
oL Ozt Ox? t Oz
VF =

OF™  OF™ OF™

Oxl Ox2 t Oz

(16)



Lecture 1 - Curves in R"

Delivered Thursday Jan. 16

1.1 A word on notation

In the past, coordinates on R™ would be denumerated with subcripts, that is as 1, x2, ..., Ty,
and coordinates given as a row vector, for instance (x1, ..., z,). As will be increasingly
clear throughout the course, it will be convenient to use superscripts instead, and also to
consider points in R™ to be column vectors, not row vectors.

To be precise, let

1 0 0
0 1 0
€ = . €y = | €n = | (1.1)
0 0 1
be the basis vectors of R™. Then an arbitrary vector ¥ € R™ has components v, ..., v™,
and ¥ is the column vector we write
ol
n 02
V=) v = . (1.2)
i=1 :
,U’ﬂ

We may abbreviate this by (v?). At times we want to deal with row vectors; these are
indicated by lower indices. A row vector would be denoted (v1, va, ..., v,,). For instance
if v = 1, vo =0, v3 = —2, the row vector (v;) would be (1,0, —2).

This gives a convenient way to denote matrices as well. The matrix (aé-) would be

ai aé . aé

. al a2 a’n
(@5) = | . L (1.3)

a® ayt ... al



so the notation is

aro® (1.4)

column

1.2 Curves
Given a 1-dimensional object in some space, there is a difference between the geometric
object itself and the parametrization used to describe it.

A parametrized curve in R" is a continuous function
y:1 — R (1.5)

where I C R is any interval. Following with our convention of considering points in R™ to
be column vectors, the path has components v¢(t) and we have

() = : (1.6)

If 4 is differentiable, the tangent vector at zo € I is just the column vector

dil
dt
ﬁ
d’? dt
dy"

dt

Reparametrizations

’y’( ) is any parametrized curve, the length of the curve between points py = ¥(¢p) and
= J(t1) is geometric, meaning independent of parametrization. It is given by

t 2 2 2
. ! d72 dym
= _ 1.
p|dv| /f /\/ dt>+ +(dt> it (18)

Given a fixed point py = (tp) on the curve, this allows us to define the arclength as a

function of t¢:
t
s = s(t) = /
to

dv

ol
dr

dr (1.9)



Example. Consider the curve in R? given by

() = ( ?rf ) (1.10)

From the initial point (0,0)”7 = 7(0), determine arclength as a function of time.

Solution. We compute

CCITZ — < s > (1.11)

and |d7/dt| = 2v/1+ 2. From (1.9) we then compute

t
s = / VItridr = t/1+8 + ln<|t\+\/1+t2> (1.12)
0

1.2.1 Calculus of Curves

The unit tangent to the curve, denoted T (or ﬁ; if the function ¥ needs to be specified) is
the normalized tangent vector

L dy/dt a7 /ds

T = 4 = 4/es (1.13)
ldy/dt]| —||ldy/ds|

The principal normal is the direction (not the magnitude) in which the unit tangent is
bending in:

o dT/dt dT/ds
de/dtH de/dsH

(1.14)

The magnitude of the change in the tangent vector is called the path curvature or geodesic
curvature of the curve, and is denoted k:

T ‘ T
dt
ko= |||l = A (1.15)
ds ||
1.2.2 Computation of s
For twice-differentiable curves, from (1.14) we have the formula
T’ .
— = kN 1.16
prially (1.16)



which is really only useful if we have a shortcut for computing x. We compute

dl d (7| ay| ™"
dt — dt \ dt || dt
A e L d7d |47 -1
Code? || dt dt dt || dt
_1
_d?F di_1+d'7d aylI?\ °
oA || dt dt dt \ || dt
_3
&7 dy||Tt 1dy d ||d7|? (||d7 : (1.17)
Tode? || dt 2 dt dt || dt dt
m‘dg * lﬁi’ﬂ‘z
_ dt? dt 2 dt dt || dt
- g
dt
&ydy 4y dydPy 4
__ dt® dt dt dt dt? dt
- 3
ay
|4
Then
5 2
= A’y dy dy dy d*3  d7y
o |”_ | FEE - dal
dt PIE
dt
Oy (8 ) g (d fﬂ)Q(cﬂ.dg> 4 (g dj)Q
dt? dt2 dt dt dt dt dt dt dt dt dt2 dt
= 16
’dg
d
o 2 tz - , (1.18)
d“y o dy dy d“y dy = = R
@) (@) - (@d) _ FE - G)
- 4 - 4
dy N
| j
112 dT 2 = [12 ] 5|2 w2
1 5 I I )
|| ds o qds2 5|16
dt Yy
\/.. 2.2 N2
ARl - G-
— (1.19)
. 3
v




1.2.3 Interpretation of k

Consider a parametrized circle of radius > 0 in the plane:

) = (o)) (1.20)

B ()T (i)

We compute

1.21
Za W ] N S 2
| ||atz|| dt dt2
so that by (1.19)
r2 .02 _
poo Y20 (1.22)

r3

The curvature of a circle, therefore, is the inverse of its radius.

The osculating circle to a curve 4 : I — R™ at a point 7(¢g) is the best approximating
circle: that is, the circle that is incident on ¥(ty), has the same tangent 7', principal normal
N, and curvature x as 7 at tg.

Example: Circles

Circles in the plane are easy to parametrize, mainly due to the fact that there is no

1
question as to which 2-plane the circle lies in. If a circle in R? has center p' = ( ]]; 9 ) and

radius r, a good parametrization is

i(r) = ( p, reost > (1.23)

p? 4+ rsinT

In higher dimensional settings, it can be a little tougher to figure out due to the fact that
the circle’s 2-plane has to be specified. Assuming a circle in R™ passes through point p and
has radius r, and, at p, has unit tangent vector T and unit normal vector NV, we should have
enough information to find an equation for this circle. Indeed

fi(r) = 7+ r(cos(t) — 1) N + rsin(r)T (1.24)

fits the bill. To see this, note that clearly this path lies in the plane through p’ that is
spanned by T and N, that it passes through p at time ¢ = 0, and that its curvature s is the
constant 1.

1.3 Exercises

1) Using only the triangle inequality , prove the Cauchy-Schwarz inequality .



10)

Using only the triangle inequality for norms (3]), prove the triangle inequality for
distances @

Consider the path 7 : R — R3 given by v1(t) = %t%, Y2(t) = sin(t), v3(t) = cos(t).
Determine arclength s as a function of time, where s(0) = 0.
Reparametrize the path 4 from problem (3) in terms of arclength.
Determine the best linear approximation to the given functions at the given points.
a) f:R—R, flx) = 2% at 29 =1
b) fiRZS R, f(T) = 24222 + (21)7 at 3 = (1, —1)7
- - (21)*a? +1 1
o) f:R*=R? f(7) = xla? ati”b:(l)
r! + 2?

Determine the unit tangent T and the principal normal N for the following curves:

- 3t
o0 = (3 )
b) 7(t) = (cos(t), sin(t), t)"
For curves (a) and (b) in problem (6), graph a portion of each curve, and graph T'(to)
and N(tg) at tg =1
Consider the plane curve J(t) = (cos(t), 2sin(t))” .

a) Compute x as a function of .
b) Determine the equations of the osculating circles for t =0 and ¢t =

s
5.
c¢) Sketch the graph of 4 along with the osculating circles for t = 0 and t = 7.

Consider the plane curve 7(t) = (¢,t3)T; its graph is the standard cubic. Determine
the osculating circle to the graph when ¢ = 0.

If time is measured in seconds (s) and space is measured in meters (m), then what are

the units of geodesic curvature, k7

No additional problems for 501 students this time.
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Lecture 2 - Euler Curvature

Lecture given Tuesday Jan 21 — class shortened by snow.

2.1 Old calculus and new notation

2.1.1 Directional derivatives

In the new notational conventions, rows are parametrized with upper indices and columns
with lower indices. Let f : R®™ — R be a real-valued function. Its partial derivatives are

given the notation

of
oxt’

fi &
so that it is natural to consider its gradient to be a row vector:

o - (LA

Oxl’ 022’ 7 Oz

) - (f,lv f,2a ey f,n)

Letting

be a vector, the rate of change of f in the ¥-direction is just the matrix product

1

v
N (f,17f,2a'~-7f,n) 2 n ‘
(V) @ = S S s
: i=1
o™

11



Consider another calculus problem. You are given a vector field
Fl(zt, ..., a") F!
F(a', ..., 2") = = (2.5)

and you wish to determine how the field is changing, at the point Z in the direction ¥. The
answer, of course, is to take the Jacobian of F’

SF - (r)
2 2 1
Fi F35 F, (2.6)
Fy Fy ... F7
where we have defined F’] = %7 and to apply ¥ = (v!,...,0™)7T:
FYy Fy ... F vl ZF;W
- 2 2 1 2 g
dF - = El F72 F’n v ZF,'UJ
@ - VETE L = . (2.7)
FY Fy ... F7 v" > Fh

A related question is the following. Given a function F' : R” — R and straight line
v(t) = p+ ¥t in R?, what are the first and second derivatives of F o y? We have

1

v
2
dF - v i
o5 = VET = (F1, Fa, .o, Fin) : = ZF,W (2.8)
v" '
The Hessian of F', namely
V2F = (Fy) (2.9)

is a 2 x 2 array whose indexing indicates it is a column-column matrix (instead of the usual
row-column matrix). This obviously can’t be drawn, but consider the usefulness of our
indexing scheme:

d dF = i T
pre > Fiju'v?) = VPF 4.0 (2.10)

i,j=1
This is often denoted V2F (¥, ). In particular, any function F : R — R provides is with a
bilinear form:

VPF(5, @) = Y Fijo'w. (2.11)

)

4,j=1

12



2.1.2 The Einstein sum convention

The Einstein sum convention consists of simply leaving off the sum sign, and whenever
repeated upper and lower indices appear as a product, one knows to sum over them. So for
instance

dF -
—_ = .F‘i'l)Z
dv R (2.12)
V2F (0, W) = Fiv'w.
and we can also write the inner product
(U, @) = "0y (2.13)

Indeed the transpose of the column vector ¥ = (v?) is the row vector (8;;07).

2.2 Curves on a surface

First consider the issue of unit-parametrized, straight-line paths in R?—these are determined

by a point p € R? and a direction, encoded by an angle #. Then a unit-parametrized path
1

in R? through p = ( gQ ) is given by

1
. _ p- +tcosf
t) = ( p? +tsinf |- (2.14)
If further clarity is needed, we can explicitly index ji by its starting point p and direction 6:
1
- _ ( p +tcost
i) = (T ). (2.15)

Now consider the graph of a function f(z',22). A path fiz(t) lifts to a graph on the
surface, given by

p' + tcosf
Y5o(t) = p? + tsind (2.16)
f(p* +tcosd, p* +tsind)

2.3 Euler’s notions of surface curvature

Let f(x!,2?) be some function, and let (p',p?, f(p',p*))? be a point on the graph, and
consider the family of paths through this point:

pt + tcosf
Yo (t) = p? + tsind (2.17)
f (p* + tcosb, p* + tsind))

13



(where we have left 5 implicit).

Now for each 6 the curve vy lies on the surface and has its own geodesic curvature.
Each path passes through the point (p!, p?, f(p',p?))? at time zero, so we can record the
curvature k at that point. We define

k(p, #) = curvature of the path 4y at time 0. (2.18)

Obviously « will vary with 6. Fixing the point p'and allowing 6 to vary, we will find a largest
and smallest curvature.

To arrive at Euler’s notion of surface curvature, we must also require that the principal
normal of these curves is also normal to the surface. When this is the case, the largest and
smallest curvatures are called the FEulerian principal curvatures r1(p) and ko (p). Specifically

k1(p) = sup k(P 0)
0elo,m)

— inf k(7 0).
K2 (P) 061{5’#)"(197 )

(2.19)

From these, Euler determined two measures of the curvature of a surface at a point:
the Eulerian mean curvature and the Fulerian curvature, defined to be, respectively,

1
M = 5 (s r) (2.20)

K = K1K2.

2.4 Exercises

1) (Practice with notation.) Suppose the 3 x 3 matrix (A}) is given by A} = —1+i+ j.
Also let

=1 0 d=| 1 (2.21)

a) Find the vector (Ag»vj).
b) Express (6;;07) as a vector (is it a row or a column vector?).
¢) Find the scalar A;Jikvjwk.

2) Consider the vector-valued function F:R3 - R3 given by

rlz?

F(a', 22, 2% = [ L ((m1)2 + (x2)2 + x2x3> (2.22)

r — T

14



a) Determine F3 as a function of ', 22 and .

b) At the point £ = (1,1,1)7, how is the vector field changing in the direction

5= (V3.v/3.V3)T?

212
3) Consider the surface given by the graph of f(z!,2?) = % <(:c1)2 + (wlo) > Simply

set p'= ( 8 ) and determine the curvature x(p, 6) as a function of . Determine the

principal curvatures at this point.

Problems due Thursday Jan 30.

15



Lecture 3 - Euler Curvature,
continued

Lecture given Thursday Jan 23.

3.1 A conceptual look at Euler curvature

Formal definition of principal curvature

Euler’s work was in surfaces in R?, so let’s spend a moment looking into the geometry here.

Given a point 7 € R3 and a vector ¥ based at j, how many planes exist that both pass
through p" and contain the vector ¥?7 The answer, of course, is half a circle’s worth.

Now consider any (twice differentiable) surface ¥ in R?, and let 5 be a point on X. At
P, the surface itself has a normal vector N, so follows:

Now consider the family of planes that passes through § and that have a direction in

16



common with N. Two examples of such planes are as follows:

(I -MEM B [ -DNEE

As you can see, each plane cuts out a curve that is both a plane-curve, and also a curve
on the surface. At p'itself, the tangent to each curve lies tangent to the surface, and because
it is a plane curve, the normal to the curve must lie both along the plane and perpendicular
to the unit tangent tangent, so each curve has as its normal the vector N , the normal to
the surface. Two examples of such curves are as follows:

1 PDERS : I e=ea

17



Having fixed the point p and the normal vector N , we obtain a family of curves passing
through p) and so that the principal normal of each curve at p is parallel to N. At p, each
curve has a curvature k. We make one more note: we define £ to be positive if the curve’s
principal normal is N and define x to be negative if the curve’s principal normal is —N.

Now we can precisely define principal curvatures. Among all such curves passing
through p, there will be a largest and a smallest curvature (possibly both negative!)
These are called the principal curvatures, and we label them

k1(p) and kKo (P). (3.1)

This geometrical formulation has two main points. First, it is completely independent
of any coordinate system. Thus there is no question of ambiguity arising from choosing
different origins, coordinate axes, or choosing spherical over rectangular coordinates, say.

The second point is even more significant. The reason for insisting that the principal
normals of the paths themselves are parallel to the surface’s normal is to unsure that, as
much as possible, the paths are bending the way the surface is bending, and that the paths
are not bending in any way within the surface itself.

Procedure for computing principal curvatures

Somehow we have to parametrize the curves we obtained from the slicings described above.
Since everything is coordinate-independent, the first step is to choose a propitious coordinate
system: choose a system so that the point under consideration, p, is at the origin, and choose
the x'-22 coordinate plane to be tangent to the surface at p.

In this case, the normal to the graph is simply the vector that points straight up

0
along the z-axis: N = 0 |. The planes through the origin O that contain N can be
1
parametrized by the angle they make with the z!'-axis, which we may call 6:
. 0 cosf
P(6) = the 2-plane through O spanned by N=| 0 | and | siné
1 0
3.2
0 cosf (32)
= all linear combinations of [ 0 | and sin 0
1 0

We can assume that the surface is given by the graph of a function f(z!,2%). The next
question is, how can we parametrize the path produced by the intersection of the graph
23 = f(2', %) and the plane P()? If we call this path ¥y, then

tcosd
FJo(t) = tsinf . (3.3)
f (tsinf, tcosh)

18



3.2 Computation of curvatures, assuming v f=0

3.2.1 Geodesic curvatures of curves on a surface

Now let ¥ be a surface in R? given by the graph of a function, meaning
E - x2 2 S Q (3.4)
x
fat, 2?)

where (2 is some domain in R?. We have assumed the coordinate system is chosen so that
f(0,0) =0 and Vf = 0 The paths 7y(t), described in the previous section, are given by

tcosd
Yo (t) = tsind (3.5)
f(tcosd, tsinb)

The velocity and acceleration vectors are

- cos
CC% = sin 6
cos + sinf
Ja 2 (3.6)
dQ,? 0
- — O
2
dt cos?0 f11 + 2cosfsinf f1a + sin29f722
and we compute
a7 |)? . )
= 1+ (cosf f1 + sinf f2)
27| )

‘dtQ = (cos?0 f11 + 2cosfsing f12 + sin6 fa0) (3.7)
25 dy\’ . 2, , i ,
a2 dr = (cos@ f1 + sinf f2) (cos 0f11 + 2cosfsind f12 + sin 9f722)

so that

cos20 f11 + 2cosfsinf fia + sin?6 foo
K = 2 : : (3'8)

(1 + (cosbfq1 + sin9f72)2)%

Notice that we dropped the absolute value. This is to account for the sign of , as discussed
in the previous section. Finally, our assumption that Vf = 0 forces f1 = f2 = 0, so we
obtain

Kk(0) = cosQHf,H + 2cosfsinf f12 + sin29f722 (3.9)

19



3.2.2 Principal curvatures

At our chosen point (the origin), we now have x as a function of 6 being

k(0) = cos®6 f1; + 2cosfsinf fio + sin® 0 fao. (3.10)
We want to extremize k, so we take a derivative and set to zero:
dk
0 =
do
= —2cosfsinf f1; + 2 (cosQG — sin? 9) fi2 + 2cosfsinf fos (3.11)
= —sin(20) (fi1 — fa2) + 2co0s(20) f12
We obtain
Ji1 — fa2
cot(20) = ———==. 3.12
20) = P (3.12)

Noting that we must accept all solutions for § € [0,7) so that 20 may be in [0,27), we
therefore obtain two solutions for 6, characterized by

sin(20) = + 212
\/(fn — f22)* + 4 (f12)? (313)
cos(20) = =+ fu - fo .
\/(fn — f22)? + 4 (fr2)?
From the half-angle formulas we get
ag2g - Locos(20) ¥ (fi1 — fo2) + \/(fn — f22)* + 4 (f12)°
? 2\/(fn — f22)* +4(f12)° (314)
o2 — LHcos(20) £ (fi1 — f22) + \/(fn — f22)* +4(f12)*
2 2\/(f11 — f22)* +4(f12)°
Putting this in to we find that the two principal curvatures are
Ju + fa2 + \/(fn — f22)? + 4(f12)”
K1 =
2 (3.15)
Juu + fa2 — \/(fn *f22)2 + 4(f12)2
Ko = .
2

3.2.3 Euler’s first theorem and Gauss’ second derivative test

Theorem 3.2.1 (Euler, 1760) The two paths that represent the principal curvatures of a
surface ¥ at any point P’ intersect at right angles.

20



Proof. The principal curvatures at p, and the paths that through p that carry those curva-
tures, are independent of the coordinate system that is chosen. Thus we can select a special
coordinate system, where p'is the origin, and the x'-22 plane is tangent to the surface at p,
and using these coordinates we can extremize x = (), where, recall, x(0) was defined to
be the curvature of the path ¥y () at t = 0.

We found that the two angles 6 and 05 that extremize k(6) are characterized by the
fact that each is in [0, 7), and that

sin(20;) = + 2f12 . cos(20)) = + far — fo2
Vb= f20” = 4(£22)° Vit —gar a2
sin(20y) = — 22 L cos(20,) = — far = fo2

\/(f,u — f22)? = 4(f12)? \/(f,n — f22)? = 4(f12)°

The angles 20; and 265 are therefore 7 different from each other, so 6; and 6, are 7/2
different. Therefore the two paths are orthogonal at p, and remain so regardless of whatever
coordinate system is chosen. O

We have defined mean curvature to be the average of the principal curvatures: M =
% (k1 + K2), and Euler curvature to be the product of the principal curvatures: K = k1ka.

Working, as above, under the assumption that v f =0, we compute

M = %(fll + fa2)
K = fufa — (f2)*

(3.17)

Notice that these expressions can be seen in terms of the Hessian matrix: M = %Tr(ﬁz id)
and K = det(V2f).

Gauss noticed that, at any extreme point of the graph of a function f(z!,z?) (meaning
that f1 = fo = 0), K could be used to determine if the extreme point was a saddle, a
maximum, or a minimum. Specifically, at a max or a min, the quantity K is either positive
or zero. At a saddle, the quantity K is negative or zero. Gauss arrived at the following rule:

if K >0 and M > 0 the function has a minimum

if K >0 and M < 0 the function has a maximum

if K < 0 the function has a saddle (3.18)
if K = 0 the test gives no information.

3.3 Exercises

1) This exercise is to illustrate the necessity of rechoosing the coordinate system before
computing the principal curvatures. Consider the unit 2-sphere, given by (z')? +

21



T
(22)? + (%)% = 1 in 2!, 22,23 coordinates. Let p' = <%,0, %) . We can consider
the upper-half sphere to be the graph of f(z!,2?) = \/1 — (21)? = (22)®. Let 9y be
the path, passing through p’ at time ¢ = 0 whose osculating plane is parallel to the

x3-axis and makes the angle § with the x'-axis. This path is given by

% + tcosf

Fo(t) = tsind . (3.19)
f (% + tcosf, tsin&)

a) Find the curvature k of the path 7y, as a function of 6.
b) What is the maximum and the minimum of the function () from (a)?

¢) For the unit sphere, we know that K = 1 and M = 1 (see problem (2)). However
if you were to find k1 and ko from (b), you would compute larger values for both.
Explain why; especially explain why the spurious values from this problem are
larger and not smaller than the true values.

T
Consider the sphere of problem (1), along with the point p = (%,0, %) . Go
through the whole process of determining the mean and Eulerian curvatures at p|
including re-choosing the coordinate system, compute x as a function of 8, and so on.
You must describe the method step by step, but if you use some common sense and
your basic knowledge of spheres, this won’t be a difficult problem. Was there anything

special about the point p?

Consider the surface obtained by graphing f(z!,2?) = z'2?. Find K and M at the
point (0,0,0)” on the surface. Explain why x; and xy have opposite signs.

Given our computations (3.10) and (3.13)), verify formula (3.15]).

Given any n x n symmetric matrix A = (aé-), prove that its eigenvalues are real and
non-degenerate, and it has orthogonal eigenvectors.

FEuclidean space R"™ is the n-dimensional vector space with distance measured by the
Pythagorean theorem, infinitesimally expressed by

ds = \J(del)? + ... + (den)?, (3.20)

Now define R™* to be the (n + k)-dimensional vector space with distance measured
(infinitesimally) by

ds = \J(dal)? + ...+ (dem)? = (dant1)? — . — (dan ). (3.21)
In particular, the spaces R* (or sometimes R™!) are the Lorentzian vector spaces of

special relativity. Sketch the following paths, and compute their lengths as a function
of t
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(
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=

d) J(t) = cos(t) , t €[0,t0], any tg, in RH?
sin(t)

Ezxercises marked with a “«” are for 501 students.

Problems due Thursday Jan 30.
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Lecture 4 - Euler’s Theorem.
The Gauss Map.

4.1 Aside: Symmetric 2 X 2 matrices

<‘C’ z) (4.1)

Any symmetric matrix has real, orthogonal eigenvalues. Further, computation reveals that
the two eigenvectors and corresponding eigenvectors are

a+b++/(a—b)2 + 4c? . 2
A= 9 ) U1 =
—a+b++/(a—0b)2+4c?

2c

Let A be a matrix of the form

(4.2)

a+b—+/(a—0)? + 4c? .
Ao = (2 ) ; Uy =

—a+b—+/(a—0b)2+4c?

4.2 FEuler’s Second Theorem

Consider again the surface ¥, with a point p' € 3, and a choice of coordinate systems that
makes p the origin with the 23-axis parallel to the normal N at p.

At p’ denote the principal directions by ‘_/'1 and ‘72 These are the initial velocities of
the paths that carry the principal curvatures. From (3.14) we easily compute

2f12
vV, =
— (fi1 = fa2) + \/(fu — fo2)? +4(f12)°
2f12 (43)
Vy, =

— (fi1 — f22) — \/(fn — fa2)® +4(f12)’
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which of course are the eigenvectors of the Hessian V2 f. We make a final computation
before wrapping things up. Consider a path along the graph through p’ that makes an angle
of ¢ with the V1 direction. Then using

fir + foo + COS(QSD)\/(fn — fo2)” + 4(f12)” (4.4)
2

cos? pr1 + sin pry =

Recall that we used 6 to denote the angle with respect to the z!-axis in our special coordinate
system. Now ¢ and 6 are related by an offset that we shall call 81, which is just the angle
V1 makes with the z'-axis, whose sine and cosine are given by 1} We compute

cos(2p) = cos(26 — 26,)

= cos(20) cos(261) + sin(26) sin(26;)

Ji1— fa2 + sin(20)
\/(fll*f22)2 + 2(f12)° \/(f11*f22)2 + 2(fi12)°

4.5
= cos(20) 2h12 42

so that

fi1 + foo + cos(20) (fi1 — f22) — 2sin(26) fi2
2

_ 1+ COS(QH)fu 0(2)5(29) fao + sin(20) fio

= cos?0 fi1 + sin(26) f12 + sin®f fay = K

congom + sin2<p/£2 =

(4.6)

This is the Fuler curvature formula, which is Euler’s second theorem.

Theorem 4.2.1 (Euler, 1760) Let k1 and ko be the principal curvatures at a point P
on a surface, and let ‘71, 172 be the corresponding principal directions. Then 171 and ‘72
are orthogonal, and the direction along the surface that makes an angle of ¢ with Vi has
curvature

Kk(p) = cos? (@) k1 + sin? (@) kKo. (4.7)
4.3 Some geometry of level-sets

4.3.1 Gauss’ idea

Recall the Frenet formulas

d T 0 Kk 0 T
s N = - 0 7 N (4.8)
S\ B 0 -7 0 B
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In Euler’s methodology, the curves used to study the surface are also plane curves, so 7 = 0.
This means that

T .

Cfi— = rkN

5, (4.9)
aN-_ 7

ds '

for each of the curves. So instead of studying the tangent vectors of these paths, we could
study the way the normal vectors change. However these normal vectors are chosen to
coincide with the normal to the surface itself.

Gauss’ idea was to study the normal vector to the surface itself, without the compli-
cation of having to choose specific curves on the surface. Gauss’ methods, which we will
spend the next few lectures on, have the added advantage of being easily applicable in higher
dimension.

4.3.2 Level-sets and normals

We have been considering surfaces given by the graph of a function, but in the study of
geometry it is often better to study level sets of functions. This allows us to study objects
that cannot be expressed as the graph of anything. For instance, consider the objects

F(z' 2% 23) = ((x1)2 + (x2)2 + (:cg)g), F(z', 2% 2%) = ¢
F(z! 2%, 2%) = ((xl)Q + (a:2)2 + (x3)2 —1) (m1—|—m2—x3), F(z, 2%,2%) = 0.

The first is the sphere of radius /¢, and the second is the union of sphere of radius 1 with
the plane z? = 2! + 22.

A hypersurface in R™ will, from now on, be considered to be a level-set of the form
F =0 for some function F': R™ — R. The gradient of a function F' is always orthogonal to
its level-sets (as long as |V F| is non-zero), so we have the two unit normals:

VF
PR (4.11)
vF]
A surface F' = 0 is called non-singular at p= (z!,...,2™)T if (in addition to F(p) = 0) we

have 6F(ﬁ) £ 0. A point on the surface F = 0 is singular if also VF = 0. Note that the
system of equations F = 0 and VF = 0 is overdetermined, meaning you usually can’t find
any critical points. This is a primitive version of Sard’s theorem.
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4.4 The Gauss Map

Let M™~! be the (n — 1)-dimensional surface in R™ given by a non-singular level set F' = 0,
where F': R” — R. The Gauss map, G, is simply the map that sends each point p € M"~!
to the normal vector at that point. Since any normal vector lies on the sphere S"~! C R",
this map can be thought of as a map

G: Mt — s"h (4.12)

We have a formula for the unit normal to a surface, provided the surface is given by the
level-set F' = 0. Let’s look at a few examples of the Gauss map for surfaces ¥ € R3.

Example: The Gauss map for the flat 2-plane

Choosing ¥ C R? to be the x!-z2 plane, the normal vector field N is the constant

—

N=(0,0,1). (4.13)
The image of the Gauss map is therefore simply the north pole on the 2-sphere.

Example: The Gauss map for the cylinder.

Consider the function F(z!, 2% 23) = (;101)2 + (x2)2 — 1. The level-set
¥ = {(z', 2%, 23T | F(2', 2% 23) = 0} (4.14)

is simply the cylinder of radius 1 that is translated up and down the z3-axis. If § =
(p*,p%,p*)T € %, then the unit normal is
VFE 2p*, 2p°, 0
W( 17p27p3) = ( 2 ) 5 = (p17p2)' (415)
24/ (p")” + (»*)

The image of the Gauss map is therefore the equator of the unit sphere.

Example: The Gauss map for the sphere of radius 7.

The point 7 = (p*, p?,p?)7 is on the sphere of radius r if (p1)2 + (p2)2 + (p3)2 =2
The unit normal at p is quite simply p/|p]. The image of the Gauss map is therefore the
entire sphere.

Indeed, the Gauss map on the unit 2-sphere can be considered the identity map.

Example: The Gauss map for a paraboloid.

Let F(z',2?, 23) = 2% — ((x1)2 + (x2)2>, and set ¥ = {F = 0}. The unit normal is

VF (=2, —22,1) (=2t —2?1)
IVF| T+ @2+ @202 V1240

(4.16)
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Notice that the inner product <(0, 0,1) ﬂ> > (0 at all times. This means that the angle

P IVF]

between the unit normal and the vertical vector is always acute, so the image of the Gauss

map

is within the upper hemisphere. It is easy to see that the image in indeed the entire

(open) upper hemisphere.

4.5 Exercises

)
2)

*4)

*8)

Verify the formulas in (4.2)). Examine the cases that a = b and that ¢ = 0.

Consider the case of “hypersurfaces” in R? (that is, curves). Specifically, consider the
level sets Fi.(z!,2?) = 0, where F, is the cubic, parametrized by c, given by:
1
F.(z', 2%) = (2?)? — g(xl)?’ + 2! — (4.17)

For generic ¢, determine all singular points of the curve. Graph several representative
curves, and explicitly label all singular points.

Consider the family of surfaces in R3, parametrized by ¢, given by the quadratic

polynomials Fy.(z!, 22, 23) = — (x1)2 - (m2)2 + (x3)2 +c. Sketch several representative
surfaces for ¢ in the range, say, [—2,2]. For each ¢, determine all singular points and

label them on your graph.

Prove that mean curvature is not just the mean of the principal curvatures, but the
mean of all curvatures as 6 varies through the entire circle of directions.

Can Euler curvature can be expressed as a total integral for 6 € [0,27), as you ex-
pressed mean curvature in (3)7

Consider the parabola in R2; this is given by the zero-set of F = —22 + (xl)Q. Sketch
the image of the Gauss map, and label, on S, the images of the points (0,0)7, (1,1)”
and (—1,1)7.

Compute, explicitly, the Gauss map G of ¥ = {F = 0}, where F(2!,22% 23) =
-1 ((x1)2 — (mz)z). Label the images of the points (0,0,0)”, (1,1,0)”, and
(v3,1,1)7?. As a set, what is the image G(X)?

Let ¥ be a surface in R3 that is the graph of a (twice continuously differentiable)
function. Prove that the image of the Gauss map is contained in a hemisphere of S?.

Wy,

Exercises marked with a “«” are for 501 students. Exercises marked with a “«x” are

optional.

Problems due Thursday Feb 6.

28



Lecture 5 - The First and
Second Fundamental Forms

5.1 Gauss’ definition of curvature

If X2 is a surface in R?, the Gauss map G : ©2 — R? distorts the shape of ¥ rather severely.
In particular, consider a domain R C ¥, and consider how it maps to S2. Its image is G (R).
Now consider a point p € ¥, and consider all domains R, in > that contain p. The Gaussian
curvature of X at p, denoted K¢, was defined by Gauss to be

Area(G(R,))

5.1
Rpgr%p} Area(Ry) (5.1)

Ka(p) =

Now this definition is not rigorous, because exactly what is meant by limg__,(, is problem-
atic. Possibly a clear notion of this limit can be obtained, but it would require an involved
argument to prove that the limit doesn’t depend on the way that the domains R, shrink
down to the set {p}. Further below, we take a more modern approach to all this.

5.2 Tangent Spaces and the First Fundamental Form

Let ¥ be the hyper-surface in R™ given by F(z!,...,2") = 0. A point p € X is said to
be a singular point provided VF = 0. If the point p is non-singular, then it is possible to
determine a tangent space to 3 at p. This is denoted T},3, and defined to be the following
vector space:

P

T,% 2 { vectors U based at p such that <‘7, ]\7> =0 } . (5.2)

Gauss defined a bilinear form, the first fundamental form to be simply the restriction of the
inner product to the tangent space:

I (0, W) = (U, W), provided v,d¢€T,X. (5.3)

Often the form I is denoted by g.
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5.3 The Second Fundamental Form

The Gauss map is a map that sends any non-singular surface > € R”™ to the unit sphere
Sn—1. Gauss wants to look at how regions in ¥ map to regions on S”~!, but his method
is not rigorously defined. Still, if we want to look at the infinitesimal way that areas are
distorted, we look at the Jacobian of the Gauss map. This is the matrix

_ [ VF F, "
) ((m))i,jﬂ o

This Jacobian is useful in a number of ways. For instance if you want to know how the
VF

normal vector S F] is changing in the direction ¥, you simply compute
[ VF\ .
~— . (5.5)
V7]

We define the second fundamental form to be this Jacobian, restricted to the tangent
space at p € X:

s (5.6)

115, @) = v<w> (@, )

[VE|
F; .
— 47 v w]
s (5.7)
»J
_ O [ L OF
- Oxt ﬁF‘ﬁxj

5.4 Examples

Consider the surface 3 C R3 given by F' = 0 where F(z!, 22, 23) = (:1:1)2 + (m2)2 - (m3)2 —1.
Assuming p € 3, we will determine N (p), a basis for T,%, and the two fundamental forms
expressed in this basis.



The normal vector is
(2331, 222, —2303)
VA@)? +4(22)? +4(9)’

L

(o), 22, —a?) (5.8)
V@)? + @2)? + (9)°
At the point p = (p', p?,p®)T, we can simplify this (slightly) to
~ (z', 22, —a3)
N(p) = T (5.9)
142 ()

Let Z = (0,0,1) be the unit vector in the x3-direction, and let R= (—z2,21,0) be the
radial vector field. At the moment, there is no reason to believe that Z, R € T,3. But these
vectors are independent of N, so we can apply a normalization process. Set

Z, N
t(p) = Z - U]\?
(¥. %)
o OOD0) )
1+2(p%)° 1+2(p?)?
- <p1p3, P23, 1+ (p3)2>
a 142(p?)°
and
R, N) _
Ua(p) = R - UN
(%)
— (=%, 0) — ((=p*p",0), @',9* —p°) (0", 9", —p%) (5.11)
1+2(p3)° 142 (p3)°
_ (—pQ, oL, 0)

(so it turns out that @2 was orthogonal to N after all). Now the two vectors #7 and 92 are

—

orthogonal to N (and indeed are orthogonal to each other), so that

T,% = span { ¥y, U }. (5.12)
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In this basis, we compute the first fundamental form:

Ly §o (U1, U1) (1, U2)
I = == — — — —
() < Ipy I ) ( (U2, U1) (U2, Ua)
1+(p%)”
14+2(p®)?

0 (5.13)

For the second fundamental form, the easiest thing to do is to compute V(VEF/|VF)

as a 3 X 3 matrix in the variables 2!, 22, and >, and then evaluate at ¥; and V5. We
compute

9 1 OF 9 1 OF 9 1 OF
ozt \ |[VF| ozt ozt \ |[VF| 0x2 oz! \ |[VF| 8z3

V(o) =| o (omdE) o (mds) s (wmds) | 6w

(x2)2 + (x3)2 —a' 2 zt a3
VF ) )
v <|VF> B ((m1)2+(x2§2+<13>2)% —wiat o (2h)" 4 (2f) z?a®  (5415)
NS (P 23 B (331)2 _ (a:2)2

As an aside, notice that this matrix is not symmetric.

Now we can compute II. We have

7 = (@0 I, (0, )
P IIP (172a Hl) IIP (1727 172)
1+ (p%)* 5.16
_ (1+2(1()3)2)5/2 0 ( )
0 14+(p?)?
(1+2(p%)%)"

5.5 Exercises

1) (First fundamental form) Consider the surface given by F = 0 and 23 > 0 where
F(zh, 2?,2%) = — (m1)2 - (x2)2 + (x3)2 -1 (5.17)
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Determine a basis @, ¥ for 7,3, where p = (p?,
the matrix /. (Hint: Let X = (1,0,0) and ¥ = (
process.)

p2,p3)T. In your basis, determine
0,1,0), and apply a normalization

(Second fundamental form) Consider the surface from problem (1). In your chosen

basis, and at the point p = (0,0,1)?, compute IT as a 2 x 2 matrix.
Let X be a hypersurface given as the graph of some function 2% = f(z!,2?). Compute

N, and determine a basis for T,% at p = (p', p?,p*)7.
In the situation of problem (3), compute V (%) in components.

(Parametriations) A third way to describe surfaces is via parametrizations. A parametrized
surface in R™ is a surface ¥ C R™ along with a map P : 2 — X where ) is a domain
in R? that is differntiable, one-to-one and onto.

a) Graph the surface
P:R> — R®
2 2
5T+ (5.18)

P(s,t) = s
t

*b) What kind of parametrized surface is this?
P:[0,27) x [0,27) — S CR*

Pls.t) = e sin(t) . (5.19)

Also, verify that ¥ is contained within the unit sphere S* C R%.

(Coordinate Charts) If 3 is some surface in R” and Q is some domain in 3, then a
coordinate chartis a map S : Q — R? that is differentiable and one-to-one (but needn’t
be onto). If p € X, then the coordinates of p are the two coordinates of S(p). Let
¥ be the unit sphere S? C R3, given by (a:l)2 + (a:2)2 + (a:3)2 — 1 =0. For a point
p=(p',p*p’) €S’, define

S(p) = (5.20)

What are the coordinates of the following points?

1/v2 0 1 1/V3
p=| 1/V2 |, g=| 0 |, r=[0], s=[ 1/v3 (5.21)
0 —1 0 1/V3
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*7) Under what conditions is it true that IT = IVV—?I? That IT = V2F? In the case of a
3

graph of a function: F(z!, 2% 23%) = 2® — f(a!,2?), what does II = % at a point

(1,22, f(z',2%))T imply about f at the point (2!, 22)?

Ezxercises marked with a “«” are for 501 students.

Problems due Thursday Feb 6.
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Lecture 6 - Gaussian Curvature

Lecture from Thursday Feb 6, 2012.

6.1 Identity and transpose operators

Symbolically, all of (5{ , 8;; and 6% are the same. However, consider a vector @ = (v*), which
is a column vector. The vector (§%v7) is simply ¢ again. But (d;;07) is not ¢ but rather 7.
Similarly (f;0%) is a column vector, instead of a row vector.

If A= (A;) is a matrix, we can transpose either of its indices if we wish: we could
define

Bij = AL, (6.1)
or

C = AL§M. (6.2)

We briefly consider the case of symmetric matrices; these are matrices so that A = AT,
Symbolically, it is true that A% = Al. But this is weird: we are equating symbols with
mixed-up indices. It is notationally correct to write

Al = §6; AL (6.3)

which means the same thing.

6.2 Coordinate systems

Let {z'}"_; be a coordiate system on E". A basic fact is that each of the 2’ is a function.
This means that, if {y*}7_, is a second coordinate system, then we can take the derivative
of any of the z* with respect to any of the y“.

Example (Polar and rectangular coordinates on E2.)
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Let !, 22 be orthonormal coordinates on 2-dimensional Euclidean space. Let

Yt o= /() + (22)° y? = tan~ ' (2'/2?). (6.4)

However we can also define the original coordinates in terms of the new coordinates:

z! = y! cos (yQ) z? = y'sin (yg) (6.5)
We have the transition matrices
ay' ay'
<aya> 611 612
(9:Ei o 8y2 8y2
ozt ox2
ol 22 (6.6)
VE? @27 V@) (@)
a —.’L’2 fL‘l
(x1)? + (¢2)? (x1)? + («2)?
and
oz! oz!
( 83’;7 ) oyl 873/2
o) 82 0a?
oy* oy* (6.7)

cos(y?) —y'sin(y?)
sin (y2) yt cos(y?)

Now consider the product:

) ay' y' oz’ ozl
(aya) (8@‘1 ) Ozl 2 oyl oy?
ox* oy° ay? ay? Om? Om?
Ozl O0x2 oyl dy?
z! cos(y?)+a2 sin(y?) —zly! sin(y?) 422y cos(y?) (68)
V()2 + (22)? V(@2 + (22)?
—a2 cos(y?) 4! sin(y?) zly! cos(y?)+z2y! sin(y?)

(z1)? + («2)* (@1)? + (22)*

Now since cos(y?) = ' //(z1)? + (22)2 and sin(y?) = 22/+/(z1)2 + (22)2, we compute
(gi) ' <g§> - ((1) (1)) (6.9)

Is this an accident? No.
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Theorem 6.2.1 Let {z*}7 ; and {y*}"_, be two coordinate systems. Then

5; = gma gyj and
yoor (6.10)
5o — oy oz’
b fat oyt
Proof. By the chain rule we have
0 oy* 0
— = —=—— 6.11
oxI oxI Oye (6.11)
Noting that g'—g = 0%, we have
, Oz’ Oy® Oz’
gi— 9 _ 9 6.12
J OxJ oxI Oy® (6.12)
which proves the first assertion. The second assertion can be shown likewise. |
6.3 Gaussian Curvature
Recall Gauss’ definition of curvature
Area (G(R
KG(p) “ — b2 ( ( )) (6.13)

R—l>r?p} Area (R)

where the limit is, in principal, taken as the open regions R get smaller and smaller, con-
verging on the point p. Of course, this is not rigorous. We formally define

det 11,

. 6.14
det I, ( )

Ka(p) =

The determinants are taken after a basis ¥, ¥ is chosen at p € T,X. To be specific, the
matrices are

I = Iy Lz \ _ ( (0, %)
1o I (T, U7)
Iy U12> N Y |g£\ (U1, 1) V(o) (01, Do)

(6.15)
I = <H 11 vE (3, 7 Gy,
21 22 V(v (U2, 11) V(g ) (U2, U2)

<
B!

4
4 <
=

o

6.4 Exercises

We didn’t get through a lot this time, so we have only a few workbook-style exercises.
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1) (Coordinates) Let x!, 2% be the standard coordinates on R2. Define new coordinates

y' = (@) - (@)
y? o= ot — 2%

(6.16)

a) Determine z' and 2?2 as functions of y* and 2.

b) Make a sketch of the coordinate system {y*, y?}. Label the points (0,0)7), (1,1)7
and (—1,—2)T (given in y-coordinates). Sketch the graph of the function

y2 :3y1—|—1.

Oxt oy°
(33/“) and (&EZ) (6.17)

and prove that they are inverses of each other.

¢) Compute the matrices

2) Assume that the coordinate systems {z‘} and {'} are mutually orthogonal; this means

that the matrices
Azt \" Oy \"
d - 6.18
(aya)i,a—l o (axl>i,a—1 ( )

are not just inverses (which we proved is always the case), but that they are transposes.
Prove that

ab 8371 %
oy Oyb

= ¢4, (6.19)

To get full credit, you must use the correct symbolic calculus as outlined in Section 1.
3) Consider F : R3 — R given by F(x! 22 23) = (alcl)2 + (x2)2 + (x3)2 —1, and let &
be the surface {F = 0}. Let X = (1,0,0)7 and ¥ = (0,1,0)7 be vector fields on R3.

a) Given any point (p!,p?,p*)T € %, find N.

b) At each point of ¥, project X and Y onto the tangent space of X (there is a basic
formula for this). Call the new vectors ¢ and 5.

c¢) Show that ¢} and > span 7,3, except for when p is on the “equator” (the
intersection of ¥ and the z!-22 plane).

d) Let p € ¥ be any point that’s not on the equator. In the #;, ¥ basis, show that

I, = ( -y 1__96(15)2 ) (6.20)

and show that, as expected, I, is singular when p is on the equator.

4) Let F and X be as in (3).
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a) Compute V (|[VF|7'VF) as a 3 x 3 matrix. Show that it is singular.
b) In the basis from (3b), compute IT as a matrix.
¢) Prove that Kg(p) = 1.

*5) On tangent spaces in R™*_ we use the inner product

(v, W) = 7 I, 10 (6.21)
where
1 0
1
Inx = . (6.22)
0 ~1

where there are 0’s in every entry except along the main diagonal, where there are n
many 1’s followed by k many —1’s. Likewise, recall the R™* Pythagorean theorem:
in standard coordinates, if p = (p',...,p"**)T is a point, then the distance from the
origin to p is

GHO.P) = V) 4 ) = )= e (623)
The set of all points p € R™? that have distance 1 to the origin is a surface of two
components; the component with 2! > 0 is known as the unit pseudosphere. Make a

sketch of this pseudosphere. Prove that its first fundamental form is in fact positive
definite.

Problems due Thursday 2/13
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Lecture 7 - Gaussian and
Eulerian Curvature

Lecture from Tuesday Feb 11, 2012

7.1 Bases and Change of Basis

7.1.1 Bases

Given an n-dimensional vector space V", a basis is normally indexed with lower indices:

&, ..., & (7.1)

where the 1 is in the i*” position. Then a vector ¥ can be expressed as a linear combination
of the basis vectors:

T = vle; = : (7.3)
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7.1.2 Change of basis

Assume {&}™, and {f;}"_, are two bases for V™. We have change of basis symbols
g = Alf;
’ o (7.4)
fj = B}’Uz‘.

We have that matrices (A}) and (Bj) are inverses of one another: A’ B] = 6. This is simple
to prove:

& = Alf; = AlBre,. (7.5)

But, because {€;} is a basis, the only linear combination of the {€;} that gives € is given
by € = 6. Therefore AgleC =6k

7.2 (Gaussian curvature and change of basis

Recall the first and second fundamental forms:

L= () ’sz

7.6
o v ( VF ) (7.6)

VE) |y s

After a basis ¥, ¥ is chosen for T),3, we can express these as matrices:
ja ( Ly o > _ < (U1, T1) (01, Ua) >
Iy o (U, T1) (Ua, Ua)

(7.7)

VF =2 VF = 2
I = < IIll II12 ) _ \Y VF| ( 1, 1) \% IVF| ( 1 2)
115y Iy (

After doing all this, the Gaussian curvature K and the Gaussiam mean curvature Mg are
defined as follows:

det(I1)

Kg = det (I7'11) = dot(T)

. (7.8)
Mg = 5Tr (17'11).

A glaring issue is in the choice of basis: if we choose a different basis for 7,%, the matrix
representations of 11 and I are obviously not the same. So aren’t the values of K and Mg
affected? The answer is no.

Theorem 7.2.1 The values of Kg and Mg are independent of the basis that is chosen.
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Proof. Let {0, ¥2} and {w,ws} be two different bases for T,%, with transitions
7 = Al

- J =
w; = Bjvj

I Iip 11y, IIis
I = Il =
( Iy s > ( Il Il >

. (I I, (1, I,
r= (Iél o, ) = \m 1,

Let

(7.10)

(7.11)

be the first and second fundamental forms expressed in the two bases. Explicitly, let

oo VE\
Iij = <Ui,11j> Ili' =V <|V.F|> (vi,vj)

R VF\ _
Iz{j = (wi,wﬁ Ilz{j =V (|VF> (wmwj)-
Now both of these forms are bilinear, so we compute
L = (0;, ;) = (Abdy, Abay)

= AFA] (@, @) = AFAITY,

and
B VF Loy VF k - 1 -
II;; =V (|VF> (U;, U;) = (|VF|) (Ai W, Ajwl)
VF L,
= AfALY <|VF|> (@, ) = A7ASII,

With this, we compute

det(IT;;)  det(AFALIL,)  (det(A))*det(ITy,)  det(II},)

det(li;) — det(AFALTL) — (det(A))?det(I],) det(I},)
Tr(I7'II) = Tr((AI'A)"Y(AIT' A))
= Tr(A™' I ' I'A) = Tr(I' ' ITAA™Y) = Tr(I' 7' IT).

In the last line, we used the cyclic property of traces: Tr(AjAs... Ax) =Tr(As. ..

O

7.3 Gaussian and Eulerian Curvature

In this section we prove the first significant theorem from Gauss’ 1827 paper.
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Theorem 7.3.1 Let ¥ be a surface in 3-space B3, given as the zero-set of some function:
Y ={F =0}. If K(p), M(p) are the Eulerian curvature and Eulerian mean curvature at
p € X, and if Kg(p), Ma(p) are the Gaussian curvature and Gaussian mean curvature at
p € X, then

Ka(p) = K(p) and Mg(p) = M(p). (7.16)

Proof. We have already known that K and M are invariant under choosing a different
coordinate system. We now know that this is true for K¢ and Mg as well: changing the
coordinate systems amounts to a change of basis, and we just proved that Kg and Mg are
independent of change of basis.

Letting p be an arbitrary point of 3, this fact allows us to pick a coordinate system
{x', 2% 2} so that p is the origin, and T,% is just the z'-2? plane. Now in this coordinate
system we can express the surface ¥ as a graph: a® = f(z!,2%) for some function f. Then

F(at, 2% 2%) = f(2', 2%) — 23. Because of the way we chose the coordinates, we have that

of af

¥ T 92

(p) = (p) = 0. (7.17)

Now letting ¢, U2 € T,X be the vectors

1 0
UG = 0], v = 1 (7.18)
0 0
we compute
I VE\ .
I1(v;,7;) = V (|VF> )
o [ &
_ ozt
~ 9 \[VF] (7.19)
2
_ _wdy e VITIVIP
V1+|ViP 1+ |VfP?
Then using the fact that f; =0 and f; = 0 at p we have
0% f
A AN 7.20
IIP(UUU]) al’lal'j . ( )
Therefore, in our special coordinate system, we have
pe(o1)
(7.21)

_ fir fa2
Iy = < o1 fo22 )
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We now compute

det I7,
Ka(p) = ] Ip = faifoe — (f12)° = K(p)
, et Iy . (7.22)
Mg(p) = §T7"(I;1Hp) = i(f,n — f22) = M(p).
Since p was an arbitrary point on ¥, we have that Ko = K and Mg = M on X. O

7.4 Exercises

1) Assume that Y is the graph of a function: z3 = f(2!,22), where f : R? — R is
continuously twice differentiable on R2.

a) Prove that it is always possible to choose two complete, continuously differentiable
vector fields ¥, U2 on X, so that at every point p € 3 they span T,,%.

b) Show that it is possible to choose ¥, U2 to be orthonormal at each point p € X.
c¢) Given p € ¥, what is I, in the ¥y, U5 basis?

*d) If 3 is not the graph of a surface, show that it is not necessarily the case that ¥
has two complete, continuous vector fields that span 7,3 at every point.

2) (Generalization of Euler’s formula) Let ¥ be the graph of a function 2® = f(z!, 2?).

If p = (p',p?,p*)T is a point on ¥ where (p*,p?)T is a critical point of f, we know
that K(p) = f11f22 — (f,12)2 and M(p) = % (f11 + f22)-

a) Letting F be the defining function for 3, compute V (%

f.ij» etc. Do not use the symbol V f in your final formula.

*b) If f is a quadratic function, what is the falloff rate of M and K at infinity? If f
is any polynomial in two variables, what can you say about the curvature falloff
at infinity? (Hint: You’ll probably have to use the frame ¥}, ¥ from Problem (1)
to demonstrate your answer rigorously. But it would be a bad idea to attempt
to evaluate M and K explicitly.)

) in terms of the f;,
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Lecture 8 - Examples. Minimal
Surfaces

Lecture given Tuesday Feb 18, 2012.

8.1 Definition

A surface is called a minimal surface if its mean curvature is zero.

8.2 Example

We look at the example f(z,y) = zy, where F(x,y, z) = f(x,y) — z. We compute

VF = (ya z, 71)

N - Y T -1
VitaZ+y2 JI+a2 492 JT+a2+ 2 (8.1)
— 1+22 0
VF ~3 Ty
V(W):(1+x2+y2) Pl 1ty —ay 0
—x -y 0

Now we pick a pair of vector fields. Let X = (1,0,0) and Y = (0,1,0) be vector fields on
R3, and let

!

(8.2)

=

:X’—<X°,J\7>J\7

I
~u

|
S
=i
=
~—
=
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From this we compute the first fundamental form and its inverse:

o o\ 2 o oo
, 1 - <X,N> —<X, ><Y,N>
= o oo o\ 2
—<X7N> <Y,N> 1— <Y7N>
ZE2 — X
_ ( 1+1:1—22+y2 1+m21y2 > (83)
- —zy 1+y°
I+z24y?  14a?+y?

1 (1Y oy
o zy 14 22

For the second fundamental form, we obtain

B 9 . o\—3 —zy(1 4 2?) 1+ 2% +y? + 22%y2
II = (1+2°+y7) ( 1422 + 42 + 2022 —ay(1+4?) (8.4)
Then we have
) by’ (1+2?)(1+y?)?
I7UT = (14224972 (8.5)
(1+22)*(1+y?) T
Therefore
—1
K= —
L+a?+y2 (8.6)
M =0

We see that this is a minimal surface. Note that this surface becomes flatter and flatter

More to come!
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Lecture 9 - The Theorema
Egregium

Lecture given on Thursday Feb 20, 2012

Section [9.4 of today’s notes is based on portions of Spivak’s Volume II, Chapter 3

9.1 Directional Derivatives

9.1.1 Basic computations

If ¥ is a vector field, we denote the derivative in the direction of ¢ by

0
) 1
ov (0-1)
For instance if f is a function then
of
- = ) . 2

But we can also take the directional derivative of a vector field. If A4 is any (continuously
differentiable) vector field on E™, we denote

0A
2 9.3
95 (9.3)
to be the derivative of A in the direction v. Letting €1,. .., €, be the standards orthonormal
fields, then we can write A = A’¢; and ¥ = v'€;. We have
oA _ o) _ o,
ov o o7 "
_ oA (9.4)

U - €;
86]'

= (¥, VA &,
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9.1.2 The Product Rule

The product rule holds for directional derivatives:
o . or oy
se @i = (Gr0) + (7. 50). (9.5)

9.2 The Second Fundamental Form

The main purpose of this sectin is to prove that IT is symmetric: II(¢,w) = II(w, ) for
all 7, € T,X. Let’s take a closer look.

Lemma 9.2.1 If ¥, 1 are vectors in T,%, then

Proof. We compute

11(7, @)

(9.7)

Theorem 9.2.2 If 7,w € T,X, then II(7, W) = II(W, ¥).

Proof. We begin with one of the stages of the previous computation. Using the product rule

and then a bit of simplification, we have
) = (7 (55) )
(reme ) - (g n)
- {er) - e ()
v

i Fri &l v |V, < T
_ UYL, )
VE[ l> b

(9.8)

IVE|
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But because N and @ are perpendicular, we arrive at

I1(0, W) = v'w! \V}| (9.9)

Switching the roles of ¥ and W we get

II(. 7)) = 1,7 Jv T,,,] >4 1
(W, ) = w'v VF] VF] (9.10)
Therefore
I1(w, 0) — II(W, 1) = v'w | D5 — S 9.11
(@.9) = 116, = ool ([ - ) (0.11)
which is zero, by the commuatitvity of second partial derivatives. O

9.3 Vector Fields and Directional Derivatives on Y.

9.3.1 Extending vector fields

Often we are given a vector located at a point p € X, but it will sometimes be necessary (or
useful) to use such a vector as though it were an entire vector field.

Let V € Tp%. The problem is to extend V to a vector field on 3, in such a way that it

remains tangent to ¥. To do this, let A be the constant vector field on R” that agrees with
V at p. Obviously this is not going to be tangent to ¥. So we define

7= A- <[f, J\7> N. (9.12)
9.3.2 Comparing Directional Derivatives

Let ‘7, W e T,% be vectors based at p € 3. Letting /f, B be the extension of these fields to
E3, we define

T=A4- <14T, z\7>z\7 o1
w=§—<§,1\7>ﬁ

49



We wish to compare the directional derivatives % and %. We compute, at the point p,

that
% = _3% (< _’, ]\7> ]\7) because A is constant
p
= _3% (< _', ]\7>) N — <[f, Z\7> ZJE product rule
= —a% (< _’, ]\7>) N because at p, <ff,]\7> =0 (9.14)
8J\7> N by the product rule, and because A is constant

atﬁ,wehaveg:ﬁ

|
|
—
S
Q|
g ‘ =
~ —
=

Now we are in a good position, for by Lemma the inner product is the second funda-
mental form. We have

(% = —JI (%, @) N. (9.15)
Therefore
o0 _ (11w @) — 11, @) N (9.16)
ow ov ’ ’ '

which is zero, by Theorem [9.2.2] We summarize this in the following Lemma.

Lemma 9.3.1 Let 17, W e T,% be vectors at p € 3. Let /Y, W be the constant vector fields
on E3 that equal V,W at p (respctively). Then define

ﬁ:Z—<E,J\7>J\7

~ oo (9.17)
@ = B — <B, N> N
at points of X. Then U, W are vector fields that are tangent to X, and at p, we have
ov ow
— = = . (9.18)
ow|, v |,
One must be careful here: at other points of X, it is usually not the case that % = %.

9.3.3 A final useful expression of /]

In the calculations in the following section, it will be necessary to express the second fun-
damental form without taking a derivative of N. But IT is a first order operator, so some
derivatives will be necessary: in I1(¢, @) we will have to take derivatives of ¢ and/or @, and
to do so, we will have to extend ¢ and  to fields.
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Lemma 9.3.2 Let p € ¥ and let U and W be the vector fields of Lemma|9.5.1) Specifically,

(p), @(p) € T,S and §%| = G7| . Then

I1(3, @) = — <z\7, gﬁ>. (9.19)
w

Proof. Exercise. O

9.4 The Theorema Egregium

Gauss’ great Theorema Egregium states that the second fundamental form can be deter-
mined entirely from the first fundamental form, along with some first and second derivatives
of its entries. What this means is that if two surfaces have, in some sense, the same first
fundamental forms, then the two surfaces have the same Gaussian curvature.

Theorem 9.4.1 (Gauss) The Gaussian curvature K = det(I71I11) can be expressed en-
tirely in terms of entries of I along with first and second derivatives of its entries.

Corollary 9.4.2 (The Theorema Egregium) If one surface can be mapped to another
is such a way that intrinsic distances are preserved, then the two surfaces have the same
Gaussian curvature.

Proof of the Theorem.

Going back to Gauss, it is traditional to label the components of I and I as follows:

(2 %)

T (9.20)
T = ( )
m n
so that
In — m?
K = reEEk (9.21)

Now we use the fact that the cross product ¢ x  is proportional to the unit normal N.
Indeed

- 7 x W U x W
N = - = ____~ " 9.22
det(I) VvVEG — F? ( )

51



Combining this with Lemma we have

g
<
<

n

2

2

N

)

)

A A
ot/  VEG — F? s
ow 1 . O0u
AN W
o5/ ~ VEG=F2\ " 0@

The inner products on the right are triple products, which can be expressed as determinants:

Therefore
ov
Det(I)? - K = Det | —
et(l) ¢ (817
ov
= Det( =—,7
€ (aﬁ’”’

ol

a7 _ q> (
7v)w

1
————=De
VEG — F?

il

oF
o "

1 ow _
7 et (617" U, w) (9.24)
1 o

W T =T ow ow’ T =T
-Det | — 0", W — Det | —=,v,W | Det | — ,v" ,w
ov 0v
0w’ o 0w’
a% ,ﬁT,wT» — Det<<;§,ﬁ,w> <€;‘)j ,*T,wT>>.

We can multiply out these matrices to get

o7
&

(

(

Qe
(ST

Det(I)* - K = Det

o

<)

ow) (5w (0 50) (G o) e (o
,U) (0, 9) (W, D) — Det <—’yﬁ,v> (U,7) (w,
o) () () (o.w) (0.0) (),

We will continue the proof in class next time.

9.5 Exercises

1) Prove Lemma[0.3.2]

2) Let A= A'€; be a vector field in E3, where the € are the standard basis vectors, and

Al =1, A2 = g1, A3

a) T=e;

S P

0A

55 when

(x2)2. Compute
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. [ F. .
I1(5, @) = VN (5, @) = o' (V%I>iw] (9.27)

when ¥, € T),2. This interprets VN as an operator

VN:T,Zx T, — R. (9.28)
If we insert just one vector instead of two, we can interpret
VN:T,2 — T,% (9.29)
To be specific,
NA VAT i Fu j >
VN (7) = v (lVﬂ)i&%j. (9.30)

Interpretted this way, VN is known as the Weingarten map, or the shape operator.

a) Justify the claim that VN : T, — T,% (that is, show that the target space is
what is claimed).

b) A surface ¥ is called umbilic at p € ¥ if the shape operator is a multiple of the
identity operator. At an umbilic point, show that I is proportional to I.

*c¢) If p € ¥ is an umbilic point, what can you say about curvatures at p? If ¥ is
without boundary, is non-singular, and is umbilic at all points, what can you say
about X7

4) When ¥ and @ are the special vector fields constructed above, we showed that % b=

% . However % = % is almost always false if ¥ and W are not these special fields.
w P v w

a) Show by example that % = % is not always true.

*b) Let ¢ : Q — ¥ be a parametrization, where Q is a domain in R?. We can express
B(s,t) as

2(s,1) (9.31)
?(s,1)

Let X; = (1,0)T and X, = (0,1)7 be the standard coordinate fields in R2. These
fields “push forward” under ¢ to become fields

5 = 25

1 = 7
Os (9.32)

5 = 24

2 — at 7
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Prove that g—;i; = g—ﬁf. This is a weakened version of what is known as the

Frobenius integrability theorem.

Problems due Thursday 2/27
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Lecture 10 - The Theorema
Egregium

Lecture given on Tuesday Feb 25, 2012.

Section [10.3 of today’s notes is based on portions of Spivak’s Volume II, Chapter 3

10.1 Two lemmas. Commuting vector fields.

The first lemma is a fact about determinants of matrices

Lemma 10.1.1 Let

c a B v

J|, B=|d¢ 1 J (10.1)
L v~ K L

be two matrices with a common same lower-right 2 X 2 minor. Then

a b ¢ a [ v
Det| d I J + Det| 6§ I J
e K L v K L
(10.2)
ata b c 0 B 7~
= Det d I J + Det| 6 I J
e K L v K L
Proof. Let A;; (respectively, B;;) be the ¢j minor of A (repsectively, B). Then
Det(A) = aAin —bAiz + cArz (103)
Det(B) = aBiy; — B2 + ’}/813. ’
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But since A1 = Bi1 we have

Det(A) + Det(B) = ((l + Oz).All —bAig — cA1z = (0- By — BBi2 + 7613)

= Det d I J + Det| 6 I J
e K L v K L
O

This lets us establish some new terminology. Two vector fields are said to commute if
and only if

ov  ow
—_—= . 10.5
ow oV ( )
We define the bracket of two vector fields to be
ow ov
7w & — — =— 10.6

The second lemma should be familiar-sounding: it asserts the commutativity of mixed

partials in a new situation. But we learn that mixed partial commute only when % = %.
Lemma 10.1.2 Let ¥, W, and Z be any three vector fields in E™. Then
0%z 0’z 0Z (10.7)
ov0w  owov  O[v, W]’ '
Therefore, if, at some point p, we have
ov ow
—| = = (10.8)
ow |, 97|,
then
0*z | 0*7 (10.9)
Ovow » WO »
Proof.
First we express these fields in component form
7=0'e;, W=uw'e, and Z=z'€;, (10.10)
and then we compute:
0 07 a (02
o S el IS
ow ov ow \ 0v
(10.11)




and likewise

007 L0 (05,
—_—— = —_— v 10.12
9500 | Oak ( )e (10.12)

Therefore
007 0097 0 (02N i 0 [ ;02 ;
owov  ovod ok \"ow )¢ TV ok \V o )€
(10.13)

= wka—vjkaalj 8Ziei+ wko? oz — vFwd oz e
o ozk oxk ) OzI OxkoxI OxkoxI

The second term vanishes simply by commutativity of partial derivatives. For the first term,
consider the computation

(10.14)

o6 0w _ (00 owT
oo or  \Y ook U ok )Y

This is precisely the coefficient of the first term in (10.13)). Therefore (10.13)) is zero at p
provided % = % at p. O

10.2 Continuation of the Proof of the Theorema Egregium

10.2.1 Set-up from last time

Recall we had labelled the components of I and I1 as follows:

(5 %)

o (10.15)
wo ().
We have
1—71 wa@
- VEG - F? " ov
1 L L ou
m = EG—F2<U><w,aﬁ> (10.16)
I S
" VEG—m\' " 0w
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and we computed that

a5?
_ d _ (10.17)
ow 9w ~ ouw =
< 72 07 <“’%> <w, aa>
— Det <8—71‘)i717> (0,7 (0,0
(58.@) (0d) ()
10.2.2 Continuation of the Proof
The next step is to use Lemma [10.1.1|to rewrite (10.17)). We have
ot ow ow 9w ~ ou = oW
(3% 93) - 55 07) (U55) (@ 5%)
(Det1)’K = Det (%2, 9) v, v W, v
(5. d) (@) () e
0 (055 (0. 58)
— Det <%7U> U, U) (W0, ¥
(5%,@) (0,@)  (w,7)
Then we make the simple observations that
08 N 9o 10 L OF 106
o’ ow 200" o 20U
01 N 10 o 106
ow’ 200 " 2 oW
ov 10 (7, ) 10F
v) = ——({U,0) = ——
ov’ 200 20U (10.19)
OUU_}, _gwu—»_liw@_ai_}aﬁ .
ov’ o 20w ' ov 2 0w
ow 7 — laE
ov’ 20w
o L\ _ 109G
v’ 207
and rewrite the expression as
<0j@>f<@ 6w> oF 198G 109G
95 oW o5 ov/ 0w 200 20w
Det(I)*- K = Det 198 E F
5ie PG
v w
19E 198G (10.20)
0 355 29v
— Det %% E F
1



Lastly we deal with the second derivative term. We compute
00 0w\ /00 o
ov’ Ow ov’ ov
B N A N L
= ov \" 0w U ovow/  ow \" ov " dwov
By the commutativity of partial derivatives, we have
07 0w\ jow 0w\ _ 0/ o0\ 0/ 00
o5’ Ow v o5/  ov\ 0w/ 0w\ ov
o (0 10 10 0
O W N R (R 10.22
o5 (aw (@) = 355 (@ “’>> 2 0w (aw (@ ”>) (10.22)

0’F B 182G 1 0’FE
owov  200U00 2 0wWow

At last we arrive at

(10.23)

?°F 192G 1 9°F OF 190G 109G 0 LloE 109G
owov ~ 20000  20w0w 0w 200 200 200 200
OF 19E
OF _ 10E 108G
K = 9% ~ 20w F G oy G
Det(I)?
10.3 Exercises
1) Formally prove that, for any function f, we have
0? 0? 0
/ / / (10.24)

0w 0wov  O[v, ]
2) Prove the Jacobi identity: given three arbitrary (differentiable) fields o, @, and Z, show
3, (@, 2] + (@ [2 7] + 5 [7, a]] = 0. (10.25)

Hint: do not try to evaluate directly. Rather, use (10.7) to write

o 9 o 9 8
o, [w, 2] — ovolw,Z  olw,z ov
o o I I (10.26)

= vouor  9v070u  0wozov | 9z0wov

and so forth. Finally, conclude that when a directional derivative is zero on all func-
tions, the direction itself must be the “zero” direction.
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Lecture 11 - The end of Gauss’
paper

Tuesday March 20, 2014

11.1 Review

If ¥, & are vector fields n a surface ¥ and [¥, 4] = 0, and if

then we determined that

(11.2)

’F _109°G _ 9E OF _ 109G 109G 0 LloE 109G
owov 2 0U0U Owow ow 2 0U 2 0w 2 0w 2 07
10E _ 10E
Det $9E E F Det| 3% E F
OF 10E 10G
K- 9 — 30 F G sor G
Det(I)?

This was Gauss’ computation of K solely in terms of the surface’s intrinsic geometry (as
encoded by its first fundamental form).

11.2 Results from the In-Class Worksheet

Here we will outline the intended results from our in-class worksheet, culminating in the

formula 7777,
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11.2.1 The intrinsic distance function

Let ¥ be a non-singular surface in R?, and choose a point p € ¥. Define the function

r:2—R

r(q) = dist(p,q) (113)

where dist(p, ¢) indicate the length of the shortest path from p to g, where the paths under
consideration are required to lie on the surface X itself. This is the intrinsic distance
function.

11.2.2 Geodesic polar coordinates

We shall take (without proof) that if p, g € 3 are points, there is at least one shortest path
form p to ¢. Pick an arbitrary vector #jy € T,X; we shall call this the reference vector. Given
a point ¢ € 3, define the value 6(g) to be

6(q) = angle that the initial vector of the shortest path from p to ¢ makes with ¢/ (11.4)

If there is more than one shortest vector from p to ¢, then leave 6(q) undefined. Also, 6(p)
is undefined. We shall take for granted that 6 is uniquely defined on a at least some region
around p.

We can take 7, 6 to a coordinate system for a region near p. That is, the point ¢ has
the coordinates (r(p),0(q)). These are called geodesic polar coordinates around p. In the
can of R2, if we choose ¥ to be the unit vector in the z'-direction, then the geodesic normal
coordinates at the origin are simply the standard polar coordinates on R2.

11.2.3 The coordinate fields

Given the geodesic polar coordinates (r,#), we have partial derivatives:

0
a—f = rate of change in f in the direction of unit change in 7 and no change in 6
8; (11.5)
20 = rate of change in f in the direction of unit change in # and no change in r
We can then define the coordinate fields ¥, and ¥ implicitly by
o _ 0
ov,  or
11.
o _ 0 o
oty 00
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Note that these two fields actually commute. To see this, note that

0 02 0? 02 0?
———= = 35 a5 " As Ao — - =0 (11.7)
OV, U] 00,00y  OUyOU, orof  000r
The final equality is simply the usual commutativity of partial derivatives. Because ﬁ

is the zero directional derivative, then [¥,., Up] must be the “zero” direction, meaning the
zero vector.

Finally, it is easy to see that |7,.|> = 1, and it is reasonable to conclude that (@, 7) = 0

(this is a bit difficult to prove formally; it is a version of what is called “Gauss’ Lemma”).

11.2.4 Curvature computation

Defining the function g = g(r,0) by g = |75|?, we have the first fundamental form

I = <(1) 2) (11.8)

Because [0, Tp] = 0, we can use ([11.2) to compute
1 0?
- L9V (11.9)
Vg or?

This formula is remarkable for its simplicity and compactness. The hard work we did in
carefully defining our coordinate system lead to a far, far simpler expression for K.

11.2.5 Taylor series for K

It is clear that lim, 0 ./g(r,0) = 0. Although somewhat less clear, it is reasonable to
. NG _ . . L] _
guess that lim, ,o —>=(r,0) = 1. From this and || we find lim, ¢ 5% (r,0) = 0 and
3
lim,_, %(r, 0) = —K Therefore the Taylor series is

1 .
Va(r,0) = r — —K(0,0)r® + terms in r and 6 of order 4 or more in r
6 (11.10)

Vo(r,0) = r — %K(p)r?’ + 7t h(r,0).

11.2.6 Circumference of geodesic circles

For a fixed number p, consider the locus » = p. This will usually not actually be a circle,
but, by abusing terminology, we may call it a geodesic circle. The circumference of the
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geodesic circle is then

Clp) = /Oﬁ|ag|de - " 50,0 db. (11.11)

11.2.7 Conclusion: A new curvature formula

Combining (|11.10)) and (11.11)), we have

27 1
C(r) = / (r - EK(p)r?’ + r2h(r, 9)) de
0 ) (11.12)
1 s
= 27r — 6r3K(p) + r4/ h(r,0)do
0
Re-arranging this, we have
_ 27
§L3)C(T) - K - §r/ h(r,0) do. (11.13)
7r r T Jo
Therefore
K = 3 qim €20 - () (11.14)
T r—0 r

where Cg(r) = 27r is the circumference of the Euclidean circle of radius r.

This is a remarkable formula. It gives a purely intrinsic way of computing the Gaussian
curvature K at a point p. Namely, if geodesic circles are too small compared to Euclidean
circles, the curvature is positive. If geodesic circles are too big compared to Euclidean
circles, the curvature is positive.

11.3 Exercises

1) Let p be a point on a sphere of radius p.

a) Letting r(q) = dist(p, ¢) be the intrinsic distance on the sphere. If rq € [0, 27p]
is a constant, show that the arclength of the locus r = rq is 2mpsin(rg/p).

b) Using only part (a) and (11.14]), determine the Gaussian curvature of the sphere
of radius p.

2) Do problem C.1.2.
3) Do problem C.1.3.
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*4) Consider the vector space V of functions f : R — R that are infinitely differentiable,
and that have compact support (for those who know the terminology, V is the vector
space CS°(R)). This is called the space of test functions. The vector space V* is called
the space of distributions.

a) Show that the function

_Jo x € (—o0,—1)U (1,00)
flz) = {e‘ﬁ el-1] (11.15)

is indeed an element of V.

b) Show that if € R, namely x is a point in the domain of the functions f € V,
then we can consider x € V*.

¢) If g: R — R is any function that is locally integrable, give a way of interpreting
g € V* (so functions are themselves also distributions). In particular, exhibit a
natural embedding V C V*.

d) (Rigorous definition of the Dirac delta.) Let § : V — R be the linear functional
given by

6(f) = £(0). (11.16)

Explain why § should be considered the Dirac delta “function.”

64



Lecture 12 - New Vector Spaces
from Old

Thursday March 20, 2014

12.1 Vector Spaces and Dual Spaces

12.1.1 Definition of the dual of a vector space

To every vector space V we can canonically associate a second vector space, V*, called
the dual of V. The space V* is defined to be the vector space of linear functionals on V.
Specifically

V¥ = {F:V - R| Fis linear } . (12.1)

Obviously there must be an addition operation and a scalar multiplication:
c¢F:V = R is the operator (cF)(x)=cF(x)

(F+G):V =R isthe operator (F+ G)(z) = F(z)+ G(x).

An element of the vector space V* is usually called a covector.

(12.2)

It is typical to represent vectors (elements of V') with Latin letters and lower indices:
U1, Uy and so forth. Likewise it is typical to represent covectors (elements of V*) with Greek
letters and upper indices: n',7? and so forth.

12.1.2 Equality of dimension

Obviously a basic tool in the study of vector spaces is a choice of basis. Let

€1, ..., En (12.3)
be a basis of V. Given such a basis for V', we can find a corresponding set of basis covectors
in V*, namely linear functionals {n', ..., n} defined (implicitly) by

n'(&) = 4. (12.4)
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It is easy to see that the functionals n',...,n™ are independent: assuming ai,...,a, are
constants, then consider the operator a;n' + ... + a,n™ and its action on the vector &;:
(alnl + ...+ ann”) (&) = alnl(é’i) + ..o+ ann"(€)

(12.5)
= aléil + ...+ and = a.

Therefore a;n' + ... + a,n" is the zero operator if and only if each a; is zero. Thus the
n',...,n™ are linearly independent.

Second, we can show that the independent set {n'} actually spans V*. So assume
F € V* is a linear functional. Define numbers F; by F; = F(¢;), and then define a second
linear operator ' = Fyn* + ... + F,n". We shall show that F = F, verifying that F is
indeed a linear combination of the 7°.

So let 7 = v'é] + ... + v"€, be an arbitrary vector in V. We compute the action of
both F' and F' on v

F(@) = F(v'é) + ... + v"e,)
= o'F (&) + ... + v"F (&)
=o'F, + ... + o"F,

F@) = (Fin' + ... + ") (v'ér + ...+ 0"é,)
= Fin! (v1€1 + ...+ v"é’n) + ...+ " (Ulé'l + ...+ v”é’n)
= Bo'pt (&) + ... + Fro™nt (&)

+ ...

+ Fuln™(81) + ... + FEou™n™ (€,)
= Fo'él + ...+ Fo"s}

+ ...

+ Folét 4 ... + Fo™o”
= ol + ...+ Eo™

(12.6)

Therefore, indeed, F(¢') = F(¥) for any vector #, so F = F as operators.

12.1.3 The double-dual V**

An obvious question is, what happens when we take the dual of the dual? In fact, the double
dual V** is canonically isomorphic to V.

To see why this is, consider that ¥ acts on a linear function F' via transposition:
O(F) = F(U) € R. (12.7)
The Kernel of this map is trivial: if ¢/ is the zero operator, then indeed ¥ must be zero. To

see this, again choose a basis {€1, ..., €,} (so that we automatically also have a dual basis
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{n',...,n"}) and express ¥ in this basis:
T = véel + ...+ v"é,, F=Fn'+ ...+ Eq" (12.8)
Then consider the evaluation of ¢ on each of the basis elements of the dual space:
dn') = (v'ér + ... +v"e,) ()
=v'er (n) + ... + v (n') (12.9)
=o' + .. 4" =0

Therefore  is the zero operator if and only if v* is zero for every 4, which means ¥ is exactly
the zero vector.

12.1.4 The Einstein Convention

The Einstein summation convention is a notational convenience that simplifies working in
a basis.

By convention, a vector basis is indexed with lower indices, and the coeflicients are
indexed with upper indices:

n
Vo=0ler . o"E = ) v (12.10)
i=1

and a covector basis is indexed with upper indices, with coefficients indexed with lower
indices:

F=Fn'+...+Fn" =Y Fi. (12.11)
=1

The Einstein convention is simply to leave off the sum symbol, with an implicit understand-
ing that repeated upper- and lower-index pairs are summed:

%

n
v'€; means precisely Zvia. (12.12)
i=1

12.2 Exercises

1) Do C.3.1. Specifically, prove that Hom(V, W) is a vector space.

2) Consider the vector space V of quadratic polynomials in one variable. Let vi = 1,
ve = x, and v3 = 22 be a basis, and let {v!,v?,v3}. Let A:V — R be the linear
functional

A(f) = /}Re_$2f(x)dx (12.13)

What are Ay, Ay, A3? Express A in terms of the given dual basis.
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3) Do C.4.1.
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Lecture 13 - The Tensor Algebra

Tuesday March 25, 2014

13.1 Material

We discussed more material from Appendix C of the book. Some aspects of class differed
from the book’s presentation, so we’ll review our class material in the notes.

13.1.1 Review of Basics

Let V be a vector space. There is a second vector space, its dual, which is the vecotr space
of linear operators:

V*:{A:V%R‘Aislinear}. (13.1)
If it is finite dimensional, we may choose a basis
B = {ey,...,e,} (13.2)
after which we get a dual basis

B* = {n',....n"}. (13.3)

where the linear operators n; are each defined, implicitly, by

n'(e;) = 5; (13.4)
Given vector spaces V', W, we define the Hom-space:
Hom(V, W) = {F VW ‘ Fis linear} . (13.5)

and also the tensor product of two vector spaces:

V @ W = finite linear combinations of elements v @ w where ve V, we W  (13.6)
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13.1.2 The Tensor Algebra over V'
The graded tensor algebra

Let V be a vector space. Then we have a variety of new vector spaces:
yer & ®kV LVRVe -V (k many factors) (13.7)
and by convention we define
yeo & ®OV 2 R (13.8)
We define the graded Tensor algebra to be the space

®*VéR@V@V®2@V®3®...
RV - PRV
k=0

An element of V®* is said to be homogeneous of degree k, or to be a tensor of degree k.
The product is the obvious product.

(13.9)

The bigraded tensor algebra

We define the bi-graded tensor algebra over V' to be
* % > k > l
Q- (BR7)  (BR") 1310
k=0 =0
Elements of this huge vector space have forms like
vi® vy homogeneous of bidegree (1,1))

(13.11)

homogeneous of bidegree (0,1))

(

Ve v ® vy (homogeneous of bidegree (2,1))
Vo (
(

vo + vi® vy not homogeneous)

Definition: An element of the subspace ®' V* ® ®’V ¢ ®** V is called a homogeneous
tensor of bidegree (i, ;). We define the algebra product as follows:

. ; ij
if vig...v ®v1®...vj€® \%4

X i kol (13.12)
and W Q.. W QW ®...w; € ® \%4
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then we define
Ve, vVevie..v,)® (w'e.. . wew e..w) (13.13)
to be
vie.. view' e..wevie..v;ew ®...w, € ®i+k’j+lv (13.14)

To be specific, we allow elements of V* and V to commute, but elements of V* do not
commute with each other, and elements of V' do not commute with each other.

The tensor algebra

Lastly there is the full tensor algebra. This is similar to the bi-graded case, except we do
not allow elements of V* to commute with elements of V. For instance

Vi@ vy ®v? (13.15)
is not the same as

Vo viev, (13.16)

13.1.3 An example

So what good are tensors? As an example, we’ll see how all the theory of n x n matrices is
merely a subset of the theory of tensors.

Consider a finite dimensional vector space V with basis B = {ey,...,e,}. Then a
generic element v € V' can be expressed
v = v'e; (13.17)

where the v are scalars (that is, elements of R). We can also express v as a column vector:

v = : 2 olep + ... 4+ vy (13.18)
R

If n € V* is a generic element of the dual space, then = 7;e’, and we can express 7 as a
row vector:

no=(m, .., mm) = e’ (13.19)

Now a generic element of V* ® V' is a linear combination of basis vectors e’ ® e; can
be expressed as

Aec VeV

o (13.20)
A = A; e ®e;
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From above, we know that V* ® V'€ Hom(V, V). But we also know that Hom(V, V), the
space of endomorphisms on V, is, after choice of basis, the space of n x n matrices.

Considering an element A € Hom(V,V) = V* ® V and element v € V, we have that
A(v) is precisely
Alv) = A(v'e;)
= v'A(e;) (13.21)
= v'Ale;.

and therefore, in column vector notation, we have

Al
A2yt
Av) = .

Al (8]
Alvt + Alv? + ... 4+ Al
A3l + A2 + ..+ A2y7

= : (13.22)
Aol + AZ0? 4+ L+ AT (5]
A Ay o

B Ay A3 v
Ay Ay ... AT 5] " (5]

where
A=Ae®e and v=1'e. (13.23)

Thus the action of A on v, when expressed in matrix notation, is nothing more than matrix
multiplication.

13.2 Exercises

1) Let V be the vector space of polynomials of order up to 5 in the variable x. Let

A:V — V be the operator A = x%. Pick a basis, and express A as a matrix.

2) (Change of basis) Let B = {e1, ..., e,} and C = {fy, ..., f,} be two different bases
for the vector space V. Let A; be the collection of numbers with the property that
f, = Ale;. (13.24)

Obviously A% can be considered a matrix. Let B} be the inverse matrix.
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3) ItV

We took the inverse of the matrix A;, but is this matrix even invertible? Explain
how you know. (Hint: what is its rank space?)

Specifically what does it mean that A; and B; are inverse matrices? Express
your answer with correct notation.

Express e; in terms of the f;.

The two given bases each have their own set of dual bases: B* = {e!, ..., e"}
and C* = {f!, ..., f"}. Compute €'(f;).

Using your computation from (d), determine the transition matrices for the dual
bases.

is a finite dimensional vector space, then consider the vector space V* ® V; we

already know that this is isomorphic to Hom(V, V). Show that it’s also isomorphic to
Hom(V*,V*).
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Lecture 14 - Inner and Outer
Products

Thursday March 27, 2014

14.1 Contraction

If r,s > 1 then there are maps

RV — ®M"HV (14.1)

given by

Vi@ @Vl v v, @V, R @V, = VT (v) Vi@ @Vl v, @ @ Vv(14.2)

For instance consider an element of V* ® V. The contraction of
Aje! ®e; (14.3)
is
Alel (e;) = Als] = A (14.4)

which is the trace!

14.2 The Symmetric Algebra

14.2.1 The Symmetric Product

Given a pure k-tensor e;, ® - - - ® e;,, we define its symmetrization to be

1
Sym (e, ® - -Qe;,) = o Z e, ® --Qe_ (14.5)
" mwESy
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This has the porperty that
Sym (Sym (e;;, @ ---®e;,)) = Sym(e;, Q- Qe (14.6)

It also has the property that if two pure tensors e;, ® --- ® e;, and e;, ® --- ® e;, are
re-arrangements of each other, their symmetrizations are identical.

We can extend Sym to the entire tensor algebra by linearity.

14.2.2 Example

Let’s compute an example. Let V = span{ei, ez, e3} and let T = e; ® e3. Then, using
i1 = 1 and i3 = 2, we have T' = e;, ® e;,. There are exactly two elements in the symmetric
group Sy. Thus we have

1
Sym (e1 ® e3) = 51 Z €., e,
" mESs

1
T2 (ei, ®ei, + €, ®e;,) (14.7)

1
= §(e1®e2 +e®eq)

Let’s try another. Consider T'= e; ® e; so that i; = is = 1. We have

1
Sym (e1 ®e1) = 2 Z e_ Qe ,
’ TES2
(14.8)

1
= 5(81@81 +e1®el)

= e Re;

Let’s try one more. This times set T = e; ® es ® e3. Now we are dealing with the
symmetry group Ss which has 6 elements. Setting iy = 1, io = 2, i3 = 3 we get

1
Sym (e; ® ez @ e3) = 31 Z €ip D€, D€,
’ TES3
(14.9)

1
= g(el®e2®e3+e1®e3®e2+eg®el®e3

+ersResRe;+es3®e; ey +e3R@er@ey)
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14.2.3 The Symmetric Product

If T and S are aymmetric tensors of degree k and [, respectively, then we define the symmetric
product to be

!
Tos 2 (kk‘;'l)‘ Sym (T ® S) (14.10)
This has the property that
Sym(T©S) = ToS. (14.11)

We can iterate the symmetric product, for instance defining vow ®z = (v © w) ®z. This
product is associative.

This leads to the Symmetric Algebra:

v

ReVaVI2ZpV3ae...

00 k (14.12)
-POVv
k=1
14.2.4 Examples
Let’s compute some examples.
1+1)!
ej0e; = ( ) Sym (e1 ® e1)
11!
1
TESy
= e ®e;q.
Another: with i1 =1, i3 = 1, i3 = 2 we have
(s3] ®e1 ®e2 = (e1®e1)®e2
3!
= ﬁSym ((e1 ®e1) ®es)
31
= W? Z €, ®e, e,
. TES3 (1414)
= §(e1 ®We e +e ey ®e; +e e e

+e;ResRe;+ex®e1®e +ex e Qeq)

= e1RVe;®ete ey Re +exR®er Qe
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14.3 The Exterior Product

Given a pure k-tensor e;, ® --- ® e;, , we define its antisymmetrization to be
Alt (e, ® - Qe;,) = % d (e, @ @e,, (14.15)
TESy
This has the porperty that
Alt (Alt (e, @ - ®e;,)) = Alt(e;;, ® - ®e;,) (14.16)
We can extend Alt to the entire tensor algebra by linearity.

This has the property that if e;, ®---®e; has any repeated index, then its alternation
is zero.

Assuming V is an n-dimensional vector space, then this forces Alt(T') = 0 whenever T
is a tensor of order greater than n.

14.3.1 The exterior product and the exterior algebra

Assuming T and S are alternating tensors of degrees k and I, respectively, the define the
exterior product or the wedge product of T and S to be

(k+1)!

TAS ==

AlH(T @ S). (14.17)

This leads to the exterior algebra:

ANV = R@V@/\ZV@/\SV@

oo (14.18)
= DAV
k=0
14.3.2 Examples
We compute
1+ 1)!
e Ney = ( 1T1') Alt (91 (24 eg)
(14.19)

1
2'5 (e1 Xey — e ® el)

= e1®e2 762@61.
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We compute

el/\eg/\egz(el/\eg)/\eg
24 1)!
= ( 2'1') Alt((e1 ®82792®81)®83)
31
= W? (Alt (61 %] €9 X 83) — Alt (62 X (31 X eg)) (1420)
3!
= W(Alt(e1®e2®e3) fAlt(e2®e1 ®e3))

= (e1®e2®e37e1®63®62*62®91®e3
+tes®e3Rert+e3Re ey —e3Rer e

14.4 Inner Product Spaces

14.4.1 Inner Products

A vector space with a bilinear map g : V®V — R is called an inner product space provided
g satisfies
i) (Positivity) g(v,v) > 0 with equality if and only if v = o.
i) (Symmetry) g(v,w) = g(w,v)
i11) (Bilinearity) g(avy + Bve, w) = ag(vi,w) + Bg(ve,w) and g(v,aw; + fwa) =
ag(v,wi) + Bg(v, w2)

Then ¢(-,-) is called an inner product. By (4ii) we know that g € V*® V*. By (i) we know
that, in addition, g € V* © V*.

14.4.2 The Musical Isomorphisms
If V is an inner product space, then there is a canonical isomorphism V' — V* which is
denoted with a b. If v € V' we define
vi— g(v,-) =v, € V" (14.21)
This is a linear funcional on V', which we denote by v,,.
Conversely, the § map is the inverse V* — V. If n € V*, this is defined implicitly by
n — nﬁ eV

14.22
nw) = (i, w). (14.22)
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14.4.3 The interior product

The interior product is a kind of converse of the exterior product (aka the wedge product).
Consiider the case that T' € /\k V* and v € V. We have the exterior product:

kv* k+1v*
: —
A (14.23)

T v— v, AT
We also have the interior product:

k k—1
v /\ Ve — /\ v
(14.24)

T(y ooy ) — Tlv, ..., ).

Let’s do an example. Consider the 3-dimensional vector space V' with the inner product g.
We can choose and orthonormal basis

B = {ej,es, €3} (14.25)
Let T be the alternating tensor
T =e'ne? € /\2V*. (14.26)
We make three computations: ie, T, te,T’, and i, 1. We get
ie,T = T(e1,-) = (e' Ae?)(ey)
= (e'®e’ —e?®e')(ey, )

= el(e;)e? —e?(e;)e’ (14.27)
= e2
e, = T(ea,-) = (e' Ane?)(es)
= (e'®e?—e?®@el)(ey, ) (14.28)
= el(ey)e? — e?(ey)e! .
iy T = Tl(es,-) = (e' Ne?)(es3)
= (e'®e? —e*®el)(es, ) (14.29)

= el(e3)e? — e?(e3)e!

=0

14.5 Exercises

1) If V is a 3-dimensional space, show that every homogeneous form is pure. In 4-
dimensions, show that there are some 2-forms that are not pure.
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*2) We consider the case of a Lorentzian inner product on 3-space. To be specific, given
a basis B = {ej,es,e3} of V, let g be the symmetric bilinear operator given by
gler,e1) =1, g(es,e2) = —1, g(es,e3) = —1, and g(e;,e;) = 0 when ¢ # j.

a) We know that g € V* @ V*. Express g in tensor form.
b)
¢) Show that the inner product g still indices a b-map, b : V' — V*, that is invertible.
)

d) If g is any bilinear form (that is g € V*©V™), show that g € Hom(V,V*). Under
what conditions, specifically, is ¢ not an isomporphism?

Show that some vectors are self-orthogonal.

3) Let T = Ti’e' ® e; be a (1, 1)-tensor.

a) If C = {fy,...,f,} is another basis with transitions e; = Agfj, express the tensor
T in the new basis.

To be specific, we already have numbers Tij where T = Tij e ® e;j, but the
same tensor T can be expressed with a different array of numbers ij where
T = Tij f? ® f;. The challenge here is to express the numbers ij in terms of the
numbers TZ-j and the various transition matrices.
b) Show that the contraction of T" is invariant with respect to change of basis. That
is, whichever basis you compute the contraction in, you get the same number.
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Lecture 15 - Raising and
Lowering Indices

Tuesday April 1, 2014

15.1 Contraction

Recall the contraction: this is a way of taking a (r, s) tensor and producing a (r — 1,5 — 1)
tensor (as long as r,s > 1). For example if T = Tj;"e’ ® e/ ® e}, is a (2, 1)-tensor, there are
two distinct ways to contract:
CT = Tijkei(ek) X ej
= Ti"oe’
= Tiji ej
CT = T,e'e (er)
= kaé,?ce%%

= Tijj e’

(15.1)

15.2 The metric

If V is a vector space of n dimensions and B = {eq, ..., e,} is a basis, there is an automatic
dual basis B* = {e!,...,e"}. A metric is an element g € @2 V* that satisfies the property
that g(v,v) > 0 unless v = 0. A metric is the same thing as an inner product. A metric
can be expressed g = g;; €' ©e’.
Proposition 15.2.1 If g € ®2 V*, then it can be expressed as

g = gije e (15.2)

where gi; = gji-
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Proof. Any such g can of course be expressed
g = gie o (15.3)
Then by the definition of the symmetric product, we have
g = gije e

=g (e'®e +el®e')

=g e Re +g,ed e (15.4)

— guef@e +gpe @

= (gr + gix) e’ e

Therefore
g = gne e (15.5)
where gr; = gi; + g;; obviously satisfies gr; = G- O
Recall that if V' has a metric g, then there is a canonical map b : V' — V* defined by
v, = g(v, ). (15.6)

This map is invertible, and its inverse is denoted f : V* — V. Recall that if g is a metric on
V', then there is an automatic metric on V*, defined by

g, v) = g, 4% where  n,y eV (15.7)

Theorem 15.2.2 (Characterization of the metric on the dual space) Ifg = g;;€'®
el € V* ®V* is a metric on v, then the corresponding metric on V* is an element

geVoVv (15.8)
where g = gile; ® e; has the property that g is the inverse matriz of gij. Specifically,

gingl =57

Proof. We define the symbols g% so that the matrix (¢*/) is the inverse of the matrix (g;;).
Given a basis covector e’, let’s find out how to express (e?)? in terms of the basis vectors
e;. Our job is to determine the coefficients A" of

(e = AVe;. (15.9)
The implicit definition of (e?) is that

g((e)F, ) = g(A““e;C7 N = A*g(ey, -) (15.10)
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Then using g = gijei ® el we get

e = g((e)f, )

AR (gstes ® et) (ek’ )

Ak g ed(er)el (15.11)
Aik st 52 et

t

= A" gkt €
This forces A gy, = §i. Therefore A* in fact equals g**.

So we have proved that (e?)f = “Je;. Then using the definition of g on V* we have

gle', ) £ g((e")* (/)"
= g(g™ex, g'e)
= g"¢"g (ex, &)
= gikgjlgkl

_
9"

(15.12)

15.3 The Musical isomorphisms: raising and lowering
indices

We now have the following:

(15.13)
(e')f = ge
Now consider a vector v = viej. We have that
v, = vi(e;), = vigel. (15.14)

So if the coefficients of v are v’ then the coefficients of v, are v’g;; This conversion of a
vector to a covector is called the lowering of indices.

Conversely if n = n;e’ is a covector, we have that

A

7t = (nie')’ = n;(e’)*

So if the coefficients of n are n; then the coefficients of n* are 7;g” This conversion of a
covector to a vector is called the raising of indices.
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The raising and lowering of indices extends to tensors of any order.

instance, the tensor (2, 1)-tensor

T = Tijkei®ej ® e
This can be converted to a (3,0) tensor by lowering of an index:

T = njkei ®e @ek
where the symbols T%* are defined as such:

Tijk = Ti;°gsk-

There are two ways to convert this to a (1,2) tensor

T =T/"eve ek

T = Tijkei ®el R e
where

Tijk é Tiskgsj and Tijk é TsjkgSi.

15.4 Tracing

Consider, for

(15.16)

(15.17)

(15.18)

(15.19)

(15.20)

The trace is the combination of raising (or lowering) followed by contraction. For example,
it T =T,;€" ® €’ is some (2,0)-tensor, then to take its trace we raise an index

Tijei ®e — Tie'® e;
followed by a contraction:
T,e®e — Tilewe, — Tle'(e) =Ty

Because T;7 = T;,g% we have that the trace is

T;i9".
Likewise if

T = TVe; ® e;

is a (0, 2)-tensor then its trace is

T%g;;.

84

(15.21)

(15.22)

(15.23)

(15.24)

(15.25)



15.5 The interior product

15.5.1 First Definition

If n is a k-form and v € V, meaning
ne /\kv*, veV (15.26)
then we define the interior product by setting
iwn = v, ..., ) € /\HV* (15.27)

For example if n = e! A\ €? then we have

iv(e' Ae?) = (e Ae?)(v, )
elwe’ —e’®@e')(v, ) (15.28)
et -

— el(v 1

e*(v)e
We have the following:

Theorem 15.5.1 If n € N*V* and v € N'V* and v € V then we have the following
Leibniz rule

ivinAv) = (ivn) Ay + (=D A (ivy) . (15.29)

15.5.2 Second definition

There is an axiomatic way to define the interior product

(Constant Rule) If a € A" V* = R is a constant, then iya = 0.

)

(Sum and Difference Rule) If 7,7 € A" V* then iy (n £7) = iyn L iyy
(Action on Covectors) If n € A' V* = V* is a covector, then iyn = 1(v)
)

(Leibniz Rule) If n € A" V* and v € A" V* and iy (n A y) = (ivn) Ay + (=1)*n A (iyy)

Using these rules, we can compute the action of i, on any form. For instance
ley (e2 Ael A e3) = (ie,€?)ANel Ned — e A (iq, (e' A e3) Leibniz Rule
= (ie,€*)Ne' Ne® — e A (ig,e') Ne® + e? Ael A (ie, %) Leibniz Rule agai{% 30)

= e?(ej)e! Ne® — el(e;)e’ ne® + e’(e1)e? Ae! Evaluation on covectors

= —e’neéd
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15.6 Exercises

1) Consider R? with its standard metric; we know that an orthonormal basis is { ( (1) ) , (

with corresponding dual basis is {(1,0),(0,1)} C (R?)*. Now consider a new basis

B = {e1, ex} where
3 —2
e = < 1 ) s €y = ( 9 ) (15.31)

a) Determine the corresponding dual basis B* = {e!, e?}

b) Express g in terms of the basis B*. Verify explicitly that g;; = g;s.
c¢) Express the metric on (R?)* in terms of the basis B.
)

d) Compute the conjugate basis. Graph both the basis and the conjugate basis for
R? on the same set of coordinate axes. Be sure to clearly label your graph.

2) The moral of this problem is that all linear operations are tensor products and traces.
a) Let A be a (1,1)-tensor
A=Al we (15.32)

If v is a vector, we know that A(v) is also a vector. Show that A(v) is equal to
the tensor product A ® v followed by a contraction.

b) Let A= A;'e ®e; and B = B;"e’ ®e; be (1,1)-tensors. Show that the matrix
product between A and B is the tensor product A ® B (a (2,2)-tensor) followed
by a contraction (resulting in a (1,1)-tensor).

3) Let V be a 2-dimensional vector space, and let Tijk be the (2,1) tensor given by

10 3 1
lek_<0 1), Tij—<0 1). (15.33)

a) Express T explicitly in terms of the e; and e’.

b) Determine, explicitly, the two traces of T'. In particular show that the two cov-
ectors you obtain are not equal.

4) Let V be an n-dimensional vector space. Show that the trace of g = gijei ®el is n.

5) Show that, if 7 is any k-form then iyiyn = 0. Do this with an induction argument:
show it is true when n € /\1, and then assuming this is true for all ' € /\k V*, show
it is true whenever n € A*™' V* (you will have to use the Leibniz rule).

*6) If n is any k-form and v € V| then show that
iv(Ve A1) + vy A (iyn) = |v]*n. (15.34)

(Hint: rely on the properties of iy, and this is a one-line proof!)
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Lecture 16 - The Hodge Duality
Operator

Thursday April 3, 2014

16.1 Inner products on tensor spaces

16.1.1 Heuristics

If T and S are tensors of the same degree, we can define an inner product. For instance if
T = Tijkei ®el @ ey S = Sijkei ®e ®ep (16.1)

then
(T, 8) = Ti"Sim™ 9" ¢’ gin (16.2)

Let’s see this in an example. Let T =e! ® e and S =e' ® e'. Then T19 =1 and S;; =0
and all other symbols are zero. Therefore

(T, S) = T;;Smg™g"
= T12Sugt*g? because T;; = 0 unless ¢ = 1,5 = 2

= Ti25119 ¢t because S;; =0 unless i =1,j =1 (16.3)

= 911921 because T95 = 1 and S1; =0

= <e1,e1> <e2,e1> .
Thus we have found that
<e1®e2,e1®e1> = <e1,e1><e2,e1>. (16.4)
The same sort of computation would give, for arbitrary fixed i, j, k, [, the expression

<ei ®el, e ® el> = (€', el> <ej, el>. (16.5)
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16.1.2 The inner product on the bigraded tensor algebra

If
T =T e'"®..e" Qe e,
S =S8pete. e, ®e;

are (k,l)-tensors, then their inner product is defined to be

<T7 S> — T?-l'"il gma...my gj1n1 B ~gjl"’gi1m1

J1-- g~ na.ng

e Giymyg -

(16.6)

(16.7)

16.1.3 Second Definition of the inner product on the bigraded ten-

sor algebra

The equation ((16.5)) leads us to the second

Definition. Let {v1,...,v;},{w1,...,w;} be vectors and let {n!,...
be covectors (no claim is made that these are bases). Then the inner product of two

monomials of bidegree (k,[) is defined by

gn'e-enfevie-ov,y e 2w @ - ow)

=g .9 (" AF) g (vi,w1) .. g (vi,wi).

We extend this inner product, by bilinearity, to the entire tensor algebra.

16.2 Inner Products on the Exterior Algebra

16.2.1 Diret extension to the exterior algebra

Forms are just examples of tensors, so the inner product explained above carries over. For
example, if v*, w® are various covectors (no claim is made that this is a basis), then using

the definitions above we get

g(vi/\vj7 wk/\wl)

g(vi®vj—vj®vi7 wk®wl—wl®wk)

..,fyk}

(16.8)

= g(vi®vj,wk®wl) —g(vi®vj,wl®wk) —g(vj®vi7 Wk®wl)—|—g(vj®vi, Wl®Wk)

= g(v',whg(v!, w') — g(v', whg(v?,w") — g(v/, wF)g(v', w') + g(v/, w')g(v', wF)

= 2((v', wh) (vI, W) — (v', wh) (v, wh))

e () )
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Similarly

g (Vi AVIAVE, whAw™ /\W") = 6det <Vi, Wm> <vj, m> <vk, wm> (16.10)
<vi7 w"> <Vj7 W"> <Vk, W">
In general we have
howl) (v
g(vl/\---/\vk,wl/\---/\wk) = k! det (16.11)
(VW) (v W)

16.2.2 Modified Definition

The factors of k! are annoying, so it is conventional to simply define inner products by the

following
Definition.
(hwl) L (vE wh)
(VEA-AVE WA AWR) = det : . (16.12)
(VL wh) L (R k)

Unless otherwise stated, this is always the inner product that isused on exterior forms.

16.3 The Volume Form

16.3.1 Definition of the volume form

If V is a vector space with dim(V') = n, then we know that

dim (/\”V) - 1. (16.13)

Assume V has an inner product and that B = {eq,...,e,} is an orthonormal basis, then
B* = {e',...,e"} is also an orthonormal basis, and we define the volume form to be
Vol = ' A---ne" e \'V7. (16.14)

Notice that
[dVol|> = det (Idpypn) = 1. (16.15)

However this is not quite canonical. The choice of a volume form is determined only up to a
sign. A choice of an element of A" V* of length 1 (of which there are two possible choices)
is called a choice of orientation; a volume form is also sometimes called an orientation.
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16.3.2 Why is it called a “volume form”?

Let dVol = e! A---Ae™ be a volume form, where B* = {el,... ,e"} is an orthonormal basis
of covectors. Consider a collection {vy,...,v,} of n-many vectors (no claim is made that
this is a basis). Then the action of dVol on these n many vectors gives the signed n-volume
of the parallelotope spanned by these vectors:

el(vy) el(vy) e (vn)

dVol ( ) = e*(v1) e*(va) e?(vn)
OL(Vi,...,Vp) = : . : (1616)

e"(vi) e"(vz) ... e"(vn)

= signed volume of the parallotope spanned by {v1, va}.

Once an ordered orthonormal basis is chosen, an orientation is automatic. If any two ele-
ments of the ordered basis are switched, then the orientation reverses sign.

16.3.3 The right-hand rule

In dimensions 2 and 3, the notion of orientation is already quite familiar. In particular,
a choice of orientation is equivalent to a choice of using either the right-hand rule or the
left-hand rule.

For instance, let e',e? be the standard orthonormal covectors, with volume form
dVol = e' A e?. Let’s pick two vectors, v = 2e; + e; and w = e; + 2e,, for instance.
In accordance with the right-hand rule, the ordering (v, w) should be the positive ordering
and the ordering (w, v) should be the negative ordering. So let’s compute:

dVol(v,w) = e'(v)e’(w) — e?(v)e!(w)
—2.2_-1.1=3
dVol(w,v) = e'(w)e*(v) — e*(w)e'(v)

=1-1-2-2 = -3

(16.17)

which is what we expected.
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16.4 The Hodge Duality Operator

16.4.1 The volume form as a tensor

Recall the Levi-Civita symbol:

0 if any two of the ¢; are equal to each other
€ivig..in = 1§ Sgn(m) if all the ¢; are unequal, where 7 is the permutation  (16.18)
of n letters that takes (i1,i2,...1,) to (1,2,...,n).

This is also called the totally antisymmetric symbol. We can use the Levi-Civita symbol ¢
to express dVol in tensor form:

dVol = 6i1,,_inei1 ®- e, (16.19)

16.4.2 First definition of the Hodge star

The Hodge star operatoris simply any of the tensoral forms of the volume form. For instance,
if we raise one index, we get

1 n—1 1 n—1
* Ve V' =~ Hom( v, V*)
/\ /\ /\ /\ (16.20)
* = giljiail...in e ® eiz R Q ein'
If we raise two indices, we get

2 n—2 2 n—1
«: \'Ve /\ V'~ Hom (/\ Vi V*) (16.21)

* = gnjigzzjz{_:ilmi e, ®e, ® e?2®... e,

n

Raising k£ < n many indices we obtain an operator

% : /\k — /\”_k. (16.22)

16.4.3 Second definition of the Hodge star

An equivalent definition is as follows. If 7 is a pure k-form, then we define
xn = the (n — k)-form so that n A 1 = |n|*dV ol (16.23)

and extend by linearlity.
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For instance consider V ~ R3 with B* = {e!,e? e3} an orthonormal basis and with
volume form dVol = e! A e A €3. Then we compute

xe! = the 2-form so that e' A xe! = 1-dVol

= e?né’
xe> = the 2-form so that €3 A xe® = 1-dVol
L 3 (16.24)
= —e ANe
xe> = the 2-form so that €3 A xe® = 1-dVol
= e ' NéP
Similarly
x(e' Ne?) = &
xel Ned) = —e? (16.25)

x(e?ne’) = e!

Theorem 16.4.1 The Hodge star = : \* — N"" is an isomorphism. Further, sx: \* —
N is given by xx = (=1)F=k) 4.

Proof. The second assertion clearly follows from the first, as the inverse of * is then +x*. To
compute *x, we work with a basis.

Any pure element of length 1 in /\k can be expressed in the form

el A...e” (16.26)
where {e!,...,e*} is an orthonormal set. We can complete this to an ordered orthonormal
basis {e!,...,e"} of V*. Then we compute

x(xe' A...eF) = xefTIA . ne” (16.27)

Second we compute
(PP A-ne) A (et A ner)
= (1" Fetneftt A nem A A ner
= (—12="el A2 Aef T A nem Aed A neR

(16.28)
= (=1*=Fhel A pnef Aef T AL Aen
= (=1)F=F) qyol.
So on the one hand
e TEAne" Ax(eFTE A Ae") = dVol (16.29)
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and on the other hand
(P A ne) A (e Ao ner) = (—1)FRavol (16.30)

which means that we must have xx = (—1)*("=*) as promised. O

16.5 Exercises

1) Compute x1 and *dVol. Show that * (n A xn) = |n|2.

2) Let V be an inner product space of dimension 4, and let B* = {e!,e? e3, et} be an
orthonormal basis of V*. Let = 2e! — e3 and let v = 3e?. Compute *(n A~). What
is |n A~y|? What is | (n A)|?

3) If n = 0 (mod2), then show that «: A2 V* — A% V*. Considering the action of * on
this middle dimension, if n = 0 (mod4) then show that s+ = Id, and if n = 2 (mod4)
then xx = —Id.

4) (Complex numbers) Consider V = R? and give V* the standard basis e! = (1,0),
e? = (0,1) and orientation dVol = n' A n?.
a) Show that * : A' V* — A' V* and that s = —Id.
b) Show that under the standard identification R? ~ C, then * ~ i (where i = /—1).

*5) (Spinor spaces.) We know that x : A* — A" is the operator x = (—1)k(n=F),

a) If n = 4, then show that % : A> — A? is the identity. Using this, show that the
cigenvalues of the operator  : A\* — A” are %1.

b) The ecigenspaces of \® are denoted AT and A7, where = : AT — AT acts by
multiplication by 1 and * : A~ — A~ acts by multiplication by —1. If n € /\2,
show that  +*n € AT and that n —«npe \~.

¢) We will construct bases for AT and for A~. Let B* = {e',e?,e® e} C V* be
an orthonormal basis. Let i be one of e! Ae?, e! Ae?, el Ae*. Using the method
of part (b), find three independent elements of /\+, /\", respectively.

d) /\+ and A\~ are sometimes called the right- and left-handed spinor spaces, respec-
tively (technically, they are Pauli spinor spaces, not Dirac spinor spaces). Show
that your bases for these spinor spaces are in fact orthogonal, and of length v/2.
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Lecture 17 - Manifolds

Tuesday April 8, 2014

17.1 The Definition of a Manifold

We begin our migration from geometry as a study of surfaces within an ambient space to
fully intrinsic geometry.

Definition. A manifold M is a second countable Hausdorff topological space M such
that every p € M has a neighborhood that is homeomorphic to an open set in R”.

(Note: in class I mistakenly failed to include the ”second countable” criterion.)
To unwrap this definition, we remind ourselves of a few other definitions.

Definition. A set X with a collection T of subsets is called a topological space provided

i) geTand X eT
i1) (Closure under finite intersections) If Uy, ..., Uy € T then Uy N---NU, € T

iii) (Closure under arbitrary unions) If {U,}aea is any collection of subsets in 7, then
UaecaUa € T.

If X with T is a topological space, then the sets in 7 are called the open sets. As a
warning, the notion of “open set” does not necessarily have anything to do with the usual
open sets of R™ that we’re used to.

Example. (The discrete topology). If X is any set, then the discrete topology on X is
the topology where every subset of X is an open set.

Example. (The standard topology on R). Here X = R. and the open sets are the
standard open sets that we're used to: U € T means that U is any union of a collection of
open intervals.
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Example. (The Zariski topology on R). The open sets are arbitrary unions of sets
of the form R\ {ay,...,ar} where a;, is any finite collection (possibly empty) of points in
R. This is also called the topology of finite compliments: open sets are those sets U whose
compliments R \ U consist of finitely many points. (The one exception is the empty set.)

Definition. A topological space is called Hausdroff if the open sets separate points.

To be more precise, a topological space is Hausdorff provided whenever z,y € X, there
are open sets U,V € T sothat c e U, ye V,x#y,and UNV = 2.

Example. The discrete topology on any set X is Hausdorff. Specifically, if z,y € X
and x # y, then the open sets U = {z} and V = {y} contain x and y, respectively, and
clearly UNV = @.

Example. The Zariski topology on R is not Hausdorff. If x € U and y € V where U,V
are open, then U NV is also open and non-empty, and therefore the compliment of U NV
consists of only finitely many points. Therefore U NV is not the empty set.

Example. (A set with a non-Hausdorff double point.) Let X be the space formed as
follows: start with the open interval (—1,1), remove 0, and add in two points p and ¢q. We
will let the open set be arbitrary unions of sets of the following four types:

i) (a,b) where 0 <a<b<1

i1) (=b,—a) where 0 <a<b<1

) (
) (
) (—a,0) U{p}U(0,b) where 0 <a<land0<b<1
i) (—a,0)U{q} U (0,b) where 0 <a<land0<b<1

In this case, any open set that contains p has a subset of type (74) and any open set that
contains ¢ has a subset of type (). Yet sets of types (4ii) and (iv) always intersect. Thus
the points p and ¢ cannot be separated by open sets.

This last example is particularly interesting, as every point does have a neighborhood
that is homeomorphic to an open subset of R. Thus with the “Hausdorff” criterion, patho-
logical spaces like this would have to be considered manifolds.

17.2 Atlases

Theorem 17.2.1 If M is a manifold, then every point p has a neighborhood U that is
homeomorphic to a neighborhood in some R™. If M s connected, then the dimension of the
target space R™ does not vary from point to point.
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If the manifold M is connected, then it has a well-defined dimension. To indicate the
dimension by a superscript: M = M™.

Now consider the case of a compact manifold.

Theorem 17.2.2 If M™ is a compact manifold, then there are finitely many open subsets
{U1,...,Un} of M so that each U; is homeomorphic to a neighborhood in R™ and so that

N
M = U (17.1)

i=1
Proof. This is a simple application of the definition of compactness. O

A collection of open sets {U,} of M is called an atlas for M provided

M = | JU.. (17.2)

What the theorem says is that every compact manifold has an atlas that consists of finitely
many open sets.

Theorem 17.2.3 If M™ is any manifold (not necessarily compact), then there is a finite
collection {U;}32, of open sets such that

i) Fach U; is homeomorphic to an open set in R™
i) We have M™ =J2, U;

iit) The collection U; is locally finite. That is, each p € M is in only finitely many of the
sets Uj;.

Example. (An atlas on S'). The manifold S! can be considered to be a subset of R?,

given by 22 + y? = 1, where < ; ) are the standard R? coordinates. Let RCR be the

r-axis, with coordinate u. Let N = ( 0 ) be the north pole of S' and let S = ( L ) be

1 0
the south pole.

Then we have two maps, northern polar stereographic projection

X

= = 17.3
u= () = (17.3)
and southern polar stereographic projection
T
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The atlas consists of the two open sets Uy = S' \ {N} and Us = S' \ {S}. Both charts
are homeomorphic to R! (which is, of course, an open set in R') via the maps we have just

defined:
Yy SP\{N} — R! 7
Vg @ ST\ {S} — R! (17.5)

17.3 Exercises

1) Construct some other atlas for the manifold S!, in such a way that does not involve a
construction like stereographic projection.

2) Find or construct 3 examples of non-manifolds other than the ones described in the
notes or discussed in class.
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Lecture 18 - Charts and Vector
Fields

Thursday April 10, 2014

18.1 Atlases

Recall that a manifold M™ can be covered in at most countably many open sets {U;}2,
where for each U; there is a coordinate chart

where U; is some domain in R”, and ¢; is a homeomorphism.

18.2 Transitions

Suppose a point p € M™ lies in two charts:

oy :U—UCR"
oy V>V CR” (18.2)
pelUnV.
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For convenience, we shall denote the coordinates of U by z!,..., 2™ and the coordinates of

V be y',...,y". Thus we can express

eu(p)

and

ev(p)

1

Now, if the z-coordinates of p are (z*,. ..

(18.3)

y".(p)

,2™)T, then what are the y-coordinates of p? The

transition function (also called the change of coordinates map) is simply

pvu £ pvopy' tou(UNV) — ov (UNV).

(18.4)

Notice that this is a map from a region in R™ to another region of R™.

18.3 Example: Stereographic Projection

Let S? be the locus (z1)% 4 (22)? + (23)?
be the usual stereographic projections.

et =

*(p) B 13
v (p) T
pvp) = (2 =

=1, and let oy : SP\{N} — R?, oy : S\ {S} — R?
We have the projections and their inverses:

2ut
14 (ul)?+4(u?)?

2u?
T+ (u)2+(u?)?

14 (uh)2 4 (u?)?
14+ (ul)2+(u?)?
(18.5)
20!
T+ (vh)2+(v2)2

202
T+ ()2 +(v2)2

L "

1— (U1)27(1)2)2
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So suppose p has u-coordiantes (u',u?)T. Its v-coordiates must be

SDVU(ulvu2) = pvo @51(u17u2)

2u!
T+ (w)2+(u2)2

22
= ev | TrEhEee

1 ()2 (u?)?
T+ (w))2+(u2)?

24l
TT (a2 1 (u?)2
DT

24,2 (186)
1+(u1)21+2(u2)22 ;
—14 () +(w?)
e w?

2u!
T+ ()2 +(u2)2—1 + (ul)2+(u?)?

2u?
14+ (ul)24+(u?)2—1+ (u')?+(u?)?

ul

You may have seen this operation elsewhere. It is inversion in the unit circle. We have
derived the change-of-coordinate maps

’Ul = Y
(u1)2+(u2)2’
2 (18.7)
2
V2

18.4 Vector Fields

There are several approaches to the notion of a vector field on a manifold. Today we shall
explore the first of them

A vector field is a directional derivative. This is probably the most important notion
in intrinsic geometry.

Assume oy : U — U C R" is a coordinate chart, where we consider R™ to have
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ul,...,u" coordinates. At a point p € M™, any directional derivative can be expressed in

the following form:

0 0
1 n
— o — 18.8
“ Bul + ta ou™ (18.8)
P P
Now let w be a vector
0 0
1 n
= — + ... — 18.9
W Y out + tw ou™ (18.9)
expressed in the u’-coordinate system. If p is in a second chart: p € V where ¢y : V — Vc
R™ and we take this R™ to have coordinates v!, ..., v™, then recall we have the transition
map
y! 21
: =ovu| (18.10)
yn x’ﬂ
where pyy = @y o @L_,l oo (UAV)" If we denote the i*"-component of the map ¢y by

(pyr)?, then of course this is merely an expression of the y-coordinates as functions of the
z-coordinates:

Yy = (‘pVU)i (‘rlv s 7xn)

(18.11)
Yy = (pyu)" (2. .., 2").
which is just y* in terms of the 27. This lets us use the chain rule to express
w = wlw + ...+ wn@u”
= wl%% + o+ w"%% (18.12)
— ol Do) O

18.4.1 Example

We will compute the change-of-basis formulas for the two charts on S? given by the two
stereographic projections. So consider the coordinate maps from above:

(4) = outens - ()
(1) = e = ().
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which gives u to v transition

1
v’ u W
( 1)2+(u2)2

We shall compute the B——to ‘9 transitions. We have

9
oul

ovt 9
oul ovt

ovl 0 o 0

( —(u")? +(
((uh)? + (u?

aTT+aTT

5t ((ul)?

+ (w? )38 3(31(@1) ())38

+
u2 2 i 0
o2

(18.14)

_ ( —(v1)? +(
((v1)? + (v?

0 0]
(—(U1)2+(1}2>2) ﬁ _ 2,011)2 87

Similarly we compute

0

oz

8
)( Zi (522) )«9?1_((@1)221 (v2)2)?

—2p1? % + ((01)2 _ (’U2)2) 0

v’

(18.16)

Therefore given an arbitrary vector field w expressed in the u*-coordinate system

. 5 O
w=w o+ wi o,

we can express w in the v* coordinate system as

o0 , 0
87“!"11) ou a3
( +(7}2)2) % 2 1,2 8(32>
+w ( o (GO R o
(U)l (7(1)1)2+ (1)2)2) w2 (2,011)2)) %
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18.5 Differentiable Manifolds

Recall our formula

o) 9 L eve)’ 9 (18.19)

Oul  Ovi ounr Ovi”

Now the map ¢yy maps a region of R™ to another region of R®. We are taking partial
derivatives of the map ¢yy. Therefore, in order for a vector to expressible in more than
one chart, the transition function must be differentiable.

We are then motivated to make the following

Definition. A manifold M™ is called a differentiable manifold if it has an atlas (U;, ;)
in which the transition functions ¢;; = ¢; o ¢; ! are differentiable maps from the region
0i(U; NU;) CR™ to the region ¢;(U; NU;) C R™.

18.6 Exercises

1) If v=ot % + UQ@%? is a vector field expressed in rectangular coordinates, express v

in polar coordinates.
2) Let oy : S?\ {N} — R? be stereographic projection, where R? has u'-u? coordi-

nates, and let ¢y : S?\ {S} — R? be stereographic projection, where R? has v!-v?

coordinates. Let v be the vector field on S? given in u-coordinates by v = 3%1.

a) Find the vector field in terms of both the {%} and {%} bases.
b) Make a graph of this vector field in the u-plane, and in the v-plane.

¢) Do your best to sketch this vector field on S? itself. Does v have a singularity?
Where?

3) The torus T? can be expressed as the image of the map
0:R? — RY

T (18.20)

o(u, v) = (cos(2mu), sin(27wu), cos(27v), sin(27wv))

This is not a parametrization, because it is not one-to-one. Find four domains
Ui, Us,Us, Uy C R? so that the four parametrizations

(U, elv,), (U2, olv,), (Us, vlus), (Us, ¢lu,) (18.21)

constitute an atlas.
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Lecture 19 - Vectors and
Covectors

Tuesday April 15, 2014

19.1 Second definition of a vector at a point

Let p € M™ be a point in a manifold. A path n through p is a map
n:(—€ € — M" (19.1)
so that n(0) = p. If (U, ¢y) is a coordinate chart we define

i (—€,¢) — R”
Tu (A ) (19.2)

Yo (t)

A path n is called differentiable if the manifold M™ is differentiable, and ny is differentiable
for each domain U in the atlas.

(v o pu)(1).

Any path through p defines a differential operator at p. If f : M™ — R is a real-valued
function, then this operator is given by

d

| (Fen(® (19.3)

t=0

If 1 is another path through p, then the operator it defines is of course

d

| _ e (19.4)

Possibly these two operators are the same. We define an equivalence relation on differentiable
paths through p by

Fon®) = LI (Fomy ). (19.5)

d
n ~ v if and only if — i,

dt

t=0
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The equivalence class of a differentiable path + is denoted [y]. Specifically,

[v] = the set of all paths n: (—e,e) = M™ with n(0) =p
d d
and so that — (fom)(t) = — (foy)(t) (19.6)
dt|,_, dt|,_,

for all differntiable functions f
Now we can define the notion of vectors based at p.

Definition. A vector v € T, M based at p is the differential operator associated to any
equivalence class of differentiable paths through p.

Specifically, if [v] is such a equivalence class, then the vector ¥ it defined is the differ-
entiable operator whose action on functions is

d

W) = |, Gen . (19.7)

19.2 Relation between the new and the old notion of
vectors

Let n be a vector, and let (U, ¢p) be a coordinate chart, where the coordinates are given
the labels u!, ..., u™. We will see how to express the vector associated to [y] in terms of the
u-coordinates.

Recall that our previous way of expressing a vector required a coordinate chart, and a
generic vector had the form

.0
U = a'— 19.8
U a S ( )
Define the real-valued function
fo 2fopgt U — R (19.9)

and the path in R"

Yo i (—€,€) — UcCR"®

w £ euoy

V() (19.10)
Y (t) = :

75 (1)
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Then we compute the action of [¢] on the function f : M™ — R by computing

d
(f) = 7 (fov)(t) Definition of the vector ¥
t=0
d ) .
= — (fowg opuon)(t) Trivial
dt|,_,
d
= = (frovu) () Notice fy and ¢ are simply objects defined on Euclidean spade®d.11)
t=0
d )
= ;lth é;f U Ordinary chain rule for functions in Euclidean space.
ul

B dvi 0
N ( dtU 8ui> (fv)

Thus we have shown that the vector ¢/ is the operator

L dyy 0
Tdt out’

(19.12)

From the expression (|19.8)) we see that the coefficients of the vector ¢ that is represented

T
by the path v are a* = —.

19.3 Covectors

Given a point p € M™, the tangent space at p is the space of all vectors based at p. If we
have a coordinate chart (U, ¢y ), we know that

T,M = spanR{ 0 0 } (19.13)

oul” "7 oun

This is a vector space. We know that every vector space automatically has a dual; the vector
space that is dual to T),M is usually denoted Ty M. If f is any differentiable function on
M™ and ¥ € T,M then we make the definition

df () = u(f). (19.14)
In other words, the “d” map takes functions, and assigns them to covectors. Now consider
the coordinate functions u!,...,u". We have the basis
B = {aaul, cee 83"} C T,M. (19.15)
Now by definition we have
du'(7) = v(u') (19.16)



so that if we set v = % we get

. 0 o’ .
Therefore
B* = {du', ..., du"} C TpM. (19.18)

is the basis that is dual to B.

19.4 Exercises

1) Consider the 2-sphere S? given as usual by 22 + 4> + 22 = 1. Let U = S\ {N}
and let ¢y : U — R? be northern-polar stereographic projection. Define the function
f:S? — R given by the height function: f(x,y,2) = 2.

2

a) Express f in the u'-u? coordinate system.

b) Determine the covector df in terms of the basis {du', du?}.
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Lecture 20 - Push-Forwards,
Pull-Backs, the Exterior
Derivative, and the Metric

Thursday April 17, 2014

20.1 Vectors and the Push-Forward

20.1.1 Maps and diffeomorphisms

Let M™ and K™ be manifolds (not necessarily of the same dimension), and let

v M® — K™ (20.1)
be a map. Let U C M™ and V C K™ be charts. Assume z',...,z" are coordinates on U
and assume y!,...,y™ are coordinates on V. Then, provided the image of U under ¢ lies
in V, then 1 can be expressed in coordinates:
Pl(at, ... a™)
Yt .. 2") = : (20.2)
wm (xl7 . ’l.n)
So if a point p € M™ has coordinates
7l
p = : (20.3)
x'ﬂ
then 9 (p) € K™ has y-coordinates
y! P(at, ... a")
v(p) = : = : (20.4)
ym 11[}m(:1717 ) xn)
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Definition. The map ¢ : M™ — K™ is called a differentiable map provided, whenever
¥ is expressed in coordinates ¢(z',...,2") = (Y'(z',...,2"), ..., " (a?,...,2")), the
functions 1 are differentiable.

Definition. A map ¢ : M™ — K™ is called a diffeomorphism provided v is on-to-one
and onto (so in particular m = n), 9 is a differentiable map, and the inverse 1~ ! is a
differentiable map.

20.1.2 Push-Forwards of Vectors

Recall the intrinsic definition of a vector: a vector v based at p € M™ is the differential
operator associated to any equivalence class of differentiable paths [y] through p.

Suppose the path 7 represents the vector v. This means that v : (—¢,¢) — M"™ has
~v(0) = p and that if f: M™ — R is any differentiable function, then the action of v on f is

vif) = L (rem . (20.5)

dt|,_,
Given a differentiable map ¢ : M™ — K™ (not necessarily a diffeomorphism), the vector
v can be transferred, in a natural way, to K™. This is done simply by mapping the rep-
resentative path v : (—¢,e) — M™ to the path ¢p oy : (—¢,e) — K™. We call this the
push-forward of the vector v.

Definition. If v € T,M is a vector and ¢ : M™ — K™ is a differentiable map, then
the push-forward of v along v, denoted 1. (v) € Ty, K, is the differential operator given
by the following action on differentiable functions g : K™ — R:

d

Ve(v)(9) = @, (gohox)(t) (20.6)

Put simply, if v represents v € T, M, then v o 7y represents ,(v) € Ty K.

20.1.3 Expressing the push-forward of a vector in coordinates

Letting ¢ : M™ — K™ be a differentiable map, let U and V' be coordinate charts with
p € U and ¥(p) € V. Let the coordinates on U be x!,... 2" and let the coordinates on V
be y',...,4™. Then the differentiable map v leads to the change-of-variables

Y= Yt .. 2. (20.7)
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First we examine the vector associated to a path ¥(t). Given a function f : M"™ — R, we
use the chain rule to compute

d
v = G ene

_ & of (20.8)
dt ox?

B dvy' 0

B ( dt 8xi) f

Thus v is the operator
; 0 i dy'
V=15 where o' = e (20.9)

Now let’s compute the push-forward. If A : K — R is a function on K, then using the
chain rule twice, we have

d
v = A oyon)
=0
Oh oI dv'
Ayi Oz’ dt

_ (9 d 0,
— \ Ozt dt Oyl

(g0,
N ozt OyJ

(20.10)

We have shown that

(20.11)

We have the following theorem

Theorem 20.1.1 If ¢ : M"™ — K™ is a differentiable map and p € M, then ¢, : T, M —

Ty K is a linear map. If {x*,... 2"} are coordinates on M near p and {y*,...,y™} are
coordinates on K near 1(p), then
0 oy’ 0
. - | = - —, 20.12
v (&rl) Ozt Oy’ ( )
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20.2 Pull-Back of a Covector

In the situation above, if b : M™ — K™ is a differentiable map, then for every p € M, ¥
induces a linear map

by s TyM — Ty K. (20.13)

If v € T, M is a vector then *(v) € Ty, K. Now if n € Ty K then we can actually define an
action of n on vectors in T, M. This action is called the pull-back action, and the associated
covector on M is denoted . (n) € T,y M. We define

(V) = n (@ (v)). (20.14)

We can compute this in coordinates. We have bases {dz',...,dz"} C TyM and
{dyt,...,dy™} C T{;(p)K- Thus a covector n € T{;(p)M can be represented by 7 = n;dy’.
We check the action of *(n) on basis vectors % € T, M:

N . P
¥ (nidy") (W) = ndy’ (¢* <817J)> definition of ™

= ndy’ (ggj 83’“) computation from above

= %mdyi (E)ayk) linearity of the covector operation (20-15)
= g%:m i action of dy’ on 9/dy"

= gz; i simplification

On the other hand, a separate computation gives

o mdx’f< 0 ) = W

i 0
k J k
ox ox 83:_ (20.16)
_ %
These computations imply the following transition under pullback:
* i 8yi j
Vv (dy') = 527 0 (20.17)
20.2.1 Summary
Given a differentiable map: 1 : M™ — K™ and local coordinates {z!,...,2"} on M and

{y',...,y™} on K, the maps 1, : TyM — Ty, K and ¢* : Ty K — Tp,M are linear. We

(p)
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have the transitions

(20.18)

20.3 The tangent, cotangent, and tensor bundles

We have defined the tangent and cotangent spaces at a point. We can accumulate all tangent
spaces at all points on a manifold, and the object is called a bundle.

The Tangent Bundle : TM = U oM
peEM

The Cotangent Bundle: — T°M = | J Ty M.
peEM

(20.19)

Similarly, we have tensor algebras at eat point: @™ 7T, M which we can accumulate into
the tensor algebra

The Tensor Bundle : QM = Upen @ T, M. (20.20)
One particularly important bundle is the exterior bundle:
The Exterior Bundle : N'M = Upenr QT M. (20.21)

The exterior bundle is only formed over the cotangent spaces, never tangent spaces, at each
point.

20.4 The exterior derivative

If f is a differentiable function on a differentiable manifold, we have assigned a meaning to
the symbol df. Namely, if v is a vector based at p, then

df (v) = v(f). (20.22)
Notice that
0 _of
df ( aw‘) ol (20.23)
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but also that

of . . ( 0 of (0x?
oxJ oxt oxi \ Oz

_ 9 (20.24)
oxi
_ 9f
ot
Thus we have the formula
af . .
df = ~dx*. 20.2
f = sdo (20.25)

The exterior derivative, so defined, is a map d : A° M — A' M. We can extend this

k E+1 . . .
toamapd: \° = A 1 in an axiomatic way as such:

1) (Covector Rule) If f is a differentiable function and v € T,M, any p € M, then
df (v) = v(f).

2) (Composition rule) If f is any function, then ddf = 0.

3) (Sum and difference rule) If n € A" and w € A" then d(n + w) = dn £ dw.

4) (Leibniz rule) If n € A* and w € A’ then d(n A w) = (dn) Aw + (—=1)Fn A (dw).

20.5 Riemannian Metrics

Definition. A Riemannian metric is a choice of a symmetric (0,2)-tensor g at each point
with the property that, for any v € T,M, we have g(v,v) > 0 with equality if and only if
v=0eT,M.

In simple language, a Riemannian metric is the assignment of an inner product to the
tangent space at each point of a manifold.

Definition. A Riemannian manifold is a pair (M™,g) where M™ is a differentiable
manifold and ¢ is a Riemannian metric.

In coordinates we have the basis {dx!,...,d2z™} for the cotangent spaces, and we can
therefore write

g = gijdz' @ da?. (20.26)

where of course, the coefficients g;; are allowed to vary from point to point. That is, the
symbols g;; are themselves functions. Notice that

0 0
) <axi’ W) = Gij- (20.27)



Now given a path v : [a,b] — M, its tangent vector is

d dyt 9
¥(it) = v | = | = -, 20.2
1) = (3) = T om (20.28)
The norm-square of this vector is

A = g(3.%)

_ (o &Y 9

= I\ at oz dt 9

B dv' dryd 9 9 (20.29)

= at dt Y\ oz oai

_drdy

T dt ar T

To compute the length of the path v : [a,b] — M we use the standard formula

b
L) = / 5] dt. (20.30)

This lets us define the distance between any two points on a Riemannian manifold: if
p,q € M™ then we define

dist(p,q) = inf L(y) (20.31)
Bt

where the infimum is taken over all possible paths v with end points at p and q.

20.6 Exercises

1) Prove that ddn = 0 for any k-form n € /\k. To do this, you’ll have to use an induction
argument similar to the one you used to show that iyiyn = 0.

2) (The curl operator in 3-space) Recall the curl of a vector field in 3-space:

Vxv = 87’03_87@2 i+ 871}3_871]1 i-ﬁ- 87711_871}2 i(20'32)
T \oz2  9x3) 9! ol 913 ) Ox2 922~ 921 ) 93
If n = nidx! + nadzs + n3dx®, then show that the curl is *dn.

3) (The divergence operator in n-space) If n = nyda! +- - - +n,dz" is a 1-form in n-space,
show that the divergence is *d * 7.
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4) Do 3.3.2

6

)

5) Do 3.4.1
) Do 3.3.3
)

7) Do 4.3.2 (a), (b) in Lovett. He uses the notation 9; = %. Notice that the coordinates
here are spherical polar coordinates, that is, the coordinates of latitude and longitude.

8) Do 4.3.2

10

)

9) Do 4.3.6
) Do 4.3.11
)

11) Do 4.3.14
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Lecture 21 - Pullbacks, metrics,
and the distance between two
points on a manifold

Tueseday April 22, 2014

21.1 Example: The metric on S?

Consider our northern polar parametrization:

¥ :R? — S*\ {N} (21.1)
2ut
’U.2
Ylu' u?) = H(ulz)zw (21.2)
71+(u1)2+(u2)2

14+ (ul)2+(u?)?
We compute the push-forwards of the coordinate fields %. We place coordinates z', 22, 23
on R3, the ambient space of S2. From (21.2)) we have

1,1 2y _ 2u'
Yi(ut,ut) = 1+ (ul)? + (a2)2
u2
VA (ut u?) = 1+(u12)2+(u2>2 (21.3)
W (ul,u?) = —1+ (u')? + (u?)

T+ (ul)? + (u?)?
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Therefore

AN
*\oul' )  Oul! 9zt

R LR
oul 9zl  Oul 922 Oul 9x3

B 2(1 — (u)? + (u?)?) i_ 4uty? 0 4ut 0
- (et ure) o~ (o) a0 * (v 7o) o
and likewise
1 2 3
w*(8> oY 8+5‘¢5 o> 0

ou? Ou? 9zt " Ou? 022 ' Ou? 93

- <<1 n <uf£§§f<u2>2>2) oot <?

This allows us to compute the pullback metric:

L (0 N 0 0
We have

. o 0 2(1 — (uh)? + (u2)?)\” dutu? ? 4ut ?
o) (au au) - (1 ()2 <u2>2>2) +(<1+<u1>2+<u2>2>2) +<<1+<u1>2+<u2>2>2>
1 4 (U2)4 _ 2(U1)2 +2(u2)2 _ 2(u1)2(u2)2 +2(u1)2(u2)2)

@+ (@l 1 (@)

16(ut)?(u?)? n 16(ut)?
AT Wt @9 T @1 @) ¢ (@)

4(1+(u1)4+(u2)4+2(u1)2+2(u2)2+2(u1)2(u2)2+2(u1)2(u2)2)

@+ () 1 (2P)1

(21.7)

4 (1 + (U1)2 + (U2)2)

(14 (ul)? + (u?)?)*
4

(14 (uh)? + (u?)?)*

Similarly, we compute

) (632’ 88u2> 1+ (u1)24+ (u2)?)?

. ( (21.8)
(¥*9) (6)u1’ (“)uz> = 0.
Therefore we have computed
4
y du* @ du' + du® @ du?
(¥"g) (11 (1) + (12)2)° ( u )
4 (21.9)

_ oyt J
e Gy A
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21.2 The circumference of a great circle on the unit

sphere

Consider the great circle
sin(t)
St = 0 tefo,2m) » C S?
cos(t)

Under the stereographic projection

this becomes the path

Then the tangent vector is

) B dv' o dy? 0
= graat aow
0
oul

Then using our previous computation we obtain

2

a2
Ol = 5

Then the total length of v, as t varies from —oo to oo is

o) = [ T Rl ar

o0
2
2w
I

oo
= 2tan_1(t)‘

t=—o00

13- () - =

(21.10)

(21.11)

(21.12)

(21.13)

(21.14)

(21.15)

This computation verifies a fact we already knew: the circumference of a great circle on the

unit sphere is 27.
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21.3 The Cigar Metric

Consider the metric
4

_ 1 1 2 2
g T @)+ (2)2 (du' @ du® + du”® ® du?) (21.16)

This is known as the cigar metric.

21.4 Shortest paths

21.4.1 The setup

Let p and ¢ be points on the Riemannian manifold (M™, g). We have defined the distance
between p and ¢ to be the infimum of the lengths of all paths between p and gq.

We begin by assuming that some shortest path v : [a,b] — M™ between p and ¢ does
indeed exist; later on we shall prove this, but for now, we just assume that such a path does
indeed exist. That is to say y(a) = p and v(b) = q.

Now we consider a variation of paths. Let v, (t) be a family of paths, where o (t) = ()
is the original path. We also require the boundary conditions v4(a) = p and ~,(b) = q.

21.4.2 The variational field

Consider our family of paths vs. If we fix s and vary ¢, we are moving along the path. If
we vary s, we are seeing how the paths themselves move. We define the variational field

07s o 0
= s 21.1
0s 0s 0x' (21.17)
We have the tangent field:
_Oys o o
b= ot Ot Oz (21.18)
We define this to be the variational field:
Os v 0 . 0
= = = - = ' —. 21.1
v 0s |,y Os |,_, Oxt Y ox (21.19)

Now given the path v = 7y we are free to choose any variation we wish provided the
endpoints are fixed, which amounts to choosing an arbitrary variational field v = v* a(zi .
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21.4.3 Energy

The length of path is defined to be

b
£0y) = / 4] dt

and the energy of the path to be

E(y) = / 512 dt

(21.20)

(21.21)

Instead of minimizing the length, we will minimize the energy. Later we will show that
minimizing either length or energy is equivalent.

Now if v minimizes length, then given any variation 7, whatsoever, we must have

This means

d
%g('ys) =0
d
%5(’}/5)
A L
s |y]" dt

a

d [* (dyi 9 dy) D
ds J, I\ at ozt
d; dv]

dt OxJ
d b
iy . dt
ds/a Y90 "t

21.4.4 The variational argument

(21.22)

(21.23)

The basic argument is to differentiate under the integral, commute partial derivatives, and

use integration by parts.
d [* dyldyl

0 — i = S dt
ds /a Y3 gt "t

b 1 1 b

dg: dvi dry?

7/ ggd%dvsdH/
. ds dt dt .

b i j b
dgi; dvi dv)
_ 9ij ds v} dH/

. ds dt dt o

2.0 j b
Vs dvi /
95 gias at . 99ar dds

® dgi; dvi dvi Pdyid (- dy] Pdy) d
- dlf — —_ gij dt — —_
. ds dt dt . ds dt dt . ds dt

dys d?]

dy; d*y
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s O dt
943 Gt "t +/a 930 dsdt

dt

(s

dy!
Y dt

Swap partials

(21.24)

) dt Integration by parts



We can use that d—ds is the derivative along the variational field, meaning

dgi;  0gij OF

Os ok 0Os

Then we simplify to obtain

b k gai Jad
dg; d~t d?
0= [(ltidiid,

dzk Os dt dt
b ) j b 7 2.7
dvg dgij dv} / dys  d°vl
B : 34 e 21.25
/a ds dt dt L ds T g (21.25)
b 1 7 b j 2.0
dv} dgij dvy dvi dy
o s s Jt — s » S It
o ds dt dt - ds T

. dgij ij dob .
Using that % — 29 D o ohtain
g dt Dok dt

b 7 2.7 b k % j
dyy  d™v] dgij Og dvg dv]
0= - S gii 2 dt s T 05 gy
s Yige U |Gk s ar ar o1.26)
B / " dyd 0gij dyf dy o / " dyg Ogiy dyf dod '
o ds OzF dt dt ds OzF dt dt

é;f =o' along with a re-labeling of indices to obtain

b 2.0 i k

d=y 1 (0gjs | Ogks  Ogjk\ &l d¥’ dvy
o Wl L (9% s _ 995k i 21.27
0 /a v ( az " {2 (83:’“ T ow 0w )9 | T dt ( )

Now we can use

The expression in the brackets occurs often enough that it is given a name:

1 (0g; dg; o
rk - = is s _ 995\ sk
Y 2 (8LL‘J T T ok

(21.28)

The Ffj are known as the Christoffel symbols. The integral can be expressed

b 2.1 j k

d<vy o dy dy
0= -2 avt [ == + Th —— =) dt 21.29
/agw<dt2+ dt dt (21.29)

. 2_ i % j
Now we can choose v* arbitrarily, so we can let it be a multiple of ddtz, + F?j%% itself.
Then inside the integral is

b 2.0 j k
d= ; dvy? dry 0
0=-2 / %"“)’(dtz T ) o

The inside of the integral is always non-negative, and because the integral itself is zero, the
inside must be exactly zero. We therefore conclude

2

(21.30)

' d Ayt
dt2 kg dt

This is a non-linear second order system of ODEs.

(21.31)
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21.5 Exercises

1) Still to come.
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Lecture 22 - Gradients, the
Bracket, the Connection, and
the Riemann Curvature Tensor

Thursday April 24, 2014

22.1 The Derivatives of Functions

We have the exterior derivative of a function
df (22.1)

which is defined to be the covector field whose action on vectors is

df(v) = v(f). (22.2)

L ...,z™, then we have computed, in the coordinate basis

If we have a coordinate system x
{dml}i we have

df = gg da’ (22.3)
We define the gradient of f, denoted V f to be
Vo= (df). (22.4)
Recalling the definition of the f§ map, this means that
(VIv) = df(v) = 3(f). (22.5)
We already computed (dz?)* = g% %, and by the linearity of the § map, we have
(df)F = (g;. dmi>ti = g;i (da')? = g% 5; % (22.6)

As an aside, this corresponds well with the older notion of the directional derivative. In
classical vector calculus, the directional derivative of f in the direction v is the dot product
of the gradient with the vector: % =v-Vf.
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22.2 The Bracket of Two Vector Fields

If X and Y are differentiable vector fields, we define the bracket of X and Y to be the
differential operator

(X, YI(f) = X(Y (/) - Y(X(/)) (22.7)

where f is any twice-differentiable function. On the surface it seems that [X, Y] is a second-
order differentiable operator. However we can prove the [X,Y] is actually a first order
operator, and is therefore a directional derivative, and therefore a vector field.

Theorem 22.2.1 If X\ Y are differentiable vector fields, then the bracket [X,Y] is a first
order differentiable operator, and therefore a vector field.

Proof.

To compute locally near a point p, we can assume there is a coordinate chart U with
p € U and coordinates 2!, ..., 2" Then we can express X and Y in these coordinates as

.0 0
_(L%, Y—bj@

Then letting f be a twice differentiable function, we have, by using the definition

(X YI(f) = X(Y(f) = Y(X(F))

X (22.8)

D (P 0 (0
- o2t oxI ox? oI (22.9)
B ,OV Of i 0% f 0a' Of o Of
= “owow TV aror  Vowor " awior
By the commutativity of mixed partials, we have a’b’ % — a't’ affé;i = 0. Therefore
oL 0at 0
X, Y] (“ Ozt 0xi | Oi a:m)
, , (22.10)
)
N ox? 0xt ) dx?
]
Incidentally, this gives us a formula for [X,Y]. We have
- Ob’ 0a?\ 0
XY = — — D' — - 22.11
X, Y] (a dz’ 83:1> oz’ ( )

where X = g’ 87., and Y = b7 2.
Ox oxd
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22.3 The Covariant Derivative

In contrast to our ideas of derivatives of functions, the notion of a directional derivative of
a vector field is fraught with substantial difficulties. Consider, for instance, what a constant
function is as opposed to a “constant” vector: a constant function f : M™ — R has the
simple form f(x) = ¢ for all x € M™. But the idea of a constant vector field has no such
interpretation. For instance if M™ were to be embedded in R", then how can a tangent
vector field be constant if the tangent space itself is everywhere changing?

So we take an axiomatic approach. Let X and Y be vector fields. By convention, the
“directional derivative” of Y in the direction X is denoted

VxY. (22.12)

For historical (and other) reasons, the symbol V is called the connection.

Theorem 22.3.1 Given any (differentiable) vector fields X, Y, X1, X2, Y1, Ya, and Z the
vector field VxY is uniquely defined by the following five azioms:

i) (Linearity in the first variable) If f1, fo are functions then
Vaxitfx,Y = [VxY + 2V, Y (22.13)
it) (Additivity in the second variable) We have
Vi (V1 £Ys) = VxVi £ VxYa. (22.14)
i11) (The Leibniz Rule) If [ is any differentiable function, we have
Vx(fY) = X(f)Y + f-VxY (22.15)
iv) (The Torsion Free Condition) We have
ViV — VyX = [X,Y] (22.16)
v) (Compatibility with the metric) With the notation (X,Y) = g(X,Y") we have

X(Y,Z) = (VxY. Z) + (Y, VxZ) (22.17)

Further, we have the implicit formula

(Vi 2) = LX)+ ivixz) - Lz

(1X,¥], 2) — 5[V, 2], X) + 3 (12, X], V).

(22.18)
+

DO =
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Proof. Using the axioms, we verify the formula, which is known as the Koszul formula. We
write

2(VxY, Z) = XY, Z2)+Y (X, Z) — Z(X,Y)

(22.19)
Expanding the right side using compatibility with the metric we have
(VXY, 2) 4 (¥, Vx2) 4 (V3 X, 2) + (X, Uy 2) = (V2 X, ¥) = (X, VaY) 00

+(X.Y], Z2) - ([, Z], X) + ([Z, X], Y).
Using the torsion-free condition, we have

(VxY, Z) + (Y, VxZ) + (Vv X, Z) + (X, Vv Z) = (VzX, Y) — (X, VzY) 22.21)
+(VxY, Z2)— (Vv X, Z) — (VyZ, X) — (VzY, X) + (VzX,Y) + (VxZ, Y(> ’

Canceling terms, we see that indeed

(VxY, ZY+ (Y, VxZ)+ (Vy X, Z)+ (X, Vv Z) — (VzX,Y) — (X, V7Y)
+(VxY, Z) - (Vv X, Z) — (VyZ, X) — (VzY, X) + (VzX,Y) + (VxZ, Y22.22)
= 2(VxY, Z).

This formula unequivocally determines VxY'. ]

Definition. The covariant derivative of Y in the direction of X is the field VxY.

If 2!, ..., 2™ is a coordinate system, we can express the metric as
g = gijdr' @ da’ (22.23)
where, of course, the coefficients g;; = g;;(z',...,2™) are functions of the variables. Let’s

. . . . ) . . 9 a1 _
determine the covariant derivatives V 2. 97 Since partials commute, we have [5°5, 57] = 0
for any s,t. From the Koszul formula we have

(v, 0 ON_ 0 /0 0N 0 /0 0\ 0/0 &
% 0z) Oxs ) Oxt \Oxd Ox°/  Oxd \Ox' Ox°/ Ox® \Ox' Ol (22.24)

T
- axigjs 81"] gzs axsgl]'

Now V _a_ % is a vector field, so we can write V _a_ % = Al% for some unknown coeffi-
ox? ox?
cients A'. Therefore the left side can be written
0 0 ;0 0 .
2<Vax ax> = 2<A prd axs> = 249 (22.25)
This gives
10 10 10
l - = 4. 2 g 2
A gst = 2 9t Gjs + 2 O7d Gis 2 axsgzj~ (2226)
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so that multiplying both sides by the inverse ¢g°* we have
1/ 0 0 0
Ak:AlSSsz — s L Gie — ——gi; sk
gsig B angj + 3xﬂg amsgj g
You will notice that the right side is a Christoffel symbol. We therefore have
0 g O

5 0zl Y 0ak
22.4 An interpretation of the geodesic equation

Recall that a path

(22.27)

(22.28)

(22.29)

(expressed in coordinates) is a geodesic provided that the coefficients 4* satisfies the second

order system

" 4 kﬂdlj
dt? Yodt dt

Now the tangent vector is ¥ = dd—"’ti azi' We compute

. dvi 0
V’IY’Y = vd’vi 3 (W)

at Bat dt Oz

_ Dy, (0
T dt e \ dt Oa

Using the Leibniz rule, we have

. dyt 0 [(dy\ 0O dytdy' . O
A = (S} 2 SO pk 2
Vit = O ( dt ) 007 T dt di i 0a
¢yt 9 dy'dy L 9
dt? Ozk dt dt =" oxk
2,k i gd
_(d7+d7dvrk)5

dt? dt dt ") gxk
Therefore a path « is a geodesic if and only if

V9 = 0.
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22.5 The Riemann Curvature Tensor

As we know, partial derivatives commute. However, partial covariant derivatives of vector
fields do not necessarily commute. We define the Riemann curvature tensor to be

Rm(X,Y)Z = VxVyZ — VyVxZ — Vixy|Z. (22.34)

This is a measure of the failure of mixed partial derivatives of vector fields to commute.

22.6 Exercises

1) Still to come.
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Lecture 23 - Parallel Transport,
the Riemann Tensor, the Ricci
Tensor, and Scalar Curvature

Wednesday April 30, 2014

23.1 Notions of Curvature

We have come through three notions of curvature:

e Eulerian curvature: Product of principle curvatures (Valid for surfaces in R3)

e Gaussian Curvature: The Jacobian of the Gauss map, which is det(I11)/det(I) (Valid
for surfaces in R?)

e Riemannian Curvature: The failure of partial derivatives of vector fields to commute
(Valid for arbitrary Riemannian manifolds, whether embedded in an ambient space or
not)

The Riemannian notion of curvature is the fully modern notion of curvature. This is not a
stepping stone to something else; it is the way things continue to be done today.

The Riemann curvature tensor Rm(X,Y)Z is related to to Gaussian curvature via the
notion of sectional curvature: If X,Y € T},M are non-parallel vectors based at p, they span
an ”infinitesimal parallelogram.” The curvature of the ”germ of the plane” spanned by these
vectors is

sec(X,Y) = Rm(X, Y)Y, X)

= : 23.1
X2V ]2 — (X, Y) .

This should be thought of as the Gaussian curvature of the infinitesimal part of the bent
plane spanned by X and Y near p.
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The infinitesimal manifestation of curvature is the failure of partials to commute when
taking derivatives of vector fields. The large-scale manifestation of curvature is the phe-
nomenon of holonomy. This occurs when a vector is transported along a curve in such a
way that the vector field remains constant along the curve, but when the vector returns to
the starting point, it is no longer pointing in the direction it was when it started.

23.2 Parallel Fields and Parallel Transport

Let 7 : [a,b] = M™ be a parametrized path in M™, with initial point y(a) = p and terminal
point y(b) = ¢. A vector field X is said to be parallel along ~ if

VX = 0. (23.2)

dy' 9 s BT . . . T
I 5.7 and writing X = a' 575, we compute (using linearity and Leibnitz

Now using v =
rules)

0
. — . J
ViX = Vi o <a 3xj)

_ dy' a9 Ay 0
= W orow TV ar Vi an (23.3)
_dal 9 z‘dijpk B '

©dt Oxd Tt gk
da® Ayl o\ 9

- (& S k) 2
(dt BT 13) Dk

The Christoffel symbols are uniquely determined by the metric, and the path’s velocity

_dy' 8

vector ¥(t) = G- 557 are given. Thus this is a linear system of ODEs for the coefficients al.

Therefore given a vector X € T}, M, one can use this as an initial condition, and uniquely
solve the system. This is known as the parallel transport of the vector X along .

Given a path v : [a,b] — R with v(a) = v(b) = p (the end point and the starting point
are the same), we can take a vector X € T, M, transport it around the path vy back to the
starting point. This induces a transformation T,M — T,M, called the holonomy map. If
the manifold is flat, the holonomy map is always the identity map. If the manifold is curved,
then the holonomy map associated to most paths will not be the identity. Holonomy is thus
a manifestation of curvature.

23.3 The Riemann Tensor

Recall the Riamann curvature operator:

Rm(X,Y)Z £ VxVyZ — VyVxZ = VixyZ. (23.4)
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23.3.1 The Riemann operator is a tensor

This appears to be a second-order differential operator acting on Z. Surprisingly, it is not a
differential operator, but indeed a linear operator. To wit, if f is any differentiable function

on M, then we use the Leibniz rule to compute

Rm(X,Y)fZ = VxVy(fZ) — VyVx(fZ) = Vixy|(fZ)

= Vx(fVWwZ +Y(f)Z) - Vy (fVxZ - X(f)Z) — fVixvZ — [X,Y](f) Z

— X()\VyZ + fVXVyZ + X(Y(I)Z + Y(f)VxZ
- Y(HVxZ-Y(X(f)Z - fVyVxZ - X(f)VyZ
- fVxviZ - [X.Y|(f) Z

= [(VxVyZ — VyVxZ — Vixy)Z) + X(Y(f) -Y(X(f)) — [X,Y](f)

= fRm(X, Y)Z

(23.5)

Similarly one can compute Rm(X, fY)Z = fRm(X,Y)Z and Rm(fX,Y)Z = fRm(X,Y)Z.

Therefore the Riemann operator Rm is actually a tensor.

23.3.2 Computation of Rm in terms of g

Since Rm is a tensor, in coordinates it can be expressed

Rm = Rmijkl dr' @ do’ @ dz* @ %

By definition we have

s, g 9 0
ol — - -
Rmji Oz R (833“ 6xj>

Then we compute

Rm(a, 8)32V8V08—V8Vaa

92’ 9 ) Bk 2V gk VsV gk
, 0 . 0
=V ( kax) —V;zj( kax>
B T )y TN A
oxt Ox! JkT s gl Oxi Ox! kT s 9ol

Factoring out the %, we have
l

Rmi»kl = 8ij — 8Fik

! oz’ i

ko 09is agjs agij sk

Iy = .

s 1l s i
+ 5 — Tilys,  where

oI ozt ozs

This is a terribly nonlinear second order differential expression in the metric.
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23.3.3 Properties of the Riemann Tensor

The (4,0) Riemann tensor is simply
Rm(X,Y,Z, W) = (Rm(X,Y)Z, W). (23.10)

In components, this is the lowering of an index: Rmj;;ji; = Rmyji °gs. We list the fol-
lowing elementary properties of the Riemann tensor. These are easily proven by following
computations similar to those done above.

Antisymmetry in the first two variables: Rm(X,Y, Z, W) = —Rm(Y, X, Z, W)

Symmetry in the first two and the last two variables: Rm(X,Y, Z, W) = + Rm(Z, W, X, Y)

Antisymmetry in the last two variables: Rm(X,Y, Z, W) = —Rm(X,Y, W, Z)

The Bianchi identity: Rm(X,Y, Z, W)+Rm(Y, Z, X,W)+Rm(Z, X,Y,W) = 0 (this
is the analogue of the Jacobi identity)

23.4 The Ricci Tensor and Scalar Curvature

The Ricci tensor is a particular trace of the Riemann tensor:
R,iCij £ Rm Sijs = gSt Rm sijt (2311)

In the case of an n-dimensional manifold M™, this has the following interpretation. Let
X € T,M be a vector; then the perpendicular space has orthonormal span {eq,...,e,_1}.
Then we have precisely

n—1 n—1
Ric(X,X) = > Rm(e;, X, X, e;) = »_sec(X,e;). (23.12)
=1 =1

This Ric(X, X) is the sum of sectional curvature amongst planes that pass through X.

The scalar curvature is the trace of the Ricci tensor:
s £ gYRicy; = ¢°'g"” Rm g0 (23.13)
23.5 The Einstein Gravity Equations

The gravity tensor (also called the Einstein tensor) is

1
Gij = RiCij — §Sgij. (23.14)
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In physics, all of the matter fields, energy fields, and various energy flows and energy flow
torsions can be encoded into an object called the stress-energy tensor. We won’t be able
to discuss it here, except to say that it is the variational field associated to the matter
Lagrangian of quantum mechanics. The Einstein Field equations are

81G
where c¢ is the speed of light and G is Newton’s gravitational constant. It is possible to
append only one more term, while maintaining conservation of energy. If A is any constant,
then the equations

87G
Gy + Mgy = — Ty (23.16)

continue to satisfy conservation of energy. The constant A is known as the cosmological
constant. Whether it is zero or nonzero has been a contentious issue in cosmology since it
was introduced in a 1917 paper of Einstein’s. The Ricci curvature is essentially a kind of non-
linear Laplacian of the metric. The field equations are therefore analogous to a non-linear
Poisson equation. (Indeed the signature of the metric of General Relativity is (4, —, —, —),
so the Laplacian is, instead, the D’Alembertian; the field equations are therefore better seen
as a non-linear wave equation).

23.6 Warped Prodcuts

Consider the graph of a function f(t), rotated about the z-axis. This lead to a surface of
revolution that can be parametrized by the variable ¢t and the rotational parameter «:

t
Y(t,a) = —sin(a) f(t) (23.17)
t

4
cos(a) f(t)

23.6.1 The surface’s metric

We compute the coordinate fields:

9 _ o _ ﬁ2fsin(a)ﬁgJrcos(a)——
ot Ozt dtox dt Oy dt 0z

= 2 (@) ()2 + cos() /()=
or oy 0z (23.18)
9 _oto (t)dsin(a)g f(t)dcos(oz)ﬁ ’
da Oa Oz da Oy da 0z

= —f(t) cos(a)(% + f(t) Sin(a)7

133



From this easily compute

i(55) = (1 G0) (2.19)
g (;,;) =0 (23.20)
g<aaa’ai) = f(t)? (23.21)
so that
g = (14 (@) ) dtedt + (1) da®da (23.22)

This metric becomes simpler if we introduce the following change of coordinates:

/0 (1+ f'(r)dr 2329

0 = «

r

We therefore compute dr = (1 + (f (t))2) dt and df = da. Therefore

g = drodr + f(r)*df®db. (23.24)

Whether or not this metric comes from a surface of revolution in R3, a metric in this form
is called a warped product metric.

23.7 The Christoffel symbols

We compute, using the Koszul formula, that

olv, 2 9N _ 0 /0 9N 0 /0 0N 0 /0 O
or’ or/ _ or \or or or \ Or’ Or or \or’ or

)
=5 =0 (23.25)
olv, 2 9N _0/0 0N 0 /0 9N 9 /9 9
Zor 00/ — or \or 90/ or \or 96/ 06 \or or
— 0.
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which gives V 2 % = 0 Then we compute

oly, 2 9N _0/0 0N 0 /0 9N 09 /0 0
500" or/  or\oo or/ 90 \or or/ or \or 00

= 21
23.2
/o, 0 0N _ 99 o\ oo o\ oo o\ P
500" 00/ — or \oo 90 09 \ or’ 90 86 \ or’ 00
— a _ /
= 5, (f()" = 2f(r)f(r)
which gives V 2 % = ’;/((:)) 8@ Finally we compute
0 0N _0/0 9N 0/0 9\ 0/0 0
Voo ar) ~ a6 \o6 or) T 96 \o6 ar)  or \ 6" 98
3]
= —5, (F))* = =2f(")f'(r)
" (23.27)
oly, 2 9N _ 0 /0 0N 0 /0 0N 0 /0 0
500" 00/ — 90 \00’ 90 86 \ 90’ 00 86 \ 90’ 90
_ 9 2 _
= D =0
which gives Va%% = —f(r)f'(r)L.
To sum up, we have
0
9 _ o _ fi(r)o
V%% = V%ar = () 90 (23.28)
2 .0
Vo= ) o
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23.7.1 The Riemann tensor and the sectional curvature of a warped
product

We compute

o 0\ 0 7] 0
_ o (f'r)o
- v (Fyan
, , (23.29)
NG )
or \ f(r)) 00  f(r) 2700
IO (F0Y O (P02
f(r) 00 f(r) ) o6 f(r) ) 00
Therefore
o 0\ 0 f'(r) 0
_ )= = — 23.
Rm (ae’ 8r) or = f(r) 90 (23.30)
so that the sectional (that is, Gaussian) curvature is
(9 oY _ (Ru(E 2R )
or’ 06 1217 |27 - (&, &)
arl 190 ar> 20
/() o o
B <_ 7(r) 96> E> (23.31)
fr)?
()
f(r)
23.7.2 Spaces of constant curvature +1 and -1
We have found a new parametrization of the sphere: If we use f(r) = sin(r) then
g = dr®dr + sin®(r)df ® db (23.32)
then we find that sec = fm i Zifg(r) = +1, and the parametrization only proceeds for
r € [0,7].
If we use f(r) = sinh(r) instead, then the parametrization proceeds for r € [0, c0)
and we find that
g = dr®dr + sinh?(r)df @ df (23.33)

has Gaussian curvature

g 9\ _ 1 d?sinh(r) B
o (5’7" 69) N _sinh(r) dr2 = -1 (23.34)
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23.8 Exercises

1) Still to come.
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