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1 Multilinear algebra

1.1 Moduld]

Recall that a ring R is a multiplicative monoid with identity 1 and an additive abelian group
such that multiplication distributes on both sides over addition. A R-module A is an additive
abelian group which admits ring action by R.

Definition 1.1 (R-module). A (left) R-module A is an additive abelian group with scalar
multiplication R x A — A, written (k,a) — ka such that

eVkeR: A" Aisa morphism of addition in A: k(a4 b) = ka + kb

eVacA:RY% Aisa morphism of addition: (k 4+ A\)a = ka + Aa

e Scalar multiplication is monoid action: (kA)a = k(Aa), la=a

Definition 1.2 (Free module). A subset X of a R-module f with inclusion ¢ : X — F freely
generates X if to every function f : X — A there is exactly one linear map t : F' — A such
that the diagram below commutes. In other words, Set(X,U(A)) = Mod(F, A).

SN
XJ

Definition 1.3 (universal bilinear function). Given K-modules A, B over a commutative
ring K, a universal bilinear function hy : A X B — D satisfies

X

It

0N T B

Biling (4, B;C') = Modg (D, C)

The universal bilinear function is the tensor product with D = A ® B. Equivalently,

Theorem 1.1 (universality of scalar multiplication). Let A be a K-module over a commu-

a,K)—ak

tative ring K. Scalar multiplication A ® K ( A is the universal bilinear function.

Proof: consider a bilinear function f : A x K — C, where C is a K-module. Define
g:A— Bviag(a) = f(a,1). Then
h(a, k) = h(a, 1)k = g(a)r = g(ar) = (g © ho)(a, )
!Maclane Algebra, V.1, IX.7




Corollary 1.1. Every K-module A is isomorphic to A ® K by the following isomorphism.

(a,k)—ak

oADK A

Proof: the universal bilinear map is unique up to isomorphism. Equivalently, every bilinear
map from A x K — C'is equivalent to a linear map A — C.

1.2 Tensor product via adjoints’]
We construct the tensor product A ® B as the codomain of the universal bilinear function
on A x B. We begin by constructing the free module F' over A x B.

1. Consider the set of functions f : A x B — K with a finite number of nonzero values.
These functions form a K-module under termwise addition and scalar multiplication.

2. Let [a,b] € F denote the special function that is 1 on (a,b) and 0 elsewhere. Then
every function f is a finite linear combination of {[a € A,b € B|}.

3. Fis free over A x B by definition : every set function A x B Ly C induces a unique
module morphism f(u(a,b)) = f(a,b) for u: A x B NNy

Now wu is not bilinear since [a,b] + [a/,b] # [a + a/,b] € F. As of now, they are totally
unrelated basis elements. We construct the tensor product by identifying these elements.

Definition 1.4 (tensor product). Let S C F be the submodule spanned by

[a1K1 + agke, b] — [a1, b]k1 — [ag, b]kKo

[a, b1k + baks] — [a, bi|k1 — [a, bako
for every choice of k; and elements in A, B. Define the tensor product space and operation
A B=F/S, a®b=p(la,b])
The tensor product map is bilinear (linearity in the second argument follows similarly):

(CL1/€1 + a2/£2) X b= p [CLlFLl + aska, b]
= p (([a1k1 + agka, b] — [a1, b]k1 — [ag, b]k2) + a1, b1 + [ag, b]k2)
= p ([a1k1 + agka, b] — [ar, b]k1 — [az, blk2) + p([a1, b)) k1 + p([az, b]) K2
= (al ® b)Hl + (CLQ ® b)lﬁg

The following proposition is among the main reasons we study bilinear maps:

Proposition 1.2. Bilin(A, B;C) is a K-module under pointwise sum and scalar multiples.

Bilin(A, B; (') = Hom(A, Hom(B, C))

2Maclane Algebra, IX.8



Proof: given bilinear f : A x B — C, the partial application map f(-,—) in the first
argument is of type A — Hom(B, C) by the linearity of f in the second argument. The
assignment f +— f(-,—) to partial application in the first argument is also linear since

(f+ga)(-, =) =f(-=)+g(,—)a
By partial application in the second argument we also have

Bilin(A, B;C') = Hom(B,Hom(A, C))

The following universal characterization of tensor products is preferred, as it highlights
the similarity to the Cartesian product construction in Set.

Theorem 1.3 (tensor-Hom adjunction). Fixing a module B,
(- ® B) 1Hom(B, —) : Modx = Modg

Proof: the proposition above, with the universal bilinear property of the tensor product,
then the following bijection is natural in A and C"

Hom(A ® B,C) = Hom(A,Hom(B, C))

1.3 Algebral’

An algebra has compatible ring and module structures.

Definition 1.5 (K-algebra). Let K be a commutative ring, a linear algebra A over the
commutative ring K of scalars, abbreviated K-algebra A, is a right K-module which is also
a ring over addition and, for every aj,as € A,k € K:

(a1a2)k = (a1K)ag = a1 (azk)

Scalar multiplication on A (as a module) is compatible with ring multiplication in R.

Example 1.1 (ezamples of algebras). Let K denote a commutative ring.

e n X n matrices: They form a K-module by scalar multiplication and element-wise
addition and a ring by matrix multiplication.

e Endomorphisms: Fix a K-module C. The set Endg(C) = Modg(C,C) of module
endomorphisms is a module by pointwise addition and scalar multiplication as well as
a ring by composition.

e Commutative algebras: The polynomial rings K[z]| is a module by K-scalar multipli-
cation and addition and a ring under polynomial product.

e Rings with center containing K : The center K of a ring R is its largest commutative
subring. Every R is a K-algebra with the algebra axiom giving commutativity.

3Maclane Algebra, IX.12



e R-algebra The complex C and quaterions QQ are algebras over R. They are additionally
division algebras (module + division ring).

Proposition 1.4. In a K-algebra A, ring multiplication is a K-bilinear map.

Proof: Distributive law for ring multiplication, and algebra definition.
a(ay + kag) = aay + a(kag) = aay + (aaz)k

By the universal property of tensor products, there is an unique linear map A ® A = A
such that ajas = 7(a; ® ag). Then definition can be expressed diagramatically.

Theorem 1.5 (diagramatic characterization of K-algebra). Let A be a K-module equipped
with two K-linear maps
T AQA— A u:K— A

such that the diagrams below commute (recall the isomorphism ¢ in corollary

¢’ ¢

AQARA 27 Aw A K®A s A < A® K
] I o e e
AR A —T S A ARA —S 5 A+ T AR A

Then A is a K-algebra with product ajas = 7(a; ® az) and multiplicative unit u(1).
Proof: The diagram on the left characterizes associativity, making A into a monoid.
[mo (L@ m)|(ar, as, az) = (a1, azaz) = ai(asaz)
[mo (@ 1)|(ar, as, az) = m(aras, az) = (araz)as

The K-linearity of 7 implies distributivity, making A into a ring. K-linearity of u implies
that it is completely determined by u(1) and u(k) = u(1)k. Commutative paths for the
diagram on the right then reads

(140¢")(k,a) = ka

(lao@)(a,k) = ak
(mo(u®1l))(k,a) =m(u(l)k,a) = (u(l)r)a
(mro(l®u))(a, k) =r(a,u(l)r) =a(u(l)k)

The second diagram captures exactly what it means for scalar and ring multiplication to
be “compatible”: scalar multiplication ax may be computed directly via ¢(a,x) via the
module structure of A, or by embedding x into a ring element u(x) then taking the product:
m(a®u(k)) The second commutative diagram dictates that these two results are equal. This
establishes the algebra axioms together with associativity.

Equivalently, A is an algebra if ring multiplication given by 7 satisfies the diagram on the
right, i.e. scalar elements are “embedded” via u such that scalar multiplication and embedded
multiplication are compatible.



1.4 Tensors)

We consider finite-dimensional vector space V' over a field F'. Tensors are elements in iterated
products of V' and V*, regarded as transformations.

e Elements of V' are contravariant tensors since V' = Hom(V*, F') transforms contravari-
antly. Similarly, V* = Hom(V, F') are denoted covariant tensors.

e Covariance / contravariance describes the transformations, not elements. Distinguish
between the types of v € V' (covariant) and v € Hom(V*, F) (contravariant).

e Let b = {b;} be a basis for V. Denote by {b'} the dual basis such that b'b; = J".

e Every v € V has coordinate representation {£' = b'v} with repsect to b such that
v = &b, = (b'v)b;, where the sum is understood. Similarly, w € V* has coordinate
representation {n; = wb;} such that w = n;b® = (w b;)b*

e Contravariant bases are written with subscripts (b; as a basis in V = V**).
e Contravariant components are written with superscripts (w’ € F as projection b'w).
e Covariant bases are written with superscripts (b* as a basis of V*).

e Covariant components are written with subscripts (v; € F' as b;v).

Consider the effect of a basis change b — ¢, such a change is characterized by a n X n matrix
with scalar entries P/ = ¢/b;. The contravariant basis transforms via

bi = ¢;(bi) = ¢; P
Correspondingly, the contravariant components transform as
w = wib; = wic; P! = (WiP))e; = W' W'P!
For a 2-contravariant tensor, the components transform as p’jl = PfP]lpZ] .
r=(b;®@b;)py = [(Pf) @ (aP)] p = (cx @ &) (P} Ppy)

Theorem 1.6 (contravariant component transformation rule). Under a coordinate change
b — ¢ via P! = Jb;, the components of a contravariant tensor w € V®? transform as

Jiedp i1 Ji ... pip
Wl = (PR P

We next consider b — ¢ effecting the dual (covariant) basis. Let [Q%] = [P/]" so that

i
PlQ; = QP! = o
The covariant basis transforms as
b =0 =V PrQ;, = FQ;,
Correspondingly, the covariant components transform as
v = (bjv)b' = (b;v)cFQL = F(v;QL) = v; = v;QL
4Maclane Algebra, XVI.2




Theorem 1.7 (component transformation rule). Under a basis change b — ¢ via P! = /b,
with inverse Q?, the components o?'7* of a i-covariant, j-contravariant tensor transform as

a5, = i, (B - A7) (Q5 - Q)
Proposition 1.8. Hom(A4, A’) ® Hom(B, B') = Hom(A® B, A’ ® B’)
Proof: &} forms a basis for Hom(A, A’). A general element on the left hand side is
(5, ® 67) € Hom(A, A') ® Hom(B, B)
This map sends a; — aj,, b; — bj. Define A® B L A ® B by
F(a; ® bj) = nff (a}, @ by)

1.5 Graded modulé?

Let K be a commutative ring and let module denote a K-module.

Definition 1.6 (graded module). A graded module G is sequence of modules indexed by N.
G = (Go,G1,+)
e A morphismt: G — G’ of graded modules is a sequence of module morphism G, — G,
e An element g = G, € G is a module with a distinguished degree.
e Sums in G are only defined between elements of the same degree (homogenous).

e A graded submodule S C G is a sequence of submodules S, € G,,. Graded submodules
of G are partially ordered by inclusion.

e Given a morphism ¢ : G — G’ of graded modules, its image is a graded submodule, as
is its kernel. The quotient graded module is a sequence of quotient modules.

Definition 1.7 (tensor product). The graded tensor product of G, H € GrMod is
(G@H)y= @ (G, @ H,y) = (Gn© Ho)® - @ (Go ® H,,)

prg=n
The tensor product is associative, (GR H) @ M = G® (H® M). If G,, H, are all of
dimension n, then (G ® H),, has dimension n?.

Theorem 1.9 (universality of graded tensor product). Given graded modules G, H, M. For
every family of bilinear maps t,, : G, x H, — M,4,, there is exactly one morphism ¢ :
G ® M — M of graded modules with t(g ® h) = t,,(g, h).

Proof: By the universality of tensor products, for each p,q there is unique module
morphism G, ® H, % M,., with s,,(g9 ® h) = t,4(g,h). Fixing n, there are n maps
{Son - Sno} which with codomain M,. By the universality of insertions into biproducts
(G, ® H,) = (G ® H),.,, the factor map t,, is unique.

®Maclane Algebra, XV1.3



Definition 1.8 (tensor product functor on graded modules). The tensor product ® is a bi-
functor on GrMod by defining G ® H via definition [1.7]and the tensor product of morphisms
(G5 G)®(H S H') the map G ® H — M defined via theorem [1.9| using {t,, = u, ® v,}.

e A graded module is “concentrated in degree 0” when H,~ is trivial. In other words,
H is the sequence (Hy,0,---); we identify the graded module with the module Hy.

e Let K denote the ring of scalars regarded as a graded module concentrated in degree
0. In particular, for every graded module G we have G @ K = G by corollary [L.1]

Given G, consider all sequences g = (go, - -+ ) of elements with g, € G,. Define the support
of each sequence to be the set of all indices p with f, # 0.

Definition 1.9 (internally graded modules). Each graded module G determines a module
3G consisting of sequenes with finite support, with module operations defined pointwise.

(f+9)p=Tfot+ 9
(fK)p = fpk
Every morphism of graded module G L G induces a morphism of internally graded modules

3t

G = DG, (S f=) tf,

Moreover, ¥ : GrMod — Mod is a functor.

In general, G contains much more elements than G. As a set, G is like the disjoint union
of {G,}, while G is its product (up to subtleties of finiteness).

Theorem 1.10 (characterization of internally graded modules). Call S € Mod the sum of
a sequence of its submodules {D,},en, when every s # 0 may be uniquely written as a finite
sum with elements in D,. A module M is an internally graded module if and only if there
exists such a sequence of submodules which sum to M.

1.6 Graded algebra

Recall the definition [I.5] of algebra and its characterization



Definition 1.10 (graded algebra). A graded algebra A is a graded module with

T: AQA— A
u: K — A

both morphisms of graded modules, such that the algebra diagrams in [1.5| commute.

In particular, that w is a morphism of graded module implies u(x) € Aq since morphisms
preserve degree and K = K. Similarly, a ® b is of degree dega + degb by definition [1.7] of
graded tensor product, so deg(ab) = w(a ® b) = dega + degb.

Theorem 1.11 (equivalent definition of graded algebra). A graded module A is a graded
algebra if and only if it is a ring with multiplication such that

deg(ab) = dega + degb
CL(bl + b2> = CLbl —+ CLbQ, (bl -+ bg)a, = bla -+ bga, if deg bl = deg bz
(ab)k = a(bk) = (ar)b

Proof: Given 7, u, the product defined by ab = w(a ® b) and scalar multiple ax = au(k)
satisfy these conditions. Conversely, these conditions state that (a,b) — ab, for each pair of
degrees p, ¢, is a bilinear function m,, : A, X A, = A,y

Example 1.2 (Grassmann algebra). The Grassmann algebra GY) on one generator is the
graded module
G = (K,Ke,0,--)

with unit 1 and product given by the product in K, bilinearity, and le = el = e,ee = 0.
The Grassmann algebra G one two generators e, f is the graded module

G% = (K, Ke® Kf,Kef,0,---)
with unit 1 and multiplication given by the product in K, bilinearity, and

le=el=e, 1f=fl=f €=f=0, fe=—ef

The simplest Grassmann algebra G(!) consists of linear combinations of 1 € K = G(()l) and

ke € Ke = Ggl). The product of any two degree-1 elements vanish. Similarly, G consists
of linear combinations of 1 of degree 0, kK1e+ ko f of degree 1, and k3ef of degree 2. Elements
with degree > 2 vanishes, so the only interesting products are between degree-1 elements:

(k1€ + Ko f)(kse + Kaf) = kaksfe + kikaef = (K1ka — Koks)ef

Example 1.3 (graded polynomial algebra). The graded polynomial algebra PI(; ) on 1 gener-
ator x of degree 2 is the graded module with P,y = 0 and P, = Kz, for all n

Pl({l) = (K[E'(),O,Kl’l,o, K'x?)Ov'”)

9



with the product given by z,x,, = 2, = Tmin. The graded polynomial algebra PIEQ) on
2 generators, each of degree 2, consists of the graded module with P, | zero and each P;,
freely generated by the n + 1 free generators e, o, €,-11, - €, denoting half-degree in each
generator. The product e, 46,5 = €, 5€p 4 = €pirqts defines the desired bilinear product. Let
x =eyp and y = eg1, we have e, , = 2Py and every element of P, is of the form

Y I R Y e T

Note that elements of the polynomial algebra are monomials (one element of a specific

degree). To describe the polynomials, we could have also chosen Pl((l) = (Kxo, Kxq,--).
The degree 2 of the generator is by convention for the following definition:

Definition 1.11 ((skew) commutative graded algebra). A graded algebra is commutative
when for all elements agegq, Odeg p, We have

apby = (—=1)"bya,
Grassmann and graded polynomial algebra are both commutative algebra.

Definition 1.12 (graded algebra of multilinear forms). Fixing a module C' over K, let C?
be the p-fold biproduct and each graded component M,(C') the set of all multilinear forms
C? — K. It is a K-module under pointwise addition and scalar multiplication. Extend to
My(C)= (1 — K) = K. The graded sequence

(Mo(C), Mi(C), )
form a graded module with the product defined by

(hpkq>(61’ T >Cp+q) = h(cy, - >Cp>k(cp+1a T vcp+q)

This product is an element of M,,,(C), associative, bilinear in h, k, and makes M(C) the
graded algebra of multilinear forms on C.

Definition 1.13 (morphism of graded algebra). A morphism ¢t : A — B of graded algebras
is a morphism of graded modules which additionally respect the algebraic ring structure

tprq(ab) = (tpa)(tyd)

to(l4) = 1p
this is seen to be equivalent to
AA —T— A K —* s A
o b
B® B —— B K "+ B

10



1.7 Universal graded constructions

Recall that an algebra is a ring. The kernel of a graded algebra morphism A L Ais a
(two-sided) ring ideal in A. Since an graded algebra is also a graded module, the kernel is
also a graded submodule.

Definition 1.14 (ideal of a graded algebra). An ideal D in a graded algebra A is a graded
submodule of A (concretely, a graded sequence of submodules) such that

deD,ae A = ad € D,da € D

Definition 1.15 (graded quotient algebra). Given an ideal D in a graded algebra A, the
quotient graded algebra A/D inherits graded module and ring operations from A/D regarded
as a graded module and ring, respectively. It is a graded algebra satisfying theorem [I.5] The
projection p : A — A/D is universal for the functor GrAlg,_ p)_o(A, —) assigning to each
graded algebra B the graded algebra morphisms from A with kernel containing D.

Every ring is a graded algebra over Z concentrated at degree 0, so the graded quotient
algebra subsumes the quotient ring construction.

Example 1.4 (degree truncation by quotients). Fix a positive integer n, the sequence D™ =
(0,---,0,A,, Ant1,- -+ ) is an ideal in the graded algebra A. The only nontrivial elements of
A/D are of degree less than n.

Ideals in A are partially ordered by inclusion and closed under arbitrary intersection.

Definition 1.16 (generated ideals). Let X be any subset of A, the intersection of all ideals
of A containing X is an ideal, and denoted the ideal generated by the subset X.

Theorem 1.12 (characterization of generated ideals). Let X be a set of elements of a graded
algebra A, the p-th component D, of the ideal D generated by X consists of the finite sums

a1x1b1 + asxobs + - - + apx,by,

with a1,b; € A, each x; € X, and each a;x;b; of degree p. Note that “coefficients” a;, b;
appear on both sides due to noncommutativity and in general contribute to the degree.
Finally, also note that the finite sum suffices to make D an ideal, so the ideal consisting of
possibly infinite sums may not be the smallest ideal.

Proof: the proposed set is clearly an ideal. This ideal contains x € X, and any ideal
containing X must contain all products axb and all their sums.

Theorem 1.13 (universal property of generated ideals). If D(X) C A is the ideal generated
by X C A, the projection A — A/D(X) is universal for morphisms ¢ : A — B of graded
algebras with ¢(x) = 0 for every x € X. Equivalently,

GrAlgN(X):O<A7 _) = GI‘A]g(A/D(X), _)

11



Proof: Since D(X) is the smallest ideal containing X, and kert is an ideal,
X Ckert = D(X) C kert
then GrAlg, yv)—o(A4, —) = GrAlg_ px)—o(4, —) = GrAlg(A/D(X), —).

Every graded algebra can be made into an (ordinary) algebra via the ¥ functor from the
category of graded algebras to the category of algebras.

Definition 1.17 (internally graded algebra). Given a graded algebra A, we can construct
the internally graded module X A by definition Element are sequences with finite support
and module operations are defined poinwise. The module ¥ A can be made into an algebra
with the natural product sequence

(fg)n - ngn + flgn—l + e+ fngo

Definition 1.18 (graded tensor algebra). Given a module C' over K, the graded tensor
algebra T'(C') is the sequence

(To(C), T1(C), To(C), T5(C), -+ ) = (K,C,C%%,C%, )
with module operations defined pointwise and (tensor) product defined by the isomorphism
T,(C) @ Ty(C) = Tp4q(C)
The functor 7' : Mod — GrAlg from modules to graded algebras has T'(C ER D) via

7,(C) = c® I per — 7 (D)

The graded tensor functor T': Mod — GrAlg is of interest as the “free” graded algebra
generated by Aj, in the following sense.

Theorem 1.14 (universal property of graded tensor functor). Given A € GrAlg, to every
morphism s € Mod(C, A;) there is a unique morphism ¢t € GrAlg(7T(C), A) with ¢; = s.
Equivalently, the functor Mod(C, (—);) : GrAlg — Set is representable via

GrAlg(T(C),A) = Mod(C, 4,)
In terms of adjunctions: 7' = (—); : Mod — GrAlg.

Proof: by s € Mod(C, A;), we are given C 2y Ay and K 229 Ay by the unit and
linearity. By the graded algebra structure of T(C'), every morphism T(C) = A satisfies

t
T,(C) = At tla®@ - ®c)=(tia)(tica) - (ticp)
Given s = t;, this formula uniquely determines ¢ if it exists. Now ¢, exists since

(cr, ++y¢p) = (trer)(tica) -+ (ticp)

is multilinear and ®P is universal multilinear.

12



1.8 Exterior algebra

We consider graded algebras A over K with the property
a€A = a*=0

Definition 1.19 (ezterior algebra). Given a module C' over K, let D(C?) be the ideal
generated by 2, ¢ € C. The exterior algebra is the graded quotient algebra

A(C) =T(C)/D(C?)

Multiplication is written (a,b) — a A b and denoted the wedge (or exterior) product.

The exterior algebra is often defined in the following equivalent way which emphasizes
mod-ing out symmetric elements.

PI‘OpOSitiOH 1.15. D(O2) = D({Cl & Ca + o Qg | C1,Co € C})
Proof: (c1+ ) — i+ =c; @cy+ o @ c;. We can also take ¢; = co.

Proposition 1.16. Every commutative graded algebra A over a field K = F of characteristic
not 2 is an exterior algebra.

Proof: recall the definition of commutative algebra in definition [1.11| For ¢ € T}(C) = C
=" = 2=0
Note that when the field has characteristic 2, we have 1 -1 = 0.

Proposition 1.17. For every K-module C, the graded exterior algebra A(C') satisfies
e \y(C)=K,\(C)=C

e generated by the set A;(C'). In other words, every element in C), can be written as a
finite linear combination of wedge products of ¢ € (.

e commutative in the sense of definition [L.11]

e the square a A a of every element a of odd degree is zero.

Proof:

o Ag(C) = Ty(C) = K and A(C) = T1(C) = C since D(C?) does not contain any
element of degree 0 or 1.

e In the tensor algebra, every element is a sum of products of elements of degree 1, so is
the projection image A(C).

e Since> =cAc=0 = 0= (c1 + 2)* = ¢1 A cy + co A ¢y Elements of degree 1
commute with the correct sign —1. Commutativity is established by induction.

e If a is a simple product ¢; A - -+ A ¢, then a? has a factor ¢; A ¢; = 0. Otherwise,

(a1+...+ak)2:Za?+2(al/\aj+aj/\ai):0

1<j

13



Example 1.5 (G as esterior algebra). Consider the free module on one generator b ober
K. The exterior construction for A(Kb) yields b A b = 0. This effectively annihilates all
higher degrees in T'(Kb), yielding

A(KD) = (K, Kb,0,---)

Example 1.6 (G? as exterior algebra). Consider the free module C' = Kb; @ Kby on two
generators by, by. We have A,-5(0) since any component of such an element contains a by A by
or by A by factor by dupliticity. The only interesting component Ay(C) is spanned by by A b.

Note that b; Abs is not zero: D(Kby @ Kby) is generated by b7, byby, baby, b3 or, equivalently,
b2, b1by + byby, b3, biby. Every square ¢ € Ty(C) is a linear combination on the first free
generators, so biby & Ds so [b1by] = by A by # 0. Then

A(Kby & Kby) = (K, Kby & Kby, K (by Aby),0,--)

with product b = b2 = 0 and by A by = —by A by.

Our construction of the exterior algebra is the most general algebra about C' which factors
out duplicate elements, in a sense made precise by this universal property:

Theorem 1.18 (universal property of exterior algebra). For S € GrAlg with s* = 0 for
every s € Sy. For every h € Mod(C, S;) there is a unique ¢t € GrAlg(A(C), S) with t; = h.

Proof: Consider C' as a graded module concentrated in degree 1.

T(C) —— AC)

C

N2
33

~

We are given h, by universality of T'(C) there exists a unique k such that the lower left
triangle commutes. Since Vs € S, s* = 0, we must have Ve € T1(C), ¢? € ker k. This implies
D(C?) € kerk. By the universality of the projection T(C) = A(C) there exists a unique ¢
which makes the upper-right triangle commute.

There is an additional universal propery in terms of individual components of A,(C).
Definition 1.20 (alternating maps). h € Mod(C®P; D) is alternating when
¢ =cjzi = h(cr,---,¢,) =0
Theorem 1.19 (characterization of alternating maps). h is alternating if and only if

]/?é] :> h(clj... ’C’“... ,Cj,“‘>:_h<017"' ’Cj’... 7C’i7”')
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Proof: the given condition implies alternating since interchanging c;, ¢; introduces a nega-
tive sign but does not change value. Conversely, given alternating and ignoring other indices

0="h(c+c,c+c)
= h(ci, ¢;) + h(ci, ¢j) + h(cj, ¢;) + h(cy, ;)
= h(c;, ¢j) + h(cj, ¢;)
Theorem 1.20 (universal property of the exterior space).

Alt(C®?, D) = Mod(A,(C), D)

Proof: 1t helps to describe A, directly. By theorem , D(C?) consists of finite sums of
ac®b of degree p, with a,b € T(C). The kernel of T, > A, then consists of the submodule
T, spanned by all products ¢; ® - - - ® ¢, with p factors with two successive factors are equal.
Then h € Alt(C®?, D) factors through 7 uniquely by annihilating repetitive elements.

1.9 Subspaces by exterior algebra

We begin by explicitly constructing a basis for A,(C') from a basis for C.

Proposition 1.21. If C is a free module with basis by, - - , b, (every vector space is free),
[ ] Ap>n(C> - O

o Aog<p<y, is free with (;) basis b' = b;; A---b; , with I an monotonic multi-index, i.e.

ip)
J<k = 1; <1y

Proof: The first part is trivial: duplicate tensor elements always wedge to 0. We first

prove that by A --- Ab, # 0 € A,(C). The determinant is an alternating multilinear form

C®" — K and ¢; A - -+ A ¢, is the universally alternating, so for some A,,(C) LK ,
det(by, -+ ,by) =ty A Ab) =1 = by A---Ab, #0 € A, (C)

Next, for any degree p < n, suppose for contradiction that {b;}, for I spanning over all (Z)
monotonic multi-indices, is linearly dependent, so that

Mo, =0

By linear dependence pick some multi-index J such that A’ # 0. Form a monotonic multi-
index J’ with ¢ = n — p indices complementing J. Then

by Nby ==xby A--- Aby

If I # J, then b7, by have at least one index in common so by A by = 0. Wedging with b
“picks out” b; and we have the following contradiction on A\’ # 0:

0=0by AO=by A (Nbr) = by Abs) X = (b1 A---Ab,) N =0
This proves that {b;} forms a basis with (Z) elements.
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Exterior algebra provides a powerful, concise framework to describe linear subspaces.
We consider a n-dimensional vector space V over a field F' and its exterior algebra A(V).
Elements of A,(V) are called p-vectors, and v; A - - - A v, decomposable p-vectors.

Theorem 1.22 (linear independence). A list of vectors {vy,--- ,v,} is linearly independent
if and only if Av; # 0 € A, (V).

Proof: 1f {v;} is independent, then it can be completed to a basis whose wedge product
is a nonzero basis element of A,(V') by proposition above. Conversely, suppose {v;} is
dependent with

Up = V1K1 + - + Up_1Kp—1

then every term of the expanded wedge product has a repeating factor, thus
Ul/\"'/\Up:Ul/\"'/\vp_l/\(Ullil"'—f—l)p_llip_l)
Proposition 1.23. Every p-vector s € A, (V') defines a linear map V s, Api1(V). Let
K denote the kernel of this map. Then
e dimK <p
e cach basis {by,--- ,b,} of K yields a (p—q)-vector u € A, (V) with s = by A-- - Ab,Au.
Proof: Let d = dim K. Given a basis {by,--- ,bq} of K, we have

bl/\S:bg/\S:"':bq/\SZO
Complete {by,--- ,bs} to a basis of V. By proposition this gives a basis of A,(V). Let
s=b A = b As= (b Abp)N

Every coefficients A\’ # 0 which contributes b;\’ # 0 to s must be annihilated by all of
bi, -+ by, s0 M £0 = 1,--- ¢ € I. In particular, this means ¢ < p since I contains at
most p elements. In the formula for s, factoring out the common wedge by A - - - A b, yields

S = b[/\I = (bl VAN /\bq> b[//\l

Here I’ denotes a multi-index [ with possible occurences of 1,--- | ¢ removed (in particular,
occurences for all of them when A # 0). Then the desired (p — ¢)-vector is

w=>bp\

Theorem 1.24 (characterization of span by wedge product). Two list of p linearly indepen-
dent vectors {vy, -+ ,v,} and {wy,---w,} span the same subspace of a finite-dimensional
vector space V' if and only if A v; is a nonzero scalar multiple of A wj.

Proof: suppose they span the same subspace, then every w; is a linear combination of
vg. By the multilinearity of w; A --- A w, we have the desired relation. Conversely, suppose
Av; = (Aw;)k. Then ker ((—) A Avj) = ker ((—) A A w;). This kernel contains {w,} and
{v;} and has dimension at most p by proposition[l1.23} By independence condition, {w;}, {v;}
are both bases for this kernel.
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We denote two nonzero p-vectors of V' equivalent if s’ = sk for k # 0.

Corollary 1.2. In a finite-dimensional vector space V', let S(V) denote the space of all
subspaces of V', the assignment

s—ker(—As)
 —

Ap(V S(V)

induces a bijection between the equivalence classes of nonzero decomposable p-vectors to the
set of all p-dimensional subspaces.

Proof: given decomposable s = vy A - -- A v, # 0, the subspace ker(— A s) C V' contains p
linearly independent vectors {v;} and is of dimension p.

The natural follow-up is the characterization of decomposable p-vectors. Every 1-vector
is decomposable, as well as n-vectors, for n = dim V. However, p-vectors are not generally
decomposable.

Proposition 1.25. In a n-dimensional vector space, every (n — 1)-vector is decomposable.

Proof: Take a basis {b;} for V. This induces a basis for A,,_1(V)
Si=bi AN ANbi_1 ANbjpir AN+ Nbp, 1=1,---.n
Every (n — 1)-vector is a linear combination s = ", s;x'. Consider a vector v = bv* € V:
vAs=(by A+ Aby) Z(—l)i_lmvi

The wedge factor is nonzero, and (—1)""'x;v" has solution of dimension 1. Therefore the
kernel ker(— A s) has dimension n — 1 while s € A,,_1(V'). Invoke the corollary above.
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2 Affine and Projective Spaces

Materials from this section are from Maclane Algebra 3rd edition, appendix.

2.1 Affine line

Definition 2.1 (One-dimensional real affine group, real affine line). The group A; of one-
dimensional real affine automorphism is the group A; = R x (R — {0}) with multiplication

a(p', k") o a(p, k) = (' + &'y, k')
It acts on the real affine line L, a set with elements of R (without additional structure) by
a(p, K)x = ke + p
The projection A; *2 (R*,-) is an epimorphism of groups given by
mla(u', K)o a(p, k)] =K'k = w[a(y', )] 7 [a(p, k)]

Its kernel consists of all translations a(yu, 1), which happens to be the image (R, +) <% A;.
This gives rise to a short exact sequence

0— (R,+) poalinl), Ay AN (R,-) =1

Definition 2.2 (equivalent characterization of one-dimensional affine geometry). The real
affine linea L is the set R with translation group action (R, +) x L — L given by pul = p+1.
Forle L,p e Ryw +ws =1 € R, the average of [, u + 1 € L by coefficients wy, wy is by

(pew2) U= lwy + (p + Dws

Averages may be defined in terms of appropriate translations. Affine transformations are
functions a : L — L which preserve all averages.

Definition 2.3 (affine property). A property P of two or more points [,!’ on a line L is an
affine property when, for every affine transform a € A;.

P(,l") <= P(a(l),a(l))

2.2 Affine spaces

1
From now on, we consider fields F'of characteristic not 2 so 1 +1 # 0 and 3 e F.

Definition 2.4 (affine space). An affine space P over F is a nonempty set equipped with
a finite-dimensional vector space V' over F' and a regular abelian group action V x P — P,
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written (v, p) — v+p. Recall that regular group action is both transitive and free, that there
exists one unique orbit and only the identity action has fixed points. In concrete terms:

Vo,weVipeP: O+p=p,(v+w)+p=v+(w+p)
Vp,ge PIlveV: p=v+q

Given p,q € L, the unique vector v € V such that p = v + ¢ is denoted “the vector from ¢
to p” and written v = p — q.

The dimension of P is defined as dim P*, and P! is called the space of translations. There

exists a natural isomorphism V 2 P* by v <+ p — v + p and we use them interchangeably.

The one-dimensional affine line is an affine space with L# = R. In general, given any
vector space V' over F with a finite-dimensional subspace S C V and distinguished coset
P = S + uy, then P is an affine space over F with P¥ = S under the identification

(teS)s+uy=t+s+ug€P

Given any finite-dimensional vector space V, let V 22 V” € Set. Then V? is a particular case
of the example above with S =V, P = V. The corresponding translation space is (Vb)ti =V.

Proposition 2.1. Every affine space P has a displacement operation (=) : P x P — P*
given by p — ¢ = v € P* such that

(p—q) +p=0p
p—q)+(q—r)=p—r
p—q=0 < p=gq

Note that the difference of two points is a vector, while a sum of a vector plus point is a
point. The difference —, is compatible with +p:, —p: commutatively and associatively:

v+(p—q)=v+p) —q
(v+p)—(w+q)=@w—-w)+(p—q)

Definition 2.5 (weights and averages). A list w of n weights is a list of n scalars w; € F
with > w; = 1. Let p denote a list of n points of P, then the average is defined as

<Z(pz - Q)Wi) +po€P

The quantity above can be shown to be invariant towards different choices of q. The average
of p with weights w is denoted

Zpiwi = (Z(pz - Q)wz‘> +po€eP

Note that P is not equipped with a scalar multiplication, so the expression above only makes
sense for > w; = 1. Otherwise it is compatible in every way with the linear structure in P*.
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The following lemma is useful in reducing all possible averages to the n = 2 case.

Lemma 2.2. Every (n > 2)-fold average can be written as a composite of 2-fold averages.

Proof: For n > 2 and w; # 1. Let A = (1 —w;)™!, then

ij (WJ')\)] At

Similarly, for every n > 3-average with w; + ws # 1, for p = (1 —w; — ws) ™! we have

ij (%‘ﬂ)] pt

Jj=3

ijwj = piwr +
j=1

ijwj = p1w1 + paws +
j=1

For n = 3, wy + we + w3 = 1 implies that at least one w; is not 1 (since 2 # 0), then very
3-fold average is a composition of 1-fold and 2-fold averages. For n > 3, at least one of
W1, Ws, OF wy + wy is not 1, so every n-fold average reduces to one of the identities above.
Apply induction on n.

Definition 2.6 (affine space). Given affine spaces P, P’ over the same field F', an affine
transformation a : P — P’ is a set funcion P — P’ with

a (ijwj) = a(pj)w;
j=1 j=1
for all n, all points p; € P and all weights w.

Lemma 2.3. Every translation is an affine transformation.

Proof: Let a(p) = v + p for v € P%, then

U+ ijwj =v+ Z(pj - po)wj + Do
j=1 j=1

n

=Y (v+p;—po)w; +po= Y (v +p)w

j=1 j=1

Lemma 2.4. A bijection f: P — P is a translation if and only if, for all p,q € P:

fl@) =ql + f(p)1+p(-1)

Proof: Parallelogram law. The displacement is given by v = f(p) — p for any p € P.

Every affine space arises from some finite-dimensional vector space.

Theorem 2.5 (characterization of affine spaces). Every affine space P over F' is affine-

isomorphic to the affine space (P*)’ for some finite-dimensional vector space P* over F.

b v—v+po
e

Fixing a priori py € P, the assignment (pti) P is an affine isomorphism.
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Corollary 2.1. Given finite-dimensional vector spaces V, W over F'. A set function V' Iow
is a linear transformation if and only if f(0) = 0 and f : V* — W” is an affine transformation.

Proof: every linear transformation is affine since it preserves linear combinations. Con-
versely, given f affine, any linear combination v1A; + voAy € V' may be written as a 3-fold
average in V? by

1)1)\1 + UQ)\Q = 0(1 — )\1 — )\2) + Ul)\l + Ug)\g

The f preserves averages and 0, so it preserves linear combinations.
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3 Differential Forms on R"

Reference for this section is Loring W. Tu, an Introduction to manifolds, 2nd ed, Chapter 3.

3.1 Multilinear algebra

Definition 3.1 (permutation action). The group action Sy : Hom(V* R) — Hom(V* R) is
defined by
(Uf)(vlv e )Uk) = f(vala T 7vak)

This is a valid group action since 7 (0 f) = (7o) f. Recall that the orbit of a k-linear function
f € Hom(V* R) is the set
Sk f={of|o€ Sk}

Definition 3.2 (symmetric, alternating covectors). A k-linear function f : V¥ — R is
symmetric if, for every permutation o € S,

of=1f

It is alternating if
of=(sgno)f

The space of all such alternating covectors over V¥ is denoted Ay (V).

Definition 3.3 (alternating and symmetrizing operator). The symmetrizing operator S
maps Hom(V* R) to the space of symmetric linear maps. The orbit Sy f, as a whole, is
invariant under group action.

Sf=> g=Y (o]

g€(Sk f) o€Sy

The alternating operator A maps to the space of alternating maps.

Af=> (seno)- (o f)

€Sk

Proposition 3.1. ker S = (o — o0 | o € Hom(V* R), o € S)

Proof: The symmetrizing operator is idempotent: S? = S. Now ker S C Im(id — S) since
Vfecker S f=310d-S9)f
On the other hand, Im(id — 5) C ker S since
S [Im(id — 8) f] = (8* = 5) f =0

Note that the symmetrizing operator sends elements of the same orbit to the same result.
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Proposition 3.2. ker A = (o + 7a | @ € Hom(V* R) and 7 a transposition).

Proof: if p = 7a, then A = —(Aa). Let 7 = (4,7), note that o + 7« is redundant in
the i, 7 components.

Definition 3.4 (wedge (exterior) product). Consider the minimal alternating product of two
alternating tensors f € Ax(V),g € A;(V). Since f, g are already alternating, without loss
of generality, the coefficients of f, g can be respectively in ascending order. We denote by a
permutation in Siy; a (k,[)-shuffle if

ol<---<ok, ok+1)<---<oalk+1)

Note that a (k,[)-shuffle contains (kzl) terms, while Sii; contains (k 4 [)! terms. This is

because for each 7 € S;;, there are k!l! permutations which only permute elements within
the first k&, [ slots respectively without crossing. The wedge product of f, g is defined as

(f/\g>(vl7"' >Uk+l) = Z f(voly"‘ ,ng)g<ng+1,"- 7vok+l)

o€(k,l)-shuffle

1
:m Z f(vo'lu"'7UO'IC)g(UUk+17"',Uo—k+Z)

UESk+l

frg= 3 SnA(feg)

O'ESk+l

Proposition 3.3. The wedge product is anticommutative
frg=(=D"gnf

Proof: for each of the first k slots of f in f A g, we need [ transpositions to bubble it right
to its corresponding position in g A f.

Corollary 3.1. if f is an alternating tensor of odd degree on V', then f A f =0
Proof: fAf=(=1)2" D f A f

Proposition 3.4. A(A(f) ® g) = k!A(f ® g)

Proof: Adopting the extension that 7 € S is an element of Sy, fixing the other elements

AA(fH®g)= Y (sgno)-o [Z(SgnT)(Tf) ®g

TESE

0ESk11

— Z Z sgn (o7) - (o7) (f ® g)

TESK O’ESk_H

=Y > sgnp-p(f®g)

TES) PESK T

=kl > (sgnp) - u(f @ g)

HESk+1
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Proposition 3.5. The wedge product is associative.

Proof: Direct computation

1
(k +1)Im!
1

= G AT @9 @ h)

(fAg)ANR= A((fANg)@h)

1

Let [b}] denote the matrix whose (i, ) entry is b.
Proposition 3.6. Given 1-covectors o’ over v and vq,--- ,v, € V
(@' A A ak)(vl, oo vg) = det [ai vj}
Proof: Direct computation
(@' A A (o, ) = Al @ - - @ aF) (v, o)

k
= Z(sgna) Hoﬂ Uy

oESy j=1

Proposition 3.7. Let ey, - , e, be a basis for V and o!,- -+, a” be its dual basis. For each
k < n, the alternating k-linear tensors

aI:a“/\---/\a’k:/\a”, <<y

form a basis for the space A,(V) of alternating k-linear tensors on V.

Proof: For linear independence, let J span over all (Z) strictly ascending k-indices.

cho/:o — VJ, ch(aleJ) :ché§:cJ:O

For spanning, consider any f € Ax(V), then f, g agree if they agree on all e; for I ranging
over all ascending k-indices.

g=> (fal)-a’

J

ger=7 (fa’)-(@ler) = fe;

J

Corollary 3.2. If dim V' = n, then dim A, (V) = (})

Corollary 3.3. If £ > dim V, then A, (V) is trivial.

Proof: If k > dimV, for each basis a’, at least two indices must be the same j. For
one-covectors, o/ A o = 0.

24



Proposition 3.8. For two sets of covectors {3, .-+, 8%} and {y!, -+ ,~7%} over the same V

B=Ay = N\B=(detA) \v

Proof: We use the scalar linearity of the wedge product and the big product formula on
the second step, the redundant property of the wedge product on the third step, and the
determinant definition on the last step.

A=A () =32 (T A
-y <H ! /k\ U) :UESk <sgna-ﬁaf,l> /k\vlz (det A) A\ v

oESE = =1

3.2 Exterior derivative on R"

Note the similarity between the following rule and the Lebneiz rule for derivation on algebras.

Definition 3.5 (antiderivation of a graded algebra). Given a graded algebra A = @, , A*
over a field K, an antiderivation of A is a K-linear map D : A — A such that Va € Ay, b € A;

D(ab) = (Da)b+ (—1)%8*a(Db)

If there is an integer m such that Vk, D(A*) C A¥*™ then D is an antiderivation of degree
m. For Axo = 0, an antiderivation can have negative degrees.

Definition 3.6 (graded algebra of differential forms). Let U be an open subset of R", the
set of differential forms Q*(U), with Q°(U) = C*(U), is a module under pointwise addition
and real scalar multiplication. It is also a compatible ring under pointwise addition and the
wedge product, thus forming a graded algebra.

Definition 3.7 (ezterior derivative on R™). The set of differential forms over U C R"™ form
a graded algebra Q*(U) under the wedge product, with Q°(U) = C*(U). Define the zeroth
order differential map d : Q"(U) — Q""(U) by the base case

df = (Oys f) da;
and inductively, for w = af dx; € Q*(U)
dw = d (a" dz;) = da’ Adxy = (9,5a") da; Adxp € Q¥FH(U)
Proposition 3.9. Exterior differentiation is an antiderivation of Q*(U) of degree 1.
dwAT) = (dw) AT+ (=1)%8“w A dT

It satisfies d* = 0, and for f € Q°(U), X € X(U), df X = X f.
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Proof: by linearity in a, b, let w = fdx;, 7 = gdxy, then

dwAT)=d(fgdxr Ndxy)
= Ou(fg) dxyx Ndxy Ndzy
= (fa$kg +gc9$kf) d]?k A dl’] A dxj

Compute the right hand side components

dw AT = ((Op f) dxp Ndzp) AN (gdxy) = (g Ou f) dag Adxr Adxy
wA(dr) = fdry AN ((Oprg) deg Ndxy) = (f Opreg) (dxp A dxy A dxy)

Noting that dz; Adxy Adxy = (—1)98% dxy Adzp Adzy, the desired equation is seen to hold.
For the second property, by linearity consider w = f dxy, then
d*w=d (0 f)dr; Ndxp) = (agj’zkf) day Ndx; ANder =0
The sum is zero since when k = j,dx; A dx; = 0, and when j # k, there is always a corre-

spondingly pair dxy Adx; with the same coeflicients (by the symmetry of second derivatives).

An induction argument establishes that the properties above uniquely characterize the
exterior differentiation map.

Definition 3.8 (closed and exact forms). A k-form w on U C R" is closed if dw = 0 and
exact if there exists a (k — 1)-form 7 such that w = dr. Every exact form is closed.

Definition 3.9 (differential complex). A collection of spaces {Vj }ren equipped with diey :
Vi — Vii1 is a differential complex if dyi1dy @ Vi — Viyo vanishes for all k. The graded
algebra Q*(U), with d, forms the de Rham complex of U

05 QUYL Q' (U) S QXU — -

The closed forms are elements of ker d, and the exact forms elements of Imd.

3.3 Applications to R? calculus

Let U be an open subset of R3, we can identify various forms with familiar quantities:

o A l-form Pdz + Qdy + Rdz € Q' (U) is identified a vector field (P,Q, R) € X(U).

o A2-form PdyAdz+QdzNdx+ RdxAdy € Q*(U) is identified with (P, Q, R) € X(U).
Note the order dz A dx instead of dx A dz.

o A 3-form fdx AdyAdz e Q3(U) is identifed with a scalar field f € X(U).
Under this identification
e The gradient V : C°(U) — X(U) is of type

C>(U) = QU) S QY(U) = x(U)

26



e The curl Vx : X(U) — X(U) is of type

X(U) = QN U) S QXU = x(U)
e The divergence V- : X(U) — C®(U) is of type

X(U) 2 Q2U) S Q3U) = C>(U)

In terms of concrete coordinates, the curl reads,

V % (p,q,r) <> dpdx + qdy + r dz]
= — (0yp) dz Ndy + (0.p) dz N dx
+ (0,q) dx Ndy — (0,q) dy N\ dz
— (0p1) dz Ndx + (Oyr) dy N dz
= (0,q — Oyp) dx AN dy + (0,p — Op1) dz N dx + (0,1 — 0,q) dy N dz

The divergence reads

V-(p,qr) < dpdyNdz+ qdz Adx + rdx A dy]
= (Oyp) dx Ndy Ndz + (0yq) dy ANdz A dx + (0,r) dz Adx A dy
= (Oup + Oyq + 0,r)dx Ndy N dz
< (Opp + 0yq + 0.7)

This definition gives extremely concise proofs of several results from vector calculus.
Proposition 3.10. Vx (Vf)=0, V- (Vxf)=0
Proof: under this definition, V x (V f) <> d*f = 0. Similarly, V - (V x X) < d*wx = 0.
In R3, a vector field F is the gradient of some scalar f if and only if V x F' = 0. In terms

of forms, this says that every closed form is exact. This need not hold for general spaces,
and we take the occasion to introduce relevant terminology:

Definition 3.10 (de Rham cohomology). the k-th de Rham cohomology of U is the quotient

ker [Qk(U) LN Qk+1<U)]

Im 1) S on(O)]

Theorem 3.11 (Poincaré lemma). every closed k > 1-form on R is exact. H*2'(R") = 0.
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4 Quaternion and Rotations

4.1 Quaternions

Definition 4.1 (quaternions). A quaternion ¢ € H is of the form, for a,b,c,d € R
qg=al+bi+cj+dk
Subject to associative multiplication and the rules
i’=j2=k*=ijk=—1

Remark 4.1. Just as the complex numbers make R? a commutative division algebra (a
field), the quaternions make R* a noncommutative division algebra.

Recall the Pauli matrices
o R A I T
* 10 Y 0 N 0 -1
They are involutary and multiply like the quaternions, up to the imaginary unit.
0p0y = 10,,0,0, = 104,00, = 10y
This allows us to establish an isomorphism between the quaternion and Pauli algebras.
Theorem 4.1 (Pauli representation of quaternions). The quaternion and Pauli algebras are
isomorphic under the following identification
(i,j,k) ¢ (—ioy, —ioy, —io,)

The consequent representation is

e I s I I

Proof: Direct computation. For example, ij = (—io,)(—io,) = —io, = k, as desired.

Definition 4.2 (quaternion conjugate, norm). The components i,j,k are all imaginary
units, and conjugating ¢ = al + bi + ¢j + dk € H negates the imaginary components.
g=al —bi—cj—dk

In the Pauli representation, ¢ = ¢'. Then conjugation is contravariant

011G2 = @241
The norm is defined as q7 = |q|* = a® + b* + ¢ + d?. The inverse is seen to be
1
-1 _
4 = 754
lal?

In the Pauli representation, |¢|> = det q. Multiplicative property of the norm follows:

lqw| = det(qw) = det g - det w = |q| - |w|
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The quaternions with unit norm are called the unit quaternions. They constitute S* C R*.

Proposition 4.2. Unit quaterions represent origin-preserving isometries (rotations) of R*.
Proof: Multiplication by ¢ preserves the origin u0 = 0. It’s an isometry since
uv — ww| = |u(v —w)| = fuljv —w| = v —w]
Definition 4.3 (pure imaginary quaterions). A pure imaginary quaternion is of form

u="bi+cj+dk

We interchangeably regard them as vectors in S?. As such, they satisfy

UV = —Uu-v+uUXv

In particular, every v € R3 squares to —1 under quaternion multiplication

W= —u-u=—|ul* = -1

Every unit quaternion ¢ € S* may be expressed in terms of v € S? and 6 € [0, 27) as

t =cosf +wusiné
t =cosf —usinf

Theorem 4.3 (SO(3) = RP?). Every rotation of S? uniquely corresponds to an antidopal

pair of unit quaternions ¢ € S? via the conjugation map

ws tut

Proof: consider the projection representation of ¢ as u € S?,0 € [0,27) and denote
conjugation by ¢, : S? — S3. Choose v € S? orthogonal to u by the inner product in R3, so

that w - v = 0. This determines another orthogonal element

wW=uxXv=uv—u-v=uv €S>

Note that uv = u X v = —v X 4 = —vu. Then {u, v, uv} is a right-handed basis for R* O S?




We compute the action of ¢; on the basis u, v, w.

ttut = (cos § — usin §)u(cos § + usin 6)
= (cosf — usin@)(ucosd — sinh)
= sinf cos  — sin 6 cos § + u(sin? @ + cos? 0) = u

t~ vt = (cos @ — usin #)v(cos & + usin )
= (cosf — usin @) (v cos§ + vusinh)
= vcos® 0 — uvusin® 6 — wv sin @ cos 6 + vusin @ cos 6
= vcos?  + u?vsin® § — 2uv sin @ cos §
=vcos?f — vsin? § — 2wsin f cos d
= v cos(20) — wsin(26)

ttuvt = (cos § — usin §)uwv(cos § 4 u sin 0)

= (cos — usin ) (uv cos O + uvusin )
= v cos® § — u*vu sin® @ — uuw sin 6 cos 6 + vvu sin 6 cos 0
= wcos? § — wsin® § + vsin @ cos § + v sin  cos O
= w cos(20) + vsin(26)

From u looking at the origin, conjugation by t effects clockwise rotation by 26. We also note
two symmetries. First, rotating u by 26 is equivalent to rotating —u by —26. The quaternion
which affects this rotation is our original quaternion

t = cos(—0) + (—u) sin(—26)

Secondly, rotating u by 26 is equivalent to rotating —u by 2(7m — ). The quaternion which
affects this change is —t

cos(m — 0) 4+ (—u)sin(mr — ) = —cosf — usinf = —t
This equivalence may also be seen readily from the conjugation formula
pu(u) =t ut = (—tu(—t) = p_(u)

Every rotation of S? (and R?) is a clockwise rotation 6 about an axis u € S%. Rotations of
S? is then S* up to antipodal equivalence ¢ ~ —g, or, equivalently, RP®. Equivalently, every
clockwise rotation of S? around axis u € S? by 6 is affected by conjugation via

0 0
t = cos = in- €8S®
c082+us1n2

Remark 4.2. The antidopal 2-to-1 covering of rotations SO(3) by unit quaternions S? is
responsible for the factor of 2.

Corollary 4.1. The effect of composing two rotations (u, ), (v, ) is another rotation.
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Proof: This is a trivial geometric fact, but the formula we derive here is nontrivial.
Consider the two unit quaterions affecting the given rotations

9+ 0
= cos -~ +usin -
P=y 2
—cosE 4 osin?
q-cosQ—I—vsm2

Composing the rotations is then equivalent to applying
ts [(t =g 'tg) o (t = p~'tp)lp = (pg) 't(pg)
It suffices to calculate their product. To reduce clutter, let a = 0/2, 5 = ¢/2

pq = (cos o + usin &) (cos B + vsin f3)
= cosacos B+ usinacos f 4+ vcosasin f + (uv) sin asin 3
=cosacos B+ usinacosf+vcosasinf + (—u-v+u X v)sinasin 3

= [cosacos f — (u-v)sinasin ] + usinacos f 4+ vcosasin f + (u X v) sin asin 3

The real part of this quaternion consequently gives the rotational angle v via
Y .
cos 5 = cosacos f — (u-v)sinasin
The axis is given by normalizing the imaginary part

usinacos f + vcosasin f + (u X v) sinasin 5
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5 Tangent Structure

5.1 Tangent map

Summary 1. The pointwise tangent map is equivalent defined by extending kinematic
curves, transforming representations via J,_,,r, and pulling back derivations. See remark .

Proposition 5.1. Given a smooth map f : M — N, the tangent map 7,,f : T,M — T;N is
a linear map. It is an isomorphism if f is a diffeomorphism.

Proof: Taking the kinematic definition,
(Tpf)le] = [f¢]
Let x,y be charts on M, N, respectively. The vector space structure is defined on 7,M via

ald] + [ = [z (x(p) + t(v. + avy))]
= [z7" (ap+t (dtlo(a:c) + adt|0(acd)))}

Applying the tangent map
(T,f) (ald] + [c]) = [fa~" (zp+1t (dt|0(:1:c) + adt‘o(xd)))]
Its representative vector in chart y is

dt|0 [yfa=" (zp+t (dtlo(xc) + adt|0(xd)))}
=Jy o1 {w [(de|,(zc) + ady| (zd))]

On the other hand, the representative vector for (T, f)(a[fd]) + (T,f)([fc]) in chart y is

ady| yfd+di|yfe
:ozdt‘oyfx_lxd + dt|0yfx_1xc

=Jygemt] (el () + o] ()
:Jx—ﬂ/f‘p [(dt|0(xc) + adt‘o(zd))}

In short, the tangent map transforms representative vectors as
T, (.0, (U2) = (£, Jau], 0, (Vi)

Theorem 5.2 (chain rule of tangent maps). Given smooth maps M ENSNEER P,
To(gf) = (Tf(P)g) 1pf

Proof: Ty(gf)lel = lg(fo)] = (Tying) Tpf
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Definition 5.1 (pullback, pushforward of functions). The pullback of B 2y Calong AS B

is AZ% =45 B4 C. When ¢ is a bijection, the pushforward of A ENYe) along ¢ is
-1

B AL C. Note that the type transform is different from that of vector fields.

A—23 B A—2+B
w*g\\ﬁ lg X‘ thf
C C

Definition 5.2 (derivation definition of tangent maps). Let v, be a derivation at p, then
T,f : C®(M) — C*°(N) is defined as

(Tpf vp) g = vp(gf) = vp(f 9)

Definition 5.3 ((point) differential of a scalar). The (point) differential of f : C*°(M) at
peMisdf(p): T,M — R via
df (p) vp = vpf

It takes a derivation and evaluates its derived value for f at point p.

For any vector space V' and p € V, there is a canonical map 7,V % V. Note that, in the
definition above,

n,f O r=1,M 2L TR SR

Definition 5.4 ((point) differential of a vector). Given a vector space V', the (point) differ-
ential of M — V at p eM is df (p) : T,M — V via

LN VA B Y LN R VNV
One may alternatively think of it as the component-aggregation of f;.

Remark 5.1. Interpretations of the tangent map:
The key here is the chain of morphisms I = M LNSLR A map f: M — N can
e induce a map (I — M) — (I — N): push a map into M to one into N.
Extend c¢: I — M to I % M L N via this map, then T, f [c] = [RﬁMi)N].
e induce a map (N — R) — (M — R): pull a map out of N to one out of M.
Extend N % R to M 5 N % R. Then (T,f v,) (N 5 R) =v, (M 5 ¥ D R).

e more directly, transform a tangent vector as (p, vy, (z,U)): Tpf [¢] = JussysUp.

The change of N % R along I = M Iy N is the same as that of M & N % R along I = M.
Both are defined by the derivative of I < M LN LR ato.
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Definition 5.5 (velocity of a curve). Given c: I — M, its velocity ¢(to) € Tig)M is

(to) = (Tiye) 8],

As a derivation, this pulls on M ER R, producing I < M Iy R and evaluating its rate of
change along c at t.

(to)f = u, (fe)

Proposition 5.3. Given M SN I T,f =0 for all p € M, then f is locally constant.

Proof: choose an arbitrary p € M and (U, z) in M covering p. For ¢ = f p choose chart
(V,y) in N covering ¢. Then T,(yfz™) = (T,y)(T,f)(Tp-1,2~") = 0. This is true for every
p' € U, soyfr~!is constant on 7*U. Since 7!,y are both bijections, f is constant on U.
This applies for every p and a chart domain U covering it.

Theorem 5.4 (inverse mapping theorem). Given a smooth map M Iy N such that T,f is
an isomorphism, there exists an open neighborhood of p such that f(O) is open and fio is a
diffeomorphism.

Proof: Jy_yy f|p : R" — R" is an isomorphism and apply the inverse mapping theorem:
yfr~! restricted on some open O’ € R™ is a diffecomorphism. Take O = z71(0’).

5.2 Tangent and Cotangent Bundles

Summary 2. Natural charts exist on the tangent and cotangent bundles. On principle
components, tangent charts transform as .J,_,,. The cotangent charts are their contragredient
and transform as J* The contragredient is the natural covariant functor capturing duality,

see lemma [5.9] .

Definition 5.6 (tangent lift). Given M ERN N, its tangent lift T'M T TN is defined by
Tf(vp) = Tpf(vyp)

Proposition 5.5. Given M LN K
T(gf) = (Tg)(Tf)

Proof: T(gf)vp = Tp(9f)(vp) = (T5p g)(Tp, flvp = (Tg)(T ) p

Definition 5.7 (tangent functor). The tangent functor T': Man — Man maps M to TM
and M & N to TM 2 TN,

Definition 5.8 (tangent bundle projection map). TM Z>rp; M is defined by
TrM Up =P
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Given any chart U 5 V C R”, we may define its tangent lift 7U 5 v x R

Definition 5.9 (natural chart). A chart U 5 R" induces a natural chart TU T2 R2" with

Tx(v;0,,

p> = (xlp, L, TP,V e 'Un)
The mapping on the first n indices are apparent. Fix ¢ = 1, note that T'x is linear in v;.
Tx (am‘ ) = (:L’lp, e >$np) X 8:(:1|p37

= (:Elpa e 7'Tnp) X 81‘1?1',1’_

P
1

:(Ilpa 7xnp’170...)

The tangent lift of each chart provides a chart on T'M. It maps points to coordinates and
tangent vectors to their representations.

Theorem 5.6 (manifold structure of tangent bundle). For a smooth n-manifold M, T'M is
a smooth 2n-manifold in a natural way and wpy; : TM — M a smooth map.

Proof: Consider the coordinate transforms (T'y)(Tz™') : (p,v) — (¢, w). Their compo-

nents are smooth: 4
q=(yz")p
w = JgHy|pv

Moreover, Tz(TUNTV) is open since J,_,, is a homeomorphism. Projection is smooth since
(zm(Tz)~")(p,v) = p

Definition 5.10 ((local) trivialization). A diffeomorphism 7'M Ly M x V that’s linear in
its second argument and such that m F' = 7p), is called a trivialization of T'M, in which
case T'M is denoted trivial, i.e. reducible to the product with a vector space. For U C M,
a trivialization of T'U is a local trivialization of T'M over U.

Proposition 5.7. In general, the tangent bundle cannot be globally trivialized, but it may
be locally trivialized at every point over a chart domain.

Remark 5.2. In genral, here is no cotangent lift: the dual maps of pointed tangent lifts do

. .. T, . .
not combine. This is because T, M Lf> Tt N may not be surjective.

Definition 5.11 (natural (cotangent) chart). Given a chart (U, z). Define (T*U, T*x) via

U = | T;M
peU
Tz <wi 8:51 p) = (ffl]% Ly TpP, W, t wn)
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Definition 5.12 (dual of linear map). Give a linear map V I W, its dual is the map
W* L5 V* such that for every w € W*, the diagram below commutes:

R
TV y
V = > W

In other words, T*w pulls w back along T" such that

Vo eV :iw(Tv) = (T w)v
Proposition 5.8. V* 20y ppr — e L0y
Proof: take any T*w € V*, we wish to show
(T (T%w) = (%) (T"w) = w
To do this, take any w € W and invoke the duality relation in definition twice

(T~ (T*w)]w = (T*w) (T w) = w (TT ' w) = ww

Consider the category of vector spaces with morphisms invertible map. The inverse and
dual define two contravariant endofunctors since (AB)* = B*A* and (AB)™! = B71A~L
Proposition [5.8| shows that they commute.

Definition 5.13 (contragredient). The contragredient functor [(-)7!]" is a covariant func-
tor resulting from composing the dual and inverse functors.

(O V=V
O (vEw)=v L

Dual and inverses are involutory and commute, so the contragredient is also involutory.

The lemma below characterizes the contragredient property.
Lemma 5.9. V* 2 W* is contragredient V' By W when
VweViveV:ivv=(Av)(Bwv)
Proof: let v = B~'w for w € W, then the condition is equivalent to
YWweVSweW: :v(B 1 w)=(Av)w

Invoke the definition of duality, this implies A = (B~1)*.
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Theorem 5.10 (natural charts are contragredient). Restricting our attention to principal
T*
components, Vp € M and a chart = covering p, T,M % R” is the contragredient of

.M —Tﬁg R™ when we invoke the natural identification (R")* = R"™, having fixed a basis.

*

T M -2 R (R”)*} - [(TPM Tz, R")_l}

Proof: The chart representations of the tangent and cotangent vectors must be faithful to
their relation in the original tangent and cotangent spaces, so by construction wy,v, = wwv.
Invoke lemma [5.91

Proposition 5.11. The cotangent chart’s overlap map is (T;z)(Tyy)~" = J; In other

p T—=Y”
words, contangent vectors transform under r — y as J;_,,.
Proof: the (inverse of the) cotangent map is contragredient to the (inverse of the) tangent
map. The overlap map is the contragredient of the tangent overlap map J,_,,. In detail:

-1

(Tyy)(Ty2) ™ = [(Ty) '] [[(Toe)']']
= [(pr—l}* (Tpx>*
= [(T2)(Ty) ']
= J*

Remark 5.3. The contragredient transformation is the natural covariant functor capturing
the duality between tangent and cotangent spaces.

5.3 Vector fields and Lie algebra

Summary 3. A smooth vector field is equivalent to a global derivation. Pointwise Lie
derivative is equivalent to the pointwise application of the vector field. The Lie bracket
defines an action of vector fields on themselves which also acts as a Lebneiz derivation when
multiplication is taken to be composition. The pushforward and pullback of vector fields are
naturally defined to respect the pushforward and pullback of scalar fields. The pushforward
v, X corresponds to the natural representation of X under the identification created by ¢, X.

Definition 5.14 (vector field). A smooth vector field on M is a smooth section M N
such that M = TM 5 M = id. The set of all smooth vector fields on M is denoted X(M).

Definition 5.15 (vector space structure of X(M)). The following operations for X,Y €
X(M),c € R makes X(M) a vector space over the reals.

(X+Y)p=Xp+Yp
(cX)p = c(Xp)
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Definition 5.16 (X(M) is a C*°(M)-module). For f € C>(M), define the action of f €
C*(M) on X € X(M) as pointwise scaling.

(fX)p=(fp)(Xp)

Recall that C*°(M) is a ring with pointwise addition and multiplication, and X(M) being an
abelian group. The action above above is a ring action that’s compatible with the inherent
structure of X(M) (i.e. commutes with the action above)

[(f +9-mX]p= (fX)p+[(¢X)p] - [(hX) p]
Definition 5.17 (vector field along N ER M). N X TM is a vector field along f if
(NSTM S M) = (8D m)
The space of vector fields along f is denoted X;. It is similarly a C'*°(N)-module

Definition 5.18 ((global) derivation). A global derivation on C*°(M) is a linear map D :
C®(M) — C*(M) such that

D(f-9)=Df)-9+f (Dyg)
We denote the set of such derivations by Der(C*°(M))

Definition 5.19 (Lie derivative). A vector field M X TM induces a global derivation of
scalar fields Lx € Der(C*(M)) defined via

(Lxflp=(Xp)f

Given M L R, its Lie derivative Lx f : M — R evaluates the change of f along X pointwise.
An equivalent definition is by noting the equation below, then Ly f = df o X.

(Xp)f=(TM LR (M TM)

Remark 5.4. We reemphasize the theme of delayed evaluation. Given a domain A with
a € A and any map w : A — B, we can construct a map ev, : (A — B) — B such that

eVeW = Wwa

Note that w is an argument on the left hand side and a map on the right hand side. One
familiar example is the double-dual construction.

Similarly, consider a tangent vector v, : C*°(M) — R = T,M, it applies as a derivation
on f € C*(M). We may similarly introduce evy : TM — R, or df, such that

evivy, =y f

Substitute v, = X p above to obtain Lx f = df o X. Note that df is an applying map on the
right hand side and an argument on the left hand side. The Lie derivative Ly is another
example of delaying evaluation.
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Proposition 5.12. Consider an open set U C M and X € X(M). If Lxf = 0 for all
feC>®U), then X|y =0.

Proof: for any p € U, choose a chart x and let f be the coordinate functions.

Definition 5.20 (coordinate frame field). Fixing a chart (U,z). the ordered set of fields
{p — 04|} is called a coordinate (holonomic) field.

Every field X € X(M) apparantly defines a global derivation via Lx € Der(C*(M)). The
converse is also true: we may think of smooth vector fields and derivations interchangeably.

Theorem 5.13 (smooth vector fields biject with derivations). Every D € Der(C*°(M)) sat-
isfies D = Lx for a unique X € X(M).

Proof: Given D, define a field X by (X p) f = (D f)p. We need to show that p — X p is
smooth. It suffices to show that p — (X p) f is smooth for every f € C°(M) since we can
take f to be chart components. Now (X p) f = (D f) p is smooth in p since D f € C*°(M).

For uniqueness, suppose Lx = Lx: =D, then D — D = Lx_x = 0 implies X = X',

This theorem allows us to define the action of vector fields on real maps as derivations:

(Xflp=Xp)f

Remark 5.5. Vector fields account for all derivations only in the smooth case. (7)

Definition 5.21 (Lie bracket). Define the commutator of derivations
[Dl,pg] == Dl (¢] DQ - DQ o Dl
Then [Dy, Dy] € Der(C*(M)). The Lie bracket [X,Y] € X(M) is then defined naturally.

Proof: we derive equality by examining the derivation behavior of [Dy, Dy] on f - g.

Di(D2(f-9)) =D [f (Dag) +9g-(D2f)]
=f-(DiD2g) + (D1 f) - (Dag) + g (DiDsy f) + (D1 g) - (D2 f)

Subtract away the result for DoD; (fg) and we're left with
[D1,D)(fg) = f - ([D1,Ds]g) — g - ([D1, Dslf)

Definition 5.22 (Lie algebra). A vector space a is called a Lie algebra if it comes equipped
with a antisymmetric bilinear multiplication map [-, -] : a X @ — a such that [z, -] 1a — a
is a derivation of a for every = € a. This is denoted the Jacobi identity.

[z, [y, 2]l = ly, [, 2] + [[, 9], 2]

Remark 5.6. The bracket [z, y] simultaneously denotes the vector object z acting on y and
multiplication for the Lebneiz rule. The Lie axiom then reads that composition is derivation.

z(yz) = y(zz) + (vy)z
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Theorem 5.14 (commutators satisfy the Jacobi identity). Whenever multiplication and
subtraction is well-defined, the commutator [a,b] = ab — ba satisfies the Jacobi identity.

Proof: Direct computation

[, [y, 2]] = vyz — w2y — yzw + zyx
y, [z, 2]

2|l = yrz — yze — xzy + zay
[z,y], 2] = xyz — yrz — zay + zyx

Commutators are apparantly also skew-symmetric. Define multiplication on Der(C*(M))
by composition. The Lie bracket is obviously bilinear.

Corollary 5.1. X(M) is a Lie algebra.

Definition 5.23 (abelian, subalgebra, and ideal). A Lie algebra a is abelian if the bracket

always vanish. A subspace b is a sub-algebra if it is closed under the bracket, and it is an
ideal if if [a,B] C b.

Definition 5.24 (pullback, pushforward of vector field). Each diffecomorphism M 5 N
induces a pullback ¢* : X(N) — X(M) and pushforward ¢, : X(M) — X(N) as follows:

M—% N M« N
ti ly Xl igo*X
T Te

Theorem 5.15 (universal property of vector field pullback). The pullback of a vector field
is defined such that the Lie derivative is natural with respect to pushforwards and pullbacks
of maps and fields along diffeomorphisms. Deriving a map pullback by a field pullback at
an applied point is equivalent to deriving the map by the field at the original point.

" (Y g)=(¢Y)(¢g)
(X f) = (0 X) (0 f)

TM TN TM TN
oY YT XT w*XT
SO I
M) —— Ny M —*— N
* : f ////
v g\:/ / l k/// ‘:D*f
R R

Proof: Choose p € M and ¢ = ¢ p. On the second step we use the tangent map definition.
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The pushforward equation follows since ¢, = (¢ 1)*.

[(¢™Y) (¢"g)]p oY op)(goyp)lp

(T

(T ) gl (g¢)
[(TsooTso °oY)dqlg
=Y qg=[Yg)oglp
(Y g)p

Definition 5.25 (f-related fields). Given a not necessarily diffeomorphic map M ENSY , the
field M =5 TM is f-related to N Y TN if the following square commutes:

™ s TN
XT f TY

M ——— N

The following lemma similarly characterizes the universal property of f-relatedness.
Lemma 5.16. X,Y are f-related if and only if for all N 2 R,
X(9f)=Xg)f — X(f9)=r"¥yg)

Proof: Consider the diagram below

™ - TN

The f-related condition (T'f)X =Y f is of type M — T'N. Two objects of type M — T'N
are equal if they induce the same derivation in T'N for all p € M. That is, if

(Yo f)plg
Y (fp)ly

(Y'9)(fp)
[
(

(TfoX)p
(TfoX)g
f)
f)

(X (go
(X (g

(Yg)oflp

lg
Ip
Ip
Ip

HN=aqf

X (g

Each step is an equivalent derivation.

Remark 5.7. The lemma above is a tautology considering remark 5.1l The pointwise
tangent map (which extends to vector fields) is defined in terms of the pullback of derivations.
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Proposition 5.17. Given a smooth M Iy N and X; ~¢ Y for i =1,2, then
(X1, Xo] ~y [Y1,Y2)

In particular, if M % M is a diffeomorphism, then [0 X1, 0 Xo] = pu[ X1, X3).
Proof: Invoke the lemma two times in reverse directions: at the beginning and the end
(X1, Xo] (9f) = (X1 Xa) (9f) — (X2X1) (9f)
(V1Y = YaYi)glo f
= ([Vi,Ye]g) o f

5.4 Vector field and flow

Summary 4. Flow generates a vector field by spatially global time derivation. A vector
field generates flow. A local flow box is smooth aggregation of pointwise centered integral
curves. Local flow boxes always uniquely exist, and the maximal flow is always defined on
an open spatial-temporal neighborhood.

Definition 5.26 (integral curve). A curve I < M is an integral curve for M X7t
Viel:¢=Xoc

Recall definition 5.5 Then
(X e f = (foc)(t)
Within a local chart (U, x) for which X = X;0,,, this constitutes a system of ODEs

dtl'z’ = Xz

Definition 5.27 ((complete) flow). A complete flow is a group homomorphism ¢ : R —
Diff (M) from the additive group R. A (local) flow is defined on some neighborhood of 0.

Recall that (R — (M — M)) =2 (R x M — M). Fixing the second argument, differenti-
ating along time yields dyp : R — (M — T'M) below, where t, = 0 unless specified.

X&p=di, p(z,p)

Recall that a Banach space is a complete, normed vector space in which every Cauchy
sequence converges.

Theorem 5.18 (ezistence and uniqueness theorem). Given a Banach space E,U C E and a

smooth map U 5 B. For any xg € V C U, there is a unique locally smooth time-evolution
¢ : (—€,€) x V — U which flows along X. In other words, Vo € V, ¢(0) = :

¢ (t) = F(ca(t))
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Lemma 5.19. If ¢; : (—€1,€1) = M and ¢y, (—€9,€63) — M are integral curves of X with
¢1(0) = c2(0), then ¢; = ¢ on the intersection of their domains.

Proof: Let I = (—€1,€1) N (—€2,€69) and K = {t € I : ¢1(t) = ¢o(t)}. First note that K is
closed since M is Hausdorff, so R — K is open by continuity of ¢;,co . Now K is also open:
for any ¢ty € K, choose a chart x covering p = ¢;1(to) = c2(tp) and applying theorem
shows that K also contains a small interval (tg — €,tg + €). By I connected, K = I.

Definition 5.28 (flow box). Given smooth vector field M X TM, a flow box for X at p is
a triple (U, a, o) such that

1. peU, ¢*:(—a,a) = (U— M) is smooth.

2. ©%(0,-) : U = M is the inclusion map.

3. VpeU,o*(-,p) : (—a,a) — M is an integral curve for z.

In short, a flow box is a smooth, local time-evolution map that is an inclusion when fixing
t =0, and an integral curve when fixing p.

Proposition 5.20. o~ (¢, (s,p)) = ¢~ (t + s,p)
Proof: Fix s,p, then ¢;(0) = ¢2(0) = ¢~ (s,p). Invoke the uniqueness theorem.
I M=t (¢ (s,p))
I 2 M=t oX(t+s,p)

Example 5.1 (complete fields do not form a vector space). Over R?, the fields 20, and 29,
corresponding to {# = y?, 4 = 0} etc. are complete. However, their sum is not complete:

dyx = 1?
yan‘l’l'Qay — { tL y2
dyy =

A vector field can be not complete because:

1. The curve approaches some point in a finite time where the vector field is not defined.
2. The curve goes to infinity in finite time.
Here, the tangent line to the field is y = z. Consider solving the equation for z(t) = y(¢)
and x(0) = 1, the solution is z(t) = 1/(1 —1).

Theorem 5.21 (local existence of unique flow boz). Given a smooth field X on a n-manifold
M. For every point py € M there exists a flow box for X at py. Any two such flow boxes
agree on their domain.

Proof: Work in a chart. This is acorollary of theorem [5.18]

The lemma below allows us to compose local flows.
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Lemma 5.22. Given smooth fields X7, - - -, X, with local flow boxes {U;, ¢’ }. Givenpy € M
and a neighborhood O of py, there is an open set U C (| U; and € > 0 such that

i, 0oy,
is defined on U and maps into O whenever t; € (—¢,€).

Proof: By continuity we can choose Vj, €, such that @fke(_%%)(vk) C O. Inductively
choose Vj,¢;. Let U =V}, e = min{e; }.
Given an integral curve ¢, : (a,b) — M and ¢,(0) = p. Consider the limit

p" lim ¢, (t)

t—b—

If py € M, concatenating with an integral curve beginning at p’ yields a longer integral curve.

Definition 5.29 (mazimal integral curve). Fixing p € M and a smooth vector field X.
Consider the collection J, of all pairs (J,«) such that the open interval J D {0} and
a:J — M is an integral curve of X centered at p. The maximal interval is

JZ;X = (TpTXvT;X) = U
(J,C!)Gjp

The maximal curve ¢(t) = a(t) whenever t € J.
Definition 5.30 (mazimal flow (domain)). The maximal flow domain is defined as
Dx = U JI;X x{p}
p
The maximal flow ¥ : R x Dx — M is naturally defined. Fixing ¢, the maximal domain of
0 = p— o (p) is denoted
Dy ={p:te (Tp_’X,Tpr)} cM
The maximal domain D% denotes the subset of M admitting an integral curve to time t.

Definition 5.31 (complete vector field). The vector field X is complete if all its integral
curves are defined on R. Equivalently, if it generates a complete maximal flow ¢ : R —
Diff (M) such that

Vtp e R : dt‘togo(t,p) =Xp

The proposition below gives a feel for the implications of maximality.

Proposition 5.23. X € X(M) is complete if it permits a flow on (—a,a) x M.

Proof: Every point p permits an integral curve, so integral curves may be extended to R.
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Theorem 5.24 (characterization of mazimal flow). For any X € X(M), its maximal flow
domain Dy is an open neighborhood of {0} x M C R x M and ¢~ : Dy — M is smooth.
Whenever both sides are defined

P (t+s,p) =" (t, 0" (s,p))
If the right side is defined, then so is the left. The converse is true if t,s > 0 or t, s < 0.

Proof: Fix p and let ¢ = (s, p). Suppose the right side is defined, then s € (T,,T,)
and t € (T,7,T,"). Consider the time-shift of ¢ (-, p) by s. The maximal domain of ¢ : 7 —
X (s+7,p) is (T, — s, T,7 —s) and ¢ is an integral curve at ¢ = X (s,p). By maximality
(T, —s,T.f —s)=(T;,T;). Thent € (1,7, 1)) = t € (T, —s,T, — s), so the left side
is defined. Conversely, let t,5 > 0. Then t +s € (T,7,T,}) D [0,t+s] implies ¢, s € (T, T,).

By maximality the right hand side is defined.

To show open and smoothness, consider S C Dy C R x M such that (¢,p) € S if there
exists an interval J D {0,¢} and an open U C M such that cpff,xU is smooth. By construction
S is open, and § = Dyx. Suppose otherwise for contradiction and (¢,p’) € Dx —S. Without

loss of generality let ' > 0. Fix p’ and consider 7 = sup {¢ | (¢,p") € S}. Now 7 > 0 since
(0,po) is contained in some flow box and 7 < ¢’. todo.

The corollaries below elucidate the structure of the maximal domain.

Corollary 5.2. Given s,t > 0, the domain of o o ¥ C DY,

Proof: Recall that ¢\, = p¥ o ¢ and D" is the domain of ¢7 ..

Corollary 5.3. For every t, Di C M is open and ;" (D) = Dy

Proof: Open is trivial. Now ¢X(D%) C Dy' since ¢¥; [0 (D)] = Idjpy_is well-defined.
Any extraneous point in Dy’ yields an integral curve contradicting the maximality of D%

Definition 5.32 (support of a wvector field). The support of a vector field X € X(M),
denoted supp(X), is the closure of {p : X(p) # 0}.

Proposition 5.25. Every vector field with compact support is complete.

Proof: Points outside the support has a neighborhood of vanishing field, and invoking
uniqueness on the trivial solution in the neighborhood shows that integral curves of the
point vanish. Thus integral curves of points within the support stay in the support. For
every € > 0, consider U. C M consisting of points such that (—¢,¢) C (7,7, 7,"), each of these
sets is open. By local flow property {U,}e~o is a nested open cover for M. By compactness
choose ¢y : M C U,,. Invoke proposition [5.23]

Theorem 5.26 (straightening theorem). Given X € X(M) and X (p) # 0 for some p € M,
then there is a chart (U, x) covering p such that the representation of X on U is simply 0, .

Proof: By locality let M = R",p = 0 with standard coordinates u;. Up to a linear
transformation of the chart x, center X (0) = GM‘ o Let ¢ denote a local flowbox about
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p = 0. Define
X(a'17"' 7an) = QOal(O,CLQ,"‘ 7an)

Note that x(ay,--- ,a,) is the result of flowing a point (as, - - - , a,) on the hyperplane u; =0
along for time a;. This is the straightened inverse chart (up to shrinking) if X p # 0. We
first show that 0,, ‘a is indeed the representation of X at x(a).

[(TX)0u,|,] f=0u]|,(fox)
T+ [/ (o (0, a2, ) — F(x(a))]

t—0 t

—Tim  [f(eu(xa)) — f(x a)

t—0 ¢t

= (X f)(xa)

The Jacobian Ty is the identity. Invoke the inverse function theorem to make x~! a chart.

5.5 Lie derivative

Summary 5. The flow generated by a vector field creates a natural identification of points
and pointed tangent spaces for an open temporal neighborhood about the origin. This allows
us to define a consistent derivative.

One difficulty about defining global derivation on a manifold is the lack of a global struc-
ture on a manifold. The manifold counterpart of a global direction (e.g. 0, in R") is a vector
field X € X(M). This easily subsumes the real analysis definition of directional derivatives.

Another difficulty is about establishing a uniform definition of differentiation across the
variety of the types we wish to differentiate. The directional derivative of a scalar field is
easily defined by point-wise application of the vector fields, but it seems far from clear how
we may extend this definition to vector fields, co-vector fields, or more complex objects.

We begin by reconsidering the operation X f. At each p, the existence of local flow
boxes ¥ creates, for each t in a neighborhood I5 = (—§,d) of 0, a natural identification
between the one-point spaces {p} and {¢5 (p)}. We define the derivation of f by X at p by
differentiating the value of f along this continuum of spaces, indexed by t.

Definition 5.33 (scalar Lie derivative by flow).

(x pyp=tim L EPNZI®) ) 10 ox0 ) = fo] o (00)] £= (K1) f

t—0

This interpretation by flow is thus consistent with definition We rewrite it more
suggestively in terms of pushforwards.

(X Np=0i|,[foe™t,p)] = [0, (¢F) f] p
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When X is not complete, for a fixed ¢, ¥ may not be well-defined for all M. However,
the existence of local flow-boxes implies that M = |, £0 DY . For any fixed p, there is still
a neighborhood of ¢t = 0 on which ¢;* p and (¢*f)p are well-defined. This allows us to
define the derivative above. Similarly, we may well-define time-derivative of a pullback which
satisfies universal property [5.15]

dil, (X Y) p=di|, (T) Y (2 p)

We now consider differentiating a vector field Y € X(M) along the direction given by X €
X(M). Vector fields take values in pointed tangent spaces. Similarly, a local automorphism
X € Diff(M) creates, for each p € U, a natural interval I; of tangent spaces {T@gc(p)]\/[}tefé
via the tangent map which can be naturally “collapsed” together. Universal property
suggests that a natural representation of Y, € T,M in T, oX (M is the pullback. The other
is the pushforward, but they only differ up to a sign.

(@ "Y)p = [(TZ) oY o] p
Definition 5.34 (Lie derivative of vector fields). Given X,Y € X(M), the Lie derivative of
Y by X is defined as
LyY = )| o5y

The derivative measures how the representation of Y changes along the flow generated by
X. Based on this definition, it is obvious that LxY € X(M).

We now show that the Lie derivative above is the Lie bracket. This is among the highly
nontrivial structural theorems in differential geometry. To do this, we need the following
technical lemma to characterize the local behavior of ;X* f.

Lemma 5.27. Given X € X(M) and f € C>(U) for an open U D {p}, there is an open
interval I; and a neighborhood V' of p such that ¢*(I; x V) C U and there exists g €
C*(Is x V') such that for all (t,q) € Iy x V,

fle*(ta)) = fla) +t9(t,q), 9(0.9) = (X f)q
Suppress ¢ and let g; : V' — M denote the partial application ¢ — ¢(t, ¢), we have

e f=f+tg, go=Xf

Proof: I; x V exists by a smooth local flow box. Note that 7,q — f(0*(7,q)) — f(q) is
smooth on I; x V and vanishes at 7 = 0. Consider

gt q) = / o] [f(e¥(r.0) - f()] ds

This is our desired quantity. Note that 87‘8 .= t@s‘s under the substitution 7 = st.

to(t,q) = / (t0,]_) [F(e* () — F(a)] ds

0

:/O |, [F(¢™ (st,q)) — f(q)] ds
= f(e*X(t, ) — f(q)
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For the second part, note that g is smooth and take ¢ — 0.

Theorem 5.28 (Lie derivative coincides with Lie bracket). LxY = [X,Y].
Proof: Expand the Lie derivative definition by the pushforward definition [5.24]
(LxY) [ = (at|0<PiX*Y) f
=0, [(ToZ) oY 0] f
_at|0 )OY] (ngDtX)

Check types: fo g : C®(M) and [(T¢Y,) o Y] : Der(C>(M)). Invoke lemma m

aflo [(Twi(t) °© Y} (fowl) = 8t|0 [(T‘Pft) ° Y] Lf +tgi]
= 8t|0 [(TSD)ft) © Y] [+ ‘tzo [(TSOi(t) © Y} gt

In the limit ¢ — 0, T¢¥, is trivial and the second term becomes

L [(TeX)oY] g =Y go=Y (X f)=(YoX)[

Simplify the first term by the definition of the pointed tangent map. Carefully note the
action of the tangent map and recall the flow definition of scalar derivative.

Oy [(Te2) o Y] f =8| Y (fowl) = =0 (Y f) = —(XoY) f

It is evident from the flow interpretation that the Lie derivative should be another vector
field. At every point, the Lie derivative simply differentiates a vector-valued function on
a neighborhood of identified tangent spaces. However, it is nontrivial that the Lie bracket
should be a vector field, being the difference XY —Y X of two composed differentiation. The
proposition below justify this: the higher-order terms cancel in local coordinates.

Proposition 5.29. Suppose in a local basis z that X = > X;0,, and Y = > Y;0,,, then
(X, Y] = Z [Xj (696],}/;) Y (anXi)] Oa;
ij
Proof: Expand by definition.
(X Y] f =X (Y 0, f) =Y (Xi - On,f)
= X;(00,Y:) 0z, f) + X;Yi(0;, ., f) = (00, X:)(0r, f) = V; (0, . f)
- [Xj(aivjyi) - YJ(E)JC]XZ)] @zif
Proposition 5.30. For X,V € X(M), [X,Y] =0 < ¢! = oY ¢ whenever defined.

Oy
O

Proof: By the flow property, pXoY = ¥ o is defined and true only when

X Y X

oY = X X = Y
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5.6 1-Forms

Definition 5.35 (covector field). A 1-form, or covector field, is a smooth section of the
projection 7 : T*M — M. Such fields is a module over C"(M) and denoted X*(M).

Definition 5.36 (differential). A C™=! function f: M — R induces a 1-form df € X*(M)
(df X)p=df| (Xp)=(Xp)f=(Xf)p

The differential map is of type d : (M — R) — X*(M). A one-form is of type M — T*M
by definition, TM — R by definition of the dual construction of the cotangent space, and
by extension a linear map X (M) — C°°(M) by global application.

Proposition 5.31. Product rule for differentials

d(f-g)=g-df +f-dg

Proof: d(f-g) X =X(f-9)=9- (Xf)+f - (Xg)=g-df + f-dg

Definition 5.37 (coordinate (holonomic) coframe field). Given a chart (U, x), the covector
fields {dx;} is a basis for T, M. They constitute the coordinate coframe field over U. For
every X € X(M):

Xy =Y (dz; X) -0,

Definition 5.38 (pullback of 1-form). Given a C* map ¢ : M — N (not necessarily
diffeomorphism), the pullback of w € ¥*(N) by ¢ is

P'wX =w(p.X)
In terms of point-wise application, for v € T,,M

(Prw)pv = w«pp(TpSO v)

The pushforward of vector field is contravariant, while the pullback of one-forms is con-
travariant. Both always exist regardless of whether they’re induced by a diffeomorphism.

Theorem 5.32 (local pullback formula). Given ¢ : M — N and charts (U, z), (V,y) for
M, N. For w € X*(N) with local coframe representation wp = dJ(p) - dy, its pullback is

" (G- dy) = (Gop) - (Jomsy, - dr)

©" (Z W dyi) = Z (wio @) (azj(y S 90)1) dz;
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Proof: Consider a vector field X p = X;(p)0., ’p =T,- (%‘p.

w(puX)p = wep [90* (&, - &clp)]
= :"_‘jwp : dy‘w(p)] [90* (- 8x‘p):|

b)) ]
=d(pp) - (Jm%yw‘p - Z(p))

_ :(@ 09) + (ocsye, - f)] L

Definition 5.39 (tautological 1-form). The tangent bundle projection map 7*M > M has

a tangent lift 77" M I% TM. Given a 1-form w € Ty M and a velocity vector v, € T,T*M,
the tautological 1-form 6 € T*T™*M is defined by

Ov, =w [(Tm)v,)

Consider typing with the diagram below. The action of # is defined by the two anti-diagonals.

Let (q,p) denote the natural chart for the point and principal components of T*M | re-
spectively. We consider the local representation of

0 = (09y,) dg; + (6 0p,) dp; = pdg
Note that 0,,,0,, are both elements of T7*M based at ) p; dg;.

0 aqi = (p dq) {(Tﬂ-) aqz] = (p dQ> aqi = Di
96% = (de) [(TW) 8}%] = (p dQ) 0=0

5.7 A categorical perspective
This section explores the natural construction of induced pushforwards and pullbacks using

the composition of morphisms. We begin with a simple map between two manifolds. The
manifolds may coincide and the map needs not be a diffeomorphism.

M —*25 N

Scalar fields are constructed with the contravariant functor C>°(—,R) : Man — Set. It acts
on scalar fields as the pullback.
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M -2 N

\}\J lf C>(M,R)

N C>=(p,R)
C(¢,R)
R

JTERZE geo(N R)

Consider the contravariant functor Der(—,R) : Set — Set of pointed real derivations
of scalar fields. The elements of its objects are tangent vectors. It acts on morphisms
©* : C®°(N,R) — C*>°(M,R) as the pointed tangent map T}¢p.

C®(N,R) —£— C=(M,R) .
l Der(C®(M,R),R) ——— Der(C®(N,R))

Trovp >~

~

R

Composing the two contravariant functors yields the covariant pointed tangent functor.
When ¢ is an injection, there will be no ambiguity in collecting is results along all points of

the domain manifold, yielding the global tangent functor.
T,(—) = Der(C*(—,R),R) : Man — Set

The pointed cotangent functor is obtained by composing yet again with the contravariant
dual map, this time yielding a contravariant functor.

77 (—) = Hom(Der(C**(—,R),R), R) : Man — Set

5.8 Line integrals and conservative fields

Definition 5.40 (line integral). The line integral of a € Q' (M) along smooth [a,b] = M is

/a:/ v
v [avb}

This definition may be extended to accomodate (finitely) piecewise smooth curves.

Definition 5.41 (conservative 1-form). a 1-form a € Q'(M) is conservative if [ o = 0 for
all closed piecewise smooth curves c.

Lemma 5.33. Consider a set function M 2 R and a € QY (M). If for every v, € T,M and
smooth curve ¢ representing v, i.e ¢(0) = v,, the derivative dt‘o( fe)t exists and

dif f(c(t)) = av,
Then f is smooth and df = «

Proof: Work in a chart (U, z), let v, = 0,, and ¢(t) = 2~ '(zp + te;). The hypothesis
implies that all first-order partial derivatives of fz~! exist and are continuous. Given this,
df, v, = a, v, so df = a. In particular, a d,, = 0,, f are smooth, so f is smooth.
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Proposition 5.34. A smooth 1-form o € Q'(M) is conservative if and only if it is exact.

Proof: 1f @ = df, its pullback along a closed curve corresponds to integration in a van-
ishing interval, so it is conservative. Conversely, fix py € M. Given conservative a we can
unambiguously define

f(p)Z/cu 7(0) = po,v(1) =p

We use the previous lemma to show that o = df: choose a curve ¢ with ¢(—1) = po, ¢(0) = p
and ¢/(0) = v,. This can be used for v above. Then c*a = g(t) dt for some g on the reals.

/ o = d; / o
0Jell-1, 0Jcl0,t]

O/Otc*a:dtofotg<t>dt=g<o>

On the other hand, recall the definition of a pushback in terms of pushforwards

di| o f(c(t)) = di

— d,

av, =a(d(0) =« (Tocatlo) = c*a(@t‘o) =9(0) dt|0 (8t|0) =g(0)

Definition 5.42 (frame field). Given an open subset U C M with dimension n, a set
{Ey,- -, E,} of smooth vector fields defined on U is a frame field over U if {Eyp, -, E, p}
forms a basis for T,M for every p € M. They constitute a global frame field if U = M and
are nonholomonic if there does not exist a chart in which {E;p} = {0,, p}. A frame field

with nonvanishing Lie bracket is seen to be nonholomoni.

Remark 5.8. Second fundamental confusion of calculus (Penrose): Given a chart (U, x),
the meaning of 0,, f, fixing 4, depends implicitly on the rest of the coordinate functions.
Consider the following change of coordinates

Ty =1+ 19

Th =11 — To+ 13

Ty = I3
Here, 3 = x3 but 0,; = 0y, + Oy, This confusion arises frequently in thermodynamics: the
functions P, V,T are not independent and may be viewed as functions on some 2-manifold.

Any two of the three serves as a chart, thus dpf depends on whether we're using the chart

(P,V)or (PT).
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