Differential geometry and topology — diary of topics covered

5/3/2014. Tensor algebra: vector space, dual vector space, p-tensors (example: dot product is a 2-tensor),
tensor product, tensor algebra, bases and dimensions. Exterior algebra: alternating p-tensors, wedge product A
and its properties, exterior algebra, bases and dimensions. Examples: determinants, pxp minors. Cross product.

7/3/2014. Volume forms, effect of linear map A : V' — W, pull-back maps on tensors. Determinant theorem:
dim V = k. Given a linear map A : V — V, then for all w € A¥(V*), A*(w) = (det A)w. Exterior algebra on R*:
tangent bundle on R”, cotangent bundle on R¥, tensor bundles, alternating tensor bundles. Differential forms,
wedge product on forms. Exterior derivative d, properties of d, low-dimensional examples and relationship to
gradient, curl divergence. Push-forward and pull-back maps.

12/3/2014. Examples: parametrized curves in R? or R?, pull-back of 1-form to the curve; parametrized surfaces
in R3, pull-back of a 2-form to the surface. Proposition: pull-back commutes with d. Differential forms on
manifolds, independence of differential forms on coordinate system. Volume form on R", volume form on a
manifold. Orientable manifolds, orientability, Proposition: a n-dimensional manifold has an orientable atlas if
and only if it has a non-vanishing n-form. Change of variables formula for integrals; partitions of unity, definition
of integration on orientable manifolds.

14/3/2014. Independence of integral on atlas and partition of unity. Definition of manifolds-with-boundary,
induced orientation on boundary; low dimensional examples. Stokes’ theorem on R"™, Stokes’ theorem on half-
space H" = R"~! x [0,00), Stokes’ theorem for manifolds with boundary. Examples: fundamental theorem of
calculus, classical Stokes’ theorem in R?, divergence theorem, Green’s formula.

19/3/2014. Application of Stokes’ theorem: degree formula. Definition of local degree, local degree formula,
degree formula, homotopy invariance of degree, independence of degree on the choice of regular point. De Rham
theory: closed vs exact forms, the de Rham complex.

21/3/2014. Definition of de Rham cohomology groups. First example: Hj, p(R). dim H),(M) = # components
of M, definition: simply connected, Prop: M simply connected = H},(M) = 0.

26/3/2014. Homological algebra: cochain complex complex, differential, cohomology. (And dual: chain com-
plex, boundary operator, homology) Definition of chain maps. Chain maps induce well-defined maps on coho-
mology. Example: pull-back f* : Q"(N) — Q"(M) associated to a smooth map f : M — N. Definition of
null-homotopy for a chain map; null-homotopic maps induce the zero map on cohomology. Definition of homo-
topic chain maps, homotopic chain maps induce equal maps on cohomology. Thm: H},p(M x R) = Hj p(M).
Corollary: Poincaré Lemma, Hj,,(R"™) = Hj),(point).

28/3/2014. Corollary: Homotopic manifolds have the same de Rham cohomology. Exact sequences. Thm: A
short exact sequence of chain maps induces a long exact sequence on cohomology. Diagram chasing: construction
of the connecting homomorphism, proof of well-definedness on cohomology, proof of exactness of the long exact
sequence.

2/4/2014. Application: Mayer-Vietoris long exact sequence. Proof of the Mayer-Vietoris short exact sequence
for de Rham cohomology. Example calculations: S2, S*.

4/4/2014. Good covers, Prop: Every manifold has a good cover. Finite good covers and the Mayer-Vietoris
argument. Thm: A manifold with a finite good cover has finite dimensional de Rham cohomology. Tensor
product of vector spaces, statement of the Kunneth formula, examples.

9/4/2014. The Five Lemma, proof of the Kunneth formula using the Mayer-Vietoris argument. Statement of
Poincare duality for compact oriented manifolds. Practice exercises.

11/4/2014. Midterm.

16/4/2014. Compactly supported cohomology: definition, first example H}(R). Prop: dim HO(M) = #
compact components, Thm: H**1(M x R) = H¥(M). Corollary (Poincaré lemma for compact cohomology):
H}(R*) = H*~F(point). Finite dimensionality of compactly supported cohomology for manifolds with a finite
good cover.

23/4/2014. Mayer-Vietoris short exact sequence and induced long exact sequence for compact cohomology.
Proof by Mayer-Vietoris argument of Poincare duality for oriented manifolds with a finite good cover. Example
computations: genus g surface, genus g surface with punctures.
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30/4/2014. Some Hodge theory. Linear algebra: symmetric bilinear pairing (,) on V, extension of (,) to
alternating tensors AP(V'), non-degenerate bilinear pairings determine an isomorphism between a vector space
and its dual. Normalized volume form, definition of the Hodge star operator w.r.t. a non-degenerate symmetric
bilinear form and a normalized volume form. Explicit computations: R? w.r.t. standard inner product, R* w.r.t.
inner product with signs (4, +, 4, —). Example: the cross product. Prop: * o = (—I)P(k‘p)sw where s is
the sign of the bilinear form.

7/5/2014. Class suspended (assemblea studentesca)

9/5/2014. On manifolds: Riemannian metrics, pseudo-Riemannian metrics, normalized volume forms, Hodge
star on differential forms. Example: Maxwell’s equations. Definition of the codifferential §, Prop: d o 6 = 0,
Laplace-Beltrami operators A\, explicit examples. L? inner product on Q¥(M) for M compact and oriented,
adjointness of d and §, Lemma: A is symmetric and non-negative. Definition of harmonic forms, Prop: har-
monic forms = ker § Nker d, uniqueness of harmonic representative of a cohomology class, existence of harmonic
representative (harder — not fully proved in class, just sketched), Hodge Theorem.

14/5/2014. Alternative proof of Poincaré duality for oriented compact manifolds using Hodge theory. Back to
de Rham theory: The Poincare dual of a compact oriented submanifold, Thom forms, Thom form for a point,
Thom form for the equator of a cylinder.

16/5/2014. Vector bundles, conormal bundle of a submanifold, tubular neighborhoods, transversely intersectly
submanifolds and the wedge product of Thom forms, intersection numbers and self-intersection numbers, signs
of intersection, low dimensional examples. Thm: Euler characteristic of M = self-intersection number of the
diagonal A in M x M.

23/5/2014. Vector fields and the local index of a zero, examples in R?. Exponentiating vector fields, relating
the index of a vector field to intersection numbers, proof of the Poincare-Hopf index theorem.

28/5/2014. Discussion of practice exercises. The Gauss-Bonnet theorem proved using the Poincare-Hopf index
theorem and the Degree formula.

30/5/2014. Simplicial homology, low-dimensional examples and computations of given A-complexes (torus,
circle, sphere, Klein bottle, RP?), manipulating quotient groups (for coefficients in Z). Definition of singular
homology, example: singular homology of a point.

4/6/2014. Homotopy invariance of singular homology. Reduced singular homology, relative homology. Mayer-
Vietoris long exact sequence, Excision theorem (barycentric subdivision just sketched). Singular homology of
S™. Application: Brouwer fixed point theorem. Equivalence of simplicial and singular homology.

6/6/2014. Cohomology: definition of cochain complex, coboundary operator, ring structure: cup product, cap
product, Poincaré duality (just sketched). Different coefficients: Z, for p prime, R. Statement of De Rham’s
theorem.

11/6/2014. Definition and construction of the fundamental group, Prop: m(S') = Z, Borsuk-Ulam theorem,
Kunneth formula. Discussion of exercises.

WARNING: This is not a complete transcript of the notes in class! And watch out for typos. This is intended
only as a supplement to the notes in class and the references. If the material is well-covered in a reference, it
is only sketched here. I give details here only when I haven’t followed the references, notably the sections on
Hodge theory, Thom forms, and the Poincare-Hopf index theorem.

Reference for integration on manifolds and Gauss-Bonnet: Differential topology by Guillemin and Sternberg.
Reference for de Rham theory: Differential forms in algebraic topology by Bott and Tu, early chapters.
Reference for simplicial and singular homology, cohomology, fundamental group: Algebraic Topology by Allen
Hatcher.



1. INTEGRATION ON MANIFOLDS

1.1. Exterior Algebra. Vector space V = span{ o 0 "’8%}7 dual space V* = span{dx,...,dzs},

Oz’ 0wy
where dz; (%) = 4; ;. Vector space of p-tensors TP(V*), TO(V*) :=R, TH(V*) = V*.
Examples: dot product, determinant
Tensor product ® : TP(V*) x T4(V*) — TPT4(V*),(S,T) — S ® T. Tensor product distributive, associative,
not commutative.

Aside: T = @,50TP(V*). (T,+,®) is called the tensor algebra: a graded algebra over R, additive
unit 0, multiplicative identity 1 € T9(V*), S®1 =S =1® S, and it is infinite-dimensional.

Theorem. 7P7(V*) = span {dmil ®R...0 dmip}l <gyeen,ip < k}, so dim TP(V*) = kP
Exercise 1. Show that the p-tensors dv;, ® ... ®dwx;, for 1 <iy,...,ip, <k are linearly independent.

Vector space of alternating p-tensors AP(V*), with A°(V*) = R, A}(V*) = V*. Alternating p-tensors are also
called p-forms. If T is a p-form, p is called the degree of T.
Definition of linear map Alt : TP(V*) — AP(V*).

Remark. The factor 1/p! makes it satisfy Alt|yr(y+)= Id, so Alt is a projection i.e. AltoAlt = Alt. Be aware
that some authors use another convention that omits the factor 1/p!. Then Alt restricted to AP(V*) is equivalent
to scalar multiplication by p! so Alt is not a projection, as Alt o Alt # Alt. But one advantage of not dividing
by p! is if you want to work over a field of characteristic greater than 0.

Definition of wedge product A : AP(V*) x AY(V*),(S,T) = SAT :=Alt(S®T).

Lemma. Properties of A.

(1) A is distributive.

(2) (SATYANU=A(S@TU)=SA(TAU), soA is associative.

(3) For S € AP(V*), T € A1(V*),SAT = (=1)P"T A S. In different contexts this is called different things:
in the context of algebras, one says that A is anti-commutative, or skew-commutative, or graded anti-
commutative, but in the context of superalgebras one says that A is graded commutative or supercom-
mutative. (Yes, confusing!)

(4) TANT =0T is a form of odd degree

Theorem. AP(V*) =span{dx;, A... Adx;, |1 <ip <ip <...<ip, <k}, sodimAP(V*) = (f}) = ﬁ

Aside: Put A = ,5oAP(V*). (A, +,A) called the exterior algebra: a graded algebra over R, additive unit
0, multiplicative identity 1 € A°(V*), SA1 =S =1AS. Called the exterior algebra, or sometimes called the
Grassmann algebra. But it’s not infinite dimensional, because AP(V*) = 0 for all p > k (see exercises below). As

k
a vector space, A has dimension Y (i) =2k,
p=0

Exercise 2. Show that the p-forms dx;, N ... A dx;, for 1 <1y <ig <...<ip <k are linearly independent.
Exercise 3. Show that if vi,...,v, are linearly dependent in V, then T'(v1,...,v,) =0 for any T € AP(V*).
Exercise 4. Show that all p-forms with p > k are zero. (Use previous exercise.)

Remark. Some authors, e.g. Spivak, define Alt as we have but use another convention for defining the wedge

product, SAT := % Alt(S®T). The normalization factor of (I;qu!)! implies that dzy A. . ./\dmk(a%l, ceey %) =

1, which can be convenient (for example, it means that dzq A ... Adzy is equal to the usual matrix determinant).

Relationship between basis elements dz;, A ... A dx;, and determinants of p x p matrix minors.

Let vi = (v11,v12,- -, V1n)s -+, Vp = (Up1,Up2, - - - , Upn). Show that
Ulil 'Uliz Ulip
1 V2; V2; . U2;
dwiy Ndxi, N ... Ndxg (Vi,...,Vp) = Edet “ ‘2 »

Upiy  Upiz  --- Upip



i.e. it’s a multiple of the p x p minor determined by the p columns i1, 42, ..., %p.

The p! only comes in because of how we chose to define the wedge product, because in our definition

d.l?il A dl‘iz AL A dl‘ip = Alt(dx“ .® dmip)
oo Z D%dzi,g, ® ... ® dzi,,
TESy

If we had defined the wedge product SAT as (p J,rqq,) Alt(S ® T) we would have ended up without the extra factor
of 1/pl.

Ezample 1. The cross product a x b in R? c.f. the wedge product of ai1dz; + asdxs + azdxs with bidzi + badxs +
b3d$3.

1.2. Volume forms. A k-form that is non-zero is called a volume form. All volume forms are scalar multiples
of each other. They’re all scalar multiples, for example, of dxy A dxa A ... Adxy.

A choice of volume form A determines a non-degenerate bilinear map (,)4 : AP(V*) x A¥=P(V*) — R: for a
p-form T, and (k — p)-form S, (T, S) 4 := a where « is uniquely determined by the condition T'A S = aA. This
bilinear map identifies AP = (Ak_p)*.

Non-degenerate means that for all 7 € AP, T' # 0, there exists an S € A*~P such that (T, S)4 # 0. Example:
Let T' be any p form, and suppose that its coordinate Tj,4,. s, is non-zero. Then if {j1,...,jx—p} = {1,... K} \
{i1,...,ip}, then putting S = dxj, A... Adzj;, _, we have (T,S)4 # 0.

Theorem (Determinant theorem). dimV = k. Given a linear map A : V — V, the dual map (i.e. transpose)
A* : V* — V* induces a pull-back map A* : AP(V*) — AP(V*) for all p. Let w € AF(V*). Then A*(w) =
(det A)w

1.3. Differential forms on R*. Coordinates (z1,..., ;) on R¥.

1.3.1. Tangent bundle. Tangent bundle TR* = R* x R* is a manifold with coordinates
(x,v) = (x1,...,2k,v1,...,Vk), Where ”10% 4—1123%2 =+ . U’falk € T R”.
A point of the tangent bundle corresponds to a point x in R*, and a tangent vector to R* at that point.

1.3.2. Cotangent bundle. Cotangent bundle T*R* = R¥ x R* is a manifold with coordinates
(x,v) = (21, ..., Tk, P15 - -, Pk), Where prdzy + podrs + ... prdry, € TERF.

1.3.3. Alternating p-tensor bundle. The alternating p-tensor bundle AP(T*RF) = RF x R() is a manifold with
coordinates
(x,a) for a = ({a'ilv---yip}1Si1<i2<--~<1p§k)7 where Zl§i1<4..<ip§n a,-h“_,ipdzil AN dIip c AP(T:Rk)

Definition 1. A differential p-form is a smooth map ¢ : RF — AP(T*R¥) of the form ¢(x) = (x,a(x)). In
fancier language, it’s a smooth section of the alternating p-tensor bundle AP(T*RF) — RF.

The vector space of differential p-forms on R* is written as QP (R*). Every p-form on R* can be uniquely written
as a sum ¢ = Zl<i1<...<ip<k @i ,....i,(X)dzs, A ... Adx;,, for a collection of smooth functions a;, ..., : RF — R.

Example: differential 0-forms <> smooth functlons a:RF 5 R.
Wedge product on forms: A : QP(R¥) x Q4(R¥) — QP+4(RF) is defined pointwise, i.e. at each point x take the
wedge product of the alternating tensors at x:

(x,a(x)) A (x,a(x)) == (x,a(x) Aa(x)).
On monomials:
(aih,,,,ip (X)dl‘il AN dmip) A (ajl)m7jq (X)dle VAN dl‘jq) = Qiy,...i0p (X)Eijhm)jq (X)dl‘il A.. ./\dl‘ip/\d.%‘jl A... dl‘jq.

Definition 2. The exterior derivative d : QP (RF) — QPF1(RF) is deﬁned on monomsials by

da;
Qiy,..iy (X)dziy AL Nda, — Z “’ il )d 5N dxi, AN da,
j=1,...k

(Note: RHS is effectively a sum over j € {1,...,k}\ {i1,... ,ip}).



Theorem. Properties of d:
(1) dwA o) =dwA o+ (—1)48“w Ado i.e. dis an anti-derivation.
(2) d*>=0

Examples in R3, relationship to gradient, curl, divergence.

1.4. Push-forward, pull-back. Smooth map ¢ : R¥ — R!, ¢(x) = (¢1(x), p2(X), ..., ¢1(x)).

e The push-forward map ¢, : TR* — TR! takes tangent vectors at x to tangent vectors at ¢(x), v
D¢(x)v where D¢(x) is the Jacobian matrix at x.

e The pull-back map ¢* : QP (R¥) — QP(R¥) takes p-forms on R* to p-forms on R!. On 0-forms, ¢* f := fo¢
for any f : R — R. On p-forms,

o* (f(y)dys, A... Ndyi,) = (f o @)(x)dgi, A ... Ndd,.

Ezample 2. v : R — R3, y(t) = (11(t),72(t )77 (1), parametmzed curve. Let w = fi(z,y, z)dx + fo(z,y, 2)dy +
fal@,y, 2)d= € Q1 (R?). Then * w—f1( ) @)t + fa(y)vz(t)dt + f3(7)r5(t)dt = F(y(t)) -+ (t)dt

Ezample 3. Parametrized surface S : R? — R3, and pull-back of 2-form fidy A dz + fodx Adz + fazdx Ady in R3.
Proposition. Pull-back commutes with exterior derivative, i.e. dp* = ¢*d as maps from QP (R!) — QPFL(RF).

Independence of differential forms on the coordinate system; definition of differential forms on manifolds. All
manifolds considered are Hausdorff and have a countable basis.

1.5. Integration on manifolds. Integrating forms with compact support on R¥,

Definition 3. Let w = fdxy A ... Adxj where f: R = R has compact support. Define

[ e[ ([ o min)ae) .

Change of variables formula for integrals; choice of an orientation on RF.
Orientable manifolds, orientability.

Proposition. A manifold of dimension k has an oriented atlas <= it has a non-vanishing k-form.

Change of variables formula for integrals; partitions of unity; definition of integration on manifolds.

Proposition. Let M be a smooth oriented manifold of dimension k, and w € QF(M). Then the integral wa
is independent of the choice of atlas of M and the choice of partition of unity subordinate to the atlas.

A diffeomorphism preserves the integral only up to sign; only the orientation-preserving diffeomorphisms
preserve the integral. Therefore integration is only defined on orientable manifolds. Any oriented manifold has
exactly two orientations, so the value of the integral depends on the orientation chosen.

1.6. Integration on manifolds-with-boundary. Definition of manifold with boundary; note operation Jod =

0.

Lemma. The boundary of an oriented k-dimensional manifold-with-boundary is an oriented k — 1 dimensional
mamnifold with empty boundary.

Definition: the induced orientation for OM , which depends on the outer normal to M.
Example 4. Induced orientation for boundary of an annular region in R2.
Theorem (Stokes’ theorem on R¥).

Theorem (Stoke’s theorem on half-space R¥=1 x [0, c0)).



Theorem (Stokes’ Theorem for manifolds with boundary). Let Q be a k-dimensional manifold with boundary
00, and w a compactly supported (k — 1)-form on Q. Then

/dw:/ w
Q o0

C.f. 3-dimensional Stokes’ theorem and Divergence theorem, 2-dimensional Green’s formula, 1-dimensional
fundamental theorem of calculus.

Exercise 5. Show that the vector field (ﬁ, zz'/ETyz) has curl zero, but it is not the gradient of any function.

1.7. The degree formula.
Theorem (Degree formula). Let f: X* — Y* be a smooth map. Then for any w € QF(Y*),

[ rro=ees) [

for some deg f € Z called the degree of f.
Proved via the following ingredients:

Proposition. Local degree formula for a reqular value of f.

Theorem. Homotopic maps fo: X =Y and f1: X =Y give rise to equal integrals [ fow = [ f(w).
Proof is by Stokes’ theorem.

Theorem. If X = OW and f : X — Y extends to a smooth map F : W — Y, then fX ffw = 0 for any
w e QY.

Proof is by Stokes’ theorem again.

Lemma (Isotopy lemma). If Y is a connected manifold, y,z € Y, then there exists a diffeo h : Y — Y s.t.
h(y) = z, h is isotopic to the identity, and h is compactly supported.

Remark. In the proof the degree seems to depend on the choice of neighborhood of a regular point. The final
formula shows that that deg f is independent of this choice.

2. DE RHAM THEORY
Closed forms vs. exact forms.
Exercise 6. Prove that a I-form w on S is the differential of a function <= fsl w=0.

Exercise 7. Suppose that wy and ws are cohomologous p-forms on X, and Z is a compact oriented p-dimensional
submanifold. Prove that fZ wp = fZ wo. Conclude that integration over Z defines a map of the cohomology group
HP(X) into R, i.e. [, : H?(X) —R.

Definition of the de Rham complex, and of the de Rham cohomology groups Hjj5.

Ezample 5. Hjp(R).
Remark: de Rham cohomology is defined for all smooth manifolds, oriented or otherwise.
Proposition. dim HgR(M) = #components of M.

Definition 4. M is simply connected if M is connected, and every smooth f : S* — M is homotopic to a
constant map f : S — {z}, for some x € M.

If f:S* — M is homotopic to a constant map via a map F : S x [0,1] — M, where F|;—;= f and F|;—o= =,
we can identify I with a smooth map f : D — M by f(re'?) = F,.(f); and vice-versa we can identify an extension
f: D — M with a homotopy F. In other words, an equivalent definition of simply connected is

Definition 5. M s simply connected if M is connected, and for every smooth f : Sl — M, there exists a
smooth extension f: D — M such that flosp=f.

Proposition. M simply connected = H},(M) = 0.



2.1. Homological algebra.

e Definition of a (co)chain complex, differential, (co)homology of the complex. Example: de Rham coho-
mology Hjn(M).

e Definition of a chain map, chain map induces well-defined function on cohomology. Example: given map
f: M — N between manifolds, get chain map f* : Q*(N) — Q*(M), therefore get maps on cohomology
f*:H"(N) — H"(M) for all n.

e Definition of a null-homotopy for a chain map, null-homotopic chain maps induce the zero map on
cohomology. Definition of a chain-homotopy between chain maps; chain homotopic chain maps induce
the same map on cohomology.

Theorem. H}p(M) = Hin(M x R) for all n.

Proof. The projection 7 : M x R — M given by (x,t) — x, and the zero-section ¢ : M — M x R
given by x — (2,0) induce chain maps 7* and o*. One shows that they induce inverse maps on
cohomology by showing that 7* o ¢* and ¢* o #* are chain homotopic to the identity map. One has
c*on* = (moo)* = (Idy)* =1Id so o* o 7* is the identity map already. To show that 7* o * is chain
homotopic to the identity one constructions a homotopy operator K™ : Q*(M x R) — Q"~1(M) that is
the composition of projection onto the subspace of n forms on M x R that have a dt in them, followed
by integration with respect to t. Compute 7* 0 * — Id = £dK"™ 4+ K™*!, therefore 7* o ¢* induces the
identity map on cohomology. ]

R, n=0

Corollary (Poincaré lemma). H7(RF) 2 H7,({pt}) = { 0, n£0

Corollary. Homotopic manifolds have the same de Rham cohomology (homotopy axiom of de Rham
cohomology).

e Definition of an exact sequence, definition of a short exact sequence of cochain complexes.

Theorem. A short exact sequence 0 — B* EN c* % D -0 of cochain complezes induces a long exact
sequence

L YD) 2 5(B) L B ) < 5Y(D) L B (B) s

on cohomology.
Proof of the long exact sequence.

Step 1: Construction of the boundary connecting map 8* : H"(D) — H""(B).

Let [w] € H™(D), where w € kerdp. Exactness of the s.e.s. = g is surjective, so let @ € C™ be
such that g(@) = w. Now consider dw € C"*!. Then

9(d(@))

d(g(w)) (since g is a chain map so gode =dp o g)
= dw (because by construction g(@) = w)
= 0 (because w € kerdp).

This means that dw is in ker g, and by exactness of the short exact sequence ker g = im f, therefore there exists
some z € B"*! such that f(z) = dw.

We need to show that z € kerdp so that it determines a cohomology class in H"*'(B): we have
fldpz) =def(x) = dodew = 0 since do ode = 0, and then f(dp(z)) =0 = dp(z) € ker f k:fio dp(z) =0.

So we define a map 9* : H"(D) — H""(B) by [w] + [z]. We need to show that the map is well-
defined, i.e., if [wi] = [wo], then [z1] = [x2] for any x1, x5 obtained from w; and wy as described above.

If [w1] = [w2] then we have w; —wy = do for some o € D"~1. Given w; and Wy such that g(w;) = wy, g(Wa) = wo,
we have g(; — W2) = wy — ws = do. Now by the surjectivity of g : B"~* — C"~! we can also find a ¢ € B"~!



such that g(7) = 0 € C"~1, and so we have that

g1 —wz —dco) = g1 —w2)—g(dco)
= dpo —dpg(v)
= dDO' — dDJ
= 0,

S0 W1 — wWe — dpcT € kerg = imf (by exactness). So there esists £ € B™ such that f(§) = w; — wWs — d7, and
therefore

dcf(§) = dc(@i —w2—dco)
= dc(w1) — de(w2).

Since f is injective there are unique z1, 29 such that f(x;) = dew;. Then finally we have

f(dp(&) = de(f(€)) because f is a chain map
dcwl) — dc(wz)

f(@1) = fla2)

= f(x1 — x2) by linearity of f.

So moving the right hand side to the left and using linearity of f, we get

fld(§) = (x1 —x2)) =0

and now, using the fact that ker f = 0, we can say dp(§) — (x1 — x2) = 0, i.e. [21] = [z2] in H"TY(B).
Step 2: Exactness of the long exact sequence

. — YD) S mv(B) L B (0) % HYD) LS HY(B) —

e Exactness at H"(B): we need to show ker f = imo*.

(C) Let [w] € kerf. So f(w]) = [f(w)] = 0. This means that f(w) = da for some o € C"~1.
Now consider g(a) € D"~1. We have dp(g(a)) = g(da) = g(f(w)) = 0 since f(w) € ker g by exactness.
Therefore, g(a) € kerdp, so [g(a)] € H" (D) and so by our definition of 9*, we have 9*[g(a)] = [w],
so [w] € imo*.

(D) Let [w] € imd*. Remember this means that there’s some o € C™~! such that 9*[g(a)] = [w], and
such that da = f(w). But this being the case, we have f([w]) = [f(w)] = [da] = 0 in cohomology, so
[w] € ker f.

e Exactness at H™"(C'): we need to show ker g = imf.

(C) Let [w] € ker g, where w € kerdc. Then glw] = [g(w)] = 0, so g(w) = da for some o € D"~1. By
the surjectivity of g : C"~t — D"~ let @ € C"~! be such that g(a@) = a. Then we have

glda—w) = g(d(@) —g(w)
= dg(@) - g(w)
= da—g(w)
= doa—da
0
and therefore da — w € kerg = imf so there exists some x € B™ such that f(z) = do — w. Moreover
fldp(z)) =do(f(z)) = de(de@ — w) = do(de@) — dew = 0, so dex € ker f. Since ker f = 0 this means

dex =0, so z € ker de and therefore [z] is a cohomology class in H"(C'). So passing to cohomology we
get that f([z]) = [f(x)] = [da — w] = [~w] = —[w]. Therefore f([—z]) = [w] so [w] € imf.

(D) Let [o] € imf, i.e. [o] = [f(w)] for some w € B" Nkerdp. Then g([a]) = g([f(w)]) = [9(f(w))] = [0]
as imf = ker g. Therefore [a] € ker g.

e Exactness at H"(D): we need to show ker 0* = img.

(Q) Let [w] € kerd*, ie. 0*w] = 0 where w € kerdp. Remember that the construction sets



0*|w] = [z] where x € B™ Nkerdp satisfies f(r) = dw and @ is some element of C™ such that g(@) = w.
So if 9*[w] = 0 it means that [x] = 0 so © = dpa for some o € B™. We have

dcw = f(z) by construction
= f(dp(a))
= do(f(a))
and therefore do(w — f(a)) € ker de so determines a cohomology class in H™(C'), and now it follows that
9([@w - fl@)]) = [9(@) —g(f(a))]
——
=0
= [9@)]
= [v]
and therefore [w] € img.
(D) Let [w] € img, so there exists some @ € kerde such that g[w] = [¢g(@)] = [w]. The defini-

tion of 9*[w] is [x] where x € B"*! satisfies f(x) = dcw. However by supposition we have dew = 0
and therefore f(z) = 0, so by the injectivity of f we have 2 = 0, so [x] = 0, and therefore 9*[w] = 0 so
[w] € ker &*.
(|
Ezxample 6. Mayer-Vietoris exact sequence. We have natural inclusion maps U NV <Z—U> uunv fz—V> V.U 25

vuv,v & Uu V, and their associated pull-back maps (which reverse the direction of the arrows!) give a
sequence of maps

U u V) V) ar oy e o (v) E arny)

Practically, the maps j;7, 777, 737, if; correspond to “restriction of n-form to an open subset”. For instance, for
we QU UV) an n-form on U UV, the n-form jj;(w) on U really means the n-form w|y.

Proposition. The Mayer-Vietoris sequence
0 — QU uV) "2 on )y @ ar(v) Y Qrunv) — 0
18 a short exact sequence.

Proof. Need to prove:
o : (ji,Jv) is injective: if w € Q" (U UV) gets mapped to 0 then w|y=0and wjy=0 = w =w|yuvr=0.
o ker(if; — i},) = im(jf, 73): let (o,7) € Q*(U) @ Q*(V), then
(Z.*U*Z‘*{/)(J,T) =0 < O—|UOV77_|U0V

which is equivalent to o and 7 being restrictions of a single form w on UUV, and so (o, 7) = (j7, ji ) (w).
o i}, — i}, is surjective. Let o0 € Q" (U NV). Take a partition of unity py + py = 1 such that the support
of py is in U, and the support of py is in V. Then, pyo is an n-form on V and pyo is an n-form on U,

and (i — iy, )(pvo, —puo) = pyo + pyo = 0.
O
Corollary. There is a long exact sequence of cohomology groups
oo — Hig(UUV) — Hig(U) ® Hip(V) — Hip(UNV) — HIF (U UV) — ...
This l.e.s. is called the Mayer-Vietoris long exact sequence.

Example 7. Computing the cohomology of S*; cover S! with two open sets U UV whose intersection is a pair of
disjoint intervals, U NV = I; U I5. In particular we have R =2 U =V = [; = [,. Note that we also know that
dim H, (M) = number of connected components of M.

Example 8. cohomology of S?: cover S? with a pair of open disks U UV whose intersection is diffeomorphic to
a cylinder S* x R.



2.2. Finite good covers and finite dimensionality of de Rham cohomology.

n
Definition 6. An open cover {(Uqy, ¢o),a € A} is called a good cover if all non-empty intersections (| Uy, are

i=1
diffeomorphic to R¥.

Example 9. Good cover for S*, good cover for S2.
Theorem. FEvery manifold has a good cover.

Proof. (Have they seen before how a Riemannian metric can be put on any smooth manifold?) Put a Riemannian
metric on the manifold, and then use geodesically convex neighborhoods of each point as the open sets in the cover.
A geodesically convex neighborhood is automatically diffeomorphic to R*¥. And the intersection of geodesically
convex neighborhoods is again a geodesically convex open set, so they make a good cover. |

Theorem. A manifold M with a finite good cover has finite dimensional de Rham cohomology.

Proof. Fix a dimension k > 0. We will prove that all k-dimensional manifolds with a finite good cover have
finite dimensional de Rham cohomology by induction on the cardinality n of the cover.

Base step: If n = 1 then M = R¥. We know from the Poincaré Lemma that HJ5(R¥) = R and HJ5(RF) = 0 for
n # 0. So M has finite dimensional de Rham cohomology.

Inductive hypothesis: suppose that every manifold with a good cover by n open sets has finite dimen-
sional de Rham cohomology.

Inductive step: Suppose that M is a manifold with a good cover by n + 1 open sets Uy,...,Uy,Uyt1.
Then we may write M = U, 11 UM where M = |J U;. Thus M is a manifold of dimension k with a finite

i=1
good cover by n open sets, so by inductive hypothesis M has finite dimensional de Rham cohomology. And

U,+1 = R¥ also has finite dimensional de Rham cohomology. Also, U,+1 N M = |J (U,+1 NU;) so it also has a
i=1

good cover of cardinality n, so by inductive hypothesis U, N M has finite dimensional de Rham cohomology.

Now by the Mayer-Vietoris long exact sequence, we can write
— Hy' (M N Upir) = Hip(M) = Hip(M) @ Hig(Unia) =

By exactness we have that HJp(M)/im o = im [ = ker~, so that dim H] (M) = dimkery + dimim a < oco.
Therefore M also has finite dimensional de Rham cohomology.
|

2.3. Integer invariants.
Definition 7. Betti numbers: B;(M) := dim H}p(M).
Definition 8. Euler characteristic: x(M) := Zfzo(—l)iBi(M)

Ezample 10. e \(S?)=1-0+1=2
° X(T2)=1—2—|—1=O
o X(R x S1) = x(S') = x(Mébius strip) = 0.

2.4. The five lemma.

Lemma. Let

A f1 B f2 C f3 D fa E

bbb
A 91 B g2 ! g3 D 94 B

be a commutative diagram of abelian groups and homomorphisms, in which the rows are exact. If the four outer
maps a, 3,0 and € are isomorphisms, then so is 7.




Proof. We need to show that ~ is injective and surjective.

Let ¢ € kery, so v(¢) = 0. Then 0 = g3 0 (c) = 6 o f3(c), so f35(c) € kerd, but by hypothesis ¢ is an
isomorphism, so kerd = 0; therefore f3(c) = 0, so ¢ € ker f3. By the exactness of the rows, this means
¢ € im fo, so there exists a b € B such that f3(b) = ¢. And 0 = ~(c) = v o fa(b) = g2 o B(b) therefore
B(b) € ker go = im g1 so B(b) = g1(a’) for some a’ € A’. Since « is an isomorphism, put a = a~'(a’) € A. Then
Bo fi(a) = g1 o ala) = g1(a’) = B(b), therefore since S is an isomorphism, b = fi(a). But this means that
¢ = fa(b) = fa o fi(a) = 0 since by exactness fy o f; = 0. Hence, kery = 0 so 7 is injective.

Let ¢ € C'. Let d = g3(¢). Then d € kergs. Using the fact that ¢ is an isomorphism,
let d = 67 4(d). Then 0 = g4 o 6(d) = € o fy(d) implies fi(d) € kere = 0, so fi(d) = 0 so
d € kerfs. By exactness then this means there exists a ¢ € C such that d = f35(¢). Now,

gso(c) = do fz(c) = 0(d) = d = g3(c) = gs(v(c) —¢) =0 = ~(c) — ¢ € kergs. Thus by
exactness there exists a b’ € B’ such that go(b') = v(c) — ¢/, and putting b = 371(b') we have go03(b) = y(c) —¢'.
Now by commutativity we have go o 8(b) = v o fa(b), so altogether we have v o fo(b) = v(¢) — ¢/, and therefore
d =v(c— f2(b)). Thus ¢ € im+~, so 7 is surjective. O

Remark. For finite dimensional vector spaces over R it’s enough to prove injectivity of v, as surjectivity follows
from knowing that dim C' = dim C".

2.5. Kiinneth formula.
Definition 9. Tensor product of vector spaces.
Theorem (Kunneth formula). If M and N have finite good covers, then Hjp(M x N) = Hjo(M)® H}5(N).
Proof. We have the maps mpy : M X N - M and 7y : M x N — N, which induce a map
o Hip(M)® Hig(N) — H*(MxN)
(W], [7]) = [ras (@) A (7)]

The statement of the Kunneth formula is that this map ¢ is an isomorphism. The proof is by induction on the
finite cardinality n of a good cover for M.

Base step: If n = 1, then M = R* and the isomorphism follows from the Poincaré lemma.
Inductive hypothesis: Suppose it holds whenever M has a good cover with cardinality n.

Inductive step: Suppose that M has a good cover of cardinality n + 1. Then we can write M = U,,.; UM where

—_ n —_

M = | Ui, and M NU,41 also has a finite good cover of cardinality n. The Mayer-Vietoris sequence is the
i=1

long exact sequence

— HP(Upyq) @ HP(M) — HP(M N U,4q) — HPTY (M) — HP ™Y (U, 1) @ HPTY (M) — HPYY(M) — HP"Y (M N U,49)

The exactness is preserved if we tensor everything by H™ P(N) and take the sum over all integers p, then we
get the long exact sequence

[H*(M) @ H*(N)]" — [H*(M) ® H*(N)]" & [H*(Un+1) @ H*(N)]" —— [H*(M NUpy1) ® H*(N)]

[H* (M) @ H*(N)]"™ "

m

[H*(M N\ Upsy) @ H(N)]"
We also have the Mayer-Vietoris sequence

.= H™(M x N) — H™(M x N) @ H™(Upi1 x N) — H™(M N\ Upi1) x N) — H™ (M x N) —> ...



Now we include the maps between the corresponding terms of the Mayer-Vietoris sequence in each of these two
long exact sequences defined as in the map ¢ above,

m

oo [H*(M) @ H*(N)]" —— [H*(M) ® H*(N)] " @ [H*(Un+1) ® H*(N)]" —— ...

ltpM \LWM@‘PUnJA

H™(M x N) H™(M x N) ® H™(Ups1 x N)

Claim: the diagram commutes. Once we show that the diagram commutes, it follows from the inductive
hypothesis that the vertical arrows are all isomorphisms except for the vertical arrows ¢, but then it follows
by the 5 lemma that this map too is an isomorphism.

So let us check that the diagram commutes. There are three squares to check. Two squares are very
straightforward (the square pictured above and the square to its right).

Exercise 8. Check that the square pictured above and the square to its right are commutative.
Let us check the commutativity of the third square, which involves the connecting maps 0* in the Mayer-

Vietoris long exact sequence:

(M N U) @ H ()] 22 (157 (M) © B ()]

| |

H™(MNU)x N) —Z H™ (M x N)

where the vertical arrows correspond to the maps > [wa] ® [Ta] = D [wal A [Ta]-

By linearity it’s enough to show that the square commutes for individual elements of the form [w] ® [7]
with [w] € HP(M NU) and [r] € HY(N) with p + ¢ = m.

Then we have, following the top horizontal arrow,

0" @1d([w] @ [7]) = [x] x [7]
where z € Q™F1(M) is a closed form such that (z|57, z|v) = (de, dB) for some (a, ) € QP (M) & QP(U) such
that w = o370 —Bl3rA0-

So then, the image of [w] ® [r] in the bottom right square is [z] A [7].

For the other side of the square, we need to compute 0*([w] A [7]) = 0*[w A 7]. By definition of the
connecting map, 8*[w A 7] = [y] where y € Q™ (M x N) is any form for which (y|57. v+ ¥lgxn) = (d7, de)
for some (y,¢) € H™(M x N)@® H™(U x N) such that (y — )| @y« y=w A T. So it is enough to check that
y = x A T satisfies these conditions. We have

(@AT)|3ien = TlgATIN
(da)y AT
= dlaAT)

——

~

where the last equality is because d(a A7) =da AT+ a A dr = da A 7. Similarly
=0

@A)y = zluntly
= (dB)AT
d(BAT)
——
and finally,
(V= lanoyxn = (@AT=BAT) @rapyxN

= (a— ﬁ)|(ﬁmU)/\T
= WAT,



as desired.
O

2.6. Poincaré duality. Let M be an oriented and compact manifold of dimension k. In particular OM = 0.
Then we can integrate k-forms on M. And integration is well-defined up to exact forms, for if wy — we = do,

then by Stokes’ theorem
/wl—/WQ:/dO':/ o=0.
M M M oM

Now we can also take a p form and a k—p form and wedge them to get a k-form, and can integrate that. Suppose
that wy is a closed p-form and ws is a closed k& — p form. Then

(wl —‘rdO’l) AN (o.)g +d0’2) = w1 Awg+doi Awy + wi Adoy + doy A doo
=d(01/\w2) =id(w1/\02) =d(0’1/\d0‘2)

= wl/\WQ-Fd(O'l/\UJQiUJl/\02+01/\d02)
where we have used the Leibniz rule for d. Putting everything together, we get that integration produces a
well-defined bilinear map

/;HgR(M)xH;gP(M) — R,
M

(il lwa]) = /M o A ws.

Theorem (Poincaré duality). Suppose that M is an oriented, compact k dimensional manifold. Then the bilinear
pairing above is non-degenerate. Consequently, HY (M) = Hggp(M) forallp=0,... k.

This theorem is actually a special case of Poincaré duality; there is also a version of Poincaré duality for
oriented M with a finite good cover (i.e. M is not necessarily compact). Suppose that M is only an oriented k
dimensional manifold, i.e. not necessarily compact. Then we can only integrate compactly supported k forms
on M. If we wedge any p form with a compactly supported k — p form, we get a compactly supported k form
that we can integrate. The more general statement of Poincaré duality is that there is an isomorphism between
HY, (M) and HF=P(M) which is the compactly supported cohomology of M.

Theorem. Suppose that M is an oriented k dimensional manifold, with a finite good cover. Then the bilinear

pairing

/:HgR(M)fo*”(M) — R,
M

(i), [ws]) /Mwl A ws

is non-degenerate, and HYp(M) = HE=P(M).
So before proving Poincaré duality we need to define and describe compactly supported cohomology.

2.7. Compactly supported cohomology H}(M). Let M be a k-dimensional manifold. The space of com-
pactly supported n-forms on M is the subspace of QP (M) C Q" (M)

QI (M) = {w € Q(M)| w has compact support in M}.

The associated cochain complex is then

0— QM) -L o () L Lok () -L F () S0

where d : QU(M) — QPTY(M) is the usual exterior derivative on forms. Compactly supported cohomology is
then the cohomology of this chain complex, H?(M) = kerd/imd.

Ezample 11. HX(R): H)(R) = 0, H}(R) = R.

Proposition. dim H?(M) = # compact components of M. In particular, if M is connected and non-compact,
then HY(M) = 0.

Proof. By definition H)(M) = kerd = {f : M — R’f has compact support in M and df = 0}, i.e. the locally
constant functions with compact support. For each compact component of M there is a one-dimensional vector
space of constant functions with compact support, and for each non-compact component of M the only constant
function with compact support is {0}. O

There is a version of the Poincaré lemma for compactly supported cohomology — but note the shift in degree.



Theorem. H" (M x R) = H"(M)
Proof. Follow same lines of proof as the analogous theorem for de Rham cohomology. Define
a: QY M xR) —  QY(M)
Zf;xtdt/\deJr o gk tde, =Yy /fjxtdtda:J
[|= [J|=n+1 [7]=n

Now we define a map in the opposite direction. Let s : R — R be any smooth bump function with compact
support such that f t)dt = 1. Then we set

B:QI(M) — QMM x R)
ZhJ Ydzy ZhJ (t)dt A dxy
I7]= [J]=n
Note that o =1d, so aof: H"(M) — H™(M) is the identity map. It remains to show that /o « is chain
homotopic to the identity. One defines a chain homotopy map

K":Q"(M xR) — Q" M xR)

S i tdt Ader+ Y gi(xt)dzy - [/ fr(x,7) — s( (/fIXTdT)dT}de

[I|l=n |J|=n+1 |I|l=n
Exercise 9. Verify that

f fr(x,7) —s( (f]R fr(x T)dT) dt really is a compactly supported function in the variables x,t.
( ) 50(1 —Id= j:dK" + Kntid.

From 2. it follows that 5o« is equal to the identity map on cohomology, and hence § and « are isomorphisms
on cohomology.
|

Corollary (Poincaré Lemma for compactly supported cohomology). H:*t*(RF) = H*(pt). HEF(RF) = R,
H(RF) =0 for n # k.

Note that this means that compactly supported cohomology is not invariant under homotopy.

2.8. Mayer-Vietoris for compactly supported cohomology. Let w be a differential form with compact
support inside an open set U. Then for any other open set V' containing U, we can identify w with a compactly
supported differential form on V just by extending w by zero to all of V. Thus we have an inclusion map

QP(U)=QP(V).
Applying this to the Mayer-Vietoris sequence of open sets, we get a sequence

(ivsiv) Jjv—ju

U nv) S ooy e anwv) 'S aruuy)

Proposition (Mayer-Vietoris s.e.s. for compactly supported cohomology). The Mayer-Vietoris sequence

('LUv v) Jjv—ju

0— QUUNYV) o) e (V) S arw uv) —

1s exact.

Proof. o (iy,iy) is injective: if iy(w) =0 and iy (w) =0 thenw=00on UNV.

o im(iy,iy) = ker(jyv — ju): We have (jyv — ju)(o,7) = 0 iff the support of both ¢ and 7 is in UNV and
o=r,ie. (iy,iv)(o) = (o,7).

e (jy — ju) is surjective: Let w € Q7(U UV), and take a partition of unity py + py = 1 where py is
supported on U and py is supported on V. Then pyw is a compactly supported n-form with support
contained in U, and pyw is a compactly supported n-form with support contained in V. Then we have
w = prw + pvw = (jv — ju)(—puw, pvw).

|

Corollary. There is a Mayer-Vietoris l.e.s. for compactly supported cohomology,

— H"NUUV)— H}UNV) — H*U)® H*(V) — H} (U UV) — H""NUNV) —



2.9. Proof of Poincaré duality.

Proof. The idea is to do induction on the cardinality of a finite good cover for M.
Exercise 10. Verify the base case, M = RF.

For the inductive step, we start out with the two Mayer-Vietoris sequences
. — HY (M) — HY (M) ® H?,(U) — HP (M NU) — HYEH (M) — ...
and

— HP"Y (M) — H*(M NU) — H?(M) @ HP(U) — H?(M) — H"Y (UNV) —

c

Taking duals of the second sequence flips the direction of all the arrows and gives a l.e.s.
. — HP(M)* — HP(M)* @ HY(U)* — HP(M NU)* — HP"Y(M)* — ...
Now form the double complex

L HY (M) ——— HP (M) @ HY o (U) —— HY (M NU) —— H2H (M) ...

l‘PM i%’M@SPU \L%\/mu l‘/’M

L HEP (M) —— HE (M) @ HEP(U)* — HEP(M 0 U)* — HE 7= (M)"

where the vertical maps are those given by w — [, w A-. If we know that the diagram commutes, then the
inductive hypothesis and the 5 lemma show that the maps ¢j,; are isomorphisms, completing the induction. So
we just need to check that each of the squares in the diagram above commutes. (All squares correspond to one
of the three above, for different values of p.)

Let’s check the commutativity of the last square,

HP (M N U) —L— HPFY(M)

\L‘FMmU ltﬂM

H?(M NU)* —L~ HE-P=1(M)*

by working the maps out out explicitly.

Let [w] € HYp(M N Uyqq) for some closed form w € QP(M N Upy1). In the definition of the connect-
ing map 0" in the long exact sequence, 0*[w] = [z] where x is a closed form such that z|3;= do,z|y= df
for a € QP(M) and 3 € QP(U) such that (a— ) |57,= w. Hence, pp0*[w] ([n]) := [,, zAn for [n] € HFP=1(M).

On the other hand, d¢yplw] (1) = dyrpw (8n), where 8* : H¥P=L1(M) — HFP(M NU) is the con-
necting map in the Mayer-Vietoris l.e.s. for compactly supported cohomology.

The definition of the connecting map is 9*[n] = [y] where y € Q¥ P(M NU) is a closed form such that
(y,y) € QFP(M) @ QFP(U) satisfies (y,y) = (dv,de) for some (v,¢) € QFP~1(M) @ QF~P~1(U) such that
Y—e=1n.



Let us now put things together.
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as desired.

Exercise 11. Check that the first two squares in the diagram above commute.

2.10. Some Hodge theory.

2.10.1. Linear algebra. Let V be a finite dimensional vector space of dimension k. Suppose that we have a
symmetric, bilinear, non-degenerate pairing {,) : V x V — R.

(A symmetric bilinear pairing is equivalently defined in terms of a k x k symmetric matrix A such that
the bilinear pairing is given by (v,w) = vTAw. Remember that all symmetric matrices are diagonalizable,
i.e. conjugate to a diagonal matrix with eigenvalues all down the diagonal. So non-degenerate means that the
eigenvalues of A are all non-zero. If the eigenvalues are all positive, the matrix is called positive definite and the
pairing is called an inner product.)

A non-degenerate bilinear pairing (,) on V determines an explicit isomorphism V/ BN 78 given by v — (v, ).
(Because the non-degeneracy condition says that the kernel of this map is 0.)

The bilinear pairing (,) on V extends to a symmetric bilinear pairing on the alternating tensor products, A?(V)
by defining it on basic elements by
(Vi Ava AL AV, w Awa AL A wp) = det ((v;, w;))

and extending the definition to sums of such terms by linearity.

In terms of an orthogonal basis of eigenvectors ey,...,ex of A, one can write every alternating p-tensor
as a linear combination of e;; Ae;, A... Ae;, for 1 < iy <ip <...<i, < k. Since (e;,ej) = \;id;; where \; is
the eigenvalue associated to the eigenvector e;, one has that
0 if iy # jrfor some k
<61'1 /\61‘2/\---/\61‘,1,63'1 /\Bj2 /\.../\6jp> :det(<e¢k,ejl>) = ﬁ )\1k if Zk :]ka
k=1

All of which implies that the e;, Ae;, A... Ae; are an orthogonal basis of eigenvectors for the bilinear form
(,) on AP(V), and as the eigenvalues are products of the eigenvalues of A, they are also non-zero, therefore the
bilinear pairing (,) on AP(V') is non-degenerate. So the bilinear pairing gives us an explicit isomorphism

Doy AP(V) — (AP(V))T
T = (T



Now let © € A*(V) be any volume form, which we use to fix an orientation of A¥(V). There is a unique volume

form © € A*(V) having the same orientation as €2, and normalized with respect to the bilinear pairing on A*(V),

meaning that (€2, Q) = £1. So, since the wedge product of alternating p-tensors gives a non-degenerate pairing
AP(V)x AFP(V) —  AR(V)

(w,7) = wAT
we can define a non-degenerate bilinear pairing

bo : AP(V)x A¥P(V) — R

(w7 T) — bQ (wv T)
by the condition that b(w,7)Q2 = w A 7. This gives us an explicit isomorphism
To: AFP(V) — (AP(V))*
T bo(-,7)
Hence,
x: AP(V) —  AFP(V)
T = \1151 od ()

is an explicit isomorphism, determined by the bilinear pairing (,) and the volume form , which is called the
Hodge star operator.

Definition 10. The Hodge star operator x : AP(V) — A*=P(V), with respect to a non-degenerate bilinear pairing
(,) on V and a normalized volume form Q € AF(V), is the linear isomorphism uniquely determined by the
condition that

wA (*7) = (w, 7).

Remark. We insist on €2 being normalized in order for the resulting map * to satisfy xo% = +1, i.e. the identity up
to sign. If we don’t insist on  being normalized, then we can still define an isomorphism * : A?(V) — AF=P(V)
by the condition w A (*7) = (w, 7)§2, but the difference will be that this isomorphism will not satisfy % = +1.
For instance if we take the inner product on R? defined by the matrix 2Id, then © = e; A ey is not normalized,

_ (er,e1) (e e2) | _ 2 0\ L B
as (Q,Q) = det( lea e1) {ea. ea) = det 0 2 )= 4. So in this case, for example, xe; = 2e3, and

xeg = —2€e1, SO * x ep = —4ey.

Ezample 12. Let (,) : R®> — R be the standard dot product of vectors, with the standard orthonormal basis
e1,€e9,e3, and let e; A eg A ez be the standard orientation. Then

1x(1)=e1ANeasAes = *(1) =e; Aea Aeg

ej A (xe1) =dj1e1 ANeg ANes = xe; = eg Aes,

ej A (xez) = dj0e1 ANeg Nes = xeg = —eq Aeg,

ej N (xe3) = djze1 Aea Aeg = *e3 =e1 A e

e; Nep Ax(eg Aeg) = 0;10k0e1 ANea ANes = x(e1 Aegy) = e3

e; Nep Ax(er Aes) = dj1dkser Nea Aes = x(eq Aes) = —es

e; Neg Nk(eg Nes) = dip0kser Nea Aes = x(ea Aes) = e

eiNej Nep Nx(er Neg Aes) = 0;10500k3e1 Nea Nes = *(eg Aea Aes) = 1.

The cross product is best described in terms of the wedge product and the Hodge star operator: namely, if
v,u € R3, then *(v X u) = v A u.

Example 13. Let A = be the symmetric matrix determining a bilinear pairing on the vector

-1
space R%, and let e; A es A es A eyq be the standard orientation on R*. Hodge star operator on O-tensors: i.e.
*: R — A*(R*). The Hodge condition is that 1A (¥1) = (1, 1)e; Aea Aez Aes. Now by definition 1 Aw =1-w =w



and (1,1) =1-1=1. So we see that x1 =e; Aea Aes Aey.
Hodge star operator on alternating 2-tensors, i.e. * : A2(R*) — A2(R%).
(ej A ek) A *(61 A 62) = <€j A\ €k, €1 A €2>€1 A €9 A €3 A €4 = 6j15k2/\1/\261 AN €2 A\ €3 A €4 = 5j15k2€1 A €9 A €3 A €4
= x(e;1 Ney) =ezNey

(ej AN ek) A\ *(61 AN 63) = <€j A €L, €1 AN €3>61 Nea Neg Neyg = 5j15k3>\1)\361 Nea Neg Neyg = 5j15k361 Nea ANes Aey

- *(61 AN 63) = —ea Ney
(ej N ek) N *(61 N 64) = <€j Neg,er N\ 64)61 Neay Neg N\Neg = 5j15k4/\1)\4€1 Nex Neg Neg = — j16k3€1 Nex ANeg Aey
= x(e;1 Neq) = —exAeg

(ej AN ek) A *(62 A\ 63) = <€j A\ €L, €2 AN 63>€1 N ey A €3 Neyg = 5j25k3)\2)\361 Neg A €3 Ney = 5j25k361 Neg A\ €3 N ey
— *(62 /\63) =e1 Ney

(ej Nek) Nx(ea Aeq) = (ej Neg ez ANes)er Aea Aeg Aeg = j00karadae1 Aea Aeg Aeqg = —0jo0kae1 Nea Aeg Aey
= x(eg Neq) =e1 Aes

(ej Ner) Ax(es Nes) = (ej Neg,es ANes)er Nea Aeg Aes = ;304 3 0e1 Aeg Aes Aes = —0j30pae1 Nea Aeg Aey
= x(ez Neq) = —eg Aes.

Hodge star operator x : A4(R*) — A°(R*) = R.
By the Hodge star condition we need to satisfy, for 2 =e; Aes Aes A ey,

QA Q= (Q, Q)0

Given that
(,9) = (exNeaNegANeq,e1 ANea Aes Aey)
<61;61> <€17€2> <617€3> <el7e4>
_ et | lezer) (ezen) (ezien) (ezeq)
(es,e1) (es,e2) (es,es) (es,eq)
<€4,€1> <€4562> <64763> <€4764>
1 0 0 O
o100 o0
- 00 1 0
00 0 -1
- 1

and therefore *Q2 = —1.
Proposition. The Hodge star operators
% AP(V) = APV, % AFP(V) = AP(V)
satisfy xx = (—1)p(k_p)s<’> where sy is the sign of the bilinear pairing, given by
sy = (_1)#negative etgenvalues of the bilinear pairing

s0 in particular, if the bilinear pairing is positive definite, we have x o x = (—1)"F=7),

2.11. Hodge star on differential forms. All of the above can be repeated pointwise for differential forms
on a manifold M, given a symmetric non-degenerate bilinear pairing (,), : T, M x T,M — R of the tangent
spaces at each point p € M, and a normalized volume form Q € QF(M). A bilinear pairing on the tangent
space T, M at each point p of M that varies smoothly in p is called a 2-tensor on M. In a local chart U of M,
with local coordinates x1,...,2, on M, a 2-tensor can be thought of as a function A : U — Myxr(R) where
A(zy,...,xz1) = A(p), where (v, w,), = v} A(p)w(p). Or in tensor notation, a 2-tensor can be expressed as a
sum . fii(z1,...,25)dr; ® dz; for functions f; ; : U — R.

i,

So a symmetric, non-degenerate bilinear pairing at each point is a symmetric non-degenerate 2-tensor. If it is
positive definite at each point it is called a Riemannian metric. Otherwise it’s called a pseudo-Riemannian metric.
In a local chart U with local coordinates x1,...,x, on M, a symmetric non-degenerate 2-tensor corresponds to
a function A : U — Mpxi(R) where A(z1,...,z;) is a symmetric matrix with non-zero eigenvalues for every
T1,...,2p € U.



Given a non-degenerate symmetric 2-tensor g on M, and a normalized volume form Q € QF(M), then the
Hodge star operator is the isomorphism * : Q"(M) — Q*~"(M) defined point-wise in M, i.e. for w € Q*(M),
its Hodge star sw € Q¥~"(M) is determined point-wise in M by

() = #(y)

where the Hodge star x on the right hand side is the Hodge star operator * : A"((T,(M))*) — A*="((T,,(M))*)
defined at the point p with respect to Q(p) € A*((T,M)*) and the symmetric non-degenerate bilinear pairing
gp : TyM — T,M — R.

Example 14. An important example in physics is Maxwell’s equations. In this case one considers 4 dimensional
manifolds with local coordinates x,y, z,t. The non-degenerate bilinear form is the Lorentzian metric, dr ®

1 0 0 O
. . . 01 0 O -
dx + dy ® dy + dz ® dz — dt ® dt, or in matrix notation A(x,y, z,t) = 001 0 , which is a pseudo-
00 0 -1

Riemmannian metric. The volume form is dz Ady Adz Adt. In a vacuum, the electromagnetic field is represented
by a 2-form

w=Eydx Ndt + Eydy Ndt + E,dz Ndt + Hydy Ndz — Hydx AN dz + H.dx N dy

and its Hodge star xw is also a 2-form, given explicitly (by the calculations of Exercise 13) by
w=—FEydyNdz+ Eydr Ndz — E.dy Ndx + Hydx ANdt + Hydy AN dt + H,dz N dt

and Maxwell’s equations say that dw = 0,d*w = 0. See Introduction to Bott & Tu (p.8) (although this is w.r.t.

the Lorentzian metric having signature (+,—, —, —) so the Hodge star has the opposite sign), or Section 20 of

Introduction to Guillemin & Sternberg (p. 136).

2.12. Laplace-Beltrami operators. Let us now consider a manifold with a Riemannian metric on it (so the

bilinear form at each point is positive definite) as well as a volume form. Combining the exterior derivative d
with the Hodge star operator, we define a codifferential

5 QY (M) — QM)
w = (=Dl d ok (w)

Proposition. 60§ =0

Proof. §06 = 4+ *d * *dx = & x d*+ = 0 since ** = £1 and d? = 0. O

Definition 11. The Hodge Laplacian or Laplace-Beltrami operator is the differential operator
A= (d+6)? =ds+6d: Q"(M) — Q" (M)

Ezample 15. Consider R3 with the standard metric dz ® dx + dy ® dy + dz ® dz, and the standard volume form
dx N\ dy N dz. By the calculations of Example 12, the Hodge star operators are

«: QOR3) — QB(R?)
flx,y,2) —  flx,y,z)de Ady ANdz
: QNR3Y) — Q*(R?)
fdr+gdy+hdz — fdyndz—gdzANdz+hdxANdy
2R3 — QYR?)
fdeNdy+gdeNdz+hdyndz +— fdz—gdy+hdx
«: PR3 — QUR?)
flzyy,z)de Ndy Ndz  —  f(x,y,2)



So the codifferential ¢ is given by

5 QOR3) — Q7YR?)
f = 0
5 QYR — QYR
fdr +gdy +hdz — (=1)"3T s d(fdy Adz — gdx A dz + hdz A dy)
= — % (fot gy +h)dz Ndy Adz = —(fo + gy + D)
§: 2R3 — QYR?Y
fdx ANdy — gdz Adz+hdy ANdz +— (=1)'3T s d(fdz + gdy + hdx)

= *[(fz — hz)dz Adz + (fy — 9.)dy N dz + (g — hy)dz A dy]
( - fac)dy + (fy gz)dl‘ + (g:v - hy)dz
§: PR — QPR
fdr ANdyAndz —  xd(f) = (=13« (fodx + fydy + f.dz) = —(fody Ndz — fydx A dz + f.dz Ady.)
Let’s compute some Laplace-Beltrami operators:
A:QOR?Y) — QYR?)
[y, 2) = 6d(f) + do(f) = 0df = —(Ouef + Oyy f + 02 ),

c.f. the usual Laplacian A = 0,5 + 0yy + 0, on functions. The Laplace-Beltrami operator on 1-forms:
A:QNRY) = QYRY)
fdx + gdy +hdz —  6[(92 — fy)de Ndy — (f. — hy)dz Ndz + (hy — g2)dy A dz] + d(fz + gy + D)
= 9yz — fyy — (for = haa)ld + [hay — goz — (Gua — Fuy)ldy + [fuz — haw — (hyy — gy2)]d2
—[faw + Goy + hozldz — [fyo + gyy + hyzldy — [fow + oy + he:]dz
= [~fax = fyy = [22]dx + [~ Guw — gyy — 9z2ldy + [ haw — hyy — h.:2]dz

Exercise 12. Let H C R? be the upper half plane, i.e. {(x,y) € R%|y > 0}, equipped with the metric g(x,y) =
(dr ® dv + dy @ dy)/y* and the normalized volume form Q(x,y) = y*dx A dy. Find explicit expressions for the
Hodge star operators *, the codifferential operators 8, and the Laplace-Beltrami operators /\.

2.13. Poincaré duality and Hodge duality. Let us suppose that M is an orientable and compact k-
dimensional manifold, with no boundary. Then we can integrate k-forms on it. We suppose that M is equipped
with a Riemannian metric (,), and a compatible volume form 2. Then we can define the L? inner product on
each vector space Q) (M) via

(w,T) = / (w, 7).
M
Note that, by definition of the Hodge star operator, this means (w,7) = [,,w A (*7).
Lemma. With respect to the above inner product, d and § are adjoint operators, i.e. (dw,T) = (w,dT).
Proof. Let w € QP(M), 7 € QPT1(M). Now w A #7 is a k — 1 form, so
dlwA=*7) = dwA*1+ (=1)Pw A d(*71)
= dw AT+ (1P (=1)PEPw A% x d(x7)
= dw A *T 4 (=1)P(=1)PE=P)(_1)PEFL( A %67)

= dw A*T —w A *0T

is a k-form. By Stokes’ theorem (since M = (),
0:/ dw/\*T—/ whsor L= (dw,T) — (w, 7).
M M
O

Lemma. The Laplace-Beltrami operator A : Q5 o (M) — QF (M) is symmetric with respect to the inner product,
i.e. (w, A7) = (Aw,T), and non-negative, i.e. (Aw,w) > 0 for every w € QP(M).



Proof. Symmetry and non-negativity follow immediately from the adjointness of d and :
(w, AT) = (w, 0d7) + (w,ddT) = (ddw, T) + (ddw, T) = (Aw, T)
(Aw,w) = (w, ddw) + (v, déw) = (dw, dw) + (dw, dw) > 0.

Definition 12. A differential form w € QP(M) is called harmonic if Aw = 0.
Exercise 13. Show that the Hodge star operator sends harmonic forms to harmonic forms.
Hint: show that if dw = 0, then 0 xw = 0, and if dw = 0, then d *xw = 0.
(0w, d*xw)=(0*w,+*xdx**w) = (§ xw, + * dw)
(d*w,d*w) = (d*w,+*§*xw) = (d*w,+ *ow).
Lemma. A differential form w € QP(M) is harmonic if and only if dw = 0 and dw = 0.
Proof. (= :) If Aw =0 then 0 = (Aw,w) = (dw, dw) + (dw,dw) = dw =0 and dw = 0.

(<) If dw = 0 and dw = 0 then Aw = ddw + déw = 0. O

If w € QP(M) is harmonic, then it is closed (dw = 0) and therefore it determines a cohomology class [w] €
HP(M).

Lemma. Suppose that w,7 € QP(M) are two harmonic p-forms such that [w] = [r]. Then w = 7. In other
words, there is at most one harmonic form in a given cohomology class.

Proof. By assumption, w — 7 = do for some o € QP~1(M). So since éw = 0 and 67 = 0, we get that ddo = 0.
But then we have

(w—T,w—7) = (do,do) = (0,0do) = (6,0) =0
and therefore, w — 7 = 0. O

Theorem. Every cohomology class [w] € HP(M) contains a harmonic representative.

Proof. This is an existence theorem, which is harder to prove. It is proved rigorously with tools from analysis.
The idea is as follows: let [wo] be a cohomology class in HP(M). Then any other representative of the same
cohomology class is of the form

w = wpy + da
where o € QP~1(M). Consider the functional

O QY (M) —  [0,00)

a (w0+da,w0+da):/ (wo + dav,wp + da)Q
M

that takes the L? norm of a given representative of the cohomology class. Suppose that this functional attains
a minimum, say at wgy + dog. Then it means that for all 3 € QP~1(M),

d
0 = %‘t:(](wo + dag + tdS, wo + dag + tdf)

2(d,6’,w0 + dao)
2(8,0(wo + davg))

and therefore §(wy + dayy) = 0. Since it is already the case that d(wy + dag) = 0, we see that wy + dayg is a
harmonic form. So we need an argument as to why the functional should attain a minimum.

As the functional is bounded below, it certainly has an infimum, so we can find a sequence of forms in
OP~Y(M) for which the functional converges to the infimum. However this convergence is with respect to the
L? norm on QP~Y(M). An L2-limit is not necessarily smooth, and the analysis part of the proof (which is the
hard part) is required to show that the minimum is achieved by a smooth differential form. ([l

The previous two results are known as the Hodge Theorem, or Hodge-Weyl Theorem:

Theorem (Hodge Theorem). Let M be a compact, oriented manifold. Then every cohomology class can be
represented by a unique harmonic form.

The Hodge theorem also gives another proof of Poincaré duality for compact orientable manifolds:



Theorem (Poincaré duality). Let M be a compact orientable manifold of dimension k. Then the bilinear map
/ D HYL(M) x HipP(M) — R
M

(W], [7]) = Mw/\T

is non-degenerate, and therefore HY (M) = H(’;I;p(M).

Proof. Let w be a representative of the cohomology class [w]. To show that the bilinear pairing is non-degenerate
we need to show that if [w] # 0, then there exists a [7] € Hflgp(M) such that [, w A7 # 0. Every manifold
admits a Riemannian metric, let us fix some Riemannian metric on M. And let © be a volume form on M.
Then we can do Hodge theory. By the Hodge theorem, we can take w to be the unique harmonic representative
of the cohomology class [w]. Since we are assuming that the cohomology class is non-zero, w # 0. Now let us
take 7 = xw. Then, by an exercise above, 7 is also harmonic, therefore 7 is closed and determines a cohomology

class. Moreover, we have
/ UJ/\T:/ wAxw = (w,w) # 0.
M M

3. THE POINCARE DUAL OF A COMPACT, ORIENTED SUBMANIFOLD

For simplicity we’ll suppose throughout this section that M is a compact oriented and connected k-dimensional
manifold. Remember from the previous section that the bilinear pairing of Poincare duality implies an isomor-
phism between the dual space HY,(M)* and the vector space ngp (M). In other words, for every linear
functional f : HY,(M) — R, there is a unique cohomology class 1y € Hbz? (M) such that f(w) = [y w Any for
all w € HEL(M).

One source of linear functionals comes from integration over submanifolds of M. Let S C M be an oriented
p-dimensional submanifold of M. The inclusion map ¢ : S < M induces a pull-back map on p-forms and hence
on the p-th cohomology, i* : HP (M) — HP?(S). So integration of the pull-back of p cohomology classes over S
therefore defines a linear functional

fs:Hip(M) — R
w /i*w
s

Therefore, there is a unique cohomology class ng € Hfﬁp (M) such that

/i*w:/ wAng
s M

for all w € HY(M). This cohomology class is called the Poincaré dual of S, and a closed differential form 7
representing w is often called a Thom form for S.

What does a Thom form look like, practically? We look at some examples.

Ezxample 16. Let S be a point p € M, i.e. a 0 dimensional submanifold. Then an orientation on S is a choice
of sign, + or —, and integration of the pull-back of a zero form on M is evaluation of the O-form (i.e. function
f: M — R) at p with the appropriate sign from the orientation. Since a 0-cohomology class is represented by a
closed 0-form on M, i.e. a function f: M — R that’s constant on each component of M, we see that

/Si*f:f(p):f(p)-lz/MfAV

where V is any k-form on M such that [,, V = 1. (Since H*(M) is one-dimensional, all cohomology classes are
represented by multiples of V| so they’re distinguished from each other precisely by the value of their integral
over M.)

Example 17. Let M be the 2 dimensional cylinder S! x R, with cylindrical coordinates (,y). Let S be the
circle given by the zero-section, i.e. S = {(6,0)|¢ € S'}. Let us find a Thom form for S. Given a 1-form

w = f(6,y)df + (6, y)dy € Q' (M), w is closed if and only if dw = 0, in other words 0 = (55 — 3L)d0 A dy, hence



if and only if gz = % Let us consider a 1-form of the type 7 = t(y)dy for some compactly supported function

t: R — R. Then, we have

/?wAT - /XfwwM9+M&w@DAﬁwww
M M
_ / £(0,9)t(y)d6 A dy
M

[ ([ s60.0a0 )ty

=F(y)

Since 4 dy =y L ([ £(0,y)d0) = fsl oy (0,y)d0 = [ %(9 y)dO = g(2m,y)—g(0,y) = 0, this shows that F(y) =
for some constant ¢, so in particular F(y) = F(0 ( ) for all y, and that therefore

[ ane=c [ twar=([ 0.0m0) [na=( [ i) ([ wa),

so provided t(y) is any compactly supported function such that [, ¢(y)dy = 1, the 1-form 7 = t(y)dy is a Thom
form for S.

3.1. Tubular neighborhood theorem. First a definition of vector bundles:

Definition 13. Let M be a smooth manifold, and let r be a positive integer. A vector bundle of rank k over M
is a triple (E, M, ) where E is a smooth manifold, and 7w : E — M is a smooth map with the following structure:

(1) Vx e M, n=Y(x) is a vector space of dimension r (i.e. a vector space isomorphic to R"),
(2) there is an open cover |JU, of M such that for every a, there is a diffeomorphism ®, : 71 (Uy) —

(6%
U, X R” such that for every x € Uy, the restriction ®, : 771 (x) — {x} x R* is a linear isomorphism of
vector spaces.

Ezxample 18. The tangent bundle T'M of a smooth manifold M of dimension k is a vector bundle of rank k over
M. The cotangent bundle T* M is another vector bundle of rank k over M.

The pairs (U,, @) are called local trivializations, the preimage 7~1(x) C E, often written E,, is called the
fiber of E over x. Any vector bundle has a submanifold My C F called the zero-section, which is diffeomorphic to
M; in each fiber FE, there is a well-defined zero 0, € E, (and this zero does not depend on the local trivialization
®,, at x since linear isomorphisms always send zero to zero). In other words there is an injective map s : M — F
which sends z to the element 0, € E,, whose image My = s(M) is the zero-section of E, and s : M — M, is a
diffeomorphism with inverse 7|p,: Mo — M.

Let M be an oriented manifold of dimension &, and let S C M be an oriented and compact submanifold of M,
of dimension p. The restriction of the tangent bundle TM to S is a vector bundle over S, and a subbundle of
this vector bundle is the tangent bundle to S, T'S. That is, at each point s € S, we have RP = T, S C T,M = RF.

For any inclusion of finite dimensional vector spaces V' C W their quotient is the vector space V/W whose
elements are the equivalence classes of the equivalence relation a ~ b <= a — b € W. If you want to be fancy
and use the language of exact sequences you can say that it is the vector space determined by the condition that
the sequence

0=WSHVEBV/W=0
is exact, where i is the inclusion map. If we fix an inner product {,) on V then V splits into W @ W+ and there
is a natural isomorphism of vector spaces W+ = V/W.

Given a p-dimensional submanifold S of a k-dimensional manifold M, there is an inclusion of vector
bundles T'S C T'M, i.e. at each point s € S there is an inclusion of vector bundles 755 C Ty M where TS = RP
and T,M = R¥. The normal bundle to S is the vector bundle N — S whose fiber at each point s € S is the
quotient vector space Ny = Ts M /TsS. If M is equipped with a Riemannian metric then the normal bundle NS
is identified with the orthogonal complement (7°S)*

Definition 14. Let S C M be a submanifold of M. A tubular neighborhood of S in M is an open subset U
containing S such that there is a diffeomorphism ¥ : N — U whose restriction to the zero section is the identity
map on S.

Theorem (Tubular neighborhood theorem). Any compact submanifold S of M has a tubular neighborhood.



Proof outline. In fact the compactness assumption on S isn’t necessary, but it’s all we need for our purposes.
First put a Riemannian metric on M (any smooth manifold has a Riemannian metric). The metric then identifies
the normal bundle to S with the vector bundle (7'S)* on S, and exponential maps that give a diffeomorphism
between a neighborhood of each point in M and a neighborhood of the origin in the tangent space to each point
in M. So one can construct a diffeomorphism between the normal bundle and the neighborhood U using the
exponential map in the directions that are normal (i.e. orthogonal) to S. |

Lemma. Let 7 be a Thom form for S considered as the zero-section of the normal bundle N = S. Let U be a

tubular neighborhood of S for ® : U 5 N. Then the pull-back ®*7 is compactly supported in U, and if we extend
it by zero to all of M, it is a Thom form for S in M.

Proof. Let w be a p form on M. Let p: M — [0, 1] be a function with compact support in U such that p =1 on
the support of ®*7. Then pw is a p-form on U, and (®*)~!(pw) is a p-form on N, and the restriction of w to S
in M is equal to the restriction of (®*)~!(pw) to S in N, so

/sw:/s(q)*)_l(pw):/N(‘I’*>_1(Pw)/\T:/Upw/\<I>*(T) :/Uqu)*(T)

showing that ®*(7) is a Thom form for S in U. Then, since pw A ®*7 = w A ®*7, we have

/w:/pw:/prCI)*T:/w/\q)*T:/ wA P T
s s U U M

and therefore ®*7 is a Thom form for S in M. O

Since this is true for any tubular neighborhood of S, this also shows that one can always find a Thom form
for S that is supported arbitrarily close to S.

3.2. Poincaré duals and intersection. Two submanifolds S and S are said to intersect transversely if, at
each point p € SN §, one has T,M = T,5 + Tpg, i.e. the tangent spaces to S and S span the whole tangent
space. Note that a necessary condition is that dim .S + dim S >n.

Let’s recall the implicit function theorem.

Theorem. Let U C R™, 0 € U, and suppose that F : U — R™ is a smooth function such that F(0) =0 and 0
is a regular value of F. Then F~1(0) is a smooth m — n dimensional submanifold of U.

Lemma. If a pair of submanifolds intersects transversely, then their intersection is also a smooth submanifold.

Proof. We just need to come up with local charts for S N S at each point. Let x € SN S be a point in
the intersection, and let U be a neighborhood of =z in M. Let x1,...,x; be local coordinates on U. Let
c1 = k —dim S be the codimension of S, and ¢c; = k — dim S the codimension of S. Since they are submanifolds,
we can find local defining functions F; : U — R and Fy : U — R for the two submanifolds, such that
F1(0) gives SNU and F;1(0) = SNU. We then have that ker(dFy), = TS and ker(dFy), = T,S, and
both dF} and dF, are surjective at x. Transversality of the intersection implies that T, M = T,S + T,S.
Notice that this means that dFj : T$§ — R must also be surjective, since we can find a complement to it
that is contained in the kernel of dF;. And similarly dFsy : TS — R is surjective for the same reason. So

now set F : U — Rt where F(v) = { FFI(E;;; ] € Rt Then dF = { 3?1
2 2

F710) = F{H0)n F;H0) = SN SN U, so by the implicit function theorem we just need to check that 0
is a regular value of F, i.e. dF is surjective at all x € F~1(0). For this use our earlier observations. Let

b= [ ¢ ] € Retez. Now let v € T,.S be such that dFy(v) = a, and let w € T,.S be such that dFy(v) = b. Then

}. It is easy to see that

b

sreer= [ 020 | [ 450) (1]

Relationship between intersection and wedge product:

Proposition. Let S and S be smooth submanifolds of M that intersect transversely, and S N S their
intersection, which is also a smooth submanifold of M. Then

Ngng = Ns N Ng-



Proof. We have that T,M = TpS+Tp§ at each p € SNS. Let Ns — S be the normal bundle to S, and Ng — S
be the normal bundle to S. The normal bundle to SN S has as its fiber the quotient T,M/T,(SN S).

Exercise 14. Show that T,M/T,(S N S) = T,M/T,S ® T,M/T,S by defining a linear map from T,M —
T,M/T,S & T,M/T,S whose kernel is precisely T,(SNS).

In other words, the normal bundle to SN S is the direct sum of the normal bundles to S and g, ie, Ny 5=
Ns @& Ng. The proof follows from the general case of oriented vector bundles, which we outline below.

Definition 15. The vector bundle E — S is orientable if there is a system of local trivializations {(Uy, ¢q :
7Y Uy) — Uy X R")}aea for which the linear isomorphisms on the fibers, ¢q o (,2551 : R" — R", preserve
orientation, i.e. are elements of GL.(R) with positive determinant.

We can even suppose that the linear isomorphisms on the fibers are given by elements of SO(r,R) (e.g. by
doing Gram-Schmidt to the columns we get a map from GL,.(R) — SO,.(R).)

Let us first describe what a Thom form is for the zero-section of an oriented vector bundle over a com-
pact oriented base.

Let E — M be an oriented vector bundle of rank r, where M is compact of dimension m. We have a
commuting triangle of maps M —' = F where 7 is the bundle projection, s is the map given by the
\ \LW
M
zero section and 4 is inclusion of the image of the zero section s(M) = My in the total space E. Moreover

som: E — M is a deformation retract of E onto the zero section My (because the fibers are vector spaces,
which are contractible), so both 7* and s* are isomorphisms, with 7*s* = Idp:, (g and s*n* = Idp: (v

Proposition. Let E — M be an oriented vector bundle of rank r, where M is compact of dimension m. A
compactly supported closed form T € QL(E) represents the Poincaré dual of the zero-section My in E if and only
if T restricted to each fiber R" satisfies fR,. T=1.

Proof. (<=:) Suppose 7 is a compactly supported closed form satisfying fR,. 7 =1. Now let £ € HJ,(E). Given
the isomorphism provided by 7*, we can suppose without loss of generality that £ = [7*(w)] for some closed
w € Q™(M). Let {U,} be an open cover of M such that 771 (U,) = U, x R", and let 1 = > p, be a partition
of unity on M subordinate to the cover {U,}. Then we have

/Eﬁ*(w)/\r /Eﬂ'*(Zpaw)/\T

[e3

Z/Eﬂ VAT

e

I
B
g

€

Now the m + k form 7*(pow) A 7 is supported on 7~1(U,) = U, x R", so the integral can be computed on
Uy, X R". Since 7*(pow) is constant in the R” coordinates, we can compute the integral as an iterated integral,
first integrating [, 7 with respect to the variables in the R” direction to get a function in the U, variables. But
by assumption this integral is 1, so altogether we get that

[rewinr = [ w)ns
(e

/ ()

- /U o
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(= :) Suppose 7 € QL(E) is a closed form representing the Poincaré dual of the zero section My in E For each
x € M, let j, : E, — E be the inclusion of the fiber. Define a smooth function T': M — R by T'(x fE JET
Claim: T is constant. Given the claim, we can compute what this constant must be. By Pomcare duahty let
£ € HJ,(E) be the dual of [7] € H](E), i.e. [,& AT =1. As before we can suppose that £ = [r*w] for some
closed w € Q™(M), so we have 1 = [, T*w AT = fMo i*m*w = [}, w. We can again take a partition of unity
{pa} on M subject to an open cover with local trivializations, to write

1_/7rwAT_Z / *(paw /\T—Z/ aw—c/ w,

aﬂ'l(U

where ¢ = [, 7. Thus, from 1 = [, wand 1 =c [;, w, we get ¢ = 1. Let’s now check the claim that the fiberwise
integration function 7': M — R is constant. We can do this locally, in a local trivialization 7= (U,) & U, x R".

Let’s say that x = (21,...,,;,) are local coordinates on U, and t = (¢1,...,t,) are local coordinates on R".

Then we can write 7 = Y, gr.(x,t)dzs A dt; for some functions g; ; that are compactly supported in the
[I|+|J|=r

t directions. In particular, we have that T'(x er J*T = fRT 90, (t1,..., tr)(X,t)dtl A ...dt,. On the other hand,

we know that dr = 0, and so we have

o
I
S8

Z g[”](X,t)dl']/\dtJ
[I|+|J|=r

> (dgra(x,t) Adxg Adt.
|I|+|J|=r

By linear independence it follows that the coefficient of dzy A dt; A ... A dt, in the above expression has to be
Zero, i.e.

990, (¢, ...,t,) (X, t) 090 (bt (K5 E)
0 = 0t t)O0) g Ndt AL Aty ey(tbivets
Dz Tk Ak 2 ot

dt; Ndx Ndty AL AdE A LA dt

9 .t r 09 > x,t
90, (t1,...t,) (X )+Z(_1)j (@)t ornstr) (K B)

dr Ndty A ... A dL,

Now we can show that T'(x) is constant in these local coordinates. We have, for each direction zj, the partial
derivative

or 9
D By Jr 900t (6 B}
B) it
_ / 90.(t1,....t,) (X )dtl.--dtr
Oxy,

r dg -~ x,t
- Zil/ @t )dtl...dtr
j:1 Rr 8t]

= 0



The last equality is just the fundamental theorem of calculus — all the functions Y (@) sty oo tr)(x, t) are com-
09(ay), (b1, 7ty 5E )| =

pactly supported in the ¢; directions. So for each j, fR dt_ dt] = Gan)s(trr ot )(x,t o =
0 T ey, (e ety -

0 —0 =0, and it follows that the iterated integral fR, RJCISHCY dty ...dt, is also zero. O

Lemma. Let X — S, Y — S be two vector bundles, where X,Y,S are all orientable manifolds and S is also
compact. Let X ®Y 5 S be their direct sum, i.e. for each p € S, 7 (p) =X, ®Y,. Let 71 be a Thom form for
S in X, and 7o a Thom form for S in'Y. Then 11 A1e is a Thom form for S in X @Y.

Proof. Given the previous lemma it’s enough to check that 7 A 75 is a compactly supported closed form and
that f]R"1+72 71 A 7o = 1. But the support of 7 A 75 is the intersection of two compact sets, hence compact, and
d(t1 AT2) = dry Ao £ 7 Adry = 050 it’s closed. Moreover, [orim Tt AT2 = (fou T1) (Jgr 72) =1-1=1. O

3.3. Intersection numbers. In particular, if S and S are compact and have complementary dimension in M
and intersect each other transversely, their intersection S NS is a compact zero dimensional manifold, i.e. a finite
collection of points in M. If both .S and S are oriented, then we can define an orientation at each intersection
point (i.e. a plus or minus sign) by taking, at each z € S ﬂS a pos1t1vely oriented basis 3 for T,,.S and a positively
oriented basis 3 for S, and taking the sign of the ordered basis {8, B} of T, M. Therefore, for w =1 € Q°(M),

we have
nsAn~:/n ~:/ !
/M S M sSNnS

z€snS
where the sign is determined by the orientation of x € SN S. In particular, this quantity is an integer, and
moreover, since the quantity |’ 1 s A g is invariant under isotopies of S and S, so is the right hand side.

Definition 16. The intersection number (S, §) of two compact, oriented submanifolds of M with complementary
dimension in M is defined as follows: take any isotopy ¢ of S such that the intersection S NS is transversal,

and set 1(S,5) = Y. +1 with the sign determined by the oriented intersection.
zeSNG(S)

This definition allows us to make sense of I(.S, g) for any pair of compact oriented submanifolds of com-
plementary dimension in M, i.e. whether or not they intersect transversely. For example, we can define the
self-intersection number (S, S) for a compact oriented submanifold of exactly half the dimension of M.

Ezample 19. Let S be the meridian on the torus (in red below). We compute I(S,S) (with respect to some
orientation on S) by doing a small perturbing isotopy ¢(S) of S so that ¢(S) intersects S transversely, and
counting oriented intersection numbers of S N @(S). We have drawn below two possible isotopies of S, in blue.
Verify that they give the same result, I(.S,S) = 0.

> 2
: (
Exercise 15. Show that 1(S,S) = (— )d‘de‘mSI(S S).

3.4. Euler number and Euler characteristic. Given a compact, oriented manifold M, Let M x M be the
product manifold. The product contains a submanifold A = {(x,z)|z € M} called the diagonal, which is
canonically isomorphic to M. Let na € HE,(M x M) be the Poincaré dual of A in M x M.

Definition 17. The integer I(A, ) is called the Euler number of M.

Proposition (Euler number = Euler characteristic). I(A,A) = x(M) =Y (-1)7dim Hj,(M).
q

Proof. We have I(A,A) = foM”A Ana = fA na, and we will directly compute this final integral. Let
m :MxM — M and 73 : M x M — M be the two projections from M x M to the first and second
factor respectively. Let us first work out what na € HA5p(M x M) is, by combining what we know from

k
the Kunneth theorem, HE (M x M) = @ H$p(M) ® H5z*(M), and what we know from Poincaré duality,
a=0



HE=(M) = (H*(M))". Let {w,:} be a basis for the vector space Hir(M), and let {7x_,;} be a basis for the
vector space Hgga(M)) that is dual to the basis {w,;} i.e. fM Wa,i N\ Tk—q,j = 0;5. So by the Kunneth theorem

a basis for HE(M x M) is {7{Wai A T3Th—a,jtaijs SO NA = Y CaijTiWai A TaTh—a; for coefficients ¢, ;; € R.
a,i,j

To work out what the coefficients c,;; we essentially do a projection onto the factor mjwg; A T5Tk—q,;
by using the bilinear pairing with its dual, 7 7x—q,i A ToWE—q. ;-

On the one hand,
/ T Theai A Thwa,j = (—1)2¢~) / Waj A Theai = (—1)*E=2)5,
A M

where the first equality is possible because the projections m; : A — M and me : A — M are isomorphisms
fitting into a commutative diagram

and therefore, [, T Th_qi A Thwa,; = fM(ng)*wak,a’i A (g ) mhwa ;= Jos Th—ai A Waj-

On the other hand,

* * * *
/ T Thk—ai N\ ToWa,j = / T Thk—a,i \ ToWa,j N TIA
AN M xM

* * * *
= E Ca,m,n / T Tk—a,i N\ ToWa,j A TiWa,m N ToTk—an

o MxM

ax * * * £
= E Camn(—1) / T Tai A Tl Wa,m A ToWk—a,j A ToTh—amn
MxM

= Z Caﬁn,n(_l)m/ 71 (Th—a,i A Waym) A T3 (Wa,j A Th—an)

o MxM

Now for T,_q,i A Wa,m 7 0 we need k —a + a < k, and for wy j A Tg—an 7# 0 we need a + k — a < k, from which
we see that the only way for both to be non-zero is for &« = a. So continuing from above, we get

2
= Y comnl =D [ (i A am) AT 0 A i)
m.n MxM

2
= an,m,n(_l)a </ Tk—a,i A wa,m) (/ Wa,j A Tka,n)
m,n M M

= Y Camn(-D)T (=1)2FD6,,,85,
2

= Caiy(—1)* (—1)*k),

so combining we have (—1)¥k=9)§;; = caﬂ-yj(—l)‘f(—l)“(k’“) = Caij = (—1)“25”- = (—1)%;; since a?
mod 2 =a mod 2.



So now we can compute

I(A A

~—

/ na AN na
MxM
A

na
[ ) A

= 20 [ o) AT a)

A

a,i

— Z(—l)“/ Wa,i N\ Th—a,i

a,i M
= Z(—l)aZ1
= ) (~1)"dim Hiz(M)

= x(M).

3.5. Vector fields and the Poincaré-Hopf index theorem.

Definition 18. A wector field on M is a section of the tangent bundle TM — M. In other words, it’s a map
T': M — TM such that mo T 1is the identity map on M.

Or you can think of it as a smooth function I : M — T'M of the form z — (z,v(z)) for some v(z) € T, M.

Let M be a compact oriented manifold, and I' a vector field on M. We suppose that I' has isolated ze-
ros, i.e. for all x € M such that I'(z) = (,0), there is a small neighborhood of x in which the only 0 of T is
x. Therefore, for a sufficiently small ball B containing x, T'|gp is not zero, so for each p € B we can define a
unit vector I'(p)/||T(p)| € S¥~1. Since IB = S*~1, we get a map f : S¥~! — S¥~1. This map f has a degree
(defined earlier in the course — pick a regular value in S¥~1, and count the points in f~!(a) with signs according
to whether f is orientation preserving or reversing at that point) .

Definition 19. The local index of the zero x is defined to be the integer ind(x) := deg f computed for a sufficiently
small ball B containing x.

Exercise 16. Why is this local index number well-defined?

Definition 20. Define the index of T by ind(T") := >_ ind(z) where the sum is over all zeros x of T

Theorem (Poincaré-Hopf index theorem). Let M be compact and oriented, and let T' : M — TM be a vector
field on M with isolated zeros. Then ind(T") = x(M).

Proof. This is the outline of the ingredients in the proof:

(1) Show that I" can be replaced with another vector field T such that ind(T') = ind(T"), and T has isolated
zeros and dfx is invertible at each zero, and the index at each zero is either 1 or —1 depending on
whether df$ preserves orientation or changes orientation.

(2) Show that for such a T, if we fix a Riemannian metric on M and use it to exponentiate the vector field,
i.e. define an isomorphism ®g : M — M by ®n(p) = expp(f(p)), then ®5’s fixed points are precisely at
the zeros of f, and the intersection A N Gr g is transverse.

(3) Show that the sign of the intersection T(, ;yA @ T(; ) Gr(®g) at the point (z,x) is precisely the index
of zinT.

Once we have these steps, we get the result, for indI" = indT = I(A,@7) = I(A,A) = x(M), where
I(A,Gr(®q)) = I(A, A) by isotopy invariance, using the fact that A = Gr(Id) and @4 is isotopic to the identity
map on M by the isotopy ‘I)%(p) = exp, (tL'(p))-

O



Here is a proof of the individual ingredients.

Given a vector field I" with isolated zeros, the idea is that we can make changes very locally, in a small
neighborhood of each zero, and not change the index. Let x be an isolated zero of I'. First let us characterize
what it means for the index of I' to be 1.

Lemma. Let p be a zero of I'y,. Then if dI'y, is invertible at p, the index of I' at p is +1 if dI', preserves
orientation, and —1 if dI',, reverses orientation.

Proof. Working in a local chart about x, we can take I' to be a vector field on a neighborhood of the origin in
R*, with an isolated zero at the origin. By definition, the index is the degree of the map on a sufficiently small
ball
f:0BF — sk

given by f(z) = I'(2)/||T'(2)||. For small z we can write I'(z) = T'(0) + dToz + r(2) = dlgz + r(z) where r(2)
is a small quadratic term, and ||r(2)||/]|z]| — 0 as z — 0. In particular, given any e > 0, for small enough z
we can guarantee that |T'(z) — dlgz|| = ||r(2)|| < €||z||, so that in particular, for any s € [0,1] we have that
[dToz + sr(2)|| = [dToz|| — l[s7(2)|] = [|dToz[| — €| 2.

Suppose then that dIy is invertible. Then there exists some 6 > 0 such that ||dTgz|| > d|z||, so
[[dToz|| — €llz]l = d||z|| — €||z]| so as long as we choose € smaller than §, we get ||d[gz + sr(z)|| > 0 for
z # 0, z sufficiently small.

This means that we can define a homotopy f,(z) : dB* — S* by

dlo(z) + sr(z
fu(2) = (2) + sr(2)
[dTo(2) + sr(z)||
which is a homotopy between fy(2) = Hgl;igz\l and f1(z) = f(z) as before. By homotopy invariance of the degree,
we see that the index of f at 0 is the same as the index of fy at 0. Now dI'y is just an invertible matrix, so

dly € GLk(R). The two components of GLy(R), which correspond to det > 0 and det < 0, are path connected.
So if the determinant of dI'y is positive, dI'y is homotopic to the identity I, and if det dI'y is negative, then it

is homotopic to the diagonal matrix E with diagonal entries (—1,1,...,1), which represents a single reflection
through the z; axis. Therefore, taking a path M; € GL,(R) such that My = d['y and My = I or E according to
which component of GLj(R), we have again by the homotopy invariance of the degree, that deg ”%72;“ is constant
for all ¢ € [0,1]. Consequently,

dloz

o8 Jo = 48 Tz ~ BTy

if det dI'gz > 0, and otherwise, if det dI'y < 0,

Fo Ez

dl'oz
deg fo =deg ——=— =deg —— = —
ldToz| I1E=]|

O

Now let’s show how Step 1 can be achieved. We will modify I' in a neighborhood of x by taking a small
compactly supported bump function p : B, — [0, 1], and some element a € B,, and putting

['(z) =T(z) + p(z)a.

Then I'(z) = 0 < TI'(z) = p(z)a. |[(z)|| = p(x)|lal| < ||a|, this means that the zeros of I'(z) are contained in
the neighborhood of x where ||I'(z)|| < ||la||. If we choose ||a| to be very small, we can choose the function p(x)
to be compactly supported in a neighborhood U of x in which T' has no other zeros, and to satisfy p(z) = 1
on a tiny neighborhood V' containing the zeros of f‘(z) Thus the zeros of f(x) correspond to the points where
I'(z) = a. By definition, the degree of I' at x is the number of these zeros counted with signs according to
whether I" preserves or changes the orientation. Now by Sard’s theorem, the critical values of I' have measure
zero, and therefore, in any neighborhood of z, we can find a regular value of I, so we choose a very small a such
that a is regular. This means that for every x such that I'(z) = a, we have that dT', is invertible. Therefore,
since at such an =z we have dp = 0, we have dl', = dl', and so dI is invertible, so each zero has degree 1 or
—1, according to whether dI', is orientation preserving or orientation reversing. Therefore, the total index of
the zeros of T in this neighborhood of x is identical to the index of x as a zero of I'. Moreover, outside of this
neighborhood p(z) = 0 and the zeros of I' are the same as the zeros of I. Hence indI" = indT. Therefore, if we



do this local procedure at every zero of I' where dI' is not invertible, we can replace I' with a vector field I such
that dI' is invertible at every 0, and such that indI' = ind T

Now let us exponentiate I', to get a function O : M — M given by x exp, (D(z)). We want to relate the
intersection number of Gr &z N A with the index of T'.

First we want to understand what a point of transverse intersection of A N Gr f looks like. Remember
that the intersection AN Gr f consists of points such that (z,z) = (x, f(2)), i.e. f(z) =z, i.e. fixed points of f.

Lemma. Let f : M — M be a smooth function. Let x be an isolated fized point, f(x) = x, and consider
(x,x) € ANGr(f). Then the intersection NN Gr(f) is transverse at (x,x) if and only if (df — I), is invertible,
and the sign of the intersection at (x,z) is equal to the sign of the determinant of (df — I)s.

Proof. Suppose that x € M is a fixed point of f. Let vi,...,v, be a positively oriented basis for T, M. A
positively oriented basis for A at (x, z) is therefore

Uallal-[a])

and a positively oriented basis for Gr f at (z,z) is

U1 (%] Un
dfzvr |7 | dfzva |77 | dfavn

The intersection is transverse if and only if the collection

(1) H Zi HZ}[ZZ ]{dfﬁ deﬂ[dfii H

forms a basis for T, )M x M, in other words if and only if
V1 V2 ... Up V1 V2 N Un
det< v Vo ... Up dfpvr dfyve ... dfyv, > #0.
The sign of the intersection is positive if and only if the basis (1) is positively oriented, in other words if and
only if

Vi V2 ... Up (%1} V2 ce Un
det >0
( v1 V2 ... U dfpvr dfyve ... dfyv, > ’

and the sign of the intersection is negative if and only if the basis (1) is negatively oriented, in other words if
and only if

V1 V2 o Up V1 V2 . Un
det < 0.
( v V2 ... Uy dfpvr dfpve ... dfyvu, )

Let’s write A = (viva...v,), i.e. the n X n matrix whose columns are the oriented basis for T,,M. Then the

matrix above is really just
A A (1 0 A A
A df;A )\ T I 0 (dfzA—A)

A A I o A A
det(A dfrA> = det([ I)det( 0 (dszA)>
Id

= det(I)det(I)det(A)det(df, A— A)
= det(A)det((df. — I)A)
= det(A)? det(df, — I).

Since det A # 0 we see that the invertibility and sign of the determinant are completely determined by the
invertibility and sign of the determinant of df, — I. O

SO

Using this we can now finish steps 2 and 3. Having defined the map &3 : M — M by ®x(x) = exp,(I'(z)), the

fixed points of @ are exactly the points at which f(x) = 0. The previous lemma tells us that the intersection
AN Gr @ is transverse if and only if d®x — I is invertible, with the sign of the intersection determined by the
sign of dPx — I.



The final step is to show that d®z = I + dl. Let o : (—e,€) — M be such that ¢(0) = z,0/(0) = v.
Then, by definition of the differential, we have
d d ~ -
(dP5)o(v) = 2 P5(0(t) = o expy(r) (I(0(t))) = (dexp)(z,0) (v, dLwv).

The last equality is because expp(’y) is a function of two variables, p and v. We can write the differential
dexp ,,0)(V, dl'yv) = D'v + D2%dl',v where D' is the differential of exp with respect to p (i.e. fixing v) and D2
is the differential of exp with respect to 7. In our case D'v = v because fixing v = f(w) = 0, the exponential
map is the identity map. And in our case D?dl',v = dI',v, because the derivative %\tzoexpp('y(t)) for fixed p
is 4/(0), by a defining property of the exponential map. Therefore (d®y).(v) = v + dT',v, showing that in fact
(d®z), = I +dI',. Now combining everything, we have all the steps 1, 2 and 3.

3.6. Gauss-Bonnet. As an application of the Poincaré-Hopf index theorem let us prove the Gauss-Bonnet
theorem. Let S C R*~! be a compact and oriented hypersurface. Being oriented, it has a normal vector field,
i.e. asection N : S — TR¥|g, defined such that N(p) € T,R¥*1S*~1 is the unique unit vector such that for a
positively oriented ordered basis 1, .. .,& for T,S, the (k + 1)-tuple {N(p),&,..., &} is a positively oriented
ordered basis of T, ka’.

The Gauss map for the surface is the map g : S — S* given by g(p) = N(p).

The Gaussian curvature of the surface is the function Kk = detdg : S — R, which is a measure of how
much the normal vector field is changing at a given point. (The more curved the surface the larger the changes
in the normal vector field.)

Theorem. Let S C R¥*! be a compact, oriented hypersurface, where k is even. Then

1
/ k dVolg = =x(S)Vk
g 2

where v, = fsk d Volgr is the volume of the unit sphere of dimension k with respect to the standard volume form.

Proof. Let g : S — S* be the Gauss map. Since S and S* are both compact and oriented of the same dimension,
we have the Degree Formula:

/g*(dVolSk) = (degg)/ d Volgr .
s Sk

and in fact, g*(dVolgr) = det(dg)dVols = k dVolg, and v = [4 dVolgk so we just need to show that
degg = 3x(9).

We will prove this identity by constructing a vector field I" such that indI" = 2degg. Then the Poincaré-Hopf
index theorem says indI" = x(95).

Let a € S* be a regular value of g, and suppose that —a is also a regular value of g. (By Sard’s theo-
rem, the set Crit(g) C S* has measure 0. A regular value a € S¥ is in the complement of Crit(g). If —a is also
regular it mean that —a is in the complement of Crit(g), or equivalently a is in the complement of — Crit(g).
So an a satisfying the condition is in the complement of Crit(g) U (— Crit(g)). In any case it means that such
an a is in the complement of a set of measure zero, in other words the set a € S* for which both a and —a are
regular are dense in S*.)

Now we define a vector field on S as follows: project the vector a onto 7,S at all p € S. In other
words, subtract the component of ¢ in the normal direction:

L(p) = a—(a,g(p))9(p)-

What are the zeros of I: T' =0 <= a— {a,9(p))g(p) =0 <> (a,9(p))g9(p) = a < g(p) = +a. Since by
hypothesis on a, these are regular values of g, this means that g is a local isomorphism about each zero, and in
particular the zeros are isolated. Furthermore

dl'y, = —({a,dgyp) g, — (a, 9,)dgp



and we claim that the first term on the right is zero. Let «(t) be a cuve for which a(0) = p,’(0) = v. Then
(g(a(t)), g(a(t))) = 1Vt so that, differentiating, we see that 0 = 2(g((0)), dgn(0)v) and so 0 = (g(p),dg,v) =
(a,dgpv). So the first term in dI', is zero, and we have

dl'y = —(a, gp)dgy

Now since g, = =*a, and (a,a) = 1, we see dI', = —dg, if g(p) = a, and dI', = dg, if g(p) = —a. Since
by regularity we know that dg, is invertible for all p € g~ (%a), we see from this that the differential dr'y, is
invertible for all p € g~'(+a), i.e. dI',, is invertible at all the zeros of T,

|

4. SINGULAR HOMOLOGY, COHOMOLOGY, FUNDAMENTAL GROUP

Reference for this part: Allen Hatcher, Algebraic Topology. Available as a free pdf download from his webpage.
Chapter 2: Singular homology, Chapter 3: Singular cohomology, Chapter 1: Fundamental group.

4.1. Simplicial homology. Definition of n-simplex, definition of a A-complex on a topological space X, def-
inition of simplicial chain groups C’kA(X) using coeflicients in Z, boundary operator 0 : C,CA(X) — C’,CA_I(X),
0o d = 0, simplicial homology HkA(X). Small dimensional computations: RP?, 72,52, 51, Klein bottle.

4.2. Singular homology. Definition of singular n-simplex, definition of singular homology, definition of reduced
singular homology. Singular homology of a point. Homotopy invariance of singular homology. Examples: the
singular homology of R™ (or of any open ball) is equal to the homology of a point. The singular homology of the
punctured plane (or of any cylinder) is equal to the singular homology of the circle.

Definition 21. A is a deformation retract of X if A C X and there exists a continuous functionr: X — A
such that

o 7|4 is the identity map on A,

e 1 is homotopic to the identity map on X.

If A is a deformation retract of X then Hy(A) = Hy(X) for all k.

4.3. Relative homology. Relative chain complex for A C X, Cy(X, A) = Cx(X)/Ci(A) and relative homology
Hy (X, A), long exact sequence for relative homology.

4.4. Useful properties. Equivalence of singular homology and simplicial homology, Mayer-Vietoris long exact
sequence for singular homology,

o> H(UNV) > H (U)o H (V) > H (UUV) > H. 1 (UNV) — ...

Theorem (Excision theorem). Given Z C A C X such that the closure of Z is contained in the interior of A,
we have Hy (X — Z,A—7Z) =2 Hi(X, Z). Equivalently, given A C X and B C X such that the interiors of A and
B cover all of X, then Hi(B,ANB) = H,(X,A).

Example: Let n > 1. Hy(S™) =Z if k = 0 or n, and is 0 otherwise.

Theorem (Brouwer’s fixed point theorem). For n > 1 let B" = {(z1,...,7,) € R"|>. 22 < 1} be the closed
unit ball in n dimensional space. Let f : B™ — B"™ be a continuous function. Then f must have a fixed point.
i.e., 3z € B™ such that f(x) = x.

Proof. By contradiction: if there were no fixed point we could define a deformation retract » : B™ — 0B" by
putting r(z) = ”ﬁg:;”. If n > 2 then we have 9B™ = S"~! so we should have Hy(S"!) = Hy(B") for all
k, but we know that H, _;(S"" 1) = Z while H,,_1(B™) = 0, so this is impossible. If n = 1 then dB! is the
boundary of an interval which has two points, and therefore Ho(0B') = Z @& Z, but Ho(B') = Z, so again this
is impossible. O

4.5. Cohomology. Definition of cochain groups C*¥(X), definition of coboundary operator § : C¥(X) —
Ck*1(X), cohomology groups H*(X), multiplication of cohomology groups, H*(X) = @ >0 H k(X) as a graded
ring.

4.6. Poincaré duality. M compact and orientable == Hj, (M) = H"~F(M).



5. FUNDAMENTAL GROUP

X topological space, zy € X, a loop in X based at z( is a continuous function ~ : [0,1] — X such that
~v(0) = (1) = zp. Let P(X) be the set of loops in X based at .

Definition 22. Define an equivalence relation on P(X) by v1 ~ 2 if and only v1 and 2 are homotopic, i.e.
there exists a continuous function H :[0,1] x [0,1] — X such that

H(0,t) =y (t) and H(1,t) = () Vt € [0,1],
H(s,0) = zo and H(s,1) = z¢ Vs € [0,1].

Define a multiplication operation on P(X) by

1
Y1 * ,72(t) = 71(2t)7 te [Ou 5]7

1
v2(l—2t), t e [57 1].

Properties of *: Let v € P(X). Write 7 for the loop 7(¢) = y(1 —t), i.e., v parametrized in the reverse direction,
and write 1 for the constant loop based at xg, i.e. 1(t) = o Vt.

(1) 7% (v2%73) ~ (71 %72) %73

(2) vy ~1

(3) y*1l~ny
The fundamental group is 71 (X, zq) is the set of equivalence classes of P(X), with the group operation given
by [v1] o [v2] = [v1 * 72]. The properties (1) (2) (3) show that the axioms of a group are satisfied.

If X is path connected, 71 (X, z¢) = m (X, x1) for any other base point x1, so we just write m (X).

The fundamental group is invariant under homotopies. Example: m(R") = 1 because R™ is homotopic
to a point.

Proposition. m(S!) 2 Z.

Proof. The proof consists of defining a map from Z to m;(S') by means of the covering map 7 : R — S! given
by t — €??™. One has to show that the map is surjective and injective. This uses the fact that 7 is a local
diffeomorphism such that for every 2 € S, there exists an open neighborhood U of z for which 7=*(U) is a
disjoint union of open sets each of which is isomorphic to U. In particular every continuous map ~ : [0,1] — S!
has a unique lift 7 : [0,1] — R for a given initial condition ¥(0) € 7=1(0) = Z. O

Proposition. m (X xY) =m(X) x 71 (Y)
Example: 71(T?) = m (S x S1) =Z x Z.

Definition 23. A topological space X is called simply connected if it is path connected and m (X) = 1, i.e.
every loop is homotopic to a constant loop.

Ezample 20. (1) The punctured plane R? \ {a} is not simply connected.
(2) The torus T? is not simply connected.
(3) For n > 2 the sphere S™ IS simply connected.

Theorem (Borsuk-Ulam theorem). Let f : S? — R? be a continuous map. Then there exists a pair of antipodal
points x and —x on S? such that f(x) = f(—z).

Example: S? = earth, f(z) = (T(x), P(x)) where T(x) is temperature at x, P(x) is pressure at . Then there
are always two points on opposite sides of the earth that have exactly the same temperature and pressure.

Example: Suppose that A;, Ay, Az are three closed subsets of S? that cover S?, ie. S? = UA;. Then,

one of the A; must contain a pair of antipodal points. To show this we define two continuous functions

di + S - R and dy : S? — R by di(x) = dist(x, 4;) = mijl |z — y|l, and define d : S? — R? by
YyeA;

d(x) = (di(z),da2(x)). Then by the Borsuk-Ulam theorem we know that there exists an z € S? such that
d(xz) = d(—z), in other words (di(x),d2(z)) = (d1(—z),d2(—x)). So if d;(x) = 0, then d;(—z) = 0 which implies
x and —x are in A; for ¢ = 1 or 2. If dj(x) and dy(z) are not equal to zero, then dj(—z) and da(—2x) are also
not equal to zero implying that z, —x ¢ Ay and z, —x ¢ As. Thus, x and —z must both belong to As.



Proof of the Borsuk-Ulam theorem. By contradiction. If f(z) and f(—z) were never equal, then since f(x) —
f(=z) # 0 we could define a continuous map

g:58% = st
@) - f(-a)
9@ = @ 1ol

Let v(t) = (cos 27t,sin 27t, 0) be the curve in S? that winds once around the Equator, and let n(t) = g(y(t))
the resulting curve in S'. Note that since S? is simply connected, (¢) is contractible, and therefore g(v(t))
also contractible, so [n(t)] is the trivial element in 71 (S1).

be
is

On the other hand, for ¢ € [0, 1] we have y(t + 3) = —7(t), and therefore g(y(t + 3)) = g(—(t)) = —g(7(1)).
In other words, n(t + 3) = —n(t). If we consider the lift 7() : [0,1] — R such that 77(0) = 0, we see that
n(t+ 1) =17(t) + £ for some odd integer g. Therefore,
4
2
~ 1 q
1) =7(z)+ 4
(1) =1(35) + 5
and consequently 7(1) — 7(0) = ¢, where ¢ is an odd integer. But then this means that in the isomorphism

71(S1) = Z the equivalence class of [n(t)] corresponds to g, which can’t be zero as it is odd. Hence [n(t)] can’t
be the trivial element of 7 (S*) — contradiction. O



