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CHAPTER 1

Higher Homotopy Groups

1.1 Homotopy Groups of Pairs

Higher Homotopy Groups

Definition 1.1.1.
Let (X, ) be a pointed topological space. We define the homotopy groups of X at the basepoint
x by

’/TTL(Xax) = {f : (Invafn) - (va)}/ ~
where the equivalence relation is given by homotopy equivalence, that is

Hlmmygoy = f
ng & JH I x I — X s.it. 'H|[n><{1}:g
-Hy = H|In><{t} : (I”,&I”)—>(X,x)

Lemma 1.1.2.
When n > 2 there is a group operation in m,(X,x) which is abelian.

Proof.
See exercise sheet 1 — works with Eckmann-Hilton argument. |

Remark 1.1.3.
Instead of describing elements of higher homotopy groups as equivalence classes of maps

(I",0I™") = (X, x)
one can regard them as maps of the quotient

Im/o1" =5"— X
taking the basepoint sg = 9I"™/0I" to x.

This means that we can also view 7,(X,z) as homotopy classes of maps (S™,sg) — (X,x)
where homotopies are through maps of the same form (S, sg) — (X, xo).

In this interpretation of m,(X,z), the group operation becomes more graphic: f * g is the
composition

PN VRS AL Ny e

where ¢ collapses the equator S~ ! in S™ to a point (and we choose the basepoint s to be an
element of S™~1).
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Homotopy Groups of the Pair

Definition 1.1.4.
Let (X, A, z) be a pointed pair of topological spaces, n > 1.
We have inclusions:

" 29" D gt
~n—ix] =9It xIUI™—1x{0}

Here J™ ! is all of the boundary of I" except for one face.

We now define the homotopy groups of the pair by
(X, A, x) = {f: (I, 01", T" ) = (X, A,z)}/ ~
where the equivalence relation is given by homotopy equivalence, that is

Hy=f
frg & 3AH:I"xI—Xst. -Ho=g
Nt Hy (17,017, T 1) = (X, A, z)

Lemma 1.1.5.
(X, A, x) has group structure for n > 2, which is abelian for n > 3.

Remark 1.1.6.

Just like before, we can interpret the elements of the relative homotopy group in terms of
homotopy classes of maps (D", S" 1 sq) — (X, A, x¢), since collapsing J"~! to a point converts
(I, 01", 7™~ 1) into (D™, 8™, 50).

From this viewpoint the group operation is done via the map ¢ : D™ — D" V D" collapsing
D"!' C D" to a point.

Interpretation 1.1.7.
An element of 7, (X, A, z) is trivial if it fulfills the following compression criterion:

A map f: (D", 5" 50) — (X, A, x) represents zero in 7, (X, A, x) iff it is homotopic rel S*~ to
a map with image contained in A.

Remark 1.1.8.
o (X, {2z} x) 2w, (X, x)

e Any map f: (X, A,z) — (Y, B,y) where z € A induces a map f, : m,(X, 4, z) — m,(Y, B, b)
These induced maps fulfil the following properties:
—(fog)s=fiog:
- 1,=1
— homotopic maps f ~ ¢ (via homotopy maps of the form (X, A, z) — (Y, B, y) induce the
same map: fy = g«



1.1. Homotopy Groups of Pairs

e By the previous point the inclusions
1:(A {2z}, x) — (X, {z},2)
J:(X{a}x) = (X, A, x)
induce maps on homology:
(A, {z},2) 25 (X, {2}, 2) 25 (X, A, )

To eventually get a LES, we would like to define a map 0 : 7, (X, A, x) = m,—1(4, {z}, x).
Let f: (I",0I",J" ') — (X, A, x) be an element of 7, (X, A,z). We define d by assigning
to f:

af = f|]n71><{1} : (I”_l,aﬁ) — (A,$>
(which is the same as restricting f as a map (D™, 8", 59) — (X, 4,2) to S"71).

Theorem 1.1.9.
The following sequence of pointed sets and groups is exact:

T

(A, ) (X, ) AN (X, A, )
%6 Jx
7Tn,1(A,£IJ) R 7T1(X A .’ﬂ)

— o mi&Ar o
%8 Jx
o (A, ) (X,z) —— m(X, A, x)

y L o

Proof.

o Exactness at 7, (X, A, z):

1. doj,=0:
Let f: (I",0I") — (X, z) be a representative of an element of 7, (X, z). Keep in mind,
that this can equivalently be put as

fomor, gmt = (X, {z},2)

where all of 91" and J"~! is being sent onto x.
We then get (because j is just the inclusion):

of (I, 0", J" 1) = (X, A, x)
Now applying 0 the map j o f is being sent to
6f = f|1n71><{1} : (In_l,x) — (A, .13)

However, since I"~! x {1} is subset of 1™, which in turn is sent onto x as described
above, we get that df is the constant map, sending everything onto .
The equivalence class of this map is by definition the neutral element.

2. ker(9) C im(j.):
We choose a representative f : (I",0I", J" 1) — (X, A, z) of an element of the kernel.
By definition this means that df = f[;n-1 {1} is homotopy equivalent to the constant
map.
_qn
——
Let H: 1" 'xI— AcC X be such a homotopy. This means that
Hy=0f
Hl = €gx,
HOI" ' x I) = {z}
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Next we tack H onto f as indicated in the picture above. We know all of the border of
I™ except for the face indicated in red, to be sent onto by f. Also H(0I" ™! x I) = {z}
which means that H sends the faces of I indicated in green onto xz. By H being a
homotopy from 9f to e,, we also know that H; (the face indicated in blue) is mapped
to x.

We can now define functions Fy : I™ — X (I™ is now the whole cuboid above but scaled
such that it is a cube again). By the argumentation above all faces of this cuboid are
mapped onto the constant function, thus 01" — {x}. Therefore, e.g. F /5 € m, (X, x).
Those maps F; shall be defined such that for increasing ¢ longer initial segments of H
are attached to f.

We can now see, that j.[Fys] = [j o Fi2] = [f] because Fy/; is a homotopy in t
between F} /5 and f.

o Exactness at 7, (A4, z):

1. 4,00=0:

Take f : (I"T1, 01", J™) — (X, A, ) as a representative of an element of 7,, 11 (X, A, x).
Then

i0df =ioflimxpy: I S AL X

o1 —{z} —x

This map, 0f included in 7, (X, x) via i, however, is homotopy equivalent to the constant
map in the most obvious way: Take f to be the homotopy

H=f:I"xI =X
Hy = flpnxqpy =0f, Ho= fln (0} = Car  He:(I"01") — (X, )
——

cam

The last part is well-defined because we have seen above that 9I™ is mapped onto .

. keri, C imO:

Let f: (I™,0I") — (A, z) be a representative of an element of the kernel of i,. Thus

H
1o f ~ux via a homotopy H : [" x [ — X

Hy=iof, Hy=e,, H@OI"xI)=¢e,



1.2. Serre Fibrations

Then the map where H(xq,...,0p41) := H(z1,...; 1 — Tpy1)

H: "t — s X

U V]

oI+ A

U @]
J" {=}

is an element in 7,1 (X, A, z) that is mapped onto f by 0.

o Exactness at 7, (X, z):

1. j.oi, =0
Let f: (I",0I",J" ') — (A,{z},z) be a representative of an element in , (4, ).
Then:

Joiof: (Invalnvjn_l) = (A {z},2) = (X, {z},2) = (X, A, z)

where 0I"™ — {z} — {2} — z € A and thus 91" D J" ! = .
Since j and 4 are just inclusions and f maps I" into A, we know joio f to send I" into
A. Thus, by the proposition in lecture 3, j o o f is nullhomotopic.

2. ker(j,) C im(iy):
Let f: (I",0I",J" 1) — (X,{z},z) be a representative of an element in ker(j.). By
definition this means that jo f: (I",0I",J" 1) — (X, A, z) is homotopy equivalent to
the constant map.
By the proposition in lecture 3, this implies that jo f is homotopic relative the boundary
to a map g sending I"™ into A. Then we can regard g as an element of 7, (A4, z).
We see that iog >~ f.

1.2 Serre Fibrations

Definition 1.2.1.
A map p: E — B satisfies the Homotopy Lifting Property with respect to X (HLP) if for every
commutative diagram

X xI - B
exists a map h as indicated such that
ho (id,0) =g
poh=nh

Definition 1.2.2.
A map p: F — B is a Serre fibration if it has HLP with respect to I, n > 0.

Remark 1.2.3.
In Algebraic topology I we saw that if p is a covering, then p is a Serre fibration. (see homotopy
lifting property).
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Remark 1.2.4. Another property we can easily see for coverings is the following (which is a special
case of the theorem below). Already in AT I we have seen the following exact sequence:

1—->m(Ee) > m(X,2) > F —mE — mX

=10

Since F is discrete 7, (F) = 1 for all n > 1. Thus, using the long exact sequence of homology
groups, we get that

mn(E,e) = m, (X, x)

for all n > 2.

Theorem 1.2.5.
If p: E — B is a Serre fibration, then forn >1, e € E, b= p(e), By C B and Ey := p~*(By):

p* : ﬂ-’n(E7E07e) i 7T71,(B7B0?b)

Corollary 1.2.6. (LES of a Serre fibration)
Forp:E — B, F:= Ey=p~1(b) there is the following LES:

Dx
gﬂn(E7F7€)

mn(F,e) n(E,e) —— m,(B,b)
)
Tn—1(F,€) - > m1(B,b)
a/
mE>€) 7"-()(3,17)4'()
Proof.
Follows direct from the LES theorem by choosing By = {b} in the theorem above.
|
Lemma 1.2.7.
If p: E— B is a Serre fibration then every commutative diagram
I"t'x{e} =~ Jgrl—sE
T
N . P
Ve
Ve
I"txI1 g "—B
has a lift as indicated.
Proof.
|

Proof. (of theorem)
We have to show that p, : 7, (F, Ep, €) =, (B, By, b) is an isomorphism.

e p, is surjective
Take an element f : (I", 01", J" ') — (B, By, b). We would like to lift this map to a map
(I",0I", J" ') — (E, Ey,e) which would then be an element of 7, (E, Ey,e) that is sent
onto f by p.
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By the lemma, we get a map g : I™ — E such that

E

g:1"
U u
" ——p~(Bo) = Ey
U U
gt {e}

Thus a map g : (I",0I", T ') — (E, Eg, e) such that pog = f.

e p, is injective
Let fo, f1: (I", 01", T 1) — (E, Ey, e) be elements of 7, (E, Ey, €) such that po fg d po fi

([po fol =[po fil).
Choose such a homotopy H : [ x I -+ B

Ho=pofo, Hi=pofi, Hy:{"0I",J" ")~ (B,By,b)
Define T := I x 0T U J"~! x I. Then the following square commutes:

G

T —F

-

I"x1——21B
H

where G is defined by

fo(u) t=20
Glut) ={ filu) t=1
e ue gt

To apply the lemma, we now check that T is isomorphic to J"™. When we regard
T = I" x 0I U J" ! x I we see that it indeed consists of all faces of It except for
one face missing. This is exactly what we want for J". However, this missing face is given by
J" 1 x I and thus not in the last coordinate. But we can fix that by using an isomorphism
switching the last two coordinates (which we define on the cube):

o

jn T

n N

Il = g
P

where 1 : I™ x I — I"! does exactly what was specified above:
w(th seey t’ru tn-i—l) - (tla ceey t7z+17 tn)

Thus, by the lemma, we get a lifted map H:

Jrer% o
/1
m/l

//H
I"x[——B
H
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Because of commutativity H fulfils: Hy = Gy = fo and Hy = Gy = fi.

What we have to check though, is that for each ¢ € I, H; is a map of triples.

To do so, we see what G doeson T' = I" x 0T U J" ! x I. For 7"~ x I, we know G to send
everything onto the constant map, so we are fine here. Left to check is therefore only the
same property for the boundary of I"™ x JI:

Eq

H,y

oI™ x {t} P

T

By

Here H, goes to By because H is a homotopy of triples. By commutativity H; thus goes to
Ey =p~'(Bo).

Thus H; is a map of triples and therefore H a homotopy from fo to fi just as we wanted.

1.3 Hopf Fibration

Definition 1.3.1.

Let & be a collection of topological spaces.

A continuous map p : E — B is called a locally trivial bundle (or fiber bundle) with fibers in
F if:

For every b € B, there exists an open neighbourhood U of b and an isomorphism over U

p1(U) = FxU

for some F' € &F.
o If this holds for U = B, the bundle is called trivial.
e B is called the base and F' is called the total space of the bundle
o If F ={F}, we say "with fiber F".

Proposition 1.3.2.
Every fiber bundle is a Serre fibration

Remark 1.3.3.

By this we get we get a very important result: Contrary to homology groups, the homotopy groups
of a sphere of dimension greater than that of the sphere, do not have to be zero.

For this, we need that S® — S2 is a fiber bundle with fibers in S'. This map is constructed as
follows:

P —
“

R\ {0} cp!

C*\ {0} :

By the proposition this map is also a Serre fibration, thus we now have a LES of homotopy groups:

8



1.3. Hopf Fibration

=0 oy =0
ma(S1) —» m3(3) —» m3(S52) — m1(S1) —> m1(S3)
=0 =0 ~7 =0

For example in n = 3 we have:
m3(5%) = m3(S5%)

73(5%), however, contains the identity element. Since S is not contractible, the identity element is
not homotopic to the point map and thus non-trivial.
Due to the isomorphism, we get the existence of a non-trivial element in 73(S5?).

Proof. (of proposition)
By definition of fiber bundles there is for each element o« € B an open neighbourhood U, such that

p 1 (Ua) = FxU,
Ua

Obviously {U,} is an open cover of B.
By adding the inclusions in each of the bigger spaces we get the following diagram:

UaxF%p_l(Ua) c E
pTl lp
v,-~——+2nB

1. The trivial fiber bundle is a Serre fibration:
A fiber bundle is called trivial if the property that p~!(U) & F x U via p holds for U = B
which in turn implies that p~!(B) = E = F x B for some fiber F.
What we now have to show is that for every commutative square

I"x {0} —>UxF~E

exists a lift h: I x I — U x F (that preserves commutativity):
I"x {0} L >UxF
BT J{
g pr
I x 1 }%‘ U
v

But we can easily find such a map by setting

h(ua t) - (h(ua t)v g(ua 0)2)
cU

2. In the general case we have to find a lift for every commutative square

I"x {0} 2—~E

|

I”XI?-B
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Let {U,} be the trivialising open covering for p that we described above. Then {h~1U,} is
an open covering of I x I (which is a compact metric space.
We will now apply the Lebesgue lemma (see AT 1)

Lemma 1.3.4. (Lebesgue lemma)
Let (X,d) be a compact metric space and (U;)ier an open cover of X.

Then there exists € > 0 such that for every x € X the ball B(x,¢€) is contained in U; for some
i.

In the picture the space X is covered by eleven open sets. The lilac
balls are supposed to symbolise that to each x € X exists at least one
i €{1,...,11} such that the ball fits into the open set U;.

By the Lebesgue lemma we can subdivide I" x I into cubes C' X [t;,t;41] which are contained
completely in at least one h=1(U,).

BagPl Al
1" (1] ;?
C( H H ‘ -

The open sets h™!(Uy) are indicated in blue, the grid symbolizes the
subdivision of I"™ x I we get from the Lebesgue lemma.

Thus there are maps (restrictions of h)

C x [tj,tj+1] i> Ua Cc B

The procedure of the proof will now be the following: We start off by defining & on lower
dimensional faces of the smaller cubes C, increase the dimensions and then generalize the
definition on the bigger cube I™ x I.

Let V¥ < I™ be the union of the k-dimensional faces of these cubes C. We will now
find a solution H (k) to the following lifting problem by induction on k:

H(k—1
1" x {0} UVF1 x [0, 4] =0
g g ip
_ — H(k:)
I" x {0} UVF x [0,t,] = - B

By induction we assume that we already have a lift on I x {0} UV*~1 x [0,#,], that is where
H(k —1) comes from.
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So how do we define H(k)?
On I"™ x {0} this is already defined by H(k — 1) since we want the upper triangle (with the
inclusion!) to be commutative.

Left for us to set is what H (k) is supposed to do on V¥ x [0,#;].
Let W be a cube of V¥, so W is a k-dimensional cube. Its boundary consists therefore of
k — 1-dimensional cubes which are k& — 1-dimensional faces of C. Thus OW c V*~1.

On W x {0} we already know the map which is given by g. So the lifting property
for this specific cube looks as follows:

TEE WX {0yuaw x [0,t)] — Y g xFCF

Tk+1 > W x[0,t] - U, ¢ B

(Remark to J* = W x {0} UOW x [0,¢;]: W is a k-dimensional cube and as such isomorphic
to I*, so OW x [0,t;] makes up all of the boundary of I**1 except for two faces. One of them
is given by W x {0}.)

By lemma 2.7 we would get our lift, if the map U, x F — U, is a Serre fibration.
We have seen this to be true in 1.

Thus we get a lift W x [0,¢,] x I**1 — U, x F.

If we now glue all of those Hy, together, which we can because they are all given on the
boundary by the induction condition, we get a map H (k).

So in the end we get for k = n a map I" x [0,t1] — E:

el
I" x [0,t4) ——= B

Left to do is now only to prove the very same thing on the succeeding intervals of [0, ¢1]. But
for this, we can use exactly the same arguments because now we have a different starting
argument, we start with the square:

I"x{t;}+—E
p

I x1 B

h

Thus we get for all intervals lifting maps which we eventually can out together to a map H:
I"x{0}2—E

7

I"x] ——B

Our next goal will be to show that m,,(S™) = 0 for m < n. We have seen this to be a very
useful piece of information last time in the LES of the Serre fibration. But before we can deal with
that , we have to introduce one more notion: Cofibration

11
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1.4 Cofibrations

Definition 1.4.1. (Homotopy Extension Property)

A map i: A — X of topological spaces satisfies the Homotopy Extension Property (HEP) for a
space T' if for a homotopy h: A x I — T and a map f: X — T such that foi = h|ao} there
exists H : X x I — T such that H|x 0y = f and H o (i x id) = h.

Remark 1.4.2.
We want to see the duality of the construction above to the Homotopy Lifting Property. This is
done using the exponential object we know from Algebraic Topology I.

So a map from A x I — T is the same as a map A — T (this exists because [ is a nice object ->
see AT I)

h

A—>TT ={g: 1T}
2]
) s €vo evg
7/
XT>T 5 9(0)

You have to check that 77 — T is a continuous map which is not hard using the universal property
of the exponential object.

Finding H is now the same as finding a lift as indicated. The condition that H|x oy = f is
precisely the commutativity of the lower triangle (evg o H = f) and the condition H o (i x id) = h
the commutativity of the upper one (H o4 = h).

Thus the Homotopy Extension Property is also a lifting property for some commutative squares.

Definition 1.4.3.
A map i: A— X is a cofibration if it satisfies HEP for all spaces.

Interpretation 1.4.4.
Instead of directly jumping to using the exponential object, we could stay directly by the definition
and get the following commutative square:

A AT

!

If the solid part of the diagram commutes than the property of i being a cofibration states that the
dotted line can be filled in.

So why introduce cofibrations? ([cutler]) It is a classical problem in the case of i : A — X being a
subspace inclusion to ask when a given map f’/: A — X can be extended to all of Y:

I\

X-->Y

If 4 is a cofibration this question becomes one of homotopy classes: If f’ is homotopy equivalent to
a map which indeed extends to all of X (f in the definition) then f’ can also be extended by the
homotopy extension property.

So cofibrations are a means of translating a topological problem into one approachable by homotopy-
theoretic methods.

12
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When we have another look on the first diagram above we see that it looks very similar to
the universal property of the pushout. However, cofibrations require only a weaker version of the
pushout in that they do not need uniqueness of the induced map.

Example 1.4.5.
o For any space X the inclusion ) < X is a cofibration.
¢ Every homeomorphism i : A — X is a cofibration.

Properties 1.4.6.
If i : A — X is a cofibration, then

1. it is injective and a homeomorphism onto its image.
2. if X is Hausdorff, then A C X is a closed subset.
Proof.

1. To show that 7 is injective, we want to make suitable choices of the map h and the map f in
the following diagram, which exists, since 7 is a cofibration.

A—2 5 AxT

b

X — X xI

Let h : A x I — Cyl(i) be the map defined as the projection h = maxx to the mapping
cylinder, and let f := 7wx.

By construction of the mapping cylinder, the outer diagram commutes. Hence, we get a map
H (in particular) satisfying h = Ho(ix1id). Since h is injective, so is (i x id) and in particular, .

To show that i is also a homeomorphism onto its image, it suffices to show that i~! is
continuous. But the equation h = H o (i x id) implies that (i~ x id) = h=' o H. H is
continuous and h is a homeomorphism onto its image. Therefore, i1 is continuous.

In order to check that a map is a cofibration, by definition you have to check that it has HEP for
all spaces, but it turns out you only have to check for one space which is the mapping cylinder.

Definition 1.4.7.
The mapping cylinder is the pushout of the following diagram:

A—" o x

(id70)£ i

Ax I ——= Cyl(i)

13



1. Higher Homotopy Groups

(Cyl(i) = mapping cylinder)

So how is it useful for cofibrations?

The fact that the solid part of the diagram commutes means precisely that we can fill in the
dotted map (pushout). So the maps of the mapping cylinder into some space T are in one-to-one
correspondence with the data we need for the homotopy extension property.

How does this correspondence work? We have to extend the map h : AxI = T toamap X xI — T.
We do so by extending the diagram:

X

Proposition 1.4.8.
Fori: A — X the following are equivalent:

1. i is a cofibration
2. i satisfies HEP for Cyl(i)
3. s:Cyl(i) = X x I has a retraction.

Proof.
(1) = (2): by Def
(2) = (3):

The data (h,j) can be extended to H : X x I — Cyl(i):

We now have a candidate for the retraction. We have to check that the composition
Cyl(i) 2 X x T L oyi(i)

14



1.4. Cofibrations

is the identity. But the map s is the pushout map and as such uniquely defined by the maps j and
h, so we have to check that the composition is the identity for either one of them:

X

Cyl(i) —= X x I —L= Cyi(i)

h

Ax]T

Since H is the map given by HEP it extends when restricted to i x id the map h. By the other
condition of the HEP, when restricted to (id,ty) H extends j.

So we get the map from the mapping cylinder to itself to be determined by j and h and thus
Hos= idCyl(i)-

(3) = (1):

We now want to show that if we have such a retraction r than i fulfils the HEP.

Thus we need to show that the indicated map H in the following diagram exists:

To do so, we put in Cyl(i) as an intermediate step:
A— X

f
(id,0) lj
h (h,f)

Ax T —=0Cyl()) = —=5T

id
% J:S\ (hf)

XxI—"1=C 1(2)
H

Since all triangles in the above diagram commute, we see that H fulfils the necessary condition
when restricted to i x id. Using analogous arguments one can see the restriction condition on
id X L. [ |

Corollary 1.4.9.
If A is a closed subset in X and there exists a retraction v : X x I — X x {0} U A x I, then the

inclusion A — X is a cofibration.

Proof.

The mapping cylinder Cyl(A — C), defined as the pushout of topological spaces is computed as
the disjoint union on X and A x I glued along A. Therefore it is in bijection with X x {0} U A x I.
Whenever A is closed in X, this bijection is a homeomorphism:

Cyl(A— X) X x{0fUAXITI

R

X x1I

R|6

15



1. Higher Homotopy Groups

To check that this is in fact a homeomorphism, take an open in Cyl(A — X) comes from two opens
(U,W) where U ¢ X, W C Ax I.

For ¢ to be open, the image of those opens has to be open. Instead we will show that the complement
isclosedin X x I: (X\U)x{0}u (AxI\W) |

closed in X closed in the cylinder

Example 1.4.10. (Main example of cofibrations)

The inclusions OI™ C I"™ and S"~! C D™ are cofibrations.

Since those spaces are homeomorphic to each other, we only have to check this for one of them.
We need to construct a retraction

I"x I —=>I"x{0}uoI" xI=J"

the construction method is called "push through a cardboard box”.

We will illustrate how this is done in a lower dimensional case:

We start off by dividing the face not contained in 7° in three pieces. By pushing the points dividing
the edge to the corners of the opposite face, each of the tree pieces are pushed onto one face included

in 7°.

n=2
Cofibrations and Pushouts
Proposition 1.4.11.
Let
_I.op

.
-~
-~

=

»
L<

be a pushout diagram in Top.
If j has HEP for some space T, then so does j'. In particular, if j is a cofibration, then j’ is also.

Proof.
We will use the remark that HEP is some sort of lifting property:

*f>B T!

A
47
- g it
X T

~
- s>Y ——>
€z Yy

\
. \L
N\

So what happens is that
1. By HEP for j we get H

16



1.4. Cofibrations

2. By pushout we get H (so the upper triangle commutes by definition, but we have to check
commutativity for the lower one)

3. By universal property evgo H = (Y — T') (see below)

A I
|
D o evpo(B—TT)

evopoHox

~<~—

We have to check that given two maps Y — T that they coincide, in particular we want to show
that any given map y has to coincide with evy o H because of the pushout property.

For this we have to check that these maps restricted to B and X coincide (be pushout).

So if we restrict evg o H to B, we get, because the square on the right commutes, the same as those
maps Y — T restricted to B. So we are fine.

If we restrict those maps Y — T to X, we get again by commutativity that this is equal to
evg o H. [ |

Proposition 1.4.12.
Let (X, A) be a relative CW complex. Then A — X is a cofibration.

Proof.
We will start by showing (via induction) that each inclusion X < X(+1) is a cofibration. Just
like in AT I we will hereby use the notation of A = X (=1,

Take n = 0. When attaching O-cells to A in order to get X9, we have by definition the
following pushout square:

|

O
Haelo DO X(O)

By this we know that X(©) = AT {v,}aer,. To check that the inclusion A = X(-1) < X(0) i5 4
cofibration, we have to find a map H, as indicated by the dotted map in the diagram below:

A—2 s AxT

l lz’xid
X0 5 xO) T
N 3H

for any space T. By what we have seen before, that X (9 = ATI {04 }aer,, we can now easily define
the map H as being h on A x I and f on the vertices {v4 }aer,- This is obviously continuous.

Next we will show that X(—1) < X ig a cofibration. For this we first note that S*~! = 9D".
We have seen in the lecture that the inclusion 0D™ C D" is a cofibration. Therefore the inclusion

17



1. Higher Homotopy Groups

of the disjoint union is as well.
By definition of CW-structure, we again have the following pushout diagram:

HaEI Sn—l X(n—l)
cofib.

Haeln D"

O
x(n)

By another result of the lecture, we already know that in a pushout square, if the downturned map
on the left is a cofibration, then so is the one on the right. Therefore the inclusion X~ < X ()
is a cofibration, just as we wanted.

For our final step, we use that X = colim,, X (™). This allows us to glue all inclusions X =1 « X ()
i >0, together to get a map A = X(—1) — X. This map again is a cofibration. |

So up to now we have used the mapping cylinder as a means to detect cofibrations, but it actually
has more to offer. Maybe even its main use is a different one: replacing a map by an associated
cofibration.

Proposition 1.4.13.
Suppose we have a map of topological spaces f: X — Y. Then we can factor it as an inclusion in
the mapping cyclinder and a map from the mapping cyclinder to 'Y :

XLoyHsy
such that
1. j is a cofibration
2. q is a homotopy equivalence wo q > idgy sy rel Y
3. qoj=1Ff

Remark 1.4.14. (Construction of the maps ¢ and j)

Proof.

18



1.4. Cofibrations

3. Obvious because by commutativity instead of going the direct path g o j one can go the lower
one and see directly that this is f.

1. Consider:

Xxol= XTI X 0%y x

idxincl\[\ J{(ﬂ"j)//
| J

X x[——=Cyl(f)

we use here a somewhat different definition of the mapping cylinder: instead of gluing X to
Y on one side, we do so on both sides.

The map id X incl is a cofibration. To check this to be true what you can do is use that
01 — I is a cofibration but not just any cofibration but such that there exists a closed
cofibration such that there exists a retraction of the cylinder and then you can extend this
retraction to X times everything by identity on X and then you get a retraction from the
cylinder on X x [ to this union of a cylinder on X x 0I and the face of X x I.

In general it is not true, that the product of cofibrations is a cofibration but for such a nice
cofibration like in this case it works.

Since this diagram is a pushout diagram, (m, j) too is a cofibration.

iny is a cofibration for very obvious reasons because for this map you can easily see
that it fulfils the HEP for any space, because Y lives separately from X and thus you can
always just choose the constant homotopy on Y.

So inyx and (m,j) are cofibrations and since the composition of cofibrations is again a
cofibration, so is j.

2. We need to construct the homotopy which is a map H : Cyl(f) x I — Cyl(f) and the cylinder
of f is a pushout because a direct product with the unit interval commutes with pushouts.
Constructing such a map is the same as to construct a map on (X x I) x I and Y x T

Y x1I

-

Cyl(f) x I L cCyi(f)

|

(X xI)xI

where the map Y x I — Cyl(f) is given by (y,i) — y = 7(y), so nothing happens on y just
like we want it to be the case, so on y it is always the identity map.

On the map (X x I) x I — Cyl(f) x I something needs to happen, so we have ((x,t),7) —
h(z,tr) where h: X x I — Cyl(f).

What we have to check is that this maps defines a map H which gives us the right homotopy.
So we have to check what happens here: ((z,t),7) = h(z,t7)

For 7 =1 we get here the canonical map h. For 7 = 0:

Cyl(f) ——Y —"= Cyl(f)

Lk
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1. Higher Homotopy Groups

Example 1.4.15.
We can use this proposition to define:

Definition 1.4.16.
If we are given a map f: X — Y, we can define relative homotopy groups of this map as

(X L Y) = m, (Cyl(f), X)

For this definition we have a long exact sequence because m, (Cyl(f) = 7, (Y)

1.5 Higher Connectivity
This is a notion that generalizes the notions of simply path-connectedness and connectedness in the
direction of higher homotopy groups.
Definition 1.5.1.
A map of topological spaces i : A — X is n-connected (—1 < n < o) if it satisfies:
0. X #0
1. mgA — mX ifn>0
2. mi(X,A;a)=0forallac A, 1 <i<n

Remark 1.5.2.
If one chooses A to be just a point a, one gets a definition of higher connectivity of a space X. If
X # (), then condition 1. is always fulfilled. Thus X # () is n-connected, whenever m;(X, a) = 0 for
all 1 < <n.

Proposition 1.5.3.
Let (X, A) be a pair in Top, n > 0. Then the following conditions are equivalent:

1. Each map (11,017) — (X, A) is homotopic to a constant map, 1 < q <n and mgA — mpX
2. Each map of pairs (I9,019) — (X, A) is homotopic relative OI? to a map into A, 0 < qg<n
3. moA — X, me(A, a) =N mq(X,a) forallace A, 1 <g<n—1, m(A4,a) » m1,(X,a)
4. A — X is n-connected.
Proof.
(1= (2)

Let ¢ > 1, f : I7 = X a map that is nullhomotopic via H : I" x I — X, H|nyq0y = a,a € A.
We want to construct a homotopy rel 9I™ to a map into A.
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1.5. Higher Connectivity

To perhaps explain in more detail what is happening in what is drawn above, here are some
comments: Painted in green is the homotopy H we are already given. We can now define
H section-wise, so for any 7y € I we need to define the pink part indicated, so all that is
happening around the homotopy H. The new, pink part, can be divided into four parts, one
is indicated by a circled 1 in the picture. This part is now defined to be the upper face of H
up to this point 75. The line of part circled 1 that is subset of the boundary of the newly
defined cube thus coincides with the boundary of the left face. The left face, however, is given
by the map f which is a map pf pairs sending its boundary into A.

Also H is a homotopy of pairs, so all of its boundary is sent into A.

Let ¢ > 0. We are given a map of triples f : (I",0I", 7" ') — (X, A, a) and we want to
show that this is homotopic to the constant map as a map of triples.
We know that f is homotopic rel 9I™ to a map into A:

So [f] comes from m,(A, A,a) — 7,(X, A, a)
Lemma 1.5.4. 7,(A, A,a) =0

Proof.
id: A — A is a Serre fibration so we get a LES where 7,(4, A,a) = 0. [ |

are connected by LES of groups.

We are given a map of pairs f : ([7,0I9) — (X, A) and want to show that it is homotopy
equivalent to the constant map.

We could have used that the relative homotopy groups are zero, but this is not a map of
triples because it does not necessarily send J9~! to a point but we can fix that:

T 019 — I°
N——

ok

are cofibrations. Thus f|7s—1 >~ a and because these are cofibrations we can extend the
homotopy to H : I9 x I — X, H|jaxjoy = [, Hlpaxqy = g : (I1,019,7971) — (X, A, a)
which is a map of triples. As such it gives a class in the relative homotopy groups which we
know to be trivial. In particular, g is homotopic to a constant map via a homotopy of triples.
So f is homotopic to g via a homotopy of pairs, g is homotopic to the constant map via a
homotopy of triples, so f is homotopic to the constant map via a homotopy of pairs.

Theorem 1.5.5.

Suppose we have a map of topological spaces f : X =Y, Xo,X; C X such that X5 U X7 = X,
Yo, iCY,YyUuYP =Y.

Assume that

flx, is n-connected

flxonx, is (n — 1)-connected

for somen > 1.
Then f is n-connected.

Corollary 1.5.6.

S™ is (n — 1)-connected.
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1. Higher Homotopy Groups

Proof.
Proof by induction on n. Let S™ = U, UU_.
SoU, NU_ ~S" tand Uy ~U_ ~ .

N

Xo U, =Y,

@]

X5 U_- =Y,

So on the intersection U, NU_ we get that f as a map from a point to S”~! is (n — 2)-connected
by induction assumption.

The maps from X; — Y; are infinitely connected, since they are in fact homotopy equivalences
(V; ~ %, X; = x).

Putting all of this together, S™ is (n — 1)-connected. [ |

How to reduce the question of n-connectedness of an arbitrary map, to the case of an inclusion?:
Suppose we have the following commutative diagram:

®la
— X

A
4
P
if 7y
7/
B

S v
7]

where i is a cofibration (in particular an inclusion).
We want to find a map ¥ such that

Yoi=opla
fop~prel A

One of the examples of cofibrations we introduced is the inclusion of the boundary in the cube:

8[” plarm

| v

X
7
’ j\f
Ve

where f: X — Y also is an inclusion and ¢-connected. Then we saw that ) exists as we want it to
(one of the equivalent descriptions of g-connectedness).
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1.5. Higher Connectivity

In the general case, we will not assume that f is either an inclusion or g-connected.
The claim is that if we can solve this problem for the commutative square:

A1 x
w7
1 //

7
B——C

yl(f)

Find ¢ in that and then we can solve the original problem.
We have of course the mapping cylinder construction:

A x

B - 22 oyi(f)

\qwr
@
Y
The problem is that this diagram does not commute!
mopoi=mofopla= moq ojoplajopsrel A
~——
~id rel Y

So it is commutative up to homotopy.
But because i is a cofibration, we can extend this homotopy to B:

3H : B x I — Cyl(f)
H|B><{O} =Toy
Hlpxgy =
px=mop
¢ has the property that poi = jo|a.
Suppose we have found 1) such that ¢ oi = ¢|s4 = §|a and j o v~ prel A

Now we go back to the space Y so we have to apply the map g¢:

fod=gqojodp~grel Axgomop =g
——

idy

The next step towards the proof of the theorem is to generalise the lifting problem we had
for the cube (proposition) to cubical complexes.

Definition 1.5.7.
A subdivision of I" of width % is the representation

-UII % 5]

kj j=1

n-dim cube

A cubical complex B C I™ is the union of the form

f1[5
. N’ N+1
j=1
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1. Higher Homotopy Groups

kj

kj1

We call cubes of this form elementary cubes.

Those are no n-dimensional cubes but rather of some dimension that might even be zero and thus
a point.

The k-th skeleton

where 0 < k; < N with k:; = {

B(k) := U < k-dim elementary cubes in B

A subcomplex A C B is a subset of the union of cubes of B.

Lemma 1.5.8.
Suppose that f : X =Y is n-connected. Let (B, A) be a cubical pair of dimension < n.
Then every commutative diagram

A x

A

i ¥ /1
g s

B

~

/

- .Y
@

has a lift 1 as indicated such that v oi = @|a and f o1 ~ ¢ rel A.

Proof.

Step 1 is to reduce to the case when f is an inclusion (just like we done before). This can be done
because an inclusion of a cubical subcomplex is clearly a relative CW complex. The bigger cubical
complex is obtained by attaching cubes to the subcomplex.

A relative CW complexes is always a cofibration and we can apply the trick of the mapping cyl-
inder to reduce to the case where f is an inclusion. Eventually we will be able to use the proposition.

Step 2: Go by induction on the relative dimension of (B, A), dim(B, A) = m (dimension of
the biggest elementary cube in B that is not in A).
So how do we go by induction? First we attach to A the n — 1-skeleton of B and then all of B:

ALX

/7
J - H(m—1)

AUB(m—1)

AUBm =T "y

B
The relative dimension of the inclusion A < AU B(m — 1) is at most m — 1. So the map X — Y
is m-connected. Since m — 1 < m we can find by induction assumption the lift indicated, which
makes the square commute up to homotopy relative to A.

we should now look at the following square:

—1

AUB(m—llbjn—>

X
|
Y

B—M >
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1.5. Higher Connectivity

Using the fact that the inclusion AU B(m — 1) < B is a cofibration we can replace ¢ by ¢ (¢ ~ ¢
rel A), such that the square does now commute.

v —1

AUB(m — ib)mﬂ

“<<T:><i

B——m—
@

B is obtained from A U B(m — 1) by attaching m-dimensional cubes which is the only thing we
attach. So if we regard any m-dimensional cube, its boundary lies in B(m — 1), so

H@ImHAUB(m—%T;X

T

[ B

@

If we look at the outer square, f is as we know an inclusion and an m-connected map by the
assumption, so we can find a map 1 by the proposition:

—1

H@ImHAUB(m—%Y*;X

0 - 7
e
1[I = B~ Y

@

—
-

f

AR

such that the upper triangle commutes and the lower one up top homotopy.
1) makes the upper part commutative and satisfies

fow~grel AUB(m—1)

Proof. (of the theorem)

Step 1: Reduction to the case of a pair (Y, X) (that means f is an inclusion)
To do so, we again need the mapping cylinder construction.

We factor our map as follows:

X Cyl(f) Y

X —=Cyl(flx,) —=Yi

(The map Cyl(f|x,) — Cyl(f) exists by the universal property, also the commutativity)
The important property though, is that this map is an inclusion of a subspace and

Cyl(f) = Cyl(flx,)? U Cal(f|%,)
Oyl(f|X00X1) = Cyl(f|X0) N Cyl(f|X1)

(Easy exercise)

Step 2: Finding a subdivision of I"™ Let f : (I",0I™) — (Y, X) be a map of pairs. We would to
show that this map is homotopic relative the boundary to a map inside X.
Find a subdivision of I™:

I"=Ky,C K,
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1. Higher Homotopy Groups

where Ky and K are cubical complexes such that f(K;) =Y; and f(K; N9I") C X;.

We want to apply the Lebesgue lemma. Define A; := f~1(Y \ V,°) U f~1(X \ X7?) closed in
", Agn Ay = 0.

Now we get an open cover of the cube: I"™ = (I \ Ap)U)I™ \ A;). By the Lebesgue lemma we get a
W I\ A

WciIm\ A

fw) cye
FWNoI") c X¢

subdivision of I™ s.t. {

Now we define

Step 3
Define Ko = Ko U Ky; K? is the (n-1)-skeleton of Kj;, i =0, 1,01

go1 : Ko1 — Xo1
go : (KO ﬂ(‘?]”) UK51 — Xp
ho Ko — Xo

Also the same definition for g; and h;.

How are these maps related to f7: They are all homotopic (relative at least to the boundary of the
cube, maybe more) to f restricted to the respective subset.

We can glue hg and h; to

h:KSUKS — X

To get the final map to which f will be homotopic relative the boundary, we want to extend h to
the insides of all the cubes. But for the insides it will be easy, because the boundary will already
go to the right place and the insides of the cubes don’t intersect each other.

We have that the boundary of our cube goes inside X. If we intersect it with Ky everything on the
boundary that is in K is sent to X and all that is in K7 is sent to X;. Also, all of the boundary
is contained in the (n — 1)-skeleton of the cube, so:

oI™" N Ko1 — Xo1701

goir -~
-
~ h
~
.
Ky — Yo

where K is a (n—1)-dimensional cubical complex and the inclusion X¢; < Y is (n—1)-connected.
Thus, by the previous lemma, we get a lift as indicated.

ho1
)

Jorogor = frel 01" N Ko
So we extend this map go1 to go
go : KonN (8I"UK1') — Xy
—_———
=(KondI™) UK,

Kon(OI"UKS = (KoNOI™)U because when intersecting K with K7, which is the (n — 1)-skeleton
of K1, no n-dimensional cubes will be in there, so it’s the same as the intersection of K§ with K¢,
which is the same as K.

Thus we can define gy by go1 on K3, and f on KoNoI™.
We have to check that this is well-defined on the intersection (which is closed):
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o KoNKg, is fine

o 01" N K{, is exactly the case for which we found go; to be the lift. So by commutativity of
the triangle this is f.

Thus we can glue those two maps together to get go.

Moreover, gop; was homotopic to f (after inclusion) and we can glue this homotopy hg; to

H

get the homotopy go ~ f relative Ko N aI™.

So the homotopy is “active” only on K; because on Ky N 91" it’s already f so it’s a simple gluing
procedure and gg is homotopic to f.

Now Ky N (0I™ U K}) — Kj which is a cofibration since this is an inclusion of a cubicle
complex and thus a relative CW complex.
We can extend the homotopy Ho to ¢ : Ko X I — Yo, ¥|k,x10y = f5 ¥]k,xq1} = Fo-

Ko (dI™ U K;ﬁ”ﬁ; X

\L\ hO// l
-
~
-
~

Ky T) Yo
This is a commutative diagram, that is what extending the homotopy gives us: instead of the map
f we get some map that makes this diagram commute where we have the map gq instead of f.
The map Xy — Yj is n-connected and on the left hand side there is an inclusion of a cubicle
complexes of dimension at most n and thus a cofibration.
Therefore we can find a lift hg as indicated.

By this we now have constructed, go1, go and hg and by the same construction, replacing
all zeros with ones we can construct ¢g; and h; starting with the same map gg;. So the claim is
that those maps hg and hy glue together to give us the map h.

To check that, we don’t look inside n-dimensional cubes, we only care about the (n — 1)-
skeleton. We have to look what happens on the intersection of K and K7.

So we have to restrict hg to this intersection. If we restrict hg to Ko N (0I™ U K1) we get go and
when we regard g, we see that this leaves us with g1, just like we wished for. Same goes for h;.

We can now glue both maps together and get that

h~ f rel 0I"
Finally, we extend h to I":
wcI*, WckK, O0WcKjUH;

IR

ho
oI oW — ¢ KgUK] ==X,

n =" n
~~  hw

i Yo

1R
S
\

fzzh0|w rel OW ~ f rel OI"
— h o~ grel dI"
h:I"— X
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Corollary 1.5.9. (“casy excision”)
Suppose Y = U UV is an open covering, W :=UNV # (.
If (V,W) is n-connected, then so is (Y,U):

W——U
T
O
V——Y
Proof.
Consider
X =U<=Y
Xo=W —Yy =V
X1=U—">Y1=U
oo-conn
Xor =W ——Yy =W
We can now apply the theorem. |
Lemma 1.5.10.

Leti: A— X be a cofibration, f: A — A’ a homotopy equivalence.

X—=X
f/
Them ' is a homotopy equivalence.
Proposition 1.5.11.
Consider the following pushout square:
s —Z 4

Then f is n-connected.

Example 1.5.12.
One can attach an n + 1-dimensional disk to a point and you will get an n + 1-dimensional sphere
and this is then n-connected.

Proof.
First, reduce to the case where the map ¢ is not some abstract map but rather comes from the
mapping cylinder construction.

115" Cyl(p) —= A
O
HDn-H o 7 X
(o]

where Z is the pushout of the square on the left.
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1.5. Higher Connectivity

It is an easy exercise in category theory to show that if the left square is a pushout square and the
outer square is one, then the square on the right is too.

Since taking the pushout preserves cofibrations, i being a cofibration implies that 7 is a cofibration.
By the lemma Z — X is therefore a homotopy equivalence.

Proving now that f is n-connected is equivalent to proving that 7 is n-connected.

So now we find some opens in Z:

1
Ist open of Z: A Ucyi(y) H(S” x [0, 5]) ~ A~ Cyl(p)

1
2nd open of Z: ]_[D”Jrl U (8™ x [1,1]) ~ ]'_[D"Jr1 o~ H*

intersection: ~ H Ss”

(D™*18™) is a n-connected pair (one can see that for example by regarding the homotopy groups:
those of D"*! are zero, those of S™ are zero up dimension n. Therefore we get isomorphisms up to
dimension n and in n a surjection.)

Also we can regard the disjoint union (][ D"*1,]]S™) and it will not change anything.

By easy excision, ¢ is n-connected. |

Remark 1.5.13.
By this, we have shown that attaching n + 1-dimensional cells does not change the homotopy groups
at least up to dimension n.
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1. Higher Homotopy Groups

Corollary 1.5.14.
If (X, A) is a relative CW-complex. Then (X, X™) is n-connected.

Proof.
By compactness argument

TmX 2= colim X (™

Definition 1.5.15.
A map f: X — Y of CW-complexes is cellular, if f(X ) C Y™ for all n.

Theorem 1.5.16. (Cellular approzimation)
Let XY be CW complexes, B C X a subcomplex.
Any map f: X =Y such that f|p is cellular is homotopic to a cellular map g relative to B:

f~grel B, whereg is cellular.

Proof.
By induction on the skeletal filtration

dJH": X xI—=Y, n>0
L H|xxqoy = fs H" Yxxpy = H" | xxqo3, n > 1
2. H"|xx13(X@ cY® i<n
3. H™ is constant on X"~ 1 U B
After having constructed those H™, we can proceed as follows:
H:IxI—=Y

So we have to attach infinitely many homotopies together on our CW-complex. We can do that
because this whole CW-complex is a colimit of these finite skeletons, but we have to be clever about
it.

We divide the interval into parts such that the next part is always two times smaller than the
previous one. So we can go on up to infinity and always have an interval on which we can define
the homotopy.

-
3

One has to check that H is continuous on X9 x I, so it is continuous on X x I 2 colim X® x T.

Now we will define the maps H? by induction:

We denote the end map that we will get f,_1 := H"‘1|XX{1}.

By induction assumption we know that this map is cellular, i.e. f,_1(X®)cY® i<n—1.
We want to extend this homotopy to the next skeleton

gn—1 (1) o 1)

| .

Dn X Y
fnfl

30



1.6. Whitehead theorem

So we have a map of pairs f,,_; : (D", S ') — (Y, Y (=1 which is homotopic rel S*~! to a map
g: (D", 8" 1) — (Y™ y (=1 since (Y, V™) is n-connected.

We glue g and the homotopy to get H™|x ) which will start at f,—; and end at some map that
sends X (™ inside Y ("), so this will be cellular.

Since X (™ < X is a cofibration, we extend H" to X x I |

1.6 Whitehead theorem

Proposition 1.6.1.
Let (Y, B) be an n-connected pair, (X, A) a relative CW-complez, rel dim(X, A) <n < co.
Then any map of pairs f : (X, A) — (Y, B) is homotopic to a map into B relative to A:

o 7
/
7/
X —=Y
f
If rel dim(X, A) < n, then the homotopy class of (X — B) is unique relative to A.

Proof. We construct the needed homotopy by induction on skeletal filtration. Assume that X is
obtained from A by attaching g-cells (¢ < n) which means we have the following pushout square:

[[orr —— a2 p

//74
9 |- / .
-7 oY
[[I1——=X ——>Y
(2q) f

We look at the outer square. (Y, B) is n-connected by assumption. By one of the equivalences
to m-connectedness, we can find a lift g as indicated for each cube I¢ separately and then glue it
together to the disjoint union.

e Jdg:][I?— Bsuchthatiog~ fo®rel [[OI9via H: (J[I?) xI—=Y
e G:X — Bisdefined as f|4 on A and g on [[I? (by the PO property)

e Now the upper triangle in the square on the right has to commute and the lower one as well
at least up to homotopy. So we have to find a homotopy h : X x I — Y between i o G and
f. Since the product with the unit interval commutes with pushouts the map h is again a
pushout. So to define this map, it suffices to define A x I — Y as the constant map:

Ax]T

N

A

Y

and (J[19) x T L v.
Those maps agree on ([]19) x I.

Induction step: Suppose that we have constructed a lifting Gy up to homotopy on the g-th skeleton:

A——B

J 7
/ .
ya 7

Ve Gq

xl@__ vy
f
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1. Higher Homotopy Groups

h‘l
Thus Gyla = f|a and i 0 G = X @ rel A.
Since X (9) < X (@+1) i5 a cofibration, we can extend h, to

Hy: XD x 1 Y

where Hy|xa+1) oy = flxatn-

Hq‘x(qul) x {1}

By explanations before, 3G .1 : X9+ — B such that i o Gyy1 ~g x@ Hylxarr x {1} ~e1 4
flx -

For n = oo glue all homotopies using X = colim, X (@),

If rel dim(X,A) < n, let Fy,Fy : X — B be maps such that Fj|4 = fla, i 0 F} = frel A
for j =0,1.

We already know that these maps Fy and F; are homotopic as maps to Y. However, we want to
prove here that they are homotopic as maps to B as well.

We do that by extending the homotopies that we have. Consider the following commutative square:

(FokF_l)
X x0IUpxor A X?{_ﬁ

B
~
-
_ ,
1
_~ 7 3hn
~

Xx]————Y
“HoxHj'

where Hg * Hy is on X x [0, 3] Ho and Hy on X x [1,1].
(X XTI, X x0IU,y gy A1) is arelative CW complex of relative dimension = rel dim(X, A)+1 < n.
Using the first part of the proposition 3h : X x — B such that h|x oy = Fo and h|x gy =F1 B

Corollary 1.6.2.
Suppose that X is a CW-complex. Let B 25 Y be n-connected, n > 0.
If dim X < n, then [X, B] =N [X,Y] and if dim X = n, then [X,B] - [X,Y].

Proof.

Let (X, 0) be a relative CW-complex. Then this has relative dimension equal to the dimension of
X. If dim X < n, then any map X — Y is homotopic to a map into B, thus we get a surjection
[X,B] - [X,Y].

If dim X = rel dim(X,()) < n, then the second part of the proposition gives us uniqueness and thus
injectivity. |

Definition 1.6.3. N N
A map g:Y — Z is a weak equivalence if 7Y — m9Z and m;(Y,y) fi> (Z, f(y)) for all i > 1.

(The name we have so far used for this is co-connected)

Theorem 1.6.4. (Whitehead Theorem,)
Let f:Y — Z be a map of CW-complezes.

1. f is a homotopy equivalence < f is a weak equivalence.

2. IfdimY <k, dimZ <k and f, : my(Y,y) = 7q(Z, f(y)) for ¢ < k, then f is a homotopy
equivalence.
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1.7. CW-Approximation

Remark 1.6.5.

This theorem tells you, how much information is contained in these homotopy groups. In some
time we will see that this information is in some sense already contained in the homology groups.
Using this theorem, we see that for CW-complexes and thus for spaces that are homotopy equivalent
to CW-complexes, the notion of homotopy equivalence is the same as the notion of isomorphisms
on homotopy groups. By this we reduce the very hard question of homotopy theory, whether two
spaces are homotopy equivalent to an algebraic question.

There is, however, in this reduction a minor drawback: it is not true that if we take two
spaces and have, somehow, computed their homotopy groups and they turn out to be isomorphic
as groups (for the first one, all other as abelian groups), that they are homotopy equivalent.

This is because the statement of the theorem is that, once you have a map f which induces
isomorphisms on the homotopy groups then they are homotopy equivalent. It is not that this
isomorphism of groups can be taken somewhat abstractly from somewhere.

So of course this is a reduction to an algebraic question, but perhaps in the end it just tells you
how complicated homotopy groups in fact are and not how easy it is to do homotopy theory.

Proof.

1.
= Auge (this eye is the symbol for obvious because you can see with one eye that this is true)

& In the previous corollary we have seen that since f is co-connected [X,Y] = [X, Z] for all
CW complexes X. By Yoneda lemma on hC'W

(homotopy category of CW-complexes, which is the subcategory of hTop generated by
CW-complexes and is also the same by the cellular approximation theorem and an exercise
of Ex Sheet 2, as considering the category of CW complexes with cellular maps and
cellular homotopies in an appropriate sense and considering the corresponding homotopy
category)

we see that Y and Z define the same Hom-functors on this category, so we see that the map
f induces an isomorphism of these two functors and therefore f is an isomorphism. But an
isomorphism in this category (hC'W C hTop) is a homotopy equivalence.

2. If f is k-connected, then [Z,Y] — [Z, Z] is surjective, so if we look at the identity in [Z, Z],
we can find a g € [Z,Y] such that fog=1idin [Z, Z].
So we found a right inverse to f in hC'W which (because it is an inverse to f) also induces an
isomorphism on all the homotopy groups in the same range.
By applying the same arguments we see that it also has a right inverse. So f has a right
inverse and its right inverse has a right inverse and this implies that all these maps are
isomorphisms and that the right inverse is just inverse to f and its inverse so its just f.
Therefore f is an isomorphism in AC'W.

Corollary 1.6.6.
A CW-complex X is contractible iff moX ~ {x}, m;(X,x) =0 for all i,x.

Example 1.6.7.

One can argue that S is contractible (without finding the homotopy we found in AT I).
It has a CW-complex structure: S™ < S™*! should be (%)) « (§°°)(n+1),

Then 7, (S%) = 7, ((S®) D) = 7, (S"+1) =0

1.7 CW-Approximation

We have seen that for CW-complex the notion of a weak equivalence and the notion of a homotopy
equivalence coincide but this is not true for arbitrary spaces.
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1. Higher Homotopy Groups

So for an arbitrary space its homotopy groups do not give you as much information about its
homotopy type as for CW-complexes.

However, if you are only interested in the homotopy groups of an abstract topological space, you
can always reduce to the situation of a CW-complex.

Theorem 1.7.1.

Let f: A—Y be a k-connected map, k > —1.

Then for each n >k, n < co (for k = 0o, n = 0o because co > o0), there exists a relative CW
complex A — X which is obtained by only attaching cells in dimension k + 1,k + 2,...,n and there
exists a map X — Y that makes the following diagram commute

A%f>Y
| 7
X

and such that F is n-connected.
(If A is a CW-complex, then A — X is a subcomplex)

Proof.

Special cases: n =0, n = 1 is an exercise (path-connected components and fundamental group)
Assume n > 2. Induction step: it suffices to treat n =k + 1

Why can reduce to that? If n # k + 1, then n > k£ + 1. So first we solve the problem for k + 1:

A k—c;nn Yy
F
(k+1)—conn
X (k+1)

now, since n > k + 1, we can start

xk+1) Fy

|
(k+1)—conn

X (k+2)

and if n is even bigger than k + 2, you just continue to do this step. If n = oo one again has to glue
these maps together (which we will not do here)

Thus it suffices to treat n = k + 1. We reduce once again to the case of an inclusion:

A Oyl(ff=tns y
k—conn\[\ /
X

Thus we can assume that (Y, A) is a pair.

D .
Now the proof works as follows: we fix a set of generators of m, (Y, A,a) = {(D", "1 %) —
(Xa A7 CL) }jEJ
We are going to attach the cells of A along these maps. Since this is a pushout diagram by definition
of CW-complexes (and X is actually filled in as the pushout to this diagram), we can define the

map F' indicated as a dashed line below as the canonical pushout map by fixing maps A — Y which
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1.7. CW-Approximation

is f and [[ D™ — Y which is given by these maps ®;:

11 Sn—?j@ Aty

| ol

[ID" ——=X

Here f is (n — 1)-connected, so we want F' to be n-connected.
We have a map of pairs:

which induces a map of LES:

) —— T (X) —— (X, A) ——> 71 (A) —— Ty 1 X — 0

J 1 Yo V2 T~ 3

) —— m(Y) —— 1, (V,A) —— 11 (A) —— 1Y —— 0

R

T (
'
T (

So F sends {(D",S" 1 x) EEN (X,A,a)} — {(D",S"1 ) 24, (X,A,a)}je.
But these maps ®; are the generators of the relative homotopy groups of the pair (Y, A), so
(X, A) —» 7, (Y, A).

Because 2. is surjective by our construction = 3. is injective (diagram chase)

Since we assume that f: A — Y is n — l-connected, this implies that the map m, 1A — m, 1Y is
surjective. But because this map factors through 3. o (m,-1A = m,_1X), 3. is also surjective.
Thus, now 3. is an isomorphism.

By yet another diagram chase, 1. is surjective.
So F' is n-connected. |

Corollary 1.7.2. (CW approximation)
If Y is any topological space, then there exists a CW-complexr X and a weak equivalence X — Y .

Proof.
Take A = () in the theorem. [ ]

Corollary 1.7.3.
LetY be a CW-complex such that m;Y =0 for 0 <i<k.
Then'Y is homotopy equivalent to a CW-complex such that X*) = {x}

Proof.
We have the inclusion of a point into Y, f: % — Y. Since we don’t have any homotopy groups up
to k, f is k-connected. By the theorem, we can find

X is obtained from * by attaching cells of dimension at least k + 1 and therefore X*) = {x} for X.
By the theorem, F'is oco-connected and thus a homotopy equivalence by the Whitehead theorem. H
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1. Higher Homotopy Groups

Remark 1.7.4.

This is sort of a reverse statement of what we have seen for spheres. An n-dimensional sphere has
a CW-structure with the (n — 1)-skeleton being a point and by e.g. the cellular approximation
theorem it therefore has no homotopy groups in dimensions up to n because all the spheres would
have to go cellularly to a point.

This corollary is an inverse statement because we have a CW-complex where there are up to
homotopy no maps in degrees up to k in our CW-complex. Then we can change the CW-structure
such that up to this degree there are no cells at all which is often of use for practical computations.

1.8 Excision for homotopy groups & applications

Reminder: .
For homology groups, if we have an inclusion A 4 X , then

H.(X,A) S H,(X/A)
if e.g. 7 is a NDR.
This is however not true for 7,:

(D?,8%) = (D?/S,%)
S2

On the right, we have the homotopy groups of the 2-dimensional sphere, what about the left hand
side though? We can compute those homotopy groups using the LES of the pair:

s —r 7T1D2 — 7T151 — 7T1(D2,Sl) — ’/Tosl = 7T0D2
=0 7, ~7

And m;(D?,S') = 0 for i > 2. So we get that

71 (D?,8") — m(S?) is not injective.

ma(D?, S) — ma(S?) is not surjective.

Excision for homotopy says that
(X, A) = m(X/A)

in a certain range of i.

Theorem 1.8.1. (Ezxcision for arbitrary topological spaces)

Suppose we have a space Y = Yy U Y7 covered by two open subsets which intersect non-trivially:
Yo :=YoNY1 #0.

Suppose (Y1,Yp1) is p-connected, (Yo, Yo1) is g-connected, where p,q > 0.

Then

7 (Yo, Yo1) = m(Y, Y1)
is an isomorphism for i < p+ q— 1 and is surjective for i = p + q.
YOl E*COTLTL Yl

g—conn

YOC—> Y
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Theorem 1.8.2. (Excision for CW-complexes)

Let X = AU B be a CW-complezxes covered by the two subcomplezes A and B (inclusions are
cellular) and C := AN B # 0. Suppose (A, C) is p-connected, (B, C') is q-connected, where p,q > 0.
Then

7T7;(A,O) — 7Ti(X, B)

is an isomorphism for i < p+ q— 1 and is surjective for i = p + q.

Lemma 1.8.3. Ezcision for CW-compleres => FEzxcision for arbitrary topological spaces

Proof. We will reduce the case of arbitrary topological spaces to the one of CW complexes. This is
possible because

Sy

qg—conn

Voo oy

Since the map C' — Yj; is a weak equivalence and Yy; < Y; is p-connected, the composition is
p-connected. Therefore we can find a CW-complex A which is obtained from C' by attaching cells of
dimension at least p+1, such that we have a weak equivalence A — Y;. The same can be done for B.

We define the CW-complex X as the pushout:
X:=AUc B
Since Y also is the pushout of its square, we get a map
AUc B=X =Y =Y Uy, V1

So to finish the claim of being able to reduce to the situation of CW-complexes, we have to check
that this map is a weak equivalence. For this we can use the higher-connectivity theorem. Since on
the subspaces A and B we have weak equivalences and also on the intersection, this theorem tells
us that the map above indeed is a weak equivalence. |

Remark 1.8.4. One can also show that excision for arbitrary topological spaces implies the theorem
on CW-complexes. For this one has to go from the CW-complexes to open subsets, so one has to
explain that you can take some open neighbourhoods of A and B inside X and you can control
their intersection.

Corollary 1.8.5. (“Quotient theorem?”)

Let (X, A) be a p-connected CW-pair, let A be q-connected, where p,q > 0.

Then m;(X, A) — m;(X/A) is an isomorphism for i < p+ q and surjective for i =p+q+1
Proof.
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1. Higher Homotopy Groups

The cone of A is

CA:=AxI/(Ax{l})

C'A is contractible.

p—conn

A= X
q+1—conn£ \L
0
CA——=XUCA

CA— XUCAisa CW-pair. XNCA = A.
Since C'A is contractible, we get by the LES, that

mi(CA,A) S mi_ A
for ¢ > 1.
7T7;(X, A) — 7TZ‘(X UOA,CA)

is an isomorphism for ¢ < p 4 ¢ and surjective for i = p+ ¢+ 1 (by excision).
So now we have to relate m;(X UCA, CA) to the homotopy groups of the quotient. For this we can
use (since C'A is contractible, using LES) that

mi (X UCA,CA) = m(XUCA)
Therefore instead we can relate m;(X U CA) to the quotient.

p—conn

AA——- X

q+lconn\£\
cofib U
CA—=XUCA

S

x — X /A

to argue why it has to be X/A in the corner down on the right, one can either use the categorical
statement, that iff both squares are pushouts, then the outer square is as well. The pushout of the
outer square, however, is exactly X/A.

Since (X UCA,CA) is a relative CW-pair, thus the inclusion a cofibration and CA — * is a
homotopy equivalence, by an exercise X UCA — X/A is a homotopy equivalence.

Thus we get:

(X UCA) S mi(X/A)
One hast to be careful though and check that the composition
(X, A) > m(X UCA,CA) < m(X UCA) =5 m;(X/A)

is the same composition given by the map, sending m;(X, A) to the homotopy groups of the
quotient. |

Corollary 1.8.6. (Freudenthal’s suspension theorem,)
Suppose X is a n-connected, pointed CW-complex. Then there are natural morphisms

mi(X) = i1 (BX)
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1.8. Excision for homotopy groups & applications

which are isomorphisms for ¢ < 2n and surjective for i = 2n.
In particular,

Wi(Sn+1) — 7Ti+1(5m+2)

is an isomorphism for i < 2n, so

7

Proof.
X =0, XUC_ X, CLXnNC_X=X

Using the same arguments (using the LES and that the cones are contractible), we get that (C1 X, X)
is (n + 1)-connected. So

Tip1(C4 X, X) ——mi1 (X, C_X)

T:

m(X)— - —— - > i1 (2X)
By excision we are done for i +1 < 2n |
Corollary 1.8.7.

deg : mp(S™) — Hp(S™) =2 Z

is an isomorphism for all n.

Proof.
By AT I: deg(id) = 1.
We have seen before, that 7, (S™) = Z, generated by idgn. [ |

Definition 1.8.8.
We can define stable homotopy groups from X to Y by

(X, Y] = colim[Y" X, "Y)] = [BF X, BFY]
n

where the latter isomorphism is given by the Freudenthal suspension theorem for & >> 0.
In particular, one can define the stable homotopy groups of any CW-complex as

X)) = colim Tip1(ZFX)
Corollary 1.8.9. (Hurewicz theorem,) )
If a topological space X is (n — 1)-connected, n > 2, then H;(X) = 0 for i < n —1 and
Tn(X) 2 H,(X).

For a pair, if (X, A) is (n — 1)-connected and A is simply path-connected, then H;(X,A) =0 for
1 <n—1. There is a relative Hurewicz-morphism

h:ma(X,A) = Hy(X, A)

which is an isomorphism.

Remark 1.8.10.

T (X) = Hi(X) = 70(X)/ [y ()71 ()]

This is not just any surjection but rather the one, that identifies H;(X) with the abelianization of
7.
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Proof.
First of all, let’s reduce the relative statement to the absolute one for CW-pairs.
Let (X, A) be a (n 4+ 1)-connected CW-pair, A is 1-connected. We have a map

mi(X, A) = m(X/A)
which is an isomorphism for ¢ < n by the quotient theorem. Also for homology
Hi(X, A) = H;(X/A)

which we can always do, because A is a NDR inside X.

So instead of considering this pair, we can consider the quotient Y := X/A. Y is an (n—1)-connected
CW-complex. So if we can show that for the quotient the homology and homotopy groups up to
degree n are isomorphic, then we are done.

Since (X, A) is (n + 1)-connected, we know that the homotopy groups up to degree n — 1
are 0. Left to show is only that the relative homology group in degree n of the quotient is
isomorphic to the homotopy group of Y in degree n and that the relative homology groups up to
degree n — 1 are zero.

This reduces the relative statement for CW complexes to the absolute statement of CW-complexes.

Let Y be an (n — 1)-connected CW-complex. By CW-approximation, we can assume that
Y (=1 = {s}. Tt follows that Y™ 2 \/ _, 5" V("1 is obtained by attaching (n + 1)-cells eg,
B € B.

The claim is that

o

L2
Tn, (VozEA Sn) ®Z[Sn = VaE.A Sn}
= by compactness argument =

o~

COhmA’CA finite TTn (\/QGA/ Sn) — COlil’IlAch finite @ Z['La}

Thus it suffices to consider A’ finite. By an exercise in AT I the inclusion

\/ st = I s"

ac A’ ac A’

is a closed subspace. In our case it is a closed CW-subcomplex, so this is a pair that is (2n — 1)-
connected.

The last part is due to the CW-structure of [] ., S™, since this is obtained by attaching
2n, 3n,4n, ...-cells:

an A Q"™ &Y\

VO D
Q_Q»Q.B
L",,‘Q“ Snu SA
Q® ="

07, (pana} et

Thus

7rn< \V 5”) imn<H S") =P =Pz

acA’ acA’ ac A’ ac A’
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1.8. Excision for homotopy groups & applications

Now we can look at the LES of the homotopy groups of the pair. (Y,Y ("t} is (n + 1)-connected
and therefore

Tn(Y) & mp (Y1)
H,(Y) + H,(Y™+D)
Then
NS Qi , QO
T (7 ) e m\‘* o
N o e . "
T (\eL ’/L‘/Lvﬂ) @J‘Z [ X “::;LFL‘-:N
U VECS
l’ ¢
@(‘_5 7LQ('> < Kn (\{(AAAI/L(““)

7

~

- = )
“««A (L\)(_‘m‘)r Q ) ===

8]
TR I E L N

Finally to reduce the case of an arbitrary topological space (or a pair) we should use the CW-
approximation. CW-approximation - by definition- gives us some CW-complexes that have the
same homotopy groups as the space we have at hand. In the Hurewicz theorem, homotopy groups
are also homology groups, but we need:

Proposition 1.8.11.
If f: X =Y is a weak equivalence, then

H.(X,A) &5 7.(v, 4)
(v, A) S 1 (x, 4)

for all A € Ab

Proof.
First, reduce to the inclusion using the mapping cylinder construction.
X Oyl(H) X s v
weq
= X < COyl(f) is a weak-equivalence, thus
Ti(X) ——=mi(Cyl(f)) —=m(Y)

And the homotopy equivalence induces an isomorphism on the homology groups.

Secondly,
7TiX 7TiY Wi(KX)HWi+1X*>-~'
HZ‘X Hly Hl(Y,X)H i+1X*>"-

We need that H;(Y, X) = 0. It suffices to show that if (Y, X) is n-connected, then H;(Y, X) = 0 for
1 <n.
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So let (Y, X)) be an n-connected pair and we want H;(X,Y) =0 for i <n.

We start with a class @ € H;(X,Y’) and we can lift it to o = ), n;0,, where ¢y : Al Y.

Oa is a chain in X (since @ defines a non-zero class in the homology)

We define a CW-complex K := [],.; A7/ ~, where ~ defines a relation which glues (i — 1)-
dimensional faces of AJ’s that are sent to Y identically under different o;:

=2
n Y

So we get a map o from K to Y:

We define a subcomplex W C K consisting of (i — 1)-faces of A? that appear non-trivially in da.
By assumption

K—2>Y
U U

L—X

The inclusion X C Y is n-connected and [ C K is a pair of CW-complexes and the relative
dimension is 7 which is < n.
Therefore 3g : K — X, g ~ o rel L. An important property of the map o is that we have o/ in
CPMI(K) 2 Cy(Y) that is sent onto o via o (and @ € H;(K, L)), so .(a’) = @ = 0 because
7.(@') = Im(g.(a’) along H,(X, X — H.(Y, X).

=0

Finally if f, : H,(X) = H.(Y), then

Ho(X,A) L5 1, (v, 4)
(. A) L5 17 (X, 4)

for any A € Ab by the universal coefficient theorems.

42



CHAPTER 2

Homotopy pullback & Homotopy pushouts

Top and hTop do not fulfil nice categorical properties (Top in regard to homotopy). If we regard a
pushout or pullback diagram and start to substitute some of the spaces by something homotopic
to them, the resulting pushout or pullback of the new diagram does not have to coincide with
the previous one. Not even up to homotopy. In the very first section of this chapter, we will see
examples of where such a substitution fails to coincide with pushouts and pullbacks.

In the following part, we aim to find a way around this problem. The method which we in-
tend to apply is enriching the category Top itself by an additional structure: homotopy. The result
will be a 2-category, a term which we also make precise.

2.1 Problems with categorical constructions in Top and hTop

e Top as a category does not "know" about homotopies

Example 2.1.1.
We start by regarding the following pushout diagram:

X —— %

AW

*k ——> %
N

Now suppose we substitute the point *
- = 1

with something homotopic to it: X CX = X T X {1}

CX is contractible and the pushout will ‘/ l

now be the suspension ¥.X. 0

=X
From the homotopy perspective those two diagrams should be the same. Therefore in the
following diagram all horizontal maps are homotopy equivalences:

N

* y¥X

<~ %
id

This cannot be true, however, the suspension is in general not contractible!
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. x
We get the same problem when regarding pull- J{D l

backs, e.g.
$ — X
xr
For again replacing the point with something contractible to it, we choose the pullback IT, X

of the diagram where instead of a point in the upper right corner we put the exponential
object (which exists because I is a very nice object)

I, X TIX
O
l i X :=X"'={j:00,1 - X}
* X

The new pullback II, X = {j | j(0) = z} is the set of all paths starting at x.

This space is contractible (even though IIX in general is not) because all paths start at the
same point . Thus you can contract them simultaneously by adjusting the speed in which
you go through them:

I,X x I — I, X
(G m) = g () = §(t - 7)

For 7 = 0 this gives 7, for 7y it is idp, x. So I, X is contractible.

However, if we now replace in the first diagram the point in the upper right corner by
II, X, which as we now have checked is in fact homotopic to it and now construct the pullback,
we get:

QX——1II, X where Q,X is the set of loops at z in X.
i o lem 9, X is not always contractible, m(,X) =
™ ()(7 x)
* X

The upshot of these examples is: pullbacks/pushouts in Top do not preserve homotopy
equivalences.

hTop, does not have some simple pushouts

Example 2.1.2.
For this example we will use some properties that we have not yet proven.
First we claim that there is a fiber bundle

St — RP? — §?

This is not hard to construct because RP? = SO(3):

S1c RP? — 7 52
-
e
U(1) = = =
-
AN
S0(2) S0(3) SO(3)/50(2)




2.1. Problems with categorical constructions in Top and hTop

p is a fibration, T' € Top,.
Thus we get (we haven’t yet defined what a fibration is nor that we get a LES)

[T,5'] = [T,RP®] — [T, 5°]
Now a pushout in ATop, will not exist. Assume that it does:

R ——,

where v € 71(X, ). The fundamental group of S! is Z, as we know. So the map 22 induces a
map on Z and corresponds as such to the map doubling the generating element.
The commutativity of the outer square says:

yoz2=zox o y?=cinm(X,z)
Therefore T' should classify 2-torsion elements in 7y
[1,X]={j e m(X,2) | j* = e}

Unfortunately such a space T' does not exist as an object in hTop. To see that we now use
the SES from above:

[T,S'] —— [T,RP3] —— [T, S?]

)2

The upper row is exact, but the lower one is not. Thus T does not exist.

Idea as to how to fix these problems: include homotopies as piece of data in Top - develop
some language to deal with this.

"Example"

Suppose we have a commutative square

X — > %

L\

*

1

Y

and its a data of the homotopy H : X x I — Y between the two compositions:

H|xx(0y =71
Hlxxpy =72

So here we see what kind of object classifies such an H:
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2. Homotopy pullback & Homotopy pushouts

k —=>=2X H: XXI—=Y «sYXX Y

This is not a commutative square but there exists a precise homotopy that makes it commute.
Given the homotopy H in the background we get a reasonably unique map as indicated by
the dotted map.

So having this additional data really changes the outcome of the computation of the pushout.

We will show that this is, in fact, a homotopy pushout square. So this is really the
right object to put there.

As a dual example:

So

H: Y xI—3XewY = X =TIX
H|Y><{O}:$:H|Y><{1} WWY—)Q:EX

and the following diagram will be a homotopy pullback square:
QX —— %
J/ O
 — X

Problem: Concatenation of homotopies is not associative

2.2 Elements of 2-category theory

The next step will now be to make this notion of "a homotopy in the background" and "homotopy
pullback square" precise. So in particular, we start with adding the new data to any category and
receive a 2-category.

Definition 2.2.1.
A 2-category C consists of
o objects (set/class) Ob(X)
o for every z,y € Ob(C): HOM¢(z,y) a category with

— objects: 1-morphisms z — y
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2.2. Elements of 2-category theory

— morphisms: 2-morphisms
o law of composition: for every x,y, z € Ob(C):

HOM (y,2) x HOM (z,y) —* HOM(z, z)

product of categories

(a product of categories has pairs as objects as well as for morphisms)
« for every object x € Ob(C') an identity morphism idy € HOM¢(x, x)
that satisfies the following conditions:
e associativity of composition:

1dXO0g 4y, 2

HOM((z,t) x HOM (y,z) x HOM (z,y) HOM((z,t) x HOM (z, z)

O?/-,z,tXidl O J/oz,z,t

HOM (y,t) x HOM (z,y) e HOM (z,t)
o neutral element HOM (z, x):
HOM (z,y) x HOM (z, x)o$- HOM (z,y)
O . .
pm idXidx
HOM (z,y)

and dually for neutrality on the left.
A 2-category C is a (2,1)-category if HOM¢(x,y) is a groupoid.
Example 2.2.2.

1. Cat is a 2-category where HOMc,at(C, D) has functors as objects and as morphisms natural
transformations.

2. Gpd C Cat is a (2,1)-category.
Every natural tranformation nF — G, for G,F :C — D

is an isomorphism if C, D are groupoids.

In every 2-category C' we have different types of compositions:
For z,y,z € Ob(C):

o Horizontal composition:

f kof
/\ k B /\
n
g

x y——=z €T kon z

kog

Sometimes, because k o7 is a composition of a 1-morphism with a 2-morphism it is denoted
differently. However, here we will not do that.
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2. Homotopy pullback & Homotopy pushouts

e Vertical composition:

where £oq: f = s.
Example 2.2.3.

3. Let A be an abelian category (e.g. Ab, Modg), then Ch(A) is a (2,1)-category:
Define for C,, D, € Ch(A) the morphism HOM (C., D,) by

o objects: 1-morphisms (chain morphisms):
{(fn 1O — Dn)nGZ | do fn=fn1 od}
o morphisms = 2-morphisms (chain-homotopies):

MOT((fn)> (gn)) = {hn : Cn — Dn+1 | hp_1od+doh, = fn - gn}

C *>Cn 1

oA

Dyt — Dy ——> Dy

We have to check that this is a category, so we have to understand how to compose two
homotopies.

(fu) 2(90) 2 (rn)
(Hoh), =H,+h,

The result of the so defined composition is again a chain homotopy:

(Hoh)p_1od+do(Hoh),=(Hp—1+hp_1)od+do (H, + hy,)
=H, 1od+h,_10d+doH,+doh,
=Tn—Gn+ 90— fn=Tn—Jn

4. (Main example): Top and Top,:
e Objects: Topological spaces
o Morphisms: For X,Y € Top: HOM(X,Y) consists of

— l-morphisms: f: X — Y continuous maps
— 2-morphisms:

Mor(f,g) ={H: X xI =Y | Hxxioy = f, Hxx1y = 9}/ ~
where the equivalence relation is given by Hy ~ H; if:

JF: (X xI)xI—=Y
Flxx1xg0y =Ho
F|X><I><{1} =H;

F(z,0,7) = f(z), F(z,1,7)=g(x)
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2.2. Elements of 2-category theory

Lemma 2.2.4.
Concatenation of homotopies gives HOM (X,Y') a structure of a groupoid.

Proof.

Define the composition as their concatenation:

Hq(2t), tel0,1/2
(HQOHl)(t): 1( ) [ / }

Hy(2t—1) te[1/2,1)]
We need to check that o respects equivalence relation:

leH{ - HQOHlNHQOH{

and that it is associative:
Let a € (0,1). Define a new kind of concatenation

Hi(1t), t €[0,al
Hy(£-(t—a)), te€]a,1]

1—a

Hy o, Hy :{

We want to show that these Concatlgnations coincide for different a’s. Let therefore
a,b € (0,1). To show that Hy o, Hy ~ Hy o, Hy, define F:

1
F(z,t,7) = {H1(a+(ba)Tt), tel0,a+ (b—a)T]

= H» Ca+(b—a)T H,y

Now we can see that the concatenation is associative:

"g “I H} OMA
RS 2 ) (Hze By ) et
Finally H € Mor(f,g) ~ H:g9 = f, Ho H ~ const,,
H(z,(1—17)2t) te[0,1/2]

F(.’E,t,'r) = {H(.Z‘,(l_T)(2t_1>’ t e [1/2,1]

Remark 2.2.5.

What we have just done is very similar to what we did in AT I. This is due to the fact that if Y%
exists, then HOM(X,Y) = II;(Y¥), the fundamental groupoid of the exponential object.

The point of what we just did, is that we can define HOM (X,Y") even if the exponential object
does not exist.
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2. Homotopy pullback & Homotopy pushouts

Definition 2.2.6.
A 2-commutative diagram is a (2,1)-category C' with

X1
e objects Xg, X1, Xo Jou
e l-morphisms: fo1, fo2, fi2 Xo Hoiz | fiz
e 2-morphism: Hyio : fo1 © fio = foo Fo
Xo
A—" B
A 2-commutative square consists of
e four 1-morphisms u, v, f, g u g
e and a 2-morphism H : gov = fou. %
C D
f
Remark 2.2.7.
One can think of a 2-commutative square as of two triangles:
A—>B
ibov Hl
u g
o\

where the lower triangle commutes in the sense that the homotopy that makes it commute can be
chosen to be trivial and the upper triangle commutes up to homotopy.

If we want to expand our diagrams we therefore have more conditions.

Definition 2.2.8.
A 2-commutative 3-simplex has

X3
e objects Xy, X1, X2, X3 fos f23
e l-morphisms f;; : X; = X;, 1< j fis
o 2-morphisms Hjp, i < j <k Xo e Xz
Jou Jiz
X1

in the groupoid HOM (X, X3) there are four objects: faz o fi2 0 fo1, f23 © foz2, fi3© fo1, fos-
Between those objects there are homotopies:

f230Ho12

faz o fiz2 o fo1 faz o fo2
H1230f01ﬂ/ \H«HUQS
b O b
fiz o fou T fos

For a 2-commutative 3-simplex, this square commutes.
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2.2. Elements of 2-category theory

Remark 2.2.9.

We will not formally define a 2-commutative diagram, but a hint on what it should be:

A 2-commutative diagram in C' has objects, 1-morphisms and 2-morphisms and whenever there is a
3-simplex this should be commutative.

Definition 2.2.10.
Let G be a (2,1)-category.
The homotopy category of G is hG:

¢ Objects: = Objects of G

e Morphisms:
Morpg(x,y) := mo(HOMg(z,y)) =: [z, y]

mo(HOM¢(z,y)) is the set of objects of a groupoid up to isomorphism.

Example 2.2.11. hTop
Definition 2.2.12.

A l-morphism f: X — Y in G is an equivalence if [f] in hG is an isomorphism.
(Alternatively, 3¢ : y — @, 3go f = id,, 3f o g = id,)

Example 2.2.13.

e in Top: equivalences = homotopy equivalences

e in Gpd: equivalences = equivalences of categories

Definition 2.2.14.
Let G be a (2,1)-category.
A weak (respectively strict) 2-pullback of

C
Js
A——B
f
in G consists of (X, u,v, H)
X - C
u g9
J
A B
f

that satisfies the following conditions:

1. Existence:
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Ja:T = X, hy:uoa = v, hy:voa = v

H :gov = fou.
This square has to commute in the following way:

as well as - for the outer square including 7*:

T

A—8B

In the latter diagram one can clearly see several simplices. Since we have chosen X — B to
be gowv and g ov’, we have trivial homotopies in the faces X BC' and T BC, so there is no
condition on the homotopies h.,, h,, H, H' coming from the simplex T X BC. but there is a
homotopy coming from the simplex T X AB.

So recall how we write this compatibility for 2-morphisms in a 3-simplex. We start with the
longest path from the initial vertex to the last vertex, here this is T'— X — A — B, which is
fouoa. Now, fouwu is homotopic to g o v using thes 2-morphism H:

ha
fouoafo:>fou’

ovoa:> O’U/
g John g

commutes.

. Uniqueness:

Assume for (T,u/,v', H') exist two such triples («,hy, hy) and (&, hy, hy) satisfying these
conditions.

Then 3o =% @ such that the diagram we obtain again is 2-commutative.



2.2. Elements of 2-category theory

So we again have to unravel what it means: One only has to look at two simplices in this
diagram:

T a X
’ X u
A

This gives us Ay, o (uoh) = h, and for the other one we need hy o (voh) = h,.

What is the difference between strict and weak 2-pullbacks? If the homotopy « is unique
then one calls the pullback strict.

Remark 2.2.15.

We will mostly work with weak 2-pullbacks, for the reason that they exist in Top. Strict 2-pullbacks
do not always exist.

In some (2,1)-categories strict 2-pullbacks always exist.

Definition 2.2.16.
In Top weak 2-pullbacks are called homotopy pullback.
Dually weak 2-pushouts are called homotopy pushout.

Lemma 2.2.17 (Uniqueness of weak 2-pullbacks).
Assume that we are given two weak 2-pullback squares

X Y C X' Y C

u g u, g
A

A 0 B A— %2 . B

Then o : X — X', f: X' — X equivalences such that the diagram we obtain is 2-commutative.

Proof.
By the uniqueness part of the definition of a weak 2-pullback: we get o : X' — X, 8: X — X/,
hy:uoa = v, hy v o3 = u, hy,:voa = v, hy :v 0 = v

Take foa : X' — X’'. If we find homotopies that make the following diagram commutat-

ive there is a 2-morphism o« = idxs, since the identity as well makes this diagram
commute.
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’

X/ - v

~~ B\a\) X'’ v’

Q

’
u

u g

—

Ss)

A%

So from all the data we got, we have to somehow construct those homotopies:

uwofoa u  vofoa v

Uo voa

, hu/OOL ha ’
fouoBoa=—= fouoa=—= fou

A
H/OBOQ,H [-diagramoa  Hoo -diagram /H\

gov'offoa=—=govoa=—=>gov

Now we claim that this diagram is commutative. Recall that we are working now in a 1-category so
commutativity is just the one we are used to.

Doing this dually will give you that 5 and « are equivalences. |
Proposition 2.2.18.

1. in Top show that

X — >«

|

F — 2 X
1s a homotopy pushout.
2. Assume that in G there exists always the homotopy pushout

X — = %

|

* —= 2 X

(this means that for all objects X, exists an object XX that makes this square a weak 2-pushout

square)
Then % : hG — hG is a functor.

Proposition 2.2.19.

Let x be a final object in G (i.e. HOM (T, *) = {x}).
Let the following diagram be a weak 2-pullback square.

F—‘3 X

wFl %‘f

* — B
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2.2. Elements of 2-category theory

Then
[T, F] = [T,X] 2% [T, B]

is exact, i.e. the preimage of T — * Y Be [T, B] is in the image of i..

Proof.
Given T % X, foyg N bo .
This means that we have a 2-commutative square

— s X

F

T
l '
*

. -
b

T

which means precisely that da: T — F s.t. ioa = g. |

Remark 2.2.20.
Dually: Given a 2-pushout square

A—>
| .
* —

[A,T] = [B,T] = [Q,T]

Q=—W

is exact. Note that * is assumed to be an initial object.

Proposition 2.2.21.
Let

Q
\
o
K
s

be a 2-commutative diagram.
Assume that

o both small squares are weak 2-pullbacks then the big square

A g
f lk
/F

C

oy

is a weak 2-pullback square.
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o If the right and the big square are weak 2-pullbacks then so is the left one.

Proof. (sketch)
We have to check existence and uniqueness. Let’s start with existence:

The homotopy we are given is the homotopy kov = d o~y ouw.
h
Therefore we get a map w : T — B and also homotopies gow =% yowu and S ow Ly

By the universal property of ABC'D, we obtain a map & : T'— A and homotopies hy, hq

We need to check that

kofoao§{=——=kov

ﬂ

doyofol=—=4dojou

commutes. This equates to the following diagram

koBoaof kofow=—=kow
dogoaof dogow TBEDF
\ §0TABCD \
doyofof doyou

The reason why we discuss this, is that one can draw a diagram with just one commutative
triangle and one commutative square and that square above, that is left, in fact comes just from
those two homotopies:

N

i
%
A

{
f

%
Q
\

S
|
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2.2. Elements of 2-category theory

From this you obtain a commutative square of homotopies.

kop3
HOM(T, B) I HOM(T,F)

doj

So the following square commutes, because those two are functors and there is a natural
transformation between them or in other words we can translate the conditions of the composition
in (2,1)-category into the fact that this homotopy in the square makes it a natural transformation
of functors.

koBow=———=00gow

W W

kofoaof—=0ogoaof

This finishes the existence part.

Uniqueness:

T oo’
R
3

A——B

By second pullback square there exists a0 & = ao £,

By the first pullback square... we can again use the uniqueness part but we have to be careful,
because it tells you that given fixed morphisms 7" — B and T — C, then the morphism to A is
unique up to homotopy. But here we have two different morphisms T — B: a0 & and a0 &’ and so
for v o £ the candidate for the map to A is &.

So what you have to change here are not the map to B but the homotopy inside.

we can modify the homotopy ? such that & also is a map that makes this diagram commute.
Therefore we obtain a map £ = ¢’ and this is what we needed in the end. |

Corollary 2.2.22. (Puppe long exact sequences)
Assume x is both an initial and final object in C' and that all (necessary) weak 2-pushouts exist.
In particular there is a functor

Y :hC — hC

Given a weak 2-pushout square
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we get for all T € Ob(C) a sequence

[T,A] — [T,B] = [T,Q] — [T,XA] — [T,XB] — ---

Dually, let = be an initial object (e.g. x in Top). Define a loop functor Q : hC — hC which is a
weak 2-pullback of the following diagram:

OX ——«
O

* —> X

Given a weak 2-pullback square

Fr—

f

R

o~

yields a LES we get for all T € Ob(C') a sequence
= [T,QX]) = [T,09B] = [T, F) — [T, X]| — [T, B]

Those two LES are exact in pointed sets.

Proof.
Let the following diagram consist of weak 2-pushout squares

|

3
—_—

|

B
Q——YA

b |

J/Zi
O

—— B

Definition 2.2.23.
f X — Y is a fibration if it has HEP for all spaces T.

Theorem 2.2.24.
In Top and Top,, we can look at the diagram

C
s
A——DB
where [ is a fibration.
Then we can compute the pullback as usual in Top
Axgp(C——=C
ml ¥
A—>B
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2.2. Elements of 2-category theory

which is a homotopy pullback if f is a fibration.
Dually

P oy

|

——Z1xY
is a homotopy pushout if i is a cofibration.

Proof.

o Existence:
If we are given a diagram

we should find a map T"— A xg C

T
\ / v
(u,0")  hy
U
A XB C——C
“N\ o
™ O f
A B

By HLP, 3h, : v = v’ where v’ : f ov’ = gowu and the compatibility is that foh, = H
which follows directly from the HLP.

o Uniqueness:
Assume we are given two maps T'— A x g C"

T */w
(m,m\\)

AXBC%C

bk

A——F— B

v

We need to find H = (Hq, Hs) : (u1,v1) = (ue,v2) such that H; ou; = wug and
Hyovy = ws.
ha

h
We have 7 o (u1,v1) = u; = u and 7 o (ug,v2) = Uy == u.
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At the moment we have three different maps T — A: w, u; and us. We now just

H
define the homotopy u; =" uy using the homotopies we have:
U1 :> U

Similarly, for Hy. Hy and Hy give us H.

2.3 2-pushouts and 2-pullbacks (continued)

ﬁ\

C/HD/

Let G be a (2,1)-category.

Definition 2.3.1.
A 2-commutative cube

Remark 2.3.2.

There is some logic in the choice of notation here, setting primes behind all objects on the
bottom, whilst ordering alphabetically within the top and bottom face.
What you do is, you choose an order of those four side-faces. Stating at the face at the back which
we thus will give the number one, the one on the left will be number two, the one on the right three
and lastly the face on the front will be number four.
In accordance with this numbering, we denote the maps on the upper face by Greek letters and of
course on the bottom face analogously with primes

Now the homotopies on the side-faces will be called F; with the corresponding number of the
side-face as index i
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2.3. 2-pushouts and 2-pullbacks (continued)

So a 2-commutative cube consists of
e objects: A,B,C,D, A", B",C'", D’
e l-morphisms: o, f,...,a’,...fa, ...
e 2-morphisms: Fi,...,Fy, H, H’

such that in the groupoid HOM (A, D) (between the object with only arrows going out of it to the
one with none leaving but only arriving) we have some morphisms between those paths which we
can put in the following diagram:

§ofooB L frodop

6 oF> fpo
5o o fporoa

H'ofa , Fsoa
; v oF
Yoo ofs L o fpoa

This diagram should commute.

Remark 2.3.3.

1 relation for 2-morphisms of the cube corresponds to the cube having one interior.

If you delete one of the two-dimensional faces of the cube - and by delete a face, we understand
forgetting about the homotopy on this face, than you cannot find the closed circuit which gives you
some conditions on the 2-morphisms.

This is because, if you delete a face of a cube, you cannot fill it in, it is not closed anymore.

Remark 2.3.4.

One could use the definition of 2-commutative 3-simplices to define a cube by splitting the cube up
in 3-simplices. Then one could check that the conditions one gets from those simplices coincide
with the condition in the definition above. This, however, is far to cumbersome, since we have no
intention to define all kinds of 2-commutative diagrams.

Definition 2.3.5.
A 2-commutative square

is equivalent to a 2-commutative square
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2. Homotopy pullback & Homotopy pushouts

A B

5/J/ H' ")’/
o —Z 1

if there is a 2-commutative cube as before with vertical arrows fa, fB, fc, fp equivalences.

Lemma 2.3.6.
This is indeed an equivalence relation on 2-commutative squares.

Proof.
o Reflexivity is obvious because we take fa, f5, fc, fp to be the identities.
o Transitivity: “compose” the cubes

e Symmetry is non-obvious!
Regard two squares in an 1-category A:

Fy

i A

F>

Any such is given by a functor F; respectively Fy as indicated.
If n(i) : F1(i) — F(7) is an isomorphism for all ¢ € I, then there exists an inverse to the
natural transformation
Nt = (n(D)
’17_1 Fy, = F

-1

This is the same claim that was already stated, that a natural transformation between
groupoids is always an isomorphism.

So in the 1-category A once we have an morphism from one diagram to the other, it is just a
matter of inverting all those arrows to get the inverse back to the other one (because the
inverse is unique and to check the commutativity of all the squares, one has to say that n~*
indeed is a natural transformation. This is straight forward.)

Thus in 1-category theory the claim is almost obvious.

But in (2, 1)-category theory it is not clear that such things happen. Given a 2-commutative
cube, we need to construct a sort of “inverse” 2-commutative cube. This is not trivial anymore
because an inverse morphism to an equivalence does not have to be unique.

To construct the inverse 2-commutative cube, we need to construct the inverse on ob-
jects.

We had a map fa : A — A, solet g4 : A” — A be sort of quasi-inverse to fa (both are
equivalences). Fix a homotopy ha : ga o fo4 = ida and similarly for B,C, D.

We need to construct homotopies G1,Gs, Gs, G4 that will make this new inverse cube a
2-commutative cube. So this new cube will have the same top face as the bottom face of the
previous one, so there is already a homotopy H' and the same bottom face as the top face
before, thus equipped with the homotopy H.

Those two together with the homotopies G; have to satisfy the 2-commutative cube condition.

Step 1: Define 2-morphisms G, Ga, G3, G4.
One of the side-faces of the previous cube is
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2.3. 2-pushouts and 2-pullbacks (continued)

Adding the inverse cube we get

So we need to construct a homotopy
goofB = Boga

This is not defined yet, but what we can use is those homotopies hy and ho. We can
precompose with f4 and ga:

"oh
geoB LL G0 o faoga

G /H\QCOFQOQA
4

Boga<s=—9cofcoBoga
So we define G4 such that this diagram commutes. We can do that because all of this happens
within some groupoid, thus taking inverses is possible.

The main claim here is that having defined G we can define the composition of the two
squares:

claim:

gcoF:
goofocoB==2gcop ofa

X ﬂczoh

Bogao fa

This is the definition of K5. The claim is now that even though we defined it in terms of G2
and F3 it has an easy description:

Ky = (B oha)™" o (hcop)
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2. Homotopy pullback & Homotopy pushouts

To do that we precompose with f4:

gcoB'ohaof
goof o fa——=—=gcof ofaogaofa

ﬂGzofA ﬂgconongfA

Bogao fa<s=; gco fcoBogao fa
cofogaofa

Also we can add on the left:

, gcof’ohaofa ,
gcofcoﬁﬁgcoﬂ ofa<s—=gcofB ofaogao fa

hcoﬁﬂ ﬂczofA TQCOF%:’QAOJIA

BﬁﬁongfAmgg}ffcoﬂongfA
The square on the right commutes by definition of G5 and the big square also commutes
because what we do here is, we apply only three homotopies (underlined in the diagram).
Those three homotopies they are written here in different order and with different morphisms
applied to them but using the axioms of homotopies it is not hard to show that you can
change the order of those compositions and make the outer square commute.

Since the outer square and the square on the right both are commutative, so is the
square on the left. But the commutativity of this square on the left is just the claim.

Step 2:

/

CT>D
A
LI \ )
CT>D
AL/>B go
¥
x\él}

Since f4 is an equivalence, 2-commutativity of the lower (“the inverse”) cube is equivalent to
the 2-commutativity of the composed cube.
We need to check that the homotopies defined in the lower cube

Sogcof <==gpod of

™~

lower ;o
gp o7y o«

00foga cube

yoaogs<—=yogpod
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2.3. 2-pushouts and 2-pullbacks (continued)

satisfy this commutativity condition for the upper cube. The claim is that it suffices to check
that the corresponding diagram for the upper cube.

Because f4 is an equivalence the composition with fa, ofa, is an equivalence of categories (/
corresponding groupoids) and in particular it is a fully faithful functor.

This will work with any groupoid, but here we will work with HOM (A’, D) composition
with f4 will give a groupoid HOM (A, D) and because f4 is an equivalence and thus has an
inverse it is easy to check that these conditions of the existence of an inverse transform into
those HOM-groupoids as an equivalence of categories, in very much the same way that in
1-category the condition that a morphism is an isomorphism translates to the fact that it
induces an isomorphism on the Hom-sets.

So because this is fully faithful, to check that two morphisms agree, it suffices to see
that after we precompose with f4.

dogcofB'ofas=gpodofofa
...oHo...
lower

dofogao fa cube gpoy od’ o fa

yoaogao fa<=vyoggoa ofy

To this there is the diagram of the top cube attached:

gpod ofpof<=gpofpodof

dogoofofa<=gpodofofa gpofpoyoa
...oH'o...

lower

doBogao fa cube gpoy od'ofa<=gpoy ofoa

yoaogao fa<=yogpoao fa

Ignoring the morphisms that have to be composed and precomposed with the homotopies,
the 2-morphisms are given by

gpodofpoBEgpofposop

H
2 top
§ogeofofa=gpodof ofa o gpofporyoa
..oHo...
. lower Y o1 / 2
doBogaofa cube gpoy'oa'ofas=gpoyofoa

yoaogaofas=vyogpoa ofy

After composing those two, we get the commutativity of the bigger cube. For this, we only
have to add one morphism:
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2. Homotopy pullback & Homotopy pushouts

gpod ofpofEgpofposof

/ X
7 top

dogcofofa<=gpodopofa W cube (of4) gnofpoyoa
dofBo of lower oy odof oy oo y
pbogaoja cube gpoy o« A ?.QD Y @ k.
H o G always
Yoaogaofa<s=yogpod ofa vogpofpoa

Taking a look back at the two cubes atop of each other, we see that the new downward
2-morphism has to be K3 and the leftward arrow K.

The commutativity of the boundary of “this” diagram is the 2-commutativity of the composed
cube.

Step 3: 2-commutativity of the composed cube
We now have the following cube:

A - B
B
/
gaofa C D
gcofc
A B
e
B /
C D
The commutativity that we have to check is the following:
dogcofcof<—=gpofpodop
doKo
dofBogaofa gp © fp oy«

/

Yyoaogao fa<s—=~yogpo fpou

To do so we can use the properties of the homotopies Ko and K, that were described in step
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2.3. 2-pushouts and 2-pullbacks (continued)

1. So we can insert

dofoh
6ogcofcoﬂ<°’”’:‘*gDofDoéo

6 K
o 5ohCoB
podof3

5oﬂongfA:>50 yoa<———=gpo fp oy

T~

Yoaogao fa<s—=~yogpo fpou

We can also insert H and the claim is that the squares now subdivided by it commute.

50900f005<:gD0fD050

60K
2 50]1005
Do&oﬁ

50509A0fA Yo gp © fp oo

\/

Yyoaogao fa<—=nvogpofpoa

For the one of the left we only have hs and H composed with some morphisms, check its
commutativity:
We have a two functors and a natural transformation induced by H

dof3

HOM(A, A) v HOM(A,D)

Yoo

In the groupoid HOM (A, A) we have the identity object id4 and g4 o f4 and the homotopy
ha:gaofa—ida.

Now when we apply the functor § o 8 we get d o 8 for the identity and § o S o ga o fa for the
composition.

On the other hand, for vy o« we get yoaoga o f4 and yo a.

Now we have a natural transformation between those two functors which gives us the

commutativity.

Analogously done for the other square, we have its commutativity and thus the commutativity
of the whole diagram.

Proposition 2.3.7.
If a 2-commutative square is equivalent to a weak 2-pullback square, then it is a weak 2-pullback.

Proof. (sketch)
Let the following diagram be a 2-pullback diagram to which ABCD is equivalent

A’D—> B’

C/%D/
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2. Homotopy pullback & Homotopy pushouts

So we have a cube and can also construct the inverse cube

A—2-B

,
ﬂ\C?D
A p
|
.
A—-B ac
¥
T

o compose the data (u,v,G) with fp, fc and fp to get

xX— =B

c’ D’

by the weak 2-pullback property, we get from this a morphism X — A’ and homotopies.
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2.4. Homotopy pushouts and pullbacks

e compose with gg : A’ -+ Atogetw: X — A

ANy

o /

Remark 2.3.8.
This proposition works dually for the pushout.

2.4 Homotopy pushouts and pullbacks

To construct homotopy pullbacks / pushouts it suffices to replace one of the maps with a fibration
/ cofibration. This is because this process of replacing gives you an equivalent square of which you
can compute the usual pullback.

For cofibrations we have already seen that one can factor any map as a cofibration composed with
a homotopy equivalence. However, we have not seen yet the same to be true about fibrations: We
need to factor any map f: X — Y as X 5 W(f) & Y with pos = f, where s is a homotopy
equivalence, p is a fibration.

1. (evo,evy) : Y! — Y x Y is a fibration for all Y.
In order to see that we need to solve the lifting problem for any space T"

T vyl

P 7
idx{O}i P /H l(euo,em)

e

Tx] ——YxY
(H1,Hz)

The map H : T — Y corresponds to a map H : T x I — Y. The commutativity of this
square implies that

H:TxI—Y
Hlrxqoy = Hilrxqoy Hlrxqy = Halrxqoy

we need

H:(TxI)xI—=Y
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2. Homotopy pullback & Homotopy pushouts

Given three faces of a square we have to fill it with the homotopy H.
The idea on how to construct such an H is actually the same as for pushing through a
cardboard box:

2. fibrations are closed under pullbacks and compositions

3. For any space Z, the map Z — x is a fibration

Using those three properties we can define W (f) as the pullback:

W(f) V!
]
(q,p)i i(evmevl)
X xY - Y xY
O fxid

O
N

Because (g, p) is a fibration and the projections are also pullbacks of fibrations, both ¢ and p are
fibrations.
We still have to define s. So what is the space W (f)?

W(f)={(z,7) |7 €Y', ~(0) = f(x)}

We define s : X — W (f) by = — (z, f(x)), so p will send it for all z € X to f(z), exactly as we
want it to. What is left to check is that s is a homotopy equivalence. For this, note that we have a
map ¢ : W(f) = X and qo s = idx. The other composition s oq: W(f) — W(f) is homotopic to
the identity via a homotopy H, which we will define now:

H:W(f)xI—W(f)
(z,7,7) = (z,77)

where 7, (t) == v(t(1 — 7)).

Theorem 2.4.1.
Homotopy pullbacks and pushouts exist in Top and Top,
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2.4. Homotopy pushouts and pullbacks

Proof.
We are given a diagram
C
Js
A——B
f
Consider a cube
Eyjy——7——C

Eyqg W(g) id

also we have to specify a homotopy H; on the top face, Hy on the back face.
The space Eyg is given by

Erg = {(a,¢,7) | 7(0) = g(c),7(1) = f(a)} € Ax C x B

So the map v : Efy — C is just the projection on the second component, also u is the projection
onto A.

Hy:E;gx1— B
(a,¢,7,7) = ()

H, is a homotopy between gov and fowu. Hy:sov = 7 defined by

Hy: Efyx1—W(g)
(a,c,7,7) = (¢, %)

where . (t) := y(t - 7).
The final step is to check 2-commutativity of the cube is the condition

po Hy =H,

but by definition they are actually equal.
= (Eyq,v,u, Hy) is a homotopy pullback of

C
lg
A——B
f

and is often called standard homotopy pullback.
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2. Homotopy pullback & Homotopy pushouts

So this is the case for homotopy pullbacks, for homotopy pushouts one can define a space
Qy,g and a homotopy H making the following square commute:

f

-’ . B

A
I
C—=Qyy4

and this space (which is also often called standard homotopy pushout) will be defined as

Qrg=BUCUAXI/

a,1) ~g(a)
(a,0) ~ f(a)
[ x 1]
where the last condition is for the pointed case and * is the distinguished point in Top, |
Remark 2.4.2.

It is possible to show that Q4 and Ef 4 are homotopy pullbacks / pushout directly.

I

is a homotopy pushout, (Cone(f) is sometimes called the homotopy cofiber)

Example 2.4.3.
Homotopy pushouts:

——F B

Cone(f)

e If 7 is a cofibration then the pushout can be computed as the quotient space:

More generally for an n-sphere in the upper left corner:

S %

e

* — STl
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2.5. Pointed vs Unpointed

For any space X:

X — >«

|

* — 2 X
Homotopy pullbacks:

F——F

!

/)

—F o
b

where

Fy:={(e,7) | v € B',7(0) = b,7(1) = f(e)}

This is the homotopy fiber.

Fact (Milnor):

Homotopy pullbacks of CW-complexes exist as CW-complexes.
(have homotopy type of a CW-complex)

2.5 Pointed vs Unpointed

By exercise 4.1 there are functors X : hTop — hTop and X' : hTop, — hTop, where

BX =X X1/ (, o)~ (20.0)
(,1) ~ (2, 1)
(X, 20) = X X I/ (4 0) o (20.0) ~ (zoty) = X/ w0} X T
(z,1) ~ (2/,1) ~ (20, t0)
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2. Homotopy pullback & Homotopy pushouts

In Top,, there is the loop functor  : hTop, — hTop,, Q(X,zg) = QX = {y € X |7(0) = y(1) =
xo} (pointed by Zp).

This is but one way to define the loop functor on objects. One can also describe it as the
following homotopy pullback:

QX ——

L

* ———> (X,l‘o)

Lemma 2.5.1.
Those two functors are adjoint in the pointed case: X' - Q
(In fact, this is not only true for hTop, but in hC of any (2,1)-category with zero object and X', )

Proof. (sketch)
Suppose we have our distinguished space (X, zg).

(X,.’Eo) — X

|

*
H

Kﬁ (T t0)

[¥(X,x0), (T, to)] is defined by H, perhaps up to some equivalence relation (the bent arrows are
unique, there is no choice in them)
[(X,z0), AT, to)] is defined by H.
This shows that those two sets are isomorphic. Left to check would be naturality and so on... W

Corollary 2.5.2.

1o (e X) =1 (X, o) forall k>0
[Sk’ﬂwo X]TOP* [Z/SkﬂX]TDP*

2. V(X,xq) exists because of the suspension a canonical map X — QX'X from X to the loops of
the suspension of X. This is just obtained from the adjunction of those two functors.

If you look at the homotopy groups, we have a map 7p(X) — m(QX'X) = 11 (X' X).
So this is the map that appears in Freudenthal’s suspension theorem.

Lemma 2.5.3.
The forgetful functor Top, — Top preserves homotopy pullbacks.

We have not really talked about functors between (2,1)-categories yet, but in this particular
case, it is like the most stupid functor there could be:

e On objects, we just forget the point: (X, z¢) — X
e On groupoids HOM ((X,x),(Y,y)) <= HOM(X,Y) (in fact this is a subcategory).

Proof. (Sketch)

If we were to forget about homotopies, the functor is just one between 1-categories. In that case it
has an adjoint: Top — Top,, X — X := (X IT %, %).

The claim is that this is the left adjoint:

HOMTOP* (X+7 (1/7 y)) = HOMTop (X7 Y)
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2.5. Pointed vs Unpointed

The left hand side is defined
On objects: X I« —Y, z—y
On morphisms:

X 1T n Y

where 1 : (X IT ) x I — Y is pointed * x I — y

The right hand side
on objects by maps X — Y which is the same data as on the left hand side, because the additional
point there has to be sent onto y and does not offer additional choices. Morphisms are homotopies

Those n: X x I — Y are again the same as for the left hand side because
(XOx)x I 2 X xTIIxxI

From this isomorphism of groupoids follows that the claim holds: Say we are given a homotopy
pullback of pointed spaces and we would like to see that if we forget all these points this is still a

(Aaa)*><Bvb) A—— B
| A ~ | f%
(C,e) —= (D,d) C —— D
So we have to check that for any space T" and morphisms as indicated, there is a map T'— A as

v

homotopy pullback square:

well as homotopies A— B

l %
¢ — D
The isomorphism of groupoids that we have seen to exist beforehand, allows us to translate this

problem into Top,:

vt

(A,a) —— (B,b)

Lo

(C,c) —= (D, d)

and since there was a homotopy that also translated into Top,, we get by the universal property of
the pullback square, a map that fills in the dashed one.
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2. Homotopy pullback & Homotopy pushouts

If we had two maps T' — A in the right square, we would get two in the left one. There
we would have a homotopy that again translates back into Top. |

Remark 2.5.4.

The forgetful functor Top, — Top does not preserve homotopy pushouts, it never even preserved
usual pushouts.

Example 2.5.5.
for well pointed spaces (A, a) H?OP* (B,b) = AV B but in Top AII" B = AIIB () - X is a
cofibration, thus the pushout computed along that map is the standard one)
(Fv f) — (Ea 6)
Suppose we are given a homotopy pullback in the pointed category l %
x ——— (X, z)
Therefore we get two things:

1. Puppe long exact sequence (Top, has a zero object)

o ——> T (QeF) ——— (X)) ——= 7 (F, f) ————mi(E,e) ———— mi (X, 2)

i

o~

»
ﬂ-k+1(E5 6) H7.”64'1()(az) [(Ska*)7(X7I)]TOP*
similar to the long exact sequence of a Serre fibration.

Fr——F
2. J{ N | is a homotopy pullback in Top. Starting from this diagram, do we get a long
* —2 X
exact sequence of homotopy groups?
The problem is

a) There might not exist e € E over x € X
b) Even if we find f € F such that

R

e
O l
T

P

* <

the homotopy h is in general not pointed!

This problem has sort of a simple solution which needs the following fact, that we will not proof in
much detail:

Fact:

A—s B

Given a 2-commutative diagram in Top jl %\ ¢ where a € A, then
—— D

C

(A, a) —— mp(B,i(a))

|

(D, f(i(a)))

|,

m(C,j(a)) —— m(D, 9(i(a)))

76



2.5. Pointed vs Unpointed

commutes.
The homotopy h induces the isomorphism h, that makes the diagram commute. h, = hlox; is a
path in D.

Dependence of 3, on the basepoint
Let (X, z0) be a space, x1 and x2 shall be points in X, with a path v € 71(X) between them.
{y € X1 [9(0) = w0,7(1) = 21} = Wy, X > Mg 0p X
Similarly,
M0 X 0 Wy 0y X
Given this v we can get an equivalence

Yo

QX =0y —— M, ., X

\ To,yl
yo—oy

Iy 2 X = Q0 X

This gives us an isomorphism
Wk(leX) = Wk(QszX)

oY
1 (X, 21) —— M1 (X, 22)

This isomorphism (the lower one) depends on v € T} X

Exercise: Every homotopy pullback square is equivalent to the standard pullback square.

Lemma 2.5.6.
F— F

J %f
there is a LES of homotopy groups if we choose ¢ € E such that f(e) and x lie in the same path

connected component of X (f(e) =x € moX ) and fo € F is in the fiber of X such that f(fy) = e in
7TOE.

Given a homotopy pullback square

coo = e (F fo) = (B e) = (X, 2) = mp—1(F, fo) = -+

g;()otfllle exercise the diagram in the lemma is equivalent to the standard pullback square
W(f)e —— W(f) = {(e,7) € X"|(0) = f(e)}

| | |

X v(1)

By definition we therefore have the cube
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2. Homotopy pullback & Homotopy pushouts

W(f)e ———— W(f)
/ /
F J E
*
|~
* /
where all the horizontal are equivalences and therefore induce isomorphisms on the homotopy

groups. So if we get a LES for the standard square, we get one for the other square as well, using
the fact that homotopy commutative square allow us to identify homotopy groups between each other.

For the standard homotopy pullback square, it suffices to choose a point e € E and a path

v : f(e) = = to make J{ l pointed. So once we get a point over the point

¥ ———— (X, )
x, this is also a homotopy pullback square in the pointed category because the right downward
map is a fibration and the diagram is the usual pullback. The pullbacks in Top and Top, are the
same by the same explanation we did for homotopy pullbacks.

Thus we get a LES of homotopy groups for this diagram. Using the homotopy equivalences
in the cube, we also get a LES for the square we actually started with. |

2.6 On the importance of the homotopy fiber

Let (X, A, a) be a pointed pair.

Lemma 2.6.1.
Slogan: Relative homotopy groups can be redefined as the homotopy groups of the fiber.

(Fv f) — (Aa a)
Let l | be a homotopy pullback square in Top,.

/

*x ——— (X, 1)
Then m(F, ) 2 mp11(X, A, a) for all k > 0.

Proof. (Sketch)
Let’s start with an element in [f] € m,41(X, 4, a):

Ik—i—l f > X

@] ]

oIk +1 f4> A

@] U

Tt ——{a}

sk =or+1) 7% —L (4,a)

Note that the middle map gives us a pointed map on the quotient: l %

« ————— (X, a)
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2.6. On the importance of the homotopy fiber

We can consider the whole cube as the homotopy from the right face to the left one:
=1 Lo x B
f defines a homotopy h : I* x I — X from f to @ This is a pointed homotopy.

Thus we have a map w : S¥ — (F, f) (by existence property of the weak pullback). So we
define

Tri1 (X, A, a) = mu(F, f)
[f] —

We will use the 5-lemma to see that this map is an isomorphism:

[w

Ter1(4,a) — mep1 (X 0) ——— me(F f) ——— me(4,0) —— me(X, )

H H | H H

7rk+1(A,a) —_— 7rk+1(X,a) —_— 7rk+1(X,A,a) —_— Wk(A,a) E— wk(X,a)

By 5-lemma we are done.
(One actually would still have to check that the squares on the left commute) [ |

Definition 2.6.2. (Redefinition)
A map p: E — X is n-connected if all homotopy fibers of f are (n — 1)-connected.

Remark 2.6.3.
What are the homotopy fibers? We choose an element x in the base space X and construct the

F, — F
homotopy pullback i l F, is the homotopy fiber over x € X.

* ——— X

For n = 0 the old definition was that mgE — mX is surjective. Why does it follow from
the new definition? If it is not surjective, we take x ¢ Im(moE — 7y X). Then the homotopy fiber
is the emptyset:

and ) is not (—1)-connected.
If F, # ( for all fibers, then x € Im(moFE — mX).

For n > 0, let by the old definition 7;(X,E,e) = 0 for 0 < ¢ < n — 1, then for some f.:
(X, Ee) 2 m_1(Fy, f.) where x = p(e).
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2. Homotopy pullback & Homotopy pushouts

Definition 2.6.4.
A 2-commutative square

e

—

e

—

W — <
Q

in Top is a n-weakly homotopy pullback (or cartesian) if X — A x2 B is n-connected.

The following proposition is very important because it gives us an criterion to check whether a
2-commutative square is a n-weakly homotopy pullback. Also for CW-complexes whether it is a
homotopy pullback.

Proposition 2.6.5.

BN

—

A

J

A 2-commutative square 1s a n-weakly homotopy pullback iff Vb € B

b — >

Q

X xp{b} —— Ax¢ {j(b)}

|
Xy Ajv)

is n-connected.

Remark 2.6.6.
This tells us that checking that the square is a homotopy pullback of CW complexes is equivalent
to stating that homotopy fibers are the same for two different parallel arrows.

Proof.
X ——s BxhA=W — A
By the actual homotopy pullback of this square: l lf
B—1 ¢
We want to relate the n-connectivity of X — B x% A = W to the n-connectivity of the fibers of
the map X — B and of f. Obeservations:

1. The homotopy fibers of f and the map W — B are homotopy equivalent:
Wb —_ W —— A
i l lf Since both smaller squares are homotopy pullbacks, the outer

x> B LC

square is as well and therefore Wy, >~ A;,)

Xb _— Wb = Aj(b)

. N,

X ——W

\ B
is a question of the n-connectedness of the map X, — W} and thus a consequence of 5-lemma.

So the question of the n-connectedness of the map X — W
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2.6. On the importance of the homotopy fiber

From this we get two LES on which we apply the 5-lemma:

7Tk+134>7T]€(Xb) 7T]€X 71';€B 7Tk_1Xb4>7rk_1X

R

7Tk+134>77k(Wb) 7TkW 71'193 7T;€_1Wb4>~-~

There is, however, something to consider regarding the 0-th homotopy groups:

TrlB 7TOXb 7TOX 7ToB
mB oWy moW mo B

Thus if 19X — mpW then by 5-lemma 7y X}, — oWy

In the other direction, suppose w9 Xy, — moW), is surjective for all b.

Then w € moW — b e mgB =— o € moW; = % € m1oC; = x € mpX that is mapped
onto w € mgW.

Corollary 2.6.7.
X — A
Let l | be a 2-commutative square in CW.

B — C
L. it is homotopy pullback (=cartesian) < Vb € B : Xy =~ Ajp
2. Vb: Xy~ Ajpy & Vae A:
Xa = Bra

X xj {a} B x¢ {f(a)}

Remark 2.6.8.

The next theorem we are going to proof is the Blakers-Massey Theorem. This is, however, nothing
more than the homotopic version of excision.

In future we will nevertheless refer by excision to the old version.

Theorem 2.6.9 (Blakers-Massey: homotopic version of excision).
Let

AL,

Sy

C —

=

be a 2-commutative square in Top.
If f is m-connected, g is n-connected (m,n > 0), then the square is (m + n — 1)-weakly homotopy
cartesian.

Remark 2.6.10. Blakers-Massey — Excision for CW-complexes:

Let f, g be cofibrations (inclusions of CW-complexes). We have a pushout square, because when
f, g are cofibrations then it automatically is a homotopy pushout (so H is constant).

The assumptions were the same and the conclusion was, so what we need to show is that

WZ(B,A) — 7TZ'(X, C)
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2. Homotopy pullback & Homotopy pushouts

is surjective for 7+ = m + n and isomorphisms for i <m +n — 1.
But we have seen last time that m;_1 (Fib(f)) and m; (X, C) = m_1 (Fib(u)).
So we are done by previous statements.

2.7 AQuasi-fibrations

Definition 2.7.1.
A map f: E — B is a quasi-fibration if for all b € B its fibers are the same as its homotopy fibers,
ie. f71(b) = E x" {b} is a weak equivalence.

Example 2.7.2.
o fibrations are quasi-fibrations

o Serre fibrations of CW-complexes are quasi-fibrations
This is because if you have a Serre fibration of CW-complexes its homotopy fibers are also
CW-complexes. You might compare this fiber of a Serre fibration to the homotopy fiber. The
homotopy fibers of a Serre fibration can be computed using the LES of Serre fibrations. The
homotopy groups of the homotopy groups can also be computed by a LES.

So 5-lemma applied to LES and by Whitehead theorem, we are done.

IvI
Clearly all the fibers are homotopy equivalent to the point

so the homotopy fibers of the map are also equivalent to

the point because it is a homotopy equivalence.

Therefore this is a quasi-fibration which is neither Serre-
J fibration nor fibration.

Remark 2.7.3.

If b is in the image of f and we have another point ' which lies in the same path-connected
component as b (b' ~ b in myB), then b’ € im(f).

Because if b is in the image of f, it implies that the homotopy fiber over this point is non-empty
and therefore if the fiber should be weakly equivalent to the homotopy fiber, the fiber should also
be non-trivial.

So the homotopy fiber for b and b’ are the same by one of the exercises and therefore if one of the
fibers is non-empty, so is the other one.

In particular, if the base B is path-connected (moB = %), then f is surjective.
Warning: Quasi-fibrations are not stable under pullback.

For the purpose of the next lemma, we reformulate the weak equivalence:

(E,p~1(b)) (B,b) is a weak equivalence

f7H(b) ——— E x {b} is a weak equivalence

To see that these two conditions are equivalent, we just have to look at the LES of homotopy groups.
The LES for (E,p~!(b)) involves E, the fiber and the relative homotopy group. So if the upper
map is a weak equivalence then the relative homotopy group of the left hand side is the same as for
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2.8. Mather’'s Cube Theorems

(B,b). So in this LES you get homotopy groups of E, B and the fiber and comparing this LES
with the LES of the homotopy fiber you get that the homotopy groups of the upper left pair are
the same as for the ones on the lower right side.

Definition 2.7.4.
A C B is distinguished with respect to f : E — B if f~1(A) — A is a quasi-fibration.

Lemma 2.7.5.
If A C B is distinguished, then the following are equivalent:

1. f:(E,f~Y(A)) — (B, A) is a weak equivalence
2. f:(E,f~Y(a)) = (B,a) is a weak equivalence for all a € A
Proof. (Sketch)

f1A 5 E

Lo

A— > B
(1) is equivalent to the statement that the homotopy fibers of i and j are the same (weakly

equivalent)
(2) is the same as that the homotopy fiber of f at a is the fiber f~!(a) for all a € A

But we have proven last time that the claim that the homotopy fibers of i and j are weakly
equivalent is the same as saying that the square is infinitely weakly cartesian. Also the equivalent
statement to (2) is the same statement. [ |

Proposition 2.7.6 (Locality of quasi-fibrations).
Letp: E — B be any continuous map, B = By U By, such that B§ U BY = B; (Bo1 := BoN By)

If By, By, Bo1 are distinguished for p, then so is B (i.e. p is a quasi-fibration).

Theorem 2.7.7 (May, "Weak equivalences and quasi-fibrations").

Let f: (X, X0, X1) — (Y, Y0,Y1) be a map of triples, assume that XU X? =X and Yy UY? =Y.
If (X;,Xo01) — (Y3, Y01) is a weak equivalence for i = 0,1, then (X, X;) — (Y,Y;) is a weak
equivalence, for i =0, 1.

Proof. (of proposition)
By lemma above p: (p~'B;,p ' By Np ' By) — (B;, Boy) is a weak equivalence.
S—— —

E; Eo1
Then (E, E;) — (B, B;) is a weak equivalence for i = 0,1. Again by lemma, this means that
(E,p~1(b)) — (B,b) is a weak equivalence, b € By U B; = B. |

2.8 Mather’s Cube Theorems

Theorem 2.8.1 (Mather’s First Cube Theorem).
Let

A—2+ B

%\

[e3

A —— DB F2

Cl D/
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2. Homotopy pullback & Homotopy pushouts

be a 2-commutative cube in Top or Top,.
Assume that the the top (H) and the bottom (H') are homotopy cocartesian.

(strict) homotopy cartesian,
(weak) n-weakly homotopy cartesian,
(strict) homotopy cartesian.
(weak) n-weakly homotopy cartesian.

If the left (F5) and the rear (Fy) are

then the right (F3) and the front (Fy) are

Remark 2.8.2.
For CW-complexes, the weak version (n = oo) implies the strict version.

Proof. (sketch, strict version for CW)
Preparation step: We can assume that f4, fp, fc are fibrations, A = A’ x g/ B, so Fy is trivial

A—— B A—— B
By Exercise the rear face l 1% is equivalent to l Fl/ the standard homotopy
AI B/ Z/ El
pullback.
So by definition, this means that there is the following 2-commutative cube:
A—— B
h B
— —
A ——B
\ *

A 37
where all the horizontal maps are homotopy equivalences. We now just add it to the previous cube.

claim: the composition with this cube does not break the assumptions of the theorem.
For example the top face:

A-=54—C

| |
H

5.5 Zp

The right square is a homotopy pushout. The left is as well because of the equivalences. We can
see that by introducing the pushout @

~

— C

H

A A
h Q

B = B
Because the composition of two equivalences is an equivalence, the map Q — B is an equival-
ence. So the left and the right square are homotopy pushout squares and therefore so is the outer one.

D

Now the rear face is the standard homotopy pullback. The right map is a fibration, so since it is a
pullback, so is the left one.
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2.8. Mather’'s Cube Theorems

We can factor the map C — C’ as ¢ Wwhere Afc is a fibration and w and its in-

C/
verse commute to the identity up to hc.
We now change the cube by replacing C by C"

A—* B
TN
fa C Joy™! D

Regard the face

~ Fy is the composition of § o he and Fy. Similarly H, F,. This gives a 2-commutative cube.

Finally we change 3 to a morphism such that F is trivial.
A—— 5
l I/J “
Al Cl

foisa fibration. Therefore we can lift the homotopy from B to another map, then the new map
between A and C that makes the square commutative without any homotopies.

Construction step:

A B

Cuh

A q

N

where C' U B is the standard homotopy pushout and C’ U B’ := C' 11 B’ 11 At/ (Z 1) : g'(a

¢ — C” Ua B’
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On this very concrete space you just define ¢ by these maps, so on C it goes to C’ by fg on B it
goes to B’ by fg and on the cylinder of A it goes by fa X id.

Because of the commutativity of those two squares (no homotopy) you get that ¢ is a map of
topological spaces.

So the cube is 2-commutative, but the only two non-trivial homotopies are h and A’ in the upper
and lower face.

Note that this new cube also satisfies the assumption of the first cube theorem.
We will now prove this theorem for this particular cube. For this we need to prove for example that
the front face is homotopy cartesian.

claim: ¢ is a quasi-fibration.
For this we need the locality property we have seen for quasi-fibrations. To do so, let
Uy == C'"UA x1[0,2/3) and Uy := B’ U A’ x [1/3,1] be open in C' U%, B’. Their intersec-
tion is Uy = A’ x [1/3,2/3].

q:q " ({Un) ——— Un
. o H is a quasi-fibration because neither the fibers nor the
Ax (1/3,2/3) 229 A" % (1/3,2/3)

homotopy fibers are changed by the product, since they are homotopy equivalent as the
interval is contractible.

C +— ¢ Y (Uy) = Oyl(a) +— A x (0,1]
o ch lq lf A The left square is a homotopy pullback as

o e Up ~ Cyl(a) «—— A’
well as the outer square. Therefore the right square is homotopy cartesian.

fiber of ¢ at (a’,t) (t > 0) = fiber of f4 at a’. We would like to compare it to the
homotopy fiber of ¢ at this point. The fiber of ¢ at (a’,t) (¢ > 0) = fiber of ¢ at (a’,1),
whereas the fiber of f4 at ' = homotopy fiber of f4 at o’ which in turn is isomorphic the
homotopy fiber of f4 at (da/,1).

The fiber of g at ¢’ is the same as the fiber of fo at C’ which is the homotopy fiber

of fc at €' and because we saw this square to be cartesian, this is the homotopy fiber of ¢ at
.

Let’s look at the square that we want to show to be a homotopy pullback (of CW complexes):

C—— CUB

ch lq

C'—— C'Uh, B
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2.8. Mather’'s Cube Theorems

It is equivalent that for all ¢’ the homotopy fibers of fo at ¢ are isomorphic to the homotopy
fibers of q at '

The first are the fibers of fo at ¢, the latter the fibers of ¢ at ¢. Those fibers are the same by
construction, so the homotopy fibers are also the same.

Therefore this is a homotopy pullback and we have proven the first Mather’s Cube Theorem

for this particular cube (we have done it for the front face, but there is a symmetry of the
cube along the diagonal crossing C' U'}l B).

Final step:
Because of 2-commutativity of cubes, we obtain maps and homotopies

A

H
-

B
cuk B D

¢/ ———— C"Uy B —— D

Let’s look at these two squares separately:

C——CcuhB - D
ch lq JfD

' —— ', B —— D

The left square is homotopy cartesian by construction step, the right by assumption, thus

C —— l‘)

|

o

is homotopy cartesian.
|

Remark 2.8.3.
The weak version is proved the same way once one checks "pasting" of n-weakly homotopy cartesian
squares.

Theorem 2.8.4. (Second Mather’s Cube Theorem)

Let
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AT}B\D

A/
be a 2-commutative cube in Top or Top,.

If the vertical faces (Fy, Fy, F3, Fy) are homotopy cartesian and the bottom face (H') is homotopy
cocartesian, then the top face is also homotopy cocartesian.

¢ —— = D

Proof. (for CW)
We can construct sort of a new cube here by universal properties of homotopy pushouts:

A

c 4y

For this new cube (with C' U% B, C" Ua B'), we have the assumptions of the first Mather’s cube
theorem:

e the bottom face is a homotopy pushout: by definition
o the top face is a homotopy pushout: by definition

e the left face is a homotopy pullback: by assumption

o the rear face is a homotopy pullback: by assumption
o all vertical arrows are cartesian

Hence we get that

C*>CU B——D
c’ /Uf4/B’*>D’

the left square is homotopy cartesian, the big square is homotopy cartesian by assumption.

It is not true for arbitrary topological spaces or arbitrary weak 2-pullbacks, but in the case of
CW-complexes and with the further assumption that 7oC’" — 7o (C’ Uas B’) is surjective the right
square is homotopy cartesian. (we will prove this Lemma next time)

This implies that C U B = D |
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2.8. Mather’'s Cube Theorems

Lemma 2.8.5.
Let

A
A

be a 2-commutative diagram in CW.
If the left square and the big square are homotopy pullbacks and

oD — mo ¥
is surjective, then the right square is also a homotopy pullback.

Proof.
B — Cv(e)

For CW-complexes it suffices that for all e € E H

B x g {e} C xp{v(e)}

‘ are weak (=

homotopy) equivalences.
Homotopy fibers as well as all homotopy pushouts and pullbacks we are constructing of CW-
compelexes have the homotopy type of CW-complexes by theorem of Milnor.

By exercise 5.2 it suffices to do that for representatives of mgFE. This is because all homo-
topy fibers of points in a path-connected component are homotopy equivalent (though not
canonically, choice of path necessary). In this case, where we are looking at the fibers of points in
the same path-connected component - and we know the isomorphism to not be canonical - we still
can make our diagram with fibers commutative, by first setting a path connecting the points in
E and then regard the image of the path in F. Afterwards we can choose the isomorphisms on
the fibers such that they are induced by this path and its image, so the diagram remains commutative.

Therefore we can now only look at one point in each path-connected component. Now we
can use the condition that mgD — moF is surjective, so instead of choosing a point in E we can
choose a point d € D which is sent to a point u(d) € E.

So if we prove the homotopy equivalence for all points of this form we are done.

We take such a point d and use the pullback property of the left and outer square:

he
Ag l—squ(;re Bu(d) C“(u(d))
o-square

heq

It follows that the map B q) — Cy(u(ay) is also a homotopy equivalence. |

Remark 2.8.6.

In the proof of the second Mather’s cube theorem, where we needed the lemma we just proved, we
needed to assume that the map on 7y was surjective.

The situation was that we had a cube with a base face

A’ B’
C'Uqx B
ht / \El\ e
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So what we needed to assume was that moC’ — mo(C’ Uar B’) was surjective. But the map
C"Uyar B’ — D' is a homotopy equivalence by the assumption that the whole square is a homotopy
pushout. So the assumption is equivalent to the one that moC’ — mqD’ is surjective:

7TOC” e 7T0 X/ Uar B)

~ |

7'&'0D/

This is in fact equivalent, in this square, to mgA’ — my B’ being surjective. One can easily see these
to be equivalent e.g. by looking at the standard homotopy pushout:

A'x]
C_—

Because if mgA’ — g B’ is surjective this means that we can connect every point in B’ to a point
in A’, thus B’ has the same connected components as the cylinder and the cylinder is glued to C’.

Assume that mgA’ — myB’ is not surjective:
For CW connected and path-connected components are the same so it means that B’ can be
decomposed to:

A B BT~ B

L ol ol

o=y DT~ D

The homotopy equivalence to D’ follows because the left and right squares being homotopy pushouts
implies that the outer one is too.

Let’s look at one of the faces of the cube we had, now knowing that we can decompose this way:

C D~DIW
J{fD
c D Dur

where W is the preimage of T', W := F; 1(T). Now lets take the homotopy pullback square here.
We claim that this is just D. One can check it by the universal property, maybe you can prove that
D' — D'IIT is a fibration or you can look at the homotopy fibers...

Even without checking, it might be believable that since T is not in the image of this map, it has no
influence on the homotopy pullback and without 7" this map is just the identity and the homotopy
pullback is just the pullback of the preimage of this D in D.

o
| |
o’ D Dur

So we have the original object C' in the upper left corner and the total square is a pullback and
thus the left square is a pullback as well.

C ——D——D~DIW
[ I
!

c’ D Dur
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The claim is that we can factor one face of the cube in this fashion.
The original cube was:

A F B
AN .
C l ﬁ fn DIOW
A’ B B'ur
NN
c’ B Dur

In the bottom face we have started with this decomposition as a composition of two squares where
we just add the T'. Then we checked that we can also do the decomposition of the front facing face

and now let me do that similarly for the right face.
We can take the pullback of the triangle

DuaOw

|

BUT — DT

and this is going to be B, but over T we have W and over D' we have D, so we have a pullback face
B
B

and B decomposes as B ~ BIIW because the right face of the cube is a homotopy pullback square.

O +——— 1

Recall that what we wanted to show was that if the bottom face is a homotopy pushout
and all of the side faces are homotopy pullbacks then the top face is a homotopy pushout.

A—  B~BUW B
DWS\ 0
D fo DIW ~ D
| 0|
Al B J BT
c Bl O lour

The top right square is the usual pushout and thus in particular a homotopy pushout.
Therefore if we show that

91



2. Homotopy pullback & Homotopy pushouts

A—— B
|
C —— D

is a homotopy pushout, then the whole upper face is also a homotopy pushout and this is actually
the face we started with:

Q—

O

So the upshot is: last time we used the lemma, which required an additional condition we
did not actually have when we used it. We now got rid of this additional condition by decomposing
the total cube into two cubes where in the left one the condition is satisfied.
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2.9 James reduced product = James construction & Freudenthal’s
suspension theorem

Let (X, e) be a pointed connected CW-complex.

Definition 2.9.1.
The James construction J(X) of (X, e) is

- ; k
J(X):= cglzlénj (X)

where J*(X) = {(x1, .., x,) | 1 <7 <k,x; € X} %/ ~

where the equivalence relation settles that whenever in this sequence of points of X there is the
distinguished point e we can just throw it away:

(T1y eeey Ty €, 512y ey T ) ™~ (X1 Ty T2y eey Tyr)

(e) ~

Remark 2.9.2.

We can easily give J*(X) a CW-structure. We have a surjective map X** — J%(X) because the
elements in J*(X) are k-tupels of elements of X (if we assume that whenever r < k we just fill up
with e’s)

What is glued along this map are subspaces of the form X x ... x {e} x X x ... x ..{e} x ... x X.
X** has a CW-structure given by the product of CW-complexes and because (X, e) is a pointed
CW-complex, of course e is the 0-cell in the CW-structure of X. So the subspaces are CW-
subcomplexes and we can take the quotient space which will have the CW-structure such that the
map X ** — JF(X) is cellular.

X x.oox{e}x X x..x.fe} x..x X=X 7°X)

(clearly J%(X) € J¥T1(X) is a cellular inclusion, thus the colimit is again a CW-complex)

One can think about J(X) as the free associative monoid on (X,e) because we have just
taken all the points in X and allowed them to multiply which means concatenate them and we do
not have any new relations on them except for e being the unit element of this monoid.

Theorem 2.9.3.
J(X) is homotopy equivalent to the loops of the reduced suspension of X Q¥'X.

Remark 2.9.4.
In fact, there is a map A : JX — QX’X which is a map of H-spaces.

Here by the loops I do not mean the homotopy pullback, so a space defined up to homo-
topy equivalence, but just we can take some concrete model of the loops, usually just the loops in
the space.

The loops of any space have a structure of H-spaces (proved in AT I on some exercise sheet). For
an H-space the fundamental group is always commutative.

The structure of an H-space is the concatenation of loops.

On J(X) the H-space structure is given by the concatenation of tupels.

Moreover we said that J(X) is sort of a free associative monoid, so if you want to define
such a map of H-spaces it suffices to define it at just any one point x;, so a sequence of length 1.

We are going to explain how this map is defined, but will not check anything about it.

Az) = (x,)

This is the interval in the normal suspension, the bar indicates that we take the quotient to get the
reduced suspension. In the reduced suspension this is a loop.
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condracks
o e

One should show that those two spaces in the theorem are not just abstractly homotopic equivalent
but that A induces the homotopy equivalence.

Remark 2.9.5.

This is the geometric input that allows you to prove the Freudenthal’s suspension theorem because
it connects the homotopy groups of X with the homotopy groups of QX' X.

So instead of looking at Q¥’'X where we do not now how it is constructed, we can instead look at
J(X) for which we have an explicit construction. We are going to see that from this claim the
Freudenthal’s suspension theorem easily follows.

Proof. for compact X (< X has only finitely many cells)
There is a continuous map which is the concatenation

T XxJX—>TX
(xv (1.17 "'7$r)) = (ZL',iEl, "'7:L.T)

This is a continuous map for all CW complexes X but for compact ones this is very easy to check
because X x JX = colim,>¢ X x J"X and on the finite level to prove that this map is continuous
you can lift it to the products of X as covers and there the map clearly is continuous and then one
just has to check that it factors.

But this uses that X is compact.

T is just the colimit of the maps defined at the finite level

X xJnx L gntix

Lemma 2.9.6.
X x JnXx —L gntix

-

J"X —— %
is a homotopy pushout for all n.

Proof.

By induction on n.

n =0 J°X = e and J'X are sequences of length 1 were we identify the point e with the
distinguished point so this is just J'X = X, so the diagram is

XX xx Lo X

SR

¥ ——— X

and obviously a pushout.

n—n+1:
We factor T' through a space X > J""1(X) C X x J"1(X) defined by:

X > J" M (X) =X x T"(X) Ugeygnx) {e} x T"T(X)
Those are all CW-complexes and all the maps are cellular (inclusions of CW-complexes).
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XoJ"HX) = X x J"X) YUepxan(x) {e} x T"(X)
J«? / id
Jn+1(X)

The main claim is that we have a commutative diagram

X x JX Lk JX

| © [

X Jntlx « 5 X x gntiyxy P22, gntly

o I e |

jn+1X c , jn+2X s %

In this diagram the outer square is the original one from the claim of the lemma mirrored. The
map T is factored through the map T

@ is a pushout:
The maps that appear are inclusions of CW-complexes so they are closed cofibrations. Therefore

the pushout is the homotopy pushout.

Check set-theoretically: all spaces are compact hausdorff as X is and the map from the pushout
J"H(X) — J"H2(X) is a continuous map of compact hausdorff spaces and to check that is a
homeomorphism it suffices to see that it is a bijection.

So you can compute the pushout on the level of sets and see that it maps bijectively to J""2(X)
and since X > J" X «— X x J"T1(X) is an inclusion you just have to look at what kind of points
glue together along respectively T and T' and see that it is the same.

@ is a pushout (= a homotopy pushout)

{e} x "X — X xJ"X —— J"X

J
| g |
{e} x THX —— X J"HX —— JrHX
The left square is the definition of the space in the down right corner. The map XpJ" X — J7H1 X

comes from the inclusion followed by the projection, so the composition of the lower row is the
identity, as well as of the top row.

id

/\

{e}x T"X —— X x J"X — J"X

| o b |

{e} x "X —— XpJ"HX —— JIX
id

So the outer square is a pushout by trivial reasons and since the left square is by definition a
pushout, the right square is too.

O-@:@)_, 00}
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where "+" denotes that we regard the "union" of theses squares. We know that @ + @ + @ is a
pushout by induction assumption. |

Corollary 2.9.7.

XxJX L, gx

-

TX —— «

is a homotopy pushout.

Proof.
To compute the homotopy pushout, we replace one of the arrows with a cofibration:

XxJX — L5 Jx

[ |

C’XXJX*ELW

This the usual 1-pushout. One can do the same for every finite level:

X x Jmx N Jmt) x

[ |

O
CXxJWx — 5w

Thus we have defined W) and W. Again using compactness arguments all of that for instance
(but also for the other spaces) X x JX = colim,>o X x J"X.
So using that colimits commute with pushouts we get that

W 2 colim W (™
n>0

W) is contractible by the lemma, so W is a colimit of contractible spaces (you can even check of
subspaces W™ < Wm+1)) We conclude that W is also contractible. For this one can use that
Whitehead theorem tells us that

~

W = cogm W™ = colim0 =0

implies that W is contractible.

Finally for compact X (< X has finitely many cells):

o

X xJX

S~ N
N

o
.

is a 1-commutative cube (in particular 2-commutative)

X
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The bottom face is a homotopy pushout

The rear face a homotopy pullback (because for instance the projection JX — x is a fibration
and this is the usual pullback)

The top face is a homotopy pushout by the corollary

The left face is a homotopy pullback:

The homotopy pullback is the product of the two spaces X and JX. What we have here in
the top left corner is the same space but the map to the pullback is not the identity map but
rather

y XT

XxJX — X xJX

To show that the left face is a homotopy pullback we have to check that this map is a
homotopy equivalence. For this it suffices that the following square is a homotopy pullback
square because then it follows from the map at the bottom being a homotopy equivalence
(identity) that the top map is too.

st xT

X xJX —] X xJX

Phl lpﬁ

X ———— X
It suffices to compare homotopy fibers of the vertical maps. Since projections are fibrations,
homotopy fibers are the same as fibers. Moreover X is path-connected, thus it is enough to

regard the homotopy fibers of just one point in X. Luckily we can just take the point e over
which nothing happens:

(e} x TX -4 (e} x TX

C —/————————— ¢

By the first Mather’s cube theorem we obtain that the front or the right face (which are the same,
actually) are both homotopy pullbacks.

But the fact that

TJX — *

[

* —— ' X

is a homotopy pullback means that when we take the homotopy pullback of

*

|

* —— Y'X

which is the loop space of the reduced suspension 2%’X this is homotopic to JX

Corollary 2.9.8 (Freudenthal’s suspension theorem = special case of BM).
X is n-connected, X — QX'X is (2n + 1)-connected

Remark 2.9.9.
Why is it a special case of the Blakers-Massey theorem?
If we draw the square
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2. Homotopy pullback & Homotopy pushouts

1
X

vl ]

* —— Y'X

Because X is n-connected the map X — * is n + 1-connected because the fiber of this map is just
X and the connectedness of the map is related to the connectedness of the fiber by —1.

1
X nt *

Proof.

Assume X = {x} for all i < n. Therefore by construction if we take the CW-skeleton filtration of
the James complex this is just (7 X)) = X,

e.g.

T?’X « X x X
x4—exe
* < ex > n+ l-cells
* <—>mn+ l-cells x e
(2n + 2)-cells <> n + 1-cellsx > n + 1-cells

Thus J2X is X with > (2n + 2)-cells attached.
QX'X

X O M| heq

(2n—1)—conk‘

JX

Remark 2.9.10.

In particular, we proved unconditionally that the homotopy groups of spheres are
(™) 2 H,, (™)
>z =

Remark 2.9.11.

o unconditionally we can prove Hurewicz theorem:

Wn(va S") =2 P Za IV 8" — T[] S™ is (2n — 1)-conn.
Tt (YD Y o (YO )y (W) = 78
:\/ Sn :\/ S7L+1

That this map is surjective follows because Y"1 is obtained by attaching n-cells:
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2.10. Proof of Blakers-Massey Theorem

gntl B Y(n+1)/y(n)

| I

pntl y (n+1)

| I

Sy

If you look in the proof of the Hurewicz theorem, you will see that one does not need this
map to be an isomorphism but only surjective.

o we will prove relative Hurewicz using Serre spectral sequences.

2.10 Proof of Blakers-Massey Theorem

(n,m >2 or n=0) for CW.

Theorem 2.10.1 (Blakers-Massey: homotopic version of excision).
Let

A—25 B

. b
b aa

% X
be a 2-commutative homotopy pushout in Top.
If « is m-connected, B is n-connected (m,n > 0), then the square is (m + n — 1)-weakly homotopy
cartesian.

Remark 2.10.2.

Note that § is m-connected, v is n-connected ("easy excision").

If o is m-connected one can assume A and B to be CW-complexes and replace a by an inclusion of
CW-complexes which is attaching cells of dimension at least m + 1.

Now the homotopy pushout can be taken to be the usual pushout, so D is obtained from C' by
attaching cells of dimension at least m + 1. Therefore § is m-connected.

This is in fact a particular case of Blakers-Massey which we are about to prove.

Proof.
For m = 0:

0—conn
A B

n—conn P n—conn

|

C — D

Everything is commutative with some homotopies that I will not draw. We just explained that the
arrow on the right is n-connected, if the one on the left is.

Now if you take the homotopy pullback, the fact that the map on the right is n-connected implies
that the map P — C is n-connected because n-connectedness is the claim about the homotopy
fibers of the map and in the pullback square the homotopy fibers of these two maps are homotopy
equivalent.

We have a triangle
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2. Homotopy pullback & Homotopy pushouts

A— P

n—com ‘/L—conn

From this follows that A — P is (n — 1)-connected because

A m; P
~ <
m;,C

for i <n—1. So we get an isomorphism m; A — m; P. We do not get, however, that it is n-connected,
because if both downturned maps are surjective, it does not follow that the map m; A — m; P is
surjective.

For n,m > 2:

Reduction step. }
Choose d € D and construct a 2-commutative cube by taking the homotopy pullback C of this
pushout square along the inclusion of this point d and find a homotopy Fj:

Next we take the homotopy pullback A of the left face and find a homotopy, as well as for the right

Ny
a4l

To finish the cube, we need an arrow A to B. B is the pullback of the diagram

3

|

O =

So to find the map we wish for, we want to use the existence property of the homotopy pullback
and find a diagram
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2.10. Proof of Blakers-Massey Theorem

2
DU%UU/
%
[s9

.

A map A — B is just wo f4 and A — x is § o 5. Now we have to find a homotopy between the
compositions:

n f: left f ~ front f: T 5
’YOOéOfAdOVV:>ace(5050fA egceéofcoﬂ oéacedoéoﬁ
This is precisely where we needed to end so the composition of these homotopies gives us the one
we need. Therefore we obtain a:

Exercise: This is a 2-commutative cube.

Because this is a 2-commutative cube, we can draw another cube inside it of which we use
the pullback of the down and top face:
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2. Homotopy pullback & Homotopy pushouts

A > B
O
fa / fs
c 5 %
O

A = B

fe / d
[/Fz P
/ Fy

C d D

Now the claim is that there is a map P — P such that we obtain a fully 2-commutative 3-dimensional
diagram:

Ao > B
Nﬁj/ :Y
0
fa / fB
C 5 x
(]
A . B

Fy

-5
N/
\

c J D

What we will now be interested in is just one piece of the diagram, the top square (we can reduce
to that since it is a pushout square by the 2nd Mather’s cube theorem)

. p=¢

¥

D

X
=P xh C

Claim: This square is a homotopy pullback.
For this we will look at the fibers of the vertical arrows.

Pw(a)
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2.10. Proof of Blakers-Massey Theorem

So to prove this claim it suffices to check that the map C‘ﬁ(a) — pw(a) is a homotopy equivalence or
P—C
that the square l l is also a homotopy pullback.
P—C
Instead of looking at the vertical maps, let us look at the horizontal fibers. The fibers for the map
P — C are the same as for B — D and those for P — C as those for B — % because both these
squares are homotopy pullbacks.
But the homotopy fibers of B — % and B — D are also the same, because the right face is a
homotopy pullback square and therefore we are done (it follows that C'ﬁ(a) Py, B2 homotopy
equivalence and thus the claim).

Now, if the claim is fulfilled, that the square is a homotopy pullback, what follows is that
we do not have to prove Blakers-Massey theorem for the square below, we only need to prove it for
the square above because the connectedness of w and w are the same in

-2 s P:=CxB

o
UU(—Q,

—Y5 P:=BxhC

= w is (n+m — 1)-connected, because the connectedness of some arrow is the connectedness of
the homotopy fiber and since those are equivalent w is also (n 4+ m — 1)-connected.

Main step:
We are reduced to the situation

77L conn

A—=

B
n— nnl . l
*

cC ——

Let’s just see what is implied by this being a homotopy pushout because the claim that the pushout
is contractible, so just a point, is a very strong claim. For example look at the homotopy pushout

m—conn
A B— %

*

On the other hand because both small squares are homotopy pushouts, the outer one is too and
therefore ¥'B ~ C/ A.

Assume & and f are inclusions of CW-complexes. Also we can add:

m—conn

*

B
n—conn - J{ B l
*
I
/

Y'B

b
L

So by the same argument, ¥'C' ~ B / A. Moreover we can do the following addition:
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2. Homotopy pullback & Homotopy pushouts

1 m—conn

4T
| ol ol

On the other hand, because all small squares are homotopy pushouts, the complete outer square is
too. Thus ¥'C VY B ~XA

What we need to look at is the map from A to the homotopy pullback, which is in this case just
the product

A—“ 5 BxC

EA——%E‘BxCﬁsmmEBvZCvZ(BAQ

ZvaO

Now what do we know? We know that for the following square the map B — x is n, C' —
m-~connected:

A m 2077,1’7, B
\\\) ~ ~/
n—conn | Bx(C n—conn
- / (]
O m—conn *

Thus B is (n — 1)-connected (n —1 > 1), C is (m — 1)-connected (m — 1> 1).
Therefore B A C'is (n +m — 1)-connected, (B A C) is (n + m)-connected.

Now we look at the relative homology of the map X'B Vv ¥'C — YX'B vV ¥'C Vv ¥(B A C)
which is

H;(X(BxC),%A) = H(X(BAC)) =0

for i <m +m — 1. For the homology groups we have the suspension isomorphism, so we have

(5 (B x ), S A) = iy (B x O, A)
which is 0 for i — 1 < n +m.
Now applying the relative Hurewicz we get:
m(Bv C,A) =
fori <n+m—1. .
For this last step we needed at least A to be simply connected which is true because by assumption

n,m > 2 and th}lS A - B as well as A — B are at least 2-connected and So~induce isomorphisms on
m1. Since both B and C' are at least 1-connected, those are both 0 and thus A simply connected). W
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2.11. Some remarks on homotopy (co)limits

2.11 Some remarks on homotopy (co)limits

This section is somewhat complementary: there will be no proofs. Here some notions are expressed
which we have studied in some special cases but not in their full generality.

Let I be a diagram, so a l-category. There is the 1-category of such diagrams Top’ which
is the 1-category of functors I — Top.
There is a functor

C : Top — Top!
X = (i—X)

Inside the morphisms of this category there are homotopy (or weak) equivalences.
heq! ¢ Mor(Top’)
These are "levelwise" or "objectwise" homotopy equivalences.

An example. Assume I to be of the form I = e — e < e.
A morphism in Mor(Top’) would be of the form

X —Y+— 7

Wos #

X — Y «——— 7

such that both squares commute in the category Top (so no 2-commutativity needed yet).
If now all fx, fy, fz were homotopy equivalences, then (f,) would be in heq’.

Thus
heq' = {(fc) | fo is a homotopy equivalence}

Now we define a category, where we take Top! and invert globally these object- or levelwise
homotopies: Top’[heq!] .

What does that mean? It is a 1-category that, if it exists, satisfies the universal property of inverting
these morphisms:

Whenever there is a functor F : Top! — C where C' is some chosen category and F(heq') C Isom(C)
then there exists exactly one F : Top’ [heq’]~! that makes the following diagram commutative

Top! —— Top/[heq!]™*

El
F v
C

So Top’[heq']~! is a 1-category satisfying this universal property (VF...3!F...)

Example: If I = e, then Top! = Top, so objectwise homotopy equivalences are just homo-
topy equivalences and inverting them Top[hegq]~! = hTop.

This was seen in AT I in a exercise, where we checked that giving a functor on the category hTop is
the same as giving a functor on Top such that it sends all homotopy equivalences to isomorphisms.
This is precisely checking this universal property.

Having seen this example we will denote h(Top’) := Top’[heq!]~".
The constant functor C' we defined above, factors as
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2. Homotopy pullback & Homotopy pushouts

Top < 5 Top

because the composition Top <, Top! — h(TopI ) sends all homotopy equivalences to isomorphisms.

Now that we introduced this category (even though we do not know whether it exists) we
can define homotopy limits and colimits globally.
The following is one of many equivalent definitions:

Definition 2.11.1.
We have the functor hTop <, h(TopI ). It it has a left or a right adjoint, they are called homotopy

(co)limits.

h colim

hTop —c - h(Top’)
~_
hlim
hcolim 4 C = hlim

Remark 2.11.2.

o When we started the discussion of 2-categories, we said that there are problems with homotopy
limits and colimits because they do not respect the homotopy equivalence between diagrams.
Here in this new setting this is not a problem, because hcolim and hlim are defined on
the category where homotopic diagrams become isomorphic. So they respect homotopy
equivalences between diagrams.

e This definition does not need any additional categorical structure e.g. for the definition of
homotopy pushouts and pullbacks this definition does not need any 2-categorical structure.
So this definition is purely in 1-categorical world (but in this setting it is not clear, that
h(Top!) exists).

So why did we need to introduce all the technical apparatus such as (2,1)-categories, fibrations,
cofibrations and so on?

The answer lies in the following problem we have: even for simple diagrams I (e.g. — @ < e or
)

h(Top’) % (hTop)’
and is not easy to describe.
Suppose we have a diagram like that:

X —25Y

W e

X —— Y

Suppose fx and fy are homotopy equivalences. It does not follow that 3gx, gy homotopy inverses
such that the new diagram commutes:
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2.11. Some remarks on homotopy (co)limits

For example

x —2 5 St

fxl lid:fy

I —— St

b

x —2 3 Gl

Since we assume I — S! to be surjective and assuming the diagram were commutative, that is
gy oa’ = aogx, then gy = @. This is because if o is surjective, then we can find to each point in
S1 a preimage in I. This is mapped by gx at just some point and then by o again onto just one
point in S'. But we assumed commutativity, so gy also has to send every point in S! to just one
point.

Then, however, gy oid is just a map on a point and as such definitely no homotopy equivalence
St — st

We also do not know how to describe morphisms in h(Top?).
Assume we are given three objects a: X - Y, o/ : X' =Y and o” : X" - Y”

X v
X/y/ xﬁy//

This diagram gives us a morphism o — o in h(TopI ). Different choices within this diagram would
maybe still give us the same morphism but possibly not. So we need to compare them. If we could
invert the homotopy equivalences, as we tried before and failed making it commutative, then we
would have a morphism in the original category Top’ and we would split it and get a morphism
a — o' without any homotopies.

Unfortunately we cannot do so.

Remark 2.11.3.

For I = [1] : « — e then (hTop!) is the homotopy category of pairs of topological spaces.

Also if you look at pairs where the map from the first to the second space is a cofibration, then it
allows you what the maps between such pairs is.

This is why we talked about well-pointed spaces, because a well-pointed space is precisely a space
where a map from the point to a chosen point is a cofibration. That’s how we in the end defined
the relative homotopy groups: we could always replace the map by a cofibration and then define
everything.

Comparison with our approach

Let’s look at the diagram [ = e — e < e.
Then Top’ is a (2,1)-category with

« Objects: Ob(Top!): X %V £ 2

e 1-Morphisms: diagrams
X > Y G Z
lfx ha lfz
¥ %ﬁ Pyt
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2. Homotopy pullback & Homotopy pushouts

Here we allow the diagram to not be commutative, but the homotopy is part of the data:

(a,ﬁ) (fx,fy,fz,h1,h2) (O/,ﬁ/)

e 2-morphisms: 2-commutative cubes

Z

/f, I/
) / /

VR

Thus the data consists of 6 maps of topological spaces and 7 homotopies.

Proposition 2.11.4.

1.

2.

As a (2,1)-category

h(Top’) ~ h(Top") := Top’[heq] *

hlim(X =Y « 2) = X xb Z.
heolim(X Y «+ Z2)2 X UM Z

Other Approaches

108

Model categories: define abstractly "fibrations" and "cofibrations" in Top’

so that one can "strictify" all homotopy commutative I-diagrams.
But this strictification is the one we have seen for a square which is homotopy commutative:

e —— o

cofibl lfib

e —— o
For such a square we can change one of the arrows
e — e
| ol
e — e
and it will be just normal commutative.
Fibrations and cofibrations for more general diagrams will be something that allows you to

change the diagram into a commutative one.

Then homotopy (co)limits can be computed as usual (co)limits of a replacement diagram
with all arrows (co)fibrations. (This is more of a computational aspect)




2.11. Some remarks on homotopy (co)limits

e (00, 1)-categories
There exist n-morphisms for all n > 1. All n-morphisms were n > 1 are invertible.
These (00, 1)-categories are a generalisation of (2,1)-categories and they give us homotopy
(co)limits but not via some computational aspect but rather universal property. This is what
we have seen in (2,1)-category theory and it took us some time to say what the universal
property is.

We need those (00, 1)-categories because for more complicated diagrams than I = (e — e < e)
weak 2-(co)limits do not exist in Top!

This is the same problem we started with and the reason why that happens is because
in (2,1)-categories we have contracted lots of information: We said morphisms between
morphisms are homotopies but only up to homotopy between homotopies. Now if you look at
more complicated diagrams, if you forget this information you lose the universal property.
The way out are (oo, 1)-categories where you have morphisms, maps between topological
spaces, 2-morphisms which are homotopies, 3-morphisms that represent homotopies between
homotopies and so on.

Once you have all this information together, in this gadget you can finally say what is the
universal property of homotopy (co)limits.

Two examples of homotopy (co)limits

o Let X be a "nice" topological space and {U; };c; an open cover of X.
We can form a semi-simplicial diagram in topological spaces using this open cover, the Cech
diagram:

UiﬁUj:
[ jwer Uisk 22223 [ jer Ui [lie, Ui — X
Y

>~ -—

--~§UXXUXXUEUXXU41§U

p
pr2
C({U;} is a semi-simplicial diagram in Top.

The claim is that hcolim C({U;}) = X.

Corollary 2.11.5. If we are given a map f : X — Y between two nice topological spaces and
two coverings {U,;}ier, {Vi}ier open covers such that f(U;) C V.
IfU, N...0U;,, = Vi, N...0V;, are homotopy equivalences, then f is a homotopy equivalence.

Actually you can prove that corollary using higher connectivity theorem (at least if I is finite,
it had some corollary where we concluded from a map being n-connected on two covering
subspaces and their intersection was (n — 1)-connected, that the map was n-connected) by
induction on |I].

It is a corollary of the claim hcolim C({U;}) =, X because the homotopy colimit by

definition depends only on the diagram up to homotopy equivalence, so there is a map C( f):
C{U;}) =C({V;} which is by assumption of the corollary objectwise a homotopy equivalence.

Hence h(;o)l(imC({Vi} =N hcﬁo}l{imc {Vi}).

e Let G be a discrete group, G O X G acts on X via a.
This gives us a diagram of the type BG = Top.

One can define the "homotopy quotient" of this action as

X//G := hcolima
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2. Homotopy pullback & Homotopy pushouts

Two properties of this is that it is homotopy equivalent to the usual quotient ~ X/G if the
action is free and "good"

If it is not free one can describe it as (X x EG)/G where we replace X by something homotopy
equivalent to it such that the action is free EG ~ x, G acts on EG freely and "good".

E.g. if X = x, its homotopy quotient x//G ~ EG/G ~ K(G, 1).

This is because EG — EG/G is a covering with Galois group G. But since EG is contractible,
EG ~ %, the higher homotopy groups of EG/G are the same as those of EG so they are all
zero and the fundamental group is G because again EG is contractible and the Galois group
is G (see AT I).

2.12 Seifert-van Kampen theorem revisited

Idea:
II; : Top — Gpd has a right adjoint B : Gpd — Top on the level of (2,1)-categories.
Hence II; preserves weak 2-pushouts (and B preserves weak 2-pullbacks)

e 7 is a strict functor between (2,1)-categories

I, (X) = HOMrop(+, X) =TI, (X*)

e B(C) where C is a groupoid is defined by
B(C) :=|NC|
which is the geometric realisation of the nerve.

— The nerve N sends natural transformations to simplicial homotopies and | — | sends
simplicial homotopies to homotopies.
So those two combined give a functor between groupoids

B : HOMgps(C, D) — HOMzop(BC, BD)

functorial in C, D.

So you can always assume that C' is connected.

— If one applies B to a connected groupoid (and every connected groupoid is equivalent to
BG for some G) then what we get is B(BG) ~ K(G, 1).
There are two parts to proving that. The first is to compute the fundamental group.
In AT 1 Exercise 7.2(a) we constructed a functor BG — I1; B(BG) and in part (b) we
checked that G — 71 (B(BG), x) is an isomorphism.

The second is that B(BG) = EG /G, where EG is contractible.

Proposition 2.12.1.
X eww, C e Gpd

HOMrop(X, BC) 2= HOMgpe(I1, X, 11, BC)
equivalence T
of groupoids

HOMgpe(II; X, C)

The claim of this proposition is that HOMrep(X, BC) — HOMgpe(I11 X, I1; BC) is an equivalence.

Proof.

WLOG: C = BG. We can assume that because we can replace everything by equivalent things,
so if C is not connected but rather the disjoint union of groupoids, then BC will be the dosjoint
union of topological spaces and /Pi; BC also the disjoint union of groupoids. So everything kind of
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splits and it suffices to regard the case of one connected component.

So if C' is connected, you can choose just one point of the groupoid, consider its automorphisms
and by one of the first lemmata in AT T the inclusion of BG of this point with its automorphisms
into C' is an equivalence of categories.

To prove that the equivalence we would like to prove is stable under changing the HOM groupoids
by equivalent groupoids and the objects defining the HOM groupoids by equivalent objects in
(2,1)-category give equivalent groupoids sort of by definition.

Assume X is connected, thus there is only one 0-cell X ©) = {x}.
Also we would like to replace BC' by an Eilenberg-MacLane space K(G,1).

To prove that the functor is essentially surjective and full

I, BC =11, K(G,1)

Fy Td’
X /_["\‘ BG
\_/'
Fy
Fy and Fy are objects in HOMGgpq(I1; X, C) and 7 is a 1-morphism in this groupoid. We have an
equivalence BG 2, 11, BC.
We would like to construct fi, fs : X — K(G,1).

Inside IT; X there is a point and Bmi(X,z) < II; X is an equivalence.
If we find II; f; and II; f> such that this diagram

- R
Mifr -~ HlBC = HlK(G,l)

/// mJ a
B7T1(AX/7 l’) _¥_-—”//1_};;2 ¢
[ —7
I X /—ﬂ”\ BG
\_/
Fs

is 2-commutative, it follows that II; — is essentially surjective and full. -
For again, to show that this is essentiall surjective and full one can replace in HOMgpq(I1; X, I BC')
the groupoid IT; X by B (X, x) and look at the essential surjectivities there.

To show faithfulness, suppose you have a map f: X — K(G,1) and a homotopy H : f = f such
that IIhH = idy, 5.
What we want to conclude here, is that H is homotopic via a homotopy between homotopies to idy.

/'?\
XxI 1 K(G,1)
~ Y
where i f; is the constant homotopy from f to f.
We know by assumption that after applying IT; we have an equality

I H

Hl(X X I)/H\I—flK(G, 1)
~_"

Hlidf
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Theorem 2.12.2 (Seifert van Kampen).
If

VLR
fh
U=

|

is a homotopy pushout in Top, then

HlA E— HlB
LA
ch E— HlD
is a weak(=strict) 2-pushout in Gpd.

Proof. (sketch)

check the universal property:

WLOG, take first a connected groupoid, because if it is not connected, again you can take the
connected components seperately. But because any connected component is equivalent to some
BG, we can take as a test object BG.

HlA — II1B
| I\
ch E— HlD
\\/, BG
5
HOM(C,BG) —=— HOMI,C,1I,BG) > mo~y

1

HOM(II,C, BG) > v
So we get

mA 2 B

ngl f 5

ch — H1

D
13
BG
FY ~
x
11, BG

Since the map on HOM groupoids is an equivalence, we get 7, such that

HOM(C,BG) —=— HOM((II,C,11;BG) > mo~y

: ]

Iy S moy HOM(I,C, BG) > v
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2.12. Seifert-van Kampen theorem revisited

Similarly, we get B : B — BG and an isomorphism I B = ¢ o 8. This only uses surjectivity of
those functor so far.

But now we have &

HOM (A, BG) — HOM (11, A, 11, BG)

Pog-"s Bofrs MTollg— — =L Bollf

| |

¢070H19W¢060H1f

What you get is the space BG and a homotopy h which was constructed out of ¢ o &

A—L.B
gi fu B

h

\r\aBG

By the universal property we get a map D — BG (and homotopies making everything commutat-
ive).

Applying IT; we get II; D — II; BG we can translate it back to BG using some homotopy inverse of
¢. Thus we have a morphism Iy D — BG.

For uniqueness assume one is given two arrows II;D — BG. Translate them to the first
square, find a homotopy between them there and translate it back. |

2-pushouts and 2-pullbacks in Gpd

Exercise (Criterion for 2-pushout)
A square

is a strict 2-pushout
=

HOM(D,T) —s HOM(B,T)

|
HOM(C,T) 4H/OLM(A, T)

—=

is a strict 2-pullback in Gpd.

Proposition 2.12.3. - construction:
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2. Homotopy pullback & Homotopy pushouts

7,

Js

%1 ?%3

in Gpd. We define some category #1 X hge,#o which we will see is the strict 2-pullback by

o on objects: (hy, ha, f(h1) = g(hy))
€H1 €Ho =

b
o on morphisms (h1, he, ) (), (hY, kS, o where a:h — b € #1 and b: hy — hl, € #Ho which
are compatible with the isomorphisms:

f(h1) —— f(h)

g(h2) —— g(h3)
Then this category makes

%1 X hyfg%g % %2

o] e

%1 f%?,

a strict 2-pullback square

Proof. (proof)
Given (T, u,v,n: gov < fowu), we want to construct w

v

%1 X h%B%Q ﬂ) %2

Pﬁl o g9
E41 %3

On objects we define it by ¢ — (u(t),v(t),n;). Now the triangles commute without any homotopy.
This gives the existence part of the 2-pullback.
To prove uniqueness we take w which does not need homtopies and @ that has homotopies.

Then we would like to find a unique natural transformation £ : w = @.

v

K1 X hge, Ho —2
Pﬁl %g

As soon as we have proven that for w and @, we have proven uniqueness for all pairs, because we
work with groupoids were natural transformations are invertible.

Given (@,hy,hy), to construct £ we have to find for all ¢t € T a map w(t) — @(t). But
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2.12. Seifert-van Kampen theorem revisited

what is either of them? For w we know that w(t) = (u(t),v(t),n:) for @ we don’t really know but it
has to be @(t) = (pri o &(t), pra o @w(t), 7).

So to construct a morphism between the two, we need to find u(t) — pry o &(t) but this is precisely
the homotopy that is given by @, h,. Similarly, v(¢) Lv, pro o w(t).

We have to check that this gives a natural transformation and makes everything 2-commutative,
but we can see that we did not choose anything. The construction was completely out of the given
data and this sort of explains the unigeness. |
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CHAPTER 3

Brown Representability Theorem

Goal: study conditions that a functor F : (WP — Set, is representable.
CW2? is the category of pointed but also connected CW-complexes.

Definition 3.0.1. ~
A functor is representable, if there is some K such that [—, K] — F(-)

We have already seen one condition of representability in AT I which is that
H™(X, A) 2 [X, K(A,n)]
One application will be to construct classifying spaces of topological groups.

So how does one go about finding conditions for representability? Well, the natural answer
is to study representable functors and their properties and find out which of these properties
actually determine the functor and allow to construct the object back out of the functor.

Lemma 3.0.2. Suppose we have K € CWY, then hg(—) := [—, K| satisfies:

1. (homotopy invariance)
Any two homotopic maps fo, f1 : X — Y, induce the same map after applying this functor:

hi(fo) = hix(f1) : hx(Y) = hg(X)

2. (Mayer-Vietoris or excision property)
If we have a pushout square

W ——Q
[o |
o

(Since everything is connected, one can just assume C = AN B)
Then

|

hik(B) —— hi(A)

is weakly 1-cartesian, i.e. hi(X) — hx(B) Xp,(a) hx(C) is surjective (only existence is
given, no uniqueness)

3. (additivity)
For any family of pointed, connected CW-complezes { X4 }acs, we have a canonical inclusion
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3. Brown Representability Theorem

Xy &5 Ve Xa- So we get an induced map (after applying hrc)

hK \/ X(, i) H hK(Xa)
hi(ia) acJ

acJ

aeJ

which is an isomorphism.
Remark 3.0.3.

o 1. and 3. imply that hy(*) = *.
This is because

R

hi (X V*) hic(X) x h ()

/

Thus we get that the map on the right also needs to be an isomorphism. The only space,
however, for which the product with some space is isomorphic to that space is the one point
space.

IR

hr (X)

o Under the condition of 1., 2. is equivalent to 2 where in 2’ we have an arbitrary homotopy
pushout square. (every homotopy pushout square is equivalent to the one as in 2.)
In particular,

R

— X/A

* S/

is exact.
Proof.

3.
We have to compare [\/,c; Xo, K] = [[,c/[Xa, K.
This is not completely obvious, [\/ ¢ ; Xa, K| = Homrop, (V oey Xa, K)/ ~.
The wedge sum of X, is of course a coproduct in the category of pointed topological spaces,
but not in the homotopy category. Thus

(H Hom(X,, K))/ ~2 Homrop, (\/ Xa, K)/ ~

acJ acJ

On the other hand
[[Xe. K] = [[ (Homrop_(Xa. K)/ ~)

aeJ acJ

So one has to compare the homotopy relation on the product to the one on each component.
We know that the map [\, c; Xo, K] = [[,c;[Xa, K] exists and it is obvious that it is
surjective, so we have to show that this map is injective.

Take (fo)as (9a)a € [[ Hom(X4, K) such that f, he Jo as maps X, — K.
We need to construct (\/, Xo) x I — K between V f, and Vg,.

An important thing to note here is that h,, is a map X, x I — K but it is a pointed homotopy,
so it factors through the quotient:
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Xo xI/xg x1

x I . K
This allows us to define the map

(\.[/Xa> xI— K

(Gf(a’ t) = ha(xa t)

Xa

] Let

h

i

=

—=

Q

<.
——

oy
S

be a homotopy pushout in the (2,1)-category of CW-complexes.
We get a square of groupoids

HOM(X,K) — HOM(A,K)

|
HOM (B, K) 'H/OML(C, K)

—=

We get a functor
F:HOM(X,K) = HOM(B,K) X }1o00.x) HOM(A, K)

Claim: The functor F' is essentially surjective.

In other words, since these are groupoids, if you apply my on them, the map is surjective.
This is really relevant to what we want to discuss, because mo(HOM (X, K)) is precisely the
set of morphisms X — K in the homotopy category of pointed CW-complexes.

Recall that there is a really nice model for this strict 2-pushout HOM (B, K) XZIOM(C K)
HOM(A,K):

e Objects: (B K, A% K h:oi = ¢oj)

o Morphisms: (¢,,h) m (¢, 9, h') such that they "commute" with h and h'.
oshy

So we need to take an object in this category and find one in HOM (X, K). This, however, is
just the definition of weak 2-pushout:

Q

<.
—

Sy
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3. Brown Representability Theorem

By the universal property for (¢,,h) we get to fill in the dashed line w : X — K and
homotopies h, : wou = 1, hy, :wov = ¢ such that we get a 2-commutative diagram.

F(w) = (wowv,wou,woH)
This object is clearly isomorphic to (¢, 1, h) via (hy, hy):

F(w) = (wOU7WOU,OJOH) M (¢7/¢7h)

Hence the claim.
We need to show that
[X7K] - [B7K] X[C,K] [A7 K]

is surjective. But

(X, K] ———— [B,K] xjc,x) [A, K] :={(¢: B—K,p: A= K)|3h:poi = $oj}

| I

To(HOM (X, K)) 7o (HOM (B, K) Xl 01rc.10) HOM(A, K))

Since this square is commutative, the map [X, K] — [B, K| x(¢ &) [4, K] is surjective as well.
|

Theorem 3.0.4 (Brown).
Let h : (CWD2)°P — Set, satisfy 1.,2., 3. in the previous lemma.

Then 3K € CW? and a natural transformation [—, K] %) h(—) which is an isomorphism of

functors.
In explicit, by Yoneda lemma T, is given by an element u € h(K).

(X, K] ——— h(X)
S S
[ f"(u) = h(f)(u)
Corollary 3.0.5.
o There exists a space K(A,n) that represents reduced cohomology H™(X, A)
o 1t is uniquely (up to homotopy equivalence) determined by

A i=n

0 otherwise

WZK(A,TL) = {

Proof. (of corollary)
H™(—, A) satisfies 1.,3. what about the second, the Mayer-Vietoris property? The property states
that for

E

;|
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H™(X, A) — H"(M, A) X jn(c.ay H*(N, A) = ker(H"(M, A) & H"(N, A) — H"(C, A)) where
C=MnNN
So this is indeed part of the Mayer-Vietoris sequence and 2. is fulfilled.

Hence JK,u. We would like to compute the homotopy groups of this space K, but these
homotopy groups are nothing more than the value of this functor T, on the spheres:

K = A(STA) = {A e

0 else
So we see that this space K that represents the cohomology indeed is an Eilenberg-MacLane space.
Now an interesting part is of course to show that it is uniqely determined by these properties.
Therefore the notation K (A,n) is un-ambiguous, just take any space with these homotopy groups,
it will represent the cohomology and be unique up to homotopy equivalence.

Suppose we have K’ such that its homotopy groups are the same as for the space that rep-
resents cohomology:

n k! = {A i=n
0 else

Now we need to go from the homotopy groups to the cohomology groups. By Hurewicz H, K’ = A,
thus H"(K', A) = Hompy(A, A) > ida.
Thus idy € H"(K’, A). Since K represents cohomology, we get f : K’ — K, induced by id 4.
The question is now: what does this map induce on the homotopy groups? Because if it induces an
isomorphism, then by the Whitehead theorem this will be an homotopy equivalence (because we
assume K’ to be a pointed CW-complex).

T K —m— 1, K

A=H,K —I s H K=4

A, A — s G, A)

Nl F

Hom(A, A) L Hom(A, A)
We have a canonical element v € H 1n(K, A) which is being sent by f* to the element we started
with, which is the identity id4. Because K is to represent cohomology one can check via Yoneda
that u corresponds to id4 in Hom(A, A). Thus, by commutativity, id4 is sent onto itself by of,.

U —— ida

YonedaJi IYoneda

idy — idy

Therefore f, is an isomorphism.

To summarise:

Brown representability theorem gives us some space K and an element u that represents cohomology.
Just by checking the cohomology on the spheres you get the homotopy groups of K, which turn
out to be A in degree n and 0 everywhere else.

Suppose we have a different space with the same homotopy groups. Now we can, using the
homotopy groups, for this very particular space, compute its cohomology groups. We can compute
the n-th homology group via Hurewicz to be A and from that follows that the n-th cohomology
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3. Brown Representability Theorem

group with coefficients in A which is just the morphisms of abelian groups A to A, Hompap(A, A)
because there are no Ext groups with H,,_; K’ homology because this is 0.

We have a canonical element ¢d4 in this n-th cohomology group, so we can apply the isomorphism
of functors. So the canonical element id4 in h(K’) should correspond to a map K’ — K. The final
thing to check is that this map induces an isomorphism on homology groups, actually the identity
using Yoneda. |

Proof. (of Brown representability)

IDEA: construct a space K, an element uw € h(K) such that the natural transformation
h; : [S?, K] — h(S?%) is an isomorphism for all i > 1.

If the functor A is indeed representable by some space K’ then similar to before you get a morphism
K — K’ and because the homotopy groups of both K and K’ are h(S?) this morphism will
be the identity on the homotopy groups and therefore a homotopy equivalence between these
CW-complexes.

Thus if & is representable, then K is the representing space.

It is reasonable to expect that K represents h on all CW-complexes, because CW-complexes are by
definition obtained by the homotopy pushout of spheres (usually there are disks in the bottom left
corner but for the homotopy pushout it doesn’t matter)

V., §" — xm

| ol

* ——— XD

Lemma 3.0.6.
Let Z € CW?, z € h(Z).
Then there exists K € CW?, u € h(K) such that

L[S, K] 25 h(S™), m > 1
2. 3f : Z — K such that h(f)(u) = f*u = z.

Proof.

o Ky:=2ZV\,5" a¢c h(S); note that [S', K1] - h(S'). To define this map, we have to
choose an element u; € h(K') 2 h(Z) x [],, h(S'). This u; corresponds to (z, (a),) where
z € h(Z) and a € h(S?) is in the a-th component of the product.
Now we have the element u; inducing the natural transformation T, : [S, K] — h(S%)

’L.Ot

which we claim to be surjective. It is defined by {S* — K1} +— i%(u1) = «

We also have f; : Z < K; which is just the inclusion, such that f;(u1) = z.
e We construct by induction K,,,u, such that

1. [S™, K,] — h(S™) is an isomorphism for m < n and surjective for m = n.
2. fn:Z — K, such that f}(u,) =z

n—-n+1

Unt1=1{gp : 5" — Ky | gg # const, gi5(un) = *}.

So any element gg is not null-homotopic, but by the second property, that gg(un) = %, it lies
in the kernel of [S™, K,,] = h(S™) (g3 > %)

These maps, so the set U,y; are the problem of the non-isomorphism in degree n. So
we kill them.
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9p
\/BGUW.+1 S Ky

LA

x* ———— Oy

K1 :=Cp v \/S™ aen(s"H)

There is a canonical map K,, — K, 11. Using the already existing map f, : Z — K,,, we get
amap fni1

n+1

S

K<7Z

Now we have to construct the element u, 11 and check the two properties.

Unt1 < (Un, (@)a)

What’s the element u,, € C,,7 Applying h to the pushout square, we get

h(C,) — h(K,) — h(\/ S™) = Hﬁ h(S™)
S S S
Uy, Up, + * = (%)

The Mayer-Vietories property tells us that this is an exact sequence of pointed sets (that’s
where %, comes from - since u,, is mapped onto 0, there has to be a preimage)

Now check the two conditions:

1. [S™, Kp41] — h(S™) is surjective for m = n + 1. This is clear because the elements
8™ — Kpq41 = Cp V', S™ are just the inclusions and the map maps these inclusions
the the corresponding « € h(S™H1).

C,, is obtained as the pushout along the n + 1-connected arrow, which is \/ S™ — x.
Therefore the inclusion K,, — K, 1 induces an isomorphism for m < n:

o

[vaKn] [Sn7Kn+1]

IR
1R

h(s’n)

because the restriction of u,41 to K, along the canonical map is first @,, and then u,,
which makes the triangle commute.
For m = n:

h(S™)

T

[Sn7Kn] [Sn7Kn+1]

By the induction assumption the map [S™, K,,] — h(S™) is surjective and by the construc-
tion because we attach only at least n + 1-cells to K,,, the map [S™, K,,] — [S™, K, 41]
is surjective. Therefore so is [S™, K, +1] — h(S™).
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3. Brown Representability Theorem

This proves surjectivity, what about injectivity? Take an element ¢ in [S™, K, 11]
and suppose it goes to zero, so the distinguished element in h(S™). Because the
horizontal map is surjective, we can lift this element to an element ¢’ € [S™, K,,]. By
commutativity ¢’ is also sent onto the distinguished element and thus lies in the kernel of
[S™, K] = h(S™). Hence ¢’ € Up41. But by construction, the map K,, — K, 41 factors
through the inclusion K,, — C), where we kill all these maps, so g ~

2. By the commutativity of
KnJrl

S

we can regard f(u,1) first as the preimage of w,1 by the map K,, — K, 11 and then
the restriction to Z. The latter, however, is by induction assumption the element z, with
which we started.

o WLOG, K,, — K, 11 is a relative CW-complex of relative dimension > n + 1.
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Define the CW-complex
K = UKi = colim K
We know from AT I, that 7, K < colim T I = h(S™).

We still need u € h(K).
claim: The following square is a homotopy pushout square

Vil ——— V,; Ko

| |

\/i Kyiy1 — K
By introducing the actual pushout into this diagram we get a map from it to K:

\/i Kz \/z KQZ'
/ Q

>

Vi Kzi1 K

To compare Q with K it’s reasonable to look at the skeletal filtration, because every next
step of the skeletal filtration is obtained as a pushout and @ is also obtained as a pushout
and pushouts commute with each other.

Q™ is a pushout of a much simpler diagram:

ViKY —— VI

! |

Vi KQ(?-&)-l E— Q(n)

It’s much simpler because as we have discussed, the higher indexed K; are obtained by higher
and higher dimensional cells. So at some point, if we forget about them, these spaces stabilise.
You have to check that the finite number of non-stabilised K;’s does not change the pushout.
Assuming everything is stabilised, you have a pushout diagram



Vi X —— Vy X

I sl

\/27L+1 X X

Thus Q™ 2 colim;, Ki(n) = Ki(n)7 for i >> 0. Hence, because @ is a colimit of its skeletons
and K is a colimit of its K;’s it follows that Q = K.

This justifies the claim. One needs this claim to use the Mayer-Vietoris property for
h to say something about how to construct an element u € h(K).
We get that

m(K) = (TTr20) xqpace, (TTR(z)

On the right hand side we have an element ((u2;), (u2;+1)) and surjectiveness gives us some
lift w € h(K) of this element.

In particular, u — u,, for K, — K.

The map f: Z — K will be the map that factors through all K,’s

z— 1 K

~

Ky

Therefore f*(u) = z.

We apply the lemma to Z = x, z = * € h(x). This gives us K,u € h(K).
Take X € CW0 and look at the natural transformation applied to X

(X, K] = h(X)

We have to prove surjectivity and injectivity. Both will use a "trick" which could also be out aside
as a lemma, but we will only do it once for surjectivity.

e surjectivity:
Take o € h(X), we would like to construct a map X — K such that the restriction, the
pullback of u € K to h(X) is precisely a.
We construct a homotopy pushout by attaching X to K:

— K

]
L g

—

S

Now h(W) = h(X) V h(K) there is an element w which corresponds to (a,u) in the product.
We use the lemma again for (W,w) to get some space K’ and a map ¢ : W — K’ such that

¢ (u) = (v, u)

x* —— K qoi
| A
X %

— W —— K’

~
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3. Brown Representability Theorem

126

So (g oi)*(v') = w. From this follows that we have a commutative diagram

!
3

(5™, K] h(S™)

1R

IR

\ .

(5™, K]

Hence [S™, K] — [S™, K'] is an isomorphism and therefore K — K’ is a weak equivalence
and therefore a homotopy equivalence. Now we just take the inverse

¥ —— K (q09) ™"
SN
X

Y

%W?K’

and we define the map X — K to be the composition: (goi)"'ogoj: X — K such that the
pullback of u is a.

injectivity:
Given two maps fo, f1 : X — K such that x = f§(u) = fi(u). We have to prove that they
are homotopic to each other.

xvx I g
i |
Xx[%

By Mayer-Vietoris we will now find an element in W:

~h(X)

On the right side we find a pair (z,«) which indeed lies in the fiber product because of the
condition z = f§(u) = f{(u). So we get an element in hA(W) which is mapped onto (z,u).

Now, as before, we use the lemma to construct a space K’

xXvx lovh g

[P

XXI—>WT>K’

Similarly, g o7 is a homotopy equivalence and therefore we can define the map h: X x [ — K
using the inverse of the map K — K’

XVvX

[

h: XxI —K

(goi)~togoj

This will not be commutative, but there is a homotopy



XVvX

\[ f1Vifz
h: X x1 K

(qoi)~'ogoj

It implies that fo = f1 in [X, K].
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CHAPTER 4

Principal G-bundles and vector bundles

4.1 Principal G-bundles

We will assume G to be a topological group (we assume G € CGHaus (compactly generated
Hausdorff) and has homotopy type of a CW-complex)
e.g. discrete group, GL,(R), GL,(C) and so on.

Definition 4.1.1.
A principal G-bundle over a topological space X is a topological space P together with a map
m: P — X where GG acts on P — X freely and transitively on fibers fulfilling:

GxP—*—— P

. / The commutativity of this triangle means that G acts
Trom fiberwise.
e VzeX
Gonlz) =P,
peE
Gx{p} > P

where the choice of the point p gives the isomorphism. (not really necessary for the definition
but rather an explanation as to how G acts on the fibers)

e Most importantly Va € X, 3U C X open neighbourhood of z and an isomorphism

GxU ——m—M— ;J P|7T 1)

A

where py is G-equivariant, G acts on G x U by (g, (g,u)) — (99, u)
Such an U is often called a trivialising neighbourhood of z.
Lemma 4.1.2.
1. w is a fiber bundle with fiber G

2.
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4. Principal G-bundles and vector bundles

P
~
™ P/G
b o
Proof.
1. obvious

2. suffices to check locally. Then G x X/G X

Example 4.1.3.

o If (G is discrete, the notion of principal G-bundle over X = Galois covering of X with the

130

automorphism group = G.

cri {0}
lp" canonical map which is the projection for all n.
CP'”/
C>\ {0} = colim,, C™ \ {0}
Also the infinite variant: lp

CP°° = colim,, CP"
p and p,, are principal C*-bundles.

Proof.
We first define the action of C*:

C* x C*=\ {0} — C>=\ {0}

T, (20, 21, -..) ¥ (T20, 721, ...)

These two elements (zo, 21, ...) and (729, 721, ...) define the same element in CP* and are
thus in the same fiber.

It is also clear that this action is free and transitive on fibers because each fiber is C*.
What you really have to check is that the map C*> \ {0} — CP* is locally trivialisable with
that action of C*.

For that we find a trivialising cover {U;} of CP*>

Ui={(20: 2 ) | zi # 0}

So the preimage by 7 is
C*x Uy ——L2—— C®\{z =0}

T

Such a map p is uniquely determined by



4.1. Principal G-bundles

plierxu; + {e} x U —/>(COO
\ .

So this is basically just a section. Then you extend it to a C*-equivariant map by using the
action of C*.

Such pl{eyxu, is defined by

(Z0: 211t 2i ) <@, Z—l, ey ﬁ =1, )
|
e n: 8% — 82 = CP! with fiber S' 2 U(1) = {z € C* | |2] = 1} = GL1(C) is a principal
U(1)-bundle.

o fact: H C G closed (but not necessarily normal) subgroup where H and G are Lie-groups
(topological group which is itself a smooth manifold and the multiplication is a smooth map)
In this case G — G/ H is a principal H-bundle (G/H is not necessarily a group)
Pullbacks of principal G-bundles

Suppose we are given a principal G-bundle 7 : P — X and a map of topological spaces f:Y — X

fP——> P

Mo
YTX

Then f*m: f*P — Y is a principal G-bundle:
« [*P=A(y,p) [ w(p) = fy)}
GX f*P— f*P
(9, (,0)) = (4, 9p)
e The fibers of f*7: f*P — Y over y = fiber of m over z (G-equivariance)

o For the trivialising cover take the pullback of a trivialising cover {U;} of m: {f~1(U;)} is a
trivialising cover of f*m

Definition 4.1.4.
Let P;, P, be two principal G-bundles over X.
A morphism between them is

p—r P

N s

such that
e T Op=T1
e p is G-equivariant

A section of P over X is
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4. Principal G-bundles and vector bundles

~

»
>
3

S

such that mos = idx

Lemma 4.1.5.
Every morphism of principal G-bundles is an isomorphism.

Proof.
Suppose we are given a morphism p:

p— P

N

To prove that it is a homeomorphism it suffices to look locally on X:

GxU —2 5 GxU

o

That py is G-equivariant and the triangle commutes is equivalent to the fact that we have to define
amap p: U — G and py(g,u) = (gp(u),uw) (p = pri o pul{erxv)-
Then an inverse p;;' is given by (5)~! (in terms of multiplication by G)

(9,u) = (gp(u),u) — (g,u)

— pis a homeomorphism == p~! is also G-equivariant. |
Corollary 4.1.6.
Suppose we have a square

P21, p

ﬁl er

Y T> X

where P, P are principal G-bundles, f is G-equivariant.

p—— = pp

= it is a pullback square, i.e. \ /

Why is this a corollary of the lemma? We have a canonical map from P to the pullback. They are
both principal G-bundles over Y and this map is G-equivariant because f was G-equivariant and
therefore by the lemma it is an isomorphism.

Corollary 4.1.7.
A principal G-bundle over X is trivial if and only if it has a section.

Proof.
A principal G-bundle is trivial if it is isomorphic to the product:
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4.2. Existence of classifying spaces

GvaP

Defining p as G-equivariant is the same as defining p|;cy« x which is a section of 7. |

All this allows us to define the following functor:

Bung : (WP — Set

X classes of isomorphisms of
principal G-bundles over X

(f: X —=Y)— (pe€ Bung(Y) — f*P € Bung(X))

Also the functor of pointed principal bundles

Bung, : CW2 — Set,

classes of isomorphisms of
(X,z) — { pointed principal bundles
(r:P— X, peni(z)

Those are of the form

(Pr,p1) ———=— (P2,p2)
o

p is an isomorphism principal G-bundles p(p1) = p(p2).
Morphisms are again defined via the pullback.

b

There is a difference between pointed and unpointed principal G-bundles.
We always have the forgetful functor

Bung(X) = Bung(X)
which is surjective but in general not injective.

Goal: Use Brown representability to get BG € CW® which classifies pointed principal G-bundles:
[X, BG]. & Bun},(X) for all X € CwY.

Then [X, BG] = Bung(X).

Such an BG will be called a classifying space.

4.2 Existence of classifying spaces

The following lemma is an easy step towards showing the homotopy invariance of the functor Bung.
It is a consequence of what we know about fiber bundles and Serre fibrations.

Lemma 4.2.1.
Bung(I™) = {}, Bung,(I"™) = {x} for all n.

Proof.

Let w: P — I™ be a principal G-bundle. We want to show that it is trivial, so we have to construct
a section.

This we intend to do by induction on n:
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4. Principal G-bundles and vector bundles

P,y — P
L2
"1 x {0} —— I"

By induction there is a section s,,_1

n14>P
U
"1 x {0} —— I

What we want to do is extend this section to the whole cube I™.

"1 % {0} p—%‘s"*; P

B
.
Sn
e T
>
P
P

m-—

We would like to find a lift s,, that makes the lower triangle commutative and so it will be a section
of the map m. So why does this lifting exist? It does, because 7 is a fiber bundle and therefore it is

a Serre fibration. [}
Lemma 4.2.2.
Let

A—"5 B

b

C— X

be a pushout in Top.
Then if P is a principal G-bundle, and you take the pushout then it will be isomorphic to P:

P|C Plp

1 PUZ*]*P ZJ*PJ*P — P

If P, =N Py is a principal G-bundle over X, then the induced square

o

Pl P2

4 Tg

PilcUp,, Pils —— Palc Up,), Psls

commutes.

Proof.

o P:=P|cUp|, P|p is a principle G-bundle and P|c Up|, P|p — P is G-equivariant.

e Gactson P, G € CGHaus, so xG commutes with pushouts. Thus G x P — P is a pushout
of G x P|A — P‘A
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4.2. Existence of classifying spaces

Pla Plc
\PB / | P

A C
SN

o P is locally trivial, € X, then there exists an open neighbourhood U of z trivialising P,
therefore if we look at

Ply = Pyla Up,, Pule
Now the claim is, that if Py := P|y itself is trivial, the pushout we can compute looks like

idg X —

GxANU GxCnU
&‘_
R
ANU l cnU
BNU

So because P is the pushout of the upper square, it is isomorphic

Py =G x BNUUgxanu G x CNU = Ply

Theorem 4.2.3 (homotopy invariance for Bung/ Bung;).
Let X € CW (or X € CW,.), denote pr: X x I — X, then

Bung(X) — Bung(X x I)
-

Bun(X) — Bunk(X x I)
pr*

unpointed case, pointed similar.

o pr* is always injective, because pr has a section ig : X — X x I, 2 — (x,0)

Bune(X) 2 Bung(X x I) —° Bung(X)

\/

id

e P is a principal G bundle over X x I. We need to show P = pr*ijP. We need to construct f
in the following square
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4. Principal G-bundles and vector bundles

p—t s p=itp

| |

X5 —0— X

f has to satisfy the commutativity of this square and be G-equivariant.
We construct f by induction on "half-skeletal" filtration of X x I =Y, Yy := X x {0},
YV, =X x{0}uX® D xTforalln YV, C X xI=Y and Y = colim,, Yy,.

To do this by induction we have to understand how we get Y, from the previous one
by attaching cells.

If we are given n-cells {I™ 2, X(n )} of X. Then we have the following pushout square:

[J(0I" x TUT" x {0}) —— Y,

| .

U™ % I) ———— Yy

In the case of n = 1 (to understand it better) we have an attaching map ~: I — X )

s 77 ‘ i Hr\ v
7( il // h——— Stscih > e
Bir///é//!///// f/h,,\ U‘_ )(*iCJ O/(('V‘ X r~ )
) BU G, < X=<Riu K"“xl
\

We now define P, := Py,

Pn+1 Joa ? P

| |

Y, — 5 Yy=X
P, =P, U P
n+1 n P‘H(BI"XIUI"X{O}) |31n><1

We have a map f, : P, — Py, we also get a map from P|H(BI" «{0}) and we want to

xITUulm
extend it to Plornxy-

P|rnx g is trivial, so P restricted to 9I™ x I UI™ x {0} is also trivial. So we need to find ¢
making this commute:

Plommxrurmxqoy — Pa

l len

Because both P|a[n><1u[n><{0} and P|rny g are trivial, we actually have
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4.2. Existence of classifying spaces

(6I"><IUI”><{O})><G%PO

[

I”x]xé

1 is G-equivariant =—

I"x {0} = arxIul"x {0} L p

[ [

1" x I >~ I"x] — X

1) exists because m is a Serre fibration.
Thus we find f,,+1. This is the step of the induction.
o . lim f,, . . . ..
Similarly P = colim P, colim fn, Py is G-equivariant map of principal G-bundles, hence
an isomorphism.

|
Corollary 4.2.4.

Bung : hCW°? — Set
Bung : hCWP — Set,

Proposition 4.2.5.
Leti: A — X be a closed cofibration, P a principal G-bundle over X. There is a section s : A — P
which is a section of P over A:

P
-
A—— X

It is the same as saying that if we pullback P to A, we get a principal G-bundle over A. A section
of this ma is the same as the section A — P making this triangle commutative by the universal
property of the pullback square.

Then there exists an open neighbourhood U C X of A, A C U over which we have section
sy : U — P extending that on A: mosy =7, syla=s

Proof.

i: A <— X is a neighbourhood deformation retract: 3h : X x I — X such that hg = idx, h(a,t) =a
for all @ € A, all ¢t and there exists an open U C X such that hq(U) C A.

You can construct this homotopy h from the retraction X x I — A x TU X x {0}.

Denote r = hy|y : U — A. So there is a homotopy

hly:UxI—X
h0|U:idU hl‘U:iOT

in: A —m— U

We get that for \ /
j
X

TOiAZidA
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4. Principal G-bundles and vector bundles

Now we have two maps U — X: the identity and ¢ o r.

By homotopy invariance we get that there exists an isomorphism between the pullback of P along
holy = idy and along hq|y.

But starting from the first this is just Py = Ply & r*Py := r*(i* P).

Py -4 P,

I

U—"—- A

¥ is G-equivariant. r*(s) = sy := (idy,sor):

U sor
/\\

Py —2 Py

N

U——— A
But now we have a map i: A — U.
U sor
Q\
¥

PU E— PA
idy U .

7D
A U—"— A

We could either construct a pullback square over it (which would now be the left square of two
glued together pullback squares) or we could construct the outer square. We have seen that both
are equivalent.

The composition r o4 is however the identity. By the property of pullback squares in 1-category

theory we can write P4 in the upper left corner and that there exists an G-equivariant map
Py — PU.

Thus

is equivalent to i*(sy) = *(r*(s)) = id*(s) = s [ |

Corollary 4.2.6.

for (Xo,xq) € CW,.
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4.2. Existence of classifying spaces

Proof.

Recall that the map is canonical, so given an element of the set Bun,(\/, X.) we can restrict it, so
take the pullback of the inclusion of X, in the wedge-sum. This will give an element in Bung (Xq).
Thus we get a tupel of such elements and this is how this map was constructed in the first place.

We just have to check that it is an isomorphism.

e surjectivity:
(P, Pa)
We are given a collection of pointed principle G-bundles lﬂa

(Xa:Za)
We construct a new principle G-bundle over the wedge sum which is given by []_, P, and
then we have to identify fibers over the given point of all these principle G-bundles

(Hy Pa)/g - pa~g-ps Va, Vg € G

\/a Xa

The claim is that this is again a principal G-bundle.

So the only non-trivial thing happening is over the distinguished point of all the spaces that
we glue together and we identify the fibers of this principle G-bundle of all these distinguished
points with each other.

It is easy to see that for the distinguished point * € \/_ X, 771 (x) = G.

It is also clear how G acts on this space. Away from this distinguished fiber

P\NG ——— P

! !

Xo \{za} — V Xu

So something non—trivial that we need to check happens only over this distinguished point *
and basically the main thing is to check that there is a neighbourhood of * that trivialises the
principal G-bundle 7. For that of course we need the proposition we have just proven and the
fact that they are well-pointed, that is that the inclusion of z,, into X, is a neighbourhood
deformation retract.

We need to show that P is locally trivial in the neighbourhood of x:
by proposition there exists x,, € U, C X, open such that 3s, : Uy = Pa, $(24) = pa.
Then U :=\/_ U, C V, Xq open and

Vsa

Ply «— GxU +— {e} xU

U

The fact that s, (z4) = pa is what allows us to glue them all together.

o Injectivity
Suppose we are given
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4. Principal G-bundles and vector bundles

(P1,p1) (P2, p2)

We know that restricted to X, they are all isomorphic

Pa
Pllx, ——— PIx,

o

Xa

ba(p1) = p2-

Define ¢ : Py — P, such that ¢(p) = ¢ (p) if m1(p) = 4.

Of course one has to check that this is well-defined and again the important thing is to regard
the happenings in the distinguished point in \/_ X,.

But since ¢ (p1) = p2 for all @ = ¢4(gp1) = gp2 Vg. Hence ¢ is well-defined on
™ (*) =2 Gpr.

Corollary 4.2.7 (Mayer-Vietoris property for Bung;).
Suppose we are given a pushout square of pointed CW-complexes:

A~ B

bl

C — X

1,] are inclusions of subcomplexes so in particular they are closed cofibrations.
Then given three principal G-bundles Py, Pp, P over A, B, C respectively. Also we assume that

we are given isomorphisms j* Po & Py =N i*Pp.
Then the pushout
P :=PpUp, Pc
is a principle G-bundle on X such that P|c = Po, P|p = Pg.
In particular,
Bung; - Bung(B) X pun,(a) Bung(C)

Proof.
Earlier we saw how G acts on P (use that G is compactly generated Hausdorff and thus product
with G commutes with pushouts)

Py —— 5 Pc

N N\

Pp

Suil

A
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It is obvious that on each fiber G acts freely and transitively.
What we need to check is local triviality of P:

 Suppose we start with z € X \ B (or z € X \ C) then P|x\p = Pc|c\ 4 is locally trivial.

e x € A. We need to find a section of P in a neighbourhood of .
Start with x € Ugs C C trivialising Po ~ s¢ : Uc — Pe section of mo. Then we take the
pullback.
Recall that in the cube above we have pullbacks in the upper left corner of the top and left
face. Those are due to the isomorphisms that are required in the assumption.

j*SctUcﬁA%PA
A

is a section. Uc N A C A is open.
fact*: 3W C B open such that W N A =Ugs N A — W is a closed cofibration.

By proposition we extend j*sc to an open neighbourhood Ug C B where Uo- N A C Up. It
follows that Ug N A = Ux N A and we have a section Up -2 Pp

Finally, Uc Uy.na=uzna Up 2cY%B, P g a section of T by G x (UcUUg) =N Plucuug

|
Theorem 4.2.8.
There exists BG € CW’ and a principle G-bundle EG — BG such that for all X € CW°
[X, BG] = Bun}y(X)
f: X —= BG~ ffEG
Proof. Apply Brown representability theorem. [ |

4.3 Properties and Construction of Classifying Spaces

Proposition 4.3.1 ("clutching construction").
Let X € CWP°.
There exists a natural bijection (isomorphism of functors)

Bunf(X'X) 2 [X,Gl.
Proof.
— Let P be a principle G-bundle over >’ X

X s otx

. |

C~X —¥YX

Since C* X and C~ X are contractible, Bun’ (C*X) = {x}.
Thus if we restrict P there exists an isomorphism

Plo-x ’J?w GxC X, Plovx ”:ﬂ GxCtX
Plx = (Plo-x)lx 225 G x X
= (Plesx)lx 205 G x X
we get
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4. Principal G-bundles and vector bundles

Gx X p=(p+|x)olp-|x) Gx X

pr2 pr2

X
This is uniquely determined by plieyxx : X — G.

p— is defined up to an automorphism on the trivial G-bundle G x C~X = ax0 X
determined by k_ : C~X — G

Similarly, p, is determined up to ky : CTX — G.

If we change p_ to (p"_)"Y(g,2) = g k() - p_(e,x). In the end we get

P'lierxx () = fa|x () - plgeyxx (@) - k2 x (2)
we would like to show that this is homotopic to the previous one. This is obvious because
Ky :OTX =G

is a homotopy from k4|x to e € G (constant map).
Similarly for x_.
Therefore p' ~ p = the map Bunf,(X'X) — [X, G]. is well-defined.

Let f: X — G, f(xo) = e be a pointed map.

GxCTX

GwaGxO‘X

CtX

X—CX

GxX—>GxCPX, (g9,2) (9f(2),i4(x))
Now take the pushout to get a pointed principal G-bundle P(f) — X' X.

We have to check that homotopic maps go to isomorphic principle G-bundles. So let
fo~ fi: X — G. Thus there is a homotopy h: X x [ — G.
We get

P(h) «—— P(fo)

| |

(X xI)+——¥YX
Yo

By the naturality of all construction one gets the map P(fy) — P(h). This induces an

isomorphism P(fy) =N (X'jo)*P(h). Similarly we get an isomorphism from P(f1). Thus there
is an isomorphism P(fy) = P(f1).
Hence the map is well-defined.

Proposition 4.3.2.
EG is contractible and QBG ~ G.
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Proof.

EG — BG is a fiber bundle and therefore a Serre fibration over a CW-complex. From this follows
that it is a quasi-fibration.

The fact that it is a quasi-fibration means that if we take the distinguished point and look at the
fiber

G —— EG

|

x* —— BG

then this is not just a pullback square but also a homotopy pullback square.
Note that now we can get a canonical map from the loop space of BG to G by taking the pullback:

QBGD%*
‘| |
G —— EG
R
x ——— BG

If EG is contractible then G is homotopy equivalent to QBG but not abstractly but rather real
concrete via the concrete map between them.

Vice versa if we show that this particular map is an homotopy equivalence it follows that EG
is contractible. For example by looking at the LES of homotopy groups we would get that the
homotopy groups of G are the same as the homotopy groups of BG shifted by one such that the
connecting homomorphism of this LES is always an isomorphism. The rest are the homotopy
groups of FG and thus 0.

Claim: ¢ is a homotopy equivalence with homotopy inverse the map 1 described below
We have just proven that we have an isomorphism of functors

Bun&(X'X) =~ [X,G.
H
[¥'X,BG] =~ [X,QBG).

By Yoneda the dashed map is given by a map G ¥, QBG which is given by a principle G-bundle
over X'G that is given by the clutching construction with respect to G % G.

1 is a homotopy equivalence.

What is ¢(v), v : St — BG?

o

Ii»SlﬁBG

If you go through the definitions of homotopy pullback and how we defined the map ¢ by abstract
nonsense we can get that to define this map from the loops of BG to the fiber of BG what you
can do is take the surjection of the unit interval and then construct the lift. If we were talking
about abstract homotopy pullbacks we would have to construct a map from I to the fiber up
to some homotopies but here it is just a Serre fibration so we can actually just define a lift 4 as we did.
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4. Principal G-bundles and vector bundles

Say the distinguished point of S' is 1 and we regard S' as the unit circle of complex num-
bers, so y(1) = * with % the distinguished point in BG. 0 is the distinguished point in I.

7(0) = #'distinguished point of the fiber 7! (%)
because this is a pointed principle G-bundle. Finally the other point the end of the interval is
(1) =g" en(x) =G

So ¢(v) =4(1)

-4 A

(a8

(g) is constructed by identifying CF with C~ over the point —1 by multiplication with g. This is
our clutching construction: we have on C* and C~ a trivial G-bundle when we glue them together
we do not have a choice on the distinguished point - we have to glue the distinguished points
together. On the point —1, however, we have a choice and this choice is precisely the choice of an
element in the fiber and this is g which is the element we started with. So we glue those two things
together and you get a principle G-bundle which gives you a map from S' to BG such that the
pullback is P(g) constructed by this clutching construction:

P(9) —— EG
17
St —— BG
Now the question is what would be the composition of those two maps ¢ and ¥? So we would like

to see that if we went from the unit interval to S surjectively what kind of lift ¢ would we get and
where would it end?

We would like to lift the circle to a path in the principle G-bundle. So we would start with the
distinguished point 1 and then we would start constructiong a lift.

So if we look at the upper half circle C* our P(g) is trivial over that. Not just abstractly trivial
but precisely trivial because by construction there is a section. So we can use that to lift the upper
half of the circle to a trivial map in the fiber

ct=10,1/2) — Gx C*

t — (e, t)
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And then at the point —1 we glue this identity e with an element g over which we multiply. After
that we again go trivially.

In the end what you get is that §(1) = g. This shows that the map ¢ is a homotopy in-
verse to 1 which is a homotopy equivalence. So ¢ is a homotopy equivalence and thus EG is
contractible. |

Corollary 4.3.3.

Let E be a contractible space with free action of G such that E — E/G is a principle G-bundle.
For example we discussed in AT I that when the group is discrete that when the group is
discrete then the sufficient condition for this thing to be a principle G-bundle that is a Galois
covering with the group G was the proper discontinuous action.

Then

E—= EG

L

E/G —— BG
i.e. we can take E/G to be the classifying space.

Proof.
We get this square by the fact that E — E/G is a principle G-bundle (it is a pullback square in
fact)

E —=—- EG
17
E/G —— BG
It is a homotopy pullback square. We look at the LES of the homotopy fibers and get

0=m(E) — m(EG) =0

| |

m(B)G) —— m(BG)

l l

7TZ'_1(G) 7—gd> 7Ti_1(G)

Both m;(E/G) and m;(BG) go to the homotopy fibers which are both G. The homotopy fibers are
in fact the fibers because we have quasi-fibrations. The map on the fiber is the identity because it
is a map of pointed principal G-bundles.

So by the 5-lemma and induction we get

m(E/G) = m(BG) Vi

= E/G = BGisa homotopy equivalence

Example 4.3.4. CP>* = BU(1) (Exercise)

From this corollary one just have to check that the canonical U(1)-bundle over CP> that we
introduced last time has the total space CP*° \ {0} and that this space is contractible.

Later we will describe BU(n)
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4. Principal G-bundles and vector bundles

Why are these called principle G-bundles?

Proposition 4.3.5.

Suppose G acts on some space F' on the right.

Suppose we have a principle G-bundle P — A.

Then g : F xqg P — X (where F xg P := F X P/. with the equivalence relation given by
(f-g9,P)~(f,g-P)) is a fiber bundle with fiber F.

Proof.
Suffices to look locally over X: Say U C X is an open in X such that it trivialises P.
So we get that

Fxg(GxU) ——=——5 FxU

where the map F' X (G x U) — F x U is given by (f,g,u) — (fg,u), so one can easily check that
this map is the map on the product that identifies the quotient over this equivalence relation with
FxU. |

Example 4.3.6.

o U(l)actson C: (z,7) — 7 - 2.
From a U(1)-bundle we get a fiber bundle with fiber C.

o X, actson {1,2,....,n} gives us

Buns, (X) { coverings of X }

of degree n

Galois coverings of X
with group %,

Exercise: this is almost an isomorphism.

4.4 Pointed vs Unpointed (part 2)
Here we are again going to prove a rather general statement as to how the morphisms in the pointed
and unpointed category are related to one another.

Proposition 4.4.1.
Let (X, x0), (Y,yo) € CW, be pointed CW -complexes. Assume that' Y is connected.

Then there exists an action of the fundamental group of Y, m1(Y,yo), on the homotopy classes of
maps X =Y, [X,Y]. and

(X, Y]./m(Y,y) = [X,Y]

Proof.
Map(X,Y) := Y, consider the following pullback square

Map,(X,Y) —— Map(X,Y)

l U ev
0
*

—>
Yo Y
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What is the universal property of this pointed mapping space?:

Map(X,Y) —— Map(X,Y)

Y
Homrop(T, Map.(X,Y)) —— Hom(T, Map(X,Y))

i

Hom(T x X,Y)

| :

Yo

I

So what is the image of this inclusion?:

HomTOP(T> Map*(X, Y)) = {f I'x X =Y | f|T><{xo} = {yo}}

In particular, points in this mapping space Map.(X,Y") are pointed maps (X, zo) — (Y, o) and
paths in Map,(X,Y) are pointed homotopies.
Thus moMap.(X,Y) = [X,Y]..

So what is the action of m (Y, yo) on [X,Y].? Actually this was defined in a more general
context in Exercise 5.2. We claim that the action which we will see now is a special case of what
we did there.

First of all, ev,, is a fibration as we once have proven (maybe for X = I the unit interval but this is
true for any X). Therefore this is not only a pullback square but also a homotopy pullback square:

T

Map.(X,Y) —— Map(X,Y)
*

Now we can also make it a pointed homotopy pullback square because this is a fibration and we
can make it a pointed fibration by choosing a point above yg. A point above yo in Map(X,Y) is a
point in Map.(X,Y), so if we choose a pointed map f : X — Y, then this is a homotopy pullback
square in the pointed category.

We can then write the long exact sequence of homotopy groups:

U Vg
—>
Yo Y

m1(Y, yo) 8—f> mo(Mor.(X,Y)) N mo(Map(X,Y)) = moY
=[X,Y]. =[X,Y)] =*

The map J¢ depends on the choice of f. The claim that we have to check (what we won’t do in
detail) is that the image of some v € m1 (Y, yo)

is the action of v on [X,Y]..
So from the exactness we get that 7=1(f) = f - m1(Y,90). This proves the claim that

[Xv Y]*/ﬂ'l(}/v y) 'Z—> [Xv Y]
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4. Principal G-bundles and vector bundles

with 7 induced by the map 7 does not depend on the choice of the point f. This is just the forgetful
map, given a pointed map in [X,Y], we get an unpointed map in [X,Y]. [ |

Corollary 4.4.2.
[K(G1,1),K(G2,1)] 2 Hom(G1,G2)/Ga where Gy acts by conjugation on Gs.

Proof.
We have computed that before:

[K(Gl, 1),K(G2, 1)] = [HlK(Gl, 1)7H1K(G2, 1)] = [BGl,BGQ]hGpd = HOTn(Gl,Gg)/GQ

where we regard BG1 and BG» as before as groupoids in the homotopy category of groupoids which
we haven’t studied in detail but groupoids are a (2,1)-categories. There is a homotopy category
which is just inverting all the equivalences between groupoids.

Then you can easily compute that what you get is precisely Hom(G1, G2)/Ga. |

Remark 4.4.3.
One can show that when you look at the pointed case, you get

[K(le 1); K(G27 1)]* = Hom(G17 GQ)

So by the previous proposition you get the corollary as a corollary of this statement here and the
fact that G2 acts by conjugation is also not surprising because this is how the fundamental group
acts.

Corollary 4.4.4.
VX € W’: [X,K(A,n)] = H"(X,A)

Proof.

If n > 2, then 71 (K (A,n)) = 0 and thus the pointed maps are the same as the unpointed maps
and the pointed maps are by Brown representability the cohomology.

If n =1, since A is abelian, m; = A acts trivially on Hom(m(X), A) = [X, K(4,1)]« [ |

The following proposition states that BG also represents unpointed principal G-bundles.

Proposition 4.4.5.
(X, 170) S CWQ
Then

[(X,z0), BG], — [(X,0), BG],/mG —— [X, BG]

~| |= B

Bunt(X) ——— Bun(X)/G ———— Bung(X)

here G acts on Bun’,(X) by (P1,p1) % (P1, gp1).

Proof.
If suffices to check

1. [(X,z0), BG], = Bun(X) is G-equivariant.
2. Bun}(X)/G = Bung(X)

Why are these two enough? The first implies in particular that the action of G on Bung (X)
factors through moG. Since we have the same set on the left column of the diagram with the same
G-action, then of course the quotients under this actions are isomorphisms and thus the middle
vertical arrow is an isomorphism.

Now all the smaller squares are commutative, that the arrow [(X,zo), BG]./mG — [X, BG]
is an isomorphism follows from the previous proposition. We have just concluded that the
middle vertical arrow is an isomorphism and by the second property we want to check, the map
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Bun§,(X)/G — Bung(X) is an isomorphism, too. By these three properties, the right vertical
arrow also is an isomorphism.

2. is almost obvious:

o Surjectivity is clear, because we already have a surjective map Bung (X) — Bung(X)
since to lift a principal G-bundle to a pointed principal G-bundle one only has to choose
a point in the fiber.

o Injectivity:
Suppose we have two pointed principal G-bundles (Py, p1), (P2, p2) such that they become
isomorphic as unpointed ones: Py % Ps.
So ¢ of the distinguished point p; goes to some point in the fiber of P,. But on the
fiber G acts transitively and freely. Thus there exists a unique element g € G such

that ¢(p1) = gpe. But then it means precisely that in the quotient set Bung, /G the
elements (P;,p2) ~ (P2, gp1) are now equivalent and thus there is an isomorphism

(P2, gp1) = (P2,p2).

1. The first claim is not as easy as the second one because we have to understand the action
m1(BG) on the set [(X, o), BG]. which is done with some not super concrete constructions.
We also have to identify m (BG) with m(G).

Let v € m(BG) that corresponds to a principal G-bundle on S! that is obtained by
the clutching construction

(gluing two principal G-bundles over two half-circles of S* over the distinguished point
and in this distinguished fiber we glued these trivial G-bundles by shifting one to the
other by multiplication with some element g € G)

So 71 (BG) = 7y(G) and thus ~ corresponds to some class of elements [g] € moG.
So when we act by v on [(X, z¢), BG]. we actually have to check that the action of v on sort
of the space BG which we obtained by exercise 5.2 it also acts on EG and on this EG we just

shift in the distinguished fiber the distinguished point by g, by the action of this element.

ith f
(without, proof) the action of v on BG acts on EG: x — gx.

Therefore this map [(X,zo), BG]. — Bun}(X) that is obtained by taking the universal
principal G-bundle and then the pullback, after we have acted by v on BG and have taken
the pullback, we have just acted on the distinguished point in the distinguished fiber of
this principal G-bundle. So if we go back and take the pullback we get the same principal
G-bundle but the distinguished point is different. The distinguished point is obtained exactly
by multiplication of the old distinguished point by g.

Corollary 4.4.6.
vX e (W

[X, BG| = Bung(X)

Proof.
Take X to be the disjoint union of its connected components: X =[] X;.
For each connected component choose a point and then apply the proposition.

[X, BG] = H [X;, BG] = HBunG & Bung(X)

where the last isomorphism is due to the fact that given principal G-bundles on each component
their disjoint union gives you a principal G-bundle on the whole space X, thus an element in
Bung(X) and vice versa. |
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4. Principal G-bundles and vector bundles

Finally we have proven that the BGSs are the classifying spaces not only the pointed principal
G-bundles but also for the unpointed ones.

4.5 Functoriality of BGin G

Let ¢ : G1 — G2 be a homomorphism between topological groups.
P
Then for a principal G1-bundle ﬂl we can change the fiber of the principal G;-bundle from G; to

X
G using ¢:

GQ XGy P

o

X

is a principal Ga-bundle:
The action of G2 is given by multiplication on the left: g - (h,p) = (gh, p).
Note that since it is a action on the left it does not interfere with the quotient where we identify

(hg1,p) ~ (9, 91p):

(hg1,p) ~  (9,91p)

! &

(ghgi,p) ~ (gh,g1p)

Thus this action of G5 which we have only described on the product factors factors through that
change of fibers to Gs.

Last time we have explained that this is a a locally trivial Gso-bundle and by exactly the
same proof with the action of G tells you that the trivialising cover for P, is also a trivialising
cover for the G action.

This induces a natural transformation of functors

Bung,(—) —— Bung,(—)

~| |2

[_7BG1] [_7BG2]

By Yoneda this corresponds to a map ¢ : BG; — BGo

Proposition 4.5.1.
@ s a homotopy equivalence if and only if ¢ is a homotopy equivalence (iff Bung, (—) = Bung,(—)
is an isomorphism)

Proof.

We have this map ¢ : BG; — BG4 by Yoneda lemma but how is it related to universal principal
G-bundles?

First, let’s check how exactly ¢ is obtained by Yoneda. We have the natural transformation of
functors as above which we can apply e.g. on BG1:

Bung,(BGy) —— Bung,(BGh)

~| |

[BG1, BGq] [BG1, BG4|
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4.5. Functoriality of BG in G

Thus we have the identity in [BG1, BG1]. The identity corresponds to EGy € Bung, (BG1). Under
all thtsﬁe isomorphisms id — ¢ € [BG1, BGs]. Also, by our construction, FGy maps to G X, FGy.
Thus ¢ corresponds to the principal G-bundle G X, EG;.

EGy —— Gy XGy EG,
id —— ¢
So it means that the pullback of EGs to BG; is the following Go-bundle:
G2 XGy EG1 E— EG2

I

BGl T} BGQ

and of course there is a canonical map EG1 — Ga X, EG because it is the quotient of Gy x EGy
and thus the canonical map is given by ¢ — (e, t).

EG1 e G2 XG4 EG1 E— EGQ

e

BG1 T) BG2

It’s not that important to us that the square is homotopy cartesian. What is important though, is
that the outer square commutes and that we know that what happens on the fiber is precisely this

map ¢:

G1 e G1 X, G1 i) G2

| |

EGy, —— G xg, EGy —— EGq

| —

BG1 —> BGQ
(G1 is the fiber over the distinguished point *;.

Now we look at the LES of homotopy groups. G; is the homotopy fiber of EG; — BG;
over the point *; and G is the homotopy fiber of EGy — BG5 of the image of that point. So we
get

m(BG1) —2s mi(BGa)

~| E

mi—1(G1) 5 mi—1(Ge)
So if ¢, is an isomorphism for all i > 1, then ¢, is an isomorphism for all i > 1 and vice versa.
This is precisely the claim that these two maps are simultaneously homotopy equivalences. |

Example 4.5.2.

Let {#1} = O; — GL;(R) = R* and S! = U; < GL;(C) = C* be homotopy equivalences. By the
previous proposition this implies that the classifying spaces are homotopy equivalent and that the
functors of principal G-bundles are isomorphic. In particular, any principal GL; (R)-bundle can be
given a structure of principal O;-bundle.
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4. Principal G-bundles and vector bundles

Lemma 4.5.3.
O, = GL,(R) is a homotopy equivalence.

2

Recall: GL,(R) has a topology induced by the inclusion GL,(R) < Mat, «,(R) = R"

Proof.
A € GL,(R), denote P(A) := AT A. This has two nice properties: it is symmetric and positive
definite (v’ AT Av = (Av)T (Av) > 0 for v # 0)

P, :={B € GL,(R) | B is symmetric and pos def}
A fact from linear algebra: on this space we have a sort of square root of unity
Pn = Pn
B+ B?

is a homeomorphism. In fact you can explicitly write a global inverse map, so you can kind of
explicitly write the square root of a matrix in terms of its values in some power series.

Let Q(A) € P, be such that Q(A)? = P(A) = AT A.
Consider
GLA(R) = O, (R) x Py,
A (A-Q(A)7Y P(4))

Why is A - Q(A)~! an orthogonal matrix? For this one has to check (4 - Q(A)"1)T(A-Q(A)™1) =
QA)TTATAQ(A) ! = Q(A)T'Q(A)Q(A) ! = I.

The claim is that this is in fact a homeomorphism. We can give an inverse by
GL,(R) + O, x P,
B-VP < (B,P)

The next claim is that P,, is contractible.
This is because it is *-convex: Given A € P,, we can connect A to the identity matrix by straight
line homotopy:

tA+ (1 -t eP,

Finally,
0, — GL,(R) = O,xP,
\ J{P'fl
id
On

pry is a homotopy equivalence because P, is contractible, the identity is a homotopy equivalence in
any case and since GL,, — O,, X P,, is a homeomorphism it is also a homotopy equivalence.
Therefore O,, — GL,(R) is a homotopy equivalence (actually a deformation retract) [ |

Exercise: U,, = GL,(C) is a homotopy equivalence.
Corollary 4.5.4.
BU,, = BGL,(C), BO, = BGL,(R)

Our next goal will be to construct these spaces. Not up to homotopy but actually as really nice
manifolds.
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4.6. Grassmann and Stiefel Manifolds

4.6 Grassmann and Stiefel Manifolds

There are two parallel stories here, over the real and the complex numbers. Sometimes there is also
a third, over the quaternion numbers. But these two stories we try to say simultaneously at least
up to some point.

W is a vector space of dimension n over R over C
the set of k-dimensional Gri(W) 2 Gri(R™) | Gri(W) = Gri(C™)
subspaces of W
Let W possess an inner product.
the set of orthonormal sequences V(W) C Wk Ve(W) C (Cm)**
of length k in W =~ Vi (R™) C (R™)*F = Vi (C™)

Note that there is a map of sets

p: Vk(W) — GTk(W)

(U1, .oy ug) > (U, .oy Uk)

Definition 4.6.1.

Vi(W) with the induced topology from W *¥ is called real /complex Stiefel manifold of orthonormal
k-frames in W.

Gr(W) with the quotient topology defined by p is called the real complex Grassmann manifold of
k-dimensional subspaces in W.

Lemma 4.6.2.
We have a commutative diagram with = denoting homeomorphisms:
On/Op_ty ——— Vi(R™) Up/Un—ty ——— Vi(C™)
Lo Lo b
On/Ok X On,k ? GTk(Rn) Un/Uk X Unfk T) Grk((C")

So these topological spaces Vi, and Grj, which we have just defined can be defined as the quotient
of those nice Lee-groups O,, /Oy, i, O, /O x O, _j (same for the complex case).

Proof.
O, acts on Vi(R™) continuously: A, (u1,...,u) — (Auq, ..., Aug).
It also acts on Gri(R™): (A4, W' < R") — (A(W') — R").

O,, also acts transitively on Vi(R™) (and also Gri(R™)) because given two orthonormal se-
quences (ug, .., u) you can always find a matrix sending one to the other. In the case of k = n this
matrix A is unique and the claim that it sends an orthonormal sequence to another is precisely the
claim that it is othogonal.

Hence Vi (R™), Gri(R™) are homogenous spaces (in fact, manifolds).

If GO X acts on X transitively, then G/Stab(z) — X.

So to finalise this lemma we have to compute the stabilisers.
The stabiliser of (e, ...,ex) € Vip(R™) is
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4. Principal G-bundles and vector bundles

where * is the zero matrix and * € O, _j. Also the top left matrix is I.

The stabilizer of (eq, ..., ex) is
Oy, 0
0 Onfk

The complex situation is similar. [ |
Lemma 4.6.3.
Vi(R™) Vi(C™)
lp is a principal Oy -bundle. lp s a principal Uy -bundle.
Gri(R™) Gri(C")

Moreover, Gry,(R™) is locally homeomorphic to R¥"=F) and Gry(C™) to CF"=F),
Proof.
n . Oy 0
Oy, acts on Vi (R™): O — O, given by 0 |1
n—k
O,, acts on Vi(R™).
It is really easy to see that this action of O,, does not change the subspaces but only changes the

bases of the subspaces. This is what means that it acts on the fibers. Moreover, this action on the
fibers of p is transitive and free.

So we would like to see that locally this is a trivial Og-bundle.

o W € Gri(R") and choose a complement V' C R"™ such that W & V = R"
Define U C Griy(R"), U :={W |[WNV =0} = WaV =R"

P
The claim is that U & R™™*) is isomorphic as sets.

>k

R"/V

The isomorphism is due to both W and R” /V being k-dimensional spaces and the kernel of
the map W — R” is precisely W N V.

Therefore defining W is the same as defining a linear section of 7. But the map = is
fixed depends only on the choice of V and R"/V = R*. We can also assume wlog that
V= <6k+1a ey en>'

R"/Vis
(e1 ., &) = R*
m(er)  m(ex)
So a section s has to send &; — e; + E?:kﬂ Mej.
Thus we can identify
W (X)) € RF(n=k)

ie{l, ..k}
je{k+1,..,n}
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4.6. Grassmann and Stiefel Manifolds

That’s how we define the identification of U with R¥(»=%) via the map p

U is open, p is a homeomorphism < p~1(U) is open in Vi (R™)
p~H(U) C (R™)** consists of {(u1, ..., ux) orthonormal seq | (uy,...,ux) NV = 0}.
Again assuming that V. = (egy1,...,en), the condition on the set boils down to
det(wg, ooy Uk, €ty ey ) F 0.
From this follows that p~1(U) is open.

p is a homeomorphism.

Remark 4.6.4.

A smooth manifold is something that is locally homeomorphic to R¥("=*) and then there are
gluing functions which have to be smooth. In this case we have covered the space Gri(R) by
these sets and now one has to look at the transition functions between the open sets. It is
not hard to show that these are in fact smooth.

Therefore Gr(R) is a smooth manifold.

-1
p~—(U)
e Finally, to find a section » ’; . Wwe have to choose given any subspace W C U an

U
orthonormal basis in there.
But we are already given a canonical basis W = (e; + 3. Aie;, ez + ...). What we need is an
orthonormal basis. To do that we apply the Gram-Schmidt procedure to get one for W. This
gives us a section.
Thus, by the standard argument, an isomorphism

UXO}C

= p~ Y (U
\ ) /

)

|
Example 4.6.5.
Vi(R?) = gnl Vi(R") = Sl Cm\ {0}
d Jﬂ d F
Gri(R") =~ Rpn! Gri(C") =~ Cpr?

In general, Gri(R™), Gri(C™) are compact (closed manifolds), as well as Vi (R™), V;(C™).

Remark 4.6.6.
There are versions of Stiefel manifolds of k-frames:

ViiW) = {(u1,...,ur) | dim(uy,...,ug) =k}

GT‘;C(W)

is a principal GLj-bundle where Vi (W) is not compact (so not a closed manifold but just any
manifold).

Proposition 4.6.7.

Let n < m, then

O, = Oy, is (n — 1)-connected
U,, — U,, is 2n-connected
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4. Principal G-bundles and vector bundles

Proof.
O,, acts transitively on S™~! C R™ with the stabiliser of (0,0, ..., 1) being O,,_1 = O,, embedded

; Om-110
via 0 0

We have

Om—1 — O, > A

[ !

F—— Sm1 5 A.(0,..,0,1)

It is not hard to check that m is a principal O,,_1-bundle, hence a Serre fibration and thus we can
apply the LES of homotopy groups. This is what gives the result. Of course you have to apply it
here several times, this is the step where the difference between O,, and O,, is just 1 (that’s why
we directly wrote Op,—1). If the difference were greater than one, one has to apply this several times.

Similarly, U, acts on $?™~! C C™ with the stabiliser U,,_. [ ]

Corollary 4.6.8.
Ti(VE(R™) =0 fori<n—Fk—1
i (Vie(C™)) =0 fori < 2n — 2k

Proof.

The claim follows from the LES for the following Serre fibration that we are going to show to be a
principal bundle.

O,, naturally acts on the Stiefel manifold of orthogonal k-frames in the n-dimensional vector space.
The stabiliser of one k-frame is O,,_

On,k —> On

| L

7 is a principal O, _i-bundle on this space of the orthogonal group O,,. Of course we have the
action of O,,_j on O,, given by multiplication (on the left or on the right - depending on the action
of Oy, on Vi(R™)).

It suffices to find a section locally on Vi (R™).

Since O,, acts transitively on Vi (R™) we can take any point, so let’s take (eq, ..., ex) € Vi(R™). As ex-
plained before, there exists an open neighbourhood U C Vj(R™) such that (uq, ..., ux) € U the vectors
(w1, ..., Uk, €11, ..., €n) form a basis of R™. Applying Gramm-Schmidt we get (w1, ..., Uk, Wa1s -+ Ur)
an orthonormal basis.

What is a section of the map 7? Given a k-frame in Vi (R"™) we should find an orthogonal
matrix that sends the chosen k-frame (eq, ..., ex) to the given k-frame

Op_p — O, = A

« — Vi (R™) > (Aey,..., Aey)
Now define s : U — O,, by (w1, ..., u) — (U1, ... 0k, Ugt1, ---, U, ) Where we take the vectors u; and
u; as columns of the orthogonal matrix.

Clearly this matrix sends e; to u, es to us and so on. |
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Theorem 4.6.9.

Let Gri(R>®) = colim,, (Gri(R") < Grip(R"™) — -..) induced by R™ — R (z1,...,2,) —
(X1, .oy 2p, 0).

This is called the infinite real Grassmanian of subspaces of dimension k.

Let Vj,(R*®) := colim,, (Vi (R™) infinite real Stiefel manifold.

Then Vi, (R*®) = Gri(R*>) is a principal Op-bundle and defines

Vi(R=) 0, FO,

| |

Gri(R®) == BO,

Similarly,

Vi(C=) 4, BU,

| |

GTk ((COO) %@q) BUk

Remark 4.6.10.
Also recall that the inclusion of Oy in GLj is a homotopy equivalence and therefore

BOk >~ BGLk(R)
BU;, ~ BGL(C)

The universal GLj bundle over the Grassmanian is a Stiefel manifold of all k-frames not only of
orthogonal k-frames.

All proofs are very similar. As explained before the advantage with the orthogonal k-frames is that
everything is compact.

Proof.

We need to show that m : V3 (R*®) — Gri(R*) is a principal Og-bundle and that Vi (R>) is
contractible.

These two claims are sufficient by the proposition before.

Let’s start with the latter, that V;(R*®) is contractible. Assume without proof that it is a
CW-complex. (For this one has to check that V4 (R™) is a CW-complex)

It suffices to show that the homotopy groups are zero. We have kind of computed them before in
the previous corollary because

7 (Vi (R*)) = colim ,, Vi, (R™)

We have seen that the number at which this groups vanish grows linearly with m, thus at some
point this sequence stabilises and becomes the 0 sequence.

7 : Vi (R*>) = Gri(R*) is a principal Og-bundle:
o action is clear

e to get a trivialising cover of the infinite Grassmanian you basically just need to take the union
of the trivialising covers of the finite Grassmanians.
Denote {UZ} the trivialising cover for Gry(R™). This we have described before when showing
that the map V;(R"™) — Gri(R™) in the finite case is a principal Og-bundle.
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4. Principal G-bundles and vector bundles

This can be extended to a trivialising cover on the next Grassmanian Gry(R"!). This is
because of how the trivialising cover was constructed:

We had a point and a subspace W C R", chose an orthogonal complement to W, s.t.
W+ @ W =R" and then took UY := {W' | W' @ W+ = R"}

By inclusion the element W € Gri(R") — Gri(R™"!) can be regarded as element of
Gri(R™™1) and thus

Uy > UN =W | WaeWeen) 2R}

n

Clearly, every W’ € U}V lands in the open subset U ;.

Thus we can define UY := colim, UY which builds up a trivialising cover {UY} of
.

One might ask: "Why exactly are we doing all of this? We already know the existence of this
homotopy types of the classifying space BOj, of these groups. Why do we care about any particular
space that is homotopy equivalent to that?"'. The answer to that is that now we can use the
geometry of this space for the study of the abstractly defined classifying space.

For example we can study the cohomology of this space using this model. We can use different
methods, e.g. that the grassmanian and the Stiefel manifold are closed manifolds so you can use
Poincaré duality to compute the multiplication in there. This was not easily done without this
particular geometric notions.

We will do that later on. Before we introduce the notion of vector bundles, which are related to
these Uy and G Lj-bundles.

4.7 Vector Bundles: Definition and Properties

Definition 4.7.1.
A real vector bundle of rank n over a topological space B is a continuous map = : V — B that

« has a structure of a real vector space of dimension n on all fibers Vj, := 7= 1(b) for all b € B

Vs =5 R” fixed homeomorphisms which induce a structure of a vector space on V}, such that
this map is a linear isomorphism)

o is locally trivial: there should exist a trivialising cover / atlas of B, i.e. for all b € B there
exists an open neighbourhood b € U C B and isomorphisms

©-

I U) —— 2 L, UxR®

N,

where ¢y has to be linear over all fibers.

Similarly, you can define a complex vector bundle of rank n by replacing R by C everywhere.

Remark 4.7.2.
If B is not connected, B = B II By, then it is reasonable to speak of a vector bundle V = V; 11 V,
over B where V] is a vector bundle over By, V5 a vector bundle over By but have different ranks.

Definition 4.7.3.
A morphism of vector bundles V' — W over B is the map
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such that

e it is a continuous map, s.t. Ty o ¢ = Ty

e ¢ is linear in all fibers, i.e. V}, LN Wy is a linear map for all b € B.

Lemma 4.7.4.
Let w: V — B be a vector bundle of rank n, f: B’ — B.
Then ©' : B' xg V =V’ — B’ has a unique structure of a vector bundle s.t. there is a canonical

map V;, =N Vi@ which is linear (V' is often denoted f*V')

Proof.

So to proof the claim, first note that the canonical map is indeed canonical. The structure of a
vector bundle is the structure of real vector spaces on fibers. Here we are given it by the assumption
of the lemma. Thus the only thing we need to check is that 7’ is indeed locally trivial.

Of course we shall prove now that if we have an trivialising atlas over V over B then we
just take the pullback over the map f : B’ — B. Then it should be the trivialising atlas for the
pullback vector bundle.

Suppose we have U C B trivialising open for V., U’ := f~1(U)

f/

V/‘U/ V‘U o U x R"
Vliew 2 UxpVg =2 Uxp(UxR")2U xR"
Py

f" and py are linear fiberwise. py by the definition of a trivialisation and f’ by the definition of
the structure of a real vector space.
Thus the composition p;, is also fiberwise linear. |

Remark 4.7.5.

Vect,(B) is a 1-category.

Unfortunately Top®” Yeeln, Cat is not a functor. This is because f(g*V) = (go f)*V is not a
trivial isomorphism.

This is however not a big issue. One can fix it by saying it is not a 1-functor between 1-categories

but rather a weak functor from a 1l-category to a 2-category.

Vectt(B) is an additive category (in fact R-linear), but not abelian: if ¢1,¢0 : V. — W
are morphisms of vector bundles one can define their sum ¢; + ¢o : V. — W fiberwise as
(¢1 + ¢2)(b) = 1(b) + P2(b) for all b e V.

Definition 4.7.6.
For a vector bundle 7 : E — B, E' C E is a subbundle of rank k, if there exists a trivialising atlas
for F such that
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4. Principal G-bundles and vector bundles

E/|U C E|U

~| F

UxRF e S UxR”

(u, (1, .oy xg)) —— (u, (21, ..., 21,0, ...0))

From this follows that E’ is a vector bundle of rank k.

Proposition 4.7.7.

V— W

\ / be a morphism of vector bundles.

Assume that over each point b € B the linear map of real vector spaces ¢y, : Viy — Wy, has rank not
depending on b (we say ¢ is of constant rank)

Then we can define
L. ker(¢) :={v € V | ¢(v) = 0} where the 0 is the zero of the vector space of Wy, (,)-
2. im(¢) :={weW | Jv: ¢(v) =w}
3. coker(¢) == [[,cp Wo/d(vp) (as a set) with the quotient topology from W — coker ¢.

which are vector bundles.

Proof.
2. and 3. will be exercises.
To 1.:

e structure of vector spaces is induced from V.
e find to each b € B an open U > b that trivialises V and W.

With these trivialisations we can think of ¢ as the following map:

UxR"—>U><]Rm

o

which is given by (b,v) — (b, ¢p(v)). So this map ¢, clearly depends on b. Therefore if we
just look at the kernel of ¢y pointwise, it will not be clear that over this open subspace U
this is still isomorphic to U x R¥ because the kernel still depends on the base point.

Denote R™ D K, := ker(¢,), K := K. Choose R" = K @& K’. This is equivalent to
choosing a map p : R™ — K which is a linear projection on K (K’ is the kernel of p).

Now there exists an open subset b € V' C U such that K, @ K’ = R™. This open exists
because it is defined by K’ Nker(¢) = {0}

We can define by choosing bases {eq, .., e, } of R™ and {f1, ..., fin} of R™ the morphism ¢y
more explicitly taking b to be b = Z?zl i€

(Z Ai€i, v) = (b, du(v) = D Nign(es) = Y A77?
i=1 i=1 i,j
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Now we can choose a basis of K. The fact that the intersection &’ Nker ¢ = {0} is equivalent
to the fact that the rank of ¢ on K’ is the dimension of K’ which in turn is equivalent that
in the bases minors of the corresponding matrix have ton be non-zero.

So what are these minors? They can be computed in terms of the the coefficients of ¢y (b, v)
which we have just described in more detail.

So we will get some subset V' where the continuous function which is a polynomial in
this continuous function does not vanish and of course this is an open subset. This explains
why we have V open such that K, & K’ = R".

We can now explicitly write an isomorphism

VxK

7 ] idxp

keroy C V xR"

where p is the projection from before. So because over each fiber over this open set V' the
kernel of ¢y does not intersect with K’ therefore it does not intersect with the kernel of the
projection p and thus the map ker ¢y — V' x K is fiberwise isomorphism and therefore a
homeomorphism which is also fiberwise linear.

Example 4.7.8.
Tangent vector bundle

TSs" ={(x,\) |z €S, eR" L . A=0} C " x R*T!

Sn
where x - A is the scalar product.

This is indeed a vector bundle:
o The structure of vector spaces on {(z,\)} is induced by R"*1 5 A

e We show the trivialising property on an open set. Since S™ is really symmetric one can rotate
everything to get the cover.

Un+1 = {(xl,...,xn+1) | Tpn+1 7’5 O} cs”

rs"

p
Un41 ~ UTL-‘rl x R™

~

Un+1

p(.’lf, )\la ) )‘TL+1) = (.’1?, )\la ) )\n)
p_l(l‘,/\l,...,/\n) = (m,/\l,...,/\n,)\n+1 = _E:’L:l \; )

Ty

where we get back the A, 1 from the equation 0 =z -\ = Z;fll T\

Clearly p and its inverse are fiberwise linear because for some fixed x p just forgets just one
of the coordinates of A\ and the inverse is also clearly linear for a fixed x.
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4. Principal G-bundles and vector bundles

Tautological vector bundles on Grassmanians

In order to be able to treat the real and complex case at the same time, take V to be an open
subset of either R™ or C™.

Ep(V) = {(x,v)

x € Gr(V) k-dim subspace of V,
veV, vex

} CGrg(V)xV

GTk(V)

o The fiber of v over z is a collections of pairs (z,v) where x = ¢ and v is an element in zg.

4.8

So the fiber is zg as a vector space.
This is why this is called the tautological vector bundle: over each point we have tautologically
the same vector space.

local triviality (over R, V = R")

Given x € Gry(R™) define the decomposition of x @ z = R™. This defines the orthogonal
projection p, : R™ — x.

You can write it down explicitly by using some bases of x. Then you can explicitly find some
bases of 2+ and write this  in terms of these bases. Then in these bases it might be clearer
that this depends continuously on z. But it might not be so clear that this is independent of
the choice of the bases. This is why we decided to define it without any choices.

So in summary, this depends on « continuously and defines the following morphism of vector
bundles

GTk(Rn) x R™ Grk(R”) x R™

\ /

G?"]c (Rn)

which is given by (x,v) — (z,p.(v)) (this is clearly fiberwise linear, because then it is just
the projection) and im ¢ = Ejy (V).

By the proposition before this is also a morphism of constant rank k. (Because the rank is
equal to k the rank of this map is the dimension of the image which is the dimension of ).
Thus the image of this map is a vector bundle.

In fact we will show that all vector bundles over all topological spaces are obtained as

pullbacks of this tautological vector bundles on grassmanians (at least for compact topological
spaces otherwise one would have to use the infinte grassmanian of course).

Cech cocycle presentation

We will now explain how one can construct principal G-bundles by some local data.
The following lemma is part of the construction

Lemma 4.8.1.

Let B € Top, {U;} an open cover of B, U;; = U; N Uj, Uyjr, = U;NU; NUj.

Given {¢ij : Ui; — G}, 5 (called Cech 1-cocycle with values in G such that ¢, = Gk 0 ¢ij (cocyle
equality / condition).

There exists a right principal G-bundle P over B such that
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4.8. Cech cocycle presentation

and these ¢;; are obtained as follows:

Uij x G
pilug;
~ -1
PUij =|PicP;
pJ|Uij
Uij x G

this is G-equivariant and on Uyj pj o p; *(u, g) := (u, di;(u) - g).

Moreover, every principal G-bundle trivialised over {U;} can be defined this way and one can
compute Homp(P, Q) in terms of these cocycles.

Proof.
Define

cU; xG

P=]Juixa/ 6(3;‘12; ~ (u, ¢ij(u) - g) if u € Uy

Basically we glue two trivial G-bundles on U; and U; and on the intersection we glue them according
to these transition functions ¢;;.
e There is a map
P—B

(uiag) = U

o G acts on P on each U; x G by multiplication on the right: (u, g) 2 (u, gh)

\/

with the inverse

U xGC U, xG

\\

(u, 3" - g)

So you get that P is a principal G-bundle.
The other claim is that if @ € Bung(B) is trivialised on {U;}

Uij x G
piluy;

QlU.. > P, =piop *
ij ij =Pjop;
piluy,

Uij x G
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4. Principal G-bundles and vector bundles

It follows that ®;, = ®; o ®;;. So these are the G-equivariant maps between Uy, X G — Uy, x G
and writing down a G-equivariant that is constant in the first component and some multiplication
by some ¢(u) in the second component you get the cocycle condition.

= Qik = Qjk © Oij u

Next time:

Bungr, ®)(—) = Vectﬂs(—)
P— P XGLn(]R) R™

In particular,

VectR(X) & [X, Grp,(R®)]
from < f
So if you want to construct some vector bundles on a space you can just choose a map from X to

the infinite Grassmanian.
Similarly over C.

Theorem 4.8.2.
Let B € CW, then there exists a natural isomorphism of sets

BunGL"(K)(B) =N WO(Vectffo’K
where the latter are the classes of isomorphisms of vector bundles of rank n and K is either R or C.

Proof. (for R)

If we have a principle GL,-bundle P € Bungy, ) (B), then as we have discussed before we get a
vector bundle by changing the fibers, so we get P Xy, (r) R™ which is a vector bundle over B.

If we have a vector bundle V' € Vect,,(B), we get a principle GL,-bundle E = E(V') such that Fj
is naturally isomorphic to Iso(R™,V}). In other words, those are choices of bases of V.

We define E by cocycle: Let {U;} be a trivialising cover for V', thus
Vly, 25 Ui x R"

Then, when we restrict to U;;, we get two isomorphisms:

piluy;

VUI»- ? Uij x R™

[ !

1R

I
1P
pJIU”‘ ~

Uij x R™

Yij(u,v) = (u, ¥ (v). Moreover, since 1;; is continuous, we also get that the map
€GL,R

(bij : Uij — GLn(R)
U z/}fj

is continuous. In particular, {¢;;} is a cocycle. By definition 1j; o 1;; = ;.

By these cocycles we get the principal GL, (R)-bundle E.
As an exercise:

e E(PxgL, @ R") = P
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4.9. Linear Algebra of vector bundles

. E(V) XGLH(R) R™ i) Vv
Again the key in finding this isomorphism is defining the natural map. You can do that by
using that the cocycle defining E' comes from the cocycle defining V.

Corollary 4.8.3.
For B € (W, the following sets are naturally isomorphic

o [B,Gr,(R™)]

e Bungr, w)(B)

e Bung, (B)

e classes of isomorphisms of real vector bundles of rank n over B

o (if B=J,;U;) has an open cover, where the open sets have homotopy types of CW-complezes)
every principle G L, -bundle is obtained from a cocycle over this coverings, so

{¢ij 1 U;j = GL,(R) | cocycle condition}/isom

as defined in Excercise 8.4 a

4.9 Linear Algebra of vector bundles

Proposition 4.9.1 (Linear operations of vector spaces can be transferred to vector bundles).

@ : Vect,(B) x Vect,(B) = Vectyin(B)
Hom(—,—): Vect,(B)? x Vect,,(B) — Vect,m(B)
® :Vect,(B) x Vecty,(B) — Vectym(B)

k
Sym*, /\ : Vect,, = Vect...()

where -+ is either the dimg Sym*(R™) or dimg A*(R™)

Proof. - just the construction
Suppose V' € Vect,,(B) which corresponds to the cocycles {¢;; : Uj; = GL,} and W € Vect,(B)
corresponding to {t;; : Ui; = GLp, }.

For the direct sum V @& W (and similarly for other operations) what we basically do is ap-
plying this operation to an n-dimensional vector space and an m-dimensional vector space and
then see how it becomes a GL,- or GL,,-torsor after this operation.

So for example here we have GL,, acting on R" and GL,, on R™. Therefore they act on their
direct sum R™ @ R™ which is the same as saying that we give a map p4 : GL, X GL,;, = GLyqm

. A0
given by (A, B) — (T‘?)

so the vector bundle V & W corresponds to a cocycle {p4 o (¢;5,%i;) : Uij = GLpym}. This VW
comes with

A% pw
Vit VeWw s =7 W
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4. Principal G-bundles and vector bundles

iy, iw subbundles, py, pw quotient bundles.

Similarly, for Hom(R",R™) we again have the action of GL, on R™ and GL,, on R™ and
so we get again a map pgom : GLYY x GL,, = GL,,, but here we have the opposite group because
GL,, acts on R™ which is the first argument in Hom, which is contravariant in the first argument.
That’s how you define the internal hom between to vector bundles Hom(V, W).

Similarly, we have GL, ® GL,, 22y GLym which gives V ® W and analogously for /\k and
Sym?.

We cheated here a little bit because we assumed the map € : Vect,(B) x Vect,(B) — Vecty1n(B)
is natural construction, so is a functor, which is not generally true because it depends on how we
define the direct sum. It could also be something close to a functor (also some other things are
unprecise). |

Example 4.9.2.

Recall that we have a tautological line bundle over CP™ which is usually denoted by O(—1)
(6,65,Bp,Cp often denote the trivial line bundle).

We can define

6(1) := Hom(6(-1),0) = 6(-1)*

and define

oK) = {@(1)®k if k>0

6(-1)®R if k<0

Exercise: Show that {O(k)}rex
o are all non-isomorphic.

o represent all classes of isomorphisms of complex line bundles (any complex line-bundle is
isomorphic to one of them)

e over S™, T'S™ @ O = O2(+1) trivial real vector bundle of rank n + 1
The map defining the isomorphism is given by

(@A) |2 A= 0} x {(z,0) | v € R} = {(zy) | = € 5,y € R*1}
(z,A), (x,0) = (2, A+ v-x)

o CP" = Gri(C"Y) = Gr,(C*1) ~ 7, is the tautological complex vector bundle of rank n
pullback to CP™.
Then 6(—1) @ 7, = 62 +1),

4.10 A glimpse into tangent and normal vector bundles of manifolds

Let h: R™ — R™ be a smooth map (i.e. (z1,...,2,) = (h1(Z), ..., hy(F)), h; € C(R™))
Define TR™, TR™ as trivial vector bundles of rank n and m respectively.
The differential is a map of vector bundles

dh: TR™ — TR™
=R xR" =Rm xRm

(z,0) = (h(x),  (Dih;(x)) (v))

mXn-matrix in R

Suppose M C R™ is h=1(0) for some h : R® — R™ smooth. If dh is of constant rank r in the
neighbourhood of M, then M is an embedded smooth manifold of dimension n — r.
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4.10. A glimpse into tangent and normal vector bundles of manifolds

The tangent bundle T'M := ker(j*TR" LN J*h*TR™) is a vector bundle of rank dim M =n —r.

Fact: TM does not depend on the choice of h.
Example 4.10.1.

S = {(21, . ps) | Y_af =0} R
where we now take h: R"*!1 — R to be Y. z2. Then the differential is
d.h = (221, ..., 2x,)
The tangent space can now be redefined as
TS" = ker(TR™™|gn 2 TR|gn) C S™ x R
= {(x,y) | ZQSCiyz' =0ter-y=0

So this is how you can define the tangent bundle to an embedded smooth manifold and embedded
means subset of R™. Then if we believe the fact that this does not depend on the choice of h, you
actually don’t need this M to be defined as h=1(0) for one h, you just need it to be true locally.
Then locally you can define the canonical tangent bundle. You can now glue those together to
obtain the tangent bundle on the whole smooth manifold.

We also get a cotangent bundle.
0—-TM —TR"|py > N =0

where the quotient N is the normal bundle of M C R™.
Basically we have just checked in the previous example that the normal bundle for the inclusion of
the sphere S™ — R™*! is trivial.

More generally, M is a smooth manifold of dimension d if M is a topological space such that

pi
M=,U; U = R?, U; open such that on the intersection of any two of these open sets

open

Uij % qﬁl(UZj) C R4
¢; %f”
open

¢;(Uy) C R?

fij is a smooth map == fjr o fij = fir.

We can now define the tangent bundle T'M using the cocycle

> dy fij = (Ok(fij)m(w))km

Also we have to check that as a vector bundles this does not depend on the choices we made.

Example 4.10.2.
CP™ is a smooth manifold of dimension 2n.
cpP" ={U;}
Cn = R2n (2.2,001,.,2)

167



4. Principal G-bundles and vector bundles

We need to determine what the cocycles are. For j < i:

Ui; = ¢i(Uij) = C" \ {w; = 0}
¢ (Uij) = C" \ {w;—1 = 0}

Thus

firCm\CE S cm\ !
(’Lgol, ceny ’LUiJ.rl..., ‘Li)ol) — (wl, vy Wi 1, )
Exercise: Check TCP! is a real vector bundle of rank 2, thus is isomorphic to 6(—2). There can

also be defined a complex analytic structure.
More generally A" TCP™ = 6(—n — 1) as real vector bundles.

So we have this new geometric structure of vector bundles over topological spaces and smooth
manifolds and one questions why we need that. One reason is that vector bundles appear naturally in
the context of smooth manifolds which are reasonable objects to study e.g. we have just introduced
embedded manifolds as the preimage of the zero point of some smooth function.

One can ask whether one can use these vector bundles that appear naturally in some geometry to
study other topological invariants and yes, one can use them for the construction of the classes in
the cohomology groups. These are called characteristic classes.

4.11 Characteristic classes of vector bundles

Recall that we have classified all real and complex line bundles over CW-complexes

w1

mo(Vect®>®(B)) = [B, K]lgj;ol)] ~ HY(B,7/2)
mo(Vect**C(B)) =B, g{;;} ~ [2(B,7,/2)

\/

C1

wy is the first Stiefel-Whitney class of a line bundle.
c1 is the first Chern class of a complex line bundle.

By Yoneda, natural transformations
mo(Vect*(=)) — H™(—, A)

because both functors are representable in the homotopy category (mo(Vect’*°(—)) by Grassmanian,
H™(—, A) by Eilenberg-MacLane space) are in one-to-one correspondence with H™(Gry,, A).
These natural transformations are called characteristic classes because we have a vector bundle
and its characteristic class is an element in the cohomology group.

So to classify all of them and get a way to compute them we just need to compute cohomology
groups of some very nice spaces.

Theorem 4.11.1. (real case, A=7/2)
There exist unique w; : 7o(Vect*>R) — H(—,Z/2) (note mo(Vect'*>R) describes all ranks) called
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4.11. Characteristic classes of vector bundles

the i-th Stiefel Whitney class for i > 0, wg = 1.
These satisfy the Whitney sum/product formula

wp(VaeWw)= Z w; (V) Uwg—; (W)

and for a line bundle w;(L) is defined as before.

Moreover, H*(Gri(R>),Z/2) = Z/2[w,...,w]. So the cohomology of the grassmanian with
Z)2-coefficients of k-dimensional subspaces is generated as a ring by wi, ..., wg, so there are no
relations between them. Thus all characteristic classes are, in fact, some polynomials in the
Stiefel-Whitney classes. This isomorphism is preserved under inclusions of the Grassmanians.

Remark 4.11.2. Also one can write the formula for when you have an exact sequence of vector
bundles

0>V ->U—-W-=0

where V is a subbundle and W a quotient bundle. Then the same formula holds

k

wi(U) = Z w; (V) Uwg—; (W)
i=0

This might seem as first to be a more general case to where we have seen the formula first because
there we had the direct sum which is nought but a special case of exact sequence. However, in the
compact case (and we will work with CW-complexes) in which we always will work in, all such
sequences are split.

So to see that we could have assumed this case in the theorem instead and would not have
lost any generality, we take as fact
Fact: Any (exact) sequence is split over any paracompact topological space.

Theorem 4.11.3. (complex case, A =17)
Jle; : moVect™*C — H*(—,7) called the i-th Chern classes, satisfying Cartan’s / Whitney sum
formula

k
s(VeW) =3 a(V)Ue (W)
=0

with cg = 1, ¢1 is defined as before on line bundles.
This are again all the characteristic classes you can get with integral coefficients and in fact with
any coefficients because

H*(Gri(C®),Z) = Z|cy, ..., ck)
Again, by the discussion before using the Yoneda lemma, any characteristic class of a complex
vector bundle of rank k is in fact a polynomial in the first k Chern classes.
Also when computing c(V @ W) one could again have demanded to only have an exact sequence

0>V —->U—-W=0

such that
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4. Principal G-bundles and vector bundles

Examples of computations

1. w;(O™) =0, ¢;(O™) = 0 for all i > 0.
The trivial bundle on the base B is obtained as the pullback from a point B Lo

p*RnZG@n
wi(pR") = p"( wi(R") )=0
nat trans ——
H'(e,Z/2)=0

The natural transformation is with respect to what? So these were vector bundles and the
cohomology are contravariant functors from CW-complex so that for each morphism we have
a pullback. Thus natural transformation commutes with pullback.

2. w(V)=0ifi > rk(V)
This does not fall out from the axioms but rather from the computation that cohomology of
the Grassmanian of k-dimensional subspaces do not have any Stiefel-Whitney classes apart
from the first k ones.
So if k = rank(V), let’s spell out what this is in terms of the Yoneda lemma

B L Gri(R™)
=V
wi(V) = frw;, w; € H(Grp(R>),Z/2)
We are not claiming that this latter cohomology class is zero but that there are these natural
maps between Grassmanians, in fact embeddings
Grp(R*,Z/2) — Gri+1(R*,Z/2)
H*(—,Z/2) : Z/2[w1, ..., wg] < Z/2]w1, ..., Wkt1)
0 < W41

So if V' is a vector bundle of rank k < 7, to get the pullback of the w; we can factor it through
the inclusion of the Grassmanians

B L Gri(R®) < Gry(R™)
0 <« w;

Analogously ¢;(V) =0 if i > rank(V).

total Stiefel-Whitney class is defined as w = ), w;, naturally this lives in the direct product of all
the cohomology groups with Z/2-coefficients.
total Chern class is defined as ¢ =) ¢;.

Then the Whitney sum formula can be rewritten as

w(VaeWw)=wlV)UJwW)
c(VaeW)=cV)ucW)

This is of course due to the Whitney sum formula.
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4. w(TS™) = 1 because TS™ @ 6 = O +1)

5. w(6(1)) =1+ a with ©(1) on RP™ and where a is the notation we used in AT I for RP*>
H*(RP",7Z/2) = 7Z/2[a]/a™ ! where dega = 1.

So this a, when n = oo, a is precisely the first Stiefel-Whitney Chern class, thus it is
clear that there first one should be a rather than 0.

6. w(TRP™) = (1 +a)"*.
This is because there exists an exact sequence of vector bundles

0—0— 612"+ 5 TRP™ 0

This can be split because TR P™ is para-compact, so we can use the Whitney sum formula. So
w() of the sum of TRP™ and 6 is just w(6(1)®+1)). We have just computed w(6(1)) = 1+a
and the total Whitney class sends sums to products.

Assume that RP™ < R™ is a smooth embedding. Then we get
0 — TRP™ — 6% - N -0
where N is the quotient bundle with rank m — n. Now by the Whitney sum formula
w(TRP™) - w(N) = w(6®™) =1

Take n = 2%, then w(TRP") = (1 + aZk)(l +a)=14a+ a?".

From this follows that w(N) =1+a+a®?+a---+ a?*~1. But this can only happen, that we
have a non-trivial Stiefel-Whitney class in degree 2¥ — 1, if rank(N) =m —n > 2¥ — 1, so
m > 2K+t 1.

This is a very non-trivial result on embeddings of projective spaces: you cannot em-

bed RP™ in small spaces.
E.g. RP* ~+ R7, RP® ~s R15,

4.12 Cohomology of projective bundles and Chern classes

Definition 4.12.1.

v
Let r; z be a complex vector bundle of rank n. Take V° to be the image of the zero-section which
B
is in each fiber Vj, just the point 0, so 2(B) = V? C V. C* acts freely on V \ V? by
(v, A)—=>Xw
eV eC

where the multiplication happens in the fiber over p(v).
Then we can take the quotient of V'\ V% under the action of C* and this quotient (V \ V?)/C* =
P(V) — B is a projective bundle associated to V (P(V),, is P(V}) = CP"~1)

Remark 4.12.2.

If {U;} C B is a trivialising cover for V, so V]y, = U; x C", then we can glue P(V) from
CP(V|y,) 2 U; x CP"~1. So V is glued from this trivial bundles over the U;’s according to some
cocycle and we can do the same for the projectivisation if we find some corresponding cocycle
(which we will not do here).

In particular, this map P(V) — B is a fiber bundle.

Properties 4.12.3.
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4. Principal G-bundles and vector bundles

1. 36(—1) = P(V') which is the relative tautological line bundle. This can be defined similarly to

the definition of the tautological line bundle on a projective space, but we want to define it
using the original vector space directly: V \ V° — P(V). Since C* acts freely on this space
VAV you can locally write explicitly this action. So it is not hard to show that V\V° — P(V)
s a principle Uy-bundle.
(V\VY) xy, C=:06(-1)
Thus we can associate to it the line bundle by the change of fiber l
P(V)

As in the case of the usual tautological line bundle on the projective space the fiber over a
point, so a line in P(V') consists of the points of this line.

. Another property of this construction is that it is functorial. Suppose we are given a vector
bundle W — C and a map f: B — C. Then you can take the pullback

Then you can take the projectivisation:

P(f*W) —L P(W)

| |

BﬁC

and the f(6(—1) = 6(—1).

The key to defining the Chern classes is the following computation:

Theorem 4.12.4 (Projective Bundle Formula).

%4

Suppose we have a complex vector bundle of rank n l

B
P(V)

Then we can associate to it the projective bundle lﬂ

B

On this projective bundle there is O(—1) which is a line bundle over P(V) and therefore we can
associate to it the first Chern class which we have already defined. This is because the first Chern
class comes from the fact that CP* turns out to be the Filenberg-Mac Lane space K(Z,2). So we
have the associated element c¢i(0(—1)) =: £ € H*(P(V)) (with integral coefficients).

Then H*(P(V)) is a free module over H*(B) with the basis 1,&,&2,...,6"" 1 where the struc-

ture of the H*(B)-module is also given by the cup product and the pullback:  «

€H*(B) . H*(P(V))

™ (@)U B =7"(a)- B (we denote starting here, - to mean U)

The proof to this theorem follows from
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4.12. Cohomology of projective bundles and Chern classes

Theorem 4.12.5 (Leray-Hirsch).
E
Let J{,r be a Serre-fibration over a connected CW-compler B.

B
Choose b € B, then the fiber over this point F' := E}, (which is actually a homotopy fiber, because
Serre fibrations are fibrations).
Assume

o HF(F) is a free finitely generated module (the coefficients are here ignored because they are Z,
also the same construction can be translated for the Stiefel-Whitney classes where we would
need coefficients 7./2)

o I elements {t;} C H*(E) such that if we pull them back to the fiber using the canonical
inclusion map i : F — FE, then {i*t;} is a basis of the cohomology of H*(F). So you can in
particular do that in any degree (but also simultaneously in all degrees as we did here) in some
degree we have that H*(F) is a free finitely generated module and there is a finite number
of these t;’s in this degree that restrict to the basis of the module H*(F) after we apply the
pullback along 1.

Then
H*(B) ® H*(F) = H*(E)
a®i*t; = (a) - t;
So H*(B) @ H*(F) is a free finitely generated module over B and thus this map makes H*(E) too
with basis {t;}.
Proof. that H*(P(V)) is a free module over H*(B) with the basis 1,¢,&2,...,&7 71

We have to check that 1,&,&2,...,6"71 restrict to free generators of H*(P(V),) = H*(P"~1).
This is because £ = ¢1(0(—1)) and the pullback i*(O(—1)) = 6(—1)

P (V) pr—1
Therefore the assumptions of the Leray-Hirsch theorem are satisfied: the fiber of the fiber
bundle P(V) — B (which is thus a Serre fibration) is P"~! and here we have universal elements
1,£,€2, ..., 1 in the cohomology of the total space H*(P(V)), that restrict to the generators.
Thus H*(P(V)) is a free module as we wanted [ |

A corollary of the projective bundle formula is the definition of Chern classes

Corollary 4.12.6. 3lc;(V) € H*(B), n > j > 1, such that in H*(P(V)): £" is no element of the
basis, but exists as an element and therefore has to be represented by some sum of elements in the
base with some coefficients. Those coefficients are the Chern classes of V :

" —c1(v) €7 +ea(v) € 4 (F1) (V) =0
Also take co =1 and ¢, (V) =0 for m > rank(V).

So here we got by definition that the Chern classes are 0 for m > rank(V') which we argued to be
the case beforehand.

Properties 4.12.7.

1. functoriality:

W —— W P(FW) —L P(W)

SN T
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174

The element {pwy = c1(0(—1)), but as claimed the pullback F6(-1) = 06(-1).
B(W) PW)  P(f*W)

Hence ¢y is defined as a natural isomorphism of functors we get that {p(p-w) = f*f.
Now consider the equality defining the Chern classes of W where n = rank(W):

0= Ve ¢

7=0
PB — % n n—ij (%) - * n
~ 0= f Z(—l)ij(W) ]P’(VI]/) = (_1)])f (Cj (W)>) ]P(fj W)
Jj=0 j=0
B(fW) — B(W)
where in (%) we use additivity of the PB and that the commutativity of l l ,

which tells us that instead of pulling first up to the base of P(W) and then to P(f*W), we could
also first pull it to the base of B and then up to P(f*W). So the pullback is always emitted
n cj(W)-C"’j in that we have the action on the base by the cohomology of the projective bundle.

Thus by

0= (1) f*(c;(W))) - fnm(f W)
follows that f*(c;(W))) are c;(f*W) from uniqueness.

The new definition ct°" (L) = & = c1p(r)(0(—1)) coincides with the old definition. So we have
to understand what cipr)(O(—1)) is.

~

O(~1) = (L\ L) xp, C* S L

A

Thus & = clg,ldL) =c(L).

. Whitney sum formula

We want to show that

a(VoW)= > (V) (W)
i+j=k

for V.W wector bundles over B. Let’s consider the projectivisation of the direct sum

) ——= P(VeWw) W)

All these projections are the canonical maps of the projective bundles. So for instance the
map P(V) <= P(V @& W) sends a line in the fiber of V to the fiber of V in V@ W.
In fact, both P(V') and P(W) both lie in an open Uy respectively Uy in P(V @ W).

Uy :==P(V & W)\ P(W)



4.13. Cohomology of BU,,

Uw =PVaeW)\P(V)

We claim that the map sy : P(V) — Uy, sy(z) = [z,0] is a deformation retract.

For this we define the map in the other direction rv by rv([x,y]) = x where x is a line in V
and y a line in W. x cannot be 0 in Uy because we have deleted P(W') which is exactly the
pairs (0,y), so the map rv([x,y]) = x # 0 is well-defined.

Ty 08y =id and s, o1y : [x,y] = [2,0] = id by [z,y] — [x,ty], t € [0, 1].

Thus sy is a deformation retract. In particular, it induces an isomorphism H*(Uy ) =N
H*(P(V)).

Denote k = rank(V), | = rank(W).

Consider x = Z?:o ¢;j(V) - ¢F9 where & := ¢1(Opvew)(—1)). In particular, it is not clear
that © = 0 but restricted to Uy (and P(V)) is 0.

Similarly y = Zé:o c;(V)) - ¢!~ is restricted to Uy, zero.

There exist corresponding elements ' € H*(P(V @& W),Uy) and y' € H*(P(V @ W), Uw).
The multiplication 2’ -y € H*(P(V @ W), Uy UUw). But Uy UUw is an open cover and
thus Uy UUw =P(V @& W) and thus H*(P(Ve W), Uy UUy) =0 = z-y=0.

But what is x -y?

4.13 Cohomology of BU,,

Lemma 4.13.1.
There is a map BU,,_1 x BU;y g BU,, such that

° ﬁ*(')/n) = prT'Ynfl ®pr§71

1R

BU,,—1 x BU;

Here one can see why we said "there is a map" because the first property determined the map
uniquely but up to homotopy. Here, however, the claim is that you can choose the space
homeomorphic to the projective bundle and the map as projection.

Proof. (sketch)

We have U, _1 x U} — U, given by (A’ B) = < 61 g )

Consider the universal U,-bundle:

EUn/Un_l X U1
EUn XU, (Un/(Unfl X Ul)) B(Un,1 X Ul) —2 BUn = EUn/Un
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4. Principal G-bundles and vector bundles

Un/(Up_1 xUy) =CP" !
This is because U,, acts on C™ and therefore it acts on CP"~! and the stabiliser of some point in

Al O
n—1 : :
CP is the set of matrices (ﬁ)

Thus EU, xy, (Un/(Un_1 x U1)) = EU, xy, CP™ = P(,,).
Yn = EUn XU, (Cn, ’y,:; = EUn XU, {0}, (’yn \’}/g/Ul) = EUn XU, Qn \ {0}/U1

Now to get the map 3, we use an exercise that there is

BU,_1 x BU; 2% B(U,_, x U;) — BU,
=P(Vn

So we can take BU,,_1 x BU; as P(vy,).

We have now constructed § such that it fulfils the second property required by the lemma.
We now have to check that if we take the pullback 5*(v,) = privn-1 ® prim.
Let’s recall how we defined the classifying space:

EU, | x EUy 20595y,

l |

BU,_1 x BUy —— BU;

So what is v,-1 @ 71 (ignoring the pullbacks)?
Vo1 @y = (BU,_1 x EUy) xy,_,xv, (C" ' xCY = EU, xy,_,xv, C* = EU, xy, C" =1,

This induces v,—1 & 71 = B*Yn- .

Theorem 4.13.2.
Let (BUy)*™ ER BU,, be the map classifying priys @ prayi @ ... ® prim.
Then f*: H*(BU,) — H*(BU]") 2 Z[t1, ..., t,] of degt; =2
e 15 injective
o its image consists of symmetric polynomials
o f*(ci(yn)) is the i-th symmetric polynomial in ti,... t,. In particular, H*(BU,) =
Zler(n)s c2(Yn )y s en(n)]
Proof.

e 0 €%, acts on (BU;)*™ by permutations

(BU,)*" % (BU,)*™ L BU,

This composition classifies a vector bundle of rank n. Which is that? The pullback of the
canonical, the tautological vector bundle of rank n in BU,, is by definition of f the direct
sum priyi @ pray1 @ ... @ pri;y1. Then the pullback over o is just the permutation of these
summands:

~

"o f () = [ () Eprin © ... & prom

So by the property of the classifying space, since both these maps, f and the composition
with o yields isomorphic pullbacks, they have to be homotopic

cof~f

and in particular induce the same map on cohomology H*.

This explains why the image of that map f* lies inside of symmetric polynomials. Although
we still have to check that all symmetric polynomials lie in the image of the map and that it
is injective.
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e injectivity
f can be obtained as a sequence

BUY™ — BUy x (BU,)*"™) — BUs x (BU,)*"™ — ... - BU,

at each stage it will be a projective bundle and by the projective bundle formula the map
from the cohomology of the base to the cohomology of the projective bundle is injective and
thus so is this map.

o fHleilm)) = ci(f*m) = cilprin & ... ® prom).
How do these relate to the variables ¢;. One should remark that ¢; is a generator in the
cohomology of the i-th BU; and BU; = CP>°. The generator of the cohomology of CP* is
by definition the first Chern class of the tautological line bundle 6(—1), so t; = pr}(ci1(71))
(where 71 = 6(—1)).

Thus we get

sum formula

i) = ci(f vn) = ci(prin @ ... ® prim) = i-th symmetric polynomial
Perhaps this is easier explained, if we look at the total Chern class
(™) = (1 +t) (L +12) - (1 +tn)

If we open the brackets and look at the polynomial at degree 2i (because degt; = 2) this will
be precisely the i-th symmetric polynomial in the variables t1,to, ..., t,.

Now everything follows because the i-th symmetric polynomials in the variables t1, ¢, ..., t,, generate
freely the ring of symmetric polynomials inside the ring Z[t1, ..., t,].

So H*(BU,,) = Z[c1(vn), c2(Yn); -y cn(7n)] follows from the proven three items by the theorem of
symmetric polynomials. [ |

Remark 4.13.3.

Cohomology of complex Grassmanians Gr,,(C*) = BUj, can be computed by using cells only in
even dimensions.

Classically by using Schubert cells (which are parametrised by Young diagrams). The relation
between this basis and ¢y, ..., ¢ is non-trivial.

4.14 Splitting principle
In general, there are no relations between c¢1(V), ..., ¢, (V). But it turns out that there are relations
between ¢;(V), ¢; (A" V) and ¢, (Sym™V).

Theorem 4.14.1 (splitting principle).
B e W, Vi,...,Vi. complex vector bundles over B.

Then 3X L5 B such that
1. f*: H*(B) = H*(X) is split-injective. (split in the sense of modules)
2. f*Vj is split in line bundles, so is isomorphic to a direct sum of line bundles.

Corollary 4.14.2.
Let V be of rank r on X, then c1(V) = ci(N" V) (N V is a line bundle)

Proof. of corollary

WLOG we can assume V = L1 & ... & L, is the direct sum of r line bundles. We can do so because
we want to prove some equality between two classes in the cohomology and if we take this equality
by some pullback to another cohomology group where this map is split-injective, then if the equality
holds after the pullback, it should also hold before the pullback. After the pullback V will be a
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4. Principal G-bundles and vector bundles

direct sum of line bundles.

We can now apply Whitney sum formula to see that

T

a(V)=>al(L)

i=1

On the other hand, from the isomorphism V = L & ... ® L, follows that

/T\V’i”’L1®...®LT

and again by some exercise

T

Cl(Ll ®...® Lr) = ZCl(L’L)

i=1

Proof. of splitting principle
Vv
Works by the following construction: Let l be a vector bundle of rank n.

B
Then we can look at the projectivisation of this vector bundle P(V') — B and take the pullback:

™V —V
17 ]
P(V) —/—— B
The claim is that we can split off a direct summand which is in fact O(—1):

P(V)
TV 20(-1) @V

where V' is of rank n — 1. This is all we need to prove for the splitting principle because for one
vector bundle we can do this construction several times, first for V, then for the left over V'’ and so
on until we get the decomposition in the sum of line bundles. Of course if you already have the
decomposition in some line bundles, it does not matter if you take the pullback because you will
also have the decomposition there.

So why did we already prove that? We have the map B — BU, which corresponds to the
vector bundle V', so the pullback of the canonical tautological line bundle is g*v,, = V.

We can also look at the projectivisation P(y,) = BU,_1 x BU;. By the functoriality of the
projective bundle construction the top left spot can be filled in by P(V):

P(V) — s P(7,) & BU,_; x BU,

| Js

So we get that (g o 7)*y, = 7*V but this map g o 7 factors through BU,,_; x BUj.
Thus

[ =m-1®m
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and therefore

(gom) v =7V =g ("n-1®m) = 971 B9 V-1
6(—1)

Remark 4.14.3.
Stiefel-Whitney classes can be constructed in absolutely the same way.

There were two main claims in the construction of Chern classes and the proof that the co-
homology of BU, is the way it is. The first claim was that we used the Leray-Hirsch theorem
for the projective bundle and that was based on the cohomology of the projective space being
generated by the first Chern class of O(—1).

This is also true for the real projective space with Z/2-coefficients

H*(RP™,Z/2) = Z,/2[d]
where a = w1 (0(—1)) with deg(a) = 1.

All the other considerations were completely universal.
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CHAPTER 5

Spectral Sequences

5.1 What is a spectral sequence?

Fix an abelian category A, e.g. (and for us almost always) Ab.

Definition 5.1.1.

A sequence of objects E,. € A, where r € Z, r > 1 for some ry € Z (most often ro = 0,1,2)
together with endomorphisms d,. : E,. — E,. such that d, od,, = 0 and E, 11 = kerd,/imd, is called
a spectral sequence.

The object E,. is called the r-th sheet / page and d, the r-th differential.

Remark 5.1.2.
We will always assume the isomorphisms F, ;1 = kerd,/imd, to be equalities.

Definition 5.1.3.
A bigraded spectral sequence (E,., d,) where every page is bigraded, so

B, =~ P Epe

P,qEZ

In that case, the differential is assumed to be bigraded, so it has to change the grading somehow
(so be of non-zero degree):
cohomological convention:

d?9 = d,|gra : BP9 — EPTHOTPH
The isomorphism F, ;1 = kerdgr/imd, is now a bigraded isomorphism, so
EPY = (ker d,|gpa)/(imd, N EPY) = (ker d,|gra)/(im d?~ 77T~ 1)

r4+1 —

(and here ro matters !)

Bigraded spectral sequences are often drawn as follows:

q
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5. Spectral Sequences

Recall that a point in the Ej-page is given by EP*% = ker db®% /im db*% ",
The general formula for the bigraded differential is

. P4 p+7,q—r+1
d, : EPT — BT

Note that for each page r

d: @ e~ p BT

p+g=n p'+q'=n+l

This means that the next point is always on the next diagonal turning clockwise. So it shifts one
object at diagonal at a time clockwise.

go+1F--—-s---3-----

qor —————————————

Po po+1 D Do D Es-page

Definition 5.1.4.
Spectral sequence degenerates (at page m) if d,, = 0 for r > m.

Note that if d,, = 0, then E,1; = E,. Because the kernel of d,. is the whole F,. and the image is 0.
For degenerate spectral sequences we have that the differential is 0 at some point and from there
onwards, so the objects do not change anymore and nothing happens anymore.

Lemma 5.1.5.
Assume that for a bigraded spectral sequence EX:? =0

2. Zf q ¢ [Qmin: Qmin + d]

Then the spectral sequence degenerates (at page d+1).

Proof.

Case 1

) As soon as d, goes outside of this non-trivial line
(indicated as dashed), it is zero.

You should look at the objects on the line pyin
where the differential goes outside of the line
Pmin + d at the same time, if the differential goes
inside an object on the line pyin +d, it comes from
an object outside of the line pyin.

You can calculate when that happens and it should
be something like d + 1.
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Definition 5.1.6.
A bigraded spectral sequence {EP'9,d,.} converges to E:4 if for all (p, q) there exists m such that
forr>m

= d,|pp =0 I =

(In other words: when we compute cohomology of the r-th page in the point (p, ¢) nothing happens
because the differential going out of it as well as the one going in is 0)
and then EP: = ED9.

Remark 5.1.7.

Convergence is weaker than degeneration.

Degeneration means that at some page everything stops, no differentials appear as they are all zero,
everything is stable. Convergence means that if we look at some particular point in this bigraded
spectral sequence then starting from some page everything going in and out of it is going to be 0.
But for different points the number of page at which this starts converging against the infinite
group E2:9 can be different and it does not have to be bounded, so at some higher page things can
happen.

Lemma 5.1.8.
Assume that for a bigraded spectral sequence {E?9,d;,}r>p,, ER? =0 unless p >0 and ¢ > 0

70

a first quadrant spectral sequence

Then it converges.

Proof.

You just have to look at how the differentials behave at some particular point (pg, o) - you do not
have to do it universally.

At some point, differentials going out of it will go to 0 for sufficiently big r and differentials going
to it will also come from 0 for r > 0.

As soon as it goes out of this quadrant, all the next ones, which will be on the next diagonal (the
differential turns clockwise on this diagonal) they will be also out of the quadrant. |
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Definition 5.1.9.
If a spectral sequence {EP'9,d,.} converges, then E%:? is called infinite page / sheet.

This is what spectral sequence computes!

A spectral sequence (bigraded, cohomological) is a collection of these pages where each page is

such a diagram of abelian groups (/objects in the abelian category) and differentials on this page
which are differentials (d> = 0) and they go in specific directions.
On the next page we put on this sheet the homology of the previous page. We are somehow given
the new differentials on this next page which go slightly different and we again compute homology.
At some point this process stops (at least locally for each point) and we get the infinite term.
Altogether, the infinite term on the whole page is what we compute by spectral sequence.

The reason why they are called pages, is because some people think of spectral sequences as a
book. You have the first page with differentials, you turn the page of the book you get the next page.

Typically, one relates Eo, (bigraded) (which is defined only for convergent bigraded spectral
sequences) to some (resp. graded) object G € A (in most cases an abelian group) with a descending
filtration --- C FsH1 C G C ---, s € Zt

Recall that a a filtration on an abelian group is called exhaustive if | J,., F°G = G.

It is called Hausdorff if (., F**G = 0 and complete if "Cauchy sequences converge":

A Cauchy sequence consists of X,, € G such that Vs 3N such that X,, — X,,, € F*G for alln > N
~ it converges if dzg € G such that Vs exists N such that X,, — X € F*G for n > N.

For example, if a filtration on G is finite (F*G = F**"G for s > 0, r > 0 as well as FFG = F+F—"
for k < 0), then it is automatically complete

Hausdorff exhaustive

0 MEYY pming C L C PTG C PG

Definition 5.1.10.
A bigraded spectral sequence converges strongly to a graded G with a descending filtration F*G if

e it converges (so the infinite page is defined)
o the filtration on G is complete exhaustive Hausdorff

o there exist isomorphisms

E&q o~ FpGp+q/Fp+1Gp+q — gr% (Gp+q)

If EP strongly converges to G one writes EP9 = GPT9. (the sum is due to the fact that EP4

at infinity is an subquotient of GPT9).
Recall: ERY =~ FPGrta/prrigrta,

5.2 Examples of Spectral Sequences with Applications (but without
constructions)

double complex C** in A

A double complex is a diagram of objects, bigraded, with differentials that are invertible and vertical
maps
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o] d o, optla N

d dl

ey opal 4 optle-l

dod=00od
=0
=0
and let’s assume that at each diagonal @p 4q=n 77 there are only finitely many non-zero terms.

To the double complex C'*® one can assign its totalisation of a double complex Tot(C**®) which is
a complex in A:

Tot(C**)" = @) P
ptg=n

For = ) (AP + (=1)P0P)

pF+q=n

Of course, one has to check that this is in fact a differential. For this, if one regards the composition
with the next one, one uses the commutativity of d and 0, as well as that their composition with
itself are 0. Then with some play with the signs all that is left, cancels out.

Theorem 5.2.1.
There exist two strongly convergent bigraded spectral sequences:

1. The first one has as 0-th term TE}? = CP9 and the differential is given by just forgetting
about the horizontal differentials, so dy = 0.
So the first page is given by forgetting about the horizontal differentials. Then after computing
the homology of the vertical differentials you can define a new differential on the cohomology
of the vertical arrows.

TEpa —s [PHa(Tot(C**))

2. HERT = C9P dy=d
So this is basically similar to before but just the mirrored image.

HEPa — HPTI(Tot(C**)).
This is because the totalisation does not depend on the mirroring. What does not stay the
same s the filtration one gets.

Example 5.2.2 (Proof of Snake lemma).
We suppose the following commutative diagram to have exact rows

0 A B c 0
1
0 E F G 0

We can see it as a double complex. Also we assume that all downward maps are differentials, so we
actually have
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N ]
+——o
Q+——o

«—
=
«—
e
«—
&

o+— I
o4— M
o +—Q

So if we start by looking at ! EP»9 the 0-th page would be this diagram where we forgot all about
the vertical differentials. Then we have to compute the homology with respect to the horizontal
differentials. These are, of course 0, because the rows are exact.

Thus the first page

"EPT=0 Vp,q
In particular, because it strongly converges against the homology of the totalisation, it means that
H™(Tot(C*®*)) =0 Vn

This group should have a complete, exhaustive Hausdorff filtration with the graded quotients being
HEP4 which are 0. Therefore the filtration is 0 because if the graded filtration is 0 then so is the
filtration.

Now look at ! Ef*? the first page of the first spectral sequence. This looks on objects like

ker(f1) ker(f2) ker(f3)

coker(f1) coker( f2) coker( f3)

So how does the differential look like? The differential on the first page comes from the other
differential, the one we haven’t used to compute homology, so it comes from the horizontal arrows.
We now get as the first page I E}"%:

ker(f1) —2— ker(fa) —2— ker(fs)

coker(f1) N coker( f2) N coker(f3)

Now we compute the second page of the same spectral sequence. We do not compute the objects,
but only want to point out, where the differentials go

Again, you either have to check through old notation or you have to remember the rule over
thumb that the differential always goes to the next diagonal and goes clockwise (here, however,
counter-clockwise because we have mirrored at some point).

So on the 0-th page, the differential started by going down, then it went to being horizontal, so
now it will go up on the next horizontal:

(Po+2,90—1)
° ° °

e
[ ] [ ] [ ]
(Po,q0)
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(same actually for the other objects, but they go to 0. One can also see from here, that d,, = 0 for
r> 3.

Because H"(Tot(C**)) = 0, so LE2? = 0 for all p,q. But TE2? = EY? if (p,q) is neither
(o, qo) nor (po + 2,qo — 1). Thus all other dots have to be Os.

(po+2,90—1)
[ )

0 0
%
° 0 0
(Po+90)

What about these two left-over dots? Starting from the next page all differentials will be 0 and
what’s going to be on the next page is the homology of this differential dy. Thus both, the kernel
and the cokernel of the map ds have to be 0 which means that ds is an isomorphism and

EPy® = ER% = kerdy = 0 = cokerdy = B} T3% 71 = ERoT290~1 — 4, is an iso
This means that
ker f; — ker fo — ker f3
is exact on the left,
coker f; — coker fo — coker f3

is exact on the right and
coker d; = ker f3/ ker fy <d7_3 ker d; := (coker fi; — coker f5)

This glues to the "snake" exact sequence.

Exercise:
To obtain the long exact sequence for homology of a short exact sequence of complexes.

Cech spectral sequence

Theorem 5.2.3.

Let {U;}ier be an open covering of a CW-complex X, such that U;, N---NU;, =0 for iy # -+ # i
for k> 0. (Assume I to be ordered)

Then there exists a strongly convergent spectral sequence (and in this case it does not start with a
0-th but rather a first page):

p=0 p=1 p=2
Ey: g-th row @ HWU) 2 @ H(U;) » @ HUiji) — -

icl i<j i<ji<k

EP1 — HPI(X)

then dl({xi})k]‘ =X;

Remark 5.2.4.
Mayer-Vietoris is a particular case of Cech spectral sequence: |I| = 2.
Then EY? =0 for p > 1.

Ui — 2jlUs, € Hq(Uij)

Eli
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HYU) & HI(V) —— HY(UNV)

H™Y(U) @ HI"Y(V) —— HI YU NV)

E2:

ker, coker, 0

ker,_q coker,_1

thus if X = U UV this spectral sequence degenerates at page 2. There is a filtration of two steps of
HPT(X):

0 — cokery—1 — HY(X) — kery — 0

For two quotients of the filtration of HPT4(X) they both come from the same diagonal of the
spectral sequence. So what appears on this diagonal will go to the same cohomology group of X
namely H%(X).

Regarding the map H?(X) — ker,: ker, is a subgroup in H%(U) & H?(V'). So this map is the usual
restriction map. The map HY(X) — HY(U) ® HY(V) is surjective on the kernel and the kernel of
the map H?%(X) — ker, — 0 is precisely the cokernel coker,_q of H4~(U) & HI= (V).

If you glue that all together, you get the Mayer-Vietoris sequence.

In general, if you have a covering with more than two covering opens, you get the Cech spectral
sequence.

Remark 5.2.5.

Suppose that U;, is contractible or empty for all £ (a good covering), then

~~~~~ ik

HY(X) = HY(P ZmU; - P ZroUsj — - = B ZmoUs.ip — )
i i<j 1< .. <ig

In particular, if H9(X) = 0, then there exists no good cover of cardinality < ¢ + 1.

H"(S™) = Z, so 8™ cannot be covered with n opens U; such that U;, ;. is contractible or

empty for all i1 < ... < ig.

k

Serre Spectral Sequence

Theorem 5.2.6.
X

Let B be a simply connected CW-complex and let l be a Serre fibration with fiber F over some

B
point b.
Then for every abelian group A, there exist two strongly convergent spectral sequences (one is for
homology, the other for cohomology), r > 1:

o homological:
E;’q — Hp_;,_q(X, A), dr : E;,q — E;—T,q+7"—1

e cohomological:

EPY = HPY(X,A), d,:EPY— EPTaH
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E?,=H,(B.H,(F,4))  Ey*=H"(B,H(F,A))

Remark 5.2.7.
These are first quadrant spectral sequences because either homology or cohomology
(HP(---)HY(F,A) =0)is O unlessp >0,¢ >0

Remark 5.2.8.
X=2BXF
If prl and A is a PID, then
B
Kiinneth
Hyo(X,A) = P Hy(B,A)@aHy(F,A) & Tori(Hy(B,A),Hy(F, A))
p+qg=m p'+q' =m—1

We can also compute what is happening on the second page:
Hy(B, Hy(F, A)) = H,(B, A) © H,(F, A) ® Tor{(H,(B, A), H,(B, A))

Thus E, degenerates at the second page.

In this way, the spectral sequence tells you, how the homology of the total space of a general Serre
fibration differs from the homology of the trivial Serre fibration, because on the second page what
stands there is absolutely the same for both cases but in one case you can show that all differentials
become 0 and you get basically the Kiinneth formula. If the Serre fibration is non-trivial there are
non-trivial differentials that kill some parts of the homology, so something non-trivial happens.

Example 5.2.9 (of application).
X =1L,5"
Consider the Serre fibration of paths in a sphere: l with fiber over * being the loop

x e S"
space 2,5™.
We know that X =~ %, but we don’t know nothing about the homology of the loop space.
Ifn=1,Q,5" = Hﬂ.l(sl) *.
If n > 2, then S™ is simply-connected and we can apply Serre spectral sequence. In that we have
on the second page

B2, = Hy(S", Hy(QS™) #0

only for p = 0,n because you can compute the homology of S™ with any coefficients using for
example the universal coefficient theorem and because it is the homology of S™ with free abelian
groups as coefficients, there will be no Tor-groups appearing, so this is just the product of H,(S™)
with H,(25™)

.
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5. Spectral Sequences

This strongly converges to H,(ILS™) = Z in degree 0.
Therefore Ep5, = 0 unless (p,q) = 0.

But now, because there are only two columns here, there are not so many differentials that
can possibly be non-trivial. First, how do differentials go in this homological spectral sequence?
Well, they go from the diagonal p 4+ ¢ = m to the previous diagonal p + ¢ = m — 1, going one object
at the time and also turning clockwise.

Only something interesting can appear when the differential can go from the n-th column to a
group in the 0-th column. So if we want to go from the group H,,(S™, Hy(£25™)) = Z which lives
on the 0 4+ n = n-th diagonal, we have to go to the n — 1-th diagonal. The only element of the 0-th
column lying on this diagonal, however, is H,,_1(25™).
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Correction: in the (n — 1)-th row, instead of the homology of S™, there should be the homologies of
the loop space 25™. Also the indicated diagonal should be labeled d".

The only non-trivial differentials can happen on £, and they go

total degree n+m—1
Hn+m71 (an)
d’V‘L

H,,(225™) ~ H,(S™, H,,(QS™))

total degree n+m

Therefore it is always an isomorphism.

So no differential goes into Hy(25™) for 0 < k < n — 1. But if nothing goes in there and this is the
only non-trivial differential that can happen, this group should survive to the infinite page E°.
But we have said, that this infinite page only contains the group Z in (0,0), thus Hy(QS5™) = 0 for
0<k<n-—1.

But there is also the group H,(S™, Hyo(25™)) = Z in (n,0) which should also vanish in the infinite
page. The only way for this to vanish, however, is for the differential d" to have no kernel, thus is
injective.

Therefore

7= Hy(QS™) L5 H,_1(QS™)
has to be an iso, so that EgS,_; = Ep% = 0, thus H, 1 (QS") = Z.
Similarly, Hy(Q2S™) =0 forn —1 <k <2(n —1) and Hy(,—1)(Q2S™) = Z.
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5.3. Construction and convergence of spectral sequences

Doing the same indefinitely we get

o Z m=kn-1), k>0
Hn(257) = {O else

5.3 Construction and convergence of spectral sequences

Spectral sequences rise from exact couples

Definition 5.3.1.
An exact couple in an abelian category A is (A, E, 1, j, k) that form the triangle

A—F 5 A

N A

where every corner is exact, i.e. keri = im k and so on.
To an exact couple one can associate
1. a differential on E which is
d=jok:E—FE
it is a differential because
dod=jokojok=0
—~—
0
2. a derived couple (A", E' ', j', k')
E':=kerd/imd
A =1imi = kerj

i A A

£©£

—* v A

’
ie. i'(a) =i(a) € A/=imi = ker j, but j(i(a)) = 0, hence i(a) € A’.

To define j* : A’ — E’. This is not just the restriction of the map j but a bit more
complicated.

Take a € A’ such that a = i(a’). Define j'(a) := [j(a’)] (denotes the canonical map
[<] : kerj — E’). To check is that

* j(a') € ker(d). d(j(a')) = jokoj(d) =
o we have chosen some a’ such that i(a’)
j(keri) = j(imk) = imd. Now [j(a)] =

0

= a, but we could have chosen another one, so
[i(a")] if &’ —a” € keri.
Define k' : E' — A’ by [e] — k(e) where e € ker d. Check:

o k(e) € A" =kerj
j(k(e)) = d(e) = 0
e k(imd)=0: kod=kojok=0

Lemma 5.3.2.
A derived couple of an exact couple is an exact couple.
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5. Spectral Sequences

Proof. by diagram chasing:
We have the original exact couple and the new couple:

A— 5 A /R

N N A

We won’t do all parts of the exactness, but for example in one corner one checks:

« jloil =0
Let a € A’ such that a = i(a’), then

e kerj’ C imi’:
Let a € A’ be in the kernel, so j'(a) = 0. a is again a = i(a’) for some o’ € A’ and
j'(a) = [j(a’)] thus j(a') € imd. By definition j(a') = d(e) = j(k(e)).
Consider o’ — Ek(e). It is in ker j = imi. Thus there is o’ such that i(a”) = a’ — k(e).
Now a = i(d) = i(i(a") + K(e)) = ©*(a").
imi’ = i(A’) = i?(A’). Thus we are finished.

Corollary 5.3.3.
If

E,,
is an exact couple for some ry € Z, then we define for r > rg

Er+1 = E;,
Ar—i—l = A;n

irr1 =1, and so on...
{E,,d; = jr 0 ky}i>r, 1S a spectral sequence.

Obtaining (bigraded) exact couples

Let --- — X, = Xp41 — --- be a sequence of C'W-complexes, p € Z.
Then define

EB A @ H,( (with some coefficients)
@ Ei D @ H p/Xp—l)

where the latter, X,,/X,_1, is the homotopy quotient given by

X, — X,

| ol

* — Xp/Xp_1
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5.3. Construction and convergence of spectral sequences

Also, define the maps:

it H, (Xpo1) =5 Ho(X,)
_Al :Al

n,p—1 n,p

jl 3Hn(Xp) _*> Hn(Xp/Xp—l)

=A%, =EL .,
! Hy ( p/ —1) W_*> Hn(EXp—l) =Hp- I(Xp—l)
=B =AL 1p1
Where we have used:
Xp—1 < *

| ok 4l

¥ —— X,/ X, 1 —— BX,
1 Al
Puppe LES for homology implies that \ / is an exact couple.

Proposition 5.3.4.

These give rise to a bigraded spectral sequence (E;’p, d,) with
E’“ —> E;_ Lp—r

and in the derived exact couples

T . AT T
i An’p — AM,+1

The latter is actually really easy to see because the map i! does absolutely the same as i" and this
does not change by derivation because that is just the restriction to some subgroups. So it has
exactly the same grading.

Notation 5.3.5. .
Renumber: E;q =Ep, —> Eg1p—r=Ep tqir
This is the "standard" homologlcal convention for the differentials.

Strong Convergence of the above constructed spectral sequence

We need to make more assumptions (then later one can regard what we will do in more general
settings than just with the above constructed sequence):

1. For each n, E}L)p # 0 only for finitely many p’s.
< E, ! o has only finitely many non-zero groups on the diagonal n = p +gq.

/P —|
In the exact couple obtained above \ / , the LES looks like

1 1 1 1 1
T An+1,p - En+1,p - An,pfl - An,p - En,p -

if (+): Epyy,=0=E, ,, then A, -+A

Consider a sequence (xx)

1 1 1
o A1~ Ay 2 Ap i &
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5. Spectral Sequences

If p >0, then () holds and minimal values
If p>> 0, then (%) holds v

} = in (x) there is a maximal value A, |

Al —oo» S0 there are stable values on the right and on the left.
2. A}, =0. Define the increasing, exhaustive, finite Hausdorff filtration on A}, .
FpAiL,oo = Hn(A'}L,p T A71L,oo)
Theorem 5.3.6.

Assume in the in 3.2 constructed exact couples (and spectral sequences)
1. For each n, E}l’p % 0 only for finitely many p’s.
2. A}z,—oo =0 for alln

Then the spectral sequence Ej , = Al strongly converges with filtration FP defined as

n,00

FPAL  =1im(A,, , = A, ). Le. there exists isomorphisms

o ~ 1 +1 41
E’n,p - FpAn,OO/Fp An,oo
where B}, = H,(X,/Xp_1) and A}, , = Hy(X}).
Proof.

o B, converges (i.e. Ep°, for the same reason as last time using condition 1. (last time we
have talked about spectral sequences lying in some strip or in the first quadrant but of the
essence actually was that on each diagonal there were only finitely many non-trivial values.
E.g. for E; , there are only finitely many non-zero values on each diagonal))

e Consider the LES of derived couples
i
A;,p+r72 - A:L,errfl - E:L,p - A:zfl,pfl - Azfl,p - E:Lfl,pf'r‘#»l —
Fix n,p and let r grow. For sufficiently big r that Ej_, ,_, ., = 0 because for fixed n,p the

second index grows to —oo.
By the second condition

T s 2 2
n—1,p—1 — 1m<An71,p717T - Anfl,pf'r — )
hence A7, _; ,_4 =0 for r > 0.
_ —  n=lgl (AL —
Then Ej, = A v 1/ALpiro = "HAL) /(A 1), so when EX =

FPAL _JEP=1Al

Example 5.3.7.
Suppose X, = 0 for p < 0, let

Xo‘—>X1‘—>X2‘—>"'

be CW-subcomplexes, X = colim, X, be a CW complex.
Then

1. Hy(X,/X,—1) # 0 for fixed n and only finally many p’s
is satisfied if X, < X,4+1 is f(p)-connected f(p) — oo for p — oo (e.g. if f(p) is linear in p) and
2. Al

n,

oo =Hp(Xp)=0for p< 0
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5.3. Construction and convergence of spectral sequences

is satisfied .

Then A}, ,, = colim, H,,(X,) = H,(X), so the spectral sequence strongly converges to H,(X).

Remark 5.3.8.
If we take X, to be the p-th skeleton of X, then E},

— E;1;71,p71 — E;1;72,p72 — --- can be
identified with the cellular complex of X.

P

Then this spectral sequence actually degenerates at the second page and computes the homology
by using the cellular complex.

Quick recap of last lecture:

1. given a sequence of CW-complexes --- — X, — X,11 — --- we constructed a spectral

~ d ~
sequence By . dp: Ey = Er o and B 2= Hyy (X, /X 1) = Hp g1 (Xpo1/Xp ).
This map d; was defined via the exact couple

Ell’vq = ‘E[p+q(XP/XP*1) Herqfl(Xp,l/Xp,Q)

\ /

Hp+q(EXp—1) = Hp+q—1 (Xp—l)

This is a very simple setting in which we get a spectral sequence. The only thing is, though,
we have no idea of what it computes. It computes something, under some assumptions on
the CW-complexes it might as well degenerate and have thus an infinite page, but we do not
know what that in turn relates to.

2. if furthermore is assumed that X_; = 0, X,, < X,_; is p-connected and is an inclusion of a
CW-subcomplex. Let X = colim, X,,.
Then E;yq = 0 unless p > 0,¢ > 0 (for p this is obvious, for ¢ note that fl<p(Xp/Xp_1) =
H (X, Xp—1) = 0 because X,,_1 — X, is (p — 1)-connected), so this is a first quadrant
spectral sequence.
It comes from an exact couple, where we had

<0
-

AL
Aiz,oo pzo Hn(Xp) = Hn(X)
so this spectral sequence that we have defined for arbitrary CW-complexes strongly converges

E;,q = HP+Q(X)

with the filtration given by images of Hpy,(X,) — Hpiq(X).

Functoriality

Lemma 5.3.9.
Assume that we have a commutative up to homotopy diagram of CW-complexes

Yy Ypt1
[» ]
...%Xp*}Xpﬁ_l*}...
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5. Spectral Sequences

One could also assume that it commutes (without the homotopies) because the homotopies will not
matter.

Then there exist maps
Y or X r
Eq—= "By,

that commute with differentials, reduces the map on E™T and on r = 1 this is the canonical map
on the quotient

Hp+q(Yp+1/Yp) - Hp+q(Xp+1/Xp)

And moreover, if 2. is satisfied (so the assumptions for strong convergence) for X and for'Y, then
Hpiq(Y) = Hpiq(X)
preserves the filtration and on the graded factors this is the map YE;,’f’q — XE;fq

Proof. (Idea)
There is a morphism between the exact couples

YA YA XA XA
E E

given by

YA XA

YE—-*E
which commute with structure maps.
Out of this morphism of exact couples you get a morphism on the derived exact couples and so you
continue to prove the first part of the lemma.

For the second part you have to look through the proof of how the filtration here is related to this
exact couple to get the claim. [ |

5.4 Serre spectral sequence

Theorem 5.4.1.
X

Let B be a simply-connected CW-complex, let lﬂ be a Serre fibration with (homotopy) fiber F

B
which we assume to be a CW-complexr and X a CW-complex.
Then there exist a strongly convergent spectral sequence Ej = Hyi (X, A), r > 1 with
dy 2 E) = E} . and E2 = H,(B, Hy(F, A)) (where A is some coefficient group we will
ignore).

Moreover, it is functorial:

If
X — X
17
B —— B

is a pullback diagram with B’ simply-connected, then there are maps ’EZ’,’ q = Epq that is onr =2

the canonical map (F' = F) and which are compatible with Hy,4(X") = H,.4(X) that preserves
filtrations (morphism of spectral sequences).
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5.4. Serre spectral sequence

Proof. (sketch)

o construction
Let -+ < B, <> B,11 <= -+ be the skeletal filtration on B, let X, := 7=1(B,) C X, so
this is a filtration --- — X, < X,4; < --- inside X which satisfies the assumptions that
X_1 =0 and X = colim,, X,.

e X, — Xp41 is p-connected.
Since B, — Bp41 is part of a skeletal filtration, B4 is obtained from B, by attaching cells

s —— [[D»*!

™~ o

Bp Bp+1

Over Bpy1 we get a Serre fibration with total space X1 and can then take the pullback

over B,
Xp Xp+1
O
[1s? [[Dr+t
\ D\)
B, By

We can also take the pullback over the side faces, so the spheres and disks

ng - Hﬁp-&-l

N

X

4 p+1
a
1157 I pp+1

™~ o

Bp Bp+1

So all side faces of this cube are by definition pullbacks and since X, 11 — B4 is a Serre
fibration, they are also homotopy pullbacks.
By the 2nd Mathe Cube Theorem, we get that the top face is a homotopy pushout:

[15» —— [] Drt!

| l

X, — X1
But DPT! — DPt1 s a Serre fibration, therefore the inclusion of the fiber
Drtl L R

Drtt
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5. Spectral Sequences

198

is a homotopy equivalence because DP*! is contractible, for example you can look at the LES
of homotopy groups of a Serre fibration to see that this map is a weak equivalence and thus
because we work with CW-complexes this is a homotopy equivalence.

Thus DP*! is nothing but the fiber F, so what about SP. It is obtained as a pullback in

SPT[)Z)H(#)F
I

SP —— prtl

Again, it is also a homotopy pullback. Therefore, to compute it, we can replace Drtl by
something homotopy equivalent.

To get out of this map F — DP*! a fibration in order to be able to compute the homotopy
pullback as a pullback, we can replace F' by F'x DP. This is possible because DP is contractible
and thus ' x DP is again homotopy equivalent to DPT!. Of the map i one can think as the
projection onto F' and then the inclusion of the fiber (it does not really matter).

So SP is homotopy equivalent to F' x S?:

Sp M b g px pp = pptl

N LT

Thus

1157 ] Dr+t

~_ -

F x 8P — F x Drtl

Xp Xerl

and F' x SP < F x DP*! is p-connected. Thus X, = Xp41 is p-connected.

Hence we obtain by the last lecture a spectral sequence

E;,q = ~erq(Xp/Xp—l)
E;’q = H,14(X)

This part of the theorem is done - we have constructed some sequence that strongly converges
against the homology of the total space of the Serre fibration.

And we have described the first page of that sequence. It depends, however, on the CW-
structure of B and is not easily computed. Luckily, we will show now that the groups of the
second page can be computed just by knowing the homology of B and that of the fiber.
This is what gives so much power to this spectral sequence. You can write down these proofs
without knowing anything about the map .

The question left is the computation of the 2nd page Eiq.



5.4. Serre spectral sequence

[1s” [1 D7+

/

F x SP — F x Drtl

Xp Xerl

This diagram being a homotopy pushout, implies that

Hyio(Xpi1/X,p) = @ﬂp+q(bp+l/‘§p) = @Herq(F x DPFLF x SP) = @Hq(F
The direct sum is indexed by (p + 1)-cells of B.
Left is to compute the differential. claim: dy : @, Hy(F) = @1 Hy(F) — is 0 @ idy, (r)

where I? denotes the set of p-cells in B and 9 is the differential in the cellular complex of B.
So the claim is that this is in fact isomorphic to C¢!'(B, H,(F))

Idea of proof of the claim:
we need to understand the map

2

Hy(F) ———— Hy(F)

jea jeg

D Hq(F) a7 D Hy(F)

where eg is a (p — 1)-cell of B and e, a p-cell of B.

From the lemma before the functoriality of Serre spectral sequences is established. This is
because if we have a map from some other CW-complex B’ to B we can always make it
cellular and when we take the pullback of the Serre-fibration to this B’ the filtration on X’
will be compatible with that on X because they are both the preimages of the cells on the
base space and the map on the base space is cellular.

We can compute ? by restricting to the case of a CW-complex with two cells e, and eg, i.e.
we have

Sp=l s DP

| Dl

Sp=t - pr

if degg = £1, we can assume that B? = DP and then the computation is easy because then
up to homotopy X ~ F' x DP.
if deg g = n, we can factor it as

inch
gp=1 PR, gp=ly gr=ly ...y gpol 1l got

n

and then again take the pullback of X over B to the space obtained from \/ SP~! by attaching

one p-cell:

Sp1—>5p1\/5”1 \/S;Dl*)Spl

n

199



5. Spectral Sequences

Thus ? is obtained by attaching one p-cell to SP~1 v §P~1 v ... §P~1 and then the inclusion
of SP~1 has degree 1 by definition of the pinch map. Thus we can reduce to the case of
degg = 1.

From this one gets that

2 _
EP»‘I -

Hp+q(B>Hq(F))
Remark 5.4.2.

1. If the base is not simply-connected, then the fundamental group of the base acts on the fiber
of some distinguished point b by homotopy equivalences.
This makes the homology H  (F}) a local system over B. There exists a corresponding Serre
spectral sequence with homology with coefficients in a local system.

2. relative version:
Assume B’ C B is given in the assumptions of the theorem, X’ = 7=1(B’), then there is a
Serre spectral sequence E2 = H,(B,B'; Hy(F)) = Hp((X, X').

This allows to prove the relative Hurewicz theorem (similar to Ex 10.2)

3. cohomological version:
If we have the sequence of spaces --- — X, = X,,;1 — -+ we can construct an exact couple

A= PH"(X,)
E= @ H-n(Xp/prl)
that gives a spectral sequence with d,. : EP4 — Eptra—r+l,
This yields the cohomological Serre spectral sequence.
5.5 Multiplicative structure on cohomological spectral sequences

Theorem 5.5.1.
In the setting of Serre spectral sequence for cohomological one with coefficients in a ring R there
ezist R-bilinear maps which are multiplication

. BP9 x ESt o ppsatt r>1
satisfying the Leibnitz rule (x € EP9):
dr(z-y) = (dpx) -y + (=P "z - d(y)
that induces multiplication on E,1q
x,y €kerd~ d(x-y) =0
(x+1imd) -y Cax-y+imd, bedz-y=d(z-y)
o for Es-page this multiplication is (—1)9° times cup-product

o the cup-product on H*(X, R) respects the filtration and on the graded quotients it is compatible
with multiplications on E2:1.

Warning: the Leibnitz rule on E,.,; for multiplication does not follow from the Leibnitz rule on E,.
For proof see Hatcher’s draft of chapter 5.
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5.5. Multiplicative structure on cohomological spectral sequences

Leray-Hirsch theorem

Lemma 5.5.2.
Let EP*? be a cohomological Serre spectral sequence with coefficients R for m: X — B. Assume F
is connected

There are canonical maps

HYX,R) - E% = B0y C EXYC --- C Ey' = H(B,H(F,R)) = HY(F, R)

because E%9 = FIH(X,R)/F*HY(X,R) and F°HY(X,R) = HY(X, R).

ED° - B ... ER0 < HP(X,R) where FPT'HP =0
H?(B,R)=H?(B,H(F,R))= FrHP/Fr+1HP
and these compositions are
HY(X,R) - HY(F,R)
7 : H?(B,R) — H?(X, R)

Theorem 5.5.3 (Leray-Hirsch).
X
Let l be a fiber bundle with fiber F'. There are two conditions:

B
1. H™(F, R) is a free finitely generated R-module
2. Jt; € H* (X, R) such that 1*(t;) is a basis of H*(F, R)
Then
H*(B,R) ®p H*(F,R) 2 H*(X,R)
by @ (tj) — w*(b;) - t; (cup-product)
Proof.
1. implies that H?(B, HI(F, R)) (—E’) HP?(B,R)®pr H1(F,R)

claim: Serre spectral sequence degenerates at Fs

2. implies that H9(X,R) — HY(F,R). We have seen in the previous lemma that this map
factors through

HY(X,R) HI(F,R)

™~ N

0,
E&q SN E27‘1<—>-~- SN E2q
it follows that all the inclusions have to be isomorphisms and thus Eggﬂ = ES e, d| goa = 0

B9 &) ppt g Y

o

201



5. Spectral Sequences

both for () and multiplication in Ey. What does the differential on E5° @ B3¢ look like?

=0
do(w,y) = dao(x) -y - da(y) =0
——

=0

where dy(2) = 0 because it goes out of the first quadrant and da(y) = 0 by above.

E
We have shown the d> = 0 on the whole page: the differential on E?:° 1
is always zero, because it leaves the first quadrant, the differential on
E%4 is zero because the assumptions of the Leray-Hirsch theorem
tell you that the restriction map from the cohomology of the
total space to the cohomology of the fiber should be surjective
(HY(X,R) — HI(F,R)) which means precisely that the spectral
sequence E%7 < Eg’q e Equ does not have anything go out
of the last group.

Using multiplicativity and the first assumption that H?(B, H1(F, R))~H?(B, R) @ g H1(F, R) tells
us that by applying Lebnitz-formula the differential on all objects in E5 is 0.

Similarly for ds, dy, ... and thus E. = Fs.

To finish the claim, let’s look at the map ¢ in more detail.

HP(B, R) ® R(t;)t,cma(x,R) = HP™(X,R)

FOH4
< |
R(t;) < HYX,R)

>, |

H(F,R)
Then n*(H? (B, R)) = FPHP (X, R). Multiplying thus gives a commutative square

FH* ® F'H? ——— FPHPH

| | |

H?(B) © HI(F) —— EY?=H?(B)® HI(F)

It follows that ¢ is surjective and injectivity follows from freeness of both left and right hand side
as H*(B, R)-modules.

The freeness is because on the LHS R(t; >t era(x,r) and on the right hand side is because the
quotients of the filtration have been Computed by the second page of the spectral sequence and
there they are free as modules over H?(B). [ |

Example 5.5.4 (H*(K(Z,2),7Z)).

We actually already know that K(Z,2) = CP> which allows one to compute this cohomology
geometrically (regard how the cohomology behaves with the inclusions of CP™)

But we do not want to use this possibility but rather Serre spectral sequences.

We can use the fibration of the pathspace P
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5.5. Multiplicative structure on cohomological spectral sequences

K(Z,1) ~QK(Z,2) — P ~x

\W—/ F=
1 l
K(Z,2)
—

simply conn.

Because K(Z,2) is simply connected we can apply the Serre spectral sequence.

Z-1 q=0
HYF,Z)=<.7Z-a q=1
0 otherwise

Now we have the Serre spectral sequence telling us that on the E5-page
HP(K(Z,2),HY(F,Z)) = HP"T(P,7)

where the latter is 0 unless p + ¢ = 0.

)

1A

i
i

{v
Fea

R

“u

1
3

("}

G
N
A

Details:
The 0 at the bottom of the first column is 0 because by Hurewicz

HY(K(Z,2)) = Hi(K(Z,2))=0 ,
H?*(K(Z, 2)) - Z < Hy(K(Z,2)) = Z Hurewicz theorem
Also for the entry E22’1:

H2(K(Z,2), HNK(Z,1)) ~Z -2 - a

H*(K(Z,2)) ®z H*(K(Z,2), H' (K (Z,1)))

Z-x Z-a

Since EY? =0 for ¢ > 1, E3 = Eo but E24 = grP HP4(P) = 0 unless p = ¢ = 0.
Therefore ds is an isomorphism (because if it had a kernel, the kernel would stay on the next page
and same for the cokernel) (except for E%0).

203



5. Spectral Sequences

o dy(a) ==
o H3(K(Z,2))=0

Thus EP° = 0 and what stands directly above it, is too. But because this upper 0 goes to H® by
an isomorphism, H® has to be 0 as well and so on:

dy s HY(K(Z,2), H'(F, 7)) = H*tY(K(Z,2),7)
———

Z

By induction on k we get that H?**1(K(Z,2),7Z) = 0.

B : a i = :_ ? 9

For the even degrees we start with E22 0 which is Z - z - a. This is mapped isomorphically onto H*.
This is of course good to know but what is more important is that the differential satisfies the
Leibnitz rule:

da(z - a) = da(x) -a+ x - da(a)

(there is no sign because x is of degree 2)
da(z) = 0 because it leaves the first quadrant. Also da(a) = z. Thus

do(x -a) = do(z) - a+ x - dy(a) = z*

Thus H*(K(Z,2),Z) = Z - x*. Again above that the group is generated by the generator of the
below entry (here 22) multiplied by a. Thus we have Z - 2% - a which maps to H® and so forth - so
we go by induction:

dQ(ZEk(CI,) _ fEk indLl:Ct>i0n H2k(K(Z,2),Z) ~ 7. ZL’k

Putting together everything we have seen so far we can conclude the example as we receive
as result:

H*(K(Z,2),7) = Z[z]

where deg(x) = 2.

Example 5.5.5 (Multiplication on Fo, is not always enough to compute multiplication on H*(X)).
For this we have to construct a very specific fiber bundle. We start with our favourite example
which is the Hopf fibration 1 : S — S2. Out of that we will construct a non-trivial fiber bundle
7: X — S? with fiber S2.

The computation in this case will show that the multiplication on X cannot be reconstructed from
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5.5. Multiplicative structure on cohomological spectral sequences

the Serre spectral sequence.

To construct this space X we first construct the space

Xo = Cyl(n) = (S* x IT15%)/(x,0) ~ n(x)
€83x1I €52

S3x I (x,1)
There is a map X — S? which is glued from J{ I and the identity on S? — S2.
S? n(x)

Claim: This is a fiber bundle with fiber C'S! = D?
Let U C 5% such that n=1(U) = U x S!. By definition of the mapping cylinder

so my H(U) = Cyl(U x S* 25 U). Tt suffices to show that

Cyl(U x S 5 U) ——=— U x CS!

T,

The definition of cylinder (which is gluing point of U x S! on the cylinder with points of U, this is
sort of linear) Cyl(U x ST — U) 2 U x Cyl(S' x ) XU x CS' 2 U x D?

e X has CW-structure with only one 4-cell and no k-cells for k > 4

in Xy we replace ez x e with es x el. So in the cylinder we have to glue the 3-dimensional
sphere at the bottom which is e3 x ef), where el is the point 0 in the unit interval I, so
83 x {0} is precisely e3 x el. We glue that to S2, so basically we replace e3 with ez and then
after we replace it, we exchange the gluing functions (the characteristic functions of cells).
Now for example e3 X e is glued to e, via the Hopf fibration map but is still a CW-complex
because we glue e to a lower dimensional cell.

o X0/83 x {1} = Come(n) = CP? (Exercise 5.3. a)

Finally X = Xo Ugsx {1y Xo. One can picture X as
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There is still a canonical map 7 : X — S? which is glued from 7y on Xg for both ones.

W

AN

)
<3t

It is easy to check that 7 is a fiber bundle with fiber

Let’s look now at the Serre spectral sequence for this fiber bundle 7 and see that it actu-
ally does not depend on X at all. It starts with H?(S%, H%(S?,7)) and should strongly converge
against the cohomology of the total space:

HP(S2, HY(S*, Z)) — HY'9(X,Z)

denote H%(S?,7Z) = Z - a where S? is the base of the fibration and H?(F,Z) =Z-b

KA

All the differentials are zero because they either start at 0 or end there. So for degree reasons
d- =0, r > 2 and thus Fo, = Fs. Thus it does not depend on X at all, but we have computed the
graded quotient of the algebra of X and it is the same as for the trivial fiber bundle. So now we
explain that for the non-trivial fiber bundle that we have just constructed, the cohomology ring of
X is not the same as the cohomology ring of S% x S2.

Well there is a map

XL Xy/8% x {1} = CP?
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5.5. Multiplicative structure on cohomological spectral sequences

We will compute how it acts on the 4th hopmology or cohomology. X has only two 4-cells where
one comes from the lower cylinder and one of upper one. Thus

d(ef) = d(ey”) = [$° x {1}]

The map ¢ is then just contracting one of the X

d(el —elly =0

is a free generator of H4(X). There are no higher dimensional cells which is why the fourth homology
is just the subgroup of the free abelian group of 4-cells given by the kernel of the differential.

So the map ¢ sends g.(el!) = 0, g.(el) = e4 which is the generator of H,(CP?). Going to
cohomology it follows that

¢": H*(CP?) — H*(X)
is injective (in fact, an isomorphism). How does it help us? Well, we know the multiplication in
H*(CP?) =Z- 2% So because the pullback is a morphism of rings
q"(x) € H*(X), then ¢"(2)* = ¢"(¢*) # 0
but H*(S? x S?) = Z[a, b]/(a?,b?). There is no element in H?(S? x S?) that is non-zero squared.
H*(X) 2 H*(S% x S?)

Therefore it is impossible to compute the cohomology the whole ring multiplication here just from
the Serre spectral sequence because the Serre spectral sequence in this instance does not care at all,
whether the fiber bundle is trivial or not.

Example 5.5.6 (74(S?) = 7Z/2).
Let S® — K(Z,3) be a map that induces isomorphism on 3. Let F be its homotopy fiber,
f:D — S3. The LES for homotopy groups yields that m>4 fi> 7>4(S3). Because F' is 3-connected,

Hes(F) =0 and Hy(F) <= m4(F) = m4(5%).

So now we have a space F' and computing its 4th homology group gives us the homotopy group of
the sphere. But the question is: "How do we know anything about the fiber F'?7 It is a homotopy
fiber of some map". The thing is that up to homotopy we replace it with a fibration and compute
its fiber. What will it be?

K(Z,2) ~ QK(Z,3) F .
R
* S3 K(Z,3)

Replace f by a fibration then the fiber is K(7Z,2) and we get a Serre spectral sequence which
HP(S3 HYK(Z,2),Z)) = HPYI(F,Z).

Recall that if H<3(F) = 0, then H<3(F) = 0 by the universal coefficient theorem.

Introduce the usual notation H?(S%,Z) = Z - x where 22 = 0 and H*(K(Z,2), /Z) = Z[a] with
degree of a is 2.

Thus the Es-page looks as follows:
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A ' " 2}

o

|
)
W

Because on the second page all differentials go to 0, the third page is equal to the second one. For
degree reasons Ey = F.

What do we know where the spectral sequence converges? We don’t know much. We know however,
that the first three (reduced) homology groups are 0, so where do they come from?

The first comes from the diagonal drawn in orange, the second from the green one and the third in
red

(ij\
et pad 3%
4 VR QX y-alx
é 3. O 7 7-an
) \\\, ~

.. 2O

et T4 o BONNIA
o & ‘1 2RNUTYR wd :f‘?’

As all of them are zero, at the infinity page on these three lines we should have all zeros. But we
have the group Z - a and Z - z on these lines and one differential d3 between them. If d3 were no
isomorphism, then it would have a kernel and a cokernel which would stand in the places of Z - a
and Z - x respectively on the next page and then on the infinity page in EL # 0 or E30 £ 0.
Thus d3 has to be an isomorphism. Therefore ds has to send a to a generator of the group, so
either x or —x

ds(a) = x

Now by the Leibnitz rule we can compute d3 of all the other generators of the groups in the 0-th
column

ds(a®) =k-a* 1 ds(a) =k-a" 12
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for k > 1 this is not an isomorphism, although it always is injective, but the cokernel is non-trivial.
We can actually compute the cokernel on the next page which is the infinity page.

E% =0 forq>0
E326-D) — 7 /k . bt g

But on each diagonal on the next page, in the 0-th column there will only be zeros and in the third
some finite abelian groups. Thus on each diagonal will only be one abelian group. Therefore we do
not need to glue these groups together to compute cohomology of the fiber

E&Q(k—l) _ Z/k . ak:—l L H2k+l(F, Z)
In particular, we get that

HYF)=0

univ. coeff ~

This finishes the example.

An addition:
By Freudenthal’s suspension theorem

m4(8%) S m5(SY) S me(S%) D - 272
By Hopf fibration LES

74(S%) = ma(S?) 2 Z/2

Q[z], n is even
Q[z]/2?, nis odd

(it suffices to remember only n = 1, where K(Z,1) = S and n = 2, where K(Z,2) = CP>)

Example 5.5.7. H*(K(Z,n),Q) = {

QK(Z,n) ~K(Z,n—1) —— P ~x
Prove by induction using the path fibration l
K(Z,n)

If n is even, then the computation is as in Example 1. By induction assumption we know
that the cohomology of the fiber is like of a 1-dimensional sphere with rational coefficients and then
we look at the two line spectral sequence and get out of it the claim that the cohomology of the
space K(Z,n) is Q[z] absolutely in the same fashion.

But the case when n is odd is more tricky. We assume H*(F,Q) = Q[z] where degaz =n — 1. We
also know by Hurewicz that

12

H<"(K(Z,n),Q) = 0H"(K(Z,n),Q) Q-a
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A @:&z

X hc}&)‘

~at @R - T T O Gixe
O \. -“v,;-,‘\ o - - -~ - = O ‘\E
G

A \‘\V
- " '

.. hx%\rii, A A . ‘%Kv;_ -
; o . = {2
. \\\ ‘1» '\"wq‘_ X
i _ . - n
Ot @A © O ---C @GO i
‘_"r*l':
F 2 3 ' > 2
] \§ ] L] : 4
o A 2 (g et s ¢ = 0

In the first n-columns the first non-trivial differential can only be d,, 11
On the next page F, 1, the group ngg ! survives to infinity because nothing ever hits it and the
next differentials will leave the first quadrant, therefore because H*(P) = 0
0On—1 _ p0n—1 _
En_;:2 — Eooﬂ — O
The same is true for the group EZfls nothing can hit it anymore because the next differentials will
start out of the first quadrant

n,0 __ n,0 __
En+2 - Eoo =0

Therefore dpy1(x) = A - a where A € Q'\ {()1} (so a generator of Q- a).
We claim that the groups EZI%’O, e ETQLTJ: O are all 0, i.e. there are no non-zero groups of total
degree p+ ¢ =k — 1 (apart from k =n 4+ 1).

The differential going from the n-th entry to the n + 1-th is the differential on the first page in the
cohomological degree, so after the second group it will never appear.

So what hits H"*! lies on the green diagonal, but everything on there is 0. Thus EX° =
H*(K(Z,n),Q) = 0. Continuing with the very same argument, all turn out to be zero until you
reach H?".

And here is where we use the computation that d,,11(x) = A - a. Also E;”fl_l = Q- z-a for degree
reasons.

T
0= dn+1(dn+1(x)) =dpt1(z-a=X- a’

Thus we get that a® = 0 and thus d,,+1 = 0 (red)

dpny1(z?) =X\ za

dpp1(@zF)=X-2F 1. qa
thus all d,,;1 in the first n columns are isomorphisms.
So after this page, so starting from F,, s, there is only Q - 1 non-zero in the first n columns. But
this area is precisely the area from where we should get some differentials to H?". So d,, 1 = 0, all

previous are also 0 for degree reasons and all consequent are zero, because everything in this area
will be zero.

= H" =0
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5.6. Serre’s finiteness results

otherwise it survives.

Now by induction
H*(K(Z,n),Q) =0 for k> 2n

because the differentials to these groups can be non-zero only from Q - 2*¥a™ where k > 0, a = 0,1,
but they can only hit H' at pages after E,, ;.

5.6 Serre’s finiteness results

(not part of the exam)

Let C be a full subcategory of Ab:
1. finitely generated abelian groups

2. (for fixed P C {primes})
torsion groups with elements having order divisible only by primes from P (e.g. P = {p}
~ p” torsion groups)

3. finite groups in 2.

We will be mostly interested in the case of 1. (finite free abelian groups) and 3. (finite torsion
groups P =Primes)

Theorem 5.6.1.
Let X be a simply path-connected topological space.
Then m,(X) € C for all n (n > 2) if and only if H,(X) € C for alln > 1.

Remark 5.6.2.

WLOG one can assume that X € CW.

This is because we have proven the existence of CW approximation, so if we have a simply path-
connected topological space, we can replace it with a simply path-connected (which is the same as
simply-connected, then) CW-complexes. It will have by construction the same homotopy groups
but we also have proved that the homology of CW-approximation does not change. They are the
same as of the space.

Therefore in the proof we will always talk about CW-complexes.

Corollary 5.6.3.
Homotopy groups of finite (finitely many cells in each degree, thus finitely generated homology
groups) simply connected CW-complexes are finitely generated in each degree.

Proof.
Take C = finitely generated groups. |
Lemma 5.6.4.

Categories C above satisfy following properties:
1. [thick] If we have an exact sequence in Ab
0—+A—-B—-C—D

then A,C € C iff B € C.

(For example if we take an object in C, then every subobject and every subquotient will also be
inC)

A®BelC

2. AABeC =
{Tor(A,B) eC
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Proof.

One might as an exercise prove these properties for the classes 2. and 3.

We are mostly interested in the first and for this, it is rather easy to see.

For two finitely generated abelian groups, their tensor product is finitely generated. Also if one
recalls how to compute Tor: write resolution which is finitely generated in each degree, so Tor will

also be finitely generated. |
Lemma 5.6.5.
P—X
Suppose we have a fibration X — B with fiber F': J{
B

Assume B is connected, m (B) acts trivially on H,(F') (this is a sufficient condition for us to use
the Serre spectral sequence, instead of simply connected)

If for two of these spaces F, X, B we have H,(—) € C for n > 0, then the same is true about the
third space.

Proof.
There exists Serre spectral sequence E2 . = Hp(B, Hy(F)) = Hpiq(X). Recall that by universal

coefficient formula H,(B, H,(F)) = H,(B) ® H,(F) & Tor(H,_1(B), H,(F)).
First case: H,(F),H,(B) € C,Vn >0

It implies, because we have in Hy,(B, Hy(F')) = Hy(B) ® Hy(F) @ Tor(Hp—1(B), Hy(F')) their
tensor product and the Tor that

Ezl,’q € C except forp=¢q¢=20

By induction on r we show that E} , € C (except for p = g = 0). Well, this is a first quadrant
spectral sequence, there is something like Z (in each connected component) standing at
p = q = 0. There are no differentials going anywhere or going in, starting from the second
page, so this will survive to some Z to the power of connected components of X, but this can
be not in C. We are, however, only interested in homology in degree n > 0.

. r I
dy Ep,q - Epfr,q+r71

by induction both these groups are in C. Therefore kerd, € C and imd, € C and thus
E;fgl =kerd,/imd, € C

Thus £, € C (for (p,q) # (0,0)). But then we have a strong convergence to H,,(X) which
has a finite filtration with subquotients E< .
By induction (using property 1. in the lemma

0= Fp1Hpyq(X) = FpHpi(X) = ELT — 0

by induction Fj,_1H,14(X) € C and we have seen that E2:? € C)
we prove that Hp,,(X) € C.

Second case: H,(F),H,(X) € C forn >0
We still use the spectral sequence, but the argument sort of goes in the other direction.

(Assume (p, q) # (0,0))
Ep<, is a subquotient of Hy,,4(X), hence it is in C. So now we know that after many many

differentials, what is left of the Serre spectral sequence lies in C. We also know something
about the second page of this spectral sequence.
Let’s show by induction on k that

H,(B)eC forO0<p<k
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5.6. Serre’s finiteness results

We will only prove the step of induction bu the base of induction is done absolutely similarly.
By induction assumption the first k£ columns of the second page ngq €C, p < k. We have
the formula E2 = H,(B, Hy(F)) for p < k where Hy(F) always lies in C and H,(B) lies in
C for 0 < p < k (for p = 0: because B is connected, the 0-th homology Hy(B) = Z and thus
E§,=Hy(F)eC).

This implies (as in the first case) whatever we do with the differentials, £} , € C for all r > 2,
p < k. This is because Ef,’q is a subquotient of Ef,

’ o Eﬁyq a subquotient of Eg’_’q and the
category C is closed under subquotients.

A . dr: Epo—= Eppp
and Ep_, ., lies in C by what we have just
discussed.
C ; Since all differentials going in £} ; come from zero
Byt =kerd,|gy
ie.
A 0— Ejft = Ej, A, dr(E} ) =0
. - ——
4 L Tws eC
o1 - 3
- - .
g e ~ Hv by the thickness of C,
o A . ow Wea 1y (&) (!

EjfleCe Ep eC
We know, however, that on the infinite page, £, is always in C. Using the equivalence we
can go back and get Ef ; € C and Ef , = Hy(B)®™ ).
It is not hard to show that mo(F) is finite, because if it was not we would get infinitely many
copies of the same thing in the homology of F' which cannot happen because it is in C.

This is precisely the induction step and thus concludes the second case.

Third case: H,(X),H,(B) € C
is done similarly

Proposition 5.6.6.
If AeC, then Hi((A,n)) € C for all k > 0.

Proof.
K(An—1) —— P ~x
There is a path-fibration i

K(A,n)
H~o(P) =0 € C for any C. Thus by the lemma before the claim is true for all n iff it is true for
n=1.
We are therefore only interested in Hy(K(A,1)) (recall: K(A,1) = BA). In general it can be
computed algebraically as Tor%[A] (Z,Z). You can proof the claim of this proposition algebraically
by writing a specific resolution of Z over this ring and then checking that after you tensor it with Z,
the homology will stay in the same category. One can assume that we have proven this proposition
using this blackbox and some algebraic computations.

In the case where C is finitely generated or finitely generated or finite abelian groups, one
can apply a different kind of argument. By classification of finitely generated abelian groups:

213



5. Spectral Sequences

In this case

K(A,1) 2 K(Z,1) x [ K(Z/ni, 1)
St :

We know the homology of a circle so we have to thing about what the homology of the spaces
K(Z/n;,1) is. One can construct those spaces explicitly

K(Z/n,1) ~ S*/Z/n

(lens space)
where the action is given by

Z/n x 8 — §°

Ay (T1y ey Ty o) = (0o, ptaq, .00)

where p” =1, u™ # 1 for m < n.
So it has a CW-structure (Hatcher, Ex 2.43) with one cell in each degree and cellular chain complex:

-.—>Z3>Zl>zﬂ>---%ﬂ>%
Therefore for k& > 0,

0

Hi(K(Z/n,1)) = {Z/n

Let X be a connected CW-complex. Then there exists a Postnikov system /tower which looks like

Xn

|

Xn—l

/ J,

X :

\ l
X ~ K(m(X),1)

that it as least commutative up to homotopy. It has the following properties
o mi(X,)=0fori>n
o m(X) S m(X,) fori<n

To construct it (similar to Ex 7.2 (b)) X,, can be obtained by gluing > (n + 2)-cells to X.
Then one can regard X as a subcomplex of X, and X, 41
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where the dashed map exists because the pair (X1, X,,) is (n + 1)-connected and m;(X,,) = 0
for i > n. The homotopy fiber of the map X,,4+1 — X, is K(7,+1X,n+ 1) (by LES of homotopy

groups)

K(Wn+1X,7’L + 1) e Xn+1

l (*)

Moreover,

Now we have this claim about the homology of these Eilenberg-MacLane spaces and we have sort
of a way as to how to glue X from these spaces. How to glue that, we will not make precise, but
we have a way as to how to receive the homology groups, namely by the isomorphism above and

the homotopy groups by m;(X) =N mi(Xn).

The first theorem (m,(X) € C & H,(X) € C) is proved simultaneously with the following
proposition:

Proposition 5.6.7 ("Hurewicz theorem modulo C").
Let X be path-connected, 71 (X) acts trivially on m,(X) forn > 1 and 7;(X) € C fori<n (n>1).
Then

h:mn(X) = Hy(X)

has kernel and cokernel in C

Proof. (only in the case of X being simply connected)

First we prove "=" of the first theorem:

Assume 7;(X) € C for all i, then Hy(K(m;X,4)) € C for all k > 0. Now we can use the homotopy
fiber of the map X, 11 — X,, to replace everything up to homotopy such that it is a fibration.

By induction on n and using (x) we get by the proposition that H,,(X,) € C for m > 0. (For the
fiber we derived the claim by assumption and we get by induction on n to get the claim for X,
form X,,. The base of the induction is X; ~ K (7 X, 1) which is actually trivial.

But H,,,(X,) = X,(X) forn >m

Let’s prove the proposition. Note that

T (X) —— Hp(X)

o o

S

T (Xn) —— Hy(

n)

which commutes because the Hurewicz map is functorial.
So we look at the Serre spectral sequence for the fibration (x):

F=K(r,X,n) —— X,
Xn—l

F is (n — 1)-connected. Therefore H,(F) =0 for x <n — 1.
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L H...,(xwﬂ"ﬂ (\F) -—:1_, W (X‘,) T H (X,,_,‘\ -)O
e
7 %

© G
Ad-— - )
G 7( Hn‘(a& ‘)
T T — 7
S A A Aaa P

dp+1 is the only non-trivial differential (on all previous pages the differentials go into the 0-belt)
involving H,,4+1(X,,—1) and H,(F).
So we get this exact sequence out of the Serre spectral sequence.

Assume that 7;(X) € C for ¢ < n, then m;(X,—1) € C for all i. Then by "=" of the first
theorem, Hy (X, —1) € C for all k > 0.
But now we can relate the homology of these spaces to the Hurewicz morphism:

H’VL(F) 4> HrL(XrL) e H’VL(X)
~ h

by constr.

7 (F) — T (X0)

T (X)

Thus the claim about A that it has kernel and cokernel in C is equivalent to the claim about i,
which we have just proved because the cokernel of i, is H,(X,,—1) which is in C and the kernel is a
quotient of H,,4+1(X,—1) which in turn is in C.

This finishes the proof of the proposition.

What is left to do is the other direction in the proof of the thoerem.
Finally, 7 (X) =0, H,(X) € C, n > 0.
Then by Hurewicz

Then by Hurewicz mod C
m3(X) = H3(X)

with kernel and cokernel in C. But H3(X) € C by assumption. So kernel, cokernel and Hs(X) are
all in C and thus 73(X) is glued out of objects from C and thus 73(X) € C.
Then, however, we repeat the same argument and go so on by induction. |

Theorem 5.6.8.
The groups 7;(S™) are finite for i > n, except for Tap_1(S**) = Z @ finite abelian groups for k > 0.

Proof.
n =1 is known, so let n > 1.
F
Consider the fibration l where F' is the homotopy fiber of the map S™ to the Eilenberg-MacLane

Sn
space
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and look at the cohomological Serre spectral sequence, starting with H?(S™, H1(K (Z,n+1),Q)) =
HP*I(F, Q).
There are two cases to consider, when n is even and when n is odd.

case: n is odd
In that case n — 1 is even, thus

H*(K(Z,n —1),Q) = Qla]

where deg(a) =n — 1.

D, :Q-a— Q-2 has to be an isomorphism (otherwise H=<"(F,Q) # 0 but F is n-connected).
Thus

dp(a) =\-x A e QX

dp(a®) =k-a" 1z

therefore d,, : Q- a* — Q- a*~! -z is also an isomorphism for all k.
So, E¥Y = EP:9 = ( unless (p, q) = (0,0). Thus

univ coeff

H™F,Q) =0 m>0"22"H (F.Q) =0 m>0

On the other hand, we know that H,,(F) is finitely generated because we know that the the
homology of S™ as well as the homology of K(Z,n) is finitely generated and then we can apply the
lemma to get that the homology of F' is finitely generated.

Thus H,,(F) being finitely generated together with H,,(F)® Q = H,,(F,Q) = 0 imply that H,,(F)
is finite.

But because H,,(F) is finite for all n, it follows that m,(F) is finite. m,(F) = 7, S" for
m > n. Thus 7,,(S™) are finite for m > n.

case: n is even

Therefore n — 1 is odd and thus H*(K(Z,n — 1),Q) = Qla]/a® where deg(a) = n — 1.
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5. Spectral Sequences

/N

g
@a - Qax

~H(F,Q)=ZQs1¢ Q-ax
—— ——
deg 0 deg 2n—1

AAUis is exactly as for $?"~!'. Using Hurewicz mod finite

oups, we get that m; F is finite for ¢ < 2n — 1. In degree
1, we have =

x(Fj = Hy, 1 F ®finite = Z @& finite
U e et o o ®. Q@ finite

1 S

Y v P
N
Thus 7;S™ is finite, for n < i < 2n — 1 because the homotopy groups of F' are the same as the
homotopy groups of S™ in degrees bigger than n.

Let’s attach (2n + 1)-cells to F to kill m;F, for ¢ > 2n — 1 ~» Y. There is an inclusion F' — Y, we

Z —— F
can change it to get a fibration l where Z is the homotopy fiber.

ol 8 7 S
F

Y
So what can we say about the homotopy groups of these spaces? Y has the same homotopy groups
as F' in small degrees and then all are zero. Therefore

o mZ =ZmF fori>2n—1,
e Z is (2n — 2)-connected and
o m;F — m;Y is an isomorphism for i < 2n — 1

7;Y is finite for all i. Therefore H;Y is finite and thus H*(Y,Q) = 0.
Serre spectral sequence gives HP (Y, H1(Z,Q)) = HPT(F,Q) ~ H*(Z,Q) & HP(F,Q) =
Qlzal/(za)?

Finally, we repeat the argument of the case n is odd but not for the map from S™ to the
Eilenberg-MacLane space but rather for

Z — K(Z,2n —1)

So in this case, we know that Z has non-trivial homotopy group in the degree 2n — 1 and we
will kill it by this map. This is a situation similar to what we started with: we had an odd
dimensional sphere, we have killed Z in the homotopy groups of degree 2n — 1 and we have used the
cohomological Serre spectral sequence because we knew the cohomology of the fiber with rational
coefficients of the fiber and we still can do that here to get m; F is finite for ¢ > 2n — 1.

This is the last thing that we needed because for i in between n and 2n — 1 we have already shown
that 7;(S™) is finite. [ |
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CHAPTER 6

What was not in this course but could be?

e Group (Co)Homology (and local coefficient systems)

One can study this purely algebraically but you can also get an intuition and formulas for
that by studying the space K(G,1) geometrically, by studying the CW-complex K (G, 1) in
some specific manner [Brown, Group cohomology(?)]

e Obstruction Theory
It studies the question when one can continue a map from a subcomplex A of some CW-complex
W to some space X

A— X

R
-
-
-
-
-

w

Obstructions to the existence of the dashed map can be found in the relative cohomology of
this pair H" (W, A, 7, X) [Hatcher]

Also the characteristic classes that we have discussed of vector bundles are obstructions to
the existence of r linearly independent sections of a vector bundle. [Milnor-Stasheft]

o Partitions of Unity in Homotopy Theory [tom Dieck]
A result is for example that over a CW complex a Serre fibration is always a fibration.

o Steenrod Operations H*(—,Z/p) — H*(Z/p)
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