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Chapter 1

Stiefel-Whitney Classes

1.1 Axiomatic definitions

Definition 1.1.1. For a topological space B and a n-dimensional vector bundle B(§) = p :
E — B (B(&) will denote the base space of the bundle later when we want to emphasize the
base space of the bundle), we define the Stiefel-Whitney classes w;(§) of the bundle to be a
collection of modulo 2 cohomology classes having the following properties:

1. wi(¢) € HY(B(£);Z/27Z), in particular wo(§) = 1 € HY(B(£);Z/27Z), and w;(§) = 0 for
1> n.

2. The Stiefel-Whitney classes are natural. That is, for a bundle map f : B(§) — B(n), we
have w; (&) = f*w;(n).

3. The Stiefel-Whitney classes of the direct sum bundle can be computed as follows:

k

wi(§ @) =Y wi(€) — wi—i(n)

1=0

4. For the canonical line bundle over RP!, 71, we have w;(7]) nontrivial.

Remark 1. Even though these definitions works well for general topological spaces, we shall
temporarily use them only on manifolds, where the notion of vector bundles works best. As the
most natural bundle of a manifold M, the tangent bundle 75, the Stiefel-Whitney class of 7ps
is often denoted by w(M).

Definition 1.1.2. We define H'(X;Z/27Z) to be the ring consisting of all formal infinite series
a=ay+ay+...

where a; € HY(X;Z/27), and the obvious product defined on it. Then we define the total
Stiefel-Whitney class to be w(&) = wo(§) + w1 (§) + .. ..
Under this definition, the third axiom could be written simply as w(§ ® n) = w(&)w(n).

Remark 2. This ring has properties similar to the formal series ring. For example the units of
this ringarea=1+a; +....

We have the following immediate consequences of the axioms:

Corollary 1.1.3. 1. If £ ~ n, then w;(§) = w;(n) under the natural equivalence of the
cohomology groups.

2. If € is trivial, then w;(e) =0 fori > 0.
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3. If € is trivial, then for any vector bundle &, w;(§ ® €) = w;(&).

4. If € is an n-dimensional bundle equipped with an Euclidean metric having a non-vanishing
section, then w,(§) = 0.

5. w(€) are units in HY(B(€);7/27).

Proof. Only the fourth property is non-trivial. To see this, let € be the trivial bundle generated
by the non-vanishing section, then notice ¢ splits as € @ e*. O

Definition 1.1.4. Being a unit, the inverse of w(¢) in HY(B(¢);Z/27) is defined to be w(¢).
Corollary 1.1.5. If we have £ & n a trivial bundle on B, then w(§) = w(n).

Remark 3. Often, the above corollary is used when £ is the tangent bundle and n the normal
bundle.

1.2 Elementary computations in S and RP"

Corollary 1.2.1. w(rgn) = 1.

Proof. Consider the embedding S™ <+ R™*!. Then we have the normal bundle v and the direct
sum v ¢ 7 both trivial. O

Proposition 1.2.2. We have H*(RP";Z/2Z) = Z/2Z|a], where the degree of x is one.

Proof. We use the standard cell structure on RP"”. Then, since the mapping degree of the
characteristic map of the cells are 2, we have the map C* — C**! the trivial map. This implies
HY(RP";Z/27) = 7,/2Z for 0 < i < n. The cup product structure follows directly. O

Proposition 1.2.3. The Stiefel-Whitney class of the canonical line bundle v} of RP" is given
by w(vy) =1 +a.

Proof. We consider the standard inclusion j : RP* — RP", covered by the bundle inclusion
71 — . Thus j*wi(yl) = wi(yf) # 0, and since the bundle is 1-dimensional, the higher
Stiefel-Whitney classes vanish. O

Corollary 1.2.4. Recall that the trivial line bundle of RP"™ embeds into the n + 1-dimensional
trivial bundle v) < en11. Thus we have the Stiefel-Whitney classes of the orthogonal comple-
ment of w(yt) =1+a+a%+ - +a™.

We finish this section with the computations of the Stiefel-Whitney classes of the tangent
bundle of RP".
Lemma 1.2.5. We have the isomorphism Tgpr =~ Hom(v},y1).

Proof. A direct check using the standard construction. O

Lemma 1.2.6. We have 7 @ ¢! ~ (y})®(+1),

Proof. By the preceding lemma, we have

T®e!
~Hom(yy,7") & Hom (7, 73)
=~ Hom (7, 7" @ 7y,)
~ Hom(1}, &)
~ Hom(v},e)® (n+1)
( )@(n+1)
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Corollary 1.2.7.
w(RP") = (14 a)"?

Proof. Directly compute using the preceding lemma. O

1.3 The Thom isomorphism

Definition 1.3.1. For a vector bundle £ = 7 : E — B, we denote Ej the subspace of F consist-
ing of all the non-zero elements within each fibre. If we let F' be the fibre, then Fp is similarly
defined as F' — {0}.

We say this bundle is R-oriented if there is a family of R-coefficient cohomology class u, €
H"™(F,, Fy; R) which is a generator and agrees with each other in the locally trivializable con-
dition.

If there is a class u € H"(E, Eo; R) such that u|, = u,, we call u the fundamental class of the
bundle.

Equivalently, we may consider the unit ball bundle and unit sphere bundle associated to &, say
B(¢) and S(§). Then since (E, Ep) is homotopy equivalent to (B(§), S(§)), we may equivalently
define the fundamental class in H"(B(§), S(§); R).

The main purpose of this section is to prove the Thom isomorphism theorem, and use it to
derive some important properties:

Theorem 1.3.2. For an oriented R-bundle € = p : E — B having fundamental class u €
H"(E,Ey,R), we have an isomorphism — u : HY(E;R) — H"'(E,Eq;R). We define
¢ : H(B;R) — H""(E,Eo; R) be the canonical isomorphism composed with the isomor-
phism p* : HY(B; R) — H'(E;R). In particular, since Z/2Z-bundles are always oriented, the
above isomorphism is always available. We may also substitute all the above H*(E, Eo; R) into

H*(B(£),5(8); R).

Remark 4. For a vector bundle § = p : E — B, we may define its Thom space Th(§) to be
the one-point compactification of E. Then, notice that H*(Th()) ~ H*(E, Eyp). Therefore the
Thom isomorphism can also be expressed by H*(B) ~ H**"(Th(¢)).

We first recall the Leray-Hirsch theorem.

Theorem 1.3.3. Suppose we have a fibration F — E — B and its subfibration F' — E' — B,
such that H'(F, F'; R) is a finitely generated free R-module for each i. Assume further that
there is are classes ¢; € H*(E,E'; R) whose restrictions form a basis for H*(F,F'; R), then
H*(E,E';R) is a free H*(B; R) module with basis {c;}, where bc := p*(b) — c.

We use this to prove the second part of the Thom isomorphism theorem directly.

Proof. Notice H'(F, F'; R) = R when i = 0,n and is 0 otherwise. Thus v € H*(E,E'; R) is a
basis for H*(F, F’; R), and thus is a H*(B; R) basis of H*(E, E'; R). O

Then, we prove following property:

Proposition 1.3.4. If £ is an R-oriented bundle, suppose either R is a field or B is compact,
then the fundamental class always exists.

Proof. We prove there is a unique u € H"(E, Ey; R) that restricts to u,. We finish the proof in
four steps.

The first step: when £ is a trivial bundle, this is obvious.

The second step: when B = By U Bs, and £ is a trivial bundle when restricted to both By and
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By, we let B! = p~1(B;) and E? = p~1(By). Then, we have the exact sequence obtained by
the Mayer-Vietoris sequence below:

H"(E,Ey; R) — H"(E',E}; R) ® H"(FE* E%;R) — H"(E'N E* E} N E% R)

Now that we have a class u; and uy in H"(E', E}; R) and H"(E?, E3; R) respectively, their
restriction to H"(E' N E?, E} N E3; R) coincides by the uniqueness condition on &|p,np, (note
this is a trivial bundle). Thus by exactness, there is a class u € H"(F, Ey; R) that restricts to
u1 and ue, and thus restricts to all u,.

The third step: when B is compact, we cover B by open subsets B; such that £ is trivializable
over B;. Then by compactness, we can find a finite subcover of B;. Then by the second step,
we have the uniqueness and existence.

Note here that we have already proven the proposition on compact spaces. The fourth step:
when B is arbitrary, we attempt to prove H"(B; R) = hm ., H "(C; R), where C' is compact in
B and ordered by inclusion. To prove this, first notice that we have lim H,(C;R) — H,(B;R) is
an isomorphism since homology is naturally compactly supported. Then, for field coefficients,
H"(X; R) is naturally isomorphic to Hom(H,(X;R); R) by the universal coefficient theorem
applied to R-coefficient homology and cohomology, where the Ext(H,,—1(X; R), R) term vanishes
since H,—1(X; R) is a free R-module. Thus

H"(B;R)
=Hom(H,(B; R), R)
zHom(lingn(C;R),R)
Q@Hom(Hn(C;R),R)
:@H"(C; R)

Similarly H"(E, Eo; R) = Hm [ "(p~1(C),p~1(C)o; R) since obviously every compact subspace
of (E, Ey) is contained in some (p~(C),p~1(C)g). Then the classes in H*(p~*(C),p~ (C)o; R)
obviously agrees with inclusions by the uniqueness in compact case, thus put together to a class
u € H"(E, Ey; R). O

With another technical lemma, we prove the case for arbitrary coefficients and base spaces.

Lemma 1.3.5. Let K and K’ be free complexes over Z, and f : K — K' a chain map of degree
d. Then if f: H*(K',F) — H*(K,F) is an isomorphism for every field K, then f induces
isomorphisms of homology and cohomology with arbitrary coefficients.

Proof. Without loss of generality, we suppose d = 0. Recall the construction of the mapping cone
K7. Tt then fits in an exact sequence of complexes 0 — K’ — K/ — K — 0. We prove
that H,(K/) = 0 for all n. Firstly, since f : H*(K'; F) — H*(K; F) is an isomorphism, we have
f*:Hom(H(K'®F), F) — Hom(H,(K ®F), F) an isomorphism, thus Hom(H,(K/®F),F) =
0 by the long exact sequence. Therefore H,(K/ ® F) = 0. In particular, H,(Kf ® Q) = 0,
and then it suffices to prove the torsion group H, (K f ) = 0. This follows from considering
H, (K’ @ F,) = 0 to eliminate p-torsion parts. O

Proposition 1.3.6. For a bundle &, if u is the fundamental class of &, then the correspondence
u~: Hyi(E, Eo;Z) — H;(E;Z) is an isomorphism.

Proof. We pick a cochain class v representing u. Note v —~: Cp1i(E, Eg;Z) — Ci(E;Z) is a
chain map. Then, using the identity (c,v —~ d) = (¢ — v,d) (here c is a cochain class and d a
chain class), we have the cohomology mapping induced by v —~ is — w. Then the conclusion
follows from the preceding lemma. O
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We are finally ready to prove the full version of proposition 1.3.4
Theorem 1.3.7. If € is an R-oriented bundle, then the fundamental class always exists.

Proof. The first three steps are the same as the previous partial proof. For the fourth step, we
have H,,_1(E, Ey;Z) ~ H_1(E;Z) = 0, and thus H"(E, Ey; R) = Hom(H,(E, Ey;Z), R). The
rest is also the same. ]

Corollary 1.3.8. We have a fundamental class in u € H"(E, Fy;Z/27) inducing the Thom
isomorphism — u : H{(E;Z/27) — HY(E, Ey; Z./27).

Proof. A bundle is always Z/27 oriented. O

1.4 Existence and uniqueness of the Stiefel-Whitney classes

Before we construct the Stiefel-Whitney classes explicitly, we first review some properties of the
Steenrod operations of cohomology.

Theorem 1.4.1. There exists homomorphisms Sq' : H"(X,Y;Z/2Z) — H""(X,Y;Z/27)
which can be defined using the following axioms:

1. S¢° =id.
2. Sq' is natural.
3. Sq'(a— B) = Y 5o S¢f (@) — S (B).

4. ©8q¢' = Sq¢'S, where X is the natural suspension isomorphism
H™(X,Y;Z/27) — H'""Y (XX, XY Z/27).

5. Sq¢'(a) =a? ifi=n fora € HYX,Y;Z/27Z) and is 0 for i > n.
6. Sq' coincides with the Bockstein homomorphism associated to the sequence

0 —Z/2Z — ZJAZ — Z/2Z — 0

7. Sq' satisfies the Adem relations

b—j—1 C
Sq“qu:Z( J . )Sq“er_]Sq], a < 2b
J

Moreover, we define the total steenrod square
Sq(a) = S¢°(a) + - - + S¢"(a)
forae HY(X,Y;Z/2Z).

Construction 1.4.2. For a vector bundle ¢ = 7 : E — B, we let w;(§) = o 1S¢'0(1) =
¢ 18¢'(u) € HY(B;Z/2Z), where ¢ : H(B;Z/2Z) — H"(E, Ey; Z/27) is the Thom isomor-
phism (theorem 1.3.2), Sq’ the Steenrod square operation, and v the fundamental class. Or,
equivalently, we define w(§) = ¢ 1Sqp(1) = o~ 1Sq(u).

We verify the axioms.

1. Obviously w;(¢) € HY(B;Z/27), and wo = 1, w; = 0 for i > n.

2. Since both the Thom isomorphism and the Steenrod squares are natural.
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3. Recall that for § =p: E — B and ¢ = p' : E/ — B, we have the definition of £ ® &’ the
pullback bundle of ¢ x ¢ =pxp': Ex E' — B x B along A : B— B x B. So to verify
the third axiom, we first calculate the Stiefel-Whitney class of & x &',

Consider the fundamental classes w € H™(E, Ey; Z/2Z) and v’ € H"(E', E}; Z/2Z). Thus
we have the cross product uxu' = 75 (u) — 75 (u') € H"""(ExXE', Ex E,\UEyx E'; Z/27).
Notice then that E x EjUEj x E are exactly the non-zero vectors in E x E’, and we claim
that u x u’ is the fundamental class of £ x &’. This is verified directly by the naturality of
cross products.

Then, by the construction of the Thom isomorphism, we have p(a x /) = p(a) x p(a/),
where ¢ denotes the three distinct Thom isomorphisms (note that there are no issues with
signs since we are working modulo 2).

Thus finally, we have

w(€ x &) = (Sq(u x u')) = ¢7(Sq(u)) x ¢~ (Sq(u)) = w(€) x w(¢)
Pulling back along the diagonal gives w(§ & &) = w(§) — w(¢).

4. Let 7i be the twisted line bundle over RP! as usual, then the vectors with length < 1
in E = FE(y]) is obviously a mobius band M. We suppose it is bound by the cir-
cle OM. Since M is a deformation retract of E, and OM a deformation retract of
Ey, we have H*(M,0M;Z/27) ~ H*(E, Ey;Z/2Z). On the other hand, by definition
H*(RP? D?; 7Z/27.,/27) ~ H*(M,0M). Since D? is contractible, we have
H'(E,Ey;7Z/2Z) ~ H (RP? Z/27), and thus the fundamental class v must corresponds
to the only non-zero generator a € H'(RP?). Thus Sq'(u) = u — u corresponds to a — a.
But since a — a # 0, wy(71) # 0.

Now we prove the uniqueness. But before this, we need to cite an important theorem.

Definition 1.4.3. For positive integers n and k and a field F(usually F is equal to R or C),
we define the space Gr,(F"™*) to be the quotient space Homp(F",F**t*)/R, where R is the
equivalence relation where f = g iff im f =im g.

Then we define Gry,(F) := Gr,(F>) = lim Gr,(F"*F). Notice that we have a n-bundle on
Gr,, (F"+k) constructed as follows. Let X = {(f,z) € Gr,(F"**) x F***|z € im f}, then
(f,x) — f is an n-bundle on Gr, (F**). This put together to be an n-bundle on Gr,(F), which
we will denote by n™.

Theorem 1.4.4. For a paracompact topological space X, an n-dimensional vector bundle p :
E — X corresponds to a homotopy class of maps f : X — Grp(R). Moreover, this bundle is
the pullback bundle of the canonical n-bundle n™ over Gry(R).

Or equivalently, we have a homotopy equivalence Gryp(R) ~ BO(n).

Then, we have an important observation that will allow us to finish the proof.

Theorem 1.4.5. We have the cohomology H*(Gry,(R);Z/27Z) freely generated as a polynomial
over /27 by the Stiefel-Whitney classes of the canonical n-bundle n".

Proof. We first prove the Stiefel-Whitney classes w;(n™) are algebraically independent. We
consider the classifying map of the n-fold product € = ! x --- x 4! = Wfl(’yl) ®---or (v
on the space RP® x --- x RP*. Now, the classifying map g : RP* x --- x RP* — Gr,(R)
gives w;(§) = g*w;(n™). Recall H*(RP*>;Z/2Z) = Z/2Z]a] on one generator having degree
1, thus H*(RP* x --- x RP*;Z/27Z) = Z/2Z[a,, ... ,ay], all having degree 1. But note that
w(é) = wiH)" = (1 4+ ay)--- (1 + a,), thus w;(€) is the i-th symmetric polynomial. But it
is well-known that they are algebraically independent, and thus w;(n™) must be algebraically
independent.
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Then, we prove that they indeed generate the whole cohomology group of H*(Gr,(R);Z/2Z).
This is by the canonical CW decomposition of Gr,(R). Since the number of m-cells are equal
to the number of sequences 1 < g1 < -+ < g, < m. But the number of such sequences are
exactly equal to the number of monomials formed by w;(n™) of degree m. Thus w;(n™) freely
generate H*(Gr,(R); Z/27Z).

Finally, we are ready to prove the uniqueness. Firstly, since the canonical bundle vi of RP!
has Stiefel-Whitney class 1 + a, the canonical bundle ! of RP* has Stiefel-Whitney class
1 + a by the canonical inclusion. Then, let the n-fold product & = 4! x --- x 4!, we have
w(§) = (14a1)---(1+ay). Now, since we have a bundle map £ — 1", since H*(Gr,(R);Z/27Z)
maps injectively into H* (RP*> x- - - xRP*°; Z/27Z), we have w(n") unique. Thus by theorem 1.4.4,
we obtain the results. O

Moreover, with the help of the Grassmannians, we can prove the following tensor formula.

Theorem 1.4.6. For & an m-dimensional bundle and n an n-dimensional bundle over B, the
Stiefel-Whitney class w(§ ®n) is given by a universal formula

w({ ® 77) = pm,n(wl(‘g)v s 7wm(§)ﬂ wl(n)ﬂ s 7wn<77))

Where pympn can be characterized by the following identity:
m n

P01,y Om, 01, 00) = HH 1—|—tz+t
=1 :

where o and o’ are the elementary symmetric polynomials of t; and t;-.

Proof. 1t suffices to check the formula on the universal case: notice the operation of forming the
tensor product bundle is characterized by a map Grp,(R) X Grp(R) — Gy, (R). However, recall
that we have a natural map inducing an injection on mod-2 cohomology Gr1(R)¥ — Gri(R),
given by the classifying map of the k-fold direct sum of the canonical bundle. Therefore, we
may consider the following diagram

Gri(R)™ £ G (R) x Grp(R)

o] £

G'I“l (R)mn T) G?"mn(R)

where the left map is again the tensor map (since the tensor of vector bundles commutes with
direct sums, the tensor product of direct sums of line bundles decomposes into direct sums of
line bundles).

Thus it suffices to determine the map on the left.

We first consider the case where m = n = 1. Recall that H*(Gri(R)%Z/2Z) = 7Z/2Z[t1,t2)].
Therefore ®* : H*(Gri1(R)) — H*(Gri1(R)?) is determined by ®*(t) = at; + bty for some
constant a and b. In this case, since the tensor product of a bundle with the 1-dimensional
trivial bundle is itself, we have a = b = 1. Explicitly, we have proven that for two line bundles
¢ and n, wi(§ ®@n) = wi(§) +wi(n).

Then we consider the map ®* : H*(Gri(R)™) — H*(Gr1(R)™*"). The left is a polynomial
ring with generators ¢; ;, and the right is a polynomial ring with generators s; and s . This map
is given by t; ; — s; + sJ by the case of line bundles and the product formula of direct sum
bundles.

Finally for the general case, recall that under the inclusion H*(Gr,(R)) — H*(Gr1(R)"), the
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image of wy(n™) is oi. Therefore, we have

This implies the general case. O

Remark 5. The method used by passing from the case of Gr, to Gry is called the splitting
principle. We will repeatedly use this method throughout this part of the note.

1.5 FEuler classes

Before we finally go into the non-trivial results of Stiefel-Whitney classes, we give a closer
inspect to Z-oriented vector bundles.

Definition 1.5.1. For an Z-oriented n-plane bundle &, by theorem 1.3.7, the fundamental
class u € H"(E, Ey;Z) always exists. Then we define the Euler class of &, e(&), to be image
(7*)~Li*(u) € H™(B;Z), where i* is the canonical map H"(E, Ey;Z) — H"(E,Z), and 7* is
the projection isomorphism H"(B;Z) — H"(E;Z).

Unlike the Z/2Z case, the sign of orientation matters.

Corollary 1.5.2. For an orientation preserving bundle map f : £ — n (£ and n are always
assumed to have the same dimension), f*w(n) = w(§).
If the choice of orientation of £ is inversed, then the Fuler class changes sign.

Proof. Direct by definition. O

Corollary 1.5.3. For any odd dimensional bundle £, we have 2e(§) = 0.

Proof. By the Thom isomorphism (theorem 1.3.2) p(z) = p*(x) — u maps e(§) to the class
u — u. Thus u having odd dimension implies 2u — u = 0, thus 2e(§) = 0. O

Naturally, the Euler class relates to the top Stiefel-Whitney class.

Proposition 1.5.4. The natural homomorphism H"(B;Z) — H"™(B;Z/2Z) maps the Euler
class (if it exists) to the top Stiefel-Whitney class.

Proof. By the property of theorem 1.4.1, we have Sq¢"(u) = v — u since u has dimension n.
Now e(€) = ¢~ (u — u), hence e(¢) maps to the class ¢ ~!(u — u) in mod 2 cohomology, which
is exactly wy,(§). O

Proposition 1.5.5. The Euler class of a product is given by e(§ x &) = e(&) x e(&'). Similarly
the Euler class of a Whitney sum is given by e(§ & &) = e(€) — e(&').

Proof. Suppose £ has dimension m and £’ has dimension n. We first note that for the fundamen-
tal class we have u(Ex &) = (—=1)""u(&) xu(¢’). Then considering the restriction homomorphism
H™" T (ExE' (ExE)y) — H"™(ExE') ~ H™""(Bx B') gives e({§ x&') = (—=1)™"e(&) x e(¢).
Now, the Whitney sum case follows from pulling the product bundle along the diagonal B —
B x B, hence e(§ & ¢') = e(€) — e(&’) by the definition of cross products. O

Corollary 1.5.6. If a bundle has a nowhere vanishing cross section, then the Euler class is 0.

Proof. e(&) = e(el) — e(s!). O
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Chapter 2

Computations in Manifolds

2.1 Some common bundles of a manifold

We begin with the most canonical bundle associated to any manifold: the tangent bundle. But
before we really start anything, we need some lemmas on normal bundles and tangent bundles.

Lemma 2.1.1. The orientation of the tangent bundle T)s is equivalent to an orientation on M.

Proof. Recall the orientation of a manifold is a choice of a preferred generator p, € H,, (M, M —
x; A) compatible in the sense that j, and p, in some neighborhood N homeomorphic to R”
comes from the same class in H, (M, M — N; A).

Similarly, the orientation of the bundle can be given by choosing a consistent generator p, €
H,(T, M, T, M —0;A) (under the natural pairing of the top cohomology and homology classes
of spheres). But by the preceding corollary, we have H, (M, M —xz; A) ~ H, (T, M, T, M —0; A),
which gives the results. O

Lemma 2.1.2. The normal bundle v™ associated with the diagonal embedding of M into M x M
s canonically isomorphic to the tangent bundle of M.

Proof. We consider the tangent space (u,v) € T, M x T, M ~ is tangent to A(M) iff u = v
and normal to A(M) iff u = —v. Thus (z,v) — ((z,z),(—v,v)) gives an isomorphism of
bundles. ]

The next result arises from differential topology, and is crucial to some of the later results.

Theorem 2.1.3. For an embedding of manifolds f : M — N, there is an neighborhood of M,
say M' C N, such that M' is diffeomorphic to the total space of the normal bundle of f(M) such
that x € M has the image f(x) the zero vector in the bundle under the identification M' ~ vy;.

Corollary 2.1.4. If f(M) is closed in N, then the cohomology ring H*(E, Ep; A) associated
to the normal bundle of M in N is canonically isomorphic to H*(N,N — M; A). The same
property applies to the homology.

Proof. By excision, we have H*(N, N — M; A) ~ H*(M', M' — M; A) ~ H*(E, Ey; A). O

With the help of the tubular neighborhood lemma, we have a characterization of the FEuler
class of the normal bundle, and, consequently, the top Stiefel-Whitney class.

Proposition 2.1.5. If M is embedded as a closed submanifold of N and the normal bundle v*
is oriented0, the composition of the restriction homomorphisms

H*(E,Ey;Z) — H*(N,N — M;Z) — H*(N;Z) — H*(M;7)

sends the fundamental class u to the Euler class e(v*). Consequently, the modulo 2 fundamental
class is send to the top Stiefel-Whitney class wy(VF).

10
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Proof. This is by the definition of the Euler class, and the top Stiefel-Whitney class case is
completely similar. O

Corollary 2.1.6. If an n-dimensional manifold M is embedded as a closed submanifold of
R we have the top Stiefel-Whitney class wy,(v*) = 0. In the oriented case e(v*) = 0.

Proof. H*(N;A) = 0. O

2.2 The diagonal cohomology class

Definition 2.2.1. For a fixed coefficient ring A, we assume that an n-dimensional manifold M
is A oriented. We define the cohomology class u' € H"(M x M, M x M — A(M);A) to be the
fundamental class of the normal bundle of the diagonal embedding A : M — M x M (via the
identification H™(M x M, M x M —A(M);A) ~ H"(E, Ep; A) where E is the total space of the
normal bundle).

Note that here this is well-defined since when M is A-oriented, the tangent bundle of M is
A-oriented, and under the isomorphism 7p; ~ v" in the diagonal embedding, the fundamental
class of the normal bundle is well-defined.

We have a more explicit characterization of the fundamental class.

Proposition 2.2.2. For an oriented n-dimensional manifold M, each x € M, the cohomology
class H"(M,M — x; A) has a preferred generator u, given by the perfect pairing (ug, pz) = 1.
Then, the diagonal cohomology class can be characterized as follows: under the inclusion j, :
(M,M —z) — (M x M,M x M —A(M)) given by y — (x,y), we have ji(u') = uy for all z.

Proof. By its definition, it admits the following unique characterization: for any x and any
small neighborhood N of 0 in the tangent space T, M, consider the embedding (N, N —0) —
(M x M,M x M — A(M)), defined by the tubular neighborhood lemma. Then the induced
cohomology morphism must map djs to the generator u,. The rest follows from the embedding
(N,N —-0) —» (M,M - X). O

Definition 2.2.3. From the fundamental class, we define the diagonal cohomology class as the
image of the restriction homomorphism H"(M x M, M x M — A(M)) — H"(M x M) of the
fundamental class u’. We denote this class by djy.

As its name, it behaves somehow like a diagonal.
Lemma 2.2.4. For any class a € H*(M), we have (a X 1) — dy; = (1 X a) — dyy.

Proof. Let N be a tubular neighborhood of the diagonal A(M) in M x M, hence A(M) is a
deformation retract of N. Now the projection p1,p2 : M X M — M coincides on A(M), hence
the restriction pj|y and ps|n are homotopic to each other. Thus we have pj(a) = a x 1 and
p3(a) = 1xa has the same image under the restriction homomorphism ¢* : H/(M x M) — H*(N).
This gives rise to the following commutative diagram:

Hi{(M x M) H(N)

vu/l le*u’

H™(M x M, M x M — A(M)) —— H™™(N,N — A(M))

Thus we have 1 x a and a x 1 are equal when we pass to the bottom right cohomology group,
hence by the bottom equivalence, we have (1 x a) — v/ = (a x 1) — «/, and the restriction to
H™(M x M) gives (1 x a) — dy = (a x 1) — dyy. O

11
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Definition 2.2.5. We recall that we have a slant product operation EPT9(X xY;A)®@ E,(Y;A)
— EP(X;A) by the following construction. Recall that all Eilenberg-Maclane spectra are ring
spectrums. Then the information on the left is a morphism f : X AY — E and a morphism
g:S— EAY. We may construct a map X — E as follows:

XS XASYY XABAY LS XAV AELS EAES B
where p denotes the multiplication of the ring spectrum (for the explicit definition of smash
products see part 2). Here we may substitute E for any Eilenberg-Maclane spectra to get the
desired definition.

Lemma 2.2.6. Fora € EP(X), be EUY) and c € E,(Y), we have (a x b)/c = a(b, c).

Proof. Now we have a € [X,E|_p,, b € [Y,E]_4, then a x b is by definition induced by the
following map:

XAY Y pAESE

Then (a x b)/c is induced by the composition

XS XASYS XAEAY LS XAV AE XY pAE S B

Then we notice that the morphism the X part is always the identity until the final part. This
implies the result by noticing the pairing (—, —) is a special case of the slant product. ]

By virtue of this definition and the above lemma, we have the following property of the
diagonal class:

Proposition 2.2.7. Suppose M is compact and A-oriented so that we have the fundamental
homology class i, then we have dyr/p =1 € HO(M;A).

Proof. We consider the image of djs/u under the restriction morphism H°(M) — HO(z) for
any x. We consider the commutative diagram

H(M x M) -

! |

H™(w x M) —-— H'(z)
Note that the left arrow sends dps to 1 X (i, 1as)*(dar), where (i, 1p7) : M — M x M by
y > (). Thus @5(da /) = 1% (i, 1ar)* (dar) /1t = 1 % (i, 1ar)* (dar)s ) € HO(2).
Then, recall that the fundamental homology class p is characterized by the fact that the image
of p under the homomorphism H™(M) — H"(M,M — x) is the preferred generator p,. We
now prove ((iz, 1ar)*(dar), n) = 1. We recall that dps comes from the fundamental class v’ €
H™(M x M,M x M — A(M)). Now, by the following commutative square

H"(M x M, M x M — A(M)) —— H"(M x M)

jml l(izle)*

H™(M, M — ) y H"(M)

we have (iz, 1p7)*(dpr) = ji(u')|ar. But by proposition 2.2.2, we have (j(u'), p) = 1, which is
equal to (j(u')|pr, p). Thus we have (dps/p)|. = 1 for all x, thus dys/pu = 1. O

12
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Theorem 2.2.8. Suppose M is A-oriented, where H*(M) is free with basis by, ...,b, € H*(M),
then there exists a dual basis b#, ...,bff € H*(M) such that (b; — b;%, ©) = 0ij.
Moreover, we have the following formula for the diagonal class

T

da =Y (1) N0, x bff
=1

Proof. By the Kunneth formula, we have dy; = by X ¢1 +- - - + b X ¢, where dim b; +dim ¢; = n.
We apply the operation /i to (a x 1) — dps = (1 x a) — dps, and then we have ((a x 1) —
dyr)/p = a— (da/1) = a. On the right side, we substitute Y b; X ¢; for djs, then we have

(1 x @) — dar)/pp =D _(=1)P 0 (b x (a— ¢)) /=Y (=1 Fmeipy(a — ;)

Thus the last expression is equal to a. Then since a is an arbitrary cohomology class, we let it
be b; and obtain that the coefficient (—1)dmadimbi(p. — ¢, /) must be &;;. Thus we may let
bl# = (—1)4mbic; then we obtain the conclusion. O

Corollary 2.2.9. If M is compact oriented, then we have x(M) = (e(Tar), it).

Proof. We have e(1yr) = A*(dpr) by proposition 2.1.5. We may pass to rational coefficients and
apply theorem 2.2.8, then we have

dy = (—1) b, x b

thus we have .
() = Y1

By the characterization of the dual basis, we have the formula

(e(rar), ) = D (=)0 = x (M)

2.3 Wau class

Definition 2.3.1. We have an additive homomorphism x ~ (S¢*(x), 1) from

H"%(X;7/27) — 7./27. By theorem 2.2.8, we have a cohomology class vy € H*(X;Z/27)
such that we have (v — z, u) = (Sq¥(x), i) by letting vy, be the sum of the dual basis of degree
k. Actually, we may notice that we have v, — 2 = Sq¢*(z).

We define the total Wu class v € HY(X) to be the formal sum v = 1 4 --- + v,. Clearly we

have (v — z, u) = (Sq(x), ).
Lemma 2.3.2. We have w;(Ty) = Sq'(dpr)/ -

Proof. Firstly by construction 1.4.2, we have w;(7as) = ¢~ 1S¢*(u), where ¢ denotes the Thom
isomorphism (in theorem 1.3.2), hence we have Sq'(u) = @(w;(Ta)) = (7*w;(7pr)) — u. With
the identification H*(E, Eg) ~ H*(M x M, M x M — A(M)), we have Sq¢*(u') = (w;(1as) x 1) —
u/. Thus after passing to H*(M x M), we have Sq'(dys) = (wi(mar) X 1) — day.

Therefore, by applying the slant product /i on both sides of the equation, we have Sq*(dys)/p =
((wi(mar) x 1) = dar) /i = wi — (da/p) = w;. O

Theorem 2.3.3. For any manifold, the total Stiefel-Whitney class w has a characterization
w(mar) = Sq(v).

13
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Proof. We choose a basis b; for the modulo 2 cohomology class of M and a dual basis bfﬁ by
theorem 2.2.8. Then we have x = Y bi(z — bf’&, p). Therefore by substituting v for z and
applying the total Steenrod operation on both sides, we have

= Sq(bi)(Sq(] ), ) =Y (Sa(bi) x Sq(b))/p = Sq(du) /e = w(M)

by the preceding lemma.

14
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Chapter 3

Chern Classes and Pontrajagin
Classes

3.1 A quick review

Definition 3.1.1. An n-dimensional complex manifold M is a second countable Hausdorff
space where each point x € M such that it has a neighborhood homeomorphic to an open
subset in C", and the transitions between these open sets are given by holomorphic functions.

Definition 3.1.2. A complex bundle over a space B is a projection p : E — B, such that for
each b € B, the fibre 771(b) can be identified with a complex vector space V. Moreover, it
need to satiesfy the local triviality condition: for any b € B, there exists a neighborhood U,
such that the fibre 7=1(U) is homeomorphic to U x V. Moreover, the inclusion of each fibre
771(b) < 7= 1(U) must be complex linear.

Definition 3.1.3. A complex structure on a real bundle £ is a continuous bundle map J :
E(¢) — E(&) such that J is R-linear on each fibre and satisfies the identity J?(v) = —v for
every vector v in the fibre.

Corollary 3.1.4. If a R-vector bundle admits a complex structure, then it has dimensions 2n
for some n. Moreover, it can be regarded as a n-dimensional C-vector bundle.

Definition 3.1.5. A almost complex structure on a real manifold M is a complex structure on
its tangent bundle 7.

3.2 Chern classes

Lemma 3.2.1. For any complex vector bundle w, its underlying real vector bundle wr has a
preferred orientation.

Proof. For any complex vector space V', we choose its basis v1,...,v,. Then vy,ivy,..., Un, iUy
determins a real basis of the underlying real vector space Vg. Also, the real determinant of this
set of basis is always positive. Hence a complex vector space has a preferred orientation. We
may then pass easily to complex vector bundles. O

Corollary 3.2.2. For any complex vector bundle w on B, its Euler class e(wgr) € H*(B;Z) is
well-defined.

Theorem 3.2.3. For a n-dimensional A-oriented bundle &, we have the following sequence:

-+ — H""(B;A) — H'(B; A) — H'(Eg; A) — H'" ""Y(B;A) — -

15
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Proof. We already have the long exact sequence of cohomology
-+ — HY(E, Eo; A) — H'(E;A) — H'(Ep; A) — H'""(E, Ep; A)
The rest follows from theorem 1.3.2 by orientedness of &. O
We now construct the Chern class of a complex bundle.

Construction 3.2.4. For an n-dimensional complex bundle w on B, we define its top Chern
class ¢, (w) to be the Euler class e(wr). Then, we inductively define the lower classes.

Note that firstly, for a n-dimensional bundle w, we have an n — 1-dimensional bundle wy on
Ep(w). Namely, we associate each point v, € F(w) to its orthogonal complement in F,. Then,
we define ¢;(w) = (7)) " (ci(wo)). Note that 78 : H?(B) — H?(Ep) is an isomorphism for i < n
by theorem 3.2.3, so that the inverse image makes sense.

We then define the formal sum c(w) =1+ ¢1(w) + - - + ¢, (w) to be the total Chern class of w.
Note that this is a unit.

Lemma 3.2.5. For a bundle map fi : w — ' over f: B — B, we have c¢(w) = f*(c(w')).
Proof. Directly by the naturality of the Euler class and the naturality of the construction wg. O

Similar to the real Grassmannian classifying real vector bundles, we have the complex Grass-
mannian classifies complex vector bundles.

Theorem 3.2.6. For a paracompact topological space X, an n-dimensional C-vector bundle
p: E — X corresponds to a homotopy class of maps f : X — Gr,(C). Moreover, this bundle is
the pullback bundle of the canonical n-bundle n™ over Gry(C).

We now give another characterization of Chern classes.

Theorem 3.2.7. The cohomology ring H*(Gr,(C);Z) is the polynomial ring over Z generated
by the Chern classes c1(n"), ..., cn(n™).

Remark 6. In the following parts, we have an analogous statement claiming that for suitable
cohomology theory E, we have E*(Gry,) ~ (m.(F))[[c;]]. Notice it is only in this part we adopt
the convention that H* ~ @ H". In later parts, we will define H* ~ [[ H".

Before proving the theorem, we need some lemmas.

Lemma 3.2.8. The cohomology ring H* ((C]P’k; Z) is a truncated polynomial ring terminating in
dimension 2k, and generated by the first Chern class of the canoncial line bundle c; (7,1)

Proof. We use the Gysin sequence (theorem 3.2.3) on the canonical line bundle 7} of CP*. Using
the definition of Chern classes, ¢1(7;) = e((7})r) since it is complex 1-dimensional, we have

.- — H"Y(Ey;Z) — HY(CP*;Z) — H'*?(CP*;Z) — H'"2(Ey;Z) — - -

Now that the space Ej is the set of all pairs (¢,v) such that ¢ is a 1-dimensional subspace in
CF1 and v € £ is non-zero. This can be identified with C¥*+! — {0}, hence is homotopic to
S2k+1 Thus for 0 < i < 2k — 2, we have H'T2(Ep) = 0. Thus we have an isomorphism —
c1 : HY(CP*; Z) — H'"t?(CP*; Z). Beginning with H~' gives the result that all odd dimensional
cohomology vanishes, and beginning with H gives that all even dimensional cohomology is Z.
Finally, the isomorphism given by — ¢ gives that ¢; generates the cohomology freely. O

Corollary 3.2.9. H*(Gr1(C);Z) is the free polynomial over Z generated by c1(n').

Proof. The above argument applies to the case k = oc. O

16
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Now we are ready to prove the theorem.

Proof. We prove by induction on n. Note that the case n = 1 is already solved in the preceding
corollary.

Then, consider the map f : Eo(n™) — Gr,—1(C) defined by the following process: for a point
(V,v) € Ey, where V is an n-subspace in C* and v a point in it, we define f(V,v) = V Nnv*,
which is an n — 1-subspace in C*°. We note here that f can also be defined equivalently as the
map classifying the orthogonal n — 1-bundle on Ej.

We prove f* : H*(Grp,—1(C);Z) — H*(Ep;Z) is an isomorphism. We would need to take the
orthogonal complement of a subspace, so we would first restrict f to fy : Eo(n%) — GrlY_,(C),
where G}, denotes the manifold of all m subspace in C", and Ey(n};) is the subbundle of Ey(n™)
over GrY(C). We note that we have a bundle wl " over GrY_,(C) where each fibre can be
identified with the orthogonal complement of the n — 1-subspace corresponding to a point in
GrN | (C). This bundle can be identified with fy by definition. Using the Gysin sequence of
this bundle, we have fy induces cohomology isomorphisms in dimension < 2(N — n). Using
cellular filtration we have f induces cohomology isomorphism in all dimensions.

Then we may substitute Gr,,—1(C) for Ey in the Gysin sequence:

oo — HY(Gryp) — H'™™"(Gr,) — H"(Gry_1) — HTY(Grp) — -

We prove the homomorphism X : H*?"(Gr,) — H*2"(Gr,_1) sends the Chern class ¢;(n") to
ci(n™™1). By the equivalent definition of f : Ey — Gr,_1(C), we have f*(c;(n"™ 1)) = c;(n?),
and 75 (c;i(n"™)) = ¢i(ny) is by construction 3.2.4.

It now remains to check the algebraic independence. We now apply the induction hypothesis.
Since the map in the sequence H'™2"(Gr,) — HT?"(Gr,_1) is surjective, it splits into the
following short exact sequences

0 —+ H(Gra) =2 H*2"(Gry) % H#(Gry 1) — 0

By this sequence, we prove the algebraic independence. For z € H'™2"(Gr,), A(z) can be
uniquely expressed as a polynomial, say A(z) = p(c1(n"1),...,cn_1(n™ 1)), hence

x —pler(n™),...,cn—1(n™)) is in the kernel of A. Thus we have x — p(c1(n"),...,ch—1(n")) =
y — cu(n™) for some y € H(Gr,). Now since the dimension of y is lower then z, we ap-
ply another induction on the dimension and we may now suppose y is uniquely a polynomial
q(ci(n™), .., en(n")). Now that z = p(c1(n™),...,cn—1(0")) + ca(n™)a(cr(n"), ..., ca(n™)), by
applying A we see p is unique, then ¢ is obviously unique. ]

Similar to the product formula of the Stiefel-Whitney class, we have the following formula

Theorem 3.2.10. For two bundles w, ¢ over B, we have c(w @ ¢) = c(w)c(yp).

Lemma 3.2.11. There exists one and only polynomial pp, », = Pmn(Ci, ... cm; ¢}, ..., c,) with

the following identity c(w & @) = pma(c1(W),...,cm(W);c1(@),...,en(p)) for all m-bundle w
and n-bundle ¢ over a common paracompact base space B.

Proof. Note the space Gry, x Gr, classifies a pair consisting of an m-bundle and an n-bundle,
where the universal bundle is constructed by the Whitney sum of the pullbacks of the two
universal bundles, denoted by 0" @ 74, or the product bundle.

Now, since Gr,, has free abelian cohomology, we have the Kunneth formula available H*(Gry,)®
H*(Gry,) ~ H*(Grp x Gry). Therefore H*(Gry, X Gry) is a polynomial ring over Z on the
generators ¢;(n") and ¢j(ny) for 1 < i < m and 1 < j < n. Now for w and ¢ on B, it is
classified by a map f : B — Gry, x Gr,. Hence we may take py,, to be the expression of

c(n” ©n3) = Pmn(c1(w), s en(w)icr(p), - -, enlp))- O
Lemma 3.2.12. py, ,, is given by (1 +c1+ - +cm)(1+ )+ + ).

17
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Proof. We proceed by induction on m and n. Suppose 1nduct1vely that c(ny” @7]2) is equal to
I+ecr+-+ema1)1+ +---+¢,). Then for the bundle 7" loelg ny over Gry,—1 X Gry,
we have

it @t @ng) = et @) = pmalct (Y)Y = 051 (n8), - ca(n5)
By induction hypothesis, we have
Pmn(Cly . sem=0;c, ..., ) =0+ +-+ema) 1+ 4+ + )
By applying a similar induction on n, we have
P (Clse v vemic, oo ch) =14+ en)(1+ -+ ) + uemen

By considering the highest dimension we have v has dimension 0, or the total Chern class will
have a element of dimension greater than 2m + 2n. But u = 0 since the top Chern class can be
identified with the Euler class, which satisfies the product formula. O

Now theorem 3.2.10 is a direct corollary.
With the help of this theorem, we may prove the following analogous statement in Gr,(C) as
in Grp,(R).

Theorem 3.2.13. Consider the product of the pullback bundles on Gri(C)", £ =ni @ ---dnl.
This bundle is classified by a map ¢ : Gri(C)" — Grp(C). Then ¢*(ck(n™)) = ok, the k-th
elementary symmetric polynomial of c1(ni),...,c1(n}).

Proof. We have
c(§) = e(ni) - => arlca(nt), ... ci(ny))
The rest follows by lemma 3.2.5. 0

Similar to the definition of Euler classes, some issues with orientations arises in Chern classes.

Definition 3.2.14. For a complex n-bundle w, we define its conjugate bundle @ to be the
bundle with the same underlying real bundle wg, and with the opposite complex structure,
that is, J(z) = —J(x). Thus the identity map f : E(w) — E(@) is conjugate linear, explicitly
f(Ae) = Af(e).

Proposition 3.2.15. We have c¢(w) =1 —ci(w) + -+ (—1)"cp(w).

Proof. We prove by induction, hence it suffices to verify the top Chern class. But this follows

from the vector space case by the following argument:

If {vj,ivj}1<j<n is chosen as a basis for F, then {vj, —iv;}1<;j<n is the preferred basis for F.

Then the orientation is reversed for n times, thus for the top class we have ¢, (w) = (—1)"¢p(@).
O

Finally, analogous to theorem 1.4.6, we have the following theorem.

Theorem 3.2.16. For an m-dimensional complex vector bundle £ and an n-dimensional bundle
n, we have c(€ @N) = pmn(c1(§),...,em(§),c1(n), ..., cn(n)), where pp.r, as before, is given by

P01y ooy Omy 0, 00) = H(l +t; +t})
Proof. The same as theorem 1.4.6. 0

Definition 3.2.17. We define the dual bundle of w, Hom¢(w,C) to be the bundle over the
same space with each fibre identified with Homc (Fy, C).
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Corollary 3.2.18. If w has a Hermitian metric, then Homc(w,C) ~ @.
Proof. Follows from the vector space case. O
We end this chapter again by calculating the Chern classes of the complex projective space.

Proposition 3.2.19. The total Chern class ¢y, is equal to (1 —c1(y1))" 1. Here, ~{ is the
canonical line bundle over CP™.

Proof. Let i denote the canonical line bundle over CP™, and w™ be its orthogonal complement in
its tubular neighborhood. Again, we will show that the complex vector bundle Homg (v7,w") ~
1epr. This is since a complex line £ through the origin of C"*!, the vector space Hom(¢, 1)
can be identified with the neighborhood of £ in CP"™ where ¢’ near £ is regarded as the graph of
the function.

Now adding the trivial bundle ! to both sides of 7cpr = Hom(71,w') we obtain

mepr @ ¢! = Hom( ], w!' @ 41) = Hom(ri, el @ - @ el) = ()"}

Hence we obtain the results immediately. O

3.3 Chern-Weil theory

Interestingly, characteristic classes also arises in complex geometry, described in terms of curva-
ture forms in the De-Rham cohomology. This characterization is often referred to as Chern-Weil
theory.

Definition 3.3.1. For a complex bundle {, we define a connection on ( is a C-linear map
V:C®() = C®(t"®)

satisfying the Leibniz formula V(fs) = df ® s + fV(s). The image V(s) will be called the
covariant derivative of s.

Intuitionally, the connection is very much like a derivative, and can be expressed locally.

Theorem 3.3.2. Suppose that ¢ is a trivial m-bundle on a chart U C M, then we have
Ve, = w§ Qe = F;kduk ® e;. Here w§ is called the connection forms. Since w§ is not well-
defined in coordinate changes, these 1-forms are only defined locally.

Notice that the m? 1-forms w} form a (1,1)-tensor of 1-forms, hence is a matriz of 1-forms.
We thus may regard w as a section of 7f; ® End(().

Remark 7. The definition applies naturally to all principal G-bundles where G is a Lie group.
Notice that the case where ( is a vector bundle is the special case where G = GL,, and
End(¢) = gl(¢), the Lie algebra of G. This indicates that the connection of any principal
G-bundle should be a section of 7/; ® g.

Definition 3.3.3. We define the curvature form of a connection V to be the matrix of 2-forms
i g i k
Q) = dwj + wy, A wj

Proposition 3.3.4. For tangent vector fields X and Y, Q(X,Y) = R(X,Y) € I'(End(¢)),
where R(X,Y)=VxVy —VyVx — V[Xy] is the Riemann curvature tensor.
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Proof. We first calculate VxVy — Vy V.

(VxVy — VyVx)(a'e;)
Vxl(Ya)es + M {Viahhes) — Vr(Xa)e; +aH (X, whhes)

=(X(Yd') + (Ya™)(X 7w5n> X (a* (Y, wp) + a" (Y, w0 ) (X, wp))en
—(Y(Xa") + (Xa™)(Y,wp,) + Y (@ (X, wp)) + a" (X, o ) (Y, wl))en
=(X( ) Y(Xa'))e
i a . X’fr Xj?;ijFlmk)el
+(ngiymr§m YZZJX””T el
+(X7a ’faY T}, —Ya R OXT L Ve

Uj k,

arl art,
(XJ kYm au». Y] ka auﬂ”ﬂ )el
J J

H(aF YT X T, , — a" XTI, YT )

Notice the second and third line cancels out.
We then calculate Viy y).

Vix.y)(a'e:)
=([X, Y]al)el + ak<[X, Y],w@el
gy™ 0X™ 0

=(X(Yd) -Y(Xd Fi(x7 -Y Tt duy,
(X(Ya') = ¥ (Xah))er +a¥(( o auj>8u kmdttm)e
Y™ X
=(X(Yd") - Y(Xd))e + (X'a Y ~yigh? Tl e
Ou, duj F
which coincides the first line and the fourth line.
We finally calculate Q(X,Y).
Q(X, Y)(aiei)
=(dwi (X, Y) 4+ b, Awl(X,Y))a" e
I . . . .
:ﬁ(xwm — Y X™e; + (T, X "T}LY7 —TL, Y T, X )ey
J

which coincides with the fifth line and the sixth line.

Corollary 3.3.5. Q is a globally defined matriz of 2-forms.

Proof. VxVy —VyVx — Vxy] is obviously globally defined.
Then, the curvature form satisfies the following Bianchi equality.

Theorem 3.3.6. We have dQ}, = Q; A wi - wj- A Qi We denote this by dQ = [Q, w].
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Proof.
dQe
=d(dw}, + wé A wi)
:(dw;-) A wi - wj- A (dwi)
:(Qé fwli/\wé-) /\wi fw;- A (QfC fwlj Awh)
:Qé /\wi —w; /\Qi
—I—w;- /\wlj /\wﬁC —wf/\wé- Awi
and the final line vanishes. O

We then recall some basic definitions from linear algebra.

Definition 3.3.7. An invariant polynomial of n X n-matrix is a polynomial P : C™"*" ~
M« (C) — C, satisfying the following equation for all matrices A and invertible matrices
T

P(TAT™') = P(A)

Theorem 3.3.8. P(A) is of the form P(A) =p(TrA,--- ,Tr A™).
Proof. P is a symmetric polynomial of the n eigenvalues of A. O

Corollary 3.3.9. The invariant polynomials are generated by the elementary symmetric poly-
nomials of the eigenvalues, explicitly

op(A) = Z Aiy e Aiy

1< << <n
Notice for any invariant polynomial P, we have a map 1® P : I'(Q? ® End(¢)) — T'(22).
Proposition 3.3.10. P(Q) € Q*(M,C) is a closed form, where ) is the curvature form.

Proof. From theorem 3.3.8 we see that it suffices to prove dQ¥ = 0. By theorem 3.3.6 and
induction, we have dQ¥ = [QF, w]. Thus we have

dTrQF = TrdQF = Tr[QF, w] = 0
O

Proposition 3.3.11. The cohomology class [P(2)] € H**(M,C) does not depend on the choice
of the connection.

Proof. Let V° and V! be two connections on (. We consider the vector bundle ¢/ = p x 1 :
E xR — M x R, with connection V = tV! + (1— t)@o, where V' is defined by the pullback of
the connection forms of V* along M x R — M.

Let ig,31 : M — M x R be the inclusion at respectively 0 and 1. We let Q° and Q! be the
curvature form of V? and V!, then we have

[P(Q°)] = i [P(Q)] = i{[P(Q)] = [P(Q)]
where the middle equality is since 79 and ¢; are homotopic. ]

Now, we have showed that for any invariant polynomial P, [P(€)] is a well-defined coho-
mology class. We will see that for certain invariant polynomial P, [P(€2)] are exactly the Chern
classes. Or more precisely, we have the following.
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Theorem 3.3.12. For a complex vector bundle ( on a manifold M, we have

1

k(€)= rpyeloe(@)

Before the theorem, we need the following lemma.

Lemma 3.3.13. Let ¢ : E — X be an n-dimensional complex vector bundle over a space X,
then there exists a space equipped with a map f:X — X such that f*C ~ 0, & --- B Ly, where

¢; are complex line bundles over X. Moreover, the map f*: H*(X) — H*(X) is injective.

Proof. We split off one line bundle at a time, and prove by induction. Consider the projective
bundle CP* ! — P(¢) END'¢ corresponding to the complex vector bundle (. Then ¢g*¢ has a
canonical 1-dimensional subbundle ¢; with fibre over (z, L) the line L. Then ¢g*V = ¢; @ (1.
Then, notice CP" ! has the cohomology ring a truncated polynomial ring, hence is free in all
dimensions. Thus ¢g* is injective by theorem 1.3.3. We apply induction and immediately obtain
the result. O

Proof. We now prove the theorem. We first prove the case for the first Chern class of a line
bundle. Suppose ( is a complex vector bundle over M, then suppose the classifying map of ( is
¢ : M — CP*. Since E(() is a finite dimensional CW complex, by the cellular approximation
theorem, we may homotope ¢ to a map that factors through CPY. Moreover, we may assume ¢
is smooth by some techniques in differential topology. Since H2(CP";C) = Cey(v1). Then let Q
be the canonical connection of 41. We have [2] = aci(71). Then [2(¢)] = ap*(c1(11)) = aci(€).
It then suffices to determin ae. We first focus on a 2-dimensional orientable Riemannian manifold
M, and let 757 be its tangent bundle. Then we have a canonical almost complex structure on M
given by rotating a vector in T, by 7/2 counterclockwise. We denote the Levi-Civita connection
on 137 by V. We then take a chart and let e; satisfy |e;| = 1. Then let ea = ie;. Now, since
length is preserved under parallel shifting, we have Vxe; L e; for all X. Thus Ve; = w% ® es.
Then, let the complexification of V, VC be defined as VCs = Vs for all sections s. This is C-
linear since V is compatible with the Riemannian structure. Finally, from w? ®c ez = iwi @ €1
we see that the complex connection form w® = iw? (it is 1-dimensional). Thus the complex
curvature form is QF = iQ?.

We then apply the above calculations to the case M = S?, equipped with the standard Riemann
tensor. On one hand, by the pairing definition of integrals, we have

/S 9° = {aci(72), pse) = afelra), puse) = 20

On the other hand, by the above arguments, we have

/chi/Q%:z’/KdS:z‘-vol(U)
U U U

By taking the partition of unity, we have 2a: = i - Vol(S?) = 4mi, hence a = 2ri.
Finally, we treat the general case. Let ( = p : E — M be a m-dimensional complex vector
bundle, and let
P(A) = ! A) =det(] A
( )—;W%( ) = det( +%)
By the theorem, we need to prove that this invariant polynomial corresponds to the total Chern

class ¢(¢). By lemma 3.3.13, it suffices to prove the case where ( = ¢1 @ --- @ {,,. Then, we
take a connection V¢ on each line bundle /;, and take the connection on ¢ to be @ V*. In other
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words, we define the connection forms of V to be w = diag{w!,...,w"}. Hence we have
P(Q)
Ot Qm
=detdiag (1 + —,..., 14+ —
27 2mi

=P(QY---P(Q™)
=c(1) - ¢(£™) by the case for line bundles
=c(E)

As a corollary, we may define the Pontrajagin class using differential forms.

Corollary 3.3.14. For a vector bundle ( = p: E — M with a connection V and curvature €2,
then the k-th Pontrajagin class can be characterized as follows.

1
E) = ———[09:(Q)] € H*(M;R
Pi(E) = aploa(@)] € HEOU:R)
Proof. Notice that a connection on E induces a natural connection on C ® E, with equal
connection forms (one w.r.t R and another w.r.t C). O

As a final remark, we can prove the Chern-Gauss-Bonnet formula with this result. Before
this, we first recall the Pfaffian of a skew-symmetric matrix.

Definition 3.3.15. For an oriented n-dimensional inner product space, let eq,...,e, be an
orthonormal basis compatible with the orientation. Then we let T' be the linear map T :
ANV — R given by T(A<"V) =0and T(e; A---Aey) = 1.

For an element A € V AV, we may regard it as an element of V' A V* through the natural
isomorphism given by the inner product, and hence is a skew-symmetric matrix. We define the
Pfaffian of A to be

ANk
pf(A) = T(Z W)
k=0
Proposition 3.3.16. We have (pf(A))? = det A.
Proof. Directly check using the block diagonalization of A. O

Finally we recall that the curvature form of a metric is skew-symmetric. Then we have the
following.

Theorem 3.3.17. Let ( =p: E — M be a real vector bundle of dimension 2n, then we have
-1
e(B) = [ )"wi()] € H*" (M)
In particular, we have

X(M) = (2;1) /M pE(Q)

Proof. The second assertion follows immediately from the first one. Notice e(¢)? = p,(¢), and
pf(Q2)% = det(Q) = 09, (2). Thus we have

)=+ (5:) wic]

Now it suffices to determin the sign. Notice that we may again pass to the canonical bundle
n*" of Gra,(RY) as in the proof of theorem 3.3.12, so that the sign is independent of the choice
of the manifold or vector bundles.

When n = 1, again by considering S? we have the sign a minus sign. For general n, we again
use the splitting principle to reduce to the line bundle case. Therefore the sign is (—1)". O
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3.4 Pontrajagin classes

Definition 3.4.1. For a real vector space V', we may obtain its complexification VRC ~ V@iV
Similarly, for a real vector bundle £ over some space B, we define its complexification to be the
complex bundle £ ® C ~ £ @ £ with the underlying real bundle £ ® £ and the obvious complex
structure.

Lemma 3.4.2. For a real bundle &, we have £ ® C ~ £ ® C.

Proof. We directly map £ ® C — £ ® C by 1¢ @ —1¢. This is an orientation preserving isomor-
phism. O

We thus have the following condition.

Corollary 3.4.3. ¢2;11(§ ® C) is of order 2.

Proof. By proposition 3.2.15 and the above lemma. O
Therefore the following definition discarding the odd Chern classes makes sense.

Definition 3.4.4. For a real bundle £ over B, we define its i-th Pontrajagin class p;(§) €
HY(B;Z) to be the class (—1)%c2;(¢ ® C). Then the total Pontrajagin class is defined as p(¢) =
L+pi(€) + -+ pns2)(§), where [n/2] is the greatest integer smaller than n/2.

Corollary 3.4.5. Pontrajagin classes are natural w.r.t bundle maps. Moreover, p(£®e®) = p(&).
Proof. Follows from lemma 3.2.5 and theorem 3.2.10. O

The product formula, however, does not hold for most general cases since we ignored the
odd dimensional classes. We still have the weaker version below though.

Corollary 3.4.6. For real bundles & and n, we have 2(p(§ ®n) — p(&)p(n)) = 0.
Proof. Every term in the difference between them contains an odd ordered Chern class. O
However, we do have the tensor product formula.

Construction 3.4.7. By theorem 3.2.16, we have p;(§ ® 1) = c2;(£® 1) ®C) = c2(((®C) ®
(n® C)). The rest follows from the tensor product formula.

Lemma 3.4.8. For a complex bundle w, we have wr ® C ~ w & ©.

Proof. We consider a complex n-dimensional vector space V. Then this condition is equivalent
to V=W @& iW for some real n-dimensional vector space W with complex structure (z,y) —
(—y,z). Therefore we have VoV =W aiW oW & —iW = Vg C O

Corollary 3.4.9. For any n-dimensional complex vector bundle w over B, the Chern classes
¢i(w) and the Pontrajagin classes p;(wr) are related by the following formula

1—p1+~-+(—1)"pn:(1—61+--'+(—1)n0n)(1+c1+'~+cn)
Proof. Follows from the preceding lemma, theorem 3.2.10 and proposition 3.2.15. O

Lemma 3.4.10. The real 2n-plane bundle (£ @ C)g is isomorphic to EDE under an isomorphism
which either preserves or reverses orientation according to whether n(n — 1)/2 is even or odd.

Proof. Direct by aligning the basis in the order vy, ..., vy, V1, ..., iU,. ]

Corollary 3.4.11. If¢ is an oriented 2k-plane bundle, then the Pontrajagin class py(§) is equal
to the square of the Euler class e(§).
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Proof. By definition, pg(€) = (—1)*cor(€®C) = (—1)*e((€®C)g). But by the preceding lemma
and proposition 1.5.5, we have e(£ @ &) = (—1)2F@F=D/2¢(£)2 = (—1)ke(€)2. O

We end this section with a simple application of the Pontrajagin classes.
Theorem 3.4.12. There are no almost complex structures on the sphere S*F.

Proof. The proof is by contradiction. If an almost complex structure J exists on S*, then by
lemma 3.4.8 we have 7gux ® C =~ Tgar @ Tqar, where the conjugation is given by the complex
structure. Notice that all cohomology except for the 0-th and 4k-th degree vanish, hence all
Pontrajagin classes and Chern classes vanish for 74ar except for the bottom and top term. Then
we have

1+ (=1)* py(ga)
=c(1ga ® C)

=c(Tgar & Tgax)

=c(Tgar )c(Tgar)

)

)

=(1 + cor(7gar))? (by proposition 3.2.15)
=1+ 2cok (Tgar
=14+ 26(7’54k).

Now, by corollary 2.2.9, we have pg(7gs4;,) non-trivial. However, since the normal bundle of
the inclusion S™ «— R"*! is trivial, we have the Pontrajagin classes of Tgax vanishes by corol-
lary 3.4.5. O

3.5 Oriented Grassmannians

Recall from definition 1.4.3 the definition of Gry(R). We define in this section Gry(R), the
oriented Grassmannian.

Definition 3.5.1. For positive integers n and k, we define é\;n(R”J“k) to be the quotient space
Hompg (R™, R"**) /R, where R’ is the equivalence relation where f = ¢ iff im f = img and f
and ¢ has the same orientation. We define Gr,(R) := Gr,(R*®) = lim, Grp,(R"F). Likewise

we have a canonical n-bundle on CA?;‘”, which we will denote by 7y,.

Remark 8. It is easy to see that we have a 2-sheeted covering space map EJVTH(R) — Grp(R).
Then by connectedness of Gr,, and that 7 (Grn(R)) = Z/27Z, we see that @“n(R) is the universal
covering space of Gr,(R). This implies that @H(R) is equivalent to BSO(n) (it is a classical
result in algebraic topology that the universal cover of BO(n) is BSO(n)), hence classifies

oriented n-bundles.

Now, the Z/27Z coefficient cohomology of @R(R) is easy to compute.

Theorem 3.5.2. H*(a;’n(R);Z/QZ) is the free polynomial algebra generated by the Stiefel-
Whitney classes wa (™), ..., wp(7™).

Proof. We first recall the Gysin sequence from theorem 3.2.3. Then notice that for any 2-sheeted
covering B — B is a O(1)-principal bundle over B, hence is associated to a line bundle & over
B. Therefore by the Gysin sequence we have a long exact sequence

oo — H"YGrp; 2/22) — H{(Gry; 2)22) — HY (Gryp; Z/22) — - -

where the map H*~! — H' is given by the cup product with the first Stiefel-Whitney class of
the principal bundle w1 (¢), and the map H® — H® is given by the pullback along the projection.
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Notice that by theorem 1.4.5, H*(Gry,; Z/27) = Z/27Z, hence w1 (€) is either wq(n™) or 0. But
if w1(&) = 0, then we will have a short exact sequence at the zeroth cohomology

0 — H%Gr,) — H°(Gr,) — H°(Grp,) — 0

which would imply that Gr, is not connected, a contradiction. Therefore w1 (&) = wy(n"),
which implies the result immediately. O

The computation of Z coeflicient cohomology is much more difficult, so we will not present
the computation in this note (maybe I will find some reference on Bockstein spectral sequences
later). Instead, we calculate the A coefficient cohomology, where A is an integral domain
containing 1/2 (e.g. Z[1/2]).

Theorem 3.5.3. If A is an integral domain containing 1/2, then the cohomology ring

H*(Grams1(R); A)
p1 (7PN o (2. Similarly H*(Gmm( ); A) is a polynomial ring generated by
p(i?™), ... ,pm_1(n2Nm) and e(i”™).

In other words, H*(Grp(R); A) is generated by the classes p1,...,p|n/2) and e, with the possible

relation that € = Pn/2 when n is even.

s a polynomial Ting genemted by the Pontrajagin classes

Proof. The proof is by induction on n. When n = 1, notice that Gri(R) ~ RP*, hence
Gri(R) ~ 5>, which is contractible.

Similar to the complex case, we have H*(Eo(y™)) ~ H*(Grn_1) by sending (f,z) € Ep to
im f N at preserving orientation. We have hence a long exact sequence

. — H{(Grp) — HT(Gry) — HT(Grp_1) — H™(Grn41)

"=1) similar

where the first map is given by — e, and the second map A sends pg(7™) to pi(7
to the complex case.

If n is even, then by the induction hypothesis, A is surjective, hence we have short exact
sequences

0 — H(Gry) — H*™(Gry) — H(Grp_1) — 0

Since the cohomology ring of évrn_l is a polynomial ring generated by p1,...,p,/2-1, We have
obviously that E}vrn is a polynomial ring generated by p1,...,p,/2—1 and e.

If n is odd, then — e is the zero map, since e is of torsion 2 and A is integral and contains 1/2.
Hence we have short exact sequences

0—> Hj(é\;“gm_;,_l) — Hj(évT‘Qm) — Hj72m(a;’2m+1) — 0

Hence we have H *(é\;"zm+1) a subring of H *(@"gm) If we denote the graded subring

of H*(é;‘gm) generated by p1,...,pm by A*, then clearly by the definition of A we have A* C
im A. We must prove the equality holds.

By induction hypothesis, every element of HJ (a;“ om) can be Written as a sum a + ea’, where
a € A and o’ € A77?™ (here e is the Euler class of 7™ with €2 = p,,). Hence we have
rank H7 (Grgm) = rank A7 + rank A7=2™_ But by the short exact sequence we have

rank HJ(GTQm) = rank H’ (Gr2m+1) + rank HI~ 2m(Grngrl) Since A* C im \, we have

rank A7 < rank HJ(GrzmH) but by the two equations above, the equality must holds, which
implies A* = im \. O

3.6 Chern numbers and Pontrajagin numbers

In this final section, we introduce a somewhat more combinatorial part of the theory.
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Definition 3.6.1. For n a positive integer, we define I = 41,...,%, as an unordered r-tuple a
partition of n iff i1 +- - - +14,, = n. For two partitions I = 41,...,4. and J = j1, ..., js respectively
of n and m, we define IJ = iy,...,%,71,...,Js is a partition of m + n. A refinement of I is of

the form I ... I, where I, is a partition of ,.

Definition 3.6.2. For a compact n-dimensional complex manifold K, and I a partition of n, we
define the I-th Chern number ¢;[K] = ¢;, - - - ¢;,.[K] to be the integer (c;, (Tx) - ¢, (Tk), lK),
where both sides lies in the 2n-th dimensional (co)homology.

Remark 9. Recall that CP" has ¢;(7) = ("J.rl)ai, where (a", u) = 1. Therefore we have

7

n n+1 n—+1
oty = (") o ()

Definition 3.6.3. For a smooth compact 4n-dimensional manifold M, and I a partition of 4n,
we can likewise define the Pontrajagin numbers.

We can likewise define the Stiefel-Whitney numbers, though we will not focus on the defi-
nition.

Definition 3.6.4. For a smooth manifold M, and I a partition of n, we can also likewise define
the Stiefel-Whitney numbers. The Stiefel-Whitney numbers lie in Z/2Z, unlike the Chern
numbers and the Pontrajagin numbers.

We then introduce the perhaps most important object in combinatorics.

Definition 3.6.5. We let 8§ C Z[ty,...,t,] be the subring consisting of all symmetric polyno-
mials. Recall that 8 = Z[o1,...,0y], where o; is the i-th elementary symmetric polynomial.

Lemma 3.6.6. If we endow 8 with the natural grading with t; having degree 1, then 8* is
generated additively by o;, -- -0y, for I =11,...,1, a partition of k.

Proof. Obvious. O
Lemma 3.6.7. The above basis could be written explicitly as

Z téll . tgr
for I =iy,...,4. a partition of k, and the summation is taken over all k-tuples.

Proof. Obvious. O

Definition 3.6.8. For a partition I of k, and n > k, then we define s; as the unique polynomial
satisfying the following equation

i i
sp(o1,y...,00) = g te -ty

Notice the definition of s; extends to the case where n < k, in this case the o; for i > n are
replaced by 0.

Lemma 3.6.9. Notice that for I a partition of k and an n-dimensional complex bundle w on
B, we have s;(c(w)) := sr(c1,...,cn) € H*(B;Z). Then we have for w and w' on B

silc(wo ) = Y ssle(w))sw(c«))

JK=I
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Proof. By definition, it suffices to prove that in Z[t1, ..., tmn, $1,. .., Sp] and a partition of m+n,
I, we have (here z; is a substitution for ¢; and s;)

i1 ir _ J1 Jp k1 kq
Zxal ...xar — Z (tbl tbp) <801 ...ch>

JK=TI
Which is directly by definition. O
Corollary 3.6.10. s;(c(w ® w')) = sgp(c(w)) + sk(c(w’))

Definition 3.6.11. According to the above defitions, for I a partition of n, we define for an
n-dimensional complex manifold s;(c)[K] to be the characteristic number (s;(c(7x)), tx).

Corollary 3.6.12. For complex manifolds K and L, we have the following identity.

silK x L) = Y sp,[K]sp[L]
I Io=1

Proof. This is direct after noticing 7«1 = 73 (7x) ® 75 (71). O

Corollary 3.6.13. For any product K x L with K n-dimensional and L m-dimensional, we
have $pin(K x L) = 0.

Proof. m 4+ n admits no non-trivial decomposition into juxtapositions. ]

Corollary 3.6.14. CP" is not a product of two manifolds.

Proof. 1t is obvious that s,[CP"] =n+1 # 0. O
Finally, we prove that, in some sense, the Chern numbers are linearly independent.

Theorem 3.6.15. Let K' be an i-dimensional compact complex manifold with s;(c)[K] # 0.
Then the p(n) x p(n) matriz (p(n) is the number of partitions of n)

[Cil .. .CZ'T[Kjl X --- X st]]
is non-singular. Here I =iy,...,i, and J = ji1,...,js runs through all partitions of n.

Proof. By the definition of s;(o1,...,0,), we see that they form another basis of 8", hence it
suffices to verify that the matrix

[sr(c)[K7" %+ x K]
is non-singular. As an immediate generalization of corollary 3.6.12, we have

sr(QK x o x KR =y sy KD, [K7]
1. Is=1

Note that for the product to be non-zero, I must be a partition of j,. Thus the number

s7(e)[K7t x - -+ x KJ¢] is non-zero only if I is a refinement of the partition J = j1,...,js. Thus
the matrix, under a suitable order, is triangular, with diagonal s;, ;. (c)[K® x - x K] =
i, (¢)[K™] - 84, (c)[K*] # 0. Thus the matrix is non-singular. O

We have an analogous theorem for Pontrajagin classes.

Theorem 3.6.16. Let M*, ..., M*" be oriented manifolds with si,(p)[M**] # 0, then the p(n) x
p(n) matriz ‘ ‘
i M9 M

s non-singular.
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Definition 3.6.17. For an n-dimensional complex vector bundle w on M, we define its Chern
character to be the formal sum

Ch(w) =n + g S’“(Z(,“’)) € H'Y(M;z)

Theorem 3.6.18. We have Ch(w @ w’) = Ch(w) + Ch(w').
Proof. This is obvious by corollary 3.6.10. 0
Theorem 3.6.19. We have Ch(w ® w’) = Ch(w) + Ch(w’).

Proof. By lemma 3.3.13, it suffices to consider the case where both w and ' are direct sums of
line bundles. However, by the additivity above, it suffices to treat the case where both w and
w’ are line bundles. In this case, ¢(w) =1+ ¢1(w), and Ch(w) = exp(c1(w)). Thus we obviously
have Ch(w) Ch(w') = exp(c1(w)) exp(c1(w')) = exp(er(w) + e1(w')) = exp(c1(w @ w')). O

As in Chern-Weil theory, we have a characterization of the Chern character by the curvature
tensor.

Theorem 3.6.20. For a complex vector bundle ( on a manifold M with connection V and
curvature £, we have

Ch(¢) = [Trexp(, )]

Proof. Recall from theorem 3.3.12 that we have

1
= ——Jor(Q
%(0) = Grgelon()]
This implies that the eigenvalues of Q (as a 2-form) divided by 27i, say A1,..., Ay, acts as the
generators of H*(M;C) = C[[A1],...,[A]]. Then
Y = | Q\* Q
(© kzzo k! kzzo Ko <27m') rexp(3 )
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Chapter 4

A little bit more on Pontrajagin
classes

4.1 Cobordism rings

In this section, we make use of the Stiefel-Whitney numbers and the Pontrajagin numbers
to develop some elementary theory on Cobordism rings. In this section, all homology and
cohomology of BO and MO are assumed to have Z /27 coefficients. We shall very frequently
use notations of stable homotopy theory in this section, which readers can refer to in the second
part of this note.

Definition 4.1.1. We define 91, to be the graded ring, with 91, consisting of all unoriented
cobordism class of m-dimensional compact manifolds (M and N are said to belong to the
same cobordism class iff there is some m + 1-dimensional manifold with boundary P such that
OP = M ][] N), with addition the disjoint union and multiplication the cartesian product.

We similarly define €, to be the graded ring with €2, consisting of all oriented cobordism
class of m-dimensional compact manifolds (that is, the set of all manifolds equipped with an
orientation form, and cobordisms are asked to respect the orientation of the boundary of the
manifold).

Definition 4.1.2. We define MO = lim MO(n), where MO(n) is the Thom space of ", the
universal bundle. We likewise define M SO and MU.

We first prove the following theorem fundamental to cobordism theory.
Theorem 4.1.3. We have N, = lim, Tn+k(MO(k))

Remark 10. Notice that if we let M O be the spectrum with the k-th space M O(k), then the right
hand side is the n-th homotopy group of MO, m,(MO). Also, recall that MO is a ring spectra,
hence 7,(MO) is a graded ring. By construction, we would have 2N, ~ m,(MO) isomorphic as
a ring. Notice also that the mod 2 homology H,.(MO) is also a graded ring.

Before the proof, we need some simple facts in differential topology.

Definition 4.1.4. For a smooth map f : M — N, and a submanifold X C N. We say f is
transverse to X, denoted by f t X, if for every z € f~1(X), we have df, (T, M) + Ty X =
Ts N.

f(x)

Theorem 4.1.5. Let f: M — N be a smooth map and X be a submanifold of N. If f h X,
then f~1(X) is a submanifold of M.

Theorem 4.1.6. Let f: M — N be a smooth map and X be a submanifold of N. Then there
exists a smooth map g: M — N, gh X, and f is homotopic to g.
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Proof. The proof will consist of three steps. The first one is to construct a well-defined map of
abelian groups « : M, — 7, (MO). The second one is to construct S : w,(MO) — MN,,. Finally
we will verify that g is indeed the inverse of a.

Now, given a cobordism class [M] € M, let M € [M] be a representative. By the Whitney
embedding theorem, we have an embedding e : M — R™"*. Then, by theorem 2.1.3, we suppose
there is a tubular neighborhood T of e(M). Now, obviously T/dT =~ Th(vy), where vy is the
k-dimensional normal bundle of e. Then, let S"** be the one-point compactification of the
R™*% above, so that we have a map 7 : S"** — T/OT ~ Th(vy), often called the Thom
collapse map. Therefore we already have an element 7 € m,1(Th(var)). We now consider the
classifying map of vy, ¢. From the bundle map vy, — n, we have a map Th(vas) — Th(ng),
therefore . (n) is an element of 7, (MO(k)) C m,(MO).

Now, we prove « is independent of the choice of the cobordism representative M. It suffices to
show that if M is null-bordant, then a[M] is null-homotopic. Let M = 0W. Then the inclusion
T — R"* < S"*F extends to a tubular neighborhood of W, L, to the disc D"***1 (especially
note here that the normal bundle vy is also of dimension k). Notice then that the two collapse
maps agree, so that we have the following commutative square.

SnJrk e Th(I/M)

J |

Dn+k+1 . Th(l/w)

Also, since the vy restricts to vy on M (directly consider the tubular neighborhood, as its
homotopic to the total space v of the normal bundle), the classifying map of v, factors through
the classifying map of vy, say ¥, by the inclusion ¢ : M — W. Therefore we have ¢, = .0ty :
var — vy — 0%, and the map commutes at the level of Thom spaces. Therefore, by construction,
the map ¢, o7 is null-homotopic through the inclusion into D™+ +1,

Then we verify that o[M [[N] = a[M] + a[N]. We let i : M — R"** and j : N — R**
be two embeddings. Since both M and N are compact, we may suppose that their tubular
neighborhoods lie in the distinct hemisphere of S"t*. We notice that by definition we have
Th(var)VTh(vn) =~ Th(vpr1yn)- Then by the construction above, the map Sntk Th(var1yn)
factors as below.

SR — gt SR s Th(vag) V Th(vy) =~ Th(vy gy n)

After composing with the map Th(r) — MO(k), we obtain the result directly.

We then construct 3. Suppose we have some [¢] € 7,(MO), and a representative ¢ : S"** —
MO(k). Since S"* is compact, ¢ factors through Th(nF +m), the Thom space of the canonical
bundle of Gry(R¥*™), since Gri(R) = liﬂGrk(R’”m). Now let & : Grg(R*™) — Th(nf )
denote the zero section of the bundle. We view &(Gry(R¥™)) as an embedded submanifold of
Th(n},,,) of codimension K. By theorem 4.1.6, we have a map f : S"*% — Th(ny, ) such
that f is smooth, f ~ ¢, and f th &(Gri(R¥T™)). Thus let X = f~1(&(Gri(RF¥T™))). By
theorem 4.1.5, X is a submanifold of S"t* of codimension k, hence an n-dimensional manifold.
Notice X is compact since &(Gry(RF¥*™)) is closed. We define X = S3[g].

We then verify that /3 is well-defined. Suppose we are given homotopic maps ¢ ~ ¢ € m,(MO).
By definition WLOG ¢ and ¢ factors through Th(nl,j +m), as well as the homotopy between
¢ and v, say h. Then we may find a smooth map pu : I x S*TF — Th(n’,jer) homotopic
to h relative I x S™*  and transverse to &(Gri(RFT™)). By theorem 4.1.5 again, we have
pH(E(Gr(R¥+™))) a cobordism between the manifolds determined by ¢ and 1.

Finally we verify that § is an inverse of a. We first consider 5 o a. Let M be a arbitrary n-
dimensional compact manifold. Recall a[M] is given by fn : S"** — Th(vas) — MO(k). Notice
that by compactness again, the latter map factors through some Th(n’,j +m)- By construction,
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the collapse map is constant on the tubular neighborhood 7', and the second map sends only
M to the zero section in the construction of f. Thus pa[M] = [M]. We then consider the
inverse. Let [¢] : S"** — MO(k), and suppose the map factors through Th(n,]§+m) for some
m, and is transverse to the zero section. Let M be the result of the construction, so that
[M] = Blg]. Notice Th(nf,,,) — oo is a tubular neighborhood around the image of the zero
section, which pulls back to a tubular neighborhood of M in the S™**. This implies that we
have the map ¢ : S"tF — Th(n,’j+m) factors through Th(vys) by the collapse map. Therefore
we have p = a[M] = af]p]. O

Corollary 4.1.7. We have ,, ~ 7, (M SO).
Proof. The proof is analogous. O

With the help of theorem 4.1.3, we may begin to analyze the structure of the cobordism
groups. Before this, we first recall from theorem 1.4.1 the definitions and properties of the
Steenrod algebra.

Definition 4.1.8. We define A to be the graded associative (not commutative) Z/2Z-algebra
with grade A" consisting of all stable cohomology operations on H*(—,Z/27) of degree r, with
addition given by addition and multiplication given by composition.

By definition, the mod 2 cohomology of X is [X, X" HZ/27Z], hence by Yoneda’s theorem, the
degree r operations are precisely [HZ/27,¥X"HZ/27) ~ H" (HZ/2Z,Z/27Z).

Theorem 4.1.9. A is isomorphic to the Z/2Z algebra generated by Sq* taking quotients with
the Adem relations (recall from theorem 1.4.1 the definition of Adem relations).

Construction 4.1.10. Notice that A can be given a coproduct structure p : A — A ® A,
explicitly by
Sqk — Z Sq¢' @S¢’
itj=k
This, along with checking other basic properties, endows A the structure of a hopf algebra.
Then, the dual algebra A, = Hom(A, Z/27Z) inherits a natural commutative hopf algebra struc-
ture (whose algebra structure is inherited from the coalgebra structure of A).

or—2

Theorem 4.1.11. We define Sq' = Sq2r715q - Sq'. Then, A, ~ 7./27[¢,], where &, is
dual to Sq'™. Moreover, the coalgebra structure of A, is given by

Y& Y e
i+j=r

Theorem 4.1.12. For an oriented n-bundle & over B, we have H,,(E, Ey) ~ H.(F). More-
over, the isomorphism is given by a — «a/u, where u is the fundamental class of the orientation.

Proof. 1t suffices to prove for the case of the trivial bundle. The rest follows from a Mayer-
Vietoris argument and the fact that H.(B) ~ lim - H, (K), where K runs through all compact
subsets of B. However the trivial bundle case is easy by the Kunneth formula of homology. [

Before we compute the homotopy groups of MO, we first compute its mod 2 homology.
Theorem 4.1.13. H,(MO) = Z/2Z[a1,az,...].

Proof. By theorem 4.1.12 above, we have a stablized version H,(MO) ~ H,(BO). Moreover,
by construction, we find that the Thom isomorphism are compatible with the ring spectra
structure, hence it is an isomorphism of graded rings. Then it suffices to compute H,(BO).
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Notice the multiplication of H,(BO) induces the comultiplication on H*(BO) ~ Z/2Z[wy, . . .|
given by
w; —> Z w; & wg
jtk=i
Then H.(BO) is thus its dual, and the computations gives H,(BO) = Z/27Z[b;], where b; is the
image of w! € H;(BO(1)) under the inclusion H;(BO(1)) — H;(BO). Thus if we let a; be the
preimage of b; under the isomorphism, we obtain the results. O

Remark 11. Since b; comes from ugi, and there is a slant product involved in the Thom isomor-
phism, we have a; coming from w{™, under the natural map H.(MO(1)) — H.(MO) and the
homotopy equivalence BO(1) ~ MO(1).

Now, since the cohomology of is an A module, the homology is naturally an A, comodule
(notice that in mod 2 coefficients, H, is the dual of H* since the homology is finite dimen-
sional). We will see that the calculation of this comodule structure of certain spaces finishes
the computation of m,(MO).

Lemma 4.1.14. Suppose the comodule structure of H,(BO(1)) is given by v : H,(BO(1)) —
A, ® H(BO(1)), and v(w}) = a;j ® wi. Then we have

& ifi=2"
;1 = .
0 otherwise

and a;; = 1.
Proof. By direct computation. O

Theorem 4.1.15. We let N, = Z/2Z[u;] for all i > 1 and i # 2° — 1, with the degree of u;
being i. Then we define a homomorphism f : H,(MO) — N, by

flar) = {o ifi=2"—1

u; otherwise

Then the composite g = (1® f) o~y : H(MO) - A, ® H.(MO) — A, ® N, is an isomorphism
of A-comodules and Z/2Z-algebras.

Proof. g is clearly a homomorphism of A-comodules and 7Z/2Z-algebras. We prove it is an
isomorphism. Notice that both the source and target of g are polynomial algebras with one
generator of degree ¢ for all 7, by the structure of A, stated in theorem 4.1.11, hence it suffices
to prove that g sends generators to generators. Since a; = L(wll'), we may use this to compute
v(a;) = t(y(with)). Then, let T be the ideal of A, ® H,(MO) generated by elements that are
products of at least two generators. Then we have by lemma 4.1.14

LER1I+1®a fi=2"-1

) mod 1)
1®a; otherwise

Yai) = v(y(wi™)) = {
This proves that the generators are sent to generators, since & ® 1+ 1 ® a; is send to & ® 1
after applying 1 ® f. O

Construction 4.1.16. Notice that the cohomology of spheres are concentrated in two degrees,
hence the Steenrod operations on spheres are trivial. Therefore, when we consider the Hurewicz
homomorphism hyo : m(MO) — H.(MO), we have v o hyo(x) = 1 ® hpyo(z). Thus we
consider the inclusion N, ~ Z/27Z @ Nx — A, ® N,.

Finally we are ready to prove the theorem.
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Theorem 4.1.17. The map hpo : 7(MO) — H.(MO) is injective. Moreover, we have
g o hyro an isomorphism onto N, as shown in the construction.

Proof. Since each o« € H"(MO) is represented by a map MO — Y"HZ/2Z, we consider the
space \/ X'HZ/27, with each component corresponding to a generator of the cohomology of
MO. Thus we have a natural map f: MO — \/ X*HZ/27. By definition, this map induces an
isomorphism on mod 2 cohomology hence on homology. Then, consider the sequence

0 — 7/22 — 7./2"' 7 — 7.)287 — 0

and by the five lemma we have the map induce an isomorphism on Z/2*Z homology, and hence
on the direct limit, Z[1/2] homology. Then, notice m.(MO) is of 2 torsion, hence H,(MO;Q)
and H,(MO;Z[1/p]) for p an odd prime are trivial. Thus by the sequence

O—>Z—>Q—>@Z[1/p]—>0
p

we apply the five lemma again and find that f induces an isomorphism on Z homology. Thus
by the spectrum version of the Hurewicz theorem that f must be a weak homotopy equivalence.
Therefore, f induces an isomorphism between 7,(MO) and 7. (\/ *HZ/27Z). However by def-
inition, 7,(\/ X*HZ/27Z) ~ N,. Therefore m,(MO) = N, and hyo =~ hy simz/2z is injec-
tive. Finally the following sequence of monomorphisms gives an injection from m,(MO) to
N, C Ay ® N,, and hence a isomorphism since on each degree they have the same finite dimen-
sion.

T (MO) — H,(MO) - A, ® H.(MO) — A, ® N,
O

Theorem 4.1.18. Two manifolds are cobordant if and only if all their Stiefel- Whitney numbers
are the same. In particular, a manifold is null-bordant if and only if its Stiefel- Whitney numbers
vanish.

Proof. Now, since the Hurewicz map hyo : m(MO) — H,(MO) is injective, it suffices to prove
that for a manifold M, O

4.2 The Hirzebruch signature theorem

Definition 4.2.1. Let A be a ring. Then we let A* = @ A™ denote a graded A-algebra. We
define A" to be the commutative ring of all formal sums ag + a; + ---. Then, we denote the
multiplicative group of formal sums to be A".

Then, Let K,(x1,...,z,) denote a sequence of polynomials with coefficients in A such that
Ky (x1,...,2,) is homogeneous of degree n if we assign x; to have degree i. We now define
for a € A, K(a) € A" to be 1 4+ Ky(a1) + K2(ay,az2) + ---. Such K is called a multiplicative
sequence if we have K (a)K(b) = K(ab).

Lemma 4.2.2. Given a formal series f(t) = 1+ Mt + Xot? + -+, there evists a unique
multiplicative sequence K such that K(1+t) = f(t) (here K(1+t) = 14+ K;(t)+ Ka2(t,0)+- - - ).

Proof. We first consider uniqueness. Consider the polynomial ring Aty ..., t,] = A* with the
natural grading. Then let o = (1+¢1)---(1+¢,) € A“. Thus K(0) = K(1+t1)--- K(1+t,) =
f(t1)--- f(tn). Then taking the homogeneous part of degree n, we see that K, (o1,...,0,) is
completely determined by the power series f(t). Since o; are algebraically independent, K, is
unique.
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Then we prove existence. We let K, (o1,...,00) = > Arsr(o1,...,04), the right hand side to
be summed over all partitions of n (here A\; = A;; --- ;). As in lemma 3.6.9, we have

sr(ab) = > ss(a)sk(b)
JK=I

Thus we have

b) =Y Assi(ab)
=> A > ss(a)sk(b)

1 JK=I
=Y Asss(a)Agsk (D)
JK=I

=K (a)K (D)

O

Definition 4.2.3. For K a multiplicative sequence of rational coefficients and a manifold M
of dimension 4n, we define its K-genus to be the rational number

K[M] = <Kn(p17 cee 7pn)a,UM>

Notice we have K[M] a rational linear combination of the Pontrajagin numbers of M.
For M of dimension m # 4n, we define its K-genus to be 0.

Definition 4.2.4. For a compact oriented manifold M of dimension 4n, we define its signature
to be the signature of the symmetric matrix given by H?"(M;Q) x H**(M;Q) — Q, (a,b)
<a ~ b7 NM>

Theorem 4.2.5. Let Ly be the multiplicative sequence of polynomials belonging to the power

series

t 1 —1)k—122k B
Vi +7_7t2+ +( ) ktk-i—---
tanh\/ 37 45 (2k)!

where By, are the Bernoulli numbers. Then we have o(M) = L[M] for any compact oriented
manifold M of dimension 4n.

Proof. O
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Part 11

Basic Stable Homotopy Theory
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Chapter 5

Spectra

5.1 Basic concepts

5.2 The stable co-category Sp
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Chapter 6

Constructions

6.1 Bousfield localization

In this section, we will develop the theory of localizations on the oco-category of spectra. We
begin by presenting the most important theorem of this section, the adjoint functor theorem.
But before this, we need some preliminaries on co-category theory.

Definition 6.1.1. For an oco-category € and a regular cardinal k, we define C to be k-filtered
if for every k-small simplicial set K and every map f : K — C, there exists a map fb K" —C
extending f. In particular, we say C is filtered if C is w-filtered. Clearly for k < A, all A-filtered
categories are k-filtered.

For an oo-category € and a regular cardinal x, we let Ind,(€) denote the full subcategory of
P(C) spanned by the functors f : C°? — coGrpd such that they classify right fibrations C—e
and C is r-filtered. Notice that under the intuition that P(€) is the category obtained from
C by freely adjoining colimits, Ind,(€) has the intuition of adjoining only k-filtered colimits.
Consequently, Ind,.(C) admits all x-filtered colimits.

We define a category € to be accessible if it is of the form Ind,(€°) for some small category
€% and some regular cardinal . This definition admits a relative version: we define a functor
f: € — D with €C an accessible category to be accessible if it is k-continuous for some regular
cardinal k. We define € to be presentable if it is both accessible and closed under small colimits.

Theorem 6.1.2. Let F': C — D be a functor between presentable co-categories. Then, we have
1. F has a right adjoint iff it preserves small colimits.
2. F has a left adjoint iff it is accessible and preserves small limits.

Theorem 6.1.3. A stable co-category C is presentable iff the following conditions are satisfied.
1. The co-category C admits small coproducts.
2. The homotopy category hC is locally small.
3. There exists a reqular cardinal k and a k-compact generator X € C.

Here X is a generator iff for all Y, mo Mape(X,Y') = * implies that Y is the zero object.

Corollary 6.1.4. The category Sp is presentable. Moreover, for a full subcategory C of Sp
closed under shifts and homotopy colimits with a small Cy generating € under colimits, € is also
presentable.

Corollary 6.1.5. For such subcategory C, there exists a colocalization functor G : Sp — C.
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Definition 6.1.6. For C satisfying corollary 6.1.4, we define an object X to be C-local if for
any object Y in C, we have [V, X] = *. Then we define C* to be the full subcategory of Sp
spanned by C-local objects. Finally, we define a morphism f : X — Y is a C-equivalence if
its fiber is in €. For a ring spectrum FE, we define Cg to be the subcategory spanned by the
E-acyclic spectra (that is, E A X = ), and we define an object to be E-local if it is in C#, and
finally a morphism to be an E-equivalence if f is a Cg equivalence.

Construction 6.1.7. We form the cofiber of the counit map G(X) — X, denoted by L(X).
L(X) is equipped with a map X — L(X). It is obvious that L has (and is characterized by the
following two properties).

1. L(X) is C-local.
2. X — L(X) is an C-equivalence.
Moreover, L is a localization into Ct.

Corollary 6.1.8. The subcategory Cr spanned by E-acyclic spectra satisfies the condition of
corollary 6.1.4, hence there is a functor Gg : Sp — Cg exhibiting Cr a coreflective subcategory
of Sp. We also have Lg, the localization functor.

We present a few properties of E-local spectra.

Proposition 6.1.9. If X and Y are E-local spectra and f : X — 'Y is an E-equivalence, then
f is an equivalence.

Proof. We first notice that if a spectrum X is both E-local and F-acyclic, then X ~ . This is
since id : X — X is null-homotopic. Then, we may consider fib(f), which is both E-local and
FE-acyclic. O

Proposition 6.1.10. E-local spectra are closed under retracts, shifting, forming fibers, and
products.

Proof. Direct. O
Proposition 6.1.11. A module spectrum X over a ring spectrum E is E-local.
Proof. This is since X is a retract of X A E, and X A E is obviously E-local. O

Proposition 6.1.12. E-localization is compatible with the wedge sum, shiftings, and fiber
sequences. That is, Lg(X VY) ~ Lg(X)V Lg(Y), and Lp(X*' X) ~ SH Lg(X).

Proof. Since E-local spectra has products (hence finite coproducts), Lg preserves finite co-
products (i.e. wedge sums). Since fiber sequences is equivalent to cofiber sequences, which
is computed by pushouts, and E-local spectra is closed under the formation of cofibers, Lg
preserves fiber sequences. Then shifting is just a simple case of a fiber sequence. O

Lemma 6.1.13. Let C be a subcategory of Sp satisfying corollary 6.1.4, then the following
conditions are equivalent.

1. @1 is closed under colimits.
2. L preserves colimits.
3. G preserves colimits.

4. L is of the form L(X) = K A X for some K.
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Proof. (1) <= (2) is since left adjoints preserves colimits.
(2) <= (3) by the cofiber sequence G — id — L.
(2) <= (4) by observing the action of L on S, and then generate the whole category Sp. [

Corollary 6.1.14. In this case, we have L(X) ~ L(S) A X.

Proof. Since X is C-local iff L(X) ~ L(S) A X ~ %, hence € can be identified with the L(S5)-
acyclic spectra. ]

Definition 6.1.15. We define a localization functor L to be smashing if it satisfies the equivalent
condition in lemma 6.1.13.

Theorem 6.1.16. For any spectrum E, Ly commutes with finite colimits. Hence for finite
spectra F', we have Lg(X NF) = Lg(X)AF.

Proof. 1t suffices to prove that the full subcategory of E-local spectra admits finite colimits,
since Lg, as a left adjoint, commutes with all existing colimits. Then, for E-local spectra X
and Y, X VY is also F-local since for an E-acyclic spectrum Z, a morphism Z — X VY is
equivalent to the data of a morphism Z — X and Z — Y, hence Z — X VY must be trivial.
Thus E-local spectra admits all finite limits (stable categories admits all pushouts). As for
the second assertion, to show that Lg(X) A F — Lg(X A F) is an equivalence, it suffices to
show that if W is E-local then W A F'is E-local. Let Z be an E-acyclic spectrum. Then, we
have Map(Z, W A F) ~ Map(Z AN DF, W) ~ %, since Z A DF is still E-acyclic. Thus W A F' is
FE-local. O

Lemma 6.1.17. Localization functors are uniquely determined by their images. Hence all
localization functors form a poset with order the inclusion of their images.

Proof. Direct by verifying the universal properties. O
Proposition 6.1.18. If Cr C Cp, then we have the following.
1. Each E-local spectrum is F-local.

2. For each spectrum X we have natural equivalences Lp(Lp(X)) ~ Lp(X) ~ Lp(Lg(X)),
Gr(Lp(X)) = 0 =~ Lp(Gr(X)), Ge(Gr(X)) = Gr(X) ~ Gr(Ge(X)), and finally
Ge(Lp(X)) ~ Lp(Ge(X)).

3. For each X we have fiber sequences Gg(Lp(X)) — Lp(X) — Lg(X) and Gp(X) —

Proof. The first two properties are direct. The last one follows from applying Lz to the fiber
sequences Gg(X) - X — Lg(X) and Gg to Gp(X) - X — Lp(X), and apply the second
property. ]

Definition 6.1.19. We define two spectra E and F' to be Bousfield equivalent if their localiza-
tion functors are isomorphic. The equivalence classes are called Bousfield classes. We denote
the Bousfield class of E by (E).

Construction 6.1.20. We notice that we may form an algebraic sturcture on all Bousfield
classes resembling a lattice. We define for two spectra E and F, (E) < (F) iff all F-acyclic
spectra are E-acyclic. Then we notice (x) is the smallest Bousfield class, while (S) is the largest
(here S is the sphere spectrum).

Moreover, (E) V (F) := (E'V F') is a minimal upper bound for (E) and (F'), while (E) A (F) :=
(E A F) is a not necessarily maximal lower bound for (E) and (F').

Finally, there exists a dual of a spectrum E+ such that (E) A (E+) = (0) and E++ ~ E.
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Chapter 7

Spectral sequences

7.1 The Atiyah-Hirzebruch spectral sequence
7.2 The Milnor spectral sequence

7.3 The Adams spectral sequence
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Chapter 8

Theorems

8.1 Bott periodicity

In this section, we prove the famous result stated first by Bott. We will use a computational
proof, so that we can get more information on the homology of relavent spaces. There are,
indeed, proofs that does not involves too much computation, such as the proof using group
completion.

Theorem 8.1.1. We have a map 5 : BU — XSU inducing a homotopy equivalence.

Before we do anything, we state the comparison theorem, which will be extremely useful in
the proof.

Theorem 8.1.2. Let f : E —' E be a homomorphism of multiplicative first quadrant homological
spectral sequences. Assume that we have the following commutative diagram

0 E;O ® E(Q),q Eiq Tory (E£—1,07 Eg,q) 0

l | |

! 12 ! 12 ! 172 ! 172 ! 172
0 Ep,O ® EO,q Ep,q Tory ( Ep—l,O’ EO,q) 0

Then we have two of the following statements imply the third.
1. fio : E]%,O — /E;%,o is an isomorphism for all p > 0.
2. f027q : an — ’an s an isomorphism for all ¢ > 0.
3. Jpa i Epy = ’ng’q is an isomorphism for all p,q > 0.
We first construct the map S.

Construction 8.1.3. We let V denote C*°, and U denote the colimit of U(n) under the standard
inclusion C" < C*°, and SU(n) denote the colimit of SU(n) (regarded as the standard subgroup
SU(n) < U(n)). Finally, we let BU = U/U x U denote the colimit of the Grassmannians
U(2n)/U(n) x U(n). Also, we consider the loops of length 7 for convenience.
For 0 < 6 < =, we define v(f) € U(V?) by v(6)(z,2) = (e?z,e7%%). Then, we define
B:U(V?) = QSU(V?) by

B(T)(0) = [T, v(0)]
where the [—, —] denote the commutator. This is clearly a loop. Moreover, since v() is scalar
multiplication on each component, we have when 7' € U(V) x U(V) the loop is trivial. Hence
by passing to quotients, we have defined a map § : BU = U/U x U — QSU. Clearly, ( is a
map of H-spaces.
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Proposition 8.1.4. We have H,(BU;Z) = Z[v1,72, - .. ], where v; € H;(BU(1)) is dual to ct.

Proof. This proof is exactly the same as in the computation of H,(BO;Z/2Z). Essentially, the
hopf algebra structure of the cohomology of these spaces are clear, and it suffices to calculate
their dual, resulting in the conclusion. O

Proposition 8.1.5. H.(SU(n);Z) ~ Azlzs, x5, ..., xon—1] (here the exterior product is viewed
as a Hopf algebra).

Proof. We first calculate H*(SU(n);Z). We do this inductively. The case for n = 1 and 2 is
trivial. Then we consider the fibration SU(n) — SU(n + 1) — S?"*1. We apply the Leray-
Serre spectral sequence on this fibration. The second page of this spectral sequence has two
rows, one at 0 and one at 2n + 1, with each row the homology of SU(n) at the corresponding
position. Then, the first non-trivial differential that may exists is from (0,2n) — (2n + 1,0).
However, this spectral sequence is multiplicative, and by the induction hypothesis, any element
in (2n 4+ 1,0) must comes from a product of elements in (m;,0), which, by the structure of the
spectral sequence, are permanent cycles. Therefore the spectral sequence degenerates, and we
obtain H*(SU(n);Z) ~ Agzlas, as, . .., aon—1].

Then we must compute the Hopf algebra structure of H*(SU(n);Z), and dualize it to obtain
our conclusion. In fact, it suffices to prove each «; is primitive, which then gives the result
directly by setting z; to be the dual of ;. We again use the induction hypothesis. To prove the
case for SU(n + 1), we first see that ag,...,as,—1 are primitive by the induction hypothesis.
Then, notice that s, 1 is the image of the generator for mo,11(S?"*1). Then since SU(n) —
SU(n + 1) — S?"*! is a fibration, we see that this element is also primitive (there is no room
for the coproduct to be too large with the assumption that H*(SU(n + 1)) — H*(SU(n)) is a
Hopf algebra map). O

Proposition 8.1.6. H,(QLSU(n);Z) ~ Z[b1, ..., 0y], where &; has degree 2i. Note that here the
polynomial is also viewed as a Hopf algebra.

Proof. The main idea is to apply the Leray-Serre spectral sequence on the path space fibration
QSU(n) — PSU(n) — SU(n), say the spectral sequence is F. Then, we construct a spectral
sequence

Ei* = Z[(Sl, RN 6n] & Az[.%'g, e 7$2n+1]

with the d;’s concentrated on the bottom with degree (0, 2i) and x9r41’s concentrated on the left
with degree (2k + 1,0). The other terms are given by obvious tensors. Then we let the cycles
Zo;+1 being mapped to §; at the 2i-th page, which would ensure that this spectral sequence
degenerates with only Egj, = Z. Then we have an obvious map from E to F', which is the
identity on Eio. This, along with the comparison theorem (theorem 8.1.2), gives the calculation
H,(QSU(n); Z) ~ Z[by, . .., 0pn]. O

Proof. Now that we have seen the homology of 2SU and BU are both polynomial algebras on
infinitely many generators, with one on degree 2i, we show that 8 induces an isomophism on
homology. In fact, since we have an obvious map CP>*° — BU — QSU, it suffices to show that
cli is mapped to §; modulo decomposables, since the image of czi in BU is a set of generators. We
first notice that 8 induces a morphism of fibrations by restricting the map 5 to CP" — BU(1).
Explicitly, we have

cprt —t— cpr —2—— g%

al “l |
QSU(n) —5— QSUMn+1) —— Qg2n+1
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here the adjoint map of h is the isomorphism 25?7 ~ §2n+1,
To see that ¢} is mapped to J; modulo decomposables, we consider the following diagram.

Hs, (CP™) o y Hy,(QSU (n + 1))

u H2n+1 EQSU(TL + )
o

H2n+1(E(C]P) *) H2n+1(SU(7’L -+ 1))

~ ~ Tx (Q’ﬂ')*

s
Hyp 1 (85%") ———— H2n+1(52"+1)

m

Hopni1 (2982”“)

<

H2n ( S2n

~

H2n (952n+1 )

P

Now, the generator d,, (in the top right corner) is mapped to the fundamental class in

Hay,1(S?"+1) under 7,0 by definition, and so is ¢} € Ha,(CP™) (in the top left corner). But
the maps connecting the top left corner and Ha,11(S*" 1) is an isomorphism, hence we obtain
the results. O

8.2 The nilpotence theorem

Theorem 8.2.1. Let E be a ring spectrum, then we have the kernel of the map h : m.(E) —
MU, (FE) consisting of nilpotent elements.

Corollary 8.2.2. Every element of positive degree in . (S) is nilpotent.

Proof. The proof of the theorem will have the following outline. We will first prove the case
for E¥ a connective ring spectrum of finite type. To do this, we construct a sequence of spectra
X(n) with X(1) = S and X (c0) = MU, and X (c0) = hng(n) Then, let o be an element in
the kernel of h of degree d. By definition o € MU, (X) = 0. O

8.2.1 Preliminary results

Lemma 8.2.3. For a ring spectrum X and x € m4(X), we let x=1X denote the colimit hg(X %
»iX 5 »2X — ...). Then for any ring spectrum E, we have x7'X is E-acyclic is
equivalent to the image of = is nilpotent in Eq4(X).

Proof. = : Since E Az~ 'X = 0, and the smash product commutes with colimits, we have
hg(E AX =+ Y @EAX —---) =0. Then since S is compact, [S, —] commutes with filtered
colimits, hence hﬂ(E*(X) — Eyyq(X) — --+) = 0. This, however, is exactly the localization
of E.(X) at the image of z. Hence the vanishing of the localization implies its nilpotency.

<= Essentially by reversing the above proof. O

8.2.2 The construction of X (n) and G,

Construction 8.2.4. We define X (n) to be the Thom spectrum associated to the map
QSU(n) — QSU ~ BU, where the second map is since we have a fibration SU(n) — U(n) — S*
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inducing isomorphisms on homotopy groups of degree > 1, hence by Bott periodicity, the second
map is a homotopy equivalence. In this sense, MU is the Thom spectra associated to the map
BU — BU, which can be regarded as the map Q2SU — BU. Clearly we have @X(n) ~ MU.

Lemma 8.2.5. X(n) and MU are commutative ring spectra with H.(X (n); Z) ~ Z[t1, . .., tn—1]
and H*(MU, Z) ~ Z[tl,tg, .. ]

Proof. Recall that from the stable Thom isomorphism, we have H,(X (n);Z) ~ H.(2SU (n); Z),
and from the calculation proposition 8.1.6, we obtain the results immediately. Then H,.(MU;Z)
EH*(QSU;Z):Z[tl,tQ,...]. O
Corollary 8.2.6. The map X (n) — MU is (2n — 1)-connected.

Proof. The map induces an isomorphism of homology groups until the (2n — 1)-th degree. [

Definition 8.2.7. For a based space (X, ), we recall that the James construction of X is
defined as

JX:ﬁXj/~
j=0

where ~ is the equivalence relation (z1,...,Zi—1,%, Tit1,...,2j) ~ (T1,. ., Tie1, Tit1, ..., LTj).
Or equivalently, this is the (non-commutative) free topological monoid generated by X. We
define J; X to be the k-th stage of this construction, that is,

k
LX =[x/~
j=0

Fundamental results on the James construction is the Dold-Thom theorem and the stable
splitting.

Theorem 8.2.8. We have a natural weak homotopy equivalence \ : J(X) — QXX for X a CW
complez.

Theorem 8.2.9. For any connected CW complex X, we have
Y X = \/ YXM, YJIX = \/ $XN
Jj=0 Jj=0

Construction 8.2.10. Recall that we have a fibration QSU(n) — QSU(n + 1) — QS +L,
Then notice by theorem 8.2.8, we have QS*"t! ~ JS?". We define B;, to be the pullback
QSU (n)-bundle

By — % QSU(n + 1)
L — -

Then, we let Fj denote the Thom spectrum associated to the map By — QSU(n+1) — QSU ~
BU. Finally we let G; (for the fixed prime p) to be (Fpi_1)p)-

Lemma 8.2.11. Notice the filtration JoS*" — J1S*" — -« — JS?" induces maps
QSU(n)~By— By — -+ = QSU(n+1)
Passing to Thom spectra, we have maps
X(n)~Fyp—F—- = X(n+1)
We claim that the spectra Fy, are X (n)-module spectra whose homology is a free H.(X(n);Z)-

module, regarded as a submodule of Hy(X(n+1),Z) ~ Z[x1,...,x,] generated by 1,x,, ..., z~.
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Proof. We prove only the result in the topological space case, and use the Thom isomorphism
to pass to the Thom spectra. Notice we have a fiber sequence

QSU(n) — By — JpS*" — SU(n)
Then we replace the last map J;S*® — SU(n) by a fibration E — SU(n)

E —— PSU(®n)

J |

JpS¥" —— SU(n)

Then the loopspace QSU(n) acts naturally on the fiber of this fibration £ — SU(n), namely,
By.. This, after passing to Thom spectra, gives a natural action of X (n) on Fj, which endows it
with a X (n)-module structure. Then we consider the Leray-Serre spectral sequence associated
to the fiber sequence QSU(n) — By — JpS?". By theorem 8.2.9, we have

~ ~*+1(2Jk52n)
k

~H,.1(\/ ©5°)
§=0

k ~ .
~ P H.(5%)
j=0

Thus we have H,(JS?") is free of two generators of dimension 0 and one generators of dimension
2i for 1 < ¢ < k. The fiber has homology Z[d1,...,d,] by proposition 8.1.6. Thus the Leray-
Serre spectral sequence degenerates (since all terms are of even degrees), and gives the homology
of By, as desired. O

46



) h ¥ A2 kAR

7 ) Qiuzhen College, Tsinghua University

Part 111

Chromatic Homotopy Theory
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Chapter 9

The Lazard Ring and Quillen’s
Theorem

9.1 Formal group laws and the Lazard ring

Definition 9.1.1. For a commutative ring R, we define a formal group law over R to be a
formal power series f € R][x,y]], satisfying the following identities.

1. (Unit) f(z,0) = f(0,z) = =.
2. (Commutativity) f(x,y) = f(y,z).

3. (Associativity) f(x, f(y,2)) = f(f(z,9), 2).

We denote FGL(R) by the set of all formal group laws over R. For a morphism of rings
¢ : R — R’ and a formal group law f over R, we denote p,f as the formal group law over R’
givne by the map ¢, : R[[z,y]] = R/[[z,y]]. As a consequence, FGL is a functor from Ring to
Set.

Proposition 9.1.2. The functor FGL is corepresentable. That is, there is a ring R and a
formal group law fyni over R such that for any ring S and a formal group law g over S, there
is a unique map ¢ : R — S such that ¢y funiv = ¢-

Proof. Notice that for f € R[[z,y]] = Y a; ja'y’ to be a formal group law, the three conditions
translates to be a;0 = ag; = 0 for 7,5 > 1, a; ; = a;;, and the associativity to a complicated
relation we won’t write down here. Therefore, we may simply let R = Z][c; ;]/I, where I is the
ideal generated by the above relations. O

Definition 9.1.3. The universal ring is denoted by L, the lazard ring, and the formal group

law f univ -

Our goal of this section is to characterize the structure of the ring L. In fact, we have the
following theorem.

Theorem 9.1.4. L ~ Z[ty,to,...]|, where t; has degree 2i.

The first thing is to explain where the grading comes from.

Remark 12. We let the degree of ¢; j to be 2(i+ j —1). Therefore, if we let 2 and y have degree
—2, then > ci,jariyj has degree —2. This grading comes from topology, where x and y are often
the first Chern classes, and f(z,y) is often the first Chern class of the tensor product bundle.
Actually, we may consider the multiplicative group scheme G,, = Spec R[t,t~!]. Notice that we
have an action of R* on FGL(R), given by f(x,y) — A~ f(\z, \y). Later, for a graded ring R,
we will denote the set of formal group laws on R respecting the gradings by FGL®"(R). Clearly,
this is corepresented by the set of graded maps Hom®" (L, R).
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Construction 9.1.5. We first construct a map ¢ : L — Z[b1, ba, ...]. We consider the formal
power series g(x) = & + bjz? + byx® 4+ ---. Then we have a formal group law over Z[b1, bo, . .. ]
given by f(z,y) = g(g~'(x) + g1 (y)). Notice if we let x,y have degree -2, then we result in an
element of degree 2. We define ¢ as this classifying map, which is a map of graded rings.

The classifying map ¢ turns out to have a very interesting property: it is an isomorphism
with rational coefficients, but not with IF,, coefficients.

Lemma 9.1.6. Let I be the ideal in L generated by elements of positive degree, and J the ideal
in Z[by,ba,...] generated by elements of positive degree. Notice J/J? is a free abelian group
with one generator (the image of b;) of degree 2i. Also, notice I inherits a natural grading from
L. Then, we have 02y, : (I/1?)2n — (J/J*)on =~ 7 injective, with image pZ if n is of the form
p" — 1 and Z otherwise.

We postpone the proof of this lemma and first use it to prove theorem 9.1.4.

Proof. We now prove theorem 9.1.4. By lemma 9.1.6, the abelian group (I/I?)a, is isomorphic
to Z. Therefore we may choose t; € La, lifting the generator of (I/I?)s,. Therefore we obtain
a map of graded rings 0 : Z[t1,...] — L.

We prove 6 is surjective. We prove by induction that 6 induces a surjection in degree 2n.
Now, the induction hypothesis shows that the image of § contains (1?)s,. Also, the image of 6
contains a generator for (I/1%)a,, hence it contains Iy, = Lo,.

We finally prove 0 is injective. In fact, it suffices to prove the composite ) = o8 : Z[t1,...] —
L — Z[by,...] is a rational isomorphism. In fact, since 9)g is a map of graded rings, and for
each n we have Qlt1,...], and Q[by,...], a finite Q-vector space of the same finitely many
dimensions, it suffices to prove 1g is surjective. This is done by letting I’ be the ideal of
Q][t1,...] generated by t;. Again by lemma 9.1.6, we have a surjection I’/(I')? — (J/J?) ® Q.
By repeating the proof of the surjectivity of 6, we have g is surjective. O

Now, to prove lemma 9.1.6, we first need to identify the abelian group (I/I?)2,. We will
determine this group by proving that for any Abelian group M, we have Hom((I/1?)g,, M) ~
M. We denote the functor corepresented by (I/1?)s, by F(M) for a fixed n. Obviously, F is
related to the functor FGL.

Construction 9.1.7. In this section, for any Abelian group M, we let Z & M denote the
graded ring with the O-th grade Z and the 2n-th grade M, with multiplication law given by
(a,m)(a’,m') = (ad’,am’ + a’m). Therefore, we have FGL®"(Z & M) ~ Hom® (L,Z & M) ~
F(M). In other words, F'(M) can be identified with the following formal group laws

fay)=z+y+ > ma'y
i+j=n+1

where m;; € M. For f(x,y) of this form to be a formal group law, the three requirements
translates into the following.

L. mpy10 =mopt1 = 0.
2. mz"j = mj,i.
3.

1+ i+ k
j Mitjk = j My, j+k

Therefore, we have now translated the problem into solving the following equations in an
Abelian group M.
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Construction 9.1.8. Recall that we have a map (I/1?)2, — (J/J?)2n ~ Z. We consider the
map

A M ~Hom((J/J*)an, M) — Hom((I/I%)an, M) ~ F(M)

Here, notice that Hom((J/J?)2,, M) is equal to Hom8 (Z[by,...],Z & M), and m corresponds
to the map ¥, : Z[b1,...] — Z @ M sending b,, to m and other b; to 0. Therefore the change
of variables corresponding to ¥, is g(z) = = + mz"*!. Since m? = 0 in Z ® M, the inverse of
g(z) is obviously g~!(z) = 2 — ma"*!. Thus g defines the formal group law

flzy) =9(g (@) +97 ' (y) = gla—ma" T +y—my" ™) = a+y+m((z+y)" T —2" T -yt

Therefore, A takes m to the sequence m; ;, where m; ; = ("jl)m for 4,7 # 0.

However, there can be more solutions. For example, if (”J{l) has a common divisor d, then

mj ;/d is also a valid solution.

We then try to prove lemma 9.1.6. Before this, we need some results in elementary number
theory.

Lemma 9.1.9. Suppose a and b are integers with base p expansions a = > a;p’, b = > b;p'.

Then we have
a a;
() -11(;)

Proof. This is elementary. O

Corollary 9.1.10. (HZJ) is not divisible by p iff each digit of the p-base expansion of i + j is as
large as i. In other words, iff i + j is calculated without carrying.

Corollary 9.1.11. Let d be the greatest common divisor of (njl) #%1. Thend=pifn+1=p"
and 1 otherwise.

Proposition 9.1.12. Let N : M — F(M) be the map carrying m to the sequence m;; =
(njl)m/d. Then X is an isomorphism. That is, lemma 9.1.6 holds.

Proof. Tt suffices to prove that )\ is an isomorphism after localizing at every p. Therefore, we
may assume M is a Z,) module. O

9.2 Complex oriented cohomology theories

We begin with the definition of a complex oriented cohomology theory.

Definition 9.2.1. For a multiplicative cohomology theory represented by a ring spectrum
E, we say that it is complex orientable if the map ¢ : CP' — CP* induces an surjection
V¥ 1 B2(CP>®) — E2(CPY).

Recall that E"(X) ~ E"(X) @ E™(x). Then notice that E*(CP') = E?(S?) = E°(S%) =
E%(%) = mo(E) has a canonical unit. Thus equivalently, F is complex orientable iff there is a
t € E2(CP>) such that t restricts to the canonical unit element of E2(S?). We define a complex
orientation of E as a choice of ¢. In this case, we say E is complex oriented.

Often, for nice spaces X, the existence of a complex orientation of E forces the Atiyah
Hirzebruch spectral sequence for E*(X) to degenerate.

Theorem 9.2.2. Let X be a space and assume that each of the homology group H,(X;Z) is a
free abelian group on generators {han}tacn,- Let con be the dual basis in H"(X;Z). Let E be
a ring spectrum and let T<oE denote its truncation. Then the unit map S — E induces a map
HZ ~ 7<0S — 7<oE. Then, the homology classes hy  have images hy, ., € (T<oE)n(X) and
the cohomology classes ¢y, o have images c;m € (T<oE)"(X). Assume that one of the following
conditions holds:
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1. Each hy, ,, can be lifted to a class hy, , € En(X) under the map <ol — E.

n,o

2. Each ¢}, ,, can be lifted to a class c;, , € En(X), and H,(X,Z) is finitely generated.

«

Then we have the following:

1. The smash product EN¥%° X is equivalent as an E-module to a coproduct \/n,aGB” Y"E.

2. The function spectrum Map(X, E) is equivalent to a product Hn,aeB" >T"E.
3. We have isomorphisms E.(X) ~ m.(E) ® H.(X) and E*(X) ~ Hom(H.(X),m.(E)).

Proof. 1t suffices to prove the first claim, since the second follows from the first from the following
argument:

Map(X, E)
~Mapg(X A E,E)

~Mapg( \/ I"E,E)
n,a€ By,

~ [] Map(z"E,E)

n,a€ By,

~ H >T"FE

n,a€ B,

and the third is a direct consequence of the first two.

We identify X and its suspension spectrum X*° X ;. Now, X is connective and has free homology.
We construct a sequence of spectra Xo — X; — --- having colimit X with the following
additional properties:

1. The map X,, — X induces an isomorphism in homology of degree < n.

2. X, is built from finitely many spheres of dimension < n. This implies that the cohomology
H*(X,;Z) vanish for i > n.

We inductively construct X,,. We let X_; = *. Then suppose X,,_; has been constructed.
We denote Y,, the cofiber of the map X,,—; — X. Thus Y, is (n — 1)-connected, and we
have H,(X) — H,(Y,) is an isomorphism. Thus by the Hurewicz theorem, the image of the
homology classes hy o in Hy(Y;) are represented by maps S™ — Y,,. We let Z,, = \/aE B, S”,
and let ¢, : Z, — Y, be the induced map. Then we let the cofiber of ¢, be W,,. Finally, we let
X, be the fiber of the composition X — Y;, — W, (or equivalently, let X,, = X xy; Z,). Now
the above properties hold obviously (X has homology in all dimensions, Y,, has homology > n,
Zy, has homology concentrated at n, hence W,, has homology > n).

Now we assume the first assertion holds. We prove the map 6 : \/n,ae B, 2B — ENXis k-
connected for all k. Notice that both spectra are connective, so we have 6 0-connected. Notice
by construction that Yy = X. Therefore ¢g induces an E-module map @9 A E : Vae Bo E ~
ENZy - EANX. This map classifies homology classes in Ey(X), say bp. by definition.
Then, since X is connective, we have (7>1E)o(X) = 0, hence the map Eo(X) — (7<oE)o(X) is
injective. Therefore hf)”a is uniquely determined in Ey(X). Notice then that by, also restricts
to h o, hence by = hg,. Thus the following diagram commutes, and the upper and lower
sequences are fiber sequences.

\/aEBO E \/n,ozEBn Y"E \/nZO,aEBn X"E

! | J

EANZy —— EAX~EAYy —— EAW
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By definition, the left map is a homotopy equivalence, hence to prove the middle map k-
connective, it suffices to prove the right map is k-connective. This is by the inductive hypothesis
applied to the connective spectrum X ~1T.

Now we suppose the second condition holds. We prove the map F A X — E AY, admits a
splitting s, : EAY, - EAX. Then since EAY, - EAX — EAY, is the identity, we have
ENX ~(EAY,)V(EAX,-1). Also, consider the pullback EA X,, ~ EAX Xgay, E A Zy,
which implies EA X,, ~ (EAZ,)V (E A X,—1). Then we have

EAX ~lim(EAX,) ~lim \/ S"Ex~ \/ ¥'E

m<n,ax€Bm, n,a€ By,
We construct the splitting. Notice the cohomology classes cgw induces a map
Vo : Yy, —>EANY, > ENX - X"FE

Hence 9, € E™(Y,,). Notice that again by definition, we have the image of 1, in (7<oE)"(Yy)
is ¢, - Then 9, determines a map v : Y;, — \/,X"E ~ E A Z,. Moreover, the compatibility
with c;w shows that the composition Yo : EAZ, - EANY, — E A Z, is the identity. Thus
Zy, splits off in X, hence, inductively, Y,, splits off. O

Corollary 9.2.3. For any complex oriented ring spectrum E, we have E*(CP™) = (m.(E))][[t]],
where t has degree 2.

Proof. Consider E*(CP"). Suppose t € E*(CP") is the restriction of the complex orientation of
E under the inclusion CP" < CP*, then the cohomology class {1,¢,...,t"} satisfies the second
condition in theorem 9.2.2. Thus we have {1,¢,...,¢"} form a basis for E*(CP"). We then claim
that t"*! = 0, so that E*(CP") ~ (m.(E))[t]/(t"*!). This is direct by taking the connective
cover of F. Therefore by letting CP>* = lig(CIP”, we obtain the result directly (notice the
Mittag-Lefller condition holds here so that the @1 term vanishes). O

Corollary 9.2.4. For a complex oriented ring spectrum E, we have
E*(BU(n)) = (m«(E))][c1, - - -, cn]], where ¢; has degree 2i.

Proof. We first recall the analogous statement for ordinary cohomology in theorem 3.2.7. Then
suppose E,(BU(1)) has dual basis 3; for ¢!, and by theorem 9.2.2, we have E,(BU(n)) freely
generated by the classes {f;, - -- 5, }, where these are the image of f3;, x --+ x f3; under the
map classifying the universal direct sum bundle 6 : BU(1)" — BU(n). Then by the diagonal
map BU(n) — BU(n)?, each E.(BU(n)) is a coalgebra. For n = 1, this coalgebra structure is
determined by the graded ring structure on E*(BU(1)), namely, 3, — >, +j=n Bi @ Bj. Then,
0 determines the coalgebra structure on E.(BU(n)) completely, and the coalgebra structure
is given by the same formulas as in the case of integral homology. This implies that the
multiplication in cohomology is defined as the same multiplication as in ordinary cohomology.
This proves the claim. O

Construction 9.2.5. For a complex oriented ring spectrum F, and an n-dimensional complex
vector bundle ¢ over a space X, we define its i-th Chern class (1 < i < n) to be the pullback
along the classifying map of ¢ of ¢; € E*(BU(n)). The Chern classes satisfies the direct sum
formula, as in the classical case. For bundles ¢ and ¢’ over X, we have

(¢ )= D alQe(()
1+j=n

Construction 9.2.6. Let E be a complex-oriented ring spectrum. Then notice by corol-
lary 9.2.3, we have E*(CP* x CP*°) ~ (m.(E))[[z, y]]. Thus let R = @,, m2, F be a graded ring,
then let 71 ® 12 denote the tensor product of the pullback of the two universal line bundles.
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This determines a map CP*> x CP* — CP*°, which in turn induces a map (m.(E))[[t]] —
(m«(E))[[x,vy]], and the image of t is, say f. Thus f is a formal group law on R, compatible
with the grading.

Equivalently, this formal group law characterizes the first Chern class of the tensor product of
line bundles.

Interestingly, we have another characterization of the complex orientability of ring spectra.

Definition 9.2.7. Let ¢ be a vector bundle of rank n, and F a ring spectrum. Then we define
an E-orientation of ¢ is a cohomology class u € E™(Th(¢)) ~ E™(B((), S(¢)) (see theorem 1.3.2)
such that for each point z € X, the restriction *(u) € E"(B(Cls), S(¢|x)) ~ E"(Th(¢|,)) ~
E™(S™) ~ E9(x) is a generator of E*(x) = m,(F). Then we say u is a Thom class or fundamental
class for (.

Proposition 9.2.8. For a ring spectrum E and an E-oriented vector bundle (, we have
E*(X) ~ E*™(B(¢),S(C)), in which the map is given by multiplication by w. Similarly,
we have E.in(B((),S(C)) ~ E.(X) given by the slant product with u.

Proof. Directly follows from the Atiyah-Hirzebruch spectral sequence of the pair E*(B((), S(¢)),
in which the second page isomorphic to the second page of the spectral sequence of E*(X). [

Theorem 9.2.9. A ring spectrum E is complex orientable iff all complex vector bundles over
any space is E-orientable (i.e. has a Thom class).

Proof. 1t suffices to prove that E is complex orientable iff all the universal bundles are E-
orientable.

— : Recall from the proof of theorem 3.2.7 that S(n") ~ BU(n — 1). Also recall that
E*(BU(n)) ~ (m(E))[[c1,- -, cn]]. It follows that the map * : E*(BU(n)) — E*(BU(n — 1))
is surjective with kernel (¢,,). Thus E*(BU(n), BU(n — 1)) could be identified with the kernel.
We claim that ¢, € E?n(BU(n), BU(n — 1)) is a Thom class. Since BU(n) is connected,
it suffices to check at any point the condition of definition 9.2.7. We consider the universal
direct sum bundle on BU(1)". Under the classifying map 0, ¢, € E?*n(BU(n)) is mapped to
ty--ty, € E*n(BU1)") ~ (m«(E))[[t1,...,tn])]. Therefore, ¢, € E**(BU(n), BU(n — 1)) is
mapped to

et € E2n(B((1)"), S(0)") = (b -+ ta) () [t ]

Now, if each t; restricts to a unit in E2(B(n'|;), S(n'|:)), then clearly t; - - - ¢, restricts to a unit
at any point. Thus it suffices to prove for the claim for n = 1. But it follows by definition, since
1 € E*(CP™) restricts to 1 € E?(5%) = mpE by definition.

<= : Notice the Thom space of 1! is homotopy equivalent to CP*°. Therefore the Thom class
of n! is the complex orientation. O

Corollary 9.2.10. For a complex oriented ring spectrum E and complex vector bundles ( and
¢" of dimension a and b on X, suppose their Thom classes are given by uc € E**(B(¢),S(¢))
and ugr € E*(B(¢'), S(¢")), we have the Thom class of ¢ & ¢’ given by

(u¢,u¢) € E**(Th(¢)) @ E**(Th(¢)) € E**T*(Th(¢) v Th((')) = E*****(Th(¢ ® ¢'))

Proof. Since the Thom class is given by the top Chern class, this follows directly from the
product formula. O
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9.3 The complex coboridsm spectrum MU

Definition 9.3.1. We define MU (n) to be the spectrum X~2" Th(n") ~ £ =2"(BU(n)/BU (n —
1)), where " is the universal complex n-bundle on BU(n), and we identify Th(n™) with its
suspension spectrum. Recall that we have for any real bundle ¢ on X, we have ¥ Th(() ~
Th(¢ @ ') where ¢! is the trivial bundle of dimension 1. Thus we have a map MU (n) —
MU (n+ 1) defined by

MU(n) ~ 272" Th(n") ~ 72" 2 Th(n" @ el) —» 722 Th(n" ™) = MU(n + 1)
We define MU to be the colimit of the sequence MU (1) — MU(2) — ---.

We have the following basic properties of MU.

Lemma 9.3.2. MU(0) ~ S, the sphere spectrum. MU (1) ~ £=2CP*>. Moreover, the inclusion
MU(0) - MU(1) is given by

S =%"2%28 «— X2CP™ = MU(1)

Proof. MU(0) is by definition the suspension spectrum of the Thom space of the trivial bundle
on one point, hence is the suspension spectrum of S°. It is easy to see that Th(n') ~ CP>,
hence we have the second claim. The third claim is by the construction directly. O

Lemma 9.3.3. MU is a ring spectrum.

Proof. Notice we have a map mq : BU(a) x BU(b) — BU(a + b) classifying the direct sum
bundle. Passing to Thom spaces we have maps MU (a)AMU (b) — MU (a+0b) (notice the shifting
cancels out directly). Then by passing to colimits, we obtain a map MU A MU — MU. ]

Lemma 9.3.4. The map MU (n) — MU (n + 1) is given by the following composition.
MU (n) ~ MU(n) A MU(0) - MU(n) AMU(1) = MU(n+ 1)
Where the last map is the map induced by BU(n) AN BU(1) — BU(n + 1).
Proof. Follows from the construction. O

Lemma 9.3.5. MU is complex oriented.

— 2
Proof. Notice the map CP* ~ MU(1) — MU represents a cohomology class t € MU (CP>).

— 2
This map restricts to a unit on MU (S?) by the natural map S ~ MU(0) — MU(1), since
MU(0) — MU is the unit of the ring spectrum. O

Remark 13. In fact, we may also define MU using the following method. We let MU (n) denote
the Thom space of the universal bundle on BU(n). Then we let MU be the spectrum associated
to the prespectrum MU (0), MU(1),....

Having the “n-th space” MU(n) ~ BU(n)/BU(n — 1), we may see that MU is closely
related to orientations on complex vector bundles. In fact, we have the following theorem.

Theorem 9.3.6. MU is the universal complex oriented cohomology theory. That is, for every
ring spectrum E with a chosen orientation t € E?(CP>), there exists a unique map ¢ : MU —

— 2
E, such that for a fized element tyniy € MU (CP*), @©x(tuniv) = t.

Proof. We let E be a complex oriented cohomology theory with Thom classes u,, € E?"(Th(n™))
~ E?"(BU(n)/BU(n —1)). Then we have maps ¢, : MU(n) — E classifying u,,. We claim the
n, satisfies the following properties.
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1. The map ¢ : MU(1) — E is given by the complex orientation of E.

2. The following diagram commutes up to homotopy.

MU(a) A MU(b) —— MU(a +b)

©a /\(pbl \Lﬁpa-ﬁ-b

EANE E

3. The map MU (n) — MU (n+ 1) — E coincides with ¢,.

The first claim is by definition. The second claim is by corollary 9.2.10. For the third claim, we
consider lemma 9.3.4, and obtain that the composition MU(n) — MU (n+ 1) — E is given by

MU (n) ~ MU (n) A MU(0) — MU (n) A MU(1) — E

where the last map is given by the smash product of ¢, and ¢; followed by the product map
of E. Thus this is equal to ¢, by the second claim and that ¢ restricts to ¢g.

By definition, Map(MU, E) ~ Map(lig MU(n),E) ~ @Map(MU(n), E). Therefore we have
a Milnor long exact sequence

lim ' E~H(MU(n)) — E°(MU) — lim E°(MU(n)) — lim " E° (MU (n))

The @1 terms vanish by the Mittag-Leffler condition (notice E*(MU(n+1)) — E*(MU(n)) is
surjective since it is the process of killing ¢, 11 under a shift). Therefore ¢,, uniquely determine
p: MU — E.

We then show that ¢ is a map of ring spectra, that is, the following diagram commutes.

MUANMU —— MU

| |

ENE — F

But since we have E°(MU) ~ Hm E°(MU(n)), this diagram commutes iff all diagrams in claim
(2) commutes. Thus ¢ is a map of ring spectra.

Finally we are left to show that ¢ carries the complex orientation of MU to the complex
orientation of . However this is by definition of ;. O

Now, as we have shown in construction 9.2.6, a complex orientation on E induces a formal
group law on @ mo,(F). As the following theorem presents, the universal complex oriented
spectrum classifies the universal formal group law.

Theorem 9.3.7. The map ¢ : L — 7. (MU) classifying is an isomorphism. Here L is the
Lazard ring.

This will be the main topic of the two following sections. But now, we first calculate the
homology of MU, which is much easier.

Theorem 9.3.8. For any complex oriented cohomology theory E, we have E,(MU) ~
(mx(E))[b1,ba,...], where b; has degree 2i.

Proof. Since MU = ligMU(n), we have E,(MU) = th*(MU(n)) By proposition 9.2.8,
we have E,(MU(n)) ~ E,(BU(n)). Then recall E,(BU(n)) ~ Sym"(m(E)pBo, b1, -..), where
B is the dual basis of t* for E*(BU(1)). Then we have E,(MU(n)) ~ Sym"(m.(E))bg, b1, .. .,
where b; is the dual basis of ¢*!. Notice that the map E.(MU(n)) — E.(MU(n + 1)) is
given by multiplying with by. Then finally notice that we may identify Sym" (m.(E))bg, b1, ...
with @4 < nSym'(m.(E))b1, ... by mapping by to 1. Then by passing to colimits we obtain
E.(MU) ~ (7.(E))[b1, b2, . ..]. O
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Remark 14. This is analogous to the calculation of H.(MO).
In particular, we have H,(MO) ~ L, the Lazard ring.

Construction 9.3.9. Notice that for any complex oriented cohomology theory E, the smash
product MU A E has two complex orientations, associated to the pushforward of the orientation
of MU and E respectively. Notice m,(MU A E) ~ E,(MU) ~ (m(E))[b1,be,...]. Explicitly,

—_ 2
we have two classes tyy,tp € MU A E (CP*) such that
(7 (E))[b1,ba, ... ][[tg]] = (MU A E)*(CP*) ~ (7m(E))[b1, b2, ... ][[tmu]]
Therefore we may express ¢y as a power series tyy = ZiZI ait%.

Proposition 9.3.10. We have ty;y = tg + blt2E + -

Proof. We first recall that a class in M/U\XE2 (CP*°) can be represented by a map MU (1) —
MU A E. Equivalently, we may consider a E-module map MU(1)ANE — MU A E. We suppose
tpU and tg are represented by maps ¢y and ¢g. Then, notice b; € E9;(MU(1)) determines
a map X¥E — MU(1) A E. By theorem 9.2.2, we have an equivalence of E-module spectra
Vs Z%E ~ MU(1) A E. Thus, to specify a map from MU(1) A E to MU A E, it suffices to
specify its restriction to X% E for all i.

Let the map A : EA MU(1) — E be the complex orientation on E, then we have ¢p the
composition EA MU(1) - E — E A MU. By construction, A vanishes on ¥%FE for i > 0 and
restricts to the identity when ¢ = 0. Then, the map @7 is given by smashing with F the map
MU (1) — MU. Thus ¢ay is the coproduct of the maps ¢, : ©2E — MU A E classified by
b;.

Finally, notice that the complex orientation ¢z induces a map X~ 2(MU(1) AE) — MU(1) A E
by the slant product. This action translates MU(1) ® E by one degree downward. Therefore
<leU can be identified with the map translated downward ¢ times composed with b;pp. Finally,
we return to typ and tg and obtain typ = Y bit’gl. O

Then, recall from construction 9.2.6 that every complex orientation induces a formal group

law on R = m,(MU A E) = (7«(E))[b1, b2, ...]. By the above proposition we clearly have the
following,.

Corollary 9.3.11. Let R = (7. (E))[b1, b2, .. .|, and fg, fuu be the formal group laws associated
to tg and tyy. Then let g(x) € R[[x]] be x 4+ bix? + -+ -, we have tyy = tp. Hence we have

fuu(z,y) =go flg™ (2),97" (1))
Then, by restricting to HZ, we get the following.

Corollary 9.3.12. Let E = MUANHZ, equipped with the complex orientation coming from MU .
Then m(E) = Z[b1,...], and the formal group law is given by f(z,y) = g(g~ (z) + g7 (y)),
where g = x + bya? + .

Proof. Recall the formal group law on HZ is given by addition. O

Notice the map L — H.(MU;Z) is exactly the same as in theorem 9.1.4, thus by the-
orem 9.1.4, we have the composition L — m,(MU) — H,(MU;Z) is a rational isomorphism,
where the second map is the Hurewicz map. Recall that the Hurewicz map is always an rational
isomorphism, hence we have the following.

Corollary 9.3.13. The map L ® Q — 7. (MU) ® Q is an isomorphism.

Thus to prove the theorem L ~ 7, (MU), it suffices to prove that they are isomorphic after
p-adic completion for all p (this is an purely algebraic result). We will use the Adams spectral
sequence for MU to prove this result.
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9.4 The Adams spectral sequence for MU

We first recall some basic facts about the Adams spectral sequence.

Construction 9.4.1. Let R = HF, for some prime p. Then we have a cosimplicial object R*®
in Sp, given by
[n]— RA---AR= RN

and the boundary and degeneracy maps the obvious ones. Moreover, we may extend this
cosimplicial object to a augmented simplicial object R by letting R'=5 , the sphere spectrum.
For any other spectrum X, we let X* = X AR’ and X* = X A R*. Then, we have a map
X=X"'- im X*. Finally, we let E¥Y = 1,(X?) = mo(X A RMHY), with the differential given
on the first page to be

doidl

0_ g1 2
Ta(X0) L% (XY dod4d

For simplicity, we denote 1'£1X° by Tot(X*®) and the partial limit 1'£11<i<n X* by Tot,(X*).
Notice that in general context, the totalization of a simplicial object is defined via ends, and

the author is not clear of the difference of the two notions.
We have the following theorem.

Theorem 9.4.2. Suppose X is a connective spectrum with m,(X) finitely generated for all n.
Then the map X — Tot X*® has the following properties.

1. For all n, we have the following filtration
< CF?mpy(X) C Flrp(X) C FO7,(X) ~ mp(X)
Where Fim,(X) is the kernel of m,(X) — mn(Tot; X*®).

2. For each i > 0, there is some j > i such that (p)m,(X) C Fim,(X) C (p/)mn(X). In
particular, we have @(Trn(X)/Fjﬂn(X)) ~ (mp(X))p, the p-adic completion.

3. As in the case for gemeral spectral sequences, for fized a and b, we have E®Y stablize to
EZY for r > 0. Moreover, we have E%’ ~ Flry y(X)/Fr, (X). If X is a ring
spectrum, we have the following additional properties.

4. The filtration agrees with the multiplicative structure on m.(X). Explicitly, the multi-
plication map mm(X) X mp(X) = Tman(X) restricts to a map Flmp(X) x Fim,(X) —
Fi+j7Tm+n(X) .

5. The spectral sequence is multiplicative. That is, for each r we have maps Eg’b X Efl’b, —
Eﬁ+a,’b+b/. These maps are associative and satisfies the Leibniz rule when applied the

differential. Finally, the map EX’ x ELY — B 4orees with the quotient map of

P (X)X FY 7y (X) = FU 70 gy (X).

Construction 9.4.3. Again let R = HF,. We recall that the Steenrod algebra is the Hopf
algbera A ~ H*(R;F,). Then we have the dual Steenrod algebra A, ~ m,(R A R).

Also recall that we define for a ring spectrum E and module spectrums X and Y, we have the
definition

— —

%
X/\EYZHE<X/\Y*>(X/\E/\Y — )
<;

Then, notice that we have
X=X AR = (X AR)AR(RAR) AR ---

Therefore, we have E'f’b ~ H,(X;F,) ®r, (A:)®", and the differentials is given by the coalgebra
structure of A, and the comodule structure of H,(X;F)).
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Construction 9.4.4. From the above construction, we fix p = 2 for convenience in applying
algebro-geometric languages. let G denote the spectrum of the commutative ring A,, and the
Hopf algebra structure on A, induces a group scheme structure on G. Therefore, we have G a
group scheme over SpecFy. Then let V' denote the Fo-vector space H,(X;F3). The coaction
V — V ® A, induces a structure of a representation of the algebraic group G on V. In this
term, the E7"" term is simply given by the cohomology of the complex (with each term graded)

VTG Ve0Og) = T(GHV ®0g) — -

And therefore the E;’b term can be identified with H®(G; H,(X;F2)).

If X is a ring spectrum, then H,(X;Fs) is itself a commutative Fa-algebra, hence we may form
the spectrum Y = Spec(H.(X;F3)). Therefore the action of G on Y gives a quotient stack
Y /G, whose cohomology, by definition, can be identified with the F5 page. Therefore we simply
have E;" = H*(Y/G; Oy/g) (with natural grading on Y').

Construction 9.4.5. We let X (n) = Map(RP",S). Then X (n) is an Eo ring spectrum, and
we have H.(X(n);Fy) ~ H*(RP";Fy) ~ Fo[z]/(x"*!). Then we pass through the limit and
get lim Spec H, (X (n); Fo) ~ Spf H*(RP*°;Fy) = Fy[[z]]. Then we naturally have an action of
G oﬁpf H*(RP*;Fy). Notice that the map RP* x RP*° — RP* is the colimit of the maps
RP™ x RP" — RP™" and hence this induces a map

Spf Fs[[2]] Xspeck, Spf Fa[[z]] — Spf Fa[x]]

given by a power series f(x,y) = x + y. By definition, f is a formal group law over Fo,
and G respects the group structure given by f. Therefore the G action on SpfFao Xgpecr,
Spec A = Spf Al[z]] can be viewed as an automorphism of the formal group x + y. Therefore,
the automorphism must be of the form = — x4 a1z + asz® + asz® + - - - since they are the only
series preserving addition in characteristic 2. Recall also the computation of the dual Steenrod
algebra theorem 4.1.11. This implies that G, viewed as a functor Ring — Set, is given by
Hom(Spec A, G) to be all power series

x»—>x+a1$2+a2$4+a3$8+---

Now, we apply the above constructions to the case where X = MU. Recall that we have
H,(MU;Fy) = Fa[b;] for b; of degree 2i. We let Z denote the spectrum Spec H,(MU;Fs), then
for any [y algebra R, the map Hom(Spec R, Z) can be identified with the set consisting of all
power series y + b1y? + boy® + ---. Therefore we see that Z classifies the coordinates of the
additive formal group on R preserving the first order terms. By the description of G as the
group of automorphism of the additive formal group, we have a natural action of G on Z.

However, we notice that this action is different to the desired action in the Adams spectral
sequence of MU, due to the problems of cohomological gradings. We now construct the correct
action.

Construction 9.4.6. For a complex oriented ring spectrum F where 7, (F) is a Fy algebra,
notice that Hom(A,, 7.(E)) (respect gradings) is the group of automorphisms on the additive
formal group on 7, (E). But the ring Hom(H,.(MU;F2), 7. (E)) is the coordinates of the additive
formal group on @, m2;(E). This implies that the correct action of G on Z should differ by our
construction with a Frobenius map F : G — G. Explicitly, consider G’ C G be the image of
the Frobenius map. Then for any ring R, we define the R-point f = x + aj2> + --- of G’ acts
on the R-points of Z by =+ x + a?x? + ---. Finally we define the action of G on Z to be the
action factoring through the Frobenius map.

Lemma 9.4.7. The action described above is indeed the action induced by the A, coalgebra
structure of Ho (MU ;Fs).
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Proof. This can be done by direct computation of the coalgebra structure of H,(CP>;Fg) (if
someone sees this, remind me to finish the computation). O

We first calculate the cohomology of Z/G'.

Lemma 9.4.8. Let Zy = SpecFa[bo, by, ...| (with generators of degree not of the form 2" —1),
then the action of G' on Z determines an isomorphism a : G' x Zy = Z, that is, we have an
isomorphism of schemes Z|G' = Zj.

Proof. 1t suffices to prove that for all R, we have the following: for all R-points of Z, say
h(z) = x + c12® + ---, h can be uniquely factored into f o g, where f is of the form f(z) =
r+a12? + agx* + - and g(x) = z + b3 + bya® + - --. This is obvious. O

Finally we see the following results.

Theorem 9.4.9. We have the second page of the mod-2 Adams spectral sequence of MU given
by

E;’* ~ Fg[bg, b4, ey E1,E9, .. ]
where b; (i # 2" — 1) has bidegree (2i,0), and ¢; has bidegree (27 — 1,1).

Therefore, the Adams spectral sequence degenerates since there is no room for non-trivial
maps. The mod-p Adams spectral sequence behaves exactly the same as the mod-2 case, namely,
we have

Theorem 9.4.10. We have the second page of the mod-p (for all prime p) Adams spectral
sequence of MU given by
Ey* ~TFpler, ca, ... ]

where ¢; = €; if i +1 = p/, and ¢; = b; otherwise (again b; has bidegree (2i,0) and ¢; has

bidegree (p? —1,1)).

Proof. By essentially the same proof, but with super algebraic geometry instead since for odd
p, A is supercommutative (maybe I will add an appendix). O

Therefore, by theorem 9.4.2, we deduce the following result.
Corollary 9.4.11. The associated graded ring gr(m«(MU)) of the mod-p Adams filtration on

7. (MU) is isomorphic to a polynomial algebra Fy[co, . ..], where ¢; € gro(mei(MU)) fori+1 # p’
and c; € gry(mo;(MU)) fori+1=pl.
Corollary 9.4.12. (7. MU)" = Z,[u1,us,...]. Here Z, denotes the p-adic completion of Z.

We are finally ready to prove theorem 9.3.7.

Proof. Recall that we have by lemma 9.1.6, the map L — 7.(MU) — H,.(MU;Z) is injective.
Thus it suffices to show that the map L — m,(MU) is surjective. In fact, we show that it
is surjective after p-adic completion for all p. By theorem 9.1.4, we have LY ~ Z,[t1,to,...],
and we have by corollary 9.4.12 that (m.(MU))Y =~ Zy[ui,ug,...]. Let I, J be defined as in
lemma 9.1.6, and K the likewise ideal for (m(MU))Y. As in the proof of theorem 9.1.4, it
suffices to prove the map I/I? — K/K? is surjective in each degree.

Recall that (I/1%)s, = Zyt, and (K/K?)a, = Zuy, hence 0(t,) = Au,, + ¢, where ¢ is decom-
posable in (m.(MU))Y. It suffices to prove that A is a p-adic unit. But then, the Hurewicz
map maps u, to N'b, + d, where d is again decomposable. Thus by theorem 9.1.4, A\ is p if
n+1=p" and 1 otherwise. If n+1 is not a power of p, then X is obviously a unit. If n+1 = p",
it suffices to prove X is divisable by p, which is equivalent to the image of u, vanishes in the
ring H,(MU;F,). This is equivalent to the requirement that u, has Adams filtration degree
> 1, which is true. O
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Finally, we return to the Adams spectral sequence.

Construction 9.4.13. Recall in theorem 9.4.2, R = HF, for some p. We now let R = MU.
By the same construction we obtain a cosimplicial spectrum X°®. Now, for connective X, the
map X — l'ng ® ~ l&nn(@z <n X1) is an equivalence. We call the spectral sequence associated
to this cosimplicial spectrum the Adams-Novikov spectral sequence.

Since mo(MU) = mp(S) = Z, the convergence is faster than the mod-p Adams spectral sequence.
In fact, if we denote F"m, X to be the kernel of 7, X — m, @i<n+1 X*, for each n we have a
finite filtration

0=F""71,(X)C F'r,(X) C - C F,(X) = mn(X)
Construction 9.4.14. Again, like the mod-p Adams spectral sequence, the chain complex
MU(X) = (MUANMU)(X)— (MUANMUANMU) X — ---

has an algebro-geometric interpretation. Recall m.(E A MU) = E.(MU) = m.(E)[b1,ba,...],
for all complex oriented cohomology theory E. Then, letting m.(E) = R, Specm.(E N MU) is
an infinite dimensional affine space over Spec R. Explicitly, it is the affine space parametrizing
all coordinates g(t) =t + bit? +--- on R[[t]] agreeing with the standard coordinate to the first
order.

Then, we let G = SpecZ[by, ba,...]. This is a group scheme, whose group structure on R-
points (namely, power series of the form g(t) = t + bit?> + ---) is given by composition of
power series. Therefore, we have Specm,(E AN MU) = G x Specm(FE). In particular, we
have Specm,(MU AN MU) = G x Spec L. The ring structure of MU encodes a G action on
Spec L, namely, a power series g acts on Spec L by sending the formal group law f(x,y) to

9(flg7 M), 97 (W)

Definition 9.4.15. We define M#, to be the quotient stack Spec L/G. Equivalently, this is the
moduli stack sending a ring R to the groupoid of all formal group laws with strict isomorphisms.
Note that this is indeed a stack w.r.t the flat topology.

Construction 9.4.16. Let X be any spectrum. Then, m,(X") = m.(X A MUt is a
module over the commutative ring 7,(MU”"*1), hence can be identified with a quasi-coherent
sheaf on Spec L x G™. Notice that the quasi-coherent sheaves 7,(X™) are compatible with one
another, hence they form a quasi-coherent sheaf over M%,. We call this quasi-coherent sheaf
Fx. Moreover, the cochain complex

MUL(X) = (MU A MU)(X) — -

is the standard complex for computing the cohomology of M3, with Fx coefficients. Thus we
have the following.

Theorem 9.4.17. For any spectrum X, the second page of the Adams-Novikov spectral sequence
of X 1is given by
Ey® ~ HY (Mg Fx) = HY(G; MUL(X))

We will focus on this point of view in the next chapter.
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Chapter 10

The moduli stack of formal groups

10.1 The moduli stack Mgg

Definition 10.1.1. Besides the G action on Spec L, we have an action of the multiplicative
group scheme G, on Spec L, given by f(z,y) — Af(A~tz, A~1y). We define the group scheme
G to be the semidirect product of G and G,,, whose R-points are given by series g(x) =
box + biz? 4+ -+, where ) is invertible. ¢ has an action on the formal group laws, given
by g(f(g~'(x),g7(y))). These kinds of isomorphisms between formal group laws are called
isomorphisms (in contrast to strict isomorphisms), and we define Mpg = Spec L/G™ to be the
moduli stack of formal group laws with isomorphisms.

Recall from the appendix that a formal group is simply a group object in the category of
formal schemes. Therefore, we have the following definition.

Definition 10.1.2. For a formal group law f € R[[z,y]], we define G to be the formal group
over Spec R whose A-points (here A is an R-algebra) is given by

Gf(A) ={a € A|Fn,a" =0}

and the group structure is given by a-b = f(a,b). We call G; the formal group associated to f.
We define a formal group over R to be coordinatizable, iff it is of the form Gy for some f.

Proposition 10.1.3. Isomorphisms between coordinatizable formal groups are given by iso-
morphisms between the corresponding formal group laws.

Proof. Suppose we have a : Gy ~ G an isomorphism. Then, consider a,, = a(R[t]/(t"*1)).
Then «,, induces a map from nilpotent elements in R[t]/(t"*1) to itself. We consider the
element o, (t) = bot + bit? + - - - + b,_1t". Then by functorality of o and G, we have a,41(t) =
bot + - - - + b, t"*T1. These elements put together to a formal power series g(t) = bot + ---. This
is the isomorphism between f and f’. O

It is now important to make precise what the moduli stacks M3, and Mg represents. The
main obstruction is that the functor assigning a ring R to its coordinatizable formal group laws
with isomorphisms does not satisfy descent. Therefore we need the following definition.

Definition 10.1.4. For aring R, we define a formal group over R to be a functor G : Algp — Ab
satisfying the two following properties.

1. G is a Zariski sheaf.
2. G is Zariski locally isomorphic to coordinatizable formal groups.

Theorem 10.1.5. Mpg sends each ring R to the groupoid of formal groups in the sense of
definition 10.1.4 with isomorphisms as morphisms.
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Proof. This can be viewed as a stackification. _ O

Definition 10.1.6. For a ring R and a formal group G over R, we define its Lie algebra g to
be the abelian group ker(G(R[t]/(t?)) — G(R)). In fact, it is an R-module, with A\ € R acting
on g by the endomorphism on R[t]/(t?) given by t — t.

Lemma 10.1.7. For a coordinatizable formal group Gy, we have its Lie algebra g ~ R. More-
over, for g(z) = box + byx? + ---, If g is an endomorphism of f, then g induces a map on the
Lie algebra given by multiplication with bg.

Proof. Direct. O

Theorem 10.1.8. M3, represents the functor sending R to all coordinatizable formal groups,
with morphisms isomorphisms between the coordinatizable formal groups preserving the trivial-
ization of the Lie algebra.

Proof. By definition. O

Proposition 10.1.9. A formal group G is coordinatizable iff g ~ R.

Proof. = : Obvious.

<= : We only present an idea here. We fix an isomorphism g ~ R. Since G is a formal group,
we localize it by the second property, and we have § is coordinatizable on each open set D(t;),
say isomorphic to Gy,. Notice that this identification makes g a locally free module of rank
1 on R. Then, we attempt to glue all Gy, together. Suppose that the transition between the
restriction of Gy, and Gy, on D(t;t;) is given by g; ;(t) = bot + bit? 4 ---. Then the transition
between the restriction of g; and g; on D(¢;t;) is exactly given by by, by lemma 10.1.7. Then,
g; glueing to g is isomorphic to R iff all by term agrees, which is also equivalent to the condition
that all Gy, glues together to some Gy. _ O

Now we have seen that ordinary formal group laws equipped with strict isomorphisms cor-
responds to coordinatizable formal groups, hence to M%,,. We now present a concept so as to
make non-coordinatizable formal groups more concrete.

Definition 10.1.10. Let R be a ring and £ be an invertible R-module. An L-twisted formal
group law is a formal series f(z,y) = > a; j2'y?, where a; ; € LZ7~1 and satisfies the usual
identities of formal group laws.

Remark 15. Here the degree a;; € £L%7~1 is since this term behaves like an (i + j — 1)-fold
tensor. Consider the isomorphism ¢(¢) = At, then a; ; is multiplied by A*™J ~1 times.

Theorem 10.1.11. L-twisted formal group laws corresponds to formal groups with their Lie
algebra equal to L1,

Proof. Similar. O

Remark 16. Notice the notion of L-twisted formal group laws is merely the formal group laws
respecting gradings on the ring @, ., £&", where L% has grade 2n. Therefore @ £L%" is
equipped with a natural action by the lazard ring L given a L-twisted formal group law f.

Construction 10.1.12. We may consider the assignment (R, §) + g~! as a line bundle w on the

moduli stack Mpg. With the above proposition 10.1.9, we see that M7, is equivalently, the total
space of w with the zero section removed (in other words, the space of sections/trivializations
of w). This gives a more precise version of theorem 9.4.17.
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Theorem 10.1.13. Let X be a spectrum. Then notice MU(X) and MUz11(X) are both
modules over L = m.(MU) carrying compatible actions of GT, and therefore determine sheaves
F and 3"351‘1. Then the second page of the Adams-Novikov spectral sequence is given by

B3 = HY(Mpe; 9" @ o)

and
E§a+17b _ Hb(MFG; gjg(dd ® wa)

10.2 The stratification on Mpgg

Recall from theorem 9.1.4 that we have a rational isomorphism L — Z[by,...]. This implies
that over Q, all formal group laws are uniquely isomorphic to the additive formal group law.
This implies the following.

Corollary 10.2.1. M3, x SpecQ ~ SpecQ, and Mpg x Spec Q ~ BG,, x Q. Here BG,, is
the classifying stack of a group scheme, as usual.

Example 1. Let f(x,y) = x+y+xy, the multiplicative formal group law. Then the isomorphism
between f and the additive formal group law is given by t — €' —1, which has rational coefficients.
This implies that the two formal group laws are not generally isomorphic. We would want an
tnvariant to tell the two formal group laws apart. To do this, we make the following definition.

Definition 10.2.2. For f(z,y) a formal group law over a ring R, we define its n-series [n](t) €
R[[t]] as follows.

1. [0](t) = 0.
2. [n](t) = f([n —1](£),1).

Definition 10.2.3. We define a homomorphism h between formal group laws f and f’ to be a
power series in tR[[t]] such that f(h(z),h(y)) = h(f'(z,y)).

Proposition 10.2.4. [n] is a homomorphism from f to itself, that is, [n]f(x,y) = f([n]z, [n]y).

Proof. We prove by induction. The case n = 0 is obvious. Suppose the proposition is correct
for n — 1, then we have the following equations.

[nlf(z,y)
=f(f(z,y),[n = 1f(z,9))
=f(f(z,y), f([n = 1z, [n - 1]y))
=f(z, f(y, f([n — 1]y, [n — 1]x))) by associativity

O

We wish to develop other properties of [n]. Therefore we introduce the following definition.

Definition 10.2.5. Let R[[t]]d¢ denote a free module of rank 1 over R][[¢]]. For a formal group
law f(z,y), we denote

a0 = o) (Law+ Hay) € Rl sitar,a

We define g(t)dt to be a translation invariant differential if f*(g(¢)dt) = g(z)dz + g(y)dy.
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Example 2. dt is a translation invariant differential for f(z,y) =z +y.
dt/(1+1t) is a translation invariant differential for f(x,y) = x +y + zy.

Lemma 10.2.6. For any formal group law f, there is a unique translation invariant differential
wy of the form (1 + cit+ ---)dt. Moreover, R[[t]]dt ~ R[[t]Jw;.

Proof. Direct. O

Lemma 10.2.7. Let f and f' be formal group laws over R. Let h be a homomorphism from f
to f'. Then h*wp = Awy, where A € R is a constant. Here

Oh

W (g(t)dt) = g(h(t)) (5, dt)

Proof. Direct. O

Corollary 10.2.8. For h a homomorphism between formal group laws f and f' over a ring
with characteristic p, one of the following holds.

1. There is some A # 0 such that h(t) = Xt + - - -.
2. There is some n and X\ # 0 such that h(t) = h'(t""), and h'(t) = Xt + - - -.

Proof. 1f the X in lemma 10.2.7 is nonzero, then this fits in the first case. Otherwise, h* sends
wy to 0. However, since wy is a generator of R[[t]]dt, we have h* = 0. Then unwinding the
definitions, we have dh = 0. Since R has characteristic p, this implies all non-zero terms in A can
only have the degree divisable by p. Therefore h(t) = hi(t?). Then we notice that hy is also a
homomorphism between formal group laws, namely, fi(x,y) = fP(z,y) and fi(x,y) = f' (2P, yP).
Explicitly, we have

hafP(a,y)=hf(z,y)=f(h(x), h(y) = f'(h1(z"), l(y")) = £' (B} (), 15 (y)) = fi (M (), ha ()

Therefore, we have either h; having non-zero A or hj(t) = ha(t?). This process ends somewhere,
say at h,. Then h, is the I/ required. O

Corollary 10.2.9. Either [p] =0 or [p] = MP" 4 ---.
Proof. [n] is a homomorphism. O

Definition 10.2.10. For a formal group law f and a fixed prime p, we let v, denote the
coefficient of " in the p-series [p]. We say f is of height > n if v; = 0 for i < n, and height
exactly n if f has height > n and v, is invertible.

Example 3. vg = p. Thus f has height > 0 iff p = 0 in R, and height exactly 0 iff p is
invertible in R.

The additive formal group law has height infinity if p = 0 in R, and the multiplicative formal
group law has height 1. Therefore, the two formal group laws are not isomorphic in rings with
some p = 0.

From now on, to focus on the prime p, we always assume the ring R we are considering
is a Z-algebra, so that any other prime is invertible. We then consider the universal v,’s
associated to the universal formal group law on the Lazard ring. Recall that in the proof
of theorem 9.1.4, the t;’s are not canonically determined, but chosen to be generators of the
canonically deterimined (I/1?)3,. We consider the image of v; in it.

Proposition 10.2.11. The image of v, € (I/I2)2(pn_1) ~ 7 ispP" 1 — 1.
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Proof. Let k = p™ — 1. The homomorphism L — 7Z & Zt;, we constructed in the proof of
theorem 9.1.4 classifies the formal group law

n

1 " . pt—1 t n n
fl@y)=z+y+ Z <pi>thlyp _’:x+y+;k((:n—l-y)13 — 2" — g™

0<i<p™
Then notice by induction that
tk n n
[a] = at + —((at)?" — at?")
p
Thus the coefficient of t*" in [p]t is

tk n

E(Pp —p) =" "=t
O

Corollary 10.2.12. In the identification L ® Zy) =~ Zy)lt1,t2,...], we may let each tyn_1 be
given by vy,. Equivalently, v, are the generators of the first degree Adams filtration of m,(MU).

Corollary 10.2.13. For a field k of characteristic p, for all 1 < n < oo, there is a formal group
law f having height exactly n.

Proof. The case n = oo is given by the additive formal group law. Otherwise, we let f be the
formal group law classified by Z,)[t1,...] with ¢; = 0 for i < p" — 1, and v, = 1. O

Lemma 10.2.14. The condition that a formal group law has height > n or exactly n is Zariski
local.

Proof. Consider an element z € R. Notice that x is zero or invertible iff its image in R[a; s
zero or invertible for all ¢ for some ) a; = 1. O]

This gives rise to the following definition.

Definition 10.2.15. For a not necessarily coordinatizable formal group J : Algp — Ab over
R, we define it to have height > n or exactly n iff Fa)g,, has height > n or exactly n in the
above sense for all R’ such that F Algy, 18 coordinatizable.

Definition 10.2.16. We define closed substacks of Mpg ® Z(;,) with M%g given by
Spec(Ly)/(vo,v1, - .-, vn—1))/GT, and M} given by Spec(Ly/(vo,v1,. .., vn-1)[v;,'])/GT. By
their constructions, we see that M%g classifies formal groups over R of height > n and Mf%,
classifies formal groups of height exactly n.

We actually have the following results (the proofs are elementary).

Theorem 10.2.17. For any R in which p = 0, and f is a formal group law over R having
infinite height, then f is isomorphic to the additive formal group law.

Theorem 10.2.18. Let f and f’ be formal group laws of height exactly n over R, and let R’
be defined as the ring parametrizing the isomorphisms between f and f' (explicitly, this is the
ring R[b(jfl, bi,...]/I, where I is the ideal generated by the coefficients of x'y’ of the expression
gf(x,y) — f'(g(x),g(y)) in which g = bot +b1t*>+--- ). Then R’ is isomorphic to the direct limit
of a system of injective finite etale maps

R=R(0) — R(1) = R(2) < ---

In particular, if R is strictly Henselian (for example when R is an algebraically closed field of
characteristic p), we have a map R' — R, that is, f and f’ are always isomorphic formal group
laws.

Proof. Omitted. O
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10.3 The Landweber exact functor theorem

Recall in previous sections, each complex oriented cohomology theory determines an algebra
7« (E) over L ~ m,(MU). We will answer in this section the converse problem, that is, construct
complex oriented cohomology theory using algebras over L. However, due to many reasons (we
will see this later), we will consider quasi-coherent sheaves over M ¢ instead of Spec L. Then,
recall the definition of flat quasi-coherent sheaves over an algebraic stack from definition 14.2.5.

Lemma 10.3.1. A coherent sheaf M over Mpq is flat iff for every n € Mpg(R) representing
a coordinatizable formal group over Spec R, we have M (n) is flat.

Proof. Recall the notion of flatness (or faithfully flatness) of a coherent sheaf on a scheme
is Zariski local. Since 7 represents a formal group law (not necessarily coordinatizable), we
consider its localization at a;, where ) a; = 1, where it is coordinatizable on D(a;). Hence
M (n) is flat over Spec R iff M (n|p(q,,)) is flat over Spec Rla; '], which proves the lemma. O

Corollary 10.3.2. Consider the L-point ng representing the universal formal group law. Then
we have M s flat iff M (no) is flat over L.

Proof. For n € Mpg(R) representing a coordinatizable formal group law, M (n) is clearly an
image of M (ng). Then by the definition of a quasi-coherent sheaf over an algebraic stack, we
have M (n) ~ M(no) ®r, R. Therefore M(n) is flat over R iff M (np) is flat over L. O

Construction 10.3.3. For an R-point 1 of Mpg corresponding to a morphism ¢ : Spec R —
Mpg, the forgetful functor ¢* : QCoh(Mpg) — QCoh(Spec R) given by M — M (n) has a left
adjoint ¢, : QCoh(Spec R) - QCoh(Mp¢), which can be written as ¢.(N)(n') = N ®g B,
where ' € Mpg(R') classifies a morphism ¢’ : Spec R — Mpg and B is the R ® R’ algebra
determined by the pullback

Spec B —— Spec R

Spec R ——— Mpq
Notice that B is actually the algebra classifying the universal isomorphism of the two formal
groups over R and R’. We will use this fact later.

Definition 10.3.4. We say an R-module N is flat (faithfully flat) over Mp¢g iff ¢.(N) is flat
(faithfully flat) over Mpg. We say q is flat (faithfully flat) if R (as a module) is flat (faithfully
flat) over Mpg.

Proposition 10.3.5. Let q : Spec R — Mg be a map classifying the formal group n € Mpa(R),
and let N be an R-module flat over Mpg. Then the functor M — M(n) ®r N is an exact
functor from QCoh(Mpg) - QCoh(Spec R) ~ Modp.

Proof. The problem is local on Spec R since exactness of quasi-coherent sheaves is a local prop-
erty. Therefore we may assume 7 classifies a coordinatizable formal group Gy. Let p : Spec L —
Mpq classifies the universal formal group law. Notice that the universal isomorphism between
funiv and f is given by the ring R[boﬂ7 b1,...], with structure morphisms from R the obvious
map and from L classifying the formal group law given by the action of g(t) = bt + b1t% + - --
on the image of f. That is, we have a pullback diagram

Spec R[bz", b1, .. .] 7, Spec L
a lp
Spec R ————— Mpq
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Since the polynomial algebra is a free module over R, we have p’ a faithfully flat morphism.
Hence, to show M — ¢*(M) ®g N is exact, it suffices to show that M — (p')*(¢*(M) ®@r N)
is exact. Explicitly, we have (p/)*(¢*(M) ®r N) ~ (gp’)*(M) DR b, ) (P)*(N) ~p*(M) ®r,
(p)*(N). However, flatness of N over Mpg guarantees the flatness of (p')*N over L, which
proves the theorem. I

Corollary 10.3.6. Let M be a graded module over L. If M is flat over Mpg, then the functor
X = MU(X)®r M is a homology theory representable by some spectrum E. Later, we will
always assume the grading on M is even (though the even grading is not required for this
corollary).

Proof. Directly verify the axioms of homology theories. O
Proposition 10.3.7. R =Z,) [V1,v2,...] as an L-module is flat over Mpg.

Proof. We prove the morphism Spec R — Spec L — Mpg is exact. Again, we consider the
diagram of the above form.

SpeCR[b(:]tl,bl,...] := Spec B L Spec L
dl Jr
Spec R y Mpa

q

Now the left map is faithfully flat, hence the bottom map is flat iff the composition ¢ o p’ is
flat. Since Spec L — Mpq is flat, it suffices to prove ¢’ is flat. However, the map ¢’ exhibits
R[bgﬂ,bl, ...] as the quotient of L, [boﬂ,bl, ...] with the ideal generated by the image of t;
(i # p" —1). Finally recall that for ¢ # p" — 1, the image of t; is given by Ab; + -- -, where X is
invertible in Z,) and the rest terms are decomposable. Thus we may replace b; by the image
of t;. Therefore B is a polynomial over L, [bE!] and hence flat over L. O

Corollary 10.3.8. SpecZ[v1,...] is faithfully flat over the localization Mpg X Zy)-

Corollary 10.3.9. The construction X — MU(X) ®1 R ~ MU(X)/(ti,i # p" — 1) is
represented by a homology theory BP,(X). This is called the Brown-Peterson spectrum.

Then we present an extremely useful theorem called the Landweber exact functor theorem.
This gives a criterion on flatness.

Definition 10.3.10. Recall x; € R is called a regular sequence for a module M if for all n,
Zn is not a zero divisor on M/(xg,x1,...,2n—1)M. In particular, every sequence is a regular
sequence for a trivial module.

Theorem 10.3.11. For a module M over L, M is flat over Mg iff for every prime p, vg,v1, . ..
is a reqular sequence for M. We denote such an M to be Landweber-ezract.

Definition 10.3.12. By corollary 10.3.6, we obviously have a Landweber-exact evenly graded
module M corresponds to a spectrum E. We also call the spectra arising from this construction
Landweber-exact.

Corollary 10.3.13. Let R = Z[B3, 3], where 3 has degree 2. Then the map L — R classifying
the formal group law x + y + Bxy exhibits R as a Landweber-exact ring.

Proof. We fix a prime p. Then we obviously have vg = p not a zero divisor. Then notice the [p]

series is given by
p
p n—1;n
t= t
)t = (n)ﬁ

n=1

hence v; is invertible on R/vgR = R/pR. Therefore R is Landweber-exact. O
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Remark 17. We will later see that this represents the complex K-theory.

Construction 10.3.14. Let R be a commutative ring and E be an elliptic curve defined over
R. We can associate to E a formal group E given by E(A) C Hom(Spec A, E') to be all points
such that the diagram commutes

Spec A/n(A) —— Spec A

l |

SpecR ———— F
where the left map is given by the composition Spec A/n(A) — Spec A — E — Spec R. More-
over, the multiplication is given by the operation on the elliptic curve. This construction gives
a map ME” — Mpc;.

We now present a proof of theorem 10.3.11. Again, flatness is a local condition, hence it
suffices to prove M, is flat over Mpg ® Z, for all p. We fix a prime p. Before the proof, we
first establish a few conclusions.

Lemma 10.3.15. Recall the construction q : Zy[v1, . ..] = Mpg representing the BP spectrum
in proposition 10.3.7. Then a quasi-coherent sheaf M over Mpq is flat iff ¢* (M) is a flat module
over Zp[v1, - -]

Proof. == : Obvious since Zy[v1,...] is flat over Mpg.
<= : We fix a map f : Spec R - Mpg. We wish to show f*(M) is flat. By corollary 10.3.8,
we form the following pullback

Spec B # Spec L
il |s
Spec Z(p) [1)1, . ] T) MFG X Z(p)

and the top morphism is faithfully flat. Therefore it suffices to prove the (f o ¢')*(M) is flat
over B. But this is equivalent to the module f*(M)®gr B ~ ¢*(M) ®2z,v1,...] B by considering
the other composition, which is flat over B iff ¢*(M) is flat over Z). O

Lemma 10.3.16. Let R be a commutative ring containing a non-zero-devisor x, and let M be
an R-module. Then M 1is flat over M iff the three following conditions are satisfied.

1. x is a non-zero-divisor on M.
2. The quotient M/xM is a flat R/(x)-module.
3. The module M[x™'] is a flat R[x~1]-module.

Proof. = : Obvious.
< We prove Tor?(M, N) ~ 0 for all N.
We first prove the case where N consists of xz-power-torsions. We may write N as a filtered
colimit N;, where N; consists of the elements annihilated by 2. Then, consider the exact
sequence

00— K —N;,—aN;, — 0

Now, Nj; is '~ !-torsion and K is x torsion, and by the long exact sequence of Tor, it suffices
to prove for N with N = 0. These N’s are R/(z) modules, hence by the universal coefficient

theorem we have Tor?(M, N) ~ Torf'/(x)(M/xM, N) =0, by the second assumption.
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Then, we prove for general N. We consider K = ker(N — N[z~!]). Then K is obviously
z-power-torsion, hence to prove Tor?(M, N) = 0 it suffices to prove Tor*(M, N/K) = 0. That
is, we may assume N — N[z 1] is injective. Then we may consider the exact sequence

0—N-—Nz7']—C—0

Since C' is a-power-torsion, it suffices to show TorZ(M, N[z~!]) = 0. Finally, in this case,
N ~ N[z~!] is a module over R[z~!]. Then again by the third assumption and the universal

coefficient theorem Torf(M, N) ~ Torf[xil](M[xfl}, N)=0. O

Lemma 10.3.17. Every quasi-coherent sheaf on the stack My is flat (recall from defini-
tion 10.2.16 the definition of Mg ).

Proof. For any map ¢ : Spec A — M, classifying a formal group of height exactly m on A,
and X a quasi-coherent sheaf on Mpg, we prove ¢* is flat over A. Since again flatness is a
local notion, we may suppose the formal group classified by g is coordinatizable. Then, choose
a formal group law of height m over IF,, classified by a map f : SpecF, — M%,. We form the
pullback

Spec A’ —— SpecF,

J s

Spec A — Mpa

In fact, by theorem 10.2.18, A’ is a direct limit of injective finite etale ring extensions. Therefore
A" is faithfully flat over A. Therefore it suffices to prove ¢*(X) ®4 A’ is flat over A’, and
¢"(X) @4 A" ~ f*(X) ®p, A, which is flat over F,,, hence flat over A'. O

Proof. We prove theorem 10.3.11. We first prove v; being a regular sequence implies flantess.
Now, let M be a module over L. Since for p' # p, vg = p is already invertible hence v; is
a regular sequence, it suffices to consider the case p’ = p. We wish to prove for M such that
vo = p,v1,... is a regular sequence, the pushforward of M along Spec L,y = Mg X SpecZy)
is flat. We form the pullback square

Spec B ——————— Spec L,
SpecZy)[v1,...] —— Mg x SpecZ,)

By lemma 10.3.15, it suffices to prove Mp := M®y, B is a flat module over the ring Z)[v1, ... ].
We attempt to prove TorZ(p)[vl’"'](MB, N) vanish.

i
Recall the functor Tor commutes with filtered colimits, hence it suffices to show the case where N

is finitely presented. The finite presentation gives N ~ Ny[vy41,Unt2,...], where Ny is a mod-

ule over Z[v1,...,vy]. By the universal coefficient theorem we have Toriz(p) [vl""}(MB, N) ~
Torz-Z(” [Ul""’vn}(M B, No). Therefore it suffices to prove Mp is flat over all Z,).

Notice that the the homomorphisms Z,)[v1,...] — B and L,y — B induces different images
of v; in B, say v, and v. However we still have the isomorphism (v},...,v},) ~ (vf,...,0).
We denote this ideal by I,,1, then prove inductively Mp/I,,,Mp is flat over

R = Zgy[vi, - va]/(psv1,- -, vm—1) for m < n + 1. Notice when m = n + 1, the ring is
isomorphic to F,, hence is obvious. Then notice Mp/I,,Mp ~ B ®r, (M/(voy ..y Um—1)).
Since vy, is not a zero divisor on M/(vo, . .., vm—1) by assumption, and since B is flat over L,

we have an exact sequence
0 — Mp/IL,Mp ~ Mp/I,Mp — Mp /I, 1Mp
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Since v)l, = Av),( mod I,) where X is invertible, v,, € R is a non-zero-divisor on Mp/I,,Mp.
Moreover, the quotient Mp/(Ipy,,vm)Mp ~ Mp/IL+1Mp is flat over R/(vy,) by the induction
hypothesis. By lemma 10.3.16, it suffices to prove (Mp /I, Mp)[v,,}] is flat over R[v,,]~!, which
follows from lemma 10.3.17. The converse follows exactly from reversing the proof. O

10.4 Morava stablizer groups

Construction 10.4.1. Recall from theorem 10.2.18 we have a unique formal group law over
F, of height n, say f. We consider the group G = Aut(Spf F,[[t]]), where the automorphism
is required to respect the formal group structure and not required to be compatible with the
structure map Spf F,[[t]] — SpecF,. Obviously we have an exact sequence

0— Autﬁp(Sppr[[t]]) — Aut(Spf F,[[t]]) — Gal(F,/F,) — 0
where AutFp(Spf F,[[t]]) is the subgroup of Aut(Spf F,[[t]]) respecting the structure map.

Theorem 10.4.2. We have My, ~ Spech/G, where G acts on Fp by the projection G —
Gal(F,/F)).

Before considering G, we first consider its subgroup AutFp(Spf F,o[[t]). We recall that
Autg (Spf F,[[t]]) is the group of units of the ring Endg (Spf F,[[t]]), whose elements are power

series g(t) € Fp[[t]] satisfying g(f(z,y)) = f(9(x), 9(y))-

Construction 10.4.3. Let fP denote the formal group law over ﬁp given by applying the
Frobenius map to the coefficients of f. Then fP is still a formal group law of height n, hence
non-canonically isomorphic to f by theorem 10.2.18, say v. Since f(z,y)? ~ fP(zP,yP), we have

v(f(z,9)?) = v(fP(a?,yP)) = f(v(2P),v(y"))

Thus 7(t) = v(tP) is an endomorphism of f.

Then, let g € Endg (SpfFp[[t]]) be arbitrary, and let g(t) = bot + byt> + ---. If by # 0, then
g € Autg (SpfF,[[t]]). Otherwise g(t) = go(t*) by corollary 10.2.8, and go is an endomorphism
of fP. Thus goor~! is an endomorphism of f, and we have g = ggov~tovoFrob, = (goov~1)om.
Thus, every non-invertible element g of the ring Endﬁp(Spf F,[[t]]) can be written uniquely of
the form ¢'r.

Therefore, the ring Endg (Spf F,[[t]]) is a (non-commutative) local ring with the non-invertible
elements a two-sided ideal. This ideal is the left ideal generated by w. Moreover, by corol-
lary 10.2.8, we see that every endomorphism g is of the form uz® for some k. We will refer to
k as the valuation of g, and denoted by v(g). By convention we set v(0) = oco. Notice we then
have v([p]) = n, where n is the height of f. Also, although the ring is non-commutative, we

still have v(gg’) = v(g) + v(g).

Construction 10.4.4. We let A : Endg (SpfFp[[t]]) — F, sending g(t) = bot + bit? + -+ to by.
Then, consider [p](t) = ut?" +---. Since g is a homomorphism of f, we have [p](g(t)) = g([p](t)),
which implies bout?" + -+ = ubgntpn, hence by € Fyn. Thus X : EndFP(Spf Fo[[]]) — Fpn is
surjective.

Construction 10.4.5. Obviously we have Ende(Sppr[[t]]) o~ I'Lm(Ende (Spf T, [[t]])/ (7%)).
Then, notice that Endg (Spf F,[[t]])/ (%) is finite of cardinality p™* (notice that this is true for

k = 1, and the rest follows from the factorization g = ur*). Then, notice [p*] € 7%. This induces
a well-defined map Z/(p*) — Endg (Spf F,[[t]])/(7*), which is compatible with the quotient

maps. This induces a map Z, — EndFP(Spf F,[[#]]), which exhibits a Z, algebra structure.
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Then, we consider the non-commutative ring D = EndFP(Spf F,[[t]])[p~!]. Notice that [p] is a
non-zero-divisor in Endg (SpfF,[[t]]), hence it can be viewed as a subring of D. Moreover, since

um™ = p, 7 is invertible in D. The valuation v extends to D by v(\/p*) = v()\) — nk.

Lemma 10.4.6. Ende(Sppr[[t]]) ~ {x € Dlv(z) > 0}.

Proof. This is obvious. O
Lemma 10.4.7. Ende(Spf F,[[t]]) is n? dimensional as a vector space over Q.

Proof. Let {x;} denote the set of I}, basis of Fyn. Then let g; denote an element in
Ende(Spf F,[[t]]) such that A(g;) = x;. Then clearly {n’g;} is a basis. O

Lemma 10.4.8. Let g € D. Then the conjugate action of g on Ende(Spf Fu[[t]])/(7) =~ Fpn is
given by b — b*(9)

Proof. WLOG g € End= (SpfF,[[t]]). Then suppose g(t) = MY L FixbeTF n, and let
Fp P P

h(t) = bt+---. Then let K'(t) = gohogL(t), from goh = I’ 0 g~ we have AbP"'” = ¥’A. This
gives the result. O

Lemma 10.4.9. D has center Q.

Proof. Let g be in the center of D. We may assume g € Ende(Spf F,[[t]]), and prove g is in
Z,. Since Zj is a closed subset, it suffices to show there is an integer m such that g = m(
mod p*) for all k. We prove by inductin. Since mgn~! = g, the reduction of g mod 7 belongs to
[, C Fyn. Therefore we may subtract this integer, and assume v(g) > 0. Then by the preceding
lemma, the conjugate action of g on 7 is trivial, hence v(g) must be divisible by n. Thus g = ¢'p
for some ¢’ in the center of Endg (Spf F,[[t]]), and thus ¢’ is congruent to an integer mod p*~1,
which is by the induction hypothesis. ]

Construction 10.4.10. By the preceding lemma, D is a central simple algebra over Q,, hence
can be indentified with an element of Br(Q,). We construct an isomorphism Br(Q,) — Q/Z
as follows. For a Brauer class, we represent it with a division algebra D’. Then it contains a
ring of integers O and its maximal ideal m. We have a valuation v : D' — {0} — Z with O =
v (Z>p) and m = v~1(Zs0). Finally, the conjugation action gives a surjective homomorphism
D' — {0} — Gal((0/m)/Fp). In particular, the frobenius automorphism on O/m is given by
conjugation by some x € D’. We define u(D’) = v(z)/v(p). Hence, D is the unique central
division algebra over Q, with p(D) = 1/n.

Construction 10.4.11. Recall that we have EndE)(Sppr[[t]])X = Autﬁp(SprD[[t]]). We
attempt to extend this isomorphism to a map x : D* — Aut(Spf F,[[t]]). In fact, x is given on
Ende(Spf F,[[t]]) — {0} by sending g to the map go o Frob;},(g ) where go is the isomorphism of

f with fpv(g) determined by g and v. That is, we have a commutative diagram of short exact
sequences.

0—— Endﬁp(Spfﬁp[[t]])X D* -

| | J

The left map is an isomorphism by definition, and the right morphism is the profinite completion
7Z. — 7. Therefore, the middle map is somewhat of a completion.
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Proposition 10.4.12. The formal group law of height n over Fp is in the image of the push-
forward map along the inclusion Fpn — Fp.

Construction 10.4.13. Recall Gal(F,/F,) can be identified with kZ with respect to the
inclusion Gal(F,/F ) < Gal(F,/F,) ~ Z.

By descent theory, descending the formal group is equivalent to giving a Gal(F, [Fpr) = k7,
action on SpflF,[[t]], which is equivariant w.r.t the projection SpfIF,[[t]] — SpeckF,. Also,
k7 is topologically cyclic, hence this condition is equivalent to choosing a single element of
Aut(SpfF,[[t]]) lying over the integer k, that is, giving an element of D* with v(x) = k. Such
element exists for all £ > 1, and in particular, when k& = n, we have a canonical choice [p].
Unwinding the definitions, we have proven the proposition.

Corollary 10.4.14. M. is equivalently Fyn /G', where G’ fits in an exact sequence
0 — Auty,, (Spf Fpn[[t]]) — G' — Gal(Fyn /F),) — 0

The group G’ is sometimes called also the morava stabilizer group.

10.5 Lubin-Tate theory

After we have finished analysing the structure of M, we attempt to put these strata together.
Therefore, we will have to figure out what Mpg X Z, looks like near one strata, which is where
deformation theory gets involved. In this section, we fix a perfect field of characteristic p, say
k, and fix a formal group law of height n over k, say f. We first recall that the infinitesimal
objects in Sch (or Aff) are the Artinian local rings.

Definition 10.5.1. We define an infinitesimal thickening of a field k to be an Artinian local
ring A whose residue field is k. Intuitively, Spec A is Spec k with a tiny, pointless neighborhood.

Definition 10.5.2. Let A be an infinitesimal thickening of k. For a formal group law f over k,
we define a deformation of f over A to be a formal group law f4 over A, and for ¢ : A — k the
quotient map, ¢, (fa) = f. We define two deformations of f, say fa and f/, to be isomorphic
if there is an invertible power series g(t) € A[[t]] such that gfa(z,y) = f4(9(x),9(y)), and g =t
mod m4. We denote the groupoid of deformations of f with isomorphisms by Def 4(f).

Lemma 10.5.3. The groupoid Def 4(f) is discrete.

Proof. To prove this, it suffices to prove that the loopspace at each point is trivial, that is,
let f4 be a deformation of f, then g an automorphism of f4 such that g =t mod my4 is the
identity. We prove by induction that ¢ =¢ mod m%. Since A is Artinian, for sufficiently large
a m% = 0, and would imply the lemma. The case a = 1 is by assumption.

Then, let A’ be the quotient of A[baﬂ, b1, ...] classifying automorphisms of f4. Then the map g
is classified by a map 1 : A’ — A, and the identity automorphism is classified by 1y : A" — A.
Assume that g = ¢ mod m9%. Then the composite maps 1,9 : A* - A — A/m% agree. Thus
d=v—1¢p: A —-my -V =my/ m‘fl is a well-defined A-derivation. This map factors as a

s d’ . . . .
composition A" -+ A’ ® 4 k — V, where the second map, d’, is a k-derivation. However notice

that we have A’ ® 4 k the ring classifying the automorphisms of f. Finally, by theorem 10.2.18,

we have A’ ®4 k etale over k, hence d’ = 0. This implies g = ¢ mod m%t. O

Definition 10.5.4. For a ring A, we define the Witt vectors over A to be infinite sequences
a = (ag,a1,...) € AN. This set admits a ring structure, with addition given by

(ao,al, - ) + (bo,bl, .. ) = (S(](ao,b()),Sl(ao,bo,al,bl), .. )
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and multiplication

(ap,ar,...)(bo,b1,...) = (Mo(ag,bo), Mi(ao,bo,a1,b1),...)

where S, and M, are polynomials of xq,...,xn, Yo, ..., yn With integer coefficients determined
by
D, (S0, ..., ) = Pu(xo,...,zn) + Pn(yo,- -, Yn)
and
®, (Mo, ..., M) =D,(z0,...,20)Pn(Yo, .-, Yn)
and

' n—1
(Dn(Z(),...,Zn):zg —|—pz11) ++pnzn
This ring is denoted by W (A). Notice the zero element is (0,0, ... ) and the identity is (1,0, ... ).

Construction 10.5.5. Let R = W(k)[[v1,...,vn—1]]. Then we have a canonical map R — k
with kernel the maximal ideal mp = (p,v1,...,v,—1). The formal group law f over k is classified
by a map ¢q : L,y — k. Since f has height n, we obviously have ¢,_; is send to 0 by ¢ for
i <mn. Welet p: Ly — R be any map that lifts ¢o and sends ¢, _; to v;. Then this map
determines a formal group law over R, denoted by f. whose image is f under the canonical
map R — k.

Theorem 10.5.6. The formal group law f over R is a universal deformation of f. That is,
for any infinitesimal thickening of k, f induces a bijection

Homy (R, A) = Def 4(f)

Lemma 10.5.7. If A — A’ is a surjective map between infinitesimal thickenings of k, then the
induced map Def o(f) — Def o/ (f) is surjective.

Proof. This is since the Lazard ring is a polynomial ring, and we may simply lift image of the
generators. O

Lemma 10.5.8. Given a pair of surjective maps A — B < C between infinitesimal thickenings
of k, the canonical map Def ax ,c(f) — Defa(f) Xpety () Defr(f) is a bijection.

Proof. Notice that since Artinian local rings has only trivial Zariski open covers, a formal group
over A is equivalent to a formal group law over A. Then this conclusion is equivalent to the
fact that formal groups satisfies descent. O

Lemma 10.5.9. theorem 10.5.6 holds for A = k[z]/(z?).

Proof. We first recall that Homy, (W (k), k[z]/(z%)) =~ 0 by commutative algebra, hence
Homy (R, k[z]/(2?)) ~ k"~!. Notice an element in Def 4(f) is equivalently a map L — A with
compatibility conditions. In this case, the compatibility conditions is simply v; — c¢;z. We
construct a map 6 : Def(k[z]/(z?)) — k"~ ! given by f : L — k[z]/2? mapping to (c1,...,ci_1).
Thus the composition

Homy, (R, k[z]/(2%)) — Def 4(f) — k"1

is an isomorphism by construction. Then it suffices to prove the second map is an isomorphism.
We have seen it is surjective, and we prove injectivity. But this is by lemma 10.5.3. ]
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Proof. We now prove theorem 10.5.6. We proceed by induction on the length of the Artinian
ring A. If A has length 1, then A = k and the conclusion obviously holds. If A has length > 1,
we pick z annihilated by m,. By lemma 10.5.8, we have the pullback diagram

DefoA/<z>A(f) —_— DefA(f)
Def 4(f) ——— Def 4z (f)

Notice A X g/(z) A =~ k[z]/(2?) x3 A. The addition map k[z]/(2?) x}, klz]/(2®) — k[z]/(2?)
determines a group structure on Defyy/(;2)(f) by lemma 10.5.8. And the multiplication
k[z]/(2?)xx A — A determines an action of Defy(y)/(22)(f) on Def(A), and the pullback diagram
shows that we have an embedding Def 4(f)/ Defy(y)/(z2)(f) = Def 4/ (f). By lemma 10.5.7
this map is also surjective. Similarly, we may show that Homy(R, A)/ Homy(R, k[z]/(2?)) ~
Homyg (R, A/(z)). Now by lemma 10.5.9 and the induction hypothesis for Homy(R, A/(x)) we
obtain the result. O

Corollary 10.5.10. Let A be a complete Noetherian local ring with residue field k and mazximal
ideal m4. Then theorem 10.5.6 also holds for A.

Proof. Directly write A ~ @ A/m¢%, where each term is a Artinian local ring. O

Construction 10.5.11. By the preceding corollary, W (k)[[v1,...,vn—1]] is Yonedianly deter-
mined by the residue field k together with a choice of a formal group law of height n over k.
Taking k = ), we have a action of G on W (k)[[v1,...,vn—1]], where G is the Morava stabilizer
group.
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Chapter 11

Morava E theory and Morava K
theory

11.1 Landweber-exact spectra

Definition 11.1.1. Let f : E — E’ be a map of spectra. We say f is a phantom if the
underlying map f, : Ex — E. between homology theories is the zero map.

Proposition 11.1.2. Let f : E — E’ be a map of spectra. The following conditions are
equivalent.

1. The map f is a phantom.
For every spectrum X, the map E.(X) — E.L(X) is zero.
For every finite spectrum X, the map E.(X) — E.(X) is zero.

For every finite spectrum X, the map E*(X) — E"*(X) is zero.

Gvo o

For every finite spectrum X and every map g : X — E, the composition fg: X — E' is
zero.

Proof. (1) <= (2) <= (3)is by the fact that every spectra can be written as a filtered colimit
of ¥"S. Then (3) <= (4) by Spanier-Whitehead duality, and (4) <= (5) is obvious. O

Definition 11.1.3. We say a finite spectrum X is even if the homology groups HZ.(X) are
free abelian groups concentrated on even degrees. Equivalently, a finite spectrum X is even if
it admits a finite cell decomposition using only even dimensional cells.

We say a spectrum F is evenly generated if for every map X — F where X is finite, we have a
factorization of the map X — X’ — E, where X' is even.

Proposition 11.1.4. Any Landweber-exact spectrum E is evenly generated.

Proof. Let E be the Landweber-exact spectrum associated to a graded L-module M. Then
let f: X — E be a map where X is finite. We may associate f to an element in E(X) ~
Eo(DX) = (MU @ M)o(X) = (MU @ M)°(X) ~ S ¢; ® m;, where ¢; € MU%(X) and
m; € Mg,. Thus f factors as a composition

© Pyimu 2 g
Therefore it suffices to prove MU is evenly generated. Then, since MU =~ llﬂ MU (n), it suffices
to prove each MU (n) is evenly generated (recall that the finite spectra are the compact objects).

Recall MU(n) = Th(n™ — "), where " is the universal bundle, and €™ is the trivial bundle
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of rank n on BU(n). Finally, since BU(n) ~ ligGrn((C”Jrk), by the Thom isomorphism, it
suffices to prove the thom spectra of each Gr,,(C"**) is an even spectrum, which is obvious by
the Bruhat decomposition of Gr,, into even dimensional cells. 0

Proposition 11.1.5. Let E be an evenly generated spectrum and E’ be any spectrum whose
homotopy groups are concentrated in even degrees. Then every phantom map E — E' is null.

Proof. We let A denote the set of all finite even spectra equipped with a map to E, say ue :
X, — E. Then we consider the fiber

K4 @Px, =0 g

Then u is classified by a map v’ : E — XK. Since E is evenly generated, every map from
a finite spectrum X — F factors through w, hence X — E — YK is null. Thus u is a
phantom. Conversly, if f: F — E’ is any phantom map, then f ow is null, hence f factors as
a composition F — XK — E’. Thus it now suffices to prove every map XK — E’ is null, that
is, E'"1(K) = 0.

Since the homotopy groups of E’ are concentrated in even degrees, the Atiyah-Hirzebruch
spectral sequence shows that E'~'(X) ~ 0 for X a finite even spectrum. Thus it suffices to
show that K is the retract of a direct sum of finite even spectra. Let B denote the collection
of triples («, o/, f), where a, &/ € A and u ranges over all homotopy classes of maps X, — X
commuting with u, and u. For 8 = (o, &/, f), we let Y3 = X,. Then clearly we have a map
v : @Yz — @ Xa, given on each factor Y3 by the difference map of Y3 ~ X, — @ X, and
Y — Xo — @ X,. Let F denote the cofiber of ¢. Since @ Y3 is obviously evenly generated,
we have a map of fiber sequences

BYs — PXoe — F

|

K—&®X,—— F

We construct a map E — F right inverse to the map F' — FE, so as to exhibit K as the retract
of @ Yj. It suffices to construct a map between the homology theories £, — F,. By passing to
filtered colimits and Spanier-Whitehead duality, it suffices to construct for every finite spectrum
Xandamap f: X - Famapq(f): X = F.

Since E is evenly generated, f factors as X — X, — FE for some /. Then we define ¢(f) to
be the map X — X, — @ X, — F. We prove f is well-defined. For another factorization
X — X,» — E, let Y denote the pushout X, IIx X,~». Then Y is a finite spectrum, hence
the map Y — E induced by our assumptions factors as ¥ — X, — E. Let h’ denote the
composition X, — Y — X, and h” similarly. Then (o/, «,h’) and (o, a, h”") are elements of
B. Thus the composite maps X — X — @ Xy — F and X — X — @ X4 — F can be
identified with X — Y — X, — @ X, — F, hence q is well-defined. ]

Corollary 11.1.6. Let E be a Landweber-ezact spectrum, and let E' be a spectrum such that
mok+1(E") = 0. Then every phantom map f : E — E' is null-homotopic.

Lemma 11.1.7. Recall the definition of L-twisted formal group laws from definition 10.1.10.
Then the following conditions are equivalent for a L-twisted formal group law f.

1. The associated formal group Gy is classified by a flat map q : Spec R — Mpq.
2. The graded L-algebra @ L£®" is Landweber-ezact.

Proof. (2) = (1): The condition is equivalent to @ £&" flat over Mp¢g by theorem 10.3.11.
Thus we obviously have £Z° ~ R flat over Mpg.
(1) = (2): @ L®" is flat over R. O
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Corollary 11.1.8. In the situation of the above lemma, we may define a spectrum Epr given
by (ER)«(X) = MU.(X) @ (B L®").

Proof. Directly by corollary 10.3.6. O

Construction 11.1.9. Let R = L and £ = R be trivial. Then @ £%" ~ L[*!]. Then
the above construction gives a spectrum E7 whose homology theory is given by (Er).(X) =
MU, (X)[p*']. We denote this spectrum by M P, the periodic complex cobordism spectra. In
particular, M Py(X) ~ @ MUz, (X).

Moreover, the above construction generalizes as follows. We let L ~ R, then we define
(Br).(X) = MUL(X) @, RIB*'] = MP,(X) &1 R.

Construction 11.1.10. The construction in the corollary can be reformulated as follows.
Let ¢ : Spec R — Mpg be a flat map. Then Epg is uniquely determined by the definition
(ERr)o(X) = ¢*Fx, where Fx is the associated quasi-coherent sheaf of X over Mp¢.

Construction 11.1.11. For a commutative diagram

Spec R/

where ¢ and ¢’ are flat, we have an obvious induced map in homology (Eg)«(X) — (Er/)«(X).
Then by corollary 11.1.6, we have a uniquely determined map up to homotopy f : Er — Epr.

Proposition 11.1.12. Suppose we have flat maps q : Spec R — Mpg and ¢’ : Spec R — Mpq,
the smash product ERANEg: is homotopy equivalent to Ep, where B fits in the following Cartesian
diagram
Spec B —— Spec R’
| |«

Spec R — Mpa

Proof. Clearly Spec B is flat over Mpg. For simplicity, we assume the formal groups over R
and R’ classified by ¢ and ¢’ are coordinatizable, given by maps L — R and L — R’. Then,
recall from the construction in the proof of proposition 10.3.5, we have the pullback

Spec M Py(M P) = Spec Lbg", b, ...] — SpecL
I !

Spec L y Mpa

Thus for general R and R’, we have B ~ R ®j, M Py(MP) ®;, R’ by pulling back. Finally, let
X be any spectrum, we have

(Er A Eg)o(X) ~(ER)o(Er A X)
~R®1 MPy(Egr N X)
~R®r (Eg)o(MP A X)
~R®p MPy(MPAX)® R
~R®p (MPAMP)y(X)®, R

0
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Corollary 11.1.13. For any flat map Spec R — Mpg, there is a canonical multiplication
ErANEr — Er making Er into a commutative and associative algebra in the homotopy category
of spectra.

Proof. We consider the pullback diagram
Spec B —— Spec R
Spec R —— Mpg

Then we have obviously a map Spec R — Spec B. Then this induces a map Er A Er ~ Ep —
FERr. The commutativity and associativity is obvious. O

Definition 11.1.14. Recall from corollary 11.1.8, we have m,(Egr) = g* for n = 2k and 0
otherwise, where g is the Lie algebra of the formal group. Then it makes sense to have the
following definition.

Let E be a ring spectrum, we say F is even periodic if the following conditions are satisfied.

1. 7T2k+1(E) = 0.

2. The pairing m2(E) @, (g) T-2(E) — mo(E) is an isomorphism (in particular, m2(£) is an
invertible 7o(F)-module £ and 7o, (E) = LZ).

Construction 11.1.15. For a even periodic ring spectrum F, it is automatically complex-
orientable by the degeneration of the Atiyah Hirzebruch spectral sequence of E*(CP>) on the
second page. Then we have the calculation

EY(CP%) ~(m(E)[[t]))*

Then recall that from the construction construction 9.2.6 we have a coordinatizable formal
group over 7, (E) given by Spf E*(CP*) ~ Spf m,(FE)[[t]]. By the above calculation, we have
E*(CP*) ~ E°(CP*) ®y, () T+(E). Then notice the comultiplication on E*(CP*>) preserves
dimensions, hence it restricts to a comultiplication on EY(CP>). Then, this gives a formal
group structure on Spf EY(CP>) over mo(E), which base changes to Spf E*(CP>) over . (E).

Corollary 11.1.16. Let C be the category of pairs (R,n), where R is a ring and n : Spec R —
Mpa is a flat map. Then the construction R — Egr determines a fully faithful embedding of C
into the category of commutative algebras in the category of spectra. Moreover, a ring spectrum
E belongs to the image iff E is even periodic, and the map mo(E) — Mpg is flat.

Proof. The construction E — (mo(E), Spf E°(CP>)) is a left inverse for this operation. Con-
versely, if E is an even periodic ring spectrum, let R = mo(F), then the homology theory
EpR is given by (ER)«(X) = MU.(X) ®r (7«(E)). Then we have a map MU — E given by
the complex orientation on F, and since F,(X) is always a m.(F) module, we have a map
(ER)«(X) — E.(X). This map is an isomorphism when X = %, and also, recall from construc-
tion 11.1.11 that we have a map of spectra Fr — E well-defined up to homotopy equivalence.
The two information induces an isomorphism 7. (EFr) — m«(E), which gives an equivalence of
spectra. Then finally it is obvious that this equivalence is compatible with the ring spectra
structures. g
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11.2 E(n) and K(n)

Construction 11.2.1. Recall the formal group law over W (k)[[v1,...,v,—1]] in construc-
tion 10.5.11 exhibits it as a Landweber-exact, since vg = p, v1, ..., v,—1 is regular by construction
and vy, is invertible in W (k)[[v1,...,vn—1]]/(v0, v1,...,Un—1) =~ k by the assumption that f has
height exactly n. Thus, by theorem 10.3.11 and corollary 11.1.8, we may construct a spectra
E(n) with m.(E(n)) = W(k)[[v,...,vn_1]][BT']. Notice the construction depends not only on
n but also a choice of k£ and a formal group law of height n on k.

Actually, we have a more intuitive way to view E(n). We consider the property of Lg,).

Theorem 11.2.2. A spectrum X is E(n)-acyclic (recall the definition from definition 6.1.6)

iff the associated sheaf Fx and Fxx over Mpg X SpecZ, are supported on the closed substack

>n+1
MFG .

Proof. | O

This implies that the localization with respect to E(n) has the intuition of restricting Fx
to the substack M%g In the rest of this section, we attempt to construct the spectra whose
associated localization that restricts Fx to M.

Construction 11.2.3. Consider the p-local complex cobordism spectrum MU,). This spec-
trum is an £°°-ring, so M U(,)-modules and relative smash products M A MU, N makes sense in
a good way. By definition, we have m.(MUp)) =~ L(,) =~ Zy[[t1,. - .]]. Again, we let t,_1 = vy
and tg = p. We define M (k) to be the cofiber of the map EQk(MU)(p) — MU, given by
multiplication by t.

Lemma 11.2.4. Each M(k) is an A MU, -algebra.

Proof. We let the unit of M(k) to be the evident map u : MU, — M (k). Then the n-fold
smash product M (k) Amu,, - Amu,,, M(k) can be realized as the total homotopy cofiber
(that is, the cofiber of the map from the colimit of the diagram without the conepoint to the
conepoint) of the commutative diagram

z4kMU(p) > Z%MU(p)

E%MU(p) » MU,

which is shaped like an n-dimensional cube with each vertex 2"¥ )M U(p), and the map between
vertices given by multiplying with t;. We prove that these information together indeed organizes
into a simplicial object in the category of MU, -modules.

We first give the multiplication map M (k) Amu,,, M (k) — M(k). We let K denote the cofiber

of the map (X?*M (k))? — M (k) in which the morphism is given by (¢;,x). Or equivalently,
we define K to be the total cofiber of the following diagram.

¥ ——» szMU(p)

| |

S*MUGy) ——— MUy,
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Then we have a map a : K — M (k) given by the morphisms of fiber sequences

(1ot
(S*MUG,))? 5 MU, —— K

(id,id)J( :l o

SPMU ) —— MUy —— M(k)

and 8 : K — M(k) A My, M (k) given by the morphisms of squares. Then we attempt to
factor a through (3, which would give a multiplication map. Notice that « factors through
iff the composition fib(5) — K — M (k) is null-homotopic. To see this, we notice that fib(3) is
equivalently the total cofiber of the diagram (the fiber of the morphism between the diagram
associated to K and to M (k) Ay ) M(k))

Z4kMU(p) — X

N

* —— %

which implies fib(3) ~ S4*+10s Up)- Then, notice that since M (k) is a MU(,-module, a map
E4k+1MU(p) = 0 iff its corresponding element in 74,11 (M (k)) is 0, which is obvious since M (k)

has homotopy groups concentrated in even degrees. _ O

Remark 18. When we give the ring structure on M (k), we have used the fact that w11 (M (k)) =
0 to imply the corresponding element of the map fib(5) ~ L4¥+1ns Uy is null-homotopic.
However, this null-homotopy corresponds to an element of w4 2MU(;), and thus the collection
of multiplications of M (k) form a myx2(M(k)) torsor. Then, we consider the action of s on
the torsor (given by the action on M (k) Amu,,, M(k)). Then we have HY(Sg, mapa2(M(k))) = 0,
hence when p # 2, the multiplication on M (k) can be chosen to be homotopy commutative (i.e,
E»).

Definition 11.2.5. We define K (n) to be the smash product
/\ MU(p)M(k) Amu g,y MU, [Ur:l]
k#pr—1

By lemma 11.2.4, we see that K(n) has an A, algebra structure, and when p # 2, an Fy
structure.

Corollary 11.2.6. By construction, we have
(K (n)) ~ (W*(MU(p)))[vgl]/(to, ty ety tpn, .. ) = Fp[uE!]

Moreover, for a finite p-local spectra X, we can use this fact to compute the K(n)-homology of
X forn > 0 easily. Since X is finite and p-local, H.(X;F,) vanishes in almost all degrees.
In particular, we may suppose Hp(X;Fp) # 0 implies a < k < b. Then for n > b — a, the
Atiyah-Hirzebruch spectral sequence of K (n).(X) degenerates, giving the fact that K(n).(X) ~
H,.(X;Fp)[vY] (here v, has dimension 2(p" — 1), as usual).

The localization with respect to K(n) has the intuition of restricting to the strata M.
We will show this by calculating the Bousfield class of K (n).

Theorem 11.2.7. E(n) is Bousfield equivalent to E(n — 1) A K(n). By convention, E(0) =
HQ|B*], which is Bousfield equivalent to HQ. That is, a spectrum is E(n)-acyclic iff it is both
E(n — 1)-acyclic and K (n)-acyclic.
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Proof. We first notice that every p-local complex oriented cohomology theory E having
SpecT«(E) — Mpg % SpecZ, a flat covering of M%g is Bousfield equivalent to E(n) by
theorem 11.2.2. This allows us to construct another representative of the Bousfield class of
E(n). For m < n, we define

Z(m) := /\ MUy M (K) Anru,y MU [0, ]
k>0,ks#p™ —1,m<m/<n

By definition, Z(n) = K(n), and Z(0) is Bousfield equivalent to E(n). Then, let X be an
>n+1

E(n)-acyclic spectrum. Since Mz C M%g, it is E(n — 1)-acyclic, by theorem 11.2.2. Then,
since Z(0) is Bousfield equivalent to E(n), X A Z(0) ~ *. Then, since X A K(n) ~ X A Z(n) =
(X A Z(0) Amu,y No<ken MU(p)M(pk — 1), we have X A K(n) ~ x. Thus X is K(n) acyclic.

Conversely, suppose X is both K (n)-acyclic and E(n — 1)-acyclic. We prove by induction that

X is Z(i)-acyclic assuming it is Z(i 4+ 1)-acyclic. Notice that we have a fiber sequence
20D Z(3) Ly Z(i) — Z(i + 1)

Thus by smashing X to this fiber sequence, we have v; acts invertibly on Z(i) A X. Thus
Z(i) N X ~ Z(i)[v; '] A X. Thus it suffices to prove X is Z(i)[v; ']-acyclic. But then, since

Z(i) = Z(0) Amu, /\ MU(an(plC -1
0<k<i

it suffices to prove X is Z(0)[v; !-acyclic, which is Bousfield equivalent to E(i). But i < n,
hence this follows from the assumption. O

Then, we have the fact that F(n — 1) and K(n) are somewhat disjoint. To prove this, we
first need a highly non-trivial fact (which we will prove later), theorem 12.1.9.

Theorem 11.2.8. Let X be any spectrum. Then Lgu,_1)(X) is K(n)-acyclic.

Proof. By theorem 12.1.9, Lp(,_1) is smashing, hence Lg(,—1)(X)AK(n) ~ X ALg,—1)(K(n)).
Thus it suffices to show L, —1)(K(n)) = *. In other words, it suffices to prove E(n—1)AK(n) ~
. This is obvious since E(n — 1) A K(n) is complex orientable, and its associated formal group
law must be both of height < n — 1 and of height n. O

We now present a characterization of the F(n)-localization with the help of the two preceding
theorems.

Theorem 11.2.9. For any spectrum X, the pullback diagram

X L) (X)

J |

Lggn-1)(X) —— Lgmn_1)(Lrmn)(X))

equipped with the evident map X — X' exhibits X' as the E(n)-localization of X .

Proof. Since E(n)-acyclic implies F(n — 1)-acyclic and K (n)-acyclic, E(n — 1)-local and K (n)-
local implies F(n)-local. Then, since F(n)-local spectra are closed under pullbacks, X' is E(n)-
local. It now suffices to prove the map X — X' is an F(n)-equivalence. By theorem 11.2.7, it
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suffices to show that X — X’ induces both a K (n)-equivalence and an E(n — 1)-equivalence.
In other words, we must show that the squares

X AK(n) » Ly (X) A K(n)

! !

Lgm-1)(X) NK(n) ——— Lgm-1)(Lrg@m) (X)) A K(n)

X AE(n—1) —————— L) (X) AE(n — 1)

| |

Lem-1y(X)ANE(n —1) —— Lgp_1)(Lrg@m) (X)) A E(n —1)

are pullback squares. Here, the second diagram obviously has two vertical morphisms by def-
inition equivalences, hence is a pullback square. Now, the first square has the top horizontal
morphism an equivalence, hence it suffices to prove the bottom morphism is an equivalence. But
by theorem 11.2.8, the bottom line is the zero morphism between %, hence an equivalence. [

Construction 11.2.10. If X is an F(n)-local spectrum, the above argument shows that X ~
Lpn-1)(X) VL ne1) (L () (X) L n)(X). Conversely, if we have a K (n)-local spectrum Y and
an E(n — 1)-local spectrum Z, we can form a pullback diagram

X —_— Y
| l
Z —> LE(nfl)(Y)

Then X is E(n)-local. Moreover, Y can be identified with Ly (,)(X), and Z can be identified
with L E(n_l)(X ). This implies that the category of E(n)-local spectra is equivalent to the
category of triples (Y, Z,a: Z — Lg@—1)(Y)).

11.3 Fields and uniqueness of K(n)

Notice that in the construction of M (k), the choice of the multiplication of M (k) is not canoni-
cally determined. Moreover, since the choice of ¢, for k # p’ — 1 is not canonical, the underlying
spectrum of M (k) is also not canonically determined. However, when they are put together,
surprisingly we have the K (n)’s are independent of these choices, though the ring structures on
them do depend on the ring structures of M (k).

Definition 11.3.1. Let R be a commutative evenly graded ring. We say that R is a graded
field if every non-zero homogeneous element of R is invertible. Equivalently, R is a field iff R
is a field in the ordinary sense concentrated at degree 0 or of the form k[3*!] for some 3 of
positive even degree. We say a ring spectrum F is a field if 7, (E) is a field in the above sense.

Corollary 11.3.2. For a field R, any graded module M over R admits a free basis of homoge-
neous elements.

Proof. When R is a field in the ordinary sense, this is obvious. When R = k[3%!] and 3 has
degree d, then a k-basis of @0§i<d M; is a R-basis of M. O

Corollary 11.3.3. For a ring spectrum E which is a field, every E-module M is of the form
\V,ZkeE.
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Proof. Simply pick a homogeneous m,(F) basis of m.(M), and such a basis determines a map
V., ke E — M, which is obviously a homotopy equivalence. ]

Corollary 11.3.4. For spectra X and Y and a field E, we have E,(X NY) ~ E.(X) ®r (g
E.(Y).

Proof. Notice we have

EAXAY
=(\/=E)AY
(e

=\/=r(EAY)

(0%
=\/=*(\/ =% E)
o 8
— \/ Eka-‘rfﬁE
.

Then taking homotopy groups gives the results. O
Corollary 11.3.5. K(n) is a field. In particular, K(0) ~ HQ and K(oco) ~ HF), are fields.

Lemma 11.3.6. Let f : X — Y be a map of spectra. Then suppose that X and Y are
K (n)-modules, we have fi : m«(X) — m(Y) is mo(K (n)) = Fplvi]-linear.

Proof. We factor the map as a composition X — K(n)AX — K(n)A\Y — Y, where the middle
spectra are regarded as a K (n)-module by the multiplication on K(n). The second and third
maps are obviously K (n)-module maps, hence it suffices to treat the case where f is of the
form f: X — K(n) A X. Since K(n) is a field, X is free, hence it suffices to prove the case for
X = K(n). Thus we must prove that the inclusion on the two factors f, g : K(n) — K(n)AK(n)
induces the same map on homotopy groups. In other words, we must show f.(vy,) = g«(vy).

Now that K(n) A K(n) has two complex orientations obtained from each component, we have
two formal group laws over R = 7eyen (K (n) A K(n)). Obviously these formal group laws has
[p]-series beginning with f.(v,)t"" and g.(v,)t"" by definition. Then, since the formal group
laws differ by a coordinate change of the form ¢ + t + b1t + - - -, we have fi(v,) = g«(vs). O

Corollary 11.3.7. For X a spectrum admitting the structure of a K(n)-module. Then any
retract of X, say Y, has the structrue of a K(n)-module.

Proof. Consider the composition

Y5 X5Y 5 X
By definition, the composition of the first two maps is the identity idy, and the composition of
the last two maps is a map f : X — X. By lemma 11.3.6, f. is a Fp[v;"}]-module map from

7« (X) to itself. Thus the image of f, is a graded submodule of 7,(X), and has a basis of classes
Na € T, X. Then clearly we have Y ~ \/ XFe K (n). O

Corollary 11.3.8. Let E be any field with E AN K(n) # 0. Then E admits the structure of a
K (n)-modules.

Proof. Notice the unit map of E-module structure £ — E A K(n) is non-zero, hence FE is a
direct summand of E' A K(n) since E is a field. Thus by the preceding corollary, we have E a
retract of E A K(n), hence admits a K (n)-module structure. O

Corollary 11.3.9. Let E be a complex oriented cohomology theory having a formal group law
of height exactly n. If E # 0, then E N K(n) # 0.
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Proof. Notice E'A E(n — 1) is a complex oriented cohomology theory having formal group law
both of height < n — 1 and exactly n, hence is 0. If EA K(n) = 0, then E A E(n) = 0 by
construction 11.2.10. Thus the quasi-coherent sheaf on Mg associated to E, Fg, vanishes
when we restrict to the open substack M%g Since the formal group law on E A E(n) has height
< n, we have F ~ 0. ]

Theorem 11.3.10. Let E be any complex oriented ring spectrum whose formal group law is of
height exactly n, and whose homotopy groups are given by m,(E) ~ Fp[vfl]. Then we have an
equivalence of spectra E ~ K(n).

Proof. Tt follows from the preceding two corollaries directly that E is a free K(n)-module. By
considering 7, (FE) we see this module is of rank 1, hence E ~ K(n). O

Moreover, we actually have any field F is a K (n)-module for some n. To prove this, we need
some preliminary results.

Lemma 11.3.11. Let {E®} denote a collection of ring spectra. The following conditions are
equivalent.

1. Let R be a p-local ring spectrum. If x € my,(R) is a homotopy class whose image in E§(R)
is zero for all «, then x is nilpotent in m.(R).

2. Let R be a p-local ring spectrum. If x € mo(R) is a homotopy class whose image in E§(R)
is zero for all a, then x is nilpotent in mo(R).

3. Let X be any p-local spectrum. If x € mo(X) has trivial image under the Hurewicz map
70(X) = E§(X) for all a, then the induced class z®™ in mo(X"\") is zero for n > 0.

4. Let X be any p-local spectrum, and let F' be a finite spectrum. If f : F — X is such that
each composite map F — X — X A E% is null, then f&" : F"" — X" is null for n > 0.

Proof. (1) = (2) is obvious, and (2) = (3) by taking R to be \/,, X"". (3) = (4) by
considering the function spectrum Map(F, X). Finally, suppose (4) holds. Then let z € m,,(R)
be a class whose image vanishes in ES,(R) for all . We identify = with a map ¥"S — R. Then
x™ can be identified with the composition XS — R"® — R, where the second map is given
by the multiplication. Since z®" is null for n > 0, z is nilpotent. O

Definition 11.3.12. We say a collection of ring spectra { E®} detects nilpotence if the above
equivalent conditions holds.

Recall the theorem lemma 8.2.3. Then we have the following corollary.

Corollary 11.3.13. For an element z € m(X), we denote =X the colimit hﬂ(S 5Hx 5
X2 s ...). Then let E be any ring spectrum. Then the E-acyclicity of T is equivalent to the
condition that z®" vanishes in Eo(X"\") for n > 0.

Proof. Consider the ring spectrum \/ X"\". O
Recall that we have the following theorem.

Theorem 11.3.14. The spectrum MU detects nilpotence.
This implies the following.

Theorem 11.3.15. The collection {K(n)} detects nilpotence.
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Proof. We verify the third equivalent condition. Now, we fix x € mo(X) such that its image
in K(n)o(X) is trivial for all n. We wish to prove that for some n we have ®" is trivial. By
theorem 8.2.1, it suffices to check that the the image of z in MUy(X) is nilpotent. Thus, it
suffices to prove that MU, (T) = 0. That is, we must show the quasi-coherent sheaf Fyxp on
Mg vanishes for k € Z.
We consider the fiber sequences S2* MU, Ly MUy — M(k). For n > 0, we let P(n) denote
the smash product
/\ MU, M (k)

kp™—1(m>n)
Thus we have m,(P(n)) = Z)[v1,-..]/(vo,v1,...,vn-1). Therefore P(0) = BP (recall the defi-
nition of BP in proposition 10.3.7), which is Landweber-exact. Thus the map Spec 7, (P(0)) —
Mpa % SpecZy, is faithfully flat. Thus P(0).(X) is the pullback of the quasi-coherent sheaf
Fs—+x on Mpg. Thus it suffices to show P(0).(7) = 0. Let P(co) = liﬂP(n), hence
P(o00) = HFF,. Thus the image of  in P(00)(X) vanishes, hence the image of z in P(n)o(X)
vanishes for some n. Thus, P(n)o(T) ~ *.
We prove P(m)o(T) ~ * for all m using induction. Assume P(m + 1)o(T) ~ *. Then we
have the fiber sequence X2~V P(m) X% P(m) — P(m + 1). Thus the multiplication of
v is invertible on P(m).(T), thus P(m).(T) ~ P(m)[v,,}]«(T). Thus it suffices to prove T
is MUy [v;,']-acyclic. Notice that this is a Landweber-exact theory whose associated formal
group law has height < m, hence it suffices to prove T" is E(m)-acyclic. However, since T' is
K (k)-acyclic, by assumption, this follows immediately. O

Corollary 11.3.16. For a nonzero p-local ring spectrum E, E' N\ K(n) is nonzero for some n.

Proof. If not, then every element of mo(E) is nilpotent, in particular, the unit, which implies
E ~ x. ]

Corollary 11.3.17. Let E be a ring spectrum such that m.(E) is a graded field. Then E has
the structure of a K(n)-module for some p and n.

Proof. Take p to be the characteristic of 7, (E). O

11.4 The periodicity theorem

Instead of arbitrary spectra, we consider the category of p-local spectra in this section.

Definition 11.4.1. Let T be a full subcategory of some stable category €. We say T is thick
if it contains 0, is closed under the formation of fibers and cofibers, and if every retract of a
spectrum in 7T is in 7.

Construction 11.4.2. By definition the intersection of two thick subcategories is still thick.
So for a collection F of objects in €, it makes sense to talk of the minimal thick subcategory
containing &, denoted by T(F). This subcategory will be called the thick subcategory generated
by &, and is indeed generated by F in the following sense.

Let ¥ be the collection of objects in € which is a suspension of objects in F. Then let
To(F) = 0, and T1(F') denote the full subcategory spanned by objects X which are retracts
of objects X € F. Then inductively, we define T,,(F) to be the full subcategory spanned by
objects Xn which are retracts of objects X,,, and X, sits in a fiber sequence ¥ — X,, — Z,
where Y € 713 and Z € T,,_1(F). Finally we let T(F) = |J T,,(F’). This is clearly the minimal
thick subcategory containing .

Moreover, the above construction has the obvious property that for Y € 7,,,(¥) and Z €
T, (F), if we have a fiber sequence Y — X — Z, then X € T, 40, (F).
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Lemma 11.4.3. For any thick subcategory T, and let X € T. Then for any p-local spectrum
Y, we have X NSy Y eT.

Proof. The subcategory consisting of Y such that X NS, Y € J is also thick, and contains S,
by definition. Thus this subcategory is the whole category of finite p-local spectra, since finite
p-local spectra admit finite cell decompositions. ]

Construction 11.4.4. For a thick subcategory T, let € denote the collection of p-local spectra
generated by T under colimits. By the argument of presentable categories and compact objects,
every object X € C is a filtered colimit of objects in T, and in particular, if X is a finite p-local
spectrum, then the identity map X — liﬂXa factors through some X, by the compactness.
Then X is the retract of X, hence X € J. Thus the construction T+ € determines a bijection
between thick subcategories of finite p-local spectra and subcategories of € of the category of
p-local spectra stable under desuspension and generated by finite p-local spectra under colimits.

Proposition 11.4.5. Let C denote a subcategory of p-local spectra stable under desuspension
and generated by a thick subcategory T under colimits. Then the localization w.r.t C is smashing.

Proof. It suffices to prove @1 is closed under colimits, by lemma 6.1.13. Let X, € C+. Then
for any Y € €, we prove [Y,linga]* is trivial. However, since Y € €, Y = ling for Yg € 7.
Then since Y3 is finite, we have [Yg, ligXa] -~ lig[Yﬁ, Xo]. Thus

¥, lim X,
~lim V. lim X,
= Jim[Y, lim X,
zgnhg[Yg, Xa]
~(

O

Proposition 11.4.6. Let X be a finite p-local spectrum. Suppose K(n).(X) = 0 for some
n>0. Then K(n—1).(X)=0.

Proof. We let R denote the ring spectrum

1
/\ MUy M(E) Ao, MUgy)[on"]
k#pr—1,pn—1-1

We assume n > 1 (when n = 1, the proof is essentially the same, with some minor changes to
the notations). Then, m(R) ~ Fy[v,—1,vl]. In particular, m(R) is equivalent to the polyno-
mial ring F,[v?_; v, %] where (a,b) is the minimal solution to a(p” ! — 1) = b(p™ — 1). Then, for
every integer k, Ri(X) is a finitely generated module over 7y (R).

Consider the fiber sequence L2¢" ' ~DR % R 5 K(n). Since K(n).(X) = 0, the multipli-
cation by v,_1 is invertible on R,(X). Thus, the multiplication of v? ;v ® := ¢ is invertible
on each Ry(X). Notice that if Ry(X) has a [F,[t]-free part, then ¢ is obviously not invertible,
hence Ry (X) is a torsion F,[t]-module. In particular, there is a polynomial f such that f an-
nihilates each Ri(X) for 0 < k < 2(p™ — 1), and since m,(R) is periodic of period 2(p" — 1), f
annihilates 7, (R). Since t has invertible action, we may assume f is divisible by ¢. Then for
k > 0, the product f (t)v,’j can be written as a polynomial in v,_1 and v,, and hence comes
from 7,.(MU,)). Thus multiplication by f(¢) on R is well-defined, and we may localize R to
RIf() 1] with RIf(t) 11.(X) = R.(X)[f()'] = 0.

Then, R[f(t)~!] has a complex orientation, which induces a formal group law of height exactly
n — 1 (since f(t) is divisible by ¢, v,_1 is invertible in m.(R[f(t)"!])). Thus R[f(t)~!] A K(m)
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vanishes for m # n — 1, and hence by corollary 11.3.16, R[f(t)"!] A K(n — 1) # 0, and contains
K(n —1) as a retract. But X A R[f(t)7!] ~ 0, thus X A R[f(t)"}] A K(n — 1) ~ 0 and thus
XANK(n—-1)~0. O

Definition 11.4.7. We say a p-local spectrum X has type n if K(n).(X) # 0 but K(m).(X) =
0 for all m < n. By the preceding theorem, every spectrum is of type n for some n. For exaxmple,
X has type 0 iff H,(X;Q) # 0, or equivalently iff H,(X;Z) is not torsion. From now on, we let
C>y,, denote the collection of finite p-local spectra of type > n.

Lemma 11.4.8. C>,, are thick subcategories.

Proof. Tt is obviously closed under the formation of fibers and cofibers by the long exact sequence
of K(m)-homology. Then, the retracts of spectra induce retracts of homology, thus this category
is also closed under retracts. O

Theorem 11.4.9. Every thick subcategory is of the form C<,, for some n.

Proof. If T = 0, then we have T = C<. Otherwise, we claim that the thick subcategory
T = C<y, where n is the minimal n such that there exists a spectrum of type n in 7. We prove
that for X € T of type n, and Y in T of type > n, then Y € 7.

Let DX denote the p-local Spanier-Whitehead dual of X. Then the identity map X — X is
classified by a map e : S,y — X As,, DX. Since X has type n, e induces an injection for m > n
(by corollary 11.3.4)

K (m)a(S) = K(m)u(X A,y DX) =~ K(m)u(X) @ a1 K (m)(X)"

here K (m).(X)" denote the algebraic dual of K (m).(X). We consider the fiber F = fib(S,) —
XADX). Thus the map f : F' — ;) induces a zero map K(m).(F) — K(m).(S,)) for m > n,
and we may consider the composite g : F' — S,y — Y A DY. Then g induces the zero map
K(m)«(F) = K(m)«(Y A DY) for m > n since f is the zero map, and also when m < n since
Y is of type n. Thus by theorem 11.3.15, some smash product of ¢"* : F"* — (Y A DY)"¥ is
null. Then, since Y A DY is a ring spectra (with multiplication given by the counit map), we
obtain a null-homotopic map F* — Y A DY. By the definition of the counit maps, this map
corresponds to the composition

FMY Ay Lo pre-tay 5 Ly

Thus Y is a retract of the cofiber Y/(F¥ AY). Also, notice that Y/(F * AY) admit a finite
filtration (FAAY) /(F T AY). Thus it suffices to prove each F*AY/(F/TIAY) is in T, since
it is thick. However, these spectra are of the form F *AY A(S(,)/F) ~ F"*AY ADX A X, and
thus belongs to T since X belongs to T and everything else are finite p-local, by lemma 11.4.3. [

We have seen that all thick subcategories are of the form C>,. However, we still need
to prove that the C>, are distinct. That is, we need to construct for each n a finite p-local
spectrum X of type n. However, this, along with a stronger assumption, is a part of a famous
construction. We will use this fact without proof, later.

Definition 11.4.10. Let X be a finite p-local spectrum, and let n > 1. Then we define a v,,-self
map is a map f: ¥¥X — X such that f induces an isomorphism K (n).(X) — K(n).(X), and
for m # n, the induced map K(m).(X) — K(m)«(X) is nilpotent.

Notice that X ADX carries a natural ring spectrum structure, and giving a v,-self map of degree
k is simply giving an element in 7 (X A DX). Thus we define for a p-local ring spectrum, an
element = € m;(R) is an vy-element iff the image of = in K (m).(R) is nilpotent for m # n, and
invertible for m = n.

Also, notice that a v,-element induces a v,,-self map of R given by multiplication. In particular,
this implies that R has type > 0, hence has homotopy groups are torsion.
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Lemma 11.4.11. If X is a finite p-local spectrum that admits a vy-self map f, X has type
>n.

Proof. If X has type m < n, then since f is not an isomorphism on K (m)-homology, we have
cof(f) = X/f has non-vanishing K (m)-homology, but has vanishing K (n)-homology, which
contradicts proposition 11.4.6. 0

Remark 19. The zero map 0: X — X is a v,-self map if X is of type > n.

Construction 11.4.12. Let X be a spectrum of type n. Then, let f : ¥¥*X — X be a v,-self
map. We consider X/ f := cof(f). By definition, X/f is of type > n. However, since f is a v,-
self map, it induces an isomorphism on K (n)-homology. Thus X/f has trivial K (n)-homology,
hence is of type > n. But f does not induce an isomorphism on K (n + 1)-homology by the
definition of v,,-self maps, hence X/f must be of type n + 1.

Theorem 11.4.13. Let X be a finite p-local spectrum of type > n. Then X admits a v,-self
map.

Again, we need a few lemmas before the proof.

Lemma 11.4.14. Let R be a Z,-algebra, and let x,y € R be commuting elements such that
x —y is torsion and nilpotent. Then P ypk for k> 0.

Proof. We have
=+ @y =y 4D (p. )ypl”(w -y

Now, suppose (z — y) is nilpotent of degree less than p® (that is, (z — y)?" = 0), the right hand
side could be rewritten as

=y Z (p 11>ypk"(w—y)i

Now, p¥ / i (R is a Z,) algebra, so this makes sense) is divisible by pk=® for all 4, hence for
k>0, p*(x—y)/i=0. O

Lemma 11.4.15. Let R be a finite p-local spectrum, and let x € w,(R) be a v,-element. Then
a power of x satisfies that x — vd € K(n)«(R), and x — 0 € K(m).(R) form # n. This lemma
strengthens the assumption of v, -elements.

Proof. Recall that by corollary 11.2.6 we have K (m).(R) = H.(R;F,)[v:!] for m > 0. Then,
we have x nilpotent in H,(R;F,). Hence for m > 0, we have a power of x mapping to
0 € K(m)«(R). Then, there are finitely many remaining terms k between n and a sufficiently
large number such that the image of z in K (k)«(R) is nilpotent but not necessarily 0. Since
there are only finitely many terms, we may replace by the degree of nilpotency one by one.
Thus we have some b such that 2 — 0 for all m # n. From now on, we let = be 2°. Then,
since K (n)«(R) is a finite module over 7, (K (n)), we have K (n).(R)/(v, — 1) is finite. But note
that the image of = in K(n).(R)/(v, — 1) is a unit, hence by finiteness a power of = is 1 in
K(n)«(R)/(vn — 1) = @o<jcopn_1) K (n)iR. Then by lifting the image back, we have a power
of x is the power of v,,. O

Lemma 11.4.16. Let R be a finite p-local ring spectrum, and let x € m,(R) be an v,-element.
After raising x to a suitable power, we may assume x is central in w4«(R).
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Proof. We first assume =z satisfies the additional properties of lemma 11.4.15. Let A = RA DR,
and let a,b € A be determined by the self maps of R given by left and right multiplication by
x. Then obviously a and b commute. Since A is of type > 0, a — b € mp A is torsion. Then,
it suffices to prove that a — b is nilpotent, thus by lemma 11.4.14, we have a?" = bpk, and by
taking = to be :cpk, we see that the left multiplication and right multiplication coincide.

By theorem 11.3.15, it suffices to prove the image of a — b vanishes in all K(m).(A). In other
words, we must prove the compositions

R—Km)ARZS K(m)AR R—Km)ARZL K(m)AR

agree. If m # n, this is obvious since x has image 0 in K (m).(R). For m = n, it suffices to
prove the left and right multiplication by v% induce the same self map of K (m) A R. But this is
clear, since v, is the in the image of the unit map m.(MU,)) — m«(K(n)), hence central. [

Lemma 11.4.17. Let R be a finite p-local ring spectrum and x,y € m.(R) two v,-elements.
Then z® = y® for some a,b.

Proof. By lemma 11.4.15 and lemma 11.4.16, we may assume x and y satisfies z,y — 0 €
K(m)«(R) for m # n and z,y — v}, € K(n).(R). Moreover, x and y commutes. Since R is of
type > 0, z — y is again torsion. Finally, by the above construction, z —y = 0 € K(m).(R) for
all m. Hence z and y satisfies the conditions of lemma 11.4.14, hence 2’ = y?'. Counting in
the powers we raised in the above process, we obtain the results. ]

Corollary 11.4.18. Let X and Y be spectra which admit v,-self maps f : ¥°X — X and
g: X% =Y. Let h: X =Y be any map. Then by replacing f and g by suitable powers, we
may assume a = b, and the diagram

yex oy ey

7| Js

XT>Y

commutes

Proof. We view h as a map e : S — DX AY. Then the commutativity of the diagram is
equivalent to (Df Aidy) oe ~ (idpx Ag) o e. This corresponds to two v, elements in DX AY,
hence follows from lemma 11.4.17. O

Lemma 11.4.19. Let T denote the collection of finite p-local spectra which admit a vy,-self map.
Then T is closed.

Proof. Clearly 0 € T and T is closed under suspension and desuspension. We first show that
T is closed under the formation of cofibers. Let h : X — Y be a map of finite p-local spectra
which admits v,-self maps f and g. Then by corollary 11.4.18, we may assume that the diagram

ykx —h o wky

dl J#
XT>Y

commutes up to homotopy. Further, by lemma 11.4.15, we may assume f and g are zero maps
on K (m)-homology for m # n. Then we consider the map = : ¥¥(Y/X) — Y/X given by the
above diagram. We claim that z is a v,-self map. By the long exact sequence of K (n)-homology,
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z induces an isomorphism on K (n)-homology. For m # n, we consider the diagram of exact
sequences

K(m),—i(Y) — K(m),_p(Y/X) — K(m)._j_1(X)

o | Jo

K(m)(Y) —"— K(m).(Y/X) —— K(m).—1(X)

Then x carries K(m).«(Y/X) to the image of ¢, and annihilates the image of ¢. Thus 22 is
trivial, hence z is a v,-self map.

Finally we prove T is closed under retracts. For a retract diagram X — Y — X and a v,-self
map f: X¥Y — Y, the map ¥*X — ¥*Y - Y — X is a v,-self map of X. O

Theorem 11.4.20. There is one finite p-local spectrum of type n that admits a vy,-self map.
Proof. Omitted. O

Proof. theorem 11.4.13 is now obvious. Since T in lemma 11.4.19, by theorem 11.4.9, coincides
with some €>,,, by theorem 11.4.20 and lemma 11.4.11, implies that T = C>,,. [

11.5 Localizations

In this section, all localization functors (smashing or not) is assumed to be in the category of
p-local spectra for some p.

Definition 11.5.1. Let X be a finite p-local spectrum of type > n. By theorem 11.4.13, we see
that X admits a v,-self map, say f : ¥¥*X — X. Moreover, any two v,-self maps of X coincide
after raising to a suitable power. Thus it makes sense to define X[f~!] to be the colimit

lig(x & sty w2
This is independent of the choice of f.

Proposition 11.5.2. By theorem 6.1.2, the thick subcategory C>,y1 (the subcategory of finite
p-local spectrums of type > n) generates a subcategory of p-local spectra D>p41 under colimits,
hence determines a localization functor from the category of p-local spectra D to D>p1. Then,
for a finite p-local spectrum of type > n, we have the canonical map u : X — X[f~1] exhibiting
X[f~Y a@ Dspy1-localization of X. We denote this localization Li. In short, X[f Y~ Lfl(X).

Proof. By construction 6.1.7, we only need to check two things, namely, the fiber of v : X —
X[f~1isin D>py1, and X[f1] is D>pqq local. Notice that €, is itself closed under finite
colimits, hence it equivalently generates D>,41 under filtered colimits. Thus fib(u) € D>y iff
fib(u) is a filtered colimit of objects in C>p41. Also, since C>p41 generates D>, under filtered
colimits, for X in D>, 1 we write X = ligXa, then Y is D>p4q-local iff [X, Y], =0 for all X,
iff lig[Xa,Y]* =0 for all X,, and iff Y is C>41-local.

We first check fib(u) is a filtered colimit of objects in €>y41. This is since the forming of cofibers
commute with filtered colimits, hence we have

cof (u) > lim(0 — (Z7*X) /X — (72 X)/X = --)

Noticce that (X~™*X)/X is the cofiber of a power of the v,-self map, hence has type > n by
construction 11.4.12. Thus the fiber, as a shift of the cofiber, is the filtered colimit of objects
in eszrl.

We then check X [f~1] is €>,11-local. Let Y be a spectrum of type > n, then to show every map
Y — X[f~!] is null, it suffices to prove DY A X[f~!] is null-homotopic. By lemma 11.4.15, we
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may assume f induces the zero map on K (m).(X[f~!]) for all m # n. Thus by corollary 11.2.6,
we have K (m).(DY A X[f~!]) = 0 for all m # n. Thus it now suffices to prove K(n).(DY A
X[f~1]) = 0. But since Y has type > n, this is also zero. O

Corollary 11.5.3. The localization X[f ] or L}(X) is smashing.
Proof. By proposition 11.4.5. O
Proposition 11.5.4. For a finite p-local spectrum X, we have a fiber sequence

13 ST (ke ok o X o LX)

where v, denote any vy,-self map X" X — X.

Proof. We prove by induction. First, for the case n = 0, we have L§(X) ~ X[p~!]. Therefore
we may form the cofiber of diagrams

id

~

Vv

—— e — X
— M — X

id)l( p
:

 X/p s X[p? >
Thus by taking colimits and shifting the resulting fiber sequence of colimits, we have

lig 371 X/p* = X — Li(X)
k

a fiber sequence.
Then, suppose we have proven the case n. For n 4+ 1, we form the following diagram

lim, o STX (v vk 1( » Li(X)
L ling,  STX/ (0 o) —— L (X) —— Lt Lh(X)

Since C>p41 O C>py2, the right map is an equivalence. Then, since Lfl is smashing, it commutes
with colimits. Thus the fiber of the left map and the middle map coincide. Thus

fib(X — Lj (X)) > lim fib(X™"" LX/ (oo, .. k) — LE 271X (who, . o)
Ko, kon
Then, by definition, X/(vi°, ..., vE) is of type > n, hence Lt E7 LX/(vfe, ... vkn) is given
by 71X/ (ke k) n+1] Therefore the fiber can be identified with
n— kn
lim ¥~ 2X/ (00, )
ko,...;knt1

O

Construction 11.5.5. Notice Gﬁn 41 is closed under colimits (as in the proof of proposi-

tion 11.5.2). Then we consider the Bousfield localization functor induced by Gﬁn +1- We define
the colocalization functor to be D(X) and the localization functor R(X). Then the fiber se-

auence DY) - X - R(X) comides with tre [T
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Then we prove the following theorem characterizing smashing localizations.

Theorem 11.5.6. Let L be a smashing localization functor. Then L satisfies one of the following
conditions.

1. L is the zero functor.
2. L is the identity functor.
3. ker LfL C ker L C ker LE(n).

Lemma 11.5.7. Let L be a localization functor. For 0 < n < oo, we either have LK (n) ~ x
or LK(n) ~ K(n).

Proof. By the definition of localization, we have a functor K (n) — LK (n), which gives LK (n)
a structure of a K (n)-module. Moreover, by corollary 11.3.2, if LK (n) # * we have K(n) a
retract of LK (n). Thus since the retract of a local object is still local, we have K(n) is local,
hence LK (n) ~ K(n). O

Lemma 11.5.8. Let L be a smashing localization functor and let & be a nonzero complex-
oriented cohomology theory whose formal group has height exactly n, then LE ~ x iff LK (n) ~ x.

Proof. If LE ~ %, then * ~ K(n) A LE ~ LK(n) A E. Since K(n) A E # 0, LK (n) must be
trivial by lemma 11.5.7. O

Lemma 11.5.9. Let L be a smashing localization functor. If LK(m) ~ x, then LK (n) ~ x for
n>m.

Proof. For k > 0, recall M (k) is the cofiber of the map tj : E%MU@) — MU, and let R be
the following ring spectrum

R:= /\ MU, M (k) Ao, MU, [v 1]
k#p™—1,p"—1

We assume 0 < m < n < oo, so that we can write m.(R) =~ Fp[vm,vE!]. The other cases

are essentially the same. Notice R[v,!] is a ring spectrum whose formal group law has height
exactly m. Since L is smashing, it commutes with colimits, hence LR[v,,!] is the following
colimit.

lim(LR 22 270" ULR — ..

But by lemma 11.5.8, LR[v,,'] ~ *. Thus 1 € moLR vanishes in mom_1)(LR) for k > 0.
Or equivalently, v,, is nilpotent in 7.(LR), say v¥, = 0. Let R’ denote the cofiber of vfF! :
»2k+D)E™ DR — R, hence v¥, vanishes in 7,(LR') (by the long exact sequence, and notice that
the homotopy groups of R is concentrated on even degrees). Thus the map on homotopy groups
7« (R') — m(LR') is not surjective, hence R’ is not local. But R’ can be obtained as a successive

extension of k + 1 copies of R/v,, ~ K(n), thus K(n) is not local. By lemma 11.5.7. O

Lemma 11.5.10. Let L be a smashing localization, and LK (n) ~ K(n). Then every spectrum
belonging to ker L is E(n)-acyclic.

Proof. Recall E(n) is Bousfield equivalent to K (0)V---V K(n). And by lemma 11.5.9, we have
LK (m) ~ K(m) for all m < n. Finally, we have K(m) AN X ~ LK(m) A X ~ K(m)ANLX ~0
for X € ker L. O

Unfortunately, we will need a theorem that we will prove later (in fact, we still need to
prove that the localization w.r.t F(n) is smashing) to analyze the structure of the smashing
localization. Namely, we will need theorem 12.2.1.
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Lemma 11.5.11. Let L be a smashing localization such that LK (n) ~ K(n) for 0 < n < oo.
Then L is equivalent to the identity functor.

Proof. By theorem 12.2.1, we have

Wm(-- = LpaySep) = Leo)Sm) ~ Se)

Then, by lemma 11.5.10, we have Lg,)S(,) is E(n)-local, hence is local w.r.t L. Thus S, a

limit of L-local spectra, is L-local. Thus LX ~ X N LSy ~ X A S, ~ X. O

Theorem 11.5.12. Let L be a smashing localization functor, and let n > 0 be an integer. The
following conditions are equivalent.

1. LK(n) =~ .

2. LK(m) ~ % for alln <m < occ.

3. Every finite p-local spectrum X of type > n belongs to ker L.

4. There is one finite p-local spectrum X of type > n belonging to ker L.

Proof. (1) = (2) and (3) = (4): Obvious.

(4) = (1): Notice LX ~ % implies LX A K(n) ~ X A LK(n) ~ %, but since X is of type n,
X AN K(n) # *, thus LK (n) ~ %, by lemma 11.5.7.

(2) = (3): Let X be a finite p-local spectrum of type > n. We prove LX ~ x. Then let
R =X ANDX. Since LX is a LR-module, it suffices to prove LR ~ *. Since LR is a ring
spectrum, by theorem 11.3.15, it suffices to prove LR A K(m) ~ * for all m. If m < n, then
obviously LR A K(m) ~ L(RA K(m)) =0, and R is of type n > m. For m > n, this is obvious
by the assumption. ]

Proof. We now prove theorem 11.5.6.
By theorem 11.5.12, we see that every smashing localization functor is of one of the three cases.

1. LK(m) ~ % for all 0 < m < co.
2. LK(m) ~ K(m) for all 0 < m < oco.
3. There is some n > 0 such that LK (n) ~ K(n) but LK(n+ 1) = 0.

For the first case, L is the zero functor by lemma 11.5.8. For the second case, this follows from
lemma 11.5.11. For the third case, theorem 11.5.12 guarantees that ker L contains every finite
spectrum of type > n. Conversely, if X is a finite p-local spectrum such that LX ~ 0, we have

0 K(n)ANLX ~LK(n)ANX ~ K(n) ANX

hence X has type > n. Therefore, we have finite p-local spectra belong to ker L iff it is of
type > n, that is, iff it is E(n)-acyclic. Then by lemma 11.5.10, we have ker L CkerL C
ker L E(n)- ]

Remark 20. The last case may seem useless, so Ravenel came up with the telescope conjecture,
stating that LTfL ~ Lg(,). However, this conjecture was disproved in October 2023, by methods
of K-theory.
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Chapter 12

The Chromatic Spectral Sequence

12.1 Pro-objects and spectral sequences

Construction 12.1.1. Recall for a spectrum X and a ring spectrum F, we have an associated
cosimplicial ring spectrum [n] — X A EA"F1 and we have the Adams tower of X converging to
Tot X*. That is, we have

Tot X*® ~ @1( — Tote X* — Toty X* — Totg X°®)

We have an obvious map X — Tot X*. We have seen in the case where £ ~ HIF, that this
map gives the information of the p-primary part of the homotopy groups of X. In general, we
consider how this map is close to a homotopy equivalence.

Proposition 12.1.2. For E a ring spectrum and X be any spectrum, then the canonical map
X — Tot X*® exhibits Tot X® as an E-localization of X iff E A Tot X® ~ Tot(E A X°®). Or
equivalently, since smash products commutes with finite limits, iff

EAT&lTotnX’ :@E/\TotnX'

Proof. Firstly, notice that for X — Y an E-equivalence, we have a natural homotopy equivalence
EANX — EAY, hence X* depends only on Lg(X). Then, since Tot X* is a inverse limit of E-
local spectra (E-modules, in particular), Tot X® is E-local. Thus Tot X* is an E-localization of
X iff X — Tot X*® induces an isomorphism on E-homology. Equivalently, iff EAX — EATot X*®
is an homotopy equivalence.

Obviously, there are natural maps Tot X* — Tot; X°®, hence a natural map F A Tot X* —
Tot(E N X*®). However, notice that A X*® is a split augmented cosimplicial object with the
—1-th space E'A X. Thus the composition EA X — E A Tot X* — Tot(E A X*®) is a homotopy
equivalence. ]

Definition 12.1.3. Recall that the pro-category is formed by formally adjoining to a category
all filtered limits. In particular, we define Pro(Sp) to be the category with objects @Xa
and morphisms Hom(@ Xa,@Yg) ~ lim 5 ligna(Xa,Yg) (this notion makes sense since the
essential image of the Yoneda embedding is cocompact). We have a natural forgetful functor
U : Pro(Sp) — Sp given by Im X, — lim X,, where the second limit is taken in Sp.

We say a pro-spectrum @Xa is constant if it is equivalent to the constant tower X. Or,
formally, l’nga ~ X.

The monoidal structure on Sp somewhat extends to Pro(Sp) by defining E A @Xa = ILm(E A
X4). Since the smash product does not necessarily commutes with limits, the map E A
U (@ Xao) = UE A @Xa) is not always an equivalence, but in particular it is an equiva-
lence when X, is constant.
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Corollary 12.1.4. The equivalent conditions of proposition 12.1.2 is satisfied when the tower
<o+ — Toty X* — Tot; X*® — Totg X*
18 constant as a pro-spectrum.

So, to be able to apply the corollary, we need a condition to determine if a tower is constant
as a pro-spectrum. This is the following criterion given by Bousfield.

Theorem 12.1.5. Suppose we have a tower of spectra
= Y(2)—-Y(1) - Y(0)

Then, suppose there is some s > 1 such that for every finite spectrum F, let {EX? d.} be the
spectral sequence (for a full account see nlab or of the dual sequence see Higher Algebra 1.2.2,
but I will give a brief introduction in the proof) associated to the tower

= FAY(2) = FAY(1) —» FAY(0)
then the groups EY? vanish for p > s, then the tower Y is constant as a pro-spectrum.
Before the proof of the theorem, we need a technical lemma.
Lemma 12.1.6. The composition of two phantom maps is null.

Proof. Fix a spectrum X, and let u : \/ F, — X be the direct sum of all maps from finite spectra
to X. Then X’ := fib(u) is the retract of a sum of finite spectra. Then, suppose f : X — Y
and ¢ : Y — Z be phantom. Since f is phantom, f ou = 0, and hence f is equivalent to the
composition X — XX’ — Y. Then, go f factors as X — XX’ — Y — Z. Since g is phantom
and XX’ is a retract of a sum of finite spectra, this map is null. O

Proof. We first construct the spectral sequence. For m < n, we let F'(n, m) denote the homotopy
fiber of the map Y (n) — Y (m), and let EX'? be defined as the image of the map 7,(F(p +r —
1,p—1)) = 7(F(p,p—r)), and d, carries EP? to EFT"9"" C 7,1 (F(p+r,p)) induced by the
fiber sequence F(p+r,p) = F(p+r,p—r) — F(p,p—r). Notice that if p < 0, then F(p,p—r)
is contractible and thus EY vanishes. If p > s, then EP? vanishes by assumption. Thus, if
r > s, then at least one of the groups E? and EPT™471 Ganishes, hence d, is always zero. Thus
we have the spectral sequence collapses at the s-th space.

Now, we suppose r > p. Since F(p,p —r) =~ Y (p), we have my(F(p,p —r)) =~ m¢(Y (p)). Also,
note that EX? is the image of the composite map

m(F(p+r—1,p—1)) 5 m(Y(p+r—1)) = m(Y(p))

By definition, the image of the first map is the kernel of 7,(Y (p+7—1)) = m(Y(p—1)). And
notice the map 7y (Y (p+r—1)) — m,(Y (p—1)) factors through the map 7, (Y (p)) — 74 (Y (p—1)).
It follows that for r > p, the group EX'? is the intersection im(my (Y (p+ 17 — 1)) = m,(Y(p))) N
ker(my (Y (p)) = m¢(Y (p — 1))). Thus for r > p, s, the intersecion is independent for r.

Then, we prove by induction that the intersection im (74 (Y (p+7)) = 74 (Y (p)))Nker(my (Y (p)) —
mq(Y (p—k))) is independent of r > 0 for all k. The case k = 0 is trivial, and we assume k > 0.
Suppose r > p, s, and x € (Y (p+r)) has trivial image in m,(Y (p—k)). Let y be the image of
z in my(Y (p)). We wish to show that y lifts to my(Y (p+7+1)). Let ¥/ denote the image of y in
7g(Y(p—1)). Then ' belongs to the kernel of the map 7, (Y (p—1)) — m4(Y (p—k)). Since ¢/ lifts
to my(Y (p + 7)), the induction hypothesis shows that y’ can be lifted to 2’ € m(Y(p +r + 1)).
Subtracting the image of 2/ from = we may assume y' = 0, and thus y € ker(my(Y(p)) —
(Y (p—1))), and thus we have proven the result.

Then we take k = p—1, we see that the image of the map 7, (Y (p+7r)) — 7 (Y (p)) is independent
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of r as long as r > p,s. We denote this image by A(p).. By construction, we have a sequence
of surjections
= A2) — A(1) — A(0).

Thus by the construction of the spectral sequence, they fit in exact sequences
0— BB — A(p)y — A(p—1), — 0

By assumption, E5%" vanishes for p > s. Thus A(p)« — A(p')« are isomorphisms for p > p’ > s.
This encourages us to consider the tower

S (Y(48) B (Y (28)) D5 (Y (s))

For m > 0, let Z(m)s C m (Y (2™s)) be the kernel of 6,,. Thus Z(m). N A(2™s). = 0, since
O Testricts to an isomorphism A(27s). — A(2™ !s),. Then by definition, 6,, maps onto
A(2m1s),. Thus we have a direct sum decomposition 7, (Y (2"s)) ~ A(2™s), & Z(m),. Thus
{m«(Y(2™s))}, as a pro-object in graded Abelian groups, is equivalent to the constant group
A(S)s.

Let Y = @Y(p) ~ lim Y (2™s). The Milnor exact sequence

0— @W*H(Y(p)) = (YY) — l'&le(p) -0

gives m.(Y) = A(s).. For each integer p > 0, let Y(p)/Y denote the cofiber of the canonical
map Y — Y (p). Thus by considering the direct sum decomposition, we have the tower

oY (48))Y =Y (25))Y =Y (s)]Y

has each map in the tower trivial on all homotopy groups. By applying the above argument to
(Y (2™s)/Y).F for all finite F', we see that each map is a phantom. Now, by lemma 12.1.6, we
have the tower

o= Y(16s5)/Y - Y(4s)/Y = Y(s)/Y

consisting of null maps, hence we have this tower equivalent to x. Thus {Y(p)} is equivalent to

Y. g

Corollary 12.1.7. Let E be a ring spectrum and X be any spectrum. Suppose that there is
an integer s > 1 such that for every finite spectrum F, the E-based Adams spectral sequence
{EF? d,} for X NF has EF? =0 for p > s. Then the Adams tower {Tot, X*} is equivalent
as a pro-object to a constant tower. Thus, the Adams tower exhibits Tot(X®) as Lg(X). Also,
the canonical map Lg(X)ANY — Lg(X AY) is an equivalence for any otherY .

Proof. Apply theorem 12.1.5 and corollary 12.1.4 to the Adams tower. O

Lemma 12.1.8. Let E be a p-local ring spectrum, and suppose that there is one finite p-local
spectrum X of type 0 such that the condition in corollary 12.1.7 holds. Then Lg is a smashing
localization.

Proof. Let T be the collection of finite p-local spectra such that for every p-local spectrum Y
the map Lg(X)AY — Lg(X AY) is an equivalence. Clearly T is thick. Then, since T contains
X, which is of type 0, by theorem 11.4.9, we have T contains every finite p-local spectrum. Thus
Sp) €T, and Lp(Y) ~ Lg(Sy)) AY for all Y, hence Lg is smashing. O

We now prove theorem 12.1.9.
Theorem 12.1.9. The localization Ly, is smashing.

Lemma 12.1.10.
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12.2 The chromatic tower

Theorem 12.2.1.

12.3 The J-homomorphism
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Chapter 13

Appendix: Formal Schemes

13.1 Basic definitions

Construction 13.1.1. Recall that we have the category of affine schemes Aff dual to the
category Ring. Therefore, by the Yoneda lemma, we may regard the category Aff as the full
subcategory of Fun(Ring, Set) consisting of representable objects. Obviously Aff ~ Ring®.
The following chapter will mainly be focused on affine schemes in this viewpoint.

We begin with some basic affine schemes.

Example 4. For a ring A, we define Spec A to be the functor B — Hom(A, B). Clearly, all
affine schemes are of this form.

We define the scheme A to be the forgetful functor Ring — Set. This is representable by the
ring Z[x).

We define the scheme G, to be the functor R — R*, the units in R. This is representable by
the ring Z[z,x~1].

We define the scheme FGL to be the functor R — FGL(R). Recall from definition 9.1.3 that
we have FGL is indeed a scheme.

Then we imitate the definition of the structure sheaf on a scheme X.

Definition 13.1.2. For any affine scheme X, we define Ox to be the set Homag (X, Al).
Notice Al is a ring object: the scheme A! x A = A? sends a ring R to two elements in R,
and the structure map is given by the addition and multiplication of the two elements. Then
Homag (X, A') inherits a natural ring structure.

Remark 21. By the identification Aff ~ Ring®P, for X = Spec A4, we clearly have Homag (X, Al)
Homping (Z[z], A) ~ A.

Lemma 13.1.3. X(—) ~ Homging(Ox, —).

Proof. Suppose X is represented by a ring R, then X(—) ~ Hompging(R,—). But then,
Homag (X, A') ~ Homging (Z[z], R) ~ R. O

Definition 13.1.4. For an affine scheme X, we define a point of X to be a ring R and an
element z € X(R). For any scheme, we may define its category of points Pt(X) with object
pairs of the form (R, z), and we have a morphism f : (R,x) — (S,y) if f : R — S is a morphism
of rings and X (f)(x) = y. For a point (R, z), we let O, denote its underlying ring.

Definition 13.1.5. Notice that for (R,z) a point of X, and f € Oy, by definition f is a
morphism from X to A'. Thus (R, z) push forwards to a point of A!, namely, an element of R.
We will denote this element by f(x).
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Definition 13.1.6. For a scheme X and an ideal I < Ox, we define a scheme V(I) by
V() (R) = {z € X(R)|f(z) = 0,Vf € I}

We call schemes of this form closed subschemes of X.
Similarly, for a scheme X and an element f € Ox, we define a scheme D(f) by

D(f)(R) = {z € X(R)|f(x) € R"}

We call these schemes the basic open subschemes of X.

A locally closed subscheme is a basic open subscheme of a closed subscheme, which is of the
form D(f)NV(I)= D(f) xx V().

Finally, we have the intersection of subschemes D(f)ND(g) = D(fg), V(I)NV(J) =V (I+J).
We define the union of closed subschemes to be V(I) UV (J) = V(I N J), and the schematic
union by V(1) + V(J) =V (I1J).

Remark 22. The union and the schematic union does not coincide in most cases. The schematic
union counts multiplicity by infinitesimal thickening. For example, V(I) + V(I) = V (I?).

We finally recall some basic definitions in algebraic geometry.

Definition 13.1.7. We define a scheme X to be reduced if Ox has no non-zero nilpotents, and
define X,.q = Spec(Ox/ \/6) We have a natural inclusion X,.; — X induced by the quotient
map Ox — Ox /0.

We define X to be connected if it cannot be split into Y II Z, equivalently if there is no non-
trivial idempotents in Ox.

We define X to be integral if Ox is an integral domain, and irreducible if X,.4 is integral.

We define X to be Noetherian if Ox is Noetherian. Then, X,.q = |JYi, where Y; is integral
and closed. This decomposition is unique, with Y; corresponding to the schemes V (p;), where
p; are minimal prime ideals of Ox.

13.2 Sheaves

Definition 13.2.1. For a functor X € Fun(Ring, Set), we define a sheaf M over X with the
following data.

1. For each (R,z) € Pt(X), an R-module M,.

2. For each map f : (R,z) — (S,y) € Pt(X), an isomorphism 6(f) : S ®r M, — M,,
satisfying the natural functorality conditions.

For sheaves M and N over X, we define a map f: M — N to be maps f; : M, — N, for all
points of x and commuting with all the maps 6(f). With this definition, we denote Sh(X) for
the category of all sheaves over X,

Lemma 13.2.2. The category Sh(X) has direct sums and tensor products. Moreover, the unit
of the direct sum is the zero sheaf, with My = 0 for all x. The unit of the tensor product is the
sheaf O defined on each (R, z) to be R.

Proof. Direct by using the pointwise definitions. O

Similar to the classical methods in algebraic geometry, we can form a sheaf on a scheme
using a module.

Definition 13.2.3. Let X be a scheme and N be an O x-module. Then we may define a sheaf
N over X by letting N, = R ®¢, N, where R is given a O x-algebra structure by f(r) = f(z)r.
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Also, we may form the vector bundle scheme using a sheaf on X. Through this definition,
we may define the sections of a sheaf.

Definition 13.2.4. For a scheme X and a sheaf M over X, we define A(M) : Ring — Set
(not necessarily an affine scheme) as A(M)(R) = ¢ x(r) Mo Notice that we have a natural
transformation A(M) — X by sending M, to z. Therefore we have A(M) € Fun(Ring, Set)/X.
For a scheme Y over X and a sheaf M, we define I'(Y, M) = Homp,(Ring,set)/x (Vs A(M)).

Proposition 13.2.5. When X is an affine scheme, we have I'(X,—) : Sh(X) — Mod(Ox) an
equivalence of categories.

Proof. We claim I'(X, M) ~ M,,, where z¢ is the canonical element in X(Ox). Firstly, the
isomorphism is given by u +> O
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Chapter 14

Appendix: Algebraic Stacks

14.1 Basic Definitions

As is well-known, stacks are generalizations to sheaves, similar to groupoids generalizing sets.
Namely, a stack is a sheaf taking values in groupoids. We give the formal definition as follows
(we will focus only on the theory of stacks here, but the arguments apply easily to oo-stacks).

Definition 14.1.1. Let € be a category, we define a sieve on € to be a full subcategory € such
that if f: ¢ — d is a morphism in €, and d € €', then we have ¢ € €. For ¢ € € an object, we
define a sieve on ¢ to be a sieve on the over category €.

Notice that if we have a functor between categories F' : € — D, then for a sieve D’ on D, the
category D’ x5 € is a sieve on €. We denote this sieve by F*D’. This construction applies to a
morphism f : ¢ — d and a sieve S on d, since f induces a functor €,. — €.

Definition 14.1.2. A category € equipped with sieves on objects (called covering sieves) is
called a site if the three following properties are satisfied.

1. For c € €, €. is a covering sieve.
2. For ¢ € € and S a covering sieve on ¢, then for any f:d — ¢, f*S is a covering sieve on d.

3. For ¢ € G, S a covering sieve on ¢, and T an arbitrary sieve on ¢, if for all f:d — cin S
we have f*T" a covering sieve on d, then T is a covering sieve on c.

Construction 14.1.3. For a sieve S on ¢, we define a subobject ((—1)-truncated morphism) of
j(c) (here j is the Yoneda embedding) j(S) as follows. We first recall that for a object ¢ € C, the
functor F': P(C/.) — P(C) /() extending C,. — P(C) /() is an equivalence of categories. Then,
a sieve S on ¢ induces a functor €/, — A', where the elements in S are sent to 0 and others to
1. We consider the inclusion A! < coGrpd® given by 0 +— % and 1 +— ¢. Then we obtain a
presheaf P(C/.). By applying F' to this element, we have an element in P(C),;(.). Also, notice
that Al is the (—1)-truncated object classifyer, the element we obtained is a (—1)-truncated
morphism j(S) < j(c).

Definition 14.1.4. We call a functor (presheaf) F : €% — ocoGrpd a stack if we have for all
c and all sieves S on ¢, we have Hompe)(j(c), F) — Homgpe)(j(5),F) is an isomorphism.

However, by the straightening and unstraightening theorem, we have another perspective
on stacks.

Definition 14.1.5. We define a functor F' : F — € to be a left fibration if it has the right
lifting properties with respect to inclusions A} < A", where 0 <4 < n. This implies the fiber
of ¢ € € is a groupoid, which we will denote by F(c).
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Construction 14.1.6. Let § — C be a left fibration. Then let S be a covering sieve on ¢ (or
equivalently, let ¢; — ¢ be a family of morphisms generating the covering sieve), then we define
the category of descent data Desc(S,J). This category has objects as systems (Xj,6; ;), where
X; are objects of F over ¢;, and 6;; : X¢|Ci’j — Xj|cm. are isomorphisms. The maps 6; ; are
required to satisfy the cocycle conditions. The morphisms from (X, 0) to (Y, p) are families of
arrows f; : X; — Y; over ¢; such that p; ;f; = fi0; ;.

Then, notice we have an obvious functor F(c) — Desc(S,F) given by restriction.

Definition 14.1.7. We define a stack to be a left fibration F' : ¥ — € such that the functor
F(c) — Desc(S,F) is an equivalence for all ¢ and all covering sieves on c.

Theorem 14.1.8. The two definitions of stacks are equivalent.

Proof. The equivalence is given by the straightening and unstraightening construction, and we
see that the condition F(c) ~ Desc(S, F) is equivalent to the locality (on sieves) condition. [

Although the writer of this note prefers the first definition, we will adapt the second due to
historical reasons. We begin with a theorem determining whether a left fibration is a stack.

Proposition 14.1.9. The above definition is equivalent to the two following conditions.

1. For all X, Y over c, the functor Iso.(X,Y) : C/. — Set sending f : d — c to the set of
isomorphisms between f*X and f*Y is a sheaf.

2. For a covering ¢; — ¢, and a collection X; over c¢; with isomorphisms 0; ; : Xi\ci’j — Xj|cm~}
there is a X over ¢ with X|., ~ X; inducing the above isomorphisms.

Proof. One condition corresponds to the fully faithfulness of the functor, and the other essen-
tially surjectiveness. O

Definition 14.1.10. For stacks F, G, and J{ over a category C with structure morphism pg, pg,
and py¢, we define a morphism between J and G to be a functor f : 3 — G such that pgo f = ps.
We define fog=h:F — G — H if there is a natural isomorphism between the two functors.
We define the category Hom(&, G) to have objects morphisms, and morphisms natural transfor-
mations.

From now on, we restrict our discussion to algebraic geometry, in which € is always the
category of schemes or the category of schemes over S, equipped with some topology (for
example Zariski, etale, fppf).

Definition 14.1.11. For a scheme X € Sch/g, we define the stack associated to X to be the
left fibration px : Sch,x — Sch/g, where px is the natural projection. Similarly we may define
a stack associated to an algebraic space (this is a special case of a stack where the preimage of
A € Schyg is discrete). In this case, we say the stack is representable by a scheme or algebraic
space.

Construction 14.1.12. The fiber product of stacks are given by homotopy pullbacks of cate-
gories (or, as is more well-known, the comma category).

Definition 14.1.13. We define a morphism of stacks f : & — G is representable if for all
U € Sch and morphisms U — G (note here U denote the stack associated to U, and we will use
this notation repeatedly), the fiber product U xg F is representable by an algebraic space.

Moreover, for a property 8 of morphisms of schemes, if ¢ is local w.r.t our chosen topology
on Sch and is stable under basechange (for example separated, quasi-compact), then we say a
morphism of stacks f : F — G is B iff for all U and morphisms U — G, the morphism U xg F

is P.
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Definition 14.1.14. We define a Deligne-Mumford (Artin) stack to be a stack F on Sch/S
with the etale (fppf) topology, satisfying the two following properties.

1. The diagonal F — F x g F is representable, quasi-compact and separated.

2. There is a scheme U (called an atlas, and has the intuition of an atlas) and a etale
surjective morphism U — &.

We finish this section with an important example (especially important for this notes).

Example 5. For a scheme X over S and an affine flat group G over S, we define the stack
[X/G] as follows. This stack has the objects over B € Sch/S defined as principal G-bundles
7 : E — B equipped with a G-equivariant map f : E — X. Morphisms over g : B — B’ are
commutative diagrams

T

E s B X
[
B—— B

Firstly, it is a stack by the criterion proposition 14.1.9: Isog(e,€e') is non-empty iff e ~ €
as principal bundles, and when it is non-empty, it is classified by the stablizer of the identity
map X — X, hence is a sheaf represented by a scheme. The second condition follows by the
fopf descent of principal bundles. Then, we claim it is an Artin stack. Firstly, for any map
U — [X/G] xg [X/G] (equivalent to the data of two objects Y1, Yo over U), notice that the
pullback U X(x/q1xs1x/6) [X/G]| = U is equivalent to the morphism Isoy (Y1, Y2) — U. However

recall by the above construction that Iso _

14.2 Constructions

Definition 14.2.1. For a stack F, we define a stack § to be a substack of JF if it is a full
subcategory of &, and

1. If X € Fis in G, then isomorphic objects are also in G.
2. For all morphism of schemes f: U — V, if X over V isin G, then so is f*X.
3. Let U; — U be a cover, then X over U is in § iff X|y, is in G for all 4.

Definition 14.2.2. We define G to be an open (closed) substack of F if it is a substack and the
inclusion functor § — JF is representable and an open (closed) immersion.

Definition 14.2.3. For an algebraic stack JF over .S, the set of points of J is defined to be
the set of equivalence classes of pairs (k,z), where k is a field over S, and z : Speck — F a
morphism of stacks over S. Two pairs (k,z) and (k’,z’) are equivalent if there is a common
field extension k” and a map z” : Speck” — F extending x and z’. Clearly every point of an
algebraic stack is an image of a point of its atlas.

Definition 14.2.4. For an algebraic stack F with atlas v : X — &, and £ a point of F coming
from x € X, we then define the dimension of F at £ to be

dimg F = dim, X — dim, f

where dim,, f is defined to be the relative dimension of the pullback f~1(¢) — ¢. We define the
dimension of the algebraic stack to be the maximum dimension of its points.

Remark 23. The dimension may be negative.
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Definition 14.2.5. We define a quasi-coherent sheaf § on an algebraic stack J to consist of
the following data. For each morphism from a scheme X — &, we have a quasi-coherent
sheaf Sx on X, and for each f : X — Y commuting with the morphisms to F, we have an
isomorphism ¢ : 8x — f*8y. Moreover, for morphisms go f : X — Y — Z, we must have
(f*pg) 00 = ¢gor.

We say 8 is coherent (flat, faithfully flat, finite type, finite presentation, locally free) if Sx
satisfy the corresponding property for all X.

The morphisms are defined obviously by hx : 8x — 8’y commuting with the isomophisms .

Example 6. We define the structure sheaf Og of a algebraic stack F to be (O5)x = Ox.

Theorem 14.2.6. The category of quasi-coherent sheaves over an algebraic stack F, denoted
by QCoh(F), is an Abelian category.

Proof. The proof is similar to the fact that the quasi-coherent sheaves over a scheme is an
Abelian category. m
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Chapter 15

Appendix: Deformation Theory
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Part 1V

K-theory
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Chapter 16

Basic constructions in K-theory

16.1 Group completion

Definition 16.1.1. In a category € viewed as a Cartesian symmetric monoidal category, we
define E,,Mon(C€) to be the category of E,-monoids in €. In particular when n = 1 or n = oo,
we denote the category by Mon(€C) and CMon(C).

We say a monoid X to be grouplike if the shear map (7, 1) : X x X — X x X is an equivalence,
where m; is the projection to the first factor, and p is the multiplication map. We denote the
category of grouplike E,-monoids to be E,Grp(C) (the notation for n = 1 or n = oo is still
adopted).

Notice that any monoid of € is naturally pointed by the unit map.

Theorem 16.1.2. We have equivalences of categories
Grp(C) ~ Q(Cy)
where Q(C) is the image of the loopspace functor of C. Recall E, ~ E$™ (this is the tensor
product of operads), in particular we have
E,Grp(€) ~ Q" (C,)
Formally this applies to the case n = oo where Q> is the infinite loopspace functor Q°° :
Sp(€) — €.
Moreover, these equivalences are determined by the adjunction
B" :E,Mon(C) = C, : Q"

where B is the bar construction. Again, this applies formally to the case where n = oo, where
the adjunction is upgraded to

B : ExxMon(C) = Sp(€) : Q>
Proof. Omitted. O

Construction 16.1.3. By theorem 16.1.2, we have the unit of the adjunction B™ - Q" the left
adjoint to the forgetful functor E, Grp(€) — E,Mon(C), which we will call the group completion
functor, denoted by X +— X®&P. Moreover, we have a natural tranfromation id — Q" B", hence
we have a natural map X — X®&7P,

Definition 16.1.4. For any E., ring R in any stable presentable category €, we consider the
category Modg. There is a tensor product on this category given by the bar construction,
so Modpg is a commutative monoid in the category Cat™ (the category of (0o, 1)-categories
equipped with the Cartesian symmetric monoidal structure). Thus since Core : Cat™ — An”
is symmetric monoidal, we consider the commutative monoid Core Modgr € An*. Finally we
define the K-theory space to be the commutative monoid K(R) := Core Mod%”. We often
view this as a connective spectrum due to the isomorphism in theorem 16.1.2.
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16.2 Waldhausen S-construction
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Chapter 17

Topological Hochschild homology

17.1 Common definitions and first properties

Theorem 17.1.1. For an E,,-ring R in any symmetric monoidal category C, we have THH(R)
an E,_1 ring.

17.2 Generalized Thom spectra and the proof of Bokstedt the-
orem

Recall that in the above we defined the algebraic K-theory of a E., ring R to be Core Mod%rp.
Here we apply the right adjoint of the forgetful functor Grp — Mon to make the monoid
Core Modp, a group, which we will denote by the Picard space Pic(R).

Definition 17.2.1. We define the Picard space of an E,-ring R (n > 2) in some symmetric
monoidal category € written out by Pic(R) := Core Modiﬁz1V to be the subspace of Core Modg
consisting of tensor-invertible modules (that is, modules M such that there is some N such
that M ® g N ~ R) in Core Modpg. Notice that Modp is E,_1-monoidal, hence Pic(R) is an
E,_1-ring in An. When R is E.,, this space is a Ey-group, and we sometimes call this the
Picard spectrum.

More generally, for any E,-monoidal category C, we define Pic(@) := Core @™ an E,-group in
An.

Remark 24. For the case where R is an Eo-ring spectrum, Pic(R) coincides with the spectrum
bgl; (R), which is the suspension of the unit spectrum of R. This is by definition, since Q Pic(R)
is exactly the automorphisms of R viewed as an R-module.

Definition 17.2.2. Let X be a space and let R be an E,-ring in some stable presentable
category C. Then let f : X — Pic(R) be a map of spaces. We define the Thom object of f to
be

M :=1im(X % Pic(R) < Modp)

Example 7. We let F(n) denote the auto-homotopy equivalences of S™, and let F = lim F'(n).
Thus F can be viewed as GL1(S), where S is the sphere spectrum. Hence BF ~ Pic(S) by the
above remark.

For the canonical bundles on the classifying spaces BO, BU, and BSp, we have the Thom spectra
MO, MU, and MSp. They can be obtained from the above construction by the following process.
Notice that the J-homomorphism J : O — F' is a morphism of groups, hence admit a delooping
BJ : BO — BF ~ Pic(S). Then we have MO ~ MBJ. The Thom spectra for BU and BSp
is obtained similarly. This gives us a way to think of bundles as maps to Pic(S).
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Theorem 17.2.3. For R an E,-ring, the functor M : An,pi,g) — Modg is E,_1-monoidal.
Here An,pic(g) is equipped with the symmetric monoidal structure given by for f: X — Pic(R)
and g : Y — Pic(R), f x g: X xY — Pic(R) x Pic(R) — Pic(R).

Proof. We first notice that by construction Pic is a functor
Pic : En_lMon(PrL) — E,,—1Grp(An)
Then we construct a left adjoint to this functor. We claim that there is an adjunction
An,_:E, 1Grp(An) = E,_1Mon(Prl) : Pic

To verify this, notice that An; ~ Fun(G, An) by the straightening and unstraightening equiv-
alence, hence Fun’(An /G, C) =~ Fun(G, €), and a functor on the left is [E,_;-monoidal iff the
functor on the right is E,_j-monoidal, hence since G is an E,,_i-group, any E,_;-monoidal
functor G — C factors through G — Pic(C). To summarize, we have the chain of equivalences
which exhibits the adjunction.

Funﬁ%l (An/G, C) ~ Fung, ,(G,C) ~ Fung, ,(G,Pic(C))

With this adjunction, it suffices to see that M is the dual of the identity on Pic(R). But by
construction, the dual of the identity on Pic(R) is given by the following process due to the
above chain of equivalence

(An/ Pic(R) — 7 MOdR) A (PIC(R) — MOdR) A ldPic(R)
which is exactly the construction of Thom object. O

Corollary 17.2.4. For f : G — Pic(R) where G is an Es-monoid and f is an Eoo-map, we
have M f an Eo-R-algebra.

Theorem 17.2.5. Let X be a pointed space and G an Es-group of spaces. Then for an E
ring R and a Ex-map [ : G — Pic(R), we have an equivalence of Ex-R-algebras

XMf~Mf®S[X ®,G]

Here the first tensor denote the tensoring with spaces in the category of Eeo-R-algebras, the
second tensor is the coproduct in the category of Eoo-R-algebras, and the third tensor is the
tensoring with spaces in the category of Eoo-groups of spaces. S[X @ G]

Proof. We first prove that we have the following equivalence
XOMf~MX®G—G—PicR)
heret =

We now consider the interaction of topological Hochschild homology and Thom spectra,
which will present a proof (different from the original one) of the Bokstedt theorem.
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Part V

Unstable Chromatic Homotopy
Theory
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Chapter 18

Chromatic localizations on spaces

18.1 More on chromatic localizations

We first give a short review on reflective localizations.

Definition 18.1.1. For a family of morphisms S in a category C, we define an object X
to be S-local if for any f : ¥ — Z in S, we have f* : Hom(Z,X) — Hom(Y,X) is an
equivalence. We define f : Y — Z to be an S-equivalence if for all X to be S-local, we have
f*:Hom(Y, X) — Hom(Z, X) an equivalence. Finally we define an object X to be S-acyclic if
X — x is an S-equivalence.

Theorem 18.1.2. There is a localization functor Lg : € 2 Cg : v from € to the full-subcategory
consisting S-local objects Cg. Moreover, this localization functor exhibits an equivalence Cg ~
C[S™Y. By construction, we have a morphism X — Lg(X) which is an S-equivalence.

Definition 18.1.3. For any object A, we define the localization functor P4 to be the reflective
localization associated to the set consisting of a single map A — .

We say an object X is A-null if we have Map(x, X) — Map(A, X) is an equivalence. This,
equivalently, means X is S-local where S consists of the single morphism A — .

We say an object Y is A-periodic if for all A-null spectra X, the inclusion Map(x, X) —
Map(Y, X) is an equivalence. This means the morphism Y is S-acyclic where S is the same as
in the above.

In particular, the above definitions apply to the category Sp or An.

Remark 25. The theory of Bousfield localizations is complete contained in reflective localizations.
Note that for a spectra, E-equivalences (E-local objects) are simply the S-equivalences (S-local
objects) in which S is the set of morphisms X — % where X runs through all E-acyclic spectra.

Lemma 18.1.4. For any spectrum A, Py commutes with finite colimits, hence for finite F', we
have PA(X)NF ~ Py(X AN F).

Proof. Similar to the proof of theorem 6.1.16. O
Lemma 18.1.5. For EN A ~ %, we have a natural equivalence ENX — E N Py(X) for all X.
Proof. From the construction of P4 (which I won’t do here). (Yes, absolutely not). O

Definition 18.1.6. We define F(n) to be a spectrum of type n. This is well-defined up to
Bousfield equivalence.

Lemma 18.1.7. For a spectrum X and a self map f : $4X — X, we have (X) = (X[f~1]) A
(X/24X).
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Proof. For any spectrum Y, Y A X =~ % obviously implies Y A X[f™!] ~ * and Y A X/29X ~ x.
For the converse, if Y AX/X4X = 0, then we have a natural equivalence YAf : YARYX — Y AKX,
Thus every map in the diagram Y A X — Y AY %X — ... is an equivalence, hence induces an
equivalence Y A X — Y A X[f71]. Thus Y A X =~ x. O

Lemma 18.1.8. We have an orthogonal decomposition for any choice of F(n)

(S) = (FO)[vg ') V- V(E(m)[v,']) V (F(n + 1))
Proof. By lemma 18.1.7, we have the decomposition. Then, to prove that it is orthogonal, it
suffices to prove for i < j, F(i)[v; '] A F(j) is contractible, so that F(i)[v; ] A F(j)[vj_l] ~ %,
However, supposing v; has degree d, this follows from that v; Aid : S2F(i) A F(5) — F(i) A F(5)
is zero on all K (m), hence is nilpotent. O

Definition 18.1.9. We define T'(n) to be a spectrum of the form X[f~!], where X is of type
n and f is a v,-self map of X.

Proposition 18.1.10. Such T'(n) is well-defined up to Bousfield equivalence.

Proof. For a type n spectrum X with a v,-self map f, consider the full subcategory D x of finite
p-local spectra spanned by spectra Y admitting a v,-self map g satisfying X[f 1A Z ~x =
Yig UAZ~

We then prove that D is a thick subcategory of finite p-local spectra. Now, D x is obviously
closed under retracts, since for Y; and Yo with morphisms Y7 — Yo — Y7, we may assume the
vp-self maps of Y; agrees with the morphisms. Then it follows that Y7[g; YA Z is a retract of
Y, [g;l} A Z, hence is trivial. Then, for a fiber sequence Y7 — Y5 — Y3 — Y, with Y5 and Y3 in
Dx, we may again assume the v,-self maps of Y; agrees with this fiber sequence. Thus we have
Yilgr Y] A Z and Yi[g; '] A Z are fibers or cofibers of amorphism between trivial spectra, hence
trivial.

Finally, by theorem 11.4.9 and that Dx contains X, we deduce that Dx ~ €>,,. Therefore
T'(n) is well-defined. O

Corollary 18.1.11. We have L£ ~ Lyo)vr(1)v--vT(n)-

Proof. Recall that by theorem 11.5.6, we have Lfl is the smashing localization having the mini-
mal kernel with Sp?;) Nker Lg(,) = C>pny1. Then it suffices to prove Lp(g)y...y7(n) has the same
property. Firstly, notice that by lemma 18.1.8, we have (S) = (T'(0)) V --- (T'(n)) V (F(n + 1)).
Assuming for a spectrum FE, we have Sp?;) Nker Lg,) =~ C>pi1, then smashing F with the
above equality, we have
(E) =(EAT(0)) V---(EAT(n))
Then, it suffices to show that Lz (q)y....7(n) is smashing. Notice that we have Sp?;) Nker Ly =

Sp?;‘) N ker L5 for any spectrum E. Therefore we may apply E = LT(O)\/~~-\/T(n)(S) to the
above equality. In particular, we have

(Lr)v-vrm)(9) <(TO)V---vT(n))

However, since each T'(0) V ---V T'(n)-local spectrum is a module over Ly gyy....(n)(5),
T(0)V -V T(n)local implies Lp(g)y....7(n)(S)-local. Therefore, they have the same Bousfield
class and hence Lp(g)y.../7(n) 1 smashing. O

Theorem 18.1.12. We have L£ ~ Pp(nt1)-
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Proof. By lemma 18.1.8, (T'(0) V---VT(n)) A F(n+1) >~ *, thus Fi(n+1) is T(0) V--- VT(n)-
acyclic. Thus for all X, Map(F(n + 1), LfL(X)) ~ . By the universal property of Pp(,1), this

gives a natural transformation id — Pp(,41) — L%. Thus to show the natural transformation is
an equivalence, it suffices to show that for all X, Pp,11)(X) is T'(0) V- -V T(n)-local. To show
this, let Z be a T'(0) V- - - V T'(n)-acyclic spectrum. We show that any map Z — Pp(,41)(X) is
null. Tt suffices to show that Pr(,11)(Z) is contractible.

By lemma 18.1.8, we have T'(i) A F((n + 1) ~  for i < n and all possible choices of T and
F. Thus by lemma 18.1.5, we have T'(i) A Z — T(i) A Pp(n41)(Z) an equivalence. Since Z is
T(0)V---VT(n)-acyclic, it is T'(i)-acyclic. Therefore T'(i) A Pp(n41)(Z) =~ *. Then by definition
of nullification, we have D F((n + 1) A Pp(,41)(Z) =~ Map(F(n + 1), Pp(,41)(Z)) =~ *. But since
(DF(n+1)) ~ (F(n+1)) and the equality in lemma 18.1.8, we actually see that Pp(,1)(Z) is
S-null, hence Pr,41)(Z) =~ *. O

18.2 Localizations in the category An,

In this section, we apply the localizations introduced in the previous section to the category
An,. The localizations in An, is mostly the same as in Sp. A first remark here is that we would
very much like to consider the localizations in the category An instead of An, since it would be
much more convenient to define the localizations (see the first remark below). However, there is
no space X with ¥9°X a type-n spectrum since it must contain a direct summand of the sphere
spectrum S. On the otherhand, there is clearly a pointed space Y such that 3*°Y is of type n
since we may consider the cellular structure of F'(n), and since it is finite, it must come from a
finite pointed CW complex. However, when we pass from the stable case to the unstable case,
another problem we may encounter is that spectra representing the same Bousfield class (i.e.
different spectra of type n), may end up having different Bousfield classes in An, (if we regard
F(n) as a space with its suspension spectrum type n). This would be partially resolved by
Bousfield’s theorem (theorem 18.3.5), which mainly states that the unstable Bousfield classes of
finite type n-spaces admitting certain properties is determined by the connectivity of the space.

Construction 18.2.1. In the category An,, the notion of S-local spaces and S-equivalences
must be slightly modified. For pointed spaces A and B, we let Hom(A, B) denote the mapping
space of unpointed maps and Hom, (A, B) denote the mapping space of pointed maps. Then
we define the S-local spaces and S-equivalences in An, to be respectively the objects X such
that Hom(B, X) — Hom(A, X) is an equivalence for all A — B € S and the morphisms Y — Z
such that Hom(Z, X) — Hom(Y, X) is an equivalence for all S-local space X.

Remark 26. For a self map f : ©?A — A, the local objects associated to f can be viewed as Y
such that f, : [A,Y] — [2%A,Y]. This, in some sense, makes L ¢ somewhat of a periodization.

We first present a few direct examples on localizations.

Example 8. Let A = S". Then a space is A-null iff it is (n — 1)-truncated, and is A-periodic
iff it is n-connective.

let A = S'/p, then a simply connected p-local space is A-null iff it is rational, and is
A-periodic iff its homotopy groups are torsion.

We might first notice that in the definition above, the choice of the Hom not preserving the
base points is not that essential since we may always choose a base point.

Lemma 18.2.2. Let S be a set of morphisms in An, consisting of morphisms of connected
spaces. Then a space X is S-local iff for every choice of base point in X, the map Hom, (B, X) —
Hom, (A, X) is an equivalence for all A— B in S.
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Lemma 18.2.3. Let S be a set of morphisms in An,. For a morphism of fibrations f : (p1 :
X1 — B) = (p2 : X9 — B) inducing an S-equivalence (for some fized set of morphisms S) for
each fo: p7t(b) — py L(b), we have f : X1 — Xy is an S-equivalence.

Proof. Notice that we have natural identifications X; ~ lim, . p; *(b), then the theorem follows
by the fact that S-equivalences are preserved under colimits. O

Lemma 18.2.4. Suppose we have a H-group homomorphism G1 — Go and a map of principal
bundles.

G1 > X1 Bl
LD
G2 > XQ BQ

Moreover, the map X1 — Xa is required to be Gi-equivariant. If G1 — G2 and X7 — X»
are S-equivalences, then we have B1 — Bs an S-equivalence.

Proof. Simply write B; as the geometric realization of the simplicial object X7 x (G1)". O

Corollary 18.2.5. If X — Y is a map of n-connective spaces having the property that Q"X —
QY is an S-equivalence, then X — Y is an S-equivalence.

Proof. Directly consider the path fibrations of Q¥ "1 X and Q*~1Y and the corollary follows by
induction. O

Lemma 18.2.6. IfY is S-local, then Y is X N S-local for all spaces X, where X NS is the set
of morphisms consisting of X smashed with the morphisms in S.

Proof. Let f: A — B be a morphism in S. Then the space X A A is the homotopy cofiber of
the map X V A < X x A. This induces the space Map(X A A,Y) as the homotopy pullback

Hom(X AN A,Y) —— Hom(X x A,Y)
Y —  Hom(X VAY)

Moreover Hom (X V A,Y) fits in a homotopy pullback square

Hom(X V A,Y) —— Hom(X,Y) x Hom(A4,Y)

| |

Y »Y xY

Thus it suffices to show that Hom(X x B,Y) — Hom(X X A,Y) is a weak equivalence.
Rewriting this in terms of Hom (X, Hom(B,Y)) — Hom(X, Hom(A,Y)) gives the proof imme-
diately. ]

The lemmas above gives rise to many corollaries on localizations, which we will list below.

Theorem 18.2.7. In the following list we assume S and T to be sets of morphisms in An,
and X a pointed space.

1. If S consists of morphisms of connected spaces, then X is S-local iff every path-component
of X is S-local (obvious).

2. Suppose S consists of morphism of connected spaces, then LgX is connected implies that
X is connected (follows from the construction).
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3. Lg preserves finite products (follows from lemma 18.2.6 and some theory on exponential

ideals).
4. Lg preserves colimits (follows from the fact that Lg is a left adjoint).

5. A space is S-local and T-local iff it is SV T-local, where SV T is the set of morphisms of
the form fV g where f € S, g € T (direct).

6. A space X is F'S-local iff for every choice of basepoint GX is S-local, where F' : An, =
An, : G is a pair of adjoint functors (follows from lemma 18.2.2).

7. If X is S-acyclic, then ¥X is ¥.S-acyclic (follows from the properties of left adjoints).

8. Let f: X —Y be amap of spaces. Assume Y is S-local, then X is S-local implies that
for every point y of Y the fiber f~1(y) is S-local (by the long exact sequence of homotopy
groups of fiber sequences).

9. Let f: X =Y be a map of spaces. Assume Y is A-null, then X is A-null iff for every
point y of Y the fiber f~1(y) is A-null (similar to the above argument).

10. If A is n + 1-connective and X is n-truncated, then X is A-null (by the properties of
truncatedness and connectivity).

11. If S consists of n-connective maps, then X — LgX is n-connective (by the construction
of LsX ).

Then we introduce some less trivial facts on localizations.

Lemma 18.2.8. Let S be a set of morphisms in Any, and W is S-acyclic. Then for any
space X, X is W-periodic implies that X is S-acyclic. In particular, if W is S acyclic having
mo(W) # *, then for all X we have X is S-acyclic.

Proof. We prove that if Y is S-local, then Y is W-null. Since LgW =~ x, by the universal
property of the localization the inclusion ¥ < Hom(W,Y") is an equivalence, hence Y is W-
null. For the second assertion we notice S° is a retract of W, hence S° is S-acyclic. Thus any
SY-periodic space (hence every space) is S-acyclic. ]

Lemma 18.2.9. Let S be a set of morphisms in An,. If LgX ~ x, then for any k-connective
space Y, we have Lyrg(X NY) = %.

Proof. Firstly the case where Y ~ S™ is true by entries (4) and (7) in theorem 18.2.7. Then
we consider the general case by proving Lykg(X A 7<,Y) =~ * by an induction on n. The base
case n = k is trivial since 7<;Y is a wedge of S k and hence is obvious. Then the induction step
follows from the fact that we have a cofiber sequence

X ATen 1Y = X A1y = X A\ "

Since the first space and last space is ¥ S-acyclic, so is the middle space since Lg preserves
cofiber sequences.
Finally by taking a colimit X AY ~ ligX ANT<nY, X NY is »FS-acyclic. O

Corollary 18.2.10. If LgX ~ %, then for any k-connective spectrum Z, we have

LykgQ™ (X NZ) ~ %
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Proof. By lemma 18.2.8 it suffices to consider the case where X is connected, otherwise every
space is f-acyclic. Then since LgX ~ %, we have LyeogX*®°X =~ % by a similar argument to
entry (7) in theorem 18.2.7, hence LgQX ~ *, where QX = Q®°X*®X. Therefore to prove
Lk f Q% (X A\ Z) =~ x, it suffices to prove Lyeotr X A Z = %, which is by a similar argument to
lemma 18.2.9 O

Corollary 18.2.11. If I:Id(A,]Fp) # 0, then for d > d, we have K(Z/pZ,d') is A-periodic.

Proof. Firstly by letting X = A, Z = HIFF,, k = 0 in corollary 18.2.10, since P4A ~ *, we
have PAQ>(HF, ® A) ~ . Then since Hg(A,F,) = G # 0, Q®°(HF, ® A) contains K (G, d)
as a component in the product. Hence K(G,d) is a retract of Q°(HF, ® A), and hence
PoK(G,d) ~ *. Moreover, we have G an IF,-vector space, so PyK(F,,d) ~ *. Finally by
corollary 18.2.5 we have immediately P4K (F,,d') ~ *, since Q¢ 4K (F,,d') ~ K(F,,d) and
Q4 —dy ~ ., O

Lemma 18.2.12. Let A be a space and X be any space. Then consider the map X — PsX,
and let F' be the fiber of the map at any point p € P4 X. Then we have Py F ~ x.

Proof. By Lurie’s straightening and unstraightening construction, the fibration f : X — P4 X
is equivalently a functor Sty : P4X — An, where fp) ~ St¢(p). Then we consider the
composition Py oSty : X — An — An, then this is equivalent to another map to P4.X, say
X — P, X. Note that the fiber of this map at p is P4F, and we have a morphism of fibrations

F X y PaX

J K/ l

PAF *)Y*) PAX

And since the bottom fibration is of base and every fiber a W-null space, hence so is X by
entry (9) of theorem 18.2.7. Therefore by the universal property of nullification, we get the lift
in the diagram. Thus the map F — P4F — X is null, which, again by the universal property
of nullification, implies that the map P4 F — X is null-homotopic. Moreover, the lift provides
a section of the bottom fibration, hence the bottom fibration is trivial, and hence PoF is itself
contractible. O

Lemma 18.2.13. Let S be a set of morphisms in An,. If X is a product of Filenberg-Maclane
spaces K(G,n) with all G Abelian, then Ls(X) is also a product of Eilenberg-Maclane spaces.

Proof. We first recall from the entry (3) of theorem 18.2.7 that Lg preserves finite products.
Then we prove that a space is a product of Eilenberg-Maclane spaces iff it is of the form QM
for some HZ-module M. Only if is obvious by the delooping construction. If is by the following
observation: for a HZ-module M, the composition M — HZ ® M — M where the first map is
the inclusion S® M — HZ ® M induced by the unit of HZ, hence M is a retract of HZ ® M.
Then choose a Moore spectrum M, such that 7, (M, ® HZ) ~ m,(M) and a comparison map
M, — M inducing the isomorphism on m,, and the map HZ @ (P M,) - HZ® M — M
induces an isomorphism on homotopy groups, and hence a splitting M ~ @ HZ @ M,,.

Thus it suffices to see that Lg lifts to the stable case, that is, there is some O®LgM ~
LgQ)*° M for all connective HZ-modules M. This follows from the fact that Lg preserves
products, hence preseserves infinite loopspaces. ]

Lemma 18.2.14. Let S be a set of morphisms in An,. If X is connected, then LgQ)X =~
QLysX.
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Proof. Firstly we have a map LgQQX — QLygX given by the following process. For a connected
space X, we have the localization map X — Lx»gX. Then apply the loopspace functor we have
QX — QLsysX. Then by the entry (6) in theorem 18.2.7, QLxgX is S-local, hence we have a
factorization QX — LgQ X — QLygX.

We then construct its inverse. Since X is connected, so is Ly,gX. Since f preserves products,
the map QX — LgQ2.X is a map of loopspaces, and we pass to classifying spaces we have a map
X — BLgQX. Then again by entry (6), BLg2X is Lyg-local, and hence we have a factorization
X — LysX — BLgQ)X. Applying the loopspace functor we have a map QLxg — LgQ2.X, which
we would show to be the inverse.

We now verify that the maps are indeed inverses to each other. Since we have a map
OX — QLysX — LgQ2X whose composition is the localization of 2.X, by the universal property
of localizations Lg€2X is also the localization of 2Ly g X, hence the composition LgQQX —
QLysX — LgQ)X is the identity.

For the other composite, we deloop the maps QX — LgQQX — QLygX and obtain that
X — BLgQ)X — Lx»gX is the localization map. Hence we also have the LygX — BLgQ) X —
LxgX is the identity, and passing to loopspaces we obtain the result. ]

Lemma 18.2.15. Let S be a set of morphisms in An consisting of morphisms between connected
spaces. Let X be a connected H-space, then if LgX ~ x then we have LxgX a product of Abelian
Eilenberg-Maclane spaces.

Proof. Firstly notice that LygX is a connected H-space since Lxg preserves finite products
and connectivity (by the entry (3) and (11) in theorem 18.2.7). Moreover, since everything is
connected here, we may use the space of pointed maps.

We first notice that we have

Hom*(EngX, Lng) ~ Hom* (LESX, QL25X> ~ Hom* (LESX, LsX) >~ k

Thus we have LygX is ¥LygX-null. Then we prove LygX is a retract of SP(LygX) (the
infinite symmetric product), which finishes the theorem since by the Dold-Thom theorem, the
symmetric product is a product of Abelian Eilenberg-Maclane spaces and a retract of Abelian
Eilenberg-Maclane spaces is a product of Abelian Eilenberg-Maclane spaces. To prove this, we
prove the inclusion Ly,g X < SP(LxgX) induces an isomorphism

HOHI*(SP(LESX), ngX) ~ HOHL,< (Lng, LESX)

In fact, we claim the following more general lemma. For a connected space A and a connected
Y A-null H-space X, we have an equivalence Hom, (SP(A), X) ~ Hom, (A, X). We first notice
that since X is ¥ A-null, the space Hom, (A, X) is discrete. Moreover 71 (X) acts trivially on
Hom, (A, X) since X is a connected H-space. We claim that under these conditions
Hom, (A x A, X) ~ Hom,(A, X) x Hom,(A4, X)

This is obvious since we have Hom(A x A, X)) ~ Hom(A, Hom(A, X)), and we can extract
Hom, (A, X) from the fiber of Hom(A, X) — X by evaluating on the basepoint of A. Therefore
we have a natural Es-group structure on Hom, (A4, X). Finally noticing that by Dold-Thom
theorem, we have SP(A) ~ Q> HZ ® A since they are both isomorphic to [[ K (Hy(A),n). Thus
it suffices to prove that

Hom, (2 (HZ ® A), X)
~Hom(HZ, B> Hom, (A, X))
~ Homg__(Z, Hom, (A4, X))
~ Hom, (4, X)
The only non-trivial part is the first equivalence, which can be proven by considering the
following inclusion of full subcategories of Es-groups into the category Fun(Fin®, An) (the

*

so-called I'-spaces). The first equivalence is then a standard fact by abstract nonsense. O
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18.3 The unstable Bousfield class and Bousfield theorem

As before, we may introduce the notion of Bousfield classes to the category An,.

Definition 18.3.1. We say two pointed spaces A and B are unstably Bousfield equivalent if the
A-null spaces coincide with the B-null spaces. We denote (A) by the set of all spaces unstably
Bousfield equivalent to A. Moreover, we define (A) < (B) if X is B-null implies that X is
A-null.

Corollary 18.3.2. We have (AN B) < (A).
Lemma 18.3.3. The following are equivalent.
1. (A) < (B).
2. Bvery A-periodic space is B-periodic.
3. A is B-periodic.
4. The unit X — PpX factors as X — P4 X — PpX.
5. PpPsX ~ PpX.
Proof. Direct. O

We then prove the following fundamental theorem on the unstable Bousfield class related to
telescopic localizations.

Condition 18.3.4. We consider the following condition on a space A. We suppose A is a
finite p-local space of the form B with B connected. Moreover we require A to have integral
homology bounded p-power torsion (which along with the condition A = ¥ B implies that A is
simply connected).

Theorem 18.3.5 (Bousfield). Let A and A’ be finite p-local spaces satisfying condition 18.3.4
and with their suspension spectrum having type > 0 (that is, the reduced integral homology is
torsion), then we have (A) < (A’) iff type A > type A’ (we abbreviate the type of XA by
type A), and conn A > conn A’.

We will need the following result to prove theorem 18.3.5

Theorem 18.3.6. Let A be a n-connective pointed space such that the reduced homology groups
H.(A,Z) are p-power torsion and Hy(A;Fy) # 0, then we have for any k > 1, fib(Psj+1,X —
Py 4 X) is equivalent to an Filenberg-Maclane space K(G,n+k), where G is a p-torsion Abelian

group.

Proof. By replacing A by ¥¥~1 A, it suffices to show that the fiber F' of Pray X — PsaX is an
Eilenberg-Maclane space of the form K(G,n + 1) with G Abelian and p-torsion.

By lemma 18.2.12 we have P54 F ~ x since the nullification PyaF ~ Py Ps2 4 F. Moreover
we have Ps2 4 F ~ F since the two spaces are already Y2A-null. Then we claim P2 4 F is an

H-space, so that we can apply lemma 18.2.15. The structure of an H-space on Px2 4 F originates
from the fact that Ps2 4 (F V F) ~ Ps2 4 (F x F'). This is because

fib(FVF - FxF)~S'ANQF AQF ~QF A Z

where Z is simply connected, and QF A Z is ¥?A-null since Ps F ~ x = P,QF ~ x, and
by lemma 18.2.9 we have P52 4(QF A Z) ~ . Thus the codiagonal Ps24(F V F) — Ps24F can
be lifted to a map Ps2 s (F X F') — Ps24F, and hence P52 4 F' is an H-space.
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Now that F'is a product of Abelian Eilenberg-Maclane spaces, we show that there is in fact
only one Abelian Eilenberg-Maclane spaces in the product and that the group is p-torsion. By
the entry (11) of theorem 18.2.7, and that A is n-connective, we have ¥ A — * is n+ 1-connective,
hence so is F'.

Next we show 7, (F) has no p-torsion for all m > n + 2. Notice that K(mp,(F), m) is a
retract of F, hence it is X2 A-null and Y A-periodic. Moreover, by corollary 18.2.11, since

f{nJrl(EA»Fp) = f{n+2(22A7 ]Fp) = Hn(Aa Fp) =0

we have K (F,,m) is X A-periodic for m > n + 1 and %2 A-periodic for m > n + 2. Hence the
map K (7, (F),m) = K(mp(F) /7, (F)[p],m) has fiber K(V,m), where V is a F,-vector space,
hence the map is an equivalence after applying Ps2 4 for m > n+2. Then since K (m,,(F'), m) is
¥2 A-null, the map is actually an equivalence for m > n + 2. Therefore 7,,(F) has no p-torsion
for m >n + 2.

Then we show 7, (F) satisfies 7, (F) ® Z[p~1] = 0 for all m > n + 2. Consider the fiber
sequence

K (1 (F) @ Fpym — 1) = K (10 (F),m) -2 K (10, (F), m)
Thus since K (7, (F) ® F,, m — 1) is ¥ A-periodic, the multiplication by p map
K(mm(F),m) = K(mm(F), m)
is an equivalence after applying Ps 4. Passing to the limit, we have
K (mm(F),m) — K(mn(F) @ Zlp~'],m)

is an equivalence after applying Ps 4. Therefore K (m,,(F)®Z[p~'],m) is ¥ A-periodic since so is
K (7 (F),m). However, K (m,,(F)®Z[p~],m) is also S A-null by the following argument. Since
A has reduced homology consisting of p-power torsion, it (and hence ¥ A) has trivial reduced
Z[p~!]-homology. By the universal coefficient theorem, it has also trivial Z[p~!]-cohomology.
Therefore by the representability of cohomology, we have

Hom(ZA, K (1 (F) @ Z[p~],m)) ~ K (7, (F) ® Z[p~'],m)

Thus K (7, (F) ® Z[p~'],m) is both ¥ A-null and Y A-periodic, hence 7,,(F) ® Z[p~] is
trivial.

Now we have proven that m,, (F') = 0 for all m > n+2 since they have no p-torsion and trivial
after inverting p. It remains to show that m,y1(F) is p-torsion. Since K(mp+1(F),n+ 1) —
K(mpi1(F) /741 (F)[p],n+1) is an equivalence after applying Psa, K(mp11(F)/mn1(F)[p], n+
1) is ¥ A-periodic. Similar to the above argument, notice that m,4+1(F)/mn+1(F)[p] is p-torsion
free, hence the space is ¥ A-null. Hence my11(F)/mn41(F)[p] = 0, and hence mp41(F) is p-
torsion. O

Proof. We now prove theorem 18.3.5. We first state an auxillary lemma. We claim that if
YA is contained in the thick subcategory generated by ¥°°A’, then there is some d such that
(x4A) < (A’). We consider the full subcategory C of finite p-local spectra consisting of spectra
of the form X" B, where n is any integer (may be negative) and B is a finite p-local space
such that (B) < (A’). Then obviously this category contains XA’ and it suffices to prove
that it is thick, so that it must contain X°°A, and hence a suspension of A satisfies the desired
property.

For a cofiber sequence of spectra P — () — R with two entries in €, we wish to prove the
third is also in €. Now by definition it is closed under arbitrary suspension and loopspaces, so
WLOG we assume P and @ are in € and prove R is in €. Again by definition of €, we suppose
there is a cofiber sequence of spaces L — M — N such that

P—Q— R Y™thL w0tk ;iothy
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moreover we may assume (A’) > (L) and (A’) > (M), or equivalently L and M are A’-periodic.
Then since Py is a left adjoint, it preserves cofiber sequences, hence P/ L — Py M — Pa/N is
isomorphic to a cofiber sequence x — x — P4/ N, which forces P4/ N to be trivial.

Then for a retract diagram P — @Q — P with Q € C, again assume

P—Q— P~Y™tFL 5 50tk 3otk

with M A’-periodic. Then L is A’-periodic since A’-periodicity is closed under retracts. Hence
we have proven the auxillary lemma.

We now prove that if (4) < (A’) then type A > type A’ and conn A > conn A’. For con-
nectivity, notice that since A’ is conn A’-connective, it is Geomn A’ periodic.  Hence we have
(A'y < (8 Ay hence A is also conn A’-connective by transitivity of the partial order. Thus

—~

conn A > conn A’. For the type, assume K (n), (A") = 0, since K(n) is a field, equivalently we

o~ %

have K (n) (A") =0, hence

—_—~ —m

7 Hom(A', QK (n)) ~ mo Hom(A', Q"™ K (n)) ~ K(n) (A") ~

and thus QK (n) are A’-null for all m, and hence are A-null for all m by assumption. Thus
I%*(A) = 0, and hence type A > type A'.

Finally it suffices to prove the converse. Since type A > type A’, by the thick subcategory
theorem we clearly have ¥>°A in the thick subcategory generated by ¥°°A’, hence there is some
d such that (£9A4) < (A’). We will prove that (X91A4) < (A), so that by induction we will
have (A) < (A’). Hence we may assume that d = 1. By the assumption, Pa/(A) ~ Py Psa(A).
Hence to show (A) < (A’), it suffices to prove Py Psa(A) ~ *. But note that obviuously
we have P4(A) ~ *, hence Pya(A) is the fiber of the map Pya(A4) — Pa(A), which, by
theorem 18.3.6, has the form K (G, d’") where G is p-power torsion. But this is clearly A’-periodic
by corollary 18.2.11. Hence we have proven the theorem. ]
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Chapter 19

The Bousfield-Kuhn functor

19.1 Unstable telescopic localizations

With the preparations in the previous sections, we can finally begin the study of telescopic
localizations on spaces.

Recall that the telescopic localization Lfl is given by killing all the v,,-maps for m < n and
inverting the v,-map. In theorem 18.1.12, we find that L ~ Pr(n41), which gives two possible
methods to define telescopic localization on spaces. We first focus on one. We remark here that
from now on, when we mention a type n space, it will be implicitly be p-local for some fixed p.

Definition 19.1.1. We fix integers n and d. Suppose d is sufficiently large so that there exists
a space F'(n+1,d) of type n+ 1 and connectivity d satisfying condition 18.3.4. Then we define
the category Lﬁ(An*)a‘f to be the full subcategory of An, consisting of the spaces that is

(d + 1)-connective, p-local and F(n + 1,d)-null. By definition, this category admits all limits
and colimits.

Corollary 19.1.2. We have a localization functor Pp (41,4 : (An*)z)‘f — L{(An*)fp”)l.

Proof. The proof is mainly due to the definition of local objects. We only need to deal with the
connectivity conditions here. Notice that F(n + 1,d) — * is d-connective, so by the entry (11)
of theorem 18.2.7, so is X — P4(X). Now X and P4(X) have isomorphic homotopy groups up
to degree d — 1, and we show 74(P4(X)) = 0. We have an exact sequence of homotopy groups

7a(X) = ma(Pa(X)) = mq_1(X, Pa(X))
with the first and last term zero, which forces 74(P4(X)) = 0. O

The difference between the categories L{;(An*)af)l when the type n varies is analogous to
the stable case, but we do encounter something new when d varies. A good news is that this
difference is simple enough.

Proposition 19.1.3. There is a fully faithful embedding L,J;(An*)?p‘;Jrl — L£(An*)(>pc)l which

identifies the image as the spaces X € L%(An*)(if)l such that (mq41X)g-vanishes.

Proof. We consider the functor as the composition

P
f >d+1 >d _Ftld) 1 >d
Ln(An*)(p) — (An*)(p) — Ln(An*)(p)

which we will abuse notation to denote by Pp(,41,4). Then for X € Lﬁ;(An*)?p‘;H, the map

X = Pp(ng1,9)X has fiber a F'(n+1, d)-periodic space by the lemma 18.2.12. Now, by example 8,
recall that S!/p-periodic p-local spaces have torsion homotopy groups. Then since £S5 /p have
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type 1 and connectivity 2, we have (XS1/p) > (F(n + 1,d)). Thus the fiber is also ©S*/p-
periodic, hence trivial on rational homotopy groups. Thus X — Pp(;,41,¢)X Is an isomorphism
on rational homotopy groups, hence we have the image of Pp(,;14) contained in spaces where
the (d + 1)-th rational homotopy groups zero.

Then we consider the functor 7>49 : L£(An*)(>p‘f — (An*)(>p‘;l+1. For X € L{(An*)?pc)l, we
have a fiber sequence 7>442X — X — K(mg41(X),d+ 1). Since X is F(n + 1,d)-null, it is
YF(n + 1,d)-null by lemma 18.2.6. For X with (m,41(X))g non-trivial, K(m,11(X),d + 1)
is clearly XF(n + 1,d)-null by the definition of spaces of type n + 1. So when (m,+1(X))g is
non-trivial, 7>442 upgrades to a functor L£(An*)(>p‘f — L} (An*)ac)lﬂ.

Finally we show that for X with (m,11(X))g-trivial, 7>44+2 is an inverse to the functor
>d+1

(p)
isomorphism on homotopy groups in degrees > d+ 1. Let I’ be its fiber. Since Y is Psp(;41,4)

local, F' is equivalently the fiber of Pyp(ny1,4)(Y) = Ppng1,q)(Y), hence has the form K(G,d)
by theorem 18.3.6. By delooping we have a fiber sequence Y — Pp(,411.4)(Y) = K(G,d + 1),
so Y must be the (d + 2)-connective cover of Pp(,41.4)(Y).

Pp(n41,4)- Firstly for a space Y € L{(An*) , we prove Y — Pp(,41,4)(Y) induces an

Then for a space X € L£(An*)(>p‘)l with (mg41(X))g = 0, we prove the map 7>p42X — X
is a F'(n + 1,d)-nullification of 7>,12X. We show that the fiber of this map is F(n + 1,d)-
periodic. Note that the fiber is the Eilenberg-Maclane space K(mgy1(X),d), but mgy1(X) is
p-power torsion, and hence is periodic by corollary 18.2.11. ]

Lemma 19.1.4. Let X be a p-local space. Then X is F(n+1,d)-periodic iff the three following
conditions are satisfied.

1. X is d-connective.
2. The homotopy group mq(X) is p-power torsion.
3. The connective cover T>q41X is XF(n + 1, d)-periodic.

Proof. If the three conditions are satisfied, then we have a fiber sequence 75441 X — X —
K(mq(X),d), where K(m4(X),d) and 7>441X are F(n+ 1,d)-periodic by corollary 18.2.11 and
definition, hence X is F'(n + 1, d)-periodic.

Conversely, suppose X is F'(n + 1,d)-periodic. By the entry (11) of theorem 18.2.7 X —
Pp(nt1,0)X =~ * is d-connective. We have Psp(,,41,4)X equivalent to the fiber of Pep(,i1.9x —
Pp(ns1,4)X = *, hence Pyp(,41,4)X =~ K(G,d) for some p-power torsion Abelian group. Then
consider the fiber sequence F' — X — Pypny1,a)X = K(G,d). Now F is X F(n+ 1, d)-periodic,
hence (d + 1)-connective. This implies that F' is the (d + 1)-connective cover of X, hence the
second and third condition follows immediately. O

Proposition 19.1.5. The functor An, — L£(An*)(>pc)l given by X — Ppni1.q)(T>a11X(p)) 8
left exact (that is, preserves finite limits). We denote this functor by Lfl d
Proof. Obviously taking connective covers commutes with limits. Localization at p is left exact

since it firstly preserves the final object, and preserves pullbacks due to the Mayer-Vietoris
sequence of homotopy groups of pullbacks, and the fact that Z, is flat. Hence it now suffices

to prove the functor Pp(,, 41,4 : (An*)(>pc)l — (An*)ac)l is left exact. Again, it obviously preserves
final objects, so it suffices to check that it preserves pullbacks.
Consider maps of d-connected pointed spaces X1 — Xy + Xo. We show the canonical map

T>d+1(X1 X x0 X2) = T>a+1(Prnt1,d) X1 X Pp(psr.a Xo PF(n+1,4)X2)

has F(n + 1, d)-periodic fiber. We let F' denote this fiber. Obviously F' is d-connective, and
since rationalization is left exact, 7. (F")q is trivial, hence the homotopy groups of F' is p-power

123



), dF 42 REAHK

7 ) Qiuzhen College, Tsinghua University

torsion. Thus by lemma 19.1.4, by induction, it suffices to find some Pa-local space F’ such
that their d’-connective cover agree for d’ > d. To do this, we let Y; be the fiber of the map
X; — PF(nH,d)Xi, and consider F' = 7>411Y] X7 ar1 Yo T>d+1Y2. Now they have a common
connctive cover 7>441(Y7 Xy, Y2) by considering the long exact sequence of homotopy groups of
a fiber sequence or a pullback square, hence by lemma 19.1.4 it suffices to prove F’ is F(n+1, d)-
periodic.
Notice that
Prni1,0)Q7a11Y = QPspy1,a)Ta+1Y =~ *

where the first equivalence is lemma 18.2.14 the second equivalence is by lemma 19.1.4. Thus
O1411Yy is F(n + 1,d)-periodic. Then we consider the fiber sequence K — 75411 — 7441Y0.
This gives a fiber sequence Q7411Yy = K — 7441Y1. Hence K is F(n+ 1, d)-periodic since both
Q7g11Y0 and 74,1Y7 is. Now consider the fiber sequence K — 7411Y1 X7,y Tar1Y2 — Ta11Y2,
which proves that F’ is F(n + 1,d)-periodic. This finishes the whole proof. O

We now wish to investigate the properties preserved by Lf; 4> Which also leads to the other
route to defining telescopic localizations in spaces. As before, we start from the stable setting.

Definition 19.1.6. For a spectrum X and a finite p-local spectrum F'(n) of type n, we define
the vy,-periodic homotopy groups of X by

v g (X F(n)) ~ lim(7q Map(F'(n), X) % g Map(F(n), X) = ---)

where the colimit is given by precomposing with v,. This construction only depends on the
choice of F'(n) by corollary 11.4.18.

Proposition 19.1.7. A map of spectra f : X — Y is an T(n)-equivalence iff it induces an
isomorphim on vy -periodic homotopy groups for any choice of F(n).

Proof. We prove that we have the following identification of v, 7, as a homology theory
v 1 (X) ~ DT (n).(X)

where DT'(n) is the dual of the telescope of F(n). Let v, be a v,-self map of F(n), then Duv,
is a vp-self map of D F(n). Hence we may upgrade the construction of v, '7y(X; F(n)) to the
colimit of spectrum

lim (Map(F(n), X) — Map(Z'F(n), X) = - - )
By definition of p-local finite spectra and duals, this is equivalently the colimit
lim(D F(n) ® X « SIDFn)®@X — )

and by the definition of T'(m) in definition 11.5.1, this is obviously DT (m) ® X. Hence we have
the identification above. O

We then turn to the unstable setting.

Definition 19.1.8. For a space X, and a finite space of type m equipped with a v,-self map
v : BPF(n) — F(n), we define its v,-periodic homotopy groups v;, '74(X; F(n)) by

v, g (X; F(n)) ~ lig(ﬂd Hom, (F(n), X) 2 mqy; Hom,(F(n), X) — ---)

where the colimit is given by precomposing with v,,. This construction depends on the choice
of F(n), but not the choice of the v,-self map (we will see this later).

Definition 19.1.9. We define a map f: X — Y to be v,-periodic equivalence if for all choices
of base points and some F(n), we have v, ‘7. (X; F(n)) — v, 7. (Y; F(n)) is an equivalence.
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Construction 19.1.10. We may realize v, '74(X; F(n)) as the homotopy groups of a spectra,
since by definition it is periodic of period t. Explicitly, the spectra is constructed as follows.
Let

Y = Hom,(F(n), X) — Hom,(X'F(n), X) — Hom. (2% F(n), X) — - --

Then clearly Q'Y = Y. Hence we define the spectrum ®,, (X) by letting its k-th space be
ONt=FY  where N > 0 is any integer such that Nt > k.

Not so obviously, the above construction does not depend on the choice of the v,-self map
by the following arguments.

Lemma 19.1.11. Let v, : X'F(n) — F(n) be a v,-self map of a finite space of type n. Then
Pidy nv, (X) = Map(W, @,,(X)), ,x(X) ~ &, (X). Here idw Avy, is the map idw Avy, :
W ASEF(n) — W A F(n), where W is a pointed space, and v¥ : S¥*F(n) — F(n) be the map
obtained by v, composed with itself by k times. We remark here that by the Kunneth formula
for the K(n)-homology, W A F(n) has always type > n, and when it has type > n, the v,-self
map idw Avy, is nilpotent, and Piq,y, v, (X) = 0.

Proof. Direct. O

Corollary 19.1.12. For two different v,-self maps vy, : SLF(n) — F(n) and v/, : ©¥ F(n) —
F(n), we have ®,, ~ @, .

Proof. Recall from corollary 11.4.18 that we may assume v, and v), are stably equivalent after
raising to a suitable power. Thus Y¥v? ~ ¥*(¢/ ). By lemma 19.1.11 we have ®,, ~ YF®gp o ~

a =~
Un

qu}zk(v;)b ~ (I)U;L. O

Therefore by the uniqueness of ®,,, we will denote it by ®p(,) to show its independence
of the choice of the wv,-self map. But do notice that the choice of the type n space F(n)
still matters in the construction. We also remark here that the construction ®p(,)(X) is also
somewhat functorial in the choice of F'(n). Namely we have the following property.

Lemma 19.1.13. For a map of type n spaces F(n) — F'(n), we have a functor ®p:q,)(X) —
P pn)(X). Moreover, if we regard F"(n) = cof (F'(n) — F'(n)) as a space equipped with a v,-self
map, then we have

@ pr(ny = fib(@pr(n) (X) = @ppy (X))

Proof. Firstly the functorality is obtained by corollary 11.4.18. The second property is by the
fact that a cofiber of a map of v,-self maps is a v,-self map, and taking fibers commute with
filtered colimits. O

Theorem 19.1.14. Let f : X — Y be a pointed map of pointed spaces. Then for any type n
spaces F'(n) and F'(n) equipped with vy-self maps, then f induces an equivalence ® p(n)(X) =~
Proof. 1t suffices to prove that X — Y induces an isomorphism on v,-periodic homotopy groups
with coefficients in F’(n). Recall that by the thick subcategory theorem, X*°F’(n) is in the
thick subcategory generated by ¥ F(n). Therefore XN ’(n) is generated by ¥°°F(n) under
retracts, suspensions and cofibers under finitely many steps for N > 0. Therefore to prove the
above, it suffices to prove the three special cases.

1. F'(n) is a retract of F(n).

2. F'(n) is a suspension of F(n).

3. For another F"(n) such that ®pr(,)(X) =~ ®pu(,y(Y) and a map F"(n) — F(n), F'(n) =
cof (F"(n) — F(n)).
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The first case is obvious since if this is the case then v, !7,(X; F'(n)) is a retract of
v, m(X; F(n)), and a retract of an isomorphism is an isomorphism. The second case is by
lemma 19.1.11. Finally the third case is by the fact that

Hom, (F'(n), X) ~ fib(Hom,(F(n), X) — Hom,(F"(n), X))
and that taking fibers commutes with filtered colimits. O

Therefore we may define the v,-periodic homotopy equivalences to the maps send by ®p(,,)
to equivalences for any type n space F(n).

Theorem 19.1.15. For any type n space F'(n) equipped with a vy-self map vy, we have @ g, (X)
is T'(n)-local.

Proof. Recall that we have from theorem 18.1.12 that Ll ~ Pp(p41) and from corollary 18.1.11

that a space is T'(n)-local iff it is L£—100a1 but not Li_l—local. Therefore it suffices to see that
P ) (X) is B F'(n+1)-acyclic but not X% F'(n)-acyclic for some type n space F(n) and some
type n + 1 space F'(n 4+ 1). The first fact follows from lemma 19.1.11 since F(n) A F'(n + 1)
is a type (n + 1)-space, hence Map(X®F'(n + 1), @ p(,) (X)) = @pimyar (ng1)(X) = 0. For the
second fact, it suffices to show that ®p(,)apr(n)(X) # 0, which follows from theorem 19.1.14
since if the converse holds, then X — * would be a w,-periodic equivalence, which implies

Theorem 19.1.16. For any pointed space X, for 0 < m < n and any d, we have a canonical
equivalence @ g, (X) = Cpey) (LfL 4X)

Proof. Recall that Lj;d : An, — Lfl(An*)?p‘f is the composition X = Pp(ni1,0)(T>a+1X(p))-
Hence it suffices to verify the three constructions do not change @ p(;,).
Firstly, we prove 7>441X — X induces an equivalence @ p(,) (7>441X) =~ @ () (X), which

is obvious since we have
Q%P oy (X) = lim (Hom (F(m), Q¥ X) — Hom, (F(m), Q¥ X) — )

passes to a sufficiently large loopspace of X, which is not affected by the connective cover.

Then we prove that X — X(,) induces an equivalence @ p(,,)(X) = @p(y)(X(p)). This is
obtained by considering the pullback square of localizations X ~ X,y x x, X [p~1], which results
in the pullback square

Hom, (F(m), X) ——— Hom.(F(m), X))
Hom, (F(m), X[p~!]) —— Hom.(F(m), Xg)
Now by the universal property of localizations, we have
Hom, (F(m), X[p~"]) = Hom,(F(m)[p~ '], X[p™"])

and hence vanishes since F(m) is of type > 0. The likewise fact holds for Hom, (F(m), Xq),
hence the bottom arrow is an equivalence, which proves that the top arrow is an equivalence.
Thus we have @ g, (X) = @iy (X(p))-

Finally it suffices to prove that for any d-connected space, the localization X — Pp(;,4.1,4)X
induces an equivalence @ p,)(X) — @) (Ppni1,q)(X)). Again we may prove only that the
d-connective cover of the zeroth space of the two spectra are equivalent. Firstly notice that
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LymyE>F(n+1,d) ~ 0 since F'(n + 1) has type n + 1 > m. But by theorem 19.1.15 we see
that ®p(,,,)(X) is T'(m)-local, hence we have

Hom, (F(n + 1,d), QP g, (X)) =~ Hom (X7 F(n + 1,d), ®p(m) (X)) = *

and hence Q*°®p () (X) is F(n + 1,d)-null. Therefore the desired equivalence is an exchange
map of Pp(,41,4) With the second factor of Hom, hence we can make a few reductions as shown
below (we remark here that 75441 commutes with filtered colimits since it is a right adjoint).

T2d+ 127 P p(m) (X) = 72411Q7°P p(m) (Pr(ng1,0)X)
= T>d+1Pr(n+1,4) @(Hom*(ZktF(m), X)) = Q> lig(Hom*(EktF(m), Prny1,4)X))
= lim(7>a11(Pp(ni1,0) Hom (ZMF(m), X)))) = lim(75a11 Hom, (S* F(m), Prgi1,4) X))
> Pp(pi1,q)(Hom, (M F(m), X)) ~ Hom, (S F(m), Pryi1.a)X), Vk

But since F(m) is finite, we may write ¥ F(m) as a finite colimit of S°. This makes
Hom, (X* F(m), X) a finite limit, which commutes with Pr(n41,4) by proposition 19.1.5. O

Proposition 19.1.17. Let X be a F(n + 1,d)-null pointed space. Then for any type n space
F(n) equipped with a vy,-self map v, : X' F(n) — F(n), we have the map 7 Hom,(F(n), X) —
v, (X5 F(n)) an isomorphism for k > d.

Proof. We claim that the transition maps in the colimit
Hom, (F(n), X) — Hom, (X' F(n), X) — ---

are homotopy equivalences after passing to the (d + 1)-connective covers, which proves the
assertion directly by passing to the colimit. We claim the identity component of the homotopy
fiber, that is, the identity component of Hom,(cof(v,), X) is (d — 1)-truncated. To prove this,
note that

Q41 Hom, (cof (v,), X) ~ Hom, (297! cof (vy,), X) ~ *

where the last equivalence is by the fact that X is X%~! cof (v, )-null, since type ¢! cof (v,,) >
n + 1, and conn X% cof(v,) > d, and by theorem 18.3.5 we have proven the result. O

Theorem 19.1.18. Let f : X — Y be a map of pointed spaces. Then L£ 4(f) is an equivalence
iff for 0 <m < n, f is a vy-periodic equivalence and (mp,X)g — (7Y )q is an equivalence for
k> d.

Proof. = : The first condition follows from theorem 19.1.16, and the second follows from the
fact that fib(f) must be F'(n + 1, d)-acyclic, hence must be rationally trivial on degree greater
than d (the degrees below d are being removed in the construction).

<= : We apply induction on n. For the case where n = 0, we have Lg(X) ~ (1>4+1X)0,
where the assumptions clearly imply Lj; 4(f) is an equivalence. For n > 0, WLOG assume
that X and Y are already (d + 1)-connected, p-local and F(n + 1,d)-null. Then by the as-
sumption the fiber F' = fib(f) is rationally trivial and v,,-periodic homotopy equivalent to
a point for 0 < m < n. Let F(n,d’) be a type n space of connectivity d’ equipped with a
vp-self map. By proposition 19.1.17, the space Hom,(F(n,d'), F') is d-truncated since it is v,-
homotopy equivalent to a point. By replacing F(n,d’) by a suitable suspension we may assume
Hom, (F(n,d), F) ~ x. We moreover assume that d’ > d. Therefore F' is F(n,d')-null. Then
T>@+1F is also F(n,d')-null since 7>g441 is a right adjoint, hence 7>4 41 F can be regarded as
an object in Lfl_l(An*)(?)l/. By the induction hypothesis on n, we conclude that 741 F ~ *.
Moreover, by assumption 7441 F is rationally trivial and F'(n+ 1, d)-null, by proposition 19.1.3
we have Pp, 11 ¢)T>a+1F ~ T>a41F. Therefore we have F is d-truncated. Moreover, since it is
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a fiber of a map of d+ 1-connective spaces, it must be d-connective. Therefore F' is concentrated
at degree d, and hence F ~ K(G,d) for some G. Since f is a rational equivalence on degree
greater than d, G must be torsion, and since F' is p-local, G must be p-power torsion. Thus
K(G,d) is F(n + 1,d)-periodic by lemma 19.1.4. Thus f is an equivalence since X and Y are
F(n+1,d)-null. O

Corollary 19.1.19. The functor L{Ld : An, — Lfl(An*)?p‘f exhibits the category Lfl(An*)?pC)l

as the localization of An, with respect to the maps satisfying the conditions in theorem 19.1.18.
Proof. Directly by the definition of localizations and theorem 19.1.18. O
Lemma 19.1.20. For a F(n)-null space X, we have ® g, (X) = 0 for all m > n.

Proof. By replacing F'(m) with a suspension, we may assume that the connectivity of F'(m) is
greater than the connectivity of F'(n). Therefore by theorem 18.3.5 we have X is F(m)-null.
Therefore the mapping space Hom. (F(m), X) >~ x, and hence ® p(,,)(X) =~ 0. O

Definition 19.1.21. We let An{" be the full subcategory of Li(An*)?p‘)i consisting of F'(n, d)-

periodic objects. Explicitly, AnY" is the category of spaces that are (d + 1)-connective, p-local,
F(n+1,d)-null, and F(n,d)-periodic.
We define a localization functor Mg : An, — An?" by

X = Toa11 Ab(Ppng1,0) (T2a41X(p)) = Pr(n,a)(T>d+1X(p)))

Corollary 19.1.22. A morphism in An2" is an equivalence iff it is an vy,-periodic homotopy
equivalence.

Proof. By theorem 19.1.18. 0

Corollary 19.1.23. The functor M : An, — An?" exhibits Anl" as the localization of An,
with respect to the vy,-periodic equivalences.

Proof. Directly by corollary 19.1.22 0

Corollary 19.1.24. The stabilization Sp(Any") can be identified with Spr(n)- We denote the
associated suspension spectrum and infinite loopspace functor by 25’?(”) and Q%"(n). Moreover, we
have X5,y ~ Lp(n) X% (under a certain inclusion Anj" — An,) and Oy = 0% 0 T2d, 41415
where dp+1 depends on the inclusion chosen An?" — An,.

Proof. By verifying universal properties, Sp(C[W~1]) can be identified with the category
Sp(C)[L>*°W ~!]. Therefore Sp(An’") is the category obtained by inverting the v,-periodic
equivalences in Sp, which is obviously SpT(n). ]

The above corollary shows that the nature of the category Any* do not depend on the value
of d in L£(An*)(>p‘§, since An}" is uniquely determined by its universal property as a localization.
However, what d does affect is the inclusion functor An}* — An,, which must have image in
(d 4+ 1)-connected spaces.

Theorem 19.1.25. Let F'(n) be a type n space equipped with a vy,-self map. Then the natural
transformation X — Mj X induces an equivalence Q) (X) — @F(n)(M,{X).

Proof. Recall in theorem 19.1.16, the natural transformations X — P4X, X — X(;,), and
T>4+1X — X are send to equivalences by ®p(,). Therefore it suffices to show that for a
F(n + 1,d)-null space X, the construction X > fib(X — Pp(, 4 X) does not change the
vp-periodic homotopy groups of X, which is obvious since Pp(, X has trivial v,-periodic
homotopy groups. O
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19.2 The construction of the Bousfield Kuhn functor

In the last chapter we introduced the notion ®p,)(X), which is exactly the information of
the vy,-periodic homotopy groups of X. However, this construction (and also the v,-periodic
homotopy groups) depend on the choice of the type n p-local space F(n). In this section, we
introduce the notion of the Bousfield-Kuhn functor, which unifies the construction ® g, (X).
Namely, we prove the following theorem.

Theorem 19.2.1. There is a unique functor ® : An, — Spr(,) such that for any finite p-local
type n space F(n), we have ® g,y (X) =~ Map(F(n), ®(X)).

Proof. We firstly notice that the notion ® p(,) (X) can be extended naturally to a functor ®_(—) :
(Sp,,)°? — Fun(An,, Spy(,)), where Sp,, is the subcategory of p-local finite spectra of type > n.
This is essentially by lemma 19.1.11 and corollary 11.4.18. Then we consider F' : (Spg,)°? —
Fun(An., Spr(,)) as the right Kan extension of ®_(—). Since Spp(,) is closed under limits,
the right Kan extension is well defined. Then we let & = F(S(,)), namely by the construction
of the right Kan extension,
B(X) = lim ()

where the limit is taken on the over category (Sp%p)gu)) /- Then by lemma 19.1.13, we have
®_(—): (Sp,)°P — Fun(An. — Spyy(,)) is left exact. Therefore I is also left exact, and since

F(S3))(X) = ®(X) ~ Map(S(), (X))
By the definition of the Kan extension and the definition of extension by limits we have
F(F(n))(X) = ®p(n)(X) = Map(F(n), ®(X))

Then we prove uniqueness. Suppose ® : An, — SpPr(n) is another functor satisfying
the given conditions, then let F” : (Spg,)°® — Fun(Any,Spr(,)) by letting F'(E)(X) =
Map(FE,®'(X)). Then by the universal property of the Kan extension we obtain a natural
transformation F’ — F, which is an equivalence on the full subcategory spanned by spec-
tra of type > n. Therefore for some type n spectrum F(n), we have Map(F(n),®(X)) ~
Map(F(n), ®'(X)). By taking duals we have D F(n) ® ®(X) ~ D F(n) ® ' (X). By passing to
the colimit we have ®(X) — ®'(X) is a T'(n)-equivalence. But since both ®(X) and ®'(X) are
T'(n)-local, they must be equivalent. O

Remark 27. In practice, we often find a cofinal system of type n spectra

FEo—FE — -
among all type n spectra with a map to S, and use lglk Op, (X) to calculate ®(X).
Proposition 19.2.2. The functor ® : An, — Spy,) is left ezact.

Proof. It suffices to prove ®p(,) : An, — Spp,) is left exact, where F (n) is some type n
space with a wv,-self map. Since limits of spectra are computed spacewise, it suffices to prove
Qxtkp F(n) 18 left exact. Then since ®p(,) is a periodic spectrum, it suffices to show Q*®p )
is left exact. But by construction,

QP X = lim(Hom,(F(n), X) — Hom, (X' F(n), X) = ---)
which is clearly right exact since finite limits commutes with filtered colimits. O

Proposition 19.2.3. A map f: X — Y of pointed spaces is a vy -periodic homotopy equivalence
iff ©(f) : (X)) — @(Y) is an equivalence.
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Proof. = 1is obvious since by definition v,-periodic homotopy equivalences are the maps send
by ®p(,) to equivalences. Therefore by passing to limits we have ®(f) an equivalence.

<= is also obvious since ®p(,)(X) =~ Map(F(n), ®(X)). O
Corollary 19.2.4. The functor & : An, — SPr(n) factors through the localization An, —
An?.

Proof. Directly by corollary 19.1.22 and proposition 19.2.3. O

Theorem 19.2.5. The functor ® : An" — Spp(,) admits a left adjoint © : Spp(,) — Anj".

Proof. By the construction of ® as a right Kan extension, it suffices to prove ®p,) for F(n)
a type n space with a v,-self map v, : X*F(n) — F(n) has a left adjoint © p(,) (then we may
construct © as a colimit of ©p(,)). Explicitly, we show that for each spectrum Z, the functor
X + Hom(Z, @,y (X)) is corepresented by some Op(,y(Z) € Anj".

Since left adjoints preserves colimits, it suffices to prove ©p(,)(Z) exists for Z = Skt with &
any integer (possibly negative). Using t-periodicity of ® g, (X) it suffices to prove the case for
Z =S, that is, the functor X — Q>*®p(,) (X) is corepresentable. But by proposition 19.1.17
we have the sequence

Hom, (F(n), X) — Hom,(X'F(n), X) — ---

is eventually constant since it is constant after taking a d-connective cover for a F'(n+ 1, d)-null
space X. Thus we only need to show that the functor X — Hom, (X F(n), X) is corepresentable
for some ¢ > 0 (since X € An}", which is also why the theorem does not hold if we regard ®
as a functor An, — Sp).

We claim this is corepresented by PF(nJrLd)(ECtF (n)). This space obviously lies in

L£(An*)(>pﬁ)i, and for ¢ > 0, Pp(, ) (E“F(n)) ~ % by theorem 18.3.5 and the definition of the

unstable Bousfield class. Hence PF(nH’d)(ECtF (n)) € AnY", and represents the functor, which
proves the theorem. O

The most fundamental property of the Bousfield Kuhn functor is that the T'(n)-localization
functor of spectra factors through it.

Theorem 19.2.6. Let X be a spectrum. Then we have a canonical equivalence PQ>°(X) ~

Proof. We first calculate ®p(,)Q2°°(X) where F'(n) is a type n space equipped with a v,-self
map. We have

Q%@ g, (27 X)

~ lim (Hom, (F'(n), 2 X) — Hom, (X' F(n), Q°X) — --+)

~ limy(Hom(X* F(n), X) — Hom(E*"F(n), X) — ---)

~1lim(QCDE*F(n) @ X — QX TIDY®F(n) @ X — )

~O®DF(n)[v, ] ® X

~Q®° D F(n)[v, '] ® Ly X
where the fourth equivalence is since Q°°, as a right adjoint, commutes with filtered colimits, and
the final equivalence is since D F'(n)[v;!] is a telescope of type n, hence D F(n)[v; '] calculates

the T'(n)-homology of X for some X, hence it is safe to replace X by Lyp,)(X). However, when
X is itself T'(n)-local, the sequence

Hom(X®°F(n), X) — Hom(X®MF(n), X) — ---
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is actually constant since the fiber of the map is Hom(X*°F'(n) /vy, X ), and the previous spec-
trum is a spectrum of type n + 1, and since X is T'(n)-local hence F'(n + 1)-null, this fiber is
null. Therefore we have

and since both sides are periodic, we have ® () (2°°X) =~ Map(X°°F(n), Lp(;)X). This clearly
holds after replacing ¥*°F(n) by any type n spectrum.
Thus the conclusion follows from

E E

Corollary 19.2.7. We have two pairs of adjunctions
2T (),
such that the horizontal compositions are the identities.

Proof. theorem 19.2.6 implies that the bottom composition is the identity, and the top row is
left adjoint to the bottom row, hence the identity. O

19.3 Monadicity of the Bousfield Kuhn functor

We first recall a few facts on monads.

Definition 19.3.1. Recall that traditionally (or in the 1-categorical sense), a monad on a 1-
category C is an endofunctor T : € — € equipped with a natural transformation p:ToT — T
and a natural transformtion 7 : ide — T such that the following diagrams commute.

ToToT Xy 7o T 2 o MM
tron J» ol oA

where 17 denotes the trivial natural transformation 17 : T' — T given by id. Finally, an algebra
of a monad is an object of C, say X, equipped with a morphism m : TX — X such that the
following diagrams commute

ToTX FX 1x X X, 1rx

Lyom | |m m )l(m

TX —— X

where 1x is the identity map on X.

The constructions immediately generalizes to oo-categories. Note that the above definitions
abstracts to the following. Let € be an oo-category, then Fun(C,C) ~ Homcat(C,C) has a
tautological structure of an E; monoidal category with tensor product given by composition of
functors (here Cat is regarded as a (00, 2)-category). Then C is a category left tensored over
Fun(@, €) given by applying an endofunctor on an object. Therefore, the above definition of
monads generalizes as follows. We define a monad T on a category € to be an Ej-algebra in
Fun(C, €), and a T-algebra X to be an object of LModr(C).
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Construction 19.3.2. For a monad T on €, notice that we have the following adjunction
T:C=LModr(C):U

which also recovers the monad by the composition UT'. For a pair of adjunction F : €= D : G,
we have GF' a monad on €, with its category of algebras equivalent to the essential image of G.

Explicitly, the E;-algebra structure of GF has the multiplication map 1goeolp : GFGF —
GF and the unit map 7 : ide — GF. Furthermore, notice that for any element Y € D, GY
is a GF-algebra with the action given by lgoecoly : GFGY — GY. Hence G upgrades to
a comparison functor (the Eilenberg-Moore functor) F : D — LMod¢gr(C), and we say GF is
monadic iff the previous comparison functor is an equivalence.

We have the further definition of the Kleisli category, or the category of free GF-modules
LModZ(C), defined to be the full subcategory of LModgr(€) consisting of the GF-modules
of the form GF X equipped with the natural module structure. By the definition of adjunctions,
a morphism of GF-modules GFX — GFY is equivalent to the data of a morphism X — GFY
as objects of €. Therefore, the Kleisli category is equivalent to a category having the same
objects as €, and a morphism X — Y is defined to be a morphism X — GFY in C (this reduces
our construction to the usual construction of Kleisli categories). This allows us to define a map

K : LMod%(€) — D
given by sending an object X € Ll\/_[odgel?(e) via the second construction as an object in € to
FX, and a morphism X — Y regarded as a morphism X — GFY is send to FFX — FY given
by the defintion of adjunctions. By this identification we have obviously that K is fully faithful.
In the aobve constructions, we see that we have E o K : LMod%(€) — LModgr(C) is
naturally equivalent to the inclusion functor of the free modules into all modules. In particular,
FE o K is fully faithful.

We have the following fundamental theorem of Barr-Beck on the monadicity of adjoint
functors, generalized by Lurie to the co-categorical case, whose proof we will omit.

Theorem 19.3.3 (Barr-Beck-Lurie). The adjunction F : € 2 D : G is monadic iff the two
following conditions holds.

1. G is conservative.

2. For a simplicial object V' of D, if it is send to a split simplicial object in C by G, then it
admit a colimit in D, and this colimit is preserved by G.

In particular, if D admits all geometric realizations, all of which is preserved by G, then the
second condition clearly holds.

We can now state the first main result of this review.

Theorem 19.3.4 (Eldred-Heuts-Mathew-Meier). The adjunction © : Spp,) & An{" : ® is
monadic.

Before this, we need some lemmas on geometric realizations.

Lemma 19.3.5. For a diagram of simplicial spaces Xo — Be < Yo with B, is connected for
all n, then the natural map |Xe Xg, Yeo| = | X X|B.| |Ye| is an equivalence.

Proof. This is a famous result called the Bousfield-Friedlander criterion in simplicial homotopy
theory, hence we will omit the proof here. _ O

Lemma 19.3.6. Let V € An, be a finite d-dimensional CW complex. Then the functor
Hom, (V, —) : AnZ¢ — An, preserves geometric realizations.
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Proof. Consider a simplicial space X, with each X,, d-connective. Then we consider the collec-
tion 7" of all finite spaces V such that | Hom,(V, Xe)| ~ Hom,(V, |X.|). Note that the category
An, is a topos, and hence T is closed under coproducts (wedge sums).

We apply induction to show all spaces of dimension < d is in T'. Firstly by definition S° € T,
and since T is closed under wedge sums, 0-dimensional spaces are all in T. Assume now that
for n < d — 1 that all n-dimensional spaces are in 7', then for any space Y of dimension n + 1,
we have a cofiber sequence \/ S™ — 7<,Y — Y. Moreover, since n < d — 1, Hom,(S", X,) is
connected, and hence by lemma 19.3.5 and that \/ S™ and 7<,,Y are in 7', we have Y € T. [

Proof. We now apply theorem 19.3.3 to prove theorem 19.3.4. Firstly ® is conservative by
proposition 19.2.3 and corollary 19.1.22. Hence it suffices to prove that ¢ preserves geometric
realizations.

First note that the colimit in Spp(, is obtained by first taking the colimit in Sp then take
the T'(n)-localization. This allows us to regard ® as a functor An?" — Sp. Let X, be a
simplicial object in An}", we prove |®(X,)| — ®(|X,|) is a T'(n)-equivalence. Since T'(n) can
be obtained by inverting the v,-self map of any type n spectrum, and the dual of a type n
spectrum is still type n, it suffices to prove

Map(F'(n), |®(Xe)[) = Map(F(n), ®(| X))

is an equivalence. Now since in the category of spectra fiber sequences coincide with the cofiber
sequences, the fact that geometric realization is a colimit and hence preserves every colimit
implies that it commutes with finite limits. Now Map(F'(n), —) is a finite limit since F'(n) is
finite, hence the left hand side can be identified with | Map(F(n), ®(X,))|. Therefore it suffices
to prove

| Map(F(n), ®(X,))[to Map(F'(n), ®(| X))

is an equivalence. By theorem 19.2.1 and choosing F'(n) to be of the form X*°F(n) for a type
n space F'(n), it suffices to prove

“I’F(n)(Xo)\ — q)F(n)(\X-D

is an equivalence. Then, notice that the subcategory Anl» C L£(An*)(>p‘)l is closed under

colimits, and the colimits in LfL(An*)?p‘)i are computed by first taking the colimits in An, and

then take the localization L{; ;- Finally we notice that the map L£ g (An*)a‘)l — L£(An*)(>pc)l

induces an equivalence on v,-periodic homotopy, hence induces an equivalence after applying
P p(n). Therefore it suffices to show that @, : (An*)(>p‘§ — Sp preserves geometric realizations
for some chosen d.

Finally we expand the definition of ®p(,)(Xe) for X, € (An*)(>pc)l. Suppose that the v,-self

map of F(n) is v, : X'F(n) — F(n), we notice that
CDF(”)(X.) ~ hﬂ(Tzoq)F(n)(X.) — QtTZO(I)F(n)(X.) — .. )

hence it suffices to see that 7>0®p(,) preserves geometric realizations. But note that the category
of Eqo-groups are closed under filtered colimits as the subcategory of An,, hence under the
identification of the category of connective spectra and E,.-groups, and the fact that

T20P p(n) (Xe) = B lim(Hom,(F(n), X,) — Hom, (X! F(n), Xo) — -+ -)
it suffices to show

| Hom, (F'(n), Xe)|to Hom, (F(n), | X|)

is an isomorphism. But since the category AnY" is independent of the choice of d in LfL(An*)?p‘;,

we may choose d > 0 such that d > dim F'(n), and hence the theorem follows from lemma 19.3.6
O
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As a direct corollary, © computes the free algebra (of the monad ®0) of a T'(n)-local spectra.
Therefore the computation of the functor © may appear as an important question. In fact, for
a T'(n)-local finite spectrum, we have the following way of computing ©.

Proposition 19.3.7. Let F(n) be a (d — 2)-connected finite space of type n with a vy-self map
v:Y'F(n) — F(n), then we have a canonical equivalence

O(Ly(m ST F(n)) ~ L X2F(n)

Proof. Consider the space F(n)/v. Then by theorem 18.3.5, X'F(n)/v a suspension space
having type n + 1 and connectivity d + i — 1, hence it is F(n,d)-periodic. Thus

Hom, (L] ;%'F(n)/v, X) ~ Hom,(S'F(n) /v, X) ~ *
Then consider the cofiber sequence
YF(n)/v = XT2F(n) = U F(n) — X2F(n) /v
Let X € An?". By the above, we have
Hom, (22F(n), X) ~ Hom, (S F(n), X) ~ - -

Thus for any X € An{", we have

Hom, (6(Ly(,) ST F(n)), X)
~ Hom(Lyp( ST F(n), ®(X))
>0 P52y (X)
~ Hom, (X?F(n), X)
~ Hom. (L] ;S?F(n), X)

19.4 Calculus and dual calculus of functors

Recall that we have the general philosophy that there is a monoidal (not generally fully faithful)
embedding Fun(Core Fin, €) — Fun(C, €) given by

C (X = P(Cn) @ Xs,)

for any category €. Thus given an operad in the classical sense, that is, a symmetric sequence
C € Fun(Core Fin, €) which is a E;-monoid under the composition product, it gives rise to
a monad. The essense of (dual) Goodwillie calculus which is used here finds, in some sense,
adjoints to this construction. In this section, € and D are pointed (or even stable) categories
good enough so that they have all limits and colimits that are possibly implicitly needed in the
conditions.

Definition 19.4.1. For an S-cube X : P(S) — C, we define its total fiber

tfib X = fib(X(2) —» lim X(T))
TCS,T+#>

and dually its total cofiber

tcof X = cof( lim X(T) = X(9))
TCST#S
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Corollary 19.4.2. The construction of total (co)fibers are iterative. That is, given a cube
X : P(S) — € and s € S, we have tfib(X) identified with the total fiber of the following cube

Y:P(S—{s}) = CY(T) =ab(Y(T) = Y(TU{s}))
The dual statement holds for the total cofiber.

Proof. By directly verifying the universal property. O

Definition 19.4.3. Consider a finite set S, and let P(.S) be the poset of subsetes of S ordered
by inclusion. We define P<;(S) to be the subset of P(S) consisting of subsets having cardinality
smaller or equal than i and P-;(S) to be the subset of P(S) consisting of subsets having
cardinality greater than 3.

We define an S-cube F': P(S) — € (where S is a finite set) to be strongly coCartesian if it
is the left Kan extension of the subdiagram F': P<;(S) — €. We define a cube to be Cartesian
if it is the right Kan extension of the subdiagram F': P5¢(S) — C.

We define a functor F': € — D to be n-excisive if it takes strongly coCartesian [n]-cubes to
Cartesian [n]-cubes (here [n] = {0,1,--- ,n}). Clearly we have a functor is n-excisive implies
that it is n + l-excisive. We define the full subcategory Exc,,(C, D) to be the full subcategory
of Fun(€, D) spanned by the n-excisive functors.

Also, we form the dual of the above construction. We have the dual definition of strongly
Cartesian cubes and coCartesian cubes. We define a functor to be n-coexcisive if it takes
strongly Cartesian [n]-cubes to coCartesian [n]-cubes. Dually we also have a functor is n-
coexcisive implies that it is n + l-excisive. We define the category of coexcisive functors to be
Exc"(C, D).

Note that when € and D are both stable, the notion of excisive and coexcisive functors
coincide.

As we are working with functors F' : Spp(,) — Spr(,), we hence assume from now on €
and D are both stable (even some arguments still work when they are not), so that the excisive
functors are exactly the coexcisive functors.

Construction 19.4.4. We now introduce methods to detect whether a functor is n-excisive.
We define the n-th cross effect of a functor F' : € — D to be the functor € — D given by

crn (F)(X1,.. ., Xp) = thibres (F(] ] Xs))
s¢T
where S ={1,...,n}.
Dually we define the cocross effect to be
a(F)(X1, ..., Xn) = teofpes (F(] | X))

seT

The two functors detect whether F' sends strongly coCartesian S-cubes to Cartesian S-cubes
(or its dual version), hence gives the obvious criterion that F' is n-excisive iff cr,41(F) = 0.
Note that the construction of (co)cross effects can be iterative, that is, we have

Crn(F)(Xl, .. ,Xn) ~ Crg(CI‘n_l(F)(Xl, ey Xn_g, _))(Xn—lan)

and
a™(F)(X1,. .., Xn) = er?(a™ Y F) (X1, .o Xneo, =) (X1, X0)

This follows from the iterative construction of the total (co)fibers.
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Construction 19.4.5. We note that taking the cross effect of a functor F' : € — D defines a
functor
: Fun(€, D) — Fun(C, D)
given by
B (F)(X) = era(F)(X, ..., X)
Since crp(X1,...,X,) can be written as a retract of crp([[ Xi,...,[[Xi), we have F n-
~ Xk,

excisive iff erl,(F) Noticing that F' ~ cr{(F), we have a natural transformation ¢ :
cr2(F) — F given by

ety A(F)(X) ~ erp(F)(X, ..., X) = F(][ X) = F(X)

where the second map is given by the structure map of the total fiber. We define the cofiber of
this natural tranformation to be G, F' = cof(¢), and define

F = hgﬂ(F — Gn+1F — Gn+1Gn+]_F — )

By checking definitions we see that P, F is the couniversal n-excisive functor equipped with
a natural transformation F© — P,F. In other terms, we have P, a localization functor left
adjoint to the inclusion Exc,(C, D) < Fun(C, D).
Dually we define
A (F)(X) =ca™(F)(X,...,X)

and a functor is n-coexcisive iff cr} (F)) ~ *. Also we have a natural transformation n : F' —
cr} (F') given by
F(X) = F(J[X) = a™(F)(X,...,X) =~ a& (F)(X)
take G"F = fib(n), and finally
P”F:l'&n(FeG”HFe...)

Again we have P"F is the universal n-coexcisive functor equipped with a natural transforma-
tion P"F — F. P™ is also the colocalization functor right adjoint to the inclusion Exc" (€, D) —
Fun(C, D). For a functor F, we define its n-homogeneous part D, F = fib(P,F — P,_1F). Du-
ally its n-cohomogeneous part D"F = cof(P" 'F — P"F).

Definition 19.4.6. We define a functor F': € — D to be multilinear if it is 1-excisive in each
variable. Dually we have the definition of comultilinear functors.

Proposition 19.4.7. If F : C — D is n-excisive, then for 0 < m < n we have the functor
crt1(F) is (n — m)-excisive in each variable.

Proof. By the iterative construction of cross effects in definition 19.4.1, we have
i1 (F) (X1, X, V) e (F(= [ [Y)(X0, ., Xa)

and hence by induction it suffices to prove that if F' is n-excisive, then F(—][[Y) is (n — 1)-
excisive, which is obvious. ]

Theorem 19.4.8. We have an equivalence of categories between the category of n-homogeneous
functors € — D with the category of symmetric multilinear functors €™ — D, with the equiva-
lence given by F(X) — crp(F)(X1,...,Xp) and G(X1,...,X,) = G(X, ..., X)ns,. We define
this second operation by Ag,, .

Dually, we have an equivalence of categories of n-cohomogeneous functors with the category
of symmetric multilinear functors, with the equivalence given by F(X) — cx™(F)(X1,...,X,)
and G(X1,...,Xn) = G(X,..., X)) We define this by A,
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Remark 28. Note that in the stable settings, the n-excisive and coexcisive functors agree with
each other, and the difference of F,, and P" comes froms the fact that they are respectively the
left and right adjoint to the inclusion. Here, the difference is similar.

Proof. We first verify that for a symmetric multilinear functor L we have cr,, Ag, L — L is an
isomorphism. By unwinding definitions, we have

crp Ag, L(X1,...,X5)

s¢T s¢T
~tfib(T > L(] [ Xe,..., [ Xe))ns, (by stability)
s¢T s¢T

Since L is l-excisive in each factor, we have

LT Xe- - [T X = TT 2(Xpays - Xpy)

s¢T s¢T fern

where T'C S, S ={1,...,n}. If we denote this cube by X, then this cube can be decomposed
into the following. Let o : S — S be an arbitrary map, and let X, denote the cube where
Xo(T) = L(Xo(1)s- -+ » Xo@m)) if 0(S) € 8 — T and is trivial otherwise. Then we clearly have
X =~ HU:S—>S xo"

Then note that if o is not a bijection we have tfib(X,), then we have tfib(X,) is trivial since
in this cube, for s ¢ im(c), the morphism pointing from 7" — 7' U {s} is an isomorphism, and
by the iterative construction of total fibers we have the total fiber is trivial by first taking fibers
in this direction.

Finally for o is indeed a bijection, we have X, is trivial except for the initial vertex with
value L(X,(1y, .-+, Xs(n)), hence we have

tﬁb(DC(,) >~ L(Xo(l), ces ,Xa(n))

Therefore

tfib(X) ~ H L(Xg(l), co ,Xg(n))
oESH

and the map cr, Ag, L — L is tautological.
Since L is symmetric, we have

crn Ag, L(X1, ..., Xn) ~ ( H L(Xo(1ys s Xom)hs, = L(X1, ..., Xp)
oES,

Then we treat the converse case. For an n-homogeneous functor F', note that cr,(F) ~
* implies that F' is also trivial, since F' is also (n — 1)-excisive by definition. Therefore to
prove that Ag, cr,(F) — F is an equivalence of n-homogeneous functors, it suffices to prove
crp Ag,, crp(F) — cr,(F) is an equivalence of symmetric multilinear functors.

We first construct the natural transformation v : Ag, cr,(F) — F. We define

Vx As, e (F)(X)
~(crp(F))(X,..., X)ns,
—F(XII---1IX)s,
—>F(X)h5n
—F(X)
where the first arrow is given by the structure map of the total fiber, and we have the last arrow

since F'(X) has the trivial S,-action. Then note that this map is an equivalence after passing
to cr,, since it agrees with the equivalence defined above, we have the result. O

137



), dF 42 REAHK

7 ) Qiuzhen College, Tsinghua University

Corollary 19.4.9. We have
D, (F) ~ liﬂﬂm"(crn(F))(EmX, XX

Dually we have
D"(F) ~ @Em”(cr”(F))(QmX, L OMX)

Proof. Similar to the above argument. O

Corollary 19.4.10. A filtered-colimit preserving functor F' : € — D where € is either compactly
generated by S or stable and generated by X"S for some object S is n-homogeneous iff it is of
the form F(X) = (C ® X®")g, .

Proof. Using the above equivalence, we have F'(X) ~ cr,(F)(X,...,X)ps,. Therefore
F(X) =~ (crp(F)(S,...,S) ® X® ),
since F' hence cr, (F') commutes with filtered colimits. O

Lemma 19.4.11. For any filtered colimit preserving n-homogeneous (n > 1) functor F : € — D,
there is some F' : Sp(€) — Sp(D) such that F = Q¥ F'¥>.

Proof. By corollary 19.4.9, the image of a n-homogeneous functor lie in the subcategory of
infinite loopspaces, and hence F' factors through Q> : Sp(D) — D. Now since F factors as
C — Sp(D) — D, it also factors through ¥°° : € — Sp(C€), and it suffices to prove that the
middle functor remains n-homogeneous. This is direct by verifying the cross effects vanishes. [

Theorem 19.4.12 (Telescopic Tate vanishing). For G a finite group, and an object X of
SpPr(n) equipped with a G-action, then we have a norm map between the homotopy orbits and
the homotopy fized points Nm : X — X", and the cofiber of the norm map X*¢ = cof(Nm)
vanishes.

Proof. _ O

Construction 19.4.13. Consider stable categories € and D, a reduced (n — 1)-excisive functor
E, an n-homogeneous functor K, and an extension of K into E (that is, a fiber sequence
K — F — FE, which is also equivalent to the data £ — X K).

By theorem 19.4.8, we have XK ~ Ag, cr,(XK). Since X is a retract of X @Y, we have
F(X) a retract of F(X @ Y), hence since D is also stable we have F(X @ Y) ~ F(X) ® K.
Thus cof (F(X) - F(X®Y)) ~fib(F(X®Y) — F(X)). Thus by the direct definition of cross
effects and the iterative algorithm for total (co)fibers we have the cross effect of XK and the
cocross effect agrees up to suspensions. Thus we have A% (cr™(ZK)) is cohomogeneous, hence
every natural transformation from an (n — 1)-excisive functor E to A" (X K) vanishes. Finally
by the long cofiber sequence

(crn(K)A)S" — Ag crn(SK) 22 A5 ery (SK) — (crn(SK)A)Sn

and that the third functor in the cofiber sequence is n-cohomogeneous, we have that a map
E — YK ~ Ag, (cr,(2K)) is equivalent to a map E — (cr, (K)A)Sn,

As a conclusion, a reduced n-excisive functor is equivalent to the data of a reduced (n — 1)-
excisive functor F, an n-homogeneous functor K regarded as an n-symmetric functor, and a
natural transformation £ — (cr, (K)A)"». Moreover, this functor can be reconstructed as the
fiber

fib(E — (crp(K)A)Y" — Ag crp(2K) ~ XK)

Corollary 19.4.14. Every k-excisive functor F': Spr(,y — SPr(,) splits as the direct sum of
j-homogeneous functors (where j < k).

Proof. Follows directly form theorem 19.4.12 and construction 19.4.13. O
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19.5 Dual calculus in the T'(n)-local category and nilpotence

corollary 19.4.14 in the previous section implies that the Goodwillie tower of an n-excisive
functor of T'(n)-local spectra splits, which implies that the Goodwillie tower of a coanalytic
functor splits. In this section, we wish to see that the converse result, that is, every split
Goodwillie tower result in a coanalytic functor, then clearly it suffices to prove the following
result.

Theorem 19.5.1 (Mathew). If F' ~ @ F;, and Fj : Sppp)y — SPr(n) is filtered colimit
preserving and j-homogeneous, then the natural map

o0

PHEPF)) ~ P'F
j=1

s an equivalence. Dually we have

(though this dual is not needed later, we still present it here for the sake of symmetry).
We first present the core lemma of uniform nilpotence used to prove the theorem.

Lemma 19.5.2. Let F' be a finite type n-spectrum. Then there exists a constant C' such that
for all 7 > k and any filtered colimit preserving j-homogeneous functor H : SPr(n) = SP1(n)s
we have the natural transformation

Fo (% ak (H)Q%) - Fo (ak (H))
is null. This constant C only depends on F.

Proof. We first show that lemma 19.5.2 implies theorem 19.5.1. We first note that theo-
rem 19.5.1 is equivalent to Dk(@kaj) ~ O for all k. Then we see that it suffices to prove
that D* commutes with infinite direct sums, which is a property that ordinary sequential limits
do not possess (for the construction of DF as a sequential limit, see corollary 19.4.9). But if we
have lemma 19.5.2, this would give the fact that the inverse system V @ @(X% cr®(F;)AQC) is
nilpotent. Furthermore, since V' is a finite spectrum, we have V ® — commutes with sequential
limits. Therefore

0~1imV @ @E™ a*(F)AQ") ~ V @ lim @H(E" o (F)AQ")

Then by taking the telescopic localization of V', we have 1&11@(2”’“ cr®(F))AQM) is T(n)-
equivalent to 0, which proves theorem 19.5.1. O

Now it suffices to prove the lemma. To prove this, we need the language of nilpotence and
apply it to naive equivariant homotopy theory.

Definition 19.5.3. We define a thick tensor ideal 7 of € to be a thick subcategory which is
also closed under tensoring with any object in €, that is, for X € T® and Y € €, X ® Y is also
in 7%,

Construction 19.5.4. For a symmetric monoidal category €, recall the definition and the
process of generation of thick subcategories in definition 11.4.1 and construction 11.4.2.

For a collection of objects F C €, since the intersection of two thick tensor ideals is still a
thick tensor ideal, we may again consider the minimal thick tensor ideal containing F, denoted
by T®(F). We will call it the thick tensor ideal generated by F, constructed as follows.
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Let T%(F) = T(F®), where F® is the collections of objects in € of the form X ® Y, where
X € Cand X"Y € F for some n € Z. We can easily check that this construction satisfies
the desired properties Moreover, the filtration T, (F) of T(F) induces a filtration on T®(F) by
letting T2 (F) = T,(F®). By definition, each T (F) is a tensor ideal of C.

Definition 19.5.5. For an object A € C, we define the subcategory of A-nilpotent objects to
be T®(A), or equivalently, T(A ® €). We say it is A-nilpotent of degree n if n is the minimal
natural number such that it lies in T®(A). Clearly, every nilpotent object is nilpotent of degree
n for some n.

Lemma 19.5.6. Let I = fib(1 — A). Then for an object X € @, the following are equivalent:
1. X € T2(A).
2. X ®@I°" — X is null.

3. For every sequence of maps X, — Xp1 — -+ = Xo~ X with AQ X — A® Xp_1 null,
the composition X, — --- — X is null.

Proof. (1) = (2): For n = 0, the assertion is trivial. If n = 1, then we have the following
retract diagram

xhaev S x

Thus since X ® I - X — X ® A is a fiber sequence, it suffices to prove X — X ® A admit
a section, and hence X ® A ~ X @ (X ® I), which implies X ® I — X is trivial. For this

property, note

Y Ao x 99 Ao Ay Y Ay

X 77
is equivalent to f by definition, since n : 1 — A is the unit map and 4 : A® A — A is the
multiplication map. Therefore,

X Ao x 1 Ao a0y X Ay S X

exhibits X as a retract of A ® X. For the general case, we apply induction and suppose that
the case n is solved. Then for the case of n 4+ 1, suppose X is A-nilpotent of exponent n + 1,
let Y — X — Z be a fiber sequence where Y is A-nilpotent of exponent 1 and Z is A-nilpotent
of exponent n. Then we have the following diagram where the columns are fiber sequences

YeoIotl — s yel — Y5 v

| L

Xt s Xl —— X

| o

Z ® I[®nt1 T>Z®I*>Z

Then note that the map X ® I®"*! — Z ® I is null, hence lifts to a map X ® I®"** - Y ® I.
Therefore, the map X ® I®"! — X factors as

X! s yeldy 5 X

hence is null. The case where X’ is the retract of the above X is direct.

(2) = (1): Suppose ¢ : X ® I®" — X is null. Then X is a retract of cof 1, hence it
suffices to prove cof ¢ € T?(A). To prove this, it suffices to prove cof (1" — 1) € T¥(A), which
is the extension of

cof (T%*+! — 19F) ~ A @ I9F € TP(A)
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(2) = (3): consider the following diagram

X, X

| !

XA — X®A

since the bottom map is null, the map X; — X — X ® A is null, hence lifts to X; - X ® I.
Likewise, we may lift the composition Xo — X1 — X ®1I to X9 — X ® I®? by the same process.
Inductively, we result in the fact that the map X, — X factors as X,, — X ® I®" — X, hence
is null by assumption.

(3) = (2): Note that the following sequence

X®I®n—>X®I®n_1_>..._>X
satisfy the desired assumption. O

Then to apply the above definitions to equivariant settings, we apply another version of the
monadicity theorem.

Theorem 19.5.7. Let F' : C =2 D : G be an adjunction of idempotent complete symmetric
monoidal stable categories, and F is symmetric monoidal (this implies that G is lax symmetric
monoidal). Then if the counit € : FG — idp admit a section £ : idp — FG, and that the
projection formula G(X)®Y ~ G(X ® F(Y)) holds, then the adjunction is monadic, and the
monad can be identified with the monad G(1) ® — (here 1 is the tensor unit of D, and G(1)
admits a natural algebra structure since G is lax symmetric monoidal).

Proof. We first notice that the section of ¢ gives a section of the monad T' = GF, explicitly
GEF . T — TT satisfies

AN o AN

is the identity.
Then for any T-module X, note that the structure map m : TX — X admit a natural
section X — T'X given by the composition

x 2, px (GEDx oy Tmx, py

This is a section of m : TX — X by definition of G¢F. Moreover this natural section is
T-linear, hence we have X a retract of T X for every T-module X. Therefore the inclusion
LMod?*¢(€) — LModr(C) is an equivalence after applying idempotent completion, since it
is fully faithful (by definition) and every object of LMody(C) is a retract of an object of
LMod?(@).

We then prove that the map K : LMod2®(€) — D (recall its construction in construc-
tion 19.3.2) is an equivalence after applying idempotent completion. Firstly we have seen in
construction 19.3.2 that K is fully faithful. Then for an object of D, the section & provides

D 2, FGD <25 D

hence we have D a retract of FGD ~ KGD.
Hence we have E : D — LMod7(C) an equivalence after applying idempotent completion.
But by assumption both sides are already idempotent complete, so the adjunction is monadic.
It then remains to identify the monads. Namely, by the projection formula, we have

G)®—~Gl®F-)~GF-

the identification of the units and multiplications follows by diagram chasing. O
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Lemma 19.5.8. Let f : R — S be a morphism of Ei-rings. Suppose that there is a map
of R — R-bimodules g : S — R such that gf = 1, then the forgetful functor is left adjoint to
Homp(S,—) : LModr — LModgs (Hompg(S, M) is equipped with the left S-module structure
via right action on the first factor), and the counit admits a natural section.

Proof. Firstly the adjunction is obvious. Then the counit of the adjunction is given by
f* :Hompg(S, —) - Hompg(R, —)

Then we claim that ¢g* is the section as desired. Firstly, note that
g* : Homp(R, —) — Hompg(S, —)

is a morphism of left R-modules since g : S — R is a morphism of R — R-bimodules, and
in particular preserves the right R-module structure. Then f*g* = (¢f)* = id, so the counit
admits a natural section. O

Theorem 19.5.9. For G a finite group, let H be a subgroup of G (this is in fact true for stably
dualizable group and a finite index subgroup), then we have X°G/H is a natural cocommutative
coalgebra given by the diagonal map, and hence a natural commutative algebra structure on
DYPG/H. Then we have

Sp”! ~ MOdDEfG/H<SpBG)

where SpBY is the category of naive G-spectra.
Remark 29. This argument also applies to the category of genuine G-spectra with some care.

Proof. We here regard SpP© as the category LModgc;)(Sp) (here S[G] := XG is the Eq-group
algebra), equipped wit. Then note that the restriction functor is given by the forgetful functor
of modules induced by the natural map S[H] < S[G]. The coinduction is then given by

coind$ (M) ~ Homg 7 (S[G], M)

By theorem 19.5.7, it suffices to show that the counit ¢ : res$ o coind$ — id admits a section (the

projection formula holds by formal reasons). But in fact, the section comes from lemma 19.5.8,
since the inclusion S[H| < S[G] has obviously a S[H]| — S[H]|-bimodule which is a left inverse

given by
S[G] ~ s — @'s ~ S[H|
geG heH
which is the identity on S indexed by h € H and null on S indexed by g ¢ H. Therefore by

theorem 19.5.7 this adjunction is monadic, and it is direct to verify the monad as the algebra
YXPG/H. O

Construction 19.5.10. We apply theorem 19.5.9 to nilpotence. Let F be a collection of
subgroups of G. We say a object of SpPY is F-nilpotent of degree n if it is ey (EXG/H)-
nilpotent of degree n. We will mainly apply the case where F consists of a single subgroup
H <G

Theorem 19.5.11. Any finite spectrum F' in Spp,) equipped with the trivial G-action is
nilpotent viewed as an element of SpP©.

Proof. We consider the simplicial model for a point with free G-action, namely, let EG}, = G**1,
and EG = @ EG<j. Then since we are working in the 7'(n)-local category, by theorem 19.4.12
we have

S%?n) ~ (St(m))ne = (Im(S7(m) ® EG<k))ne = Im(St(n) ® EG<k)ne = Im(St(,) ® EG<ip)"
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By compactness of F', the map FF — F ® Si}}?n) factors as

F = F @ (Srm) ® EG)"? - Fo S,

Since F' is finite, and homotopy fixed points agrees with the homotopy orbits, hence F®S§?n) ~

(F ®ST(n))hG, and the middle term satisfy a similar reduction. By the adjunction A 1£1 (here
interpreted as the giving a spectrum the trivial G-action is left adjoint to taking homotopy fixed
points), we obtain a retract diagram

F - F®EGe — F

but F' ® EG<y, is clearly G-nilpotent by its construction, which implies that so is F'. O

Lemma 19.5.12. For a finite spectrum F (equipped with the trivial action), there is some
constant C only depending on F such that for any finite group and a subgroup H < G with
vp(G) —vp(H) < 1 (here vy(G) is the p-adic valuation of the order of G), and any object
X e Sp?(%), we have expy(F @ X) < C.

Proof. Consider the Sylow-p-subgroup G, < G and H, < H, and we assume H, < G,
(which would imply H, <G, by some finite group theory). Consider coindgp (DEX(G,/Hp)) =
DX (G/Hy). Note that G/H), projects naturally to G/H, and by sending gH to the sum
of ghH, (where hH, runs over the cosets of H, in H), we obtain that DX (G/H) is a
retract of DX°(G/H,). This implies that eXpHp(resng ® F) > expy(X ® F), since if
resgp X ®F € TR(X°(G/H,)), by the same generation process, after the retraction, we would
have X ® F € TS (22 (G/H)).

Therefore we may pass to the case where GG is a p-group, and hence H < G is an index p
subgroup of G, and hence normal. Therefore expy (F®X) < expy(F), and expy (F) < exp(F),
where the right hand side is the exponent of F' as a Cp-spectra. Therefore taking C' = exp(F)
gives the desired result. O

Now we are ready to prove lemma 19.5.2

T
the symmetry group S; (that is, £; ~ R7~!). Then note that by the universal property of
loopspaces, we have a Sj-equivariant map

Proof. Firstly let S j(n) denote the representation sphere of the standard representation of

. ~ S®J |~ QP
e: ST(n) >~ STgn) — Q(ZST(n))®] >~ ng(n)

This is, in fact, the Euler class for this representation of S;, which vanishes if the representation
Tl
This is since we may choose a Young subgroup H < S; with v,(S;) — v,(H) < 1, and the
restriction of the standard representation to any Young subgroup of S; admits a trivial subrep-
resentation. Therefore e is null if restricted to Sp?¥. By lemma 19.5.6, we have V ® e null
in SpP% for j > 2 (note j > 2 is essential since otherwise the representation would be trivial
anyway, and the Euler class would be the identity).

Then, we show that the natural transformation

contains a trivial subrepresentation. We claim that F@ e : F - F® S is null-homotopic.

F & (2% ek (H)QY) = F @ (ak (H))

is null. By the equivalence H ~ (Lo A),g, as in theorem 19.4.8 (where L = cr/(H)), it suffices
to prove that the Sj-equivariant natural transformation

F®(E%ak(LoA;0Q%) = Foak(LoA))
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is null (the original case follows from taking S;-homotopy orbits of this one). Since L preserves
filtered colimits in each variables by assumption, we have L(X1,...,X;) 0L ® X1 ®--- ® Xj.
By directly checking the definition of cocross effects, we have

SR ek (LoA;o0%) ~ ( P S;(C;’;f‘l“) ® - ® S;((’;’;f‘l““)) ® (Lo A;)
Fl1— [

as Sj-equivariant objects (where the S action is given by the permutation on [j] = {1,2,...,j},
and in case that some o € S; preserves some surjection f : [j] — [k], it must lie in the subgroup
Yp-1(1) X o X Xp-1(g), and thus acts on the permutation spheres). Similarly,

ch(Lo Aj) ~ ( @ S?{n_)l(l) Q- ®S?(fn_)

f:lgl=[¥]

M) @ (LoAy)

where the action on Sp(,) is given likewise. Thus to show the desired equivariant map vanishes,

it suffices to prove that for each Young subgroup X;, x --- x ¥;, , we have the equivariant map

Cp Cp;j
F®S(n)“ ®S()3k—>F®ST()

vanishes. But taking dual of the above, we obtain

DFgef® - ®cf :DF +DF oSy - @S

Now by the assumption j > k, we have at least one j; > 2, hence DF ® Sp(,,) = DF ® S?E):)

vanishes, hence the above map vanishes if we let C' be the constant as in lemma 19.5.12 for
DF. O

Corollary 19.5.13. Let F': Spy(,) — SPr(n) be a reduced functor preserving filtered colimits.
Then F' is coanalytic (i.e. liﬂPkF ~ F) iff F is of the form

F(X)=EP(Cj @ X)g

where Cj is an Sj-equivariant T'(n)-local spectra, and the Sj-action on X% s given by permu-
tation of the factors.

Proof. —:
F(X) = lim PP (X @@D PRR(X 13@] < K(C(j) @ X¥) ~ @(C(j) & X
k

Jj<k J

DI(EP) ~DI(EP F) ~ F,

<= By theorem 19.5.1,

19.6 Classical operads and deduction of the final statement

Definition 19.6.1. We define a classical operad of a category C to be an E;-algebra in the
category of symmetric sequences in C, that is, Fun(Core Fin, C), with respect to the composition
product. A classical cooperad is a Ej-coalgebra with respect to the composition product.
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Construction 19.6.2. Note that the functor Fun(Core Fin, €) — Fun(C, C) given by
F— X — @ ®X®n)hsn)

is symmetric monoidal, so any classical operad gives rise to a monad in C. corollary 19.5.13
shows that when € = Spry,), this inclusion is fully faithful with image the coanalytic functors,
and P = lim P™ is the associated coreflection functor (i.e. the right localization onto the
coanalytic functors).

Construction 19.6.3. Recall that for any augmented [E;-algebra of C, say f : A — 1, we define
the bar construction of A to be the realization of the simplicial object

Bar(A) = -+ — A9 A —= A—3 1

By definition this is the relative tensor 1 ® 4 1, and it admits a natural augmented [E;-coalgebra
structure given by

1RA1>2104AR41 =21R41041 2141141

Similarly, for an augmented E;-coalgebra B of C, we may likewise define its cobar construction

coBar(B)= 1 =—= B—F B®B — -

This is likewise an augmented E;-algebra coBar(B) of €. By definition, we have Bar : Alg(C) =
coAlg(C) : coBar.

Theorem 19.6.4. The functor LT(R)EE,’?(n)Q T * :SPr(n) = SPr(n) (recall this construction in
corollary 19.1.24) is coanalytic. More precisely, we have

L) Z5m Q5 m X ~ Lrm (X ks,
k=1

Proof. For a T'(n)-local spectrum Y, we apply ® (the Bousfield-Kuhn functor) to the unit map
QY — Q%X*0Q>Y, and since ®Q ~ Ly, by theorem 19.2.6, we have a natural transfor-
mation Ay : Y — Ly, X*°Q>Y. Note that Lpg,)X*°Q>Y is a non-unital Ew-ring spectrum,
hence \ extends to a map

[e.o]
Ly PV ) = Ly E°0°Y
k=1

Now, by a result of Kuhn this is an equivalence when X is d,i-connected (where dyy; is
some constant depending on the inclusion of An?" < An,, or the connectivity of some chosen
finite space of type n + 1) and T'(i),X = 0 for 0 < ¢ < n. By corollary 19.1.24 and pick-
ing the corresponding inclusion of An!" into An, we have alternatively Qé’r"(n) equivalent to
T>dp1+182°  Lpny)Sp — Anj", hence we have

E%J(n)ﬁ?(n)X ~ LT(n)ZOOQOO(Tzd+1X)
since 7>441X is T'(n)-local, it is T'(i)-acyclic for ¢ < n, and hence we have

LT(n)E%o(n) %?n) (X) = LT(n) @(Tzdn+1+1 (X)®k)h5k
k=1

Via the equivalence Ly (,)7>d, ;X =~ Lp,)X, the conclusion holds. O

n—+1
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Definition 19.6.5. We define the cocommutative cooperad to be 25‘?(”)95’?(”) (this is coanalytic,

and is also a comonad since it is the composition of a right adjoint by its left adjoint). We define
the Lie operad to be its cobar construction.

Remark 30. Algebras of Lie operads behaves like Lie algebras, and hence the final theorem
would give a categorical characterization of Whitehead products.

Theorem 19.6.6. Let I : Spy(,) — SPr(n) be a functor that preserves sifted colimits. Then
F is coanalytic.

Proof. We prove F' is a colimit of coanalytic functors, which is coanalytic since the inclusion
of coanalytic functors into all functors preserves colimits. Note that for any spectrum X, the
natural map
lim S°7FQ (750, 1 X) = X
2

is an equivalence (here d,1 is defined as in the above proof, and is related to the explicit
inclusion An}* < An,. ), since this obviously holds for the case of a finite spectrum, and the
general case follows from writing X a filtered colimit of finite spectra. Therefore, it suffices to
prove that the functor

X = F(Lpy S0 (124,,,11X))

is coanalytic.
Since F' preserves sifted colimits, and Lz, and $°~F are left adjoints, we have F o Lypyo
»o~k . An, — Spr(n) preserves sifted colimits. Since An, is projectively generated with

compact generators given by Fin., FoLp(,) 03>~k ig the left Kan extension along the inclusion
i : Fin, < An, of its restriction Fin, — Spy,), which we denote by f. Now, recall that to
calculate a left Kan extension, we may apply the coend formula, which is given as follows

IeFin,
Lan; f(X) ~ / Hom. (I, X) & f(I)

here this tensor is the tensor of a space with a spectrum. Recall also that we may reduce a
coend to a colimit by passing to the twisted arrow category T'(Fin,) (that is, the straightening
of Hom : € x C°P — An), explicitly given by

Hom(—, X)X f

T(Fin,) — Fin{® x Fin, An, X Spp(, 2, SP1(n)

Thus, F'o Ly, o $°~% can be written as the colimit of functors of the form
Hom,(I,—) ® F(Lyp S ") : An, = Spp,
where I and J are finite pointed sets. This implies that
X o= F(Ly = 0% (724,41 41.X)
can be written as the colimit of functors of the form
X = Hom, (1, Q% (154, 41X)) ® C
for C' some T'(n)-local spectrum. It suffices to show that
X = Ly 2% Hom, (1, Q% (154, +1X))

are coanalytic. However, since I is a finite set, the right hand side can be identified with
(Z°0° K (154,41 X))®I*. But this functor is clearly coanalytic by the same process of
proof as in theorem 19.6.4. O
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Theorem 19.6.7. There is a map of operads v : PO — CoBar(Z‘X’(n)Qoo(n)) which is an equiva-
lence of operads. Therefore, @O can be identified with the Lie operad on Spp(y,, which produces
An?" as the category of Lie algebras of SP7(n)

Proof. Note that the cobar construction coBar(Eg?(n)Qoo(n)) is given by the totalization of the
cosimplicial object

idspyy =3 ZF ) = Sin) Uin) S Wiy —

But since @Q%’?(n) ~ Zé,’?(n)@ ~ idSpT(n)v the totalization of the above cosimplicial diagram is
equivalent to the following

DO, 555, © Tt PO T, %, 25 © 5

hence coBar(X5 T )) ~ Tot (P (2 T 2T (n ))’H@), which produces a map

Now upon applying P on both sides, since ® and © preserves filtered colimits, by the construc-
tion of Py, we have Py(®0) ~ ®Py(idp, )0, and on the right hand side we have

Py Tot(® (3, £5,))" ') = @ Tot(Pr((Q3,) £7,,))*))©
Thus it suffices to verify that we have
Py(idpnn) = Tot(Pe((QF) 25,)* )

is an equivalence.
In fact, we prove a more general statement saying that

Py(FG) = Tot (Pr(F(QF,) X5 m) @)

Suppose F' is of the form H 25’?(”), then the above is obviously an equivalence by the extra
degeneracy argument on cosimplicial objects. Then note that homogeneous functors are of the
form H Z;‘f’(n) by lemma 19.4.11. Therefore the assumption holds for all homogeneous functor
F. Then the conclusion follows from induction and approximating F' to the k-th degree (note
Py(Py(F)) = Py(F)), and on each step D;FF — P,F — P;_;F is a fiber sequence, so the

homogeneous case and the induction hypothesis works. O
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Part VI

Ambidexterity
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Chapter 20

Ambidexterity in terms of An)

20.1 Beck-Chevalley fibrations

Definition 20.1.1. Recall that a pair of adjunction is simply a bifibration to the category A'.
Now, given a functor ¢ : € — X a bifibration, for each f : X — Y in X, we let fi 4 f* the
adjunction associated to f over fi: Cx = Cy : f*, where ¢~ (X) is the homotopy fiber of the
map ¢ at X. We denote the unit and counit of the adjunction induced by f respectively by 7y
and €.

Then, for each Cartesian square

we have a natural equivalence of functors (¢')* f* = (f)*¢*, which induces a natural transfor-
mation by the adjunction

n E sl
g =5 fla) R () h = g f
We denote this natural transformation associated to the Cartesian square o by BC|[o], the
Beck-Chevalley transformation associated to o.

We define g : € — X to be a Beck-Chevalley fibration if it is a bifibration and for all o, BC|[o]
is invertible.

Remark 31. The Beck-Chevalley condition can be viewed as a nice behavior with respect to

spans. Explicitly, for a bifibration ¢ : ¢ — X, and a span in X, say X ER/AEN Y, we can
obviously form a functor ¢ f* : Cx — Cy. However, when we compose spans, we would form
the pullback

/
91 2
X3

YQ g
lfz
Yl T> X2

/|

X1
Then the Beck-Chevalley condition is nothing but stating that the two ways going from ¢~!(X71)

to ¢ 1(X3) agrees. We will come back to this in the next section when we are really treating
spans.

We will then define the notion of ambidexterity. This is the phenomenon that f; is not only
the left adjoint of f*, but also the right adjoint.
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Construction 20.1.2. Let X be a category which admits pullbacks and let ¢ : € — X be a
Beck-Chevalley fibration. We will define for n > —2 two collections of morphisms of X called
the (weakly) n-ambidextrous morphisms, and for each n-ambidextrous morphism f: X — Y,
a natural transformation M}n) ide, — fio f* which exhibits fi a right adjoint of f*.

For n = —2, we define f to be (weakly) (—2)-ambidextrous iff f is an equivalence. We define

ugfm to be the inverse of the transformation €7 : fio f* — ide,, .

We assume now that we have defined the n-ambidextrous morphisms and chn)‘ Let f: X =Y
be an arbitrary morphism in €, and let § : X — X xy X be the diagonal, and we have the
following diagram
X idx
“‘

X xy X 425 X

idx ml l s

XﬁY

Let o denote the square in this diagram. Then since ¢ is a Beck-Chevalley fibration, we have
BClo] : myms — f*fi admit an inverse BC[o]™! : f*fi — mu7ms. We define f to be weakly
(n + 1)-ambidextrous if ¢ is n-ambidextrous. In this case, we define a natural transformation

(n)

o 1
(n+1) fh— BC[ I T —> 100 ) =~ ide, oide, ~ide,
We say f is (n + 1)-ambidextrous if for every pullback diagram
f/

X' —Y

X — Y
in X, the map f’ is weakly (n + 1)-ambidextrous and V}"H) is the counit for the adjunction
(f")* - f|. In this case, we say ,ugcnﬂ) side, — fif* induced by the adjunction f* - f, given by

the counit VJ(ZLH) .

The previous construction has many interesting property.

Proposition 20.1.3. 1. If f: X — Y is an n-ambidextrous morphism in X, then f is
n-truncated.

2. Let f : X =Y be a (weakly) n-ambidextrous morphism in X, then any pullback of f is
also (weakly) n-ambidextrous.

3. Let =2 < m < n, if f is a (weakly) m-ambidextrous morphism in X, then f is (weakly)
n-ambidextrous. Moreover, the morphisms ,u( ") and ,u(m (l/(n and V}n)) agree.

4. Let =2 < m < n, and let f be a (weakly) n-ambidextrous morphism in X, then f is
(weakly) m-ambidextrous iff f is m-truncated.

Proof. The first assertion obviously holds for n = —2, by definitions. Since f is n-ambidextrous
implies ¢ is (n — 1)-ambidextrous, hence ¢ is (n — 1)-truncated, hence by HTT 5.5.6.15, we have
f is n-truncated.

The n-ambidextrous part of the second assertion is obvious, and the weakly n-ambidextrous
part follows from the n-ambidextrous part.
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For the third assertion, it suffices to prove the case n = m + 1. Now, the m-ambidextrous
part follows from weakly m-ambidextrous part since it suffices to verify the pullback diagram,
which is obvious. Then, notice that the m-ambidextrous part implies the weakly (m + 1)-
ambidextrous part, which is by verifying the property on . Thus it suffices to prove that for f
an equivalence, then f is (—1)-ambidextrous. In this case, f is clearly weakly (—1)-ambidextrous
by the arguments before, and fi and f* are homotopy inverses, and a calculation shows that the
map vy is the homotopy inverse of the unit map 7y, thus f is (—1)-ambidextrous. Moreover,
the maps ugp_l) and ,u;_2) agree since they are both inverses to the map e : fif* — Cy.

For the fourth assertion, the weakly ambidextrous part follows from the ambidextrous part.
Then the only if direction is by the first assertion. And for the converse, we prove by induction
on m. We suppose f is m-truncated and n-ambidextrous for m < n, for m = —2, the assertion
is obvious. Assume then that m > —2, and let 6 : X — X xy X be the diagonal map. It suffices
to prove 0 is (m — 1)-ambidextrous and that the map V}m) : f*fi — ide, is the counit for the
adjunction. Since J is (n — 1)-ambidextrous and (m — 1)-truncated, by induction we have §

(m — 1)-ambidextrous, and ugm_l) and ,u((;n_l) are homotopic. Thus the natural transformations
I/](cm) and V](cn) are homotopic, and since l/J(cn) is the counit of an adjunction, I/J(cm) has the same

property. ]

Definition 20.1.4. Let X be a category with pullbacks, and let ¢ : € — X be a Beck-Chevalley
fibration. Then we let f : X — Y be (weakly) ambidextrous if it is (weakly) n-ambidextrous

for some n. And we let vy and 1y denote the uj(p") and ugcn) in the definition. This is well-defined
by proposition 20.1.3. In particular, f is ambidextrous iff for every Cartesian diagram

x Ly

L

XTY

[’ is weakly ambidextrous, and (f’)* admit a right adjoint f, isomorphic to its left adjoint f;.
Clearly, ambidextrous morphisms are closed under compositions.

We then state a theorem of maximal generality concerning the naturality and coherence of
the construction f ~— ps or v¢. This would use the notion of (oo, 2)-categories, and we will not
state a proof of this theorem.

Theorem 20.1.5. Let q : C — X be a Beck-Chevalley fibration. We may associate q to a
functor of (00, 2)-categories © : Z — Cat (where Cat is viewed as an (00, 2)-category), which
may be described imformally as follows.

1. Z has objects the same as the objects of X.

2. The 1-morphisms in Z are spans in X, and the composition is given by the usual composition
of spans.

3. Given two I-morphisms in Z, say X < M — Y and X < N — Y, a 2-morphism from
M to N is given by a span between the 1-morphisms, namely

N
%

where the map P — M is ambideztrous.
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4. To each X € Z, we let O(X) = Cx.

5. To each 1-morphism X LMy Z,0((f,9) =af*:Cx — Cy, and the compatibility
with respect to the composition of 1-morphisms is given by the Beck-Chevalley condition.

6. To each 2-morphism in Z given by the above diagram, © associates it to the natural
transformation

g = glwut) f* = gl (w") (f) = gl(f)”

In particular, we have the commutativity of the following.

For a Cartesian square T

x Ly

"

XT)Y

if f is weakly ambidextrous, then the diagram of natural transformation commutes.
BC|r % %
() Hlge 255 (P gvf — g5

| [1s

*

9x 3 Ix

And for f: X =Y, g:Y — Z weakly ambidextrous, we have vy homotopic to the composition

) (9f )1 =~ Fra*nf 25 i 2 idey

If f is ambidextrous, then the diagram of natural transformations commutes.

id

gy > gy

| Iz

gy — fioxd* 5o sV hS"
And for f: X =Y, g: Y — Z ambidextrous, jiyr is homotopic to the composition

. x M * % *
ide, 2% gig* 5 g fif*a" ~ (9f)i(gf)

Definition 20.1.6. Let C be a category. Then the construction X + Fun(X,C) defines a
functor An°® — Cat. We let ¢ : LocSys(€) — An denote the Cartesian fibration classified
by this functor. More informally, LocSys(C) is the category with objects pairs (X, F') where
X € An is a space and F : X — C is a functor (somehow viewed as a locally constant sheaf).

Theorem 20.1.7. Let C be a category admitting limits and small colimits. Then the forgetful
functor LocSys(C) — An is a Beck-Chevalley fibration.

Proof. Firstly notice that given a map f : X — Y of spaces, we have an adjunction f; 4 f*
between the categories Fun(X, C) and Fun(Y,C) given by the left Kan extension along f and
precomposition with f. Then we see that LocSys(€) — An is indeed a bifibration. Then we
verify that it is a Beck-Chevalley fibration. Suppose we have a Cartesian square o.

x Ly

w|  |m

XTY
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Unwinding the definitions, we must prove that given local systems Ly : X — Cand Ly : Y — C,
and a natural transformation « : Lx — Ly o f exhibiting Ly as a left Kan extension of Lx
along f, then the induced natural transformation 3 : Ly o gx — Ly o gy o f’ exhibits Ly o gy
as a left Kan extension of Lx o gx along f’.
We use the pointwise colimit formula. Given a point ¢/ € Y’, we wish to prove the canonical
map

lm((Lx © 9x)|x7xyv7,) = (Ly © 9v) (/)

is an equivalence. Since ¢ is a Cartesian square, the above map can be identified with the map

m(Lx|xxyy),) = Ly(y)
where y = gy (y'). Thus the conclusion follows immediately. O

Definition 20.1.8. Let € be a category having small colimits and let ¢ : LocSys(C) — An
denote the Beck-Chevalley fibration. We say a space X is (weakly) C-ambidextrous if X — * is
(weakly) ambidextrous in the sense of definition 20.1.4 with respect to g.

Definition 20.1.9. For a Beck-Chevalley fibration ¢ : ¢ — X and a weakly ambidextrous
morphism f: X — Y in X, we define the trace form to be the composition of natural transfor-
mations

TeFmy : Af [ = (R 5 hT 5 id
Theorem 20.1.10. Let q : € — X be a Beck-Chevalley fibration and let f: X — Y be a weakly
ambidextrous morphism in X. Then the following conditions are equivalent.

1. The map vy : f*fi — ide, is the counit of an adjunction f* — fi.

2. The trace form TrFmy : fif* fif* — ide, exhibits the functor fif* as its own dual in the
monoidal category Fun(Cy, Cy ).

Here we recall thate : X QY — 1 exhibits X as the dual of Y if there exists a mapc:1 — Y ®X
and both
X=2XY®X =X

and
Y-oYX®RY —>Y

is the identity.

Proof. (1) = (2): Let puy :ide, — fif* be the unit map compatible with v;. We construct
the map c:ide, — fif* fif* by the composition

id 2 e I fp s

We claim that ¢ and TrFmy exhibit fif* as a self-dual object of Fun(Cy, Cy). Explicitly, we
must verify the two compositions give the identity. Here, we only verify the following, since the

other one is done similarly.
TrFm ®id

fife M8 g g DO,

We have the following commutative diagram

— fif”

i@y, id ®v;®id

I — hf ff* e

id ®77f®id lid ®n®id
~

VAN AV R [V A O (VA [V

id @y ®id

l&f@ld
TrFmy ®id

N

id ®c
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Which immediately implies that the diagonal is the identity. (2) == (1): Suppose that
we have a coevaluation map c : ide,, — fif* fif* compatible with TrFm;. We define natural
transformations

Gid S A S
and
LA S et LB g
We will prove that the compositions
®id id Qv
A AP —D A
and .
x 1d® vy®i %
prE e S g

are identities, so that the triangular identities of the pair is satisfied, hence it is an adjoint pair.
Again, we only prove the first identity, since the second is similar. Since we have fy 4 f*, we
have the composite map

Hompyy ey ey ) (f1; 1) = Hompgney ey (fif fif ) = Hompun(ey ey (fif", idey )
is an equivalence. Thus it suffices to verify that

id @ry®id

A2 a2 A T ide,

is homotopic to €. By definitions of TrFm and p, the composition is equivalent to

RIS fprp i S5 g = ide,

Thus the result follows from the commutativity of the diagram

RIS fp e S f

S o

fft s ide,

20.2 The category of spans

Definition 20.2.1. We define a full subcategory € — D to be wide if we have Core(C) —
Core(D) is an equivalence.

Definition 20.2.2. For a category C, we define a weak coWaldhausen structure on € to be a
wide subcategory €' — €, such that any diagram

Y w1y
|9 =] g
XT>Z XT>Z

of the form on the left with g € €f, we have a pullback of it having ¢’ € €.
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Definition 20.2.3. We define the twisted arrow category A" to be the nerve of the category
consisting of pairs (z,7) € [n] x [n] with ¢ < j and Hom((4, j), (¢, 7)) is a singleton for i’ < i <
j < 7' and empty otherwise.

For a weak coWaldhausen category (€, CT), we define a map f : (ﬁ”)(’p — € is Cartesian if for
every i/ <1 < j < 4/, the square

fU 5 —— f(@,5)

| |

f(iaj,) — f(Z,j)

is Cartesian with the vertical morphisms in €.
For a weak coWaldhausen category (C, @T), we define the category of spans Span(C, GT) to be
the simplicial set with n-simplices the set of Cartesian maps A" — (€, CT).

Definition 20.2.4. For f € Cf, we define f\ to be the morphism in Span(€, Cf) given by
v &£ X 9 X This is the inverse of f in Span(C,eh).

Remark 32. The above definition indeed corresponds to the common construction of spans
of 1-categories. In fact, we may identify Homspan(evef)(X, Y) with the full subgroupoid of

Core(€/xxy) spanned by object whose morphism composed with the projection to X lies in ef.

Definition 20.2.5. For a space X, we say it is n-finite if it is n-truncated, and all its homotopy
groups of degree below n is finite. We say X is w-finite if it is n-finite for some n. We will
denote the fullsubcategory of n-finite spaces An,. Then we write X,, for mo(Core(An,,)) (that
is, we choose a representative for each weak homotopy type and form a set X,,).

We let An,,,,, € An,, be the wide subcategory containing all m-truncated maps. Notice that
(An,, An,, ,,) is a coWaldhausen category, hence we let An]' = Span(An,, An, ,,) denote the
span.

The Cartesian monoidal structure on An,, induces a symmetric monoidal structure on An;’,
given by (X,Y) — X x Y on the level of objects and by levelwise Cartesian product of spans
on the level of morphisms. Notice that this is monoidal structure is not Cartesian on An;'.

Lemma 20.2.6. The category An,, admits K, -indexed colimits which are preserved and reflected
by the inclusion An,, — An.

Proof. 1t suffices to prove that An, is closed under X,-indexed colimits, since the inclusion
An, — An is fully faithful. More explicitly, let X be an n-finite Kan complex, and let ¢ : X —
An be a functor, we show hﬂ « ¥ Is also n-finite. By HTT 3.3.4, we have the identification of
the colimit with the fibration E, — X classified by . By the long exact sequence of homotopy
groups, since both X and the fiber is n-finite, we see that E, is n-finite. O

Lemma 20.2.7. Let D be a category which admits K,,-indexed colimits, and let F' : An, — D
be a functor. Then F preserves K,-indexed colimits iff for every X € An,, the collection
{F(ig) : F(x) — F(X)} exhibits F(X) as the colimit of the constant X -indexed diagram with
value F(x).

Proof. = : The morphisms {* — X} exhibits X as the colimit of the constant functor * with
indexing category X.

<= : Suppose the converse holds. Let Y € X,, be an n-finite space, and let ¢ : ¥ — An,,.
Let E, — Y be the fibration classified by ¢. Again by lemma 20.2.6 and HTT 3.3.4, we have
E, is n-finite, and p(y) — E, exhibits E, as the colimit of ¢ in An,. We must show that
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F(p(y)) = F(E,) exhibits F'(E,) as the colimit of the diagram ) = F oy :Y — D. Consider

the lax commuting diagram
/ /
F(Ey)

where the left diagonal is the constant functor with value F'(x), and the right diagonal sends
the point to F(E,). Now by assumption, we have {F(i,) : F(*) = F(¢(y))}:ecp(y) exhibits
Y(y) = ligw(y) F(x). Identifying ¢(y) with the fiber of p : E, — Y at y we see that 1) is the left

Kan extension of the constant diagram E, — D along p : E, — Y. Similarly by considering
the set of morphisms {F(i) : F'(x) — F(E,)}.cp, exhibits F(E,) as the left Kan extension of
F(x) along the final morphism E, — *. Then by the pasting law for Kan extensions, we have
F(E,) a left Kan extension of ¢ along Y — =, which is equivalently stating that F' preserves
this colimit. O

Lemma 20.2.8. For —2 < m < n, the subcategory inclusion An, — An]' preserves K,-
indezed colimits.

Proof. By lemma 20.2.7, it suffices to show that for every X € An]', the collection of mor-
phisms {i, : ¥+ - X};ex exhibit X as the colimit of the constant diagram * in An]'. Equiv-
alently, we need to show that given any test object Y € Any’, the map Homanm(X,Y) —
Homan (X, Hompnm (*,Y)) is an equivalence of spaces, where the map is given by sending
f:X =Y to the map z — i%(f), equipped with the compact open topology.

Let px : X x Y — X denote the projection onto the first space. By remark 32, we have
Homanm (X,Y) the full subgroupoid of Core((Any,,),x«y) spanned by the objects Z — X x Y
where Z — X x Y — X is m-truncated. Under this equivalence, the restriction map ¢} is
given by the pullback functor if . : (An,)xxy — (Any){z} x Y). By the straightening-
unstraightening equivalence, we have the collection of pullback functors i1y @ An/x.y —
An/y induces an equivalence Sty : An/y.y ~ Fun(X, An /y), hence an equivalence after ap-
plying Core.

Now, given an object Z — X x Y in Core(An,xy), the condition that Z — X x Y — X is
an m-truncated map is equivalent to the condition that the essential image of Core(Stx)(Z —
X xY): X — Core(Any) is contained in Core((Any,)/y) (by checking the fibers at each y).
Moreover, since X is n-truncated and m < n, so Z is automatically n-truncated. Finally, since
the morphism from an n-truncated space to the point is naturally m-truncated, we may identify
Core((Any,),y) with Homapnm (,Y), hence we have the desired equivalence of groupoids. [

Lemma 20.2.9. Let —2 < m < n, then any equivalence in An]"' is homotopic to the image of
an equivalence in An, C An]"

Proof. Given a span X & Z %4 Y which is an equivalence in An]' we may associate it to
the functor p;¢* : Fun(Y, An) — Fun(X, An) (here ¢* is given by the precomposition and
pr is given by the left Kan extension). Then, notice that the functor Anf® — An given
by X — Fun(X, An) classifies a left fibration over An,, which is, in fact, a Beck-Chevalley
fibration by theorem 20.1.7. This implies that the map sending a span to the map pig*

Fun(Y, An) — Fun(X, An) respects composition of spans. Thus if the span is an equivalence
in An]', then pig* : Fun(Y, An) — Fun(X, An) is an equivalence of categories. In particular,
pi1g* preserves terminal objects. Since ¢* also preserves the terminal object, pi(x) : X — An
is the terminal functor. On the other hand, by construction of the left Kan extension, p(*)
sends z to the homotopy fiber Z, of p at . Thus Z, is contractible, hence p is an equivalence.
Thus let 7 : X — Z be an inverse of p. Thus the span is homotopic to the image of gor €
Homan(X,Y). O
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Corollary 20.2.10. The subcategory An, C An]" is wide.
Proof. Directly by lemma 20.2.9. O

Corollary 20.2.11. Let X be a space, then any X-indexed diagram in An]' comes from an
X-indexed diagram in An,,.

Proof. Directly by corollary 20.2.10. O

Corollary 20.2.12. For every —2 < m < n, the category An,' admits K, -indexed colimits.
Moreover, F: An]' — D preserves K,, indezxed colimits iff the precomposition An,, — An]' —
D preserves K, indexed colimits.

Proof. By corollary 20.2.10 and lemma 20.2.8 0

Theorem 20.2.13. The category An]" with the tensor product is a commutative algebra object
in Caty,, . Here we adopt the notation that Caty,, denotes the category of categories admitting
Kp-indexed colimits and the morphisms XK,,-indezxed colimit preserving functors.

Proof. It suffices to prove that the symmetric monoidal structure on An]" preserves X, -indexed
colimits in each variables, which follows from corollary 20.2.12 and that the symmetric monoidal
structure comes from the Cartesian structure on An,, which clearly preserves colimits in each
variables. O

20.3 Semiadditivity

Definition 20.3.1. For D a category and m > —2, we say D is m-semiadditive if D admits K,,-
indexed colimits, and every m-finite space is D-ambidextrous in the sense of definition 20.1.8.
In short, m-semiadditive categories are the categories where X,,-indexed colimits and limits
coincide for n < m.

We have the following characterization of m-semiadditivity within (m — 1)-semiadditive
categories.

Condition 20.3.2. We consider the following conditions.
1. D has X,-indexed colimits.

2. D is (m — 1)-semiadditive.

3. D admits a structure of a An%‘l—module in Caty,,. Explicitly, there is an action of the
symmetric monoidal category An”"! on D, such that the action map An™"! x D — D
preserves X,,-indexed colimits in each variable. We denote the action X ® (=) : D — D
by [X]:D — D.

Notice that in the third condition, the action of X on D is unique. This is since that we may
write X' = lim «, hence [X] = lim  [«]. Moreover, we may identify [X] with the composed
functor D £ Fun(X, D) P D, where p : X —  is the terminal map.

Theorem 20.3.3. Suppose that D satisfies the conditions of condition 20.3.2. Then D is m-

~

semiadditive iff the collection of morphisms [iz] : [X] — [*] exhibits [X] as the limit in Fun(D, D)
of the constant diagram with value [x].

Definition 20.3.4. Let X be a m-finite space. We denote by Tryx : X x X — x be the morphism
in An™"! given by the span

XxXEX s
and its dual span Tr x given by

s X5 X xX

157



), dF 42 REAHK

7 ) Qiuzhen College, Tsinghua University

Lemma 20.3.5. Trx exhibits X as self-dual.

Proof. Obvious (the coevaluation map is given by ﬁX) O

Lemma 20.3.6. Suppose D satisfies condition 20.5.2, and let X be an m-finite space. Then
the natural transformation

pip* ~ [X] ﬂ [¥] ~id
s a counit associated to the adjunction py 4 p*. Here p is the terminal map X — *.

Proof. If X is empty then [X] is initial in Fun(D, D). And thus the counit must be homotopic
to [p]. We then may assume that X is not empty. In this case, it suffices to prove the natural
transformation [p]® : p* — p* adjoint to [p] : pip* — id is an equivalence.

Notice that specifying a natural transformation 7" : p* — p* is the same as giving an X-indexed
family of natural transformations {7, : id — id}zex. Since {[iz] : [*] — [X]} exhibits [X] as
the colimit in Fun(D, D), then the adjoint natural transformation of [p], p* — p* is given by
the family {[p] o [iz] : id — id}zex. Since each transformation in the family is an equivalence,
their colimit is an equivalence. O

Lemma 20.3.7. Suppose D satisfies condition 20.5.2, and let X be an m-finite space. Then
the natural transformation

id e /] & [X] =~ pp*

is a unit exhibiting py as the right adjoint of p*. In otherwords, it exhibits p : X — % as
D-ambidextrous.

Proof. By theorem 20.1.10, we have p;p* self dual in Fun(D, D). Let px : id — pip* be a unit
compatible to vx : p*p; — id. We then show that [p] is equivalent to px. Since pip* is self dual,
it suffices to compare the natural transformation pyp* — id dual to ux and [p] respectively.
We first compute the dual of px. Notice that

e L
is homotopic to the identity since px and vx are the unit and the counit of the adjunction
p* 4 pr. Thus the dual of px is the counit ex : pip* — id.
Then, the action functor An”~* — Fun(D, D) is monoidal and sends X to [X]. Then since X
is self-dual, the dual of [p] is the image of the dual in An™~!. Thus the dual of [p] is [p] ~ ex,
which proves the claim. O

Definition 20.3.8. Given an (m — 1)-truncated map f : X — Y of m-finite spaces, we let
Sty : Y — An be the straightening of f. Since f is (m — 1)-truncated, the homotopy fiber X,
is (m — 1)-finite, and hence Sty factors as Sty : Y — An,,—1 — An. Then we let Sty denote
the composition Y — An,,_1 — An,, — Anm_l.

Definition 20.3.9. Notice that for any Y, we have the pointwise action Fun(Y, An”"!) on
Fun(Y, D). In particular, the map St; € Fun(Y, An’~ ') gives a functor [Sts] : Fun(Y, D) —

Fun(Y, D). Informally, we have [St¢](L)(y) = [Xy](L(y)).

Lemma 20.3.10. Suppose D satisfies condition 20.3.2, then let f : X — Y be an (m — 1)-
truncated map of m-finite spaces. Then there is an equivalence

[Sty] =~ fif*
of functors Dy — Dy.

Proof. Consider the base change g : X xy X — X of f along itself. Then the diagonal map
0:X — X xy X is a section of g. O
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20.4 An;' as a mode

Theorem 20.4.1. Let —2 < m < n be integers and let D be an m-semiadditive category
which admits K,,-indezed colimits. Then the evaluation at x € An]"' induces an equivalence of

categories
Fung, (An)', D) ~ D

In other words, An]" is the free m-semiadditive category admitting K, -indexed colimits, gen-

erated by one point.

Definition 20.4.2. We say a category € € Pr" is a mode if it is a commutative algebra in
Pr, and the multiplication map is an equivalence € ® € ~ @, here the monoidal structure is of
course the Lurie tensor product. Equivalently, € defines a localization functor (—) ® € onto the
category of C-modules.

Corollary 20.4.3. An], is the mode of m-semiadditivity. That is, a presentable category C is
n-semiadditive iff C ® An]» ~ C, or equivalently, iff C is a An]"-module.
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Chapter 21

Semiadditivity

21.1 Norms and integrals

Definition 21.1.1. Given categories € and D, we define a normed functor ¢ : D — € to be
the data of an adjunction triad ¢ < ¢* - ¢, between € and D, together with a norm map
Nmy : ¢ — q. We say q is iso-normed functor if Nm, is an isomorphism.

We write X, for ig* X, and ¢ (uf) for the counit (unit) of the adjunction ¢ - ¢*, and ¢ (uf)
for the counit (unit) of the adjunction ¢* - g..

Lemma 21.1.2. A normed functor q is iso-normed iff Nmy : ¢ — g« s an isomorphism at
¢ X forall X € D.

Proof. One direction is clear. The other direction follows from the triangular identity of the
adjunctions. O

Lemma 21.1.3. A normed functor q is iso-normed iff ¢} o ¢*Nmy : ¢*q — ¢*q¢. — id is a
counit map for the adjunction ¢* — q.

Proof. Direct. O
Definition 21.1.4. We denote the above counit by v, and its corresponding unit by 4.
Lemma 21.1.5. A composition of (iso-) normed functors are (iso-) normed.

Proof. Direct. O

Definition 21.1.6. Let ¢ : D — € be an iso-normed functor. For every X,Y € €, we define an
integral map

/ : Homp (¢" X, ¢*Y) — Home(X,Y)
q

given by the composition

-1
qu C1O—O0Ux

Homq (¢* X, ¢*Y) LA Home(q+q* X, ¢+q"Y) —— (44" X, q1q*Y") RN Home(X,Y)
Or equivalently the composition
Homop (¢* X, ¢*Y) KN Home(qig™ X, q¢*Y) AN Home(X,Y)

Definition 21.1.7. Let ¢ : D »— € be an iso-normed functor. For every X € €, we define a
map |q|x : X — X given by fq idg+x. Equivalently, this is given by the |g| = ¢f o pq.

The construction satisfies the following naturality conditions.
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Lemma 21.1.8. Let q: D — C and let X,Y,Z € C, then for f:¢*X —- ¢*Y and g:Y — Z,
we have g o qu = fq(q*g o f). Conversely, we have for f: X —Y and g : ¢*Y — ¢*Z the

equality fqg of = fq(g ogq*f).

Lemma 21.1.9. For composable iso-normed functors gop : € — D — C, we have fq ) fp = fqop.
Then we restate a few facts on Beck-Chevalley conditions using our new language.

Definition 21.1.10. Consider the following square.

Fe
—

Q*
—

S %l o

S

—
Fp

Suppose we have ¢ 4 ¢* and ¢ - ¢*, we get a natural transformation

q q
BCGo] : qFp 2 GFpq*q ~ G Feq — Feq

Dually for ¢* - g« and ¢* - §x, we get a natural transformation

q q
BC.[o)Feqs ~ 44" Feqs ~ G Fpq* g —> 4. Fp

We say o satisfies the BC) (BC,) property if ¢* and ¢* admit left (right) adjoints, and the
transformation BCy (BC,) is an isomorphism.

The construction satisfy all possible natural conditions one may expect (for example the
passing of squares).

Definition 21.1.11. We define a normed square to be a pair of normed functors ¢ : D — €
and ¢ : D — C and the following diagram

We call the square iso-normed if ¢ and ¢ are iso-normed. Then, for a normed square, we have
the following norm-diagram

N
Feqi —% Feq.

BC}T lBC*

@Fp o @ Fp

Finally, we define a weakly ambidextrous square is a normed square, such that the norm-diagram
commutes. An ambidextrous square is a weakly ambidextrous iso-normed square.

Yet again, there are naturality properties.
Then we discuss the interaction of normed functor with the monoidal structure of categories.

Definition 21.1.12. Let C and D be monoidal categories. Then a ®-normed functor g : D »— C
is a normed functor, such that ¢* is monoidal (and hence ¢ is colax and ¢, is lax monoidal),
and the composition of the following maps are isomorphisms.

@Y @ (¢°X)) = (aY) ® (ag"X) 225 (V) @ X
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a(@*X)©Y) = (00" X) @ (¢Y) 225 X @ (qY)

We denote the unit of C by 1le. Then, we define 1, = q¢*le. From the above, we see that
14 ® — ~ q1¢" by the following.

0" X ~q("(X)®q*(le)) = X @q¢'le~ X ® 1,

Thus we define (—), = q¢*(—).
Moreover, we have the following map

£:1g® 1y~ aq*aqle = a(¢*q)q le 2 g le = le
For monoidal categories, iso-normed functors admit a much more accessible characterization.

Proposition 21.1.13. Let g : D — € be a ®@-normed functor of monoidal categories. The
following are equivalent.

1. q is iso-normed.
2. Nmy is an isomorphism at q*1le.
3. e:1,®1y — le is a duality datum.
Proof. This is essentially theorem 20.1.10. O

Definition 21.1.14. We define a ®-normed square to be a pair of ®-normed functors ¢ : D — C
and ¢ : D — € and a commutative square of monoidal category and monoidal functors

Fe
—

Q*
—

S

S

—
Fp

For such a square we define a colax natural transformation of functors
~ x ~ BCy
0:(—)gFe = @4 Fe ~ @Fng" — Feqq" = Fe(—)q
Then by the isomorphisms in definition 21.1.12, we have natural isomorphisms
Ly: (X®Y),—=Xq®Y R,:(X®Y), = X®Y,

Proposition 21.1.15. For a weakly ambidextrous ®-normed square, if it satisfies the BC)-
condition and q is iso-normed, then § is iso-normed, and the BCy-condition holds as well.

Proof. Since BC)-condition is satisfied, the operation 6 is an isomorphism. Notice that 15 ~
Fe(1le) and consider the diagram

L—IR—l }
1 ®1 - 7 5 QI(q Q|) *Fe (1@) EELAEN (qu*F@(le)

o] ey

FQ(LZ)@FG(L]) 6-6 0 F@(l@) ~ 1@

F ( ®1 ) —R> F@(C]l(q q;)q 1@) #) F@(q!q*le)
and Fe(ly) ® Fe(ly) — 15 is a duality datum. By the above diagram, we see that this is also a
duality datum for 1. Therefore g is iso-normed. Finally, the BC, condition holds by observing
the norm diagram in definition 21.1.11. O
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Definition 21.1.16. We define an iso-normed functor ¢ : D — € to be amenable if |g| is an
isomorphism.

Lemma 21.1.17. For a ambidextrous square

Fe
—

Q*
—

B @
*

S

Fp

such that Fe is conservative, if § is amenable then q is amenable.

Proof. Since the square is ambidextrous, we have Fe(|q|(—)) = |§|F,(~)- By conservativity of I
we obtain the results immediately. O

Lemma 21.1.18. Let g : D — € be an iso-normed functor, if q is amenable, then for every
X € C the counit ¢ : qq* X — X has a section up to homotopy. In particular, every object of
C is the retract of an object in the image of q.

Proof. By the following identity.

lalx = / idgex = / (¢"(e)x © (w)grx) = (e)x 0 /q (w)g-x

q q

Thus if |¢|x is an isomorphism, then (¢;)x has a section. O

Lemma 21.1.19. Let € 2 D % € be o pair of mormed functors. If p is amenable and qp is
iso-normed, then q is iso-normed.

Proof. Notice we have

Nmjp Nmyg
Nmgp : gpr — ¢upr —— ¢ups

since Nmg, and Nm,, are isomorphisms, so is Nm, : gip! — g.pr. But every X € D is a retract
of an element of the form pY for Y € &, hence since isomorphisms are closed under retracts,
we have Nm, an isomorphism for every X € D. O

21.2 Application to local systems

Definition 21.2.1. Recall from theorem 20.1.7 we have LocSys(€) — An a Beck-Chevalley
fibration. Moreover, recall the definition of (weakly) C-ambidextrous morphisms from defini-
tion 20.1.4. By the definition given in the last section, we have for any weakly C-ambidextrous
morphism ¢ : A — B is associated to a normed functor

¢6 : Fun(A4, C) — Fun(B, C)

with (¢G)* = ¢* and other morphisms of definition likewise defined. By definition, ¢ is iso-
normed iff ¢ is C-ambidextrous.

Then recall the definition of amenability from definition 21.1.16. We say ¢ : A — B is amenable
if it is C-ambidextrous and gg is amenable.

In the special case where ¢ : A — x, |¢| is a natural transformation |¢| : ide — ide, and we also
denote this by |Ale, called the C-cardinality of A.

From now on, as in the previous chapter, we abbreviate the terminal morphism of spaces
!x : X = % by X, and adopt this convention to any notation involved.
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Example 9. Notice that for q : [n] — *, we have q the coproduct of n objects, and q. the
product of n objects. Moreover, if C is 0-semiadditive, |q|x is given by the multiplication by n
map.

Construction 21.2.2. Recall the notion of Beck-Chevalley fibrations in definition 20.1.1, and
recall that it coincides with the BC) property in definition 21.1.10. This actually implies the
following. Consider the following pullback square

54

LS

I‘

B

S

—
C

—
SB

which induces the base change square

%
—
L
Q
*

Fun(4, @) —— Fun(A4, @)
SaA

From theorem 20.1.7 we see that this square admits the BC) condition and BC, condition
iff C-admits colimits or limits of the shape ¢~!(b) for all b. This gives rise to the following
naturality condition on the integral. Suppose ¢ is ambidextrous, then for all X, Y € Fun(B, @),

and f:q¢*X — ¢*Y, we have
i [ £ [saf
q q

by the second definition of the integral. Consequently, we also have
splalx = qlss, x

directly.
Not that directly, we have the associativity for integrals. That is, consider the pullback square

A2 XBA1 L)Al

N
2 @2XBq1 l‘h

AQT)\JB

such that ¢; and ¢» are C-ambidextrous, then so is w1, o and the diagonal. We have for all
X,Y,Z € Fun(B, C) and maps f1: ¢iX — ¢;Y, f2: ¢3Y — ¢5Z, an equivalence

/qQXBql(Wsz o fi) = /{D f2 O/ql fi

le2 XB q1]x ~ |q2|x o |q1|x

In particular, we have

Amenable spaces are principally detected and used in the following ways.

Corollary 21.2.3. Consider the above pullback square of spaces. If mo(sp) is surjective and G
is C-amenable, then q is C-amenable.

Proof. Follows from lemma 21.1.17. 0
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Proposition 21.2.4. Let A — E — B be a fiber sequence of weakly C-ambidextrous spaces and
B is connected. Then if A is amenable and E is ambidextrous, then B is also ambidextrous.

Proof. By lemma 21.1.19. O

Proposition 21.2.5. Let A be a connected space. If QA is C-amenable, then the counit map
c!A : A1A* — id is an isomorphism.
Proof. Consider a choice of basepoint e : *x — A. Then the composition

id ocfoid

A
id ~ Ajeer A" —5 44* 25 id
is the counit of the adjunction
id~ Ajey 2 e*A* ~id
Hence AicfA* is a left inverse of C!A, and to show c,A is an isomorphism it suffices to show that
Aicf A* thus cf admit a further left inverse. By corollary 21.2.3 e is amenable, by lemma 21.1.18
we obtain the result. O

Definition 21.2.6. We define a functor F' : € — D between m-semiadditive categories to be
m-semiadditive if it preserves m-finite colimits.

Definition 21.2.7. Let ' : € — D be a functor of categories and g : A — B a map of spaces.

We define the (F, g)-square to be the following commutative square of categories.

Fun(B, €) — Fun(B, D)

q*l lq*

Fun(A, C) — Fun(A, D)
Lemma 21.2.8. Like the above, if C and D admit and F preserves all g1 (b) shaped colimits
(limits), then the (F,q)-square satisfies the BCy (BCy) condition.
Proof. By the pointwise construction of Kan extensions used in the proof of theorem 20.1.7. [
We have the following categorical result.

Theorem 21.2.9. Let F': € — D be a functor preserving (m —1)-finite colimits. Letq: A — B
be a m-finite map of spaces. Then if q is (weakly) C-ambidextrous and (weakly) D-ambidextrous,
then the (F,q)-square is (weakly) ambidextrous.

Proof. Recall that a weakly ambidextrous square is ambidextrous iff ¢g and ¢F, is iso-normed,
hence it suffices to prove the weakly ambidextrous part of the claim, that is, the norm-diagram
in definition 21.1.11 commutes.

Firstly, notice that the commutativity of the norm diagram

N
Foqi —% Feq,

BC}T iBC*

qFp Ny g«Fp

is equivalent to the commutativity of the following wrong way counit diagram

7 Feqg —— Fpq*q

BC;T lw

7 qFp T> Fyp
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by moving the ¢, on the bottom right to the left functors by adjunction. To prove that the
second diagram commutes, we consider the following diagram of spaces.

X
s}

B
BN

)
—
L)

A

!

Since both € and D admits m-finite colimits, we have by 77 that the natural transformation
BCy : (ma)hm] — ¢ qn

is an isomorphism for local systems with coefficients in € or D. Then by definition, qu is the
composition
BC!
g —— (mo) i} £ (m)8,0% 7} ~ id

where 5 exists since by definition ¢ is weakly ambidextrous hence ¢ is ambidextrous. Therefore
we only need to prove the commutativity of each the small part in the following diagram (notice
the source and target of each functor in the following diagram is not written out explicitly, but
it is a functor between local systems with coefficients in € before composing with F, and with
coefficients in D after composing with F}).

BCP
¢ QF. —— (m)miF *> (ma)1010* 7} F,
BClq), ~ (7T2)1515*F*7Tik =

“5’/ -

¢ Fiq (ma 1 Fi(77) (mo)16 Fd* s —— F

BC[s],

Ng\ +

~ BC[ma) (7T2)!F*(5!5*7T>1k

BC[m2]y

F*q*ql TCG> F*(WQ)!TFT T) F*(ﬂ'Q)!(sl(s*ﬂ'T
! &

Where in the diagram BC|f]; denote the Beck-Chevalley transformation for the square

Fun(B, C) SELEN Fun(B, D)

| |

Fun(A4, C) — Fun(A, D)

Then all the small patches of the diagram commutes, hence the whole diagram commutes, which
proves the claim. O

This strong technical result immediately gives the following corollaries.
Corollary 21.2.10. Let F': € — D be a functor of m-semiadditive categories. Then the functor

F preserves m-finite colimits iff it preserves m-finite limits.
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Proof. We prove by induction on m. The assertion is obvious when m = —2, and then we assume
the claim holds for m — 1. Then we have F' preserves both (m — 1)-finite limits and colimits.
Then for every m-finite space A, consider A : A — %. Since C and D are (m — 1)-semiadditive
and F preserves (m — 1)-finite colimits, we have the (F, A)-square weakly ambidextrous. Since
€ and D are m-semiadditive, we have the square ambidextrous. Thus the (F, A)-square satisfies
the BC) condition iff it satisfies the BC, condition. Explicitly, F' preserves A colimits iff it
preserves A limits. O

Corollary 21.2.11. Let {C;} be a collection of m-semiadditive categories. Then C = []C; is
m-semiadditive.

Proof. We again prove by induction on m. Again the assertion is obvious when m = —2. Then
let ¢ : A — B be an m-finite space. Then by induction, € is (m — 1)-semiadditive, hence
q is weakly C-ambidextrous. Therefore it suffices to show that ng is an isomorphism. By
theorem 21.2.9, ¢ is C;-ambidextrous and the projection 7 : € — C; preserves colimits, hence
the (m;, ¢)-square is weakly ambidextrous. Also, since m; commutes with limits and colimits,
the (m;, q)-square satisfies both BC) and BC, conditions. Hence we have m;qy — m;qs is an
isomorphism, and by the jointly conservativity of m; we have ¢ — g4 an isomorphism. O

Corollary 21.2.12. Let F' : € — D be an m-semiadditive functor and let ¢ : A — B be an
m-finite map of spaces. For all X,Y € Fun(B,C) and f : ¢*X — ¢*Y, we have
/f / 6 Hompun(B D)(FX FY)

In particular F(lq|x) = lq|px)

Proof. The (F,q)-square is ambidextrous by theorem 21.2.9, and satisfies the BC' conditions
by theorem 20.1.7. Thus by the naturality conditions of the normed squares we obtain the
results. O

As before, the theory can be slightly simplified in symmetric monoidal categories due to the
presence of tensor units.

Definition 21.2.13. An m-semiadditively symmetric monoidal category is an m-semiadditive
symmetric monoidal category such that the tensor product distribute over m-finite colimits.

Theorem 21.2.14. Let € be a symmetric monoidal category. Let q : A — B be a weakly
C-ambidextrous map of spaces such that the tensor product of C distribute over colimits of the
form q~1(b). Then the normed functor

¢6 : Fun(A, €) — Fun(B, C)
is ®-normed in a canonical way.
Proof. Direct by checking the conditions in definition 21.1.12. O

Corollary 21.2.15. Let F': C — D be an m-finite colimit preserving monoidal functor between
monoidal categories admitting m-finite colimits and the tensor product distribute over the m-
finite colimits. Then if C is m-semiadditive, so is D.

Proof. Since An]; is a mode, any m-finite colimit preserving functor F' : € — D is a map of
algebras in Cat, hence preserves the property of being classified by the An]" mode. Thus € is
m-semiadditive implies D is m-semiadditive. ]
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Lemma 21.2.16. Let C be a m-semiadditively monoidal category with unit 1 and A an m-finite
space. Then we have for every X € C, |A|lx ~ idx ®|A|1. In particular, A is C-amenable
iff |Al1 is an isomorphism. Therefore, we will later denote |A|; by |A| (which is a morphism
|[A]:1—=1).

Proof. Notice given an object X, the functor — ® X : € — € preserves m-finite colimits. Thus
the integral distribute over F'x, and we have

idx ®[Al1 ~ (=@ X)(|Ah) ~ [Alx

Lemma 21.2.17. |A|, € Hompaynm (, %) is given by the span x < A — *.

Proof. Recall from lemma 20.3.6 and lemma 20.3.7 that for an action of An]' on an m-
semiadditive category C, if we denote for a m-finite space X the action of X on € by [X]: C — C,
we have the counit for the adjunction [X] — id given by the span X : X < X — % (hence a
natural transformation [X] — [] given by the action functor An]' — End(C)), and the wrong
way counit exhibiting the ambidexterity the dual span XV : x + X — X. Therefore, as the
composition of the two, |X|, is the span computed as follows.

A/%\A
PN

O

Lemma 21.2.18. Let C be a symmetric monoidal category. For every C-ambidextrous space
such that @ distribute over A-colimits, the object 14 (recall this is the object given by AjA*1 €
Fun(x, C) ~ C) is dualizable.

Proof. By proposition 21.1.13 directly. 0
Definition 21.2.19. Let C be a symmetric monoidal category with tensor unit 1. Then for
any dualizable object X € € with dual XV, we define the symmetric monoidal dimension of
X dime(X) to be a morphism 1 — 1 given by 1 2 X9 XY - XV®X 5 1, where 7 is the
coevaluation map and ¢ is the evaluation map. Obviously, symmetric monoidal dimensions are
preserved by symmetric monoidal functors.

Then for a space A, we say A is dualizable in C if 14 is dualizable, and we write dime(A) =
dime (1A)

Lemma 21.2.20. Every m-finite space A is self dual in An], with symmetric monoidal dimen-
sion dimapm (A) = (* + AST 5 x) = A5 € Homp nm (*, *).

Proof. Notice that we have ¢ : (A x A S A %) and n(* < A 2 Ax A) are the duality data
of A by direct checking. Thus the symmetric monoidal dimension is computed by the following

diagram.
A
A / \ A
* Ax A *
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and by lemma 21.2.17, we have (x « AS" — ) = |AS']. O

Corollary 21.2.21. Let € be an m-semiadditively symmetric monoidal category with tensor
unit 1e. Then we have dime(A) = |AS'|. If furthermore A is a loopspace, we have dime(A) =
|A||QA|.

Proof. Firstly by corollary 21.2.12 and the fact that symmetric monoidal dimension is preserved
by symmetric monoidal functors, we have

F(dimanm A) ~ F(|AS]) ~ | A5 | gy = [A% |1, = dime(A)

m

Then if A is a loopspace, AS' ~ Ax QA splits by simple arguments, and by construction 21.2.2
we obtain

dime(A) = |AS'| = |A x QA| = |4 o |QA]

21.3 Arithmetic aspects

Definition 21.3.1. Notice for any object in any (reasonably well-behaved) category X € C, we
define the wreath operation X 1 C), by Xﬁcp, where the C), action on X? is given by permuting
the factors.

Lemma 21.3.2. The functor (—)1C, : An — An preserves fiber products.

Proof. We let e : x — BC), be a choice of a base point, then notice (—) ¢ C), is equivalent to the
composition
An % Fun(BC,, An) ~ An pc, 5 An

Then e, is a right adjoint, hence preserves limits. Also, 7 preserves limits of contractible
shape. ]

Definition 21.3.3. Let € be a symmetric monoidal category. Consider (—)¢C), : Cat — Cat.
Explicitly, we have a functor (—)1C), : Fun(4, €) — Fun(4:C)p, €1 Cp). Then since @) : P — €
is symmetric monoidal, we have it factoring through & : (C?)nc, — €. Then we define the
functor ©% to be the composition

Fun(4, €) % Fun(A0C,,€10,) S Fun(A1C,, €)

Construction 21.3.4. The construction ©% admits the two following naturality conditions.
For a symmetric monoidal functor F': € — D, we have

er
Fun(4, C) —2= Fun(41C,,C)

k| |-

Fun(A, D) = Fun(A:Cp, D)
A
For a map of spaces ¢ : A — B, we have

P
Fun(B, C) —=» Fun(B1C), C)

q*l i(qle)*

Fun(A4, @) Tf;) Fun(A4:C),C)
We call the second square the ©P-square of ¢q. Thus if ¢ is finite, so is ¢ ¢ C), hence if € is
(m — 1)-semiadditive and has m-finite colimits, then the ©P-square is canonically normed, and

is iso-normed if € is m-semiadditive.
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Corollary 21.3.5. Again, we have for a map q : A — B and C a symmetric monoidal category
admitting all (co)limits of the shape q~'(b), and that the tensor product distributes over all
q-(co)limits, then the ©P-square of q satisfies the BCy (BC)) condition.

Proof. We consider

P Tx
Fun(B, C) i Fun(B1C,, €) —2— Fun(BP, C)

q*l i(qle)* l(qp)*
Fun(4, @) = Fun(A:Cp, €) —— Fun(A4?,C)
TA

A

Then the right square satisfies the BC-conditions by theorem 20.1.7, and since 7}, is conserva-
tive, it suffices to prove the outer square satisfies the BC, (BC)) condition, which is obvious. [

Theorem 21.3.6. Let C be a m-semiadditively symmetric monoidal category and let q: A — B
be an m-finite map of spaces, then the OF square of q is ambidextrous.

Proof. The proof is similar to theorem 21.2.9. O

Theorem 21.3.7. Let C be an m-semiadditively symmetric monoidal category and q: A — B
an m-finite map of spaces. Then for any X,Y € Fun(B,C) and f : ¢*X — ¢*Y, we have

@%(/ f) =~ /c 0% (f) € Hompyn(pic,,¢) (05X, OFY)
q qQCp

Proof. By corollary 21.3.5 the ©PF squares satisfies the BC' conditions, and by theorem 21.3.6
we have it ambidextrous, hence by corollary 21.2.12 the theorem follows immediately. O

Then we present the key property of ©F exhibiting its arithmetic essence. Namely, we
calculate the difference between OF(f + g) and OP(f) + OP(g), and find that OF would be an
additive derivation (we will define this later).

To calculate this, we must investigate the ©P-square for q : * LI x — .

Construction 21.3.8. The ©P-square can be written as

Fun(x, C) e, Fun(BC), €)

q*l l(qch)*

Fun(* U *, C) = Fun((x U %) Cp, C)

Firstly, the left arrow ¢* can be identified with the diagonal A : @ — @2. Then recall that in the
polynomial (z + y)P, every term except for zP and y? has coefficient a multiple of p. Therefore
(xU *)ZC,, can be identified with BC, LI BC,, LIS, where S is a discrete set constructed as follows:
let S be the subset of {x,y}? containing every point except for P and y?, and S is the quotient
of S under the free C, action on S given by the obvious C), action on {z,y}".

Thus we have

Fun((x LI %) 1 Cp, @) o~ CB% x @B% x H ¢
wes

Choosing a base point e : + — BC),, we have ¢! Cp, = (id,id,e, ..., e), hence the right arrow of
the diagram can be identified with (id,id,e*, ..., e*). Finally it suffices to identify the bottom

arrow with a functor
O:Cx e P xeP% < ]e
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We write W(X,Y) =wi(X,Y) ® - @wy(X,Y), where w is a preimage of W and w;(X,Y) = X
if w; =z, and w;(X,Y) =Y if w; = y (here w; is the i-th coordinate of w). Thus @ is clearly
given by

O(X,Y) = (OPX, 07, 5(X,Y),g)

Corollary 21.3.9. Let C be a 0-semiadditively symmetric monoidal category. Then given
X, Yec

O(f +9) = O"(1) + 0%(9) + Y [@lf.)

Proof. Directly by the above ©P-square for q. O

Now we show the analogy of the above construction with some common features in arith-
metics.

Definition 21.3.10. Let R be a commutative ring. We define an additive p-derivation on R
(where p is a prime number), is a map of sets § : R — R such that

d(z+y)=06(x)+d(y) + @ +y"—(x+y)")/p

and 0(1) = 0. We remark here that we should, as above, regard (2P + y? — (x + y)?)/p as an
integral polynomial since all coefficients are naturally integers. We call the pair (R, J) a semi-
d-ring. A morphism of semi-§-rings are morphism of rings preserving the additive p-derivation.

Remark 33. We recall that a p-typical A-ring is a ring R equipped with an operation A : R — R
such that \/p is the Frobenius endomorphism of the [F,-algebra R/p. Then we immediately
see that the additive p-derivation above gives a p-typical A-ring structure by letting \(x) =
P + pé(x).

Construction 21.3.11. Let € be a 0-semiadditively symmetric monoidal category, then for
x € coCAlg(€) and Y € CAlg(C), we have mp Hom(X,Y') a commutative rig (that is, a ring
without additive inverses). We will then attempt to construct an additive p-derivation ¢ on this
rig when € is 1-semiadditively symmetric monoidal through the following operation o which we
will define later.

Remark 34. The terminology rig should come from rng, which is a ring without i, the unit.

We fix the notation by letting e : * — BC), to be a choice of base point and r : BC}, — *
the final map. Moreover, we let ©F denote the map ©% : € — Fun(BC), €), the map sending an
object X to X®P equipped with the permuting action of C), on the tensor.

Construction 21.3.12. Since X is a cocommutative algebra in €, the comultiplication map
X — X©P factors through the homotopy fixed point X — (X®P)'C» ~ r OP(X). Similarly we
have a map 1©OP(Y) ~ (Y*P),c, — Y. We denote by the dual of these maps tx : 7*X — OP(X)
and my : ©P(Y) — r*Y. By definition, since re = id., we have e*txy : X — X®P the
comultiplication and e,my : Y®P — Y the multiplication.

Then, for g : OP(X) — OP(Y), we denote @(g) by the composition

\

mfl
x X 0r(x) M er(x) S y
Then for f: X — Y, we define o f) = @(OP(f)).
Lemma 21.3.13. The map @ : Hom(OPX,0OPY) — Hom(X,Y') constructed above is additive.

Proof. We first notice that the map r, preserves products since it is taking the limit of a diagram.
Thus the functor r. is additive, hence the map Hom(©PX,OPY) — Hom(r,0PX,r,0PY) is
additive. Then @ is this additive map with a precomposition and a postcomposition, hence is
additive. O
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Moreover, a has naturality with functors and composition. Explicitly, we have

Lemma 21.3.14. For h: X' — X a map in coCAlg(C) and g : Y — Y’ a map in CAlg(C), for
any f: X =Y, we have a(go foh) ~goa(f)oh € Hom(X',Y’).

For F : C — D a 1-semiadditive symmetric monoidal functor between 1-semiadditively symmet-
ric monoidal categories, for any X € coCAlg(C) and Y € CAlg(C), we have F : Hom(X,Y) —
Hom(F X, FY) commutes with the operation c.

Proof. Direct. O

Theorem 21.3.15. For any X € coCAlg(C) and Y € CAlg(C), we have o an additive p-
derivation on mo Hom(X,Y'). That is, for any f,g: X — Y, we have

a(f+g)=a(f) +alg) +(f+9)" = f"=g")/p
Proof. Before proving the theorem, we first prove that for
h:e*OP(X) ~ X 5 YO ~ *QP(Y)
we have @( [, h) : X =Y the composition

e*tx X®p—)Y®p e*my Yy

X —=
Firstly, we see that fe h is the composition

ul m; ! cy
O7(X) 5 e, @P(X) B eneror(v) X0, oeror(v) L or(Y)

Then after applying @, we get & fe h the composition

r«OP(X) — reee*OP(X) — reee*0P(Y) — ree*0P(Y) — r.0P(Y) — noP(Y)

I | | |

X — e*OP(X) —— ¢"OP(Y) » Y

By the commutativity of this diagram we have proven the lemma. Then by corollary 21.3.9, we
have
a(f +9) = alf) +alg) + @ al [ @lfg
w e

By the lemma, we have a( [, @(f,g)) = f'®g¢’, where i and j are the times of 2 and y appearing
in . U]
In particular, we may apply the above to the following setting.

Construction 21.3.16. Let C be a symmetric monoidal category. Then we let
Re = moHom(1e, 1e)

Since 1e is trivially a commutative algebra and a cocommutative coalgebra, and the my of the
Hom space of a stable category is always an additive group, we have Re a semi-d-ring if € is
additionally stable and 1-semiadditive.

Proposition 21.3.17. Let C be a 1-semiadditively symmetric monoidal category, then for any
f € Re, we have a(f) = fBCp Or(f).
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Proof. We first notice that the action of C}, on ©P(1¢) ~ 1?17 since 1e is the initial object in the

category CAlg(C), and the action that permutes the factors in 1?” is an action respecting the

algebra structure of 1?7’ ~ 1. Consequently, we have the maps

ti, : le = 0P (le) ~ ror*le

is the unit, and
m\l/@ crrtle ~ mOP(1le) — 1e

is the counit. Thus we have @(g) = [ BC, 9 by unwinding the definitions, and hence the result.
O

Theorem 21.3.18. Let C be a m-semiadditively symmetric monoidal category for m > 1. Then
for any m-finite space A, we have a(|A|) ~ |A1Cy| € Re

Proof. We define some map of spaces. We let ¢ : A — * be the final map, 7 : A2 C, — BC), be
the map ¢ Cp, and r : BC),, — * the final map. Then we have

a(|A]) ~ (P (| A])) /@p 14]) /ep/ldle //1d1€_/ iy, ~ 410

where the first three equality is given by definition and the fourth by theorem 21.3.7, and the
fifth the naturality of integrals with respect to compositions. O

Corollary 21.3.19. For any 1-semiadditively symmetric monoidal category and let X €
coCAlg(C) and Y € CAlg(€), let R = moHome(X,Y'), we have (1) ~ |BCy| o 1g.

Corollary 21.3.20. Firstly notice that the unit map 1g is given by the composition X — le¢ —
Y, where the maps € : X — 1leg and n : Y — 1le are the counit and unit map given by the
coalgebra and algebra structures on X and Y. Then by the naturality of o, we have

a(lg) ~a(nolp,oe) ~noa(lg,)o
Since obviously 1p, ~ | * | € Hom(le, le), we apply theorem 21.3.18 and we have
noa(lp)oe=noa(|x|)ocno|BCylos~|BCyonoe =BG,z

Here the only non-trivial equivalence is the second last equivalence, which is since |BC)| is a
natural transformation.

Now note that the only two obstructions preventing « from being an additive p-derivation
is that the correction terms in the additivity has a sign error and a(lg) # 0. Therefore the
following correction would produce an additive p-derivation.

Construction 21.3.21. Let C be a stable 1-semiadditively symmetric monoidal category with
X € coCAlg(C) and Y € CAlg(€), we have R = mo Hom(X,Y) a ring, and we let 6 : R — R
be given by 6(f) = |BC,|f — o f). This is an additive p-derivation since |[BCp|f is linear, and
hence its additivity follows from theorem 21.3.15, and obviously d(1g) = 0.

Corollary 21.3.22. From lemma 21.3.14, we have for F' : € — D a symmetric monoidal 1-
semiadditive functor between stable 1-semiadditively symmetric monoidal categories, and given

X € coCAlg(C) and Y € CAlg(C) we have
F : mpHome(X,Y) — 7o Homp (F X, FY')

a morphism of semi-d-rings.
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21.4 Detecting semiadditivity

In this section we finally present the core technique on detecting the semiadditivity of categories.
We first give some basic properties of semi-d-rings.

Definition 21.4.1. For an element z € Q, we define §(x) = (z — 2P)/p. This is canonically
(and uniquely) a additive p-derivation on any subring of Q. For a ring R, We define S to be
the set of primes invertible in R, and we define Qg to be Q[Sgl].

Lemma 21.4.2. Let (R,0) be a semi-d-ring, then for allt € Qr and v € R we have §(tx) =
té(x) + 6(t)xP.

Proof. Consider the function ¢ : Qr — R given by ¢(t) = 0(tz) —d(t)xP. Then by the additivity
of 0 and some calculation, we have ¢(t + s) = ¢(t) + ¢(s). Then since ¢(1) = d(x), we have
o(t) = to(x) since Qg is a subring of Q. O

Lemma 21.4.3. Let (R,0) be a p-local semi-§-ring, then any torsion element is nilpotent.

Proof. Since R is p-local, for any torsion element z there is some d such that p%z = 0. Then by
lemma 21.4.2, we have
0=6(0) = 6(p"x) = p?6(z) + S (p*)a”

Then multiplying 2 on both sides we have 6(p?)zP*! = 0. By elementary number theory we
have v, (§(p?)) = d — 1, hence we have p?~'zP*! = 0 since R is p-local. Then repeat this process
for d-times we have z4P+t1) = 0. O

Lemma 21.4.4. Let (R,)) be a non-zero p-local semi-§-ring. Then the map ¢ : Qr — R is
a monomorphism of semi-0-rings. In particular, the § defined on Qg is the unique additive
p-derivation.

Proof. Firstly we have pod = §op. Then if ¢ is not injective, so is the initial morphism Z — R.
Therefore 1 € R is torsion. By lemma 21.4.3 we have 1 is nilpotent hence R = 0. O

Corollary 21.4.5. For any non-zero p-local semi-6-ring (R, 0), eitherp € R* and Qr = Q C R
orp ¢ R* and Qpr = Zp) € R, and x € Qg is invertible iff v,(z) = 0.

Lemma 21.4.6. Let (R,0) be a p-local semi-§-ring. Then the ideal Loy C R of torsion elements
1s closed under 0.

Proof. For x € I, we have some p?z = 0. Thus 6(p?*'2) = 0, and by lemma 21.4.2, §(p?*'z) =
p™15(2) + §(p@THaP. Then since §(p®1)zP = cpa? = 0, we have p®*1§(x) = 0. Thus 6(z) is
still torsion. O

Proposition 21.4.7. We define R to be the ring R/Iio.. Then if (R,5) is a p-local semi-
5-ring, there is a unique additive p-derivation § on R, such that the quotient map R — R"
is a morphism of semi-6-rings. Moreover, this quotient map detects invertibility (that is, the
preimages of invertible elements are also invertible).

Proof. We first note that for x € R and y € I, we have
oz +y) —o(x) =6(y) + (" + " — (x +y)")/p

Then by lemma 21.4.6 we have 0(y) € Iior and (2P + yP — (z + y)P)/p = Cy € L. Thus we
have 0(x + Iior) = 0(x) + Lior is a well-defined map of sets on R*. This is obviously the unique
additive p-derivation on R*, and the quotient map detects invertibility since the kernel of the
quotient map consists of torsion elements. ]
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Corollary 21.4.8. Let C be a stable 1-semiadditively symmetric monoidal category with X €
coCAlg(C) and Y € CAlg(C). Then let R = Hom(X,Y'). Then every torsion element of R is
nilpotent, and if Q ® R =0 then R = 0.

The main method we will use to detect semiadditivity is the method introduced by Hopkins-
Lurie, which we will see below.

Definition 21.4.9. We define a 0-semiadditive category C to be p-local if for all n coprime to
p, we have |[n]|x is invertible.

Theorem 21.4.10. A (n — 1)-semiadditively presentably symmetric monoidal stable p-local
category C is n-semiadditive iff B"C), is C-ambidextrous. In particular, if there is an (n — 1)-
finite p-space A such that m,—1(A) # 0 and |A|1, is an isomorphism, then C is n-semiadditive.

Proof. = is obvious. For the converse, notice first by corollary 20.4.3, to exhibit € as
n-semiadditive, it suffices to construct an An]-module on € compatible with the given Aan—
module structure. However, for an n-finite space A, from lemma 20.2.8, if we denote the
projection m: A — 7<,_1 A, then we have A = lian_lA 771 (x). In short, if the base space is
C-ambidextrous and so is all the fibers, then the total space is also C-ambidextrous.

Therefore to define an An/ -action on C, it suffices to define the action for spaces with homotopy
groups concentrated at n since we may use these spaces to generate An; by colimits indexed by
n — 1-finite spaces. Thus for an n — 1-semiadditive category C, to prove it to be n-semiadditive,
it suffices to prove that all spaces with homotopy groups concentrated at the n-th degree is
C-ambidextrous.

Now, such spaces must be of the form B"G where G is a group (Abelian if n > 2). For
the case n = 1, we consider the sylow p-subgroup H C G. Then we have a fiber sequence
G/H — BH — BG. Since |G/H| is coprime to p, we have G/H amenable, and hence by
proposition 21.2.4, BG is C-ambidextrous if BH is. Now since H is a p-group, H is a extension
of finitely many copies of Cp. Thus since BC), is ambidextrous, so is BH. Hence BG is C-
ambidextrous.

For n > 2, we have any Abelian group G a direct sum of groups of the form Cyn (where ¢ is a
prime), hence again it suffices to prove that all spaces of the form B"C, are C-ambidextrous.
The case g = p is provided by the assumption, and for the case ¢ # p, we have by assumption
B"~1C, is G-ambidextrous. Then since the diagonal map of B"C, — (B"C,)? has fiber B"~1C,,
the map f : B"Cy, — * is weakly ambidextrous. By the adjoint functor theorem, it suffices to
prove the map f, : Fun(B"Cy, €) — € preserves colimits. In fact we will actually show that f.
is an equivalence of categories. That is, we show € — Fun(B"Cy,€) is an equivalence. Note
that this is equivalent to that for every space K we have

Core Fun(K, €) o~ Core Fun(K, Fun(B"Cy, C))
Hence replacing € by Fun(K, C), it suffices to prove
Core € >~ Fun(B"Cy, Core €)

Since CoreC is a space, we may prove the above for the m-truncations of Core € and obtain
the result by taking a colimit. The case n = 1 is trivial since B"C, is 2-connective, hence every
map from B™C, to 7<1 Core € is null. Assume we have

[+ T<n Core € =~ Fun(B™Cy, <y, Core C)

Then to prove f}, ., is an equivalence, we consider the diagram

T<m+1 Core € —— Fun(B™Cy, T<pm41 Core C)

| l

T<m Core € ——— Fun(B"Cy, 7<p, Core C)

175



), dF 42 REAHK

7 ) Qiuzhen College, Tsinghua University

It suffices to prove f,;, .1 is an equivalence on all fibers of C' € 7<p, Core€. Notice that
the fiber of the projection 7<;,4+1 Core ¢ — 7<,, CoreC at C is the Eilenberg-Maclane space
K (7, Aute(C),m + 1). Since the information of automorphisms is contained in the informa-
tion of endomorphisms, it suffices to prove

K(Ext,™(C,C),m+1) = Fun(B"C,, K(Ext,"(C,C),m + 1))

is an equivalence. This is the vanishing of the m + 1-th reduced cohomology

H™ 1 (B™C,; Ext,™(C,C)) which is true since Ext,™(C,C) is p-local.

For the final assertion, notice that since A is a (n — 1)-finite p-space, so we have a fiber sequence
A — B — B"C), where b is also (n — 1)-finite. The rest follows from proposition 21.2.4 (note
that A is amenable since |Al;, is an isomorphism). O

Corollary 21.4.11. Let C be an (n — 1)-semiadditively presentably symmetric monoidal stable
p-local category. We define A to be an h-good space if it is a connected m-finite p-space with
Tm(A) # 0 and that h(|A|) is rational. Then let h : Re — S (recall Re is the semi-d-
ring mo Hom(1e, le) equipped with the §-operation defined by «) be a morphism of semi-0-rings
detecting invertibility and such that h(|BCyp|) and h(|A|) are rational and non-zero for an h-good
space A, then C is n-semiadditive.

Proof. Then by theorem 21.4.10, it suffices to find a h-good space X such that | X]| is invertible.
Firstly by assumption we have h(|A|) is h-good. If p € S* we have B"~1C), satisfying our
desired conditions and we are done. So we assume p ¢ S*. In this case, we show that there is
an h-good space A with v,(h(|X])) = 0.

We have 0 < v,(h(|A])) < 00, so it suffices to find for any h-good space A another h-good space
A’ such that v, (h(|A])) — 1 = vp(h(JA])). We prove A’ = A1 C, satisfies the two conditions.
Firstly, we have

WAV Cyl) = h(|BCp x Al) = h(3]A]) = h(|BCy|)h(|A]) = h(5]A])

Then since h(|BCy|), h(]A|) and h(d|A]) are all rational, we have h(|AC),|) rational. Moreover,
obviously A1C), is m-finite p-space with m,,(A) # 0, hence A1C), is h-good. Now, since h(|BCp|)
is rational and p ¢ S*, we have v,(h(|A4|)) < vp(h(|BCp x A|)). Finally by elementary number
theory we have v,(h(0]|A])) = vp(h(|A|)) — 1, so we have prove the result, and the assertion
follows by induction. O

We then present the method that we will use later to apply the theory of semiadditivity to
chromatic localized categories.

Theorem 21.4.12. Let 1 < m < 0o and F : CtoD be a colimit preserving symmetric monoidal
functor between presentably symmetric monoidal stable p-local categories. Assume that C is
1-semiadditive, and the map ¢r : Re — Rp detects invertibility, and finally for 0 < k < m, if
Bka is dualizable in D (recall the notion of dualizability of spaces in definition 21.2.19) then the
image of dimq (B*C,) in R% is rational and non-zero, then both C and D are m-semiadditive.

Proof. By corollary 21.2.15, it suffices to show that € is m-semiadditive. We prove by induction
on k, where the condition is that for 0 < i < k we have |B'Cp|p in RY are rational and non-
zero, and that C is k-semiadditive. The case where k = 1 is by assumption. For k£ > 2, by
corollary 21.2.21, we have Bka dualizable and

dimg (B*C,) = |B*Cp|p|B*1Cp|p € RY

Therefore by the assumptions we have dimp(B*C,) is rational and non-zero. Therefore by
the inductive hypothesis, the image of \Bk_leb in R% is rational and non-zero hence so is
|B¥Cy|p. Then since the map Ry — RY detects invertiblity since D is p-local, |B*C,|e is
rational and non-zero. O
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To better apply the above theorem, we present a setting where the map ¢ induced by
F : € — D detects invertibility.

Definition 21.4.13. Let F': € — D be a colimit preserving monoidal functor between stably
presentably monoidal categories nil-conservative if for every ring R € Alg(€) we have F(R) ~ 0
implies R = 0.

Directly by definition we have

Lemma 21.4.14. 1. Any conservative functor is nil-conservative.
2. The composition of nil-conservative functors is nil-conservative.

3. For F:C— D and G:D — &, if GF is nil-conservative then so is F.

Lemma 21.4.15. Let C be a stably presentably monoidal category, and let R, S € Alg(C), then
for every cofiber sequence X —Y — Z € sModgr(C), if two out of X,Y,Z are right dualizable
then so is the third.

Proof. Suppose X and Y are right dualizable. We let M be a category with a left C-action on
it, that is, M € LMode(Pr"). Thus we have a functor

X ®r (—) : LModg(M) — LModg(M)

This construction is obviously functorial with respect to functors for M. Notice that X is
right dualizable iff for every M, the functor X ®pg (—) has a left adjoint, and for every functor
U:M — M" the Beck-Chevalley map FYU — UF% obtained from the adjunction and
naturality is an isomorphism. Then for every M we have a cofiber sequence of functors

X®pr——>YQ®pr— —>2ZRp—

This induces a cofiber sequence of adjoint functors Fy — Fy — Fx. Thus we have a diagram
of Beck-Chevalley maps

FYU —— FJU —— F{U

| | |

UF, — UF, —— UF%
Thus if the second and third vertical map are equivalences, so is the first. O

Lemma 21.4.16. A colimit preserving monoidal functor F' : C — D of stably presentably
monoidal categories is nil-conservative iff for every S € Alg(C), the induced functor F :
LMods(C) — LModps)(D) is conservative when restricted to the subcategory of right du-
alizable modules.

Proof. <= is obvious since every ring is right dualizable over itself as a left module.

= : let f : Ny — N3 be a map of right dualizable left S-modules and let M be the cofiber
of f, and by lemma 21.4.15 M is also right dualizable. Thus we show that if FM = 0 then
M = 0. Let MY denote the right dual of M, we have MY ®g¢ M ~ Mapg(M,M). Thus
F(Mapg(M, M)) ~ F(M" ®g M) ~ 0 since F is monoidal. Thus Homg (M, M) ~ 0, and hence
M ~ 0. O

Corollary 21.4.17. Let F' : C — D be a nil-conservative m-semiadditively symmetric monoidal
functor between m-semiadditively symmetric monoidal stable presentable p-local categories.
Then the map pp : Re — Rp detects invertibility. In particular if A is C-ambidextrous and
D-amenable the A is C-amenable.

Proof. This follows from lemma 21.4.16 since 1le is dualizable. O

21.5 Applications in the chromatic settings
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Chapter 22

Semiadditive Height
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