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1. INTRODUCTION

Three of the main conjectures investigated in arithmetic statistics are the
Cohen-Lenstra conjectures, Malle’s conjecture, and the Poonen-Rains conjec-
tures. Throughout the notes, we will try to explain recent progress toward
these conjectures over function fields via homological stability techniques.

The general goal of the notes will be to explain the main ideas of these
proofs without getting bogged down in the technical details. For this reason,
we will avoid presenting many proofs in maximum generality, but instead
try to focus on the simplest cases.

We begin by describing what these three conjectures are about.

1.1. The Cohen-Lenstra heuristics. Let ¢ be an odd prime. The Cohen—
Lenstra heuristics, introduced in 1984 by Cohen and Lenstra [CL84], predict

that the probability the ¢-part of the class group Cl(Q(v/—d)) is isomorphic
to a given finite /-group G is inversely proportional to # Aut(G). More
formally,

lim #{d : d squarefree, C1(Q(v/—d))[{] ~ G, Disc(Q(+/(—d))) < X} 1
X—oo #{d : d squarefree, Disc(Q(/(—d))) < X} #Aut(G)’
They make essentially the same prediction for the ¢ Sylow subgroup of

the class group. Here, the probability is taken over those d so that the

discriminant of Q(v/—d) is bounded by X, and then one takes a limit as
X — co. An important consequence of this conjecture is the prediction that

the average size of C1(Q(+/—d))[¢] is 2. More precisely, let IQ<x denote the

set of imaginary quadratic fields (of the form Q(+/—d) with discriminant
having absolute value at most X. Let RQ<x denote the set of real quadratic

fields (of the form Q(+/—d) with discriminant at most X.

Conjecture 1.1.1. As K ranges over imaginary quadratic fields of discrimi-
nant < X, and ¢ an odd prime number, the average size of /-torsion in the
class group of Ok is 2. That is,

Similarly, as K ranges over real quadratic fields of discriminant less than X,
the average size of £ torsion in the class group has average size 1 +1/¢:

Jim Exerg., (#CI(OK)[E]) = 1+1/L.

Remark 1.1.2. As we will see repeatedly throughout the course, it is often
more natural to write this 2 as 2 = 1 + 1 where the first 1 corresponds to the
trivial element of the class group and the second 1 corresponds to nontrivial
elements.
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Exercise 1.1.3. (1) Let sf(X) denote the number of integers 0 < n < X

which are squarefree (don’t have any prime p with p? | n). Compute

limX*)oo > }((X) .

(2) Compute the asymptotic growth of the number of imaginary qua-
dratic extensions of QQ of discriminant at most X. You should have an
answer of the for CX® + o(X) for appropriate constants C and s that
you should compute.

(3) Similarly, find the asymptotic growth of the number of real quadratic
extensions.

This essentially computes the “denominator” in Cohen-Lenstra. Hint:
Quadratic extensions are in bijection with squarefree integers, in the sense
that they are all of the form Q(+/d). However, the discriminant of such an
extension may be either d or 4d. Use a sieve to count these conditioning on
the value of d modulo 4.

There is also a natural function field version of this conjecture, where
one replaces Q by IF;(t) and one replaces imaginary quadratic extensions

with monic hyperelliptic curves, branched over co € I[’Ilpq. Despite the vast

array of work around this conjecture, apart from ¢ = 3 (due to Davenport
and Heilbronn [DH71] over Q and the analog over function fields due to
Datskovsky and Wright in [DW88]]) until the material we discuss in this
course, not a single other case had been proven. Over function fields, we
have recently been able to compute the average size of ¢ torsion in class
groups over IF;, for sufficiently large g, depending on /, and prime to 2/.
One of the goals of this course is to explain the ideas behind this proof.

1.2. Malle’s conjecture, counting G extensions. Another central question in
number theory asks: how many degree 1 extensions of Q or [F,(t) are there?
Of course there are infinitely many, but we can try to answer how the number
of extensions grows as the discriminant grows. It is also natural to count by
other invariants, such as the product of primes dividing the discriminant.
More generally, for G a finite group how many Galois G extensions are there,
for G a finite group? In 2002, Malle [Mal02] proposed a conjecture for the
number of such extensions. More generally still, one may ask for the number
of G extensions where one prescribes the local inertia at each ramification
point of the extension to lie in a certain conjugacy class.

Here is a specific prediction of Malle’s conjecture for degree d, S; exten-
sions:

Conjecture 1.2.1. There is a constant c;, depending on d, so that the number
of degree d, S; extensions of Q of discriminant at most X grows as c; X.



NOTES ON ARITHMETIC STATISTICS OVER FUNCTION FIELDS 5

Despite a vast array of activity in the past several decades, in some sense,
very few cases of Malle’s conjecture are known. For example, the only
symmetric groups where it is known to hold are S; for d < 5, and the cases
d = 4 and 5 were a significant part of Bhargava’s work, leading to his fields
medal. Bhargava also separately made an interesting conjecture for the value
of ¢;. (We will give a proof of a function field version of this conjecture for
arbitrary d and g sufficiently large in[§19])

Another primary goal of this course will be to explain how to compute the
asymptotic number of G extensions of IF,(t), for g sufficiently large relative
to #G and q prime to #G.

1.3. Poonen-Rains heuristics and the minimalist conjecture. The minimal-
ist conjecture, originally formulated by Goldfeld in 1979 [Gol79] predicts
that, among all quadratic twists of a suitable elliptic curve E over Q, half
will have rank 0 and half will have rank 1. This conjecture is closely related
to the Poonen-Rains heuristics, which predict the distribution of Selmer
groups of elliptic curves in such families. Recall that the /-Selmer group
is a finite Z//Z module which contains as a subgroup (Z//¢Z)™*F), and
so in particular, determining the distribution of these ¢-Selmer groups will
give a lot of information about the rank of elliptic curves. For example, the
Poonen-Rains heuristics, introduced in a highly influential 2012 JAMS paper
[PR12], predict that the average size of the £ Selmer groups of elliptic curves
in suitable families is £ + 1, for £ a prime number:

Conjecture 1.3.1. For a fixed global field k and prime ¢, as E varies over all
elliptic curves over k ordered by discriminant, the average value of Sel(E)
isl +1.

This and some generalizations are known for ¢ = 2 in certain families. Its
generalization for ¢ replaced by a power of 2 has been recently solved by
Alex Smith [Smi22] for many families, and for ¢/ < 5 for the family of all
elliptic curves was resolved in a series papers, two of which have appeared
in Annals papers by Bhargava and Shankar [BS15a), [B515b, [BS13a), [BS13b]].

Another of our primary goals in this course, which we will discuss in
the later part of the course, will be to explain how to prove a version of
(Conjecture 1.3.1/in many quadratic twist families of elliptic curves over IF(t)
tor arbitrary odd ¢ and g sufficiently large, depending on ¢ and prime to 2/.

1.4. Summarizing tables. In we summarize the current state of
the art in function field results relating to the above arithmetic statistics
conjectures. In particular, we highlight progress toward what we view as the
three most important conjectures in arithmetic statistics: the Cohen-Lenstra
conjectures about torsion in class groups, Malle’s conjecture about counting
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Arithmetic statistics result Topological input
(1) | Computation of lim;, e limy 00 #X,;SF,,) The Oth homology stabilizes,
i.e., lim,_ o ho( Xy, ) exists
and we can compute its value
(2) | Computation of The higher homologies stabilize,
lim, .o limsup, ., #X';—S,]Fq) ie., lim, o hi( X, c) exists for all i
3) | lim; e #X’;(WIF”’) exists, The higher homologies stabilize
but with unknown value Frobenius equivariantly, i.e.,
lim,, o tr(Frob, |H (X, = ,Qp
exists for ill i i e )
(4) | Computation of lim;, #X’;—QF” A computation of the stable homology
for sufficiently large g determination of lim, e ;i (X, ¢)
(5) | Computation of lim, e #X'ZIQF") A subexponential bound on the trace of
forall g Frobenius acting on the unstable homology

TABLE 1. An indication of the required topological input to
deduce different arithmetic statistical results, ordered by diffi-

culty

G-covers, and the Poonen-Rains conjectures about Selmer groups of elliptic
curves. The rows are labeled 1 — 5 corresponding to the 5 limits detailed in
the rows in[Table T, which also describes the topological input that would
allow one to compute the relevant limits.

Remark 1.4.1. As one can see in[Table 2} it still remains to prove all the main
conjectures for fixed small g, and complete the bottom line of the table. The
various conjectures (Cohen-Lenstra, Malle, and Poonen-Rains) essentially
predict that the trace of Frobenius on the stable cohomology is the main
contribution to the point counts, and hence the trace of Frobenius on the
unstable cohomology must nearly cancel. I speculate that such cancellation

must occur in some extremely structured way.

This mysterious cancellation seems to me perhaps the biggest open prob-

lem in arithmetic statistics over function fields.
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Cohen-Lenstra Malle Poonen-Rains

(1) | Achter [AchO6] Partial progress by Landesman [Lan21],
Tiirkelli [T15] building on | Feng-Landesman-Rains,
Ellenberg-Venkatesh [EV05] | [FLR23], and Park-Wang [PW23]]

(2) | Ellenberg-Venkatesh- Landesman-Levy [LL25a] Ellenberg-Landesman [EL24]
Westerland [EVW16]

(3) | Landesman-Levy [LL24] | Landesman-Levy [LL25a] Ellenberg-Landesman [EL24]

(4) | Landesman-Levy [LL24] | Landesman-Levy [LL25a] Landesman-Levy [LL25b]

6] ? ?

TABLE 2. Table indicating relevant papers for the 5 categories
outlined in{Table 1} The question mark categories remain open.

2. THE FUNCTION FIELD PERSPECTIVE

We’ll now briefly indicate how the above problems can be translated to
the function field setting, and what the extra juice from algebraic geometry
and topology we obtain there is.

Before giving examples, let us outline the general strategy, which comes in
a few steps

(1) Rephrase the arithmetic statistics conjectures in terms of counting the
IF; points of a certain sequence of varieties or stacks.

(2) Relate the number of IF; points of these varieties to to their cohomol-
ogy, using the Grothendieck-Lefschetz trace formula.

(3) Understand their cohomology as best you can.

2.1. Malle rephrasal. We start with describing how one could approach
Malle’s conjecture in the function field setting, because it is a bit easier
to understand than the approaches to Cohen-Lenstra and Poonen-Rains.
The general strategy we will use time and time again is to translate these
conjectures into problems where we wish to count the number of IF; points
of certain varieties.

We start with a loose definition of the Hurwitz stack we will be interested
in. Later in|§4] specifically [Definition 4.1.1} we will come back to give a more
precise definition.

Definition 2.1.1 (Temporary definition). Let G be a finite group, B be a base
scheme on which #G is invertible, c C G a union of conjugacy classes, and

n an integer. We define [Huri’g / G] to be the moduli stack whose S-points,
for S a B scheme parameterize G-Galois covers X — P} over S with Galois
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group G, branched at a degree 1 subscheme of A'! with inertia in c. (Arbitrary
branching is allowed over co.)

Example 2.1.2. For example, in the case G = S; and c is the set of transposi-
tions, one can identify [Huri’g / G] with the stack of degree d covers of P!
which are simply branched over A! but with arbitrary branching allowed
over oo € PL.

The use of the above definition is that, using the correspondence between
curves and function fields, Malle’s conjecture predicts the value of

#[Hur, 5 /G](Fy)
lim 1 .

n—oo qn

(Technically, Malle’s conjecture usually assumes the covers are connected,
so one only counts the subset of the points of [HurS’]f:q / G] corresponding to

connected covers, but the above is a reasonable first approximation.) Hence,
we have rephrased Malle’s conjecture as a problem about counting finite
tield points of certain stacks. In particular, we will be able to compute this
value if we understand the cohomology of Hurwitz stacks sufficiently well,
via the relation between finite field point counts and cohomology, discussed
in{I'heorem 3.1.2

2.2. Cohen-Lenstra rephrasal. The next problem we would like to cast in
the light of function field point counting is the Cohen-Lenstra heuristics. For
this, we need a slight variant of the definition of Hurwitz spaces. Again, for
a first pass, we will start with a somewhat loose definition, but later we’ll
give a more precise definition.

Definition 2.2.1. Given a scheme B, there is an open subscheme U C Aj
parameterizing the locus where all coordinates are distinct. There is an
action of the symmetric group S, on U by permuting the coordinates and we
define Conf, 3 := U/S, to be the configuration space of n points in Al over
B. More generally, let Conf,,, . p:= U/Sy, X --- x5, where S, acts on
the n consecutive coordinates in the range [n7 + - - - +n;_1+ 1,11+ - - - + 1.
When B = Spec R, for R a ring, we often write this as Conf,,,_,, r and when
R = C, we abbreviate this to Conf,,, .,

Definition 2.2.2 (Temporary imprecise definition of [Definition 4.1.13). Let G
be a finite group, B be a base scheme on which G is invertible, c C G a union
of conjugacy classes, and 7 an integer. We define the pointed Hurwitz scheme
Hurg % to be the G-cover of [HurG 5 /G| which is a |c|" finite étale cover of
Contf, p whose fiber over a geometric point of Conf,, g can be identified with
all |c \” labelings of the n branch points by elements of c.




NOTES ON ARITHMETIC STATISTICS OVER FUNCTION FIELDS 9

We also use use CHurf’g C HurS’g to denote the union of components
parameterizing covers with geometrically connected source.

Remark 2.2.3. In the case a component of [Hurf’g / G| parameterizes covers

unramified over oo, the corresponding component of Hur,?’g parameterizes
G covers with inertia in ¢, branched at a degree n subscheme, together
with a marked point over co. This underlies the general fact that Hurfj’g —

[Hurg’lg /G] is a G Galois cover since the set of possible markings of the point
over oo is a G-torsor.

Now, what is the relation between this pointed Hurwitz scheme and the
Cohen-Lenstra heuristics?
Fix a quadratic field K/IF;(t), which we will assume is split over o, so the

tiber of the corresponding curve Cx — I[’]%q has two IF; points over co. (This

can be thought of as the analog of a real quadratic extension since there are
two maps Spec R — Spec Ok for K a real imaginary quadratic extension.)

Definition 2.2.4. A degree d Galois extension L of such a quadratic field K
which is split over co is totally split over o if C; — Cgx — ]PIqu is totally split,
meaning that it has 24 points in the preimage over oo.

Lemma 2.2.5. Let 1 be the nontrivial element of Z./2Z, let ¢ be a prime, let Dy,
be the dihedral group of order 2¢, and let ¢ C D,, denote the conjugacy class
of order 2 elements. There is a map Huri"g’c — Hurnzlgzz" induced by the map
Dy, — Z./2Z which sends a D,y Galois cover to the intermediate degree 2 cover.
We use Ok to denote the normalization of IF[t] in K. Viewing the quadratic

extension K/IF,(t) split over oo (together with a choice of marked point over co) as
a point of CHurfgzz"(qu), the fiber of CHurZ%“’C(]Fq) — CHurf’ézz" (IF;) over
this point has cardinality £(#Cl(Ox)[{] — 1).
Proof. A result from class field theory [Hay92| 15.6] gives an identification
between Cl(0k) and the Galois group of the maximal abelian unramified
extension of K split completely over co. Now, we can identify elements of
Cl(0k)[¢] with maps Z/{Z — Cl(0x), and this set has the same size as the
set of maps Cl(Ox) — Z/{Z, which are, by the above correspondence, in
bijection with Z /{Z unramified Galois (not necessarily connected) covers of
O split completely over co. Such covers can also be viewed as covers of P!,
and since they are unramified over 0, their inertia over P! must lie in c.
Finally, using the description of we can identify such covers
with points of Hur,?%"c, once we verify these covers have function field M

which is Galois over IF;(t) with Galois group Dy,. We leave this to the reader
in the next exercise.
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Exercise 2.2.6. Show that M /IF,(t) is a Galois extension with Galois group
Dy, as follows:

(1) Let L/K denote the maximal abelian unramified extension of odd
order, completely split over co. This is Galois with Galois group equal
to the group of odd order elements in Cl(0x) by class field theory.
Show that L/IF,(t) is also Galois. Hint: If one chooses an embedding

K — FF,(t), show that the automorphism of K over IF,(t) preserves L.

(2) Show that Gal(L/IF,(t)) ~ Gal(K/IF,(t)) x Gal(L/K), for some choice
of action. Hint: Use the Sylow theorem.

(3) Show that in fact, the action of Gal(K/IF,(t)) on Gal(L/K) is by nega-
tion (or inversion) on the abelian group Gal(L/K). Hint: Show that
there are no geometrically connected extensions of IF,(t) of odd order
with all ramification degrees dividing 2.

(4) Conclude that for any M/K a cyclic Z/{Z extension with ¢ odd,
M/IE,(t) is Galois and has Galois group Dy,.

Moreover, the map Cl(0x) — Z/{Z is surjective (or equivalently non-
trivial) if and only if the corresponding cover is connected. Moreover, since
the cover is assumed to be split over o it has an [F; point, and since it is
connected it must also be geometrically connected (as connected varieties

over IF; which are not geometrically connected have no IF; points) That is,

. Dy,
the cover corresponds to a point of CHur, 4. We have overcounted such

covers by a factor of £ since the IF; points of CHurSzB" “ count covers with a

marked point over co over the specified marked point of Cx over co, and
there are ¢ such points since the cover has degree /. Altogether, this gives
that the fiber of CHurf"g’c — CHur% gzz,l over the point corresponding to Ok

has cardinality ¢(#Cl(0x)[¢] — 1), where the —1 corresponds to removing
the trivial map Cl(0x) — Z/{¢Z and the multiplication by ¢ corresponds to
the overcounting described above. O

Now, using|Lemma 2.2.5, we see that the average size of the /-torsion in
the class group of a real quadratic field can be expressed as the ratio

1 #CHur-%*“(FF,)
@.1) m - ' ,
n—oco,n=0 mod 2 ¥ #CHUI‘%{;ZZ’[ (IFq)

which again reduces this version of the Cohen-Lenstra heuristics to point

counting on Hurwitz spaces. This ratio is predicted to be 1//, correspond-

ing to the fact that there is 1 such component both of CHurE%F[;C and of

7/27.,1
CHur nF,
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Remark 2.2.7. The above is the prediction of Cohen-Lenstra for the real qua-
dratic extensions. It is slightly different from the corresponding prediction
of 1 = £/ for the imaginary quadratic case, corresponding to the fact that
there are £ such components in that case instead of only one.

Exercise 2.2.8. Suppose I, is a finite field of characteristic not 2. Compute
the number of monic (meaning they have leading coefficient 1) squarefree
polynomials of degree n. Hint: Any monic polynomial f can be written
uniquely as f = ¢gh? where g and & are monic and g is squarefree.

Exercise 2.2.9. We assume [IF, is a finite field of characteristic not 2. Assume
n > 1. Show that the number of isomorphism classes degree 2 covers
X — A]}:q with smooth source and discriminant degree g (meaning the

degree of the relative sheaf of differentials is n) is 2(q" — g"~!). Here, two

covers X; — Al and X, — A! are isomorphic if there is an isomorphism
X; — X; so that cover X; — Al agrees with the composite X; — X, — Al
You may assume that every such curve can be written as the vanishing locus
of y?> — f(x) for f(x) a degree n polynomial.

Remark 2.2.10. Usually, when count points, we weight the counts by the
automorphisms of the corresponding objects. Therefore, if we consider
each curve in as having two automorphisms, the count would
be gq" — gq"~1. Therefore, we have computed the “denominator” of Cohen-
Lenstra (meaning the denominator of (2.I)) in the function field case.

The next exercise further explores counting objects up to isomorphism.

Exercise 2.2.11. Recall that for G a finite group, BG is the stack (over Spec Z
so that a map X — BG is the same as a G-torsor over X.

(1) Compute B(Z/2Z)(IF,) as a set.

(2) When X is a stack, we use #X (IF;) := ¥ ycx m. Using this, com-
pute #B(Z/2Z)(FF,;).

(3) More generally, if G is a finite group, compute #BG(IF,). Hint: Show
there is a bijection between the set of isomorphism classes of G torsors
over IF; and conjugacy classes in G by thinking of a scheme over IF;
in terms of its base change to IF; with an action of Frobenius.

2.3. Poonen-Rains rephrasal. Third, we’d like to understand how to express
the Poonen-Rains conjectures in terms of counting points on Hurwitz spaces.
This is perhaps the trickiest relation to understand, and is one of the main
innovations of [EL24]. We will briefly describe the setup here, and come
back to it later in the course.
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The general idea is that if one starts with an elliptic curve E over [F4(t),
one can form the Néron model &, which is a smooth scheme over I[’]}Eq
whose generic fiber is E. For ¢ a prime, it turns out that, in good circum-
stances, the ¢-Selmer group can be identified with the étale cohomology
group H' (P!, &[(]). The latter parameterizes torsors for the group scheme
&[] which is a quasi-finite group scheme of degree (> over P!. In other
words, torsors for this group scheme correspond to certain degree ¢ covers
of PL. These covers are not Galois, but it turns out one can pin down their
Galois closure to lie the group AGL(Z/(Z) := GL(Z/{Z) x (Z./{Z)>. Be-
cause the original elliptic curve has certain points of bad reduction, these
covers will all have particular types of monodromy at those points of bad
reduction. It turns out the average size of Selmer groups in quadratic twist
tamilies associated to an elliptic curve E can be identified with the number
of IF,; points of certain Hurwitz modules, to be defined precisely later in[§26)
specifically in [Definition 26.0.1l The relevant examples of these Hurwitz
modules parameterize certain AGL(Z/{Z) covers of P!, but have specified
local conditions at the points where E has bad reduction.

3. RELATING POINT COUNTING TO HOMOLOGICAL STABILITY

3.1. The Grothendieck-Lefschetz trace formula. One of the main tools that
builds the bridge between the land of topology and land of number theory
is the Grothendieck-Lefschetz trace formula. This relates the number of F,

. -1 .
points to the trace of Frob, ~ on its cohomology.

Definition 3.1.1. Here, Frob, denotes the geometric Frobenius, defined as fol-
lows: There is an automorphism ¢ : IF; — IF; sending x +— x1. This induces a
map 1 x 0 : X Xspeck, Spec Fy — X Xgpec, Spec Fy. Then, geometric Frobe-
nius is the inverse of this automorphism. Note that this is an automorphism
over [F;, but it is not an automorphism over IF; because it does not fix IF,.

See [Pool7, §7.5.6] for a more detail regarding the definition of geometric
Frobenius.

Theorem 3.1.2. Let X be a finite type smooth Deligne-Mumford stack over IF, all
of whose components have dimension n. We have

#X(F 2dim X ) .
M — Z (—1)"tr <Fr0bq_1 |HZ(XE,Q£’)> .

n
q i=0

Let’s see a few examples to get the hang of how one can use this.

(3.1)
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Remark 3.1.3. A useful fact we will use repeatedly is that, for X a smooth
finite type scheme of DM stack over IF;, the action of Frob, on HO(XE, Qy)
is a permutation matrix, obtained by recording how Frobenius permutes the
connected components of X, (Implicit here is that, dim H O(XE’ Qy) is the

number of connected components of XE') In particular, if X is geometrically
irreducible, Frob, acts by 1.

Example 3.14. Take X = P!. Topologically, IP! is homeomorphic to a 2
sphere, which has cohomology in degrees 0 and 2. It turns out this has the
same cohomology of F,. The trace of Frob, on H is 1 and on H? is q. From
this it follows that

#P(F
P (Fg) _ (Frobq_l |H0(1P}E,Qg)> Ftr (Frobq_l |H1(1P}E,Q£)> — 144 L.

Multiplying by g gives #P1(IF;) = 1+ g. Of course this is one of the hardest

ways to prove this. A much easier way is that P! = A; U, and A has g
IF; points while the point oo has a single IF; point.

Let’s see another example.

Example 3.1.5. Take X = IP". For the next exercise, you may wish to familiar-
ize yourself with the Serre spectral sequence for a fibration (which also has a
version in étale cohomology you may assume) and the Gysin exact sequence
in étale cohomology (including the twists for the Frobenius action).

Exercise 3.1.6. Compute the cohomology of IP" in two ways.

(1) Using that P" ~ A"*!/G,,, compute via a spectral sequence that
Hi(IP”, Q) is 1-dimensional if 0 < i < 2#n is even and 0 otherwise.

(2) Using that a hyperplane in IP" is isomorphic to P! with open com-
plement A". Show by induction (using the Gysin exact sequence)
that the cohomology of IP" is as claimed in the previous part. (This
is asking you to prove the result of the previous part via a second
method.)

(3) Using that the Gysin exact sequence coming from the second part
respects Frobenius eigenvalues, show that the action of Frob, on

H? (]P%q, Q) is by multiplication by g'.

Using the above, we can now compute the number of points on IP” in an
extremely difficult fashion, using the Grothendieck-Lefschetz trace formula.
We find

#P" (IF,)

n .
=L (Frob,’ |H21(]P%q,Q£)> e e
i=0
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Multiplying by 4" gives #P" (IFq) = ¢" +¢" ' +--- + 1.

Remark 3.1.7. Of course, one can compute IP” much more easily. For exam-
ple, one can write P" = A"[JA" 1[]---]] A° and noting that A" (F,) =
q".

Exercise 3.1.8. The Grothendieck-Lefschetz trace formula is named after the
Lefschetz trace formula, which says that if X is a smooth complex manifold
of dimension n and f : X — X is an automorphism then the number of fixed
points of f (counted with multiplicity) is Y'7", (—1) tr( f|H;(X, Q)).

Now, let f : S — S? denote the automorphism given by rotating a sphere
180 degrees about its vertical axis. Clearly this has two fixed points which are
the north and south poles. Verify this a different way (and moreover conclude
these fixed points have multiplicity 1) using Lefschetz trace formula.

We next define configuration space. A slightly more general definition
will be given in |Definition 4.1.2

Definition 3.1.9. Let U C A" denote the open subset corresponding to n-
tuples of points with distinct coordinates and define Conf,, := U/S;, where
the S, action permutes the coordinates.

Remark 3.1.10. One can also describe Conf,, as the scheme whose S-points,
for S a ring, are given by polynomials f = x" + a, 1x" ! + -+ + a9 with
a; € S, whose vanishing locus is étale over S. In other words, the IF,; points
are monic polynomials over IF; with no repeated factors.

Let’s now use some topology to compute the number of IF; points of
configuration space.

Example 3.1.11. Suppose n > 1. It is a fact from topology that the ratio-
nal cohomology of Conf, over C is 1-dimensional in degrees 0 and 1, and
0-dimensional otherwise. (The rational cohomology is the same as that of a
circle, but it is integrally the same as ()2S?; we will come back to this later
in |Theorem 11.3.10}) Assuming this fact, let us compute # Conf, (qu). First,
we want to determine the traces of Frobenius. As usual since Conf;, is geo-

metrically irreducible tr(Frob, L1 HO (Confnfq) = 1. It remains to compute

tr(Frob, LA (Confnﬁq)). For this, we can use the Gysin exact sequence, by
noting that Conf, C A" is an open, with complement a divisor D,. The
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Gysin exact sequence gives a short exact sequence
(3.2)
o : ,
i (Dn,Efo(_l)) — HI(A%q,Qg) — H' (Confn,E,Qg) —

H(iﬂ)_z(DmE,Qe(—l)) — HiH(A%q,Qz),

where the notation H'(X, Q,(i)) means that Frob, acts by 4~ times its action
on H'(X,Qy). Since the cohomology of A" vanishes in positive degrees,
we find Hl(Confn’E,Qg) maps isomorphically to H2_2(anq,Qg(—1)) =
HO(Dn,E' Q/(—1)). Therefore, the trace of Frob, on this is 4 and hence the

trace of Flrob;1 is g~ L.
Plugging this in to the Grothendieck-Lefschetz trace formula gives

#Conf, (IF,)
qn
and so #Conf, (F;) = q" — q" ..

= tr <Frob;1 |H0(Confn’Fq,Qg)> —tr <Fr0b;1 |H1(Confn’E,Q£)> =1-gqL

3.2. The large g limit first. We’d now like to see how various forms of
homological stability can relate to counting points. Another important tool
we will need is the following result of Deligne for varieties, which has since
also been generalized to Deligne Mumford stacks.

Theorem 3.2.1 (Deligne). Let X be a smooth finite type Deligne-Mumford stack

over IF;. The eigenvalues of Frobenius on H' (XE’ Qy) have absolute value between
/2

ql

Remark 3.2.2. If X is moreover proper, then the absolute value turns out to
be exactly g'/2. However, when X is smooth, these g' which naturally live
in H? can “leak” into lower cohomology groups, down to H'. A simple
example is |Example 3.1.11L where we say that the eigenvalue of Frob, on H'
of the smooth-but-not-proper Confnfq was g, not g/2.

and qi, under any embedding Q, — C.

Exercise 3.2.3. Given an elliptic curve E over a finite field IF, there is a well
known bound that #E(IF;) —1—q < 2,/7.

Verify more generally that if X is a smooth proper curve over IF; which is
geometrically irreducible of genus g, then [#X(IF;) — 1 —q| < 2¢,/7.

First, a fun consequence is the classical Lang-Weil theorem. There is an
easier proof without the Grothendieck-Lefschetz trace formula and Deligne’s
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bounds on the eigenvalues of Frobenius, but let’s see an simple proof assum-
ing it.

Notation 3.2.4. Fix a base B which is a localization of a finite over Spec Z.
So, either B is a localization of the spectrum of an order of a ring of integers

in a number field or the spectrum of a finite field. When we take limits over
q, these will always be over those g so that Spec IF; maps to B.

Lemma 3.2.5 (Lang-Weil). Let X — B be a smooth map of schemes with geometri-
#X(Fy) _ 4

q" ’
Remark 3.2.6. The above statement also holds when the map X — B is not
smooth. One can deduce this more general case by showing that the singular
locus has 0(¢") many points, via a similar argument to what we do below.

cally irreducible fibers of pure dimension n. Then lim,_c

Proof. By the Grothendieck-Lefschetz trace formula, we have

2n
#Xf )= 31 ot (X, Q)
i=0

2n
-1 ' —1 | i
= tr(Frob, " |H*(Xg , Q) + ;(—1)1 tr(Frob, ! |H'(Xg,, Q).
1=
Therefore, it suffices to show that for each i > 0, limg e (—1)’ tr(Frob, YH i(XE’ Q) =

0. Using Deligne’s bounds on the eigenvalues of Frobenius, all eigenvalues
of Frob, have absolute values between g'/? and g'. Therefore, all eigenvalues

~i/2and g~. In particular,

e (Froby ! |H'(Xg,, Qu))Il < g7 1 (Xg,, Qu),

where we use K to denote dim H'. From this it follows that, as g — oo, the
above expression tends to 0, as desired. O

of Frob, ! are between g

Let’s see a simple consequence of Lang Weil.

Corollary 3.2.7. Suppose X, is a sequence of smooth finite type varieties over B
so that the fibers of X, have dimension n. Assume there is a constant C for which
the fibers have X,, has exactly x irreducible components for n > C, all of which are
geometrically irreducible. Then, for anyn > C,
. #X, ()
lim ——— =«

g—oo q”
In particular,

... #X,(IFy)
Iim lim ——~ =«.
n—00 §—00 q”
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Proof. This follows immediately from [Lemma 3.2.5| applied separately to
each irreducible component of X,. 0

Remark 3.2.8. Note that if X}, is a smooth variety over IF;, with « irre-
ducible components that are all geometrically irreducible component, then
h°(X,,Qy) = . Therefore, if we know that the Oth cohomology (or homolo-
gies) of the X, stabilize (in a Frobenius equivariant fashion, corresponding
to the geometrically irreducible condition) to x we find that the number of
IF,; points of the X, also stabilize in the g — oo limit.

So, the above shows we can interpret the Oth homology of X, (each of
whose irreducible components are geometrically irreducible) as computing
the number of IF; points on X, as g — co.

Exercise 3.2.9. Let s € IF;® be an element which is not a square. Consider the
subscheme V := V(x? — sy?) C ]Pi/ylz.

(1) Verify V as above is irreducible and #V (IF;) = 1. Why does this not
contradict the generalization of to non-smooth maps
described in

(2) There is a version of the Grothendieck-Lefschetz trace formula that
applies to singular varieties. It says

2dim X ‘ ,
#X(F) = Y. (—1)'tr (Frobq |Hé(X,Qg)> ,
i=1

where the H. denotes compactly supported cohomology. In the case
X = V(x? — sy?) above, explain why the right hand evaluates to 1 (as
it must since you showed V(IF;) = 1).

Remark 3.2.10. In particular, the above exercise shows that there can be
1-dimensional varieties over IF; so that their number of IF; points is 1 for
arbitrarily large 4. (E.g. one can take the variety V above and replace g with
q" for n odd so that s will not be a square. So it is possible for the conclusion
of Lang-Weil to not be satisfied if the hypotheses are not satisfied.

3.3. Switching the limits: large height, then large 4. Next, let us under-
stand what the arithmetic consequence of knowing the higher homologies
of X,, stabilize. Because counting problems over number fields don’t have
any reference to large g limits, the various conjectures we would like to
investigate are phrased with a large n limit, but with no large g limit. With
that said, it is often fruitful to investigate these conjectures first in the setting
of taking a large g limit.
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Notation 3.3.1. Let B be a localization of a finite scheme over Spec Z. Sup-
pose we have a sequence of schemes X, over a base scheme B with the
following properties:

(1) Each fiber of X,, — B has x geometrically irreducible components of
pure dimension 7.

(2) There are numbers ki, depending on i and constants I, | (but indepen-
dent of 1) so that for b — B any geometric point, h'(X,,;, Q;) = hi,
forn>Ili+]

(3) For every i,n there is some constants C,C’ so that k(X ; Q) <
C'- C' for every geometric point b — B.

Assuming the above, we can interchange the limits and conclude proper-
ties about X, (IF;), where one first takes a limit in g, and only second a limit
in n.

Lemma 3.3.2. Suppose X,, — B is a sequence of varieties as in [Notation 3.3.1
Then

#X,(FF
= lim lim infM = X.
g—00 n—oo q”

#X (F
lim lim sup M

179 n—oo q

Note part of the above statement is that the limits above exist.

Proof. The basic idea is to use the Grothendieck-Lefschetz trace formula
and Deligne’s bounds. Breaking up the contribution from the Oth homol-
ogy and the remaining homologies, and arguing similarly to the proof of
(Corollary 3.2.7} it is enough to show

-1 i _ —
b B o 05, 00) -
and a similar statement for the liminf. Using the conditions from
we can bound the above in absolute value by

il B
lim lim sup Z || tr <Frob 1|H1( n]F,Qg ||> Z || tr (Frob 1|H’( nP,Qg)) I

q—0 n—s00 i
a
il B
< lim limsup hi - q —i/2 4 Z q_Z/ZC Ct.

=% peo i—1 Z—T]

Now, the meaning of the double limit is that we can first take q suffi-

ciently large before taking the limit in the second variable. The second term
nJ
T _

lef _,q7"/2C'C' is a geometric series and evaluates to C’ <q1 /2>
=T
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Hence, we can see this tends to 0 as n — oo since ql% < 1. For the first term,
we can see it tends to Y52, ki - g7/2 as n — co. We note this converges using
the assumption (3) (once C < '/?) since the sum is bounded by a geometric
series.

Then, when one further takes the limit as g — oo, this geometric series
tends to 0, as desired. O

Exercise 3.3.3. Give an example of a sequence of geometrically irreducible

varieties X, over [F; with dim X;, = n satisfying the hypotheses of
#X, (F,)
qn

tion 3.3.1|but so that lim,,_seo does not exist.

3.4. A reprise on the large height, then large g limit.

Remark 3.4.1. Note in the above proof of[Lemma 3.3.2) we weren’t actually
able to show the limit in n existed. The reason we couldn’t show this is that
we don’t know the trace of Frobenius on the cohomologies are consistent.
For example, we could imagine a sequence where X, only has H” and H!,
but the trace of Frobenius alternates between +¢~! on the H'. Then the
number of points would alternate between 1+ ¢! and 1 — ¢! and so no
limit as n — oo would exist, even though these both tend to 1 as g — co. Of
course, the way to fix this is to ask that the traces of Frobenius on homology
also stabilize.

Notation 3.4.2. Suppose we have a sequence X, as in [Notation 3.3.1) and
additionally assume that tr (Frobq_ YH Z'(Xn’E], Qg)) is independent of n for

n > Ii + J. Define t; to be this stable value tr (Probq_1 |Hi(Xn,E,Qg)) when
n>Ili+].

Lemma 3.4.3. For X, as in if q is sufficiently large,

. #Xy(Fy) & ;
(3.3) Jggoq—n = i_zl(—l) ti

Proof. Similarly to the proof of [Lemma 3.3.2, for q'/?2 > C, we can use
INotation 3.3.1(3) to show that }%° ,(—1)t; converges, so the above limit
makes sense.
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Computing similarly to our computation in the proof of |Lemma 3.3.2, we
find

#X,, (F i
lim ( ) — Y (—1)
n—00 q =
sl
_1: _1\¢ -1 i o .
= Jim & (—1) (tr (Frobq |H(Xn/]Fq,Qg)> t)
2n

= lim ) (—1) <tr (Frob,;1 |Hi(Xn/E,Qg)> —ti>.

Finally, this sum tends to 0 as n — oo using Deligne’s bounds on the eigenval-
ues of Frobenius and the assumption that g'/? > C as well as[Notation 3.3.1(3)
to guarantee that the above is bounded by a decaying geometric series with
tirst term tending to 0 as n — co. O

Lemma 3.4.4. For X,, as in|Notation 3.4.2

#X,(F
(3.4) lim lim #Xn(Fy) _ K

g—>00 n—00 q”

The main difference between [Lemma 3.4.4 and [Lemma 3.3.2|is that the
inner limit in [Lemma 3.4.4] exists whereas before only the limsup, and
lim inf,, existed.

Proof. This follows from [Lemma 3.3.2| once we show the limit in n exists.
Indeed, we showed the limit in 7 exists in|Lemma 3.4.3 O

3.5. The benefit of computing the stable cohomology. In the prior sections,
we explained the benefit of showing that the cohomology stabilizes. How-
ever, we couldn’t compute the large n limit on its own. We could do so
after then computing a large g limit. However, if one can also compute the
stable value of the cohomology, one is often able to compute the large 7 limit
without an additional large g limit.

Here is the key lemma:

Lemma 3.5.1. Suppose we have a sequence of geometrically irreducible varieties X,

as in [Notation 3.4.2\and suppose Y, is another sequence of geometrically irreducible
varieties also satisfying the conditions of [Notation 3.4.2) Assume also there are
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maps Xy — Yy, inducing isomorphisms on H'(Y,,,, Q) — H(X,,,Qy) for each
geometric point b — B and n > Ii + |. Then, for q sufficiently large,

HX(F,) (R

li = lim :
n—c0 qr n—eo  q"
. iy , #X0(Fy) _
Equivalently, for q sufficiently large, limy, .o 3~ F,) — 1.

Proof. The final statement is obtained from the penultimate one by dividing
both sides of the penultimate one by its right hand side. We will now prove
the penultimate statement. Finally both limits exist by which
also computes both limits, and shows they are equal since they only depend
on the stable homology of the X,, and Y};, using the following exercise:

Exercise 3.5.2. Suppose X — Y is a map of finite type Deligne Mumford
stacks over IF; so that the induced map Hl(YE,QZ) — Hl(XE],Qg) is an

isomorphism. Then
tr (Frob;1 |Hi(XE,Qg)> = tr (Frob;1 |Hi(YE,Qg)> :
O

Example 3.5.3. How will[Lemma 3.5.1help us? It will often come in handy
in the case that we understand the stable cohomology of the Y;,. For exam-
ple, if Y;, = Conf,, over B = Spec Iy, we know from |Example 3.1.1 1| that
Conf, (F,;) = g" — q"~!. Therefore, computing the stable cohomology in this
way will allow us to compute the large  limit of #X,(IF;). Another way it
can help us is that many of the central conjectures in arithmetic statistics re-
gard average sizes of certain objects, see(Conjecture 1.1.1|and [Conjecture 1.3.1}
If we take the X, to parameterize the objects we want to count and Y, to
parameterize the set of objects we want to average over, then we can often
use to compute the desired average.

For example, in|Conjecture 1.1.1, we would take the X, to parameterize
pairs of a quadratic extension of discriminant 4" and an n-torsion element
in the class group of such an extension, while the Y;, would parameterize
quadratic extensions of discriminant 4”. Similarly, in|Conjecture 1.3.1} the
X, would parameterize pairs of an elliptic curve of height # and an ¢-Selmer
element for such an elliptic curve, while the Y}, would parameterize elliptic
curves of height n.

4. HURWITZ SPACES

4.1. The definition of Hurwitz spaces. We begin by carefully defining the
Hurwitz spaces we will work with. We start by defining the Hurwitz stack
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[Hurgﬁ / G]. This will be a quotient by an action of G of the pointed Hurwitz
space Huriﬁ, which we will define next, and this explains why there is a
quotient by G in the notation for [Hurg’/’g /G].

Definition 4.1.1. Let G be a finite group, ¢ C G be a union of conjugacy
classes. Let B be a scheme with #G invertible on B. Assume that c is closed
under invertible powering (§ € ¢ = ¢' € ¢ for any t prime to #G). Let
[Hurgﬁ / G] denote the Hurwitz stack whose T points [Hurs,’g /G](T) is the
groupoid

(D,i:D —>1Pl,X,h:X—>IPlT)

satisfying the following conditions:

(1) D is a finite étale cover of T of degree n.

(2) iis a closed immersioni: D C AL C PL.

(3) X is a smooth proper relative curve over T, not necessarily having
geometrically connected fibers.

(4) h : X — PL is a finite locally free Galois G-cover, (meaning that G
acts simply transitively on the geometric generic fiber of /,) which is
étale away from cor Ui(D) C PL.

(5) The inertia of X — P} over any geometric point of i(D) lies in ¢ C G.

(6) The morphisms between two points (D;, i;, X;, h;) for i € {1,2} are
given by (¢p, Px) where ¢p : D1 ~ D; is an isomorphism so that
ip o ¢p = iy and Px : X ~ Xj is an isomorphism such hy o Px = Iy
and px = g '¢xg for every g € G.

One can show that the above defined category fibered in groupoids is in
fact an algebraic stack. This essentially follows from [ACVO03, §1.3.2 and
Appendix B], but see [LL24, Remark 2.1.2] for details.

We next give a formal definition of configuration space.

Definition 4.1.2. Given a scheme B, there is an open subscheme U C Aj
parameterizing the locus where all coordinates are distinct. There is an
action of the symmetric group S, on U by permuting the coordinates and we
define Conf, 5 := U/S, to be the configuration space of n points in Al over
B. More generally, let Conf,,, , p:= U/Sy, X --- X 5,, where S;, acts on
the n consecutive coordinates in the range [n7 + - - - +n;_1+ 1,11+ - - - + 1.
When B = SpecR, for R a ring, we often write this as Conf,,, _, r and when
R = C, we abbreviate this to Conf;,,.. .

Exercise 4.1.3. Prove that we have an isomorphism of schemes Conf, p ~
id,id
Hurn’B .
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Definition 4.1.4 (Temporary definition). Given a group G, and a union of
conjugacy classes ¢ C G, we now define a space Hurg”é which has a G action

so that the quotient by this G action is Hurié. We can define this as the finite
étale cover of configuration space associated to the action 771 (Conf, ) ~
B, — Aut(c") where B, denotes the braid group on n generators and the
action the ith generator of B, on ¢" is given by (x1,..., X, Xjy1,..., %) —
(X1, X1, x;11XiXi+1, ..., Xy). Note that this action preserves the product
of the elements of c".

Exercise 4.1.5. (1) Prove that the universal cover of configuration space
(over the complex numbers) can be described as follows: It parame-
terizes points in the interior of a rectangle together with arcs joining
those points to the bottom edge of the rectangle (which is a con-
tractible subspace we can use in place of a basepoint). The arcs are
chosen not to intersect each other. (Another equivalent description
is where one considers points in the interior of a disc with a marked
point on the boundary and arcs, only intersecting at the boundary
point, joining that boundary point to the points in the interior.)

(2) Prove that this universal cover is contractible.

(3) Explain how the braid group acts on this space of points and arcs so
that the quotient of the universal cover by this action is identified
with configuration space of n points in the interior of the rectangle.

Exercise 4.1.6. Explain why we can think of a point of Hurié as a point of
Conf, ¢ together with a labeling of each of the n branch points by elements of
c. Use this to define an action of G on Huri’é by preserving the branch points
and letting ¢ € G send (x1,...,x,) — (gx1871,...,8x,¢~ ). Show that the
quotient stack by this G action is identified with [Hurf/’é / G] as defined in
Definition 4.1.11

Exercise 4.1.7. Combining the previous two exercises, and using the cor-
respondence between finite unramified covering spaces, finite sets, and
quotients of copies of the universal cover by the fundamental group, give a

description of Hurwitz space Huri’é as a quotient of the following space by
a B, action: The space is given by a collection of n points in the interior of the
rectangle with points labeled by elements of ¢ and arcs joining each of them
to the bottom edge of the rectangle which do not intersect. A generator of the
braid group explicitly acts on two nearby points labeled (x, y) by sending
the labels to (y,y~'xy) and also moving the ends of the arcs in a half twist
around each other.
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Remark 4.1.8. Malle’s conjecture is about counting G covers, but Cohen-
Lenstra is about counting torsion elements in class groups of quadratic fields.
Class field theory provides a bijection between such torsion elements and
G covers together with a suitable marking over co. We now explain what
goes into this marking. This will also give a more direct comparison to a
topological version of Hurwitz spaces.

One important idea is to work with pointed Hurwitz spaces, which deal
with the case of “real quadratic” or “ramified at co” quadratic fields. Variants
of these were also used in [EL24], but prior work in the context of the
Cohen-Lenstra heuristics appears to primarily focus on the case over covers
unramified at co. These Hurwitz spaces parameterize covers of a stacky IP?,
with a root stack at oo of order 2. In the case that our base B is SpecC, this G
cover was already defined in [Definition 4.1.4]

Remark 4.1.9. We next define these pointed Hurwitz spaces. The heuristic
idea will be that we want to mark the sheets over co. Topologically, we can

define the Hurwitz stack [Hurf’é / G| as parameterizing covers X — D, with

D a disc, and then the pointed Hurwitz scheme Hulrfi"fj will parameterize
such covers together with a trivialization over a boundary point of the disc.
In order to make precise how to specify this trivialization over the boundary
point of a disc in algebro-geometric language, we next discuss root stacks.

Lemma 4.1.10. Maps X — [A'/G,,] are in bijection with pairs (£, s) for £ a
line bundle on X and s : Ox — £ a section. In particular, any Cartier divisor D
induces a map given by Ox (D) together with the section Ox — Ox(D).

Proof. A map to [A'/G,,] is equivalent to a G, torsor V. — X and a Gy,
equivariant map V — Al. The data of V is equivalent to the data of a line
bundle . and the data of the map is equivalent to the data of a section of
Z. For further details, (expressed in a slightly different way,) see [Ols16,
Proposition 10.3.7]. O

Definition 4.1.11. Let X be a scheme over B and D C X a relative Cartier
divisor. For w and integer, the wth root stack of X along D is by definition the

fiber product X(P®)

4.1) l [

where the map ¢p is induced by the divisor D via|Lemma 4.1.10|and the map
¢ is induced via the quotient by the G, action of the divisor w -0 C Al.
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Remark 4.1.12. One should think of the root stack as adding stackiness of
order w at along D and leaving the rest of X unchanged.

Definition 4.1.13. Fix an integer w and define &% to be the root stack of
order w along co of P!. It is shown in [Ols16, Theorem 10.3.3(ii)] that the
fiber of this root stack over oo is the stack quotient [(Specg Op[x]/(x")) /]
of the relative spectrum Specg Op[x|/(x") by y,. Let © : B — £ denote
the section over ¢ corresponding to map B — [(Specg O[x]/(x")) / ur]
given by the trivial y, torsor over B, y, — B, and the y, equivariant map
1y — B — Specg Op[x]/(x"). We use notation as in |Definition 4.1.1}

w
Define the w-pointed Hurwitz space, (Hurf’é) , to be the algebraic space
whose T points are the set parameterizing data of the form

(DX = PE, 4T > X Xy, T,i: D > PH X, h: X — P,

where D, i, X, and h satisfy the properties listed in Definition 4.1.1f We also
assume the order of inertia of / along co is w and define oot to be the base
change of the section oo defined above to T. We additionally impose the
condition that /’ is a finite locally free G-cover, étale over or, such that the
composition of 1’ : X — 2% with the coarse space map Z¥ — Pl is i, and
t: T — X Xp,pv &, Tis asection of h' over cor.

w
In general, we define the pointed Hurwitz space as HurS’g = w>1 (Hurf’é) .

Remark 4.1.14. We note that Hurf’lg, defined as an algebraic space, is in fact
a scheme. Indeed, Hurf’g is a finite étale cover of the configuration space

of n unordered points in A}, as can be verified in an analogous fashion to
[LWZB24, Proposition 11.4].

Exercise 4.1.15. Show that moreover Hurfj’g — B is smooth and affine of
relative dimension n. You may assume the assertions in the above remark.

Notation 4.1.16. We use CHurS,’g to denote the open and closed subscheme
of Huri’é parameterizing covers X — PL so that the geometric fibers of X
over T are connected. We use [CHurS,’g, / G] to denote the open and closed
substack of [Hursl’g / G| parameterizing covers X — IP¥. so that the geometric
tibers of X over T are connected.

Notation 4.1.17. We will often work over the complex numbers, and hence it
will be convenient to assume B = Spec C. Therefore, we define [Hur}, /G| :=

G, - G, - G, -
[Hurn,SCpecC /GJ,Hur}, := Hurnlscpecc, [CHury, /G| := [CHurngpeCC /G],CHury, :=
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G
CHurn,SpeCC.
of components of Hurj, with 1; points in the ith conjugacy class of ¢. Similarly,
we define CHury, ,, :=Hurj, ., Xgc CHury,.

If we fixn = ny + - - - +ny, we define Hury, ,, tobe the union

Exercise 4.1.18. Suppose G is an abelian group and ¢ C G is a subset consist-
ing of v elements. From the definition above, there is a map Hursl’i“/nwc —
Conf,,,....n, sending a cover to its branch locus, where one remembers the
number of elements of each conjugacy class. Prove this map is an isomor-

phism.

5. COHEN-LENSTRA IN THE LARGE ¢ LIMIT

Later in these notes, we will see versions of Cohen-Lenstra without taking
a large g limit. However, first, we’ll discuss the easier case of understand-
ing the large g limit. As mentioned before, and referring to
understanding this in the large g limit essentially amounts to counting ge-
ometrically irreducible components of certain spaces. On the other hand,
proving this in the large height limit (without a large g limit) amounts to un-
derstanding something additional about their higher cohomology. A paper
where much of the material of this section is discussed (albeit in a somewhat
different presentation) is [Ach06]. I have also read that it appeared in some
unpublished notes by J.K. Yu, though I have never seen them.

Definition 5.0.1. Let %@1 denote the pointed Hurwitz scheme which we were
z/27,{1}
2g+1,Z[1/2]
moduli stack of double covers C — P! with a ramified point over co with
C smooth proper and with geometrically connected fibers, together with a
marked point over the residual Z /2Z gerbe of a cover over oo.

denoting Hur in Definition 4.1.13, Informally, this parameterizes

Remark 5.0.2. The above corresponds to the imaginary quadratic case of
Cohen-Lenstra. We’ll avoid discussing the real case here, but later we’ll
see a (morally stronger) version of the real case in the large height limit in
Theorem 7.0.1

Remark 5.0.3. There is a map ,%”gl — Confye 1 sending a double cover to its
branch locus. In fact, this is an isomorphism, essentially because the cover is
determined by its branch locus. This also follows from [Exercise 4.1.18|

We will start by defining a sheaf on %’? whose F; points count torsion
elements of class groups.

Definition 5.0.4. Fix an odd prime /. Let ¢¢ : 67 — %@1 denote the comple-
ment of the section over co of the universal curve. So, Cﬁgo — %’; is an affine
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map. Let ¢, : G5 — ;' denote the universal curve. Define X} := R (g )stie,
which is a sheaf on %@1, which we can identify with a scheme as it is a finite
étale cover of 7.

Exercise 5.0.5. Show that the fibers of Xg over X € £ (IF;), corresponding
to a hyperelliptic curve Cz, is identified with H!(Cx, ;). If X € Jz,”gl (IF,) is
a geometric point over a point x € e%’él (IF;), let CY = Cy — o, for oo € Cy
the unique point mapping to co € IP'. Show additionally that H'(Cy, pi/) =~

HY(CS, uy). Hint: Use proper base change for the first part and the Gysin
exact sequence.

For K/IF,(t) a quadratic extension, let g denote the normalization of
IF,[t] in the function field of K. If this quadratic extension corresponds to the

double cover of curves x € szgl (IF;) as above, then Spec Ok ~ C3.

Lemma 5.0.6. Suppose ged(q(q —1),£) = 1 then CI(K)[{] ~ H(Cy, uy) =~
HI(C;/ “l/lg)

Proof. There is an exact sequence

(5.1) 0 >y > Gy

p)
3
o

Taking cohomology yields
(5.2)

H°(Cy,Gy) —— HY(Cy,Gp) —— HY(Cy,pty) —— HY(Cy,Gp) —— HY(Cy,Gp).

Now, the first map can be identified with the raising to the /th power map
IF; — . Since this is a cyclic group of order g — 1, which we are assuming
is prime to /¢ it is an isomorphism. Hence, the above sequence identifies
HY(Cy, pty) == H (Cy, Gm)[¢] = Pic(Cy)[{]. The ¢ torsion in the class group is
identified with £ torsion in the Picard group because the class group is the
Picard group of the once punctured curve Spec Ox = Cy — 00 ~ Cy, for o
the unique point over oo € IP1. And there is an exact sequence

(5.3) 0 —— Z-00 —— Pic(Cy) —— Pic(Spec 0x) —— 0.

Since the groups above are abelian, we find Pic(Cy) ~ PicSpec(0x) X Z, so
they have the same / torsion. Since these have the same / torsion, this also
identifies H'(CS, py) ~ H'(Cy, 1y). O
Lemma 5.0.7. Let x be a SpecIF; point of z%’g,l with geometric point X over x. Then,
for mtg Xé — l%”gl the projection map, ngl(x)(]Fq) = HY(Cy, py) = H(CS, uy),
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assuming still gcd(¢,q(q — 1)) = 1. Moreover, the fiber ngl(x)(Fq) can be

identified with the invariants of geometric frobenius Froby acting on H'(C2, uy)
for X a geometric point over x.

Proof. Using Exercise 5.0.5 the geometric fiber of Xé over a geometric point

X can be identified with H'(C, jt4). There is an action of Frobenius on this

vector space, and the IF; points of the sheaf are the Frobenius invariants.

On the other hand, we claim these Frobenius invariants are identified with

HY(Cy, ug) = H(CS, uy). To see this, apply the Leray spectral sequence
HP(Gal(X/x), HY(Cx, 1)) — HPTI(Cy, 1y).

We get an exact sequence from the low degree terms

5.4)

H'(Gal(x/x), H*(Cx, py)) — H'(Cx, py) —— HO(Gal(x/x), H'(Cg, pg)) —

H?(Gal(x/x), H*(Cx, uy)).

So, to make the desired identification, we just need to check H'(Gal(x/x), H*(Cx, 1)) =
0 for i = 1,2. We can identify these groups with H(Gal(x/x), ;) since Cx

is geometrically connected. The H? vanishes because Gal(¥/x) is Z, whose
homologies with torsion coefficients always vanish in degree 2.

Exercise 5.0.8. Verify H'(Gal(¥/x), 1) = H'(x, u¢) = 0 using the assump-
tion that g and g — 1 are relatively prime to £.

This completes the proof. O

Definition 5.0.9. We say a quadratic extension K over IF,(t) has genus g if K
is the function field of a genus g curve.

Corollary 5.0.10. Fix an odd prime ¢ and an odd genus g. Suppose q is a prime
power with ng(q(q - 1)/ E) = 1. Then, #Xg(IFEI) = ZK/]Fq(t)quadmtic extension of genus g #Cl(ﬁK) [E]

Proof. For each x € %? (IFq), it suffices to identify 7t (x)(IF;) with the class

group of CI(Cy)[¢], as then we can sum over all such x. This identification
follows by combining [Lemma 5.0.7|and [Lemma 5.0.6 O

Remark 5.0.11. In the case ¢ = 1, counting #X;,(]Fq) amounts to counting
#%@1 (qu). Hence, the Cohen-Lenstra heuristics, which are about counting
the limit of

LK /TF;(t)quadratic extension of genus g # Cl(ﬁK) [6]
1

YK /TF;(t)quadratic extension of genus g
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as ¢ — oo can be rephrased as counting

#X5(Fy)

#23 (IFq)
as § — oo. Instead, we will now discuss evaluating this limit as g — cc. By
Lemma 3.2.5) we equivalently wish to count the number of components of

the cover X — %ﬁg .

We next wish to determine the number of components of Xé over IF;. The
key to doing this is to study the monodromy representation. Fix a geometric
point X — ,%’gl. Let V := X§|y denote the fiber. By [Exercise 5.0.5, we can

identify V with H'(Cx, #y). We have a monodromy representation
pﬁ, : 711(%’2,1) — AutV.

By definition, this comes from the equivalent between representations of
the fundamental group of the base, up to conjugacy, and local systems.
Intuitively, one can think about this as follows: if one goes around a loop on
the base how does this permute the fiber of V when one lifts the path to the
cover. We also have a geometric monodromy representation

péﬁ, s ((jifgl)E) — AutV.

Definition 5.0.12. Fix a finite dimensional vector space V over a field k with
a symplectic pairing. This means a bilinear map w : V x V' — k such that
w(x,x) = 0 and B is nondegenerate, meaning that w(x,y) = 0 for all y
implies that x = 0. The symplectic group Sp(V'), with implicit dependence
on w, is the group of automorphisms preserving w. That is, it is the set of
T so that w(Tx, Ty) = w(x,y). The general symplectic group GSp(V) is the
group of automorphisms of V preserving w up to scaling. That is, there is
some constant mult(T) € k* so that mult(T)w(x,y) = w(Tx, Ty). Thereis a
multiplier map GSp(V') — k sending T + mult(T). We also obtain an exact
sequence

(5.5) 0 —— Sp(V) —— GSp(V) > kX > 0

We also use GSp7(V) to denote the coset of Sp(V) in GSp(V') with multiplier
q.
Exercise 5.0.13. Show that any vector space with a symplectic pairing must

have even dimension. Show there is a unique symplectic pairing, up to iso-
morphism, on a vector space of dimension 2. Hint: Construct a symplectic

basis ey, ..., eg, f1,..., fe with w(e;, ej) = w(ﬁ,f]) =0and w(ei,f]-) = 6jj.
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Exercise 5.0.14. Show the gth power of the multiplier map of T agrees with
the determinant of T.

Remark 5.0.15. In light of the preceding exercise, we use Sp,, to denote

the symplectic group Sp(V) for V a vector space of dimension 2¢ with the
unique symplectic pairing. Similarly, we use GSp,, to denote GSp, (V') and

GSp] g to denote the multiplier g subset.

Proposition 5.0.16. Suppose gcd(q(q —1),¢) = 1. The image of pg contains the
symplectic group Sp,, (Z/(Z). Moreover, the geometric monodromy is Sp, (Z./ L Z).
Additionally, for any IF, point x, the composition 71 (x) — nl(izfgl) — Aut(V)
sends Frobenius to an element of Gszg(Z/ 0Z) with multiplier q.

Sketch. First, for any point x, the Weil pairing is a symplectic pairing on
H'(Cx, 1g) which the Frobenius action scales by g. Hence, each Frobenius
element acts by an element of GSpgg(Z/ ¢Z). Since Frobenius elements

are dense in the fundamental group 7y (e%”gl), this shows the image is con-
tained in Gszg(Z /€Z) and also shows the last statement. (We could have
also shown the containment by arguing that the Weil pairing exists for the
universal curve and argued that it is preserved up to scaling.)

Since we are assuming g — 1 is prime to ¢, raising to the gth power is
generates (Z/(Z)* and so it is enough to show that the image contains
szg(Z /LZ). One can check the multiplier agrees with the cyclotomic char-
acter, so, to conclude the proof, we just need to show that the geometric
monodromy pﬁ}fq (nl((%?)E)) has image all of Sp, (Z/(Z).

There are two approaches to showing this. Let us describe them briefly.
The first is to prove it over the complex numbers by explicitly writing down
generators of the fundamental group (corresponding to moving two branch
points in a half twist around each other) and showing they fill out a basis of
transvections which generate the symplectic group. (This is actually not very
difficult, and probably easier than it sounds. A good reference for a similar
computation is [FM12] and a related statement for hyperelliptic curves was
originally shown in [A’C79].) Then one has to compare the monodromy in
characteristic 0 to characteristic p, which one can do using the fact that L%z,l
has a normal crossings compactification over Z[1/2].

A second approach works directly in positive characteristic. A good refer-
ence for this is [Hal08, Theorem 5.1]; see also [EL24, Theorem 7.1.5]. It turns
out that we can realize the sheaf Xg as the middle convolution of the sheaf
te. We will avoid getting into the theory of middle convolution here, but
let us just explain how this implies the monodromy is the symplectic group.
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One can use the theory of middle convolution to show that X§ corresponds

to an irreducible local system (meaning the image of pg acts irreducibly on
V) and that that the image is generated by transvections which by definition
are matrices with a codimension one 1 eigenspace and whose generalized
eigenspace is full dimensional. It is then a general theorem in group theory
that a subgroup of the symplectic group generated by transvections, acting ir-
reducibly on a vector space over IFy, for £ an odd prime, is the full symplectic
group. O]

Corollary 5.0.17. The Cohen-Lenstra heuristics hold for the Z./ {Z moment in the
large q limit. That is, for fixed g > 2,
#X.(F
tim s
g—00 #<%,ﬂg (]FE])
where the limit is taken over prime powers with gcd(q(q — 1), ¢) = 1. Moreover,
Xﬁ has two components, both of which are geometrically irreducible.

Proof. Using|Lemma 3.2.5| the ratio we are looking for will agree with the
number of geometrically irreducible component of X?, since %@1 is geometri-

cally irreducible. Next, X§ clearly has one component given by the trivial
section, corresponding to the trivial element of the class group. Therefore, it’s
enough to show there’s only one other component, which is geometricall

irreducible. To check this, we can pass to Fq. There, we saw in
that the image is Sp,,(Z/(Z). Since this acts on the geometric

fiber which is (Z/¢Z)%8, we just want to see this has two orbits. One orbit is
the 0 vector.

Exercise 5.0.18. Show that any two nonzero vectors v,w € (Z/(Z)* are
related by the action of a matrix in the symplectic group. Hint: If you can
show there is a unique symplectic vector space of dimension 2¢ you will be
able to show this.

This means we can use the monodromy to get from any nonzero point of
the fiber over our basepoint to any other, meaning that any two such points
are in the same component, and hence X§ has only two components. O

This finishes our aimed for description of the Cohen-Lenstra moments in
the large g limit. However, recall that the Cohen-Lenstra heuristics actually
predict a probability distribution. Let’s see how we can also see this fairly
easily from the work we’ve done so far, in the large g limit. It turns out
we have the following formulation of Cohen-Lenstra in terms of random
matrices. (The original distribution was stated in a different way, but was
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translated to a statement for random matrices in GL by Friedman and Wash-
ington, and then later translated to one about symplectic groups as below by
Achter.)

Conjecture 5.0.19 (Cohen-Lenstra). For K a random imaginary quadratic
extension of IF,, the probability C1(K)[¢] ~ (Z/{Z) is the probability

gli_r)r;o PrObheGSpgg(Z/EZ)((kerh —id) ~ (Z2/¢Z)).

In other words, the probability the ¢ torsion has rank j is equal to the proba-

bility that the 1-eigenspace of a random element of the general symplectic
group of multiplier ¢ has dimension j.

Remark 5.0.20. There are generalizations of this conjecture to the full class
group, but let’s just focus on the simpler case of the £ torsion for now.

It seems clear there should be some relation to the symplectic group mon-
odromy, but what is it exactly? The relation is given by a theorem, often
attributed to Deligne or Katz on equidistribution of Frobenius elements.

Definition 5.0.21. Let X be a geometrically connected finite type scheme
over FF;, let G be a profinite group, and let A : 711(X) — G be a group

homomorphism. Let Gy denote the image of the composition 7" (X) :=
nl(XFq) — m(X) - Gand letT := G/Gyp. Then, we define mult: G — T

as the natural projection. Because 7;(SpecF;) = m11(X) /7™ (X), we
obtain a resulting map 711 (SpeclF;) — I'. We let 7, denote the image in I' of
geometric Frobenius.

Proposition 5.0.22. Let X be a smooth affine scheme of finite type over O[1/5],
where O is a ring of integers in a number field, with geometrically irreducible fibers.
For q a maximal ideal of O[1/S] with residue field IF,, write X := X[ /4. Assume
that we have a commutative diagram

1 —— 7(X) —— m(X)

(5.6) [ | [
T

1 . GO e mult

with Ay tamely ramified and surjective, G a finite group, and I abelian. Suppose
C C G is a conjugacy-invariant subset. Then

#C N G™

Prob{x € X(IFs) : A(Frob,) € C} = e
0

# mult y/!
Lon (#G &) |

qn

where G = multfl(fy{;).
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We won't discuss the proof much, but it’s basically a consequence of a
twisted version of the Grothendieck Lefschetz trace formula. It can also be
thought of as a version of Chebotarev density, which says Frobenius becomes
equidistributed in the monodromy group. The error term can be viewed
as the contribution to the point counts from cohomology groups in degree
bigger than 0 while the main term has to do with the fact that the coefficient
of the trivial character in the indicator function of a conjugacy class of size
#cin G is #c/#G.

Lemma 5.0.23. As g — oo with fixed g > 2,
lim PrObK/]Fq(t)quadmtic ofgenusg(CI(ﬁK)[g] = (Z/EZ)])

g—ro0

= Prob )((kerh —id) ~ (Z/12Z)).

heGSpj,(Z/1Z

Proof. Using|Lemma 5.0.7|and [Lemma 5.0.6| we can identify the class group
Cl(0k)[¢] associated to a point x with the invariants of geometric Frobenius
acting on H!(Cz, j4¢). The invariants are the same as the 1-eigenspace, so it’s
enough to know the distribution of the Frobenius elements are uniformly
random in GSp} o

In [Proposition 5.0.16) we computed the monodromy of the cover to be
GSp,, with geometric monodromy Sp, o It finally follows from |Lemma 5.0.23|

that Frobenius is equidistributed in GSpJ o As We wished to show. O

6. A GLIMPSE INTO THE MAIN HURWITZ SPACE HOMOLOGICAL STABILITY
RESULTS

We'll now give a brief glimpse into the main homological stability results
that we will be focusing on soon in this course. Following this, we’ll see
applications to the Cohen-Lenstra heuristics, Malle’s conjecture, and the
Picard rank conjecture.

Recall that for G a finite group and ¢ C G a union of v conjugacy classes, we

are using Hurj,, , to denote to denote the Hurwitz space parameterizing
pointed covers of IP! with inertia contained in ¢ and #; points of inertia in ¢
in Al

The first main result is that the homology of Hurwitz spaces stabilize.

Theorem 6.0.1. There are constants I and ], depending on c, so that for any i > 0
and ny > li+ ], thereis an isomorphism H;(CHur;,  , ,Z) — H;(CHury 1, ,Z)
is an isomorphism.

The second result is that we can compute their stable value when all the n;
are large.
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Theorem 6.0.2. Then are constants I and |, depending on c, so that for any
i > 0andny,...,ny > li+ ], and any component Z C CHur,, _, , the map
Hi(Z,Z[1/#G]|) — H;(Confy,,. n,, Z[1/#G]) is an isomorphism.

Remark 6.0.3. Much later in the course, in [Theorem 18.0.9] we come back to
computing the stable value when just one of the #; is large, but in general it
can have different stable homology than that of configuration space.

7. APPLICATION TO COHEN-LENSTRA

Recall that the Cohen-Lenstra conjectures predict the average size of ¢
torsion in class groups of quadratic fields, as mentioned in [Conjecture 1.1.1]
We saw that Conjecture 1.1.1|predicted

lim Exero.x (#CUOK)|]) = 2.
The function field analog would be

lim Exerg_ (#CI(OK)[1)) = 2

The Cohen-Lenstra heuristics not only predict the average size of /-torsion
in the class group, but more generally predict the full distribution of /-torsion
in the class group. In particular, if H = Z/(Z, the above can be phrased as
saying that the average number of maps H — Cl(0k) is 2. Since there is a
unique trivial map, this is equivalent to saying that the average number of
such injections is 1. Since the number of injections is the same as the number
of surjections, we would equivalently conjecture that the average number
of surjections from Cl(0x) onto H is 1 when H = Z/{Z. More generally, in
the number field case, Cohen and Lenstra conjecture:

Conjecture 7.0.1. For any odd order abelian group H,
)}im Exerg., (#Surj(Cl(0k), H)) = 1.
—00 =

Exercise 7.0.2. Assuming|Conjecture 7.0.1} for v an odd integer, calculate
)}1_1};10 ]EKGIQSX (# Cl(ﬁK) [V]))

and calculate
. # 2
Jim Exero ((#CLOK)[E])7),

for ¢ an odd prime.

Remark 7.0.3. Certainly, the distribution of class groups determines the
moments. That is, if we know the probability Cl(0k)[v] takes on any abelian
group, we can compute the number of surjections to any Z/vZ module
H. However, it turns out that knowing the moments in fact determines the
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distribution as well, in this case. Hence, the full Cohen-Lenstra conjecture
regarding the distribution of class groups in imaginary quadratic fields turns
out to be equivalent to [Conjecture 7.0.1}

Remark 7.0.4. One can similarly generalize this to function fields. This
has also be generalized to real quadratic extensions in place of imaginary
quadratic extensions. Additionally, it has been generalized to other global
fields and to a non-abelian setting.

In the function field case, we can replace Q with IF,(t), and make very sim-
ilar conjectures. In this case, the analog of quadratic fields are hyperelliptic
curves, and the /-torsion in their class group corresponds to ¢/-torsion line
bundles on the hyperelliptic curve.

We’ll now set some notation to state the Cohen-Lenstra conjectures over
function fields. To make a precise statement, here is a precise definition of
the set of hyperelliptic curves we will consider for Cohen-Lenstra.

Definition 7.0.5. Let M#H,; ; denote the set of function fields K of monic
hyperelliptic curves y* = f(t) for f € F4[t] monic squarefree of degree
n. Let Ok denote Fylt,y]/(y* — f(t)), (the normalization of F,[t] in the
quadratic extension K/IF,(t),) and let C1(0k) denote the set of line bundles
on Spec O (or ideal classes in Ok).

Over function fields, by analogy, one would then conjecture
lim Z]EKGMHn,q (#SUI‘](Cl(ﬁK),H)) =2.

n—oo,n=1 mod

A version of this was shown in a certain large g limit by Ellenberg-
Venkatesh-Westerland.

Remark 7.0.6. I highly encourage you to take a look at their paper - it was my
favorite paper in grad school, and it contained 8 sections, with each section
encompassing a different field of math!

Here is their main result.

Theorem 7.0.7 (Ellenberg-Venkatesh-Westerland). For H a finite abelian group
of odd order

qh—>nolo lll;lnjoljp ]EKEMHn,q (#Sur](Cl(ﬁK),H)) = qh—>nolo llﬂglf ]EKEMHn,q (#Sur](Cl(ﬁK), H)) = 1,

n=1 mod 2 n=1 mod 2

where one takes g — oo over odd prime powers so that q(q — 1) is relatively prime
to the order of H.

Remark 7.0.8. Strictly speaking they showed a slightly weaker version where
the group H was an ¢ group, for / an odd prime.
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The main input Ellenberg-Venkatesh-Westerland used to prove
frem 7.0.7jwas a homological stability result for Hurwitz spaces. Namely, they
proved a version of [Theorem 6.0.1| (although they weren’t able to prove it for
arbitrary groups and conjugacy classes, they could prove it for those relevant
to the Cohen-Lenstra heuristics.) Then, they could take this homological
stability result as input, and use a version of to deduce the

above theorem.

Remark 7.0.9. The rough idea Ellenberg-Venkatesh-Westerland used to prove
this homological stability result is that they first showed the Oth cohomology
stabilizes by counting components, and then showed by induction that if
the ith cohomology stabilizes, the i + 1st cohomology stabilizes as well.
This proof combined some standard ideas in homological stability (such
as understanding braid group actions on very connected arc complexes)
with a number of novel ideas (such as a certain regularity theorem for the
homology of Hurwitz spaces). We will see a simplified proof of their result

in[Theorem 17.0.6

We were able to prove a stronger version of Cohen Lenstra over fixed finite
tields g, so long as g is sufficiently large relative to H.

Theorem 7.0.10 (L-Levy). For any odd order abelian group H, and q an odd prime
power with ged(#H, q(q — 1)) = 1, there is an integer C depending on H so that
forg > C,

lim ]EKGM’H,W(#Surj(CI(ﬁK)/H)) =1.

n—oo,n=1 mod 2
Moreover,
1
p— ﬁ-

Remark 7.0.11. The assumption that g — 1 is prime to H is needed to assume
there are no extraneous roots of unity dividing the order of H in [F,(t). This
is necessary because the predicted average size changes there are such roots
of unity. We prove that the average size is A2 H[h] if h := gcd(#H,q — 1) in
general.

lim  Exe o, (#Suri(Cl(0k), H))

n—oo,n=0 mod

Remark 7.0.12. More generally still, one might want to formulate a non-
abelian Cohen-Lenstra conjecture, which replaces the class group (the maxi-
mal abelian unramified extension) with the maximal unramified extension.
We also prove a suitable version of these conjectures over function fields.

Remark 7.0.13. [Theorem 7.0.10|doesn’t quite prove the Cohen-Lenstra heuris-
tics over function fields. What is shows is that if you give me a group H,
we can compute the H moment over all but finitely many q. However, the
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Cohen-Lenstra heuristics predict the value of the H moment for all 4. Viewed
another way, if you give me a g, they predict all the H moments, but the
above theorem can only compute finitely many H moments for a fixed 4.

Remark 7.0.14. The result above can be made effective, but the constant is
not very good. If one takes H = Z/3Z, the constant C I we get is around
1060,

As outlined in|Lemma 3.5.1} we should be able to deduce this point count-
ing result from our computation of the stable homology in [Theorem 6.0.1]
compute the stable value of the cohomology.

Example 7.0.15. If one takes G = Z/3Z, the Hurwitz space parameterizes
Z/3Z 1 Z/2Z = S3 covers which are simply branched (the monodromy is a
transposition). Then, it turns out there is a unique component Z,, of the Hur-
witz space Hurff,’g,, for n odd, parameterizing connected covers branched at
n points (this is related to a classical result of Hurwitz and, independently, of
Clebsch, after which Hurwitz spaces were named). Because the cohomology
in low degrees of Z, agrees with that of Conf,;, the number of IF; points of

these two spaces is nearly the same. As one takes n — oo withn = 1 mod 2,

47, N . . .
ﬁ% — 1. And this ratio can be interpreted as the same ratio appearing

in [Theorem 7.0.10

Proof sketch of [Theorem 7.0.10, First, we want to relate the moments predicted
by Cohen-Lenstra to counting points on Hurwitz spaces. In the case H =
Z./¢Z, this is done in[Lemma 2.2.5

To describe the case of general H, let G = Z/2Z x H and take c C G
the conjugacy class of order 2 elements. In the case of more general H

an arbitrary odd order abelian group, if Ok (which choice of trivialization

over oo) corresponds to a point x : SpecF; — CHurfI/SZZ’{l} then the fiber

of the map CHuri’é (Fy) — CHurfgzz’{l}(qu) over the point x has order

#H - Surj(Cl(0k), H) by an argument similar to that given in[Lemma 2.2.5;
here, the factor of H comes from the fact that for each cover, there will be #H
choices of point to mark over the given marked point of x.

Therefore, the average of #Surj(Cl(Ok), H) over fields branched at a de-

ree n divisor over Al is identified with ;- times the ratio % as
g #H #Confnlz[l/#c] 4
is obtained from the previous observation by summing over all quadratic
extensions branched at n points.

In order to compute the above ratio in the limit n — co (restricting either

to n even or odd) Now, we wish to apply [Lemma 3.5.1, where the X, are
the varieties CHurS%[1 /4G and the Y}, are Conf,, so we have to verify the
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three conditions from [Notation 3.3.1] and the additional condition from
INotation 3.4.2l To verify the first condition of [Notation 3.3.1, the maps
H' (Y, 5,Q¢) — H(X,,,Qy) are isomorphisms for the geometric point b =
SpecC and n > Ii + ] using[Theorem 6.0.2} It follows from a general result
that Hurwitz spaces have the same cohomology in characteristic 0 and
positive characteristic (see and hence we deduce the above statement
for all geometric points b. We will see later in [Exercise 11.1.6|that the third
condition of [Notation 3.3.1] is satisfied as well. Moreover, the condition
of [Notation 3.4.2| will be satisfied for the X, if it is satisfied for the Y}, by
Exercise 3.5.2|and it is satisfied for the Y}, as explained in[Example 3.1.11f We
have now verified all the conditions except the first from [Notation 3.3.1

#CHur®~
. . ' nZ[1/#G)
Fix i € {0,1}. It then follows that lim, 0 n=i mod 2 Fcgnr Nzl K,

assuming there is some fixed number x of geometrically irreducible com-

—

ponents of CHurSi%[ with 7 large enough (and n = i mod 2). Since the

1/4#G
average size of the class ]group will be 557, as explained earlier in the proof,
we will want to show that x = 1 when 7 is even an large enough while
x = #H when n is odd and large enough.

It remains to determine the value of x and how that impliesTheorem 7.0.10
Finally, it has been shown that when ged(g(g — 1),#H) = 1 and g is odd,

there is a unique geometrically irreducible component of CHurS,’%[ with

1/4G]
monodromy g over oo € P! (see the proof of [LL24, Proposition 5.3.3] for
details). In the case 7 is even, there is a unique possible value of the boundary
monodromy (namely the identity) because we require that the cover is
unramified over co while in the case # is odd there are #H many possibilities
because it can take on any value of c. This gives the claim that x = 1 in the
case n is even and x = #H in the case 7 is odd.

Example 7.0.16. For example, when H = Z/{Z and n is odd, we should at
least morally believe x = 1 using [Corollary 5.0.17, (This does not exactly
follow from the above because we have not explained the relation between
[CHurS”é /G| and Xg, whose IF; points are both closely related to the class
group, but they are not exactly the same scheme.)

U

8. MALLE

Recall Malle’s conjecture roughly predicts the growth of the function
#[CHurS'g /G](IF4). This is not exactly true, for the following two reasons.

One difference is that Malle’s conjecture is about connected covers, not
geometrically connected covers. The other difference is that the value of
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n is not the same as the discriminant, but instead it counts the number of
branch points, which is a slightly different but related invariant. However,
ignoring these two differences, we can pretend we want to compute the
growth of #[CHurS,’E /G](IF;). So, using the idea of|[Lemma 3.5.1) showing
the homology of # CHurg, c stabilizes and computing its stable value should
allow us to, at least morally, solve Malle’s conjecture.

To state Malle’s conjecture, we need to define how we count. We will
order points by invariants. The two most important examples of counting
invariants for us are discriminant and reduced discriminant, but we work in
a more general setting of an arbitrary counting invariant.

Definition 8.0.1. Fix a group G letinv : G —id — Z-( be a function which is
constant on conjugacy classes and with inv(g) = inv(g/) for any j relatively
prime to ord(g). Such a function is a counting invariant. For ¢; C G a conju-
gacy class, we letinv(c;) := inv(g) for any g € c;. Given a cover of curves
f: X — P!, corresponding to a point of Hurwitz space, with n; geometric
points whose inertia lies in ¢;, (and we do not count any ramification over co)
we define the invariant of the cover to be inv(f) := Y, n; inv(c;).

Example 8.0.2 (Discriminant). Define the invariant A(g) := #G —r(g), for
r(g) the number of orbits of ¢ acting on G. Assume that gcd (g, #G) = 1. Then,
for f : X — P! a cover over SpecF,, A(f) corresponds to the discriminant
of f~1(A') — Al in the sense that, the discriminant of f~1(A!) — Alis
qA(f ). Here, when we say the discriminant of a map g, we mean qdeg Qg

Exercise 8.0.3. Verify the above claim.

Example 8.0.4. Consider the counting invariant rDisc(g) := 1 for every
g € G —id. This is the reduced discriminant.

From the perspective of Hurwitz spaces, the reduced discriminant is a nice
invariant to count by, due to the following exercise:

Exercise 8.0.5. Show that a point of Hurfj’%[ ] has reduced discriminant n.

1/#G

To precisely state Malle’s conjecture, we need to define certain constants
a(G) and by (K, G, ¢), which

Notation 8.0.6. Fix a finite permutation group G C S; and a counting in-
variant inv : G —id — Z. Define a(G,inv) := mingcg_jqinv(g). Also
define Giny C G — id to be the set of elements attaining the minimum, i.e.
with inv(g) = a(G,inv). More generally, if X C G, we use Xj,¢ to denote
Giny N X.

Exercise 8.0.7 (Easy exercise). Show that G;pjsc = G —id.
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We now give a temporary definition of the constant by associated to the
discriminant invariant over the field Q, which was used in Malle’s conjecture.
Later, we will come back to define by for more general invariants.

Notation 8.0.8. Fix a finite group G and let ¢ := Gy C G — id denote the
subset with minimum discriminant. For example, if we took G = S;, c would
correspond to conjugacy class of transpositions. Define an equivalence
relation ~ on the conjugacy classes c¢; C ¢ so that ¢; ~ c; if they are related
by the cyclotomic character. Specifically, suppose g has order t and the s
roots of unity lie in K with s | ¢, but no further roots of unity of order dividing
t lie in K. Then ¢; ~ ¢; if, for s and t as above, we have ¢ € ¢; and ¢/ € ¢,
with j = 1 mod s. Define by;(K, G) to be the order of the quotient of the set
of conjugacy classes in ¢ by the above equivalence relation.

Conjecture 8.0.9 (Malle). Given a finite permutation group G, and a global
field K, there are constants a(G, A), bp(K, G) as defined above so that, the
number of extensions of K of discriminant at most X is bounded above and

1
below by constant multiples of X#G4) (log X )tm(KG) -1,

Remark 8.0.10. Some things are known about Malle’s conjecture (mostly
over Q) but many things remain open. Here are some cases that are known
and unknown

(1) Abelian groups

(2) S3,S4, S5 due to Bhargava in his thesis and leading up to his fields

medal, though S¢ is open.

(3) Dg is known but Dy is open.

(4) Many nilpotent groups and some wreath products of cyclic groups

(5) Asis open
Recently, Alberts, Lemke Oliver, Wang, and Wood have developed a fairly
comprehensive machine to count the number of G extensions of Q for many
groups G. Their results apply to 1665 of the 4953 transitive permutation
groups of degree at most 23 (and many more of higher degree) so in this
sample, they are batting around .336.

One interesting aspect of Malle’s conjecture is that it is incorrect for general
groups G.

Theorem 8.0.11 (Kliiners). If G = Z /27 x (Z./3Z.)? the value by which Malle
predicted is wrong for G C Se the embedding corresponding to thinking of G
extensions as the composite of a degree 2 followed by a degree 3 cyclic cubic Galois
extension.

Sketch. Let’s understand the basic reason that Malle’s conjecture is wrong in
this example. First, G C S¢ extensions can be thought of as the composite of
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a degree 2 extension followed by a degree 3 extension. First, let’s find a(G).
Thinking of G as acting on a 6 element set, there are elements «, § which are

generators of one of the copies of Z/3Z C (Z/ 3Z)2 C G, where « acts by
permuting the first three elements. The conjugacy classes of « and 8 have
size 2 because the nontrivial element of Z /27 conjugates « to an element
acting on the last three points. Then, «, B, together with their conjugates form
the set of elements with minimum value of 4. There are 4 such elements and
two such conjugacy classes. The value of a(G, A) is therefore 6 — 4 = 2. Then
K = Q, since Q doesn’t have cube roots of unity, these two conjugacy classes
are identified under the cyclotomic character, because a? = B, as there are
no cube roots of unity in Q. Therefore, by1(Q, G) = 1. So, Malle’s conjecture

predicts there are asymptotically X : many extensions of discriminant at
most X.

However, we can now consider the G extensions which are the composite
of a quadratic extension and a cyclic cubic extension, so that the quadratic ex-
tension is Q(u3). Then, we are just counting cyclic cubic extension of Q(3).
One can show using class field theory that there are roughly X!/2log X
extensions of discriminant at most X.

Roughly, speaking the factor of log X corresponds to the fact that we can
specify such extensions by specifying the primes which are ramified in the
extension, and for each such prime, specifying it to have inertia type « or
inertia type B. We need roots of unity in the base field to be able to make this
specification. Morally speaking, what is going wrong with Malle’s conjecture
is that, over Q, the cyclotomic character is permuting the two conjugacy
classes of minimal a value, but by making the quadratic extension be Q(u3),
the two conjugacy classes are no longer permuted by the cyclotomic character,
and this yields more extensions.

As another way to say this, there are more G extensions of Q counted by
discriminant, with quadratic subfield Q(3) than there are extensions with
all other possible quadratic subfields combined. O

Remark 8.0.12. In the function field case, we should think of Kliiners’ coun-
terexample as follows: We are considering extensions which are the compos-
ite of a quadratic and a cyclic cubic extension. We assume [F; has charac-
teristic prime to #G and no cube roots of unity in IF,;. Note that IF,;(u3) is a
quadratic extension of IF,. If we count G covers so that the intermediate qua-
dratic field is not IF;(y3)(t), we would get the correct asymptotic. However,
we can also count cyclic cubic extensions of IF,(y3)(t). These correspond to
connected curves over ]Pllpq which are geometrically disconnected, because

once we adding 3 they will have two disconnected components. Hence,
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Kliiners’ result is saying that Malle’s prediction can only be correct if one
restricts to geometrically connected covers.

In light of this Tiirkelli made a modified conjecture, using motivation from
the function field setting.

Conjecture 8.0.13 (Tiirkelli). There is a constant b7(K, G) so that Malle’s
conjecture is true if one replaces by (K, G) by br(K, G).

Nevertheless, Wang shows Tiirkelli’s conjecture is false when K = Q.

Theorem 8.0.14 (Wang). If K = Q, there are counterexamples to Tiirkelli’s
conjecture, which are of the form Z./(Z. x (Z./mZ.)" for suitable primes ¢, m.

We’d now like to prove a version of Malle’s conjecture in the function field
setting (over sufficiently large finite fields, depending on the group). To do
this, we need to define an analog of Malle’s b constant. We first do a simple
version of this for connected covers.

Notation 8.0.15. Fix a subset ¢ C G and a finite field IF; with ged(q,#G) = 1.
Assume c is a union of conjugacy classes and that g € ¢ implies g7 € c. Let
c1,...,Cy denote the set of conjugacy classes of c and define an equivalence

relation on the conjugacy classes by generated by ¢ ~ " (or equivalently
¢ ~ c7). Define by(IF,(t),c) to be the number of equivalence classes of
conjugacy classes under the above relation.

We saw above that Malle’s conjecture is going to be incorrect in general
for all covers, since the geometrically disconnected covers can swamp the
geometrically connected covers. However, it’s plausible it could hold if one
restricts to geometrically connected covers. The next result shows this is
indeed the case, and also that Tiirkelli’s conjecture holds if one wishes to
count all covers.

Theorem 8.0.16 (Landesman-Levy). For each finite group G, there is a constant
Cg so that if ¢ > Cg and ged(q,#G) = 1, then for any counting invariant inv, the
number of geometrically connected G extensions of IF,(t) of invariant at most n is
bounded above and below by constants times

qa(Gva) nbM(]Fq(t)/CinV)_l'

Moreover, Tiirkelli’s conjecture holds in this setting (if one counts all covers
instead of just geometrically connected covers and uses by instead of byy).

Remark 8.0.17. If X = 4" then we see Xi log Xt~ = g"/nP=1 which ex-
plains why the expression in [Theorem 8.0.16|looks slightly different than
that in [Conjecture 8.0.9,
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Example 8.0.18. In general, the discriminant of any extension of IF,() has
a power of g, so the function f(X) given by the number of G extensions
of IF,(t) with discriminant at most X cannot exist (since the value of this

function for X = g" is the same as the value for X = g"1/2),

A natural fix to this could be to restrict X to powers of q. However, even
this limit will rarely exist. As an example, consider the case G = Z/3Z and
g = 2 mod 3. In this case, the discriminant is always a square, which again
implies that if we counted by discriminant, and took a limit over all powers
of g, the limit would not exist.

One could say the above example is again silly, because we just cooked
up the invariant to always force the discriminant to be a square. However,
even when the invariant does not obviously preclude certain discriminants
from appearing, they can still fail to exist. For example, count Z/3Z covers
by the reduced discriminant, which is equivalent to counting by the square
root of the discriminant in this case.

Then, one can show there are no G extensions of IF,(t) of reduced discrim-
inant g" for n odd, since there must always be the same number of geometric
points with inertia 1 as with inertia 2 € Z/3Z. However, there are many
extensions of reduced discriminant 4" for n even. In general, there can be
many obstructions like this.

Remark 8.0.19 (Comparison with Ellenberg—Tran-Westerland). With the goal
of proving Malle’s conjecture, there has been substantial progress prior to
this paper over function fields. Namely, [ETW17] prove a weak upper bound
for the number of G extensions with the correct power of X, but with a value
of b that is too large in general. Additionally, they do not obtain a lower
bound for the number of G extensions. In contrast, our result[Theorem 8.0.16]
obtains both upper and lower bounds, as well as the correct power of log X.

Let’s now explain the proof of this theorem in the special case of counting
geometrically connected covers by the reduced discriminant invariant.
Lemma 8.0.20. Fix a finite group G and let c = G — id. The number of geometri-
cally irreducible components of [CHurf,ijf:q / G| is bounded above by a polynomial
function in n of degree byi(IF4(t),c) — 1. Moreover, if c = c;U---Ucy isa
union of conjugacy classes and n = 0 mod v - #G?2, the number of components of
[CHur,fjf:q / G| is bounded below by a polynomial in n of degree by1(IF4(t),c) — 1.

Proof. First, let’s show the claimed upper bound. For each geometric com-
ponent, there is a corresponding component of multi-colored configuration
space Conf, F, On which geometric Frobenius acts. The action sends

-1
the conjugacy class c; to c;.] and it permutes the ny,..., 1, in by (IF4(t), c)
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many orbits. In order for a component of Conf, F, tO be invariant un-

.My,
der this action, we must have n; = n; if ¢; and ¢; lie in the same orbit. In
other words, we can specify only by(IF,(t), c) many values of the indices
freely, and the rest are determined. The number of such specifications with
ny + - - - 4 ny is bounded by a polynomial of degree by(IF,(t), c) — 1, where
the —1 corresponds to the fact that we want to only count components where
ny +---+ny, = n, (as opposed to those where ny + - - - + n, < n, for which,
the above shows there is a polynomial of degree by(IF,(t), c) counting these.

Now, if one fixes the values of 1, .. ., nj, there are a bounded number of com-

c
s, g

ponents of [CHurSl' /G]. One way to see this is from [Theorem 6.0.1

which implies this bound using the case i = 0 (so Ho([CHurS{,C__"nU’]Fq /GJ)
stabilizes so long as one of the n; are sufficiently large. Since there is a poly-
nomial of degree by;(IF;(t), c) — 1 bounding the number of components of
Confnllmlnqu fixed by Frobenius and there are a bounded number of com-

G,c : —
ponents of [CHurnl,...,nv,Fq /G| over a fixed component of Confnlw./nw]Fq one

obtains there is a polynomial of degree by (IF;(t), c) — 1 many components
of [CHurSl’,C_“,nWE /G]. This gives the upper bound.

To produce the same lower bound, it is enough to show that whenever
ny,...,nj = 0mod #G? and are sufficiently large then there is always a
component of [CHurSl’C ¢ /Gl fixed by Frobenius. It is possible to directly

oot g

analyze how Frobenius acts on stable components of Hurwitz space, and
show this is this case. The analysis is a bit involved, so we won’t discuss it
here, but a detailed proof is given in [LL25a, Lemma 10.3.1]. O

Proof of a special case of [ heorem 8.0.16, We can now use the above to prove
[Theorem 8.0.16|in the case that the covers are geometrically connected and
the invariant is the reduced discriminant.

We want to count the number of geometrically connected extensions of
IF,(t) of reduced discriminant . Since geometrically connected covers re-

duced discriminant n correspond to points of [CHurS’]Fi —id G|, using

ercise 8.0.5| it is equivalent to count [CHuri’ﬁ -4 /G (IF;). as n grows. Let

¢ = G —id. Using[Lemma 8.0.20, the number of geometrically irreducible
components of [CHurS’ﬁ —i4 /G] is bounded above and below by a polyno-

mial of degree by(IF4(t),c) — 1.
We claim that for any such component Z C [CHuri’]Pi —idy G| there are
constants C; and C; so that Cog" < #Z(IF;) < Ci4". From this claim it will
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follow that [CHurS,’IFGL] -d/q] (IF;) is bounded above and below by the same

constants times g"n(Fs(1).9)=1 wwhich is our goal. To prove the claim, we use

Lemma 3.3.2, The claim then follows from|Lemma 3.3.2|taking the X, to be a

sequence of components of [CHurfi’]Fi —id G|, one for each n, say all of which

have n; sufficiently large for a fixed value of j (upon taking g large enough so
that the values of the limsups and liminfs are close to their limiting value in
q) once we verify the three hypotheses of this lemma stated in [Notation 3.3.1}
The first hypothesis is satisfied since we are just assuming X, has a unique
geometrically irreducible component. The third hypothesis will be shown to
hold in[Exercise 11.1.6l

The second hypothesis is the trickiest to verify, but follows from

There are a few issues in applying this directly, since Theorem 6.0.1| gives

a bound on the homology of CHur" ~i4 and not [CHurS’ ’11(1;,7 —4/G]. First,

it follows from a general result that CHur has a relative normal crossings
compactification over Z[1/#G]| that the homology of CHurSf —id
G,G—id
n,]Fq

fields, as we will see later in [ITheorem 29.0.1] Second, we can deduce that
the homologies of the quotient [CHurfl’IFGq ~i4 /G] stabilize in the same linear

range since the homologies of CHurS’]FGq —id are actually G representations

over the

complex numbers is identified with the homology of CHur over finite

and stabilize as a G representation, and so the part of this corresponding to
the trivial representation is the homology of [CHurS’]FGq —id GJ. O

Remark 8.0.21. Let us briefly describe the issues going into generalizing the
proof of [Theorem 8.0.16|from the case of the reduced discriminant invariant
to arbitrary invariants. The main issue is that, when one counts by an
arbitrary invariant, one has to carefully count the number of geometrically
irreducible components of Hurwitz space on which that invariant has value
at most n. If the invariant is not the reduced discriminant, this is no longer as
simple as finding the number of points on Hur{ because points of invariant
n no longer have n geometric points where they are ramified. For example,
if we count by the usual discriminant and count S3 covers, viewed as degree
3 covers under the identity inclusion of permutation groups S3 C S3, then
degree 3 covers with a degree a branch locus of transpositions and a degree
B locus with 3-cycle inertia will have discriminant & 4 2. This will lie on

Hurff 8 and so we see the value of a 4 B can be anywhere between half the

discriminant (if there are only 3-cycles) and the discriminant (if there are
only transpositions).
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However, if one is careful about keeping track of this, one can write down a
generating series for the number of components and use a Tauberian theorem
to determine their order of growth. After this, the remainder of the proof is
somewhat similar for counting by an arbitrary invariant.

Remark 8.0.22. Let us know briefly describe how one can also deal with
disconnected covers. Every geometrically disconnected cover of ]P1 is a

geometrically connected cover of ]P1 for some j, so we can fix a Value of

j corresponding to a quotient G — Z/ jZ. with kernel N. One can then
show that such points can be viewed as points of [Hur —id G|, which we

can think of parameterizing G covers which geometncally become #G /#N
copies of an N cover. (Over IF; they may or may not be connected.) If it was
only a matter of counting points on this stack, we would be able to similarly
apply our homological stability results. However, this stack also contains
disconnected cover over F,. However, the disconnected covers necessarily

lie in the image of a map [HurnN’g —id /N'] for some subgroup N ¢ N’ C G.
Therefore, we may perform an inclusion exclusion to count the number of
points of [Hurn F, —id G| which are geometrically connected.

9. APPLICATION TO THE PICARD RANK CONJECTURE

One fundamental question in algebraic geometry is to identify the set of
line bundles on moduli spaces of interest. For example, the rational Picard
group of .#, the moduli space of smooth proper genus g curves is generated
by the hodge bundle and .#, 1 has rational Picard group generated by the
hodge bundle and the relative canonical divisor of the universal curve.

Similarly, there has been substantial interest in what the rational Picard
group of Hurwitz spaces are. This interest is coming from algebraic geometry;,
where mathematicians typically work with Hurwitz spaces over P!, meaning
that we don't fix the branching behavior over oo as we did in

Here is an informal definition. We will be working only over the complex
numbers for this section.

Definition 9.0.1. Let G be a group and ¢ C G a conjugacy class. Let
%G’C = [CHur]I(E;C’n / G] denote the moduli stack of geometrically connected
G covers of P! (over the complex numbers) so that the reduced branch di-
visor has degree n with inertia in c. (This is formally defined similarly to
IDefinition 4.1.1| except that the reduced branch divisor over all of P! has
degree n instead of fixing the branch divisor over Al.) In the case G = S
and ¢ C S, is the set of transpositions, we denote this /2.
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Remark 9.0.2. In the paper, we preferred to work with the quotient of this
by PGL;, which is a slightly more standard definition of the Hurwitz stack,
but this doesn’t make much difference, so we’ll opt for the slightly simpler
scenario not to quotient by PGL,.

Example 9.0.3. When G = Z /27, and ¢ C Z/27Z. is the nontrivial element,
s, parameterizes hyperelliptic curves. When G = S; and ¢ C S; consists of

transpositions, s, parameterizes simply branched covers of IP!.

Exercise 9.0.4. Show that each component of HCE = [CHurﬂCifn /G| has a

stratification by two components of [CHur®”* /G]. It has an open substack
given by a component of [CHur$ / G] which parameterizes covers unrami-
tied over co. The other component is a closed substack and corresponds to a
components of [CHurS’f 1 /G] which is branched over co.

Exercise 9.0.5. Show that /% parameterizes simply branched degree d cov-
ers of genus 0 curves.

The formal definition in terms of functor of points can be given similarly to
that of[Definition 4.1.1|except one requires that the total degree of ramification
over P! is fixed instead of fixing the degree of ramification over Al.

It turns out that there are no “obvious” non-torsion line bundles on Hur-
witz spaces, which leads to the following conjecture.

Conjecture 9.0.6 (Picard rank conjecture). For all d > 0, we have Pic(.7%) ®
Q~0.

Remark 9.0.7. This was stated in [HM06, Conjecture 2.49(1)] (with a quotient
by PGL;). See also the closely related [DE96, Conjecture 3]. We note that
the roots of this conjecture extend further back, and a version of it appears

in work of Ciliberto from 1986 [Cil86, Conjecture 3.2] and even in work of
Enriques from 1919 [Enr19, p. 371].

Remark 9.0.8. (Conjecture 9.0.6| has been proven for d < 5 by Deopurkar-
Patel [DP15], but this proof relies on explicit parameterizations of low degree
Hurwitz spaces quite similar to those Bhargava used to count number fields
of degree at most 5. We also note that Mullane has proven|Conjecture 9.0.6|
whenever d < g (son < 4d — 2 for n = 2¢g — 2 4 2d) [Mul23]. However, the
case that d > 6 and ¢ > d remains open.

Theorem 9.0.9 (Landesman-Levy, Asymptotic Picard rank conjecture). If
g > d, the Picard rank conjecture holds true.

We can prove a more general version of the asymptotic Picard rank conjec-
ture, which works for arbitrary G, c.
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degree (d) d — 2 (Mullane)

n > d (Landesman-Levy)

d < 5 (Deopurkar-Patel)

number of branch points (n)

FIGURE 1. This figure depicts known cases of the picard rank
conjecture, where n = 2¢ + 2d — 2 is the number of branch
points. The n < 4d — 2 can be reexpressed as d < g. We
computed the constant for our result where it holds roughly
forn > 2(3), though it is a bit worse than that.

Theorem 9.0.10. Let G be a finite group and ¢ C G a conjugacy class generating
G. For n sufficiently large, Pic(,°°) © Q ~ 0.

This also works semi-integrally. To explain the precise statement, we
need some notation. We also recall that for G a group and c a conju-
gacy class Hy(G, c) as defined in [Woo021), Definition p. 3] was defined as
the quotient of the group homology H;(G;Z) by the image of all maps
Hy(Z?,7) — Hy(G;Z) induced by the maps Z? — G, (i,j) — x'y/ for all
pairs of commuting x,y € c. Here is our main result toward the Picard rank
conjecture.

Theorem 9.0.11. Let G be a finite group and ¢ C G a conjugacy class generating
G. For n sufficiently large and each component Z C A we have Pic(Z) ®
Z[pke] ~ ((Z/(zn —2)2)® Z[ﬁ]).

Let ord s (c) denote the order of the image of any element of c in G*°. For n
large enough depending on c and divisible by ordsa (c), there is a finite number

. G.c 1 1 ‘HZ(G'C)‘
H,(G, ¢) so that Pic(#5°) @ Z| 5] ~ ((Z/(Zn _2)Z2)® Z[mD .
If n is sufficiently large and not a multiple of ord b (c), A s empty.

Remark 9.0.12. The presence of the factor |Hz(G, c)| merely reflects the fact
that there are |H(G, ¢)| many components of the Hurwitz space.
There is a branch locus map sending a cover to its branch locus. Since

Pic(Conf,, p1 ®Z[545] ~ ((Z/(Zn —-2)Z) ® Z[ﬁ]) this is expressing the
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statement that all line bundles on Hurwitz space are pulled back from the
corresponding line bundles on configuration space.

Let’s explain a proof of [Theorem 9.0.9] The key input is [Iheorem 6.0.2)
which roughly says that the first and second rational cohomology groups of
Hurwitz space vanish, once the number n of branch points is large enough.
And one can relate the Picard group to these two cohomology groups.

Let’s now explain this in more detail.

Lemma 9.0.13. For n sufficiently large H;(#%,Q) = 0 for i € {1,2} and n
sufficiently large depending on d.

In fact, the same proof shows H;(#,Q) = 0 for n large depending on i
and d, for i arbitrary.

Proof. This follows from [I'heorem 6.0.2|as we now explain.
Now, it’s a classical fact, due to Hurwitz (and not too difficult to directly

prove, that for each even 7 larger than 2d, 7 is connected (and it's empty in

the case 7 is odd by Riemann Hurwitz). Using [Exercise 9.0.4} there is a strati-

fication of £ by one component U C [CHury” /G] and one component of
Z C [CHur%*, /G]. Moreover, by Theorem 6.0.2} for 1 sufficiently large the
branch locus map induces isomorphisms H'(U, Q) — H'(Conf,: ,, Q) and
H'(Z,Q) — H'(Confp:,_4,Q) fori € {1,2}. Therefore, using the Gysin
exact sequence we get a map of exact sequences
9.1)
H'(Confpi,,Q) — H'(Confpi, 1,Q) — H™(Confp:,, Q) — H'(Confp:,,Q) — H'(Confp:, ;,Q)

| | | | |

H'(U,Q) —— H"Y(2,Q) ——— H*(#4,Q) —— H*(U,Q) ——— H(Z,Q).

Since all vertical maps except the middle map induce isomorphisms, the mid-
dle map does as well. And so the claim follows because H'(Confp: ,, Q) = 0
fori > 0. O

Now, we’d like to apply the exponential exact sequence to say that the
vanishing of H' and H? of . also implies the vanishing of Pic(.7%). This
is roughly correct, except GAGA won't identify the coherent cohomology of
A on the Zariski site with the corresponding cohomology on the analytic
site. Therefore, we instead argue similarly, but need to pass to a compactifi-
cation of /7.
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Proof of [Theorem 9.0.9, Now, fix a smooth proper compactification %z of A1
We'd like to show Pic(.£7) ® Q = 0 for n sufficiently large, depending on d.
Letd := %i — ¢ denote the boundary.

Now, using [Lemma 9.0.13, we know H! (%%, Q) = 0, and hence the Gysin
exact sequence gives us an exact sequence

92) H(3,Q) — H'(#,,Q) — H'(4,Q).

. . . -4 .
Since the first and last terms are 0, we also obtain H!(.#,, Q). Since the
Hodge to de Rham spectral sequence degenerates over the complex numbers,

. C e . -4 4 .
we obtain an injection H' (7, 0) — H'(5#,,Q). Now, the exponential
sequence gives an exact sequence

93) H'(37,0) —— H'(2,6%) = Pic(7#") —— HA(A",Z).

and importantly, due to GAGA the above analytic sheaf cohomology groups
agree With their coherent counterparts. Hence, we obtain an injection

Pic(# ) ®Q — Hz(% 1 Q). Now, the Gysin exact sequence tells us

9.4) H(3,Q) —— H2(7#4,Q) — HA(#4,Q).

is exact. The last term is 0 by [Lemma 9.0.13| and so the first map is a
surjection. On the other hand the first map factors through Pic(%i) ®
Q implying H(9,Q) — Pic(%d) ® Q is also a surjection, as we showed

above Pic( d) Q — H*(£?,Q) is an injection. Finally, the excision exact
sequence tells us

(9.5) HY(d,Q) —— Pic(7") ®Q —— Pic(£) Q —— 0
is exact. The first map being surjective then implies Pic(£%) @ Q ~ 0. O

10. A PRIMER ON HIGHER ALGEBRA

The setting for many of the arguments we aim to present related to ho-
mological stability is that of higher algebra. The language of higher algebra
takes place in the setting of infinity categories.

Remark 10.0.1 (Why are we learning higher algebra?). The need for higher
algebra in the ensuing proof is relatively minimal. However, it will be
important for us to work in that category. The reason for this is that we
want to study the homology of Hurwitz space, H;(CHur, Z) which is the



NOTES ON ARITHMETIC STATISTICS OVER FUNCTION FIELDS 51

ith homology of a chain complex C,(CHur, Z). In order to compute the
stable homology, we will want to perform certain operations on this chain
complex, such as localization and quotienting. These operations only make
sense (in the way we want them to) in the derived infinity category of Z
modules. For example, there are certain stabilization maps a, : CHur;, —
CHurj, . corresponding to taking a cover with n branch points and adding
a branch point labeled x near the boundary. The stable homology can then
be identified with the homology of the localization C.(CHur®, Z)[a;!]. So,
it will be important to make sense of this localization, and that can be done
correctly in the derived infinity category of Z modules. With this in mind,
we next describe higher algebra, with the ultimate goal in this section as
defining the chains functor, which sends a topological space to an object in
the derived infinity category of Z modules.

Remark 10.0.2 (The vague idea of higher algebra). In case people are familiar
with stacks, one may know that they are similar to schemes, but one also
wishes to keep track of automorphisms, or “maps between maps.” The
general idea in higher algebra is that these automorphisms can be viewed
as 1-morphisms between a point and itself, but one will also want to in-
clude morphisms between morphisms, and morphisms between morphisms
between morphisms, and so on.

Another perspective on this is that if one has a topological space Y, one
can think of paths as morphisms between points. A morphisms between
morphisms would be a homotopy of paths. If one only cares about under-
standing 711 (Y'), understanding homotopies is enough. But if one wishes to
understand 77;(Y) fori > 1, itis important to also understand the homotopies
between homotopies, and so on.

10.1. Simplicial sets. The formal gadget we will use to capture the data of
morphism spaces is known as a simplicial set.

Definition 10.1.1. Let A denote the simplex category whose objects are nonempty
totally ordered finite sets and whose morphisms are weakly order preserving
functions between these sets.

Definition 10.1.2. A simplicial set is a contravariant functor X : A — Set for
Set the category of sets. The morphisms between two simplicial sets are
given by natural transformations of functors. We denote the category of
simplicial sets by sSet.

Remark 10.1.3. Every element of A is isomorphic to one of the form [n] =
{0,1,...,n}. Thenamap f : [m] — [n] is a map of sets so that f(i) < f(j) if
i < j. One can express arbitrary such maps in terms of face maps 6; : [n — 1] —
[n], which is the injection not containing i in the image, and the degeneracy
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maps o; : [n+ 1] — [n], which is the surjection so that i and i + 1 both map
to i. For X a simplicial set, let X;, := X([n]). Applying a functor X : A — Set
yields face maps d; : X, — X,,_1 and degeneracy s; : X;, — X,,+1. These face
and degeneracy maps satisfy various conditions as in [Exercise 10.1.4

Exercise 10.1.4. Check the following simplicial identities.
(1) dld] = d]'_ld,' fori < ]
(2) diS]' = ijldi fori < ]
(3) disj=idfori=jori=j+1.
4) diS]' = dei—l fori > j+ 1.
(5) Sl'S]' = S]'_|_1Si for i < ]

Exercise 10.1.5. Show that the category of simplicial sets is equivalent to
the category of sequences of sets X, together with collections of maps
di: Xy = Xy—1,1 <i<m,ands; : X, = X,4+1,1 < i < n satisfying the
simplicial identities in [Exercise 10.1.4l Hence, simplicial sets can also be
defined in terms of face and degeneracy maps.

One of the key examples of simplicial sets are those coming from a topo-
logical space.

Exercise 10.1.6. Suppose Y is a topological space. We use A" to denote the
n-simplex, viewed here as a topological space (in the future, we will typically
view it as a simplicial set). Define a simplicial set Sing(Y') whose value on A"
is given by Sing(Y), := Hom(A",Y), meaning maps of topological spaces
A" — Y. Check this defines a functor and also verify the simplicial identities

from [Exercise 10.1.4 hold.

10.2. Spaces. Having defined simplicial sets, we will next define spaces.
Rather, we will define objects called Kan complexes.

Remark 10.2.1. If you talk to a topologist, ask them “Is a space the same
thing as a Kan complex?” It seems they will invariably say something like
“Yeah, it’s fine to think that a space is the same thing as a Kan complex.” (This
interaction seems to imply that a space is actually something else, but no one
has given me a straight answer to what the ideal definition of a space is. The
reason for this is that they often think of spaces like sets. If a mathematician
asks me what the definition of a set is, I often wouldn’t have a very good
answer. They often think of spaces in terms of their properties. Le. they are
thingies where you can take their homotopy groups, and various limits and
colimits exist, etc.)

In what follows we the following definition of A".
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Definition 10.2.2. Let A" denote the simplicial set whose k simplices are
given by sequences 0 < a9 < a7 < --- < a; < n, with the natural face and
degeneracy maps.

Exercise 10.2.3. Show that A" is representable by [n] := {0,...,n}. That s, if
X is a simplicial set, show

Hom(A", X) = X([n]).

We next define the i horn A7 loosely speaking, to be the subset of all faces
of A" containing the ith vertex.
Definition 10.2.4. The i-horn A is U;?:O,i#j im(9; : A"l — A™) C A" (If you
want, it is a good exercise to think through formally what this means. Infor-
mally, it consists of all the faces of the n simplex except the n dimensional
one and the face consisting of all vertices except i.)

Example 10.2.5. We use notation [i, j] to denote the edge of a simplex connect-
ing vertex i to vertex j. If n = 2, the AJ consists of the edges [0,1] and [0, 2]
of a triangle, which looks like a horn when drawn. Similarly, A% consists of
the edges [0,1] and [1, 2].

Definition 10.2.6. A Kan complex or space is a simplicial set X so that any
horn A} — X for 0 < i < n can be extended to a map

Al > A"

1

(10.1) \ /

X

Why is a Kan complex called a space? The following example may help to
explain why.

Exercise 10.2.7. Suppose Y is a topological space. Show the simplicial set
Sing(Y) is a Kan complex.

Remark 10.2.8. It turns out there is also a functor from simplicial sets to
topological spaces, which is called the “geometric realization,” and this gives
a somewhat stronger closer relation between the two. Namely, not all Kan
complexes are the nerve of a topological space, but they are all equivalent to
the nerve of a “compactly generated weak Hausdorff topological space” for
a notion of equivalence we will define later.

Example 10.2.9. However, not every simplicial set is the singular chains of a
space. For example, you can take the simplicial set generated by a 0-simplex,
and a 1-simplex joining this point to itself. This is equivalent to a circle, but
the singular chains on a circle has many more 1-simplices than this does.
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For an example of a simplicial set that is not a Kan complex, see
ple 10.3.8

10.3. Infinity categories. Having defined spaces (also known as Kan com-
plexes), we next turn to co-categories. Sometimes, these are referred to as
(00,1) categories, meaning that all k-morphisms for k > 2 are invertible. We
will not have any need for (oo, j) categories for j > 1, other than in the next
remark, and so we simply refer to these as oo categories.

Warning 10.3.1. You may start talking to a homotopy theorist who men-
tions something about 2-categories. You may be used to thinking about
2-categories as stacks, but beware that homotopy theorists often use the
phrase 2-category to mean (oo, 2) category. Sometimes, the homotopy theo-
rist may then question why you thinking about 2 categories at all, and tell
you that you should instead be thinking of them as (o0, 1) categories.

In order to motivate infinity categories, we consider the following example
of the nerve of a category.

Example 10.3.2. Let C be a category. Let C,; denote the set of all composable
chains of morphisms A9 — A; — --- — A, for A; objects of C.

Exercise 10.3.3. Show one can endow {Cj, },>0 with the structure of a simpli-
cial set.

We call the above simplicial set the nerve of C. One can determine the
objects of C up to isomorphism from the nerve of C.

Exercise 10.3.4. Let X be a simplicial set which is the nerve of a category.
Show that Hom(A", X) — Hom(A!, X) is a bijection for 0 < i < .

Exercise 10.3.5. Conversely, show that if X is a simplicial set such that
Hom(A", X) — Hom(AY, X) is a bijection for 0 < i < 1, then X is the nerve
of a category. Hint: What are the objects and morphisms in this category?

Having seen that spaces consist of simplicial sets where all horns can
be filled and categories consist of simplicial sets where intermediate horns
can be filled uniquely, we define co categories as a common generalization.
Namely, those where intermediate horns can be filled.

Definition 10.3.6. An co category is a simplicial set X so that any map of
simplicial sets A — X for 0 < i < n can be extended to a map

A} > A"
(10.2)
AN ) e
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A map of co categories is a natural transformation of the corresponding
simplicial sets.

Example 10.3.7. Any space is an oo category because spaces require horn
filling for 0 < i < n whereas co categories only require it for i < i < n. In
particular, for Y a topological space, Sing(Y) is an co category.

Example 10.3.8. Here is an example of an co category whose nerve is not a
space. Consider the category with objects x, y, z, with identity maps as well
asmaps f : x — zand g : y — z, but no other maps. Then its nerve is not
a space because the horn with vertices going to x, y, z and maps going to f
and g cannot be filled to a map from the 2-simplex.

Exercise 10.3.9. Given any category C, show that the nerve of C is an oo
category.

Fix a category C. Given objects A, B,C of C and two maps f : A — B
and g : B — C, there is a unique composition go f : A — C. For a general
oo category, there is no longer a unique such composition, though we are
guaranteed that one such composition exists by definition. We next define a
notion of homotopy in an co category.

Definition 10.3.10. Let X be an co category. Let A, B, C be three 0 simplices
andlet f : A - B,g: B — Cand h : A — C be three 1-simplices. The
notation above means that we can view a 1-simplex as a map of simplicial
sets Al — X and the restriction of this to A? = [0] C A! — X gives A while
the restriction to A? = [1] € A — X gives B. Wesay go f ~ h (go f is
homotopic to h) if there is a simplex A? — X so that A% has edge [0, 1] sent to
f,edge [1,2] sent to g and edge [0, 2] sent to h.

Exercise 10.3.11. Suppose X is an co category and f, g, h are 1-simplices as
in [Definition 10.3.10} If go f ~ hand ~ go f ~ h' show h ~ . (Strictly
speaking, it might be better to write h oid ~ h’ since the definition of
homotopy above is in terms of identifying a composition of two maps with a
single map.) Therefore, any two such choices of compositions are homotopic.
Hint: Use the horn filling property from the definition. Don’t forget the
degeneracy maps in your simplicial set.

Exercise 10.3.12. Check the preceding exercise concretely in the case that
X = Sing(Y), for Y a topological space by showing that the two paths
corresponding to /1 and k' are homotopic, and identifying homotopies of
paths with homotopies in the above sense.

One very basic notion we will need for infinity categories is the notion of
an equivalence. This is the analog of the usual notion of isomorphism and
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roughly says there should be a map the other way whose compositions with
the given map are the identity.

Definition 10.3.13. If X is an oo category, we refer to an element of X ([0]), or
equivalently a 0-simplex A — X, as an object of X. We refer to a 1-simplex
A' — X, or equivalently an element of X([1]) as a morphism in X. If a and b
are two objects of X, we say f : a — b is a morphism if f is a morphism in
X whose restriction to the point 0 of the simplex A! is the 0-simplex a and
whose restriction to the point 1 of the simplex Al is the object b.

Definition 10.3.14. If X is an co category, a and b are objects of X and f :
a — bis a morphism, we call f an equivalence if there is some g : b — a and
homotopiesid, ~ go f,id, ~ fog.

Definition 10.3.15. Suppose C and D are simplicial sets. Define the sim-
plicial set Fun(C, D) so that its n-simplices are given as the set of natural
transformations (which we will also call maps) C x A" — D.

Proposition 10.3.16. If C is a simplicial set and D is an oo category then Fun(C, D)
is an oo category.

Definition 10.3.17. Suppose C and D are two simplicial sets. For f,g €
Fun(C, D) two 0-simplices, a morphism 77 : f — gisamap C x Al — D
restricting to f : C x0 — Dandto g : C x1 — D. Such an 7 is called a
natural transformation.

Using the above, we can now define equivalence.

Definition 10.3.18. A map f : C — D of co categories (recall this means that
f is a natural transformation of the corresponding simplicial sets) is an equiv-
alence if there is a map g : D — C so that there are natural transformations
fog~idpand go f ~idc.

There is an alternate way to define equivalence, via mapping spaces, where
we define equivalences as maps which are fully faithful and essentially
surjective. We now define some terminology to set this up.

It turns out one can make sense of pullbacks in the category of simplicial
sets.

Definition 10.3.19. Let C be an infinity category and 4,b € C. Then define
Map(a, b), the mapping space, is defined as the pullback in the category of
simplicial sets

Map(a,b) —— Fun(Al,C)

(10.3) l l

JU G N )
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where the right vertical map is induced by sending a functor A! — C to
the two objects of C given by composition with the two maps A’ — Al
associated to 0 and 1.

Exercise 10.3.20. Check that in Sing(X), Mapg;,,(x) (4, ) is homotopy equiv-

alent to the space of paths from a to b in X, where composition of maps
comes from path composition.

Exercise 10.3.21. For X a simplicial set, let 77(X) denote the set of 0 simplices
in X modulo the equivalence relation generated by the relations that two
0 simplices are equivalent if they are endpoints of some 1-simplex. Show
o Map(a, b) is the set of equivalence classes of morphisms from a to b,
where, viewing two morphisms as two objects of Map(a, b), the notion of
equivalence of these two objects is as defined in |[Definition 10.3.14, Hint:
For this, show that all 1-simplices (which one can think of as a homotopy
between morphisms) in mapping spaces are invertible.

Definition 10.3.22. Let X be a space and x an object of X, i.e., x is a 0-simplex
of X. We call such a pair (X, x) a pointed space.

Consider the set of maps A" — X sending dA" — x, where dA" is the
simplicial set generated by all faces of A" (so it includes all # — 1 dimensional
subsimplices but not the n-dimensional simplex). We define 77, (X, x) as the
maps (A", 0A") — (X, x) as above, modulo the equivalence relation called
homotopy, where two such maps are homotopic if there is a map A! x A" — X
restricting to the first map on 0 x A" — X, restricting to the second map on
1 x A" — X, and which sends A! x 9A" to x.

Definition 10.3.23. For (X, x) and (Y, y) pointed spaces, amap f : (X,x) —
(Y, y) of pointed space is a homotopy equivalence if f induces isomorphisms
(X, x) — mi(Y,y) foralli > 0. Amap f : X — Y of (unpointed) spaces
is a homotopy equivalence if f induces a bijection on components and, for
all points x € X the map 7;(X, x) — m;(Y, f(x)) is an isomorphism for all
i>1.

One may show that the mapping space of two objects in an infinity cate-
gory is an space, which will be used to make sense of the following definition.

Definition 10.3.24. A map of infinity categories f : C — D is fully faithful if
Map(a,b) — Mapp(f(a), f(b)) are homotopy equivalences for each a,b €
C. Amap f : C — D is essentially surjective if for every d € D there is some
¢ € Cso thatd is equivalent to f(c).

The following proposition is somewhat technical to prove.

Proposition 10.3.25. A map f : C — D is an equivalence (in the sense of
IDefinition 10.3.18) if it is fully faithful and essentially surjective.
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10.4. The derived infinity category. The derived infinity category is a re-
tinement of the usual derived category of an abelian category. Objects are
bounded below chain complexes of projective modules and the morphisms
are also defined similarly, but in the infinity category setting, there are also
higher morphismes.

Definition 10.4.1. A differential graded category C consists of the data of
(1) A collection of objects of C, denoted Ob(C)
(2) For each pair of objects X, Y € Ob(C) a chain complex (Hom¢ (X, Y), 0).
(3) For each triple X, Y, Z of objects of C and each m,n € Z a composi-
tion law czy x : Hom¢(Y,Z), x Home (X, Y ), — Home (X, Z)mn
which sends f € Hom¢ (X, Y ), § € Home (X, Z), to czy x(8g, f) =
gof.
(4) For each object X an identity morphism idx € Hom¢ (X, X)o.
such that
(1) the composition law is associative, i.e. ho (go f) = (hog)o f
(2) the composition law is unitali.e.,idof = f = f oid
(3) the composition law is bilinear and satisfies the Leibniz rule, i.e.,

go(f+f)=gof+gof
(8+8)of=gof+gof
d(gof)=(dg)of+(=1)"¢o(9f).

We will only really care about subcategories of the following differential

graded category, the category of chain complexes of R-modules:

Definition 10.4.2. For A an abelian category, define Ch(.4) as the category
whose objects are chain complexes

"'_>Xi_>Xi71_>"’

with each X; in A and the maps are given as follows: If X and Y are two
objects of Ch(.A) which we think of as chain complexes, the set of maps is
®,Hom, (X, Y) where we define

Hom,,(X,Y) := [ [ Hom(Xy, Yp4n).
leZ

This set of homomorphisms can be given the structure of a chain complex as
follows: There is a differential d : Hom,(X,Y) — Hom,_1(X,Y) given by
sending f € Hom,(X,Y), to

df :=dyo f+ (=1)""fody.

In this way, we can enrich the set of homomorphisms with the structure of a
chain complex in abelian groups.
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For R aring, we use Ch(R) to denote Ch(Mod(R)), for Mod(R) the abelian
category of R modules, which we can view as a differential graded category.

Remark 10.4.3. It may same strange to the reader that Hom(X, Y[n]) :=
[Tyez Hom(Xy, Yy ) and we do not impose the condition that this is a chain
map. The reason for this is that this is the internal hom.

Exercise 10.4.4. Verify that chain complexes Ch(R) indeed form a differential
graded category, by verifying the axioms.

Show that chain maps f : X — Y (meaning maps f with f odx = dy o f)
are precisely the maps f € Homcy,(g) (X, Y)o such that df = 0.

Definition 10.4.5. Let C be a differential graded category. The differential
graded nerve of C, denoted Ny, (C) is the following simplicial set. We define
Nigg(C)n, which we use as notation for Homgge(A", Ngg(C)) to be the set of
ordered pairs ({X;}o<i<n, {f1}) with X; an object of C and I ranging over
subsets of [n]. When #I < 2 we declare f; := 0. Otherwise, if #I > 2,
we can write I = {i_ < iy < ip1 < -+ < ip < iy} C [n]withm >0,
f1 € Home(X; , X;, ) such that

df; = Z (_1)j(fl—{z‘]-} —fi]-<--~<i+ Ofi_<-~~<ij)-
1<j<m
Moreover, if « : [m] — [n] is nondecreasing then Ny, (C)n — Ngg(C)m is
defined by

(Xduzizar ) = ({X Jouy 181}

0<j<m
with
fu(y  if &y is injective
g1 =\ldx if]={jj'} witha(j) = a(j) =i
0 otherwise
Exercise 10.4.6. Show that
(1) O-simplices of Ny, (C) are in bijection with objects of C
(2) 1-simplices of Ny, (C) correspond to pairs of objects X,Y with f €
Hom¢ (X, Y)gso thatdf =0
(3) 2-simplices correspond to X,Y,Z € C and f € Hom¢(X,Y)o, g €

Hom¢ (Y, Z)o,h € Home (X, Z)o withdf = dg = dh = 0and z €
Hom¢ (X, Z); withdz = (go f) — h.

Proposition 10.4.7. If C is a differential graded category then Ny (C) is an oo
category.
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We omit the proof, although this is not too difficult to prove directly from
the definition by writing down an explicit formula that shows one can fill
inner horns, see [Lurl?7, Proposition 1.3.1.10].

Definition 10.4.8. For C a differential graded category, let Ny, (C) denote
its differential graded nerve. For R a ring, let Mod(R) denote the abelian
category of R modules and let Proj(R)>9 C Ch(R)>o C Ch(R) denote the
full subcategory of chain complexes of projective A modules in non-negative
degrees. For R a ring, define the derived oo category of R-modules (in non-
negative degrees) as D(R)>0 := Ny (Proj(R)>0), viewed as an oo category
via [Proposition 10.4.7]

Definition 10.4.9 (The chains functor). Let X be a space. Let C,(X) denote
the complex defined by taking C;(X) to be the free abelian group generated
by Hom(A!, X) with differentials induced by the face maps. We view C,(X)
as a complex of free Z modules, and hence as an object viewed as an object
in the derived oo category D(Z)>o.

More generally, for R a commutative ring, let C«(X; R) denote the analo-
gous construction where the ith term C;(X; R) is the free R module generated
by Hom(A?, X). We view C.(X; R) as an object in the derived co category
D(R)>o. When X is a topological space, we use C,(X) := C,(Sing(X)).

Fact 10.4.10. For X a space or topological space, there is a way to view
C.(X; R) as something called a “spectrum” which has associated homotopy
groups. It turns out that H;(X; R) = 71; (C«(X; R)). For the purposes of this
course we use this notation so that we match the notation in our papers. It
does have a meaning but the meaning does not especially concern us for this
course.

Remark 10.4.11. Another type of object that often comes up in higher algebra
is spectra. We won’t really need to work with them, but it might be good to be
aware of their existence. They are roughly the initial place in higher algebra
where one can do algebra. There’s something called the sphere spectrum,
which is the initial spectrum. Roughly speaking, you can think that if you
take a spectrum, and base change from the sphere spectrum to Z, you get an
object in the derived infinity category of Z modules.

(To flesh out the above a bit using some words we haven’t yet encountered,
it turns out spectra have a universal property. They are the initial symmetric
monoidal stable presentable infinity category, such that the tensor product
commutes with colimits. Being stable means that it has an initial and final
object 0, and that pushout squares are also pullback squares.)
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11. HOMOLOGICAL STABILITY FOR CONFIGURATION SPACES

Before moving onto homological stability for Hurwitz spaces, it is worth
meditating on the simpler case of configuration spaces. Despite being fairly
classical, these arguments are quite tricky, and there are many mistakes in
the literature associated with these arguments. We first show the homology
groups of configurations spaces stabilize, and then compute their stable
value.

11.1. Homological stability for configuration spaces. First, let’s show that
the homology groups of configuration spaces stabilize. There are many ways
to prove this. The one we will employ uses a particular cell structure on
configuration space, called Fox-Neuwirth cells.

Definition 11.1.1. Let Conf,, denote the configuration space of n distinct
points in the complex numbers. For (11, ..., 1) with ny + - - - +ny = n, the

open cell (which is the interior of a closed subset of Conf,) FN(,, ) C
Conf, consists of tuples of distinct points (x1,...,x,) € C" such that there
arerealnumbersr; < rp < --- < ¢ so that the n; points Xyt g +1s - o r Xt
have real coordinate r;. configuration space.

Example 11.1.2. FN( » ;) is the subset of points (x,y,z,w) € C* where x has
the smallest real coordinate, y and z have the same real coordinate, and w
has the largest real coordinate.

Remark 11.1.3. We now want to define a cochain complex C* which com-
putes the cohomology of the one point compactification of configuration
space. As you will verify in |[Exercise 11.1.5, the FN,,, ., form a stratifica-
tion of Conf,;, moreover their closures in the one point compactification of
Conf, give one a chain complex computing the relative cohomology groups
H(Conf, Uco, 00; Z) ~ Hi(Conf,; Z).

Hence, the Fox-Neuwirth cells give us a cochain complex C* whose coho-
mology H'(C*) computes H'(Conf, Uco, 00; Z). Let’s be a bit more explicit
about what C* is. In [Exercise 11.1.5, you will verify that the dimension of
FNy,,..n, is n + k. Then, Cl = @(nl,...,nk):n+k:z’Z€n1,...,nk, where we think of
en,,...,n, as being the generator associated to FNy,, ... »,, which has dimension
n+k.

Next, we wish to compute the differential C' — C'*l. Equivalently, tak-
ing n +k = i+ 1, we want to compute the coefficient in the differentials
sending ey, ,...,m, , to ey, n,. To understand the coefficient of this differen-
tial, we have to understand which cells lie in the closure of others. (This
way computes the cohomology, which records the cells FNy;, ... m, , whose

k
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closure contains FNy,,...n,. However, it is equivalent to compute the co-
efficient in the dual chain complex which records when FNj,, ., lies in
the closure of FNyy, .. m, ,.) The cell associated with (11, ...,n;) in dimen-
sion n + k can only specialize into those cells in dimension n + k — 1 of
the form (ny, ..., nj_1,Mj+njp1, My, ., nx) where the specialization map
comes from letting the real coordinates r; and r;, tend toward each other
and then shuffling the ; points having real coordinate r; with the n; 1 points
having real coordinate 7/, 1.

We now want to compute the matrix coefficient in the map C! — Ci+1
going between ey, ., and O e 11 1o T Overall, there will be a sum

of ("i""*1) terms corresponding to the different ways to shuffle the two
]

columns of n; and n;, 1 elements together. Namely, if we want to shuffle a
collection (x1,...,x,) of a elements, with a collection (y1,...,yp) of B ele-
ments. There are (“;ﬁ ) ways to order these a + § elements while preserving
the order of the x1, ..., x, and the order of the y1, ..., yp. We call the group
of such permutations (&, B) shuffles, and denote the set of such permutations
by £, g. The differential is then given by S, 5 := Zaeza, ; (—1)58“(‘7 ), where
sgn(o) denotes the sign of the permutation ¢.

Summarizing the above, the matrix coefficient of the differential from
Cny,emy £O Coyyoomibni g ey Snj,nj .., and the only nonzero matrix coefficients
are of this form.

The above is a bit notationally heavy, so let’s see an example that will
hopefully clarify what the chain complex computing the homology of con-
tiguration space from Fox-Neuwirth cells is.

Example 11.1.4. Let’s work out the cochain complex computing H' (Conf; Uco, 00; Z.)
using Fox-Neuwirth cells. The cells we have are FN; ; ; which has dimension

6, FN1 » and FNj ; which have dimension 5 and FN3 which has dimension 4.
Therefore the cochain complex is of the form

Zez = C* — Zeip ® Zeyy = C> — Zeiyn = C°.

We now want to compute the differentials. The matrix C* — C° is given by
the transpose of (1,1) and the matrix C° — C® is (0,0). This follows directly
from the formula given in|Remark 11.1.3|but let’s also explain more directly
how to compute it.

First, let’s think about the matrix coefficient from e; ; to ej 1 1. If we think
of 1,11 as corresponding to points x, y, z with distinct real coordinates and
ey 1 as triples x,y,z where x and y have the same real coordinate, then the
differential keeps track of ways to degenerate x and y to have the same real
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coordinate. There are two such ways: either x goes above y or x goes beneath
y. Keeping track of orientations, one can see these appear with opposite
signs, and so the matrix coefficient is 0.

Next, let’s think about the matrix coefficient from e3 to e; 1. Then, e;;
corresponds to triples x,y,z where x and y have the same real coordinate
but z has a smaller real coordinate, while e3 corresponds to triples where
all 3 have the same real coordinate. There are three ways to degenerate
corresponding to the cases that z goes above x and y, z goes between x and
y, or z goes below x and y. If we choose orientations suitably, the total sum
of these contributions is 1 — 1 4 1 = 1. The other matrix coefficients can be
computed similarly so this gives the claimed cochain complex.

Finally, using Poincaré duality, we can identify the cochain complex C®~*
whose ith cohomology computes H®~/(Confz Uco, 00; Z) with a chain com-
plex C. explicitly of the form C, — C; — Cp whose ith homology computes
H;(Confs; Z).

Exercise 11.1.5. (1) Check that the dimension of the cell FN, .. ) is
n+k.

(2) Verify the Fox-Neuwirth cells form a stratification of configuration
space and their closures consist of cells for the one point compactifica-
tion of configuration space. In particular, show that the chain complex
associated to Fox-Neuwirth cells computes the relative cohomology
group H'(Conf" Uco, 00).

Exercise 11.1.6 (Important exercise). (1) Show that there are fewer than
2" Fox-Neuwirth cells in the stratification of Conf,,.

(2) Deduce that there is a cell structure for Hurj, with fewer than 2" |c|"
cells.

(3) Conclude that dim H;(Hur{,, Q) < (2]c|)".

(4) Using homological stability for Hurwitz spaces[Iheorem 6.0.1} and
the previous part, show there is a constant C (depending on the
conjugacy class c) so that H;(CHury, ,,Q) < C!. (Note that the
previous part bounds the left hand side by C" but your task is to
bound it by C'.)

Remark 11.1.7. By the above exercise, the chain complex associated to Fox-
Neuwirth cells computes H'(Conf" Uco, c0).

Since we have isomorphisms Hy,,_;(Conf,) ~ Hi(Conf,) ~ H!(Conf, Uco, o)
coming from Poincaré duality and the definition of compactly supported co-
homology, we can compute the cohomology of configuration space in terms
of Fox-Neuwirth cells. Here, the boundary maps are obtained by letting two
columns collide with each other and keeping track of all the ways to shuffle
the two adjacent columns, with suitable signs.
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0
0
H;(Conf,,_1)+— Hj(Conf,,_5)+—~Hj; (Conf,,,3)‘—H3 (Conf,_4) «—Hy(Conf,_5)

0
H;(Conf,_1) +—— H(Conf,,_, Hy(Conf,_4)——H,(Conf,_5)

0
H; (Conf,_1)«—H;j(Conf, H; (Conf, 3 Hy(Conf,,_4)«—H;(Conf,_5)

'\'\

0 o~ ~
Ho(Conf, 1) +——Ho(Con,._)—Ho(Conf,_s)e——Ho(Conf, s )—— Ho(Confs)

FIGURE 2. This depicts the spectral sequence for configuration
space coming from the Fox Neuwirth stratification of configu-
ration space.

Theorem 11.1.8. The cohomology of configuration space stabilizes. That is, for any
fixed i and for n sufficiently large depending on i, H;(Conf,; Z) ~ H;(Conf,11; Z).

Proof. Let C?"~* denote the chain complex whose basis elements are Fox-
Neuwirth cells for Conf,, as described above in|[Remark 11.1.3 This cochain
complex can be identified with a chain complex C,, which we denote C/
to emphasize its dependence on the n in Conf,. Then, C! computes the
homology of Conf, as explained in[Remark 11.1.7, Let F: C C denote the
subcomplex consisting of those cells C! with n; > i+ 1. Note that this
is a subcomplex because the differentials are obtained by letting two real
coordinates collide, and so if we require that there are at least 7; elements
in the first column, this will be closed under the differential. From this
filtration, we obtain a spectral sequence with E; page H;(F./ Fitl) —
Hi;j(Conf,; Z). We will next see H;(F./Fi*') ~ H;(Conf,_(;;1);Z). So,
this spectral sequence is depicted in

Now, the ith graded part F./Fi*! can be thought of as those cells for
configuration space where the first column has exactly i 4+ 1 elements (instead
of at least i + 1) and the differentials involving the first column all vanish.
This is exactly the chain complex C?~' computing the homology of Conf,, ;.
(We can think of this as corresponding to the rightmost n — i points in the
original configuration space Conf;.)

Exercise 11.1.9. Show the maps on the E1 page H,(F.™/Fi*?) — H;(F./Fit)
are given by 0 when i is even and the stabilization map (which is the map
induced on homology by adding a point near c0) when i is odd. Hint: One
way to see this is to think through the differentials in the Fox-Neuwirth
chain complex. If one merges the left column with i elements with a column
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having a single element, there are i + 1 ways to shuffle the two elements, and
the signs appearing in the shuffles alternate between 1 and —1. Summing
the signs gives either 0 or 1 depending on the cases above. (You can also see
this from the explicit formula for the differentials in terms of the sum §; ;
from [Remark 11.1.3} see also[Example 11.1.4})

Now, inductively assuming that the homologies H;(Conf,; Z) for j < k
have stabilized, we will prove Hy stabilizes. The spectral sequence above
identifies Hy(Conf,; Z) with the E, page of the spectral sequence, whose
terms on the E; page consist of Hy(Conf,,_1;Z), Hy_1(Conf,_»;Z), ..., Ho(Conf, i; Z).
By inductive assumption, the E; differentials induce isomorphisms Hy_;(Conf,,_;_1;Z) <
Hy_;(Conf,_;_»;Z) wheniis odd and an isomorphism Hy_;(Conf,_;;Z) <
Hy_;(Conf,_;_1;Z) when i is even. This implies that on the E, page, we get
that the kth diagonal is Hy(Conf,_1;Z),0,...,0. Note that Hi(Conf,_1;Z)
survives to the E; page because the map from Hy(Conf,_»;Z) is 0 by
Finally, it remains to show H(Conf,_1;Z) survives to the
E« page of the spectral sequence. To see this, the maps on the E, page
come from the spot where Hy_,(Conf,_,_»;Z) was on the E; page. How-
ever, by inductive assumption, we can assume these already stabilized,
and so die on the E; page, and hence we obtain that the boundary map
Hy(Conf,_1;Z) — Hy(Conf,; Z) is an isomorphism.
Strictly speaking, to make the above precise, we need to keep track of an
explicit range so that we can properly run the above induction. We leave this

to the reader in [Exercise 11.1.10l O

Exercise 11.1.10. Work carefully the the proof of [Theorem 11.1.8|to obtain an
explicit linear range for which the homology of configuration space stabilizes.
In particular, show that H;(Conf,,_1;Z) ~ H;(Conf,; Z) is an isomorphism
when i < 1. Hint: The two tightest cases to worry about are what happens
on the E; page with the map going from the locations of Hy_1(Conf,_3; Z)
and Hy_,(Conf,_4; Z) on the E; page to the location of Hy(Conf,_1;Z) on

the E; page.

11.2. The bar construction.

Definition 11.2.1. A topological monoid is a topological space M together
with an an associative map - : M x M — M with an identity elementid € M
satisftying id -m = m = m -id for all m € M.

It turns out configuration space is not quite a monoid, but it is “up to
homotopy” see [Exercise 11.3.90 However, one can make a Moore variant
of configuration space which records a time parameter, and this will be a
topological monoid, see [Example 11.2.9,
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Definition 11.2.2. Let M be a topological monoid, X be a right M module
and Y be a left M module. (That X is a right M module means there is an
action map X x M — X sothatx - (m-n) = (x-m)-n.) With X, Y, M as in
[Definition 11.2.2l Then, the bar construction, which we will notate as X ®p; Y
or Bar(X, M, Y), is defined as follows: (We will use these interchangeably
but the first is more commonly thought of as the homotopy type of the space,
and the second is more commonly thought of as the particular construction
we give below.)
It is the colimit (or geometric realization) of

(11.1) e XXMEXY 5 XXM2XY 5 XXMxY = X XY

where really there are 7 + 1 maps from X x M" x Y — X x M"~1 x Y given
by either the leftmost element of M acting on X or Y or multiplying two
adjacent elements of M. There are also n maps in the reverse direction
X x M1 xY — X x M" x Y given by including and taking the identity
element of the monoid in position n. When we say it is the geometric
realization, we mean one can take the geometric realization of this complex,
which means that we take the colimit of the spaces along these maps, or
equivalently we take the disjoint union and glue along these maps. Let us
now spell out concretely what this means.

For M a topological monoid, X is a right M module and Y is a left M
module, we can form the bar construction Bar(X, M, Y), which is a model
for the tensor product X ®,1 Y (and we will often denote it as this tensor
product). Consider pairs of tuples of points ((m,...,my), (t1,...,tn), X, Y)
withm; e Mand0<t) <t <--- <t, <1, xe€ X,y €Y. Then, X®@y Yis
the quotient of the above space modulo the following equivalence relations:

(1) If t; = 0 then the above tuple is identified with ((my, ..., my), (t2,..., tn), x -
m1,Yy) (so my acts on x on the left of the interval)

(2) If t, = 1the aboveisidentified with ((m,...,m,_1), (t1, ..., th_1),X, My -
y) (so my acts on y on the right edge of the interval)

(3) If t; = t;;1, then the above is equivalent to

((mll"'/mi'mi+1/"'1m1’l)/ (tll"'/ti/ﬁ/'"/tl’l)/x/y)

(so points at the same time can multiply in the monoid)

(4) If m; = id is the identity element in the monoid, the above is equiv-
alent to ((mq,...,mi_q,miz1,...,my), (t1, ..., ti1, tivt, -, tn), X, ),
so identity elements can disappear.

Remark 11.2.3. Loosely speaking, we can think of the bar construction as
being represented by points along an interval, which can fall of the edges or
multiply when they hit each other.
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Remark 11.2.4. Why do we use the notation ®? There is a sense in which
one can think of this as a tensor product. If you are used to seeing tensor
products of modules over a ring, you may recall X ® Y is identified with
the quotient of X ® Y by the relation (xm,y) ~ (x,my). In other words, it
is the coequalizer of the two maps X @ M ® Y — X ® Y given by either
multiplying M on the left or the right. Said another way it is Tor};(X,Y).
However, when we are dealing with topological spaces in the setting of
higher algebra, we also want to remember the higher tor groups or higher
homotopies, and so we need to take the whole complex as in the definition
of the bar construction to model X ®,, Y.

Example 11.2.5. Consider the case X = Y = pt with the action of the monoid
on X and Y being trivial (everything sends the point to itself). Then, X @1 Y
is commonly called BM and is the classifying space of that monoid. This can
be given a model by the bar construction where we can think of collections
of points in M on the interval, which can fall off the edges of the interval
(which corresponds to them acting trivially on the X and Y.

Remark 11.2.6. More generally, one can make sense of the bar construction
when X is just a [E; algebra (i.e. an associative algebra in spaces) and X and
Y are right and left modules for M. This will be useful if one wants to use
the usual configuration space (on which multiplication is only associative up
to homotopy, but not strictly associative).

Example 11.2.7. If we take M = G a finite group, then G forms a monoid
(and even a group) via multiplication. Take X = Y = pt so that the bar
construction is the (perhaps familiar) BG. We can form a model for the bar
construction given by

.o G = G* = G — pt.

If you have seen group homology, you may be familiar with this construction,
as the cohomology of the above complex computes the group homology of
G, or, equivalently the homology of BG.

Remark 11.2.8. More generally, if G acts on some topological space Y, then
we can form the bar construction pt ® Y with

o BXY S GEXY S GXY Y

It turns out that one can identify this with the homotopy quotient Y/ /G. For
example, if G acts freely on Y, this is just the usual quotient space Y/G.

Let’s now see a couple examples of bar constructions that are relevant to
configuration space.
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Example 11.2.9. Take M to be the topological monoid of pairs (x, t) where ¢ €
R>0, and there is some n € Z> so that x is a configuration x = (x1,...,x,)
of n points in the interior of the rectangle (0,t) x (0,1). This is a so-called
“Moore” variant of configuration space of points in the plane. See
for a visual depiction of the multiplication.

Consider the bar construction BM. We can think of this as configurations
of points in a rectangle. (This is identification is certainly not trivial, but
hopefully it is believable, where, if one starts with an element of the bar
construction, one can think of it as a collection of rectangles at various
points of the interval, and one can think of this construction as gluing these
rectangles together.) Here, points are not allowed to collide with each other,
but the can collide with the left or right boundaries of the rectangle, in which
case they disappear.

Example 11.2.10. Let’s now take M to again be the configuration space
monoid from the previous [Example 3.1.11, However, let’s take X to be
the left module Z and Y to be the right module Z where the action of
(x = (x1,...,%1),t) € M acts by addition by n on both modules above.
Then, there is a model for the bar construction associated to X ®p1 Y above
as configurations of points in a rectangle, together with integer labels of the
left and right edges of the rectangle. But now, when a point hits the left or
right edge, it disappears and increments that edge label by 1. Points are
also allowed to emerge from the left or right edge, in which case the label
decreases by 1. In this case, the sum of the left label, the number of points
in the rectangle, and the right label are constant in any given connected
component.

11.3. The stable homology of configuration spaces. Having shown con-
tiguration spaces satisfy homological stability, we next compute the stable
homology via a procedure called “scanning.” This will be the model exam-
ple for computing the stable homology, and it will be helpful to understand
this argument carefully, as we will do many similar but more complicated
scanning arguments in the future.

The other ingredient, in addition to scanning, is the group completion
theorem. First, we need to define loop spaces.

Definition 11.3.1. Let X, Y, Z be spaces with maps X — Y and Y — Z, the
homotopy pullback X xy Z is defined to be the space whose n-simplices
A" — X xy Z are given by the data of maps A" — X, A" — Z together with
a homotopy between the compositions A" — X — Y and A" — Y — Z. This
gives the maps from n simplices, and one can use this to construct natural
face and degeneracy maps to give X xy Z the structure of a Kan complex.
One can verify that X Xy Z is a space (assuming X, Y, and Z are spaces).
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Exercise 11.3.2. Show that one can give the following equivalent definition
of the pullback X xy Z in spaces. Namely, for X, Y, Z spaces, X Xy Z is the
pullback in the category of Kan complexes

XXy ”Z — XX Z

(11.2) l l

Map(Al,Y) —— Y x Y,

where Map(A!, Y) is the simplicial set whose n simplices are given by maps
A" x Al =Y.

For now, we only need the special case of pullbacks that X and Z are
points.

Definition 11.3.3. In general, for (X, x) a pointed space, we use Q)X to denote
the loop space of X, which is the fiber product * X x *. The points of this can
be thought of as a homotopy between the basepoint and itself, i.e., a loop at
the basepoint.

For X a pointed space, we use ()X to denote the component of QX
containing the basepoint (the constant loop at x).

Exercise 11.3.4. (1) Show that the 0 simplices of (X are in bijection with
maps Al — X sending both end points to the marked point x of X
(which you can think of as a map A? — X.

(2) Conclude 71p(QX) ~ 1 (X, x).

(3) Can you figure out the relation between the homotopy groups of X
and ()X in general? (No need to write up a proof of this, but just
make a guess.) Hint: Already the case of 711 (QX, x) is a lot trickier.
One wants to identify maps from A! x Al constant on the boundary
with maps from A? constant on the boundary. One can do this by
covering the boundary by two triangles, though it is quite involved.

The following theorem (and its generalizations) is our main tool for com-
puting the stable value of homology of configuration spaces.

Theorem 11.3.5 (Group completion theorem). Suppose M is a topological
monoid with 7to(M) = IN and use M; to denote the component of M indexed
by j € IN.

Then colimjcn Hy(Mj; Z) ~ H.(QoBM; Z), where the transition maps are
given by multiplication by powers of some fixed choice of m € Mj.

Remark 11.3.6. Let us spell out more concretely what the above is saying. In
the above setting, we can identify H.(QoBM; Z) as the stable homology of
M. Spelled out, the left hand side of the group completion theorem becomes
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g'

t t t+t

FIGURE 3. This is a picture of the monoid structure on config-
uration space. The first line depicts the monoid structure on
configuration space, which is not quite a topological monoid
because it is not associative, but it is a monoid up to homotopy.
It depicts the map Confsz x Conf; — Confy. The second pic-
ture shows the Moore variant where we keep track of a time
parameter, which is a topological monoid.

the colimit --- Hy,(M;Z) — H.(M;Z) — --- where the multiplication
operation is by some representative of the element m € M;. In other words,
the colimit consists of elements in some H;(M;;Z), modulo the relation
that x € H;(M;;Z) is identified with y if they agree after multiplication
by m/ for some j. If the homology stabilizes, by M,,, this means the maps
H;(Mg;Z) — H;(Mp1;Z) are all isomorphisms for f > a;, so this colimit
agrees with H;(M,,; Z). So, the group completion theorem is saying one can
identify the stable homology of M with the homology of ()yBM.

Remark 11.3.7. In general, even if the homology doesn’t stabilize, one can
still speak of the stable homology, which just means the above colimit.

Example 11.3.8. For example, we can take M to be the monoid Conf :=
Unen Conf,, or we can also take M to be the monoid UgenB Modé. (This
latter example is closely related to the moduli space of curves and is of much
interest throughout mathematics, though we won’t explain how to make this
into a monoid in these notes.) Strictly speaking, Conf, does not quite have
the structure of a topological monoid The monoidal operation on Conf;, is
roughly given by taking X € Conf, and Y € Conf,, two configurations in a
disc, and embedding the two discs into a bigger disc to obtain an element of
Confy; 1. See[Figure 3| Technically speaking, this is not actually a topological
monoid (though it is up to homotopy so one can make sense of it as a monoid
in an appropriate infinity categorical setting). Instead, if one wished to work
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with an actual topological monoid, one can use the Moore variant from
[Example 11.2.9,

Exercise 11.3.9. Check the above described monoidal operation on Conf does
not actually make Conf into a topological monoid, since the operation will
not be associative. Explain why this issue is remedied by working with the
Moore variant of configuration space from |[Example 11.2.9|(This will mean
that our upcoming arguments should mostly be interpreted up to homotopy,
and to get actual rigorous arguments, one will often need to “strictify” the
heuristic arguments we give in the scanning argument.)

Concretely, in the case M = Conf, := U,;>9 Conf, is the configuration
space of points in R? (or in the disc) the above is saying that the stable
homology of Confy, i.e., H;(Conf,; Z) for n sufficiently large (which was
shown to stabilize in [Theorem 11.1.8) agrees with H;(QB Conf; Z).

The next theorem computes the stable homology of configuration space.
Namely, it shows it is that of 235> which can be completely understood
using homotopy theory (which we won’t go into in this course).

Theorem 11.3.10. There is an equivalence OB Conf ~ 0?52,

Remark 11.3.11. One may still wonder how to compute the homology of
0282, Tt turns out that Q%S2 has the rational homology of a circle, which
is to say H;(Q35% Q) = H;(S';Q) whichis Qisi € {0,1} and 0 otherwise.
However, Q35? does have a lot of torsion homology.

Proof. Recall that a space is grouplike if 1pX is a group.

Fact 11.3.12. In general, for any grouplike space X, we can identify QOBX ~ X.
(This is a generalization of the fact that for G a group, OBG = G; the idea
of the proof of this is essentially that 77;(BG) = G if i = 1 and 0 otherwise,
and () shifts homotopy groups by 1 so ;Q0BG = G if i = 0 and 0 otherwise,
implying G — QBG is an equivalence.)

Now, since B Contf is grouplike as its component group is a point, the above
implies QOB Conf ~ Q(QB)B Conf. Hence, to complete the proof, it suffices
to identify B Conf := B(B Conf) ~ S2. This is done in[Lemma 11.3.18, [

We now build up to checking B2 Conf ~ S? in four steps. The first two
involve identifying B Conf and the next two involve identifying B> Conf
similarly.

Lemma 11.3.13. B Conf can be identified with the space of points in a rectangle
where points can fall off or emerge from the left or right sides (but not the top or
bottom,).
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FIGURE 4. This is a picture of the first part of the scanning
argument, which takes a point of B Conf, thought of as a collec-
tion of configurations of points, and puts them together to get
a single point of configuration space of points in a rectangle,
but where the points are allowed to fall off the ends.

FIGURE 5. This is a picture of the scanning argument of
I[Lemma 11.3.15where one pushes the points out horizontally
to arrange that there is only one in each row.

Proof sketch. The idea is to view a point of the bar construction ((my, . ..
as a collection of n configurations in a rectangle, with the ith such configu-
ration has r; points, and is centered in a small interval around ¢;. This can
alternatively be described as a single configuration of r; + - - - + r,, points
in a rectangle. See (This procedure is part of what is sometimes
called scanning.) The equivalence relations from the definition of the bar
construction precisely translate to the condition that points are free to fall off
the left or right ends of the rectangle.

Exercise 11.3.14 (strenuous exercise, optional). The above is clearly not
completely rigorous but gets across the idea. To make it completely rigorous
requires some work, and in particular one has to show that one obtains a
homeomorphism respecting the topologies on both sides.

0

Lemma 11.3.15. B Conf can be identified with the space of points in a rectangle
where point can fall off or emerge from the left or right sides (but not the top or
bottom), and, moreover, there are no two point with the same vertical coordinate.

sketch. First, using|Lemma 11.3.13, we can put ourself in the setting described
there, and we only need to show we can arrange that there are no two points

/mi’l)/ (tll ..

)
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FIGURE 6. This is a picture depicting depicting the proof idea
of Lemma 11.3.171

with the same vertical coordinate. This can be achieved by zooming in to an
interval close to the middle of the rectangle. Either there will be no points
in a small neighborhood of the middle of the rectangle, in which case the
resulting configuration will be empty. If there are points remaining, we
can zoom in sufficiently far so that there is at most one point remaining in
each vertical coordinate. (If there are two, there is some definite distance
between them and we can zoom in enough so at least one falls off.) Thus,
we have achieved the condition that there is at most one with any given
vertical coordinate. (This procedure of zooming in is sometimes referred to

as scanning.) See [Figure 5|

Exercise 11.3.16 (very strenuous exercise, optional). Fill in the details of
the above proof. Hint/Reference: One possible reference for a very similar
statement and argument is [BDPW23, Theorem 5.2.3]. O

Having created a model for B Conf we next follow a very similar procedure
to make a model for B2 Conf.

Lemma 11.3.17. B? Conf can be identified with the space of points in a rectangle
where points can fall off any of the four sides, and there are no two points with the
same vertical coordinate.

Proof. This is very similar to the proof of [Lemma 11.3.13| See [Figure 6| for
a visualization. If C is the space described in [Lemma 11.3.15| then we can
identify B(B Conf) ~ BC, and we can think of a point of this as a collection of
n configurations as in C, stacked vertically, which can either fall off the top or
bottom. This is precisely the above description in the lemma statement. [J

Lemma 11.3.18. B2 Conf ~ S2.
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FIGURE 7. This is a picture depicting depicting the proof idea
of Lemma 11.3.18

Proof. Using [Lemma 11.3.17| can be identified with the space of points in
a rectangle where points can fall off any of the four sides and there are
never 2 points with the same vertical coordinate. Then, by performing a
similar “zooming in” homotopy to that described in [Lemma 11.3.15| one
can zoom in on the horizontal coordinate 1/2 and arrange that there is at
most a single horizontal coordinate occupied by a point in the configuration.
See This implies there is at most 1 point in the configuration. The
resulting space of < 1 point in a disc is the 1-point compactification of the
disc (the additional point corresponding to the empty configuration) which
is precisely S2. O

Exercise 11.3.19. Let Conf, « denote the configuration space of n distinct
points in RF and let Confgy := U,>0 Conf,, ge.
(1) Using arguments similar to the above, show more generally that
B¥ Confpy ~ S¥. Note that above we used Conf for Confp..
(2) Use the first part to show and the group completion theorem to show
the stable homology of Confy is identified with the homology of
Qfsk.
(As usual, QfS* denotes the component of OfS; containing the basepoint
which can be thought of as the constant map from S* to S¥ at the basepoint.)

The next exercise can be interpreted as saying that, as k — oo, the above
map Conf, px — BS;, becomes closer and closer to being a homotopy equiv-
alence.

Exercise 11.3.20. (1) With notation as in the previous exercise, show that
the map Conf, r — BS; (coming from the fact that unordered con-
figuration space is a quotient of ordered confirmation space by the
action of S,, permuting the marked points) induces an isomorphism
on homology groups H; fori < k — 2.
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(2) Additionally, show the map is also an isomorphism on homotopy
groups 7t; for i < k —2. To do this, identify the homotopy fiber
of the map with Pconf, pr. Show this is simply connected and its
first k — 2 homology groups vanish. Deduce from a version of the
Hurewicz theorem that its first homotopy groups vanish. Conclude
Conf, rc — BSy also induces isomorphisms on homotopy groups 7;
fori <k-—2.

Exercise 11.3.21. Assume H;(S,; Z) stabilizes to for i fixed and n — oo to
some H;(S«;Z). (For us, Se does not have any meaning, and this is just
notation for this stable value of these homology groups.) Also assume that
H;(QfSk; Z) stabilizes as k — oo to some H;(QFS; Z).

Assuming these two stabilizations, and using the previous exercises, show
that we have an isomorphism of Z modules H;(Q§’S; Z) ~ H;(Seo; Z).

Remark 11.3.22. In case you are familiar with the sphere spectrum, the above
exercise says that the stable homology of symmetric groups is the same as the
stable homology of the sphere spectrum. This is known as the Barratt-Priddy
theorem or the Barratt-Priddy—Quillen theorem.

11.4. A more advanced group completion theorem. Although we didn’t
need it for configuration spaces, in the future, it will be useful to have the
following more advanced version of the group completion theorem.

Definition 11.4.1. Of A, is a graded ring, a multiplicatively closed subset
S C A, satisfies the left Ore condition if the following two conditions hold:
(1) foreverys € Sand a € A,, thereiss’ € S,a’ € A, withas’ = sa’ in
A*.
(2) If a € A,,t € S satisfy at = 0 then thereis s € S with sa = 0.

We also recall the notion of localization. This is just the standard notion of
localization from an introductory commutative algebra course.

Definition 11.4.2. For A, a graded ring, and N, a graded A, module, and
S C A, a subset satisfying the left Ore condition, the localization N,[S™1]
(also sometimes notated S~!N.,) is the the quotient of S x N, by the equiv-
alence relation generated by (s,n) ~ (s',n’) if there are 4,4’ € A, so that
as = a's’ € Sand an = a'n’.

For M a monoid, we use 71pM to denote its monoid of components. For
example, if M = Conf then mpM = IN, with points of Conf, lying in the
component n € IN. Since oM acts on H.(M;Z), we can localize H.(M; Z)
at the multiplicative subset 71yM, which we notate as H,(M; Z)[(rroM) 1.
(There is no higher algebra going on here, by localization, we just mean
localization in the above sense.)
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Theorem 11.4.3. Let M be a graded monoid so that oM C H.(M; Z) satisfies
the left Ore condition. Then,
H.(M;Z)[(moM) Y] ~ H,(QBM; Z).

Exercise 11.4.4. Show [Theorem 11.3.5/follows from [Theorem 11.4.3l Hint:
It may be helpful to know that 77o(QQBM) is the group completion of 7roM,
meaning that it is the initial group to which 7o M maps.

12. BACKGROUND ON RACKS

Prior to this, we have been focusing on homological stability for Hurwitz
spaces associated to ¢, where ¢ C G is a union of conjugacy classes in a
group. It turns out that to define Hurwitz spaces, one only needs a notion
of how c acts on itself by conjugation. There is no need to have the addi-
tional group structure of multiplication and inversion. This is because the
action of the braid group on c" is given by elementary generators sending
(g,h) — (h,h=1gh). Racks are a type of algebraic object which encodes this
information.

Definition 12.0.1. A rack is a set ¢ with a binary operation &> : ¢ X ¢ — ¢ such
that the following two properties hold.

(1) For every x € c, the map ¢y : ¢ — ¢,y — x>y is a bijection.
(2) Forany x,y,z € ¢, x> (y>z) = (x>y) > (x> 2).

Definition 12.0.2. Given a rack c, there is an action of ¢ on itself, and a
component of c is an orbit of ¢ under this action.

Example 12.0.3. An important class of racks is those coming from unions of
conjugacy classes in a group. Say ¢ C G is a union of conjugacy classes. In
this case we take x >y := x~lyx, for x,y € c. On the right hand side, x ~'yx
is viewed as multiplication in the group. This is a rack because conjugation

by x € c induces a bijection on ¢ and the second condition holds because
X1y lzy)x = (2 lyx) 7 (xzx) (xy).

If c generates G, then the components of c are precisely its conjugacy
classes. The reason for this is that if x and y lie in the same conjugacy class,
there is some element ¢ € G so that x = ¢~ lyg, and then by writing ¢ as a

product of elements in ¢, we see x and y lie in the same component of c.

Exercise 12.0.4 (Important exercise). Show that the following gives an equiv-
alent definition of a rack. A rack is equivalent to the data of a set ¢ with
an action map > : ¢ x ¢ — ¢,(a,b) — ap> b such that for all » > 1 and all
1 <i < n—1,the operation

ot — "

(xll ey X1 Xy X 1, X 2 - 1y xn) = (xll ey X1, Xt 1, X1 B X, X2, e, xn)
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defines an action of the braid group B, generated by oy, ...,0,_1, on c".

Exercise 12.0.5. View the map > : ¢ X ¢ — casamap ¢ : ¢ — Hom(c,c), x —
¢x. Show that [Definition 12.0.1(2) is equivalent to the condition that ¢ is
equivariant for the actions of ¢, where z € c acts on the source via x
z > x and the action of z € c on the target is given by sending «(e) —
z>a((z>)"te), for « € Hom(c,c). Show that [Definition 12.0.1(1) is the
condition that these endomorphisms ¢, are automorphisms.

Exercise 12.0.6. Give an example of a rack with two elements that is not a
union of conjugacy classes in a group.

Exercise 12.0.7. A quandle is a rack with the property that x >x = x. The
example from [Exercise 12.0.6|will not be a quandle. Give an example of a
quandle with three elements that is not a union of conjugacy classes in a
group. Hint: It turns out there is a unique such quandle, and it is called
the Joyce quandle. To show it is not a subset of a group, note that if x, y are
elements of a group x~'yx = y if and only if y~'xy = x if and only if x and
Yy commute.

Notation 12.0.8. For carackand g, g1,...,8n € ¢, we will use the notation

(g1 -gn)>g:=(gn> (- (2> (g1>8)) "))

Note the reversal of order in the iteration of the g;, which is compatible with
the convention from [Example 12.0.3

Definition 12.0.9. The reduced structure group G? of a rack c is the subgroup
of Aut(c), the automorphism group of the rack c, generated by the automor-
phisms y — x>y for all x € c. It follows from the definition of a rack that
these are rack automorphisms.

Exercise 12.0.10. If G is a group and ¢ C G is a union of conjugacy classes in
G. What is G? Hint: Even if c = G, G? may fail to equal G.

As mentioned, the natural setting to define Hurwitz spaces over the com-
plex numbers is in the setting of racks which defines them as a finite étale
cover of configuration space.

Definition 12.0.11. Let ¢ be a rack. Upon identifying 7r; (Conf,) ~ B, we can
identify finite étale covers of Conf, with maps from B, to finite sets. Define
the pointed Hurwitz scheme over C to be the finite étale cover Huri, — Conf,
corresponding to the map B, — Aut(c") associated to the rack, using the
formulation in [Exercise 12.0.4

If cis arack with components ¢y, ...,cpand ny + - - - +n, = n, let c"1"v C
¢ denote the subset such that there are 1n; elements in component c;. Then
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we define Hur;, , — Confy, _ , to be the finite étale cover corresponding
to the map B, — Aut(c™"™). There is a subset (¢")° C ¢" parameter-
izing n tuples of elements in ¢ whose actions together generate GY. We
let CHur;, denote the finite étale cover of Conf, corresponding to the map
By — Aut((c")?). Finally, we let CHur;, , denote the finite étale cover of
Confy,, n, corresponding to the map B, — Aut((c")° Nc™"). Thisis a
union of components of Hur;, .

Example 12.0.12. Suppose ¢ C G is a union of v conjugacy classes c; U- - - Ucy,
in G. Then the complex points of Hur;, parameterize G covers of C with n
branch points whose inertia lies in ¢ C G with trivialization of the G cover
in some subset [k, co] for some k € R (where the choice of k is not part of
the data of a point in the space). Similarly, CHurj, parameterizes covers as
above whose source is connected. The complex points of Hur;,  , parame-
terize covers with n; branch points whose inertia lies in ¢;, and CHur, )
parameterizes such covers whose source is connected.

oMy

Exercise 12.0.13. Let ¢ be the Joyce quandle. Explicitly this has three elements
x,Y,z where x>y = z,x >z = y and all other actions are trivial, i.e. s>t =t
if (s,t) isnot (x,y) or (x,z). Write ¢ = ¢y Uy with¢; = {x},co = {y,z} asa
union of its two components. Show that points of Hurj, ,,, can be interpreted
as double covers f : X — A! together with 1, marked points in X at which
f is unramified and n; marked points of X at which f is ramified. Possible
cryptic hint: Interpret how a generator of the braid group acts on the Hurwitz
space as how x, y, z act on each other when one branch point winds around
another branch point. Another way to think about this is that this has a map
to the two colored configuration space, and the fiber keeps track of when the
element of the second component is y or z.

Remark 12.0.14. One reason to sometimes prefer working with groups is
that there is a natural moduli interpretation of Hurwitz spaces associated
to a group, which lets one define them over Z[#G~!]. As described above,
it is less clear whether there is such a natural moduli interpretation for
Hurwitz spaces associated to racks. This could potentially be answered
by the following question. This is in interesting open problem that I think
should be worked out, and would have natural applications to arithmetic
statistics.

The above exercise describes Hurwitz spaces associated to the Joyce quan-
dle c as G? covers together with a marking of some of the points in the fiber
of the cover.

Question 12.0.15. If ¢ is any rack, can Hur¢, be interpreted as GY covers
together certain marked points in the source of the cover.
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I conjecture the answer to this question is yes. It may actually be doable (I
haven’t thought carefully about it) for you to prove this conjecture is correct
(or find a counterexample).

13. THE MAIN RESULTS ON THE STABLE HOMOLOGY

Having shown the homology of Hurwitz spaces stabilizes, we next aim to
compute what it stabilizes to. The general statement is as follows.

Recall we use G to denote the structure group of arack c. Soif c C Gisa
union of conjugacy classes which generates G and G has trivial center, then
G? = G.

In general, the homology of Hur;, will not stabilize in n since the number
of its components may grow as n grows. Instead, we have the following
result. Recall CHury, , denotes the union of connected components of
Hurj, with ny + - - - + n, = n parameterizing connected covers with #; points
in ¢;, for ¢; the ith component of c. (Recall the components of a rack are the
orbits of the rack acting on itself.)

Notation 13.0.1. Let ¢ be a rack. We can identify the connected components
of the pointed Hurwitz space Hur}, with orbits of the B, action on ¢”*. Under
this identification, we use a, € 7o Hur{ as notation for the component with
a single branch point labeled x and so ay, - - - ay, € o Hur}, corresponds to
the B, orbit of (x1,...,x,).

Theorem 13.0.2. Let c be a rack with components ¢ = c¢; U ---Uc,. There are
constants I and | so that for ny > Ii + ], and any x € c1, the map CHur;, ,~—

CHury, 11, . n, induced by multiplication by a (sending a cover to the same cover

together with one more branch point labeled x near o) induces an isomorphism
H;(CHury, ,.;Z) ~ H;(CHur, ;Z) when ny > Ti+ J.

ni+1,n,,...1p

We repeat this in[Theorem 16.0.1|and prove it there.
We can also compute the stable value of this homology group. For this,
the reader may wish to recall the notion of the reduced structure group G?

from [Definition 12.0.91

Theorem 13.0.3. Let ¢ be a rack with components c = ¢y U - - - U ¢y,. There are con-
stants I and ] so that For Z C CHury,  , a component, the map CHur;, ,~—
Confy,,, . n, (which comes from the definition of CHur®, but in the case c is a subset
of a group corresponds to sending a cover to its branch locus) induces an isomorphism
Hi(Z; Z[1/#GQ]) ~ H;(Confy,, _u,;Z[1/#G0]) when ny,...,ny, > li+ J.

The above result on the stable homology requires that all #; are sufficiently
large, whereas the earlier theorem tells us the homology stabilizes once any
one of the n; are sufficiently large. This leaves open the question of what the
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stable value of the homology is when only 7 is large. We give an answer in
[Theorem 18.0.9| which then implies [Theorem 13.0.3]

14. STABILITY OF A QUOTIENT

The starting point for our proof of homological stability is to show a certain
quotient of Hurwitz space has homology which stabilizes.
To state the result precisely, we need some notation.

Notation 14.0.1. Let ¢ be a rack. Let Hur® := U,Hur{, and let A, :=
C.(Hur®), where C, denotes the chains functor defined in [Definition 10.4.9]
For « € myA. we write A./a to denote the object in the derived infinity

category A — A, (the mapping cone of ). Fix a rack ¢ and choose a total
order xq,..., X|c| of the elements of c¢. Define the A, bimodule

ordc X‘ ‘)

Ac/ (@) = AfaZ P @4 A/ a8 @y @a, Ac/al]

(Above we used a notation for tensor products. This is a natural monoidal
operation in the derived infinity category. If you’d like one way to define the
tensor product is as the bar construction from (11.1) we discussed earlier.)

Remark 14.0.2. The reason we are quotienting by the ord.(x;) power of x;

is so that xordc( i) Y= yxordc(xl) which will allow us to view the quotient as a

bimodule instead of just a 1-sided module.

Definition 14.0.3. If X is a graded space or graded chain complex, we say
X is bounded in a linear range if there are constants I > 0 and | so that
7i(X,) = 0 for for n > Ii + J. (Recall that when X is a chain complex,

(X, ) = H;j(Xy; Z) by convention, see [Fact 10.4.10})
Theorem 14.0.4. For ¢ a rack, and A, := C.(Hur"), as defined above, then
A/ (a4 is bounded in a linear range.

We will prove a similar, but slightly simpler result in[Theorem 17.0.6| The
same idea used to prove that also works to prove this and we leave it as
an exercise in [Exercise 17.0.10l We won't further explain the details of this
statement, but the interested reader can see [LL25a, Theorem 3.2.6].

Exercise 14.0.5. Using that there is a map ¢ : Cs (Conf ) — Ci«(Conf, 1)
which induces an isomorphism on ith homology once “=1 > i, show that
C«(Conf) /0 is bounded in a linear range. Hint: In thls hint, we use the
notation XX to denote the shift of X by 1 (so the ith homology of XX is the
i — 1st homology of X). In general, 2(A/0) has a two step filtration whose
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associated graded pieces are ker o and X (coker o) This is coming from the
fact that there is an exact sequence in the derived category

(14.1) 0 —— kerc —— X(A/0) —— Xcokerc —— 0

which comes from the exact sequence of chain complexes

(14.2) 0 —— kerco s A —25 A > cokerc — 0

15. SHOWING THE HOMOLOGY STABILIZES FOR TRANSPOSITIONS IN S3

Let’s first explain how to prove this in the special case that G = S3 and
c = {x,y,z} C S3is the set of transpositions. A lot of things are simpler
in this case, though many of the essential aspects of the proof are already
present.

We use ay to denote the element of 77y Hur{ corresponding to the element
x, and similarly for y and z. The starting point is [Iheorem 14.0.4/ which
says that the homology of C. (Hur®)/ (a2, ocﬁ, «2) is bounded in a linear range.
This means concretely that its ith homology vanishes for n large relative to
i (i.,e. when n > Ii + ]). The idea will then be to remove each of the three
elements we are quotienting by, and compute the stable homology at each
step. The fact that C..(Hur®) / (3, &7, a2) is bounded in a linear range implies
that a2 induces isomorphisms C,(Hur®) / (a2, zx;) — Cy(Hur®)/ (a2, zxi) ina
linear range.

The idea will be to compute the stable value of this cohomology. There is
an obvious source of the cohomology of C.(Hur®)/ (a2, oci). Namely, there
is a subrack of ¢ generated by the singleton z. We'll refer to this subrack as
z C c. There is a map Hur* — Hur‘ sending a cover with branch labels all
in z to the same cover, since z € c. It will be convenient to have a retraction,
i.e. a map in the other direction. This doesn’t exist yet, since we don’t know
where to send labels x or y. We can rectify this by adding a disjoint basepoint.

Notation 15.0.1. For X a space, we use X, to denote the space X]] *, the
pointed space which is the disjoint union of X and a basepoint *.

We then obtain a map Hur{ — Hur? which sends a cover labeled by only
zs to itself and it sends every cover either with an x or y to the basepoint.
Using C. to denote reduced chains, we have C.(Hur, ) ~ C,(Hur®), so it
will be enough to understand reduced chains of these Hurwitz spaces with
disjoint basepoints.

In order to set up our next calculation, we need the notion of localization.
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Definition 15.0.2. Let R be a ring object in the derived infinity category
of Z modules. Fix r € moR and let Ch(R[r~!]) C Ch(R) denote the full
subcategory consisting of R modules M so that r acts by an equivalence on
M as above. The inclusion Ch(R[r~']) € Ch(R) has a left adjoint called
localization Ch(R) C Ch(R[r~!]) which sends an R module M to the module
we denote by M[r~!]. (We will not prove this adjoint exists, but just take it
as a fact. However, you may wish to see the next exercise.)

Example 15.0.3. Consider an associative ring R an element » € 77pR and a
module M as above. Suppose that r is [E, central for R, meaning that there
is an R-bimodule maps R — R sending 1 to r. (Loosely, you can think of
this as saying that r suitably commutes with left and right multiplication by
elements of R.) In the context of this course, we will only use this in the case
that R is a Hurwitz space, and r € mgR is a central element of the discrete
monoid 77pR, in which case one can construct a homotopy between left and
right multiplication by r on R by “moving r around the other element,” (see
[LL.24, Lemma 4.3.1]) implying r is [E; central. Then, the localization M[r~!]
can be identified with the colimit M := colim(M — M — M — --+)
where the maps are all multiplication by r. The fact that r is [E, central
ensures that the above maps M — M by multiplication by r are all module
maps, because we can use E, centrality to identify s - » with r - 5.

Let us now give a sketch for why M = M[r~!], we want to show that
multiplication by r induces an equivalence on M and that if N is any
module on which r acts invertibly Homg (M, N) — Homg(Me, N) is an
equivalence. The first statement can be deduced using the Yoneda to define
an inverse map.

If we are given some map X — M, we can view itasamap f : X — Min,
say the ith coordinate for i sufficiently large, which yieldsamap rf : X — M
in the i + 1 coordinate. We then send this map to the map f : X — M
in the i + 1 coordinate, which is r times our original map. To conclude,
we want to show Homg (M, N) — Homg(Me, N) is an equivalence. The
inverse to this equivalence is simply given by sending M« — N to the
composite M — My — N. The tricky part is actually defining the above
map. However, we can do so as follows: given M — N, we get a map
Mo — No, and then we can identify N, ~ N using that N is a colimit of
equivalencesr : N — N.

Remark 15.0.4. In what follows, we will often localize some hurwitz space

at ay for x € c. This is the same as localizing at ai“‘f("), which is [E, central,

and so the localization may be computed explicitly using the above example.

The key calculation we now need to verify is the following:
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Proposition 15.0.5. The map Hur$, — Hur? induces an equivalence C,.(Hur®.) / (a2, (xﬁ) (1] —

C.(Fur})/ (a2, a2) a7 ).

In other words, we can interpret C, (Hur®)/ (a2, Déﬁ) [-1] as the part of the
homology of C..(Hur®) / (a3, &) which is stable with respect to multiplication
by a.. Then, the result says that the a, stable homology in C,(Hur®) / (a2, zxﬁ)
completely comes from the a; stable homology in C.(Hur?)/ (a2, txﬁ).

In what follows we use the general notion of bar constructions associated

to modules over an [E; algebra from [Remark 11.2.6!

Remark 15.0.6. A ring R in the derived category oo category is connective
if m;R = 0 for i < 0. (Recall we are using ;R as synonymous notation for
H;i(R).)

Lemma 15.0.7. Suppose R — S is a map of connective associative (IEq) rings which
induces a bijection ToR — 1S and an equivalence ToR @ moR — 179S @g 710S.
Then R — S is an equivalence.

Proof. The proof is a standard computation in descent. Namely, consider the
map R — mpR.

Lemma 15.0.8. For R an [E; ring, there is an equivalence between R and the limit
of the complex

oR — m9R ®r moR — R Qg R Qg R — - - -,

whose nth term is ToR¥R"1, and there are really n + 1 maps from myR¥R" —
ToRER" L corresponding to including into the complement of the ith factor.

Remark 15.0.9. Intuitively, you can think of this as a statement in descent,
where 7pR is thought of as a cover of R. Then, the n-fold tensor product
above corresponds to an n-fold fiber product. In usual descent for schemes,
one can check an equivalence between two schemes if one checks there is
an equivalence on the 1 and 2-fold covers. For stacks, one can check there is
an equivalence if one checks the 1, 2, and 3 fold covers. In this setting, it is
enough to check on n-fold covers for all n.

Proof. Let I denote the fiber I — R — mpR. Note that 1ol = 0 using the
sequence

(15.1) m (moR) —— mo(I) —— mo(R) —— 7mo(7R).

Since 71p(719R) = 7R, the last map is an equivalence. Since 7R is concen-
trated in homological degree 0, 771 (77oR) = 0 and so we conclude 7ol = 0.
This implies that I is concentrated in homological degree at least 1 and so
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I®rk is concentrated in homological degree k. Therefore, it suffices to show
that I®&¥ is equivalent to the limit

R — R — myR Qg mgR — - -+ — 7T0R®Rk_1 — 7T0R®Rk

where, again, there are i maps from the i — 1th tensor power to the i tensor
power coming from including away from the jth coordinate for 1 < j <.

The case k = 1 is the definition of I, so let’s next look a k = 1. Then, we
can reformulate the colimit we are trying to compute as the colimit

R— 5 mR

(15.2) l l

moR —— 1R ®g MR
or equivalently the colimit of the diagram

R®Rr R —— R®p mpR

(15.3) l l

ToR ®r R —— myR ®g mpR.

The fiber of the left hand vertical map is I ®g R and the fiber of the right hand
vertical map is I ®g 1R, so the colimit of the above diagram is the same as
the fiber of | ®g R — I ®g 7R, which is precisely I ®g I = I ®r2 The proof
in the general case is similar, and can be demonstrated by induction. For
example, let us just run through the k = 3 case. Here, the colimit we wish to

show is I®®3 is the colimit of the cube with front and back faces
(15.4)

R®RR®r R —— myR®r R®r R R®gr R®g mgR ——— myR ®r R @R 1R

! ! | !

R®gr moR ®g R —— myR Qg MR g R R ®g MR ®r m9pR —— moR ®R mpR ®r 1R

We showed above that the colimit of the front face is I ®g I ®g R while the
colimit of the back face is [ ®g [ ®g pR. So, the total colimit is the fiber of
the map I ®r I ®R R — I ®r I ®r R which is I ®g I ®g I. The general
case for k larger is similar and can be proven by induction. O

Using [Lemma 15.0.8} in order to identify R and S, it suffices to identify
R ~ oS and mER¥R" 1 ~ 7155¥s" 1 We are assuming the case n = 1
holds, and from this we can deduce the case n > 1 by iteratively applying
the n = 1 case. For example, to see the case n = 2, using the n = 1 case twice
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we see
(oR @R oR) @g MR =~ (710R ®5 moR) ®r R
~ 710R ®g (71oR @R 7oR)
~ 11oR ®s (71oR ®g 1oR)
~ 1195 ®g 1S Rg 7T)S.
U
A similar argument (whose proof we omit) also allows us to prove a

slightly upgraded version of the above lemma which will help us deal with
quotients:

Lemma 15.0.10. Suppose R — S is a map of connective associative rings which
is surjective on 110, suppose Is C 1S is a two-sided ideal and Ir C moR is the
preimage of Is. Let M be a bounded below right R module so that I acts nilpotently
on 1t;M for each i. If

oR/Igr @r moR/Ig — S/ 15 ®g 19S/ I
is an equivalence then M ~ M ®g S is also an equivalence.

Proof of [Proposition 15.0.5, We apply|Lemma 15.0.10/with R = C,.(Hur)[a;!],S =

C.(Hur®)[a; '], Is = 0 and Iz = (ay, ay), and M = C.(Hur®)/ (a3, a7)[az ).

First, note that a, and &, act nilpotently on 77; M for all i because M involves
a quotient by a2 and (x]?;. Since we can identify

C(Hur®) / (az, ay) [ '] = Co(Hur®) / (a3, a5) [a7 '] @, pure) Co(Hur?),

it remains only to verify the hypothesis of the lemma. That is, we only need
to show

7TOR/IR QR 7TOR/IR — 7'(05/15 Xg 71'05/15

is an equivalence. Explicitly, Is = 0 and Ir = («x, ay), and hence 7195/ Is ~
C.(Z) ~ C.(Z) and we also have myR/Ig ~ C.(Z, ), where the Z keeps
track of the number of elements labeled z and the + is the component
of the basepoint. We use C for the reduced chains functor (the cofiber of
C.(pt) = Ci(X)). In particular, C,(X;) = C.(X). Spelling this out, we
want to show there the map

C.(Z) e, (Hurt) Cu(Zy) = Cu(Z4) e, (Hur?) Cu(Z)

is a homology equivalence. (Technically, a direct application of[Lemma 15.0.10)
would have us tensor over R = C,(Hur?)[a; !], but since a; ! acts invertibly
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on Z., we can identify C.(Z ) BE, (Hur ) o] Ci(Z4) ~Ciu(Z2) B¢, (Hurt)

C«(Z).) The above map is identified with a map
6* (Z+ ®HurC+ Z+) — é* (Z+ ®Hurz+ Z+)/

where the tensor products above are taken in pointed spaces. Moreover, it
suffices to do this on the level of spaces, before taking chains. That is, it
suffices to show

L Oy, Ly — Zy Qnurz. Ly

is a homology equivalence , which is the content of [Proposition 15.0.11, [
Proposition 15.0.11. We have that

L Onu, Ly — Zy Onurz. Lt

is a homology equivalence.

Proof. We can identify Z ®y,c Z+ explicitly with configurations in a rec-
tangle, where the points are labeled by elements of ¢, and so that they can fall
off the left or the right. If a z falls of either side, it increments the number in
the corresponding Z by 1, and if x or y falls of the configuration is sent to the
base point. Moreover, when a point labeled by a passes above f it gets conju-
gated by B. Moreover, via a scanning argument as in|Lemma 11.3.15) we can
assume there is at most a single point with any given vertical coordinate.

The map Hur, — Hur? has a section Hur? — Hur‘, given by sending
a cover with branching only labeled by elements of z to itself, by viewing
{z} as a subset of c. Under the above identification, the complement consists
of consists of the subspace of Z @y, Z+ corresponding to covers with
some branch point labeled by either x or y. To conclude, it is enough to
produce a nullhomotopy of this subspace. This nullhomotopy is constant
at the basepoint, and, on all other configurations, is given by locating the
lowest point labeled x or y and pulling a point labeled z out from the left
directly above the point labeled x or y and moving it across the rectangle to
the right at constant speed. Assuming this map is continuous, it will indeed
be a nullhomotopy, because when the z passes above the single x or y below
it, it will get conjugated to y or x, and so when it then hits the right hand
side, it will send the configuration to the basepoint.

In order to check the claimed map is continuous, we need to verify that
small perturbations of the configuration will result in the same map. First,
any point moves (and possibly falls off the rectangle), apart from the lowest x
or y, our homotopy would have been the same, pulling the z above the lowest
x or y, which we are assuming does not move. Therefore, the only thing to
worry about is whether the lowest x or y moves and falls off. However, in
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this case, our configuration would be sent to the basepoint, which is also
compatible with our nullhomotopy.

Remark 15.0.12. There is actually an important technical point above that
needs to be addressed. If one simply moves the point z “directly above” the
lowest point labeled x or i, we have not exactly specified the height at which
we move it. We need to be more precise here. One way to try to fix this is to
choose a specific € and if the lowest x or y is at height &, move the z at height
h + 5. However, it could be that there is some other point at height i + /4,
and then this wouldn’t be the homotopy we wanted, since we want there to
be no point between the z we are moving and the height & of the lowest x or
y.

To get around this issue, one can choose a specific ¢ > 0 and work with the
subset of the Hurwitz space where any two vertical points have spacing at
least e. The usual Hurwitz space is the union over ¢ > 0 of these ¢ Hurwitz
spaces. If one then moves z at height & 4+ ¢/2 as above, it lies in an € /2 spaced
Hurwitz space, and will be directly above the lowest x or y because we are
assuming vertical heights of points in the initial configuration have spacing e.
It is a general fact that it is enough to produce homotopies on these € spaced
Hurwitz spaces; see [LL24, Lemma A.4.6] for the technical details.

O

Exercise 15.0.13. Suppose 7 is an odd number and c is the conjugacy class of
order 2 elements in D,,, the dihedral group of order 2n. Choose any z € ¢
and define Z . as a module for Hur_ by letting z act by incrementing the
integer (it sends n > n 4 1 and fixes the basepoint) and any x € c — z act by
sending everything to the base point (it sends any n € Z to the basepoint).
Argue similarly to the above that we have an equivalence Z | ®py,, Z+ —
Ly Qs Loy

An important part of this exercise is thinking through the continuity of the
homotopy.

The next exercise elucidates an important simplification in the S3 case that
does not work in general.

Exercise 15.0.14. Suppose now that we take c to be the conjugacy class of
transpositions in S4. Why does the above homotopy no longer work to
1dent1fy ZJF ®Huri Z+ and ZJF ®Huri_ ZJr?

Exercise 15.0.15. In the proof of [Proposition 15.0.11} we defined a nullhomo-
topy where we find the lowest element not labeled z and move a z above it.
One could imagine trying to instead define a homotopy where we move the
lowest element not labeled z to the left (instead of introducing a new point
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that we move above it). When this point hits the left, the configuration will
become the base point. Explain why this alternate proposed homotopy is not
continuous. Hint: Consider a sequence of configuration where the lowest
point not labeled z tends to the right boundary.

So now that we’ve understood the stable homology of C.(Hur¢, )/ (a2, tx;),

we’d like to remove the other two elements we’re quotienting by. How-
ever, we run into an issue. Namely, we’d like to remove the quotient by txﬁ,

just as we removed a2, but we no longer have that the stable homology of
C*(Hurc)/(ai,zx;) is 0. Rather, it is that of C,(Hur?)/ (a2, [Xﬁ). If instead it
were 0, we would be all set to try and remove the next element of the quotient.
But thinking about things some more, we realize that C,(Hur?)/ ((x,zc,(xﬁ)
wasn’t something we were very interested in anyway. If we think of el-
ements of Hur® as degree 3 covers, Hur” corresponds to the components
parameterizing disconnected degree 3 covers, which are the disjoint union
of of a degree 1 cover and a degree 2 cover where all the branching of the de-
gree 2 cover is labeled by z. However, it is natural to focus on the connected
covers. That is, instead of considering Hur®, we can consider the union of
components CHur® C Hur® parameterizing connected covers. Then, the
same argument as in [Proposition 15.0.5{shows:

Proposition 15.0.16. @(CHuri)/(zxi,aﬁ) [a;1] = 0.

Remark 15.0.17. Instead of repeating the argument, we can deduce
sition 15.0.16| directly from [Proposition 15.0.5|by filtering the two sides by

their components parameterizing connected degree 3 covers. Since there are
no connected degree 3 covers associated to Hur?, this will show the stable

homology of C..(CHur$ )/ (a2, (xﬁ) [a; 1] vanishes.

Why is the above helpful for computing the homology of C(CHur®, )/ (a2, o5)?

We have only computed it after inverting a,. The next lemma says that in
order to show the homology of C,(CHur )/ (a2, o@) is bounded in a linear

range, it is enough to show the quotient by a2 is bounded in a linear range

and it vanishes after inverting a2 (which is the same as inverting a).

For the next lemma statement, it will be useful to recall [xgrdf(") is [E, central

in C,(Hur®) for any x € c as in[Example 15.0.3|

Lemma 15.0.18. Suppose that X is a graded associative ring in the derived infinity
category and v : X — X is a [E, central map of degree |v| in the sense that it sends
the jth graded part to the (j + |v|)th graded part for some |v| € IN. Suppose X /v
is bounded in a linear range and X[v—'] = 0. Then X is bounded in a linear range.
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Proof. We have a sequence of homotopy groups that is exact in the middle
(Y
7Ti+1((X/v)j+|v|) — X = X

Because X /v is bounded in a linear range, say 7;((X/v);) = 0 for j > f(i)
for some linear function f. Then, the multiplication by v is injective if
j+ o] > f(i+1). Using[Example 15.0.3, we can identify colim, 7t; X o =

7;Xj[v™1]. So, in such degrees as above, the map 7;X; — colimy, 71;X; ;|| =
nin[v_l] = 0 is injective. Hence, 7;X; = 0 when j + |v| > f(i +1),s0 X is

again bounded in a linear range. 0

Hence, from the above, we actually obtain that C,(CHur".)/ (a2, o

bounded in a linear range.

Now we are all set to remove another element from the quotient. Namely,
one can check localizations and chains commute with quotients (see [LL24,
Lemma 3.4.4] for a proof of the fact that localizations commute with quo-

tients) and so @(CHur@/(oci,aﬁ) (1] ~ (@(CHur‘jr)/(a%)[a;l]) /(045)).
oc% induces an isomorphism C, (CHur®, )/ (a2)[a; '] — C.(CHur%, )/ (a2)[a;].
If we knew the stable value of this cohomology were 0, we would obtain
that this is bounded in a linear range. One can argue this stable value is 0 by
using that y and z both act invertibly, but they also generate x, which acts

nilpotently. This idea is formalized in the next lemma.

) is

Lemma 15.0.19. We have C,,(CHur". )/ (a2) is bounded in a linear range.

Proof. Using|Lemma 15.0.18} it suffices to show C.(CHur<. )/ (a2) [, 11 ~o.
Moreover, since the above map is an equivalence if and only if it is an equiv-
alence both after quotienting by aZ and inverting a2 (see [LL24, Lemma 3.3.4])
itis enough to check C.(CHur¢, )/ (a2, a2) [ocy_l] and C,(CHur% )/ (a2) [ocy_l, a; !
are 0.

The first vanishing follows from |Proposition 15.0.16| (by switching y and
Z).

The second vanishing follows from the simple observation that x = y~!zy,
whish means &, - &z, = dx. We are quotienting by a2, ay will act nilpotently
on C.(CHur% )/ (a2) [, L az 1. (See [LL24, Lemma 3.5.2] for a proof of this
believable fact.) On the other hand, since we are inverting both «, and

Nz, 0y 0z0y will act invertibly on this. Therefore, we have some element
acting both nilpotently and invertibly on C.(CHur$ )/ (a2) e, L a7 1], which
implies it must be 0. ]

We can rephrase the above result as follows:



90 AARON LANDESMAN

Corollary 15.0.20. Let ¢ C S3 denote the set of transpositions. There are constants
I,] so that the map «, induces an isomorphism H;(CHurj;) — H;(CHurj,_ )
whenn > Ii+ J.

Proof. All in all, [Lemma 15.0.19| implies the multiplication by a2 induces
isomorphisms C,(CHur%, ) — C.(CHur", ) in some linear range, or equiva-
lently a, induces isomorphisms on homology in a linear range, which is the
statement we are trying to show. 0

Exercise 15.0.21 (Involved exercise). For this exercise, you may assume
[Exercise 15.0.13, Let ¢ be an odd prime. Let ¢ C D,; denote the subset of
order 2 elements (which can be thought of as acting by reflections on an /-
gon). Show that CHur satisfies homological stability in the sense above that
there are constants I and | (depending on /) so that for any x € c, the map
H;(CHury,) — H;(CHur;,_ ;) induced by ay is an isomorphism for n > Ii + .
(This generalizes the above argument where we considered the case ¢ = 3
where S3 = Dg.)

As we saw earlier in the course, the Hurwitz space associated to dihedral
groups in the above exercise is closely related to the Cohen-Lenstra heuristics.
We will next see that when ¢ = 2, the homological stability properties of
the Hurwitz space behave quite differently. This reflects the fact that the ¢
torsion in class groups behave quite differently when ¢ is odd or even.

Exercise 15.0.22. Similarly to the above exercise, suppose ¢ = 2,50 ¢ C Dy =~
Z./27Z x Z./27Z is the subset of order 2 elements. Compute the dimension of
Hy(CHurj,) and use this to prove that there do not exist constants I and | so
that H;(CHur,,) — H;(CHurj, ;) is an isomorphism for n > Ii 4 ].

AssumingTheorem 13.0.2|give a corrected homological stability statement
for H;(CHury,).

Remark 15.0.23. Incidentally, this gives a proof of homological stability
for CHur®, but it shows slightly more. Namely, it shows that all of the
operators ay, &y, and &, (we only showed this for the first but it holds for the
others by symmetry) induce isomorphisms on homology of CHur® in a linear
range. This is in contrast to [Theorem 17.0.6| (coming in a future section,)
which shows that the operator U = a2 + ocﬁ + a2 induces isomorphism
on C,(Hur) in a linear range. If we work with all of Hur®, a, will not
induce isomorphisms on homology because it will not send anything to the
components Hur” (which contain only zs and no xs).

The above shows that ay, ay, &, all induce isomorphisms on C(CHur")
past some linear range.
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16. PROVING THE HOMOLOGY STABILIZES IN GENERAL

The computation of the stable homology in general is quite similar to
the degree 3 case. Let’s now outline how it goes, focusing on the new
aspects. For now, we will only verify that the homology stabilizes. For the
computation of what it stabilizes to, we will prove a more general version
later in[Theorem 21.0.1) where we compute the stable value when just one of
the components has many points.

Theorem 16.0.1. Let c be a finite rack with components cy, . .., cy. There are con-
stants I, | so that for any x € c1, the map a induces an isomorphism H;(CHur;, ) —
H;(CHury, ) whenny > Ii+].

We give the proof in the remainder of this section. The result is implied by
[Lemma 16.0.6} as is explained immediately prior to its statement in [§16.0.5

ord(c

Recall that our starting point is[Theorem 14.0.4 which says that A,/ (az )
is bounded in a linear range with respect to the grading induced by any
component of c. Choose a subset x1,...,x, with x; € ¢;. We use CA, :=
C.(CHur®).

16.0.2. Rephrasing boundedness of a quotient as stability. Our goal is to show

CA./ (tngd(xl), e, a(;id(x”)) is also bounded in a linear range with respect to

the grading induced by any component of c. Since the x; all live in differ-

ent components, the next lemma |[Lemma 16.0.3/implies that CA./ (ocgfd(xl))

will be bounded in a linear range (by taking the bigrading in that lemma
where the first grading in the number of branch points in component ¢; and
the second bigrading is the number of branch points in all other compo-

(x1)

C s . ord . . .
nents), which implies that ay, induces isomorphisms H;(CHur{, ) —
1re-/0
' c . . . .¢ ord(xy) . .
H;(CHurj, , 4 ( xl),.--,nu) in a linear range. Finally, if &y, induces isomor-
phisms, one can also deduce &y, induces isomorphisms in a linear range,

since a composite of injective maps which is an isomorphism are individually

d(x1)

isomorphisms (and we apply this to ay; being a composite of ord(x1)

iterates of ay, ).

Lemma 16.0.3. If X is a bigraded space and v : X[0,1] — X is a map that shifts
the second grading by 1, if X /v is bounded in a linear range (with respect to the first
grading) then X is also bounded in a linear range (with respect to the first grading).

Proof. The cofiber sequence

(16.1) (X/o"1H[0,1] —— X/0" —— X/v
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shows by induction that X /v" is bounded in a linear range (with respect to
the first grading). Since X agrees with X/v" in the first n degrees for the
second grading, we see that X is bounded in a linear range (with the same
constants as for X /v) because all X/v" are all bounded in the same linear
range. U

Now, choose a set V' C ¢ containing one element of each component of c.
We claim

(16.2) CA./ (a4

is bounded in a linear range. We will prove [Theorem 14.0.4/by downward
induction on the size of V.

Lemma 16.0.4. CA./ (¢ ord(e )) is bounded in a linear range.
Proof. When V = ¢, we know

A/( ord(c )

isbounded in a linear range. We want to get from here to showing CA./ (a, ord(c) )
is also bounded in a linear range. Moreover, A, has a filtration whose asso-

ciated graded parts are of the form CA. for subracks ¢’ C ¢. By induction

on the size of ¢, we know CAy/ (zxo/r de )) is bounded in a linear range (and

there are only finitely many subracks of ¢, so we can take uniform con-
stants defining the linear range) and since every x € ¢ — ¢’ acts trivially on

CAu/ () de )) we also deduce each CA./ (agrd( )) is bounded in a linear
range. It follows that CA./ (oc?rd )) is bounded in a linear range. O

16.0.5. Deducing the stability theorem|Theorem 16.0.1, Now, suppose we know
(16.2) holds for all sets of size larger than V, which contain at least one ele-

ment in each component of V. We know that foreachy € c—V, C A / (oc?/rd( ), a;rd(y ))

is bounded in a linear range. If we can also show CA./ (oc?,rd )[o ’1]

then we will know CA./ (ay, ord(V )) is bounded in a linear range by|[Lemma 15.0.18
Hence, to prove|[Theorem 16 0.1} it suffices to prove the following lemma.

Lemma 16.0.6. Let y € ¢ — V. Supposing by induction on |V | that (16.2) holds

for all V' with |V'| > |V | we have CA./ (ay, ord( ))[(xy_l] =0.

Proof. Using that localization commutes with quotients by central elements,
by induction on |V|, taking z € V — y and V' := V U z, we have

Ca/ (@) / (a2) = CAS 5y ] = 0.
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which implies, by|Lemma 15.0.18|that it suffices to show CA./ (a(‘}rd )) (a1, a1 =

y 7
0. Repeating this argument iteratively implies that it is enough to show

CA./ (tx(‘)/rd )) o, 1y € ¢ — V] = 0. Hence, the result follows from|Lemma 16.0.7

and [Lemma 16.0.9] O

Lemr?a 16.0.7. If V C c is not a subrack, we have CA. /(zx?/rd ))[zxy*l,y €
c—V]=0.

Proof. If c — V is not a subrack, we have some x, y € ¢ — V with a;locyucx =,
with z € V. But then ay, ay act invertibly while &, acts nilpotently on

CA. /(tx(‘),rd ))[txy*l,yec—V] so it must be 0. O

The next lemma is really the key step to prove, and it also came up for
us as the most difficult step of the S3 case when we needed to show the
vanishing where we invert a single element and quotient by the other two
in [Proposition 15.0.5, The proof of the next lemma is nearly the same as
[Proposition 15.0.5, though there will be some small technical additions,
where we will need to consider the normalizer of a subrack. (In the case of
z C c for c the transpositions in S3, z was its own normalizer.)

Definition 16.0.8. For ¢’ C ¢ a subrack, the normalizer of ¢’ in ¢, N¢(¢) is the
set of element x € ¢ so that x>y € ¢’ forevery y € ¢'.

Lemma 16.0.9. If c — V C c is a subrack containing an element of each component
of ¢, we have CA./ (ay, ord(V ))[{xy_l,y cc—V]=0.

Proof. The key to this proof will be to consider the map

rd(V - rd(V -
feev : A/ @5 H )y y € €= V] = Aneoy /(@) ey Ly € €= V]
We will show this map is an equivalence. Once we verify this is an equiv-
alence, let us explain why this will conclude the proof. Indeed, the map is
compatible with the grading that takes the “connected” part of these mod-
ules, i.e. the part of them that generates the rack c. On the source of f. .y

this just gives us CA./ (lx?,rd ))[ocy_ 1,y € ¢ — V]. However, on the other hand,

let us observe that N.(c — V') C c. This follows from the next easy lemma.

Lemma 16.0.10. Suppose ¢’ C c is a subrack which is not a union of components
of c. Then N.(c') # c.

Proof. By assumption, there is some component ¢’ C ¢ not contained in ¢’ but
which meets ¢’. Hence there is some x € ¢’ N ¢’ and some y with y>x & ¢’
Therefore, y ¢ N.(¢'). O
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There is thus some x € c which sends y € c — V to z € V, which implies
that x ¢ N:(c — V). Hence, the connected part of the source of f.. vy is
sent to 0 on the target, since it vanishes in the top piece of the filtration, as
no collection of elements in N;(¢ — V) can generate all of c. This gives the
desired vanishing.

To conclude, let us explain why f.._y is an equivalence. Again, this is
quite similar to |[Proposition 15.0.5, so we will be somewhat terse on the
details. The point is that we can apply the descent lemma, [Lemma 15.0.10in
the case the map of rings is A;[a;!,x € c — V] — AN, (c—V) oy, x€ec—V],
Is is the ideal generated by ay, x € VN N.(c — V), Iy is the ideal generated
by ay,x € V and M is Ac/(oégrd(x),x € V)[a;!,x € ¢ — V]. In this case,
MR/ Ig and 719S/Is can both be identified with oA, v(a, ',y € c = V].

This reduces us to verifying

NOAC*V[DCy_l,y €Ec— V] ®Ac[ﬂéy_1 ] TCOACfV[ay_l,]/ ec— V]

yec—V

— ﬂoAch[ay_l,y ec—V] ®ANC nOAC*V[le_l,y ec—V]

(c—v)lay Tyec—V]
is an equivalence. Since mpA._y is by definition the Oth reduced homol-

ogy of 7o Hur "V, upon taking ¢ — V = ¢/, this is precisely the content of
[Proposition 16.0.12] O

Exercise 16.0.11. Recall that in [Exercise 15.0.14, you explained why, in

the case ¢ was the set of transpositions in Sy, V = ¢ — (12), the map
AC/(oc(‘),rd(V))[ocy_l,y cc—-V] — A(lz)/(oc(‘),rd(v))[ay_l,y € ¢ — V] was not
an equivalence.

Explain why if one replaces (12) by N,(12), the rest of the proof of

sition 15.0.11| goes through to instead show A,/ (oc(‘),rd(v))[ocy_l, yec—V]—

AN, ((12))/ (oc({’,rd(v))[ocy_ 1,y € ¢ — V]is an equivalence. (The point is that in the
S3 case, (12) happened to be its own normalizer.) In particular, explain what
benefit we get from using the normalizer of (12) in place of just (12). Hint:
The solution is spelled out in the |Proposition 16.0.12} but we recommend
thinking about this before reading |Proposition 16.0.12

The proof of the following is quite similar to [Proposition 15.0.11, We
encourage the reader to go back and first absorb the proof of that if they have
not yet done so.

Proposition 16.0.12. Let ¢ be a rack, ¢’ C c be a subrack with normalizer N.(c')
and X := 1o Hur® [oc;/l]. Then

Xt OHur, X+ = X4 @ wewe) X+

Nc
ur+
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is a homology equivalence.

Proof. As with [Proposition 15.0.11)we will construct a nullhomotopy. Using
scanning, we can identify both sides with spaces consisting of an element of
X on the left and right side, together with elements of ¢ (or N¢(c¢’)) in the
middle, with at most one in each row. When the points hit the boundary;,
they act on it, and any x € ¢ — ¢’ acts on X, by sending that element to
the basepoint. Hence, we can consider the subspace of X4 ®py,¢ X4+ with

some labeled point v of the configuration not lying in N(¢’), and produce a
nullhomotopy of that subspace.

Actually, since we only need to show the map is a homology equivalence,
we will define a filtration, and construct a nullhomotopy on each graded
part of that filtration. (In general, to show a map of spaces is a homology
equivalence, it suffices to do it on each graded part of a filtration, though
this does not suffice if one wishes to show it is a homotopy equivalence.)
The ith step of the filtration F is given by those configurations so that one
of the lowest i labeled elements lies in ¢ — N¢(c¢’). The associated graded is
then configurations where the i — 1 lowest elements lie in N.(c’) and the ith
lowest lies in ¢ — N;(¢’). By constructing a nullhomotopy on the associated
graded of this filtration, we mean that we construct a nullhomotopy on
F!, the ith step of these filtrations, but where we identify the F -1 with the
basepoint.

Now, choose a total ordering on ¢’. Also, as in|{Remark 15.0.12, we may
assume that any two points in our configuration have height differing by at
least e. There is necessarily some element x € ¢’ we can slide out from the
left, move across the configuration directly above v (at height £ /2 higher than
v, so that when it hits the right hand side it will not be labeled by something
in c¢. (The reason such an x exists is that when x passes above an element, it
gets conjugated by that element, while if x passes below an element, nothing
happens to x. Therefore, we can choose x so that when it gets to passing by
v, it is sent from something in ¢’ to something outside of ¢/, and then when
it passes above further elements of ¢’ it will remain outside of ¢’. Finally,
this point will hit the right boundary as something not in ¢’ and so send
the configuration to the basepoint.) We now choose x to be the smallest
such element in the total ordering. On the basepoint, this nullhomotopy is
constant at the basepoint.

It remains to check that the above nullhomotopy is continuous. This way,
we need to check that it is compatible with operation that let points of the
configuration act on the boundaries. First, if any point beneath the ith point
acts on the boundary, the resulting point will lie in F'~! because the i — 1th
point from the bottom will lie in ¢ — N¢(c’). Therefore, we can identify such
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a point with the basepoint in the associated graded of our filtration, and the
configuration is sent to the basepoint.

If the ith point acts on the left or right boundary, since the ith label does
not lie in ¢/, the configuration is again sent to the basepoint. Finally, if any
point above the ith point is sent to the boundary, we claim we will have the
same nullhomotopy where we continue to move x across at constant speed.

Exercise 16.0.13. Verify the above claim. What this entails showing the
following. Suppose the point at location i + « from the hits the left boundary
for & > 0 and let x be the minimal element, under the total ordering on ¢/,
we can move across to send the configuration to the basepoint. Let x” be the
minimal element that we could move across before the point at i + « hit the
boundary. Then, you must show x = x’.

The above shows the map is continuous, so we are done. O

Exercise 16.0.14. For this exercise, you may assume that you are working
in an e-spaced bar construction, in the sense that any two points in the bar
construction have height differing by at least e.

Suppose c is the set of transpositions in S4 and take ¢’ to be the subrack
consisting of only (12). Explain why the filtration in|Proposition 16.0.12)is
not necessary to prove it in this case by showing the homotopy of sliding
an element of c across the rectangle above the lowest element not in N.(12)
is already continuous (without needing to pass to a filtration). If you did
[Exercise 16.0.11} you should have already verified this.

Exercise 16.0.15. Given an example of a rack c such that the use of the fil-
tration in the proof of [Proposition 16.0.12|is necessary. , explain through

an example why the above equivalence A./ (oc(‘),rd(v)) [, lyec-V] —

AN.((12))/ (oc?,rd(v))[ocy_ 1,y € ¢ — V] needs the filtration introduced in [Propos
isition 16.0.12} Le. show that if one just tries to slide elements across and
doesn’t work on the associated graded of the filtration, the homotopy sliding
elements across will not be continuous.

17. THE ORIGINAL HOMOLOGICAL STABILITY ARGUMENT (REMIX)

The original homological stability argument presented in [EVW16] was
novel for its time, but also incredibly difficult to grok (in my opinion). Since
then, if one is willing to stomach a modicum of higher algebra a substantial
simplification has been presented in [RW20]. Ishan and I have found a
further simplification, which I present now.

Remark 17.0.1. Loosely speaking, Randal-Williams argument introduces
several unnecessary steps where he goes back and forth between bounding
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X1

o

FIGURE 8. This is a picture of one of the points in a typical
cell of dimension 4. Points can move left to right staying on
their fixed row, and overall this traces out a copy of S* when
we collapse the boundary of this cell corresponding to points
hitting the left and right boundaries of the rectangle.

modules over R := C,(Hur) and bounding modules over 7ryR. However,
we are able to just directly work with modules over R, without going back
and forth. See [LL25a, Remark 3.0.1] for more details on the improvement.

At this point, the reader may wish to recall the definition of being bounded
in a linear range from [Definition 14.0.3| In this section, for c a fixed rack, we
will write A := C,(Hur").

Lemma 17.0.2. For c any rack, and A := C,(Hur®), let A act on k by letting each
ay for x € cact by 0. Then, 1;((k ®4 k)n) = 0 for n > i. In particular k @ 5 k is
bounded in a linear range.

Proof. The proof follows from a scanning argument similar to that presented
in [Lemma 11.3.15 An important difference here is that we are taking a
different augmentation map, by which we mean that in this case, when points
tall off, they send the configuration to the basepoint, whereas before they
just fell off and nothing happened. (There reason for this difference is related
to the fact that we are showing the homology stabilizes instead of computing
the stable value.) First, k ® 4 k can be identified with C, (% OHur, *+)- S0,
we are interested in bounding the homology of * | @y *4. Using a similar
scanning argument, we can identify points of * ®g,c *+ with collections
of points in a rectangle labeled by elements of c with at most one in each row,
so that if x; labeled by s passes to the right over x; labeled by ¢ then x; gets

the label t > s, while if a point falls off the boundary, the configuration goes
to the basepoint. See for a picture of a point in one of the cells.
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Overall, there will be |c|" cells in grading 1, corresponding to specifying
n points in distinct vertical coordinates. These each constitute an n-sphere,
which are glued to the basepoint along its boundary since each can be
identified with [0, 1]" corresponding to the vertical positions of the n points
in the rectangle (recalling that the vertical positions are fixed). Since this
space is built out of only 7 cells in grading n, 77;(X,) = 0 for i > n. O

Definition 17.0.3. A rack c is non-splitting if every subrack ¢’ C ¢ has a single
component.

Example 17.0.4. A conjugacy class in a group is non-splitting if and only if
its intersection with every subgroup is either empty or a single conjugacy
class.

Exercise 17.0.5. Show that a rack is non-splitting if and only if Hy(Hury,)
stabilizes as n grows. Hint: You may use that if ¢ is a rack with a single
component, then Hy(CHur},) stabilizes as n grows, which follows from
[Theorem 13.0.2| (though it is possible to prove in a much simpler direct way).

For the next result, it may be useful to recall |[Fact 10.4.10} so the homotopy
groups of Cy(X) are used as alternate notation for the homology of X.

Theorem 17.0.6. Suppose c is non-splitting and consists of order d elements. Let
U = Y .o &% be the degree d stabilization operator and A := C.(Hur®). There are
constants I and | so that U : H;(Hur;) — H;(Hur,,, ;) induces an isomorphism
oncen > Ii+ .

Remark 17.0.7. The idea to prove this result goes through the notion of
[E; cells. Essentially, the [E; cells of an algebra R are the generators of the
homotopy groups of k @g k and the [E; cells of an R module M are the
generators of the homotopy groups of k @g M. The point of the theorem is
roughly that knowing bounds for the [E; cells of A and for the cells of A/U
over A, together with the nilpotency condition that A /U acts nilpotently on
U will in total give bounds for the grading A /U, or equivalently the grading
where U induces an isomorphism on A.

Proof. Consider the quotient A/U, i.e., the cone A g A. Our goal can be
rephrased as showing that A/U is bounded in a linear range, as this then
implies U induces isomorphisms on homotopy groups of A in a linear range.
The assumption that c is nonsplitting implies U : Hy(Hurj,) — Ho(Hurj,__ ;)
is an isomorphism for n sufficiently large. (See [EL24, Proposition A.3.1]
for a proof, but this is not very important to understand the idea, you can
just assume that we are in a situation where there is some operator U which
induces an isomorphism on Hy(Hurj,) — Ho(Hur;,_ ;) for n sufficiently
large. This is closely related to [Exercise 17.0.5, as showing the Oth homology
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stabilizes is certainly a prerequisite for the existence of a map inducing
an isomorphism on the Oth homology group.) In particular, 77o(A/U) has
bounded grading since it vanishes as soon as the map U is surjective.

The first idea is now to use nilpotency of the action of U on A/U to
deduce that if the generators of 77;(A/U) are bounded, then 7r;(A/U) is also
bounded.

Lemma 17.0.8. There is a fixed number R so that the augmentation ideal 1 =
ker(mgA — k) kills 7t;(A/U) for each i > 0. In fact, we may take R = N + 2d
for d = deg U and N the smallest number so that for anyn > N, U : (pA)n —
(710 A) 14 s surjective. In particular, if t;( A/ U) is generated in grading at most
C, t;(A/U) vanishes in grading above C + R.

Proof. The final statement follows from the first one because every element
of a 19 A module is either a generator or some I multiple of a generator.

We now prove the first statement. For any element x € 719(A), x? acts by 0
on A/ x (see [LL24, Lemma 3.5.2]) so in particular, U? acts by 0 on A/U. This
implies that a power R of the augmentation ideal I = ker(mpA — k) kills
A/U, and hence also kills 71;(A/U). To see why, note that the non-splitting
condition implies that the map U : (719A), — (70A),14 is a surjective for
n > N, for an appropriate constant N. Hence, for I the augmentation ideal,
any element in IN*24 is in the image of U?, and so acts by 0 on A/U. O

We now prove by induction on i that
(1) r;(A/U) is generated as a 71y A module in grading at most (R + 2)i +
R
(2) mtj(k ®a r;y(A/U)) vanishes in gradings larger than j + (R +2)i + 2R.

If we show condition (1) above, it follows from[Lemma 17.0.8|that 7;(A/U)
vanishes in grading above (R + 2)i + 2R, which will conclude our proof.

We already explained above that (1) holds when i = 0 because 7o(A/U)
can be identified with the cokernel of multiplication by U on mp(A) (no
derived things are going on here). In particular, it is a quotient of 71p(A) so it
is generated in grading 0 by the image of the unit in 779(A).

Next, let us explain why (1) for a fixed value of i implies (2) for the same
value of i and arbitrary j > 0. We will start by showing (1) for fixed i
implies (2) for that same value of i. That is, we show 7j(k ®4 7;(A/U))
vanishes in gradings at most j + (R + 2)i + 2R, assuming 71;(A/U) vanishes
in grading at most (R + 2)i 4+ R. In order to bound the gradings appearing
in 77;(k ® 4 m;(A/U)) we can filter 71;( A/U) by its grading so that A (which
already acts through 79 A in fact acts trivially on it. Hence, it suffices to bound
the gradings appearing in (k ® 4 k) ®; 7;(A/U). Recall we are assuming
mi(A/U) is generated in gradings at most (R 4 2)i + R. Using|Lemma 17.0.8}
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mo(k @4 i (A))

7o (k @4 7ti-1(A)) 1 (k © 4713

Mok @4 i j(A)) (k@4 mi_j(A)) k@A o(A)) i (k@ mioj(A))

mo(k @4 70(A)) ik ®a 70(A)) i1 (k@4 0(A))

FIGURE 9. This is a picture of the spectral sequence 7;(k ® 4
mi_j(A/U)) = k®4 (A/U). Once the grading is big
enough, the diagonal and super diagonal terms in rows be-
neath the top row i will vanish, implying 7ry(k ® 4 71;(A)) van-
ishes as well.

it follows 7t;(A/U) is concentrated in gradings at most (R + 2)i 4+ 2R. Next,
since 77j(k ® 4 k) vanishes in grading greater than j by Lemma 17.0.2, we find
that (k ®4 k) ®g ;(A/U). vanishes in grading more than j + (R + 2)i + 2R,
and hence 77j(k @4 71;(A/U)) does as well.

We next show why the vanishing of 77;(k @4 7#(A/U)) in grading at most
j+ (R+2)i" + 2R for i’ < ialso implies the vanishing of 77o(k ® 4 77;(A/U))
in gradings (R +2)i + R. (Note that this is similar to (2), but slightly stronger,
since the bound here is R less than the bound in (2).) This is a spectral
sequence argument as in [RW20, Proposition 8.1], which was in turn inspired
by the argument in [EVW16, Theorem 6.1].

The point is that there is a spectral sequence 7j(k ®4 ;_;j(A/U)) =
mi(k®a (A/U)). coming from filtering A /U by its homotopy groups. This
converges to k @4 A/U ~ k/U =~ kg ® X'k, which is just two copies of k
since U acts by 0 on k, one in grading 0 and homological degree 0, and the
other in grading d and homological degree 1, since U acts by 0 on k. See

Therefore, this spectral sequence converges to 0 in grading larger than 4.
We see that for j > 0, 7t(k @4 71;_j(A/U)) all vanish for grading more than
(R+2)i+ Rbecause (R+2)i+R > j+ (R+2)(i—j)+ 2R forj > 0, and
these terms vanish above the latter grading by our inductive assumption.
Note here R > d so the spectral sequenced is converging to 0 in this grading
range, as explained above.

This implies that the term starting at 77y (k ® 4 71;(A/U)) is the only term on
the diagonal on the diagonal among the 77;(k ® 4 71;_j(A/U)) on the starting
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E; page of the spectral sequence. Therefore, all the differentials mapping
into 7j(k ® 4 7T;_j(A/U)) must jointly surject onto it in grading more than
(R+2)i+ R. So, it is enough to show all the differentials mapping into it
have vanishing source. Indeed, the differentials come from terms of the form
mip1(k®@a i j(A/U)) for j > 0. These terms vanish in grading more than
(R+2)i + Rbecause (R+2)i+R > (j+1)+ (R+2)(i—j)+2Rforj >0,
and again the latter terms vanish by induction.

Finally, we wish to deduce (1) for the value i from (2) for i and j = 0. This
follows from [Lemma 17.0.9, which we prove next. O

The next lemma is essentially explaining why, if you can bound the [E; cells
of a module, you can bound the generators of the module; see[Remark 17.0.7,
Recall a module is connective by definition if it has no negative homotopy
groups.

Lemma 17.0.9. Suppose M is a connective graded 1o A module and the augmenta-
tion ideal I = ker(7t9A — k) acts nilpotently on M with 1to(k ® 4 M) vanishing
in grading above C. Then M is generated as a 7oA module in grading at most C.

Proof. We can identify 7ro(k ® 4 M) with 719(k ® 7,4 M) and so this vanishes
above grading C. The map M — 719(k ® 7,4 M) is surjective and the target
vanishes in grading at most C. We want to show the source also vanishes in
grading at most C. Choose generators of the target, and lift them arbitrarily
to elements of the source. Let M’ C M denote the submodule spanned by
these generators. It suffices to show M’ = M, or equivalently M/ M’ = 0.
(Note that M and M’ are just usual discrete modules and so this quotient
just means the usual quotient, there is no derived stuff going on here.) By
construction, the map 7y(k ® 7,4 M') — mo(k ®7,4 M) is surjective, so its
cokernel vanishes. On the other hand, the cokernel of this map is identified
with 71 (k ® 7,4 (M/M')). So 119(k @ 7,4 (M/M')) = 0. Now, using the long
exact sequence on homotopy groups coming from tensoring I — mgpA — k
with M/M' we get an exact sequence

(17.1)

7'(0([ PryA M/M/) —_— 7'[0(7'(0A A M/M/) — 0= 7T0(k®71'0A M/M/)

We can then identify 10A @4 M/M' ~ M/M’, which is a discrete module
and so we also have 71o(M/M’) = M/M'. Hence, the image of the first map
is identified with I(M/M') C M/M’. From the surjectivity of this map, we
conclude I(M/M') = M/M'. Since I acts nilpotently on M by assumption,
we find M/M’' = 0. O

Exercise 17.0.10 (Involved exercise). Let A := C,(Hur; k). Let I := ker(mmpA —
k). Recall notation from [Notation 14.0.1|
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(1) In the proof above, we used that k@4 A/U ~ k/U = ko ® Z'ky in
concentrated in finitely many gradings (namely 0 and d). Show simi-

larly that k ® 4 (A/ a?rd(c)) is concentrated in finitely many gradings
and homological gradings.
(2) You may take for granted that there is a constant x so that I* acts by 0

on A/ (oc?rd(c)). (This is not so difficult, and is something you could
reasonably show yourself. See [LL25a, Lemma 3.2.7] for a proof.)
Using this in place of [Lemma 17.0.8 and the first part of this problem,

show A/ (a?rd(c)) is bounded in a linear range. Hint: The argument
will be similar to the above, but you will have to adjust the constants
in the proof.

18. THE STABLE VALUE OF HOMOLOGY IN ALL DIRECTIONS

Above, in[Theorem 13.0.3| we stated what the stable homology of Hurwitz
spaces looks like assuming our cover has sufficiently many points of each
monodromy type. In order to prove this, we prove a more general result
describing the stable homology when some component has few monodromy

types.
The typical example is as follows:

Example 18.0.1. Consider ¢ := S3 — id, so Hurj, parameterizes degree 3
covers, (or, equivalently, Sz covers) branched at n points. Then, ¢ has two
conjugacy classes, 3 cycles (123), (132) and transpositions (12), (13), (23).
The 3 cycles correspond to totally ramified points, so the fibers of the de-
gree 3 cover have a unique point. The transpositions correspond to simply
ramified points, where each such fiber has two points, one branched and
one unramified. Above, we were able to compute the stable homology of
components with many transpositions and many 3 cycles. However, we may
be interested in the stable homology of components with one 3 cycle and
many transpositions. This is what we will now address.

To express the stable homology in general directions, we will need the
notion of a quotient rack.

Definition 18.0.2. Let ¢ be a rack with operation > : ¢ X ¢ — c. A subset
¢ Ccsothatx>y € ¢’ if x,y € ¢ is called a subrack. A subrack ¢’ C cis
normal if x>y € ¢’ for x € ¢,y € ¢’. In other words, the normalizer of ¢’ is all
of c.

Given a normal subrack ¢/ C ¢, one can form the quotient rack c/ c,
whose elements consist of ¢/ ~ for ~ the equivalence relation generated
by x ~ y>x forx € ¢,y € ¢’. In other words, we identify two elements
x,z € c of the rack in the quotient rack ¢/’ if there is a sequence of elements
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Yi,...,yj € ¢’ sothatz = (y; - - -yj) > x, i.e. x and z are related by the action
of a sequence of elements in ¢’.

Exercise 18.0.3. For c a rack and ¢’ C ¢ a normal subrack, show that c¢/c’ is
again a rack. That is, one needs to verify that if x,iy € c and ¥,y € c are
such that x’ is in the same ¢’ orbit of x and v/ is in the same ¢’ orbit of y then
x >y is in the same ¢’ orbit as x' > y’. Hint: You will need to use normality of
 Ce.

Definition 18.0.4. The trivial rack with k elements is a rack ¢ with k elements
so that forany x,y € c, x>y =y.

Example 18.0.5. Consider the rack ¢ = S3 —id. Let ¢/ C ¢ denote the
conjugacy class of transpositions. Then ¢/’ is the two element trivial rack.
To see this, simply note that the action of transpositions on themselves is
transitive, and the action of transpositions on 3-cycles is also transitive.
Hence, each of the two conjugacy classes get identified to a single point, and
they act trivially on each other, so ¢/’ is the two element trivial rack.

Exercise 18.0.6. Consider the rack ¢ = S3 —id and let ¢’ C ¢ denote the conju-
gacy class of 3-cycles. Show that ¢/’ is the Joyce quandle of [Exercise 12.0.7|

Exercise 18.0.7. Let ¢ be a rack and ¢’ C ¢ be a normal subrack which
generates c in the sense that the reduced structure group of c is generated
by the action of ¢’ on c. Show that ¢/c’ is a trivial rack of order equal to the
number of components of c.

Exercise 18.0.8. For c a rack and ¢’ C ¢ a normal subrack, show that ¢ and
¢/ c’ have the same number of components.

The point of introducing quotient racks is the following:

Theorem 18.0.9. Let ¢ be a rack with components ¢ = c;U---Ucy,. Let ¢’ C
c denote the first j components of c. There are constants I and | so that for
Z C CHury, . a component which maps to a corresponding component Z' C
CHUT%,C./..,nv- Then, the map Z — Z' induces an isomorphism H;(Z, Z.[1/#G?]) ~
H;(Z', Z[1/#G]) when ny,...,n; > Ii+].

We will restate and prove this in[Theorem 21.0.1}

c/c

Exercise 18.0.10. For c a rack, show we can identify Hur;/ "

SNy = Confnll--'/nv *

Remark 18.0.11. Note that this is a generalization of [Theorem 13.0.3|because
if ¢’ = ¢, the quotient rack c¢/c is a trivial rack of order equal to the number
of components of ¢ by [Exercise 18.0.7l Then, we can identify Hurf,l{fn,nv ~

Confy, ... n,, implying [Theorem 13.0.3[is a special case of [Theorem 18.0.9|
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19. APPLICATION: BHARGAVA’S CONJECTURE

Bhargava’s conjecture, [Bha07, Conjecture 1.2], predicts the asymptotic
growth of the number of degree d number fields with Galois group Sy, as a
function of the discriminant. For culture, before continuing, we recall the
statement of Bhargava’s conjecture.

Conjecture 19.0.1 ([Bha07, Conjecture 1.2]). Let N;(X) denote the number of
number fields of degree d having discriminant with absolute value at most
X. Let g(n, k) denote the number of partitions of n into at most k parts. Let
r2(S4) denote the number of elements of order either 1 or 2 in S;. Then,

(19.1)

CONg(X) ra(Sy) v9 gk d—k)—qk—1,d—k+1)
Jim S = H<k0 Pk >

This has been proven for d < 5, the d = 3 case was shown by Davenport
and Heilbronn while d = 4,5 was shown by Bhargava. It is wide open for
d>e6.

Now, we’d like to describe a proof of a function field analog of this con-
jecture. Computing the stable homology in all directions has a number of
natural applications in arithmetic statistics. As a very simple example, with
the simpler result{Theorem 13.0.3, we were able to obtain good asymptotics
for the total number of G covers in|{Theorem 8.0.16, However, we couldn’t
count S3 covers with one 3 cycle and many transpositions. [Theorem 18.0.9|
allows us to now do this. A well known conjecture of Bhargava predicts the
number of S; extension of Q when counted by discriminant. We now prove
a function field version of this conjecture, for g large relative to d.

p prime

Remark 19.0.2. Before counting the number of S; extensions of IF,(t), it
is natural to ask why one needs the the more sophisticated version
computing the stable homology in all directions, instead of the
more pedestrian [Theorem 13.0.3| Indeed, it might seem that one only needs
to count the number of components with many branch points of each type, as
there will be relatively few other components. This would indeed be true if
we were counting by reduced discriminant. However, Bhargava’s conjecture
is specifically about counting by the discriminant of the extension.

Let’s think about the example where G = S3. Then, if we count by reduced
discriminant, we will be counting covers with n; transpositions and #n, three
cycles, and ny + np = n is growing. In this case, there will be roughly n + 1
components all of dimension 7, and so each contribute roughly the same
point count. This would allow us to count by reduced discriminant.

However, now, suppose we count by the usual discriminant. Since each 3
cycle contributes twice as much to inertia as a transposition, we are counting
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covers with n7 + 21, = n. Now, when we count these with fixed value of n,
these will have varying dimensions; the dimension is 11 + n,. The biggest
dimension is when n{ = n,n, = 0 and the smallest dimension is when 77 is 0
or 1 and ny is roughly 7/2, in which case the dimension will roughly be n /2.
You should think that the biggest contribution comes from (n; = n,n, = 0),
which has roughly 4" points, the next biggest comes from (n; =n —2,n1 =
1) which has roughly g"~! points. After that, terms continue to drop off and
contribute less. From this perspective, we can see that roughly 4" ! out of
a total of roughly 4" points come from components where 1, is large and
n, = 1. This contributes a proportion roughly g"~!/g" = 1/4 to this term
will show up in our point count. In particular, we will need to understand
the stable homology with 1 three cycle and many transpositions.

Here is the statement of the function field version of Bhargava’s conjecture.

Notation 19.0.3. For d > 2, write S; —id = c; U - - - U ¢ as a disjoint union
of its non-identity conjugacy classes, and let c; denote the conjugacy class of
transpositions. We fix g a prime power, relatively prime to d! = |S,|.

If K/IF,(t) is an extension and O is the normalization of IF,[t] in K, we say
K/FF,(t) has discriminant equal to the discriminant of Ok over F,4[t], which
we define to be qugQﬁK”FqM. We use A(IF,(t), Sy —id, g") to denote the num-
ber of degree d, S, extensions K of IF;(t) such that Ok that of discriminant
q" and, for ¢; C S; a conjugacy class, we use A(c;) := d —r(g), where r(g) is
the number of orbits of any g € ¢;on {1,...,d}.

Definition 19.0.4. Let o (4, ...,n,) denote the number of conjugacy classes
of S; so that the projection of that conjugacy class to the abelianization
S ~ 7 /27 agrees with the projection of njcy + - - - + nycy to S2P.

The following theorem is our function field version of Bhargava’s conjec-

ture, which counts the number of S; extensions of IF,(t) by discriminant.

Theorem 19.0.5. Using notation from |[Notation 19.0.3|and |Definition 19.0.4} if q
is sufficiently large depending on d, we have

(19.2)

N(Fy(t), Sq —id, q") = Y. o(ny,...,n)#Confy  uE, (Fy) | +o(q").

11,01y
Z?:l n;A(ci)=n
The reader familiar with Bhargava’s conjecture in the number field case
may be used to seeing it expressed in terms of an Euler product. The next
exercise explains why one can view the point counts on configuration space
as an Euler product.
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Exercise 19.0.6. (1) Show the number of IF; points of Confy, is the coeftfi-

cient of #" in [T, a1 (1 + t9°8(%)), where t is a formal variable.
(2) Find a similar formula to express # Confy,, .. », (qu) as a coefficient in

an Euler product over closed points of Al

(3) Find a similar Euler product whose coefficients compute the number
of pairs of monic polynomials, both of degree n over IF;, which share
no common factors with each other (though individually they may
have repeated factors).

(4), Bonus Can you evaluate the coefficients in the expression from the first
part? It turns out to be a fairly simple rational function in 4. If you
haven’t seen this before, you can look up the zeta function of a variety.
Similarly, can you evaluate the expression from the third part?

Now, let’s explain how the proof of Bhargava’s conjecture follows from
Theorem 18.0.

Lemma 19.0.7. Let c := S; —id and let c; U - - - U ¢, = c with ¢ the conjugacy
class of transpositions. There are o'(ny,...,ny) components of [CHury, =, /S,]
for ny sufficiently large.

Suppose q has characteristic prime to d!. Then, the same holds over IF,. lLe.,
there are 0 (ny, . .., ny) components of [CHur, . /Sa] with which is moreover

geometrically irreducible.

Proof. The proof is a bit orthogonal from the main subject of these notes,
so we will only sketch the idea of the proof. The first step is to determine
the components of CHur;, , with specified boundary monodromy. The
boundary monodromy means that we take the product of the elements
appearing as monodromies over A'. The abelianization of S; is Z/2Z and
if n = ny + - + n, the product of n; elements of c; must have specified
image in Z /27, (so the boundary monodromy will either be in A; or not)
but this is the only constraint on the boundary monodromy for n; sufficiently
large. One can then show that if one fixes the boundary monodromy in the
specified coset of Ay, there will be a unique component of CHury,, ,, with
that boundary monodromy. To see this, one can deduce an upper bound
on the number of components as a certain quotient of Hy(S;, Z). The group
H(S,,Z) has size at most 2 and the quotient ends up always being trivial,
which ends up implying there is a unique component as claimed.

Then, quotienting by S;, we identify the different conjugacy classes of
boundary monodromies. Therefore, the number of components is precisely
o(ny,...,ny), which is the number of conjugacy classes in S, subject to the
constraint that they have the correct image in the abelianization, as described
above.
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Using a general comparison theorem between Hurwitz spaces over C
and IF, when g is prime to #G, as discussed in |Theorem 29.0.1L there is
a bijection between components of [CHur;, , /S| and components of
[CHurz1 T, / S4] with specified conjugacy class of boundary monodromy:.

From this, we obtain [CHurfl1

oo F, /S4] also has o(ny, ..., 1n,) many com-
ponents.

To conclude, we want to show the same holds over IF;, instead of F,.
Indeed, the Frobenius action fixes the conjugacy class of boundary mon-

odromy. Since there is a unique component of [CHurzl,...,nv,E /S4] with

specified conjugacy class of boundary monodromy, the Frobenius action
must fix each such component over IF;. Hence, each such component of
[CHury, ., F, /Sa] over Fy is geometrically irreducible. O

Proof idea of [ heorem 19.0.5, Let c = S; —id. We want to count the num-
ber of F; points of [Hur® /S,] corresponding to connected covers having
discriminant at most 4" for g sufficiently large and show it is given by

Z o(ny, ..., ny)# Confy,,.n,F, (Fq)|| + o(q™).

11,y
Z};l niA(ci)=n

To do this, we first show that 0(4") extensions have geometric Galois group
strictly contained in S; usingTheorem 8.0.16|to bound the total number of
such extensions. We can similarly use the same result to bound the number of
geometrically connected S; extensions with n; < n/2. Therefore, it suffices
to compute the number of extensions with n; > n/2. We then know that the
stable cohomology of CHurj, , is identified with the stable cohomology

of CHurZ{f}_lnv for n; sufficiently large by Theorem 18.0.91 We can also bound
the dimension of the unstable cohomology of these hurwitz spaces using

[Exercise 11.1.6| Therefore, by [Lemma 3.5.1} up to a small error term, we

can identify the point counts of CHury, ! ,,, with o'(ny,...,n;) times that
of Confy,, ., using that there are o(ny,...,n;) geometrically irreducible
components by [Lemma 19.0.7| This gives the desired result. O

20. COMPUTING THE STABLE HOMOLOGY IN THE DEGREE 3 CASE

Our next goal is to prove [Theorem 18.0.9, computing the stable homology
of Hurwitz space. We will explain how to verify it in [Iheorem 20.2.1]in this
section when ¢ C S3 consists of transpositions. We will take up the general
case in the next section.

How can we prove the above result on computing the stable homology?
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One possible answer is “ the group completion theorem.” Namely, 7o CHur®
is generated by ay, ay, a;, and so the group completion theorem identifies

Ci(CHur") [zx;l,ocy_l,ocz_l] ~ C,(QB CHur").

Exercise 20.0.1. Using [Iheorem 13.0.2in the case c is a rack with a single
component. Identify the homology of C,.(CHur®)[a; ] with a sum of Z many
copies of the stable homology of CHur . That is, identify the ith homology of
C.(CHur)[a; 1] with ©zH;(CHurS, ), where H;(CHurS,) denotes the vector
space H;(CHur;,) for n > Ii + ] with I and | the constants coming from the
homological stability theorem. Possible hint: The reason there are Z many
copies comes from the fact that the source has an additional grading in 7,
the number of branch points, while the target doesn’t. However if one fixes
the grading, this is saying that the above localization computes the stable
homology.

By the above exercise, we can identify the stable homology with the (one
of the graded pieces of) the homology of C,(CHur®)[a; 1, oy Laz 1. We will
only sketch this approach as we prefer a different one which will be more

suitable for generalizations and relies on fewer outside references.

Remark 20.0.2. If you have been following developments in arithmetic
statistics, you may be aware of the retracted paper [EVW12], which claimed
to compute the stable homology of Hur® in the above setting. However,
they had a serious mistake. The mistake was precisely that they computed
C.(CHur)[a; 1, oy 1, «21], but didn’t show that this was identified with the
stable homology of C.(CHur®). The main issue they missed is that they
didn’t address the content of [Proposition 15.0.16|at all. Without that, there
could have been a lot of additional stable homology on which x and y acted
by 0 and on which z acted invertibly. In this way, one can view some version
of [Proposition 15.0.16|as the key obstruction which accounts for the error in
the retracted paper [EVW12] of Ellenberg-Venkatesh-Westerland.

20.1. First method for the stable homology: the group completion theorem.
We first briefly sketch the original method for computing the stable homology
of Hurwitz spaces, we will be somewhat brief because following this, we will
present a second method more similar to the above presentation of showing
that the homology stabilizes. However, we thought it would be nice to
briefly indicate what goes into applying the group completion theorem. The
main reference we learned this material from is [RW20), §5] especially [RW20,
Corollary 5.4] and this argument is also spelled out in [LL24, Proposition
4.5.1]
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Recall we are trying to compute C,.(CHur®) [ !, a;l, a; 1] ~ C,(QB CHur®).
The group completion theorem identifies this with C,(QB CHur®). First, us-
ing that multiplication afagaZ : Hur® — Hur® factors through CHur® one can
show QOB CHur® ~ QOB Hur®, so we wish to compute C,(QBHur, Z[1/6]).
Next, a result of Etingof-Grana [EG03, Theorem 4.2] can be used to deduce
C«(BHur", Z[1/6]) ~ C.(BConf,Z[1/6]). From this, one wishes to show
that each path component of QB Hur has the same Z[1/6] homology as
B Contf. If we knew B Hur® were homotopic to B Conf, then we could deduce
each component of their loops spaces has the same homology. Unfortunately,
this is not the case. However, it turns out to be the case that the fundamental
group of both these spaces acts trivially on their homotopy groups [FRS07,
Proposition 5.2] and this turns out to imply that each component of their

path spaces has the same Z[1/6] homology.

20.2. The more self-contained method. Above, we sketched one argument
for computing the stable homology, which relied heavily on the results [EG03,
Theorem 4.2] and [FRS07, Proposition 5.2]. This may be a bit unsatisfying
because it doesn’t really explain very well what is going on. We now present
an alternative proof, which will be needed anyway for our application to
the Poonen Rains conjectures later in the course. This alternative proof also
has the virtues that it doesn’t rely on prior results and is closely connected
to our method for showing the homology stabilizes. That is, a variant of
the method for showing the homology stabilizes will also let us compute its
stable value. To start, let us state precisely the statement regarding the stable
value of the homology.

Theorem 20.2.1. For each component Z C Hury, the map Hurj, — Conf,, induces
an isomorphism H;(Z,Z[1/6]) — H;(Conf,, Z[1/6]) for n sufficiently large
relative to i.

Remark 20.2.2. Combining this with [Corollary 15.0.20| shows that
holds for ¢ C S3 transpositions. That is, the above map is an
isomorphism not only when 7 is large enough relative to i, but in fact when
n > Ii + | for certain constants I and J.

The proof of Theorem 20.2.1|is extremely similar to that of[Proposition 15.0.5,
Recall the basic idea was to create a nullhomotopy by pulling a suitable ele-
ment across the rectangle. Here, we will create a similar nullhomotopy, but
we will have to work with sums of elements.

Sketch. We use a; 1 as notation for inverting all of ay, ay, a;. Bleemark 15.0.23L
see also [Exercise 20.0.1} all of &y, &y, a; act invertibly on the stable homology.

Therefore, it suffices to show Hur[a; 1] — Conf X conf7to Hur®[a; 1] is a
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homology equivalence with Z[1/6] coefficients. Using|Lemma 15.0.7} since
these two spaces have the same 77y by construction, it is enough to show

c Cly—11 ~o c cr,—1
710 Hur® ®pqype mo Hur [, '] ~ 1o Hur 5 (Conf x zy contmo Hur€) 7T0 HUT [, ]

is a homology equivalence with Z[1/6] coefficients.
Using [Lemma 20.2.6|below, this is equivalent to the homology equivalence

(710 Hur® @pyy,c 19 Conf) [a; 1] x (a1 770 Hur[a, ]

119 Conf

~ (719 Conf ®coni7to Conf) [, 1] x 2o Confla1] 770 Hur[a; ]

with Z[1/6] coefficients. Equivalently, it is enough to show it is an equiv-
alence on each component, and so we only need to prove the homology
equivalence

(20.1) (710 Hur® ®yy,c 770 Conf) [a 1] ~ (719 Conf @ oni7to Conf) [a ]

with Z[1/6] coefficients. For this equivalence, we again will produce a suit-

able nullhomotopy. We can change the basis x, y, z to the basis x+g+z, X —
y,x —z. We call the first an averaged element and the latter two anti-
averaged. (What comes next isn’t completely rigorous, see [Remark 20.2.3|
but it can be made so.) Now, we can think of the fiber product as param-
eterizing configurations in the rectangle, labeled by one of the three types
of elements above. Note this uses that we have inverted 6 (really we only

needed to invert 3) to make sense of x+g 2 Now, we can think of 719 Conf as

: +y+
keeping track of the number of ==

We now prove the above equivalence (20.1) in two steps, |[Lemma 20.2.4|
where we first average the right module and then|Lemma 20.2.5|where we
complete the proof. O

Remark 20.2.3. The reason the proof above was only a sketch is that the
nullhomotopy we will describe next is not really rigorous since we haven’t
explained how to make sense of pulling linear combinations of points across,
and the equivalence is not going to exist at the level of spaces because we
have to invert 6. It should be possible to make rigorous sense of this, or,
alternatively, one can directly use the idea of this proof to construct a chain
nullhomotopy.

Lemma 20.2.4. There is a homology equivalence
(710 Hur® @y, 710 Conf) [a; 1] ~ (719 Conf @y, 710 Conf) [a 1]
with Z[1/6] coefficients.

Proof. We can think of elements of the bar construction above as consisting
of points where there is an element of 7o Hur® on the left elements of Hur®
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in the rectangle and an element of 71y Conf on the right. However, we will
want to work in a slightly more general setting where we really allow linear
combinations of these elements to occur in each place. So, for example, on the
left module, there is a map 7o Hur®[a- 1] — 719 Conf [occ_/lc] where the target is
identified with the integers and the fibers of the map have three elements.
For example the fiber over 0 is generated by id, aya; ! and aya; ! and the

Y
fiber over 1 (corresponding to one point in configuration space) is ay, &y, a..

Therefore, there is a section to the map 7o Hur[a- 1] — 719 Conf [tx;/lc] which
is a map 7o Conf [ag/lc] — 7o Hur[a 1] so that the composite map sends m
to m + may, 14 M0, 1. Because this is averaged over the fibers of the
projection, the elements x, y, z will all act the same way on it. For example,
if m = a, then the composite of the projection and section will send it to
ay + &y + &z and you can see that if one multiplies this by any of ay, &, or
&, one gets the same linear combination of elements of 770 Hur[a_!]. For
example, multiplying by ax one gets a3 + axay, + aya; and multiplying by a,

one gets zxﬁ + oy oy + oy, and these are equivalent because one can multiply
2

the first by aja;
the identity.

In any case, we now describe a “homotopy” which will send any element
of the left hand side to its average value. We can separately perform three
homotopies: The three homotopies first moves a, along the top from right to
left and then after it hits the right hand side it moves «; along the top from
left to right, for t € {x,y,z}. Overall, all three only change the left value
of m; the first has no effect, the second sends m + My, 1 and the third

2 to get the second and the element ai«x; is equivalent to

sends m +— mayn, L If we could sum over these three values, we would
have accomplished sending m to its averaged value

m—+ mzxxtxy_l + maa !

|_>
" 3

which would be the desired homotopy.

There are several issues with the above. The main one is that it is not
continuous because if one moves an a,, to the left boundary, it can turn the
ay into an «,. The way to fix this is to symmetrize the top by allowing 9
homotopies instead of just 3. These nine go by first sending «; to the left and
then a; to the right, and now the collection of these 9 homotopies will be
invariant under things hitting the boundary below. These 9 movements are
visualized in

So we then just average over these 9 homotopies so that the total map will
indeed replace m by its averaged value.
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FIGURE 10. Here, we depict the first step of the nullhomotopy,
making the label on the left averaged.

The above is not really possible at the level of spaces where one has to
divide by 3, but it can be made sense of either at the level of chain complexes.
O

Lemma 20.2.5. In the setting above, we have
(770 Hur" S Hure 770 Conf) [0‘;1] = (7T0 Conf ®Conf7T0 COI‘If) [“;1]

Proof. We have already shown we can replace the source with (779 Conf ®y,,c 7o Conf) [ 1]
in{Lemma 20.2.4, So we now want to replace the elements in the middle of

the rectangle with their averaged values, which will be x+g+z. To do this, we

can change basis so the labels are either x — y, x — z or Hgﬂ. We will start

at the top, and find the highest element that is not averaged, i.e. it is either
x —y or x — z. Say this is element i from the top. We then simultaneously
perform several homotopies: The structure group of the rack in this case is

S3. If we could replace x — y by #1T3 Y_¢es; &> (x — y) this would be 0 because

x and y would both get replaced by x+g+z and so the difference would be 0.

So, we just need to perform homotopies that enact every element of S3. If we
want conjugation by x = (12), we just move x above the ith element x — y
and x below the ith element. This is visualized in

Enacting multiplication by x - y is a bit trickier, but it is not so bad. We
can first move y above the ith element and then below the ith element,
and, following that, move x above the ith element and then below the ith
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®

FIGURE 11. The red dot depicts the highest antiaveraged ele-
ment. We move the blue dot around it to enact multiplication
by the value of the value of the blue dot on the red dot. Writing
elements of the reduced structure group as products allows us
to enact multiplication by any element of the reduced structure
group by a sequence of these moves, and then we average over
elements of the reduced structure group.

element. So, for each element of S3, we choose a word in x, y, z whose action
corresponds to that element, and then we move that around the ith element.
We then average over the 6 elements in S3, which may seem to send the
above element to 0.

However, this map will not quite be continuous. The reason is as ex-
plained in the proof of Lemma 20.2.4, Above, we have chosen a word for
each element, which may not be invariant under elements below hitting
the boundary. However, we can fix this by adding in more words, which
are the orbits of the words we chose under the action of elements hitting
the boundary below. In this case, there will be at most 6 representatives for
each word, where for each word w - - - w; we add in (¢ tw1g) - - - (7 wg)
for each g € S3. So there will be at most 36 terms in the homotopy. Now,
summing these up and averaging will be invariant. So, if there is any anti-
averaged element, i.e. x — y or x — z this homotopy will kill it, and we will
obtain only elements where all elements in the rectangle are averaged in the
end. O
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Lemma 20.2.6. We can identify

770 Hur® @y, 7o Hur [a - 1] ~ (719 Hur® ®yy,,c 710 Conf) [a 1] x 7o Hur[a 1]

70 Conf[zx;l}
and
C cr.—1
7o Hur ) (Conf X 10 Conf 700 Hur®) o Hur o, ]

~ (719 Conf ®coni7to Conf) [, 1] x 7to Hur [a 1]

1o Conflag ']

Proof. This is one of the most technical parts of the proof so we won't belabor
it too much, but just try to give the idea. Let’s just explain the second
identification. We have

c cr,—1
720 HUT® @ (Conf x 1 congrtg Hrurt) 70 Hur [ ]
~ C C -1
=~ (779 Conf X sy cong7To HUI®) @ (cont % 7 Cont o Hur) (710 Conf X, conf7ro Hur®) [a; ']

~ (719 Conf ®coni7to Conf) [a 1] o Vs (70 Hur® ® 1, gy 710 Hur®) [, 1]

179 Conf ® 779 Conf 70 Conf) (e

~ (719 Hur® @congto Conf) [, 1] x o Hur[a 1.

1o Conf[ag ']

The second step involved commuting tensor products and pullbacks. This
is not formal, and [BF06, Theorem B.4], whose hypotheses are nontrivial to
verify in this case (one needs to verify a certain map of simplicial sets is a
Kan fibration, namely the map from the right factor to the bottom factor
in the third line above. One can do directly, but its a bit combinatorially
involved.) More details are spelled out in [LL25b]. O

21. PROOF OF THE STABLE HOMOLOGY IN ALL DIRECTIONS

We just saw above how [Theorem 18.0.9|was useful to verify Bhargava’s
conjecture. We’d next like to explain the proof of [Iheorem 18.0.9, Let us now
restate the theorem.

Theorem 21.0.1. Let ¢ be a rack with components c = ¢y U---Ucy,. Let ¢’ C ¢
denote the first j components of c. There are constants I and | so that forny > Ii + ]
and Z C CHury,  , a component which maps to a corresponding component Z C
CHur%f/“,nv. Then, the map Z — Z' induces an isomorphism H;(Z, Z.[1/#G?]) ~
Hi(Z', Z[1/#G?]) when ny,...,n; > li+].

The proof of the above result is very similar to[Theorem 20.2.1}

We already know the cohomology of CHurj,, , stabilizes for n; suffi-
ciently large and so we only want to identify its stable value with that of
configuration space. We can rephrase our goal as follows. Consider the

map CHur® — CHur®/¢ x o/ 1o CHur®. Effectively, this takes each

1o CHur
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component of CHur® and replaces it with the corresponding component of

CHur®/¢'. We want to show this is an equivalence on components with 74

sufficiently large. Equivalently, we can rephrase our goal as simply showing
-1 o1 ~17:

that CHur [« "] — CHur/¢ "] X o CHure/ 5] 7o CHur[a ;" | is a homol-

ogy equivalence inverting #G? in the coefficients. Actually, we will show the
slightly stronger statement that

Hur[a '] — Hur® ¢ [a'] x

y 7o Hur [, ']

7T Hur/¢ [ac_,l]

is a homology equivalence inverting #G? in the coefficients. This is slightly

stronger because we replace CHur with Hur, so we remove the condition

that the covers are connected. To verify this is an equivalence, we can check it

after tensoring over Hur® with 77p Hur®, using [Lemma 15.0.7} That is, taking
_ cry—1 ,_ c/c,—1

R = Hur‘[a_"] and S := Hur®“ [a_"] x o Hur/ o 1]

and S have the same 71 by construction, it is enough to check

7o Hur [, '], since R

7o Hur[a 1] @y e 1) 700 Hur[a ]

-1 -1
~ 1o Hur[a "] @y /e a1 x 1) 770 Hur [ "]

oro—
o X e/ (3 =1) 770 Hur[a,
0 o

is a homology equivalence inverting #G? coefficients.
We will now simplify both these sides of the above equation:

Lemma 21.0.2. We can identify

7o Hur[a '] Pppre a5 770 Hur[a "]

~ c c/c -1 cr,—1
~ (7‘[0 Hur® Qe 1o Hur ) "] > Confla;1] 770 Hur[a "]

and

cr.—1 cr.—1
7to Hur®[a, ]®Hur5/c/[a;1}x o Hur o 710 Hur®[a ;]

L) Hur¢/¢ [ucgl]

= <7T0 Hur®/¢ ®Hurc/fl 7o HurC/C/) [“C’*l] X Confla,'] 7T Hur® [“;/1]

The proof of the above lemma is quite technical, but is essentially the same
as that of|Lemma 20.2.6 We will omit further details of its proof.

We wanted to identify the left hand sides of the equations in|Lemma 21.0.2|
on homology (after inverting |G?|), and hence it suffices to identify the right
hand sides. Note that both the right hand sides have the same base and right
parts of the fiber product appearing, so it is enough to identify the left parts

of the fiber products. That is, it is enough to show the following.
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Proposition 21.0.3. We have
(21.1)

(no Hur® Qe 710 Hurc/cl> b, 1GY 7Y ~ (710 Hur®¢ @

c Hur¢/¢

1 7T0 Hul‘c/cl) [tXC/—l, ’Gg/ ‘ 71]

The idea for proving this is quite similar to the idea used for proving
Theorem 20.2.1

Remark 21.0.4. Again, the proof we outline here won’t be completely rig-
orous, because we will imagine we are free to invert G but still work with
spaces. Therefore, the details we give in the proof won’t completely make
sense, but just try to think through them as best you can. A meta-exercise
could be to make rigorous sense of the following argument on the level of
spaces. Alternatively, you can check out the implementation we give of this
on the level of chains in our paper [LL25b, Proposition 7.2.8]. But personally,
I think this space level argument is more enlightening, despite not being
fully rigorous.

Definition 21.0.5. Let U : k{c} — k{c} be the operator given by U(x) :=
Ygeqy, 8 for x € ¢, and extend U by linearity to all of k{c}. An element

v of k{c} is averaged if U(v) = v and antiaveraged if U(v) = 0. Let G;}/O =
ker (710 Hur '] = m Hur® /¢ [zx;}c,]). Also, let GE be the subgroup of
the structure group G? of ¢ generated by the actions of elements in ¢/ C

c. Similarly, there is an operator U on 7o Hur®[a'] which sends m
1

TN erc%/o m - x. Forv € k{mo Hur’[a_']} we say vis averaged if U° (v) = v
0

and antiaveraged if U°(v) = 0.
Example 21.0.6. In the case ¢ = {x,y, z} is the transpositions in S3, the only

averaged elements are linear multiples of x+g+z. The antiaveraged elements

include things like x —y, x —z,x +y — 2z.

Proof. Imagine that we had the following space level model of the two spaces
appearing in the statement of [Proposition 21.0.3] The source consists of
rectangles labeled by configurations of points which are linear combinations
of Hur® in the middle, allowing #G? in the denominators, which are either
averaged or antiaveraged, and also with labels in 7o Hur[a'] on the left
and right sides. We also impose that the element on the right side is averaged.
Points are allowed to collide into the boundaries, in which case they act on
the boundaries.

The target consists of a similar description, but we only allow averaged
elements in the middle, bottom, and left. (The above descriptions are exactly
true before we invert #G..)
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We now wish to construct a homotopy that kills any configuration where
there is some antiaveraged element, either on the left boundary or on the inte-
rior of the rectangle. We first describe a homotopy that makes the left bound-
ary averaged. The idea for what we are doing here was depicted in [Figure 10|
For each element g € G‘;T/O, write it as a product g = ygzzlyg_lzz_ll X -ylzfl.
Then, we can enact multiplication by g on the configuration by moving y;
across to the right, then z; across to the left, for i traversing from ¢ down to 1.
Averaging this over all g € G?;O will not be continuous, since if one moves
some element of ¢’ to the left or right boundary, it can change the way we
write g as a product. Namely, if we move x to the right, it can send the expres-
sion for x > g to the expression ¢ = (x> y,)(x>z,) "1 - (x>yp)(x>z1) 7L
Therefore, if we average over all ¢ and all expressions for g of the form
(x>yg)(x>zg) "t (x>y1)(x>21) !, the homotopy described above will
then be continuous. There is one more small issue, which is that it is only
continuous for elements x € ¢/, and not for x € ¢ — ¢’. However, we can deal
with this issue by introducing a filtration by the number of elements in ¢ — ¢’
in the interior of the rectangle. We can verify the homology equivalence on
the associated graded of this filtration.

Next, we describe the homotopy that makes the elements in the middle of
the rectangle averaged. The idea for what we are doing here was depicted
in This is extremely similar to that making the left boundary

averaged. Namely, for each g € G¢, we write g = wy - - - w;. We consider
a point of Hurwitz space where we allow labelings in k{c} and choose it
so that the left and right boundaries are averaged, the top i — 1 elements
are averaged, and the ith element v; € k{c} is antiaveraged. When we then
move w; below the ith element and then back directly above the ith element,
it will send v; — wj >v;. Repeating this for wy, ..., w; will cumulatively
send v; — ¢ > v;, while maintaining the rest of the labels. Averaging over all
g € G¢ will then send v; — U (v;) = 0 since v; is antiaveraged.

This will not be continuous for two reasons. First, the expressions for g
will not be invariant under the action of elements of ¢’. We can fix this by
throwing in expressions of the form (x> w7) - -- (x> w;). for x € G and
averaging over those instead. Second, this will not be invariant under the
action of elements of k{c — ¢’}. Again, we can fix this by filtering by the
number of elements of k{c — ¢'}. O

22. INTRODUCTION TO THE POONEN-RAINS HEURISTICS

Having had a significant discussion about the Cohen-Lenstra heuristics
and the closely related Malle’s conjecture, we next turn to the Poonen-Rains
heuristics. Loosely speaking, so far, we have understood Hurwitz spaces,
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which we can think of as certain topological monoids where one can take
two covers of a disc and form another cover of the same disc by putting those
two discs in a bigger disc. The Poonen-Rains conjectures are related not to
these topological monoids, but to modules over these monoids. Therefore, it
is natural to try to prove a homological stability theorem for Hurwitz space
modules. Before explaining how this goes, let’s review the Poonen-Rains
heuristics.

Definition 22.0.1. An elliptic curve over a field K is a smooth proper curve E
of genus 1 with a marked point SpecK — E.

Theorem 22.0.2 (Mordell-Weil). For K a global field, and E an elliptic curve over
K, E(K) is a finitely generated abelian group.

Definition 22.0.3. With E an elliptic curve over a global field, by the Mordell-

Weil theorem, we can write E(K) = Z™*E @ T for T a finite torsion group.
The number rk E is called the rank of E.

Before the Poonen-Rains heuristics, which involve conjectures for the
distribution of the rank of E and also the Selmer groups of E, Goldfeld made
a conjecture just on the distribution of the rank of E. These involve quadratic
twist families, which we next define.

Definition 22.0.4. Recall that for L/M a finite locally free extension of
schemes and X a scheme over L the Weil restriction Res; /s X is functor
over M scheme defined by (Resy /a1 X)(T) = X(T x p L) for any M scheme
T.

Remark 22.0.5. In good situations (such as when X is quasi-projective over
L) the Weil restriction above is representable by a scheme. Le., there exists
a scheme, which we also call Res; ;51 X, whose T points are also given by
X(T xpm L). See [BLRIO, §7.6, Theorem 4].

Definition 22.0.6. Let E be an elliptic curve over a global field K. For each
quadratic extension K’/ K the quadratic twist of E along K’ /K is (Resk: /x E) / E,
where E — Resgs /g Egs is the natural map coming from the adjunction be-
tween Weil restriction from K’ to K and the base change from K’ to K.

In the function field case, we define the height of the quadratic twist of
E along K'/K to be the degree of Qc,, /¢, for Cx the smooth proper curve
over a finite field IF, with function field K. (It might be more natural to
define this to be the log height and define disc(K’/K) to be the height, which
also makes sense over number fields, but we will mostly be concerned with
function fields in these notes. It also might be more natural to omit height
contributions from certain chosen infinite places, but we won’t worry about
this minor optimization in these notes.) The family of quadratic twists of E
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of height h is the set of quadratic twists of E which have height i and have
Qc,, /cy prime to the discriminant of E over K.

Definition 22.0.7. Let C be a smooth proper curve over a base B. Let Z C C
be a divisor étale over B and U := C — Z. Define QTwist}; /p to be the stack
parameterizing double covers of C branched over a degree n divisor disjoint
from Z.

We call this the stack of quadratic twists because if E is an elliptic curve over
U, we can form the universal quadratic twist of E over QTwist;; 5 whose
fiber over a geometric point of QTwist(;, corresponding to a double cover
f + X — U is the quadratic twist of E along that quadratic extension, given
by ResX/U(E Xu X)/E

Remark 22.0.8. When we study the quadratic twists as above in relation
to the Poonen-Rains heuristics, we will typically consider an elliptic curve
E which is smooth and proper over U, so we can also think of Z C C as
above as corresponding to the discriminant of the elliptic curve E, or, more
generally a subscheme of C that contains the discriminant.

Exercise 22.0.9. Show rkg((Resg/ g E)/E) = rkygs Exr — rkg E.

Exercise 22.0.10. Suppose we are given an elliptic curve E over [F,(t). If the

characteristic is not 2, we can write E in the form E : y?> = x> + C(t)x? +
A(t)x + B(t). Moreover, when the characteristic is not 3, we can take C(f) =
0.

(1) Show that, in this form, the quadratic twist family is identified with
the set

{Ef:= f()y? = 23+ C(H)x%z + A(t)xz® + B(t)2°}

for f(t) € IF4[t] squarefree and prime to the discriminant of E.

(2) Show that the height of f is the smallest even number bigger than
or equal to the degree of f. (Though it would also be reasonable to
redefine the height to just be the degree of f in this case.)

(3) There is a small redundancy above, in that multiple squarefree poly-
nomials correspond to the same quadratic twist. Characterize this
redundancy.

Conjecture 22.0.11 (Goldfeld, minimalist conjecture). Fix an elliptic curve E
over a global field K. When one orders the quadratic twists of E by height,
half have rank 0, half have rank 1, and 0% have rank > 1.

Strictly speaking, the above conjecture of Goldfeld turns out to be a bit too
general. (It is not the version Goldfeld originally stated.)
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Remark 22.0.12. It is possible that every quadratic twist of a given curve has
Selmer rank of a fixed parity. (The Selmer rank is technically different from
the rank, but it is conjecturally equivalent.) Hence, quadratic twists of such a
curve do not satisfy the minimalist conjecture. A specific example is given
by the elliptic curve y?> = A(A — 1)x(x — 1)(x — A), over F4(A), where g is a
prime which is 1 mod 4. This is a variant of the Legendre family. See [EL24),
Remark 1.4.1] for further details.

The Poonen-Rains heuristics are about refining the statistical model for
elliptic curves, and capturing more data relevant to them, involving their
Selmer group. Recall that for v a positive integer, the v Selmer group is a
finite abelian Z/vZ module associated to an elliptic curve over a global
field.

Definition 22.0.13. Let K be a function global field, and let v index the closed
points of Ck, the smooth proper curve with function field K. For E an elliptic
curve over K, the multiplication by v exact sequence induces the sequences

on étale cohomology
(22.1)
p

0 —— E(K)/vE(K) ——— H'(SpecK,E[v]) —— H'(SpecK,E)[v] — 0
| [T P
0 -+ TTpec, E(Ko)/VEs(Ky) - TT, H'(Spec Ky, Eo[v]) + TT, H' (Spec Ky, Eo)[v] =+ 0.

The v-Selmer group of E is
Sel,(E) := kera
The Tate-Shafarevich group is

I(E) := ker (Hl(SpeC K,E) — [ [ H'(SpecK,, Ev)> :

Remark 22.0.14. Once can make a similar definition for number fields where
one lets v range over places of K (which is the analog of the closed points of
Ck in the function field case).

Exercise 22.0.15. Using the definitions above, show there is an exact sequence
(222) 0 — E(K)/vE(K) — Sel,(E) —— HII(E)[v] —— 0

Where I11(E)[v] denotes the v torsion elements in III(E).
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Remark 22.0.16. By the above exercise, the Selmer group interpolates the
rank of E and the Tate-Shafarevich group of E, which is an important in-
variant of E whose finiteness would imply the Birch and Swinerton-Dyer
conjecture over function fields.

Now, there is the simplest case of the Poonen-Rains conjecture on Selmer
groups.

Conjecture 22.0.17 (Version of Bhargava—-Shankar [BS13a, Conjecture 4] and
Poonen—Rains [PR12, Conjecture 1.4(b)]). Let ¢ be a prime number. Let
B = Spec[F; and let U be a smooth curve over B. When elliptic curves in a
quadratic twist family are ordered by height,

lim IEfGQTWiStZ[/B(]Fq) (# Selg(Ef)) =/ + 1.

n—oo

Remark 22.0.18. Throughout these notes, we will mostly focus on quadratic
twist families. However, the Poonen-Rains conjectures were originally made
for the universal family parameterizing all elliptic curves. The reason we
focus more on quadratic twist families here is that we can say more about
the relevant stable homology groups. However, at least the number of
stable components (so the relevant Oth homology groups) relevant to the
Poonen-Rains heuristics are understood in [Lan21]] and [FLR23].

Remark 22.0.19. There is a growing literature on this in the universal fam-
ily case. Over Q for ¢/ < 5, Bhargava and Shankar have verified this.
Bhargava-Shankar-Swaminathan also computed the second moment of 2-
Selmer groups, meaning that they computed the average value of #Sel, (E)?.
When ¢ = 3 there is work of de Jong over function fields and when ¢ = 2 H§,
Lé Hang and Ngo, as well as separate work by Achenjang.

For quadratic twist families, there is work when ¢/ = 2 by many people
and powers of 2 by Smith, but little for odd /.

Here is the generalization to the composite case:

Conjecture 22.0.20 (Version of Bhargava—-Shankar [BS13a) Conjecture 4] and
Poonen-Rains [PR12, Conjecture 1.4(b)]). Let v be a positive integer. Let
B = SpeclF; and let U be a smooth curve over B. When elliptic curves in a
quadratic twist family are ordered by height,

lim IE reqmwisty,  , (F,) (#Selv(Ef)) = ) s.

n—oo
slv

The following observation of Bhargava provides some relation between
the Poonen-Rains conjectures and the minimalist conjecture.
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Corollary 22.0.21. Let P,,Sd denote the proportion of elliptic curve of rank > 2 over
I, (t) of height up to d. If|Conjecture 22.0.20|were true,

lim P<d =0
d—o0

That is, 100% of elliptic curves over IF4(t) have rank at most 1.

Proof. Suppose some proportion € have rank > 2. Since v'*F < #Sel, (E), we
have,

ev? < Avg(v'*E) < Avg (#Sel, ( =) s.

slv
For primes v, this says ev> < v + 1, and now let v grow arbitrarily large. [

Here is an exercise which illustrates what we can deduce about the rank
if we only know the average size of the ¢ Selmer group for a single prime /¢,
instead of for all primes ¢.

Exercise 22.0.22. Suppose we have a family of elliptic curves over which the
average size of the /-Selmer group tends to £ + 1 as the height tends to co.
Show the average rank of elliptic curves in this family is at most “71.

Remark 22.0.23 (Three heuristics for the average size of Selmer groups).
When computing the average size of Selmer groups, it is natural to ask if
there is some deeper reason for why the average size of v-Selmer groups

should be } ), s.

(1) In [BS13a, Conjecture 4], the conjecture is based on the fact that the
Tamagawa number PGL; is s, and their average size is revealed to be
the sum of the Tamagawa numbers of PGL; for s | v. The is used in
the proof of [BS15al, BS15b, BS13b], [HLHN14], and [Ach23]].

(2) A monodromy perspective (which we will discuss more later) reveals
the average size of v-Selmer groups is the number of orbits of a
certain orthogonal group O(Q) associated to a quadratic form Q on a
rank 12d — 4 free Z /vZ module V. Such orbits are in bijection with
geometric components (i.e., irreducible components over an algebraic
closure) of a moduli space for Selmer elements, which we call the
v-Selmer space. There are ) |, s such orbits. It is easiest to see this in
the case v = / is prime, and we want to show there are ¢ + 1 orbits.
There is the 0 vector and then the ¢ level sets, corresponding to those
veVwithQ(V)=tfort e Z/IZ.

(3) Yet a third heuristic appears in [d]02] for 3-Selmer groups, in [VakO01]
for 2-Selmer groups, and in [dJF11, Theorem 5.4] for v-Selmer groups.
These works suggest that the average size of the v-Selmer group
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should equal the number of balanced (also called rigid) rank s pro-
jective bundles over IP! for s | v. Indeed, the balanced rank m projec-
tive bundles are all of the form Projp; Sym® (69" @ ¢(—1)%"~?) for
1 < a < m, and so there are m total such bundles. Altogether, there
are ) g, s such bundles as s ranges over the divisors of n.

(4) Fix a global field K, and elliptic curve E over K and a prime ¢. A
fourth heuristic has to do with modelling the Selmer group as an
intersection of two maximal isotropic subspaces of a 2r dimensional
vector space V over Z/{Z in the limit that ¥ — oco. This was the
original heuristic introduced by Poonen and Rains, and is based
off the fact that the Selmer group is actually an intersection of two
such subspaces, albeit in the infinite dimensional space which is the
restricted product [T, (H' (Ky, Ex[€]), HY (0, &,[€])) for v ranging over
places of the global field K and &, the Néron model of E over 0.

In fact, the Poonen-Rains conjectures can be generalized to not only pre-
dict the average sizes of Selmer groups, but even give a distribution. The
conjectures of Poonen-Rains were generalized in the article [BKL™15], whose
authors have initials BKLPR, so we call the ensuing distribution the BKLPR
distribution, as described in the next definition.

Definition 22.0.24. Let O,, denote an orthogonal group of rank 2r over the
finite field IF, and define the BKLPR distribution, Sel?XPR by

Prob(dim Sel?KLPR = a) = lim Probysco,, (dimker(M —id) = «).

r—oo

Moreover, one can predict the joint distribution of rank and Selmer groups,
by stipulating that the rank is 0 when the random matrix M lies in SO(Z / (Z)
and the rank is 1 when M does not lie in SO(Z/(Z).

23. POONEN-RAINS IN THE LARGE g LIMIT

In order to prove versions of the Poonen-Rains heuristics, we first want to
set up a parameter space whose IF; points correspond to Selmer elements.
Then we can try to count those IF; points. We will be quite brief in this section,
skipping many of the details, because it is rather technical. We suggest the
reader consult§5|for a similar sequence of computations in a simpler setting.
Throughout, we will assume Char IF; is not 2 or 3.

The first key observation is the following;:

Lemma 23.0.1. Let B = SpeclF;, C — B be a smooth, proper, geometrically
connected curve and j : U C C be the complement of an étale divisor. Suppose E is
a nonisotrivial elliptic curve over U so that E has reduced (squarefree) discriminant
over C and suppose { is prime to 6q. Then Sely(E) ~ H'(C, j.E[{]).
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The proof of this is somewhat technical and a bit orthogonal to the point
of the course. The motivated reader can find a proof in [Ces16, Proposition
5.4(c)], since the Tamagawa number factors appearing there are all 1 as we
are assuming E has reduced discriminant. A reader not familiar with Selmer
groups should also just feel free to take H'(C, j.E[{]) as the definition of the
¢ Selmer group E.

With the above in mind, our goal will be to construct a sheaf on QTwist; 5

whose fiber over a point x is identified with H' (Cy, j«Ex[(]), for Ey the elliptic
curve over Uy associated to the point x, as we next define.

Definition 23.0.2. We start with an elliptic curve E overa curve I C C — B
as in |Definition 22.0.7] Let .# := E[{], which is a Z/(Z étale sheaf on U.
For each point x € QTwist'L’I /B, We can associate the curve C, := C xp x, Uy
which is the complement in Cy of Z and the ramification locus of the double
cover associated to x, and an étale double cover X, — U,. Moreover, we
can associate an elliptic curve E, — U, which is the quadratic twist of the
elliptic curve E given by Resx_ 17, (E|u, xu, Xx)/E|u,-

Said a bit more formally, Over Conf,, ;,5 there is a universal curve %'
whose fiber over a point D C U is U — D. More precisely, if ¢ :=
C xp Conf, 11/, and 5 C €7 is the universal divisor over Conf, 17,5, then
Uy = €} — D5 — (€ xc Z). We can construct a sheaf .7 on %' X Confy /5
QTwist}; ;5 whose fiber over a point x € QTwist; p is the £ torsion E[¢], for
E, the quadratic twist of E associated to x.

Exercise 23.0.3. Write out a precise definition of . by working in families.
Hint: You will need to use the universal étale double cover of %' Xconf

QTwist /.

n,U/B

. . ] . A .

Letj: %5 Xcont,;,, QIWist(; 5 = € Xcont, ;,; QTWist(;, 5 = QTwist(;,p.
Then define Self;;g to be the algebraic space associated to the sheaf R\, (j. (#})).
We sometimes also notate this as Selg .
Lemma 23.0.4. Suppose E is an elliptic curve over U over B with squarefree
discriminant so that 6/ is in invertible on B. We obtain a Selmer sheaf SelE[g]g
on QTwist; 5. Then, the Selmer sheaf is a finite étale cover of QTwist); 5. In
particular, it commutes with base change on QTwist} .

Sketch. The proof of this lemma too is rather technical and so we only provide
a brief sketch. The motivated reader can find a proof in [EL24} Proposition
5.2.1]. The basic idea is that we can realize Sel 7y as the image of a map of
sheaves R, (ji(Z)) — RY(A0j).(Z}). One can then show R, (ji(FE))
commutes with base change by proper base change and moreover that it is
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locally constant using that its swan conductor is trivial, using our assumption
that 6 is invertible on B, and any elliptic curve over such a base has trivial
swan conductor (since it can only have wild inertia in characteristics 2 and 3.
Finally, one can verify R}(A o j).(.Z%) is also locally constant constructible
using Poincaré duality to relate it to R\, (ji(.#})). It follows that the Selmer
space is also locally constant constructible as it is the image of a map of
locally constant constructible sheaves. O

Lemma 23.0.5. Suppose E is an elliptic curve over U over B with squarefree
discriminant so that 6¢ is in invertible on B. Let 7t : Selgpn — QTwist(; g

denote the projection map. Then for x € QTwist(; , 5 (IF,;) we have 11 (x)(F,) =

HY(Cy,j<Ex[€]) ~ Sel,(Ey), for Ey the quadratic twist of E over the quadratic
twist Cy of C corresponding to the point x.

Proof.

Exercise 23.0.6. Verify the first isomorphism 7! (x)(F,) = H!(Cy, j«Ex[¢)).

Hint: The explanation will be very similar to As input you will

need HY(Cz, j«Ex[¢]) = 0 which you may take for granted (and follows from
the assumptions on E).

The second equality H'(Cy, j«Ex[¢]) =~ Sely(Ey) follows fromLemma 23.0.1}

0

Definition 23.0.7. Suppose V is a vector space with a quadratic formq : V —
k. We use O(V) to denote the group of automorphisms of the vector space
preserving the quadratic form, meaning those T so that g(Tx) = g(x). We
use SO(V) to denote the subgroup of O(V) of matrices with determinant 1.
(Technically, this is not the right definition in characteristic 2, but we will
work away from characteristic 2.)

Proposition 23.0.8. Suppose E is an elliptic curve over U over B with squarefree
discriminant so that 6 is in invertible on B. Then, for V a geometric fiber of
Sel 7, QTwist(; g, we obtain a representation PE[y - 1 (QTwist);, ) —

AutV which is contained in an orthogonal group O(V) with underlying vector
space V and the image has index at most 2 in O(V') and is not contained in SO(V).

Proof. Similar to [Proposition 5.0.16, the computation of the monodromy is
somewhat involved and uses the theory of middle convolution. For details,
one can consult [Hal08, Theorem 6.4] or [EL24, Theorem 7.1.5]. One impor-
tant point here is that the assumption on the discriminant being squarefree
implies E[¢] is irreducible as a rank two Z /¢Z module over U, which implies
that Since Selgﬁg is obtained from a twist of this sheaf via middle convolution,

we also obtain Sel gy s irreducible.
q
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O

Corollary 23.0.9. Suppose E is an elliptic curve over U over B with squarefree
discriminant so that 6( is in invertible on B. For n sufficiently large, Sel zn has

¢ 41 components, all of which are geometrically irreducible for n sufficiently large.
Hence, for such n,

#Sel zn (IF;)
lim —
qg—o0 #QTwisty; ,p(IFy)
for q ranging over those IF; with maps to B.

—0+1,

Proof. To deduce that there are £ 4- 1 components, one only needs to count the
number of orbits of the orthogonal group (or the relevant index 2 subgroup
of the orthogonal group on its underlying vector space over Z/{Z). There
is the 0 vector, and then the ¢ level sets given by {v € V—0: g(v) = x}
for each x € Z/{Z. This accounts for the £ + 1 orbits in the case that the
monodromy is the full orthogonal group, and the case that the monodromy
group has index 2 is similar.

The point counting statement then follows from [Lemma 3.2.5 O

Exercise 23.0.10. Generalize the above to show that, in the large g4 limit,
the average size of the v selmer group is ), m, for v an arbitrary positive
integer.

For the purposes of this problem, you may assume that the monodromy
representation has image O(V) (even though this is not in general true), for
V a free Z/vZ module which is the geometric fiber of Selg,jn — QTwist /.
You may also assume the elementary fact the orthogonal group O(V) acts

transitively on primitive vectors w € V with q(w) =t for t € Z/vZ; here, w
is primitive if w # sw’ with s | vand s > 1.

Remark 23.0.11. Similar to [Lemma 5.0.23, one can also deduce a version
of the full BKLPR distribution in the large g limit, as in [Definition 22.0.24
from |Proposition 23.0.8| using [Proposition 5.0.22, Recall [Definition 22.0.24
said that a random curve has selmer distribution which looks like the kernel
of a random orthogonal group element. If the monodromy group were the
orthogonal group, this would be relatively straightforward. The fact that the
monodromy group can have index two in the orthogonal group makes this a
little more complicated, but it ends up being true if one first takes the large g
limit and then the large height limit. We worked this out in the case of the
universal family in [FLR23, Theorem 1.1] and in the case of quadratic twist
families in [EL24, Lemma 9.1.5]. We note that a lot of the work there was to
deal with the case that ¢ was replaced with a composite number, and most
of the content in the ¢ prime case was covered in [FLR23, §4].
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24. APPLICATION OF HOMOLOGICAL STABILITY TO POONEN-RAINS

Before getting to the homological stability result, we will start with assum-
ing it, and providing an application to Poonen-Rains.

Notation 24.0.1. Fix a smooth proper geometrically connected curve C over
a finite field IF; of odd characteristic. Let U C C be a nonempty open
subscheme with nonempty complement Z := C — U.

Fix a prime ¢ and an elliptic curve E — U. For x € QTwisty /F, (F), let

E, denote the corresponding to a quadratic twist of E.

Theorem 24.0.2. Choose q with charF, > 3 and { a prime number relatively
prime to 6q. With notation as in|Notation 24.0.1} suppose E is a nonconstant elliptic
curve with squarefree discriminant. There is a constant Cy depending on £ (but not
on E) so that if j > C,,

o . LreQtwistly 5, (F ;) #Sele(Ex)

n—00 .
1 even erQTwmt’l’l /Fq (]qu)

=/+1.

Proof assuming later results. To prove this theorem, we will need the follow-

ing ingredients:
(1) Elements of Selmer groups on quadratic twists of E are in bijection
with IF; points of the Selmer space Sel¢(/jn (explained in|Lemma 23.0.5)

(2) The number of stable components of the Selmer space over [, is
¢ +1 and they are all geometrically connected (explained in[Proposi}

tion 23.0.8)).

(3) The Selmer space Selg|gn lives over QTwist];,; which in turn lives
over Conf,, ;;/p. The resulting map Selgm% — Conf,, 17/ induces an
isomorphism on stable homology |[Proposition 27.3.4] This is really by
far the most difficult step needing our topological tools.

(4) The trace of Frobenius on the stable cohomology of Confn,uﬁq also

stabilizes. This is verified in[Lemma 25.5.1l
(5) The unstable cohomology of Selg(/s is exponentially bounded, see
Corollary 26.1.3, This shows that hi(Sel(gmfé ,Qy) is bounded by C"
for some constant C. However, using that the homology also stabi-

lizes, one can deduce it is also bounded by C!, for a different constant
C. (This is analogous to the argument intended to be given in

cise 11.1.6})

After establishing the above five ingredients, the first two of which we
already saw, [Iheorem 24.0.2| follows from [Lemma 3.5.1} Note that to apply

this, we are really applying it twice, the first time compares the point counts
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of Selg[g]g with those of Conf,, ;;,5 and the second identifies compares the
point counts of QTwist;,p ~ Selg(y)n, with Confy ;/p. In the end, the £ 41
comes from the fact that Sels(yn has £ + 1 stable geometric components,
while QTwist},  has only 1. O

We now concentrate on explaining the the final three ingredients used
in the proof of [Theorem 24.0.2] First, in we explain how to use log
geometry to show the traces of Frobenius also stabilize.

Then, in[§26] we introduce Hurwitz modules and explain how to bound
the unstable cohomology in This will involve relating the selmer sheaf
to a Hurwitz space.

Finally, in we will then explain why the stable cohomology can be
related to that of configuration space, assuming a topological result, whose
proof we'll then describe in

25. STABILITY OF FROBENIUS TRACES ON CONFIGURATION SPACE AND LOG
GEOMETRY

Assuming the cohomology of configuration space stabilizes with respect
to the operator of “adding a point at co” we wish to show the traces of
Frobenius on the cohomology also stabilize. Ultimately, we wish to show
this for arbitrary curves U/ Fy, but for now, let’s just focus on the case
U = A!, and call Conf, s the configuration space of n points in Al over
Spec k. We'll come back to the case that U is an arbitrary curve later.

Said another way, there are maps « : Hi(Confn,E) — H'(Conf, +1/Fq)

which induce isomorphisms for n large enough, and we want to show that
these induce isomorphisms of Frobenius modules.

Remark 25.0.1. Of course it is not difficult to directly compute the trace
of Frobenius on the cohomology of configuration space of Al. The point
of what we are doing here is that we are explaining a method in the sim-
plest case which generalizes to many other cases where one cannot directly
compute the trace of Frobenius so easily.

Suppose these isomorphisms came from a map of schemes Conf, F,
Confn—&-lfq

the map « would induce a Frobenius equivariant isomorphism.

Unfortunately, it is difficult to produce such a map of schemes. And I
suspect no such map exists. The new advance I will discuss today is that,
however, there is a map of log schemes inducing this map.

. Then Frob, would act compatibly on these schemes, and hence
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25.1. The stabilization map for configuration space. Let’s now describe the
stabilization map a. One obtains a« by comparison between cohomology of
F, and C, so we will just describe the map over C. Here, one takes a disc
with n marked points and one boundary component, and glues on a cylinder
with 1 marked point, attaching one boundary component of the cylinder to
the boundary of the disc. This defines a map Conf, — Conf,,, 1. We want to
identify this topological map with a map of log schemes. Now we have to
explain what log schemes are.

25.2. Background on log schemes.

Definition 25.2.1. For the purposes of today’s talk, a log scheme is a tuple
(X, (L;,07)_;) where X is a scheme, L; are line bundles on X and ¢; : Ox —
L; are sections of L;. A strict map of log schemes f : (X, (L; 0;)7 ;) —
(Y, (M;,7;)l_;) isamap f : X — Y with isomorphisms f*M; ~ L; which
identifies f*1; with o;.

There is a good theory of étale cohomology for log schemes.

Goal 25.2.2. We would like to construct a map of log schemes so that the
induced map on cohomology can be identified, over the complex numbers,
with a.

For this, we need a few more facts about the cohomology of log schemes.

Example 25.2.3. Suppose X is a scheme and D C X is a simple normal
crossing divisor. If L = 0x (D) and o is the associated section vanishing on
D, the log scheme (X, L, ¢) has the same cohomology as the scheme X — D.

Example 25.2.4. Suppose X is a scheme, then the cohomology of (X, O, 0)
can be identified with the cohomology of X x G, (as long as the coefficients
are invertible on the base).

Over the complex numbers, the examples above are both special cases of a
more general description of the cohomology of a log scheme.

Definition 25.2.5. Namely, given a log scheme (X, L, 0) over C, one can form
the associated Kato-Nakayama space, which is a real analytic space whose
cohomology agrees with that of the log scheme. In the case n = 0 the Kato-
Nakayama space is simply the usual analytification. In general, it is the
real oriented blow up, which is a subset of an S ~! bundle over X. Affine
locally, we can locally trivialize all the line bundles, in which case it is a
subspace of X x 5% ~! determined by a functions f : X — R? associated to
the oy, ..., o9 given by

]L}{X = {(x, (w1, ..., wy)) € X x 8§21 f(xi)w; = f(x]-)wi}.
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25.3. Describing the log structures for the gluing map. We’d now like to
describe the relevant log schemes which give the gluing map a. Let Conf,
denote the configuration space of n points in Al. Another way to think of
this, which will be more convenient for today, is that it is the configuration
space of n red points in A! and a distinct blue point at co. We now take a
partial compactification of Conf,,, which we call Conf,. This partial com-
pactification contains stable maps P — P! with a degree n divisor on P,
and a degree 1 divisor mapping to co. What this means concretely is that
P has genus 0 with one component mapping isomorphically to IP!, and the
other genus 0 components are contracted under the above map. Whenever
2 points collide with each other (including the possibility that a blue point
collides with the red point at oo, the stable map degenerates to a curve of the
form X UP! where X has genus 0 and the two points that collided now lie
on X.

There is then a natural inclusion Con — Conf, given by sending
a configuration of n — 1 points Z C P! not meeting infinity to the stable
map Z' C P = P! Uxp X — P! where the notation means that P is a
disjoint union of two copies of IP!, with X being contracted and IP! mapping
isomorphically. The point co in the first IP! is glued to 0 in X. We now
mark an additional red point at 1 on X and the blue point lies at co on X.
Altogether, this gives a stable map with n red points created from one with
n — 1 red points. This is pictured in[Figure 12|

Note, however, the above map does not induce a map Conf,,_; — Conf,
because the image Conf’~! — Conf, precisely lies in the complement
Conf,, — Conf,,.

We now upgrade this map of schemes to a map of log schemes that will
realize our gluing operator . To do so, we have to specify line bundles on
Conf,,.

fn—l

Definition 25.3.1. We define anl?g to be the log scheme with underlying
space Conf, together with the line bundle Ocont, (Conf,,_1) with the section
o associated to the divisor of singular curves (Where some component under
the map P — P! is contracted).

We define Conf}fﬂg1 to be the log scheme (Conf”_l, 0x,0).

There is a morphism of log schemes Conf"~1°¢ —; Conf,log given by the
inclusion of schemes described above, using the fact that the line bundle
0 (Conf" 1) pulls back to the trivial line bundle under the map Conf""! —
Conf,, with the 0 section.
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Pl
FIGURE 12. The top half of the diagram pictures the algebraic
gluing map on the configuration space, corresponding to the
stabilization map. This is meant to be an algebraic incarnation

of the topological structure pictured coming from the little
discs operad in the bottom half of the diagram.

Exercise 25.3.2. Check carefully Conf}ffl — Conf:fg is indeed a map of log
schemes. Hint: What do you need to verify to show this? What are the line
bundles on Conf,?

Remark 25.3.3. We will see that the composition of maps (which only make
sense on the left of spaces and not on the level of log schemes; indeed S is a
circle and not a log scheme)

Conf" ! — Conf" ! x§! ~ Conf}figl o Conflnog ~ Conf,

is identified with the gluing map «.

There is a map 7 : Confiloi‘;1 — ContJnOg and a map There is also a map of log

schemes B : Conf" 1% — Conf" ! (the latter has trivial log structure given
by no line bundles; there is always a unique map from a scheme with any
log structure to the same scheme with the trivial log structure). Combining
these maps, on cohomology, we get

v Hi(Conf]nOg) — Hi(Conf}fl)
H = ' !
B: H'(Conf"" ') — H'(Conf,®,)



132 AARON LANDESMAN
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z“0,1
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FIGURE 13. A figure depicting the gluing construction de-
scribed in the proof of [Proposition 25.3.4,

Proposition 25.3.4. One can define a canonical section € to B, and the composite of
« with € yields a map H' (Conf™'°8) — Hi(Conf"1). Over the complex numbers,
this can be identified, via taking Kato-Nakayama spaces, with the map induced
by the topological gluing map on cohomology which takes Z(l)’n_l (genus 0,n — 1
punctures, and 1 boundary component) and glues it along a boundary component to
251

Proof. We can identify the Kato-Nakayama space of Tnflnog with a moduli
space of genus 0 marked curves, so that whenever the curve becomes nodal,
we also specify a circle above the node and a direction on the circle. Its
Kato-Nakayama space deformation retracts onto that of Conf, by

ple 25.2.3] We can identify the Kato-Nakayama space of Conf}figl simply as

S' x Conf""!, and the corresponding map of Kato-Nakayama spaces can be
thought of moduli-theoretically by taking Zé/nfl (corresponding to a point

of Conf" ') and gluing it to a fixed 23,1 by gluing their boundaries (both of

which can be identified with a copy of S') via a twist by a specified direction
in S!. Upon choosing a fixed direction in S, this restricts to the gluing map

Conf,,_1 — Conf, from topology. We picture this in [Figure 13|
Topologically, we can choose a section Conf” ! — S x Conf""! (although
this does not come from a map of log schemes) corresponding to choosing
a fixed direction in S'. This section induces the map ¢ in the statement on
cohomology. Composing with 7 gives the resulting map on cohomology
H!(Conf"°8) — H(Conf""!) then identifies it with the above gluing map.
U
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25.4. Summary of the main result. Overall, we have a commutative dia-

gram
(25.1)

Hi(Conf,) —— Hi(Conflnog) T, H"(Conf}fl) —~<  H(Conf,_4)

| J ! l

H(Conf, ) — H’ (Tm{j%q) L H (COnffjo’LE) —— Hi(Conf, ;)
where the top row occurs over the complex numbers and the bottom row
occurs over IF,. Above, we used the important |Example 25.2.3| for the top left
isomorphism.

One can check that the resulting vertical specializations maps are isomor-
phisms using that the relevant configuration spaces can be identified with
the complement of a normal crossings divisor inside a smooth proper scheme
(using the Fulton-MacPherson compactification). Using [Proposition 25.3.4}
we can then identify the top map with the topological gluing map.

This implies that we get a correspondence of log schemes over IF, which in-

duces a Frobenius equivariant map on cohomology H' (Conff%p) — Hi (Conf%_l’log)
4 P

as in the above diagram. Hence, we have proven the following;:
Proposition 25.4.1. The stabilization map « : H'(Conf,) — H'(Conf, 1) cor-
responds to a map aF, H (Confnfq) — Hl(Confn_LE) as in |Equation 25.1
which is equivariant for frobenius. In particular, the Frobenius traces on these two
groups agree once n is sufficiently large so that « is an isomorphism.

The following exercise is somewhat tricky, but if you can solve it, you will
have quite a good grasp on the above ideas.

Exercise 25.4.2. In a similar way, consider the Harer stabilization map, which
glues a genus g surface with 1 boundary component to a genus 1 surface
with 2 boundary components, to form a genus g + 1 surface with 1 boundary
component. Realizes this as a equivalent to a certain map of Kato-Nakayama
spaces associated to log schemes. Deduce that the Harer stability map is
equivariant for the resulting action of Frobenius.

25.5. Configuration spaces on higher genus curves.

Lemma 25.5.1. Let C be a smooth proper curve over a dvr B with generic character-
istic 0 and closed point Spec IF;. Suppose that Z C C is an étale divisor containing
a section o : B — Cand let U := C — Z. Suppose the stabilization map over the
complex number a : H'(Conf, y.) — H'(Conf,_1,u.) induces an isomorphism
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for i sufficiently large (which we will see later is always true). Then the trace of
Frob, !, for Frob, geometric Frobenius, on H"(Confn,uiq) and Hi(Confn,llqu)
agree.

Remark 25.5.2. This is shown in [Petl7, Theorem 1.2](2). We give a different
proof here using log geometry. We present this proof because the same idea
can be applied in many other problems in arithmetic statistics to show the
trace of Frobenius stabilizes on cohomology.

Proof. Similarly to our proof of [Proposition 25.3.4, we create a correspon-
dence of log schemes realizing this map on cohomology. We create a com-
pactification of Conf,, ;;,p which we call Conf,, ;;,5 whose T points consists
of a degree 1 map P — C xp T with a degree n divisor Z C P, étale over T
and a degree 1 divisor ¢ mapping isomorphically to o7 in C. Concretely, this
means there is one component of P isomorphic to C, mapping isomorphi-

cally to C and the remaining components have genus 0. We give Conf,, 17,5

a log structure Con nO%[ /p associated to its divisor of parameterizing stable

maps with singular source (having more than 1 component). There is a map
Conf,_1 11/ — Conf, ;5 given by sending a configuration Z C U C C to
the stable map P := CUP! — C where C is glued along ¢ to 0 in P!, and
there is an additional point & at co € P!, and we also specify the degree n
étale divisor given as the union of Z with 1 € IP1. This two has a log structure

Confilofllu /g given by the trivial line bundle with the 0 section.

Exercise 25.5.3. Similarly to [Proposition 25.3.4| complete the proof of this
lemma. The idea is to show that there are Frobenius equivariant maps

on cohomology HZ(Confn,uE]) ~ H'(Con n,uﬁq) — H (Confnoﬁlluﬁq) —

Hi (Confn_lluF ) so that the composite can be identified with the stabilization
q

map over C.

O

Exercise 25.5.4. Generalize [Lemma 25.5.1/to show the result still holds even
when Z — B doesn’t have a section ¢. Hint: Reduce to the case Z — B does
have a section by passing to an étale cover of degree (degZ)! where one
orders all the points of Z. Use the lemma to deduce the statement for this
cover and then conclude via a transfer argument.

26. HURWITZ MODULES

In order to understand the cohomology of Selmer space, we will introduce
Hurwitz modules, which are essentially modules for Hurwitz spaces. One
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way to think about this is that Hur® has a monoid structure because one
can take s points in a disc and t points in a disc, and put those discs in a
bigger disc to get a disc with s + t points. However, if you have s points in a
punctured disc and ¢ points in a punctured disc, you can’t put them together
because you’d then get a twice punctured disc. Instead, what you can do is
take s points in a punctured disc and join them with ¢ points in a disc to get
s + t points in a punctured disc. In this sense, configuration spaces of points
in a punctured disc are a module for configuration spaces of points in a disc,
and one can do something similar with Hurwitz spaces. Here is the formal
definition.

Definition 26.0.1. Let Z;,, . denote a topological surface of genus g with f

1
punctures and one boundary component. Let Conf,,*/ denote the configura-

x! >
tion space of 7 points in the interior of X! of Let By ¢ .= 1 (Conf,*’) denote
the surface braid group associated to 1 points on .. o fr T1X 2 rack c. A Hurwitz
module over c is a triple S = (X! gf’ {Tn}nez>0, {Yn}tnez.,) where g, f € Z, Ty

isaset, T;, := c" x Tp, and ¢, : B, Zes x T,, — T, is a left action of the surface
braid group on T} such that for 0 < i < n, such that the diagram

¥l 21,f . » . .
(B;™ x B, *%) x (¢ x ("' x Tp)) — ¢ x ("' x Tp)

(26.1) l l

Zl
B,* x " x T » ¢ x Ty

commutes; the maps in the above diagram are defined as follows. The

> ;
horizontal map is induced by the action of B, ~ B, on ¢’ from the definition
of ¢ and the action maps defining the bijective Hurwitz module The left

: . : I
vertical map comes from the inclusion B;** x B ng { C B, Zas associated to

including Z 0,0 into X! o f
Given a Hurwitz module S as above, we call T, the n-set of S. In particular,
when n = 0, Tj is the 0-set of S.

Exercise 26.0.2. Suppose S = (X! o f {T}nezog {ntnez.,) and 8" = (L} o f {Tu}nezoo A0 nezy
are two Hurwitz modules over the same rack c, with the same values of g, f

and the same T,,. Assume moreover that i, agrees with ¢|. Show that ¥,

can be identified with ¢, for all n > 1.
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The above notion of Hurwitz modules seems too general for the proofs
of many of our main results, and we will mostly work in the slightly more
restricted setting of bijective Hurwitz modules.

Definition 26.0.3. Fix a rack c. A bijective Hurwitz module over c is a Hurwitz
Zl
module S = (Zé,fr{Tn}neZzw {¢n}nez.,) such that the maps B, % e x
4 Zes 4 . Zes
To — cx Ty —c, arId B;*" xcx Ty — ¢ X Ty —>1T0, induce maps B;*" X
)y )y
To — Aut(c) and B, ¢ % ¢ — Aut(Ty). For y € B, ¢/ and t € Ty, we denote

Zl
the first map by 0, : ¢ — c and for y € B, 8/ and x € c we denote the second
map by T Ty — Tp.

Example 26.0.4. One important class of examples of bijective Hurwitz mod-
ules are obtained by taking G to be a finite group, ¢ C G a union of conjugacy
classes, and taking its 0 set Ty to be the set of maps Hom/(7 (Zé f)’ G). In

general, T}, is the set of maps Hom 71y (Z;,, I ), G) sending loops around the

Zl
n punctures to elements of ¢ and this inherits an action of B,,*/ via its action

1
on nl(Zg’ern).

Let’s get a little more concrete with the above example. One can think of
T} this as choosing an element of G for each of the f punctures, an element
of c for each of the n points, and an element of G for each of the 2¢ standard
homology loops for the surface, so this set has cardinality #G**/#c". By
moving points in the configuration around the surface, these labels get
modified, and the Hurwitz module keeps track of this modification. For
example, when a point labeled by & passes around a puncture labeled by
k, this corresponds to a full twist, and so (1, k) changes after a half twist to
(k,k~'hk) and then after a full twist to (k~'hk, k= th~1khk).

Exercise 26.0.5. (1) For c a rack, show that the Hurwitz space Hur itself
is isomorphic to a Hurwitz module. That is, show there is some S so
that Hur® ~ Hur®°. (What are the values of g, f, Ty associated to S in
this case?)

(2) Fix arack c. In the case g = f = 0 (so Z;,’ F= %4,0) give a complete
description of all such Hurwitz modules over c.

Just as it was important to split up racks into components for analyzing
the stable homology of Hurwitz spaces, it will also be convenient to split up
Hurwitz modules into their corresponding components, which we define
next.
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Definition 26.0.6. For c a rack and S a bijective Hurwitz module over ¢, an
S-component of c is a subset z C ¢ which is a minimal nonempty subset of c

21
closed under the action of ¢ on itself and closed under the action of B, % T,
on c.

Example 26.0.7. In the case ¢ = f = 0 and Ty is a singleton, so that Hur"® =
Hur®, the S-components of ¢ are the same as the components of ¢ (in our usual

x! x!
sense) because the action of B, 90 % Ty on ¢ is trivial as B, % Ty = mq (Zdo)
is trivial.

Exercise 26.0.8. Give an example of a rack c and a bijective Hurwitz module
S over ¢ where ¢ has two components but only one S-component.

We next introduce notation for the schemes over the complex numbers
which are naturally associated to Hurwitz modules.

Definition 26.0.9. Let c be arackand S = (Zé,f’ {Tu}nezoo {¢ntnez.,) bea
bijective Hurwitz module over c. Let Conf),i;’f denote the configuration space
parameterizing n distinct points on the interior of Z;,, s Upon identifying
Bf of ~ 779 (Conffé'f ), we can view the bijective Hurwitz module as yielding
an action Bf‘é’f — Aut(c" x Tp). Define Hur%® as the topological space

1
which is the finite unramified cover of Conffg’f corresponding to the above
action. In particular, this covering space has degree |c|" - | Ty|. Suppose ¢ has
S-components cy, ..., c,. Suppose ny + - - -+ n, = n and let let S"1"v C
¢ x Ty denote the subset such that there are n; points with labels in ¢;. Then

21
let Hur;’f, .., denote the finite unramified cover of Confnf,’{ _n, corresponding

vl
to the map B,,*/ — Aut(S"-),
Example 26.0.10. In the case § = f = 0, we can take Ty = * and we obtain
Hur®® recovers the usual Hurwitz space Hur®.

26.1. Bounding the unstable cohomology. The bound on the unstable co-
homology stems from the following;:

1
Lemma 26.1.1. The space Conf,*’ has a 1-point compactification with fewer than
22841 cells.

Proof. Recall that in the case ¢ = 0, f = 0, we had Fox Neuwirth cells which
kept track of how many points had the same vertical coordinate. (Technically,
before, we worked with horizontal coordinates, but it is equivalent to rotate
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AN

FIGURE 14. The left hand side pictures the quotient rectangle
when ¢ = 0, f = 1, the right hand side pictures the quotient
wheng=1,f =2

the picture and consider vertical coordinates instead.) There were at most
2" cells because we can specify the subset of points which have a different
vertical coordinate from the previous one, and there are at most 2" subsets
of n points. Next, let’s consider the case that f = 1, ¢ = 0. Then, imagine a
square [0,1] x [0, 1]. Puncture the square at the point (1,1/2) and identify
the intervals 1 x [0,1/2) with 1 x (1/2,1) with opposite orientations so that
the quotient surface is isomorphic to 2(1)11. Now, we can describe cells by
the number of points on the right boundary, together with the usual Fox-
Neuwirth cells for the remaining points. In this case, we again specify which
points have new vertical coordinates, but there are 2 cases, either the last
vertical coordinate lies on the right boundary or not. This multiplies the
previous upper bound 2" by a factor of 2, so we get 2" 1. See If
we have f and g arbitrary, we can create Zé/ £ as a quotient of a square by
puncturing the right boundary f times and dividing it into 2 + 4g segments
and making suitable identifications.

For the f punctures, we identify segments directly above and below the
puncture, while for the 4g segments, we identify segments with value 1 and
3 mod 4 with opposite orientations and segments with value 2 and 0 mod 4
with opposite orientations.

Exercise 26.1.2. With the above quotient description of Z‘é fr show there

are at most 2"+/+28 cells if one keeps track of which points lie on different
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horizontal coordinates, and also which points lie in the f 4 2¢ identified
intervals on the right hand side of the quotient of the punctured square.

O

In fact, it turns out the number of cells is subexponential, but we won't
need that.

Corollary 26.1.3. Let c be a rack, S be a bijective Hurwitz module, with O set
To. HurS has a one point compactification with at most |c|"228+/*"|Ty| cells.
In particular, the number of cells grows exponentially in n, where the base of the
exponent is bounded above by 2|c|.

21
Proof. There is a map Hur® — Conf,*’ of degree |c|"|Ty| since the fiber
of this map is identified with T, = ¢" x T, and the cover is obtained
Zl
from this by the monodromy action defining Hur® as a cover of Conf,,*’

x! »!
via the identification B,,*" ~ m; (Confng’f ). Hence, the result follows from
Lemma 26.1.1 0

27. STABLE COHOMOLOGY OF HURWITZ MODULES

27.1. The theorem showing the homology of bijective Hurwitz modules
stabilizes. First, we state the result saying that the homology of bijective
Hurwitz modules stabilizes. In order to state this, we need a notion of
CHur® associated to a Hurwitz module which we give next. The defini-
tion is a little technical, but it captures the idea that the component in the
connected part should not come from a smaller rack or a smaller module.

Definition 27.1.1. Let c be a rack and S be a Hurwitz module over c. Let
¢’ C cbe a subrack. We say a bijective Hurwitz module S’ over ¢’ is a subset of
S over c if there is an inclusion Ty C Ty which induces commuting diagrams

Zl
B, x T, —— T/
(27.1) l l
Zl
B, x Ty —— Th.
We write (¢/,S") C (¢, S) to indicate that S’ is a subset of S.

Exercise 27.1.2. Verify that any two such subsets (¢/,S1) and (¢/,S;) are
contained in a bigger subset. So the above maximal subset is well defined.
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Construction 27.1.3. Given a rack c and a bijective Hurwitz module S over c, we
put a doubly filtered structure on Hur®°. We define F, , Hur"® to be a bifiltration

on Hur"® defined as follows.
Suppose ¢ C cand S" is a bijective Hurwitz module over ¢”’ which is a subset of
the bijective Hurwitz module S in the sense of |Definition 27.1.1}

We then define the (i, j)th part of the bifiltration F; ; Hur®® to be the union of all
components contained in some Hur® 5" for (¢”,8") C (c,S) with || > i and
T | > j for T{ the O-set of S”. Define CHur"® := Fie|, 1| Hur®®.

We use A.s := C.(Hur®; Z). We use F. «As to denote the associated bi-

filtration obtained from F, . Hur® by taking chains. We will also view Fi . A.s
as giving a bifiltration on A, as an A; module. If Ty is the O-set of S, define
CAC,S = P|c\,|TO\AC,S'

Exercise 27.1.4 (Easy exercise). With the definition above, show that CHur®®

is the union of components of Hur®® which are not contained in Hur¢"S for
any subset (¢/,S") C (¢, S)

Exercise 27.1.5. Suppose S = (Zé,f' {Tn}n>0,{tn}n>0) withg = f = 0 and

Ty a point. In this case, show that Hur®® = Hur’. Given an example to
show that in general CHur®® # CHur®. (This inequality probably means we
should have chosen a different definition of CHur® so that these match, but
unfortunately, this is not the definition we chose in the papers.)

Here is the result on stable homology:

Theorem 27.1.6. Let c be a finite rack and let S be a bijective Hurwitz module over c.
Let cy, ..., cy denote the S-components of c. Using notation from|Definition 26.0.3)
there are constants I and ], depending on |c1| and the maximal order of an element
of c1 acting on c, so that for any i > 0 and ny > Ii + |, any element x € cq induces

an isomorphism H;(CHurl> - Z) — Hi(CHurZ’lusnv;Z).
We explain the proof in(§28.2.2

27.2. The theorem on the stable homology of bijective Hurwitz modules.
We next want to state our result computing the stable value of the homology
of bijective Hurwitz modules. Just as we saw that the stable homology of
Hurwitz spaces identify their homology with the homology of a quotient
rack in[Theorem 21.0.1} the stable homology of Hurwitz modules will also
be identified with the homology associated to a quotient rack. In order to
state our main result on the stable homology of Hurwitz modules, we need
the notion of a quotient of a Hurwitz module:
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Definition 27.2.1. If cisarack and ¢/ C cisasubrack,andletS = (! o f {Tutnezoo {Pntnez,)
be a bijective Hurwitz module over c¢. Suppose ¢’ C ¢ is normal and closed

Zl
under the action of B, /' x Ty on c. Define the bijective Hurwitz module
S/c = (=} o f {T, }n€Z>0/ {4, }nez.,) over c/c’ as follows. Take T to de-
note the quotient of Ty by the equivalence relation generated by s ~ s’

if there is some ¢ € B, Zes and xq,...,x, € ¢ with ¥,(7y,x1,...,x,,8) =

(Y1, .-.,Yn,s") such that y; and x; have the same image in ¢’ /¢’. Then, take

Ty := (c¢/c")" x Tp. Finally, for x € T,, we use X to denote its image in T,
1

b _ -
and for y € B,*/ define ¢, ((7,%)) := ¥u((7, x)).
Exercise 27.2.2 (Easy exercise). Show that, in the above definition any S-

21
component ¢’ C ¢ is both normal and closed under the action of B, 1 % Ty
on c. Hence, we may make sense of the quotient of c by an S-component.

Exercise 27.2.3 (Tricky exercise). From the above definition, it is not clear
that the quotient of a Hurwitz module is again a Hurwitz module, because
it is not clear the operation ¥, is well defined. Verify this is indeed well
defined.

In the paper, we only found a computational approach to directly verifying
the above by writing out how generators act. However, it seems likely there
should be a conceptual approach to this that we didn’t find. See if you can
find one!

With the definition of quotients of Hurwitz modules given, the main result
on the stable homology of Hurwitz modules now says that their homology
stabilizes and the stable homology of each component in the ¢’ direction is
identified with that of the corresponding component of CHur®/ ¢.s/¢
Theorem 27.2.4. Let c be a finite rack and S a bijective Hurwitz module over ¢ as in
IDefinition 26.0.3 Let cq, ..., cy, denote the S-components of c. There are constants
I and |, depending only on |c1| and the minimal order of an element of ¢y acting
on ¢, so that for any i > 0 and ny > Ii + |, and any component Z C CHur%S, s

mapping to a component Z' C CHur%, 15/t the map H;(Z,Q) — H;(Z',Q) is

an isomorphism.

We explain the proof idea in [§28.4

Remark 27.2.5. It is possible to list a finite set of primes to invert, which we
do in [LL25b, Theorem 1.4.9] but in order to simplify the statement, we just
work rationally here.
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27.3. Computing the stable homology of Selmer spaces. We’d like to relate
Selmer spaces to Hurwitz spaces. The basic idea is that given an element of
Selmer space, which corresponds to an element of H'(C, j.E[{]), we can view
this as a torsor for the sheaf j.E[¢]. This corresponds to a generically finite
cover of C, and its normalization is a finite cover. What is the covering group?
If we take the Galois closure of E[{], we get a SL(Z/{(Z) cover. However,
this is a torsor for that, and so we get a cover for a group ASLy(Z/(Z) :=
(Z./0Z)? x SLy(Z/¢Z). Here is a formal definition:

Definition 27.3.1. The affine special linear group is ASLy(Z/(Z) := (Z/{Z)* %
SL,(Z/(Z), where the action of ASL,(Z/{Z) on (Z/(Z)* is via the stan-

dard action of matrices on their underlying free rank Z/¢Z module of rank
2.

Remark 27.3.2. By definition, ASL,(Z/¢Z) sits in an exact sequence
(27.2)

0 —— (Z/MZ)* — ASL,(Z/tz) L SLy(Z/0tZ) —— 0

with inclusion map ¢ and quotient map IT. With this presentation, ASL,(Z/(Z)
can be explicitly described as those matrices of the form
(27.3)

mip mip U1 M o )
ASLZ(Z/EZ) ~ Moy Moy Ur | = <0 1) S GL3(Z/£Z) M e SLQ(Z/EZ),'U S (Z/EZ) .
0 0 1

Here is the definition of the Hurwitz module which will be isomorphic to
Selmer space over the complex numbers

Definition 27.3.3. Let B = SpecC and let / > 3 be a prime. Suppose E is an
elliptic curve as in[Notation 24.0.1/and assume E[{] corresponds to a repre-
sentation py : 71 (Zi, f) — SL,(Z/4Z) coming from the fact that the Galois
closure of E[¢] is an SLy(Z/¢Z) cover. (This assumption will be satisfied
whenever E is nonconstant elliptic curve with squarefree discriminant as
follows from [Zyw14, Proposition 2.7] using that the number .Z% there is 1 by
assumption that E has squarefree discriminant and we are assuming ¢ is not
2 or 3.) Let c C ASLy(Z/{¢Z) denote the conjugacy class of elements g with
I1(g) = —id. Let a;, B; denote a standard basis of homology for 2;, and let
Y1, - -,V f+1 be the loops around the f punctures and boundary component

of Zé, s~ Let Ty be the subset of ¢ € Hom(mr (Z;,’ £), ASLy(Z/LZ)) such that

(1) TI(¢p(a;)) = £pe(a;)
(2) TI(¢(Bi)) = pe(Bi)
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(3) ¢(7i) = (0e(7i),vi) with v; € im (p(7;) — id).

Proposition 27.3.4. Suppose E is an elliptic curve over U over B with squarefree
discriminant so that 6¢ is in invertible on B. Using notation as in |Definition 23.0.2|
and notation for ¢, S as in|Definition 27.3.3| for F# = E[{], and B = C there is an

isomorphism Sel zn — [Hur / ASLy(Z./(Z)].

Proof. As mentioned above, we can identify elements of Sel zp with certain
ASL,(Z/{Z) covers as follows. Any element of H'(C, j.E[{]), can be viewed
this as a torsor for the sheaf j,E[¢]. Since the Galois closure of E[¢] will be
SLy(Z/VZ) cover. However, since taking H 1 corresponds to torsors, we get
a cover for a group ASLy(Z/(Z) := (Z./{Z)? x SLy(Z/{Z). It remains to
identify the local monodromies of such covers with those appearing in T,.
First, the data of a quadratic twist ramified along a degree n divisor, which
corresponds to a homomorphism 71; (Z; fr 1) — Z/2Z, of which there are

228, since we have to send the generators around the f punctures to the
trivial element, the generators around the 7 points to the nontrivial element,
and the generators of homology can go anywhere. This corresponds to the
conditions that

(27.4) (p(w)) = £p¢(ai),
(27.5) [(p(Bi)) = pe(Bi),
(27.6) (7)) = oe(7i),
(27.7) 1($(5;)) = —id,

for J; the loops around the n punctures. This will give a sheafon U = C — Z
which is a torsor for E[{], and we need to understand the condition for such
a sheaf to extend across the punctures and become a torsor for j.E[{]. Let
M; = py(7i). At the points s; corresponding to the f punctures, and let p;
correspond to the n punctures. In general the cokernel E[¢] — j.E[¢] will be
a torsion sheaf supported on the points s; U p;. At a point p with monodromy
M, the cokernel will have rank im M — id. The point here is essentially that if
the monodromy is the identity, the torsor will extend, and if the monodromy
has rank 1, a 1 dimensional subspace of the torsor will extend and we will
have to specify the monodromy in the other direction. When there is no 1
eigenspace, we have to specify the total monodromy for the torsor at the
point, (such as over all of the n points where the monodromy is — id) which
lives in (Z/(Z)>.

One can check this bijection holds as the n points vary, and hence defines a
map of quotients of étale covers of configuration space. The reason we have
to quotient by ASL,(Z/(Z) is because the Selmer space really parameterizes
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isomorphism classes of torsors, which means we consider them up to global
conjugation by their covering group. O]

In order to understand the stable homology of Selmer space, the following
will give a description of the stable homology of the corresponding coefficient
system.

Lemma 27.3.5. Suppose c is a rack with a single component and S = (Zé £ {Tutnezoo {Pntnez,)

is a bijective Hurwitz module over c. Then, every component of Hurs/ /¢ maps

Zl
isomorphically to Conf,*”.
Proof. LetS/c := (Z;,’f, {Tn}nezzo, {@n}nezzo). Start with an element (x1, ..., x,,s) €
T, mapping to an element (z1,...,2,,t) € T,.. The statement of the lemma

21
is equivalent to the statement that every element of B,,*/ acts trivially on

(z1,...,2n,t). Suppose we have some path y € Bfg’f so that ¢, (7, x1,...,%n,s) =
(x7,...,x},5"). Then, we wish to show x; is equivalent to x} in ¢/c and s is
equivalent to s’ in Tp. Since ¢ has a single component x; and x/ lie in the
same component, so are equivalent in ¢/c. Finally, s is equivalent to s” in T
as is immediate from the definition of Ty, using that x; and x! lie in the same
component of c. O

Using the above, let’s deduce the description of the stable homology of
Selmer space.

Corollary 27.3.6. Suppose E is a nonisotrivial elliptic curve over U over B with
squarefree discriminant so that 6( is in invertible on B = SpecIF,. For each compo-
nent Z C Sel gy, the projection map Z — Contfy, 1/ induces an isomorphism on
stable cohomology with Q coefficients. That is, there are constants I and | so that
forn > Ii+ ], H(Conf, 11,8, Q¢) — H(Z,Qy) is an isomorphism.

Proof. We can compare to characteristic 0 using the existence of normal cross-
ings compactifications of Hurwitz spaces; we explain the idea for Hurwitz
spaces over P! in see(§29|and [Theorem 29.0.1) but a similar proof works over
arbitrary curves; see [EL24, Corollary B.1.4] for a reference for the normal
crossings compactification, which implies that the cohomology in positive
characteristic agrees with that in characteristic 0. So, it’s enough to under-
stand the statement over B = Spec C. Moreover, using [Proposition 27.3.4}
we can identify Selz» as a quotient of a certain bijective Hurwitz mod-

ule Hur™®. We have a factorization Hur’® — [Hur$® / ASLy(Z/(Z)] —
Selzn — (Conf, ;/p / ASLy(Z/¢Z)] — Conf, 1;,5. The first two maps are
tinite étale and the last map induces an isomorphism on cohomology be-
cause the action of ASL,(Z/{¢Z) is trivial on configuration space. Hence,
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it’s enough to identify the stable rational homology of each component
of Hurwitz space with that of configuration space. Now, [Theorem 27.2.4}

shows each component of CHur® has the same stable homology as each
component of CHur®“*/¢, One may use the squarefree discriminant and
nonisotrivial hypotheses on E to show that in this case, CHur"® is all of
Hur®®, (essentially because the elements around the f punctures will already
generate the covering group,) and CHur® /¢ is all of Hur®/ /¢, This identi-
fies the stable homology of each component of Hur®® with the corresponding
component of Hur/%/¢, and so we conclude because the stable homology

21
of Hur{/“5/¢ is identified with that of Conf,,*’ by|Lemma 27.3.5| O

28. PROVING THE TOPOLOGICAL THEOREMS FOR HURWITZ SPACE
MODULES

We’d now like to explain proofs of [Iheorem 27.1.6|and [Theorem 27.2.4
These proofs of the module result will be similar to the case of Hurwitz
spaces, but every step will be a little trickier. However, it will give us a good
chance to practice the techniques we were learning. Morally, it should be at
least as difficult, because if we take the trivial Hurwitz module S over a rack
¢ where Ty = * and ¢ = f = 0, we recover Hur®> = Hur®.

Remark 28.0.1. As the argument for this is already quite complicated, we
will take every opportunity to simplify it that we can. In particular, we
will often specialize our proofs to the case ¢ = 0,f = 1. Often there is
more to keep track of in the other cases, but this will significantly simplify
notation, especially because the fundamental group of the punctured disc is
Z, generated by a single element.

28.1. Stability of a quotient. We start with discussing the proof that the
homology of Hur®® stabilizes. As in the case of Hurwitz spaces, before show-
ing this stabilizes, we show that the homology of a quotient stabilizes. The
general strategy will be to first consider a quotient of the homology by ele-
ments of c and show that quotient stabilizes, and then remove elements from
the quotient one at a time. Our first result toward this is|Proposition 28.1.2|
below, which is the result saying that the homology of the quotient stabilizes.

Notation 28.1.1. Fix a rack c and let a, € 1o Hur{ denote the corresponding

element. Fix an ordering of the elements of c. For X C c a subset, we write

ax := {ay : x € X} and & := {al, : x € X}. We use C*(Huris)/(oc?(rd(x))
d(x;

to denote the tensor product C,(Hur? )/ (zxzz & 1)) ®c, (Hurt,) ** * Bc, (Hur,)
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ord(x;
Cy(Hur<.)/ (,Xxix(x x))

elements of X taken in order of the ordering on c.

) ®c, (Hurs, ) Cx (Hur®®) for iy, ..., x| the indices of the

At this point, it may be useful to recall the notion of being bounded in a
linear range, as defined in|Definition 14.0.3

Proposition 28.1.2. The chains of the quotient M := C,(Hur?")/ (a2 s

bounded in a linear range.

Proof. The proof is quite similar to the proof of [Theorem 14.0.4] and
but let us say a little bit about what goes into it. One can
axiomatize the ingredients needed to prove the quotient stabilizes, and it
amounts to the following four ingredients in this case.

Proposition 28.1.3. Let A := C,(Hur% ) viewed as a graded Z module and
assume

(1) k ®4 k is bounded in a linear range

(2) k ®4 M is bounded in a linear range

(3) If I C moA denotes the kernel of the augmentation map oA — k, there is
some uniform t € IN so that I'*1 acts by 0 on 7t; M for each i.

Then, M is bounded in a linear range.

We will not explain the proof of this proposition, which again is similar to
the proof of [I'heorem 14.0.4{and [Iheorem 17.0.6 but instead we will explain
how to verify the four hypotheses.

Most of the above points are fairly easy to verify: We saw in|Lemma 17.0.2|
that k ® 4 k is bounded in a linear range. We similarly have that k ® 4 M
is bounded in a linear range, as we explain in[Lemma 28.1.4, For the final

condition (3), we want to know that a power of I acts by 0 on the homology

of the quotient Ci (Huris)/ (“?rd(c)). The point is that txiord(x)

on C, (Hurﬂ;s) / txird(x), and so if x; is the ith element among the members

of ¢ in order, then zxi:. ord(¥) acts by 0 on C*(Hur‘f) /a5 So if we take

a uniformly high enough power I'*1 of I (say we can take t larger than

Zl‘.c__|1 2/ ord(x;)), which is generated by the a, some oci ord(i) st show up,

and so I'*! acts by 0. O

acts by 0

The last result we need as input for the proof of [Proposition 28.1.2]is the
following, which verifies condition (2) in|[Proposition 28.1.3|

Lemma 28.1.4. We have * OHur, (Huris /(“?rd(c))> is bounded in a linear

range.
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FIGURE 15. The left hand side pictures the scanned rectangle
when ¢ = 0, f = 1, the right hand side pictures the scanned
rectangle when ¢ = 1, f = 2. On the left hand side, the cells of
dimension n correspond to placing 1 points at distinct heights
on the orange rectangle and sliding them back and forth. On
the right hand side, there are now 4 rectangles we can place
points in, and the n-cells correspond to placing n points in total
among the four rectangles, all at distinct heights

1.4l follows from [Lemma 28.1.5/below because once we show
* 4+ QHur, Hurﬁ;s) is bounded in a linear range, by quotienting by the ac-

rd.(x)

tions of finitely many ay

(HurﬁrS / (ac ord(c) )) is bounded in a linear range.

, we also obtain the iterated quotient % @y

Lemma 28.1.5. The n-cells of *; @pur, (Hurﬁ;s> are concentrated in grading n.

In particular, * + Qs (Huris) is bounded in a linear range.

Proof. The key for this is to use the quotient model of configuration space/Hurwitz
space described in the proof of [Lemma 26.1.1] Let’s first think about the case
g=0f=1

Then, we can think of Z;,’ fasa quotient of a rectangle with 1 puncture
on the right, where we identify 1 x [0,1/2) with 1 x (1/2,1] with opposite
orientations. See The loop around the puncture corresponds to
sending an element at height 3/4 to the right, in which case (0,3/4) gets
identified with (0,1/4) and comes back to the left.
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— — — — — /
‘7\‘7\‘7\‘7\‘7\‘7\
— — — — — /
‘7\‘7\‘7\‘7\‘7\‘7
— — — — — /
47\47\47\47\%'\47\
— — — — — /
- T— T T~ T T~
— — — — — /
— — — '\‘7\ i
e S S — TTU
- Y T Y~ T~
— — — — — /
%\%\%\%\47\47\
— — — — — /
— — — — — \

FIGURE 16. Here, we depict the part of the scanning argument
where we create 2¢ + f separate rectangles. This is the case

f=2g¢=1

Remark 28.1.6. In general, one can use a scanning argument to identify
* 1 QHurg, Huris with collections of points in the rectangle so that no two
have the same vertical coordinate / and also if one has vertical coordinate
no other has vertical coordinate 1 — /1, where points are labeled by elements
of c. Moreover, there are no points with vertical coordinate 1/2. We still
have that when elements pass over each other, their labels change, but now
the label changes and it acts on Tp whenever it passes through the right
boundary via the quotient defining 2(1),1.

The way to achieve this scanning model follows two steps. First we use a
general scanning argument to identify points of the tensor product with col-
lections of labeled points as above. Then, we can apply a homotopy to push
all elements outward from the puncture, so that in particular, there are no
points with vertical coordinate 1/2. Once no points have vertical coordinate
1/2, the space is topologically a rectangle, but with height  identified with
height 1 — 1, and so we can apply the usual scanning argument to assume
there is one in each row. This corresponds to pushing points either to the left
above 1/2 at height I or to the left below 1/2 at height 1 — &, which is why no
point will be in height 1 — / and h at the same time after scanning. A similar
procedure works for general g and f. For example, thecase f =2,¢ =11is

depicted in

Overall, [Remark 28.1.6 gives cells for ;. ®@py Huris indexed by tuples
in ¢ x Ty where the points all have heights between 1/2 < h < 1. The
cells in degree 7 all correspond to n-spheres, since they are identified with
[0,1]", where the ith coordinate indicates the location of the ith point on the
horizontal line it can move across (which involves both the y coordinates h
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and 1 — &, which are identified). We identify the boundary of this cube with
the basepoint, corresponding to when the point hits the left boundary, either
above 1/2 for the 0 boundary or below 1/2 for the 1 boundary. Then, we see
this space is built out of n-cells in degree n and hence 7; of its nth graded
part vanishes when i > 11, meaning it is bounded in a linear range.

When g, f are general, a similar argument works, but the scanning argu-
ment will produce 2¢ + f rectangles.

Exercise 28.1.7. How many n-cells will s} ®py¢ Huris have in the case of

genus g and f punctures. You should express your answer in terms of |c|
and |Tp|.

O

28.2. Showing the homology of bijective Hurwitz modules stabilizes. We
now have to carry out the “unquotienting” procedure. That is, we showed

C. (Hurﬁrs / (e ord(e ))) stabilizes to 0 in a linear range. We next want to remove

elements from the quotient to show the homology of Huris itself stabilizes in
a linear range, thereby proving [Theorem 27.1.6, The procedure of the proof
is similar to that of the monoid case of Hurwitz spaces, which we explained
in[Theorem 16.0.1l Hence, we will be somewhat brief.

The starting point is that we showed in [Proposition 28.1.2| that the quo-

tient M := C,(Hur?’ / (ag ord(e ))) stabilizes to 0 in a linear range. Recall the

filtration on Hur®® from |C0nstruction 27.1.3| Using a similar argument to

Lemma 16.0.4, we can filter C, (Hur / (oc?rd ))) by its connected parts to

deduce the following

Lemma 28.2.1. C,(CHur?® /(ag ord(e ))) is bounded in a linear range.

28.2.2. Proof of [ heorem 27.1.6, assuming |Lemma 28.2.3, Next, consider a sub-
set V C ¢ containing at least on element of each S-component of c. (Recall
S components are minimal unions of components of ¢ which are permuted

under the action of Ty.) We consider the quotient C, (CHuriLS / (ay, ord(V )))
and we aim to show it vanishes by downward induction on the size of
V. The case that V = |c| was covered in [Lemma 28.2.1] We will as-

sume by induction that C,(CHur?’ / (a3, ord(V), ;rd(y ) )) is bounded in a linear

range for each y € ¢ — V. To show C*(CHur / ((x?,rd( ))) it is therefore

enough to show C, (CHuri’S /(oc?,rd(v))) [(xy_l] = 0 using|Lemma 15.0.18, This

will be shown in [Lemma 28.2.3| below. Overall, this allows us to prove

C.(CHur?® / (ay ord( ))) = 0. Now, knowing this in the case that V contains
exactly one element in each S component allows us to conclude the proof
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using [Lemma 16.0.3; The point is that if we fix a single component, this
implies multiplication by a power of that element induces an isomorphism
on homology, and hence that element itself will induce an isomorphism on
homology in a slightly larger degree. (See for a similar deduction of
the theorem [Theorem 16.0.1]) O

To prove the homology of Hurwitz space modules stabilize, we therefore
only need to prove the next lemma:

Lemma 28.2.3. Suppose V contains an element in each S-component of ¢, and
y € c— V. Assume mductzvely that C,(CHur%” / (ocord ))) = 0 for all V' with

V| > |V| then C..(CHur® / (a ")) [a; 1] = 0

Proof. The proof is similar to [Lemma 16.0.6[so we will be brief. As argued
there, it suffices to prove C, (CHuriS / ((x?,rd V))) [, Liyec—V] =0 We
prove this in [Lemma 28.2.4|and [Lemma 28.2.6 O

—

The next lemma’s proof is very similar to[Lemma 16.0.7, so we leave it as
an exercise.

Lemma 28.2.4. If V C c contains an element in each S-component of c, and V is
not a subrack, then C,(CHur?” / (a3, ord(V )))[zxy_l cyec—V]=0.

Exercise 28.2.5. Give a proof of the above lemma.

Hence, we are reduced to the crucial statement, which is as follows:
Lemma 28.2.6. If V' C c contains an element in each S-component of ¢, and V is a
subrack, then C.,(CHur%® / (o ord( )))[a}jl cyec—V]=0.

In order to prove the above lemma, we need the following notion of a
certain module S’ associated to the normalizer of a subrack. For this, the
reader may wish to recall the notion of a subset from [Definition 27.1.1

Definition 28.2.7. Let c be a rack and S be a bijective Hurwitz module over c.
For ¢’ C ¢ a subrack, define S. to be the bijective Hurwitz module over ¢/
which is maximal among all subsets, (¢/,S./) C (c, S ).

Suppose cisarack, ¢’ C cisasubrack. LetS = (X} gf’ {Tu}nezoo {ntnez.,)
be a bijective Hurwitz module over c and S = (X} o f {Th}nez.y ¥y) be the

system over ¢’ defined above. Then define

(28.1) S = (Zg 5 ANe(&)" X T}nezog {Pnln.(yrxty nezog)-

It turns out this is a bijective Hurwitz module, though it is somewhat tricky
to verify this.
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Proof of[Lemma 28.2.6] Let S’ be the bijective Hurwitz module obtained from
S associated to N.(V) as defined in (28.1). We consider the map

fss o Co(Hur? /(a3 ) ey sy € ¢ = V] = Co(HurY Y /(@5 a iy e c - V]

The map will take the connected part of the source (which we want to show
vanishes) to the connected part of the target. The connected part of the target
vanishes by the following lemma:

Lemma 28.2.8. Suppose ¢’ C c is a subrack which is not a union of S-components
of c and let (N(c"),S") C (c,S) be the associated subset as in (28.1)). Then we
cannot have equality Nc(c') = cand S’ = S as bijective Hurwitz modules.

Proof. By [Lemma 16.0.10, we must have that ¢’ C ¢ is a union of components
of c. Suppose Tj is the 0 set of S’ and Ty is the 0 set of S. By definition of

Zl
the S-components of ¢, there must be some t € Ty, x € ¢/, and v € B, 0
that 0 (x) & ¢’. (Recall 0/ is part of the structure of the bijective Hurwitz

Zl
module defined in |Definition 26.0.3, which records the action of B, 5 % Ty
on ¢.) Therefore, t ¢ T and so T # Tp and hence (c/,S’) C (¢, S). O

Hence, to conclude our proof, we only need to check fs ¢ is an equivalence.
Note that since V is a subrack of ¢, ¢’ := ¢ — V is also a subrack. Take R =

C.(Hur$),S = C,(Hur +C(C/) ), (where C is the reduced chains functors) Is the

ideal generated by the classes of a, for x € V, and I be the ideal generated

by the classes of ay for x € V,and M = @(Huri’s /(oc?/rd(v))) [ocy_l tyEc—

V]). A general result in descent (which goes into the proof of Lemma 15.0.10)
says that in order to identify M with S ®r M it suffices to identify

(28.2) 70(5) 95" @5 (S @r M) = 719(R)“R" @r M

for each n, so long as I acts nilpotently on 77;(M) for each i and Is acts
nilpotently on 77;(S ®g M) for each i. We note that the nilpotency of these
actions is satisfied since each ay for x € V acts nilpotently on M, (since ay
appears in the set we are quotienting M by,) and hence linear combinations
of products of the a, will also act nilpotently.

Therefore, plugging in the values of M, R, S to we only need to show

Cs (o Huri [occ_,l]@)Hurin OHur, Huri;S /(a(‘),rd(v))) [ocy_l cyec—V])

re 1,2 rNc(C/)n N:(V),s’ d(V _
= ColmoHurgag!] e o Hurd U/ @y )l y € e - V)

The n = 1 case is a direct consequence of [Proposition 28.2.9/below. For the
case of general 1, we can reduce to the n = 1 case by using|Proposition 16.0.12|
to the first n factors.
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One of the key steps in the proof of the monoid version [I'’heorem 16.0.1
was |Proposition 16.0.12l The analog for modules is the following, where
Nc(c") denotes the set of elements x € ¢ so that x>y € ¢ fory € ¢’

Proposition 28.2.9. Let ¢ be a rack, ¢’ C c be a subrack, S a bijective Hurwitz
module over ¢ and S’ the corresponding bijective Hurwitz module over N¢(c'), as

defined in (28.1)). Then

(28.3)
/ _ .S ~ / _ . / IS/
<7T0 Hur® ) o] Opyr, Hury o <7'[0 Hur® ) o] ®Hurfc<c/> Hur ()

Proof. The proof is quite similar to that of [Proposition 16.0.12| Namely, we

can use the scanning model for (no Hurcl> [DCC_,l] OHurS, Hur‘j;s given by a

rectangle with a label in (7‘[0 Hurcl> [« '] on the left and with points labeled

by ¢ on the interior, along with an the label of an element t € Ty. This was
described earlier in [Remark 28.1.6

Definition 28.2.10. An allowable move in the above scanning model consists
of taking an element x € ¢/, moving it across the rectangle until it reaches
the right hand side in which case it is identified with a lower point on the
right hand side and then it is moved backwards into the left boundary. An
allowable path refers to the path traversed by the point, so it is essentially the
same as an allowable move except it does not record the value of x € ¢’. The
left output of an allowable move is the corresponding element of c that hits
the left boundary after this procedure.

Note allowable moves always go from higher to lower, so their starting
point is the higher point.

We picture some possible allowable paths in [Figure 17]

. . . . C/ —1 N,
There is a similar scanning model for (7‘(0 Hur > "] ) geNe(e) . HUry

(C/),S/

where now the interior only contains elements of N(c¢’) and a label from T},
the 0 set of S'.

One can show that if we have some point of the source of which is
not in the target, then there is some sequence of allowable moves so that
the left output of the last one is not in ¢/. With a little more work, it is even
possible to show a single allowable move which accomplishes this. The idea
of the nullhomotopy is simply to pick an ordering on ¢’ and then to make
the lowest allowable move that accomplishes this, and if there are two such
allowable moves then make the move where we move the element x € ¢/
which is earlier in the ordering. If nothing hits the boundary, this will be sent
to the basepoint since the left output will not be in ¢’ and hence act on the
left boundary by sending it to the basepoint.
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14 (]
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7/1
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FIGURE 17. Here we visualize some allowable paths in a con-
figuration with f =2, ¢ = 1 and two yellow points present in
the configuration.

The only issue above is that the homotopy described will not be continuous.
However, we will now define a bifiltration so that it is continuous on the
associated graded of the bifiltration, and this will be enough to check the
claimed statement on the level of homology.

The first grading of the filtration counts the number of elements j; below
the lowest height i at which we can start an allowable move whose left
output leaves ¢’. The second filtration counts the number of elements j, in
the rectangle so that if we treated them as lying in c when we move them
around to the right boundary, they land in ¢’.

Now, we check the homotopy is continuous on the associated graded
of the above filtration when points in the configuration hit the boundary.
If the point hits the left boundary above £, it won't effect the allowable
move we can make so the homotopy will be continuous in this case. Second,
suppose the point hits the left boundary below h. We can assume the action
of the element on the boundary is via an element of ¢/, as otherwise the
configuration will go to the basepoint. If it is via a point going to the lower
of its two equivalent heights (meaning that two heights are equivalent in
the scanning model of the rectangle made by identifying two points on the
right hand side), it leaving will decrease the second filtration while fixing
the first. On the other hand, if it hits the boundary at the higher of its two
equivalent heights, then it decreases the value of the first filtration j; while
preserving the second. In either case, it decreases the filtration, so we can
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ignore these moves as the send the configuration to the basepoint. This
shows the homotopy is continuous on the associated graded of a filtration,
so we obtain the claimed equivalence on homology. 0

28.3. Computing the stable homology of Hurwitz space modules. Hav-
ing proven [Theorem 27.1.6| that the homology of bijective Hurwitz space
modules stabilizes, it only remains to compute the stable value and prove
Theorem 27.2.4

The idea is similar to the proof of[Iheorem 18.0.9\where we want to average
all of the elements appearing in the rectangle.

28.4. Proof sketch of Theorem 27.2.4. This is one of the most technical parts
of the argument, and so we will not give all the details, which you can find
in the paper, but try to emphasize the key ideas.

First, we set up a comparison map as follows. Let ¢’ be an S-component of

c,Sr,—1 c/c,S/c ., —1 c,Sr.,—1 :
c¢. Hur[a "] — Hur @] X o Huge/&5/¢ ot o Hur” [« "] which

we want to show induces a rational equivalence on homology. We view
these both as Hur modules and use descent along the map 7o Hur[a ;'] —
Hur® [IXC_,l]. That is via a descent argument, it suffices to check these two

modules are equivalent after taking iterated fiber products of (7‘[0 Hur® [occ_,l]>

over Hur[a,']; that is, it suffices to check

® _1,n+1
—17) “HurCla 1] ¢S, —1
<7T0 Hur[a, ]> o ®Hurc[a;’1] Hur"[a,"]

® —1yn+1 / /
-1 Hur€[a~, "] ,S -1
— (no Hur [« ]) o Do) (Hurc/c /e o] x

!

c,Sr.—1
C/C,,S/C/[a—1 7-(0 Hur [DCC/ ])

7T0 Hur /e ]

for all nonnegative integers n. It suffices to make the desired identifica-
tion when n = 0 as the other cases will then follow by tensoring with

_1,n

(71,0 Hur® [lxc_/l] ) ©bure Ol

We next want to reduce to the proposition below. To make this reduction,
we need two ingredients, which we don’t explain further. First, we need an
argument similar to that proving|Lemma 21.0.2/and [Lemma 20.2.6|(where we
will have to commute tensor products and pullbacks). Second, we need an
additional argument where one needs to show that if multiplication by some
element of 7o Hur[a '] fixes a component of 7o Hur%’[a'] then it acts

trivially on the rational homology of 7o Hur®[a '] ®yy,« Hur”®. Granting
these two ingredients (you can see the proof of [LL25b, Theorem 8.3.3] for
the first and [LL25b} Proposition 8.3.1] for the second) we reduce to showing
the following equivalence:
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Proposition 28.4.1. Let ¢ be a rack, S be a bijective Hurwitz module over ¢ and
¢’ C cbean S component. The map

<7T0 Hur® [ac_,l]> ®Hurc[ac71] Hur®’ [ac_,l]

/S / -1
7T Hur¢/¢'5/¢ [txc,/c,]

— (no Hurc[occ_,l]> ®Hurc[a;,1} <Hurc/ c'8/¢ [zxc_,}c,] X

induces a rational homology equivalence.

Proof sketch. As usual, we can create a section to the map and show that the
complement of the section is contractible.

To simplify matters, we will focus on the case f = 1 and g = 0, so the
surface has only a single puncture. Our scanned model consists of a module
M := moHur[a '] ®7 Q labeling the left hand side, a collection of points
on the interior in Q{c} and a label s € Q{Tp}.

We will slightly further simplify matters by assuming ¢ = ¢’ has a single
component with ¢ = ¢’. While this hides a substantial amount of difficulty,
we remark it is the only case we use for our application to Poonen-Rains
(although there we typically need f > 1 since the elliptic curve will have
more than 1 place of bad reduction). The reason for working with this case is
that it makes the description of S/c¢ = S/c¢’ much simpler. Namely, we just
take the equivalence relation generated by s ~ s’ if they are related by the
action of some element of c moving around the puncture.

The complement to the section consists of linear combinations of configu-
rations where top i — 1 points are averaged and the ith point is antiaveraged,
or all n points are averaged but s is antiaveraged, meaning that s is a linear
combination of elements of Ty in the same orbit of the action of ¢ = ¢’.

We'll first discuss the case that i = n. Here, we essentially want to do a
homotopy where we move a point around the boundary of the rectangle.

Consider the finite group GC/O, the automorphisms of Ty induced by the action

of ¢ = c. Any element of k{T} fixed by this group necessarily is averaged,
i.e. is a linear combination of orbits for the ¢’ action on Ty. Therefore, we
just need to enact the action of this group. We can choose a representative
for each element as a product of elements of ¢, and then move each of these
elements around the boundary of the rectangle one by one, and then average
them. The motion of a single element is depicted in blue in[Figure 18|

As usual, these representatives will not be closed under the action of c,
hitting the boundary, but we can add in their translates by the ¢’ action to
assume that they are. Overall, this allows us to nullhomotope this part of the
complex.

719 Hur®’ o] )
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FIGURE 18. This depicts the action of moving a single element
around the rectangle. A sum of iterations of this results in
averaging the label for Tp.

We conclude by considering the case i < n. Here, the ith element v; € k{c’}
is antiaveraged. So, if we apply Uy (v;) = ﬁ de e 8 > vi we get 0. Thus,
we only want to enact this averaging procedlclre. As usual, we can try to do
this by writing elements of ¢ as products of elements of ¢/, and moving them
on the allowable paths directly below and above v;. One such movement is
depicted in

As usual, this will not be continuous when things below and above v; hit
the boundary, but we can try to fix this by adding in translates of the words
by elements of ¢’. This works when elements below and above v; hit the
boundary, but there is a small issue when v; hits the boundary. When v;
hits the boundary by moving left, the result is just 0 since v; is antiaveraged.
However, when v; hits the boundary by moving right, it can be nonzero.
In this case, however, there is only one more observation we have to make.
After v; hits the boundary by moving right, it is a linear combination of
elements which are related by the action of moving elements of ¢’ around the
boundary of the rectangle. Namely, if v; = u — w, for example, then it will
be the difference of moving u around the rectangle’s boundary and moving
w around the rectangle’s boundary. Hence, we can kill this element via a
further nullhomotopy similar to the case i = n by averaging over moving
elements around the boundary of the rectangle. This finally concludes the
construction of the nullhomotopy and our sketch of the proof. O
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FIGURE 19. This depicts the homotopy used to kill configura-
tions with antiaveraged elements. In the picture, the yellow
dots are averaged and the red dots are antiaveraged. We move
the blue dot around the highest antiaveraged element, then
iterate to get every element of the relevant structure group,
and average over the group.

29. COMPARING COHOMOLOGY OF HURWITZ SPACES IN DIFFERENT
CHARACTERISTICS

One key result we used throughout these notes was the comparison of
cohomology of Hurwitz spaces in characteristic 0 and characteristic p. Here
is the statement:

Theorem 29.0.1. Let G be a group, and c := G — id. Then Hi(HurS% ,Qy) ~
Aq
H' (Hur(¢, Q).

Definition 29.0.2. If X is a smooth scheme over a base B, a relative normal
crossing compactification of X over B is a smooth proper scheme Y contain-
ing X as a fiberwise dense open subscheme so that D = Y — X is a normal
crossing divisor, meaning that around every point of D, étale locally D is
isomorphic to a union of hyperplanes meeting transversely, i.e. over B it is
étale locally of the form V(x,...,x,) in A"™™ for some m > 0.

This follows from a general result that if we have a smooth scheme (or
DM stack) X — B with a relative normal crossings compactification then
the cohomology of any two geometric fibers of X — B are isomorphic.
You can think about this general result first in the smooth and proper case
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over B = SpecC. Then, it simply amounts to Ehresmann’s theorem, that
is smooth proper map is locally a product in the analytic topology, so any
two fibers will have isomorphic cohomology. to show that each stratum
One can prove a version of Ehresmann’s theorem over general bases using
the formalism of vanishing cycles (and some results which also go into
the smooth base change theorem). And one can also generalize this to the
relative normal crossings case. Therefore, the key ingredient we need to
prove the comparison on cohomology is that Hurwitz spaces have a relative
normal crossings compactification.

Theorem 29.0.3. Let B := Z[1/#G|, G be a group, and ¢ := G —id. Then
Hurff”g has a relative normal crossings compactification over B.

Remark 29.0.4. A much more general version of Hurwitz spaces has relative
normal crossings compactifications, where one considers covers of higher
genus, punctured curves, instead of just A, which we think of as a once
punctured P!. This generalization applies, for example, to constructing
a compactification of Conf, ;;,p which was needed in for our application
to the Poonen-Rains heuristics. In the case the curve is proper, and G is
trivial, the compactification we construct agrees with the Fulton-MacPherson
compactification of configuration space.

The proof is somewhat technical and involves a bit of log geometry, so
we will just sketch the main idea of the proof. We start by constructing the
relative normal crossings compactification. We want to study G covers of A
branched at n points. We think of these as G covers of IP! branched at n + 1
points, but with co as a special point. We view [IP!/G] as a quotient stack
with the trivial G action on IP'. We let K,,,1([IP!/G], 1) denote the stack of
balanced twisted stable maps whose S points are described as follows: Sup-
pose we are given amap S — B. Then, K,,11([P!/G],1)(S) is the groupoid
of representable maps & : X — [IP!/G] from an n + 1 pointed balanced
twisted curve (where twisted means the curve can be stacky and also have
stacky structures at the nodes and balanced is a condition about how the
nodes are glued together, formal definitions can be found in [ACV03]) such
that

(1) The coarse space of X' isacurve f : X — S

(2) The fibers of f have genus 0

(3) The map f factors through a map X — P! which is an isomorphism
on one component and contracts the other components.

There is an evaluation map 7 : K, 1([IP'/G],1) — P! which sends the
stable map to the value of the n + 1st section, which we think of as mapping
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to co. Now, define

Ky41([P1/G],00,1) := 1 (o0) = K1 ([IP1/G], 00,1) x B.

7r,IP1,00

which just takes the closed substack where the n + 1th point maps to c.
The open subset of this stack where the first n points are distinct from each
other and from o is an S,, cover of Huri’g. Therefore, in order to prove
[Theorem 29.0.3} it suffices to prove the following:

Theorem 29.0.5. The stack K, 1([IP'/G], 0, 1) is smooth and proper, and it is a
relative normal crossings compactification of the open locus where then n points are
distinct from each other and co.

Proof. The proof of this is not the part that gets rather technical with log
geometry, but the idea is not very difficult. Properness is automatic from
general results about twisted stable maps and the real issue is to show that the
stack is smooth and that it is a relative normal crossings compactification of
the specified open. Recall being a relative normal crossings compactification
means that the complement of the open looks étale locally like a union of
hyperplanes.

In order to prove something is smooth, the typical strategy is to use
deformation theory and to show that the obstructions to deformations vanish.
So that would be a good strategy to show smoothness of the compactification.
But how can one show the boundary divisor is relative normal crossings? It
is conceivable that one could show this by giving a moduli interpretation to
the boundary in terms of how many points collide. It seems like it should be
possible but a bit tricky to pin this down exactly. However, there is another
approach. It turns out there is a notion of a map being log smooth. Normal
crossings compactifications are log smooth. And it turns out that in good
situations (such as the current situation when the characteristic monoid is
given by a power of the natural numbers) being log smooth implies the map
is given by a relative normal crossings compactification.

Therefore, it is enough to check K, ,1([P!/G], 0, 1) is log smooth over
B, where the log structure is given by the divisor parameterizing singular
curves. To do this, we analyze the deformation theory. In general, given a
map of smooth curves f : X — Y, the deformation theory is governed by
the cotangent complex, which is I := [f*Qy = Qy] in degree —1 and 0.
To check the moduli space of these covers is smooth, one wants to check
Extz(IL, Ox) = 0. In this case, « is injective, so it is equivalent to its cokernel
coker &, so we just want to check Ext®(coker &, Ox) = 0. This holds by Serre
duality since it is identified with H~!(.% ® wx) = 0.
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Now, one wants to generalize the above computation to the log setting.
Here, it turns out the log deformation theory is governed by the log cotan-
gent sheaf. Consider a twisted stable map X — [IP'/G]. which ends up
being the follow the sheaf on the stacky curve h : X — [P!/G] from the
definition of K, 1([P'/G], o0, 1). Then the log cotangent complex is L1 :=
h* (W[lPl/G} ( [oo/G])) — wx (D + &) for D the divisor corresponding to the
first n sections and £ the divisor corresponding to the last section. So our goal

is to show Ext?*(ILI°8, 0x) = 0. In turn, if f : X — P! is the coarse space of X’
and D, E are the divisors corresponding to the first n and last section, and

we let lLfg = f* ( Wp1 /g ([oo/G])) — wx(D + E), then one can identify

Ext?(IL1°8, 0y ) ~ Extz(ILlfog, O ). So we only need show the latter vanishes.
Now, the map ¢ has a kernel supported on the contracted components and
a finite cokernel Q. We have Ext?(Q, €x) = 0 for the same reason as above
while one can separately show that Ext*(K[1], 0x) = Ext'(K, 0x) = 0 by
showing that K is sufficiently positive, as we explain a bit more. Let Y C X
be the smallest subset of components containing all the marked points such
that Y is connected. Let W C X denote the union of components not in Y.
Then one can calculate K = i, Oy (— (Y NW)) fori: W — X the inclusion.
Using Serre duality, we can calculate

Ext? (i, O (— (Y N W))[1], Ox) ~ Extl(i*ﬁw(—(Y NW)), Ox)
HY(X,i,Ow(—(YNW)) ® wx)”

~ HO(W, Ow(—(YNW)) @ wx|w)"
HY(W, Oy (—(Y N W)) @ ww (Y NW))Y

~ Hl(w, ow)

=0.
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