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Abstract

Let G be a semi-simple connected algebraic group over Q and I' be an arithmetic subgroup of
the group of real points G = G(R). Given a decreasing sequence of arithmetic subgroups {I'y}
of I', a recent conjecture has been made by Bergeron and Venkatesh on the limit as n goes to
infinity of WM, where M is a finite rank free Z-module. It is conjectured that the
limit depends on and the deficiency of G. In this expository paper, we introduce the reader
to the literature concerning this problem, including Reidemeister torsion and analytic torsion,
and recount recent developments made by Miiller and others on specific cases of the conjecture.
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1 Introduction

Algebraic groups have long been of interest to mathematicians in a variety of different fields.
Since they can be viewed in an algebraic and topological way, many tools lend themselves to study
their shapes and aid in their classification. In this chapter, we introduce the foundations of algebraic
group theory, which largely follows the material in [9].

We define an algebraic group G to be a variety endowed with the structure of a group, such
that the multiplication map and the inversion map are morphisms of varieties (that is, the maps



are given locally by polynomials). We define the identity component of G to be the irreducible
component which contains the identity element, and we denote it as G°. We call an algebraic group
connected if G = G°.

In this paper, we will be focusing on algebraic groups which are affine varieties, which makes
them linear algebraic groups. These are particularly nice to work with since

Theorem 1.1 ([9] Theorem 8.6): If G is a linear algebraic group, then it is isomorphic to a
closed subgroup (under the Zariski topology) of some GL,(K), where K is an algebraically closed
field.

When K = C, GL,(K) is itself a Lie group, and being a closed subgroup, we can also view G
as a Lie group too. With this perspective, we can view G < GL,(F) for some field F' as a Lie
group whenever the general linear group GL,,(F) is a Lie group.

Let G be an affine algebraic group over the field k; then if we let I(G) denote the ideal of
polynomials f(t1,...,t.) € k[t1,...,t.] that vanish on G, we define the affine algebra of G to be
E[G] := k[t1,...,t;]/I(G). We can define an action of G on k[G] like so; given an element z € G,
the left translation y — xy induces a map (A, f)(y) = f(z~'y) where f € k[G]. We call A\, the left
translations of functions by z, and note that it induces a group homomorphism

A: G = GL(K[G])
Aix = Ay

One more key notion is that of derivations of k[G]; these are k-linear maps § : k|G| — k[G]
such that 6(zy) = é(x)y + x0(y) for all z,y € k[G]. It can be shown that these form a Lie algebra
denoted Der(k[G]) where the Lie bracket is defined to be [d1,d2] = 1 0 02 — J3 0 ;. With these
definitions in place we can define the Lie algebra of an algebraic group G to be the space of left
invariant derivations

Lie(G) := {6 € Der(k[G]) | 6\y = A6  Vz € G}

Notice the similarities between this set up and the classical theory of Lie groups and Lie algebras.

In fact, in the same way that Lie groups give rise to Riemannian symmetric spaces, linear
algebraic groups can too. Suppose that G is a semi-simple connected algebraic group over Q, and
K is a maximal compact subgroup of the group of real points G := G(R). Then the quotient
X := G/K can be shown to be a Riemannian symmetric space, that is, a connected Rieman-
nian manifold X such that the isometry group Isom(X) acts transitively and such that there exists
a ¢ € Isom(X) where ¢ = id and ¢ has an isolated fixed point [11]. Now when we take subgroups
I' < G, we are often interested in studying the resulting spaces I'\ X. In particular, the most fruitful
theory comes when we require I'\ X to be compact, or at least have finite volume. When I' < G is
a discrete group (meaning there is a neighborhood around the identity element of G that doesn’t
intersect T"), we call it cocompact if the space T'\G is compact.

Example 1.1: Counsider the affine algebraic group G = SLy(R), which can be defined as a
variety by {ad —bc = 1|a,b,c,d € R}. From the Iwasawa decomposition, we have SLy(R) = KAN
where

K=8002), A={(§0.)]aeRs0}, N={({1)|neRr}

Notice that up to homeomorphism, K = S', A =2 Ryy and N = R. In particular, notice that
SLo(R) is connected and K is a compact subgroup. As in the general theory, we are interested



in their quotient; from our decomposition above, it is clear that as groups there are isomorphisms
SLa(R)/SO(2) =2 Ry x R 2 §, where $ = {x + iy |z,y € R} is the complex upper half-plane.
In fact, it can be shown that SLy(R)/SO(2) 2 §) as a Riemannian symmetric space, and elements
g € SLy(R) act on z = z + iy € ) according to the linear fractional transformation

az+b  ac(z? 4+ y?) + x(ad + be) + bd Y
cz+d lez + dJ? lez + dJ?

9z =

Next, we can show that $) comes endowed with a G-invariant measure: dzgy. Let g = (‘; g) €
SLo(R), then we can view gz = u+iv as a change of coordinates (where v and v are defined according

to the equation above), and the Jacobian is equal to det(J) = (%) (g—Z) - (%Z) (%) Since the
function Zjis is holomorphic, it satisfies the Cauchy-Riemann equations, so we can simplify this

expression to det(J) = (%>2 + (%)2. Using our equations above, and the fact that ad — bc = 1,

we can compute

_((ex —cy +d)(cx 4 cy 4 d)\? 2¢y(cx + d) 2
det(J) = ( (c2y? + (cx + d)?)2 ) ((02:102 + c2y? + 2cdx + d2)2)
1
(222 + 2y? + 2cdx + d?)?
B 1
ez +d)*
Let U be a subset of $ and g € SLy(R). Then when we recall that v = ﬁ, our change of

variables yields

dud | dad
// “2”:// @detu)dmyz// e
gu v U Y v Y

Now consider the discrete subgroup SLa(Z) < G. Although this group is not cocompact, we
can show that SLy(Z)\G/K has finite volume. It is well known that the fundamental domain for
SLo(Z) is

F={z€9]||2/>1 and —1/2 <Re(z) <1/2}
(see Figure 1), and using the hyperbolic measure we have
vlSL@\0) = [ du
TH+iyeF
—1/2 J/1=22 y?
dx

1/2
N /_1/2 V1— 22

= arcsin(z) 17/12/2
_T
-3

Finally, using (31), (9 3") € SL2(Z), it can be shown from the action of the linear fractional

transformation that the two vertical segments (from the Euclidean perspective) of F are identified



Figure 1: Fundamental domain for SLy(Z)

together, and the two segments going from e™/% and e27%/3 to i are identified together. After com-

pactifying the space SLy(Z)\ SL2(R)/SO(2) by adding a point for the cusp at infinity, we get S2.
Likewise, we can consider other finite index subgroups I' < SLy(Z) and analyze the resulting space
I'\G/K, which after adding the appropriate cusps is a compact Riemann surface. Studying these
modular curves is itself is an extremely fruitful area of research with ties into modular forms and
elliptic curves (see for instance [A]).

2 The Bergeron-Venkatesh Conjecture

As with the notation of the previous chapter, let G be a semi-simple connected algebraic
group over QQ, G be its group of real points, and K < G be a maximal compact subgroup. Then
we define the deficiency of G to be §(G) = rank(G) — rank(K), where the rank is the dimension
of the maximal tori taken over C. Because it makes sense to talk about the Lie algebra of an
algebraic group, if g and ¢ are the Lie algebras of G(R) and K respectively, then we also have
0(G) = rank(gc) — rank(fc). This is an equivalent definition because in the theory of linear alge-
braic groups, if G is semi-simple, then the maximal tori are exactly the Cartan subgroups [9].

As an example of computing the deficiency of algebraic groups, notice that rank(SL,,(R)) =
n — 1, which can be seen by examining the subgroup of diagonal matrices. A maximal compact
subgroup of SL,, (R) is SO(n), whose maximal torus is a block diagonal matrix where the blocks are
2-by-2 rotation matrices. Hence, we have rank(SO(2n)) = rank(SO(2n 4+ 1)) = n and we deduce
that §(SLax(R)) = k& — 1 and §(SLag+1(R)) = k for all k € Z~.

With all of this notation in place, we are ready to state the main conjecture:



Conjecture 2.1 ([3] Conjecture 1.3): Let T' > Ty > T'y > ... be a decreasing sequence of co-
compact congruence subgroups of G with NIy, = {1}, and let M be a a finite rank free Z-module
with a I'-action. Then the limit
li 10g |Hl(1—‘n7 M)torsl
im
n—oco [:T,]

dim(G/K)—1
2

exists for each i and is zero unless 6(G) = 1 and i = , in which case it is equal to a

positive constant times the volume of T\G/K.

Bergeron and Venkatesh’s conjecture actually extends further depending on deficiency [3]:
e When §(G) = 0, the limit should go to zero but H(I',,, M ® Q) (the non-torsion) should
still be large.
e When 6(G) = 1, there should be a lot of torsion in the homology groups, but
H(T,,, M ® Q) should be relatively small.
e When 6(G) > 1, neither the torsion nor the characteristic zero homology should grow
exponentially.
There are numerous motivations for studying these cohomology groups. For one thing, there is a
natural isomorphism between the cohomology of a torsion-free arithmetic subgroup I' < G and the
cohomology of the associated Riemannian symmetric space G/K. This means that the phenomenon
of torsion in cohomology likely has geometric meaning, which is of interest to differential geometers
and topologists studying these Riemannian manifolds. Secondly, by a theorem of Franke, the co-
homology of an algebraic group can be computed in terms of automorphic forms “of cohomological
type,” [6] hence there is a connection to the Langlands program. Finally, Avner Ash conjectured
that Hecke eigenclasses in the group cohomology of these arithmetic subgroups with coefficients
in F,, corresponds to Galois representations on I, [I]. This is now a theorem of Scholze [I§], and
demonstrates that torsion in cohomology, even if it does not come from the reduction of cohomology
classes with characteristic zero coeflicients, has consequences in arithmetic geometry.

With these motivations in mind, Ash, Gunnells, McConnell, and Yasaki proposed an ana-
logue conjecture to the case when I' is not necessarily cocompact. Recall that the cuspidal range
of an arithmetic group consists of the cohomoloical degrees where cuspidal automorphic forms con-
tribute to the cohomology.

Conjecture 2.2 ([2] Conjecture 7.1):  Let T' be any arithmetic group and {T'y,} be an infinite
set of congruence subgroups of increasing prime level. Then
log ‘Hz(rna M)tors‘
m
n—»00 [:T,]

should tend to the B-V limit when §(G) =1 and i is at the top of the cuspidal range.

Example 2.1: As a sanity check, let’s check how the limit above behaves for the alge-
braic group G = SL(R). A maximal torus of G is {( ] TQl) |7 € R}, and hence rank(G) = 1. As
in Example 1.1, K = SO(2) is a maximal compact algebraic group. It has rank(K) = 1, so we
get 6(G) = 0 and might suspect the limit will be 0 for any choice of i. Consider any torsion-free
congruence subgroup I' < SLs(Z), which again acts on the upper half-plane. As we saw in Example
1.1, these subgroups are not cocompact, but the spaces I'\$) have finite volume. Then we have

H;(T', M) = H;(T'\$H, M), where M is the local system induced by M. However, I'\$) deformation



retracts to a finite graph, so H;(T', M) vanishes for ¢ > 1, and when ¢ = 0,1 there is no torsion.
Hence, for any congruence subgroup I',, < T' we have log|H;(T'y,, M)4ors| = 0 for any i.

Very few cases of Conjecture 2.1 or 2.2 have been proven. However, Bergeron and Venkatesh
showed that if G = SLy(C) or G = SL3(R), we can find subgroups and a module such that the
limit converges to a positive number at degrees 1 and 2, respectively. In fact, these were corollaries
of a more general theorem that they proved.

Theorem 2.1 ([3] Equation (1.4.2)):  Suppose that §(G) = 1, then we can always find a se-
quence of cocompact arithmetic subgroups {I'y,} and a T'-module M that is strongly acyclic (to be
defined in Chapter 8) such that

. iy dim(G/K)-1 IOg |H1(an M) 0rs|
hrrln Z(—l)ﬂ+ 3 T T, sl — g vol(D\G/K)
J

where cg,m 15 a positive constant.

Recently, Miiller, Pffaf, and others have proven similar theorems, where a particular algebraic
group is chosen, and cocompact arithmetic subgroups and modules are constructed so that the
alternating sum of the logarithm of the torsion components, as in Theorem 2.1, is nonzero and
related to the volume of the corresponding Riemannian symmetric space. Although these types of
theorems do not isolate which cohomology group grows exponentially, they are impressive theorems
in themselves and provide a large step towards proving Conjecture 2.1. The proofs of these theo-
rems, including Theorem 2.1, hinge on Miiller’s work on analytic torsion, which shall be discussed
in the next chapter.

3 Torsion

In this chapter, we introduce Reidemeister torsion and analytic torsion (also known as Ray-
Singer torsion). Miiller and Cheeger independently proved that under certain conditions, these two
quantities are equal [4, 4] (see Theorem 3.1 below), which can be exploited to show results relating
to Conjecture 2.1.

3.1 Reidemeister Torsion

In this section, the material and exposition follows sections 2.1 and 2.2 in [3]. Reidemeister
torsion, sometimes called R-torsion, was first introduced by Reidemeister in 1935 to study three
dimensional lens spaces, L(p, ¢), which are the quotient spaces of S® modulo the relation (21, 22) ~
(62”/ Pz, 2T/ 1z5) for coprime integers p and ¢q. These were the first known examples of 3-manifolds
whose homeomorphism type is not determined by their homology and fundamental group. However,
Reidemeister showed that three-dimensional lens spaces are classified up to homeomorphism by their
fundamental group and Reidemeister torsion [I7]. As we shall see, Reidemeister torsion is largely
a topological invariant rather than an analytic or arithmetic invariant.

Consider a homomorphism of free finite rank Z-modules f : A1 — A,. First we fix an



embeddings of A; and As into R™, then find a Z-basis {a; |1 < i < rank(A;)} for A;, and similarly
for Ay [3]. Then we have the following equivalent definitions of the volume of a module:

vol(A1) = vol(A; @z R/A;) = /[det(M)] = [jag A ... A an]|

where M is the Gram matrix for our basis. Next, we define det’(f) = [[:**9 5, where {0} is

the set of nonzero singular values of f, that is, each o; = v/A; where ); is a positive eigenvalue of
ffT. With these definitions, we have

vol(Ay)det’(f) = vol (ker(f)) vol (im(f)) (%)

Suppose that we are given a cochain complex of free finite rank Z-modules

d d dp— dn
0— A% 20y A 2ty Ly A" 0

where vol(A?) = 1 for each i. Notice that if each H*(A*) is finite, im(d;_1) is a sublattice of ker(d;),
and we have |H'(A*)| = [ker(d;) : im(d;_1)] = % by (). In general, if the homology
group is not finite, we have a “regulator” factor R*(A*) := vol(H*(A*)gee) Which makes

vol(ker(d;))

VOl(im(di_l))
Furthermore, if the cochain complex A* is exact, meaning that each homology group is trivial, then
we call the cochain complex acyclic. With these definitions in place, we define the Reidemeister
torsion of A* be

= ‘Hi(A*)torsrlRi(A*)

n n
(-’ i =) i gy (—1)°
7a(d) =[] (det(d) ™ = [ 1 (A" R(An)D
i=0 i=0
where the second equality can be seen directly be substituting the equations we’ve written above.
When the cochain complex is induced by a representation p, which will be our primary concern for
the rest of the paper, we will denote the Reidemeister torsion as 74 (p).

Example 3.1: Consider the complex of free Z-modules
0— A% L5 41 50
where A® = 72, A' = 72, and dy = (i 3’“). Then we imbed each copy of A° and A' into R2
using the standard basis {((1))7 ((1))}7 and notice that the Gram matrix for each module is now the
identity, so we’ve normalized in the sense that vol(A%) = vol(A!) = 1.
The rank of dy is 1, so already we can see that H°(A*) = H!'(A*) = Z, and hence the
torsion components have cardinality 1. The image of dy is spanned by {(‘1’“)}, SO0 we compute

that vol (im(dp)) = /((7*),(7*)) = Vk? + 1. Likewise, the kernel of dy is spanned by {(})}

so vol (ker(dg)) = v/k? + 1. Next, we compute the eigenvalues of dod} and find them to be 0 and
(k% +1)2, and hence det’(dg) = k? + 1. Notice that this is consistent with our equations above.
Finally, we can compute

0(A*) = vol (ker =V k2 an HA) = . = —
RO(A*) = vol (ker(do)) = VK2 + 1 d  RY(4% o (@) ~ VT T

and hence the Reidemeister torsion of our complex is 74(d) = k2 + 1.




3.2 Analytic Torsion

The material and exposition in this section follows [8]. First let us recall some definitions
from differential geometry. Given a vector bundle 7w : ' — X where the fibers are vector spaces
V™, we have local trivializations ¢4 : A x V™ =5 771(A) for small open subsets A C X. Given two
open neighborhoods A, B C X we have the composition function

¢ ods: (ANB)x V" = (ANB) x V"
¢4 05 (z,0) = (x,9aB(z)v)

which defines the map gap : AN B — GL, (V) called the transition function. When E admits
an open covering and local trivializations such that the transition functions are locally constant,
we call F a flat vector bundle.

Now we will explain how analytic torsion is defined. Let X be an n-dimensional compact
Riemannian manifold and p : m(X) — GL,(V) be a finite dimensional representation of the
fundamental group of X. Given the universal cover X of X, we can consider the trivial vector
bundle 7 : X x V" — X. This is flat because we can choose our transition functions to be the
identity, which causes each transition function to map its domain to the identity matrix. Consider
the action of m (X) on X x V™ defined by

v (F0) = (V& (p(7))(v))

where ~i is the action of 71(X) on X via deck transformations. Let ~ be the equivalence relation
formed by the action above, and recall that X = X /m(X). By defining E, := (X x V")/ ~, we
can construct the flat vector bundle associated to p

T B, = X

In fact, there is a bijection between the flat vector bundles of rank n over X and the n-dimensional
representations of the fundamental group m (X) [g].

Because E, is a flat vector bundle, there is a natural way of taking the exterior derivatives
of differential forms on X with values in E,. If {e;} is a basis for E,, then we define the exterior
derivative to be the usual exterior derivative acting component-wise. From the standard theory of
differential geometry, we have the de Rham complex of differential forms with values in F,

0 Q%X E,) 2 QX E,) & . L on(X,E,) >0

Like the standard theory, we have the notion of the Hodge star operation. Using multi-index
notation, consider a differential p-form w = )", fre;. Then the Hodge dual is defined to be

KW = Ze([J)erJ

I,J

where TUJ = {1,...,n}, INJ =, and €(IJ) is the sign of the permutation of the sequence
(1,...,n) to (I,J). For example, if our O-form takes values in R™, then xf = fdx; Adxs A...ANdxy,.
Similarly, in R? the Hodge dual of a general 1-form is

*(fldCCl —|— fgdﬂ?g —|— fgdxg) = fldl‘g A dl‘g — fgdl‘l A d.Tg + fgdxl A dxz



If we are considering differential forms on a smooth manifold with dimension n, then we define the
codifferential map on a p-form to be

§ = (—1)nPHDH gy

Notice that the codifferential takes p-forms to p — 1-forms. Our space of differential forms with
compact support comes equipped with a natural inner product (o, 8) = [ « @A [, and one special
property of the codiffernetial is the adjunction formula (da,8) = (a,08) and (0a, 8) = (a,df),
which can be proved using Stokes’ theorem. With this, we define the Hodge Laplacian on p-
forms to be

A =6d+dd

and to specify the Hodge Laplacian acting on p-forms, we write A,. Notice that the adjunction
formula above implies that A is self-adjoint in the sense that (Ac«, ) = (a, AB). Now let {\;}ier
be the set of eigenvalues of A, counted with multiplicity. We define the p-th zeta function to be

the complex function
Gls) =D A

A >0

for the values of s for which the expression exists.
Now we are ready to define analytic torsion; given a closed Riemann manifold X of dimension
n with vector bundle E, as established above, we define the analytic torsion T'x (p) to be

Gi(s)

s=0

In (Tx () = 5 S (~1)ii o

i>0

As it is defined above, it isn’t clear whether or not the i-th zeta function converges. However, we
have

Proposition 3.1 ([7] Lemma 1.10.1): ¢, is holomorphic for s € C with Re(s) > p/2. Furthermore,
it has an analytic continuation to a meromorphic function on C which is analytic at 0.

Proof: For any self adjoint differential operator O we set
Cols) =Tr(0™) =3 A°

where \; are the eigenvalues of O. With a slight abuse of notation, we will set (,(s) := (a,(s), and
from noting the identity

/ t5lem M dt = )ﬁs/ (M) ~te M d(A) = AT (s)
0 0



we have

/ tS*lTr(e*tAp)dt:/ tS*lz(eAi)*tdt
0 0 2
o
:Z/ 5 le gt
i 0
=3 A °I(s)

= Gp(s)l'(s)

where we are using the fact that the eigenvalues of e®» are precisely e where \; are the eigenvalues
of A,. Hence, we have the expression

Cp(s) = % /OO 5= Tr(e™ A7) dt

s) Jo

Further study of this function (as in [7]) shows that the expression above is holomorphic when
Re(s) > %, and has a meromorphic analytic continuation to C with possible simple poles at (p—k)/2
for k=0,1,2,....

O

Example 3.2: Let’s compute the analytic torsion of a circle X = S*. To make things sim-
pler, we take S =2 R/Z and consider the one-dimensional trivial representation of the fundamental
group. This in turn induces the one-dimensional trivial vector bundle F,. Since the circle is one
dimensional, we get the sequence of differential forms

0— QS E,) = QS E,) =0

and the formula for analytic torsion implies that we only need to compute (;(s). By definition, we
have d(f) = f'dt and d(f dt) = 0. Likewise, the Hodge star sends *(f) = fdt and =(fdt) = f.
Hence, the codifferential operator acts by

O(fdt) = (= dx)(fdt) = —f'

and the Laplacian is .
Aq(fdt)y=(dd+dd)(fdt)y=—f dt

The eigenvectors of A; are spanned by {cos(nt)dt, sin(nt)dt, cdt} where n € Z~q and ¢ € C.
These three families correspond to the eigenvalues {n? n?, 0}, respectively. This implies that

Gls) =2 (n%)7° =2¢(2s)

n>1

where ((s) is the standard zeta function. Notice that (;(s) is hence a meromorphic function with
a single simple pole at s = 1/2, which agrees with our result from Proposition 3.1. Using the fact

10



— In(27) t
—5=", we can compute

1 o d
5 2. (U
n>0

1

2(_ )£‘820
= lim —2¢’(2s)
s—0

that limg_,o ¢'(s) =

In (TSI (p))

Cn(s)

s=0

Ci(s)

= In(2m)

so our analytic torsion is 2.

3.3 R-Torsion from Arithmetic Groups

The material and exposition in this section follows section 2 of [I5]. Suppose we want to
compute the group cohomology H®(T', M) of a torsion-free arithmetic group I' < G, where M is a
free, finite rank Z-module with a I'-action. We start by constructing the Riemannian symmetric
space X = G/K as we saw in Chapter 1. Then we can construct the Eilenberg-MacLane space
X = I'\X, which is a connected smooth manifold of dimension n with m(X) = T'. Since X is
smooth, we can construct a triangulation L, which lifts to a triangulation L of X. We can work
with the free abelian groups C;(L,Z), C;(L,Z), and C*(L,Z) = Homy (C’i(i,Z),Z). However, we
want to work with M coefficients instead of Z.

From the homeomorphism X ~ I'\ X, we know that the i-cells of L form a basis for C;(L, Z)
over Z[I']. Viewing M as a Z['|-module, we can define

CY(L, M) := C'(L,Z) ®zr) M = Homyry (C4(L, Z), M)
This cochain complex gives us an isomorphism of homology groups
HY(L,M) = H (T, M)
for all 2. We can consider the module V := M ®7 C and the cochains
CYL,V) = C(L,Z) @z V = C(L,M) @7 C

We now define a representation p : I' — GL(M) to be unimodular if |det(y)| = 1 for all
v € I'. Since M is a Z-lattice, for any representation p on M, the determinant of the image of
any v € I' must be an integer. However, since p is a homomorphism, we must have | det(y)| = 1.
Furthermore, we can regard p as a unimodular representation of I on V.

As in the previous section, let E := X x » V be the flat vector bundle over X associated to p.
Then we can compute the de Rham cohomology groups H(X, E) of complex E-valued differential
forms on X. From the de Rham isomorphism, we get that H*(L,V) = H*(X, E) for all i. Notice
that so far, we have not imposed any restrictions on our module M, besides it being a free finite
rank Z-module. Now, we call M and p acyclic if the sequence

o — CHL, M) ®zC -4 ¢ (L, M) @ C — ...

11



is acyclic. Recall that this means the cohomology groups H*(L,V) = H!(X, E) = 0 are trivial for
all i. As a consequence, we can show that each H*(T', M) must be finite.
By the Universal Coefficient theorem for cohomology, we know that

02 HY(L,V) = Ext}(H;_y(L,Z),V) @ Homz (H;(L,Z),V)

where we are considering V as a Z-module. Notice that Exty(H;_1(L,Z),V) = 0 since V is an
injective Z-module. This implies that H;(L,Z) must be finite for each i, or else we could find a
nontrivial homomorphism from it to V.

Now suppose that M has rank n, then the Universal Coefficient theorem for homology implies
that

HZ(L,M) = (HZ(L,Z) ®Z M) @TOI‘l(Hifl(L,Z),M)

= ﬁ (Hi(L,Z)®2Z) ©0
~ H;(L,Z)"

where we have used the fact that M is a flat Z-module (because it is free) so the Tor term is 0.
This means that H;(L, M) must be finite, and by Poincaré duality for torsion, we get that

HZ(F7M) = Hz(LaM) = Hniiil(I%M) = Hniiil(FaM)

and hence H*(T', M) is finite for all 4.
The following proposition gives the connection between Reidemeister torsion and the torsion
in the group cohomology of arithmetic groups.

Proposition 3.2 ([I5] Proposition 2.1): Given the setting above, where p : T — GL(M) is an
acyclic representation of I' on a free finite rank Z-module,

n

I (mx(p)) = (=) (1H(T, M)

=0

Proof: The majority of the proof has already been finished above. Since the cohomology groups
HY (T, M) are finite, we compute the Reidemeister torsion of the cochain complex

R Cl(E,Z) ®Z[F] M d—1> CH_I(E,Z) ®Z[p] M — ...

and take the logarithm to get

n n

In (7x(p)) = Y _(=1)'In (det(d;)) = > (=1)"In (|H(T, M)|)

i=0 =0

O

When p is acyclic, Proposition 3.2 provides a bridge between the group cohomology and
R-torsion, which is what Bergeron and Venkatesh exploited to prove Theorem 2.1. The problem
is that Reidemeister torsion is kind of clunky to work out explicitly—there isn’t an easy way to
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see how it grows. This is where the connection between analytic torsion and Reidemeister torsion
comes into play. Independently of each other, Cheeger and Miiller proved

Theorem 3.1 (4, [12]): When p is a unitary representation, Tx (p) = 7x(p).

where a unitary representation p : I' — GL(M) is one where p(v) is unitary for every v € I.
Miiller later generalized this result by showing

Theorem 3.2 ([I3] Theorem 1.1):  When p is a unimodular representation, Tx (p) = 7x(p).

Combined with Proposition 2.1, this result implies that we are able to study the group cohomology
of arithmetic subgroups with analytic means by examining analytic torsion. This is exactly what
Bergeron and Venkatesh did to prove Theorem 2.1, though they imposed the stricter requirement
that the I'-module M be strongly acyclic, meaning the eigenvalues of every A, for any choice of
I',, < T are uniformly bounded away from 0. At first, it may be surprising that strongly acyclic
modules exist, or even that acyclic modules exist. However, part of Theorem 2.1 was showing
that we can construct such modules for any algebraic group with deficiency equal to 1. For exam-
ple, when considering the algebraic group SL2(C) (which has deficiency 1), the SLo(Z[i])-module
SymP (Z[i]?) ®z Sym?(Z][i]?) is acyclic if and only if p # ¢ [3]. However, Theorem 2.1 and Conjecture
2.1 do not apply becuase the lattice SLy(Z[i]) is not cocompact.

4 From Analytic Torsion to the B-V Conjecture

4.1 From Subgroups to Modules

When Bergeron and Venkatesh first proposed their conjecture, they fixed a finite rank free
Z-module M, and studied the growth of the torsion in H;(T',,, M) when passing through a decreas-
ing sequence of cocompact congruence subgroups ... C I';, C ... C T where N,I';, = {1}. In work
done by Miiller and Pfaff, they fix the arithmetic group I' and study the torsion of H;(T', M,,)
for a sequence of I'-modules {M,,}. In both cases, the theorems they prove make use of modules
with unimodular representations so as to utilize Theorem 3.2 [I3] relating the torsion in the group
cohomology with the analytic torsion. Here, we will highlight the correspondence between these
two approaches.

Proposition 4.1: Let H be a finite index subgroup of G. If p : H — GL(V) is a unimodular
representation, then the induced representation p: G — GL (Indg(V)) is also unimodular.

Proof: Let [G : H] = n and pick coset representatives gi,...,g,. By definition, our module is
defined by Colnd% (V) = {f : G = V| f(hg) = p(h) (f(g))} and the action of G on it is defined by

: G x CoInd% (V) — Colnd$ (V)
(9", f(9)) = flgg")

Since any g € G can be written as g = g;h; for one of our coset representatives g; and h; € H,
amap f € Indg(V) is completely determined by where it sends each coset rep. If we fix a basis

™ ™
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{v1,...,vm} for V, the space Ind% (V') is thus spanned by maps f; ; which send f; ;(g:) = v;, and
which are zero on all other coset reps. From this, we confirm that I nd%(V) has dimension nm.
If we focus on how our action affects these basis members, we see that

6 (9is fik) = fuk where g;9; € gt H

Hence if we let p(y) =0 for all y ¢ H, then we can express

plgr'wgr) .. plor "wgn)

plgntzgr) .. plgn'zgn)

Notice that each p(g; 1xgj) is an m-by-m matrix. Furthermore, each zg; belongs to a distinct
coset of G/H, and hence there is exactly one coset rep g; such that g; 1:17gj € H (which makes
p(gi_lxgj) # 0). That is, there is exactly one non-zero block matrix in each column. By the same
reasoning, there is exactly one non-zero block matrix in each row.

By rearranging the rows of p(x), we can get a diagonal block matrix which has the same
determinant as j(z), up to sign. However, notice that each p(g; 'xg,) has determinant 1 because p
is unimodular. Since the determinant of a block diagonal matrix is the product of the determinants
of its blocks, we get |p(z)| = 1. Finally, since H has finite index in G, the coinduced and induced
representations coincide, and hence our induced representation is unimodular.

O

Let I' < G be an arithmetic subgroup of a semi-simple connected algebraic group over Q.
Given a finite rank free Z-module M, suppose there exists a decreasing sequence of congruence
subgroups {I',,}°°; such that |[H*(T',,, M)|iors grows exponentially. As we explained in Chapter 3,
M must be unimodular, and since each I';, is of finite index in I', Shapiro’s Lemma implies that

HYT,, M) = H' (T, Ind;. (M))

By Proposition 4.1, each induced representation is unimodular, and hence a sequence of subgroups
yields a sequence of modules with unimodular representations which cause the cohomology to grow
exponentially.

With all of this in place, it makes sense to focus on varying the modules instead of the
subgroups, because we can still utilize Theorem 3.2. In fact, this is largely what has been done in
the literature so far. For instance Miiller and Pfaff [15] constructed certain torsion-free cocompact
arithmetic groups I' of SO°(p, q) for p,q odd, and showed that there exists modules M,, for each
m € N such that

lim E (=1)*log |H (T, M) tors| = —Cpq VOl(F\X)m rankz(M,,) + O(rankz(M,,))
m—00 4=
K3
Notice that this implies there exists at least one i such that |H*(T', M,,)tors| grows exponentially,

however it is still conjectural that the cohomological degree which does so is ¢ = dmX)+1 1) the
same paper, Miiller and Pfaff proved a similar result for the algebraic group SL3(R) and certain
cocompact subgroups T
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4.2 Algebraic Groups with § # 1

Most of the research concerning Conjecture 2.1 that has been published has focused on cases
when the deficiency is equal to one, which includes SLy(C), SL3(R), SL4(R), and SO(p, q¢) where
pq is odd. However, for Conjecture 2.1 to be complete, it still needs to be shown that little torsion
appears in cases when the deficiency isn’t equal to one. Towards this goal, there have been several
results, for instance,

Theorem 4.1 ([16] Theorem 2.3): Suppose X is an even-dimensional oriented compact mani-
fold without boundary and p o finite dimensional representation of w1(X), then Tx(p) = 1.

If G/K has even dimension (for instance G = SU(p, q) or G = SO(p, ¢) with pg even, both of which
are examples when §(G) = 0), then any cocompact lattice I' < G will share the property above of
having trivial analytic torsion. This can be seen as a manifestation of the Poincaré duality; suppose
X has dimension n and M is a finite rank free Z-module, then there are isomorphisms which result
in |H;(T', M)tors| = [Hn—i—1(Fy M)tors| and R;(A*)R,—;(A*) = 1 (where A is the cochain complex
derived in Section 3.3). Since the representation associated to M will be unimodular, Theorem 3.2
gives us

s i 1) i e (=1) i *
Tx(p) = ma(p) = [ 1H (A" RI(A*)Y" = R/2(A%)
1=0

which can be shown to equal 1.
Likewise, we have the following theorem due to Miiller and Pfaff

Theorem 4.2 ([I4] Theorem 1.1): Suppose G = G(R) is semi-simple with finite center and of
non-compact type. If X = G/K is even dimensional or §(G) # 1, then Tx(7) = 1 for all finite-
dimensional representations 7 of G.

Suppose that X is odd dimensional and 6(G) # 1 (for instance SL,(R) for certain n > 5). If
p is an acyclic representation defined by the restriction of a finite dimensional representation of G
to a cocompact I', then Proposition 3.2 and the theorem above imply

0 =In(Tx(p)) = In(rx(p)) = (~1)*F |[H"T (T, M)

However, there is no reason to assume that many representations of I would be acyclic (recall that
acyclic representation result in each cohomology group H*(T', M) being finite), or that p should be
a restricted representation of G.

5 Appendix A

Throughout this paper, we have been interested in how torsion behaves in the homology of
a sequence of subgroups of an algebraic group. The counterpart to this question is how the rank of
these homology groups behaves asymptotically, which slightly more is known about. For instance,
consider a lattice T' (not necessarily cocompact) in a semisimple Lie group G, and the Riemannian
space Y = I'\G/K. Let QP(Y) denote the C* p-forms on Y and L?(Y) be the completion of
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QP(Y) with respect to the L?-metric. Setting (21(72) (V) := QYY) N L?(Y), we can consider the

cochain complex

d d d
0 = Uy (Y) = Qip (V) = Q) (V) = ...

where d is the exterior differential with domain {a € Q’@(Y) |da € L3(Y)}. The cohomology of

this complex is called the L?-cohomology, and Wolfgang Liick showed that given a decreasing
sequence of subgroups I' > I'y > I's > ... with trivial intersection, the quotient

dim H,(T,,, C)
nooo D : Dy

converges to the ith L2-Betti number of Y [10]. Furthermore, it can be shown that this implies the
limit is nonzero only when the deficiency of G is zero.

As an explicit example, consider again G = SLy(R) (which we showed in Chapter 2 has
deficiency zero) and the lattice I' = SLa(Z). Let K = SO(2) be the maximal compact subgroup of
G, and X = G/K be the resulting symmetric space. Consider a sequence of congruence subgroups
I' >T; > Ty > ... with trivial intersection, then since we are considering coefficients in a field, we
can identify the homology groups

for all ¢ and n.

Recall that the principal congruence subgroup of level N, denoted I'(IV), is defined as the
kernel of the map SLy(Z) — SL3(Z/NZ) which reduces each entry modulo N. The properties
of principal congruence subgroups have been well-studied. For instance [19], we know that the

number of cusps for T'(N) is equal to NTQ [Ln(1- p%) and the genus of X (NV), the compactification

of D(N)\ X, is 1+ W [ ~n(1— p%) One can show using the identification space of a genus g

surface that the fundamental group of a genus g surface with k& punctures is the free group generated
by 2g + n — 1 elements. Therefore, since the non-compact space Y (N) = T'(IV)\X will have the
same genus as X (N) and a puncture for every cusp, we can compute

H(T ~ C¢(N> Zio _ NNV -3) 1
i(D(N),C) =< C i=1 where gb(N)f?H(lfj)
0 7> 2 pIN

Because there are only finitely many congruence subgroups of any given level, the level of
the nth congruence subgroup in our sequence must go to infinity as n increases. Also notice that
our sequence of subgroups implies that the lower levels must divide any higher levels. That is, if
Ny is the level of T, and Ns is the level of T',,, where m > n, then N;|Ny. Our goal will be to use
the homology of principal congruence subgroups, which are easy to compute explicitly, to compute
the homology of each I',, by using spectral sequences.

Pick any subgroup I',, in our sequence, and suppose it has level N. The Lyndon-Hochschild-
Serre spectral sequence is a spectral sequence of homological type

H,(T/T(N), Hy(T(N),C)) = Hp+4(T,C)
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Then the E? page will take the form

2| Ho(D/D(N), Ho(L(N),C))  Hy(T/T(N), Ho(D(N),C))  Hy(T/T(N), Ha(T(N),C))
1| Ho(T/T(N), Hy(T(N),©))_ Hy(D/T(N), Hy(T(N),C))  Hz(I/T(N), Hy(D(N), )

0|  Hy(L/T(N), Hy(T(N),C))  Hy(T/T(N), Ho(T(N),C))  Hy(T/T(N), Ho(T(N),C))

From the Third isomorphism Theorem, I'/T'(N) is isomorphic to a subgroup of SLy(Z/NZ), and
in particular is a finite group. From the study of homological algebra, we know that the integral
homology (for i > 0) of a finite group is all torsion [20], which means that taking C coefficients will
kill the group, so we have H;(I'/T'(N),C) 220 for all i > 0. Our E? page then becomes

1 CoW) 0 0

and hence dim H;(T',,, C) = ¢(N).

Now suppose that the subgroups in our sequence {I',},cz tend to get sufficiently close to
the principal congruence subgroup that they contain. That is, if [T : T';] ~ [[' : T(N)] as n (and
hence N) go to infinity, then since [[' : T'(N)] = N3 HP‘N (1- p%), we get the non-zero converging
limit

dim H,(T,,C) 1

lim St 2
nooo [0 : Dyl 6
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