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Cohomology of Fuchsian groups and Fourier interpolation

Mathilde Gerbelli-Gauthier and Akshay Venkatesh

We give a new proof of a Fourier interpolation result first proved by Radchenko
and Viazovska (2019), deriving it from a vanishing result of the first cohomology
of a Fuchsian group with coefficients in the Weil representation.

1. Introduction

Let S be the space of even Schwartz functions on the real line, and s the space of
sequences of complex numbers (a,),>0 such that |a,| n¥ is bounded for all k; we
write <;3(k) = fR ¢ (x) e~ kx g x for the Fourier transform of ¢ € S. Radchenko
and Viazovska [2019] proved the following beautiful “interpolation formula”:

Theorem 1.1. The map
V:S—s®s, ¢ (@), d(Vn)n=0

is an isomorphism onto the codimension 1 subspace of s ® s cut out by the Poisson
summation formula, i.e., the subspace of (x, yn) defined by ", ;X2 =, 7 V2.

This is an abstract interpolation result: The statement implies the existence of a
universal formula that computes any value ¢ (x) of any even Schwartz function ¢ as
a linear combination »_ a, (x) ¢ (v/n) +>_ @, (x) (/3(\/5) for some a,(x), a,(x), but
does not specify what those functions are. By contrast, Radchenko and Viazovska
first write down this explicit interpolation formula, and then deduce Theorem 1.1
from it. In a sense, what is accomplished in the present paper is to separate the
abstract content of this interpolation result from its computational aspect.

The morphism W is in fact a homeomorphism of topological vector spaces with
reference to natural topologies. We will give another proof of this theorem. The
first step of this proof is to notice that the evaluation points /n occur very naturally
in the theory of the oscillator representation defined by Segal, Shale and Weil (see
[Chan 2012] or [Lion and Vergne 1980] for introductions). Using this observation,
the theorem can be reduced to computing the cohomology of a certain Fuchsian
group with coefficients in this oscillator representation, and here we prove a more
general statement:
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Theorem 1.2. Let G be SL,(R) or a finite cover thereof, I a lattice in G, W an
irreducible infinite-dimensional (g, K )-module, and W* the distributional global-
ization of its dual (see Section 2.4). Then H I(r, W*_ ) is always finite-dimensional,
and in fact

dim H' (T, W*) = multiplicity of wein cusp forms on I'\G, @)
where W is the complementary irreducible representation to W (see Section 2.3).

The theorem can be contrasted with usual Frobenius reciprocity:
dim HO(T', W* ) = multiplicity of W in automorphic forms on I'\G.  (2)

Note that, in the passage from (1) to (2), “cusp forms” have been replaced by “au-
tomorphic forms” and W by W. We also emphasize the surprising fact that, in the
theorem, the H'! takes no account of the topology on W1 itis simply the usual co-
homology of the discrete group I" acting on the abstract vector space W*_ . The cor-
responding determination for finite-dimensional W is the subject of automorphic co-
homology and is in particular completely understood, going back to [Eichler 1957].

A variant of Theorem 1.2, computing all the cohomology groups H' when W is a
spherical principal series representation, was already proved by Bunke and Olbrich
in the 1990s. We were unaware of this work when we first proved Theorem 1.2;
our original argument has many points in common with [Bunke and Olbrich 1998],
most importantly in our usage of surjectivity of the Laplacian both for analytic and
algebraic purposes, but also has some substantial differences of setup and emphasis.
We will correspondingly give two proofs: the first based on the results of [Bunke
and Olbrich 1998], and the second a shortened version of our original argument.

Some other interpolation consequences of Theorem 1.2, where interpolation is
understood in the abstract sense as discussed after Theorem 1.1, arise by replacing S
by other spaces of functions carrying natural representations of SL,(R) and its
finite covers; we discuss this in Section 6.4. For example, Hedenmalm and Montes-
Rodriguez [2011] have shown that the functions /7%, ¢/™A"/! are weakly dense
in L if and only if @8 = 1. We will show that an interpolation result holds at
the transition point ¢ = 1; we thank the referee for bringing [Hedenmalm and
Montes-Rodriguez 2011] to our attention.

1.1. Theorem 1.2 implies Theorem 1.1. Here we give an outline of the argument
and refer to Section 6 for details.

We pass first to a dual situation. Denote by S* the space of tempered distributions,
i.e., the continuous dual of §. For our purposes we regard it as a vector space
without topology.

Similarly, we define s* as the continuous dual of s, where s is topologized by
means of the norms ||(b,)||x := sup,, b, (1 + |n|)¥; thus, s* may be identified with
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sequences (a,) of complex numbers of polynomial growth, where the pairing of

(an) € s* and (by) € s is given by the rule ) a, b,. With this notation, the map
v*:s" st — S*

dual to W takes the coordinate functions to the distributions §,, and 3,,:

(an» bn)nZO = Zan 8n + bn Si’ls
where R )
8a(@) =P (),  S.(¢) = (/).

Then Theorem 1.1 is equivalent to the assertion:

(Dual interpolation theorem): W* is surjective and its kernel consists
precisely of the “Poisson summation” relation.

The equivalence of this statement and Theorem 1.1 is not a complete formality
because of issues of topology: see (52) for an argument that uses a theorem of
Banach.

The next key observation is that the space of distributions spanned by §,, and
by 8, occur in a natural way in representation theory.

The closure of the span of §, (respectively, the closure of the span of 8n)
coincide with the e-fixed and f-fixed vectors on the space S* of tempered
distributions, where

e= ((1) f) and f= (; (1)) (3

act on S* according to the oscillator representation (see Section 6.1 for
details), namely e and f multiply ¢ and P, respectively, by e>” ixz, see (51).

Let I be the group generated by e and f inside SL,(R): it is a free group, of
index 2 in I'(2), and it lifts to the double cover G of SL;(R). As explicated in
Section 6, computations of dimensions of modular forms and Theorem 1.2 yield

dim HO(I', §*) =1, dimH'(I', 8*) =0. 4)
The final observation is that:

The kernel and cokernel of (S*)¢ @ (S*)/ — S* compute, respectively,
the H® and H' of T acting on S*.

This follows from a Mayer—Vietoris-type long exact sequence that computes the
cohomology of the free group I' [Brown 1982, Chapters II and III], namely,

0— HT, 8% — H((e), S*) ® H((f), S*)
- H°1,8) > H'(,8) —> ---. (5



220 MATHILDE GERBELLI-GAUTHIER AND AKSHAY VENKATESH

Combined with (4), we see that S* = (5§*)¢ + (S*)/, i.e., the desired surjectiv-
ity of W*, and that the intersection of (S*)¢ and (S*)/ is one-dimensional; this
corresponds exactly to the Poisson summation formula.

Another way to look at this is the following. The Poisson summation formula is
an obstruction to surjectivity in Theorem 1.1 and is closely related to the invariance
of the distribution )_§, € S8* by T, i.e., the existence of a class in the zeroth
cohomology of I on §*. The above discussion shows a less obvious statement: the
obstruction to injectivity in Theorem 1.1 is precisely the first cohomology of I' on S*.

1.2. The proof of Theorem 1.2. The analogue of Theorem 1.2 when W is finite-
dimensional and I'\G is compact is (by now) a straightforward exercise; as noted,
the ideas go back at least to [Eichler 1957], and the general case is documented in
[Borel and Wallach 2000]; the noncompact case is less standard but also well known,
see, e.g., [Casselman 1984] and [Franke 1998] for a comprehensive treatment.

The main complication of our case is that the coefficients are infinite-dimensional
and one might think this renders the question unmanageable. The key point is that W
is irreducible as a G-module. This says that, “relative to G, it is just as good as a
finite-dimensional representation.

We will present two proofs of Theorem 1.2:

 The first proof, in Section 3, relies on the work of Bunke and Olbrich [1998], who
computed the cohomology of lattices in SL;(R) with coefficients in (the distribution
globalization of a) principal series representation. We give a sketch of the argument
of [Bunke and Olbrich 1998] for the convenience of the reader, and also because their
argument as written does not cover the situation we need. To deduce Theorem 1.2
from these results then requires us to pass from a principal series to a subquotient,
which we do in a rather ad hoc way.

e The second proof is our original argument prior to learning of the work of Bunke
and Olbrich just mentioned. It generalizes the standard way of computing I'-
cohomology with finite-dimensional coefficients, as given in [Borel and Wallach
2000], to the infinite-dimensional case — at least in cohomological degree 1. Given
the content of [Bunke and Olbrich 1998], we have permitted ourselves to abridge
some tedious parts of our original argument, and reproduce here in detail the part
that is perhaps most distinct from [Bunke and Olbrich 1998] — namely, we express
the desired cohomology groups in terms of certain Ext-groups of (g, K)-modules
and then compute these explicitly.

In both arguments the surjectivity of a Laplacian-type operator plays an essential
role. Such results are known since the work of Casselman [1984], and in their work,
Bunke and Olbrich prove and utilize such a result both at the level of G and I'\G.
We include a self-contained proof of such a result for '\ G in Section 5.
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1.3. Questions. As we have noted, we prove an abstract interpolation result. Can
one recover the explicit formula for the interpolating functions, as given in [Rad-
chenko and Viazovska 2019], from this approach? It seems to us that our proof is
sufficiently explicit that this is, at least, plausible.

It is very interesting to ask about the situation where I' is not a lattice. Indeed,
if one were to ask about an interpolation formula with evaluation points 0.9./n,
one is immediately led to similar questions for a discrete but infinite covolume
subgroup of SLy(R), whereas considering 1.1,/n leads to considering a nondiscrete
subgroup. Note that Kulikov, Nazarov and Sodin [Kulikov et al. 2025] have recently
shown very general results about Fourier uniqueness that imply, in particular, that
evaluating f and f at 1.14/n do not suffice to determine f, but that evaluating
them at 0.94/n does.

Perhaps a more straightforward question is to establish an isomorphism

H(T, W*) =~ Extg’ x (W, space of automorphic forms for I'\G), (6)

which is valid for general lattices I" in semisimple Lie groups G and general irre-
ducible (smooth, moderate growth) representations V of G. Bunke and Olbrich have
proved this in the cocompact case, and our original argument proceeded by establish-
ing the case i = 1 for general lattices in SL,(R). Also, Deitmar and Hilgert [2005,
Corollary 3.3] prove a result of this type in great generality, but with the space of au-
tomorphic forms replaced by the larger space C°°(I"\ G) without growth constraints.

2. Covering groups of SL,(R)

Let ¢ > 1 be a positive integer and let G be the g-fold covering of the group
SL,(R), i.e., G is a connected Lie group equipped with a continuous homomorphism
G — SL,(R) with kernel of order g. This characterizes G up to unique isomorphism
covering the identity of SL,(R).

Denote by g the shared Lie algebra of G and of SL,(R) and exp : g — G the
exponential map. Also denote by K the preimage of SO, (R) inside G; it is abstractly
isomorphic as topological group to S' = R/Z and we fix such an isomorphism
below.

The quotient G/K is identified with the hyperbolic plane H, on which G acts
by isometries. Define the norm of g € G to be ||g|| := edistu(i.gh) Equivalently, we
could use | (¢ Z) | = /a2 +b? + 2 + d? since either of these two norms is bounded
by a constant multiple of the other.

2.1. Lie algebra. Let H, X, Y be the standard basis for g:

oo = (0 ()
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Wealsousek =i(X—Y), 2p=H—i(X+Y), 2m=H+i(X+Y), or, in matrix

form 0 | - L
l —l1 l
K_(—i o)’ 2p_<—i —1>’ 2m_<i —1>' 7

We have k = ik, where k generates the Lie algebra of K.
The elements p, m and « satisfy the commutation relations
[p.ml=x«, [k, pl=2p, [k,m]=—2m, 3

which say that p and m (shorthand for plus and minus) raise and lower x-weights
by 2. The Casimir element C in the universal enveloping algebra determined by the
trace form is given by any of the equivalent formulas:

C= %Hz—i—XY—i—YX:%KZ—i—pm—i—mp: %K2+K+2mp:%K2—K+2pm. ©)

2.2. Iwasawa decomposition. There is a decomposition
G = NAK, (10)
where A and N are the connected Lie subgroups of G with Lie algebra R.H and R. X
respectively. We will parameterize elements of A via
ay = exp(% log(y)H),
so that ay, projects to the diagonal element of SL,(R) with entries yE1/2. We will
also write n, = exp(x X).

2.3. (g, K)-modules. Recall that a (g, K)-module W means a g-module equipped
with a compatible continuous action of K. Equivalently, it is described by the
following data:

o for each ¢ € ¢~'Z, a vector space W, giving the {-weight space of K, so that «
acts on W, by ¢;

e maps p: W, — Wy and m : W, — W, _, satisfying [p, m] = «.

We recall some facts about classification, see [Howe and Tan 1992] for details.
Irreducible, infinite-dimensional (g, K)-modules belong to one of three classes; in
each case, the weight spaces W, have dimension either zero or 1.

» Highest weight modules of weight ¢; these are determined up to isomorphism by
the fact that their nonzero weight spaces occur in weights {¢, ¢ —2,¢ —4,...}. W,
is killed by p. One computes using (9) that on such modules, the Casimir element C
acts by %(({ +2).

o Lowest weight modules of weight ¢; these are determined up to isomorphism
by the fact that their nonzero weight spaces occur in weights {¢, ¢ +2,¢ +4,...}.
W is killed by m. Again, (9) shows that the Casimir element C acts by %;({ —2).

» Doubly infinite modules, in which the weights are of the form ¢ 427 for ¢ € éZ.
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Definition 2.1. For an infinite-dimensional irreducible (g, K)-module W we define
the complementary irreducible representation W to be

the irreducible (g, K)-module with highest weight ¢ —2 if W has lowest weight ¢,
the irreducible (g, K)-module with lowest weight ¢ +2  if W has highest weight ¢,

w otherwise.

The representation W' can be finite-dimensional; this occurs exactly when W is
the underlying (g, K)-module of a discrete series representation on SLy(R).
In Section 4 we use the following key fact about (g, K)-modules.

Proposition 2.2. Let W be an irreducible infinite-dimensional (g, K)-module with
Casimir eigenvalue A. Then, for any (g, K)-module V :

(a) If C — A is surjective on 'V, then Ext(lg’K)(W, V)=0.

(b) If V is irreducible, Extgg’K)(W, V) is one-dimensional if V.~ W, and is zero
otherwise.

Proof. We will prove these statements in the case where W is a lowest weight
module, which is the case of our main application. The same proof works with
slight modifications for W a highest weight or doubly infinite module: in every
case, one takes an arbitrary lift of a generating vector, and modifies it using the
surjectivity of an appropriate operator.

We prove (a). Take W to be generated by a vector v, of lowest weight ¢ with
muv; = 0. This implies by the classification above that

A=10(—2). (11)

Take an extension V — E — W to give a splitting we must lift w; to a vector in E
of K-type ¢ killed by m. Arbitrarily lift w, to W, € E;. Then mw, € V,_, and it
suffices to show that it lies inside the image of m : V; — V,_», for we then modify
the choice of w, by any preimage to get the desired splitting. By (9) and (11) we
see that C — A : Voo — V,_, agrees with 2mp. Since it is surjective, it follows that
in particular m : V; — V,_, is surjective.

We pass to (b). Suppose V is irreducible; then Extzgy k) (W, V) vanishes unless V
has the same C-eigenvalue as W. The argument above exhibits an injection of

Vi

Ext(y x,(W. V) — -

and inspection of K-types amongst those irreducibles with the same C-eigenvalue
as V shows that this also vanishes unless V ~ W¢ in which case it is one-dimen-
sional. It remains only to exhibit a nontrivial extension of W by W¢!, which is
readily done by explicit computation. U
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2.4. Globalizations. A globalization of a (g, K)-module W is any continuous G-
representation on a topological vector space W such that (W)g = W. We will
consider two instances of this: the smooth, or Casselman—Wallach globalization W,
and the distributional globalization W_.

Following [Casselman 1989], the representation W, is the unique globalization
of W as a moderate growth Fréchet G-representation. By definition, such a represen-
tation is a Fréchet space F (topologized with respect to a family of seminorms) such
that for any seminorm || - ||, there is an integer N, and a seminorm || - || g for which

lgwlle < llgl™ lwlls.

The distributional globalization is a dual notion. Indeed, denote by W* the
K-finite part of the dual of W, equipped with the contragredient (g, K )-module
structure. Then

(Weo)™ = (W) 0, (12)
where on the left-hand side, the dual is understood as continuous.

We recall an explicit construction of W_, see [Bunke and Olbrich 1998, Sections
2 and 3], although it will not be directly used in the rest of the paper: Given W* as
above, let V* C W* be a finite-dimensional K-stable subspace that generates W* as
a (g, K)-module. Let (V*)* =: V C W viewed as a K-representation, and consider
the space

Ev ={f€C®(G. V)| f(gh)=k™'f(g). g € G, k€ K}.
Then the image of W under the map i : W — £y characterized by
(i(w)(g), v*) = (w, gv*) (weW, v* eV

belongs to the space Ag of sections of moderate growth, i.e., of functions f € &y
such that for every X € U (g), there is R = R(f, X) for which

o 1Xf(e)l
I fllx,r = sup R <
g gl
We note that this differs from the notion of uniform moderate growth, where one
requires R to be taken independently of X.
The space A‘G, is topologized as the direct limit of Fréchet spaces with respect
to the seminorms || - || x, g. The map i is injective since V* generates W*, and the
distributional globalization is defined by

W_oo :=i(W) C AY.

(13)

3. First proof of Theorem 1.2: resolutions of principal series

In this section, we derive Theorem 1.2 from the results of Bunke and Olbrich [1998],
adapting the arguments of Section 9 therein to nonspherical principal series. The
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two essential ingredients of this argument are the following points established by
Bunke and Olbrich, which we shall use as “black boxes™:

e acyclicity of I acting on spaces of moderate growth functions on G/K, and

« surjectivity of a Laplace-type operator acting on these spaces.

The first point, at least, is intuitively reasonable: it asserts that moderate growth
functions on G/K behave like a free I'-module; this is plausible since the I'-action
on G/K is (at least, virtually) free.

Given these, the idea of the argument for Theorem 1.2 is as follows. We will
first show that principal series representations are realized as spaces of moderate
growth Laplacian eigenfunctions on G/K; by the two points mentioned above, this
gives a resolution of the principal series by I'-acyclic modules. This permits us to
compute cohomology of principal series representations. Finally, every irreducible
representation is realized as a subquotient of such a representation, and we will then
prove Theorem 1.2 by a study of the associated long exact sequence in cohomology.

3.1. Setup. Fix a Casimir eigenvalue A, and a lattice ' C G. Given ¢ a one-
dimensional representation of K, define the following spaces of smooth functions
(compare with Section 2.4, and see (13) in particular for the notion of moderate
growth, which is not the same as uniform moderate growth):

AC (resp. A) = moderate growth functions on G (resp. on I'\G),
Ag, A = subspace with right K-type ¢: f(gk) = f(g) ¢ (k),

14
A§G (A), Az (L) = subspace with right K-type ¢ and Casimir eigenvalue A, (19

Cusp, (1) = subspace of A, (1) consisting of cuspforms.

We will first prove a variant of Theorem 1.2 for principal series. Let B be the
preimage of the upper triangular matrices inside G, which we recall is the g-fold
cover of SL;(R); we may write

B = MAN,

where A and N are as in (10), and M = Zx (A) =~ Z/2qZ. Denote by & € C the
character of A sending a, — y&. Given a pair of characters (o, £) of K and A
respectively, let

H={f €C®QG)| f(mang) =a**'a~ (m) f(g), f K-finite}  (15)

be the Harish-Chandra module of K-finite vectors in the corresponding principal
series representation. This depends on o and &, but to simplify the notation we
will not include them explicitly. We denote by H_ its distributional completion
(see Section 2.4); explicitly, if we identify H as above with functions on K which
transform on the left under the character o ~!, then H_, is the corresponding space
of distributions on K.
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Let us explicate this in the language of Section 2.3. We will parameterize o by
the value of do at «; this is a class in ¢ ~!Z that we will denote by ¢y. A K-basis
of H is given by vectors e, with ¢ € {o + 27, normalized to take value 1 at the
identity of G. The actions of raising and lowering operators are given by

pec =3 +1+8&) ey and me;=3(—C+14+8) e 2, (16)
and the action of the Casimir on e; is thereby given by %(52 — 1). From these
explicit formulas we readily deduce the following statements:

(a) If 14 & does not belong to +¢y + 27, then H is irreducible.

(b) If 1 + £ belongs to either ¢y + 2Z or —¢y + 2Z but not both, then H has the

structure _
0—-V—->H-—>V-—=>0, (17)

where V, V are irreducible (g, K)-modules; V is the module of highest (lowest)
weight ¢ according to whether —& — 1 or 1 4 £ belongs to o +27, and V = V..

(c) If 1 4 & belongs to both! ¢y 427 and —¢y + 27, and &£ > 1, then H has the
structure of an extension
VteV  — H— F,

where V~ is the highest weight representation of weight —& — 1, and V' the
lowest weight representation of weight £ 4 1, whereas F is the finite-dimensional
representation of dimension & with weights —& +1, —£4+3,...,& — 1. A similar
dual description is valid when & < 0, where the finite-dimensional representation
now occurs as a subrepresentation.

In the following proposition, we will assume that we are in either cases (a) or (b)
of the above classification, that is, H is either irreducible, or decomposes as

0>V—>H-—>V-—>0, (18)

where both the subrepresentation and quotient are irreducible (g, K )-modules.

Proposition 3.1. Let G be the degree q connected cover of SLy(R). Denote by A
the eigenvalue by which C acts on Hg; then there are natural isomorphisms

HO(I', H_oo) >~ A; (1), H'(T, H_o) = Cusp, (),
H (T,H_5)=0 fori=>2,
where ¢ is any K-weight generating the dual (g, K)-module H*.

The condition on ¢ is automatic when H is irreducible, and in the case when H
is reducible is equivalent to asking that ¢ belongs to the K-weights of V*.

I This happens only when ¢ € Z, and in particular the representation descends to a representation
of SLy (R).
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Proof. In Section 9 of [Bunke and Olbrich 1998] this result is proven in the case
of g =1 and the trivial K-type. We will outline the argument to make clear that it
remains valid in the situation where we now work, i.e., permitting a covering of
SL;(R) and an arbitrary K-type.

Fix v* € H* of K-type ¢, normalized as in the discussion preceding (16). Then
the rule sending D € H_ to the function D(gv*) on G induces an isomorphism

H_so = AT (1). (19)

We will outline a direct proof of this isomorphism. Injectivity, at least, follows
readily: if D lies in the kernel, it would annihilate the (g, K)-module generated
by v*, which is all of H*, and by continuity D is then zero.

For surjectivity, one first checks that K-finite functions lie in the image of
the map — that is to say, a function f of fixed right and left K-types, and with
a specified Casimir eigenvalue, occurs in the image of the map above. Such
an f is uniquely specified up to constants: using the decomposition G = KAK,
the Casimir eigenvalue amounts to a second-order differential equation for the
function y — f(ay) for y € (1, 00), and of the two-dimensional space of solutions
only a one-dimensional subspace extends smoothly over y = 1; see [Kitaev 2017,
pp- 12 and 13] for an explicit description both of the differential equation and a
hypergeometric basis for the solutions.? It follows from this uniqueness that f must
agree with D(gv*) where D and v* match the left and right K-types of f. To pass
from surjectivity onto K-finite vectors to surjectivity, we take arbitrary f € A? (9]
and expand it as a sum Zg fe of left K-type. Each f¢ has a preimage ve according
to the previous argument; so one must verify that ZS vg converges inside H_, and
for this it is enough to show that ||ve || grows polynomially with respect to |£| (here
we compute ||vg || as the L?-norm restricted to K in (15)). For this we “effectivize”
the previous argument: The moderate growth property of f implies a bound of the
form | f: ()] < c||g||", uniform in &. On the other hand, f; = vs(gv*), and such a
matrix coefficient always is not too small:

|vg(gv")| = (1 + 15D~ lgll  for some choice of [lgll < (1 +15DY.  (20)

Such lower estimates on matrix coefficients can be obtained by keeping track of
error bounds in asymptotic expressions. They are developed in greater generality in
the Casselman—Wallach theory, see, e.g., Corollary 12.4 of [Bernstein and Krétz
2014] for a closely related result. Combining (20) with the upper bound on f;¢
shows that [|ve || < c(1+ |EYMNFM a5 desired.

2There are other references in the mathematical literature but Kitaev explicitly considers the
universal cover.
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This concludes our sketch of proof of (19), that is to say, H_ is the kernel of
AY E5 A 1)

in the notation of (14). We now invoke surjectivity of a Laplace operator: the
morphism C — X of (21) is surjective, by [Bunke and Olbrich 1998, Theorem 2.1];
and consequently (21) is in fact a resolution of H_,,. Moreover, [Bunke and Olbrich
1998, Theorem 5.6] asserts that the higher cohomology of I" acting on A? vanishes;
it is for this argument that Bunke and Olbrich use “moderate growth” rather than
“uniform moderate growth”. Consequently, the I'-cohomology of H_,, can be
computed by taking I'-invariants on the complex (21):

(AT 5 (AD".

Clearly, the H 0 here coincides with A (1). On the other hand, the image of C — A
contains the orthogonal complement of cusp forms (see [Bunke and Olbrich 1998,
Theorem 6.3]; compare Proposition 4.1), and so the H'! coincides with the cokernel
of C — A acting on cusp forms; there we can pass to the orthogonal complement
and identify H' ~ Cusp, (1) as desired.’ (]

Lemmas 3.2 and 3.3 below will be useful in the sequel. We omit the proof of
the first one.

Lemma 3.2. Let ¢ be, as in Proposition 3.1, a K-weight on H* which generates the
latter as (g, K)-module; fix v, € H* nonzero of weight ¢. For any (g, K)-module V,
there is an isomorphism

Hom,x)(H*, V) = Ve (1), [ f(ve), (22)
where Vi (L) is the subspace of V; killed by C — A.

The second is a precise statement of Frobenius reciprocity, stated in a less formal
way in (2).

Lemma 3.3. Let V be a finite length (g, K)-module. Then there is an isomorphism
HO(T, V* ) ~Hom k) (V, Ak),
where V* _ is the distributional globalization of V*.

One of the earliest versions of such a statement can be found in [Gelfand et al.
1969, Chapter 1, Section 4]. For completeness we outline the proof, in our language,
in Remark 4.3.

For reducible principal series as in (18), we prove:

3n fact, C — A is adjoint to C — X, but the kernel of the latter of either is only nonzero if A is real,
so we do not keep track of the complex conjugate.
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Proposition 3.4. Let H_o, with Casimir eigenvalue A decompose as in (18). Then
the quotient map H — V induces an isomorphism, after passing to distribution
globalizations and I"-cohomology,

H'(T", V_so) > H'(T", H_o0) (= Cusp, (1), by Proposition 3.1).

Proof. The discussion around (17) shows that inverting both & and o gives rise to
another principal series H which fits into the exact sequence

0>V—>H—>V-—>0, (23)

i.e., for which the roles of subrepresentation and quotient are swapped between V
and V. We will deduce the result by playing off Proposition 3.1 applied to (the
distribution globalization of) H, and the same Proposition applied to H.

We first consider the long exact sequence associated to (the distribution global-
ization of) (18), namely

0— H(T, V_o) > HUT, H_) % HO(T, V_s)
— H (T, V_o) > H' (T, H_oo) 2 HY(T, V_so) = 0. (24)

We have used here that the next group H2(I', V_4,) of the sequence vanishes:
it is isomorphic to H 3T, Vo) by the long exact sequence associated to (23)
and Proposition 3.1, and that H> vanishes always. Indeed, let T’ be the image
of I' = PSLy(R), and u < T the kernel of I' — T'; if V is a C[I"]-module then
HY (', V)= H\T, V"), and being a lattice in PSL,(R), the virtual cohomological
dimension of T is at most 2.

We must show that the penultimate map IT of (24) is an isomorphism. For this it
is enough to show that

dim cokernel > dim H'(T", V_).

By applying Proposition 3.1 to H, we find that H!(T", V_4) is a quotient of
Cusp, (A), for x a weight in V*. It therefore suffices to show that

dim cokernel 2 > dim Cusp L ). (25)
We will prove this by exhibiting a subspace
H(T', Voso)™P C H(T, Vo) (26)

of the codomain of €2, which does not meet the image of 2, and whose dimension
equals that of Cusp, ().

The space H(T', V_o,) is identified, by means of Frobenius reciprocity (see
Lemma 3.3) with the space of homomorphisms from the dual (g, K)-module V* to
the K-finite vectors Ak in the space of automorphic forms. Define H O(T, V_go)cusP
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to be the subspace corresponding to homomorphisms V* — Ag that are actu-
ally valued in cusp forms. We now show the two properties of this subspace
HOT, V_oo)UP asserted after (26):

« Its dimension equals that of Cusp, (4). To see this, apply Lemma 3.2 to H,
with { = x and V the K-finite vectors of the space of cusp forms; it yields an
isomorphism

Homy x)(H™, Cuspy) =~ Cusp, (A).

But homomorphisms from H* to Cuspg factor through V* by semisimplicity of
the space of cusp forms (which in turn follows by unitarity). This shows that the
space Hom(g k) (V*, Cuspg) has the same dimension as Cusp, (1), as required.

e It intersects trivially the image of 2. This amounts to the statement that no
homomorphism from V* to Cusp can be extended to a homomorphism from H*
to Ag. Suppose, then, that f : H* — Ak is a (g, K)-module homomorphism whose
restriction to V* is nonzero and has cuspidal image. We now make use of the orthog-
onal projection map from all automorphic forms to cusp forms, which exists because
one can sensibly take the inner product of a cusp form with any function of moderate
growth. Post-composing f with this projection gives a morphism from H* to the
semisimple (g, K )-module Cuspy ; since H* is a nontrivial extension of V* by V*,
this morphism is necessarily trivial on the subrepresentation V*, a contradiction. [J

Now let us deduce Theorem 1.2. We divide into three cases according to how
the representation W of the theorem can be fit into a principal series. Our division
corresponds to the division (a), (b), (c) enunciated after (16), and the statements
below about the structure of W can all be deduced from the statements given there.

« W is an irreducible principal series, equivalently, W is doubly infinite. In this
case, W' = W, and combining Proposition 3.1 and Lemma 3.2 gives the statement
of Theorem 1.2.

o W is an irreducible subquotient of a principal series H with exactly two com-
position factors. In this case we can suppose that W = V* with notation as
in (18). In that notation we have W* = V and W' = V*. Proposition 3.4 gives
HYT, Vo) Cuspg (A), and Lemma 3.2 shows that Cuspg (A) is identified with
the space of (g, K)-homomorphisms from H* to the space of cusp forms; by
semisimplicity of the target such a homomorphism factors through the irreducible
quotient V* = W*!. This proves Theorem 1.2 in this case.

o W is an irreducible subquotient of a principal series with more than two compo-
sition factors. In this case, W is necessarily a highest- or lowest-weight module
factoring through SL;(R), and there is an exact sequence

F — H — D, (27)
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where F is finite-dimensional and D is the sum of W* and another highest- or lowest-
weight module. Here, W' = F* ~ F and Theorem 1.2 is equivalent to the vanishing
of HY(T, WZ_). In the case of a discrete series that factors through PSL;(R), this
vanishing follows from [Bunke and Olbrich 1998, Proposition 8.2], and the remain-
ing case of an “odd” discrete series is handled by the same argument. Namely, use the
long exact sequence associated to (27); the argument of Proposition 3.1 shows that
HY(T', H_»)=0, and also H*(T", F)=0 by Poincaré duality because F is nontrivial.
Thus also H'(I", D_4,) = 0 and so its summand H ' (T, W*_.) also vanishes.

4. Second proof of Theorem 1.2: extensions of (g, K)-modules

Our original proof of Theorem 1.2 proceeds by a reduction to a computation in the
category of (g, K)-modules. The two essential ingredients of this argument are:

(a) The Casselman—Wallach theory [Casselman 1989; Wallach 1992] which gives a
canonical equivalence between suitable categories of topological G-representa-
tions and algebraic (g, K)-modules.

(b) Surjectivity of a Laplace-type operator acting, now, on spaces of moderate
growth functions on I'\G.

We will not prove (a), although we will briefly sketch an elementary proof of
what we use from it. We will prove (b) in the next section.

Let A be the eigenvalue by which the Casimir C € Z(g) of (9) acts on W (the
irreducible (g, K)-module from the statement of Theorem 1.2). We will use the
notation A from (14) for the space of smooth, uniform moderate growth functions f
on I'\@G, i.e., for which there exists R such that for all X € 4,

X/ (9)]
I llx.r = sup 2
ceG Nl

<00 (28)

(compare with (13), and beware that we are using the same notation as in Section 3,

but for a slightly different space). We use uniform moderate growth because it inter-

faces more readily with the Casselman—Wallach theory; by contrast, Section 3 used

moderate growth because this is used in the acyclicity result mentioned after (21).
Also consider the following subspaces of A:

A —nit = K-finite functions on which C — X acts nilpotently,

Cusp(A) = subspace of A, _pj consisting of cusp forms.
The precise form of (b) we will use is this:

Proposition 4.1. The image of the map C— A : Ax — Ak is precisely the orthogonal
complement to Cusp(A) inside Ag.
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This is almost [Bunke and Olbrich 1998, Theorem 6.3], except there the argument
is for moderate growth functions rather than uniform moderate growth; they state
on page 73 that the same proof remains valid in the uniform moderate growth
setting. Also, Cassleman [1984, Theorem 4.4] proves, for the trivial K-type, that
C is surjective on spaces of Eisenstein distributions, from which a similar result
can be extracted. Since the above statement is in a sense the crux of the argument,
and neither reference gives it in precisely this form, we have given a self-contained
proof in Section 5. Our proof follows a slightly different strategy and is perhaps of
independent interest.

4.1. Proof of Theorem 1.2: reduction to (g, K) extensions. We begin the proof
of Theorem 1.2 assuming Proposition 4.1. This will proceed in three steps:

(1) First, using a topological version of Shapiro’s lemma, we make the identifica-
tion H'(I', W*) > Ext{; (W, A).

(i1) Next, we pass from the category of G-modules to that of (g, K)-modules and
produce an isomorphism Exté; Weo, A) =~ Extgg’ ) (W, Ay _niD).

(iii) Finally, we compute that Extégy K)(W, A, —ni1) is isomorphic to the promised
space of cuspforms, using the explicit computations from Section 2.3.

In practice, for technical reasons, we carry out (iii) first and then show that the
map of (ii) is an isomorphism.
We begin by constructing an isomorphism

H' (T, W) ~ Extg;(Weo, A), (29)

where W, is the smooth globalization of W.

On the left, we have the ordinary group cohomology of the discrete group I'
acting on the vector space W*_, without reference to topology. On the right here
we use a topological version of Ext defined as follows: present A as a directed
union lim A(R) of moderate growth Fréchet G-representations (see Section 2.4)
obtained by imposing a specific exponent of growth R in (28). The right-hand side
is then defined to be the direct limit lim ExtIG (Wso, A(R)), where the elements of
each Ext group are represented by isomorphism classes of short exact sequences”
A(R) —?7 - Wy, with ? a moderate growth Fréchet G-representation and the
maps are required to be continuous.

The statement (29) is then a version of Shapiro’s lemma in group cohomology. Let
us spell out the relationship: for G; < G, of finite index, and W a finite-dimensional

“4Here, the notion of exact sequence is the usual one, with no reference to topology: the first map
is injective, and its image is the kernel of the second, surjective map.
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G -representation, Shapiro’s lemma supplies an isomorphism

HY(Gr, W*) 2 H' (G2, 18 W™)

2 HY(Gy, 1320 @ WH) ¥ Bxtl, (W,120).  (30)
Here IGG]2 is the induction from G to G;, and we used in (i) Shapiro’s lemma
in its standard form [Brown 1982, Chapter 3, Sections 5 and 6]; at step (ii) the
projection formula Igf W ~ Igf@ ® W*, and at step (iii) the relationship be-
tween group cohomology and Ext-groups which results by deriving the relationship
Homg, (W, V) = (V® W*)%,

Our statement (29) is precisely analogous to the isomorphism of (30) with I’
playing the role of G, G playing the role of G,, and with topology inserted. It can
be proven simply by writing down the explicit maps from far left to far right in (30)
and checking that they respect topology and are inverse to one another. There is
only one point that is not formal: to prove that there is a well-defined map from left
to right, one needs to check that the extension of G-representations arising in (iii) by
“inflating” a cocycle j :I' — W*_ indeed has moderate growth. This requires growth
bounds on j, and these follow simply by writing out j(y), for arbitrary y € I', in
terms of the values of j on a generating set using the cocycle relation. We observe
that some “automatic continuity” argument of this nature is needed, because, in the
statement of (29), the topology of W figures on the right-hand side but not on the left.

As the next step towards Theorem 1.2, observe that there is a natural map

Extg; (Woo, A) = Bxt(y ) (W, A i), 31

where the right-hand side is taken in the category of (g, K)-modules.

This “natural map” associates to an extension A — E — Wy, the underlying
sequence of K-finite vectors in each of A, E, Wy, which are annihilated by some
power of C — A (in the case of W, this space is exactly W, on which C — A
acts trivially). That the resulting sequence remains exact follows from surjectivity
of C — A in the form of Proposition 4.1. We explicate this: one must verify that each
element w € W has a preimage in E killed by some power of (C—2). First, take an
arbitrary preimage of w in E and average it over K to produce a preimage e € Eg.
Then (C — 1) e belongs to the image of Ak, and can be written as f; + f> with
f1 € Cusp(L) C ker(C — 1) and f> € Cusp(X)*+. Choose, by Proposition 4.1, a class
e’ € Ak with (C— 1) €' = f»; then e — ¢’ still lifts w and is now killed by (C — 1).

We will show in Section 4.2 that the right-hand side of (31) has dimension

m = the multiplicity of W*! in Cusp(}),

and in Section 4.3 that (31) is actually an isomorphism. This will conclude the
proof, remembering that the left-hand side is identified, by means of (29), with
HY(D, W*).
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4.2. Evaluation of the (g, K)-ext. We compute the (g, K)-extension on the right-
hand side of (33). The space Cusp(X) decomposes as a finite direct sum of irre-
ducible (g, K)-modules; this follows from the similar L? statement, see [Borel 1997,
Section 8]. Since each of these irreducible summands has infinitesimal character A,
their underlying (g, K)-modules can belong to at most three isomorphism classes,
as described in Section 2.3; among these is wel the “complementary (g, K)-module
to W” from Definition 2.1. Accordingly we decompose
Aj—nit =Cusp)'" @ (WH"® @ V, (32)
V CCusp(h)
VEwd
where Cusp()»)L is the orthogonal complement of Cusp(X) within A; _y;;, and m is
the multiplicity of W¢! in Cusp(}).
The splitting (32) induces a similar direct sum splitting of Ext%g, K)(W, A _nil)-
But Proposition 4.1 implies that C — A defines a surjection from Cusp(A)™ to itself,
and so, applying Proposition 2.2,

Ext(y g, (W, Cusp(h)") =0.

The remaining two summands evaluate via the second part of Proposition 2.2 to C™”
and O respectively. This yields

Extgg’K)(W, Aj—nin) = C™.
This concludes the proof that the right-hand side of (31) has dimension .

4.3. Comparison of topology and (g, K) extensions. To conclude, we must show
that the map of (31) is in fact an isomorphism.

Injectivity of the resulting map on Ext-groups follows using the Casselman—
Wallach theory of canonical globalization; the result is formulated in exactly the
form we need in [Bernstein and Krétz 2014, Proposition 11.2], namely, a splitting
at the level of (g, K)-modules automatically gives rise to a continuous splitting.’

For surjectivity, one cannot directly apply the Casselman—Wallach theory because
A is “too big”. However, we saw in Section 4.2 that the right-hand side of (31)
actually is generated by the image of Ext(lg’ k) (W, Cusp(A)). The space Cusp(2)
has finite length, and then the results of [Casselman 1989] (in the form of the
equivalence of categories, see [Wallach 1992, Corollary, Section 11.6.8]) implies
that each such extension of (g, K)-modules arises from an extension of smooth
globalizations, which readily implies the desired surjectivity.

SWe sketch the idea of the argument to emphasize that what we use is relatively elementary: Given
an abstract (g, K )-module splitting ¢ : W — A we must show that it does not distort norms too far.
Fixing a generating set wy, ..., w, for W, one shows using bounds similar to (20) that any vector
w € W can be written as Y h; *w; where h; are bi-K-finite functions on G and the norms of the h; are
not too large in terms of the norms of w. This permits one to bound the size of p(w) =Y h; *p(w;).
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Remark 4.2. Together, the isomorphisms (29) and (31) give an isomorphism
H'(T, W* ) ~ Ext{y g (W, Ax_ni). (33)

The analogous statement in all cohomological degrees has been proved for cocom-
pact I' in [Bunke and Olbrich 1997, Theorem 1.4]. However, our argument does
not generalize to this case, at least in any routine way: it is not immediately clear
to us how to generalize the cocycle growth argument to H' for i > 1.

Remark 4.3. For completeness, because we made use of it earlier, we outline the
argument for the much easier degree 0 version of (33), i.e., “Frobenius reciprocity”:

HO(T, W*.) =~ Homg x)(W, A i), (34)

where we now allow W to be any finite length (g, K)-module.

The standard construction of Frobenius reciprocity identifies H%(T", W) with
continuous G-homomorphisms from W, to A; then, restriction to K-finite vectors
defines a class in Homg x)(Wg, A) >~ Homg k) (Wk, Aj—ni). This restriction map
is an isomorphism by the Casselman—Wallach theory [Wallach 1992, Theorem,
Section 11.6.7], taking the target space to be the subspace of .A comprising functions
which are (i) by killed by a fixed large power of (C —A) and (ii) have finite norm (28)
for all X and for some fixed large R. This proves (34).

Now (34) implies Lemma 3.3: W is annihilated by an ideal of finite codimension
in Z(g); as such, the image of any (g, K)-homomorphism from W to moderate
growth functions automatically has image inside functions of uniform moderate
growth [Borel 1997, 5.6], and therefore has image in Aj _p;.

5. Surjectivity of Casimir on the space of automorphic forms

The primary analytic ingredient in both proofs is the surjectivity of a Laplacian-
type operator; in the first proof this is used on spaces of functions both on G and
on I'\G, and in the second proof it is used only on I'\G. We will now give a
self-contained proof of the second version, Proposition 4.1. As noted after that
proposition, this statement is essentially in the literature, but given its importance it
seemed appropriate to give a self-contained proof.

We follow here the notation of Section 4; in particular, 4 is defined using the no-
tion of uniform moderate growth. It is enough to show that every function orthogonal
to Cusp(A) occurs in the image of C—A : Ax — Ag. The basic strategy is as follows:

(1) In Section 5.4, we decompose elements of Ak into functions “near the cusp”
and functions of rapid decay.

(i1) In Section 5.5, we construct preimages under C — A for functions in each sub-
space. Doing this “near the cusp”” amounts to solving an ODE; the construction
of preimages for functions of rapid decay is carried out via L?-spectral theory.
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Since C — A commutes with K, it suffices to prove Proposition 4.1 with Ak re-
placed by its subspace A; with K-type ¢. In what follows, we will regard ¢ as fixed.

5.1. Cusps. It is convenient to fix once and for all a fundamental domain for I'\G:

we take
F={zeH:d(z i) <d(yzi) foral y e —{e}}, (35)

which describes a convex hyperbolic polygon which is (up to boundary) a funda-
mental domain for I" acting on H; its pullback to G via g — g -i is a fundamental
domain for I'\ G, which will often be denoted by the same letter. In particular, §
can be decomposed in the following way, where the sets intersect only along their

boundary:
§=380UCIUCU---UCy, (36)

with §p compact and each C; a cusp, that is to say, a G-translate of a region of the
form {x +iy:a <x <b, y > Yp}. In the Iwasawa coordinates G = NAK of (10),
the pullback of C; to G therefore has the form

@;:gi-{nxayk:afxfb,yZYo,keK}. 37

The map Ci — '\ G is injective on the interior of C;. We will often identify C; with
its image in '\ G.

5.2. The constant term and moderate growth functions in the cusp. Let f € A;.
Fix a cusp i; we write F{V forI'Ng; Ngi_l. The constant term fl.N 18 Ngl._l\G —C
is defined by the rule

fiN : X > average value of f(g,-n,glflx) for t € R. (38)

The function f(g;n,g; %) is periodic in ¢ and therefore the notion of its average
value makes sense. Moreover, the above map is right G-equivariant. A basic (and
elementary) fact is that fl.N is asymptotic to f inside C;; indeed the function f- fl.N
has rapid decay in C;, as proved in [Borel 1997, 7.5]. Here, we say that a function

J :C; — C has rapid decay if, for any X, ..., X, € g and any positive integer N
we have
supllg|V| X ... X, J (g)] < o0. (39)
Ci

Let us consider more generally functions f on G that are left N-invariant and
have fixed right K-type ¢. Such a function may be identified, by means of pullback
by y + a,, with a function f on R,. The condition of the original N-invariant
function on G having finite norm under || - || x,g for all X, with notation as in (28),
is equivalent to asking that

035)7

<Ci-(Iyl™ +1yD® forall j. (40)
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That this condition is necessary is seen by applying (28) to X a product of ele-
ments in Lie(A). To see that it is sufficient, we fix 4l belonging to the universal
enveloping algebra of g; now, for any k € K, we may write 4 as a sum of terms
> k) (Ad(k‘l)uN,i)(Ad(k_l)ilA,,-)ilK,,- where the terms belong to fixed bases
for the universal enveloping algebra of N, A and K respectively, and the coeffi-
cients ¢; (k) are bounded independently of k. This permits us to bound i f (nak)
and we see that the bound (40) suffices.

This motivates the following definition: Fix Yy > O and denote by Py, the
space of smooth functions on R supported in y > Y satisfying (40) for some R.
Because of the restriction that y > Yy, this is equivalent to ask that all derivatives
are “uniformly” polynomially bounded, i.e., there is R such that, for all j, there
exists a constant C; with

d’ fdy’| < C; 2+ |y)R. (41)

5.3. The subspace Eis,, of Eisenstein series with eigenvalue . To each cusp C;,
we attach an Eisenstein series E/ (s), which is an A¢-valued meromorphic function
of the complex variable s, characterized by the fact that for Re(s) >> 1 it equals

Els,9)= Y H(g 've)’,
yeli\l
where H is the unique function on G with right K-type ¢, invariant on the left
by N, and on A given by a, > y.

The resulting Vector—valued function is holomorphic when Re(s) = 5 L and we
denote its value at s = 5 L it by E;. / In words, E; 7 is the unitary Eisenstein series of
K-type ¢ with parameter ¢ € R attached to the j-th cusp of I'\G. Finally, denoting
by A, the eigenvalue of C on E}, let

Eis(A) := € {span of all Eisenstein series E,j , with t € R, such that A, = A},
J
so that Eis(1) is a finite-dimensional subspace of A, annihilated by C —A. However,
if the quadratic function ¢ +— )Lt A happens to have a double zero, we include in the
above space the derivative - E,] , for this is also annihilated by C — A. The Casimir
eigenvalue of E/ (s, g) is quadratic in s and therefore the dimension of Eis(}) is at
most twice the number of cusps.

5.4. Decomposition of A;. Consider the subspace of A, consisting of L?-eigen-
functions of the Casimir with eigenvalue A; call this Discrete(A).

Lemma 5.1. Let C; be the cusps for a fundamental domain for the action of T on G
as in (36). Then every f € A, perpendicular to Cusp(L), can be written as the sum

F=F+Y fo (42)
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where:

(1) The function f; is smooth, has rapid decay at all the cusps, and is perpendicular
to Eis(A) @ Discrete(A).

(i1) Each f, is supported in the cusp C; and, with reference to the identification (37):
Ci=g (nayk:a<x<b, y>Yy keK}

has the form
neayk — P(y)¢(k), (43)

where P belongs to the space P>y, described after (41).

Observe that, although f is only assumed orthogonal to cusp forms, we arrange
that f; is orthogonal also to Eis(A) and all of Discrete()). This is possible because
there is a lot of freedom in the decomposition (42). It will be very convenient later.

Proof. This is a straightforward cut-off process; the only delicacy is to ensure that f;
is in fact perpendicular to Eis(1) and Discrete(i). We start from fl.N , the constant
term along the i-th cusp as defined in (38). Take ¢;, ¥; smooth functions on R
where:

e ¢ =0for y < Yyand ¢; =1 for y > 2Y).
o 1 is supported in (Yp, 2Yp).

We consider ¢; and v; as functions on @; described by the rules gin,ayk — ¢;(y)
and ginyayk — ;(y) ¢ (k) respectively. Now put f; = f — > (i fl.N + ;) so that

f=f+ X @ + ). (44)
jj".
We will show that, for suitable choice of v;, (44) is the desired splitting of f. All
the properties except perpendicularity to Discrete(A) @ Eis(1) follow from general
properties of the constant term discussed in Section 5.2. In particular, the uniform
bound on the functions P associated —as in (43) — to the various f,, follow from
the condition that f has uniform moderate growth.

Observe that ¢; fiN and ; are both perpendicular to all cuspidal functions and
in particular to Cusp(1), because they both arise from functions on g;Ng;” 'nm\c
which are left invariant by g;Ng;” ! Therefore f; is also perpendicular to Cusp(A).

It remains to choose 1; in such a way that f; is indeed perpendicular to the
orthogonal complement of Cusp(X) inside Discrete(A) @ Eis(X); call this space
Eis()), as it is (potentially) a finite-dimensional enlargement of Eis(A). To do this,
for each &€ € Eis(1) we should have

<;f_§0i ,-N,5>= Z(Wi’5;N>a-

i
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The right-hand side can be considered as a linear mapping from the vector space of
possible v; to the finite-dimensional dual Eis(1)* of the vector space Eis(A). It is
enough to show this mapping is surjective, and for this it is enough to show that its
dual is injective. But the dual map is identified with the constant term

Eis(h) — @ C®(T;, 2T, €+ (&) (giay)
i

and this is injective: if £V vanished in (7}, 2T;) then it— being real-analytic —

vanishes identically; if this is so for all 7, then £ would be a cusp form, contradicting

the definition of Eis(}). O

5.5. Surjectivity of C — .. We now show surjectivity of C — A on each of the two
pieces of A; corresponding to the decomposition of Lemma 5.1.

5.5.1. Surjectivity on the cusp.
Lemma 5.2. The operator C — A is surjective on the space of functions on G which
e are left N-invariant and have fixed right K-type ¢, and
« lie in the space Psy, described before (41) when pulled back to Ry by means
of y = ay.
Proof. Let f : Ry — C be extended to a function F : G — C by left N-invariance
and with fixed x-weight equal to ¢, so that F' has the form

F (nay exp(6k)) = f(y) e'*’.
Observe that for arbitrary X; € n =Lie(N) and X», ..., X € g we have
(X1 ...XyF) is identically zero on NA.

Indeed, the left-hand side is the partial derivative 9y, ... d;, of F(naeX1 ... eXk)
evaluated at #; = 0, which vanishes since F is independent of #;. From this observa-
tion, it follows that the action of the operator C = %H 2 _ H+2XY on f agrees
with the action of %HZ — H on f(y). Since H acts on f via Zydiy, we get that
C — X acts as the differential operator

2
2y2d— — A
dy?

We show that C — A is surjective on Py, explicitly, by constructing a g with
(C —A) g = f via the method of variation of parameters.

The homogeneous solutions to the equation (2)}2%2 — )g = 0 are given
by yP!, yP2_ where the p; are roots of 2p(1 — p) +A = 0. We assume that p; # p»,
the p; = p» case is similar. A solution to (C —A) g = f can then be found by taking

g=b1()y" +ba(y)y??,
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where the b; satisfy
db; . 1/2
Dy
dy P1— D2

Taking f as in (41), we take b; = £1(p; — p2) f;(;f(y)yfpifl for y > Yy and
b;(y) =0 for y < Yy. By construction, if f belongs to Py, then so does b; and so
also g. ([

fyy il

5.5.2. Surjectivity on functions of rapid decay.

Proposition 5.3. The image of the map C — A : Ay — A, contains all functions of
rapid decay that are orthogonal to Eis(L) and Discrete().).

Proof. Let f be such a function. We fix an orthonormal basis {¢;} for the discrete
spectrum of C — A on L2(1"\G);, where the subscript means that we restrict to
K-type ¢. For constants u; depending only on the width of the various cusps, we
have, following, e.g., [Borel 1997, Section 13],

F=Yroe+w Y [ (rEhE (45)
i j U=

A priori this is an equality inside L. Let A; and A, be, respectively, the eigenvalues
of C — X on ¢; and E;; by the assumption on f, these are nonvanishing except when
(f, ¢i) =0 or when (f, E;) =0.

Define f € L? by the rule

J

f=> U’f")w +Z/ —(f’)LE”Etjdt. (46)

0 i j teR t
It is not hard to see that the right-hand side defines an L>-function: The function
(f, E]yis holomorphic in a neighborhood of 7 € iR, as follows from holomorphicity
of t — E] and absolute convergence of the integral defining ( f, E/). Moreover,
by assumption, this holomorphic function vanishes when A, = 0. In particular the
function (f, E;)/A; is holomorphic, too; this follows from what we just said if the
quadratic function 7 — A, has distinct zeroes, and in the case when it has a double
zero ty we recall that the derivatives (d E,] /dt)|:=, also belong to Eis(1). Therefore,
the integrand in (46) is locally integrable in ¢, and then its global integrability

follows from (45).
We claim that f has uniform moderate growth and

C-Mf=f

as desired.

In fact, the summation and integrals in both (45) and (46) are absolutely conver-
gent, uniformly on compact sets, and they define functions of uniform moderate
growth; moreover, any derivative X f coincides with the corresponding summation
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inserting X inside the sums and integrals. The proof of these claims follow from
nontrivial, but relatively standard, estimates. We summarize these estimates, with
references. A convenient general reference for all the analysis required is that of
Iwaniec [1995]; he works only with the trivial K-type, but analytical issues are
exactly the same if we work with a general K-type.

We examine the first summand of (46) first. Let A; be the (C — A)-eigenvalue
of ¢;. Then the easy upper bound in Weyl’s law (compare [Iwaniec 1995, (7.11),
Corollary 11.2] for the sharp Weyl law in the spherical case; the same proof applies
with K-type) gives

#{i 1 |A| < T} <const-T>. (47)
For any r > 0 we have an estimate
I(fo o)l <er (T4 1A D77 (48)

arising from integration by parts and Cauchy—Schwarz (using ||¢;||;2 = 1). Finally,
there is a constant N with the following property: for any invariant differential
operator X € 4l of degree d, we have a bound

1Xgi(g)] < 1+ DTNV g|N. (49)

This is derivable from a Sobolev estimate, again using the normalization ||¢; | ;2 =1;
see, e.g., [Bernstein and Reznikov 2002, (3.7)]. These estimates suffice to treat the
cuspidal summand of (46).

Now we discuss the integral summand of (46). To examine absolute convergence
of the integral, one reasons exactly as for cusp forms, but rather than pointwise
estimates in ¢ one only looks at averages over T <t < T + 1. In place of the
L?-normalization of ¢; we have the estimate

(as J (V12 < T2
[ ) _El@P <1 +10g(r),
T ht<y

where ht < Y means that we integrate over the complement of the set y > Y in each
cusp. This bound is derived from the Maass—Selberg relations (compare [Iwaniec
1995, Proposition 6.8 and (6.35) and (10.9)]) and average bounds on the scattering
matrix (equation (10.13) of the same reference). From this, one obtains in the same
way as the cuspidal case bounds on TT+1|(f, E,])|2 and fTTH|XE,] | that are of
the same quality as (48) and (49) and the same analysis as for the cuspidal spectrum

goes through. U

5.6. Proof of the proposition. We now prove Proposition 4.1, that is to say, that
the image of C — A is the orthogonal complement of cusp forms. Take f € A; and
write f = fs+>_ f;, as in Lemma 5.1. By Lemma 5.2 and Proposition 5.3 there
are functions g;, g € A, with

C=Mgi=fe, C—-Mg=[,
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where, in the case of g;, we use Lemma 5.2 to produce a function on C;, and then
extend it by zero to get an element of A,. Then g+ ), g; is the desired preimage
of f under C — A. ([

6. Interpolation and cohomology

We will recall background on the Segal-Shale—Weil representation (see [Lion and
Vergne 1980] for details) necessary to explain why the foregoing results imply
the interpolation formula of Radchenko and Viazovska [2019]. We have already
outlined the argument in Section 1.1 and what remains is to explain in detail where
the actual numbers in (4) come from.

6.1. The Weil representation. Let L*>(R), be the Hilbert space of even square
integrable functions on R, and let S be the subspace of even Schwartz functions,
i.e., even smooth functions f such that

m

d
X —— f(x)

T <00 (50)

sup
xeR

for any pair (m, n) of nonnegative integers. Let G be the degree 2 cover of SL,(R).
There is a unique unitary representation of G on LZ([RE)+, the Weil (or oscillator)
representation, for which § is precisely the subspace of smooth vectors and such
that the action of g on S is given by
X9 = —indp(), V=L

’ 47 9x?
It then follows that k = i(X — Y) acts by

p0), H- 90 =(xL+2)gw).

47 ax?

The normalization ensures that the action of G is unitary and that the rela-

2
K-¢(x)=(nx2— Lo )¢(x).

tion 0 Xo ~! =Y is preserved, where o : S — S is the Fourier transform

o ($)(E) = p(&) == /R b (x) e 2T g

Moreover, with respect to the seminorms of (50), the topological vector space S
has the structure of a moderate growth Fréchet representation of G.

The vector vy, = e~ ™ has k-weight % and Casimir eigenvalue —%. The
other K-finite vectors in S are spanned by its Lie algebra translates; they have the

form g(x) e ™ ** for g an even polynomial, and have k-weights %, %, %, e

6.2. The lattice T'. If X € gis nilpotent, the projection map identifies exp(RX) C G
with the corresponding 1-parameter subgroup of SL,(R). In particular, the map
G — SL,(R) splits over any one-parameter unipotent subgroup; thus the groups of
upper and lower-triangular matrices have distinguished lifts in G.
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In particular, the elements e = ( (1) f) and f = (; (1)) defined in (3) have distin-
guished lifts ¢, f to G. They act in the Weil representation by

e-p(x)=e TV p(x), fpx)=céo " px). (51)

Let I' € SL,(Z) be the subgroup freely generated by e and f. It is the subgroup
of I'(2) whose diagonal entries are congruent to 1 mod 4, and is conjugate to 'y (4).

Lemma 6.1. There is a splitting I' — G which extends the splitting over the two
subgroups (e) and (). The image of T in this splitting are precisely the elements
of its preimage leaving fixed the distribution Q 1=, 5 8,2; see Section 1.1 for the
definition of §,,.

Proof. The lift e of e to G fixes Q. By Poisson summation, so does the lift fof f.
The group I" The group r generated by & and f surjects onto I" with kernel of size
at most two. But I fixes Q, and the two lifts of any g € SLo(R) to G act on S by
different signs, so the map [ - Iis injective. ([

6.3. Conclusion of the proof. We now fill in the deduction, already sketched in
the introduction, of the interpolation Theorem 1.1 from Theorem 1.2.

We first handle a detail of topology from the discussion of Section 1.1, namely,
the equivalence between the interpolation statement and its “dual” form. For a
Fréchet space F we denote its continuous dual by F*; we regard it as an abstract
vector space without topology. Then, for n : E — F a continuous map of Fréchet
spaces,

if n* . F* — E* is bijective, then n is a homeomorphism. (52)

Indeed, following [Treves 1967, Theorem 37.2], a continuous homomorphism
n: E — F of Fréchet spaces is surjective if n* is injective and its image is weakly
closed. Applying this in the situation of (52), we see at least that 7 is surjective.
It is injective because the image of n* is orthogonal to the kernel of n, and then we
apply the open mapping theorem to see that it is a homeomorphism.

To verify the equivalence, asserted in Section 1.1, between Theorem 1.1 and
its dual version, we apply (52) to the map W of Theorem 1.1, with codomain the
closed subspace of s @ s definedby ), , 0 (n) =), 7 b(n).

The other point that was not proved in Section 1.1 was (4), the actual evaluation
of H% and H! for the dual of the oscillator representation, namely

dim H)(I', §*) =1, dimH'(I', $*) =0. (53)

Now, S&* is precisely the distribution globalization of the dual of Sk, i.e., it is
the W*_ of the statement of Theorem 1.2 if we take W to be Sk. Therefore
Theorem 1.2 reduces us to showing that the multiplicity of Sk (resp. 8%1) in the
space of automorphic forms (resp. cusp forms) for I' equals 1 (resp. 0).
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From Section 6.1, the K-finite vectors Sk are a realization of the (g, K)-module
of lowest weight % whose complementary representation (Sx)<! is the (g, K)-
module of highest weight —%. In general, a homomorphism from a lowest weight
(g, K)-module to any (g, K)-module W is uniquely specified by the image of the
lowest weight vector, which can be an arbitrary element of W killed by m; and the
dual statement about highest weight modules is also valid.

It follows that (g, K)-homomorphisms from Sk (respectively Sf(l) to the space A
of automorphic forms correspond exactly to holomorphic forms of weight % (respec—
tively, antiholomorphic forms of weight —%); the conditions of being killed by m
or p precisely translate to being holomorphic or antiholomorphic. The desired
conclusion (53) now follows from:

Lemma 6.2. (a) The space of holomorphic forms for T" of weight % is one-
dimensional, and the space of cuspidal holomorphic forms of this weight
is trivial.

(b) The space of cuspidal holomorphic forms for T of weight % is trivial; therefore,
the space of cuspidal antiholomorphic forms for T of weight —% is also trivial.

Proof. For (a), the group I is conjugate to I'1(4), for which the space of modular
forms of weight % is spanned by the theta series 01,2(z) =,z e2mizn® [Serre and
Stark 1977].

For (b), we use the fact that multiplication by 6 injects the space of weight %
forms into the space of weight 2 forms. The space of weight 2 cusp forms for I'; (4)
is, however, trivial; indeed, the compactified modular curve X;(4) has genus zero.
The final assertion follows by complex conjugation. O

6.4. Variants: odd Schwartz functions, higher dimensions, Heisenberg unique-
ness. We now show how the same ideas give several other interpolation theorems
without changing the group I' = (e, f); it may also be of interest to consider
(o0, p, g)-triangle groups.

6.4.1. Odd Schwartz functions. The discussion of Section 6.1 on the even Weil rep-
resentation S carries verbatim to its odd counterpart 7, whose (g, K)-module of K-
finite vectors is spanned by the translates of the lowest weight vector v3, =xe™" x,
As above, we compute using Theorem 1.2, to get

HYT, 7T =C, H.T,T"=0.

Indeed, the zeroth cohomology H°(I", T7*) is identified with the space of modular
forms of weight %, a one-dimensional space spanned by #°, as can be deduced
from [Cohen and Oesterlé 1977]. As for H(I', T*), its dimension is equal to the
multiplicity of 7° in the space of cusp forms on I'. The representation 7° has
highest weight —%, and the vanishing of H' results from the absence of holomorphic
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cusp forms of weight % on I as in Lemma 6.2. We then deduce an interpolation
theorem as in Section 1, noting that in addition to the §, the distributions ¢ — ¢’(0)
(resp. ¢ — qAS’(O)) are also e- (resp. f-)invariant. Arguing as in Section 1.1 recovers
a nonexplicit version of the interpolation theorem of Radchenko and Viazovska for
odd Schwartz functions, see [Radchenko and Viazovska 2019, Theorem 7].

6.4.2. Radial Schwartz functions on R?. We may, similarly, consider instead the
representation S; of SL;(R) on radial Schwartz functions on R<. This is, for reasons
very similar to that enunciated in Section 6.1, a lowest weight representation of the
double cover of SL;(R), but now of lowest weight % generated by e ™" (f+bxD) | We
claim that in all cases the corresponding H! continues to vanish. Indeed, for d even
the complementary representation W*! is finite-dimensional and does not occur in
cusp forms; for d odd, occurrences of W*! in cusp forms correspond just as before
to holomorphic cusp forms of weight %(4 —d) for F(2),Aand these do not exist for
any odd d. Therefore we find that the values of f and f at radii »/n determine f,
subject only to a finite-dimensional space of constraints (the dimension is equal to
that of weight % holomorphic forms for I"(2)).

6.4.3. Heisenberg uniqueness. A result of Hedenmalm and Montes-Rodriguez
[2011] asserts that the map

LY(R) — sequences, h > f h(t) e gy, / h(t) P dr  (54)

is injective if and only if 8 < 1. In their terminology, this yields an example of a
“Heisenberg uniqueness pair”’. We thank the referee for bringing this result to our
attention. Using our techniques, we show that an abstract interpolation formula—
admittedly, on a eccentric function space — holds at the transition point ¢ = 1.

Theorem 6.3. Let H be the space of smooth functions on R with the property that
x2h(x ™) extends from R — {0} to a smooth function on R. Fix «, B with aff = 1
and for n € Z write a, = [h(t) €™ " dt and b, = [h(t) e™P"/! dt. Then the map

he> (@), (ba), (0, lim x?h(x)

defines a linear isomorphism of H with a codimension 3 subspace S of® s> @ C2.

In this form, this neither implies nor is implied by the results of [Hedenmalm
and Montes-Rodriguez 2011], but it would be interesting to see if our methods
can give results closer to theirs, e.g., by considering different completions of the
underlying representation.

We obtain Theorem 6.3 in a similar way to Theorem 1.1 — namely, by applying
Theorem 1.2 for the same I', but with a different coefficient system. Note that we

Note that integration by parts shows that g, b, indeed belong to the space s of sequences with
rapid decay, introduced in Section 1.
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can and will assume that « = 8 = 1 by rescaling. We now consider the space W of
smooth 1-forms on [P>[1RE = R U oo, which we may think of equivalently as smooth
functions ®(x, y) on R> — {0} satisfying

d(Ax, Ay) = A 2D (x, y).

The 1-form on I]j’ulQ associated to & is characterized by the fact that, when pulled
back to R — {0}, it gives the 1-form ®(x, y)(x dy — ydx). Write

an(cb):/QD(x, 1) e™ " dx, bn(q>)=fc1>(1,y)em'"ydy. (55)

Write h(x) = ®(x, 1). We note thatxfzh(l/x) = ®(1, x), and so extends over 0.
The map ® — h(x) = ®(x, 1) thus identifies W with the space H described in the
theorem. We are reduced then to proving:

Claim. The rule
D > (an, by, (0, 1), @(1,0)) (56)

defines an isomorphism of W with a codimension 3 subspace of 5> @® C?.

Proof of Claim. We apply Theorem 1.2 to the (g, K)-module W ; the distribution
globalization “W*_” that appears in Theorem 1.2 is simply the topological dual W*
to W.

To analyze the e-invariants on W*, take an arbitrary e-invariant distribution D
on W. The identification ® — & between the space of —2-homogeneous & and
h € H contains C2°(R) in its image; thus, we can consider D as a distribution on the
real line, i.e., given any & € C2°(R), we form the corresponding & and evaluate D on
it. The result is a periodic distribution under x + x 42 which must be in the closed
subspace spanned by the a, for n € Z — write this distribution ) _ ¢(n) a,. Then the
difference D— ) c(n) a,, vanishes on C°(R), and is therefore a linear combination
of the Taylor coefficients of ®(1, y) at y = 0; the only such distribution that is
invariant under e is ® — ® (1, 0). It follows that (W™*)¢ is spanned topologically
by the a,, and evaluation at (1, 0). Similarly, (W*)/ is spanned topologically by
the b, and evaluation at (0, 1).

We will now compute the cohomology of I" on W*,

The space W is identified with a reducible principal series of SL,(R) which is
an extension D;“ ®D, — W — C, where D;E are the holomorphic and antiholo-
morphic discrete series of weight 2; the map W — C is the integration over IPUIQ.
Now Theorem 1.2 implies that (T, (D;E)*) vanishes, whereas H(T, (D;E)*) has
dimension 2 in both the 4+ and — cases. There is therefore an exact sequence

0—>C— HI,Ww*) > C*—> H'(I',C) > H'(T', w*) > 0.

The map C* — H!(T, C) is surjective with two-dimensional kernel, for it amounts
to the map from the four-dimensional space of (holomorphic and antiholomorphic)
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Eisenstein series for I' to the two-dimensional cohomology.” This proves that
H' (I, W*) vanishes, whereas H(I', W*) is three-dimensional.

We now apply the Mayer—Vietoris sequence (5). In our current context, it implies
that (W*)¢ and (W*)/ span all of W*, and their intersection is precisely three-
dimensional. This concludes the proof of the claim. (Il

It may be of interest to describe the three linear constraints that define this
codimension 3 subspace. We follow the notations above. The invariants of I" on W*
have, as basis A, I, J where

A(d)):/{pld), (@)= Y ®@m,n) -2 &m,n),

(m,n)#(0,0) 2|n
J@)= Y Pm,n)—23 d(m,n),
(m,n)#(0,0) 2|m
where in both cases the sum is conditionally convergent (e.g., one can sum over
large discs of increasing radii). Then A corresponds to the relation ay = by, whereas
both 7 and J give rise to a relation by expanding the stated intertwiner in two
different ways. For example, we compute / (P) in two ways, firstly by summing
first over n,

> w2y (o1 2) —2c1>( 2”)) +2(2 n? —22(2n)—2>c1>(o, 1

1, =
m#£0 n m m

2
PS. -
== X ml T bun + @0, D),
m#0, teZ

where P.S. stands for Poisson summation, and secondly by summing first over m,

) (n—2 )3 d)(%, 1) -z 2(2n)_2©<%, 1)) 2(2 m2—2 Z(m)_2> @(1,0)

n#0 m )
PS. _ T
=3 nl ™ anarta) — ?CD(LO)-

Thus we find that the image of W is cut out by the three relations ay = by,

2 2
" " — —
FOLO+7=00. D=3 |m " baen+ X Inl ane),
m#£0, teZ n#0, teZ

and dually

2 2
T P _ _
ra 43(1,0)-1-—3 0, )= Y |ml T an@an+ Y 0l buais).
m+0, 1e7 n=£0, 1€7

TIndeed, this map records the obstruction to extending an embedding of D; ® D, into the space of
automorphic forms, to the larger space W. An embedding of D;‘ & D, into the space of automorphic
forms corresponds to a pair ( f, g) of a holomorphic and antiholomorphic 1-form, and it extends to W
when fdz + g dz is an exact differential.
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Harder’s denominator problem for SL;(2)
and its applications

Hohto Bekki and Ryotaro Sakamoto

We aim to give full details about the proof given by Harder of a theorem on the
denominator of the Eisenstein class for SL,(Z) and to show that the theorem
has some interesting applications including the proof of a recent conjecture by
Duke on the integrality of the higher Rademacher symbols. We also present a
sharp universal upper bound for the denominators of the values of partial zeta
functions associated with narrow ideal classes of real quadratic fields in terms of
the denominator of the values of the Riemann zeta function.
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1. Introduction

1.1. Background. Our main topic are the so-called Eisenstein classes (for SL,(Z)).
These are special elements in the cohomology of the modular curve SL,(Z)\H that
have many interesting applications in number theory. In this subsection, we briefly
review the background and motivation of the theory of Eisenstein classes from an
elementary point of view.
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1.1.1. Modular forms. Let k and N be positive integers. A modular form f(z)
of weight k and level I'; (V) is a holomorphic function on the upper half-plane H,
satisfying the transformation property

az+b _ k
f(cz+d>—(cz+d) f(@

for any matrix (g Z) elM(N) = {y eSlL(Z) |y = ((1) ’lk) (mod N)}, and bounded
as Im(z) goes to co. By the transformation property, modular forms have a Fourier
series expansion: one can write

f@)= Z an(f) e = Z an(f)q", zeH, q:=e""
m=0 m=0
If ag(f) =0, then f is called a cusp form. We denote respectively by M ("1 (N))
and S;(I'{(N)) the spaces of modular forms and cusp forms of weight k and
level I'{ (V).
For a modular form f(z) =Y, am(f)g™ € Mi(T'1(N)), we have an associated
L-function defined by

N

L= 0

m=1

which converges for Re(s) > k and is continued meromorphically to s € C. (If f is
a cusp form then it is known that L(f, s) is holomorphic at all s € C.)

Example 1.1. Suppose that N = 1. (In this case I'; (1) = SL,(Z).)

(1) Let k € 2Z>,. The first examples are the holomorphic Eisenstein series de-
fined by

d)k 1
ez (cz+d) q
(c.d)=1

1 2 =
E@i=35 Y. =1t o 2 k1" € MSLa(@)),
m=1

where ¢ (s) is the Riemann zeta function and ¢ (1 — k) is its value at 1 — k, which
is known to be a nonzero rational number,! and oj_;(m) := D o< dim d*='. In this
case the associated L-function L(Ey, s) becomes

2 ok—1(m) _ _5(s)¢(s+1—k)
L(Ey,s) = I Z =2 .

m’ {(1—k)
(2) As an example of cusp forms, we have the discriminant function

A(z) = ﬁ( E4(2)° — E6(2)%) € S12(SLa(2)),

lActually, it is well known that ¢ (1 — k) = — By / k, where By is the k-th Bernoulli number.
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which is a cusp form of weight 12. The Fourier expansion of A(z) is of the form

AR =q [[0—g™* =) timq",
m=1 m=1

and the coefficient 7(m) is called the Ramanujan tau function. The L-function
L(A,s)= ZOO t(m)/m* is known to satisfy the Euler product formula:

m=1
o T(m)
_ _ — 11-25y—1
L= — == ] a=cmp+p"7
m=1 p prime

This fact, which was one of the most important discoveries in number theory in
the early 20th century, was first observed by Ramanujan, proved by Mordell, and
generalized by Hecke to Hecke-eigenforms.

Modular forms are highly geometric and arithmetic objects, of great interest
in number theory along with the study of L-functions. For example, the famous
Shimura-Taniyama conjecture (which is a part of the Langlands program) says
that the Hasse—Weil L-function L(E, s) associated with an elliptic curve E over (1
coincides with L(f, s) for some modular form f(z) of weight 2. It is well known
that Wiles and Taylor [Wiles 1995; Taylor and Wiles 1995] proved the Shimura—
Taniyama conjecture for any semistable elliptic curve and this result implies Fermat’s
last theorem. (Now the Shimura—Taniyama conjecture is proved for any elliptic
curve over (, see [Breuil et al. 2001].) In such a case, when the Hasse—Weil L-
function of E coincides with the L-function of f, the Birch and Swinnerton-Dyer
conjecture (which is one of the most important problems in current number theory)
is concerned with the order of zeros and the leading term of L(f, s) at s = 1. (Here
the leading term of a holomorphic function F(s) at s = a € C means the first
nonvanishing coefficient of the Taylor expansion of F(s) at s =a.)

More generally, for any “arithmetic object”, say X (e.g., number fields, algebraic
varieties over number fields, modular forms, automorphic representations, Galois
representations, etc.) we can consider its L-function L(X, s) with some nice prop-
erties, such as Euler product formula, analytic continuation to s € C, functional
equations, etc. Then it is believed that the leading terms of L(X, s) at integers k € Z
(they are called the special values of the L-function L(X, s)) are of the form

(interesting algebraic number) x (interesting transcendental number).  (1-1)

This is a very deep and profound philosophical concept in number theory, and the
study of arithmetic properties of this algebraic part (its denominator, numerator,
p-adic interpolation, etc.) and transcendental part (motivicity, irrationality, tran-
scendence, etc.) is a very important research theme. See [Deligne 1979; Beilinson
1984; Kontsevich and Zagier 2001] for more detail.
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In the case of modular forms, for a normalized Hecke-eigenform f € My (I';(N)),
i.e., a simultaneous eigenvector of the Hecke operators 7, on My (I'1 (N)) (m € Z>1),
the special values of its L-function L( f, s) have been studied extensively and many
things are known. One key point in the study of special values of L-functions
L(f,s) of modular forms is to consider the cohomological interpretation of the
modular forms via the so-called Eichler—Shimura isomorphism.

1.1.2. Eichler—Shimura isomorphism. In the following, we restrict ourselves to the
case of level I'1 (1) = SL,(Z) and weight 2k with k € Z>;. Set I' :=T"; (1) =SL,(2).
We will explain briefly that there exists a natural Hecke-equivariant isomorphism

Mo (D) @ Sy (T) = H'(T, M, _, ®C), (1-2)
where
ST :={f | f € Su(I)}

is the space of antiholomorphic cusp forms ( f denotes the function that sends z € H

to f(z)),
Mop—o :={P (X1, X2) € Z[ X1, X»] | P is homogeneous of degree 2k — 2}

is the space of homogeneous polynomials of degree 2k — 2 over Z with a natural
action of I" (see Section 2.3), szk—z := Homy (Mi_», Z) is the dual I"'-module of
Moy, and H' (T, /\/lgk_2 ®C) is the first group cohomology of I with coefficients
in M3, ® C. Note that any class ¢ € H'(I', M3,_, ® C) is represented by a
1-cocycle

¢: ' —> Mé/k—z ® C = Homz(Moi_», ©),

Le., ¢ is a map satisfying ¢ (y1v2) = y1¢(y2) + ¢ (y1).
The Eichler—Shimura isomorphism (1-2) is defined by sending f € My ('),

geSu (M tor(f),r(g)e H\(T, ./\/lgk_2®(13) represented by cocycles r(f), r(g) €
Map(I", M, _, ® C) such that

YT _ YT —— _ _
r(f)(y)(P)zfr f@)PG, 1) dz, r(g)(y)(P)zft g@PG, 1)dz

fort eH, y eI, and P € My,_». Note that r(f)(y)(P) and r(g)(y)(P) are
independent of t because f and g are modular forms. It is then known that r
is an isomorphism. Moreover, there is a natural action of Hecke operators on
H\(T, szkfz ® C) and r is a Hecke-equivariant isomorphism. See, for example,
[Shimura 1994, Chapter §; Hida 1993, Chapter 6; Bellaiche 2021, Section 5.3].
Now, a remarkable point is that the right-hand side H'(T", M, ®C) of the
Eichler—Shimura isomorphism has very rich algebraic and arithmetic structures.
For example, it has a natural integral structure H' (T, M3, _,) that is stable under
the Hecke operators. Furthermore, the group cohomology H (T, My, _,) can be
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interpreted as a sheaf cohomology H'(I'\H, My, _5) of a modular curve I'\H
with coefficients in the corresponding sheaf My , on I'\H. Then since the
modular curve I'\H has the structure of an algebraic curve over Q, the module
H'(I'\H, M3, ,) admits an action of the absolute Galois group Gal(Q/Q) of @
after tensoring Z, for a prime number ¢.

As an application of such algebraic structures, especially the existence of an
integral structure H'(T, M3, ), let us explain the so-called algebraicity of the
special (critical) values of the L-function L(f, s) of a normalized Hecke-eigenform
f € My (I'), which is an example of a formula of the type (1-1).

First, we consider the case of cusp forms. Let f € Sy (I') be a normalized
Hecke-eigen-cusp form and let f* € Sy (") be an antiholomorphic modular form
defined by f‘(z) = —f(—z). (In our case N = 1, we actually have f‘ = —f,
but f* is more natural and useful in the following argument.) Then the Hecke-
equivariance of (1-2) and the existence of the integral structure H' (T, MV _y) (as
well as the multiplicity one of Hecke elgenforms) imply that there exist rational
Hecke eigenclasses ¢, ¢_ € H' (T, M3 2®(I;D) and complex numbers w4, w_ €C
such that

TG () Er(f) = ordy.

By evaluating these cocycles at

y:(O _1>, Pi(X1, X)) =X]{X*7, j=0,...,2k-2,

1 0
we find that
r(f))(P)
yT IRn |
—hH}) i f@z! dz—f Fy)Gy) d(iy) = (2 )]+1L(fj+1) (1-3)

and similarly, »(f*)(y)(P}) = — (=) j1/@a) Y L(f, j + 1). Therefore, we
obtain
i

3o 1 ECDILU j+ D =0s ¢ ()(F).

Hence, if we set A(f, s) := Q2mx) *T'(s) L(f, s) (so that A(f, s) satisfies the func-
tional equation A(f,s) = A(f, 2k —s)), we have

A, j+1D) =)o) (Pos € i/ T w0,

where & = sgn(—1)/. In particular, we see that the special values of L(f,s) at
s=1,...,2k —1 are of the form (1-1). (Note that the transcendence of w4 is an
open problem. See [Kohnen 1989] for example.)
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Example 1.2. Let us consider the case f(z) = A(z) in Example 1.1(2). It is known
that ¢4 can be taken from rational classes: ¢+ € H' (T, M\Z/k—z ® Q), and w4 are
(up to @*) approximately

wy =i0.045751..., w_=0.046346....
Indeed, for such choices of w+, we have
AA D = A, 11 = 2% A(A.2) = A(A. 10) = 2=
T 6910 T 28
C()+ w_
A(A,3) = A(A,9) = —, A(A,4) = A(A,8) = —,
(A, 3) ( ) 18i (A, 4) (A, 8) o
AA,5) =A(A,T) = 2F AA,6) =2
T BT TS 300

See [Kontsevich and Zagier 2001, §3.4].

1.1.3. Eisenstein classes. We consider the case of Eisenstein series, which we
will discuss further in this paper. More precisely, let us define the Eisenstein
class Eisy;_p to be the image of the holomorphic Eisenstein series E;; under the
Eichler—Shimura isomorphism (1-2):2

Eisy o :=r(Ex) € H'(D, M3, ,®C)~ H'("'\H, M5, ,®C).

In other words, the Eisenstein class Eisy;_» can be seen as a cohomological inter-
pretation of the Eisenstein series Eo.

The situation is different for the case of cusp forms: namely, if we define
A(Ey, s) = Q2r)T'(s)L(Ey, s) (cf. Example 1.1(1)), then we know that

181 —$)E(s +1—2k)

A(E, 5) = sin(37(s + 1) c(1—26)

and
A(Ex,2), A(Ex,4), ..., A(Ex,2k—2) € Q

by using Euler’s formula for the special values of ¢ (s). (Again this is a formula of
type (1-1). Note also that A(Eo, s) = 0 for every odd integer s € {3, ..., 2k — 3}.)
Then by using a similar argument as in the case of cusp forms in the reverse direction,
we see that Eisy;_; is a rational cohomology class:

Eisy_» € H'(T\H, M3, , ® Q).

See also Corollary 4.18.
Therefore, we can consider the denominator of the Eisenstein class Eisy;_»:

A(Eisy_2) :=min{A € Z- | AEisy_» € H'(I'\H, M3, _,)/(torsion)}.

2This definition is different from Harder’s [2023] definition of Eispy 0, but we will see further on
that they coincide.
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Harder has been studying the denominator of the Eisenstein class (actually, he
studies Eisenstein classes for more general arithmetic groups) and he proved the
following explicit formula for A (Eisp;_»).

Theorem 1.3 [Harder and Pink 1992, §1, Satz 2; Harder 2023, Theorem 5.1.2,
p. 217]. For any even integer k > 2, we have

A (Eisyx—2) = numerator of ¢ (1 — 2k).

This very beautiful formula is explained in Harder’s book in progress [2023]
(a weaker version was obtained by Haberland and Wang, see Remark 2.14), and
its analogues for some congruence subgroups, Bianchi groups, Hilbert modular
groups, etc. have been studied by many people. See Remark 2.15. One of the
interesting points in Theorem 1.3 is that on the Eisenstein parts @ Ey;—» and QFEisy,
the Betti integral structure coincides with the de Rham integral structure under the
Eichler—Shimura isomorphism. See [Harder 2021, §1.1] and Remark 2.16.

Harder also studies its application to the Galois representations obtained from
H! (C'\H, szk—z ® Z,) in [Harder 2023]. In the present paper, we also consider
some new applications of Theorem 1.3 to the special values of partial zeta functions
of real quadratic fields.

However, currently, the book [Harder 2023] is still under development, and some
important arguments and references for the proof of Theorem 1.3 are not given
completely. Therefore, it is still a little difficult to access Harder’s theory on the
denominators of Eisenstein classes.

1.1.4. Aims and features of the present paper. Taking this situation into account,
we aim to

(1) give a fully detailed proof of Theorem 1.3 based on Harder’s [2023] argument,
and

(2) present some new applications of Theorem 1.3 to the special values of partial
zeta functions of real quadratic fields.

We reformulated Harder’s original formulation and arguments entirely in terms
of classical holomorphic Eisenstein series. We hope this will make Harder’s theory
on the denominators of Eisenstein classes more accessible to a wider audience.
(Note that Harder’s original formulation is purely cohomological and has a big
advantage when we consider more general arithmetic groups.)

Let us now explain the strategy of the proof of Theorem 1.3.

1.2. Strategy of the proof of Theorem 1.3. Setn :=2k —2 > 2 and I" := SL(Z).
Recall that H := {z € C | Im(z) > 0} denotes the upper half plane, on which I" acts by
the linear fractional transformation. We denote by Y := I'\H the modular curve of
level T, respectively by HBS and ¥BS = "\ HPBS the Borel-Serre compactifications
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of H and of ¥, and by dYBS := YBS — Y the Borel-Serre boundary of ¥. Note that
the inclusion map Y < YBS is a homotopy equivalence.

Recall that M,, is the space of homogeneous polynomials of degree n over Z
with a left I action and that M, := Homz(M,, Z). Since the I"-module M,/
naturally defines a sheaf on YBS (which we also denote by M,’), we can consider
the cohomology groups H* (Y5, MY) and H*(3YBS, MY). In addition, since M)’
has a left action of M;(Z), these cohomology groups carry the structure of Hecke
modules.

The Eisenstein class Eis, € H' (Y, M) ® Q) = H' (Y35, MY ®Q) has the impor-
tant property that it gives rise to a Hecke-equivariant section of the canonical homo-
morphism H' (Y85, MY®Q) — H!(3Y®S, M ®Q) induced by the inclusion map
dYBS < ¥BS, Let us explain this fact. The boundary 3 Y BS is identified with I'oo\R,
where I' oo := {((1) ‘1’) la e Z}. It is now easy to see that dimg H!(3YBS, M/®Q)=1
and we have a natural generator w, € H L(@YPBS, M)/ (torsion). Harder considered
in his book [2023] a unique Hecke-equivariant section

H'QY® MY ®0Q) - H'(Y®, MY @ Q)
of H'(YBS, MY @ @) — H'(3YB5, MY ® @), and he defined the Eisenstein class
Eishader ¢ g1(Y®S, MY @ Q)
to be the image of w, under this section.

Proposition 1.4 (Lemma 2.8 and Proposition 2.11). We have Eis,, = EisEarder ,i.e.,
our definition of the Eisenstein class coincides with Harder’s definition.

We review the strategy of the proof of Theorem 1.3, which is based on Harder’s
[2023] argument. First, note that for any prime number p, we have

ord, (A (Eis,))=min{§ € Z~o | p’Eis, € H' (Y®5, MY @ Z(,)}
=min{8 €Z|(p’Eis,, C) €Z,) for all Ce H|(Y®>, M, @ Z(,))},
where Z ) is the localization of Z at p. Therefore, it suffices to prove that

ord, (numerator of {(—1—n))
=min{8 € Z= | (p°Eis,,, C) € Z(,) for all C € H{ (Y5, M, ® Z ()}

for each prime number p. The proof consists roughly of the following four parts.

(I) First, in Section 3, we consider 1-chains C,(t) ={—1/7, T}® X} X5~ (r € HPS)
for each integer 1 <v <n—1, where {—1/7, 7} is a path from —1/7 to 7. Note that
C,(7) isnotacycle: C,(t) does not give an element of the cosheaf homology group
H;(Y®5, M, ® Q). However, by applying the p-th Hecke operator T, sufficiently
many times (namely, m times for m > n) and modifying them slightly, we obtain
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p-adically integral homology classes
[T7/(Co(x)] € Hi(Y®S, M, ®Z(p)).

Note that the homology class [m] is independent of the choice of v € H.
See Lemma 3.15.

(II) Next, in Section 4, we compute the p-adic limit of the value of the pairing
lim (Eis,., [77"(C, ()]},
m— 00

where (-,-) : H'(Y®S, MY) x H|(YBS, M,) — Z is the pairing induced by
M) x My, — Z; (f, x) — f(x). More precisely, we will show in Theorem 4.1 and
Corollary 7.2 that this p-adic limit can be described in terms of the Kubota—Leopoldt

p-adic L-functions: for any integer v € {1, ..., n — 1} we obtain the interesting
formula
. . . .
mh—>moo<EISn’ [Tp (CV(T))D - (1 _ pv)(l _ pn—v) Dp(l’l, l)), (1'4)
where
L,(—v, 1+VL —n, n—v+1
Dp(l’l,l)):z I’( v, w ) P(V n,w )_Lp(—v,a)1+”)—LP(v—n,a)"_”+l)

L,(—1—n,o"?)
and L, (s, »") denotes the Kubota—Leopoldt p-adic L-function associated with the
a-th power of the Teichmiiller character w.

(IIT) In Section 5, we introduce the ordinary part of (co)homology groups which are
defined by the image of Hida’s ordinary projector. More precisely, Hida’s ordinary
projector er, is defined by the p-adic limit of the m!-th power of the p-th Hecke
operator (acting on the homology group H; (Y3, M, @ Z »):
er, = lim T" € Endz,(H| (Y™, M, ®Z,)),
m— 00

and then we define the ordinary part
HM(YBS, M, ®27)) = er, Hy(YP5, M, ®Z,,).

Since Eis,, | TI; =1+ p”“)Eisn,3 for any homology class C € H; (YBS, M, ® Zy),

we have
(Eisy, e7,C) = lim (Eis,, T,"(C)) = lim (Eis,|(T)", C)
m—0oQ

= lim (1+ p"*"™(Eis,, C) = (Eis,, C).
m—00

lim
m—0o0
This fact implies that

ord, (A(Eis,)) =min{8 € Zs¢ | (p’Eis,, C) € Z, for all C € H™(Y®5, M, ®Z,)}.

3Here TIQ denotes the p-th Hecke operator acting on the cohomology group H; (YBS, My). See
Definition 2.3.
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Moreover, Proposition 5.7, together with Lemma 3.15(3), shows that

n—1
H™(YPS, M, ®2,) = Hi(0YPS, M) ®Z, + Y Zper, [T} (Cy(T))]

v=1

for any integer m > n. Since (Eis,, H;(d YBS, M,)) = Z, we obtain
ord, (A(Eis,))

=min{d € Z¢ | (p‘SEisn, eTP[m]) € Z, for any integer 1 <v <n — 1},
for any integer m > n. Since

(Eisy, er, [T} (C,(T)]) = (Eis,. [T} (C, (T)]),

by replacing m with m! and taking the p-adic limit as m — oo, (1-4) shows that
ord,(A(Eis,)) =minf{a € Z>¢ | p*D(n,v) € Z, for any integer 1 <v <n —1}.

See Proposition 8.1.

(IV) In Section 8, we show that the right-hand side of this previous equation is
equal to the p-adic valuation of the numerator of {(—1 — n). We devote Section 6
and Section 7 to the preparation for proving this fact.

1.3. Applications to Duke’s conjecture and to the special values of the partial zeta
functions of real quadratic fields.

1.3.1. Duke’s conjecture. Duke [2024] defined a certain map
\Ifk = SLz(Z) - Q

for each integer k > 2, called the higher Rademacher symbol, which is a generaliza-
tion of the classical Rademacher symbol, and he conjectured the integrality of the
higher Rademacher symbol [Duke 2024, Conjecture, p. 4]. As a first application of
Theorem 1.3, we prove this conjecture.

Theorem 1.5 (Corollary 9.5). Duke’s conjecture holds true, that is, for any integer
k > 2 and matrix y € ', we have

Yi(y) € Z.

In fact, Duke [2024, Lemma 6] proved that the higher Rademacher symbols
can be written as the integral of the holomorphic Eisenstein series along certain
homology cycles (see Proposition 9.4). Therefore, we can derive Theorem 1.5
directly from Theorem 1.3.

Remark 1.6. Duke’s conjecture was recently also proved by O’Sullivan [2024]
using a more direct method.
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1.3.2. The denominators of the partial zeta functions of real quadratic fields. Next,
we discuss the denominators of the partial zeta functions associated with narrow
ideal classes of orders in real quadratic fields.

Let F C R be a real quadratic field, O C F be an order in F, and A € C l:g be a
narrow ideal class of O. Then we have the associated partial zeta function

o= Y

N
acO,acA

which can be continued meromorphically to C, and it is known that
to(A, 1—k)e@
for any integer k > 2. We also define the positive integer Jo; by
Jox := denominator of ¢ (1 — 2k).

Then in Section 9.2, we obtain the following as another consequence of Theorem 1.3.

Proposition 1.7 (Corollary 9.12). Let k > 2 be an integer. Then the integer Joy
gives a universal upper bound for the denominator of Lo (A, 1 — k) with respect to
orders O and narrow ideal classes A € C lg. In other words, we have

Dito(A, 1—k)e”Z
for all orders O in all real quadratic fields and narrow ideal classes A € C lg.

In fact, one can construct a natural map 30 : Cl:g — H(YBS, Myr_») for any
integer k > 2 (see Definition 9.6), and we show in Proposition 9.10 that

koA 1—-k) n Juto(A, 1 —k)
c(1-2k) Nok ’
where Ny, > 0 denotes the numerator of ¢ (1 — 2k). Hence Proposition 1.7 follows
from Theorem 1.3. See also Remark 9.13 for the relation between Duke’s conjecture
and Proposition 1.7.
Next, we discuss the sharpness of Proposition 1.7°s universal upper bound.

(Eisy—2, 304 (A7) = (=1)

Theorem 1.8 (Corollary 9.16). The universal upper bound in Proposition 1.7 is
sharp, that is, we have

Jok =min{J €l-o|JCo(A, 1-k)eZ for all orders O in all real quadratic fields
and narrow ideal classes A € C lg}

In order to derive Theorem 1.8 from Theorem 1.3, we need to show that the
narrow ideal classes of orders in real quadratic fields produce sufficiently large
submodules of the homology group H;(YBS, Ma;_»), and this will be done in
Section 9.3 using some techniques from Hida theory.
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Remark 1.9. As for the denominator or the integrality of the special values of
partial zeta functions of real quadratic fields, or more generally of totally real fields,
many works have been done by Coates and Sinnott [1974a; 1974b; 1977], Deligne
and Ribet [1980], Cassou-Nogues [1979], Charollois, Dasgupta, and Greenberg
[Charollois et al. 2015], Beilinson, Kings, and Levin [Beilinson et al. 2018], Bannai,
Hagihara, Yamada, and Yamamoto [Bannai et al. 2022], Bergeron, Charollois, and
Garcia [Bergeron et al. 2020], etc., by using a variety of methods including Hilbert
modular forms, Shintani [1976] zeta functions, Sczech’s [1993] Eisenstein cocy-
cles, etc. Actually, when O = Op, the upper bound in Proposition 1.7 follows from
these preceding works. More precisely, the results proved by Coates and Sinnott
[1977] or Deligne and Ribet [1980] show that for any prime number p, we have

271 (1= pM)so, (A 1=k e Z[ 1],
which implies that
Jubop (A 1 —k) e Z;
see [Zagier 1976, pp. 73, 75].
One feature of our method is that by using Theorem 1.3, we capture not only
the upper bound for the denominators of the partial zeta functions associated with
any orders, but also the sharpness of the upper bound.

Remark 1.10. Zagier [1977, p. 149, corollaire] proved a certain formula which
explicitly computes the special values ¢{p (A, 1 — k) of partial zeta functions of
orders of real quadratic fields at negative integers in a uniform way. Then by using
this formula, he obtained a universal upper bound dj for the denominators of the
values o (A, 1 —k) and examined its sharpness briefly. More precisely, he observed
that the upper bound d; is not sharp and discussed how one can improve it when
k =12, 3; see [Zagier 1977, pp. 149-150]. Theorem 1.8 can be seen as the complete
answer to this problem of determining the sharp universal upper bound for the
denominators of ¢n(A, 1 — k).

2. Preliminaries and the Eisenstein class

In this section, we give the definition of the Eisenstein class and explain Theorem 1.3
(see Theorem 2.13).
Throughout this paper, n > 2 denotes an even integer.

2.1. Definitions of modular curve and Borel-Serre compactification. Let
H:={z € C|Im(z) > 0}
denote the upper half plane, and let

HBS .= Hu |_| P'(R) — {r})

reP1(Q)
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be the Borel-Serre compactification of H (see [Goresky 2005] or [Harder 2023,
§1,2 and 7]) and let dHBS := HBS — H. We set

T :=SL,(Z).

The group I acts on H and HBS by the linear fractional transformation as usual.
We denote respectively by

Y:=I'\H and YB:.=I\HP

the modular curve of level SL;(Z) and its Borel-Serre compactification. We also
denote by 3YBS := ¥BS — Y the boundary of YBS. The boundary 3Y®S is home-
omorphic to the circle S! and the fundamental group 71 (3Y3%) can be identified
with Too := {({ 9) | a € Z}.

In the following, H’ (resp. Y?) refers to either H or HBS (resp. Y or YB5). Any
left I'-module M can be regarded as a (co)sheaf on Y’ in a natural way, and we
can consider the homology groups

HY', M), H@OY®, M), H.(YP, 7%, M),
which fit into the long exact sequence
cooms Hi(YBS, M)— Hy (YBS, M)— H (YBS,8Y PS5, M)— Hy(3YBS, M) — - -,
Similarly, we have the cohomology groups
H (Y, M), H@Y®S, M), H(YB aYB5, M),
which fit into the long exact sequence
o= HY(YBS 3YBS, M) — H'(YBS, M) — H'(8YBS, M)
— H>(YBS 9YBS, M) > -+ .
We note that the inclusion map ¥ < YBS induces isomorphisms
H.(Y, M) = H,(Y®5, M) and H*(Y® M) = H*(Y, M).

If M has an action of M2+(Z) = {y € My(Z) | dety > 0}, then these homology
groups (resp. cohomology groups) carry the structure of Hecke modules. In other
words, for each prime number p we have a Hecke operator T, (resp. T[;) on these
homology groups (resp. cohomology groups), and the above long exact sequences
are compatible with the Hecke operators.

In Section 2.2, we give a way to compute these (co)homology groups, and in
Section 2.4, we give an explicit description of the Hecke operators.

Remark 2.1. As a sheaf on Y, the stalk M, at x € Y coincides with M", where
xeHisaliftof x e Y and 'y :={y € I' | yx = y}. This fact shows that a short
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exact sequence of left I'-modules does not give a short exact sequence of sheaves
on Y in general, that is, the sheafification functor is not exact. However, a short
exact sequence of left Z[%][F]—modules induces a short exact sequence of sheaves
on YBS since the order of I'; divides 6.

2.2. Modular symbols and (co)homology. Let X € {H, HBS, 3HBS} and (S.(X), 9)
denote the usual singular chain complex of X, i.e., S,(X) is the free abelian group
generated by singular g-simplices in X and 9 : S;(X) — S;-1(X) is the boundary
operator.

The left action of M;r (Z) on X induces a left action of M2+ (Z) on S,(X), and
(S.(X), 9) is actually an M;r (Z)-equivariant complex. Then it is known that for
any left M2+ (Z)-module M, which is also seen as a (co)sheaf on I'\ X, we have
natural isomorphisms

H,(I\X, M) = H,((5.(X) ® M)r),
H, (Y, 9YBS M) = H,((S.(HPS)/S,(0HBS) ® M)r),

where (—)r denotes the I'-coinvariant functor. Here the left M2+ (Z)-action on
S.(X) ® M is defined by

y-(c®m):=yo®ym,
where 0 € S,(X), me M, and y € M;’(Z). Set
MS(X) = coker(S2(X) - S;(X)).

For any elements «, B € X, we denote the equivalence class of a path from « to
in MS(X) by
{a, B} € MS(X).

This is a slight generalization of the usual modular symbols, which will be useful in
the following arguments since we don’t need to specify paths using this notation. The
boundary map a: S;(X) — So(X) induces a I'-homomorphism 9 : MS(X) — Sp(X),
and we have a natural isomorphism

Hy(T\X, M) = ker((MS(X) ® M)r = (So(X) ® M)r).
Similarly, we also have natural isomorphisms
H*(\X, M) = H*(Homz(S.(X), M)"),
H* (YB35, aYBS M) = H* (Homz (S, (HBS) /S, (aHBS), M),

where (—)' denotes the I'-invariant functor. Here the left M2Jr (Z)-action on
Homgz(S.(X), M) is defined by

(y¢) (@) ==y (o(y0)),
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where ¢ € Homz(S,(X), M), o € S,(X), and y is the adjugate of y € M;(Z).
Since

ker(Homyz (S (X), M) = Homz(5,(X), M)) = Homz (MS(X), M),
we have a natural isomorphism
H'(I'\X, M) = coker(Homgz (S(X), M)" — Homz(MS(X), M)").

2.3. M (2)-modules M, and M}, For any 2 x 2 matrix y = (¢ ), we denote

the adjugate of y by
.. (d —b
v=\_. 4 )

Note that if y € T, then we have y = y L.

Let Z[ X1, X5] denote the ring of polynomials of two variables over Z, and we
equip Z[ X, X»] with a left action of M;r (Z) by

(yP)(X1, X2) := P(dX1 —bX2, —cX1 +aXz) = P((X1, X2)-'p),

where P € Z[ X, Xp] and y € MZJ“(Z). For each integer 0 < v < n, we set

e, =X'X""" and ¢ :(-1)”‘”(3)){7*”}(5.

-
We then define submodules M,, and Mi of Z[ X, X;] by
n n
M, = @Zev and M,Z = @ Zelb).
v=0 v=0

The Z-modules M,, and MZ are closed under the left action of M2+ (Z)yonZ[X, X>3].
In particular, both M,, and MZ are left '-modules. We also define the pairing

() i MoX M, > Z
by

b
<€U, eu) = 81},;},’

where §, ,, is the Kronecker delta. The pairing (-, -) is perfect and M2+ (2)-
equivariant in the sense that for any polynomials P € M;: and Q € M, and
matrix y € M;r (Z), we have

(P.yQ)=(yP, Q).
Hence the pairing ( -, - ) induces an M2+ (Z)-equivariant isomorphism

M =5 MY :=Homz(M,,Z), m' > (m> (m',m)).
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Here the left action of M, (Z) on M) = Homz(M,, Z) is given by
(y$)(Q)=d(y0),

where ¢ € Homz(M,,, Z), Q € M, and y € M;(Z).

Remark 2.2. The left actions of M2+ (Z) on M,, and MZ are slightly different from
the left actions used in Harder’s book [2023, Equation (1.57), p. 37]. However,

since '
—1\ [(a b -1\ _(d —b
1 cd)\1 " \—c a )’
they are isomorphic as left M2+ (Z)-modules. Therefore, there are no essential
differences.

2.4. Hecke operators. Let X € {H, HS, 9H} and M be a left M5" (Z)-module. Let
us define the Hecke operators on H,(I"\ X, M) and H*(I"\ X, M) explicitly.
For each prime number p, we have the coset decomposition

p—1 .
p _ (P 1
o )erl )l )
Jj=0
Hence the endomorphism
0 p—1 1 i
X p J
M—M; m— <0 1>m+2(0 p)m
j=0
induces an endomorphism of Mr. Similarly, the endomorphism
=y
. p J
M—M; m— (0 1)m+2(0 p)m
induces an endomorphism of M".

Definition 2.3. Let p be a prime number.

(1) We define the Hecke operator T}, at p on S,(X) ® M by

0 0 Lo 1
T,,(a@P)::(‘g 1)0@(‘8 1)P+Z<O j))a@(o }]))P
=0

for any simplex o € S,(X) and any element P € M. The operator T, induces
operators on MS(X) ® M and H,(I'\ X, M), etc., also written as T),.
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(2) We define the Hecke operator TI; at p on Homz(S,(X), M) by

P —_~—

omon= G )-E 0 DG )

for any homomorphism ¢ € Homz(S,(X), MZ) and any simplex o € S,(X). The
operator T1; induces operators on Homz (MS(X), M) and H*(I'\ X, M), etc., also
written as TI;.

For later use, we also define auxiliary operators U, and V), on §,(X) ® M by
0 0 (1 1j
p p J J
P):= P P):= P
V(o ® P) (0 1>0®(0 1) , Uy(c®P) .EO(O p)0®(0 p) ,
]:
sothat T, :== V), + U,.

Lemma 2.4. The composite V,U, acts on (S,(X)®M,)r and we have V,U, =p"tl
as operators on (S,(X) ® M,)r.

Proof. Since diagonal matrices act trivially on X, we have

p—1 . . p—1 .
_Z P PJ P pj _ nZ 1
e &P =, 0<0 p>0®(0 p)P_p .0(0 1)(0®P)
J= J=

for any simplex o € S,(X) and polynomial P € M,. Since ((1) { ) e I" for any
integer j, the lemma follows from the above equality. |

2.5. Formal duality. Let X € {H, HBS, 9HBS). As explained in Section 2.2, the
homology and cohomology groups can be computed as

H,(D\X, M) ZH.((S.(X)®M,)r), H*(T\X, M,)=H,(Homz(S.(X), M;)").
The pairing (-, -) : M” x M — Z induces a pairing
() Homz(S,(X), M) x S.(X) ® My — Z,
which is computed as
(9.0 ® P):=(p(0), P).
Note that for any matrix y € M;r (Z), we have
(9,0 @ P)=(y¢(yo), P)=(p(yo),yP)=(d,y(0 Q@ P)).
Therefore, we have

(@IT,, 0 ® P)= (¢, Ty(c @ P)).
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In particular, we obtain a Hecke-equivariant pairing
(-,-): H*(D\X, M) x H(T\X, M,,) - Z,
which induces an isomorphism
H*(T'\X, M®)/(torsion) ~> Homgz(H.(I'\X, M,), Z).

2.6. Eichler—Shimura homomorphism. Let M, ,(I") denote the space of modular
forms of weight n 42 and level I' = SL,(Z). We define a homomorphism

r: My 2(T) — Homz(MS(H), M ® C)
by ;
r(f)(a, BY) = / F(2)(X) —2X2)" dz

for any modular form f € M, »(I") and {«, 8} € MS(H). It is well known that
r(My42(I) C Homz(MS(H), M, ® O)",
and the homomorphism r induces an injective homomorphism
riM, (M) — H' Y, M)eC=H'(Y* M) eC,

called Eichler—Shimura homomorphism. See [Bellaiche 2021, Section 5.3] for
example.

Remark 2.5. The definition of the Eichler—Shimura homomorphism shows that,
for any element 0 = {o, B} ® P € MS(H) ® M,, and modular form f € M,;,(I"),
the pairing (r(f), o) can be computed as

B
(r(f). o) =/a F@P(z 1) dz.

Remark 2.6. For each prime number p, the double coset operator Tl;/ = l“(1 p)F
acts on the space M, ;,>(I") of modular forms from the right by using the weight
n + 2 slash opemtor4 I[ - ]n+2. One can easily show that

r(fllylns2) =y -r(f)

for any matrix y € M2+ (Z). Hence the Eichler—Shimura homomorphism is Hecke-
equivariant, that is, for all prime numbers p, we have

r(fIT)) =r(HIT,.

In other words, our Hecke operator T]; coincides with the usual one via the Eichler—
Shimura homomorphism.

4Here we adopt the normalization f1[y 1,42 (z) := (det y)" 1 (cz4+d) "2 f(yz) fory = (¢ Z) €
M>(Z) and z € H.
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The following lemma is well known; see [Bellaiche 2021, Theorem 5.3.27] for
example.

Lemma 2.7. The Eichler—Shimura homomorphism induces a Hecke-equivariant
isomorphism
My 2(1)/Sn2(T) > H' @Y™, M;) ® C.

Here S, 17 (") denotes the space of cusp forms of weight n + 2 and level T.

2.7. Definition of the Eisenstein class. We now define the Eisenstein class Eis,
and explain its basic properties.

We puti:= /—1 and we let 0,41 (k) denote the sum-of-positive-divisors function,
namely, 0,41 (k) := 20<d|k d"1 Let

2 - .
e p Y o1 (e € Myn ()
k=1

g(—1
denote the normalized holomorphic Eisenstein series of weight n + 2.

Lemma 2.8. (1) For any element T € H, we have
(r(Epns2), {t. 71+ 1} ®eg) = 1.
(2) For any prime number p, we have
r(Ens2)|Ty = (14 p" Hr(Eppa).

Proof. Claim (1) follows from the fact that the constant term of E,;, is 1, and
Claim (2) follows from the fact that E,,1 5| Tl;’ = (14 p"*t)E, > and the Eichler—
Shimura homomorphism is Hecke-equivariant. (I

Definition 2.9. We define the Eisenstein class Eis, € H'(YBS, ME,) ®C by
Eis, :=r(E,+2).

Remark 2.10. Our method of defining the Eisenstein class Eis,, differs from the
method in Harder’s book [2023, §3.3.6, Equation (3.85), p. 130]. However, thanks
to Lemma 2.8, they coincide.

2.8. Main theorem.
Proposition 2.11. The Eisenstein class Eis,, is rational: Eis, € H'(YBS, ME,) ® Q.
This proposition is proved in Corollary 4.18.

Definition 2.12. For any I'-module M, we define
Hp (Y5, M) :=im(H'(Y®5, M) > H'(Y®S, M) ® Q).
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Thanks to Proposition 2.11, we define the denominator A (FEis,,) of the Eisenstein
class Eis,, with respect to the integral structure Hiilt(Y BS MZ) by

A(Eis,) := min{A € Z. | AEis, € H} (YB5, M®)).
The following is our main theorem.

Theorem 2.13 [Harder 2023, Theorem 5.1.2]. The denominator A(Eis,) of the
Eisenstein class Eis,, is equal to the numerator of the special value {(—1 —n) of
the Riemann zeta function.

Remark 2.14. (1) Haberland [1983, pp. 272-273] proved a weaker version of
Theorem 1.3. More precisely, let p be a prime number and assume that p > n.
Haberland obtained

ord, (A(Eis,)) < ord,(numerator of {(—1—n)).

If we further assume that p divides £ (—1—n) and that there existsv e {1, ..., n—1}
such that p 1 ¢(—v)¢ (v — n), he obtained the equality

ord, (A(Eis,)) = ord, (numerator of {(—1—n)).

(2) In his dissertation, Wang [1989] proved that p | A(Eis,) and p | {(—1 —n) are
equivalent.

Remark 2.15. For any prime numbers p and ¢ with €1 p(p — 1), the denominators
over Z, of Eisenstein classes for I'; (p) with a character were computed by Kaiser
in his diploma thesis [1990] (see also [Mahnkopf 2000] for the study of Eisenstein
classes for I';(p°€)). The A-adic version for congruence subgroups '} (V) was
studied by [Ohta 2003]. Eisenstein classes for GL; over totally real fields have
been studied by Maennel in his dissertation [1993]. Eisenstein classes for GL; over
imaginary quadratic fields have been studied by Harder [1981; 1982], Weselmann
[1988], Berger [2008; 2009], and Branchereau [2023].

Remark 2.16. (1) Since H'(YBS, M) @ @ = H'(Y®S, M,) ® Q, we have an-
other integral structure HiLt(Y BS ' M,,), and we can consider another denominator
A’(Eis,) of the Eisenstein class Eis,,:

A'(Eis,) := min{A € Z- | AEis, € H! (YBS, M,)).

int
However, we show in Lemma 6.1 that A(Eis,) = A’(Eis,).

(2) By using the g-expansion at the cusp ico, one can regard M, >(I") as a sub-
module of C[[¢]], and we obtain the de Rham rational structure of M,,,(I") by
M,+>(I') N Qllgll. The rationality of the critical values of the L-function asso-
ciated with a cusp form is obtained by studying the gap between the de Rham
and Betti rational structures via the Eichler—Shimura homomorphism r. However,
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Proposition 2.11 shows that the Eisenstein parts of the two rational structures
coincide. Moreover, Theorem 2.13 says that the Eisenstein parts of the two integral
structures M, +2(I') NZ[[¢]l and H! (Y55, M) coincide:

r(QEq4+2(z) N Zlq]l) = QEis, N H. (Y35, M),

since 2 is a regular prime. See [Harder 2021, §1.1].

3. Construction of the cycle T I;” (C, (1))
Fix a prime number p. In this section, we construct a special homology cycle
[T (Cy(r)] € Hi(Y®S, My ® Z())

that is used to compute the p-part of the denominator A(Eis,) of the Eisenstein
class Eis,,.
For any integer 1 < v <n — 1 and any element T € HBS, we set

Cy(t) = {—% r} Re, € MSHES) @ M,,,
where, as we recall, e, = X} X57".
3.1. Computation of T Ij” (Cy(7)). Recall also the operators
0 0 1 1
V(o ® P) := (g 1)0@(’5 1) P, U,0c®P) ::_20(0 ;>a®<0 ;) P
=

on S.(HBS) ® M,,. We have T, =V, + U,. For each integer m > 0, set

m
Wy =Y USV
k=0

Note that W is the identity map. For any (commutative) ring R and cycle C €
S.(HBS) ® (M, ® R), we denote by [C] the image of C in (S,(H?S) ® (M, ® R))r.

Lemma 3.1. Let m > 1 be an integer and C € S.(HBS) @ M,,.

(D) Ty (W (O)]) = [Wn 11 (O)] 4 p" [Win—1 (C)] and T, ([Wo(C)]) = [W1(O)].

Lm/2]

2) T'(C) = Y clm—A, A)p" AW, 24 (O],
A=0

where |m /2] is the greatest integer less than or equal to m /2 and

anmi=(1-555) (7)< (57) - (50 ez

Here we assume () =0 if b < 0.
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Proof. Claim (1) follows from the fact that V,U, = p"*! proved in Lemma 2.4.
Let us prove Claim (2). For notational simplicity, we put

W = [Wp (O)].
Then Claim (1) shows that we can write

T, (C) =) 4" wns
k=0

with a,Em) € Z such that

aém) = a(()mfl) =...= a(()l) = a(()o) =1,

afm) = a%m_l) =...= ail) =0,

al™ =a" " 4 prtialmP Q<k=m—1),
a}%m) _ PnH“r(nm—_z])'

Therefore, we have aé’,:’il =0 for any integer 0 < k < %(m — 1), and hence

lm/2]
T'ICh =Y ay wm_.
k=0

Let us show that aé’,:’) = c(m—k, k) p*"*D for any integer 0 < k < %m by induction

onm. Whenm =1ork =0, thisclaimis clear. If m > 1and 1 <k < %(m -1,
then the induction hypothesis shows that

aé’]:l) — ag{n—l) +pn+lag:l_—21) —c(m—1—k, k)pk(n—H) +em—k, k+ l)pk(n+l)
= c(m —k, k) p*"*D,

If m is even (let m = 2t) then we have

_ 1 (21‘)'
m) _ .n+1_(m—1) _ t(n+1) t(n+1) t(n+1)
a =p a =c(t,t—1 = =c(,t . g
m m—2 ( )p t 1 (ﬂ)(ﬂ)p ( )p

By definition, we have

m—2A
Wi2a(Co(r) = Y USVI2A74(C, (1))
k=0
m—2A
_ ‘ pm—2A—k 0 1
=2 UP( 0 1 <{_?’t}®e”)
k=0
m—2A m—2A—k
— p(n—v)(m—zA—k)UIf({_P_

, pm—2A—kT} ®ev)-
k=0 t
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Definition 3.2. Take elements 7o, 7; € HBS. For any integers v, j, and k satisfying
l<v<n—1land0<j< p¥—1, we define

| 1 |
Cyk,j(t0, T1) := (0 ;k) {—T_O’Tl}@’(o pjk) ey

—1/to+j T+ 1 g
:{ /2 J’ lkJ}®< Jk>eUeMS(HBS)®Mn.
P p 0p

Note that we have

pr-1
k 1 B .
Up<{_f_0’ Tl} ®€v) = E . Cv,k,J(TO, 71).
j=

To sum up, we obtain the following corollary.

Corollary 3.3. We have

lm/2]
T]Zn([cv(f)]) = Z c(im—A, A)p(n+l)A

A=0

pk—1
2A—k 2A—k
sz(n V) (m— )Z[ vk]( SR T>]
k=0

3.2. Computation of the boundary dC, (19, T1). Next, we compute the bound-
ary dCy x (1o, T1).

Definition 3.4. (1) For any integers j and N with p{j and N > 0, we denote by
dy(j) and by (j) the integers uniquely determined by

L=dy(j)<p" and jdy(j)—p"bn(j)=1.
We also put dy(j) := 0 and by(j) := —1 for any integer j.
(2) For any integers k and j, we set
[k (j) :=minf{ord,(j), k}.
Note that [; (0) = k. We also put j := j/p/*J).
In the following, for integers j and k with 0 < j < pk — 1, we often write

Li=4L(), j =i/, d=diyy(). bi=byyp()  G-D
for simplicity.
Definition 3.5. For any integers v, j,and k with l <v<n—1land0<j < p*¥—1,

we define homogeneous polynomials Eillz j and E]()O,Z j in M, by

ES) (X1, X2) = (p" X1 — jX2)' X5,
EQ) (X1, X2) = (=D (p X) (p* T Xy +d X"
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Lemma 3.6. We have

T+ plto—d
il =[{ o £t + {1554 o ]

in (So(HP®) ® M,)r.

Proof. By definition, we have

A[Cy (0, T1)] = |:((1) Ijk> {n}® ((1) Iik> ey — ((1) pjk> {—%0} ® <(1) p]k) ev]-

The definition of E 51,1 j

1 1 j _Ju+J (1)
(0 P") e (0 P") “ _{ P }®E””"j'

Moreover, we have
1 j 1 1 j (1 0 -1 1
(O pk> { TO} ® (O pk> €y = (0 pk) (1 0) {TO} ® (0 pk €y

jb\ (P —d L
=(F ) (6 ) mis (o )
Since

i’ b L —d 1 j
(o) (5 ) e (o )]
I —d d —=b\ [l j
=[(6 ) mie (s 7)o )]

we obtain

shows that

and (L0 1) e =—ED,

AN A PSR p'o—d) o
[(0 p") {_T_o} “ (0 p") e”} - _“ R -
3.3. A cycle TI’," (C,(@)) in MS(HBS) ® (M, ® Q). In this subsection, for each
integer 1 < v <n—1 and m > n, we construct a p-adically integral cycle
TW in MS(HBS) ® (M, ® Z(,)) such that the image of ]m in
Hy(YPS,0YPS, M, @ Z()) is T ([{0, ico} @ e, ]).

3.3.1. Bernoulli polynomials. Since a key tool for constructing the cycle m
is the Bernoulli polynomials, we briefly recall their basic properties.
Let ¢ be a nonnegative integer. We denote by B, (x) the 7-th Bernoulli polynomial

and by
B; := B;(0)
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the ¢-th Bernoulli number. For notational simplicity, we put
~ . 1
B,(x) == £ (Bi(x) — By).

We use the following well-known facts without any notice:

t

B (x) = Z (;)Bt—uxuv /XXHBt(X) dx =x',

u=0

fth(x) dx — Bi11(x) — Biy1(a)

t+1

, ord,(B;) > —1.

The last fact is called the von Staudt—Clausen theorem. We note that the second
and third facts imply that

x—1
> J' =B
j=0

3.3.2. P and P*. Set
n n—1
Moy = ZpX{x3" and M, =7 X x; 7",
u=0 u=0
and let
TZMZ,(p)®@_>Mn,(p)®@; P+ P'

be the Q-linear map defined by
B,11(X1/X2) — Buyi
w1

For any integer u € {0,...,n — 1}, we have 1 +ord,(u + 1) < n, and hence
P" X5 B, 1(X1/X2) € My (). This fact shows that

(XEXE = X = X3 Bu1(X1/X2).

o 1
(/Vln,(p))T - ﬁMn,(p)’
where (M p))T denotes the image of M} 2 under the map §. Similarly, let

i:MZ’(p)®@—>Mn®@; P}—>Pi

be the Q-linear map defined by

(X1/ X)) — B,y
n+1 ’

X{X5 " =X3

The following lemma follows from the definitions of P¥ and P*.
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Lemma 3.7. For any polynomial P(X1, X;) € M; @ Q, we have
PT(X1+ X2, X2) = PT(X1, X2) = P(X1, X2),

x+1 B X2 -
/ Pi(z, 1)dz = P¥(x, 1), / P(z,1)dz = P*(xa, 1) — P¥(x1, 1).
X X1
.. . (1) )
3.3.3. Definitions of polynomials P, jand Py ..
Definition 3.8. For any integers v, j,and k with 1 <v<n—1and0<j < pk -1,

we define polynomials Pv(’lk)’ ; and PU(’Ok)’ jin M, ® Q by

1 . DT O . OF
Pv,k,j T Ev,k,j’ Pv,k,j T Eu,k,j‘

Lemma 3.9. Foreachi € {0, 1}, we have Pu(’lzj € pmi“{O’k_”}Mn,(p).

Proof. This follows from the fact that (Mg, )" C p™" M, () and (X5)" =X X5
and that the coefficient of X ’f X;_“ in ES‘}( j is divided by p¥ if u > 1. O

3.3.4. Definition of the cycle m. Now we can define év,k, (10, T1) and
T/ (C,(0).

Definition 3.10. Let 7, t; € HBS. For any integers v, k, and j with 1 <v <n—1

and 0 < j < p¥—1, we define an element (j‘uyk’j(ro, 71) € MS(HBS) ® (M, ®Q) by

Cu k. j(T0,T1)

T+ u+j plto—d plto—d
I=Cu,k,j(fo,fl)—{ P +1}®Pv(’lk),j—{ U= +1 ®P,,(,Ok)’j.

We also put

max{0,n—k} /

CM (10, 71):=p Cy.k,j(0, T1).

v,k,j

Note that CI. i

Lemma 3.11. We have

(0, T1) € MS(HBS) ® M, () by Lemma 3.9.

ACY (0. T =0 in (So(H®®) ® My, (p))r-

int

In particular, [61) k.j

(10, T1)] defines a homology class

[CIY (ro. T] € Hi(YPS, My, ().

Proof. This follows from Definitions 3.5 and 3.8 and Lemmas 3.6 and 3.7. O

Lemma 3.12. The homology class [C™

bk j(ro, 11)] is independent of the choices of
To and 1.
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Proof. Let 7 and 7| be another pair of points in HBS. We will prove that

[C% (0. TD1=[C (x5, TD] in Hi(Y®S, My ().

It suffices to construct an element 4 € S, (HBS) ® M, (p) such that
] =I[CyY (o, T = [CV (x5, TD] in (MS(H®S) ® My p)r-

For notational simplicity, set g := p™{0-7=k} First, since HPS is simply connected,
there exist elements %, ho, h3 € So(HBS) such that

o {—1/T0+j r1+j} {—1/f6+j r{+j}
1= -

ok pk ok pk
_{r{+jf1+j}+{—1/fé+j —l/to+] }
ok pk ok ko
T+j T+j Tu+j T+
8h2={ L k]+1}—{ Il lk’+1}
p p p p
T +J T+ T 4+j -+
_{ i k1+1, 1k1+1}+{ i kJ’ 1k1},
p p p p
plio—d pltg—d plty—d p'ty—d
dh3 = o Tl = k=l 1
p p p p
_{plr(’)—d plto—d+1}+ipll’0—d plro—a’}
Pk Pk Pk pk

Then we see that
1 i
h:= q(h1 ® <O lik> e, —hy® Pv(,lk),j —h3® P,)(f);(),j>
satisfies the desired property. Indeed, we have

dh =q(Cyx. (10, 11) — Co (1}, 7)) — BV — BO),

where
Tt L
B(l):z{—1 — ® e
P pk 0p)
T+ T4 ) T+j n+j o)
_{ +1’ pk +1}®Pv,k,j+ pk 9 ®Pv,k,j’

pk
1T+ —1/to+ 1
P p P

[ [

T, —d —d

—{p (;)cz +1, 25 +1}®P(‘”-
P B '
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Then the same computation as in the proof of Lemma 3.6 shows that

4BV
_Jutinti 1) ) M
={ ok }®CI (Ewk,j(Xl, X2)=P, ; (X1+X2, X0)+P, | (X1, X)) =0,

[/ [

) _ pry—d p'to—d

qgB™ = { — +1, —+1

Pk Pk

®q(EQ (X1, X2) — P (X1 + X2, X2) + P} (X1, X2)) =0,

where = means that it is an equality in the I"-coinvariant (MS (HBS) ® Mo, (p))r.
Hence we obtain d[h] = [ij}i’j(ro, )] — [ij}i’j(ré, ). O

Definition 3.13. For any integer m > 0 and element T € HBS, we define a cycle
T (Cu(1)) € MS(HP®) ® (M, ® Q) by

[m/2]
T;yn(cv(f)) = Z c(m— A, A)p(n—i-l)A

A=0 k
m—2A pr—1 -
X Z pmVeAm Z C”’k’j( m—2A—k’ pm_ZA_kT)'
k=0 j=0 p
Definition 3.14. For any integer v € {0, ..., n}, we define a homology class

[Cy] € Hi(Y®S,9YB5, Mm,)
to be the element represented by the cycle
C,:={0,ic0}®e,,
where ioo € dHBS is a point such that

ioco:= lim it.
IER>0
—>00

Lemma 3.15. Let 1 <v <n — 1 be an integer.

(1) [T (Cy()] =0 in (So(HS) ® M, @ Q)r.

(2) If m > n, then we have m € MS(HB®) ® M, (p). Hence m
defines a p-integral homology class [Tlm] in H; (YB3, M. (p)) which
is independent of the choice of T.

(3) If m > n, then the image of the homology class [m] under the homo-
morphism Hy(YBS, My, () — H (YB3, 9YBS, M, () is T/ ([C))).
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Proof. Claim (1) follows from Lemma 3.11. Let us show Claim (2). By Lemma 3.9,
we have pm*0n=kC (19, 1) € MSHBS) ® M, (1. Since 1 <v <n—1and
2 <n, we have

m+DA+m—v)(m—2A—-k)>n+1DA+m—-2A—-k>m—k

for any nonnegative integer A. This fact shows that @"(\CV(}/)) € /Zlé@@/ Mo, (p)
if m > n. It follows from Lemma 3.12 that the homology class [T;”(CV M
not depend on the choice of 7. Claim (3) follows from the definition of Tl’;1 (Cy(1))
and Lemma 3.1. O

Remark 3.16. The above construction of m especially Definition 3.10,
is called the spectacle construction since the cycle C vk, j (T0, T1) looks like a pair
of spectacles. See Funke—Millson [2011] for more detail.

4. Period

The aim of this section is to compute the value
(Bis,, [T, (C,(T))])

and its p-adic limit as m — oo, that are independent of 7 € HBS by Lemma 3.15(2).
In the sequel, the symbol lim,,_, o, Will always mean the p-adic limit. The following
is the main result of this section.

Theorem 4.1. For any t € HBS and any integer v € {1, ..., n — 1}, we have

lim (Eis,, [ m I}
e T I tEniv=—n)  g(=v)  tv=n)
=1-p )(1 ntl (=1 —n) 1—pn—v I—pY )

In fact, we show in Section 4.3 that
ph—1

T
mlimoozp(n v)(m—k) Z<E15n, vkj(p — ,Pm —k >>

j=0
_ b i=wilv=n  L(=v) t(v—n)
Cl=pt og(=1=n)  1=p 1—p’ ]

(4-1)

Hence Theorem 4.1 follows from (4-1) and the following lemma.

Lemma 4.2. Suppose that the p-adic limit

(n—v)(m—k) —k
i 3 e ()
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exists. We then have

Tim (Eis,, [T,"(Co(t)])

ph—1
T
—(1— n—H) hm Zp(n v)(m—k) Z<Elsn’ vk;(p ,pm_kl’>>.
j=0

Proof. For notational simplicity, we put

. —Zp(” v)m=k) Z<E1sn, uk,<pm —— pt >>

and 7 := lim,,_ oo # ™. We then have

Lo
zm!

(Eisy, [T, (Co()) = Y clm! = A4, A)prDAy m=24),
A=0
Take a positive integer Q. There is a positive integer 7 such that #'¢) — € p2Z »
for any integer s > r. Hence we have
Lm/2]
Z C(m _ A, A)p(n-‘r])A (W(m—ZA) _ W)
4=0 lm/2]

= Z C(m _ A, A)p(l’l-i-])A(W(m—ZA) _ W)

(mod pQZp).
A=|(m—r)/2)+1

The sequence (# ™ — )o_ is bounded in @,, and hence for any sufficiently
large integer m, we have

Lm/2]

Yo cm—A, A)pTIAp Y — ) e pz,.
A=|(m—r)/2]+1

This implies that

Lo

,\/ zm!
lim (Eis,., [T (Co()]) = lim Y c(m!— A, A)p DAy,

m— 00 mﬁooA:O

Since c(m! — A, A) = () — () (note that (™) = 0), we have

1

Em! %m! | %m!—l |

VL (n+1A _ M\ (n+1)A M\ (n+1)(A+1)
Y ctmt=a, 0p = ()= Y ()
A=0 A=0 A=0

2m' 1

!
_ Pt p+A m ) $(n+1)m!
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Since
Lm—1 !
2 | m: |
S ()P =30 (M) PO mod pE = (14 p ™,
A=0 A=0

we obtain that

1

Fm!
lim Y " cm!— A, A)p"tH4 =1 —p"!) Lim (14 p"hy™ =1-p". O

Therefore, it remains to prove (4-1), and this will be done in Proposition 4.13.

4.1. (Eis,, é‘v,k,j(ro, 71)). We start by computing the value (Eis,;, C‘U,k,j(ro, 71)).
In this subsection, we fix integers k and j with 0 < j < p* — 1. Recall that

Li=0L(j) and  d:=diy( () = di-p(y G/ P

are taken as in Definition 3.4 and (3-1) and that

Cox.j(t0, T1)
—1/to+J T1+j} k - —v u+j utj (1
= , P Xi—jX)'X; " - , +1{®P .
{ pk pk 2 pk pk vk, j
/ !
pro—d pr—d )
— { pk—l , pk—l +1} ®Pu,k,j'

Hence we have

(Eisy, Cox,j(T0, T1))

(mi+i)/p* . (ti+)/p*+1 W
-/ Eva@ e dz - [ Enia@PLY 1) dz
(—1/0+))/ (m+))/pt

(p'ro—d)/p*'+1 o
- Evia@ P9 (@ 1) dz
(p'to—d)/ pk=!

1 T 4+ (m1+j)/pF+1
=L / En+z< EARp- / Evia@P) (1) dz
— p (ti+j)/p*

(p'o—d)/p*'+1 ©
_ / Ena()PS (. dz. (42)
(p'ro—d)/ p*!

The definition of the Eisenstein series E, 1, shows that

k

Z+ ] Pl("+2) pl(n+2) —2p®=*/ Im(z)
En+2( F ) - =0 EEE e for Im(z) <1,

En+2(Z;_J> 1= 0(6—27[ lm(z)) for Im(Z) Z 1’
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where f(z) = O(g(z)) means that there is a constant C which does not depend on
k and j such that | f(z)| < Cg(z). Set

o0 iy+j ,
“Zk,j(s) :=/0 (En+2< ypk]) - l)y" dy.

We have the following Lemma 4.3 and Proposition 4.4, whose proofs will be

given in Section 4.1.1 and Section 4.1.3, respectively.

Lemma 4.3. The function Z; ;(s) converges for Re(s) > n+ 1, and is continued
to a meromorphic function on C. Moreover, it has at most simple poles at s = —1
and s = n+ 1. In particular, Z; ;(s) is holomorphic at s = v for any integer
l<v<n-—1

Proposition 4.4. We have

oA it mz [ J 0% d
(Bisp, Cy g, j(t0, T1)) = F L jV) —E, F,l —E, —F,l .

Note that the value (Eis,, C v.k,j (To, T1)) does not depend on the choices of 1

and 7 since d[C, «, (70, T1)] = 0 by Lemma 3.11. Therefore, in the following we
take tg = itg and ) = it; for ty, 11 € R~o.

4.1.1. Computation of the first term of (4-2). We compute the first term of (4-2):

1 i 2+ J
= En+2(—k)zv dz.
P" Jij p

This integral is transformed as follows:

1 it Z+j
— En+2( - )z”dz
p i/to p
1 o] 74 . 1 it
=— (En+2( kj>—1)z"dz+—k 7'dz
P" Jis p P" Jij
I 7+
L el e
p it p
iv—i—] o) iv+ i f
== / (En+z<yk’)—1)y”dy+/ YW dy
p 1/10 p 1/t
00 iv+j
_/ <En+2< 4 k]>—1>y”dy}.
131 p
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> iy+j "
Fk,j (o, 11, 8) 1=/ (En+2(—k) - 1>ys dy +/ y'dy,
1/to p 1/to
[e.0] i + .
%]E?'(tlv S) :=f (En—i-Z(y—kJ) - 1>y5 dya
’ I p

1/t . . 1(n+2)
0) y+j p s

X, (L, §) = E — dy.
k"’(o *) ./o ( n+2( Pk ) (iy)””)y Y

Then we have

Set

1 123} Z+j iv—i—l o
— E+2< )z”dz=—(<7k,'(fo,tl,1))—«%’ (11, ).
P*Jij T\ P pk ko

We see that:

o The first terms of .7 ; (1o, t1, s) and %,Ei)j(t,-, s) converge for all s € C.
 The second term of . ; (o, t1, s) is meromorphic and has at most one simple

pole at s = —1.

In addition, we also see that

0 o 1(n+2) f
Tk, j (00, 11, 8) = L j () — %y (1o, ) — / ()2 y'dy+ / y'dy
0 0

pl(n+2) 1 1 1 sl
jnt2 s—n—ltg_"_l s+11 7

=2 j(5) = By (10, 8) —

In particular, all of these functions are meromorphically continued to s € C and are
holomorphic at s = v. This proves Lemma 4.3, and we also get the following.

Lemma 4.5.
Lo 2+
% En+2< - )z” dz
P~ Jij p
iv+l v+1 pl(n+2) tn—v-i—l | .
= {fk,j(v)+ v1+1 + no—v+1 — (1. v) — B (1o, v)},

4.1.2. Computation of the second and the third terms of (4-2). Here we compute

(ti+7)/pF+1 0 (Plro—d)/p*1+1 o
/ En+2(Z)PV’k’j(Z, l)dz+/ En+z(z)PU’k,j(z, 1) dz.
( (

u+j)/pt pleo—d)/p*!
We put
(Tm+)/p*+1 @
o) i= (Eura(0) — DPY (2, 1) dz
(T14+))/ p*

(p'ro—d)/p*'+1 )
+ f (Eni2(2) = DPY) (2. 1) dz.
(p'to—d)/p*!
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Note that .7, x (70, T1) — 0 as 79, 71 — 00. On the other hand by Lemma 3.7,

(ti+j)/pE+1 ;

1 iy (T1+ ]

f ﬁ&@wﬁ—dA( kJ)
(t1+4)/ p* p

(t1+))/p*
Wi [ J (1)
st ()¢ " v
(r1+1)/p
5 ( )+ [ _jydz
Jj/p
g Ll +L(l[1)”+1
vk, j pk’ pk v+l -

Similarly, we have
I k—1 . _
(p'ro—d)/p*~'+1 P(O) | d E(O)i B d . » bl pl(n+2) (llo)n v+1
l)kj(z’ ) — Fvk,j k—1" +( ) % .
(P'o—d)/p*~! p pt n—v+l

4.1.3. Proof of Proposition 4.4. By combining the computations in Sections 4.1.1
and 4.1.2, we find

(Eisn, Cy k. (0, T1))

v+1 v+1 [(n+2) it n—v+1
= sy I gy PTG e (T
Pk Pk v+1 Pk on—v+1 y
B 1 (itl)v-i-l B E(O)i B Do (_1)v+1 pl(n+2) (ito)n—v-i-l
Tk 1 v.k,j k—1° k — 1
pc v+ p p n—v-+
jvtl jvtl

A (1) s — R (t0, v) — Tk j (10, T1),
and hence

oA ivt mi [ J )% d
(Eis,, Cy i, j (0, T1)) = P L j) —E, 7 o 1 —Ev,k’j —F,l

s 7" it 70
(@, v) — (0, v) = Z, j (10, T1).

The value (C‘ vk, j (To, T1), Eis,) does not depend on 7 and #; and so we take the limit
fo, 1 — 0o. The last three terms vanish and we obtain the desired identity. U

4.2. Summation over j. In this subsection, we compute the sum

pr—1
> (Bisy, Cox (10, 1))
j=0

k-1

S}
Il
=)
rm— —
NC
+
R
N
~
~~
<
N
|
= o~
-
=
&.‘H-
N
%
3|~
—_
\—/
Dﬁ
‘C/-\
FS
\+
/\
T‘&
—_
v
[ —
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We keep using the abbreviation

[ .= lk(]) and d:= dk—lk(j)(j/) :dk—lk(])(]/plk(j))
that are actually depending on k and j. Recall that B;(x) = (B;(x) — B,) /t.
Lemma 4.6. The following equalities hold:

(1)

jr+l 1’2—:13 = (1 — ptO&EDy — (1 — pttDRy pr=v ¢ (—v)g (v — 1)
k,j = 1_pn+1 ¢(—1—n) '

k—1
Wi [ J _ =D L N ()
() ZEvk]< )_—(v+1)pk3v+2(p)+§Evk1(0 1),

(3) Z Egogij <—— 1)

( 1Y 1 , o = _

P =
+ Z E)F0.1).

Proof. (1) Recall that

00 v+
fk,j(S)I/O (En+2( ypk]) —1))75 dy.

Hence we have

p A dy
ka](s) — Z%H(M)ezm’”/p / 2Pyl 22
p _OC - 0 y
]_ =
I B e sriniyt PEED
R Onp1(n)e>™im r' —F(S-i-l)
P e(—1—n) JZMZ: " Q)+

2 T+t Sk 2rigej/pt ) O (1)
é‘(—l—l’l) (zﬂ)s—i—l Z(Z M]P) MH_l

_ 20+ 1) ont1(PF 1)
- c(— l—n)(ZJT)H'l Z v+1

For notational simplicity, we put

Ep(s):=1—p~*
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We then have

i Un+1(Pk+a) B i 1 1— p(k+a+1)(n+1)
s+ (s+1) _ pn+l
azo pll S a:O pa S 1 pn
B Ep(l +s)_1 _ p(k+1)(n+1)gp(s _ n)_l
- 1— pn+1
gp(s —n)— p(k+1)(n+l)gp(] +5) 1 _1
= = it Ep(I+5)"Ep(s—n)" .

Hence the well-known relation that £ (14s5)¢ (s —n) =Y oo | 0,41 (@)a™ TV implies
that

pr-1

1
Z % (s)
2T +1) Ep(s—n) — p*tDUHDE (1 45)
- c(—1— n)(2n)5+1 1— pn+1

g(s+DZ(s —n).

By setting s = v and using the functional equation of the Riemann zeta function
(see [Hida 1993, p. 29] for example), we find

o [72: P P Gl p e+ 1) ¢(=v)E v —m)

1= prtt C(=L-m)
_ (A= pUtIED) — (1= p® DR pr T p(—0)E (v —n)
N 1—prt! {(=1=n)

(2) By using Lemma 3.7, we find

_ ph—1
1),% 0),% ),% M.%
zEvk,( 1)= Z(Evk,( 1) - E0.0) + 3 B0
=0 j=0
pk—1

E\) (2. Ddz+ Z ES)%0.1)
=0

(pkz—j) dz+ Z ERt 0. 1)
j=0

="
< §

O

( l)v 1 2_: cv+41 pX_:lE(l)i(O 1)
T+ p vk
=

Therefore, Claim (2) follows from the fact that Zj.’i_ol U = B, (ph).
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(3) Lemma 3.7 shows that
k—1

d —d/
El()O]ziJ <_pk_l, 1) ( 1)1) IV‘/O (pk—lz+d)n—v dZ+E|()0]2iJ(O 1)

_ =D lpz(u+1)dn v gOF (0 ).
Tn—v+1 pk vk j

Since dy(0) =0, n —v+1 > 2, and the map a > dy (a) induces a permutation on
the set {1 <a < p" | (a, pV) = 1}, we find

pr—1

1
_ [(v+1) gn—v+1
ok Z P d
— ,
! k-1 P 1
— ik pl’(v+l) Z d/n7v+l
P '=0 d'=1
@, p"=1
1 k—1
= Y P By (P = p T By (P ). O
'=0

Lemma 4.7. The following equalities hold:

p—1
B -
M Y EDE 1) = (1 Z( )(—1)“1)"““’:;Bufu+1(pk),
=0

n=0

P =
) Z E) (0. 1)
= 1 1 =
— (—1)" pkv B, DBn—vy1 1 ( ) ;H— I'(v—p)
(—=1)"p S Z T Zp

x (Bn_v_,m(p -y - p”‘”‘“Bn_v_MH(p"""ln.

Proof. (1) Note that (XfX;_“)i(O, 1) = —B,41/(u+1). Since El() ,z J
(P* X1 — jX2)" X5, we have

" B+ Ny
Eyii O, 1>—Z(M)p""(—u“—;)<—n "

n=0

(X1, Xo) =

Hence we have

pr-1

By =
Y EQEO0.1) = (- 1)”*12( )(—1)“pk“1ulf:13v_ﬂ+1(pk).
j=0
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(2) Since E\) ;(X1. X2) = ()" (p' X2)" (pF' X1 +dX5)" ™", we have
n—vy n v B |
O v+l v - (k—10) n+ n—v—p
E)(0,1 1 > ( ) # ——)d :
Vk]( ) ( ) p prt n 14 ( M—J’-l)

First note that in the case where j = 0, since d = dyp(0) = 0, we find
Bn—v—i—l
n—v+1
Then by using the same argument as in the proof of Lemma 4.6(3), we also obtain

Ejpo©. D)= (=1"p"

kl_l

pr—1

n—v -nB n—y—
Y EO.D=( nz > Z( )t
j=1

’ —_ 7 B 1

—(—1)’ I'v (i’l l)) wlk=1"y Pput+T

(=1 E p E L P
X By 1 (P = p" By (K. O

4.3. Summation over k and the p-adic limits. We compute the value

wp (m) _Zp(n v) (m—k) Z<Elsn7 ok, /<pm k,Pm_kT>>

and its p-adic limit as m — oo. This enables us to complete the proof of Theorem 4.1.
We keep the notation from the previous sections. Proposition 4.4 shows that

oA vt (% £ O d
(Eisy, Cyx,j (10, T1)) = - Lk, j(v) — E,,kJ<p 1) Vk’j<_F’ 1>,

and hence
Wz [ J ) d
E”"’<p"’1> E”’”( p"‘l’1>)'

W(m)—Zp(" v)(m—k) Z(

We set

W(m) Zp(n v)(m—k) Z

i St Esl,z:( )’
(m) (n—v)(m—k) (OF:
=3 ZEM,( i)



HARDER’S DENOMINATOR PROBLEM FOR SL;(Z) AND ITS APPLICATIONS 289

so that we have % ™ = V/I(m) — 7/2(’") — ”//3('").
Lemma 4.8. We have

lim W(m) 1 ¢(=v)¢(v—n)
m—>00 1—prtl g(=1—=n)

Proof. Lemma 4.6(1) shows that

R I S G I U O DDy 1 oDk oy
R s e ((1=p )= (1=p I pr ),

k=0
Moreover, we have

m

Z p(nfv)(m*k)((l _ p(n+1)(k+1)) —(1- p(n+1)k)pn*l1)

k=0
m m
p(n—v)m(l _ pn—V) Z p—(n—v)k (n v)m(pn—',-l _ pn—v) Zp(v—i-l)k
k=0
1— p—(n—V)(mH) 1— p(v+1)(m+1)
_ S (m=vym _ n—v _ m=vym,  n+l __ _n—v
p =P — =) p (p P T o
(1—v)(mt1) ( o 1— p(V+l)(m+1)
:1_pn v)(m _pn v)m(pn _pn U) l_pv—H
—1 (m — 00). Ul
Lemma 4.9. Let s and t be integers with t > 0.
(1) For any positive integer u > 0, we have
m u(m—=k) B
. k—s t—1
mh_)moo p— Bt(p )_—u.
k=0

(2) For any integer u and any € > 0 with u + ¢ > 0, we have

pu(m k) .
lim p"* Yy o B(p* ) =0,

k=0

Proof. We have

m

Zpu(m k) B(pk Sy== Zpu(m k)Z( ) - (;L—l)(k—s)
k=0
1 t _ k-
(e
n=1

k=0
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1 : ! um—(u—1)s 1— p(,u—l—u)(m—H)
=;Z(M)Bt—up
n=1

1— pu—l—u

B 1 i( ¢ ) pum—(u—l)s _ p—(u—l)s+(m+1)(ll—1)—u
- - 1— pu—l—u :

Hence Claim (2) is clear. Moreover if u > 0, then all the terms with © > 2 vanish
as m — oo, and therefore,

m u(m—k) _ _—u B._
lim —— B =B P == L 0
m— 00 P p —p - D
Lemma 4.10. We have
-1)Y B 1
lim W(m) ) s ¢(=v).
m—>00 1—pr—Vuv+1 1—pn—v

Proof. Lemma 4.6(2) shows that

(m) Zp(n v)(m—k) Z Esl}zi}( )
k=0 =0
m
1 1
=" ”“’”"‘)(( L Buah+ Z Eyi O, 1))

o w+1Dp

Hence Lemma 4.9(1) implies that

m _ (=D B (n—v)(m—k) ().
mlgnooW I—p"vv+1 mlgnoozp Z EU k’j(o, D-

Moreover, by Lemma 4.7, we have

m pkfl
>y Y B

k=0

v D k
==k Z(_I)V+M+l<”>pk(u+l) Byut1 Bv—yut1(p7)
I w+1 pk

(3=
~
L

k

Il
o

u=0

= By 1 (ph)
Z 1)v+u+1( ) /1""1 pm(pH-l) Z p(n—v—u—l)(m—k) v—pu+1 )
n=0 K +1 k=0 pk

Sincepu+1+n—v—u—1=n—v >0, Lemma 4.9(2) shows that

(D) Zm ( bk Bo—ur1 ()
: m(u+ n—v—u—1)(m— - _
mh_)n;op k Op . =0.
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Hence we conclude that

(—=1)" Byt
lim W(m) _— .
m1—>oo 1— prrvv+ 1

Lemma 4.11. Let b, s, t, and u be integers with s > 0 and t > 0.

(1) If s > 0and u > 0, then

B B (pF'h B, 1-p°
u(m—k) 1+1 P _p b . t
,,}E%OZP Z ( kT P == T

(2) Forany ¢ > 0 withu + ¢ > 0, we have

B (P B (pt'h
em u(m—k) t+1 p b Di+1 .
Aim p Z p Z ( P p P71 =0.

Proof. We have

m ~ ’
B (p* ") By (pFIh
(m—k) 1+1 P b Br+1(Pp
Zpu " Z ( kT -P 1

k=0 I'= p
t+1 41
u(m—k) h=1Y(u—=1) _  (k=I'—1)(u—1)+b
t—I—lZP Z (1 )Brux(p —p )
I'=0 n=1
| 41 k—1
_ B x (1 — pb—(u=1y) pum k(u—1-u) U(s—pt1)
P (M)mu( )P Zp dop
p=1 k=0 I'=0
1 f“(r+1> " 1 — pke—n+D)
=— Biioyu x (1= pr=Wyptm y 7 phemtod — e
— ps—u+1
t+1 = w pars 1—p
B 1 t+l<t+1) Bii1—u
_t+1M_1 w1 — ps—rtl
X(l B b—(p,—l)) pum _ p(m-‘rl)(u—l)—u B pum _ p(m—i-l)s—u
p l_puflfu 1= psu ’
which implies this lemma in the same way as in the proof of Lemma 4.9. ([l

Lemma 4.12. We have

—-1)" B,_ 1
lim %(m) _ ( )v n—v+1 _ C(U —n).
m— 00 ]_p n—v+1 1_pv
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Proof. Recall that in Lemma 4.6(3) we have shown that

pr—1

d
((UF
Z Ev,k,j <_ pkt’ 1)

j=0
k—1

(-D" 1 ~ -
= mpk Z I(VH)(Bn u+2(Pk l) P U+an—U+2(pk )
P
+ > EN0.1).
Since 1 <v <n—1, Lemma 4.11(1) shows that, as m — oo,

Z (n—v)(m—k) Z n v+2(Pk l/) _pn_v §n7u+2(pk_l_l) N Bn7v+1
k 4 pk—l’—l 1— pY .

k=0

By Lemma 4.7, we have
pr—1 k—1

ZEiozil(O 1) = (=1)" pk B v+1 —1y Z(” U) kuM/:rllzpz’(u—m

j=0
X (anvf,bH»l(pk_l ) - Pn_v_Manuqu(Pk_l _1))-

Since (n —v)(m —k)+ku=m—v—pu)m—k)+mpuand 0 < u <n—v, all the
terms with i > 1 vanish when m — o0, and hence

m pr—
. (n—v)(m—k) (O
mll_)mooZp ZEUk](O 1)

= lim Z( DYp (n—v)(m— k)+kuﬂ

m—>oo n—v + 1
k—1
+(—1" Bl hm Zp(” V) (m— k)ZPlU(Bn v+1(l? ) pn—an_v_H(pk—l—l)).
I'=0
Since
(n—v)(m+1) _ Hv(m+1)
lim Zp(" Vm=k)+kv _ Jim e p"" —o,
m—0oQ m—0oQ pn_v — pl)

k=0
the first limit vanishes. Moreover, Lemma 4.11(2) implies that

m k—1
PN P Bt (P = P B (P

k=0 =0
m k—1 ~ ’ ~ /
, B, ( k—l) B, ( k—l—l)
_m (n—v—1)(m—k) ’w—=1) [ Bn—v+1{p _n—v—1DBn—v41(P
=P Zp Zp ( kT p AT
k=0 =0

-0 (m— 00),
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which implies this lemma. ]
By Lemmas 4.8, 4.10, and 4.12, we obtain the following.
Proposition 4.13. We have

m I’k—l
: (n—v)(m—k) et mk
mleoo E p E <EISn,Cu,k,/<pmk’P T>>
k=0

j=0

I B Gl Ut O B Lt IR (et
L—pl g(=1=n)  1=pv 1—p’’
By the argument in the beginning of Section 4, this completes the proof of
Theorem 4.1.

4.4. Rationality of the Eisenstein class Eis,. The computations in (the proofs
of) Proposition 4.4 and Lemmas 4.6 and 4.7 imply the following proposition as a
special case.

Proposition 4.14. For any integer v € {1, ..., n — 1}, we have
(Eis,, [C,0]) = S8y rw—mea,
{(=1=n)

where [a,\(?)] is a special case of [m] form = 0.
Proof. By Proposition 4.4, we have

(Eisy, [C,(D)]) = (Eisy, Cu0,0) =" Z0(v) — EL 50, 1) — ESY 0, D).
By Lemma 4.6(1), we have

{(=v)g(v—n)
¢(=1=n)

Moreover, in the proof of Lemma 4.7, we showed that

i L o) =

EQRHO. D =¢(=v) and ER 0, D) =¢w—n). O

The following lemma will be well known to experts. For instance, Harder [2023,
§5.1.3] mentioned that this was proved by Gebertz in her diploma thesis. Here we
give a proof for the completeness of the paper.

Lemma 4.15. The relative homology group Hy(YBS 9YBS M,) is generated by
the set {[C,] 10 <v <n}.

Proof. The relative homology group H;(Y®S, 8YBS, M,,) can be computed as
Hy (Y, 9YP5, M,,)
= ker((MSH®S)/ MSOH)) ® My)r = ((So(HES)/So(0HP$)) @ M,)r).
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Let [0] € H;(YBS,9YBS M,) be a class represented by a 1-chain

o= Z{aj, bj}® P; € (MS(HBS)/ MS(BHBS)) @ M,,
J

where a;, bj € HBS and P; € M,,. The condition that
9o =0 in ((So(H™)/So(dH®)) @ M,)r

implies that

D@ P —{aj}®P=> (n—D{d}® Q0+ {a}®R  (4-3)
j k I

in So(HBS) ® M,, for some y; € T, dy € HBS, ¢; € 9HBS, and Qy, R; € M,,. Then
we can rewrite the identity (4-3) as

Z{f}‘@( DP= D P > nQt Yy O ) R;):O
TeHBS j,bj=r J.aj=t k,yxdx=t k.dy=t1 =t

in So(HBS) ® M,,. Since So(HBS) = D, cyps Z{7}, this shows that for any 7 € HBS,
we have

Z Pj— Z P — Z Vi Qk + Z Ok — Z R =0 inM,. (44)

Jj.bi=t j.aj=t k,yrdr=t k,dr=1 lci=t1
Now, recall that ioo € dHBS denotes the point defined by

ioco:= lim it.
IER>0
—>00

Then the identity (4-4) implies that in MS(HBS) ® M,,, we have

Yoo ¥ B Y B Y net X o= Y k=0

TeHBS j,bj=T j,aj:r k,yrdr=1t k,dr=t l,ci=t
Using this last identity, in ((MS(HBS)/ MS(d HBS)) ® M,)r, we compute

[o]
=Y [{ico. b} ® Pj]—[{icc. a;} ® Pj]
j

=Y [ioo, ndi} ® Okl — Y _[{ioo, di} ® Qxl+ Y [{ioo, er} @ Rl
k k 1

=Y [n— D({ico, di} ® Q)1+ Y _[{ico, ykioo} ® vk Qi+ Y _[{ioo, e} @ Ri]
k k 1

= [{ioo, pioc} ® e Qil + Y _[{ico, e} @ Ry,
k l
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Moreover, as we are considering the relative homology classes, we may replace
¢; with any point in the same connected component of dHBS, and in particular,
we may replace ¢; by gjioco for some g; € I'. Thus we conclude that the class
[0] € H;(YBS,9YBS M,) is represented by a 1-chain of the form

o' = Z{ioo, Yoo} @ R,
m

for some y,, € I' and R), € M,,. The lemma follows from the facts that the group
I' = SLy(2) is generated by matrices ({ ~}) and (} 1) and that

[{ico, y1y2ico} ® P]=[{ico, yi1ico} ® P14+ [{ioo, yrico} ® y; ' P]

for any y1,y» €' and P € M,,. O

Recall that ' is the subgroup of I" generated by ((1) %) Since P!(R) = RU {00},
the boundary dYBS can be identified with 's,\R. Hence we obtain the following
lemma.

Lemma 4.16. We have an identification Hy(3Y®S, M,,) = (Mu)r,,, and hence
Hy(3YBS, M,)) ® Q is a 1-dimensional Q-vector space generated by e, ], where
e, = X1.

Lemma 4.17. The kernel of the boundary homomorphism
3 H (YPS,0YP5, M,) @@ — Hy(3Y®5, M,) ® @

is generated by the set {[C,] |1 <v <n—1}.

Proof. Leto € ker(H;(Y®S,9YBS, M,)®@Q — Hy(3Y®5, M,,) ® Q). Lemma 4.15
implies that we can write 0 = Zﬁ:o a,[C,] for some numbers ay, ..., a, € Q.
Then by using Lemma 4.16, we find that

n

0=d0 =) _al{icc} ® (e, — (—1)""e,—)] = —(a0 — an)[{ioc} @ ey].
v=0

Therefore, Lemma 4.16 shows that ay = a,,. On the other hand we see that
[Col=—[C,] in Hy(Y"®, 9Y"%, M,). O
Corollary 4.18. We have Eis, € H' (Y®S, M,)) @ Q.

Proof. By Lemma 4.17, the homology group H;(YB5 M,) ® Q is generated by
the image of H;(dYBS, M,) and the set {[C, ()] | I <v <n — 1}. Therefore, by
Lemma 2.8 and Proposition 4.14 we have

(Eis,, Hi(Y®®, M,) ® Q) C Q,
which implies Eis, € H'(Y®S, M,) ® Q. O
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5. Denominator of an ordinary cohomology class

In order to study the denominator A (Eis,,) of the Eisenstein class Eis,,, in this section,
we interpret the denominator A(Eis,) in terms of the values (Eisn,@])
of the pairing between the Eisenstein class Eis,, and the cycles [T[’)" (Cy(1))] €
Hy (YBS, M,y ().

5.1. Definition of the ordinary part. Let p be a prime number and M a finitely
generated Z ,-module with an endomorphism f : M — M. We introduce the notion
of the f-ordinary part of M.

Since M is a finitely generated Z,-module, the p-adic limit

es = lim f™ €Endz, (M)

m—00

always exists, and ej% = ey. We define the f-ordinary part Myq of M by
Mord =ef M ,

and we say that m € M is (f-)ordinary if m € Mq, that is, e;m = m. We also put
Mnilp =(1-— ef)M. We then have M = My.q ® Mnilp-
The following lemma follows from the fact that e? =ef.

Lemma 5.1. The functor M +— My is exact.
5.2. Denominator of a cohomology class. Recall that
Hp (YP5, Mp) = im(H' (Y5, M) — H' (Y5, M) @ Q).

Definition 5.2. For any cohomology class ¢ € H! (Y85, M) ® @, we define the
denominator A(c) € Z.¢ of ¢ by

A(c) :=min{A € Z.o | Ac € HL (YBS, M)},
and for each prime number p, we set

8p(c) :=ord,(A(c)) and A,(c):= p©.
Lemma 5.3. Letc € H' (Y5, ME,) ® Q be a cohomology class. We have

A(c) =min{A € Z-o | Alc, Hi(Y®5, M,)) C Z}.
Moreover, for any prime number p, we have
8,(c) =min{8 € Zs¢ | p’(c, HI(Y®5, M, ®Z,)) C Z,,)}.

Proof. This lemma follows immediately from the formal duality (see Section 2.5):

H*(T'\X, M) /(torsion) = Homgz (H,(T'\X, M,), Z). a
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5.3. Denominator of an ordinary cohomology class. In this subsection, we fix a
prime number p.

Definition 5.4. (1) We put M, , := M, ®Z, and M,, , := M, ®Z,.
(2) For any finitely generated Z,-algebra, we put
HM(YPS, My, ® R) =1, H (Y™, M, , ® R),
H(Y®S,9YB5, M, , ® R) 1= o7, H.(Y®S,0Y5, M, , ® R),
H@Y®, M, , ® R) := e, H.(3Y®S, M, , ® R).
(3) For any finitely generated Z,-algebra R, we put
Hyg(Y*5, M, ® R) i= ey H* (Y5, M), , @ R),
Hyg(YPS, 0755, M) @ R) := ey H*(Y™S, 0YP°, M) @ R),
H;q(0YPS, M), @ R) :=er, H*(3Y"®, M, ,®R).
Lemma 5.5. Letc € H'(Y®S, M;,p) ® Q, be a cohomology class. For any homol-
ogy class C € H (YBS, My, p) @ Qp, we have
(c.er,C)= lim (c, T;"C) = lim (c|T)™,C) = (erse, C).

m—0o0 m—0o0
In particular, if c is ordinary, that is, er;c =, then
(¢, C) ={c, er,C),
and hence
8p(c) =min{8 € Zsq | p®(c, H™(YBS, M, ) C Z,).

Proof. This lemma follows from the facts that the pairing (-, - ) is continuous and
(clT,, C) = {c, T, C). a

Recall the identification Hy(dYBS, My, p) = (M, p)r,, by Lemma 4.16.

Lemma 5.6. The Z,-module H"(0YBS, M, ,) = er, (M, p)r,, is free of rank 1
and is generated by er,len].

Proof. Let k € {0, ..., n} be an integer. Since e; = X’{X;‘k, we have
p—1 k k
Ty(le) = p" el + 30 3 (1) PX =) lew.
j=0k'=0

In particular, we have T),([eg]) = (p" + p)[eo], and hence er,leo] = 0. Therefore,
inductively, we obtain that er,lex] = 0 for any integer k € {0, ..., n — 1} and that
er,len] = [en], which implies that the Z,-module er, (M, p)ry, is generated by
er,[e,]. Hence by Lemma 4.16, e, (M, ,)r,, is a free Z,-module of rank 1. [

Recall that [C, ] = [{0, ico} ® e,] € H (YBS, aYBS, M,).
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Proposition 5.7. For any integer m > 0, the Z,-module H™(Y®S, M, ,) is
generated by (the image of) Hlord(HYBS, My, p) and a set of lifts of er,T,'[C)]
(I<v<n-1).

Proof. By definition, we have an exact sequence of Hecke modules
0— Hi@Y®S, My,p) = Hi(Y, My p) — Hi(YP%,8YP5 M, )
25 Hy(@Y®S, M, ,) — 0.

By Lemma 4.15, the ordinary part H l"rd(YBS, AYBS, M, p) of the relative homology
group is generated by the set {e7,[C,] | 0 < v <n}. Then by the same argument as
in Lemma 4.17 using Lemma 5.6 instead of Lemma 4.16, we find that the kernel of
the boundary map 9 : Hfrd(YBS, aYBS, M. p) — Hé’rd(BYBS, M, p) is generated
by the set {eTp[CU] | 1 <v <n—1}. Since the homomorphism

T, H™(Y®S, 0YB5, M, ) — HP™(YPS, 9YB5, M, )

is an isomorphism and the boundary map 9 is Hecke equivariant, it follows that the
kernel of the boundary map is generated by the set {e7, T"[C,] | ] <v <n—1]}.
This fact together with the above exact sequence implies the proposition. U

Corollary 5.8. Let m > n be an integer. For each integer v € {1, ..., n — 1}, recall
the cycle [m] € H,(YBS, M, (p)) defined in Definition 3.13 (see also
Lemma 3.15(2)). For any ordinary cohomology class ¢ € Holrd(YBS, M) ®Q,
satisfying (c, H (Y ®S, M,,)) C Z,,we have

8y(c) =min{8 € Z=q | p*(c, [T} (C,(x)]) € Z,, for any integer | <v <n—1}.

Proof. By Lemma 3.15(3), we see that eTp[Ym] € Hl"rd(YBS, M, ,) maps
to ez, T)'[Cy(1)] € H(YBS 9YBS| M, ,) under the homomorphism

Hlord(YBSaMn,p) N Hlord(YBS, ayBS’Mn’p).

Therefore, Proposition 5.7 shows that the Z ,-module H l"rd(YBS, My, p) is generated
by the image of Hl"rd(aYBS, M,,) and the set {eTp[]m] |[1<v<n-1}.
On the other hand, by Lemma 5.5, we have

{c, e, [T} (C,(t)]) = {c, [T, (Co())]).
Now, since (¢, H{(3YBS, M,,)) C Z, by assumption, Lemma 5.5 shows that
dp(c)=min{d € Z>¢ | p‘s (c, [m]) € Z, for any integer 1 <v <n-—1}. U
Corollary 5.9. For any integer m > n, we have
8y (Eis,) =min{8 € Z-q | p(Eis,, [T} (C,(1))]) €Z, for any integer 1 <v <n—1}.

Proof. By Lemma 2.8, we have (Eis,, H (YBS, M,)) C Z, and eTp/Eisn = Eis,,.
The corollary thus follows from Corollary 5.8. U



HARDER’S DENOMINATOR PROBLEM FOR SL;(Z) AND ITS APPLICATIONS 299

6. Relation between the denominators of the Eisenstein classes

Recall that A ,(Eis,) denotes the p-part of the denominator A(Eis,) of the Eisen-
stein class (see Definition 5.2). In this section, we fix a prime number p > 5
and discuss another expression for the denominator A(Fis,) of the Eisenstein
class Eis,. We also study a relation of the denominators A ,(Eis,) and A, (Eis,’)
of the Eisenstein classes when n and n’ are p-adically close.

6.1. Structure of the ordinary part of cohomology groups. We will study the
structure of the ordinary part of cohomology groups. Results similar to those
obtained in this subsection can be found in [Hida 1986]. Hida [1986; 1988] studied
the ordinary part of cohomology groups for I'"\H in the case that '/ /{#-1} is torsion-
free. However, in the present paper we consider the group I' = SL;(Z) which has
torsion elements other than j:(1 1). We will therefore provide proofs of all relevant
theorems for completeness.

Note that since we assume that p > 5, any short exact sequence of I"'-modules
induces a long exact sequence in cohomology.

. . b . . .
Lemma 6.1. The inclusion map M, , < M, , induces an isomorphism

H* (YPS, Mb ) = Ord(YBS M)

ord

Proof. It suffices to prove that er Hi(YBS, M, P / MZ ») = 0 for any integer i > 0.
Since X, X € /\/l,, p» any element in M, /./\/ln p» can be represented by a poly-
nomial of the form XX f (X1, X2), where f € M,_, ,. Hence the fact that

—_—

(” 1) X1 Xaf (X1, X2) = pX1 X2 f (pX1, X2),

—_—~—

17 . .
( ;)) X1 Xo f( X1, X2) = p(X1 + jX2)Xo f (X1 + j X2, pX2)

shows that er;c= 0 for any element c € Homz(S (HBS), M, ./ Mn ,p)- In particular,
we have eT/H’(YBS M, p/./\/ln p) = O

Thanks to Lemma 6.1, in the following, we focus on the ordinary cohomology
groups with coefficient M,, .

Lemma 6.2. For any polynomial f (X, X2) € M,/ pM,, we have f|(T1,;)2 ek, X5.

Proof. By definition, we have

p—1
(FIT)(X1, X2) = £(0, X2) + Y f(X1+jX2,0).

j=0
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Hence we see that (f|7,)(X1,0) = Z‘”_O f(X1,0) =0, and we obtain
(ST (X1, X2) = (fIT))(0, X2) € Fp X5. O

The boundary 0¥ BS is of real dimension 1, and hence H2(dYBS, M) vanishes
for any I'-module M. Therefore, for any integer » > 0, the short exact sequence
0—> M, , al A8 My p = M, ,/p" My, , — 0 induces an isomorphism

Horg @Y%, My p) @ Zp/(p") = Horg@YPS, My p/p" My ). (6-1)
Lemma 6.3. The ordinary part ngd(a YBS, My, p) is torsion-free.

Proof. By using the exact sequence of M2+ (Z)-modules
0= My, =5 My = Map/ pMap — 0,
we obtain an isomorphism of Hecke modules

coker(/\/lrw/p/\/lFoc — (M, p/p/\/ln,p)r“’) = H'(3Y®5, M p)lpl,

where for an abelian group M we write M[p]:=ker(M =2 M) for the subgroup of
p-torsion elements of M. A direct computation shows that M,ff; =7,X7. Hence
Lemma 6.2 implies that

Hopg 0V, My ) p) = coker(F X3 — €1, (Mo p/pMy p)') =0 O

Corollary 6.4. (1) The ordinary part Hld(a YBS. M My, p) is a free Z,-module of
rank 1.

(2) We have a canonical isomorphism Hlt(a Y8 M,)®Z,—~> H] ora (0 YBS, M,y ).

(3) We have c|T€/ = (1 4+ " Y¢ for any element ¢ € Holrd(E)YBS, M., p) and prime
number £.

Proof. By Lemma 6.3, we have a surjective homomorphism
HL@YB, M) ®Z, — HLdY®S, M, ).

Lemma 2.7 shows that Hiit(a YBS, M) = Z and ¢ T/=( + "¢ for any element
ce Hi}n(a Y85, M,) and prime number £. These facts imply this corollary. U

YBS

Proposition 6.5. The ordinary part Holrd( , My, p) is torsion-free.

Proof. Since H O(YBS, M,) = /\/l,l; = 0, the exact sequence

0— My, 2 My p = My p/pMy, — 0

implies that

HY (YRS M,/ p My ) = Hea(YES, M, ) pl.
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Since F, X5 N HO(YBS, M, ,/ pM,, ,,) = (F,X5) N (My,p/ pMa ) =0, we get
from Lemma 6.2 that the module H® ,(Y®S, M, ,/ pM,, ) vanishes. O

Lemma 6.6. We have H>

ord

(YBSvaYBSaMn,p)_ (YBS Mn p)-

ord

Proof. We have that H 2(9YBS, M, ») = 0 since the boundary 0Y BS is homeomor-
phic to the circle, and hence the canonical homomorphism

H2,(YBS 9YBS M, ) — HZ(YBS M, )

is surjective. Therefore, we only need to show that ngd(YBS, aYBS, My, ) =0

Since Y is a two-dimensional real manifold, we have H 3(YBS, 9YBS, My, p) =0,
and hence the short exact sequence 0 — M, , RaliN My p —> My p/pMyp — 0
induces an isomorphism

H2 (Y55, 9YB5, M, ,) ®Z/(p) = H>*(YBS, 9V, M, ,/ pMap).

Therefore, it suffices to prove that Ord(YBS AYBS, M My p/PMyp) =0
For notational simplicity, set M, , :== M, ,/pM,_,. Let

F € S,(HPS)

be a representative of a fundamental class of H>(YBS 9YBS 7) = 7. Then it
is known that the homomorphism Homjy (S, (HBS), /W,,,p) — /W,,,p; ¢+ ¢(F)
induces an isomorphism

evy : HX(YBS, 9YB5 M, ) = (M, p)r. (6-2)

See [Shimura 1994, Proposition 8.2; Hida 1993, §6.1, Proposition 1] for example.

We will show that for any [¢] € H>(YBS, Y85, M,, ), we have [¢]7; =0. By
(6-2), it suffices to show that ev y([qﬁ]lr/) = 0. Here we use = to empha51ze that it
is an identity in (M, p)r. We then compute

evz ([llr) =9l (F)(X1,X2)

—_~— P

(8 (6 )+ 26 )o((s )7 )ecrs
(5 9)7oro+ (3 ) oo

ap ::¢<(€ (1)) y)(o, HeF, aj ::¢<((1) ;) ﬁ)(l,O)e[Fp-

~.

Put
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Then we find that
p—1
evr(¢llr) =ap X5+ aj(Xi+jX2)"
j=0

-1 —J
n 11 01\ ..
=apXi+) 4 (0 1) (—1 o> %2
j=0
p—1

=a,Xj+> a;jX}
Jj=0

p—1
1 -1 _
- (a,, + Zaj) ((0 1) - 1)X1X3 !
j=0
=0. O
For any I"'-module M, we define the inner cohomology H!1 (YBS, M) by
H' (Y, M) i=im(H' (Y5, 9Y®S M) — H' (Y5, M)
and, when M is a finitely generated Z,-module, we put
H q(YPS, M) := eq, H! (YPS, M).
Then the following corollary follows from Lemma 6.6 and the isomorphism (6-1).

Corollary 6.7. Let r be a nonnegative integer and M € {M,, ,, M, ,/p" My p}.
Then we have a natural exact sequence of Hecke modules:

0— H'oq(YPS, M) — H) (YPS, M) — H (Y5, M) — 0.
Proof. For notational simplicity, set M, ,/p" := M, ,/p" M, ,. Consider the

natural commutative diagram

0— H! (VB M, ) — H) (YBS, M, ) — Hy (9YBS, M, ) — 0

! | |

0= H' (Y3, My p/p") = Hyy(YBS, My, / p7) = Hyy(0YBS, M,/ p") + 0
The upper row is exact by Lemma 6.6. Moreover, by (6-1), the right vertical map is
surjective, and the bottom row is also exact. (]

Corollary 6.8. For any integer r > 0, the canonical homomorphism M, , —
Mo, p/ p" My, induces isomorphisms

Ho g (Y25, My, ) ®Z,/(p") = Hyo(YR5, Moy / p" My ),
Hord (V5 Moy p) ® 2,/ (p") = Hlogg (VS Muyp/ p" My p).
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Proof. The exact sequence
0= My p =5 My — My p/p" My p — 0
shows that we have an exact sequence

0— HL (B M, )®Z,/(p") — HL (Y, M, ,/p" My, )
— HZ,(Y®S M, ,)[p"1— 0.

Hence by Lemma 6.6, we obtain the first isomorphism.
By Corollary 6.4(1), we see that Tor’” (H. (3Y®S, M,, ), Z,/(p")) =0, and
hence Corollary 6.7 for M = M,, , shows that

H) g (V%S Moy ) ©Z,/(p)
= ker(HL(Y®S, M, ) ®Z,/(p") — HL4@Y®S, M, ) ®Z,/(p")).

Hence the second isomorphism follows from the first isomorphism, the isomorphism
(6-1), and Corollary 6.7 for M =M, ,/p" M, p. O

Theorem 6.9. For any positive integers r and n’ withn =n' (mod (p—1)p" 1), we
have the following canonical isomorphism of exact sequences which is T,-equivalent
for any prime number £ # p:

0 H/' ((YBS, M, ,/p") = Hyy(YBS, My p/p") = Hopg(3YBS, My, p/p") + 0

E F F

0+ H, o q(YPS, My p/p") + Hy g (YPS, My / P7) + Ho g BYPS, Moy, /p") + 0

where M, ,/p" := My p/p" M, p.

Proof. Theorem 6.9 follows from the results proved by Hida [1986]; see also
[Harder 2011]. In the following, we briefly explain how we derive Theorem 6.9
from Hida’s [1986] results.

First, note that since p > 5, we have canonical isomorphisms between a sheaf
cohomology on YBS and a group cohomology of I':

H' (Y, Mo/ p") => H' (T, My p/P"). (6-3)

The inner cohomology group H!I(YBS , My, /") corresponds to the parabolic
subgroup HIIJ(F, My, p/p") of H\(T, M, p/p") under the isomorphism (6-3) (see
[Hida 1986, Equation (4.1a)] for the definition of the parabolic subgroup).

Let m € {n, n'}. Hida [1986, Proposition 4.7] showed that we have isomorphisms

e H' (D, My, p/p") = ey, H' (To(p"). Munp/ P x > eyyres(x),

r ~ r r (6_4)
ety Hp(Ts M, p/ ") = ey Hp(To(p"), M, p/P")i - x > eypres(x),
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which are 7,-equivariant for any prime number ¢ # p. Here res denotes the
restriction map.

Let L,, , denote the I'g(p")-module whose underlying abelian group is Z,/(p")
and the I'g(p")-action is given by the homomorphism I'o(p") — (Z,/(p")™;
(¢5) > a™ mod p". Hida also showed [1986, Corollary 4.5 and Equation (6.8)]
that the I'g(p")-homomorphism i, : My, ,/p" — Ly ,; (X1, X2) = f(1,0)
induces Hecke-equivariant isomorphisms

ey, H' (To(p"), M, p/P") = evy H' (To(p"), Lins); X > i u(x),

N _ (6-5)
evy Hp(Co(p'), Mo p/ ') = ey Hp(To(p"), Lins); X > ().

Since n =n’ (mod (p — 1)p"), we have L, , = L,/ , as I'o(p")-modules, by com-
bining the isomorphisms (6-4) and (6-5) for m = n, n’, we obtain the commutative
diagram

Hl}ord(YBS’ Mo, p/ ") — Hérd(YBS’ Mo,/ P")

;l l;

euy Hy(Co(p"), Lu,))—— ey, Hy(To(p"), Ln,,)

eus Hy(To(p"). Lur.r) — ey Hy(To(p"), L 1)

;T T;

H!}ord(YBS’ Mot p/ PY Horg(YPS, Moy o/ ")

where vertical arrows are isomorphisms and 7,/-equivariant for any prime num-
ber £ # p. U

6.2. Another expression for A ,(Eis,). Let p > 5 be a prime number and take a
prime number £ #~ p. Let
He,p :=2,[X]

be the polynomial ring over Z,, and by using the Hecke operator 7, at £, we
regard cohomology groups that appear in the present paper as H,, ,-modules. For
notational simplicity, we put

Xepi=X—(4+€"YY and By, i=Hep/(Xen)-
Note that by Corollary 6.4, we have By , , — H(}rd(aYBS, My p); 1= er, [en]
as Hy, p-modules.

Lemma 6.10. Let c € H' (Y®S, M,)) ® C be a cohomology class. If we have that
c|T) = (1 + " e, then c| T}, = (1 + £V for any prime number ¢', that is, the
cohomology class c is a scalar multiple of Eis,,.
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Proof. Tt is well known that one can take a 7,/-Hecke-eigenbasis fi,..., f; €
H'(YBS, M,) ® C such that f; =Eis, and that the elements f>, ..., f; correspond
to either cusp forms or their complex conjugates via the Eichler—Shimura homomor-
phism. Then the Ramanujan conjecture proved by Deligne shows that the absolute
value of the Tg’ -eigenvalue of f; (2 <i <t)is less than 1 + ¢t which implies this
lemma. Il
Lemma 6.11. We have H! (Y®5, M, ,)[x; ] =Z,A,(Eis,)Eis,.

Proof. By Proposition 6.5 and Lemma 6.10, Holrd(YBS, My p)xen]l CQp - Eisy,.
Hence this lemma follows from the definition of the denominator A ,(Eis,) of the
Eisenstein class Eis, and Lemmas 5.5 and 6.1. O

Definition 6.12. We define [£¢, »] € Exty;, (Be,pns H' oY%, M, ) to be the
element corresponding to the exact sequence of H;, ,-modules in Corollary 6.7 for
M=M, ,:
0 — Houa(Y?>, Mip) = Horg (Y, May ) = B pw — 0.
The following lemma follows directly from Lemma 6.11.
Lemma 6.13. Anng, ([Ee,p.n]) = A, (EBisy)Zp.

Lemma 6.14. We have a natural identification
H!ora (Y%, M ) @, Bepn = Extyy, (Be,pns Hilora (Y%, My ).

Proof. Since xg , is an regular element of #, ,, we have an exact sequence of
H¢, p-modules

XX,
0— ’H(z,p LN ’Hg,p — Bg,p,n — 0.

Applying the functor Homy, ,(—, Hllord(YBS, M, p)) to this short exact sequence,
we obtain the desired identification. ]

Lemma 6.15. For any positive integers r and n' with n = n’ (mod (p — 1)p" ™),
we have a natural isomorphism of Hy, p-modules

H' (VB My ) @, , Bepn/ (P = Hy g (Y25, Moy ) @, , Be.pow /().

Moreover, the image of (£, n] mod p" is [E¢ p,v] mod p” under this isomorphism
(and the identification in Lemma 6.14).

Proof. This lemma follows from Theorem 6.9 and Corollary 6.8. (]

Definition 6.16. We define a polynomial &, ,(t) € Z,[¢] to be the characteristic
polynomial associated with 7 : Hford(YBs, My, p) = Hford(YBS, M p):

Dy, (1) i=det(t-id— T, | H' (VP M, ).
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Lemma 6.17. The Z,-module H!}Ord(YBS, M. p) @, , Be.p.n is annihilated by
Dy, (1407,

Proof. By the Cayley—Hamilton theorem, the Hecke module H,} Ord(YBS, My p) is
annihilated by CIDL,,(TZ/). Hence the Z,-module H!Tord(YBS, M. p) ®, , Be.p.n is
annihilated by @, (1 +€"*1) since By, p.n = He, p/ (X — (1 +€1)). O

Lemma 6.18. Let r be a positive integer satisfying r > ord, (®g , (1 + 0"y, Then
for any even integer n’ > 2 withn =n’ (mod (p — 1) p" 1), we have

ord, (g, (14 £"F1)) = ord,, (D (14 £7F1).
Proof. By Theorem 6.9, we have
Dy (1) = Ppw(2) (mod p).

The fact that n = n’ (mod (p — 1)p"~') implies that ¢! = ¢7+! (mod p"), and
we obtain P, , (1 + 0t = D, (1 +€”/+1) (mod p"). The assumption that r >
ord,, (g, (1+€"+1)) shows that ord, (P, (14+€"F)) = ord , (D (1+€7 1)), O

Proposition 6.19. Let r be a positive integer satisfying r > ord, (®, , (1 + ),
Then for any even integer n’ > 2 withn =n’ (mod (p — 1)p" ™), we have

A, (Eis,) = A, (Eisy).
Proof. By Lemmas 6.15, 6.17, and 6.18, we have the natural isomorphism

H!?ord(YBsy Mn,p) ®Hg_p B@,p,n = HzTord(YBSs Mn,p) ®’HLP BZ,p,n/(pr)
= H'oa(Y™>, Moy ) @4, Bepw /(D)
= H!}ord(YBS’ Mo p) Mty By pw-

Moreover, the image of [y, ,, ,] under this isomorphism is [£¢, , ], and Lemma 6.13
implies that

Ap(Eisn)Zp - Anan ([ge,p,n]) = Anan([SE,p,n/]) = A1/)(Eisn/)zp- O

7. Kubota-Leopoldt p-adic L-function

Let p be a prime number. In this section, we introduce the Kubota-Leopoldt p-adic
L-functions and prove certain congruence properties that will be used in the proof
of Theorem 2.13.

Let  : Gal(Q/Q) — Z; denote the Teichmiiller character, and let 1 denote the
trivial character. For any Dirichlet character x, we denote by L, (s, x) € C,[[s] the
Kubota—Leopoldt p-adic L-function attached to y.
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Proposition 7.1 [Washington 1997, Theorems 5.11 and 5.12, Exercises 5.11(1)].
(1) For any Dirichlet character x, the p-adic L-function L,(s, x) converges on
Z, —{1}. Moreover, for any integer m > 2, we have

Ly(1—m, x)=(0—xo™(p)p" L1 —m, xo™).

In particular, we have ord,(L,(1 —m, @™)) = ord, (¢ (1 —m)).

(2) We have

p—1
pGs—1)
(3) If m #0 (mod p — 1), then we have

Ly(s,1)e +Z,[s — 11

Ly(s,0™)eZ,+ pZ,[s —1].

By using the Kubota—Leopoldt p-adic L-functions, Theorem 4.1 can be restated
as follows.

Corollary 7.2. If we put

Lp(—v,wH”)Lp(v _ n’wn—v-i-l)
L,(—1—n,0"t?)

D,,(n,v):: —Lp(—l),Q)H»U)—Lp(\)—n,a)niv+l),

then for any integer v € {1, ..., n — 1} we have
l_pn—H
(I—=p")d—=p")

For any even integer m, we define a positive integer N,, by

lim_(Eis,, [7," (C,())]) = Dy(n, v).

N,,, == numerator of (1 —m).

Corollary 7.3. Let m > 2 be an even integer.
(1) If m #0 (mod p — 1), then we have ord, (¢ (1 —m)) = ord, (N,,).
(2) If m =0 (mod p — 1), then we have ord,(N,,) = 0.
(3) Let r and m' be positive integers with m = m’ (mod (p — D)p"™ Y. If r >
ord, (Ny,), then
ord,(N,,) = ord, (Ny).

Proof. Claims (1) and (2) follow immediately from Proposition 7.1. In the case
where m =0 (mod p — 1), Claim (3) follows from Claim (2). In the case where
m #£ 0 (mod p — 1), Claim (3) follows from Proposition 7.1. O

Corollary 7.4. Let x be an integer with x 0 (mod p — 1). For any integer y, we
have

Ly(l—x,09)L,(1-y, 1)

eL,(1 1) + Zp
Ly(1—x—y,w%) P

L,(1—x —y,a)x)'
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Proof. Since x # 0 (mod p — 1), by Proposition 7.1(3), we have
L,(1-x,0)eL,(1—x—y, &)+ pyZ,.
Moreover, by Proposition 7.1(2), we have pyL,(1 —y, 1) € 1 + pZ,, which shows

L,1-x,0")L,(1—y,1) Z,

. O
L,(1—x—y,o") L,(1-x—y,o")

eL,(1—y 1)+

Corollary 7.5. For any integers x and y, we have

L,(1—x,DL,(1—y,1 -1 p-1
pA=-xDL,(=y ) _p=1_ p (mod Z,)
py

L,(1—x—y,1) T px
=L,(1-x,)+L,(1—-y,1) (modZ,).

Proof. For notational simplicity, we put
p—1
R(s):=——— and H(s—1):=L,(s,1)—R(1—5).
ps

By Proposition 7.1(2), we have H(s) € Z,[[s], xR(x), yR(y), (x +y)R(x +y) €
p‘ll;, and R(x+y)~'=Rx)~"'+ R(y)~". Since H(s) € Zplls]l, we have

Hx)e Hx+y)+yZ,, H@y)e Hx+y)+xZ,.
Pute:=1+R(x+y) 'H(x+y) €1+ pZ,. Then

L,(1—x,1)L,(1—y,1) . (R(x)+ H(x +y) +YZ,)(R(y) + H(x +y) + xZ,)
L,(1-x—y,1) Rx+y)+H(x+y)

and we have
(RxX)+Hx+y)+yZ,)(R(Y)+Hx+y)+xZ)p)
Rx+y)+H(x+y)
c R+ R(y™!
o

(ROOR() + (R()+ RO)H(x +y) + p~'Z,)
— R + R +Z,. O

8. Proof of Theorem 2.13

Let p be a prime number. As in Corollary 7.2, for any integer 1 <v <n—1, we
define

Ly(—v,0"™)L,(v —n, "1
L,(—1—n,o"*?)

Dp(n, V)= _Lp(_v,(U1+V)—Lp(v—l’l,a)n_v+l)

and set
dp(n, v) :=max{—ord,(D,(n,v)), 0}.
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Proposition 8.1. We have

dp(Eis,) = max §,(n,v).
1<v<n-—1

Proof. By Corollary 7.2, we have
1— n+1

p D,
I=p")d—=p")

Hence, for any sufficiently large integer m, we have

lim (Eis,, [7;"(C,(t)]) = (n. ).

ord,,((Eis,, [T (C, (1)) = ord, (D (n, v)),
and this proposition follows from Corollary 5.9. O
Recall that N,, denotes the numerator of ¢ (1 — m).
Proposition 8.2. Let p be a prime number.
(1) 8, (Eisy) < ord, (Nys2).
(2) If p < n, then §,(Eis,) = ord,(N,42).

The proof of Proposition 8.2 is given in Section 8.1. First, we give the proof of
Theorem 2.13 assuming Proposition 8.2, that is, we show that A(FEis,) = N,4».

Proof of Theorem 2.13. Take a prime number p. It suffices to show that §, (Eis,) =
ord,(N,42). When p —1 | n+2, we have 0 < §,(Eis,) < ord,(N,42) = 0 by
Proposition 8.2, and hence we may assume that n % —2 (mod p — 1). Note that
p > 5 in this case. Take a prime number £ # p, and positive integers r and n’
satisfying

o r>ord, (P, (1+£")),

e p<n,

e n=n'(mod p"~'(p—1)).
Then by Proposition 8.2(2), we have 6, (Eis,/) = ord, (N, 12), and Proposition 6.19
implies that

8,(Eis,) = 6, (Eis,/) = ord, (N, 42).

Hence Corollary 7.3 shows that 8, (Eis,) = ord,(N,12) = ord ,(N,12). O

8.1. Proof of Proposition 8.2. In this subsection, we prove Proposition 8.2. The
proof is divided into the following two cases:

e p—1{n+2.
e p—1|n+2.
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81.1. p—1tn+2.

Lemma 8.3. If p — 1 {n+2, then we have §,(Eis,) < ord,(N,42).

Proof. Take an integer v e {1,...,n—1}. When p—1t14+vand p—1{n—v+1,
both L,(—v, ') and L,(v—n, o"V*1) are p-adic integers, and hence we have

8p(n,v) < ord,(L,(—1—n, @"t?)) = ord, (Ny+2).

Suppose p—1|14v (resp. p—1|n—v+1). Then since p — 1 tn+2, we see that
n—v+41 (resp. 14 v) is not divisible by p — 1. Therefore, Corollary 7.4 shows that
Zy
D,(n,v) € L—l—n o) +2Zp,

which implies that §,(n, v) < ord,(N,42). Hence Proposition 8.1 implies this
lemma. O

Moreover, if p < n, the result of Carlitz concerning the index of irregularity of a
prime shows the following lemma.

Lemma 84. If p—1{n+2and p < n, there is an (odd) integer v € {1, ...,n—1}
such that 8, (n, v) = ord,(N,y2). In particular, we have ,(Eis,) = ord,(N,2) in
this case.

Proof. By Lemma 8.3, for any regular prime p and (odd) integer v € {1, ...,n—1},
we have §,(n,v) = ord,(N,42) = 0. Therefore, we may assume that p is an
irregular prime. In particular, p > 37.

We define the index d(p) of irregularity of the prime number p by
d(p):=#{1<t<p-3|t€2Z,B,epZ,}=#{1<t <p-3|t€2Z,L,(1—t,0") € pZ,}.
Then by using the result of Carlitz [1961, Equation (21)], Skula [1980, Theorem 2.2,
Remark 2.3] proved that

log2
d 1 3)— —==(L(p-1).
(p) < 3(p+3) logp(4(p )

Hence if p > 47, then we have

d(p) < +(p-5).

Since the only irregular prime smaller than 47 is 37 and d(37) =1 < %(37 —95),
the inequality d(p) < }1( p —5) holds true.
For any integer a, we define an integer [a],_ by

0<lalp-1=p—2 and [a],-1=a (modp—1).

Since d(p) < %(p —5), there is an even integer ¢ € {2,4, ..., p — 3} with ¢t #
[n +2],—1 such that

L,(1-t,0)eZ; and L,(1—[n+2—1], 1, 0" 1) eZx.
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Furthermore, Proposition 7.1(3) shows that
Ly(1—[n+2—t]p_1, o1y L (—141—n, ") € pZ,,

and hence we have L,(—1+1 —n, o't € Z;. Therefore, we put v ;=1 — 1
and get

dp(n,v) =ord,(Nyy2). U
812. p—1|n+2.

Lemma 8.5. If p—1|n+2, we have §,(Eis,) =0 = ord,(N,42).

Proof. The fact that ord,(N,42) = 0 follows from Corollary 7.3(2). Hence by
Proposition 8.1, it suffices to show that 6, (n, v) =0 for any integer I <v <n —1.
Since p — 1 |n+ 2, we have ord,(L,(—1—n, ") <0. If p—1 {1+ v, then
we also have p — 1 tn — v + 1, and we get dp(n,v) = 0 since L,(—v, »'tY)
and L,(v —n, ") are p-adic integers. When p — 1| 1+ v, we also have
p—1|n—v+1, and Corollary 7.5 implies that D, (n, v) € Z,.We thus obtain
Sp(n,v)=0. [l

This completes the proof of Proposition 8.2, and in particular of Theorem 2.13.

9. Applications

In this section, we discuss some applications of Theorem 2.13. For notational
simplicity, in the following, the (co)homology groups will be denoted by H*(Y, M)
(resp. H,(Y, M,)) rather than H*(YBS, M,)) (resp. H,(Y®S, M,,)) since they are
naturally isomorphic.

First note that we have the following corollary of Theorem 2.13.

Corollary 9.1. Let n > 2 be an even integer and y € I' a matrix. Take a polynomial
P(X1, X3) e M,, such that y P(X1, X2) = P(X1, X2). Then for any element Tt € H,
we have

YT
Nn+2/ E,i2(2)P(z,1)dz € Z.
T

Here N,1» > 0 is the numerator of {(—1 — n).

Proof. Since y P = P, we have 0({t, y7} ® P) =0, and hence {t, yt}® P defines
an element in the homology group H;(Y, M,). Therefore, by Theorem 2.13, we
obtain

)/‘L'
Nusa / En12(2) P(z, 1) dz = (N, y2Eis,, [{t, y T} ® P]) € Z. O
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9.1. Duke’s conjecture. Duke [2024] defined a certain map called the higher
Rademacher symbol

\Pk:F—>@

for each integer k € Z>, which is a generalization of the classical Rademacher
symbol and gave a conjecture concerning the integrality of the higher Rademacher
symbol Wg.

Conjecture 9.2 [Duke 2024, Conjecture, p. 4]. For any integer k € Z>> and matrix
y €', we have

Yi(y) € Z.

In the following, we show that Duke’s Conjecture 9.2 follows from Theorem 2.13.

Remark 9.3. Conjecture 9.2 was also recently proved by O’Sullivan [2024] using
a more direct method.

Here, instead of giving the original definition of the higher Rademacher symbols,
we recall an integral representation of the higher Rademacher symbols, also given
by Duke [2024], which is equivalent to the original definition and more suitable for
our purpose.

Proposition 9.4 [Duke 2024, Definition (2.4) and Lemma 6]. Let k € Z>» be an
integer. For any matrix y = (? Z) € I' — {£idy«2}, we define a binary quadratic
polynomial Q, (X1, X2) € M associated with y by

sgn(a +d)

— T (X’ —(a—d)X1 X, —bX?).
gcd(c,a—d,b)(c | —(@a—d)X1Xp 2)

0,(X1, X2) :i=—
We also put Q+i4,,,(X1, X2) := 0. Then for any element T € H, we have

W) =Nax [ " Ex@0, D dz,

where Ny > 0 is the numerator of ¢ (1 — 2k).
Corollary 9.5. Duke’s Conjecture 9.2 holds true.

Proof. By definition, the binary quadratic polynomial Q, (X, X») defined in
Proposition 9.4 is y-invariant. Hence Corollary 9.1 and Proposition 9.4 imply
that Wy (y) € Z. O

9.2. Partial zeta functions of real quadratic fields. We discuss an application to
the denominators of the special values of the partial zeta functions of real quadratic
fields.

Let F be a real quadratic field, and let O C F be an order of F' with discrimi-
nant Dp. We denote by I the group of proper fractional O-ideals and Pg Clop
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the subgroup of totally positive principal ideals. We define the narrow ideal class
group Clg of O by
Clf:=10/P}.

See [Cox 2013, §7]. We fix an embedding F' C R, and for any element o« € F C R,
we denote by o’ € F C R its conjugate over Q.

Let O denote the group of totally positive units in O, and let &9 € O denote
the generator of O such that gy > 1.

Definition 9.6. We define a map
304 1 Cl — Hi(Y, Moy_»)

as follows: let A € Clg, and take a representative a € I of .A. We also take a basis
oy, oy € a over Z such that ooy, —ojarz > 0, and let yp € I' be a matrix such that

()= ()
Yo = .
(0% (%)

1
Ny, (X1, X2) = —N—a(ale — o1 X2) (@5 X1 — o) X2).

Moreover, set

We see that Ny, o, (X1, X2) € M> and that Yo Ny, o, (X1, X2) = Ny, 0, (X1, X2). We
then define

304 (A) = [{T, 1T} ® Ny (X1, X2) 1] € HI (Y, May—2),
where 7 is an arbitrary element in H.
Lemma 9.7. The homology class 30 x(A) does not depend on the choices we made.

Proof. The independence of t € H is clear. Let b € A be another representative.
Then there exists a totally positive element o € F* such that b = «a. Take a
basis B, B2 € a over Z with g1, — B2 > 0. Then we obtain a matrix yop € I'
and a binary quadratic polynomial Nyg, o, (X1, X2) from the basis af;, aB; of b.
Note that since « is totally positive, we have (f1)(e’'B;) — (&’'B})(@p2) > 0. Let
y € GLy(Z) be a matrix satisfying

ﬂl) _ (061)
(ﬂz EAvYA
Then the facts that o) — oja > 0 and g1 85 — B2 > 0 imply that y € I'. Since

&0

Vo,b)/(g;) = y(sOaz), we have ¥~y s = 3. Moreover,

7 () () =00 (4 o) (22) =00 (10) ()
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which implies that Nyg, o, (X1, X2) = ¥ Ny, 0, (X1, X2). Therefore, we have

[{T. ¥0.6T} ® Napy.apy (X1, X2)* 1= [{1, ¥ 207 "1} ® ¥ Nayy oy (X1, X2)F ]
=y "7, vor 7' 1} ® Nayop (X1, X2)F ']
= [{t, W07} ® Nuyap (X1, X2)F 1]
as elements of H{(Y, Moi_»). O

Remark 9.8. (1) Since the matrix yy in Definition 9.6 is hyperbolic (|trace(yy)| > 2),
we have dimg{Q € M, ® Q| yQ = Q} = 1. This fact together with [Cox 2013,
Equation (7.6)] shows that Ny, o, (X1, X2) = 0,,(X1, X2).

(2) Gauss’s theory concerning binary quadratic forms (see [Cox 2013, Exercise 7.21]
for example) shows that for any hyperbolic element y € I', there is an order O of a
real quadratic field and a narrow ideal class A € CI such that

[z, vz} ® Q) (X1, X2)] € Z30,2(A).

Definition 9.9. For each ideal class A € CI}, the partial zeta function (o (A, s)
associated with A is defined by

Lo(A )= Y

acO,aeA

N Re@ =D,

and it is well known that {» (A, s) can be continued meromorphically to s € C and
has a simple pole at s = 1.

The following integral representation of the special values of the partial zeta
function is classically known.

Proposition 9.10. For any integer k € Z>, and ideal class A € C lg , we have
L 1—k
¢(1—2k)

Before we give a proof of Proposition 9.10, we recall (a special case of) the
so-called Feynman parametrization.

(Bisak—2, 30,k (A))

Lemma 9.11. Let x1, xp, a, b € C be complex numbers such that x1a + xy # 0 and
x1b + x3 # 0. Then for any nonnegative integers k| and k;, we have
b b - Z)kl (z— a)k2 B ky'ky! (b — a)k1+kz+1
o (X124 xp)2thitke T+ kot D! (a4 1)k b+ xp)ketl

Proof. We may assume that a # b. By setting y; = xja + xo and y, = x1b + xp, it
suffices to prove that

b (b—2)f1(z—a) k1 k! 1
(b—a) b itk = G D S et
a (b=2y1+(z—a)y) (ky +ky + 1)y i+
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The case where k; = ko, = 0 is clear: we have

1 1
(b—a) / dz = —.
a (b=2y1+@—a)y)? yiy2
Then by viewing both sides as holomorphic functions in (y;, y2) € C* x C* and

applying the differential operator (%)k' (%)’Q, we obtain the desired identity. [J

Proof of Proposition 9.10. We use the same notations as in Definition 9.6. Since

1
2.2k)E = _
£(2k) Egi (2) > P
(0,0)#(m,n)eZ?
and Eisyx_p = r(Ey), for any element 7 € H we have
)k—l

)’07: ND[ o ) 1
22 (2k) (Eisok—2, 30,k (A)) f Z Nayon (@ 1) dz

2k
b 0,0#mn)er? (mz+n)

Since Ny, 0, (Y02, 1) = j (0, 2) > Ngy (2, 1), where ]((‘j Z), z) :=cz-+d is the fac-
tor of automorphy, we fix a complete set S,,, of representatives of (Z>—1{(0,0)})/ yOZ
to have

nr Nal,()tz(zv 1)k71
Z (mz 4 n)* dz
T (0,0)%(m,n)ez?
TR e
] ]

T 1eZ mmes,, | or D (m(yp2) +m)*

I+1

ot Ny, (y*lz,l)k*l _
> [ Y e d(yy ')

1z YNt (m,n)eS,, T s 2)%*(mz +n)*

_ Z/yo ’ Neves@ D2
(mz + n)Zk

leZ (m, n)eSy0

Set ap := a1 /az € F C R. Then the point ag € R (resp. ) is the attractive fixed
point (resp. repelling fixed point) of the hyperbolic matrix yy € I', i.e., we have
lim;_, oo yér =g and lim;_, yo’lt = a6 in P!(C) for any element T € H. Hence
we obtain

I+1

Z/yo t al Olz(za 1)
(mz+n)2’<

leZ (m, n)ESy0 |
o (m, n)ESyo (mz T fl)
_ Npjgla)*™! /“0 (a0 — 2)(z — ) ! dz
(Na)k_l (mz-i—n)Zk :

(m.n)eSy, **
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By using Lemma 9.11, we find

/“O (@ -E—ap) ! (k=DY (eo—ap)*!
; mz+n? 77 @k — D! Nejalnag+nf

0
Note that we have the identity alaé — OliO[z = +/DpNa, and this shows that

1

Nrjgla) ! (ot — ) ! k=3 k
_— D, ?(Na) _
Z @ Z NF/@(ot)k

Na)k-1 N mog +n)k
(Na) F/a(mog +n) i

(m,n)€Sy,
For any subset X C F, we put
X, ={aeX|a>0,a' >0}, X_ :={aeeX|a>0,d <0}.

Let 7 eCl 5 denote the ideal class containing the principal ideal (/Do) C O. Note
that 7~! = 7 in Clg. Then we further compute

1 2(Na)k 2(Na)k
NO' > e 2 Nra@f T 2 Weo@?
ae(a—{0})/0% aca, /0% wca_ /0%

3 2(Na)k NEES 2N (v/Doa)k

Npjg(a)k Nrjg(a)k

acay /O ae(v/Doa)y/OF
=2o(A™" )+ (=D ¢o(TA™ k).

We recall the functional equations of the partial zeta functions. Set
- s 2. 1s-1 _ _
AGAT ) :==77T (35) Dy Go(A™", ) +¢0(A7' T, 5),
o _ 2 1 _ _
AG(A™ L 5) =77 T (3(s + 1)) D (Co(A™",5) = Lo(A1 T, 5)).
Then we have
AGAT ) =AU 1—s), AT s) =AU 1—5).

See [Duke et al. 2018, Equations (59) and (60); Sczech 1993, p. 545] for example.
Although [Duke et al. 2018] deals only with the maximal orders, we can apply the
same argument to general orders. See also [Siegel 1980; Duke 2024, Equation (4.19);
Vlasenko and Zagier 2013, p. 42]. Using these functional equations, we find

(27T)2k

A= 1)!)2;(9@4—1, 1—k).

Therefore, by also using the functional equation for the Riemann zeta function (see,
for example, [Hida 1993, p. 29]), we obtain

2m)%* AN 1—k

@r) Uty e )

(Bisy—2, ok (A) = m@(v‘r c(1—2k)

DY 2 (oA k) + (=1 eo(TA™Y b)) =
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We define the positive integer Jox by
Jox := denominator of ¢ (1 — 2k).

Corollary 9.12. Let F be a real quadratic field, O C F be an order in F, and let
AeC lg be a narrow ideal class of O. Then for any integer k > 2, we have

Juto(A, 1 —k)eZ.

Proof. By Proposition 9.10, we have

: - fo(A, 1—k)
Nok (Eispr—2, ANy =Ny =L =4 A, 1—k).
2% (Bisok—2, 304 (A7) 2% c(1—2) 2%So( )
Since Nyt (Eisar—_2, 30.4(A~")) € Z by Theorem 2.13, we obtain Jy 2o (A, 1—k) € Z.

O

Remark 9.13. By Proposition 9.4 [Duke 2024, Lemma 6] and Proposition 9.10,
we see that Duke’s Conjecture 9.2 is equivalent to Corollary 9.12.

Remark 9.14. As for the denominator of the special values of the Dedekind zeta
functions of real quadratic fields, or more generally of totally real fields, the same
(slightly stronger at p = 2) universal upper bound was obtained by Serre [1973, §2,
théoreme 6]. If we fix a totally real field F, then a more refined description for the
denominators and even for the numerators of the special values of the Dedekind
zeta function of F' is obtained from the classical Iwasawa main conjecture proved
by Wiles [1990] (see [Kolster 2004]).

9.3. Sharpness of the universal upper bound in Corollary 9.12. Let k > 2 be
an integer. We define a Z-submodule 3; C H; (Y, My;_3) to be the Z-submodule
generated by homology classes of the form 30 x(A), that is,

3k :=(30.x(A) | O is an order of a real quadratic field and A € Clér )z
This subsection is devoted to proving the following theorem.
Theorem 9.15. We have (Eisy,_2, 3x) = (1/Ny)Z.
Theorem 9.15 has the following interesting application.

Corollary 9.16. The universal bound in Corollary 9.12 is sharp: for any prime
number p, there exist an order O of a real quadratic field and a narrow ideal class
Ae Cl:g such that

ord, (Jy¢o (A, 1 —k)) =0.

In other words, we have

Jok :min{ JeZ.y|Jto(A, 1—k)eZ for all orders O in all real quadratic fields
and narrow ideal classes A € C lg}
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Proof. Let p be a prime number. The definition of the module 3; and Theorem 9.15
show that one can find an order O of a real quadratic field and a narrow ideal class
A € CI}, such that

ord, ((Eisoe—2. 304 (A™)) = —ord, (Nap).
Since ¢ (1 — 2k) = Ny / Jok, Proposition 9.10 shows that
0 = ord, (Na) + ord, ({Eisax—2, 30.4 (A™)))
= ord,(Na) —ord, (¢ (1 —2k)) +ord, (Lo (A, 1 —k))
=ord,(Julo(A, 1 —k)). O

9.3.1. Preparations for proving Theorem 9.15. Let N > 1 be an integer and define

mm::{(i Z>€F|a—lzczd—150(modN)}.

We also put
Yi(N):=T1(N\H, Yi(N)B:=T1(N)\HS, 3y (N)PS =Y (N)BS -y (V).

We note that the similar facts in Section 2.1 and Section 2.2 hold true for the
congruence subgroup I'; (V). Moreover, the Hecke operators 7}, (p { N) and U,
(p | N) act on the homology group H;(Y{(N), Mak_2).

Let k > 1 be an integer. For any hyperbolic matrix y € I'j (N) (i.e., |trace(y)| > 2),
we set

nna () =z, vz} ® @, (X1, X2)* ' € Hi(Y1(N), Ma—2).
Definition 9.17. For any integer k > 1, we define a Z-submodule
3rink C Hi(Y1(N), Ma—2)

by
3rinyk = Grink(¥) | v € Ti(N) with [trace(y)| > 2)z.

Remark 9.18. By Remark 9.8, we have 3r, (1)« = 3.
Lemma 9.19. For any integer N > 1 and prime number p, we have
([{z, vz} |y € T1(Np) =T (p) with |trace(y)| > 2)z = 3r,vp).1 = Hi(Y1(Np), 2).
Proof. 1t suffices to show that
(v Iy € T1(Np) —I'(p) with |trace(y)| > 2) =T'1(Np).

Here (-) means the group generated by the elements inside the bracket. Moreover,
since I'1(2) = (I'1(6), I'1 (10)), we may assume that Np > 3. Put y := (Nlp 1+1Np).
Then the quotient group I'y (Np)/(I'(p) NT'1(Np)) is generated by the image of y.
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For any matrix ¥’ € I'(p) N T (Np), we have y'y 7% & I'(p) for any integer a.
Since trace(y) = Np+2 > 2 and det y = 1, the matrix y is hyperbolic, and one can
take a matrix Q € GL»(R) such that 0~'y Q= (* ,-1). If weput 0~ 'y’ Q0 =: (1 ).
then trace(y’y 7)) = xa!'*% 4+ wa =17 Since trace(y’y!T%) =2 (mod Np)
and Np >3, we have trace(y’y !7%) 0. Hence the set {trace(y'y ' t*") |aeZ}C Z
is infinite. Therefore we can find an integer a such that |trace(y'y ! 7%)| > 2. O

Next, we recall an important result proved by Hida [1986, Corollary 4.5; 1988,
Corollary 8.2]. Take an integer N > 1 and a prime number p, and put ¢ := p°4VP),
Then we have a I'; (¢)-homomorphism

JiZ/@) = Mu2®Z/(@): b bX3 2
which induces a Hecke-equivariant homomorphism

Jx : Hi(Y1(Np),Z/(q)) = Hi(Y1(Np), Moy—2,, ®Z/(q)).

Proposition 9.20. When Np >4, the homomorphism j induces a Hecke-equivariant
isomorphism

Jit HY(Y1(ND), Z/(q)) => H{™(Y1(Np), Mak—2,, ®Z/(q)).
Here we define Hlord(Yl (Np), —) = eUle(Yl (Np), —).

Proof. The proof of this proposition is essentially the same as that of [Hida 1993,
§7.2, Theorem 2] for cohomology groups. We note that I'; (N p) is torsion-free
since Np > 4. Hence any short exact sequence of '} (N p)-modules induces a long
exact sequence in homology.

If we put

Ci= (Mu—2/ZX5H®2Z/(q),

then the short exact sequence 0 — Z/(q) AN Mor_2 ®7Z/(q) — C — 0 induces
an exact sequence of Z/(g)-modules

H>(Y1(Np), C) —~ H\(Y(Np), Z/(q))
L5 Hi(Y1(N), Moy 2 ®Z/(q)) = Hi(Y1I(Np), C).
Since the operator U, is defined by U, = Zf;& ((1) Z), we have
(6) P(X1, X2) = P(—uX3, X5) (mod p) € F,X5*7?
for any polynomial P € My;_;. In other words, we have

(6 ) Ma—2/ZXF) C p(Ma—2/ZXFH),

and this shows that H™™ (Y, (N), C) = H™(Y{(N), C) =0. u
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Lemma 9.21. Let N be an integer and let p be a prime number. Set g = p°™4r(NP),

Then for any matrix y € ['\(Np) — I'(p), we have
JxGrywp)1(y) mod q) € (Z/(q))™ - 3r,(vp).k (V)
Proof. If we put y := (g Z), then we have
sgn(a+d)
gced(c,a—d, b)

Since y € ' (Np) —T'(p), we have c =a —d =0 (mod ¢g) and b = 0 (mod p),
which shows that

0y (X1, X2) = — (cX?—(a—d)X X, —bX?).

b

X, X)=4+—
Qy (X1, X2) gcd(c,a—d, b)

X3 (mod q)
and

gcd(c,a—d, b) k=1

J«Griwp,1(y) mod g) = (i ,

3rvp).k(y) (mod q)
€ /(@) srinpi(y). O

Theorem 9.22. For any integer N > 1 and prime number p satisfying Np > 4, we
have

ev, Brinp k ®Zp) = H™(Y1(Np), M2, p).

Proof. We first note that ey, Ho(Y1(Np), Max-2.p) = eu, (Mar—2,p)r,(vp)) Van-
ishes since U, -X%kfz = pX%I“2 and ((1) ;‘,) - P(X1, X)) = P(—uXs,, X») (mod p).
This fact implies that

H™(Y1(Np), Mak—2.,) ®Z/(q) = H™(Y1(Np), Ma—2., ®Z/(q)).

Here g := p®»(NP)_ Hence this theorem follows from Proposition 9.20 and Lemmas

9.19 and 9.21. U

9.3.2. Proof of Theorem 9.15. Let k > 2 be an integer. For any positive integers M
and N with M | N, we denote by

a M HU (Y (N), Mag—2) — Hi(Y1(M), Mag—2),
iy o H (Y1(M), Mok—2) — H'(Y1(N), Ma_2),
the homomorphisms induced by the natural projection Y| (N) — Y1 (M); z+—> z.
Corollary 9.23. For any integer N > 1 and prime number p, we have
Zp C (Bisae—2, """ (e, Bryvp)k ® Zp))).

Proof. Take an element t € H. Since

Uy({t, t + @ X3 = [{% % + 1} ®X§k—2] —[{r. T+ 1) ® X%,
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we have
[{r. T+ 1}® X3 %1 € H™@Y1(Np)®S, Mar—2,p) C H™(Y1(Np), Mak—2,p).
On the other hand, since
P ([{r, t+ @ X ) = [{r. T+ 1} @ X5 2] € Hi (Y, My,

we have
(Bisog—a, 7P ([, T+ 1} @ XF2)) = 1.

Therefore, when Np > 4, Theorem 9.22 implies this lemma. When Np < 3, we
have N =1 and p | 6. Then this case follows from the case N =3 and p | 6 since

! (ev, Brizpx ®Zp)) C al! (e, Bri(p)k ® Zp))- -

Lemma 9.24. Let N > 1 be an integer and let p be a prime number. Then for any
homology class x € Hi(Y{(Np), Mo;_2) ® C,, we have

Np,1

Np,1
eTpTL’* 4

(ey,x) =m,'" (eu,x).
Proof. By using the formal duality, it suffices to show that
eu i npler;y) = ey iy, (3)

for any cohomology class y € H LY, My_2)®C p- This claim is well known; see
[Gouvéa 1992, Lemma 2] for example. O

Corollary 9.25. For any prime number p > 5, we have

: 1
(Eispk—2, nf’l(eup Bripi®2Zy))=—172,.
No

Proof. Take a prime number p > 5. Then Theorem 9.22 shows that
(Bisgg—2, ﬂf’l(eU,, Bripk ®Zp))) = (Eisox—a, wl ' (HM™(Y1(p), Mar—2,p))).
By Lemma 9.24, we have a natural homomorphism
nf’l : Hfrd(Yl (p), Mok—2,p)/(torsion) — Hl"rd(Y, Moy_2,,)/(torsion),
which is the dual of the homomorphism
Hog (Y, Mag—2,p) = Hoq(Y1(p), Mak—2,p); ¥ > ey i ().

The fact that the index [[g(p) : I'1(p)] = p — 1 is relatively prime to p together
with the isomorphism (6-4) implies that 7/ 1oy frd(Yl (p), Mok—2,p)/(torsion) —
Hlord(Y , Moj_2,p)/(torsion) is surjective. Hence we have

(Eisy—2, w2 (HP™(Y1(p), Mak—2.))) = (Eisak—2, H™ (Y, Max—2.p)).

Therefore, this corollary follows from Theorem 2.13 and Lemma 5.5. ]
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—_~

0 ._ 0
We note that for any prime number p, the operators V), : (‘(‘)’ 1) and VI§ = (6’ 1)
induce homomorphisms

Vp : H(Y1(Np), Mak—2) — Hy (Y1 (N), Ma_2),
V) H' (Y1(N), Moy_2) > H' (Y1 (Np)., M)

Lemma 9.26. For any prime number p and integer N > 1, we have

. 1 . :
eu, (] yp (Eisak—)) = m(ﬂﬁz\/p(ElSzH) — 71y (Bisu-2) V).

1
Proof. We put
- (D) 1 * . * . l
Eisy,_, = m(nl’Np(Elsgk,z) — 711y (Bis—2)| V),
Eis? D . 1 2%k=1_% (g x (Fi v/
155 = m(ﬂ? 7y np(Eisok—2) + 7]y (Bisp—2)|V)).

[ / / I\ % _ 2k—1
SmcenlNT Unle—i-anNandUVprrLN—p

rrl’" Np> the relation
Eisy 2| T = (1+ p*~1)Eisyr_» shows that

. (1 . (1 ( 2%—1 p*-1y
Elsék)_2|Ul/7=EISék)_2 and Elszi 5 )|U =p EISZk 5.

Since 711 Np (Eispr—p) = EISZk )+ E1s2k 2 s ). these facts imply the lemma. O
Lemma 9.27. For any integer N > 1 and a prime number p, we have
(Eisok—2, 727" (v, Bryvpyk ® Zp))) C (Eisok—2, 3r, (1)) Zp.
Proof. Lemma 9.26 implies that
(ev; 7y 1 (Bisa—2), 31, (vp) k)
C (7] np(Eisa—2), 3r,vp).k)Zp + (Vorr | y (Bisa-2), 3ry(vp). ) Zp
C (Eisak—2, 31,1040 Zp + (Eisok—2, 7N (V30 (vpy 1)) Zp
Hence we have
(Bisy—2, 71" (e, (Bryvp) .k @ Z)))
= (eu; { yp (Bisak—2), 3r, )10 Zp
C (Eisok—2, 3r,1y4)Zp + (Eispk—2, 7NN (Vo 30, vpy i)V 2
Therefore, it suffices to show that V,3r, (vp).x C 3r,v).k- Let y € I'1(Np) be a

matrix. Then we have y,, := (# (1)))/(0 %) € T'1(N). By the definitions of 3, () &
and 3r,(np),k,» We obtain

Vp - 3r,vp) .k (V) € 23,y .k (Vp)-

In particular, we have VP3F1(N17)J< C 3{‘1(1\/)’]{. O
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Proof of Theorem 9.15. By Theorem 2.13 and Remark 9.18, we only need to show
that

—ZkZp C (EiSZk—Z’ 3F1(1),k>zp

for any prime number p. When p > 5, this claim follows from Corollary 9.25 and
Lemma 9.27 applied to N = 1. Suppose p =2 or p = 3. Then since the primes
2 and 3 are regular, these primes does not divide Ny;. Hence, Corollary 9.23 and
Lemma 9.27 show that

1 )
—7Z, =2, C (Eispk—2, 3r,(1).k) Zp- O
Nok
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The Bombieri-Pila determinant method

Thomas F. Bloom and Jared Duker Lichtman

We give a concise and accessible introduction to the real-analytic determinant
method for counting integral points on algebraic curves, based on the classic 1989
paper of Bombieri and Pila.

1. Introduction

Consider the problem of counting the number of integral points on an algebraic
curve in a box; that is, solutions (x, y) € {1, ..., N}2 to the equation F(x,y) =0
for an irreducible polynomial ' € R[x, y]. In breakthrough work in Diophantine
geometry, Bombieri and Pila [3] obtained an essentially sharp quantitative upper
bound for this problem.

Theorem 1 (Bombieri—Pila [3], Pila [20]). Let F € R[x, y] be an irreducible
polynomial of degree d > 2. If N is sufficiently large, depending only on d, then

G, y)e{l,..., N : F(x,y) = 0}| < (log N)? N,

A particularly striking feature of the bound is that the implicit constants depend
only on d =deg F, not on the coefficients of F' themselves (which may be arbitrarily
large).

Bombieri and Pila’s original method [3] gave a bound of the shape N '/4+°() with
a weaker explicit form for N°(). Pila [20] refined the method to yield the stronger
bound (log N)?@N/4 Tt is possible that the strong bound O (N'/?) may hold.
If so, such a bound is best possible, as witnessed by the simple example x = y?.

In this note we give an accessible proof of Theorem 1. We follow [3; 20], but
simplify the presentation for the sake of clarity and to bring the key features of
the method to the fore. This note is essentially self-contained, appropriate for an
undergraduate level reader with basic familiarity with calculus (of a single variable)
and linear algebra. The only results cited without proof are Bézout’s theorem and
the implicit function theorem.

1.1. Features and scope of the exposition. Our primary aim is to present the key
ideas of the Bombieri—Pila real-analytic determinant method, in the setting of

MSC2020: 11C20, 11D45, 14GO0s5.
Keywords: determinant method, integral points, algebraic curves, uniform bounds.

© 2025 COPYRIGHT INFORMATION WILL GO HERE


http://msp.org
http://msp.org/ent
https://doi.org/10.2140/ent.2025.4-2
https://doi.org/10.2140/ent.2025.4.327

328 THOMAS F. BLOOM AND JARED DUKER LICHTMAN

curves. We will not discuss the ideas behind subsequent works, such as the p-adic
determinant method of Heath-Brown [14] and a global version of Salberger [23].
The p-adic method is stronger than its real-analytic predecessor in several respects,
for example, in its treatment of singularities. However the real-analytic determinant
method does retain some advantages, for instance, to count points on transcendental
(higher-dimensional) varieties (see, for example, the work of Pila and Wilkie [21]),
or for problems of a more Archimedean nature, such as counting points ‘near’ (i.e.,
using the Archimedean metric) curves and higher-dimensional varieties. We give
an alternative application along these lines, to counting integral points on convex
curves, in Section 5.

To appreciate the bounds under study, we stress two key features: Firstly, the
determinant method obtains strong bounds when the degree d is large compared
to the number of variables n. In particular, as in [3] and some of [14], the bounds
improve as the degree d increases. Whereas in the opposite regime, when the
degree d is fixed and the number of variables n sufficiently large (depending on d),
the determinant method yields weaker results as compared to the circle method, for
example (as shown in spectacular fashion by Birch [2]).

We give a conceptual heuristic for this (which we outline more precisely in
Section 3): When n = 2, the Bombieri—Pila determinant method essentially con-
structs a vector space of polynomials F € Z[x, y], with dimension growing in d. The
goal is then to find one such polynomial which satisfies certain properties, including
to vanish on the integer points of our given curve. So as d grows, we have increasing
degrees of freedom to construct our desired polynomial. More generally, when n > 3,
Heath-Brown constructs a certain vector space of polynomials F € Z[xy, ..., x,].
This turns out to work well when (n — 1) /d'/"=2) is small, in particular when d is
large compared to n.

Secondly, the bounds under study are uniform in F. In particular, such uniformity
is essential for applications to higher-dimensional varieties, since then one may
induct on the dimension via ‘slicing’ arguments, applying uniform bounds at each
successive dimension. In [14], Heath-Brown introduced a post hoc trick to obtain
uniformity, which has recently been used in other contexts (see [4; 5]). If one does
not care about uniformity in F, then often alternative methods perform far better
(for example, if the points correspond to projective points on a curve of genus > 2,
then Faltings’ theorem [10] implies that there are only finitely many integral points).

We hope this note will foster a wider understanding of the determinant method,
with large potential to spur further applications. Just in 2024, the determinant
method has been applied by Greenfeld, Iliopoulou, Peluse [11] (via [8]) to bound
integer distance sets, and by Browning, Lichtman, Terdvéinen [7] (via [3] and [14])
to bound the exceptional set in the abc conjecture. Such recent examples highlight
the timeliness of our exposition.
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1.2. Further work. To offer a bit of broader context, in this section we will very
briefly highlight some related results involving counting integral points and the
determinant method. Since our primary goal is to give a short, elementary exposition
of the Bombieri—Pila method, we will not attempt by any means to give a complete
survey of the literature.

Let us introduce some convenient notation: for any n, d > 2, we write

’

X, (N) ==sup |[{x=(x1,...,x) € {1,..., N}": F(x) =0}
F

where the supremum ranges over all irreducible F € Q[xy, ..., x,] of degree d. In
this notation, the estimate in Theorem 1 of Bombieri—Pila gives

Importantly, the implied constants depend only on the degree d, but are independent
of N. Pila [19] extended this result to higher dimensions by a slicing argument,
showing for any n > 2,

Xﬁd(N) <Ln.d N —2+1/d+o(l) 0

Here the implied constants depend only on #n, d, but not on N. Again, the example
x| = xg shows that this exponent is the best possible.

Most of the subsequent progress has occurred in the projective setting, where
the aim is to provide bounds for

Xy 4(N)=sup [{x = (x0, ..., x,) € {L,...., N)"*! : ged(x) = 1, F(x) =0}|.
F

Here the supremum ranges over all homogeneous irreducible F' € Q[xy, ..., x,] of
degree d. Note that (1) immediately implies Xf,d (N) « N~ 1H1/dro)

Many results in the projective setting use a p-adic variant of the determinant
method, developed by Heath-Brown [14], which is inspired by the real-analytic
method of Bombieri—Pila presented here. As mentioned above, since our focus is
on the real-analytic method we will not discuss Heath-Brown’s p-adic determinant
method (and its subsequent generalisations) here. We restrict ourselves to very
briefly highlight the state of the art.

Notably, in [14] Heath-Brown obtained a variety of estimates, including

XE (N <a NY400 and - XP (N) <q N?O),

This result is sharp, as the example F (xg, x, x2, x3) = xg —I—xji — xg — xgi shows.

However, if we remove the ‘trivial’ solutions, then more can be said. In particular,
if we remove the points that lie on any lines on the surface F = 0 then Heath-Brown
improves this estimate to <4y N'+3/ “/EJ”’(I), with an even stronger result if F is
assumed to be nonsingular.
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Building on the global p-adic determinant method of Salberger [23] and others,
Walsh [28] removed the N°() factor, proving

X54(N) <q N?4, 2

which is sharp for d fixed. For explicit dependence on d, Castryck, Cluckers,
Dittmann, Nguyen [8] obtained

X5 (N) <d*N*4, X5 (N) < d’(d+1log N)N'. 3)
Recently Binyamini, Cluckers, and Novikov [1] used real-analytic methods to prove
X5 (N) < d*(log N)PON4 X5 (N) < d*(log N)?DNVE, (4

which they show is sharp in N and d, up to the (log N)?) factors. Notably, in (4)
the implicit constants are absolute, and so the bound (4) is preferred to (2) when d
is large compared to N.

In higher dimensions n > 3, recall (1) implies that X} ,(N) <, N"~!*1/d+o),
It is believed that, uniformly for all d > 2,

Xy J(N) g N"7 10D, 5)

Heath-Brown’s work establishes this for n = 3, and furthermore the elementary
theory of quadratic forms may establish this bound for d =2 and all . Interestingly,
Marmon [17] has shown that an extension of the real-analytic method of Bombieri—
Pila can be used to recover the main results of Heath-Brown, rather than the p-adic
method employed there.

Further, (5) is a case of the uniform dimension growth conjecture, attributed
to Heath-Brown [14], which posits a bound of 0, 4(N9™X+°(D) for any integral
projective variety X C P" of degree d. This was resolved for d > 4 in [23]; also
see [6]. (In fact, [23] fully resolves the ‘nonuniform’ dimension growth conjecture
for all n, d > 3, where the implied constant may depend on F.) Again, one may
ask whether the factor of N°() in (5) may be sharpened, or simply removed. This
was achieved in [9], showing for d > 5,

Xy 4 (N) < d'N"71

For d =2, at least a factor of (log V) is required, as the example F (xq, X1, X2, X3) =
XoXx1 — x2x3 shows; see Serre [25, p. 178].

As mentioned in Section 1.1, determinant methods work best when d is larger,
and by their nature are less suited to smaller d as compared to other approaches [2].
In particular, when d = 3 the best known bound is XEB(N) &, N—1+1/T+o()
from [22]. As such, it is a key question for contemporary analytic number theory
to remove the factor N'/7, so to obtain the conjectured bound (5) when d = 3.
All these results in turn are (type-I) cases of Serre’s conjecture for thin sets; see
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[25; 26] for further details. Finally, we mention that the determinant method may
be viewed as an example of ‘polynomial methods’. See [13] for an introductory
survey of this much broader topic, which has seen wide applications.

2. Covering integer points by curves

In this section we present the key ingredient of the proof of Theorem 1. The main
idea is that, given some smooth function f which has rapidly decaying derivatives,
we can cover the integer points on the graph (x, f(x)) by a small number of curves
drawn from a certain specified set. This quickly leads to efficient upper bounds for
the number of such points via an application of Bézout’s theorem.

Let M C R[x, y] be a finite set of monomials. We write (M) for the span of M,
that is, those polynomials in R[x, y] whose monomials are all in M. We will
sometimes abuse notation and write j = (jj, j») € M to mean x/' y/> € M. Let

p=pmi= Y, ji ad g=qmi= Y K j. 6)

xiy2emM xy2eM

The main example to keep in mind is the case when M = {x/1y/2 : j; + j, <d},
the set of all monomials of degree at most d. In this case we have

D=|M|=d+1)d+2) and p=gq=1LdD,

and (M) is simply the set of polynomials with degree at most d. The need to work
with the more general situation is because we will apply Bézout’s theorem to count
integer points on some curve F'(x, y) =0, and therefore need to make sure that
we are not constructing some G € R[x, y] with F'| G. The reader may like to look
ahead to Section 4 to see how to choose M to avoid this, but on first reading they
should just take M to be all monomials of degree at most d.

The driving force of the Bombieri—Pila determinant method is the following
lemma, which states that if a function f has rapidly decaying derivatives then
the integer points on any sufficiently short segment of the graph (x, f(x)) can
be covered by a single curve in (M). If one does not care about the quantitative
aspects, some result like this is trivial, since any D — 1 points are contained in a
curve in (M) by linear algebra. For sufficiently smooth functions, however, the
following bound is far superior.

Lemma 2 (Bombieri—Pila). Let M be a finite set of monomials of size D = | M| and
let p, q be defined as in (6). Let I C [0, N be a closed interval and f € CP~(I).
Suppose that X > 0 and § > 1/N are such that, forall0 <i <D andx €1,

O

< X&',
i! -




332 THOMAS F. BLOOM AND JARED DUKER LICHTMAN

If
1] < 1671 (@N)P(DX)*) V()

then {(x, f(x)) : x € I}NZ? is contained in some curve in (M) (that is, the zero
set of some F € (M)).

For applications, the following lemma is often more convenient to apply. It covers
longer pieces of the graph by (not too many) curves in (M). The proof is a simple
greedy application of Lemma 2.

Lemma 3 (Bombieri—Pila). Let M be a finite set of monomials of size D = | M| and
let p, q be defined as in (6). Let I C [0, N] be a closed interval and f € cP=1(D).
Suppose that X > 0 and § > 1/N are such that, for all 0 <i < D and x € I,

‘f@(x)

il

< X&',

The integer points {(x, f(x)) : x € I}NZ?* are contained in the union of at most
48|11(@N)P (DX)HY ) +1
many curves in (M).

We can trivially cover such integer points by at most |/| 4+ 1 many curves, and
so this lemma gives a significant saving over this trivial upper bound roughly
D
when § < (NP D4X7)~1/ ().

Proof. Let {(x, f(x)):x e NNZ*>={z1, ..., 2}, say, arranged in increasing order
of their x-coordinates. Define a sequence of integers ng, n1, 1y, ... by np = 0 and
recursively let ny denote the largest index for which the points

{ziine—1 <i <ng}

are contained in a single curve in (M). Suppose the sequence ng, ny, ..., npy
terminates after m + 1 elements. For 0 < £ < m the set {z,,, ..., 2y, } 1S nOt
contained in a single curve in (M), and so Lemma 2 implies that the length of the
interval [x,,, X,,,,] is

D
Xnpoy — Xn, = 287 (@N)P(DX)T) ™V G,
On the other hand, since x,,, ..., x,, € I, we have

12 X, —Xng = Y Congyy —Xa) = tms~ (@N)P(DX)1) ™V E),

0<l<m

Rearranging gives the desired bound on m 4+ 1, the number of curves in M.  [J
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3. The determinant method

In this section we will prove Lemma 2, and explain the main idea behind the (real)
determinant method. The basic structure of the proof is as follows:

(0) We would like to find some polynomial F' € (M) which vanishes on all points
inS={(, f(x)):xel}NZ

(1) Consider the matrix A with entries z/ = (x/1, f(x)”?), forz € S and j € M.
If A has rank < |S], then there is some linear dependency between the rows of A,
which will mean some F € (M) vanishes on S, as desired (see Lemma 4).

(2) For sake of contradiction, suppose this does not happen. Then there is some
nonsingular |S| x |S| submatrix A’. Importantly, this submatrix A" has integer
values, and hence its determinant will be at least 1 in absolute value.

(3) We force a contradiction by proving |det A’| < 1 directly. To do this, we control
det(x/! f(x)/2) by a determinant involving the derivatives of f which we then
bound trivially, using the Leibniz determinant formula and the assumption that the
derivatives of f decay rapidly. This is shown in Lemma 6.

We begin with step (1), converting the problem into one concerning a matrix of
monomials. By interpolation, any D — 1 points in the plane lie on a common curve
in (M). The key insight driving the Bombieri—Pila method (and most instances of
the so-called polynomial method) is that this common curve can cover even more
points, assuming the rank of the associated monomial matrix is not maximal.

Lemma 4. Let M C R[x, y] be a finite set of monomials. For any z1, ..., z; € R? if

rank(zij)ift < M|,
JeM

then z1, ..., z; are contained in a curve in (M).

Remark 5. We shall not need it, but the converse of Lemma 4 also holds: if z;, ..., z;
are contained in a curve in (M), then the rank is less than |M]|.

Proof. Let N C M and S C {1, ..., t} be such that zg\/ = (Zij)ieS,jeN isan rxr

minor of maximal rank. By assumption r < | M|, and so there exists k € M\ N.
Consider f € R[x, y] given by

N k L
f(x,y)::det<(x’zj)\)/) ("’Z))z D (ejdet@)  ies  )xityR (7

N zg FeNUIK) LeNUKN ()}

for some € € {#1}. Here in the second equality we have used the definition of
determinant. From the right-hand side of (7), we see f(x, y) defines a curve in (M).
(In fact this curve is in the Z-linear span of M if 7y, ..., 2z, € 7?2 It remains to note
that f(z;) =0forall 1 <i <t¢. Indeed, if i € S, the matrix in (7) above has repeated
rows, while if i ¢ S, the determinant f(x, y) is zero by maximality of r. ]
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To profitably apply Lemma 4, we will need to be able to bound the determinant
in a nontrivial way. This is accomplished, in the Bombieri—Pila method, via the
following lemma.

Lemma 6. Letn>1and I CR be some closed interval with x1, . .., x, € I. Suppose
fiyooos fn € C"_I(I) and A;j > 0 are such that for 1 <i, j <nandallx € I,
(&Y
S )
L ——| <Ay
(i—1n!
Then we have
mwnmm§(ﬂuwn0§:flmw%
i>j oeS, 1<i<n
where S, is the standard group of bijections o : {1,...,n} — {1, ..., n}.

Proof. We first claim that for every 1 <i, j < n there exists some &;; € I such that

ﬁ“@
G- _esz

m;ée

®)

This fact is a consequence of Lagrange interpolation: consider the polynomial,
of degree < i,

gi®)=>_f

£<i m<i

By construction, g;; agrees with f; at i many points (namely f;(xy) = gij(xk)
for k < i). That is, the function f; — g;; has i many zeros in I, and hence by
repeated applications of Rolle’s theorem, the (i —1)-fold derivative will have some
zero in [. That is, there is some &;; € I such that fj(i_l)(é,']) gl(jl 1)($,J) Hence
(8) follows, since the right-hand side is precisely the derivative g( (Wthh is
constant, since deg g;; < 1).

Let Go(xy,...,x;)) =@ —1)! ]_[m<, ﬁ By (8) it follows that

wwH%w=®(Zﬁmwm“umO

l<i

=(:r[mew.medauxm». ©)

1<i<n

Here we used the general fact that det(Zegi Cljgbgi) = (]_[l b;i) det(aj;), since the
matrix on the left can be factored as (a¢) times the lower triangular matrix (by; )¢<;,
the determinant of which is equal to the product of its diagonal entries.
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Therefore, since G; (x1, ..., x;) ' = =G 1), [ 1< (xi—xp), the identity (9) implies

|det<f,-(x,->>|s< I1 |Gl-<x1,...,x,->|) det( £}~ (&)

1<i<n

fé(l) (gm(z))|

< ([Tw—n1) D172

i>j o€S, i<n
< (l—[|xi —le) Z 1_[ Ais (i)
i>] oeS, 1<i<n
by the Leibniz formula and assumed bound on the derivatives. (I

We will apply the previous lemma with f;(x) = x/1 f(x)72, and so it will be
necessary to bound the derivatives of such functions. This lemma is the only place
we use the assumption that / C [0, N].

Lemma 7. Letk > 1,1 C [0, N] a closed interval, and f € Ck(I). Suppose that
X >0andd > 1/N are such that, forall 0 <i <k and x € 1,
‘ fOx)

< X§.
i! -

For any integer pair j = (j1, j2) € Zzzo’ the function fj(x) = x/' f(x)72 satisfies

£
(i —1)!

‘ < @N)x)Rs !
foralll <i<kandx €l
Proof. For any 1 <i <k, the product rule gives

7700 i g £ FR )
=T Z (i())xf —— :

l1.

ij!
fo iyt jy =i—1 J2

Using the assumed derivative bounds on ), since ({;) <2/t and [x| <N forxel,

= X (f;) 70X 8" - (X8TR)

i0+i1+”'+ij2=i—1
< 2 2J1 =i x j2 gi—io—1
i0+i1+”'+ij2=i—1

< l'JzzleJanal*l’

@i-1
j (x)
(-1

using N > 1, and bounding the number of partitions of i — 1 into m parts by i"~!. [J
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We now have enough tools to prove Lemma 2.

Proof of Lemma 2. Let {(x, f(x)) :x € I} NZ>={z1,..., 2}, say. By Lemma 4, it
suffices to show that the matrix M = (zij )i<i<t, jem has rank < D. If not, then M
must have maximal rank D, and hence there is a subset of D indices S C {1, ..., ¢}
such that

A :=det(z))jes #0. (10)
JEM

Since each z; € 7 we must have A € Z, and so in particular |A| > 1. Relabelling
if necessary, we can assume that § = {1, ..., D}.

Let fj(x) = x/1 f(x)?, so that f;(x;) =z]. By Lemma 7 and the assumption
on the derivatives of f, we have, forall 1 <i, j <D and x €1,

)
(i—1)!

Thus by Lemma 6 with f;(x) := x/! f(x)2 for j = (ji, jo) € M and A;j =
Q2N (DX)78' 1,

L= |A] = ldet(f; () jes | < (1_[ |xi —xj|) > TTA4ww

i>j o ieS

=< 1_[ |7] Z 1_[ (2N)"(i)1 (DX)a(i)z(Si_l

i>j o ieS

< 111D DNy (X)), (11)

< 2N)(DX)725 71

recalling the quantities p and g from (6). Here o ranges over all bijections
from S — M. Using the crude bounds D! < D? and D*P~D < 4 for all D > 2,
isolating || in (11) above gives

11 = D~/ @N)y? (DX VD57
— D~YP-D2NyP(DX)1] 1 (B)s!
> Lo~ @) DXy G),
which contradicts our assumption. Hence rank(M) < D, and thus an application
of Lemma 4 covers {z1, ..., z;} with a single curve in M, as desired. O
4. Application of the key lemma

We now show how to use the determinant method (more precisely, its consequence
in the form of Lemma 3) to bound the number of integral points on curves. This
uses Bézout’s theorem.
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Theorem 8 (Bézout’s theorem). Let F, G € R[x, y] be nonconstant polynomi-
als with no common divisor in R[x, y]. There are at most deg F - deg G many
points (x, y) € R%, counted with multiplicity, such that F (x, y) = G(x, y) =0.

We will only require Bézout’s theorem for irreducible F, where it takes the
following form. Recall that F € R[x, y] is irreducible if it cannot be factored into
the product of two nonconstant polynomials in R[x, y].

Corollary 9. Let F € R[x, y] be an irreducible polynomial and G € R[x, y] such
that F{G. There are at most deg F - deg G many points (x,y) € R? such that
F(x,y)=G(x,y) =0.

We use Bézout’s theorem as our fundamental tool to count integer points on
arbitrary curves, by covering such points with other curves of bounded degree.

Lemma 10. Let £ > d > 2. Let I C [0, N] be a closed interval, and f € C*(I)
with F(x, f) = 0 for some irreducible polynomial F € R[x, y] of degree d > 2.
Suppose that N > 0 and § > 1/|1| satisfy

‘ﬂ%w

| < N§' forall x €1,
!

forevery)<i <D =d{—d+1). Then we have
{(x, f(x) 1 x € [INZ2| < (dO)*NV4H0U0g ).

In particular if the i-th derivative of f decays like |1|7 N+ (as we will
shortly show can be arranged in practice) then Lemma 10 gives the desired upper
bound of N!'/4+°() taking £ = O (log N).

Proof. Let ir =i be the maximal index such that x¢~/# y¥ is a monomial in F.

Define
M= {x/"y2:d < ji+ jo <€ and x47IFyiFr fxiyh2y,

Next for each integer h € [d, £], we observe
HGi ) e M:ih=ji+ j}| =d.

Indeed, such j are of the form j = (ji,h — ji) for j; € [0, h]. The condi-

tion x4=IFyiF fxJ1y22 implies d — ir > j, or i > h — ji. The first case gives

j1 € 10,d —iF), and the second case gives j; € (h —ip, h]. Since h > d these

combine for d —ir +if = d choices of j;. Hence |{(j1, J)eM:h=j —|—j2}| =d.
Thus we obtain

D=|M|= > d=d{—d+1)=dl+0(d (12)
d<h<t
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and
ptq= Y hd=1d(E+1)—dd-1)
d<h<t
1,2 D’ D?
<#Hd+0Ud)=—+0| — 13
_2+<>2d+(£) (13)

for p, g as in (6). In particular,

2 Dyo(2)y 1
pta _2p+q) _g+0(7) +0< )

() “bp-1)~ D-1 =4

Now we claim that F 1 G for all G = G (x, y) € (M). Indeed, if not then G = FH,
where H has degree d’, say. Let i be maximal such that x4 ~# y'# is a monomial
in H. Then x4+4'~ir—in yir+in js 3 monomial in G (by maximality of i and iy no
other monomial of degree d + d’ can cancel it) which is divisible by x4~ /¥, and
hence is not in M, a contradiction. Hence F {G.

Therefore, by Bézout’s theorem in the form of Corollary 9, each curve G(x, y) €
(M) can contain at most d¢ many points in the graph I' = {(x, f(x)) : x € R}. We
may take

7 (14)

< 48|11(2N)? (DN () 41
many curves G(x, y) € (M) to cover I'N 72, by Lemma 3. Hence we conclude

DN Z2| < eS| (NPH DY E) 41y

L dL@IT|(NDYV OO 1 1)

<< (dg)ZglllNl/d-‘rO(l/f)
using 1/8 < |I| and (14). ]
To deduce Theorem 1 from Lemma 10 it remains to divide the curve inside
{1, ..., N}? into a small number of pieces which locally look like a graph (x, f(x))
for some f with sufficiently rapidly decaying derivatives. This can be done in several
ways; in particular Pila and Wilkie [21] have shown that this can be efficiently done
using a lemma of Gromov [12] and Yomdin [29]. This method was used (and simpli-
fied) by Marmon [17] in his recent extension of the real-analytic method. Here we
will follow Bombieri and Pila and use a less efficient but more elementary approach,
greedily dividing the curve into pieces with small derivatives aside from a small

number of (very short) exceptional intervals on which the derivative is too large.
The following technical lemma is preparation for such a division.

Lemma 11. Suppose F(x, y) € R[x, y] is an irreducible polynomial of degree d.
Let I be an interval and f € C*(1) satisfy F(x, f(x)) =0. Then for any k > 1
and ¢ € R\{0},

Hxel: fPx) =c) <« kd’.
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Proof. Suppose first that f is a polynomial, necessarily of degree < d. Then f®
is a polynomial of degree < d — k, whence f® (x) = ¢ has at most d — k many
solutions.

We may now assume that f is not a polynomial. We claim that for each 1 <k <d,
there is a polynomial Hj € R[x, y] of degree at most dy := (k—1)(2d —3)+d — 1
such that, for all x € I,

Hi(x, f)+ Fy(x, H* 10 x) =0, (15)

where we write F)(x, y) = %F(x, y), which is a polynomial of degree < d — 1.

We prove (15) by induction on k. For k = 1, differentiating F(x, f) = 0 with
respect to x gives Fy(x, )+ Fy(x, ) f'(x) =0, with H; = F, of degree d — 1.
For the inductive step, assuming (15) holds for k > 1, differentiating with respect
to x gives

0= (Hi)x(x, f)+ (Hk)y(x’ f)f/(x) + Fy(x, f)Zk_lf(k'H)(x)
+ 2k — I)Fy(x’ f)Zk_zf(k)(x)(ny(x, f) + Fyy(xy f)f/(x))

We then multiply this equation by F2, giving

0= F}((Ho)x + (Ho)y f') + FF D 1 @k = DY FO (P + Fyy £).
Eliminating f® and f’, using Ff’“l f® = —H from (15) and F, f' = —Fy,

0= F}(Hi)x — Fy Fe(H)y — (2k — 1) Hi(Fy Fey — Fy Fyy) + FE 0D
=1 Hiy1(x, f)+ FJEH pEED,

where Hj 1 has degree at most dy + 2d — 3 = di;. This completes the induction
for (15).

It follows that, for any constant ¢ € R, the solutions x € I to f® (x) = ¢ must
satisfy R.(x, f(x)) =0, where R.(x, y) = Hi(x, y) + Fy(x, y)*~!c. Since they
must also satisfy F(x, f(x)) = 0, it suffices to show F{R., whence Bézout’s
theorem in the form of Corollary 9 bounds the number of common points x
by (deg F)(deg R.) < d(2kd) < kd?, as desired.

It remains to derive a contradiction if F' | R.. Note that this means that F'(x, y) =0
implies R.(x, y) =0 for any x, y € R. In particular, our assumption F(x, f(x)) =0
for all x € I implies

0=Re(x, f(x)) = Hi(x, f(x)) + Fy(x, fx)* e
= Fy(x, Fe)* e — P (x)) (16)

for all x € I, recalling (15). Since F(x, f(x)) is a polynomial of degree <d — 1,
by Corollary 9 there are O(d?) (in particular finitely many) x € I such that
Fy(x, f(x)) = 0. Thus by (16), f ®(x) = ¢ holds, except for at most finitely
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many values x € I. Since f is assumed to be C this implies f* is identically
a constant, so that f is a polynomial of degree at most &, but this is a contradiction.
Hence F t R, and the proof is complete. ([

We now apply Lemma 11 to obtain our desired division into subintervals with
control on the derivatives in each subinterval.

Lemma 12. Suppose F(x, y) € Rlx, y] is an irreducible polynomial of degree d > 2.
Let I be an interval and f (x) € C°(I) satisfy F (x, f)=0. Let Ay, ..., A >0. We
may partition I into O (k*d*) many subintervals I, such that, for each interval I,
and each 1 <i <k,

i) | fD )| < Aj forall x € I, or
(i) | fD(x)| = A, forall x € I,

Proof. By Lemma 11 there are O (kd?) solutions to f(i)(x) ==A,; foreach 1 <i <k.
Let xq, ..., x, be the union of all such solutions for 1 <i <k (sor = O(kzdz)),
ordered such that xo < x| <- -+ < x, <x,41, writing I = [x¢, x,4+1]. By construction
f satisfies (i) or (ii) on each of the r subintervals I, = [x,, x,41] for v <r. The
number of subintervals is r = O (k*d?), as required. U

The previous lemma allows a division into subintervals where we can control
the size of the derivatives. For an application of Lemma 10 we specifically require
that the derivatives be small, and hence will need a different method to handle
the contribution from subintervals where the derivative remains large. Following
Bombieri and Pila this is managed by the following lemma, which shows that such
a subinterval must at least be very short, and then a trivial bound will suffice.

Lemma 13. Letk>1,0<8 < 1,and X > 0. Let I be an interval and f € C*(I). If

‘ 0w fOw
i!

> X8k
k! -

<X8 forall0<i<k  while ‘

foreveryx €1, then |I| <2/6.

Proof. Write I = [a, b]. Considering the Taylor expansion at x = a, there exists
& € I for which

) (k)
1@ i S

i! k!

fO)—fl@y= ) b—a).

1<i<k

Since | f(b)], | f(a)| < X by assumption, isolating the remainder term gives

(k)
X841k < S8 (g)(b—a)k
k!

<2X+X ) SN

1<i<k
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Defining A = §|1], it follows that

. ; A=
A SZJFZ:A:HA =

1<i<k

We can assume A > | or we are done, and then we deduce A* A—2)<x-—-2,
whence A <2 as required. U

We can now use the previous lemmas to deduce a bound for the number of
integral points on the graph of a sufficiently smooth function along a curve of
bounded degree.

Theorem 14. Let d > 2 and N > 1 be some integer sufficiently large in terms of d,
and let I be some interval of length N. Let f € C*°(I) be such that | f'(x)| < 1
for all x € I. If there exists some irreducible polynomial F(x,y) € R[x, y] of
degree d > 2 such that F(x, f(x)) =0, identically as a function of x, then

{(x, f(x):x e }NZ?| < log N)OD N,
Proof. For any real N > 0 define

G(N):= sup sup ‘{(x, fx)):xe€ I}ﬂZz‘.
=N feC®(I)
L=t
We shall prove that for any integer £ > d there exists some K = K (d, £) satisfying
2 < K < £9M guch that for any N > 0 we have

G(N) < K@D N/a+0U/0 4 kG(K~*N). (17)

We first show how (17) implies Theorem 14. Fix some large N > 0 and £ > d
(which will depend on N). Iteratively applying (17), since K (K )14 =K~ <1
(assuming £ is large enough), it follows by induction that, for any n > 1,

G(N)SKO(d)Nl/d-‘rO(l/Z) Z 2_j+KnG(K_2ndN).

0<j<n

In particular, if we choose n large enough such that K" € [N, K??N), we have
K" < KN'?d and G(K~2"YN) < G(1) < 1, so that

G(N) < KO@NV+00/0) 4 g N1/2d o gO@ N1/d+0(1/0) o (1og NYOD N1/

recalling K < £°™ and choosing ¢ = [log N'|. Thus (17) implies the result.

Now to prove (17) itself, we fix some interval I of length N and f € C*°([)
with | /| < 1. Without loss of generality, translating the graph of f by an integer if
necessary, we may assume that / = [0, N] and | f(x)| < N for all x € /. Fix some
£>dandletd =46(d, ) € (2/N, 1) be some quantity to be chosen later.
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We shall apply Lemma 12 with A; = N§, and recall D = | M| < d¢ from (12).
Indeed, by Lemma 12 we may partition / into at most O (d”>D?) subintervals I,
such that, for each I, and each 1 <i < D, either

Q) | LS8 < N§' forall x € I,, or
(i) [L522] = N§' for all x € I,.

Suppose first that [, satisfies |1,,| > 1/§ and (i) holds for every 1 <i < D. Then
applying Lemma 10 we have

[{(x, @) i x € L) NZP] K (d0)>NV*H0005) ).

Otherwise, either |1,| < 1/§, or there exists a (minimal) 1 < k < D such that (ii)
holds for k, but (i) holds for all i < k. In this case, Lemma 13 implies |/, | <24 -1
Summing the contribution from each I, we deduce that

o, fe)ixeINZ? = Y7 [{(x, fx) i x e L)NZ
v<d?D?
&L (dO)>NA+00/0 s Z |I,| +d*’D*G(2s 1
v&Ld?D?
LAYV (NVATOUIOsN L G257,

using the fact that ) |1,| = |I| < N. This gives (17) for some K <« d*e? <00,
after choosing § = 2K?¢/N. O

We are now prepared to conclude the main result. This follows from the previous
theorem and some elementary algebraic geometry, coupled with the inverse function
theorem, to divide the curve into O (1) many pieces with flat first derivatives.

Proof of Theorem 1. Let C = {(x,y) € R?: F(x,y) = 0}. We first claim that
C N[0, N1?> has O(d?) many connected components. To show this, each connected
component of C N[0, N]?> forms either a loop, or a path from one boundary point
of [0, N]? to another. In the case of a path, C may intersect each of the boundary
lines [0, N]? at O(d) many points, by Corollary 9, and hence 0(d? many such
paths. In the case of a loop, it must contain a point (x, y) such that F,(x, y) =0
or Fy(x,y)=0, where F, = %F(x, y)and F, = %F(x, y). And since both Fy and
F, are polynomials in R[x, y] of degree < d — 1, by Corollary 9 there are at most
0(d* many points (x, y) € C such that F,(x, y) =0 or Fy(x, y) = 0. Hence in
total there are O (d?) components. We fix one of these components, and call this C;.

We now claim that there are O (d?) many points in [0, N 12, which we remove, and
t=0(d? many open sets Uy, ..., U; which cover the remainder of C;, such that

Fe(x, ) #0 and Fy(x,y)#0  forall (x,y) e JU.



THE BOMBIERI-PILA DETERMINANT METHOD 343

and for all 1 <i <t either
(1) |Fx(x, y)| < |Fy(x, y)| forall (x,y) € U;, or
(1) [Fy(x, y)| = [Fy(x, y)| for all (x, y) € U;.

As above there are O (d?) many points where F\ =0 or F), =0, which we remove. If
Fy ==+F), then (i) and (ii) automatically hold. Otherwise, F, T Fy is a nonzero poly-
nomial of degree < d—1, and hence by Corollary 9 there are O (d?) many (x, y) € C;
such that Fy (x, y) ==%F(x, y). We can remove all such points by excising a further
O (d?) many points, and then by continuity, either (i) or (ii) must hold along each
segment of C; that remains after removing any of these O (d?) many points. The
claim now follows, letting U; be some open narrow tube around each curve segment.

Now for each open U; C (0, N )2 as above, without loss of generality, (i) holds:
|F| < |Fy| on U;. By the implicit function theorem [16, Theorem 3.16], there is
an interval /; C [0, N] and a smooth function f; : I; — R such that

CNU; ={(x, fi(x)):x € I;}
and

Felx, £i(x)
Fy(x, fi(x)

In particular | fl./ (x)| <1 for all x € I; by (i). Hence by Theorem 14,

forall x € I;.

i) =

ICNU;N{L,..., N} < (log N)O DN, (18)

Since the open U; cover C, we conclude [CN{1, ..., NY?| <<d2(10g NN/ O

5. Integer points on convex graphs

In this final section we give another application of Bombieri and Pila’s work [3].
This application highlights the versatility of the real-analytic determinant method;
in particular this application is beyond the scope of the p-adic determinant method.

We say a function f : R — R is strictly convex if, between any two points on its
graph, the line between those points lies strictly above the graph. That is, for any
x,yeRandt € (0, 1) we have

Jax+A=0y) <tf(x)+A=0)f().

If f is differentiable, this is equivalent to the derivative of f being strictly increasing;
if f is twice differentiable, this is equivalent to f”(x) > 0 pointwise.

It is natural question how many integer points lie on the graph of a strictly convex
function, inside [0, N]2 say. The example of f(x) = x% shows that > N1/2 is
possible. Some experimentation may suggest that this lower bound could be sharp,
but this turns out to be false. As we shall prove, Jarnik [15] constructed a strictly
convex function with 3> N?/3 many points in [0, N]?, which is best possible.
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Theorem 15 (Jarnik [15]). If f : [0, N] — [0, N] is a strictly convex function, then
[{(x, f(0) 1 x €0, NI NZ?| < N?°.

Moreover, for all large N there exists a strictly convex function f : [0, N] — [0, N]
such that

[{(x, f(0)) 1 x €0, N} NZ?| > N?P.
In particular, the implied constants are absolute and do not depend on f.

Proof. We first prove the upper bound. Suppose there are 0 <n; <--- <n; <N such
that f(n;) e Zforall 1 <i <t. Leta; =n;+1—n; and b; = f(n;y+1) — f(n;). Since
Zi a; < N there are at least %t many indices i such that a; <4N /¢, and similarly
there are at least %t many indices i such that b; <4N/t. It follows there are at least
%t many indices i such that max(a;, b;) < 4N /t. We note, however, that each #n;
gives rise to a distinct pair (a;, b;), since by strict convexity we have, if n; <n;,

bi _ fiv) = fn) _ fjr) = fnj) _ bj

ai Riy1 —n; Rjy1—n;j aj’
Thus 3¢ <#{(a;, b;) : max(a;, b;) <4N/t} < (4N/1); hence t < N*/3 as claimed.

We now construct the function for the lower bound. Let H be some parameter

to be chosen later. We consider all integer vectors v = (g, a) with ged(a, q) =1
and 1 <a,q < H, and order them as vy, ..., v, such that a; /q; < a;+1/qi+1. Let
A; = Zlfjii ajand Q; = Zlfjfi q;j. Let £ :10, 0,1 — [0, A;] be the piecewise
linear function connecting the points (Q;, A;) for 0 <i <t. Notice that

0= Z‘]j: Z Z CISH3,

I<j=<t 1<g<H 1<a<H
(a,)=1

(by symmetry, A, = Q; < H?) and the number of integer points on the graph of fis

>t = Z 1> H2
1<a,q<H
(a,q)=1

Since the gradient of the line segments is strictly increasing (the gradient between
(Qi, A;) and (Q;41, Aiy1) is precisely a;41/g;+1) the graph of f is strictly convex
if we consider only pairs of points on different line segments. We can make
the entire graph strictly convex if we replace each line segment f by a slight
curve f.. To make this explicit, one would compute f(x) by linear interpolation
through t~he endpoints (Q;, A;) and (Q;+1, A;+1). Then for 0= %Qi + Qi+1, One
defines f(x) by Lagrange interpolation through the endpoints with the additional
point (0, f (Q) + €). Each parabolic segment of fé now lies above its secant line,
hence strictly convex, for € =€, 7> 0 sufficiently small.

This creates the graph of a strictly convex function f : [0, H 31— [0, H?] with
1> H? many integer points (Q;, A;). Setting H = | N 173 completes the proof. [
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It may seem that this is the end of the story: we have lower and upper bounds
of the same order of magnitude (and in fact Jarnik even gave refined bounds that
match exactly up to lower-order terms). Note, however, that Jarnik’s construction of
a strictly convex function with many integer points was piecemeal, and in particular
was not smooth. Indeed, it is not even in C!. One may hope, therefore, that the
upper bound for the number of integral points can be improved granted additional
smoothness hypotheses.

Swinnerton-Dyer [27] showed this is indeed true, proving an upper bound
of Oy(N 3/5+o(1)y provided f € C 3. A uniform (with no dependence on f) version
of this result was proved by Schmidt [24], under the additional assumption that
f® #01in [0, N]. Schmidt conjectured that the 2 here could be improved to 3
under the same assumptions.

In [3] Bombieri and Pila gave, as another application of their determinant method,
a proof that an upper bound of the strength N''/27°(1) can be achieved provided f is
sufficiently smooth. As above, the example f(x) = x? shows that an exponent of %
is the best possible here. The proof is very similar to that of Theorem 14, except
that the assumption of strict convexity plays the role of Bézout’s theorem, when
bounding the number of integral points on the graph intersected with a line.

Theorem 16 (Bombieri—Pila [3]). Let d > 2 and set D = (d + 1)(d +2)/2. Let
f:[0, N1— [0, N1 be a strictly convex function. If f € CP ([0, N1) and f(D) (x)#0
forall x € [0, N then

(. fO0) s x € [0, NN Z2| g NTHTE 00,

In particular, the implied constant depends only on d but not on f.

Proof. For any real N > 0 define

G(N) := sup sup |[{(x, f(x)):x € [}NZ?|
=N f

where the second supremum is over all strictly convex functions f : I — [0, V]
such that f € CP(I). We shall prove that there exists some K = K (d) satisfying
2 < K <d9® guch that for any N > 0 we have

G(N) < KOD N 5@ + KG(K~2N). (19)

This implies the result by an identical argument to that in the proof of Theorem 14.
To prove (19), as in the proof of Theorem 14, we let § > 1/N be some parameter
to be chosen later and want to divide [0, N] into 49V many subintervals 7, such
that, for each I, and each 1 <i < D, either

@) |59 | < N§i forall x € I,, or

(i) |@| > N§' forall x € I,.
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This time we do not have an assumption like F(x, f) = 0 where F has bounded
degree, and so Lemma 11 is not available. Instead, we note that the assumption
that £P) £ 0 directly implies f)(x) = ¢ has at most D — i solutions x € I, for
any c € Rand 1 <i < D. This can be used in place of Lemma 11, and hence such
a subdivision can be found proceeding as in the proof of Lemma 12.

The length of an interval such that (ii) holds for some 1 <i < D is, by Lemma 13,
at most 2/6. If (i) holds for all 1 <i < D, then by Lemma 3 we can cover the
integer points from I, by

2dD

<4 SILIN*®) 41 =8|1,|INT + 1

many integral curves of degree < d, where we choose M to be the set of all
monomials of degree < d (so that D = (d+ 1)(d +2)/2 and p =g =dD/3).
We now note that, by strict convexity, any line intersects the graph of f(x) in
at most two points. The number of integer points on any curve of degree d > 2
inside [0, N1? is, by Theorem 1, at most N 1/2+0(D) 1t follows that

G(N) <d®Ws 1| N5 o) +G(§).

The conclusion follows choosing K =d€ and §=K ¢ /N for some constants C, C’. []

We close by restating the conjecture of Schmidt that asks for the same quality
bound, while assuming a much weaker smoothness condition on f.

Conjecture 17 (Schmidt [24]). If f : [0, N] — [0, N] is a strictly convex function
such that f € C3([0, N]) and f® (x) # 0 for all x € [0, N] then

[{(x, F()) i x € [INZ3| < N7 oW,

While still very much open, Schmidt’s conjecture was stated as a central motiva-
tion for Bombieri and Pila’s work [3]. Using a strengthening of the real-analytic
determinant method presented here, Pila [18] has proved that such a bound holds
if £(199 exists and does not vanish, as well as nonvanishing determinant of a 3x3
matrix involving the first five derivatives of f — this may be viewed as an ‘enhanced
convexity’ condition.
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Counting locally supercuspidal newforms

Andrew Knightly

The trace formula is a versatile tool for computing sums of spectral data across
families of automorphic forms. Using specialized test functions, one can treat
small families with refined spectral properties. This has proven fruitful in analytic
applications. We detail such methodology here, with the aim of counting new-
forms in certain small families. The result is a general formula for the number
of holomorphic newforms of weight k& and level N whose local representation
type at each p|N is a fixed supercuspidal representation o, of GL,(Q,). This
is given in terms of local elliptic orbital integrals attached to matrix coefficients
of the o,. We evaluate the formula explicitly in the case where each o, has
conductor < p?. The technical heart of the paper is the explicit calculation of
elliptic orbital integrals attached to such o,,. We also compute the traces of Hecke
operators on the span of these newforms. Some applications are given to biases
among root numbers of newforms.
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1. Introduction

1.1. Overview. Modular forms are holomorphic functions on the complex upper
half-plane H that obey a type of symmetry under the action of SL,(Z) (or a con-
gruence subgroup) on H by linear fractional transformations. They belong to the
realm of analysis, but this symmetry embodies a deep link with number theory
and algebra. Indeed, Langlands’ famous functoriality conjecture predicts that there
is a precise connection between the algebraic structure of the field Q of rational
numbers (as captured by representations of its absolute Galois group) and spectral
properties of automorphic forms (the latter being simultaneous eigenfunctions of the
Laplace operator and its p-adic analogs, the Hecke operators) [13]. This connection
is expressed as an equality of L-functions.

Automorphic forms can be elusive, and for most purposes it is not feasible to
study them and their L-functions one at a time. The trace formula is a technique
that provides access to averages of spectral data across families of forms, where
the family is determined by a choice of test function. For instance, by choosing
a test function with certain invariance properties, one obtains a sum of Hecke
eigenvalues A, (h) for all eigenforms 4 of a given level and weight, i.e., the trace of
the Hecke operator 7,, on Sy (V) (see, for example, [23]).

The trace formula and its relative cousins have seen widespread use in analytic
number theory, with applications to such problems as estimating moments of L-
functions with consequent subconvexity bounds for a single L-function, determining
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the asymptotic distribution of the Hecke eigenvalues of a growing family of cusp
forms (vertical Sato—Tate laws), and finding densities of low-lying zeros of families
L-functions (Katz—Sarnak philosophy). See [3] for a recent survey of these and
other applications.

Our aim in the present article is to train the trace formula microscope more
narrowly through the use of specialized test functions, thereby providing access to
thinner families in the automorphic spectrum. This is achieved using the “simple
trace formula”, variants of which have been in use since the 1970s [15, (7.21)].
Our motivation (described in the next section) is to count cusp forms in these
thin families. But the explicit and flexible local-to-global techniques detailed here
for GL(2) can be used in many other applications.

Counterintuitively, by considering smaller families, in some situations one obtains
simpler trace formulas and stronger analytic results. We mention here some exam-
ples that illustrate this. First, Hu [18] and Hu, Petrow and Young [19] have recently
developed Fourier relative trace formulas for newforms with certain prescribed
local representation types. This is used to estimate thin averages of Rankin—Selberg
L-functions, leading to improved hybrid subconvexity bounds.

In a different direction, in 2007 Booker and Strombergsson [4] used the Selberg
trace formula to provide evidence for Selberg’s conjecture that the first Laplace
eigenvalue in the cuspidal spectrum of I'\H for a congruence subgroup I' € SL,(Z)
is > }‘. In verifying the conjecture for I' = I'{ (N) for square-free N < 857, they
observed that the trace formula simplifies upon sieving out the contribution of
oldforms in this case. They were also able to restrict to the even (or odd) part of
the spectrum. With Lee in [5], they subsequently extended this work to remove
the square-free hypothesis on N. However, in this case removing the oldform
contribution introduces further complication. To proceed, they developed a novel
method to sieve the spectrum down further to twist-minimal newforms, arriving
at a simpler formula. In both papers, working with a thinner family extended the
reach of their numerical computations.

A general discussion about the value of isolating small families of automorphic
forms is given in [45, Section 1.5]. In the breakthrough papers [44; 45], Petrow
and Young established Weyl-type subconvexity bounds for Dirichlet L-functions
using a family of Maass forms that is locally principal series at all finite places.

1.2. Description of main results. Given an integer
N=]]pr">1,
PIN

let Hy(N) be the set of cuspidal Hecke newforms of level N and weight k. Each
h € Hy(N) corresponds to a cuspidal automorphic representation m;, of G(A) =
G(R) ]_['P G(Qp) where G = PGL,. The representation m;, factors as a restricted
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tensor product
Th = ®/ TTh,p
p=00

of infinite-dimensional irreducible admissible representations of the local groups.
We know that 7, o = my is the weight k discrete series representation, that for
each prime p{ N, 7y p is an unramified principal series representation with Satake
parameters determined by the p-th Hecke eigenvalue of 4, and that for each p| N,
7h, p 1s ramified of conductor pNr (see, for example, [12]).

There is an algorithm, due to Loeffler and Weinstein [35], to determine the
isomorphism class of each ramified 7, , given h. Here we consider the opposite
problem, namely to understand the cusp forms /# with prescribed local ramification
behavior. To this end, we define the following spaces of newforms. For each p| N,
fix an irreducible admissible representation o, of PGL,(Q,) of conductor p™r, and
let 6 = (o)), n. We then let Hi(6) be the set of weight k newforms of level N
having the local representation type o), at each p|N:

Hy(6) =1{h € H(N) | my,, = 0, forall p|N}.
Defining

Sk(6) = Span Hy(6), S;(N) = Span Hy(N),
we have

SEV(N) = €D Sk (6), (1-1)

where & ranges over all tuples as above.

The dimensions of the spaces S;°”(N) have been computed by Greg Martin
in [37], by sieving the well-known dimension formulas for the full spaces S (N).
It is an open problem to refine these dimension formulas by computing dim S (6') =
|Hi ()] for each tuple 6. More generally one can ask for the traces of Hecke
operators on S;(6). A complete solution to this problem seems well out of reach,
but even special cases are of great interest. For example, such information would
enable investigations into the effect of the underlying representation type on various
statistical properties of cusp forms.

In some special cases, asymptotic results about | H;(6)| are known. When p is
a finite prime, the representation o, of G(Q,) is either principal series, special,
or supercuspidal [7, Section 9.11]. Only the latter two types are square-integrable
(assuming unitary central character), and these are amenable to study via the
trace formula. Kim, Shin and Templier [21] gave asymptotics for automorphic
representations with prescribed supercuspidal local behavior in a quite general
setting. In the case of PGL,(Q), their work shows that if each o), is supercuspidal,

|Hi (&)~ {5k = 1) [ do, (1-2)
PIN
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as k, N — oo, where d;, is the formal degree of ), suitably normalized. They use
the trace formula, and the main technical input is a bound for the elliptic orbital
integrals attached to supercuspidal matrix coefficients. In a related earlier work,
Weinstein [56] gave asymptotics for cusp forms with prescribed local inertial types,
concluding that the set of types lacking global realization is finite. Fixing inertial
type is weaker than fixing the local representation, but this result includes types
which are not square-integrable. This is discussed further in a recent paper of
Dieulefait, Pacetti and Tsaknias [10].

We remark that in Corollary 7.2 we will show that the asymptotic (1-2) is in fact
an equality when k > 3 is odd (so in particular the nebentypus is nontrivial) and N
has a prime factor p > 3 with ord,(N) odd.

When N is square-free, each o), is necessarily special. Going beyond asymptotics,
Kimball Martin [38] computed |H;(6)| explicitly in this case, by applying Ya-
mauchi’s trace formula for Atkin—Lehner operators. As an interesting consequence,
he discovered that there is a bias among newforms of square-free level, favoring root
number +1: letting S,f (N) denote the span of the newforms of root number +1,
we have

dim S;"(N) — dim S, (N) > 0,

when N is square-free, with the inequality being strict with finitely many explicit
exceptions. For example, if N > 3 and k > 2,

dim S} (N) — dim S (N) = cyh(—N), (1-3)

where cy € {% 1, 2} is a constant depending on the equivalence class of N modulo 8,
and h(—N) is the class number of Q(+/—N).

In the present paper, we further investigate the case where each o), is supercuspi-
dal. Our first main result is Theorem 4.2 giving, for such tuples &, a general formula
for the trace of a Hecke operator Ty, on Sx(6) as a main term plus a finite sum of
elliptic orbital integrals ®(y, f). This theorem is obtained from the adelic GL,
trace formula using a test function f built using supercuspidal matrix coefficients at
the ramified places. In Section 3.3 we show how each global elliptic orbital integral
can be factorized into a product of local ones, multiplied by a global measure term
that is computed in Theorem 4.16. This global measure is the source of the class
numbers of quadratic number fields that appear in classical trace formulas. The
local orbital integrals at primes not dividing the level are evaluated explicitly over
an arbitrary local field of characteristic O in Sections 4.4 and 4.5. We have kept
these calculations as general as possible in order that they may find use in other
applications of the trace formula.

Theorem 4.2 thereby reduces explicit evaluation of tr(7,| Sk (6)) to the calcula-
tion of certain local elliptic orbital integrals at the places dividing the level. We
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demonstrate proof of concept in Sections 5 and 6 by carrying out the latter in the
special case where each o), has conductor < p>. As recalled in Section 3.1, the
supercuspidals come in two series: the unramified supercuspidals, of conductor p*’,
and the ramified supercuspidals, of conductor p*+!. We thus treat the first (r = 1)
family in each series. The result is the following explicit formula for tr(7y | Sk (6))
under this restriction. We allow nontrivial nebentypus, which requires the tuple &
to satisfy a global central character constraint described in Section 5.3. Of course,
when dim S;(6) = 1 as sometimes happens when k and N are small, it provides a
direct way to compute the Fourier coefficients of the associated newform.

Theorem 1.1. Let N = S°T3 > 1 for S, T relatively prime and square-free, and let
o' be a Dirichlet character of level N and conductor dividing ST. Let 6 = (o)) p|n
be a tuple of supercuspidal representations, with o, of conductor p? (resp. p?)
if p|S (resp. p|T), chosen compatibly with " as in Section 5.3. For k > 2 satisfying
@' (—1) = (=D, let S;(6) C SPY(N, ') be the associated space of newforms.
Then for (n, N) = 1 and T, the usual Hecke operator defined in Section 4.1,

tr(Tn | Sk(8))
_ pk/2)-1 [w/(ﬁ)é(k -D[[e-D[]i¥*-D
plS pIT

+%MZ|;¢<<1 ‘“M))+Z > q’((? _%»}’

MI|T 1<r<\/4n/M

where ' (\/n) is taken to be 0 if n is not a perfect square. Each orbital integral ®(y)
as above may be evaluated explicitly using
2h(E)

Q) = g 200D

o) [[2() ] ®en). (1-4)

PIN LA, H4N

Here, £ and p denote prime numbers, A, is the discriminant of the characteristic
polynomial of y, E = Q[y] is an imaginary quadratic field with class number h(E),
discriminant dg (with w(dg) distinct prime factors) and wg roots of unity. Given

(0 —aM
Y=\ rm
for 0 <r < /4n/M, the factors in (1-4) are given explicitly as follows.

Taking 6, = arctan(,/|A, |/r M) (interpreted as 5 ifr = O),

sin((k —1)6,)

Do(y) =— Sin(ey)

(as in Proposition 4.3).
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Suppose £| A, and L1 N. Then if y is hyperbolic in G(Qy),
Oo(y) =14,

(as in Proposition 4.4). If y is elliptic in G(Qy), then (as in Proposition 4.8
and (4-20), (4-21))

ordy (b)

¢
Di(y) = ey (0) Z zf<1+ ZV( )3,>0),
=0

where 8~ is an indicatorfunction, e, (£) € {1, 2} is 2 if and only if £ ramifies in E,
and b is defined by A, = b%dg for dg the discriminant of E.

Suppose p|N. If y is hyperbolic in G(Q,), then ®,(y) = 0. So we will assume
that y is elliptic in G(Q,). We consider the three cases p|M, p|(T/M), and p|S
separately. If p| M, then ®,(y) = 0 unless there exists y such that y2= —ptp/nM

mod p, where tp is the parameter of the fixed supercuspidal representation o), = O’f
of conductor p* (see Section 5.2). In this case,

0 —aM _ M M
() ) PR RN (L2 P

(as in Proposition 6.4), where ), and w,, are the root number and central character
of o, respectively, e(x) = e*™* and § is an indicator function.

If pI(T /M), then ®,(y) = 0 unless the characteristic polynomial P, of y has a
nonzero double root modulo p, say

P,(X)=(X—2)*mod p forsome z € (Z]pZ)*. (1-5)

Under this condition, we have (as in Proposition 6.5 and its remarks)

w—(z) ord,(A,)—1 ¢ §(n=1)
0= 5 e S e(2) o -5)
¢ mod p y=1 yzp
where t, € (Z/pZ)* is the parameter of o, = af , wp Is its central character,
e(x) = e** and

N, (¢, n) = #{b mod p" ' | P, (b) = cp" mod p"*'}.

Finally, suppose p|S. If (1-5) is satisfied, then (as in Proposition 6.8),

——— ord,(A))—1 p—1
() = —0, (D) + w'}fZ) > [(P = DN 0,m) = 3 Ny (e, ”)]
n=1 c=1

for N, (c, n) as above. On the other hand, if P, is irreducible modulo p, then

Q,(y)=—v(y) —vP(y),
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where v is the primitive character of b}, attached to the fixed supercuspidal o), of
conductor p2 (see Section 5.1), w, = v|[F;, and we interpret the above to mean
—v(x)—vP(x)ifx e [F;2 has the same minimum polynomial over [, as the reduction
of y mod p.

Remarks. (1) What we call Sg(N, ') is usually called Si(N, o’ ~1). See the
beginning of Section 4 for explanation. The reason we assume that the conductor
of o’ divides ST is that this is necessary for the existence of tuples & given the
conductor hypotheses, by [55, Proposition 3.4].

(2) The theorem contains various simple conditions under which an orbital integral
as in (1-4) vanishes. These are summarized and established in Proposition 5.6.

(3) Analytic applications often require uniform bounds for the orbital integrals
appearing on the geometric side. Such bounds were established in a much more
general context by Kim, Shin and Templier [21, (1.5), (1.6), (1.8)]. Using these,
they proved a vertical (fixed p) equidistribution result for p-th Hecke eigenvalues
in Sg(6) as N — oo, refining the result of Serre [51]. Their paper includes several
helpful examples to explain their results in the setting of PGL(2). The explicit
formulas for local orbital integrals developed in the present paper illustrate their
bounds; see the remarks after Proposition 6.5, for example.

(4) Although we describe some interesting consequences of Theorem 1.1 below in
Section 1.3, perhaps the main utility of this article is the methodology leading to the
theorem, rather than this particular trace formula. Indeed, there are any number of
variants that one could pursue simply by doing some additional local computations
and updating the set of relevant global y’s on the geometric side:

¢ One could capture newforms with prescribed representation type at some places,
and, less restrictively, prescribed local conductor at some other places. For the latter
places, the local elliptic orbital integral calculation is carried out in [28].

» We have excluded the case where ord,(N) =1 at a prime p for the same reason
that we impose k > 2: the matrix coefficients of the local representations in such
cases are square-integrable but not integrable [23, Proposition 14.3; 53]. So these
functions cannot be used directly in the trace formula. One could incorporate these
representation types either by using pseudocoefficients [21, Example 6.6; 30; 43],
or, via the Jacquet—Langlands correspondence, by computing the corresponding
local orbital integrals on a quaternion algebra [22].

¢ One could capture Maass newforms with prescribed local behavior by taking
the archimedean component f, of the test function to be bi-SO(2)-invariant, as
described, for example, in [26, Chapters 3 and 4]. In this case, the inclusion of a
supercuspidal matrix coefficient at some place p will annihilate the continuous and
residual spectra, but at least two such places would be needed in order to annihilate
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the hyperbolic and unipotent terms on the geometric side of the trace formula, as
explained in Theorem 3.3 below. Further, in this case y need no longer be elliptic
in G(R) in order to contribute nontrivially, so there are more relevant s that would
have to be considered.

» The nonarchimedean local calculations in the present paper are all carried out
over arbitrary p-adic fields, so with some additional global considerations one could
work over a number field.

The technical heart of the paper is Section 6, in which we calculate local elliptic
orbital integrals attached to the supercuspidal representations of conductor < p>.
Character values of supercuspidal representations on various groups appear in many
places, but the orbital integral calculations in Section 6 are new. Some related calcu-
lations were made by Palm in his doctoral thesis [43, Section 9.11]. Although there
are some errors in that work, the methods have been adapted for our computations.

In Section 7 we illustrate Theorem 1.1 by computing dimension formulas and
some examples of tr(7y | Sk (6)) forn > 1.

1.3. Dimension formulas and root number bias. Upon takingn=1in Theorem 4.2,
we obtain a general formula for dim Sy (6), given in Theorem 7.1. As shown there,
the list of relevant y can be narrowed considerably whenn = 1; only M =T, %
contribute to the formula when 7 > 3. We will state some special cases below, but
first we provide some additional motivation.

Simple supercuspidals are the representations of GL,(Q,) with conductor P
Assuming trivial central character, they can be parametrized by the pairs (¢, ¢)
where t € (Z/pZ)* and ¢ € {£1}. There are thus 2(p — 1) such representations,
denoted af, and each is constructed in the same way via compact induction from a
character x; . of a certain open compact-mod-center subgroup H, of GL,(Q,).

An interesting question is whether each member of such a local family has the
same global multiplicity, in the following sense. For T > 1 square-free, consider
N =T?3in (1-1), with & running over all tuples (ati”) pIT- (We assume trivial central
character for the moment, though the general case is considered in the main body
of this paper.) In this case we have the dimension formula

dim Sp*(7%) = 5= D [ [(P* = D(p =1 (1-6)
rIT
as in [37]. Since there is no immediately apparent reason for nature favoring one
simple supercuspidal over another, one might surmise that the subspaces S;(5)
all have the same dimension, i.e., that the asymptotic (1-2), which in the present
situation becomes

dim $x(8) ~ 5k =D [ [5(° =D, (1-7)
pIT
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is an equality. (Note that the right-hand side of (1-7) results from dividing (1-6) by
the number 2(p — 1) of simple supercuspidals at each place p|T.) This would be
consistent with a 2011 calculation of Gross [17, p. 1255], who fixed the tuple of
parameters (¢,),|n and allowed the ¢, parameters to vary. Using the trace formula
he showed

> dim S, pr) = k= D [[(r* = D, (1-8)

({p)plT P|T

which is what one would expect, upon dividing (1-6) by the number of tuples (,) »| 7.

However, equation (1-7) is not in fact an equality in general, for the simple
reason that, as we spell out at (5-22), the right-hand side of (1-7) fails to be an
integer for infinitely many values of 7. This is manifested in recent work of Pi
and Qi [46], who considered a sum different from that treated by Gross, namely,
varying the 7, and ¢, parameters subject to the constraint (—=DF2T] pi1 &p = € for
fixed € € {£1}. This amounts to counting the newforms with root number €. They
found, for k > 4 even and square-free T > 3, that

dim SF(TH* = k=D [[(* = Dp— D £ Jer o(TYR(=T),  (1-9)
pIT
where ¢y and h are as in (1-3) and ¢ is Euler’s p-function. This shows that, just
as in the case of square-free level, there is a bias in favor of positive root number.
Instead of the Arthur—Selberg trace formula, they used a Petersson formula obtained
using the simple supercuspidal new vector matrix coefficient from [27].
By evaluating the S =n =1 case of Theorem 1.1, in Section 7.4 we obtain an
explicit formula for dim Sy (6) that refines each of the above results. For example,
we have the following.

Theorem 1.2. Let N = T3 for T > 3 odd and square-free, let k > 2 be even, and let
o= (a,i” )p|N be a tuple of simple supercuspidal representations with trivial central
characters. Then

dim 5, (6) = 5k =D [ [ 3(p* = D+ A@E) ek. ) brh(=T), (1-10)
PIN
where A(t) € {0, 1} is nonzero if and only if —pt,/T is a square modulo p for
each p|T, €(k, 2) = (=1)k/2 leN ¢p is the common global root number of the
newforms comprising Hy(6), br is a certain power of 2 depending on T mod 8,
and h(—T) is the class number of Q[/—T].

This is a special case of Theorem 7.17, which also allows for T even. The
presence of A(f) demonstrates that the dimension is not simply a function of the
weight, level and root number (even when the right-hand side of (1-7) is an integer).
Indeed, as described in [6] for example, each o), has attached a ramified quadratic
extension of Q,, namely E,, = Q,(,/7,p), which depends only on the Legendre
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symbol (¢,/p). So dim S;(6) depends only on 7, k, the fields E,,, and the global
root number. (If 7 is even, the dimension also depends on the local root number ¢5.)

The second term in (1-10) comes from an elliptic orbital integral. These do not
appear in (1-8), but combine to form the error term in (1-9). Indeed, the local
root number already appears as a coefficient in our local test function at the places
dividing T, so the global root number naturally appears in the elliptic orbital integral
that yields the error term in (1-10). This helps explain the positive bias of the root
number in this situation.

At the end of Section 7.4, we indicate how our results recover the dimension
formula (1-6) and the root number bias (1-9). In Theorem 7.16 we find that the
root numbers of newforms of level 27 have a strict bias toward —1 (among the
possibilities =1, £i) when k = 5 mod 6 and the nebentypus has conductor 3.

In a more recent paper, K. Martin [39] addressed the question of root number
bias in SV (N) for arbitrary levels. He showed that there is a bias towards root
number +1 with one exception: when N = §? for a square-free number S and
(—DF2 = — I1 »l 5(=1), then the root number has a strict negative bias when & is
sufficiently large. In discussing why the exceptions arise, he noted that the picture
is obscured by the existence of newforms of level S which are twists of forms of
lower level. (No such forms exist in the N = T3 case discussed above.)

Theorem 1.1 allows us to investigate this further, since the subspace S,f‘i“(Sz) C
SECW(SZ) spanned by the newforms which are not twists of newforms of lower level
is the direct sum

S (8% = @D Sk (6),

ranging over all & = (0,,) 5|5 With each o, a supercuspidal representation of con-
ductor p? (a “depth zero” supercuspidal) and trivial central character.

In fact, even without using a specialized trace formula, we can infer the existence
of negative bias for the root numbers in S,‘cnin(Sz) for many pairs (S, k) by the
following heuristic coming from finite fields (see Section 5.1 for more detail and a
summary of the construction of depth zero supercuspidals). Given an odd prime p,
there are p — 1 primitive characters of [, with trivial restriction to F;. It follows
that the number of o, as above is %( p—1). If p =3 mod 4, this number is odd, so
the set of such o, contains a preponderance either of local root number €, = +1 or
€, =—1. Soif § is a product of such primes, then for some integer ¢ > 1 there are ¢
more tuples & with one nonarchimedean sign €5, =] | p|s €p than the other. By (1-2),
the spaces S (6) all have roughly the same dimension 11—2(k -DJ] ol s(p—1),upto
variations of lower magnitude when k 4 S is sufficiently large. Then with k/2 of the
appropriate parity, there is a bias towards root number € = (—1)*/?¢, = —1, with
roughly cﬁ(k —DJI »l s(p — 1) more forms of global root number —1 than +1.
(We will show that in fact ¢ = 1; see Proposition 7.6.)
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To make a precise statement, we first apply Theorem 1.1 withn =7 =1 to
obtain the following.

Theorem 1.3. Let N = S? for S > 1 square-free, let k > 2 be even, and let
o = (o, ,)p|N be a tuple of depth zero supercuspidal representations with trivial
central characters, with v, the primitive character of [F;fz associated to o,,. Then

dim 5, (6) = {5k — ) [ [(p = ) + Da(S) je(k. 6)
rls
[] 2+ DsS)bk) (=% [ B, (-11)

odd p|S pIS.p#3

where €(k, &) is the common global root number of the newforms in S;.(6), D4(S) €
{0, 1} is O if and only if S is divisible by a prime p =1 mod 4, D3(S) € {0,1}is0
if and only if S is divisible by a prime p = 1 mod 3, § is the indicator function
defined in (2-1),
1 if6lk,
b(ky=1—-1 ifk=2modb6, (1-12)
0 otherwise,

and, for p =2 mod 3,

—2 if the order of v), (in the character group of ;) divides %(p + 1),
1 otherwise.

B(Vp) = {

The above is a special case of Theorem 7.3, which allows for nontrivial nebenty-
pus and k£ odd. We will use Theorem 1.3 to derive an explicit formula for the bias

A(S?, k)™ = dim S (SH) T — dim SP(S?)

for k > 2 even and S > 1 square-free. This is given in Proposition 7.6. For the
time being, we just state the following consequence, which is somewhat different
from the behavior observed for the larger spaces of newforms of level S appearing
in [39, Theorem 1.1(3) and Proposition 1.3].

Proposition 1.4. Assume k > 4 is even. With notation as above, A(SZ, k)™ = jn
each of the following situations: (1) D4(S) = D3(S) =0, (ii) S is divisible by some
prime p =15 mod 12, (iii) D4(S) =0 and k =4 mod 6.

If D4(S) =0, k=0,2 mod 6, D3(S) # 0, and case (ii) does not apply, then
A(S?, k)™ £ 0 and

sgn A(S2, k)ymin = (—1)3*k=6.8 mod12) ()

for the indicator § as in (2-1) and the Mobius function L.
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If D4(S) =1and k> 6, then apart from the two exceptions Sg“i“ 2H= Sg‘i“ (3% =0,
A(S?, k)™n =£ 0, and

sgn A(S2, k)™n = (—1)3QIH+k/2,
If D4(S) =1 and k = 4, then A(S?, 4)™" > 0 for all square-free S > 1:
ST, s(p—=1) if2ts,
0 if21S.

Remark. A noteworthy difference between the above and the bias for the full space
of newforms is that here for any fixed even k > 6 there are infinitely many levels S>
for which A(S2, k)™ < (, whereas by [39, Theorem 1.1(3)], for any fixed even k
there are only finitely many levels N for which A(N, k)"% < 0.

A(SZ’ 4)m1n — {

2. Notation and Haar measure

If P is a statement, then we will frequently use the indicator function

1 if P is true
§(P)=8p = ’ 2-1
(P)=2dp {0 if P is false. 1)

We also use the shorthand
€()C) — eme‘

For rings R, we let R* denote the group of units in R.

Let G be the group GL(2), and set G = G/Z, where Z is the center of G. If H is
a subgroup of G, then H will denote the group HZ/Z = H/(H N Z). For £ prime,
we set Zy = Z(Qy) the center and Ky = G(Z,) the maximal compact subgroup
of G(Qy). Groups Ko(p), K{(p/), K’ will be defined in Sections 3.1 and 5.2.

Let A be the adele ring of the rational numbers Q. We give G(A) the standard
Haar measure for which

meas(G(Q)\G(A)) = %

with the discrete group G (Q) receiving the counting measure. We normalize Haar
measure on G (Q;) so that K, has measure 1. With this choice, there is a unique Haar
measure on G (R) for which the above measure on G (A) is the restricted product
of the measures on G(Qy) for £ < co. It has the form dm dn dk, where dm is the
measure (dx/|x|)? on the diagonal subgroup M = R* x R*, dn is the measure dx
on the unipotent subgroup N = R, and dk is the measure on K, = SO(2) of total
measure 1 [23, Corollary 7.45].

For a unitary Hecke character w, let L*(w) = L*(G(Q)\G(A), w) be the space
of (classes of) measurable C-valued functions ¢ on G(A) transforming under the
center by w and square integrable modulo Z(A)G (Q). Let L'(®) =LY (GA), &)
be defined in the analogous way; its elements are integrable modulo Z(A).
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3. The simple trace formula

3.1. Background on supercuspidal representations of GL(2). Let F be a nonar-
chimedean local field of characteristic O with integer ring O and prime ideal p. In this
section only, let G = GL,(F), B = B(F) the upper-triangular Borel subgroup,
N = N (F) the unipotent subgroup of B, M the diagonal subgroup, Z the center,
and K = G(O) the standard maximal compact subgroup.

Given a smooth irreducible representation (7, V) of G, it is supercuspidal if it
satisfies any of the following equivalent conditions (see, e.g., [7, Sections 9 and 10]):

o V is the span of the vectors of the form w(n)v —v forve V andn € N.
o The matrix coefficients of m are compactly supported modulo the center.

» 7 is not principal series or special, i.e., not a subquotient of a representation
induced from a character of B.

The following property found by Harish-Chandra is crucial in what follows. We
sketch a proof here for the reader’s convenience, following [52, Section 2.2].

Proposition 3.1. Suppose that w is a supercuspidal representation of G, and that
f(g) = (m(g)v, V') is a matrix coefficient. Then for all g, h € G,
/ f(gnh)dn =0. (3-1)
N

Proof. We assume for simplicity that 7 is unitary, which is always the case if the
central character is unitary. Then

f(gnh) = (m(g) w(n) w(h)v, V') = (T (n) T (W) v, T (g~ V),

so we can assume without loss of generality that g = & = 1. By linearity and the
first bullet point above, we may also assume that v = 7 (ng) w — w for some w € V
and ng € N.

Let N (v) be an open compact subgroup of N containing ng. Then

/N(v)n(n)vdn=fN(v)7T(n)(7r(no)w—u))dn=/N(U)Jt(n)wdn—/]v(v)n(n)wdnzﬂ

(By smoothness, there exists an open compact subgroup N’ of N (v) that fixes w,
so the above integrals are really just finite sums.) Since f has compact support,
the support of f|y is contained in some open compact subgroup N (v) as above.
Therefore

/N f(n)dn = /N(U)(n(n)v, V') dn = < /N(U)n(n)vdn, v/> —0. 0

Corollary 3.2. If f is a matrix coefficient of a supercuspidal representation, then
forany g, h € G and m € M (M being the diagonal subgroup),

/ f(gn" mnh)dn =0.
N
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Proof. This follows from n~'mn = mn’, making a change of variables to integrate

over n’, and applying the above proposition. (I

For any supercuspidal representation o of G, there exists an open and closed
subgroup H C G containing Z, with H/Z compact, and an irreducible repre-
sentation p of H, such that o is compactly induced from p: o = c—Indg (p). Let
Ko(p)= ((;): g*) be the Iwahori subgroup of G, and fix a prime element e of O. Up
to conjugacy, there are two maximal compact-mod-center subgroups of G, namely

_ {ZK (the unramified case),

| . (3-2)
ZKy(p)U Z(w )Ko(p) (the ramified case).

The latter is the normalizer of Ko(p). Without loss of generality, one of these
contains H, and we call o unramified or ramified accordingly.' There is a unique
ideal p/, called the conductor of o, such that the space of vectors in o fixed by the

group
; o* 0

7y = . ;

Ki(p )—<p1 1+pf>

is one-dimensional. By [55], j > 2, and as explained in [6], j is even in the
unramified case, and odd in the ramified case.

3.2. Simple trace formula. Given a unitary Hecke character w and a function
fe LY (@), we define the operator R(f) on L*(w) via

R(Hox)= [ [f(g) d(xg)dg. (3-3)
G(A)

For k > 2, let C; denote the space of all continuous factorizable functions
f=rell (<00 Jt On G(A) which transform under the center by @, such that f; is
smooth and compactly supported modulo the center Z, for all ¢, there is a finite
set S of places of Q such that for all £ ¢ S, f; is supported on Z,K, and has the
value 1 on Ky, and lastly,

ab (ad — be)¥/?
foo LKk a2 k2
cd (@ +b%+ 2 +d? +2)ad — be|)¥/

Then Cx € L' (®), and we can consider the operators R( f) for such f.

Recall that y € G(Q) is elliptic if its characteristic polynomial is irreducible.
This concept is well defined on conjugacy classes and cosets of the center. We will
use the following simple trace formula.

11t should be borne in mind that in standard terminology, all supercuspidals are ramified in the
sense that they have no K-fixed vector. We are using the word in a different sense here, reflecting the
nature of the quadratic extension E/F determined by o [6].
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Theorem 3.3. For f € Cy, suppose that for some finite place v of Q, f, is a matrix
coefficient of a supercuspidal representation of G, = G(Q,), and therefore by
Corollary 3.2 its local hyperbolic orbital integrals vanish identically:

LA €)oo

for all a € Q}, where M, is the diagonal subgroup of G,. Suppose further that (3-4)
is also satisfied at a second place w # v (which may be archimedean). Then

rR(f) =meas(G@\GA) f(H+ Y @, f),

o elliptic in G(Q)

where, for an elliptic conjugacy class 0 € G(Q), the orbital integral is defined by

o= Y eds. (3-5)

G@\G™) Yo
Proof. See [14, Proposition V.2.1 and Theorem V.3.1]. The idea is that the validity
of (3-4) at two distinct places kills off the hyperbolic and (nonidentity) unipotent
terms on the geometric side of the Arthur—Selberg trace formula, while the stronger
condition (3-1) on f, also forces the operator R( f) to have purely cuspidal image,
so the continuous and residual spectral terms vanish as well. In Gelbart’s exposition
itis assumed that f is compactly supported, but for f € C; everything still converges
absolutely as shown in [23], so the same proof is valid. (]

3.3. Factorization of orbital integrals. Here we explain how to compute elliptic
orbital integrals locally. The statements and proofs in this section are applicable
over an arbitrary number field, though we express everything in terms of Q.

For y € G(Q), let G,, be its centralizer. There are two related groups that will
be needed. First, since Z(Q) € G, (Q), we may form the quotient, denoted GV—(@)
Second, the centralizer of y (or, more accurately, of the coset y Z(Q)) in G(Q)
is denoted (_?y (Q). In general these are distinct subgroups of G (Q). This will be
clarified in the proof of Lemma 3.4 below.

Giving the discrete group Gy—(GZD) the counting measure, define

O (y, f)=/ f(g"ve) dg.

Gy (@\GA)

For fixed measures on G, (R) and G, (Q,), we also define the local orbital integrals

D(y, foo):/  felgTlve)dg
G, ®\G®)
and
Oy, fo) = /  fgYye)ds.
G, @\G(@0)
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For compatibility, some care must be taken regarding the normalization of measures.
See the statement of Proposition 3.5 below.

Lemma 3.4. For an elliptic element y € G(Q), let o be its conjugacy class in G(Q).
Then with notation as above and in (3-5),

o0 f)_{cb(y,f) if try £0,
’ 3. f) ifuy =0.
Proof. By definition,
se.n=[ S e yeode= [ fe e
G@\GA) 5¢G, (@\G(Q) G, (@\GA)

Notice that in the definition of ®(y, f), the quotient object is G, (Q) rather than
éy(@). The former is a subgroup of the latter, and we claim that

1 if try #0,
2 if try =0.

The lemma follows immediately from this claim. To prove the claim, note that

G, @={e G@ |6 ys=y}/Z(Q

[G,(@:G,(@)]= {

and
G, (@) ={6€G(@) |8 'ys=zy for some z € @*}/Z(Q).

For any such z, taking determinants we see that z2 = 1, so z = 1. We also see
thattry =ztry,so z=1if try # 0, and in this case the two groups are equal, as
claimed. On the other hand, if tr y = 0, then y is conjugate in G(Q) to its rational
canonical form (¥ 77, and

0
1 0 —dety) (1 _( 0O dety
—1)\1 0 -1} \-1 0 )’
from which it follows that 7'y 8 = —y has a solution 8. Given any such &, we
find easily that
G,(@Q) =G,(@Q UG, (Q). O

Proposition 3.5. Let f € C; as defined in Section 3.2, and let y € G(Q) be an
elliptic element. Then for any fixed choice of Haar measures on G (A) and G, (A),

Q(y, f) =meas(G, (D\Gy (A)) 1_[ Q(y, fo), (3-6)

<00
where the measures on the groups G(Qy) are chosen (noncanonically) so that the
measure on G (A) is the restricted product of these local measures relative to the max-
imal compact subgroups almost everywhere, and likewise the measures on the groups
G, (Qg) are chosen compatibly with the fixed measure on Gy—(A) = ]—[;Z 00 Gy (Qp).
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Remarks. (1) This is well known, but as we have not found a proof in the literature,
we include one below. Tate’s thesis shows that if the product is absolutely convergent,
then the left-hand integral converges absolutely and the equality holds. But here we
need a kind of converse: we know a priori that ®(y, f) is absolutely convergent.

(2) The specific choice of measures to be used in this paper is summarized in
Section 4.7.3, where it is shown that the quotient space Gy—(@)\G,,—(A) is compact,
and its measure is computed explicitly in the more general setting with Q replaced
by an arbitrary number field.

Proof. Observe that
Oy, f) =/ _ felve)dg
Gy (\GA)

= meas(G, (@\G, () _ fgTlve)dg
Gy (M\GA)

for any choice of Haar measure on GV—(A) Absolute convergence is proven for
f € Cy in [23, Corollary 19.3].

For notational convenience, write ¢(g) = f(g~'yg) (a function on G(A)), and
be(ge) = fo(gy ' vge) for £ < 00, 50 $(g) = [1=n0 Pe(ge). Also, define

X =G,(A\G(A).
Then X is the restricted product of the spaces

X, =G,(Q)\G(Qy),

relative to the open compact subsets Hy = G, (Q¢)\G, (Q¢) K¢ € X,. Indeed, the
natural map from G(A) to [ X, is clearly surjective, with kernel Gy—(A)

Fix Haar measures on each of the local groups G (Q;) and G, (Q¢) compatibly
with the fixed Haar measures on G(A) and GV—(A) This determines a right—é (Qp)-
invariant measure on X, with the property that H, has measure 1 for almost all £.
Let S be the finite set of places of (2 outside of which f; is supported on Z(Qy) K,
with fy(zk) = &(z). Let S’ be a finite set of places outside of which (1) y € Ky,
and (2) Hy has measure 1. Then setting Sy = SU S’, for £ ¢ Sy we have

de(h)ydh = | fo(k~'yk)dk = meas(Hy) = 1.
Hy Hy

Let
SHCSSHCHC...

be a sequence of finite sets of primes (including co) whose union is the full set of
primes. Let x, be the characteristic function of Xg, =[], 5, Xe X Il ¢s, He, and
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let ¢, = ¢ - x». Note that ¢, — ¢ pointwise. Since ¢ € L'(X) as mentioned above,
S0 is ¢,. By the dominated convergence theorem,

[ p@dx=lim [ gurydx=lim [T [ gecro)dze,

i
—®yes, I Xe

as needed. O

4. Counting locally supercuspidal newforms

Here we explain how to use the simple trace formula to count cusp forms with
prescribed supercuspidal ramification. To set notation, let N = [ | pIN pMr > 1bea
positive integer with the property that N, > 2 for each prime p|N. Fix a Dirichlet
character ' modulo N of conductor dividing [,y p!"»/*!. This requirement
comes from the fact that the central character of a supercuspidal representation of
conductor p™r divides pN»/2) [55, Proposition 3.4]. Let w : A* — C* be the finite
order Hecke character associated to ' via

A* = Q*(R* x 7*) - 7*/(14+ NZ) = (Z/NZ)* — C*, (4-1)

where the last arrow is o'. Letting @), be the restriction of @ to @7, for any
prime p|N we have

wp(p)=w(d,....1,p,1,...)

=o(p L ..op N Lp o= [ ep). (4-2)
¢|N.E£p

Fix an integer k > 2 satisfying
o' (=1 = (=D,

and let Sg (N, ') be the space of cusp forms & satisfying

az+b o k
h(cz+d> =w(d)” (cz+d)"h(z)

for (f Z) € I'o(N). The inverse on w'(d) is somewhat nonstandard. It ensures that
the adelic cusp form attached to 4 has central character w rather than w™!; see, e.g.,
[23, Sections 12.2-12.4]. Because we mostly work in the adelic setting, it eases the
notation to include the inverse in the classical setting.

For each p|N, fix a supercuspidal representation o, of GL,(Q),) of conduc-
tor le’ and central character @), and let & = {0,,},| . We define Hy(6) to be the
set of newforms h € Sy (N, w’) whose associated cuspidal representation 7, has
the local representation type o, at each p|N. We set Sy (6) = Span H(6). The
Dirichlet character ' is uniquely determined by the tuple & via

o'(d) =[] wp(d) ((d,N)=1), (4-3)
PIN
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and this justifies our suppression of the central character ’ from the notation Sy ().
At a certain point we will use the fact that

[[orW) =W ... N L LN N ) =a/()=1. (44
PIN

4.1. Isolating S (0) spectrally. For each prime p|N, we can write o), = c—Indei 0,
where H), is contained either in Z, K, or the normalizer of an Iwahori subgroup, as
in (3-2). By [29, Proposition 2.1], there exists a unit vector w), in the space of o),
such that the matrix coefficient (o}, (g) w,, w)) is supported in H,. Fix once and
for all such a vector w), for each p|N. Based on this choice, we define a subspace
AL(8) € L*() by

A@) = €D Cwr,

where 7 ranges over the cuspidal automorphic representations with central char-
acter w for which o, = 7y, 7, = o), for each p|N, and m; is unramified for all
finite primes £ { N, and w,; = @y, is defined by

unit lowest weight vector if ¢ = oo,
Wy, = { unit spherical vector if £4Noo, (4-5)
w, (fixed above) if £=p|N.

Here, for almost all ¢, the spherical vector is the one predetermined by the restricted
tensor product 7 = ®2 <00 ¢ The space Ay (6) does not consist of adelic newforms
in general because at pTaces PIN, w, is not necessarily a new vector in the space
of the local representation o,,. Nevertheless, Ax(6) has the same dimension as the
space of newforms Sy (6) = Span Hy(6).

Using matrix coefficients, we can define a test function f € L' (@) for which
R(f) is the orthogonal projection of L?(w) onto Ax(6). Without much extra work,
we can incorporate a Hecke operator into the test function.

Fix an integer n > 1 with gcd(n, N) = 1, and let 7, be the classical Hecke
operator defined by

Thz)=n""1%" % d(@‘%"%(%) (h € Sy (N, &), 7 € H).

ad=n r mod d
a>0

When n =1, T, is simply the identity operator.
The operator T, can be realized adelically. Let

M), ={g € M2(Z,;) | detg € nZj}

for each prime ¢ 1 N. (If working over a larger number field F, one would take n to
be an ideal of the integer ring and set M (n), = {g € M>(O,) | (detg) O, =n} for a
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place v < 00.) Define a function f; : G(Q¢) — C by

a, _ Jwu@) if g=zm for z € Z;, me M)y, ]
f“g)‘{o if g ¢ Z,M(a), 0

where wy is the local component of the Hecke character w. Note that f;* is bi-K-
invariant, and indeed when n € Z7, this function is given by
we(z) if g=zk e ZiKy,
fe(@) = : 4-7)
0 if g ¢ Z/K,.
Next, let 77 be the discrete series representation of G (R) of weight k, and let v
be a lowest weight unit vector in the space of ;. We define f, = di (mr(g)v, v),
k=1

where di = 7 is the formal degree of ;. Explicitly, with Haar measure on G(R)

normalized as in Section 2,

a b k=l _(@d=bo PRI e g pe s,
foo ={ 47 (=b+c+(a+d)i)* (4-8)
0 otherwise

[23, Theorem 14.5]. This function is integrable over G(R) exactly when k > 2, so

the latter will be assumed throughout. It would be possible to treat the k =2 case by

using a pseudocoefficient of ., but we have not attempted to carry this out (see [43]).
At places p| N, define

fp(g) =dap<0p(g)wpa wp)v (4-9)

where d;, is the formal degree and w), is the unit vector fixed above. The formal
degree depends on a choice of Haar measure on G (Q p), which we normalize as in
Section 2. By our choice of w,, the support of f, is contained in one of the two
groups (3-2), according to whether or not o, is ramified.

Finally, we define the global test function

=t 16T 72 (4-10)

PIN N
for foo of weight k as in (4-8), f,, as in (4-9), and f}* as in (4-6).

Proposition 4.1. With the above definition of f*, the operator R(f") (defined
in (3-3) taking Haar measure on G (A) as normalized in Section 2) factors through
the orthogonal projection onto the finite dimensional subspace Ay (6). On this
space, R(f™) acts diagonally, with the vectors w, being eigenvectors. In more
detail, given a newform h € Hi(6) with Toh = ap(h) h, let w € A (G) be the vector
associated to my, as in (4-5). Then

R(fMw=n'""% g, (h)w.
Consequently,
tr(Ta] Sk (6)) =n®? " w R(f™).



370 ANDREW KNIGHTLY

Remarks. (1) The vector w is defined only up to unitary scaling, but of course
the eigenvalue is independent of the choice.

(2) One can also take f, to be the complex conjugate of the trace of the repre-
sentation p inducing o,, if normalized correctly. See Proposition 5.5 and its
remark.

Proof. The first statement is proven in [25, Proposition 2.3], but we need to
reproduce some of the argument here for the second part. Let & € H(6), let = be
the associated cuspidal representation, and let w = w, € A;(6). For each place
v|ooN, the test function f, was chosen so that

7o (fo) Wy = wy
[23, Corollary 10.26]. Write

W= ® Q w, ®w' ® Q wy,
PIN {in

where w’' = Qenawe. We may likewise decompose 7 as

T=7c® Q 7, 7' @ Q 7y,
pIN ¢n
where 7’ is a representation of G’ = ]_[;,WDG(@,,). Then letting f' =[] ,1yn fp
it is elementary to show that 77/(f") w’ = w’. Therefore (by [23, Proposition 13.17])
R(fn)w = Moo (foo) Woo ® ® np(fp)wp ®7T/(f/) w'® ®7T€(f£n) We
pPIN !
=W ® @ w, W @ QR 7wy (1) we.
pIN ¢ln
Since w, is an unramified unit vector in the principal series representation 7, =
(X1, x2) (say), we have ¢ (f') we = Aewy for

a . .
he=LY x1(0) 20", a=ord(n)
j=0
(see, e.g., [24, Proposition 4.4]). Thus R(f™)w = Aw, where A = Hlln)\,g. The
result now follows by the well-known fact that | | e‘n)ng =n!"*24,(h). The latter
may be proven as follows. If we let v (denoted ¢, in [23]) be the adelic new vector
attached to &, then v is a pure tensor, differing from w only at the places p|N.
A test function f7, say, is used in [23] that differs from f™ only at the places p|N.
By the same argument as above,
R =v0® @ v, ®V' @ Q R(f)vr.
pIN ¢In
Since vy = wy at places £|n, the eigenvalues are the same, i.e., R(f®)v = Av. By
[23, Theorem 13.14] (which uses a global argument), A = n' =% 2q,(h). U
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4.2. First main result: the trace of a Hecke operator. We now state our first main
theorem, which is a general formula for the trace of T, on S;(6). Its proof will
occupy the remainder of Section 4.

Theorem 4.2. Let k > 2, let the level N, nebentypus ', and tuple 6 = (0) p|n of
supercuspidals be fixed as at the beginning of Section 4 (ensuring compatibility of
central characters with '), and let f = f™ as in (4-10). Let T be the product of all
primes p|N with ord,(N) odd. Then

tr(T | S (8)) = /2! [w’(n_l/z)l—lz(k ~)[[do+1 Zop((l —nM > , f)
PIN M|T

PO (i)l

MIT 1<r</dnJM

where o' (n'/?) is taken to be 0 if n is not a perfect square, dy, is the formal degree
of o, relative to Haar measure fixed in Section 2, and the orbital integrals ®(y, f)
are defined in Section 3.3.

An orbital integral ®(y, f) as above vanishes unless y is elliptic in G(Q,) for
each p|N. Assuming this condition is satisfied, let E = Q[y] be the imaginary
quadratic extension of Q) generated by y, and let h(E), w(E), and dg be the class
number, number of units, and discriminant of E respectively. Then

2h(E) sin((k—1)6,)
w(E)2°We)  sin(6,)

Oy, f)=- [] et £, @10

plA,N

where A, is the discriminant of y, 0, = arctan(,/|A,|/try) (interpreted as 5
if try = 0) is the argument of one of the complex eigenvalues of y, w(dg) is
the number of prime factors of dg, and our choice of measure for ®(y, f,) is
summarized in Section 4.7.3 below.

Remarks. (1) For primes p { N, the local orbital integrals ®(y, f,) are com-
puted explicitly in Sections 4.4 and 4.5 below. Thus, for the explicit calculation
of tr(T,|Sk(6)) it only remains to calculate the local orbital integrals ®(y, f,)
for p|N.

(2) When n = 1, the set of relevant y is considerably smaller than what appears
above if T > 1, due to local considerations at p|T. See Theorem 7.1.

The proof of Theorem 4.2 involves results from the rest of Section 4, outlined as
follows. First, the test function f satisfies the hypotheses of Theorem 3.3. Indeed,
the hyperbolic orbital integrals of f., vanish as shown in [23, Proposition 24.2], and
the fact that f € Cy is a consequence of the formula for f., (see [23, Lemma 14.2]).
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Since we are normalizing measure so that meas(G(Q)\G(A)) = %, the identity
term in Theorem 3.3 is

I =5k =1 T1 do, TT2D.
PIN !
From the definition (4-6) of f*, we see that f;*(1) # 0 only if 1 € Z,M (n),, which
holds if and only if n is a perfect square. Assuming this is the case,

-1
ro=r((" g) (7 5)=em
Note that by (4-3),

[Toen) = [T wc(Vn) = [] @e(v/n) =o' (v/n).

{ln UN LIN

Therefore the identity term is

T =/ W)k =1) [T do,.
PIN
where it is to be understood that »’(,/n) = 0 if n is not a perfect square.

The structure of the first part of Theorem 4.2 is then immediate from Theorem 3.3,
Lemma 3.4, and Proposition 4.1. The set of relevant y is determined in Section 4.6
below, simply by considering the supports of the local test functions. The vanishing
of ®(y, f) if y is hyperbolic in G(R) or G(Q,) for some p|N is explained in
Proposition 4.3 below.

As for (4-11), the first factor is equal to meas(Gy—O(;D)\Gy—(A)) under our normal-
ization of Haar measures on G (A) and G,, (A). This is shown in Theorem 4.16 below.
The second factor of (4-11) (along with the negative sign) is ®(y, fx) as in (4-12)
below. In Sections 4.4 and 4.5 we explicitly compute the local orbital integrals away
from the level, and see in particular that the value is 1 at places not dividing A, N.

The local orbital integrals at the places dividing N of course depend on the
choice of supercuspidal representations. The method we use to treat the special
cases of simple supercuspidals and depth zero supercuspidals in the second part of
this paper is presumably applicable to other cases as well.

4.3. Known results about the elliptic terms. We record here some basic properties
of the elliptic orbital integrals that arise in Theorem 4.2.

Proposition 4.3. Let y be elliptic in G(Q). Then for the test function f = f*
of (4-10):
(1) ®(y, f) is absolutely convergent.

2) ®(y, f) depends only on the conjugacy class of y in G(A) (rather than
in G(Q)), and likewise for any prime £, ® (v, fi) depends only on the G(Qy)-
conjugacy class of y.
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(3) ®(y, f) =O0unless: dety > 0 and y is elliptic both in G(R) and in G(Q))
foreach p|M.

@) Ify is elliptic in G(R) with a complex eigenvalue p = re'®, then

k=1 _ ~k—1
Oy, foo) = —rH L
p—p
R T ST S
elt — it sin(6)

Remarks. If y has discriminant A, < 0 and nonzero trace, then we may take
6 = arctan(,/|A, |/try) in (4-12). If y has the form (, *), then we may take 6 =,
giving

u [T = (=D (=DM if ks even,
(D((l )’f‘”)__[ 2i ]_{o ifkisodd. 1)

Proof. Nearly everything is proven in [23, pp. 295-302]. The only remaining point
is that ®(y, f,) =0if y is hyperbolic in G(Q,) for some p|M. For such y, after
conjugating we can take y diagonal, so G, (Q,) = M(Q),). The orbital integral is
then taken over M,\G,, and involves integrating over N(Q,) (see (4-15) below).
We can use (3-1) to show that it vanishes (as in (3-4)). O

4.4. Local orbital integrals at primes £ { N: hyperbolic case. If y € G(Q) is
elliptic, then for each prime ¢, y is either hyperbolic or elliptic in G(Qy). In this
section and the next we evaluate the local elliptic orbital integrals at primes £ { N.
The methods are standard and the results are presumably not new. For the dimension
formulas we require the test function f; given by (4-7). However, without any extra
work we can consider a general local Hecke operator, and consider an arbitrary
p-adic field.

Thus, we let F be a p-adic field with valuation v, uniformizer @, ring of
integers O, maximal ideal p = @ OF, and g, = |Of/p|. Fix an unramified unitary
character w, : F* — C*. For an integral ideal n, C Op, define

M) ={g € M2(Op) | (detg) O =ny}
and _
wy(z) if g=zme Z(F)M(ny),

: (4-14)
0 if g ¢ Z(F)M(n,).

f"”(g)={

If y is hyperbolic in G(F), then replacing it by a conjugate if necessary, we
can assume that it is diagonal. In this case, G, (F) = M(F) is the set of invertible
diagonal matrices. We may integrate over G (F') using the Iwasawa coordinates

¢(g)dg =/ / / ¢ (mnk)dm dn dk,
G(F) MF) JNF) JK,
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where K, = G(Op). Therefore if ¢ is M (F)-invariant,
/ . ¢(g)dg =/ ¢ (nk)dndk. (4-15)
Gy (FO\G(F) N(F) /Ky
We normalize the measures dn and dk by taking meas(N (Of)) = meas(K,) = 1.

Proposition 4.4. For F as above, suppose y is hyperbolic in G(F). Assuming
Y € M(ny), and letting A, € OF be its discriminant, we have ®(y, f™)=|A, |,71/2.
In particular, if A, is a unit, then ®(y, f™) = 1.

Proof. We may assume that y = (“ ﬁ) for some distinct o, B € Of. By (4-15) and
the fact that f™ is right K,-invariant,

o= () D)o (5

Choose j >0sothata — 8 € wj(’)}’;. By hypothesis, o, 8 € O and afOF =n,,
so the integrand is nonzero if and only if (o« — ) € OF, which is equivalent to
t € w ) Op. Therefore

®(y, f™) =meas(w ' Op) =g = |a— B, .
Now let D =dety and r = try. Note that
AD =4ap = (a+p) —(@—p)*=r’—(@-p)". (4-16)
Therefore
CD(]/, fn”) — |Ol _IB|;1 — |I"2 _4D|v—]/2’
as claimed. O

4.5. Local orbital integrals at primes £ 1 N: elliptic case. If y is elliptic over a
field F of characteristic 0, then E = F[y] is a quadratic field extension of F, and

G,(F)=E"
(see [23, Proposition 26.1]). The center Z(F) is isomorphic to F*.

Proposition 4.5. Let F be a local field of characteristic 0, and suppose y is elliptic
in G(F). Then G, (F)/Z(F) is compact.

Proof. If F =R, then G, (R) = R[y]* = C*, and the map z — z/|z]| gives rise to
C*R* = SO(2)/{£1}, which is compact.

Now suppose that F' is nonarchimedean, with valuation v and integer ring OF.
Let E = F[y], and choose a prime element & € Of. Then letting e € {1, 2} be the
ramification index of E/F,

e—1 |
G},(F)/Z(F)EE*/F*: U 7/ 0% /07%, 4-17)
j=0
which is compact. U
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Consider a p-adic field F, with all notation as in the previous subsection. For y
elliptic in G (F), the above leads to the following natural choice of G (F')-invariant
measure on the quotient space G},—(F)\é (F). We assign the compact group G, (F)
a total volume of 1. We assign G(F) the Haar measure for which G(OF) has
measure 1. Together these choices determine the quotient measure via

f . / oG dedy= [ (o) ds.
Gy (FO\G(F) JG,(F) G(F)

In fact, by our normalization, if ¢ is left G, (F)-invariant, then

/ p(dy= [ ¢(gdg, (4-18)
G, (F\G(F) G(F)

when y is elliptic in G(F).
For such y, E = F[y]is a quadratic extension of F. Fix an F-integral basis {1, £}
for the ring of integers O, so

Op=0r+0re. (4-19)

We will need some facts about orders and lattices in E. Recall that an F-order in E
is a subring containing O which has rank 2 as an Op-module.

Proposition 4.6. Let O/ denote the set of all F-orders in E. Forr >0 and ¢ as
above, define

O, =0Fr+7ps,
where p is the maximal ideal of O, so in particular Oy = Og. Then
Op/r={0, | r > 0}.
Furthermore, letting e = e(E / F) be the ramification index, for r > 0 we have
(0% : 0F] = {qg . l:fe =2,
4 taq, ife=1

Proof. See also [40, Sections 6.6 and 6.7] for the case F' = Q,. Here we loosely
follow Okada [42, Section 2.3]. Clearly O, € Og,r. Conversely, let O € Og/r.
The elements of O are integral over E [41, Proposition 1.2.2] so O € Og. Hence
there exists & € O C O such that

(4-20)

O=0r+0Fa.

Since o ¢ OF, by topological considerations we see that there exists r > 0 such
thate € Op +@" O = O, buta ¢ Of + o't Og = O,+1. Hence

0,41C0CO,.
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We see easily that O, /O, = p’/p’" ! = Op/p as Op-modules. Since the latter is
1-dimensional as a vector space over Of/p, it has no nonzero proper submodules.
It follows that O = O,..

For the second part, consider the sequence

1 - OL/(1+p") > O%/(1+p Op) > OL/OF — 1,

where the maps are the obvious ones. It is straightforward to check that the sequence

is exact. Therefore
|O%/(1+p"OF)|

|O%/(1+p")]
Let e =e(E/F), so that pOg = ‘B¢, where ‘B is the maximal ideal of Of. Then

|0F/(1+p"0p)| = |0 /(1 +F)]

[0} : 0=

=[O 1+ PI[ [ +P 1+ 91 = @z — D™

j=2
(see [41, p. 139]). Here,
qv ife=2,
Likewise |0 /(1 +p")| = (g, — 1) q{)_l, and (4-20) follows immediately. U

For the purposes of this subsection, a lattice in F?> = F x F is an O p-submodule
of rank 2. The group F* acts by multiplication on the set of lattices, and the orbits
are called lattice classes. The map g+ L = g(gi ) from G (F) to the set of lattices
in F? induces a bijection between G(F)/K, and the set of lattice classes, since K,
is the stabilizer of (").

With notation as in (4-19), we may identify a lattice L C F? with the lattice
(1 &)L C E, so that in particular (85 ) is identified with Of. Given n € E*, it acts
by scalar multiplication on the set of lattices in E, and by matrix multiplication (via
E = F[y]) on the lattices in F 2 In general, these actions are not compatible with
the above identification. However, as shown in [23, Lemma 26.20], after possibly
replacing ¢ (or equivalently, €) by a G (F)-conjugate, these two actions do coincide
for all n € E*. Explicitly, for any g € G(F),

n(l e)g (gi) =(1 &)ng (gi) ,

where on the left 1 acts as a scalar via n(1 €) = (n ne), and on the right it is acting
by matrix multiplication. We will assume that y is chosen in this way, as we may
since the value of the orbital integral depends only on y’s conjugacy class in G (F).
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We associate to any lattice L C E the order
OL={ueE|pnLcL}

This depends only on the lattice class to which L belongs. Since E is local, every
lattice in E is principal in the sense that there exists y € E* such that yL = Oy.
(One may adapt the proof of [23, Proposition 26.13], which follows [33]).

Given an order O, L is a proper O-lattice if O = O. Two proper O-lattices yO
and zO (for y, z € E*) are equal if and only if y/z € O*. Therefore the set of all
proper O-lattices corresponds bijectively with E*/O*.

Lemma 4.7. Suppose (dety)Or =n, and g € G(F). Then for f™ given by (4-14),

Proof. We observe that

_ O O _
yeO, < yLCL < g 1yg<05>§<0£) & g 'yge My(Op).

Given that ord, (det y) = ord,(n,), the above is equivalent to gily g belonging to
the support Z(F)M (n,) of f™. O

Proposition 4.8. Let f™ be given by (4-14). Then for y € G(F) elliptic, the orbital
integral

Oy, f™) = / Fr(s yg) dg

G, (F\G(F)

vanishes unless some conjugate of y lies in Z(F)M (n,). Taking y € M(n,), with
measure normalized as in (4-18) we have

Oy, f™)=e, Y [0} : O],

r=0
where E = Fly] is the associated quadratic extension of F with ramification index
e, € {1, 2} and ring of integers Op = Op + Or ¢,
O, =0r + prs

is the order of index q) inside O, and n,, > 0 is defined by O, = O +Opy = O,
forr =ny,. In particular, if O, = O and p is inert in E, then ®(y, f™) = 1.

Remarks. (1) Let P, (X) € Op[X] be the characteristic polynomial of y. If P, is
irreducible modulo p, then e, =1 and O,, = O [50, p. 18]. Hence ®(y, f™) =1
in this case.

(2) The index [O}, : O] is given explicitly in (4-20) when r > 0 (and is 1 when
r=0).
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(3) Let 0g/r = det(} ;)ZOF be the relative discriminant (with the bar denoting
Galois conjugation), write y = s + be for s, b € Op, and let A, = r? —4D be the
discriminant of y. Then

ny = ord,(b) = 1(ord,(A,) — ord, g/F)). (4-21)
This follows from the fact that the relative discriminant of
Oy =0Or+0Opy =0Opr+ Ofbe

is given on the one hand by

2
1 be 2
d =
et(l bé) OF =b™0g/F,

and also (using (4-16)) by

2
det G ;) Op =(y —7)*Op = A, OF.
Further, if F is the completion of a number field L at a place v, {1, e.} is an
integral basis of L[y ] over L, and we write y = sy + brer, then (4-21) also holds
with by in place of b. Indeed the same argument applies in the global case to give
b20L1y1. = A,Or. By the fact By the fact that the global discriminant is the
product of the local ones and (due to y being elliptic in G(F)) there is only one
prime of L[y] lying over v, we see that ord,(b;) = ord, (D).

4) If E= Q[v/d]fordeZ square-free, then (see [36, Section 6.10], for example)

[+ V/=3)] if =2, E=Q,[V=3],

Op — { 2[5+ )] i - o[ ] 4-22)
Z[Vd] otherwise.

In particular, if £ > 2 and the valuation o« = v¢(A,) of the discriminant of y is odd,

thene, =2, n, = %(oz — 1), and assuming y € M (n),,

(@=1)/2
Py, fH=2 X} . (4-23)
r=0

Proof of Proposition 4.8. The first statement is clear. Now suppose y € M (ny).
By (4-18),

o0 fM= [ I (¢ 'ye) dg.

The integrand is right K,-invariant as a function of g. Since K, is open with
measure 1, G(F)/K, is discrete with the counting measure. Therefore

Oy, M= Y M lve.

8€G(F)/K,
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By our earlier remarks, we can view the sum as a sum over the lattice classes, and
by Lemma 4.7, ®(y, f™) is equal to the number of lattice classes preserved by y.

Since y € E is integral over Op, O, = O + OFy is an order in E (see [23,
Lemma 26.10]). We claim that y O, C O, if and only if 0 <r <n,,, where q,” is
the index of O, . Indeed,

YO0, COr < ye0, < 0,C0, < r=<n,.

It follows that
My
Oy, f) = Z(# of classes of proper O,-lattices).
r=0
Recall from earlier that the set of proper O,-lattices corresponds bijectively with
E*/Of. Since we are counting F*-classes of lattices rather than lattices themselves,
we find

Oy, fM)= > |EYF*Of| (O)=0y).

0<r=<n,
Because Oy € Oy, it follows from (4-17) that |E*/ F*Of| = e, [O}, : O;], where
e, € {1, 2} is the ramification index of E/F. The result now follows. O

Corollary 4.9. For f™ as in (4-14), let y € M (n,) have characteristic polynomial
P,(X) = X*> —rX + D € Op[X] with discriminant A, = r* —4D. Then if y is
hyperbolic in G(F), ®(y, f™) = |A,|,"/%. Ify is elliptic in G(F) and P,(X)
does not have a double root in Op/p, then ®(y, f™) = 1.

Consequently, for y € M(ny) elliptic or hyperbolic in G(F), ®(y, f™) =11if

A, ¢p.

Proof. The hyperbolic case is just a restatement of Proposition 4.4. Suppose y is
elliptic. If P, does not have a double root in OF/p, then it cannot have a simple
root either, because otherwise that root would lift to a root in F' by Hensel’s lemma.
By the first remark after Proposition 4.8, ®(y, f™) = 1.

Furthermore, suppose p 1 2, and note that P, (X) = 2X —r vanishes only at
5 € Op/p. On the other hand,

2
\2 4

which shows that P, has a repeated root modulo p if and only if p | (r?> —4D).
Hence when p{2and A, ¢ p, ®(y, f™)=1.

If p|2 and (r> —4D) ¢ p, then r € O%, and therefore P; (X) =2X —r is nonzero
mod p. Hence P, does not have a repeated root, and ®(y, f™) = 1 in this case
as well. O
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Although the result of Proposition 4.8 appears complicated, it is not so hard
to evaluate it by hand, using the remarks that follow the proposition and standard
results about quadratic extensions of p-adic fields.

Example 4.10. Let £ be a prime not dividing D, and let y = (? 713 ) Then for f,
as in (4-7),
2 if¢=2and D=1,5,7 mod8§,
Py, fo)=14 if £=2and D=3 mod8,
1 if € #£2.

Remark. Some additional examples are given in Section 7.5.

Proof. First suppose £ # 2. Since the discriminant —4D of P, (X) = X 24+ D is not
divisible by ¢, ®(y, f¢) = 1 by Corollary 4.9.

Now suppose £ =2, so D is odd since £ { D. Recall that the squares of Qj are
exactly the elements of the set 222(1 4 875) [49, Theorem I1.4]. Thus —D is a
square in Qj if and only if

D =7 mod 8.

When this congruence is satisfied, y is hyperbolic, and by Corollary 4.9,
—1/2
Oy, fr) =|-4D|; " =2.

Now suppose that —D is not a square in (I, i.e., it is not 1 mod 8. We recall
some facts about the quadratic extensions of (2, (see, e.g., [36, Chapter 6]). There
are exactly seven such extensions, namely @2[\/3] for

d=—1,%3,+£2, 16,

with @,[+/—3] being the unique unramified quadratic extension. With the exception
of d = —3, the ring of integers is Z>[v/d]. For d = —3, the ring of integers is
Zg[% (1 +\/—_3)]. Under the given hypothesis, —D =d mod 8, where d € {—1, £3}.
So —D =dx for some x € 14875, and hence — D = dy? for some y € Z3. Therefore,
writing E = Qa2[v/—D], we have O = O, unless d = —3. In the former case,
E /Q, is ramified, so by Proposition 4.8,

If D=3 modS8, then Op =7, + 7, ¢ for ¢ = %(1 + +/—3). Hence
Oy =Ly +2rN—D =4y + 7y -3 =10p+ 752e.

So in the notation of Proposition 4.8, n,, =1. Since E /@ is unramified, using (4-20),
we have

D(y, f2) =[0f : Op1+ 05 : O;1=143 =4. 0
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4.6. The set of relevant y. Here we determine explicitly the finite set of conjugacy
classes in G(Q) that can have a nonzero contribution to the trace of R(f) for f as
in (4-10). Writing N =[] pIN p™r, define the square-free integers

S = 1_[ p, T= 1_[ p.

PIN, N, even PIN,N, odd

We say that an elliptic element y € G(Q),) is unramified (at p) if v,(det y) is even,
and ramified otherwise.

Lemma 4.11. Let y € G(Q) be elliptic, and suppose ©(y, f) #Ofor f = fHasin
(4-10). Then there exists a unique positive divisor M| T and a scalar 7 € Q* such
that tr(y z) > 0 is an integer and

det(zy) =nM.

In particular, the rational canonical form of zy lies in My (Z).

Proof. If p|S, then y is unramified at p since f), is supported in Z,K,,. For p|T,
the support of f,, has both ramified and unramified elements (see (3-2)). Let M be
the product of those primes p |7 at which y is ramified. For each prime £t N, some
conjugate of y must lie in Supp(f;') = Z;M (n), since otherwise the integrand of
®(y, f) vanishes. It follows that v, (det y/nM) is even for all primes p, where v, is
the p-adic valuation. Hence det y € £nM Q*2, where Q*? is the set of squares in Q*.
Because fx is supported on G(R)™, there is a scalar z € Q* such that det(zy) =nM,
as claimed. Because ®(zy, f)=®(y, f) #0, some G (Ag,)-conjugate of zy lies in

1_[ <p 1) K, x 1_[ K, x HM(n)e - MZ(Z) (4-24)
pIM

pI(ST/M) UN

(recall that f), is supported in the group J of (3-2)). In particular, tr(zy) € ZNnQ=7.
Scaling z by —1 if necessary, we may arrange further that tr(zy) > 0. (Il

Lemma 4.12. Let F be a p-adic field, and y an elliptic element of G(F) with
try € Op anddety € p. Thentry €p.

Proof. Denote the characteristic polynomial of y by
P,(X)=X*—dX +dety,

where d = try. Notice that P, (0) = 0 mod p. Furthermore, P)ﬁ (0) = —d mod p.
If d is nonzero modulo p, then by Hensel’s lemma, P, has a root in p, contradicting
the fact that y is elliptic in G(F'). Hence d € p. O

Proposition 4.13. For y € G(Q) elliptic, and f = f™ the test function defined
in (5-21), ®(y, f) =0 unless the conjugacy class of y has a representative in G (Q)

of the form (? _f%) for some M|T and 0 <r < /4n/M.
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Remark. If the characteristic polynomial of y = ((1) _f%

®(y, f) =0 by Proposition 4.3.

) has a root in Q,, then

Proof. Let o be an elliptic conjugacy class in G(Q) with ®(o, f) # 0. By
Lemma4.11, o has a unique representative y € G(Q) with characteristic polynomial
of the form

P,(X)=X*—dX +1aM € Z[X],

where d = try > 0 and M |T. By Proposition 4.3, we know that y is elliptic
in G(Q,) for each p|N and also in G(R). It follows by Lemma 4.12 that M |d.
Write d = r M. Given that y is elliptic in G(R), we have d* < 4nM,ie.,

M < 4n.

So, taking y in rational canonical form as we may, it has the form

y=((1) —1;%)’ 0<r <+ 4n/M. (]

4.7. The measure of G, (F)\G,(AFf). Let F be a number field with adele ring Ar,
and let y be an elliptic element of G(F). With G, the centralizer of y in G, here we
will compute the measure of GV—(F)\G], (Ar). The result is given in Theorem 4.16
below. A related discussion can be found in [16, Section 5].
The basic idea is straightforward: we know that G,, (Ar) = Ar[y]* = A}, where
E = F[y] is a quadratic extension of F. (The proof of this fact given in [23,
Proposition 26.1] for F = Q) applies to any number field.) The center of G(AF) is
isomorphic to A%, so
G, (Ap) = AL\AL (4-25)

topologically and algebraically. Finally, G, (F) = F[y]* = E* by loc. cit., so
G, (F\G, (Ar) = ALEN\AL = (FAAD\(EN\AR) = (FI\AD\(E*\Ap),

where the superscript 1 indicates ideles of norm 1, and the latter isomorphism
comes from modding out by an embedded copy of RT in A% € A%. For any
number field L the measure of L*\Ai is computed in Tate’s thesis under suitable
normalization, which we may use with L = E, F to obtain the measure of the above
space. However, as will be seen, we need to be very careful about the normalization
of measures, particularly in the last step.

4.7.1. Quotient measure. Recall that if H < G are unimodular locally compact
groups with Haar measures gy and pg and H closed in G, there is a unique left
G-invariant quotient measure g, on G/H satisfying

/ U f(gh)duH(h)} dMG/H(g)=/f(g) dug(g) forall f e C.(G).
G/HLJH G
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Lemma 4.14. Let H, K and T be unimodular locally compact groups, with Haar
measures \Lt, Ly, Lk, respectively. Assume that H < K, and let G =T x K
and J = T x H. Then relative to the product measures (g = it X g and
Wy = HUT X Wy, we have juG;; = g/ on the group G/J = K /H.

Proof. For f € C.(G),

f [/f(xy)duj(y)] dug /g (x)
k/HLJs

Z/ [/ ff(Xht)dﬂT(t)dﬂH(h)} dpgm(x)
kL H T

2/ [ff(kf)dMT(f)} dﬂK(k)Z/f(g)dMG(g)- O
kLJr G

4.7.2. A volume from Tate’s thesis. Let L be a number field with adele ring Ay =
]_[; L,, where v ranges over the places of L. In Tate’s thesis, measures (., on the
local multiplicative groups L} are normalized as follows. If v is real,

dx

dpy(x) = — (4-26)
x|
for x € R*. If v is complex,
dxdy 2
duy(z) = 2x2 e = ;dr do 4-27)

for z =x +iy =re!” € C*. Finally, at a nonarchimedean place v, u, is the Haar
measure on L} satisfying

1o (OF) = (ND,) 7172, (4-28)

where O, is the ring of integers of L,, ®, is the different of L, and N®, = |0, /D, |.
Taking the restricted product of the above local measures, we obtain a Haar measure

!/
.
v

Let L} = ]_[vlooL’,S; we embed it into A} by taking 1’s at the nonarchimedean
components. We embed R* into L% and hence into A} via

A@) = @V ),

where n = ny = [L : Q]. Then if L has r; real embeddings and 2r, complex
embeddings, for € R™ we have

@Ol = [Tl =422 =4
v|oo

(recall that in the ideles we take the square of the usual absolute value at the complex
places).
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Let T = R™ denote the image of the map A. We give it the Haar measure dt /1.
We have
AF =T x AL (4-29)

where Ai is the subgroup consisting of ideles of norm 1. There is a unique
measure MIL on Ai = Aj /T such that

dt 1
mr = ry X HUp-
The multiplicative group L* embeds diagonally in A} as a discrete subgroup,

and by the product formula, L* C AlL.

Theorem 4.15 [54, Theorem 4.3.2]. The group L* is discrete and cocompact in Ai.
Giving L* the counting measure, for ;LIL as above we have

2" 2m)2h(L)Ry
1 * 1
L™\A;) = ,

where h(L), Ry, dp and wy are the class number, regulator, discriminant, and

number of roots of unity of L, respectively.
Remark. This is the residue of the Dedekind zeta function of L at s = 1.

4.7.3. Haar measure for orbital integrals. Let y € G(F) be an elliptic element.
Here we define a Haar measure n on G, (Ar) which is convenient to use for
computing the elliptic orbital integrals. Given a nonarchimedean place v of F,
y is necessarily either elliptic or hyperbolic in G (F,). We select a compact open
subgroup H, of G, (F,) = Z(F,)\G, (F,) as follows. If y is elliptic in G(Fy),
then the full group is compact by Proposition 4.5, and we take H, = G, (F,). If y
is hyperbolic in G(F,), then G, (F,) is conjugate to the diagonal subgroup M (F).
In this case we define H, to be the subgroup of G, (F,) taken by this conjugation
to M(Ov) = Oy, where O, is the ring of integers of F,.

Next, we choose a local Haar measure n, on G, (F,) for each place v of F
as follows. If v { oo, we normalize 7, so that n,(H,) = 1. If v|oco is a real
place of F and y is elliptic over F,, we take 1,(G,(Fy)) = 1. If v|oo and y is
hyperbolic over F,, then G, (F,) = M (F,)/F; = F,, and we give it the measure
dny(x) = dpy (x) for p, as in (4-26) or (4-27).2

Note that

G, A0 =[]G,F.

where the product is restricted relative to the subgroups H,. We let  denote the Haar
measure on G, (Ar) which is the restricted product of the above local measures 7,,.

2with F = @, these are the measures that are used in the local orbital integral calculations in the
present paper. See Sections 4.4 and 4.5 for finite £1 N and [23, Section 26.2] for the £ = co calculation
yielding (4-12). For £| N, in Section 6 we will use the same measure used in Section 4.5.
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As explained in (4-25), for E = F[y] we have
G, (Ap) = AL /AL.

So another natural measure on G, (Ar) is the quotient measure (g, r coming from
the Haar measures p g and pur on A}, and A}, obtained by taking L = E and L = F
respectively in Section 4.7.2.

Let us next determine the constant relating the two measures n and g, r. For
a place v of F and a place w of E lying over v, we have defined the measures
iy and wy, on F and E7 in Section 4.7.2. We let ) = ]_[w|v Wy be the product

measure on E} =], , Ex, and define /), to be the corresponding quotient measure

wlv
on E¥/F} =G, (F,). Then pg/r = [T, iz, where v runs over the places of F. For
each v we need to find the constant relating 7, to it

Let v be a nonarchimedean place of F. Suppose y is hyperbolic in G(F,), so

that 7,(M(O,)) = 1. Let w, w be the primes of E lying over v. Then
E,.=EQF,ZE,®Ey,
and p!, = fy X [ ON
G,(F,)=E, =E, xE; =F;xF].
Hence
I * ko * _ *\ —-1/2 \—1/2
w1y (O, X OF) = (O ) (OF) = (NDy,) ™/ “(NDg)

by (4-28). (This is in fact equal to N®,,, but we prefer to leave it unsimplified for
global reasons.) Likewise, the diagonally embedded subgroup F,’ C E has measure
W (OF) = (ND,)~'/2. Therefore the quotient measure i1, on E/Ff = G, (F,)
gives the open subgroup (O} x OF) /0 = M(O,) the measure (NQ"’&;(SSE P
Consequently, '

_(ND,)2(ND) 2,
T Noyz M

v

for such v.

Now suppose y is elliptic in G(F,) (again with v nonarchimedean). Then there
is a unique valuation w of E extending v, and E,, = Fy[y] is a quadratic extension
of F,. Let O,, be its ring of integers, with a uniformizer zr. Then for the ramification
index e, = e(w/v) € {1, 2},

ey—1
G,(F)ZE/F; =] o'0}/0;
j=0

as in (4-17). By definition of the local component ji,, of g, y, (O}) = (ND,,) 172,

The local component of pr at v gives meas(O}) = (ND,)~1/2. Therefore the
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quotient measure ji), satisfies

_, (ND,,)~1/2
O 1Oy = ——~L .
Since 1,(G, (Fy)) = 1, it follows that
1 (ND,)Y2

Ny =

"o (ND,) 2
for such v.

Suppose F, =R and y is elliptic in G(F,). Then E,, = C* and G,, (F,) = C*/R*.
A set of representatives in C* is {€? |10 €0, )}. Since the measure . (x) =dx/|x|
on R* matches the factor dr/r in w,,(z) = (2dr d6)/r given in (4-27), it follows that

i, (CY/R*) = 271

Since 1,(G, (R)) =1,

— 1 =/
77v - glu/u

for such v.
If F, =R or C and y is hyperbolic in G(F,), then as in the analogous nonar-
chimedean case,

E'=E, X Ep =2 Ff x F,

and the quotient measure on G, (F,) = E}/F} = F is i, (x) = p,(x). In such
cases we have likewise defined 1, = u,. So n, = f,, for such v.
Putting everything together, we have shown that

77_[ 1 nww(N@w)l/z][ [1 1 ]M
=11l Naoir 2 |PEIE
vfoo €y (NDy) v| oo, y elliptic in G(Fu)zn

We can simplify using three well-known facts from algebraic number theory (see,
e.g., [41, Section II1.2]):

(1) e, =2 if and only if p, |0g,F Where 0g/F is the relative discriminant.
(2) The absolute discriminant of a local field is the absolute norm of the different.
(3) The product of the local discriminants is the global discriminant.

It follows that taking dr, dg € Z to be the discriminants of F and E respectively,

g1 1
n= |dF|1/2 2wrQE/F) (2m)%

WE/F, (4-30)

where wr(0g,F) is the number of distinct prime factors of 0z, in OF, and a,, is
the number of (real) archimedean places v of F for which y is elliptic in G(F,).
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4.7.4. The quotient measure. We turn now to the quotient space whose measure
we need to compute, namely G, (F)\G, (Ar) = E*AL\AL =A% /AL E*. We have
defined the quotient measure (g, r on Ay /A%. By (4-29), we have
AL =T xAp, AL=TxAL.
We regard A}, as a subset of A%, so T is the set
T ={(a,a,...,a) € EX|a>0} CA}.

We will use Lemma 4.14 to relate j g/ r to the quotient measure on A}E /A}E coming
from the measures /’LIIE and M}p defined below (4-29). Recall that T is given the
measure dur(t) = dt/t, where tV/"e = q for ng = [E : Q]. In terms of the
parameter a,

d
dur(t) =n57“.

Notice that this is not the measure given to R* upon taking L = F in (4-29), which
isng(da/a) = (np/ng)dur(t). In other words, for 7 normalized as above, ,u},
is defined by

_ 1
UF = (E : F]MT X Up.
Therefore
— _ 1,1
HF =HKT X (E - F]MF =UT X FUE.
Hence by Lemma 4.14, the quotient measure WE/ F on AL /AT /NF is the

same as the quotient measure coming from s r and 2”‘ e We denote this quotient
measure by M}E /P
Finally, taking the quotient by the discrete subgroup E* we have

(AL/E®) ) _ up(Ap/EY)
AREYE*))  Sup(AL/F*)
As a technical point, the measure on the disjoint union

ALE*= |J ALa
a€E*/F*

we/F (AR /E*AG )—ME/F( (4-31)

is simply % u }; on each component since E* is given the counting measure. This
explains why the quotient measure on A;E */E* is the same as %,u; on A}p JF*.
Applying Theorem 4.15 and (4-30) to (4-31), we immediately obtain the following.

Theorem 4.16. Let y € G(F) be an elliptic element, and let n be the measure
introduced in Section 4.7.3. Then for E = F[y],

21O Qa2 PR(E)RE wr 2
2r1(F)(27[)r2(F)h(F)RF Wg 2wF(DE/F)(27T)t¥y ’

with notation as in Theorem 4.15, where wp(0g ) is the number of distinct prime

n(Gy (F)\Gy (Ar)) =
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ideals of O dividing the relative discriminant g r, and a,, is the number of (real)
archimedean places v of F for which y is elliptic in G (F),).
In the special case where F = Q) and E = Q[y] is quadratic imaginary, we have
a,=1, wp=2, h(F)=Rg=Rr=1,50
2h(E)
where w(dg) is the number of distinct prime factors of the discriminant dg.

n(Gy(@\Gy(A) = (4-32)

With the above in place, the proof of Theorem 4.2 is complete.

5. The case N = S>T3: proof of Theorem 1.1

Henceforth, we will focus on the case where N = ST for § and T relatively prime
square-free integers. In order to prove Theorem 1.1, by Theorem 4.2 we just need
to compute the orbital integrals at the primes dividing N. We begin in Sections 5.1
and 5.2 by reviewing the construction of supercuspidals of conductor p? (depth zero
case) and of conductor p> (simple case), giving explicit formulas for the local test
functions to be used. In Section 5.3 we outline the global setup, and then compute
the required orbital integrals in Section 6 to complete the proof.

5.1. Depth zero supercuspidal representations. Let F be a p-adic field, with
ring of integers O, maximal ideal p = @w O, and residue field k = O/p of size q.
The supercuspidal representations of G (F') of minimal conductor are the so-called
depth zero supercuspidals, with conductor p2. They have the form o = C—Indgg) (p),
where p is a (¢ — 1)-dimensional representation of K = G(O) inflated from a
cuspidal representation of G(K), and c-Ind denotes compact induction. Some of
their properties are summarized below (see, e.g., [29] for more detail).
Temporarily, write G = G (K). Let L be the unique quadratic extension of K. The
multiplicative group L* embeds as a nonsplit torus T C G, with k* mapping onto
the center Z C G. A character v : L* — C* is primitive (or regular) if v # v9, or
equivalently, if v is not of the form yx o NkL for a character x of k*, where le is
the norm map. There are g(¢ — 1) primitive characters of L*. Given a character
of k*, let [w] denote the set of primitive characters v satisfying v|x» = w. By [29,
Proposition 2.3], the cardinality of [w] is
g —1 ifqisoddand 0'9~V/? is trivial,
P,=1qg+1 ifqisoddand ®?~V/? is nontrivial, (5-1)
q if g is even.

LetU = ((1) ‘1() be the upper triangular unipotent subgroup of G. A representation
of G is cuspidal if it does not contain a U-fixed vector. Fix a nontrivial additive
character

¥k — C*.
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We will always take ¥ (x) = e(x/p) = €>™*/? if k = Z/ pZ. We may view ¥ as a
character of U in the obvious way.

Given a primitive character v of T, there is a unique irreducible cuspidal repre-
sentation p, of dimension ¢ — 1 satisfying

Ind$, (K)(v ® ) = p, B Ind¥ v.

Every cuspidal representation arises in this way, and p, = p,/ if and only if V' €
{v, v?}.
We have the following well-known formula for the character of p,,. For x € G (K),
(g—T1v(x) ifxeZz,
—v(z) fx=zu,zeZ,uelU, u+#1l,
trp, () = | 7 (5-2)
—v(x)—vix) ifxel,xg&Z,

0 if no conjugate of x belongs to TU ZU.

Because v(c~'xc) = v(x?) for all ¢ € Ng(T) —T, there is no ambiguity evaluating
tr p,(¥) using the third row above if y is conjugate in G(k) to x € T.

Working now in the group G(F), given the surjection K — G(K) obtained by
reduction modulo p, we may view p,, as a representation of K. Its central character
is given by z — v(z(1 +p)) for z € O*. By choosing a complex number v(z ) of
norm 1, we may extend p, to a representation of ZK, and then

G
oy = c-Ind5 (py)

is an irreducible unitary supercuspidal representation of conductor p2. Its formal
degree under the normalization meas(K) =1 is

dy, =dimp, =q — 1. (5-3)

The only equivalences among the representations o, are o, = 0,4 (provided v¥ (@)
is defined to be the same complex number as v(@)).
We define the test function f, : G(F) — C by

trp,(g) if ge ZK,

) (5-4)
0 otherwise,

fp(®) ={

where tr p, is given in (5-2).

Proposition 5.1. Suppose o, has trivial central character. Then its root number is
given by

—(=1)@tD/rif g is odd,
sze(%,o-v’w):{_l fq

where r is the order of v in the character group of L*. Suppose further that q is odd
and 41 (q — 1) so that o’ = —1 for some a € L* — k*. Then

€, = —v(@). (5-6)

5-5
if q is even, (5-9)
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Remark. Under the hypothesis, v|k« is trivial, which is equivalent to r| (g + 1)
when ¢ is odd.

Proof. The root number coincides with the Atkin—Lehner sign of the representation
[48, 3.2.2 Theorem]. We will show that it is a Gauss sum for v, which can be
evaluated explicitly. The Atkin—Lehner sign €, is defined by

(-

where ¢ is a new vector in the space of o,,. Note that €2 = 1 since o (( 1)2) =
o ((’U2 »2)) acts trivially under the hypothesis of trivial central character.

A model for p, on the space C[k*] of complex-valued functions on k* is described
in [29], following [47]. In terms of this model, the new space (C—Indgg(F) (po)) K1 **
is spanned by the function ¢ : G (F') — C[k*] supported on the coset Z K (w 1)K 1 (pz)
and defined by

<p(zk (w 1)) =p(Ek)w (z€Z, keK),

where w € C[k*] is the constant function 1 [29, Proposition 3.1]. In particular,

L Jomwons
el D e ) o
(" )6 Do
e, )
() o

since we are assuming v|p= = 1. Let f, € C[k*] be the characteristic function of
a € k*, sothat w =Y, .« fa. Using [29, (2-11)] we see that ,o,,((_1 Dw=w,
and just below (2-16) of the same reference, we have

(Pv <<_1 1))fa>(1> = —év(a‘l) > Ytk @)v@) forall a €k*.

uel*
N(u)=a
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We are assuming that v = 1, so v(a~!) = 1, and summing over a € k* we have

€= —}1 Y Yt ) v(w).

uel*
This Gauss sum can be evaluated explicitly by an elementary calculation, giving
(5-5); see [2, Theorem 11.6.1] for details.
Now suppose ¢ is odd and 4 { (g — 1), and let t be a generator of the cyclic
group L*, so in particular 1@ =D/2 = _1. If v has order r, there exists j with
gcd(j, r) = 1 such that v(¢) = e(j/r). Taking o = @’ ~D/4,

l)(ot) = e(%) — (_l)j(qr-i—l)% _ (_1)@
r

’

since %(q — 1) is odd by hypothesis. The above is equal to (—1)@*TV/" = —¢
since r is odd when j is even, and 2| (g + 1). This proves (5-6). O

Corollary 5.2. Fix € € {x1}. Then the number of depth zero supercuspidal repre-
sentations of G (F) with trivial central character and root number € is

Hg—1 ifg=1mod4,

i(q—i—l) ifg=3mod4ande =1,

1(@-3) ifg=3moddande=—1,

0 ifgisevenande =1,

%q if g is even and € = —1.

Proof. With notation as in (5-1), the number of supercuspidals with a given central

character w is %Pw. (We divide by 2 to account for the fact that v and v induce the

same supercuspidal.) So the assertion for g even is immediate from (5-1) and (5-5).
Let ¢ be odd, and let ¢ be a generator of the cyclic group L*. Then t9*! is a

generator of K*. The characters of L* are the maps v, defined by

) = nm
o =<(5)

for 0 <m < g> — 1. We consider only those characters satisfying v, |k = 1, i.e.,
(g — 1) |m. Notice that v, is imprimitive if and only if v,‘fl_l =1, which holds if and
only if (g 4+ 1) |m. So we consider the values m = k(g — 1) (for 1 <k < (g + 1))
which are not multiples of g + 1, i.e., k # %(q +1).

The order of v, is

g’ —1 _ qg+1
ged(m, g2 — 1) ged(k,g+ 1)
By (5-5), 0y, has root number

(5-7)

€, = —(=DEIEITD = _(— )k, (5-8)
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since g + 1 is even. Notice that the removed value %(q + 1) of k is odd if and only
if g =1 mod 4. So in this case, among the remaining g — 1 values of &, half are odd
and half are even. If ¢ =3 mod 4, then %(q -D+1= %(q + 1) of the remaining
values of k are odd, and %(q —-1—-1= %(q —3) are even.

To count supercuspidal representations, we divide the number of relevant k’s
by 2 since the distinct characters v,, and v, induce the same representation. ~ []

5.2. Simple supercuspidal representations. With notation as in the previous sec-
tion, we recall here the construction of the supercuspidal representations of G (F)
of conductor p3. The central character of any such representation is at most tamely
ramified. So we begin by fixing a character w, of the center Z = Z(F) = F*
of G(F), trivial on 1 + p.

Define the following compact open subgroup of G (F):

K/=(1+p (@] )
p 1+p

Fix a nontrivial character

Vv k— C¥,
which we also regard as a character of O trivial on p. Given ¢ € k*, define a character
X =x:K — C*by
a b
X ((cw d)) =y (b+tc). (5-9)

The matrix

t
8t =8x = >

normalizes K’, and furthermore
X(g;Ing) = x(k) forall ke K'. (5-10)
Given x as above, let
H' =ZK'Ug,ZK'. (5-11)

Although it is not reflected in the notation H’, this set depends on both ¢ and the
fixed choice of . Given that gi =tw, we may extend x to a character y, of H' via

Xe (85 2k) = ¢ wp(2) x (k) (5-12)
for z € Z and k € K', where ¢ is a fixed complex number satisfying
2= wptw). (5-13)

Proposition 5.3. The compactly induced representation cr)% = C—Indng) (x¢) is an

irreducible supercuspidal representation of conductor p3, with root number

€(z.00.9) =¢.
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Conversely, every irreducible admissible representation of G(F) of conductor p>
with central character trivial on 1 + p arises in this way.

Proof. See [31]. For a more recent treatment using the above notation (but on GL,,),

see [27, Sections 4 and 5 and Proposition 7.2]. The root number is computed in [1,

Corollary 3.12]. O
We will also use the notation

af = O’§

for ¢, x as in (5-9), though it should be borne in mind that the representation depends
also on the choice of additive character ¥ and uniformizer . When F = Q,, we
will always take @ = p and

W (x) =e(x/p) =e*™*/P  for x € Z/pZ.
Henceforth we assume that wy, and hence also a,{, is unitary. Under the normal-
ization meas(G (Q)) = 1, the formal degree of aﬁ is
dy =3(g*—1). (5-14)

This is seen, e.g., from (6.4) of [27] and the last line of the proof of Corollary 6.5
of the same paper.
We define the matrix coefficient f, : G(F) — C by

KA i>
ol Nl /[

fo(g) = d, <af (2)

where ¢ € c—IndggF)( X¢) is the function

_|xc () ifgeH, )
o(e)= {O otherwise. (5-1)
Note that
lplI* = / ¢ (g)]>dg = meas(H'). (5-16)
G(F)
Likewise,
(0f () b, ¢) =/ ¢(Xg)<lTX)dX=/¢(Xg)X;(X)dx
G(F) "
_ {meas(H/)X;(g) if ge {-I/, (5-17)
0 otherwise.

By (5-14), (5-16), and (5-17), we have

fp(g):{%(qz_l))({(g) ingH/, (5-18)
0 otherwise.
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5.3. Global setup. Fix square-free integers S, T >0 with ST > 1 and gcd(S, T) =1,
and let k > 2. Set N = T3, and let o’ be a Dirichlet character of modulus N
satisfying

o' (—1) = (=DF. (5-19)

Let w be the Hecke character attached to o’ in (4-1). We assume in addition that
for each p|N, w), is trivial on 1+ pZ,, since this is true of the central character of
every supercuspidal representation of conductor < p*. Equivalently, the conductor
of o’ divides ST.

Proposition 54. If N = 22 or 23 and k is odd, there is no such character.

Proof. If N is a power of 2, then by (4-3) and (5-19), (- ¥ =o' (=) =wy(—=1) =1
since w is trivial on Z5 =1+ 27;. So k must be even. O

Under the stated hypotheses, for each p|S, ), is trivial on 1 + pZ,. We may
thus view ), as a character of (Z,/pZ,)* = l]:;' For each such p, fix a primitive
character v, of [F;;z such that vp|[F; = wp. Recall that the number Py, > 0 of
such primitive characters is given in (5-1). We define v,(p) = w,(p) and extend
multiplicatively so that v, can also be viewed as a character of Q7 which allows
us to view p,, as a representation of Z, K, with central character w,. We let

op=0,,= c—Indgp(%’ )(,ovp)
be the associated supercuspidal representation of G(Q,). The number of iso-
morphism classes of supercuspidal representations of conductor p? and central
character w), is %Pwp.
For each prime p | T, fix a simple supercuspidal representation o), = crti" of G(Q,)
with central character w,, where ¢, € (Z/pZ)* and ¢ 5 =w,(t,p). When the prime p
is understood, we sometimes write 7, ¢ instead of 7, {,. By (4-2),

tp=wptpp) =wp(ty) [ @p™). (5-20)
£|N,£p
In particular, when N = p? for p prime, §p2 =w,(tp).
Having made the above choices, we let ¢ = (0,,) 5| v denote this tuple of local
representations. Then S (6) C SEeW(SZT3, o).
Now consider the test function

f=r=rt 1617 (5-21)
pIN  ¢N
as in (4-10) with N = S?T?3, where, for p|S (resp. p|T), fp is the chosen test
function given in (5-4) (resp. in (5-18)).
The above setup is slightly different from that used in (4-10) and Proposition 4.1
since f), is not a single matrix coefficient when p|S, but a certain sum of matrix



COUNTING LOCALLY SUPERCUSPIDAL NEWFORMS 395

coefficients, and without the formal degree coefficient. Nevertheless, the conclusions
of Proposition 4.1 do hold for the above test function, as the next result shows.

Proposition 5.5. With f defined above, tr(Ty | Sk(6)) = n* /2~ tr R(f).

Remark. This is not special to depth zero supercuspidals. By [29, Proposition 1.2],
the proof below applies with any unramified (even power conductor) supercus-
pidals o), at p|S, using d,;, = dim p in place of p — 1, where 0, = c—IndgK(,o).
(Ramified supercuspidals may be induced from a character of an appropriately
chosen open compact-mod-center subgroup, so for these, one can use a test function
analogous to (5-18).)

Proof. In the proof of Proposition 4.1, we used the fact [23, Corollary 10.26] that
for o = o), the operator o (d, (0 (g) w, w)) is the orthogonal projection of the space
of o onto Cw. For f, in (5-4), by [29, Proposition 1.1], there is an orthonormal set
{wi, ..., w,_1} of vectors in the space of o such that

fr(8) = Z (o (@) wj, wj).

So o (dy fp) =0 ((p—1) fp) is the orthogonal projection onto Span{wy, ..., w,_1}.
Therefore using this local test function in the proof of Proposition 4.1 would give
us a block sum of p — 1 copies of the matrix for n! ~*/2 T;,. To get the correct trace,
we would need to divide by p — 1, which is achieved by simply taking f, instead

of (p—1)fp. O
Noting that f,(1) = dimp, = p — 1 =d,, for p|S, the identity term in the
formula for tr R(f) is
@) Lk- D[ -D[]iw*-D. (5-22)
rls rIT
as seen between the brackets in Theorem 4.2. We remark that this is not always an
integer when n = 1. For example consider the case where S = 1. For p > 3 prime,

n(pP' =D =uvnp-D+unlp+1) >3,

with equality holding precisely when p =3, 5 mod 8. (Here, v, is the 2-adic valua-
tion.) It follows easily that when n = 1, the identity term %(k -DJ] pIT %( p2 -1
fails to be an integer in exactly the following situations:

e T=2and k # 1 mod 8.
e T =3 and k # 1 mod 3.

e T =2p for some p = 3,5 mod 8, and k is even.
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So in such instances, when § = n = 1 the elliptic contribution to |Hy(6)| in
Theorem 4.2 must be nonzero for this simple reason.

The list of relevant matrices in the trace formula of Theorem 4.2 can be refined
in certain situations.

Proposition 5.6. Let N = S*>T? as above, let f = f™ be the test function defined

in (5-21),let M|T,and 0 <r < /4n/M. Then dD(((l) _f%), f) = 0 in each of the
following situations:

e r=0andk is odd.
o There exists p| N such that X*> —r M X +nM has a root in Q,.

e There exists p|M such that —pt, /nM is not a square modulo p, where t,, is

the parameter of the local representation o,i”.

e There exists p|(T /M) such that X>* —rMX +nM = (X — z)*> mod p has no
solution z € (Z] pZ)*.

Remark. For the case n = 1, we can refine the list of relevant y even further (see
Proposition 7.9 below).

Proof. The first bullet point follows from (4-13).

Lety = (1 _f%), and suppose that ®(y, f) # 0. Then by Proposition 4.3, y is
elliptic in G(Q),), which gives the second bullet point.

For the third bullet point, suppose p|M. Write dety = up for some u € Z3,.
Assuming the local orbital integral ®(y, f,) is nonzero, f,(g"'yg) # 0 for some
g € G(Qp). Then g 'yg belongs to the ramified component of Supp(f), i.e.,

writing t =1,
-1 t a b ’
= Zg, K
g V8=2 <p > (pC d) € 8xp

for some b,c€Z,, a,d € 1+ pZ,, and z € Z},. Taking determinants, we have

up = —tpz>(ad — pbe),
and hence
u=—tz*> mod p. (5-23)

This shows that —¢/u is a quadratic residue modulo p.
Finally, if p|(N/M), thendety € Z}, soif ®(y, f,) # 0, some conjugate g lve
lies in the unramified component of Supp( f,):

-1 a b ’
= ZK
g8 Y8 Z(pc d)e

for z, a, b, c, d as above. Taking determinants, dety = 72 mod p. Taking the trace,
try =2z mod p. Hence P, (X) = X2 —27X 472 = (X —2)?> mod p. O
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6. Local orbital integrals at primes p | N for N = $>T3

Our goal here is to compute

O(y, fp) = fi frle ve) dg

G, (@)\G(@))

taking for f, the test functions given in (5-4) and (5-18), and for y the matrices
given in Theorem 4.2, and using the quotient measure defined in Section 4.5, so

O(y, fp)= /(x@ )fp(g_lyg)dg-

With these calculations, Theorem 1.1 will follow immediately from Theorem 4.2.
We will use the strategy adopted by Palm in [43, Proposition 9.11.3] which
avoids the use of lattices or buildings. There are errors in the statement and proof of
his proposition, so we cannot simply quote the result. However, the basic method
is sound and can be adapted to give the result in the cases of interest to us here.
The following lemma will allow us to rewrite the integral in such a way as to
exploit the structure of the support of f),.

Lemma 6.1 [43, Lemma 6.4.10]. Let G be a unimodular locally compact group,
and suppose 1, I, are two open compact subgroups of G, each given total Haar
measure 1. Then for any choice of Haar measure on G we have

/Gqs(g) dg =XGI§/IZmeasG(hxlz> /1 | f, Bl dindis (6-1)
forall ¢ € C.(G).

Proof. For ¢ € C.(G), we see that

[o@ads=[ [ | / igin) iz dir dg

by changing the order of integration and using the bi-invariance of dg. The inner
double integral defines a compactly supported function F of g € G which is constant
on double cosets /1 g, and is therefore a finite linear combination of characteristic
functions of such double cosets. The identity (6-1) clearly holds for the characteristic
function of a double coset. By linearity it holds for F as well, so

[ @ds= [ Fls)ds
G G
= measG(lelz) F(i]Xiz) di2 di]
xe]%zG/lz /;1 ‘/12
= >  measg(l1xlp)F(x)
th\G/b

= Z measG(thz)/I/I¢>(i1xi2)di2di1. |
1V 12

th\G/b
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6.1. Preliminaries when p|T. Throughout much of this section, we will work
over a p-adic field F with notation as in Section 5.2, and write G for G(F’), and G
for G/Z. Having fixed a simple supercuspidal representation crf of G with unitary
central character wy, we take f;, to be the test function given in (5-18).

Applying Lemma 6.1 to (4-18), we have

O(y, fp) = /Gfp(g_lyg)dg

= > measG(I?’xl?’)fff,,(h;lx1h;1yh1xh2)dh1dh2,
xeR\G/K/ K

where each dh; is normalized to have total measure 1. Since fy|x’ is a character,
h» has no effect, and we obtain

Dy, fo) = Z measg (K xK') / fox'h Yy hx) dh. (6-2)
+eRN\G/K' K
In order to compute the above, we need a few preparations. First, recall the affine
Bruhat decomposition

G=K'MK'UK'MwK'=K'MK'UK'Mg,K’,

where w = (1 71) and M is the diagonal subgroup [7, Proposition 17.1]. Accord-
ingly, we may take as a set of representatives x € K'\G/K' the elements x = m
and x =mg, for

me{(y 1),(y w].),(w y)‘j>0,n>0,ye(0/p)*}. (6-3)

For each such x we need to compute the integral in (6-2), which we denote by

K,(x)= / fox 'Ry hx) dh.
<
By (5-10),
fo(gy'88x) = fy(g) forall g.

Therefore K, (xg,) = K, (x). Furthermore, since g, normalizes K’, the measure
of K'xK' is unchanged if x is replaced by xg,. It follows that

Oy, fp) =2 Y measg(K'xK)K,(x). (6-4)
x in (6-3)

Lemma 6.2. Let x = (wn y) or (y wn)for n>0andy e O* Then with measure
on G normalized so that meas(K) = 1,

n

q

meas=(K'xK') = .
G( X ) qz_l

(6-5)
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Proof. We may assume that y = 1 since, for example,
_ n _ _ n — /1
meas(K’ (w )I():meas([(’ (w )I(( >>
y 1 y
[r— n [—
=meas<K’ (zzr 1) K’).

n

. . . . _ 1
Likewise, since g, normalizes K’ and ¢;'(”" )gx = (" ,,» ), We may assume that

X = (wn 1)'

We claim that for n > 0,
(" ’ @" b ’
K( 1)K_U(O 1)K, (6-6)
beO/ph

a disjoint union. The union is disjoint since

@ b\ (@" by _ (1 2=k
0 1 o 1)"\o 1)

which is in K’ if and only if b; = b mod p”. The inclusion 2 in (6-6) follows from

(D=6 )ex (")

The reverse inclusion follows from

a b\ (" \ _ (" bd™"\ (a—cbd™' 0
cd 1) Lo 1 co"  d)’

By the decomposition (6-6),

meas(K’ <w ) K’) = ¢" meas(K') = 2q—,
1 qg-—1

since meas(K') = 1/(q2 — 1) when meas(K) = 1, as shown in the proof of [27,
Corollary 6.5]. O

—1

If x = (7)), then K, (x) = fy(y”) where y* = (* |)y(”,), since fy is a
character of K’, (y l) normalizes K’, and we give K’ measure 1. Thus, in view of
the above lemma, (6-4) now becomes

2
)=y 2 ho)

ye(O/p)*

2y 2 () s (0] e

To compute K, (x), we fix coordinates on K' with the following.
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Lemma 6.3. Let G, H, K be compact topological groups, with G = HK and
HNK ={1}. Let dh and dk be the respective Haar measures on H, K of total
measure 1. Then the Haar measure on G of measure 1 is given by

[ r@ds=[ [ ramaxan
G HJK
Proof. This is a special case of [23, Lemma 7.13]. O

We will use the Iwahori decomposition [7, (7.3.1)] of K'. Letting M (1 +p) =

(ler 1+p), N(O) = ((1) (19), and N'(p) = (; ?), the decomposition
K'=N(O)-N'(p)- M(1+p)

is a (topological) direct product, and the same is true for any ordering of the three

factors. We will take meas(K’) = meas(K’) = 1, so that applying the above lemma,

this Haar measure on K’ is given by both of the following:

¢>(k>dk:/ // ¢(( I 0) (1 b) m) o o5
K’ oJoJmatpy \\@c 1/\0 1
15 1 0
- dmdecdb 6-
/c9/(9/M(1+p>¢(<0 1) <wc 1) m> mdcab, (6-9)

where dm, db, dc each have total measure 1.

6.2. The case where p|T and y is ramified. The aim here is to compute ®(y, f,)
when p|N and y is ramified at p, i.e., v,(dety) is odd. As above we work over
a p-adic field F' with uniformizer @, and a fixed supercuspidal representation of
of G(F) as in Section 5.2. We can assume that vy(dety) = 1, and further, by

Lemma 4.12, that vy(try) > 1. So we will consider matrices in the F-rational

canonical form 0 .
—uw v
V= (1 vw) =w (O uw) (6-10)

foru e O*, veO, andw:(l_l).

Proposition 6.4. For y as in (6-10) and f, as in (5-18), ®(y, fp) =0 unless —t /u
is a square modulo p. If the latter condition holds and y* = —t /u mod p, then

d><<(1) _zg> ; fp) =C(V (V) 0p(0) + 8P 12) ¥ (—yv) wp(—)).

where \r is the nontrivial character of O/p used in (5-9). Thus, in the case of trivial
central character (so > = 1), we have
20 Re(Y(yv)) if pt2,

hs fp):{mv)c if pl2.
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When the central character is trivial, F = Q, and v € Z, this gives

2¢ cos(*2%) if p #2,

6-11
(=D"¢ if p=2. ©1b

Oy, fp) = {

Proof. We need to compute each term of (6-7). First, note that for y € (O/p)*,

y_ (0 —uwm/y\ t\ (y/o v
"=\ v )T & —uw/ty

does not belong to the support of f,. Hence f,(y?) =K, ((*,)) =0.

Next, suppose x = (¥ ;) with j > 0 and y € O*. Then we use the measure
in (6-8):

Ky(x)

_ 1 1 ({1 —b 1 0 1 0\[/15b
_/O/O/M(l-i-p)fp<x " (0 1)(—@'6 l)y(wc 1)(0 1>I71X>dmdbdc_

Note that m commutes with x, and lies in the kernel of f,,. Therefore the integration
over M (1 + p) has no effect, and

e e 6 )
(=60 )0 ) )

Note that the matrix on the right lies in K’ since j > 0, and in fact it is in the kernel
of f,. Therefore the integral over b also has no effect, and

{10 10
Ky(x)=/pfp(x 1(_r 1)y<r 1) x) dr, (6-12)

where dr gives p the measure 1.
Taking y = w(, '7) as in (6-10),

w

IOwlvw 10_w1r 14+rvo vo

—-r 1 0uw)\r 1) 01 rUw U
W 1+ ruw +rve (v+ru)o
- ruwm uw '
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Writing the above as w (¢ Z) € w(l_gf2 o )

ALY ) )

Since the determinant is uw, this belongs to the support of f, if and only if the
matrix on the right belongs to O*K’. But this would require j 4+ 1 = 0, which is
impossible since j > 0. Hence

()=

for all j > 0 and all y € O*.

Lastly, consider x = (wn y) for n > 0 and y € O*. We proceed in just the same
way, only this time using the coordinates given in (6-9). Taking —b in place of b for
convenience, and eliminating the integral over M (1 4 p) with the same justification
as before,

S ST O M e B B
<Czlv (1)> T <cz1v ?) (w" y) B (w" y) (cw11+”/y 1)'

The matrix on the right lies in the kernel of f,. Therefore

(1D 1 —b
Ky(x):/Ofp(x ‘(0 l)y(o 1)x>db. (6-13)
1 v
1 0\ (1 —b+ v
“\op 1)J\0 uw

0Ouw
1 —b+vw

1b w 1 vo\[/1 —b
01 uw J\0 1
w(—b bz—vwb+uw)'

Taking y = w( ), we have
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Thus letting P, (X) denote the characteristic polynomial of y,

1 (1 b 1 =b\ (7" 1 —b+vw) ("
Y lot)\o 1) T y1 )Y\ P y
:w<y1 )( " y(—b+vw)>
o ")\ -bow” yP,(b)
w (w"/y —b+vw )
-b yP,(b)/w"
_ ! o'ly —-b+vo
= &x —t=1)\ =b yP,(b)/m"
_ o Vy v—b/w
_gx(lﬂt —ﬂywymw)‘ (6-14)

Since the determinant is uw, the above belongs to the support of f, if and only
if the matrix on the right belongs to O*K’. This means in particular that n = 1
and b € p. Make the change of variables b = cw, db = |@w|dc =g 'dc. Then

P,(b)=o(u—vcw +c2w),

and
w —1 —1 1 yv—cy
K =
A7 )= L3 (o™ (e - e b))
From the definition of K’, the integrand is nonzero if and only if y> = —¢/u mod p.

(We have already seen in Proposition 5.6 that —#/u must be a square mod p.)
Assuming this to be the case, then from (5-9), (5-12), and (5-18), we have

K, (x)=q 'wy(y1¢d, /Otﬂ(yv —cy+cy)dce

q*—1

=q oy Edy Y (V) = @y (M) Y (Yv). (6-15)

To recap, for y = ((1) e
so (6-7) becomes

2 - -
D(y, fp)zqul > Ky(<w y)>=<; D Uleyov) wpleyo),
}

), Ky(x)=0unless x = (7 y) for y> = —¢/u mod p,

ye(O/p)* g€{£1 mod p
where yg is any fixed solution to yj = —f/u mod p. Note that when p|2, we can
take ¢ = 1, and if F = Q, we can also take yy = 1. O

6.3. The case where p|T and y is unramified. We adopt the same notation used in
the previous subsection. Suppose y is unramified, i.e., ord,(det y) is even. Scaling
if needed, we may assume that det y € O*. For the nonvanishing of ®(y, f), it is
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necessary that some conjugate of y belong to the unramified component of the
support of f;,, namely Z K];. Given that u = det y € O, this means that tr y must
also be integral. So we may take y in rational canonical form

0 —u
y= (1 v) (6-16)
for some u € O* and v € O.

Proposition 6.5. For y elliptic in G(F) and of the form (6-16), ®(y, f,) =0 unless
the characteristic polynomial P, has a nonzero double root modulo p:

P,(X)=(X —z)* mod p (6-17)
for some z € (O/p)*. Under this condition,

s(n=1)
q»(y,fp>—‘°”(Z)Z Y Men Y w(”) ( t) . (6-18)

n=1 ¢ mod p ye(O/p)* yz

where \ is the nontrivial character of O/p used in (5-9), t € (O/p)* is the parameter
of af, and

N, (¢, n) =#{b mod p"*! | P, (b) = c" mod p"*'}.
Remarks. (1) Since P, is irreducible over F', there exists r such that P, (X) =0

mod p” has no solution, and hence N, (c, n) = 0 for all pairs (c, n) withn > r. So
the series is actually a finite sum.

(2) When n = 1 the sum over y is a Kloosterman sum. When n > 1,
Z‘/f ye g—1 if c=0 modp,
—1 otherwise.
(3) When F = Q,, the integer N, (c, n) is given explicitly in [26, Lemma 9.6],

and presumably there is a version of that lemma for an arbitrary p-adic field. In
particular, Ny, (c,n) =0 unless n < ord,(A, ) — 1, and for such n,

N),(c, n) < pL('l-H)/ZJ

assuming y is elliptic in G(Q),) and satisfies (6-17). This gives the following bound
for the orbital integral: setting § = ord, (A, ),

5—1 5—2
D@, S D (P =D =p(p—1)_(p'»)"
n=1 n=0
(p1/2)8—1 -1
=plp— I)W

=p(p'?+D(p~?p*2 —1) <2pIA, [,
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This illustrates the general bound given in [21, (1.8) and Theorem 3.11], according
to which

D@y, fi)l < C - (do)" 18,1, 72,

where C > 0 and n < 1 depend only on G (F).

Proof of Proposition 6.5. The first statement was proven in Proposition 5.6. Suppose
D (y, fp) #0for y as in (6-16). We will compute each term of (6-7). It is not hard
to check that f,(y”) =0and K, ((*_,)) =0, since the matrices involved do not

intersect the support of f,,. Therefore
n
3k, <(w y)) (6-19)

ye(O/p)*

o qn
Oy, fp)=2Zqz_1
n=1

Now fixn>1and y € O* and let x = (w" y). As in (6-13), we have

o= [ ()6 2)o)a

By a quick calculation (see (6-14) with u, v in place of uw, ver),

(1B (1 =b\ ([ b —yP,(b)/w"
R e B

Since the determinant is u € O, this belongs to the support of f;, only if it belongs
to O*K’. In particular, b € O* and P, (b) =0 mod p". Therefore b € z + p for z as
in (6-17). From (6-17) we see that v =2z mod p so v—b € z+p as well. Therefore,
pulling out a factor of z from the above matrix,

" — 1 —yP,(b)/zm"
(7 ) =50 [ (e )

Writing P, (b) =cw” mod p"*+! for some c € O/p, by (5-18) the integrand becomes

1 =ve/z\\ _ 1,2 _ye toon—1
f,o((wn/yZ 1))—2«1 1>w< <2 )

This depends (via c) only on the coset b + p"*! (in fact it depends only on b + p”"
but we will not use this). Each such coset has measure g~ "1 . Therefore if we let

N, (¢, n) = #{b mod p" ' | P, (b) = cor" mod p" '}

for ¢ € O/p, we find that
2

I S s(n=1)
Ky(x)=60p(2)qu+l Z W(E)W<—L) N, (c, n).

¢ mod p < Yz
Inserting this into (6-19) gives the result. ]
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Example 6.6. For M € 73 and f5 as in (5-18),
1 if M=1 mod4,

cp((l _M>,f2): —3 if M=3 modS8,

0 if M =7 modS8.

Proof. First, y = (1 7M) is hyperbolic in G(Q,) if and only if —M is a square
in @Q;, which holds if and only if M =7 mod 8. In this case, ®(y, f») =0 by (3-4).
Assuming M # 7 mod 8, we may apply Proposition 6.5. We need to determine

N, (0, n) = number of solutions to x?=—M mod 2"*!

and
N, (1, n) = number of solutions to x>=2"—M mod 2"

Given any odd integer D, the number of solutions to x> = D mod 2/ is
=1

j=2, D=1 mod4,

j =2, D=3 mod4,
j>2,D=1mod8,

j>2,D%#1 mod8

S A O N~

[32, Theorem 87]. Therefore

2 ifn=1and M =3 mod 4,
N (0, 1) = 0 %fn:lanszlm0d4,
4 ifn>2and M =7 mod 8§,
0 ifn>2and M %7 mod 8,
0 ifn=1and M =3 mod4,
2 ifn=1and M =1 mod4,
Ny(l,n)z 4 ?fn:ZandMESmodS,
0 ifn=2and M # 3 mod 8§,
4 ifn>3and M =7 mod 8,
0 ifn>3and M #7 mod 8.

By definition, ¥2(x) = (=1)* for x € Z, and w; is trivial on 1 + 27, = Z5. So
by (6-18) and the above,
D(y, f2) = 5N, (0, 1) Y2(0) Y2 (1) + N, (1, D Y2 (1)?]
+ 3N (0,2) ¥2(0) + N, (1, 2) Y2 (1)]
{%[0+2]+%[0+0]=1 if M =1 mod 4,
3[=2+0]+3[0—4]=-3 if M =3 mod8. O
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Example 6.7. For f; as in (5-18) and any m € Z%,

@((? ’") f3)=w3(—m>t-2,:1,

where 2;_ is a factor of 2 which is present only when t =1. Here, te{£1} = (Z/32)*
is the parameter of the fixed simple supercuspidal representation af of G(Q3).

Remark. When N = 3, we have w3(—1) = o/ (—1) = (= 1), so

(—DF if me 14373,
1 if me—14375.

w3(—m) = {
Proof. We will apply Proposition 6.5. First note that
P,(X)=X*—mX +m*= (X +m)* mod 3,
so we can take z = —m in (6-17). We need to find
N, (c,n) =#{b | b* —mb+m? = 3" mod 3"}
Ifbe Z; is a double root of P, modulo 3, then we may write b = —m + 3d, so

P, (b) = (—m +3d)* — m(—m + 3d) + m* = 3m* +9(d* — md) € 3Z5.

Thus, ord3(P, (b)) = 1, which means that N, (¢, n) = 0 for all n > 2, and also
N, (0,1) = 0. Some elementary calculations show that independently of m,
N, (—1,1) =0 and N, (1, 1) = 3. In view of (6-18), this means

(v, f3) = $@sm) N (1D (w3 (=) s (25 ) +ws (o) va ()
o o5+ )
=osmle(5) +e(550)]
When ¢t =1 (resp. t = —1), the expression in the brackets equals 2 (resp. —1). U

6.4. The case where p|S. When p|S, the support of f, is contained in Z, K, so
the orbital integral vanishes unless y is unramified. We again work over a p-adic
field F, with the usual notation, and fix a depth zero supercuspidal representation o,
of G = G(F) for v a primitive character of [FZZ'

Proposition 6.8. Let f, be the test function defined in (5-4), and let y = (1 _Z) be
an elliptic element of G(F), where u € O* and v € O. If there exists z € (O/p)*
such that

P,(X)= (X —z)* mod p,
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then

w0 (2)

Oy, fy) = —0p@) + Z[(q—l)fvy(o,m— 3 Ny<c,n>], (6-21)

n=1 ce(O/p)*

where N, (¢, n) = #{b mod p"*! | P, (b) = cew" mod p"'}.
If P,(X) is irreducible modulo p, then

Oy, fo) = —v(y) —vi(y), (6-22)

where we interpret the above to mean —v(x) — vi(x) if x € I]:(";2 has the same
minimum polynomial over [, as the reduction of y mod p, i.e., y is conjugate to
xeT.

Remarks. (1) The remaining possibility where P, (X) has two distinct roots mod p
cannot occur due to Hensel’s Lemma, since we are assuming that y is elliptic
in G(F).

(2) See the remarks after Proposition 6.5 regarding N, (c, n). In particular, the

sum in (6-21) is finite, and when F = @, we find |®(y, f,)| < 1+4|A, [,/

Proof. In this proof we write G for G(F), Z for Z(F), and K for G(O). By

Lemma 6.1,

o 1) = [ fyts™vs)ds
= Z measz (KxK) / /fp(hglx—lhl—lyhlxhz) dhy dh,,
xeR\G/K kK
with dh and dh, each having total measure 1. The integrand is nonzero only if
xilhl_lyhlx € ZK. Therefore, since f, is a trace, hy has no effect, so

Oy, fp) = Z measé(l?xl?) /fp(x_lhyh_lx)dh.
xeK\G/K K

(For convenience in what follows, we have set & = h'.)
By the Cartan decomposition of G, a set of representatives for K \G/K is given by

()

Arguing as in [36, Lemma 4.5.6(2)], for x = (*" ),

nz()}.

n—1 1) if 0
K\KxK| =17 (g+1) if n >0,
1 ifn=0.
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Therefore measa(l?xl?) =¢" '(qg+1) whenn > 0, so

Oy, f) = fr)+)_q" (g + DK, (), (6-23)
n=1

Ky(n):/Kfp((w_n 1) hyhl(wn 1))dh (n > 0).

(We may integrate over K since both K and K have measure 1.) Write hyh™! =
(’f ) € K. Then

(" )EDC ) =(o ) e
1/\y z 1 yoo' Z

This belongs to the support of f;, only if x € p”.
In the integrand above, we can freely multiply ~ by a diagonal element of K

where

since such an element commutes with x and can be eliminated since f,, is a trace.
In particular, we can assume deth = 1. Write h = (‘Z Z), deth = 1. Then

hyh=! = * —b%>+abv —a’u
* * '

If a € p then we must have b € O* since (“ /) € K. But then the upper-right entry
above cannot belong to p”, so the integrand vanishes by (6-24). Therefore we may
assume a € O*, i.e., h € A, where

*
A= (O *> NK.
x ok
Let’s find the measure of A. Let K (p) =1+ M>(p) € A. This is the kernel of the
reduction mod p map K — G(O/p). Since |G(O/p)| = (¢> — 1)(¢> — q), we see

that meas(K (p)) = 1/((g> — 1)(¢*> — q)). Let A = A mod K (p). Thinking of A as
a set of matrices in G(O/p), we see that

Al = (g — D qg®>—q).

(There are (g — 1) g possible top rows, and then g? — ¢ remaining choices for the
bottom row.) Hence

(@-Dq@q*—q)  q

meas(A) = @D =) g+l

It is not hard to show that

= (T 0o )(9):
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and that the corresponding decomposition of any element of A is unique. Therefore
by Lemma 6.3 we can use the above as a coordinate system for integration over A.
Since, as noted above, the diagonal component has no effect on the value of the
integral, we have

o= L () )P

where x = (wn 1), and db and dc each have total measure 1. The integral over ¢

can be eliminated, since (_i 1)(‘”” )= (w" 1)(_w1,lc ), and the rightmost matrix
belongs to K. Therefore

w4 L) D)

g b —P,()/"
T g+l o*fp((o b ))db

as in (6-20). (As a reminder, db is additive measure.) We have replaced the lower-
left entry by 0, using the fact that by definition (see (5-4)), f, is sensitive only to the
reduction of its argument mod p. Further, the integrand is nonzero only if P, (b) € p".
Under this condition, given that the characteristic polynomial of the matrix in the
integrand is P, (X), and this cannot have distinct roots mod p as y is elliptic
in G(Q)), there exists z € (O/p)* such that b = v — b = z mod p. In particular,
the matrix (viewed modulo p) belongs to ZU, with notation as in (5-2). Write
P, (b) = cw™ mod p"+1, for ¢ € O/p. The integrand becomes

1 —c/z\) _ [op@)(g—1) if c=0,
“"’(Z)f’“(( 1))‘{_07@ if ¢ € (O/p)".

This depends (via c) only on the coset b 4+ p"*!, which has measure ¢g~"*D.
Therefore

- 1
K, (n) =wp<z>-q"?-qm[(q— DN, 0.m)— > Nye, n)}.

ce(O/p)*

Plugging the above into (6-23), equation (6-21) follows. (Note that f,(y) = —a)p_(z)
in this case, since y —z = (_i o Z) # 0 mod p, so y is conjugate mod p to zu for
some 1 #£u e U).

By the above discussion K, (n) =0 for all n > 0 if P, (X) is irreducible mod p. So
in this case (6-23) gives ®(y, f,) = fo(y) = —v(y) — v (y) by (5-2) and (5-4). O
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7. General dimension formula, and examples with N = §273

When n = 1, the list of relevant y in Theorem 4.2 can be simplified. The result is
the following general dimension formula.

Theorem 7.1. Let N = leN p™Nr > 1 with N, >2forall p|N. Fixk>2anda
tuple 6 = (o)) p|n of supercuspidal representations so that S(6) € SV (N, o)
for a Dirichlet character ', as detailed at the beginning of Section 4. Let T be the
product of all primes p|N with N, odd. Let f = f U be the test function defined
in (4-10) with n = 1 but with f, chosen as in (7-10) below for all p|T. Then

dim ¢(&) = = (k= 1) [ ] do, + %d>(<1 _T) , f)

PIN

+ %6TGZZ+ CD((I —T/Z) , f) + 1= q><<(1) _§> ; f)
ool el 41)

Here, d;, is the formal degree of o), relative to the Haar measure fixed in Section 2,
and the orbital integrals ®(y, f) are given as in Theorem 4.2.

Proof. The case where T =1 is already contained in Theorem 4.2 by taking n = 1.
The simplifications when T > 1 are proven in Proposition 7.9 below. (I

As with Theorem 1.1, using the results of Section 6 we can compute the above
explicitly in any case of interest when N = S27 with S and T square-free relatively
prime positive integers. Although there is not a particularly nice formula for all such
levels, as an illustration we will work everything out in the two special cases where
N = S? and N = T?. These results are stated in Sections 7.1 and 7.4 respectively.
In Section 7.5 we give some examples to illustrate Theorem 1.1 with n > 1.

First, we highlight the following consequence of Theorem 7.1.

Corollary 7.2. In the setting of Theorem 7.1 above, suppose that the weight k is
odd, so @' (—1)=—1. For T as in Theorem 7.1, if T > 3 the elliptic terms vanish, so

dim §;(6) = 5k = 1) [ [ do, (k>2o0dd. T > 3).
PIN

Remark. If N = 2% or N = 23, then Si(6) is undefined when k is odd since by
Proposition 5.4 there is no appropriate nebentypus.

Proof. Ity = (, ") or (, 7"/?), then ®(y, fx) = 0 when k is odd, by (4-13). O

7.1. Dimension formula and root number bias when N = S>. When we set T = 1
and take N = §2, the formula in Theorem 7.1 gives the following.
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Theorem 7.3. Let N = S? for S square-free, k > 2, ' a Dirichlet character of
modulus N and conductor dividing S, and let & = (0,,) p|s be a tuple of depth zero
supercuspidal representations chosen compatibly with @' as in Section 5.3, with
T = 1. Then the subspace S(6) C S,‘(‘GW(SZ, ') has dimension

dim S (6) = 5k =D [[(p = D+ A1 + 42,

PIN
where
A= 5=DSTHED 500 TT (—vp@) = 5 (@) 8p=3 moda (7-1)
odd p|N
where v, is the primitive character of [F;)kz defining o, and o € [F;z satisfies a* = —1,
and

Ay = %(5150,2 mod3) (—1)%=23mod6 (— gy (—1))°GIN)

[T v —vh(B) 8p=2moas, (7-2)

PIN, p#3
where B € | satisfies B>—pB+1=0.

Remarks. (1) Note that A; = A, = 0 in each of the following situations: (i) k =1
mod 6, (ii) there exist primes p, g | N (which could be equal) such that p =1 mod 4
and g =1 mod 3, (iii) k is odd and p =1 mod 3 for some p|N, (iv) k =1 mod 3
and p =1 mod 4 for some p|N.

(2) By summing the above formula over all tuples &, one obtains a formula for the di-
mension of the space S,’:li“(Sz, ") of twist-minimal newforms. See Proposition 7.7.

(3) Theorem 1.3 from the introduction follows from the above by taking o’ trivial.

We will prove this after first proving the above result.

Proof. Taking T =1 in Theorem 7.1, we have

. —1 —1
dimskw):%(k—l)]‘[(p—l)%@b((] >,f>+<1>(<1 1),f).
PIN

Consider y = (] _1). Its discriminant is A,, = —4, and we adopt the shorthand

() =mPo®; [] @,
odd p|N
for (1-4), where m = 2h(E)/(w(E)2*e)) for E = Q[y]. We find that m = ; and
®oo = (—=D)F/284c97. If S is odd, then &, = 2 by Example 4.10. If S is even, ®; is
given by (6-21). Here, N, (c,n) =0 foralln > 2, N, (0,1) =0and N, (1, 1) =2.
So @, = —1 + 3(—2) = —2. Thus in both cases, &, = 2(—1)5*!. Finally, for odd
p|S, yisellipticin G(Q,) if and only if —1 is not a square in @, i.e., p =3 mod 4.
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In such cases, P, (X) is irreducible modulo p, so by (6-22), ®, = —v,(y) — vg(y).
Multiplying everything together, we see that %d>((l _1), f ) gives (7-1).
Now consider y = (, 71 ). Then A, = —3, so

D (y) = mPo s ]_[ D,.
PIN,p#3
We find that m = %, and

0 if k=1 mod3,
1 if k=0,5 mod®6,
—1 ifk=2,3 modé6.

_sin((k —1)nr/3) .

Do = .
sin(r /3)

If 31 N, then by Proposition 4.8, ®3 = 2 since 3 is ramified in Q3[y] = Q3[+/—3]
and O, = Z3[3(1 4+ +/=3)] = Z3[+/=3] is the full ring of integers. If 3| N, then
®3 is given by (6-21) with z = —1. We find that N, (c,n) = 0 for all n > 2,
N,(1,1)=3,and N, (0, 1) =N, (2,1) = 0. So

®3 = —w3(— D) + L3 (— D) (=3) = —2w3(~1).

For p|N with p #3, P,(X) = X? — X + 1 is irreducible in Q, if and only if -3
is not a square in Q,, or equivalently, p =2 mod 3 (see [23, Lemma 27.4]). For
such p, @, is given by (6-22). Multiplying these factors together gives (7-2), and
the theorem follows. ]

Now suppose «’ is trivial, so k > 2 is even. In this case we can simplify the
expressions for A and Aj; to obtain Theorem 1.3, as follows.

Proof of Theorem 1.3. Recall that by (5-6), when p =3 mod 4 and w), is trivial,

—v,(a) = —vh () = €, is the root number of o,. Likewise, by (5-5), (—1)5T! = ¢,
when S is even (and 1 otherwise). So in this case, we simply have
A= 4(ek,6)Dss) ] 2. (7-3)
odd p|S

where e(k, 6) = (—1)%/2 I1 1S €p is the common global root number of the new-
forms in S;(6), and D4(S) € {0, 1} vanishes exactly when S is divisible by a prime
p =1 mod4.

Turning to (7-2), if p = 2 mod 3, the polynomial X> — X + 1 is irreducible
over F,. So L =T ,» hasaroot B € L* —F]. Lett be a generator of the cyclic
group L*. The dual group of L* is the set {v, | 1 <m < p*— 1}, where v,, = v,

is defined by
m
Vi (1) = Vp m (1) e<p2_1)
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Suppose p is odd. As shown in the proof of Corollary 5.2, the list of depth zero
supercuspidal representations of G(Q,) with trivial central character is

}.

{oy, (v Ouy 1y en Oy
p—1? 2(p—-1)° pTl(p—l)

So there exists m = k(p — 1) such that the primitive character v, of [F;;z fixed in
Theorem 1.3 is given by

Vp =Vpm = V.
Hopefully this conflict of notation (v, = v,,) will cause no confusion, since m

cannot equal p.
Noting that 83 = —1, we can take 8 = ¢(P’=D/6_Then for m = k(p—1),

) (ﬁ)_e(k(p—l)(p2—1)> _e(k<p—1>>_{ 1 if 3k,
e 6(p>—1) ) 6 ) |-1+iL otherwise.
Therefore
- -2 if 3|k,
B(vp) = —vp(ﬁ)—vp(ﬂ”)=—2Re(vm(ﬂ))={ ) ;f3|+k. (7-4)

When p = 2, there is only one supercuspidal, corresponding to m = k = 1, we can
take t = 8, and (7-4) holds as well. By (5-7), 3|k if and only if the order of v,
divides %( p+1). So the above coincides with B(v,) defined in Theorem 1.3, and
the theorem follows from (7-3) and (7-4). O

Next we will use Theorem 1.3 to count the locally supercuspidal newforms of
level S? with a given global root number. (What we will actually compute is the
bias in global root number, but the count for each sign could be determined easily
by following the proof of Proposition 7.6.)

To understand the impact of the local root numbers on the product of B(v,)
in (1-11), the primes of interest are equivalent to 2 mod 3, so aside from p =2, we
have p =5 mod 6. It is helpful to look at two typical examples:

v Vio V20 V30 V40 V50
p=11 AL + - + — +
B(v) 1 1 -2 1 1 (7-5)
v Vie V216 V3.16 V416 V516 Ve.16 V716 V8.16
p=17 AL + - + — + - -
B(v) 1 1 -2 1 1 -2 1 1

The Atkin—Lehner sign (AL) in the second row comes from (5-8), and the third row

is from (7-4).

Lemma 7.4. Given S > 1 square-free, let H ;‘ (resp. Hg ) denote the set of tuples

6 = (0p) p|s satisfying:
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e For each p|S, o, has trivial central character and conductor p>.
. l_[plS €p =1 (resp. —1), where €, is the root number of o).

For v, the primitive character of ”:;2 attached to o,, and B(v,) defined in (7-4),

define
BS*=Y" [] Bp.
GeHy pIS.p#3
Suppose D3(S) = 1 (in the notation of Theorem 1.3), and let w(S) denote the
number of prime factors of S. Then if gcd(S, 6) =1,
2081 if there exists p|S with p =5 mod 12,
BT = 1200 ifw(S) isevenand p =11 mod 12 forall p|S, (7-6)
0 if w(S) is odd and p =11 mod 12 forall p|S,
and B(S)~ is the same but with “even” and “odd” interchanged, i.e., B(S)™ =
20 — B(S)*.
If S is odd and 3| S, then B(S)* = B($)™ if § > 3, and BG)* =1, B3)™ =0.
If S is even, then B(S)* = B(3)T if § > 2, and B(2)* =0, BQ)” = L.
Proof. Suppose ged(S, 6) = 1. We prove (7-6) by induction on w(S). For the base
case, we take S = p for a prime p = 5 mod 6. As in (7-5), there are %(p +1)
representations with B(v,) = 1, of which é(p + 1) have €, = 1 and %(p +1)
have €, = —1. There are %( p —5) representations with B(v,) = —2, of which
f%(p — 5)-| have €, =1, and L%(p — S)J have €, = —1. Therefore
1 if p=5 mod 12,

+_ =1 —2[L(p— =
B(p)t = ZB(vp)—6(P+1) 2[5 —9)] {0 if p=11 mod 12.

op€H, ,T
Likewise

Bp)"= Y By =¢(p+1)-2[5(p-5]= {

op€H,

1 if p=5mod 12,
2 if p=11 mod 12.

This proves the base case. Suppose (7-6) holds for some S > 1 with ged(S, 6) =1,
and £ =5 mod 6 is a prime not dividing S. Then the result follows, by considering
cases, from the fact that

BSOT=BS)T-BEOT+B(S)” -B)~
and
B(S¢)” =B(S)"-BW)”+B(S)” -BW)T.

When 3| S, the claim follows from the fact that there is a unique depth zero super-
cuspidal representation of PGL;(Qj3), and it has root number +1 (see Corollary 5.2).
When 2| S, the claim follows from the fact that there is a unique depth zero supercus-
pidal representation o, of PGL(Q;), and it has B(v) = 1 and root number —1. [J
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Lemma 7.5. Let H ; and Hg be defined as in Lemma 7.4 above. As in (1-11),
define D4(S) € {0, 1} to be 0 if and only if S is divisible by a prime p =1 mod 4.
Then

5 Todapis 3P = 1) if D4(S) =0,

5 Toda prs 3P =D EF(DPCif DyS) =1,

Proof. For each odd prime p, there are %( p — 1) depth zero supercuspidals with
trivial central character (see Section 5.1). For p =2, there is only one. Therefore
for all square-free S > 1, the total number of tuples 6 = (0,),|s with each o,
having depth zero and trivial central character is

\H{1+|Hs 1= [] 30— D. (7-7)
odd p|S

|HF| =

Now suppose S is divisible by a prime py = 1 mod 4. Fix €5, = £1. By the
above, the number of tuples (0,) p|(s/po) 18 [ [oad 2108/ p0) %(p — 1). Having fixed
one such tuple, by Corollary 5.2 there are then %( po — 1) choices for o, subject to
HP\S €0, = €fin- This proves the result when D4(S) = 0.

Now suppose p = 3 mod 4 for all odd p|S. For this case, in view of (7-7),
the given formula is equivalent to |Hg | — |Hg | = (—1)°?!5). We will prove the
latter by induction on the number w(S) of primes dividing S. If S =2, the given
formula holds since there is just one representation o7, and it has €5, = —1. If
S = p =3 mod 4, the given formula holds by Corollary 5.2. Having established
the base case, suppose now that the given formula holds for some S satisfying
D4(S) = 1, and that po 1 S is a prime satisfying po = 3 mod 4. We construct a
tuple & = (0) p|sp, bY first choosing the components at p|S, and then at py. Let
P=|H{|and Q =|H} |, 50 |Hy| =P — (=1’ and |H, | = O — 1 by the
inductive hypothesis. Then

|Hg, | = PO+ (P = (=D)"*)(Q=1)=2PQ = P — (=1)’*1V 0+ (-1)°’@!¥,
and
Hgp,| = P(Q = 1)+ (P — (=1)’*)Q=2P0 - P — (-1)’*1V Q.
Subtracting,
| gy | = | g | = (—1)° @15,
as needed. U

Proposition 7.6. For S > 1 square-free, let
A(S?, k)™ = dim S (SH) T — dim SN(S?) .
Then for k > 2 even,
A 0™ = Ay + Aa, + A, (7-8)
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where
Ay =Day(S) (DT L) [T(p =1, Aa, =2DaH [ Jr -1
rlS rlS

for Dy4(S) as in Lemma 7.5 above, and
A4, =8(k=0,2 mod 6)5(D3(8))(—1)>*=0-8 md 12, (§) Qo (8",

where D3(S) €{0,1} is 0 if and only if p=1 mod 3 for some p|S, u(S) :np|s(_1)
is the Mobius function, and for ' = S /ged(S, 6),

0 if there exists p|S’ such that p =5 mod 12,

Q(S) = ,
o(5) {2w<5) if p=11 mod 12 forall p|S,
where w(S) = Zp|S/ 1. (Note that Q2¢(1) = 1.)

Remark. Proposition 1.4, which summarizes the conditions under which A (S 2, f)min
vanishes, is positive, or is negative, follows easily. The claim in the third paragraph
of Proposition 1.4 is due to the fact that when D4(S) =1,

1 1
[Axt+anl = [Je-D+5]]2

pls pls
1 1 2 1 ] 7
=|-+= —_— e -1 <= —1
[4+3]_[p_1 1 po [[e-v=5]]w-D.
rls plged(S,6) plS rlS

where the last inequality is strict if § > 2. Soif k > 10, or k =8 and S > 2, it
follows that |[A4, + A4,| < |Ay/|, and hence the sign of Ay, is the sign of the
bias. One checks by hand (or LMFDB) that Sé“i“ (2%) = 0. The case k = 6 follows
similarly, replacing the rightmost inequality by < 15—2 I1 p1s(p—1) when § > 6 and
D4(S) =1, and checking the §|6 cases by hand.

Proof of Proposition 7.6. We have

A(S?, k)™in = Z dim S, (6) — Z dim Si(6). (7-9)

o:€(k,0)=1 6:e(k,0)=—1
Applying Theorem 1.3 to each summand, we get a sum of three terms as in (7-8).
Since the archimedean factor of the global root number is (—1)*/? (see [20, Theorem

14.17] and [9]), the set of tuples 6 with global root number € is H é_l)me, with
notation as in Lemma 7.4. Therefore the contribution of the main term is

_1\k/2 (1 \k/2
Ay =5k=D][r—D(HT = 1HTDT),
rlS

and using Lemma 7.5 we obtain the formula given for A,.
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Likewise, the contribution of the A term of Theorem 1.3 to (7-9) is

_1\k/2 _(—_1\k/2
Ap=IHS VD)1 [T 2-1Hg TV 15Das) - (=1 [ 2
odd p|S odd p|S

=D« (HS|+1H; D) ] 2.
odd p|S

and the given formula follows from (7-7).
In the notation of Theorem 1.3 and Lemma 7.4, the contribution of A, to (7-9) is

e Y2

A4, = 1(D3(8) b(k)(—1)°CIN BV —B(s)~!
= 1(D5(8) (k) (— 1)’ IO B($) = B(S)).

)

By considering possibilities for ged(6, S), it is easy to check using Lemma 7.4 that
BS)t —B(S)” = (=1’ (8 Q0(S).
The result then follows from (—1)3@I$H+GIS 1 (§) = 11(S) and the fact that
1 if k=0,2 mod 12,
(=D*?b(ky=1—-1 if k=6,8 mod 12,
0 if k=4 mod®6. O

By similar arguments, we obtain the dimension of the space of twist-minimal
forms of level S2.

Proposition 7.7. For S > 1 square-free and k > 2 even,

dim (8 = 5k — 1) 1‘[ L(p— )2+ H(Dy(8)) (—1) @IS k12 1—[ 2
odd p|S odd p|S

+3(D3($) b)) (=G T 2
p1(S/ged(6,5))
for
1 if6lk,
b(k)y=1{—-1 ifk=2 mod®6,

0 otherwise.

Remark. Although we have assumed k > 2, the above formula is valid when k =2
as well. More generally, the dimension of S,‘(nin(N , x) has been computed by Child
[8, Section 5.1].
Proof. We have

dim S ($2)™" = dyy 4+ da, +da,,
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where N k2
dy = k=1 TT(p— DOHS 41107,
plS
dg, = 3(Da) (D P(H | = |Hg D) T 2.
odd p|S
and

da, = H(D3(8) b(k) (=1’ (BS)T + B(S)7).

The result follows upon applying (7-7) to dj;, Lemma 7.5 to d4,, and the fact that
B(S)T+B(S)” =22V =[], 2, for S’ = S/gcd(6, S). O

7.2. Simplification when n = 1and T > 1. We return to the general setting of
Theorem 4.2 with no constraint on the conductor exponents of the o;,. Our aim here
is to cull the list of matrices that appear in Theorem 4.2 whenn=1and T > 1.
The result is Proposition 7.9, from which Theorem 7.1 follows.

Recall that for p|T, o), is a supercuspidal representation whose conductor is
of the form p" with n > 3 odd. It is well known (see, e.g., [6, Section A.3.8])
that there is a ramified quadratic extension E/Q, with E* embedded in G(Q))
such that o), is compactly induced from a character x of J, = E*U (n=1/2 where
U'=1+ (%Z pzz"p)r is an open compact subgroup of G(Q),) and x |r+ = w,. In the
notation of Section 5.2, U! coincides with K’, J3 with H', and in general J, C H'.
We use the local test function defined for g € G(Q,) by

dO’pX(g) if g€ Jy,,

. (7-10)
0 otherwise,

f P (g ) = {
where d;;, is the formal degree (depending only on the conductor). This coincides
with (5-18) when n = 3.

If p|T, the support of f, is the disjoint union of its unramified and ramified
elements:
Supp(f) = J, =(J,NZK"U(J, N ZK"), (7-11)

where 7 is a prime element of E whose square is a prime element of Q,. We may
decompose f, as f, = f, + fr, a sum of two functions supported on the unramified
and ramified elements of J, respectively. In the paper of Gross [17, p. 1240],
discussed in Section 1.3, n = 3 and the local test function used is a multiple of f,.
The following is largely contained in [17, Proposition 5.1].

Proposition 7.8. Let f! = f® for n = 1. Suppose y is elliptic in G(Q) and
unramified at some prime p|T. Then either y has p-torsion in G(Q) and p € {2, 3},
or ®(y, f) =0. As a result, ®(y, f1) =0 in each of the following situations:

(1) y is unramified at some prime p|T with p > 3.

(2) v is unramified at 3|T and T # 3.
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Proof. Write f = f'. Suppose ®(y, f) # 0. By Proposition 4.3, y is elliptic
in G(R) and det y > 0. Hence it belongs to a compact-mod-center subgroup Ux
of G(R) (Ux being some conjugate of R*-SO(2)). Likewise, at every finite place v,
the support of f, is a compact-mod-center subgroup J, of G, (here is where we
use n = 1), and y belongs to some conjugate U, of J,. (In fact since y € K, a.e.,
we can take U, = K,, a.e.) Hence y belongs to a compact-mod-center subgroup
[1, Uy of G(A). Identifying y with its image modulo the center, we have

yeG@N[]0.

This is a finite group since G(Q) is discrete in G (A) [23, Section 7.11]. In particular,
y is a torsion element of G(Q), i.e., some power of y lies in the center Z(Q).

Since y is unramified at p|T, some conjugate of y belongs to the unramified
part of the support of f,,, which is a subset of the pro-p group K'. (Recall that K is
the pro-p-Sylow subgroup of the Iwahori subgroup of G(Q),)). It follows that the
order of y in G(Q) is a power of p. However, it is known that any torsion element
of G(Q) has order 1,2, 3,4, or 6 [11, Lemma 1]. Since y # 1, we conclude that
p < 3. This proves (1).

The 3-torsion elements of G (Q) comprise a single conjugacy class containing
((1) _}) [11, Lemma 1]. Therefore, if p =3, y is conjugate in G (Q) to a matrix of the
form ((Z) _i ) and is hence everywhere unramified. By the above, this means 7 is not
divisible by any prime p > 3. It is also odd, because otherwise y would somehow
simultaneously have 3-torsion and 2-power torsion. Hence 7" = 3, which proves (2).

By the same reference, the 4-torsion elements of G (Q) are all conjugate to (} - )

1
But such an element is ramified at 2. Hence y has 2-torsion if p = 2. ]

Proposition 7.9. With notation as in Section 4.1, let T be the product of the primes p
for which ord,(N) is odd, and for p|T take f, as in (7-10). Then for y € G(Q),
®(y, f1) =0 unless either y = 1 or the conjugacy class of y has a representative
in G(Q) of one of the forms given in the table below:

form of T list of relevant elliptic y forn =1
even T #2 (™)

T=2 ()G G7)
oddT >3 (I_T)

T=3 (7G5G0

r=1 ()G

Remark. When 7/2 = 7 mod 8, the matrix (1 -1/ 2) is hyperbolic (rather than
elliptic) in G(Q,), so its orbital integral vanishes. All other entries in the above
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table are elliptic in G(Q,) for each p|T, but for p|S§ this needs to be checked on a
case-by-case basis.

Proof. The case where T =1 is already contained in Theorem 4.2, taking n = 1. So
suppose T > 1 and ®(y, f) # 0. By Proposition 4.13, we may take y = ((1) _rAA{[)
for some M |T and 0 <r < /4/M. Notice that if M > 3 then r = 0. Suppose first
that T # 3. By Proposition 7.8, y must be ramified at all odd primes dividing 7', so
M=TorM=T/2. If T is odd, this means M = T and we obtain the third row
of the above table. Suppose T is even and M = T/2. By Proposition 7.8, y has

2-torsion in G (Q). Note that
s (-M  —rM?
V= \rm 22— m

is a scalar matrix if and only if r = 0. Therefore y = ((1) _lg ) This establishes
the top two rows of the table. (When M =T =2, r =1 is admissible, and for
y = ((1) _i), P,(X) = X? —2X + 2 is an Eisenstein polynomial for the prime 2,
which is indeed irreducible in @,[X] [50, p. 19].)

Now suppose T = 3. Then M = 1 or M = 3. In the latter case, y = (| 3 for
r=0,1.If M =1, then y = ((1) _i) for r =0, 1, and y is unramified at 3. If » =0,
this matrix has 2-torsion, in violation of Proposition 7.8. Hence y = (V 7}). (In
this case, P, (X) = X2 — X + 1 has discriminant —3, which is not a square in (D3,
and hence y is indeed elliptic in G (Q3).) O

7.3. Global orbital integrals forn =1, N = T3. Here we will evaluate the global
elliptic orbital integrals of Theorem 7.1 explicitly when N = T3 > 1 for T square-
free. We must consider

=) ), 0, G, G )
1 1 (T even) 12 (T=2) 1 1(T:3) 3 (T=3)

as appearing in Proposition 7.9.
We introduce some notation before stating the global results. Given our tuple
o= (atip )p|T of simple supercuspidal representations, for k > 2 define

ek, 6)=i*[]¢- (7-12)

PIN

This is the common global root number of the cusp forms comprising H,(6) (see
Proposition 5.3 and [9; 20, Theorem 14.17]). Throughout this section f = f! as
in (5-21).

Proposition 7.10. For N = T3, with notation as above, suppose that for each odd
prime factor p of the square-free integer T > 1, —pt,/T is a square modulo p.
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Then for k > 4 even,
-T _ e€k,0)2743h(=T) ,
cb((l >f> 373200 Xy:“’ ),

where numbers with subscripts are present only when T falls into the subscript’s

equivalence class modulo 8, 37—3 is a factor of 3 which is present only when T =3,

and y ranges over all integers modulo T that satisfy y*> = —ptp/T mod p for
all p|T. If the central character is trivial, the above simplifies to
_ k,0)h(—=T
@ T f _ €k, 0)h( )wr’ (7-13)
1 37=3
where
% if T is even,
1 if T=1mod4,
wr =
2 ifT=7modS8,

4 if T =3 mod8.

Remark. If the first hypothesis is not satisfied or k is odd, then ®(y, f) = 0; see
Proposition 5.6.

Proof. Take y = (] _T), A, = —4T, and let M be the odd part of 7', so that
T =2M for some a € {0, 1}. Corresponding to (1-4), write

D(y, ) =mPo® [ [ @) =m(=D)"> 02 [ Y 0p(p),
M pIM  yp
where we have applied (4-13) and Proposition 6.4, with y, running over the two
(since p is odd) solutions to y, = —pt,/T mod p. We can exchange the sum and
product. To each of the 2°™) tuples (y,) | m, the Chinese remainder theorem
assigns a unique integer y modulo 7 satisfying y =y, mod p for all p|T, where
we take y, = 1 if T is even. Further,

o' (y) = l_[wp(y) = pr(yp) = pr(yp)-
riT pIT riM

The first equality holds because gcd(y, T) = 1 (see [23, (12.4)]); the second holds
since each w,, is trivial on 1+ pZ,. By Example 4.10 (for 7' odd) or Proposition 6.4
(for T even), .

L if T is even,

$,=492 if T=1,57 modS8,
4 if T=3 modS8.

It follows that h(E)

— ek, o)wa(y)
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for y as in the statement of the proposition,

1 if T is even,
ar=12 ifT=1,5,7 mod8,
4 if T =3 mod8,
and E = Q(/—T). Since T > 1, we know that

6 ifT=3
wg = |0%| = ’
£ =0kl {2 otherwise.
So %wE =37_3 and 2h(E)/wg = h(—T)/37—3. Recall that
—4T, —-T =2,3 mod4,
dg =
-T, —T =1 mod4.
Therefore, placing the congruence condition on T rather than —7,

|20 if T=2,3 mod4.

Hence using the definition of ar in the following numerator,

— = 2157'43 ’
Dy, f)=€ek,0)h(—-T = ,
(v, f) =€k, 6) h( )3T:3-21,5-2w<f>2y:“’(”

where numbers with subscripts are only present when 7 falls into one of the subscript
equivalence classes modulo 8. The general result now follows.
If o' is trivial, the sum over y equals the number of terms, namely 2™, Then

(7-13) follows from
20 (M) 1 if T is odd,
20(T) % if T is even
and the fact that e€(k, 6) € {1} is real in this case. [l

Proposition 7.11. For N = T?, suppose that the square-free integer T = 2M is
even, and that for each prime factor p of T, —pt,/M is a square modulo p. Then
forevenk >4,

M B ek, ) Zu )
<I>(<1 ) , f) =h(—M) 5 VT Xy:w ),

where 2p—1 is a factor of 2 which is present only when M = 1, 3y_3 is defined
similarly,

I if M=1mod4,
M =1—-3 if M =3 modS§,
0 ifM=7modS,
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and y ranges over all elements modulo M that satisfy y> = — ptp/M mod p for each
pIM. If ' is trivial, the sum over y simply cancels with the factor of 2™, (Again,
if the condition on the t,, fails to hold or k is odd, the orbital integral vanishes.)

Proof. We use the same proof as for the previous proposition, with minor modifica-
tions. First, by Example 6.6,

1 if M =1 mod4,

(b((l _M>,f2)= —3 if M =3 modS8,

0 if M=7 modS8.
Taking £ = Q[+/—M] we have

o) _ {2 20 if M =1 mod 4,

20 (M) if M =3 mod4

as in the previous proof, and 2h(E)/wg = h(—M)/(By=3 2y—1) since Q[+/—1]
has unit group of order 4 when M = 1. Hence (assuming M % 7 mod 8)

M\ L\ M3 ek 8)
CD((I )’f>_3M:32M:121,52w<M> I >0,

y

where numerical subscripts refer to the congruence class of M modulo 8. (]

Proposition 7.12. Suppose N = 23, ¢ € {£1} and o = ¢ is our fixed simple
supercuspidal representation of G(Q,) (the parameter t must equal 1 when p = 2).

Then
-2
o((1 73) 1) = tethorasw,

where gg(k) = —1ifk=0,2 mod 8, and gg(k) =1 ifk =4,6 mod 8.
Remark. In view of Proposition 5.4, we assume that & is even.

Proof. Given that y has characteristic polynomial X? —2X + 2 with discriminant
A, = —4, we find E = Q[y] = Q[i]. Hence h(E) =1, wg = |0}| =4, and
dp = —4. By (1-4),

Dy, f)=mds®y = %q)ood)Z-

Applying Proposition 6.4 with p =2 and v = 1, we have &, = —¢. So
Oy, f)=—1Po0 . (7-14)
The complex eigenvalues of y are 141, so we apply (4-12) with 6 = 7 to get

1 if k=0,6 mod 8,

: 1
oo = —V2sin(G(k — D7) = {—1 if k=2,4 modS8.

Multiplying this by —1 as in (7-14) yields (—1)*/?gg(k) with gg as given. O
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Proposition 7.13. Suppose T =3 so N =3°, and let o = af be our fixed simple
supercuspidal representation of G(Q3), fort = +1. Then

q)(((l) _D ’ f) B 2,:t_1

where c3(k) = %+ |_§J — g
Proof. Let E = Q[y] = Q[+/—3]. Then h(E) =1, dg = -3, and wg = |0} | =6.
By (1-4) and taking m = 1 in Example 6.7 and its remark,

Dy, f)=Poo t((=DFt-2,2) = L(= D o)

c3(k),

t
2—y

By (4-12), we find that
. ((k—Dm 1 iszOmod3,
k e sin(f57%) .
(=D "®(y, foo) = (=1 W: 0 if k=1 mod3, (7-15)
sin(mr
—1 if k=2 mod 3.
Using the above, we see that J((—1D*®(y, fouo)) =+ +| 5] - &. O

Proposition 7.14. Suppose N =33, and let 0 = o*f be a fixed simple supercuspidal
representation of G(Q3). Then

0 -3 [0 ifr=1,
(I e

where
0 ifk=1 mod6,
—1 ifk=0,2mod6,
gk)=1 3 ifk=3mod6,
1 ifk=4mod6,
—1 ifk=5mod6.

Proof. Lety = ((1) 7%), s0 A, = —3. We have E = Q[y] = Q[+/—3], so the measure
factor is % as in the previous proof. Therefore as in (1-4), we may write

D(y, f) = Poo®s. (7-16)

By Proposition 6.4, &3 = 0 unless —¢ is a square modulo 3, i.e., unless t = —1.
Assuming this holds, we have

O3 =¢ - (Y(Daws() + ¥ (—Daws(—1))
=C- (e 7B 4 (= 1)*e¥ ) = —Z [iv3]k oads

where the factor of i+/3 is present only when & is odd.
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By (4-4) with N =3, x(3) =1. So 2 =w3(t) = w3(—1) = (=¥, so ¢ = %(i%).
In particular, the global root number (o, {) = i*¢ is real and ¢ = (—1)¢.

The complex roots of P, (X) = X* —3X + 3 are 3(3+i+/3) =v3(3(v/3£1)).
so in (4-12) we can take & = Z and ®(y, foo) = —2sin(¢(k — 1) 7). Hence (7-16)
becomes

¢/3 if k=4 mod 12,
—i¢/2 if k=3,5 mod 12,

¢/6 if k=2,6mod 12,
Oy, f)=3(—=D¥¢sin(t(k— D 7)[iv3lkow=1{ 0  ifk=1,7 mod 12,
—¢/6 if k=0,8 mod 12,

ic/2 ifk=9,11 mod 12,
—¢/3  if k=10 mod 12.

Upon factoring out € (k, o) = ik¢, we obtain g6(k) as given. |

7.4. Dimension formulas when N = T3. Here we put everything together to
compute |Hy(6)| = dim Sx(6) for 6 = (0,,) |y a tuple of simple supercuspidal
representations of G(Q)) as in Theorem 7.1 with § = 1.

We begin with the case N = 23, where the central character is necessarily trivial
due to (4-2) and Proposition 5.4.

Theorem 7.15. Let N =23, fix ¢ € {£1}, and let 0 = o be the associated simple
supercuspidal representation of G(Q,) with trivial central character. Then

0 if k is odd,
\He(o) = 5] ifk=0,2 modS8.
|| +3(0+ek,0) ifk=4,6mod8,

where €(k, o) = (—1)*/2¢ is the global root number:

Proof. When k is odd, the assertion follows from Proposition 5.4. Suppose k is
even. By Theorem 7.1,

(B e (R M ()

Applying the results of Section 7.3 using A(—2) = h(—1) = 1, we find

|Hy(0)] = §(k — D)+ 2(=D*?¢) + 1 (= D?) + 2(=D*?¢) gs (k)

for
—1 ifk=0,2 modS§,

k) =
8s(k) { | ifk=4,6mods8.

The result follows upon simplifying each of the cases. U
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Theorem 7.16. Let N = 33, fixt € {£1}, a character w; of Q3 trivial on 1+ 373,
¢ € C with £* = ws(t) (see (4-2)), and let 0 = Gf be the associated simple
supercuspidal representation of G(Q3) with central character w3. Then for k > 2,
setting € = i*¢, we have

|4]+1e=1) ifk=0mod3 and1=—1,
L%J ifk=1mod6ort=1,
IHyo) =14+ Le+1) ifk=2mod6andt=—1,
5] +e ifk=4mod6 and t = —1,
|4]+10—e) ifk=5mod6 andt=—1.

Remarks. (1) If r = —1, then {2 = w3(—1) = (=¥, so ¢ = +i*, as noted earlier.
Therefore € € {1} whent = —1. Whent =1 and k is odd, € = =+i.

(2) There is one more newform with ¢ = —1 than with € = 1,7, or —i when
k =5 mod 6, i.e., the root number has a slight bias toward —1 in this case. For
example, when k = 5 and ' is the Dirichlet character of conductor 3, there are
five newforms of level 27, with respective root numbers 1, —1, —1, i, —i. These
newforms are discussed further in Section 7.5.

Proof. By Theorem 7.1,

1 8, 1 -3 0 -l 0=
|Hk(o)|=5(k—1>'§+§q’((1 )’f)+q’((1 1)’f)+®(<1 3)’f)

1 2
= 3= 1)+ 581 Seaz + s —c3(k) + ego (k) 1,
t=—1

where we have applied Propositions 7.10, 7.13, and 7.14, and c3(k), ge(k) are re-
called below. (For nonvanishing of ®((, ~), f). the hypothesis in Proposition 7.10
requires that —¢ be a square modulo 3, i.e., r = —1, and k even. Then € = ¢ and
the sum over y in that result is 1 + (—1)¥ =2.)

If t = 1, then because c3(k) = %(1 —k)+ I_%‘J, the above simplifies to L%J, as
needed.

Now suppose t = —1, and write k = a 4 6¢ for some 0 < a <5. If k is odd, then

|Hi (o) = 5k—1) =3 (30 —k) + | §]) +€gsk) = 3(k — 1) — 5| § | +€gs (k).
Using the fact that ge(k) =0, %, —% when a = 1, 3, 5 respectively, we get

2c= %] if a=1,
|He(@)|=2c+1+3(—D=|4|+3—-1) ifa=3,
2e+1+3(1—e)=|5]|+30—e) ifa=5.
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If k is even, then there is one extra term, namely 2{, SO

|He(0) = 5k = 1) = 5[ 5] +€(5 +g6(k).-
Here, ge(k) = —%, —é, % when a = 0, 2, 4 respectively. Upon simplifying,
2e+3e—D=|4]+ie-1 ifa=0,
|Hi(0)|={2c+30+6) = |45 +3(0+e) ifa=2,
2e+1+e=[4]+e if a=4. O
Theorem 7.17. Suppose N = T3 with T > 3 square-free, M = %, k > 4 is even,

and 6 = (o,i”) p|N is a tuple of simple supercuspidal representations with trivial
central characters. Then

|H (&) = k=D [[3(P* =D+ A1G) ek, ) brh(=T)

pIT +A2(f)6(k’ o) juh(—M)

, 7-17
{2 3m=3 ( )

where €(k, 6) € {£1} is the common global root number of the newforms in Hy(5)
given in (7-12),

if T is even,

1
4 1
< M =1 mod 4
1 . 4 lf ’
= T=1 d 4
br = 12 QCT_7m0d8, ju=1-32 if M=3mod8,
T =7mod8, 0 ifM=7mod8,
2 if T =3 modS8,

h(d) is the class number of Q[v/—d], and A;(f) € {0, 1} is nonzero if and only if
(i) T is even in the case i = 2, and (ii) —2i_1ptp/T is a square modulo p for each
odd p|T.

Remarks. To keep the formula simple, we have restricted ourselves to the case of
trivial central character; the general case is obtained similarly. Even in the general
case, one may restrict to k even because by Corollary 7.2,

|Hk(&)|:5(k—1)]_[%(p2—1) (T > 3, k odd). (7-18)
PIN
Proof. This follows from Theorem 7.1 and Propositions 7.10 and 7.11. ]

As a corollary, we recover the following dimension formulas of [37].

Corollary 7.18. For T =2, 3 and k > 4 even,
dimSP@®) = |4, dimSfVERN =k—1+ %]
For T > 3 square-free, and k > 4 even,

dim S,‘(‘ew(T3) = ﬁ(k -1 l_[(p — 1)2(p +1). (7-19)
pIT
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Remarks. As shown in [37], the formula is also valid for k = 2. When £ is odd
and o’ has conductor dividing T, dim SECW(T3, w') is also equal to (7-19). This
follows from (7-18).

Proof. For T =2, by Theorem 7.15,

| if k=0,2 mod8,

2|
3y — + =

ool >~ ool =+

This is easily seen to be the same as | & |.
For T = 3, for fixed k we add the formula in Theorem 7.16 over all ¢, ¢ € {£1},
or equivalently, 7, € € {=1}. Writing the # = 1 contribution first, we obtain
2|5] -1 if k=0 mod3,
|H (3 =24 |+ 12[5] if k=1 mod 3,
2|4]+1 if k=2 mod3.

The above is easily seen to equal k — 1 + |_I§J, as required.
For T > 3 we have

dim (1Y) = |H(T?)| = ) |Hi(8)],

o

where ¢ ranges over the [ | pIT 2(p—1) tuples (t,, {,), with trivial central character.

By (7-17), this equals

sk=DJ]3*=D2(p=D+)_ M) ek, 8) brh(=T)

pIT G €k, &) juh(—M
+ZA2(I) (k, ) jmh( ).
o

{2 3m=3

Clearly, from (7-12), exactly half of the & satisfying A (f) = 1 have e(k, ) = +1,

and half have €(k, ) = —1. So the first sum over & vanishes. Likewise if T is
even, €(k, 6)/¢, = +1 (resp. —1) exactly half of the time since T is divisible by at
least one prime different from 2, so the second sum also vanishes. ]

Next, we compute the dimension of the subspace of forms with a given root
number, which recovers the main result (1-9) of [46].

Corollary 7.19 [46]. For T > 3 square-free and k > 4 even, the subspace of
S,’C‘CW(T3) with root number £1 has dimension

(HETH) = k=D [[(r =D’ +D £ S erh=T) ] [(p— D,
pIT pIT
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where cr = by if T is odd, and ct = 2by if T is even, i.e.,

if T=1,2 mod4,

if T =7 mod 8, (7-20)
2 if T=3 modS8.

— =

cr =

Proof. Given 6 = (o, ”)p \ 7, letf = (tp)p 7 and ; =(¢p) pi7- The root number is deter-
mined by ; and k. Let A be the set of all tuples ; for which (—1)~/2 leT ¢y ==l
Then

AT =1A;| :%]_[2. (7-21)
rIT
By (7-17), we see that
|H (7))
=Y ) IH(6)]
Z‘EAi i
= 2(12@ D3 =D £bra- T)Al(mm%m(f)),
feat i pIT

where M is the odd part of T. Recall that A,(7) = 0 if T odd. If T is even,
upon summing over {, = %1 the last term will be eliminated, so we can ignore it
henceforth. For any given odd prime p, exactly half of the elements ¢, € (Z/pZ)*
have the property that —pt,/T is a square. Therefore, the number of tuples 7 for
which A((7) #0is HP\M %(p— 1). The total number of tuples  is l_[p|T(p_ )=
HmM(P — 1). It follows that

|HE(TH =) (5(1«— D3P =D =D Ebrh(=T) []5(r - 1)).

feAf pIT rIM

By (7-21), we obtain
|HE(T) = k=D [[(p=D*p+ D £ 5Crbrh(=T) [J(p = D),

pIT pIT
where 27 is a factor of 2 which is only present when 7T is even. We see immediately
that 27b7 = c7 as given. U

7.5. Some examples with n > 1. In this section we illustrate Theorem 1.1 with
some examples. (A different set of examples is given in the earliest version of
this paper posted on the arXiv.) We will compare with the Galois orbits of new-
forms tabulated in LMFDB [34]. Though S, (&) occasionally forms a Galois orbit,
typically the orbit is a direct sum of more than one such space. It also happens
that a space S;(6) decomposes as a direct sum of more than one Galois orbit.
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Examples of these phenomena can be found in SX““ (23%), where Theorem 1.3
gives dim S4(6) = %(11 +¢€) € {5, 6}, but the twist-minimal Galois orbits can have
dimensions 1, 2, 5, 6, 12 or 24.

7.5.1. We first consider an example with odd weight. Take N =33, k =5, and '
the Dirichlet character of modulus 27 and conductor 3. We consider simple super-
cuspidal representations af, where t € {£1} and ¢ 2= @/(t). In LMFDB [34] we
find the following data for the space S5(27, »'):

LMFDB label ¢ dim tr7y trTy «,t)
27.5.b.a 1 1 16 71 (—i,—1)
27.5.b.b -1 2 =76 34 i, -1
27.5.b.c +i 2 14 -38 ({1,D)&d(-1,1)

The final column, using the shorthand (¢, ) =S5 (af), is immediate upon comparing
Theorem 7.16 with the € and dim columns. Using Theorem 7.17 we find the
following, which refines the above.

Example 7.20. With notation as above,
(T | Ss(07)) = 3371 — 23) +46i¢ - §=—1,
tr(T7|Ss5(0f)) = 1(67 — 1431) + 1 (37i¢)8,—_1.

We will give an indication of the proof of the above formulas. The calculations
for n =7 are a little bit more interesting, so we start with this case. By Theorem 1.1,

te(T7 | Ss(o7))

Pl 3ol ) )5 )

We have used (4-13) to eliminate the trace zero matrices, since k is odd. The matrix
(1 _;) is unramified at p = 3 but has no double characteristic root mod 3. So its
orbital integral vanishes by Proposition 5.6. The first three integrals vanish unless

yzz—%z—t mod 3

has a solution, i.e., t = —1. In this case, applying Proposition 6.4 to y = (1 _Zé) and
p =3, we see that v = 3 so the local integral has the value {5(w3(1) +w3(—1)) =0.
Hence this y can be discarded. We compute the remaining orbital integrals locally
as summarized in the following table, where m =2h(E)/(w(E)2? @E)) is the global
measure factor for E = Q[y], and £ denotes a prime factor of the discriminant A,

other than 3 (if such exists). The global orbital integral is then ® = m ®, P3D,.

The factor
sin(4 arctan(,/|A, |/try))
sin(arctan(,/|A, |/try))
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was computed using software.

14 Ay tom Poo 3 L
(7)) =350 5 L 11372 —it3so, 7
() —2¢3 2 1 43772 ifV3as 10
(1 -3 o 13777 4
(7)) —2*3 2 1 20.73 2(1-3n 2
(%) =23 2§ 87 SG+D 4
(D 3§ ST Gt

The formula for tr 77 in Example 7.20 follows upon simplifying. Most of the
entries in the above table are straightforward, but we highlight a few. For example,
y = (, %) is elliptic in G(Q»), and by the quadratic formula,

Zoly) = Z5[ 56+ 2°V=3)| = Z, + 752%,

where ¢ = $(1 ++/=3). Son, =2 and ®>(y) =14+ 2+ 1) + (4 +2) = 10 by
Proposition 4.8 and (4-20).

The matrix y = (| _Z) is unramified at p = 3, so ®3(y) is computed us-
ing Proposition 6.5. We find (using software) that NV, (0,1) = N, (0,2) = 3,
N, (1,2) =6, N, (1,3) =9, and N, (c, n) = 0 for all other pairs (c,n). Since
P,(X) = (X + 1)> mod 3, we take z = —1, so, using the third remark after
Proposition 6.5, for t = &1 we have

o((, 7)) = S o5 #3049 =4

Finally, y = (1 7;) is unramified at p =3 and V, (—1, 1) = 3 is the only nonzero
value of V), (c, n). We take z = 1 in Proposition 6.5 to get

— _1— -1 ifr=1
(R e R

I 2 3 3 3 3 2 ifr=-1.
This equals %(1 — 3¢) for t = 1. The remaining entries in the above 77 table are

found in a similar fashion.
For tr Ty, in the identity term we have o’ (\/4_1) =—1.So

SR R
rof(, 7)) +e((2)+=(( )
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The last term can be eliminated since it is unramified at p = 3 and it has no
characteristic root modulo 3. The remaining orbital integrals are computed locally
as follows, and the formula for tr 74 in Example 7.20 follows upon simplification.

14 Ay tm Do 3 e
(,72) =313 13 1 53871 —if36- 2
(1712) 2.3 2 1 -3 iCN3-81—1 4
() =35 sy T gGe-n 2
(D s ad 1 ey

7.5.2. Let N =2°11? and k = 6, and let ¢°* be a simple supercuspidal representation
of PGL,(Q,) and o, a depth zero supercuspidal representation of PGL,(Qyy).
Here, ¢ € {1}, and v is one of the five primitive characters of L* listed in (7-5),
where L = 2 and we take the generator ¢ of L* to be a root of the polynomial
X24+7X +2 € F;[X]. Let 6 be the associated tuple. Then by Theorem 7.1,

s 15(, )1, 7))o, D))

Over Fij, X2 +2=(x+3)(x —3),s0 (, *2) is hyperbolic in G(Q;) by Hensel’s
lemma, and therefore its orbital integral vanishes. Using Example 6.6 and the
argument at (7-3),

1 —1 1 11 6/2 1

~o = - mPo PPy =2 (=D 1261 = —<eqy.

> ((1 )) S M PP @iy =5+ (=1 €11 €n
Taking ¥ = (, 73), P,(X) = X?—2X +2 is irreducible over Fyy, so by (6-22),

1 = —v(y) —vil(y).

For L* = (t) as above, we find (using software) that r>! has minimum polyno-
mial P, (X). Therefore, if v =v,, for m = 10w € {10, 20, 30, 40, 50} as in (7-5)

m

where w,, (1) = 6(120), we have

=) = (29 =o( £) =1

Using this, ®;(y) is given by

v Vio V20 V3o V4o V50

€¢r + - 4+ =+ (7-22)
o, O 2 0O -2 0
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As in the proof of Proposition 7.12, m = }‘, ® =1 (since k =6), and &, = —¢.

Hence ®(y) = —;11§<I>11 for ®;; as above. Thus

6 ifey=1,0or¢=1and v=vy,

or { =—1 and v = vy,

dimSg(6)=2 -1 —1cd), = (7-23)
o S A T e ] and v = i,
or { =—1 and v = vy.

We would like to match the above spaces to Galois orbits of twist-minimal
newforms in Sg°% (23112). In the table below, the first five columns show LMFDB
[34] data, with AL entries corresponding to the Atkin—Lehner signs at p =2, 11.
These are equal to ¢ and €1 respectively. The dim column gives the size of the
orbit.

LMFDB label dim tr7; AL2 ALI11 «,v)
968.6.a.f 6 —124 — — (—1, vg9)
968.6.ag 6 124 +  — (1, v0)
968.6.a.h 6 —-88 + + (1, v30)
968.6.a.i 6 88 — + (=1, v30)
968.6.a. 7 —-62 - — (=1, va0)
968.6.a.k 7 62 + — (1, v49)
968.6.a.1 6 —206 + + (1, vip) ® (1, vsp)
968.6.a.m 6 206 — + (—1, v10) B (—1, vsp)

In the final column we have adopted the notation S¢(6) = (¢, v). This column was
obtained as follows. Comparing (7-22) and (7-23) with the AL and dim columns,
we immediately infer the entries with €;; = —1, i.e., with vy and v49. We can
distinguish the remaining entries by looking at Hecke eigenvalues. For this we
apply Theorem 1.1 to compute tr(77 | S¢(6)). The result is the following.

Example 7.21. Let N = 2°112 and 6 = (6%, 0,) be a tuple of supercuspidal
representations of conductors 23 and 112 respectively, as above. Then

tr(T7]S6(6)) = =98¢ €1 —5¢ X 11 — 3171,

where €11, X11 and Y7 are given as follows:

v Vio V20 V3o V4o V50

€11 + — + — +
X 1 1 -2 1 1
Yiu V3 =1 0 1 =3

For example, in the notation used above,

tr(T7 | (1, i) = —103 —31+/3,  tr(T7| (1, vsp)) = —103 + 31+/3.
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We sketch the proof as follows. By Theorem 1.1,

tr(77186(5))

S O RO B (R B )

All but three of the orbital integrals vanish for simple reasons. The matrices (1 77),
(1 7;), (1 7;), (1 71?), and (1 71‘2‘) are hyperbolic in G(Q;), since their charac-
teristic polynomials have two distinct roots modulo 11. The matrices (l _Z), (1 _g)
are unramified at p = 2 but do not have characteristic roots modulo 2. So the

associated orbital integrals vanish by Proposition 5.6, and

==, ) oo, D)+o((, )

The formula in Example 7.21 follows upon computing each of these terms locally.
The local results are shown in the following table, with notation as in the previous
N =27 example. The global orbital integral for a given row is ® = m P, P, P Dy.

% A, L om Dy Dy Dy Dy
(7" 227 7 1 -1 ¢ 2 2
() 2255 3 % —¢ Xn 2
(1_1) -22.3 3 %, % -3 Y 2

The ®;; column was determined as follows. As described earlier, [FT1 , = (t) where
t?+7t+2=0. For each y as above, there is a power ¢/ whose minimum polynomial
over [y is P, (X). The power j was found with software, and is given as follows:

() G ()

j 18 8 17

In each case, (6-22) implies that

Q11 =—v(y) —vili(y) =—v(/) —v(r!l)).
By definition, v, (¢) = e(l’g—o), so if v =v,, for m = 10w,
D11 = —e( 1) —o(~11i2)
12 12 /)’

which can be evaluated by hand or using software to obtain the ®; column in the
above table.
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