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Abstract: In this article, we propose a new approach to the study of lattice problems used in cryptography.
We specifically focus on module lattices of a fixed rank over some number field. An essential question is the
hardness of certain computational problems on such module lattices, as the additional structure may allow
exploitation. The fundamental insight is the fact that the collection of those lattices are quotients of
algebraic manifolds by arithmetic subgroups. Functions in these spaces are studied in mathematics as
part of the number theory. In particular, those form a module over the Hecke algebra associated with the
general linear group. We use results on these function spaces to define a class of distributions on the space
of lattices. Using the Hecke algebra, we define Hecke operators associated with collections of prime ideals of
the number field and show a criterion on distributions to converge to the uniform distribution, if the Hecke
operators are applied to the chosen distribution. Our approach is motivated by the work of de Boer, Ducas,
Pellet-Mary, and Wesolowski (CRYPTO’20) on self-reduction of ideal lattices via Arakelov divisors.
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1 Introduction

In recent years, lattice-based cryptography is viewed as one of the most promising candidates for crypto-
graphic schemes that are assumed to be secure against attacks by quantum computers. Lattice-based
cryptography is built on hardness assumptions of lattice problems. The learning with errors (LWE) problem
is the most prominent problem that is used directly to build cryptographic protocols. The well-studied
shortest vector problem (SVP) is often used to relate the hardness of LWE to a lattice problem that is known
to be hard. Indeed, SVP, the problem of finding nonzero vectors, which are shortest up to a constant, is NP
hard [1,2]. For efficiency reasons, many schemes are based on structured lattices in the sense that the
lattices admit the structure of a module over the ring of integers of specifically chosen number fields, e.g.,
refs [3-7], and see ref. [8] for an unstructured version. The transition toward structured lattices appeared
in two steps. First, the lattices have been chosen to be fractional ideals of a number field, viewed as lattice in
a Euclidean space by means of the Minkowski embedding, so-called ideal lattices [9,10]. No efficient
algorithms are known thus far that exploit this additional structure. Hence, it is assumed that schemes
based on this construction are as secure as their unstructured counterparts [11,12]. See also refs [13-15] for
potential weaknesses due to quantum computing. Despite the security assumptions for ideal lattices, in a
second step, some schemes started to use higher rank versions of ideal lattices, i.e., module lattices [16].
These form a middle ground between ideal lattices and unstructured lattices as they are algebraically
structured, but the structure is more complex than the structure of ideal lattices. Hence, cryptographic
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schemes based on module lattices are almost as efficient and at least as secure as the ideal lattice variants.
As the use of structured lattices has become standard in lattice-based cryptography, their in-depth analysis
is crucial.

This work is mainly motivated by ref. [17], which shows a worst-case to average-case reduction for ideal
lattices. Below, we summarize their approach and describe how the steps are reproduced for module lattices
of higher rank. Two major distinctions in our approach are that for higher rank module lattices, the notion
of Arakelov divisors is replaced by adéles and Fourier analysis is substituted by the notion of automorphic
forms.

Contribution. We show that for a fixed number field, the collection of module lattices of a fixed rank m
admits a geometric structure as a quotient of a product of copies of GL,, over real and complex numbers. We
present an approach to analyze the space of square-integrable functions and more precisely automorphic
forms, which we view as distributions on the space of lattices. Specifically, we introduce a class of such
distributions, which we call cuspidal distributions. We expect that proper worst-case distributions on the
space of lattices can be found among cuspidal distributions. By using the theory of automorphic forms, we
construct certain Hecke operators attached to prime ideals of the given number field. Further, we show a
convergence of cuspidal distributions towards the uniform distribution under applying the previously
defined Hecke operators. As the mathematical foundations stem from the theory of automorphic forms,
we use the approach previously defined to define a new, general class of structured lattices, which we call G
structured lattices associated with algebraic groups.

Outline. In Section 1.1, we continue with a brief summary of the approach of ref. [17] to their worst-case
to average-case reduction of ideal SVP. We introduce the motivation to our approach with a step-by-step
analysis of the path we follow in Section 1.2. Specifically, we explain the ideas behind the choices we make.
In Section 2, we introduce notations and the basic tools from algebraic number theory, which are used later.
In particular, we introduce norms on number fields, completions, and the adéles of a number field. Section
3 establishes the connection between module lattices of a fixed rank and so-called adélic points of GL,,. In
particular, the collection of such module lattices admits a geometric structure. In Section 4, we introduce a
class of functions on the space of module lattices, namely, automorphic forms and more specifically, cusp
forms. We mention decomposition results that allow us to analyze cusp forms in terms of representation
theory. We develop the background to the extent required for our purposes. In particular, the Hecke algebra
is introduced, which is the source of Hecke operators we use in the criterion for a worst-case to average-case
convergence. In Section 5, we define a subclass of automorphic forms, which we call cuspidal distributions.
We provide a convergence criterion for cuspidal distributions to converge to the average-case distribution
that mimics the results of ref. [17]. In Section 6, we introduce the lattices with G structure and give basic
examples and a first application.

In Appendix A, we review the basic setup of ref. [17] from the viewpoint of adéles as taken in this work.
After giving an adélic description of the space of ideal lattices, we review their worst-case distribution in
terms of Hecke characters. In Appendix B, we cover more details of representation theory that allows to
construct certain cuspidal automorphic representations. We show how one can use these to construct a
cuspidal distribution on lattices of rank 2 using the case of ideal lattices.

This article uses many results from algebraic number theory and representation theory. We recall many
definitions and results that are necessary if they have not been used in the cryptographic literature, even if
they are standard in the related fields of mathematics.

1.1 Summary of results for ideal lattices

We briefly recall the approach in ref. [17], which we follow in two main aspects with a shift of perspective. A
transfer of their results to our framework is sketched in Appendix A.
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Geometry of ideal lattices. Let k denote a number field with a ring of integers Oy. A first step is to note
that the set of ideal lattices can be identified with the Arakelov class group, which is geometrically given as
follows:

Picy = H AA\RT = (A \RNM,
Cly

where r is the number of real and complex embeddings of k up to conjugation, A is the logarithm of the
units O%, and Cl; and hy are the class group and class number of k, respectively. Algebraically, the set of
ideal lattices forms a group, called Arakelov class group, which is an extension of A;\R" by the class group
Cli. By Dirichlet’s unit theorem, the unit lattice A; has rank r — 1 and lies in the trace O subgroup H = R™1,
The ideal lattices that correspond to

Picg = [ JA\H
Cly

are lattices with norm 1, see Appendix A or [17] for a rigorous definition. This is the degree 0 subgroup of the
Arakelov class group. By the fundamental fact that this space is a compact group, it admits a uniform
distribution, which corresponds to choosing uniformly random ideal lattices.

Worst-case distribution. With the geometric perspective in hand, in ref. [17], a worst-case distribution
is defined by means of the usual Gaussian distribution on H, which is pushed down to the quotient A \H
and extended by O to the whole Pic2 (i.e., the connected components different from 1 € Cly). A class of Hecke
operators on the space of square-integrable functions on Pic{ is defined in terms of a finite set of (finite)
primes of k. These are translation operators at each prime, averaged over the set of chosen primes. They
move the support of the worst-case distribution inside Pic{ so quickly that the sequence formed by itera-
tively applying them to the worst-case distribution converges to the uniform distribution. A technical but
crucial feature is that characters of Pic) are eigenfunctions of these operators. This property allows the
analysis of the behavior of the worst-case distribution under the operators in terms of their Fourier series
decomposition. The worst-case to average-case convergence is analyzed in terms of the Fourier series.
Subject to the generalized Riemann hypothesis, this convergence is the main result of ref. [17]. By using
this result, they show that, up to a change of constant, the worst-case SVP is as hard as the average-
case SVP.

1.2 Summary of our framework

In this work, we attach a geometric structure to the set of module lattices of a fixed rank, which in rank 1 is
equivalent to the approach in ref. [17]. Instead of the Arakelov theory, we use adéles, which are one of the
basic constructions in algebraic number theory; see Remark 3.3.5 for a more detailed comparison. It turns out
that the space of lattices of a fixed rank m is quite similar to Picy in ideal lattices, i.e., the rank 1 case, namely,

[] T\GLm(R)" x GLn(C)",

aeCly

where r, and r, are the number of real and complex embeddings of k, up to conjugation, respectively, and I,
is a discrete (arithmetic) subgroup of GL,(R)" x GL,,(C)2. The analog of Pic) is a norm 1 subspace of the
above space, which we denote Lat}(k). Of course, form > 1, Lat, (k) does not acquire a group structure from
GL,,, but still is a symmetric space as it admits a transitive group action by GL,,(R)" x GL,(C)". Therefore,
Lat! (k) admits a right invariant (with respect to the action of GL,,(R)" x GL,(C)"2) measure, which is unique
up to scaling. A well-known result tells that the volume of Lat}, (k) with respect to this invariant measure is
finite, see Proposition 3.2.3. In particular, the unique normalized invariant measure takes the role of a
uniform distribution on the space of module lattices of rank m.

The next step is to define a worst-case distribution as in our approach we want to mimic [17]. However,
the goal of finding suitable worst-case distributions becomes nontrivial for two reasons. First, the space of
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module lattices for m > 1is not a torus as it is for m = 1. Thus, we cannot define a Gaussian distribution in a
straightforward manner. Second, even if we find a suitable function that geometrically mimics the proper-
ties of the worst-case distribution in rank 1, there is no general tool, which allows to decompose a function
into basic components, as does Fourier analysis in rank 1. We take the following approach.

Functions as distributions. We are looking for distributions in the space of functions on the space of
lattices. From an abstract viewpoint, the space of distributions is strictly larger than the usual function
spaces, e.g., Dirac’s §-distributions are not represented by functions. In fact, §-distributions are perfect
worst-case distributions. However, applying Hecke operators as in ref. [17] to the §-distribution will result in
distributions with a discrete spectrum, which cannot converge to the uniform distribution.

With this assumption, the functions we consider should satisfy certain properties. Namely, it should be
square-integrable, smooth, symmetric, and decay quickly outside of a central point. This motivates the
second assumption to look into the space of automorphic forms and more specifically, cusp forms.

Decomposition of automorphic forms and cusp forms. The space of [>-functions on Latl (k) is the
subject of the study of automorphic forms in algebraic number theory and representation theory. Form > 1,
the space of square-integrable functions admits a decomposition:

I?(Laty,(k)) = L(Laty(k)) x Li,(Lath(k)) x Lii(Laty,(k)),

where L3(Lat}(k)) are cusp forms, L3 (Latl(k)) are constant functions, and L (Lat},(k)) are Eisenstein
series. The subspace of cusp forms and constant functions can be analyzed in terms of representation
theory. Moreover, in the case m = 1, all square-integrable functions lie in this subspace. Accordingly, we
believe that a worst-case distribution for rank m > 1 ought to be in the space of cusp forms and constant
functions.

The space of cusp forms itself decomposes into a (Hilbert space) direct sum of cusp forms with the
central character. Each of these terms again splits into irreducible components, which are the basic
building blocks of the space of cusp forms, in the same manner as how characters are the basic functions
in Fourier analysis. This is also a generalization of the classical theory of modular forms, which is the case
of base field Q and rank m = 2. The decomposition then corresponds to cusp forms, which are simultaneous
eigenfunctions of Hecke operators, cf. [18] for the connection between modular forms and automorphic
forms for GL, over Q.

Worst-case to average-case convergence. Keeping the previous ideas in mind, we define a class of
cuspidal distributions in the space of automorphic forms. These contain the uniform distribution, and as
described earlier, it can be seen as a source for worst-case distributions. For general cuspidal distributions,
we give a criterion for the convergence to the uniform distribution. This is done in terms of the decom-
position of cuspidal distributions into irreducible cusp forms plus a constant. As the cusp forms are
eigenfunctions of Hecke operators, the condition is mainly a question of convergence of the coefficient
series.

Lattices with G -structure. From a theoretical perspective, our approach is not restricted to the case of
module lattices. Motivated by the theory of automorphic forms for a more general class of groups, we
introduce a new concept of lattices with G structure. These lattices are defined in terms of an affine
algebraic group over Oy with a (faithful) representation. We exemplify the definitions with commonly
used types of structured lattices as well as of lattices with G structure for the symplectic group, which
correspond to symplectic lattices. Further, we display how lattices defined in terms of cyclic algebras as in
ref. [19] are encapsulated by the given definition. The Jacquet-Langlands correspondence of the theory of
automorphic forms allows us to transfer cuspidal distributions on rank 2 module lattices to cyclic lattices in
ref. [19], for the case of quaternion algebras.

1.3 Related work

Since [16,20], module lattices are studied for their applications in cryptography. In ref. [16], a worst-case to
average-case reduction was proven that reduced worst-case instances of module-LWE to average-case instances.
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This result opened the door for the application of module lattices to replace unstructured or ideal lattices.
More recently, a different type of self-reduction of SVP on module lattices was shown in refs [21,22], where
SVP of module lattices is reduced to module lattices of a smaller rank, where the rank of the latter divides
the rank of the former. Both are generalizations of the LLL algorithm [23].

2 Preliminaries

Let k be an algebraic number field of degree n, of signature (r;, 1,), and set r =  + r,. That is, there are ;
distinct real embeddings of k into R and up to conjugation r, complex embeddings into C whose image does
not lie in R. We denote by Oy the ring of integers of k. Further, Cl; denotes the class group of k and hy the
class number, i.e., the number of elements of the class group.

We will write G,, for the algebraic group of multiplicative units over k, that is, for any k algebra A,
G, (A) = A*is the group of invertible elements in A. Here, A is assumed to be commutative with unit, but we
will be concerned with noncommutative nonunital algebras in Section 4. More generally, GL,, denotes the
algebraic group of invertible m-by-m matrices over k. Again, for any A, GL,,(4) is the group of m-by-m
matrices with entries in A, whose determinant is in G,,(A). For slightly more on algebraic groups, see
Section 6.

2.1 Norms on a number field

In this subsection, we briefly recall the notion of norms on a number field and state their characterization in
terms of Ostrowski’s theorem. We exclude the trivial norm in the definition by requiring norms to be
nonzero.

Definition 2.1.1. A norm on k is a nonzero map |_| : k — R such that the following hold
-xl=x & x=0
- Iyl = Ixllyl

- I+ yl < x|+ 1yl

Two norms |_|; and |_|, are equivalent, if there exist constants ¢ > 0 such that for all x,
xh < |x[3.

We refer to ref. [24, II, Definition 3.2; Proposition 3.3] for a topological definition and their equivalence.
There are two distinct classes of norms, which we will exemplify now.

Example 2.1.2. (Archimedean norms) Let ¢ : k — C be an embedding of k, possibly with image in R. Then
a norm on C induces a norm on k by restriction, i.e., x|, = |o(x)|. For the purpose of standardizing, we
choose the usual absolute value, if the embedding is real, while for a complex embedding o, we set

Xlo = 0(X)T(X) = a(X)a(x).
This differs from the usual norm on C by a square. The reason for this choice will become more apparent in

product formula 2.1.7.

Example 2.1.3. (Non-Archimedean norms) For any nonzero element x € k, the fractional ideal that it
generates can be decomposed uniquely into a product of maximal ideals as follows:

(X) = Hq"q(x)’
q
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where for almost all g, the exponents are 0, so that the product is actually finite. For any nonzero prime ideal
p, we define a valuation function:

Vi k= Z; X v(x).
For any number O < u < 1, we set
|_lp s k¥ = Roos  |x]y = u®.

Extending this function to k by setting |0| := O defines a norm called p-adic norm. Up to equivalence of
norms, this construction is independent of u. For distinct primes p # g, the norms are inequivalent. This
follows from the existence of elements x, which are contained in p but not in q. Thus, |x|, < 1, while|x|, =1,
which implies that the sequence x™ converges to 0 in the p-adic norm, but not in the g-adic. Again, we fix
standard choices for the constants u. Namely, for a prime p, the intersection p N Z = (p) is an ideal
generated by a prime element in the classical sense, with p positive. Taking quotients induces an extension

Z[p < Oklp

of finite fields. Let f, denote the degree of this extension (the inertia index). The standard choice of u for|_|,
is p. As for the choices of Archimedean norms 2.1.2, the reason for the choice will become clear in product
formula 2.1.7.

We want to note that the non-Archimedean norms are inherently different from the Archimedean
norms, as they satisfy a strong triangle inequality.

Lemma 2.1.4. Let |_| be a non-Archimedean norm as in Example 2.1.3. Then

Ix +y| < max{|x], [y[} 2.1)

forany x,y.

For a proof, we refer to ref. [24], although, this follows easily from the analogous statement for the
valuation v, (where max turns to min, and the sign changes), which is an immediate consequence of the
definitions. Of course, this strong triangle inequality does not hold in the Archimedean cases, e.g.,
2 = 12| > |1] = 1, and similarly in the complex case (where |2| = 4). The strong triangle inequality is usually
taken as the definition of a non-Archimedean norm.

Definition 2.1.5. A norm |_| on k is non-Archimedean, if it satisfies the strong triangle inequality (2.1).
Otherwise, |_| is Archimedean.

Note that Archimedean is defined to be not non-Archimedean. A characterization can be given in terms
of the norm restricted to Z. In fact, a norm|_| is Archimedean, if and only if Z is unbounded with respect to
|_|. The next result classifies all absolute values on a number field.

Theorem 2.1.6. (Ostrowski) Up to equivalence, the norms on k are
— Archimedean norms as in Example 2.1.2.
— Non-Archimedean norms as in Example 2.1.3.

For a proof, see ref. [24, Chapter II].

The equivalence classes of norms on k are called places of k. The set of all places will be denoted #. A
place is called finite, if it corresponds to a non-Archimedean absolute value. On the other hand, infinite
places are the Archimedean ones. We stress that finite places are in natural one-to-one correspondence with
(nonzero) primes of Oy; while the infinite places correspond bijectively to embeddings into real and com-
plex numbers up to conjugation. We will write v|oo, if v is an infinite place, and v{oo, if v is a finite place.
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Theorem 2.1.7. (Product formula) Let 0 # A € k be a nonzero element. Then, [ IAl, = 1, where the product is
taken over all places of k.

The product formula is one motivation for the normalizations we chose. However, they are quite natural
from a measure theoretic perspective as one can find in ref. [25]. Note that the possibly infinite product is
finite. In fact, w,(A) # 0, only if p appears in the prime decomposition of A, which consists of only finitely
many factors.

2.1.1 Completions

It turns out that a norm v on k is never complete in the sense that Cauchy sequences with respect to v, do not
necessarily converge in k.

Example 2.1.8. (Archimedean case) Let us consider Q with respect to the standard (Archimedean) absolute
value. The sequence of (x,), where the nth term is v2 chopped after n decimal places, is a Cauchy sequence

with respect to the Archimedean norm. However, there is no x € Q such that (x,) "2 x.In fact, such an x

would satisfy x? = 2, which does not exist in Q.

Example 2.1.9. (Non-Archimedean case) We confine ourselves with the following fact. The p-adic integers
Q, contain pth roots of unity, while Q does not contain any roots of unity except +1. The existence in Q,
follows from Hensel’s lemma ([24, II, 4.6]), which cannot hold for Q. It is possible to construct explicitly
sequences that do not converge in k as well.

The process of completion deals with this failure. For any norm v, there exists a field extension k, of k,
together with a norm v that extends v to k,, such that (k,, V) is complete, and for every other field extension
K /k and extension vk of v to K such that (K, vg) is complete, there exists a unique homomorphism k, —» K
such that vg extends V. We do not need details of the construction but instead give the resulting completions
in the two cases.

2.1.2 Completion at Archimedean places

Let 0 be an Archimedean place corresponding to a real or complex embedding. AsR and C are complete, we
know that the completion k, of k with respect to 0 needs to be contained in R or C, respectively. Using that
R is by definition the completion of Q with respect to its Archimedean place, it is easy to see thatR or C is in
fact the completion of k with respect to 0.

Let us define

koo = [ Ko

oloo

It carries a norm defined by ) |_l|,. This space is equivalent to kg in Minkowski theory. As in the theory of
adeles, the perspective is taken on places rather than embeddings, we prefer k... Note that by an equiva-
lence between k., and kg, we mean an isometry; however, compatible choices need to be made at each
place.

2.1.3 Completion at non-Archimedean places

As non-Archimedean norms are not used often in cryptography, we briefly recall the construction of the
completions. Let us begin with p-adic integers Z, and generalize from there. Note that unfortunately, Z,, is
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overloaded and can have totally distinct meanings. We will stick to the usual convention in algebraic
number theory and denote by Z, the p-adic integers and will write Z /p for the quotient modulo p. We
sincerely hope that this will not cause confusion.

Example 2.1.10. Let p be an integer prime. Then Z, is the ring

mZ /p" ={x= () € [[Z/P"| Xni1 =X modp" forall n}

n n>0

with componentwise addition and multiplication. It is a closed subset of [],,. ,Z / p" where each factor has
the discrete topology. Then, by Tychonoff’s compactness theorem, it follows that Z, is compact. There is a
natural injective ring homomorphism Z — Z,. Moreover, Z,, is a local principal ideal domain with the
unique nonzero prime ideal (p). Such rings are called discrete valuation rings. Any other ideal of Z,, can be
written as (p") for some n. The field of fractions is denoted Q, the p-adic numbers. It is the completion of Q
with respect to the p-adic norm. Details can be found in ref. [24, Chapter II]. In particular, a representation
of p-adic numbers as power series with coefficients in O,..., p — 1 might be interesting for application
purposes, although as in the decimal representation of real numbers, arithmetic on such series is difficult
due to carries.

Returning to the case of k, let p be a finite place by which we also denote the corresponding prime ideal
of Oy. Let p be the integer prime lying under p, i.e., (p) = p N Z. Then set O, = Z, ®z Oy. This is a ring that
contains Oy as a subring. The properties for Z, mentioned in Example 2.1.10 hold for O,. Note that this is
different when comparing Z and Oy, as, e.g., Oy is not a PID in general. In particular, O, is a discrete
valuation ring with unique maximal ideal p. This is a slightly abusive notation as p now denotes the place of
k, an ideal of Oy, and the unique maximal ideal of O,. This will, however, not cause any problem, and they
uniquely correspond to each other. The field of fractions k, of O, contains k. The norm on k,, is defined via a
(discrete) valuation as in Example 2.1.3. More precisely, let t be a generator of the maximal ideal p < O,,
commonly called uniformizer or uniformizing element. Then any element A € k;' can be written uniquely as
A=ut*withu € O; and n € Z. The value n is independent of the choice of ¢, and thus, we can define

vp:k;—>Z; A—>n, if A = ut" withue();.
Then, the p-adic norm on k, is defined as follows:
Ly = Ragi A pin®,
where |0 |, is understood to be 0. The ring O, and its maximal ideal p can be recovered as the sets
O, ={Ae kA, <1}
and
p={AeklAl, <1}

The unit group Oy is open and closed, hence compact.

2.2 Adéles

The completions of k introduced in the previous section constitute the factors of the adéles, which we are
going to introduce here.

Definition 2.2.1. The adéle ring Ay of k is the restricted product of k, with respect to O, at all finite places.

This means that Ay ¢ [ k, with x = (x,), € Ay, if and only if x, € O, for all but finitely many finite
places v,. Recall that we wrote k, for the product of k, with o]co. The analog for finite places is the ring Ay s,
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which is the restricted product of k, with respect to O,, taken over all finite places p. Again, this means that
X = (xp)p € Ayy, if and only x, € O, for all but finitely many p. It then follows that Ay = ko, x Ay . The ring
of adéles gets a topology as follows. First, the infinite component k,, carries a natural topology as described
in Section 2.1.2. The finite part A is given the topology determined by enforcing Ok = ]_[p()p to be open.
Note that this is not the topology induced from the product of the k,. The field k is itself a subring of A via
the diagonal embedding k — Ay, A — (A),.

Theorem 2.2.2. With the diagonal embedding, k is a discrete, cocompact subring.

This theorem has important consequences in the Fourier analysis of number fields, which dates back to
the thesis of Tate [26]. Similar to the situation of lattices in Euclidean space, the Pontryagin dual of k is
k\A. More details can be found in Tate’s thesis [26] itself, as well as refs [25,27].

Another important fact about the ring of adéles is that it satisfies an approximation theorem in the
following sense. A proof can be found, for example, in ref. [27, Chapter 5].

Theorem 2.2.3. The subgroup k of Ay is dense.

A variant for SL, will be used implicitly in Section 3.2 where we describe the geometry of the space of
module lattices.

Idéles. The idéles of k are defined to be Iy = G,,(Ay), i.e., invertible elements in A. This group can be
described explicitly as x = (x,), € Ay with x, # 0 for all v and x, ¢ O; for all but finitely many ptoo. It
becomes a topological group by means of the embedding

Gm(AY) = Af; x - (6, x7D).

Similar to adéles, we regard k* as a subgroup of G,,(Ay) via the diagonal embedding.
Theorem 2.2.4. The group k* of units is discrete in Gp(Ay).

So far, the situation for the multiplicative group looks quite similar; however, the approximation
theorem does not hold and the k* is not cocompact in G,,(Ay). A reason can be seen from the adélic norm

Il : Gm(A) = Roo,  x = [ 1%l
v

Note that the condition that x, € O}, for all but finitely many p ensures that all but finitely many factors are 1,
so that this product is always well defined. The norm map defines a group homomorphism. In fact, each
factor is multiplicative, and the unit 1 has norm 1 in all places. We define the component norms

|loo : k3o = R0, X+ Hlxola

a|oo
and

|_|f : Gm(Ak,f) — Ry, X+ H |Xp|p-
ptoo

The adélic norm map is surjective, as it is so when restricting to any infinite place. As a consequence of the
product formula 2.1.7, we have the following.

Corollary 2.2.5. For A € k*, we have |A| = 1.

Here, we regard A as an element of G,,,(A) via the diagonal embedding. In particular, the norm factors
through K\G,,(Ax), which shows that this quotient cannot be compact. This, however, can be compensated
in some sense. Let G,,(A)! denote the elements x of G,,(Ay) with |x| = 1.
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Theorem 2.2.6. The group k*\G,,(Ay) is compact. More precisely, it is a disjoint union of hy many copies of
MA\R™L, where Ay denotes the unit lattice in the Minkowski theory.

We do not go into the proof here. In the next section, we will consider the more general case, where G,
is replaced by GL,,. The present case is recovered by taking m = 1. The connection with the class group can
be seen in terms of the finite idéles. Let Uy = Gm(O) = Hme(Op), where the product is taken over finite
places of k.

Proposition 2.2.7. The map
Grn(O\Gm(Akp) /U = Clis x = (%) = [L],

where I, = ]'[pp"v(xv> is a fractional ideal, defines an isomorphism.
Proof. It is easy to see that the aforementioned map is well defined. Consider the map
I, — Gm(Ak,f); I— (l";’p(”),

where ¢, are uniformizers. It can be seen easily that this map induces a well defined map Clx — G (k)\
Gp(Axf)/ U, and the maps are mutually inverse. O

3 The space of module lattices

In this section, we redefine module lattices over the base field k and attach to the set of module lattices of
fixed rank a geometric structure. We set G to be the algebraic group GL,,.

3.1 Module lattices

Our definition mimics the notion of ideal lattices as defined in ref. [17]. We proceed in two steps, first, we
define rank m analogs of fractional ideals and then we add a twist by k., automorphisms of k.

Definition 3.1.1. An Oy lattice is an O-submodule M ¢ k™ of rank m.

This notion corresponds to complete lattices. Given an Oy lattice M in k™, we can view it as a subset of
kI via the diagonal embedding. As such, M defines a complete lattice in the usual sense, when we attach to
ko, the inner product and norm induced by its natural product structure. Let Latf,l(k) denote the set of Oy
lattices of rank m.

We define G, to be G(k,) = GL (ks ). This group comes with a natural product structure inherited from
k- Namely, it decomposes as Gy, = [] 0|(>OG¢7 with G; = GLp(kg).

Definition 3.1.2. A module lattice of rank m over k is a lattice A € k2! such that there exist an Oy, lattice M in
k™ and an element g € G, such that A = gM.

We denote the set of module lattices of rank m over k by Lat,,(k). It can be described in terms of Lat/,(k)
and G, as follows.

Proposition 3.1.3. There is a canonical bijection

GUO\(Go, x Lath(k)) = Latu(k); (g, M) — g 'M.
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We introduce the inverse for compatibility reasons, as will be seen later. Moreover, G(k) acts on
G x Latl (k) by A. (g, M) = (Ag, AM).

Proof. It is easy to see that the association (g, M) — g~'M is G(k) equivariant; hence, the map on the
quotient is well defined. The surjectivity of the map is a basic consequence of the definition of module
lattices. Suppose (g, M) and (h, N) are two pairs with g7'M = h™'N. Then, hg™'M = N, i.e., hg~! defines an
isomorphism A : M — N of Oy modules. Tensoring with k over Oy, A defines an isomorphism k™ — k™. In
other words, A € G(k), and it satisfies AM = N, and Ag = h, so that (g, M) = (h, N) modulo G(k). O

As a consequence of the previous proposition, we will often write pairs (g, M) for the module lattice
g~ M associated with that pair.

Let Kr be the subgroup GLn(Oy) of G(A k,f)- It is a compact and open subgroup and decomposes into an
infinite product ]'[p tooKps with K, = GL,(O,). Each factor K, itself is a compact open subgroup of GL(k,).

The next theorem can be found in refs [28] and [25, Theorem V.2.2]. We will use this description to
define the geometric structure on the set of module lattices over k. Later, we will give a more effective

description of the geometric object and the set of module lattices.

Theorem 3.1.4. There exists a bijection

Laty(k) = GUO\G(A)/Kr; (8, M) = (8, (8, p)p)-

Here, gy, € G(k;) with gMypO:,” =M ®¢, O,,.

Proof. Let us first explain the components at each finite place p. By scalar extension, the inclusion M ¢ k™
becomes M ®¢, O, < k,;". As O, is a principal ideal domain, M ®¢, O, is free. Hence, there exists an
invertible matrix 8u,p € G(k,) such that gM’pOf," = M ®¢, O,. The choice is unique, up to an automorphism
of O}, i.e., up to K. Thus, the element (g ), € G(Aky) is unique up to K. In particular, the map is
independent of the choice we made.

We need to ensure that with A € G(k), the images of (g, M) and (Ag, AM) coincide. At the infinite
component G, the terms are g and Ag, respectively. Let p be any finite place, and gy , the component
of the image of (g, M) at p. Then, Agy, , has to satisfy AgM’pO;" = AM ®¢, O,, which clearly holds.

So far we have shown that the map is well defined. For the remaining assertions, we refer to the sources
mentioned earlier. O

3.2 Geometry on the space of module lattices

In this subsection, we will give a more precise description of the geometric structure of the space of lattices.
It turns out that the space is disconnected with connected components naturally identified with the class
group of k. As in Proposition 2.2.7, we identify Cly = Gpn(k)\Gm(Arf)/ Ur.

Lemma 3.2.1. The determinant det:G(Ays) — Gu(Ayy) induces a surjective map

GUO\G(Arf)/Kr — Cly.

Proof. First note that the map is well defined as the determinant maps G(k) and K; to Gy (k) and U,
respectively. The surjectivity is inherited from the surjectivity on G(Ay ). a

Forgetting the infinite component extends the determinant to a surjective map

GUO\G(AK) /Ky —» GUO\G(Arf)/Kr — Cly.
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The connected components of G(k)\G(A)/K; are the fibers of this map, see Proposition 3.2.2.
We define G, to be the connected component of the identity of G,. It consists of all elements g = (g;)s|c0
with det(g;) > O for all real places 0. Further, set G(k), = G(k) n GJ.

Proposition 3.2.2. Let C < G(A) be a full set of representatives of Cli. Let Ty = gKig™ n G(k), for g € C.
Then there is an isomorphism (homeomorphism)

GUO\G(AY /K; = | [Te\Gy.
geC

Proof. Define the map
L\GS, — GUO\G(AK) /Kp;  [x] = [8, x]

with image in the subspace of those elements in G(k)\G(A) / Kf whose ideal class is the same as the class of
g. That this is well defined and injective is easy. The disjoint union of the I',\G;, taken over C surjects onto
the right-hand side, so that we have the desired bijection. We refer to ref. [29] for further details, including
the topological assertion, specifically, Lemma 5.13 and the references therein.

For any g € C, the subgroup I of GZ, is discrete. The quotient I';\GZ, admits a structure of a smooth
manifold.

Norm 1 group. The space of lattices comes with a G(A) invariant measure induced from the Haar
measure on G(Ay). Unfortunately, the invariant measure is not finite. We will describe an analog of the
norm 1 subgroup in the one-dimensional case. In general, this will have a finite volume, but be non-
compact for m > 1.

Consider A : R, — G, given by

X (diag(xﬁn))o.

Recall that G = GL,, and n is the degree of extension of k over Q. By diag(z), we mean the scalar matrix
associated with an element z € R. We stress that A(x) is constant at all infinite places. By definition,
det(A(x)) = (x%) € k. Hence, its norm is |det(A(x))|o = X. Let Z! = ZL := im(A).

o

Proposition 3.2.3. There is a finite G(Ay)-invariant measure on G(k)Z'\G(A), which induces a finite
G(Ay)-invariant measure on G(k)Z'\G(Ay) | Ks. Further, there is a canonical identification

GUOZN\G(AL) /Ky = | [TgZ'\GL.
geC

Proof. The identification is an immediate consequence of Proposition 3.2.2 by noting that Z! acts equivar-
iantly. The existence of such an invariant measure is a classical theorem in measure theory. Its finiteness is
shown in ref. [28]. See also ref. [30] for the case m = 2. O

Invariant measures are only unique up to scaling, but we will always work implicitly with the normal-
ized measure, i.e., the unique invariant measure such that the measure of G(k)Z"\G(A) /Ky is 1. In ref. [17],
the measure is chosen to be the induced measure from the Lebesgue measure on the real space, which
explains the additional factor vol(Pic)™! there.

The space G(k)Z\G(A) /Ky can be identified with a subspace of G(k)\G(A)/Kr, which we want to
describe now. Define G(Ay)! to be the subgroup of g such that the adélic norm

lg| = |det(g)| = [ [Idet(g,)ly

is 1. By the product formula 2.1.7, G(k) < G(A)!. Further, it is easy to see that Ky ¢ G(A).
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Lemma 3.2.4. The composition
GUO\G(AW' /Ky = GUO\G(A) /Ky — G(K)Z'\G(Ak) /Ky

is a bijection.

Proof. Suppose g, h € G(A)!, define the same class in G(k)Z"\G(Ay) /K. Then there exist x € R,y € G(k)
and ¢ € Ky, such that g = A(x)yh¢. Noting that|g], ||, |yl, |¢| = 1, it must necessarily hold that A(x) has norm
1, and hence, x = 1. Thus, we have injectivity.

Let g € G(Ay) be arbitrary. Then |A(X)g| = |A(X)|s|g|. For x = |g|}, it holds that |A(x)| = |g[™, so that
A(x)g € G(A)! whose class in G(k)Z\G(Ay) / Kr coincides with the class of g. O

On the level of module lattices Propositions 3.2.2 and 3.2.3 yield the following.

Corollary 3.2.5. There is a bijection
ZW\Laty(k) = GU)ZNG(AK) [ Kr = GU)\G(AK)!/Ks.

The lattices in Z'\Lat,(k) will be called norm 1 module lattices.

Determinant of modules. As in Lemma 3.2.4, we want to describe a subset of Lat,,(k) that represents
the norm 1 elements in G(k)\G(A)!/K;. First, we need the notion of determinant of Oy lattices.

Let M be an Oy lattice of rank m. If M is free, then M = gO} for some g € G(k), and we define det(M) to
be the fractional ideal of Oy generated by det(g). Note that this is independent of the choice of g as any
other basis would differ by y € GL,;,(Oy); hence, the fractional ideal does not change. In general, M will not
be free, but for each p, the localization M is a free Oy , module. Thus, we can associate with each p the
multiplicity v,(M) = v,(det(g,)), where g OF., = M,. Then we set det(M) = ]_[ppvp(M). If M is free, the two
definitions coincide. The ideal class, defined by det(M) will be called determinant class and if it does not
cause confusion, we will denote it again by det(M). By construction, we have the following compatibility
result of the two notions of determinants.

Proposition 3.2.6. Let M be an Oy-lattice of rank m. Let (g,), be the element in G(Ay.r) / Ky associated with M.
Then, vy(det(M)) = v,(det(g,)), as elements in the fractional ideals Iy = Gn(Axf)/ Ur. In particular, the deter-

minant class of M and the ideal class defined by (det(gp)) coincide.

Recall from Theorem 3.1.4 that we associate with a pair (g, M) € Laty(k) the element (g, (g,),) € G(k)\
G(A)/Ky. The proposition is then trivial by construction.

Corollary 3.2.7. Under the identification of Lat,(k) with G(k)\G(A) /K, the norm 1 lattices correspond to
pairs (g, M) such that |det(g)|.,|det(M)|; = 1.

The norm of det(g) is the product of the norms of its infinite components. Similarly, the norm of det(M)
is the product of all norms at all finite places.

Proof. Clearly, if the image of (g, M) can be represented by x € G(A)! with x,, = g and %0y = M ®0o, O,
then 1 = |x| = |det(g)| |det(M)|s. Conversely, the last equation shows that (g, M) can be represented by

X € G(Ak)l. O

Let Lat. (k) denote the subset of module lattices over k, which correspond to the norm 1 space. For an
arbitrary Oy lattice M, it is easy to see that g € G, exists such that |det(g)||det(M)|f =1, e.g., g =

A(|det(M )|}1). In this way, Oy lattices are represented in the space of norm 1 module lattices.
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Concrete description. Finally, we want to give a more concrete description of the correspondence
between module lattices and the space described earlier. Up to determining the class group, this gives a
rather simple identification that does not use adéles. We recall from K -theory the following basic result, as
can be found in ref. [31].

Proposition 3.2.8. Any Oy lattice is up to isomorphism uniquely determined by its rank and determinant class.
The association

M — (det(M), rk(M))
from Oy lattices to Cly x Z defines an isomorphism

KOy) = Cly x Z.

Corollary 3.2.9. Let M and N be Oy-lattices of rank m. Then M = N, if and only if their determinant classes
coincide. In this case, there exists A € G(k) with AM = N.

With this result in hand, we can easily describe the association between the set of module lattices over k
of a fixed rank m with the space defined in Proposition 3.2.2. We implicitly use Theorem 3.1.4 to associate
with an element of G(A ) an Oy lattice. In applications, we may assume that the representatives of any
ideal class I is given by lattice I ® k™. By Proposition 3.2.8, these cover all possible classes.

Proposition 3.2.10. Let C < G(Ay) be a set of representatives of Cli. Then any module lattice (g, M) can be
written as (h, y), where y € C represents the ideal class of det(M) and h € T,\GJ,. Conversely, any element
h € L\GZ, with y € C can be associated with the module lattice (h, y). Together, these define a bijection

Laty(k) — [ [L\GE.
yeC

Proof. First, suppose y represents the determinant class of M. Let N, denote the Oy lattice of rank m
associated with y. Then N, and M are isomorphic by the previous corollary; hence, let A € G(k) with
AM = N,. For the module lattices, we have

gM = g 'AAM = (Ag)"'N,.

Hence, the pair (Ag, N,) represents the same module lattice as (g, M). Suppose pu € G(k) defines another
isomorphism uM = N,. Then

(ug, Ny) = (Ag, Ny),

which implies that g~ ~'N, = g7'AIN,, or multiplying by g and A, that Au ~'N,, = N,.. On adéles, this means
that Ay 'y € yKy, or Au~! € yKy™. Thus, Au~' € G(k) n yKey™ =T,.

Conversely, given h € I,\G,, the lattice (h, N,) does not depend on the class of h modulo I}, as any
element of I, preserves N,. O

Remark 3.2.11. The determinant of an O lattice can be computed effectively. In fact, in ref. [32], it is shown
how to find a basis (v, ...,V,) and fractional ideals I, ..., I, such that M = &;v;];. Then the determinant class
of M is just [];. Assuming the generalized Riemann hypothesis, there is a polynomial time quantum
algorithm for computing the class group of a given number field, see ref. [33].

3.3 Module lattices up to isometry

Often, questions about lattices are independent of its isometry class. For example, the minimal length of
nonzero vectors coincide in A and g/, when g is an isometry. In our present case, the notion of isometry is
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most useful, when adopted to the particular structure of the Euclidean space in question. This is done in
terms of maximal compact subgroups.

For o]oo, let K; € G(ky;) be a maximal compact subgroup. These are not unique, but any two are
conjugate, hence isomorphic. Up to isomorphism, K, is @,(R) if ¢ is real, and U(m) if o is complex.
Recall here, that @,,(R) are the linear transformations, which preserve the standard inner product of R™,
while U(m) are the C-linear transformations that preserve the standard Hermitian inner product (sesqui-
linear form) on C™. We define K, = [[,K,. Then K, itself is a maximal compact subgroup of G.

Definition 3.3.1. Let A, A’ € Lat,,(k) be two module lattices over k of rank m. Then A and A’ are isometric, if
there exists x € K,, with A = xA’. The isometry classes of module lattices over k of rank m is denoted
IsomLat,,(k).

Let K = K¢K,. The following is an immediate consequence of Theorem 3.1.4.

Corollary 3.3.2. There is a bijection
IsomLat,,(k) = G(k)\G(A}) /K.

Further, Proposition 3.2.2 yields the following.

Corollary 3.3.3. There is bijection

IsomLatn(k) = [ [T\G, /KE,
geC

where K, is the connected component of the identity of K.

It is easy to see that as a subgroup of G(Ay), K, lies in G(A)'. In fact, the norm of the determinant of
any element in K, is 1, and so is their product. Similarly, if (g, M) is a norm 1 lattice then so is (gk, M) for
k € K. Note that the associated lattice g~'M is changed by k™! € K,. Hence, we can deduce the following.

Corollary 3.3.4. There is a bijection
IsomLatl (k) = GU)\G(A!/K.

In this section, the reason to use adéles has not yet become apparent. In fact, the geometric description
of isometry classes of module lattices can be done in terms of Arakelov theory as sketched in the next
remark. The adélic viewpoint will be used in the next sections, when we define and analyze certain spaces
of functions on the space of lattices.

Remark 3.3.5. Another approach to module lattices can be adopted in terms of basic Arakelov theory or
metrized O modules, as in ref. [24]. Briefly, the action of G, on Oy lattices is replaced. Instead, in M, one
attaches a Hermitian structure on each M, := M ®¢,,s C, where C is a Oy module via the infinite place o.
Such a Hermitian structure is defined in terms of a Hermitian matrix H, € G(k,). In our presentation, the
Hermitian structure can be recovered by pulling back the canonical Hermitian structure along g, for a pair
(g, M). This amounts to the same as defining the new Hermitian structure to be g’g,, where * is complex
conjugation and transpose. The converse holds only partially for lattices up to isometry. Up to K, g, can be
recovered from a Hermitian form. This gives another, familiar interpretation of lattices. Instead of changing
the lattice, we change the geometry of the real space it generates.
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4 Automorphic forms and representation theory

In this section, we introduce the notion of automorphic forms and cuspidal automorphic forms for GL,,
with focus on GL,. In a narrow sense, automorphic forms define a class of functions on the space of module
lattices, which can be analyzed in terms of the group structure of GL,,. They have nice properties, satisfying
many differential equations and being square-integrable, which makes them a good source of potential
worst-case distributions. This fact is the main motivation to consider automorphic forms in the context of
lattice-based cryptography.

This section is a recollection of the theory of automorphic forms, which is included for making this
article accessible to nonexperts. Unless it makes definitions much easier, we will not restrict to m = 2, and
in fact, many results have analogs for GL,, replaced by any reductive algebraic group. This is partly our
motivation for introducing further classes of structured lattices in Section 6. In this section, we begin with
introducing the notion of automorphic forms and cuspidal automorphic forms and state first decomposition
results. Both admit the structure of a module over a large algebra, the so-called Hecke algebra. We intro-
duce the Hecke algebra by looking separately into the case of Archimedean and non-Archimedean places.
By using the Hecke algebra, the space of cuspidal automorphic forms is treated as a representation theoretic
object. As such, cuspidal automorphic forms decompose into irreducible components. A specific class of
cuspidal automorphic forms of spherical cuspidal representations will be particularly interesting. Our main
sources are refs [30,34-36].

4.1 Automorphic forms

As mentioned earlier, let G denote the group GL,, over k, where we do not yet specify m. The groups G, and
K as well as their components G, and K, are defined as in the previous section. Similarly, K is a maximal
compact open subgroup of G(Ay ) and K, is a component for ptco. We will write K = K¢K,, as mentioned
earlier.

Recall that G, is a Lie group. The group G(Ayy) is a totally disconnected topological group and the
notion of smooth function on G(Ayy) in the classical sense does not behave well. This is resolved by
requesting functions to be locally constant. More precisely, we define the following as in ref. [37, Sec-
tion 4.1].

Definition 4.1.1. A function ¢ : G(Ax) — C is smooth, if it is smooth in the G, component, when the G(A )
component is fixed, and locally constant in the G(Ay f) component, when the G, component is fixed.

The set of smooth C-valued functions on G(Aj;) will be denoted as usual as C*®(G(Ag),C) or
just C°(G(Ay)).

Before we can define automorphic forms, we need further notation. The Lie algebra of G,, will be
denoted g . It splits into components corresponding to the infinite places as g, = [] olooor T he Lie algebra
g, acts on smooth functions C*°(G(A\)) as right invariant differential operators. This action extends to an
action of the universal enveloping algebra U(g,,) of g.,, which then restricts to its center Z,. There is an

abundance of good sources for these notions, for example, ref. [38].

Definition 4.1.2. A K-finite automorphic form is a smooth function ¢ : G(Ax) — C, such that
1. Ify € G(k), g € G(Ay), then p(yg) = ¢(g),

2. {p(gk)|k € K) is finite dimensional,

3. There exists an ideal 9 ¢ Z,, of cofinite dimension, such that X. ¢ = 0 for all X € 9,

4. For any norm |_| on G(Ay), there exist r, C > 0 such that for all g € G(Ay),

lpg)l < Clgl".
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The space of K-finite automorphic forms will be denoted A(G). We briefly explain the conditions.

Remark 4.1.3. The first condition is called automorphy. The second is K -finiteness, which is the source for
the name of this type of automorphic forms. It entails that the action of K by right translation stays in a finite
dimensional subspace, which is desirable from representation theoretic viewpoint. The representation
defined by K-finite automorphic form defines will be admissible, as we will explain later. See also the
next remark for a connection to module lattices. By condition 3, an automorphic form satisfies many
differential equations. This makes automorphic forms highly symmetric functions and motivates why we
look into automorphic forms from application perspective, see Section 5.1. The last condition is called
moderate growth and ensures that automorphic forms with central character will be square-integrable
modulo center, as will be explained later.

Remark 4.1.4. A special form of K -finiteness is K -invariance, i.e., ¢ satisfies ¢p(gk) = ¢(g) for all g € G(Ay),
k € K. A K invariant automorphic form in particular defines a smooth map:

¢ : GUO\G(AY/K - C,

i.e., a smooth function on the space of isometry classes of module lattices over k. Similarly, K invariant
automorphic forms define functions on the space of module lattices over k.

Let ¥ denote a character of G, (Ay), by which we mean a continuous group homomorphism
Gn(Ay) — St c C*. Note that G,,(Ay) = Z(G) = Z(G(Ay)) as scalar matrices. A K-finite automorphic form
¢ has central character y, if

p(zg) = x(2)p(g) (4.1)

whenever z € Z(G) = Z(G(Ay)). We will write A(G, x) for the space of K-finite automorphic forms with
central character y. More generally, any measurable function on G(Ay) has central character y, if Equation
(4.1) holds. As |y(z)| = 1 for any z, the following is well defined.

Definition 4.1.5. An I?-automorphic form with central character y is a measurable function ¢ : G(A;) — C,
which is left G(k) invariant, has central character y, and

lp(g)lPdg < oo.
Z(G)G()\G(Ak)

The space of [?-automorphic forms with central character y is denoted I?(G(k)\G(A\), x) or just I2(x).
We can also restrict to functions that are invariant under Z' as in Proposition 3.2.3. These are square-
integrable functions I2(Z'G(k)\G(Ay)). As Z'G(k)\G(A\) has finite volume by Proposition 3.2.3 again, the
condition on a function of this space to be square integrable is rather mild.

Proposition 4.1.6. There is a decomposition
I(Z'G()\G(A ) = LA(x),
X

where the sum runs over characters of Gn(Ay) that are trivial on the ray (x, ...,x) € kX, for x € R,q. The
decomposition is orthogonal with respect to the 1? inner product.

We refer to ref. [30, Section 2.5] for a proof. Later, we will see further decompositions for the space of
cusp forms.

Cusp forms. From now on, we restrict to the case m = 2, although many definitions and results require
only small changes. A K-finite automorphic form ¢ is a cusp form, if for all g € G(Ay),

J "’((cl) )f)g)d"zo' (4.2)

k\ A
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The integral is always defined as by Theorem 2.2.2 is the reason for the fact k\A; being compact. The space
of K-finite cusp forms is denoted A((G). For a fixed central character y, Aq(G, x) or simply Ay(x) denotes
the cusp forms, which have y as their central character. There is a geometric reasoning for this definition,
which we recall briefly from the classic theory of modular forms.

Remark 4.1.7. Let h denote the upper half space in the complex plane. For an arithmetic subgroup
[ ¢ SLy(Z), the modular space I'\f is a (in general) noncompact hyperbolic manifold. In the noncompact
case, it admits a canonical compactification, which is a Riemann surface. The points that need to be added
are finite and discrete, so-called cusps. A modular form in classical sense is assumed to be holomorphic at
the cusps, which is a condition on the Fourier series expansion about each cusp, namely, that it has only
nonnegative terms. A cusp form is moreover assumed to vanish at the cusps, i.e., that the constant term is 0.
There is a by-now classic translation of the theory of modular forms to the adélic perspective, in which
cusps are described in terms of subgroups of GL,(Ay) of the form

{(Z )

The aforementioned condition entails that the Fourier coefficient vanishes. The analogy to Fourier coeffi-
cients is inherent in Whittaker models, and see ref. [34]. The relationship between the classic and adélic
approaches is treated in refs [18,34].

The definition of I?-cusp forms goes similar in fashion. An I?-automorphic form ¢ is a cusp form, if
Equation (4.2) holds for almost all g € G(Aj). The space of I2-cusp forms with central character y will be
denoted L3(y). It holds that

Aox) < LK.

In fact, Aq(x) is the space of K-finite and smooth vectors in L3(y), see ref. [34]. In Remark 4.2.2, we will
briefly explain K-finite and smooth vectors.

The space of automorphic forms or cusp forms can be analyzed in terms of representation theory. In the
following section, we will introduce the Hecke algebras, which are the basic tool for analyzing the space of
automorphic forms and cusp forms. In particular, they contain the Hecke operators that will be part of our
criterion for a worst-case to average-case convergence.

4.2 Representation theory

We introduce some backgrounds in representation theory of G(Ay). As the group G(A) decomposes into
pieces G, for the places v of k, up to basic restrictions, the theory of modules over G(Ay) of can be studied in
terms of these G,. We consider separately the case of Archimedean and non-Archimedean places, with a
stronger focus on the non-Archimedean places, as they are the source of the Hecke operators we are
interested in. We begin with a brief overview of the Archimedean case.

Archimedean case. Let v be an Archimedean place. For convenience, let G = G, for this paragraph and
similarly, K = K, the maximal compact subgroup, and g = g, the Lie algebra. The Lie algebra of K is
denoted as ¢ and is a subalgebra of g.

As G is noncompact and noncommutative, the analysis of G modules is more involved than for compact
abelian groups. Therefore, we introduce the notion of (g, K) modules, which encapture the interesting
representations of G for the purpose of automorphic forms. There is another approach using left and right
K invariant distributions on G with support in K, which is equivalent to the notion of (g, K) modules.
For that approach, see refs [34,39,40].

Definition 4.2.1. A (g, K) module is a complex vector space V, together with a Lie algebra representation
g — End(V) and an action K — GL(V), such that
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— V decomposes into finite dimensional K invariant subspaces,
— ForanyYet,veV

d
— exp(tY)l—o-v=Y-v.
I Xp(tY)le=o-v v

— Foranyke K, Xeg,andveV,
k(X (k- v)) = (adiX)- v.

In the definition, we write X. v for the endomorphism associated with X € g applied to v, and similarly
for k. v for k € K. The first condition makes (g, K) modules technically simple. The second and third
conditions are compatibility assumptions on the actions of g and K. The exponential map for Lie algebras
is a mapping from the Lie algebra of a group to the Lie group itself. The second condition says that the Lie
algebra action is an extension of the Lie group action. The adjoint ad is a representation of G on its Lie
algebra. For GL ,,, the action is given by conjugation, which is the reason for the last condition.

Remark 4.2.2. Let V be a Hilbert space on which G acts continuously. Then there exists a subspace V®° of V,
on which G acts smoothly and which is dense in V. The elements are called smooth vectors and are defined
by the condition that

% exp(tX)le=o-v
is defined for all X € g. By definition, the G-action induces a g-action on V. Further, the subspace of
K-finite vectors VX consisting of all v € V such that K. v spans a finite dimensional subspace. It can be
shown that K-finite vectors are smooth and VX is dense in V. Moreover, the action of g preserves K -finite-
ness, and in fact, the two actions of g and K are compatible in the sense of Definition 4.2.1. Thus, to any
continuous G-representation on a Hilbert space, we can naturally associate a (g, K) module.

Definition 4.2.3. A (g, K) module V is admissible, if every K-isotypic component is finite dimensional.

Let us recall the notion of K-isotypic component. Let ¢ be an irreducible finite dimensional representa-
tion of K. Then, the K-isotypic component V, of V associated with ¢ is the union of all irreducible sub-
modules of V isomorphic to 0. Admissibility is another condition that makes (g, K) modules well defined.

Non-Archimedean case. Now, let v be a non-Archimedean place. Let us again set G = G, and K = K, as
a maximal compact open subgroup. In contrast to the Archimedean case, here, we can work with G-repre-
sentations. The notion of smoothness is the abstract counterpart of smooth functions as shown in
Definition 4.1.1.

Definition 4.2.4. A G module V is smooth, if for every v € V there exists a compact open subgroup U of G
such that x-v=v forall x € U.

For a compact open subgroup U of G, let VU denote the U-fixed vectors of V. Then the smoothness of V
amounts to saying that V = | JyVV, where the union is taken over all compact open subgroups. Similar to
Remark 4.2.2, we can associate a smooth representation with an arbitrary representation V, by setting
Ve = | JyVU. Note that the G-action preserves invariance under some compact open subgroup. In fact, if
v is fixed by U, then gv is fixed by gUg!. Hence, V*® is indeed a smooth G module.

For any isomorphism class p of irreducible finite dimensional representations of K, let V? denote the
p-isotypic component of V. We write K for isomorphism classes of finite dimensional irreducible K mod-
ules. The next theorem shows that smooth representations can be analyzed in terms of representations of K.
A proof can be found in ref. [36, Proposition 2.3].
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Theorem 4.2.5. Let V be a smooth G module. Then, V = &,.gV".

Schur’s lemma holds in the context of smooth representations so that we have the following
consequence.

Corollary 4.2.6. Let V be an irreducible smooth representation of G. Let Z denote the center of G. Then there
exists a character x : Z — C* such that z - v = x(z)- v forall z € Z.

We refer to ref. [36, 2.6 Corollary 1] for a proof. See also ref. [35, Proposition 4.2.4] and the discussion
thereafter. Again, we have a notion of admissibility, as follows.

Definition 4.2.7. A smooth representation V of G is admissible, if for every compact open subgroup U of G,
the space of U-fixed vectors VY is finite dimensional.

As in representation theory of finite groups, there is a C algebra H(G) such that there is a natural
correspondence between G representations and H(G) modules. For finite groups, this algebra is the group
algebra. In the present case, we introduce the Hecke algebra as follows.

The group G admits a left invariant Haar measure i, which we normalize by the condition u.(K) = 1.
Let H(G) = C°(G;C) denote the C algebra of locally constant functions with compact support, where
multiplication given by convolution

Px(x) = jqo(yw(y*x)duc(y),
G

for ¢, Y € H(G). Unless G is compact, H(G) does not have a unit. Intuitively, a unit would require to have
support all over G, which cannot exist in the set of compactly supported functions if G is noncompact.
However, H(G) has many idempotents, i.e., elements ¢ with é+& = £. In fact, suppose U is any compact
open subset, and y;, is the characteristic function associated with U. That is, y;, takes the value 1onU and 0
anywhere else. Then ¢ := @){U can be easily computed to be idempotent. Idempotents of this form are
called fundamental idempotents.

Let M be a H(G) module. Then we will write ¢+xm for the action of ¢ € H(G) onm € M, asin ref. [36]. A
H(G) module is smooth, if for every m € M there exists ¢ € H(G) such that p+m = m.

Theorem 4.2.8. There is a natural correspondence between G modules and H(G) modules. A G module is
smooth, if and only if the corresponding H(G) module is smooth.

Again, we refer to ref. [36] for a proof. We finish with a final definition of modules which have K
invariant elements. These will form the collection of automorphic forms that define functions on the space

of lattices.

Definition 4.2.9. Let M be an irreducible H(G) module. A spherical vector is an element m € M such that
éexm = Am for A e C*. An irreducible representation is spherical, if it contains a spherical vector.

For G = GL, spherical vectors, if exist, are unique up to scaling, cf. Appendix B.1.

4.3 Automorphic representations

In this section we use the tools introduced in the previous subsection to analyze the space of automorphic
forms. The case of I?-automorphic forms is easier, as G(A) acts on this space via right translation, for any
fixed central character. The same is not true for K finite automorphic forms, as K finiteness is not preserved
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by right translation. The problem occurs only at the infinite places, where K, finiteness is not necessarily
preserved. Therefore, one substitutes the right translation action by G, with a (g, K.,) module structure,
as defined in Section 4.2. The necessity of the Hecke algebras at finite places comes from the operators we
define from elements in the Hecke algebra. The results stated here can be found in ref. [34, Lecture 3] and
the references there in.

Archimedean Hecke algebra. The space of K-finite automorphic forms carries the structure of a g
module via differential operators. The g, action preserves Z finiteness, as the operators commute.
Moreover, K, acts via right-translation. In contrast to right-translation by G, this preserves K finiteness,
by definition. These actions are compatible in the sense of Definition 4.2.1, so that A(G) becomes a (g, K)
module.

Theorem 4.3.1. Let ¢ € A(G). The (g, K~) module generated by ¢ is admissible.

Non-Archimedean Hecke algebra. In the previous section, we defined Hecke algebras for each finite
place p, separately. The finite part of the global Hecke algebra is defined as a restricted tensor product of
those. The restrictedness is a finiteness condition similar to the condition for adéles. More precisely, we fix
K,, for each finite place p, to be the maximal compact open subgroup GL,(O,). To K, we associate the

fundamental idempotent &, := & as in Section 4.2. The finite Hecke algebra H is the restricted tensor
product

Q'H,
p

where a tensor belongs to Hy, if at all but finitely many places, the tensor is given by .{p. An Hy module M is
admissible if and only if there is a compact open U, for each ptoo, almost all U, being K, such that for
&= ®p.fUp, the space éM is finite dimensional.

Example 4.3.2. A basic construction of admissible ; modules is as follows. For each p, let V, be an
admissible H, module, which is spherical for all but finitely many p. The restricted tensor product

V= ,'V, is defined to be the subspace generated by tensors, which are spherical in all but finitely
many factors. Then V' is admissible. Combining Theorems 4.3.3 and 4.3.5, we will see that this construction
covers automorphic representations.

The finite Hecke algebra acts on A(G) and [2(y) for a fixed central character y, via convolution

RE)Q(x) = j POYEY)dy.

G(Akf)
It is easy to see that H; preserves K finite automorphic forms.
Theorem 4.3.3. Let ¢ € A(G) or ¢ € IX(x). Then the H; module generated by ¢ is admissible.
Global Hecke algebra. We define /{ as a symbol and say that V is an 4 module, if it is a {; module
and a (g, K») module such that the two actions commute. Any ' module M decomposes into a tensor
product of an Hy module M and (g,,,, K,) module M.,. An H module M is admissible, if M; is admissible as

an Hy module, and M, is admissible as a (g, K»,) module.

Definition 4.3.4. An automorphic representation is an H module V that is isomorphic to an irreducible
subquotient of A(G).

Most importantly, for automorphic forms, we have a decomposition result by Flath [41].
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Theorem 4.3.5. Let (71, V) be an irreducible admissible H module. Then there exist irreducible admissible H,
modules, m, for all ptoo, which are spherical for all but finitely many p, and irreducible admissible (g,, K;)
modules m1; for all o|oo, such that

!
n=Q'm,
\4
where v runs over all places.

Together with Theorem 4.3.3, we conclude that from a theoretic perspective, the analysis of auto-
morphic representations reduces to the analysis of admissible representations of G(k,) for all places v of
k. In the case of G = GL,, we give an outline in Appendix B.

There is a further notion of automorphic representations related to I>-automorphic forms. It has the
advantage of being a G(A ) module without utilizing the Hecke algebra introduced above.

Definition 4.3.6. An [?-automorphic representation is an irreducible submodule of the G(Aj) module I*(y),
for some central character .

Theorem 4.3.7. Let 1 be an 12-automorphic representation. Then there exist irreducible unitary G(k,) modules

I
m, such that m = @, .

Here, the restricted tensor product is completed in the sense of tensor products of Hilbert spaces. As we
do not need further details, we refer to ref. [42].

Cuspidal automorphic representations. It can be easily checked that the action of the Hecke algebra
H on K-finite automorphic forms preserve cusp forms and central characters. Thus, Ay(G) is always a
submodule of A(G), and further, A(G, x) is a submodule of A(G, x), for a central character .

Definition 4.3.8. A K-finite cuspidal automorphic representation with central character y is an irreducible
submodule of Ay(G, x).

We will use the term cuspidal representation for a K-finite cuspidal automorphic representation for
some central character. A main feature is a decomposition result on the space of cusp forms with a fixed
central character, which goes as follows.

Theorem 4.3.9. The space Ay(G, x) decomposes into a direct sum of irreducible H modules i as follows:
Ao(G, x) = @m.

Here, m,; are nonnegative integers, the multiplicities of . For G = GL ,,,, one can show that m, = 1.

Theorem 4.3.10. Let 1 and i’ be cuspidal representations with central character . Suppose 1, = m, for all
but finitely many v including all infinite places. Then m = i’ in L}(y). In particular, m; = 1.

This theorem is called the strong multiplicity one theorem and is proved in refs [39,43]. Finally, we want
to mention that the complement of the cusp forms in I?(y) can be described explicitly.

Remark 4.3.11. The space I?(y) decomposes into an orthogonal direct sum

Li) @ LiX),

and see ref. [30]. The term L& (y) is the space of Eisenstein series with central character y. As mentioned
earlier, we believe that it is natural to look for worst-case distributions in the space of cusp forms. Still,
Eisenstein functions might be worth to be considered in this regard, or more generally, for potential
applications of automorphic forms to the cryptographic use of lattices.
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5 Worst-case to average-case convergence

In this section, we want to specify our general notion of cuspidal distributions on the space of lattices and
define a collection of Hecke operators associated with ideals of Oy. For a chosen finite set S of primes of Oy,
we consider the product Hs of these Hecke operators, which is again an element of the finite Hecke algebra
of GL,.

For a choice of a finite set S of primes of Oy, we give a condition on a cuspidal distribution p that ensure
that the sequence H{p converges to the uniform distribution, which is the analog of the main theorem of
[17], except that we do not specify a worst-case distribution.

5.1 Worst-case distributions

Let G = GL,. In Section 3, we have identified the space IsomLatl(k) of isometry classes of norm 1 module
lattices of rank 2 over k with the space

G(Z\G(AW/K,

where K = K;K,, as earlier.
We expect a worst-case distribution to be a square-integrable map

IsomLatl(k) — C,

whose support is concentrated about the identity lattice, which corresponds to 1 € G(Ay). It should satisfy
further symmetry properties reflecting the geometry of IsomLat}(k). More precisely, the space IsomLat}(k)
carries the structure of a hyperbolic manifold, which in particular defines a metric d on the connected
component of the identity. Then, one expects that ifd(x, 1) = d(y, 1) for x, y in the identity component, then
a worst-case distribution should take the same values on x and y.

Here, we define the notion of cuspidal distributions. These are contained in the space of K-finite
automorphic forms. The aforementioned conditions are partially satisfied by definition for K-finite auto-
morphic forms, cf. Remark 5.3.3.

Definition 5.1.1. A cuspidal distribution on the space of isometry classes of norm 1 module lattices of rank 2
over k is defined to be an element of

C & AG)K.

Here, C is for constant functions on IsomLat}(k), which are determined by the single value A € C, and
Ao(G)X is the space of K invariant cuspidal automorphic forms. Note that the term cuspidal distribution
does not mean that the form is a cusp form, but only a cusp form up to a constant.

Remark 5.1.2. In ref. [17], the worst-case distribution has been chosen as a Gaussian on the torus
IsomLati(k) = Picl(k). This worst-case distribution admits a Fourier decomposition with a constant term,
and a series over nontrivial characters. We view cuspidal automorphic forms as the generalization of
characters in the rank 1 case, so that in the present case, we define a cuspidal distribution to have a
constant term plus a series in cuspidal representations. The restriction to K invariant forms ensures that
the distribution is well defined on the space of isometry classes of norm 1 module lattices, cf. Corollary 3.3.2.

Proposition 5.1.3. Let ¢ be a cuspidal distribution. Then, ¢ can be written as follows:
A+ Yo,
n

where the sum runs over all spherical cuspidal automorphic representations n and @, are spherical vectors of
m,and A € C.
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Proof. By definition ¢ is of the form A + ¢,, with A € C, ¢, € Ao(G)X. The decomposition A(G) = &, in
Theorem 4.3.9 yields a decomposition

Ao(G)X = o, C,
n
where the sum runs over spherical cuspidal representations and ¢, are spherical vectors. O

Remark 5.1.4. The average-case distribution is merely the constant function 1, which corresponds to the
normalized invariant measure we introduced earlier.

5.2 Hecke operators

In this section, we introduce specific Hecke operators associated with ideals of Oy and analyze their action
on spherical vectors. We begin with prime ideals first and extend the definition to arbitrary ideals by using
their decomposition.

Let p be a prime of Oy and ¢, a uniformizer of O,. Let a, = (g (1)) Then U, = K,a,K, is a compact open

subset of G(k,), so that there is a fundamental idempotent H, associated with U,. By the definition of the
action of the Hecke algebra, it is clear that H, preserves constant functions. For spherical cusp forms, we
have the following.

Lemma 5.2.1. Let i be a spherical cuspidal automorphic representation and ¢ a spherical vector in . Then ¢
is an eigenvector of H,. If m, is the factor at p (according to Theorem 4.3.5), and the subgroups

{G D} e {0 9)

act via characters y, and x,, then x; and x, are unramified and
Hyp = It, [, 06 (6) + X, ()

Unramified for characters y; and x, means that they are Ur invariant, and hence, the values ,(t,) and
X>(t,) are independent of the choice of t,. That , and y, are unramified is a consequence of the classification
of admissible G(k,) modules, particularly the spherical representations, see Appendix B.1 for an outline and
references. The remaining claims can be found in ref. [35, Section 4.6] using an explicit description of the
spherical representations.

Let I be a nonzero ideal of Oy and I = pr"p its prime decomposition. Then we define H; := ®H;"“. Note

that v, = O for almost all p, so that by H,E we mean the fundamental idempotent associated with the fixed
maximal compact open subgroup K,. We consider H; as an element of the global Hecke algebra # , which
acts trivially on the infinite component.

5.3 Convergence criterion

Let ¢ = A + }_¢, be a cuspidal distribution on the space of isometry classes of norm 1 module lattices of
rank 2 over k. Let I € Oy be a nonzero ideal, with prime decomposition as before. Then we have the
following convergence criterion.

Proposition 5.3.1. Let

ay = H|tp|;VpN/2(Xn,1(tn) * X2 (G
plI N
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be viewed as a sequence in €2({m spherical cuspidal automorphic representations}). Then, for N — oo,
I‘I]N(p - A, ifaN — 0.

Proof. The proposition is a formal consequence of the results mentioned previously. The space of cuspidal
automorphic forms decomposes into a Hilbert space direct sum. A sequence in that space converges, if and
only if the sequence of coefficients converge, hence the result. O

Corollary 5.3.2. Let ¢ = 1+ Y@, be a cuspidal distribution and ay the €*-sequence it induces. If ay — 0 as
N — o0, then HY¢ — 1. Hence, the cuspidal distribution converges to the average-case distribution.

We have not made any concrete qualitative analysis of the cuspidal distributions here, and we want
make the following remark, which displays the difficulties in potential applications.

Remark 5.3.3. In practice, we can define worst-case distributions on the space of module lattices, which
intuitively satisfy properties that one expects of worst-case distributions. However, even if such worst-case
distributions are cuspidal distributions, it is hard to find the decomposition into irreducible cusp forms as in
Proposition 5.1.3. In the rank 1 case, this is easier thanks to Fourier analysis, which is not available in the
present case. The problem falls into the field of non-abelian harmonic analysis. Conversely, it is possible to
construct spherical cuspidal representations, which can then be used to define a worst-case distribution,
which comes in a decomposed form by its construction. However, then it is difficult to make assertions on
its quality as a worst-case distribution. We have outlined a construction of cuspidal automorphic repre-
sentations with spherical vectors in Appendix B.3 and reviewed their potential application in the context of
this section in Appendix B.4.

6 Lattices with G structure

In this section, we define a new notion of structured lattices. The structure is given by the choice of an
algebraic group over the ring of integers of a number field together with a representation. Intuitively, the
algebraic group is the additional structure, while the representation entails how the group acts on lattices.
We will give a series of examples to show how lattices previously considered for cryptographic applications
fit into this notion. The motivation to consider this type of structured lattices is that the space of lattices with
a fixed structure can be treated analogous to our approach in this article. This works particularly well, if the
underlying group satisfies certain conditions.

We do not provide all mathematical details, as they would lead us to far astray. Specifically, we do not
go into details on the theory of reductive groups, where the similarity to the case of GL, is most apparent.

6.1 Affine algebraic groups

We begin with a brief introduction to the notion of affine algebraic groups. There are many sources on
algebraic groups. We refer to ref. [44], where the general notion of affine group schemes over general base
rings is introduced.

Let k be a number field as mentioned earlier, and Oy its ring of integers. Until we consider central
simple algebras, all algebras are assumed to be commutative with 1. We begin by introducing a few basic
notions. An algebraic group over Oy is a rule G that associates with any Oy algebra A a group G(A), and for
every morphism ¢ : A — B of Oy algebras a group homomorphism G(¢) : G(A) — G(B), subject to the
conditions
— The identity A — A is associated with the identity G(A) —» G(A),
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— For two morphisms ¢ : A - Band ¢ : B — C, the diagram
G(A G(1poyp)

) g0
gm /g()
G(B)

commutes.

The familiar reader will recognize that this is the functorial definition of an algebraic group. An affine
algebraic group is an algebraic group G for which there exists an Oy algebra S such that for any other Oy
algebra A, there is a natural isomorphism

G(A4) = Homy,(S, A).

Here, natural isomorphism has a rigorous meaning, namely, that the isomorphism is compatible with
morphisms A — B between Oy algebras. If such an S exists, it is unique up to isomorphism. An affine
algebraic group is of finite type, if S is an Oy algebra of finite type, i.e., there exists a surjective morphism

Ok[tl, ,tm] —-» S.

Of course, Oy in this definition can be replaced with any commutative unital ring. We give an example to
illustrate this notion.

Example 6.1.1. The multiplicative group G0, is defined by the association A — A%, for any Oy algebra A.
Here, A* is a group with respect to multiplication. The compatibility is easy to check so that G, ¢, defines an
algebraic group over Oy. For any Oy algebra A, Homg,(Oklt, t7!], A) = A*. In fact, an Oy morphism from
Oqlt, t71] to A is determined uniquely by the image of ¢, which needs to be invertible in A. Conversely, for
any invertible element a € A%, t — a defines such an Oy morphism. Thus, G0, is an affine algebraic group
represented by Oy [t, t71]. It is of finite type, as Ok[x, y] — Olt, t™], defined by x — t, y — t7, is surjective.

Similarly, one can see that GL 0, defines an affine algebraic group over Oy of finite type. It is the group
that associates to an Oy algebra A the group GL,,(A).

Fibers of G. Let G be an (affine) algebraic group over Oy (of finite type). Given a Oy algebra F, we can
define the fiber of G over F by G := G ®¢, F, which is now an algebraic group over F, which takes an F
algebra A to G(A). It inherits the notions affine and finite type, i.e., if G is affine, so is G, and similarly for
finite type. The fiber over k is called generic fiber of G. Unfortunately, the motivation is somewhat hidden in
the geometric viewpoint of algebraic groups, which we do not explain here.

Representations. Let G be an affine algebraic group of finite type over Oy. A representation of G is a
morphism 7 : G — GL 0, of algebraic groups. That is, for any Oy algebra A, we obtain a group
homomorphism:

m : G(A) — GLn(A),

which again is assumed to be compatible in morphisms of O algebras. A representation is faithful, if for any
Oy algebra A, the corresponding map 7 is injective. Note that any single A recovers the more familiar
notion of representation, particularly, when A is contained in the complex numbers.

There are trivial examples for representations in the aforementioned sense. For G = GL p0,, the iden-
tity representation associates with any A, the group homomorphism 7y = id,4. If G is naturally a subgroup of
GL 0, then the inclusion defines a representation.

Example 6.1.2. Consider the algebraic group SLyj0,, which associates with A the group SL,(4) =
{g € GL(A)|det(g) = 1}. Clearly, for any A, SL,(A) is a subgroup of GL,(A). Thus, the inclusion is a
representation.
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We want to motivate the necessity of representations, which is also the key insight in the theory of
module lattices.

Remark 6.1.3. Recall that any two lattices of a fixed rank are isomorphic as abstract groups, hence, in
particular, so are their automorphism groups. The notion of module lattices is merely a systematic choice of
lattices together with a subgroup of their automorphisms. This becomes apparent in Example 6.2.3 and with
our description in Proposition 3.2.2 of the space of module lattices of rank m as follows:

GLm(O\GLm(A1) / GLi(O1) = | [ Te\GLm(koo)*-
geC

If we denote by L, the lattice corresponding to x in this space, we see that any y € I; defines an auto-
morphismy : £, — L,. While the algebraic group itself does not provide information how to act on lattices,
a choice of representation provides exactly this missing piece of information.

6.2 Lattices with G structure

Motivated by the previous remark we define G lattices as follows.

Definition 6.2.1. Let G be an affine algebraic group over Oy of finite type. Further, let 7 be a (faithful)
representation of G in GL p0,. A lattice with (G, ) structure is an element of the image of the map:

GUNG(AY/GOr) S GLn(k)\GLn(Ar) /GLA(O)).

Of course, an element in the image of the aforementioned map is viewed as a lattice by means of
Proposition 3.2.2. In particular, as in Remark 6.1.3, each lattice with (G, ) structure comes with a subgroup
of their automorphism group. If 7 is understood from the context, we will say a lattice with G structure. We
show how this recovers the notions of lattices considered previously in cryptography.

Example 6.2.2. Let G := GL p)0,. Let m = id be the identity representation. Then by Proposition 3.2.2, lattices
with (G, m) structure are the same as module lattices of rank m over k as in Definition 3.1.2.

For k = Q this also recovers Z lattices. In the context of Remark 6.1.3, for Z lattices, the full group of
automorphisms is chosen.

The next example displays how module lattices over Oy can be viewed in terms of Z lattices. This
resembles the fact that a module lattice is in particular a Z lattice.

Example 6.2.3. Let H = GL 0, and G its restriction of scalars from Oy to Z. That is, for a Z algebra A,
G(A) = GL,(A ®z Oy). It can be shown that in the present case, this is again a finite type affine algebraic
group over Z. It satisfies the property

Homz(G, X) = Homo (H, X ®7 Ox)

for any Z-scheme X. By a choice of basis of Oy over Z, one can see that G can be embedded into GL 7,
where n = [k : Q]. We view this as a faithful representation 7. The space of lattices with (G, m) structure is
expressed as follows:

GQ\G(AQ)/GZ) = GLy(I)\GLn(Ax)/ GLy(Oy),

where we use the definition of restriction of scalars. The choice of basis, and with that 77, defines an
embedding of this space into

GL n(Q)\ GL yn(A QY GL (2,
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the space of Z lattices of rank mn. Note that two distinct choices of basis for Oy over Z yield conjugate
embeddings into the space of Z lattices of rank nm.

6.3 Symplectic lattices

In the theory of (reductive) affine algebraic groups, symplectic groups take an important role as one of the
so-called classical groups, see ref. [45]. We introduce them as they form an interesting class with potential
implications to cryptography. Lattice reduction for symplectic lattices has been studied in ref. [46]. Sym-
plectic structures have been used in ref. [47] for lattice reduction by introducing a symplectic structure on
number fields. To avoid complications, we consider the base field Q only.
0 1
Let w = (_ 10
nondegenerate alternating form

) € GL,n(Z), where 1 represents the m-dimensional identity matrix. This defines a

w: kx> k; (u,v) - ulwv.
We define Sp,,, to be the algebraic group over Q that associates to a Q algebra A the group
Spam(A) = {g € GLm(A)Ig'wg = w}.

Thus, points in Sp,, preserve the form w. It is easy to see that this defines an affine algebraic group over Q of
finite type. In fact, equation g‘wg = w defines polynomial equations in the coefficients of g, which need
to be satisfied. It has a model over Z, i.e., there exists an affine algebraic group Sp, of finite type over Z
with Sp, ®z Q = Spyn. Further, Sp, is naturally a subgroup of GL,pz, which we view as faithful
representation.

Definition 6.3.1. A symplectic lattice of rank 2m is a lattice with Sp, structure.

Symplectic lattices are related to polarized abelian varieties over C and questions about such lattices
can be rephrased in terms of questions on polarized abelian varieties. For example, see ref. [48].

6.4 Lattices in central simple algebras

Finally, we want to show that the lattices constructed in ref. [19] are structured lattices in sense of Definition
6.2.1. As we do not need the notion of cyclic lattices, which is introduced for efficiency reasons in ref. [19],
we consider arbitrary central simple algebras. Recall that unless trivial, central simple algebras are not
commutative. More details on central simple algebras can be found in ref. [49, Chapter IV] on Brauer
Groups. We refer to ref. [50] for quaternion algebras.

Let D be a central simple algebra over k of dimension m. For simplicity, we consider an order Op of D,
which is free over Oy. We define the affine algebraic group Gp over Oy by the association

A (A @0, Op)*

with A commutative. Note the similarity to G,, in Example 6.1.1. The (right) translation action of Op on itself
yields a faithful representation of Op in M,,(Ox) by means of a choice of some basis of Op over Oy. This
extends to a representation of Gp. We define Op lattices as lattices with Gp structure for the given
representation.

Let us consider the case of quaternion algebras, i.e., a central simple algebra over k of dimension 4.
Quaternion algebras are close to GL,. In fact, GL, is Gp for D = My(k). This is fundamentally reflected in the
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theory of automorphic representations for the groups Gp for arbitrary quaternion algebras and GL,, as we
explain briefly.

First, there is a well-understood notion of automorphic forms over quaternion algebras over number
fields, cf. [39, Chapter III]. It is said that D is split or unramified at a place v of k, if D, = D ® k, is
isomorphic to My(k,), otherwise D is ramified at v. It is known that D is unramified at all but finitely
many places. The Jacquet-Langlands correspondence, as can be found in ref. [39], gives the aforemen-
tioned relationship in the theory of automorphic representations.

Theorem 6.4.1. Let x be a character of G,(Ay) and D a quaternion algebra which is not My(k). Let S be the
nonempty set of places of k at which D ramifies. Then there is a one-to-one correspondence between
— Automorphic representations m = ®,m, of dimension >1 of Gp with central character x,

and
— Cuspidal automorphic representations ' = ®,m, of GL,

such that m) is a discrete series representation at allv € S, and for all v ¢ S, m, = ;.

We do not explain discrete series representations here, and see refs [35,40,39]. Analogous to our
approach in Section 5, we may look for worst-case distributions on Gp structured lattices among auto-
morphic forms.

Reductive groups. The theory of automorphic forms and representations works particularly analogous
to GL, as we covered in Section 4, if the group G is reductive. The groups Sp,, in Section 6.3 and Gp in
Section 6.4 are examples of reductive groups. As reductive is a technical condition, which we do not include
more details here and refer to refs [44,45] for details.

6.5 LWE on G structured lattices

As a final remark, we want to mention two open questions regarding G structured lattices.

First, our definition of G structured groups is quite abstract. It would be important for applications to
spell out the definition for some choices of groups and give concrete descriptions of the corresponding
lattices. For example, this can be done for the symplectic lattices we defined earlier. In particular, this is
required if the purpose of introducing additional structure is an increase of efficiency. Second, the classical
reduction of the LWE problem to SVP has been treated separately for ideal and module lattices, and later for
lattices over cyclic algebras. It might be possible to recover the proofs for G structured lattices for a certain
class of groups.

7 Conclusion

The present work builds up a theoretical roadmap toward a worst-case to average-case reduction of
computational problems on module lattices. This roadmap relies on the geometric structure of module
lattices, which is a consequence of the connection between module lattices and the general linear group.
The description of the space of module lattices allows the study of functions on that space in terms of
automorphic forms, which constitute our main technical tool for the analysis of distributions on the
collection of module lattices. The space of automorphic forms admits a Hilbert space decomposition whose
components can be understood in terms of basic building blocks. Our setup for a worst-case to average-case
reduction is based on this insight; if the decomposition of a worst-case distribution into its basic building
blocks has a specific form, then the convergence is only a question of convergence in terms of a coefficient
sequence.
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As a next step, it is necessary to find worst-case distributions according to our definition, which admit
explicit descriptions as functions on the space of lattices, compare Appendix B. In fact, the problems here
are twofold. Given a smooth function on the space of lattices, it is not known how to decompose it into
irreducible components of the associated automorphic representation. On the other hand, a definition as in
Appendix B does not yield an explicit function that can be used for applications. Both are mathematical
problems that need effective versions of results in non-abelian harmonic analysis and representation
theory. In the present work, we concentrated on the cuspidal part of functions on the space of lattices,
though, in future work, one might consider Eisenstein series as well. Even further, we only touched upon
the surface of the theory of automorphic forms, which offers much deeper insights that might have an
impact on lattice-based cryptography.

The G structured lattices we introduced here have not been considered in this generality yet. It might be
interesting to analyze LWE on this type of lattices. Specifically, the classical security results of LWE as
analyzed in refs. [9,19,51] may translate to conditions that are intrinsic to the underlying group structure.
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Appendix
A Rank 1 from adélic perspective

In this appendix section, we want to show how ref. [17] can be understood in the terms of our present
approach. In the following two sections, we explain first how ideal lattices can be viewed as adélevalued
points of G, i.e., as idéles, and translate the worst-case distribution in ref. [17] to this framework in the
second part.

The first section is closely related to Section 3 with the main distinction that the rank 1 case is less
technical. We present the details for convenience. The reader who has not encountered the concept of
adeles before can find a first impression how this terminology is applied. The second subsection is the rank
1 analog of what we have developed through Sections 4 and 5. Again, the discussion is less technical here,
as in dimension 1 the representation theory is easier and the well-known theory of Fourier analysis can be
applied. We outline how the worst-case distribution in ref. [17] can be viewed as a smooth function on the
space of ideal lattices from the adélic viewpoint and show how the Hecke operators in ref. [17] are related to
Hecke operators in the sense of automorphic forms on G,,. Finally, we describe briefly the representation
theoretic assumption on the finite places.

A.1 Ideal lattices over k

In this section, we define ideal lattices and relate them to idéles. We denote by I the set of O-fractional
ideals. If I € k is such a fractional ideal, then we denote by £L(I) its image under the diagonal embedding of
k into k.

Definition A.1.1. (As in ref. [17]) An Oy-ideal lattice is an Oy-submodule M of k, of the form M = g1.£(I) for
a g € kX and a fractional ideal I € I;. The set of ideal lattices is denoted IdLat (k) or Laty(k).

The inverse of g in the definition is chosen for compatibility reasons only. The set of ideal lattices can be
characterized as follows.

Proposition A.1.2. There is a canonical surjective map kX, x I, — IdLat(k), which factors to an isomorphism

k\kZ x I, — IdLat(k),
where k* acts on kX, x I via A. (g, I) = (Ag, AI).

Proof. We define the map by (g, I) — g~'I. This is surjective by the definition of ideal lattices. For A € k*,
(Ag, AI) maps to g~'I as A cancels out. Hence, the map induces a surjective map from k*\k, x I. Conversely,
if two (g, I) and (h, J) define the same ideal lattice g™'I = h7!J, let A := hg~'. Then multiplication by A defines
an isomorphism I — J of Oy modules, and by extension,

k=1®p, k- ] ®o, k=k.

Thus, A is an element of GL (k) = G,,(k) = k*. Moreover, it is trivial to check that A(g, I) = (h, J). O

Our goal is to relate IdLat (k) to G,,(A). The previous proposition may be viewed as a first step in that
direction. Considering the factorization Gp(Ax) = kX x Gu(Aks) one expects a relationship between

Gp(Ary) and Ir. As mentioned earlier, let Uy :== Gm(ak) = (A)i Then, we have the following.
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Lemma A.1.3. There is a canonical isomorphism

‘P{ Gp(A WU — I x> L= Hpvp(x,,)_
p

Let t, be uniformizers of p < O,. Then the map
of : kk — Gu(Arp)/Us T — (67),

is an inverse.

Proof. Note that ‘I’lf is well defined, as if (.ﬁ’p),J € U, then v,,(xp.fp) =Vp(xp) + v,,(fp) = V,(x,). That the two maps
are mutually inverse is then obvious from the fact that v,(x,) = v,(I). O

Note moreover that (D{ does not depend on the choice of t,. In fact, any other choice would differ by
&, € O;, for each p, and hence, ¢ = (§p) e Up.

Corollary A.1.4. The class group of k is isomorphic to k\G (A )/ Us.

Proof. One just needs to show that the maps A : k* — G,(Ayf) and div:k* — I are compatible with ‘I’{ in
Lemma A.1.3. But this is clear. O
Lemma A.1.5. The map ‘I’lf from Lemma A.1.3 induces a bijective map

G : Gu(A /U — k5 x L,
which is k*-equivariant.
Proof. The function ¥, is defined by mapping (g, x) € kX x Gu(Ar ) = Gm(Ay) to (g, L), where I, = W/(x)
as in Lemma A.1.3. It is clear that d)lf induces an inverse to . For k*-equivariance, let A € k*, and
(8, x) € Gu(Ay). As U only acts on G,(Ayys), we need to show Iy, = Al as fractional ideals. But this is
trivial from comparing their multiplicities at each prime. O
Corollary A.1.6. There is a canonical isomorphism

¥, : \Gn(A VU — IdLat(k)
induced from W, by taking quotients modulo k*.

In Section 3, we have seen the analog for G,, replaced by GL,,.

Norm 1 ideal lattices. So far, we considered a quite general class of ideal lattices. However, this space
is to large, in fact, K\G(Ay)/ Ur is not compact, nor has it finite volume, and we compared Section 2.2 and
the discussion about the diagonal embedding of k* into the idéles there. One can remedy this problem as done
in Section 2.2 for G,,(Aj) by restricting to the norm 1 subgroup. There is a direct definition for ideal lattices.

Definition A.1.7. The norm of (g, I) € k x I is defined as N(g, I) = Ny /o(I)|glss, where |glo, = I1,18;ls-

We remark that in ref. [17], there is a further condition that the infinite component consists of positive
real entries.

Lemma A.1.8. The norm on k, x Iy induces a norm on ldLat(k), which is compatible with the norm on
Gn(Ay) up to inverse. More precisely, for any (g, x) € Gn(Ay) and I = I,

(g, )l = N(g, D"
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Proof. Suppose A € k* and (g, I) € k% x . Then we consider N(Ag, AI) = Ny,o(AI)|Ag|o. It holds true
that Ny ,o(AI) = |/\|}1 Ny /o). Moreover, product formula 2.1.7 can be written as || |Alf = 1, so that in

conclusion, we have N(Ag, AI) = N(g, I), as we wanted. For the second claim, we again note that for
(g, x) € Gu(Ap), I(g, X)| = Iglw IX]f, so that it suffices to compare the factors separately. For x note that

the factor that a prime p contributes to [x |y is p7%®», while p contributes to Ny ,q(Iy) as factor p/»*»). Hence,
the claim follows for the finite part. For the infinite part, the inverse is by definition. O

We define the subgroup IdLat!(k) of norm 1 ideal lattices over k is defined as the set of (g,I)
with N(g,I) = 1.
Isometry classes of lattices.

Definition A.1.9. Two L, L' ¢ IdLat(k) are k-isometric if there exists x € k, with |x,|, = 1 for all o|co, such
that xL = L'. The set of classes of k-isometric lattices is denoted IsomIdLat}.

Note that x € k,; for o|co satisfies |x,|, = 1, if and only if x € 1, in the case ¢ is a real place, or
x € S ¢ €%, if 0 is complex. These are the two maximal compact subgroups of k,. Let U,, denote the product
Hglng with U; = +1, if 0 real, and U, = S, if 0 is complex. Then we have the following.

Theorem A.1.10. There is a canonical identification
\G (AR UUy, — IsomldLat}.
Together with the identification in ref. [17] of IsomIdLat} with the degree O part of the Arakelov Class

Group, we see that this idéles recover the approach from Arakelov divisors. As in Section 3, we can describe
the space of ideal lattices as follows.

Theorem A.1.11. There is a natural identification

\Gm(A UlUso = | JOR\KE, [ Uso = (OF\K,  Uso).
Cli

Remark A.1.12. As G, is abelian, we have a group structure on this space. A more natural form of Theorem
A.1.11 is the following. The group kK*\Gn(A)'/UiU, is the extension of O}\kY, /Uy by Cli, that is, there
exists a short exact sequence:

0 — ON\KL /Uy — K\G (AW Ul 5 Cli — 0.

The det is the norm function on the finite component G,,(Ayy). This is the adelic version of the
corresponding sequence in terms of the Arakelov class group in ref. [17].

A.2 Worst-case to average-case reduction in rank 1

In this section, we recall the worst-case distribution in ref. [17], and translate their definition to the adélic
approach for G,.

As mentioned earlier, let r denote the number of infinite places of k. Then there is a natural map
£: k- QR = R’ given by (x,) — (log|x,|), in which Ax = ¢(O%) defines a lattice.
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Lemma A.2.1. The map
€: ON\kZ /Uy — A \RT

is an isomorphism.
Under ¢, the norm 1 elements of k}, correspond to trace-zero elements H; of R’.

Lemma A.2.2. The map
e : O\kY /Uy — A \Hy

is an isomorphism. In particular, Ay is a complete lattice in Hj.
This gives a new description of ideal lattices as follows.

Corollary A.2.3. There is a natural one-to-one correspondence

IsomlIdLat} = (Ax\Hi)".

In ref. [17], they defined worst-case distributions on the space of ideal lattices as follows. On the
connected component of the identity, one sets

Ps i M\He = Roo; x> ) exp(-nlyl?/s?),
y:y=x

which is extended to (A;\H)™ by 0. Let Ay be the dual lattice of Ay in Hy. That is, A € Ay, if and only if
(A, x) € Z for all x € Ag. As shown in ref. [17], one can use Fourier analysis to write

P = Z ax (A.1)
AEA%

for certain a, € C, cf. [17, Lemma 3.15]. Note that we have a slightly different notation, a, differs by a scalar.
By the identifications of Corollary A.2.3 and Proposition A.1.10, we can view characters on (A \H)" as
characters on

\G (A" UpUso.

These are unramified Hecke characters trivial on the ray Z! = {(x, ...,x)|x € R,o} € kX. Similarly, we can
express p; as a function on K*\G(Ax)!/ UrUy, which admits a Fourier decomposition into the unramified Z*
invariant Hecke characters of k. With slight abuse of notation,

Ps = Y ax,
X

where the sum runs over the unramified Z! invariant Hecke characters and if the restriction of y to the
connected component of the identity is given by y; for some A € Ay, then a, = a,.

Hecke algebra. For any finite place p of k, we define the Hecke algebra 7, at p to be the space of locally
constant functions with compact support on k. It is an algebra with convolution of functions; however, it
has no unit. For any compact open subset U ¢ k,, there are idempotents &, = VO+(U))(U, where y; is the
characteristic function of U. We set H, to be the idempotent associated with the compact open subset t,05.
The Hecke algebra acts on the space of I? functions on kK*\G,,(A)!/ UsU,, via convolution.

Lemma A.2.4. Let x be an unramified Z' invariant Hecke character. Then y is an eigenvalue of the action
of H,.
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Proof. By definition,

Hyxx(x) = ij<y)x(y-1x)dy

ky

= IHp(y)x(y*l)x(X)dy

ky

- ij(wx(y-l)dy 0

ky

=y, X (X)),

where ay,, = jkap()’)X()/’l)dy' O
P

Given a collection S of primes of Oy, we can define Hs := ®,csH,. Then Lemma A.2.4 holds true for Hs.

We have described all the ingredients for the main result of ref. [17], written in the language of adéles.
The proof of the main result in the current approach is a direct consequence of the result in ref. [17], as all
parts transfer smoothly.

B Construction of cuspidal automorphic representations

In this section, we give a further outline of the notion of cuspidal representations. By Theorem 4.3.5, we
know that a cuspidal representation is a tensor product of local representations. We describe the classes of
representations that are interesting for the use in application as in Section 5. In particular, we will focus on
the spherical representations at the non-Archimedean places. Afterward, we will briefly recall how one can
use a general construction due to Weil to obtain cuspidal automorphic representations, which are spherical
at all finite places. This is only possible under certain assumptions on the number field, namely, that it
admits an unramified degree 2 field extension. These cuspidal representations depend on such a choice of
field extension L/k and characters of the idéleclass group of L. In particular, worst-case distributions of
module lattices of rank 2 over k can be defined in terms of worst-case distributions of ideal lattices over L.
One of the main drawbacks of the construction from application perspective is that we have only know by
abstract reasoning that the representation constructed is among cuspidal representations. However, we
cannot give explicit description of the spherical vectors as functions on the space of lattices.

B.1 Representations of GL, over non-Archimedean fields

In this section, we present an overview of the characterization of irreducible admissible representations of
GL, over a non-Archimedean field. The most interesting for our purpose are spherical representations,
which are infinite dimensional representations that contain a unique one-dimensional K-subrepresenta-
tion. We will write G for GL,(F) for a non-Archimedean field F.

To begin with, all irreducible finite dimensional representations (77, V) of G have the property that there
exists a quasi-character y : F* — C* such that 7 =y - det, and see ref. [35]. Hence, irreducible finite-
dimensional representations are one-dimensional.

We continue with infinite dimensional irreducible representations, which can be constructed as fol-
lows. First, we define certain subgroups of G, namely,

=GO e 4G )
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and we set B = TA, the invertible upper triangular matrices. Here, * symbolizes any values in F such that the
resulting matrices are invertible. It is easy to see that A = F as additive group and T = (F*)2. For elements in
T, we write (a;, a,) as shorthand for the diagonal matrix with entries a; and a, on the diagonal.

The important fact in the representation theory of G is that any irreducible admissible representation is
found in induced representations from B to G, which are trivial on A. More precisely, let x;, x, : F* — C* be
two quasi-characters. This defines a (normalized) representation 7 of T by

ﬂ(a1,az):|al|}:/2 X(a) |(12|1?1/2 Xo(a2),

which extends to B by

a X _
”((o az))=lalllp/2 X(a) lalf? x(a)

by ignoring x. We set
1G4, x,) = Ind$m,

i.e., I(y;, x,) consists of functions f: G — C such that

f((al X)g)ﬂalﬂ# %@ ol @) f@)

0a2

for any g € G, and G acts on these functions by right translation.

Proposition B.1.1. If yx, Y+ |_[#, then I(x, x,) is irreducible. If x, and x, are unramified, then I(y, X,)
contains a spherical vector, which is unique up to scaling.

We only discuss the last part as this is important for our applications later. Recall that a quasi-character
x on F*is unramified if its restriction y|o, is trivial. Further recall that over a non-Archimedean field F, GL,
has a Iwasawa decomposition

G =TK,

where K = GL,(Or). However, K and T intersect nontrivially. It thus follows that any f € I(y, x,) is deter-
mined by its values on K. Conversely, if x; and y, are unramified, forcing f(k) = 1 for all k € K is a well
defined element of I(y, x,). Such a K invariant element is called a spherical vector and a representation
which admits a spherical vector is called spherical representation. This particular choice will be called the
normalized spherical vector. We will construct cuspidal automorphic representations with spherical factors
only. This is desirable from application side, as we want to have functions on the space of lattices, i.e.,
functions that are K, invariant, for each prime.

In the case when XX 1- |_|§1, the induced representation is not irreducible. Indeed, there is a character
X such that x; = y ® |_|*"/2 for both, i = 1, 2. Then y - det € I(y, x,) is a G invariant subrepresentation. The
subquotient is again irreducible and called Steinberg representation. Note that for our construction later, we
assume y; to be characters rather than merely quasi-characters. Under this assumption x, and y, cannot
satisfy the property yx, 1= |_#, so that the induced representation is always of the form given earlier.
These results are well known in the representation theory of GL, over non-Archimedean fields. For example,
ref. [35, Chapter 4] builds up the theory from scratch.

The irreducible admissible representations of G that do not fall into the classes we defined earlier, are
called supercuspidal. As we mentioned earlier, we are looking for spherical representations that cannot
be supercuspidal. Therefore, we do not go into details of supercuspidal representations any further. By
using the Weil representations, it is possible to construct supercuspidal representations, and see
Subsection B.3.
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B.2 Representations of GL, over Archimedean fields

We continue with the classification of irreducible admissible representations of GL, over Archimedean
fields. As described earlier in Section 4.2, we use the notion of (g, K) modules.

We will denote by F an Archimedean field and G = GL,(F). These can be constructed similar to the non-
Archimedean case as induced representation of characters on the Borel subgroup of upper triangular
matrices, up to normalization. However, it is possible to characterize irreducible admissible representations
in terms of the following data:

- K-weights, i.e., the isotypic components that can appear in an irreducible admissible representation.
— The action of the center of U(g).

This makes the classification of irreducible admissible representations of G particularly coherent. Let us
consider the two cases separately.

Real case. The real case seems less important for current cryptographic applications. Still, we recall the
theory for completeness sake. Unfortunately, the real case comes with a slight complication in comparison
to the complex case due to the fact that G = GL,(R) is disconnected. In fact, the determinant maps G onto
R*, and G decomposes into the two connected components with positive and negative determinants. The
subgroup of matrices with positive determinant is denoted G*. The disconnectedness causes a problem as
the Lie algebra only sees the connected component G* of the identity. One can deal with this by considering
the maximal compact subgroup @,(R) instead of SO,(R), which keeps track of the second connected
component. Then the K-isotypic classes may be replaced by @,(R)-isotypic components. Another way is
to keep track of the action of a single, fixed element

(% o)
10/

Let T, A and B be subgroups of G as in Subsection B.1. Any two quasi-characters y;, x, on R* define a
representation 77 on B by

1/2

A ACH)

Define
0, Xo) = Indj 7.

m X
Thus, (x;, x,) consists of functions ¢ on G* such that for b = ( 01 a ) and g € G,
2
1/2

A1 (@, (@)e).

p(bg) =
2
The (g, K) module defined by taking K-finite vectors is again denoted 7 (x;, x,)-

We consider the different cases for the choices of y;, for which we need the classification of quasi-
characters on R*. A quasi-character y is necessarily of the form

X(@®) = |t sgn(t)*

with s € C and € €{0,1}. For y; let s; €« C and ¢; € {0,1} denote these parameters. Let s =35, —s;,
€ = § — g mod 2. These are the corresponding parameters for x; /x,.

Theorem B.2.1. Let y; and the parameters be as above.

— If x, /X, is not of the form t|* sgn(t) for a nonzero integer k, then n(x;, x,) is an irreducible admissible (g, K)
module.

- If x,/x, s of the form |t|*sgn(t) with k a positive integer, then ni(x, X,) has a unique invariant submodule
*(x,, X,) with finite-dimensional quotient 1/ (x;, X,)-
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— If x, /x, is of the form|t|¥ sgn(t) with k a negative integer, then nt(x;, X,) contains a unique finite-dimensional
submodule 1/ (x;, x,)-

Complex case. The complex case is quite similar, except that we do not have the complication with
connected components as GL,(C) is connected. Recall that any quasi-character on C* is of the form

x(@) = et

foru, v e C. For y, and x, such quasi-characters, we define 7(x;, x,) as the (g, K) module of K-finite vectors
in the induced representation Ind$sm.

Proposition B.2.2. Let x,, x, as mentioned earlier with parameters w, up, vi, v> € C. If x, /X, # zPz1 for inte-
gers p, q with pq > 0, then ni(x;, X,) is irreducible. Any irreducible admissible (g, K) module is isomorphic to
one of this type.

The last assertion is different in the complex case than in the real case, where the nontrivial subrepre-
sentations of 7(y;, x,) are not isomorphic to 7(y,, },), for other quasi-characters y; and p,.

B.3 Weil representations

Finally, we want to give a construction of cuspidal automorphic representations. The construction due to
Weil is particularly interesting for potential applications in lattice-based cryptography. In fact, Weil repre-
sentations are constructed using characters of a degree two-field extension of the base field. In this way, we
can relate pieces of a worst-case distribution for rank 2 lattices over k to the pieces of a worst-case
distribution of rank 1 lattices over an extension L /k of degree 2.

As we do not need the precise details of the construction, we will only give the results.

Non-Archimedean case Let F be a non-Archimedean local field of characteristic zero, L /F a degree
two-field extension. Let g denote the norm map L — F viewed as quadratic form. Recall that gL* ¢ F*
is an index 2 subgroup, cf. ref. [52, XIII, Proposition 9]. In particular, there is a unique character
w: F*/ql* — C*.

Proposition B.3.1. Let x be a (quasi-)character of L*. Then, there exists an admissible representation m, of
GL,(F) associated with x, such that
- 1y is supercuspidal, if y does not factor through q,

- m = 11(6, w ® 6) if x factors through q via 6 : F* — C*.

In the second case, the representation (6, w ® ) is the induced representation defined in Section B.1.

Archimedean case. In the Archimedean case, we only need to consider F = R as C has no degree 2
field extensions. Again this splits into the two cases, whether a quasi-character y : C* — C* factors through
the norm or not. Any quasi-characters y of C* can be written as follows:

e (zzy(i)"
2

foru € C and n € Z. This factors through the norm as a character §, if and only if n = 0. In that case, 7, is
the principal series representation 77(8, sgn®é). In the case that y does not factor through the norm, 71, is the
discrete series representation for the characters y;, x, with the properties:

XX 00 =[x x"sgn(x)
X /X () = x"sgn(x).
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Global Weil representation. In the global case let k be the base field, L a degree 2 extension of k, and y
an idélicquasi-character. For any place 7 of L, there is the map

kL= Gu(AD; Ao (LA, ),

where A is mapped to the Tth entry. Then y, = x o ; defines a local quasi-character on L; and y = ®,. This
is well defined as for any idelex = (x;)r, x; € OF and y, is unramified for all but finitely many 7. The Weil
representation 7, associated with L and y is defined componentwise for each place v of k.

- Ifvis split, i.e., there exist places 1, 1, of L lying over v, then L = k, = L, and the characters X can be

viewed as characters on k. Then 7, = 7(X,.» Xs,)-

— Ifvis nonsplit, i.e., there is a unique place 1 of L then L, is a degree 2 extension of k,, which is separable
as our base field has characteristic 0. Then 7, is defined as the Weil representation in the local case for
the field extension L, over k, and quasi-character ;.

The representation 7 is irreducible and admissible. The main result asserts that this defines a cuspidal
automorphic representation under the following assumption. Let N : G,,(A;) — Gp(Ay) denote the idélicnorm
given by x = (X)rep, — ¥ with

for v € Py.

i Rl if v is split, 1, B|v,
W N; ()  if v is nonsplit, T|v

The condition for 7, to be a cuspidal representation is whether y factors through N.

Theorem B.3.2. Let L be a degree 2 extension of k and y an idélicquasi-character. Then m, is a cuspidal
automorphic form, if x does not factor through the norm N, i.e., there exists no idélic quasi-character Y of k,
such that x =X o N.

This is stated as Theorem 7.11 in ref. [40]. The proof is done by comparing the respective L-functions.
Indeed, an irreducible admissible representation 7 for GL,(Aj) is a cuspidal automorphic form if and only if
its L-function is bounded on vertical stripes. This property is known for L-functions of Hecke characters of L
and it is shown in ref. [40] that the L-functions coincide locally for each place, where y is viewed as an
character of k via the norm map N defined earlier.

B.4 Constructing worst-case distributions in rank 2

In this section, we want to show how Weil representations can be used to construct cuspidal distributions
for module lattices of rank 2. By Definition 5.1.1, to define a cuspidal distribution, we need to construct a
collection of spherical cuspidal representations. Our basic idea is to use characters that appear in the
Fourier decomposition of the worst-case distribution on ideal lattices over an extension field L of k of
degree 2. Not all those characters yield spherical cuspidal representations so that some restrictions are
needed.

Let us fix an extension L /k of degree 2 and an unramified Hecke character y : \G,(Ar) — S'. We
assume that y is trivial on U ., i.e., that y factors as y : L\Gp(AL)/ U, — S

Lemma B.4.1. Let m be the Weil representation associated with . Then, for any finite place p of k, m; is a
spherical representation.

Proof. The assertion is clear when p splits in L. Suppose p does not split and let q|p. We show that in this
case, X, factors through the norm N,. Let 6 be a uniformizer of O,. We have

1
1=vy(0) = EV”(N‘””G)’
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and hence, v,(N;/,0) = 2. Letu = )(q(G) € S'and vy, v, € S! the square roots of u. Then Xq factors through the
norm, via the unramified characters Xp,i defined by sending a uniformizer ¢ of O, to u;, fori = 1, 2, respec-
tively. As , factors through the norm, we conclude that 7, = 7(y, ;, X,,,), which is spherical as y, ; are
unramified. O

One sees from the proof that at the finite nonsplit places, all characters necessarily factor through the
norm. The same holds for infinite places, as we assume that y is trivial on the maximal compact subgroups.

Lemma B.4.2. Let v be a place of k which does not split in L and let T be the unique place of L over v. Then ,
factors through the norm Ny ,.

Proof. The case of finite places is done in the proof of the previous lemma. We assume v is an Archimedean
place, and by the assumptions, we have that k, = R and k; = C. In this case, x,(z) = |z|“ for someu € R. By
setting x,(x) = |x|%, it is clear that y, defines a character on R* via which y, factors. Note that y, is invariant
under +1 and hence factors via the absolute value R — R.,. O

The characters that do not factor through the norm are easily classified as follows.

Lemma B.4.3. Let y be an unramified Hecke character of L. Then x does not factor through the norm of L | k, if
there exists a place v of k, which splits into 5, © in L, such that X # Xy

Proof. We have seen that at all nonsplit places, the characters necessarily factor through the norm. Hence,
the existence of a split place is necessary. Let v be such a split place and 7, & the places above v. Then,
k, = Ly, fori=1,2. The norm map at v is given by the multiplication m : k; x k;’ — k;. Suppose w is a
character on k; such that y, ® x,, = w o m. For any x € k;/, we have that

Xﬁ(x)z Xy ® sz(x ® 1)
=womkxao 1)
=wom(l® x)
=Xy ® sz(l ® X)
= X, (X),

using that multiplication is symmetric, which proves the claim. O
We finish with the following final remark.

Remark B.4.4. To construct a good class of characters, we consider the complex places only, as they are
surely split in any extension. Among the unramified Hecke characters of L, one only needs to characterize
those, such that at some complex place, the two characters in the splitting part are distinct. The characters
at infinity correspond to elements in the dual A+ of the unit lattice A; associated with L. Let v be a complex
place with places 7, » above v. For a character associated with ¢ € A, it the i and ©» components are
distinct, if €5 # £5. By using this fact, we can use the collection of characters, for which there exists a
complex place satisfying the above property. The resulting cuspidal representations have spherical vectors
¢, by Lemmas B.4.1 and B.4.2. As mentioned earlier, this construction does not provide any intuitive
reasoning why the resulting worst-case distribution is useful for applications. Further, the abstract con-
struction does not yield a description of the worst-case distribution as a function on the space of lattices.
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