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Abstract

We prove the packet form of the higher-dimensional Duke equidistribution problem for totally
real fields of any fixed prime degree at least five, allowing arbitrary local homothety types of
full lattices. As the multiplier-order discriminant tends to infinity, the volume-weighted packet
measures converge to Haar probability measure, with no escape of mass.

1 Introduction

Compact diagonal orbits in the space of unimodular lattices encode ideal classes and units of
totally real number fields. The higher-dimensional Duke equidistribution problem asks whether
arithmetically complete families of these orbits become uniformly distributed as their discriminants
grow. The grouping matters: one local homothety type specifies a complete packet, whereas a
multiplier order alone can combine several packets. We prove the prime-degree packet statement for
every such local type.

Fix a prime n > 5, and write

X, =SL,(Z)\ SL,(R), A, = {diag(e",...,e"") : 3o u; = 0}.

We regard X,, as the space of covolume-one row lattices, with the right action of A,,, and let m,,
be its SL,,(R)-invariant probability measure. Haar measure on A,, is du; - - - du,—1 in the displayed
logarithmic coordinates.

Let K be a totally real field of degree n, let o = (01, ...,0,) order its real embeddings, and let
M C K be a free rank-n Z-submodule spanning K over Q. We call such an M a full lattice. Its
multiplier order and discriminant are

OM)={acK:aM c M}, D(M)=|Disc(K)|[Ox : O(M)]>.

Two such lattices are locally homothetic it M, = ¢,M, for every rational prime ¢, where ¢, €
(K ®g Q)™ and subscripts denote completion. Choose representatives M’ for their K *-homothety
classes within the local type of M, and normalize

Apr 5 = covol(a(M")) Ve (M).
The packet Pk a0 consists of the distinct orbits Ayp ;wA,,, with

w e W, = {diag(eq,...,en) 1 €5 € {1}, J[; &5 =1}



These orbits are compact and their number is finite; the parametrization in Section 2 also proves
these facts. For an orbit O, let v be its invariant probability and vol(O) its volume for the specified

Haar measure. Set
ZOEPK,]M,O’ vol(O)vo

ZOG'PKJM,U VOI(O)

Theorem 1.1. For every fixzed prime n > 5 and every sequence (K;, M;, 0;) as above with
D(Ml) — 00,

(1.1)

MK Mo =

MK, Mo — Mn.

The convergence is weak convergence of probability measures. In particular, it holds against every
continuous compactly supported function, and no mass escapes into the cusp.

Theorem 1.1 permits nonmaximal orders of unbounded index and arbitrary local module types.
The field discriminants may remain bounded or grow independently of those indices. The statement
is separate for each local homothety type; it makes no assertion about an individual orbit, a
convergence rate, or composite degrees.

The maximal-order specialization

Take M = Op. Every lattice in its local type is a fractional Og-ideal, and its homothety class is an
ordinary ideal class. Thus the packet is obtained by embedding one representative of each ideal
class, normalizing its covolume to one, and taking the distinct sign translates of its positive diagonal
orbit. For every sequence of totally real fields of degree n with | Disc(K)| — oo, the volume-weighted
measures of these packets converge to m,, by Theorem 1.1. This construction also explains why an
individual ideal class is not the object being averaged.

For general M, the same maximal-order ideal classes remain the global parameters, but each
carries a finite set of local module choices. Proposition A.1 in Appendix A identifies this construction
with the pushforward of adelic torus Haar probability, independently of the rational basis and finite-
lattice presentation. The theorem therefore includes all these presentations of the maximal-order
specialization, as well as arbitrary noninvertible modules over nonmaximal orders.

Context and prior work

Linnik’s ergodic approach connected arithmetic distribution problems with dynamics [8]. Duke proved
equidistribution of the length-weighted closed geodesics associated with fundamental real-quadratic
discriminants on the modular surface [1, Theorem 1]. In higher rank, Einsiedler, Lindenstrauss,
Michel, and Venkatesh developed the relationship between arithmetic separation and entropy for
periodic torus orbits [3]. Their cubic equidistribution theorem combines subconvexity, local analysis,
and measure classification [4, Theorem 1.4]. Their packet construction already distinguishes local
homothety from the coarser condition of having the same multiplier order [4, Section 5.5].

The higher-prime-degree extension described in [4, Section 1.6.3] is conditional on subconvexity.
Khayutin subsequently obtained entropy bounds using arithmetic separation and Galois invariants,
under maximal-order and two-transitivity hypotheses [6, Theorem 1.1]. Lemke Oliver, Thorner,
and Zaman proved equidistribution for sequences of orders in totally real fields of each fixed prime
degree at least five, outside a small exceptional family of fields [7, Theorem 2.3]. Their result allows
nonmaximal orders; the exceptional family has at most O, .(X¢) fields of discriminant at most X.
Theorem 1.1 treats every field and every full-lattice local type in the stated prime degrees. It gives
an unconditional affirmative answer to this packet form of the higher-dimensional Duke problem,
including sequences in a fixed field with increasing order index.



The arithmetic ingredient

The proof follows the counting-to-rigidity strategy of Einsiedler—Lindenstrauss—Michel-Venkatesh
[4, Section 2.7.1]: packet averages of lattice-vector counts control the cusp and small ordinary balls,
and these bounds feed into positive-entropy rigidity. Their cubic argument obtains asymptotics for
these averages using global and local subconvexity [4, Sections 2.7.2-2.7.3]. For the same rigidity
step, we obtain the needed upper bounds by retaining the Dedekind-zeta residue in the unfolded
ideal count. Stark’s exceptional-zero descent [14], together with Shiu’s theorem in Pollack’s uniform
formulation [13, 11], supplies the required bounds without a subconvexity hypothesis. Odd degree
excludes the quadratic subfields that occur in Stark’s exceptional-zero alternative.

For an arbitrary prescribed local type, we keep maximal-order ideal counting but insert local
containment probabilities: at each prime, the weight records the probability that a vector belongs
to a randomly chosen unit translate of the prescribed module. The essential estimate is a small
positive moment of the local norm, uniform over full local modules whose maximal-order span is the
full ring. Its proof uses a unit in each component projection, not independence of the components
or invertibility of the module. The unit-mass argument in [4, Lemma 9.7] is an antecedent; here we
prove the exact shell normalization and the positive moment for arbitrary local modules with this
full-span condition.

The exact unfolding belongs to the classical Hecke method, presented in the packet setting in [4,
Section 10]. The dynamical conclusion uses the two-sided tube criterion of [3, Corollary 3.3] and the
prime-degree measure classification of Einsiedler, Katok, and Lindenstrauss [2, Corollary 1.4]. We
give the residue estimate, local-module bounds, and the passage to entropy in almost every ergodic
component below.

Proof outline

Put R = Ok, D = | Disc(K)|, and ¢ = [RM : M]. The natural counting scale is Q = ¢v/D, and
D(M) < Q. Section 2 expresses the packet mean of a lattice-vector count as a maximal-order
ideal sum with local weights. Section 3 proves an exact total-mass identity and a power-saving tail
for these weights. Section 4 combines them with a residue-relative zeta estimate and Shiu’s theorem.
Removing the Euler factors at primes dividing ¢ produces precisely the factor needed to cancel the
local normalization.

The resulting count controls both short lattice vectors and small boxes about vectors with
nonzero coordinates. Section 5 deduces tightness and an O(r™) bound for the mass of ordinary
balls in any limit measure. Since A, has dimension n — 1, this bound forces positive entropy in
almost every A,-ergodic component. Section 6 gives this implication and applies the prime-degree
measure-classification theorem. In that step it is essential to prove positive entropy for every
invariant probability dominated by a finite multiple of the limit, not only for the limit itself: this
rules out a positive-weight family of zero-entropy components.

2 The packet as a weighted ideal sum

We first identify the packet measure exactly, including its signs and orbit volumes. Throughout the
proof, K is totally real of the fixed prime degree n, and

R=0kg, E=R*, D=]|Disc(K)|, KKZRffCK(S)-

The absolute norm N I of a nonzero fractional R-ideal is extended multiplicatively from integral
ideals. Thus covol(o(I)) = VD NI. We use standard ideal theory and the unit theorem [10,



Chapters 3-5], together with the analytic class-number formula [15, Theorem 19.12]. The classical
packet interpretation is discussed in [4, Sections 2 and 5].

2.1 Saturation and local choices

Let Jo = RM, q¢ = [Jy : M], and Q = ¢v/D. For a rational prime ¢, write (Jo); = j¢Ry, and put
Ly = j; 'M,. Then

LyC Ry,  RiLy=Ry  [Re:Lid=q, q=]]a (2.1)
;

Set S={¢:4]q}; off S, Ly = Ry. Since qJy C M, one has ¢gR C O(M). Conversely, a multiplier of
M has an integral endomorphism matrix on M and hence is an algebraic integer. It follows that

qR C O(M) C R, D(M) < Dg*" < Q*". (2.2)

Only the last implication, D(M) — co = @ — oo, will be needed.

These quantities are constant within the prescribed local type. Indeed, if M, = ¢,M,, multiplica-
tion by ¢, identifies (RM)y/My with (RM’)e/M;. Tt also identifies the local multiplier orders, since
multiplication in K ®g Qy is commutative. The multiplier order commutes with completion: in a
Z-basis of M, its defining condition is that the matrix of multiplication have integral entries, and
the same condition over Z, defines the local order. Thus ¢, @, O(M), and D(M) are unchanged by
local homothety. Different local types can nevertheless have the same multiplier order.

Choose one fractional ideal I in each ordinary ideal class of R. Let AV/(I) be the set of lattices
N locally homothetic to M with RN = I. If I, = iy Ry, its possible completions are exactly

Ny =1yzpLy, 2y € R; (23)

Indeed, taking maximal-order spans in a local homothety forces the remaining multiplier to be a
unit. Conversely, these local lattices lie between ¢l; and I, and patch uniquely by the primary
decomposition of I/qI. Thus N (I) is finite, [ : N] = ¢ for all its members, and its cardinality
T = |N(I)| is independent of I. The label count T need not equal the saturation index ¢. Local
unit Haar probability induces uniform probability on each finite set of local choices, so the choices
at different primes are independent. Every global homothety class in the packet occurs in these sets,
by moving its maximal-order span to the chosen ideal-class representative.

2.2 Real parameters and measure

Let
C={te (R*)": I1; tj| =1}

Give C' counting measure on its 2" sign components and measure du; - - - du,_1 on the coordinates
uj = log|t;|. The embedding of E is a discrete cocompact subgroup of C. If F' is a measurable
fundamental domain, the unit theorem and the totally real case of the analytic class-number formula
[15, Theorem 19.12] give

vol(F) = 2" 'Rg,  hg vol(F) = VD kg, (2.4)

where hg is the ordinary class number and Rg the regulator in deleted logarithmic coordinates.
The factor 2"~ ! comes from the 2" signs and the logarithmic kernel {1, —1}. In the class-number
formula this is the factor 2" /wg, since the roots of unity in a totally real field are exactly {1, —1}.



Lemma 2.1. The maps
(N,t) — (QNI)"Y"¢(N)t  (NeN), teC)
induce a bijection from the disjoint union of the quotients by
€: (N,t) — (eN, o)), ecE,

onto the union of the packet orbits. Counting measure on the N labels times the stated measure on
C' descends to the sum of the orbit Haar measures. In particular, the packet probability is obtained
by averaging uniformly over I and N (I) and integrating over F with measure dt/ vol(F).

Proof. Surjectivity follows from (2.3). A global homothety changes a normalized embedded lattice
by an element of C. Since n is odd, each pair of opposite sign patterns has exactly one representative
in Wy,; a common negative sign does not change a lattice.

For injectivity, suppose two displayed normalized lattices coincide. Absorb the ratio of the
normalizing scalars into the real diagonal map carrying o(IN) onto o(N’). Applying this map to one
nonzero a € N gives () for some 3 € N'. None of the coordinates of o(«) vanishes, so the map is
multiplication by o(8/a). Thus N’ = bN for b € K*. Their maximal-order spans represent the
same ideal class and therefore equal the same chosen I. Hence bl = I, so b € E, and the parameters
differ by exactly the stated action.

Combine an N label with a sign component of C. Its stabilizer in E is the totally positive
subgroup of {¢ € E : eN = N}, and has finite index in E. It acts faithfully by logarithmic
translations. By injectivity, these are all periods of the corresponding A,-orbit. Each orbit of labels
therefore contributes exactly one compact Ay,-orbit, with precisely its prescribed Haar volume. This
proves both finiteness and the measure assertion. One may equally use N'(I) x F as a fundamental
domain, since the F-action preserves counting measure times dt. The total measure of these
fundamental domains is hx T vol(F'). Dividing by this quantity gives precisely the uniform averages
over ideal classes and finite labels, followed by integration against dt/ vol(F'). O

2.3 Containment probabilities and unfolding

Write p | £ for the primes of R over ¢, with ramification indices e, and residue degrees f,. Normalize
vp by a uniformizer, so vy(¢) = e, and > ple epfy = n. For a tuple k, = (Kp)p|e of nonnegative integers,
define
Py(ke) = Pr {z € 2L},
zERE<
where x has those component valuations and the probability is normalized unit Haar measure. The
definition is independent of x because the units act transitively on each valuation shell. For an
integral nonzero R-ideal a, set
P(a) = [T Pel(vp(a))pe)-
les
For a € I'\ {0}, the probability that a uniform N € N(I) contains a is P((a)I™1).
For a nonnegative Borel function f on R", put Ef(A) = >>o,ep f(v). The product-fiber integral
below integrates f over the C-orbit with absolute coordinate product z, using logarithmic Haar
measure and summing over all sign components:

Vi(z) = ) /nﬂ f (wuz“l, ey Wp1€" T wpze Zj<”uj> duy -+ dup_1, z>0. (2.5)
we{£1}" R



Proposition 2.2. Writing p« = jix v, one has

Bt = s 3 PEV/Na/Q) (2.6)

The identity holds for nonnegative extended integrals.

Proof. Lemma 2.1 expresses the left side as

Z/ >, P )FQNI)"V"a(a)t) dt.

hi vol(F) VOI acl\{0}

The map a + (a)I~! runs over the integral ideals in the inverse class of I, each fiber being one free

FE-orbit. Summing that orbit and integrating over F' unfolds to an integral over C, by Tonelli. The
absolute coordinate product of the normalized vector is N((a)I~1)/Q. Translating the first n — 1
logarithms and relabeling the signs identifies the C-integral with (2.5), with Jacobian one. Every
integral ideal occurs in exactly one inverse class. Equation (2.4) supplies the coefficient in (2.6). [

When M is an R-ideal, ¢ = 1 and P(a) = 1. Thus (2.6) recovers the maximal-order formula.

3 Uniform control of the local weights

The ideal sum in Proposition 2.2 involves arbitrary local modules. We now isolate two estimates
that are uniform in those modules and in their indices. The first gives the total normalization; the
second makes large local norm contributions negligible.

Let k = (k¢)ses range over nonnegative valuation tuples, and write

do(kg) = 0200 P8 d() = [T de(ke),  P(k) = [] Pulko).
LesS LesS

Thus d is the norm of the S-supported part of an ideal. Also set

Zy =[] -, Zs =[] Z.

ple Les
Empty products are one.

Lemma 3.1. For the weights just defined,
P( k) A

o =2 (3.1)
- d(k) q
If s =1/(2n), then, for everye >0,
qE
S P! < L (3.2)
k q
In particular,
Pk 1
Z d(k) <n 7Q75/16. (33)
d(k)>Q1/8 ( ) q



Proof. Normalize additive Haar measure on R, to have mass one. The valuation shell k, has mass
Z, ! /d¢(ky). Tts conditional law is invariant under the transitive unit action, so P is exactly the
fraction of this shell lying in Ly. Since Ly has mass 1/qy, summing over shells and then multiplying
over S proves (3.1). Elements with a zero component have additive measure zero.

Choose an additive-Haar uniform element of Ly, and denote its component valuations by vy.
The condition RyLy = Ry implies that the projection to every component contains a unit. Modulo
the kth power of its maximal ideal, the projection therefore contains all Z, multiples of that unit,
at least ¢[%/¢] elements. Uniform measure on L, induces uniform measure on this finite additive
image. Consequently

Pr(v, > k) < "MK/l (k> 1), (3.4)

This argument does not require the component projections to be independent, or even to equal their
full integer rings.
Put j = maxy[vp/ep]. Then dy(vy) < 7. If j > a > 1, some vy is at least ey(a — 1) + 1.
Equation (3.4) and a union bound give Pr(j > a) < nf~®. Hence
Er,de(ve)* <1+nY 057D <14 007 t/2, (3.5)

a>1

Using the shell masses once more yields the exact factorization
_ 1
Y Pk)dX)* ! = =TT (ZeEr,de(ve)*).
k

Les

Each factor is at most (1 —£~1)™"(1 + C,,¢~/?). For fixed € > 0 this is at most ¢ at all sufficiently
large primes; the finitely many remaining primes contribute a constant depending only on n,e. As
[Ises ¢ < g, this proves (3.2). Finally, take € = 5/16 and use ¢ < @ to obtain

Z P(k) < Q—S/SZP(k)ds—l <n q_lQ_S/IG- 0]
d>Q1/8 k

4 Residue-relative weighted ideal counts

Write
ag(m) =#{a C R:Na=m}, HK:R_els(’K(s) > 0.

We first retain the residue in the analytic estimates. All constants subscripted by n are uniform
over the fields under consideration.

Lemma 4.1. For D sufficiently large in terms of n,

Wi (14 h) =, h< ,
CK( Jr) KK <0< _logD)

For the remaining fields, the first comparison holds uniformly for sufficiently small positive h, and
-1
K <p 1.

Ky <n logD. (4.1)

Proof. Put L = log D. Stark’s Lemma 3 gives at most one zero in Res > 1—(4L)~!, |Ims| < (4L)~};
such a zero is real and simple. His Lemma 8, which also applies to nonnormal fields, says that
a real zero 8 > 1 — (4n!L)~! forces a quadratic subfield of K [14, Lemmas 3 and 8]. Since n is
odd, there is no such subfield. Consequently, for a constant ¢, > 0, every nontrivial zero p satisfies
|1 - P | > Cn/ L.



The real logarithmic derivative of the completed zeta function gives

11 1 L
- Z 45K (5 + G 1
o= p U+J_1+2+CK(0)—|— n(0), o>1,

Sk (o) = ZRe
p

where zeros are counted with multiplicity and

Gn(o) = g <1;((GJ//22)) — log 77) :

This is the Hadamard identity in [14, Equation (9)]. The zero terms are nonnegative, Gy, is bounded
on [1,2], and the Euler product gives (j/Cx < 0 there. Thus, at o9 =1+ L™, Sk(009) <n L.

This bound persists uniformly for 1 < o <1+ 4/L. Indeed, for p = § +i7, set X = L(1 — ),
Y =Lvy,and U = L(oc —1). Then X >0,0< U <4, and |X 4+ Y| > ¢,. Hence

Re(c —p)™'  X+U (X +1)2+Y? ,
= < A(1+3/cn)
Re(op—p)~! X +1(X+U)2+Y2~ (1+3/cn)

Summing gives 0 < Sk (o) <, L. For Fx (o) = (0 — 1){k (o), it follows that

Since Fi extends analytically to 1 with Fx (1) = kg > 0, integration over an interval of length at
most 4/L proves the comparison in (4.1). At oq, the inequality (x(00) > 1 also gives kg >, L1

For completeness, only finitely many fields of this fixed degree have discriminant below the
cutoff. One can see this directly here: nonzero vectors of D=2 g (R) have absolute coordinate
product at least D~1/2, so Mahler’s criterion puts these lattices in a fixed compact set. Local basis
lifts and a finite cover give bases of R with uniformly bounded conjugates. A basis element outside
Q generates K, since n is prime; its monic integral minimal polynomial therefore has bounded
coefficients. There are only finitely many such polynomials. The simple pole of each of these finitely
many zeta functions now gives the remaining claims uniformly for sufficiently small h > 0. O

We also use the following uniform form of Shiu’s theorem [13, 11]: if b is nonnegative and
multiplicative and b(m) < d,,(m), where d,, is the n-fold divisor function, then

Z b(m) <y, logu exp (Z b(f)) (u'/? < v <u). (4.2)
u—v<m<u (<u

Here ¢ denotes a rational prime, and the threshold for u© depends only on n. To check uniformity,
the growth conditions in [11, Theorem 1.1], with all excluded residue sets empty, are supplied by
dn(¢) = (1771 <0/ and dn(m) <pe mF. Its strict interval condition v < v < u is satisfied by
taking § = 1/4; thus (4.2) includes both endpoints of the displayed range.

Proposition 4.2. Fiz Ay > 1 and 0 <n < 1. For Q sufficiently large in terms of n, Ag,n,
K
Z P(a) <5, %y Q¥ <2< AQ, nz<y<a). (4.3)

z—y<Na<zx

The implied constant is independent of Ay and 7).



Proof. Set b(m) = ax (m)1(y q=1- This function is nonnegative, multiplicative, and bounded by
dy,. Indeed, at every prime ¢, including the ramified primes, the local generating series for ay is
[T (1 — T7)~1; it is coefficientwise bounded by (1 — T)~". Decomposing an ideal into its part over
S and its coprime part, the sum in (4.3) becomes

> P(k) > b(m). (4.4)
k

(z—y)/d(k)<m<z/d(k)

First suppose d = d(k) < QY8 and put u = z/d. Then u > Q5/8 > DY4, For h = 1/ log u,
Lemma 4.1 gives (x(1 + h) <, ki logu. There is no upper restriction on u: increasing u only
decreases h, so the lemma applies even when D stays bounded and q grows. Positivity of the Euler
logarithm yields

> ag ()" <log (ke (1+ h).

L<u
Since ax(¢) < n and Y, (log¥)/¢ < logu, replacing £~1=" by ¢! costs only O,(1). The latter
prime-sum bound follows, for example, by comparing Y r<y /] log £ with log(|u]!). Therefore

exp (Z a;;(ﬁ)) <, ki logu.

<u
Furthermore,
l 14 log(2
log Zg = GKE() +0a(1), > aKg( ) <n Ogé/g) <n 1.
lesS ﬁGS Q
>u

The first error is bounded by a constant times >, /~2. Removing the primes of S thus gives

exp (Z b(j)) <n HKZIZgu. (4.5)

I<u

For @ sufficiently large at fixed 7, the length v = y/d > nu is at least u/2. Applying (4.2), then
(4.5) and (3.1), bounds the contribution of these d by

KKY P(k) KKY
—_— — < (C,—=.
Zs 2 di) <9

n
d(k) <Q1/®

For d > Q'/8, terms with d > z vanish because the inner sum in (4.4) then contains no positive
integer. For the remaining terms, x/d > 1, and the elementary bound ", ., d,(m) < z(1+1log z)"~*
for z > 1 follows by summing reciprocals in the first n — 1 factors. Using (3.3), with s = 1/(2n), the
remaining contribution to (4.4) is at most

Cnngs/w(l +logz)" =0 (W) .
q q
This is uniform in the stated range: Lemma 4.1 gives /@I}l <y log(3D), and D < Q?. At fixed Ag, 7,
increase the threshold until this term is at most kxnz/q < kxy/q. The implied constant has not
changed with 7, proving the proposition. O



5 Nonescape and ordinary ball bounds

We apply the weighted count in two ways. Cubes about zero control the cusp; small boxes away
from the coordinate hyperplanes control ordinary neighborhoods in the lattice space.

Proposition 5.1. Every sequence of the packet probabilities with Q — oo is tight. More precisely,
for0< 0 <1,
limsup s {A : 30 #£ v € A, ||v]0o <0} < CLO™. (5.1)
Q—o0

Every subsequential probability limit is A, -invariant.

Proof. For f = 1[_ggn, the first n — 1 logarithms in (2.5) are at most log#. The last coordinate
bounds the sum of their gaps from log# by log(6"/z). Thus

Vi(z) = (n2_n1)!(max{0, log(6™/2)})" "

Put X = 0"Q and U = Q**. Up to an n-dependent constant, Proposition 2.2 reduces the first

moment to 1
1 X\
—_— Z P(a) <log ) )
VD ki Na<X Na

If X < 1, the sum is empty. Otherwise its logarithmic factor is at most (log Q)" !, since § < 1. The
terms with N a < min(U, X) contribute at most C,,Q~'/*(log Q)"~!, by applying Proposition 4.2 at
x =y =U. When X > U, define the truncated cumulative sum

Ay(t)y= > P(a), U<t<X.
U<Na<t

Writing each logarithmic power as an integral and applying Tonelli gives

S Pl (1 1\)5)”_1 =(n-1) /UX Aut) (1og f)"_%if
X

U<Na<X

n—2

<, K <log X) dt <, K x.
q Ju t q

Here the same proposition at © = y = ¢ bounds Ay (t), and the last inequality follows from

fol(log(l/v))”*2 dv < co. There is no lower boundary term, since Ay (U) = 0, and the logarithmic

weight vanishes at X. If X < U, this part is absent. Dividing by /D rf gives O,(6"). Since E r>1

whenever the displayed cusp event occurs, this proves (5.1).

Mahler’s compactness criterion [9, Section 3, Theorem 2] says that the complement of this cusp
event is compact. Given a desired mass error, choose # first and then @ sufficiently large. The
finitely many earlier packet supports are compact by Lemma 2.1, so the whole sequence is tight.
The lattice space is locally compact and second countable; weak compactness for tight probabilities
gives probability subsequential limits. Invariance passes to them by testing against continuous
compactly supported functions. O

For r > 0, let
B(T’) = {h € SLH(R) : max ‘hij — 51]‘ < T’}.
Z?]

10



Proposition 5.2. Let u be a weak limit of packet probabilities along () — oo. For every compact
Q C X, there are Cq,rq > 0 such that

w(xB(r)) < Cqor" (x e, 0<r<rg). (5.2)

Proof. First fix a compact V' C (R*)" and by > 1. For w € V and small 7, take f = 1,4 [_pyrpor]n-
Each coordinate has a fixed sign, is uniformly separated from zero, and has logarithmic width
Ovp (7). Its absolute product lies within Cr of z,, = []; |wj], so

Vf(Z) < Crn_l]-[zw—Cr,zw—f—Cr](z)

for some C > 1 depending only on V, by, n. Choose rg small enough that z, > 4Crg on V. Use
Proposition 4.2 with
r = (zp + 2Cr)Q, y = 4CrQ.

This slightly enlarged interval contains every contributing ideal norm. Uniformly in w, for sufficiently
large @ it has Q3/4 <z < ApQ with a fixed Ag > 1, and nzx < y < z with n = 4Cr /Ay < 1, after
decreasing ry if necessary. For every fixed r € (0,7¢), Proposition 2.2 therefore gives, eventually,

n—1

r KKTQ
/Eler[*bonbor]” Ao LVbo,n m q =" (53)

Here Q = ¢v/D. The implicit constant is independent of 7. The threshold for @ may depend on r,
which is all that will be needed.

We next choose a suitable lattice vector at each x € 2. Every full lattice has a vector with no
zero coordinate: for any basis, its combination with coefficients (1, N, ..., N*~!) has coordinates
that are nonzero polynomials in IV, so an integer N can avoid their finitely many roots. Near each
center choose a continuous local lift to basis matrices, and continue the chosen vector using its
fixed integer basis coefficients. On a sufficiently small neighborhood with compact closure in that
chart, its coordinates remain bounded and bounded away from zero. A finite cover of (2 by such
neighborhoods therefore gives choices w, lying in one compact V' C (R*)™. This pointwise selection
need not be continuous or measurable.

For h in B(r), each coordinate of wyh — w, has absolute value at most r ", [(w,);|. Thus one
fixed by makes every lattice in xB(r) contain a nonzero vector in w, + [—bor, bor]". Equation (5.3)
bounds the packet mass of xB(r) by Cqr™. This set is open, so Portmanteau gives

w(xB(r)) < limiinf wi(xB(r)) < Cqr™.

The argument holds for every fixed x and r with the same constant on Q. It proves (5.2) for all
0 <r < rq, without any exchange of shrinking-radius and packet limits. O

6 Entropy and identification of the limit

The ball estimate has exponent n, whereas A, has dimension n — 1. We follow the ordinary-ball
strategy of [4, Section 2.7.1]. We retain the estimate for every invariant probability dominated by
a finite multiple of the limit, so it forces positive entropy after restriction to any positive-weight
collection of ergodic components. Measure classification then identifies the limit.

For an invariant probability v, write h,(a) for the measure-theoretic entropy of the map = — za.
Fix distinct real numbers Aq,..., A, with sum zero and put

a(t) = diag(eM?, ..., M), A= rr;éln |Ai — ;] > 0.
i#j
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Proposition 6.1 (Entropy from ordinary balls). Let n > 3 and let p be an A, -invariant probability
on Xn. Suppose that for every compact Q@ C X, there are Cq,rq > 0 such that

w(xB(r)) < Cqr™ (x e, 0<r<rg).
Then every Ay, -invariant probability & satisfying & < cu for some finite ¢ has he(a(1)) > A/3.

Proof. Fix 0 < b < 1/4 and consider the two-sided neighborhoods
Ty = a(t)B(b)a(—t) Nna(—t)B(b)a(t), t>0.

If h € T}, then
[hii = 1 < b, |hyl < be” NI (£ ). (6.1)

Set 7 = e *. Every term in the determinant expansion other than the product of the diagonal
entries contains at least two off-diagonal entries. Since det h = 1, it follows that [[; hy = 1 +On,b(r2).

Thus
) -1
d(h) = diag | h11, ..., hn—1,n-1, (H hn’)
<n

belongs to a fixed compact subset D C A, and d(h)~*h € B(Cr) for a constant depending only on
n, b.

In logarithmic coordinates, D is a bounded subset of R”~!'. Covering it by a mesh of size
comparable to r, and enlarging C to allow for matrix multiplication, gives

N
T,c |Jd;B(Cr), djeD, N, <Cr ", (6.2)
j=1

For z in a compact set €2, all the centers xd; lie in the fixed compact set 2D. The assumed ball
estimate and domination therefore imply, for all sufficiently large t,

E(2Ty) < Cape pm(n=hpn CQ’b’ce*)‘t (x € Q). (6.3)

Since £ is a probability, the constant can be enlarged to cover the finitely many integer times before
this estimate holds.

We use the entropy criterion of Einsiedler—Lindenstrauss—Michel-Venkatesh [3, Corollary 3.3].
In the notation

B®Y) = q(—s)Ba(s) N a(—t)Ba(t),

the criterion states the following: if flow-invariant probabilities £; converge weakly to a probability
¢, and t; — oo, then he(a(l)) > n provided that, for every compact set 2, there are an identity
neighborhood B and a constant Cg such that

& (xBEE)) < Cge™ ™ (2 € Q).

This criterion applies on the noncompact lattice space; its requirement that the limit be a probability
is essential. Here take the constant sequence & = &, the neighborhood B(b), t; = ¢, and n = \/3.
Since B(b)(=*Y) = T}, Equation (6.3) proves the required estimate. O

Lemma 6.2 (Entropy in the ergodic components). Under the hypotheses of Proposition 6.1, almost
every Ap-ergodic component of . has positive entropy for a(1).
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Proof. The group A,, ~ R" ! is locally compact and second countable, and its action on the standard
Borel space X, is continuous. The ergodic decomposition theorem [5, Theorem 5.2], specialized to
invariant probabilities, therefore supplies a measurable decomposition

w= /ZVZ dr(2)

into A,-invariant, A,-ergodic probabilities over a factor fixed by A,,. Set T'(z) = za(l). The
function z — h,_(T) is measurable. Indeed, choose increasing finite Borel partitions Py generating
the Borel o-algebra of X,,. For every T-invariant probability v,

1 N-1
(T) = sup inf —H, TP, | |
h,(T) = sup in v \/ Pr.

>
Lk N>1 =0

where H,, denotes the Shannon entropy of a finite partition. The right side is a countable combination
of Borel functions of v.

The component partition is fixed by 7', since a(1) € A,,. The entropy integral formula for a fixed
invariant partition [12, Theorem 9.8] consequently gives

h(T) = /Z hy. (T) dr(2). (6.4)

The same formula holds after restricting to any measurable collection of components. It does not
require the v, to be T-ergodic: the induced transformation on the component space is the identity
and contributes zero entropy.
If Zo ={z: hy (T) = 0} had weight w = 7(Zp) > 0, then
1
E=— v, dr(2)

w JZz,

would be an A,-invariant probability with ¢ < w~'u. Equation (6.4), applied to this restricted
decomposition, would give h¢(T") = 0, contradicting Proposition 6.1. O

Measure classification. Einsiedler-Katok-Lindenstrauss [2, Theorem 1.3 and Corollary 1.4]
prove that, for prime n > 3, an A,-invariant and A,-ergodic probability on SL, (R)/SL,(Z) is Haar
whenever some diagonal one-parameter subgroup has positive entropy. Their action is on the left.
The map I'g — g~ 'T', where I' = SL,(Z), changes our right action by a(t) into the left action by
a(—t). Since entropy is unchanged by inversion of an invertible transformation, their result applies
to our convention without any additional hypothesis.

Proof of Theorem 1.1. Let u; be the packet probabilities for a sequence in the theorem. Equa-
tion (2.2) gives ); — co. By Proposition 5.1, this sequence is tight and every weak subsequential
limit p is an A,-invariant probability. Proposition 5.2 supplies the hypotheses of Proposition 6.1.
Lemma 6.2 shows that almost every A,-ergodic component of x has positive entropy for a(1). As n
is prime, the classification just stated makes every such component equal to m,,. Integrating the
components gives p = my,.

Thus every convergent subsequence has the same probability limit. Together with tightness, this
proves u; — my, and excludes loss of mass. All preceding estimates were for each prescribed local
homothety packet separately, so no averaging over different local module types is used. O

13



A Adelic formulation and choices

The model of Lemma 2.1 also identifies the measure obtained from adelic torus Haar probability.
We give the identification for arbitrary local type, so the lattice formulation includes all finite lattice
and real diagonalization choices in the usual adelic formulation.

Let A; be the finite adeles of Q, let 7= [1;Z¢, and put Ag = R x Ay and Ag = K ®qg Ag.
Write R = R ® Z. Choose a rational basis bi,...,b, of K, and let p(«) denote multiplication by «
on row coefficient vectors. It embeds the torus

TK = (ResK/Q Gm)/Gm in G= PGLn/Q
The embedding matrix B, = (0;(b;));,; satisfies
p(@) By = B, diag(e1 ()., ou(a). (A1)

For g; € G(Ay), choose a lift to GL, (A¢) and set

—

M(gs)=2Z"g;",  M(gs) = KN M(gy),

using the chosen rational basis to identify coefficient vectors with elements of K. This is a full lattice,
and its completion is M\(gf): choose an integer d > 1 with dZ™ C M\(gf) C d~1Z", and patch in
the finite quotient d~'Z"/dZ". Changing the projective lift multiplies it by a scalar finite idele.
Every such idele is a rational scalar times an element of ZX; the latter preserves every completed
full lattice. Consequently this change only rescales M (gy) by a rational number.

Choose g € G(R) with g ! Tk (R)°g9e = Ap, using the odd-degree identification of G(R)
with SL,(R). For g = (g, gy), the adelic packet is the projection of Tx(Q)\Txk(Ag)g to
G(Q)\G(Ag)/G (Z), equipped with the pushforward of torus Haar probability.

Proposition A.1. The adelic torus quotient is compact. Its packet and canonical probability agree
with Prc p(gs).0r and [k M (gy).07 for an ordering o’ of the real embeddings. Every prescribed local
homothety type occurs this way. Changing the rational basis or the projective lifts does not change
the packet; changing the allowed real diagonalizer only reorders the embeddings. Thus Theorem 1.1
includes every such adelic choice.

Proof. Write M = M(gy) and M=M (gf). First identify the ambient quotient with X,,. Given a
finite matrix lift g¢, choose a basis matrix ¢ € GL,(Q) for Q" N zngfl. Then cgy € GLn(z), and
the corresponding real lattice is Z"cg~o, normalized to covolume one. Changing this basis or either
matrix lift has no effect on that lattice. This constructs the usual quotient identification directly.
For odd n, the signed real nth root gives [h] — (det h)~Y/"h, identifying G(R) with SL, (R) and
G(Z) with SL,(Z).

Multiplication matrices modulo scalars give

Tx(Q\Tx(Ag) = KX\AS/A}. (A.2)

Here the pointwise lifts can also be seen by elementary linear algebra: over any ground field Fj
containing Q, a matrix whose projective class lies in T i becomes a scalar multiple of a multiplication
operator over an algebraic closure. It therefore commutes exactly with the regular representation
already over Fj. The centralizer of that representation is the algebra of multiplication operators, so
the matrix belongs to (K ®q Fy)*, with scalar ambiguity F;*. Finite lifts may be chosen integral at
almost all primes.
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A finite idele t; acts on the completed lattice by M t;lj\/Z . Hence its translates are exactly
the prescribed local homothety type. The stabilizer of M among finite ideles is

{z:2M =M} =(O(M)®Z)"

equality holds precisely when both z and z~! preserve M. Tn the projective torus the stabilizer is
the image of this group, since a representative that preserves the lattice up to a scalar idele can be
rescaled to preserve it exactly. The unit subgroup is compact open in the finite ideles and has finite
index in EX; at each prime not dividing ¢ it equals R;*. Its projective image is compact open as
well. No invertibility of M over O(M) is used.

To describe the quotient and its measure, first divide (A.2) by the image of R*. Fractional-ideal
factorization and Ag = Q*R*Z* give one real fiber E\C for each ordinary ideal class. These fibers
are compact by the unit theorem, and the omitted finite-unit group is compact. Thus the torus
quotient is compact. At the stabilizer of M , the finite fibers instead retain the translates N'(I). The

same decomposition becomes
[TV x C)/E,

(1]

with exactly the action in Lemma 2.1. Haar measure pushes to uniform counting measure on each
finite unit orbit and to the stated logarithmic Haar measure on C'. After normalization it is therefore
precisely the probability in that lemma. For go, = [By], (A.1) identifies the resulting real lattices
with its displayed map. This proves both the packet identification and the equality of measures,
including the orbit volume weights.

Finally, every full M is obtained by choosing a basis matrix for its completed lattice and taking
its inverse as gf. Any other allowed real diagonalizer has the form [B,dP], where d is diagonal and
P is a permutation matrix, because it must permute the joint eigenspaces. The diagonal factor
translates the real torus and permutes its sign components, preserving its Haar probability; the
permutation reorders the embeddings. If a rational change of basis has matrix ¢, then B/, = ¢B,

and p’ = cpc™!, while the same packet data have representatives g’ = cgoo and gy = cgy. Thus
the torus is conjugated and the translated packet is left-multiplied by ¢, which disappears in the
ambient rational quotient. ]
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