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A DIRICHLET APPROXIMATION THEOREM
FOR GROUP ACTIONS
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Abstract: If G is a compact group acting continuously on a compact metric space (X, m), we
prove two results that generalize Dirichlet’s classical theorem on Diophantine approximation.
If G is a noncommutative compact group of isometries, we obtain a noncommutative form of
Dirichlet’s theorem. We apply our general result to the special case of the unitary group U(N)
acting on the complex unit sphere, and obtain a noncommutative result in this setting.
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1. Introduction

Let G be a compact topological group that acts continuously and faithfully on
a compact metric space {X,m}. If A C G is a finite subset containing at least two
points, we prove two results that establish the existence of a nonidentity element
in the difference set

{ab™':a€ A be A, and a #b}

that moves the points of X minimally. In the special case of the group G =
(R/Z)N acting on X = (R/Z)N by translation, our results reproduce Dirichlet’s
classical theorem on Diophantine approximation. If G acts continuously as a group
of isometries on {X, m}, we obtain a noncommutative form of Dirichlet’s theorem.

Before developing the general setting in which we formulate our results, we
consider the special case of the unitary group G = U(N) of N x N unitary matrices.
The group U(N) acts continuously and faithfully on the set

X={zxecCV: |z|, =1}, (1.1)

where X
zlo = (|21 + 22> + - + |z ]?) 2

This research was supported by NSA grant, H98230-12-1-0254.
2010 Mathematics Subject Classification: primary: 11J25; secondary: 37B05, 22F10



264 C. Petsche, J.D. Vaaler

is the standard Hermitian norm on (column) vectors x in CV. If x and y are points
of X, we use the metric m given by

m(w7y) = |:B - y|2

Then a unitary matrix A in U(NNV) acts on vectors « in X by (A4, x) — Az, and it
is easy to verify that this action is an isometry. We define a function ¢ : U(N) —
[0, 00) by

@(A) =sup {|[Ax —z|o : x € X}, (1.2)

so that ¢(A) measures the maximum distance that A moves a point « in X. It is
instructive to observe that the map (A, B) — ¢(AB™!) defines a metric on the
compact group U(N), and this metric induces its group topology.

Theorem 1. Let A CU(N) be a finite subset of cardinality |A| > 2. If
§(A) =min{p(AB"'): A€ A, BE€ A, and A # B}, (1.3)

then we have )
5(A) < 27| A7V (1.4)

As an application of Theorem 1, we obtain the following noncommutative form
of Dirichlet’s theorem.

Theorem 2. Let A and B be matrices in the unitary group U(N), and let J and
K be positive integers. If

85.5(A, B) = min {p(A1B*) : [j| < J, k| < K, and (j,k) # (0,0)},  (L5)

then
S10(A,B) < 2m(J + 1)V (K + 1) VN, (1.6)

If A, B, and C, are three matrices in U(N), and J, K, and L are positive
integers, we can form the nonnegative number

81.x,.(A, B,C) = min {p(A/B*C") : [j| < J, [k| < K, |¢| < L,
and (j, k,£) # (0,0,0)}.

It would be of interest to give an upper bound for this quantity that is analogous
to (1.6). But such a generalization is not obvious using the methods developed
here.

In Section 2 we describe the setting in which we prove our general results. This
will be familiar to researchers on continuous group actions. We include it mainly
for convenience and to establish notation. In Section 3 we prove our general form
of Dirichlet’s theorem stated as Theorem 3. And in Section 4 we prove a noncom-
mutative version of this result which we state as Theorem 4. In Section 5 we show
that Theorem 3 does in fact reproduce Dirichlet’s classical theorem in Diophantine
approximation when G = (R/Z)" acts on X = (R/Z)" by translation. The final
section contains proofs of Theorem 1 and Theorem 2 for the unitary group.
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2. Continuous actions of compact groups

Let G be a compact topological group and write e for the identity element in G.
Let {X, m} be a compact metric space, and assume that G x X — X is a faithful,
continuous action of G on X, which we denote by (g,z) — gx. As the maps
(g,2) — gx and (g, x) — x are both continuous, it follows that (g, z) — (gz, ) is
a continuous map from G x X into X x X. Then

(9, ) = m(gz, )

is a continuous map from G x X into [0, 00). Since X is compact,

¢(g) = sup{m(gz,z) : x € X} (2.1)

is finite, and therefore (2.1) defines a map ¢ : G — [0,00). The map ¢ will play
a basic role in this work.

We derive some elementary properties of the map ¢. If g and h are in G, we
have

o(g™!) =sup{m(g~tz,2) : x € X} =sup{m(x,g97) : . € X} = p(g), (2.2)
and

gh™'z,r):x € X}
gr,hx):x € X}
gr,z) +m(z, he):z € X} (2.3)

If the metric m is nonarchimedean, that is, if m satisfies the strong triangle in-
equality
m(z,y) < max{m(z, z),m(z,y)}

for all z, y, and z in X, then we get the corresponding nonarchimedean inequality
p(gh™") < max{p(g), p(h)}. (24)
Using (2.2) and (2.3) we find that
p(9) = p(gh™'h) < p(gh™") + o(h),
and similarly
p(h) = p(hg™'g) < p(hg™") + ¢(g) = w(gh™") + ¢(9)-

Hence we get
|o(9) — @(h)] < p(gh™?). (2.5)
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Let p : G x G — [0,00) be defined by p(g,h) = p(gh™!). Because G acts
faithfully, p(g,h) = 0 if and only if g = h. The identity (2.2) shows that p(g,h) =
p(h,g). If g, h and k are elements of G then using (2.3) we get

p(g, k) = (gk™ (hk™) 1) < p(gk™") + o(hk™") = p(g, k) + p(k, ).

This shows that p is a metric on G that is induced by the metric m on X. If m is
nonarchimedean, then it follows using (2.4) that p is also nonarchimedean.

Of course, the metric p does not necessarily induce the group topology in G.
We would like to work in a situation where p induces a metric topology in which
every p-open set is also open in the group topology of G. That is, p induces
a topology in G that is weaker than the group topology. In order for this to happen
it is necessary and sufficient that ¢ be a continuous map. This follows from the
following general principle.

Lemma 1. Assume that'Y is a locally compact Hausdorff space, Z is a compact
Hausdorff space, and f :' Y x Z — R is a continuous map. Then the function
g:Y — R defined by

9(y) =sup{f(y,2): 2 € Z}
18 continuous.

Proof. Let y be a point in Y. By local compactness there exists an open neigh-
borhood U of y and a compact set K such that U C K C Y. Then it suffices to
show that the restriction of g to K is continuous.

Let € > 0 and for each point (k,z) in K x Z let

B(k,2) = {(a, B) € K x Z: |f(k,2) - f(e, B)] < e}.

Then B(k, z) is an open neighborhood of (k, z). Let U(k) be an open neighborhood
of k and let V(z) be an open neighborhood of z such that U(k) x V(z) C B(k, 2).
The collection of open sets

{U) xV(2):(k,2) € Kx Z}
covers the compact space K x Z, and so there exists a finite subcover
{Ukn) x V(zn) : (kn,2n) € K x Zand n=1,2,...,N}.
Define a continuous function h : K — R by
h(k) = max{f(k,zn) :n=1,2,...,N}.
Since Z is compact, at each point k in K there exists a point ¢ = ((k) in Z such
that g(k) = f(k, (). Then there exists an integer m with 1 < m < N such that
(k, ¢) belongs to U(ky,) X V(zm). It follows that
0 < g(k) — h(k)
< Sk, Q) = fk, 2m)
< (K, €)= (ki zm) | + [f (B 2m) — [k, 2m)| < 2.

Since h is continuous and e > 0 is arbitrary, it follows that g restricted to K is
continuous. |
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Corollary 1. The map ¢ : G — [0,00) defined by (2.1) is continuous.

Proof. In Lemma 1, take the map f : G x X — [0,00) given by f(g,x) =
m(gz, z). |

Our assumption that the G-action on X is faithful is not restrictive. Indeed, if

the action were not faithful, then we could replace G by G/K, where

K ={geG:p(g) =0},

which is easily seen to be a closed, normal subgroup of G. Indeed, k is in K if and
only if kx = x for all x in X. If g is in G and k is in K then

1 1

m(gkg™ x,x) =m(gg™ z,x) = m(x,x) =0,

and therefore K is normal in G. If gh~! belongs to K then (2.5) implies that
©(g9) = @(h). In particular, ¢ is constant on each coset h K. Thus ¢ induces a map
P :G/K — [0,00) by defining p(hK) = p(h), and G/K acts faithfully on X.

3. A generalization of Dirichlet’s theorem

Let pu denote a Haar measure on the Borel subsets of G normalized so that
1w(G@) = 1. We recall that for a compact group the Haar measure p is both
left and right invariant. That is, if £ C G is a Borel set and ¢ is in G, then
W(E) = u(gE) = u(Eg). For 0 < t we define the distribution function

O(t) = p{g € G:p(g) <t} (3.1)

Clearly ®(0) =0, and ¢ — ®(¢) is nondecreasing. If 0 < ¢ then

{9eG:p(g) <t}

is a nonempty open set, and therefore it has positive Haar measure. If
lims—,04 (t) > 0 then it follows that {e} is an open set and G has the discrete
topology. As G is assumed to be compact, we find that G is finite in this case.

Next we prove the following result which is inspired by Blichfeldt’s theorem [1]
in the geometry of numbers (see also |3, Chapter I11.2, Theorem I.)

Theorem 3. Let A C G be a finite, nonempty set. Write |A| for the cardinality
of A, and define

5(A) = min{p(ab™'):ac A, be A, and a #b}. (3.2)

Then we have

®(50(A)) < A (3.3)

If the metric m is nonarchimedean then

®(5(A)) < A7 (3.4)
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Proof. As ¢(g) = 0 if and only if g = e, we may assume that §(A) is positive.
Let V' C G be the nonempty open set

V={geG:p(g) <35(A)}.
For each point a in A we have
Va= {ga €G:y(g) < %5(.,4)} = {g eG: go(ga_l) < %(5(./4)} (3.5)

Assume that a and b are distinct points in A such that VaN Vb contains a point h.
In view of (3.5) we have

p(ha™") < 16(A) and  p(hb™') < $6(A).
Using (2.2) and (2.3) we also get
o(ab™) = p(ah™ hd™1)
< p(ha™) +p(hd™")
< 15(A) + 15(A),

which is impossible. It follows that the subsets Va with a € A are disjoint. Using
the right translation invariance of Haar measure we find that

S V) = [Au(V) = [A[@ (55() < 1.
acA

and this verifies (3.3).
If m is nonarchimedean then ¢ also satisfies the nonarchimedean inequal-
ity (2.4). Arguing as before, we are led to the inequality (3.4). |

Corollary 2. Let a be an element of the compact group G and define
dn(a) = min{p(a™):1 <n < N}. (3.6)

Then we have
®(16(a)) < (N+1)7N (3.7)

If m is nonarchimedean then
®(8(a)) < (N+1)7N (3.8)

Proof. Apply the Theorem with A = {a™ : n =0,1,2,..., N}, and use the fact
that p(a™™) = ¢(a™). |

Given an element a € G of infinite order, we could also consider the closure H
of (a) in G, which is a compact subgroup ([5], 6.26). Then we can apply the above
corollary to H. Of course, the normalized Haar measure on H is not necessarily
the restriction to H of a Haar measure on G.
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4. G is a group of isometries

Using the metric m on X, we may define the closed subgroup
I'={g€G:m(gz,gy) =m(z,y) for all (z,y) € X x X} (4.1)

of all isometries in G. If g and h are elements of G which do not commute, then
in general we do not expect to have p(gh) = ¢(hg). However, if either g or h is an
element of the closed subgroup I of all isometries in G, then we do have

p(gh) = ¢(hg). (4.2)
For example, if g is an isometry then
p(gh) = sup{m(ghz,z): x € X}
= sup{m(ghz,gg 'x) :x € X}
(
(

= sup{m(hx,g '2) : 2 € X} (4.3)
= sup{m(hgz,z) : x € X}
= ¢(hg).
Alternatively, if g is an isometry then
pghg™") = o(h) (4.4)

for all h in G. In particular, if G = I is a group of isometries, then ¢ : G —
[0,00) is constant on conjugacy classes. In this case we may derive the following
noncommutative form of Dirichlet’s theorem on Diophantine approximation.

Theorem 4. Assume that G = I, and let a and b belong to G. For positive integers
M and N define

Sa,v(a,b) = min {¢(a™b") : |m| < M, |n| < N, and (m,n) #(0,0)}.  (4.5)

Then we have

®(16mn(a,b) <(M+1)"H(N+1)"" (4.6)
If the metric m is nonarchimedean, then
O (6w (a,b)) < (M +1)"{(N+1)"L (4.7)

Proof. If there exist integers k and [, not both zero, such that |k| < M, || < N
and a*b' = e, then we have 0y n(a,b) = 0 and the result is obvious. Therefore we
define

A={a"':0<k<Mand0<I<N},

and we assume that |A| = (M +1)(N+1). If a*1b" and a*2b!2 are distinct elements
of A then, making use of (4.2), we have

(p(aklbll (akzblz)fl) _ ‘p(aklbh*lza*kz)
— (p(a’ﬁ*/wbh*lz).

This shows that das, v (a,b) as defined by (4.5) is equal to §(.A) as defined by (3.2).
Hence the inequalities (4.6) and (4.7) both follow from Theorem 3. |
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5. The classical case of Dirichlet’s Theorem
Let || || : R — [0, 3] be defined by
lz]] = min{|]z — n|: n € Z},

so that ||z| is the distance from the real number x to the nearest integer. Clearly
x +— ||z|| is constant on each coset of the quotient group R/Z, and so we have
Il : R/Z — [0, 3]. Then (x,y) — |« — y| is a metric on R/Z which induces its
quotient topology. More generally,

(x,y) = max{|lzy =yl : 1 <I< L} (5.1)

is a metric on the product (R/Z)¥ which induces its product topology.

Now suppose that G = (R/Z)%. Let X = (R/Z)L with metric defined by (5.1),
and let G act on X by translation. Here the group is naturally written using
additive notation, so that the action is given by (g, z) — g + x. It is trivial that
this action is continuous. In this case we find that

v(g) :sup{maX{Hgl +x—ml;1<I< L} x € X}

5.2

=max{|lg]| : 1 <I < L}. (5.2)
Andforogtgéweget

(1) = plg € G+ plg) < t} = (20)". (5.3)

Let a1, aa, . . ., arpy be nonzero points in G, and let K7, Ko, ..., K be positive

integers. Then define
»A: {klal +k‘2(12 ++kMaM : 0 < km g Km}
If
M
Al < J] (Km+1),
m=1

then it is trivial that there exists a nonzero integer vector j in ZM such that
e +joan + -+ jyay =0,

and |jm| < Ky, for each m =1,2,..., M. Thus we assume that

M

Al = T] (Ko + 1),

m=1

As in the statement of Theorem 3, let

8(A) = min {p(j1as + jacs + -+ jyrans) 1§ # 0, and [jm| < K + 1}
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Then the inequality (3.3) and (5.3) imply that
M
S < T Km+1)7" (5.4)
m=1

This is a slight generalization of Theorem VI in [2, Chapter 1], and includes Dirich-
let’s basic theorem on Diophantine approximation.

6. Proof of Theorem 1 and Theorem 2

Throughout this section we write p for Haar measure on the Borel subsets of the
unitary group U(N) normalized so that u(U (N )) = 1. We let X denote the surface
(1.1) of the complex unit ball, and let

p:U(N)—]0,2]
denote the function defined by (1.2). We write
() =p{AcUN): ¢(A) <t} (6.1)
for the corresponding distribution function.
Lemma 2. Let A be a matrixz in the group U(N). If
{anp:n=1,2,...,.N}CT
are the eigenvalues of A, then
o(A)? =2 —2min{R(ay,) :n=1,2,...,N}. (6.2)
Proof. At each (column) vector @ in X, we have |z|2 = |Az|y = 1. It follows that
|Ax — |2 = (Ax —x, Ax — ) =2 — =" (A" + Az,

where x* is the complex conjugate transpose of «, and similarly for A*. The matrix
A* + A is self-adjoint. Therefore, by the spectral theorem, there exists an N x N
unitary matrix V, and an N x N real diagonal matrix D, such that

A"+ A=V*DV, and D = |w,],

where
{wp:n=1,2,...,N} ={2R(ap,) : n=1,2,...,N}

are the eigenvalues of A* 4+ A. Setting y = V& we find that |y|3 = |z|3 = 1, and

|Az — z[3 =2 - y" Dy

N
=2- Z wn|yn|2 (63)
n=1

<2—-2min{R(a,) :n=1,2,...,N}.
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If

W =min{w, :n=1,2,..., N},

then there is equality in the inequality (6.3) when y = e,, is the mth standard
basis vector. As the vector V*e,, belongs to X, the identity (6.2) follows. |

If 2 is a complex number we write e(z) = 2™,

Lemma 3. Let w, x and y be real numbers such that |w| < %, |z| < %, and
ly| < 3. Then we have
2 2
(2w)2|e(o:) —e(y)|” < |e(wz) — e(2wy)|". (6.4)

Proof. If u and v are real numbers such that 0 < |u| < |v| < 1, then it follows
from the convergent infinite product
) (6.5)

sin 7z
TZ
sin v sin Tu
o< ( ) ( )
™ ™

0 < 2wr —2wy| < |z —y| <1

3[0‘ I

that

By hypothesis,

Therefore we get

0< <sin7r(:cy)) < <Sin7r(2wx2wy))7

m(x —y) 2wz — 2wy)
and ) )
(2w)?(sinm(z — y))~ < (sin7(2wz — 2wy))”. (6.6)
Then (6.6) is equivalent to (6.4). |

Lemma 4. If0 < t < 2 then the distribution function ® defined by (6.1), satisfies
the inequality
£\
— < O(1). 6.7
(£) <o (6.7

Proof. Let z be a (column) vector in RV with coordinates 1, s, ..., 7y, and let
E :RY — C be defined by the Vandermonde determinant

E(x) = det(e((n — Dam)) = H (e(xn) — e(zm)).

I<m<n<N

As each function z — e(z) is periodic with period 1, the function E is well defined
on the compact quotient group (R/Z)". Let v denote Haar measure on (R/Z)N
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normalized so that v((R/Z)") = 1. Using the determinant representation for
E(x), we get the Fourier expansion

N
E(@) =Y sen(o) [] e((o(m) = Da),
cESN m=1

where the sum is over the collection of all permutations
o:{1,2,...,N} =»{1,2,...,N}
in the symmetric group Sy. Then using Parseval’s identity we find that
1
—'/ |E(z)]? dv(z) = 1. (6.8)
N. (]R/Z)N

Let F : U(N) — C be an integrable function with respect to the Haar mea-
sure p. Assume that F' is constant on conjugacy classes, so that

F(B™'AB) = F(A)

for all A and B in U(N). We recall that F' is constant on conjugacy classes if and
only if F(A) depends only on the eigenvalues of A. Let A be a matrix in U(V)
with eigenvalues

{ap,:n=1,2,...,N} CT.

Let © = (x,,) be the unique point in (R/Z)" such that o, = e(z,). If F: U(N) —
C is constant on conjugacy classes, then F induces a function F : (R/Z)N — C,
by F(A) = F(x). Moveover, the function F is integrable with respect to Haar
measure v, and by the Weyl integration formula (see [4, Chapter 5]) we have

1 - 2
/ ) F ) = /(R/Z)NF@”)'E(“’)' (). (6.9)

Again let A be a matrix in U(N) with eigenvalues
{ap:n=1,2,...,N} CT,

and let & = (x,,) be the point in (R/Z)Y such that a,, = e(z,,). By Lemma 2 the
inequality ¢(A) < ¢ holds if and only if

— 32 < R(ay,) = cos 27z,
for each n = 1,2,..., N. Therefore, if
K(t)={z € (R/Z)N :1 - 3* < cos2rz, },
then by Lemma 2 and the Weyl integration formula (6.9), we have

D(t) =p{AcUN):9(A) <t} = % /K(t) |E(x)|? dv(x).
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Alternatively, let w be the unique real number such that 0 < w < %,

1- 5752 = cos 27w, and t = 2sin Tw.

We will use the unit cube
Ov ={y €RY : |yn| < 3}
as a fundamental domain for the quotient group (R/Z)". Then we have
Kt)nCOn ={y e RY : |y,| < w},

and
1

B(t) = — / E(y)? dy.
N iy lyn | <w}

The inequality (6.4), implies that

@)V NEQP= [ Qw?lewn) — elym)|’
I<m<n<N
< H |e(2wyn) — e(2wym)|2
1<m<n<N
= E(2wy)

at each point y in Cy. It follows that

e = B0 [ ) Ew)P ay
wN
<2 | meuy) dy
1 2
:J\“/{w:zn<w} F@ldr
— B(1).

To complete the proof we use the elementary inequality
t =2sinmw < 27w.

The inequality (6.7) plainly follows from (6.12) and (6.13).

(6.10)

(6.11)

(6.12)

(6.13)

Let A C U(N) be a finite, nonempty subset of cardinality |.A| > 2. Combining

the inequalities (3.3) and (6.7), we conclude that

<6<A>)N2 < B(16(A)) < |4,

2w

and this verifies Theorem 1.
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Similarly, let A and B be elements of U(N), and let d; x(A, B) be defined
by (1.5). Then (4.7) implies that

N2
(5‘”{;?’ B)) <+ YK +1)7Y

and this proves the inequality (1.6) in the statement of Theorem 2.
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