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Rational approximation vectors
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To Paul Erdds, for his 75th birthday
1. Introduction. It is well known and an easy consequence of the theory
of continued fractions that the “best™ approximations

P;;=Nj.-_.|8""ak1 k=l, 233,”.,11;_.'52, NkEz:,u

of an irrational fi change sign with each successive approximation, that is
Vo>0=V. <0=FK, >0

Here ¥, is called best {or closest) if |¥,| < [Nf—a| for ali integers a, N, 0 < N
< N,.

Little is known about the analogous problem in higher dimensions. One
result by Rogers [3] will be mentioned below. Given g ={ff,, ..., B, )e R", the
best approximation vectors

Vo= Nep—ay, @ ={a, ..., d)c £, NieZi.ge k=123,

are characterized by the property that
 IN.B—ay| <|[NB—a]| for all agZ". 0 <N <N,

where ||x] = max|x. For convenience we shall write (for irrational a)
i
f) =a¢—a, aeZ, |z—a <12,

and generally for a=(2;,..., )
o e =g h i Gag).

The notation will also be used for rational «, provided that ju—al # 1/2.
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In particular if each B; is irrational then the best approximation vectors
of § are

Vo= INBL. NGB <IIINBYi  for all 0 <N <Ny,
H‘. = :;8:1 N1=1*

N, is called the denominaror of the approximation p, = w/Ny. and |[{N, i
the norm of the approximation.

Each W, = (V. ..., ¥, determines an n-signature (briefly, a signature)
% = Mern - -» Mk 0F) =iy = -+or—, defined by

MV =0, j=1,....m

Thus with each irrational f§ we associate the sequence ol signatures o,
=@M k=1, 2,... of its best approximation vectors. Sometimes it will be
convenient to write g(k} for a.

What are the possible sequences o, associated with some #7 First, it is
easy to see that two consecutive best approximations cannot have the same
signature (Rogers [3]). For suppose that ¥ = |N, B! and ¥, = [Ny, 8]
have the same signature {are in the same n-quadrant). Consider

V= (N —=No) B} :{ﬂﬂ,j_ﬂjw o T |

Then clearly

IVl = max |V g y— Kyl < max|F| = [|%]
7 . J

SITICE

mjtxliiﬂ.jl < mﬂ“’i}l

d
by the definition of best approximations. It follows that there is an [N}
with N < Ny, (namely N =N, ;—NJ which is better than ¥ (hence
N > N). contrary to the assumption that ¥, is the next “best™ approxima-
tion.

We call a signature sequence proper il consecutive signatures are always
distinct. Thus every signature sequence associated with an irrational § is
necessarily proper. Is it true that conversely, every proper n-signature sequen-
ce is associated with some £7 In particular {in the 2-dimensional case) is there
a p=1(f,. ;) with the property that the successive closest approximations
wander around in successive quadrants, clockwise or anticlockwise? The
problem in this form came up in dynamical systems and was posed to us by
Professor Sinai. We shall find that the answer is yes, in faot every proper n-
signature sequence is associated with some fcR".

TuEOREM. Given any proper sequence of n-signatures o} there is a f
= (By, ..., By such that () = o} for all k> 1.
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it is interesting to note that if g les on a rational line (one that passes
through two points with rational coordinates) then o (f) must ultimately
alternate between two opposite n-quadrants, namely the ones determined by
the direciion of the line. This follows from the following lemma due to John
Mack:

Macks LEMMA ([1]). Suppose that the n real numbers By, ..., B, satisfy r
linear relations

Eﬂuﬂj"—‘z‘ll ﬁEI,,...,r]
=1

where the By are not all zero, and the B;; and A; are integers. Then there is a
constant ¢ > 0, depending on the By only, such that the following is true:
If afN. ..., ayN (e Z. NeZ.o) satisfy

max |Nf;—a; <¢
}

then
n
ﬂj .
B—-':Al' {I=l,..+.P'.
E, N

That is, all reasonally good simultaneous rational approximations (cer-
tainly all best approximations with big denominators) must satisfy the same
rational dependence relationships as g itsell. In particular if § is on a rational
line then all good approximations lie on the same line. We shall make
substantial use of Mack’s lemma in the next section.

Some interesting open questions remain, Suppose #,, ..., f, are in a real
algebraic number field of degree n+1. Whal signature sequences can such a
§ have? More generally if §,, .... f, are “badly approximable” numbers (e.g
they have bounded continued fraction digits, or min lim inf N*|INgi}| is

) : i Nﬁsz i
positive for some A3 1, or more appropriately lim inf N*min |{NS}|
. . NEI}D i \
is positive for some A > I/n etc) what can one say about the signature

sequence of 8?7 Our construction in the next section gives no information
about these questions; the components of the constructed g are Liouville
numbers (hence transcendental) with exceptionally good rational
approximations. _ '

2. Proof of the theorem. We denote by I, (= Z") the set of lattice points
with integer coordinates, by I, the set of points with rational coordinates. If
6 =Ny, ..., n,) is an n-signature, its opposite is 6° =(—1, ..., —ny} (namely
the signature of the opposite n-quadrant). If o # ¢’ # o’ we say that o' is
adjacent to a. '

Suppose that we are given a proper n-signature sequence of,
k=1.2....1t determines uniquely a (possibly finite) sequence of integers
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ky =1 <k, <ks < ... withthe property: k,for v > 1is the smallest k, > k,_,
such that o*(k,} is adjacent to o* (k,~1). It is then also adjacent to o™* (k,_,).
The sequence is finite, of length u, if off., = of® for all k£ 2 k,. For instance
the k,-sequence is finite for all o, (f) associated with a ff on a rational line.

The proof of the theorem rests on the consiruction of a f whose
components have, hke Liouville’s numbers, exceptionally good simultaneous
rational approximations. The point § itsell will be obtained as a fast
converging limit of rational points p(kleZ,, k=1, 2, ..., which will then be
shown to be the best approximants of f.

To start with set p(1) = 0. Suppose we have already constructed g
=plk,—)=a/Nek,, acl,, Ne Z.,. We can obviously determine a point
gy = aye ', 50 that go,—q has the given signature ¢* (k,_ ). Moreover we can
achieve that

g0 — 4l = lags— a/N|
for a certain index s = s, which is such that
(1 * ) =(— )" a* (ky_ 1), dy =k, ~k,oy.

Such an s, certainly exists since ¢*(k,) is adjacent to ¢*{(k,_,). We want to

construct the points p(k) for k,_y <k < k, so that they should all lie on the

line segment L joining ¢ and q,. If B lies sufficiently close to p(k,) this will

ensure that f—pik) for k,_., <k <k, will have the correct signature.
Consider the points

e ={ap+Ka)(L+KN), K=1,2,...
(the iterated medians of ¢ and qo); clearly they all lie on L and approach ¢

monolonically as K — . We now define
ple,—+1)= Hx

for a suitably large K; the exact conditions that K has to satisfy will be
specified later, as we proceed with the construction. At this stage we merely
require that K be so large that

llgx—dll <&,

for some ¢, >0 which has been specified in the previous steps of the
construction. We may set at any rate &, = I.

Now set d =d, =k,—k,_, and define for = wd{ifd>1)

pk,-g+i) = 0 [F;(%+KaJ+ L a)
)

where F_, =1, Fy=0, F, = 1, Fy=1,Fy=2 F,=3,. . is the Fibonacci
sequence (F;,, =F,+F;_ 1} and

Qj=F)(1+KN)+F;_;N, j=0,12,...
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(In particular Qp = N, @ = 1+KN.) The points p(k,. ,+)) alternate on the
segment L arround their limit point

ploo) = (au+ Ka+‘/§"1 a)/(l + KN+ “"’552— l N).

2

In particular

2k il o ) =Ql (Falao+Ka)+Fy_ 1 a).

d
If the k. sequence is finite, of length g, and v = p~+1 then d = co and
plk,:1) = plo0} above.

Note that

(2) \Nax} = Ngg—a = (Nag—a)/(1+ KN)

hence as small as we like if K is large enough.

Since there are only a finite number of approximation vectors of points
on L with denominator less than N, by taking K large enough we can
achieve that |Ngg' is a best approximation vector of g and {Np(k,)! is a
best approximation vector of p(k,). A fortiori it is best among approximation
fractions which are confined to the line segmeni L.

It follows from a result of Mack ([2], p. 421) (which essentially states
that the best approximations on [. are obtained by the ordinary continued
fraction process constrained to L) that the best approximations of p(k,) on L
with denominators M, N < M < (; are exactly the points p(k), k,_{ <k
< k,, with the proviso (since these points are rational) that the point g, _, (if
d=1) or p(k,—2) (if d > 1) has the same approximation norm with respect
to p(k,) as p(k,—1) has. More specifically if d =1

(3) {(1+(K—1}N)p(k,,]}=: (L+(K—1)N) gz}

I+ (K=1IN
a— Nay [ |

— Uoes = —INp (k)
I TKN 1N gy INp(k,)]

by (2), and if d > 1

(@) 104y plk)) = Q*’Q;‘

(Fylag+Ka)+F,_, a)~(Fy_y{ag+Ka)+F,_,a)

= (— 1) (a— Nag)/Qy = — {0y, p(k,)},

as E:asﬂjf verified {rom ..Fd_.le_.z""FJFj_a =(._1}d_1-
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Now the p(k). k,_. <k <k, are the best approximants of p(k,) even if
we do not constrain them to the segment L: there are just no other best
approximants off the segment, provided that K was chosen sufficiently large.
For k=k, ., this is so by the assumption already made, and for
k,_, <k <k, it is an immediate consequence of Mack’s lemma. The limit
point B = lim p(k} is of course slightly displaced with respect (o plk,), and

ko= o

the approximation norms with respect to § are not quitc the same as with
respect to p(k,), but the p(k), ky.q <k <k will remain the best approxi-
mants of B {and B—p(k) will have the same signature as plk,)—pk)
provided that

(i) ||f—p(k,)l| is sufficienily small, and
(ii) the following condition is satisfied {to circumvent the ambiguity of
approximation norms mentioned in (3), (4) above):

(5) L+ (K= ) N) Y| > [+ (K= 1) N)pka ]
NP > INR i =1,
{6) 111Qa-2 Bill = 11Q4-2 plk )| = 11Qu-1 pkI = I Qs Bl

it d=1.
Condition {i) can be achieved if we prescribe sufficiently small values for
Bysis Eytaa ... N the subsequent steps of the construction. Condition (ii} 18
fulfilled because of definition (1) of the index s = s, which specifies the norms
of vectors in the direction determined by L. For let us write p(k,. i)
—plky—1) = (Pi1s ..~ Pk i=1,..., d and suppose that o* (k)™ = + (il it is
—, the proof goes in exactly the same fashion); then for 1<i<d

Pie > Pi+1s >0 i i s odd,
O0<py <pyrs U 01s even

and in particular py; > pg-1 if 4 is odd, p,, < p;-,, if d is even. Hence if we
set '

B = pik,)+é, O =100 vy D)

then condition (1) requires

n (=15, > 0.
To show (5) suppose d = 1, then
(8) +(K=DN) B} = {1+ K ~1)N)pk)} +(1+(K—1) N) &

provided that ||8]| is sufficiently small (this is part of the specifications for
cf:mdition (i} above). But then the s-components of the two terms on the
right-hand side of (8) are both negative, by (3) and (7), and the first inequality
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in (5} is proved. Similarly
INB) = [Np(k)}+Né

for sufficiently small ||d]|, and the s-component of the first term on the right
is positive, by (3), proving the second inequality in (5) (again provided that
||8]] 15 small enough).

Next suppose d > 1 and even. Then

Qa2 B = Qg apk)} + Q426

and the s-components of both terms on'the right are positive, proving the
first inequality in {6}, Similarly

Q41 B =104, pk,)i+0Q,, 3

and the terms on the right have opposite signs, proving the second ineguality
in (6). The proofs are the same if 4 > 1 and odd.

This concludes the construction and the theorem is proved. It would be
difficult to write down the conditions [or 4, the &, and the K explicitly, but 1l
is clear from the construction that the &, must decrease extremely f{ast, and
the components of § are strongly Licuwillean.
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