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Euclidean algorithm and simple continued fractions

The integers are a Euclidean domain, with respect to the usual absolut value for instance. For
a pair a,b # 0 we have

a = bag + 1y, 0 < |ro| < |b]
b=rgar +17r1, 0 < |7“1| < |7“0|

ro = 1102 + 12, 0 < |ra| < |ri|

or written in matrices

(5

)=(v o) ()
E“fé)(?é)(i?)

o) () () ()

which if (a,b) =1 gives

()=o) (3 0) (7 a)(a)

Thinking of this as an algorithm on rationals (dividing by b,79,71,... in the first array or
acting by fractional linear transformations in the second) we obtain an expression for a/b as a

continued fraction )
7= ap + P — =:lag; a1, ..., an|.
1 as+t 11

an

Extending this to irrational numbers £ = |£] 4+ {{} = ag + & gives a dynamical system
T:[0,1) = [0,1), £ {1/¢}

and infinite sequences

_ _ 1 Pn Gn-1 \ _ ( a0 1 ap 1 an 1
fn—Tﬁo,anH—{TngOJ,(qn Qn—1>_<1 0 Lol Ut o)
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One can verify the following properties by induction or from the definitions:

n—1 —1)n¢
n/dn-1>1(n>2), ¢, >22 (n>0), gl —ppn=(—1)"x0-...- & = M,
Gn—1&n + an
Pn ¢ (_1)k Pn + Pn—1&n 1 1
7:a0_§ , £ = , S‘Qng_pﬂg .
In 1 kqk-1 In+ dn—1&n " Gn+2 Int1

Hence for irrational & we have convergence

1
§=ag+ ——5— =:lag;a1,a,...].
ai + ag+...

The branches of 7! are all surjective and we have bijections
R\Q%ZXNN, Q ={[ao;a1,...,an] :n >0, ay, #1if n > 1}.

T is the left shift on these sequences, T'([0;ay,as,...]) = [0;az2,as,...].

Invertible extension and invariant measure

The map T is not invertible, but we can construct an invertible extension on G = (—o0,0)x (0, 1)

T:G =G, T(n,&) = (1/n— [1/€],1/¢ — [1/¢)),

defined piecewise by Mobius transformations acting diagonally

T(n,€)=(g-n9-€), T (n,€) = (h-n,h-€),

(99 ) -(2 )

We will think of G = (—00,0) x (0,1) as a space of geodesics in hyperbolic 2-space, H?, and
the action of T' takes this space to itself piecewise by isometries Isom(H?) & PGLs(R), where
PGLy(R) acts on the upper half-plane by

a b Z_az+b0ra2+b
c d ez +d czZ+d

according as the determinant ad — bc is positive or negative.

Let H? have coordinates (z,y) with area d;gly. The top of the geodesic (1,£) (semi-circle

from 7 to £ with center on the rea line x = 0) has coordinates (&7", ﬂ), so that hyperbolic

2
area becomes dfi(n,§) := (gilg in these coordinates. This gives an isometry invariant measure

on our space of geodesics, and since T is a bijection defined piecewise by isometries, ji is T-
invariant. Pushing forward to the second coordinate gives a T-invariant measure on (0, 1)

-1 g dé
(&) = df/oo E—nF " T+

which we will normalize to a probability measure by dividing by log 2. This measure was known
to Gauss, although there is no indication of how he arrived at it. His mastery of quadratic
forms (represented by the geodesics above) and knowledge of hyperbolic geometry could make
something like the above plausible.




Direct proof of ergodicity

For fixed a1, ...,a, € N, we have the cylinder set
Dn + Dn—1t
A, = t)=———:0<t<1
E LR /

which is the half-open interval between p,, /g, and Z:i% (oriented depending on the parity of
n). These cylinder sets generate the Borel o-algebra. If X is Lebesgue measure, then we have

(bar indicating conditional probability)

—-n . 1/}(?5) — @Z}(S) —(t— Qn(Qn + anl) —(t— s
MO A = S =00 = an t gu ) + gt DG

where 1/2 < C < 2. Hence there exists (a different) C' > 0 such that

1

cA) = u(T™"A ] An) < Cp(4)

for measurable A.
Considering T-invariant sets of positive measure, we have

TA= A= Su(4) < (A ] A
1
,U/(A) >0= au(An) < M(An | A)
= %H(B) < wu(B | A) for any measurableB
A°=B = p(A°) =0, u(Ad) =1.

Hence u is ergodic.

Consequences of ergodicity

We can apply the following ergodic theorem to various functions to obtain almost everywhere
statistics for continued fractions.

Theorem. Supose (X, T, ) is a measure preserving system and f € L', then the limit

1 n—1
lim — " = f*
Ngnooan;)fo f

LﬁMzéF@

(i.e. f* is the conditional expectation of f with respect to the o-algebra of T-invariant sets). In
particular, if the system is ergodic then f* is constant almost everywhere,

ﬁzAﬂm

exists almost everywhere and

For instance:



e If f is the indicator of the interval (% 1), we get

Sl

1
Pla, = k) = lim — =k 1<i<N = 1
(an ) NS N HZ i ! H= log2/11 1+¢  log2 ©

k 1 2 3 4
P(an, = k) || 41.58% | 16.99% | 9.31% | 5.89%

e Taking f to be >, logk - 1

t
)y e ge
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N v logh .
. 0g
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g k

k 1 lo 2

-11 <m> = 26854520010 . ..
L\ k(k+2)

o With far = pprk- 1( 11 and taking M — oo we get

==

F1°

oo
lim —
Ngnoo N g
With a little more work we can show
1 1 2 1 1 P

lim —1 = 1 = — —

dmlogan = 15 1o 0g & — pu/aqn| = g2 6
We have ¢

5) (pn pn1><1) n n-1_ 4n§ = Pn
- T = (—1yr A

(1 a a )\ e ) TS e

so that
H Tk§ qn 15 Pn— 1) ‘qn—lg - pn—l’-
Hence, from the list of propertles in the first section, we have
<[l 1re< =
dn+1 U &< C_In
Taking logarithms and letting n — oo we get
n—1
k
—nli)rrolo—logqnﬂ < hm kz;)logT E< — hm q—logqn7

so that

1 o0 1
lim loga, =~ [ 7Eede = os S (-0 [ ehloge ag

n—0oo N log 2 1+¢ log 2 prd
- 1 e (_1)k+1 B 1 72
~ log?2 — k2 log2 12°

)



Since —— < ¢ — Bl < L__the above gives

dndn+2 — qnn+1’
.1 1 72
i T8 = pa/ftnl = =15

Finally, a result on the normalized error 6,,(€) = qn|qn€ — pn| (assuming T is ergodic):

Proposition. For u almost every &, we have

s 0<t<1/2
. 1 lo—gt—&—logt
]\}E}nooNngngN:Gn(g)gtH: 1+110T 1/2t§>t1§1

Proof. Note that
fn(—oo7 g) = (_QH/Q’VL—h Tné-) = <_[an7 Ap—1y-- -, a1]7 [07 Ap+1, An+2, - - ])

1 1
9n == = ,
© 1/T™ + gn-1/qn [an+1; anta, - -]+ [05an, ..., a1]

so that 0,(&) < tiff el < ¢ where (if,¢) = T"(—00,). Let G(c) = {(n,€) € G :
1/€ —1/n > ¢} Then for € > 0 and n large, we have

T"(n,€) € G(1/t + €) = T™(—00,&) € G(1/t) = T™(n,€) € G(1/t — ).

. dedn .
The measure of G(c) with respect to EnFiozs fore>1is

{ L (1—%+1log2—logc) 1<e<2

log 2
J
clog?2 c=>2

which gives the result when ¢t = 1/c. O
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Figure 1: Distribution of the normalized error for almost every &.



Geodesic flow on the modular surface and continued fractions

The group SL2(R) acts transitively on the upper half-plane by fractional linear transformations,
and the stabilizer of z = i is SO2(R). Hence, as a homogeneous space, H? & SLs(R)/SO2(R).
Moreover SLs(R) acts as orientation perserving isometries and in fact PSLa(R) 2 Isom™ (H?).

We can identify PSLo(R) with 7" (H?), the unit tangent bundle, as follows. Let (z,v) €
T'(H?) C H? x C, where z = x+yi is in the upper half-plane and v has norm 1 in the hyperbolic
metric, i.e. if v = vy + vei, then (v,v), := viva/y? = 1. Define the derivative action of SLo(R)
on T(H?) by

5 (0 = (g 20) = (E0 )

One can verify that this action is isometric and transitive with kernel £1, so that we get the
identification PSLy(R) = T1(H?).
Under the NAK decomposition, with

(VY xSy B cos(0/2) sin(6/2)
p= < 0 1)y ) €NA k= ( —sin(8/2) cos(8/2) > €K,

we have pk(i,i) = (x + yi, yie?).
Associating the identity with the point (z,v) = (i,i) € T'(H?), the geodesic flow ®; :
t/2
TY(H?) — T'(H?) is right multiplication by < e(j 63/2 > It takes a point (z,v) along a
unit speed geodesic in the direction v for time ¢, as can be checked along the imaginary axis
and extended via the isometric action.

The group I' = SL2(Z) is a discrete subgroup of SL2(R) and the quotient I'\SL2(R) has
finite volume, equivalently, the quotient I'\H? has finite hyperbolic area (namely 7/3). We
identify I'\SL2(R) with the unit tangent bundle of the modular surface.

We now want to relate continued fractions (or its invertible extension) with the geodesic
flow on the modular surface. There is a slight complication because continued fractions are
defined over G Ly(Z). Consider the following subsets of T (H?)

% .
Ct={(z,v) ent: (n,§) €G, z € iR},
C™={(zv) € (-=n)(=¢§): (n,€) €3G, z €iR},
c=ctuc,
i.e. those points and directions of the intersection of elements of G with the imaginary axis
(and their reflected images). Let m : T(H?) — T*(I'\H?) be the natural projection.

Proposition. If (z,v) = (n,£) € n(CT), the next return of the geodesic flow to w(C) is in w(C™)
with coordinates —T'(n,§), and similarly for (z,v) = (—=n,—§) € 7(C™), the next return of the
geodesic flow to w(C) is in m(C*) with coordinates T'(n,§). In other words, the map

S:Gu _g> 5(7775) = _T(nvf)a S(_nv _§> = f(n>§)7

is the first return of the geodesic flow to the cross section 7(C).

Proof. Proof by picture. Applying —1/z to (n,&) € (—oo,—1) x (0,1) gives (—1/n,—1/§) €
(0,1) x (=00, —1). Following the geodesic flow to the next intersection with 7(C) corresponds
to translation by [1/£]| where we end up in —G with coordinates ([1/£] — 1/, [1/£] —1/€) =
—T(n,€). Similarly for the other case. O
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Figure 2: Visualizing S as first return of the geodesic flow to 7(C).

To complete the picture of how continued fractions fits into the geodesic flow, we need
to consider the return time r(n,§), r(—n, —§) to the cross section. Here is a more general
construction, the special flow under a function.

Proposition. Suppose (X,T,pn) is a measure preserving system, and f : X — (0,00) is p-
measurable. Let X = {(z,5) : 0 < s < f(x)} and for each t > 0 let ¢y : Xy — Xy be defined
by

n—1
oz, 8) = (T”m, s+t— Z f(T’%))

k=0

where n is the least non-negative integer such that 0 < s+t <y ;4 f(TFx). Let pp = X A
restricted to Xy.

o Ly 18 ¢g-invariant for all t > 0,
o up(Xy) <ooe fe LNX,p),
o If up(Xy) < oo, then (X, T, ) is ergodic < the flow {¢;}1>0 is ergodic.

Let r : GU—G — (0, 00) be the return time of the associated (z,v) € 7(C) to 7(C), X, = (GU
—G)r, S(n,&) as above, and ¢ the special flow associated to r. Let ¥ = SLa(Z)\SL2(R)/SO2(R)
be the modular surface, T*(X) = SL2(Z)\SL2(R) its unit tangent bundle, and ® the geodesic
flow (right multiplication by diag(e'/?,e~*/2)). We have

Proposition. The following diagram commutes

X, — - X,
Tlt) LT&E)

where the arrows on the left and right are ((y,x),s) — ®g(z,v). Moreover, the measure u, for
the special flow under the return time (constructed from Gauss measure and Lebesque measure)

is the pullback (up to a multiplicative constant) of the ®-invariant measure dbdzdy oy the unit

y
tangent bundle (Haar measure on PSLa(R)).



Proof. That the above commutes follows from our earlier discussion, so we now consider the
measures involved. We have two coordinate systems on PSLo(R) = T (H?), thinking of a point
z = x 4 yi and direction v = iye” at z,

sy = (7 ) (e

discussed above, and another obtained by associating to (z,v) the geodesic (7, &) it determines
and the distance/time one must go from the “top” of the geodesic

B 1 max{{,n} min{{,n} 0 1\°[/e? 0
g(nvfat)_m< 1 1 ><_1 0) ( 0 e—t/Z)a

—
with e = 0 if £ > 7 and € = 1 otherwise. One_)can think of this as taking the geodsic Oco with
marked point ¢, mapping it to the geodesic n§ with marked point at the top, and flowing for
the required time. We have an invariant measure on each of these

dndg§
(&—m)

and we would like to show that these are the same (perhaps up to a constant). Assume £ > 7
(the other case being similar). We have

1 t/2 ‘
\/ﬁ < § 717 > ( 60 6—2/2 ) - (4,1) = (l’-i-yi,iyezg)

RS Sk
et +et’ et +et’

dzgyde

dpdt = Sdt,

where

0 t !
= arctan .
arcta sinh ¢

Some computation shows

t e—t

M@M9_<J+e4>2€ﬁfte%ﬁt : _ , dndédt
y? -1 T (&—n)?
cosht
as desired. O
We can compute the return time from the above,
1 1—n[1/¢]
r(+n,£&) = = log ( ,
G20 = 5 e\ ey

and its integral must be

dedn
/gug r(m.¢) E—n)? 3

since the total volume of T1(X) is 272/3. (I couldn’t compute this integral, and neither could
Mathematica, but it agrees numerically within the estimated error.)



Mixing of the geodesic flow

Mixing of the geodesic flow on the modular surface is implied by the following “decay of matrix
coefficients” theorem, applied to H = L3(SL2(Z)\SL2(R)) (L? functions f with [ f = 0) and
g = diag(et/?,e7/2).

Theorem (Howe-Moore). Suppose p : SLa(R) — U(H) be a unitary representation with no
non-zero fized vectors, i.e. {v € H : p(G)v = v} ={0}. Then for all v,w € H, (p(g)v,w) — 0
as g — oo (i.e. for any e > 0, there exists K C G compact such that for g & K, (p(g)v,w) < €).

Proof. We first note that any g € SLy(R) can be written uniquely as K AT K (Cartain decom-
position) where K is SO(R) and A7 is the collection of diag(a,a™!), a > 0. (Proof: diagonalize
the quadratic form ||gz||%.) Let g, — 00, gn = knanl,, and for v,w € H, let ¥, ¥ be weak limits
of p(l,)v, p(k;)w. We have

<p(knanln)v7w> - <p(an)~, ~>

= (plan)(p(ln)v = 0), p(ky, Yw) + (plan), p(ky, w — @) — 0,

Therefore we may assume g, = a,, = diag(t,, 1/t,) with ¢, — oo.

Let
1 s 1 0
- —
Uy (01>,us <sl>'

1,4, _ .+ - -1 _ -
Ay Ug Gn = Uy — 1, apuga, = U = 1.

Then

Let v,w € H, and let E be a weak limit of p(a,) (diagonal argument on an orthonormal basis).
We want to show that E = 0 (in particular,(p(ay)v, w) — (Ev,w) = 0). We have

(p(ai$) Ev.w) = Him{p(u )plan)v. ) = lim{p(an)pla o a)v. w) = (Ev, )

and similarly (p(u;)E*v,w) = (E*v,w). Also, (p(an)v, plan)v) = {p(a; v, p(a,; )w) (since
A is Abelian), so that EE* = E*FE, i.e. E is normal. If E # 0, then EE* # 0 and there
is some v € H such that w = E*Ev = EE*v # 0. This w is invariant under {uf}, which
generates S La(R), contradicting the assumption that 7 has no non-zero invariant vectors. Hence
E=0. O
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