A GEOMETRIC VIEW OF THE RATIONAL LANDEN
TRANSFORMATIONS

JOHN HUBBARD AND VICTOR MOLL

ABSTRACT. We provide a geometric interpretation of a new rational Landen
transformation and establish the convergence of its iterates.

1. INTRODUCTION

The transformation theory of elliptic integrals was initiated by Landen in [6, 7],
wherein he proved the invariance of the function

7T/2 de
(1.1) G(a,b) = /
0 \/@2 cos? 6 + b2 sin? 0
under the transformation
b
(1.2) a = 2F by = Vab.

2

Gauss [4] rediscovered this invariance in the process of calculating the arclength of
a lemniscate. The limit of the sequence (a,, b,,) defined by iteration of (1.2) is the
celebrated arithmetic-geometric mean AGM(a,b) of a and b. The invariance of the
elliptic integral (1.1) leads to

(1.3) W@,b) = Gla,b).

General information about AGM and its applications is given in [3]. A geometric
interpretation of the transformation (1.2) is given in [5].

A transformation analogous to the Gauss-Landen map (1.2) has been given in
[1] for the rational integral

b02’4 + b1Z2 + bQ
Z.
20 a1zt +ag22 4+ 1

(14) Uﬁ(al,CLQ;bO,bl,bg) = /
0
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Indeed, the integral Uy is invariant under the transformation

1 _ eaz+ 5a; + bas + 9
(15) aq (al +ag + 2)4/3

e ay +az +6
? (a1 + ag +2)%/3

b(l) _ bo + b1 + b
" T (a tap 2

p bo(az + 2) + 201 + be(ag + 3)
1 aq + ag + 2

p bo + ba
5 =

(a1 + as + 225
This transformation was obtained by a sequence of elementary changes of vari-
ables and the convergence of
(an,ba) = (ay™,ay” 56" 6", 05",

For any initial data (ag,bg) € Ri X Ri there exists a number L, depending upon
the initial condition, such that

(1.6) (an,b,) — (3,3,L,2L, L),
so that

(1.7) Us(an,by) — Lx g
The invariance of Us under (1.5) shows that

(1.8) Us(ag,bo) = L x g

Therefore the iteration given above becomes an iterative form of evaluating the
integral.

The main result of [2], quoted below, is an extension of (1.5) for an even inte-
grand.

Theorem 1.1. Let R(z) = P(2)/Q(z) with

p—1 P
(1.9) P(z) = ijzz(pflfj) and Q(z) = ZajZQ(pfj).
j=0 j=0
Define a;j =0 for j >p, b; =0 for j >p—1,
J
(110) dp+1,j = Zap,kaj,k
k=0
fO’/‘ 0 S k S p—= 17
1
(1.11) di = 5D ap
k=0
2p—1
(1.12) ¢ = D abpoijin

k=0
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for0<j<2p—1, and

i 1= ki1 (k4202 , )
[ e s

(L13)  op(i) = 1+3P_ dy ifi=0.

Let
o m)
(1.14) YT Qi
for1 <i<p-—1, and
r& p—1—-Fk+1
(115) b:'_ = Q(l)Qz/P-‘rl/P—Q X [ (Ck + C2p—1—k)( 9 )
k=0
for 0 <i<p-—1. Finally, define the polynomials
p—1 ) P ,
(1.16) P+(Z) _ Zb?-ZQ(P—l—z) and Q+(Z) _ Z aj;‘rZQ(p—z).
k=0 k=0
Then
> P(z) © Pt(z)
(1.17) / dz = dz.
0 Qz) 0o QF(2)

The proofs in [1, 2] are elementary but lack a proper geometric interpretation.
In particular, the proof of (1.6) given in [1] could not be extended even for degree
8 in view of the formidable algebraic difficulties. The goal of this paper is to show
that the transformation (1.14, 1.15) is a particular case of a general construction:
the direct image of a meromorphic 1-form under a rational map. This will allow us
to prove an analogue of (1.6,1.8) for the integral

B e I e
dz.
2217_’_0112217*2 + . _|_]_

(1.18) Upy(a,b) = /
0
In fact, we prove that the sequence x,, starting at

X = (alv"' 7ap—1;b0>"" 7bp—1)

and defined by x, 11 = x; satisfies

= (O (L) 0= () ())

2
L = ~Uylab).

Moreover the convergence of the iteration is equivalent to the convergence of the
initial integral.
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2. THE DIRECT IMAGE OF A 1-FORM

Let m: X — Y be a proper analytic mapping of Riemann surfaces (i.e., a finite
ramified covering space), and ¢ be a tensor of any type on X. Then 7. is the
tensor of the same type on Y, defined as follows: Let U C Y be a simply connected
subset of Y containing no critical value of 7, and let o1,--- ,0, : U — X be the
distinct sections of . Then the direct image of 7, is defined by

k
(2.1) e \U = S oip
i=1

This defines 7. except at the ramification values of m, where 7. may acquire
poles even if ¢ is holomorphic.

We will be applying this construction in the case where ¢ is a holomorphic
1-form, and in this case 7. is analytic.

Lemma 2.1. If 7 : X — Y s proper and analytic as above, and ¢ is an analytic
1-form on X, then m,p is an analytic 1-form on Y. Furthermore, for any oriented
rectifiable curve v on'Y, we have

/77*90:/ Pp.
v mly

Proof. The only problem is to show that m.¢ is holomorphic at the critical values.
It is clearly enough to show that the contribution of a neighborhood of a single
critical point is holomorphic. Thus we may assume that 7(z) = w = 2™ for some
m, and that
0 = (apz" + app 12" + .. )dz,

with £ > 0.

Fori=0,...,m — 1 set o;(w) = (*op(w), where ¢ = >™/™ and oy(w) = w
for some branch of the 1/m power, for instance the one where the argument is
between 0 and 27/m. Then

1/m

(2.2) T (2Fdz) =

0 if £+ 1 is not divisible by m
ukH=m)/m gy, if £+ 1 is divisible by m.

Thus the first term of the power series for ¢ to contribute anything to . is the
term of degree m — 1, and it contributes to the constant term; similarly, the terms
of degree 2m — 1,3m — 1,... contribute to the terms of degree 1,2, ..., all positive
powers. O

This has a useful corollary. Recall that the degree of a meromorphic function
is the maximum of the degrees of the numerator and the denominator when the
rational function is written in reduced form.

Lemma 2.2. If 7 : P! — P! is analytic, and ¢ = R(z)dz is a meromorphic 1-
form on P* so that R is a rational function of degree k, then m.p can be written as
R1(z)dz, where Ry is a rational function of degree at most k.

Proof. By Lemma 2.1, the number of poles of m,¢ is at most equal to the number
of poles of o, and clearly the orders of the poles cannot increase either. [l

Note. It is quite possible for the degree of m.p to be less than the degree of
. This can happen in two ways: we might have poles at two points 2z, 2z such
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that 7w(z1) = 7(22), and then the polar parts at these points could cancel. We may
also have a pole of order > 1 at a critical point, and then the order of the pole
at the corresponding critical value will be less (in fact, the pole might disappear
altogether).

3. A PARTICULAR BRANCHED COVER

We will be concerned with the specific map
2?2 -1
2z

This mapping can also be viewed as the Newton map associated to the equation
22 +1 = 0. As such it has +i as superattractive fixed points, and 7 is conjugate to
F(z) = 22 via the Mobius transformation M (z) = (z +i)/(z — i); indeed M o 7 o
M- =F.

Let us list some properties of 7.

(3.1) m(z) = w:=

Lemma 3.1. If ¢ has no poles on R C P!, then

o0 oo
[orm [
—0o0 — 00

Proof. If ¢ has no poles on R (including at infinity), then the integral converges.
Since 7 maps the real axis (including oo) to itself as a double cover, the result
follows from Lemma 2.1. O

Let 7 : P! — P! be the map z +— —z. Then clearly 7 o7 = 7 o 7. Call ¢ even if
T = p, and odd if T¥p = —¢.

Note. When ¢ = R(z) dz with R a rational function, then ¢ is even if and only if
R is odd, and ¢ is odd if and only if R is even, since dz is odd.

Lemma 3.2. We have the following identities:
(a)
e = @+ T .
(b) If ¢ is even, then m.p = 0.
(¢) If ¢ is odd, then m.p is also odd.

Thus we can restrict our attention to odd 1-forms. Below we calculate 7. (R(z) dz),
where R(z) is an even rational function. We will only consider the case when the
numerator of R has degree at least 2 less than the denominator, as this avoids a
pole at infinity which would prevent the integral over R from converging.

The explicit evaluations of the form 7, described below were conducted using
Mathematica. The corresponding sections are

(3.2) or(w) = wEtVw?+1,

so that for ¢ = ®(2)dz we have
doy do_

(3.3) T = Doy () TE+ @0 (w) T

The calculations are formidable.
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Example 1. Let

bo
3.4 = ——dz.
(3.4) ® o 1o

Then

2bo(ap + a1)
3.5 * = dw.
(3:5) g dagaiw? + (ag + a1)? v

Observe that the new 1-form can be written as
A(ao, a1)

. o = b dw,
(3.6) TP = X e e aw? + A (ag, ar)

where A(a,b) and G(a,b) are the arithmetic and geometric means of a and b re-
spectively.

Example 2. The form

(3.7) o =

is transformed into

b02’2 + b1
apzt +a122 + as

. _ 8(agby + aobl)wQ + 2(ap + a1 + az)(bo + b1) dw
*P 16agazw? + 4(apa; + 4agas + araz)w? + (ag + a1 +az)?

4. THE CONVERGENCE OF (7,)" ¢
In this section we present the principal theorem of the paper.

Theorem 4.1. Let ¢ be a I-form, holomorphic on a neighborhood U of R C P!.

Then
lim ()" = - / h dz
)" == —
n—oo ® e 0o ¥ 1 + 2;2

where the convergence is uniform on compact subsets of U.

Proof. We find it convenient to prove this for the map F(z) = 22, which is conjugate
to m. In that form, the statement to be proved is that if ¢ is analytic in some
neighborhood U of the unit circle, then

. n 1 dz
A ()" =55 (/S S”) FE

Any such 1-form ¢ can be developed in a Laurent series
oo
= apz® %,
()
where Y77 (|ax| + |a—g|)p* < oo for some p > 1. Note that
1
aop = i o P

In this form it is very easy to compute Fy .
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Lemma 4.2. The mapping F, on 1-forms is given by

o0

d
F*SD = azk;Zk —Z .
k=—o00 z
Proof. This is what was computed in Equation 2.2. ]
kdz

Thus in the “basis” of forms 2%“%, the vector corresponding to k = 0 is an
eigenvector with eigenvalue 1, and the rest of the space is nilpotent:
dz
(F)™zF=—= =0
z

if m is greater than the greatest power of 2 which divides k. This comes close to
proving Theorem 4.1, but it doesn’t quite; for instance

) dz dz
2 — = —
>
Pt z  z(l—=2)
is also fixed under F,. We cannot argue merely in terms of formal Laurent series:
convergence must be taken into account.

But this is not too hard. Consider the region Ug defined by & < |2| < R, and
the space Ag of analytic 1-forms

> dz
Y= (k_z: akzk> ?
on Ug such that
Il = laol +>_(lar| + a—x)R* < oo.
k=1

We then have

o0

> (lagnk] + la—zni)R*

dz
Ino — a0 2|
z

k=1

— 2"k

= Dt + o R ey
R

< =l

This certainly shows that 7]l¢ —ag dz—z tends to 0, in fact very fast: it superconverges
to 0.
O

5. NORMALIZATION OF THE INTEGRANDS

In the previous section we have produced a map 7, of 1-forms ¢ = R(z) dz that
does not increase the degree and the integral over [0, oc]. Moreover, we have seen
that the integrands m['¢ converge as n tends to infinity. This doesn’t quite tell us
about the convergence of the coefficients of R, because of possible common factors
and cancellations. Here we normalize the rational functions so that m, induces a
convergent iteration on the coefficients.
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We will write the integrands so that their denominators are monic and with con-
stant term equal to 1. The latter can be achieved by factoring the constant term
out while the former is obtained by a change of variable of the form z +— Az, with
an appropriate .

Example 1. For rational functions of degree 2 we obtain

(5.1) / b dz = / 2bo(ao + a1) dw.
0 0

apz? + a; dapaiw? 4 (ap + a1)?

This is an identity: both sides normalize to

b < d
(5.2) LI / v
Vaoay o x2+1

Example 2. The quartic case yields

es} b 2 b es} b(l) 2 b(l)
(5.3) / L /U F— / L + 01 dw,
0 0 a

apz* + a1z + ag (ot 4+ agl)wz + aél)

where

(5.4) bV = 8(azbo + aohy)
b = 2(ag+ a1 + as)(bo + by)
aél) = 16agas
agl) = 4(apay + 4agas + ajas)
agl) = (ap+ a1 +az)*

The normalization shows that the integral

> boaé/zz2 + blatl)/2
1212 dz
0 zt4ay Cara, T2 +1
equals
(ao + a + (12)71/2X
/OO (agbo + agb1)w? + (b + b1)a(1)/2aé/2 dw
0 w*+ [aga; + 4agas + alag)aal/zagln(ao +a; +az) Hw2+1

Naturally this identity can be verified directly using

/°° dx 7/00 x?dx B T
o Th+2ar2+1 Jy at+2a2+1 0 232a+1

Example 3. In the case of degree 6 we obtain
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/°° boz' 4 b2 by /°° by wt b v by
0 @02° + a1zt +az2® +as o aMws +aMwt +aflw? yaf?
(5.5)
where
(5.6) bV = 32(asbo + aobs)

bgl) = 8(a2bo + 3agby + agby + azby + 3agbs + a1bz)

bV = 2(ap + a1 + az + as)(bo + by + b)

agl) = 64apas

agl) = 16(apaz + 6apas + aias)

aé” = 4(apay + 4apas + ajas + 9apas + 4ajaz + asas)

agl) = (ag+a1+ax+ a3)2.

The normalization of (5.5) yields (1.5).
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