Certified Newton schemes for the evaluation of
low-genus theta functions

Jean Kieffer

March 7, 2022

Abstract

Theta functions and theta constants in low genus, especially genus 1 and 2,
can be evaluated at any given point in quasi-linear time in the required precision
using Newton schemes based on Borchardt sequences. Our goal in this paper
is to provide the necessary tools to implement these algorithms in a provably
correct way. In particular, we obtain uniform and explicit convergence results in
the case of theta constants in genus 1 and 2, and theta functions in genus 1: the
associated Newton schemes will converge starting from approximations to N
bits of precision for N = 60, 300, and 1600 respectively, for all suitably reduced
arguments. We also describe a uniform quasi-linear time algorithm to evaluate
genus 2 theta constants on the Siegel fundamental domain. Our main tool is a
detailed study of Borchardt means as multivariate analytic functions.

1 Introduction

Let g > 1 be an integer, and let H, be the Siegel upper half space of degree g, which
consists of all symmetric g X g complex matrices with positive definite imaginary
part. Let a,b € {0,1}9. Then the theta function of genus g and characteristic (a, b)
is defined on CY x H, by the following exponential series:
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Oup(z,7) = Z exp (im(m + )'7(m + %) + 2ir(m + 2)'(z + 2)) . (1)

meZ9

Theta functions appear in many areas of mathematics, from partial differential equa-
tions to arithmetic geometry; an overview is given in [16, 23, 24]. They have symme-
tries with respect to the action of the modular group Sp,,(Z) [23, §I1.5], and they also
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satisfy the Riemann relations, a broad generalization of the well-known duplication
formula |23, §I1.6]. Theta constants are the values of these functions taken at z = 0,
and are of interest in number theory. Each theta constant is a Siegel modular form,
and every Siegel modular form for Sp, (Z) has an expression as a rational fraction
in terms of theta constants [15]; even a polynomial, if g < 3 [15, 12].

In this paper, we are interested in algorithms to evaluate theta constants at a
given point 7 € H,, or more generally theta functions at a given point (z,7), to
precision N for some integer N > 0. In the whole paper, we consider absolute
precision: the output will be a finitely encodable (for instance, dyadic) complex
number z such that |0(z,7) — x| < 27V,

Two main approaches to computing theta functions exist. The first one, some-
times called the naive algorithm, consists in computing partial sums of the series (1)
and obtaining an upper bound on the modulus of its tail [4, 9, 11, 1|. The result-
ing algorithm can be applied in any genus; its complexity is O(M(N)N9/2) if (z,7)
is fixed [22, Prop. 4.2], and can be made uniform in (z,7) if this input is suitably
reduced [4, Thm. 3 and Thm. §|.

The second approach was first described by Dupont [6, 5] in the case of theta
constants of genus g < 2. It combines the arithmetic-geometric mean (AGM), and
higher-dimensional analogues of the AGM called Borchardt means, with Newton it-
erations, and claims a complexity of O(M(N )log N ) binary operations. Extensions
to theta functions in genus g < 2, as well as higher genera, were then described
in [21, 22]. In practice, these algorithms beat the naive method for precisions greater
than a few hundred thousand bits for g = 1, and a few thousand bits for g = 2. This
improvement is especially welcome in number-theoretic applications, where huge pre-
cisions are often necessary to recognize rational numbers from their complex approx-
imations [8, 7, 10, 18], although the naive method remains superior for g = 1 in the
current range of practical applications.

In order to prove the correctness of an algorithm based on Newton’s method, and
establish an upper bound on its complexity, the first step is usually to show that
the linearized system that Newton’s method uses is actually invertible. A proof of
this fact is currently missing for g > 2 [5, §10.2|, [22, Conj. 3.6]. For g = 1, the
invertibility of this linear system was proved [6, Prop. 11|, |21, Prop. 4.4], but the
rate of convergence of the resulting Newton scheme was not made explicit. This
makes these algorithms difficult to implement in a provably correct way.

The purpose of the present paper is to turn the quasi-linear time algorithms for
theta constants in genus 1 and 2, as well as theta functions in genus 1, into provably
correct algorithms. This is done by giving explicit upper bounds on derivatives
of certain analytic functions derived from Borchardt sequences on explicit polydisk



neighborhoods of the points where Newton’s method is applied. In the case of genus 2
theta constants, we also show how to combine Newton’s method with the naive
algorithm to obtain a uniform quasi-linear complexity on the Siegel fundamental
domain, thus generalizing earlier constructions in genus 1 [6, Thm. 5|, [21, §4.2]. In
the case of theta functions in genus 2, and higher genera, we are no longer able to
prove that Newton’s method will succeed for all inputs. However, if it succeeds, then
the same methods can be applied to certify the correctness of the result.

The paper is organized as follows. In Section 2, we give a general result of explicit
convergence for Newton schemes involving multivariate analytic functions. We study
Borchardt means as analytic functions in detail in Section 3. In Section 4, we review
the existing Newton schemes for the computation of theta functions; then, we obtain
explicit values for the magnitudes and radii of convergence of the analytic functions
defining them, and thus explicit convergence results. Finally, we present the uniform
algorithm to compute genus 2 theta constants in Section 5.

2 Certified multivariate Newton iterations

In this section, we are interested in designing provably correct Newton schemes for
multivariate analytic functions, assuming that the system is linearized using finite
differences at each step. More precisely, let & be an open set in C", let f: U — C”
be an analytic function, and let xy € U; assuming that f(xq) is known and that f
can be evaluated at any point, we are interested in building a Newton scheme to
compute xg itself.

First, we give an explicit convergence result provided that the first and second
derivatives of f are locally bounded around xg, and that df (z¢) is invertible. Using
Cauchy’s formula, we also obtain explicit convergence estimates if we simply assume
that f is bounded on a certain polydisk around xy. Finally, we translate these
theoretical results into the concrete world of finite-precision arithmetic. All these
results are certainly well-known in spirit, but we were unfortunately unable to find
sufficiently explicit results in the literature.

Let us introduce some notation. We always consider C" as a normed vector space

for the L* norm, denoted simply by ||-||: in terms of coordinates, we have
||($1a s >IT’)|| = 1I2]a§XT|ZIZ']|

If p>0and z € C", we denote by D,(z) the open ball (i.e. the polydisk) centered
in z of radius p. We also denote the induced norm of (multi-)linear operators by ||-|.



Let (e;) be the canonical basis of C", and denote the coordinates by xy,...,z,.
If x € U, then we have
r 8f

df (z) = Z oz, (x) dx,

where dz; is seen as the linear form x +— ;. For n > 0 such that D, (x) C U, we also
define

FD, f(z) = Z flz+ 7767;) — f(z) dz;.

This linear operator is an approximation of df (x) using finite differences.

Assume we already know z € U such that ||z — z|| < € for some € > 0. Then we
can formulate a Newton iteration step to refine the approximation x of z as follows:
simply replace x by x + h, where

h=df(z)~"(f(z0) — f(x)).

In the finite differences version, we take instead:

h=FD, f(x)™(f(z0) — f(x)),

where 17 > 0 is a suitably chosen small parameter. Then, provided that ¢ is small
enough, ||z + h — x¢|| will be of the order of €2, ensuring quadratic convergence of
the Newton iteration.

Proposition 2.1. LetU C C" be an open set, let f: U — C” be an analytic function,
and let o € U. Let p > 0 and By, By, B3 > 1 be real numbers such that D,(xq) C U
and the following inequalities are satisfied:

1. ||df (z)|| < By and || f(x)|| < By for all x € D,(x);
2. df (xg) is invertible and ||df (xo) || < Bs.
Let e,m > 0 be such that

P
< — .
£ mln{ 2’ 23233 47"3133

Then, for each x € C" such that ||x — xo|| < €, if we set

h=FD, f(x)™(f(z0) — f(x)),

} and n <

we will have
|z + h — 20| < 2By Bse®
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Proof. First, note that

1df () = df (zo) | < Bal|x — wol| < Bae < S o)1

so df (z) is also invertible, with ||df(x)!|| < 2Bs;. We can now study the “usual”
Newton scheme. Let us write

fwo) = f(x) + df () (w0 — x) + v,
for some vector v such that ||v|| < 2Bse?. Let hg = df (z) ' (f(xo) — f(z)). Then
lz + ho — ol = [|df (x)~'v|| < B2Bse”. (2)

Finally, we show that h is close to hg. Since D, (x) C D,(x¢) (because n < e < p/2),
we have for each 1 < j <r:

flx+ne) — flx) Of 1
— < — .
Therefore,
IFD, f(z) — df (2)]| < “Boyp < — < — 1
" PN =922 = 4B, = 9fldf (@)1
so that

IFDy f(2) ™" = df ()| < 2df ()" ||* - [FD, f(x) — df (@)l| < 4rB2Bgn,
and
1A = holl < 4rBaB3n|| f(x) — f(z0)|| < 4rBiB;Bine < By Bse™. (3)
We obtain the result from (2), (3), and the triangle inequality. O

Cauchy’s integration formula [14, Thm. 2.2.1| provides uniform upper bounds
on ||df (z)|] and ||d*f(x)| for x € D,(xy) whenever a uniform upper bound on || f|| on
a slightly larger polydisk is known; this makes the necessary data in Proposition 2.1
easier to collect.

Proposition 2.2. Letr,s > 1, let xy € C", let p > 0, and let f: D,(xo) — C° be an
analytic function. Let M > 0 such that || f(x)|| < M for all v € D,(xy). Then for
every n > 0 and every x € D,s(xg), we have

[ fa)) < 20 ("*) M.

n r



Proof. 1t is enough to prove that

1" F(o)l| < Z—'(”*)M

r

for all n; afterwards, we simply note that D,/ (x) C D,(xg) for each & € D,/s(xy).
Write zg = (21, ..., 2,). We compute the Taylor expansion of f at xy using Cauchy’s
formula. For each ¢ = (¢i,...,¢) € D,j2(x0), we have

T

FO=" > a®][G-2)".

TL:(’th...,’fLr)GNT .]:1

where the Taylor coefficients a,(f) € C* are computed as follows:

1 / / f(xl,...,xr)
an(f) = : - — dxy - - - dx,.
(f) (2mi)" 0D, (1) oD, (21) szl(xj — zj)ng-i-l 1

In particular,

M

Jan (P <

p

Now, for each v € C", the value of d"f(x¢)(v,...,v) € C*® is given by all terms of
total degree n in the Taylor expansion, up to a factor of n!:

d"f(xo)(v,...,v)=nl Y an(f) Hv;”f.

meNT, Y mj=n

There are exactly ("jr) terms in the sum. Since d"f(x() is a symmetric operator,

the result follows easily. O

In order to run certified Newton iterations on a computer, showing a theoretical
convergence result is not enough: we also have to consider precision losses, which
will for instance prevent us from choosing 7 too close to zero. Thankfully, Newton
iterations are self-correcting, and precision losses can be controlled by taking an
additional, explicit safety margin.

We adopt the following computational model for complex numbers. Dyadic ele-
ments of C” (i.e. elements of 27VZ[i]" for some N € Z) are represented exactly; and
for a general z € C", we call an approximation of z to precision N a dyadic 2z’ such
that ||z — 2/|| < 27V. Elementary operations on approximations of complex numbers
can be carried out using ball arithmetic [27]. Recall that a function C': Zs; — Rx
is called superlinear if C(m +n) > C(m) + C(n) for all m,n € Z>,.
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Theorem 2.3. Let U C C” be an open set, let f: U — C" be an analytic function,
and let xo € U. Let p < 1,M > 1, and Bs > 1 be real numbers such that D,(x) C U,
| f(z)]| < M for each x € D,(xo), and ||df (xo) || < Bs. Let C: Zs1 — R be a
superlinear function such that the following holds:

o there exists an algorithm A which, given an exact x € D,(x9) and N > 0,
computes an approximation of f(x) to precision N in C'(N) binary operations;

o two N-bit integers can be multiplied in C(N) binary operations;
e we have C(2N) < KC(N) for some K > 1 and for all N sufficiently large.

Then, given N > 0, an approximation of f(xo) to precision N, and an approzimation
of xg to precision

no = 2[logy(2(r + 1)M/p)| + 2[logy(Bs)] + 4,

Algorithm 2.4 below computes an approximation of xq to precision N — ’—10g2(33)-‘ —1
mn O(C’(N)) binary operations; the hidden constant in this complexity bound depends
only on r,p, M, By, and K.

We now describe the algorithm. Let

2r + 1)M 2+ 1)(r + )M
Blz% and By = 20T )p(§+) |

By Proposition 2.2, the real numbers p/2, By, By, B3 meet the conditions of Propo-
sition 2.1. Up to decreasing p and increasing Bi, By, B3, we may assume that they
are all powers of 2. Denote the given dyadic approximation of f(zq) by 2.

Algorithm 2.4 (Certified Newton iterations for analytic functions).
1. Let n = ng, and let x be the given dyadic approximation of z( to precision n.
2. While n < N, do:

(a) Let m = n + logy(B1) + logy(Bs) + [logy(r)] + 2, and n = 27,

(b) Using algorithm A, compute approximations of f(x) and f(z + ne;) for
all 1 < j <r to precision p = 2n+ 2[log,(r)| +2log,(B1)+2log,(Bs)+9;

(c) Compute an approximation of the r x r matrix M; whose jth column
contains the finite difference %(f(x +nej) — f(z)), for all j, to precision
p —logy(1/n) — 1 (entrywise);



(d) Compute an approximation of the r x r matrix My = M; ! to precision
p'=p —logy(1/n) — 2logy(Bs) — 7;

(e) Compute an approximation of the vector h = M, (zo —f (:L')) to precision
P+ n—1—logy(By) — [logy(r)];

(f) Let n’ = 2n —log(Bs) —log(B3) — 2; replace = by a dyadic approximation
of z + h to precision n’ + 1, and replace n by n'.

3. Return z.

Proof of Theorem 2.3. We will show that the different quantities appearing in Al-
gorithm 2.4 can be computed to the claimed precisions, and that z remains an
approximation of f~!(z) to precision n. Since ||df (x)7|| < 2B; for all x € D,(xo),
the result will be an approximation of zy to precision N — log,(B3) — 1, as claimed.

At the beginning of each loop, « is dyadic, and so are the z+ne; foreach 1 < 5 <.
Therefore, each entry of M; can be computed to precision p — log,(1/n) — 1. Note
that [|[FD,, f(x)™!|| < 4Bs as a linear operator. Let M| be a dyadic approximation
of M, to precision p —log,(1/n); then we have

1
||M1 _M{H S 1
2| M|

so that | M, — MY < 2||M|?| My — M}|| < 32B2277/n. This shows that M; !
can be computed to the required precision p’ in step (2d). In step (2e), we perform
the matrix-vector product using the schoolbook formula. The entries of My have
modulus at most 4 B3, and are known up to precision p’; the entries of zp — f(x) have
modulus at most 27" By, and are known up to precision p — 1. The total error on the
product can be bounded above by

r(4B32 Pt 427" B 277 4 o7y < 97l B o

The precision p was chosen in such a way that we obtain, at the end of the loop, an
approximation of z + h to precision 2n — log(Bs) — 1 > n/ + 1. By Proposition 2.1,
the result is also an approximation of f~1(zg) to precision n’.

The initial value of ng ensures that n’ > 3n/2, so that number of steps in the
loop is O(log N). Each loop involves a finite number of elementary operations with
complex numbers of modulus O(1) at precision 2n+O(1), where the hidden constants
depend only on 7, p, M, and Bs; the cost of these computations is O(C(n)) binary
operations. Since C'is superlinear, the cost of the last loop dominates the cost of
the whole algorithm, a well-known feature of Newton’s method. O



3 Borchardt means as analytic functions

The existing Newton schemes for the computation of theta functions [6, 5, 21, 22| are
based on Borchardt means, a higher-dimensional analogue of the classical arithmetic-
geometric mean (AGM) [3|. Additional references for the study of Borchardt means,
especially in genus 2, are [2, 17]. Our goal in this section is to study Borchardt means
as analytic functions in detail, obtaining explicit bounds on their magnitudes and
radii of convergence.

3.1 Borchardt sequences

Fix ¢ > 1, and let Z, = (Z/27)9. A Borchardt sequence of genus g is by definition a
sequence of complex numbers

§= (sl(vn))bezg,nzo

that satisfy the followmg recurrence relation: for every n > 0, there exists a choice

of square roots (t(" ) of ( )b 7. such that for all b € Z,,, we have

n+l Z tbl t(n . (4)

b1+b2 b

bel,

We say that (sl()nﬂ)) pez, 18 the result of a Borchardt step given by the choice of square
g9
roots (tI(Jn))bEZ at the n'" term. This recurrence relation emulates the duplication
g

formula satisfied by theta constants [23, p.214|, after identifying {0, 1}¢ with Z, in
the natural way: for every 7 € H,, the sequence of squared theta constants

(9(2],6(0? QHT))bEIg,TLZO (5)

is a Borchardt sequence.

The convergence behavior of Borchardt sequences is similar to that of the classical
AGM [5, §7.2]. Let us define a set of complex numbers to be in good position if it is
included in an open quarter plane seen from the origin, i.e. a set of the form

{rexp(if): r >0,a < <a+71}

for some angle o € R. We say that the n'" step of a Borchardt sequence is given
by good sign choices (or for short, is good) if the square roots (tl()"))bez are in good
position; otherwise, we say that this step is bad. Then a Borchardt sequence s will
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converge to (0, ...,0) if and only if s contains infinitely many bad steps. On the other
hand, a Borchardt sequence s in which all steps are good after a while converges to a
limit of the form (g, ..., u) for some p # 0, and the speed of convergence is quadratic;
we call u = p(s) the Borchardt mean of the sequence. Borchardt sequences given by
theta functions as in (5) are of this second type: see for instance |5, Prop. 6.1].

A related kind of recurrent sequence is used in the context of computing theta
functions. Let us call an extended Borchardt sequence of genus g a pair (u,s) of
sequence of complex numbers

o=

satisfying the following recurrence relation: for every n > 0, there exists a choice of

)bezg,nzw s = (Sl(on))bezg,nzo

square roots (Uén))bez of (u( ))bEZ and (tl()n))bg of (s("))b 7, such that for all b,
u{m Y Z vt tb2 and s = Z tb1 t(" : (6)
bl-l—bQ b b1+62 b

In particular, s is a regular Borchardt sequence. We say that the n'® step in (u, s) is
good if both of the sets (vé"))bez and (tf()m)bez
g9 g

and bad otherwise. For each 7 € H, and z € CY, the duplication formula for theta
functions implies that the sequence

(9(2]’5)(2, 2n7_)’ eg,b(oa 2n7_))

are independently in good position,

bETy,n>0

is an extended Borchardt sequence; it contains only finitely many bad steps as well.

It is not true in general that an extended Borchardt sequence containing finitely
many bad steps converges quadratically. Instead, following [22], we define the ex-
tended Borchardt mean of such a sequence (u, s) to be

NOAS NORSS
AMu, s) = p(s) - lim (ﬁ) = p(s)- lim <L> : (7)

n—-4o0o

These associated sequences do converge quadratically [22, Prop. 3.7].

Assume that we are given a Borchardt sequence s containing finitely many bad
steps. Then we may try to construct a function i, defined at any point © = (x4 )sez,
in some neighborhood of ( )) bez,’ by the following procedure: “construct a modified
Borchardt sequence whose ﬁrst term is (xp) that follows same choices of square roots
as in s, and take its Borchardt mean”. The Newton schemes we want to study are
precisely built around this kind of functions pu,, and their analogues for extended
Borchardt means. In the rest of this section, we show that these functions indeed
exist as analytic functions defined on explicit polydisks, provided that all terms in
the relevant Borchardt sequences are bounded away from zero.
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3.2 The case of good sign choices

Let s be a Borchardt sequence containing good steps only. Then we can find real

numbers 0 < mg < My and « such that such that the first term (sl(,o))bg of s lies in

the open set U, (mg, M) of C* defined as follows: ’
ug(m0>MO) - U ug(m(),M(),Oé),

a€0,27]

where

Uy (mo, Mo, ) = {(xp)pez, : Vb € Ty, mo < Re(e™"xy) < Mo }.

Proposition 3.1. Let 0 < mo < My be real numbers. Then there exists a unique
analytic function p: Uy(mg, My) — C with the following property: for every point
T = (2p)vez, € Uy(mo, My), the value of j at x is the Borchardt mean of the unique
Borchardt sequence with first term x given by good steps only. Moreover, the inequal-
ities mo < |u(z)] < My hold for all x € Uy(mg, My).

Proof. For each x € U,(mg, My, ), there is a unique way of making a good Bor-
chardt step starting from z; moreover the result of this Borchardt step still lands
in U,(mo, My, ) by |5, Lem. 7.3]. Therefore we may define p(x) as the limit of the
resulting Borchardt sequence; we have my < |u(x)| < My. Since there exists an
analytic square root function on U;(mg, My, ), the function p on U,(mo, My, a) is
the pointwise limit of a sequence of analytic functions. The convergence is uniform
on compact sets by [5, Prop. 7.2|, so p is analytic on the whole of U, (mg, My). O

We now consider the case of extended Borchardt means given by good choices
of square roots only. This case is easier to analyse if we assume that the truly
Borchardt part of the sequence already starts in the quadratic convergence area.
By [5, Prop. 7.1], if we have

sy = 6] < 5lst” (8)

for some e < 1/2, then we have
2 (7e\%
(n+k) (n+k) € (n)
= <2 () e )

for all £ > 0 and b € Z,. If we assume that the first term of s lies in a ball of the
form D, (zp) for some zg € C* and 0 < p < 1=|2|, then inequality (8) will be satisfied
withEZ%atnzo.
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Proposition 3.2. Let 0 < mg < My be real numbers, fix a nonzero zy € C, and let
0<p< 1—17|zo|. Then there exists a unique analytic function

A Uy(mg, My) x Dy(2)* — C

with the following property: for every (z,y) in this open set, A(z,y) is equal to the
extended Borchardt mean of any extended Borchardt sequence with first term (x,y)
giwen by good steps only. Moreover, we have

exp (—28log”(4M/m)) < |A(z,y)| < exp (201log?(4M/m))
where M = max{|zo| + p, Mo, 1} and m = min{|zo| — p, mo, 1}.

Proof. We follow the proof of [21, Thm. 3.10|, and hints on how to generalize it to
higher genera given in [22, Prop. 3.7|. We may fix a € R and restrict our attention
to Uy (mo, My, @).

First of all, by the proof of [21, Lem. 3.8, each (z,y) € U, (mq, My, @) X D,(20)*
is the starting point of at least one extended Borchardt sequence (u,s) with good
sign choices at all steps. Any two such sequences differ at the n'® term by global
multiplication (ul()")) pez, Py @ 2"-throot of unity; therefore, their extended Borchardt
means are equal. Note that M (resp. m) is an upper (resp. lower) bound on the
modulus of all complex numbers appearing in these extended Borchardt sequences.
In the rest of this proof, we fix 6y € R such that 6, = arg(zy) mod 27, and consider
the unique such sequence (u, s) whose n'® term lies in

U, (m, s (22n_ WO) X U, (m, M, 0).

Each term of (u, s) is an analytic function of its starting point (z,y).
By construction, we have for all n > 0:

}sl(,") — s(()")‘ <27z
Let p be the Borchardt mean of s. For n > 1, write

 (ug"y?

Qn - n—1 9
'

so that for all £ > 0, we have

2k
uy’ o
ANz, y) = 7 H Qny1-

n>k
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These complex numbers ¢, converge quadratically fast to 1. To be more explicit, we
have for all n > 1:

n n n M n n n
) ()tg)}<£2<‘t§)>_tg)}+}vb _U((])D

S oy
beT,

VM n
§2g_2\/ml;<‘8l() _SO ‘+‘ub ué)‘)

n
<2 (2 2" |20] + Z\ué”)—ué"’\)-
2\/7 beT,
To bound the remaining sum, we write
uy” —u v — )
b'eIg
_ VM .
1)‘ < _2—2 1|ZO|

< \r >l
Therefore, we have for all n > 1

n n 5 [IM __gn- o
Y — e [ </ 2 Nl =B 27 g
m

We deduce as in |21, Thm. 3.10] that
g1 — 1 < B 27"

where

1 M3
B' =2|z| + —(2MB+ B?) < > -
m

Let £ > 1 be minimal such that B’ - 9—2¢7! <

5 2 loglguun] < 320

n>k n>k

%. Then we have

2n71

S92 g2 L9k

N —

This proves that the sequence (7) converges; since our estimates are uniform, A must
be analytic. Moreover,

(k) ok
u
A, y)| = |2

[Tlna?" < exp (28(1 + log(M/m))) .

n>k
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We obtain the final upper bound on |A(z,y)| from the inequality 2% < 4(1+log,(B’)),
after some further simplifications. The lower bound comes from the inequality

> 2" log|gui| > —2% - 21og(2)

n>k

in a similar way. O

3.3 The general case

Let s be a Borchardt sequence containing finitely many bad steps. We now construct
the “Borchardt mean following s” in a neighborhood of the first term of s as an
analytic function, provided that s contains no zero value. To make things explicit,
we introduce the following quantities:

e a real number My > 0 such that }sl()o)} < My for all b € Zj;

e an integer ng such that all steps in s of index n > ng are good;

e a real number m, > 0 such that (sl()"o)

of §3.2;

)bezg € Uy(Mmoo, Mp) in the notation

e for each 0 < n < ng — 1, a real number m, > 0 such that }sl()")‘ > m,, for
all b € Z,.

For each n < ng— 1, we also let (tl()"))b T be a collection of square roots of (sl()"))
such that the n 4 1% term of s is given by the recurrence relation (4).

It will be useful to introduce Borchardt steps as analytic maps, besides the case
of good sign choices. Let z = (2z)pez, € C¥'; assume that 0 < m < M are real
numbers such that m < |z|*> < M for all b. Then for each b € Z,, there exists a
unique analytic square root map sqrt,, on the disk D,,2(27) which maps z; to z,.
Thus, we have a well-defined analytic map

beT,

BStep, : H Dyja(zy) — C¥

bET,

A quick calculation shows that ||d BStep,| < \/(2M + m)/m uniformly on its open

set of definition.
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Lemma 3.3. Given s and the quantities listed above, let

ng—1
. mo My mo Moo mj
— e B . L 9
g mm{ 2 2 \V2Mytmy 2 g\/zMOerj} ©)

Let 500 = (sl()o))bg be the first term of s, and let x € D,(s9)). Then there exists a
g

unique Borchardt sequence s' with the following properties:
1. the first term of s’ is x;

2. for all0 <n <ng—1 and all b € Z,, we have ‘s’l(,") — sl(,")‘ < %mn; moreover
the n + 15 term of s' is the result of a Borchardt step with choice of square
roots sqrttl()m(s’l()")) for allb € T,;

3. for all n > ng, the n+ 15° term of ' is the result of a Borchardt step from the
previous term with good sign choices.

Proof. We proceed by induction, using the above estimate on derivatives of Borchardt
steps for n < ng — 1. O

Proposition 3.4. Given s and the quantities listed above, let s = (sl()o))bg be
g

the first term of s, and define p > 0 as in (9). Then there exists a unique analytic
function ps: D,(s) — C with the following property: for each x € D,(s?), the
value of s at x is the Borchardt mean of the sequence defined in Lemma 3.3. We
have tmo, < |ps(z)| < Mo + p for all x € D,(s).

Proof. By Lemma 3.3, the function pu; is obtained as the composition of a finite num-
ber of analytic Borchardt steps, followed by an analytic Borchardt mean as defined in
Proposition 3.1. The upper bound on |us(z)| comes from the fact that ||z| < Mo+ p.
For the lower bound, we remark that the ny*™ term of the Borchardt sequence of
Lemma 3.3 lands in Uy (2me, My + p). O

We extend this result to the case of extended Borchardt means. Let (u, s) be an
extended Borchardt sequence containing finitely many bad steps. Assume that we
are given:

e adisk D,(zp) C C such that p < - |z| (for instance, zo and p may be dyadic);

e An integer ng such that all values in sl()"O) lie in D,(29), and after which all sign
choices in (u, s) are good;
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e A real number My > 1 such that ‘sgo)‘ < My and ‘ul(,o)‘ < My for all b € Z,,
and My > |z0] + p;

e a real number 0 < my, < 1 such that the ny™ term of u lies in U, (Mmoo, My),
and M < |20| — p;

e For each 0 < n < ng — 1, a real number m,, > 0 such that }Sl(,")‘ > my,
and ‘ul(,")‘ > m,, for all b € Z,.

For each n < ng — 1, we also let (tl(,"))b oy and (vén))b 7. be collections of square
g g

roots of (Slgn))bezg and (“I()n))bezg respectively such that the n 4+ 15 term of (u, s) is

given by the recurrence relation (6).

The following lemma and proposition are proved by the same methods we used
for regular Borchardt means, and we omit their proofs.

Lemma 3.5. Given (u,s) and the quantities listed above, let

n—1
My, My,
= i _|| S — 1
P o%%érto< 2 14 2Mo+mn>’ 1)

with the convention that My, = Me. Let (u¥,s©) be the first term of (u,s), and
let (z,y) € D,((u®,s©)). Then there exist extended Borchardt sequences (u',s')
with the following properties:

1. the first term of (W', s) is (x,y);
2. for each 0 <n <ng—1 and each b € Z,;, we have

}s'g)—sé)}<§mn and |u'£)—ué)|<§mn;

moreover the n+ 15 term of (v, s") is the result of an extended Borchardt step

with choices of square roots sqrttl()m(s’l()")) and sqrt, (W™ for all b € T,;

3. for all n > ng, the n + 15 term of (u, s) is obtained from the previous one by
an extended Borchadt step with good sign choices.

These extended Borchardt sequences coincide up to their ng'™ terms, and their ex-
tended Borchardt means are equal.
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Proposition 3.6. Given (u,s) and the quantities listed above, let (u(?,s(?) be the
first term of (u, s), and define p > 0 as in (10). Then there exists a unique analytic
Junction A5 Dy(20) — C with the following property: for each (x,y) € D,(2), the
value of Ay at x is the extended Borchardt mean of any of the extended Borchardt
sequences defined in Lemma 3.5. Moreover, we have

exp(—281log*(4M/m)) < |Aus(z,y)| < exp(20log®(4M/m))

where m = %moo and M = My + p.

Remark 3.7. In [6, §6.1], [5, §7.4.2], |21, §3.4], and [22, Prop. 3.7| it is shown that
the analytic functions p, A, 15 and A, 5) that we just defined can be evaluated at any
given complex point in quasi-linear time O(M(N )log N ) in the required precision,
where M(N) denotes the cost of multiplying N-bit integers. In fact, these proofs
show that these analytic functions can be evaluated in uniform quasi-linear time. In
the case of p, and A(,s), the implied constant only depends on the auxiliary data
listed in this section, not on the Borchardt sequences themselves.

4 Newton schemes for theta functions

In this section, we present the different Newton schemes used for the computation of
theta constants and theta functions in genus 1 and 2 as well as possible extensions
to higher genera, following [6, 5, 21, 22|. We formulate them in terms of the analytic
Borchardt functions introduced in §3. In the three cases of theta functions in genus 1
and theta constants in genus 1 and 2, we are able to write down the inverse of the
analytic function C" — C" used in the Newton scheme in an explicit way. This
provides us with all the necessary data to apply the results of §2 and obtain explicit
convergence results for these Newton schemes.

4.1 General picture

The Newton schemes we consider to compute theta constants at a given point 7 € H,
use increasingly better approximations of the point

_ ((Oos(0:7/2)
O(r) = (90,0(0,7/2))5)629\{0}

From this input, computing certain Borchardt means will provide approximations
of the quantities 937%,(0, NT), for any symplectic matrix N € Sp,,(Z) that we might

e C¥ L, (11)
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choose. Recall that a matrix N € Sp,,(Z) with g x g blocks (25) acts on H,
as N7 = (ar + b)(cT + d)™', and on C? x H, as N - (2,7) = ((c7 + d)7'2,N7),
where ~! denotes inverse transposition. The next proposition, derived from the works
mentioned above, is key.

Proposition 4.1. Let 7 € H,y, let z € C9, and let A\, p € C*. Then

(7981,(0, 2n7)> (12)
H bETyn>0

is a Borchardt sequence with Borchardt mean 1/p, obtained from the choice of

square roots
(9071,(0, 2”7‘) )
VH bez,

for some choice of \/Ii, at each step.

1. The sequence

2. All sequences of the form

(6’8,5)(2', 2"71) 65,(0, 2”7‘))
)\277LM1_27” Y IU bez{ﬁnzo

(13)

with compatible choices of 2 "-th roots (i.e. such that (A2 )2 = A" and
(=272 = - 2" for all n) are extended Borchardt sequences with ex-
tended Borchardt mean 1/X; they precisely are the sequences obtained from
choices of square roots of the form

( 0o (2, 2"T) 60.5(0, 2"7’))
)\2777,71/1/(1_2777,)/27 \/ﬁ bEIg

or some choice of square roots of u, \>"" and u*=2"", at each step.
u 1

Consider first the case of theta constants. From the theta quotients (11), one
can compute all squared theta quotients of the form 62 ,(0,7)/65 (0, 7/2) using the
duplication formula. Then, applying the transformation formulas under Sp,,(Z) [23,
§I1.5] allows us to compute all theta quotients of the form 63 ,(0, N7)/65,(0, N7)
for b € Z,. Finally, applying Proposition 4.1, (1) gives us access to p = 9870(0, NT),
so that we can recover all 9§7b(0, NT), as promised. At the end of the algorithm, we
apply the transformation formulas once more: the relations between squared theta
values 67 ,(0,7) and 62 ,,(0, N7) involve a factor det(CT + D) where C, D are the
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lower g x g blocks of N. These determinants are simple functions of the entries of 7,
and we use this feedback in a Newton scheme to compute a better approximation
of the initial theta quotients (11). When an appropriate precision is reached, we
repeat the above process one last time to return approximations of the squared theta
values 62 ,(0, 7).

In the case of theta functions, we consider the following larger set of theta quo-

tients:
o'(r) = ((90,5,(0,7'/2)7 Ho,b(z,7/2))
9070(0, T/2) ‘90,5(2, T/2) bEIg\{O}

We obtain the theta quotients 63 ,(N - (z,7)) /03 o (N - (2, 7)) from the transformation
formulas, and Proposition 4.1, (2) allows us to compute A = 62,(N - (z,7)). The
feedback is again provided by transformation formulas, and involves simple functions
(determinants and exponentials) in the entries of z and 7.

In order to run this algorithm, one has to make the correct choices of square roots
each time Proposition 4.1 is applied. At the end of the loop, when using feedback on z
and 7 to obtain theta values at a higher precision, one assumes that the Jacobian
matrix of the system is well-defined and invertible; in particular, it must be a square
matrix. In practice, one computes an approximation of this Jacobian matrix using
finite differences; the resulting Newton scheme is of the type studied in §2.

We close this presentation with a discussion on argument reduction. Before at-
tempting to run these Newton schemes, one should reduce the input (z,7) using
symmetries of theta functions. Performing this reduction is necessary to even hope
for algorithms with uniform complexities in (z,7). If ¢ < 2, it is possible to use
the action of Spy,(Z) on 7 to reduce it to the Siegel fundamental domain Fy C H,
defined by the following conditions |20, §1.3]:

eC¥ 2, (14)

e Im(7) is Minkowski-reduced;
e |[Re(r;;)| <1/2forall1<i,j<g;

e |det(CT + D)| > 1 for all g x g matrices C, D forming the lower blocks of a
symplectic matrix N € Spy,(Z); in particular we have |7;;| > 1forall1 <i < g,
so that Im(7;;) > V3/2.

The reduction algorithm is described in |26, §6].

In fact, it is possible to obtain useful information on values of theta functions,
and to study the Newton schemes described above, without assuming that all the
conditions defining F, hold: see for instance |26, Prop. 7.6]. On the other hand, we
will additionally assume that the imaginary part of 7 is bounded; this assumption is
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necessary to show that the Newton schemes converge uniformly. Other inputs can
be handled using duplication formulas and the naive algorithm: see |6, §6.3| and [21,
§4.2| in the genus 1 case. We will adapt this strategy to obtain a uniform algorithm
for genus 2 theta constants in §5.

The argument z can be reduced as well. By periodicity of the theta function (-, )
with respect to the lattice Z9 + 779 (23, §I1.1], it is always possible to assume
that |Re(z;)| < 1 for each i, and that

Il’Il(Zl) U1

Im(z,) Vg

for some vector v € RY such that |v;| < % for all 7. Since duplication formulas relate
the values of theta functions at z and 2z, we can in fact assume that z is very close
to zero, for instance |z;| < 27" for some fixed n.

In the rest of this section, we analyze the Newton systems more closely in the case
of theta constants of genus 1 and 2, as well as theta functions in genus 1, for suitably
reduced inputs; our goal is to apply Theorem 2.3. We also discuss the situation in
higher genera.

4.2 Genus 1 theta constants

In the case of genus 1 theta constants, the Newton system is univariate, and 7 is
simply a complex number with positive imaginary part. Let Ry C H; be the compact
set defined by the following conditions:

e |Re(7)] < %;
o 7| >1;
e Im(7) < 2.

Thus, R, is a truncated, closed version of the usual fundamental domain F;. The
only matrix in Spy(Z) = SLy(Z) that we consider is

0 -1
=00,
so that N7 = —1/7. By [23, §1.7], we have

9370(0, N7) = —weg,o(o, 7). (15)
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It turns out that the two Borchardt sequences used in the algorithm, namely

<9§,b(0, 2”T)> (93,5,(0, 2" N'T)
s1= | —FH5——— and sy = | 5
beZ/27,n>0

1
2 ,(0.7) 02 (0, N 7) (16)

) bEZ/2Z.n>0

are given by good sign choices only: see [6, Thm. 2| and [3, Lem. 2.9]. Our first aim
is to collect the data listed in §3.2 for these sequences. This can be done by looking
at the theta series (1) directly; see for instance [21, Lem. 3.3]. We formulate the
following result in the more general context of theta functions, since it will also be
useful in §4.3.

Lemma 4.2. Let (z,7) € C x Hy be such that that |Im(z)| < 2Im(7), and write
q = exp(—mIm(7)). Then we have

2q" exp(47|Im(2)|)
1 — ¢ exp(2m|Im(2)[)

“90,6(2, T) — 1‘ < 2qcosh(2m Im(2)) +

for allb € Z/2Z, and

‘91,0(2, T)
exp(miT/4)

2¢* exp(3|Tm z|)

— (eXp(ﬂ"lZ) + exp(—ﬂ"lZ))‘ < 1— q4 exp(27T|III1 Z‘) ‘

Proof. For the first inequality, write
Oop(2,7) = 1 + exp(miT + 2miz) + exp(mwiT — 2miz) + Z exp(min®t + 2minz).
nez, [n|>2
The modulus of this last sum can be bounded above by
QZ:eXp(—Wn2 Im(7) 4 27n|Im z|), (17)
n>2

and we conclude by comparing (17) with the sum of a geometric series matching its
first two terms. The proof of the second inequality is similar and omitted. O

In particular, for each 7 € R, we have ‘«90,0(0, 7'/2)—1‘ < 0.53, so that 6y (0,7/2),
which appears as the denominator of ©(7) in (11), is indeed nonzero. More numerical
computations will appear in subsequent proofs; we will only write down the first few
digits of all real numbers involved.
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Proposition 4.3. Let 7 € Ry. Then, in the notation of §3.2, the following bounds
apply to the Borchardt sequence (16) with p = 9370(0, T):

mo = 0.56 and MO =1.7.
The following bounds apply to the sequence (16) taken at N1 with p = 9870(0, NT):
mo=0.13 and My =1.38.

Proof. For the first sequence, we note that exp(—mIm(7)) < 0.066, and conclude
using Lemma 4.2. For the second sequence, we invoke the transformation formula:

we have
9071(0, —1/’7‘) _ 9170(0, ’7‘)
9070(0,—1/7) 9070(0,’7').
By Lemma 4.2, the angle between 6(0,7) and 6 (0,7) seen from the origin is at

most 0.95 < 7/2; moreover we have 0.41 < |2exp(in7/4)| < 1.02, from which the
claimed bounds follow. O

Theorem 4.4. Let p=1.4-107%, define © as in (11) for g =1, and let
V=] D,(0(n).
TER

Then the operations described in §4.1, taking good choices of square roots always,
combined with eq. (15) define an analytic function F':V — C such that

FO(r) =T
for each T € Ry. We have |F(x)| <27 for allx € V.

Proof. We backtrack from the result of the previous proposition. Let 7 € R;. Then
the Borchardt means we take are well-defined as analytic functions on any open set
where the theta quotients

98,1(7) d 9%0(7’)

an
05.0(T) 05,0(T)
are perturbed by a complex number of modulus at most m = 0.13. We construct V in

such a way that the maximal perturbation will not exceed m/2. The quantities (18)
are obtained as quotients of the form:

0ap(7)/00,0(7/2)
050(7)/030(7/2)
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By Lemma 4.2, the modulus of the denominator is at least 0.32, the modulus of
the numerator is at most 5.7. Hence, each of the individual theta quotients (19)
may be perturbed by any complex number of modulus at most 6.2 - 1074, In turn,
these quotients are obtained from the duplication formula applied to 1 and O(7);
the modulus of these two complex numbers are at most 2.13, hence they may be
perturbed by p = 1.4 -107%. By construction, the value taken by the resulting
Borchardt means at any x € V has modulus at least 0.066 and at most 1.8, hence
the final bound on |F(z)]. O

Since the inverse of F'is given by theta constants, we easily see that the Jacobian
of F' is invertible at all the relevant points, in a uniform way:.

Proposition 4.5. For each 7 € Rq, we have
lde ()| < 125.

Proof. By Lemma 4.2, the denominator of this function has modulus at least 0.47,
and its numerator has modulus at most 1.53. The result will then follow from
an upper bound on the quantities ||dfy,(7/2)|]. We can derive such bounds from
Proposition 2.2, noting that 6y, is an analytic function defined on D;/4(7/2), and
has modulus at most 2.34 on this disk by Lemma 4.2. O

Combining Theorem 4.4 and Proposition 4.5 with the results of §2, we obtain:

Corollary 4.6. For all T € Ry, the Newton scheme described in §4.1 to compute
theta constants at T will converge starting from approximations of ©(7) to 60 bits of
Precision.

4.3 Genus 1 theta functions

In the case of genus 1 theta functions, Newton iterations are performed using two
complex variables. As in §4.2, we only use the symplectic matrix

N:((l) ‘01).

The Newton scheme involves the extended Borchardt mean of the sequence (13)
with A = 65 (2, 7) and p = 65,(0,7), as well as the analogous sequence taken at
N - (z,7) = (z/7,—1/7) instead of (z,7). Feedback is then provided by the two
following equalities |23, §1.7]:

03,0(07 NT) = _iTH(%,O (07 T)a

6’870 (N . (2,7‘)) = —i7 eXp(QWizz/T)HaO(Z,T). (20)

23



Both extended Borchardt sequences are given by good sign choices only [21, Prop. 4.1],
provided that the following reductions are met: 7 € R, and the inequalities

()] < SIm(r),  [Re(2)] < 1)

ool —

are satisfied. Let S; C C x #H; be the compact set of such (z,7). Our first goal is to
collect the necessary data to apply Proposition 3.6 in this context.

Lemma 4.7. Let (z,7) € 81, and let a,b € Z/2Z. Then the following inequalities
hold:

1606(2,7/2) — 1] < 0.68,
0ap(2,7)] < 1.17, and
“91,0(2,7')‘ > 0.37.

Proof. These inequalities are direct consequences of Lemma 4.2. Let us only detail
the lower bound on [6; 9(z,7)|. Since |[Rez| < &, we have

Re(exp(miz) + exp(—miz)) > 2 cos(m/8) cosh(m Im(z)) > 1.84.

Therefore,
|61 0(2,7)| > exp(—mIm(7)/4)(1.84 — 0.025) > 0.37. O

Proposition 4.8. Let (z,7) € 8. Then, in the notation of 8§3.3, the following
bounds apply to the extended Borchardt sequence (13), where X\ = 6§ o(z,7) and

= 9(2]’0(0,7') :
ngo=1 My=194, my=051 and ms =0.72.

The following bounds apply to the extended Borchardt sequence (13) taken at N-(z, 1),
with A = 63 o(N - (2,7)) and = 6035(0, N7):

ngo=1 My=1.69, mo=0.1, and my = 0.51.

Proof. These explicit values are also derived from Lemma 4.2. In the case of the
second Borchardt sequence, we analyze the first term using the transformation for-
mula for theta functions under SLy(Z). For the next terms, we use the following
inequalities:

Im(r) _ VITP—3

.

Im(—1/7) =

> 0.46,



m(z/7) = #‘Im(z) Re(7) — Re(z) Im(T)} < 1_36 Im(—1/7),

so that for instance
|05,0(z/7,—1/7)| < 1.78. O

Theorem 4.9. Let p=2.9-1075, define ©' as in (14) for g =1, and let
V=[] D
(z,7)ESL

Then the operations described in §4.1, taking good choices of square roots always,
combined with the formulas (20) define an analytic function F:V — C? such that

F(O'(1)) = (1,exp(2miz* /7))
for each (z,7) € ;. We have ||F(z)| < 4.3 -10%' uniformly on V.

Proof. We apply Proposition 3.6 with the explicit values provided above; to find
an acceptable p, we follow a backtracking strategy as in the proof of Theorem 4.4,
using the first two inequalities of Lemma 4.7. The upper bound on || F'|| comes from
Proposition 3.6. O

The upper bound on ||F|| could certainly be improved in this situation, but the
above value will be sufficient for our purposes.

This function F' admits an analytic reciprocal. Here it is essential that the theta
constants 6y (2, 7) for b € Z /27 are invariant under z — —z; this implies that they
can be rewritten as analytic functions of 22.

Proposition 4.10. Let b € Z/27. Then there exists a unique analytic function
CO,b: C x 7‘[1 —C
such that for all (z,7) € C x Hy, we have 0yy(z,7) = Cop(22, 7).

Proof. Consider the following reorganization of the theta series:

Oop(z,7) =1+ Z " exp(min®T)(exp(2minz) + exp(—27winz)).

n>1

Each factor exp(2minz) 4+ exp(—2minz), as an even entire function, has only powers
of 2% in its Taylor series. We obtain a candidate (y; as a formal power series, easily
seen to converge uniformly on compact sets of C x H;. O
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Note that for every (z,7) € Si, we have Re(2?/7) < 1/2; therefore exp(2miz?/7)
lands in the domain of definition of the principal branch of the complex logarithm,
denoted by U. Consider the two following maps:

7‘[1 xU — C x Hl — CxC
(r,2) = (55 log(x), 7))
(v, 7)

00.1(0,7/2) Coa(y,7/2)
~ (eo,omm/z)’co,o<y,7/2>)‘

Call G their composition; it is well-defined on an open neighborhood of the image
of S by (z,7) — (7,exp(2miz?/7)), and is the reciprocal of F.

Proposition 4.11. For each (z,7) € 81, we have
HdG(T, exp(2miz®/7))|| < 8.6 - 10*.
Proof. Let & = exp(2miz?/7), and y = 22. We have

‘Im(zz/T)} _ . i(Im(T) + Im(T)3 + Im(T))

= <
72 64 =16

showing that |z| is close to 1. It only remains to obtain explicit upper bounds
on the derivative of (/0. To obtain such bounds, we consider the polydisk of
radius 1/16 centered in (y,7/2); by Lemma 4.2, we have [(y| < 5.8 on this disk for
each b € Z/27Z, so that ||dCos(y,7/2)|| < 277 by Proposition 2.2. We can conclude
using the lower bound on |{yo(y, 7/2)| provided by Lemma 4.7. O

Corollary 4.12. For all (z,7) € S, the Newton scheme described in §4.1 to compute
theta functions at (z,7) will converge starting from approximations of G(1) to 1600
bits of precision.

4.4 Genus 2 theta constants

In the case of genus 2 theta constants, Newton iterations are performed on three
variables, and feedback is provided by the action of three symplectic matrices.

For general g, certain interesting symplectic matrices can be written down ex-
plicitly. Denote the elementary g x g matrices by E; ; for 1 <+¢,5 < g, and let I be
the identity matrix. Let M; and N;; (i # j) be the following symplectic matrices,
written in g x g blocks:

M; = (EZ —I+ EZ) » M= (E” + L —1+Eii+ Ej,j)

26



The matrices M; and N;; are precisely engineered so that determinants of the
form det(CT + D) give us direct access to the entries of 7. In the case of genus 2
theta constants, considering these three matrices M;, M, and N; 2 is enough to run
the Newton scheme, using the following formulas [10, Prop. 8|:

980,00(()’ MyT) = _7'1719(2)1,00(@7')’
980,00(07 M,T) = _7'2,29%0,00(077')7 and (22)
980,00((% NioT) = (7'12,2 - 7'1,17'2,2)930,00(0, 7).

In [19], it is shown that all four Borchardt sequences of the form (12) taken
at 7, M7, Myt and N; o7 are given by good choices of square roots only, provided
that 7 satisfies the following conditions:

e [Re(r;;)| < 5 forall1<4,j<2,
[ 2|II'I1(T1’2)| S Im(TLl) S Im(7‘272),
o || >1forj=12.

These inequalities hold in particular whenever 7 lies in the Siegel fundamental do-
main F5. Let Ry be the compact set of such matrices 7, with the additional as-
sumption that Im(7 ;) < 2 and Im(7p3) < 8. This choice of upper bounds will be
explained by the construction of a uniform algorithm in §5.

As in the previous sections, we will collect the explicit data we need to apply
Proposition 3.1 using inequalities satisfied by genus 2 theta constants. Many such
inequalities already appear in [20, §9], [5, §6.2.1], [26, §7.2], and [19]; we will use one
more.

Lemma 4.13. For each T € Ry, we have 0.44 < |6y0(0,7/2)| < 2.66.
Proof. Let

&o(T/2) =1+ 2exp (z'7r Im(7‘171)/2) + 2 exp(iﬂ Im(7‘272)/2).

Since T € Ry, the complex number &y(7/2) has modulus at least 1 and at most 2.1.
By [19, Lem. 4.4], we have |6y0(0,7/2) — & (7/2)| < 0.56. O

Proposition 4.14. Let 7 € Ry. Then, in the notation of §3.2, the following bounds
apply.

1. In the case of the Borchardt sequence (12) with A\ = 63,(0,7), we can take
mgo = 0.069 and M, = 13.
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2. In the case of the Borchardt sequence (12) taken at My with X\ = 63 (0, M),
for each j € {1,2}, we can take my = 9.7- 1077 and My = 13.

8. In the case of the Borchardt sequence (12) taken at Ny o with X = 63 (0, N1 27),
we can take mo = 2.2-1072 and M, = 13.

Proof. We only have to analyze the first term of each of these Borchardt sequences.
These explicit constants are then derived from the proof in [19] that these complex
numbers are in good position. O

Theorem 4.15. Let p =1.9-107%, define © as in (11) for g = 2, and let
V=] D,(e(r) cC
TER

Then the operations described in §4.1, taking good choices of square roots always,
define an analytic function F: V — C? such that

F(@(T)) = (7'1,177'2,277'1272 — T1,1T2,2)
for each T € Ry. We have ||F|| < 4.5-10* uniformly on V.

Proof. The first terms of each of the Borchardt sequences analyzed in Proposi-
tion 4.14 is obtained as quotients of the quantities

eg,b(ov T)
‘98,0 (07 T/Q) ’
for all even theta characteristics (a, b) (i.e. such that a’b =0 mod 2), except (11, 11).
The numerator and denominator of these quantities is bounded, both above and away

from zero, by Lemma 4.13 and |26, Cor. 7.7]. Using these inequalities combined
with Propositions 3.1 and 4.14 is sufficient to obtain an explicit value of p. O

To conclude, we show that the Jacobian of F'is uniformly invertible by writing its
inverse in terms of theta functions. Since F' only recovers the square of 7 2, we use
the fact that each of the fundamental theta constants 6 ;(0, -) for b € Z, is invariant
under change of sign of 7 5.

Lemma 4.16. Let V C C? be the image of Ha under 7+ (711, To2, — det 7). Then,
for each b € Iy, there exists a unique analytic function &p: YV — C such that

90,1)(0’ 7_/2) = 50,11(7'1,1, T2,2, — det 7‘)
for all T € Hs.
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Proof. In the theta series (1) for z = 0, the only terms involving 7 5 are those
associated with (ny,ny) € Z? both nonzero. Write b = (by,by). Then, the terms
associated with (ny,n9) and (ny, —ng) are

exp (i7(71,1n% + 7'272n§ + 27’1’271172,2)) (—1)"15’1"'”21727

so their sum can be written as a power series in 7, only. 0

Let G be the following analytic function:
G(l’,y,Z) _ <£O,b(x7yvz)> )
60,0(1'9 Y, Z) beZ2\{0}

It is well-defined on a neighborhood of the image of Ry by 7 +— (71,1, To,2, — det 7),
and is the reciprocal of F'.

Proposition 4.17. We have ||dG (711, T2, —det 7)|| < 1.3-10* for all 7 € R,.

Proof. Fix p = 1/4, and let us compute an upper bound on [£;(z, y, #)| for each point
(r,y,2) € Dp((ﬁ,l, T2, — det 7')) Then z,y, z are of the form (7] ,, 75,5, — det 7’) for
some 7" € Hy; the smallest eigenvalue of Im(7’) is bounded from below by

det(7)
Tr(17)

> 0.12.

By the proof of [19, Lem. 4.7], the function || is uniformly bounded above by 9.28
on the disk we consider. By Proposition 2.2, we have

|d&o (71,1, T2, — det 7)|| < 149
for each b € Z,. The upper bound on ||dG|| then follows from Lemma 4.13. 0

Corollary 4.18. For all 7 € Ry, the Newton scheme described in §4.1 to compute
theta constants at T will converge starting from approzimations of ©(1) to 300 bits
of precision.

4.5 Higher genera

In higher genera, including the case of genus 2 theta functions, we are no longer able
to show that the linear systems appearing in the Newton schemes are invertible, nor
a fortiori are we able to give an explicit upper bound on the norm of their inverse
Jacobians. Let us shortly explain what the obstacle is.
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In order to build a Newton scheme, the linearized system must be square; however,
as g grows, the number r of theta quotients (either 29—1 in the case of theta constants,
or 2971 — 2 in the case of theta functions) becomes greater than the dimension of H,
or CY x H, respectively. Two ways around this issue are suggested in [22, §3.5]|:

1. One could keep all theta quotients as variables, and simply consider more
symplectic matrices N to provide suitable feedback; or

2. One could perform Newton iterations not on the whole of C", but rather on
the algebraic subvariety of C" obtained as the image of H, or C x H, by the
fundamental theta quotients (11) or (14).

A fundamental obstacle to the second idea seems to be that the algebraic sub-
variety of C" on which the theta quotients lie is not smooth everywhere in general:
consider for instance the Kummer equation [13, §3.1] in the case of genus 2 theta con-
stants. On the other hand, it seems very likely that the first possibility can give rise
to suitably invertible systems, since much freedom is allowed in the choice of sym-
plectic matrices. However, the inverse of F' will no longer be described completely
by theta functions, so the method we employed above to prove the invertibility of
the linearized systems no longer applies.

Despite the current lack of a uniform algorithm, the following approach is avail-
able to certify the result of Newton’s method to evaluate theta constants (resp. func-
tions) at a given 7 € H, (resp. (2,7) € CI xH,). A finite amount of precomputation,
along with the results of Section 3, will allow us to compute real numbers p > 0
and M > 0 such that the function F' appearing in Newton’s method is analytic
with |F| < M on a polydisk of radius p around the desired theta values. This gives
upper bounds on the norms of derivatives of F' on a slightly smaller polydisk; in par-
ticular, we can compute a certified approximation of dF~! using finite differences,
and check that it is indeed invertible. This provides all the necessary data to run
certified Newton iterations.

5 A uniform algorithm for genus 2 theta constants

We have shown in §4.4 that genus 2 theta constants can be evaluated on the compact
subset Ry of Hy in uniform quasi-linear time in the required precision, in a certified
way. Using this algorithm as a black box, we now design an algorithm to evaluate
genus 2 theta constants on the whole Siegel fundamental domain F, in uniform
quasi-linear time, generalizing the strategy presented in [6, Thm. 5|, [21, §4.2] in the
genus 1 case: we use duplication formulas to replace the input by another period
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matrix which either lies in Ro, or is sufficiently close to the cusp, in which case the
naive algorithm can be applied. We will use the following transformations: for every
T € Hy, write

Di(r) =2 and DQ(T):<2T“ 71’2).

1
T2 35722

Recall that every 7 € F; satisfies the following inequalities:

|Re(7;;)| < % for each 1 <1i,5 < 2,
2‘111’1(7'172” S Il’Il(TLl) S Il’Il(TZQ), (23)
|7;: > 1 for each i € {1,2}.

We also define
J = ((00,00), (00,01), (10,00), (10,01)) € (Z5 x I»)*,

which is the tuple of theta characteristics corresponding to the indices 0,2,4,6 in
Dupont’s indexation [5, §6.2]. For each 7 € Hs, the duplication formula allows us
to compute all squares of theta constants at 7 given the theta values 8y, (D1 (7)) for
all b € Z,. By applying the theta transformation formula to the symplectic matrix

0

0
—1

0

o O = O
o O O
_— o O O

we also see that all squares of theta constants at 7 can be computed from the theta
values 0,,(Ds(7)) for (a,b) € J. It turns out that these complex numbers are in
good position; hence, they are easily determined from their squares up to a harmless
global change of sign.

Lemma 5.1. Let 7 € Hy be a matriz satisfying (23).

1. If Dy(7) satisfies (23), then the complex numbers (6,(D1(7))) are in good

position.

beZs

2. If Do(T) satisfies (23), except that the real part of Da(T)11 is allowed to be
smaller than 1 instead of %, then the complex numbers (Ga,b(D2(T)))(a7b)€j are
in good position.

Proof. See |25, Prop. 7.7] and [19, Lem. 5.2|. O
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Theorem 5.2. There exists an algorithm which, given T € Ho satisfying (23) and
gwen N > 1, computes the squares of theta constants at T to precision N within
O(M(N)log N) binary operations, uniformly in .

Proof. Fix an arbitrary absolute constant C' > 0 (for instance 10); in practice, this
constant should be adjusted to minimize the algorithm’s running time. First, let ko
be the smallest integer such that

2k2 Im(ﬁ,l) Z l'Illl'l{CN, 2_k2_2 Im(TQ,Q)},

and let 7" be the matrix obtained after applying ks times D, to 7 and reducing the
real part at each step. In order to compute theta constants at 7 to precision N,
we can compute theta constants at 7/ to some precision N’ > N, then apply ko
times the duplication formula; all sign choices are good by Lemma 5.1. We have
k2 = O(log N), and the total precision loss taken in extracting square roots is O(N)
by [26, Prop. 7.7]. Therefore, the total precision loss is O(N) bits, and we can
choose N’ = C'N where C’ is an absolute constant.

Two cases arise now. If Im(7{;) > CN, then we also have Im(r;,) > CN;
therefore we can compute theta constants at 7’ to precision N’ using O(M(N ))
operations with the naive algorithm. Otherwise, we have

Im(7{ ;) < Im(7},) < 4Im(r],) < 4CN.

Therefore we can find an integer k; = O(log N) such that 7/ = D!(') belongs
to Ra, by definition of this compact set. We will compute theta constants at 7"
to some precision N” > N’ using the Newton scheme described in §4, then use
the duplication formula k; times. Since O(1) bits of precision are lost each time
we apply the duplication formula by [26, Prop. 7.7|, we can also take N” = C"N
where C” is an absolute constant. Therefore, the whole algorithm can be executed
in O(M(N)log N) binary operations. O

Remark 5.3. In order to implement this algorithm in a certified way, one could
use |26, Prop. 7.7] more explicitly to track down an acceptable value of C”. Another
possibility is to start with C” = 1.1, say, and attempt to run this algorithm using
interval arithmetic to obtain real-time upper bounds on the precision losses incurred.
If the final precision we obtain is not satisfactory, we may simply double C” and
restart. The resulting algorithm still has a uniform quasi-linear cost.
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