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A phase retrieval problem consists in reconstructing an unknown object f from a set of phaseless
linear measurements. More precisely, let £ be a complex vector space and {L;};cr a set of linear
forms from E to C. We are given the set of all |L;(f)],i € I, for some unknown f € E and we
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Abstract

We consider the phase retrieval problem in which one tries to reconstruct a function
from the modulus of its wavelet transform. We study the unicity and stability of the
reconstruction.

In the case where the wavelets are Cauchy wavelets, we prove that the modulus of
the wavelet transform uniquely determines the function up to a global phase. We show
that the reconstruction operator is continuous but not uniformly continuous. We describe
how to construct pairs of functions which are far away in L?-norm but whose wavelet
transforms are very close, in modulus. The principle is to modulate the wavelet transform
of a fixed initial function by a phase which varies slowly in both time and frequency. This
construction seems to cover all the instabilities that we observe in practice; we give a
partial formal justification to this fact.

Finally, we describe an exact reconstruction algorithm and use it to numerically con-
firm our analysis of the stability question.

Introduction

want to determine f.
This problem can be studied under three different viewpoints:

e Is f uniquely determined by {|L;(f)|},c; (up to a global phase)?

e If the answer to the previous question is positive, is the inverse application {|L;(f)|};c; —

f “stable”? For example, is it continuous? Uniformly Lipschitz?

e In practice, is there an efficient algorithm which recovers f from {|L;(f)|},c;?

The most well-known example of a phase retrieval problem is the case where the L; represent
the Fourier transform. The unknown object is some compactly-supported function f € L*(R, C)

and the problem is:

reconstruct f from | f |



Because of its important applications in physics, this problem has been extensively studied
from the 50’s. Unfortunately, Akutowicz [1956] and Walther| [1963] have shown that it is not
solvable. Indeed, for any f, there generally exists an infinite number of compactly-supported g
such that |f| = [g].

We are interested in the problem which consists in reconstructing f € L?(R) from the
modulus of its wavelet transform.

A wavelet is a (sufficiently regular) function ¢ : R — C such that [ ¢ (z)dx = 0. For any
j € Z, we define ¢;(x) = a~y(a~Jx), which is equivalent to ;(x) = ¢ (a’z). The number a
may be any real in |1;+o0o[. The wavelet transform of a function f € L*(R) is:

{f *¥5}iez € (L*(R))*
Our problem is then the following:
reconstruct f € L*(R) from {|f ;| }jez (1)

It can be seen as a collection of phase retrieval subproblems, where the linear form of each
subproblem is the Fourier transform. Provided that v is not pathological and f is uniquely
determined by {f % ;}, the problem is indeed equivalent to:

reconstruct {f.1;};ez from {‘}" (f.@bj)‘}jez
where F is another notation for the Fourier transform. o o
Even if, for any given j, it is impossible to reconstruct f.i; from ‘}' ( f.qu)‘ only, the

reconstruction may be possible: the f .@/A)j are not independent one from the other and we
can use this information for reconstruction.

We consider here the case of Cauchy wavelets. In this case, the relations between the f .zﬁj
may be expressed in terms of holomorphic functions. This allows us to study the problem
with the same tools as in [Akutowicz, 1956]. We show that f is uniquely determined by
{lf *1;|}jez and we are able to study the stability of the reconstruction. We show that, when
the wavelet transform does not have too many small values, the reconstruction is stable, up to
modulation of the different frequency bands by low-frequency phases.

This problem of reconstructing a signal from the modulus of its wavelet transform is inter-
sesting in practice because of its applications in audio processing.

Indeed, a common way to represent audio signals is to use the modulus of some time-
frequency representation, either the short-time Fourier transform (spectrogram) or the wavelet
transform (scalogram, [Mesgarani et al., [2006; Andén and Mallat, 2011]). Numerical results
strongly indicate that the loss of phase does not induce a loss of perceptual information. Thus,
some audio processing tasks can be achieved by modifying directly the modulus, without tak-
ing the phase into account, and then reconstructing a new signal from the modified modulus
(|Griffin and Lim) [1984],[Balan et al., |2006]), which requires to solve a phase retrieval problem.

The interest of the phase retrieval problem in the case of the wavelet transform is also
theoretical.



A lot of work has been devoted to finding or characterizing systems of linear measurements
whose modulus suffices to uniquely determine an unknown vector. If the underlying vector
space is of finite dimension n, it is known that 4n — 4 generic linear forms are enough to
guarantee the unicity ([Conca et all 2013]). Specific examples of such linear forms have been
given by Bodmann and Hammen| [2013] and Fickus et al.|[2013]. (Candes et al. [2011] and
Candes et al|[2013] have constructed random measurements systems for which unicity holds
with high probability and their reconstruction algorithm PhaseLift is guaranteed to succeed.
These examples either rely on randomization techniques or have been carefully designed by
means of algebraic tricks to guarantee the unicity of the reconstruction. By contrast, the
(Cauchy) wavelet transform is a natural and deterministic system of linear measurements, for
which unicity results can be proved.

Most of the research in phase retrieval has at first focused on the unicity of the reconstruction
or on the algorithmic part. The question of whether the reconstruction is stable to measurement
noise is more recent. Bandeira et al. [2013] and Balan and Wang| [2013] gave a necessary and
sufficient condition for stability in the case where the unknown vector = is real but it only
partially extends to the complex case. For several random measurement systems, it has been
proved that, with high probability, all signals are determined by the modulus of the linear
measurements, in a way which is stable to noise (see for example [Candes et al., 2013] and
[Eldar and Mendelson, 2013|). Again, our measurement system presents the interest of being,
on the contrary, totally deterministic. Moreover, to our knowledge, it is the first case where the
question of stability does not have a binary answer (the reconstruction is “partially stable”)
and where we are able to precisely describe the instabilities.

1.1 Outline and results

In the section [2| we prove that a function is uniquely determined by the modulus of its Cauchy
wavelet transform. Precisely, if (¢;);ez is a family of Cauchy wavelets, we have the following
theorem:

Theorem. If f,g € L*(R) are two functions such that f(w) = g(w) =0 for any w < 0 and if
|f x| = g x| for all j, then:

f =¢e"“qg for some ¢ € R

The proof uses harmonic analysis tools similar to the ones used by |Akutowicz| [1956].
We also give a version of this result for finite signals. The proof is similar but easier. We
show that it implies a unicity result for a system of 4n — 2 linear measurements.

Then, in the section , we prove (theorem 3.1)) that the reconstruction operator is continuous.

In the section [4] we explain why this operator is not uniformly continuous: there exist
functions f, g such that |[f — glla & ||f]l2 and |f % ¢;| = |g * ¢;| for all j. In the light
of [Bandeira et al., [2013], we give simple examples of such (f,g). We then describe a more
general construction of pairs (f, g). The principle of this construction is to multiply the wavelet
transform of a fixed signal f by a “slow-varying” phase. Projecting this modified wavelet



transform on the set of admissible wavelet transforms yields a new signal g. For each j, we
have |f x ;| = |g * ¢;|, but we may have f % g.

In the section |5, we give explicit reconstruction formulas. We use them to prove a local form
of stability of the reconstruction problem (theorems and [5.2). Our result is approximately
the following:

Theorem. Let f,g € L*(R) be such that f(w) = §(w) =0 for any w < 0.
Let 7 € Z, K € N* be fized.
We assume that, for each l = j+1,...,7 + K, we have, for all x in some interval:
|fx ()| =~ |g * ()]
[ * (@), lg % ()] 70

Then, for some low-frequency function h:

h.(f ;) = g*1;

This implies that, if the modulus of the Fourier transform does not have too small values,
all the instabilities of the reconstruction operator are of the form described in section [4

Finally, in the section [6] we present an algorithm which exactly recovers a function from the
modulus of its Cauchy wavelet transform (and a low-frequency component). This algorithm
uses the explicit formulas derived in the section [5] It may fail when the wavelet transform is
too close to zero at some points but otherwise it almost always succeeds. It does not get stuck
into local minima, like most classical algorithms (for example |Gerchberg and Saxton! [1972]),
and it is stable to noise.

1.2 Notations
For any f € L'(R), we denote by forF (f) the Fourier transform of f:

flw) = / f(z)e ™dr Yw € R
R
We extend this definition to L? by continuity.

We denote by F~!: L*(R) — L*(R) the inverse Fourier transform and recall that, for any
feL'nL*R):

FU)@) = 5 [ )

We denote by H the Poincaré half-plane: H = {z € C s.t. Im z > 0},



2 Unicity of the reconstruction for Cauchy wavelets

2.1 Definition of the wavelet transform and comparison with Fourier

The most important phase retrieval problem, which naturally arises in several physical settings,
is the case of the Fourier transform:

reconstruct f € L*(R) from |f ‘

Without additional assumptions over f, the reconstruction is clearly impossible: any choice of
phase ¢ : R — R yield a signal g = F~1(|f|e"®) € L2(R) such that || = |f].

To avoid this problem, one may for example require that f is compactly supported. However,
Akutowicz [1957]; [Walther [1963] showed that, even with this constraint, the reconstruction was
still not possible.

More precisely, their result is the following one. If f € L?(R) is a compactly supported
function, then its Fourier transform f admits a holomorphic extension F' over all C: F(z) =
Jg f(x)e™*®dx. If g € L*(R) is another compactly supported function and G is this holomorphic
extension of its Fourier transform, the equality | f | = |g| happens to be equivalent to:

VzeC, F()FE) =G(:)G0E)

This in turn is essentially equivalent to:

{z}ufz) ={=} uiz (2)

where the (z,) and (z/)) are the respective zeros of F' and G over C, counted with multiplicity.
This means that F' and G must have the same zeros, up to symmetry with respect to the real
axis.

Conversely, for every choice of {z/ } satisfying , it is possible to find a compactly supported
g such that the zeroes of G are the 2/, which implies | f| = |g]-

A similar result can be established in the case where the function f € L*(R) is assumed to
be identically zero on the negative real line [Akutowicz, 1956] instead of compactly supported.

Let us know define the wavelet transform and compare it with the Fourier transform.
Let ¢ € L' N L?(R) be a wavelet, that is a function such that [ ¥(z)dr = 0. Let a > 1 be
fixed; we call a the dilation factor. We define a family of wavelets by:

Ve e R j(z) =a¢y(a ) & VweR 9;(w) = ¢(d'w)
The wavelet transform operator is:

f € L*(R) = {f x;}jez € (L*(R))”

This operator is unitary if the so-called Littlewood-Paley condition is satisfied:

(zwj<w>|2=1,\fweR> = <||f||§=Z||f*¢j|I§ vfeL2<R>> (3)



The phase retrieval problem associated with this operator is:

reconstruct f € L*(R) from {|f  1;|}jez

This problem may or may not be well-posed, depending on which wavelet family we use.
The simplest case is the one where the wavelets are Shannon wavelets:

~

V=1, = Vi€Z, j(w)=1ly-iqin

Reconstructing f amounts to reconstruct f Lig-sq-i+1) = f@% for all j. For each j, we have
only two informations about f@/;j: its support is included in [a™7; a7/*] and the modulus of its
inverse Fourier transform is |f % ¢;|. From the results of the Fourier transform case, it is not
enough to determine uniquely f@/;] Thus, for Shannon wavelets, the phase retrieval problem is
as ill-posed as for the Fourier transform.

In this example, the problem comes from the fact that the ﬁj have non-overlapping supports.
Thus, reconstructing f is equivalent to reconstructing independantly each f x;, which is not
possible.

However, in general, the zﬁj have overlapping supports and the f x 1, are not independent
for different values of j. They satisfy the following relation:

(f i) xtp = (fxbw) x2p; Vi keZ (4)

Thus, there is “redundancy” in the wavelet decomposition of f. We can hope that this redun-
dancy compensates the loss of phase of |f % ¢;|. In the following, we show that, at least for
specific wavelets, it is the case.

2.2 Unicity theorem for Cauchy wavelets

In this paragraph, we consider wavelets of the following form:

P(w) = pw)ere ™ lusg ()
(W) = P(aw) Vw eR

where p > 0 and p € L*(R) is such that p(aw) = p(w) for almost every w € R and p(w) # 0, Vw.

The presence of p allows some flexibility in the choice of the family. In particular, if it is
properly chosen, the Littlewood-Paley condition may be satisfied. However, the proofs are
the same with or without p.

When p = 1, the wavelets of the form are called Cauchy wavelets of order p. The figure
displays an example of such wavelets. For these wavelets, the wavelet transform has the
property to be a set of sections of a holomorphic function along horizontal lines.

If f € L*(R), its analytic part f, is defined by:

Jr(w) = 2f (W) luso (6)
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Figure 1: Cauchy wavelets of order p = 5 Figure 2: Lines in C over which |F| is
for j=2,1,0,—1,a=2 known (for a = 2)

We define:
F(z) = —/ WP fy(w)e™*dw  Vzst. Imz>0 (7)
7 Jr

When f. is sufficiently regular, F' is the holomorphic extension of its p-th derivative.
For each y > 0, if we denote by F(. + iy) the function z € R — F(x + iy):

F(.+iy)=F"! (prf(w)1w>oe_yw>

Consequently, for each j € Z:

Pj
%F(. +id)=fx; VjELZ (8)
So f x1; is the restriction of F' to the horizontal line R + ia?. In this case, the relation
is equivalent to the fact that, for all j, k, f x; and f ¢ are the restrictions of the same
holomorphic function to the lines R + ia’ and R + ia*.

Reconstructing f from {|f «1;|};ez now amounts to reconstruct the holomorphic function
F:H={zeC/1Imz >0} — C from its modulus on an infinite set of horizontal lines. The
figure [2| shows these lines for a = 2. Our phase retrieval problem thus reduces to a harmonic
analysis problem. Actually, knowing |F’| on only two lines is already enough to recover F' and
one of the two lines may even be R, the boundary of H.

Theorem 2.1. Let o > 0 be fized. Let F,G : H — C be holomorphic functions such that, for
some M > 0:

/ \F(z +iy)[?de < M and / Gz +iy)|Pde < M Wy >0 9)
R R
We suppose that:

|F(x +ia)| = |G(z +icr)| for a.e. x € R

lim |F(x +iy)| = lim |G(z +dy)| for a.e. z € R
y—0t

y—0t



Then, for some ¢ € R:
F =¢"G (10)

The proof is given in section [2.4]

Corollary 2.2. We consider wavelets (1;)jez of the form (). Let f,g € L*(R) be such that,
for some j, k € Z with j # k:

|f il =lgx;l  and |f x k| = |g* il (11)

We denote by f, and gy the analytic parts of f and g (as defined in (@)
There exists ¢ € R such that:

fr= €i¢g+ (12)
Proof. We may assume that j < k. We define F' and G as in ([7)), with the additional p:
1 A A 1 .
F(z)= —/ wPp(w) fi(w)e?dw G(z) = —/ WP p(w) gy (w)e?dw Vze H
2m Jr 2m Jr

For each y > 0, F(. 4+ iy) = F (2wPp(w)e ¥ 1ys0f(w)). For y = @/ and y = a*, it implies
F(.+id’) = 2 fx1; and F(. +1ia") = 2 f * ¢y. From (LI):

o 2 2 L
. 2 2 .
P+ ia)] = 15 ] = gl ] = G+ i)

So the functions F(. +ia’) and G(. + ia’) coincide in modulus on two horizontal lines: R and
R +i(a* — a’). From theorem they are equal up to a global phase. As p does not vanish,
it implies that f, and g, are equal up to this global phase.

So that we can apply theorem , we must verify that the condition @ holds for F(. +ia’)
and G(. + ia’). For any y > a:

F( +iy) = F (207p(w) f(w)e ™)
1 A
= F(+ig)lls = 5126 p(w) f@)e Lol

1 £ —alw
< o |2wp(w) flw)e sl

) 2
—(5) Irewls

The same inequality holds for G: the condition (9] is true for M = ( 2 )2 | * ;][5 O

aiP
We have just proved that the modulus of the wavelet transform uniquely determines, up to
a global phase, the analytic part of a function, that is its positive frequencies. On the contrary,
as wavelets are analytic (¢;(w) = 0 if w < 0), the wavelet transform contains no information

about the negative frequencies. In practice, signals are often real so negative frequencies are
determined by positive ones and this latter limitation is not really important.



Corollary 2.3. Let f,g € L*(R) be real-valued functions; fy and g, are their analytic parts.
We assume that, for some j, k € Z such that j # k:

[f il = lg x5l and [ f % i| = |g * il

Then, for some ¢ € R: 4 '
fr=€%. & f=Re(e,)

Remark 2.4. Although the corollary holds for only two wavelets and does not require
|fx1ps| = |gx1bs| for each s € Z, the reconstruction of f from only two components, |fx1;| and
|f * x|, is very unstable in practice. Indeed, gZAJj and @Zk are concentrated around characteristic
frequencies of order 277 and 27%. Thus, from fx1; and fxy (and even more so from | f x|
and | f x| ), reconstructing the frequencies of f which are not close to 277 or 27 is numerically
impossible. It is an ill-conditioned deconvolution problem.

Before ending this section, let us note that, with a proof similar to the one of the corollary
[2.2] the theorem [2.1] also implies the following result.

Corollary 2.5. Let a > 0 be fized. Let f,g € L*(R) be such that f(w) = g(w) = 0 for every
w < 0.
If |f| = |9 and |f(t)e=ot| = |g(t)e=ct|, then, for some ¢ € R:

f=e%

This says that there is unicity in the phase retrieval problem associated to the masked
Fourier transform, in the case where there are two masks, t — 1 and t — e,

2.3 Discrete case

Naturally, the functions we have to deal with in practice are generally not in L?(R). They are
instead discrete finite signals. In this section, we explain how to switch from the continuous to
the discrete finite setting. As we will see, all results derived in the continuous case have a discrete
equivalent but proofs become simpler because they use polynomials instead of holomorphic
functions.

Let f € C" be a discrete function. We assume n is even. The discrete Fourier transform of
fis:

_ 2misk n

f[k} :nz_:lf[s]e T fork:—2+1,...,—
s=0 2 2

The analytic part of f is f, € C" such that:

ﬂ%hﬂhf—g+1§k<0

A~

f+[k?]=f[k]ifk:00rk::g
2

~

S [K]

A

[k]if0<k<g



When f is real, f = Re (fy).
We consider wavelets of the following form, for p > 0 and a > 1:

n

o;[k] = p(dk) (P k)Pe sy forall j € Z, k = —g +1,.., 5 (13)

where p : RT — C is such that p(az) = p(x) for every x and p does not vanish.

As in the continuous case, the set {|f * ¢;|}jez almost uniquely determines f,. Naturally,
the global phase still cannot be determined. The mean value of f, can also not be determined,
because LZj [0] = 0 for all j. To determine the mean value and the global phase, we would need
some additional information, for example the value of f x ¢ for some low frequency signal ¢.

Theorem 2.6 (Discrete version of. Let f,g € C" be discrete signals and (¢;)jez a family
of wavelets of the form . Let 3,1 € Z be two distinct integers. Then:

[fx il = lg*dsl and [f x| = |g x| (14)
if and only if, for some ¢ € R,c € C:
fi=eg, 4o

Proof. We first assume f, = ¢®g, + c. Taking the Fourier transform of this equality yields:

A

flk] = eglk]  forallk=1,.., -

-75
As U;[k] = 0 for k = —5+1,..,0:

~ ~

FIEIO K] = e glk]db;k]  for all k = —g 1
= (fxyy =e(gx1y))
So | %465] = g+ 5] and, similarly, |f % 1] = g+ il

We now suppose conversely that |f x ;| = [gx ;| and |f x| = |g * ¢y]. We define:

|3

n/2 R n/2
F) = o S Ap0I ) = = SglHpthws VzeC

These polynomials are the discrete equivalents of functions F and G used in the proof of 2.2]
Foralls=—-2+1,..,3

n/2
—al 2mis ]- r 761'7 2niks
P o) = L3 flbp(kjire e
k=1
_ 1 n/2 wiks
D S L [
L]

= a7 (f *9ls])

10



7aj 2mis

Similarly, G(e="e™n ) = a™P(gx 1;[s]) for all s = =% +1,..., 2.
Thus, f %1, and g x ¢; can be seen as the restrictions of /" and G to the circle of radius

e~ . This is similar to the continuous case, where f x1; and g % 1); were the restrictions of
functions F, G to horizontal lines.

The equality implies:

] TS 2 i Tis 2
F(e_a]eQT) = ’G(e_‘l]e%) for all s = —g+1,...,g
& F(e_“je%%s)F(e_“je_%) = G(e_“je%%s)é(e_aje_%) for all s = —g +1, ,g

The functions z — F(e=®2)F(e~®1) and 2 — G(e=”2)G (e~ 1) are polynomials of degree
n — 2 (up to multiplication by z™271). They share n common values so they are equal. The
same is true for [ instead of j so:

F(e ¥ 2)F (wﬂi) = G(e2)C (e—‘”i) VzeC (15)
F(e*2)F <e“li> = G(e™2)G (e“é) VzeC (16)

If we show that these equalities imply F' = €*G for some ¢ € R, the proof will be finished.
Indeed, from the definition of F' and G, we will then have f[k] = e*g[k] for all k =1, ..., % so

Filk] = € [k] for all k # 0. It implies f, = e*g, + ¢ for ¢ = 1 (f+ [0] — g, [0])
It suffices to show that F' and G have the same roots (with multiplicity) because then, they
will be proportional and, from , 7 the proportionality constant must be of modulus 1.
For each z € C, let up(z) (resp. pe(z)) be the multiplicity of z as a root of F' (resp. G).
The polynomials of are of respective degree n — 2up(0) and n — 2u(0) so up(0) = pa(0).

For all z # 0, the multiplicity of e’ z as a zero of is:
6—2aj e—?aj
re) e () = )+ e ()

and the multiplicity of €2~z as a zero of is:

—2a7

) ) —2a7
MF(@Q(a]_al)z) _I._MF <e — ) — MG(@Q(aJ_al)z) _I,_MG (e — )
z ¥4

Substracting this last equality to the previous one implies that, for all z:

pr(2) — na(z) = pr(e@=z) — pa(e@z)
By applying this equality several times, we get, for all n € N:
i —q! al—al
pr(2) = na(z) = pr(e@=2) = pe (2@ )z)
'—a a'—al
— (@ =2) — (et =z)

= (e 02) = pg(e)z)

11



2n(a? —al) 2n(a? —al)

As F and G have a finite number of roots, up(e z) — pale z) = 0 if n is large
enough. So pr(z) = ug(z) for all z € C. O

As in the section [2.2] a very similar proof gives a unicity result for the case of the Fourier
transform with masks, if the masks are well-chosen.

Theorem 2.7 (Discrete version of. Let o > 0 be fized. Let f,g € C* 1 be two discrete
signals with support in {0,...,n — 1}:

fls] =g[s] =0 fors=mn,...,2n —2
IF1f1 = |3l and |flsle=>] = lglsle=>2]. then, Jor some ¢ € R:
f=e

Remark that this theorem describes systems of 4n — 2 linear measurements whose moduli
are enough to recover each complex signal of dimension n. As discussed in the introduction, it
is known that 4n — 4 generic measurements always achieve this property (|Conca et al., 2013]).
However, it is in general difficult to find deterministic systems for which it can be proven.

2.4 Proof of theorem [2.1]

Theorem (2.1). Let a > 0 be fized. Let F,G : H — C be holomorphic functions such that, for
some M > 0:

/ |F(z +iy)[*de < M and / |G (z + iy)|*de < M Yy >0 ©
R R

We suppose that:

|F(x+ia)| = |G(x +ia)| for a.e. v € R
lim |F(x +iy)| = lim |G(z +iy)| for a.e. z € R
y—0t y—0t

Then, for some ¢ € R:
F =e*qd (17)

Proof of theorem[2.1. This demonstration relies on the ideas used by |[Akutowicz| [1956].

If F" =0, the theorem is true: G is null over a whole line and, as GG is holomorphic, G = 0.
The same reasoning holds if G = 0. We now assume F # 0, G # 0.

The central point of the proof is to factorize the functions F, F(. +ia), G, G(. + ia) as in
the following lemma.

Lemma 2.8. [Kryloff] 1939]E| The function F' admits the following factorization:
F(z) = P B(2)D(2)S(z)

!Non russian speaking readers may also deduce this theorem from Rudin! [1921, Thm 17.17]: functions over
H may be turned into functions over D(0,1) by composing them with the conformal application z € D(0,1) —

}I_zz € H. The main difficulty is to show that if H : H — C satisfies @, then H : z € D(0,1) - H (%;zz) eC

is of class H? and Rudin’s theorem can be applied.

12



Here, ¢ and B are real numbers. The function B is a Blaschke product. It is formed with the
zeros of F in the upper half-plane H. We call (zy) these zeros, counted with multiplicity, with
the exception of i. We call m the multiplicity of i as zero.

By (—) pple il il 2 s

Z+1 %k — 2+t 2 —7Z

This product converges over H, which is equivalent to:

Im 2z
— = <40 19
;1—1— |Z]€|2 ( )

The functions D and S are defined by:

D()—exp<1 /Rl—i—tzlog|F(t)|dt> (20)

t—z 141t
S(z) = exp ( Lt tZdE(t)) (21)

RT—2%

In the first equation, |F(t)| is the limit of |F'| on R. In the second one, dE is a positive bounded
measure, singular with respect to Lebesgue measure.
Both integrals converge absolutely for any z € H.

The same factorization can be applied to F(. +ia), G and G(. + iq):

F(z) = e"r+¥r Bp(2) Dp(2) Sr(2) G(z) = e*c*6? Bo(2) D (2) Se ()
F(z +ia) = eertr2Bu(2)Dp(2)Sp(z)  G(z +ia) = %6t B (2) Dg(2) g (2)

As F(.+ia) and G(. + i) are analytic on the real line, they actually have no singular part
S. The proof may be found in |Garnett, 1981, Thm 6.3]; it is done for functions on the unit
disk but also holds for functions on H.

Sp=28z=1 (22)
Because lim |F(. 4+ iy)| = lim |G(. +dy)| and |F(. + ia)| = |G(. + ia)|, we have Dp = D¢
y—0t y—0t

and Dp = Dg. We show that it implies a relation between the B’s, that is, a relation between
the zeros of F' and G. From this relation, we will be able to prove that F' and G have the same
zeros and that, up to a global phase, they are equal.

For all z € H:
elertifr(tio) Bp(z 4+ i) Dp(z + i) Sp(z +ic)  F(z +ia) 1
eier+ibrz Bp(2) Dy (2) - F(z +ia)
G(z +ia)
G(z + ia)
_eleetifeztie) B (2 4 o) Da (2 + i) Sg (2 + ic)
= eiéc-‘ri,é’czBG(z)BG(Z)

13



Br(z + ioz)BG(z) _ iC+iB: Sa(z + i)

Bg(z +i0)Bp(2) Sr(z +ia)
for some C, B € R

(23)

Equality holds only for z € H. It is a priori not even defined for z € C — H. Before going
on, we must show that is meaningful and still valid over all C. This is the purpose of the
two following lemmas, whose proofs may be found in appendix [A]

For z € H, we denote by pp(2) (resp. pe(z)) the multiplicity of z as a zero of F' (resp. G).

Lemma 2.9. There exists a meromorphic function B, : C — C such that:

B Bp(z +ia)Bg(z) 8
Bu(z) = Be(z +ia)Bp(z) veeH

Moreover, for all z € H, the multiplicity of Z — i as a pole of B, is:

(1p(2) = na(2)) = (pr(z + 2i0) = pa(z + 2ia)) (24)

Sg(ztio) _
Lemma 2.10. For all z € H, Sn(etia) = 1.

The equation and the lemmas and give, for all z € H and thus all z € C
(because functions are meromorphic):

B,(z) = ¢t yreC
The function e*“+*5* has no zero nor pole so, from , for all z € H:
(1 (2) — pa(2)) — (= + 2i) — (= + 2ia)) = 0

So if pp(z) # pa(z) for some z, we may by symmetry assume that pup(z) > ug(z) and, in
this case, for all n € N*:

pr(z 4+ 2nia) — pg(z + 2nia) = ...
= up(z + 2ia) — pa(z + 2ia)
— (%) — pl2) > 0

In particular, z + 2nia is a zero of F' for all n € N*. But this is impossible because, if it is the

Im(z+2nia) 1 .
case, 1+]z+2nial? ™~ %na and:

Im 2z,
DL T
A 1+ ’Zkl

where the (z;) are the zeros of F' over H. It is in contradiction with .~ 3
So for all z € H, pur(z) = pe(z). This implies that Bp = Bg and B = Bg. So, for all
z € H:

F(z +ia) = er e Br(2)Dp(2) = €417 B (2) Da(2) = €72 G(z + ia)
With’y:EF—ég and(S:BF—BG

14



The functions F' and G are meromorphic over H so the last equality actually holds over all
{z € Cs.t. Imz > —a}.

|y1'g61+F(x +iy)| = |y1irél+€i7+i5(z+iy—ia)G(m +iy)|
— eéa';ir(r)l*G(x + 1y)|
Consequently, because ¢ is real and a # 0, § = 0. So:
F(z) = e"G(z) Vze H

3 Weak stability of the reconstruction

In the previous section, we proved that the operator U : f — {|f x ¢;|} was injective, up to
a global phase, for Cauchy wavelets. So we can theoretically reconstruct any function f from
U(f). However, if we want the reconstruction to be possible in practice, we also need it to be
stable to a small amount of noise:

Uf)=U(f2) = (fi=mf)

In this section, we show that it is, in some sense, the case: U~! is continuous.
Contrarily to the ones of the previous section, this result is not specific to Cauchy wavelets:
it holds for all reasonable wavelets, as soon as U is injective.

3.1 Definitions

As in the previous section, we consider only functions without negative frequencies:
L3(R) = {f € L*(R) s.t. f(w) =0 for a.c. w <0}
As the reconstruction is always up to a global phase, we need to define the quotient Li(R) /St
f=gin LZ(R)/S" & f=¢%gforsome ¢ € R
The set L% (R)/S* is equipped with a natural metric:
1f = gl = int |15 = el

We also define:

L3(R) = {(hj)jez € L*(R)" s.t. 3 _[[hylf5 < +OO}

]2 = [S[|h; — K| for any (hy), (h)) € L2(R)
JEZ
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We are interested in the operator U:

U: L2(R)/S' —  I(R)

Fo= e 29)
We require two conditions over the wavelets. They must be analytic:
Pi(w) =0 for ae. w<0,j€Z (26)
and satisfy an approximate Littlewood-Paley inequality:
A< | <B  forae w>0,for some A, B >0 (27)
JEZ
This last inequality implies:
VfeL2(R)/S, VA|fllzs < U2 < VB||f|[os (28)

In particular, it ensures the continuity of U.

3.2 Weak stability theorem

Theorem 3.1. We suppose that, for all j € Z, v; € L'(R) N L*(R) and that and
hold. We also suppose that U is injective. Then:

(i) The image of U, Iy = {U(f) s.t. f € L3 (R)/S'} is closed in L3 (R).

(i) The application U : Iy — L2 (R)/S* is continuous.

Proof. What we have to prove is the following: if (U(f,))nen converges towards a limit v €
L}(R), then v = U(g) for some g € L% (R)/S* and f,, — g in L% (R)/S™.

So let (U(fn))nen be a sequence of elements in Iy, which converges in L2(R). Let v =
(hj);ez € L3(R) be the limit. We show that v € I.

Lemma 3.2. For all j € Z, { fo*x 0 }nen is relatively compact in L*(R) (that is, the closure of
this set in L*(R) is compact).

The proof of this lemma is given in [B] It uses the Riesz-Fréchet-Kolmogorov theorem, which
gives an explicit characterization of the relatively compact subsets of L*(R).

For every j € Z, {f, * 1 }nen is thus included in a compact subset of L*(R). In a compact
set, every sequence admits a converging subsequence: there exists ¢ : N — N injective such that
(fao(n) * 1;)nen converges in L*(R). Actually, we can choose ¢ such that (fy(n) * ¢;), converges
for any j (and not only for a single one). We donote by [; the limits.

Lemma 3.3 (Proof in . There exists g € L3 (R) such that l; = g ; for every j. Moreover,
fomy = g in L*(R).
As U is continuous, U(g) = lim U(fs(n)) = v. So v belongs to I.

The g such that U(g) = v is uniquely defined in L% (R)/S* because U is injective (it does
not depend on the choice of ¢). We must now show that f,, — g.

16



From the lemma , (fn)n admits a subsequence ( fg(n)) which converges to g. By the same
reasoning, every subsequence ( fy(n))n of (fn)n admits a subsequence which converges to g. This
implies that (f,), globally converges to g.

]

Remark 3.4. The same demonstration gives a similar result for wavelets on R?, of the form
(Yj~)jezner, for I' a finite set of parameters.

4 The reconstruction is not uniformly continuous

The theorem states that the operator U : f — {|f x ¢;|} ez has a continuous inverse U™,
when it is invertible. However, U~! is not uniformly continuous. Indeed, for any ¢ > 0, there
exist g1, g2 € L2 (R)/S* such that:

1U(g1) = Ulga)ll <€ but [lgr — gl > 1 (29)

In this section, we describe a way to construct such “instable” pairs (g1, g2): we start from
any g1 and modulate each g; x ¢; by a low-frequency phase. We then (approximately) invert
this modified wavelet transform and obtain gs.

This construction seems to be “generic” in the sense that it includes all the instabilities
that we have been able to observe in practice.

4.1 A simple example

To begin with, we give a simple example of instabilities and relate it to known results about
the stability in general phase retrieval problems.

In phase retrieval problems with (a finite number of) real measurements, the stability of
the reconstruction operator is characterized by the following theorem (|[Bandeira et al., 2013],
[Balan and Wang, 2013]).

Theorem 4.1. Let A € R™*" be a measurement matriz. For any S C {1,...,m}, we denote
by As the matriz obtained by discarding the rows of A whose indexes are not in S. We call \%
the lower frame bound of Ag, that is, the largest real number such that:

|Aszll; > A§llall; Vo eR”

Then, for any x,y € R":

1Al = Al f > (miny/3 38 ) -min(llz — yla, e + o)
Moreover, msin«/)% + A% is the optimal constant.

In the complex case, one can only show a weaker result.
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Theorem 4.2. Let A € C™*"™ be a measurement matriz. There exist x,y € C" such that:

[ Ae] = 4y 1o < (miny/3% + 33 ) min(le — )

Consequently, if the set of measurements can be divided in two parts S and S¢ such that
A% and A\%. are very small, then the reconstruction is not stable.
Such a phenomenon occurs in the case of the wavelet transform. We define:

S ={y;st. 7 >0} and S° = {¢; s.t. j <0}
Let us fix a small € > 0. We choose fi, f» € L?(R) such that:
fix)=0if|z| <1/e and folx) =0if 2 & [—e; €]

For every v¢; € S, fi x1¢; = 0 because the characteristic frequency of 1; is smaller than 1 and
f1 is a very high frequency function. So:

(o4 f2) x bl = [ fax sl = | = far 5] = [(f1 = f2) <45
And similarly, for v; € S¢, fax; = 0 and:

|(f1+ f2) ] = | fr x| = |(f1 — f2) * 9y
AS a consequence:
{(fr + f2) * il }jez = {I(f1 — f2) * ]} jez

Nevertheless, f; + fo and f; — fo may not be close in L*(R)/S': g1 = fi + fo and go = f1 — fo

satisfy .
The figure 3| displays an example of this kind.

4.2 A wider class of instabilities

We now describe the construction of more general “instable” pairs (g1, g2).
Let g, € L*(R) be any function. We aim at finding g, € L*(R) such that, for all j € Z:

(g1 % 1))€"% ~ go > 1; (30)

for some real functions ¢,.

In other words, we must find phases ¢; such that (g xt;)e’ is approximately equal to the
wavelet transform of some g, € L*(R). Any phases ¢;(¢) which vary slowly both in ¢ and in j
satisfy this property.

Indeed, if the ¢;(t) vary “slowly enough”, we set:

g2 = ((g1 % 0;)€") %

JET

where {1;};cz are the dual wavelets associated to {1;}.
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Figure 3: (a) Wavelet transform of f; (b) Wavelet transform of f (¢) Wavelet transform of
fi + f2 (solid blue) and f; — fo (dashed red) (d) Modulus of the wavelet transforms of f; + fo
and f; — fo; the two modulus are almost equal

In each column, each graph corresponds to a specific frequency; the highest frequency is on top
and the lowest one at bottom. For complex functions, only the real part is displayed.

Then, for all k € Z,t € R:
g x U(t) =3 ((g1 )€’ xe ;% Py (t)

JEZ.

= 5 [ gy ) (¢ — ) (B ) ()

JEZ.

(g1 % (1)) = O3 (g1 % 40) % (5 % i) (1)

=3 [ g )t = W) b)) du
So:
g2 % U(t) = (g1 % V(D)0 = 3 [ (€900 — 0 gy i) (¢ = u) (y * i) (W) du - (31)

The function zzj * 1y (u) is negligible if j is not of the same order as k or if u is too far away
from 0. It means that, for some C' € N,U € R (which may depend on k):

gox () — (g1 % Ye()e D = /UU (e — M) (gy %)) (t — u) (W) % ) (w) du

|j k|<C
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If ¢;(t — u) does not vary much over [k — C;k + C] x [-U; U], it gives the desired relation:
g2 *¢k(t) — (gl * wk(t))ei%(t) ~0

which is .

To summarize, we have described a way to construct g1, g, € L*(R) such that |g; * ¥;] ~
|g2 % 1;| for all j. The principle is to multiply the wavelet transform of g; by any set of phases
{ei®i M}z whose variations are slow enough in j and ¢.

How slow the variations must be depends on ¢;. Indeed, at the points (j, ) where g4 x1;(t)
is small, the phase may vary more rapidly because, then, the presence of gy * ¥;(t — u) in (31])
compensates for a bigger (e™s(t=%) — eier(t),

All instabilities g;, go that we were able to observe in practice were of the form we described:
each time, the wavelet transforms of ¢g; and g, were equal up to a phase whose variation was
slow in j and ¢, except at the points where g; x ¢; was small.

5 Strong stability result

The goal of this section is to give a partial formal justification to the fact that has been non-
rigorously discussed in section : when two functions g1, g2 satisfy g1 x ¢;| = |g2 * ;| for all
J, then the wavelet transforms {g; x ¥;(t)}; and {g2 » ¢;(¢)},; are equal up to a phase whose
variation is slow in ¢ and j, except eventually at the points where |g; x ;(t)| is small.

In the whole section, we consider f), @ two non-zero functions. We denote by F(), F(
the holomorphic extensions defined in (7). We recall that, for all j € Z:

2)

DJj

frpy(z) = %F(m +idd) Yz eR (32)

We define:
Nj= sup [f®xep;()]

z€R,s=1,2

5.1 Main principle

From |f x 1;|, one can calculate |f x ¢;|* and thus, from (32)), |F(x + ia?)|?, for all 2 € R. But
this last function coincides with G;(z) = F(z 4 ia’)F(Z + ia?) on the horizontal line Im z = 0.
As G is holomorphic, it is uniquely determined by its values on one line. Consequently, G is
uniquely determined from |f % ;|.

Combining the functions G for different values of j allows to write explicit reconstruction
formulas. The stability of these formulas can be studied, to obtain relations of the following
form, for K > 0:

(15D %l = |7 x| VE € Z)
o (9« ) FT 5 00) = (12w ) T 5 Gare) V) € 2)
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These relations imply that, for each j, the phases of f(1) % Y and f (2) % 1; are approximately

Wxtpjy i

equal up to multiplication by the phase of ! e
i+ K
low-frequency, compared to the phase of f1) x; and f® x ;.

. If K is not too small, this last phase is

The results we obtain are local, in the sense that if the approximate equality |f™) x |
| £® % 4| only holds on a (large enough) interval of R, the equality (f® x1;)(f® %9, k)
(f@ % 10;)(f@ % 1bjy ) still holds (also on an interval of R).

~
~
~
~

Our main technical difficulty was to handle properly the fact that the G;’s may have zeros
(which is a problem because we need to divide by G; in order to get reconstruction formulas).
We know that, when the wavelet transform has a lot of zeros, the reconstruction becomes
unstable. On the other hand, if they are only a few isolated zeros, the reconstruction is stable
and this must appear in our theorems.

They are several ways to write reconstruction formulas, which give different stability results.
In the dyadic case (a = 2), there is a relatively simple method. We present it first. Then we
handle the case where a < 2. We do not consider the case where a > 2. Indeed, it has less
practical interest for us. Moreover, when the value of a increases, the reconstruction becomes
much less stable.

5.2 Case a =2

In the dyadic case, we only assume that two consecutive moduli are approximately known, on
an interval of R: |f x1;| and |f x1;41|. We also assume that, on this interval, the moduli are
never too close to 0. Then we show these moduli stabily determine:

J* Vi
J*vin

Theorem 5.1. Let €, ¢, \ €]0; 1[, M > 0 be fized, with ¢ > e.
We assume that, for all x € [—M27; M2):

17D i ()] = [ 5 ()| < €N
£ x i1 (@) = 1fP x vy ()| < N7y
and:
[fO >y (@) | fP 5 ()] > eNF
[fY %y (@) [ FP 5 gy ()P > N7y
Then, for all x € [ \>M27; NX2M27]:
1) 4 i 2) 4 C\4/3
FO*djpn )*%*2(1:) <4 (NJ—1> ((1/3=aar)(3/5—0})
SO x40 f@ x ¢ \Njs

if 1/3 —ap >0 and 4/5 — oy, > 0, where:
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e A is a constant which depends only on p.
o ayr,ahy, — 0 exponentially when M — +o00.

Principle of the proof. Here, we only give a broad outline of the proof. A rigorous one is given
in the appendix [C| with all the necessary technical details.

As explained in the paragraph , | % Y;+1| uniquely determines the values of z —
FM (2 44277 FO(Z + 42i+1) on the line Im z = 0. Thus, it uniquely determines all the values
(because the function is holomorphic) and in particular (for z = z + i27):

FO(z +i3.2)FO(z +27) VreR
Moreover, this determination is a stable operation:
(15D %1 (@) = 1O % Yy (@) vz € R)

= (FO (e +3.2)FO(z + 29) ~ FO (2 +i3.9)FO(z 1 2) Vo €R)

If we divide this last expression by |FM(z +i27)|? ~ |F®) (x4 i27)|> (whose values we know
from [f + %)
FO(z+i3.2)  F®(x+i3.2)
FO)(z +1i2) — F@(z+129)
As previously, using the holomorphy of F' allows to replace, in the last expression, the real
number x by x + i2/:

forx € R

FO (g +i27%2) B F®(z +i27%2)
FO) (g 4 42+1) 7 F@ (g 4 42i+1)

By , this is the same as:

forz e R

SO * Yjio ~ S * Pjto
fOxahi fOxa)iy

From this theorem, if f(*) ;5 has no small values either on [-A\?M27; \2M27], then:

phase(f(l) * i) — phase(f@) * i) R phase(f(l) * o) — phase(f(z) *jt2)

If more than two consecutive components of the wavelet transform have almost the same modu-
lus (and all these components do not come close to 0), one can iterate this approximate equality.
It gives:

phase(f(l) *j1) — phase(f(2) * i) R phase(f(l) *Vj1K) — phase(f@) *VjtK)

This holds for any K € N* but with an approximation error that becomes larger and larger as
K increases.

When K is large enough, this means that f() x Y41 and @ Y1 are equal up to a
low-frequency phase.
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5.3 Casea < 2
Notations: for this section, we fix:
e j € 7Z: the frequency of the component whose phase we want to estimate

e K € N* such that K = 0[2]: the number of components of the wavelet transform whose
modulus are approximately equal

€, €)0; 1[: they will controle the difference between |f(!) x ;| and |f® x|, as well as
the minimal value of those functions.

M > 0: we will assume that the approximate equality between the modulus holds on
[—Ma? 5 Mal+E].

k € N* such that a™® < 2 — a: this number will controle the stability with which one

can derive informations about f x ;1 from |f % ¢y|. Typically, for a < 1.5, we may take
k= 3.

We define:

o Je[j+ K —1;j+ K] such that a’ = 277" + 2=a/: we will prove that @ % 1h; and

@ 1 are equal up to a phase which is concentrated around a” in frequencies (that is,
a much lower-frequency phase than the phase of f % 1);).

_ —mM/(K+2) . .
e c=1-—7° L €]0;1] and dy; = ¢ — 4+ —ray, Which converges exponentially to ¢ when

—a—

% goes to 0o.

Theorem 5.2. We assume that k > 2179,

We assume that, for x € [—Ma’™5; Ma’™ ] and | = j+1,...,5 + K:
£ x (@) = [f? x ()] < e (33)
[FO x (@) [ £ x gu(2) P > kNP (34)

MaltE | Mait+E
2 ) 2

Then, for any x € [ ], as soon as dy; < 1:

1
N, N;

(FO%05(@)) (FO % 5(2)) — (FDx () (FO 5 y(2))| < 51546” (35)

6 K/2-1
where CK = m
s=0

)Ny 1
(ap(k 1) NnSiZk)

As in the dyadic case a = 2, this theorem shows that, if two functions f) and f® have
their wavelet transforms almost equal in moduli, then, for each j, f( (T @) % 1 up to
multiplication by a low-frequency function.

In contrast to the dyadic case, we are not able to show directly that:

Jo * P ~ Jo * Yji1
f® % (0 f® % Vi1
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Because of that, the inequality we get is less good than in the dyadic case: the bound in (35
is exponential in K instead of being proportional to K.

With a slightly different method, we could have obtained a better bound, proportional to
K. This better bound would have been valid for any a > 1, but under the condition that f
does not come close to 0 for some explicit non-integer values of [, which would have been rather
unsatisfying because, in practice, these values of [ do not seem to play a particular role.

Principle of the proof. The full proof may be found in appendix |D| Its principle is to show, by
induction over s = 0, ..., K/2, that:

(PO 5 s ) (5 jras) 2 (FO 5 0) (P 5 jac2:) (36)

where J, is an explicit number in the interval [j + K — 1;j + K]|.
For s =0, we set J; =7+ K and just says:

’f(l) * 1/Jj+K‘2 ~ ‘f@) *¢j+K'2

which is true by hypothesis.
Then, to go from s to s 4+ 1, we use the fact that:

(FO 5y rc2) (fN 5 ) & (FO oy a0) (fP) % 1) (37)

if we choose [ such that a! = 2a/+5=2571 — q7+5=25. we can check that, up to multiplication
by a constant, () %,k _2s)(f") %) is the evaluation on the line a/+5-2s — g/ +K-2s-1
of the holomorphic extension of |f() x Vi1x-2s—1/*. The holomorphic extension is a stable
transformation (in a sense that has to be made precise). As |fM) x ;e oo 1> =~ |f@ %
Vi1 K —251|?, this implies .

Multiplying and and dividing by |1 x ;4 g 052 = [ FP % 11 1_2s]? yields:

(FO 5 1h ) (D 5 ahy) = (FP % hy)(fP %) (38)

If J,41 is suitably chosen, (f® %ty )(f"*j 4k —a(s+1)) may be seen as the restriction to a line
of the holomorphic extension of (f) %, )(f % ;). Because, again, taking the holomorphic
extension is relatively stable, the relation implies the recurrence hypothesis at order
s+ 1.

For s = K/2, the recurrence hypothesis is equivalent to the stated result. O

6 Numerical experiments

In the previous section, we proved a form of stability for the phase retrieval problem asso-
ciated to the Cauchy wavelet transform. The proof implicitely relied on the existence of an
explicit reconstruction algorithm. In this section, we describe a practical implementation of
this algorithm and its performances.

The main goal of our numerical experiments is to investigate the issue of stability. The
theorems [5.1] and prove that the reconstruction is, in some sense, stable, at least when the
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wavelet transform does not have small values. Are these results confirmed by the implementa-
tion? To what extent does the presence of small values make the reconstruction unstable?

As we will see, our algorithm fails when large parts of the wavelet transform are close to
zero. In all other cases, it seems to succeed and to be stable to noise, even when the amount of
noise over the wavelet transform is relatively high (~ 10%). The presence of a small number
of zeroes in the wavelet transform is not a problem.

The code is available at http://www.di.ens.fr/~waldspurger/cauchy_phase_retrieval.
html, along with examples of reconstruction for audio signals. It only handles the dyadic case
a = 2 but could easily be extended to other values of a.

6.1 Description of the algorithm

In practice, we must restrict our wavelet transform to a finite number of components. So we
only consider the | fx1;| for j € {Jmin, ---, Jmax }- To compensate for the loss of the | f ;| with
J > Jmax, We give to our algorithm an additional information about the low-frequency, under
the form of f ¢, where ¢ is negligible outside an neighborhood of 0 of size ~ a~/m.

The algorithm takes as input the functions |f x|, [f * s 1],y |[f *Viiils [ % Ot
for some unknown f, and tries to reconstruct f. The input functions may be contaminated by
some noise. To simplify the implementation, we have assumed that the probability distribution
of the noise was known.

For any real numbers j, ky, ks such that j € Z and 2.0’ = a* + a*2, it comes from the
reasoning of the previous section that |f % ¢;| uniquely determines (f x 1y, ).(f * ¢x,). More
precisely, we have, for all w € R:

— (aF2 —a) qF1Tke
(f % ). (f % Wiy ) () = |f % 0y w) et — (39)
The algorithm begins by fixing real numbers ky_. 1,k , ..., kj,.. such that:
kJmin—l < Jmin < k]min < Jmin +1<..< Jmax < k]max (40)

V7, 2.0/ = "1 4 gk
Then, for all j, it applies to determine g, dlef (f*tr,_,).(f * ¥x,). Because of the exponential
function present in , the g; may take arbitrarily high values in the frequency band {(a*? —
a’)w > 1}. To avoid this, we truncate the high frequencies of g;.

The function fx1y, may be approximately determined from fx¢y,,,. . From this function
and the g;, the algorithm estimates all the f x ;. As this estimation involves divisions by
functions which may be close to zero at some points, it is usually not very accurate. In
particular, the estimated set {f % ¢y,}; do not generally satisfy the constraint that it must
belong to the range of the function f € L*(R) — {f * 1k, }Jmin—1<<max-

Thus, in a second step, the algorithm refines the estimation. To do this, it attempts to
minimize an error function which takes into account both the fact that (f % g, ,).(f * ;)
is known for every j and the fact that {f * ¥, , }Jum-1<j</ma Must belong to the range of
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f € L*(R) = {f *tn, } Jpin—1<j<Jmax- The minimization is performed by gradient descent, using
the previously found estimations as initialization.

Finally, we deduce f from the f x 1y, , and refine this estimation one more time by a few
steps of the classical Gerchberg-Saxton algorithm (|Gerchberg and Saxton|, [1972]).

The principle of the algorithm is summarized by the pseudocode [T}

Algorithm 1 Reconstruction algorithm
InPUt {|f * /l/J,] |}Jlnll’l<‘7<JH1'1X and f * ¢Jmax

1. Choose kj,, k.. asin (40).

2: for all j do

3:  Determine g; = (f x ¥x,_,).(f * ¥,) from |f x1);]*.
4: end for

5: Determine f x4y, from f* ¢y,

6: for all j do

7. Estimate h; ~ f % y;.

8: end for

9: Refine the estimation with a gradient descent.

,_.
<

Deduce f from {f*wkj}Jminflg.jSJmax'
11: Refine the estimation of f with the Gerchberg-Saxton algorithm.

Output: f

6.2 Input signals

We study the performances of this algorithm on three classes of input signals with finite size
n. The figure [4] shows an example for each of these three classes.

The first class contains realizations of gaussian processes with renormalized frequencies.
More precisely, the signals f of this class satisfy:

fln] =



where the X, are independant realizations of a gaussian random variable X ~ N(0,1). The
normalization \/ﬁ ensures that all dyadic frequency bands contain approximately the same
amount of energy.

The second class consists in sums of a few sinusoids. The amplitudes, phases and frequencies
of the sinusoids are randomly chosen. In each dyadic frequency band, there is approximately
the same mean number of sinusoids (slightly smaller than 1).

The signals of the third class are random lines extracted from real images. They usually
are structured signals, with smooth regular parts and large discontinuities at a small number

of points.

To study the influence of the size of the signals on the reconstruction, we perform tests
for signals of size N = 128 N = 1024 and N = 8192. For each N, we used log,(N) — 1
Cauchy wavelets of order p = 3. Our low-pass filter is a gaussian function of the form gﬁ[k] =
exp(—ak?/2), with « independant of N.

6.3 Noise

The inputs that are provided to the algorithm are not exactly {|fx;|}, f* @, but {|f*v;]|+
Napj bs [ * Ghx + Mg The ny ; and the n, represent an additive noise. In all our experiments,
this noise is white and gaussian.

We measure the amplitude of the noise in relative /2-norm:

ST B+ e B
relative noise = ]

B ¢||f*¢J,,,aX||%+;||f*wj||%

6.4 Results

The results are displayed on the figure [5

The x-axis displays the relative error induced by the noise over the input and the y-axis
represents the reconstruction error, both over the reconstructed function and over the modulus
of the wavelet transform of the reconstructed function.

For an input signal f and output f,.., we define the relative error between f and f,.. by:

||f B frec||2
1712

and the relative error over the modulus of the wavelet transform by:

function error =

\/||f*¢=}max - f’I“EC*QSJmaXH% +XJ:H |f*¢]| - |fr6c*wj‘ H%
NOETEIETE

modulus error =

The modulus error describes the capacity of the algorithm to reconstruct a signal whose
wavelet transform is close, in modulus, to the one which has been provided as input. The
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function error, on the other hand, quantifies the intrinsic stability of the phase retrieval problem.
If the modulus error is small but the function error is large, it means that there are several
functions whose wavelet transforms are almost equal in moduli and the reconstruction problem
is ill-posed.

An ideal reconstruction algorithm would yield a small modulus error (that is, proportional
to the noise over the input). Nevertheless, the function error could be large or small, depending
on the well-posedness of the phase retrieval problem.

We expect that our algorithm may fail when the input modulus contain very small values
(because the algorithm performs divisions, which become very unstable in presence of zeroes).

For almost each of the signals that we consider, there exist x’s such that fx 1y, (x) ~ 0 but
the number of such points vary greatly, depending on which class the signal belongs. As an
example, the wavelet transforms of the three signals of the figure [4] are displayed in [6]

For gaussian signals, there are generally not many points at which the wavelet transform
vanishes. The positions of these points do not seem to be correlated in either space or frequency.

For piecewise regular signals, there are more of this points but they are usually distributed
in such a way that if fx;(z) = 0, then fxy(z) ~ 0 for all wavelets 1y, of higher frequencies
than +;. This repartition makes the reconstruction easier.

When the signals are sums of sinusoids, it often happens that some components of the
wavelet transform are totally negligible: for some j, f *;(z) ~ 0 for any z. The negligible
frequencies may be either high, low or intermediate.

From the results shown in[5, it is clear that the number of zeros influences the reconstruction,
but also that isolated zeroes do not prevent reconstruction. The algorithm performs well on
gaussian or piecewise regular signals. The distance in modulus between the wavelet transform
of the reconstructed signal and of the original one is proportional to the amount of noise (and
generally significantly smaller). This holds up to large levels of noise (10%). By comparison,
the classical Gerchberg-Saxton algorithm is much less efficient.

However, the algorithm often fails when the input signal is a sum of sinusoids. Not surpris-
ingly, the most difficult signals in this class are the ones for which the sinusoids are not equally
distributed among frequency bands and the wavelet transform has a lot of zeroes. The relative
error over the modulus of the wavelet transform is then often of several percent, even when the
relative error induced by the noise is of the order of 0.1%.

In the section [d] we explained why, for any function f, it is generally possible to construct
g such that f and ¢ are not close but their wavelet transform have almost the same modulus.
This construction holds provided that the time and frequency support of f is large enough.

Increasing the time and frequency support of f amounts here to increase the size N of
the signals. Thus, we expect the function error to increase with N. It is indeed the case but
this effect is very weakly perceptible on gaussian signals. It is stronger on piecewise regular
functions, probably because the wavelet transforms of these signals have more zeroes; their
reconstruction is thus less stable.

In the case of the sums of sinusoids, because of the failure of the algorithm, we can not
draw firm conclusions regarding the stability of the reconstruction. We nevertheless suspect
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Figure 6: wavelet transforms, in modulus, of the signals of the figure : (a) realization of a
gaussian process (b) sum of sinusoids (c) piecewise regular

Each column represents the wavelet transform of one signal. Each graph corresponds to one
frequency component of the wavelet transform. For sake of lisibility, only 4 components are
shown, although nine were used in the calculation.

that this class of signals is the less stable of all and that these instabilities are the cause of the
incorrect behavior of our algorithm.

7 Conclusion

In this text, we have studied the phase retrieval problem in which one tries to reconstruct a
function from the modulus of its Cauchy wavelet transform. We have shown that the recon-
struction was unique, up to a global phase, and that the reconstruction operator was continuous
but not uniformly continuous. Indeed, if we modulate the wavelet transform of a function by
slow-varying phases, we can construct very different functions with almost the same wavelet
transform, in modulus. Moreover, in the case where the wavelet transform does not take values
too close to zero, all the instabilities of the reconstruction are of this form.

Our proofs are specific to Cauchy wavelets and cannot be extended to generic wavelets
because they strongly use the link between Cauchy wavelets and holomorphic functions. Only
the description of instabilities of the reconstruction operator (section is independent of
the choice of the wavelet family (actually, it could also be extended to other time-frequency
representations that the wavelet transform). However, in practice, the Cauchy wavelets do not
seem to behave differently from other wavelets. We expect that the unicity and stability results
are true for much generic wavelets than Cauchy ones but we do not know how to prove it.

Acknowledgedments. [ wish to thank my PhD advisor Stéphane Mallat. He had the idea
to consider Cauchy wavelets and helped a lot during all the redaction process of this article. I
also thank A. Bandeira and D. Mixon for their helpful correspondence.
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A Lemmas of the proof of theorem 2.1

Proof of lemma[2.9 We recall equation (23)):

Br(z + ia)Bg(z) _ iC+iBs Sa(z +ia)
Bea(z +ia)Bp(z) Sp(z +ia)

(23)

We want to show that the left part of this equality admits a meromorphic extension to C. We
also want this meromorphic extension to have the same poles (with multiplicity) than it would
if all four fonctions Bp, Bg, Br and Bg were meromorphically defined over all C.

We first remark that By and B admit meromorphic extensions to C. Indeed, if the (2 )k are
the zeros of F'(.+ic) in H, this set has no accumulation point in H: if z,, was an accumulation
point, z,, +ta € H would be an accumulation point of the zeros of F' and, as F' is holomorphic,
it would be the null function. From the classical properties of Blaschke products, By converge
over C and so does Bg.

On the contrary, Br and Bg may not admit meromorphic extensions over C. But their
quotient Br/Bg does.

We define:

= () L e
F z+1 S =i o2+ z—Z

where the (z}')’s are the zeros of F, each z" being counted, not with multiplicity pup(zf ), but
with multiplicity max(0, ur(25) — pg(2f)) (and my is still the multiplicity of i as a zero of F).

Similarly:
Y _ A\ ma G 1C il Y G
B’(z)—(z 7,) H]zk il |z +i| 2 — 2
¢ zZ+1 20—t 2 i 228

where the (z5)’s are the zeros of G' counted with multiplicity max (0, ug(28) — pr(25)).
We define:

|29 =il ]2 4] 2 = =0
Brg(z) = H FG . _FG | . F.G
v 2, —Uv oz 1 z—7Z,

where the z? are the zeros of F or G, counted with multiplicity min(pp(zp?), e (zt'“)). The

function B corresponds to the “common part” of Br and Bg, which we may factorize in the
quotient Br/Bg.
The products B, By, Br converge over H and, for all z € H:

Bp(z) = Bp(2)Bra(z)  Ba(z) = Ba(2)Bra(2)

So for all z € H: ~ ~

Br(z + ioz)lég(z) _ Bl(z + ioz)?(;(z)
Bg(z 4+ ia)Br(z)  Bg(z 4 ia)Br(z)

If we show that Bj and By, converge over C, we can take B, (z) = %. It will be
G ZTix z

meromorphic over C.

To prove this, we first establish a relation between the zeros of F' and G.
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Let z be such that 0 < Im 2z < «. The zeros of By are the zeros of F' in H, counted with
multiplicity. Thus, z—i« is a zero of Bpr(.+i«) with multiplicity pp(2). It is a zero of Bg(.+ia)
with multiplicity pe(2).

Because Im (z —iar) < 0, it is not a zero of By (resp. Bg) but may be a pole. As a pole, its
multiplicity is the multiplicity of z — i = Z + i« as a zero of F(. +ia) (resp. G(. +ia)): it is
wr(Z + 2ia) (resp. pg(Z + 2ia)).

The right part of (23)), e“*i82 gﬁgﬁﬂi; has no zero neither pole over {z € C s.t. Imz > —a}
(from the definition of S and Sp given in (21])). So neither does the left part. In particular,
z — i is not a zero and is not a pole:

nr(z) — pe(z) — pe(z + 2ia) + pr(Z + 2ia) =0 (41)

We now explain why B} converges over C. The same result will hold for By,. From the
properties of Blaschke products, B}, converges over C if (z") has no accumulation point in R.
By contradiction, we assume that some subsequence of (z}'), denoted by (zf;(k)), converges
to A € R. Because the z{’s appear in B}, with multiplicity max(0, ur(2f) — pa(25)), we must
have:
pr(zg0) — Ho(zyw) >0 VEEN

We can assume that, for all k£, 0 < Im zg(k) < «a. From (41)):

1 (Zg + 2ia) — ur(Zgpy + 2i0) = pr(2im) — ha(25w) > 0

Consequently, z5,) + 2ia is a zero of G for all k. As zJ,) — A € R, A+ 2ia € H is an
accumulation point of the zeros of G. This is impossible because G is holomorphic over H and
we have assumed that it was not the null function.

To conclude, we have to prove the equation .
For any z € H, the multiplicity of Z — icv as a pole of B (. + i«) is the multiplicity of
z as a zero of Bp, that is max(0, ur(2) — pe(z)). Its multiplicity as a pole of Bg(. + i) is

max(0, ug(z) — pr(2)). As a pole of Br (resp. Bg), it is pp(z + 2iar) (resp. ug(z + 2iq)).
The multiplicity of Z — i« as a pole of B, is then, as required:

max(0, up(z) — pa(2)) — max(0, ue(2) — pr(z)) — pr(z + 2ia) + pe(z + 2ia)
= (ur(2) = pe(2)) = (pr(z + 2ia) — pa(z + 2ia))
0

Proof of lemma[2.10. We call dEr and dEg the singular measures appearing in the definitions
of Sp and Sg (see (21))).
From equation and lemma , for any z € H:

1 1+tz B Sg(z) o ) iC—iB(r—ia)
exp (W/R ., (dEc dEF)(t)> =500 B, (z —ia)e

The function z — By, (z —ia) #71%) s meromorphic over C. From the following lemma,
dEq — dEr must then be the null measure, so Sg = SF over H.

o—iC—iB(

32



Lemma A.1. Let dE be a real bounded measure, singular with respect to Lebesque measure.

We define:

t—z

1+t
S(z) = exp < / i ZdE(t)) Vze H
R
If S admits a meromorphic extension in the neighborhood of each point of R, then dE = 0.
Proof. Let s(z) = —log |S(2)]| for all z € H. This is well-defined and:
. 1 Y 2
=— | —————(1+t)dE(t R s.t. 0
s(x + iy) W/R(t—x)Q—l—yQ( +t°)dE(t) Vor,y € Rs.t. y >

The lemmal[A.2]states that (1+t2)dE(t) is the limit, in the sense of distributions, of s(t+iy)dt
when y — 0. The principle of the proof will then be to show that s(. 4+ iy) also converges to
—log |S|r|, where Spr is the extension of S to R, so dE = —loglli(g‘dt
imply log |Sjg| = 0 and dE = 0.

. The singularity of dE will

E(t)

1+t2 1s bounded. Let:

Lemma A.2. Let dE be a real measure such that &

. 1 Y

For all continuous compactly-supported f € CO(R):

/f NAE(t) = lim [ s(t+iy) f(t)dt

Proof.

[ st -+ iy) f(e)d = 1 // %dE(t’)dt
2 f‘/f d E(t)dt + = y(f ®)) dE(t’)dt
S A //
- / F(6)dE(t // ) )dE(t’)dt (42)

For all y,e > 0,t € R:

f“”;“?w‘g( wp !f<x1>—f<x2>|) =

t— t) +y |z1—z2|<e t)2 + y2

Yy
sl [
+2(sup |]) f—t'|>e (' — )% + y?

=7 < s_up|< | f(x1) — f(ff2)|>
1
vAplf]) [ g
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The second term of the last sum tends to 0 when y — 07, uniformly in ¢’ so:

/R y(g(_t/)t); f(tz) dt‘ <7 < sup | f(z1) — f($2)|>

+y |x1—z2|<e

lim sup
y—0t

which tends to 0 when € — 0 because f is uniformly continuous. Convergence is uniform in ¢'.
Moreover, if K is the compact support of f and |K]| is its Lebesgue measure, then, for all
¢ K:

—f@) .| yf(t)
T dt" R - 07+ ‘““‘
g(suplfl)/ (t)y2+y2dt
< (sup |f]) / dy)dt
= (sup | f) =y K]

d(t', K)? + y?
It implies that the second term of (42)) tends to 0. Let K’ = {t’ € R s.t. d(¢/, K) < 1}.

t/
// y(f )dE Nt < su
t/GK’

Y /
K / ———dF
+ ’ |(Sup ‘f‘) vEK! d(t/, K)2 +y2d (t)

/ yt, St = )dt‘ dE(K')

Because dfrit,;) is bounded, [y ¢ g % is bounded when y — 0. So the last expression
tends to 0. ’

The equation then implies the result. O

We still denote by S(¢) the meromorphic extension of S to a neighborhood of H. Let {r;}
be the zeros or poles of S.

When y — 07, s(.+1y) tends to — log |S| almost everywhere. On every compact of R—{r},
the convergence is uniform, and thus in L.

Let r be any zero or pole and € > 0 be such that S admits a meromorphic extension over
a neighborhood of [ry — €;r, + €] X [—¢; €] and 7; & [ry — €;7r, + €] for all j # k. There exist
h:[ry — €1 + €] x [—€; €] = C holomorphic and m € Z such that:

S(z)=(z—=r)"h(z) Vz € [ry—€rr+ € X [—€; € and h(rg) #0
For all y €]0;¢[:

T +e T +€
/ Is(t + i) + log | S(¢)||dt :/ [mlog [t — ry, + iy| + log |A(t +iy)|
— TR —€

TE—€

—mlog|t — ri| — log |h(t) 'dt

’I’k+6
< m/
TE—E€

o
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log |t — ry + iy| — log |t — rk|’dt

)| — log |h(t)||dt (43)



As log |h is continuous, log |h(. + iy)| converges uniformly to log|hr| over [ry — €7 + €]:
rate

I

As log|. — 7y, + dy| converges to log|. — rx| in L*([ry — €; 11, + €]):
e

I

So, by ([43)), s(. + iy) converges in L' to t € R — —log|S(t)|, over [ry — ;1) + €. As the

(t + iy)| — log|A(t)||dt — 0 when y — 0F

log |t — ri + iy| — log |t — rk”dt — 0

sequence (ry) has no accumulation point in R, s(. +iy) — —log|Sg| (in L') over each compact
set of R.
By the lemma[A.2] for all f € CO(R):
L FOQ+ 2B = tim [ s+ iy f)dt =~ [ og]S@If(t)dt
R y—0t JR
We deduce that dE(t) = —bgﬁ# As dF is singular with respect to Lebesgue measure, we
must have log|S(t)| =0 for all t € R and dE = 0. O

]

B Lemmas of the proof of theorem

Proof of lemma[3.4 We first recall the Riesz-Fréchet-Kolmogorov theorem.

Theorem (Riesz-Fréchet-Kolomogorov). Let p € [1;4o00[. Let F be a subset of LP(R). The
set F 1is relatively compact if and only if:

(i) F is bounded.

(ii) For every e > 0, there exists some compact K C R such that:

sup || fllzr-x) < €
feF

(i1i) For every € > 0, there exists 6 > 0 such that:

sup||f(. +h) = fll, <e  Vhe[=0;7]
fer

We want to apply this theorem to p = 2 and F = {f,, x ¥ }nen.
First of all, F is bounded: actually, from , (fn)nen itself is bounded (because (U(f,))n
converges and thus is bounded). It implies that {f, x ¢;}, is bounded because ||f, * ;|2 <

|| fall2][#5]11 (by Young’s inequality).
Let us now prove (ii). Let any € > 0 be fixed.
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The sequence (| f, * 1;]),, converges in L*(R) (to h;, because U(f,) = (h;);ez in L(R)). So
{Ifn * ;| }n is relatively compact in L*(R). By the Riesz-Fréchet-Kolmogorov theorem, there
exists K C R a compact set such that:

sup || [ fn * ¥l || r2e-x) < €
neN

But, for all n, ||| fn *x¥;|||L2@—K) = ||fa * ;]| L2(m—K) s0 (ii) holds:
sup £« e < €

We finally check (iii). Let € > 0 be fixed. For any h € R:

(Fax3) (A h) = (frxs)lle = |l fnx (050 = 2) = 5)ll2 < [l full2llebi(- = h) = 5]k

As sup || ful]2 < 400 and ]lzirr(l) [|¢;(- — h) — 9;|]» = 0 (this property holds for any L' function),
n —

we have, for § > 0 small enough:
sup [|(fax 95) (- +h) = (faxy)llo <€ Vh € [=650]

]

Proof of lemma[3.3 We want to find g € L3 (R) such that I; = gu; for every j € Z.
If w <0, we set g(w) = 0. Then, for each j, we set § = [;/1; on the support of 1;, which
we denote by Supp ;. This definition is correct in the sense that:

U - -
if j1 # jo, 2= - a.e. on Supp ¥, N Supp ¥;,
wﬁ wjz
Indeed, for all n, (fgm) x5, )*Vj, = (fom)*1j,)*1j, so, by taking the limit in n, [j, x1;, = 1, *1;,
and l]1¢]2 - l]2¢]1
We can note that, for all 7, gwj = l It is true on Supp @/J], by definition. And, on

R — Supp 1/)], [.=0= gwj because l is the L2-limit of f¢ 1&] and f¢ 1/1] = (0 on R—Supp @/)]
The g we Just defined belongs to L*(R). Indeed, by (27} .

1 A 1 R 1
A2 < & ~12 ,2:7/ 2= 282
1913 < 5 [ I9FSIF = 5 [ I = 55l

As fym)*1; goes to I; when n goes to oo and U( fym)) = {|f¢(n)*¢j|}j goes to (h;)jez € LA(R),
we must have |I;| = h; for each j. So $30/|l;]13 = £/h113 = $1l(hy)jezll3 < 400 and g
j J

belongs to L*(R).

As § € L*(R), it is the Fourier transform of some g € L*(R). For all j € Z, as gib; = I;, we
have g x ¢, = [;.

We now show that fg,) — g when n — oo.
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For every J,n € N:

S W om *Uill3 = [ D NU(fom)i 113

31> >0
< [ 22 M0sm)s = hill3+ | 32 (1113
3> >0

<o) = Byl + [ D 115113
1>

so s ( 5 s+ 1) < 5 13 anc
l7]>7 71>

n

lim sup <Z\\f¢(n) *Pj — 9*¢j||§) < lim sup ( D oy * by — 9*¢j||§)

JEL " ljl<J

+ limnsup ( S 1 fom) * 05 — 9*%’”3)

li1>J

= limsup<z | fon) * ¥; —9*%’“3)

n .
|51>J

< X imliz

li1>J
This last quantity may be as small as desired, for J large enough, so 3 || fom)*¥; — gx1b;|[3 — 0.
jez

By :
Sl ot * s = 9 x5l = [ | = 9 (1)
J

JEZ
zA/
R

A 9
= %Hf(zﬁ(n) —9ll3

A~ 12
fom) — G

50 [[fo(m) — gll2 = 0. 0

C Proof of theorem 5.1

In this section, we prove the theorem 5.1 which gives a stability result for the case of dyadic
wavelets.
For all y > 0, we define:
N(y)= sup |[FO(x+iy)|

z€R,s=1,2
The following lemma is not necessary to our proof but we will use it to progressively simplify
our inequalities.
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Lemma C.1. For all y1,y2 € RY, if y1 < 9o
N(y1) > N(v2)

and for all ys € [y1; g

Y2—Y3 Y3 —vy1

N(ys) SN (y1) 2 N(yp) v

(44)

(45)

Proof. The second inequality comes directly from theorem , applied to functions FM and

F® on the band {z € C s.t. y; < Imz < yo}.

The first inequality may be derived from the first one. The function N (y) is bounded when

y — +00. Keeping y; and y3 fixed in and letting 4o go to 400 then gives:

N(?J:%) < N(yl)

We can now prove the theorem.

Proof of theorem[5.1. From the relation between F'®) and the f) % ¥ and from the hy-

potheses, the following inequalities hold for all x € [—M27; M27]:
1FO(x +i27)? — [FO (2 +i2)]?| < eN(2)?
[FO (@ + 27t 2 = |[FO (x4 i27)?]| < eN (2
|FWD (2 +i29), |[F@ (z +i27)|* > N (27)?
|FW (@ 427 )2 |FO (x4 a2 > eN (272

Let us set, for all z such that —2/71 < Imz < 27+

G(z) = FO(z 4+ i) FO (7 4 12+1) — FO (7 4 27t FO) (7 4 127+1)
For all z such that Im 2z = 0:

G(2)] = [|FO(z +i2 TP = [FO (2 4 i2T)?| < eN(271)? if [Rez| < M2
< N(271)? if |Rez| > M2/

and for all z such that Im z = 3.277L:

1G(2)] = |[FV(Rez + 7.2 %) FO(Re 2 + 20— 11) — FP(Rez 4 7.2271) F@(Re 2 + 27-14)|

<2N(7.27HN (27

We apply the lemmal[E.2|for a = 0,b = 3.2t = 2/3, A = N(27*1)2, B = 2 N (7.27 "1 )N (271).

It implies that, for all x € [-AM27; A\M27]:

|G (z + i2j)| < 22/361/3_04A/1N’(2j+1)2/3N(2j—1)2/3/\/’(7‘2]‘—1)2/3
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where oy = g:’zgg;i )M))
3

Replacing G by its definition gives, for all z € [=AM27; A\M27]:

|FO (2 +43.2)FO (2 +4297) — FO (2 4 i3.2))F@ (2 + i27)|
< 22/361/3—aMN(2j+1)2/3N<2j—1)2/3/\/’(7'23'—1)2/3
< 261/3—aMN(2j+1)4/3N(2j—1)2/3
We used the equation to obtain the last inequality.
So, for all z € [-AM27; A\M27):
|FO (2 +i3.27) FO (z + i20) F®) (x + i27 ) FO) (3 + i29)
—FO(z +i3.2)FO(z + i20) F ) (x + i2) FO ( + 2|
< |FO(z +i3.2)FO(z +i27) — FO (2 4 i3.2))FO (x4 i20)|.|F® (z + i27) F@ (. + i27))|
+ |F® (2 +i3.2)YFO) (z + i20)||[FP(z + i2) ) FO (z + i27) — FO (2 4 i2)) FD ( 4 i27)]
< 2B NF(QIHNAB NS (29128 | FR) (1 4 §29) 2 4+ eN(20)2| FP) (2 4 i3.29) FO (z + i27)|

Dividing by |F®(z + i27) F®)(z + i27)| gives:

|FW(x +43.2)FP (2 +i27) — F® (x4 3.2 FO (z + 327)]
FO(z +i27)|
< 9 1/3—apm 2]+1 4/3 2] 1 2/3' :
NN @T Fo i)
o |F P (2 +i3.27)]
|FO) (2 + i29)]

+ eN(27)

For each z € [-AM27; \M27], this relation also holds if we switch the roles of F(!) and F(®)
Thus, we can assume that |F® (x4 i27)| < |[FU(z + i27)|. Using also the fact that |F()(z +
i27)| > \/cN(27) yields (always for x € [-AM27; AM27]):

|FW (2 4 i3.2)FP (2 +427) — F@ (2 4 i3.20) FW(x + i27)]

< 26l /3mon \F(QIH YA N (217125 4 \;_N (2N (3.27)
&
2J+1 4/3N(2j—1)2/3 3—ans N

) €
N@NGB2) M)
Jo1yN 2/3
< 2_/\/’(2] 3.97 ((m) cl/3—on + 2\/_)

<BN@NB2) [t ] /3w 4
<IN W) NW)) e (40)
In the middle, we used the equation (4 (271) < N(29)Y/2N(3.27)Y/2. For the last inequal-

ﬁ (l/3—any (N(QJ 1)>2/3 (l/3—any
2 cS > S 2 = Ve 2

= 2N (2))N(3.27) (N(
N (3.27)

ity, we used the fact that ¢ > € so
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For all z such that Imz > —27, we set:
H(z) = FO(z +i3.2)F® (2 4+ i27) — F® (2 +i3.2)FY (2 +i27)
From (46)):

|H(2)| < 2N(2)N(3.27) if Im 2z = 0 and |Re z| > AM2/

N (271
N (27+1)
< 2N (PPN (6.27) if Imz = 5.2/

2/3
< 2N(27)N(3.27) min <1,£23 ( ) 61/3_’11”) if Imz = 0 and |Re z| < AM2/

We may apply the lemma again. For all z € [—A\2M27; \2M27]:

N (2971
N (27+1)

3 (N A
< 2min <1, 3 </\/'(2J+1)) 61/3CYAI> N(21)4/5/\/'(2j+1)6/5

4/5—a/,
' 3 2/3 M ' ' ' .
|H(z +12")| < 2min <1, 5 ( ) 61/3—aM> N QYN (3.2 N (2735 N (6.27)1/5

;g exp(—EAI-NM))
Where OZM - glfexp(*%)\(lf)‘)M)) .

Replacing H by its definition and dividing by —FW (x + 29T F® (z + i271)| (which is

greater that c\/(2771)?) gives:
. 4/5—aly N\ 4/5
2 3NN L, N(2)
e (1’ (svem) < (@)

As soon as 4/5 —a/y, > 0 and 1/3 — oy > 0:

FO(x 442772)  F@ (g 4 i27+2)
FO (g +429+1)  F@(g +429+1)

'F<1>(:c +4i2772)  FO) (g +2072)

; 8/15 ; 4/5
_ S N2 c(1/3—anr)(4/5—aly)
FO(z 4 i29+1)  FO@(x +42741) )

N (20+1

((1/3=an)(4/5-a})

9j+1
4/3
_ Nj—122p> ((1/3—0n0)(4/5-0y,)
Njn
So: us
f * jta() _ & * jta() < §2“TP <N31> e(1/3—an)(4/5—aly)
FWxapiq(z)  fOxj(z)| ~ ¢ Njt1
which is the desired result for A = 3.2°5. O]
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D Proof of the theorem 5.2

In this whole section, as in the paragraph [5.3] & is assumed to be a fixed integer such that:
at<2—a
and we define:

a—1
1—ak

c=1
Lemma D.1. Let the following numbers be fized:
€ €]0; 1] M >0 p e [0; M| JjEZL
We assume that, for all x € [—Ma’; Ma?]:
1FO (@ +ia))* = |[FP(x +ia) | < eN(a?)?

Then, for all x € [—(M — p)a’; (M — p)a?]:

[FO (@ +i(207 — o ) FO (e ia? ™) — FO(z +1i(207 — o 71)) PO (x + ia’*)|
< N(@)% (2N (a7 MN (@7 F)) 7 e

where:

Proof. We set:
H(z) = FO(z 4 ia)) FY(z +ia?) — FO(z +iad) FP (2 + ia’)
When y =0, [H(z +iy)| = ||[FD (2 +ia?)* — |[FO(z + ia?)[?|. So:

|H(z +iy)| < eN(a?)? if z € [-Ma’; Md’)
<N(a)?if x ¢ [-Ma’; Md)

When y = o/ — a?*:

|H (x4 iy)| = [FO(z +iai=F)FO (2 + (27 — /7)) — FO(z +iai—*)F® (z +i(2a’ — a’7"))|
< 2N (207 — a?F)N (a7 ) (Vz € R)

We apply the lemma [E.2] to H, restricted to the band {z € C s.t. Imz € [0;a’ — a/~¥]}.
From this lemma, when y = ¢’*! — ¢/ and z € [—~uMa’; uMa?]:

’H(x + Zy)’ < 6f(m+iy)j\/’(aj)20 (2,/\/(2&] _ aj*k)N(aj*k»l—c
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a—1

% and:

where c =1 —

-7 Majf\aﬂ
a—1 e "al-al™F
1—qk 7rMaJe|a:|

1—¢ Tarait

flx +iy) > c—2

e — Mai —
Because of the definition of k£, % < 1. Moreover, ajfaj‘fk' > = > p, so:

: e
f(x+ly)20—2m—c—oz

Replacing H by its definition yields:

’F(l)(x + (200 — @) FY (2 4+ ia?tH)— FO (2 + (200 — ai+1))FP (2 + iajH)‘
~ |H (e + i(0 )
< €N (a?)* (2N (207 — aj_k)/\/'(aj_k))17C

To conclude, it suffices to note that, because of the way we chose k, 247 — a?=* > a/*! so, from

[C1] M(2a7 — a?=F) < N(a?t). O
Theorem D.2. Let the following numbers be fixed:
€,k €]0; 1[ with k > 17¢) M >0 € [0; M| jEL K eN

We assume that, for anyn € {j +1,....,5 + K} and x € [-Ma’*5; Ma/+tX]:

1FD (@ + ia") P = [FP (2 + ia")P| < eN(a")? (47)
|FD (2 4+ ia™)|?, |FP (z + ia™)|? > kN (a")? (48)
We define recursively:
ng=j+K wy = a’ K
Vlie N N1 =n; — 2 wip1 = w; — (a — 1)%a™+
We define:
-1 ns—1—k 2 -1 —
oM (Nel) ot ame—2(14 252 (S ) (155)

For any | > 0 such that n; > j and M — (I + 1)p > 0, we have, provided that ¢; < 1:

Ny [P 0 o ) FOG i +ia)
Oy 12 _ p—(=1)/2 _q
S 3Dl ( K 1 f \/E ) €cl
(Va € [~(M — (I + Dp)a?; (M — (1 + 1)p)a’*])
(49)
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Proof. We procede by induction over [.
For [ = 0, is a direct consequence of . Indeed, wy = a™,Dy = 1,¢9 < 1 so, for
r € [-Ma'tE; Ma/tE]:

1
m “F(l)(m_'_iano)‘Q o |F(2)<$+ian0)|2' S € S BDOECO
a™

We now suppose that holds for [ and prove it for [ + 1.

We procede in two parts. First, we use the induction hypothesis to bound the func-
tion ’F(l)(x +iw)) FO (2 + i(2a™ ™ — a™)) — F@(x + dw) F® (z + i(2a™ " — a”l))’. In a sec-
ond part, we use this bound to obtain the desired result.

First part: by triangular inequality,

[FO @ +iw) FO(z +i(2a" " = a™)) = FO(z + iw) F (z + (24"~ = a™))|
< ]F(l)(;c + 1wy FY (z 4 ia™) — FO(z + iw) FP (z + z‘a"l)\ (50)
FO (2 +i(2a™~1 — a™))
FO(z + iam)
FO(x +ia™)  FO(z +iam)
FO(x +ia™)  FO (x4 iam)
x | FO (@ +iw) FO(x +i(2am " = a™))]
+ ‘F(l)(a: +iam)FO (z +i(2a™ 7 — a™)) — F@ (2 4 iam)F® (x + i(2a™ ! — a"l))‘
(52)

(51)

" FO(z + iw;)
F®(z + iam™)

By the induction hypothesis, for z € [—(M — 2lu)a?™5; (M — 2lp)a?TE], is bounded by:

\F(l)(;c + iw)) FO(z +ia™) —F® (z + i) FP (x + m"l)(
2/€—l/2 _ /ﬁj_(l_l)/z -1
1—+/k

Because of and (for n =mny), is bounded by:

FO(z 4ia™)  FO(x +iam)
F (iL‘ —+ ia"l) F(2) ([[; + ianl)

S 3Dl < ) N(wl)/\/'(a”l)ecl

F® (@ +iam)? — [FO (z + ia™)|?
B FW(x +iam)F@ (x + ia™)

VAN
N

Finally, from the lemma applied to j = n; — 1, (52)) is bounded by:

‘F(l)(a: +iam)FY (2 +i(2a™ — a™)) — FO(x +ia™)F® (z 4 i(2a™ " — a"l))‘
S N(anl—l)Qc(Z/\/‘(anl )N(anl_l_k))l_CEC_a

43



for all z € [-Ma’™® + pa?; Ma?t® — pa?] O [—(M — (I + 1)p)a? 55 (M — (20 + 1)p)a? TE].

We insert these bounds into the triangular inequality. We also use the fact that |FM)(z +
ia™)|, |F® (x + ia™)| > /eN(a™). We get, for any x € [—(M — (I + 1)p)a? 5 (M — (1 +
Dp)ai K]

[FO (@ + iw) PO

—

x+i(2a" 7 — a™)) — FO(x + qw) F® (z 4+ i(2a™ " — a”l))]

1 o U2 =12 _q
< ﬁng ( n 1 i \/E )N(wl)N(Qanl_l — a”l)ecl
+ g./\/'(un)/\/'(Qam_1 —a™)

21 ¢ N(wl)
VR Nany
We must now simplify this inequality.
First, 24"~ — a™ = ca™ ' + (1 — ¢)a™~'~* so, from the lemma [C.1} N'(2a™~ ! — a™) <
N(anlfl)c/\/’(anlflfk)lfc. So:
‘F(l)(x +wy) FO(z +i(26™ " — a™)) — F@ (2 + jw)) FP (z + i(2a™ " — a"’))’
< N(wZ)N(anl—l)CN(anl—l—k)l—c
1 9 =l/2 _ —(1-1)/2 _ 1 9l—c n;—1\c
X 73Dl K R Ecl + E + N((l ) cha
VE 11—k Kk Kk N(am)e

Now we note that 1 < N/\(fz lnl)c (from the lemma [C.1| again, because a™~! < a™). Because

N(anl—l)ZCN(anl—l—k)l—cec—a

k> 2179 we also have < < \F < 6\; And as c — a > ¢, € < €%, This gives:
[FO @ +iw) FO(z +i(2a" " = a™)) = FO(z + iw) F(z + (24"~ = a™))|

€cl N(anlfl)ZcN(anlflfk)lfc 2/{7”2 . Hf(lfl)/Q -1 e
S \/EN(IUI) N(a”l)c 3Dl 11— \/E +1+42

If we bound 2'7¢ by 2 and notice that D; > 1 (because, from [C.1} it is a product of terms bigger
that 1), we have:

[FO @ +iw) FO(x 420" = a™)) = FO(z + iw) FO (x + (20" = a™))|
n;—1)\2c n—1—k\1—c 2 -1/2 _ . —(1-1)/2 _ 1
N NN @) (( - )+1)

€4
<
P \/E

N(art)e vk
. N(an171)2c/\/’(amflfk)1fc 2,{f(l+1)/2 _ lifl/Q -1
< 3" DN (wy) N{a) I~ n

Finally, from , we have NV(a™) < N(a™)V2N (2a™~! — a™)'/? so
)Fu)(x +iwy) FO(z +i(20" — a™)) — FO(z + iw)) FP (x + i(2a™ " — a”l))\

N (qm—1-Fk I—c 92— (H1)/2 _ =12 _q
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Second part: we define, for any z € C such that —2a™~! +a™ < Imz < w;:

H(z) = FO(z 4+ iw) FY(z +i(2a™ 7 — a™)) — FO(Z + iw) F@ (2 4+ i(2a™ ™ — a™))

n—1—k 1=¢ /o, —(+1)/2 _ . —1/2 _ 1
B §Dl N(a ) K K
2 N(2am=1 — a™) 11—k

We write:

From the first part:

|[H (z + iy)| < 2N (w)N (2™
< 2N (w))N (2a™ 1

HBe* ify=0,x € [—-(M
') ify=0x¢[-(M

|
_I_
=
=
Q
<
+
N
—

|
_I_
=
=
Q&)
+
— -N .
S
|
_|_
—_
=
g\)
+
e

Moreover, if we set y; = w; — 2a™ 1 + a™:

H(z +iy) = FO(z +i(2am=1 — am))FY (2 + iw;) — FO(x +i(2am=1 — am))F® (2 + iw,)
= H(z)

Thus, we also have:

H(x + iy)] < 2N ()N 20" — a™)Be ity = g,z € [~(M — (I + D)™ (M — (1 + D)™
CON (N —a™) iy = ya @ (M — (L D)™ (M — (14 1)) K]
We apply the lemma [E.3| with a = 0,b = y;. For Imz = (a — 1)2a™ 2 and |[Rez| < (M — (I +
p)a? T
|H (2)] < 2N (w)N(2a™ " — a™)(Be) ) (53)

M-+l TE |Re ¢
4((171)2(1”1_2 e & Y1
Ul M-+ tE_Re 2| |*
Y

with f(z) > 1—

1—e
From the definition of w;, one may check that (w;) is a decreasing sequence which converges

to 2‘3:11( when [ goes to co. So, for any [ > 0:
y < w <wp=altE
K K
> 20778 24" 4 gt > 2078 9ai K1 4 g tK — (a=1)(a+2) ;. p
~a+1 ~a+1 (a+1)
From this we deduce:
(M—(@+1)p)ad TE _|Re 5|
2 -7 3
a®—1 e altE
Fz) 21 -4 g -
a-+2 e (z+1)u)_aJ;K Re z|

1—e alt

j a?—1_-2]— e~ TH
So, when |Re z| < (M — (I +2)u)aE, f(2)21—4?21a 2l 1( )

1—e~TH
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As B > 1 and f(2) < 1, Bf® < B. Moreover, ¢ < 150 cf(z) > ¢ — (1 — f(2)) if
1 — f(2) > 0. The equation thus gives:

|H(2)] < 2N (w)N(2a™ — a™)Be™"™
= 2N (w))N (2a™ 1 — a™) Bet+!

—(+1)/2 _ —1/2 _
= 3D ()N (20" — )N (a1 ky e (2” " 1) e

1=k

Because w; > wyq; and 2a™ 1 —a™ > a™17* we have N (w;) < N (wpy1) and N (2a™ 1 —a™)
N (a™=**). Thus:

IN

|H (2)] < 3DN (wig1)N (a™?)

N(anl—l—k) 2/€—(Z+1)/2 _ /i_l/Q -1
Cl+1
N(am-2) 1k ‘
2/€—(H—1)/2 _ Ii_l/2 _ 1)

60l+1

—
So, for any x € [—(M — (I +2)pu)a?™5; (M — (I + 2)p)a? 5]

= 3D 1N (w1 )N (a™?) <

1
N (wi1)N (am+n)

‘F(l)(:p - z'le)F(l)(g; +ia"+) — FO(z + iwl+1)F(2)(:U + ia™ )

= |H(z +i(a — 1)%a™7?)]
2,%—(!—{-1)/2 o /{_Z/Q . 1)
€Cl+1

1=k

This is exactly the induction hypothesis at the order [ + 1. O

< 3D (

Proof of the theorem[5.3. We will obtain the desired theorem as a corollary of the previous one

D2).

The conditions and in the statement of the theorem are equivalent to ([33)
and , required in the theorem .

Thus, if we fix u € [0; M|, we have that, for any [ > 0 such that n; > j and M — (I+1)u > 0,
under the condition that ¢; < 1:

1 . -

W ’F(l)(l‘ + iwl)F(l)(x + Z'anl)_ J20) (ZE T iwz)F(Q)(;p N Z'anz)
9p—1/2 _ —(=1)/2 _ 1)

€l

sgg( o
(‘v’x € [_(M — (l—l— 1)M)aj+K; (M . (l—|— 1)/L)aj+K])

where the constants are defined as in [D.2]

We can check that, for any [, w; = “;If (2 + (a — 1)a‘2l).
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We take | = K/2. We then have w; = a%laj”{ + Z%}aj = a’ and n; = j. For this [, the
previous inequality is equivalent to:

1 - .
‘f(l) s (2) FO % () — f@ % gy (z) O *%’(SU)‘
NN,
-K/4 _ —(K=2)/4 _
< 3D, (25 K 1) o
11—k
We observe that ¢; > lime = c—2 (14 2-%) (15 ) > c—4 (2% ) and Pl i W
= MG =c at2) \1—e=mn ) = € T—c—mn ) 1 1-—Vr =
2H7K/4
1=V , .
So, for any z € [—(M — p(1+ K/2))a? ™ (M — pu(1 + K/2))a?T5]:
1T - .
FO (@) O %) — FO x5 (@) 1wy (o)
N]Nj J J
oK/

<6D
< ll_\/E

From the equation ([32):
K/2-1 a1 K/2-1
b= 1 (M9 CERE
s=0 N(an572) s=0 an_2

M

712, our last inequality is exactly the desired result. O

For p =

E Bounds for holomorphic functions

In the proofs of the section o] we often have to consider holomorphic functions defined on a
band of the complex plane. We want to obtain informations about their values inside the band
from their values on the boundary of the band. This is the purpose of the three theorems
contained in this section.

In the whole section, a,b are fixed real numbers such that a < b. We write B, = {2z €
Cs.t. a <Imz < b}. We consider a holomorphic function W : B, — C which satisfies the
following properties:

(i) W is bounded on By.
(i) W admits a continuous extension over B, , which we still denote by W.

The first theorem we need is a well-known fact. We recall its demonstration because it is
very short and relies on the same idea that will also be used in the other proofs.

Theorem E.1. We suppose that, for some A, B > 0:

W) <Aiflmz=a
W(E)|<Biflmz=0
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Then, for all t €]0;1[ and all z € C such that Im z = (1 — t)a + tb:
W(z)| < A'B
Proof. For every € > 0 and 2z € B,y:

(b —Imz)log(A) + (Im z — a) log(B)
b—a

L(z) =log(|W(2)|) — —elog|z+i(1—a)|
is subharmonic on B,; and continuous on B,;. It is upper-bounded and takes negative values
on 0B,p. Moreover, L(z) — —oo when Re(z) — Zo0o. From the maximum principle, this
function must be negative on Bgy,.

Letting € go to 0 implies:

(b —Im z)log(A) + (Im z — a) log(B)
b—a

b—Im z Im z—a

= |W(z)| <A B

log(|W(2)]) < Vz € Bay

Lemma E.2. Let A, B,e > 0 be fixed real numbers, with e < 1. We assume that:

W (2)| < B iflmz=5b
(W (2)| <Aiflmz=a and Rez ¢ [—M; M]
(W (2)] <€A iflmz=a and Rez € [-M; M]
Then, for all z such that a <Imz < b, ift € [0;1] is such that Im z = (1 — t)a + tb:
W (z)] < /@ AtB

where:
] oM/ (b—a) _ m(z—ia)/(b—a)
f(z) = - arg <€WM/(ba) — eﬂ(zm)/(ba)>
__M-|Re |
and this function satisfies, when [Rez| < M: f(z) > (1 —1t) — 2tW'

Proof. The function f may be continuously extended to B, —{—M +ia; M +ia}. By looking
at the figure [7, one sees that:
f(x+ia)=0forallz € R — [-M; M|
=1forall x €] — M; M|
f(z+ib) =0 for all x € R

We set:
f(=M +ia) = f(M +ia) =1
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67r(z7ia)/(bfa)

|
T T

0 e—TM/(b—a) e™M/(b~a)

Figure 7: Positions of the points used in the definition of f

This definition makes the extension of f upper semi-continuous on B, (because f < 1 on all
Bap).
For any n > 0, the following function is subharmonic on B, :

(b—Imz)log(A) + (Imz — a) log(B)
b—a

L(z) = log(|W(2)[) — log(e) f(2) — —nlog|z +i(1 - a)|
It is upper semi-continuous on B, and tends to —oo when Rez — +oo. Thus, this func-
tion admits a local maximum over anb. This maximum is attained on 0B,;, because L is
subharmonic.

From the hypotheses, one can check that L(z) < 0 for all z € 0B,;. The function L is
thus negative on the whole band B,. Letting n go to zero gives, for all z € B, such that
Imz=(1—t)a+th:

W (z)] < /@A B
M—|Re z|

- b—a

We are only left to show that f(2) > (1 —t) — 20— pe

l-e b—a

r when Im 2 = (1 — t)a + tb.

If we write 2 = Re (2), we have:

1 < it 1— eﬂ(wa)/(bfa)eﬂ'it) )
—e€

1 — e~ ™(M+z)/(b—a)o—mit

1 1 — eﬂ(wa)/(bfa)eﬂit)
- (1 o t) + ; arg 1 — e~ m(M+z)/(b—a)g—mit

49



We note that:

x—M . x—M .
arg (1 — €™ b e”t) < |tan (1 — " ba e”t)

= |sin(nt)| ~
1— " cos(mt)
=
< |sin(mt)| ——=r
1 —e" b
ﬂ_I,]\/[ _WM—|Re zl

e b—a e b—a
<t —7 <7t

— T — M—|Re 2|
1—¢e"t=a 1 — e_ﬂ' b—a

M4z .
arg (1 —e Thae m)

And the same inequality holds for . This implies the result.

]

The proof of the third result is similar to the proof of the second one. We do not reproduce
it.

Lemma E.3. Let M, A, e > 0 be fized real numbers, with e < 1. We assume that:

W (z+ia)] < A |W (z + ib)

|<A  VreR-—[-M;M]
Wz +ia)| <eAd  |W(x+ib)

<
<eA Vrxe|-M;M]

Then, for all z such that a < Imz < b:
W (z)| <P A

where:

f(z) = —arg o—M/(h—a) _ gr(z—ia)/(b—a) " _onM/(b—a) _ gr(z—ia)/(b—a)

1 < e7rM/(b—a) _ 67r(z—ia)/(b—a) _e—wM/(b—a) _ ew(z—ia)/(b—a))
™

M- [Re |
and this function satisfies, when |Rez| < M: f(z) > 1—4t (W)7 for t = mz—a

b—a
l1—e b—a
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