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Abstract

The notion of supershift generalizes that one of superoscillation and expresses the fact that the sampling of a function in an
interval allows to compute the values of the function outside the interval. In a previous paper, we discussed the case in which
the sampling of the function is regular and we are considering supershift in a bounded set, while here we investigate how
irregularity in the sampling may affect the answer to the question of whether there is any relation between supershift and
real analyticity on the whole real line. We show that the restriction to R of any entire function displays supershift, whereas
the converse is, in general, not true. We conjecture that the converse is true as long as the sampling is regular, we discuss
examples in support and we prove that the conjecture is indeed true for periodic functions.
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1 Introduction and preliminary definitions

The notion of supershift (in itself a generalization of the
notion of superoscillation arising in quantum mechanics but
also studied from the mathematical point of view, see e.g. [1—
9,12, 13, 15-17, 26]) expresses the fact that the sampling of
a function in an interval allows to compute the values of the
function far from the interval. In a recent paper, see [14],
we studied the relation between supershift and real analyt-
icity. In particular, we used a classical result due to Serge
Bernstein (see [11, 19, 23] for more information) to show
that real analyticity for a complex valued function implies a
strong form of supershift. On the other hand, we used a para-
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metric version of a result by Leonid Kantorovitch to show
that the converse is not true in the sense that we can construct
an example of a smooth function that exhibit supershift on a
bounded set and yet is not real analytic on that same set, see
[22].

In [14], we restricted our attention to what we called a
regular sampling. In this paper, instead, we study the more
general case where the sampling points can be distributed
in an interval with no regularity, but we consider the more
difficult situation in which supershift occurs on the whole
real line.

The first class of results, see Section 2, shows the super-
oscillatory phenomenon arises even in the case of irregular
samplings in a way generalizing the standard one. The
most general configuration of sampling points is treated via
Lagrange-Hermite polynomials, see Theorem 2.6 and The-
orem 2.7, even though a well-known example of Erdos and
Vértesi, see [20, 21], shows that such polynomials fail to
approximate continuous functions almost everywhere (and in
particular it is always possible to find continuous functions
for which the supershift fails even for regular samplings).
This leads to the fact that the restriction to R of any entire
function displays supershift phenomena, see Theorem 2.4
which gives, using Proposition 2.3 and Theorem 2.6, respec-
tively, Example 2.5 and Theorem 2.7.

This leads us naturally to Section 3 where we obtain
some results that suggest the following conjecture (Conjec-
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ture 3.4): is any regular C-supershift on R (in the sense
of Definition 1.8) necessarily the restriction of an entire
function? Proposition 2.9 and Remark 2.10, which are inher-
ited from Kantorovich’s example, suggest that the regularity
hypothesis on the sampling is natural for our conjecture to
hold.
More precisely, Proposition 2.9 shows that slightly irregular
samplings on [—1, 1] allow the construction of non-real ana-
lytic functions on R which can be extrapolated, uniformly on
any compact set, from their sample values on [—1, 1].

As a support for Conjecture 3.4, we prove it for periodic
regular C-supershifts on R, see Theorem 3.6.

We now review some preliminary definitions which will
be useful in the sequel.

Let
1,055 R
h2,0.h21, ..., 2,2
H= : (1.1
hno,hn 1, AN 2, o AN vV

be a collection of real numbers (interpreted as frequencies)
which all belong to the closed interval [—1, 1] with Ay , >
hy v+ for N e N*and O <v <v(N) — 1.

Definition 1.1 A sequence of generalized trigonometric poly-
nomials (Ty n)n>1 of the form

v(N)
THN() = Y Chy(N) explixhy.,y),
v=0
(with Cyy ,(N) € C for N e N*, 0 < v < v(N))

is called an H-sequence of generalized trigonometric
polynomials.
Given an open subset A C R, an (A, H)-sequence of gener-
alized trigonometric polynomials {Ty yla] : a € A}y>1 18
by definition an A-parametrized H-sequence of generalized
trigonometric polynomials such that each complex amplitude
Ch (N, a) depends continuously ona € A, forany N € N*

Definition 1.2 (Superoscillating sequence). An (A, H)-
sequence of generalized trigonometric polynomials is said
to be superoscillating if there are two continuous func-
tions gg : A — Cand Cy : A — R such that both
V={aeA:Cyla #0, |gu(a)| > 1} and the open
subset U of points x € R about which

lim Ty yla](x) = Cp(a) exp(i g (a)x), (1.2)
N—+00
locally uniformly with respect to (a, x), are non-empty open
subsets, respectively, of A and R. The set U is then called
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the superoscillating subset of the (A, H)-superoscillating
sequence {Ty[a] : a € A}n>1.

Definition 1.3 (Regular sampling). We will call regular sam-
pling of the frequency interval [—1, 1] the sampling defined
by H¢ = [hjv ,] where € = (ey)n>1 is a sequence of ele-
ments in [0, 1[’WhiCh tends to O when N tends to infinity and

V+ey(N —v)
hi\’,v:]_z (T

Example 1.4 The (R, H¢)-sequence {T§[A] : A € R}y>1,
where

),OSVSN. (1.3)

N

N—v v
TE[A] (x) = v;) <ZZ) (H_TA) (17’\) exp (ih$., x)
. l—ey
= exp(i enx) <cos (x N )
1- EN N
)

is superoscillating on U = R.

+i A sin <x (1.4)

From now on, we will mostly consider (R, H)-superoscilla
ting sequences.

The definition of superoscillating functions can be extended
to include more general cases as follows:

Definition 1.5 (Supershift Property (SP) ) Let A be an open
interval of R, possibly R itself, which contains [—1, 1] and
Y :a € Ar— Y, €.% beacontinuous map from A to a
topological C-vector space .%. Let

v(N)
Ta NIM) = Y CHy(N.2) explixhy,,) : A €R
v=0 Nzl

be an (R, H)-superoscillating sequence and assume that all
the complex functions Cg (N, 1) are continuous in A. The
map v is said to satisfy the Supershift Property (SP) # on
A with respect to {Ty n[A] : A € R}y>1 if the sequence of
functions

v(N)
a€Ar— Y Cuy(N.a)Yny, €F,
v=0
N=12,.. (1.5)

converges to ¥ in the space of continuous functions C(A, %),
with respect to the topology of uniform convergence on any
compact subset, i.e.

v(N)

lim Z CH,\)(N, (l) 1/th,u = ’»”a-

N—o00
v=0
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Remark 1.6 The reader will notice that when

N—v v
ava=(0)(59) (%)

this definition reduces to the original example of Aharonov,
where A=R,H=H":={1-20/N : NeN* 0<v<
N}.

The two definitions below were originally given in [14]:

Definition 1.7 (Translation-Commuting Supershift Property
(TCSP) #) Let A be as above and fora € A, leta € A —
Y, € ¥ be a continuous map from A to .%. Let {Ty y[)] :
A € R}y>1 be a (R, H)-superoscillating sequence. The
continuous map v is said to satisfy the .7 -Translation-
Commuting Supershift Property (TCSP) # on A with respect
to the superoscillating sequence {7y n[A] : A € R}ysq if
the sequence of functions

v(N)

> Cuow(N. &) Yarsny, | C€F. N=12, ..
v=0

(1.6)

defined for
(a,a) eA:={(a,ad)eRxA:d +[-1,1]1CA, a+d €A}

converges to ¥, in C(A, F) with respect to the topol-
ogy of uniform convergence on any compact subset of A.

Definition 1.8 (Regular C-supershift) Let A be an open inter-
val of R with length R strictly larger than 2. A continuous
map ¥ : A — Cis called a regular C-supershift if the two
following conditions are fulfilled.

(1) The map  satisfies the (TCSP)¢ property with respect
to any superoscillating sequence {Ty[A] : A € R}y>1,
asin (1.3) and (1.4), where € is any sequence in [0, 1
which tends to 0 when N tends to infinity.

(2) Given {(ey y)n=>1: t € I'} a family of such sequences,
such that the convergence of all sequences €, towards 0
is uniform with respect to the index ¢/, the convergence
for (a, a’) € A of the polynomial functions

() (5
o1 (2=

=1,2,...

M=

v

/ﬂg

=

1.7)

to ¥ (a + a’) in C(A, C) is uniform with respect to the
index ¢ over the compact subsets of A.

2 Superoscillating sequences attached to
irregular samplingin[—1, 1]

In this section, we consider superoscillating sequences with
irregular sampling and we will prove their convergence in
the space Exp(C).

Definition 2.1 We consider a collection of elements in [0, 1]:
E={nr: NeN' 1<k<N}

Let Ay be the set consisting of the two opposite points
:I:% (1 - SNT") and consider the Minkowski set addition

ANi1+...+ANN

that consists of at most 2" distinct points, all of them
contained in the interval [—1, 1]. After reordering them in
decreasing order, and using the Minkowski set addition, we
define

N
hy,:v=0,..,vN) <2"}= ZAN,k.
k=1

The sampling defined by this set is said almost regular.

Definition 2.2 We say that the sampling of the domain
[—1, 1] defined by the matrix H in (1.1) is irregular if
VN € N*, v(N) = N, and infinitely many rows Hy, of
Haresuchthatv € {0,...,N,— 1} = hy, v —hn, 41 >0
is not constant.

To generalize the (R, H€)-sequence {7y[A] A€
R}y>1,weconsideracollection E of elementsin [0, 1] corre-
sponding to the almost regular sampling above, and {hIE\,’v :
v =0,...,v(N)}. The (R, H=)-sequence {TF[A] : A €
R}y>1, where

- ARy '
78010 =] (% exp (% (1 - SNT"))

k=1

1= '
+— exp(—%(l—%))) .1)

is superoscillating (with gg=(X) = A and Cx=(X) = 1) on
U =R

When the matrix H in (1.1) is such that VN € N*, v(N) =
N, the sequence of Lagrange-Hermite interpolators (with
respect to the parameter 1)

{x — T A1)

N
= Z l_[ ANy ey ) e R]
’ ]’lN,u _hN,u’ ’ N>1

v=0 \v'#v

2.2)
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is also superoscillating with respectto g : A € R — X and
C: 1 eR — 1since

oM _ Lag ¢ (x )‘

< Hv:O |)L _hN,v|
- N+ D!
_ (@ + )™
-~ (N+ 1)

o\
sup ’ (-) [e! x](g)‘
le|<max(1,1a]) | \ 02

(2.3)

for any (A,x) € R? according to the expression of the
reminder term in Lagrange interpolation formula, see [9,
Theorem 2.2]. Such superoscillating sequence {T;a;g\,[k] :
A € R}y>1 may correspond to irregular sampliné of the
low-frequency domain [—1, 1].

Using the sequence (2.2) in which we use z € C instead of
the real variable x, we have

Proposition 2.3 For any almost regular sampling E as above
and any a € R, the sequence of entire functions with expo-
nential growth

(= 71101 @) 2.4)

N>1

converges in Exp(C) towards z — ¢'*. Moreover, there
exists a compact Ky in R such that the convergence is uni-
Sform with respect both to a € Kg and to the collection E. As
a consequence, the (R, H*)-sequence {Ty[a] : a € R}y>1

is superoscillating.

Proof We follow here the method that we previously used in
[17, Lemma4.1]. Foreacha € R, z € C, & € [0, 1], one has

Sl )l )
=‘cos(%(lf%>>+iasin<%<l—%>>)
oo (- B ()2
R e

( |a||z|) <\IT1T\1]Z\>

since the entire function sinus cardinal z +— sinc(z) =
sin z/z satisfies in the whole complex plane the upper esti-
mate |sinc z| < exp(|]Im z|) in C. As a consequence, one has

N
= l+a iz EN Lk
T 1a] (2)] = 1"[( p(— (1——’))
‘k_l 2 N N

1—a iz ENk
T exp(‘ﬁ(“?)))\
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lal |z]

N
=< <1 + ) exp(|Im z{)
< exp ((la| + 1) |zl),

which shows that the family of entire functions
{z — TNE[a] (z) : a € Kg, E],

where KR is any compact subset of R, is a bounded subset
of Exp(C). It remains to prove that, given a compact subset
K¢ of the complex plane, the sequence of entire functions
(2.4) converges uniformly on K¢ towards z > e, the con-
vergence being uniform both with respect to a € Kg and to
the collection E. For any w sufficiently close to 0 in C, one
has

2
cosw +iasinw =1+iaw — % + (lal + D O(lw?)

2
log(cos w + ia sinw) = log (l +iaw — %)
+ (lal + D 0wl

. a? -1 2
=iaw—+ — w”(l — O(Jaw])).
2.5)

Then, for N large enough (depending on K¢ and of the com-
pact KRr), one has

N

2 _
T,& [a] (z) = exp <Z (ia wy k + % wlz\,

k=1

(1= O(WWN.kI))) )

where wy x = (z/N) x (1 —éyi/N) fork =1,...,N.
Therefore

N
TI\% [a] (z) = exp(iaz) exp <—iaz %

a -1z Z( §Nk>2
(1— (lawn k1)) -

The uniform convergence of this sequence of functions of z
on K¢ towards z — /%% follows immediately. Moreover,
the convergence is uniform with respect to a € Kg and to
E, and this concludes the proof. O

The next result, and the following Example 2.5 show a
feature which is somewhat predictable from our previous
considerations, namely that restrictions to the real line of
entire functions inherit the (TCSP)c property with respect
to almost regular sampling on [—1, 1] subordinate to the
approximation of z +— €/“% in Exp(C) locally uniformly
with respect to the parameter a.
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Theorem 2.4 Let {Ty n[A] : X € R}ns1 be a (R, H)
sequence of generalized trigonometric polynomials such
that, for any a € R, the sequence of entire functions

N
(Z e Cr— Z Cu.(N, a)e"h""“z>
N>1

v=0

converges towards 7 —> €'% in Exp(C), the conver-
gence being locally uniform with respect to a € R. Then,
any restriction \y = F|r of an entire function F satisfies
the (TCSP)c-property with respect to the superoscillating
sequence {Ty N[A] A € R}ns>1. In other terms, the
sequence of continuous functions

N
((a, a) R’ — Y Cp(N, )y (d + hm))
v=0 N>1

converges towards (a, a') — Y (a+a’) inC(R?, C) locally
uniformly over the compact sets of R>.

Proof Let F be an entire function and F(—id/dz + a’) the
infinite order differential operator

> F© d
F<—l—+a) E ()(—ia—i-a/)
K times . d , F(K)(O) d , «
o .- O(_ld_z+a>= E P —zd—Z+a

k=0

where a’ denotes a real parameter. Such an operator acts
from Exp(C) to itself as follows. Entire functions with expo-
nential growth are in bijective correspondence with analytic
functionals through the Fourier-Borel transform 7 <—
(f tz — (T(©), ). If T € H'(C) is an analytic
functional, then the action of the infinite order differential
operator F(—id/dz + a’) on the Fourier-Borel transform of
T is given by

F <_diz + a/) (z+— (T(©), 7))

_ (z —> <T(;), F(—it +d) e“)) : (2.6)
Such action is a continuous action from Exp(C) to Exp(C),
locally uniformly with respect to the parameter a’, see [8]
and [7, Proposition 2.10] (restricted here to the univariate
setting). Since for any N € N*, one has that

N
d .
Fl—i——+d)[z— > Cun(N, a)ye"
( dZ ) ( — H,v( )

N
= (z — Y Cuu(N.a)F(a' +hy.,) em) ,

v=0

it follows from the hypothesis on {7y n[A]
that the sequence of functions

A e Riysg

N
V=0 N>1

converges in Exp(C) towards
d ’ ia N ia
7+ F —d——l-a (zr—>e Z):F(a—i—a)e <
Z

locally uniformly with respect to (a, a’) € R?. Such conver-
gence is in particular uniform on the compact subset {z = 0},
locally uniformly with respect to the parameters (a, a’) € R2.
Theorem 2.4 is thus proved if one restricts F to the real line
thus obtaining . O

Example 2.5 Theorem 2.4 applies when {Ty y[X] : A €
Rins>1 = {Tue n[1] : A € R}, see Proposition 3.1 in [14],
which corresponds to a situation of regular sampling, but also
in the case where {Ty n[A] : A € Rly>1 = {Tyz y[2A] :
A € R}, see Proposition 2.3, which corresponds to a situation
of almost regular sampling.

Let us now consider the general case where the matrix H
as in (1.1) is such that v(N) = N and the sampling may
be irregular. We will show that Lagrange-Hermite polyno-
mials allow to obtain superoscillations with respect to such
sampling (for a particular case see [9]).

Theorem 2.6 The sequence of entire functions depending on
the real parameter a, and defined by

N
a — h ’ .
e Tlal = Y0 | [ o | et
! 0 hN,u _hN,v’
N>1

= v/ #£v >
Q.7

converges in Exp(C) towards z — ¢'%%, the convergence
being locally uniform with respect to the real parameter a.

Proof Leta e Rand Iy : 6 € [0,27] —> (la| 4+ 2)e'?. It
follows from Hermite remainder theorem, see for example
[18, Theorem 3.6.1], that for any z € C and N € N*,

N

3|11

v=0 \v/'#v
_‘ / ﬁa—th sz dé"
2im { hnyv) ¢ —a
e(\a|+2)lz\ ( la] + 1 >N+1
(lal +2) —lal \ (la] +2) — 1
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hN,v _hN,v’
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oal+2)lz]

= (la| +2) ——,

5 2.8)

which implies that the sequence of entire functions

N
Lag a—hy,v ihN vz
2+ Ty 5 [alz) = —— | &N
( H,N Z(l_[ hN,v_hN,u’) .
=

v=0 \v'#v

is a bounded sequence in Exp(C), locally uniformly with
respect to the real parameter a. On the other hand, it follows
from [5, Theorem 2.1 and Theorem 2.2] that for any a € R
and N € N*, the entire functions

N
iaz L a—hy,y iy 2
2= & s Tlal@ = ) | ] v — Z'v ethN.v2
' v=0 \v/#v N.ov AN

share the same derivatives at the origin up to order less than
or equal to N, which implies that forany z € Cand N € N*,

N

AN A 2 (ia)*
Z((%) TH,}gv[a]>(O)E:Z T

k=0 k=0

For each such z € C and N € N*, one has

N
L (ia)¢
Talal@ = 3 === 3 yv.clale*
k=0 k>N
with
(Ja|+2)R
lyn «clall R < (la] + Z)T

for all k > N and any R > 0 according to the fact
that the sequence (2.7) is bounded in Exp(C). Therefore,
the sequence of entire functions (), .y ¥v.«lalz),.,
converges towards 0 on any compact subset of C, the conver-
gence being locally uniform with respect to the real parameter
a. It follows that the sequence (2.7) converges uniformly on
any compact of C towards z > ¢'“%, the convergence being
locally uniform with respect to the real parameter a. This
concludes the proof. O

As a consequence, we have the following result

Theorem 2.7 Any restriction y :a € R+ ¥, = y(a) € C
of an entire function to the real line inherits the (TCSP)c
property on R with respect to any superoscillating (R, H)
superoscillating sequence {x TI_LIaI“’;,[X](x); A€ Riys>g
as in (2.2), where H is as in (1.1) with v(N) = N for any
N e N*,

Proof 1t follows from the combination of Theorem 2.6 with
the argument employed to prove Theorem 2.4. O

@ Springer

Let now A be any open interval of R which con-
tains [—1, 1]. Consider the case where the superoscillating
sequence {Ty n[A] : A € R}y> is attached to an irregular
sampling on [—1, 1], as before. Observe that continuous real
valued functions on A fail in general to satisfy (SP)c with
respect to {T[I;Z%, [A] : & € R}n>1 since there is a continuous
function ¥ : A — R which for which

mes[a e[—1,1]: limsup ’wH(a)
N ——+o00

N a_th’
—Z(H’ <oo}:o, (2.9)

h —h
v=0 \v'#£v N,y NV

) Y hnv)

see [20, 21]. Even when the sampling is regular, namely

hy, =1 —2v/N, such is the case when ¥y : a — |a|
since one has in this case
Vae[—1,1]\ {0}, limsup ‘|a|
N—+40c0
N a—(1—2v//N)
_NN e i _ _
MO TT 5oy I 20/N|| = +os,
v=0 \V'#v
(2.10)

as proved in [10], see also [27] for updated results and ref-
erences which illustrate how poorly the Lagrange-Hermite
interpolation behaves under only the hypothesis of conti-
nuity, if one compares with properties (SP)¢c or (TCSP)c
attached to superoscillating sequences {Ty [a] : a € R} sub-
ordinate to regular sampling as in [14].

The next proposition, together with subsequent Remark
2.10, shows how a well-known example of Kantorovich can
be used to construct a continuous function ¥ : R — C
which satisfies (SP)c, provided such notion is slightly modi-
fied according to [7, Definition 4.7]. In particular, it indicates
that, if one tolerates irregular sampling, the extrapolation
(from their irregularly sampled values on [—1, 1]) of some
particular classes of functions, continuous but non-real ana-
lytic, through a sequence or real-analytic functions which
converges uniformly on any compact subset of R is indeed
possible.

To explicitly construct such functions, we recall the fol-
lowing result (see Theorem 3.7 in [14]).

Theorem 2.8 Let G~ and G™ be two entire functions such
that

_ dG~ dG+
G (1/2) =G*(1/2), —(1/2) # —(1/2) (2.11)
dz dz
andlet g : b € R — C be the continuous map defined by

G=(b) ifb<1)2

SOI=VG6vwy it b= 1)2,

(2.12)
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There exists an open interval Ag =] — 1 — po, 1 + po[C R
containing [—1, 1] such that the function

a€ Ag+— Yola) =g((1+a)/2)

is a regular C-supershift in Ag. As a consequence, the fact
that & = Yo * 0, for 6 a regularizing test-function, is a
smooth regular C-supershift on some open interval A C R
with diameter strictly larger than 2 does not imply in general
that \r is real analytic on A.

With the notations in this theorem, we now have

Proposition 2.9 Let Ag =]—1—po, 1 + pol and Yo : Ag —
C be the smooth non-real analytic function defined in Theo-
rem 2.8. Let

2(1+ po)

Op:aceRr—a= arctan <a tan

)
2(1 4+ po)
(2.13)

and, for any € € [0, I[N* suchthatlimy_ o0 €y = 0, let the
matrix H; as in (1.1) be defined as follows: forany N € N*
and () <v <v(N) =

P 1 v+ en(N —v)
B N = O (1—27]\]
2(1 + po)
— —— arctan
T
N_
((1-2”“"’( ”))tan il )e[—l,l].
N 2(1 + po)

(2.14)

Then, if y == Y9 0 O, € C(R, C), ¥ is a non-real analytic
continuous function such that the sequence of real-analytic
functions

(om0
1 =By (a)
(=5 votenn),.

converges in C(R,R) uniformly over the compact sets
towards a —— Y (a), thus extrapolates  asymptotically
uniformly on any compact subset of R from its values in
[—1, 1]. Moreover, the convergence on each compact subset
of R is uniform with respect to €, provided € remains in a
family {€, € [0, 1[N": ' € I'} which elements tend to 0 at
infinity uniformly with respect to the index (.

(2.15)

Proof For any a € R and N € N*, one has

N N—v
N 1+0 1—-0
> <V> <—+ 2”’(“)) (—2“’(“)) U (hS N )

v=0

()

1-0
( ,00((1)> wo(opo(heo N v))

SO ()
v=0

(1_2U+EN(N_V)>‘
N

The result follows then immediately from Theorem 2.8,
which asserts that v is a regular C-supershift on Ao, which
is homeomorphic to R through the real-analytic homeomor-
phism ©, (which restriction to [0, 1] realizes a continuous
automorphism of [—1, 1]). The non-real analyticity of W fol-
lows from the non-real analyticity of ¥, together with the
real analyticity of © . O

Remark 2.10 If one considers instead of the function vy the
restriction to A of the entire function eOx 2 e C> eleY,
where x € R, the same proof than that of Proposition 3.2
in [14] shows that the sequence of real analytic functions

a0 ()

(exp (i ()x) 0 ©p) By v0)

converges in C(R, C) uniformly over the compact sets
towards a —> exp (i © ,,(a) x), the convergence being uni-
form both with respect to the parameter x provided x remains
in a compact subset of R and to the sequence € provided €
remains in a family {€, € [0, 1[\V : ' € I} which elements
tend to 0 at infinity uniformly with respect to the index ¢". The
(R, H€¢)-sequence of generalized trigonometric polynomials

{x . Z( ) <1 +®p0(x)>N v <1 — (20000)

(exp (i ()x) 0 Opy)(h n.,) &€ R},

is then a superoscillating (R, H€)-sequence subordinate to
the pair of functions

8 A ERFH— By 1), Cp:reRrH— 1.

Therefore, the continuous non-real analytic function ¥ con-
structed in Proposition 2.9 inherits the property (SP)c with
respect to all (R, H;O) for any €, provided the definition of

(SP) is given in similar terms than in [7, Definition 4.7] (we
restrict ourselves here to the univariate situation).

@ Springer
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3 Regular C-supershifts on unbounded
intervals, periodic regular C-supershifts

Let A be an unbounded interval and let ¥ : A — C be a
continuous regular C-supershift on A. We have the following
result:

Lemma 3.1 Let A be an interval of R and ag € R. The fact
that r is a continuous regular C-supershift on A is equivalent
to the fact that a — ¥ (a — ag) is a continuous regular C-
supershift on the shifted interval ap+ A = {ag+a : a € A},
or that a € —A +— Y (—a) is a continuous regular C-
supershift on the symmetric interval — A.

Proof The fact that v is a continuous regular C-supershift
on A is equivalent to the fact that a — V¥ (a — ag) is a
continuous regular C-supershift on ag + A because (TCSP)¢
commutes with translations. To prove the second part of the
statement, let ¥ be a continuous C-regular supershift in A.
Then, for any (a,ad’) € —A = {(a,d’) e Rx —A : d' +
[—1,1] C —A, a+a’ € —A}, for any € € [0, 1[NV with
limy— 400 €y = 0 and any N € N¥,

()05 (5

(; (¢+1-2(=25=2)))
()7 (%)
(s
(5 (5

;“’“‘Z(l}f”) ’)

(5 ()
(o vzen 12 (E2))

Since ¥ is a continuous regular C-supershift on A, one has,
if{e, = (ey N)n>1 @ ' € I'}isafamily of sequences which
all tend to O at infinity uniformly with respect to the index ¢,
that all sequences of functions

N N 1—a\""7V /14+a\’
()5 (%)
(—a/+2e/N+l—2(M)))
v, N NZI,

@ Springer

M-

3.1

for (a,a’) € —A and /' € I, converge uniformly on any
compact subset of —A towards (a,a’) —> ¥ (—a — d’),
the convergence being moreover uniform with respect to the
index (. It follows from the equalities (3.1) thata +— v (—a)
is a regular C-supershift on —A, which concludes the proof.

[m]

According to Lemma 3.1, we will now restrict our atten-
tion to one of the following two cases: A = Ror A =
R._1, where R.; = (¢,400). Let B = Y~!(A), where
YT :t+—> 2t —1,thatis B = R or B = R., so that
B={b,b)eRxB :b+[0,1]1C B,b+b" € B}equals
either R or {(b,b') € R x Rog : b+ b > 0}. Let ¢ be
a continuous functionon Aand ¥ = ¢ oY : B — R. Let
b € B.Given € € [0, 1[N with limy_, ;o €y = 0, let, for
each N € N*,

N

/ N v —V
TS (U)(X, b)) = Z(:) (U)x 1-xNw
(b’ n v%) e CIX]. 3.2)
It follows from [14, Proposition 3.3] that
TS (W)(X, b)
B i Nt (A W) IR -
= (N —x)! K!
N
-3 11 <1—%>
k=0 \0<j<k
N/ — AT w1
(( /( GN)) (I—GN)/N) [ ]( )((1 —eN)X)K
K!
N
= ay (W b) X~ (3.3)
k=0
where
(A(JFI_GN)/N)K[\II] (k € N)

denote the successive forward (+) differences of W evaluated
atd’ with sampling rate (1 —ey)/N and [[;¢4(1—j/N) = 1.

Remark 3.2 Suppose that i is C* on A, which amounts to
say that W is C* on B. Then, for any € € [0, I[N* with
limy_100€y =0,any b’ € B,k € Nand N > «,

(N/( = em) Al ) W10

K!
1—
:/ \I}(K) (b/+ 6N(T0+"'+TK—1)> d‘[
TEA, N
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1—61\]

N va,,((b/))

1 —
+i Im (W) (b’ + x% nfv,K(b’)>>

1

= — (Re (W) <b/ + K
K!

(3.4)

according to Rolle’s theorem, see for example [25, §1.3
(1.80)], where Ay denotes the elementary simplex {(zo, ..,
Te—1) €ERC : 0 <19 <--+ <11 < 1} (or {0} when
« = 0) with euclidean volume [ A dt = 1/k! (or atomic
mass |dt| = 1 when x = 0) and &5, , (), %, (b") € [0, 1].
As a consequence, one can interpref (assumin;g only the sole
continuity of v/ on A) each polynomial T, (¥)(X,b') €
C[X] defined in (3.3), where € € [0, 1[V is such that
limy_ 1 €y = 0, as a numerical substitute (in terms of
discrete differential calculus) for the Principal Part at order
N of the Taylor series of W about b’.

Since the concept of Taylor series of W at b’ € B does not
make sense for continuous functions, Remark 3.2 suggests
to introduce, for each M € N* and € € [0, I[N* such that
limy_ 400 €y = 0, the (e, 1/M)-numerical Taylor series

(X, b)) =Y af, (Wib)X e CIX]] (3.5

k=0

of W at b € B. Here, M € N* and 1/M is interpreted
as a numerical precision. Finally, in order to describe the
behaviour of the sequence of continuous functions

((b.b") € Br—> T§ (W) (b, b)) yopys -

where € € [0, I[N* is such that limy_, 4 €y = 0, it is con-
venient to introduce the orthonormal basis {£, : v € N} of
L*([0, 1], C, d&) given by the shifted Legendre polynomial
functions

Eel0, 1] £,(&) =V2v+1L,(1 —2§)
= V2v+1 Z(_l)K<V)(V+K>SK’
=0 K K

veN. (3.6)
What suggests the introduction of the orthonormal basis of
shifted Legendre polynomials here is that any holomorphic
function G in the interior Eq of an ellipse with foci {0, 1}
which sum of semi-axis equals Ry > 0 admits in Ey (in
particular in [0, 1]) a Neumann expansion G = Zgio Yoty
with limsup,_, , o Iy|'/Y < 1/Rg [24]. For each R > 0,
b e B,NeNand0<v <N, let

1
Vi ()R, B 2/0 Ty (W) (RE, D) €, (§) dE, (3.7

so that one has on L2([0, 1], C, d§) the orthonormal decom-
position

N
TS (W)(RE. D) =) yx J(W)(R. D) £,(&)
v=0

(3.8)

with [ TS (W) (RE, D)3 0 1), cae) = oveo 178, (PR,
b')|2. It follows from the explicitation of the shifted Legendre

polynomials ¢, as in (3.6) that one can rewrite (3.8) as

TS, (W)(RE, b))
N

=) YN (DR D)
v=0

d eV VAK\
N/2u+1kgo(—1) K)( . )5)

N N v V+K ,
=) (=D 2v+1(K)( . )y;,’v(\lf)(R,b) £*

k=0 V=K
N
« (2K
= KX:(:)(—I) (K )
N V+K
(Z V2t 1<v N K)y;,,vova, b’)) £, (3.9)

which leads by identification with (3.3) to the set of relations
ay . (¥;b') R

2K N V4K
= (=1 (K>Z\/2v+1<

V—K

)y;v,v(wa, b)

(3.10)

V=K

forany N € N*,0 <x < N,b' € B,R > Oande € [0, I[V'
such that limy_, 1o €y = 0. One can prove the following
result.

Proposition 3.3 Let A, B, ¥, ¥ as above. Suppose in addi-
tion that v is a C-regular supershift on A. Then, for any b’ €
B, forany M € N* and e € [0, 1[\V withlimy_, ;oo ey =0,

lim sup (afy,. . (¥: b’))l/K

K—>+00

=0. (3.11)

Moreover, for any M € N* and any family {e, : ' € I'}
of sequences €, which all converge towards 0, the conver-
gence being uniform with respect to the index U, the family
of continuous functions

€,/

{(2.b) e Cx Br— 8y, (¥)(.b): [/ eI’}

(holomorphic in z) is a bounded family on any compact subset
of C x B.

@ Springer
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Proof Since  is a C-regular supershift on A, then, for any
€ €0, I[N* such that ey — 0 for N — 400, the sequence
of continuous functions

((b,b) € B> THW)(B, D)) -,
converges uniformly towards (b, b') —> W (b + b’) on any
compact subset of B. Moreover, given a family {e, : ' € I’}
of sequences in [0, I[N* which all converge to 0, the conver-
gence being uniform with respect to the index ' € I’, the
convergence towards (b, b’) —> W (b + b’) of the family of
sequences of continuous functions

[((B.6) € Br— Ty (9)(b,b) ., : (' €I}

is uniform with respect to the index ¢/ € I’. As a conse-
quence, for each ¥’ € B, R > 0 and € € [0, I[N* with
limy_, 400 €y = 0, the sequence

((szl,u(‘y)(R’ b/))veN)Nzl ’

where yﬁ,’v(‘-IJ)(R, ') is defined by (3.7) when v < N and
by 0 when v > N, converges in £>(N) towards

1
( / W (RE +b/)eu(s>d5> .
0 veN

Moreover, given a family {€¢, : ¢ € I’} of sequences in
[0, 1[N" which all converge to 0, the convergence being uni-
form with respect to the index ¢’ € 1’, and a compact subset K
of B, the convergence in £2(N) towards (3.12) of the family
of sequences

(3.12)

{((y;Ljv(qf)(R,b’))veN)Nzl el b e K}

is uniform with respect to both »’ € K and the index ¢’ € I'.
Fix now M € N*, b’ €¢ Band R > 0 and € € [0, 1[V
such that limy_, 400 €y = 0. It follows from the previous
considerations, together with relations (3.10) with N = Mk,
Cauchy criterion in £2(N) and Cauchy-Schwarz inequality,
that for « in N large enough (depending on M, b’ and R)

M+D\ .
Sy, (W3 B)] <u> R)

2
2\ (M + D«
Sﬁ(K)((M—l)K) MQ2Mk + 1). (3.13)

It follows from Stirling’s formula (when M > 2, hence (M —
)k > k) that, provided the choice of k large enough is
updated,

M+ 1T (M+ D)
((M - 1)K> Q)N (M = D)

@ Springer

_3e 2k M+ 1 (M 4 1)i)M+Dx
=2 (2¢)! —1 (M = 1)k)M—Dx
3 3 (2/<)2K
2 (2K)!

M+ 1 (M—1)k+1/2 M+ 1 2k
M—1 2
2Kk M-1\*
3w 0 (2
=2 (2! M—1
M 1 2K
(—;_ ) M+ 1

3 200 (M +1\*
—e_z"(K) e + M +1
2 (2)! 2
1 ( M+1
< e —
T Tk 2

Substituting (3.14) in the right-hand side of (3.13) leads to
eM + 1)\’
@y (¥ D) <T) R)*

< (DY ey = 2 (D)
b4 2 b4 2

hence to

2
Sy, (W3 )| RS <[
’ T

for « large enough, which proves the first assertion of the
proposition. The second assertion follows from the fact that
estimates (3.15) remain valid when € is replaced by €, and
b’ by an arbitrary element of a compact subset K of B, still
for « large enough (independently of ' € I’ and b’ € K). O

2k
) M+ 1. 3.14)

(3.15)

Proposition 3.3, combined with Remark 3.2, suggests nat-
urally the following conjecture, where the regularity of the
sampling has a crucial role.

Conjecture 3.4 A C-valued continuous function ¥ on the
real line is a C-regular supershift if and only if i is the
restriction to the real line of an entire function.

Remark 3.5 If true, such conjecture would imply that for
some class of potentials x € U —— V(x) (for example,
U = R and V smooth, real, 27 -periodic and non-constant),
the evolution a +— (¢, x) through the Cauchy prob-
lem for the Schrédinger equation would be such that, for
some ¢ € D({0,T) x U, C), the continuous map a >
(Ya(t, x), @(t, x)) fails to inherit either Property (1) or (2) in
Definition 1.8. Such a result would be of great interest with
respect to quantum studies considerations.

We present first a positive result within the quite specific
setting of continuous periodic functions on the real line.
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Theorem 3.6 Let T > 0 and ¥ be a T-periodic continuous
regular C-supershift on R. Then, there is a T -periodic entire
function F : C — C such that = Fig.

Proof Let
‘(p(a) . Z ex 2l7TK
= Yic €Xp T a
k€l

be the Fourier expansion of the T -periodic continuous func-
tion ¥ in L2(R/TZ). Here, the spectrum ¥ = (Yi)kez
belongs to £%(Z). Then, the T-periodic continuous function

Viar—s /wm—r)w(r)dt—znep( K)

KEZ

remains a T -periodic continuous C-supershift on R (with
spectrum (c,%),(ez € ¢'(Z))since one has forany € € [0, 1
such that limy_, 40 €y = 0, for any (a, a’) € R? and any
N e N*, that

S5 (59
( ( N <v+€N(N—v>)>
(05 (5

v

(s

Since (a, a’ — ) remains in the compact subset K — {0} x
[0, T] when (a,a’) € K and t € [0, T], one needs just
to use the fact that, according to the hypothesis on ¥, for
each family {€, : ¢ € I’} such that limy_, 1o €/ y = O, the
sequence of functions

(e S5 (59 (52
oo ()

converges uniformly on [0, 7] x K, where K is any compact
subset of RZ, towards the function (t,a,a") — Y(a +
a’ — 1), the convergence being uniform with respect to the
index (. Since we know now that 1,; is a continuous C-regular
supershift, it follows that for any R € R. 1, the sequence of
functions

N N—v
(a’ € [0,27] —> Z (tl) <1+TR)
v=0

(59 (=R,

converges uniformly towards a’ — J(a/ + R) on [0, 27].
One has for any R > 1, any @’ € [0,27] and any N € N*

(57) 7+ (-F))

N

> ()

(3.16)

Since the sequence of periodic functions of a’ defined by
(3.16) converges uniformly on [0, 27] towards a’ +——
J(a’ + R), it follows from Plancherel’s formula that there
exists a positive constant C;(R) such that for any M, N €
N*,

Z | |4 727[7’( + iR si LGik MmN
Vi MN T S YN T

k=—N

< Cj(R). (3.17)

Letw = we,my = 1/(MN) x 2k /T for =N <k < N.
Observe that

12
wl < 22 1GRw = w?/2)] < ful <R+ %)
- 1 27 <R+n) (3.18)
“MT T :

for all such w = wy p n. One has, as in (2.5), that when
N € N* tends to infinity

2
cosw+iRsinw=1— % +Oo/MY+iRw+RO1/M)

where the error terms O (1/M*) and O(1/M?) are uniform
with respect to the choice of k¥ in {—N, ..., N} according to
(3.18). Then, according once more to (3.18), one has, as in
(2.5),

log (cosw + i R sinw)

2
— log (1 YiRw-— w?) +RO(/M)
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e igw ¥ 2 O((R/M)?
=1 w—7—§<l w—7> + ((/ ))
R? —
—iRw+ w? + O((R/M)%)
2 _

. 1 5

=iRw+ w (1—0(R/M)). (3.19)
Let us choose M = [x R], x > 0 being a uniform constant
large enough, such that the real part of the factor 1 — O (R/M)

in (3.19) is bounded from below by 1/2. One has then

RZ -1
w2 .
)

In particular, if w = wey py vy = =2 /T) x (1/M), one
has

\cosw + iR sinw|NM > exp (NM

|cos win m,n + iR sin wiN,M,N}NM
- 4712R2—1N 4712R2—1N
ex =exp | —
= exp p T2 4[xR]

T2 4M
It then follows from (3.17) that

272 R —1

- - ~ 1/4
T N) < (Cz(R)'A.

lv£n| exp (

Since R can be taken arbitrarily large and

. R*—1
lim
R—+o0 [x R]

one concludes that for any R’ > 0,

> 1yl e < oo,

KEL

from which it follows immediately that ¢ extends to C as an
entire T -periodic function. O
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