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AN INGHAM TYPE PROOF FOR A TWO-GRID OBSERVABILITY THEOREM *

PAoLA LORETI! AND MICHEL MEHRENBERGER?2

Abstract. Here, we prove the uniform observability of a two-grid method for the semi-discretization
of the 1D-wave equation for a time 7" > 2v/2; this time, if the observation is made in (—=7/2,T/2),
is optimal and this result improves an earlier work of Negreanu and Zuazua [C. R. Acad. Sci. Paris
Sér. I 338 (2004) 413-418]. Our proof follows an Ingham type approach.
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1. INTRODUCTION
We consider the 1D wave equation:

U —Uge =0, O<z<1l, 0<t<T,
u(t,0)=0, u(t,1)=0, 0<t<T, (1)
w(0,2) =u’(z), w(0,2) =ul(z), 0<z<l,

which admits a unique solution u € C([0,T]; H}(0,1)) N C([0,T]; L*(0,1)), for (u®,u') € HE(0,1) x L(0,1).
The energy of the solution, given by

1
£ =3 [t + e o) a

is conserved, that is, E(t) = E(0), 0 < t < T. Tt is well known that for " > 2 we have the observability
inequality

£0) < O1) [ fus(t.1) ot 2)

for each solution u of (1), with a constant C(T') > 0 independent of the initial data (u°,u'). This inequality
means that the energy of the solution can be estimated by the energy concentrated near the endpoint x = 1
and it is also equivalent to the boundary controllability of the wave equation (see, e.g., [7]). For the reader’s
convenience, we recall here the corresponding 1D controllability result, which is equivalent to (2). In fact,
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the observability inequality (2) holds if and only if, for any (yo,y1) € L?(0,1) x H~1(0,1), there exists v €
L?(0,T) such that the solution of the controlled wave equation

Yot — Yo =0, 0<z <1, 0<t<T,
y(t,0) =0, yt,1)=ov(t), 0<t<T, 3)
y(0,z) =y%(xz), v:(0,2) =y'(z), 0<z<I1,

satisfies
y(T,z) =0=0wy(T,x) =0, O0<ax<l.

Each solution u of (1) satisfies also the extra regularity property

/ T|um<t, 1)|*at < (1) E(0), (4)
0

with another constant C(T") > 0. The latter inequality is often called the direct inequality, whereas the first one
is called the observability inequality, as we have said before, and we can also name it inverse inequality (cf. [8]
or [9]). The direct inequality is relevant for solving the non-homogeneous boundary problem (3) (see [9]) and
guarantees that the controlled solution of (3) satisfies that y € C([0,T]; L*(0,1)) N C1([0, T]; H=*(0,1)).

Finite difference scheme. Now let us consider the classical finite-difference space semi-discretization of the
1D-wave equation, with an odd N € N* and h:=1/(N + 1):

w) = g5 (ujp —2u+u;0), 0<t<T, j=1,2,...,N,

Uy = un4+1 = 0, 0<t<T, (5)
uj(0) = w9, wj(0) = uj, j=0,...,N+1.
For each initial condition (u?, u])N 1 satisfying the compatibility conditions u§ = u$, 41 =uj = up,, =0, the

system (5) has a unique solution, which is explicitly given by

N
) 2
t) = Z ake“\’vteljkl7 eljkl = sin(j|k|mh), A0 = 7 sin (kﬂ-—h) (6)

[k|=1

where the coefficients (ak)%zl are uniquely determined by the relations

> O
—
S
e
|
3
t
~—
<
I
—

N N
Zak—i—a k)e u}zZiA
k=1

k=1

The energy of the system is given by

;1 (1) — us(t)

112
uj|® + W

B
:52

2
] : (7)

because it is a discretization of the continuous energy. It is also constant in time: EY(¢) = EP(0), 0 <t < T.

Uniform observability inequality. Now, we look for a semi-discrete version of (2), namely, a uniform ob-
servability inequality (or indirect inequality): do we have

dt, (8)
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with a constant C'(T') > 0 independent of the initial conditions and of h? It turns out that the answer is
negative, as it was first noticed in [5]. This phenomenon is now well known and it is due to the effect of spurious
high frequency numerical solutions, and several methods have been designed and analyzed during the last years,
allowing us to avoid the blow-up of the observability constant; see for example [18].

Note that such inequality is also related to the boundary uniform controllability of the solutions, indepen-
dently of the mesh-size and to whether the controls of the semi-discrete scheme converge to those of the wave
equation. This topic has been intensively studied these last years. See [17] for a detailed bibliography. Let us
emphasize that the main property and difficulty is that the constant C(T") (which may be different at different
places) has to be independent of the mesh-size h.

As in the continuous case, we may also look for a direct inequality: do we have

dt < C(T)EY(0) 9)

with a constant C'(T') > 0 independent of the initial conditions and of h? The latter inequality is true (see
e.g. [5]), and has been proven by a discrete multiplier approach.

Concerning the uniform observability (8), many remedies have been developed and analyzed these last years.
We refer the reader to [17] for a survey of existing methods, and we will mention thereafter only the methods
that we will deal with.

The filtering method. One remedy is to filter out the high frequencies, as it was introduced in [5]. More
precisely, for 0 < o < 1, we can consider the subspace of solutions to (5) or (17) satisfying

ar =0, |kl > aN.

The two-grid method. We can also recover the uniform observability by taking initial data in a subspace
formed by slowly oscillating initial data obtained by interpolation from data given in a coarser grid. It is the
so-called two-grid method, the main subject of study in our paper. It has been proposed by Glowinski, Li
and Lions [2] (in the context of full finite difference and finite element discretizations in 2D). We suppose that
N € N* is an odd number. Thus let us consider initial conditions satisfying

0 0 1 1
Usy + U Usp + U N —1
Wiy = 2k T U2ki2 sy = 2k 2642} . (10)
2 2 2

. . . . . N—1.

By using the relations (10) in the Fourier series (6), we get for k = 0,..., ~5—:
{ (A (ak + a—k) = =(Ay41_p)?(an+1—k + a-N—11k), (11)

()‘g)s(ak - a—k) = _()\N.H_k)s(aN-i-l—k - a—N—1+k)-

By taking the square of the relations and adding the resulting identities, since )\2 <% y1p for k=1,...,
(N —1)/2, we obtain

la 2 2 < ()4 (a2 2 M k=1 -1 12
N1-kl” Hla-n—1kl” < () (Jarl” +la—xl7), e =35 , k=1,..., : (12)
N+1—k

Different methods exist for proving the uniform observability in these classes of initial data; we will deal here
with two of them.

Multiplier type approach. The two-grid method has been at first analysed by Negreanu and Zuazua in [15],
with a discrete multiplier approach. They proved that (8) holds true for 7' > 4, within the class (10).
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Ingham type approach. Another classical way to study the observability is to use an Ingham type approach.
It consists in using the Fourier series form of the solution under consideration and to use thereafter a theorem
of Ingham or a variant of it.

More precisely, by introducing the Fourier expansion (6) of the solutions and then computing the normal
derivative, for the two-grid method, inequality (8) takes the form

2

N-—1

N T| =3

k
e ) .0
C(T) Y "IN lax|? g/o > TN(ake”\kt—i-bke’“kt) dt, iy = A gmy Ak = AN k)
k=1 |k|=1

with sequences (az), (bx) satisfying (11), where by := anq1—jx| and b_jx| := a_n_14|x|- From (12), we have in
particular
k2 + b—il® < (ui)* (Jaw|* + la—x]?), vk =tan(knh/2), k=1,...,(N —1)/2.

So, let us recall the original Ingham theorem [6]:

Theorem 1.1. Let v > 0 and let (v) be a strictly increasing sequence satisfying the gap assumption
Vk+1 — Vg >y, for keN.

Then for T > 27’7, we have

T
cZ|ak|2 S/ ‘Zake“”“t|2dt§02|ak|2,
k 0k k

with constants ¢,C > 0 independent of the sequence (ay).

Remark 1.2. The inequality also holds true under the weaker assumption viy1 — v > 7, for k > ko, for a
given integer ko (c¢f. [3]). The constants may then depend on the first frequencies corresponding to k =1, ..., kg
for which the gap condition is not guaranteed (see [12] for example).

Difficulties for an Ingham type approach. Asking for an Ingham type proof of uniform observability seems
quite natural in the context of the 1D wave equation, where the solution is explicitly given by its Fourier series.
It has been applied successfully for some semi-discretizations, like the filtering method [5] or the mixed finite
element method [1]. In the case of the two-grid method, the situation is trickier, we have to face an infinite
number of eigenvalues which can be arbitrarily close to one another. In particular, we cannot apply Theorem 1.1.
The literature in such cases is quite rare (see [10], where a situation of this type is considered, which is however
different from our problem).

Looking at the Figure 1, one can see that there is a compensation between the gaps of the sequences ()\2),
(,ug) and the coefficient v,. Indeed in the regions where the gap of (1) is small, the coefficient v, is also small,
and the gap of (\;) is large, so that the term akei/\%t will dominate the term bkei“%t. On the other hand, when
the coefficient vy gets larger, the gap of (uy) also becomes larger.

New Ingham type theorems. In order to face the situation above, we develop some new Ingham type
theorems, which take care of the situation just mentioned above. We have the following first result.

Theorem 1.3. Let N € N*, v >0, o« > 1/2 and M > 0. Let ()\k)lj\,ilzl and (,uk)%:l be finite sequences such
that

)\k+1_)\k>77k:17"'7N_15_25"'7_N7 )\1_)\—1>,Ya /J’N_)\N>,Ya )\—N_M—N>,Y)
e — P11 >, k| > N =N pp>pn_no, L<E<SN—-N pp<p_ngne, =1 >k>—-N+ N
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FIGURE 1. Relative gaps (A}, ; — A))/m, (uf — py,1)/m and coefficient tan?(kmh/2) vs. k/N,
for N=101and k =1,...,(N —1)/2; resp. a, b and ¢ on the legend.

Then, for all T > 2T’T\/rnaux(l, 1/2+ M), there exists a constant C(T) > 0 such that

2

N | N
C(T) Z |ak|2 S/ Z akei’\kt + bkeiltkt dt,
0

|k|=1 |k|=1
for all sequences of coefficients (ak)lj\,ilzl and (bk)lj\,ilzl satisfying

|br|? + [0_k|> < M*(|ap)® + |a_|?), k=1,...,N. (13)

The new feature in this theorem is that there is no gap assumption for the high frequencies, that are
represented by the sequence (uk)lj\,il;q] . We can remark that, for M > 1/2, the lower bound 27 /(M + 1/2) of
the time T is always greater than the bound 27/~ corresponding to the first sequence ()‘k)|Nk|=1' In particular,

in the application to the two-grid method, the expected bound 2v/2 of the sequence ()\2)‘(;\‘];11 )2 cannot be
achieved by this theorem. In order to overcome this difficulty, we have developed another generalization of

Ingham’s theorem, which is the main result of the paper and which will give the sharp time condition T > 2/2
for the two-grid method.

Theorem 1.4. Let N € N* be an odd number, h := ﬁ and f € C3([-1,1]) an odd function. Suppose that
o f'(z) >0 for0<az<1;
e /(1) =0 and (1) £ 0.

Define v > 0 by

2= min min
z€[0,1/2]

f/ T 2 + f/ 1—2 2
( ) 5 ( ) ,fl(l‘)2 ’
and set N, = LEM = | f1(kR)| for [k =1,...,N.

Then for each T > 2w /~, there exists a constant C(T) > 0 independent of h, such that we have

2
N

7| N
[ e zom Y
0

lk|=1 lk|=1
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for every sequence (ay) satisfying

4
lan1-k]* + la- N1k < (%) (lan? +la—rl?), k=1,...,(N=1)/2.

The main novelty here is that we can mix the gap 7|y of the low frequencies A\x with the gap yn1_x of the

2 2
. . Vel P YN 1k
high ones puy, as if we had a mean gap \/ S*—=

Application for the two-grid method. The main result concerning the application to the two-grid method
can be formulated as follows:

Theorem 1.5. Let I be an interval of length |I| > 2v/2. Let N be an odd number, h := ﬁ
Then there exists a constant C1(I) independent of h, such that

E2(0) gCl(I)/ UNT(t)rdt, (14)

I

for all the solutions of (5), written in the form (6), with
lan1-k? + la- v < Vi (law]? + [a—i]?),

where v, = tan(kmwh/2).

In particular, the solution of the two-grid method satisfies these assumptions (¢f. (12)), so that we get the
uniform observability for [I| > 21/2. We will discuss in Section 4 the optimality of this result.

Now, we present the plan of the rest of the paper. Section 2 is devoted to analyze the finite difference scheme
by an Ingham type approach. We will at first consider the direct inequality and then prove Theorem 1.5. In
Section 3, we study a more general scheme, namely the 6-scheme (if we take § = 0, we recover the finite difference
scheme of Sect. 2). We first study the direct inequality by an Ingham type approach. We then give observability
results for the two-grid method: we will apply the multiplier method to obtain a general observability result,
and as a relevant example, we will use Theorem 1.3 for the finite element semi-discretization (which corresponds
to # = 1/6). In Section 4, we will give necessary conditions for having uniform observability for the schemes
under consideration. Finally, in Section 5, we will prove the Ingham type theorems, which have permitted us
to obtain Theorem 1.5 and the results in Sections 2 and 3.

Notations. In the sequel, the symbol ¢ < b means that there exist two constants c¢1,co > 0 independent of h
and of the numbers ag, by such that ci1a < b < coa. We will use similarly the notations < and .

2. RESULTS AND PROOFS FOR THE FINITE DIFFERENCE CASE

2.1. The direct inequality

We have already mentioned that the direct inequality always holds by using discrete multipliers (see Sect. 3
for a proof). We may wonder if we can also obtain this result by using Fourier series. We have the following
proposition:

Proposition 2.1. Let N € N*, and a finite sequence (A\i)h_,. Let (My)N_, be a positive finite sequence such
that there exist two constants M,y > 0 verifying

M, Y M;<M. (15)

il Ak=Aj1<y
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Then for each T > 0 there exists a constant C := C(T,~, M) > 0 such that

T N
/ ‘ E Mkake“\’“t
0 k=1

for all sequences of coefficients (ak)lj\,ilzl.

9 N
dt <O ax)?
k=1

As an application, we can obtain a new proof of (9). Such a proof has its own interest, because it certainly
could be applied to many other situations.

Proposition 2.2. Let N € N* and h :=
of h, such that

ﬁ. Then, for each T > 0, there exists a constant Ca(T) independent

dt < Cy(T)ED(0), (16)

for all the solutions of (5).

Proof of Proposition 2.1. We will use this time Ingham’s second method (see e.g. [8]). We use here that a < b,
for a < ¢b, with a number ¢ depending only on v, 7 and M. We define

cos(Zz), if |z] <2
H = v 2
(z) { 0 otherwise.

Its Fourier transform is given by

/ H(z)e " dz 277TCOS(W?/2
*tQ’y

Let ¢ be the Fourier transform of the convolution product G := H % H. There exists an interval I, = | — 7y, 7|
such that 17, < g, since g(0) = 442 /7% > 0, g = h? is continuous, nonnegative and depends only on y. On the
other hand, we have |G| < 1j_, ,, since H is continuous and vanishes outside | —~/2,v/2[. We then obtain

/‘Zake”\’“t|2dt< S MMjlallag <Y M (el + Jagl?)
.

[Ae—Aj <y [Ae—=Aj1<v

< Z Mij|ak|2:Z|ak|2Mk Z M; <Z|ak|

[Ae—Aj 1<~ k=1 Il A —=Aj 1<y

which yields the result since we can replace I, by [0,T] with a classical translation argument. (]

Proof of Proposition 2.2. The solution is of the form (6) and thus, it suffices to verify condition (15) for the
second term, with My, = |kh| = |sin(knh)|. We fix v = 7/4/2, such that we have

4 R\ . . h .
|k — pj] = ‘E sin ((k —J)Wz) sin ((k+.7)771)‘ = |k* = 5°|h,

for |k|, |j| = 1,..., 25, Thus, the condition (15) may be written as

BIRZ > =1,

Jlk2=352|<5/h
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with a constant § > 0. If k? — §/h > 0, we have

2
k|h® 3l < k|hA k2 + 8 /h(\VE2 + 6 /h— k2 — 5/h) < |k|h?5/h VI +0/h < kh < 1.
2 2
3, |k2—42|<5/h VE2+6/h+ k2 —45/h

On the other hand, if k2 — §/h < 0, we obtain

kIR > =k D> i = kIR 21,

3 |k?—j2|<8/h 3,3228/h
which yields the result. O

2.2. Uniform observability for the two-grid method
We prove here Theorem 1.5 by applying Theorem 1.4 whose proof is postponed to Section 4.

Proof of Theorem 1.5. By applying Theorem 1.4 with f(z) = 2sin(wx/2), we have VN::”“ = |vk|, and we get

o] 2 2 N1
2 2
ﬁ iALt b iugt > (T ﬁ 2 2
> - (are™ et dt = C(T) > (lax]” + [bx[7),
0
[k|=1 |k|=1

for all the sequences (ay), (by) satisfying |bg|? + [b_x|? < l/l%(|ak|2 la_1|?) and for T > 2v/2. From the last
relation, and since |e%; /h| = |A cos(kmh/2)| > 1/2|\}], for k =1,..., (N —1)/2, we obtain that

N—1 2
T| 2  k
eN ix¢ inlt 0 2 2.
— (ape* k" 4 bye'tr dt > C(T Aolflak|? > C(T A2l
/ Wz_lh(k ceintt) %1' 02} kZl| 0[2ar 2

3. RESULTS AND PROOFS FOR THE 0-SCHEME CASE

3.1. Introduction

We consider here a generalization of the previous scheme (which has been introduced in [13]): the 6-scheme
which is obtained by replacing v} with u} + 6(u/,, — 2u7 +uj_;) in (5):

w4+ 0(uf = 2uf +uf ) =35 (ujp —2u;+uj—), 0<t<T, j=12,...,N

u=un4+1 =0, 0<t<T (17)
u;(0) =uf, wi(0)=uj, j=0,...,N+1L

We can notice that (17) is inspired in a dispersive approximation of the wave equation:
Ut — Hh Autt Au.

Note that the finite difference scheme corresponds to the case # = 0. The value # = 1/6 corresponds to a
finite element semi-discretization (see e.g. [14]), and the value § = 1/4 can also be derived from a finite element
method, by discretizing the position and the velocity differently and enters in the class of Mixed Finite Element
methods for approximating a given PDE.
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The solution can be developed in Fourier series as in (6), by replacing A} with )\2 which satisfies

=02+ 0R2 (AL (AR)? = — ().

0 ,,1\N+1

More precisely, for each initial condition (u?,ul); j—o satisfying the compatibility conditions ud = ul 1= up =

VR
ul 41 = 0, system (17) has a unique solution, which is explicitly given by

N
t) = Z akei)‘zteljkl, e‘jk‘ = sin(j|k|wh),
k=1

where the coefficients (ak)f\k[‘:l are uniquely determined by the relations

The energy of the system is given by

Uj+1 — Uj
h

h 112 / 112
52 <|u]| = Oujyy — gl +

Z|u |2 — t9|uj+1—u|2 Z|u| +26’Zujuj+1

7=0
N

> Y JujP(1 = 20) = 0(|uS? + [ufs ) =

=0

The uniform observability or inverse inequality is: do we have

2
Eﬂ@gCﬂU(AT w+o£ﬂ%wm%0,

with a constant C(T") > 0 independent of the initial conditions and of h?
The direct inequality is: do we have

i

with a constant C(T") > 0 independent of the initial conditions and of h?

uN(t)

un(t)]?
h

T
dt + 9/ |u§\,(t)|2dt < C(T)E}(0),
0

)

and it satisfies EY(t) = EY(0), for 0 < ¢t < T. Note that Ef(t) is positive for 0 < 6 < 1/4:

(18)

0) > 0.

(19)

(20)
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3.2. The direct inequality

The direct inequality has been proven for # = 0 in [5] and [11], for # = 1/4 in [1], and for § = 1/6 in [14]
(and can also be stated from [5]). We shall here give a proof with Fourier series, for 0 < 6 < 1/4 by applying
Proposition 2.1. Note that we could also get the direct inequality with discrete multipliers by establishing the
following relation

T 2 T N
/ |54yt — Yi(e) | = 2T (0) + (26 - 1/2)h/ S (e — )2,
0 0 =

with

N
Yi(t) = th(ujH —wj_1) (uf + 0(uf,, — 2uf +u)_y)), which satisfies [, (t)] < 2E}(0).
=1

Proposition 3.1. For each 0 < 0 < 1/4 and for T > 0, there exists a constant C(T) > 0 such that

T UN(t) ? T ’ 2 0
| A+ luy (t)|dt < C(T)Ey, (21)
0 0
for all the solutions of (17).
Proof. We have to prove that
2
g = ixg e Al 2 12
[ 2 Mawst <om 3 WPl
0 lr=(N-1)/2 k=(N—1)/2
and that
T N - 2 N
[l X Mehae| <cm > WPl
0 lr=(N—-1)/2 k=(N—1)/2
for 0 < 6 < 1/4. Thus, we have to check the assumptions of Proposition 2.1, with M}, = |kh|, since
_ N+1—k
e%“ b . eN+1 )\?v+1fk N+1-k
—o—| = |sin(kmwh/2)| < C|kh|, and 5 < Cley | < C|kh|.
hAN f1-k ANF1-k

By following the proof of Proposition 2.2, we see that we only have to verify that
IMyvi1-k = ANp1—y] = ORIk = 72]. (22)

For this, we set ¢(z) = g(1 — z). Note that ¢'(z) < 0 for 0 < x < 1, ¢/(0) = 0 and ¢”(0) # 0, so that the
function ¢ (z) = p(y/z) satisfies ¢'(z) # 0, for 0 < z < 1. We then get

o(@) = ()| > Cla® — 2],

which gives (22). O
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3.3. Uniform observability for the two-grid method

As we will see in Section 4, the uniform observability inequality (19) cannot hold for all initial conditions,
for 0 <0 < 1/4. It holds however when we apply the two-grid method.

By substituting the relations (10) into the Fourier series (18), we get for k =0,..., %:
()\2) (ak +a—k) = _()‘?V-H_k)Q(aN—H—k +a-N_14k), (23)
AP A(ak —a—) = =M\ 1 1)* Mg rlant1-k — a-n—148)-

By taking the square of the relations and by adding the resulting identities, since A] < A, , for k =
1,...,(N —1)/2, we obtain

Y N -1
k__ p=1,...,— (24)
2

lant1-x? +la-n—1x* < W) (lanl* + la-k?), v = 30
N+1—k

The uniform observability has been obtained for the two-grid method [15] (for § = 0), [14] (for § = 0 and
0 =1/6).

Proposition 3.2. For 0 <6 < 1/4, we have

(1 oty ar= 21 - 20) - 8800), (25)

for all solution of (17) written in the form (18) with (24).

Remark 3.3. e For § = 0, we recover the results 7' > 4 obtained in [15] and [14].

e For § = 1/6 we get the time T > 2 4 2/3, which is better than the condition T' > 4 obtained in [14].

e As 6 tends to 1/4, we approach the time 2 of the continuous case. Note that for # = 1/4, we do not need the
restriction (10) of the initial data: we refer to [1], where the uniform observability of the mixed finite element
method is discussed.

e For each 0 < 0 < 1/4, by applying the same techniques for the filtering method with parameter o = 1/2,
we would obtain the same time (see [5], where the case # = 0 and § = 1/6 are discussed).

Proof. We set Cp := =22 which satisfies for k = 1,..., (N —1)/2
(1/2 — 26) My Ph? > Cp.
Thus, thanks to the choice of the initial data, we obtain

N N (N-1)/2
<29—1/2>h2|u;+1—u;|2—OeEZ=Z((29—1/2>—|A PINL? = Ca /2120 |ax|? < Z di N2 /2l ?,

=0 k=1
where, for k=1,...,(N —1)/2 and 0 < § < 1/4 we have
di = ((1/2 = 20)[XPh® = Co) + |(1/2 = 20)| AN 11— [*h® — C| - | ?
= Co((1/2=0) (ML R HNGy sk PR2 0 P) = 1= [n]?) = Co(INy 11 _iP P2 (1=0R% A% 41 ) (10K AR*)
with

= ((1/2 = O)(INIINN1—kPh (2 = 40) + vk]?) — 4(1 = OR%AYy 41 [2) (1 = ORZ[AR]%))
= =4+ 160 + A2y pPRH((—0 + 1/2)(2 — 40) — 46%) = (=1 +40)(4 — [N\ 2AY 11 ?R*) < 0.
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F1cURE 2. Relative gap ()\ZH — M) /7 vs. k/N, for N =101 and k = 1,..., N in the case of
the finite element method (i.e. 6 = 1/6).

We finally get
T uN 2 0
L ([5] +otue) ae = (2= et - 800)
0
which means that (25) holds. O

The finite element method (f = 1/6) and the Ingham type approach for the two-grid method. We
have already seen in Proposition 3.2 that with the multiplier method, the observability holds for T' > 2 4 2/3.
We underline that this holds within the class of two-grid data. By applying an Ingham type approach, we can
improve this time as follows. Applying Theorem 1.3 we obtain the observability inequality for

T > 27 /y/M +1/2 = 2/3/2 = V6(< 2.45)

by taking M =1 and v = 7. We can improve this further, because the gap 4 near k = N/2 is larger. We can
thus replace M by M(%)2 We have here vy =7 and ¥ = #, so that

2
M (1) —16/27,
7

and we get the observability property for

T>2/1/2+16/27 = 2 %(< 2.1).

Looking at Figure 2, we see that the gap of the low frequencies (the eigenvalues A{, for |k| < (N — 1)/2)
is always larger than 7. This implies that the optimal time for the filtered solutions corresponding to the
parameter o = 1/2 is 2 (we will recall this fact in the subsection 4, for the case of the finite difference scheme,
but the proof is similar in the finite element method case). We may then obtain 2 as optimal time for the two
grid method by using the technic developed in [4].
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4. NECESSARY CONDITIONS FOR UNIFORM OBSERVABILITY

We establish here necessary conditions for the uniform observability, for the different schemes and methods
under consideration. Note that such results have already been pointed out (see [5]) and are often explained in
terms of the group velocity, by analyzing the dispersion curves (see e.g. [15] and [16]).

Lack of uniform observability for the 6-scheme (0 < 6 < 1/4). Even if the direct inequality (20) holds,
it turns out that the inverse inequality (19) fails, as it is explained e.g. in [5] or [17] (there, the inequality (19)
was considered for # = 0 and § = 1/6). We will prove here that we cannot have

T
EZSC(T)/ <
0
for 0 <6 < 1/4.

By substituting (6) into (26), the inequality (26) becomes

un(t)]?
h

+ \U;V(t)f) dt, (26)

2 2

N -y 6 ek T N NG
Z IR lak? < / Z ake”\ktTN dt+/ Z are™ AL at, (27)
0

k=1 k=1 k=1
with a constant C(T") > 0 independent of the sequence (ak)%zl and of h. Since

ist 2 ist 2

T T T
/ \a+bei5t\2dt=/ a+b+bsS dt§2T|a+b|2+232b2/ ¢ dt < 27(|a + b2 + s2b?),
0 0 0
we would have, by taking ax41 = 1/)\2+1 and ar = —1/A?, and the other coeflicients equal to zero in (27):
C(T)/T < |cos(krh/2) — cos((k + V)h/2)|* + [XL/AL = ALy /A [P+ Ny — AP (cos? (kmh/2) + [ML/AY).

Note that A9 /A) = m(kh), with m(7) = (1 —40sin(r7/2))~'/2, which is bounded with bounded derivatives, for
0 <0< 1/4. By taking k = N — 1, we get

C(T)/T < C(h* + Ny = Xy ).
Now, we write

6
: (:h)’ (1-09"(2)*)g"(2)? = ¢°(x)?,  ¢°(x) = 2sin(mz/2).

We cannot have g(1) = 0, and thus, since (¢°)'(1) = 0 we get

1
20°(1)(¢”) (1)(1 — 09°(1)*) = 0= 0 = ==
(D" ()1 = 06" (1) = 0 0 = s = 7
so that we obtain, for 0 < 6 < 1/4: C(T)/T < C'h?, since (g?)" is bounded. Thus, the uniform observability

inequality does not hold. In fact combining more and more frequencies, it can be shown that the constant blows
up at an arbitrary large polynomial rate.

The filtering method for the finite difference scheme (6§ = 0). By the multiplier method, we can obtain

the estimation T > 2/cos?(am/2) for the observability property, whereas we have the finer estimate 7 >
2/ cos(am/2) by a Ingham type approach (see [5] for a proof).
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Let us show here that the latter estimation is optimal. Thus, we suppose that the uniform observability holds
for a time T. We then have

T
) S lanl? < / IS are Pt < (1) S Janl?,
k 0 %

for each finite sequence (ay), such that ax = 0, if |kh| > a. In particular, for each 0 < o < «, for N large
enough, the latter inequality will hold, for each sequence ay = 0 such that |k — o/ /h| > NV/4.
If |k — o/ /h| < N4 by developing \) = 2/hsin(a/7/2 + (k — o/ /h)Th/2), we have

A = 2/hsin(a'n/2) + weos(a'n/2)(k — o' /h) — e, |en] < 2/hlk — o' Jh|*|wh/2* < 7% /2Vh.

Let (ar) be a sequence whose coefficients are zero except a finite number of them. We can choose N large
enough so that, if [k| > N'/* — 1, we have aj = 0. It follows that

T 2 T 0 rer) 2 T o
&:/ bre'Arter)t &z/ ekt
J o 1> o |

with by := ag_a /5 (so that if |k — o’ /h| > N/4, we have by, = 0), and with

T 2 T 2 T t
A:/ &:/ &g/ﬁ/
0 0 0 0

N O . .
E Ekbkezz\ktezeks
k

2
dt — A > C(T) |ax]? - A,
k

. /
E age’™ cos(a'm/2)kt
k

2
dsdt

Z bkei/\gt(eiekt _ 1)
k

t
/Zskbkeikgteisksds
0 "k
T T
0 0

so that the sequence (m cos(a/m/2)k)recz satisfies

i

and the constant being independent of the sequence (ag), this inequality cannot hold for T' < 2/ cos(a/7/2),
and thus also for T' < 2/ cos(am/2), which ends the proof of the optimality.

) .
E Ekbke’LAkteleks
k

2
dtds < T37T2/2\/EZ lax)?,
k

2

dt > C(1) Y i,
k

. /
E age'’™ cos(a'm/2)kt
k

The two-grid method for the finite difference scheme: optimal time invariant by translation. We
have seen in Theorem 1.5 that the uniform observability holds for |I| > 2v/2 (which is better than the time 4
obtained by the multiplier method), within the class of two-grid data. Note that L. Ignat, in his thesis [4],
shows that observability holds in the class of filtered data for all time intervals of length greater than 2v/2, by
using other methods. At this time, we may wonder if this result is optimal. Thus, let us suppose that a uniform

observability inequality
2

dt (28)

t
B0) < o) [ |20
| h
holds for solutions of the two-grid method, and for every interval I of length greater than Ty. We shall prove
that Ty cannot be smaller that 21/2, which gives the optimality of the time invariant by translation for the
two-grid method. For this, we consider initial data such that

ar=a_p, N :=N/2-NY*<k<N/2 ar=0 |kl<N~ (29)
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and suppose that we have (28), for I = (=T'/2,T/2). We then have

un(t) [? T/2 | N2 ok i N2k i
/ ELASZS ‘ dt§2/ Z N (apent 4+ qpuetrvri-rtyl g Z N (ape™ M 4 gprie M-ty e
rlh =T/2 | >N~ h k>N h
and thus
2 2
N/2 T/2 N/2 ek - T/2 N/2 ek .
c(T) Z |>\k|2|ak|2§/ ]zlv et dt+/ Z V%%akelm“”“t dt,
k=N- =T/2 >N~ =T/2 >N~

which gives (by using the fact that ‘%‘ > cos(m/4), as soon as N/2 — /N —1 < k < N/2),

N/2 T/2 | N/2 ? T/2 | N/2 . 2
T) Z |ak|2 < / Z ape Mt dt +/ Z V]%akeszJrl—kt dt.
k=N- T/2 >N~ ~T/2 [, SN~

By decomposing A} = 2/hsin(w/4 + (k — 1/(2h))wh/2) and X} ,_,, = 2/hcos(w/4 + (k — 1/(2h))mh/2), we
follow the previous proof and we get
dt+/
T/2

T/2
/ T/2
Now, by taking an upper bound of [ — 1| tending to zero, and since the interval is symmetric, this inequality

reduces to
T/2
/ Z apeim/ VK
T/2

and thus we have T > 2\/5, so that Ty can effectively not be smaller than 2/9.

ZV ar ef'mr/\/_kt

Za oim/V2kt dt > C(T) > |ar]. (30)

k

2
dt > (T Z|ak|

An example where observing on (0,7T) or on (—7/2,7/2) can change. We now look at a simplified case,

in order to show that in general it is different to study the observability problem in (0,7") or (—%, %)

Let a > 0. Then we have T' > Z if and only if

2
C(T)Z |ak|2 < / Zak zkat ikat) dt
k>1 E>1

holds for all (ax). Indeed, we have for T' > 7/«

2r > fax? =2 aaw / cos((k — ')at)dt =

k>1 k>1
2 2

/ Za zkat —zkat dt </ Za ikat —zkat) dt (31)

k>1 k>1



AN INGHAM TYPE PROOF FOR A TWO-GRID OBSERVABILITY THEOREM 619

1420 T T T T T T X 1490 T T T T T Izﬁ
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FIGURE 3. (a) A}, (b) )‘(()N+1)/2 + (k= (N +1)/2)a, (¢) Xy y1_p and (d) )‘(()N+1)/2 + (N +
1)/2 — k)a, for @ = 7/v/2, N = 1001 and k = (N +1)/2 —V/N,..., (N —1)/2.

and the inequality

2 2

2
T T T
C(T) Z |ak|2 < / Zak(ezkat + e—zkat) dt = 5/ Zak(ezkat + e—zkat) dt < 2/ Zakezkat dt

E>1 0 Jk>1 T g>1 T g>1

can only hold for all (ay) if 27 > %“ On the other hand, we have T' > %’T if and only if

2
T/2

oS Jail? < / ettt et (32)

k>1 —T/2 |k>1

holds for all (ay).

Now, we consider again the case of the two-grid method for the finite difference scheme. Note that the
behaviour may be similar to the simplified sequence. As an example, Figure 3 illustrates the fact that the
sequence A} (resp. A}, ,_;) is close to the simplified sequence )‘?N+1)/2 + (k= (N+1)/2)c (resp. )‘?N+1)/2 +

(N +1)/2 — k)a), for k near and smaller than (N — 1)/2, with a = 7/+/2, for which we have seen that the
time of observability can differ if the observation is made on (0,7) or on (—=7/2,T/2).

Motivated by the latter observation, we state the following question, as an open problem: changing the
interval of observation to (0,7), is it possible to observe the system in a shorter time than the optimal time
invariant by translation?

Thus, in the case of the two-grid method (i.e. for solutions satisfying only the assumption (23)), the optimal
time on (0,7) needs a more careful investigation, whereas the estimate 7' > 2v/2 is optimal on (—7/2,7/2), as
we have seen it in the preceding paragraph.



620 P. LORETI AND M. MEHRENBERGER

5. PROOF OF THE INGHAM TYPE THEOREMS

In this section we will prove Theorems 1.3 and 1.4.

Proof of Theorem 1.3. We use Ingham’s first method, following at first [10]. We consider the function

mt :
_JocosTH if|t| <T)/2
Glt) = { 0 sil>T/2

Its Fourier transform K satisfies

/ G(t)eimdt = 2T cos(rT/2) _ EKT(T),

o272 g2 T
with
cos(Z7) T
Thus we have
T/2 | N ?
/ Z ape ety by it dt> 2T Z Kr(he — A )axs
T/2 k=1 k], |31=1

+ brb; K (ke — 1) + arbi Ko (Mg — p5) + @b Ko (pr — ),
because 0 < k < 1|_7/2,7/2)- On the other hand, since G is positive, we also have

2

N N
> b Kr(u, — py) = / G(t) | D bre™| dt > 0. (34)

[K[,151=1 |k|=1

We thus get rid of these terms, as it was noticed in [10]; note that this argument is not valid if we use Ingham’s
second method (and thus we have not been able to follow the shorter proof of the result of [10] in [8]). We thus
obtain, thanks to the triangle inequality

2
T/2 | N oT
/ E arpe™t + bpetrt| dt > == E Kr(0)]ag|?

T/2 | |k)=1 k=1
N N
=D > lanllagllKr O = A1 =2 > lanl bl Er (A = i)
|k|=1 j#k k|, |5]1=1

We now have to proceed differently than in [10], in order to treat the coefficients by whose sum may not be
bounded independently of N.

We already have from the gap assumption of the sequence (A\g) that |Ar — A;| > v|k — j|.
It follows from the gap assumption on the mixed terms that

Me =il =pj —pn +pn = AN AN =M > (N =)y +v+ (N —k)y=02N+1—j - k)7,

if k,j > N — N% and

Me — il = M = AN+AN—pN+pN—p = (N+E)y+y+N+j5)y=CN+1+j5+ k),



AN INGHAM TYPE PROOF FOR A TWO-GRID OBSERVABILITY THEOREM 621
if k,7 < N%®— N, by using the assumptions
) y DY g p

e S pNe-N < S pN SA NS S Aneon S <A
S SAvNe Z- KAy Sy < - S puyoNe < e,
for1</{<N-—-N®and —1>k>N*— N. We also get
Ak — 1] = pj — A > N — AN—Ne > AN —AN—nNe > CN*, iff 1<k < N-—-N® j>1,
Ak = pj] = pj — Ak > pN—Ne — AN > pN—Ne —puny > CON®, if E>1,1<j< N - N9,
Ak — il = A — pj 2 ANa N —p-N 2 ANya_ Ny — AN 2 CN® if N* = N<k<—1,j <1,
Ao — il = Ak —pj 2 AN — pNo—N > pi-N — pno—y = ON® if k< -1, N* = N < j < —1.

We thus have |\, — p;| > ~vdy, ; with a sequence dy, ; satisfying

di; =2N+1—-k—j, k,j>N-N® dy;=2N+1—-k—j, k,j<-N+N® d; >CN* otherwise.

‘We then have

2
2w 1
KeOw —p)l < (ZZ) ——, dos=dip, |El,[jl=1,....N,
KrOw ) < (72) g =g des=die I
and
/ N 2 N
T/2
2T
/ g ape ™Mt 4 betrt| dt > = E K7(0)]ax|?
“T/2 | |k)=1 T k=

_@_:) ZZmIIaJI -2 5 P

|k|=1j7#k k], 1]=1

For the mixed terms, we compute

N 1 N 1 N N 1
< Mg 2\ __ Mg 2 L
> gz —gs S (Gl + oghl) g Z( ol + 537 Y g
K] |5]=1 K| |5]=1 J [k|=1 l7l=1 J
N 1 N N N 1
2 2 2 2
Z( (a2 + la—if2) + - (bef? + b >) > g < Ml Y
k=1 —1 ki k=1 lil=1 "
We also have classically
N
Z 2 laullos gy = 2l Z
k|=1 j#k —1 it
We then get
2
T/2 N ) . o N 9 2
/ D age 4+ bett dt > = Y (Tl) crlag]?,
=T/2 ||kj=1 T o= N
with
T’Y 2 N
=|—] K — —2M . 35
Ck (27‘1’) T(O) Z 4(]?-]) Z d2 — ( )

l71=1,57#k



622 P. LORETI AND M. MEHRENBERGER

We compute, for k > N — N¢

2 k—1 N
o=(z) | X+ % S Y e o
21 Pt 4(k:—j) e 42N +1—k—j5)2 -1
N+k N-—k N+1—k+N©
Tv\? 1/ -1 1
-(3) - (z S oo 3 ) eats)
(=1 = {=N+1—k

gglm%@+@_gﬁr%ﬁﬂgfﬂm_@Mg)
( )

and we obtain similarly the same result for k¥ < —N 4+ N%, so that the proof is done, by taking N large
enough. ]

In order to prove Theorem 1.4, we give at first technical conditions that are satisfied, from the hypotheses.

Proposition 5.1. Suppose that the hypotheses of Theorem 1.4 are satisfied. Let 0 < &' < e, N € N*. The
sequences ()\k)lNklzl, (uk)%zl, (fyk)%zl, (’yl’c)‘]z‘=1 are such that
(0) the hypotheses of Theorem 1.3 are satisfied;
A=Ay _1/o_ . /
(i) Be=sil > ey — el N7Y272, for 0 < |k — j| < N1/2+¢';

(i1) “‘L’; 5‘1 > /MY —coN7V4 for 0 < |k — j| < N4+,

(iid) | — pj| > calk = jly/viyss for |k — j| > N4+
(iv) Yk = vk and v, =", for |k =1,...,N;

(v)7k204>0;f07’ |k|:177Nz

(UZ) |’7]€ 77j| < C5|k7j|h’ |/7]lg 7/7_” < 06|k7j|h; Jor |k|a|.7| =1,...,N;

where the constants c1, ..., cg are independent of N, and -y satisfies
2 ’Y;% + Vg
0<y' s =5 7=%

Proof. We extend f into an odd function, such that f € C3[—1,1].
(0): it follows from the Taylor-Lagrange formula w = f'(¢), c € (kh,kh + h);
(7): by using a Taylor development around the point %h, we get

Ao — A
k—3j

k+j , k+j ,
—f (Tjh)‘ < |k—jI’h*, e - I (T]h)| = |k —j|*h%

(i4): idem;
(#41): for 1 >« > 0, we define g(x) = f(1 — /1 —x). Since f/(1) =0, and f"(1) # 0, g is differentiable at 1
and we have ¢’(1) # 0. We define g similarly on [—1,0]. We get

e =l LN 1= Kh) = F(N +1 - j|h)]
. - 2 4 . 5
[k = il R2lk = 1|kl + 151)/2]

and by writing « = (N +1—k/2)h, 8 = (N 4+ 1 — j/2)h, we thus obtain

-l o= (1—a?) —g— (1=
T o ey Ry R
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(iv): by definition;
(v): because |f/(x)] = 1 for x € [0,1/2];
(vi): because f € C?([—1,1]). O

In order to prove the main theorem, we will use again Ingham’s first method, and we take the definition (33)
of KT.

Beginning of the proof of Theorem 1.4. We will prove that

T/2 N
[ 13 a4 e ar = S sl + A (36)
“T/2 k=1 lk|=1

with sequences (ak) (bk) satisfying |b|? + [b_x|? < |ag|? + |a—|?, and this will yield the result, by changing ay,
to ’ykak and by, to 7}, 2bje.

We take Ingham’s first function used in Theorem 1.3, and we proceed at the beginning like in Theorem 1.3,
but this time we do not get rid of the high frequency terms (34). We obtain:

2
T/2 N N N
/ 3 Rape™ +byet dt = > (JalPt 4 bk = Y (lakllas A2 KT (O — A)]
T2 k=1 lk|=1 Ik, 151=1,57k

N
+ bl AP I K (e — p5)]) = Bi= A= B, B:=2 > 3pvflarllbsl| K — )],
Ikl I71=1

By using the Young inequality
Jarllag] < (Jarl? +laj?)/2 = @ [bellbs] < ([bkl® + [851%)/2 = b
we obtain for the first term
N N N

A= (laklad + el =D >0 (@ Kk = A+ bi vy | Ko (s — 1))
k=1 b= =Tk

N N
> D akRIEr Ak = A+ bk VP K (ke — o)),
h=L |12k

because of (iv).
From the notations ag ; = g j + a—k,—;, K3k, j) == max(|Kr (A, — X\j)|, [Kr(A—p — A;j)|) and Kh(k,j) :==
max(|Kp (ke — )], [Kr(p—r — p—5)l), we get

N N N N
A2 (apvi +oesve) =D Y (ar vy Bk, §) + b vty Kk, 5)) > (ak kv + b ki)
k=1 k=1 |j|=1,j#k k=1
- > 212 ak,ﬂk% K/\(k? J) + bk VIQKM(ICJ)

NS aslanB? + b yy?), with o = for j # k.

k=1j|=1,j#k

ak jVRY5 + bk ViV ’



624 P. LORETI AND M. MEHRENBERGER
Since we have ci ; = ¢, = c—k,—j, we get

N N N N N
A,k +a i 3
A— E arkVe + be kv E E ch g (ar ki s + brpVilny) = E g Ck,j <72 S
k=1 k=1j|=1,j#k k=1j|=1,j#k

N N N -1

bik + b; kit a

+ =y ) 2= X e lonoda] braof) - 3 Chg (%VW
1j=1,j7#k k=1j=—N,j#k

N N N -1
bk + 055 12 1 2,12 Akk 2 2, Dkk 2 g
+ 5 k7 > = Z Z Cl,j ak k’)’k’Y] + b kY ) Z Z Chg \ 5 T + 5 kT

k=1j=1,j#k k=1j==N,j#k
_ N N N 2.2 2,12
Qi b,k ak kYR + bk kY]
SY S (M ) A Sl o) |10 Y e AL,
=N k=1j#k k=1 l41=T.37k ke bl
We now consider o
+x
(I)(I) f}/k’y‘j fyk; 7] .
’Yk + ka
Since by 1 < ag,k, we have <I>( ) < max(®(0), ®(1)), and thus
N N 12,12
. ViV TV
A> Z(ak,kvé + bk,k’y]/:l) 1-— Z Ck,jVk,j , with Vk,j = Max <# ]2> .
k=1 li1=1,5#k RN
O

In order to estimate the term ¢ ; which mixes the high and the low frequencies, we define the function

1
9(x) = min (L m) ;
and we can check the following property:

Lemma 5.2. The function g : Rt — RT satisfies
2, .2
o |[Kp(x)| <gr(z):= g(ng ), x € RT;
e g is decreasing;
e g satisfies the following estimate:

r+y
2g(o) + 000 < (@ 42 (D32, ey e 37)
Proof. The second point is clear. For the first point it suffices to prove that
T 2 +
‘cos(im)‘ <|1—-2z°|, xze€RT,

and this can be done by computing the variations of ¢ : & — 1 — 2% — cos(§x), for 0 <2 <1 (we have Y3 <0,
PO(0) = 2+ (5) > 0, pO(1) = ~2 < 0 ¢/(0) = 0, ¢/(1) = -2+ & < 0, Y(0) = 0 and $(1) = 0), the
variations of y = —, for 1 < z < /2 (we have x® >0, x?)(1) > 0, x’(1) > 0 and x(1) = 0), and by remarking
that |cos(Zz)| <1< |1 —2?|, for z > V2.
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For the last point, by symmetry, it suffices to consider the following three cases.

(i) If £ <2, y <2, we have g(z) = g(y) = g(x—;'y), and we get the result.
t(t—2)

ii) If z > 2, y > 2, the function ¢ : t — ’:—2 is increasing for ¢t > 2 (¢/(t) = 4—=5¢ > 0), and thus we get
-1 (t—1)

2 2 2 2 2 2
222 +y?)— (wty—2) [ == Y )= (1) (-1 = a—y) [ = - L) >0.
@) -ry-2) (o7 4 2 ) == D7 D = o) (S5 - ) 20
(38)
This yields the result.
(iii) If <2, y > 2 (the case © > 2, y < 2 can be treated by symmetry), we have
y? 2
2x2+2y2(x+y2)<12+ﬁ):c2(2+2:cy)+y_1(2y2+2xy)
2 2 2 3
2, Y 2 y y (y—2)
= 2 — —4)(2 — 4(2 — —-2)>wy—2)(—4 =
(¢4 5 ) -0+ @ - de-n+ie-n+ 2= 2 -2 (-4 L) = L 20
and the proof is completed. ]

The following lemma gives a sharper estimate, and allows us to improve the observability time in the appli-
cations.

Lemma 5.3. If x,y € RT satisfy x +vy — /Ty > 4, then we have

2?g(w) +y°g(y) < (@® +y*)g(e +y — Vay) < (2 +1°)g (xTﬂ/) .

Proof. The right hand side comes from the decreasingness of g and from the Young inequality xy < #
We distinguish three cases:

(i) If © > 3, y > 3, then the function ¢ : t — e 5 increasing (¢'(t) = Vit—3) > 0), and thus, using (38),

t—1 2(t-1)2
we get
2(x2+y2)—2(w+y—\/@—1)(m3021+yy21):2(x2+y2)_($+y_2+(f_\@2) (sz1+yy21)
- (- L) - v (54 2)
~ Wi (Va7 55 ) - i (o)) e (S ) 2o

(ii) If 2 < & < 3 (the case 2 < y < 3 can be treated by symmetry), since y —/z\/y+x—4 > 0and 0 < z < 4,

we have /7
T+ 16 — 3z
iz YN ().

We can notice that the function zg is decreasing for « € (2, 3), and thus y > zo(z) > 20(3) = (‘/5*2"ﬁ)2 >4 and
x < y. Therefore, we infer from (i) that ¢ (y) > 1(z0(z)) and it remains to prove that

¥(z0(x)) —¥(x) = 0. (39)

Setting z := zo(z), for brevity, we have

P2 (e—1) =¥ (2-1) = (Va—VD)rata®2 =252 = (V- Va) (@z—1—2—/57) = (Vo) (22—2v/T24),
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because x + z — \/rz = 4. We notice that  — ,/zy is increasing, so that \/zy > /220(2) = 1+ V5, and thus
xz — 2y/xz — 4 is positive. From the previous computation, we finally obtain (39).

(iii) If 2 < 2 (the case y < 2 can be treated similarly by symmetry), we notice that zg is increasing for
0 <z <4/3, and decreasing for 4/3 < x < 2, and we have y > 4, so that ¢(zg) varies like y, for 0 < z < 2.
Now, if 0 < & < 4/3, we have

4

3/2
L = 4(y) > Plaol@) > Y(a0(0) = 5 > (5) S 2.

On the other hand, if 4/3 < 2 < 2, we obtain also Zs—_/i > 1(20(2)) = 2%/2 > 23/2. We thus get

2

2(at )2y A1) (2 + L0 ) = 20—y 24 (Va4 L ) = (e

y—1 y—1

)= (Va-vi? (o g ) =)o) (g (Wi (242 ) —at(a-20)
HVEVDWEHD (-5 ) - (w4 ) = a-2n iV (L -7 20,
so that we conclude the proof. 0

The next lemma gives the useful estimates for the errors with the approximative case where we have [A\y—\;| >
|(k = 7)/ 75| and |pe — i > [(k — 7)1 /775], to which we will apply the preceding lemma. For convenience,

we will write e, for a sequence depending on j, k, N and satisfying

N
Z es < N7, g,>0.
lil=1

Lemma 5.4. With the hypotheses (0)—(iv) of Theorem 1.4, and for N large enough, we have

KA — Ap)| < gr((k = §)\/AK75) + és, (40)
and
()1 (o — )| < (vivs) g ((k — 9)y /7)) + max(L, (v47))%)es. (41)

Proof. We first consider (40). Suppose at first that |k — j| > N'/2*¢ then we have from assumption (o) that
M= gl = ke = g = N

and thus
|Kr(A\ — M) S NT18 =1ey.
Now, if 0 < |k — j| < NV/?*¢ we define
es = |gr(|k — jlvARTs) — 9r(|k — jI(yA; — aN~279)].
Since v < \/%7; and T > 2m/~, we obtain

|k —Jl 1 1
€s j : - j 19
NUzEe k=P = NYEE|E -
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using that z3g/.(x) is bounded for |z — |k — j|/7%7;] = N~Y/?7¢, and N large enough. By taking e, = 0, for
k= j, we get (40).
We now consider (41). We define

2 . . _ _
es = () o (k= 1/ 7)) — 9o (k= G1(\/vv) — eaN~H479))],

for 0 < [k — j| < NV/4+e",
We define d0x,; == [k — j[(y /%7 — caN~1/4=¢). Since ¢z > 0, we always have d; ; < |k — j| VY5
Now, if d; ; < 0, we obtain es < (7,;75-)2 < N—l-4e,

If0 <dk; <y /MYjlk— ]|<\/§— we have

. v
1=g7(0) > gr(0k,5) = 9r(\/vevilk — 3l) = gr(V2=) =1,

and thus e; = 0.
If 0 < 0r; < V2F <\ /9 |k — j|, we have

. ™ ) 1 /A
lgr (1 — g1/ vp) = 1| = V2 = [k = dly v | < Tk =GN,
and thus,
es < (VA)) 2k = JINTVATE < (9 NE e
Since 0 < d0p,; < \/5%, we obtain

G G ——— RPN
W=\ N S el TN

1 1 ’
< — — ) N e
—<m—ﬂ4+N>

It remains the case where |k — j VYj = Ok = V2 %. We subdivide it in two subcases. Suppose first that
el < N~ 1/8=¢'/2 We first have

which yields

lgr(1k = j1\/v75) = 97(0k )] X N7VA5|k — 4] < N2,

and thus
N1/4+a es < N1/4+a( ) Ns —e < Ns —€

Now, if we have instead |v;7}| > N—1/8=<"/2 e obtain YWY 2 N—14=<"/4 and then
O/ \J Ay = L= NTVAE ) s = L= [k = INE /42 = 1,
which yields 6y ; = /7,7, and thus

1 1
2 . —1/4—¢ 1/4—¢
es =X (’71;’7;) |k_j|N / |kj—j|3(fy )3/2 - ’Yk’Y]N : |k_j|2,

which gives the result, by changing e, into es/(max 1, (71/975')2)-



628 P. LORETI AND M. MEHRENBERGER

It remains now to consider the case where [k — j| > N4+ We suppose now that |k — j| < N°; we will
prove that we can find ey, for [k — j| > N3/4°+¢ with a number & < 1/16. This will yield the result, since we
can begin with o = 1 and obtain by recurrence o = (%)n(l — 4€) 4 4¢, which will then be smaller 1/4 + ¢, for
n large enough.

We suppose therefore that N3/4+¢ < |k — j| < N®. Now, if |ux — p1j| < N/2+¢ | we have

N Kp(u, — pj)| X NON /209 < N2

which ensures the existence of e;. On the other hand, if | — 5| < Na/2+§, we then have

N3a+25

4 ~
Na(727§)2|KT(Mk - Nj)| = N® (\/7}273’) = W = N_2E7

from assumption (#i7), which ensures the existence of es; and this ends the proof. O

Now, we can estimate the term ¢y ;.

Lemma 5.5. We have for j # k
1

Lk =P+ -1

2

lek,j| < es +

Proof. We have at first

ar i 91 ((k = 9)v/ART5) + b v v ar (k= 5) /1)
+ Bl - Al + Bla

124,12

ekl <
ak g Ves + bk ViR

2_2 /WAY]
ak,jYeY; + br,j max(L,(v,v;)") N e 1) .
. Now, for By, if . < 1, we obtain
ar, ;R bk vy ’ LAY =5

with By := eg

ak; (i + 1)

Bl j e
ak,ﬂ%ﬁ

= es,

since by, j < ay,j, and vy = 1, from assumption (v). On the other hand, if v+ > 1, we have

2.2 12 12
an i 2 by ;
Bljes< G J%%)ies.

2.2 1212
Ak, i ViV bk,j'yk V5

Concerning A;, we have at first Ay = ®(by;/ax,;), with

o) Vevior(k — 3)vaT;) + 2niar (k= 3)\/775)
z) = .
Wi+ 2y

Since by ; < ax,;, we have ®(z) < max(®(0), (1)). As v < 7, we already have

1
®(0) < : :
1L (k — §)292 — 1]

Concerning ®(1), we use at first formula (37) with « = (£)(k — j)*yey; and y = (£)?(k — 7).}, so that we

obtain
1

(£)2(k — 3)2 (s + 7)) — 1

P(1) < |
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Now, if [k — j| > N2+ with a number €, > 0, we get

N
N®(1) £ ——— < N5

STy
On the other hand, if [k — j| < N'/2%2: we define
1
P(z) =
B ()
We then have
1 , WV U
®(1) < , + (1) = b(x0)|, with zg = —2—=1
|£_§(k*])272*1| 7k+7k
Now we have
Hatd A , 1+’Y_1/f
1
oo — 1)< 2 Dl e LT < g,
T+ Vi + Wk VitV |7k|1+(ﬁ>
Tk
by using assumption (vi). Computing the derivative, we get |¢'(x)| =< = ‘2, for x = 1, so that
1 C 1
®(1) < |k —jlh < : +Ch,
Th—dyv 1] kP (k= 4)22 =1

by taking €5 small enough, so that xy >~ 1. We thus have

|Ck,j|§ |T_2 +es, k#j

1
k—j)%y? 1

We also have an estimate for vy ;.
Lemma 5.6. We have vy, ; <1+ Clk — jlh < 1.
Proof. We compute

— el l g 1wl <2+ |’Vj’7k|).
i Ve Tk T Tk

Now, since |y — ;| < |k — j|h, and since v; > 1, we get l% <14+ C|k—jlh < 1. We compute again
k

3 +%'37§2 o1 2wl el ARG G =l
et T Ve Ve B

629

(Vi +v2) k= jlh+ (7 + vk — jI*h?

1+C
e+

since |y, — ;| = [k —jlh and |y, — i < |k — j|h. From v, = 1, we obtain

N3
3 13 1+ (2
1
% = —(77’“4)1 =<1, and similarly, %Z 7’,“4 =<1,
Vi + Vi Vi +(z—:) Ve T

which ends the proof.

)
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Proof of Theorem 1.4. We have A > Zszl(%‘iak,k + Yok ) (1 — dy), with

N
1
dy, = : +es | (L+Clk—jlh) <
|ﬂ§;#c (k=g —1
N
1 k— j|h
3 ey TR Z |( i' +o(1).
=14k 177 \F T DT j1=1,57k

: N k—j|h
Since 3771k (k z)z < lel_ % = o(1), we have

N 1 om\ 2 N 1
“| 2 maeeon) (1)<<T7> 2 mwE—gpq) tew

l7]=1,57#k l71=1,57#k

Now, from the proof of Theorem 1.3, we have

or\? 1 al 2r\? 1
B <2 Z e} la| [bs | (T,y) iE 1 < Y0 (ilanl + b1 )(T_7) i 1
5] 5]

&l 171=1 [kl 171=1
N N 2 N 2 N
27 1 27 1
2 4 /4
— by Sniln I S b il - -
> il + ) Y- (32) g = S dows i (7)) S
= lil=1 g k=1 =1 R
We finally have
N /9o\2 T\ 2 N N
4 14 : —
A-B > (T—7) (Vi ke, Y35 Ok k)W, With wy, := (g) —o(1)— | Z 4(k g Z Z =1,
k=1 li|=1,57k ld1= ’J
by using (35), for M = 1/2, and this gives (36). O
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