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when trying to bound the solution by means of the boundary data, we need to bypass
De Giorgi’s counterexample by means of some additional structure assumptions on
the coefficients a i (z,y). In this paper, we assume that off-diagonal coefficients
a; f, a # B, have support in some staircase set along the diagonal in the y©,y?
plane.
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1. Introduction

We consider the system of NV equations

P
7283:, ZZa ))zx() =0, z€, (1.1)
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where a € {1,..., N} is the equation index and {2 is an open, bounded subset of R™, with n > 2. Moreover,
uw: 2 CR" - RY andu = (ul,...,u"). Coefficients a; ’ﬁ(a:, y) are measurable with respect to x, continuous
with respect to y € RY, bounded and elliptic.

In scalar case (N = 1) a maximum principle is available as

sup u < sup u. (1.2)
Q a0
In vectorial case (N > 2), in general, we cannot expect to bound w inside {2 by means of its boundary
values: in [1] it is shown that it can be constructed a system of linear equations with measurable bounded
coefficients a;' ’B (x) whose solution is the function u(x) = x/|z|" defined in the unit ball centred at the origin
with a su1table v > 1. Then u(z) = x on the boundary of 2 but u blows up inside £2; see also [12,2], the
surveys [9,10] and the recent paper [11].

So, the main effort is finding (additional) structure assumptions on coefficients a;’ ’ﬁ (

x,u) that keep away
De Giorgi’s counterexample and that allow for regularity. A simple case of such a structure is the case in

a,B
i,j
ou
B:E

which off-diagonal coefficients a; %, with 8 # «, are identically zero; in such a case, the system (1.1) is

(almost) decoupled, since Dju® = appears only in the « row of the system

n
i:l

then, we can use the maximum principle for one single equation and we get

Za )ZZ?() =0, z€Q, (1.3)

sup u® < sup u®. (1.4)
Q o0
A further step happens when off-diagonal coefficients a; ’B(Jc, w), with 8 € {1,..., N}\ {a}, vanish when u®
is large, namely,
u >0 = alf(w,u)=0 VBe{l,...,N}\{a}, (1.5)

see [12]. In this case, the o row of the system (1.1) becomes decoupled, like (1.3), when x € {u® > 6“}; then
we get

sup u® < max{6%;supu”}, (1.6)
2 o2

see [12,3] and [7].
Actually, what matters is the possibility to suitably control from below the quantity

n N n
ZZZCL ’Baz uDu’BDu

i=1 p=1j=1

as follows
N

ut >0 = ZZZa (2, u)Dju’ Diu® > v¥| Du> — M®, (1.7)
i=1 =1 j=1
for a suitable positive constant v and a nonnegative constant M“. Such an assumption guarantees the
following estimate

e /2
sup u® < max{0%;supu®} + ¢ <> , (1.8)
e} Yo, v

for a suitable positive constant ¢ depending only on n and the measure of 2, see [3].
Since we do not know the solution u, condition (1.7) is replaced by the following stronger version

yr >0 = ZZZ(I xyp]p >1/\p°‘\27M0‘, (1.9)

i=1 =1 j=1
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Fig. 1. Support contained in a r-staircase set: off-diagonal entries a;”]‘a vanish on the white part of the picture; they might be non zero
only on the grey part.

for all y € RY and all p € RV*™. Let us mention that a kind of maximum modulus principle can be found
in [8] under the following structure assumption: there exist numbers A > 0, L > 0 and two nonnegative
functions d(x), g(x), such that

n N

N N y y.y n
ISP PO ST
a=1~y=1

(e
L Sy (1.10)

A
> - {6|p2 +(5) @ +g<x>1}

is fulfilled for all § € ]0,1[ and all (z,y, p), with |y| > L.
Note that [8] and [3] deal with systems having a nonlinear dependence on the gradient Du.
Going back to condition (1.9) we stress that such an assumption requires that, when we are above the level

0<, the row « has such a good behaviour. In the present paper, we study a different situation: off-diagonal
coefficients aiof’jﬂ (that are responsible of the appearance of the other components Du”) appear above every
level 8¢ but their support is contained in a sequence of squares, see Fig. 1.

Such a condition turned out to be useful when proving existence of solutions to elliptic systems with a
right-hand side which is a measure, see [4] and [5].

Under the assumption that the support of the off-diagonal coefficients ai’f have such r-staircase shape,
we consider the maximum of the boundary values of all components

M = max{supu!,... supu}; (1.11)
o082 o082
SO
hr <M < (h+1)r (1.12)

for some integer h; then, we are able to prove that
u* < S:=(h+1r, (1.13)

provided h # —1, see Fig. 2 (left); when h = —1 we have u® < r, see Fig. 2 (right).

We are able to provide a minimum principle as well. The previous result is true when the support of
a,f

;j 1s contained in the squares along the diagonal y* = yP. If we allow the support

off-diagonal coefficients a

Please cite this article as: S. Leonardi, F. Leonetti, C. Pignotti et al., Maximum principles for some quasilinear elliptic systems, Nonlinear Analysis
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Fig. 2. (left) hr < M < (h 4 1)r, with h # —1; (right) —» < M < 0.
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Fig. 3. Support contained in a crossed r-staircase set: off-diagonal entries a?_iﬁ

p vanish on the white part of the picture; they might be

non zero only on the grey part.

to stay also in the other diagonal y® = —y?, so that the support is contained in a crossed r-staircase set as
in Fig. 3, then we can prove the maximum modulus estimate

M*
where
M* = max{sup |[u'],...,sup|uV|} (1.15)
o9 o9

and int [¢] denotes the integer part of ¢, that is, the largest integer less than or equal to t.

We are also able to give other results assuming a different shape of the support of the off-diagonal
coefficients; they apply only to solutions satisfying suitable compatibility conditions.

The paper is organized as follows: in Section 2 we list all the required assumptions and we state the main
theorems whose proofs appear in Section 3. An example of a system verifying our assumptions but neither
(1.9) nor (1.10) is given in Section 4.

Please cite this article as: S. Leonardi, F. Leonetti, C. Pignotti et al., Maximum principles for some quasilinear elliptic systems, Nonlinear Analysis
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2. Assumptions and results

Assume (2 is an open bounded subset of R™, with n > 2. For the sake of brevity, [k] denotes the set
{1,...,k} when k > 1 is an integer. Consider the system of N > 2 equations

Y | T @z’ | =0, foracl .
iet) “7 \peiny "

Jj€ln]
(A) Foralli,j € [n], and all o, 5 € [N], we require that a(-x’-B : O xRN — R satisfies the following conditions:

(Ao) z v+ aj (w y) is measurable and y — a; (m y) is continuous;
(A1) (boundedness of all the coefficients) for some positive constant ¢ > 0, we have

s (z,y) | <

for almost all x € 2 and for all y € RY;

(Ag) (ellipticity of all the coefficients) for some positive constant m > 0, we have
oY af (@) eg] = mlg)?
a,BE[N]4,j€[n]
for almost all x € 2, for all y € RN and for all £ € RN*™;
(A3) (r-staircase support of the off-diagonal) there exists r € (0,400) such that when a # 3,
aﬁ’jﬁ (2,y) # 0 implies either y € {|y*| <, [y°| <7} or

y€E U {hr <y < (h+r, hr <y? < (h+1)r},
hez

(see Fig. 1).
We say that a function u : 2 — RY is a weak solution of the system (2.1), if u € W2 (Q,RN) and
[ X % afeu)nd @)D @) =0, (22
? a.pelN]ijen]
for all ¢ € Wy (2,RV).
Remark 1. Suppose assumptions (A) hold. Then conditions of Leray—Lions Theorem (see [6]) are satisfied

and we get existence of weak solutions to (2.2) provided a boundary datum u, € W12(£2,R") has been
fixed.

In the aforementioned setting, weak solutions enjoy the following maximum principle.

Theorem 1. Suppose assumptions (A) hold. Then a weak solution u of system (2.1) satisfies

u®(x) < S for almost every x € 2,  for all o € [N] (2.3)
where M
r<1+int {]) if 1+int [ ] # 0,
T
S = (2.4)
M
r if 14int {T] =0,

Please cite this article as: S. Leonardi, F. Leonetti, C. Pignotti et al., Maximum principles for some quasilinear elliptic systems, Nonlinear Analysis
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M = max{supu!,... supu’}. (2.5)
o o
Moreover
u®(x) > 1 for almost every x € 2,  for all o € [N], (2.6)
where i 5
—r (1 + int {]) if  14int [} #0,
r r
I:= ) (2.7)
M
—r if 14int [} =0
r
and
v 1 . N
M = mln{ggu yene ,g}gu 1. (2.8)

We now modify the assumption on the support of the off-diagonal coeflicients. Namely, we assume
(./Ig) (crossed r-staircase support of the off-diagonal) there exists r € (0,400) such that when a # 3,

afff (z,y) # 0 implies either y € {|y*] <, Iyl <r} or
“+o0
ye |J{hr <yl < (h+Dr, hr <|y?| < (h+ 1)r},
h=1
(see Fig. 3).
If we denote by (A) the set of assumptions (Ag), (A1), (Az), (A3) we can prove the following companion
of Theorem 1.

Theorem 2. Suppose assumptions (A) hold. Then a weak solution u of system (2.1) satisfies

[u¥(z)| < S* for almost every x € 2,  for all a € [N] (2.9)
where e
S*i=r (1 + int [ }) (2.10)
T
M* = max{sup [u'|,...,sup |[u"]}. (2.11)
a0 a0

Now, we can give other results assuming a different shape of support for the off-diagonal coefficients.
However, they apply only to solutions satisfying suitable compatibility conditions. We assume,
(A3) For fized (LY,...,LY) e RN, if a# B, then

azf (2,9) #0 and y* > LY = ¢’ > Li,

(see Fig. 4).
Let us denote by (A*) the set of assumptions (Ag), (A1), (Az2), (A35).

Theorem 3. Suppose assumptions (A*) hold. Then a weak solution u of system (2.1) with

sup u* < LY, VYV ael[N], (2.12)
o
satisfies
u*(z) < LY forae xef), Vae|N]. (2.13)

Please cite this article as: S. Leonardi, F. Leonetti, C. Pignotti et al., Maximum principles for some quasilinear elliptic systems, Nonlinear Analysis
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Fig. 4. Support verifying Aj: off-diagonal entries a?f vanish on the white part of the picture; they might be non zero only on the grey
part.

Fig. 5. Support verifying A}*: off-diagonal entries a;"}ﬂ vanish on the white part of the picture; they might be non zero only on the grey
part.

Remark 2. Note that (2.12) represents a compatibility condition between the boundary values of u* and

the supports of off-diagonal coefficients aff;-ﬁ .

In the same spirit, one can give a minimum principle, under a compatibility condition on the boundary

datum, by assuming the following
(A3*) For fized (LY,...,LY) e RN if a # 3, then

afff(x,y);éO and y* <L® = ¢° <LP,

(see Fig. 5).
Let us denote (A**) the set of assumptions (Ag), (A1), (Az2), (A5%).
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8 B
7 Ji
y?
a’ =0 @iy’ =0
...... + LS
o
; af eR
a;"} eR +re
, o — 0
]
al) =0

Fig. 6. Support verifying A} and AJ": off-diagonal entries a‘;_’jﬁ vanish on the white part of the picture; they might be non zero only on
the grey part.

Theorem 4. Suppose assumptions (A**) hold. Then a weak solution u of system (2.1) with
inf u*>L% Vac][N] (2.14)
20

satisfies
u“(z) > LY for ae. x € {2, ¥V aeN] (2.15)

Corollary 1. Let (LL,...,LY) and (L,...,LY) be fired vectors in RN with L < L%,V o € [N].
Suppose assumptions (A*) and (A5*) hold, see Fig. 6. Then a weak solution u of system (2.1) with

L <u*< LY ondf, Vae|N], (2.16)

satisfies
L2 <u*< LY in £,V ae[N]. (2.17)

Corollary 2.  Suppose assumptions (A*) and (A3*) hold with L§ = L* = 0, see Fig. 7. Then a weak
solution u of system (2.1) with
u*=0 ondf, VaclN], (2.18)

satisfies
u*=0 in 2,V a€e][N] (2.19)

3. Proofs of the results

Proof of Theorem 1. Let u € W12 (Q, ]RN) be a weak solution of system (2.1). Let L € R be such that

supu® < L for all o € [N].
X

Consider the test function

©*(x) = max{0,u%(x) — L}, forall a € [N].

Please cite this article as: S. Leonardi, F. Leonetti, C. Pignotti et al., Maximum principles for some quasilinear elliptic systems, Nonlinear Analysis
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al’ =0 af R
yﬁ
af €R a’ =0

Fig. 7. Support verifying A3 and A3* with LY = L% = 0: off-diagonal entries a;"’]ﬁ vanish on the white part of the picture; they might
be non zero only on the grey part.

Then
D; o* = 1pyasyDiu®  forall i € [n] and o € [N].

Using the test function ¢ in the weak form (2.2) of system (2.1), we have

/ Z ZaaﬁDuﬁDgp dx

o,BE[N]i,j€[n]
/ Z Z a; Djuﬁl{ua>L}Diu°‘dm.
o, BEIN] 4,j€[n]

Now, the r-staircase assumption (A3) guarantees that

agf (@, u(@))Lyasy (@) = af (@, u(@)) 1,55 1) ()L uas 1y (@) 3.1)

when 8 # « and L/r € Z \ {0}. It is worthwhile to note that (3.1) holds true when oo = § as well; then

/ Z Za Djuﬁl{ua>L}Diu°‘dx

a,BE[N]i,j€n
— [ XY @ pit e D do
? o, p€[N] i j€ln]
/ Y D a4 D’ Dip” da.
a,BE[N] i,j€[n]

Now we can use the ellipticity assumption (Asz) with £* = D;¢* and we get

m/ Z [ D dx</ Z Z aa*BDJgoﬁDigoo‘dxzo.

a€[N] a,B€[N]i,j€n
This means that
/ > D dz =0
a€[N]

and, since ¢ € WO1 ’2(()), we can use Poincaré inequality

/|g0a|2dx§C/ |Dp®? dz = 0
2 2

Please cite this article as: S. Leonardi, F. Leonetti, C. Pignotti et al., Maximum principles for some quasilinear elliptic systems, Nonlinear Analysis
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obtaining max{0,u* — L} = ¢® = 0 almost everywhere in {2, so
u® <L almost everywhere in 2.

We now select a suitable value for L. We take L = S given by (2.4) and we get (2.3).
Let @ = —u. Then @ € W2(£2;RY) and, since u satisfies (2.2), then @ verifies

0= / ST Y @ (e a(e) Dy (2) Dy (a)da (3.2)
? 0,BE[N]i.j€n]

for every p € VVOl’2 (Q,RN), where
i (x,y) = agf (x,—y). (3.3)

We observe that the new coefficients defined by (3.3) readily satisfy conditions (Ag), (A1), (As2).
Moreover, if o # 8 and d%’g (z,y) # 0 then, by (As3),

afff (z,—y) # 0 as either —y € {|y°‘| <r, |yﬁ| < r} or

-y € U {hr <y < (h+1)r, hr <y® < (h+1)r}.
heZ

Therefore either y € {|y*| <, |[y?| <r} or
JheZ:ye{hr<y*<(h+1)r hr <y® < (h+1)r}

and we can conclude that dzf (z,y) satisfy (A3) as well. By (2.3) applied to @ = —u we deduce that 4* < S

where - .
M M
r(1+int [}) if 1+int {} # 0,
R r r
M
r if 1+int {} =
,
and
M = max{supa', ... supa’™}.
Yo, Yo,
Note that
M = max{sup(—u'),...,sup(—u")} = max{—infu',..., —infuN}
a0 20 oy o0
= —min{infu', ... infu}
o0 o0
so that - .
M M
—r (1 + int {}) if 1+int {] # 0,
r r
u* > -G =
M
—r if 1+int {] =0
T

and (2.6) is proved too. This ends the proof of Theorem 1. [O

Proof of Theorem 2. Let u € W2 (Q, ]RN) be a weak solution of system (2.1). Let L € R be such that

sup [u¥| <L for all & € [N].
00

Please cite this article as: S. Leonardi, F. Leonetti, C. Pignotti et al., Maximum principles for some quasilinear elliptic systems, Nonlinear Analysis
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Consider the test function
@%(z) == max{0,u*(z) — L} + min{0,u*(z) + L}, for all o € [N].
Then

D; % = 1qya)>2y Diu®  for all i € [n] and a € [N].

Using the test function ¢ in the weak form (2.2) of system (2.1), we have

/ Z Z aaﬁD uP D% da

a,BE[N] 4,5 €[n]
/ Z Z a D iU 1{|ua\>L}D u® dx.
a,B€[N]i,j€[n]

Now, the crossed r-staircase assumption (As3) guarantees that

a P (@, (@)1 jues 2y (2) = a3 (2, u(2) 1 8 5 13 (@)1 juo> 2y (2) (3.4)

when 8 # a and L/r € {1,2,...}. Note that (3.4) holds true when 5 = « as well; then

/ Z Z CL Djuﬁl{‘uabL}Diua dx

a,BE[N]i,j€[n]
a,BE[N]i,j€[n]

:/Q Z Z a% Dj(ﬁﬁDigéa dx.

a,B€[N]4,j€[n]

As in the proof of Theorem 1, we can use the ellipticity assumption (Asz) with & = D;@% and we get |[D@%| =
0; since ™ € Wy %(£2), we use Poincaré inequality and we obtain max{0, u® — L} +min{0,u®+ L} = ¢* = 0,
o

|u®| < L almost everywhere in (2.

Now we have to select a suitable value for L. We take L = S* given by (2.10) and we get (2.9). This ends
the proof of Theorem 2. [

Proof of Theorem 3. Let us consider the test function ¢ such that
©%(r) == max{0,u*(x) — LT}, forall a € [N].
Since (2.12) holds true, then ¢® € W, *(£2) and
D;p® = LiuesrayDi u® for all i € [n] and a € [N].

Using the test function ¢ in the weak form (2.2) of system (2.1), we have

/ S Y @ Djuf Dy d

a,B€E([N]i,j€[n]

/ Z Z a Du l{ua>La}D u® dx.

a,B€[N]i,j€n]

Please cite this article as: S. Leonardi, F. Leonetti, C. Pignotti et al., Maximum principles for some quasilinear elliptic systems, Nonlinear Analysis
(2018), https://doi.org/10.1016/j.na.2018.11.004.




12 S. Leonardi, F. Leonetti, C. Pignotti et al. / Nonlinear Analysis zzz (zzzz) zzz

Now, assumption (A%) guarantees that
zajﬁ(xv u(x))]-{u"‘>Li}(x) =a; 35(1'7 U(ir))].{ua>ch+}(l')l{u5>Li}($) (35)

when 8 # a. Note that (3.5) holds true when 5 = « as well. Then,

/ Z Za Djuﬁl{ua>Li}Diuadx

o,BE[N] i,j€[n]

/ Z Z CL D iU 1{uo‘>L }1{ ﬁ>Li}D’iuadx
o,BE[N] i,5€[n]

/ Z Z a; ’BDjapﬁDigoo‘ dz.
o,BE[N]i,5€[n]

Now, as in Theorem 1, we can use the ellipticity assumption (Ag) with £ = D;p® and we get |Dp®| = 0;
since p® € W,?(£2), we can use Poincaré inequality and we obtain max{0, u® — LY} =¢* =0, 50

u® < LY almost everywhere in (2.

This ends the proof of Theorem 3. O

Proof of Theorem 4. Let @ = —u. Then @ € W172((2'RN) and since u satisfies (2.2) then @ verifies
0= / >y a 2))D;a” (x) Dip® (x)dx (3.6)
a,BE[N]i,5€[n]
for every ¢ € VVOL2 (Q, ]RN), where
i (2, y) = ) (x, —y). (3.7)
We observe that new coefficients defined by (3.7) readily satisfy conditions (Ap), (A1), (Az). Moreover,
if « # 8 and a; (amy) # 0 then, by (A%*), we deduce that for —y® < L% it must be —y? < L? . Thus,

if a;; Bz, y) # 0 and y® > —L2, then y? > —L? . Therefore, we can conclude that a;’ 5(:1:,y) satisfy (A%)
with L?‘|r = —L°, for a € [N]. By (2.13) applied to @ = —u we deduce that

u® < —L% almost everywhere in {2

and then the claim is proved. This ends the proof of Theorem 4. [

4. An example

In this section we provide an example satisfying our structural conditions (.A) but verifying neither (1.10)
nor (1.9). We fix n =3, N = 2 and we set

11 2.2
a;; (x,y) = a;j (2, y) = bij, (4.1)
,2

a;7 (x,y) = wy)s;j, aj(x,y) = —a; 7 (z,y),
where §;; is Kronecker delta, w(y) > 0 is a bounded, continuous function, with support contained in the
r-staircase set, see Fig. 1. Furthermore, we require that w = 5 in the centre of every square of the sector
y' >, y2 > r, that is
w((h+1/2)r,(h+1/2)r) =5,
for every h € N. Note that

1 00 w(y) 0 0
al'=a??=101 0 a? =10 w(y) 0 = —a*!, (4.2)
0 0 1 0 0 w(y)

Observe that the coeflicients defined in (4.1) readily satisfy conditions (.A).

Please cite this article as: S. Leonardi, F. Leonetti, C. Pignotti et al., Maximum principles for some quasilinear elliptic systems, Nonlinear Analysis
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4.1. Comparison with condition (1.10)

Let us recall condition (1.10): there exist numbers A > 0, L > 0 and two nonnegative functions d(x), g(x),

such that
YD I DD S DA

2
a€[N]v€[N] Ly| i€ln]  BEIN] j€ln] (4.3)
1
> —{5|p2+(5) [d<x>|y2+g<x>]}:=cz

is fulfilled for all § € ]0,1[ and all (z,y,p), with |y| > L.
We want to show that the coefficients defined in (4.1) do not satisfy (4.3). To this purpose we choose

1 2
y =y >0,
4.4
pi=ph=ps=py=p3=0, pi #0 (4.4)
and we replace in (4.3). According to the aforementioned definitions, we can rewrite
1
I= 20— wiy), (45)
while N
1
Q=001 - () RA@WY? + ofa) (1.6
On the other hand
2d(2)(y")? + g(w) < [2d(2) + g(x) + 11+ (5)?). (4.7)
We select 3 to be the centre of the squares of the sector y' > r, y? > r:
1
yh =yt = <h+ 2) r (4.8)
. . 1 L .
with h € N and h > int {— + ] + 1 in such a way that |y| > L and
2 2
w(y) =w(y',y") =5.
Moreover, from (4.5) we get
1= —2(p})? (4.9)
and from (4.7) we deduce
2d(2)(y")? + g(x) < 42d() + g(x) + 1)1+ 7)h?. (4.10)
Merging (4.10) into (4.6) and using (4.9), for any § € ]0, 1], we obtain
A
1
Q@ > -0l -4 () o) + o) + 00+ 22
A
= I+(2-0)(p)* -4 (5> 2d(z) + g(z) + 1](1 + r*)h? (4.11)
A
1
> 1 h? -4 (5) ) +ae) + U0+ Vi £0

So that, fixed any x € (2 and choosing

A
p = 3h\/<(1$> [2d(x) + g(x) + 1](1 + 72),

we immediately deduce
Q>1.
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4.2. Comparison with condition (1.9)

Let us recall condition (1.9): for every a € {1,2,..., N} there exist 0% € R, M* > 0 and v* > 0 such
that

>0t = =3 3 S A (@) plps

i€[n] BE[N] j€ln]
> v — M* = Q. (4.12)

We want to prove that coefficients (4.1) do not satisfy (4.12) when a = 2. As before, we choose y to be
the centre of the squares but we change a little bit the matrix p:

=0, pi=1, p #0

) (4.13)

W

py=p3=p3s=p

yl yQZ(h—f—

r

M| —

with b € N and h > int [6?/r —1/2] + 1, so that y* > 6%. We then replace in (4.12). According to the
aforementioned definitions and recalling that

w(y) =w(y',y*) =5,

we can rewrite
= —w(ypi+1=—5p+1

0 e (4.14)

This, for pi sufficiently large, implies that
I’ < Q.
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