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ABsTRACT. — Saddle solutions of the Allen—Cahn equation in R?” are characterized by the
property that they vanish precisely on the Simons cones, a family of classical minimal surfaces
with one singularity at the origin. Their existence and uniqueness are known, by results of
Cabré-Terra (2009-2012) and Dang (1992). Schatzman (1995) proved that the saddle solution is
unstable for m = 1. Cabré-Terra (2009-2012) showed the instability for m = 2, 3 and stability
for m > 7. This left open the case of m = 4,5, 6, which is conjectured to be stable (even energy
minimizing). Towards this conjecture, here we establish some pointwise estimates for the saddle
solutions.
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1. INTRODUCTION
Allen—Cahn type equation in the entire space has the form
(1.1) —Au = F'(u) inR",

where F is a “double well” potential. Typical examples of F include %(1 —u?)? or
1 4 cosu. The first case corresponds to the classical Allen—Cahn nonlinearity, which
arises from phase transition theory. The second case is also called elliptic sine-Gordon
equation, originating from integrable system theory. In this paper, we will focus on the
Allen—Cahn nonlinearity.

Properties of solutions for the equation (1.1) depend quite delicately on the dimen-
sion 7. In the simplest case of dimension one, all the solutions can be completely
understood, thanks to the phase plane analysis technique. In this case, (1.1) has a
heteroclinic solution H. It is monotone increasing and plays an important role in the
De Giorgi conjecture. Recall that the De Giorgi conjecture, which originates from the
I"-convergence theory [11], states that monotone bounded solutions of (1.1) have to
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be one-dimensional if n < 8. This conjecture has been proved to be true in dimension
n = 2 (Ghoussoub-Gui [21]), n = 3 (Ambrosio—Cabré [1,3]). In dimension 4 <n < 8§,
Savin [35] proved it under an additional limiting condition:
lim u(x’,x,) = £1.
Xp—>to00

Up to now, it is still not known whether this condition can be removed. Counter examples
in dimension n > 9 have been constructed by Del Pino—Kowalczyk—Wei in [13] using
Lyapunov—Schmidt reduction. The zero level set of these solutions resemble the famous
Bombieri-De Giorgi—Giusti minimal graphs [4] dating back to 1969, which constitute
first counter-examples of the Bernstein conjecture. Later on, we also constructed new
nontrivial monotone solutions of the Allen—Cahn equation in [31] using Jerison—
Monneau’s program [25]. We refer to [14—19,26, 34] and the references therein for
related results on this subject.

It is by now commonly accepted that the theory of Allen—Cahn equation has deep
relations with the minimal surface theory. The above mentioned De Giorgi conjecture
is such an example. To mention more recent developments in this direction, let us
point out the references [8,9, 20,22], where minimax of the Allen—-Cahn and minimal
surfaces are discussed, with deep application to the minimal surface theory. The saddle
solution to be analyzed in this paper also has analogy in the minimal surface theory.
To explain this, let us now recall some results from the minimal surface theory.

It is well known that in R®, the Simons cone is a minimal hypersurface. It is singular
at the origin and minimizes the area. Explicitly, the Simons cone is given by

{(x1,....,xg) € R¥:xT 4+ x5 =xZ+ -+ x5}

The minimality of the Simons cone is proved in [4,12] and the construction of Bombieri—
De Giorgi—Giusti minimal graph is essentially based on this property. More generally,
if we consider the so-called Lawson’s cone in R**/ (2 <i < j):

. ‘ i—1
Cij = {(w) R @R |xf = 1|y|2},

then fori + j <7, C; ; is an unstable minimal cone (Simons [38]). It is also known
thatfori 4+ j > 8, and (7, j) # (2,6), C;,; are area minimizing, and C5 ¢ is not area
minimizing but it is one-sided minimizer. See [2, 12,24,27-29,37] for more detailed
discussion on this subject.

For each m € N, the analogous object of the Simons cone Cy, s, in the theory of
Allen—Cahn equation is the so-called saddle-shaped solution defined in R?™, which
vanishes precisely on the cone C, . In this paper, it will simply be called saddle
solution and denoted by U,,. The properties of this solution have been analyzed in
[10,23,36] for m = 1. In the higher-dimensional case, it was studied in a series of
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important papers: Cabré—Terra [6,7] and Cabré [5]. In particular, it has been proved in
[5] that saddle solution is unique (up to a sign) in the class of symmetric functions.

In view of the stability of the Simons cone, an important question is whether saddle
solution is stable or energy minimizing. Recall that by definition, U, is stable if and
only if

/ [—An+ BUZ—1n] n=>0, forany n € Cg°(R*™).
R2m

In [6,7], it is proved that for 2 < m < 3, the saddle solution is unstable, while for m > 7,
it is stable [5]. It is then conjectured in [5] that for each m > 4, U,, should be stable.
Indeed, it is even expected that Uy, should be a global minimizer of the corresponding
energy functional for all m > 4.

The saddle solution depends only on the variables s := {/x? + -+ + x2 and f :=

\/xan + -+ + x3,,. In this case, (1.1) reduces to

m—1 m—1
—02u — 0%u — Osu — ; du =u—u’.
s

U, can be regarded as a function of the variables s and ¢. In the (s, ) plane, we define
the domain

(12) Q:={(s.t):5>1>0}.

Recall that saddle solution vanishes on the Simons cone. This means that Uy, (s,s) = 0
for all s > 0. Moreover, Uy, (s, t) = —Uy,(t, s). Without loss of generality, we may
assume U, > 0 in €. It is also worth pointing out that U,, is positive on the s axis,
that is, Uy, (s,0) > 0, for s > 0.

We will use L,, to denote the linearized Allen—Cahn operator around Uy, :

(1.3) Lmn = Ay + (1 =3U2)n.

Here A, is the Laplacian operator in R?™, which can also be written in terms of (s, )
variables.

Proving the stability of the saddle solution amounts to constructing a positive
function @ satisfying

(1.4) Ln,® <0 inR?>™.

Consider the function

f = (tanh (;)ﬁ)(s +1)723,
h:= —(tanh (é)ﬁ)(s + t)—2.5‘
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In [30], we would like to prove that the function ® of the form fd;U,, + hd;U,, (plus
some small modification terms) satisfies (1.4). One can see that after applying the
linearized operator L, to this function, we obtain derivatives of Uy, up to order 2. This
means that to prove an inequality like (1.4), very precise pointwise information of the
first and second derivatives of Uy, is needed. This is the main motivation of this paper.

It will also be natural to ask that whether the stability of the saddle solution depends
on the double well potential F'. Note that for elliptic sine-Gordon equation in the plane

(1.5) —Au =sinu in R?,

it can be checked [32] that the explicit function

cosh (2=
4 arctan (M) -

cosh (%)

is a saddle solution to (1.5). However, in dimension 2m with m > 1, the saddle solution
of (1.5) does not have explicit expression. This makes precise estimation of U, as well
as its derivatives a nontrivial task.

Our main results in this paper include pointwise estimate of U, itself, both from
below and above, and some estimates of its first- and second-order derivatives. Some
of these estimates are not sharp and can be significantly improved in a future work [30].
To state our main results, let us recall that in [5], it has already been proven that in €2,

iU, +0:U, >0, 0,U, >0, 0;U, <0, 09,0,;U, >0.
Following [5], we introduce new variables
S+t s —t
= , z= .
Y V2 V2

We collect some of those estimates derived in this paper in the following.

THEOREM 1.1. In 2, the first-order derivatives of U, satisfy

tasUm +SatUm E 07

11
—+ = Up—0,Up —9,Up > 0.
y zZ

The second-order derivatives satisfy 02Uy, < 0, 02U,, changes sign, and
1
~05Upm — 92Up > 0,
s
V2Und5Up + Uy > 0, V2Upd:Upy + 350; Uy, < 0,

1 1 1
05Uy + ;B,Um — 32Uy — 02Uy, > 0, —;B,Um + 050; Uy + 02Uy, > 0.
N
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Moreover, Uy, > H(amy)H (amz), where the constant ap, is given by (2.5). We also
have

3 2 3
0sUs < 2(e4t + —)e 3 fors—t >4,
< 7 >

11
dsUs + 0, Uy < (—2 - —2)[4(BSU4 —3:Us) + v/05Us — 9, Us).
t s

Note that the last two estimates are only stated for Uy, but similar estimates hold
for Us, Ug, possibly with different coefficients.

During the proof of this theorem, we heavily use the Maximum Principle (Theo-
rem 2.1), due to Cabré [5], and apply the linearized Allen—Cahn operator on various
carefully designed functions. The rest of the paper is devoted to the proof of these
pointwise estimates.

2. POINTWISE ESTIMATES FOR THE SADDLE SOLUTION AND ITS DERIVATIVES

The area-minimizing property of the Simons cone can be proved by using explicitly
constructed calibrations. Saddle solution can be regarded as an object which is one-
dimensional higher than the Simons cone. To prove its stability directly by constructing
suitable test functions, it seems to be necessary to obtain some a priori information
of the solution, especially in the region away from the Simons cone. For instance,
in dimension n = 2m > 14, monotonicity and the asymptotic behavior are used in
an essential way [5]. In dimensions 8, 10, 12, much more precise estimates on the
saddle solution and its derivatives are needed. Note that although the saddle solution is
unique in each dimension, we believe it does not have a closed form expression when
the dimension is larger than 2. As a consequence, we should perform a lot of careful
analysis to obtain these estimates, which will be the main task of this section.

Our analysis relies on the special structure of the equation and also crucially on the
maximum principle of Cabré [5], which will be recalled in the following.

THEOREM 2.1 ([5, Proposition 2.2]). Let Ly, be the operator defined in (1.3). Let © be
an open set contained in the domain

O .= {(xl,...,me):s>IZO}.

Suppose c(-) is a nonpositive continuous function in ®. Then the maximum principle
holds for the operator L,, + ¢ in the following sense: Suppose v € C*(©) N C(O)
satisfies

Lyav+cv>0in®; v<00ni®
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and

2.1 limsup v(x) <0.

x€0,|x|—>+o00

Then necessarily v < 0 in ©.

Remark that the domain 2 C 9. Hence, in the statement of Theorem 2.1, 9 can
be replaced by €2. Note that condition (2.1) is important. In the application below,
various functions we considered do satisfy this condition although sometimes we will
not mention them explicitly.

We will also need the next lemma, which essentially follows from the monotone
iteration arguments of [7, Lemma 3.4], and Theorem 2.1 stated above.

LemMA 2.2. Suppose W € C2(0) N C(O) satisfies
w>0in®; w=00ndo.

Moreover, we assume

(22) ~AW—w+w>>0 in0.

Then Uy, < w. Similarly, suppose B is a subdomain (with piecewise C' boundary) of
O and w € C*(E) N C(E) satisfies

w>0inE; w=00n0E,

and
3

IA
(@]
E.
]

—Aw—w+w

then Uy, > w in B.

Proor. Starting with the supersolution w, we can use monotone iteration technique as
that of [7, Lemma 3.4] to obtain a sequence of monotone decreasing functions which
converges to a positive solution of the Allen—Cahn equation w in @ with w = 0 on
00. By the uniqueness of saddle solution, we obtain w = U, < w.

On the other hand, if we start with w, we can use monotone iteration to find a
sequence of monotone increasing functions which converges to a positive solution v
(may not be the saddle solution) of the Allen—Cahn equation in E, withv = 0on dE.
To see that v < U,,, we assume to the contrary that v > Uy, in a subdomain I" C &,
and v = U, on dT". Then

Lm(—Uy) >0, inT.

This contradicts with the maximum principle stated in Theorem 2.1. ]
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2.1. Lower and upper bound of the saddle solution

To begin with, we would like to estimate the saddle solution Uy, itself both from below
and above.
The saddle solution satisfies
-1 -1
2.3) 3§Um + 3%Um + m—asUm + mTatUm = U}SI — Un.
K

In the (s, ¢) coordinate, the linearized operator L,, around U, takes the form

m—1
Lmn =320+ 0*n + g

m—1
dsn + . 3+ (1 =3U2).

Differentiating equation (2.3) with respect to s and ¢, we get

~1 ~1
24 Ln@sUn) = "= 3Up,  Ln(3Up) = —
s t

0:Up,.

These two identities have already been used in [5] to obtain important information of
saddle solution and will be frequently used in this paper.

Recall that (see [5]) in the cone 2, d,U,, > 0 and d,U,, < 0; moreover,
t —t
=1 + z = > > 0.

AT/

Then the derivatives of U,, are related by

1 1
OsUn = —=OyUn + 0:Up),  0:Up = —=0yUp — 9:Up).
ﬁ(y ). 0 ﬁ(y )

Since Uy, is also monotone increasing in the y direction in 2, we have 05Uy, + 9, Uy, > 0.
The next result provides more information on the absolute value of d;U,, and 9, Uy,
in terms of s and ¢.

LemMA 2.3. For any fixed m € N,
105Up + 50;Up, <0 in Q.
ProoF. Let k be a parameter and define
n:i= k85U + 550, Up.

Using (2.4), we compute

-1 ktk+m-2 -1 ktk+m-—-2
Lmnztk(msz + ( t;n ))asUm‘f‘Sk(mtz + ( Slzn ))atUm

+ 2k (s*71 + 1571050, Uy
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We write this equation as

Lmn_(m—l +k(k+m—2))n

12 52

:tk(m—l +k(k+m—2)_(m—1 +k(k+m—2)))asUm

52 2 12 52

+ 2k (%7 + (5 H8,0, U
We may choose k = 1. For this choice, we have
m—1—k(k+m-2)=0.

This combined with the fact that 0,0, U,, > 0 led to
m—1 k(k+m-=2
Lyyn— ( + ( )

5 S )n = 2k(s*71 + t¥"18,0,U,, > 0.
S

Observe that 1d;U,, + s9;U,, = 0 on dL2. Indeed, this follows from the facts that
osUpy = —0,: Uy, if s =t > 0; 0,U,, = 0 on the s axis (this is a consequence of the
evenness of u in each x;; see [5, equation (4.4)]). On the other hand, we have

tr+s r—s
to Uy + 50, Uy = WayUm + fazUn’h

which implies
limsup (#95Uy, + 50;Up)(x) < 0.

x€Q,|x|—>+o00

Hence, from the maximum principle (Theorem 2.1), we deduce that
tosUy +50,Uy, <0 in Q2.
This finishes the proof. u

Let H(x) = tanh(%) be the monotone increasing one-dimensional heteroclinic
solution:
—H" = H — H?with H0) =0, H(+o0) = +1.

Note that H converges exponentially fast to 1 at infinity. As we will see from a compu-
tational perspective, the fact that this heteroclinic solution has an explicit form will
help us in later analysis.
In the (y, z) coordinate system, the Allen—-Cahn equation in R?"™ can be written as
2(m —1)
y2 — 72

3

—aiu—aﬁu— (yoyu —z0zu) =u—u".

The following lemma states that saddle solutions in different dimensions are actually
ordered.
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FiGcure 1. 2D saddle solution of the elliptic sine-Gordon equation.

Lemma 2.4. Foranym € N, Uy < U, < H(y)H(z) in O.

Proor. Using Lemma 2.3, we can compute

1 1
— At 1 (Un(s.1)) = Un(s,1) + Uy (s,1) = —EBSUm — ;8tUm > 0.
It then follows from Lemma 2.2 that Uy, 41 < Uy,.
The fact that Uy (v, z) < H(y)H(z) has already been proven in [36]. The proof of

the lemma is then completed. |

With upper bound at hand, we proceed to establish a lower bound of U,,. In R2,
we know from [36] that U;(y,z) > H (JLE)H (JLE) For the sine-Gordon nonlinearity,
one even has an explicit expression for U;. See Figure 1 for its picture.

However, in higher dimensions, the lower bound of Uy, turns out to be more delicate.
We can prove the following.

LemMma 2.5. Form = 4,5, 6, there holds Uy, > u := H(amy)H(amz) in O, where

3
25 =/ .
2.5) m 2m + 4

Proor. Leta = a,, be a parameter and denote the function H(ay)H (az) by 7. Let
us write § = ay, Z = az. We find that —An — n + 13 is equal to
(2.6) H(G)H(E)(2a> — 1 —a*H?(5) —a*H?*(3) + H*(F)H?(%))

2
A GH GG - SHGH ().
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Let us consider the explicit function

272 - B R O )

I — H2(y)H?(2)

om(y,Z) 1=
With this definition, we have
—An—n+n’ = HGHE)(1 - H*(F)H?(Z)) (@ om — 1).

It turns out that
2m + 4

sup o (¥,2) = 3
0<z<y

and oy, tends to this supremum as (¥, Z) — 0. Indeed, for y, Z close to 0, the Taylor
expansion of gy, (up to order 2) takes the form

2m+4  14m + 31
3 90

(7* +22).

Note that for Z = 0, the function ¢, reduces to

20m—1) (1 _ ﬁH’(ﬁ))
72 HE) )
2m+4

This function is monotone decreasing in y and hence bounded from above by ====.

On the other hand, for fixed Z, as y tends to +00, g, tends to 1, which is obviously
less than %. Moreover, when Z < y are both large enough, since H(z) ~ 1 — 2e~V2z ,
o, Will be close to the function

om(7,0) = 2= H*(§) +

_ N2m = 1) (e VI —zem V)

1
P o 4 eV

Denoting y — Z by «, we find that this function is equal to
V2(m — 1) (G + @)e™V22 — )
2z + o) |

(m—1) (Y2 —1)

<1+
ﬁa eﬁ“+1
m—+ 1 2m + 4
< < .
- 2 3

Finally, as y — Z, 0, tends to
5y _ m=1) (ZH' (D)’
2-2H%(3) - " (*gy )
1 — H42)
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This function is not monotone decreasing, but it is bounded from above by %. Now
with all this information at hand and observing that the functions are even in the ¢
variable, we can use Mathematica (see the appendix for the code) to estimate o, in
suitable bounded region to show that if a,, is chosen to be the number defined in (2.5),
then —An —n + 1> < 0in O and the conclusion of the lemma then readily follows
from Lemma 2.2. u

This lower bound is far from being optimal because along the Simons cone, as y
tends to +o0, Uy, should converge to H(z).

In the sequel, to simplify the notation, we shall write H(y)H (z) as u, and write
Uy, as u. We also set ¢ = u —u > 0. Then by Lemma 2.5,

.7) ¢<ii—u in0O.

Note that actually u depends on m, while u is independent of m. We observe that u — u
does not have decay along the y-axis. Our next purpose is to improve the estimate (2.7).
Using similar idea as that of Lemma 2.5, we can prove the following decay estimate.

ProrosiTION 2.6. In 9, we have

_ HO)(enH () + BnzH'(2) + HE)(amH () + BnyH' (7))

2.8 )
28) ¢ < e
where the constants 0y, Bm are given by

(1,3), m=4,
2.9 (@m,Bm) =1 (1,4), m =5,

(2,5), m=6.

Proor. The “error” of the “approximate solution” # can be directly computed:

—Aii + @ —i = H(y)H(z)(1 — H*(y))(1 — H*(2))
_ 2(m—1)yH'(y)H(z) . 2(m—1)zH(y)H'(2)
y2 — 22 y2 — 22 )

We have in mind that in @, for y large, the (positive) main-order term in the error
should be
2(m —1)zH(y)H'(2)

(2.10) T

In view of this, we introduce the function

g(z) :=aH(z) + BzH'(2),
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where «, B are two positive constants to be determined later on. Before proceeding, let
us explain the reason of choosing such a function g. Observe that H and zH’ satisfy

(2.11) —H” + (3H?>—-1)H =2H?3,
(2.12) —(zH"Y" + BH?* = 1)zH' = —2H" =2(1 — H*)H.

Intuitively, we see from these two identities that after applying the linearized Allen—
Cahn operator, the function H is well behaved for z large; but for z close to 0, since
H?3 is of the order O(z?3), it will not be good enough to control the error term (2.10).
On the other hand, applying the linearized Allen—Cahn operator to the function zH’,
we obtain 2(1 — H?)H . This can be used to control (2.10) near z = 0, but not for z
large.

Consider the function

H(y)g(z) + H(z)g(y)
y2 + 22 .

(2.13) AWy,z):=u(y,z) —

Let us choose (o, B) to be the numbers (¢, ) defined in (2.9). We would like to
show that in the region where A > 0, there holds

(2.14) —AA—A+A3<0.

To see this, we first observe that in the region where y is large, due to (2.11) and (2.12),
the main-order term of the left-hand side is

_2(m-1) _ 20m (2H3(2)) + Bm(2(1 — H?(2))H(2))

y2_22 y2+22

J: zH'(z)

In the region where y is large with 0 < z < 3, since 8,, = m — 1, we have the estimate
2(m — 1)zH'(z) < 3mH>(z) + Bm(2(1 — H?(2)) H(2)).
Therefore, J is nonpositive here. On the other hand, when y is large with 3 <z < 0.8y,

- 2(m—1)

= 222

20 (2H?*(2)) “0

J
y2+22

zH'(z)

In the case when y is large and z > 0.8y, the main-order term in —AA — A 4+ A3 is

2(m—1)

R~y )] -

y2+22'

This is negative due to the exponential decay of H'.
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Next let us consider the region where y < 1. By the definition (2.13) of A, and
observing that 1/(y? + z2) blows up at origin, one verifies

A <0, fory<1.

Define

E:={peO@:A>0atp}
Then in E, we necessarily have y > 1. Now in a bounded sub-region of Z (that is,
when y > 1 but not too large), we can use Mathematica to verify (see the code in the
appendix) that (2.14) holds. Therefore, applying Lemma 2.2, we find that the saddle
solution u is bounded from below by A in E. Therefore, in &, we have

H(y)g(z) + H(z)g(y)
y2 + 22 .

(2.15) p=ii—u<

We also observe that again by the definition of A, if A < 0, then

_HG)g@) + HE2)g(») _
y2+22 -

u(y,z)

This means that in O\ E, there holds

_HO)eg() + H2)g()
- y2 + z2 ’

(2.16) p=u—u<u
Combining (2.15) and (2.16), we get the desired estimate of ¢. ]

We emphasize that the constants a,,, B, are not optimal. One can also obtain an
estimate similar to Proposition 2.6 using other functions instead of H and zH’. For
instance, we may introduce the function

z +oo
(2.17) o(z) := H'(z2) /0 (H’—2 / H’z)ds.

It satisfies
(2.18) —p" +BH*-1)p=H'.
This function can be explicitly integrated, and

6z + 9‘75 — 42 exp(—+/2z) — 4 exp(—2+/22)
24 coshz(%) .

p(z) =

p(z) _ A2

We have lim;_, 4 oo A = - We also have

—Q2p+z2H"Y + BH?>—1)(2p + z2H') = 4v2zHH'.
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0.254
0.20
0.154
0.104

0.054

0 0.5 1 1.5 2
X

Ficure 2. The function p.

We point out that if the right-hand side of (2.18) is replaced by zH'(z), which is the
case we are truly interested in, then the solution does not have a closed form.

Using similar arguments as that of Proposition 2.6, we can prove that form =4, 5, 6,
there holds

(2.19) b < H(y)(80(2) + 3z2H/(z;)2—_1;(z)(8p(y) +3y2H'(y))

Ll H(y)H(z)(e™7 +e75)
2 y2 4 z2 )

See Figure 2 for its picture. Note that the right-hand side is always positive. Indeed,

. 2
although p and z2 H' are not monotone, the functions % and % are both mono-

tone decreasing in (0, 4+00).
2.2. Estimates of the first-order derivatives

In view of the sign of uy and u,, we see that Lemma 2.3 already yields a lower bound
of |u,| in terms of u;. That is,

t .
|us| > —ug in Q.
s

This inequality also implies that u,, has the following decaying property along the y
axis (that is, along the Simons cone):
Us + Uy \/EZ
< Us.
ﬁ y+z

(2.20) Uy =
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On the other hand, it is well known that bounded solutions of Allen—Cahn equation
automatically satisfy the Modica estimate (see [33, Theorem II]):

2N 2
(2.21) %|vu|2 < F(u) = (IT“)

This inequality immediately yields an upper bound for uy, provided that we have some
lower bound on u, which in turn provides a bound for u,, through (2.20). That is,

z

Uy < (1 —u?).

ey
However, this estimate is also far from optimal because the computation of Propo-
sition 2.6 intuitively tells us that u, should decay like O(y~3) along the Simons
cone.

The next result gives us an exponential decay estimate of u; away from the Simons
cone. Note that by (2.21) and Lemma 2.5 or estimate (2.19), we can already deduce an
exponential decay of us. However, the method of monotone iteration used there can
never provide the optimal decay rate. In the following proposition, we shall derive a
better decay rate (but still not optimal). For simplicity, we will only consider the case
of m = 4. The case of m = 5, 6 can be similarly analyzed, but with different choices
of parameters.

ProrosiTiON 2.7. Let m = 4. Then in 2, we have
ug < 2(e3t + i)e—is fors —t > 4.
= 7 =

Proor. Let a, b be two positive parameters to be determined later on, and define

n= (eat 4 i)e—as.
Vi

Note that u = u — ¢ in 2, where ¢ satisfies the upper bounds (2.7) and (2.8). We
remark that (2.8) provides better estimate than (2.7) near the Simons cone, when y is
large. It follows that u > A, where the function A is given by

i {,; _H(y)(H(2) + 3ZH’(Z))2 + H(z)(H(y) + 3yH'(y)) ’ H(Z)H(z)}.
y2+ 22

2

We have the following upper bound of u ensured by the Modica estimate:

) 1 —u?

us < .
V242 V2

(2.22)
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Taking advantage of the estimates of u, we get
s 1— A2
Uy < )
NCUESEENG)

Now let us consider the region

Qr:={(s,1) e Q:s—1 >4}

Choose a = % (note that we cannot expect a decay rate greater than 1), b = 2. We can
use (2.22) to directly verify (use Mathematica; see the code in the appendix) that on
0821,

us < 2n.

Recall that u satisfies

We then have

-1 s —
(Lm — (ms2 ))(n— u?) = An+ (1 —3u? - (ms—zl))r;

For s large, the main-order terms of the right-hand side equal

a(im—1

J = (2a2 + v a- 3u2))e“t_”s

3 m—1)\1 1
bla? + (2 - —— )= +1-3u%)—e*.
M e S

Under our choice of a and b, we have, when m = 4,
(2.23) J <0 fort >0,

provided that u is close to 1. Now

—1 s —1
(Lm — (ms2 ))(n— u?) < An+ (1 —342 - (ms2 ))n.

One then checks using Mathematica that the right-hand side is also negative in a large
bounded region €2, for m = 4; see the code in the appendix.

Note that 7 tends to +oo as ¢ tends to 0. This implies that 2 > u; near the s axis.
Now suppose to the contrary that there were a subregion of €27 where u; < 27; then

applying the maximum principle in this subregion yields that actually uy < 27 in €2;.
This completes the proof. ]
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The following theorem gives another estimate of u in terms of % + % throughout
the whole region (9, which seems to be optimal.

THEOREM 2.8. In the region O, there holds

U u
——l———uy—uzZO-
y oz
PROOF.Letn=%—i—%—uy—uZ.Thenwhens=t,wehaveu=uy=Z=0and
u
lim — = u,
z—>0 Z

Hence, n = 0 there. Moreover, along the Simons cone, u tends to H in the normal
direction (the z direction); hence,

lim 7n(x) > 0.

[x]—4o00

It is also worth pointing out that the s axis is in the interior of @. On the s axis,
2u
n = \/E(? — Ms) .

At this moment, we still do not know whether 7 is nonnegative on the s axis, although
this is true if s is sufficiently large, due to the exponential decay of u;.

Using the Laplacian in (y, z) coordinate and the identities
m—1

Uy +U; = «/Eus, Ljug = 2

Us,

we can compute

2u3 u 2 2(m —1

y y? y: oy -1z2?)
_2d us (2 2m—D)
z z2 23 z(y2-1z2)
2(m —1)
_(y+Z)2(y+UZ)
‘We have
2(m—1) w3 2u 2 2m-1)
Lm”——z”=————zy+(—3—ﬁ
(y+2) y y y o oy(y*—1z?)

2u 2u, 2 2(m —1) 2m—1)(u u
B +(z_3+z(y2—z2)) _(y+z)2(§+2)

1 1 2u 2u 2u 2u
3 y z
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On the other hand, we know that in O,

1 1
(2.24) YUy —zZuz = E(s"'[)(us+ut)_§(s_t)(us_ut)
= su; +tug <0.

To proceed, assume to the contrary that n < 0 somewhere in (. Define the domain

U u
(2.25) I .= {(xl,...,xz,n):nz;+;—uy—uz<0}.
By (2.24), u — yuy > u — zu,. It then follows from definition (2.25) that

u .
——u, <0inT.
z

We then deduce that in T",

2(m—1) 2
(2.26) Lmﬂ—mfl—?ﬁ
2uy  2u; 2u  2u 2 (u u
R S| LR
2 2 U
“(F5) () =0
This contradicts with the maximum principle and the result is thus proved. u

Due to (2.24), Theorem 2.8 in particular implies that
2.27) U > yu, in.
Observe that u = yu, = 0 for z = 0. It then follows from (2.27) that
(2.28) Uy — YUy, >0 ifz=0.

This inequality can also be written as
Ug —Ur S+ T Usg — Uyt

NN

Then using the fact that ugs + us,, = 0if z = 0, we get

>0 ifz=0.

(2.29) Ug —SUgg >0 ifz =0.

This inequality will be used in the next subsection.
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2.3. Estimate the second-order derivatives

In this subsection, we would like to analyze the second-order derivatives of the saddle
solution. By a result of [5], it is known that ug; > 0 in Q2. Later on we will show that
u;; < 0in Q. However, ugs may change sign. Indeed, on the Simons cone, u,, =
u,, = 0. Moreover, by the identity (see (2.37))

m—1(1 1
Lty = =——( 5 + 5 Juy <0

and the Hopf Lemma, we have u,, > 0 on the Simons cone. Therefore,

1
Ugs = E(uyy + 2uy; + uz;) > 0, near the Simons cone.

Additionally, the fact that u tends to H at infinity implies that lim),_, { o t5s < 0. This
also tells us that ugs necessarily changes sign in €2.
At this moment, it is worth pointing out that uy,, also changes sign in €2. This is one
of the main differences between the saddle solution u and the supersolution H(y)H (z).
The following result tells us that 1 can be estimated from above in terms of u;.
This is useful when u; is positive.

PROPOSITION 2.9. =& —ugs > 0in 0.

ProoF. Let n = ugs™! — ug. By (2.29), n > 0 on d¢9. We compute

2(m — 1u 2(m — u
(2.30) Lonttgy = 2 . s | 2 2) = 4 6usu.
s s
It follows that 5 )
mu mu
Lmn = B > — —sts — 6uzu.
This implies
2m 5
Lyn— S—zn = —6u;u <0.
By the maximum principle, n > 0. This finishes the proof. ]

The next theorem tells us that although u is positive somewhere, ugs + u;; will
nevertheless always be negative.

Tueorem 2.10. In O, we have

Us Uy
— 4+ — — Ugs — Uyy ZO
S t
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Proor. Letn = ”2—5 + % — Ugs — Uz This function is even in . We have n = 0 on
d0. We have

2mu 2mu 2mu 2mu
bmll = =3 -+ 3 - szss B tztt — 605 + up)u

2m 1 1 u
=31 + Zm(t—2 — S—z) (uss — ?S) —6(u? +u)u.

By Lemma 2.9, uzs — “s—‘ < 0; therefore, L,,n — Zt—'z"n < 0. Assume to the contrary that

n were negative in a subdomain I'. Then I" does not intersect with the s-axis. Then
applying the maximum principle in I, we can conclude n > 0 in O. ]

In a similar spirit, we can estimate ug; + u;; in the following way.
Tueorem 2.11. In Q, we have u;; < 0 and

U
7 + Uust + Uy = 0.

Proor. We compute

m—1 m—1
Lyug = 2 + 1—2 Ugs + OUsU U,

2(m—1) 2(m —1)
Ly = 15 Usr — 3 Uy —|—6ufu.
In particular, u,, satisfies
2(m —1
Lmutt—¥utt ZO, in Q.
Note that when s = 7, u;; = —uys < 0. Therefore, by the maximum principle,

Uy <0 in .

To proceed, let us define n = —% + ug; + uys. Then

2 2 m—1 m—1
Lmn = FELt + U + 2 + 2 Ust + 6usu u
2(m—1) 2(m—1)
+ ) Upr — PE Ur + 6M?M
2m m—1 m+1
= t—277+ S—z_ 2 Use + 6uu(us + up).

Since us; > 0 and u,, > 0in €2, we find that in €2,

2m
Lmn— 2 1=0
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If z = 0, then uy; = 0 and u,; = —u,,. Hence, using (2.28), we infer that

1
(uz —yuyz) =0, forz=0.

Uy y _ 1
E + E(—“yz) =5

We also observe that —"t—’ + ugy +uy — 0ast — 0. Then n > 0 on 2. The desired
result then follows from the maximum principle. u

—Uy + Uz =

From Theorem 2.10, we see that in 2, 2u,, = ugs + Uz — 2us; < 0. As a conse-
quence,

(zu; —u) =uy, <0,

which readily implies that
u
— ut — \/_uz S L
z

On the other hand, by the Modica estimate (2.21),
1—u? > V2|Vu| > ug —uy.

Therefore, the following estimate holds in €2:

. { «/_u}
Ug — Uy < min 1 —u?

Now we proceed to estimate 1 in the region where it is negative.

Lemma 2.12. u satisfies
(2.31) u—u’ +ug >0 inQ.

Proor. This inequality follows directly from the equation

m—1 m—1 3
Ug + U +U—U

Ugs + Usr + =0,

and the fact that in 2,

m—1 m—1
Us + p u; <0, uy <0. ]
s

We point out that Lemma 2.12 can also be proved by using the maximum principle.
ANOTHER PROOF OF LEMMA 2.12. We have, for any ¢ > 0,

AW®) = ou’ 'Au + o (o — Du® 2| Vu|?,
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which implies

Lnu® = ou® ' —u) + (1 = 3u®)u® + o(oc — Du®?|Vu|?

=(1—-0)u’ + (6 —3)u’*? + o(c — Hu’?|Vul>.
In particular,

Lpu=—2u® and Lu® = —2u>+ 6u|Vu|>.
Hence,
(2.32) Ly(u—u?) = —6u|Vul|?.

Let us define n = u — u> + uy,. Applying (2.30) and (2.32), we then obtain
2(m—1) 2(m—1)

Lpn = —6u|Vu|* + S Uss 3 Us + 6u§u.
s s
Therefore, in Q*,
2(m —1 2(m —1 2(m —1
Lpn— —2)77 = —%(u —u’) — %us — 6u?u < 0.
N s s
By the maximum principle, n > 0. The proof is thus completed. |

It turns out that the estimate of Lemma 2.12 is not optimal. Indeed, ugs can be
directly estimated by u, and a very similar estimate holds for the mixed derivative u;.
This is the content of the following.

THeEOREM 2.13. In Q, u satisfies

\/Eusu + ugs >0,
x/iu,u + ug <0.

Proor. We compute

Ly(ugu) = L(us)u +2Vu - V(ug) + usAu

m
3
= ——5—usu + QUgsis + 2ugiuy + usg(u” —u).
S

Let n = ausu + ugs, where a > 0 is a constant to be chosen later on. We have

(m—1a
bt =

2(m—1) 2(m —1)
+ 2 Hss T 3
s s

UsU + 2auUgeUs + 2aUgiUy —I—aus(u3 —u)

us + 6ulu.
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Observe that the right hand contains terms involving ugs. Since u s does not have a
fixed sign, we would like to put it into the left-hand side. That is, we shall write the
equation in the following form:

2m —1
Lyn— (2aus + %)U
s
-1
= (m—z)ausu + 2augu; + aus(u3 —u)
Ky
2(m —1 2m —1
- gus + 6ufu - (2aus + @)(uusu).
s s

Now the right-hand side does not contain us and can be simplified into

2m —1 m—1)a 2m —1
L,,n— (Zaus + %)n = —%usu + 2augu; — %u
s s s

N
+ (6 — 2a®)u?u + aus(u® —u).
By the Modica estimate (2.21), 1 —u? > +/2|Vu| > +/2u,. Hence, using the fact that
us;u; < 0, we obtain
2m —1
Lmn— (2aus + #)n < (6 —2a*)u?u — \/Eau?u
s
= (6—2a% — «/Ea)ufu.
In particular, if we choose a to be /2, then Ly — (2au + @) n < 0. It follows
from the maximum principle that V2ugu + ugg > 0.

To prove the second inequality in this theorem, consider the function n = V2uu +
uss. We compute

m—1)+/2
= (t—2)[utu + 2\/§u5,us + Zﬁu,tut + \/zu,(u3 —u)

m—1 m-—1
+ 2 +S—2 ust+6usutu.

Lwun

This can be written as

1 om—
233)  Lnn— (2«/§us I )n

2 52

m—1)+/2
= (t—z)[utu + Zﬁunut + «/Eu,(u3 —u)

-1 —1
+ 6uguu — ﬁutu(zﬁus + mt—z + m_z)
s

(m — DN 2u,u

= \/Eu,,ut—f— \/Eu,(u3—u)+2usu,u— 2
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From Theorem 2.11, we know u;; < 0. Recall also that u; < 0 in 2. We then use the
Modica estimate to infer that

—1 —1
Lmn—(zﬁus+—m2 +m2 )nZO in €.
t S

By the maximum principle, V2uu + ug; < 0. This finishes the proof. |

RemARrk 2.14. The identity (2.33) can also be written as

-1
Lmn_(z\/zus'i‘m )77

t2

(m — Dug,

= V2ugu; + V2u, (u® —u) + 2uguu + > > 0.

Then an application of the maximum principle also gives the desired result.

We point out that Theorem 2.13 together with the Modica estimate (2.21) also
implies the estimate (2.31).
Let o be a parameter. The following identity will be used later:

(2.34) Lm[(us —us)?]
= (us—uy)° ! [(m — 12)0us e 12)ou, + (1—0)(1—3u?) (us —u:)}
K t

+ o (0 = Dus —u) 2|V uy —up)|.

As we have already mentioned before, one can actually use the asymptotic behavior
at infinity of u to show that for y large, the function u, decays at the rate O(y~3) along
the Simons cone. We would like to get a quantitative description of this decay. In the
next result, we consider the case of m = 4 although the same arguments can be well
adapted to treat the other cases.

THEOREM 2.15. Let m = 4. In 2, we have

1 1
(2.35) Us +ur < (t_2 - S_z) [4(115 —ug) + Jus — ”t]-
Proor. Throughout the proof, we assume m = 4. In this case, the function ug + u,
satisfies
3 3
(2.36) Laug +up) = =2+ 224 <0
s 2

We write equation (2.36) as

3/1 1 3/1 1
(2.37) L4(us+ut)_§ s_2+t_2 (us+uz)=§ PR (s —uy).

Note that the right-hand side is negative.
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Leto = % and define the function
1 1
Eo(s,1) = (t_2 - S_Z)(“s —u)°.
Using the fact that in dimension 8, A(t72) = A(s~2) = 0, we compute
3/1 1

(2.38) La&s — E(s_z + t—z)fa

4| 4 4

= o(us —ur)° 1|:_3(uss —ust) — —5 (g — Mzz)}
S t

1 1 o 3/1 1 -
+ (1_2 - S_2)|:L[(us —uy) ]_ E(S_z + 1_2)(us —uy) ]

Let «, B be two positive parameters, and introduce the function
n:=abr + e — (us + uy).

Then 1 > 0 on d2. We would like to use the maximum principle to show that 7 > 0
in Q, for suitable choice of «, 8.
Using (2.38), we compute

3(1 1 4 4
Lan— E(s_z + [—2)'7 = (o + Bo(us — uz)c_l)[sj(uss —Ugy) — Z_3(ust - utt)i|

11 31 1
+a(t2 S)[L(us—ut)— (S2+t2)<us—u,)}
‘] 3
ﬂ(t—z—s—z)[L[(us—ut) —5( tz)(us_ut)i|
31 1
E(t_z_s_z)(”s_”t)-

(2.39) L 3 1+1
. 41 o\ 52 1277

From (2.34), we infer

4 4
= (o + B0 (us =)™ 5 (0tss = se) = 5 2zt — ) |
I,

1 1
+,3(1—0)(t—2—S—z)[(us_ut)a(l_?’uz)_U(us_ut)0_2|v(us_ut)|2]
38 _1f1 1 Uy U
Ty () z(ﬁ—s—z)(s—z‘rz)

3af1  1)\? 31 1
S\ 2 (us+ut)+§ 275 (us —uy).
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Now suppose to the contrary that the inequality (2.35) were not true. Consider the
region ', which is defined to be the subregion of 2 where

(2.40) us +u; > ok + pé;.

Observe that this region does not intersect with the s axis.
By definition, in I', there holds

Us +ur = (tlz - slz)[a(us —uy) + B us _Mt]-

This implies
u u 1/1 1 1/1 1
OZ?s+7t=5(;+;)(us+ut)+§(;—;)(us—u,)
1/1 1 1 1 1/1 1
Z5(;+;)(t_z_s_z)[a(us_ut)+'3m]+E(E_?)(us_ut)'
We then deduce

t N

1 1\7?
(2.41) B < ((—+—) —a)«/us—u,.
In particular, since 8 > 0, the above inequality tells us that in I, necessarily
1 1\7?
-+ - —a > 0.
t N
We would like to show thatin I", L4n — % Slz + t%)n < 0. To achieve this, we need to
estimate the terms in (2.39).
We first estimate /;. Taking advantage of the Allen—Cahn equation, we have
1
s_3(uss —Ust) — t_3(ust —Uyy)
Uss Uyt 1 1
=S_3+t_3_(s_3+t_3)uSt
wli—u 3 us+u, N 1 1 1+1
=———|—+— —— = Jup — | =+ = Jus:-
53 3\ s t B33 s3 03

! 1 uw—u 3 (u u
S_3(uss — Ugs) — l—3(Mst —Uy) S —— — _(_s + _t)

IA
N
w
|
<
+
w
~
<
1)
<
N
/N
| —
|
| —
N—



ON SADDLE SOLUTIONS OF THE ALLEN—CAHN EQUATION I. POINTWISE ESTIMATES 27
As a consequence,

Q4 1 <(mx+ 2 )Pﬁ_”-+¥10¢_u)(1—1)}
' t= Uy — Uy 53 2537 Nt sl

We proceed to estimate the remaining terms in (2.39). Using the fact that uss + 14
is negative (this follows from Lemma 2.3 and Theorem 2.10), we infer

2 1
. Usg — Uy = (Uss — Ust Ust —Uzt) = Zm(Uss T Upr — LUgt
243)  |V( )" =( )* + ( )* =z S (s + 2us)?
[ ()]
> —f(uw —u-3—4+ — .
2 s t
Using the facts that us > |u,| and tus + su; < 0, we also obtain
2 2
uS ut us ut 1 1 1 2
(2.44) (t_2 - s—z)(”s —uy) — (? + 7) - Z(; + ;) (us —uy)
11 1/1 1)\?
= (t_2 - s—z)(u? —u;) - Z(; + E) (us +up)?

3 /1 1 st
> a(; + ;)(us +ut)(; - ;)Ms > 0.

Applying (2.43) and (2.44), we can control the following two terms appearing in the
right-hand side of (2.39):

3 (us
249~ =l = = 3 (= 5 s~

[ 5 us  u NP 3(us  u\> 31 1\’ 5
<——|w—u-3=+=2) -Z(=Z+=2L) —Z(-+- —
- 8|:u ! (s + t)] 2(s + t) 8 t+s (a5 =ue)

1 31 1)\?
<——@—u)y- —(; + ;) (us —us)?.

From (2.40), (2.42), and (2.45), we obtain
Lan =35+ 5
Us — Uy

4o 2p ud —u 3 1 1
E(A/Lts—u, + us—ut)( 53 + 2—s3(us—u,)(;—;))
11 1 31 1)?
~ () (a0 -+ 5 () )

(1 1 31 1) 31 1
+E(t_2_s_2)(1_3”2)__a(t_2__) (am+ﬁ)+§(t_2__) Us—U;.

52 s2
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The right-hand side still contains terms of u, u;. But keeping track on the sign of each
term, we can use Modica estimate (2.21) again and (2.41) to infer that in T,

Lan—3(5 + 5)n (405\/—1424—2,3)( : (l_l))

2s s

1 1\/1 31 1)?
~#( ) (5 (G+))
1
3af1 1)\ af
-3 (E3) (—e+§>—z-a”)'

Let us denote the right-hand side of this inequality by J. Now J only involves s, 7, u,

which will be easier to be estimated, since we already have a lower bound of u.
Recall that in dimension 8, by Lemma 2.5 and Proposition 2.6, the saddle function
satisfies u > H($)H(3) and

H(y)(H(z)+3zH’ (z)) + H(z)(H(y)+3yH’ (y))
y2 + 22

(2.46) 0<H(y)H(z)—u <

Let us choose & = 4, § = 1. Appealing to (2.41), one can show that I is included in
the region of 2 where ¢ > 3.7. Note that we want J to be negative. For points near
the Simons cone with # > 6 and u < 0.9, using the lower bound of u, we find that the
main-order term of J is bounded from above by

SvimE e (G- )ama e i (5o ) Vit

2\r%2 s
16u 1 1 3 1 —3u?
<Al —u?| — — —— =+ ——) | <.
i Rl G (R
Moreover, for points away from the origin with u > 0.9,

J<—/3(——i)1 2+é(l Sl)(1—32)+3(t1 i)«/l——u2

14 2\ 12 2 52

11 1
< (72_ _)(— 708 + (1 -2.4) + 5@) <0.

§2

Using this information, we directly check with the help of Mathematica that

3/1 1 .
L417—§ s_2+t_2 n<0 inT.

Maximum principle then ensures that > 0. This finishes the proof. ]



ON SADDLE SOLUTIONS OF THE ALLEN—CAHN EQUATION I. POINTWISE ESTIMATES 29

REMARK 2.16. In the case of m # 4, the functions t =2 and s~ are no longer harmonic
functions. However, if m > 4, they are even better behaved and indeed super-harmonic
in the sense that in €2,

—AtT2 -5 =2m -4 -5 > 0.

Therefore, a similar argument as that of Theorem 2.15 also applies, with suitable
modification of the coefficients.

Results obtained in this section do have provided useful information of the saddle
solution u. However, to prove the stability, we still need to have much more precise
pointwise estimates in the whole domain 2. For instance, Theorem 2.15 can help us to
improve the constant +/2 that appeared in the inequality ~/2ugu + g > 0. Since we
do not know the precise location where 1 changes sign, the estimate of ug; + Uss
turns out to be crucial for us to control u in terms of ug;. We will need inequalities
of the form

a(us +ug) +ug +ugs >0,

as well as
1 1
b ;—; us+ust+uss207

where a, b are suitable positive constants. While these should be intuitively clear in the
region far away from the origin, in places between the origin and far field region, the
optimal choice of constants a, b would play an important role in the stability analysis.
Note that the behavior of saddle solution in this “intermediate region” should constitute
the main difference between the analysis of the Simons cone and the Allen—Cahn
equation. In this regard, u;, seems to be the most difficult term. These problems will
be pursued in a future work [30] in which we will prove that the saddle solution is
stable. It will also be interesting if one can numerically compute the saddle solution as
accurately as possible.

3. APPENDIX

In this appendix, we put the Mathematica code of the numerical computation. Some of
the parameters that appear here can be adjusted.

Code for Lemma 2.5.

Clear["Global “*"];

m=6;H[x_]:=Tanh[x/Sqrt[2]]; G[x_]:=x H'[x]/H[x];
sigmaly_,z_]=(2-(H[y])"2-(H[zI)*2-(2(m-1)/(y"2-2"2)) (Gly -GlzI))/(1-(HIy] H[z]"2);
Normal[Series[sigmaly,z],{y,0,2},{z,0,2}]]//FullSimplify;
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out[855)= -0.0627487

FiGure 3. Output for Lemma 2.5.

Plot3D[Sign[sigmaly,z]-(2m+4)/3],{z,0.01,10},{y,z+0.01,10}]
ply_l:=MaxValue[{sigma[y,z]-(2m+4)/3,z>=0.1&&y>=z+0.1},{z}];
MaxValue[{p[y],y>=0.2&&y<=10},{y}]

Code for Proposition 2.6.

Clear["Global ‘*"];

m=4;H[x_]:=Tanh[x/Sqrt[2]];

Lapla=D[#,{y,2}]+D[#,{z,2}]+2(m-1)/(y"2-z"2) (y D[#,y]-z D[#,z])&;
AC=-Lapla[#]-#+#"3&;

alpha={1,1,2};beta={3.4,5};

g[z_]=alpha[[m-3]] H[z]+beta[[m-3]] z H'[z];
rho[z_]=(6z+9/Sqrt[2]-4Sqrt[2]Exp[-Sqrt[2]z]-Sqrt[2]Exp[-2Sqrt[2]z]/2)/(24Cosh[z/Sqrt[2]]72);
Fl1]=(Hly] glz]+HIz] glyD/(y"2+z"2);

F[2]=(H[y] (8rho[z]+32z"2 H’[z])-H[z] (8rho[y]+3 y"2H’[y]))/(y*2-z"2)+1/2(H[y]H[z] (Exp[-
y/214+Exp[-z/2])/(y2+2/2);

ubarly_,z_]:=H[y] H[z];

Table[k[i]=AC[ubar[y,z]-F[i]],{i,1,2}];
Plot3D[Max[Sign[k[1]],Sign[k[2]]],{z,0.1,10},{y,z+0.1,10.1}]
MaxValue[{k[1],z>=0.1&&y>=2+0.1&&y<=10.1},{y,z}]
MaxValue[{k[2],z>=0.1&&y>=2+0.1&&y<=10.1},{y,z}]

ReMARK 3.1. The numerical algorithm of the operator “MaxValue” may fail to capture

the global maximum in some cases.
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out[867]=

Out[868]= -0.000610246

Out[869]= -0.0118899

FiGuRre 4. Output for Proposition 2.6.

Code for Proposition 2.7.

Clear["Global “*"];
H[x_]:=Tanh[x/Sqrt[2]];alp=Sqrt[3/2#+4)]&;

g=H[#]+3 # H'[#]&;

Fly_.z_]=(Hly] glz]+HIz] g[yD/(y"2+2"2);
ubar[y_,z_]=H[y] H[z];

ulow[y_,z_]=H[alp[m] y] H[alp[m] z];
subsolution[y_,z_]:=ubarly,z]-F[y,z];
Lapla:=D[#,{s,2}]+D[#.,{t,2}]+(m-1)(1/s D[#,s]+1/t D[#,])&;
m=4;a=0.75;b=2;

eta[s_,t_]=2(Expl[a t]+b/t"(1/2)) Exp[-a s];
Als_,t_]=Max[ulow[(s+t)/Sqrt[2],(s-t)/Sqrt[2]],subsolution[(s+t)/Sqrt[2],(s-t)/Sqrt[2]]];
B[s_,t_]=eta[s,t]-s (1-(A[s,t])"2)/Sqrt[2 s"2+2 t"2];
pls_.t_]=Lapla[eta[s,t]]+(1-3(A[s,t])*2-(m-1)/(s"2)) eta[s,t];
Plot3D[Sign[p[s,t]],{t,0.05,10},{s,t+4,14}]
qls_]:=MaxValue[{p[s,t],t>=0.1&&s>=t+4}{t}];
MinValue[{B[t+4,t],t>=0.1&&t<=10},{t}]

Max Value[{q[s],s>=4.1&&s<=10},{s}]

Code for Theorem 2.15.
Clear["Global **"];
H[x_]=Tanh[x/Sqrt[2]];
glz_]=H[z]+3 z H'[z];

31
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FiGure 5. Output for Proposition 2.7.

Fly_z_l=(Hly] glz]+H[z] glyD/(y"2+2"2);

ubar[y_,z_]=H[y] H[z];

ulow[y_,z_]=H[y/2] H[z/2];

subs[y_,z_]=ubar[y,z]-F[y,z];

a=4;b=1;

Al[s_,t_]= Max[ulow[(s+t)/Sqrt[2],(s-t)/Sqrt[2]],subs[(s+t)/Sqrt[2],(s-t)/Sqrt[2]]];
A2[s_,t_]=ubar[(s+t)/Sqrt[2],(s-t)/Sqrt[2]];

f1[s_,t_,u_]=-4a Sqrt[1-u"2] u/(s"3);

f2[s_,t_,u_]=4a Sqrt[1-u*2] (3/(2 s"3)) (1/t-1/s);

f3[s_,t_u_]=2 b /(s"3)(-u+3/2 (1/t-1/s));

fa[s_,t_,u_]=(1/t"2-1/s"2) (-b/14 u"2-3 b/8 (1/t+1/s)"2+b/2(1-3u2)+3/2 Sqrt[1-u2]);
f5[s_,t_]=-3/2 a (1/t"2-1/s"2)"3 (a b/((1/t-1/3)"(-2)-a)+b);
g[1]1=Max[f1[s,t,A1[s,t]],f1[s,t,A2[s,t]]];

g[2]=2[s,t,Al[s,t]];

g[3]=f3[s,t,Al[s,t]];

gl4]=f4[s,t, Al[s,t]];

g[5]=ft5[s,t];

k[s_,t_]=Sum[g[il,{i,1,5}1/(1/t"2-1/s"2);

gammatest[s_,t_]=b-((1/t+1/s)"(-2)-a) Sqrt[1-(A1[s,t])"2];
Plot3D[Sign[gammatest[s,t]],{t,3.7,8},{s,t+0.1,8.1}]
Plot3D[Sign[k[s,t]],{t,3.7,8},{s,t+0.1,8.1}]

Max Value[{k[s,t],t>=3.7&&s-t>=0.1&&s<=8.1},{s,t}]

Max[k @ @ @RandomPoint[ImplicitRegion[t>3.7&&s-t>0.1&&s<8.1,{s,t}],100000]]

32
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out[58]=

out[59]=

out[60]= —-0.220727

Out[e1]= —-90.221455

F1cure 6. Output for Theorem 2.15.
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