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Abstract. This paper will develop a Li-Yau-Hamilton type differential Harnack esti-
mate for positive solutions to the Newell-Whitehead-Segel equation on IR”. We then
use our LYH-differential Harnack inequality to prove several properties about posi-
tive solutions to the equation, including deriving a classical Harnack inequality and
characterizing standing solutions and traveling wave solutions.
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1 Introduction

Consider any positive solution f:IR" x[0,00) = R to the Newell-Whitehead-Segel Equa-
tion,

fe=Af+af—bf?, (L.1)
here, we assume a >0, b > 0. This equation was first introduced by A. C. Newell and
J. A. Whitehead in 1969 [6] and shortly after was studied by L. Segel [9]. Exact solu-
tions to the equation were computed using the Homotopy Perturbation method by S.
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Nourazar, M. Soori and A. Nazari-Golshan in 2011 [8], while some approximate solu-
tions were computed in 2015 by J. Patade and S. Bhalekar [7]. The equation is an example
of a reaction-diffusion equation, as it is used to model the change of concentration of
a substance, given any chemical reactions that the substance may be undergoing (mod-
eled by the af —bf? term) and any diffusion causing the chemical to spread throughout
the medium (modeled by the Af term). More specifically, the Newell-Whitehead-Segel
equation models Rayleigh-Bénard convection, a reaction-diffusion phenomenon that oc-
curs when a fluid is heated from below.

In this paper, we are just concerned with positive solutions on R". For further discus-
sion about working with functions on closed manifolds or complete non-compact man-
ifolds, see [3]. Our main theorem, Theorem 1.1, will outline a Li-Yau-Hamilton type
differential Harnack estimate (2) that we will prove based on computing time-evolutions
of the relevant quantities, see Hamilton [4]. In the following, Harnack inequality or Har-
nack estimate refers to an LYH-type differential Harnack inequality. As an application,
we will integrate our estimate (2) along a space time curve to obtain a classical Harnack
inequality (16), see Corollary 4.1. Then we will use our Harnack estimate to character-
ize both traveling wave solutions and standing solutions to the Newell-Whitehead-Segel
equation.

Theorem 1.1. With f >0 a solution to (1.1), define | =log f. Then:
H=aAl+B|VI|*+ve? +¢(t) >0, (1.2)
provided the following three inequalities hold:
(a) a>p>0,

—nba®(2u+B)
(b) ,y§3n1x2—2(oc—[5)5
(c) 4y(a—pB)+na’b<0,

a Y ot ayn
p(t)= <1—e2‘1t> <(xbe 47(a—ﬁ)+ac2bn>'

If, instead of inequality (c), we have:
(d) 4y(a—PB)+na*b>0,

<0,

with

then:
H=aAl+B|VI?+ve? +-y(t) >0, (1.3)
for:
na? o na? a—PB
2a—p)t T s 2t ) 1)
P(t)= —analy (eza(t—T) +l)
, t>T.

na2b (e22(=T)+1) +4ry(a—pB)
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Remark 1.1. Condition (a) of Theorem 1.1 says that we are allowed to choose f=0. While
our proof of this theorem will require >0, we can take § — 0 at the end.

Remark 1.2. The quantity H defined in (2) and (3) is referred to as a (LYH-differential)
Harnack quantity.

Remark 1.3. Inequalities (2) and (3) are called differential Harnack inequalities because
they involve derivatives of f and integration along space-time paths leads to a compari-
son of the function f at different points in space and time.

2 Li-Yau-Hamilton type differential Harnack inequality

We begin by calculating the evolution of the Harnack quantity H. For notational conve-
nience, we introduce the box operator (g (x,t):=g;—Ag. Our first lemma is the following:

Lemma 2.1. With H defined as in (1.2), we have:
OH=2VI-VH+2(a—B)|VVI[*+¢;—Ap—2VI-V¢

—2be? (H—q))+20c|Vl|2+,B]Vl]2—'y%JrB%\VZ\Z . @.1)

Proof. We begin by calculating the evolution quantities of the components of H.

O(Al) =A|VI[2—2bAle* —4b|V1|%e?, (2.2a)
O(|VI|?)=2VI-V(Al)+2VI-V(|VI|?) —4b| VI|2* — A(|V1]?), (2.2b)
O(e?) =2VI1-V (&) +2ae? —2be* —6|VI|?e?. (2.2¢)

So, using these in the evolution equation for H:
OH =a0(AD) +BO(|VI?) +90(*) +0¢
= <A|v1|2—2bme21 —4b\v1\2e2’>
+p <2VZ-V(AZ)+2VZ~V(\VZ\2) —4b]Vl]2e21—A(\Vl\2)>
+'y<2VZ-V(621)+2a62’—2be4l —6|Vl|2621> +or—Agp.
Now, by using the Weitzenbock-Bochner formula for R":
A(|VI|?)=2VI-V(Al)+2|VVI? (2.3)

the expression can be simplified and the lemma follows. O
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Using the Cauchy-Schwarz inequality, we can show that the Harnack quantity satis-
fies the following inequality.

Lemma 2.2. The following inequality holds:

OH>2VI-VH+H [2 (";f) (H—Z,B]Vl]z—Z'yeZI—2(p)—2beﬂ]

+i—Ap—2VI1-Vo+2|Vi|%e 2’[ <n ﬁ)m 2ab—pBb— 37}
o — n—
+|Vl|2go{4( Wf)ﬁ] +e* [4( naf>7q0+2b(p+2a'y}

+2 <“n;f > [ﬁZ\W 77" +¢7 } (2.4)

Proof. We will achieve our result by applying the Cauchy—Schwarz inequality in the form
of [VVI>> 1(Al)? and also by substituting Al = 1 (H—B|VI|?—~e? —¢). Upon doing
this, we receive the following:

OH>2VI-VH+2 (“n;f) (H-B|VI?—ve? —9)*+¢i—Ap—2VI-V¢

—2pe [(H—(p)+2awl\2+5\v1\2—v’;+3Zysz]

:2VZ-VH+H[2 (‘;f) (H—2B|VI]>—27¢* —2¢) —2bezl}

+2("‘n;f> [ﬁ2|Vl|4 7264l+g0]+2]Vl]2 2’[ (mﬁ>ﬁ7 2ab—pb— 37]

+|VIg [ zﬁ} { <0;;f>'y(p+2bq)+2a'y]+(pt—A(p—2Vl-V(p.

This yields the desired inequality. O

3 Proof of the main theorem

We now proceed to prove our main theorem. We apply the parabolic maximum principle
by assuming for the sake of contradiction that there exists a first point (z,tp), to #0 at
which H(z,tp) =0, which we show must occur in some compact region away from the
origin. At such a first time, the time derivative H; <0, the Laplacian AH >0 and the
gradient VH=0 (vector). Our method of proof will be working with the time evolution of
the right hand quantities to construct a contradiction of the form 0> H;(z,t) > A(z,ty) >0
for some quantity A. As a consequence of this contradiction, the quantity H must be
nonnegative for all space and time.
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Assume we are at the first point (z,tg) where H =0, at which VH is the 0 vector.
Therefore, by simplifying (2.2c), we have:

DH@(Zf){ yvzy4]+zyvzy2 2’[ (mﬁ>5y 2ab—Bb— 37]

(st s e ()

+e* [4( - ﬁ)’)’q0+2bq0+2a’)/]+q)t—Aq) 2VI-V.

From conditions (a) and (b), the first two terms are both nonnegative. Thus:
DH>2< f) [7264’4—4) } +¢i—Ap—2VI1-Vog
1viRe|a(“=P ) g 42 (4 “ZP ) ypt209+2a7 . (3.1)
no? no?
Via application of the Cauchy-Schwarz inequality a> —2ab > —b?, we get:

|v1|2¢[4(“n;f> /3] —2vz-v(pz—m.

Hence,

DH>2< mf) [7ze4l+q0 ]+(pt—A(p Mw [4<“mf>w+2b(p+2m}

We will now use Cauchy-Schwarz again:

Z(D; ’B>’yze4l+262’ [2<a_2ﬁ>'y(p+b(p+a’¥]

n«

=g | (5t ) ) o]

Therefore, we arrive at the following:

DH>2( ﬁ)(p +@r—Ag

g g () oen]-
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To simply our notation for our differential equation, we define the following constants:
1 /2(a—p)
® n '
. n
V 2(«—p)’
[2(x—P) n ab n
no oy \V2a=p)

Then, the above inequality becomes

N

w =
p=a
1
v=—
14

OH > (w@)? = (u+ve)*+¢i— | Mg+ L [VoF (3.2)
- 2% ¢ ) '
In the same fashion as [2], we can define our test function to have a spatially-dependent
portion that is the sum of rational functions of the form:

;:21 ( (xk—cpk)z " (flk—cxk)2> '

In doing so, we accomplish the dual task of causing this differential term to be 0 by
choosing an appropriate ¢ as well as ensuring that the test function blows up towards
positive infinity at the boundary of the n-rectangle R=[T][p;,q;]. Therefore, we can ensure
that any point at which H(x,t) =0 occurs in a spatially compact region. Then, we can
take each py — —oco and gy — oo to retrieve only the time-dependent part in the limiting
case. Therefore, we can choose our function ¢ to be time dependent only and focus on
solving the following differential inequality:

(w)? = (u+ve)*+¢;>0. (3.3)

In order to solve this differential equation, we first assume that inequality (c) holds. Then,
we show that ¢(t) is a valid solution to this differential equation which possesses the
properties we desire. For:

(N (Y g am (1 g 1
p(t)= <1—62”f> <ocbe 47(a—ﬁ)+zx2bn) 12wt <v—we v+w>'

By Lemma 4 of [3], we know that in the constant form this is a valid solution to this
differential equation. The only other behavior we desire is that ¢(¢) > 0 for all time and
that ¢(t) diverges towards positive infinity as t — 0, so that we can ensure that H(x,t)
starts off positive and therefore its first zero must be a negative time derivative.

For any ¢t >0, we have:

s 25 )




198 Derek Booth et. al. / Anal. Theory Appl., 35 (2019), pp. 192-204

The sign of the first term is certainly negative, as both « >0 and a > 0. Furthermore, by
application of inequality (c), we see that the second term is negative at time t =0 and
since 7y <0, for any f > 0 this term is also negative. Thus, the overall sign is positive and
@(t) >0Vt

We can observe further that the limit behavior of the function as t — 0 can be broken
down into two terms as well. Thus, we observe:

1, an
my| ——~ | =—0Q.
t0 \ 1—e2at

Similarly, by applying inequality (c) we can observe:

. Y oat xyn Y ayn
lim (g2t — (X .
tl—%(abe 47(a—ﬁ)+a2bn> (sz 47(0c—[3)+tx2bn> <0

Therefore, the limit of the entire function ¢(t) as t — 0 must be positive infinity and the
function exhibits the behavior we desire. Thus, we have the contradiction

0>0H> (we)*— (u+ve)*+¢>0.

This proves our theorem in the case that inequalities (a), (b) and (c) hold.
Now, we assume that inequality (c) does not hold. In this case, we refer back to (3.2):
na®|V|?

DHZz(";;f) M SRRy e

+2 (Zf) v?et +2¢% [ (2 <“n;f> 'y+b> lp+m] .

If (c) does not hold, that means 2 (%) v+b >0 and thus for a sufficiently well-chosen

n

{(t) and for small ¢, we can ensure that both of the last two terms are positive and there-
fore ignore them both in our calculations. So, we choose:

na? na? x—PB
PO = () )T

If this is the case, we claim that for any ¢ <T, the last two terms are both non-negative.
Since (t) is a decreasing function, it suffices to check at t =T

262 <2 <“n;f> 7+b> ¢(T)+m}

2 (si) () o

=2¢% —a'y+afy] =0.
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Thus, we can ignore these last two terms, as well as ignoring the spatial terms once again
and solve the ordinary differential equation:

2(“_ﬁ>¢2+¢t>o, (3.4)

no?

whose solution is given by ¢ (t) as desired. This function is also positive for all time and
approaches positive infinity as t — 0.

In the case that t > T, we cannot ignore the last two terms and we must carry out the
Cauchy-Schwarz approximation as was done in the last case, from which we obtain:

(wp)? — (u+vp)>+1p; >0 (3.5)

with the same constants v, u,w as defined earlier. However, we must solve this time to be
continuous and differentiable with ¢ (¢) at t=T. Thus, we get:

_ 2 (t—T) —y(e2t=T) 41
peeet D) 7( ) )
) nab (

Pa(t) = (v—)e2 1) + (v 10 e2(t=T) +-1) 44 (a— B)

This function is positive for all time ¢ > T, as the numerator is positive since y <0 and the
denominator is positive because inequality (c) does not hold. Furthermore:

1

—2ana®y —ay
T pu— pu— ,
y2(T) 2na2b+4y(a—p) 2((&—@)7%

na?

pom  —na® —2n(a—pB)ataly?
i (T)= 2(a—B)T2 (2(a—B)y+bna2)?’

$5(T) =ana’ ( i (e2ﬂ(T*T)_|_1> ) _ —2n(x—p)ata*y’

na2b (e2(T-T) 4+ 1) +-4ry(a—B) (na?b+2y(a—p))*

Thus, (t) is continuous, differentiable and positive everywhere and we have the contra-
diction
0>0H > (wp)*— (u+vip)*+ ¢ >0.
This proves our theorem in the case that inequalities (a), (b) and (d) hold.
Remark 3.1. 9(t) turns out to be exactly twice differentiable.

Remark 3.2. It is worth noting that

=
I
|
SHES
=

lim (t) = lim (1) =

t—o0
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When estimating quantities using the Harnack, it is often useful to consider just the lim-
iting case t — co, allowing us to replace all occurrences of ¢(t) and 9(t) with —¢~.

Remark 3.3. There are situations in which we can obtain a simpler Harnack by choosing
specific values of «, 3, or y. If we choose v = —2nb, we get that

2

2 21 nu
= — —>0.
H=aAl+B|VI|*—2nbe +2(0¢—5)t_0

4 Applications

In this section we give several applications of our differential Harnack estimate. First, we
integrate our Harnack along a space-time curve to derive a classical Harnack inequality.
Then, we characterize traveling wave solutions and standing solutions to the Newell-
Whitehead-Segel equation.

4.1 Classical Harnack

Here we use our differential Harnack estimate to prove a classical Harnack inequality,
comparing values of a positive solutions at different points.

Corollary 4.1. Let f be a positive solution to (1.1). Pick two points (x1,t1),(x2,t2) € R" X
[0,00) with 0 <t; <t;. Then we have

2n/3
f(x2,t2) —(x2—x1)? n 1—e2h
> —emarl 1+ (=t b (=5 ) . 41
Foh) = P\ a(b—n) expla(1+3) (-t} (1= (1)
Proof. Let T be any space-time curve connecting (x1,¢1) and (x,t2) and define I =logf as
before. Then we have

d
I(x2,t2) —1(x1,t1) :/r [lt—FVl-dﬂ dt.

Using the fact that [, =Al+ |V >+a —be?!, we get

l(x2't2)—l(x1/f1)=/ [Al+|Vl|2+a—beZI+Vl-LZ} dt.
r
By the choice of our &, p and 7 (see below), it follows from our differential Harnack
estimate that ; 1
Al> Piope =02 7 o,
_(X‘V‘—’—“e"i_agO()
Thus, we get

_ 2(1-BY 2 (5T 4a @ . X
1(x2,1) l(xl,tl)z/r[wl] (1 “> e (b+lx)+a Lo a
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Applying the Cauchy-Schwarz Inequality a?+2ab > —b? to the VI terms, we see that

Iv1l2<1 /3>+v1 ”Z_ 2 (leﬁ> (‘;’:)2
l(xz,tz)—l(xl,tl)z/

[0 &) o2yee-]e

At this point, we may choose f=0 and 7y =—nba, which implies b+ <0 and 47 (a— )+
na?B=—3na’b <0, thus we can simplify the above inequality to

l(XZ,t2>—l(X1,t1)Z/F[—i(f;;) +a —4)] dt. (42)

Because I is any space-time curve connecting (x1,t1) and (xp,t;), we can take the infimum
over all such space-time paths to get

)2
/(dx> = (xp—x1) /
dt th—t

¢, [2f an | 1 1—e2h
/ —dt = /t1 (eZat_1> <e”+3>dt gan(tl—t2)+ nlog1 T

Thus we get:

Thus

and

—1 (xz—xl)z 1 2 1—e2h
l(xz,tz)—l(xl,tl)zfﬂ—i— a+3an (tp—t1)+= nlog1 IS
Exponentiate both sides to arrive at Corollary 4.1. O

4.2 Traveling wave solutions
We call f a traveling wave solution of (1.1) if it is of the form
f(x/t) :f(x1/x21' o /xn/t> = U<X1,xz,' © Xn +17t)1

for some function v:IR” — R (see [1]). Traveling wave solutions to the Newell-Whitehead-
Segel equation are used to model traveling wave convection in binary fluids and other
forms of oscillatory instability (see [5]). We use our differential Harnack to derive a lower
bound for 7, the wavespeed, of a positive traveling wave solution.

Corollary 4.2. Let f(x,t) =v(x1,x2,...,x,+1t) be a positive traveling wave solution. Sup-
pose that v(z) — 0 for some z such that |z| — co. Then we have

4
2

> —a.
T =34
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Proof. We start by rewriting our Harnack quantity so that it is in terms of f, instead of I.
From our original estimate, we have

aAl+B| V1> +ye? +(t) >0.
Recalling that I =log f and Af = f;—af +bf3, we get that

acﬁ—oca—i—(ﬁ—zx) VT

f f?

This is our revised Harnack estimate. In the case that f(x,t) =v(x1,x2,-+,x,+1t) is a
traveling wave solution, we get that

—I—('y—l—ucb)fz—i—go(t)zo. 4.3)

Vol

02

an

lXﬂv

—aa+abv®+(B—a) +y0*+(t) >0.

Notice that |vy, | <|Vv|. Applying Cauchy-Schwarz again then yields that

2 2
a-p oy )

Thus our inequality becomes

> (aa— ) — (ba 7).

Because this inequality holds for any ¢, we can simplify by considering just the limiting
cases, where v —0 and , by Remark 3.2,

. . a
lim ¢(t) = lim y(t) = —7 7.

t—o0

Rearranging then gives us our bound on 7:

4(a—p)

2> y :

rza(ehy) T

To maximize the right hand side, we choose =0 and 7y = —%bD{, giving us Corollary
4.2. O

We now use our differential Harnack estimate to prove a gradient estimate for the
traveling wave solutions to the Newell-Whitehead-Segel equation.

Corollary 4.3. Let f(x,t)=0v(x1,X2,...,X,+1t) be a positive traveling wave solution. Then
we have
|Vo| <ovy.
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Proof. We start with (4.3), our Harnack in terms of f:

uc];—oca+([3—oc)|vszc’2

Now, from f(x,t) =v(x1,x2,...,X,+1t), we use that f; =yv,, <7|Vov| and again take the
limiting case ¢,i) — — 7 to get

+ (y+ab) fA+o(t) >0.

2
(r+ab) (- 5) 2 (=) g~y o,

By choosing =0 and y = —ba, we reduce the expression to

Vo] Vo
>
0= V2 T v

Simplification yields Corollary 4.3. O

4.3 Standing solutions

We call a solution f a standing solution if f; =0.
Corollary 4.4. All positive standing solutions are constant.
Proof. We begin with (4.3)

2
lXﬁ—tXﬂ—l—(‘B—Oé) /]

f f?
At this point, we assume f; =0. We also again take the limiting case where ¢, — —77.
Thus we have

+ (y+ab) fA+o(t) >0.

IVFI?
f2

At this point we rearrange and factor to get

F(y+ba) f2— 2y >0.

—wa+(B—a) 5

2
Vi< Lo parn) (£-1).

—B
Choosing y = —ba, the right hand side becomes 0, giving us |V f| =0. Because we have
|V f| = fr=0, we conclude that f is constant. O
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