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ABSTRACT. There are various different ways to obtain traveling waves of lump
type for the KP equation. We propose a general and simple approach to derive
them via a Backlund transformation. This enables us to establish an explicit con-
nection between those low energy solutions and high energy ones. Based on this
construction, spectral analysis of the degree 6 solutions is then carried out in de-
tails. The analysis of higher energy ones can be done in an inductive way.

1. INTRODUCTION AND STATEMENT OF MAIN RESULTS

KP equation is a two dimensional analogy of the classical KdV equation. It
naturally appears in the theory of shallow water waves. As an important 2 + 1
dimensional integrable system, it has been extensively studied for more than forty
years, and many other integrable systems can be regarded as its suitable reduc-
tion. However, there are still some interesting questions remained to be answered
for this equation. As a matter of fact, even the properties of its traveling wave so-
lutions are not fully understood yet. For traveling waves, the KP equation reduces
to the so called Boussinesq equation:

) 2 (aiu —u+ 3u2) —u=0.

In principle, solutions to this equation should play important role in the long time
dynamics of the KP equation.

The Boussinesq equation in the form of (1) is of elliptic type and closely re-
lated to other PDEs such as GP equation. While there already exist a lot of works
concerning elliptic equations of second order, the study of fourth order equations
with both mathematical and physical significance is relatively few. In this paper,
we would like to study the spectral properties of “lump type” solutions to (1).
By lump type solutions, we mean solutions of (1) which decay to zero at infinity.
This is a natural class of physically meaningful solutions. The name “lump type”
comes from the fact that the following “classical” lump solution solves (1):

y>—x*+3
(2 +y2+3)*
The analysis of U has a long history. It is first obtained in [16, 22] by parameter
degeneration. The spectral property of U is now well understood. Indeed, we
have proved in [14] using Backlund transformation that U is nondegenerated, in
the sense that the linearized operator at U does not have any nontrivial kernels.

A direct consequence of this property is that the lump is orbitally stable under the
1

U(x,y) =4
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KP-I flow, which is globally well posed [11, 17, 18]. The asymptotical stability of
U remains to be an unsolved open problem in this direction.

If we introduce the tau function T by u = 202In T, then the equation (1) turns
into the following bilinear equation:

2) (Di—D,%—D@r-r:o.

Here D is the bilinear derivative operator introduced by Hirota [10]. One easily
checks that the lump solution U corresponds to T = x? + y? + 3.

Our recent result [15] shows that real valued solution(with a mild decaying
assumption) of (1) has to be rational, and the corresponding tau function, which
solves (2), will be a polynomial of degree k (k+ 1) with k € IN. In the case of
k = 1, it is not difficult to show that up to translation in the x,y variables and
multiplication by a constant, real valued solution to (2) has to be x* + y? + 3.

According to our classification result mentioned above, the next family of tau
functions of (2) are polynomials of degree 6, corresponding to k = 2. In Section 2,
we show, using Backlund transformation, that the following family of polynomials
ha g solves (2), where

hap (x,y) = x4+ 3x%y? + 3x%y* +© + 25x* + 90x%y? + 17y*
+ Bx® 4 3Ax%y — 3Bxy? — Ay® — 125x% + 4751

2 2

—Bx+5Ay+1875+AT + BZ

Here A, B € R are parameters. The solutions 202 Inf4 p of (1) will be denoted by
u 4 p. Presumably, any degree 6 solution should belong to this family. Note that
this family of solutions are first obtained in [9], using a limiting procedure on the
involved parameters.

As we know, solutions of most elliptic equations do not have explicit expres-
sion. Therefore the existence of such a family of non-radially-symmetric, rational,
solutions u 4 p to the Boussinesq equation is by itself an interesting phenomenon
and provides an important scenario for us to analyze various properties of the
solutions relevant in the subject of elliptic equations.

Our first result is the following

Theorem 1. For any A, B, the solution u = u,4 g is nondegenerated in the following
sense: If ¢ is a solution of the linearized operator

02 (%p— ¢+ 6up) —%p =0,
with
¢ (x,y) = 0,as X2 4 y* — +oo,
then there exist constants cy, ..., c4, such that
¢ = 105U + C20yU + c30 AU + C40B1U.

Moreover, the Morse index of u is equal to 3.
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The Morse index of u is, by definition, the number of negative eigenvalues(counted
by multiplicity) of the operator

11— 03¢ — ¢ + 6up — 9,20, ¢.

In the special case that A = B = 0, the solution ug will be even in both vari-
ables. This is precisely the solution obtained for the first time in [19]. If we con-
sider kernel which is also even in both variables, then from Theorem 1, we know
that it has to be 0. As a direct application of this fact, one can then construct new
subsonic traveling wave solutions to the GP equation from 1, using the same
perturbation method developed in [13]. More precisely, we have

Corollary 2. For each € > 0 sufficiently small, there exists a traveling wave solution

D (t,x,y)=¢ (x — (\ﬁ—g) t,y) ,
to the following GP equation
0+ A0+ (1~ |0f) @ =0,
which has the asymptotic expansion
¢ (x,y) =1+ied; 'u* +0 (£2> ,
where
u* (x,y) = *%Mo,o (Z%x,z%y> .

To the best of our knowledge, this is the first result in the construction of high
energy traveling wave solution for the GP equation in the subsonic regime, al-
though there are quite a few existence results on the least energy solutions.

From the even solution 1y and our nondegeneracy result, one can actually also
construct new nontrivial solutions to following generalized KP-I equation:

2u —u+ |u|* — a;zaﬁu =0,

provided that the exponent « is sufficiently close to 2. Note that for this type of
generalized KP-I equation, one can use variational method (See [4, 5, 12]) to con-
struct the ground state solution, whose Morse index is presumably equal to 1. On
the other hand, the new solutions close to 1o will have Morse index 3, and it
seems to be hard to construct them by variational method. It is also interesting to
see whether this type of solutions exist for « not close to 2.

The method developed in this paper to prove Theorem 1 can actually be used
to construct and analyze the spectral properties of higher energy lump type solu-
tions. We emphasize that general lump type solutions of KP equation with degree
k(k+1), and k free parameters have already been found in [8, 19, 20, 21], us-
ing the Wronskian representation. It is also worth mentioning that there are also
other methods to construct these solutions, see [1, 2, 6, 7, 23, 24]. Our method has
the advantage that it establishes explicit connection between low energy solutions
and high energy ones. The complete classification of lump type solutions remains
open.

The paper is organized in the following way. In Section 2, we explain how to
use the Backlund transformation to create higher energy solutions from the low
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energy solutions. We point out that these solutions are in general complex valued.
In Section 3, we analyze the precise asymptotic behavior of the eigenfunctions of
the linearized operator and show that the Morse index of h4 p is equal to 3. This
is based on a “reverse” Lyapunov-Schmidt reduction type argument. The very
delicate point here is that the reduced problem is actually degenerated.

Acknowledgement Y. Liu was supported by the National Key R&D Program of
China 2022YFA 1005400 and NSFC 11971026, NSEC 12141105. ].Wei was supported
by NSERC of Canada. W. Yang was supported by National Key R&D Program of
China 2022YFA1006800, NSFC No.12171456 and NSFC No.12271369.

2. BACKLUND TRANSFORMATION FROM LOW ENERGY SOLUTIONS TO HIGH
ENERGY ONES

In this section, we propose a general scheme to create high energy lump type so-
lutions from low energy ones. Although there are other methods to construct these
solutions, our method has the advantage that it establishes explicit link between
solutions with different energy, which in turn enables us to study their spectral
properties using an inductive argument.

The Boussinesq equation has the following Backlund transformation(See [14]):

(D3 + D+ 55Dy =A) f-g =0,
®)

((3}\ —1) Dy — v/3iuDy + D2 — \/3iD,D, + v) fg=0.
Here p, A, v are arbitrary parameters, and throughout the paper, i will be the imag-
inary unit. The Backlund transformation (3) has the following property: If f sat-
isfies the bilinear equation (2), and f, g satisfy the system (3), then g will auto-
matically be a solution of (2). In this way, to get a new solution, we only need

to solve a linear problem involving third order derivatives, instead of the original
nonlinear problem with fourth order derivatives.

If f,g are polynomials, then in view of the highest degree terms, necessarily
A = v = 0. Then inspecting the highest degree terms, we find that y = i%. We
are thus lead to consider the following

(D§+qu+ﬁDy)f-g: 0,
4)
(—Dx — V/3iuD, + D3 — \@liDy) fg=0.
Let f be a real valued polynomial solution of (2) of degree 2n. The classification
result in [15] tells us that

k(k+1
n= %, for some k € IN.

Those degree j terms in f will be denoted by f;. Our first key observation is that it
will be more convenient to consider the problem in the z-Z coordinate, rather than
the usual x-y coordinate, where

z=x+yiand Z = x — yi.
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It follows from Lemma 13 of [15] that f,, = z"z", and by suitable translation in the
x and y variables, we can assume that fp,_1 = 0. We also observe that

Dy +iDy = 2D; and Dy —iDy = 2D;.
This formula, although very simple, will be frequently used in this section.

The following lemma tells us that if f, g are connected through Backlund trans-
formation, then the degree of ¢ will be a square number and essentially deter-
mined by that of f, and more importantly, ¢ will be complex valued.

Lemma 3. Let f be a real valued polynomial solution of (2) of degree 2n with f5,_1 = 0.
Suppose f, g satisfies (4) . Then the highest degree term gy, of g has the form

m = 2z,
where j satisfies
(5) nn—1)—-2nj+j(G—1)=0.
In particular, if n = @ for some integer k, then the degree j + n of g is equal to

K or (k+1)2.
Moreover, g1 = V3nziz" 1 4 czi=1z" where

(=) (+n-1)
2V3(n—j+1) "’

and gy,—o solves
2D:fon - gm—2+ 2Dz fau—2 - gm + V3D3 fon - gm-1 = 0.
Proof. Balancing highest degree terms in (4) requires
D; f 2 - m = 0.
This readily implies
gm = cZ/Z",
for some constant ¢ and non-negative integer j. The constant ¢ can be normalized

to be 1.
Since fp,_1 = 0, the degree m — 1 terms in g should satisfy

ZDZon “8m—1+ \/gDychZn “gm =0,
(6)
2Dz‘f2n “8&m-1+ ﬁliDyfzn -gm = 0.

We compute
D2 (z"z") - (zfzk) = [n(n—1)—2nj+j(j— 1)) 2t 2"tk
+ |2n% — 2nk — 2nj + zjk} Sn—1zn+k—1
+ [n(n—1) = 2nk + k (k —1)] 2Tz k=2,
Similarly, we have
DyDy (z"2") - (Zfik) = [n(n—1)—2nj+](j—1)]izftn-2gk+n
+[=n(n—1)+2nk —k (k—1)] iz T"g"+-2,
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From the system (6) , we deduce
DychZn 8m = liDnyn *8my
which implies that when k = , there holds
n(n—1)—2nj4+j(—1)] 222" 4 [n(n — 1) — 2nk +k (k — 1)] 2/ 2" 52
=—[n(n—1)—2nj+j(j—1)] 2z
— [=n(n—1) 4 2nk — k (k —1)] 2/ 52,
From this we get the relation (5) between j and n.
Now g;,_1 satisfies
V3 e an
D:zfon - §m-1= _TD’Z‘fZ” - gm = V3nzl 7212,

Therefore we obtain
Sm_1 = V3nzz" ! 4 czi715",
where c is a constant to be determined.
To find ¢, we consider the equations to be satisfied by g,,,—» :

2Ds fon - §m—2 + 2Dz fon—2+ gm + V3D fon - §m-1 =0,

2D:fon - §m—2 + 2Dz fan—2 - §m + V3iDxDy fon - §m—1 — D3 fan - gm = 0.
We compute
D3 (z"z") - (zjzk)
=[n(n—1)(n—2)—3kn(n—1)+3nk (k—1) —k (k — 1) (k — 2)] 2/ *"zgF+n=3
- [3n2 (n—1) —3jn (n — 1) — 6n*k + 6njk + 3nk (k — 1) — 3jk (k — 1)} gtn—lgktn=2
+ [3112 (n—1) — 6n%j — 3nk (n — 1) + 6njk +3nj (j — 1) = 3j (j — 1) k} Zitn=2gkn=1
[ (n—1) (n—2) = 3nj (n — 1) +3nj (= 1) — j (j — 1) (j — 2)] 2122k,
We find that if j and n satisfy (5), then
D3 (z"z") - (sz") = <6jn — 6n2) 212202 Lo (j— ) (j+n—1) 23220,
and moreover,
V3D2fon - gm—1 — V3iDxDy fon - §m—1 -+ D3 fon - gm
= 2v/3DxD; (z"z") (x/@nzfz”‘l + czf‘lzn) + D3 (2"z") (zfz”)
= 2v3c (2n —2j42) 2322 42 (j—n) (j+n — 1) P35k,

Compatibility of the two equations in (4) requires the right hand side to be 0. It
follows that

(=m(+n-1)
2V/3(n—j+1)
This proves the assertion. O
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This lemma tells us that if n = 1, then the degree of g has to be 1 or 4. We now
proceed to construct explicit Backlund transformations from

@) f=x"+y"+3,

the first nontrivial solution, to a family of degree 4 polynomial. We will see that
there will be a free complex parameter appearing in the process.

Proposition 4. Let f be given by (7) and
g= 227+ \/523 + \/5222 +122% — 32% + 3zz + 9\/57: +azZ — 36+ \f30¢,

where o € C is a parameter. Then f, g satisfies

(D}~ V3iDiD, — Dy —iDy) f - g = 0.
As a consequence, g is a solution to the bilinear equation (2).

Proof. Note that f, = zz and fy = 3. Applying Lemma 3, we find g4 = z3z and
g3 = V323 + /32%z.
To get g2, we observe that it satisfies
2D:fs- 82+ 2Dzfo- g4+ V3D3fa - g3 = 0.
Solving this equation gives
g0 = 1222 — 32> + azz,

where a is a parameter still to be determined in the next step.
To find a and g7, we use the fact that g satisfies

2D:f> - 1+ 2Dzfo - g3+ V3D3f2 - g2+ V3D3fo - 84 =0,

2D:f> - g1+ 2Dzfo - 83+ V3iDxDyfr - g2 + V/3iDxDy fo - 84 — D3f> - g3 = 0.
Compatibility of these two equations implies that 2 = 3 and
g0 = 1222 — 322 4 3zz.
Now solving the following equation for g :
2D:f>- g1 +2Dzfo- 83+ V3D fa- g2+ V3D3fo - g4 =0,
we get

g1 = 9V3z +az,

where « is a parameter.
To see whether or not « can be arbitrary, we consider the equations satisfied by

80
2D:f> - g0 +2Dzfo - &2 + V3D2fr - g1+ V3D%fo - g3 =0,

2D:f, - g0 +2D=fy - g2 + V/3iDxDyfo - g1 + V3iDxDy fo - g3 — D3f2 - g0 — D3fy - g4 = 0.
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Direct computation tells us that this system is compatible for any «, and we are
lead to

2D:f - g0+ (72-2V3x) 2 = 0,

which implies that gg = —36 + v/3a. One then checks that the function g obtained
in this way indeed solves (4) . This finishes the proof. O

2.1. A family of degree 6 tau functions and their Backlund transformation. We
have obtained a family of degree 4 polynomials:

g =22+ V32 + V3222 + 122 — 322 4+ 322 + 9v/3z + aZ — 36 + V/3a.

We would like to find all the degree 6 polynomial / such that g, i are connected
through the Backlund transformation. They are supposed to satisfy the following
system

(Dx—iD, ~ V3D3) g-h =0,

(Dx—iDy + V3iD:Dy ~ D}) g -h = 0.
In the z-Z coordinate, it takes the form:
(ZDZ - \@D,%) g h=0,
®)
(2D: + V3iD:D, — D}) g -h = 0.

The following result provides the explicit formula of a family of degree 6 poly-
nomial solutions.

Proposition 5. Let w, § be parameters and
h=22% — 2v/3222% 4 2/32%22 — 3z2* + 152222 + 622° — 32* + 62°2
+ Bz® +24+/32%2 — 24327 + (3\@ + zx) 7
— (90+2v/3) 22 + 6322 — (72— 2/3a) 22
+ (189v3 — 3a+68) 2+ (~180V3 + 6a — 3p) 2
+1161 — 6v/3a + 9V/3B + af.
Then g, h satisfy (8) .

Proof. The highest degree terms of / has to be hg = z3z°. The hs term can be ob-
tained by solving the equation:

2D,g4 - hs = V/3D2gs - hg — 2D, g3 - he,
which gives
hs = —2/3222% + 2%z

where c is a parameter to be determined using 1nformation of hy, which satisfies

2D, gy - hy + 2D, g3 - hs + 2D, gy - hg — V/3D2gy - hs — V/3D2g3 - hg = 0,
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and

2D:g4 - hs+2D:g5 - hs +2D:g> - he + V/3iDxDygs - hs

+V/3iDxDyg5 - he — D3gs - he = 0.
The compatibility of these two equations gives ¢ = 21/3 and hence

hs = —2v/3222% + 2v/32372.
With k5 at hand, k4 can be found by solving the equation
2D.g4 - hy +2Dg3 - hs +2D.gs - hg — V3D2gy - hs — v/3D3g3 - his = 0.
This gives
hy = —32z* + 152222 + 622° — 32 + c2°z.

Again, c is a parameter to be determined, using the equation of h3.
Now h3 satisfies

2D,g4 - h3 +2D,g3 - hy +2D;,g> - hs + 2D, g1 - hg
— V3D3g4 - hy — V3D3g3 - hs — V3D3ga - he =0,
and
2D,g4 - h3 +2D,g3 - hy +2D.g> - hs + 2D.g1 - he + V/3iDxDy g - hy
+V3iDyDygs - hs + V/3iDyDy g - hg — D3g4 - hs — D3g5 - h = 0.
The compatibility implies that ¢ = 6, and we deduce that
hy = —3z* + 152222 + 622° — 32* + 62°2.

Having obtained /4, we then proceed to solve the equation for /3 and find that
for some parameter B,

hy = 24V/32%2 — 24+/322% + <3 + “) V323 4 B2
V3
The rest of terms hy, hy, hy follow from routine computation, and it turns out that
B is a free parameter. We omit the details. O

Observe that the function /1 given by Proposition 5 is not real valued. But we
are mainly interested in real valued solutions. In view of this, we replace y by

2/3i

y — =%, and choose the complex parameters «, B such that
x—p=Ai— g,
3v3
a+p=B-3V3,

where A, B are real numbers. Then the function & becomes
hap (x,y) := x® 4 3x%y? + 3x%y* + 1© + 25x* + 90x2y? 4 17y*
+ Bx® 4+ 3Ax%y — 3Bxy* — Ay® — 125x% + 475y
A2 B?

— Bx +5Ay 1875+ - + .
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This is a family of real valued solution. Note that translation along the x or y
direction still yields a solution(the rotation will not), hence there are all together 4
free real parameters in the whole family of solutions. Now if

A=0and B=0,
then /1 will be an even solution, which equals
6+ 3xty? + 3x%y* + O + 25x* + 9027y + 17y
— 12542 + 475y% + 1875.

Note that this function is not radially symmetry. For general parameters A, B, the
solution does not have any symmetry.

We should emphasize that although k4 p is real valued, it is connected by Back-
lund transformation, via a degree 4 polynomial, to the following degree 2 polyno-

mial:
2
x4 (]/ - ) +3,

2.2. The general case. Our construction can then be iterated to created higher
energy solutions(Note that energy is completely determined by the degree, [9]).
One can indeed directly write down an algorithm to do this computation. At each
stage, one find the solutions from their highest degree terms to lower degree terms.
More precisely, suppose we have already found a polynomial solution f to the
bilinear equation, with highest degree term equals z""z", and we want to find its
Backlund transformation g. Then once we have found g; for j > m, then from the
Backlund transformation, we see that g;, will satisfy a system of equations of the
form

2+/3i
3

which is not real valued.

D; (z"z") - gm = RHS;,

D; (2"z") - gm = RHS;,,
where RHS; and RHS; contain terms explicitly polynomial terms from g; with
j>m.

An important question is, in which form, should a free parameter appear. As-
sume that the term g, has a parameter term 0z/z" to be determined, where
j+n = m+ 1. The compatibility of these two equations is RHS; —RHS, = 0. In
this equation, the parameter ¢ appears as

o (D% - liDy) (z"z") - (sz”) .
Direct computation tells us that this equals
cln(n—1)=2nj+j(—1)]2"" 2"

Hence we conclude that free parameter(that is, no restriction on ) can occur only
if j satisfies
nn—1)—-2nj+j(G—1)=0.

In the case of n = 3, the free parameter term is 0zz°.
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Next, let us assume that the polynomial solution g, with highest degree term
zPZ" has been found. We would like to find function / by another Backlund trans-
formation. Similar as above, once we have found hj for j > m, then h,, will satisfy
a system of equations of the form

D, (zPZ") - hy, = RHS;,

D, (zPZ") - hy, = RHS;.
Assume that &1 has a parameter term azPZ to be determined. Then a enters
into the compatibility condition as

« (D,ZC +liDy) (zPZ2") - (prj) .
This equals
aln(n—1)—2nj+j(—1)]22ztm2,
Therefore, again, free parameter can occur only if

nn—1)-2nj+j(G—1)=0.
In the case of n = 3, the free parameter term is az°z.
Remark 6. Our algorithm tells us that, at least formally, if we consider those solu-
tions(complex valued) whose leading term is z"z", where n = Sk (k + 1), then the space
of these solutions should have complex dimension 2k. Moreover, the space of real valued

solutions with degree k (k + 1) is expected to have real dimension 2k.

3. NONDEGENERACY AND MORSE INDEX OF DEGREE 6 SOLUTIONS

In this section, we will show that the family of real valued solutions u 4 p to the
Boussinesq equation corresponding to /14 g have Morse index 3.

Our starting point in the computation of Morse index is to analyze the asymp-
totic behavior of u = ug p for B large.

In view of the fact that
ho,393ho,g — (dxhop)*

2 ’
0,B

for B large, the maximum of u should take place around the points (x,y) which
solve the system of algebraic equations:

¢ =0,
©) {ax¢_o,

where ¢ designates the main order term of /iy g(away from the maximum of ) and
is defined by

u = 28326 h‘th,B =2

2
¢ (x,y) = x° +3x%y? + 3x%y* + y® + Bx® — 3Bxy® + BT
1
Solving (9) and setting y = (%) *, we obtain the following three points P; on the

(x,y) plane:

(10) Py = (—7,0), P, = % (%—\/57), P; = (% \@v) :

N~
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These three points are the vertices of an equilateral triangle. This is in agreement
with the formal computation for the dynamics of peaks of KP-I equation, carried
out in [9]. The reason that Pj arein this position will be clear later on.

Let us set

L(x,y) =x*+y*+3.
Recall that we use U to denote the classical lump solution. That is,
2 _ 2

- 3

(11) U(xy) =2@InL=4L "5 F5
(x2+y*+3)

Then we define

Li(-)=L(-—P),and U; =233L;, j=1,2,3.

The following result describes the asymptotic behavior of u as B(or ) tends to
—+o00.
Lemma 7. The error between u and Uy + Uy + Us satisfies
lu = (Uh + Uz + Us) | Lo (g2) — 0, as B — +o0.
Proof. We have
u— (U + Uy + Us) =202 (Inh —InLy —InLy — InL3)

= 202 [111 (1 — h_thLzLaﬂ .

Direct computation tells us that
n = h— L1 L2L3
= 16x* + 72272 + 8y — (1524 992)
+ (448 - 972) y? — Bx + 1848 — 2792 — 994,

Observe that at P;, the main contribution to & comes from those degree 4 terms.
Therefore, to estimate the error around P]-, we need to have a better control of 7 at

P;. It turns out that 7 (P;) is of the order O (7?) . More precisely,
17 (P) = —1799* + 1848, 1 (P,) = 1 (P3) = 2717% + 1848.

From these, we then conclude with little work that

’ h—LiLyL3
which readily implies

I —0,
||u - (ul + UZ + u3)||L°°(]R2) — 0, as B — +oo.

L (R?)

This finishes the proof. U

Lemma 7 provides a rough picture of the solution . However, to analyze its
Morse index, we need more precise expansion of u. To obtain the required ex-
pansion, it turns out that the explicit form of the function / does not help too
much. Therefore we use the mapping property of the linearized Boussinesq oper-
ator. This will be done in sequel.
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For a function g, we use £, to denote the linearized Boussinesq operator at g,
with the following form:
Lqnp = 931 — 1 + 6q17 — 9 20;7].

Here 9y = [*_ . One of the reason that we integrate twice in the original form of
the Boussinesq equation is that the operator £, is self adjoint. We emphasize that
in view of the definition of d; !, one should be very careful about the integrability

of the function.
We let (x]-*,y]’-‘) be the point close to P; = (%;,;), which is introduced in (10).
Setting
Uy (xy) :==U (x — X,y — y]*)
and writing
u=Uu"+¢,

where U* is the “approximate” solution defined by

u* = uy + U, + Us,

and ¢ is a perturbation term satisfying the following orthogonality condition: For
k=1,2,3,

| /]R2 goxUidxdy =0 and /]R2 ¢a, U dxdy = 0.
This can always be achieved by perturbing (%, 7x) into (x;,y;) . Note that 9, U, 9, U
are kernels of the operator L£y;. Hence d,UJ, d, U are “approximate” kernels of
Lip-.

By Lemma 7, if the distance between (x]-*,y]’-‘) and P; is close enough, then
1€l oo (r2) Will be small, provided that B is large. Since u satisfies the Boussinesq
equation, the perturbation ¢ should satisfy the following nonlinear equation
(12) Ly =—E(U")-3E,
where E (U*) is the “error” of the approximate solution U* :

E(U*) =o3Uu* — U* 4 3U* — o, 2o5U*
(13) =6(UjU, + UyU; + UjU;s) .
We see that essentially E (U*) gives the interaction between U]*, and therefore the
presence of ¢ is due to this interaction. E (U*) is of the order O (y72).

We introduce the complex numbers z]* = x]’-‘ + iy/’-“, j=1,2,3, and define

* ' 2
(14) d =24 /]R2 UPdxdy.
An important ingredient of the analysis is to understand the projection of the error
E = E (U*) onto the kernels. This is the content of the following
Lemma 8. There holds

(15) /]R Ed;Ufdxdy = —d* ) Re

K (z]’.‘ - z;)

L 4o (v*), i=123
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and

(16) / Ed,Urdxdy = d* ¥ Im
R = (z;f - z;;)

! s+0(17), =123

Proof. We shall prove (15) and (16) for the case j = 1, the other ones can be treated
similarly. For the former one, using (13) we get

/]R2 EoUidxdy = 6/R2 (UFUE + U UG + U UR) 05U dxdy.

Let us compute each integral appeared in the right hand side. Integrating by parts,
we get

* * * 1 * *
(17) /IR WU Ufdxdy = — /]R U9, Usdxdy.
To estimate this integral, we need the identity
2 —x? 1/1 1
(18) ! xzz_* i
(x2 +y?) 2\ z

which implies
2 .2 2 .2
19 oL ) =oret, o (LX) = —2m 2,
(2 +y2)° 2 (2 + )’ 2
2 .2 2 .2
2 (LX) = pret, 2 LX) —pRe,
(x2 4 12) z (x2 4+ 12) z

2 42
xay 7]/ i ) :6Iml4.
(x2_|_y2) z

We then use the explicit form of the lump solution U to deduce that within a ball
of radius J centered at P,
=0 (7*4> .

Inserting this estimate into (17) , we then get

and

. 1
axU2 —8Re ?

1
6 | WU Udxdy=—d*Re ——— +0 (y*
/]RZ 2UpoxUydxay e(z’{—zﬁ)g’—i_ (’Y )/

where d* is defined in (14).
Similarly,

% +0 (7—4) .

6/ U U9 U dxdy — —d* Re
g2 3 10xtaxdy -

Moreover, we use the decay of U;, U5 to conclude directly that
/1122 Uy U39, Uydxdy = O (7_4) .
Combining all these estimates, we then get

1 1
/ Ed,Ujdxdy = —d* Re —— —d*Re ———— + O (7).
K2 (z7 —2z3)° (21 —23)° ()
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The equation (16) can be obtained in a very similar way, using the second iden-
tity of (19) . O

In view of Lemma 8, the position z]?* of the single lumps should approximately
satisfy the following balancing condition: For each fixed j,

(20) ) _ 0.

3
(2 - =)
As we have mentioned above, this condition has already been observed in Section
3 of [9] for the KP-I equation, from a more physically inspired point of view. On
the other hand, the space M of points z]’f satisfying these balancing equations (20)
has been investigated in [3], where rational solutions of the KdV equation has been

studied.
Taking into account of the previous computation, we shall define the map

F (erZZIZ?))T — (F1/P21P3)T/ Zj e,

where
1 .
F=) ——,j=123
i (2 — 7«
Note that for Z; 1= —1,%; := 1+2 i 24 = 1*2‘/§i, we have

F(21,22,23) = 0.
The linearization of F will play important role in our later analysis. The derivative

]
The next lemma follows from direct computation of eigenvectors.

Lemma 9. The kernels of M := DF|
c1by + coby,

DF of F at (z1,2p,23) is a matrix of the form {P-/k} , where Fj; = 9, F;.

51,22,25) 7€ glveEn by

where cq, ¢ are complex numbers and
b1 =(1,1,1)", by = (21,%,23)" .

We remark that the vector by reflects the translation invariance of the system,
and b, is corresponding to scaling and rotation(multiplication by a complex num-
ber ¢).

To proceed, we use dj (x, ) to denote the distance between (x,y) and (x}, y}) .
Let
3

Ou (x,y) = (Z (1+ dk)1> .

k=1
We need some apriori estimates for the linearized operator.

Lemma 10. Let ¢ > 0 be a fixed small constant. Suppose 1 satisfies ||176¢|| ;e (R2) < +oo
and

21) Ly =f,
where || f02 || o (r2y < +o0. Assume fork =1,2,3,
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/]R _ndyUpdxdy =0, and /IR 1y U dxdy = 0.
Then for any o € (0,2 — ¢), there holds
(760 || Lo (m2) < C [ f621l 10 (r2) -
where C is independent of ¢ and f.

Proof. Consider the cone C1, Cy, C3 with vertex at the origin containing those points
whose angle coordinate are in the range (27”, 47”) , (27”, 2m), (0, 27”) , respectively.
Then Py € Cy. Let p1, p2, p3 be a partition of unity such that pj equals 1 in most part

of Cx and Vpy is supported in a radius 1 tubular neighborhood of dCy.
We rewrite the equation (21) into the form

Loy =03 — 1 — 0,29y = f —6U™ .
Hence 7 = 111 + 112 + 173, where f; = pi f and 7y is determined by the equation

Lone = fi — 6Ug7.
Observe that Ly is a hypo-elliptic operator with constant coefficient, and the decay
properties of its Green function K have been established in [5]. In particular,

P <
L>(R?)
Using this decay estimate, we obtain
(1 + ) i oo oy < C H(l + dk)szHLw(]RZ) +C [+ d)” U || oo o)
It follows that for some ry sufficiently large,
H 1 erk 77kHLoo (R2) <C H 1 +dk kaLOo R2) +C HUHLOO(BrO(pk)) .

Now we claim
1,y ) < € [0+ A

Otherwise, there would exist a sequence of 1 (x — x;,y — y; ) which converges to
solution of the equation

L*®(IR2)

Euﬂm =0.
However, this contradicts with the nondegeneracy of lump solution [14] and the
assumption that 7 is orthogonal to the o, Uj, 9, U} O

The next lemma deals with the explicit expression of the function related to the
main order correction of the approximate solution.

Lemma 11. Let U be the classical lump solution defined by (11) and

_ o | 24x (v -3)
T (2424 3)?
Then
(22) Lyw = —6U, and L [0xw] = —60,U — 69 Uw.

Proof. This follows from direct computation. Note that w decays at the rate O (r~2)
at infinity. O
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With Lemma 11 being understood, we introduce the notation

1
pr=-2) Re———, for k=1,2,3.

7k (z;; - z;>

From the explicit formula of U and (18), we deduce
Us (xi, 1) + U5 (xi,y1) =p1 +0 (1),
and |pi| = O (772) . We then define, for k = 1,2,3,

wi (%, Y) 7= prew (X = X, ¥ — Vi) -
With the help of wy, we will prove the following result, which gives us a more
precise description of the solution u.

Proposition 12. There exists € > 0 such that the function ¢ = u — U™ has the following
expansion:
3
k=1
3

Proof. We write ¢ = Y, wy + 7, then 7 satisfies
k=1

<Cyl
L(R?)

2
3 3
ﬁu*ﬂ:— Eu*wk—E(U*)—3<Zwk+n> .
=1 k=1
We have
<Cy72

k
‘ ( k L*(R?)

Applying Lemma 10, we conclude that for some ¢ > 0,

3

Luwy — E(U*)) 0,

=1

[1176e| 1oo 2y < C .
This finishes the proof. O

In the next result, we need to use the following constants:
at = /IR2 (3w2 + 6w) 8§dedy,
b = /m (302 + 6w) 0,0, Udxdy,
= /IR2 (3w2 + 6w) aiudxdy.
Lemma 13. For any index j € {1,2,3} it holds that

- ; —4
/}Rz 07 L, (05U | drdy = —3a° k;Re [(z;* - z;) ] +a'p?+0 (7—5) ,

- - —4
(23) /]Rz 0xUf Ly |0,Uf | dxdy = 3d” I;Im {(zj’f - z;;) } +bp?+0 (7—5) ,
]

/]112 3y U Ly _ayu]f‘_ dxdy = 3d* )_Re {(z]* - th)—? +c'pi+0 (7*5) .
- k#j
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While for different indices j,k € {1,2,3}, we have
_ e
/Rz 3xU} L, [9,Uf] dxdy = 3" Re _(z}‘ ~z) | +o (v,

: E
(24) /}R 0l Ly [0, dxdy = 3" Tm | (2 —27) | +0/(+7%),

200724 0,05 vty = 3 Re [ (5 - 7) ] <0 (+72).

Proof. We shall firstly verify the three equations in (23). Without loss of generality
we may assume that j = 1. Since d,Uj is a kernel of the operator L:, we have

(25) Ly [0xUg] = Lyy [0xUy] +6 (u—Uy) oxUy = 6(U; + Uz +¢) 9xU7.
As a direct consequence,
(26) /IR 9:U; L, [25Uf dxdy = 6 /IR (@) (U5 + U5 +8) dudy.
To estimate the right hand side, we first differentiate the equation
L& =—EU*) =32 :=7]
with respect to x. This yields
L+ [0x8] + 60U = 04].
Multiplying both sides with d, U] and integrating by parts, we obtain

/]R (=0 (Lo [0:U3]) + 60U 0, UI") Gdxdy = /IR dxJoxljdxdy.
Reorganizing terms, we have
6 /]R (3L} Gdxdy = / 3y JaxUidxdy — 6 / (95 + 3,15 U5 Eelxdy
+6/ (U + US) 0, U] Edxdy
- /IRZ 9, Ja. U dxdy + 6/]R2 (U + UZ) 02U Edxddy.
Inserting this into (26) , we get
/]R 35U £, [ByLIf] dxdy
- 6/ (@:U)2 (U5 + U) dxdy +/ 3, Jo, Ui dxdy + 6/]Rz (U + UZ) 02U Edxdy
—3 / U202 (U5 + UZ) dxdy — 3 / 0y (82) dxUjdxdy
+6/2 U5 +U5) 92U gdxdy +0 (7).
Note that

/ U232 (U3 + U5) dxdy = —d" Re [ (2] —23) * + (s —2) | + 0 (v7%).
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We then get
[ 0xUi Luo:Ui dxdy = = 3d" Re [z —23)* + (21 —23) ]

+pi /m , (30} + 6wn ) Buidxdy + 0 (17°)
This is the required identity.

Next we compute
/]R 33U Ly [3,U17] dxdy

_ /IR x5 Ly [9,U5] dxdy + 6 /R U (u — UF) 3y U dxdy

- 6/]RZ 9, U2, U (U5 + U3 + &) dxdy.
On the other hand,

Ly [0,¢] +60,U*E =9, ],
which implies

/]R (=9 (Lur [0:U5]) + 69,5 9,U") Gexdy = /R 3y JaxLI; dxdy.
From this identity, we get, using similar computation as before,
/]R 9:U; £y (3, dxdy
—6 ./]RZ 9,2, U (U5 + U3) dxdy + /}Rz 3, Jox U} dxdy + 6 ./]RZ (U5 + UZ) 059, LI} Edxdy
_3 /IR 329y (U3 + U5) UpPdxdy — 3 /R 0y (2) 0. ddy

* * * -5
+6/]R2(u2 +U5) 9,2, Ujgedxdy + O (17°).

In view of the estimate

/]R U20:9, (U3 +U5) dxdy = —3d"Tm [(z} —73) ™ + (21 = 25)*] + 0 (+°),

we then arrive at

/]R2 QuUI} Lo [3y U7 ) dxdy = 3" Tm [(2f — 25) ™ + (2 — 25) "]

+p? /IR (33 + 6w1) 2:9y Ujdxdy +0 (7).

Regarding the last equation in (23), as what we have done for the first one we
get that

/]Rz U7 Ly [0,Uf ] dxdy

)2 > x * * * *
= 6/IRZ (9 i)™ (U3 +U3)dxd]/+/Rz Byfayuldxdy+6/]RZ (U3 + U3) 03 U; Edxdy
= 3/]1{2 U292 (U3 + U5) dxdy 73/]Rz 3y (&%) 3y U dxdy

+ 6/}RZ (U5 +U3) Utgdxdy + 0 (17°).
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Using the fact that
/ U720% (U3 + Uj) dxdy = d Re [ (1 = 23) ™ + (21 —25) ] +0 (v 77)
o 1 %y (M2 U3 172 17743 :
We obtain that
* * * * x\ —4 * x\—4
/]RZ oyU; Ly, [0,U7 | dxdy = 3d* Re {(zl —z3) "+ (2 — 23) }

2 2 27 7% -5
+p1 /1122 (3w1 + 6w1) o, Uydxdy + O (’y ) .
Now we verify the equations in (24).

[ 05U} Luo:U) dxdy
- /}Rz 3L} Lyy: [0:Uf] dxdy +6 /W 3L} (u — Uf) 95 Ufdxdy
- 6/IRZ ERIEENI <2 u; + c) dxdy

7k
—6 /]R O3, U Ul dxdy +0 (77°)

= 3d*Re [(z]* - z;ﬁ) 4} +0 (’7_5) :
Since the computation of other integrals like [, dx U;‘ L, [0,Uf] dxdy is quite sim-
ilar, the details of these computation will be omitted. U
The key result of this section is the following
Proposition 14. The Morse index of u is equal to 3, provided that B is sufficiently large.

Proof. Let Ap be a negative eigenvalue of the linearized operator, with ¢p being an
eigenfunction normalized such that ||¢p[~(g2) = 1. Then

832c4)3 — ¢p + 6UPE — 8;2854)3 = Ap¢p.

Taking x-derivative twice, we get

0% (93¢ — ¢ + 6ugy ) — Hps = Apdign.
Our first step is to show that there exists ¢y independent of B such that
(27) Ap < cp < 0.

Assume to the contrary that (27) was not true. Then there was a sequence A; — 0
with corresponding normalized eigenfunctions ¢;.

Consider the translated sequence ¢; (x,y) := ¢ (x —x},y — yj) . Since we have
assumed that ||<p]- H [(R2) = 1, the new functions 43]- will converge to a function @,
solution of the equation

2 (a§q> o 6uq>) — R0 =0.
By the nondegeneracy of lump, there exist constants cy, cx(could be zero) such that
D = 10U + cp0,U.
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To simplify the notation, we omit the subscript j, if no confusion will arise. Then
we can write ¢ as ¢* + , where

3
4)* = Z ((Tkaxulj + Tkayulj) ,
k=1
and ¢ is small and satisfies the orthogonality condition: For k =1,2,3,

/m Z0:Ufdxdy =0, and /}R 29, Udxdy = 0.
We would like to estimate {, using the equation
Ll = —Luf” +A9" + AL

To do this, we first observe that £,¢* is of the order O (7_2) . Hence to obtain a
precise expansion for {, we write

3
=Y (dxwi + Tedywy) + C*.
k=1

Using (22),(25), for any k = 1,2,3, we can estimate

(28) Ly [0:U}] + Ly [Prewy] = O (7—3) )
(29) L [0U7] + Lu [yw] =0 (v72).
It follows that

3
Lul" = AT ==Y (0kLu [0:Uf + xwy] + 7Ly [0yUf + dyewy])
k=1

3
+A ((P* + Z (O'kaxwk + Tkaywk)> .

k=1
Let us denote the right hand side by Q.
For a function 7, we define

q]!,x = /IRZ noxUjdxdy, U]!,y = /]RZ 1oy Uy dxdy,
and
> H
nl =Y (n,0:U5 + 2,005 ),
k=1

and 7+ = 5 — 5/l The function - can be understood as the projection orthogonal
to the kernels of the linearized operator. Then

(30) L= A =Q" +Ql.
Estimates (28) and (29) imply that Q* = O (772) . On the other hand, multi-

plying (30) by 9xUy,d,U; and integrating tell us that Q| = 0 (¢*) . Following the
proof of Lemma 10, we find that there exists ¢ > 0, such that

12" 0e | o 2y < €7
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With the estimate of { at hand, now we project the equation £,¢ = A¢ onto the
kernels d,U; and d,U; . More precisely, we consider the following two identities

/]R UL (Lugp — Ag) dxdy =0, /]R U (L — A) dxdy = 0.
Now we compute

/}RZ axujzu [axw]-} dxdy = 6/]R2 axu;‘ (l{;] Uy + @) Oxwjdxdy

1 2 27 7% -5

=6 2 (—wjpj — Zw]»> o Ui dxdy + O (7 )
= —a*p]2 +0 (7*5) .

Similarly, we have

/]R2 OxUj Ly [Oyw)] dxdy = 6/]1{2 OxU; (kgl Uy + §) oywjdxdy
j

1 *
=6/, (w]-p]- — 2w§) 9x0y U7 dxdy
_ *_ 2 -5
and
/m AU Ly [yew;] dxdy = 6 /R AU (;; us + g) 3 widxdy
]
1 2 27 7%
= —c*pjz» +0 (7_5> :
While for j # k, we have
/]R Ol Ly [Bxeoy) dxdy = O (779, /IR Ol Ly 3y dxdy = O (v7°),
and
/ 3U7 Lo [dycy] dxdy = 0 (779).
R2 7/ Y

From the above estimates and Lemma 13, we deduce that fork = 1,2,3,

/]R2 (0xUf — idy Uy) (Lugp — M) dxdy = il (Fk,jej) +0 (7—5) ’

where e =0j+ i‘L’]' is complex number. Moreover, there exists universal positive
constants d1, dp, such that

2
61 < Z!e]’| < 6.
]
Hence, after a scaling, in terms of the matrix M defined in Lemma 9, we obtain

M (e1,eze3)" =0 (7—1) +O(|A]).
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We then deduce that for some constants ¢y, cp, with C% + C% uniformly bounded
away from zero, such that

(e1,e2,e3) = c1by + by + O (’7_1) +O(|A])-

On the other hand, using the explicit four-parameter family of solutions u 4 g for
the Boussinesq equation, we deduce that there exists a kernel ¢ of £, whose pro-
jection on d, U, dy U; is close to ¢1bq + cobs. We then conclude that ol will not be
L%-orthogonal to the ¢ for j large enough. This contradicts with the fact that ¢j, as
an eigenfunction with respect to a negative eigenvalue, has to be L?-orthogonal to
P.

Now we have proved that negative eigenvalue A; will be uniformly bounded
away from 0. Using this information, we then deduce that A; has to converge to
the unique negative eigenvalue of the operator £y;. By result in [14], the Morse
index of the standard lump U is equal to 1, we then find that the Morse index of
u is at most 3. On the other hand, by constructing explicit test functions using the
eigenfunctions(of negative eigenvalue) of £;;, we know that the Morse index of
u is at least 3. Hence we conclude that the Morse index of u is equal to 3. This
finishes the proof. O

Having analyzed the solutions u p for B large, we proceed to show that all the
solutions u4 p = 202Inh4 p has Morse index 3.

Proof of Theorem 1. Straightforward application of the results in the previous sec-
tion tells us that there is a Backlund transformation from the translated degree 2

polynomial
2
2\/3i
flxy) =+ (y— *fz> +3

to the degree 4 polynomial g, which is defined explicitly by

10x3
g (x,y) = x* 4+ 2ix3y + 2ixy® — y —Q—W—Hl\fzx v+ 2v3xy? +

50 Ai +B )
\/§ 2
80i A—Bi Ai+B
+|l—=+ — 25+ .
<\/§ 2 ) g 23
Then the function g is Backlund transformed to h 4 g. Observe that both f and g
have finitely many simple zeros. Using this fact, the nondegeneracy of the lin-
earized operator £, , then follows directly from the same argument as that of
[14], that is, by analyzing the associated linearized Backlund transformations.

fy

+20x + 30ixy + 2y +(

To show that the Morse index of 14 p is equal to 3, let m be sufficiently large
and consider the family of solutions u ;1 (1_s),- When t = 1, it is 14 p, and
for t = 0, the solution is ug ,,. We now know that for any f € [0, 1], the solution is
nondegenerated in the sense that the linearized operator has no nontrivial kernels.
This together with the continuous dependence of the negative eigenvalues with
respect to t, implies that as ¢ decreases from 1 to 0, a negative eigenvalue can not
diminish to the zero eigenvalue. We then see that the Morse index of u 4 g should
be the same as that of ug ;. By Proposition 14, ug ,, has Morse index 3, provided
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that m is large. We then conclude that for any A, B, the Morse index of u 4 p equals
3. This completes the proof. O

As a final remark, we point out that for solutions with higher degrees, the above
arguments also work. The only delicate part is, we need to show, as one of the
parameter tends to infinity, the solution splits into a number of classical lumps
which are far away from each other. This is to ensure that procedure of reverse
Lyapunov-Schmidt reduction can be started. For polynomial tau functions of de-
gree k (k+ 1), the corresponding solution should have Morse index k (k+1) /2.
Once this is proved, it will yield the existence of infinitely many solutions for the
GP and generalized KP equation. Rigorous justification of this fact would require
a complete classification of the moduli space of lump type solutions. This is an
ongoing project.
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