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Abstract: The KdV equation is a prototypical example of a completely solvable nonlinear
partial differential equation due in part to its admittance of soliton solutions. In recent
years, there has been a growing interest in exploring the non-commutative KdV equation.
In this paper, the non-commutative KdV equation is derived from the nonabelian KP
hierarchy and solved through a generalized Darboux transformation. Three different
solution types are explored with detailed descriptions of 1-soliton and 2-soliton properties
and interactions. Finally, 2-soliton scattering is analyzed with respect to the parameters
of the involved 1-solitons.
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INTRODUCTION AND BACKGROUND

1.1

INTRODUCTION
The Korteweg-de Vries (KdV) equation,

1

U = Ul S U (1)
remains the canonical example of a completely in-
tegrable nonlinear partial differential equation. Al-
though originally derived by Boussinesq, the fa-
mous KdV equation resurfaced in a famous 19th-
century paper of Korteweg and de Vries to
model surface waves in a canal. The KdV equation
has subsequently been found to be fundamental in
the description of a wide array of physical phenomena including plasma physics, electrical trans-
mission, and even Jupiter’s Great Red Spot . More importantly, the theory developed for
the integrability of the KdV equation represents one of the most far-reaching breakthroughs in
nonlinear mathematics. The resulting mathematical theory connected by the KdV equation is
interesting and vast, uniting results from algebraic geometry to quantum field theory. Much
of this fame comes from the KdV equation being the first equation known to admit soliton
solutions.

Figure 1: Graphic demonstrating how the
KP equation, a closely related soliton equa-
tion, models ocean surface waves.

Localized solutions to dispersive equations typically dissipate as ¢t — oo, as might be
expected of the water waves resulting from a rock thrown in a pond. However, one does see
water waves in nature that move at a constant speed without changing shape for an astoundingly
long periods of time. These solitary waves or solitons were first observed by John Scott Russell
in 1834, who followed a well-defined heap of water down a Scottish canal on horseback for over
a mile. Boussinesq first wrote down a family of 1-soliton solutions

wy(x,t) = uy(x, t; k, &) = 2k*sech?(n(z, t; k, £)) (2)

n(z,t; k, &) = kax + k3 + ¢ (3)

depending on the choice of parameters k and . This solution, graphed for each time ¢, produces
a translating solitary wave like Russell’s traveling to the left at speed k? with height 2k2.

Incredibly, just as one can combine solutions to linear ordinary differential equations, there
is a sense of nonlinear superposition between individual 1-soliton solutions that allows for the
construction of multisoliton solutions or n-soliton solutions that appear to be composed of many
superimposed 1-solitons. However, multisoliton solutions deviate from a simple superposition of
1-solitons since the solitons affect the trajectories of other solitons upon collision. In particular,
the faster solitons seem to shift forwards slightly, and the slower ones shift backwards — these
shifts are called the phase shifts. As shown in Figure [I.T], phase shifts describe particle-like
collisions in which colliding solitons appear to transfer their amplitudes to one another. In
the real case, the phase shifts are wholly dependent on the incoming velocities of the involved
1-solitons. More about the phase shifts in the real case can be seen in .
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Figure 2: Graphic depicting a real 2-soliton solution to the KdV equation at different times.
Looking at t = —1 and ¢ = 1 shows the famed phase shift.

, Although interactions such as these are well known

Mo JEp— in the real and complex cases, they are unexplored over

Nimm  NEE Jl the quaternions. Aside from presenting an appealing
{

mathematical challenge, soliton theory often finds ap-

{1 plications in areas where noncommutativity plays an

& - :i . important role; most notably in quantum mechanics.

’ mERE Exploration of the KAV equation over the quaternions
T }'. ‘.j is particularly appealing as the quaternions are the

X simplest non-commutative associative algebra and the
unique non-commutative associative division algebra.

The paper proceeds by obtaining solutions to non-

; : commutative KdV equation through a generalization of

the Darboux tmnsformationﬂ an early technique used

Figure 3: A 3D plot of the 2-soliton in-  to solve the (commutative) KAV equatimﬂ Then, an al-

teraction from Figure demonstrat- ternative iterative scheme involving quasi-determinants

ing the phase shift occuring on impact is constructed for efficient computation through Math-

at ¢ = 0. In this plot, each vertical ematica. Periodic solutions and rational solutions are

slice represents a frame of the time de- explored briefly, followed by an examination of 1-soliton

pendent soliton u(z,t). and 2-soliton solutions including a description of their

interactions. Using a theorem linking solution “shifts”

to the application of constant coefficient differential operators to KdV-Darboux kernels, the
direct scattering problem is posed and solved.

This paper seeks to introduce the necessary concepts to understand the KdV equation,
the role of solitons in the solution-finding process, and the subsequent generalization over the
quaternions from the starting point of an interested undergraduate mathematics major. For
this reason, many expository sections have been added to introduce quaternions, differential
operators, and to convey some of the intuition behind otherwise “magical” proof techniques
introduced for a result such as the Darboux transformation. Much of the exposition is influenced
heavily by, and stated more clearly in, the undergraduate presentation of soliton theory in .
Sections or Theorems that is solely original work by the author and advisor Dr. Alex Kasman
are marked by %. An ever growing appendix section has been included to convey interesting but
logically independent topics in soliton theory, including the KP hierarchy, the Bilinear KdV
equation and 7-functions, and an algebrogeometric object called the Grassmann Cone I's4

Lor can be thought to be formulated from nonabelian KP hierarchy, more in the Appendix.
2The Darboux transformation has been more recently subsumed into the Bécklund transformation in 1883
by Bécklund in .
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spanned by the solution set to the bilinear KP equation. It is my hope that this presentation
will make my research under Dr. Kasman during the summer of 2018 and my senior year
approachable to myself in later years, aid those wishing for a foothold into soliton theory, and
convey some of the interesting connections responsible for the high variety of perspectives with
which to view modern soliton theory.

QUATERNIONS
Throughout the paper, let

H = {qo + ¢1% + ¢2J + @3k | q0, 1, 42, g3 € R}
be the four-dimensional quaternion algebra over R with the multiplication rules
=42 =k*= -1,
g =—jJi=k, jJjk=-kj=1 ki=—1k=3j.

H is an associative non-commutative division ring invented by W. R. Hamilton in 1843. Similar
to Russell’s discovery of the wave of translation, Hamilton discovered the quaternions next to
an Irish canal. As the story goes, Hamilton was fruitlessly attempting to extend complex
operations into three dimensionsﬂ when he reached an epiphany leading to the development of
the quaternions while crossing the Broome Bridge of the Royal Canal. He then famous carved
the equations above into the bridge, which remains there today.

Whenever ¢ € H is a quaternion, then ¢; € R for 0 < ¢ < 3 will denote its components
according to the convention ¢ = gy + ¢12 + ¢23 + ¢sk. In some cases, the alternative notation
q = qo + ¢ will be used, where ¢q is the real part and ¢ = 12 + ¢27 + sk is the vector or pure
part. Accordingly, quaternions with real part zero are referred to as pure quaternions. The
appeal of this notation will be apparent shortly.

Two quaternions are added component-wise. Put explicitly, two quaternions ¢ and p add
together to give

p+q=(po+qo) + (pr + @)+ (p2+ q)J + (p3 + g3)k-
Similarly, following the defining multiplication laws above, p and ¢ are multiplied to give
pq = (po + p1% + p2g + p3k)(qo + 1% + 23 + gzk)

= Pogo — P1¢1 — D292 — P393 + (Poqr + qop1 + p2¢3 — p3¢2)t + - - -
<+ (p3sq1 — P1g3 + Pog2 + qop2)J + (qops + Pogs + P1ge — p2qr) k.

If we let ¢ = qo + ¢ and p = py + p, then we may express the product of quaternions in terms
of the vector dot and cross products:

—

Pq=pogo —P G +pod + qp+pxq.
We define the conjugate of a quaternion ¢ as

q:=qo— q1t — q2J — qzk

3This is later proven impossible by Hurwitz’s Theorem.
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and the norm ||q|| by

lall* := 97 = a5 + ai + a5 + 5.
Famously, as one of the four normed division algebras, this norm operates as the usual Euclidean
norm in R*, and so carries with it the usual properties such as ||gp|| = ||q|| ||p]| = ||lpq|| for all

p,q € H. The quaternions of norm 1 are called the unit quaternions. When ¢ # 0, we can show
that

- q
¢ =—.
I
We define the quaternionic exponential function by the standard Maclaurin series:
[o¢]
el = ﬂ
|
“— ml

This yields a sort of quaternionic Euler formula:

Proposition 1.1. For each nonzero pure quaternion ¢, the unit quaternion e? is given by the
formula

e = cos | 7] + psin |7

where p = H%H 1s the pure quaternion of unit length in the direction of ¢ .

Proof. Note that

7° = (@i + @ + k) (@i + ¢f + k) = —at — 65 — a3 = — | 7|°,

so that
—2 —112 —3 =12 > —4 -4 — T —6 — 116
== \q1°, @=-lalq., =g, @ =17l"q. 7°=-7I°,

Now, we can expand:

Z:(q'

m=0

12 2 - " 14 - 116
+H_IIQH il Q+||Q|| _|_||Q|| 7 9] .
177y 31 A1 51 6!

O U W O N
- 2l Al 6! g 3] 5!

Il
—_

12 — 14 —116 — 3 =115
O WA B (PR
2 o T e 7T 5!
IR S
—COS(||Q||)+m81H(||CJ||)-

Corollary 1.1.1. For each nonzero quaternion q = qo + ¢, we have the formula

et = e® (cos||7 ]| + psin [[71])

where = H 18 the pure quaternion of unit length in the direction of ¢ .

<y
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Proof. Note that common exponential property e?e? = e7*? = ePe? only holds provided that ¢
and p commute. Since gy commutes with ¢, we have that
et = emel = e ((cos 7]+ s 1] ) = e (cos 1]+ pesin 1),
q

We will use the common notation [g, h] = gh—hg to define the commutator of two elements.
The commutator is equal to the additive identity if and only if g and h commute. Therefore,
as noted in the previous proof ele? = 9P = ePef only holds provided that [g, p] = 0.

Using Proposition [I.1, any quaternion ¢ = ¢o + ¢ with nonzero real part can then be
written in an “extended polar form":

Proposition 1.2 (Quaternion polar form). If q is a quaternion with nonzero real and vector
parts, then

q = |lqll €"? = ||ql| (cos ¢ + psinp)

where

Y

n! @
do

p=-——and @ =ta
I

Proof. Let ¢ = qo+ 12+ 23 + g3k = qo + ¢ be a quaternion with gy # 0 and ¢ # 0 as described
and define the normalized “pure quaternion" part of ¢ to be u = ﬁ . Then akin to Euler’s
formula in the complex case, we have that for any real number ¢,

eM'"? = cosp+ psingp (4)
using Proposition Now, note that

2 — 2
2 112 2 do HQH
2417 =l = (—) +(— 1
0 i) Ul

Therefore, by the Pythagorean theorem, for some 0 < ¢ < 27, we have both

> 0, we know further that —7 < ¢ < 7. This restricted domain

2y

sin g = “q—OH and  cosp =
q

=

I
lla

2y

In fact, since cosp =

satisfies .

n! M
4o

p = ta
So,
q=q +q

% 7 |7
=HqH( P

lall 171 gl
= |lq|| (cos ¢ + psin @)
= |lql| e*.
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Quaternions are popularly used to represent rotations in R3 [8]. To see how this is possible,
consider the pure quaternion p. Since the real part is zero, p can be considered a vector in R?;
i.e., p = p. Now, consider the operator

D,(p) = qpg~"

where ¢ is any non-zero quaternion. Replacing ¢ with its polar representation, we have that

®y(p) = (llall e**)p(llgll " e77) = eepe

What may seem surprising is that ®,(p) represents a rotation of p (a vector) around the axis
through p of exactly 2¢ radians. To gain some intuition, consider the simple direction y = 2.
Then

e“’pe " = " (p1i + paj + p3k)e

pri+ (p2 + psi)j)e ™
pig)e” ™ + e (py + psi)je
e (p1a)e™™ + e (py + p3i)e™¥j

=Dt + 6i2¢(p2 + p3t)g

e'?

e

(
(
"
(

Notice that the ¢-component of p remains unchanged (since p = 4 is the axis of rotation), and
the remaining terms are multiplied by a complex exponential with 2. Note also that if p did
have a real part, then it would remain unchanged by ®,. Keeping these aspects in mind, it is
easier to see that the mapping ® defines a 2—t0-lﬁ surjective homomorphism between the Lie
group SU(2) = {q € H; ||q|| = 1} and the rotation group SO(3). This connection to rotations
was found originally by Hamilton without modern language of linear algebra and morphisms
[6]). Hence, if p = po + p' and r = ry + 7 are quaternions there there exists a ¢ such that
®,(p) = r if and only if ||p]| = ||7]| and py = ro.

DIFFERENTIAL OPERATORS
Consider the partial differential equation f = 2f,, — f,. Reordering, we see that might represent
such an equation like (1 —20,, +0,)f = 0, so that the equation can be represented as Q(f) =0
using the differential operator @ = 1 — 20,, + 0,. While you may think of the operator as
shorthand notation for a differential equation, the structure of these operators are studied for
their own sake.

Definition 1.1. HA partial differential operator (DO) is a polynomial in the symbols 0, , . . . , 0,
over meromorphic functions of the variables zq, ..., x,:

n

P(@) — i e % Cal_”an(xl’ . In)af;ll .. a;‘:

a1:0 anZO

49-to-1 because ®, and ®_, actually perform the same action since the negatives cancel.
® This is sometimes stated more succinctly using the multi-index o = (a1, ag, ..., a): 2 a|<m @a(2)0%.



In the case of an ordinary differential operator (), we will drop the subscripts so that
Q= Z qi(z)0".
i=0

Differential operators have a natural additive and multiplicative structure imposed upon
them. Addition is performed by adding the coefficients of similar powers of 0, while multiplica-
tion is defined in such a way that the resulting operator acts as a composition, i.e. so that for
any two differential operators D and (), we have that D o Q(f) = D(Q(f)). With this desire,
we are forced to define pairwise multiplications as follows:

e (2)0™ 0 g ()" = i (m) e (2)q ()0,

7
=0

This definition respects a sort of product rule so that do f(z) = f'(z) + f(x)0. Unsurprisingly,
the multiplication of differential operators are noncommutative. Therefore, just as for the
quaternions, we will commonly refer to a commutator, which is 0 if and only if two differential
operators D and @ happen to commute: [D,Q]=DoQ — Qo D.

To conclude, we wish to note some of the correspondences between differential operators
and the “usual" polynomials as studied in seen in introductory calculus classes. For example,
it is well known that if there exists some xy such that p(xg) = 0, then we can factor p such
that p(x) = q(x)(z — z¢) for another polynomial g of lesser degree. Similarly, if a function f

exists such that D(f) = 0, we can factor D such that D = @Q o (8 - f7/>|22] In fact, given

any n-dimensional space of functions, we can construct a unique monic differential operator
of degree n with that space as its kernel and any other operator that annihilates the same
functions has this operator as a right factor |10]. This will be used in a proof to come.

QUATERNION-VALUED SOLUTIONS TO NCKDV

2.1

DARBOUX TRANSFORMATIONS FOR NCKDV
2.1.1 ISOSPECTRALITY: FROM MATRICES TO DIFFERENTIAL OPERATORS
Consider the time-dependent matrix

—t24+t+2 2P —t+1
M(t):( 2 —t t2—t+3)‘

Although the column vectors of M evolve in time independently and nonlinearly, the eigenvalues
actually remain constant. This sort of property will be important in the Darboux transforma-
tion, so we will define it for matrices.

Definition 2.1. If the eigenvalues of a time-dependent matrix are constant, then we say that
it is isospectral.

But how might you find M (t) other than guessing randomly? Consider the following
definition.
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Definition 2.2. Two n X n matrices A and B are similr if there exists a matrix P such that
BP = PA.

As you may have noticed, Definition only differs slightly from the typical definition
of similar as might be given in a linear algebra clas{’ It is well known that similar matrices
share the same spectra. Interestingly, similr matrices nearly satisfy this property, even without
the invertibility of P.

Proposition 2.1. If A and B are similr, and X\ is an eigenvalue for A with corresponding
ergenvector U, then w = PU satisfies Bw = M. A is an eigenvalue for B only provided that Pv
18 NONZETO.

Proof. Let X\ be an eigenvalue for A with a corresponding eigenvector v so that A7 = Av. The
applying matrix B to vector Pv yields

B(Pv) = PAU = PAU = \(PY).
However, X is only an eigenvalue of B if the corresponding eigenvector P is nonzero. |

This property can be utilized to construct an isospectral matrix. Pick a matrix A with

easily computed eigenvalues, say A = g 8 and some random time-dependent matrix P(t),
1 - t + t2 1 . . . —1
say P(t) = 2 1) Then according to Proposition 2.1, B = P(t)AP(t)~" has the same

eigenvalues as A! In fact, B = M (t), as defined above. So, although M (t) looks complicated,
it is really a constant matrix A that is “dressed" up by P(t).
A seemingly random fact:

Lemma 2.2. If M(t) is isospectral, then B =[M,B] = MB— BM for some matriz M, where
B s the derivative of B with respect to t.

In particular, if M(t) = P(t)AP(t)~! then M = PP~'. So in some sense, differentiating
isospectral matrices is like taking a commutator.

Like matrices, differential operators have eigenfunctions with corresponding eigenvalues.
In other words, they can also be isospectral. In 1967, Gardner, Greene, Kruskal, and Miura
discovered that if u(x,t) was a soliton solution to the KdV, then the differential operator
L = 0% + u(x,t) is isospectral, which they used to solve the KdV equation via the so-called
tnverse scattering tmnsformﬂ [18]. However, with more recent developments, we do not need to
involve quantum theory. Recall taking the time derivative of a isospectral matrix is somehow
analogous to a certain commutator. One year after 18|, Peter Lax discovered that there exists
a differential operator M such that L and M satisfies Laz’s equation L = [M, L] if and only if
u(z,t) satisfies the KAV equation.

6A and B are similar if there exists an invertible matrix P such that B = PAP~!

"Although this approach is seen as outdated, it is a foundation for more modern methods. The solution u
to a KdV equation is mapped to a potential in a Schrédinger equation, which is then solved by using initial
scattering data.



Definition 2.3. Let P and L be time-dependent operators (or matrices) such that

L =[P L)
The P and L are called a Lax pair.

How might we find M7 Let us first assume that M is an arbitrary differential operator
of order 3, and let L remain as L = 9% + u(z,t). Then in order to satisfy a Lax equation, we
need the coefficients of the differential operators on both sides to match up. Making minimal
assumptions to satisfy this, we get that

. 1 3
L=[ML = u = Zumx + §uxu + Cry

for a constant ¢;. Amazingly, it seems that if we take ¢; = 0, then L = [M, L] is precisely the
KdV equation ! In particular, M = 93 + %u(m, )0 + %ux(x, t).
What about if u(z, t) was actually quaternion valued? Assuming that M = 8*+ 2u(z, t)0+

3ug(z,t), L = [M, L] becomes

_! + 5 + 5 (5)
Uy = 4uxx:t 4’LLxU 4u:tu7
what we will call the non-commutative KdV equation. How might we use this knowledge to

find a previously unknown solution u(z,t) to this equation?

Remark. Notice if we had chosen a different M (i.e. not a third order differential operator),
then we might have arrived a different equation at the end. This hierarchy of equations are
referred to as the KdV hierarchy, of which KdV equation is only but one of the infinitely many
other soliton equations. Similarly, the KdV hierarchy sits within another infinite family called
the KP hierarchy, which come from expanding our class of operators to psuedo-differential oper-
ators. The KP hierarchy includes many other famous and arguably more important equations,
all related by a natural geometry. To see how to derive the KdV equation from the perspective
of the noncommutative KP hierarchy, see Subsection|[7] in the Appendiz.

Recall our example with isospectral matrices. In that case, we had a simple matrix A, and
we used a “dressing” trick to construct a complicated looking matrix with the same eigenvalues.
Since L is isospectral, we may wonder if it is also a "dressed" version of some simpler constant
differential operator.

Theorem 2.3. [ If L = 9?4+ u(x,t) for any KdV solution u(z,t) then L is the unique
solution to Lo K = K o §* for some operator K.

K may be psuedo-differential operator, which I will avoid explaining.

Theorem says that L is actually 02, only dressed up. Essentially, the Darboux transfor-
mation exploits this isospectral behavior to generate new solutions via dressing, since if we can
choose a K such that L = 9* + u(x,t), then u(x,t) will automatically solve the KAV equation
since L has the Lax pair shown above. However, in our isospectral matrices example, we had no
restriction on what our resulting dressed “B" should look like, so we could pick any invertible
P(t). Now, we require that L = 92 + u(z,t), so we will have to proceed carefully in the next
chapter. We will show that if K is chosen in a certain way, then L will always have the desired
form. Then by choosing different K’s, we will cycle through different ncKdV solutions.
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2.1.2 THE DARBOUX TRANSFORMATION
Although the Darboux transformation used to generate solutions for ncKdV is close to the
commutative case, some terms such as span must be suitably redefined to remain unambiguous.

Definition 2.4. Let F = {¢1, ¢s,..., ¢, } where ¢; : R® — H are quaternion-valued functions
taking b real-valued inputs to a quaternion. The span of F, denoted Span(F), is the right
H-module generated by the elements of F:

Span(F) = {Z GmOm | o € ]I-]I} )
m=1

Definition 2.5. Let F = {¢1,¢2,...,¢n}. F is a KdV-Darboux kernel if each function ¢ € F
satisfies the following properties:

L. ¢zmm = qbt
2. (g € Span(F)
3. The Wronski matrix Wr(F) is invertible[]

Each KdV-Darboux kernel has a unique monic differential operator K whose kernel is
exactly the span of F . This formulation is extended to arbitrary endomorphisms acting on a
unital associative algebra in [10].

Lemma 2.4. If P is an ordinary differential operator in x whose coefficients depend on the
additional parameter t and f(z,t) is a quaternion-valued function, then

Proof.

m n om

0 0 0
= a(cm<$,t)) az_mf(%t)—}_n;cm(m7t)aa$_mf(x7t)

m=1
"0 am a om0
= o] a (Cm<l‘,t)) ax_mf(%t) + mZ:1 Cm<w7t)ax_m§f<x7t)
= P(f)+ P(f)

Theorem [2.5] provides a way to turn KdV-Darboux kernels into solutions of the KdV
equation.

8Details of determining the invertibility of a quaternionic matrix is made precise in [17]



11

Theorem 2.5 (Quaternionic KdV-Darboux Construction). Suppose that F is a KdV-
Darbouzx kernel and let K be the unique monic differential operator of order n with Span(F) =
ker(K'). Then there exists an operator L satisfying

Kod*=LoK

such that L = 8% +u(x,t) where u(z,t) is a solution to the non-commutative KdV equation.

Proof. Consider some arbitrary function ¢ € F. Since F is a KdV-Darboux kernel, ¢,, €
Span(F). Using this fact, we can show that ¢ is also in the kernel of K o 9% since K o 9%(¢) =
K(¢z) = 0 because ¢, € Span(F) by definition of a KAV Darboux kernel (2.5)), and thus is in
the kernel of K by assumption. Then, by Theorem 5.1 in [10], K 0 9? = Lo K for some second
order ordinary differential operator L = 9% + a(z,t)0 + u(x,t). Writing

n—1
K=0"+)Y Bulz,t)m,
m=1

we can expand both sides of K 0 9> = Lo K to quickly reveal a(x,t) = 0 upon equating the
highest order k + 1 terms on both sides. Now that we know that L = 9% + u(x,t), we can
substitute back into K o0 9> = L o K to conclude that

K o0d* = (0* +u(z,t)) o K. (6)

Expanding the right hand side yields:

(0* +u(x,t)) o K = (0* + u(z,t)) o (3" + i: Bm(x,t)am)

n—1
= 0" +u(x,t)0" + [(ﬁ;;(x, t) + u(z, t) Bz, t))@m + 28 (2, )™ + Bu(, t)@m“}
=Kod +u(x, )"+ > [(Bn(z,t) +u(z,t)Bn(z,t)0" + 26, (z, )0 ]
m=1

Subtracting K o 92 from both sides of @, we conclude that

u(z, t)0" + i [(ﬁ;ﬁl(m, t) + u(z, t)ﬁm(ﬂc,t))am + 25&(95775)37”“] = 0.

By equating the n and n — 1 order terms on both sides, we get

U(]J, t) + 25;—1(377 t)

0
5;{_1(1’,& + U(J],t)ﬁn_l(.%,t) + 2/3;_2(5(],& 0
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Let ¢ € F. Now, differentiating 0 = K (¢) with respect to ¢ using Lemma ,

)
o—mKw>

¢) + K(or)
) + K (frea)
¢) + K(0°(¢))
) + K 0 9°(¢)
— [K + K 0 8%](¢).

K
K
K

K (
(
(
(

Since [K + K 0 8%](¢) = 0, we can apply Theorem 5.1 from [10] again to conclude that
K+ K 0@ = M o K for some third-order ordinary differential operator M = 9% + a(z, )0 +
b(x,t)0+ c(x,t). As before, equating the highest order term n + 2 from both sides quickly gives
a(x,t) = 0. After algebra, we conclude that

K = b(z,t)0"*! + c(x, t)0" + 2_: [(5’"@ t) + b(x, )3, (z,t) + c(x, ) Bz, 1)) 0"+

m=1

+ (380 (2, 1) + b(, t) B (2, 1)) 0™ + 38, (=, t)amﬂ .
Which, upon equating the n and n + 1 terms yields

b(x,t) + 35, (1)
C(ZL‘, t) + C(:E, t)ﬁn—l(xv t) + 36;;_1(£E, t) + 35;—2( )

0 (9)
0 (10)

Using , we can solve immediately for b(z,t) = 3u(z,t). Now, using this and the fact that

Bralist) = =3 (Bs(00) + e, )61 (2,)

from (8)), we can substitute into (10)):

c,0) = =t s (2.0) = 35 40.0) =3 (=5 (BLn0) + (o)1 (0,1) )

KX
RN
L
—~
8
~
~

|
wloowlcow w

Q
Pl
|
N —
-
ﬁ
=
~__

=~ W
<
8
—
i
~
N—r

Therefore L = 0? +u and M = 0% + %ua + %ux.
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Using our previous value for K, we can differentiate the left side of K 0 8> = L o K with
respect to ¢ to give

O (Kod?) = Ko
:(]\40]{—[(083)082
—MoKod*—Kod
=MoLoK—I?0Ko0d

while the right side becomes

%(LOK):LOK—FLOK

—LoK+Lo(MoK —K o0d®
—LoK+LoMoK—L?*0Ko0.

We can subtract off L2 o K 09 from both sides and perform right cancellation of K to conclude
that

L=[M,1L).

So L satisfies a Lax equation. Using the fact that L = u, and computing the commutator, we
find that u satisfies

Uy = [Ma L]
=MoL—-LoM
= (83 + §u8 + §um) 0 (0®+u) — (0 +u)o (63 + §u8+ §ux)
2 4 2 4
3 3 1
= Zuux + Zumu -+ Zux“

This operation will be used throughout the rest of the paper, so we will provide notation
and a definition.

Definition 2.6. Let () define the mapping from a KdV-Darboux kernel F to its corresponding
KdV solution u(z,t) obtained using Theorem [2.5 In other words, Q(F) = u(x,t). In the
case that F is a singleton set containing only one function ¢, let the notation (¢) be an
abbreviation for Q({¢}).

Although this method connecting KdV-Darboux kernels to KdV solutions always works (as
proven), our implementation within Mathematica remains computationally inefficient. Myste-
riously, the following recursive quasi-determinants construction is much faster.
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QUASIDETERMINANT IMPLEMENTATION OF DARBOUX TRANSFORMATIONS %
The quasideterminant, introduced in 1991 by Gelfand and Retakh [20], is a replacement for
determinants over noncommutative rings. If A is a square matrix, then the quasideterminant
— or n? quasideterminants, since there is one defined for each entry in the matrix A — is a
recursively constructed function that is defined if the submatrix A% is invertible over the ring.
The quasideterminant of a matrix A at position (i, j) is defined as

|A|ij = Q5 — Ti(A)(j)(Aij)_lcj(A)(i)

where a;; is the value of A and position (¢, j), r;(A)’ is the i-th row of A exempting the j-th
column, cj(A)(i) is the j-th column of A exempting the i-th row, and A% is the submatrix of
A formed by removing the i-th row and j-th column. Note that even in the case that the ring
is commutative, the quasideterminant does not reduce to the traditional determinant, but to a
ratio: |Al;; = (=1)"" det A/ det(A)". The next theorem comes from the results of [11].

Theorem 2.6. Let u(x,t) be the ncKdV solution by the Darboux Transformation of the
KdV-Darboux kernel F = {¢1,...,¢n} and

0 -1 ._
b= (W ) Wl Wi IV G

where | X|;; denotes the quasideterminant of X at position (i, j) and W(¢1, ..., ¢n) denotes
the Wronskian matriz generated from the enclosed functions ¢;. Then

u(z,t) = 2% (;Z:l bm> :

Proof. Let K = 0" + v,0™ ! + ... be the unique monic differential operator with F as its
kernel. As shown in equation (7) of Theorem [2.5] we obtain u = —20v; from the intertwining
relationship K o 8> = (0% + u) o K. By Theorem 1.1(ii) in [11] which decomposes K =
(0 —0,)(0 = bp—1) -+ (0 — by), we can write v; = — > by,. Thus

6 n
u = —20v — u(x,t) = 2% (; bm) :

As mentioned previously, Theorem 2.6 provides a surprisingly quick computation of v given
a KdV Darboux kernel. Figure|2.3|presents a possible Mathematica implementation of Theorem
2.6.
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2.3 RELATIONS BETWEEN F AND u(z, 1)
Similar to the commutative case, multiplying each ¢; in the kernel on the right by some factor
does not change which u(x, t) the kernel F maps to since differential operators apply from left to
right.

QKdVEGR [ker_] := Module[{Y, W, n, Q},
Length[ker];
Print["Step 1/6 (Constructing Y and W)"];
W = WronskianMatrix[ker] ;
Y= W
Y[[n, All1]] = Map[D[#, x] &, Y[[n, Al1]]1];
Print["Step 2/6 (Simplifying Psuedo-Wronskian Y_NN)"];
Y = Simplify[qd[Y, {n, n}]1]1;
Print["Step 3/6 (Simplifying Psuedo-Wronskian W_NN)"];
W= Simplify[qd[W, {n, n}]];
Print["Step 4/6 (Simplifying Inverse of W_NN)"];
W= Simplify[QInv[W]];
Print["Step 5/6 (Simplifying (Y_NN)* (W_NN)A(-1))"]1;
Q=Simplify[Qmult[Y, W]];
Print["Step 6/6 (Taking the Derdivative)"];
2«D[0Q, x]
1
qdinv[A_] :=Table[QInv([qd[A, {j, 1}]], {i, 1, Length[A]},
{i, 1, Length[A]}]
qd[A_, {1, 1}] :=A[[1, 1]] /;
qd[A_, {7_, 7_}1:=
ALLT, 711 -
(MatMult [MatMult[rij[7, 7, A], qdinv[submatrix[7, 7, A]]1],

n =

Length[A] == 1

Proposition 2.7. Let F = {¢1, ¢o,. ..
be a KdV-Darbouz kernel. Define
F = {d1q1, 0202, -, dugn} for any nonzero

quaternions qi,qa, . .., q, € H. Then Q(]?) =
Q(F).

Proof. Let ¢, for 1 < m < n index the func-
tions in the KdV-Darboux kernel F. Simi-
larly, let ¢, denote the corresponding nonzero
quaternion applied to ¢, in the construc-
tion of F. Then there exists the unique
monic differential operator K whose kernel
is the span of F. So ¢,, € ker K by defi-
nition and K(¢,,) = 0. But, each ¢,,q, €
Span(F) = ker K. So K(¢mngn) = 0 also.
Thus the same unique K corresponds to both
F and F (since their spans are the same).

, fn}

Then, since K corresponds to a unique solu-
tion wu(z,t) through the process in Theorem

k.5, Q(F) = Q(F). m

Next, we conclude that multiplying each
¢; in F on the left by some nonzero quaternion
merely rotates the associated solution u(z,t).

Proposition 2.8. Let F = {¢1,¢P2,...,0n}
,qOn} where q is a nonzero quaternion. Then

cijri, 7, A11) [[1, 1]1]

Figure 4: Mathematica implementation of The-
orem 2.6. QKAdVEGR calls upon the recursive
quasideterminant function qd to form > b,,.

be a KdV-Darbouz kernel and F = {q¢1,q02, - -
¢QF)g ! = Q(F).

Proof. Let K be the unique monic differential operator corresponding to F, and K be the
unique monic differential operator corresponding to F. First, I claim that K = q_lK q. Letting
¢; be a general function in F, we see that applying ¢ 1K q to ¢; results in

¢ Kq(¢0) = ¢ ' K(q¢:) = ¢ (0) =0

since q¢; is in the kernel of K. Since q_llA( ¢ is a monic differential operator containing all of ¢;
in its kernel, equality follows from uniqueness of K. Now, using the intertwining relationship,

(@®+u)o K < ¢ 'Kqod® = (0" +u)oq 'Kq
— Kod=q@+u)oq 'K
= Kod®*=(8*+qug oK.

Kod? =
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1 1

Thus K leads to the solution quq~*, where w is the solution associated with K. Thus ¢Q(F)q~ ' =
Q(F) as desired. [

THREE BASIC QUATERNION-VALUED SOLUTIONS TYPES

3.1

3.2

In this section, we will pursue the characterization of three distinct solution types for the non-
commutative KdV equation . While the solutions display similar properties to complexitons
[12], study of quaternionic 1-solitons and their interactions with other solutions reveals a richer
structure than anticipated in papers prior. Further, these quaternionic interactions inform a
new understanding of the direct and inverse scattering problem in the real and complex case.

Definition 3.1. We say that the function u(x,t) is a soliton solution of the ncKdV Equation
(5) if all of the elements in the KdV-Darboux kernel are of the form ae®+4°t 4 Be=9=¢t for
some «, # € H and for ¢ € C with nonzero real part.

Note that this definition of a soliton is uncharacteristically broad — we are simply including
all localized solutions, even if it is singular or does not maintain a consistent shape. In partic-
ular, we want to include the so-called breather solitons, which are localized waves that do not
necessarily maintain the exact same profile during translation.

TRIVIAL SOLUTIONS

Consider the case where each of the functions ¢; € F is of the form ettt for a,q € H. While
F is a KdV-Darboux kernel according to Definition its associated solution is u(x,t) = 0
the trivial solution. Traditionally, this precludes further investigation in the real and complex
cases since their inclusion in a KdV-Darboux kernel does not lead to a higher ordered soliton
interaction. However, as we will see, adding functions such as these to a kernel can change the
solution significantly for reasons that help explain n-soliton interactions.

Since constant multiples of 94t just construct the trivial solution, this is often referred
to as the trivial (“vacuum") eigenfunction. This function can be used to construct other more
interesting functions that satisfy the properties for functions in a KdV-Darboux kernel ,
as will be seen in sections to come.

RATIONAL SOLUTIONS
Much of this discussion is expounded upon in more detail in Albert Serna’s master thesis. Since

partial differentiation commutes (by Clairaut’s theorem), one way we can create more balanced
functions as defined in Definition (2.5)) is as follows:

Definition 3.2. For m € N define A,,, to be the polynomial

am 3
A,, = ——e?*tat )
oqm q=0

A,, is balanced for m € N. Additionally, since property (1) in the KdV-Darboux kernel
definition is linear, we can also take linear combinations of these functions and satisfy the same

property.
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Definition 3.3. Let

B = {iAioﬁ:am GH}

i=0
be the set of polynomials over the functions A; as defined in Definition (3.2)).

Any polynomial in B is also balanced. However, in order satisfy the closure property and
construct a KdV-Darboux kernel, we must include all of its even ordered nonzero derivatives.

Definition 3.4. For any ® € B then let F(®) be defined as
F(®)=A{P, Prs, Povisr,- -, Pas}
where
U e

In order to prove that this is indeed a KdV-Darboux kernel, the following properties are
useful.

Lemma 3.1. Let A,, be as described in Definition . Then

oP m)

Proof. By commuting partial derivatives,

or om

poarta’t

Z A, =
OxP oqm

q=0

Conceiving of the differential operator 0™ = %, we can think of the above computation as

(o) = (oo

q=0 q:0.

However, computing 0™ o ¢P gives us
m !
m P __ m i ) m—I
e ‘;<l>aql(q)a |

The only nonzero term not containing a ¢, and thus the only term that remains after evaluating
at 0, occurs at ¢ = p when %qp = p!. Therefore

((@m og’)o eqmﬂgt) = ((Z) pld™ P o ek‘r+k3t)
q=0 q=0
o m‘ am_p 6k§x+k3t
~ \(m —p)! Ogm—r q=0
m!
= —A,_
(m—p)! """
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Corollary 3.1.1. Let A,, be as described in Definition . Then

oP m)!

%Am - (m — 3p)!Am_3p‘

Proof. This follows from the previous lemma since A, satisfies property (1) of Definition (2.5)).
|

Remark. Putting the previous two results together, we note that for p € N,

oP o3P
Z A =
o™ O3

Proposition 3.2. F(®) is a KdV-Darboux kernel.

Proof. Clearly, F(®) is closed under second derivatives by construction. Now we must show
that any ¢ € F(®) satisfies ¢y, = ¢¢. An arbitrary ¢ € F(®) has the form

8271 m

" Oz Z i

for some M < n € N. Taking the derivative with respect to t,

82n m 8 82n m 83
Or = Op2n Z; (aﬁz) a; = 9p2n ; (%AJ 4 = Dy

1=

Using results that will be presented later in the paper, this form will be improved upon
in Section as an application of the direct scattering problem solution. In particular, it is
shown that one only needs to consider polynomials in B of odd order.

1-SOLITONS
Here we will consider the solitons constructed from singleton KdV-Darboux kernels F = {¢}
and their associated properties. Using Theorem [2.6] the general solution of such a construction
is

u(@,t) = Q) = 2(¢20™")o = 2(Puad™" — (¢0™1)?). (11)

3.3.1 GENERAL FORM OF ¢

Consider quaternionic functions of the form ¢ = " At (i, qi € H). As noted previ-
ously, ¢ is balanced in the sense of property (1) in Definition due to its linearity. However,
in order for its second derivative to be in the span of the singleton kernel F , we need the
additional restriction that ¢,, = ¢q for some ¢ € H. Therefore given a choice of ¢, our general
¢ for the generation of a 1-soliton is of the form

(g, @, B) = ae® Ot 4 fe e, (12)

Further, it is sufficient to only consider ¢ € C C H, as demonstrated in the proposition
below.
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Proposition 3.3. Given a ¢ as in equation such that Q(¢) = u(z,t), another function ngﬁ
of the same form can be found such that ¢ € C and Qo ) u(z,t).

Proof. Define some ¢ = ae®+e’t 4+ =970t with o, 3, ¢ € H. As introduced in section , the
operator ®.(q) = vqy~* effects the rotation of the vector part ¢ of ¢ about v € H. Choose
v € H such that ®,(q) rotates ¢ onto the ¢-axis; that is, such that ®,(¢) = qo + [|7||? = &

Then the inverse rotation (<I>7(q))_1 = ®,-1(q) =y~ gy rotates the complex number g onto g.
So,

¢ = oV DO | ge-(rT ae-( T )
— qe) H@@t@t)y + ﬁe'fl(faxf@?’t)v
_ a’yfle‘?”agt’y + ﬁ,yfle&x+qA3t,y.
Using Proposition , we conclude that (Z = ¢yt u(z,t). |

From here on, we will only consider ¢ = qg + ¢1% such that gy # 0 since otherwise, e? would
decompose into purely trigonometric functions and ¢ would not construct a localized solution.
Without loss of generality, assume that gy > 0.

3.3.2 PROPERTIES OF 1-SOLITONS
This section will characterize the properties of 1-Solitons and link them back to the parameters
of ¢. We will start by showing when ¢ leads to the trivial solution u(z,t) = 0.

Proposition 3.4. Given a ¢ of the form in equation (13) with go > 0, Q(¢) = 0 if either a or
B are zero.

Proof. If a8 = 0, then either a or 3 is zero. Let a = 0 first. Then ¢ = Se~ %9t According to
equation (11) and using ¢, = —Bge~ 9"t = —q¢, we have that

Q(¢) = u(:c,t) = 2(¢m¢71)m = 2(_(](?(2571)1 = 2<_Q)x = 0.
The same argument holds for g = 0. ]

Traditionally, soliton velocity might be found by determining a form for u(x, t) like u(x+-ct),
where ¢ represents how many units the soliton moves per unit time. However, a quaternionic
1-soliton can be thought to have two associated velocities: one for the envelope, and one for the
encased periodic curves. Note that by equation , this question can be investigated by study-
ing ¢(z,1t) aloneﬂ Both of the speeds can be determined by the more general decomposition of
¢ outlined over the next few results.

Lemma 3.5. Let ¢ = qo + 1t + @23 + qsk = qo + ¢ be an arbitrary quaternion. Then for any
imaginary unit vy € {1, 3,k}, we have

ot 2 N =07 oz | NG+ T gz
2[4 2[l71
9Since equation shows that if ¢(z + ct), then u(x + ct).
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Proof. As discussed previously in Section [1.2] we know that

—

. o q . B
et = cos(||7]) + 70 sin([|7])-

Let v be either 2, 7, or k. Then since v2 = —1, Euler’s formula €’ = cos(#) + ~ sin(#) holds for
each imaginary unit individually. Now, note that

et — 1) = —Leos(|7]) + ysin(I71) — (o) — ~sin(|1))]

= —*sin([|7]))
= sin([|7])

and

Lz TP 1 L o o N
S (€T 4717 = S eos(l|g]) + v sin([71) + cos(lIZ ) — v sin(7 1)

= cos([|7])-

We can substitute these in to get:

el — pdo+d

— e90d
— o0 | cos(1a 1) + - sin(ll
= v Jeos(7 ) + o sin(1 1)

[1 - . q i . ,
— % | Z (71 o=I7] ) + = <__ Mall — =l }

B ) am 2 )
_ o [T =T oy, we—wn}

2|71l (171
— Hq”—_meqoﬂ\\ill + weqo—v\\ill
21|41l 2[4

Proposition 3.6. Let ¢ = qo + ¢ be an arbitrary quaternion, where § = q1t + q23 + qzk. Also,
let o = gol + (@ — 3 712)1), and B =z + (33 — |IP)t. Then

grerat _ NI = 0% avigqys | N2+ 07 amiggys
2|7l 2|7l

for all x,t € R.
Proof. Note that since ¢* = — ||7]|*, we have that

(90 +7)° = g8 + 3637 — 3 |7 — |7II° 7.
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So

1@t _ (a0+d)z+(q0+7)>t
— elao+d)z+ait+3q37t—3q0l|7]*t~ |77t
— elao0z+a3t=300|171*D)+q (z+345t—|17]*1)

Now, choosing v to be the imaginary unit ¢, we can use the previous theorem to conclude that

QOB — 17l - §i€a+i|\a||5 i 171l "tq_’ieafi\\q”nﬂ.
27| 27|

By letting ¢o = g3 = 0, we see that the “envelope part"
et = @@ -3¢D1 can be written as a function of z+ (g2 — 3¢3)t,

. ) = ' envelope
and the “periodic part" % = ei@+Ba-171"0 can be written as a o part
function of x + (3¢5 — ¢?)t. This shows that the envelope part of
u(z,t) has a velocity of (¢3 — 3¢?) while the periodic part has a ===

velocity of (3¢2 — ¢3).

Definition 3.5. For a given ¢ = a9t 4 fe~9~¢t with ¢ = a+
bi mapping to a soliton solution of the ncKdV equation Q(¢) =
u(z,t), we will say the the envelope velocity of u(x,t) is v =
a® — 3b?, while the periodic velocity of u(x,t) is given by 3a® — b*.

periodic
part

If the velocity is negative, then it will move in the positive Figure 5: An  example
direction at a speed proportional to its magnitude. Inversely, if quaternionic 1-soliton solu-
the velocity is positive, then it will be moving in the negative {ion to the neKdV equation
direction at a speed proportional to its magnitude.

Like in the real case, we have that lim, ,4, v = 0. Unlike
the real case however, there can be a difference at the left and
the right. More specifically, if one normalizes a general 1-soliton
u(x,t), then the periodic parts at the left and right of the localized hump have different behav-
iors. An explanation of this comes from considering ¢ = ae® 9’ 4 fe=9~0"t a5 1t — +00. A
technique such as this will be used to develop a more general theory that allows the decompo-
sition of u(z,t) into asymptotic left and right parts in Section

Another important characteristic of ¢ is its associated center. This corresponds to the
“middle" of the envelope part of the soliton. Using that fact that Q(¢) = 2(¢,¢ )., we can see
that the maximum amplitude of the soliton will occur when |¢| is minimized so that |2(¢)] is
maximized. By minimizing ¢, and ignoring small trigonometric terms, we find that the center
is at

with its envelope and peri-
odic part labeled.

In|a~14|
where v = a® — 3b?, the velocity of the envelope. This matches the form for the center in the
real case shown in [3] since if we were to make ¢ and [ real and o = 1 such as in the paper,
then reduces to

ln|ﬁ|/2_ 2

a“t
a
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THE DIRECT SCATTERING PROBLEM

4.1

The direct and indirect “scattering problem" is terminology traditionally associated with the
renowned first method to solve the KdV equation published by Gardner, Greene, Kruskal, and
Miura in 1967 |18|. In this paper, the direct scattering problem refers to how the properties of
individual solitons within a multisoliton solutions affect their interaction.

In the real case, two solitons as collide in a particle-like fashion where they seem to exchange
amplitudes and velocities. This interaction is described by the famous phase shift, where one
soliton is shifted forward and the other shifted back as a result of interaction [19]. This shift in
the real case is found the be wholly contingent on the velocities involved. As we will see, in the
quaternion case, this phase shift is also dependent on the quaternionic coefficients, which can
be adjusted to allow for forward shifts, backward shifts, and solutions that do not interact at
all. Surprisingly, the following theorem about how the trivial solutions affect the KdV-Darboux
transformation is of use.

THE TRIVIAL SOLUTION SHIFT
Lemma 4.1. Suppose F = {¢1, 02, ...,0n} is a KdV-Darboux kernel and that Q) is a constant
coefficient differential operator. Then as long as Q(F has an invertible Wronskian, Q(F) =
{Q(¢1),...,Q(pn)} is also a KdV-Darbouz kernel.

Proof. Since @) is a constant coefficient differential operator of some order n, it has the form
Q=" a0 where a; € H. Therefore applying ) to some ¢ € F is equivalent to taking some
linear combination of the derivatives of ¢:

Q<¢) = CL1¢ + a2¢m + -+ an(bz"-

Since partial derivatives commute, property 1 for a KdV-Darboux kernel is still satisfied.
All that remains is showing that property 2 holds. Since derivatives distribute, we see that
Q(®)zz = Q(¢zz). Now, since ¢,, € F, there exists some linear combination of other functions
[ € Fsuchthat ¢,, = > " fia;. Noting that for any functions g and h, Q(g)+Q(h) = Q(g+h),

we see that . .
i=0 i=0

Lemma 4.2. Suppose F = {¢1, P2, ..., ¢n} is a KdV-Darbouzx kernel. Define
G ={g; | gi = ™% for 0 <i < N}.

Let @ be the unique monic constant coefficient differential operator with Span{G) as its kernel.
Then as long as the Wronskian of the bigger set F U G s invertible, it is also a KdV-Darboux
kernel and Q(F U G) = Q(Q(F)).

Proof. Let K be the unique monic differential operator corresponding to F U G, and K be the
unique monic differential operator corresponding to Q(F). First, I claim that K = K o Q.
Letting ¢ be a general function in FUG. Then either ¢ € F or ¢ € G. If ¢ € G, then applying
KoQ(¢) = Ko0 = 0 since ) is the KdV-Darboux kernel of G. Otherwise, if ¢ € F, then
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K 0 Q(¢) = K(Q(¢)) = 0 since Q(¢) € Q(F), and K is the KdV-Darboux kernel of Q(F).

~

Since K o () is a monic differential operator containing all of functions of F U G in its kernel,
equality follows from uniqueness of K. Now, using the intertwining relationship,

Kod=(0*+u)oK <= I?OQO(?Q: (62+u)o[?oQ
= (Kod*)oQ=((0"+u)oK)oQ
= Kod*=(*+u)oK.
Thus K gives the same solution u associated with K. Thus Q(Q(F)) = Q(FUG) as desired. W

So if there are trivial eigenfunctions in a KdV-Darboux kernel F, the associated solution
u(zx,t) is the same one associated with the smaller kernel created by applying @) to each non-
trivial function. This is important because asymptotically, the form of our general 1-soliton
behaves like a trivial eigenfunction within F since

3 g3 3
ettt 4 Bem 1Ty et a5 1 and t get large,

and
3 _ _ 3 _ _ 3
et Tt BemIT 0t g BeT9TTT 55 g and t get small.

This gives rise to the following theorem.

Theorem 4.3. Let F = {¢1,...,¢,} and agé Span (F) where
q/b\z et et 4 ﬁe—qm—q?’t

and ¢ = a + bi with a > 0. If u(z,t) = QF U {¢}), then u converges uniformly in time
to uy(z,t) = Q(F;) as v — oo and uniformly in time to u_(z,t) = Q(F_) as v — —o0,
where

Fr ={Q (1), -+, Q1 (¢n)} Qr=0—aga™’

and

‘F—:{Q—<¢1)7 7Q—<¢n)} Q—:a—i_ﬁqﬁil
In other words, given any € > 0 we may choose a distance 6 relative to the moving center
c5(t) so that for all t, if x satisfies [c5(t) — x| > 6, then either |u(z,t) — uy(z,1)| < € when
x> cy(t) or [u(z,t) —u_(z,t)| < e when x < cz(1).

Proof. We first show that for any particular time ¢ty € R, u(z,ty) approaches u,(x,ty) and
u_(z,ty) as x >> C(g(to) and r << cqg(to), respectively. Note that the center equation cd;(to)
corresponds exactly to the point at which the two exponential terms of u(z, ty) are in equilibrium

in the sense that
ch(t0)+q3t0

‘ae

. So

>> ’BG*Q‘T*(]%O

3 . 3
However, as x >> Ca(to), the term e % dominates, so that ‘ae‘””q to

. . - n 3 . .
the approximation ¢ ~ = ae?*T7% hecomes increasingly sharp, as does
+ )

u(z, o) = AF U{o}) = UF U {64}).
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Q({d1,¢2})

Q{P1}+) |

Figure 6: A example quaternionic 2-soliton solution to the ncKdV equation depicted before
collision and after collision with centers labeled according to Definition (4.1)).

Now, by to the proceeding Lemma |4.2]

QF U{01}) = AQ+(F)) = AFy) = uy(z,1),

where (). = 0 — aqa™" is the computed unique monic constant coefficient differential operator
with Span(G). Thus, as long as x is chosen to be adequately larger than Cg)(to), u(z, ty) can be
made arbitrarily close to u(x,ty). This means that for every e > 0, there exists a ;. > 0 so
that c;(t) — 2 > d; implies |u(z, o) — us(2,%0)| < €. By a similar argument, for every € > 0,
there exists a 0 > 0 so that x — c;(t) > J_ implies that [u(z,?9) — u—(z,ty)| < e. Now, by
choosing 0 = min{é_, d, }, the claim is true for fixed time t,.

Now, all that is left to show is that the choice of ¢ is independent of ¢. It suffices to show that
if ¢ varies by some amount, then x can be shifted by this same amount so that the magnitude

Be—qﬂc—qgt
as the solution wu(x,t) moves in time, §; moves along at velocity a? — 3b>. WLOG, choose
. According to Proposition

1

and remain the same. This guarantees that

« . 3
of the approximate solutions ’ozeq”q t

ettt

‘aeq”qg’t = ||

a(z+(a®—3b2)t)

edo et — lae :

|

Now, if we shift this magnitude in time by some amount, say by At, then

a(z+(a?—3b%)(t+At

2_3p2 2_ap2
\a|e ( a(z+(a*—3b%)At)+(a*—3b )t.

) — lale (
Thus shifting x by the amount of time multiplied by the velocity, as desired. Thus the choice
of 9 is t-independent. [ ]

APPLICATION TO 2-SOLITON SCATTERING %
The previous theorem, reduced to n = 2, allows for a complete description of the 2-soliton
interaction and its associated phase shift. First, we will set up some notation.
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3 3
¢i = ¢(qi, i, B;) = et T 4 Gem Tt
index the (two) functions in F, and let ¢; = a; +b;¢. To remain consistent, I will call the soliton
with lowest velocity ¢;, and the other ¢, (as defined in Definition (3.5))). This way, the solitons

are spatially ordered from left to right for ¢ >> 0. It is assumed that they do not have the
same velocity, since in this case, there is no collision.

Definition 4.1. Let ;" be the unique monic differential operator whose kernel contains ¢; —
Bie TGt = et T4 and let Q- be the unique monic differential operator whose kernel
contains ¢; — ;e tat = fie~ 74" Define ¢F = QF (F\{¢;}), where Q7 is applied element-
wise to F\{¢;}.

Working this out for n = 2, we have

o7 = ¢ (g2, Brau By "an + aga, B1¢1 By B — Pogo)

03 = ¢ (q1, BBy "ar + rqu, B35 ' B — Bran)
=0 (g, —uqiay o + asge, 1107 Bo — Pogo)
93 = ¢ (q1, —ageay oy + ouqr, —agos ' B — g -

Corollary 4.3.1. Let uy(z,t) and u_(z,t) be KdV 1-soliton solutions:
up(2,1) = UQ4(d2)) Qv =0 — a1y,

u—(z,t) = AQ-(¢1)) Q- =0~ bagufs .
For sufficiently large values of t, the solution u(x,t) = Q({¢1, d2}) will look like their sum.

That is, fort >> 0,
u(z,t) = uy(x,t) +u_(x,t).

Proof. Let € > 0 be given. As given in Theorem [£.3 we have a distance d; so that for any time
t, if we choose = more that 0, away from cg, (f) on the right, the solution u(x,t) is within € of
ut(x,t) at every point. Similarly, there exists a o so that far enough away from cy, (1), u(z,t)
looks like u_(x,t) on the left.

Since the centers are moving at different velocities, ¢ can be chosen so that they are
arbitrarily far apart. Note that u, and u_ are 1-soliton solutions with the same velocities as
Q(¢1) and Q(¢p2), respectively. So for some time ¥, [cg4, (t') — cg, ()] > max{d1,d2}. Thus on
the right, u is well approximated by u, and on the left, u is well approximated by u_. Since
for every calue of z, u looks like either u_ or w, while the other is negligibly small, we have
that u ~ uy(x,t) +u_(x,t). [

I will use the forms from Definition to try and relate the linear trajectories of the
quaternionic 2-soliton interaction. We are assuming that a; # 0, so that the soliton is localized.

Lets focus first on ¢;. To reiterate, ¢ is the function corresponding to the 1-soliton on
the right of ¢, while ¢; corresponds to the left of ¢;. Therefore after impact, the center has
trajectory:

Cyr (t) = In|(Biqi Byt + (12(1;)@_1(51(1151152 — B2¢2)] .
2
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Before collision
0

After collision
10

- +
S1 89

Figure 7: A example quaternionic 2-soliton solution to the ncKdV equation depicted before
collision and after collision with centers labeled according to Definition (4.1)).

and before impact:

In|(—arqiag tag + asge) H(—arqray ' Be — Bagn)|

2@2

So their linear trajectories differ by El

1 G117 B — Bags — a1qray ' s — Bagol
— Cgt (t) =—|In — —
2a; 181185 a2 + g a1q10q Qg + oo
_ L _ln (|(51Q151 Ba — 52612)(04191041 Qg — a2Q2)|>]
|(Biq1 By aa + cago) (i B + Bago)|
_ (’(ﬁlﬁhﬂfl — BagaB3 ) (enqragt — 042(]20451)|)}
2ay |(Brq1 87" + cageas V) (anqrar ™ + BagaBy )|

Cor (1)

Note that in the real case, where o = 1, we have the usual

1
cr(t)=—1In

Q2

41— 42
o+ gl
All of this work is nearly identical for ¢o, but since ¢5 is on the right for t << 0, Cos (t)

actually describes the soliton associated with ¢, before collision and Cot (t) describes the soliton
after collision. Therefore the difference is

Coy(t) =

Cor () =

Ine
() = =/,
C¢2<) 2a,

where
_ |(Brg1 Byt = BogoB3 ) (nqiart — angoas )|
(BBt + cogeoy ) (crqiar ' + B85 )]
Now we can describe the lines dictating the linear trajectory of the soliton centers.

ap™t| = |87 o

ONote: a, 8 € H= |al/|B| =
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Figure 8: An example graph of the lines defined in Definition (4.2]).

Definition 4.2. Let uy(x,t) be a 2-soliton solution to the KdV equation. Additionally, to
shorten notation, let

loageay ' B — B
laages 'y — anqy]

o BBl s +asgs|
|B1q185 ' B2 — Baga]

We define the following lines:

&2 & =1In

_ &+ 1Ine _ &

I 1o =vot + —— l5 1z =uvt+——
&2 & —Ine

lfll‘:UQt—i—Q—aQ l;2$:U1t+2—a1

Remark. My notation differs from 3| here. The lines with negative superscripts in BKY are
solitons to the left of the collision. Since quaternionic solitons can move both left and right, the
frame of reference has been changed. For example, I shows the path of the soliton left of ¢;.

Proposition 4.4. Ast — +00, Q({¢1, ¢2}) =~ s5+sT, which have asymptotic linear trajectories
given by the lines I and [T .

APPLICATION TO RATIONAL SOLUTIONS
At the end of Section [3.2] it was stated without proof that one only needs to consider polyno-
mials in B of odd order. With Theorem [3.4] this can be easily explained.
Let ® € B be of even order m. Then as detailed in Definition ,

]:(q)) = {(I)a (Px:va (I):va:azaca ey (I)m}
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Now, the m-th derivative of a polynomial ® of order m is a constant, so ®,, = ¢ € H. Since this
is of the form of a trivial eigenfunction, we can apply Theorem (4.2]) using @) = 0 to conclude
that R

A(F@) =2 (aF)).

where 0 is applied to each element in the subset F=F (P)\ D,
aﬁ = {(PJU (P3333$7 ceey (I)m—l} - ‘F<¢$)

Since
0 .
P, = o ;Aiai = ;lﬁi—loﬁa
is a function of odd order m — 1, we've found that for every even order choice of ® in F(®),
we could always use the smaller odd ordered ®, in F(®,) corresponding to the same solution

u. Moreover, it is also sufficient to only consider the even indexed A;’s for the lower terms in
® (see Serna, Albert, master’s thesis, College of Charleston, 2019).

CONCLUSION

The non-commutative KdV equation boasts a rich mathematical structure left mostly unex-
plored by investigations of the past. Earlier work in this direction can be found in [9], [11],
or [13|, but this paper contributes a thorough discussion of quaternionic solution behavior in
comparison to commutative results. Results for quaternion soliton theory finds application in
physical systems where noncommutativity plays a large role, such as in quaternionic quantum
mechanics [[7] [25].

Like in the case for complezitons [12|, quaternionic 1-solitons can travel in either direction,
and consist of envelope and periodic parts. However, quaternionic solitons for the KdV equation
differ from the familiar real and complex settings in two striking ways when viewed as planar
waves:

1. Although a quaternion soliton u(z,t) — 0 as x — £o0 like normal, the two sides of the
soliton can be different from one another. In particular, the sides are rotations of one
another.

2. The envelope and periodic parts have distinct velocities.

These differences give marked changes in quaternionic 2-soliton interactions. Although the
envelope shape and speeds of the solitons are preserved in all cases, the shift in position or
phase shift is dependent on the quaternionic coefficients in addition to their incoming velocities.

FUTURE WORK

Currently, the generalization of the phase shift is real-valued, so that it still corresponds to a
physical shift along the spatial axis. One interesting direction would be to derive a quaternionic-
valued phase shift, whose modulus corresponds to its current value, and its direction corresponds

Problems with using quaternions in such systems mostly lie with a more restricted concept of quaternion
analyticity.
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to the rotation that a soliton goes through upon collison. Another interesting direction would
be extend this theory to non-associative algebras, such as the octonions. Recently, after a
presentation of the material in this talk, we discovered an interesting correspondence inspired
by [26] between the soliton solution structure and particular Jordan algebras that hint at
the possibility for an octonion extension. Another interesting direction would be to see what
the properties of a noncommutative Sato Grassmannian, parameterized by solutions to the
nonabelian KP hierarchy. Lastly, I hope to extend the theory of bilinear KdV equations and
the ensuing "direct form" found by Hirota [15] to the noncommutative case.
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APPENDIX

NON-COMMUTATIVE N-KDV HIERARCHY AND THE NCKDV EQUATION
The quaternionic (or more generally non-commutative) KP hierarchy is basically identical to
the commutative KP hierarchy, as seen in [14]. Letting

L=0 + i ui(?*l
=1

be a pseudo-differential operator where u; € H{[z]] and 0 = . the quaternionic KP hierarchy
is defined by the flows

0
—L=[(L"), L
8tm [( )+7 ]
for m € N, where £, denotes the differential part of £ with nonnegative powers of 0.
If one restricts the space of operators £ to only those where £™ = L is an ordinary
differential operator,
0
—L=[(L™™),, L
5L =1L 1

defines the m™ equation of the n-KdV hierarchy with solutions L. The third equation of the
non-commutative 2-KdV hierarchy,
1 3

U = 7 U + 7 et + 7 Wz (14)
is the non-commutative KdV equation or ncKdV equation. Note that we have made t = t3 for
simplicity. The ncKdV equation remains solvable by many traditional routes (subject to slight
generalization). In this paper, we investigate the gauge-like transformations through Darboux
transformations, although there may be an interesting connection to Hirota’s direct method
using 7-functions using quasideterminants.

INTRODUCTION: THE KDV EQUATION
Although there are an infinite number of solutions to the KdV Equation

Uy = iuuz + Z_luaczma (15)

there are only some that satisfy the “soliton" behavior studied in soliton theory. These are
called pure n-soliton solutions, named for their n number of humps.

Definition 7.1. IT_ZI We say that the function u(z,t) is a pure n-soliton solution of the KdV
Equation if all of the following apply:

e It is a solution of the KdV Equation.
e It is continuous for all x and ¢.

. ;cgrf[loou(x’t) = 0.

2noted to be ambiguous across mathematics.
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e [t can be written in the rational-exponential form:

Zzl Ci€a¢x+bit
u(z,t) = Zml : C,eAiztBst
J:

for some positive integers m and n and real numbers a;, b;, ¢;, A;, B;, and C;
e For sufficiently large values of |t| the graph of y = u(z,t) has n local maxima.
A surprising fact is that all n-soliton solutions to the KdV equation are in the form

2 — 272
u(z,t) = 202 In(7(x, 1)) = == (16)
T

aim—l-bit

for some mystery function 7(x,t) of the form ) ce It should be surprising that all

i=1
solutions can essentially be described by such a simple function, and renders the 7 functions

more “fundamental" in this sense. It turns out that
7(x,t) = det Wr(¢py, ..., dn),
where ¢; denote the functions in the KdV-Darboux kernel F. The questions I'm pursuing are
1. Prove and figure out how 7-functions solve KdV.
2. Determine properties of 7-functions.
3. Generalize to KP

4. Are there equivalent quaternion-valued 7-functions?

KP EQUATION & BILINEAR KP EQUATION
The KP Equation is significant because it “contains" KdV inside of it, as shown below.

Definition 7.2. The KP Equation is the nonlinear partial differential equation for a function
u(zx,y,t) that can be written as

Uyy = %uwt —2u2 — Uy — gumm (17)
4 0 3 1
= 30x <Ut - §qu - Zuxmm)
) iV ’

Remark. All functions u(x,t) that solve the KdV equation also solve the KP equation since if
u(zx,t) solves KdV, the right hand side is 0, and since u(x,t) independent of y, the left hand is
also zero.

Therefore KdV solutions are just solutions to KP that happen to be independent of . The
KP Equation is practically the KdV Equation with two spatial dimensions, and its solutions
u(z,y,t) can be visualized as a surface at each time ¢. Just as in the KdV case, there is a
corresponding 7-function that “magically" produces infinite amounts of solutions.
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BILINEAR KP EQUATION

If an equation admits soliton solutions, it has become natural to search for a bilinear counter-
parﬂ. This is because their solutions end up following the linear superposition principle, even
though the bilinear KdV equation is nonlinear.

Definition 7.3. Let 7(z,y,t) be a function of z,y, and t. We say it is a 7-function for the
KP Equation if it satisfies the Bilinear KP Equation:

_37'y2 + 37'@%9: + 3T Tyy + 41Ty — 4T T — AT0Towe + TTazwe = 0. (18)

This is related to the KP Equation in the following way:

Theorem 7.1. Any nonzero T-function can be turned into a solution of the KP FEquation
using
2

0
u<$7 Y, t) = 2@ lOgT(Z[‘, Y, t)

The general definition for a bilinear differential equation is written in the terms of Hirota
Dem’vatifuesﬂ but it might help to see that every term on the left side is a product of exactly
two copies of 7 or its derivatives. This allows for the following theorem:

Theorem 7.2 (Gauge transformation). 7(x,y,t) is a T-function for the KP Equation if
and only if
7(x,y,t) = APV Tr (g g 1)

15 also a solution for any constants X\, a, 3,7.
Moreover, if they are, then they correspond to the same solution u(z,y,t) of the KP Equa-
tion ;

u=202InT =20 In7.

Proof. Let F' be the left side of the Bilinear KP Equation,

F(f(l’,y,t)) = _3fy2 + 3fx23; + 3ffyy + 4ftfz - 4ff:ct - 4f:cfa:a:a: + ffxa:a:a:

so that F(7) = 0 and let 7 = A\e®*™+7%7 One could confirm that F(7) = \2e2(@e+8y+70) (7).
Therefore F'(7) = 0. [

Remark. Linear combinations of T-functions are not always 7-functions - we have only shown
that scalar multiples of real numbers and that weird functions are still T-functions. This s
addressed in the next section.

13there is also a corresponding bilinear KAV equation.
“more information in [15]
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NICELY WEIGHTED FUNCTIONS
Definition 7.4 (Nicely Weighted Functions). Let us say that 7(z,y,t) is a nicely weighted
function] if it satisfies the two linear equations

Tex = Ty Tz = Tt (19)

Theorem 7.3. FEvery nicely weighted function is a T-function.

Proof. Simply replace every 7, = 7., and every 7, = T, in the Bilinear KP Equation (18]).
This will cancel each term with its neighbor. ]

Similar to the “vacuum eigenfunction" e** ™t constructed to satisfy ¢yue = ¢y, there is a

“vacuum eigenfunction" eP U fhag obviously solves the two linear equations to be a nicely
weighted function for any real number z (and is therefore a 7-function). However, note that
we can do better than simply multiplying by a constant since it is nicely weighted: we can
take linear combinations of this function, and it will still be nicely weighted and may lead to
different solutions u(z,y,t) to KP. Even further, since differentiation with respect to the free
parameter z commutes with differentiation of z, y, and t, we can make more nicely weighted
functions:

Definition 7.5. For any number A and any nonnegative integer n, let ng\n) (x,y,t) denote the

nicely weighted function
n

n a zx+22 23
o (@, y,t) = 9C Ty

z=A

So, for example, 2@&0) + 5(,0267) - 2290(_28_2 is another nicely weighted function and therefore

a T-function.
There is one more way to combine nicely weighted functions, which is more interesting
because it can lead to 7-functions that are not nicely weighted.

Theorem 7.4 (Wronskians of Nicely Weighted Functions are also 7-functions). Pick N
linearly independent functions v1(z,y,t),...,on(z,y,t) each of which is a nicely weighted
function. Then their Wronskian

1 P2 T PN
d d : d
T = Wr(p1,...,pn) = det de #1 dz ¥2 ' dz PN
N—‘l N—l' ' N—'l
ddN_1x901 ddN_1x<P2 T hSDN

solves the Bilinear KP Equation (@ and is therefore a T-function, not necessarily nicely
weighted.

Proof. There is really nice proof in [4] starting on page 189, and it may be worthwhile to revisit
at a later time when thinking more about quaternions. ]

referred to as “adjoint eigenvector" in literature.
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SUMMARY

The KP Equation is like the KdV equation but with 2-spatial dimensions - its solutions are
traveling waves on a surface. All solutions to the KdV equation are also solutions to the KP
equations. Likewise, all solutions u(z,y, t) to the KP Equation that happen to be y independent
(i.e. evaluated at some yo so that u(z,yo,t) are solutions to the KdV equation.)

The KP Equation has a bilinear counterpart called the Bilinear KP Equation . Every
solution of this equation is called a 7-function and describes solutions to the KP equation via
u = 2(In7),,. But what do general 7 functions look like? Its easier to talk about a subset of
T-functions called nicely weighted functions, which satisfy f,,. = fi and f,, = f,. A principal
example of this is the nicely weighted function e***2°¥*+=°t Since these are 7-functions, they
solve the Bilinear KP Equation and can be transformed to solutions to KP. There are two ways
that these nicely weighted function can produce more 7-functions.

1. They can be differentiated/evaluated with respect to z and linearly combined and to
make new nicely weighted functions.

2. The Wronskian of a collection of nicely weighted functions is a 7-function, not necessarily
nicely weighted.

7 AND THE 1-SOLITON (NONESSENTIAL)
The 1-soliton solutions of the KP Equation comes from letting 7(x,y,t) be the sum of nicely
weighted functions:

(@,y,t) = o\ (2, y, 1) + 790 (2,9, 1) > 0,M # A

This produces the KP solution

2(A\1 — )\2)2@0‘1+>\2)w+(>\§+)\§)y+(>\§+>\§)t

u(®,y,t) = (ehx—&-/\fy—&-/\?t + e>\2x+>\§y+>\§t)2

for v = 1. This solution looks like a straight line wave front with slope —1/(A\; + Ag) in the
xy-plane and height %()\1 — )\2)2. In the event that \; = —\,, this reduces to the KdV soliton
form.

n-soliton solutions can be produced by combining several 1-solitons solutions by using the
Wronskian determinant method above.

THE GRASSMANN CONE I's4 & BILINEAR KP EQUATION
THE GRASSMANN CONE I'y4
WEDGE PrRODUCTS & NOTATION
Let V and W be vector spaces of dimension 4 and 6, respectively.
Let the basis vectors in V' be written {¢1, ¢a, 3, ¢4} so that any & € V' can be written

4
¢ = Z CiQ;
i=1

uniquely for scalar coefficients c;.
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Similarly, let {wi2, w13, w14, Was, way, w34} be the basis vectors for WIT_GI so that any Q € W
can be written uniquely as
Q = Z Cijwi]‘.

1<i<j<4
Now, we will define the wedge product A : V — W.
Definition 7.6. The wedge product is characterized by the following properties:
o )N =w;ifi < g,
o Oy A (aDy + bP3) = a(Py A Py) +b(Py A P3) if ; € V and a,b € R.
o Oy NPy =—Dy N\ Py
Corollary 7.4.1.
o Any ® wedged with itself is 0.
o [fD, = 2?21 a;¢; and Py = Z?:l b;¢;, then the coefficient of w;; in

a; b

Dy NDy = a; b,

= aibj — Cljbi.

Note that only some elements in W can be written as the wedge product of two elements
in V: these are the decomposable ones. For example, —3w1s — 3wi3 + w14 + 3wog + 2wy + 3wsy =
(h1 + 2¢2 + 303) A (p1 — P2 + ¢3) but wis + wsy cannot be “factored" in this way and so is
indecomposable.

GRASSMANN CONE & PLUCKER RELATION
The decomposable elements in W collectively make up the Grassmann cone.

Definition 7.7. Let
oy ={Q e W|Q =P, A Dy for some vectors ®; € V'}
be the set of decomposable elements in W. We call it the Grassmann Cone.

But how do we find these elements?

Theorem 7.5. The vector 2 = Zl§i<j§4 cijwij 15 1 oy if and only if the coefficients
satisfy the Pliicker relation:

C12C34 — C13C24 + C14C23.

Proof. See page 201 in GOST. |

So, the Grassmann cone is a algebro-geometric object created by the subset of points in
W whose coordinates satisfy a algebraic equation. We can work out (later) the geometric
properties of the Grassmann cone.

16seems strange, but roll with it, the notation makes sense in the context of wedge product properties



36

e Connectivity: The Grassmann cone is connected in the sense that you can “travel" to
any other point on the Grassmann cone without leaving it.

e Dimension: Since a curve has a tangent line, it is dimension 1, and a surface has a
tangent plane, it has dimension 2. Similarly, the Grassmann has a tangent space, and
this is its dimension.

e Cone: If Q) is decomposable, the so is A2 for any number A, which means the Grassmann
cone is made up of lines through the origin (when A\ = 0). Slices of the cone are called
Grassmannians, which are somehow of more fundamental importance than the Grassmann
cone.

GEOMETRY OF PDE’S AND BILINEAR KP
By letting V' be a four-dimensional space spanned by nicely weighted functions ¢; (1 <i < 4),
with the wedge product defined in terms of Wronskians, the Pliicker relation is equivalent to
the Bilinear KP Equation. That is, if you let w;; = Wr(¢;, ¢;) so that the Wronskians of the
basis elements of V' make a new 6 dimensional space W with basis {wi2, w13, w14, wog, Was, w4},
and let &1 A &y = Wr(Dy, Oy).

Then we can ask if a general function 7 € W is decomposable and thus a 7-function. As
shown earlier, this is equivalent to asking if its coordinates with respect to basis in W satisfy
the Pliicker relation. Whats not obvious is that the Pliicker relation has identical solutions to
the Bilinear KP Equation.

Theorem 7.6. Let ¢;(x,y,t)(i = 1,2,3,4) be linearly independent nicely weighted func-
tions and let W be the 6-dimensional vector space of functions spanned by

wij(z,y,t) = Wi(¢;, ¢;) 1<i<j<4

where differentiation is taken with respect to x. Then a general element of W

T(z,y,t) = Z ¢ijwis (T, Y, t)

1<i<j<4

is a solution to the Bilinear KP Equation if and only if the coefficients c;; satisfy the
algebraic Pliicker relation (10.4)

Proof. Page (206) of GOST |

The significance of Theorem is that a small part of the solution set to Bilinear KP is
given the geometry of the Grassmann Cone I'y 4.

For every algebrogeometric object, there is a corresponding partial differential equation
whose solutions, which are linear combinations of functions, is exactly those whose coefficients
satisfy the desired algebraic equation of your geometric object. Note that many different partial
differential equations can be arbitrarily constructed so that determining if a linear combination
of functions is a solution is equivalent to an algebraic equation corresponding to a familiar
geometric object. For a (trivial) example, its not surprising that

g(u, v, w, x, Y, 2) = C1oU + C13W + CoaT + C14Y + Co32 + C342
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only solves the partial differential equation

Judv — Guwlz + 9y9- = 0

if the coefficients of g satisfy the Pliicker relation above because, for instance, g, is just a tricky
way to write c15. By isolating coefficients using differentiation and evaluationﬂ, we can show
that the Bilinear KP can be generated in the same way from the Pliicker relation.

So Theorem selects coordinates of points in a Grassmann Cone for a wide variety of
different linear combinations of solutions.

PSEUDO-DIFFERENTIAL OPERATORS & THE KP HIERARCHY
PSEUDO-DIFFERENTIAL OPERATORS
Earlier, higher order KdV-like equations were constructed by assuming that the differential
operator M in the Lax pair -L = [M, L] had order larger than 3. The point of pseudo-differential
operators is to allow inverses to differential operators, which will allow a more general definition
of KAV hierarchies. Keep in mind that these no longer make sense as operators — they cannot
act on functions since there are multiple functions with the same derivative.

DEFINITIONS
Definition 7.8. A pseudo-differential operator (¥ DO) is an infinite sum of the form
N
L= Z ;i (x)0".

We say that £ has order N. Note also that £, and L£_ refer to the truncated terms
-1

N
L, = Zai(x)ai and L_ = Z (7)o"
i=0

so that £, is actually an ordinary differential operator and £ =L, + £L_.
These can be added together by collecting functions with the same power, but multipli-

cation is more difficult. Since we want ! to be the multiplicative inverse to d[F] We must
have

8—1 o f = f@‘l . f/a—Q + f//a—?) [ Z(_l)if(i)@?)a_l_i,
1=0

In general, multiplication can be defined as

F) o g0 =3 (1) flalg @0

i\ i(i—l)(i—ng!n(i—n-&-l) n>0,
n) 11 n =20,

has been expanded to include n > 1.
Now, we can use the following theorem.

Where the definition of

17details on page 214, I have a few questions about the choice of basis for V' and example 10.12.

18 50 that (9710 0o f = f).
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Theorem 7.7. Let L be an ODO. Then there exists a multiplicative inverse WDO L~! and
a VDO L™ with the property that (LY/™)" = L.

n-KDV HIERARCHY

Theorem 7.8. Let L be the monic ordinary differential operator

n—2
L=0"+) ux,t)d,

=0

and define M = (L¥/™),. Then L= (M, L] is a soliton equation we call the k' equation
of the n-KdV Hierarchy.

Proof. Earlier in the book, we assumed M was a differential operator of a different order, and
then canceled out the necessary terms in L = [M, L] so that the equation makes sense. The
proof of this similarly just verifies that both sides of the Lax form are of order n — 2. |

Although this is a closed form for the KdV-type equations, it might be arguably harder to
find since we’d need to find L*/".

KP HIERARCHY
The KP Hierarchy contains all of the equations in the n-KdV Hierarchies, the KP Equation,
and others. It is strange at first because it is written in terms of infinitely many variables and
pseudo-differential operators.

Definition 7.9. Define t = (¢1,1s,t2,...) to be the collection of infinitely many variables ¢;
with index ¢ running over the positive integers. Its convenient to let the first three be the
variables already introduced for the KP Equation so that

l’:tl y:tg t:tg

We say that a pseudo-differential operator
L=0+) ai(t)o”
i=1

is a solution to the KP Hierarchy if it solves the Lax Equations

0 .
5L =€), 4]

for every 1.

There are many connections between the KP Hierarchy and previously encountered soliton
equations. For example:
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Theorem 7.9. If L = 0+ a1(t)07" + ... is a solution to the KP Hierarchy then the
function u(x,y,t,ty,ts,te,...) = 2a1(x,y,t,t4,t5,t6,...) is a solution to the KP Equation
for any fized values of t; for i > 4.

Note also that the KdV Hierarchy is a subset of the KP Hierarchy. The £ that satisfies
the KP Hierarchy and is also a ordinary differential operator £" for some n the KP Hierarchy
reduces to the KdV Hierarchy for £".

Lemma 7.10. If L" is an ordinary differential operator, then %ﬁ = 0.

Theorem 7.11. If L is a solution to the KP Hierarchy and L = L" is an ordinary
differential operator, then

8 . k/n

so that L is a solution of the k'™ equation of the n-KdV Hierarchy with respect to the
variable ty,.

Even after all this, we have yet to discuss the way to make £, and by extension, solutions
to every soliton equation. The construction follows a similar idea as Theorem 8.3 in GOST.

Theorem 7.12. Let ¢1(t), ¢o(t), ..., dn(t) be functions with a nonzero Wronskian each
of which satisfies the conditions

0 0
8_15§¢j(t) = a—ticﬁj(t)

for each i =2,3,.... Then the pseudo-differential operator
L=KodoK!

is a solution to the KP Hierarchy where K 1is the unique, monic ordinary differential
operator (with coefficients depending on t; for i > 2) whose kernel is the n-dimensional

space of functions span{pi(t),..., ¢,(t)).
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