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Abstract

We derive a Riemann-Hilbert problem satisfied by the Baker-Akhiezer function for the finite-gap
solutions of the Korteweg-de Vries (KdV) equation. As usual for Riemann-Hilbert problems associated
with solutions of integrable equations, this formulation has the benefit that the space and time dependence
appears in an explicit, linear and computable way. We make use of recent advances in the numerical
solution of Riemann—Hilbert problems to produce an efficient and uniformly accurate numerical method
for computing all periodic and quasi-periodic finite-genus solutions of the KdV equation.

1 Introduction

The goal of this paper is to find a new description for the so-called finite-genus or finite-gap solutions of the
Korteweg-de Vries (KdV) equation

up + 6uly + Uprr =0, (2,t) ER X R, (1.1)

and to use this description to compute them.

The finite-genus solutions arise in the spectral analysis of the Schrédinger operator with periodic or
quasi-periodic potential, where the spectrum has only a finite number g of finite-length bands separated by
g gaps. They are explicitly described in terms of Riemann theta functions, parameterized by hyperelliptic
compact Riemann surfaces of genus g. In the context of the periodic problem for (1.1), these solutions play
the same role that is played by trigonometric polynomials for the linear KdV equation wu + ., = 0 of (1.1):
the general solution to the periodic problem in the space of square-integrable functions is approximated
arbitrarily close by a finite-genus solution with sufficiently high g. An eloquent overview of the extensive
literature on these solutions is found in McKean’s review [14] of [15]. Of particular importance in the
development of this literature are the pioneering works of Lax [13] and Novikov [18]. Excellent reviews are
also found in Chapter 2 of [17], Dubrovin’s oft-cited review article [9], and [2], parts of which focus specifically
on the computation of these solutions.

The computation of the finite-genus solutions is a nontrivial matter. Although Lax’s original paper [13]
includes an appendix by Hyman, where solutions of genus 2 were obtained through a variational principle,
the now-standard approach of their computation goes through their algebro-geometric description in terms
of Riemann surfaces, see [4] or [12], for instance. Another approach is through the numerical solution of
the so-called Dubrovin equations, a set of coupled ordinary differential equations that describe the dynamics
of the zeros and poles of an auxiliary eigenfunction of the spectral problem, the Baker-Akhiezer function
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[2, 8]. The finite-genus solution is easily recovered from the solution of the Dubrovin equations [17, 22]. One
advantage of all these approaches over the variational method employed by Lax and Hyman is that periodic
and quasi-periodic solutions are constructed with equal ease. The same is true for our approach, described
below.

The essence of this paper is the derivation of a Riemann—Hilbert representation of the Baker—Akhiezer
function. We construct a Riemann-Hilbert problem (RHP) whose solution is used to find the Baker—Akhiezer
function. From this, one extracts the associated solution of the KAV equation. The x- and t-dependence of
the solution appear in an explicit way, so that no time or space stepping is required to obtain the value of
the solution at a specific x and ¢. This should be contrasted with, for instance, the numerical solution of the
Dubrovin equations [22]. Furthermore, just like for the method of inverse scattering [24], the infinite-line
counterpart of the problem under investigation, this dependence of the KdV solution on its independent
variables appears linearly in an exponential function in the RHP.

In order to solve this RHP, we employ a regularization procedure using a g-function [7]. This simplifies
the x and ¢t dependence further. The resulting RHP has piecewise constant jumps. Straightforward modi-
fications allow the RHP to be numerically solved efficiently using the techniques in [20]. This results in an
approximation of the Baker—Akhiezer function that is uniformly valid on its associated Riemann surface.
This, in turn, produces a uniform approximation of the associated solution of the KdV equation in the entire
(z,t) plane.

In this paper, we begin by introducing the required fundamentals from the theory of Riemann surfaces.
Next we use the methods of Chapter 2 of [17] to describe how hyperelliptic Riemann surfaces are used to
solve the KAV equation for a restricted class of initial conditions. The representation of the Baker—Akhiezer
function in terms of a RHP is derived in the next section. The modification of this RHP is discussed in the
two subsequent sections. The final form of the RHP is presented in Section 6. In the final section the RHP
is solved numerically and the numerical convergence of the method is verified. The method is illustrated
there with many numerical examples.

It is unlikely that this new computational approach to the finite-genus solutions of the KdV equation is
competitive in terms of speed, with the classical approach via Riemann theta functions and Riemann surfaces
cited above. Nevertheless, the explicit description of these solutions in terms of a RHP and its numerical
solution may lead to other interesting developments. Furthermore, through the results of [21], the accuracy
of the numerical results is guaranteed for all ranges of the parameters.

2 Riemann surfaces

We use this section to introduce the fundamental ideas from the theory of Riemann surfaces that are needed
below. Most of these fundamental facts can be found in [2, 8]. The unfinished lecture notes by B. A.
Dubrovin [10] provide an especially readable introduction and most results stated below can also be found
there.

Definition 2.1. Let
FOup) = 12 = Pagis\), or FO\) = i = Pagy1 (V).

The algebraic curve associated with this function is the solution set in C% of the equation F(\,w) = 0.
The desingularization and compactification of this curve is a Riemann surface, T'. For this restricted class
of polynomials the associated Riemann surface I' is said to be hyperelliptic. We only consider hyperelliptic
surfaces.

Define the a cycles {a; }5:1 and the b cycles {b; }5:1 on the Riemann surface as in Figure 1. The set
{a;j Ub; }?zl is a basis for the homology of the Riemann surface. It is well known that the hyperelliptic
surfaces in Definition 2.1 are of genus g¢; they can be identified with a sphere with g handles. It is also well
known that a genus g surface has g linearly independent holomorphic differentials, denoted wy,...w,. We
choose the normalization

f wp =2midiE, Jk=1,...,¢.

J



The matrix
B = (Bjr)i<jregr Bir :fé) o
i
is known as a Riemann matrix. Although this matrix has important properties and is necessary for computing
the theta function representation of the finite-genus solutions we do not need it directly.

Figure 1: A cartoon of a hyperelliptic Riemann surfaces with a choice for the a and b cycles.

Lemma 2.1 ([9]). Let w be a holomorphic differential on a Riemann surfaces of genus g. If

% w=0,j5=1,...,9

J

then w = 0.

Lemma 2.2 ([9]). Every holomorphic differential f on a genus g hyperelliptic Riemann surface pu? —
Pog1(N) =0 can be expressed locally as

po a0,
u b)

where q is a polynomial of degree at most g — 1.
A divisor is a formal sum
k
D= anQj, n; € Z,
j=1

of points ); on the Riemann surface. Given a meromorphic function f on the Riemann surface with poles
at @; of multiplicity n; and zeros at R; with multiplicity m; we define the associated divisor

l k
(f)=>_miR; = > n;Q;.
j=1 j=1

The degree of a divisor

k

k !
deg D = an so that deg(f) = an — Zmi.
j=1 j=1

Jj=1

A divisor is said to be positive if each n; is positive and D > D’ holds if D — D’ is positive. We use [(D) to
denote the dimension of the space of meromorphic functions f such that (f) > D.

Lemma 2.3 (Riemann inequality [9]). For a genus g surface, if deg D > g then

(D) >1+degD —g.



A divisor D is said to be nonspecial if the Riemann inequality is an equality. Define the Abel mapping
for points on the Riemann surface by

AQ) = [ JEw o [Sw, } (2.1)

where the path of integration is taken to be the same for all integrals. Note that this is well-defined for the
appropriately normalized differentials. We extend this map to divisors D = Z?Zl n;Q; by

k

Theorem 2.1 ([9]). The Abel map A maps points on the symmetrized Riemann surface to the associated
Jacobi variety J(I') = C9/{2nM + BN} for M,N € Z9. Furthermore, if the divisor D = Q1 + --- + Qg is
nonspecial then A has a single-valued inverse from the Jacobi variety to the symmetrized Riemann surface
in a neighborhood of A(D).

We do not make use of this theorem directly but include it for completeness. Next, we describe properties
of Abelian differentials of the second kind that are needed below

Definition 2.2. Given a point Q on the Riemann surface and a positive integer n, an Abelian differential
of the second kind is a meromorphic differential that has a single pole of order n + 1, so that its local
representation s

vg = (""" +0(1)) dz,
with respect to a local parameter z, z(Q) = 0.

When @ is the point at infinity we construct these differentials explicitly. As a local parameter we take
22 =1/ since Q is a branch point. If n is even we set

1
n o _ - n/271dA.
1% 2)\

oo

When n is odd, there is more to be done. First, compute

J —2j-3
) G dz
P(z72)
Then
P(z?) =291~z Qgy1) H(1 - 22%)(1 —2°B))
j=1
Thus
—-1/2
M , J
—d)\—— TETER2 (1 - a4 H (1—2%a;)(1 - 2%5)) dz
Jj=1

= (227272129 L O(1))d=»
We choose j = g+ (n—1)/2 so that

1 \9t(n—=1)/2
vhy = ————dA\
2 w
Let p2 be the differential obtained from v” by adding holomorphic differentials so that it has zero a cycles.
We state a lemma concerning the b-periods of these differentials.

Lemma 2.4 ([10]). Define yx(z) through the equality wy = yx(2)dz and 22 = 1/X\. Then
1 dnfl

n_ - ¢ Ck=1,....g.
ék Hoo = T dz"—lyk(z) 0 g



3 The finite-genus solutions of the KdV equation

We begin by considering the scattering problem associated with the KdV equation. The time-independent
Schrédinger equation

U —up(z)¥ = AU, (3.1)

is solved for eigenfunctions ¥(x, \) bounded for all . We define the Bloch spectrum

S(ug) = {)\ € C: there exists a solution such that sup |¥(z, \)| < oo} .
z€R

It is well known that for ug(x) smooth and periodic the Bloch spectrum consists of a countable collection of
real intervals

U [, B3],

oy < By < ajpr < Bjt-

If there are only n + 1 intervals then 5,11 = co. We refer to the intervals [c;, ;] as bands and the intervals
[Bj,a;+1] as gaps.

Assumption 3.1. S(ug) consists of a finite number of intervals. In this case we say that ug is a finite gap
potential.

Define I' to be the hyperelliptic Riemann surface associated with the function
g
F(\p) =p*=P(A), P(\) = A =g H — ;) (A = Bj).

See Figure 2 for a cartoon. We divide this surface into two sheets. Choose the branch cuts for the function
P()\) along S(ug). We fix the branch by the requirement \/P(\) ~ (—1)9i|A|971/2 as A — —o0. Define

\/P()\)Jr to be the value lim,_,g+ /P (X + i€). This allows us to define
Iy ={(\+£/P(\) ):reC)

When considering a function f defined on I" we use the notation fi so that fi(f-) denotes the function
restricted to I'y (I'_). In this way we can consider fi as a function of only A\. We need an explicit description
of the a cycles since we take a computational approach below:

a; *{ )\ \/ TN E 6170414-1 }U{ )\ \/ HPNS ﬂhal-‘rl)}

The a; component on I' (F,) is oriented in the direction of decreasing(increasing) A. This description is
also useful since we will consider poles and zeros lying on the a cycles.

Remark 3.1. There is some inconsistency in the notation fi which is also present in the literature [10].
In what follows, it will be clear from context whether we are referring to a function defined on the Riemann
surface or to fy and f_ separately.

We introduce further notation that will be of use later. Given a point Q = (A, w) € T', we follow [11] and
define the involution * by Q* = (A, —w). This is an isomorphism from one sheet of the Riemann surface to
the other. It is clear the first sheet is isomorphic to the cut plane

g
C=C\{ [ags1,00 UO@,@ )

through the mapping " : T'y — C defined by Q = A and its inverse " : C — T'y defined by A = (), \/P()\)+)
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Figure 2: A cartoon of the Riemann surface associated with the finite gap potential ug.

Lemma 3.1. [17] For every xy € R there exist two solutions Y1 of (3.1) such that

o U (xz,)\) is meromorphic on T'\ {oco} with g poles at

g
D=3 Qi Qica,

i=1

and g zeros at

9
D'=>"Ri R;€ca.
i=1

e Define v; = R; then {1 satisfies

V5 (x0) € [B), 1], (3.2)
%:—lLﬂ@— (3.3)

- Hk;ﬁj (vj =)

o W (z,\) =etVAE—20)(1 4 O(A~1/2)) as A — oo.

For simplicity we take zop = 0 below. We will always take the branch cut for A'/? to be along [0, o)
and fix the branch by A2 ~ i|A|'/? as A — —oo. If the potential ug(z) is taken as an initial condition for
the KdV equation then these zeros have both time and space dependence v; = v;(x,t). This dependence is
given by [8]

8i(v; +uo/2)\/P(7;5)
Hk;éj (v =)

Vi == (3.4)

and the solution to the KdV equation can be reconstructed through
g g
u(z,t) = =2 yi(@,t) + ager + Y (a5 + B)).
Jj=1 j=1

The (now time-dependent) function Wy (z,t,A) is known as a Baker—Akhiezer (BA) function. From the
general theory of Baker—Akhiezer functions [17] it is known that it is uniquely determined by a nonspecial
divisor

g
D=%"Qi
=1

for the poles and the asymptotic behavior [17]. The following lemma shows that all divisors we consider are
nonspecial.



Lemma 3.2. On the hyperelliptic surface u?> = P()\) the divisor D = 7 | Ri, where R; € a; is nonspecial.

Proof.  Assume f is meromorphic with D < (f). The differential w = df has double poles with zero
residues at the points R;. We have the following representation

g
w = ZyiJrn.
i=1

Here y; are Abelian differentials of the second kind normalized so that they have zero periods along the a
cycles and second-order poles at the points R;. Since f is single valued on the Riemann surface

%w:(), %w:(), k=1,...,9.
ap bk

Since the a periods vanish we conclude that n has zero a periods and must be zero. From the b period condition
we obtain

o= (500 =0, (3.5)

where zj is a local parameter near R; = z;(0) and vy; is determined from the equality wy, = ¢i;(z;)dz; near
R;. We know that wy can be expressed uniquely as the sum of differentials of the form

)\lfl
u = ——d\, forl=1,...,g,
i

with coefficients dy;. If R; = (25, £+/P(2;)) is not a branch point we obtain
Ung(2) = ) drj——

=1 P(ZJ)
If it is a branch point R; = (z;,0) we use the local parameter s = \/X — z; so that

g 22171
Ui (25) = ) dn—m—.
lzzl VP (25)
Since the matrix dy; is invertible the condition (3.5) is reduced to the study of the matriz

Zjl = Z;‘_la

after multiplying rows by suitable constants. This is a Vandermonde matriz, and thus invertible. This shows

that ¢c; = 0 and thus w = 0 and f = C € C. This proves the result. B

Remark 3.2. We have shown that the Abel map is invertible from the Jacobi variety to the symmeterized
Riemann surface in a neighborhood of A(D) for every divisor we consider.

Being precise, we obtain the following unique characterization of the function ¥4 (z,t,A) [17]:

Definition 3.1. The BA function for the solution of the KAV with initial condition ug(z) is the unique
function that satisfies

o U, solves (3.1).
e Uy is meromorphic on T\ {oo} with poles at

g9
D=3 Qi Qi€a; Qi=%(0,0). (3.6)

i=1



o Uy(z,t,\) = Fid el 2t (1 L O(X\=1/2)) g5 X = o0.

[ ] Uo(il?) = —2 Z?:l ’)/j (93, 0) + C)lg+1 =+ Z?:l (Oéj + 6])

Remark 3.3. Instead of computing the zeros of the BA function we derive a Riemann—Hilbert formulation
of the BA function to compute the function itself. The main benefit of this approach is that the roles of x and
t in the problem are reduced to that of parameters. This gives an approzimation to the solution of the KdV
equation that is uniformly convergent in the (x,t) plane. In this sense our method is comparable to the theta
function approach which can also achieve uniform convergence [12]. On the other hand, no time stepping is
required, as for the direct numerical solution of the PDE or the numerical solution of 3.2 and 3.4.

In what follows we assume without loss of generality that oy = 0. If a1 # 0 we define 7 = A — a3 and
consider a modified scattering problem

Wz _UJO(J")‘I’ = (T+a1)‘l/7 (37)
—U, — Uo(z)¥ =77, Gg(x) = uo(x) + ay. (3.8)

Let u(z,t) and a(z,t) be the solutions of the KdV equation with ug(z) and ug(z) respectively, as initial
conditions. If 4(z,t) satisfies the KAV equation then so does @(x — 6¢t,t) + ¢. Therefore, by uniqueness,
u(z,t) = a(x + 6aqt, t) — ay.

4 From a Riemann surface of genus g to the cut plane

Consider the hyperelliptic Riemann surface I' from Section 3. We represent a function fy defined on I' by a
vector-valued function f on C by

FO)=[ F+Q) f-((V9) ]

Assume the function fi is continuous on all of I'. Let A € (a;, 3;) and define Aic = A £ie. It follows that
lim, o+ Axe = lime_,o+ (Axc)*. From the continuity of fi

lim fi(Aee) = lim f((Age)").

e—0t e—0t

Let f£(\) = lim._,o+ f(\ +i€). Then

We form a planar representation of the BA function
TN =[ £+ (V) ]
The function W satisfies

9
U (2,6, ) = U (2,6, )) [ (1) é ] M€ (ani1,00) U | (a5 8)),
j=1

‘I’(iﬂ, t, )\) = |: ei/\1/2$+4i)\3/2 e—ikl/zz—4i)\3/2 :| (I + O(/\fl/Q))

The next step is to remove the oscillatory nature of W for large A. This procedure will affect the jumps, thus
some care is in order. Define

67C(w1t#/\)/2 O
R(x,t,\) = 0 eC@ /2 |

Cz, b, \) = 2izA? 4 8it\>/?



The function ®(z,t, \) = U(x,t, \)R(z,t, \) satisfies

g
ST (z,t,\) = @ (x,t,\) [ (1) (1) ], A€ (apg1,00) U U aj, B),
j=1

N B efg“(:c,t,A) 0 9
O (2,6,\) = D (2,1, \) 0 RUTEE AeUlﬁj,am
_7:

@z, t,\)=[1 1](I+0ON?).

This is a RHP for ® when the poles at 7;(0,0) coincide with «; or ;. The boundary values of the solution
to the RHP should be at least locally integrable [11]. A pole at a band end (a; or j3;) corresponds to a
square-root singularity. In general, we have poles in the intervals (8}, aj1+1) where there are smooth jumps.
In Section 5.1 we treat the case where 7,(0,0) = 8, j = 1,..., g while enforcing that ® remains bounded
at {a; }?:1. No such enforcement is made at {g; }?:1. The general case of poles on the a cycles is treated in
Section 5.2.

5 Regularization

We show how the jump conditions in (4.1) can be reduced to piecewise constant jumps. As mentioned above,
we first perform the calculations in the simpler case when the poles are located at (3;,0) on I'. In the general
case, we use an additional BA function as a parametrix to move the poles to the band ends thus reducing
the problem to the first case.

5.1 All poles at the band ends
We assume v;(0,0) = ;. Define the g-function

P\ & /O‘j+1 —((z,t,s) +iQ,(x,t) ds

g(l‘,t, >‘) = 2mi ’ P(S)+ s\

(5.1)

where Q;(z,t) is constant in A and will be determined below.

Lemma 5.1. The g-function satisfies
o G (x,t,\) + G (x,t,\) =0 for X € (o), B;),
o G (z,t,\) — G (z,t,A) = —=C(, t,\) +iQ;(x,t) for X € (B, aj+1),
e G(x,t,\)//P\) = X0 mi(z, )A™F + O(A7971) as A\ — oo where

i g /aj+1 7C(x’t,s) +ZQ](£B,t) Skflds.

mk(l',t) - - B F
21 =Js P(s)

Proof:  The first two properties follow from the branching properties of \/P(\) and properties of Cauchy
integrals. The last property follows from expanding 1/(s — X) in a Neumann series for large X\. B

Define the matrix function

efg(z,t)\) 0
G(Z‘, t, )\) = |: 0 eg(z’t’/\) ’

and consider the function

Y(x, t,\) = ®(x,t, \)G(x,t, \).



Using Lemma 5.1 we compute the jumps of X:

_ 0 1 !
STz, t,\) =27 (x,t,\) [ L 0 } , A€ (agg1,00 U o, B5), (5.2)
n _ ein(a:,t) 0 9
=t (x,t,\) = % (x,t,)\)[ 0 i ] U B, ajt1). (5.3)

Since \/P(\) = O(|]A]9+1/2), G has growth in A at oo unless my(x,t) = 0 for k = 1,...,g9. We wish to
determine {€; }?:1 so that 3 has the same asymptotic behavior as ® as A — oo, see 4.1. Thus, we must
solve the following problem which we put in slightly more abstract terms since we make use of it again below.

Problem 5.1 (The Moment Problem). Given continuous functions
i) [Bj a5:] = C, j=1,....4,
we seek constants §); satisfying the moment conditions
a1 _f QO
0:/ LN F 8 jicgy =1,
2 P())
Theorem 5.1. The Moment Problem has a unique solution. Further, if each f; takes purely imaginary

values then each €1 is real valued.

Proof: The second claim follows from the fact that \/P(/\)+ takes purely imaginary values in the gaps,
[Bj,ajt1]. To establish the first claim, notice that the Moment Problem is equivalent to the linear system

MQ=V,
Qi1 )\k 1

)
Bi v P
Q —Qj, V Z/ o fj )\k 1d)\

My =

Assume the rows of M are linearly dependent. Then there exist constants dy such that

g
deMkj =0, forj=1,...,9
k=1

Ezxplicitly, this implies

9. [+t aj+1 (I
Z/ di A""ld)\:/ S dpart AN forj=1,...,q.
=176 P(X) ; PN

J J k=1

We show this implies that the holomorphic differential

f deAk 1 idkAk 124
k=1

has zero a periods. Compute

Bji+1 Ak—1 1 Bj+1 Ak—1 @j \k—1 1 k-1
/ d\ = - / dX -|-/ d\ | = fj{ dA.
. w 2 \Ua, w Bjs1 —W 2/a, w

J

Indeed, f integrates to zero around every a cycle implying that f is the zero differential, see Lemma 2.1. But
since each of N*~"Tw™ld\ is linearly independent we conclude that d, =0, k =1,...,g and the rows of M
are linearly independent. The Moment Problem is uniquely solvable. B

10



If we select 2; to make all my, vanish we use the condition
i =11 1
Al;rr;o Sz, t,\) = 1,

in conjunction with (5.2) to obtain a RHP for ¥. It is important that € in Problem 5.1 is real valued. This
implies the piecewise-constant jump matrix in (5.2) is bounded for all z and ¢.

5.2 Poles in the gaps

In this section we show how to use an additional BA function to, in effect, reduce the case where v;(0,0) €
(Bj,j+1) to that of v;(0,0) = B;. We assume that not all poles of U4 lie on the band ends {5]‘}?:1
Consider the planar representation of a BA function (¥,)+ which satisfies

g
— 0 1
\Il;(x,t,)\) =W, (z,t,)) { 10 } , A€ (agg1,00)U U (0, B5),
Jj=1

W, (z,t, ) = [ er(N)/2 o—r(N)/2 ](I+O(/\71/2)),

g
= Zitj)\j_l/Q, tj eR,
j=1

with poles at 3;. The goal is to choose {¢;}7_; so that (¥,) has zeros precisely at the poles of W... Define
(¥,)x = U4 (¥,)x. The planar representation ¥, = ¥W¥, with entry-wise multiplication will now have
poles at 3; and zeros at the zeros of ¥. We find ¥ by first finding two functions (¥,)+ and (¥,)+ both of

which have poles at {(0, ﬂj) 9_, and dividing. Thus, the general case of poles in gaps is reduced to poles at
band ends provided we can ﬁnd the required {t;}7_

Remark 5.1. We are using the term poles loosely. On C, W, has unbounded square-root singularities while
on I, (¥,)% has poles.

We show that we can choose {t;}7_; so that the zeros of (¥,)1 will be at an arbitrary divisor

g
= ZRj’ Rj caj.
Jj=1

We first state a lemma about the location of the zeros and poles of a BA function.
Lemma 5.2. [2] Let D' be the divisor of the zeros of the BA function and D be that of the poles. Assume
Ti(\) =14+ 0(kY), k—oo, K=\ (5.4)
On the Jacobi variety J(I")
A(D")y= A(D) -V, (5.5)
where V' is the vector of the b-periods of a normalized Abelian differential of the second kind v that satisfies

v(Q) = dq(k) + O(k~2)dk, k= k(Q) — oo, (5.6)

%V:O, Vl:]{V,Z:L...,g. (5.7)
ay bl

Conversely, if two divisors satisfy (5.5) then they are the divisors of the poles and zeros of some BA function
which satisfies (5.4).

To determine ¥, we have D and D’. We need to show we can choose v = dr + O(k~2)dk so that (5.5)
holds. The following lemma provides this result.

11



Lemma 5.3. Assume
g g
D=)Q;, D'=> R;, Q;R;ca;
j=1 j=1

Then there exists real constants {t;}{_, so that the differential

g
V= thl/j
j=1
satisfies the properties in (5.6) with q(k) = k(k), and v; can be constructed explicitly.

Proof: Define ; to be the Abelian differential of the second kind with principal part (see Section 2)
=2 - 1) (2 + O(k™?)) dk, k— oo,

where 1/k is a parameter in the neighborhood of co. For j > 1, we choose a path of integration that lies on
one sheet. We have

A
/ 7 = £N V21 4+ ON732)) as A — oo,
A

0

Define
g
v =) ity(7j +1;)
j=1

where n; is a holomorphic differential chosen so that T;+n; has vanishing a periods. We define v; = i(1;+n;).
Consider the system of equations
% v=Vy, k=1,...,¢g
by

It follows that (see Lemma 2.4)

422

1
fy—zlt 'W k-() s kzl,,g

z=0

Here z is a local parameter in the neighborhood of co: z(00) = 0 and wy, = ri(z)dz. To compute these
derivatives we again use a convenient basis, not normalized, for the holomorphic differentials:

N1

uj = dx, j=1,.

Set A =1/2% and compute
g —1/2
= 2720979 ( (1—-aj1z H (1—a;2)(1— B,z )) dz
i=1

= s;(2)dz.

It is clear that the matriz



is triangular with non-vanishing diagonal entries. There exists an invertible linear transformation from
{u;}i_y to {wi}i_,, and since A is invertible, it follows that the system

fv:Vk, fork=1,....¢g (5.8)
by

is uniquely solvable for {t; }?Zl, This proves the existence of a BA function with asymptotic behavior (5.4)
and one arbitrary zero on each a cycle.

In summary, the BA function (¥,)+ = (¥,)+ ¥4 has poles located at (3;,0) and one zero on each a-cycle
corresponding to the zeros of W. We show below how to compute such a BA function. We use the approach
of Section 4 to formulate a RHP for (¥,)4:

_ 0 1 I
E;(:c,t,)\) =3, (x,t,)\)[ 1 0 }, A€ (apg1,00 U o, B5), (5.9)

_ etWi I
zg(x,t,A>zp(x,t,A)[ 0 e } Uﬂj,aﬁl (5.10)

where each of the W; € R is chosen so that the g-function

P(A) G~ [+ —k(s) +iW; ds
2mi = Js, m"“ s—\
satisfies G,(\) = O(A"1/2) as A\ — co. Theorem 5.1 provides a well-defined map from {t; ¥y to {W;}9,
Furthermore each W; can be taken modulo 27. The RHP for (¥, ). is similar but x(\) must be replaced

with &(\) 4 2iz A2 + 8itA3/? to account for the z and ¢ dependence in W. In this case we write W;(z,1).
This is elaborated below.

Gp(A) = (5.11)

6 A Riemann—Hilbert problem with smooth solutions

The numerical method described in [20] requires solutions of the RHP to be smooth. We need to deform the
RHP to take into account the singularities explicitly if we wish to solve it numerically. In this section, we
assume the divisor for the poles of the BA function is

= z(ﬁj’0)7

i=1

and that the Q;(x,t) are chosen so that the moment conditions for G are satisfied. We replace Q;(x,t) with
W; and W;(z,t) in the case of (¥,)+ and (V,)4, respectively. In light of the previous section, all other cases
can be reduced to this. Define

(1) /(27)
IRECES)) 0 S A —aj )\
Az, t,)\) = 0 16zt 0) ] 5(z,t,\) = H( - BJ .

The branch cut for § to be along the intervals [§;, aj+1] and we assume Q;(z,t) € [0,27). Note that A
satisfies

ein(I,t) 0
] € (Bj,ajq1)-

AT (SC, t, )\) = Ai(x7 t, >‘) |: 0 e~ (1)

Define

HO) = 2| 1 TFVAZann
201 1- A~ ana

13



where the function /A — @, has its branch cut on [a,;1,00), and satisfies \/A — anp1 ~ i|A\|'/? as
A — —oo to fix the branch. The last function we need is the g-function matrix

efg(a:,t)\) 0 :|

G(z,t,\) = [ 0 oG(@.t.2)

Note that if we were solving for (¥,)+ or (¥, )+ we would replace G with (5.11).
We introduce a local parametrix for what follows. Consider the RHP

YO =Y () [ 1‘;6 ‘ } . Ae(ab), 6.1)

where we do not specify the asymptotic behavior since we wish to obtain multiple solutions. We claim that
the function

Y (A a,b,a,B,c) = [ —iA—a)* (A =b)"/c i(A—a)*(A—b)° 1

1/C 1 ’ Oé,ﬂ::lig,

is a solution of (6.1). We choose the branch cut of (A — a)*(\ — b)? to be along the interval [a,b] with
(A —a)*(A = b)# ~ A+ as X — oco. To simplify notation we define J;(z,t) = diag(e™*% (@) (@) and

51 5 s By as 00
>
>

J() J1 JO JQ JO

Figure 3: The contours and jump matrices of the RHP for 3.

0 1
e[ 1].

We need a local parametrix at each point o; or 3;. This motivates the definition

Al(:r7ta )\) = Y(Av alvﬂla 1/2’ 71/27 1)5
Aj(z,t,\) =Y (N ), 84,1/2,—1/2,exp(—iQ_1(z, 1)), j=2,...,9+1,
Bj(z,t,\) =Y (N ¢y, 55,1/2,—1/2,exp(—iQ;(x, 1)), j=1,...,9.
This allows us to enforce boundedness at each a; with a possibly unbounded singularity at 5;. The matrices

A; are used locally at o; and Bj at ;.
Consider the following example. The general case can be inferred from this.

Example 6.1 (Genus two). Our initial RHP is (5.2) with the condition
lim X =11
Jim X(z,8,0) = | K

see Figure 3. First, we introduce a circle around oz = ag41. In addition we place a large circle around all
the gaps, see Figure 4. Now, we redefine our function 3 in various regions. Define Xy by the piecewise
definition in Figure 5(a). We compute the jumps satisfied by 31, see Figure 5(b). An important calculation
is that if B1(z, t, ) =[ 1 1]+ O(A!) then

Bt W0 =311 1 )00t [ | TR

=[1 1]+0(\"3).

This allows us to obtain functions with the correct asymptotic behavior.

14



We present the deformation in the interior of the large circle in Figure 5(a). See Figure 6(a) for the
piecewise definition of Xo and Figure 6(b) for the jumps and jump contours for 3Xo. While this RHP can be
solved numerically, we make a final deformation to reduce the number of contours present. Define D to be
the region inside the large outer circle but outside each of the smaller circles around «;, B;. Then define

_ Sz t, VAT (2, t,A) ifAED,
Bs(z,t,A) = { oz, t, ) otherwise.

See Figure 7 for the jumps and jump contours of the RHP for X3. We refer to this as the deformed and
regqularized RHP associated with V4.

Figure 4: Introducing a large circle around o; and f;.

This resulting RHP has smooth solutions by the theory of [25]. Furthermore, the uniqueness of the BA
function gives us existence and uniqueness of the solution of this RHP. See Appendiz A for a more detailed
discussion of the solvability of the RHP. This justifies solving for 33 numerically.

6.1 Reconstruction of the solution to the KdV equation

Once the function ¥3 above is known (at least numerically) we want to extract from it the solution of the
KdV equation. We use that X3 is analytic at infinity and that each component of ¥ satisfies (3.1). For A
large we write

Ya(x, t,\) = O(x, t, \)R(x,t, \)G(x, t, \) H(N). (6.2)

15



XH

b
A" H A5
B2 _ as
-1
b
XH

(a) (b)

Figure 5: (a) The piecewise definition of 3. (b) The jump contours and jump matrices for the RHP for X;.

We find a differential equation for 33. Differentiating (6.2) we find
0:23(x,t, ) = 0, ¥ (z,t, \)R(z,t, \)G(x,t, \) H(\)+

(
W(x,t, N0 R(x,t, \)G(z,t, \) H (M) +
W (z,t, \)R(z,t,\)0, G (z,t, \) H(\).

Ope 3(2,t, N) = 0 ¥ (2, t, ) R(2,t, \)G(x,t, \) H (N\)+
0, U (x,t,\)0, R(x,t, \)G(z,t, \) H(\)+

0, (z,t, \)R(z,t, \) 0, G(z, t, \) H(N\)+

0¥ (2,8, \)O, R(z,t, \)G(x, t, \) H (N)+

W (z,t,A\)0ps R(x, 1, \)G(x, t, \) H (N)+

W (z,t, N0, R(z,t,\)0,G(x,t, \)H(\)+

0, (z,t, \)R(x,t,\) 0, G(x,t, \) H(\)+

W (z,t, N0 R(x,t,\)0,G(x,t, \)H (\)+

W (z,t, \)R(x,t, \)0pe G(x, t, \) H (N).

We seek to simplify this formula. Define 7(\) = diag(2iA'/2, —2iA'/?) then

O R(z,t,\) = r(A\)R(z,t,\),
O R(2, 1, \) = P2 (\)R(2,t, \).

It follows that each Q;(z,t) depends linearly on z. Define g(\) = diag(—0.9(z,t, A), 0zg(x,t, \)), therefore

aiG(:Cv t, )‘) - g(A)G(‘T,ta )‘)7
0,0 Gl,1, ) = 2N G, 1, ).

16



>

SIAT S\ B Ay 3.8y
3]

81 Qg - /32

S 1B ! S ALY 1J2By !

q
¢
¢

A7? B! Ayl By!
‘ JO ‘ Jl JO :
J Byt J1A; JoB;*

Figure 6: (a) The piecewise definition of ¥ inside the outer circle. (b) The jump contours and jump matrices
for the RHP for X5.

Also, R,G,r and g are diagonal and mutually commute. We write

0:23(x,t, ) = 0,0 (x, t, \)R(x, t, \)G(z,t, \) H (N\)
+ W(z, t, ) R(x,t, )G (z,t, )V HNH ' (\)[r(\) + g\ H(\),
Ora 23 (2, t, N) = O ¥(x, t, \) R(2,t, \)G(z,t, \) H())
+ 20, % (z,t, \)R(z,t, \)G(x, t, \NH(N)H " (\)[r(\) + g(\)]H()\)
+ W(z, t, ) R(x, t, )G (z, t, ) H(NH (N [g2(\) + 2g(A\)r(X) + r2(\)]H(N).

We proceed to eliminate W. Since 0., ¥ = —A\¥ — u(z,t)¥, we obtain

Dra X3 (2,1, 0) = [=X —u(z, )] Z3(2, 1, \) + 20, 3(2, t, NV H (N [g(\) + (N H(N)

_1 . (6.3)
= X3(2, t, VH ™ (N)[g(A) +r(N)]"H(N).

Set Bs(z,t,A) = [ 1 1]+ ci(x,t)/A + O(A2) and substitute, assuming each derivative of X3 has an
induced asymptotic expansion,

Daer (5, )/A + ON2) = [FA—u(, O)([ 1 1] +ex(a,0)/A+ O(A2))

H([1 1]+ ez, t)/ A+ ON))H T (N)[g(N) +r(NH D)

+([ 1 1] +e(@t)/A+ 0N 2)H T (N)g\) +r(NPHN).

It can be shown that the O(XA) terms on each side of this equation cancel. Equating the O(1) terms we
obtain

u(z,t)[ 1 1] = — lim_ dper(x, t) I AH (N [g(\) + r(N)]H(N)
—lim ([ =2 A ]J+([1 1]+ec(e)/A+O0N2)H (Vg +rNPHON)).

17



Figure 7: The final RHP for 33. The same deformation works for RHPs which arise from arbitrary genus
BA functions by adding additional contours.

Equating d,¢1(z,t) = [ s1(x,t) s2(x,t) | and working this out explicitly, we find

u(z,t) = 2i(s2(x,t) — s1(z,t)) + 20E, (6.4)
g [eT] o 1/2
E— 1 / 05, (z, 1) +2)\ NI\
2 n=1 n P()‘)

6.2 Regularization of the RHP with poles in the gaps
In this section we deal with the case where the divisor for the poles of the BA function is of the form
g
D = ZQi; Qi € a;.
i=1

We have proved existence of a BA function with one arbitrary zero on each a-cycle. We consider the BA
function (¥,)+ = (¥,)+ W which has poles located at {(0,53;)}7_; and one zero on each a-cycle. In this
section we assume we know ti,ts,... which are required to find (¥,)+. In the next section we discuss
computing {t;}7_,. It follows that

(U,)x ~ 2 @BN2 (6.5)

where

g
Z(x,t,A) = K(A) + 20A2 4 8N = iz + )N 4 2i(4L + o) N2 420 Y A7
j=3

Using the techniques in Section 6.1 we see this is all the information that is needed to set up a solvable RHP
for (¥,)+ with smooth solutions.

18



We have to extract the solution to the KdV equation from (¥,)1. We solve for a function X3, the
deformation of W¥,., that satisfies

S(x,t, ) = ®(z,t, \)R(z,t, \)G (x,t, \) ¥, (\) H(N), (6.6)
W)(\) = ding ¥, (M),
for large A. If we perform the same calculations which results in (6.3). We obtain
Dua B (2,4, 0) = [ X — u(, )] B3 (2,1, A) + 20, Bz, 6, NVH (A (P,(N) " g(V) + (NN H(N) 6.7)
= B3z, t, VH T A (T, () g + (NPT, H ().

But \II; is diagonal and commutes with g and h. Therefore, all \Il; dependence cancels out. We see that
(6.4) is invariant under multiplication by (¥,)+. Thus, the solution u(x,t) to the KAV equation is extracted
from X3 by (6.4). We summarize our results in the following theorem.

Theorem 6.1. If X3(x,t, \) is the solution of the deformed and regularized RHP associated with (¥,.)+ and
Szt ) =[1 1 ]+ec(z, A ' +0N?), cal(zt) =] si(z,t) sa(z,t) ],
then the corresponding solution of the KdV equation is found through
u(z,t) = 2i(sa(x,t) — s1(x,t) + 20E,
j=176s N
where {W;(z,t)}52, are defined by the moment conditions for (5.11) with x(X) replaced with Z(x,t, ).

This theorem states that despite the theoretical use of the function (¥, ).+, the computation of the solution
to the KdV equation does not require the computation of (¥,)4.

7 Numerical computation

In this section we discuss the computation of all the components of the theory. These components are:
1. Evaluating contour integrals used in the Abel map and the moment problem.
2. Computing the singular integrals used in the representation of the g-function.
3. Solving the deformed and regularized RHP for the Baker—Akhiezer function.

4. Extracting the solution to the KdV equation from the Baker—Akhiezer function.

7.1 Computing contour integrals

The developments above require the computation of integrals of the form
)
I;(f) = —
B \/ P()\)
to determine the g-function and compute ;/W;. Note that in the cases we consider f is analytic near the
contour of integration. Also, we compute the Abel map of divisors whose points lie in gaps. We always

choose Qo = (a1,0) in (2.1) and integrate along I'; across the bands and gaps. Thus computing the Abel
map of a point in a gap requires computation of integrals of the form (7.1) along with integrals of the form

dA, (7.1)

ey
K= [ L2 an,
« VPO )
k |
1) 1) g,

~Js, NGZON
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While numerical integration packages can handle such integrals, it is beneficial to use Chebyshev poly-
nomials. For example, define

2 _5j+04j

S Bi—a By

We change (7.1) to

The function

V1 — 52

)= ey

is analytic in a neighborhood of the interval [—1,1]. We write

1 -1
f(m™(s)) d ds
5= | w(s) 5o (s) .
VPt Vi-s
The Chebyshev series approximation of the function in parenthesis converge exponentially since it is analytic
in a neighborhood of [—1,1]. A discrete cosine transform is used to approximate the series and the first

coefficient in the series gives a very good approximation to I;(f). Similar ideas work for K;(f) but we must
modify our approach for I;(f, A). Consider the integral

A dx
EF,(\) :[1Tn(x)ﬁ’ Ae(L,1).

Here T,, denotes the nth-order Chebyshev polynomial of the second kind. Using the standard change of
variables x = cosf,

arccos A

arccos A
F,(\) = —/ T, (cos 0)dh = —/ cos(nf)de.

s

Therefore

__sin(narccos \) -
Fn()\):{ ———= ifn >0,

T — arccos \ ifn=0.

Using the change of variables m(X) and the discrete cosine transform we can compute each I;(f, A) with this
formula.
Weneed to compute b periods. The b cycles have a more complicated relationship. Consider the cycles

l;j in Figure 8. We compute
Bj
f w= 2/ FN)dA.
b; a;

J J

From Figure 8, we see that b; = 51 and b; = l;l + b;_1. This gives a recursion relationship for b cycles.
We must know wj, before computing the Abel map. We describe how to compute the normalized differ-
entials. Let w = f(A)dA be a holomorphic differential, we showed in the proof of Theorem 5.1 that

/

w=—2 /QM F(N)dA.
B

3J J

20



Figure 8: The cycles Ej on a schematic of the Riemann surface.

Given the branch point o, 35, j = 1,...,g+1 where 3441 = co we use the basis of unnormalized differentials

An—l
)

and compute their a and b-periods. This allows us to construct the basis wy of normalized differentials and
gives us access to the Abel map.

Assume Q = (], m/P()\)+) € a; for 0 = 1. Then the kth component of the Abel map is computed by

Uy = d\, n=1,...,q,

Jj—1

(A@))r = Z(Il(fk) + Ki(fr)) + Ki(fr) + 01 (fi, M),

=1

where fi(A\)/w is the principal part of wy, the kth normalized holomorphic differential.

7.2 Computing the g-function
The g-function is defined by

g( . )\ /* Q41 _C(x,t7s)—|—i?j(x,t) ds 7 (7.3)
27m 8; P(s) s—A

see (5.1). After mapping each interval of integration in (7.3) using a linear change of variables z = m;(s)
(m; : [Bj, aj41] — [—1,1]) we have the expression

2mi Z/ H;( z— ](/\)

Gz, t,\) =

where

—((z, t,m; 1 (2)) + i€ (x, B

Note that F;(z) = H;(z)V1 — 22 is analytic in a neighborhood of [—1,1]. We use

dz
t,\
G(z,t, 2m Z/lz_m] T

This reduces the problem of computing the g-function to that of computing integrals of the form

1t f(s) 1
cm_fm/ﬁ1 o At AE L)

21



where f is a smooth function on [—1, 1]. We use the known expansion of the function 1/(s—\) in a Chebyshev
series [23]

. - —”;771 if j =0,
= ei(N)Ty(s), ej(N) =
s=A ng SV, G —2% V;Z‘Z__ll)J otherwise.

Here T} is the jth Chebyshev polynomial of the second kind [23]. This formula is technically valid for A > 1
but can be extended to C\ [—1, 1] by analytic continuation. We use a discrete cosine transformation of order
n to approximate the Chebyshev series of f:

Orthogonality gives

1 T —
O()\) ~ % 7TC()€0()\) + 5 ZCij(A)
7=0
Exponential convergence is guaranteed since in our case f is analytic.
Alhough it is not important for our purposes, one may wish to compute the limiting values G* as A
approaches a gap from above or below. We use the formula [19]

1 (Y T(s) ds 1 1
lim — J = T\ £ U, 1,1
o T viee bW EZUAA), Ae (=L,

where Uy, is the Chebyshev polynomial of the first kind [23].

7.3 Computing the Baker-Akhiezer function

This section is concerned with computing (¥,.)x. Let D’ be the divisor for the desired zeros of the BA
function and D be the divisor for the poles. We compute the vector (see (5.5))

V = A(D' — D),

using the method for computing integrals described above. Next, consider the differentials

\gt+i—1
vy =1

dA’ j:17"'7g)
which satisfy

A
/ vji = O\ Y2 as X — oo,
A

0

We accurately compute the a-periods of v;. We construct {7, }37:1 which each have vanishing a periods by
adding an appropriate linear combination holomorphic differentials. We compute the matrix

Skj :% l7j.
b

The system SX = V is solved for the real-valued vector X, giving a differential
g
1= X;ij,
j=1
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that has b periods equal to the vector V. The final step is to compute the coefficients {t; }?:1 in the expansion

A g
/ L= it A2 4 O(A12) = m(N) /2 + O(AV2).
Ao

n=1

The BA function with asymptotic behavior (¥,)+ ~ e**(*)/2 as X — oo has zeros at the points of D’
Theorem 6.1 tells us to seek (¥,)1 ~ eFZ@HN/2 a5 X — 0o, We construct the deformed and regularized
RHP for (¥,)4, see Section 6. This RHP is solved numerically.

To test the method we use a7 = 0,81 = .25,a2 = 1,82 = 1.5 and ag = 2. Thus we have a genus two

surface. We choose zeros to be at the points (.5, «/P(.5)+) and (1.75, \/P(1.75)+). To approximate the BA
function we use n collocation points per contour. See Appendix B for a more thorough discussion of the
numerical method for RHPs that is used and its convergence properties. The roots of the approximate BA
function are found using standard Chebyshev root-finding techniques [3]. In Figure 9 we plot the absolute
error of the roots as n increases. Spectral convergence of the roots is observed. See Figure 10 for a surface
plot showing both the zeros and the poles of the BA function on a single sheet. See Figures 11 and 12 for
contour plots of the real part, imaginary part, and modulus of the BA function on each sheet. Note that
producing this plot requires the computation of the g-function. These plots are all produced in the genus
two case but higher genus BA functions can also be plotted.

0.1F
0.001 ¢

1075 L

Error

1077 L

10-1 +
L

Figure 9: A demonstration of the spectral convergence of the zeros of the BA function.

(N

Re )\n
Figure 10: A three-dimensional plot of the modulus of the BA function on one sheet of the Riemann surface.

We see two poles and two zeros are clearly present.

7.4 Numerical solutions of the KdV equation

Before we move to numerical results for the KdV equation, let us review the solution process. The constants
a; (j=1,...,9+1)and 5; (j =1,...,9) are chosen, all positive. This determines the polynomial P(\)
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(a)

Figure 11: A genus-two Baker—Akhiezer function.

Im A of

Darker shades indicate smaller values. Two poles and two

zeros are clearly present. (a) The real part of ¥. (b) The imaginary part of ¥ . (¢) The modulus of ¥ .

Figure 12: A genus-two Baker—Akhiezer function. Darker shades indicate smaller values. (a) The real part
of U_. (b) The imaginary part of ¥_. (¢) The modulus of ¥_.

24



and the unnormalized differentials ug. The a periods of these differentials are computed using Chebyshev
polynomials and the normalized basis wy, is constructed. Next, one point in each a-cycle is chosen to be a
pole of the BA function. These points make up the divisor for the poles of the BA function. The Abel map
of this divisor is computed, along with the Abel map of the divisor

D =Y (8,0).
j=1

Through the process just outlined the constants t;, j = 1,...,g are computed. The Riemann-Hilbert
formulation is used to compute the function (¥,)+ by noting that its asymptotic behavior is (6.5). The
function Xj is found and u(x,t) is computed using Theorem 6.1.

In this section we plot numerical solutions of the KdV equation. In the genus two case we use numerical
tests to demonstrate uniform spectral convergence.

7.4.1 Genus one

For a genus one solution we set a; = 0, 1 = .25 and ay = 1 with the zero of the BA function at (.5, \/P(.5)+)
at t = 0. See Figure 13 for plots of the corresponding solution of the KdV equation. This solution is an
elliptic function. Explicitly, [5],

u(z,t) = —ag — By +2cn?(x — K(1 — A1) + 1.0768 — (8(1 — B)? —4 — ag — B1)t, 1 — fB),

where K (k) is the complete elliptic integral and cn is the Jacobi cn function [19]. The shift inside the cn
function is computed numerically. See Figure 13 for another solution.

7.4.2 Genus two

For a genus two solution we set oy = 0,81 = .25,a0 = 1,85 = 1.5 and a3z = 2 with the zeros of the BA

function at (.5, \/P(.5)+) and (1.75, \/P(1.75)+) at t = 0. See Figure 15 for plots of the corresponding
solution of the KdV equation.

For this solution we numerically discuss convergence. We use u,,(z,t) to denote the approximate solution
of the KdV equation obtained with n collocation points per contour of the RHP. We define the Cauchy error

Epm(z,t) = up(z,t) — upm(z, t)].

We fix m = 80 and let n vary: n = 10,20,40. See Figure 14 for plots of E,, n,(z,t) for various values of
and t. This figure demonstrates uniform spectral Cauchy convergence of the function u,(x,t) to u(zx,t), the
solution of the KdV equation..

We plot another genus two solution in Figure 15. If we shrink the widths of the bands we can obtain
solutions which are closer to the soliton limit. See Figure 16 for a solution demonstrating a soliton-like
interaction.

7.4.3 Genus three

For a genus three solution we set a; = 0,81 = .25, a0 = 1,82 = 2,3 = 2.5, 53 = 3 and ay = 3.5 with the

zeros of the BA function at (.5, w/P(.5)+), (1.75, \/P(1.75)+) and (2.75, \/P(2.75)+) at t = 0. In Figure 17

we show the jump contours for the RHP which are used in practice to compute the BA function. See Figure
19 for plots of the corresponding solution of the KdV equation and Figure 18 and Figure 19 for another
genus three solution. We show the dynamics of the zeros of the BA function in Figure 18.

7.4.4 Genus five

Just to demonstrate the breadth of the method we compute a genus five solution. We set a3 = 0,51 =
25,00 = 1,0 =2,a3 =2.5,083 =3, a4 = 3.3,084 = 3.5,a5 = 4,85 = 5.1 and ag = 6 with the zeros of the

. + + + + +
BA function at (.5,4/P(.5) ), (2.2,1/P(2,2) ), (3.2,4/P(3.2) ), (3.6,1/P(3.6) ) and (5.3,1/P(5.3) ) at
t = 0. See Figure 20 for a plot of the corresponding solution of the KdV equation. This figure shows the
time evolution.
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Figure 13: (a) A contour plot of the genus one solution with oy = 0,81 = .64 and ay = 1 with the zero of
the BA function at (.75, P(.75)+) at t = 0. Darker shades represent troughs. (b) A contour plot of the

genus one solution with a; = 0,51 = .64 and ay = 1 with the zero of the BA function at (.75, \/P(.75)+)
at t = 0. Again, darker shades represent toughs. (¢) A three-dimensional plot of the solution in (a) showing
the time evolution. (d) A three-dimensional plot of the solution in (b) showing the time evolution.
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Figure 14: (a) A logarithmically scaled plot of E,, so(x,0) for n = 10 (dotted), n = 20 (dashed) and n = 40
(solid). (b) A logarithmically scaled plot of E, go(x,25) for n = 10 (dotted), n = 20 (dashed) and n = 40
(solid). This figure demonstrates uniform spectral convergence.

8 Conclusions

We have constructed a method to characterize all Baker—Akhiezer functions which arise from finite-genus
solutions of the KdV equation in terms of a classical Riemann—Hilbert problem with smooth solutions.
The computational cost to compute the solution to the KdV equation to desired accuracy is seen to be
independent of x and t.
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A Analysis of the deformed and regularized RHP

In general we consider a RHP form
PT(N) =2 (NG(N\), NEA, P(o0) =1, (A1)

where A is bounded and G' depends on {Q;(z,t)}]_,, or alternatively {W;(z,t)}7_;. We follow [25, 26] (see
also [21]). We start with a few definitions. Given a self-intersecting piecewise smooth, oriented and bounded
contour A C C define g to be the set of self intersections. Define the Cauchy integral of a function defined
on A

Caf(\) = 271rz/Asf(—S)Ads’ A A

For A € vy we define

o f(s)
Cyf(\) = lim, %/AW "

where 7 is the positive unit normal to A. It is well known that this limit exists for almost every A and the
corresponding operators are bounded from L?(A) to itself [6, 16]. A matrix-valued function G : A — C?*2
is said to be in H¥(A) if it is an H* function when restricted to each non-self-intersecting component of A.
Here H* refers to the k-order L2-based Sobolev space, see [1, 21].
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Figure 15: (a) A contour plot of the genus two solution with oy = 0,81 = .25,a3 = 1,62 = 1.5 and a3z = 2

with the zeros of the BA function at (.5, \/P(.5)+) and (1.75, \/P(1.75)+) at ¢ = 0. Darker shades represent
troughs. (b) A contour plot of the genus two solution with a; = 0,81 = .25,a3 = 1,82 = 2 and a3 = 2.25

with the zeros of the BA function at (.5, \/P(.5)+) and (2.2, P(2.2)+) at t = 0. Again, darker shades
represent toughs. (c) A three-dimensional plot of the solution in (a) showing the time evolution. (d) A
three-dimensional plot of the solution in (b) showing the time evolution.
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Figure 16: A genus two solution with a; = 0,8, = 0.1,as = 1,85 = 1.05 and a3 = 1.75 with the zeros of

the BA function at (.5, \/P(.5)+) and (1.2, P(1.2)+) at ¢ = 0. This solution demonstrates a soliton-like
interaction.

Definition A.1. Assume \g € 9 and G € H*(A). Let A1,..., Ay be a counter-clockwise ordering of
subcomponents of A which contain X = Xy as an endpoint. We define G; by G|[~\i if A; is oriented outwards

and (G|p,)™1 otherwise. We say G satisfies the (k — 1)th-order product condition if using the (k — 1)th-order
Taylor expansion we have

[[G=T+0(A=2)¥), forj=1,....k—=1, YA €. (A.2)
i=1
Definition A.2. Assume that \g € v and let Ay, ..., A, be a counter-clockwise ordering of subcomponents

of A which contain A = \g as an endpoint. For f € H*(A), define

f(j) _ { —limy_,, (d%)j fla, (N if Ay is oriented outward,

A3
! lim,_,», (%)j fla,(N) if Ay is oriented inward. (8.3)
We say that [ satisfies the (k — 1)th-order zero-sum condition if
m .
ST =0, forj=0,....k—1 and YA € 70. (A.4)
1=1

We use the notation HF(A) to denote the closed subspace of HF(A) consisting of functions that satisfy the
(k — 1)th-order zero-sum condition.

A contour is said to be complete if C\ A = Q; UQ_ where Q; NQ_ = & and Q4 lies to the left (right) of
A. A contour can always be augmented to a complete contour and matrix-valued functions can be extended
to be the identity on these added contours.

Proposition A.1. [26] Let A be a complete contour and G € H¥(A). Assume that G satisfies the (k —1)th-
order product condition. Then G has an algebraic factorization

G=G~'a,,
such that Gy € HF(0Q4).
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Figure 17: The jump contours for the RHP which are used in practice to compute the BA function. Here
a1 = 07[31 = .25,0(2 = 1,52 = 2,0[3 = 2.5,ﬂ3 =3 and Qy = 3.5.

This results in the following theorem.

Theorem A.1. [26] The operator I — Cq, defined by
(I = Ca,)u = CLull = G_)] = C5 [u(l = G)
is Fredholm on HF(09Q,) N HY(0Q_) and has Fredholm index

1
ind(I —Cg,) = - (/AcllogdetCLr —/AdlogdetG_> .

Furthermore, ® = I + CA[u(G4 — G_)], ® : A — C?*2, is a solution of the RHP
T =0~ G, on A, ®(x) =1,
if wis a solution of (I — Cay)p=1.

If we partition A = A; U---UA,, into its non-self-intersecting smooth components we obtain

ind(I — Ceq.) :—22( A dlogdetGJr—/A dlogdetG_>
l ! i

= det G4 e
=-2) 1 =-2) 1 .
/A dlog ERYeR A dlogdet G
=1 l =1 i

We apply this result to the RHP derived in Section 6. We use G to denote the jump matrix. We note
that when we augment the contour, G = I on all added pieces and these do not contribute to the integral.
Also, det A = 1 away from «;j, 8; and det Jo = —1. Both of these do not influence the index. We are left
with

1Y
ind(I —Ceq, ) = - Z (/C dlogdet A;(\) +/ dlogdetBl(/\)>
=1 oy €81

1 1
-—— dlogdet H(\) — —/ dlogdet Agyi(N).
T oD T Cag+1
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Figure 18: A genus three solution with a; = 0,81 = .25, 0 = 1,82 = 2, a3 = 2.5, 83 = 3 and a4 = 3.5 with
the zeros of the BA function at (.5, /P(5) ), (2.2,\/P(22) ) and (3.2,/P(3.2) ) at t = 0. These plots
show the dynamics of the zeros of the BA function. The top plot in each panel gives a schematic of the
Riemann surface with the a cycles labeled. Dots of the same shade across the panels are in correspondence.
The + on the plots represents where the pole of the BA function is located on the Riemann surface. These
points are also the locations of the zeros at ¢ = 0. (a) The solution at ¢ = 0. We vary z from z = 0 up to
2 = 0.25 and plot how the zeros {v1(z,0),v2(z,0),vs3(x,0)} move on the Riemann surface. (b) The evolution
of the same solution up to t = 0.125. We fix z = 0 and plot how the zeros {~1(0,t),72(0,%),v3(0,t)} move
on the Riemann surface.
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A three-dimensional plot of the solution in (a) showing the time
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A three-dimensional plot of the solution in Figure 18 showing the time evolution.
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Here C,;, Cg, are the circles around ay, 3;, and D is again the region inside the large outer circle but outside
each of the smaller circles, as before. Straightforward contour integration produces

/ dlogdet A;(\) = =i,
Ca,

dlogdet Bj(\) = —i,
Cﬁl

/ dlogdet H(\) = —mi.
oD

This proves that ind(I — Cg,) = 0. Every element in the kernel of I — Cgy corresponds to a solution of
the RHP that vanishes at infinity [26]. Given a matrix-valued solution ®, we sum the rows to get the vector
representation of the BA function. If we have a vanishing solution we zero out the second row and assume
the first is non zero. Call the new function W. This is still a vanishing solution. Then ® + ¢V is a solution
of the RHP for any ¢. Summing the rows of ® 4+ ¢V we obtain a function different from & for every c. This
contradicts the uniqueness of the BA function gives that I — Cg, must be boundedly invertible by the open
mapping theorem. This shows that all RHPs considered here are uniquely solvable with smooth solutions.
This is the justification needed to use the numerical method for RHPs in [20].

B Numerical details and uniform approximation

We consider the RHP (A.1). We use C to denote a generic constant. In this section we explain how our
approximation of the BA function changes with x and ¢. We use the results from [21]. For numerical purposes
we consider the operator C[G; A] defined by

CIG;AlU =U — (CLU)(G —1I). (B.1)
The operator equation
CIG; AU = [ 1 1 ](G—I),

is discretized using the method in [20]. We use C,,[G; A] to denote this discretization. Once an approximation
U, to U is known, an approximate solution ®,(X) = CAU,(A\) + [ 1 1 | of ® is obtained. The method
considered is a collocation method and ®,, will satisfy the RHP exactly at each collocation point. The residue
of a function at oo is computed through

lim A@N) —[1 1])=—— [ U(s)ds.

A—00 2mi Jo
This is what is used to compute s; and sz in (6.4). We make a fundamental assumption.
Assumption B.1. For the problems we consider the following holds:
1CR G Al (v x) < CARYICIGE A I (r2(ay),  1>0,

where X,, and Y,, are spaces of mapped Chebyshev polynomials with the L? norm [21].

We establish two claims:

o ICIG5 Al | £(r2(a)) < C and

o |G — I|lyr.o(r) < Dy for each k > 0 for constants Dy,.

Here W*:°°(A) is the kth-order L>-based Sobolev space [1, 21].
The operator I — Cg, depends on g constants Q; € [0,27), j = 1,...,g in an analytic way. In the
notation of Section A. It follows that the mapping

QZ(Ql,...,Qj)’—)I—CGi,
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is continuous from [0,27)9 to L(H*(0Q,) N H*(0Q_)). Since the operator is always invertible the same
statement holds for the inverse operator. This implies

S;IZP I = Cayll et oo, )nmr@a_y < C.

It is important to note that the operator in (B.1) is different from I — C¢_, . While a solution of one can be
mapped to a solution of the other, the operator norms do not share a clear relationship. What we do know
is that the solution ® of the RHP will satisfy a similar bound:

S?zp 19| 1rx 002, ynare 990y < C- (B.2)

Once the unique solution of the RHP is known the inverse of the operator in (B.1) can be written down [21]:
CIG; AU =cfuot)e YT —cy[uet)e. (B.3)

The uniform boundedness of ®* in H'(992,) N H'(992_) implies the uniform boundedness of (B.3) as an
operator on L?(A). This establishes the first claim.

The second claim can be established by differentiating the jump matrix G. It is clear that all derivatives
of G are bounded and this bound can be made independent of €2. This leads to the following theorem which
shows we expect uniform spectral convergence of all needed functions.

Theorem B.1. If Assumption B.1 holds then ®,,, the approximate numerical solution of ®, satisfies
sup |®,,(\) — ®(\)| < Coe 'n™%,  for every a >0, inf |X —s| > ¢,
9 sEA

sup [|[Un — Ul[p2(a) < Lan™®,  for every a > 0.
Q

As a consequence, the approxzimate solution uy,(x,t) of the KdV equation satisfies

sup |un (z,t) — u(z, t)| < Sen™%,  for every a > 0.
Q
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