NUMERICAL INVERSE SCATTERING FOR THE TODA LATTICE

DENIZ BILMAN AND THOMAS TROGDON

ABSTRACT. We present a method to compute the inverse scattering transform (IST) for the famed Toda lattice
by solving the associated Riemann—Hilbert (RH) problem numerically. Deformations for the RH problem are
incorporated so that the IST can be evaulated in O(1) operations for arbitrarily points in the (n,t)-domain,
including short- and long-time regimes. No time-stepping is required to compute the solution because (n,t)
appear as parameters in the associated RH problem. The solution of the Toda lattice is computed in long-
time asymptotic regions where the asymptotics are not known rigorously. We introduce two new asymptotic
regions, in addition to the existing three regions, so that all values of (n,t) for ¢ large are contained in a region.
Furthermore, we define clear boundaries for all regions and develop deformations in the new regions that should
be of use in future asymptotic analysis of the Toda lattice.

1. INTRODUCTION

We consider the numerical solution of the Cauchy initial value problem for the doubly-infinite Toda lattice

atan( ) = an(t) (bn+1(t) - bn(t))
(1) bn(t) = 2(an( )? = an-1(t)?)
( ) = ay, and b, (0) = by,
for (n,t) € Z x R with solutions' (a(t),b(t)) € £(Z) x {(Z) satisfying
(2) > (14 D)k (Jan(t) = 3]+ ba(t)]) < oo, forall t € R, k € N.
neZ

The Toda lattice was introduced by Morikazu Toda in [32] (see also [31]). The Toda lattice is a completely
integrable model for a one-dimensional crystal. The form (1) we use in this paper is the Toda lattice written
in Flaschka’s variables [13]. This system has been studied in great detail because it is the prototypical
discrete-space, continuous-time infinite-dimensional integrable system.
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FIGURE 1. An example solution of the Toda lattice computed at ¢ = 2000 with the method
presented here. The initial data is given by a,(0) = 1/2 — ne=""*" and b, (0) = nsechn. This
initial data produces dispersive radiation (center panel) and four solitons, two traveling each
direction (left and right panels).
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1We omit subscripts to refer to the functions defined on Z.
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A consequence of the complete integrability of the Toda lattice is an associated inverse scattering transform
(IST). The IST maps the initial data to a spectral plane where its time evolution is simple via a transformation
called direct scattering, see Section 2.2. Then, at a given time ¢, the evolved spectral data is mapped back
to the physical plane find the solution values a,(t) and b, (t) by a transformation called inverse scattering.
This inverse problem is solved by considering an associated oscillatory Riemann—Hilbert (RH) problem. RH
problems are boundary-value problems in the complex plane for sectionally analytic functions. General refer-
ences are [2, 5, 6, 19, 33, 36, 41]. From an analytical point of view, the benefit of studying the RH problem is
that asymptotics can be extracted by the method of nonlinear steepest descent. Broadly, the method works
by deforming the contours of the RH problem much like contour integrals to turn oscillations to exponential
decay. See [6, 9, 10] for some implementations of this method.

As for specific applications of the method of nonlinear steepest descent to the Toda lattice, we refer the
reader to the work of Kamvissis [16], Kriiger and Teschl [17, 18] and Teschl [29]. These works give explicit
long-time asymptotics for the solution of the Toda lattice in the soliton and dispersive regions that we define
in Section 2.4. The work of Kamvissis gives the asymptotic behavior in the Painlevé region (as defined in
Section 2.4) for non-generic initial data.

We approach the IST from a numerical perspective. See Figure 1 for a sample solution computed with
our method. Given sufficiently regular generic initial data we are able to compute the solution at any given
point (n,t), to a given accuracy, in a bounded number of operations by solving the RH problem numerically
and incorporating the deformations used in the method of nonlinear steepest descent. Stated another way,
for any given (n,t) we give an O(1) algorithm to compute the two values {an(t),b,(t)}. No time-stepping
is required to compute these values. This methodology has been previously applied to the KdV and mKdV
equations [38], the focusing and defocusing NLS equations [39], the Painlevé I equation [24, 26] and orthogonal
polynomials on the line [26]. We compute the solution of the Toda lattice for arbitrarily large values of t.
The complexity and the accuracy of the methodology is discussed in [27]. With the current state of the art,
the use of deformations appears to be necessary as the associated RH problem is increasingly oscillatory as
|n| and ¢ increase. Deformations can be avoided in some cases with oscillatory integral techniques [34] but
unfortunately these methods are not currently general enough to aid in the case of the Toda lattice.

The RH problem associated with the Toda lattice has fundamental differences from problems previously
solved numerically. First, the fundamental domain is the unit circle as opposed to the real axis like in the
KdV, mKdV and NLS equations. Second, the RH problems in the previously solved cases have had their
deformations worked out in detail. In this paper, we develop deformations for the Toda lattice in regions of
the (n,t)-plane where deformations do not exist in the literature including the determination of the so-called
g-function, see Appendix C. We believe our deformations will be required for future asymptotic analysis of
the Toda lattice. Importantly, the asymptotic regions we define, and the deformations performed therein,
cover the entire (n,t) plane. This is something, to our knowledge, that has not been performed in the
literature. Finally, we encounter some interesting technical challenges in computing the functions used in the
deformations, see Appendices C.3 and A. Also, in light of the work in [4] we believe this numerical method
will be useful in studying non-integrable, Hamiltonian perturbations of the Toda lattice.

Due to the nonlinearity in the Toda lattice, large amplitude data induces different behavior in the solution
i.e. a large amplitude reflection coefficient or many solitons. Large amplitude data also affects the numerical
method. Throughout the manuscript, we include footnotes that highlight the complications that arise for
larger initial data. Large amplitude data is a singular limit (related to small dispersion limits) and while it is
of intrinsic importance, we regard it as beyond the scope of the current paper. We also do not treat the case
where poles in the Riemann—Hilbert problem are very close to the unit circle. The methodology described
here can be used to handle this case accurately with some extra work and deformations.

The paper is organized as follows. In Section 2 we give the background material on the IST for the
Toda lattice. The direct scattering and inverse scattering maps are discussed along with a discussion of the
(asymptotic) regions (soliton, dispersive, Painlevé, collisionless shock, and transition) of the Toda lattice. We
also briefly discuss the numerical solution of RH problems to fix notation. The numerical computation of the
scattering data, i.e. performing direct scattering numerically, is discussed in Section 3. The majority of the
paper is devoted to Section 4 where we discuss, and explicitly derive, the deformations of the RH problem in
each region. Finally, in Section 5 we give some numerical results including an error analysis. We include three
appendices. Appendix A discusses the numerical solution of singular, but diagonal RH problems. Appendix B
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gives a deeper discussion of computing the eigenvalues of Jacobi operators. Lastly, Appendix C details the
g-function that is used in both the collisionless shock and transition regions.

2. BACKGROUND MATERIAL
We use this section to cover theoretical background and fix notation.
2.1. Integrability and Lax pairs. Complete integrability of the Toda lattice was proven by H. Flaschka in

1974 in a sequence of papers [13] and [14]. Introduce the second-order linear difference operators L and P
defined on ¢?(Z) by

(3) (Lf)n = an—lfn—l + bnfn + anfn—H
(4) (Pf)n = —Gp—1fn-1+ anfn—H .
and note that in the standard basis L = L({an }nez, {bn}nez) is a Jacobi matrix (symmetric, tridiagonal with
positive off-diagonals) and P is a bounded skew-adjoint operator, i.e., P* = —P:
bp-1 an—1 0 B 0 ap—1 0
L= an_1 by a, - and P=|" _,4 | 0 an
0 an  bpy1 - 0 —ap, 0

The system of equations given in (1) is equivalent to
(5) AL () = [P(t), L(H)] = P()L() — L(E)P(D),

and (P, L) is called a Lax pair and its existence shows the complete integrability of the Toda lattice. A
consequence of complete integrability (or of the Lax pair) is the existence of an inverse scattering transform
for the Toda lattice.

2.2. Direct scattering: definition of the scattering data. Since L is a bounded self-adjoint operator it
bears no residual spectrum and the spectrum o(L) C R. Furthermore, (2) implies that the spectrum of L
consists of a purely absolutely continuous part

Tac(L) = [-1,1],
and a finite simple pure point part
opp(L) ={X;:7=1,2,...,N} C (—o00,—1)U(1,400).
For convenience we map the spectrum via the Joukowski transformation:
)\:%(24—,2_1), z:)\—m, AeC, |z1<1.

Under this transformation, the a.c.-spectrum, [—1, 1], gets mapped to the unit circle, T, and the eigenvalues
Aj are mapped to C;—Ll, with ¢ € (—=1,0) U (0,1) via

(6) N=4(6+G7).
for j =1,2,...,N. For any z with 0 < |z| <1 the problem

z+ 271
(7) Lo=—5—v

has two unique solutions, ¢ and ¢_, normalized such that

~ Fn o) —
nll}rjrtlooz wi(z;n) =1
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It follows from Green’s formula that the Wronskians W (npi (z;), px (27 Y )) are independent of n, and eval-
uating them at 400 we observe that {p+(2;-), p+(27%;-)} are two sets of linearly independent solutions. We
define the transmission coefficient T(z) and the reflection coefficients Ry (z) by the scattering relations:

T(2)p4(2,m) = R (=) (2,m) + (=
T(2)p—(2,m) = Ry (=) (2,m) + o (2

The transmission coefficient has a meromorphic extension inside the entire unit disk |z| < 1, with finitely
many simple poles (j, |(j] <1, 5 =1,2,..., N, which are related to the eigenvalues of L via (6). The residues
of T'(z) are given by:

17n)

Lon).

Res T(2) = —(jy+ 1]

z=(;
where
1

(8) Vg =T
’ HSDi(CjS ‘)H?z(z)

are the norming constants and p; is the associated proportionality constant: ¢_((j, ) = pje+(¢,-). In
particular, one reflection coefficient, one set of norming constants, and the set of eigenvalues is sufficient for
reconstructing L via the inverse scattering transform for Jacobi matrices whose coefficients decay sufficiently
fast [30]. From this point onwards we set

R(z)=Ry(z) and v =71, , j=12,...,N,
and define the set

(9) S(L) = {R(z), {Gho >{’Vj}§vzl}

to be the scattering data for the Lax operator L. For a more detailed account of scattering theory for Jacobi
matrices, see [30] or [18].

2.3. Inverse scattering: the Riemann—Hilbert problem. We phrase the inverse problem in terms of a
meromorphic Riemann-Hilbert problem (RH problem) [.J; T]. As in [18], we seck a function m: C\ T — C!*2
that is meromorphic, continuous up to T, with simple poles at C;d, j=1..., N, and satisfies:

e the jump condition:

_ 2 —0(z;n,t)
m*(zm,t) = m(zm, ) (znt), Z€ T, J(z;n,w:(l SUNOL )

R(Z)eﬁ(z;n,t) 1

e the residue conditions:

0 0
R in,t) = i n,t ) =1,2,...,N
Zzes m(z;n,t) zl—>H§1j m(z;n,t) (—Cj'}/jea(cj’n’t) 0d> y ) 32,0, 1Y,

'71 . 9(C'§n7t)
Res m(z;n,t) = lim m(z;n,t) (8 G e >, j=1,2,...,N,

z:C]-_l z—)Cj_l 0

e the symmetry condition:

-1 - _ 01
(10) m (z ,n,t) =m(z;n,t) <1 0> ,
e the normalization condition:

(11) lim m(z;n,t) = (m1 mg), with my-mg=1and m; >0.
z—0

Here the phase 6 of the jump matrix J is given by:
(12) 0(z;n,t) =t (2 —271) + 2nlog(),

and it can be shown that R(z) = R(z~1) [30]. Furthermore, when (a® — 1/2,5%) decay exponentially, R(z) is
analytic in a neighborhood of T. We only treat data that gives rise to an analytic reflection coefficient. The
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solution (a(t),b(t)) € £(Z) x €(Z) to the initial value problem (1) for the Toda lattice can be recovered from
the asymptotic behavior of m near z = O:

(13) m(zin,0) = (An()(1 = 2Ba1()2) 7l (14+2Ba(0)2) ) + 0 (),
where A and B are defined by
(14) Ap(t) = H 2a,(t) and Bn(t)=— Y bi(t).

Jj=n+1

Remark 2.1. This meromorphic problem can be turned into an analytic problem by introducing small circles
centered at each pole and using the appropriate jump conditions on these new contours [7]. Fix ¢ > 0 such
that

e < gmin {amin{IG ), min 6] = 11y min (165~ G} }
J J J#l

This choice of € guarantees that the disks enclosed by the circles Djt = {z: ‘z — C]il‘ = 5}, 7=1,2,...,N,

do not intersect each other or the unit circle, and none of them contains the origin. We define m by

1 0
m(z;n,t) <<mee<<j;n,t> 1) . lz2—=¢l<e, j=1,2,...,N,
ZﬁCjQ(C"n t)
(15) m(z;n,t) = 1 2ue . .
m(z;n,t) =G s oG l<e j=1,2,... N,
1 0
m(z;n,t), otherwise.

It is straightforward to show that m solves the following RH problem:

m~(z;n,t)J(z;n,t), z €T,
. 1 0 .
L ™ (z;n,t) Ciryy i) ) z€D}, j=12,....N,
m™"(z;n,t) = =
(16) 2y CGimt)
m=(z;n,t) =G |, zeDj, j=12,...,N,
1 0

m(0;n,t) = (m1 mg) , with mq1 -mo =1 and mq > 0,
where Df are oriented counter-clockwise and D]-_ are oriented clockwise.

Remark 2.2. The asymptotic condition (11) is not convenient for our numerical methods. As pointed out
in [7], we can reduce our problem to a 2 x 2-matrix RH problem with the same jump and pole conditions but
also with a standard condition at co, namely, normalization to the identity. More precisely, we consider the
RH problem where we seek a function ®: C\ T — C?*2 that is meromorphic, continuous up to T, with simple
poles at Cfl, j=1...,N, and satisfies:

e the jump condition:

- 1—|R(2)|2 —R(z)e f=nt)
) e = i@, 2T S - (o BEL TR,
e the residue conditions:
0 0
Res ®(z;n,t) = lim ®(z;n,t . , j=1,2,...,N,
Res 0(zin.0) = im @it (o Gcunn o)+

Resltb(z;n,t): lim ®(z;n,t) (8 G et >7 j=1,2,...,N,

z:(]._ z—)Cj_l 0
e the normalization condition:

(19) ®(oo;n,t) = lim ®(z;n,t)=1.

Z—00



6 D. BILMAN AND T. TROGDON

The crucial observation here is that one can recover m(0;n,t) from ®!(n,t) := lim, o 2(®(z;n,t) — I) and
®(0; n,t) whenever the RH problem for ® is uniquely solvable and reconstruct (a,(t),b,(t)) using (13). The
solution procedure is summarized here:

(1) Assuming unique solvability for both ® and m, compute ®!(n,t) and ®(0; n, t) by solving the associated
Riemann—Hilbert problem normalized to the identity at infinity.

(2) It should be the case that m(z;n,t) = VI ®(z;n,t) for some vector V. Enforce the symmetry condition
(10)

T _ T ) 01\ r(0 1
V2o (0;n,t) =V @(oo,n,t)(l 0 =V 1 0)

Then V must be in the nullspace of ®(n,t) := ®(0;n,t) — <(1) é) and the vector V' can be fixed via
the condition mq - mo = 1.

By standard theory, det ®(z;n,t) = 1 so that ® has linearly independent rows. Thus, ~by the
uniqueness of m, if ®(n,t) is singular, it must have a one-dimensional nullspace. To see that ® must

be singular, consider the function

Vnt = (

where subscripts refer to components. Because neither m; nor ms can vanish at infinity, we can set
Z(z;n,t) = Y1 (oo;n,t)Y (2;n,t) so that Z(oco;n,t) = I and by uniqueness ® = Z. Therefore it
suffices to take V7' = (0 1) Y (co;n,t) and V must exist and be unique.

(3) Once V is determined, we have

<I)11(Z; n, t) (1)12(2’; n, t)
ml(z;n,t) mQ(z;nvt)

01

(20) m(z;n,t) = VI®(zn,t) = VI(I + ®'(n,t)z2) (1 0

) +0(z%), z—0.

Remark 2.3. It is not a priori clear that a matrix solution of the meromorphic RH problem above exists.
However, it can be inferred from the results of [7] that for any n € Z, a matrix solution of the above RH
problem exists for ¢t > t*(n), for some 0 < t*(n) < co. Furthermore, in practice, we never encounter values of
(n,t) where solutions ®(z;n,t) fail to exist.

We close this section with some final remarks on RH problems from [38] and [39]. Given an oriented contour

I" we define the Cauchy integral
1
Cru(z) = / uls) ds.
r

- 2mi §—z
It is well known that the operators defined by
+
Cr = (Cru(2))
are bounded operators from L?(I') to itself. Moreover, these operators satisfy the identity
(21) Cf—Cr=1.

If we assume that the solution to an RH problem is of the form ® = I + Cru, we can substitute this into the
jump condition ®T = ®~.J and use this identity to obtain

(22) u—Cru-(J—-1)=J-1.

This is a singular integral equation (SIE) for u. We use C[J;T'] to denote the operator in (22). This motivates
the following definition.

Definition 2.4. A RH problem [J;T] is said to be well-posed if C[.J;I] is invertible with a bounded inverse
on L?(T') and J — I € L*(T).

This singular integral equation is critical in both the numerical and asymptotic solution of RH problems.
A reader looking for a more in-depth discussion of RH problems should look to [2] for an introduction and
[5, 6, 41] for a more advanced discussion. For numerical solution of RH problems, we refer the reader to
[27, 36, 38]. A comprehensive discussion of the inverse scattering transform can be found in [1, 3.
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FIGURE 2. Asymptotic regions.

2.4. Asymptotic regions. In this section we discuss asymptotic regions for the long-time asymptotics of the
Toda lattice with decaying initial data. A rigorous study of long-time asymptotics for solutions of the Toda
lattice equations was recently carried out in [17] and [18] in the soliton and the dispersive regions (see below),
but the question of long-time asymptotics in the region |n|/t ~ 1 has not been addressed in generality so
far. Long-time behavior of solutions in this region was studied in [16] under the additional assumptions that
no solitons are present, that is, the RH problem has no poles, and that |[R(z = £1)| < 1. Under the latter
assumption, the solution is given asymptotically in terms of Painlevé II transcendents in the region |n|/t ~ 1,
[16]. However, one generically has R(z = £1) = —1. In this case, an additional region called the collisionless
shock region appears as the stationary phase points of the jump matrix coalesce at z = 41, and one needs
to introduce additional contour deformations through employing the so-called g-function method, to bridge
the dispersive and the Painlevé regions. In the current work, we present new deformations of the associated
RH problem for the yet unstudied region |n|/t ~ 1 for generic initial data. We use these deformations for
numerical purposes but fully believe they will be necessary for the rigorous asymptotic theory.

We introduce constants, ¢; > 0, to divide asymptotic regions. While any valid choice of these will work,
the numerical method can be improved by adjusting these on a case-by-case basis.

1. The Dispersive region. This region is defined for |n| < ¢it, with 0 < ¢; < 1. Asymptotics in this
region were obtained in [18].

2. The Collisionless shock region. This region, to the best of our knowledge, has not been addressed in
the literature. It is defined by the relation cit < |n| <t — ct'/3 (log t)2/3
in this region.

3. Transition region. This region, to the best of our knowledge, is also not present in the literature. It
is defined by the relation t — cot!/? (log t)2/3 < |n| < t — e3t!/3. Asymptotics are not known in this
region. An analogue of this region was first introduced for KdV in [38§].

4. The Painlevé region. This region is defined for t — cst!/? < |n| < t+¢3t'/3. Asymptotics in this region
were obtained in [16] in absence of solitons and under the additional assumption that |R(z)| < 1.

5. The Soliton region. This region is defined for |n| > t + cst!/3. Let vy > 1 denote the velocity of the
k™ soliton and choose v > 0 so that the intervals (vy — v,v +v), k = 1,2,..., N, are disjoint. If
|n/t — vg| < v, the asymptotics in this region were obtained in [17] and [18].

. Asymptotics are not known

2.5. The numerical solution of Riemann—Hilbert problems. Consider the contour I' = U?Zl I'; where

each I'; is a non-self-intersecting smooth arc. Now, we restrict to considering contours where a sequence of

Mébius transformations Mj, ..., M, are known such that My([—1,1]) = I'x. Let P, = {cos(jn/m) : j =

0,1,...,m} be the Chebyshev points and let T},,(z) denote the m'" Chebyshev polynomial of the first kind.
Given an RH problem

(23) Ot (2) =@ (2)J(2), z€T, ®(c0) =1,
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which has smooth boundary values, the framework of Olver [21] (see also [36]) will typically return a vector
V; of function values at the mapped points M;(PP,, ), so that the function U : I' — C"*7 defined piecewise by

J

satisfies
e [ +CrU is a bounded function in C\ I', and
e [ +CrU satisfies the RH problem (23) exactly at M;(Py;).

The points |J; M;(Py;) are called the collocation points.
We describe the method in more detail. Similar to before, substituting

(24) b~1+CrU
into the RH problem and using (21) gives a linear equation for U:
(25) U-CU-(J-I)=J—-1

A closed-form expression for the Cauchy transform of the basis T;(M. j_l(k)) [40] (see also [23]) allows the
discretization of this linear equation by evaluating the Cauchy transform of the basis at the points M;(P,,).
However, a modified definition for the Cauchy transform is required at the self-intersection (or junction) points
points I'g (which are included in the collocation points M; (IP’nj)), at which the Cauchy transform of this basis
is unbounded. By assuming that the computed U is in the class of functions for which I + CrU is bounded,
we can define the bounded contribution of the Cauchy transform of each basis element at the points I'g. It
can be shown, with appropriate assumptions on G (see the product condition, [33, Definition 3.8.3]) that the
numerically calculated U must be in this class of functions. Therefore I 4+ CrU will be bounded and satisfies
the RH problem at I'g, hence at all points in M;(P,, ).

We use (24) to show that if U € L*(T) then

1
Zlggo 2(®(z) — 1) = o FU(t)dt,

by the Dominated Convergence Theorem provided z is bounded away from I'. The integral on the right-hand
side can be computed using Clenshaw—Curtis quadrature. This relationship is needed in what follows to
reconstruct the solution to the Toda lattice from the RH problem. The framework in [21, 23] gives an efficient
method for computing Cr off I' as well whenever I is the Mobius transformation of the unit interval.

Another aspect of the numerical solution of RH problems is contour truncation. Note that if J(2*) = I then
the linear system (25) at this point becomes U(z*) = 0. From this one can rigorously justify the removal of
contours from the RH problem on which ||J — I|| ;11 is small at the cost of a small error. This is discussed
in more detail in [36, Chapter 2] and see [37] for a discussion of implementing this idea.

Remark 2.5. From the results in [21] it follows that spectral convergence (i.e. convergence that is faster than
n~* for any k where n is the number of collocation points) can be verified a posteriori for a well-posed RH
problem by checking that the norm of the inverse of the discretization of C[J;T'| grows at most algebraically.
In the computations for this paper, we noticed at most logarithmic growth of the condition number for this
collocation matrix, with a maximum on the order of 103.

3. NUMERICAL COMPUTATION OF THE SCATTERING DATA

e Computing R.
For z € T we look for solutions of Ly = % (z + 2_2) ¢ which behave like 2" as n — 00. We define
two new functions fi(z;n) = p4(2;n)2z7" and f_(z;n) = p_(z;7n)z" so that we have fi(z;n) — 1 as
n — too. Then fi satisfies

127 fr(zin = 1)+ (bn = 5 (2 4+ 277)) fe(zin) + anz™ fu(zin + 1) = 0.

This can be effectively solved using back substitution on n > 0 using the appropriate boundary
conditions for f; (z;-): for K large approximate f; by using the condition f; (z; K+1) = f(z; K) = 1.
The constant K is chosen so that |b,,|, |am — 1/2| are both less than machine accuracy for |m| > K.
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For n < 0 a similar method works for f_(z;-) by setting f_(z; —K — 1) = fy(z; —K) = 1. Matching
these approximate solutions at n = 0 yields an approximation of the reflection coefficient.

e Computing {(iﬂ 551,...,@“\—71}.
Computing Cjﬂ is equivalent to computing the ¢?(Z) eigenvalues of the doubly-infinite Jacobi matrix
L that is defined in (3). Noting that the set of limit points of |JX_; 0(Lk), where Li is a K x K
truncation of L, is equal to the spectrum of L [4]. We approximate the eigenvalues of L by computing
eigenvalues of a Lk that are outside the interval [—1,1] for a large value of K. This method might
fail to capture eigenvalues of L that are close to its continuous spectrum. We present an example
illustrating this case and provide the underlying spectral theory for Jacobi matrices in Appendix B.
We check whether we successfully capture all of the eigenvalues by computing the inverse scattering
transform at ¢ = 0 and comparing the reconstructed solution to the initial data. If these values do not
match, we employ Newton iteration to compute the (simple) zeros of 1/R(z), since, as mentioned in
Section 2.2, C;—Ll are the (simple) poles of the transmission coefficient, 7'(z).

e Computing {v1,72,..., 7N}
At the points z = j, the solutions ¢ (z;-) are constant multiples of each other — and thus both lie in
¢%(Z) with exponential decay as n — 400. We compute the norming constants by directly using their
definition:

—1 2
(26) 77 = s (G Mgy -
4. NUMERICAL SOLUTION OF THE INVERSE PROBLEM

In this section we present the required deformations of the RH problem for ®. Every deformation involves
explicit functions. Thus, once the RH problem is deformed and solved numerically, as discussed in Section 2.5,
the original function ® can be determined from the solution of the deformed problem. Another important
fact is that if

B(z;n,t) = Ar(z;n,t)Az(z;n,t),  Ai(z) =T+ Aj1(n,t)z7 1 +0(272), 2z — o0,
then
(27) O(z;n,t) =1+ (Al,l(n,t) + Ag}l(n,t))z_l + (9(2_2), zZ — 00.

In what follows, we often suppress n and ¢ dependence for brevity in our notation and present the results and
deformations for the case n > 0 and t > 0. It is straightforward to obtain the solution for the case n < 0 or
t > 0 by modifying the initial data and using n > 0 [18]:

If (a(t),b(t)) solves the Toda lattice with initial data a) and b9 and (a(t), b(t)) solves the Toda lattice with
initial data a®,, and —b°,,,, then a_,(t) = @n(t) and b_p(t) = —bp_1 ().

To remove oscillations from the jump matrix, we examine the phase 6(z) that appears in these expressions.
Solving €’'(z) = 0 for z, the stationary phase points of # are found to be

2
zgﬂ:—%i (%) 1.

Note that if n =t or n = —t, the stationary phase points coalesce at z = —1, or z = 1, respectively.

Throughout our deformations we use the notation ®,, for the solution of the deformed problem. The
number k indicates how many deformations have been performed, with x = 1 being the original RH problem.
The characters « are used to denote the region (e.g. a = cs for the collisionless shock region.)

4.1. The Dispersive Region. In this region, the stationary phase points ZOil of the exponent 6(z) lie on
the unit circle, T. We set ¥ = {z: |z| =1, |Re 20| < |Rez|} and I' = T\ ¥ as shown in Figure 3. Note that

since Ref (271) = —Red(z), the curves Ref(z) = 0 are symmetric with respect to the mapping z — 27 1.
We now present the deformation from the initial RH problem. Assume we performed the deformation
in Remark 2.1 to introduce small circles around each pole Cjﬂ, j =1,2,... N, that is, we obtained ® as

instructed in (15). There are two cases to distinguish. If Re 6((;;n,t) < 0 the jumps introduced in (16) have
exponential decay to the identity as ¢ — oo, which is what we desire. If Re6((j;n,t), for some (;, however,
the jumps around such poles become unbounded for ¢ > 0. Following the approach in [7] (see also [18]) we
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Im 2z . _ Im ~
Ref(z) <0
20
Ref(z) <0 -
T by T
Ref(z) > 0 Ref(z) >0 Ref(z) >0
Rez Ref(z) >0 0.‘ Rez
[7(2); T] Re0(z) = 0 Ref(z) = 0 ZO [7(2); T]
Case:k’n <0 Case: 'n >0

FIGURE 3. Sign of 6(z) and original contours for the RH problem in the dispersive region.

employ a conjugation procedure to restate our problem so that the contribution from these eigenvalues also
becomes exponentially decaying to the identity as ¢ — +oo. Let K, ; C {1,2,..., N} denote the index set for
¢; (if any) such that |y;(¢)| exp (Re8((j;n,t)) > 1. We set

P
€K, J
(28) Q) =" oo (o
J
N =t
jeKn,t J
and for j € K, define
. (CJ )
Cism,t
e ( S R
(29) ®y4(z3n,t) = 2 69“;’" Y
i— —1
(z;n,t) zC]—l Z<]1 Q(z), )z—gj ‘ <k,
ZC v, EG(C] n,t)
(z;n,1)Q(2), otherwise.
Note that the matrices
z—C(; o 0(Cmt)
e Gt Q(z) and | o f Q(z)
_W ZCj’Yjee(ij’t)

have removable singularities at (; and (]-_1, respectively, and that lim,_,oc ®1 4(2;n,t) = I still holds. Recall

that D;-E = {z e C: ‘z — {;E‘ = 5}, where ¢ is chosen small enough so that Dj.E do not intersect each other or

any other contour. ®; 4 satisfies:

((I)f,d(ZQ n, t)Q 7 (2)J (2;n,1)Q(2), zeT,
1 2—7@”
n @id(z;n,t)Q—l(z) ( 0 ,t)> Q(z), =ze€ D;L, JE Ky
(30) (I)l,d(z;n?t) = 0 1
_ 1 1 0 o
q)l,d(z; n’t)Qi (Z) ij*yjeg(Cj;"’t) 1 Q(Z), z € Dj , JE Kn,t;
\ ToG-1

®(co;n,t) = 1.
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This successfully turns the exponential growth in the jump matrices into exponential decay to the identity.
To simplify the notation, let X; + denote the jump matrices that are used to invert the exponentials:

1 zZ—Gj 1 0
(31) Xj’_i_(z;n’t) = Cj’yjea(gjm’t) and Xj,_(z;n,t) = z(—1 1]
0 1 2yt CaimD)
and Yj +(2;n,t) denote the jumps introduced in (16):
1 O 1 z'yjeg(gjm’t)
(32) Yi4(2n,1) = | ¢jy;eCoimt) 1 and Yj_(z;n,t) = ¢ .
z2—=Gj 0 1

We now present the deformation which will move the the oscillatory jumps along T into regions where the
oscillatory terms decay exponentially. We define

7(z) =1 |R(2)],
and note that the jump matrix J(z;n,t) on T admits the following decompositions:

. -1\ ,—0(z;n,t)
J(z;n,t) = M(z;n,t)P(z;n,t), with M(z;n,t) = ((1) R (Z )16 ) , P(z;n,t) = (R(z) 10(zm,t) (1])

and

1 0 —R(zil efﬁ(z;n,t)
J(z;n,t) = L(z;n,t)D(2)U(z;n,t), with L(z;n,t) = (R(Z)ee(z;n,t) > , U(z;n,t) = <1 7(2) )
() 1

D(z) = (T(OZ) ! > .

7(2)

and

We use the M P-decomposition on I', and the LDU-decomposition on ¥. M (for ‘minus’) will be deformed
into the exterior (‘minus’ side) of the unit circle and P (for ‘plus’) will be deformed into the interior (‘plus’
side) of the unit circle. L is lower triangular and will be deformed into exterior of the unit circle. D is diagonal
and will not be deformed?. U is upper triangular and will be deformed into interior of the unit circle. We
employ these factorizations so that only one of e?) or e79() appears in each matrix, which in turn makes it
possible to obtain exponential decay in different regions of the complex plane. We introduce “ghost” contours,
Y+, deformed into + side of ¥, and I'+ deformed into 4 side of I'. Note that these new contours pass along
the directions of steepest descent. We define a new matrix function ®4 based on the regions that emerge
from this deformation, as shown in Figure 4(a). Note that the new definitions still satisfy the normalization
condition at infinity. When j € K, ; we use the jumps X; 4 on D;-—L, respectively, in order to turn exponential

growth into exponential decay as ¢ — +o0o0. We use the jumps Y 1+ on Dj.c otherwise.
More precisely, @5 4 satisfies:

(¢id(z; n,t)Q 1 (2)L(z;n, t)Q(2), z € X_
@;’d(z;n,t)Qfl(z)D(z)Q(z), FASDY
P, 4(zm, HQ 1 (2)U(z;n,1)Q(2), z € Xy
(33) @;d(z; n,t) = q Py 4(2; n,t)Q 1 (2) M (2;n,1)Q(2), zel_
P, (231, HQ 1 (2)P(z;n,1)Q(2), zel'y
P, 4(2; n,)Q 1 (2)Xj+(2;n,1)Q(2), z€ DjF, Jje Ky
0, (2, )Q7H(2)Y 2 (20, 0)Q(2), z€DJ, j ¢ Kny

@;d(oo; n,t) =1,

as seen in Figure 4(b). Note that the definitions of I'y and X1 are given in the figure.
Since generically R(+1) = —1, the matrix D has a singularity at z = —1 (at z = 1 in the case n < 0) and we
need to remove this singularity in order to represent the solution by Chebyshev polynomials (see Section 2.5

ZNote that as the amplitude of the initial data increases, |R(z)| can approach unity. This can cause numerical issues as D(z)
is then ill-conditioned and some additional precondition steps may be required. This is not an issue for the examples we consider
in this paper.
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Pra=21,4Q 'LQ Poa=01,4Q 'MQ

U
\" ~s “/‘/
, '.‘
Pra=P14(QTTUQ)T! N L @, ) s P2a= ®14(QTTPQ)T

FIGURE 4. (a) Jump contours (blue) and matrices for the initial RH problem for with ‘ghost’

contours (dashed black), (b) Jump contours and matrices for the RH problem satisfied by ®3 4.
This figure contains the definitions of I't and 4.
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for details on numerical solution of RH problems). We also need the jump matrix to approach the identity to
achieve asymptotic stability. We must remove the jump on the contour ¥ (see Figure 3). We introduce the
unique 2 x 2 matrix-valued function A that solves the diagonal RH problem:

(34) At (zn,t) = A" (z;n,t)D(2), 2z€3, Aloo;n,t) =1,

such that A is bounded for z in a neighborhood of 2o,z 1 The exact form of A can be found in the Appendix A.
Note that in general A has singularities at the end points z = za—Ll of the contour. To combat this issue we
introduce circles around both zS—Ll, see Figure 5.

We define ®3 4 as shown in Figure 5(b), where ®3 4 = ®3 4 when no definition is specified; and we see that
P34 satisfies the RH problem that is presented in Figure 5(c). We apply the same procedure at z; L Finally
we define @4 4 = <I>3,dA*1 and see that ®4 g4 satisfies the RH problem shown graphically in Figure 6. We solve
this resulting RH problem numerically, use (27) to find ®!(n,t) and ®(0;n,t) and use this to compute A, (t)
and B, (t) (and hence a,(t) and b,(t)) as discussed in (20).

We follow the methodology put forth in [38] to determine the radius of the circles near zg and z; . Near
2o we have

t
O(z;n,t) = 0(z0;n,t) — 2 + ?ZO (z — 20)% 4+ O(z — 2)3.
0
We choose the radius of the circles to be proportional to r(n,t) = \t‘j%':o\ so that for s = (z — z9) /(er(n,t)),
2 = 20| = [er(n, t)]
(35) 0(s;n,t) := 0 (20 + scr(n, t);n, 1)) = 0(z05m,t) — &7 (1 + o(1)),

where ¢ is proportional to ¢? and accounts for the phase. Because 6(zq;n,t) is purely imaginary, e is
bounded if s is bounded. It it also follows that for |n|/t < ¢;, in the dispersive region, that r(n,t) = O(t~1/?)
so one may use (n,t) = ¢t~'/2, in practice.

s;m,t)

4.2. The Painlevé Region. For 7 > 1 this region intersects with the soliton region defined below, and
we use that deformation. For % < 1, the saddle points are coalescing at z = —1 and this allows for a new
deformation. Consider the arc 3 that passes from z = —1 and the two stationary phase points z(jfl as shown
in Figure 3. Set z = (™) and 2y = €!("=0) with cos(m — wp) = —%. Thus z € ¥ if and only if |w| < |wo|,
and wg — 0 as t — co. Choose the branch cut (0,00) for the logarithm. Then 6(z;n,t) can be expressed in
terms of w as by abusing notation:

O(w;n,t) =2i(tsinw + n(r —w)) .

Note that KL—‘ > 1 — ¢t~2/3 implies
| sin(m — w)| < sinwy < V2t 713, /1 — L4723 = V2et1/3 (1 - zt,2/3 + %t%/?’ +0 (tfz)) .

for large values of . This together with ¢t — |n| < ct!/3 yields
|0(w; n, t) — 2min| = |tsin(r — w) — nw| < |sinwo|(t — |n|) < V22 + O(t™2/3),

for |w| < wp, which implies that the oscillations are controlled between the two stationary points and the
LDU factorization is not needed. See Figure 7 for the RH problem in this region.

4.3. The Collisionless shock Region. The singularity at z = —1 in the matrix D(z) destroys the bounded-
ness of the parametrix® A(z;n,t). As z — —1, the matrices AQ 'MQA™" and AQ~'PQA~" are unbounded
and we cannot bridge the dispersive region and the Painlevé region. By adjusting the constants that de-
termine the asymptotic regions we can make the dispersive and Painlevé regions overlap up to some finite
t, but we wish to obtain a method which is stable for large values of t. To achieve this stability, we need
to introduce additional deformations. The analogous region for the KdV equation has been introduced in
[28] and the deformations were derived in [8]. The asymptotic analysis of the solutions, the scaling, and the

3We use the term parametrix in a different way than is typical in the asymptotic analysis of RH problems. We use the term
for any function that solves, or regularizes, any portion of the RH problem.
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O34 = Py LA

D34 =SaM LA

(b) (c)

FIGURE 5. (a) ‘Ghost’ circles in preparation for the singularities of A, (b) Definitions of ®3 4
near zp, (c) The jump contours and matrices of the RH problem satisfied by ®3 4 near 2.

needed deformations for the Toda lattice in this region, to the best of our knowledge, are not present in the
literature.

As n increases in the dispersive region, the stationary phase points of e?(*) approach the singularity (z = —1)
of the parametrix A. We replace the phase 6 by a so-called g-function as was done for KdV in [12] (see also
[38]). In what follows, we define g(z) as solution of an RH problem with the properties that are tailored to



NUMERICAL INVERSE SCATTERING FOR THE TODA LATTICE 15

AQ™IMQA~?

AQTILQ

AQ LQA?
AQT'MTLQ

AQTPQAT?

AQ-U'D1Q

AQlUQAT!

AQTYY; QAT AQTIX,; +QAT! AQTYY; +QAT! AQTIX; _QA~?

-1 1
AQTY; _QAa~? AQTIX,; +QAT? AQTYY; +QAT! AQTIX; _QA~?

AQ™PQAT!

AQLQA!

AQ *MQAT?

FIGURE 6. A zoomed view of the jump contours and matrices for the RH problem in the
dispersive region.

achieve the task described above. Having done that, we introduce the needed deformations in this region.
We leave the implementation details for solution of the RH problem given in (36) to Subsection C.3. In
Appendix C.1, we explicitly construct the g-function.

From here on throughout the text, we let Ao € [—1,0] and po € [0, 1] denote the real and imaginary parts
of the stationary phase point zg, respectively. That is,

n nY 2
)\0:—? and PO = 1—(?)

For 21, z0 € T, 21 # 29 define
(21, 22) e = {ew :min{argz; mod 27, argzs mod 27} < # < max{argz; mod 27, argzz mod 277}}

oriented from zj to z3. Then [z, 22]
Rep <1, we label ¥, = [, q]

are 18 the closure of (21, 22)
Yie = [a, ofl]

arc- For a, 8 € T with =1 < Rea <Xy <0<
and X; = [a‘l,ﬁ_l] as shown in Figure 8.

arc’

arc’ arc’
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FIGURE 7.
0<n<t.

FIGURE 8. The cuts ¥, X, and >; for 0 < n < t.

Following the approach in [38], we determine v and 3 on the unit circle so that there exists a function g(z)
that satisfies the following properties:

_ dy if z € 3y,
AMCRYACES Wi dee]

97(2) =g (2) =dz, z€X,,

1
g(z) — §9(2) analytic in z off [ﬂ,ﬁ_l] =X, UX. U,

arc
g(z) is bounded at z = ot and 2z = 5i17
g(z) =42z —Xologz+ O (¢7) as z — oo,

for some complex constants dy and do. These constants depend on « and 3. We leave the details of our method
to solve this RH problem to Appendix C.3. Define the function g(z) = t (g(z) — %6(2)), and construct the
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matrix

e8(2) 0
¢(Z) = ( 0 e_g(z)> — I as z — oo.

Notice that, for z € T the jump satisfied by ®(2)¢(z) is "' J(2)¢p(2) in the absence of solitons. If solitons
are present, we replace J by Q~1JQ. Explicitly,
[1-R(z)R(27Y)] 8297 () _R (=71 e 0(2)—a"(2)—97 (2)
R(z)ef()+e" (2)+97(2) e~ (2) 197 (2) ’

(37) 671 ()64 (2) = (

Note that g satisfies

07 (x) —07(2) =t (97(2) =97 (2)) =0, for z ¢ [B,67"]
g (2) +o () =t(g7(2) +97(2)) —0(z) = 0 as = — 0.
We have
((1-R(x)R(:') —R(z1)e 290
( R(i)l%ggz) ) ( 1) ) ) 2 € (1,8) 00
[1-R(z)R (z7Y)] et (2)-97 ()  _pR (=) e
( R(z)e™ (- ) |0 7S (5 Ve
—R(OR(»N1e%2 —R(2-1) et ()97 (2))
(38) 67 )I()e"(2) = (“R(je(t(fﬁfﬁg)(l)) ) s ) . zefmal),,,
1—-R(z)R (27! o7 (D-07() R (x1)eh oo
<[ E’:i(z))e]_51 et(g_g(z)JFB?_(z)) » ZE (a 1’5 l)arc’
1—-R(R(z7Y) —R(z71)e2t9(2)
( R(i)l?tggz) ) ( 3 ) ’ z e (’8_1’ 1)arc’

where 61/t = gt (2) + g (2) for 2 € ¥y, and 02/t = g7 (2) — g~ (2) for z € 3¢, and 6(z) disappears from the
problem. As in the dispersive region, we proceed with using the factorization J = LDU on Y.. Again, D
has a singularity at z = —1 € 3. that has to be removed. We analyze the jump matrix on 3. in the limit
20 — —1 to determine §; and dy (hence d; and dp in (36)). On X, = (a,a™!)_, the jump matrix is given by

[1—R(2)R (z71)] e* 0 )

0 ([1 - R()R (271)] e)
Using R(—1) = —1 and the analyticity of R(z) in a neighborhood around z = —1, we observe that
(40) 1-R(z)R(z ) =v(z+1)*+0((z+1)*) near z = -1,

(30) 6~ (D ()b () = (

for some constant v € C. So far, we have left o and 5 mostly arbitrary. It follows that (see Appendix C.1) the
prescribed asymptotic behavior for g(z) requires Re « + Re 8 = 2\, leaving us with single degree of freedom.
Now consider the affine transformation, k = K(z), defined by

(41) K(z) =i (Z ;{ﬁ“) . z2(k) =K7Y (k) = X —ipok .

Note that this transformation fixes the stationary phase points: K (zoﬂ) = F1, and the image of the contour

(ﬂ ) ﬁ_l)arc under the mapping K flattens as zéﬂ — —1 (see Figure 9). To remove the singularity at of D(z)

at z = —1, we need to obtain the parametrix 1(z) by solving the diagonal RH problem:
(42) U (2) =97 (2)9= (2) D(2)d1(2), 2 € B, Y(00) =1,

which, in the new variables (41), reads

(43) HY (k)= H™(k)D(k), k € K (),
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where K~1(k) = z(k), H(k) = ¢ (K~(k)), and D(k) = ¢~ (K1 (k) DK~ (k) by (K~1(k)). Let k* =
K(—1) so that z(k) + 1 = —ipg(k — k*). We choose d2 to enforce pZe? = 1 so that the (1,1)-entry of the
diagonal jump matrix D(z) satisfies

(44) [1—R(2(k) R (2(k) )] € = v(k — k)2 + O (p§(k — k*)*), near z= -1, k= k",

hence removing, up to second order, the dependence on py. This indicates that ﬁ(z) remains bounded as
po — 0 which ensures the boundedness of H, and hence of ¢ as t — co. In Appendix C.1 it is shown that «
and f can (and should) be chosen so that

—log p}

(45) "

[ e o5 dp.
B P

Loosely speaking, the collisionless shock region is defined to be the region in the (n,t)-plane where this
is solvable for @ and 8 and a + 1 is not too small. This reasoning gives the asymptotic condition n =
t — cot'/3(logt)?/3. See Appendix C.2 for more detail.

Rez

FIGURE 9. Cuts mapped under the affine mapping z — K(z).

Thus, to obtain a local parametrix, we solve the diagonal RH problem (42) which can be solved explicitly,
in the same way as the parametrix A in Section 4.1. The full deformation for this region now follows. We
lens the problem into the form shown in Figure 10(a). The jumps and contours near o' and 3~! are given
in Figure 10(b). What happens near o and 3 is clear by symmetry. We define ®; . inside the circles centered
at o and a~! as shown in Figure 11(a) and leave ®g s = P15 everywhere else. The RH problem satisfied by
P9 s near the points a~! and B! is shown in Figure 11(b).Define 3 s by

® inside the circles centered at ! and %!
(46) (1)37%(2):{ 27(;5(2), inside the circles centered at o™ and S~

®9s(2)¢(2), outside the circles centered at a*! and B*L.

The RH problem satisfied by ®3 s near the points a~ ! and 57! is shown in Figure 12. Finally, once 9 is
obtained, we conjugate the problem by v as was done with A in Section 4.1, and define ®4 ¢ by

By oo(2) ®3.05(2)Y1(2), outside the circles centered at o and o™,
4,0s(2) = . .
e O3 (2), inside the circles centered at o and o~ 1.

The final deformation for this region and the RH problem satisfied by ®4 s is shown in Figure 13. The radii
of the circles round «, 3, a~! and 37! must be specified. It is easily seen from (61) that ¢/(z) vanishes as a
square root at each of these points and g(z) = a+b(z — ¢)¥/? for ¢ = a, 3, = or 3~! and a, b depend on the
choice of ¢. Following the arguments in (35) we choose the radius of these circles to be proportional to t2/3,
of course, under the constraint that the circles should not intersect one another.
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—1 0 —1 -1
Q™ X,;+Q Q7Y 4Q QT X;-Q

Q7'DQ

FIGURE 10. (a) The initial deformation of the RH problem in the collisionless shock region
for a function ®1 s, (b) The initial jump contours and matrices near a~l gL

4.4. The Transition Region. Similar to the case for the KdV equation (see [38]), the deformations in the
collisionless shock region extends the values of (n,t) for which there exists a well-behaved RH problem past
that of the Dispersive region. However, this is not asymptotically reliable as we approach the Painlevé region:
as |n| — t decreases, a and a~! (defined in the previous section) approach the singularity of the parametrix
1 (see (42)) at z = —1 (at z = 1 for the case n < 0). To avoid this issue, we collapse the lensing on
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FIGURE 11. (a) Definition of ®3 s near o~ %, 71, (b) The jump contours and matrices for the
RH problem for ®5 s near a1, gL

Y = (a, ail)arc and in order to maintain numerical accuracy, we choose a to ensure that the oscillations are
controlled on [3,87!] . Letn=t-— t1/37(t), where

arc

. r(t) . B
tli)Igo W = O, and t]i)ngo T(t) = OQ.

Given a positive bounded function f(n,t) we choose a and § by enforcing (recall that Rea + Re f = 2)g) *

(47) )i [ Vo= a=a G- P 5 db

An practice we use f(n,t) = 2. Other choices may result in more accurate computations.
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¢'Q7LQo
p~'QTIUTQ
¢ 'Q'LDQ

¢-'Q71IQe4 »1Q1P1Q
¢'Q7IPQg

¢_1Q_1MQ ¢71

¢o~1QTIMQo

FIGURE 12. The jump contours and matrices for the RH problem for ®3 s near a t, gL

In light of (63), this is equivalent to
g (2) +97(2) = if(n,1) for z € (B, 0)ye,
t(g7(2) + 97 (2)) = —if(n,t) for z€ (™}, 57)

By adjusting f, (47) can be solved for « since the right hand side is a monotone function of a under the
constraint Rea + Re 8 = 2 Re Ag.

The jump matrix for the RH problem in this region, after applying the conjugation as in the collisionless
shock region, is of the form (38). Note that (48), along with the fact that

t‘g+(z) —|—g_(z)| <|f(n,t)| for ze€ (a,a_l)

(48)

arc ’

arc’

implies that oscillation in the off-diagonal entries of the jump matrix are controlled on (B , B *1)arc. To analyze
the situation concerning the diagonal entries, define h(n,t) by

h(n,t B T

Ol [ VoG- a - A5

Then t|g*(z) — g~ (2)| < |h(n,t)| for 2z € (B, @), Using the change of variables z(k) = K~'(k) given in (41),
one can see that there exists a constant C' > 1 such that

L _ St
=t to

in this region, where py = Im 2y as before. Now note that

<C

Ql

t—t'/3r(t) i
tpd ~ V8 (1 — t) = tvV/8t7r(t)3? = V8r(t)*? = oo, as t — oco.

by the assumptions on 7(¢). This implies that
f(n,t)
tp}
and (47) is solvable for sufficiently large t. Furthermore,

—0 as t — oo,

h(n,t) ~ Ctpd — oo as t — oo,

which implies that the (2,2)-entries of the jump matrix given in (38) all tend to 0 as t — oo in this region.
We now examine

(49) [1 — R(2)R (zfl)] Mt on (ﬂ, ﬁfl)

arc’
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FI1GURE 13. A zoomed view of the jump contours and matrices of the final deformation of the
RH problem in the collisionless shock region. Note that ¢ and i commute.

using the change of variables z(k) = K~1(k).
(50) [1— R(2(k))R(2(k)™)] ehnt) — v(z(k) + 1)2(1 + O(z(k) + 1)2)eh(”’t) =vp5 (1+0(p5)) ehnt)

uniformly in k for A and B bounded as t — co. Thus we are led to examine the behavior of pgeh("’t) for large
values of t > 0. Note that h(n,t) = O(r(t)*?), p3 = O(t=2/3r(t)), and that for any ¢ > 0 there exists T such
that 7(t)3/2 < clog(t) for t > T. There exists C;, Cy > 0

(51) peelmt) < Cyt=23p(1)eC2e08t < O1t72/3¢C2¢r (1) — 0, as t — oo,

for ¢ chosen sufficiently small. This implies that the (1, 1)-entries of the jump matrix all tend to zero. Therefore
the entries of the jump matrix remain bounded and this gives us an asymptotically well-behaved RH problem
without any lensing on [ﬁ, B_l]arc. After lensing on T \ [ﬂ, 5_1]arc we obtain an RH problem for @4, see
Figure 14. Defining ®5; = ®1 ¢, we present the jump contours and the jump matrices for ®o ¢ near a !
71 in Figure 15.

and



NUMERICAL INVERSE SCATTERING FOR THE TODA LATTICE

(b)

FIGURE 14. (a) The initial deformation of the RH problem in the transition region region for
a function @1, (b) The initial jump contours and matrices near o, f71.

Finally, define

By (2) ®94(2)¢ (), inside the circles centered at a*! and f*1,
Z) =
it Do 1 (2), otherwise.

23
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FIGURE 15. The jump contours and matrices for ®o near a~t, 71

The jump contours and the jump matrices for the final RH problem (for ®3¢) is given in Figure 16. The
scaling of the circles around «, 3, o~ ! and f is the same as in the collisionless shock region: o t=2/3.
2
Remark 4.1. In the collisionless shock region when t := —710:; 20 ~ 0, a ~ 3 and the g function is essentially
0
zero. This is the degeneration of the collisionless shock region to the dispersive region and hence the two
regions overlap. The transition from the collisionless shock region to the transition region an be seen as
t — oo, when

—+

/[ VDBt D) [ Va A ) aB) 4

t=—i g~ —i \/q— q—B)(¢+A4) (¢ + 7
)\0 —ipoq)? B

and A ~ 0 (see Appendix C.2 for the definition of A and B). This occurs when n = t — C1t'/3(logt)?/? as

C1 | 0 and it can been seen that the jump matrices in the transition region are regularized for r(t) = e(log t)%/?

for € sufficiently small. Thus the collisionless shock region and the transition region overlap. In the transition

region as t — oo we have

/ \/q— —B)(¢+A4)(¢+B)

A —_ —
Fo? S —— da~ [\~ Aa—B) (g +4) ¢+ B) da

Thus for f(n,t)/(tpy) sufficiently small, this equation is solvable for A. Then note that for n = t — c3t!/3,
tp® ~ (2¢3)3/2. Thus choosing c¢3 sufficiently large, we see that the Painlevé region and the transition region
overlap and the g-function degenerates to zero as A — 0 (or « — —1). In this way, our deformations can be
seen to bridge all regions.

4.5. The Soliton Region. In this region, we have |n| > ¢t. Therefore, the stationary phase points are no
longer on the unit circle. Instead, for n > 0:

2
20 = —%+ (?) ~le(-1,0),
and hence z; 1€ (—00,—1). We use J = MP decomposition within the strip of analyticity for the reflection
coefficient and make the deformed contours (for the jumps M and P) pass through the stationary phase
points as long as they remain inside the strip of analyticity. Once ,zroi1 leave the strip, the deformed contours
truncate to two circles: one enclosed by the unit circle, other enclosing the unit circle. More precisely, let
A, ={z=re“:wel0,2r), r€(1—v,1+v)}, v >0, be the strip where R(z) is analytic. Choose r € (0,1)
that satisfies
1—r:min{\zo—|—1\,g} .
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FIGURE 16. A zoomed view of the jump contours and matrices of the final deformation of the
RH problem (for ®3) in the transition region.

As in the dispersive region, we use the jump

. -1 _0( 5 ’t)
Meny = (o )

on the circle I'_ which is centered at z = 0 with radius 1/r, and

1 0
P(Z;’I”L,t) = (R(z)69(z;n,t) 1)

on the circle I';. which is centered at z = 0 with radius r. Now, define {y € (—1,0) by Ref(z;n,t) = 0, that

is, by
n_ G-¢"

t 2log [Col -
For n >t >0, z9 < (o (see [18]). Thus, the choice of r ensures that I'y C A, and that the exponents in P
and M have negative real parts on their domains. Consequently, P and M tend to I exponentially fast as
t — oo. The strip of analyticity, jump matrices, and jump contours for the RH problem in this region are
presented in 17 in absence of poles. When poles are present, the choice of r is further restricted to make sure
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that the contours do not intersect with the circles, D;-E, around each pole, g‘fl, 7=1,2,...,N. We use the

jumps XjF and in (defined in (31) and (32)) on Dj.[ precisely as described in Section 4.1.

Ref(z) >0

Ref(z) < 0"._

—_

FI1GURE 17. The jump contours and matrices for the RH problem in the soliton region.

5. NUMERICAL RESULTS
5.1. Direct scattering. In this section we present some numerical results on the computation of the scat-
tering data. We study two choices of initial data in detail:

(TS) A choice of initial data giving rise to two solitons (TS) is

1 4

an(0) = 5 + 5n6_n2,
1

bn(0) = 10 sech(n).

(NS) A choice of non-solitonic (NS) (i.e., opp(L) = @) initial data is

1 1
an(O) = 5 - Ze_ng,
1
bn(0) = 0 sech(n).

The reflection coefficient on T is shown in Figure 18(a) for TS initial data and in Figure 18(b) for NS initial
data. With K in Section 3 sufficiently large (K = 30 is sufficient), accuracy is guaranteed. In the case of the

TS data, we find
(C1,G2) & (0.596142, —0.704859),
(71,72) = (3.25791, 1.43054).
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FIGURE 18. Numerical computation of the reflection coefficient R(z) (Re R(z) solid curve,
Im R(z) dashed graph) with initial data where (a) two eigenvalues are present (TS) and (b)
opp(L) is empty (NS).

5.2. Inverse scattering. In this section we present numerical results for the computation of the inverse
scattering transform. These results are of three flavors:

e Example solution plots,
e error analysis, and
e numerical asymptotics.

5.2.1. Ezample solutions. Here we present plots of the solution of the Toda lattice with both TS and NS
initial data. See Figures 19 and 20 for plots of a,(t) and b, () when ¢ = 100, 1000 in the case of TS initial
data. Two solitons traveling in opposite directions are clearly visible. Indeed, this is anticipated because (;
and (2 have opposite signs. See Figures 21 and 22 for plots of a,(t) and b, (¢) when ¢t = 100, 1000, 10000 in
the case of NS initial data. As stated above, no solitons are present in the solution and the high oscillation
in the solution is apparent, especially at ¢ = 10000.

5.2.2. Error analysis. To examine the accuracy of our numerical IST a posteriori we compare it with a naive
time-stepping method. A more detailed description of the method can be found in [4]. Fix K > 0 and
consider the Toda lattice with Dirichlet boundary conditions: a_g(t) = ax(t) = 1/2, b_x = bx = 0. Here
K is chosen sufficiently large so that the solution remains flat at the boundary =K for all times simulated.
If t < T, it suffices to take K = ¢I' for some ¢ > 1 which is larger than the speed of the fastest soliton
present in the solution. This is a finite-dimensional system of ODEs and can be integrated in time using the
fourth-order Runge-Kutta method. We compare the time-stepped solution at ¢ = 30 with At = 107° with
the solution computed via the inverse scattering transform in Figure 23. As the number of collocation points
in increased, the numerical inverse scattering solution converges exponentially to the true solution, with these
errors saturating at approximately 10~!'. It is reasonable to expect that at this point the numerical IST
gives a more accurate solution than the time-stepping method. Furthermore, on a standard laptop it takes
~ 6 seconds to compute the solution at t = 30, n = 30 with 720 collocation points using the IST and ~
2 x 10° seconds with the naive time-stepping method®. This comparison is pessimistic as contour truncation
(see Figure 24 and the next paragraph) reduces IST computation times as t increases while time-stepping
methods see their complexity increase.

We emphasize that the number of collocation points required to solve the Toda lattice using the numerical
inverse scattering transform to a given accuracy is typically decreasing with respect to ¢. This is because the
deformations performed on the original RH problem force some contours to tend exponentially fast to the
identity matrix as t increases. Thus, after truncation, discussed in Section 2.5, fewer contours need to be
discretized in the RH problem resulting in fewer collocation points. To see this in action, using the contour

5Tt should be noted that the time-stepping method produces an approximation of the entire solution profile in this time while
the numerical IST gives the solution at only one point. Even so, it would take ~ 1.2 x 10* second to compute the entire solution
profile at this rate with the numerical IST.
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FIGURE 19. Solution a,(t) obtained by numerical inverse scattering (a) at ¢ = 100, (b) at
t = 1000. The horizontal axis denotes the spatial parameter n € Z. The initial data produces
two eigenvalues on opposite sides of the a.c.-spectrum giving rise to two solitons traveling in
opposite directions.

truncation algorithm described in [37], see Figure 24. Thus the errors seen in Figure 23 are pessimistic for
large values of t.

5.2.3. Numerical asymptotics. We have seen that the accuracy of the numerical method is easily verified for
short /moderate times by the comparison with time stepping methods. Thus in terms of accuracy, the method
will also out-perform the asymptotic formulae ([30, 29, 16]) for long-time. Thus, with a numerical inverse
scattering transform the numerical evaluation of asymptotic formulae (which is truly a non-trivial task) is
obsolete. To demonstrate this, we show the long-time behavior of the solution with NS initial data in the
dispersive, Painlevé and collisionless shock regions. We call such computations numerical asymptotics.

e Dispersive region.
To show the solution in the dispersive region we let n depend on ¢ through n = |7¢/10| where |-]
represents the integer part. See Figure 25 for a plot of the solution into the dispersive region.

e Painlevé region.
To show the solution in the Painlevé region we let n depend on ¢ through n = [t —t'/3]. See Figure 26
for a plot of the solution into the Painlevé region.
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FIGURE 20. Solution b,(t) obtained by numerical inverse scattering (a) at ¢t = 100, (b) at

= 1000. The horizontal axis denotes the spatial parameter n € Z. The initial data produces
two eigenvalues on opposite sides of the a.c.-spectrum giving rise to two solitons traveling in
opposite directions.

Collisionless shock region.
To show the solution in the collisionless shock region we let n depend on ¢ through n = |t —
t1/3(logt)?/3]. See Figure 27 for a plot of the solution into the collisionless shock region.

APPENDIX A. SOLVING THE SINGULAR DIAGONAL RH PROBLEMS

There are two diagonal RH problems that must be solved, and computed numerically, in our deformation
procedures. The A first is (34) and the second is ¢ in (42). Note that because g7 (z) — g~ (2) is constant for
z € (a, a‘l)m, these problems are both of the form

2@ =2 (T 0 ) se G bl =1 ma >,
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FIGURE 21. Solution a,(t) obtained by numerical inverse scattering (a) at t = 100, (b) at
t = 1000, (b) at ¢ = 10000. The horizontal axis denotes the spatial parameter n € Z. The
initial data produces no eigenvalues and therefore no solitons are present in the solution.
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FIGURE 22. Solution a,(t) obtained by numerical inverse scattering (a) at ¢ = 100, (b) at
t = 1000, (b) at ¢ = 10000. The horizontal axis denotes the spatial parameter n € Z. The
initial data produces no eigenvalues and therefore no solitons are present in the solution.



32 D. BILMAN AND T. TROGDON

1 0_6 3 °

107"} ‘

1078} .

1079}
1 0_1 0L ® °
10711+ .

600 800 1000 1200

Collocation points

F1GURE 23. The error between a solution of the Toda lattice computed using time steeping
and numerical inverse scattering. The error shown is the maximum of the error computed
at the points (n,t) = (—51,30), (—31,30), (—11,30) plotted versus the number of collocation
points used in the numerical solution of the associated RH problem.

Error

for a positive real constant c. It follows from classical theory that X9 = X1 = 0, X11(2) = 1/X12(2). From

this
Xi1(2) = exp 1/ Mds .
21 (vy1),,. ST%

Furthermore, because log(cr(s)) it follows that Aj1(z) is bounded near v and v~ !, see [19]. The difficulty
here is evaluating this numerically because log7(s) is singular at s = —1. We regularize the integrand by
considering®

%(Z) = _(Zj(,jzl)Q >0, z¢ (W’V_I)arc’

so that the Cauchy integral of the smooth function log 7(z) along (7,v~!) can be computed with the methods
referenced in Section 2.5. It follows that

1 21 — s 1 1 1 1 log(1 — s~ 1
T(2:7) = / 2log(s —s7) , _ / log(s +1) ), 1 log(1—5s7)
(Y™ are (yy™h)

211 s—z ) s—z T J(yy-1) s—z
arc

We note that log(1 — 27 !) has its branch cut on [0,1] so that it is smooth on (v,v~!) and its Cauchy integral
can be, again, computed with the methods referenced in Section 2.5. Thus it remains to calculate by Cauchy’s
integral formula

1 ng@4—nds__1t/ 2bg@4-nds+_{q it €Ds,
I’Y

2ri (Ve ST Z T 2o s—z 2log(z+1), ifzeD,,

where I, is the vertical line connecting v and vt

by I, and ('y,'y*l)arc. It turns out that

1 2log(s+1) 1 1 z—~v71 z—7

— ———~ds=— [ log(1 1 — log(1 1 —
. s = 5= (log(1 4+ log (S ) — log(1 + ) log (

211 s—z
(147! (147
L —L —_—
+12<1+z> 12<1+z

6As the amplitude of the initial data increases, 7(£1) approaches zero. Round-off error that is amplified by forming the ratio
may become significant and degrade the accuracy obtained in evaluating 7. In this case, once should look for a different method
to compute Xii.

with downward orientation and D, is the region enclosed
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FI1GURE 24. Contours used in numerical inverse scattering for the Toda lattice in the dispersive
region with TS initial data. This figure shows how contour truncation localizes the contours
as t — o0o. (a) The contours for (n,t) = (—11,30) with 28 total contours. (b) The contours
for (n,t) = (—110,300) with 24 total contours (soliton contours have been truncated). (c) The
contours for (n,t) = (—1100,3000) with 14 total contours.

where Lis is the dilogarithm function, see [20, Section 25.12], with appropriately chosen branch cuts. Stock
special function routines in Mathematica allow this function to be computed accurately. Then

1 log(eT(s
X11(z) = exp / Mds—{—I(z;y) .
21 (1), STZ
APPENDIX B. ON COMPUTING EIGENVALUES OF L

In this section we present a case where we fail to capture all of the eigenvalues of L numerically by using
conventional eigenvalue algorithms on finite, K x K truncations Lx of the doubly-infinite Jacobi matrix L.
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FIGURE 25. Numerical asymptotics in the dispersive region: n = |7¢/10]. Such computations
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FIGURE 26. Numerical asymptotics in the Painlevé region: n = [t—t'/3]. Such computations
are accurate for arbitrarily large ¢
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FIGURE 27. Numerical asymptotics in the collisionless shock region: n = [t — t'/3(log t)*/?].
Such computations are accurate for arbitrarily large t¢.
For

ML) <A (L)< <Ay <—1<1<A, < <AJ(D) < AT (L)

denote the eigenvalues of L. Note that the integers M* are finite for the Jacobi matrices that appear in this
text, but they can be zero. Similarly, let

)\1_(LK) < )\Q_(LK) << )‘I_((LK) and )\T(LK) > /\;'_(LK) > > )\};(LK)
denote the real simple eigenvalues of any K x K truncation Lg, labeled in increasing ()\;) and decreasing

order ()\j), respectively. Then

A (L) <A (Lk) for j=1,2,... min{M~, K},
)\;F(L) > )\;-“(LK) for j=1,2,..., min{M™* K},
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and
—1 <A (Lg) for min{M™, K} <j <K,
1> M\ (Lg) for min{M*, K} <j<K.
In other words, pure point spectrum of L shrinks around the a.c.-spectrum under truncations. In particular,
an eigenvalue of L that is close to the a.c.-spectrum might go inside the interval o,.(L) = [—1, 1] after applying
a truncation, in which case it fails to be captured by conventional eigenvalue algorithms that are run on the

finite truncations Lg. The example to be discussed below illustrates such a case. For a more detailed account

on the spectra of finite truncations of doubly-infinite Jacobi matrices, we refer the reader to Section 4 in [4].
Consider the data {a%,b9}:

n 2 gn ’
1 by—1 1 —1

0 _ ~/1 _ 104\ (-* _ * n _ tn-l

b’)’L_ 2(1 10 )(Z 1/Z )( gn gn_l >7

by =1+ 6—471/5’ 2 = 6_2/5-

(52)

which is created by inverting pure soliton initial data. Define the 2K + 1 x 2K + 1 truncation

b_xg a_g 0

a-rg b-ky1 a-kt1
0 A—K+1 '

Logi1 = . . ' ;
. . . aK—o 0

ak—2 brk_1 ax—1
0 ax—1 bk

for K = 2400. Using standard eigenvalue algorithms for tridiagonal symmetric matrices on Lo 11 yields no
eigenvalues outside [—1,1]. However, the transmission coefficient has a pole outside [—1,1], which can be
captured by Newton iteration to find zeros of 1/R(z) and we find R(z*) = 0 for z* ~ 0.99982297716 which
corresponds to an eigenvalue A &~ 1.00000001567 of L. Naturally, such an eigenvalue is difficult to capture via
truncations because it does not emerge until K is very large. See Figure B for a illustration of the zero.

2 £ T T T T T |

N |

0.9996 0.9998 1.0000 1.0002 1.0004

z

FIGURE 28. The reflection coefficient R(z) for the initial data (52). A zero for 1/R(z) is
observed near z = 1 corresponding to an eigenvalue of L. The zero is very close to the unit
circle and therefore the corresponding eigenvalue is close to the right edge of the continuous
spectrum of L. This eigenvalue is difficult to detect with traditional eigenvalue techniques but
it is easily captured using the reflection coefficient.

APPENDIX C. TODA ¢g-FUNCTION

In this section we explicitly define the g-function computed in Section 4.3. We use this form to determine
the exact asymptotic form of the collisionless shock region and then discuss its computation.
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C.1. Construction of the Toda g-function. Let Ay < 0 and pg > 0 denote the real and imaginary parts of
the stationary point, zg, respectively. For «, 8 € T in the upper half-plane with —1 < Rea < Ao < Rep <1,
define

Fla,f) = ;plmp— Jo—a N G-B =B d

Here the square root is defined with branch cuts on [3,a], . and [ofl, Bil]arc and asymptotics

arc

Vip—a)(p—at)(p—8)(p—B1)~p*, p— oo

Lemma C.1. Under the additional restriction Rea+ Re 8 = 2\, F(«, 3) € [0,4]. Moreover, for fized zy, F
is a monotone decreasing function of Re a as Re « increases from —1 to Ag.

Proof. For notational simplicity set Ao = Rea, wy = arga, and A\g = Re 8, wg = arg 3. Also, set
X(p)=vVp-a)p—a)(p—B)(p-p1).

Then
* X*(p)dp

First, note that

I 2

(53) () == aa)e - aa)

for z = (p+p~1)/2. Now, for p on the unit circle, z = Rep and the right hand side of (53) is negative in the

domain of integration, vanishing only at z = A\, and z = Ag. This implies that X (p)/p is purely imaginary.
Second, by definition X (p)/p ~ p as p — oo so that Imp > 0 in the upper half-plane for |p| large enough.

We claim that Im(X (p)/p) cannot change sign outside the unit circle off the real axis. Suppose that it did.

Then X (p«)/p« = ¢ would be real valued for some p, with |p.| > 1. For z, = (p. + p;')/2

(54) Az — Aa) (26 — Ag) = €R.

Solving (54) for z., we obtain

_ )\a+)\5:|:\/()\a—)\/3)2—|—02

= 5 ,

which is clearly real valued. Thus p, is on the real axis or the unit circle. This implies that X~ (p)/p has a
positive imaginary part on the arc (8, «), .., and hence X+ (p)/p is purely imaginary with a negative imaginary
part on (3, a),,.. This, together with the fact that dp/p = idw in polar coordinates, p = €', implies that

Zx

(55) F(a,B) =2 \/ (cosw — Ag)2 + (Mg — Ag)2dw > 0.
ws
Setting y = cosw in (55) gives us

Aa
(56) F(a,B) =2 ¢ (y — 20)2 + (A — Xo)2dy.

220—Aa V1 —

Now, for fixed Ay with A\, < Ag < 0, we differentiate F' with respect to Ay:
OF 22— Aa dy
(57) 1 =2(A —/\0)/
OAa * Aa V1I—=12/= = 20)? + (Ao — X0)?

Here the contributions from the endpoints vanish. Since 1 —y? > 0 and —(y — A\g)? + (Ao — Xo)? > 0 for
€ (Aay2X0 — ), aale < 0 for fixed Ag. This implies that F' is a monotone decreasing function of A, as

Ao increases from —1 to Ag. Thus, for any given —1 < )¢ < 0, F' attains its maximum value F*()\g) when
Ao = —1. Moreover,

(58) dy > 0,

8F* 2X0+1 1+y
2L, VI= V== 2P + (1= A)?
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which implies that F™* is a monotone increasing function of Ay as Ag increases from —1 to 0. Setting zg = 1,
a=—1,and g =1 gives

(59) F(—l,l):/ 2y/1 — (cosw)? dw:2/ sinw dw = 4,
0 0

which is the maximum value of F' subject to the constraint A, + Ag = 2)g. Clearly, the choice o = 8 = 2 is
admissible and it minimizes F' at F' = 0, whence we conclude F(a, ) € [0,4]. O

Similar to the case for the KdV (see [8, 38]), introduce the variable

log p}
—
Restricting to Rea + Re 8 = 2o, with Im «, Im 8 > 0, the expression

(60) ; NG G- A5 =

defines both «(s) and [3(s) since s is a monotone function of Re« (or, equivalently, of arg ). We define the
g-function to be
(61)

1 V- p—a )-8 -5 1) /p—a)p—aH(p-5)(p—F1)

D,
p? 1 p?

We choose the branch cut for \/(z — a)(z — 8) (z — a=1) (z — B~1) to contain the circular arcs on the unit
circle from 8 to a and a~! to 8. In order for ¢ to be single-valued, it is necessary to add a branch cut on the
arc connecting o and o~ 1.

Lemma C.2. The g-function given by (61) satisfies:
(1)

/ V=D G-aNe-Be-F dp 2 (Bs)als))
i - — — b~ - z a(s), a(s)™!
63 57— g (6) = / Vo= o= =B -5 dp € (alshals) ),
/ f\/p Np—aDp-Bp-p1 dp, z¢€(a(s)B87(s),,
0, otherwise.
(2)
( ro(s)
R e I I A CORE
Zi p— a1 — — Bl z a(s),a(s)!
63)  gt(z) 4 g-(c) = a(g 5V (p )(p—B) (p— B~ dp, € (a(s),a(s)™) .
| plgwp—a) p—aDG-B -8 dp. ze(als) 5 s),,
[ 29(2), otherwise.
(3)
(64) g(z) = %z—)\ologz—i—(’)(z*l), as z — 0.

(4) g(z) — £0(z) is bounded.

(65) p(Q)et(g (2)=97(2)) — 1, for z € (a(s),a(s)™)

arc”



38 D. BILMAN AND T. TROGDON

Proof. As before, set X(p) = /(p—a)(p—a 1) (p—B)(p—B1), and let A\, and Az denote the real parts
of a and f, respectively. The properties (1) and (2) follow from contour integration and the fact that

Xt(ph= X+( ). To prove (3), we use

p?
\/l—yzl—éy—éy%r@(y?’), as y — 0,

and the condition that A, + Ag = 2Ag, to obtain

X
(66) p(f) =p 2 =2xp '+ (1= 3(Aa — A3)?) + 4X0Aagp + O (p°), as p = 0.
Also, for large p, we have
X(p) _ -1 1 2\ —2 -3 —4
(67) PR 1=2Xp "+ (1= 3(Aa = 23)*) p 7 +4X0Xadgp °+ O (p?), as p = .
= X
Setting H(z) = / (2p ) dp, integration gives us
a(s) P
H(z)=—2z""4C=2X\logz+ (1 - 3(Aa — X3)*) 2+ O (2?), as 2 = 0,

68
(68) H(z):z—2)\ologz+0—( —2(Xa - 2s)?) _1+O(2_2), as z — 00,

for some complex constant C. Then lim H(z) + H (z_ ) = 2C, which implies, for large |z|, that
Z— 00

271 z a(s)™t
2C = / (2p X(Qp) dp = X(2p) dp +/ X(2p) dp
(69) (s) P a(s) P a(s) P z p
a(s) a(s)
[ gy [N,
o(s) -1 p

Therefore, g(z) = 32 — Aglogz + O (z_ ) as z — oco. (4) follows from the integral representation and the
asymptotic expansion around z = 0 in (68). Finally, to prove (5), assume z € (a(s), a(s)™"),

logpd _ /a(s) X))
t Bs) P
—logpl =t (g7 (2) — g (2))

o (D=07() 2 — 1

C.2. Derivation of the collisionless shock scaling. We have

n n
po = 1—() =2 1——(1—}-(’)(1—;)), for ?Nl.
As described in Appendix C.1, we choose A = K(a) and B = K () (see (41) for the transformation K) by
—+
_logpo_ / \/q— B) (q+A) (¢+ B)

dq.
top >\0 — ipoq)?

Note that as \g — —1, po — 0 (i.e. zo — —1), the integral on the right hand side converges provided that A
and B converge to finite values. To ensure this, we enforce that

(70)

_log g

(71)
Pt

—C, ast— o0,

for some constant C € R. Let n =t — ét) with ”(t) — 0 as t — oo, so that

(72) po = v/ulD) (1+0 (“2)).
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Then
log p§ t
(73) —— 373 —C, as t—00.
A ()
For this limit to exist, set u(t) = C1t*/3(logt)?/3, C1 > 0. Doing so yields
<.U(t ) 2 2
3 logt — 5log(logt) —log C 2
1 ) Slot - loallost) “lexCy 2,
( ) Cy" " logt 3C]

as desired: In this limit, A and B in (70), tend to finite values. Therefore the scaling for the collisionless
shock region is given by

(75) n=t—Cyt"/3(logt)?/?.

C.3. Computing the Toda g-function. To compute g we first compute g and use the relation tg(z) =
ta(z) + 16(z). It follows that g/(z) solves the following RH problem

(76) g'(x) +g'(2) =t710(2), z€ B, U,
(77) d(2) = 0(z72), as z — 0.

Furthermore, g'(2) is a bounded function on C\ (X, UY;). We remark that imposing that (76) and that g'(2)
is a bounded function in the finite plane uniquely determines g’(z) and (77) is a consequence of our choice of
« and .

We consider the function &(k) = g(M (k)), bounded in the finite plane, where M (k) = % maps the real

axis to the unit circle. Then &'(k) solves
(78) &' (k) + &' (k) =t (M(k))M'(k), z € (-B,—A) U (A, B),
(79) &' (k) = O((k —1)?), as k — 1.

Here A = M~1(a) and B = M~!(B3). As in the case of g’(z) the behavior at k& = i does not need to be
imposed — the boundedness of &’ along with the jump condition (78) are enough to uniquely determine the
function. Thus the numerical methodology in [22] applies directly to this situation and allows us to compute

both " and & to within machine precision, uniformly in the complex plane. Hence g(z) = & (zz—ﬂ) can be
computed accurately.
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