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On the Initial Value Problem of the Toda and Kac-van
Moerbeke Hierarchies

Gerald Teschl

ABSTRACT. We provide a brief review of the initial value problem associated
with the Toda and Kac-van Moerbeke hierarchies. We give a simple proof
for the basic (global) existence and uniqueness theorem and provide some
additional details for the inverse scattering transform. In addition, we also
show how to obtain solutions of the Kac-van Moerbeke hierarchy from solutions
of the Toda hierarchy via a Miura type transform.

1. Introduction

In 1967 Gardner et al. ([10]) presented a method for solving the Korteweg-
de Vries equation which is presently known as inverse scattering transform (IST).
Since then, this method has been extended to numerous other completely integrable
equations. It consists of three steps. One, find the scattering data of the initial
conditions. T'wo, find the time evolution of scattering data. Three, reconstruct the
potential from the (time dependent) scattering data. At first sight this procedure
looks relatively simple, but, after a closer look, it turns out that it is highly non-
trivial to give a complete and rigorous mathematical justification. In fact, since
one has to assume existence of a solution in the outset, there are two additional
steps necessary to make the method complete from a mathematical point of view.
Firstly, one has to show that the time dependent scattering data give rise to a po-
tential. Secondly, one needs to show that this potential is indeed a solution of the
completely integrable system under consideration. These last two steps are often
ignored in the literature.

Our first aim is to review the IST for the case of the Toda hierarchy and to
show that the situation is much simpler here since we have a global existence and
uniqueness theorem at our disposal. Moreover, since rigorous results on scattering
theory for Jacobi operators are very rare, we will have a closer look at the actual
reconstruction and we will provide a detailed investigation of the Gel’fand-Levitan-
Marchenko equations containing some new results. Finally, we will review the
connection between the Toda and Kac-van Moerbeke hierarchy and show how to
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obtain solutions of the Kac-van Moerbeke hierarchy from solutions of the Toda
hierarchy via a Miura type transform.

2. The Toda hierarchy

In this section we introduce the Toda hierarchy using the standard Lax formal-
ism ([12]). We first review some basic facts from [6].
We will only consider bounded solutions and hence require

HypoTaEsIs H.2.1. Suppose a(t),b(t) satisfy

(2.1) a(t) € £°(Z,R), b(t) € £°(Z,R), a(n,t) #0 (n,t) € Z x R,

and let t — (a(t),b(t)) be differentiable in the Banach space (>°(Z) @ £ (Z).
Associated with a(t), b(t) is a Jacobi operator

H(t): 3(2Z) — (*(2)

(2.2) o am D fn+1) +aln—1,0f(n—1)+b(n,6) f(n) °

where (2(7Z) denotes the Hilbert space of square summable (complex-valued) se-
quences over Z. The scalar product in ¢2(Z) is denoted by (f,g) = >, .5 f(n)g(n)
and ¢,, will be the canonical basis.

Moreover, choose constants co =1, ¢;, 1 < j <7, ¢4 =0, set

gj(nvt) = ch—f<5n’H(t)£6n>v
=0

J
(2.3) hi(nt) = 2a(n,0) 3 ¢ e(Bun H1'8.) + ¢y
£=0

and consider the Lax operator
(2.4) Pyrya(t) = —H(t) ™ + Z(2a(t)9j(t)5+ — hy () HE) ™ + gria(t),
j=0

where ST f(n) = f(n+1). Restricting to the two-dimensional nullspace Ker(7(t) —
z), z € C, of 7(t) — z, we have the following representation of Pa,ya(t),

(2.5) Payio(t) =2a(t)G.(2,t)ST — H,11(2,1),

Ker(7(t)—z)

where G,.(z,n,t) and H,11(z,n,t) are monic polynomials in z of the type

,
Gr(z,n,t) = szgT_j(n,t),
=0

(26) H7'+1(Z7na t) 2t + szhr—j(n7t) - gT‘-‘rl(nvt)'
=0

A straightforward computation shows that the Lax equation
d

(2.7) ZH() = [Porsa(t), HO] = 0, tER,
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is equivalent to

(28)  TL(a@®)b) = )~ alt)(g5. (1) = goia(t)) =0,
(2.9) TL(a(t),b(t)2 = b(t) = (hrsa(t) = By () =0,

where the dot denotes a derivative with respect to t and f*(n) = f(n+1). Varying
r € Ny yields the Toda hierarchy (TL hierarchy)

(2.10) TL,(a,b) = (TL,(a,b)1, TL.(a,b)2) =0, r € Ny.

The Lax equation implies the well-known isospectrality theorem.

THEOREM 2.2. Let a(t), b(t) satisfy TL,(a,b) =0 and (H.2.1). Then the Lax
equation (2.7) implies the existence of a unitary propagator U,(t,s) for Pa.io(t)
such that
(2.11) H(t) =U,(t,8)H(s)Uq(t,s)", (t,5) € R%

Thus all operators H(t), t € R, are unitarily equivalent.
In addition, if ¥ (s) € (*(Z ) solves H(s)Y(s) = z(s), then the function

(2.12) P(t) = Ur(t, s)i(s),
fulfills
(213) HOW() = 29(0),  2b(1) = Pora(0(0).

In addition, we will need the basic existence and uniqueness theorem for the
Toda hierarchy ([17], Theorem 2.2, see also [8], Proposition 1).

THEOREM 2.3. Suppose (ag,by) € M = £°(Z) & £>°(Z). Then there exists a
unique integral curve t — (a(t),b(t)) in C°(R, M) of the Toda equations, that is,
TL,(a(t),b(t)) = 0, such that (a(0),b(0)) = (ao, bo)-

PRrOOF. The Toda equation gives rise to a vector field X, on the Banach space
L°(Z) @ £>°(Z), that is,

(2.14) %(a(f)vb(t))=Xr(a(t)7b(t)) & TLe(a(t),b(t)) = 0.

Since this vector field has a simple polynomial dependence in a and b it is clearly
smooth. Hence, by standard theory, solutions for the initial value problem exist
locally and are unique (cf., e.g. [1], Theorem 4.1.5). In addition, since the Toda flow
is isospectral, we have ||a(t)]|co + [|[6(t)|lco < 2||H (t)|| = 2||H(0)|| (at least locally).
Thus any integral curve (a(t),b(t)) is bounded on finite ¢-intervals implying global
existence (see e.g., Proposition 4.1.22 of [1]). O

3. Inverse scattering transform

Now we want to review the inverse scattering method for solving the initial
value problem of the Toda hierarchy.
As a preparation, we first consider the trivial solution of the Toda equations,

1
(31) ao(n,t) = ag = 5, bo(n,t) = bo =0.
The sequences
+a,.(k)t E+ k™t
(32) ve(zm 1) = K exp (F2E0) - BERT
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where
(3.3) ar(k) = 2(kGor(2) = Hor1(2)) = (k = k~1)Go(2)
satisfy
Ho(t)¢+(z,n,t) = 2¢+(2,n,t),
Lps(ent) = Poaroo(tie(zm,)
(3.4) = 2a0Go,(2)Y+(2,n+1,1) — Hori1(2)9+ (2,0, 0)

(we omit n, ¢ in the arguments of Gy, Hy r41 since these quantities do not depend
on n, t). Note a,(k) = —a,.(k~1). Explicitly we have

ag(k) = k—k1,
k2 _ k72
ak) = T ek,
(3.5) ete. .

Now we turn to scattering theory for H(¢) (cf. [7], [11], [19]). That is, we
will assume that H(¢) looks asymptotically like Hy (the operator associated with
ag =1/2 and by = 0). More precisely, we will require a(n,t) > 0 and

(3.6) S Inl(11 = 2a(n)| + [b(n)]) < ox.
neEZ
This implies

(3.7) Oess(H) = 0ac(H) = [-1,1], 0,(H) = {\;})L; CR\[-1,1],

where N € N is finite, and the existence of the so called Jost solutions fi(k,n,t),
E+Ek1

(38)  (7- * )felent) =0, Tim KT fa(hnt) =1, K <1

See (e.g.) [15] where a more general result for periodic rather than constant back-
ground operator Hy is proven.
Transmission T'(k,t) and reflection Ry (k,t) coefficients are then defined via

(3.9) T(k,t)f+(k,n,t) = fe (k™' n,t) + Re(k,t) fr(k,m,t), k| =1,
and the norming constants 4 ;(t) corresponding to \; € o,(H) are given by

(3.10) x0T =D el ), k=X — /A2 —1€(=1,0)U(0,1).

nez
Clearly we are interested how the scattering data vary with respect to ¢. But first
we ensure that it suffices to check (3.6) for the initial condition.

LEMMA 3.1. Suppose a(n,t), b(n,t) is a solution of the Toda system satisfying
(3.6) for one ty € R, then (8.6) holds for all t € R.

For a proof see [17], Lemma 3.1 (for the semi-infinite Toda chain (r = 0) see
also [8], Proposition 4).

THEOREM 3.2. Suppose a(n,t), b(n,t) is a solution of the Toda system satis-
fying (3.6) for one (and hence for all) to € R. The functions

(3.11) exp(ta, (k)t) f+(k,n,t)
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satisfy (2.13) weakly (i.e., they are not in (*(Z)) with z = (k + k=1)/2. Here
fx(k,n,t) are the Jost solutions and o, (k) is defined in (3.3). In addition, we have

T(k,t) = T(k,0),
Ryi(k,t) = R4i(k,0)exp(ta,(k)t),
(3.12) Y,e(t) = Y1,0(0) exp(F2au(ke)t), 1<L<N.

PROOF. As in the proof of [15], Theorem 5.1, one shows that fi(k,n,t) is
continuously differentiable with respect to ¢ and that lim,, 4 lﬁ”f’i(k, n,t) — 0.
Now let (k+ k=1)/2 € p(H(t)), then Lemmas 4.1 and 4.2 of [16] imply that the
solution of (2.13) with initial condition fi(k,n,0) is of the form Cy(¢)fs(k,n,t).
Inserting this into (2.13), multiplying with k¥ and evaluating as n — +oo yields
C4 (t) = exp(ta,(k)t). The general result for all |k| < 1 now follows from continu-
ity. This immediately implies the formulas for T'(k,t), Ry (k,t). Finally, let k = kg,
then we have

(3.13) exp(Fay(ke)t) f+(ke,n,t) = Up(t,0) f(ke, n,0),

which implies

d exp(F2a, (ko)t)  d
.14 & explfaarife)t) @ . _
(3 ) dt 'yil(t) dtHUT(taO)fi(ka 70)” 0
and concludes the proof. -

Thus the scattering data of H(t) can be expressed in terms of those for H(0).
Now we need to know how to reconstruct H(t) from its scattering data. We drop
the dependence on t for notational convenience.

Expanding f (k,n) with respect to k we obtain

(3.15) Fallon) = o (14 3 Koy i), [H <1
j=1
where
(3.16) Ar(n) =[] 2a(m), Kii(n)=— Y 2b(m), etc. .
m=n m=n+1

Integrating (3.9) (for the upper sign) around the unit circle we obtain the Gel’fand-
Levitan-Marchenko equation

(3.17) (1+ F) K+ (n) = A4 ()25,

where

(3.18) Fif() =Y Fr@n+m+j)f(m), fe(No),
m=0

is the Gel’fand-Levitan-Marchenko operator. Here

N
(3.19) Frn) = FH(n) + Y vyk?
=1
and
~ 1
(3.20) Fr(n)=— R#k)k"ﬁ € (*(Z,R)
2mi |k|=1 k
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are the Fourier coefficients of Ry (k~1). The following theorem collects some prop-
erties of the operator F;'.

THEOREM 3.3. Fiz n € Z and consider F,;f : £2(Ng) — (?(Ng). Then F," is a
self-adjoint trace class operator satisfying

(3.21) 1+Ff>e,>0, limeg,=1.

n—oo

The trace of F," is given by

o) N
k2n
(3.22) r(F) =D Fr@n+25)+ > vie - W
j=0 =1

PROOF. Let f € 2(Ny) and abbreviate f(k) = Sooeo f(G)K. Setting f(5) =0
for 7 < 0 we obtain

> 1

N
328 S TORIG) = 55 [ ReGHFRRG + 3 bk
j=0 = =1

from the convolution formula. Since R, (k) = R (k) the integral over the imaginary
part vanishes and the real part can be replaced by

1
Re(R(DR™) = & (114 R (2 — 1= R (k)R
1
(3:24) = L+ R R R+ ITwR) -1
remember |T(k)|? + |Ry(k)k?"|? = 1). This eventually yields the identity
+
[e's) N
D SOA+FEDFG) =D vk 1f (ko)
j=0 (=1

dk
2 2=
(3.25) \ =

— [ (1 R+ T R)2) 1)
1 J|k|=1

which establishes 1+F;F > 0. In addition, by virtue of |1+ R, (k)k*"|2+|T'(k)|?> > 0
(a.e.), —1 is no eigenvalue and thus 1+ F, > ¢, for some ¢, > 0. That ¢, — 1
follows from || FF|| — 0.

To see that F is trace class we use the splitting Ff = Ff + Zévzl Fiht
according to (3.19). The operators ]t';l*‘ 4 are positive and trace class. The operator
.7:'2‘ is given by multiplication with k%" R, (k) in Fourier space and hence is trace
class since |R4 (k)| <1 is integrable. O

Now we are able to explicitly invert the process of scattering theory. Clearly,
if the scattering data (and thus F,") are given, we can use the Gel'fand-Levitan-
Marchenko equation (3.17) to reconstruct a(n), b(n) from F,

1 <5O7 (]1 + f:)_160>

2 _
a(n) - 4 <50’ (]1+f:+1)71(50>’
LR EDT) (L (U FE) )
626) o) = (TR o o (T F )i

In other words, the scattering data of H(¢) uniquely determine a(t), b(¢). Since
FI is trace class, we can use Kramer’s rule to express the above scalar products.
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If we delete the first row and first column in the matrix representation of 1+ F,°
we obtain 1+ F,7, ;. If we delete the first row and second column in the matrix
representation of 1+ F, we obtain an operator 1+ G;'. By Kramer’s rule we have

det(1+F 1)
So, (14 FH)~1s — —n+17
(90, (14 F:)™"00) det(1+ F;T)
_ det(1+GH)
3.27 51, (1+ FH)—1s — T In.
( ) (61, (T + F;)" "do) dot(1+ )

where the determinants have to be interpreted as Fredholm determinants.
In summary, we have the following procedure:

(1) Compute the Jost solutions fi(k,n,0) (e.g.) by iterating the correspond-
ing Volterra sum equation used to prove existence of the Jost solutions in
[15]. This gives the scattering data for H(0).

(2) Read off the scattering data of H(t) from Theorem 3.2.

(3) Compute the Fourier coefficients of Ry (k,t) and use (3.27) to construct
a(n,t), b(n,t).

Since we have ensured existence of a solution in the outset (Theorem 2.3 and
Lemma 3.1), the sequences constructed by this procedure satisfy the Toda equa-
tions.

In the case r = 0 the inverse scattering procedure was first established by
Flaschka [9]. In addition, Flaschka also worked out the inverse procedure in the
reflection-less case (i.e., Ry (k,t) = 0). His formulas clearly apply to the entire Toda
hierarchy upon using the ¢ dependence of the norming constants given in (3.12).
In addition, these formulas are the same as the ones obtained using the double
commutation method (cf. [16]).

In the case of the semi-infinite Toda chain an alternative method based on the
moment problem is presented in [2], [3]. This method can also be generalized to
solve some semi-infinite non-isospectral flows related to the Toda system [4], [5].
By choosing a(ng,0) = 0 for one fixed ng € Z (implying a(ng,t) = 0), the Toda
chain splits into two semi-infinite Toda chains. Hence the results presented here
apply to the semi-infinite Toda chain as well.

4. The Kac-van Moerbeke hierarchy and its relation to the Toda
hierarchy

In this section we review some basic properties of the Kac-van Moerbeke hier-
archy and its connection with the Toda hierarchy.
Suppose p(t) satisfies

HypoTHEsiS H.4.1. Let
(4.1) p(t) € £°(Z,R), p(n,t)#0, (n,t) €eZ xR
and let t — p(t) be Fréchet differentiable in the Banach space £>°(Z).
Define the “even” and “odd” parts of p(t) by
(4.2) pe(n,t) = p(2n,1), po(n,t) = p(2n+1,t), (n,t) € Z xR,
and consider the bounded operators (in ¢2(Z))
(43) A1) = po(D)ST + pelt), AD)" = 5 (1S + pelt).
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In addition, we set

(4.4 Hy() = A AG),  Halt) = AWAQ),
with
(4.5) Hi(t) = ap(t)ST + ag (£)S™ + b(t), k=1,2,
and

ay (t) = pe(t)po(t), by (t) = pe(t)2 + 0, (t>2>
(46) az (t) = P;L (t)po(t)7 by (t) = pe(t)2 + po(t)2'

Now we define operators D(t), Q2,12(t) (the Lax pair) in ¢2(Z,C?) as follows,

D(t) = (A(zt) A(ot)*>,

(4.7) Q2r42(t) = <P1’2T0+2(t) P2,23r2(t) >,

r € No. Here Py 2,12(t), kK = 1,2, are defined as in (2.4), that is,

Praria(t) = —Hp(t)™ + > (2ax(t)gr; ()ST = hie i (8)) He(£)’ + gr.rs1,
j=0
(48) Pk727«+2(t) Keor( (t) ) = 2ak(t)Gk,7~(Z,t)S+ — Hk,r+1(z, t),
er(ty(t)—z
where (gx.;(n,t))o<j<r, (hi;(n,t))o<j<r+1, are defined as in (2.3), and the polyno-
mials G, (2, n,t), Hi r+1(2,n,t) are defined as in (2.6). Moreover, we choose the
same integration constants in P op12(t) and P ar42(t) (i€, c10 = cape =cp, 1 <

L<r).
Analogous to equation (2.7) one obtains that
d
(4.9) —D(t) = [Qar42(1), D(t)] = 0

dt
is equivalent to

KM, (p) (KM, (p)e; KM,(p)o)

Pe — Pe(gz r+1 — 91 r+1) >
4.10 - . : ’ — 0.
(4.10) < Po + Po(92.011 — 91 r11)

As in the Toda context (2.10), varying r € Ny yields the Kac-van Moerbeke hier-
archy (KM hierarchy) which we denote by

(4.11) KM, (p) =0, re No.
Again the Lax equation (4.9) implies ([16], Theorem 3.2)

THEOREM 4.2. Let p satisfy (H.4.1) and KM(p) = 0. Then the Lax equation
(4.9) implies the existence of a unitary propagator V,.(t,s) such that we have

(4.12) D(t) = Vi.(t, s)D(s)V,.(t,8) !, (t,s) € R%
Thus all operators D(t), t € R, are unitarily equivalent.
And as in Theorem 2.3 we infer ([16], Theorem 3.3)

THEOREM 4.3. Suppose pg € £>°(Z). Then there exists a unique integral curve
t— p(t) in C*(R,(>°(Z)) of the Kac-van Moerbeke equations, that is, KM, (p) = 0,
such that p(0) = po.
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As a simple consequence of Theorem 4.2 we have

d
(4.13) aD(tV — [Q2r+2(1), D(t)?] = 0
and observing
o ( Hi(t) 0
(4.14) D(t)” = ( 0 Hy (1)
yields the implication
(4.15) KM, (p) =0 = TL,(ax,bx) =0, k=1,2.

That is, given a solution p of the KM, equation (4.11), one obtains two solutions,
(a1,b1) and (ag, b2), of the TL, equations (2.10) related to each other by the Miura-
type ([14]) transformations (4.6). Note that due to (H.4.1), (a1,b1) and (ag,bs)
both fulfill (H.2.1).

Since we already know how to solve the initial value problem for the Toda
equation, it would be nice if one could use this knowledge to solve the initial value
problem for the Kac-van Moerbeke equation. To do this we need to invert the above
transformation. This is our next goal.

Suppose p(n,t) is a solutions of the KM, equation and let

(416)  a(n,t) = p(mDpo(n,t),  bln,t) = pe(n.)* + py (n. 1) — A

be a corresponding solution of the TL, equation. Here, A € R is arbitrary. Then
one can verify ([16], Theorem 3.4) that

t
gr(0,2)pe (0, )
u(A,n,t) = exp / —2a(0,z)¥———F——= — h,.(0,x
(1) (] (-2a(0,0) =20 (0.)
" e (mat)
mllo o) forn >0
(4.17) + g,+1(0, x))dx) 1 forn=20
-1
O( ’t)
m]_:[n % forn <0

is a solutions of (2.13) for z = A. Conversely, let p(n,0) be given such that a(n,0),
b(n,0) defined as in (4.16) satisfy (3.6). Solving the TL, equation with this initial
condition via the IST gives a(n,t), b(n,t). Moreover, since fi(k,n,0) are linearly
independent, we can write u(A,n,0) = C_f_(k,n,0) + C1 f1(k,n,0). Hence we
infer by Theorem 3.2 that

(4.18) u(A,n,0) = C_exp(—a,(k)t) f-(k,n,t) + Cy exp(a-(k)t) f+(k,n,t),
where fi(k,n,t) is given by (3.15) with

(4.19) Koy j(n,1) = A (n, 2065, (14 F5 ()~ 00)

and a similar expression for f_(k,n,t). Then p(n,t) defined by

a(n, t)u(X, n,t) a(n,t)u(A,n+1,t)
u(\,n+1,t) ’ pe(n:1) = \/_ u(\,n,t)

(4.20)  po(nit) = —\/ -

is the solution of the KM, equation corresponding to the initial condition p(n,0).
For a more detailed investigation of the connection between the TL, and KM,
hierarchies we refer to [16] and the references therein.
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