LIEB-ROBINSON BOUNDS FOR THE TODA LATTICE

UMAR ISLAMBEKOV, ROBERT SIMS, AND GERALD TESCHL

ABSTRACT. We establish locality estimates, known as Lieb—Robinson bounds, for the Toda lattice. In
contrast to harmonic models, the Lieb—Robinson velocity for these systems do depend on the initial condition.
Our results also apply to the entire Toda as well as the Kac-van Moerbeke hierarchy. Under suitable
assumptions, our methods also yield a finite velocity for certain perturbations of these systems.

1. INTRODUCTION

Analyzing the dynamics of certain non-relativistic systems is crucial to understanding a number of im-
portant problems in statistical mechanics. For example, there is much interest in rigorously justifying the
emergence of macroscopic non-equilibrium phenomena, like Fourier’s Law or other forms of heat conduction,
directly from a many-body Hamiltonian dynamics [4]. Future progress on fundamental questions such as
these will require detailed information on the structure of the underlying dynamics. One of the goals of the
present work is to investigate an approximate form of locality, often described by a Lieb—Robinson bound,
for the dynamics corresponding to a class of integrable systems.

Recognizing approximate forms of locality, despite the lack of a relativistic framework, has been essential
in solving many intriguing open problems. One of the first mathematical formulations of a useful locality
estimate was given by Lieb and Robinson in 1972 [24]. In this work, they demonstrated that the dynamics
corresponding to quantum spin systems, with e.g. finite-range interactions, remains effectively confined to a
”light” cone, up to corrections which decay at least exponentially away from the light cone. Recently there
have been a number of improvements and generalizations of the original result [31], 20, 28] [T0} 21 29 37, 36,
39, [34], and these new techniques have led to some interesting applications [17} [18] 32 30, 211 [7] [6l, 3] 5] [16].
For a review of these results, we refer the interested reader to [33, [19].

Shortly after the original result of Lieb and Robinson, it was shown in [26], see also [9} [38] for more recent
developments, that this notion of quasi-locality also applies to the dynamics of classical oscillator systems.
Since it is this work that more closely pertains to the topic of the present article, we will discuss it briefly
as follows.

Consider a system of particles confined to a large but finite set A C Z?. To each site 2 € A associate
a particle, or oscillator, with position ¢, € R and momentum p, € R. The state of the system in A is
described by a sequence x = {(qu, px)}zen, and the set of all such sequences, Xy, is called phase space. A
Hamiltonian, H, is a real-valued function on phase space. Given a Hamiltonian and a sequence x € Xj,
Hamilton’s equations of motion are: for each x € A,

) OH . OH
(L1) W)= 5 halt) =~
solved with initial condition {(¢;(0),ps(0))}zea = x. For many Hamiltonians, this system of coupled
differential equations can be solved for all time (and any initial condition). In this case, we denote by
®,, the Hamiltonian flow, i.e., the mapping that associates to initial conditions, the solution at time ¢:
D4(x) = {(ga(t), P2 (1)) }zen-
Measurements of the system under consideration correspond to observables, where an observable A is a
complex-valued function on phase space. For example, the position of the particle at site x € A corresponds
to an observable @, for which @, (x) = ¢,. Let us denote by A, the set of all observables over Xx. Given
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a Hamiltonian for which (I.1)) can be solved, the Hamiltonian dynamics oy : Apx — Ap is defined by
a:(A) = Ao ®;. In this case, we can make time-dependent observations such as [a:(Qz)](X) = ¢ (¢).
It is well known that the Hamiltonian dynamics is generated by the Poisson bracket, i.e.,

d
(1.2) Zot(A) = a ({4, H}) = {a:(4), H}
and here the Poisson bracket of two observables is the observable

9A OB 9A 0B
s 8Qx 8pac 3]79; 8QI '

(13) {A, B} =

In terms of this Poisson bracket, we can now describe the Lieb—Robinson bound.

Let us fix finite sets X,Y C Z? with X NY = (). Take A C Z¢ finite, but large enough so that X UY C A.
Consider two observables A, B € A with supports in X,Y respectively, i.e., e.g. A depends only on those
¢, and p, with x € X. It is clear that {A, B} = 0 since A and B have disjoint supports. A Hamiltonian H
satisfies a Lieb—Robinson bound if for some initial condition x there exist numbers u, C, and v for which

(1.4) [[{a:(A), B} (x)| < Ce—Hd(X.Y)=vlt]) 7

where d(X,Y) is the distance between X and Y. In words, this estimate shows that for times ¢ with
v[t| < d(X,Y) the support of a;(A) remains essentially disjoint from the support of B, up to exponentially
small corrections in d(X,Y’). The number v is often called the Lieb-Robinson velocity corresponding to H,
and it represents a bound on the rate at which disturbances can propagate through the system.

We will now briefly discuss what is known concerning Lieb—Robinson bounds for classical systems. The
works in [26] [0l B8] prove Lieb—Robinson type bounds for a variety of harmonic systems, and it is shown
that analogous results also hold for certain anharmonic perturbations. The strongest such result is in [9]
and demonstrates that for an anharmonic model with a quartic on-site perturbation the relevant Poisson
bracket decays to zero whenever the distance between the supports of the local observables grows faster than
tlog®(t) for suitable o > 0. In [38], where explicit estimates on the Lieb—Robinson velocity were obtained,
it is shown that the number v is independent of the initial condition x. Since the system is linear, this is not
SO surprising.

Of course when it comes to anharmonic lattice oscillations one of the central objects is the famous Fermi—
Pasta—Ulam—Tsingou (FPU) problem. It was first demonstrated by Zabusky and Kruskal [44] that one
key ingredient to resolve the FPU paradox is the relation with solitons. Moreover, subsequently Toda [43]
presented an anharmonic lattice which possess soliton solutions and was later on shown to be integrable by
Flaschka [12] T3] and Manakov [25]. Clearly this naturally raises the question about Lieb—Robinson type
locality bounds for the Toda lattice and the main goal of this work is to establish such bounds. Our estimates
produce a Lieb—Robinson velocity that depends on the initial condition, see e.g. Theorem We discuss
this fact in the context of one-soliton solutions in Section For a restricted class of initial conditions, we
can prove the existence of a finite Lieb—Robinson velocity for a class of perturbations of the Toda lattice.
We have two bounds of this type. The first, in Section [3.I] establishes a result by directly mimicking the
methods for the unperturbed system. The next, in Section[3.2] uses interpolation and shows that the velocity
of the perturbed system can be estimated in terms of the velocity of the unperturbed system. Analogous
results are shown to also hold for solutions of the Toda hierarchy, see Section [ and Section [5} For a much
larger class of initial conditions, we can prove a locality bound for perturbed systems, however, we do not
establish the existence of a finite Lieb-Robinson velocity. This is discussed in Section [6] The final section,
Appendix[A] describes a set of perturbations and corresponding initial conditions for which solutions remain
globally bounded. This shows that the results obtained in sections [3.1] and are not vacuous.

2. LocALITY ESTIMATES FOR THE TODA LATTICE

In this section, we discuss the Toda Lattice and prove a Lieb-Robinson bound. We introduce the model
in Section The crucial solution estimate, Theorem [2.1] is contained in Section as well as some useful
remarks. A Lieb—Robinson bound, see Theorem in terms of a large class of observables is proven in
Section We end this section by comparing the velocity estimates in our Lieb—Robinson bound to known
results for one-soliton solutions of the Toda Lattice. This is done in Section 2.4l
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2.1. The Toda Lattice. The Toda Lattice is a well-studied physical model and one of the prototypical
discrete integrable wave equations. We refer to the monographs [I1], [40], [43] or the review articles [22], [41]
for further information. Like those discussed in the introduction, the Toda Lattice corresponds to a specific
system of coupled oscillators on Z. We present this model immediately in the infinite volume setting.

For each site n € Z, we associate an ordered pair (g,,p,) € R? and denote by X the set of all sequences
X = {(qn,Pn) }nez. The system is said to be comprised of an infinite collection of oscillators, each situated
at a site n € Z with position ¢, € R and momentum p,, € R. Here the state of the system is described by a
sequence X = {(¢n,Pn)}nez € X.

The oscillators evolve in time according to the following coupled system of differential equations. For each
n € Z and any t € R,

(2.1) dn(t) = pn(t) and pp(t) = e (=01 (®) _ o= (@ns1(O)=an(®))

with initial condition given by some state of the system x € X. We note that the differential system (2.1
corresponds to the following (formal) Hamiltonian H : X — R U {cc} given by

2
(2.2) Hx) = Y 24 Vignsa — aa),
nez

where V(r) = e7" 4+ r — 1. For many sequences, the formal Hamiltonian may be infinite, however, it does
formally generate the system of differential equations in through Hamilton’s equations. For classes of
solutions with prescribed decay properties we refer to [42].

Existence and uniqueness of global solutions to on certain subsets of X' is well-known. Rather than
address this directly, we begin by changing variables. Suppose that has a solution. For each n € Z and
t € R, set

1 1
(2.3) an(t) = Ee—wﬂ(t)—%(t))/? and by (t) = —pa(t),
in terms of this given solution. This choice is commonly referred to as Flaschka variables as they were
initially introduced in [I2], see also [13]. Using (2.1)), it is clear that these new variables satisfy the following
equations of motion

(2.4) an(t) = an(t) (busr(t) = ba(t))  and  bu(t) =2 (af(t) = af_y (1)) ,

and correspond to the following formal Hamiltonian

(2.5) H(x) = 2b: +V(—In(4a2)) = > _ 2b} + 4a} — 2In(2a,) — 1.
neZ nez

In this work, we will concern ourselves mainly with the properties of the solutions of (2.4).
Consider the vector space M = {*°(Z,R) x £°(Z,R) of pairs of bounded, real-valued sequences. We will
write each x € M as

(26) X = ({an}n€Z7 {bn}nEZ) = {(aru bn)}nEZ .

M is a Banach space with respect to the norm

(2.7) Ixl[ar = max([[afloc, [Iblloc),  llclloc = sup|en].

Given any initial condition x € M, global solvability of the system (2.4]) is well-known (see e.g. [40], Theorem

12.6). We will denote the Toda flow on M by ®,, i.e., ®; : M — M is the function that associates an initial
condition x € M to the solution of (2.4) at time ¢t: ®;(x) = {(an(t),bn(t))}nez with o(x) = x.

2.2. Estimating Toda solutions. More is known about the solutions of (2.4) on M. In fact, let us fix
x € M and introduce operators L(x), P(x) : £2(Z) — (*(Z) by setting

(28) [L(X)f]n = anfn+1 + an—lfn—l + bnfn
and
(29) [P(X)f]n =0nfnt1 — Gn-1fn-1.

For each x € M, the existence of global solutions imply that L(®:(x)) and P(®:(x)) are well-defined for all
t € R. Whenever the initial condition x is fixed, we will write L(t) = L(®:(x)) and P(t) = P(®+(x)) to spare
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notation. Observe that for each x € M, ®4(x) € M and so L(t) is a bounded self-adjoint operator with the
operator norm satisfying

(2.10) max ([|a(t)[|oos [[6(t)[loc) < [IL(E)l[2 < 2ja(®)]loc + [16(2)]]co-

Similarly P(t) is a bounded skew-adjoint operator. Since P(t) is also differentiable with respect to t, it
generates a two-parameter family of unitary propagators U(t, s) satisfying

d
(2.11) ZU(ts) = P()U(t,s) with U(t,1) = 1,
for all pairs t,s € R, see e.g. [40], Theorem 12.4 for more details. Moreover, a short calculation shows that
P(t) and L(t) are a Lax pair associated to (2.4), i.e.,

(212 4ty = [P, L),
and therefore,
L(t) = U(t,s)L(s)U(t,s)"".
From this fact, each x € M satisfies the a-priori estimate
(2.13) 1P (x)]|ar < ||L(E)||2 = ||IL(0)]]2  for all £ € R.

It is important to emphasize the fact that we work with real-valued solutions. In fact, while a local existence
result can be established in the complex case, even periodic complex initial conditions can blow up in finite
time (see e.g. [I4] or [159]).

Our proof of the Lieb—Robinson bound for the Toda Lattice, see Theorem [2.3] makes crucial use of the
following estimate describing the sensitivity of solutions to changes in the initial condition.

Theorem 2.1. Let x € M and p > 0. There exists a number v = v(u,x) for which given any n,m € Z, the
bound

0 0 8
a_Yn t ) 7bn t S —e
92" ()‘ ‘32 ()] \/176
holds for all t € R and each z € {am,bm}. In fact, one may take

(2.15) v = (1 + \/ﬁ) 1 Z(0)]|2 <e"+1 + i) .

(2.14) max {

(lm—m|—ult])

Proof. Fix x € M. Global existence of solutions on M guarantees that for each x € M and n € Z, the
function F, : R — R? given by

(2.16) F,(t:x) = <Z:((:)))

is well-defined. It is differentiable with respect to each z € {am,bm}, e.g. as a consequence of Lemma 4.1.9
in [1]. When convenient, we will suppress the dependence of F;, on x. Using the equations of motion, i.e.

, it is clear that
@) ra =m0+ [ (08 )
The relation

7] 0 ¢ 0

(2.18) 52 Fn(t) = 5-Fa(0) + > i Dn,e(8) 5~ Fuie(s) ds,
le]<1
with
_ (bn41(s) = bn(s)) do(e) an(s)(—do(e) + d1(e))
(2.19) m“ﬁ‘gw@ﬁ@—%qdim» o(e) +41 )

then follows immediately from ([2.17]).
To complete our estimate, we introduce the following notation. For each v € R?, we will denote by

(2.20) v= (;) and |v| = (ED .
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()]=1C)

With this understanding, the uniform solution estimate , and , it is clear that

Moreover, we will write

(2.21) < if and only if |z| <|u| and |y| <|v|.

0 I

(2.22) a0 < | 2R 120 X [ D P as
le|<1
where
260 (e) do(e) + d1(e)
2.23 D, = .
(2.23) <4(50(6) o) 0
Let us now consider the case that z = a,,, i.e.,
0 1

In this case, iteration of (2.22)) yields

(2.25) afan(t)‘ < Z(”L )2 [t)* S oY bmrertoten(m)De, - D, <(1)>

k=0 le1]<1 ex|<1
oo
(L) l2[tD)* & (1
= k—lzzl k! b 0/’

where we have set
(2.26) D=> D.= (2 2).
le]<1

Moreover, note that the remainder term in finite iterations of (2.22) converges to zero since %Fn(t) is
continuous and thus bounded on compact time intervals.
The eigenvalues of D are Ay = 1+ /17, and in terms of the eigenvectors vy given by

At .. 1 1 1
2.27 vy = it is clear that = vy — v_ .
(227 - < 8 > <0) 2/17T T 217
Taking the infinity norm, in R?, of both sides of (2.25) shows that

0 8 OLlLOI2lt)*
8aan(t)Hoo : \/ﬁk—lg:wﬂ W

Now, let 1« > 0 be fixed and set ¢ = Ay ||L(0)]|2. If c|t| < |n —m|e~#*V) | then by Stirling

(2.28) ‘

(2.29) i (CZPk < (Elf);;' eltl < <|nc|t|m|)|n_m| eln=mlgelt] < g—plln=ml~£lt))
k=lnom| " '
Otherwise 0 < —pu(|n —m| — ce*T1|t|), and so by we have
(2.30) Haann(t)Hoo < \/%gltl < \/%ew(lnfmlfc(e“*#i)\tl).
In the case that z = b,,, it is clear that
(2.31) <?) = - ()\:\: )\,)U+ + 8()\+)\i /\7)1)_ )

A short calculation leads to a prefactor of f in the analogue of -, and this is less than the one above.
We have proven the result. ([l

Remarks:
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1. The number v in our estimate (2.14) depends on the initial condition x only through the quantity || L(0)2.
In fact, one can replace ||L(0)|2 with any uniform estimate on the solutions (uniform in n and ¢) as is
clear in the bound from to (2.22]

2. If [n —m| > 0, the left hand side o% is zero when t = 0. The estimate in then shows that the
solutions of the Toda Lattice at site n are insensitive (i.e. exponentially small) to changes in the initial
condition at site m for times ¢ satisfying v|t| < |n — m|. For this reason, the number v is often called a
bound on the velocity (i.e. rate) at which disturbances propagate through the Toda Lattice. Moreover, if
|[n —m| > 1, then the bound in is at most linear in [¢|, for small ¢.

3. In general, the fact that solutions of the Toda Lattice have partial derivatives that decay exponentially
in |n — m| will be more important than any particular decay rate p. For this reason, given an initial
condition x € M, one can optimize the quantity v over all possible 1 > 0. The graph of f(u) = et+1 + %
is given below.

flp) =ertt+ 4

(1o, f(po0))
>~
It is clear that the optimal p is achieved when
d 1
2.32 er+>:0
(2.82) du( Iz

and moreover, this value is independent of the initial condition x. The unique solution of (2.32)) can be
expressed in terms of the Lambert W-function ([35], §4.13]) and is given by

(2.33) po = 2W(1/(2ve)) = 0.47767 and f(ug) ~ 6.47622.
2.3. A Lieb—Robinson bound for Toda. We can now formulate a Lieb-Robinson bound for the Toda

Lattice. In general, an observable A is a function A : M — C. Let us denote by A the set of all observables
with well-defined first order partial derivatives. We will say that an observable A is pointwise bounded if

(2.34) |A]lx = sup |A(P:(x))] < o0 VxeEM.
teR

Take A(M) to be the set of those observables in A for which all of the first order partial derivatives are
bounded and

0A
(2.35) 4= (| 5
neZ n

An observable A € A is said to be supported on X C Z if the observables % and % are identically zero
for all n € Z\ X. The support of an observable A is the minimal set on which A is supported, and we will
denote this set by supp(A). Set Ay C A to be the set of all observables with compact support. For any
t € R and A € A, the Toda dynamics, which we denote by «y, is the observable-valued mapping given by

(2.36) ar(A) = Ao Py,

where @ is the Toda flow described at the end of Section [2.I] above. In other words, for each x € M, t € R,
and A € A,

(2.37) [ (A)](x) = A(®4(x)) ,

which, since solutions are global on M, is a well-defined quantity.

04
T |ow,,

><oo Vxe M.

X

Example 2.2. The two most basic observables correspond to evaluation maps, i.e., to each n € Z, we
associate the functions A, and B, given by

(2.38) An(x)=a, and B,(x)=b, foreah x€ M.
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FEach of these observables have support X = {n}. Moreover, the dynamically evolved observables
(2.39) [ (An)](x) = an(t) and [a:(Bn)](x) = ba(t)
correspond to observations over time.

The modified Poisson bracket of two observables A and B is formally defined as the observable

1 0A 0B 0A 0B
(2.40) B0 = Lo [ 22— 22 28
4 ner aan ob,, ob,, aan
where we have denote by % = abfﬂ — %. If, for example, either A or B has compact support, then the

corresponding modified Poisson bracket is a well-defined observable. This quantity is of particular interest
since it generates the Toda dynamics, i.e., for any A € Aq

d
(2.41) Son(A) = ar ({4, HY) = {ou(4), 1}
where H is the Hamiltonian (2.5)). Now, for any n,m € Z, t € R, and x € M, it is easy to see that
0 1 0
2.42 A —_— — Oy ——
(242 {0440, B} (%) = 301 52— au(t) = Jam5—an(t)

using the basic observables defined in Example In this simple case, Theorem gives the bound

(), B} (0] < 2l (emptnomatioaid o otz

. 2ol
N V17

In general, we have the following Lieb—Robinson bound for the Toda Lattice.

(2.43) (1+ eu)e—u(\”—m\—vltl) )

Theorem 2.3. Let x € M and pu > 0. There exist numbers C' and v for which given any observables
A, B e AWM the estimate

0A
. < —p(ln—m|—v|t|)
. o mraem. 5 (2] J221) 2] 121
holds for allt € R. Here C = \/Lﬁ(l +et) and v is as in Theorem .
Proof. Substituting into (2.40)), we find that
0B 0 0B

neEZ
Using the chain rule, it is clear that for any z € {a,, l;n},
0 0A 0 0A 0
(2.46) [azat(A)} (x) = m% {at (8%) + oo (Am) + (8%) . &at(Bm)] (x)

where we are using the notation from Example Applying the triangle inequality and then Theorem
the bound

||aHoo
<
|{at(A)aB}(X)‘ = Z aam . am m 8bn .
||a||oo
Z aam am( 6an <
2IICLHoo (e
< e~ H(In—m|—vlt])
= Z 6am T ab abn }

e~ #(In—m|—vlt])

)z

2a1) 2”“““’ #Z(Haam

X ‘ ‘

aan

X
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readily follows. Note that the bound on e.g. ’%am (t)’ follows from the argument in Theorem H Another
triangle inequality proves (2.44)) as claimed.
For many applications, the observables of interest will have disjoint supports. In this case, the bound in

(2.44) can be stated as follows. For any x € M and p > 0, there exist numbers C and v, as above, such that
given any two disjoint subsets X and Y of Z the bound

(2.48) {ae(4), BYx)| < Cllalloo | All1 || Bl 1 xe @7l
holds for all ¢+ € R and any observables A, B € A1) with supports in X,Y, respectively. Here
(2.49) dX,)Y)=inf{lzr—y|: v € XandyecY} >0,

and ([2.48) corresponds with the bound (1.4) claimed in the introduction. Other norms on the observables
under considerations are often useful. For example, consider

0A
Oby, ||

0A
for any A € AW, Theoremthen shows that: For any x € M and p > 0, there exist numbers C' and v, as
above, such that given any two disjoint subsets X and Y of Z, at least one of which being finite, the bound

oa,
(251) {n(4), BY(x)| < AC |al o[04 [0B] Y erm=ri=vieh

meX,ney

)
X

(2.50) [0A]|x = sup max [
meZ

holds for all ¢ € R and any observables A, B € A" with supports in X,Y, respectively.

In any case, the bound in Theorem demonstrates that each x € M propagates no faster than some
finite rate. We say that the Lieb—Robinson velocity corresponding to x € M is v(x, ug) where g is the
infimum defined in the remarks after Theorem 211

2.4. On one-soliton solutions. Perhaps the most important collection of solutions to the Toda Lattice
are the solitons, i.e. the solitary waves, see e.g. [40, 4] 43]. In fact, solitons can be considered as the stable
part of any short-range initial condition since every such solution eventually splits into a number of stable
solitons plus a decaying dispersive tail [22]. Since all involved quantities can be computed explicitly for the
one-soliton solution we will use it as a test case and for our Lieb—Robinson bounds.

Fix k > 0. A one-soliton solution of the Toda lattice is given by

1+ exp [-2kn £ 2sinh(k)t + ¢
1+ exp[—2k(n — 1) £ 2sinh(k)t + 6] / ’

(2.52) an(t;£) =¢—1In (

where ¢ and § are real constants. Here ¢, (t; =) represents the position of the traveling wave. It describes
a single bump traveling with speed i% and width proportional to 1/k. In other words, the smaller
the soliton the faster it propagates. Changing § amounts to a shift of the solution and we will set 6 = 0
for simplicity. From this explicit formula it is clear that, in contrast to harmonic models, the velocity of a
solution to the Toda Lattice may indeed depend on the initial condition.

In terms of the function
(2.53) fe(x,t) =1+ exp [—2kx + 2 sinh(k)t]
it is clear that
(2.54) gn(ti) =g —1n (M) ,
and from Hamilton’s equations, we also know that

In Flaschka’s variables, we have that

1 \/fi(n B Lt)fi(n"i' 17t)
2 f:l:(nvt)

(2.56) an(t; ) = fe(n,t)  fe(n—1,1)

and bn(t;i):;(f/i(n,t) f;(n—l,t)).
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A short calculation shows that

h inh(x) tanh
(257)  supan(0;£) = ao(0;1) = Z2 and  sup b (03 )] = [bo(0;£)| = M
With x,, denoting the initial condition corresponding to this one-soliton, we have proven that
h h inh(x) tanh inh(x) tanh
(2.58) LSQ(”) — max (COSQ(”), . (”)Qan (“)> < IL(x)l2 < cosh(r) + M

using e.g. (2.10)). Since L(x,) is self-adjoint its norm is equal to the spectral radius. Moreover, the spectrum
is given by an absolutely continuous part [—1, 1] plus the single eigenvalue + cosh(x) implying

(2.59) IL(x,)l2 = cosh(k).

To see this last claim note that the one-soliton solution can be computed from the inverse scattering transform
by choosing one eigenvalue A = = cosh(x) plus the corresponding norming constant v = (1 — e~2%)e® and
zero reflection coefficient (cf. [43, Sect. 3.6] or [40, Sec. 13.4]) or by using the double commutation method
to add one eigenvalue A with norming constant 7 to the trivial solution (cf. [40, Sect. 14.5]).

As is clear from this calculation, the Lieb—Robinson velocity does provide a reasonable estimate on the
actual velocity, at least for one-soliton solutions.

3. ESTIMATES ON PERTURBED TODA SYSTEMS

In this section, we consider a class of perturbations of the Toda system for which locality results analogous
to Theorem still hold. We introduce these perturbations as follows. Let W : R — [0,00) satisfy
W € C?(R). Consider the formal Hamiltonian

(3.1) HY =H+» W,
nez

where H is the Toda Hamiltonian, see , and for any initial condition x = {(an,bp) tnez € My = £°(Z, R\
{0}) x £°°(Z,R), the observable W, (x) = W(In(4a2)). Our choice of parametrization is motivated by the
fact that the potential V for the unperturbed Toda Lattice, see , is a function of g¢,11 — ¢, = — In(4a?2).
Since the choice a,, = 0 corresponds to taking the positions of the particles at sites n and n + 1 infinitely far
apart, we will exclude it from our considerations. The formal Hamiltonian corresponds to the following
system of coupled differential equations

(32) @) = a0 (B —B)

() = 207 - L, (0)%) + Ralt)
where
(33) Ra(t) = 5 [W/(In(da} (1)) — W' (in(d4ay_y (1))

Local existence and uniqueness of solutions of corresponding to initial conditions x € M, follows from
standard results, [I, Thm. 4.1.5]. Let us denote by ®} the perturbed Toda flow, i.e., the function that
associates initial conditions x € My with &} (x) = {(ay (¢),b)(¢))}, the solution of at time ¢. Consider
the set of initial conditions M, = My(W) C My for which there exists numbers C7, Cy < 0o with

(3.4) sup |97 (x)|lm < C; and  supsup ———— <

teR teER neZ |Cl ( )|
It will be shown in Appendix [A] that this M, contains at least all initial conditions whose energy is finite
under appropriate assumptions on W.

For initial conditions x € My, we have two estimates on the corresponding Lieb—Robinson velocity. The
first is obtained in Section by simply arguing as we did in Theorem The other, in Section
achieves an estimate of the perturbed velocity (corresponding to x) in terms of the unperturbed velocity
(corresponding to x) via interpolation.
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3.1. Direct Bounds. Following closely the arguments in Theorem we obtain the next result.

Theorem 3.1. Fiz W € C*(R) with W” € L*®(R), u > 0, and let x € My. There exist numbers CV =
C¥(x,W) and v¥ = vV (u,x) for which given any n,m € Z, the bound

0 0 w
) YW Y aw < OV p—m(In—m|—v7]t])
(3.5) max[ 8Zan(t) ) aan(t)H < C%e )
holds for allt € R and each z € {am,bm}. In fact, one may take
4Cs || W 1
5) o= (1 i A 0, (e 1)
C1 1%

with C1,Cy from (3.4).

Proof. Fix x € M. Global existence again guarantees that for each n € Z, the function

(37) Fro=(5iy)

satisfies

(3.8) FY(t) = EY(0) + / t ( 2 (o ((‘ig (brr (s zs;2§¥+(sgz) (S)> ds.

Since W is sufficiently smooth, the components of F¥(t) are differentiable with respect to each z € {a,, by },

and the bound

d d el d
. I )4 < | LW w | Y ow
(3.9) ’ 5. (t)‘ < ‘ 5. (0)‘ + |Z<1 /O DY | 5= FYy.(s)| ds,
follows as in with
(3 10) DYV — < 20160(6) Cl (60(6) + 61 (6)))
' ¢ (4G + G [Weo) (Bo(e) +0-1(€)) 0 '
Following the previous scheme, iteration (with z = a,,) yields
0 (201" k(1
A1 —FY ()| < -2 (DV
with
w (11 B Co|| W oo
(3.12) DY = (a 0) for a=4+ -

Eigenvalues and eigenvectors of DV are

1+v1+4+4
(3.13) Ay = # and vs — (A;)

and arguing as before, it is now clear that

0 2« w
3.14 9wl < 29 —u(n—ml—vT )
1 0| < e
with
1
(3.15) vV =20, <e”+1 + ) .
I
For z = b,,, one similarly finds
0 208 e ml—o™
(3.16) HFX@)H < 2t o—nlln—m|—v"[t])
Db S Vitia

This completes the proof. O
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3.2. Bounds Via Interpolation. The goal of this section is to prove a different bound on the Lieb—
Robinson velocity corresponding to an initial condition x € M}, see Theorem below. The novel feature
of this estimate is that it is explicit in the unperturbed Lieb—Robinson velocity of x.

Before we state the main result of this section, we first indicate some further estimates on the unperturbed
system which will be useful in proving Theorem [3.3] To start with, we prove another Lieb—Robinson type
estimate for the Toda system, see Lemma below. Afterwards, we introduce a quantity that is better
suited for the iteration scheme which is at the heart of proving Theorem see G, (k) in below.
Lastly, we will state and prove Theorem [3.3

We begin with the following lemma on second order derivatives of the unperturbed system.

Lemma 3.2. Fiz > 0 and let x € M. There exists a number C = C(u,x) > 0 and a function h, depending
on v and x, for which given any n,k,¢ € Z, the estimate

2 2
(3.17) max [ 8~an(t)‘7 a~bn(t)H < CeHin=tg=nin=klg2uvltip 1)
0z0by, 0z0by,
holds for all t € R. Here a,(t) and by(t) are the solutions of (2.4) with initial condition x € M, % =
%)

et %, z € {ag, b}, and the number v is as in Theorem , The function h grows at most exponentially.

Proof. Fix x € M. As in Theorem it is clear that the function F,(t) is well-defined for each n € Z and
t € R. In addition, both (2.18) and (2.19) still hold with the choice z = b;. Taking a second derivative, we
find that

(3.18) A F(t)—Z/t (31) ()L o (s) + Do o(5)—2 (3)) ds
. 82’85k n = 0 92 n,e 85k n+te n,e 82’85k n+e )
for each z € {ay, be}, since %;;’CFH(O) = 0.
The bound
0? 8 el 9
3.19 7~Fn t < 76—;1,‘71—“ / e““sD/ TFn els d8+
3.19) Pt I Tt Y AT
It] 92
+||Z(0 / De|——F,.o(s)| d
| ()H2|§<:1 ; D20, Lt (s)| ds
with

, (e" + 1)d0(e) do(e) + d1(e)
(3.20) De_(4(50(@)+el‘?$_1(e)) ’ 0 )

and D, as in (2.23), follows using Theorem and the argument therein. A further application of Theo-
rem [2.1] implies that

0
(3.21) ‘~
by,
and therefore the first term on the right hand side of (3.19)) can be estimated by

64 It 2(et +1)
wp—pln—L| ,—pln—k| 2pvs
(3.22) 7ee e /0 e“'3 ds (4(62“ 1)> .

8 1
Frie(s)| < —=eteHnte—klguvs ( )
+ ( )’ = \/ﬁ 1

Here we have used that
_ _ 1 il 2(e* +1)
ninte—k| ry! pln—k|
(3.23) |Z<1 e D, (1) <e <4(62M L 1)) .
e|s

Let us introduce the notation

64 2(e* +1)
— i —
(3.24) C, = 7€ and y= (4(62” 1)> .
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We have proven that

52 ‘ It]
3.25 —F, )| <C efﬂlnffle*#‘”*kl/ e ds -y + || L(0 /
B2 |3ER0] <G, 0 et [ 3 o5 el
Iteration now yields
92 0 Corltl et t oot
—F, () < C, L(0 J/ / / e MUl iy - dty X
S0 o [ f —
(3.26) x 30 o Y eHmtertete At mpintet otk p D,y
ler|<1  |e;|<1
and the convergence is guaranteed as before.
A short calculation shows that
o LS )"
3.27 v | et gty = : =
(3:27) /0 /0 /0 ‘ A T )it Z m!
m=j+1
whereas the bound e #l#tel < erlele=rlzl immediately implies that
(3.28) e HInterteatote;—ll o guler| . onleslg—pln—t]
This proves that
0 Cu ILO)f2)" <= @uolth™ =\
(3.29) T FalD)] < g et k'Z( > el (o,
|
0z0by, 2pv = 2pv meger ™
where
~ 2 e +1
- 2ulelp  —
6 Do Z e (el ).

The eigenvalues of D are Ap = 1 = /1 + 4(e2# 4 1)2 and a convenient choice of eigenvectors are

(3.31) vy = <4(€Qﬁi+ 1)> .

In terms of these, it is clear that

. 2et + 1) — A_ Ay — 2(et +1)
(3.32) y=y1vy +yov_ with y; = )\+)/\ and yp = +>\+(/\
Inserting this into (3.29)), we find that
o c, ILOkL) & ()"
7~Fn(t) ‘ S e Hln Zl 7'“‘” kl ( HylAi_v_}_ +y2Aj
it g = (ILOA Y S @l
3.33 < C pln—~L| ,—pln—k| ||
( ) - € € jgo 2uv m:Zj_H m!

It is easy to see that for any A, B € R,

4 S (BT (Bl 5 (4B —1) ePH, A1,
(3.34) ;A > - Z Z {B|teB|t A=1.

m=j+1 m=1

This proves Lemma [3.2] One may choose

C
3.35 C=r o oo
(3.35) 20 YHll10+ oo + 9] llv—loc)
IO

and by setting g = v

— 1, we see that

O

(3.36) )
2plt| it 3=0.

ds

‘ o0
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Note that 3 depends only on p, lim; .o h(t) = 0, and moreover, if 3 < 0, then h(t) < |3|~!. For any u,
however, h(t) < he"l where h = h(u,x) and r = r(u,x) > 0. O

Our proof of Theorem [3.3] will again use an iteration scheme. Due to interpolation, it will be necessary
to sum certain terms over all integers. To this end, we make the following observation. For each pu > 0, the
function

3.37 Gy =

(3.37) u(k) = W

satisfies the estimate

(3.38) Y Guli = DGl = k) <G — k)

leZ

with v =43, (14 |k[)72. In fact, setting f(k) = (1+[k|)?, it is clear that f(j + k) < 2(f(j) + f(k)), and
thus

Guli = k) Guli = DGl —k) = fG—R)f(G =17 F(1 = k)~ e HmIIIED
20 -0+ fU=R)7).
The claim follows after summing over [. Clearly the choice of power 2 in the denominator of G, is merely
for convenience; a factor (1 + |k|)~*=° for any § > 0 would suffice. Note, however, that there is no bound of
the type in (3.38) for the exponential function with no inverse polynomial weight.

As a final comment, it is clear that for any g > 0 and ¢ > 0, the bound

(3.40) e~ (nte)le] < CEG#(L’ED

holds for all x € R. The number C, = sup, (1 + |lz[)2ec1*! < 0.
We can now state the second result of this section.

(3.39)

IN

Theorem 3.3. Fiz W € C?(R) with W/, W" € L>*(R), take 1 > 0, and let x € M. For any e > 0, there
are positive numbers C = C(g), D = D(e, u,x, W), and § = 6(e, p,x, W) such that

0

0 w w

holds for allt € R and n,m € Z. Here v =v(x,u+¢€) is as in Theorem and z € {am,bm }-

9

(3.41) max {

} < CG(ln — m)e+4 [14 (e~ 1)]

In words, this result shows that for each g > 0 the perturbed Lieb—Robinson velocity v¥(x, u), corre-
sponding to x € My, satisfies, for each € > 0,

€ )
(3.42) vV (x,pu) < (1 + M) v(x,p+e)+ m
and, as is shown in the proof below, the dependence of § on W can be made explicit
(3.43) 6 = 61[[W'lloe + 62[[W"|lo + J3

for some 0; = d;(e, u,x) and i = 1,2, 3.

Proof. Fix W, x € My, and t € R. We begin by interpolating between the Toda and perturbed dynamics.
As in Section denote by

(3.44) a(A)=Acd, and a)(A)=Ao®) forany A€ A,
the Toda and perturbed dynamics respectively. For any A € A, the observable-valued equation
t
d
(3.45) ()~ () = [ Fa¥(a(A)ds
0

is clear. Due to the form of the perturbation,
d w w W w
—af(—s(4) = of({a—s(A), H"}) — o (u—s({A, H}))

ds
Z Oé;v({atfs(A)? Wk}) )

kEZ

(3.46)
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and moreover, one finds that

1 0
(347) {Oét_s(A), Wk-} = —*W]; . Tat_s(A) .
2 by,
Combining these expressions, we have shown that
1 t
(3.48) ay(A) = (A) =5 / o (W,g : ?ats(A)> ds
2 0 Oby,

kEZ

as a formal expansion. For specific choices of observables, the expression above can be estimated.
Fix n € Z and denote by A,, and B,, the observables introduced in Example Consider the observable-
valued

(3.49) FY () = <°‘§Egzi> and By () = (ZZE%:%)

which for any given x € M satisfies

fw _(an(®)\ _ pw ~ ~(an )\
(3.50) Fr0le) = (5560 ) = P20 and F01 = (j20])) = a0,
in terms of our previous notation. Our starting point is the equation
. . 1 ¢ ¥ (La;_.(A,)
(3.51) FTVLV(t):Fn<t)_§Z/ avawyy- [ ob. =sAn))
kez’0 ay %Oét—s(Bn)
Since W is sufficiently smooth, the formula
0 ~w 0 - t 0 ~w 1 L 0 ~w
(3.52) @Fn (t)= @Fn(t) - Z Dk(&”)&Fk (s)ds — B Z o (W) ‘Dk,é(sﬂl)EFl (s)ds
kez”0 keez”0
where
w -1 w lé]
(3.53) De(sin) = [ (Wi~ A1) -l (g-au—s(4n)) 0
ay (W AgY) - oy 8'Zkat_5(Bn) 0
and
Y (g aes(4n)) oY (55 ai-s(4n)
o — o — Qg
(354) Dk,@(s;n): - Baztgbk t—s\4in . abggbk t n
as aazaf;k t S(Bn) as 8bzagkat_s(Bn)

readily follows.
For any x € M, the estimate

0 =, 0 - It d =,
|| w| <|[gmo]w] +X [ |[pengme] o) o
3.55
(3:59) W lloo 4 9 2w
+ 5 Z ; Dk,z(*s;n)&Fz (s)| (x)|| ds
k€T oo
is clear.
Using Theorem the first term can be bounded by
0 = 0
(3.56) |row| - |Emo|
8
< 2 o= (ute)(In—m|—vlt])
V1T

where we have set v = v(x, 1t + €) and used (3.40).
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For each x € My, the matrix appearing in the second term satisfies

8
(3.57) IDk(sim)] (Do < Col Wl —mmetFee it Inkizele)iti=e)
8
< OW"||u Pt G (In — EDerterv(s)(t—s)
> 2” || \/ﬁ € H(l |)
where we have denoted by
(3.58) v(s) = 0(@Y (x), p+€) = (L+ VIT) [L(2Y (%))l (54 + (n+e)7)
the unperturbed Lieb—Robinson corresponding to the initial condition ®¥(x). Since x € M,
(3.59) IL(@F ()2 < 2[la”(8) [l + [167(s)]l oo <3C1,
and so the quantity in (3.58) can be estimated independent of s. Clearly,
(3.60) v =0(0) <supw(s) :=v".
seR
The matrix in the third term can be dominated using Lemma [3.2] In fact, the bound
(3.61) [Dr,e(s3n)] (%], < 2C e~ (wte)ln=tlg=(ute)ln=kl 2(ute)v()(I1=5)p (4| — o)

follows immediately. Some comments are in order. First, the prefactor C' from Lemma [3.2] appearing
above, seems to depend on s through the velocity v(s); see . If, however, one repeats the argument of
Lemma and replaces the v(s) in with v* above, then the new prefactor is independent of s. Next,
as discussed at the end of Lemma the function h grows at most exponentially. In fact, in this particular
application, it is clear that

(3.62) h(|t| — s) < he?rFerv ((tl=s)
with numbers h = h(x, p + ¢) and v = y(x, u + €), each independent of s. This proves that
(3.63) 1[Dke(s:m)] ()]l < CGulln = )G u(ln = k)2 D EF (=)
Putting everything together and suppressing the x-dependence, we have found that
0 4 . d
[ @] < Bl w5 3Gy k) [ 00 | D )|
0z o = 0 0z -
It] . 9
#8032 Gyl = )Gyl =) [ @omnoa o | D i)
k€T 0 o S
[t] . o
(3.60) < BGu(n— )M+ BY Gyl — k) [ oo | D) | as
keZ 0 )

Upon iteration, we find that
a W a i .
‘ R (t)HOO <BiGu(ln—m)e ™+ BY BT > Gulln— k) Gu(lky — ml)

j=1  k€Z  k;eZ

[t] psa sj-1
x / / / M=) gb(s152) . M5y 1= 053 4. . ds,
0 0 0

where we have set

(3.65) a=(u+e)v and b=2(y+1)(u+e)v*.
From ({3.38)), it is clear that
(3.66) Yo Gulln—kil) - Gullky = ml) < Gpulln —ml)

k1€Z kjEZ
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and the iterated integral can also be calculated:

Il Il
/ / / b(|t|—s1) b(slfsg) . 6b(s]-,lfsj)ea5jd5j L d81 _ b|t| / / / (a b) SJdS d
(3.67)

e ((a— b))
(afb)Jk , k!

=J

This shows that
w o By \' <= ((a—b)[t))"
(3.68) HF H < B,G,(In —ml]) [ e +eblf‘z <a_ > 27

Since v, 4. < v*, it is clear that a — b < 0. In this case,

(3.69) i (aij)ji ((a —kﬁ)ltl)’“ - fz_ . [eBW' _e(afb)|t\i|

j=1 k=j
follows from and so
By
. Il <B _ T i [ (By+b—a)lt| _ 1} ,
(3.70) H )Hoo < B1Gu(ln —ml)e + By ib_a e
This proves and completes the proof. O

3.3. Comments on these results. It is clear that results analogous to Theorem and Theorem [3.3] hold
for more general, finite range potentials . We stated the results as above for simplicity of presentation.

It is also clear that analogues of Theorem [2.3] for more general observables, hold as direct corollaries of
Theorem [3.1]and Theorem [3.3] Since the statements are clear, we do not rewrite them for the sake of brevity.

4. BOUNDS FOR THE HIERARCHY

In this section, we will demonstrate that the results from Section [2| also apply to the Toda hierarchy. We
begin, in Section by introducing the Toda hierarchy using the recursive approach from [§]. We will use
essentially the same notation as [40] and refer the interested reader to this text for further information. In
Section [4.2] we state the Lieb—Robinson bound valid for the hierarchy, see Theorem To prove this result,
we first establish the crucial solution estimate, an analogue of Theorem which shows that a solution of
the hierarchy at site n has weak dependence on the initial condition at site m if [n —m| >> 1. The bound is
explicit in terms of a quantity v, which, in particular, depends on the initial condition through the infinity
norm of a specific matrix, see . To make our bound even more concrete, we estimate the norm of this
matrix in Lemma 3] below. Theorem [4.4] follows as in Section 21

We note that our results also immediately apply to the Kac—van Moerbeke hierarchy. This hierarchy can
be viewed as a special case of the Toda hierarchy which is obtained by setting b,, = 0 in the even order Toda
equations. As is discussed, e.g. in [27], this gives precisely the equations of the Kac—van Moerbeke hierarchy.

4.1. The Toda Hierarchy. We introduce the Toda Hierarchy as follows. Fix r € Ny = NU {0}. Take
co = 1 and choose constants ¢; € R for 1 < j < r. For each x € M, define sequences g(x,r) and h(x,r)
componentwise by setting

(4.1) Zc, g9 (%) with g9 (x) = (6., L(x)76,),

and

(4.2) ho(x,7) =Y ¢pjh9TV (%) with 7Y (x) = 20, (611, L(x)76,,),
7=0

with L(x) as in (2.8). We now define a system of equations for the components of an unknown sequence
x(t,m) = {(an(t,r),bu(t,r)}:
(4.3) an(t,r) = an(t,7) (gn+1(t,7) — gn(t,7))
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and

(4.4) bu(t,m) = (hp(t,7) = hp—1(t, 7))

with initial condition x(0) = {(a,(0,7),b,(0,7)} =x € M. As in the previous section, we have, for example,
denoted by g, (t,r) = gn(x(t,r),r) to simplify notation. The system (4.3) and (4.4)) is known to have global
solutions (see e.g. [40], Theorem 12.6) for initial conditions in M. Varying r € Ny describes the Toda

hierarchy. Let us denote by <I>§r) the flow corresponding to the Toda hierarchy, i.e. @ET) : M — M satisfies
‘I)gr) (x) = {(an(t,r),bn(t, )}, the solution of and above, with @gr) (x) =x.
The simplest example corresponds to 7 = 0. In this case, the system becomes
(4.5) an(t,0) = an(t,0)(bpy1(t,0) — by(t,0)) and by (t,0) = 2(an(t,0)% — an_1(t,0)?),
which is, of course, the Toda system .

4.2. The Lieb—Robinson Bound. The above choice of sequences g and h guarantee that the Lax-formalism
of the Toda Lattice, see (2.8)—(2.12), still holds for the hierarchy. In fact, set

(4.6) P(x,r) =Y e PUTI(x) with P9 (x) = [L(x)]; — [L(x)7]-,
j=0

where [A]+ denote the upper and lower triangular parts of an operator with respect to the standard basis
Im(n) = Om.n (With 0y, , the usual Kronecker delta). It is known, see e.g. [40], that the Toda hierarchy is
equivalent to the Lax equation

d
(4.7) L) =[P, r), L),
where we have set L(t) = L(<I>§T) (x)) and P(t,r) = P(@gr) (x),7) again to ease notation. It is easy to see
that the operator P(t,r), which is of order 2r + 2, is skew-adjoint and differentiable. Like before then, there
exists a unique unitary propagator U (¢, s) for P(t,r). It follows from the Lax equation that

(4.8) L(t) = U (¢, s)L(s) U (¢, 5) 71
implying again an a-priori estimate
(4.9) max ({la(t, )l » [16(t, 7)) < [[L(@)] = [ILO)]]; -

For later use we record the following structure.

Lemma 4.1 ([23]). For each x € M and any integer j > 1, the sequences §9) (x) and h'9)(x), as defined
in (4.1) and (4.2), have components that are homogeneous. In fact, they are sums of monomials of the
components of x with degree j and j + 1, respectively, which have the form:

k—1
<H aiH) btk + Rin+k—1,n—k+1)+
=0

k k—1
+(H ai_e) (bnk—l—Q an(), 7 =2k+1,
V4 =0

39 (x) = e ¢ k—2
( HO aiﬂ) (a?ﬁ-k—l + bi-ﬁ-k—l + 2bp4k-1 ezo an) +
= ) =
+R(n+k—2n—k+1)+ [[d®_,, j =2k,
i=1

and
1

k-1 k—
2 <el:[o a"%H*Z) <a721+k 024+ bk ezo bn+£> +

k
. +R(n+k—1n—k+1)+2][[d®_,, j=2k+1,
hgj)(x): k—1 =0
2<H aiH) bpik +Rn+k—1,n—k+2)+

=0

k—1 k—2
+2 J1 afHE (bn+1 +bp—pr1 +2 > bn_g) , j =2k,
£=0 £=0
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for j > 1. Here R(n,m) denotes terms which involve only ag and by with m < ¢ <n and we set R(n,m) =0
if n <m.
The result below is an analogue of Theorem [2.1] for the Toda hierarchy.

Theorem 4.2. Fixrx € M, u> 0 and r € Ng. For any n,m € Z, the bound

0 0 v
) il = < o—1(ln=m|/(L5]+1)]1—v.t])
(4.10) max [ aZan(t,r) ,'azbn(t,r) } <e ,
holds for allt € R, where z € {am,bm},
1
(4.11) vp = vp(x, ) = [[D(r)]|c [ L(O)][|2 (6““ + u) :
and D(r) depends on x, r, and the numbers c1,...,cy.

Proof. Without loss of generality assume ¢ > 0. For each n € Z, define the function F, : R — R? by
_ (an(t,T)
(4.12) F,(t,r) = <bn(t7r)> .

Since r will be fixed for the remainder of the argument, we will drop it from our notation. Using the equations

of motion (4.3)) and (4.4), it is clear that

e R = R [ (G ) 0
_ S (50 -3 9)
= F 0) + ;} =] /0 ( h%ﬁ'l)(s) . iL(jj_l)(s) d

Observe that by Lemma for each 0 < j < r, the quantities a, (s )(g,(f_:rll)(s) - gﬁﬂ'“)(s)) and ngﬂ)(s) -

ngll)(s) are homogeneous polynomials (of degree j+2) in the variables a,.(s) and b, (s) for |e| < L%J +1.
Differentiating with respect to z € {a,, by} we get

0 0 " ¢ ) 0
(4.14) S0 = R0+ ey Y [ DR Pl
= le|<[4]+1

where the entries of DT(L] )e(s) are homogeneous polynomials of degree j + 1. In particular, the following
estimate, analogous to the bound in (2.22)), holds

(4.15) ID%Q(S)I < L) DY,
an explicit formula for D(j ) appears in ) below. As a result, it is clear that
0 j+1 g ) 0
(4.16) 'an(t)‘ ' ‘ + Z ler—; |11 L(0)]l5 Z / DY aFnJre(s) ds.
lel<[5]+1
Upon iteration of the above inequality (in the case that z = a,,), we find that
a o0 T ks )
baﬂm\éXI§j@mu W3 fer s ILO) I x
m k=0 Jj1=0 Jr=0
4 1
X Z Z 5m+el+_“+ek(n)D£]11)...D(gik) <O>
ler|SLB]+1 fen|<[%]+1
(oo}
(L) ]2t)" (1
< > x ZI Crgi I LO)3' - Zlcr L) DY - DU
k=[ln—m|/(l5]+1)] j1=0 Jk=0
- ULO)2t)* o (1
(4.17) < > 1 Dbm*

k=[ln—m[/(L5]+1)]
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where we have set

(4.18) DY) = Z DY) and D(r Z|cr SNLOY DY) .
lel<13]+1

A similar estimate holds for the case z = b,,.
Taking the infinity norm one obtains that for any g > 0

o0

B (IL(0)[]2t)*
(1.19) P30 D S S U
©  =lln—ml/(L51+D)] ‘
< emnllIn=ml/(L51+D)1=v.1t)
where we have set o, = [ D(r)| || L(0)]|2 <e“+1 + %)- O

We now provide a rough, but explicit, estimate on the velocity corresponding to the Toda hierarchy.

Lemma 4.3. Fixx € M, u > 0 and r € Ng. The velocity corresponding to the Toda hierarchy, see (4.10))

and (4.11) satisfies
1 r . )
(4.20) o <8 (4 L) S e ILOIE G + 29

3=0

Proof. Tt is clear from (4.11]) that we need only estimate the quantity || D(r)||s, with D(r) as defined in
4.'18. To see this, first recall that for each 1 < j < r, the quantities a,(s )(ggj_l )(s) - §§LJ+1)($)) and
h(JH)( )— h(JH)( ) are homogeneous polynomials (of degree j + 2) in the variables a,t.(s) and b, 1.(s) for
le] < |3 /| +1. We need an estimate on the number of terms in each of these polynomials.

Both sequences §Ut1) and RUFY | see and (| -7 have components defined in terms of the operator
L(x) given by (2.8). In terms of the shifts S on (2(Z), i.e. (STf)n = fat1, one can write

(4.21) L(x)=aStT+a~ S~ +b.

Here a and b are regarded a multiplication operators and a® is the multiplication operator given by (a* f),, =
an+1fn. An upper bound on the desired number of terms can be obtained by taking both a and b to be
constant sequences, i.e., calculating

(4.22) N0 = (6., (57457 +1)""6,) = Ji (j:1> (k];2>

k=0, k even
and
Jj+1 .
(G+1) _ + — j+1 _ j+1 k
(4.23) ¢ (Ouir (ST+57+ D) o) = Y ( e ) sy

k=0, k odd

The bounds nU+1D < 260+ and ¢U+D < 37 readily follow.
Next, using this estimate, we can expand

277(1+1) 42

~(74+1
(4.24) an(s) (3550(5) = 3549(9) = > [ dusens
k=1 (=1
and
£(J+1)j+2
(4.25) B (s) = b (s) =2 30 Tl dure,
k=1 (=1

where dy e € {+an1e(5), £bnie(s)}. Here we have inserted a 2 because of the definition of R0+ see ([{.2).
This form enables us to determine the entries of the matrix DSLJ )e(s) In fact, differentiation of the left hand
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side of (4.24)), with respect to z € {am, b}, yields

2+ jyo j+2 2pUHD 42 j+2
(4.26) § § n+ek,o ) H dn+ek,e = E dnte § § de(€k,o0) H dnJrek ¢
k=1 o= 1 [£30) ‘elgL%JJ’,l o= {F#o0

and an analogous formula holds for the partial derivative of the left hand side of (4.25)). These expressions
determine the matrix entries of Dﬁf 23(8) The bound in (4.15)) now follows with

(G+1)

27U+ 42 290 j+2
(4.27) DU — ( kn_( +1)Zi 1 0e(€k,0) kZ( +1)qu 1 0e(€k,0) )
: e 26l 2.5 26l 25 :
e Y bero) 2300, 2T u(ene)

Summing on e yields,

(4.28) HDU)H = > DY =8(+2)t
lel<14]+1

where we have used n(j‘H) <2 (G+1) This shows that

oo

(4.29) D)oo <8Z|Cr SO +2)37

and we are done. 0

We end this section with an analogue of Theorem for the hierarchy. Let aET) denote the dynamics
corresponding to the Toda hierarchy, i.e. ag )(A) =Ao <I>§T) for all A € A.

Theorem 4.4. Let r € Ng, x € M, and u > 0. There exist numbers C, and v, for which given any
observables A, B € AV, the estimate
0A
) (5],

, 0A
w30 | swi<e ¥ (|
n,mez
holds for all t € R. Here 4C, = ||a|oo(1 4 /(L3141 and v, is as in Theorem .
Proof. The estimate (4.30) follows as in the proof of Theorem using the results of Theorem as
input. O

u(Mn=ml/(15]+1)]—v.]¢])
8bn .

X

5. RESULTS FOR THE PERTURBED HIERARCHY

The purpose of this section is to demonstrate that the methods from Section [3] also apply to the Toda
hierarchy. Many of the proofs follow closely the previous arguments, and so we only sketch the details.

To introduce the relevant class of perturbations, we first recall the Hamiltonian formulation of the hier-
archy, see e.g. Section 1.7 of [15]. For each r € Ny, consider the following formal Hamiltonian

J+2 X) - )\r+2)7 A = {21T(r;2)7 T even,

5.1 H,
(5.1) () 0, r odd,

kEZ] 0

with g(JJr ) as defined in (4.1).
It can be shown that H, generates the Toda hierarchy in the sense that for any A € Ay,

d r

Zal () = of” ({4, H,}) = {af” (4). H, }
where oz,(f) is the dynamics associated with the Toda hierarchy as introduced before Theorem M In fact, it
is shown in e.g. [I5] Thm. 1.71] that
OH, OH,
day, (X) =4gn (X’ T) n b,

and therefore the evolution equations

d o NG Lo OH, _ OH,
(5.4) o (An) = o) ({4n, H,}) = A oy~ o

(5.2)

(5.3)

(x) = 4h,(x,7)
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and similarly,

NG (1) L o) (4 9Hr OH,
5.5 — B,) = B, H.})=- A —A,_
( ) dtat ( ") at ({ (3] 7“}) 4at naan n 10%71
follow; compare with (4.3)) and (4.4).
Note that for r =0
(5.6) Ho(x) =Y (2bF +4a} — 1).

kEZ

is different from (2.5). However, the equations of motion (2.4 are the same as above.
We can now introduce perturbations as in Section Fix r € Nyp and let W : R — [0,00) satisfy
W € C?(R). Consider the formal Hamiltonian

(5.7) HY=H,+» W,
neZ

where H, is as in (5.1)) above and W,, is the observable with W,,(x) = W (In(4a2)).
The equations of motion corresponding to H," are

(5.8) ay (t,r) = ay (t,7) (gn+1(t7 ) = gn(t,7))

and

(5.9) DY (t,7) = hn(t,7) — hn_1(t,7) + Ry (t)

where

(5.10) R,(t) = % [(W'(In(4ay (t,7)?)) — W' (In(4ay_, (t,7)?))] .

Again, local existence and uniqueness of solutions of and , corresponding to initial conditions
x € My, follows from standard results, [I, Thm. 4.1.5]. As before, let us denote by ®}", the perturbed flow of
the Toda hierarchy, i.e., the function ®}",.(x) = {(a)/(t,7), by (t,7))}. Our arguments apply to the set of initial
conditions M, = M, (W) with bounded trajectories, i.e., for which there exists numbers Cy, Cy < co with

(5.11) sup ||®7,.(x)||lar < C1 and supsup ——— < Cs.
teR ’ teR nez |a¥ (t,7)]

For initial conditions x € My ,, there are results similar to the two main estimates from Section We
first state an analogue of Theorem

Theorem 5.1. Fizr € Ng, W € C*(R) with W" € L>=(R), and x € My,.. For each > 0, there exist a
number v = v¥ (u,x) for which given any n,m € Z, the estimate

9wt )

9
.9 (t’T) 9z

0z
holds for allt € R. Here z € {am, bm}.

Proof. We will follow closely the proof of Theorem [3.I] using Theorem [{.2] as input. Take ¢ > 0 and, as
before, introduce

9

(5.12) max [

] < e—n(Tin=ml/(L1+11—oel)

ay (t,7)

(5.13) FY¥(t,r) = (b:{(t, r)) .

We will suppress the dependence on 7. Since W is sufficiently smooth, F}V is differentiable with respect to
z € {am, b} and the bound

) ) = talo
(5.14) ’&ZF“ (t)’ < ‘&Fn (0)‘ DD /0 DU | LR, (s)| ds.
J=0 [e|<B;
follows as in Theorem Here we have denoted by
(5.15) aj = |cT_j\Cf+l for 0 < j<r with a,y1 = Co||W s

and
(5.16) Bi=17/2]+1 for0<j<r withg1=1.
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Moreover, for 0 < j < r, we have taken ng ) as in the proof of Theorem and set

e+1) _ (00 _ r+1) _ (0 O
(5.17) D; —(1 0) fore=—-1,0 and D; <O E

Taking z = a,, and iterating yields

) = th 1
(5.18) - E ()] < > —(DF)F
0z k! 0
k=[In—m|/(15]+1)]
with
(5.19) DY =) a;D¥ and DY = " DY)
j=0 lel<8;

A similar estimate holds for the case z = b,,.
As in the proof of Theorem the bound (5.12)) now follows with

1
(5.20) vy =D}l <e“+1 + u) .

Note also that

(5.21) 1D} floo < C1 Y ler—5|C DY [lo + 2C5[[W| o
j=0
and so the estimate from Lemma [{.3] applies here as well. O

The interpolation argument proven in Section [3| generalizes to the hierarchy as well. To see this, we first
prove an analogue of Lemma

Lemma 5.2. Fizr € No, u > 0, and let x € My. There exists a number C = C(r, u,x) > 0 and a function
h, depending on r, pu, and x, for which given any n,k,l € Z, the estimate

2 2
a5, ) | 5oag et )

holds for all t € R. Here an(t,r) and b,(t,r) are the solutions of (2.4) with initial condition x € M,

(5.22)  max [

] < Cer(TIn=/ (L5 1+01) g =s(Tin—HI/(LE1HD) 2p0r 4

s = w2 € {ag,be}, and the number v, is as in Theorem
k

exponentially.

9 9 0 The function h grows at most

Proof. Again, since this proof follows closely the arguments of Lemma [3.2] we will only sketch the details.
Keeping with the previous notation, it is clear that

(5.23) P E,( Zc,« Y / 5‘2( a(? Fn+e(s)> ds.

lel<l7/2]+1

Differentiation with respect to z produces two terms. We begin by estimating the first term, i.e., the one
that contains g~ Dﬁfl( ). Using Theorem it is clear that if |e| < |j/2]| + 1, then

0

(5.24) 9 B (s)] < ememn(Tn=hl/5 1411 =0rls) (1> _
by, - 1

For convenience, let us denote by

(5.25) E(z) = e—r(Mlzl/(L51+D)1)

Using ([5.24)), one can show that

It
(5.26) Z /O 0 0

t
5= D) = Fute(s)| ds < 7, (1)E(n — K)E(n 5)/ s G)
le|<lj/2]+1 0

oby,
where

(5.27) 75 (1) = 8eM | L(O)IZ(7 + 1)(j +2).
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This proves that

0° |, 1
_ _ LU S
‘828};an(1€)‘ < Cu(r)E(n—k)B(n—10) /O €203 g <1)
, Il
(.29 HIL(O ||22|c”\||L< Y [ D0 | P ds
lel<Li/2]+1
where
(5.29 Culr) = D lersi(n)
j=0

and DY is as in 4.15]). Iteration, as in the proof of Lemma yields

0 Colm) i B0 S (EOl2 2.\ 5~ Coorlth? 50 (1
(5.30) ‘azangn(t)’< 2w, B = R)E( £)m§;o< s ) p:ZmH D) <1>
where
(5.31) Z\cr IO > DY

lel<li/2]+1

Taking co-norms, and using (3.34] , we see that

5.32 < CE(n—k)E(n — )e*vrltp(t
(532 |55 0] < 0z = 0 = gy
where
21 2
(5.3 0o Gl i g = CILOIEIDO
2M'Ur 2/1,1),_
h is as in (3.36]). This proves (5.22)) and we are done. O

Given Lemma [5.2] above, the analogue of Theorem [3.3] follows with only minor modifications. We state it
below.

Theorem 5.3. Fizr € Ng, W € C?(R) with W/, W" € L*°(R), and let x € My .. For each 1 > 0 and any
e > 0, there are positive numbers C = C(r,e), D = D(r,e, p,x, W), and 6 = 6(r, e, pu,x, W) such that

(5.34) max [ %ag(t,r) , 5)2 v (t,r) } < CG,,, (Jn —m])elnterwrlt [1 D <66|t| _ 1)}
holds for all t € R. Here v, = v,(pt +¢€,x) is as in Theorem =u/([5] +1), and z € {am,bn }.

Proof. Interpolating as before, it is clear that for any x € M, the bound

H[aazﬁ,?(t)] | < H{aiﬁn } x) Oo+k€%/lt {Dk 5;m) a Fk( )] (x) R ds
+ W;”‘”k%z/otl [Dk,e(S;n)(iFZ”(S)] (x) _ ds

follows as in the proof of (3.55)); here all quantities depend now also on r, but we have suppressed this in
our notation.
With Theorem [£:2] it is clear that

A0

(5.36) Fa(t)

0z
o~ (nte) ([In=—ml/(L5]+1)] v |t])

CerGp, (In — m|)8(#+g)vr‘t| )

|>

o0

IN N
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where we have set

(5.37) Cer = 21;}3(1 + x)zefe([xmg“m) . M= ﬁ , and v, =v(x,u+¢).
Similarly, for each x € M, ,, the matrix appearing in the second term satisfies
(5.38) I[Dk(s;n)] (x)]|, < 02||W//||Ooe#+se—(u+6)(Hn—k\/(L%J-H)]—vr(S)(\tl—S))
< Col W o€t Ce G, (I — K|)elereen =)
with
(5.39) vp(s) = v (BY,(x), p+e) and v =supv,(s).

seR
Lastly, the bound

(5.40) I[Dr.e(55m)] ()l o < CC, (In = )G, (I — k|2 OFDEFer (=)
follows as in the proof of (3.63); with (possibly) different values of C' and 7.
Iteration yields ([5.34) as in the proof of Theorem O

6. LOCALITY BOUNDS FOR MORE GENERAL INITIAL CONDITIONS

In this section, we return to the class of perturbations considered in Section [3| see also Section [5| The
goal here is to prove a locality estimate for more general initial conditions. Let us recall the basic set-up.
Fix W : R — [0, 00) satisfying W € C?(R) with W/, W"” € L>°(R). The formal Hamiltonian is given by

(6.1) HY=H+» W,
nez

where H is the Toda Hamiltonian as in (2.5), and for each n, the perturbation W,, is taken to be the
observable W,,(x) = W(In(4a2)). The corresponding equations of motion are

(6.2) ay(t) = ay(t) (b (t) = by (1))

b)) = 2(ay(t)® —ay 4 (t)?) + Ra(t)
where
(6.3) R, (t) = % (W' (In(4a (t)%)) — W'(In(4ay_,(t)*))] .

As we discussed before, local existence and uniqueness of solutions of corresponding to initial conditions
x € My follows again from Theorem 4.1.5 in [I]. For x € Mp, let us again denote by @} (x) = {(a) (¢), b (t))}
the perturbed Toda flow. If we set, L(t) = L(®¥(x)) and P(t) = P(®}y(x)) with L and P as in and
(2.9), it is easy to check that

(6.4) LL(t) = [P(6), L] + ().
where the multiplication operator R(t) : £2(Z) — (*(Z) is defined by
(6.5) [R()fln = Bn(t) fn -
From this definition, it is clear that

(6.6) IR®)2 < W ]|,

and hence the operator norm of R(t) is bounded uniformly in both ¢ and the initial condition x € Mj.
One can check that P(t) still corresponds to a family of unitary propagators, which we denote by U (¢, s).
A short calculation shows then that L(t) = U(t, s)*L(¢)U(t, s) satisfies
d -

(6.7) L) = Ult,s) ROU(t,s).

In this case,

. _ i
(6.8) L@z = L@z < [[LO)]2 +/0 [R(s)ll2ds < [[L(O)]|2 + [[W[lsct] -
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Since the bound
(6.9) max(sup |a, ()], sup [by (¢)]) < [[L(t)],

holds, produces a linear bound on the growth of solutions. From this, the existence of global solutions
follows from Proposition 4.1.22 in [1].
A result analogous to Theorem [2.1] follows.

Theorem 6.1. Let x = {(an, bn) }nez € My with a, = inf,, |a,| > 0. Then for any p > 0 and n,m € Z the
estimate

0 1 wior] [
(@ (02)], | 5203 ()

holds for all t € R. Here z € {am,bm} and vV (t) is an explicit cubic polynomial with v¥(0) = 0.

2 w
(6.10) max |: ] < max (1, ) e~ h(In—m|—v™ (1))

A%

)

Proof. Fix x € My with a, > 0. Global existence on M guarantees that for each n € Z, the function
FY :R — R? given by

wipy — (e ()?)
(6.11) EY(t) = < )
is well-defined for all ¢ € R. In fact, since a, > 0, the equations of motion ensure that
t
(6.12) (0 = ax e ([ 020 - 09)as)
0
preventing a singularity in the logarithm. It is then clear that (6.2)) implies
(6.13) FY(t) = FY(0) +2 / t bria(s) = by (s) ds
' mee o \an(s)® —ay_1(s)*+ 3Rals))
For any z € {am, b}, a relation similar to (2.18]) holds, i.e.
0 0 t 0
14 —FY(t) = —FY 2 DY —FY
(6.14) R0 RO+ Y | D) s
where
0 (51 (6) - (50(6)

(6.15) DY (s) = (ax(s)z n IW;’IOO> So(e) — (aﬁ_l(S)Q + ”W4||oo) 5_1(e) 0

The bounds in and show that

w 2
(6.16) ay (8)* < ([ILO)]l2 + W' [lols)”
and so we find that

d d Il d
) W < | fpw w | Y ow
(6.17) Sr| <| rr o) + by | atonr | rr o)
holds for any ¢ € R. Here we have denoted by
_ . 2, Wl w _ 0 d1(e) + do(e)
(618)  gs) =1+ (L) 2+ W llsh® + == and DY = (5 o Lo

Iteration (with z = a,,) yields

0 o [t pta th—1
(6.19) ang(t)’ < Z Z Z/ / / g(t1) -+ g(tr)
k=|n—m||er|<1  Jex<1”0 7O 0
0
(6.20) x DY .- DY (%FX+61+‘..+6,€(0)‘dtk-~~dt1
2 . h(t)* w1
(6.21) < o Yo @)



26 U. ISLAMBEKOV, R. SIMS, AND G. TESCHL

Il

where h(t) =2 [, g(s)ds and

(6.22) DY = % > Dy = ((1) (1)> .
|

el<1

In the case that z = b,,, it is clear that

(6.23) SE) < S MOy (%)

k=|n—m|

Taking the infinity norm, we get for any p > 0

o) 2 = h(t)k
6.24 —FY(t < 1, — —
020 |7z, < ms( m>z K

2 il | oW
< max (17 ) ¢~ pIm=ml =" (©)

where v¥ (t) = h(t) (e"* + p7t). O

Again, everything extends to the hierarchy. Since the statements are clear, we do not rewrite them for
the sake of brevity.
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APPENDIX A. EXISTENCE OF BOUNDED SOLUTIONS FOR HAMILTONIAN SYSTEMS

In this appendix we want to look at a general Hamiltonian system with nearest neighbor interaction:

P
(A.1) H(x) = % ( 5 T V(gnt1 Qn)) ;
where x = {(pn, gn) }nez. Let V € C?(R) with V(z) > 0 and V(0) = V’(0) = 0 such that 0 is a fixed point
of the system. Since we want to obtain bounded solutions we will assume that our interaction potential is
confining in the sense that V(z) — +00 as x — +00. Since the uniform motion ¢, (t) = ¢° + p°t (with ¢°, p°
some real constants) of the system is unbounded we switch to relative coordinates r,, = ¢n4+1 — ¢ in which
the equation of motions read

(AQ) Tn = Pn41 — Pn, pn = V/(Tn) - V/(rnfl)'
We will consider this system in the Hilbert space X = ¢*(Z) x (*(Z).

Theorem A.l. Suppose V. € C?*(R) such that 0 is a unique global minimum with V(0) = V'(0) = 0,
V"(0) >0 and V(x) = +00 as |z| — co.
Then the system (A.2)) has a unique global solution in X for which the energy

(A.3) H(pr)=)_ (pj’ + V(Tn))

nez

is finite and conserved. This solution is C' with respect to the initial condition. Moreover, 0 is a stable
fized point and all solutions satisfy ||(p(t),r(t))]|2 < C as well as ||(p(t),r(t))||cc < C, where the constant C
depends only on the initial condition.

Proof. First of all note that by our assumption on V' we can find constants cg and Cg for every R > 0 such
that |V (z)| < Cra?, |[V'(x)| < Crlz| and |V (x)| > cga? for |z| < R.

In particular, for r € ¢2(Z) with ||r|l2 < R we have ||[V'(r)||2 < Cgl|r||2 and it follows that the map
rn = V'(r,) is Ct on (2(Z). Since the same is true for the shift operator z,, + x,_1, our vector field is
C' and local existence and uniqueness follow from standard results [I, Thm. 4.1.5]. This also implies that
the flow is C* with respect to the initial condition [I, Lem. 4.1.9]. Moreover, |H (p,r)| < Cgl|(p,7)|2 implies
that H is finite on X and a straightforward calculation shows that it is conserved by the flow.
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Moreover, H(p,r) > ¢y € for ||(p,7)|]2 = ¢ and € < 1. Hence [I, Thm. 4.3.11] shows that 0 is a stable fixed
point.

Finally, if V(x) — +oco there is a constant Mg such that |x| < Mg whenever |V (z)| < E. Hence setting
E = H(p(0),r(0)) we have H(p(t),r(t)) = E implying ||p(t)]l2 < V2E and ||7(t)]|cc < Mg. But this implies
[[r(@®)]]2 < c]T/IlE V()2 < c]T/IlE VE. Hence our vector field remains bounded along integral curves on finite ¢
intervals and hence all solutions are global in time by [I, Prop. 4.1.22]. O

Note that, using ¢, (t) = ¢,(0) + fot P (s)ds, for our original variables we get
(A4) la@llz < llaO)ll2 + CJtl, - lla®)lloo < llg(0)llco + CEl-

Moreover, clearly the Toda potential V(r) = e™" +r — 1 satisfies the above assumptions.

Theorem A.2. Let x = (p,r) € X and p > 0. There exists a number v = v(u,x) for which given any
n,m € 7Z, the bound

0 0

. il il < O e~ Hlln—m|=v|t])
(A.5) max[ aan(t) , 8Zrn(t)H <Ce ,
holds for allt € R and each z € {pm,Tm}, where
(A.6) C = C(x) = max ( sup |V (ra(8))]V2, 1) :

(t,n)ERXZ
In fact, one may take
(A7) v=2C <6“+1 + 1) .
1

Proof. Fixx € X. Our previous theorem guarantees that for each x € M and n € Z, the function F, : R — R?
given by

(A-8) Fo(tix) = (;:8)

is well-defined and differentiable with respect to each z € {p,,, rn}. When convenient, we will suppress the
dependence of F,, on x. Using the equations of motion, i.e. (A.2)), it is clear that

(A.9) Fo(t) = F,(0) + /0 t (V, (r’:g)l)(i) v'l()?ﬁ)l(s))> ds.
Differentiating with respect to z we obtain

(A.10) %Fn(t) = %an) + > /0 t Dn7e(s)%Fn+e(s) ds,
with -

R Pel®) = (1oin(e) - Virartinte) 0 )
Hence

(A.12) ‘;ZFn(t)’ < ‘a‘an(O)’Jr > /Ot| b %Fm(s) “
where -

A b= (O?(%(a)ow_l(e)) " 50(6)) |

Let us now consider the case that z = r,,, i.e.,

(A.14) 9 g0 = (é) Sm(n).

Orm
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this case, iteration yields

o) t|* 1
15) ‘an(t)‘ < Z | | Z Z 5m+e1+ +Ck( )D "'D@k <0>
m le1]<1  eg|<1
= |2Ct| .

where we have set

(A.

1 0 Cc!
16) D_QCZDE_<C o)'

Again, convergence is guaranteed since %Fn (t) is continuous and thus bounded on compact time intervals.
Using D? = 1, one obtains

0 |2Ct|k
(A.17) HarmF"(t H <C _IZ |
The rest follows as in Theorem 2.1l O
Note that in Flaschka variables (2.3]) the equations of motion read
. 1
(A.18) an(t) = an(t) (bpi1(t) —bu(t)) and by(t) = = (V'(~In(4a?)) — V'(- In(4a2_,))) ,

and (p, ) will be bounded if and only if (a,a!,b) are bounded. The fixed point in these new coordinates is
(ag,bo) = (3,0) and (p,r) € X if and only if (a,b) — (ag,bo) = (a — 1,b) € X.

(A.

Finally, by

19) ) = O e ([ (bran(s) — b)) )

the sign of a,, is preserved under the flow.
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