Lecture 9

Why the integrals commute: the Toda
ring is integrable

Objectives. Course map: the last step of G1, and the classical half of G5. Lecture 8 found
the conserved quantities of the Toda ring — the spectrum of its Lax matrix — and left a debt:
conserved is not the same as in involution, and Definition 5.5 asks for both. This lecture pays
the debt. It packages all N integrals into one function of a spectral parameter, the transfer
matrix, proves that its values Poisson-commute from a single identity satisfied by a single site,
checks independence, and applies Theorem 5.7: the periodic Toda chain is Liouville integrable,
and its motion winds round tori that drift. The identity is the one Lecture 14 quantises.

9.1 The question

The Toda ring of Lecture 8 has N particles on a circle,

N N
Z pZ + Z el qn+1 = q1, 9.1

n=1 n=1

H =

N

and its Lax matrix L has a spectrum that does not change in time (Theorem 8.2), so the
N numbers tr L* are conserved. Lecture 8 also rewrote the eigenvalue problem of L as a
transport from site to site, ®,,1 = L,(1)®,,, with the 2 x 2 site matrix

A= Pn
—eln

e_qn
Ly(A) = ( 0 ), detL,(4) =1, (9.2)
which contains the variables of site n and nothing else.
Definition 5.5 asks for more than conservation: N integrals that Poisson-commute with
each other and are independent. Nothing in the Lax equation says anything about brackets
between the tr LX. So the question of this lecture is

are the Toda ring’s integrals in involution and independent — and if so, what does its motion
look like?

The plan has three steps. Build all the integrals at once, as the coefficients of one polynomial
t(1) (§ 9.2). Show that {t(1),t(u)} = 0 follows from one identity satisfied by one site matrix
(88 9.3 t0 9.5). Then independence and Theorem 5.7 do the rest (§§ 9.6 and 9.7).

9.2 All the integrals at once: the transfer matrix

Transport all the way round the ring.
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Definition 9.1 (Monodromy and transfer matrices). For a chain of N sites with site matrices
L, (1), the monodromy matrix and the transfer matrix are

T(A) = Ly(A) - Lo(DL1(A),  t(A) = trT(A). 9.3)

The chain is ultralocal if variables at different sites Poisson-commute: {(Ly)ap, (Lm)ca} = O
for n # m. When tensor legs are also in play (§ 9.3), the site moves to a superscript:
) S

The Toda ring is ultralocal, since L, involves only (q,, p,). By (9.2), detT =1, and T(2) is
what a solution of the recursion picks up in one circuit (Figure 9.1).

A A A
e tr
ity -

T(A) = Ly(A) -+ L1(A) t(A) = trT(A)

Figure 9.1: Left: the monodromy matrix as transport. One auxiliary line threads every site
in turn, picking up each site matrix; the vertical stubs are the sites, which carry
the dynamical variables. Right: the trace closes the auxiliary line into a loop
with no ends to distinguish. That picture is the whole proof of Corollary 9.8.

What the transfer matrix contains

Expand the product (9.3) as a sum over paths through the index values 1,2 of the 2 x 2
factors. The entry (L,)22 = 0 forbids a path to stay at 2, so each visit to 2 enters through
(Ln)21 = —e?" and leaves at the next site through (L,41)12 = e %+1: a factor —e? 91 in place
of two factors A — p. The trace closes the path, so the pair may straddle the join. Hence

()= | (=) | |- pm), 9.4)
S

nes meS

the sum over sets S of bonds, no two sharing a site, with S the sites they cover. Writing
N _
t(A) = Zk:() Ck/lN k:

co=1, c1=-— an, 2= Zpipj - Zeq”_q’”l, H=13-c. (9.5)
n

i<j n

So t(A) is a polynomial of degree N whose N non-trivial coefficients ¢y, ..., cy are functions
on phase space, and H is one of their functions.

The same integrals as Lecture 8’s

A number 1 is an eigenvalue of Lecture 8’s Lax matrix L exactly when its eigenvalue recursion
has a solution with ¢,.ny = ¥,,. The gauge that turned the recursion into ®,,1 = L,(1)®,
respects periodicity, since gn,+n = ¢, S0 this happens exactly when T(1) has an eigenvalue 1:
when det (1 - T(1)) =2 —t(A) =0, using detT = 1. For N > 3, det(A — L) and t(1) — 2 are
both monic of degree N. Where the spectrum of L is simple they have the same N roots, so
they are equal there. Such points are dense: at fixed g, momenta far enough apart make



9 Why the integrals commute: the Toda ring is integrable

the discs of Gershgorin’s theorem disjoint and the spectrum simple, so the discriminant
of det(A — L) is a non-zero polynomial in p, and its non-zero set is dense. Both sides are
continuous in (g, p), so - sketched

det(A — L) = t(A) — 2. 9.6)

The ¢ are therefore, up to sign and the constant 2, the elementary symmetric functions
of the eigenvalues of L. Newton’s identities turn them into the tr L* and back. They are
Lecture 8’s integrals, reorganised, and they are the candidates for Definition 5.5. Everything
now turns on their brackets.

9.3 The notation the proof needs: tensor legs

L,(1) is a 2 x 2 matrix whose entries are functions on phase space. What we need is the
collection of all their brackets, {(L,)a» (1), (Ly)ca(1)}, sixteen functions at once. The trick is
to package them as a single 4 x 4 matrix acting on V ® V, with V = C2.

Definition 9.2 (Tensor legs). Write E,, for the matrix unit with a 1 in row a, column b,
and recall (A ® B) (qc),(bd) = AabBea- For 2 x 2 matrices A, Bput A1 =A® 1, B =1®B,
and

{A1,B2} = Z {Aaw,Bcd} Eap ® Ecq, that is ( {A1, B2} ) = {Aw, B} -
a,b,c,d (ac),(bd)
(9.7)

The subscript is a leg, not a matrix index: A; is the whole matrix A, placed in the first
factor (Figure 9.2). The right-hand form of (9.7) is the one to memorise: the entry in row
(a,c) and column (b, d) is the bracket of the (a, b) entry with the (c, d) entry.

1 —a— 1 T
2 2 —{B—> S~

A1=A®1 Bo=1®B Puow)=w®v

Figure 9.2: Tensor legs. Each horizontal line is a copy of V; a box on a line is a matrix acting
in that factor and doing nothing to the other. Right: the permutation operator is
a crossing of the two lines, and P? = 1 says that uncrossing twice does nothing.

Remark 9.3 (Two brackets in one formula). A; and B, commute as matrices, (A®1)(1®B) =
A®B = (1®B)(A® 1), because they act in different factors. Their entries do not Poisson-
commute: that is what (9.7) records. The composition theorem below turns on the first
fact at its decisive step; nothing uses {A1, Bo} = 0, which is false.

One matrix on V ® V appears everywhere below.
Definition 9.4 (Permutation operator). P(v ® w) = w ® v; equivalently P = 3, , Eqp ® Epq.
Proposition 9.5 (Properties of P). P2 = 1; P(A® B)P = B® A, so P commutes with every

A®A; and
(Eqp ® Eca) P = Eqq ® Ecp. (9.8)
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Proof. P? swaps twice. For (9.8), expand P and use EgE, 7 = OpeEqs: the sum 3, ¢ SpeEqor ®
84fEc collapses at e = b, f = d. The middle property follows by applying both sides to
v Ruw. [ |

9.4 One identity for one site: the quadratic Sklyanin bracket

Here is the structural assumption that will force involution. It is a statement about the
brackets of one site matrix at two values of the spectral parameter, and it involves one fixed
numerical matrix.

Definition 9.6 (Quadratic Sklyanin bracket). A site matrix L(A) satisfies the quadratic
Sklyanin bracket with classical r-matrix r(1), a 4 X 4 matrix of numbers, if

{L1(A), Lo(1)} = [r(A = 1), L1(A) La(p)]  forall A # p. 9.9)

The left-hand side is sixteen unknown brackets. The right-hand side says they are all
determined by the matrices themselves and one numerical r, which is slid past the product
L1Ly from both sides (Figure 9.3). Why this form and not another is the content of the next
theorem: it is the form that survives multiplication.

B
{L1, L2}

Figure 9.3: The quadratic Sklyanin bracket as a picture. Matrices act from right to left along
each line. The brackets of the entries of one site matrix with themselves equal
the rung r acting after the pair L;Ly, minus the same rung acting before it.

Theorem 9.7 (The quadratic bracket composes). If the chain is ultralocal and every site
matrix satisfies (9.9) with the same r, then so does the monodromy matrix: {T1(1),To(u)} =

[r(A = p), T1(D)T2(p)].

Proof. Take N = 2; the general case is the same telescoping. Leibniz and ultralocality kill
the cross terms, and matrices in different legs commute (Remark 9.3), so with A = ng)Léz)

and B = Lgl)LéD, the two sites’ pairs,
{T1,To} = [r,A] B+ A[r,B] =rAB — ArB + ArB — ABr = [r, AB],
and AB = T1T,, again because leg-1 and leg-2 matrices commute. [

Corollary 9.8 (Commuting transfer matrices). {t(1),t(u)} = O for all A, u. Hence the
coefficients c of t(A) are in involution.

Proof. Take the trace over both factors, tri2(A® B) = tr A tr B: {t(A),t(u)} = tria {T1, T} =
triz [r,T1T2] = 0, because the trace of a commutator vanishes. Expanding in A and p,
every coefficient Poisson-commutes with every other. At A = pu the identity follows by
continuity. [

So the whole question of involution has been reduced to one identity for one 2 x 2 matrix.
That is where the work of this lecture is.
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9.5 The worked example: the Toda site matrix

Proposition 9.9 (The periodic Toda r-matrix). Each Toda site matrix (9.2) satisfies the

quadratic bracket (9.9) with

r(d) = —; (9.10)

Consequently {t(1),t(u)} = 0, and the ci of (9.5) are in involution.

Proof. Only L1; = A — p involves p, so the only non-zero brackets pair it with an off-diagonal
entry. With {q,p} =1, {1 —p,e™ 9} = —e % and {1 — p, —e?} = —e9, both independent of A
and p. By (9.7),

{L1(A), La(p)} = e 4 (E12® E11 — E11 ® E12) —el(E11 ® E21 — E21 ® E11) = (E11 @ L° —~L°® Eq1) P,

with L® = L(0); the last step is (9.8) applied to each term. On the right of (9.9), write
L(A) = AE11 + L°. The permutation commutes with every A ® A (Proposition 9.5), which
removes the Ay and the L° ® L° terms, and it turns L° ® E1; into E11 ® L, so

[P,L(A) ® L(p)] = (A — p) [P, E11 ® L°] = (A — p)(L° ® E11 — E11 ® L°)P.

Dividing by —(A — p) gives the left-hand side. The chain is ultralocal, so Theorem 9.7 lifts
the identity to T, and Corollary 9.8 gives the involution. n

Read the first displayed line as the tensor-leg drill: it is the sixteen brackets of (9.2), of
which four are non-zero, written as one 4 x 4 matrix. If that line is not comfortable, nothing
after it will be. As an exercise, find the four non-zero brackets and assemble the matrix.

9.6 The theorem

Theorem 9.10 (The periodic Toda chain is Liouville integrable). On RN the coefficients
€1,...,cy of t(A) are in involution and independent on a dense open set, and H = %c% - Co.

The periodic Toda chain satisfies Definition 5.5.

Theorem 9.11 (Tori of the ring - proved modulo Lemma 5.10 and Theorem 1.9). Let £ be a
connected component of a level set of (c1,...,cy) on which dcq, ..., dcy are independent
at every point, and let Q = % 3. qn be the centre of mass. Then £ = TN~! x R, each slice
% N {Q = const} is a torus TN~!, and the flow of H is a straight line in the corresponding
coordinates.

9.7 The proofs

Proof of Theorem 9.10. Involution is Proposition 9.9, and (9.5) is H = %c% —¢2. So {cr,H} =
c1{ck,c1} — {ck, ca} = 0: every ¢ is conserved. Conservation comes out of involution and
needs no separate argument.

Independence. Read (9.4): ¢ = (=1)*ex(p) + Rk, where ey is the k-th elementary symmetric
polynomial of the momenta and every term of Ry has a factor ¢~ 9+1 and degree at most
k—2in p (each bond removes two factors A — p). In the Jacobian det(dcy/dp,) the part of top
degree in p therefore comes from the e alone, and it is + [],.;(p; — p:), the Vandermonde
determinant. So at fixed q the Jacobian is a non-zero polynomial in p, which cannot vanish
on any open set. Where it does not vanish the dc, are independent; that set is open, and it
meets every open set, so it is dense. |
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The proof of the second theorem has four steps, and only the first two use the Toda chain
at all. Write x,, = e9»~ 91 for the springs.

Proof of Theorem 9.11. (i) Bounded. Every term of H is positive. On X the value H = E is
fixed, since H is a function of ¢; and c», so |p.| < V2E and x, < E for every n. The springs’
exponents telescope to zero round the ring, so [], x, = 1, and each x,, = [],pzn X} = E-N-D),
(By the inequality of arithmetic and geometric means E > ), x, > N, so these bounds are
not vacuous.) Every gap q, — qn+1 therefore lies in [-(N — 1)InE, InE]. Each ¢, — Q is
a fixed linear combination of the gaps, so at fixed Q every g, is bounded too. The slice
¥ N {Q = const} is closed and bounded: compact.

(ii) Complete. Let G = Y tyck for constants tx. By involution H is constant along the
flow of G, so the bounds of (i) hold along every integral curve. The components of X; are
polynomials in the p, and the x,, hence bounded by a constant C on the curve, which in a
time T moves at most a distance Ct and so stays in a compact ball. By the escape argument
of Proposition 1.7, a curve that exists only up to a finite time must leave every compact set.
So every such flow is complete.

(iii) Cylinder. Stages (i)—(iii) of the proof of Theorem 5.7 and the first half of stage (iv)
(8§ 5.5) use involution, independence on %, connectedness and complete flows, and nothing
else. They make £ the orbit of an action of RY with a discrete stabiliser A, so £ = RN/A
(Lemma 5.10).

(iv) Drift. Shifting every p, by s is the same as shifting A by —s in (9.4), so ., dcx/dpn is a
constant multiple of ¢x_1, constant on £. Hence Q changes at a constant rate along each
flow, and Q at the time-s point is Q(xo) + £(s) for a linear map ¢ : R¥ — R, not zero since
f(e1) = —1. A period does not move Q, so A c ker £ = R¥"! and £ N {Q = Q(x0)} = ker £/A.
That is compact by (i), so A is a lattice of full rank in ker £ (Lemma 5.10): the slice is TN~!
and £ = TV~! x R. Stage (vi) of the proof of Theorem 5.7 makes the flow of H linear. ]

Step (i) is the only place the ring matters. On the open chain nothing ties the springs
together, a single spring can be made as weak as one likes at fixed energy, and the level sets
stay unbounded even after the drift is removed: the open chain scatters instead of winding.

9.8 What it buys

The motion. On every regular level set the flow of H is a straight line in coordinates on
TN-1 x R: it winds round the torus while the centre of mass moves along R at the constant
speed Y, pn/N, possibly zero. For N = 3, with the centre of mass removed, the tori meet the
Poincaré section of Figure 7.5 in its closed curves: the numerical plot of Lecture 7, beside
the chaos of Hénon-Heiles at the same energy, illustrates this theorem at E = 1/6.

Action—angle variables need one more step. Separate the centre of mass canonically, fix the
total momentum, and N — 1 relative degrees of freedom remain, whose regular level sets are
the compact tori of Theorem 9.11. To those Theorem 6.5 applies. As an exercise, carry out
the separation for N = 2 with Q = (q1 +q2)/2, 2p = p1+ p2, x = q1 —q2 and py = (p1 — p2)/2;
the two-particle ring at the end of the readings does it. Computing the actions needs the
curve z + 1/z = t(1) of the reading below, with one action for each of its N — 1 gaps - cited:
Flaschka and McLaughlin 1976.

The method. Three moves did everything, and none of them is special to Toda:

1. one identity, (9.9), for one site matrix;
2. composition along the chain, Theorem 9.7, which needs only ultralocality;
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3. the trace, which kills a commutator.

Change the site matrix and the r-matrix, and the same three moves give commuting integrals
for another chain. Lecture 14 replaces the Poisson bracket by the commutator and r by an
R-matrix with R = 1 +ihr + O(h?). The same three moves then give the commuting transfer
matrices of the Heisenberg spin chain, and on the quantum Toda chain their limit A — 0
is exactly (9.9) with (9.10). That is goal G5, and the one row of the classical-to-quantum
dictionary that is a theorem rather than an analogy.

9.9 Caveats, in one place

Three things a careful reader should know, collected here so that the arguments above can
run without interruption. (The linear bracket, which this lecture does not need, is in the
reading.)

1. Independence is generic, not universal. Theorem 9.10 proves independence on a dense
open set, and that is all Definition 5.5 asks. It does fail somewhere: at the equilibrium
pn =0, x, = 1 every flow is a drift.

2. The ring drifts. The flow of ¢c; = — Y, p, translates every g, and changes no spring, so
no level set is compact. Tori appear only after the centre of mass is fixed, which is
why Theorem 9.11 is stated for slices.

3. The sign of r belongs to the site matrix. Other books use the site matrix with e*?
exchanged, which gives r = +P/1; mixing a sign with the wrong site matrix breaks
(9.9).

Reading

9.10 The same integrals from zero curvature, and the route not
taken

Conservation directly. (Lecture 8’s reading has the fuller version, with the plaquette picture.)
Involution gave conservation for free, but t(1) is also conserved for a more geometric
reason. With V,(1) = (e_ff 2 _f/;" ), the equations of motion of the ring are equivalent to
Ly = Vyy1L, — LV, for every n and every A: transport in space and in time commute round
every plaquette of the space-time lattice, a discrete zero-curvature condition. Differentiating
the product (9.3), the sum telescopes to T = Vy,1T — TV; = [V1,T], a Lax equation for the
2 x 2 matrix T, and t = tr T is conserved. Periodicity is used once, to identify Vy,; with V.

The route not taken. One can prove integrability of the open chain instead: its N x N
Lax matrix satisfies the linear bracket with a constant r, the involution theorem for that
bracket gives {tr L tr L"} = 0, and independence follows from a band lemma for tridiagonal
matrices. That route reaches the same kind of theorem for a different chain, and §§ 9.11
and 9.12 take it. Its bracket does not compose, so it cannot be quantised site by site, and it
is the ring’s quadratic bracket that Lecture 14 quantises.

The spectral curve. Setting det (z — T(1)) = 0 gives z+ 1/z = t(A), since detT = 1. Its N — 1
finite gaps are the bounded intervals of real A where |t(1)| > 2, and when all are open they
carry the N — 1 action variables. § 9.13 builds the curve from Bloch waves and proves these
statements, or cites them.
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Reading

9.11 The route not taken, I: the linear bracket

The core proved the ring’s integrals commute through the quadratic bracket, because it
composes. The older route goes through a bracket linear in L, for a single Lax matrix; the
open-chain reading below applies it.

Definition 9.12 (Sklyanin bracket). A Lax matrix L(A) satisfies a Sklyanin bracket with
classical r-matrix r if

{L1(A),La(m)} = [r12(A = p),L1(A) + La(p)], (9.11)

where r12(2) is a matrix on V ® V of numbers — it does not depend on the point of phase
space.

Read what (9.11) asserts. On the left is an arbitrary d? x d® matrix of Poisson brackets,
d* functions on phase space with no reason to be related. On the right is a commutator of
one fixed numerical matrix with something built linearly from L itself. The assumption is
enormously restrictive, and its whole force is that the same r works at every point of phase
space and for every pair A, p.

1
) () = -

r is a rung joining the two legs; the commutator is the difference of the two orders.

Figure 9.4: The Sklyanin bracket (9.11), drawn for the L; half of L; + Ly; the L, half is the
same picture with the box on the lower leg. The left-hand side is an unknown
matrix of Poisson brackets; the right-hand side says it equals one fixed rung r
slid past L, minus L slid past the rung. Note that the two terms are added, not
multiplied — the picture with an L on both legs is the quadratic bracket of § 9.4,
which is a different relation.

Two qualifications:

* Numerical. If r is allowed to depend on the dynamical variables the bracket is called
dynamical, and optional lecture B meets the first real example — Calogero-Moser has
no r of the constant form. Everything proved in the involution theorem below survives
that generalisation; the classical Yang-Baxter equation of Lecture 14’s reading does
not.

e Which r? Part I teaches how to read and check an r-matrix, never how to solve for one.
Finding r from scratch is outside it.

Remark 9.13 (r is not arbitrary). Antisymmetry of the Poisson bracket already constrains r.
Reading (9.7) backwards, {Lap, Lca} = — {Lcd, Loy} is the matrix statement {L1(A), La(p)} =
—P {L1(u),L2(A)} P. Substituting (9.11) on both sides and writing ro; = Pri3 P, the two
agree as soon as

r12(4) = =ra1(=2). (9.12)
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The rational r(1) = cP/A satisfies it, since P P P = P makes ro; = r12 there, and cP/A is odd.
The classical Yang-Baxter equation of Lecture 14’s reading uses (9.12) to trade ry; for —rys.

Reading

The involution theorem

Theorem 9.14 (Involution from the Sklyanin bracket). If L(A) satisfies (9.11), then for all
n,m > 1 and all A, p at which it holds,

{trL(A)",trL(p)™} = 0. (9.13)

The qualification is needed because the r-matrices that occur have a pole at coincident
arguments — the rational one is cP/(A — u) — so (9.11) is an assumption about A # p and
says nothing at A = u. Nothing is lost: the left of (9.13) is continuous in A and u whenever
L is, and a continuous function vanishing off the diagonal vanishes on it too.

The proof is three steps and each is short.

Proof. Step 1: the chain rule, in tensor-leg form. Both tr L(1)" and tr L(u)™ are functions of
the entries of L, so by bilinearity and the Leibniz rule of Lecture 2,

wey= Y 2 g

abed OLap OLcq

For F = tr L" we have 8F/dLq, = n (L""1)sq, and similarly for G. Comparing with (9.7), the
double sum is exactly a trace over both legs:

(L) L™ =mm (L) L™ ), L} ). (9.14)

Step 2: substitute the assumption. Put A = L'"1L2"! and B = L1 + L. Then (9.11) turns
(9.14) into
{trL(M)", tr L(p)™} = nm tr (A [r, B]).

Step 3: the trace of that vanishes. Here is the only place any structure is used, and it is
Remark 9.3: L and L, commute as matrices, so A — a product of their powers — commutes
with B. Hence, using cyclicity of the trace twice and AB = BA once,

tr (A [r, B] ) = tr(ArB)—tr(ABr) = tr(ArB)—tr(rAB) = tr(ArB)—tr(rBA) = tr(ArB)—tr(ArB) = 0.
|

This pays Lecture 8’s debt by the route not taken. Note how little was spent: the argument
never opened r, never used the Lax equation, and never mentioned a Hamiltonian. It also
never used the particular combination L; + Ly — only that it commutes with A.

Corollary 9.15 (What the model gets). Expanding tr L(A)* in powers of A produces a
family of functions in involution, and any Hamiltonian among them has all the others as
commuting integrals. Whether there are n independent ones is a separate question about
the model, settled for the open Toda chain in the open-chain reading below.
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Reading
The converse: Babelon-Viallet

Theorem 9.14 is one-way: a Sklyanin bracket gives involution. The converse is true but
weaker than one would like.

Theorem 9.16 (Babelon—Viallet - cited). If the eigenvalues of L are in involution on a
neighbourhood where L is regular and semisimple, then L satisfies

{L1, L2} = [r12,L1] = [r21, L2], (9.15)

with r in general dynamical — a function on phase space.

Read (9.15) carefully: it is not (9.11). Two independent matrices appear, and the
single-commutator form is the special case ro; = —r12. The converse does not deliver that
special case, and the difference is not a technicality — it is the difference between a true
statement and a false one.

Example 9.17 (Why the strengthening fails). On a canonical (q, p) plane put D = diag(a, b)
with a # b, and
L(q7 p) - UDU_l, U= quIZePEz1_

Then L is regular semisimple near the origin and its eigenvalues are the constants a, b, so
they are in involution for the most trivial of reasons. At the origin d,L = [E12, D] = (b—a)E12
and apL = [E21,D] = (a — b)E31, so

{L12,L21} 0" —(a-b)% 0.

Now look at where that number would have to come from in (9.11). At the origin L; + Ly =
D®1+1®D is diagonal with entries 2a, a+b, a+b, 2b, and the required entry sits between
the two equal ones. For any matrix r whatever, dynamical or not, a commutator with a
diagonal matrix has that entry multiplied by the difference of the two diagonal entries —
here zero. So no r can satisfy (9.11) for this L, while (9.15), with its two independent
terms, has no such obstruction.

So an r-matrix always exists behind involution, but it need not be numerical and it need
not put the bracket in the single-commutator form of Definition 9.12. The classification of
solutions of the classical Yang—Baxter equation (Lecture 14’s reading) applies to neither.
Optional lecture B meets a dynamical r in Calogero—Moser, so the caveat is not hypothetical.

Reading

9.12 The route not taken, Il: the open chain, proved directly

The open Toda chain is the ring with its closing spring removed: H = % >N p§+21,:’:_11 eln~dn+1
the chain whose scattering Lecture 12 solves. This reading proves it Liouville integrable
with the linear bracket, and shows what the torus theorem does and does not give when
every fibre is non-compact.

The phase space is R?N with coordinates (g, p), so n = N degrees of freedom. § 8.4 put

the equations of motion in Lax form, with Flaschka’s variables (8.4), a,, = e(4~+1)/2 and

10
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bn = pn, and
b1 a1
ai b2 . .
L= . . 5 Mn,n+1 = _%an = —VMn+1.n, L= [M: L] (916)
’ ’ an-1
an-1  bn

(Proposition 8.3). By Theorem 8.2 the eigenvalues of L are conserved, and so are the N
functions
F = tr Lk, k=1,...,N, (9.17)

which begin F; = Y, ps, Fo = 2H (8.8). They are our candidates for Definition 5.5, with
H = 1F,.
Three facts about L will be used over and over.

(L1) Simple spectrum. Every a, > 0, so L is a real symmetric (Jacobi) matrix with N distinct
real eigenvalues A1 < - -+ < Ay (proof of Proposition 8.3). Here A, are eigenvalues, not
a spectral parameter: the open chain has none.

(L2) Bounded entries. For a real symmetric matrix |L;j| < maxy [Ax|, since |L;j| = |e; - Lej| is
at most the largest stretching factor of L. The eigenvalues are conserved, so along any
motion every entry of L stays bounded by a constant fixed at t = 0.

(L3) Brackets. Since {f, pm} = 3f/3qm,
{an, b} = %an (8nm = Smyn+1)s {an, am} = {bn, b} = 0. (9.18)

The bond variable q, is shifted only by the momenta at its two ends, with opposite
signs.

Reading

Independence, by a Vandermonde argument

Three particles, by hand. For N = 3 the traces are F1 = , py, F2 = ¥, p? + 2(a? + a2) and
F3 =Y p3+3a2(p1+ p2) +3a5(p2 + ps). Their derivatives with respect to the momenta alone
form a 3 x 3 matrix with determinant

d(F1,F2,F3)

det =
a(p1, P2, p3)

6|(p2 — p1)(p3 — p1)(ps — p2) — a5 (p2 — p1) — a5(p3 — p2)|.  (9.19)
When the particles are far apart, or their momentum differences large compared with the
a, (a common boost changes nothing), the a% terms are negligible, the F; are nearly the
power sums Y, p,’i, and (9.19) is six times the Vandermonde determinant of the momenta:
non-zero as soon as the momenta are distinct. That is why the far-apart (or large momentum-
separation) regime is the right place to look first: there the chain is three free particles, and
the three integrals are visibly three different functions.

But (9.19) is not a proof of anything everywhere. It vanishes when all three momenta
are equal, and also at p = (0,1, 2), a; = az = 1, where the momenta are distinct. At such
points independence has to come from the g-derivatives. The general proof uses both, and
is organised by L.

General N.

11



9 Why the integrals commute: the Toda ring is integrable

Lemma 9.18 (Gradients of the traces). With the conventions ag = ay = 0,

0F _ oF
P k (Lk 1)111’[7
9pn 9qn

=k|an (Lk_l)n,n+1 —dap-1 (Lk_l)n—l,n . (9.20)

Proof. For any variable x, 8, tr L* = ktr(L¥"14,L), by the product rule and cyclicity (as in
Theorem 8.2(i)). Now 9dL/dp, is the matrix unit E,,, and a,, depends on g, and q,,; with
3an/3qn = 3y, 3an/3qn1 = —2a,. Each ay, sits in two symmetric slots and L*~! is symmetric,
which turns the two halves into one. m

Lemma 9.19 (The band lemma). Let L be a Jacobi matrix with all a, # 0, and let X be a
symmetric matrix commuting with L whose diagonal and first off-diagonals vanish. Then
X =0.

Proof. Suppose not, and let m > 2 be the smallest distance from the diagonal at which X has
a non-zero entry; write x; = X; 4. Compute the entry (i,i+m — 1) of LX — XL. Every entry
of X closer than m to the diagonal is zero, and L is tridiagonal, so only one term survives
from each product:

0=[L,X];itm-1 = Q-1 Xi-1 — Qirm-1X;i-

At i = 1 the first term is absent, and a,, # 0 gives x; = 0; then i = 2 gives x5 = 0, and so on
along the whole diagonal. So the m-th diagonal vanishes after all, a contradiction. n

Both conditions on X are needed: X = 1 commutes with L and has a zero off-diagonal;
and for N = 2 with by = by, X = E13 + E9; commutes with L and has a zero diagonal.

Theorem 9.20 (Independence). The integrals Fy,...,Fy of (9.17) are independent at
every point of R?N,

Proof. Suppose Y ck dFx = O at some point. Put g(£§) = Y}, kcx €71, a polynomial of
degree at most N — 1, and X = g(L), a symmetric matrix commuting with L. By (9.20), the
pn-component of Y, cxdFx is Xy, and the g,-component is a,X; n+1 — @n-1Xn—1,n. All vanish.
The first set says the diagonal of X is zero. The second, read at n = 1,2, ... in turn, says
a1 X12 = 0, then asXe3 = a1 X132 = 0, and so on: the first off-diagonal is zero. By Lemma 9.19,
X =0.

So g(4;) = 0 at each of the N distinct eigenvalues (L1). In the coefficients c, this is N linear
equations whose matrix (k)t;?‘l) has determinant N! [];_;(4; — 4;) # O, the Vandermonde
determinant again. Hence every c; = O. =

The Vandermonde determinant of the N = 3 example reappears at the end, with the
momenta replaced by the eigenvalues, which are distinct at every point. That upgrades
“independent where the momenta are distinct” to “independent everywhere”. Definition 5.1
asks only for a dense open set; § 9.12 needs the stronger statement.

Reading
Involution, from the open chain’s r-matrix

Theorem 9.14 gives {tr L/, tr L*} = 0 as soon as L satisfies a Sklyanin bracket (9.11). The
open chain’s L has no spectral parameter, so we look for a constant matrix r on RN ® RN with

{L1,L2} = [r, L1+ L2] . (9.21)

12



9 Why the integrals commute: the Toda ring is integrable

The left-hand side. By (9.7) the entry of {L1, Lo} in row (a, ¢) and column (b, d) is {Lqp, Lcq }-
By (9.18) it is non-zero only when one of the two entries is a diagonal b,, and the other is
an a, in slot (n,n+1) or (n+1,n).

An exercise before the proof. For N = 2, with a = a1, the sixteen entries collapse to

a
{L1,L2} = 5 (E12 + E21) ® (E11 — E22) — (E11 — E22) ® (E12 + E21) | -

eight non-zero entries, each +a/2. Write out the 4 x4 matrix in § 9.3’s ordering and compare
it, entry by entry, with [r, L1 + Ly] forr = %(Ezl ® E13 — E12 ® E21) before reading the general
proof.

The right-hand side, and the match.
Proposition 9.21 (The open Toda r-matrix). The constant matrix

1
r= EZ (Eji®Eij—Eij®Eﬁ) (9.22)

i<j

satisfies (9.21) for the Toda L. Consequently {F;, Fx} = 0 for dll j, k.

Proof. Pute;j=+1ifi<j,-1ifi>j 0ifi=j. Thenr= %Zi’j € Eji ® Ejj, and
1
[T‘,Ll +L2] = E Zﬁj( [Eﬁ,L] ®Eij +Eji ® [Eij,L] )
i,j

Expanding [Eﬁ, L] = Y« (LiEjk — LrjEx;) and collecting the coefficient of E,, ® Ecq gives, for
any matrix L,

[r, L1 + L2] (ac) (ba) = 3 (€ab + €cd) (Leb Baa — Lad Bbc)- (9.23)
Compare with {Lg, L.q}, case by case.

* ¢ =d, adiagonal entry. Thene,4 = 0and (9.23) is %eabLab(Sac—Sbc). For (a,b) = (n,n+1)
this is %an(&w — 8n+1,c) = {an, bc}; for (n+ 1,n) both signs flip and it is the same. For
|a —b| > 2, Ly = 0, as is the bracket; for a = b, both are zero.

* a =b. The same computation with the roles exchanged gives — {L.4, bs} = {ba, Lca}-

* Both off-diagonal. The bracket is zero. In (9.23) the prefactor vanishes unless both
slots lie above the diagonal or both below. Saya <band c <d. Ifa=d thenc <a < b,
so|c—bl>2and Ly =0; if b=cthena <b <d and Ly = 0. Below the diagonal is
the same.

So (9.21) holds entry by entry, and Theorem 9.14 gives the involution. [
The model entered only in the last case: (9.23) holds for every matrix, and it matches

the brackets because L is tridiagonal. (scripts/check-19-algebra.py verifies (9.23) and
(9.21) symbolically for N < 5.)

13



9 Why the integrals commute: the Toda ring is integrable

Reading

The hypothesis audit: what we have, and what we have not

Theorem 9.22 (The open Toda chain is Liouville integrable). On RV, the functions F =
tr LK, k = 1,...,N, are independent at every point and in involution, and H = %Fz. The
open Toda chain satisfies Definition 5.5.

Proof. Theorem 9.20, Proposition 9.21, and (8.8). ]

That is the definition. Now the theorem. Theorem 5.7 is about a connected component %
of a level set My = {F = f}. Its hypotheses, and the places its proof spends them:

hypothesis open Toda where § 5.5 spends it

involution v Proposition 9.21 stages (i)—(iii)

(I) independence on & v Theorem 9.20, everywhere stages (i), (iii), (iv)

¥ connected v by choice of = stage (iii)

(C) £ compact X fails for every stage (ii) completeness; stage (iv) full rank

Compactness fails. The flow of F1 = Y, pn iS qu — qn + s, pn — pn: a rigid translation of
the whole chain. It changes no a, and no b,, so it preserves every Fy and maps ¥ into itself,
and its orbits are unbounded lines. A compact set contains no unbounded line. No level set
of the open chain is compact, and Theorem 5.7 does not apply to any of them.

That does not end the audit. § 5.5 used compactness in two places, and one of them can
be repaired by hand.

Proposition 9.23 (Completeness). For any constants ti, . . ., ty, the Hamiltonian vector
field of G = Y tyFx is complete. In particular the flows of F1, ..., Fy are.

Proof. The components of X; are dG/dp, and —38G/dq,, which by (9.20) are polynomials in
the entries of L. Along the flow of G each Fy is conserved, since {Fi,G} = ¥ ;t; {Fk, Fj} =0;
the Fy fix the characteristic polynomial of L, so its spectrum is constant along an integral
curve, and by (L2) the entries of L are bounded on it by a constant. Hence |X;| < C along
the curve, which in a time T moves at most a distance CT and so stays in a compact ball. By
the escape argument in the proof of Proposition 1.7, a curve that exists only up to a finite
time must leave every compact set. So the curve exists for all time. [

With completeness in hand, stages (i)—(iii) of § 5.5 and the first half of stage (iv) go
through word for word: they use involution, (I), connectedness, and complete flows, and
nothing else.

Corollary 9.24 (What survives - proved modulo Lemma 5.10 and Theorem 1.9). Every
connected component ¥ of every level set of (F1,...,Fy) is a Lagrangian submanifold of
R2N diffeomorphic to TX x RN~k for some k < N, and the flows of the Fy are straight lines
in the corresponding coordinates.

Proof. Stage (iv) with a discrete stabiliser gives TK xRN ~* for some 0 < k < N (Lemma 5.10);
k = N would make ¥ compact. n

14



9 Why the integrals commute: the Toda ring is integrable

The torus conclusion of Theorem 5.7 is not claimed for the open chain, and it is
false. Lecture 12’s reading shows that k = 0: every fibre is a copy of R¥, with no periodic
direction at all. If this feels like a let-down after so many tori, it is the point. The definition
of integrability is algebraic (Definition 5.5); the torus is a theorem, with a hypothesis, and
here the hypothesis fails. What the open chain does on its non-compact fibres is the subject
of Lecture 12: it scatters.

Reading

9.13 Bloch-Floquet and the spectral curve

The core’s transfer matrix is the 2 x 2 face of the ring’s integrals. This reading finds the
N X N face, a Lax matrix L(z) with a second spectral parameter, and shows the two define
one curve, whose gaps carry the actions.

The eigenvalue problem Ly = Ay of the ring is the recursion (8.13) of Lecture 8, closed
up by Yo = Yy and Py.1 = 1. Now unroll the ring (Figure 9.5): extend a,, b, periodically
and let (8.13) hold for every n € Z, an electron on a crystal whose unit cell is our ring. The
ring’s eigenvectors are the solutions of period N, but the crystal has more states, and Bloch’s
theorem (from solid-state physics) says which: the bounded solutions can be chosen with

Yran = 2z, foralln, z=e", (9.24)

0 the Bloch phase per unit cell. We impose (9.24) for every non-zero complex z, the
Bloch—Floquet multiplier.

A solution of (9.24) is fixed by 1, ..., y. Rows 2 to N—1 of (8.13) are rows of L and are
unchanged. Row 1 contains agio = antpo = ayz 'y, and row N contains aypys1 = ayzips.
So the Bloch condition turns (8.13) into L(z)y = Ay with

bl al aN/z
aip by a
L(z) = , L(1) = L. (9.25)
an-2 by-1 an-1
anz an-1 by

Nothing was postulated: L(z) is the crystal’s Hamiltonian restricted to Bloch waves.

z 1y 2z lpy 1 YN oz 2PN

Figure 9.5: The ring unrolled into a crystal whose unit cell (shaded) is the ring. A Bloch
wave repeats from cell to cell up to the factor z. Only the bonds that cross a cell
boundary (green) see z, hence the corners of L(z). The ring itself is z = 1.

Proposition 9.25 (A Lax pair for every z). Let M(z) agree with M except in the corners,
M(z)y1 = —3ayz and M(2)1y = oay. Then along every solution of (8.10), L(z) =

[M(2), L(2)] for every z # 0. In particular the spectrum of L(z), and det(A — L(2)) as a
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9 Why the integrals commute: the Toda ring is integrable

function of two variables, are conserved.
The proof restricts the infinite crystal’s Lax equation to Bloch waves.

Proof of Proposition 9.25. Let L., and M, be the infinite periodic tridiagonal matrices acting
on sequences (P, )nez, with the entries of L and M in every cell. Entry by entry, Lo, = [Meo, Loo ]
is the open-chain computation of Proposition 8.3 with no ends at all, so it holds. Both
matrices commute with the shift i, — ¥,.x, since their entries are periodic, so both map
the space of solutions of (9.24) into itself. On that N-dimensional space, in the coordinates
Y1, ..., Py, the derivation of (9.25) says L, acts as L(z), and the same derivation applied
to M., gives M(z). Restricting the identity to the invariant subspace gives the result. m

At z = ¢! L(z) is Hermitian and its eigenvalues are the Bloch energies at phase 0; as 6 runs
round the circle they sweep out the bands of the crystal (below), which by Proposition 9.25
do not change as the particles move.

A word on names. In § 8.11 the matrix carried A and its eigenvalue was . Here the matrix
carries z and its eigenvalue is A. That is deliberate: the eigenvalue of L(z) is the spectral
parameter of the core’s 2 x 2 site matrix (spectral duality, below).

Reading
The spectral curve, bands and gaps

Now put the two constructions side by side: the N x N matrix L(z) of § 9.13 and the 2 x 2
matrix T(A) of § 9.2. They came from the same recursion.

Proposition 9.26 (Bloch waves are eigenvectors of the monodromy matrix). For z # 0
and any A, the map Y — @ is a linear isomorphism from the eigenspace of L(z) for
the eigenvalue A onto the eigenspace of T(A) for the eigenvalue z. In particular A is an
eigenvalue of L(z) if and only if z is an eigenvalue of T(A), and then

- % (). (9.26)

Proof. Given L(z)y = Ay, extend ¢ to all n by (9.24); it solves (8.13) for every n. Gauge
to ¢, = e /%1, and form ®@,. By (8.15), ®y41 = T(A1)®P1, and by periodicity of the g,
®pyy1 = 2®1. If @1 = 0 then ¢pp = ¢p1 = 0, and (8.14) run both ways gives ¢ = 0; so the
map is injective. Conversely, an eigenvector ®; of T(1) generates ®, = L,_1---L1®1 (and,
using L', which exists since detL, = 1, for n < 1), whose first components solve (8.14),
with @5 = 2®, because the site matrices are periodic; ungauging gives a Bloch solution of
(8.13), which is an eigenvector of L(z) by § 9.13. Finally detT = 1, so the eigenvalues of T
are z and 1/z, and their sum is t(1). =

Definition 9.27 (Spectral curve). The spectral curve of the periodic Toda chain is T =
{(A4,2) eCxC*: z+1/z=1t(A)}.

The curve does not move, since every c; is conserved (proof of Theorem 9.10). Its
coefficients are the integrals, and it holds all of them at once. Spectral curves of this kind,
and their quantum counterparts, return in the reading of optional lecture B as a frontier.
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9 Why the integrals commute: the Toda ring is integrable

Bands and gaps. Take A real. Then t(A) is real and the two roots of z2 — t(1)z + 1 = 0 are

t(A) £ t(A)2 -4

2 >

e If |t(A)] < 2, they are e*'® with 2cos6 = t(1): the recursion has bounded Bloch
solutions, the electron propagates, and A is in a band.

z.2_ = 1.

Zy =

e If [t(1)| > 2, they are real, one of modulus above 1 and one below: every non-zero
solution is unbounded along the crystal, and A is in a gap.

* The band edges are where t(1) = +2, thatis z = +1: by Proposition 9.26, the eigenvalues
of the periodic matrix L(1) = L and of the antiperiodic one L(-1). Both are real
symmetric, so every band edge is real; spectral duality, below, shows that there are
2N of them, counted with multiplicity.

Figure 9.6 shows t(1) for a six-particle ring: N = 6 bands, where it crosses the strip || < 2
monotonically, and N — 1 = 5 gaps, where it turns round outside it (Corollary 9.30 proves
this is general). The momenta keep changing; the band edges do not.

— p1(t)

t(1)

T T T T T T T T T T 1

-2 -1 0 1 2 0 5 10 15 20 25 30
A time t

Figure 9.6: Left: t(A) for a state of the N = 6 ring, bands shaded. Right: the 2N band
edges (the spectra of L(+1)) along the motion, constant while p; (¢) oscillates
(scripts/figures/toda_bands.py asserts the edges constant to 10~8 and equal
to the roots of t ¥ 2).

At the equilibrium, all g, equal and all p, = b, every a, = 1 and one finds t(1) =
2Tn((A = b)/2), with Ty the Chebyshev polynomial: it touches +2 at every turning point, all
gaps are closed, and the spectrum is the single band [b — 2, b + 2] of the free tight-binding
model. Outside the loci where a gap collapses, which have codimension two (Henrici and
Kappeler, §2 - cited), all N — 1 gaps are open; a special excitation can leave some closed (a
state repeating with a shorter period does).

Example 9.28 (All gaps closed: the equilibrium). Atq; =---=gqy and p; =--- = py = b every
a, = 1, and L(z) is the free tight-binding model. Its Bloch waves are plane waves 1, = el*",
with ¢V = z and energy A = b + 2 cos k. Putting A — b = 2 cos k,

A—b)

1
t(A) =2+ — =2cosNk = ZTN(
Z

with Ty the Chebyshev polynomial, Ty (cos k) = cos Nk. It touches +2 at every turning point,
so all N — 1 gaps are closed and the spectrum is one band [b — 2, b + 2]. This state is the
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9 Why the integrals commute: the Toda ring is integrable

ring at rest in its centre-of-mass frame, drifting with speed b. Outside codimension-two
loci every gap is open (Henrici-Kappeler, cited), but a special excitation need not open
them all (for N = 4, a state repeating with period 2 has t = d? — 2, d the two-site trace,
and two of its three gaps stay closed). A gap is the spectral trace of motion relative to the
drift, as the actions below make quantitative. At this state the dc; are dependent. By the
cyclic symmetry every X, moves all particles alike, and it changes no momentum, since
>n 9ck/3q, = 0 (the ¢ see only differences of positions) and the N terms are equal. So every
flow is the drift, the X, span one direction, and for N > 2 the dc; cannot be independent.

The curve as a two-sheeted cover. Above each A lie two points of T, z, and z_ = 1/z,, which
coincide exactly at the band edges. So T is two copies of the A-plane (the sheets) glued along
cuts joining the band edges in pairs; crossing a cut exchanges z and 1/z (Figure 9.7). With
all gaps open, 2N branch points and N cuts give a closed surface with N — 1 handles: genus
N — 1 (Babelon-Bernard-Talon, §6.2 - cited), the dimension of the tori of Theorem 9.11.
The actions below say why.

cross acut: z < 1/z
)

sheet 2,

sheet z_ =1/z,

e R — 1 €eR
band 8&aP

Figure 9.7: The spectral curve as a two-sheeted cover of the A-plane, drawn over the real
axis for N = 4. The cuts (thick) run along the bands and end at the 2N branch
points, where z, = z_ = +1; crossing a cut changes sheet. Two sheets glued
along N cuts make a surface with N — 1 handles.

A warning on names. Babelon-Bernard-Talon exchange the letters: their A is our z, their
p our A, their 2¢(u) our t(4), and their n + 1 particles our N (so their genus n is our N — 1).

Reading
Spectral duality: one curve, read two ways

Proposition 9.26 matched the two eigenvalue problems as sets. The polynomial identity is
sharper.

Theorem 9.29 (Spectral duality). For N > 3and all A € C, z # O,

1
det (A - L(z)) = t(A) — (z + ;) (9.27)

The left side is the characteristic polynomial of the N X N Lax matrix, whose spectral
parameter is z; the right side is the characteristic equation of the 2 X 2 monodromy matrix,
whose spectral parameter is A. They define the same curve T.
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9 Why the integrals commute: the Toda ring is integrable

Proof. Expand the determinant over permutations o. The matrix A — L(z) is tridiagonal
apart from its corners, —ayz at (N, 1) and —ay/z at (1, N). A term using the (N, 1) corner
and not the (1, N) one must map N — 1 and, to stay within the band, n + n + 1 for every
n: the N-cycle, of sign (=1)"~!, whose term is (=1)""! [],(=a,) z = —z by (8.11). Likewise
the other corner alone gives —1/z, and every other term uses both corners or neither and
does not involve z. So det(A — L(z)) = A(1) — (2 + 1/2) with A independent of z. Fix A and
choose z with z + 1/z = A(1). Then det(A — L(z)) = 0, so A is an eigenvalue of L(z), so by
Proposition 9.26 z + 1/z = t(4). Hence A(1) = t(A). =

The merged N = 2 matrix satisfies (9.27) too (scripts/check-110-algebra.py, N =
2,...,5, symbolic).

Two spectral parameters, one curve.

* 3, the Bloch-Floquet multiplier, lives in the corners of the N x N matrix L(z).
Fix z: N points of T, the eigenvalues of L(z). I is an N-sheeted cover of the
z-plane.

* 1, the energy of the Bloch wave, is the spectral parameter of the 2 x 2 site
matrices. Fix A: 2 points of T, the eigenvalues z, 1/z of T(4). T is a two-sheeted
cover of the A-plane.

* The eigenvalue of one Lax matrix is the spectral parameter of the other. The
Flaschka normalisation was chosen so that this holds with no factor.

Figure 9.8 draws the N-sheeted reading over the unit circle |z| = 1: the familiar band
diagram of a crystal. A vertical line meets it in N points, a horizontal line inside a band in 2.

i0

fixed A: two z = e*

eigenvalues of L(z)

fixed z: N values of A

T T T 1
- —m/2 0 /2 T
0

Bloch phase 6, z =

Figure 9.8: The state of Figure 9.6: eigenvalues of L(e?) against the Bloch phase. Each of
the N = 6 branches sweeps one band. Fixed z (green): N values of 1; fixed
A (red): two values of z (toda_bands.py asserts both, and (9.27) at sampled
points).

Duality pays off at once.

Corollary 9.30 (Bands and gaps). (i) det(A — L) = t(A) — 2, so the coefficients c; and the
integrals Fy = tr L* of § 8.6 determine each other, and the Fy. are in involution. (ii) t'(1) # 0
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9 Why the integrals commute: the Toda ring is integrable

wherever |t(1)| < 2. Hence the real line consists of exactly N bands, on each of which t runs
monotonically from +2 to ¥2, separated by N — 1 gaps, some of which may be closed.

Proof. (i) is (9.27) at z = 1, and Newton’s identities express the power sums tr L* of the
eigenvalues through the coefficients of the characteristic polynomial, and back. (ii) At a
point of a band interior, t(1g) = 2cos with z = ¢ # 1/z, so the eigenvalue 1, of the
Hermitian L(z) is simple by Proposition 9.26, and it is a simple root of t(1) — 2 cos 0 by
(9.27). The count of bands follows, as below. m

Proof of (ii) in full. Let t(1g) = 2cos@ with 0 < 6 < =, and z = €. Since z # 1/z, the
eigenspace of T (1) for z is one-dimensional, so by Proposition 9.26 so is that of L(z) for
Ao. L(z) is Hermitian, so A¢ is a simple root of det(A — L(z)) = t(A) — 2cos 6, and t’(1g) # O.
So on each maximal open interval where |t| < 2 the polynomial is strictly monotone; the
interval is bounded, since t — +oo0, and t = +2 at one end and -2 at the other. Each such
interval therefore contains exactly one solution of t(1) = 2 cos 6 for each 6 € (0, 7). There
are exactly N solutions, the eigenvalues of L(¢!?), all simple, so there are exactly N such
intervals: the bands. Between consecutive bands lie the N — 1 gaps, closed where two bands
touch. m

Reading
What z does and does not buy

An honest remark: z gives no new integrals. Expanding (9.27) with Newton’s identities,

1
trL(z)* =trI* (k < N), trL(z)N:trLN.FN(Z_,.__z).
2

The z-dependence is carried by a; ---ay, a constant by (8.11): L(z) holds exactly the
integrals L had. Contrast Manakov’s parameter in § 8.11, which recovered a missed integral.

Where the spectral parameter is indispensable. In the 2 x 2 formulation: all N integrals are
the coefficients of one 2 x 2 trace, and without A the site matrices carry nothing. In the
bracket: (9.9) compares A with p, and without it there is no composition along the ring;
Lecture 14 quantises exactly this, with T(1) operator-valued, RTT in place of (9.9), and
t(A) generating a spin-chain Hamiltonian. And in the geometry: the actions of the tori of
Theorem 9.11 are periods of the curve.

Action variables from the curve. When all N — 1 gaps are open, the curve has N — 1 closed
loops that stay over the real axis (a closed gap collapses its loop to a point): above the j-th
gap, both roots z.. are real, and the loop runs along the gap on one sheet and back on the
other, crossing between them at the two band edges (Figure 9.9). Call it a;.

Proposition 9.31 (Actions from the gaps - cited). On a regular torus of Theorem 9.11 with
all N - 1 gaps open, the loops a; correspond to a basis y; of cycles of the torus TN~ in the
sense of Lecture 5, and the action variables (6.1) of the relative motion are
1 |t(2)]
2

1
iy = =— )Ldlnz:—/ arccosh
27 Jo; T Jgap j

d,  j=1,...,N-1. (9.28)

(Flaschka and McLaughlin 1976; in this normalisation, Henrici and Kappeler 2008, Defini-
tion 3.1 and Appendix A. The separated variables behind it are Babelon—-Bernard—Talon,

§§6.5-6.6.)
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9 Why the integrals commute: the Toda ring is integrable

The second form follows by integrating by parts, with In|z..| = + arccosh(|t| /2) over a
gap and «; oriented so that I; > 0. A closed gap has zero action; a wide gap means a large
amplitude. The proof needs separated variables and the Riemann surface of I', which this
course does not build. scripts/check-110-algebra.py checks (9.28) for N = 4,5 near
equilibrium, where H—- N —F %/ 2N = ¥;v;I; to leading order, v; = 2sin(xj/N) (relative error
below 107°), and the example below does N = 2 by hand.

Example 9.32 (The two-particle ring). Take N = 2, with x = ¢; — q2 and p, = %(pl —p2),a
canonical pair, and the mean momentum p = %( p1 + p2) (not P, the permutation operator).
Then H = p? + E with relative energy E = p2 + 2 coshx > 2: a particle in a cosh well. From
(9.4), with p1p2 = p* - p3,

t(A)=(A-p)(A—p2) —e —e* =u’ -, u=2A-p.

There is one finite gap, |u| < VE — 2, where t < —2, and there arccosh(|t| /2) is the xo > 0
with 2 coshxg = E — u?. So the right side of (9.28) is 1 [ xo(u) du: the area of the region
{u?+2coshx < E} in the (u, x)-plane, divided by 27. Rename u as p,: it is the area enclosed
by the orbit in the (x, py)-plane over 2z, which is % f Px dx. On the slice Q = const we have
p-dq = 2pdQ + py dx = p, dx, so this is the action of Definition 6.1. The same region, sliced
two ways.

o1 a
D = (D
band\—/ u
gap
T over the real 1-axis, N = 3: T2 = £ N {Q = const}

cuts along the bands, one loop per gap

Figure 9.9: Left: for N = 3, two gaps and two real loops a1, a3 on the curve, each along a gap
on one sheet and back on the other. Right: the relative torus T2 of Theorem 9.11
with a basis of cycles. Proposition 9.31 (cited) matches the two.

This is the sense in which the genus of T' equals the dimension of the tori: each open
gap is a handle of the curve and a circle of the torus, and its width measures how hard
that circle is excited. Theta functions on I' then give the motion itself in closed form
(Babelon-Bernard-Talon, §6.4 - cited), which we do not pursue.

Summary.

* All integrals at once. The monodromy T = Ly ---L; and the transfer matrix t = trT
(Definition 9.1); its coefficients cq,...,cy include H = %c% — ¢z (9.5), and they are
Lecture 8’s integrals reorganised, det(A — L) = t(1) — 2 (9.6).

* Tensor legs. {A1, B2} has (ac), (bd) entry {Aqp, B.q}; different legs commute as matrices
(Remark 9.3).

* One identity for one site. The quadratic Sklyanin bracket (9.9) composes along an
ultralocal chain (Theorem 9.7), and its trace gives {t(1), t(u)} = 0 (Corollary 9.8).

* Toda. The site matrix satisfies it with » = —P/A (Proposition 9.9); with the Vandermonde
argument, the ring is Liouville integrable (Theorem 9.10), and its regular level sets are
TN-1 x R (Theorem 9.11). Goal G1 is reached.
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9 Why the integrals commute: the Toda ring is integrable

e Next. Part II begins: Lecture 10 constructs the Heisenberg chain’s eigenstates by Bethe’s
guess, Lecture 14 quantises this lecture’s three moves into commuting transfer matrices,
and Lecture 15 diagonalises them and recovers the Bethe equations.

Tutorial. Exercise Sheet 9.
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