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DUBROVIN EQUATIONS AND INTEGRABLE
SYSTEMS ON HYPERELLIPTIC CURVES

FRITZ GESZTESY and HELGE HOLDEN*

Abstract

We introduce the most general version of Dubrovin-type equations for divisors on a hyperelliptic
curve % of arbitrary genus g € N, and provide a new argument for linearizing the corresponding
completely integrable flows. Detailed applications to completely integrable systems, including
the KdV, AKNS, Toda, and the combined sine-Gordon and mKdV hierarchies, are made. These
investigations uncover a new principle for 1 4+ 1-dimensional integrable soliton equations in
the sense that the Dubrovin equations, combined with appropriate trace formulas, encode all
hierarchies of soliton equations associated with hyperelliptic curves. In other words, completely
integrable hierarchies of soliton equations determine Dubrovin equations and associated trace
formulas and, vice versa, Dubrovin-type equations combined with trace formulas permit the
construction of hierarchies of soliton equations.

1. Introduction

The purpose of this paper is to re-examine Dubrovin equations for divisors
on hyperelliptic Riemann surfaces and to underscore their exceptional role in
connection with completely integrable hierarchies of soliton equations.

Starting from four representative hierarchies, the Korteweg-de Vries (KdV),
Ablowitz-Kaup-Newell-Segur (AKNS), Toda lattice (Tl), and the combined
sine-Gordon and mKdV (sGmKdV) hierarchy, we derive a new argument for
linearizing the corresponding completely integrable flows. As a result of these
investigations we show that a proper combination of Dubrovin equations and
trace formulas involving auxiliary divisors on hyperelliptic curves encodes
all information on the underlying completely integrable hierarchy of soliton
equations.

In Section 2 we briefly review some basic facts on hyperelliptic curves and
establish the notation used throughout this paper. Section 3 provides a “crash
course” into the four different hierarchies closely following the detailed ac-
countsin [11], [28], [29], [30], and [31]. In particular, we outline an elementary
polynomial, recursive approach to these hierarchies, as originally developed
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by S. I. Al’ber [1], [2] in the KdV context, and introduce the corresponding
divisors on .%; associated with their algebro-geometric solutions. Section 4
relates the polynomial recursion relation approach with elementary symmetric
functions (and functions derived from them) of w; (x, #.), . .., pq(x, t,), where
wj(x, t,) are certain analogs of Dirichlet-type eigenvalues of the correspond-
ing Lax operator. In Section 5 we study Dubrovin equations and, based on
the results of Section 4, provide a new proof of the fundamental fact that a
change of coordinates effected by the Abel map straightens out the flows on
the Jacobi variety J (%) of %;. Section 6 illustrates our results by deriving
connections between the KdV and sG equations, and AKNS and Toda hier-
archies, respectively. These connections establish the fundamental role played
by the Dubrovin equations as the common underlying principle for hierarchies
of soliton equations. In particular, our formalism establishes an isomorphism
between the class of algebro-geometric solutions of these integrable systems.
Finally, Appendix A collects some useful results in connection with Lagrange
interpolation formulas.

We emphasize that our results are not necessarily restricted to hyperelliptic
curves. In particular, the approach of this paper applies to Boussinesq-type
curves using the polynomial recursion formalism for the Boussinesq hierarchy
developed in [19], [20].

Depending perhaps a bit on one’s taste, the results of this paper may at first
sight appear somewhat discouraging as they clearly shift the emphasis from
individual hierarchies of soliton equations toward Dubrovin-type equations.
On the positive side, however, they establish the Dubrovin equations as a
universal object underlying all hierarchies.

‘We note that our approach to completely integrable soliton equations is close
in spirit to that developed by M. S. Al’ber and S. I. Al’ber in a series of papers
(see, e.g., [1]-[7] and the references therein). While their approach focuses
on algebraically integrable systems and hence on a Hamiltonian formalism
with associated action and angle variables, our approach concentrates on how
a combination of elementary symmetric functions of w;(x, t1), ..., pq(x, t.)
and certain trace formulas generate completely integrable hierarchies of soliton
equations and their algebro-geometric solutions.

Finally, we stress that the use of elementary symmetric functions and hence
of trace formulas in terms of Dirichlet eigenvalues has a long history in the con-
text of integrable equations. In fact, as early as 1975, Flaschka [25] character-
ized the real-valued periodic potentials ¢ with finitely many stability intervals
of the associated Schrodinger operator —d? /dx?+¢q in L*(R; dx) as stationary
solutions of the KdV hierarchy using (regularized) trace relations for Dirichlet
eigenvalues associated with g and the underlying periodicity interval.



DUBROVIN EQUATIONS AND INTEGRABLE SYSTEMS ON HYPERELLIPTIC ... 93

2. Hyperelliptic curves
Fix N € Ny. We briefly review hyperelliptic Riemann surfaces of the type,

N
@1 Fn@y) =y —Ryu(@ =0, Ryu(@=]]G-En,
m=0

{Enim=0..n CC, E, #E, for m#m'

The material of this section is standard and can be found, for instance, in [24].
The curve (2.1) is compactified by adding one point P, at infinity if N is even,
and two points Py, and Py, , Py, # P _,if N is odd.

One then introduces an appropriate set of ' | N + 1] /2 nonintersecting cuts
¢; joining E,,(;, and E,,(j) and €, joining Ey and oo if N is even. We denote

(2.2) ¢= |J . CGNG =0, j#k,

JjeJU{oo}
where J C {1, ..., [N + 1]/2}. Defining the cut plane
(2.3) n=C\¢%,

and then introduces the holomorphic function
N 1/2
(2.4) Ry ()M —>C,  zm (H(z — Em)>
m=0

on IT with an appropriate choice of the square root branch in (2.4). Next one
defines

(2.5)

{Poo} for N even,
My ={(z.0Ry1(2)"/?) | z€C,0 € {£1}}U {

{Px,, Px_} for N odd,

by extending Ry1(-)!/? to €. The hyperelliptic curve .%; is then the set .,
with its natural complex structure obtained upon gluing the two sheets of .#;
crosswise along the cuts. Finite points P on JZ; are denoted by P = (z, y),
where y(-) denotes the meromorphic function on J7; satistying .#y(z, y) =
y> — Ry+1(z) = 0; #; has genus g = [N + 1]/2.

A basis of g linearly independent holomorphic differentials on % is given
by 71 dz/yforl =1,...,q, and one introduces

g -1
z'7dz .
(2.6) dwj(P) = "cj. = L...,q,

=1

"x] =suply e Z|y <x}.
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with normalization,
2.7 / dowy = 6, Jk=1,...,q,
aj

where {a;, b; }j‘:l is a homology basis for .7;.
Defining the matrix T = (z;«) by

(2.8) Tk =/ dwy, Jok=1,...,q,
bj

one infers Im(7) > Oand 7 = 7 ;.
We fix a base point Py on #; and define the Abel map A by

P P
2.9) APO(P) = (/ dwy, ..., / da)g) (mod L), P e g,
Py Py

with period lattice
(2.10) Ly={n+tm|nmeZ.
Similarly, one introduces

Q.11) @p:DivH) = J(Hy), D> ap (@)=Y D(P)Ay(P),
Petg

where Div(;) and J (%) = C%/L, denote the set of divisors on .%; and the
Jacobi variety of 7, respectively.
In connection with divisors on .%; we shall employ the following (additive)
notation,
(2.12) ‘@QOQ = .@QO + 92, .@2 = ‘QQI + -+ ‘@Qn’ etc.,
for QZ (Qh L] Ql’l) € Onﬁ%/g?

where for any Q € 7,

1 for P = Q,

2.13) gy — N, PH@Q(P)Z{O for P € #, \ {Q)
g )

and 0" .%; denotes the nth symmetric product of 7.
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3. The hierarchies

We give a brief presentation of the KAV, AKNS, sGmKdV, and Toda hierarch-
ies based on a polynomial, recursive approach. The material of this section
originated with work of S. I. Al’ber [1], [2] (see also [3]-[7]). It has been
further developed in [11], [28], [29], [30], and [31] and we closely follow the
latter sources. Common to all these hierarchies is that one can naturally asso-
ciate with each one of them a hyperelliptic curve as described in the previous
section.

In the following all coefficients of differential expressions are assumed to
be smooth (or meromorphic) with respect to x € R (or x € C) and C'(R) with
respect to .

The KdV hierarchy. The Lax pair consists of a second-order linear differ-
ential expression L of Schrodinger-type,
d? 5
(3.1) L(ty) = —a + Vix, ty), (x,t3) € R,

and a differential expression Pyq1(t,) of order 2g + 1 defined recursively as
follows. Let { fj};en, be given by

1 1 .
(32) fO =1, fj,x = _ijfl,xxx + ij*l,x + va‘fjfla J € N.

Next, one defines

g

d 1 ‘
B33 Pty =2 (H0) 5~ 3w L@, aeth,

j=0

and using the definition of f; in (3.2), one finds that the commutator of L (#,)
and P,q41(,) is in fact a multiplication operator. Indeed, the Lax commutator
representation reads

(3.4) Ly (ty) — [Pogi1 (1), L(t)] = Vi, — 2 fya1 (. 1g) = KAV (V) = 0.
Next define the polynomial® of degree g in z
g _ g
(3.5) Fozox 1) = ) fom itz = [ [ = mi(x. 10)
j=0 j=1

2 The zeros 1 (x, tq) of F, turn out to be eigenvalues associated with L(t,) and a Dirichlet
boundary condition at the point x € R.
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implying
(3.6) _2Vtﬁ = Fg,xxx -4V - Z)Fg,x - 2Vng-

In the special stationary case, defined by V, = 0, this integrates to

1 1
(3.7) 5 FaneFy = ZFéx — (V= 2)F} = Ryg1(2).
Here R+ is a monic polynomial of degree 2g 4 1 with zeros {Ey, . .., Eaq}).
Hence,
29
(3.8) Ry1(@) = [[@—=Ew),  {Emdn=o..2q CC.
m=0

The hyperelliptic curve J7; is defined in terms of the stationary KdV hier-
archy obtained by considering a f,-independent function V = V (x), resulting
in

(3.9) [Pags1, L] =2 f311x =0.

The classical Burchnall-Chaundy theorem [12], [13], [14] (see also [39], [42])
states that commuting differential operators are algebraically related. In the
present context one finds

(3.10) Piyy = Rygii(L)

and thus the hyperelliptic curve .%; of genus g is of the type y? = Ryq41(2),
with N = 2g even when compared to Section 2.

For later purpose we quote the following asymptotic high-energy expan-
sion® (see [26], [31], [40])

i Fo(z, x, 1) i

oo
_ 7 —j
(3.11) R 1 E <0 T2 ;f,(x, t)z 7,

where f] denotes the homogeneous coefficients f; in (3.2) with all integration
constants put equal to zero.

We also introduce the following fundamental meromorphic function
(-, x, fy) on A,

iy + %Fg’x(z,x, ) —Hg(z, x, 1)
Foz, x, 1) iy — 3 Fyu(z, x, 1)

(3.12) O(P,x,ty) =

3 For an appropriate choice of the sign of the square roots in (3.11), the left-hand side of (3.11)
equals the diagonal Green’s function of L(t,).
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(the second equality in (3.12) serving as a definition of the polynomial Hg,;
of degree g + 1 with respect to z), and the time-dependent Baker-Akhiezer
function ¥ (-, x, xo, tg, fo,q) On 75 \ { P},

(3.13)

Iy
W(P, X, X0, t{(’ fO,g) = exp(/ dS(Fg(Z, X0, S)¢(P9 X0, S) - %Fg,x(za X0, S))

fo.q

+ /X dx' ¢(P, x', tg)).

X0

The divisor (¢ (-, x, #5)) of ¢ (-, x, t5) is given by
(3.14) (DX, 1)) = Digrtpety) — DPaii(xty)s

Where E(xv tg) = (,&l(-xa lg)a st ,&g(xv tq)) € Ug%a

(3.15) fi;(x, 1) = (Mj(xs ty), _%Fg,x(ﬂj(xy fg), X, lg)), Jj=1....¢g
denote the Dirichlet divisors? and D (x, ;) D (x, t)=(Do(x, tg), - - - , Vg (X, 14)) €
09“%,

(316) aé(xstg): (W(x,[g)a%Fg,x(vé(x»tg)’x’tg)), KZO,,Q
abbreviate the Neumann divisors* derived from the zeros of Ho1(z, x, tg),

g

(3.17) Hyp1 (2, x, 1) = [ [z = velx, 1))
=0

The importance of ¢ in connection with divisors on hyperelliptic curves was
recognized by Jacobi [33] and applied to the KdV case by Mumford [38], Sect.
IIIa.1 and McKean [36] (see also [23], [39]).

The AKNS hierarchy. The Lax pair consists of a Dirac-type matrix-valued
differential expression

d
—  —qx, 1)

(3.18) My =i| P | (x,1,) € R,
7t( -
p(x, ty) dx

and a matrix-valued differential operator Q 4 (¢;) of orderg + 1, g € Ny. To de-
fine Qy41(z,) one proceeds as follows. Define {fg (x, tg)},ée,\,o, {gz (x, tg)}(eNO,

4 The zeros vg (x, tq) of Hyy1 turn out to be eigenvalues associated with L(z;) and a Neumann
boundary condition at the point x € R.
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and {/’l@ (x,tg) } tely recursively by,
fO = _lq 5

i .
Ser1 = Eff,x —1q8+1,

g =1,
(3.19)

8it1,x = Pfe + qhy,
h() = ip,
i .
hey1 = _Ehe,x +ipges1, £ € No.

The 2 x 2 matrix Qg41(t,) is then defined by

(3.20)
ol w
Ouii(iy) = i Z ( gari—e(ty)  fa—e(ty) ) o a e No,
=0 \ —hae(ty)  ggri—e(ty) foi=h_ =0,

and one verifies that the commutator of Qg4 () and M (¢;) becomes

0 —2ifg+l(tg)
3.21 o). Mty)] = |
(3.21) [Qg+1(1), M(1g)] (Zihg+1(lg) 0 )

Consequently, the Lax commutator representation for the AKNS hierarchy
reads (g € Np)

plg (X, [ﬂ) - 2hg+l(x, [g) )

qr, (X, 1) — 2 far1(x, tg)

= AKNS,(p, ¢) = 0.

d
_M(tg) - [Qngl(tg), M(tg)] = (
(3.22) 9

Next, define polynomials Fy, G441, and Hy with respect to z € C,

q q
Fo@x, 1) = Y fomelx, 19)2" = —ig(x, 1) [ [z — iy (x, ),
=0 j=1
g+1

(3.23) Goyi(z, X, 1) = ) ggr1-e(x, 1),
=0

q g
Hy(z,x, 1) = Y ho_o(x, 1)z = ip(x. 1) [ [z = vj(x. 1))

£=0 j=l1
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In the special stationary case, where p, = g, = 0, one infers from the
recursion (3.19) that (GéJrl — FgHg)x = 0 and hence
(3.24) Giy ) — FyHy = Ryg2(2),
where Ry, isamonic polynomial of degree 2g+2 with zeros { Ey, . . ., Exq41}.
Thus,

2q+1
(3.25) Ry2@) = [[G—=Ew).  {Emlm=o...2011 CC.

=0

The stationary case determines the hyperelliptic curve J7; of genus g of
the type y> = Raq11(z), with N = 2g + 1 when compared to Section 2. If
p = p(x) and g = g(x) are stationary solutions of the AKNS equation,

(3.26) [Qus1, M1 =0, thatis, fys1 = g1 =0,
Burchnall-Chaundy’s theorem implies that
(3.27) Q; 11 + Ragra(M) =0,

By studying the Green’s matrix of M one finds the following asymptotic
high-energy expansion [30],

Fq(Z, X, tq) 1 =\ . —k
=/, = - fk(x7t )Z ’
Ragia(2)!/? 2500 7 ; !
(3.28)
Hq(Z’ X, tq) 1 = 7 —k
—— = =) h(x, 1)z
Rag2(2)!/? i 2 kX_; '

for an appropriate determination of the square roots in (3.28). Here f; and

h ; denote the homogeneous quantities with vanishing integration constants in
(3.19).
We also record the meromorphic function ¢ (-, x, ;) on g,

Y+ Gar1(z,x,1;)  —Hg(z, x, 1y)
Fg](zi-xitg) y_Gq-i-l(va’ tg)’

(3.29) (P, x, 1) =

and the Baker-Akhiezer vector on JZ; \ { P, },

l/fl(Pa X, X0, tga tO,g))

(3.30) W (P, x, x0, 1, 10.5) = (
' ! ‘pz(P9 X, X0, tg’ tO,g)
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WI(Pa X, an tﬂa tO,l_I) = exp(/ dx/(—iz + Q(-x/a tq)(p(l)a X/, tg))

0

Iy

+1i / ds(Fl_I(Zy X0, 5)¢(Pa X0, S) - Gg}+l(zs X0, S)))7
fog

(3'31) ¢2(P, X, X0, tﬂ’ tO,(I) = ¢(P9 X, tq)wl(P’ X, X0, tgv tO,g)'

The divisor (¢ (-, x, t5)) of ¢ (-, x, 1) is given by

(3.32) (@C.x, 1)) = Db, sxty) — PP fi(xty)>

where L(x, tg) = (L1 (x, ty), ..., fLo(x, tg)) € T8H,

(3.33) @ (x, 1g) = (nj(x, 1g), G (pj(x, 1g), x, 1g)), Jj=1....g
and D(x, 1) = (D1(x, 1), ..., Va(x, 1y)) € 0875,

(334) ﬁ](x,tq) = (vj(x7tg)a _Gg-'rl(vj(x? tg), xvtg))v .] = 17--‘7g'

The Toda hierarchy. Let (ST f)(n) = f*(n) = f(n £ 1), n € Z denote
the shift operation on the lattice Z. The equations in the Toda hierarchy are
continuous in time and discrete in the space variable. The Lax pair consists of
the second-order difference operator

(3.35) L(ty) = a(t)S* +a~(4)S™ — b(ty), 1, €R

and a difference operator P,17(f,) of order 2g + 1, g € Ny
(3.36)

q
Pagia(ty) = —L(t)"™ + ) (g () +2a(ty) ;1) ST)L(1)" ™ + fop1 (1),
j=0

Here { f;(n, 15)}jen, and {g;(n, ty)};en, satisfy the recursion relations,

fo=1, g =—ci,
(337) 2fjx1+g +& +2bfi =0, jeNo,

g1 — & +2(a@fT— @) f7)+b(gi—g)=0, JjeN.
The Lax commutator representation of the Toda hierarchy then reads

(3.38)
Ly (1) =[Pagya(ty), L(1y)] = Tlg(a, b)1 ST —=Tly(a, b)2+Tlg(a™, b7)1 S~ =0,
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where
(3.39)
Tlg(a, b); = ar, + a(g;_ + g4 + f(;_rH + fg+l + 2b+fg+) =0,

Tly(a, b)2 = by, +2(b(gg + fys1) + @’ fif — (@) f7 + 67 f;) = 0.
This is equivalent to
(3.40) Tly(a, b) = (Tl (a, b)y, Tly(a, b)) =0, a € No.
Next, define

g g
BAl)  Font) =Y oty =] [ — wim.t0),

j=0 j=1

8
(342)  Guni(z,n 1) = ="+ g (1) + fupa(n, 1)

j=0
In the special stationary case, defined by @, = b; = 0, the recursion formulas

(3.37) then imply

(3.43) Gy —4a*FyF =G,

w1 — 4@ ) F;Fy = Roga(2),

where Ry;12(z) is a lattice constant. By inspection, Ryq42(z) is a polynomial
in z of degree 2g + 2 with zeros {Ey, ..., Eoq41}, that s,

2g+1
(3.44) Ry2) = [[G—=Ew).  {Emlm=o...2011 CC.
m=0
Consider now the stationary hierarchy where a = a(n) and b = b(n) satisfy

[Prg42, L] =0, or

g e+ [+ fan +207 £ =0,

(3.45)
b(gy + for)) +a f — @) fy + 0> fy =0.

Burchnall-Chaundy’s theorem then states that
(3.46) P31y = Ragia(L).

Hence the hyperelliptic curve .#; of genus g reads y> = Ryq42(z), and thus
N =2g+ 11is odd in the terminology of Section 2.
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Studying the diagonal Green’s function of L(#,) yields the high-energy
expansion [11]

Fy(z,n, ty)

3.47 = 78—
GAD @V o

o
\ L
> i)z for |zl > |ILI|,
j=0

with an appropriate choice of the radical in (3.47). Here f] and similarly g;,
denote the homogeneous coefficients f; and g; with vanishing integration
(actually, summation) constants in (3.37).

Furthermore, define the meromorphic function ¢ (-, n, ;) on .J%; by

—Goni(z,n, 1)) +y  —2an, ty)Fy(z,n+1,1y)

(3.48) ¢(P,n,t) = =
YT 2a(n, ty) Fy(z, n, ty) Gor1(z,n, 1) +y

’

using relation (3.43). With the help of ¢ (-, n, t;) one defines another mero-
morphic function ¥ (-, n, ng, tg, to,q) on %5 \ { Pso, }, the Baker-Akhiezer func-
tion, by

(3.49) (P, n, no, 13, 10,)

= exp(/ ds(2a(n0, s)Fy(z, ng, )¢ (P, ng, s) + Gyy1(z, no, s)))

lo.q

HZ_:lno ¢(P7 m, tg) forn > no =+ 1,
xq 1 for n = ny,

[1eZ) ¢(P,m, 1)~ forn < ng— 1.
The divisor (¢ (-, n, t;)) of ¢ (-, n, 1) is given by
(3.50) (PCn. 1)) = D, jint1.t) = Dpu_pnty)»
where
(3.51a) am, tg) = (i (m, ty), ..., flg(m, ty)) € 04, m e,

(351b) [’\Lj(nstg) = (Mj(nstg)7 _GQI-FI(M‘/'(”? tg)an’tﬂ))v .] = 1’ ---’ga

(BS5lo) rj(n+ 1,ty) = (wj(n + 1, 1), Ga1(uj(n + 1, 14), n, ty)),
j=1...,q.

The sGmKdV hierarchy. The combined sine-Gordon and mKdV hierarchy
is defined in terms of a zero curvature formalism as follows. Introduce the
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2 x 2 matrices

%ux(x, ty) 1

(3.52) U(Z,x,tg)z—i< ) (x, 1) € R,

1
< _Eux(xatg)

and

(3.53) Vy(z. x,1y) = (_G“‘I(Z’ ot pFGoxt) ) e R?,
Hy(z,x,ty)  Gg1(z,x,1,) g € No.

Then the zero curvature relation reads

(3.54) U, — Vox + U, Vgl =0, geNy,

resulting in the equations

(3.55a) wy (x, 1) = =2iGy 1 (X, 1g) — 2(Hy(x, tg) — Fy(x, ty)),

(3.55b) Fy (x,tq) = —iux(x, ty) Fo(x,ty) —2izGq_1(x, ty),

(3.55¢) Hg ((x,tq) = iuy(x,ty)Hy(x, tg) +2izGq_1(x, tg).

Making the following polynomial ansatz

q q
(3.56a)  Fy(z.x.t) =Y foo (0. 1)) =] [z — wi(x. 1)),

Jj=0 j=1

g g
(3.56b)  Hy(z.x.1g) = 3 e (x, 1027 =[] = v;(x. 1)),

j=0 j=1
qg—1
(3.560) G_1(2.x.1) =0, Gao1(2.x. 1) = I gqo1—j(x. 1g)2/,
j=0

one concludes® (f; = fi(x, ty), etc.)
(3.57) _
fo=ae " hg=Be", a,peC gel.

1 1 .
fO =1, fj,x = _Zf}fl,xxx + erfj*l,x + §w+,xfj7]a J = I,...,gq,9€ N,

1 1
ho=1, hj,= _Zhj—l,xxx +w_hj_i .+ Ew—,xhj—laj =1,....,a,0 €N,

5 One observes that the recursions (3.57) are identical with the KdV recursion replacing V by
Wi.
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where

1, .
(3.58) wy = —Z(ux + 2iuy,),

and
(3.59)

i . i . .
g-1=0, g = E(fj,x'Huxfj) = 5(_hj,x+luxhj)a j=0,...,0-1,geN

(we refer to [28] for a detailed discussion).

REMARK 3.1. The recursion for the sGmKdV hierarchy is anomalous com-
pared to the other hierarchies studied in this paper. For the KdV, AKNS as
well as the T1 hierarchies the functions f; (and g; and h; where applicable) are
defined by the same recursion formula for all j € N irrespective of the given
genus g. However, for the sG hierarchy f; and A, are always given by (3.57)
for g € Ny. This raises a compatibility problem in the recursion formalism. A
proof of the solvability of the recursion can be found in [28], Appendix C.

The gth sGmKdV equation is then defined by

(3.60)  sGmKAV(u(x, tg)) = uy, (x,15) + 2igg—1.x(x, t)

+ Z(ﬂei“(""“) — aeii”(”‘-‘)) =0, geNp.

One observes that « = B = i/4 and g = 0 yields the well-known sine-
Gordon equation in light-cone coordinates. Appropriate choices of « and 8 in
(3.60) include the sinh-Gordon hierarchy, the corresponding elliptic equations,
the Liouville model, as well as the modified KdV hierarchy (taking o« = 8 =
0).

In the stationary case, where u,, = 0, one finds

(3.61) —x<ng1 (z, X)* + Fy(z, x) Hy(z, X)) =0
and hence
(3.62) 2G4-1(z, x)* + Fy(z, x) Hy(z, x) = Py (2),

where P,i(z) is x-independent. It is more convenient to define Ryq41(2) =
zP>4(z) so that (3.62) becomes

(3.63) 22Gy_1(z, X)* + 2Fy(z, x) Hy(z, X) = Rag11(2),
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where Ry, is a monic polynomial in z of degree 2g + 1 of the form

2g
(3.64)  Ry(@=[]Gc—En).  Ey=0, Ei ..., Eye€C.
m=0

This polynomial defines the hyperelliptic curve .%; of genus g by the relation
y? — Ryq+1(z) = 0 and hence N = 2q in the terminology of Section 2. % is
compactified by adding a point Py.

REMARK 3.2. (i) One observes that the sGmKdV-curve is a special case of
the KdV curve with the additional constraint £, = 0.
(i1) In the stationary case the choice of « and g is constrained by the relation

2g
(3.65) apf = 1‘[ E;
j=1

as can be seen by inserting z = 0 in (3.63), using (3.57) and (3.64).

We now return to the time-dependent formalism. Let ¢ (-, x, ¢;) be the mero-
morphic function on JZ; given by

y—2Gg1(z,x, 1)  zHg(z, x,1y)
Fy(z, x, 1) y+2G-1(z,x, 1)

(3.66) (P, x, 1) =

Hence the divisor (¢ (-, x, #;)) of ¢ (-, x, #,) reads
(3.67) (@, x, 1)) = Dogwx,ty) = DPapixoty)s

W1thé(-x7 tg):(/ll(X, tg), L] /lﬂ(xa tﬂ))s ﬁ(x? [q):(ﬁl (xa tg)» cee {\)Q(xv l‘(‘[))6
o8y,

(3.682) f1;(x.1,)
= (Mj(xa tr), _Mj(xv tr)Gﬂ—l(:u'j(-x7 [}’)7-x7 tr)) € %7 J = 1’ cte ga

(3.68b)  D;(x, 1)
= (Uj(x, tr)7 Vj(x, tr)Ggfl(Vj(xa tr)’x’ tr)) € %7 J = 1’ MR g

The time-dependent Baker-Akhiezer vector

Y1 (P, x, Xo, tg, to.q) )

(369) \I"(Paxax()?tgat(),g) = (
wz(P7 -x7 X(), tg7 [0,(])
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is defined on J7; \ { P} by

(3.70) Y1 (P, x, x0, g, t0,q) = exp(—%(u(x, tq) — u(xo, tg))

0

X 1y
+l/ dx/¢(Psx/’ tq)_f dS(Zing(Z,xo,s)qﬁ(P, xO’ s)+Gg7](Z7 x()as)))v
X to.q

(3.71) Vo (P, x, X0, tg, to,g) = =1 (P, x, X0, 1y, t0,g)p (P, x, 1).
Combining relations (3.56a), (3.56b), and (3.57) one concludes

g
u(x,ty) = iln((—l)ga1 l_[uj(x, tg)>

j=1

a
= —i 1n((—1)ﬂ,3—1 [Tvic. l‘g)).

j=1

(3.72)

We will also need the following asymptotic high-energy expansion

Fy(z,x, 1)

1 . ‘
3.73 L N AT
o Rog11(2)1/% 2500 7172 ;f;( W)

with fj denoting the homogeneous coefficients f; in (3.57).

4. Symmetric functions

Let g € N be fixed and define
@Ala) F={=,....00eN |t < <f<g} k=g,

@41b) I ==, ... ) € S| tw#j}, k<g—1, 1<j<g

Define

(4.2a) Wo(w) =1, W)= (D" - pe, k=g,
e

@2b) o’ (w =1, oW =D D pyopmy. k<g-1,
EEJ’J(U)

V() =0, 1<j=<g
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where = (i1, ..., g) € G%. One recognizes the simple pattern,

q q
(4.3a) ‘Pl(g)=—2w, W (p) = Z e, ey, €LC.,
=1

,0=1
@1<€2

q q
@30) oW ==Y u. W= Y wyu,. et

=1 0,6=1
L#j b b#]
(]<€2

Let Ey, ..., Exy be N 41 complex numbers, where N = 2gor N = 2g+ 1 de-
pending on the underlying hierarchy of soliton equations. For brevity we intro-

duce E = (Ey, ..., Ey), assume z € C such that |z] > max{|Ey|, ..., |Enl},
and recall
N E —1/2 00
(4.4) (ﬂ (1 - —’”)) =) am,
m=0 < k=0
where

4.5) ¢co(E) =1,

k . .
A 2jo)!...Cjw)Y ;
GE)= ) w5 yakEe - Ey. kel
om0 2% (jo* .- (N
Jottin=

The first few terms read

1 N
(46) GE) =1, &E) =5) E,
j=0

1 38
C(E) = 1 E E./'Ek+§ E E?,  etc.
J:k=0 Jj=0

j<k

Similarly,

N E 1/2 0
(4.7) (1_[ (1 — 7)) =) aE)zr
k=0
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where

4.8) co(E)=1, c(E)= (D"

2jo)! ... (2jn)! o pin
EY...EY, kel
2 22D G2 =1 @iy = D N ©

Explicitly, one obtains for the first few coefficients

1 N
49 B =1 a@E=-3) E,
j=0

1 < e
Cz(E):Z § EjEk—§§ E?, etc.
i, k=0 =0
.1j<k

Next, assuming p1; # ;- for j # j’, introduce the g x g matrix Ug(u) by

wy ‘
(4.10) Ui(w) =1, ng(@:( . ) '
m#k(/"k - /’Lm) Jj.k=1

LEMMA 4.1. Suppose w; # wj for j # j'. Then

g

-1 _ )
4.11) Uy = <q)gj_k(ﬁ)>j,k:1‘

ProoF. First we observe that we may write

Mj_l a
@12 UQ(E) B (F/]EMk)>'k 1'
g k=

Using Lagrange’s interpolation result, Theorem A.1 (replacing k by g — k in
(A.1)), proves the result.

Of crucial importance for our approach is the fact that we are able to express
fi and F; in terms of elementary symmetric functions of uy, ..., iy The

expression is given below for the homogeneous case only, denoted by f; and
F,, where the integration constants ¢, for £ € N vanish. We start with f;.
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LEMMA 4.2. Let ¢;(E) and c;(E) be defined as in (4.5) and (4.8). Then one
infers the following results for the KdV and the Toda hierarchies®,

ing J
@13)  fi=) g uBEWW, YW= fi=Y cwEf
k=0 k=0

For the AKNS hierarchy one obtains

jng Jng
414)  fi=—iqg Y GuE)V ().  hi=ip) & (E)¥ (),
k=0 k=0
(4.15)
J R J R
—iqW(w) = fi =Y ciuBEVfi.  ipY ) =hj =) ik (Ehy,
k=0 k=0
where v = (v1, ..., Vy).

In the sGmKdV case one has

jng NG
(4.16) fi=) @YW,  hy=) & (E)W (),
k=0 k=0

J J
@17 Wi =fi=Y B fi, Y =h =Y (B,

k=0 k=0

and

(4.18) fo=%w = fi,  hg=Yw) =hy, geN.

ProoF. The proof is identical in all cases, and is based on the high-energy
expansion of the Green’s function of the corresponding linear operator L or
M in the Lax pair or zero curvature formulation of the hierarchy considered.
We provide the details for the KdV hierarchy only.

%n A m = min{n, m}.
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Using (4.4) one finds

@ _IaG—w) :L [T (1-%)
Rogi1 ()2 Rogaa(@)'V? 22 (1 — En)!/?
1 (< :
=2 (Z W (g)z_"> (Z Cm (E)Z_m>

mAQq

7 Zz-m Zcm K(E) Wi ().

Combining this result with the high-energy expansion (3.11) proves (4.13) for
fj- Next, multiplying (4.4) and (4.7), a comparison of coefficients of z* yields

(4.19) D a(BE)ei(E) =80, kel
£=0

Thus, one computes

J

ch w(E) fn = ZZC, m(E)Cm—k(E) fx

m=0 =0

~
~

(4.20) Cj— p(E)ép—k(E)fk

k=0 p=k

J

J
- (Z ¢k m<E)cm<E>)fk 5y
0 “m=0

applying (4.19). Hence one obtains (4.13) for f; = W;(u) (cf. (3.5) and (4.2a)).

REMARK 4.3. One observes that the right-hand side of (4.13) is defined for
all x € R, but when one samples it atinteger values x = n € Z, itcoincides with
fj (n) for the Toda lattice. Thus we have in some sense a continuous extension
of the Toda hierarchy (cf. also Lemma 5.6).

Next we introduce

(4.21) F@ =Y frd
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in the KdV, Toda, and AKNS cases (and similarly H(z) = Y o hy_ez' in
the AKNS case) and

422) R@=) fiz's s=0....r=1. F@=f+zF.1()

with f, = @e™ in the SGmKdV case.
THEOREM 4.4. Let r € No. For both the KdV and the Tl case one derives’

r

(4.23) FEu)= Y. o®Eo”,w.
p=(r—g)v0

For the AKNS hierarchy one infers
(4.24)

r r
Fu)=-ig Y ¢®”,w. Ho)=ip Y cE?,W.
p=(r—g)v0 p=(r—g)v0

For the sGmKdV hierarchy one concludes®

-~ r—1
Fr ()
@25 L= 3 q@el_,w- —<I>(”1(u)
Hi p=(r—1-g)0
- r—1
H,(v;) B
420 —L= 3 E_®-7o)w.
Vi p=(r—1—-g)V0 p

Proor. It suffices to consider the KAV and sG cases. By definition

r o r=OAg
(4.27) F@ =) f'=)2 > We i wE.
=0 = m=0
Consider first the case » < g. Then
—~ " rip
(4.28) F@) =) c(E)Y 2"V ()
=0

Tn v m = max{n, m}.

8 Since r is independent of g, one obtains f, =ae i f, = Be'" with @, B € C independent
ofa, B,and f;, hy, g = 1,...,r — 1 constructed according to (3.57) and (3.59).
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and hence

r

(4.29) Fu) =) cp(E) (),

p=0

using (A.10). In the case when r > g + 1 one finds

(4.30)
F @)= Z\v (mZz’ "Pey(E)
m=0
r—ga
—Zcp(m(z Wy ()2 ‘5) SR Z cp(E)ngw)z’ pt
p=r—ag+1
r—ga
= F(2) ) ¢, (E)2 "7 + Z cp(E)Z\Ifz(M)z’ et
p=0 p=r—g+1 =0
r—ga r—p
= F(2) ) ¢, ()2 "7 + Z p(E) Y W p ()"
p=0 p=r—a+1 m=0
Hence,
(4.31) Fu)= ) cEo,w),
p=r—g+I

by using (A.10) again. R R .
In the sGmKdV case one first observes that F,.(z) = zF,_;(z) + f, implies
(4.32)

r—1

Fy (1)) fr '
T _Faup+ = Y q@el ,w - Telw.
Mj i e Togvo

using f, = @e " and the trace relation (3.72).

5. Dubrovin equations and linearized flows

Dubrovin [21] made the fundamental observation that the Dirichlet divisors for
the KdV equation satisfy a first-order system of differential equations. Solving
this system can then be used to recover the function V by appealing to a trace
formula (cf. (5.22)).

Before stating the Dubrovin equations we need some notation. Let g € N.
We start by constructing the hierarchies as explained in Section 3. In particular,
we construct the polynomial F,; withits zeros © = (w1, ..., 4q), and define the
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corresponding hyperelliptic curve .. (In the AKNS case one also constructs
the polynomial H,.) Next, fix an r € Ny, and construct the polynomial F,. The
integration constants in the definition of F, are assumed to be independent of
those used to construct Fy, and to emphasize this fact we denote it by F, and
the corresponding constants by ¢,. The Dubrovin equations give the evolution
of w = (u1, - .., g) in terms of the deformation (time) parameter ¢, according
to the rth equation in the hierarchy considered.

The KAV hierarchy. In our setting the Dubrovin equations for the KdV
hierarchy read [8], Sect. 3.5, [16], [18], Sect. 12.3, [27], [31], [34], Chs. 10,
12, [35], Ch. 4,

; y(R;(x. 1))
[T (s 1) — pex, 1,)

a
(5.1a) aﬂj()ﬁ L) =-2

d ~ a
(Slb) a_lrluj(x’ tr) = Fr(ﬂj(x’ [r)’ X, tr)aﬂj()ﬁ tr)

_ Y (x, 1))
TTE.; (1 (o ) — pee(x, 1))

E’(Mj(x’tr)»xytr)

for j = 1,..., g, with initial data on .#; equal to é(~, for) = E(O)C), where
E:(ﬁl,---,ﬁg)and
(5.2)

~ l .
Mj(x?tr) = (,LL](.X', tr)v _EFg,X(Mj(xv t,),x, tr)) € f%/ga J = 1a s g

We remark that (5.1a) is an immediate consequence of (3.5) and (3.15), while
(5.1b) follows from (3.15) and

(53) Fg,tr = ﬁng,x - I?‘r,xFEI

upon taking z = u;(x, ).

The AKNS hierarchy. In this case the Dubrovin equations for E = (1, ...
f14) are given by [15], [30],

2 | Y@y (1)
54 —ui(x,t,) = -2 ,
R A VI VRCS ey
(5.4b) N
i ) __Fr(,uj(x,tr),x,tr)i )
at, IU/j(-x’ ) = iq(x,1,) axﬂj(x7tr)
=2 pRy 1)) Fryx 1), x.1,)

et T G O, 1) — pe(x, 1))
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for j =1,..., g, with initial data on %} equal to ji(-, ty,,) = é(o)(-), where

(5.5) i@ 1) = (0. 1) G (U (. 1), x. 1)) € Hq, j=1.....4.

For the corresponding evolution of b = (¥, ..., Dy) one has
a t,
(5.6a) v ty) = —2i Y x. 1)) ,
ox H[#](Uj (x,2) —ve(x, )
(5.6b)
0 ~ 0
. i (x, 1) = H,(vj(x, 1), x, tr)avj(x, ty)

=-2 y(vj(x,tr)) ﬁr(uj(x’tr)v xvtr)

p(x, ) ng#j(‘)j(xv ) —ve(x, 1))

for j =1, ..., g, with initial data on #; equal to D(-, fp,,) = Q(O)(-), where
(5.7) Vj(x, 1) = (vj(x, 1), =Gy (vj(x, 1), x, ) € Ay, j=1,...,¢.

The Toda hierarchy. Here the Dubrovin equations for L = (fi1, ..., iy)
read [11], [17], [37], [41], Ch.4,

y(i(n, )

Fr(ui(n, 1), n, 1,
NS e A

d
(58) 5 ) =2

for j =1, ..., q, with initial data on .%; equal to Ai(-, ;) = (), where
(5.9)
/l] (na tr) = (M](n7 tr)’ _Gg+l(ﬂj(n’ tr)» n, tr)) € %’ .] = 1’ <o g

We note that (5.4a) and (5.6a) formally coincide with (5.1a). The case
of the Toda hierarchy, however, is quite different since (5.8) concerns the
t.-dependence of [i(n,,) and no analogous first-order nonlinear difference
equation concernin_g the n-dependence of [i(n, ) (i.e., an analog of (5.1a) or
(5.4a)) appears to be known. In this context we refer the reader to Lemma 5.6,
where we continue this discussion.

The sGmKdV hierarchy. Finally, in the case of the sGmKdV hierarchy the
equations for p read [28]

Y (x, 1))

5.10 jx (X, 1) = ’
( a)  pixc(x, ) = l—[ (Mj(x t) — me(x,t))
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Fo(uj(x,6),x,1,) Y (i (x, 1,))
(5.10b)  pj . (x,8,) =2 ! 3 !
wi(x, 1) [T (e, ) — pe(x, 1))
£
for j =1, ..., g, with initial data on %] equal to é(-, o) = E(O)(-), where

.11
/:\Lj(xa lr) = (Mj(xa tr)a _Mj(xs tr)Ggfl(/'Lj(xa lr)’x’ [r)) € %’ ]:17 - g

The corresponding equations for v equal

; y(j(x, 1))
Hﬂle (V](xv tr) - v@(x7 tr)) '
t#j

(5.12a) vj ((x,1,) = =2

ﬁr i(x, ), x,1t, D 1
(5.12b)v;, (x. ;) =2 (v (X, 8), X, 1) : Yy (x, 1))
v (¢, 1) [T i Cx, 1) —ve(x, 1))
(]
for j =1,..., g, with initial data on %] equal to D(-, fp,) = @), where

(5.13)
{)j(xa tr) = (Vj(x, tr)5 Vj(.x, tr)GQ—l(vj(xv tr)a-xa tr)) € %’ .] = 1, < g

Next we will prove that the Abel map provides a clever change of coordinates
that linearizes the Dubrovin flows. This will turn out to be a consequence of
the fact that fr (j) can be expressed as a linear combination of the functions
<I>,(€'i ), Using Theorem 4.4 it is immediate that this is not only the case for the
KdV hierarchy, but also for all the other hierarchies discussed in this paper.

THEOREM 5.1. Suppose i = (U1, ..., pq) satisfies the Dubrovin equations
(5.1) and assume that p; # wj for j # j'. Let r € Ny and introduce

rng

(5.14) Fou) =) di®” (). dro.....drrq €C.
k=0
Then the Abel map
(5.15) Ap, (i (x, 1)) = (Ap, 1 (A (x, 1)), s Ap (1 (x, 1))

linearizes the Dubrovin flows (5.1) in the sense that

q

) R .
(5.16) 52 Ap (i (x. 1) = =2 Y cpudpg
r j=1

t=1v(g—r)
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and hence’®

(5.17) Ap, (@g(x,z,)) =0p (Qg(xo,to,))
q

—2i(x — xo)chg — 2t —t0,) D Crudrgr.
t=1v(g—r)

PrOOF. One computes,
(5.18)

9 & A 5 & Bj(xt)
oe S An iy =523 [ do
r =1 r P

j=1 7

9 g g A (x,ty) z“‘dz
=y [

q q —1
16, 1)1 9
= Cht——————Mj(x, 1)
ZZ SOy L)) 9

j=1 t=1
a q —1
Mj (x’ tr)
= =2i Ck,¢ =
; 62_; y(i;(x, 1))

Yy (x, 1))

. F‘r .
Hl#j(ﬂf(x’ tf) - /~'Lm(.x, tr)) (IL](X L ))

g g

= 2 33 Uy (e, 1) By (e, 1)

j=1 t=1

g

=-2i E Ch ey g—¢5

=1v(g—r)

using Lemma 4.1 in the final step. As for the x-variation, one observes that
the #o-derivative of u; coincides with the x-derivative in (5.1), and hence it is
a special case of (5.18) with F = 1. This proves the theorem.

COROLLARY 5.2. The Abel map linearizes the Dubrovin flows for the KdV,
AKNS, TI, as well as the sGmKdV hierarchies.

9 The situation here resembles the one in classical mechanics where, by a canonical change to
cyclic coordinates, the momentum p; becomes a constant of motion and thus g;(t) = g;(to) +

pj(t — o) is linear in time.
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PROOF. Theorem 4.4 shows that F,(u;) (and H,(v;) in the AKNS case)
indeed satisfies the assumption (5.14) of Theorem 5.1, and hence the key
calculation (5.18) carries over to the AKNS, TI, and sGmKdV systems. The
special case » = 0 gives the x-variation in all but the sGmKdV case which,
however can easily be verified by explicit computation.

REMARK 5.3. We provide a few more details in the AKNS case. Suppose
satisfies (5.4) and similarly, v satifies (5.6), with u; # w; and v; # v; for
Jj # j'. Letr € Ny and introduce

rAgQ rAgQ
(5.19)  Fo(u) = ~iq ) du® (@, Hop=ip) end W
k=0 k=0

Then (5.16) and (5.17) hold. In addition, one obtains the following results for
the analog of Neumann divisors v(x, f,.).

g

) < . .
(5.20) aTE Ap Dy, 1)) = =20 Y creenge
r j=1

t=1v(g—r)

and hence

(520 ap (%) = 2p (Zoc0in)
q
— 2i(x — xo)ck ge0,0 — 2i(ty — o) Z Ck,t€rq—¢-
{=1v(g—r)

Necessary and sufficient conditions on Lax pairs to linearize the flow ¢ —
L, on J(C), where {L,} represents a dymamical system on the Jacobi variety
J(C), with C the underlying spectral curve, have been considered by Griffiths
[32]. While he considers Lax equations within a cohomological framework,
our approach is much more modest in scope but in turn reduces the linearization
problem to an elementary exercise in symmetric functions.

Solving these equations one can recover the solution of the integrable equa-
tion using trace formulas. For the KdV hierarchy one has the classical trace
formula

29 g
(5.22) V) =) En—2) mi@.1).
m= j=1
For the AKNS hierarchy one has
(x,t) 2at!
(5.23a) Pt ) ZE —zzZv,(x ),

P, t)
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q:(x, 1) EaS
(5.23b) o= ZE +2zzuj(x £),

while for the Toda hierarchy one obtains

1< (wi(n, t,),n,t,) 1
,tr2:__ Q“Fl ] ——b ,trz
atn ) 2Z [T, G0y 1) — iy 20
(5.24a) "
——Z,u](n 1) + - ZE
2q+1
(5.24b) b(n,t,) = —— ZE +ZM,(n £).

The “trace” relation for the sGmKdV hierarchy (it would be more appropriate
to call this a “determinant” relation) was given in (3.72),
(5.25)

q q
u(x, ty) = iln((—l)gal [ ]wix zg)) =—i 1n<(—1)g,31 [ vt zg)>.

j=1 j=1

REMARK 5.4. It is important to observe that if one postulates the Dubrovin
equations (5.1), and defines V using the trace formula (5.22), one could show
by a long and tedious calculation that V indeed satisfies the »th KdV equation
with the correct initial condition. The same applies, of course, to the AKNS,
Toda, and sGmKdV hierarchies.

REMARK 5.5. For simplicity we assumed u;(x, t,) # wu;(x,t.) for j # j'
in Theorem 5.1. In the self-adjoint cases, where {E,,},n—o... .y C R, this con-
dition is automatically fulfilled for all (x, t,) € R? since then all j(x, 1) are
separated from each other by spectral gaps of L(t,) or M (¢.). In the general
nonself-adjoint case this is no longer true and collisions between the j;’s be-
come possible. Nevertheless the Dubrovin equations, properly desingularized
near such collision points, stay meaningful as demonstrated in detail by Birnir
[9], [10] in the case of complex-valued KdV solutions. In particular, (5.17) (and
(5.21)) remain valid in the presence of such collisions due to the continuity of

%p, ().
We already mentioned in the paragraph following (5.9) that the Dubrovin

equations for the Toda hierarchy differ from the ones associated with the re-
maining soliton hierarchies in the sense that they do not seem to govern the
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n-dependence of [i(n, t,). We now show how to use Theorem 5.1 to obtain a
first-order Dubrovin system for [i(x, #,) in x, whose solution coincides with
Q(n, t,) at the integer points x = n € Z. Since the #,-dependence of & plays
no role for this argument, we ignore this dependence in the following result.

LEMMA 5.6. Abbreviate A = (A, ..., Ay) = Ap  (Px,) and é(no) =

E(O), with [i defined in (3.51b). Consider the Dubrovin-type system
(5.26a)

9 2y (fi; (x)) ) S .
—/J,(X)Z q q)tfm(:u’(x)) Cn nAnv .]:1"-"(31
ox"’ bej (1 () — pe(x)) ,,; = ; ’

(5.26b) fing) = p©,

with ¢, , defined in (2.6). Denote the solution of (5.26) by 20 Then fi coincides
with E 0 at integer values, that is,

(5.27) f(n) = Eo(n), n e’

ProoF. First one recalls the well-known result (see, e.g., [11], Sect. 3)
(5.28)  ap (Zam) — 2p (D) = (n —no)Ap_ (Po,) = (n — np)A.
In order to complete the proof one only needs to establish that /i 0 satisfies
(5.29)  ap (Zp,0) = 2p (D ) = (X —x0)Ap (Poo,) = (x — X0)A,

that is, one needs to show

0
(5.30) agpo(géo(x)) =A.

But equation (5.30) follows immediately from (5.8) (identifying ¢, with x and
ignoring its n-dependence), (5.14), (5.18) (multiplied by i), and (5.26).

Thus, the solution E 0 (x) of (5.26) provides a continuous interpolation for
f(n). In fact, it was our attempt to prove a result like Lemma 5.6 which led us
to reconsider Dubrovin equations and ultimately resulted in Theorem 4.4, the
explicit connection between CD,((’ )(M) and the polynomials Fr(z,x) defining
the hierarchy in question. A first-order system of difference equations for i
was recently derived in [43].

Toda systems as integrable discretizations of continuous systems are also
studied in [3].
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6. Examples
KdV and sG.Pick Eo = 0and E\, ..., Ey € C, E,, # E,y form # m’ and

solve
i y(ﬁ“j (xv tq))
Hgyéj (1 (x, 1) — pe(x, 1))’

)
(6.12) —pj(x.1) = =2

3 3 - _
(6.1b) a—thj(X, ty) = aﬂj(% Iy) ng(x, ), j=1,...,q,
with Q = 2%, E,, and Rygs1(2) = z[[-1,(z — Ey). Define
g
6.2) ux, tg) =i ln(Q‘”2 [T rg)>,
j=1
2g g
(6.3) V.t =Y En—2) plx.ty).
m=0 j=1
Then u and V satisfy the sG equation and gth KdV equation, respectively, that
is,
(6.4) du, = sin(u), Kdv,(V) =0
for the following choice of ¢,
(6.5)
(=D .
Go=1, & = ST —c1(E), ¢ = —X(;cpcl_,,@, 0=2,...,q.
=

The isomorphism between algebro-geometric KdV, and sG equations is of
course well-known and has been discussed, for instance, in [5], [6].

AKNS and Tl. Pick Ey, ..., Eyqq1 € C, E,, # E,y form # m’ and solve

Y (x, 1)

d
6.6 S i) = =20 = ’
(6.6) I = R G o) — 1)

0x

(6.6b)

Gl 0 : .
0 - —— . ) N
o, wi(x, 1) = ax wix, 1) nz(rgq)vodncpnj (nx. 1), j=1,....g
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and
0 b (x. 1,
(673) _Vj(x, tr) E—— y(v, ()C )) ’
ox [T v (x, 1) = ve(x, 1))
(6.7b)
0 9 r ' .
a_t,w(x’ t) = —ax i (X, 1) Z 4O W, 1), j=1,....0,

n=(r—g)v0

where Ryg12(2) = ]_[2‘I+l(z E,,) and d, € C. Define

p (x,1,) 2g+1 q
(6.8a) S =i Y B =20 ) vi(xi),
(x t) m=0 =1
g ()C t) 2g+1
(6.8b) o) = ZE +212,u](x t)
and
y(i(n, t.))
6.9 1)} =
(6.9) atn.1)" = Z [T, (m, 1) — e, 1)
2q+1
——b(n ) = Zujm 0 o ZE
m=0
2q+1
(6.9b) b(n, 1) =—= ZE +Zuj(n ).
m=0

Then (p, q) and (a, b) satisfy the rth AKNS equation and the rth Toda
lattice (T1) equation, respectively, that is,

(6.10) AKNS,(p,q) =0, Tl (a,b)=0

for the same choice of ¢y, £ = 1, ..., r in both equations (6.10) (depending
on the choice of d,, in (6.6b), (6.7b)).

REMARK 6.1. These examples provide interesting connections between the
KdV, and sG equation (where N is even and O € {E, };u=0... n), and AKNS
and Toda hierarchies (where N is odd), respectively, and illustrate the funda-
mental role of the Dubrovin equations as the common underlying principle for
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hierarchies of soliton equations. In particular, our approach establishes an iso-
morphism between the classes of algebro-geometric solutions of these pairs of
integrable systems. Indeed, once the hyperelliptic curve J7; is fixed, algebro-
geometric solutions of the KdV, and sG (respectively, algebro-geometric
solutions of the rth AKNS and rth Tl equation) are just certain symmet-
ric functions (i.e., “trace” relations) of the solutions w1 (x, ty), ..., pa(x, tg)
(resp. w1 (x,t), ..o, ma(x, ), vi(x, %), ..., vq(x, 1)) of the corresponding
Dubrovin equations on J#;. Analogous considerations apply to the nonlinear
Schrodinger equation and the (continuum) Heisenberg chain (see, e.g., [22]).

Appendix A. Lagrange interpolation formulas

In the following we suppress the (x, .)-dependence as it will be of no import-
ance in this appendix.

Fix ¢ € N and recall that Fy(z) = ;-Izl (z — w;) implies Fé () =
]_[gj:l (ux — wj) (with Fy = 9F;/dz). The general form of Lagrange’s in-
terf);(é)]iation theorem then reads as follows. (For convenience of the reader we
supply its proof even though the result is well-known.)

THEOREM A.1. Assume that (i1, ..., |Lq are § distinct complex numbers.
Then
g Mr'nfl )
A > L0 (1) = Sk — Wit (W1,
— Fy () - -

m=1,...,d+1,k=0,...,g—1.

ProOF. Let Cg be acircle with center at the origin and radius R that contains
the zeros p; of the polynomial F;; and which is oriented clockwise. Cauchy’s
theorem then yields

1 é-mfl mel 4 ,ull?*l
A2 — d = + ,
A2 i i ‘ROC-2 Ko ; FaGu) (i) — 2)
ZFE UL, g, m=1,..., g+ 1

However, by letting R — 0o one infers that
(A.3)
1 é-m—l ) Rm—l

: (———————=1lm —— =68,441, m=1,...,0+1,
2mi Jo,  Fo(0)(& —z)  R—oo Fy(R) ot
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which implies

(A4) el X“: RO s
| k=1 Fé(MJ)(Z - Mj) — e m,q+1-

Using the symmetric functions ¥; one may write

q
(A.5) Fy(2) =) %W (w)
=0
and
Fy) -
(A6) g2 _ Z Zg_l_ch]((])(E)-
M D

Expanding both sides of equation (A.4) in powers in z, using (A.5) on the
right-hand side and (A.6) on the left-hand side, proves (A.1).

For use in the main text we finally observe the following equalities. Adding
(A.5) to u; times (A.6) one finds

—1

Fo@) N ke N

(A7) Fo(@) + s =3 T (W + @) + 2
k=0

M

However, one also has

RQ _ FR@ _§

zg’k’ldhﬂl +z9,
M SO B—

(A.8) Fy(2) + p;

using (A.6) and recalling dD&j ) = 0. Thus, one concludes

A9 W + ) (W =P W, k=0,....9-1
Finally, we will show

k

(A.10) Yo (w =2 W,  k=0,...4g
£=0

by induction. Equation (A.10) clearly holds for k = 0; next assume that

k—1

(A.11) DoV = B
£=0
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holds. Then
k k k-1
Zﬂf‘lfk—z =W+ U Z Mffl‘l’k—z =W+ U Z Mf‘pk—l—e
(A12) o =1 =0

=W+ ;0 = @,
using first the induction hypothesis and then (A.9).
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