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Abstract

The multicomponent 2D Toda hierarchy is analyzed through a factorization problem associated to an infinite-
dimensional group. A new set of discrete flows is considered and the corresponding Lax and Zakharov—Shabat
equations are characterized. Reductions of block Toeplitz and Hankel bi-infinite matrix types are proposed and
studied. Orlov—Schulman operators, string equations and additional symmetries (discrete and continuous) are
considered. The continuous-discrete Lax equations are shown to be equivalent to a factorization problem as well
as to a set of string equations. A congruence method to derive site independent equations is presented and used
to derive equations in the discrete multicomponent KP sector (and also for its modification) of the theory as
well as dispersive Whitham equations.

1 Introduction

This paper revisits the multicomponent 2D Toda hierarchy [30] from the point of view of the factorization problem
associated to an infinite-dimensional group. Our main motivation is the recent discovery [3] of underlying
integrable structures of multicomponent type in the theory of multiple orthogonal polynomials which is in turn
connected to models of non-intersecting Brownian motions. Having in mind the fruitful applications of the Toda
hierarchy to the theory of orthogonal polynomials and to the Hermitian random matrix model (see for instance
[14]-[21]), it is expected that the formalism of multicomponent integrable hierarchies can be similarly applied to
the study and characterization of multiple orthogonal polynomials and non-intersecting Brownian motions. In
particular, the semiclassical (dispersionless) limit of multicomponent integrable hierarchies should be relevant
for the analysis of large N) type limits, see for instance [22]. An important piece of the technique required for
these applications was recently provided by Takasaki and Takebe [27],[28]. Indeed, they proved that the universal
Whitham hierarchy (genus 0 case) [16] can be obtained as a particular dispersionless limit of the multicomponent
KP hierarchy.

The applications of the Toda hierarchy to the characterization of semiclassical limits make an essential use of
the notion of string equations [14]-[2I]-[I0]. In recent years the formalism of string equations for dispersionless
integrable hierarchies [26] has been much developed [32] [19] but, to our knowledge, a similar formalism for
dispersive multicomponent integrable hierarchies is not yet available. One of the main goals of this paper is to
extend the formalism of string equations to multicomponent 2D Toda hierarchies. In this sense the consideration
of factorization problems for these hierarchies turns to be of great help in order to introduce basic ingredients
such as discrete flows, Orlov—Schulman operators and additional symmetries.

The theory of the multicomponent KP hierarchy is discussed in length in the papers [15] [4], see also [20] for its
applications to geometric nets of conjugate type. In [30] it was noticed that 7 functions of a 2/N-multicomponent
KP provide solutions of the N-multicomponent Toda hierarchy. The introduction of integer parameters in
the multicomponent KP hierarchy goes back to [8] and the corresponding discrete flows, which are used in
two different ways in [I5, 4], are essential for the derivation of the dispersionless Whitham hierarchy from the
multicomponent KP hierarchy [27], 28],[29]. In the present paper we introduce a set of discrete flows for the
multicomponent 2D Toda hierarchy. Its role in the formulation of the corresponding dispersionless limits will
be discussed in length in a forthcoming paper.
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The layout of the paper is as follows: In §1 we introduce a factorization problem in a Lie group as the one
presented in [30]. This factorization problem is rooted in the ideas used for the KP case in [24] [I], for the so
called discrete KP hierarchy. Then we derive the continuous and discrete Lax equations for the multicomponent
2D Toda hierarchy. We notice that in our discussion the set of discrete flows, which to our knowledge where
not considered before for this hierarchy, are formulated in equal footing to the continuous flows. We also
show some examples of members of the hierarchy and, in particular, multicomponent equations of Toda type
involving partial difference operators only, or combined partial difference and partial derivatives. We end this
section with the formulation of several classes of reductions of the multicomponent 2D Toda hierarchy involving
biinfinite block Toeplitz and Hankel matrices. The consideration of these types of reductions is motivated by
their relevance in integrable hierarchies such as the infinite Toda hierarchy [2] or the Ablowitz—Ladik lattice
hierarchy [6]. For some reductions we characterize solutions of the hierarchy which are periodic in the discrete
variables. Moreover, for the Hankel case we get generalizations of the bigraded reduction, see [7], associated
with extended flows of the 1-component 1D Toda hierarchy [12].

In §2 we formulate the theory of string equations for the multicomponent 2D Toda hierarchy. We start by
defining the Orlov—Schulman operator [23] and then we derive its Lax equations from the factorization problem
introduced in §1. We also show how the Lax equations imply in turn the factorization problem. In this way
we stablish the equivalence between the factorization problem and the extended Lax formulation, involving
discrete flows and the Orlov—Schulman operator, of the multicomponent 2D Toda hierarchy. Moreover, we also
prove the equivalence between the extended Lax formulation and a particular type of string equations for the
multicomponent 2D Toda hierarchy. This generalizes the result for the one-component case stablished in [26].
Finally, we use the factorization problem and the canonical pair of Lax and Orlov—Schulman operators to provide
a natural formulation of the additional symmetries of the multicomponent 2D Toda hierarchy. As a consequence
we characterize the string equations as invariance conditions under additional symmetries.

The paper ends with two appendices. In the first appendix the congruence method for deriving n-independent
equations is shown. It is applied to get the main equations of the discrete multicomponent KP hierarchy: N-wave
equations, Darboux equations and multiquadrilateral lattice equations [9]. We also use this method to formulate
the dispersive Whitham equations in terms of scalar Lax and Orlov-Schulman opeartors, which constitute the
starting point for the discussion of the dispersionless limits of the multicomponent 2D Toda hierarchy. Finally,
the second appendix contains the proofs of the main Propositions of the paper.

1.1 Lie algebra setting

In this paper we only consider formal series expansions in the Lie group theoretic setup without any assumption
on their convergency. We also remark that along the paper we use the following notations. For given Lie algebras
g1 C g2, and XY € go then X =Y + gy means X —Y € g;. For any Lie groups G; C G2 and a,b € G5 then
a = Gy - b stands for a - b~! € G5. Let {Ekl}kj\fl:l be the standard basis (Ey)gr = o dkrr of My (C) and Iy
denote the identity matrix in My (C). We also denote the algebra unit as 1.

If My (C) denotes the associative algebra of complex N x N matrices we will consider the linear space of
sequences

f:Z—— Mn(C)

The shift operator A acts on these sequences as (Af)(n) := f(n+1). A sequence X : Z — My (C) acts by left
multiplication in this space of sequences, and therefore we may consider expressions of the type XAJ, where
X = X (n) is a sequence which acts by left multiplication: (XAY)(f)(n) := X(n) - f(n + j).

Moreover, defining the product (X (n)A?) - (Y (n)A7) := X(n)Y (n+4)A*" and extending it linearly we have
that the set g of Laurent series in A is an associative algebra, which under the standard commutator is a Lie
algebra. Observe that g can be thought either as Mz(My(C)), i.e. bi-infinite matrices with My (C) coefficients,
or as My (Mz(C)), i.e. N x N matrices with coefficients bi-infinite matrices.

This Lie algebra has the following important splitting

g=g++9-, (1)

where

e = { XN, X;(n) € My(0)], o- = {2 X00A7, X0 € My ()},

>0 <0



are Lie subalgebras of g with trivial intersection.

1.2 The Lie group and the factorization problem

The group of linear invertible elements in g will be denoted by G and has g as its Lie algebra, then the splitting
() leads us to consider the following factorization of g € G

g=9-""91, g+r€Gy (2)

where G+ have g1 as their Lie algebras. Explicitly, G4 is the set of invertible linear operators of the form
>is0 gj(n)A7; while G_ is the set of invertible linear operators of the form 1+ > <09 (n)A7.
An alternative factorization is the Gauss factorization

g=9"" g4, g+€Gy (3)

where Gy is the set of invertible linear operators of the form go 4 (1) + >is0 Gj(n)A7; with go+ : Z — GL(N, C)

an invertible upper triangular matrix, while G_ is the set of invertible linear operators of the form go —(n)~* +
Zj<0 Gj(n)AJ with go— : Z — GL(N, C), such that go - = Iy + A, being A a strictly lower triangular matrix in
My (C). If the factorization () exists then it will also exist @) by defining g+ = jo,— -4+, ¢g- = go,—-§—. The
elements g with a factorization (3] are said to belong to the big cell [4], hence the factorization can be considered
only locally. Thus, we will consider elements g in the big cell so that the factorization (2] holds, avoiding the
generation of additional problems connected with these local aspects.

Now we introduce two sets of indexes, S = {1,...,N} and S = {I,..., N}, of the same cardinality N. In
what follows we will use letters k,l and &, to denote elements in S and S, respectively. Furthermore, we will
use letters a, b, ¢ to denote elements in S := SUS.

We define the following operators Wy, Wy € G

N

WO = Z EkkASk er‘;U tjkA], (4)
k=1
N o

WO = Z Ep . A°F e2i=1 tipAT? (5)
k=1

where s, € Z, t;, € C are deformation parameters, that in the sequel will play the role of discrete and continuous
times, respectively.

The factorization problem Given an element g € G, in the big cell, and a set of deformation parameters
8 = (Sa)acs,t = (tja)acs jeNyar N1 = {0,1,2,---} N_y = {1,2,---}, we consider the factorization problem

Wo-g- Wyt =58(s,t)""-S(s,t), S€G_andSecqGy, (6)

We will confine our analysis to the zero charge sector

|s] := Zsa =0,

a€S

and consider small enough values of the continuous times. Observe that normally, but not always, the tgx times
are disregarded. The reason is the triviality of factorization associated with this deformations. In fact, if we have
a solution of the factorization problem for tgr = 0, with factors Sy and Sy, then the factors corresponding to the
factorization with arbitrary to; are S = exp(zfgvzl toxExi)So exp(— Eszl tox Eyr) and S = exp(ZkN:1 tox B )So-
The reason to consider them here is due to the reductions we will study later.

At this point we discuss some relevant subalgebras and subgroups which will play an important role hereafter.
Firstly, we notice that an operator A =3, A; (n)AJ commutes with A if and only if the coefficients A; do not

depend on n. Thus, the centralizer of A is 34 :={A € g:[A,A] =0} = {Zjez AjNI A € MN((D)}. Observe
that 34 C g is a Lie subalgebra as now A commutes with the matrix coefficients of the Laurent expansions.

Another interpretation is that we have block bi-infinite Toeplitz or Laurent operators [3].
A particular Abelian subalgebra b of 3a is given by the centralizer of C{A, Exx}i_; ie, h := {4 € g :

[A,A] = [A Ew] =0,k=1,...,N} = {Zjez AjNT A € diag(N, C)} where diag(N, C) is the subalgebra of

3



diagonal matrices of My (C). Thus, b is the set of Laurent series in A with diagonal n-independent coefficients.
There are two important subgroups: G_ N3y = {1 + Al + A2+ ¢; € My(C)} and Gy Njp =
{co+ @A+ +---, CyeGL(N,C), ¢; € My(C),j > 1}. Finally, we have the corresponding Abelian Lie

subgroups H := GNHhand Hi := G Nh and Wy, Wy takes values in H.
We shall denote by n € g the multiplication operator by the sequence {nly}nez; i.e.

n{X(n)}tnez = {nX(n)}inez. (7)

Observe that [A,n] = A and that for any X € g we have X = Y ez X;jn'A/, X;; € My(C). This expansion
>0

follows from the assumption that X;(n) = Xo; + X;jn + ---. The set of operators commuting with A,n and

Ew, k=1,...,Nisgiven by {A € g: [A, Al =[A,n] = [A, Ex] =0,k =1,..., N} = diag(N, C).

2 Lax and Zakharov—Shabat equations

2.1 Dressing procedure. Lax and C operators

We now introduce important elements for the sequel of this paper

Definition 1. We define the dressing operators W, W as follows
W =S5 W, W =S8 W, (8)
In terms of these dressing operators the factorization problem(@) in G reads
W.g=W (9)
Observe that the expansions of the factors S, S

S=Iy+ei(nA ' +pn)A2+---€G_,

_ - - (10)
S = @o(n) +@1(n)A + @a(n)A* +--- € G4.
Sometimes we will use the notation
8= 1, e? := .
We have the following expressions
N oo
W= (Iy +po1(n) A 4 @a(n)A™2 +---) - (Z Ep A°F exp (thkAj))
. 0 (11)
W = (2o(n) + @1 (A + Ga(m)A? + ) - (D Bod =% exp (Y t507))
k=1 j=1
Other important objects are
Definition 2. The Lazx operators L, L, Ciy, Cri,Cri,Cit € @ are given by
L:=W- AW L:=W- AW (12)
Cp =W -Ep - W1 Cr =W -Ey-W! (13)
Cui:=S-Ep-S7, Cui:=8-Ey-S % (14)

Notice that in the above def_initions of L,L,Cyj, and Cy —as Wy, Wy € H— we may replace the dressing
operators W and W by S and S, respectively. A straightforward calculations yields

Proposition 1. 1. The following relations holds

Cro = L™ exp(>_(tjr — tj1)L?))Cre,
j=0
Cr = L™ texp(d (tjz — t;)L77))Ch.
j=1



2. The Lax operators have the following expansions

L= A+ un(n) + us(mA " 4o L7 = ig(m)A" + wa(n) + Ea(m)A + - - (15)
Cri = Ep + Ckl,l(n)A_l + Ck[,g(n)A_2 +ooey Cu= C'kl,o(n) + C'kl’l(n)A + C'kl)g(’rL)A2 + e
3. These operators fulfill
N N B
Inv = Z Crk, In= Z Crr, (16)
k=1 k=1
CC(/:(S /C ’y CL:LC,
kI“EL k" “kl kl kl (17)

C7klcvk’l/ = 5lk/ékl’7 C7'kli = Eckl;

2.2 Lax and Zakharov—Shabat equations

In this section we will use the factorization problem (@) to derive two sets of equations: Lax equations and
Zakharov—Shabat equations, and we will show they all are equivalent. Let us first introduce some convenient
notation

Definition 3. 1.

0
Otiq’

8ja =

2. The zero-charge shifts Tk for K = (a,b) are defined as follows
Sq — Sq + 1, sp — Sp — 1,

and all the others discrete variables remain unchanged.

3.
Ojq = 0jaWo - Wo_l, éja = 5jaWO . Wo_l,
qr = TxWo - W5t qx =TxWo-W5', K =(a,b).

4.

Coa = Wa W1 Cupi= Wr WL, a8)
Rijo i =W0;W™L Rjo:=Wo,,W L Uk :=WaqgW ™, U :=WaeW™!

5.

Bja = Rija = (Rja = Rija)- = ﬁja + (Rja = Rja)+ €8, (Rja —f?ja)i € g4, 19)
wie = Uy - Uh) - U = Uy -UgY) 4+ Uk € G, Ul )s € Gy
Notice that if
W._{Ekk, a=keS, 7T._{0, a€s,
“7 o, a€s, " 1Ew, a€cSanda=k forsomekeS.
we can write
b0 = o\, éja = Ta A7,
g = In + (A —Iy) + m (A" = Iy), ax =N+ 7T (A = In) + T(A = Iy), K = (a,b).
Observe that all the shift operators preserve the zero charge sector and form a commutative group
TkTr =Tk Tk, (20)
Tiap)T(v,a) = id, (21)
satisfying the following cohomological relations

Tia,p)T(v,0)T(c,a) = id. (22)



Proposition 2. The relations 20)-22) are equivalent to
Tia,0)Tb,e) = T(6,0)T(a ) = T(are) (23)
where Tiq,q) = id.
Proof. See Appendix B. O
Also notice that By, = (CpxL?) 4, Bjz = (CrrL™7)_ and that (I8) and (IJ) gives
Wi = TeA +ax +axgA7L, (24)

for some matrix sequences ax(n) and ax(n).
The factorization problem (@) implies that the partial differential equations

W Wt =08 S +858:0j,-S 1 =08;uS-S1+8-0;,-S'=0;,,W-W1 (25)

and partial difference equations

=

TeW W =TwS g - S =TkS G- St = TeW - W1 (26)

hold.
From the previous proposition we derive the following linear systems for the dressing operators and Lax
equations for the Lax operators, and its compatibility conditions

Theorem 1. 1. The dressing operators are subject to
8;aW = Bja - W, djaW = Bjq - W, (27)
TeW = wg - W, TeW = wg - W. (28)
2. The Laz equations
0jaL = [Bja, L], djaL = [Bja, L], 0;aClkic = [Bja, Ckil, 0jaCrk = [Bja, Okl (29)

TKL:wK-L-w;(l, TKI_/:wK-Jj-w;(l, TKCkawK-Ckk-wl;l, Tchksz-ékk-wi}l, (30)

are satisfied.
3. The following Zakharov-Shabat equations hold

OjaBib — OiwBja + [Biv, Bja] = 0, (31)
Tk Bjo = Qjawr - wx' + Wk - Bja - wi', (32)
Trwi - wk = Trwi - WEk'. (33)

Proof. 1. First, observe that (QHZ implies 9;45 - Sil +Rja = 8ja5’ S8 ﬁja, and therefore 9;,5 - S™! =
—(Rjo — Rja)— € g— and 9;,S - S7!' = (Rja — Rja)+ € 9+ so that using again ([28) we get

8jaW W= —(Rja — ﬁja>7 + Rja = Bja = (RJ — ﬁja)Jr + ﬁja = 8jaW Wt (34)
Equation (28) implies
TeW Wt =TkS qx - S =TkS - S™' - Ux =TkS - S Ux =TS -G - S~ =TW - W™ (35)

so that (TxS -S4~ (TxS-57') = Uxk -Ux" and we conclude TS - S™! = (U - Uy')- € G_ and
TkS-S™' = Uk -Ug')+ € G4 which introduced back in (B5) gives

TeW - w—l= TS - qk - S = (L{K 'Z;{;(l)f U = wi
= (L{K 'Z:{;(I)Jr 'Z:{K = TKS “qK - S = TKW WL (36)



2. From the definition (I2)) we get

Ojal = [0;uW - WL L], OjaL = [0;uW - WL L,
0jaCi, = [0jaW - WL, O, 0jaCric = [0jaW - WL, Cri],

TxL = (TxgW - WY.L (TgW -W=1)~1 TxL = (TxgW - WY . L-(TgW - W11
T Chrp = (TxkW - W - Cpp, - (TxkW - W)™ TChp = (TkW - W) - Cpp - (TxgW - W11

and using 27)) and ([28) we find (29)) and (B0), respectively.
3. The compatibility of [27) and (28) imply &I)-(33)

Observe also that the trivial flows tox, k = 1,..., N are immediately integrated and if Lo, Lo, Ci; and Cy
are the Lax and C operators corresponding to tor = 0 for arbitrary txo we only need to conjugate these operators
with exp(zgzl Ekktko)-

The compatibility conditions (BI)-(@B3) for operators Bj, and wg formally imply the local existence of a
matrix potential £ such that Bj, = 9j,€ - €71 and wx = Tk - €1 here, the potential € is a map to the Lie
group G depending on the variables {¢;q,s,} 1. Moreover, any operator £ generates a gauge transformation so
that Bj, — 0j0 - €71+ & Bjo - €1 and wg — Tk& - wk - €71, providing new solutions of (BI))-(B3).

Proposition 3. The relations

(Tt v.e) @@ty = (T(0.0)9(a,0) @ be) = ¥(ac): (37)
and the compatibility conditions B3) are equivalent.
Proof. See Appendix B. O

We have seen that the Lax equations (29)-(B0) and Zakharov—Shabat equations (BI))-(B3]) appear as con-
sequence of the factorization problem. The compatibility conditions for the Lax equations are satisfied if the
Zakharov—Shabat equations hold. It is a standard fact in the theory of Integrable Systems that by construction
the Lax equations imply the Zakharov—Shabat equations and therefore the system is compatible. In [30] is
proven this fact for the differential equations (not the difference nor difference-differential equations) involved
in the multicomponent 2D Toda hierarchy, that is that 29) = @31II). Here we give an extended proof in order
to include the continuous-discrete and discrete-discrete cases.

Proposition 4. Let {L,Cy}_, C g and {L,Cyr}_, C g be two sets, composed each of them of commuting
operators, consider functions Rjq € g, Ux € G of L,Ch1,...,Cri, and Rjo € 9, Ux € G of L,C11,...,Cri, and
define Bj, and wy according to (I9), then the Lax equations 29) and BQ) imply the Zakharov-Shabat equations

BI)-B3).
Proof. See Appendix B. O

2.3 The multicomponent Toda equations

Here we write down some of the nonlinear partial differential-difference equations appearing as a consequence
of the factorization problem (9). From (34) and (B4]), taking into account that S € G_ and S € G4, we deduce
the following

Corollary 1. We have the expressions

Bla = 7TaA + Ua + UaA_lu
wi =T A +agx +agA™', K =(a,b),



where the coefficients have the alternative expressions

#(n)y . g—¢(n)
Uai—ﬁ(n)ﬂa—waﬂ(n+1)—{ala(e )re7f, a€s

0, a€S
U, = e?™ 7, e"¢(n=1) = 0. a €S,
afB(n), a€s,
Tx ¢(n) é(n) (39)
Kon) | |] _ T e on S
ag = |]N—7Ta—7rb+TKﬁ(n)7ra—7Ta5(n+l):{e (v —m) e » A€,
In — 7, ac S,
ag = eTK¢(") Ta e_¢(n_1) — 0, a € ?7
TrB(n)(In —m) — (In —m)B(n) +m, a€S.
From (39) we deduce the following set of nonlinear partial differential-difference equations
B(n) Bk — ErpB(n +1) = 915 (e?™) . =),
0, 8(n) = e®™) Fpp e @1,
kB (n) ok (@0)

T,y B(n) By, — B B(n + 1) + Iy — B, — m, = 090 (1y — 7)) - e =9,
TapBm) (N —m) — (I —m)B(n) + m = e F0 2 Fy om0 1)

These equations constitute what we call the multicomponent Toda equations. Observe that if we cross the two
first equations we get

Ay (51k(€¢(n)) .e—¢>(n)) =M B e D B By (D By em9()
which is the matrix extension of the 2D Toda equation, which appears for N = 1:
907 (p(n)) = ef(M)—d(n—1) _ od(n+1)—¢(n)
If in the last equation we set b = € S we have
AgpBn) = eTwno(M) g . e~ 91
which when considered simultaneously with the first gives
A (8lk(e¢(")) . e—¢(n)) =T ) g, o= =D g FoeTw ndtl) B @)

which is a Toda type equation. A completely discrete equation appears, for example, when crossing the two last
equations, i.e.

A(%/7[)(GT<k,b)¢(n) -(HN—ﬁb)-e_¢(") ) - T(k,b)(eT(E/’Dd)(n) Epr e~ =1) )Ekk_Ekk eTw ne(+l) g .e=¢(n)

So forth and so on we may get a set of continuous-discrete set of Toda type equations. Finally, observe that
when N = 1 we only have the shift T(,, ,,) which corresponds to a shift n — n + 1.

2.4 Block Toeplitz/Hankel reductions

We now consider some reductions of the multicomponent 2D Toda hierarchy. In the first place we discuss an
extension of the periodic reduction [30] and the bigraded reduction [7] to the multicomponent case, which we
call Toeplitz/Hankel reduction. Finally we discuss an extension of the 1 dimensional reduction discussed in
[30]. These reductions are relevant when we work with semi-infinite cases, as in the construction of families of
bi-orthogonal and orthogonal matrix polynomials, to be published elsewhere.

Given a set {{,}qacs C Z we seek for initial conditions ¢ satisfying

g- (éEkkA_ék) = (kZiEkkAg’“) g (41)



The relation ([@I]) gives the following constraints over the Lax operators

N N
Z Cri L = Z Cru L™ (42)
k=1 k=1

for any j € Z. To proceed further in the analysis of these reductions we define the sets

Si:={a€S:4+l, >0}, So:={a€S:4,=0}, Si:={acS:4l, >0}, Syp:={aecS:l, =0},
sothat 5=S, USgUS_,and S=5, USyUS_.
Proposition 5. If {@2) holds then we have

1. The dressing operators are subject to

N N
( Z aﬂava) W)=w Z Ep, A%, ( Z 3jea,a) (W) =W Z By A%,
k=1 k=1

a€SLUSHUS a€SLUSHUS,
N N (43)
( Z aj|éa|,a) (W) = WZEkkAfje’“, ( Z 3j\ea\,a) (W) = WZ Epp A,
a€S_USUS_ k=1 a€S_USoUS_ k=1
for 7 >0.
2. The Lax operators are invariant:
(X )@= X fua)d)=0,
a€S+USoU§+ a€S+USoU§+ i (44)
(X )@ =( X Opa)@=0
a€S_USUS_ a€S_USUS_
where j > 0.
Moreover, if
St
acsS
then,
1. The dressing operators fulfill
N
Wi(s1+¥1,....,sn +-In,s1+1,...,s5 +L5) = W(Sl,...,SN,Si,...,SN)ZEkkAé",
k=1
N (15)
V_V(Sl +0,...,SN +EIN,s5T+H 1, sy H ) = V_V(Sl,...,SN,Si,...,SN)ZEMCA_@E.
k=1
2. The Laz operators are periodic
L(si+41,....,sn +¥Un,s1+1,...,8y +Lx5) = L(s1,...,5N,51,---,SN), (46)
E(Sl +l1,...,8N HEN,STH A, Sy ) = E(Sl,...,SN,Si,...,SN).
To prove this we need the
Lemma 1. If [@2) holds then for j > 0 we have
N _ N
> Bita=) Oul™ =3 Cul™™,
a€S+USOU§+ k=1 k=1
N N (47)
> Bita =2 Cul™™ =3 Cul'.
a€S_USUS_ k=1 k=1



Proof. The projection on g4 of A = ngvzl CrpL', 5 >0, is Zae&u%

A= Zivzl Cr L=, 5 >0, is Za€§+ Bjy¢, o The first formula is just A = AL + A_. The second formula
follows in a similar way when j < 0. |

Bj¢, .o while the projection on g_ of

Now we proceed with

Proof of Proposition[d. Equations {@3)) and ({@4) follow from the previous lemma and Theorem [II To deduce
@3 and ({6l we argue as follows. If

> =0
acS

the periodicity follows from the factorization problem

S W, - (iEkkAék) g=S-Wy-g- (iEkkA—fk> — 5. W,- (iEkkA—€k>
=1 k=1 k=1

by observing that

N
Wo(Sl +/L1,...,8N +£N) = WQ(Sl,...,SN)ZEkkAZk,
k=1

N
Wo(st + 01,85 +Lx) = Wo(si, ..., s5) Y B,
k=1

and recalling the uniqueness property of the factorization problem we deduce the periodicity condition for the
solutions

S(Sl—l—él,...,sN—l—éN,Si +€1a--~75N+€N) :S(Sl,--~,3N751,--~73N),

S(s1+ 41,8y +On, 51+ i, 55+ L) =S(51,- -, 8N, 515+, 5§ );

which imply @3] and (6. O
Now we justify the name of this reduction. If we write g =3, g; (n)A7, and think of it as an element in
. N ; .
Mn(Mz(C)), ie. g =24 pym1 Ihrko Ehiko a0d Gy = D ez Gjokrke (n)AY then (@) gives

iskik (M) = Gjttry 45, ko (0 — Liy)- (48)

If by, + L5, = 0, then g; x,x, is a |lx, |-periodic function in n. If this period is 1, we get that gg,r, is a bi-infinite
Toeplitz or Laurent matrix . We will see that in the general case we are dealing with block Toeplitz [5] and
block Hankel [31] bi-infinite matrices.

Definition 4. Given a block matriz Q = (9, ;)i jez made up with p x g-blocks §; ; we say that Q is a block
Toeplitz matriz if Q11,541 = Qi ; and a block Hankel matriz if Q11 ;-1 = Q5 5.

Proposition 6. The condition [@8]) implies for gi, i, that
o For Uy, ly, >0 is a |lg,| x |{g,|-block bi-infinite Hankel matriz.
o For Uy, by, <0 is a |y, | x |lg,|-block bi-infinite Toeplitz matriz.
o For Ly, = 0 with {y, # 0 we have a diagonal band structure being |, | its width, and for {y, = 0 with
Ly #0 a |l | X |l | block bi-infinite matriz.

Proof. See Appendix B O
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The Toeplitz/Hankel block structure appears not only in the structure of gi,x, but also in the structure of
g itself, thought as an element in Mz(Mp(C)), for example if one takes ¢, = ¢z =1, k= 1,...,N we get a
N x N-block bi-infinite Toeplitz matrix, while for ¢, = ¢z =1, k =1,..., N we get a N x N-block bi-infinite
Hankel matrix.

Notice that for the particular case {, = ¢;, k =1,..., N, we have that g is a block Hankel bi-infinite matrix
and

N N N N
9> Eh™% =) EpAyg, 9 B = BuyA g,
k=1 k=1 k=1 k=1

From these two equivalent conditions on g we conclude for g? the following constraint
N N
9° Y B = B A g%
k=1 k=1

i.e. ¢2 is a block Toeplitz bi-infinite matrix and the corresponding solution to g2 of periodic type with bared
and non bared periods equal to each other for each component: ¢z = —¢;, k=1,..., N.
In the one component case we get the condition

L =15 (49)

If ¢, +¢1 = 0 we may choose /1 = £ € N and ¢; = —¢ and the constraint for g is gA* = A’g which leads
LY = L*, i.e., the {-th periodic reduction of the one component 2D Toda hierarchy [30]. When ¢1,¢; > 0 are
two nonnegative integers this constraint (49) gives the the reduction of the one component 2D Toda hierarchy
suitable to be extended with additional flows as described in [7], named there as bigraded. This is why we refer
to this reduction when all £, are positive as multigraded reduction. Notice that this multigraded constraint over
g is never of periodic type and S =S, and S=S5,.

1D reduction and generalizations Given a set of nonnegative integers {{, }scs we request g in (@) the
following constraint

g- (iEkk(Aek +A7e”“)) = (iEkk(Alk +A7e’“)) g

k=1 k=1

Now, as 27 + 277 = (2 + 27 1) +a; j_2(2 +271) 72 + .-+ 4+ a0, for some a;; € Z we have

(ot ) (S0

k=1 k=1

and therefore

N N
S G (L9 4 L) = 3 G (9% 4 L)
k=1 k=1
is fulfilled for any 7 > 0.

From here we conclude that

N N N
Z(lek,k + By 5) = Z Ci (L7 + L7795 = Z Cho (L% + L7*%)
k=1 k=1 k=1
and therefore we deduce the invariance

N N

> Otrk + 050 )L =Y (Ot b + ye, ;)L = 0. (50)
k=1 k=1

In the one component case if we choose /1 = {7 = 1 we get the invariance under 9;1 + d;1, j > 0. This is the 1
dimensional reduction as discussed for example in [30].

11



It must be stressed here that being the same invariance conditions (B0) for this reduction and the previous
multigraded reduction, the conditions are different for g and therefore for the class of solutions considered in the
2D Toda hierarchy. In fact the Ueno—Takasaki 1D-reduction has soliton solutions, which appear as a particular
class of the general soliton solutions of his 2D Toda hierarchy. However this Ueno—Takasaki’s family of soliton
solutions of 2D Toda does not admit the bigraded type condition. On the other hand, the condition L = L~!
appears as a string equation in 2D Toda leading to solutions of the 1-matrix models, see for example [25].

3 Orlov—Schulman operators, undressing, and string equations

3.1 Introducing the Orlov—Schulman operator

Given solutions W, W of the factorization problem (@) we introduce the Orlov—Schulman operators [23] for the
multicomponent 2D Toda hierarchy

Definition 5. The Orlov-Schulman operators are defined as follows

M = WnW ™ M = WnW™ 1 (51)
Proposition 7. e The Orlov-Schulman operators satisfy the following commutation relations
[L,M] =L, [M,Cy)=0, [L,M]=0L, [M,Cy]=0, (52)

o The following relations hold

N 00
MZM-FZC;C;C(Sk-f—thjij), M=n+g_

k=1 j=1

(53)
M=M= Culsp+ Y jtiL™), M=n+giA.
k=1 Jj=1
Proof. See Appendix B. O
Given the initial condition g € G in the factorization problem (@) we write
N N
gAEprg ™' = Z pr (n, A) By, gnErrg ' = Z Qo (n, A) By
Lir=1 Lir=1
and define
N N
Pei=Y pew(M,L)Cuw, Qx= Y qru(M,L)Cu, (54)
Lir=1 Lir=1
so that
[Pr, Qi) = O P (55)
Then, as Wg = W, we get, in the language of [26], the string equations
N o N o
Z P (M, L)Cyr == LCyy, Z grr (M, L)Cyr := M C. (56)

Ll'=1 L=1

3.2 Undressing Lax equations for the Lax and Orlov—Schulman operators

The Orlov-Schulman operators M = WnW =1, M = WnW ! satisfy

DjaM = [0;uW - W1 M], OjaM = [0j4

)

1l
M(TgW -W—1H)™!

SIS

Wl
.W—l)
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and the factorization problem (@) holds then the results of Theorem [[imply the following Lax equations for the
Orlov—Schulman operators

6jaM = [BjavM]v 6jaM = [BjavM]v

21 . " (57)
TKM :(UKM(UK N TKM szMwK .
We now prove the local equivalence between the factorization problem and the Lax equations.
Theorem 2. Let us suppose that:
1. The operators L, L, Cyr, Crxr, M and M satisfy the conditions
L=A+u(n)+uy(n)A~t -, L7 = ag(n)A™ + a1 (n) + do(n)A + - -,
Cik = Bk + Cora (M)A + Crp2(n)A™2 + -+ Cri = Cir,0(n) + Crka ()A + Crp2(n)A® + -+
N 9] N 00
M= +M A"+ nZOkk(sk + thjij), M=+ MA+n+ Zékk(Sfc + thjkiij),
k=1 j=1 k=1 j=1
(58)
with k=1,...,N, 4p(n) € GL(N,C), and fulfill the equations
N
In=>_ Cik, CikCu = 6uCrk, CixL = LCii, CixM = MCrs, LM =ML,
k=1
N o [ (59)
Iy = chk, CekCu = 01 Cri, CrxxL = LCki, CrpM = MCyy, LM = ML.
k=1
2. Given operators B and w as in ([I9), the Lax equations 29), B0) and EL) hold.
Then, there exists operators S € G_ and S € G such that for W = SWy and W = SWy we may write
L=WAW™!, M=WnW!, Cre = WEi W1,
L= WAWﬁl, M = WnWﬁl, Ckk = WEkaivil,
so that W and W solve the factorization problem (@) for some constant operator g.
Notice that the set of constrains (B8] and (B9]) are preserved by the Lax equations.
Proof. Observe thatwe need to find is the representation
LZSASil, M:SuS’l, Cri :SEkksil,
EZS’AS_I, Mzgﬂg_l, Ckk ZSEkkg_l,
with g and fz as in (89). We first undress the Lax operators L, L~1. We look for
S =ln+ @i (n)A™ + oh(n) A2 4 -, <p;- : 7 — My(C),
S =@h(n)(In + FL()A + Gr()A” + -+, ¢ :Z— GL(N,C), @;:Z— My(C), j>0
such that
(A+ur +usA ™+ )(In + QA+ A2+ ) = (Iy + QI AT+ Qh A2+ A, (60)
(WA~ + a1 + ua A + -+ ) g (Iy + PLA + GhA* + ) = Gy (Iy + @1 A + @HA% + -+ )AL (61)

Therefore, if we define ¥1[f] := Y72 f(n % j), we have
o) =c1 + Xy [ug).
Once ¢} is obtained we fix our attention in the second equation to get

@5(n) = ca + X [ug(n) + urpy].
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So forth and so on we get all the coefficients <p3» up to integration constants c;.
Now we analyze (61]), which we write as follows

(oA + 01 + DA+ NIy + GIA + PHAZ ) = AT+ @+ @A+ -

with 9;(n) := @((n)~'a;(n)@y(n + 7 — 1). From this we deduce that 7y = Iy or ug(n) = @)(n)@gh(n — 1)~
Denoting ¢’ := log @f, we get logig = (1 — A™1)(¢') and therefore ¢/(n) = exp (o + X_[log tg]) where ¢ is a
constant matrix. As vy = Iy we have

(AT 4+ 01+ 0N+ I+ A+ @A+ ) = A+ @+ GhA + -

which transmutes into (G0) once we replace u; by v;, ¢} by @}, j = 1,2,... and A by A=, Thus, all the
coefficients ¢, are expressed in terms of ;.
Now, we proceed to undress Cyx and Chrk

C;;k = S”lckkS’, é/;k = glilckkg/.
These operators commute with A, satisfy

C;Ck - Ekk + C]/i:k,lAil + C];k)2A72 + tet

Chr = C'/Qk,o + él;k,lA + C_'//ck,zAQ +

and provide us with two different resolutions of the identity,
N N
Iv = Chs, CruCly = 01 Cl Iv=>_ Chs, CruCli = 0uCy.-
k=1 k=1

In fact, it is easy to show that there exists operators Q = Iy + QA" ' +--- € G_N3pand Q = Qo+ Q1A +--- €
G4 Nja such that Cp, = QEw Q! and C}, = QE,Q 1. Thus, to undress L, L, Cyy,Cyi, k = 1,..., N, we
just take S =5"-Q, S=5"-Q.

With these operators at hand we proceed to undress M and M

STIMS = a +p, a:=S"TMS —n, STIMS =a+p, a:=S8"1MS8 —n,
but

[A,STIMS] = A, [Erk, STIMS] =0, [A,STIMS] = A, (B, STIMS] =
and [A, p] = A and [A, i] = A, so that

[A,a] =0, [Exi,a] =0, [A,a] =0, [Exk,a] =0 = a,a € b.

Now, recalling that M =n+g_ and M =n + Ag, we writea = S~ 'nS—n+g_and a=5"'"nS —n+g A
sothat o = oy A~ + A2+ --- and @ = A + A% + - with oy, &; € diag(N,C) for all i € N. We define
vi= =Y s %A*j, Y=o+ 51 %Aj, where ¢g € diag(N,C), and find that

e'ne Y =n+[y,n]=n+a=S5"1MS, ne T =n+[y,n=n+a=S5"'MS

which allows us to write

S WonWy e =e¢"ne " 4v =S MS+v, I WonWyte T =ene 4o =8 MS+v.

Therefore, if we replace S — SeY and S — Se7, we get the desired result.
From the evolution equation we get that

Aja = (S)71 . (Bja — 8jaS- (S)*l)S, Aja = (S)71 . (Bja — 8jaS' (5)*1)8, (62)
PK = TK(S)_I(UKS, PK = TK(S’)_leS,
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commute with A and all the Fyi, k = 1,..., N; i.e., they are n-independent and diagonal.We may deduce that
[Ajn,u] g jeja = [Aja,n] = jﬁja = [Aja — Gja,n] = 0,

(63)
[Ajnuﬂ] = _jéja = [Ajaan] = _jéja = [Aja - éjaun] = 07
and
wKngl = (TKS . S_l)M(TKS . S_l)_l + (TKS)(Tra — Wb)(TKS)_l,
LDKMG);(1 = (TKS . g_l)M(TKS’ . S_l)_l — (TKS')(ﬁa — ﬁb)(TKg)_l,
which imply
[k 1] = (T — 7). = [prsn] = (Ta — ™) o1 = [pra,n] =0,
_ L _ L - (64)
[Prs i) = —(Ta — Tp)pr = [prsn] = —(Ta — To)pr = [Prdy ,m] = 0.
Thus,
Aja = Oja, Ajo — 0ja, pra’, Prdy € diag(N,C). (65)

As the Lax equations ([29) and (30) are satisfied by Proposition 4l we know that Bj, and wy satisfy the
compatibility conditions (31)-(31). However, we see from (62) that {Ajq, px } and {Aja, px } are gauge transforms
of Bjq,wgk and thereby do have zero curvature. Therefore, we conclude the local existence of potentials { and &
such that

Ajo =006 -1, Aju =068, pr=Tr&-&', pr=TgE-E (66)

These potentials are determined up to right multiplication ¢ — £ -h, & — £ - h, where h, h € G are constant
operators independent of ¢4, Sq. Up to this freedom we may take the potentials &, £ € H.Now, recalling (I9) we
get,

Bjo = Rja+9- = Rja + 9+ wie, =G Uk = Gy - Uk,

which together with (62) imply Aj, —0jo € 9—, Ajo —0ja € 9+, prax € G—, prdy’ € G+; but these operators
belong to diag(N, C). Thus, from the two first relations we conclude A, = 84, px = g and & = Wy while the
two second imply that if £ = e?0 -W, then ¢g € diag(N, C).

Therefore, we may write

Ajo = 0aWo - W5, Aja = 0;a(EW0) - (e Wo)™', px =T Wo - W5, pr =T (e Wo) - (e Wo) ™"
We make the replacement S — Se? to get
Bjo = 0;uW - W™ =0;,8- S +80;08 =0;uS - S +80;,S7" =0;,W - W™
wi = (TkW) - W = (T S)qrS™" = (T S)qu S~ = (TkW) - W1

In terms of g = W~1. W the previous equations can be written as d;,g = 0 and Txg = g. Thus, we finally find
Wg =W where g is a constant operator in G. O

A further result regarding the operators Cy; introduced in Definition 2] and characterized in Proposition [l
that will be needed later is given now.

Proposition 8. Given operators L, L, M, M,Cy. and Cyy, as in Theorem [3, then: if we find operators Cl; of
the form

Chy = L1 (k=) L7 (Er +9-),
such that
[Chi, L] = [Ca, M] =0, Crrir Crt = 0k Crrts - CrtCprir = O Clerer
then the undressing operator W of Theorem [@ satisfies Ciy = W Ej WL,

Proof. See Appendix B. O
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3.3 String equations, factorization problem and Lax equations

We will show here that the string equations (Bf) for the Lax and Orlov—Schulman operators do indeed imply
the factorization (@) and also the Lax equations (29)-(B0). In fact, only one of these implications is needed as
the other one will follow from the results described previously. However, we show that these two facts can be
derived directly from the string equations, showing the importance of this formulation of integrable systems.

Theorem 3. Let L, M,Ci, L, M,Cri, k = 1,...,N, be operators as in Theorem [ and operators Cly, k,l =
., N, be as in Proposition [8. Let us suppose that we have operators Py, Qy as in (B4) and that the string
equations [BO) hold. Then,

1. We can choose the operators W and W of Theorem [ such that the factorization @) holds for some constant
operator g € G.

2. The Lax equations [29)-BQ) are fulfilled.

Proof. From the first part of the proof of Theorem [2] (not considering the Lax equations) and Proposition [ we
know that there are undressing operators W = SWy and W = SW;, S € G_ and S € G4. Let us introduce
some convenient notation

Dja = 8jaW . I/Vi1 — 8jaW . Wil DO = WﬁleaV_Va

o e - 67
or = (TxkW - W Y ITeW - W=t 0% =W loxgW, (67)
and observe that if we define
C=Ww1t.w (68)
we have
DY, =8¢ ¢, of =Tr(- ¢ (69)
The string equations (B6]) read
N
P, = WP;?W71 = WEkkAwil, P;S = Z Pk (TL,A)E”/,
Lr=1
) ) N (70)
Qr=WQAW ' =WEunW™", Q¢ =" quuw(nA)Ey,
L'=1
which in turn imply
0jaPi = [0;uW - WL P] = [0,aW - W1, Py,
ajan = [ajaW . W_17 Qk] = [ajaW . W_17 Qk]7
TP, = (TxkW - W HYP,(TxgW - W)™ = (TxW - W H P (TxgW - W71
TkQr = (TkW - W HQu(TxkW - W) ™h = (TeW - W HQr(Tx W - W~ 1)
Hence, recalling P, = LGy, and Qi = MCh. we conclude that
[Djavi’] = [DjavM] = [Djav Ckk] =0, [UKvl_’] = [UKvM] = [UKv Ckk] =0 (71)

Thus, we deduce that Dg)a, 09, € diag(N, C), and therefore D;, € g+ and ox € G1. With these preliminaries

let us start proving the two statements in the theorem

1. Given the representation (69) in terms of ¢ as in (G8) we deduce that we can erte (= { g~ ! for some
¢ € diag(N, C) and some (s, t)- independent operator g € G. Thus, Dja =0 &t and 0% =Tké- &L
But, recalhng the definition (68) we get W(¢ = W = SWyé = Wg. Observe that [Wp, &] = 0 and replace
S — S - € to get the factorization problem.
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2. From the definition (67]) we get
W W1 =0;,8 S+ Rja=0jaS S+ Rjo + Djo = 0j0W - W™ + Dy,
TKVV'VV_1 ZTKS'S_l 'Z/{K ZTKS"S_l 'Z/_[K-O'K :TKV_V'V_V_l

Reasoning as in the proof of Theorem 2] and recalling that Dj, € g4, ox € G4 and [Ug,0x] = 0 we have

9jaS - S = (Rja Rija)- 0jaS - ST+ Dja = (Rja — Rja)+
TrS-S™' = Uk -Ugt)-, TS -S™' ok = U - Ug")+
so that, according to (I3,
W - W™t = Bjy = 0j,W - W™ 4 Dy, TeW W =wg =TkW - W™ ok.
Therefore, we immediately get the following Lax equations

djal = [0;uW - WL L] = [Bja, L), TrL = (TgW -W HL(TkW - W)™ = wi Lwi!
DjaM = [0;aW - W1, M] = [Bja, M], TeM = (TxkW - W HYM(TegW - W) =wrMwi!
0jaCri = [0;aW - W, Cii] = [Bja, Cikl, TxCri = (TxkW - W HCpi(TxeW - W) ™! = wr Crrwi

Now, as 8ja_I7V -_Wfl = Bj, — Dja and TxkW - W™ = wg - o with Dj, and ok commuting with any
function of L, M and Cyi we get the remaining Lax equations

8jai [8jaW w1t L] [Bja, E], TKE = (TKW . Wﬁl)E(TKW . W71)71 = WKLLUK
8jaM = [8jaW w1t ] [Bja, M], TKM = (TKW . Wﬁl)M(TKW . W71)71 = (.«JKMWK
8ja0k [(9 w-w1t C ] [Bja, Okk], TKOkk = (TKW . Wﬁl)ckk(TKW . Wﬁl) L= wKC'kkwK
O
The above result might be slightly generalized by considering string equations of the form
Z pra (M, L)Cyr = Z P (M, L)Cu, Z aru (M, L)Cyr = Z Gk (M, L)Cur,
LI=1 LI'=1 LI'=1 LI'=1
where we assume that
N B B N B
=Y prar(n, A)Ey, Q)= GrwANEy, k=1,... N,
LU=1 LU=1
belong to the adjoint orbit & of ExiA, Exxn, k =1,..., N; i.e., there exists g € G such that
Pl =g -EwA\-g ', Q=9 Bun-g "
For that aim the proof needs to be modified only in the definition of DJ — g_leag and 0% — g7 1o% g and

g — ¢+ g. Observe that elements in & can be constructed in terms of operators Cy, P and Q, such that:
N
> Cr =1y, CkCrr = Sy Cr,, [Cr, P] = [Ck, Q) = 0, P.Q] =P

What we do not know yet is if the orbit & is characterized precisely by this properties. However, if we request
the following properties: Cy, — Exr € g—, P—A € g_A, Q—n € g_, one could prove, following similar arguments
as in the proof of Theorem [2] that these elements lay in ¢. This implies an alternative formulation of string
equations (B0

ch,w(L, M)Cyr = Chy, ZPH’ (L,M)Cy =L, Z Qu (L, M)Cyy =M
L L L

17



3.4 Additional symmetries and string equations

3.4.1 Additional symmetries

Suppose that the operator g in (@) depends on an additional, or external, parameter b, which might belong to
C or to Z. Now, we will describe the induced dependence on the elements defining the multicomponent Toda
hierarchy. We shall denote by 05 = 0/06 when 6 € C is a continuous an by Tj the corresponding shift 6 — 6+ 1,
when 6 € Z is an integer. In this case, we shall replace (J) by the equivalent factorization problem W -h = W -h,
with

g=h-h1. (72)
Observe that for 6 € C we may write,

W - WL+ W (9sh - bYW = 0,8 - S~ + W (9sh - =)W
= 85§ . §71 + W(agﬁ . Bil)wil = 86

%\
3
+)—'
E\
S’
>
>
3

while for 6 € Z we have
W - W W - (Teh-h™Y - Wt =TS8~ - W (Tyh-h=t) - Wt
=18 -87 W (Teh B - W = T,W - WL W (T R W

(74)
Now we suppose that the dependence on 6 is given by the following equations
N o N
Osh - ht= Fy = Z Fyy (TL,A)E”/, Osh - Rt = 70 e Z El/ (n,A)E”/ when 6 € C,
Li'=1 Li'=1 5
N o N (75)
Tsh-h'=Fo= > Fu(n,NEy, Tih-h™'=Fo= Y Fuw(nAEy,, whenbeZ,
L'=1 L'=1
and define
N N
F = Z Fyy (M, L)Oll/, F = Z 7”/ (M,E)Cll/ when 6 € C,
LU=1 Lir=1
N N (76)
f = Z ﬂl/ (]\47 L)Oll/; _7? = Z 7”/ (M,E)Oll/, When 6 (S C
L'=1 LI'=1
From (73)-([74) we get
35W'W71:85S'S71:—(F—F)7, 85W~W’1:855’~5’*1:(F—F)+, (F—F)iegi,
W -Wlt=T,8-S'=(F - FYH., TW-W'=TS-S'=(F-FYH, (F-FHreGy.

So that

Proposition 9. Given a dependence on an additional parameter b according to ({2) and (T3), introduce H :=
F—F and H:=F - F~! where F and F are defined (70), then

1. The dressing operators W and W satisfy the following equations
65W=—H_'VV, 85W:H+-W, or TﬁW:H_'W, T5W=H+W

2. The Lax and Orlov-Schulman operators are subject to
oL =[-H_, L], OsM = [-H_, M], 05Crr = —[H-, Cig],
65[/ = [HJ,_,L], aﬁM = [HJ,_,M], 650kk == [H_;,_,Ckk],

or (77)

TyL=MH_-L-H', TeM=H_-M-H", TiCu=H_Crp H",
TsL=Hy L-H{', TyM=Hy M- -H;', TsCrx=Hy Crp-Hi"
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3.4.2 String equations

The factorization problem (@) depends decisively on the ‘initial data’ g. Now, we are going to see some conse-
quences of the form of g and derive the so called string equations. Let us suppose, that given two operators

N

N
Fo = Z Fy (n, A)Ew, Fy= Z F (n, A)Eyy,
LU=1 LU=1

we have the following constraint satisfied by g
gFo = Fog. (78)
Then, if

N N
F(M,L):= Y Fu(M,L)Cy, F(M,L)= "> Fy(M,L)Cy,
L= LU=1

we have

F(M,L) = F(M,L). (79)

We refer to these type of equations as string equations, see for example [25], and we have seen that they
reflect properties like (78)) of the initial condition g in ([@). Notice that the reduction of (@Il) is a particular case

of (T8) with Fp := Z]kvzl Ei A% and F, := E]kvzl Epr A%, in which the Orlov-Schulman operator does not
appear. This suggests an important family of diagonal string equations with

N N
Fy = Z EkkFO,k(n, A), FO = ZEkkFO,k(n7A)' (80)
k=1 k=1

The equations (56 are also a set of string equations; moreover, the invariance conditions under the additional
flow (7)) implies that H = 0 or H = id so that we are lead to the string type equations of the form (7)), namely

F(M,L)=F(M,L) or F(M,L)=F(M,L). (81)
This also follows from

959 = (Osh - h™")g — g(0sh - K1) = Fog — gy,

Tsg = (Tsh-h™Y) - g- (Tsh- W) ' =Fo-g-Fg "

Observe if we consider arbitrary forms of Fy, Fy or Fy, Fo it will be same to deal with the description given
here or the one obtained just setting h = id. However the situation is different if we consider the function Fp,
Fy or Fy, Fo of diagonal type (80). In this case, to set h = id will generically imply to abandon the diagonal
family for Fyp.

Appendix A: Congruences

We will show here how to derive from the multi-component Toda hierarchy equations involving only the fields
at each site n € Z; i.e. not mixing fields at different values of n, the sequence variable. This is particulary useful
to show the role of the discrete multicomponent KP hierarchy in the multicomponent Toda hierarchy, which
appears when we froze the bared continuous and discrete times.

Firstly, we present a queue observation

Proposition 10. Let us suppose that we have operators R, R € g such that
RWy'eg., RW;'eg, (82)

satisfying R-g = R. Then R= R = 0.
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Proof. We have
R=Rg=RW 'Wg=RW W = RW!=RW!

therefore RW, 'S~ = RW;'S~! and recalling (82)), and the fact that S € G_ and S € G we conclude the
statement. 0

Next, and without proof (which consist in a systematic and sometimes elaborated application of the previous
result) we show the appearance of some well known integrable hierarchies within the multicomponent Toda
hierarchy. We firstly point out that continuous variables, and for each value of n, we have solutions of the
N-wave hierarchy and its modifications, moreover some discretizations of the modified N-wave equations are
proposed. These results are just a manifestation of the fact that if we froze the bared times we are just dealing
with a discrete N-component KP hierarchy in the spirit of [I]. Next, we recover within this context the the
quadrilateral lattice equations. Finally, we present what we call the dispersive Whitham hierarchy in complete
analogy to the one proposed in [27]-[28].

N-resonant wave equations and its modification We introduce
Q=01+ + 0N, Q=01+ + 05,

in terms of which we have

Theorem 4. The dressing operators satisfy the following equations
9jaW = Qja(W), 0jaW = Qja(W), (83)
where
Qjr = ujkyj(?j + ujk,j,laﬂ'*l + -+ Ujk0, Qir = vjk,jéj + vjkyj,lgjfl + -+ vjk,15

with the coefficients wji i, vjk,; depending on 0f ¢y, 515@7« , respectively

Wi i = Ekk7 7’:07
IR, )—t — 1—1 . .
CiEkk — > a0 Wik,j—aTj—aji—a> ©=1,...,],

_ _ 1 .

P0EkKT ;¢ i=0,
ik i = 02
jk,j—i _ i-1 _ 1 . .

(%‘ - Zazo ”jk,j*agjfa,ifa)Ekkajfz‘,()a 1=1,...,7—1,

and

0ji = S (‘Z,) (0"pi—r), (84)

r=0
Gji o= ; (i) (0" @i—r)- (85)

Observe that ;1 = 8 and 7,0 = e®, and also that the first of the differential operators Qi and Q;x are
given by

Qji = Exd + (8, B0~ + (lp2, Brr] — jEw08 — [B, B 8))0° % + - + wjno,
ijg =e? FEy e 9 + ((ﬁlEkk —e? FEii e_¢(g§1 + jé e¢)) e P 4. Ujk715.
Lemma 2. The only differential operators Q = u;0 + -+ +ug and Q = v;07 + - -+ + v such that
QW) =0, QW) =0
are B
QRQ=0Q=0
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Proof. e Let us suppose that ZLO w;O'W = 0 but ZLO w,O'W = (Zzzo(uz—l-z:i;ll uiHaHT,T)Ai—l-g,))WO.
Thus, u; =uj_1 =---=up = 0.

o Assume now that Zgzl v;0'W = 0 and take into account that

J joog—i
Z v;0'W = (Z(Z VigrGitr,r) A"+ g2 ) Wo.
i=1 i=1 r=0
Thus, v; =vj_1 =---=v; = 0.
O
From this lemma it follows that
Proposition 11. The Zakharov-Shabat conditions
ik Qi — 0uQji + [Qur, Qi) = 0, 0,5 Qir — 04 Qi + [Qiy Q) = 0
hold.
Proof. Just consider the compatibility conditions of (B3] together with Lemma O

The site independent relations described in Theorem M constitute the N-wave hierarchy, for the non bared
flows, and its modification for the bared flows. These multicomponent equations contains may integrable systems
[I7], for N = 1 we have the KP equation in nonbared variables and the modified KP equation in bared variables,
for N = 2, the Davey—Stewartson equation in the ¢-variables and the Ishimori equation in the ¢-variables. For
N = 3 we find the 3-resonant wave system (¢-variables) and a modified version of it (f-variables).

Proposition 12. The N-wave equations
OB, Eul — 0ulB, Exk] + [[B, Eul, [B, Exx]] = 0.
and the modified N -wave equations
O1(v1) — 011 (ve) + v0(vy) — ve(v;) = 0.
with vg = cﬁoEkk@O_l are satisfied.

Proof. The N-wave equations appear as the compatibility of the Q1x = Ep01 + [0, Epx]. A “modified” N-wave
system [I7] appears for when one considers the compatibility Q1 = vx0, k=1,..., N. O

Discrete versions of the modified N-wave equations For a fixed [ =1,..., N let us introduce the
following shift operator

k=1,...N
Rt
and the operator
X(A):=> T3n(A) B, P = B, Acg.

k#l k#l
Finally we also introduce,

Qp = VEkkvil, V =E;+ X(e“b),
and the difference operators

k#l

Proposition 13. The dressing operators W and W satisfy
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Conjugate nets and quadrilateral lattices We show now the role of conjugate nets and quadrilateral
lattices as a part of the multicomponent Toda hierarchy. For this aim we first prove

Proposition 14. If¢; € My(C), i = 1,2 are such that €1 Exx, = eaEy then

€101k — BEw)W = e2(Trk — (T BEy +In — Ey — 7a))W, K= (la)
61((911C — ﬁEkk)W = EQ(TK — (TKﬁEu + Iy — Ey — 7Ta)V_V, K= (l, a)
e PO W = e T8 (Ag + )W, K =(l,a)
e PO W = eae T8 (A + )W, K =(l,a).

A particular consequence is

e1(p2 Bk + O1kp1 — p1Exrp1) = e2(Tw,yp2Erk + Trap1(Iv — Eu — Exk)
+ Ey — (Tre1Eee + v — Ey — Eg)e1).
If we right multiply this relation by E,,/,,,» with m’ # k and we take
1. €1 = Enm withm #k and e =0
2. 1 =0and e = E,;,;, with m # k1
3. ¢ =0and ex = Ey
4. €1 = €5 = Eyp

we find
01k Bmm’ — Bk Brm: = 0, for m,m’ # k
A1) Bmm' = (Tso,1y Bk ) B = 0, for m,m’ # k, 1,
(T(k,1) Brnke ) Brt + Bmi = 0, m#k,l,
T,y Bim' — (Tr,1y Bik) Brme = 0, m' # k1,
(Te,y Bk ) B — 1 = 0,
01k 10g Brm: — mﬁl]:i:iim, + Ak, Bk = 0, m' #1,

O1r 1og Bri + A,y Brr = 0.
The dispersionfull Toda—Whitham hierarchy We fix [ € S and consider the shifts T, ;) for a € S
with a # [, and as we can not put a =1 for a’ € S, a’ # 1,
Proposition 15. 1. For d',l, a’ # 1, there exists scalar operators
B = Té,a’) + le,j—1T(ij)1 +---+ Bj0,
ot = Oy + ajr 204, e+ g
where the coefficients Bj; and oj;; are scalar polynomialsl in the T(l)a/)—shifts or the Oq;-derivatives of
Bus 2,11 - -, 4, respectively, for example By j—1 = By — T(Jl a/)ﬁll such that
0j(EuW) = Bju(EuW) = aji(EnW), O(EuW) = Bj(EyW) = ai(EyW), (86)
2. For a # 1 there exists scalar operators

Bja = Bja T, p + + BjaaT(ap

where Bija,i are scalar polynomials in the T(l)a)—shifts of Biks 02,1k - - -, ik Whena =k and of o ik, - - -, Pj—1,1k
for a =k, for example
v fi , a=kesS,
o T(k)l)(ﬁlk)
o Pl _fe§
T(fc,l) (@O,lk)
such that for a # 1
O0ja(EuW) = Bjo(EyW) Oja (EyW) = %ja(E”W).
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Appendix B: Proofs of Propositions

e Proposition 2 Obviously (23)) is implied by @0)-(22). It is also easy to conclude that (2I]) and (22]) follow
from (23]). The non trivial part of the proposition is to prove that (23) implies (20):

Tiap)T(e,d) = Tia,e) Tiep) Tiet) T(v,d) = Tia,e) Te,p) Tto,d) Tie,b)
= Ta,0T(c.ayT(et) = Tte,d) T(a,e) Te,p) = Tie,)Tia,b)-

e Proposition B] We only need to show that (B7) implies (B3] as the reverse is evident. We proceed as in
the proof of Proposition

Tiap) (T(o,a)@(c,6))Wb,d))) (T(a,e) W e,b) )W (are)

(a,b)
(a,b) Tia,c) (T(c BYW(b,d) )W (c,b) )W a,c)
)

(T(a,b)W(e,d))W(a,) = (

=( )

= (T(ap ) (T(a,0)Wie,d))W(a,c)
=( )

=(

=(

~

( )
(T(v,ayw(c,b)
(T(v,ayw(e,b)
Te,d)(Ta,e)@(e,5))) T(e,d)W(a,e) )W (e,d)
Te,d)(T(a,e)W(e,b)) W (ac) )W e,d)

T, d)W(a,b)) W (c,d)-

)
)
)
)
)

e Proposition @ We do not prove the differential case and refer the reader to [30]. Therefore we proceed
to the remaining cases involving discrete times.

1. We start by proving ([B2)). First, from the definition (I9) we deduce that

Djawi Wi = 0ja(Ur U )= - Uk -Ug) "+ Uk -Ug")—0allic - Ut UK - U")

= 0ja(U -Ux)— - Ui - U )T+ Use - Use') = (Bja — Ui Bjalle ) Use - U ) !
= iU U )— - Ui - U ) Z' + Ui - U )-Bja Uk U )" — wi Bjawy'
and similarly

= 0ja(Un - U+ - Ui U7+ U - U )4 Bja U - U )7 — wie Bjawy!

~

so that
BjawK . w;(l —l—wKBjawl}l = 8ja(L{K 'Z/_[I;I)_ . (UK 'Z/_{Izl):l + (MK 'Z/_[;(l)_Bja(UK .
= 0jaUr - U )+ - Ur - U )T+ Use - Uzt )+ Bja (Ui -
Now, using (B3] and the commuting character of the Lax operators we get
TrBjo = U U ) -RjaUs - U ) =" = Trc(Rja — Rja)-
= Uk -Ug" )+ Rja U - U )T+ Tr (Rja — Ria) -
and we deduce for I := 0j,wi -wl}l + wKBjawl}l — T Bjq the following expressions
I=0juU - Ug')- - U -Ux") ' = Ui Ui )= (Rja — Ryja)- U - U
= 0ja(Ux - U )4 - Ui - U )T+ Use - U )+ (Rja — Ryja)+ Ui -

k) A+ T (Rja — Rja) -
k)1 = Tr(Rja — Rja)+-

which hold only if I = 0, as desired.
2. Let us now prove ([B3). From ([I9) and (B0) we get

Trwir = T U Ut ) - wglgrwi' = T U Ut )+ - wrlirwi!
or using (I again
Trwr - wi = T U U ) — - UrUi") Ul = T Ui Upe? )+ - Ul )+ U Ui
Then, we deduce
(Tkwr - wi )+ = UxUk')+, (Trwrer - wi)— = U Usct) -

Interchanging K < K’ and recalling the commuting character of the Lax operators we get the desired
result.
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e Proposition [6l Let a;; denote the elements of the bi-infinite matrix g, x,, we now proceed to analyze the
meaning of ([@8) in different situations:

— Block Hankel case Let us assume that £, £z, > 0. In particular let us discuss the case where both
integers are positive. If we start from the element a;; the equation (48) says that it is equal to some
other element. To determine the this element in the matrix we observe that (@8] requires to move in
the i-th row £, + £, positions to the right and in the diagonal passing through that position go left
{1, positions on this diagonal, i.e. go up ¢k, positions and to the left also ¢, positions. This gives us
the block structure over off-diagonals as illustrated below.

For negative integers /y, , £, < 0 we have a similar discussion, replacing right motions in the row with
left motions and up motions in the diagonal with down motions in the diagonal, and the same block
Hankel structure appears.

— Block Toeplitz case We now assume that £ ¢z, < 0. Suppose that {x, is positive. Then, when
Ly, > |lg,| if we start from the element a;; the equation [48) says that it is equal to some other
element, say a;/j. To determine the row ¢’ and column j’, we observe that (@8] tell us to advance in
the i-th row £y, — |(1,| positions to the right and in the diagonal passing through that position go left
ly, positions on this diagonal, i.e. go up ¢, positions and to the left also ¢, positions. So that we
have

@ij = Qietyy by €y |~y = Vilioy j—1 L5, |-

For the case fx, < [(g,| we use gji,r,(n) = i+l |~y k1 ko (n + £,) so that we move [(f,| — {x,
positions to the right and on the diagonal fx, positions down, which amounts to {5, rows down and
ly, columns right, i.e.

Qi = Qimty, G+ |0y | —Cry +ory, = imtry 5~ |0, |

and we get the same result, which immediately tell us about the block structure over diagonals as
illustrated below.

A similar discussion goes on for the case of negative £y, and positive (g, .
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— The case l, = 0 with (g, # 0 gives gj .k, k(1) = gj+ey, ki kz (1), which implies diagonal band structure,
whether for £, = 0 with lx, # 0 gives gj .k, () = Gj+er, kiko (0 + Lk, ), Which describes a £g, X £y,
block structure. Notice that these two cases can only exist for two or more components.

e Proposition [7] Let us compute

M =WnW™! = SWonW;*1S™1, (87)
M=WnW™! = SWonW, '8, (88)

for this aim we must take into account that

N oo
W= WOnWJ1 =n+v, v= Z Er(sk + thjkAj),
k=1 j=1

Therefore, from (87) and (88) we deduce that

N 00
M=8SuS t=5SnS"t+ ZCkk(Sk + thjij)u

k=1 Jj=1

N [eS)
M:gﬂs’71:S’ns’il—ZC’kk(Sk‘i‘Z]tﬂcL )

k=1 Jj=1

Finally,

M= 508" = (14 B(n)A™ + 2(n) A2+ )n(L + B)A™ + p2(n) A2 )7}
=n—=BmA T+,
M = 5057 = (e?™ 15, (n)A + - )n(e?™ 44y (n)A + -+ )71
=n+@(n)e T A 4.
e Proposition [ Let us take W of Theorem B and consider Oy := W~1Ci,W which satisfy [O;, A] =
[Ok1,n] = 0 and hence Oy; do not depends on A nor on n. Now,

EppOr = 0Ok, Oubrry =0wOu = Op =VuEu, Vi €C,
EwpwOp = 0kOri, OuEpry =0wOu = O =VYuEn, Y eC.

Thus,

Crt = WORW ™! = SWoly B Wy 'S4 = 0 Lo+~ ez b0 (B, 4 g )
=V =1=Cy = WEle_l'
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