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Abstract Based on the fundamental commutator representation proposed by Cao [4] we established two
explicit expressions for roots of a third order differential operator. By using those expressions we succeeded in
clarifying the relationship between two major approaches in theory of integrable systems: the zero curvature and
the Lax representations for the KdV and the Boussinesq hierarchies. The proposed procedure could be extended
to the general case of higher order of differential operators that leads to the Gel’fand-Dickey hierarchy.
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1 Introduction

Generating new integrable equations and checking if a known equation is integrable are two
main tasks in the modern theory of integrable systems. There are two major approaches for
establishing the integrability: the zero curvature representation and the Lax representation (see
[1,13,15,21,22,25]. For example, the celebrated KdV equation

ou ou  du

ot = o T g (1)

and its hierarchy can be derived either from the zero curvature representation
U, = V" = [0, V)] (2)

or from the Lax representation
Ltn = [Pn?L]7 (3)

where U, V(") | L and P, are given by
_ 0 1 (n) _ a™  p)
U_<}l/\—u O)’ v _(c(") —a(™

0
L=0+u,  Pp=(LEO2) o= .
x
The symbol S, stands for the non-negative part of the pseudo differential operator S. A detail
explanation of those notations will be given in sections below.
Questions arise naturally. What is the relationship between V() and P,? In the zero

curvature representations the matrices V(™ can be calculated recursively. Is there also a re-

and

cursive formula among [P,, L] as seen in the Lax representations? It is known that the traces
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tr (L(2"+1)/2) are conserved densities of the KAV hierarchy. Is there a recursive formula among
those traces as we have seen in the zero curvature representations?

It is far from trivial to explore the relationship between zero curvature and Lax represen-
tations. For example, what is the zero curvature representation of the Gel’fand-Dickey (GD)
hierarchy? The GD hierarchy is generated from the operator L = 0™ 4 u;0™ 2 + u0™ 3 +
-+ +4+um;m—1. The question become even more crucial when we study 241 dimensional integrable
equations such as the KP hierarchy. The KP hierarchy can be reduced from the Gel’fand-Dickey
hierarchy. However, to the author’s knowledge the KP hierarchy does not admit a good zero
curvature representation.

In the present paper we give a partial answer to the questions mentioned above. It turns
out that the bi-Hamiltonian structure is a bridge between two representations. Furthermore,
the fundamental commutator representation, proposed by Cao et al.l¥l, provides a good tool
to explore bi-Hamiltonian structures. By using the commutator representation we established
two explicit formulas for the roots L'/3 and L?/3, where L = 8% + ud + du + v. Based on
those two formulas we derived recursive equations among [(LB™+D/3), L] [(LG™+2)/3), ],
tr (LG™HD/3) and tr (LE™+2)/3),

The paper is organized as follows. The next section contains a brief introduction on pseudo
differential operators, the GD hierarchy, bi-Hamiltonian structures and commutator represen-
tations. The Section 3 constitutes the main body of this paper. We solved the commutator
equation for the operator Lz = 9% + ud + Ou + v, and derived the bi-Hamiltonian structure for
the Boussinesq hierarchy. Furthermore, we established formulas of roots Lé/ % and Lg/ ? and
generated recursive equations among [(Lé"/ 3))+, Lj] and tr(Lé"/ 3)). Boussinesq hierarchy is a
special case of the GD hierarchy when m = 3. For completeness the Section 4 gives a short
presentation on KdV hierarchy that is a special case of GD hierarchy when m = 2.

2 Preliminaries

2.1 Pseudo Differential Operators

In this section we recall some definitions in the theory of pseudo differential operators. The
readers are referred to the book(” for details. A pseudo differential operator takes the form

P=> pd (4)

where p; are smooth functions of w = (u1,---,up), u; = u;(z,t), and 0 = 8‘1. The positive and
the negative powers 0" is defined by the Leibniz rule

orr =3 ()@ no.
k=0

where (Z) stands for the binomial coefficients

n nn—1)Mn-2)---(n—k+1)
= Z-
(k) ! e
For example

O f = fOt — (8f)0" 2+ (92f)9 — (B F)o* + - --
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The m-th root A = PY™ of the pseudo differential operator (4) is defined by the equation
A™ = P. It is proved that the root exists and is unique. For example let the operator P = L3
where

Lz = 9%+ 2ud + v + u,. (5)
Its roots Lé/g and Lg/g can be calculated by the MAPLE package PSEUDO

2 1 1
Lil,)/?’ =0+ 3u8_1 + (— 3uz—|— 0)8_2

3
4 1 1
+ (— 9u2—|— ooz~ 3vr)3_3—|—~-~
2/3 4 2 - 4 1 1 N
L3/ 282 + 3U+ 37]8 1 + (— 9’(1,2 - 9urr - 3Ur)8 2
+ (8 Lot tugy 1t Jot+
9UU1 9’(1,’U 9'Urcrc 9uzzz .
We define the weight of u, v and 0 as
o(u) =2, o(v) =3, o(0)=1. (6)

Each item in the operator Ls is of weight 3 under the above definition. For example o(ud) =
o(u)+0(0) = 3. It is easily seen that each term in Lé/g is of weight 1. For example, o(v,073) =
o(v)+0(0)+0(073) =3+ 1—3=1. Similarly, each term in Lg/g is of weight 2. Therefore we
could write that

o(Ls)=3, oL =1 oL =2 (7)
The weight plays a key role in some MAPLE packages for automatically generating conserved

densities of an equation(24.
The positive and the negative part of (4) is defined by

Pp=> pd, P.=)Y po. (8)
i>0 i<0

Note that we have P = Py + P_.

Brunelli created a wonderful package PSEUDOU! for operations with pseudo differential
operators such as taking an n-th roots, multiplication of two operators and etc. The source
code is only of 404 lines. The package has to be extended to include matrices operators.

2.2 The GD Hierarchy

Let
Ly = 0™ 4+ 0™ % 4+ ugd™ 3 4 1, 9)

where u;, ¢ = 1,---,m — 1 are smooth functions of x and t. The Gel'fand-Dickey (GD)
hierarchy!” is given by the Lax representation

Lm,tn = [(ng/m))JrvLm]? (10)

where L, ¢, = a?n L,,. The special cases m = 2,3 correspond to the classical KAV and

Boussinesq hierarchies as we will discuss in details in the subsequent two sections.
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2.3 Bi-Hamiltonian Structures

It is welll known that most 1+1 dimensional integrable hiercharchies admit bi-Hamiltonian
structures in the sense that they can be written as

ug, = JGni1 = KGy, (11)
where J and K are two Hamiltonian operators, and they are compatible!®12:16] The operator
R=KJ*! (12)

is frequently referred to as “recursion operator” in literature. The next two sections will show
the bi-Hamitonian structures of the Boussinesq and KdV hierarchies.

To the author’s knowledge all known recursive operators (12) contains an inverse differential
operator . Therefore to calculate the next G, ;1 from G,, we have to find an expression F},
such that G,, = 0F,,. The operator that carries G,, to F}, is called a homotopy operator. There
are rich literature on this topicl'”. The homotopy operator presented in [17] contains terms
that will be canceled each other. Poole and Hereman!'8! gave a simplified representation of the
homotopy operator. The MAPLE procedure that is used to calculate 971G is Inverse Total
Diff. That procedure is contained in the package Jet Calculus.

2.4 Commutator Representations

Let L(u) be a differential operator with coefficients depending on u = wu(z,t). Its derivative

(L,L)(u) is defined by
d

(LoL)(u) = de le=0

L(u + ev). (13)

The above derivative carries various names: Lie derivative, Frechet derivative, Gateaux deriva-
tive, tangent derivative etc. We will simply use “derivatives along with v”, or simply “deriva-
tives” in case no confusing arises. For many integrable hierarchies with two compatible Hamil-
tonian operators J and K, the following equation had been established (see [4,8,10,12,19,23]).

LrxeL =[N(G),L]+ (LjcL)L, (14)

where N is an operator that plays a crucial role in derivation of expressions of roots. An
alternative equation is given by

LxcL =[N(G), L]+ L(L;cL). (15)
A combination of the above two equations gives the third equation
1
LxcL =[N(G),L] + QLJG(IE). (16)

All the above three equations can be use to find operators K and N when the operator J is
known.
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3 Case m =3: the Boussinesq Hierarchy

The case m = 3 in (9) corresponds to the Boussinesq hierarchy. For convenience we set uq = 2u

and ug = v + ug in (9):
Lz = 9% + 2ud + (v + uy). (17)

This operator can be also written as Ls = 93 +ud + Ou +v. The corresponding hierarchies are

given by
L3,t3m+¢ - [P3m+i7L3]7 1= 1727 m:071727"'7
k/3
P = (L5%),.

For late references we write down the first four sets of equations in the hierarchy.

8 1
utl = Ug, Utl = Vg, th = Vg, Utg = _3uuz - 3UCELEI7
Uty = UV + UV + _ Vzgr

3 3 3 ’
32,
Vg, = — 9 U Uy — Suzum + 3UUm - 3uuzzz - gurrrrm
2 25
utg, = - 9 U Uy — 9 Ug Uz + vaa: - 9 UUggrr — 9ua:a:a:a:a:
1 40 ) 10
Uty = — Vzzzzx — VUUy —  UggxV — UggVe — ,UgVUzx
s 9 9 9 9 3
10 20
— UVgpgx — VU™
9 9

The first Hamiltonian operator J for the Bousssinesq hierarchy was found through its zero

curvature representation(®:17]
0,0
(1) "

We are going to solve the commutator Equation (14) to find the second Hamiltonian operator
K and the differential operator N. In this case N is of order m — 1 = 2. Therefore we could

assume
N = ad? +bd +c, (19)

where a,b and ¢ are unknown functions to be determined. Moreover, G is a 2-dimensional
vector G = (r,5)T. We have

G:(Z), JG:(ff), L1GLs = 25,0 + (g + Sua)-

Therefore,
LrclLs =[N(G), L3] + (LjcL3)L3
=[ad? + b0 + ¢, 0* + 2ud + v + u,]

+ (25,0 + 7 + 522) (0% + 200 + v + uy)
=(—3ay + 25,)0% + (=3by — 3a4s + T + 522)0°
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+ (dauy — 3¢y — 2uay — 3byy — Agaa + 4s$u)82

+ (2bug + 2av, + daug, — 2uby — 3cpr — byga

+ 28,0 + 655Uy + 2ury + 2uSy,)0

4 bvg + DUy + QUzg + QUggy — 2UCy — Copy + T2V

+ rpUy + Spz¥ + Spale + 28,V + 2S5 Ugpy.

G.Z. TU

Assume that KG = (7,3)” then LxgLs =279+ (5+7,). Compare both sides of the above
equations we are led to the following equations

—3a, + 25, =0,
—3by — 3agy + 75 + Szx =0,
dauy — 3¢y — 2uay — 3bgy — Appe + 45zu = 0,
27 = 2bug + 2av, + 4atg, — 2uby, — 3Cpa
— baaa + 25,0 + 65Uy + 2ury + 2uSs,
S+7Ty = bug +bugy + aUpy + AUy — 2UCy — Coza

+ 120 + TplUy + Sza¥ + Spals + 25,Vp + 25,Ugg.

We solve a,b and ¢ from (20):

b + 8 + L !
= = - T ) = zx — ,Tx-
a 38, 38 3T & 98U 98 3

Substituting those expressions into (21) we obtain

_ 1 n n 2 . 1 n

T =_UgT SUg Ury Texx SxU
3 3 3 3

~_( 2 16 ) n ( 16 , )

s = 9uwm 9 Ul | S 9 u Uy | Sz
L 1 10 5 1 n

Therefore the operator N and the second Hamiltonian operator K are given by

2 1 1 1 1
N:3582+<— s$+3r)8+(8su+ sm—grw>,

3 9 9
- 1 (3ug + 6ud + 303  6v, + 90
9 3v, + 9vd Koo ’

Koo = (—16utty — 2uzrs) — (16u? 4+ 9y )0 — 15u,0% — 10ud® — 0°.

It is easy to verify that

J*=-J = K*=-K,

where * stands for the formal conjugate

(Yao) =S (-1dia, (M) =015,

The recursive operator R is then given by

R=KJ '=

1/ 6v,0714+9v 3u,0~ !+ 6u+ 392
9 Ry 30,071 4+ v ’

Rog = (—16utty — 2Upss )0 — (16u? + Yuyy) — 15u,0 — 10ud? — 0%
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o)) o (l)

Applying the operator K and J we obtain

Vg
JG1:KG2:<UI>, JngKG1:< 8 1 )
(o —3’(1/(1,;5 - 3urrr

We choose the initial vectors

Thus A )
2
(i) an (i)
u v
In general
JG; = KGj_3, ji=1,2---.
Let

G, = (T") n=-2,-1,01,2,--.

Sn
It is easy to see that

o(rn) =n+2, o(sp)=n+1, o(N(Gn)) =n+3.

The Boussinesq hierarchy is then given by

Ut

n

<Utn):JGn7 7121,2,"', n;—éo (mOdg)

(Ut3m+i>:(83m+i7r)7 7;:].727 m:071727"'.

vt3m+i r3m+i,a:
S} .

Lemma 3.1. The pseudo differential operator Py = 0 + Y p;0~" is uniquely determined by
i>1

the commutation condition [Ls, Pi] =0 and o(p;) = i+ 1, where the weight o is defined by (6).

Proof. It is easily verified that

[837 Pl] = 3pla:a + 3p2a: + 3p1a:a: + Z(pi,www + 3pi+1,ww + 3pi+2,w)87i

i>1

and
[2ud, Pi] = —2u,0 + Z F,0~, [0+ Uy, Pi] = =gy — vz + Z H;07¢,

i>1 i>1

where F; and H; depend on p;, j < i+ 1. Therefore the commutation condition [Ls.P1] =0
leads to the equations

3p1z — 2u, =0,
3]3290 + 3p1a:a: —Ugg — Vg = 0
3piv2,e = QPit1,Pi, Pim1," ") 1=1,2,---
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and we obtain

Pit2,z = QDit1,PisPi-1, ), 1=1,2,---

Therefore ps, pa, - - - are determined by their previous terms. The requirement o(p;) =i+ 1 will
force us to set the integral constant to zero when we calculate p; 1o = éa_lQi. ]
Similarly we can prove the following
S} .
Lemma 3.2. The pseudo differential operator P, = 0% + Y p;0~" is uniquely determined by
i>0
the commutation condition [Lz, Ps] =0 and o(p;) = i+ 2, where the weight o is defined by (6).
Now we set

V=> N(Gs_2)Ls", (24)
7=0

V is commute with L3 since we have

[V,Ls] =) "[N(Gs;—2), Ls| Ly’
7=0

(’CK(st—2)L3 - (EJ(G3_7—2)L3)L3) L?jj

_P”ﬂg

<
I
o

(’CJ(G3J‘+1)L3 - (‘CJ(GSJ‘—2)L3)L3) L??J

“

7=0
:Z(’CJ(GSHA)L?’ Z ‘CJ(G37 2)Ls) L3’
=0 j=0
:Z(ﬁJ(GSH—l)L?’)L Z (cJ(st+1)L3)L;j
7=0 j=—1
— (Lya_yLs)Ls.

V is homogeneous in weight. Each term in the summation (24) is of weight 1:
o(V)=0a(N(Gsj_2)) +o(L3?)=3j+1—-3j=1.

Moreover the leading term of &7 in V is 0:

V=) N(Gs;_2)L;’

j=0
=N(G_)+ N(Gy)L3" +

2 1 1 8 1 1
—358 + (— 38r+ 37“)8—1— (98u+ 98m — 37’z>

2
=0+ 3ua—1 +0(072).

1/3

Here the symbol 0(0™) refers to terms involving 9%, k < n. Since V and L3'” both commute with

L3 and they have the same leading terms 0 4+ 2ud~' + 0(9~2). Moreover, o(V) = J(Lé/g) =1
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we conclude by the Lemma 3.1 that
Ly =3 N(Gsj—a) Ly (25)
From the above formula we deduce especially

(Lg3m+1)/3) L1/3Lm ZN ng 2 —J
7=0

Therefore

[(L§3m+1 /3 [iN GB] 2 m j,L3:|
7=0

__ [Z N(ng_g)Lg”‘j,Lg]

=— Y [N(Gsj2), Ls]L5' ™
j=m+1

- Z (Lxc(Gay_a)L3 = (L1(Gay_a)L3)L3) Ly
j=m+1

= Z (ﬁJ(stH)L?’ - (ﬁJ(st—2)L3)L3) Lglij
j=m+1

= Z (cJ(st+1)L3)Li7’»n7j+ Z (cJ(st—2)L3)Lg%j+1
j=m+1 j=m+1

= Z (‘CJ(G3j+1)L3)L;n7j + Z(‘CJ(G3J‘+1)L3)L?7]

j=m+1 j=m

=L 1(Gsmsr) L3 (26)
From the above equation we see that the Lax representation
3m+1)/3
L3;t3m+1 = [(Li(’) 2 )+7L3] (27)

is the same as L3 s, = L7(@s,,.,) L3 which, in its turn, is the same as the zero curvature
representation
(Lot ) = (G (28)
Vtzm11
Thus we proved that two hierarchies (27) and (28), one comes from the Lax representation,
and the other comes from the zero curvature representation, are actually the same. Moreover
we have

tr (L™ = 4o (LY L)

—tr (i N(ng_g)Lg”‘j)

=0
=tr (N(G3m+1)L3 ")
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—tr ((;83m+182 T .)(3—3 L. .))
—tr (§S3m+18_1 4. )

2

:383m+1. (29)

They are conserved densities of the hierarchy. By a similar reasoning we have
LY* =3 N(Gsj-1) Ly (30)
§=0
Note that the leading term of the right hand side is 92 + gu:

> N(Gs;1) L’

j=0
=N(G_1) + N(G2)L3* + -
2 1 1 8 1 1
= 82 - z ) 8 ( Tx ZE) 8_1
3% T ( gietgr) Ot (gout gsee = gra)| o, TO0T)
4
=% + 3u+0(871). (31)
Similarly we have
(L™ 1 L] = L(Ggin L (32)
It shows that the Lax representation
Latyin = [(L§™27) 1 Ly (33)

is the same as its zero curvature representation
Utzmio | _ JG 34
- ( 3m+2)~ ( )
vt37n+2
We sum up the above results in a theorem.
Theorem 3.3. For the third order differential operator Ly = 0% + u0 + Ou + v, its roots
Lil,)/3 and Lg/s are giwen by (25) and (30) where N is given by (23). The corresponding
hierarchies in their zero curvature and Lax representations are respectively given by (27),

(28), (33), (34). Those two representations give actually the same equations since it holds

that [(L§3m+i)/3)+,L3] = L(Gymsi) L3 The sequence of conserved densities are given by

tr(LéBmH)/z) = ?))53,”“ where Gy, = (1, 8n) 7.

4 Case m =2: KdV Hierarchy

The famous KdV hierarchy corresponds to the case m = 2. In this case the operator reduces
to the classical Schrodinger operator

Ly = 0% 4 u. (35)
The first and the second Hamiltonian operators are known to be

J =0, K = 0% + 4ud + 2u,. (36)
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The square root of Ly is given by [20]

Ly? = > (2650 = by 2) (A1), (37)

n=1

where the sequence {b;} is defined by
bi=1/2,  Jbpyr = Kby, n=12---. (38)

Based on the Formula (37) we can easily derive the following equations

. 1
tr (L2n+D/2) = 22n+1b"+2 (39)
and
(L2 L) = 4"y . (40)

Those equations show the relationship between zero curvature and Lax representations. To
sum up we proved the following theorem

Theorem 4.1. For the second order differential operator Lo = 0% + u the corresponding
hierarchy in its zero curvature representation is given by uy, = Jb,y1 where J = 0. It holds
that [(Lg2n+1)/2)+, L) = J(47™bp+1). Therefore the hierarchy in its Laxz representation Lo, =

2n+1)/2 . o .
[(Lg )/ )+, Lo] is the same as in its zero curvature representation. Moreover, the sequence

2n+1)/2
Lé +)/)_

of conserved densities are given by tr( = 22i+1 bnta.
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