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Abstract. For operators of many different kinds it has been proved that (generalized)
Darboux transformations can be built using so called Wronskian formulae. Such Darboux
transformations are not invertible in the sense that the corresponding mappings of the opera-
tor kernels are not invertible. The only known invertible ones were Laplace transformations
(and their compositions), which are special cases of Darboux transformations for hyperbolic
bivariate operators of order 2. In the present paper we find a criteria for a bivariate linear
partial differential operator of an arbitrary order d to have an invertible Darboux trans-
formation. We show that Wronkian formulae may fail in some cases, and find sufficient
conditions for such formulae to work.
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1 Introduction

Darboux transformations are shape preserving transformations of linear partial differential op-
erators. These transformations were originally introduced in [2] first for operators

—D? 4 u— )\ (1)

corresponding to Sturm-Liouville equations, where u € K, and where K is some differential
field (see Section 2), and A is a constant, and, secondly, for operators of the form

D.Dy+aD, +bD, + c, (2)

where a,b,c € K, which is a form equivalent up to a change of variable to stationary 2D
Schrédinger operator. These transformations were suggested as a possible method for the solu-
tion of the corresponding linear partial differential equations®'. By exploiting these ideas many
new kinds of integrable 1D and 2D Schrédinger equations have been discovered. See, for example,
this influential paper [8].

Decades later, Darboux transformations became a standard tool of the inverse scattering
method, where they are applied to the linear partial differential operators forming the Lax pair
and thus eventually serve for the solution of nonlinear partial differential equations [6, 9].

A Darboux transformation for an arbitrary linear partial differential operator L can be defined
as follows. An operator L is transformed into operator L; with the same principal symbol (see
Section 2) by means of operator M if there is a linear partial differential operator IN such that

NL = L; M. (3)

*This paper is a contribution to the Special Issue “Symmetries of Differential Equations: Frames, Invariants
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In this case we shall say that there is a Darbouz transformation for pair (L,M); we also say
that L admits a Darboux transformation generated by M. We define the order of a Darboux
transformation as the order of the M corresponding to it.

If a linear partial differential operator L € K[D,, D,] has a right factor D, +[, then it admits
a Darboux transformation generated by M = D, + [. Indeed, suppose L = F (D, + 1), then for
arbitrary t € K: (Dy +t)L = (D +t)F(D; +1), that is L transforms into (D + t)F. However,
a general Darboux transformation is not implied by a factorization.

For operator (1) the only possible Darboux transformations are those generated by M = D, —
V127", where ¢y is in the kernel of the operator (1). For operator (2) Darboux transformations
can be generated by each of the following:

My — Dac - wl,x¢;1a (4)
M, = Dy — 107, (5)

where 17 is in the kernel of operator (2). For operator (2), however, there are also Darboux
transformations that are generated by M of a form D, +m or Dy +m, m € K, but cannot be
represented as either (4) or (5). These transformations are known as Laplace transformations.
Specifically, these transformations are transformations of operators L of the form (2) and are
generated by M = D, + b, or M = D, + a, provided the Laplace invariant k = b, + ab — c is
not zero (or the invariant h = a, + ab — ¢ is not zero). See more about Laplace transformations
n [12]. It is also known that Laplace transformations are invertible [3].

Moreover, it has been proved [10] that Laplace transformations are the only two Darboux
transformations of (2) generated by M of a form D, + m or D, +m, m € K that cannot be
represented as either (4) or (5). Operators (4) and (5) can be equivalently defined by their
action on functions in terms of Wronskians:

b o

M) = (D, - 2 ) ) = L2
Y Oy

oo

The consecutive application of a sequence of n Darboux transformations leads to one Darboux
transformation of order n, which then can be defined in terms of Wronskians of order n. Indeed,
if we define a (¢, s) Wronkian, t + s = n — 1, of functions fi,..., fi+s as the n x n determinant

[0l .. Of B ... O
Wt,s(faflv"'aft+5):

fros Oufirs oo Oifirs Oyfies oo Opfiss
then we can reformulate Darboux’s original result [2] and join it to the result [13] for operators
of the form

D.D; +aD, + bD, + c, a,bce K (6)
as follows.

Theorem 1. If m + n linearly independent 1, ..., Ymin in the kernel of L of the form (2)
or (6) are given, then operator M given by

Wm7n(¢7 ¢17 e 71/}m+n)
Wm—l,n(¢1a e 71/]m+n)

defines some Darboux transformation for L.

M(p) = (=)™
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In [1], which preceded [13], this theorem was proved for operators of the form (6) with
constant coefficients. The general question whether a Darboux transformation of order n can
be represented as a sequence of Darboux transformations of order one is open for operators of
the form (2). In [11] the statement was proved for operators of the form (2) with arbitrary (i.e.
not necessarily constant) coefficients, but for transformations of order two only. For operators
of the form (1), the statement is an implication of the Crum theorem [6], which states that
a Darboux transformation of order n is generated by M which can be defined by the same
Wronskian formulae (with the only difference that this is a case of a single variable):

anl,()(d}la v 7¢na QJZ))
Wh—20(th1, ..., ¢n)

My =

Generalizations of Darboux transformations have been introduced for other types of operators
and for systems of operators. Thus, in [5] one is defined in terms of a twisted derivation D
satisfying D(AB) = D(A) + 0(A)B, where o is a homomorphism. Such twisted derivations
include regular derivations, difference and g-difference operators and superderivatives as special
cases. The corresponding M can be expressed by the same formulae in terms of Wronskians.

However, a straightforward generalization of Theorem 1 would not be true for many other
kinds of operators. This fact has not been much stressed in relevant papers. Below is possibly
the first explicit example of such a situation.

Example 1. Consider operator L = D%Dy +yD? + $DZ + 1 and an element of its kernel,

. Y
=gsin | == | € ker L.
. (ﬁ )
Straightforward computations show that no M in the form (4), nor in the form (5), generates
a Darboux transformation for operator L. There are, however, other 1 € ker L, which generate
Darboux transformations with M in the form (4) or (5).

In the present paper we are interested in answering the following questions.

1. Laplace transformations are known to be invertible, but essentially no other invertible
transformations are known. Are there such transformations? Can we study their nature?

2. Example 1 indicates that Wronkian formulae do not work in some cases. Can we describe
cases in which Wronkian formulae do work?

Specifically, in the present paper we show that there are many more kinds of operators
than just the one (2) which admit invertible (see the precise definition in Section 4) Darboux
transformations. We give criteria which allow us to describe all possible invertible Darboux
transformations of arbitrary linear partial differential operators L and generated by M in the
form Dy+m or Dy+m. Given an arbitrary operator L € K[D,, D,], we give sufficient conditions
that guarantee that Wronskian formulae (4) and (5) work.

This paper is organized as follows. Section 2 outlines notation. Section 3 starts with the
simple fact that a Darboux transformation for a pair (L, M = D, +m), m € K exists if and only
if a Darboux transformation for pair (LY, D,) exists (analogously, for pairs with M = D, +m).
Then Theorem 2 states necessary and sufficient conditions that guarantee that a Darboux
transformation for pair (LY, D;) exists. In Section 4 we define invertible transformations as
transformations such that the corresponding mapping ker I, — ker Li; is invertible. Theorem 3
states necessary and sufficient conditions that guarantee that a Darboux transformation for pair
(L9, D,) is invertible (as well as for pairs with M = D, +m). It also describes all other possible
cases for the dimension of the kernel of mapping ker L — ker L;. In Section 5 Theorem 4 states



4 E. Shemyakova

that if in the kernel of operator L there is a subspace of large enough dimension generated by
elements that differ from each other by a multiplication of a function of variable y, then each
of those elements 1 gives the same M = D, — 1/117951/11_1, and this M generates a Darboux
transformation. In other words, we state when Darboux Wronskian formulae work for arbitrary
bivariate linear partial differential operator. There is also an analogous statement for the case

2 Preliminaries

Let K be a differential field of characteristic zero with commuting derivations 0., d,. Let
K[D,, Dy| be the corresponding ring of linear partial differential operators over K, where D, D,
correspond to derivations 0y, 0y.

Operators L € K[D,, D,| have the general form

d
L= Z al-jD;Dg, aij € K. (7)
i+5=0

The formal polynomial

Symy, = Z aij X'Y7
it+j=d
in the formal variables X, Y is called the principal symbol of L.

One can either assume the field K to be differentially closed, in other words containing all the
solutions of, in general nonlinear, partial differential equations with coefficients in K, or simply
assume that K contains the solutions of those partial differential equations that we encounter
on the way.

Let f € K, and L € K[D,, D,]; by Lf we denote the composition of operator L with the
operator of multiplication by a function f, while L(f) mean the application of operator L to f.
For example,

Dxf:fDx+fx€K[DzaDy]v Dm(f):fxeK'

The second lower index attached to a symbol denoting a function means the derivative of that
function with respect to the variables listed there. For example,

fl,acyy - axaxayfl .

Definition 1. Given some operator R € K[D,, D,| and an invertible function g € K, the
corresponding gauge transformation is defined as

R — RY, RYI=¢g 'oRoy,
where o denotes the operation of the composition of operators in K[D, D,].

Remark 1. The principal symbol of an operator in K[D,, D,] is invariant under the gauge
transformations.

Lemma 1. Let M,L € K[D,, D] and let a Darboux transformation exist for the pair (M, L).
Then one exists also for (M9, L9), where g is an arbitrary invertible element of K.

Proof. Indeed, (3) implies g7' ocNogogloLog=g toLiogog ' oMo g, and, therefore,
N9 o LY = L{ o MY. Since gauge transformations do not change the symbol of an operator, the
proof is complete. |
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3 Darboux transformations generated by M = D, or M = D,,

Lemma 2. Let L be an arbitrary linear partial differential operator in K[Dy, D,]. If there
exists a Darbouz transformation for the pair (L,M = D, +m), m € K then there is a Darboux
transformation for pair (LY, D,). If there exists a Darboux transformation for pair (L,M =
D, + m), then there exists a Darbouz transformation for pair (LY, D).

Proof. Consider a Darboux transformation for the pair (L,M = D, + m), and consider g,
a solution of g,/g = —m. Then M9 = D,. Then by Lemma 1 there is also a Darboux
transformation for pair (L9, D,). Analogous reasoning applies for the pair (L,M = D,+m). R

Theorem 2. Let L be an arbitrary linear partial differential operator in K[D,, D], that is, an
operator of the form (7).
Operator L has a Darbouz transformation generated by M = D, if and only if

ao; = Gjr(y)aok (8)
for all non-zero ag; and agy, j =0,...,d, k=0,...,d. Here Gji(y) are some functions of the
variable y.

Operator L has a Darbouz transformation generated by M = D, if and only if

aio = Fip(z)aro 9)
for all non-zero a;p and agy, i = 0,...,d, k =0,...,d. Here Fyi(x) are some functions of the
variable x.

Proof. Let there be a Darboux transformation for the pair (L, D,). This means that for some
L, € K[D;,D,) and n € K

(D, +n)L = Ly D,. (10)

The right hand side of this operator equality does not contain terms of the form cDi, ce K.
On the other hand for j = 1,...,d the coefficient of D} in the left hand side is

nag; + agje = 0. (11)
The ‘free’ coefficient on the right hand side of (10) is zero, while on the left hand side it is
nago + apo,x = 0. (12)

Equating the expressions for n obtained from each of the equalities (11) and (12), we see that
condition (8) is satisfied.

The analogous statement for the case M = D, can be proved similarly.

To prove the theorem in the other direction, suppose that the conditions (8) are satisfied.
Consider then the operator equality (10) defining a Darboux transformation for the pair (L, D).
It implies equalities (11), (12), from which n can be determined uniquely and without contra-
diction. In general, equality (10), which is an equality of operators of orders d + 1, implies
(d+ 3)(d+ 2)/2 equalities of the corresponding coefficients, of which (d + 1) are equalities (11)
and (12). Thus, we have a linear algebraic system of a maximum (d + 3)(d + 2)/2 — (d + 1)
equations to solve. The unknowns in this system are the coefficients of Li, an operator of
order d and their number is (d + 2)(d + 1)/2. Thus the number of equations in this system is
less than or equal to the number of unknowns, so there is at least one non-zero solution.

Analogously we can prove that conditions (9) guarantee that there is a Darboux transforma-
tion for pair (L, D). |
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4 Invertible Darboux transformations

Consider a Darboux transformation L — L of operators in K[D,, D] generated by an operator
M € K[D,, D,]. This transformation implies a mapping of the linear vector spaces

kerL — kerL; : w — M(w).
This mapping is invertible if it is an isomorphism, that is if its kernel is zero
ker L N ker M = {0}.

In this case we shall say that the Darbouz transformation is invertible.

Remark 2. Darboux transformations of the operator L € K[D,, D,] generated by M con-
structed using Wronkian formulae are not invertible. Indeed, we take some number of known
solutions of L(7)) = 0 and then construct M as a Wronkian. Then by construction all those
solutions belong to the kernel of M.

Theorem 3. If the operator L € K[D,,D,] given by (7) admits a Darbouzx transformation
generated by M = D, or M = D, then

0o, apr =0, Vke{0,...,d}

dim(ker(L) N ker(M)) = ,
dy, otherwise,

where dy is the largest j such that ag; # 0. In particular, we have a criteria for a Darboux
transformation generated by M = D, or M = D, to be invertible. Namely, it is invertible if
and only if all of the following hold

agr, =0 VkE{l,...,d}, ago # 0.

Proof. Suppose there is a Darboux transformation for the pair (L, D,). The kernel of the
operator M consists of functions of the form g = g(y).

Let there be index k, k > 0 such that the coefficients of D’zj’ k = 1,...,d are not zero:
agr, # 0. Then using (8) compute

d d
L(g(y)) = > ao;D}(9(y)) = aox Y Gir(y)D](9(v)).
j=0 Jj=0

Thus, L(g(y)) = 0 is equivalent to a linear differential equation of order d,. The solution space
of such an equation has dimension d,,.

If there is no such k that the coefficient at Dl;, k=1,...,d is not zero, then either agg = 0
and then ker L Nker M = {f(y)}, or apyp # 0 and ker L N ker M = {0}.
The statement for the pair (L, D,) can be proved analogously. |

Corollary 1. Laplace transformations (see Section 1) are the only invertible Darboux transfor-
mation generated by M = D, +m or by M = D, +m for operators in the form D,D, + aD, +
bDy +c, a,b,c € K.

Proof. In [10] it has been proved that a Darboux transformation generated by M = D, + m
or by M = D, + m is either a Laplace transformation, that is generated by M = D, + b or
M = D, + a, or generated by M in the form D, — vy 297, or D, — 41 407", where 11 € ker L.
In the latter case, 11 € (kerL Nker M), and, therefore, the mapping ker L — ker Ly is not
invertible.
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Consider a Darboux transformation for pair (L,M = D, + b). To use the criteria obtained
in Theorem 3, we consider a gauge transformation of both operators of this pair. We use g € K
such that M becomes D,, that is MY = D,. Such g can be easily found as any solution of

gzg~ ' = —b. Consider now L9,

L9 =D,Dy+ (a+gyg ")Ds+ (b+ 929" ") Dy +c+a gug " +bgyg™ " + gayg ™
=D,Dy+ (a+gyg )Dy+c—ab+bgyg ' + guyg ™"
= D,D, + (a—i—gyg_l)Dm +c—ab-—by,
=D,Dy+ (a+gyg ") Dz +k,
where k is one of two Laplace invariants of L (see Section 1). Thus, k # 0 is the necessary and
sufficient condition for the Darboux transformation for the pair (L, M = D, +b) to be invertible.

Analogously, h # 0 is the necessary and sufficient condition for Darboux transformation for pair
(L,M = D, + a) to be invertible. |

Example 2 (an invertible Darboux transformation). Consider the operator
L = D,D; + D: +aD, + 1.

The coefficients of L satisfy condition (8), and, therefore, there is a Darboux transformation
for L generated by M = D,. Since there is no term in the form D; and L(1) = 1 # 0,
then by Theorem 3 the Darboux transformation for pair (L, M) is invertible. This Darboux
transformation takes L into

Ly = D, D, + D} + 2Dy + 2.

The corresponding operator N is D,. In this case there is an inverse transformation of operators,
L; — L by means of M’ = N’ = D,..

From any such example one can generate a whole series of examples of Darboux transforma-
tions with M of the form D, +m or Dy +m, m # 0 by considering gauge transformations of L
and M.

5 Solution-based Darboux transformations

Theorem 4. Let an operator L be of the form L = .i aijD;Dg, ai; € K, and k = d if
aod # 0, and k = d — 1, otherwise. Then if there are e

1,2, ..., € ker L/{0}
such that

T, (13)
for some non-constant functions T;(y) € K, i =2,...,k, and

Wor-1(1, Ty, ..., Tp) # 0, (14)
then there is a Darbouz transformation for L generated by

M= D, — .

(G

Analogously, if instead of (13) and (14) conditions Vb * = Fi(x) and Wi_10(1, T, ..., Tx) # 0
hold, then there is a Darboux transformation for L generated by M = D, — 1/)17y¢1_1.
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Remark 3. Condition (14) implies that 11,9, ..., 1 are linearly independent. The condition
that 11,19, ...,y are linearly independent does not necessarily imply condition (14).

Proof. Assume we have non-zero 1,13, ..., € kerL, such that (13) and (14) hold. Then
for the operator L/ = LYt = Zfﬂ.:o aj; DL D}, aj; € K we have
1 €kerL/, Ti(y) € ker L, 1=1,...,k.

The former means that af,, = 0, while the latter implies that
d .
> at;Di(Ti(y) =0, =2,k (15)
j=1

which is a linear system of £ — 1 equations. The number of unknowns agj is the number of
Non-zero a6j, j=1,...,d. If E = d, then the number of the unknowns is less or equal to k. If
k =d—1, then aggy = 0, and since the principal symbol of an operator is invariant with respect
to the gauge transformations, aj; = aps = 0. Which means that in this case the number of
unknowns is also less than or equal to k.

The Wronkian in (14) has the first column (1,0,...,0)!, and the first row (1,T%,...T%).
Thus, if we remove the first column and the first row, the rank of the corresponding matrix is
k — 1. Then the rank of the transpose of the latter matrix is also k£ — 1,

T, ... 1Y
rank | ... ... =k—1.
T ... T

This is a (k — 1) x (k — 1) matrix and adding extra column (7¥,...,TF)! on the right does not
change the rank. Thus linear system (15) has matrix with rank & — 1 and less or equal to k
unknowns, and, therefore, condition

ag; = Gr(y)agy

holds for all non-zero ap; and ag, j = 0,...,d, k = 0,...,d for some Gjx(y) € K. Thus,
by Theorem 2 there exists a Darboux transformation for the pair (L', D,). Therefore, there is
a Darboux transformation for pair (L, ¢1Dx¢f1), that is for pair (L, D, — 1!117:,31/}1*1).

The second statement, giving sufficient conditions for the existence of a Darboux transfor-
mation for L generated by M = D, — 1,9 1. can be proved analogously. |

Example 3. For operators of the form D,D, + aD, + bD, + ¢, a,b,c € K k = 1, Theorem 4
then means that it is enough to have one ¥ € ker L to guarantee that a Darboux transformation
for pair (L,M = D, — wl,mwl_l) exists. This agrees with result of Theorem 1.

Remark 4. The statement of Theorem 4 is not true when formulated in the opposite direction.
Let there be a Darboux transformation for the pair (L,M = D, — wl,xlﬁfl), where 11 € ker L.
Then there is a Darboux transformation for the pair (L' = L¥*, M/ = MY¥* = D,), af, = 0.
If d}, is the largest j such that agp; # 0, and since apy = 0 Theorem 3 implies that there are
either d;, (or infinitely many) linearly independent

u; € ker L' Nker M/, i=1,...,d, (ori=1,...,00). (16)

Since M’ = D,,, each of them is a function of the variable y solely. Since 1 € ker L N ker L, we
can choose (16) in such a way that u; = 1. Then

1 = V1, ¢ = P1us, ... € ker L N ker M,
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and v; /41, i = 1,...,d, are some function of y solely. Thus, if the number dj, is less then k, we
cannot get k

1,9, ..., € ker L N ker M.

Example 4 (the largest j such that ap; # 0 is not invariant under gauge transformation).
Consider the operator

1
L = DDy + DyDy = —Dy + Dy,
and 11 = x € ker L. Then
2
L' = L% = D2D, + D.D; + =DyDy + D,.
T

Thus, dy, = 2 and d’y = 1, and there exists (a non-invertible) Darboux transformation generated
by M = D, — 1 297" = Dy — L. It takes L into

1 2
Ly = D;Dy + DyDy — —Dj + (1 — x2) Dy,

and the corresponding N is N = M.

Theorem 4 states some conditions under which an operator has non-invertible Darboux trans-
formations generated by M in the form D, — z/)l,xwfl or Dy — w17y¢f1, where 1 € ker L.

6 Conclusions

The paper provides the first ideas for the general (algebraic) theory of invertible first-order
Darboux transformations for bivariate linear partial differential operators of arbitrary order d
and of arbitrary form. Although the order of the auxiliary operator has been restricted to the
first order, the major operator is taken in general form.

Future work may include strengthening of Theorem 4 to describe a criteria. It is not known
yet how to extend these ideas to the important three dimensional case, the generalized Laplace
transformations for which have been recently developed in [3]. It is also extremely important to
extend these ideas for discrete analogies that are under active development now [4, 7].
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