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1 Introduction

Recall that a Schrodinger operator on a n-dimensional Riemannian manifold (M, g) is a second
order linear differential operator of the form

1
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where A is the Laplace—Beltrami operator and U is the potential function for the physical system
under consideration. A question of fundamental interest in quantum mechanics is to construct
eigenfunctions ¥ of the Schrodinger operator Hy. One approach to this problem, which is based
on the representation theory of Lie algebras, is to consider Schrédinger operators Hg which are
quasi-exactly solvable, in a sense that will be defined below.

We begin by considering the case of a general linear second-order differential operator H,
given in local coordinates by

H= zn: A9;0; + Zn: B'o; + C.
ij=1 i=1

The operator H is said to be Lie algebraic if it is an element of the universal enveloping algebra
of g, a finite dimensional Lie algebra of first order differential operators. More explicitly,

m m
H=Y CaT°T'+> CT"+ Cy, (1)
a,b=1 a=1
where
T = v* +n%, 1<a<m, (2)

is a basis or g. In (2), the operators v', ..., v™ are vector fields, and 7y, . . . , 7, are multiplication

operators. A Lie algebra g of first order differential operators is said to be quasi-exactly solvable
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if one can find explicitly a finite dimensional g-module N of smooth functions, i.e., if N' =
{hY, ... h"} with T*(N) C N for all 1 < a < m. A Lie algebraic operator H, is said to be
quasi-exactly solvable if it lies in the universal enveloping algebra of a quasi-exactly solvable
Lie algebra of first order differential operators. Obviously, H(N) C N, i.e. the module N will
be fixed by the operator H. Moreover, if the functions contained in the module N are square
integrable with respect to the Riemannian measure \/§d:p1 - -dx™, where g is the determinant of
the covariant metric, the operator H is said to be a normalizable quasi-exactly solvable operator.

We can see from the above definitions that the formal eigenvalue problem for quasi-exactly
solvable Schrodinger operators can be solved partially by elementary linear algebraic methods.
Indeed, the operator H is self-adjoint with respect to the inner product associated to the standard
measure, therefore the restriction of H to the finite dimensional module A is a Hermitian finite
dimensional linear operator. Thus, one can in principle, compute r = dim(N) eigenvalues of H,
counting multiplicities, by diagonalizing the r X r matrix representing H in a basis of N.

It seems that the concept of a “spectrum generating algebra” was first introduced by Goshen
and Lipkin in [15] in 1959. However, this paper did not seem to have been be noticed by the
community and, ten years later, spectrum generating algebras were independently rediscovered
by two groups of physicists, see [2] and [5]. Their work was an impetus for further research in
this area as one can see by browsing in the two volume set of reprints [3] and the conference
proceedings [16]. A survey of the history and the contribution papers related to the spectrum
generating algebras is given in the review paper of Bohm and Ne’eman, which appears at the
beginning of [4]. In the early 1980’s, Iachello, Levine, Alhassid, Giirsey and collaborators ex-
hibited applications of spectrum generating algebras to molecular spectroscopy; a survey of the
theory and applications is given in the book [17]. In these applications, both nuclear and spec-
troscopic, the relevant Hamiltonian is a Lie algebraic operator in the sense described previously.
Finally, the analysis of a new class of Schrodinger operators, the quasi-exactly solvable class,
was initiated in late 1980’s by Shifman, Turbiner and Ushveridze, see [23, 24, 25]. A survey of
the theory and applications of quasi-exactly solvable systems in physics is given in [26].

There exists a complete classification of quasi-exactly solvable Schrodinger operators in one
dimension. In two dimensions, this classification is in principle complete. Indeed, all the Lie al-
gebraic linear differential operators for which the formal spectral problem is solvable are known.
The question of determining if the operator is equivalent to a Schrodinger operator will be
discussed below. The main contribution of our paper is to extend these results to three dimen-
sions by giving a partial classification of the quasi-exactly solvable Lie algebras of first order
differential operator in three variables, and showing how this can be applied to the construction
of new quasi-exactly solvable Schrodinger operators in three dimensions. Our work is based on
the classification of finite dimensional Lie algebras of vector fields in three dimensions begun
by Lie in [18] and completed by Amaldi in [1].

Let ¢\%) be the contravariant metric of the manifold M in a local coordinate chart, § its
determinant and ¢ the determinant of the covariant metric. In that setting, a Schrodinger
operator reads locally as

1 - ij ij gijai (g)
Ho=—— Z g Gij +81-(g )8j — 7~8j + U.
“ 29
i,7=1
Recall that a quasi-exactly solvable second order operator is not, in general, a Schrodinger
operator. However this operator might be equivalent to a Schrédinger operator in a way that
preserves the formal spectral properties of the operators under consideration. The appropriate
notion of equivalence, which will be used throughout our work, is the following. Two differential
operators are locally equivalent if there is a gauge transformation H — puHp~', with gauge
factor 1 = e*, and a change of variables relating one to the other. In principle, it is possible to
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verify if a general second order differential operator H is equivalent to a Schrodinger operator
with respect to this notion of equivalence. Indeed, every second order linear differential operator
can be given locally by

H = —% Z gij&-j%-Zhi@mLU.

ij=1 i

If the contravariant tensor ¢(%) is non-degenerate, that is if ¢ does not vanish, the operator can
be expressed as

1 _

where V = bi9; is a vector field. For this operator to be locally equivalent to a Schrodinger
operator, the vector field V has to be a gradient vector field with respect to the metric g(ij).
Locally, this will be the case if and only if w = gijbjdxi, the one form associated to 17, is closed.
For this reason, this condition is named the closure condition. Note that if V = V(A), the gauge
factor is given by 2.

Given an operator of the form (1), the closure conditions can be easily verified provided the
contravariant metric ¢(¥) is non-degenerate. Indeed, these conditions can be written as algebraic
constraints on the coefficients Cy, and C,, and are the Frobenius compatibility conditions for
an overdetermined system that will be described later.

An important point to keep in mind is that the class of quasi-exactly solvable operators is
invariant under local equivalence. Indeed, suppose H is a quasi-exactly solvable operator which
is gauge equivalent to an other operator Hy under the rescaling u. If H lies in the universal
enveloping algebra of g, whose g-module is N, one can easily show that Hg is quasi-exactly
solvable with respect to the finite dimensional Lie algebra

g=p-g-p ={p-T-p"|Teg}
which is isomorphic to g and posses the finite-dimensional g-module
N=pu-N={u-h|heN}.

Note however that the gauge factor is not necessarily unitary. Thus, a gauge transformation does
not necessarily preserve the normalizability property of the functions in A'. Therefore, the class
of normalizable quasi-exactly solvable operators is not invariant under our local equivalence.
We now give an example of a normalizable quasi-exactly solvable Schrodinger operator in three
variables.

Example 1. In this example we consider the quasi-exactly solvable Lie algebra g = sl(2) xsl(2) x

s[(2). With the standard notation p = 8%, q= a% and r = %, this Lie algebra representation

can be spanned by the following first order differential operators
T =p, T? = xp, T3 = 2% — x, T = g, T° = yq,
T8 =yq—y, T =r, Tl=z, T'=zr—z

Then, the finite dimensional module of smooth functions
Ningmym,, = {wzyjzk\ 0<i<mg 0<j<my, 0<k<m,}

is a g-module provided m, = my; = m, = 1. With the following choice of coefficients, one
constructs the quasi-exactly solvable operator

—2H = (T1)? + (T?)* + 2[(T°)* + (T")” + 2(T°)* + 2(T°)*] + (T7)* + (T*)?
+ 2(T%)? 4+ {17, 73} + {17, 7%} — 2T* — 27° — 475 — 8,
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where {79, T} = T*(T*)+T"(T?). The induced contravariant metric associated to this operator
is computed to be the following positive definite matrix

B (% +1)2 0 (22 +1)(22 +1)
g(m) — 0 yt 4+ 4y? + 1 0 , (4)
(22 +1)(22+1) 0 2(22 4+ 1)?

whose determinant is ¢ = (22 + 1)2(y* 4+ 4y? + 1)(2%2 + 1)2. Then, with respect to this non-
degenerate metric, the operator H can also be described as

2H=A+V+UT,

where V = —2(23 4+ 2 + 2 4 202)p — 2(2y + 1®)q — 2(223 + 22 + © + 222)r. It is not hard to verify,
always with respect to the metric (4), that the first order term V' is the gradient of the function
A=—In(z2+1) —1/2In(y* + 4y + 1) —In(2% + 1). Hence, by considering the gauge factor

p=er = (2 + 1) 2yt + 4y + 1) VA2 4 1)V,
the operator H is gauge equivalent to a Schrodinger operator
—2Ho=A+U,

were the potential is a rational function of y. Furthermore, it is not hard to show that, after the
gauge transformation, the functions in Ni11 = { p-2'9y72% | 0 < i, 4, k < 1} are square integrable
with respect to /gdxdydz. Recall here that g is the determinant of the covariant metric, hence
V9= p?. Thus, for 4, j, k either 0 or 1, one can use Fubini’s theorem to decompose the integral

2, 2§ 2k
Z’J’k“dddz/// Ty dzdyd
///]1{3(Mxy ) dedyd: r3 (2 +1)2(y* + 492 + 1) (22 + 1)2 rayas,

into the product of three finite integrals in one variable. Consequently the operator Hy is
a normalizable quasi-exactly solvable Schrédinger operator and it is possible to compute eight
eigenfunctions by diagonalizing the matrix obtained by restricting H to A. For this operator,
one gets two eigenvalues, —3 and 1, both of multiplicity four. The eight eigenfunctions associated
to these two eigenvalues are respectively,

Y31 =—1+uxz, o390 =1y—TYZ, Y33 =Y+ Yz, Y 34 =17+ 2,
P11 =y + zyz, Y12 =—2+ 2, P13 = —xy +yz, Y14 =1+zz2.

Finally, one gets eight eigenfunctions of the Schrodinger operator Hg by scaling each of these
functions by the gauge factor u.

In general, there is no a-priori method for testing whether a given differential operator is Lie
algebraic or quasi-exactly solvable. However, one can try to perform a classification of these
operators under local equivalence using the four-step general method of classification described
by Gonzélez-Lépez, Kamran and Olver in [11].

The first step toward the classification of normalizable quasi-exactly solvable Schrodinger
operators is to classify the finite dimensional Lie algebras of first order differential operators
up to diffeomorphism and rescaling. Then, the task is to determine which of these equivalence
classes admit a finite dimensional g-module N of smooth functions. Then, from the quasi-
exactly solvable Lie algebras found in the second step, one can construct second order differential
operator as described in (1) from any choice of coefficients Cyp, C., and Cy. The third step
consists to determine which of these operators are equivalent to Schrodinger operators and this
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can be performed by verifying the closure condition. Finally, the last step in this classification
problem is to check if the functions contained in the g-module N are square integrable.

As mentioned previously, the entire classification has been established in one dimension. In
the scope of the first two steps, every quasi-exactly solvable Lie algebra is locally equivalent to
a subalgebra of the Lie algebra

gn:Span{ ﬂ’xﬁ ZCQQ —nz ,1},

oz’ 0z’ Ox
where n is a non negative integer, see [13] for more details. Then, once a second order differential
operator is constructed, since all one forms are closed in one dimension, such operator will
always be equivalent to a Schrédinger operator, reducing the third step to a trivial step. Finally
Gonzdlez-Lépez, Kamran and Olver determined in [10] necessary and sufficient conditions for
the normalizability of the eigenfunctions of the quasi-exacly solvable Schrédinger operators.

In two dimensions, the first two steps of the classification problem were determined by the
same authors in [12] and [14]. Based upon Lie’s classification of Lie algebras of vector fields,
see [18], a complete classification of the quasi-exactly solvable Lie algebras g of first order
differential operators, together with their finite dimensional g-modules, was completed. The
case of two complex variables is discussed in the first two papers while the third paper completed
the classification by considering operators on two real variables. However, the last two steps
are not yet completed but a wide variety of normalizable quasi-exactly solvable Schrodinger
operators has been exhibited, see for instance [11, 13] and [14].

In the next section, a partial classification of quasi-exactly solvable Lie algebras of first order
differential operators in three dimensions is given. While these two first steps were successfully
completed in one and two dimensions, only part of this work is now done in three dimensions.
However, these new quasi-exactly solvable Lie algebras can be used to seek new quasi-exactly
solvable Schrodinger operators in three dimensional space. The last section of this paper is de-
voted to the description of new quasi-exactly solvable Schrodinger operators in three dimensions.
Eigenvalues are also computed for two families of Schrodinger operators. These eigenvalues are
part of the spectrum of the operators and their eigenfunctions, together with their nodal sur-
faces, are exhibited. In addition, a connection is made between the separability theorem proved
in [6] and the quasi-exactly solvable Schrodinger operators on flat manifold. The quasi-exactly
solvable models obtained in our paper are new as far as we can tell. In particular they are
not part of the list of multi-dimensional quasi-exactly solvable models obtained in [26] by the
method of inverse separation of variables.

2 Classification of quasi-exactly solvable Lie algebras
of first order differential operators

2.1 Lie algebras of first order differential operators

Our goal in this section is to give a partial classification of quasi-exactly solvable Lie algebras of
first order differential operators in three dimensions. A first step toward this goal is to obtain
a classification of the finite dimensional Lie algebras g of first order differential operators.
After this is done, the next step is to impose the existence of an explicit finite dimensional g-
module A of smooth functions. To this end, we will first summarize the basic theory underlying
the classification of Lie algebras of first order differential operators.

For M an n-dimensional manifold, we denote by F(M) the space of smooth real-valued
functions and V(M) the Lie algebra of vector fields on M. The space F(M) form a V(M)-
module under the usual derivation 7 — v(n), where v is a vector field in V(M) and 1 a function
in F(M). The Lie algebra of first order differential operators D!(M) can be described as
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a semidirect product of these two spaces, D}(M) = V(M) x F(M). Indeed, each element T
in DY(M) can be written into a sum T = v + 7 and the Lie bracket is given by

[T, 7% = o', 0*] + o' () = *(n'),  where T'=1'+75' € D'(M). (5)

Note that the space F(M) is also a D' (M)-module with T'(¢) = v(¢) + 1 - ¢. Consequently, any
finite dimensional Lie algebra of first order differential operators g can be written as

T = ol + 1t TS =v® +1n°, Tt =1, Tt =", (6)

where v!, ... v® are linearly independent vector fields spanning h C V(M), a s-dimensional Lie
algebra and where the functions ¢, ..., (" act as multiplication operators and span M C F(M)
a finite dimensional h-module. Note that restrictions need to be imposed to the functions n’
for g to be a Lie algebra. Indeed, without the cohomological conditions that will be described
below, the Lie bracket given in (5) does not necessarily return an element in the Lie algebra g.

For T = v + 7, we define a 1-cochain F' : h — F(M) by the linear map (F;v) = n. Since
any function { € M can be added to 1" without changing the Lie algebra g, this map is not
well defined. To deal with this issue, we should therefore interpret F as a F(M)/M-valued
1-cochain. Thus, from the Lie bracket given in (5), it is straightforward to see that g is a Lie
algebra if and only if the 1-cochain F satisfies the bilinear identity

U1<F;Uj> - Uj<F; vi> - <Fa [Uiaij € M7 vi7vj S h (7)

In terms of Lie algebra cohomology, this condition can be restated as follow, (61 F; v, v7) € M
for all v*, v/ in b, i.e. F is a F(M)/M-valued 1-cocycle on h. (See [7] for a detailed description
of Lie algebra cohomology.)

This classification of Lie algebras of first order differential operators would not be complete
without considering the local equivalences between the Lie algebras. Indeed, if a gauge trans-
formation with gauge factor p = e, is performed on an operator T = v + 7 in g, the resulting
differential operator T = e* - T'- ¢~ = v+ — v(A) will only differ from T by the addition of
a multiplication operator v(A). Again, this can be expressed in cohomological terms. Indeed,
under the 0-coboundary map dg : h — F(M)/M defined by (dpA;v) = v(A), the multiplication
factor v(A) can be interpreted as the image, or the 0-coboundary, of the function A. Hence,
combining these two observations, it is possible to conclude that the map F' is an element in
H(h, F(M)/ M) = ker §; /Imdy. Thus, if two differential operators g and g are equivalent with
respect to a change of variables ¢ and a gauge transformation given by u = e, these two
operators will correspond to equivalent triples (h, M, [F]), and (H, M, [FV]), where H = v«(h),
M= wx(M), and F= 0«0 Fo@ '+ 6o\ This is summarized in the following theorem.

Theorem 1. There is a one to one correspondence between equivalence classes of finite dimen-
sional Lie algebras g of first order differential operators on M and equivalence classes of triples

(b, M, [F]), where

1) b is a finite dimensional Lie algebra of vector fields;
2) M is a finite dimensional h-module of functions;
3) [F] is a cohomology class in H'(h, F(M)/M).

Hence the general classification of finite dimensional Lie algebras of first order differential
operators g can be bring down to the classification of triples (h, M, [F]) under local changes of
variables.

In three dimensions, a complete local classification of the finite dimensional Lie algebras
of vector fields h has been established by Lie in [18] and Amaldi in [1]. Lie’s classification
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distinguishes between the imprimitive Lie algebras, for which their exists an invariant foliation
of the manifold, and the primitive Lie algebras, for which no such foliation exists. Lie’s work
gives a description of the eight different classes of primitive Lie algebras and, based under the
possible foliations of the manifold, the imprimitive Lie algebras are subdivided into the following
three types:

I. The manifold admits locally an invariant foliation by surfaces that does not decompose
into a foliation by curves.

II. The manifold admits locally an invariant foliation by curves not contained in a foliation
by surfaces.

III. The manifold admits locally an invariant foliation by surfaces that does decompose into
a foliation by curves.

Observe that these three types are not necessarily exclusive. For instance, the Lie algebra
b = {p,q, zq, zp — yq,yp, 7} belongs to the first two types. The underlying manifold R? admits
a first indecomposable foliation by planes A := {z = constant} and also admits an second
invariant foliation by straight lines ® := {x = constant} N {y = constant} not contained in any
invariant surfaces. Lie classified the algebras of type I and II, giving respectively twelve and
twenty-one different classes of Lie algebras. Few years latter, the 103 classes of Lie algebras of
the third type were exhibited by Amaldi.

The number of finite dimensional Lie algebras of vector fields b is large and it did not seem
reasonable to consider all the 154 classes. For this first classification attempt, we have chosen to
focus on the algebras which seem promising in our aim to construct new quasi-exactly solvable
Schrédinger operators. The selection was made upon the following criteria.

We first narrowed our choice based on the results given in [6]; provided the Lie algebra g
is imprimitive and its invariant foliation consists of surfaces, one can show, adding some other
hypothesis on the metric induced, that a Lie algebraic Schrodinger operator generated by g
separates partially in either Cartesian, cylindrical or spherical coordinates. Since such algebras
are good candidates for generating interesting quasi-exactly solvable Schrodinger operators, we
restricted our search on the type I and type III imprimitive algebras. In this paper, the clas-
sification of the twelve type I Lie algebras is entirely performed while, for the type III Lie
algebras, we focused on some of the most general Lie algebras. Since the induced metric ¢(¥)
needs to be non-degenerate, the type III Lie algebras involving only one or two of the three
partial derivatives were discarded. Finally we selected our algebras among those that contain
other type III algebras as subalgebras.

2.2 Classification of Lie algebras of first order differential operators

Using the equivalence between the Lie algebras of first order differential operators g and triples
(h, M, [FY)), it is possible to determine the Lie algebras g from the selected Lie algebras of vector
fields h. But first, recall that the second step in the classification of quasi-exactly Schrodinger
operators is to determine which of these Lie algebras of first order differential operators g are
quasi-exactly solvable. It is not hard to see that if g is quasi-exactly solvable with non trivial
fixed module NV, the Lie algebra g is finite dimensional if and only if M is the module of constant
functions, see [12] for details. Therefore, instead of working on the general classification of Lie
algebras of first order differential operators g, we will restrict our work to the equivalence classes
of triples (b, {1}, [F']). Thus, for each of the selected Lie algebras b, we first seek for the possible
cohomology classes, [F] in H'(h, F(M)/{1}). Once this is done, in the scope of the second step,
it will be left to find if there exists an explicit finite dimensional g-module N, where g is the
Lie algebra equivalent to the triple (b, {1}, [F]). Note that, as in lower dimensions, the existence
of a nontrivial module N will impose a “quantization” condition on [F]. Indeed, for each of the
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Lie algebras worked out in this paper, the possible values for the functions in [F] can only be
taken in a discrete set. For detailed results related to the quantization of cohomology, see [§]
and [22].

2.2.1 Classification of the cohomology classes [F] in H'(h, F(M)/{1})

To determine the possible cohomology classes, we first start with [F] as general as possible. For
every v in the Lie algebra hj, we denote the value of the 1-cocycle (F; v) by n,, and 1, can be any
function in F(M)/{1}. Our aim is to find the most general 1-cocycle F', that is the most general
functions 7,, satisfying the restrictions imposed by the 1-cocycle conditions (7). Then, using the
0-coboundary map, we try to describe the class [F| with representatives 7, as simple as possible.
Finally, if {v!,... 0"} is a basis for b, the set {v! + n,1,...,v" + 1y} will be a basis for the
Lie algebra g. Note that in this process, one can alternate the use of the 1-cocycle restrictions
with the use of the 0-coboundary cancellations. For instance, if the element p belongs to the
algebra b, the function (F'; p) = 1, can be annihilated by the image of the function ¥, = [ n,dz
under the 0-coboundary map. Indeed (6oVU,;p) = p([ npdz) = 1, and F=F- do, belong
to [F]. Thus, we can assume the function 7, to be equivalent to the zero function. Then for
another vector field v in b, using the 1-cocycle restriction for the pair (p,v), that is

p(F;5v) —o(F;p) — (F5[p,v]) = piw — 0 — npy) € {1},

one obtains conditions on the two functions 1, and n,,). Once again, one might try to absorb
part of the function 7, with dyV,, the image of another function ¥,. Note that, in order to
maintain 7, = 0, a restriction is imposed on ¥,. Indeed, when the 1-cocycle F' 4 6oV, is
applied to p, we have to avoid reintroducing a function for 7,. Thus we need to consider only
the functions ¥, for which (op; ¥,) = (V¥,), is a constant function. Then, to complete the
determination of [F], the same process is preformed to every vector field of h, with some care in
the choices of the 0-coboundary maps, avoiding to undo the simplifications done in the previous
steps.

The results of this partial classification of cohomology classes [F], that gives a partial clas-
sification of Lie algebras of differential operators g, are summarized in Tables 1 and 2 at the
end of this section. The first table gives a 1-cocycle representative for the twelve type I Lie
algebras and Table 2 exhibits the results for some general Lie algebras of vector fields among
the type III Lie algebras. For these two tables, the classification numbers, given respectively
by Lie and Amaldi, sit in the the first column. The second column gives a basis for the Lie
algebra h and the third column exhibits the first order differential operators v 4+ 7, for which
(F;v) = n, in not trivial. 7, is taken to be the simplest representative and when the function
7, is trivial, the differential operator is simply the vector field exhibited in the second column.

It would be impractical to present the details of the computations in all cases. Furthermore,
the arguments are quite similar for all Lie algebra h of vector fields. So, for brevity’s sake, we
will only give the details for two of the selected Lie algebras. The chosen examples illustrate
well the general process and will give to the reader a good idea of how the calculations proceed
in general.

Type I, case 1. This Lie algebra § is spanned by the eight vector fields p, ¢, zp, yq, xq,
yp, £2p + xyq and xyp + y>q. The vector field p belongs to the Lie algebra, hence, as mentioned
previously, the function 7, can be assumed to be zero. The 1-cocycle condition for the pair (p, q)
imposes the following restriction

(61F5p,q) = (Ng)x — (np)y —(F;[p,al) = (ng)x € {1}

Thus 1y = cqx+hy(y, z), where ¢, is a constant. Hopefully, the function h,(y, z) can be absorbed
by the image, under the 0-coboundary map, of the function ¥, = [ h4(y, z)dy. Since (¥g), is
zero, the 0-coboundary of ¥, will not affect 7,.
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Similarly, by considering the pair (p,zp), one concludes that 7., = cypz + hyp(y, 2), where
czp can be canceled, without changing the previous functions, by the 0-coboundary of the
function W4, = cypx. Then, for the pair (g, zp), the restriction reads as

(61F;q,zp) = (nxp)y —x(ng)x — (F3[g,zp]) = (hwp(yaz))y —z-cq € {1}

Necessarily, since hy;, depends only on y and z, the constant ¢, has to be zero and the function
hap(y, ) is forced to be of the form dgpy + K(z), where dyp, is a constant. Thus, at this point,
np =0, g =0 and 1y = dypy + K(2).

Consider now the three vector fields yq, zq and yp. If we pair each of them with p and gq,
from the six 1-cocycle restrictions, one obtains directly the following

Nyg = Cyq® + dygy + kyq(2), Naeqg = CaqT + dagy + kazq(2), Nyp = CypT + dypy + kyp(2).

With the image of the function ¥,, = d,4y, the function n,, can be reduced to 17,4 = cyqz+kyq(2)
without undoing the previous work. From the restriction associated to the pair (xp,yp), one
easily check that

(01 F;xp, yp) = x(nyp):v — Y(Map)z + Nyp = & - Cyp + CypT + dypy + ]‘Cyp(z) e {1},

forcing ¢,, and d,), to be zero and ky,(z) to be a constant function. Similarly, by considering
the pair (zp,yq), one obtains that the function x - ¢yq — ¥ - dzp must be constant, hence cyq
and dg, are zero. To completely determine the functions 7, for these three vector fields, two
restrictions, associated to the pairs (xp,zq) and (yp,zq), must be verified. The first imposes
that (Nzq)e — (Map)y — Mg = T - Cag — Caq® — dpqy — kzq(2) must be constant. Thus it leaves no
choice but to take d, as the constant zero and k4(z) as a constant function. Finally, the last
restriction forces y(Nzq)z —(Myp)y — Myq +Nap = Y+ Coq— kyq(2) + K (2) to be a constant, hence czq
must be zero while k,,(z) must be equal, modulo the constant functions, to the function K (z).
Putting together these restrictions, the image of the 1-cocycle F' for the first six vector fields
of b can be described as 1, = 1g = 1zqg = Myp = 0 and 1,y = 17yq = K(z). One easily checks that
the remaining two restrictions are satisfied.

To determine completely the 1-cocycle F', it remains to find its images for the two vector
fields T := 2%p + zyq and Q = xyp + y?>q. For np, three restrictions are needed to reach that
nr = 3zK(z). Indeed, from the pair (p,T’), the cocycle condition forces the following equality
(NT)z — 2Nap — Nyq = ¢, Where cr is a constant. It is not hard to see that nr must be equal
to 3zK(2) + crx + hr(y, z). From the pair (¢,7), we get similarly that nr = 32K (2) + crx +
dry + kr(z). Finally, the restriction for the pair (zp,T) leads to

r(nr)e — T(Nep) — 7 = - 3K (2) + 2 - cr — BvK(2) + crx + dry + kr(2)) € {1}.

Hence the constant dp dies out and kp(x) has to be a constant function. Note that, with these
3 restrictions, nr = 3x(K(z) + cr/3), but, by taking n,, = K(z) + cr/3, one gets the claimed
result. By symmetry on x and y, the exact same arguments lead to ng = 3yK(z). It is then
straightforward to verify that the 1-cocycle F, given by the eight functions

Np = g = Naq = Nyp = 0, Nup = Nyq = K (2), np = 3rK(z2) and  ng = 3yK(z),

satisfies all the other 1-cocycle conditions. Finally, the Lie algebra g associated to this triple
(h, {1}, [F]) is the Lie algebra spanned by

{p,q,2p + K(2),yp, xq,yq + K(2),x°p + zyq + 3zK(2),zyp + y°q + 3yK(2),1},

where K (z) can be any function.

Fortunately the calculations performed for a given Lie algebra h can be repeated for any
other Lie algebra sharing a subset of generators with §h. Note also that some ad hoc lemma’s
were used trough this work to simplify these calculations. For instance.
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Lemma 1. Let i : R? — R3, (2,9) — (z,y,2) denote the inclusion map and suppose that
ho C I'(i.TR?), meaning that the generators of bo depend on the variables = and y only. Let b
be a Lie algebra of vector fields on R given by b = bo @ {r,zr,2%r}. If, for non constant
functions f(x,y) and g(x,y), the vector fields f(x,y)p and g(x,y)q belong to b and if their
associated 1mages Nz yyp And Ng(z.)q depend on x and y only, then

H' (b, F(R?)/{1}) = H'(ho, F(R*)/{1}) & H' ({r, zr, z*r}, F(R)/{1}).

Proof. Denote A := f(z,y)p and B := g(x,y)q. From the cocycle restrictions associated to the
pairs (A, 2'r), where i = 0,1, 2, we obtain

<61F; A, Zir> = A(nzir) - Zi(nA)z - <F§ [A’ Zir]> = f(1:7y)(77zir)x —0- <F7 0>
= f(x7y)(nzl7‘)1 € {1}

Since f(x,y) is not constant, (7,i,), must vanish, hence the functions 7,:, depend on y and z.
In a similar way, from the restrictions associated to the pairs (B, z'r) it is straightforward to
conclude that 7,:, = h’(z). Finally, for any element v in b, the function 7, will depend on x
and y only. Indeed, since 7., depends on z only,

(01F50,21) = v(n2r) — 2(Mw)> — (F [, 27]) = 0 = 2(n0). — (F,0) = —z(nw)» € {1}
Therefore (1,). must be zero, forcing the function 7, to depend on x and y only. |

Note that H!({r, zr, 2?r}, F(R)/{1}) is already well known. The 1-cocycle F associated the
Lie algebra h = {r, zr, 2°r} is determined by three functions and the simplest representative is
given by 0, = 0, 1, = 0 and 7,2, = dz, for any constant d. Thus, one can use this lemma to
simplify some of the computations required in this classification problem. For instance, given b
the type I Lie algebra of vector fields given by case 10 in Table 1, the Lie algebra of differential
operators g built from b is obtained from a direct application of this lemma.

Type I, case 10. The Lie algebra b = Span{p, ¢, zp, yq, zq, yp, 2*p+xyq, ryp+y>q, r, zr, 2°r}
can be decomposed as ho @ {r, 27, 221} where by is the case 1 Lie algebra from the same table. It
was shown in the previous calculations that the functions 7, and 7,4 are zero, hence functions
on z and y only. Thus the case 10 Lie algebra, along with its two vector fields yp and zgq,
satisfies the requirements of the Lemma 1. Therefore, for the vector fields in the algebra by,
the values of the 1-cocycle depend on z and y only, forcing K (z) to be ¢ a constant function. It
is then obvious that the 1-cocycle F' is defined by eleven functions, were the three non-zero are
given by nr = cx, 79 = ¢y and 7,2, = dx, for ¢ and d any constants. The Lie algebra of first
order differential operators g corresponding to this triple is then

g = Span{p, ¢, ¥p, yq, xq, yp, x°p + Yq + cx, vYp + y>q + cy, 7, 27, 2°r + dz, 1}.

It should be pointed here that H*(h, F(M)/{1}) and H'(h, F(M)) can also be determined
alternatively using isomorphisms given in [20] and [21]. For the case that interests us, that is
H'(h, F(M)/{1}), we fix a base point e and denote i the isotropy subalgebra. Provided the
existence of a subalgebra a C h which is complementary to i, one can show, see [20], that

H'(h, F(M)/{1}) = H*(h/1).

This isomorphism leads to an explicit method for constructing 1-cocycle representatives F' in
H(h, F(M)/{1}). We first choose «, a 2-cocycle representative of a class in H2(h/i), and, for
{vl,...;v"} a basis of h, we denote a;; = a(v’,v?). If a = {o} ... ;v™}, i= {v™F .. 0"},
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and cf'j are the structure constants of the Lie algebra b, a 1-cocycle in H!(h, F(M)/{1}) will be
obtained by solving first the following m(m — 1) equations

(f] — v’ (fi) — chfk Qi for 1<i<j<m.

Once a non unique solution fi,..., f;, is obtained, the remaining functions f,,41,..., fn are
determined as the unique solution to the m(n — m) equations

v (f) — v (fi) chfk aij, for 1<i<m, m+1<j<n,

with initial conditions
file)=0 for m+1<i<n.

Note however that this method can not be applied to all the three dimensional Lie algebras
since the existence of the complementary Lie subalgebra is not guaranteed. For instance, the
type III case 17A; can not be treated using the isomorphism. Indeed, for the Lie algebra

b = {p,q,xp + 2r,yq, 2°p + (2z + az)zr, y?q},

and the base point e = (0,0,0), the isotropy algebra i is generated by the last four elements
and the algebra a = {p, ¢} fails to be complementary, due to the absence of the element r in
the Lie algebra. One can easily verify that Z2(h/i) = {1 A as, a1 A as, a2 A ag, s A ag} and
B2(h/i) = {a1 A asz,as A ay}. One can observe at that point that the theorem does not hold,
since the dimension of H2(f/i) is two while the dimension of H'(h, F(M)/{1}) was computed to
be three previously. Moreover applying the technique to the 2-cocycle a = c- a1 Aas+d-as A ag,
one gets a l-cocycle that does not satisfies all the conditions that were not considered in the
technique detailed above.

2.3 Classification of quasi-exactly solvable Lie algebras
of first order differential operators and the quantization condition

The Lie algebras given in Tables 1 and 2 are the candidates for being quasi-exactly solvable
Lie algebras, i.e. we might expect them to admit N a finite dimensional module of smooth
functions A/. In the investigation for these explicit finite dimensional modules, some new re-
strictions are imposed on the 1-cocycles F'. Indeed, as for the quasi-exactly solvable Lie algebras
in lower dimensions, it comes out that a finite dimensional module exists only if the values of
the functions 7, are taken in a certain discrete set. For this reason, this restriction is named
quantization condition. The quasi-exactly solvable Lie algebras and their fixed modules can be
found in Tables 3 and 4 for, respectively, the type I and the selected type III Lie algebras. The
first column use the same classification numbers as in Tables 1 and 2 and a representative for
the non-trivial quantized 1-cocycles is exhibited in the second column. Finally, A/, the finite
dimensional g-modules of functions are described in the last column. Once again the detailed
calculations are repetitive and the essence of the work can be grasped with one or two examples,
together with the following general principles.

1. A finite dimensional module for the trivial Lie algebra g = {p} is defined as an z-translation
module. For instance, any space spanned by a finite set of functions of the form

1=0
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along with all their x derivatives, is an x-translation module. This particular case of
z-translation module is referred as a semi-polynomial x-translation module. The most
general z-translation module is obtained by a direct sum

N:@N)\, N)\:-/\/F)\eA:U’

AEA

where /\//'\A are semi-polynomial z-translation modules and the exponents are taken in
a finite set A, read [9] for more details. Obviously, the y, and the z-translation mod-
ules are defined the exact same way.

. If the Lie algebra g under consideration contains the two differential operators p and xp,

the module N will be an z-translation module and the operator zp will impose extra con-
straints. Firstly, all the exponents A\ need be zero. Otherwis& for an non-zero exponent A,
the degree in x of the generating functions in the module N, would be unbounded, con-
tradicting the finite dimensionality of N'. Moreover, if h = " , g'(y, z)z* belongs to the
module N, the function xh, also needs to belong to that module. Note that both functions
have the same degree in x and are linearly independent if A is not a monomial. Thus, by
an appropriate linear combination of these two functions, one can reduce the number of
summands in h. By iterating this process, each generating function can be reduced to
a monomial in . Thus, h = g(y, )z where g(y, z) belongs to G* a finite set of functions
in y and 2. Since A is a z-translation module, h, = ig(y, z)z°~! is also a function in N
hence g(y, z) needs to be also contained in G*~!. Therefore, the module N decomposes
into the following direct sum

N = @xgky, , 1=0,...,n, k=0,...,1;,

where all the functions g (y,z) belong to G a finite set and where G* C G*~1.

. Likewise, if a Lie algebra g contains the elements p, ¢, xp, and yq, a general finite dimen-

sional g-module for this Lie algebra will be at most
N:@xingli,j(z), i=0,...,n, j=0,...,m, k=0, 05,

where the functions g,i’j (z) belong to GU9) | o finite set of functions of z satisfying G+ C

A simple method to describe these modules is to represent each generating function
2'yig"I(2) by a point (i, ), in the Cartesian plane. If a vertex (4, ) belongs to the dia-
gram, since N is an zy-translation module, the vertices (i — 1,7) and (i,j — 1) must also
sit in the diagram. To complete the description, a finite set G("J) is associated to each of
these vertices, with the same restriction as above. For instance, such module A can be
represented by
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with all the sets G("7) being equal to {z,e*}, with the exception of G31) that contains
only the function z. It is then straightforward to verify that this module is indeed

N = Span{0, z, €%, xz, xe*, yz, ye*, vz, 2e*, xyz, xye®, vz,
2 2z .3 3 .2 .2 2,z 2 2.z ,3 3 2 .3
y € 73;‘ Z?'I‘ € 73;‘ yz7x ye 7$y Z7$y € 7y z7y € 73": yz}7

and that it is a g-module for the Lie algebra g = {p, zp, v, yq}.

4. If the Lie algebra g contains the differential operators p, ¢, p, yq and yp, from the three
previous principles, the generators for a g-module are given by h = zy/g"i(z). After
applying the operator yp on h, the resulting function reads as ix'~ly/T1g%J(2). Thus,
iterating this operator, we conclude that all the functions x'~"y/*7¢%/(z) must belong
to NV, for r < i. Since p and ¢ also belong to the algebra, all the functions xz%¢%/ (y, z)
with @ < i, b < j and a + b < ¢ must belong to /. This condition can be expressed by
the following inclusion G(J) C G—19) 0 Gli—1) 4 GE—L3+D) and observe that the first
set GU—19) can be omitted without affecting the condition. To summarize, the g-module
will be at most

N=Pavg’(z), i=0,...,n, j=0,....m,  k=0,... 1l

where the functions g,ij(z) belong to G(*7) | a finite set of functions with G(»9) C GU—Li+1n
G(Zm]_l) .

Once again it is possible to represent such module by a diagram along with a set of
functions G(49) for each vertex of the diagram. The restrictions for these sets are G3) C
GU=1i+1) 0 GJ=1) and the conditions on the vertices are slightly different from the one
in the previous example. Indeed, if a vertex (i, j), belongs to the diagram, the two vertices
(i—1,7+ 1) and (i,j — 1) must also belong to the diagram. Note again that this implies
that the vertex (i — 1,7) also lies in the diagram. For instance the diagram,

together with twenty appropriate sets of functions G(49) for each vertex, would generate a
g-module for the algebra g = {p, ¢, zp, yq, yp}.

5. Finally, if the elements p, ¢, xp, yq, yp and xq sit in the Lie algebra under consideration,
the module will be at most

N=@@Pa'ygi(),  i+i=0.n, k=00

where the functions gij(z) belong to GUt9), a finite set of functions with GO C GU-1).
Indeed, consider h = x'y/g"J(2), a generator of bi-degree i + j = ¢. Since xq[h] and yp[h]
must also lie in A, all the functions z%y’¢"/(z) with a + b = ¢ will belong to A/. Hence
g e Gab) and, reciprocally, ¢ e G(). Thus for all pairs (a,b) with a +b = ¢,
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the finite sets G(*?) are identical and it is therefore well defined to pose G(@b) = Gla+tb),
Obviously, since N is a zy-translation module, the following inclusions hold G € GU-1).

For these modules, the possible diagrams are more restricted and have necessarily the
shape of a staircase. Also, instead of assigning one set of functions to each vertex, such
a set is coupled to all the vertices having same total degree i+ j. For instance, the module

represented by the diagram
J

+
will be completely determined after fixing six sets of function in z. Note that this choice
must respect the inclusion G (z) € G-V (z), for i =1,...,5.

Table 1. Cohomology for the type I Lie algebras of vector fields, m = {1}.

Note here that b, | and n; are positive integers, a, ¢, d, k and ); are arbitrary constants and

Generators

Cocycles

1 {p,q,%p,yq, xq,yp, z*p + zyq, zyp + y*q} ap + K (2),2*p + zyq + xK (2),
yq + K (2),zyp + y*q + yK (2)
2 {zq,zp—yq,yp, 0
ZY(2)p, ..., 2 (2)p, Z (2)q, ..., Z"(2)q}
3 A{zq,zp —yq,yp, zp + yq, xp+yq + K(2)
ZY2)p, ..., Z2)p, Z (2)q, ..., Z(2)q}
4 {p,q,zp,yq, zq, yp, ’p + zyq, TYp + y?q, 7} 2?p + xyq + cx, zyp + y2q + cy
5  {xq,zp—yq,yp, 2eMp, 2FeMFg, v}, 0
k<n;,l=0,...,b
6 {xq,xp —yq,yp,zp + yq, Tp + yq + cz
2keMEp kel e} k<ng, 1=0,...,b
7 Ap,q.xp,yq, xq, yp, *p + vy, q, xyp + y2q, 7, 21} T?p+ wYq + cx, wyp + y*q +cy
8  {zq,zp—yq,yp,p,2p,...,7'p, 0
4,2q,...,2'q,r,zr + alzp + yq)}
9 {zq,zp — yq,yp,zp + yq.p, zp, . . ., 2'p, 0
q,2q,...,2q,r 2r}, k<mn, 1=0,...,b
10 {p,q,zp,yq, zq, yp, 2?p + xyq + cx, zyp + y*q + cy,
x2p + zYyq, xyp + y2q, r, 27, 22y } 22y +dz
11 {zq,zp — yq,yp,p, 2p, ..., 2'p,q, 2q, ..., 2'q, 22r + az(ap + yq) + cz
2 + $(xp + yq), 2°r + az(ap + yq)}
12 {zq,zp — yq,yp,zp + yq,p, 2p, . .., 2'p, 22r + az(zp 4+ yq) + cz
q.2q, ..., 2'q,r 27, 22r + az(xp+yq)}

ZY(2),...,ZY2) and K(z) functions of z.
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Table 2. Cohomology for some type III Lie algebras of vector fields, m = {1}.

’ Generators Cocycles
4A {p,yq,q,mq,...,xthrr,...,xqur(f)xt’ir,..., 0
x5q + (z)xs_tn xp —tzr,yqg+zr}, 0<t <s
4C  {q,xq,...,2°q,p,yq, xp,x'y""r, 21}, 0
0<b<mn,l<ly+sb
4D {q,2q,...,2°¢,p,yq, xp, 1, 21, 2°1} 22r+cz
5A* {g+mr,zq+ar,...,25¢ + x°r,p, 2%p + szyq + s+ cx
rp,yq + zr, xzp + sxyq + sxzr}
5C  A{q,zq,...,2°¢,p,yq, xp, 2’p + swyq + (lo + si)zer,  x°p + sxyq + (lo + si)r + cx
oy b 2r}, 0<b <R, 1 <ly+ sb
5D {q,2q,...,2%¢,p,yq, xp, v + sxyq,r, zr, 2°r} 22p + szyq + cx, 2°r + dz
7C {p,2xp+yq, 2’p+ayq,aty"r2r}, 0< 1< n z*p + xyq + cy?
17A1  {p,q,zp+ 2r,yq, 2°p + (22 + az)zr,y?q} 2%p + (22 + az)zr + bx + cz,
y>q + dy
17A2  {p,q,xp + azr,yq + zr, xzp + 2axzr, y2q + 2yzr} xzp + 2axzr + cx,
y2q + 2yzr + dy
17C {p,q,zp,yq,2p + lozzr, y?q + poyzr, z'yPr}, z’p + lozzr + cx,
1 <1y, b<bo y?q + boyzr + dy
17D {p,ap,2%p,q,yp, y>q, 7, 2r, 2%} ©’p + ax, y*q + ey, 2°r + dz

Note here that b, by, [, lg, 7, s and ¢ are positive integers, a, ¢ and d are arbitrary constants. Remark
that Amaldi’s Lie algebra 5A is not a Lie algebra. Indeed, for the space spanned by {q,zq,..

r

s, a4 (ttl) 2ir,. . x%q+ (i)xs’tr,p, yp, xp — tzr, yq+ zr, v2p + sxyq + (s — 2t)xzr, 2ty

l,n—b

Latg+
r,2r} to

be a Lie algebra, the parameter ¢ needs to be zero. We then get the Lie algebra 5A* given in the table.

This set of principles is of great help in the determination of the possible g-modules N for
each Lie algebras of first order differential operators g described in Tables 1 and 2. Depending
on the elements contained in the Lie algebra studied, we started our search of g-module based
on the general module given in this guideline. Once again, the computations are tedious and it
would not be relevant to detail each of them. We will concentrate on the same Lie algebras as
in the previous step of this classification problem, that is the type I Lie algebras cases 1 and 10.

Type I, case 1. Since the Lie algebra contains the differential operators p, ¢, xp, and yp,
from the principle (3), the most general module N will be spanned by functions of the form h =
z'yI g™ (2), where g7 (z) belongs to G(»9). We now consider the operator T = z?p+zyq+3zK (2)
in the algebra g and its action on h = z"y*g™*(z) a generator of N/ with maximal exponent
in . Thus

T[h] = na"tytg™(2) + az™ Ty g™ (2) + 3K (2)z" Ty g™ (2)
=(Mn+a+ 3K(z))x"+1yag"’a(z).

Since the exponent in x was taken to be maximal, this imposes that K (z) is indeed a constant K
equal to _RTM' Symmetrically, by considering Q = zyp + y?q + 3yK(z) and h = xby™gb™(2),
a function with maximal exponent in y, the following equality holds K = —bJrTm. For this to
be possible, we necessarily have n + a = b + m. Consequently, the differential operators xq
and yp belong to the Lie algebra g and the module N is given by the principle (5). Also note
that the operators xp and yq force both @ and b to be zero. Otherwise "1y~ 1g™%(2) and

ot~ hymFlgbm () would be in N, contradicting the maximality of n and m. Thus 3K (z) = —n
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Table 3. Type I quasi-exactly solvable Lie algebras of differential operators and their fixed modules.

Quantization condition Fixed module ‘

1 2®p+ayg—nz, ayp+y?q—ny  {z'yg(z)| i+ j <n, g(z) € G},
for GO finite with GO c G¢-1)

2 0 {2iyig(2)| i+j <n, g(z) € G},
for GO finite with Z:G® C G-V
3.0 {ziyg(2)| i +j < n, g(z) € G},

for GO finite, and Z:GW C Z:GU-1

4 2Pptayg—nz, ayp+y’g—ny {a'y 2PN i <n, k <my, 1=0,...,p}
5 0 {aiyizkeNE| i+ j < n, 2keN® € GETDY,
for GO a finite z-translation module,
and Z'GW Cc GU-Y for Zt = ZkeMzp
6 0 {xiylzkeM?| i+ <n, k<m;, 1=0,...,p},
for G a finite z-translation module,
and Z'GW C GU-D for Zt = ZFeM#p

7 2p+ayq—nx, wyp+yPg—ny  {z'y?2F i+ <nk<m}

8 0 {2iyd2F| i+ <n, (i +j)+k <m}
9 0 {oiyd2F| i+ <n, I(i+j)+k <m}
10 @®p+ayq—nx, ayp+yq—ny, {a'yzMit+j<nk<m}

2°r —mz
11 2% +az(zp +yq) — mz {2iyi2F i+ j <n,a(i+j)+k <m}
12 2%r 4+ az(zp +yq) — mz {2iyi2*| i+ <n,ai+j)+k<m}

Note here that m and n are positive integers.

Table 4. Some of the type III quasi-exactly solvable Lie algebras of differential operators and their fixed

modules.
Quantization condition Fixed module

4A 0 {2ty 2F i+ 55+ (s — )k <n,j <my, k <m.}

4C 0 {2ty 2F] i+ 55+ (Io + sn)k < n,k <b,j < by}
with by_1 > b +n

4D 22r —mz {2y ¥ i+sj <nk <m}

5A*  2%p 4+ sxyq + sr— nx {aiyi 2% i+ s(j+ k) <n,j <my,k<m,}

5C 2%p + sxyq + (lo + si)zzr —nx {xiyd2*| i+ 55 + (I + sn)k <n,k < b,j < b}
with by_1 > bx + 7

5D z%p + szyq — nx, 22 —mz {xiyiz*| i +sj <n,k <m}

7C 0 0

17A7  2%p+ (22 4 az)zr — mux, y2q — myy {@'y?| i <my,j <my}

17Ay  22p+ 2axzr — mgx, y2q + 2yzr —myy {2y 28] i + 2ak < my,j+ 2k <my,k <m,}

17C  22p+lozzr — mex, y2q + boyer —myy  {2'y7 28| i+ lok < my, j+ bok < my, k < m.}

17D 22%p — mux, y3q — myy, 22 —m.z {ziyl 2k | i <my,j < my, k< m,}

Note here that m, n, mg, m, and m, are positive integers.
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and the module
N = {2'y g™ (2) | i+j <n, ¢ (z) e GIFI}, where GO c gU—V (8)

is fixed by all the differential operators in g. Therefore it is possible conclude that the Lie
algebra

g = Span{p, ¢, Tp, yq, xq, yp, v°p + TYq — nT,TYpP + Y>q — Ny, 1},

is quasi-exactly solvable with respect to the finite dimensional g-module .

Type I, case 10. Since the case 10 Lie algebra contains the case 1 Lie algebra, its module N/
will be at most the module given in (8). Observe first that the constant ¢ in the case 10 Lie
algebra has to be the negative integer —n. Furthermore, the operator r imposes A to be a z-
translation module and the operator zr forces G to be generated by monomials. Then, for 2™
a monomial of maximal degree in G, the function h = 2'y!~2™ belongs to N. Since z2r + dz
belongs to the Lie algebra,

Z2T' + dz[h] — mxi lfiZerl 4 dwiylfiszrl — [m + d]xiylfiszrl,

should belong to the g-module A. Thus, from the maximality of the degree in z, the constant d
has to be the negative integer —m. Since the argument must hold for every set G(), they will all
share the same monomial of maximal degree m. We can therefore conclude that the Lie algebra

g = Span{p, ¢, ¥p, yq, xq, yp, v°p + vYq — nx,xYpP + Y2q — Ny, 1, 21, 2°r — M2, 1},

is quasi-exactly solvable with respect to the module
N = {2ty | i+ <nk<m}.

To summarize, a partial classification of quasi-exactly solvable Lie algebras of first order
differential operators was accomplished in this section and the description of these Lie algebras g,
along with their g-modules, can be found in Tables 1-4. In principle, it would be possible to
achieve a complete classification using similar arguments. However this gigantic work would
require a colossal amount of time. Nevertheless this partial classification is a good starting
point for seeking new quasi-exactly solvable Schrodinger operators in three dimensions. In that
scope, the next section is devoted to the description of few new quasi-exactly solvable Schrodinger
operators.

3 New quasi-exactly solvable Schrodinger operators
in three dimensions

Recall that in the general classification problem, once the quasi-exactly solvable Lie algebras of
differential operators g are determined, the next step is to construct second order differential
operators H that are locally equivalent to Schrodinger operators. Given g, one of the Lie algebras
of first order differential operators obtained in the previous section, we obtain a second order
differential operator H by letting

H=> CuaTT'+> C.T"+Cy, where T¢ € g, (9)
a,b=1 a=1

as illustrated previously. Then, one has to choose the coefficients Cy, Cy, Cp in such a way
that the closure conditions dw = 0 are satisfied. Given T = £*0; + n®, the closure conditions
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are the Frobenius compatibility conditions for the overdetermined system

N "L i 0a Ogh
2 : ai 2 : b b _
5 Cab (§ J axj + 81}7 ) - 277 - Ca - 07

a,b=1 J=1

where o = A\ + % In(g) and p = e is the gauge factor. Finally, we need to bear in mind that the
last step in the classification is to verify that the operators are normalizable, i.e. the functions
in N/ , the module obtained after the gauge transformation, need to be square integrable. These
operators will therefore have the property that part of their spectrum can be explicitly computed.

We have now in hand a large variety of generating quasi-exactly solvable Lie algebras g.
The door is therefore wide open to the construction of numerous new quasi-exactly solvable
Schrédinger operators in three dimensions. However the Schrodinger operators described in this
paper are built only from two of these new quasi-exactly solvable Lie algebras: the type III
cases 17D and case b5A*. The reader can therefore see that many more examples can be
constructed using this method together with the results of the previous section.

3.1 Type III, case 17D, (sl(2) X sl(2) X sl(2))

The first two families of normalizable quasi-exactly solvable Schrédinger operators displayed in
this section are similar to the operator given in the example (1). However, these two examples
are more general. Indeed, for these two operators, the type III case 17D quasi-exactly solvable
Lie algebra g is spanned by the first order differential operators

2 2 2
b, zp, TP — Mg, q, yq, yq-— myyu T, <T, ST —mzz,

where m,, m, and m_ are non negative integers and the module wamymz is generated by the
(mg 4+ 1)(my + 1)(m. + 1) monomials

a:iyjzk where 0<i<m,, j<m, and k<m..

3.1.1 First example

The first family of operators is constructed with the following choice of coefficients

A0 1 0O O 0 0 0 1
o B 0O 0 0 0 010
1 0 ¢ 0 0O 0 1 0 O
0 0 024 0 0 0 0 O
Cuh=]1 0 0 0 0 2B 0 0 0 0 [,
0 0o 0o 0 0 2¢ 0 0 0
0o o1 0 0 0 A 0 1
o1 0 0 O O 0 B 0
10 0 0 O 0O 1 0 C

C.=10,0,0,—2Am,, —2Bm,, —2Cm., 0,0, 0] and Co = —Amy — Bmy — Cm,.

From the order two terms of these second order differential operators, the induced contravariant
metric ¢(¥) is obtained and reads as

A(z? +1)? 0 (22 +1)(22+1)
0 By*+2(B+1)> + B 0 . (10)
(22 +1)(22+1) 0 C(z%+1)
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The determinant of the matrix is § = (1 — AC)(2% +1)*(By*+2(B+1)y* + B)(2? +1)? and one
easily verifies, for A, B and C positive and AB > 1, that the matrix is positive definite on R3.
The operator can therefore be written as

—2H=A+V+U,
where A is the Laplace-Beltrami operator related to the metric (10) and where
V = —2(2% + 1)(Amgz + m.z)p — 2my(By® + By + y)q — 2(2* + 1)(Cm.z + max)r.

From a direct computation, the closure conditions are verified and the gauge factor required to
gauge transform H into a Schrodinger operator Hy is given by

p=(>+1) 2 Byt + 2B+ 1)y + B) 1 (22 +1) 2"
Once the transformation is performed, the equivalent operator reads as
—2Ho=A+U,

where the potential of the Schrodinger operator —% is given by a rational function in y.

Note that the same three factors arise in both p and g. This will simplify our computations
while testing the square integrability of the functions in N. Indeed, a function in N is given by
h = pa'y? 2F where the exponents 7, j and k are smaller or equal to m, m, and m respectively.
Our aim is to show that the triple integral

///]R3 (pa'y? 22 Jgdzdydz

is finite. Obviously, it is sufficient to show the convergence of this integral for the monomials
of maximal exponent. We can therefore focus on

x2mz y2my ZZmZ
/// T dxdydz.
B3 (22 + 1)met1(Byt + 2(B + 1)y2 + B) 2 T2(22 4 1)m=+1

Using Fubini’s theorem, this triple integral can be factored into the product of three integrals

o) x?mm o) yZmy
/ Ty 1Nmai 1 dSC, / my | 1 d?/, and
—oo (@ H 1) —oo (Byt+2(B+1)y2 +B) =2 t2

[e’) 2m
z
/ SR dz,
oo (2 1yt

each of which is easily shown to be convergent. We therefore have in hand a normalizable
quasi-exactly solvable Schrodinger operator and it is feasible to determine explicitly part of its
spectrum.

For instance, if we fix m; = 0, my = 2 and m, = 1, few manipulations lead to the six
eigenfunctions of the operator H restricted to N. Indeed, with this choice of parameters, the
g-module is

N = {1,y,9% 2,92, vz},

and the transformation matrix to be diagonalized reads as

-2 0 2 B 0 0
0 —-4-2B 0 0 0 0
2B 0 -2 0 0 0
0 0 0 -2 0 2B
0 0 0 0 —-4-2B 0
0 0 0 2B 0 -2
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Once the diagonalization is performed, three different eigenvalues A\; = —4—2B, Ay = —2—-2B,
and A3 = —2 4 2B are obtained, each of them having multiplicity two. The six eigenfunctions
are respectively

Y11 =Y, Y12 =Yz, Yo1 =141, Yoo = —1+ 12
P31 =—2+y’2 P30 =2+ y’2.

Consequently, we obtain three multiplicity two eigenvalues of the Schrodinger operator Ho:
A =1—B, =1+ B and A3 =2+ B, and the six scaled eigenfunctions are
Ura=py, e =pyz, en=p(l+yP),  van=p(—1+y7),
P31 = p(—2+y%2), P32 = p(z +y°2).
As mentioned previously, the metric (10) is positive definite on R3, hence Riemannian, and

one can compute that the Riemann curvature tensor is zero everywhere. The change of variables
that leads to a Cartesian coordinate system is given by

y—/ L
) /By +2B+ )2+ B’

X = arctanz, Z = arctan z,

where we have some flexibility on B to adjust the roots of the elliptic integral. Note that this
operator is a good illustration of the modified Turbiner’s conjecture in three dimensions proved
in [6]. Indeed, the generating Lie algebra g is imprimitive and the leaves of the foliation are
surfaces, the Riemann curvature tensor is zero and, as expected, the potential is separable since
it depends on only one variable.

3.1.2 Second example

With the same representation of Lie algebra by first order differential operators but a different
choice of coefficients, one constructs another family of second order differential operators H.
Indeed, with

A 0 1 O 0 0 0 O A

0 D 0 0 0 0 0 g 0

1 0 B 0 0 0 1 0 0

0 0 0 24 0 0 0 O 0
Cw=|0 0 0 0 gD+C 0 0 0 0 |,

0O 0 0 O 0 2B 0 0 0

0O 0 1 0 0 0 A 0 A

0 8 0 0 0 0 0 BC 0

A 0 0 O 0 0 A 0 MB
C.=10,0,0, —2Amg,, —3D(1 + 2my) + C, —2ABm, 0,0, 0] and

Co = —Am; — Bmy — Cm,

a family of operators H is obtained and one easily verifies that all these operators are equivalent
to Schrodinger operators Hg. Note that this family of operators is slightly more general than the
family obtained in the first example. However, some of the details are lengthy and are omitted
for brevity sake. The induced contravariant metric ¢(%) is given by:

A(x? 4+ 1)? 0 (22 +1)(A\22 +1)
0 BCy* +y*(26+ 8D +C) + D 0 ; (11)
(22 +1)(N22 +1) 0 B(A\2? + 2))
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and it is positive definite on R?® provided A, B, C, D and 3 are positive and AB > 1. Its
determinant is § = (AB —1)(2? +1)2(8Cy* +28y> + BDy? + y?>C + D)(Az? +1)?, and the gauge
factor required is the product of three functions in x, y and z respectively. After the gauge
transformation the new potential is again a rational function involving only the y variable and
the Riemann curvature tensor is null again. The following change of variables leads to Cartesian
coordinates

1
Y = / dy,
VBCOYL + 28y% + 26Dy? + y2c + D

X = arctanz,

arctan ﬁz
\/X 9

where we have some flexibility on 8, C' and D to adjust the roots of the elliptic integral Y.

However, we do not know if these operators are all normalizable. But, if we fix C = 8D, the
gauge transformation simplifies and becomes, once again, very similar to the determinant of the
metric (11). Indeed

p= (22 + 1) (B2Dyt + 2621+ D)+ D)~ 1 (A2 + 1) F

and one verifies, the exact same way as in the previous example, that the functions in N are
square integrable. Therefore, for any choice of integers m,, m,, and m., one would obtain
(mg +1)(my + 1)(m; + 1) eigenfunctions in the spectrum of the Schrodinger operator Hy.

For instance, if we fix A = 1, 8 = 5 and the three parameters mg, m, and m, to be 1, one
gets two eigenvalues, —3 and —7 of multiplicity four, and the following eight eigenfunctions

Yor1 = p(—=1+2x2), Y790 = puly — vyz),
Yy + yz), ¢—7,4 == /J,(.’B + Z),
Y+ Tyz), Y39 = p(—x+ 2),

—_~

VY33 = p(—zy +yz), Y34 =p(l+zz).

Note that the nodal surfaces can described easily in this coordinate system. Indeed, since pu
is always positive, the nodal surfaces are simply the zero loci of polynomials. For these eight
eigenfunctions, the surfaces are given by the zeros of degree two factorizable polynomials and
one easily gets the following pictures.

—X+Z
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14+xz 1-xz

Xy+yz

—y+Xxyz Y+XyZ

3.2 Type III, case 5A*, sl(2) x Cs*+!

For the last example, we consider the type III case 5A* quasi-exactly solvable Lie algebra and
we fix the parameter s to be one. This Lie algebra g is therefore spanned by the following six
first order differential operators

p, q+mrxq+ar, xp, yq+zr, and $2p + zyq + x2r — N,
and from the Table 4, the g-module of function is given by

N = {a'y?2¥ i+ j+k <n,j<myk<m.}
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where n, m, and m, are non-negative integers. A family of Schrédinger operators on R3\{z = y}
is obtained from the following choice of coefficients,

[N ool oNolhN
coco Qo o
co oo oo

0
B
0
0
0
0
0

+ ocoococooco o
% ocogJgoococo

C.=10,0,C,0,-2(1 0], and  Cop= (1+m)’D,

where the parameters A, B, C, and D are positive. The induced contravariant metric is given
by

) Cx?+ A 0 0
g(”) = 0 Dy>’+B Dyz+B |, (12)
0 Dyz+B Dz*+B

its determinant is g = BD(C2? + A)(y — 2)? and the metric is positive definite on R3\{z = y}.
Before performing the gauge transformation the operator reads as
—2H = A+ (2Cx — Cmx)p + (—Dy — 2Dmy)q + (—Dz — 2Dmz)r
—1/2Cm + 1/4Cm* 4 (1 +m)?D,

and one easily verifies that the operator respects the closure condition. The gauge factor required
to obtain a Schrodinger operator is

—2m—3

—(C?+A) Ty —2) 5,

and once again, contains the same factors as the determinant of the covariant metric. Finally,
after the gauge transformation, the Schrodinger operator reads as,

—2H, :A+U,

where U depends on the three variables. Although, it is not known if the functions in N are
square integrable on the domain R3\{x = y}.

Note that for this example, the scalar curvature is constant and depends on the parameter D
while the Riemann curvature tensor is equal to

-1

However, the potential does not seem to be separable.
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