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Concepts of supersymmetry and parasupersymmetry known for the one-dimensional statio-
nary Schrodinger equation are generalized to the time-dependent equation. Our approach is
based on differential transformation operators for the non-stationary Schrédinger equation
called Darboux transformation operators and on chains of such operators. As an illustration
new exactly solvable time-dependent potentials are derived.

1 Introduction

Supersymmetry has been introduced in quantum mechanics by Nicolai [1] and later by Witten [2].
It was realized afterwards that this approach is really a particular case of transformation ope-
rators method well known in mathematics (see e.g. [3]) when it is applied to the stationary
Schrodinger equation and when the transformation operator has a differential form [4]. In
particular, when the transformation operator is a first order differential operator this approach
is equivalent to the one studied by Darboux in 1882 [5]. When the same method is applied to
the transformed equation one gets a chain of transformations. We shall see further that the
algebraic structure underlying such a chain is parasupersymmetry.

In this lecture I am planning to show how this approach may be generalized to the time-
dependent case, i.e. to the time-dependent Schrodinger equation. This generalization is straight-
forward. Therefore I will develop the time-dependent constructions in parallel lines with the
time-independent ones. The left-hand lines of the most formulae will be devoted to the stationary
(known) results and the right-hand lines will show their time-dependent generalization.

2 Time-dependent Darboux transformations
and time-dependent supersymmetry

The main idea of the transformation operators method is so called intertwining relation (see
e.g. [4]). Let us suppose that one knows the solutions of the Schrédinger equation (stationary
or non-stationary)

hove = EvYg, (i0¢ — ho)y = 0, (1)
ho = =02 + Vo (x), x € [a,b).

For the stationary case they are supposed to be known for all real and if necessary complex
values of the parameter F.
To solve another Schrédinger equation

her = Evg, (i0y — h1)p =0, (2)
hi = —85 + Vi(x), x € [a, b
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one may introduce so called transformation operator which I will denote by L. The defining
relation for this operator is the intertwining relation

Lho=hL,  L(id; — ho) = (i, — h1)L. (3)

Therefore it is also called intertwiner. It is clear from (3) that ¢ = L1 is a solution to (2)
provided % is a solution to (1). The equation (1) is called the initial equation, the Hamilto-
nian hg is the initial Hamiltonian and the potential V} is the initial potential. The equation (2),
Hamiltonian hy and the potential V; are transformed entities.

In the simplest case one can try to find the operator L as a first order differential operator

L:LO(m)+L1(x)6$> L:Lo(.%,t)—i-Ll(.%,t)ax.

Note that for the time-dependent case I do not include to L the derivative with respect to time.
If it would be included to it, L should become a second order operator since it follows from (1)
that i0; = —02+Vj but we want to have the operator L only as a first order differential operator.

If one introduces the potential difference A = h; — hg = Vi(x) — V(x) then the intertwining
relation reduces to the system of differential equations for A and for the coefficients of the
operator L. Note that this system can be integrated both in stationary and in non-stationary
cases. | give here only the final result

Lo %@ s <—% - &C) . (4)

Here u is a solution to the initial equation
hou(z) = au(x), (10y — ho)u(z,t) = 0.

The main difference between time-dependent and time-independent cases is that for the time-
independent case the coefficient L is an arbitrary constant which always may be put equal to
equal to 1, but for the time-dependent case it is an arbitrary function of time.

The potential difference depends on the function u but for the time-dependent case it depends
also on the function L(t). For the time-independent case the function u can always be chosen
real for all real values of the parameter E whereas for the time-dependent case this function
takes essentially complex values. Our main idea for the time-dependent case is to dispose of
the arbitrary function L;(t) for satisfying the reality condition for the potential difference. As
it happens this is possible only if the function u is subject to an additional condition which we
call the reality condition of the new potential or simply the reality condition

log u/1],,,, = 0.

The bar means the complex conjugation. Under this condition the function Lj(t) becomes real
Li(t) = exp [Z/dt Im (log u)m} (5)

and for the potential difference one gets

A(x) = — [logu2(:z)]m, Az, t) = — [log \u(w,t)|2]m_ (6)

We see from (4), (5), (6) that the potential difference and the transformation operator are
defined only by the function u. Therefore we call it the transformation function. As it follows
from (6) a sole condition which should be imposed on w is the absence of zeros for x belonging to
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the interval (a,b) where the initial Schrodinger equation is solved. No boundary or asymptotic
condition should be imposed on it.

Note, that when the potential Vj is independent of time, one can take u(z,t) in the form

u(z,t) = u(z)e ",

In this case the reality condition is satisfied and the function L; = const. The time-dependent
transformation reduces just to the known time-independent one.

Once one knows the operator L one can introduce so called Laplace adjoint to it which is
defined by the formal relations

(cdy)t = —¢d,, ceC, (AB)t =B*4*
Then

and
(i0y — ho)™ = i0; — ho.

The conjugation of the intertwining relations gives us corresponding relations for L™
hoL™ = LT hy, (10 — ho) L™ = LT (i0; — hy).

These relations mean that the operator L™ realizes the transformation in the inverse direction,
i.e. from the solutions of the transformed equation to the solutions of the initial one. It is clear
now that the superposition L™ L transforms solutions of the initial equation into solutions of the
same equation and hence this is a symmetry operator for the initial Schrédinger equation. By
the same reason the operator LL™ is a symmetry operator for the transformed equation. For
the stationary case there exists only one second order differential symmetry operator, this is the
Hamiltonian (may be displaced by a constant). For the non-stationary case the Hamiltonian in
general is not an integral of motion. So, our transformation is possible only for such systems
which have symmetry operators either of the second order in 0, or of the first order in 9, and 9.
In other words

LYL =hy —a, LTL =gy -« (7)
and
LL" = hy — a, LLT =g —a. (8)

We denote by gg and g; corresponding symmetry operators for the nonstationary Schrédinger
equation. These relations may be treated as factorizations of the operators gy (ho) and g1 (h1).

It follows from (7) and (8) that for the non-stationary case the following intertwining relations
take place

Lgo=aqL,  glL"=L"g. 9)

Moreover, when a Hilbert space is introduced and formally adjoint operator coincides with
the adjoint with respect to an inner product, the operators L™L and LL" are nonnegative.
Hence, the symmetry operators go (ho) and g1 (h1) are bounded from below. Furthermore, by
constructions one has Lu = 0. It follows from here and (7) that gou = au.
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The intertwining relations and factorization properties may be rewritten in another form.
Let us introduce the following matrices

[ he O (g O
(5 0) ee(30)
. (0 L* (00
o=(0 %) e=(17)

It is easy to see now that the factorization property may be rewritten in the form
Q"9+ Q90" =H — oI, Q"0+ Q9" =G — oI,

where 7 is the unity 2 x 2 matrix, and the intertwining relations result in
QH —HQ =0, QG -G =0.

We see from here that the operators H, Q, Q" or G, Q, Q" form a simplest superalgebra. In
the time-dependent case the operators G, ), @t depend on time. Therefore we have a time-
dependent superalgebra.

The operators L and L™ have non-trivial kernels. Nevertheless if one introduces the space
of the solutions of the initial equation, Ty, and the space of the solutions of the transformed
equation, 717, one can establish a one-to one correspondence between these spaces. Let us
decompose the spaces Tp 1 into a direct sums

Toa=To,®Ty,, Ty =kerLYL, T =kerLL™.

The spaces Tol’1 are two-dimensional. It is clear by constructions that u € Tol. The equation
LTL = 0 except for u has another solution linearly independent with v which has the form

i =uly? d—f .

uy

It is easy to show that the function v = La = 1/(Lju) is such that L*v = 0. This means
that v € ker LLT. Another solution of the equation LLT = 0 linearly independent with v has
the form @ = vL;? [1/(v0)dz and LT = u. Once we know the basis functions u,% € Tg
and v, € T} we can define a linear one-to-one correspondence between TO1 and T} by defining
the correspondence between the bases: u «— ¥ and @ «— v. The equations LTLy = 0
and LLT¢ = 0 has no solutions when solving on T(? and T 01 respectively. These operators are
hence invertible on these spaces. This means that they establish the one-to-one correspondence
between T, 8 and Tol. So, we have established the one-to one correspondence between Ty and 7.

This correspondence is very useful for finding all square integrable solutions of the transformed
equation. It is easy to see that the function ¢ = L is square integrable provided so is ¢ € T(())
and when 1) is not square integrable ¢ is not either. Hence, to find all square integrable solutions
of the transformed equation it remains to analyze the functions v and 7.

As I have mentioned, u should be a nodeless solution of the initial Schrédinger equation and
the operator gg is bounded from below. Let Ey be its lower bound. Then, according to the
oscillator theorem uw may be nodeless only if o < Ey. When gg has a discrete spectrum, Fy may
be associated with the ground state level. If we take o = Ey then neither v nor ¥ are square
integrable and this level will be absent in the spectrum of g;. All other levels of gg are unchanged
in the course of the Darboux transformation. When a < Ej there are two possibilities. The
first one corresponds to the case when the function v = 1/(Lju) is square integrable. In this
case the operator g; has an additional discrete spectrum level with respect to gg. In the second
case neither v nor ¢ are square integrable and g; has exactly the same spectrum as gg, i.e. they
are strictly isospectral.
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3 Chains of transformations and parasupersymmetry

Once we know the potential V7 we can take it as Vj and realize the Darboux transformation
once again, etc. In such a way we obtain a chain of exactly solvable symmetry operators

ho —h1 — - — hn, go — g1 — -+ —gN (10)
and a chain of first order transformation operators
Loy —Lip — -+ — Ly_nN.

If one is not interested in the intermediate operators, one can expunge all the intermediate
transformation functions from the final result and express it only in terms of solutions of the
initial equation. Moreover, in this case one does not have to impose the reality condition on the
intermediate potentials. This leads to the following formulae for solutions of the transformed
equation

ul U2 .. /(/}

SOZLON(t)W(Ulvu?""’uN) 1 ’ (11)
N N N
£

Here gour = apug. For the stationary case Loy (t) = 1 and this formula reduces to the known
Krum—Krein formula [6, 7]. The formula (11) defines an N-order transformation operator ¢ =
LontY, Lon = LN—1NLn—2n—1---Lo,1. This operator is an intertwiner for the symmetry
operators go and gy. The operators Lo v and its adjoint L({ ~ factorize now a polynomial of the
operators gg and gy

N N

LiyLon = [[ (ho =), L{yLon = H 9o — ), (12)
k=1 k=1
N N

LonLyy =[] (hv —aw),  LonLiy = H (gn — o). (13)
k=1 k=1

Let us consider a chain in which all elements are good. Such chains are known as completely
reducible ones. For this chain one can consider nth order transformation operators

Ly pin = Lptn—1,ptnLlptn—2pn—1- - Lppt1, n<N

and their adjoint. They factorize polynomials of the symmetry operators g, and gpn

n n

L;p—&-nL pn = H (9p — p+), Lp,p+nL;,p+n = H (Gp+n — Optk)

k=1 k=1

and they are intertwiners for g, and g,1, and for the Schrédinger equations with the Hamilto-
nians hy, and hyq,.
Let us introduce now the diagonal matrix operators

H = diag (ho, h1, ..., hN), G = diag (g0, 91,---,9N)

and nilpotent supercharges

+ _ 7+
Qp,q = Lypq€pq; Opg = Lp,qe%p’
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where e, 4 is (N + 1) x (N + 1) matrix with a single non-zero entry which is equal to one and
stands at the intersection of pth column and gth row.

Instead of the chain of the Schrédinger equations one can write now the single equation
(supersymmetric Schrédinger equation)

(120, — M)W (z,t) = 0.

Intertwining relations between transformation operators and ¢9; — h,, are equivalent to the com-
mutation of the supercharges Q,, with ¢Z9; — H. This means that all Q,, are integrals of
motion for the system with the superhamiltonian . The condition of the complete reducibility
leads to the following non-linear algebra

QspQpg = s, N+1>qg>p>s,
n
Q;ern Qpprn+m = H(go = Opti) Qptnptntm: ptn+m< N+1,
i=1
n
prnfm,pQ;,;n,p = H(go - Oéerz'fl)prnfm,pfm p—n—m=>0, p<N+1,
i=1
n
Qp,p+nQ;p+nQp,p+n = H(go - ap—i—i)Qp,p—‘rnv p+n<N+1, nm=12,...
i=1

Similar non-linear algebras are known for the stationary Schrodinger equation as parasuperal-
gebras (see e.g. [8, 9]). The operators involved in this algebra depend on time. Hence one has
here a time-dependent parasuperalgebra.

4 Time-dependent exactly solvable potentials

4.1 Harmonic oscillator with a time varying frequency

Consider first a time-dependent generalization of the harmonic oscillator
ho = —02 + w?(t)2*. (14)

Some solutions of the Schrédinger equation with such a Hamiltonian are well-known but we
will need other solutions for using as transformation functions. To get them we will use the
method of separation of the variables in its general formulation as R-separation of variables
well-described in the book by Miller [10]. This method is based on classification of orbits in
adjoint representation of a symmetry group for a given equation.

Symmetry algebra of the Schrodinger equation with the Hamiltonian (14) is the well-known
Schrodinger algebra. Consider first representation of this algebra suitable for our purpose.

Operators a = €d, — Léx, at = €0, + Léx, aa™ — aTa = 7, where € = €() is a solution of
a classical equation of motion for the Harmonic oscillator with a time-varying frequency €(t) +
4w?(t)e(t) = 0 are creation and annihilation operators and together with the identity operator
close the Heisenberg—Weil algebra. All operators of the Schrodinger algebra are constructed in

terms of a and at

Ki=a—a", K 1 =—ila+at), Koy =1,
K o= —ila+a™)? Ky = —i(a—a™)?, K= —-2[a® - (a%)?].
Symmetry operators are classified by the orbits of adjoint representation of the symmetry

group. It is well-known that in the case under consideration there exist five different orbits. We
shall consider every orbit successively.
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Two orbits with representatives J; = K; and J; = Ks give the same solution of the
Schrédinger equation

(15)

e axy A%
8y 4~y 64~ |’

=7 exp [— +
]

2y =€+é, 210 = € — €, éE—ee;:i.

Using the function (15) we construct the transformation function

12 Az ir*y i
4y 64 |’

Li(t) =y = (e +9)/2,

which gives us the following potential
2042 A2
Vi = w?(t)x” — 32—72(308}1 &

When w = 0 it reduces to the well-known one soliton potential. Therefore it may be considered
as a non-stationary generalization of the one soliton potential. The Fig. 1 shows the behavior
of this potential for w = 1/2 (stationary case) and v = 3 cost. At the bottom of the harmonic
oscillator parabola one can see an additional minimum of the varying depth.

,
) - 1=0
6 4 =2 ) i
1=n/2-0,18

1=m/2-0,009

—-15

Figure 1. Potential with a time-dependent anharmonic member.

Using the same function (15) one can construct the transformation function of a more general
form

5 . 2. . 6
u:uA—l—uj\:'y_l/Qcosh <g+w/%> exp [z:c 7—%—1—2'(1/2—;3)— ,

A=—p—iv,  Li(t)=v

which gives the following potential

2
Vi =W (t)2? — 3;—72 cosh™2 (g + MV%) . (16)
When w = 0 this potential reduces to the known non-stationary soliton potential which gives
rise to a one soliton solution to the Kadomtsev-Petviashili (two-dimensional KdV) nonlinear
equation. The next figure shows the plot of this potential at different time-moments. Here an
additional minimum of a varying depth oscillates between the parabola walls.

The next orbit is presented by the operator Jo, = Ky — K. Corresponding solution of the
Schrodinger equation has the form

. R B g (T
=20 1/2exp<zx24—5—mﬁ+zﬁ+z)\g Q2712 5 952 —22/3) ),
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Figure 2. Potential with a time-dependent anharmonic member at different time moments.

where v = e+¢€, i = e—¢, and Q(z) is the Airy function satisfying the equation Q..(z) = zQ(z).
Exactly solvable potential is expressed in this case in terms of the Airy function. To obtain a real
and regular on the whole real line potential one can realize a second order transformation with
the mutually conjugated transformation functions uy and uy. For w = 0 the plot of one of these
potentials is shown by the Fig. 3.

The fourth orbit has the representative J3 = K5 — K_5 and creates the following solution of
the Schrodinger equation

o (VY e (Y o (- —
Y= (E> e><p<187 Q 25 ) Y = €€,

where Q(2) is the parabolic cylinder function satisfying the equation Q.. (z) — (22/4 4+ X) Q(z) =
0. At A = —n — 1/2 one gets the discrete basis functions of corresponding Hilbert space

n/2+1/4 o
exp 20y — 1 z? ) He,, L ,
167y 2,7

where He,(z) = 27"/?H,(z//2) are Hermite polynomials.
The same functions with A = n + 1/2 are suitable for the Darboux transformations and they
generate the following potential differences

IO AON
2 | ) (hﬂ@)k

fmi(2) = am(2)@11(2) — @(2)gmia(2), 2 =2/(2y7)

(O

% = Nn771/4 (

m,l
Ay =

which are well-defined form =0,2,4,..., Il =m+1,m+3,.... Form =2 and | = 5 the behavior
of the transformed potential is shown by the Fig. 4.

el 5 x

Figure 3. Potential generated with the help of Figure 4. Potentials V2m’l(w,t) at m = 2 and
the Airy function. l=05.
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One can take a general solution of the equation for the parabolic cylinder functions as trans-
formation function. For example, when A = 1/2 one has

_ 14 (€ 2iy+1 , ¢ x
u =" (E>exp< 167 x C +er —2m ,

which gives the following potential

Vi = W (t)z? — % [1 — 22Q_1(z)e_22/2 — 2Q_2(z)e_z2] ,

Qz) = \/g {C—I—erf <%>] . 2= 2\% o] > 1.

For w = const # 0 these potentials reduce to the known isospectral potentials with an equidistant
spectrum. For w = 0 their behavior is shown by the Fig. 5. The cases a) and b) differ by the
values of parameters the potential depends on.

b)
=

8 g 4

C=1,05

Figure 5. Time-dependent generalization of isospectral potentials.

4.2 Singular oscillator with a time dependent frequency
Consider now the following Hamiltonian:
ho = =02 + w? (t) 2% + g2

Symmetry algebra of the Schrodinger equation with this Hamiltonian is su(1.1) ~ si(2,R). We
use the following representation for this algebra:

[Ky =2 [(a+)2 — §2g1‘_2} , K_=2 [a2 — 6291'_2] ,
1 1
Ko=3 (K-Ky - K K_) = D) [K_, K.
Consider solutions of the Schrodinger equation which are eigenstates of Ky: Kopy(z,t) =
Aoa(z,t). When A =n+k, n=0,1,2,... we have a discrete basis of the Hilbert space

—\ n+k
onla,t) = 9l/2-3k n! Nk € " p2k—1/2
e T (n+ 2k) €

2 2 2
Ty T oh—1 ([ 1 1 _
— - —| L — k=—-+—-y1+4 = cE.
e {Z 8y 167} " (87>’ g Tgvithe ume

To construct spontaneously broken supersymmetric model we need transformation functions
u(x,t) such that neither u(x,t) nor u~!(z,t) are from the Hilbert space and u(z,t) is nodeless
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for all real values of t and x > 0. These conditions are fulfilled for the functions

k T i %y ) g (=2
w7 (2) e [ 5] 5 (57)

Koup(z,t) = —(p+ k)up(x, t).

™ | M

These transformation functions create the following exactly solvable family of potential diffe-
rences A(x,t) = w?(t)a? + gr=2 — Vi(z,1):

2
1 4k—1 1 [ zL* (2)
Az, t) = Ap(z,t) = — — —5— — < | ——
by 8 \vLy" " (2)
PLY @+ 0L ()l
8v2L3" 1 (2) ’ 8y

To construct a model with exact supersymmetry we need transformation functions u(x,t) such
that u~!(z,t) is square integrable on semiaxis z > 0 and satisfies the zero boundary condition at
the origin for all values of ¢t. The following solution of the Schrédinger equation may be chosen
in this case:

z\ kPt :UQW 22 —z2
up(, 1) = AR-1 (2 232 oy [ 20 L 2| 12k :
5 8y  16y] P 8
Koup (x,t) = (k—p—1)up (z,t) .
It is not difficult to establish the possible values of p. If p is even it may takes the values

p < 2k—1and p = [2k]+1,[2k] +3,.... For odd p values we may use only p = [2k], [2k] + 2, ...,
where [2k] = entire (2k). For regular potential differences we obtain

Ap(z,t) = — + —5— — = - -
2Ly (2 872L5 % (2)

_ 2 _ _
1 4k—3 1 (2L’ (2) 22 L3738 (2) + 4yL273 (2)
4~ x? 2 ) '
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